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FOREWORD*

In 1911, The American Society of Mechanical Engineers established the Boiler and Pressure Vessel Committee to for-
mulate standard rules for the construction of steam boilers and other pressure vessels. In 2009, the Boiler and Pressure
Vessel Committee was superseded by the following committees:
(a) Committee on Power Boilers (I)
(b) Committee on Materials (II)
(c) Committee on Construction of Nuclear Facility Components (III)
(d) Committee on Heating Boilers (IV)
(e) Committee on Nondestructive Examination (V)
(f) Committee on Pressure Vessels (VIII)
(g) Committee on Welding, Brazing, and Fusing (IX)
(h) Committee on Fiber-Reinforced Plastic Pressure Vessels (X)
(i) Committee on Nuclear Inservice Inspection (XI)
(j) Committee on Transport Tanks (XII)
(k) Committee on Overpressure Protection (XIII)
(l) Technical Oversight Management Committee (TOMC)
Where reference is made to “the Committee” in this Foreword, each of these committees is included individually and

collectively.
The Committee’s function is to establish rules of safety relating only to pressure integrity, which govern the

construction** of boilers, pressure vessels, transport tanks, and nuclear components, and the inservice inspection of nu-
clear components and transport tanks. The Committee also interprets these rules when questions arise regarding their
intent. The technical consistency of the Sections of the Code and coordination of standards development activities of the
Committees is supported and guided by the Technical Oversight Management Committee. This Code does not address
other safety issues relating to the construction of boilers, pressure vessels, transport tanks, or nuclear components, or
the inservice inspection of nuclear components or transport tanks. Users of the Code should refer to the pertinent codes,
standards, laws, regulations, or other relevant documents for safety issues other than those relating to pressure integ-
rity. Except for Sections XI and XII, and with a few other exceptions, the rules do not, of practical necessity, reflect the
likelihood and consequences of deterioration in service related to specific service fluids or external operating environ-
ments. In formulating the rules, the Committee considers the needs of users, manufacturers, and inspectors of pressure
vessels. The objective of the rules is to afford reasonably certain protection of life and property, and to provide a margin
for deterioration in service to give a reasonably long, safe period of usefulness. Advancements in design and materials
and evidence of experience have been recognized.
This Code contains mandatory requirements, specific prohibitions, and nonmandatory guidance for construction ac-

tivities and inservice inspection and testing activities. The Code does not address all aspects of these activities and those
aspects that are not specifically addressed should not be considered prohibited. The Code is not a handbook and cannot
replace education, experience, and the use of engineering judgment. The phrase engineering judgment refers to technical
judgments made by knowledgeable engineers experienced in the application of the Code. Engineering judgments must
be consistent with Code philosophy, and such judgments must never be used to overrule mandatory requirements or
specific prohibitions of the Code.
The Committee recognizes that tools and techniques used for design and analysis change as technology progresses

and expects engineers to use good judgment in the application of these tools. The designer is responsible for complying
with Code rules and demonstrating compliance with Code equations when such equations are mandatory. The Code
neither requires nor prohibits the use of computers for the design or analysis of components constructed to the

* The information contained in this Foreword is not part of this American National Standard (ANS) and has not been processed in accordance
with ANSI's requirements for an ANS. Therefore, this Foreword may contain material that has not been subjected to public review or a con-
sensus process. In addition, it does not contain requirements necessary for conformance to the Code.

** Construction, as used in this Foreword, is an all-inclusive term comprising materials, design, fabrication, examination, inspection, testing,
certification, and overpressure protection.
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requirements of the Code. However, designers and engineers using computer programs for design or analysis are cau-
tioned that they are responsible for all technical assumptions inherent in the programs they use and the application of
these programs to their design.

The rules established by the Committee are not to be interpreted as approving, recommending, or endorsing any pro-
prietary or specific design, or as limiting in any way the manufacturer’s freedom to choose any method of design or any
form of construction that conforms to the Code rules.

The Committee meets regularly to consider revisions of the rules, new rules as dictated by technological development,
Code Cases, and requests for interpretations. Only the Committee has the authority to provide official interpretations of
this Code. Requests for revisions, new rules, Code Cases, or interpretations shall be addressed to the Secretary in writing
and shall give full particulars in order to receive consideration and action (see Submittal of Technical Inquiries to the
Boiler and Pressure Vessel Standards Committees). Proposed revisions to the Code resulting from inquiries will be pre-
sented to the Committee for appropriate action. The action of the Committee becomes effective only after confirmation
by ballot of the Committee and approval by ASME. Proposed revisions to the Code approved by the Committee are sub-
mitted to the American National Standards Institute (ANSI) and published at http://go.asme.org/BPVCPublicReview to
invite comments from all interested persons. After public review and final approval by ASME, revisions are published at
regular intervals in Editions of the Code.

The Committee does not rule on whether a component shall or shall not be constructed to the provisions of the Code.
The scope of each Section has been established to identify the components and parameters considered by the Committee
in formulating the Code rules.

Questions or issues regarding compliance of a specific component with the Code rules are to be directed to the ASME
Certificate Holder (Manufacturer). Inquiries concerning the interpretation of the Code are to be directed to the Commit-
tee. ASME is to be notified should questions arise concerning improper use of the ASME Single Certification Mark.

When required by context in this Section, the singular shall be interpreted as the plural, and vice versa, and the fem-
inine, masculine, or neuter gender shall be treated as such other gender as appropriate.

The words “shall,” “should,” and “may” are used in this Standard as follows:
– Shall is used to denote a requirement.
– Should is used to denote a recommendation.
– May is used to denote permission, neither a requirement nor a recommendation.
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STATEMENT OF POLICY ON THE USE OF THE ASME SINGLE
CERTIFICATION MARK AND CODE AUTHORIZATION IN

ADVERTISING

ASME has established procedures to authorize qualified organizations to perform various activities in accordance
with the requirements of the ASME Boiler and Pressure Vessel Code. It is the aim of the Society to provide recognition
of organizations so authorized. An organization holding authorization to perform various activities in accordance with
the requirements of the Code may state this capability in its advertising literature.
Organizations that are authorized to use the ASME Single Certification Mark for marking items or constructions that

have been constructed and inspected in compliance with the ASME Boiler and Pressure Vessel Code are issued Certifi-
cates of Authorization. It is the aim of the Society to maintain the standing of the ASME Single Certification Mark for the
benefit of the users, the enforcement jurisdictions, and the holders of the ASME Single Certification Mark who comply
with all requirements.
Based on these objectives, the following policy has been established on the usage in advertising of facsimiles of the

ASME Single Certification Mark, Certificates of Authorization, and reference to Code construction. The American Society
of Mechanical Engineers does not “approve,” “certify,” “rate,” or “endorse” any item, construction, or activity and there
shall be no statements or implications that might so indicate. An organization holding the ASME Single Certification Mark
and/or a Certificate of Authorization may state in advertising literature that items, constructions, or activities “are built
(produced or performed) or activities conducted in accordance with the requirements of the ASME Boiler and Pressure
Vessel Code,” or “meet the requirements of the ASME Boiler and Pressure Vessel Code.”An ASME corporate logo shall not
be used by any organization other than ASME.
The ASME Single Certification Mark shall be used only for stamping and nameplates as specifically provided in the

Code. However, facsimiles may be used for the purpose of fostering the use of such construction. Such usage may be
by an association or a society, or by a holder of the ASME Single Certification Mark who may also use the facsimile
in advertising to show that clearly specified items will carry the ASME Single Certification Mark.

STATEMENT OF POLICY ON THE USE OF ASME MARKING TO
IDENTIFY MANUFACTURED ITEMS

The ASME Boiler and Pressure Vessel Code provides rules for the construction of boilers, pressure vessels, and nuclear
components. This includes requirements for materials, design, fabrication, examination, inspection, and stamping. Items
constructed in accordance with all of the applicable rules of the Code are identified with the ASME Single Certification
Mark described in the governing Section of the Code.
Markings such as “ASME,” “ASME Standard,” or any other marking including “ASME” or the ASME Single Certification

Mark shall not be used on any item that is not constructed in accordance with all of the applicable requirements of the
Code.
Items shall not be described on ASME Data Report Forms nor on similar forms referring to ASME that tend to imply

that all Code requirements have been met when, in fact, they have not been. Data Report Forms covering items not fully
complying with ASME requirements should not refer to ASME or they should clearly identify all exceptions to the ASME
requirements.
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General

ASME codes and standards are developed and maintained by committees with the intent to represent the consensus of
concerned interests. Users of ASME codes and standards may correspond with the committees to propose revisions or
cases, report errata, or request interpretations. Correspondence for this Section of the ASME Boiler and Pressure
Vessel Code (BPVC) should be sent to the staff secretary noted on the Section’s committee web page, accessible at
https://go.asme.org/CSCommittees.

NOTE: See ASME BPVC Section II, Part D for guidelines on requesting approval of new materials. See Section II, Part C for guidelines on re-
questing approval of new welding and brazing materials (“consumables”).

Revisions and Errata

The committee processes revisions to this Code on a continuous basis to incorporate changes that appear necessary or
desirable as demonstrated by the experience gained from the application of the Code. Approved revisions will be pub-
lished in the next edition of the Code.
In addition, the committee may post errata and Special Notices at http://go.asme.org/BPVCerrata. Errata and Special

Notices become effective on the date posted. Users can register on the committee web page to receive e-mail notifica-
tions of posted errata and Special Notices.
This Code is always open for comment, and the committee welcomes proposals for revisions. Such proposals should

be as specific as possible, citing the paragraph number(s), the proposed wording, and a detailed description of the rea-
sons for the proposal, including any pertinent background information and supporting documentation.

Cases

(a) The most common applications for cases are
(1) to permit early implementation of a revision based on an urgent need
(2) to provide alternative requirements
(3) to allow users to gain experience with alternative or potential additional requirements prior to incorporation

directly into the Code
(4) to permit use of a new material or process

(b) Users are cautioned that not all jurisdictions or owners automatically accept cases. Cases are not to be considered
as approving, recommending, certifying, or endorsing any proprietary or specific design, or as limiting in any way the
freedom of manufacturers, constructors, or owners to choose any method of design or any form of construction that
conforms to the Code.
(c) The committee will consider proposed cases concerning the following topics only:

(1) equipment to be marked with the ASME Single Certification Mark, or
(2) equipment to be constructed as a repair/replacement activity under the requirements of Section XI

(d) A proposed case shall be written as a question and reply in the same format as existing cases. The proposal shall
also include the following information:

(1) a statement of need and background information
(2) the urgency of the case (e.g., the case concerns a project that is underway or imminent)
(3) the Code Section and the paragraph, figure, or table number(s) to which the proposed case applies
(4) the edition(s) of the Code to which the proposed case applies

(e) A case is effective for use when the public review process has been completed and it is approved by the cognizant
supervisory board. Cases that have been approved will appear in the next edition or supplement of the Code Cases
books, “Boilers and Pressure Vessels” or “Nuclear Components.” Each Code Cases book is updated with seven Supple-
ments. Supplements will be sent or made available automatically to the purchasers of the Code Cases books until the
next edition of the Code. Annulments of Code Cases become effective six months after the first announcement of the
annulment in a Code Case Supplement or Edition of the appropriate Code Case book. The status of any case is available
at http://go.asme.org/BPVCCDatabase. An index of the complete list of Boiler and Pressure Vessel Code Cases and Nu-
clear Code Cases is available at http://go.asme.org/BPVCC.

liv



Interpretations
(a) Interpretations clarify existing Code requirements and are written as a question and reply. Interpretations do not

introduce new requirements. If a revision to resolve conflicting or incorrect wording is required to support the inter-
pretation, the committee will issue an intent interpretation in parallel with a revision to the Code.

(b) Upon request, the committee will render an interpretation of any requirement of the Code. An interpretation can
be rendered only in response to a request submitted through the online Interpretation Submittal Form at http://go.as-
me.org/InterpretationRequest. Upon submitting the form, the inquirer will receive an automatic e-mail confirming
receipt.

(c) ASME does not act as a consultant for specific engineering problems or for the general application or understand-
ing of the Code requirements. If, based on the information submitted, it is the opinion of the committee that the inquirer
should seek assistance, the request will be returned with the recommendation that such assistance be obtained. In-
quirers may track the status of their requests at http://go.asme.org/Interpretations.

(d) ASME procedures provide for reconsideration of any interpretation when or if additional information that might
affect an interpretation is available. Further, persons aggrieved by an interpretation may appeal to the cognizant ASME
committee or subcommittee. ASME does not “approve,” “certify,” “rate,” or “endorse” any item, construction, proprietary
device, or activity.

(e) Interpretations are published in the ASME Interpretations Database at http://go.asme.org/Interpretations as they
are issued.

Committee Meetings
The ASME BPVC committees regularly hold meetings that are open to the public. Persons wishing to attend any meet-

ing should contact the secretary of the applicable committee. Information on future committee meetings can be found at
http://go.asme.org/BCW.

lv



SUMMARY OF CHANGES

Changes listed below are identified on the pages by a margin note, (23), placed next to the affected area.

Page Location Change

xxvii List of Sections (1) Under Section III, Division 4 added
(2) Title of Section XI and subtitle of Section XI, Division 2 revised
(3) Information on interpretations and Code cases moved to

“Correspondence With the Committee”
xxxi Personnel Updated

liii ASTM Personnel Updated

liv Correspondence With the
Committee

Added (replaces “Submittal of Technical Inquiries to the Boiler and
Pressure Vessel Standards Committees”)

lix Cross-Referencing in the
ASME BPVC

Updated

1 T-110 Subparagraph (a) revised

1 T-120 Subparagraphs (e), (e)(1), (e)(2), (h), and (j) revised

3 T-150 Subparagraphs (a) and (b) and the paragraph after (d)(3) revised

10 I-121.2 (1) Definitions of dual linear array search unit and linear array
search unit added

(2) Terms even imaging path and odd imaging path revised to even
imaging mode and odd imaging mode, respectively

15 I-121.4 Definition of multidirectional magnetization revised

17 I-121.6 Definition of direct visual examination revised

17 I-121.7 Definition of hood technique (hood test) revised

23 I-121.9 Definition of sizing accuracy added

27 II-122.1 Subparagraphs (a) and (b) revised

28 Table II-121-1 General Notes (a), (c), and (d) revised

30 Mandatory Appendix III
(Article 1)

Deleted

31 Mandatory Appendix IV
(Article 1)

Deleted

34 T-223 Revised

40 Table T-276 General Note added

39 T-277.1 Subparagraph (d) revised

43 I-223 Subparagraphs (a) and (b) revised

64 IX-277.1 Subparagraph (e) added and subsequent subparagraph
redesignated

84 T-434.2.3 Added and subsequent paragraph redesignated

84 T-434.4 T-434.4.1 through T-434.4.3 revised

lvi



Page Location Change

90 T-451 Revised

98 II-440 In in-text table, indication limits revised

100 III-434.2.3 Cross-reference revised

102 III-471.6 Last sentence revised

102 III-471.9 Revised

109 VII-421.2 Revised

119 Mandatory Appendix XI
(Article 4)

“Path” revised to “mode” throughout

120 XI-435 Revised

122 XI-462.8.1 Last sentence revised

123 XI-481.1.2 Revised

144 Nonmandatory
Appendix F (Article 4)

“Path,” “path/mode,” and “multipath/mode” revised to “mode”
throughout

148 F-471 Note deleted

149 Table F-471-1 Note (1) revised

154 Nonmandatory Appendix
H (Article 4)

Former Nonmandatory Appendix I redesignated

156 Figure J-431 Note (2) revised

193 Figure P-452.2-2 Title corrected by errata

208 Nonmandatory
Appendix W (Article 4)

Added

223 Table T-672 First row revised

224 T-676.4 Subparagraph (e) revised

225 T-692 Subparagraph (c) revised

238 T-777.2 Subparagraph (e) revised

288 Mandatory Appendix XI
(Article 8)

Added

296 T-953 Last sentence revised

327 XI-1063.6 Equation in subpara. (c) revised

350 T-1220 Subparagraph (a) revised

350 T-1224 Last paragraph revised

351 T-1225 (1) First paragraph and subparas. (a), (d), and (h) revised
(2) Subparagraph (i) added and subsequent subparagraphs

redesignated

351 T-1230 Subparagraph (b) revised

351 T-1262 Last paragraph revised

351 T-1263 Revised

352 T-1265 (1) First paragraph and T-1265.3 added
(2) T-1265.1 and T-1265.2 revised
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353 T-1273.3 Revised

353 T-1291 Subparagraphs (a) and (h) added and subsequent subparagraphs
redesignated

353 T-1292 Subparagraphs (a) and (a)(2) revised

360 Mandatory Appendix III
(Article 12)

Added

372 Nonmandatory
Appendix A (Article 12)

Revised in its entirety

483 SE-999 Revised in its entirety

499 SE-1030/SE-1030M Revised in its entirety

511 SE-1114 Revised in its entirety

519 SE-1165 Revised in its entirety

569 SE-2597/SE-2597M Deleted

605 SA-745/SA-745M Revised in its entirety

617 SD-7091 Revised in its entirety

625 SE-213 Revised in its entirety

637 SE-273 Revised in its entirety

657 SE-797/SE-797M Revised in its entirety

667 SE-2491 Revised in its entirety

685 SE-2700 Revised in its entirety

751 SD-1186 Deleted by errata

803 SE-243 Revised in its entirety

815 SE-750 Revised in its entirety

827 SE-976 Revised in its entirety

835 SE-1067/SE-1067M Revised in its entirety

851 SE-1118/SE-1118M Revised in its entirety

879 SE-1419/SE-1419M Deleted

881 SE-2075/SE-2075M Revised in its entirety

887 SE-2261/SE-2261M Revised in its entirety
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ð23ÞCROSS-REFERENCING IN THE ASME BPVC

Paragraphs within the ASME BPVCmay include subparagraph breakdowns, i.e., nested lists. The following is a guide to
the designation and cross-referencing of subparagraph breakdowns:

(a) Hierarchy of Subparagraph Breakdowns
(1) First-level breakdowns are designated as (a), (b), (c), etc.
(2) Second-level breakdowns are designated as (1), (2), (3), etc.
(3) Third-level breakdowns are designated as (-a), (-b), (-c), etc.
(4) Fourth-level breakdowns are designated as (-1), (-2), (-3), etc.
(5) Fifth-level breakdowns are designated as (+a), (+b), (+c), etc.
(6) Sixth-level breakdowns are designated as (+1), (+2), etc.

(b) Cross-References to Subparagraph Breakdowns. Cross-references within an alphanumerically designated para-
graph (e.g., PG-1, UIG-56.1, NCD-3223) do not include the alphanumerical designator of that paragraph. The cross-
references to subparagraph breakdowns follow the hierarchy of the designators under which the breakdown appears.
The following examples show the format:

(1) If X.1(c)(1)(-a) is referenced in X.1(c)(1), it will be referenced as (-a).
(2) If X.1(c)(1)(-a) is referenced in X.1(c)(2), it will be referenced as (1)(-a).
(3) If X.1(c)(1)(-a) is referenced in X.1(e)(1), it will be referenced as (c)(1)(-a).
(4) If X.1(c)(1)(-a) is referenced in X.2(c)(2), it will be referenced as X.1(c)(1)(-a).

lix
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SUBSECTION A
NONDESTRUCTIVE METHODS OF

EXAMINATION

ARTICLE 1
GENERAL REQUIREMENTS

T-110 SCOPE

(a) This Section of the Code contains requirements,
methods, and techniques for nondestructive examination
(NDE), which are Code requirements to the extent that
they are specifically referenced and required by other
Code Sections or referencing documents. These NDE
methods are intended to detect surface and internal im-
perfections in materials, welds, fabricated parts, and com-
ponents. Nonmandatory Appendix A of this Article
provides a listing of common imperfections and damage
mechanisms, and the NDE methods that are generally
capable of detecting them.

(b) For general terms such as inspection, flaw, disconti-
nuity, evaluation, etc., refer to Mandatory Appendix I.

(c) New editions of Section V may be used beginning
with the date of issuance and become mandatory 6
months after the date of issuance unless modified by
the referencing document.

(d) Code Cases are permissible and may be used, begin-
ning with the date of approval by ASME. Only Code Cases
that are specifically identified as being applicable to this
Section may be used. At the time a Code Case is applied,
only the latest revision may be used. Code Cases that have
been incorporated into this Section or have been annulled
shall not be used, unless permitted by the referencing
Code. Qualifications using the provisions of a Code Case
remain valid after the Code Case is annulled. The Code
Case number shall be listed on the NDE Procedure or Per-
sonnel Certification, as applicable.

T-120 GENERAL

(a) Subsection A describes the methods of nondestruc-
tive examination to be used if referenced by other Code
Sections or referencing documents.

(b) Subsection B lists Standards covering nondestruc-
tive examination methods which have been accepted as
standards. These standards are not mandatory unless
specifically referenced in whole or in part in Subsection
A or as indicated in other Code Sections or referencing
documents. Where there is a conflict between Subsection
A and Subsection B, the requirements of Subsection A
take precedence.

(c) Any reference to a paragraph of any Article in Sub-
section A of this Section includes all of the applicable rules
in the paragraph. In every case, reference to a paragraph
includes all the subparagraphs and subdivisions under
that paragraph.

NOTE: For example, a reference to T-270 includes all of the rules
contained in T-271 through T-277.3.

(d) Reference to a standard contained in Subsection B
is mandatory only to the extent specified.

NOTE: For example, T-233 requires that Image Quality Indicators be
manufactured and identified in accordance with the requirements or
alternatives allowed in SE-747 or SE-1025, and Appendices, as ap-
propriate for the style of IQI to be used. These are the only parts
of either SE-747 or SE-1025 that are mandatory in Article 2. In many

cases, Subsection B documents are not mandatory and are
intended only for guidance or reference use.

(e) For those documents that directly reference this
Article for the qualification of NDE personnel, the qualifi-
cation shall be in accordance with their employer’s writ-
ten practice. This written practice shall address the
methods and techniques that are applicable to the organi-
zation’s operations and shall be in accordance with one of
the following documents:

(1) SNT-TC-1A (2020 Edition),1 Personnel Qualifica-
tion and Certification in Nondestructive Testing, with
the following exceptions:

1
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(-a) SNT-TC-1A (2020 Edition) shall not be consid-
ered a recommended practice but rather shall provide
mandatory requirements. The verb “shall” is to be used
in place of “should” when establishing minimum require-
ments of the written practice.

(-b) The provisions of para. 1.5 are not applicable
to specific and practical examinations [see (f) for rules re-
lating to central certification programs].

(-c) Machine problems are specific to vibration
analysis and are not applicable to NDE practical
examinations.

(-d) The technical performance evaluation de-
scribed in para. 10.2 shall be mandatory prior to recerti-
fication of Level I and Level II personnel.

(-e) In addition to the examination requirements
of para. 8.7, NDT Level III personnel shall be required
to prepare a written procedure for each applicable meth-
od, meeting the requirements of an ASME construction or
related inservice inspection code or standard before initi-
al certification by each employer. For currently certified
individuals, the procedure requirement shall be fulfilled
at the next recertification event. Evaluation of the proce-
dure shall be performed using a written checklist that ad-
dresses items relating to the technical and practical
adequacy of the NDE procedure. A minimum passing
grade of 80% is required. Evaluation of the procedure
shall be performed by the NDT Level III responsible for
the applicable method and so recorded.

(-1) If the NDT Level III candidate will be re-
quired to administer practical examinations for certifica-
tion or to perform examinations, interpretations, or
evaluations to an ASME code or standard, the candidate
shall complete the practical examinations required for a
Level II in each applicable technique within the method
with their current employer.

(-2) The composite grade for NDT Level III per-
sonnel shall be determined by simple averaging of each
required examination, including the written procedure
and practical exam, as applicable, and so recorded. A com-
posite grade of at least 80% is required.

(-3) The NDT Level III candidate shall complete
the requirements of (-e) only once for the current em-
ployer. The NDT Level III personnel are not required to
complete the requirements of (-e) for recertification.

(2) ANSI/ASNT CP-189 (2020 Edition),1 ASNT Stan-
dard for Qualification and Certification of Nondestructive
Testing Personnel, except that the provisions of para. 1.5
are not applicable to specific and practical examinations
[see (f) for rules relating to central certification
programs].

(f) National or international central certification pro-
grams, such as ISO 9712–based programs, may alterna-
t i ve ly be used to fu l f i l l the wr i t t en prac t i c e
requirements of (e) for training, experience, general ex-
amination, basic examination, and method examination,
as applicable.

(g) In addition to the requirements described in (e) or
(f) above, if the techniques of computed radiography (CR),
digital radiography (DR), phased-array ultrasonic
(PAUT), ultrasonic time-of-flight diffraction (TOFD), or ul-
trasonic full matrix capture (FMC) are to be used, the
training, experience, and examination requirements
found in Article 1, Mandatory Appendix II shall also be in-
cluded in the employer’s written practice for each tech-
nique as applicable.

(h) Alternatively, performance-based qualification pro-
grams, in accordance with ASME ANDE-1-2020, ASME
Nondestructive Examination and Quality Control Central
Qualification and Certification Program, may be used for
training, experience, examination, and certification activ-
ities as specified in the written practice.

(i) When the referencing Code Section does not specify
qualifications or does not reference directly Article 1 of
this Section, qualification may simply involve a demon-
stration to show that the personnel performing the non-
destructive examinations are competent to do so in
accordance with the organization ’s established
procedures.

(j) The user of this Article is responsible for the quali-
fication and certification of NDE personnel in accordance
with the requirements of this Article. The organization’s2
Quality Program shall stipulate how this is to be accom-
plished. Qualifications in accordance with a prior edition
of this Section are valid until recertification. Recertifica-
tion or new certification shall be in accordance with the
current edition of this Section. When any of the tech-
niques included in (g) above are used, the additional re-
quirements of that paragraph shall also apply.

(k) Limited certification of nondestructive examination
personnel who do not perform all of the operations of a
nondestructive method that consists of more than one op-
eration, or who perform nondestructive examinations of
limited scope, may be based on fewer hours of training
and experience than recommended in SNT-TC-1A or
CP-189. Any limitations or restrictions placed upon a per-
son’s certification shall be described in the written prac-
tice and on the certification.

(l) Either U.S. Customary Units or SI Units may be used
for compliance with all requirements of this edition, but
one system shall be used consistently throughout for all
phases of construction.

(1) Either the U.S. Customary Units or SI Units that
are listed in Section V Mandatory Appendix II (in the rear
of Section V and listed in other Code books) are identified
in the text, or are identified in the nomenclature for equa-
tions shall be used consistently for all phases of construc-
tion (e.g., materials, design, fabrication, and reports).
Since values in the two systems are not exact equivalents,
each system shall be used independently of the other
without mixing U.S. Customary Units and SI Units.

2
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(2)When SI Units are selected, U.S. Customary values
in referenced specifications that do not contain SI Units
shall be converted to SI values to at least three significant
figures for use in calculations and other aspects of
construction.

T-130 EQUIPMENT

It is the responsibility of the Code User to ensure that
the examination equipment being used conforms to the
requirements of this Code Section.

T-150 PROCEDURE

(a)When required by the referencing Code Section, all
nondestructive examinations performed under this Code
Section shall be performed following a written procedure.

(1) The examination procedure shall comply with the
applicable requirements of this Section for the particular
examination method. A copy of each procedure shall be
readily available to the NDE personnel for their reference
and, upon request, to the Inspector.

(2) The Inspector shall be satisfied with the capabil-
ity of a procedure to detect relevant discontinuities by its
application in a demonstration examination on a sample
with at least one known discontinuity, except where
otherwise specified by the referencing Code Section.
When required by the referencing Code Section, a person-
nel demonstration may be used to verify the ability of the
examiner to apply the examination procedure.

(b) The nondestructive examination methods and tech-
niques included in this Section are applicable to most geo-
metric configurations and materials encountered in
fabrication under normal conditions. Whenever special
configurations or materials require modified methods
and techniques, the organization shall develop special
procedures which are equivalent or superior to the meth-
ods and techniques described in this Code Section, and
which are capable of producing interpretable examina-
tion results under the special conditions. Such special
procedures may be modifications or combinations of
methods described or referenced in this Code Section. A
procedure demonstration shall be performed on a sample
with at least one known discontinuity, or by other means
acceptable to the referencing Code Section and to the In-
spector. This will verify the technique is capable of detect-
ing discontinuities under the special conditions equal to
the capabilities of the method when used under more
general conditions. These special procedures shall be sub-
mitted to the Inspector for acceptance when required by
the referencing Code Section, and shall be adopted as part
of the Manufacturer’s quality control program.

(c) When a referencing Code Section requires an exam-
ination to be performed in accordance with the require-
ments of this Section, it shall be the responsibility of the

organization to establish nondestructive examination
procedures and personnel qualification and certification
procedures conforming to the referenced requirements.

(d)When qualification of the written examination pro-
cedure is required by the referencing Code Section, a qua-
lification demonstration shall be performed prior to
acceptance of production examinations. The qualification
demonstration shall be performed

(1) under the control and supervision of a Level III
Examiner who is qualified and certified for performing
the examination method and technique specified by the
procedure, and shall be witnessed by the Inspector. The
supervising Level III may be an employee of the qualifying
organization or a subcontractor organization.

(2) on a minimum of one test specimen having flaws
whose size, location, orientation, quantity, and character-
ization have been determined prior to the demonstration
and are known only by the supervising Level III Examiner.

(-a) The maximum acceptable flaw size, required
flaw orientation, and minimum number of flaws shall be
as specified by the referencing Code Section.

(-b) Natural flaws are preferred over artificial
flaws whenever possible.

(3) by a Level II or Level III Examiner (other than the
supervising Level III) who is qualified and certified to per-
form the examination method and technique specified by
the written procedure.

The procedure shall be considered qualified when
the supervising Level III and the Inspector are satisfied
that indications produced by the demonstrated procedure
reveal the size, location, orientation, quantity, and charac-
terization of the flaws known to be present in the exam-
ined test specimen.

The qualification demonstration shall be documen-
ted as required by the referencing Code Section and by
this Section, as set forth in the applicable Article for the
examination method and the applicable Appendix for
the specified examination technique. The qualification
document shall be annotated to indicate qualification of
the written procedure, and identify the examined test
specimen. The name and/or identity and signature of
the supervising Level III and the witnessing Inspector
shall be added to indicate their acceptance of the proce-
dure qualification.

T-160 CALIBRATION

(a) The organization shall assure that all equipment ca-
librations required by Subsection A and/or Subsection B
are performed.

(b)When special procedures are developed [see
T-150(b)], the Code User shall specify what calibration
is necessary, when calibration is required.

3
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T-170 EXAMINATIONS AND INSPECTIONS

(a) The Inspector concerned with the fabrication of the
vessel or pressure part shall have the duty of verifying to
the Inspector's satisfaction that all examinations required
by the referencing Code Section have been made to the re-
quirements of this Section and the referencing
document(s). The Inspector shall have the right to wit-
ness any of these examinations to the extent stated in
the referencing document(s). Throughout this Section of
the Code, the word Inspector shall be as defined and qual-
ified as required by the referencing Code Section or refer-
encing document(s).
(b) The special distinction established in the various

Code Sections between inspection and examination and
the personnel performing them is also adopted in this
Code Section. In other words, the term inspection applies
to the functions performed by the Inspector, but the term
examination applies to those quality control functions
performed by personnel employed by the organization.
One area of occasional deviation from these distinctions
exists. In the ASTM Standard Methods and Recommended
Practices incorporated in this Section of the Code by re-
ference or by reproduction in Subsection B, the words in-
spection or Inspector, which frequently occur in the text or
titles of the referenced ASTM documents, may actually de-
scribe what the Code calls examination or examiner. This
situation exists because ASTM has no occasion to be con-
cerned with the distinctions which the Code makes be-
tween inspection and examination, since ASTM activities
and documents do not involve the Inspector described
in the Code Sections. However, no attempt has been made
to edit the ASTM documents to conform with Code usage;
this should cause no difficulty if the users of this Section
recognize that the terms inspection, testing, and examina-
tion in the ASTM documents referenced in Subsection B
do not describe duties of the Inspector but rather describe
the things to be done by the organization’s examination
personnel.

T-180 EVALUATION

The acceptance criteria for the NDE methods in this
Section shall be as stated in the referencing Code Section,
and where provided in the Articles of this Section. Accep-
tance criteria in the referencing Code Section shall take
precedence.

T-190 RECORDS/DOCUMENTATION

(a) Documentation and records shall be prepared as
specified by the referencing Code Section and the applica-
ble requirements of this Section. Examination records
shall include the following information as a minimum:

(1) date of the examination
(2) name and/or identity and certification level (if

applicable) for personnel performing the examination
(3) identification of the weld, part, or component ex-

amined including weld number, serial number, or other
identifier

(4) examination method, technique, procedure iden-
tification, and revision

(5) results of the examination
(b) Personnel qualification and procedure performance

demonstrations performed in compliance with the re-
quirements of T-150(a) or T-150(b) shall be documented
as specified by the referencing Code Section.
(c) When documentation requirements for personnel

qualification and procedure performance demonstrations
performed in compliance with the requirements of
T-150(a) or T-150(b) are not specified by the referencing
Code Section, the following information shall be recorded
as a minimum:

(1) name of organization responsible for preparation
and approval of the examination procedure

(2) examination method applied
(3) procedure number or designation
(4) number and date of most recent revision
(5) date of the demonstration
(6) name and/or identity and certification level (if

applicable) of personnel performing demonstration
(d) Retention of examination records and related docu-

mentation (e.g., radiographs and review forms, ultrasonic
scan files, etc.) shall be as specified by the referencing
Code Section.
(e) Digital images and reviewing software shall be re-

tained under an appropriate record retention system that
is capable of securely storing and retrieving data for the
time period specified by the referencing Code Section.
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MANDATORY APPENDIX I
GLOSSARY OF TERMS FOR NONDESTRUCTIVE EXAMINATION

I-110 SCOPE

This Mandatory Appendix is used for the purpose of es-
tablishing standard terms and the definitions of those
terms for Section V.

I-120 GENERAL REQUIREMENTS

The terms and definitions provided in this Appendix
apply to the nondestructive examination methods and
techniques described in Section V. Some terms are identi-
cal to those provided in ASTM E1316, while others are
Code specific. The terms are grouped by examination
method, in the order of the Articles contained in Section V.

I-121 GENERAL TERMS

area of interest: the specific portion of the object that is to
be evaluated as defined by the referencing Code Section.

defect: one or more flaws whose aggregate size, shape, or-
ientation, location, or properties do not meet specified ac-
ceptance criteria and are rejectable.

discontinuity: a lack of continuity or cohesion; an inten-
tional or unintentional interruption in the physical struc-
ture or configuration of a material or component.

evaluation: determination of whether a relevant indica-
tion is cause to accept or to reject a material or
component.

examination: the process of determining the condition of
an area of interest by nondestructive means against es-
tablished acceptance or rejection criteria.

false indication: an NDE indication that is interpreted to
be caused by a condition other than a discontinuity or
imperfection.

flaw: an imperfection or discontinuity that may be detect-
able by nondestructive testing and is not necessarily
rejectable.

flaw characterization: the process of quantifying the size,
shape, orientation, location, growth, or other properties
of a flaw based on NDE response.

footcandle (fc): the illumination on a surface, 1 ft2 in area,
on which is uniformly distributed a flux of 1 lumen (lm). It
equals 10.76 lm/m2.

imperfection: a departure of a quality characteristic from
its intended condition.

indication: the response or evidence from a nondestruc-
tive examination that requires interpretation to deter-
mine relevance.

inspection: the observation of any operation performed
on materials and/or components to determine its accept-
ability in accordance with given criteria.

interpretation: the process of determining whether an in-
dication is nonrelevant or relevant, which may include de-
termining the indication type and/or other data
necessary to apply the established evaluation criteria
for acceptance or rejection.

limited certification: an accreditation of an individual’s
qualification to perform some but not all of the operations
within a given nondestructive examination method or
technique that consists of one or more than one opera-
tion, or to perform nondestructive examinations within
a limited scope of responsibility.

lux (lx): a unit of illumination equal to the direct illumina-
tion on a surface that is everywhere 1 m from a uniform
point source of one candle intensity or equal to 1 lm/m2.

method: the following is a list of nondestructive examina-
tion methods and respective abbreviations used within
the scope of Section V:

RT — Radiography
UT — Ultrasonics
MT — Magnetic Particle
PT — Liquid Penetrants
VT — Visual
LT — Leak Testing
ET — Electromagnetic (Eddy Current)
AE — Acoustic Emission

nondestructive examination (NDE): the development and
application of technical methods to examine materials
and/or components in ways that do not impair future
usefulness and serviceability in order to detect, locate,
measure, interpret, and evaluate flaws.

nonrelevant indication: an NDE indication that is caused
by a condition or type of discontinuity that is not reject-
able. False indications are nonrelevant.

operation: a specific phase of a method or technique.
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personnel demonstration: when an individual displays an
understanding of the examination method and profi-
ciency in conducting the examination, by performing a de-
monstration examination using the employer’s written
nondestructive examination procedure.

procedure: an orderly sequence of actions describing how
a specific technique shall be applied.

procedure demonstration: when a written procedure is de-
monstrated, to the satisfaction of the Inspector, by apply-
ing the examination method using the employer’s written
nondestructive examination procedure to display compli-
ance with the requirements of this Section, under

(a) normal examination conditions per T-150(a), or

(b) special conditions as described in T-150(b).

procedure qualification: when a written nondestructive
examination procedure is qualified in accordance with
the detailed requirements of the referencing Code
Section.

reference standard: a material or object for which all rele-
vant chemical and physical characteristics are known and
measurable, used as a comparison for, or standardization
of, equipment or instruments used for nondestructive
testing.

relevant indication: an NDE indication that is caused by a
condition or type of discontinuity that requires
evaluation.

sensitivity: a measure of the level of response from a dis-
continuity by a nondestructive examination.

Standard:

(a) a physical reference used as a basis for comparison
or calibration.

(b) a concept that has been established by authority,
custom, or agreement to serve as a model or rule
in the measurement of quality or the establishment
of a practice or procedure.

technique: a technique is a specific way of utilizing a par-
ticular nondestructive examination (NDE) method.

unprocessed data: the original recorded data prior to any
post-examination modification, transformation, or
enhancement.

visible light (white light): electromagnetic radiation in the
400-nm to 700-nm (4 000-Å to 7 000-Å) wavelength
range.

I-121.1 RT — Radiography.

analog image: an image produced by a continuously vari-
able physical process (for example, exposure of film).

annotate: to provide an explanatory note on the digital
image.

automated examination technique: a two-dimensional
radiographic examination in which the radiation source
and the detector are held in a predetermined fixed posi-
tion, then moved in a controlled progression to perform
the examination. Alternatively, the source and the detec-
tor may remain stationary while the component is moved
to perform the examination.

back-scattered radiation: radiation which is scattered
more than 90 deg with respect to the incident beam, that
is, backward in the general direction of the radiation
source.

bad pixel: a digital detector array pixel that does not
conform to a specified performance. Bad pixel criteria
may include, but are not limited to, nonresponding, over-
responding, underresponding, noisy, nonuniform, or non-
persistent, or bad neighborhood; nonpersistent bad pixels
may have flickering or poor lag performance.

bad pixel map: a binary image that represents the physical
locations of bad pixels on a digital detector array.

bit depth: the number of bits used to store a value.

calibrated line pair test pattern: see optical line pair test
pattern.

calibrated step wedge film: a radiograph with discrete
density steps, which is traceable to a national standard.

cassette: a light-tight container for holding radiographic
recording media during exposure, for example, film, with
or without intensifying or conversion screens.

cluster kernel pixel (CKP): pixels that do not have five or
more good neighborhood pixels.

composite viewing: the viewing of two or more superim-
posed radiographs from a multiple film exposure.

computed radiography (CR) (photostimulated lumines-
cence method): a two-step radiographic imaging process.
First, a storage phosphor imaging plate is exposed to pe-
netrating radiation; second, the luminescence from the
plate’s photostimulable luminescent phosphor is de-
tected, digitized, and displayed on a monitor.

contrast sensitivity: a measure of the minimum percentage
change in an object which produces a perceptible den-
sity/ brightness change in the radiological image.

contrast sensitivity (per Mandatory Appendix VI): the size
of the smallest detectable change in optical density.

contrast stretch: a function that operates on the grayscale
values in an image to increase or decrease image contrast.

corrected image: a digital detector array image whose
good pixels are offset and gain corrected and whose bad
pixels have been replaced by interpolated values.

data compression: a reduction in the size of a digital data
set to a smaller data set.
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densitometer: a device for measuring the optical density
of radiograph film.

density (film): see film density.

density shift: a function that raises or lowers all density/
grayscale values equally such that contrast is maintained
within the data set.

designated wire: the specific wire that must be discernible
in the radiographic image of a wire-type image quality
indicator.

diaphragm: an aperture (opening) in a radiation opaque
material that limits the usable beam size of a radiation
source.

digital: the representation of data or physical quantities
in the form of discrete codes, such as numerical charac-
ters, rather than a continuous stream.

digital detector array (DDA): an electronic device that
converts ionizing or penetrating radiation into a discrete
array of analog signals that are subsequently digitized
and transferred to a computer for display as a digital im-
age corresponding to the radiologic energy pattern im-
parted on the region of the device.

digital detector system (DDS): a digital imaging system
that uses, but is not limited to, a DDA or LDA as the
detector.

digital image: an image composed of discrete pixels each
of which is characterized by a digitally represented lumi-
nance level.

digital image acquisition system: a system of electronic
components which, by either directly detecting radiation
or converting analog radiation detection information, cre-
ates an image of the spatial radiation intensity map com-
prised of an array of discrete digital intensity values (see
pixel).

digital radiography (DR): all radiography methods where-
by image data is stored in a digital format.

digitize (for radiology): the act of converting an analog im-
age or signal to a digital presentation.

display pixel size: the length and width dimensions of the
smallest element of a displayed image.

dynamic range: the range of operation of a device be-
tween its upper and lower limits; this range can be given
as a ratio (e.g., 100:1) of the maximum signal level cap-
ability to its noise level, the number of measurable steps
between the upper and lower limits, the number of bits
needed to record this number of measurable steps, or
the maximum and minimum measurable values.

dynamic range (per Mandatory Appendix VI): the extent of
measurable optical density obtained in a single scan.

equivalent IQI sensitivity: that thickness of hole-type IQI,
expressed as a percentage of the part thickness, in which
2T hole would be visible under the same radiographic
conditions.

erasable optical medium: an erasable and rewritable stor-
age medium where the digital data is represented by the
degree of reflectivity of the medium recording layer; the
data can be altered.

essential hole: the specific hole that must be discernible in
the radiographic image of a hole-type IQI.

film density: the quantitative measure of diffuse optical
light transmission (optical density, blackening) through
a developed film.

where

D = optical density
I = light intensity transmitted
Io = light intensity incident on the film

focal spot: for X-ray generators, that area of the anode
(target) of an X-ray tube which emits X-rays when bom-
barded with electrons.

fog: a general term used to denote any increase in optical
density of a processed photographic emulsion caused by
anything other than direct action of the image forming ra-
diation and due to one or more of the following:

(a) aging: deterioration, before or after exposure, or
both, resulting from a recording medium that has been
stored for too long a period of time, or other improper
conditions.

(b) base: the minimum uniform density inherent in a
processed emulsion without prior exposure.

(c) chemical: resulting from unwanted reactions during
chemical processing.

(d) dichroic: characterized by the production of colloi-
dal silver within the developed sensitive layer.

(e) exposure: arising from any unwanted exposure of an
emulsion to ionizing radiation or light at any time be-
tween manufacture and final fixing.

(f) oxidation: caused by exposure to air during
developing.

(g) photographic: arising solely from the properties of
an emulsion and the processing conditions, for example,
the total effect of inherent fog and chemical fog.

(h) threshold: the minimum uniform density inherent in
a processed emulsion without prior exposure.

gain correction: a digital detector array corrected flat field
image that results from dividing nonuniformity patterns
from the uncorrected flat field image.

geometric unsharpness: the penumbral shadow in a radi-
ological image, which is dependent upon

(a) radiation source dimensions
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(b) source-to-object distance

(c) object-to-detector distance

image: the digital representation of a target on the refer-
ence film used to evaluate both the digitization and dis-
play aspects of a film digitization system.

image format:

negative image format: the format where an object area
of lesser material thickness and/or lesser material den-
sity produces a corresponding darker area on the result-
ing image, and where an object area of greater material
thickness and/or greater material density produces a
corresponding brighter area on the resulting image. For
example, traditional film radiography and other tech-
niques display a negative image format.

positive image format: the format where an object area
of lesser material thickness and/or lesser material den-
sity produces a corresponding brighter area on the result-
ing image, and where an object area of greater material
thickness and/or greater material density produces a cor-
responding darker area on the resulting image. For
example, techniques such as radioscopy, computed radio-
graphy, digital radiography, and computed tomography
may display a positive image format. Digital modalities
may display a positive or negative image format.

image processing: a method whereby digital image data is
transformed through a mathematical function.

image processing system: a system that uses mathematical
algorithms to manipulate digital image data.

image quality indicator: as follows:

hole type: a rectangular plaque, made of material radio-
graphically similar to that of the object being radio-
graphed, with small diameter holes (1T , 2T , and 4T )
used to check the image quality of the radiograph.

wire type: a set of small diameter wires, made of mate-
rial radiographically similar to that of the object being
radiographed, used to check the image quality of the
radiograph.

image storage system: a system that can store digital im-
age data for future use.

intensifying screen: a material that converts a part of the
radiographic energy into light or electrons and that, when
in contact with a recording medium during exposure, im-
proves the quality of the radiograph, or reduces the expo-
sure time required to produce a radiograph, or both.
Three kinds of screens are in common use.

metal screen: a screen consisting of dense metal (usual-
ly lead) or of a dense metal compound (for example, lead
oxide) that emits primary electrons when exposed to
X-rays or gamma radiation.

fluorescent screen: a screen consisting of a coating of
phosphors which fluoresces when exposed to X-rays or
gamma radiation.

fluorescent-metallic screen: a screen consisting of a me-
tallic foil (usually lead) coated with a material that fluor-
esces when exposed to X-rays or gamma radiation. The
coated surface is placed next to the film to provide fluor-
escence; the metal functions as a normal metal screen.

IQI: image quality indicator.

IQI sensitivity: in radiography, the minimum discernible
image and the designated hole in the plaque-type, or
the designated wire image in the wire-type image quality
indicator.

line pair resolution: the number of line pairs per unit dis-
tance that are detectable in an image.

line pairs per millimeter: a measure of the spatial resolu-
tion of an image conversion device. A line pair test pattern
consisting of one or more pairs of equal width, high con-
trast lines, and spaces is utilized to determine the
maximum density of lines and spaces that can be success-
fully imaged. The value is expressed in line pairs per
millimeter.

line pair test pattern: a pattern of one or more pairs of ob-
jects with high contrast lines of equal width and equal
spacing. The pattern is used with an imaging device to
measure spatial resolution.

location marker: a number or letter made of lead (Pb) or
other highly radiation attenuative material that is placed
on an object to provide traceability between a specific
area on the image and the part.

log transform: a function that applies a logarithmic
mapping to all density/grayscale values in an image; this
operation is often performed when the resulting distribu-
tion is normal, or if the resulting relationship with an-
other variable is linear.

luminosity: a measure of emitted light intensity.

magnetic storage medium: a storage medium that uses
magnetic properties (magnetic dipoles) to store digital
data (for example, a moving drum, disk, or tape or a static
core or film).

modulation transfer function (MTF): a measure of spatial
resolution as a function of contrast; a plot of these vari-
ables (spatial resolution and contrast) yields a curve rep-
resenting the frequency response of the system.

national standard step tablet: an X-ray film with discrete
density steps produced and certified by a nationally re-
cognized standardizing body.

nonerasable optical media (optical disk): a storage media
that prevents the erasure or alteration of digital data after
it is stored.
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offset correction: a digital detector array corrected dark
image that results from subtracting dark patterns and
the integrated dark signal from the uncorrected dark
image.

optical density: the degree of opacity of a translucent me-
dium (darkening of film) expressed as follows:

where

I = light intensity transmitted through the film
IO = light intensity incident on the film
OD = optical density

optical density step wedge: a radiographic image of a me-
chanical step wedge with precise thickness increments
and may be used to correlate optical film density to the
thickness of material, also known as a step tablet.

penetrameter: no longer used in Article 2; see image qual-
ity indicator.

photostimulable luminescent phosphor: a phosphor cap-
able of storing a latent radiological image which upon la-
ser stimulation will generate luminescence proportional
to the radiation intensity.

pixel: the smallest addressable element in an electronic
image.

pixel correction: nonconforming digital detector array bad
pixels at specific locations that are corrected by replacing
the original pixel values with the average of the neighbor-
ing pixel values.

pixel intensity value: the numeric value of a pixel in a digi-
tal image.

pixel size: the length and width of a pixel.

quantification: the act of determining or expressing a
quantity (i.e., giving a numerical value to a measurement
of something).

radiograph: a visible image viewed for acceptance which
is created by penetrating radiation acting on a recording
medium; either film on a viewer or electronic images on a
monitor.

radiographic examination: a nondestructive method for
detecting discontinuities in materials and components
using penetrating radiation and recording media to pro-
duce an image.

recording media: material capable of capturing or storing,
or both, a radiological image in digital or analog form.

reference film: a single industrial radiographic film that
encompasses the targets necessary for the evaluation
and quantification of the performance characteristics of
a film digitization system.

screen: alternative term for intensifying screen.

sensitivity: the smallest discernible detail and/or contrast
change (e.g., IQI hole or wire) in a radiographic image.

shim: a material, radiographically similar to the object
being radiographed, that is placed between a hole-type
IQI and the object in order to reduce the radiographic
density through the image of the hole-type IQI.

source: a machine or radioactive material that emits pene-
trating radiation.

source side: that surface of the area of interest being
radiographed for evaluation nearest the source of
radiation.

spatial linearity: the accuracy to which a digitization sys-
tem reproduces the physical dimensions of information
on the original film [in both the horizontal (along a single
scan line) and vertical (from one scan line to another)
directions].

spatial resolution: the size of the smallest detectable ele-
ment of the digitized image.

step wedge: a device with discrete step thickness incre-
ments used to obtain an image with discrete density step
values.

step wedge calibration film: a processed film with discrete
density steps that have been verified by comparison with
a national standard step tablet.

step wedge comparison film: a processed film with dis-
crete density steps that have been verified by use of a ca-
librated densitometer, which is used to determine if
production radiographs meet density limits.

system induced artifacts: anomalies that are created by a
system during the acquisition, display processing, or stor-
age of a digital image.

target: a physical pattern on a reference film used to eval-
uate the performance of a film digitization system.

underperforming pixels: underresponding pixels whose
gray values are less than 0.6 times the median gray value
of an area of a minimum of 21 × 21 pixels. This test is
done on an offset corrected image.

window level: the numerical range of the displayed lumi-
nance, used to adjust the displayed brightness of an
image.

window width: the numerical range of pixel values that
are assigned to the range of displayed luminance, used
to adjust the displayed contrast of an image.

WORM (write once read many): a term relating to a type of
digital storage media where the data can be stored only
once but accessed (nondestructively) many times.
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ð23Þ I-121.2 UT — Ultrasonics.

acoustic pulse: the duration of time between the start and
end of the signal when the amplitude reaches 10% of the
maximum amplitude.

adaptive total focusing method (ATFM): an iterative pro-
cess of the total focusing method (TFM) applied typically
to layered media to identify the geometry of the refracting
or reflecting interface, or both, that allows the processing
of the TFM through such interfaces without the prior
knowledge or assumption of the geometry.

alternative reflector: a reflector, other than the specified
reflector, whose ultrasonic response has been adjusted
to be equal to or greater than the response from the spe-
cified reflector at the same sound path in the basic cali-
bration block.

amplitude: the vertical pulse height of a signal, usually
base to peak, when indicated by an A-scan presentation.

angle beam: a term used to describe an angle of incidence
or refraction other than normal to the surface of the test
object, as in angle beam examination, angle beam search
unit, angle beam longitudinal waves, and angle beam
shear waves.

A-scan: a method of data presentation utilizing a horizon-
tal base line that indicates distance, or time, and a vertical
deflection from the base line which indicates amplitude.

attenuation: a factor that describes the decrease in ultra-
sound intensity with distance; normally expressed in dec-
ibel per unit length.

attenuator: a device for altering the amplitude of an ultra-
sonic indication in known increments, usually decibels.

automated scanner: a fully mechanized scanner that, after
being attached to the component, maintains an index and
the offset position of the search unit. The scanner is ma-
nipulated by an independent motor controller and re-
quires no manual handling during operation.

automated ultrasonic examinations (AUT): a technique of
ultrasonic examination performed with equipment and
search units that are mechanically mounted and guided,
remotely operated, and motor-controlled (driven) with-
out adjustments by the technician. The equipment used
to perform the examinations is capable of recording the
ultrasonic response data, including the scanning posi-
tions, by means of integral encoding devices such that
imaging of the acquired data can be performed.

axial direction: direction of sound beam parallel to com-
ponent’s major axis.

back reflection: signal response from the far boundary of
the material under examination.

back-wall echo: a specular reflection from the back wall of
the component being examined.

back-wall signal: sound wave that travels between the
two transducers with a longitudinal velocity that reflects
off the material’s back surface.

base line: the time of flight or distance trace (horizontal)
across the A-scan CRT display (for no signal condition).

beam spread: a divergence of the ultrasonic beam as the
sound travels through a medium.

B-scan (parallel scan): scan that shows the data collected
when scanning the transducer pair in the direction of the
sound beam transversely across a weld.

B-scan presentation: a means of ultrasonic data presenta-
tion which displays a cross section of the specimen indi-
cating the approximate length (as detected per scan) of
reflectors and their relative positions.

calibration : correlation of the ultrasonic system
response(s) with calibration reflector(s).

calibration reflector: a reflector with a dimensioned sur-
face which is used to provide an accurately reproducible
reference level.

circumferential direction: direction of sound beam per-
pendicular to (cylindrical) component’s major axis.

classic full matrix capture (FMC): a subset of elementary
FMC in which the set of transmitting elements is identical
to the set of receiving elements.

clipping: see reject.

compound S-scan: set of focal laws using a fanlike series of
beam movements through a defined range of angles and
elements. The compound S‐scan combines the E‐scan
and S‐scan in a single acquisition group.

computerized imaging: computer processed display or
analysis and display of ultrasonic data to provide two or
three dimensional surfaces.

contact testing: a technique in which the search unit
makes contact directly with the test piece through a thin
layer of couplant.

couplant: a substance used between the search unit and
examination surface to permit or improve transmission
of ultrasonic energy.

CRT: cathode ray tube.

C-scan: an ultrasonic data presentation which provides a
plan view of the test object, and discontinuities therein.

damping, search unit: limiting the duration of a signal
from a search unit subject to a pulsed input by electrically
or mechanically decreasing the amplitude of successive
cycles.

decibel (dB): twenty times the base ten logarithm of the
ratio of two ultrasonic signal amplitudes, dB = 20 log 10
(amplitude ratio).
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diffracted signals: diffracted waves from the upper and
lower tips of flaws resulting from the flaws’ interaction
with the incident sound wave.

diffraction: when a wave front direction has been changed
by an obstacle or other inhomogeneity in a medium, other
than by reflection or refraction.

display grid density: the spacing at which the total focus-
ing method (TFM) image is displayed.

distance–amplitude correct ion (DAC) curve : see
distance–amplitude response curve.

distance–amplitude response curve: a curve showing the
relationship between the different distances and the am-
plitudes of ultrasonic response from targets of equal size
in an ultrasonic transmitting medium.

D-scan: an ultrasonic data presentation which provides an
end view of the specimen indicating the approximate
width (as detected per scan) of reflectors and their rela-
tive positions.

D-scan (nonparallel scan): scan that shows the data col-
lected when scanning the transducer pair perpendicular
to the direction of the sound beam along a weld.

dual linear array search unit: a search unit that incorpo-
rates separate transmitting and receiving elements
mounted on delay lines that are cut at an angle. This con-
figuration generates beams that focus beneath the surface
of the test piece, which considerably decreases the ampli-
tude of surface reflection.

dual search unit: a search unit containing two elements,
one a transmitter, the other a receiver.

dynamic calibration: calibration that is conducted with
the search unit in motion, usually at the same speed
and direction of the actual test examination.

echo: indication of reflected energy.

effective height: the distance measured from the outside
edge of the first to last element used in the focal law.

electric simulator: an electronic device that enables corre-
lation of ultrasonic system response initially obtained em-
ploying the basic calibration block.

elementary full matrix capture: a subset of full matrix cap-
ture (FMC) in which each transmitting pattern consists of
only one active element and each receiving pattern con-
sists of one independent element.

encoded manual ultrasonic examinations (EMUT): a tech-
nique of ultrasonic examination performed by hand with
the addition of an encoder, and may or may not include a
guiding mechanism (i.e., a wheel or string encoder at-
tached to the search unit or wedge).

E-scan (also termed an electronic raster scan): a single fo-
cal law multiplexed, across a grouping of active elements,
for a constant angle beam stepped along the phased array
probe length in defined incremental steps.

even imaging mode: a total focusing method (TFM) ima-
ging mode where the calculated mode has the same num-
ber of legs in transmission as reception, e.g., T–T and
TT–TT.
examination coverage: two-directional search unit beam
coverage, both parallel and perpendicular to the weld
axis, of the volume specified by the referencing Code Sec-
tion. Perpendicularly oriented search unit beams are di-
rected from both sides of the weld, when possible, with
the angle(s) selected to be appropriate for the configura-
tion being examined.

examination system: a system that includes the ultrasonic
instrument, search unit cable, and search unit.

focal law: a phased array operational file that defines the
search unit elements and their time delays, for both the
transmitter and receiver function.

fracture mechanics based: a standard for acceptance of a
weld based on the categorization of imperfections by type
(i.e., surface or subsurface) and their size (i.e., length and
through-wall height).

free-run (PA): recording a set of data without moving the
search units.

free run (TOFD): taking data, without the movement of the
probes (e.g., held stationary), of the lateral wave and
back-wall reflection to check system software output.

frequency (inspection): effective ultrasonic wave fre-
quency of the system used to inspect the material.

frequency (pulse repetition): the number of times per sec-
ond an electro-acoustic search unit is excited by the pulse
generator to produce a pulse of ultrasonic energy. This is
also called pulse repetition rate.

full matrix capture (FMC): a matrix where the recording
(the “capture”) of coherent A-scan time-domain signals
is carried out using a set of transmit and receive pattern
combinations within an aperture of an array, resulting in
each cell filled with an A-scan. For example, for an ele-
mentary FMC, the examiner would select n elements for
the transmit pattern and m elements for the receive pat-
tern, forming a synthetic aperture. The matrix would
therefore contain n × m A-scans, having in total n trans-
mitting elements and m receiving elements.

full matrix capture (FMC) frame: the acquired FMC data
structure (not a region) for a specific location within
the recorded scan; hence, a scan is made up of multiple
frames.
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full matrix capture/total focusing method (FMC/TFM): an
industry term for an examination technique involving
the combination of classic FMC data acquisition and
TFM data reconstruction.

grid density: the number of datum points over a specified
distance in a specified direction, e.g., 25 points/mm. Grid
density may not necessarily be fixed, as the user may pre-
fer a higher density in a specified region.

holography (acoustic): an inspection system using the
phase interface between the ultrasonic wave from an ob-
ject and a reference signal to obtain an image of reflectors
in the material under test.

immersion testing: an ultrasonic examination method in
which the search unit and the test part are submerged
(at least locally) in a fluid, usually water.

indication: that which marks or denotes the presence of a
reflector.

initial pulse: the response of the ultrasonic system display
to the transmitter pulse (sometimes called main bang).

interface: the boundary between two materials.

lateral wave: a compression wave that travels by the most
direct route from the transmitting probe to the receiving
probe in a TOFD configuration.

linear array search unit: a search unit that is made up of a
set of elements, juxtaposed and aligned along an axis, that
enable a beam to be moved, focused, and deflected along a
plane.

linearity (amplitude): a measure of the proportionality of
the amplitude of the signal input to the receiver, and the
amplitude of the signal appearing on the display of the ul-
trasonic instrument or on an auxiliary display.

linearity (time or distance): a measure of the proportion-
ality of the signals appearing on the time or distance axis
of the display and the input signals to the receiver from a
calibrated time generator or from multiple echoes from a
plate of material of known thickness.

linear scanning (also termed line scanning): a single pass
scan of the search unit parallel to the weld axis at a fixed
stand-off distance.

longitudinal wave: those waves in which the particle mo-
tion of the material is essentially in the same direction as
the wave propagation.

loss of back reflection: an absence or significant reduction
in the amplitude of the indication from the back surface of
the part under examination.

manual scanning: a technique of ultrasonic examination
performed with search units that are manipulated by
hand, without data being collected.

manual ultrasonic examinations (MUT): a technique of ul-
trasonic examination performed with search units that
are manipulated by hand without the aid of any mechan-
ical guidance system.

matrix capture (MC): a data object constructed from the
recording of coherent A-scan time-domain signals, gener-
ally presented in a table-like pattern with two axes, where
one axis signifies the transmit pattern index and the other
signifies the receive pattern index. A single cell, multiple
cells, or all the cells may be populated with an A-scan.

mode: the type of ultrasonic wave propagating in the ma-
terials as characterized by the particle motion (for exam-
ple, longitudinal, transverse, and so forth).

multiple back reflections: in ultrasonic straight beam ex-
amination, successive reflections from the back and front
surfaces of the material.

noise: any undesired signal (electrical or acoustic) that
tends to interfere with the reception, interpretation, or
processing of the desired signal.

nonautomated scanner: a scanner operated without a me-
chanical means of holding an index or search-unit offset
position. Nonautomated scanners are propelled manually
by the operator and have no means of holding or main-
taining probe position once released.

nonparallel or longitudinal scan: a scan whereby the
probe pair motion is perpendicular to the ultrasonic beam
(e.g., parallel to the weld axis).

odd imaging mode: a total focusing method (TFM) imaging
mode where the calculated mode does not have the same
number of legs in transmission as reception, e.g., TT–T
and TT–TTT.
parallel or transverse scan: a scan whereby the probe pair
motion is parallel to the ultrasonic beam (e.g., perpendi-
cular to the weld axis).

piezoelectric element: materials which when mechanically
deformed, produce electrical charges, and conversely,
when intermittently charged, will deform and produce
mechanical vibrations.

primary reference response (level): the ultrasonic re-
sponse from the basic calibration reflector at the specified
sound path distance, electronically adjusted to a specified
percentage of the full screen height.

probe center spacing (PCS): the distance between the
marked exit points of a pair of TOFD probes for a specific
application.

pulse: a short wave train of mechanical vibrations.

pulse-echo method: an inspection method in which the
presence and position of a reflector are indicated by the
echo amplitude and time.

pulse repetition rate: see frequency (pulse repetition).
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range: the maximum sound path length that is displayed.

reference block: a block that is used both as a measure-
ment scale and as a means of providing an ultrasonic re-
flection of known characteristics.

reflector: an interface at which an ultrasonic beam en-
counters a change in acoustic impedance and at which
at least part of the energy is reflected.

refraction: the angular change in direction of the ultraso-
nic beam as it passes obliquely from one medium to an-
other, in which the waves have a different velocity.

reject (suppression): a control for minimizing or eliminat-
ing low amplitude signals (electrical or material noise) so
that larger signals are emphasized.

resolution: the ability of ultrasonic equipment to give si-
multaneous, separate indications from discontinuities
having nearly the same range and lateral position with re-
spect to the beam axis.

ringing time: the time that the mechanical vibrations of a
piezoelectric element continue after the electrical pulse
has stopped.

SAFT-UT: Synthetic Aperture Focusing Technique for ul-
trasonic testing.

scanning: the movement of a search unit relative to the
test piece in order to examine a volume of the material.

scanning surface: see test surface.

scan plan: a documented examination strategy that pro-
vides a standardized and repeatable methodology for
weld examinations. The scan plan displays cross-sectional
joint geometry, extent of coverage, clad or overlay (if
present), heat-affected zone (HAZ) extent, search unit
size(s) and frequency(ies), beam plots of all angles used,
search unit(s) position in relation to the weld centerline
[probe center spacing (PCS) in the case of time-of-flight
diffraction (TOFD)], search unit mechanical fixturing de-
vice, and if applicable, zonal coverage overlap.

search unit: an electro-acoustic device used to transmit or
receive ultrasonic energy or both. The device generally
consists of a nameplate, connector, case, backing, piezo-
electric element, and wearface, lens, or wedge.

search unit mechanical fixturing device: the component of
an automated or semiautomated scanning apparatus at-
tached to the scanner frame that secures the search unit
or search unit array at the spacing and offset distance spe-
cified by the scan plan and that provides for consistent
contact (for contact techniques) or suitable water path
(for immersion techniques).

semiautomated scanner: a manually adjustable scanner
that has mechanical means to maintain an index of the
search unit while maintaining the search-unit offset posi-
tion, but which must still be propelled manually by the

operator. This scanner does have mechanical means to re-
tain its position while attached to the component once re-
leased by the operator.

semiautomated ultrasonic examinations (SAUT): a tech-
nique of ultrasonic examination performed with equip-
ment and search units that are mechanically mounted
and guided, manually assisted (driven), and which may
be manually adjusted by the technician. The equipment
used to perform the examinations is capable of recording
the ultrasonic response data, including the scanning posi-
tions, by means of integral encoding devices such that
imaging of the acquired data can be performed.

sensitivity: a measure of the smallest ultrasonic signal
which will produce a discernible indication on the display
of an ultrasonic system.

shear wave: wave motion in which the particle motion is
perpendicular to the direction of propagation.

signal-to-noise ratio: the ratio of the amplitude of an ultra-
sonic indication to the amplitude of the maximum back-
ground noise.

simulation block: a reference block or other item in addi-
tion to the basic calibration block that enables correlation
of ultrasonic system response initially obtained when
using the basic calibration block.

single (fixed angle): a focal law applied to a specific set of
active elements for a constant angle beam, emulating a
conventional single element probe.

split DAC curves: creating two or more overlapping screen
DAC curves with different sensitivity reference level gain
settings.

S-scan (also called a Sector, Sectorial, or Azimuthal scan):
may refer to either the beam movement or the data
display.

(a) beam movement: set of focal laws that provides a
fan-like series of beams through a defined range of angles
using the same set of elements.

(b) data display: two-dimensional view of all A-scans
from a specific set of elements corrected for delay and re-
fracted angle. Volume-corrected S-scan images typically
show a pie-shaped display with defects located at their
geometrically correct and measurable positions.

static calibration: calibration for examination wherein the
search unit is positioned on a calibration block so that the
pertinent reflectors can be identified and the instrumen-
tation adjusted accordingly.

straight beam: a vibrating pulse wave train traveling nor-
mal to the test surface.

sweep: the uniform and repeated movement of an elec-
tron beam across the CRT.

test surface: that surface of a part through which the ultra-
sonic energy enters or leaves the part.
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through transmission technique: a test procedure in which
the ultrasonic vibrations are emitted by one search unit
and received by another at the opposite surface of the ma-
terial examined.

time of flight: the time it takes for a sound wave to travel
from the transmitting transducer to the flaw, and then to
the receiving transducer.

time-of-flight diffraction (TOFD): an advanced ultrasonic
technique that generally makes use of a pair of angle-
beam probes, one transmitting and one receiving, to cap-
ture specular reflection, diffraction, and mode to convert
responses into a meaningful TOFD display.

TOFD display: a cross-sectional grayscale view of the weld
formed by the stacking of the digitized incremental
A-scan data. The two types of scans (parallel and non-
parallel) are differentiated from each other by calling
one a B-scan and the other a D-scan. Currently there is
no standardized terminology for these scans and they
may be interchanged by various manufacturers (e.g.,
one calling the scan parallel to the weld axis a B-scan
and another a D-scan).

total focusing method (TFM): a method of image recon-
struction in which the value of each constituent datum
of the image results from focused ultrasound. TFM may
also be understood as a broad term encompassing a fa-
mily of processing techniques for image reconstruction
from full matrix capture (FMC). It is possible that equip-
ment of different manufacture may legitimately generate
very different TFM images using the same collected data.

total focusing method (TFM) datum point: an individual
point calculated within the TFM grid (sometimes referred
to as nodes).

total focusing method (TFM) grid/image: a predetermined
region of processed data from the matrix capture frame.
The grid does not need to be cartesian.

total focusing method (TFM) settings: the information that
is required to process a full matrix capture (FMC) data set
to reconstruct a TFM image according to the given TFM
algorithm.

transducer: an electro-acoustical device for converting
electrical energy into acoustical energy and vice versa.

ultrasonic: pertaining to mechanical vibrations having a
frequency greater than approximately 20,000 Hz.

vee path: the angle-beam path in materials starting at the
search-unit examination surface, through the material to
the reflecting surface, continuing to the examination sur-
face in front of the search unit, and reflection back along
the same path to the search unit. The path is usually
shaped like the letter V.

video presentation: display of the rectified, and usually fil-
tered, r-f signal.

wedge: in ultrasonic angle-beam examination by the con-
tact method, a device used to direct ultrasonic energy into
the material at an angle.

workmanship based: a standard for acceptance of a weld
based on the characterization of imperfections by type
(i.e., crack, incomplete fusion, incomplete penetration,
or inclusion) and their size (i.e., length).

I-121.3 PT — Liquid Penetrants.

black light: electromagnetic radiation in the near-
ultraviolet range of wavelength (320 nm to 400 nm)
(3200 Å to 4000 Å) with peak intensity at 365 nm
(3650 Å).

black light intensity: a quantitative expression of ultravio-
let irradiance.

bleedout: the action of an entrapped liquid penetrant in
surfacing from discontinuities to form indications.

blotting: the action of the developer in soaking up the
penetrant from the discontinuity to accelerate bleedout.

clean: free of contaminants.

color contrast penetrant: a highly penetrating liquid incor-
porating a nonfluorescent dye which produces indica-
tions of such intensity that they are readily visible
during examination under white light.

contaminant: any foreign substance present on the test
surface or in the inspection materials which will ad-
versely affect the performance of liquid penetrant
materials.

contrast: the difference in visibility (brightness or colora-
tion) between an indication and the background.

developer: a material that is applied to the test surface to
accelerate bleedout and to enhance the contrast of
indications.

developer, aqueous: a suspension of developer particles in
water.

developer, dry powder: a fine free-flowing powder used as
supplied.

developer, nonaqueous: developer particles suspended in
a nonaqueous vehicle prior to application.

developing time: the elapsed time between the application
of the developer and the examination of the part.

drying time: the time required for a cleaned, rinsed, or wet
developed part to dry.

dwell time: the total time that the penetrant or emulsifier
is in contact with the test surface, including the time re-
quired for application and the drain time.

emulsifier: a liquid that interacts with an oily substance to
make it water washable.
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family: a complete series of penetrant materials required
for the performance of a liquid penetrant testing.

fluorescence: the emission of visible radiation by a sub-
stance as a result of, and only during, the absorption of
black light radiation.

over-emulsification: excessive emulsifier dwell time which
results in the removal of penetrants from some
discontinuities.

penetrant: a solution or suspension of dye.

penetrant comparator: an intentionally flawed specimen
having separate but adjacent areas for the application of
different liquid-penetrant materials so that a direct com-
parison of their relative effectiveness can be obtained.

NOTE: It can also be used to evaluate liquid-penetrant techniques,
liquid-penetrant systems, or test conditions.

penetrant, fluorescent: a penetrant that emits visible ra-
diation when excited by black light.

penetrant, water-washable: a liquid penetrant with a
built-in emulsifier.

post-cleaning: the removal of residual liquid penetrant
testing materials from the test part after the penetrant ex-
amination has been completed.

post emulsification: a penetrant removal technique em-
ploying a separate emulsifier.

post-emulsification penetrant: a type of penetrant contain-
ing no emulsifier, but which requires a separate emulsify-
ing step to facilitate water rinse removal of the surface
penetrant.

precleaning: the removal of surface contaminants from
the test part so that they will not interfere with the exam-
ination process.

rinse: the process of removing liquid penetrant testing
materials from the surface of a test part by means of
washing or flooding with another liquid, usually water.
The process is also termed wash.

solvent removable penetrant: a type of penetrant used
where the excess penetrant is removed from the surface
of the part by wiping using a nonaqueous liquid.

solvent remover: a volatile liquid used to remove excess
penetrant from the surface being examined.

I-121.4 MT — Magnetic Particle.

ampere turns: the product of the number of turns of a coil
and the current in amperes flowing through the coil.

black light: electromagnetic radiation in the near ultravio-
let range of wavelength (320 nm to 400 nm) (3200 Å to
4000 Å) with peak intensity at 365 nm (3650 Å).

black light intensity: a quantitative expression of ultravio-
let irradiance.

central conductor: a conductor passed through a hollow
part and used to produce circular magnetization within
the part.

circular magnetization: the magnetization in a part result-
ing from current passed directly through the part or
through a central conductor.

demagnetization: the reduction of residual magnetism to
an acceptable level.

direct current (DC): current that flows in only one
direction.

dry powder: finely divided ferromagnetic particles suita-
bly selected and prepared for magnetic particle
inspection.

full-wave direct current (FWDC): a rectified three-phase
alternating current.

full-wave rectified current: when the reverse half of the cy-
cle is turned around to flow in the same direction as the
forward half. The result is full-wave rectified current.
Three-phase alternating current when full-wave rectified
is unidirectional with very little pulsation; only a ripple of
varying voltage distinguishes it from straight DC
single-phase.

half-wave current (HW): a rectified single-phase alternat-
ing current that produces a pulsating unidirectional field.

half-wave rectified alternating current (HWAC): when a
single-phase alternating current is rectified in the sim-
plest manner, the reverse of the cycle is blocked out en-
tirely. The result is a pulsating unidirectional current
with intervals when no current at all is flowing. This is of-
ten referred to as “half-wave” or pulsating direct current.

longitudinal magnetization: a magnetic field wherein the
lines of force traverse the part in a direction essentially
parallel with its longitudinal axis.

magnetic field: the volume within and surrounding either
a magnetized part or a current-carrying conductor where-
in a magnetic force is exerted.

magnetic field strength: the measured intensity of a mag-
netic field at a point, expressed in oersteds or amperes
per meter.

magnetic flux: the concept that the magnetic field is flow-
ing along the lines of force suggests that these lines are
therefore “flux” lines, and they are called magnetic flux.
The strength of the field is defined by the number of flux
lines crossing a unit area taken at right angles to the di-
rection of the lines.

magnetic particle examination: see magnetic particle
testing.
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magnetic particle field indicator: an instrument, typically a
bi-metal (for example, carbon steel and copper) octagonal
disk, containing artificial flaws used to verify the ade-
quacy or direction, or both, of the magnetizing field.

magnetic particles: finely divided ferromagnetic material
capable of being individually magnetized and attracted
to distortion in a magnetic field.

magnetic particle testing: a nondestructive test method
utilizing magnetic leakage fields and suitable indicating
materials to disclose surface and near-surface discontinu-
ity indications.

multidirectional magnetization: two or more magnetic
fields in different directions imposed on a part sequen-
tially and in rapid succession, as one examination, using
specialized equipment.

permanent magnet: a magnet that retains a high degree of
magnetization virtually unchanged for a long period of
time (characteristic of materials with high retentivity).

prods: hand-held electrodes.

rectified current: by means of a device called a rectifier,
which permits current to flow in one direction only. This
differs from direct current in that the current value varies
from a steady level. This variation may be extreme, as in
the case of single-phase half-wave rectified AC (HWAC),
or slight, as in the case of three-phase rectified AC.

sensitivity: the degree of capability of a magnetic particle
examination technique for indicating surface or near-
surface discontinuities in ferromagnetic materials.

suspension: a two-phase system consisting of a finely di-
vided solid dispersed in a liquid.

yoke: a magnet that induces a magnetic field in the area of
a part that lies between its poles. Yokes may be perma-
nent magnets or either alternating-current or direct-
current electromagnets.

I-121.5 ET — Electromagnetic (Eddy Current).

absolute coil: a coil (or coils) that respond(s) to the total
detected electric or magnetic properties, or both, of a part
or section of the part without comparison to another sec-
tion of the part or to another part.

array coil topology: a description of the coil arrangement
and associated activation pattern within an eddy current
array probe.

bobbin coil: for inspection of tubing, a bobbin coil is de-
fined as a circular inside diameter coil wound such that
the coil is concentric with a tube during examination.

channel standardization: a data processing method used
to provide uniform coil sensitivity to all channels within
an eddy current array probe.

detector, n: one or more coils or elements used to sense or
measure magnetic field; also known as a receiver.

differential coils: two or more coils electrically connected
in series opposition such that any electric or magnetic
condition, or both, that is not common to the areas of a
specimen being electromagnetically examined will pro-
duce an unbalance in the system and thereby yield an
indication.

eddy current: an electrical current caused to flow in a con-
ductor by the time or space variation, or both, of an ap-
plied magnetic field.

eddy current array (ECA): a nondestructive examination
technique that provides the ability to electronically drive
multiple eddy current coils, which are placed side by side
in the same probe assembly.

eddy current channel: the phase-amplitude signal re-
sponse resulting from a single instrument input amplifier
and individual impedance or transmit–receive coil
arrangement.

eddy current testing: a nondestructive testing method in
which eddy current flow is induced in the material under
examination.

exciter: a device that generates a time-varying electro-
magnetic field, usually a coil energized with alternating
current (ac); also known as a transmitter.

ferromagnetic material: material that can be magnetized
or is strongly attracted by a magnetic field.

fill factor (FF):

(a) for encircling coils, the ratio of the test piece cross-
sectional area, outside diameter (O.D.), to the effective
cross-sectional core area of the primary encircling coil, in-
side diameter (I.D.), expressed as

(b) for I.D. probes or coils, the ratio of the cross-
sectional area of the test probe or coil (O.D.) to the effec-
tive cross-sectional core area (I.D.), of the test piece, ex-
pressed as

flaw characterization standard: a standard used in addi-
tion to the RFT system reference standard, with artificial
or service-induced flaws, used for flaw characterization.

frequency: the number of complete cycles per second of
the alternating current applied to the probe coil(s) in
eddy current examination.
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nominal point: a point on the phase-amplitude diagram
representing data from nominal tube.

nominal tube: a tube or tube section meeting the tubing
manufacturer’s specifications, with relevant properties
typical of a tube being examined, used for reference in in-
terpretation and evaluation.

nonferromagnetic material: a material that is not magne-
tizable and hence essentially is not affected by magnetic
fields. This would include paramagnetic materials (mate-
rials that have a relative permeability slightly greater
than unity and that are practically independent of the
magnetizing force) and diamagnetic materials (materials
whose relative permeability is less than unity).

phase-amplitude diagram: a two-dimensional representa-
tion of detector output voltage, with angle representing
phase with respect to a reference signal, and radius rep-
resenting amplitude.

phase angle: the angular equivalent of the time displace-
ment between corresponding points on two sine waves
of the same frequency.

probe coil: a small coil or coil assembly that is placed on or
near the surface of examination objects.

remote field: as applied to nondestructive testing, the elec-
tromagnetic field which has been transmitted through the
test object and is observable beyond the direct coupling
field of the exciter.

remote field testing (RFT): a nondestructive test method
that measures changes in the remote field to detect and
characterize discontinuities.

RFT system: the electronic instrumentation, probes, and
all associated components and cables required for per-
forming RFT.

RFT system reference standard: a reference standard with
specified artificial flaws, used to set up and standardize a
remote field system and to indicate flaw detection
sensitivity.

sample rate: the rate at which data is digitized for display
and recording, in data points per second.

strip chart: a diagram that plots coordinates extracted
from points on a phase-amplitude diagram versus time
or axial position.

text information: information stored on the recording
media to support recorded eddy current data. Examples
include tube and steam generator identification, opera-
tor’s name, date of examination, and results.

unit of data storage: each discrete physical recording me-
dium onwhich eddy current data and text information are
stored. Examples include tape cartridge, floppy disk, etc.

using parties: the supplier and purchaser.

zero point: a point on the phase-amplitude diagram repre-
senting zero detector output voltage.

I-121.6 VT — Visual Examination.

artificial flaw: an intentional imperfection placed on the
surface of a material to depict a representative flaw
condition.

auxiliary lighting: an artificial light source used as a visual
aid to improve viewing conditions and visual perception.

candling: see translucent visual examination.

direct visual examination: a visual examination technique
performed by eye and without any visual aids (excluding
light source, mirrors, and/or corrective lenses), e.g., bore-
scopes, video probes, fiber optics, etc.

enhanced visual examination: a visual examination tech-
nique using visual aids to improve the viewing capability.

remote visual examination: a visual examination tech-
nique used with visual aids for conditions where the area
to be examined is inaccessible for direct visual
examination.

surface glare: reflections of artificial light that interfere
with visual examination.

translucent laminate: a series of glass reinforced layers,
bonded together, and having capabilities of transmitting
light.

translucent visual examination: a technique using artificial
lighting intensity to permit viewing of translucent lami-
nate thickness variations (also called candling).

visual examination: a nondestructive examination method
used to evaluate an item by observation, such as the cor-
rect assembly, surface conditions, or cleanliness of mate-
rials, parts, and components used in the fabrication and
construction of ASME Code vessels and hardware.

I-121.7 LT — Leak Testing.

absolute pressure: pressure above the absolute zero corre-
sponding to empty space, that is, local atmospheric pres-
sure plus gauge pressure.

background reading (background signal): in leak testing,
the steady or fluctuating output signal of the leak detector
caused by the presence of residual tracer gas or other
substance to which the detecting element responds.

calibration leak standard (standard leak): a device that
permits a tracer gas to be introduced into a leak detector
or leak testing system at a known rate to facilitate calibra-
tion of the leak detector.

detector probe (sampling probe): in leak testing, a device
used to collect tracer gas from an area of the test object
and feed it to the leak detector at the reduced pressure re-
quired. Also called a sniffing probe.
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dew point temperature: that temperature at which the gas
in a system would be capable of holding no more water
vapor and condensation in the form of dew would occur.

differential pressure: is attained on a system and the time
when the test technique is performed to detect leakage or
measure leakage rate.

dry bulb temperature: the ambient temperature of the gas
in a system.

foreline: a vacuum line between pumps of a multistage
vacuum pumping system. A typical example is the vacuum
line connecting the discharge port of a high vacuum
pump, such as a turbomolecular pump, and the inlet of
a rough vacuum pump.

halogen: any element of the family of the elements fluor-
ine, chlorine, bromine, and iodine. Compounds do not fall
under the strict definition of halogen. However, for the
purpose of Section V, this word provides a convenient de-
scriptive term for halogen-containing compounds. Of sig-
nificance in halogen leak detection are those which have
enough vapor pressure to be useful as tracer gases.

halogen diode detector (halogen leak detector): a leak de-
tector that responds to halogen tracer gases. Also called
halogen-sensitive leak detector or halide leak detector.
(a) The copper-flame detector or halide torch consists

of a Bunsen burner with flame impinging on a copper
plate or screen, and a hose with sampling probe to carry
tracer gas to the air intake of the burner.
(b) The alkali-ion diode halogen detector depends on

the variation of positive ion emission from a heated plati-
num anode when halogen molecules enter the sensing
element.

helium mass spectrometer (mass spectrometer): an instru-
ment that is capable of separating ionized molecules of
different mass to charge ratio and measuring the respec-
tive ion currents. The mass spectrometer may be used as
a vacuum gauge that relates an output which is propor-
tioned to the partial pressure of a specified gas, as a leak
detector sensitive to a particular tracer gas, or as an ana-
lytical instrument to determine the percentage composi-
tion of a gas mixture. Various types are distinguished by
the method of separating the ions. The principal types
are as follows:
(a) Dempster (M.S.): The ions are first accelerated by an

electric field through a slit, and are then deflected by a
magnetic field through 180 deg so as to pass through a
second slit.
(b) Bainbridge-Jordan (M.S.): The ions are separated by

means of a radial electrostatic field and a magnetic field
deflecting the ions through 60 deg so arranged that the
dispersion of ions in the electric field is exactly compen-
sated by the dispersion in the magnetic field for a given
velocity difference.
(c) Bleakney (M.S.): The ions are separated by crossed

electric and magnetic fields. Also called cross fields (M.S.).

(d) Nier (M.S.): A modification of the Dempster (M.S.) in
which the magnetic field deflects the ions.

(e) Time of Flight (M.S.): The gas is ionized by a pulse-
modulated electron beam and each group of ions is accel-
erated toward the ion collector. Ions of different mass to
charge ratios traverse their paths in different times.

(f) Radio-Frequency (M.S.): The ions are accelerated
into a radio-frequency analyzer in which ions of a selected
mass to charge are accelerated through openings in a ser-
ies of spaced plates alternately attached across a radio-
frequency oscillator. The ions emerge into an electrostatic
field which permits only the ions accelerated in the analy-
zer to reach the collector.

(g) Omegatron (M.S.): The ions are accelerated by the
cyclotron principle.

HMSLD: an acronym for helium mass spectrometer leak
detector.

hood technique (hood test): a mass flow, quantitative leak-
age rate measurement test in which an object under vac-
uum test is enclosed by a hood (permanent or temporary
envelope or container) or other similar enclosure that
will be filled with tracer gas to maintain the area under
the hood in contact with the upstream surface of the
boundary being leak tested. Alternatively, the evacuated
volume may be completely enclosed by a separate volume
that contains the tracer gas for the test. The permanent or
temporary envelopes or containers may be flexible plastic
enclosures adhered to or around a component, an annular
space between concentric vessels, or an adjacent volume
of a vessel that shares a boundary with an evacuated test
space.

immersion bath: a low surface tension liquid into which a
gas containing enclosure is submerged to detect leakage
which forms at the site or sites of a leak or leaks.

immersion solution: see immersion bath.

inert gas: a gas that resists combining with other sub-
stances. Examples are helium, neon, and argon.

instrument calibration: introduction of a known size stan-
dard leak into an isolated leak detector for the purpose of
determining the smallest size leakage rate of a particular
gas at a specific pressure and temperature that the leak
detector is capable of indicating for a particular division
on the leak indicator scale.

leak: a hole, or void in the wall of an enclosure, capable of
passing liquid or gas from one side of the wall to the other
under action of pressure or concentration differential ex-
isting across the wall, independent of the quantity of fluid
flowing.

leakage: the fluid, either liquid or gas, flowing through a
leak and expressed in units of mass flow; i.e., pressure
and volume per time.
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leakage rate: the flow rate of a liquid or gas through a leak
at a given temperature as a result of a specified pressure
difference across the leak. Standard conditions for gases
are 25°C and 100 kPa. Leakage rates are expressed in var-
ious units such as pascal cubic meters per second or pas-
cal liters per second.

leak standard (standard leak): a device that permits a tra-
cer gas to be introduced into a leak detector or leak test-
ing system at a known rate to facilitate calibration of the
leak detector.

leak testing: comprises procedures for detecting or locat-
ing or measuring leakage, or combinations thereof.

mass spectrometer leak detector: a mass spectrometer ad-
justed to respond only to the tracer gas.

mode lock: a feature of a multiple mode mass spectro-
meter leak detector that can be used to limit automatic
mode changes of the instrument.

multiple mode: with respect to those mass spectrometer
leak detectors that, through a change in internal valve
alignment, can operate in differing test modes. For exam-
ple, one test mode may expose the test port and test sam-
ple to the foreline port of a turbomolecular pump, and
thence to the spectrometer tube. In a more sensitive test
mode, the test port and test sample may be exposed to a
midstage port of the turbomolecular pump, and thence by
a shorter path to the spectrometer tube.

quartz Bourdon tube gage: this high accuracy gage is a ser-
vo nulling differential pressure measuring electronic in-
strument. The pressure transducing element is a
one-piece fused quartz Bourdon element.

regular pressure (gage pressure): difference between the
absolute pressure and atmospheric pressure.

sensitivity: the size of the smallest leakage rate that can be
unambiguously detected by the leak testing instrument,
method, or technique being used.

soak time: the elapsed time between when the desired dif-
ferential pressure is attained on a system and the time
when the test technique is performed to detect leakage
or measure leakage rate.

standard dead weight tester: a device for hydraulically bal-
ancing the pressure on a known high accuracy weight
against the reading on a pressure gage for the purpose
of calibrating the gage.

system calibration: introduction of a known size standard
leak into a test system with a leak detector for the pur-
pose of determining the smallest size leakage rate of a
particular gas at a specific pressure and temperature that
the leak detector as part of the test system is capable of
indicating for a particular division on the leak indicator
scale.

test mode: with respect to the internal arrangement of the
flow path through a mass spectrometer leak detector
from the test port to the mass spectrometer tube.

thermal conductivity detector: a leak detector that re-
sponds to differences in the thermal conductivity of a
sampled gas and the gas used to zero it (i.e., background
atmosphere).

tracer gas: a gas which, passing through a leak, can then
be detected by a specific leak detector and thus disclose
the presence of a leak. Also called search gas.

vacuum box: a device used to obtain a pressure differen-
tial across a weld that cannot be directly pressurized. It
contains a large viewing window, special easy seating
and sealing gasket, gage, and a valved connection for an
air ejector, vacuum pump, or intake manifold.

water vapor: gaseous form of water in a system calibrat-
ing the gage.

I-121.8 AE — Acoustic Emission.

acoustic emission (AE): the class of phenomena whereby
transient stress/displacement waves are generated by
the rapid release of energy from localized sources within
a material, or the transient waves so generated.

NOTE: Acoustic emission is the recommended term for general use.
Other terms that have been used in AE literature include
(a) stress wave emission
(b)microseismic activity
(c) emission or acoustic emission with other qualifying modifiers

acoustic emission channel: see channel, acoustic emission.

acoustic emission count (emission count), N : see count,
acoustic emission.

acoustic emission count rate: see count rate, acoustic emis-
sion (emission rate or count rate), N .

acoustic emission event: see event, acoustic emission.

acoustic emission event energy: see energy, acoustic event.

acoustic emission mechanism or acoustic emission source
mechanism: a dynamic process or combination of pro-
cesses occurring within a material, generating acoustic
emission events. AE source mechanisms can be subdi-
vided into several categories: material and mechanical,
macroscopic and microscopic, primary and secondary.

NOTE: Examples of macroscopic material AE source mechanisms in
metals are incremental crack advancements, plastic deformation de-
velopment and fracture of inclusions. Friction and impacts are exam-
ples of mechanical AE. A crack advancement can be considered a
primary AE mechanism while a resulting crack surface friction can
be considered as a secondary AE mechanism.

acoustic emission sensor: see sensor, acoustic emission.

acoustic emission signal amplitude: see signal amplitude,
acoustic emission.
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acoustic emission signal (emission signal): see signal,
acoustic emission.

acoustic emission signature (signature): see signature,
acoustic emission.

acoustic emission transducer: see sensor, acoustic emission.

acoustic emission waveguide: see waveguide, acoustic
emission.

acousto-ultrasonics (AU): a nondestructive examination
method that uses induced stress waves to detect and as-
sess diffuse defect states, damage conditions, and varia-
tions of mechanical properties of a test structure. The
AU method combines aspects of acoustic emission (AE)
signal analysis with ultrasonic materials characterization
techniques.

adaptive location: source location by iterative use of sim-
ulated sources in combination with computed location.

AE activity, n : the presence of acoustic emission during a
test.

AE amplitude: see dBAE.

AE monitor: all of the electronic instrumentation and
equipment (except sensors and cables) used to detect,
analyze, display, and record AE signals.

AE rms, n : the rectified, time averaged AE signal, mea-
sured on a linear scale and reported in volts.

AE signal duration: the time between AE signal start and
AE signal end.

AE signal end: the recognized termination of an AE signal,
usually defined as the last crossing of the threshold by
that signal.

AE signal generator: a device which can repeatedly induce
a specified transient signal into an AE instrument.

AE signal rise time: the time between AE signal start and
the peak amplitude of that AE signal.

AE signal start: the beginning of an AE signal as recog-
nized by the system processor, usually defined by an am-
plitude excursion exceeding threshold.

array, n : a group of two or more AE sensors positioned on
a structure for the purposes of detecting and locating
sources. The sources would normally be within the array.

arrival time interval (Δt i j ): see interval, arrival time.

attenuation, n : the gradual loss of acoustic emission wave
energy as a function of distance through absorption, scat-
tering, diffraction, and geometric spreading.

NOTE: Attenuation can be measured as the decrease in AE amplitude
or other AE signal parameter per unit distance.

average signal level: the rectified, time averaged AE loga-
rithmic signal, measured on the AE amplitude logarithmic
scale and reported in dBAE units (where 0 dBAE refers to
1 μV at the preamplifier input).

burst emission: see emission, burst.

channel, acoustic emission: an assembly of a sensor, pre-
amplifier or impedance matching transformer, filters sec-
ondary amplifier or other instrumentation as needed,
connecting cables, and detector or processor.

NOTE: A channel for examining fiberglass reinforced plastic (FRP)
may utilize more than one sensor with associated electronics. Chan-
nels may be processed independently or in predetermined groups
having similar sensitivity and frequency characteristics.

continuous emission: see emission, continuous.

continuous monitoring: the process of monitoring a pres-
sure boundary continuously to detect acoustic emission
during plant startup, operation, and shutdown.

count, acoustic emission (emission count), N : the number
of times the acoustic emission signal exceeds a preset
threshold during any selected portion of a test.

count, event, Ne : the number obtained by counting each
discerned acoustic emission event once.

count rate, acoustic emission (emission rate or count rate),
N : the time rate at which emission counts occur.

count, ring-down: see count, acoustic emission, the pre-
ferred term.

couplant: a material used at the structure-to-sensor inter-
face to improve the transmission of acoustic energy
across the interface during acoustic emission monitoring.

cumulative (acoustic emission) amplitude distribution,
F(V): see distribution, amplitude, cumulative.

cumulative (acoustic emission) threshold crossing distribu-
tion, F t (V ) : see distribution, threshold crossing,
cumulative.

dBAE: the peak voltage amplitude of the acoustic emission
signal waveform expressed by the equation

where VRe f is 1 μV out of the AE sensor crystal.

dBAE (per Article 11): a logarithmic measure of acoustic
emission signal amplitude, referenced to 1 μV at the sen-
sor, before amplification.

where

A0 = 1 μV at the sensor (before amplification)
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A1 = peak voltage of the measured acoustic emission sig-
nal (also before amplification)

Acoustic Emission Reference Scale

dBAE Value Voltage at Sensor

0 1 μV
20 10 μV
40 100 μV
60 1 mV
80 10 mV

100 100 mV

NOTE: In the case of sensors with integral preamplifiers, the A0 re-
ference is before internal amplification.

dB scale: a relative logarithmic scale of signal amplitude
defined by dBV = 20 log V i n/Vout . The reference voltage
is defined as 1 V out of the sensor and V is measured am-
plitude in volts.

dead time: any interval during data acquisition when the
instrument or system is unable to accept new data for any
reason.

differential (acoustic emission) amplitude distribution, F
(V): see distribution, differential (acoustic emission) ampli-
tude, f(V).

differential (acoustic emission) threshold crossing distribu-
tion, f t (V): see distribution, differential (acoustic emission)
threshold crossing.

distribution, amplitude, cumulative (acoustic emission), F
(V): the number of acoustic emission events with signals
that exceed an arbitrary amplitude as a function of ampli-
tude, V .

distribution, differential (acoustic emission) amplitude,
f(V): the number of acoustic emission events with signal
amplitudes between amplitudes of V and V + ΔV as a
function of the amplitude V . f (V ) is the absolute value
of the derivative of the cumulative amplitude distribution,
F(V).

distribution, differential (acoustic emission) threshold
crossing, f t (V): the number of times the acoustic emission
signal waveform has a peak between thresholds V and V +
ΔV as a function of the threshold V . f t(V) is the absolute
value of the derivative of the cumulative threshold cross-
ing distribution, Ft(V).

distribution, logarithmic (acoustic emission) amplitude,
g(V): the number of acoustic emission events with signal
amplitudes between V and αV (where α is a constant
multiplier) as a function of the amplitude. This is a variant
of the differential amplitude distribution, appropriate for
logarithmically windowed data.

distribution, threshold crossing, cumulative (acoustic emis-
sion), F t (V): the number of times the acoustic emission
signal exceeds an arbitrary threshold as a function of
the threshold voltage (V).

dynamic range: the difference, in decibels, between the
overload level and the minimum signal level (usually
fixed by one or more of the noise levels, low-level distor-
tion, interference, or resolution level) in a system or
sensor.

effective velocity, n : velocity calculated on the basis of ar-
rival times and propagation distances determined by arti-
ficial AE generation; used for computed location.

electronic waveform generator: a device which can repeat-
edly induce a transient signal into an acoustic emission
processor for the purpose of checking, verifying, and cali-
brating the instrument.

emission, burst: a qualitative description of an individual
emission event resulting in a discrete signal.

emission, continuous: a qualitative description of emission
producing a sustained signal as a result of time overlap-
ping and/or successive emission events from one or sev-
eral sources.

energy, acoustic emission event: the total elastic energy re-
leased by an emission event.

energy, acoustic emission signal: the energy contained in
an acoustic emission signal, which is evaluated as the in-
tegral of the volt-squared function over time.

evaluation threshold: a threshold value used for analysis
of the examination data. Data may be recorded with a sys-
tem examination threshold lower than the evaluation
threshold. For analysis purposes, dependence of mea-
sured data on the system examination threshold must
be taken into consideration.

event, acoustic emission (emission event): an occurrence of
a local material change or mechanical action resulting in
acoustic emission.

event count (Ne): see count, event.

event count rate (Ne): see rate, event count.

examination area (examination region): that portion of a
structure, or test article, being examined using acoustic
emission technology.

felicity effect: the presence of detectable acoustic emission
at a fixed predetermined sensitivity level at stress levels
below those previously applied.

felicity ratio: the ratio of the load at which acoustic emis-
sion is detected, to the previously applied maximum load.

NOTE: The fixed sensitivity level will usually be the same as was
used for the previous loading or examination.

first hit location: a zone location method defined by which
a channel among a group of channels first detects the
signal.

floating threshold: any threshold with amplitude estab-
lished by a time average measure of the input signal.
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hit: the detection and measurement of an AE signal on a
channel.

i n s t r um e n t a t i o n d e a d t im e : s e e d e a d t im e ,
instrumentation.

interval, arrival time (Δt i j ): the time interval between the
detected arrivals of an acoustic emission wave at the i th
and jth sensors of a sensor array.

Kaiser effect: the absence of detectable acoustic emission
at a fixed sensitivity level, until previously applied stress
levels are exceeded.

NOTE: Whether or not the effect is observed is material specific. The
effect usually is not observed in materials containing developing
flaws.

limited zone monitoring: the process of monitoring only a
specifically defined portion of the pressure boundary by
using either the sensor array configuration, controllable
instrumentation parameters, or both to limit the area
being monitored.

location accuracy, n : a value determined by comparison of
the actual position of an AE source (or simulated AE
source) to the computed location.

location, cluster, n : a location technique based upon a spe-
cified amount of AE activity located within a specified
length or area, for example: 5 events within 12 linear
inches or 12 square inches.

location, computed, n : a source location method based on
algorithmic analysis of the difference in arrival times
among sensors.

NOTE: Several approaches to computed location are used, including
linear location, planar location, three dimensional location, and
adaptive location.

linear location, n : one dimensional source location re-
quiring two or more channels.

planar location, n : two dimensional source location re-
quiring three or more channels.

3D location, n : three dimensional source location re-
quiring five or more channels.

adaptive location, n : source location by iterative use of
simulated sources in combination with computed
location.

location, continuous AE signal, n : a method of location
based on continuous AE signals, as opposed to hit or dif-
ference in arrival time location methods.

NOTE: This type of location is commonly used in leak location due to
the presence of continuous emission. Some common types of contin-
uous signal location methods include signal attenuation and correla-
tion analysis methods.

signal attenuation-based source location, n : a source lo-
cation method that relies on the attenuation versus dis-
tance phenomenon of AE signals. By monitoring the AE

signal magnitudes of the continuous signal at various
points along the object, the source can be determined
based on the highest magnitude or by interpolation or ex-
trapolation of multiple readings.

correlation-based source location, n : a source location
method that compares the changing AE signal levels
(usually waveform based amplitude analysis) at two or
more points surrounding the source and determines the
time displacement of these signals. The time displace-
ment data can be used with conventional hit based loca-
tion techniques to arrive at a solution for the source site.

location, source, n : any of several methods of evaluating
AE data to determine the position on the structure from
which the AE originated. Several approaches to source lo-
cation are used, including zone location, computed loca-
tion, and continuous location.

location, zone, n : any of several techniques for determin-
ing the general region of an acoustic emission source (for
example, total AE counts, energy, hits, and so forth).

NOTE: Several approaches to zone location are used, including inde-
pendent channel zone location, first hit zone location, and arrival se-
quence zone location.

independent channel zone location, n : a zone location
technique that compares the gross amount of activity
from each channel.

first-hit zone location, n : a zone location technique that
compares only activity from the channel first detecting
the AE event.

arrival sequence zone location, n : a zone location tech-
nique that compares the order of arrival among sensors.

logarithmic (acoustic emission) amplitude distribution g
(V): see distribution, logarithmic (acoustic emission)
amplitude.

measured area of the rectified signal envelope: a measure-
ment of the area under the envelope of the rectified linear
voltage time signal from the sensor.

multichannel source location: a source location technique
which relies on stress waves from a single source produ-
cing hits at more than one sensor. Position of the source is
determined by mathematical algorithms using difference
in time of arrival.

overload recovery time: an interval of nonlinear operation
of an instrument caused by a signal with amplitude in ex-
cess of the instrument’s linear operating range.

penetrations: in nuclear applications, the term penetra-
tions refers to step-plugs containing electronic instru-
mentation cable sections installed through shielding or
containment walls to permit passing instrumentation
power and information signals through these protective
walls without compromising the protective integrity of
the wall.
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performance check, AE system: see verification, AE system.

plant/plant system: the complete pressure boundary sys-
tem including appurtenances, accessories, and controls
that constitute an operational entity.

plant operation: normal operation including plant warm-
up, startup, shutdown, and any pressure or other stimuli
induced to test the pressure boundary for purposes other
than the stimulation of AE sources.

processing capacity: the number of hits that can be pro-
cessed at the processing speed before the system must in-
terrupt data collection to clear buffers or otherwise
prepare for accepting additional data.

processing speed: the sustained rate (hits/sec), as a func-
tion of the parameter set and number of active channels,
at which AE signals can be continuously processed by a
system without interruption for data transport.

rate, event count (Ne): the time rate of the event count.

rearm delay time: see time, rearm delay.

ring-down count: see count, acoustic emission, the pre-
ferred term.

RMS voltage: the root mean square voltage or the recti-
fied, time averaged AE signal, measured on a linear scale
and reported in volts.

sensor, acoustic emission: a detection device, generally
piezoelectric, that transforms the particle motion pro-
duced by an elastic wave into an electrical signal.

sensor array: multiple AE sensors arranged in a geometri-
cal configuration that is designed to provide AE source
detection/location for a given plant component or pres-
sure boundary area to be monitored.

signal, acoustic emission (emission signal): an electrical
signal obtained by detection of one or more acoustic
emission events.

signal amplitude, acoustic emission: the peak voltage of the
largest excursion attained by the signal waveform from
an emission event.

signal overload level: that level above which operation
ceases to be satisfactory as a result of signal distortion,
overheating, or damage.

signal overload point: the maximum input signal ampli-
tude at which the ratio of output to input is observed to
remain within a prescribed linear operating range.

signal strength: the measured area of the rectified AE sig-
nal with units proportional to volt-sec.

NOTE: The proportionality constant is specified by the AE instru-
ment manufacturer.

signature, acoustic emission (signature): a characteristic
set of reproducible attributes of acoustic emission signals
associated with a specific test article as observed with a
particular instrumentation system under specified test
conditions.

simulated AE source: a device which can repeatedly in-
duce a transient elastic stress wave into the structure.

stimulation: the application of a stimulus such as force,
pressure, heat, and so forth, to a test article to cause acti-
vation of acoustic emission sources.

system examination threshold: the electronic instrument
threshold (see evaluation threshold) which data will be
detected.

threshold of detectability: a peak amplitude measurement
used for cross calibration of instrumentation from differ-
ent vendors.

transducers, acoustic emission: see sensor, acoustic
emission.

verification, AE system (performance check, AE system): the
process of testing an AE system to assure conformance to
a specified level of performance or measurement accu-
racy. (This is usually carried out prior to, during, and/or
after an AE examination with the AE system connected
to the examination object, using a simulated or artificial
acoustic emission source.)

voltage threshold: a voltage level on an electronic com-
parator such that signals with amplitudes larger than this
level will be recognized. The voltage threshold may be
user adjustable, fixed, or automatic floating.

waveguide, acoustic emission: a device that couples elastic
energy from a structure or other test object to a remotely
mounted sensor during AE monitoring. An example of an
acoustic emission waveguide would be a solid wire of rod
that is coupled at one end to a monitored structure, and to
a sensor at the other end.

zone: the area surrounding a sensor from which AE
sources can be detected.

zone location: a method of locating the approximate
source of emission.

I-121.9 Examination System Qualification.

blind demonstration: a performance demonstration,
where the examiner is presented with both flawed and
unflawed specimens which are visually indistinguishable,
with the objective of proving the capability of an examina-
tion system to correctly detect and size flaw locations.

detection: when a specimen or grading unit is correctly in-
terpreted as being flawed.

essential variables: a change in the examination system,
which will affect the system’s ability to perform in a sat-
isfactory manner.

23

ASME BPVC.V-2023 ARTICLE 1



examination system: the personnel, procedures, and
equipment collectively applied by a given examination
technique to evaluate the flaw characteristics of an object
of interest.

false call: when a specimen or grading unit is incorrectly
interpreted as being flawed or unflawed.

false call probability (FCP): the percentage resulting from
dividing the number of false calls by the number of speci-
mens or grading units examined.

grading unit: a prepared specimen, or designated interval
(e.g., length) within a specimen, having known flaw char-
acteristics, which is used to evaluate the performance of
an examination system through demonstration.

level of rigor: the level of confidence to which a given ex-
amination system must be demonstrated, based upon fac-
tors such as user needs, damage mechanism, and level of
risk. There are three levels of rigor: low, intermediate,
and high (see T-1424).

non-blind demonstration: a performance demonstration
where the examiner is presented with test pieces contain-
ing clearly identifiable flaw locations of known sizes, with
the objective of proving the capability of an examination
system to correctly detect and size flaw locations.

nonessential variables: a change in the examination sys-
tem, which will not affect the system’s ability to perform
in a satisfactory manner.

performance demonstration: a demonstration of the cap-
abilities of an examination system to accurately evaluate
a specimen with known flaw characteristics in an envi-
ronment simulating field conditions.

probability of detection (POD): the percentage resulting
from dividing the number of detections by the number
of flawed specimens or grading units examined. POD indi-
cates the probability that an examination system will de-
tect a given flaw.

qualification: successful documentation of an examination
system’s ability to demonstrate established qualification
objectives at the required level of rigor, in compliance
with the requirements of Article 14.

sizing accuracy: the difference between the manufacturer-
or owner-stated dimensions of the identified flaws in the
test specimen and the dimensions determined by applica-
tion of the examination system on the test specimen dur-
ing the qualification demonstration.

I-121.10 APR — Acoustic Pulse Reflectometry.

functional test: the functional test of an APR system is the
act of examining the reference tubes and creating a re-
port, then verifying that the results are within the toler-
ance specified by the standard.

noise level: the amplitude of nonrelevant signals at each
point along the tube, measured on a random group of
more than 30 tubes. It is used to determine the threshold
of detectability at each point along the tubes.

signal-to-noise ratio: the ratio between the amplitude of
the transmitted pulse and the maximum nonrelevant indi-
cation amplitude (remaining) after reflections of the initi-
al pulse have decreased below detection.

reference tubes/reference specimens: a set of tubes with a
variety of known, manufactured flaws at known locations
and sizes. By inspecting these tubes and evaluating the re-
sults, it is possible to verify that the APR equipment is
working properly.

I-121.11 GWT — Guided Wave Examination.

absolute calibration: setting of the gain in the system from
a flange or pipe open in the test range to be a 100% reflec-
tor. In most field applications there are no flanges or pipe
open ends in the test range; therefore, a calibration of the
system is obtained using multiple reflections from welds
in the test range that are assumed to be approximately
20% reflectors to calculate the DAC and TCG amplitudes.

anomaly: an unexamined indication in the examination
result that could be from the pipe material, coatings, soil,
or examination conditions. See also imperfection and
defect.

basic piping: straight piping (including up to one elbow)
filled with nonattenuative fluid that may be painted or
protected with a nonattenuative coating (e.g., fusion
bonded epoxy or a non-bonded insulation such as mineral
wool) and constructed of a single pipe size and schedules,
fully accessible at the test location, jointed by girth welds,
and supported by simple contact supports.

bend: a physical configuration that changes pipeline direc-
tion. A bend can be classified according to the centerline
radius of the bend as a ratio to the nominal pipe diameter.
A 11/2D bend would have a centerline radius of 11/2 times
the nominal pipe diameter. A 3D bend would have a cen-
terline radius of 3 times the nominal pipe diameter.

call level: amplitude threshold set to identify reflection
signals that need to be assessed. It represents a threshold
of a particular value of reflection coefficient at any loca-
tion along the pipe, and so may be used to set a desired
sensitivity threshold according to defect size.

cross-sectional change (CSC): commonly refers to the per-
centage change in cross-sectional area of the pipe wall
(increase or decrease such as a weld or wall loss).

dead zone: the length of pipe immediately beneath and ad-
jacent to the GWT sensor that cannot be examined be-
cause the transmitting signals have saturated the
sensor(s). The length of the dead zone is related to the ex-
citation frequency and the sound velocity in the material.
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detection threshold: minimum amplitude level of signal,
below which it is not possible to assess signals. In GWT
this is set according to the amplitude of the background
noise.

distance–amplitude correction (DAC): a DAC curve repre-
sents the attenuation of the signal over the distance of
the examination region.

examination range: the distance from the GWT sensor for
which reflected signals are recorded.

guided wave examination (GWT): an NDE method for as-
sessing lengths of pipe and other components for wall
loss, caused by either internal/external corrosion or ero-
sion, gouges, and cracking. Typically a sensor is coupled
to the external surface of the pipe and to create a wave
that is guided along the wall of the pipe. These guided
waves propagate down the pipe and reflect back to the
sensor by changes in cross-sectional area of the pipe.
The reflected signals are acquired, processed, and dis-
played in a distance versus amplitude plot.

permissible examination range: the maximum distance
from the GWT sensor within which the signal amplitude
and quality are sufficient to allow examination to be
performed.

reference amplitude: the amplitude of the outgoing guided
wave signal, used as the reference for other signal ampli-
tudes and thresholds and the basis for the DAC curves or
TCG.

sensor: the GWT device consisting of either piezoelectric
or magnetostrictive sensor(s) wrapped around the out-
side diameter of the pipe being examined.

test range: the length of piping that can be examined from
one sensor location.

time-controlled gain or time-corrected gain (TCG): gain
added to the signal as a function of time equivalent dis-
tance from the initial pulse used to normalize the signal
over time to compensate for attenuation.

I-121.12 CT – Computed Tomography Examination.

computed tomography (CT): a nondestructive examina-
tion technique that captures radiographic projections of
an object at various rotational angles, which are mathe-
matically reconstructed to produce a three-dimensional
volume data set or one or more two-dimensional cross-
sectional images.

representative quality indicator (RQI): an actual or
similar part of comparable geometry and attenuation
characteristics to the test specimen that has known mea-
surable features, representing examples of relevant
discontinuities.

scintillator: a crystalline material that converts ionizing
radiation to light.

tomography: any radiologic technique that provides an
image of a selected plane in an object to the relative exclu-
sion of structures that lie outside the plane of interest.

voxel: the smallest addressable picture element in a three-
dimensional digital volume, representing a value of
intensity.

I-121.13 PEC – Pulsed Eddy Current.

bending point: point in the decay curve where the graph
changes from a diffusion regime to a decay regime. The
bending point occurs at a characteristic time that is re-
lated to the magnetic permeability, electrical conductiv-
ity, and the wall thickness of the component.

call level: threshold on the measured wall thickness under
which signals need to be assessed, and if it is determined
that metal loss is indicated, the indication is to be recom-
mended for follow-up inspection.

corrosion under fireproofing (CUF): external corrosion of
piping, pressure vessels, and structural components re-
sulting from water trapped under fireproofing.

corrosion under insulation (CUI): external corrosion of
carbon steel piping, pressure vessels, and structural com-
ponents resulting from water trapped under insulation.

cover: material, such as paint, plastic, asphalt, rock-wool,
foam, metal mesh, cement, carbon (glass) fiber, or marine
growth, that covers the surface of a tested component in
the form of a layer, bundle, twine, or inlay.

decay curve: graph of the received secondary field, result-
ing from decay of eddy currents over time. The signal may
be the voltage received on a coil or magnetic field level re-
ceived with a magnetic field sensor.

excitation pulse: a magnetic pulse that is used to generate
eddy currents. In common PEC examination, the magnetic
field is stepped and the pulse has a block shape; other
shapes are also possible.

excitation pulse duration: time for which the DC magnetic
field is switched on. Eddy currents are generated at the
start and end of the excitation pulse due to the sudden
change in magnetic field. In most instruments, the eddy
currents generated on the trailing edge of the pulse are
used for measurement.

fireproofing: a systematic process, including design, mate-
rial selection, and the application of materials, that pro-
vides a degree of fire resistance for protected substrates
and assemblies.

follow-up examination: a second examination used to ver-
ify the presence of indications found with screening and
to provide the measurement accuracy necessary for as-
sessment of the defects found.
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footprint: area affected by the magnetic field emanating
from the probe. A standardized procedure for measuring
the footprint can be found in Article 21, Nonmandatory
Appendix A, A-2152.

jacketing: the protective layer that is applied over insula-
tion. Common jacketing materials include aluminium,
stainless steel, and galvanized steel. May also be referred
to as sheathing, sheeting, or cladding.

lift-off: distance between the probe and the ferromagnetic
object being examined.

pulsed eddy current: eddy current generated in the base
material by an excitation pulse.

reference location: location that is used as a datum point
compared to which relative wall thickness is reported.

screening: methodology of examination where the pur-
pose of examination is to rapidly find the presence of de-
fects while deemphasizing the accuracy of measurement.
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MANDATORY APPENDIX II
SUPPLEMENTAL PERSONNEL QUALIFICATION REQUIREMENTS

FOR NDE CERTIFICATION

II-110 SCOPE

This Appendix provides the additional personnel quali-
fication requirements that are mandated by Article 1,
T-120(g), and which are to be included in the employer’s
written practice for NDE personnel certification, when
any of the following techniques are used by the employer:
computed radiography (CR), digital radiography (DR),
phased array ultrasonic (PAUT), ultrasonic time-of-flight
diffraction (TOFD), and ultrasonic full matrix capture
(FMC).

II-120 GENERAL REQUIREMENTS

The requirements of Article 1 and this Mandatory
Appendix, when applicable, shall be included in the em-
ployer’s written practice.

II-121 LEVEL I AND LEVEL II TRAINING AND
EXPERIENCE REQUIREMENTS

The following tables shall be used for determining the
minimum hours for personnel without prior qualification
in film; CR or DR techniques in radiography; and PAUT,
TOFD, and FMC techniques in ultrasonics to be included
in the employer’s written practice. See Tables II-121-1
and II-121-2.

For the CR and DR techniques, personnel shall first
meet the training and experience requirements in Table
II-121-1 for a Level I in that technique as a prerequisite
for being eligible for qualification as a Level II in that tech-
nique. See Table II-121-1, General Notes for modifications
to the number of training and experience hours required.

For TOFD, PAUT, and FMC, see the prerequisite re-
quirements in Table II-121-2.

II-122 LEVEL I AND LEVEL II EXAMINATIONS
II-122.1 In addition to the written examinations spe-

cified in Table II-122.1, all CR and DR technique qualifica-
tions shall include practical examinations consisting of, as
a minimum

(a) Level I and Level II practical examinations shall re-
quire at least two test specimens. These specimens shall
be representative of the techniques used in the employ-
er’s written procedure or procedures, e.g., single/double
wall exposure and single/double wall viewing.

(b) Each specimen shall contain a minimum of two
discontinuities.

(c) The employer’s written practice shall define the
grading criteria for all written and practical examinations.

II-122.2 In addition to the written examinations spe-
cified in Table II-122.2, all ultrasonic technique certifica-
tions shall include practical examinations consisting of, as
a minimum

(a) Level II practical examinations shall require at least
two test specimens, with each specimen containing a
minimum of two discontinuities.

(b) The employer’s written practice shall define the
grading criteria for all written and practical examinations.

II-123 LEVEL III REQUIREMENTS

Level III personnel shall be responsible for the training
and qualification of individuals in the NDE techniques de-
scribed in this Mandatory Appendix. As a minimum, the
requirements of Level III personnel shall include each of
the following:

(a) hold a current Level III certification in the Method
(b)meet the Level II requirements per II-121 (training

and experience) and II-122 (examinations) in the
technique

(c) have documented evidence in the preparation of
NDE procedures to codes, standards, or specifications re-
lating to the technique

(d) demonstrate proficiency in the evaluation of test re-
sults in the technique

A Level III who fulfills the above requirements may per-
form examinations in the applicable technique.

II-124 TRAINING OUTLINES
II-124.1 Computed Radiography (CR) Topical Train-

ing Outlines. Topical training outlines appropriate for the
training of Level I and Level II personnel in computed
radiography may be found in ANSI/ASNT CP-105 (2020
edition)1 and should be used as a minimum.

II-124.2 Digital Radiography (DR) Topical Training
Outlines. Topical training outlines appropriate for the
training of Level I and Level II personnel in digital radio-
graphy may be found in ANSI/ASNT CP-105 (2020
edition)1 and should be used as a minimum. For indivi-
duals holding a valid Level I or Level II film certification,
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the “Basic Radiography Physics” segment of the topical
outlines referenced in II-124.1 and II-124.2 need not be
repeated, as described in the employer’s written practice.

II-124.3 Phased Array UT. Topical training outlines
appropriate for the training of Level II personnel can be
found in ANSI/ASNT CP-105 (2020 edition)1 and should
be used as a minimum.

II-124.4 Time-of-Flight Diffraction (TOFD). Topical
training outlines appropriate for the training of Level II
personnel can be found in ANSI/ASNT CP-105 (2020
edition)1 and should be used as a minimum.

II-124.5 Full Matrix Capture (FMC). Topical training
outlines appropriate for the training of Level II personnel
can be found in ANSI/ASNT CP-105 (2020 edition) and
should be used as a minimum.

Table II-121-1
Initial Training and Experience Requirements for CR and DR Techniques

Examination Method NDE Level Technique Training Hours

Experience

Minimum Hours in
Technique Total NDE Hours

Radiography I CR 40 210 400
II CR 40 630 1,200

Radiography I DR 40 210 400
II DR 40 630 1,200

GENERAL NOTES:
(a) For individuals previously or currently certified in a radiography technique (e.g., film) and a full-course format was

used to meet the initial qualifications in that technique, the minimum additional training hours to qualify in another
technique at the same level shall be
(1) Level I, 24 hr
(2) Level II, 40 hr

as defined in the employer’s written practice.
(b) In addition to the training specified in Table II-121-1, a minimum 16 hr of manufacturer-specific hardware/software

training shall also be required for each system/software to be used. The employer’s written practice shall describe the
means by which the examiner’s qualification shall be determined.

(c) For individuals previously or currently certified in a radiography technique (e.g., film) and a full-course format was
used to meet the initial qualifications in that technique, the minimum additional experience to qualify in another tech-
nique at the same level shall be
(1) Level I, 105 hr
(2) Level II, 320 hr

as defined in the employer’s written practice.
(d) For Individuals previously or currently certified as a Level II in a radiography technique (e. g., film), where a full-course

format was used to meet the initial qualifications in that technique, who are seeking a Level II certification in another
technique but have not completed the additional training hours specified in (a) above, the following minimum require-
ments shall be met for certification in each additional technique:
(1) 24 hr of technique-specific training
(2) 16 hr of manufacturer-specific hardware/software training for each system/software to be used
(3) an increase in practical examination test specimens required in II-122.1(a), from two to ten.
(a) The additional test specimens shall include varying thickness, diameter, and exposure techniques representa-

tive of those used in the employer's written procedure or procedures.
(b) The additional test specimens may be raw, unfiltered digital images provided to the individual with the radio-

graphic technique details requiring only interpretation, evaluation, and documentation of the results.
(c) Each additional test specimen shall contain at least one discontinuity."

(e) For individuals not currently certified in a radiography technique who are pursuing qualification directly as a Level II in
CR or DR, the minimum required training and experience hours in the technique shall consist of at least the sum of the
stated Level I and Level II hours in the technique.
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Table II-121-2
Additional Training and Experience Requirements for PAUT, TOFD, and FMC Ultrasonic Techniques

Examination
Method NDE Level Technique Training Hours

Experience

Minimum Hours in
Technique Total NDE Hours

Ultrasonic II PAUT 80 320 UT Level I and Level II
training and experience
required as a
prerequisite [Note (1)],
[Note (2)]

Ultrasonic II TOFD 40 320

Ultrasonic II FMC 80 320

NOTES:
(1) Level II personnel holding a current Ultrasonic method certification are eligible for certification in the PAUT, TOFD, and

FMC techniques.
(2) In addition to the training specified in Table II-121-2, supplemental specific hardware and software training shall be

required for automated or semiautomated technique applications. The employer’s written practice shall fully describe
the nature and extent of the additional training required for each specific acquisition or analysis software and instru-
ment/system used. The employer’s written practice shall also describe the means by which the examiner’s qualification
will be determined for automated and semiautomated techniques.

Table II-122.1
Minimum CR and DR Examination Questions

Technique

General Specific

Level I Level II Level I Level II

CR 40 40 30 30

DR 40 40 30 30

Table II-122.2
Minimum Ultrasonic Technique Examination Questions

Technique

Level II

General Specific

PAUT 40 30

TOFD 40 30

FMC 40 30
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EXCEPTIONS AND ADDITIONAL REQUIREMENTS FOR USE OF

ASNT SNT-TC-1A 2016 EDITION

DELETED
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NONMANDATORY APPENDIX A
IMPERFECTION VS. TYPE OF NDE METHOD

A-110 SCOPE

Table A-110 lists common imperfections and the NDE
methods that are generally capable of detecting them.

CAUTION: Table A-110 should be regarded for general guidance
only and not as a basis for requiring or prohibiting a particular
type of NDE method for a specific application. For example, ma-
terial and product form are factors that could result in differ-
ences from the degree of effectiveness implied in the table.

For service-induced imperfections, accessibility and other con-
ditions at the examination location are also significant factors
that must be considered in selecting a particular NDE method.
In addition, Table A-110 must not be considered to be all inclu-
sive; there are several NDE methods/techniques and imperfec-
tions not listed in the table. The user must consider all
applicable conditions when selecting NDEmethods for a specific
application.

Table A-110
Imperfection vs. Type of NDE Method

Surface [Note (1)]
Subsurface
[Note (2)] Volumetric [Note (3)]

VT PT MT ET RT UTA UTS AE UTT

Service-Induced Imperfections

Abrasive Wear (Localized) ⦿ ⊛ ⊛ … ⦿ ⊛ ⊛ … ⊛
Baffle Wear (Heat Exchangers) ⦿ … … ⊛ … … … … …
Corrosion-Assisted Fatigue Cracks ⦾ ⊛ ⦿ … ⦾ ⦿ … ⦿ …
Corrosion … … … … … … … … …

-Crevice ⦿ … … … … … … … ⦾
-General / Uniform … … … ⦾ ⊛ … ⊛ … ⦿
-Pitting ⦿ ⦿ ⦾ … ⦿ ⦾ ⦾ ⊛ ⦾
-Selective ⦿ ⦿ ⦾ … … … … … ⦾

Creep (Primary) [Note (4)] … … … … … … … … …
Erosion ⦿ … … … ⦿ ⦾ ⊛ … ⊛
Fatigue Cracks ⦾ ⦿ ⦿ ⊛ ⊛ ⦿ … ⦿ …
Fretting (Heat Exchanger Tubing) ⊛ … … ⊛ … … … … ⊛
Hot Cracking … ⊛ ⊛ … ⊛ ⦾ … ⊛ …
Hydrogen-Induced Cracking … ⊛ ⊛ … ⦾ ⊛ … ⊛ …
Intergranular Stress-Corrosion Cracks … … … … … ⦾ … … …
Stress-Corrosion Cracks (Transgranular) ⦾ ⊛ ⦿ ⦾ ⊛ ⊛ … ⊛ …
Welding Imperfections

Burn Through ⦿ … … … ⦿ ⊛ … … ⦾
Cracks ⦾ ⦿ ⦿ ⊛ ⊛ ⦿ ⦾ ⦿ …
Excessive/Inadequate Reinforcement ⦿ … … … ⦿ ⊛ ⦾ … ⦾
Inclusions (Slag/Tungsten) … … ⊛ ⊛ ⦿ ⊛ ⦾ ⦾ …
Incomplete Fusion ⊛ … ⊛ ⊛ ⊛ ⦿ ⊛ ⊛ …
Incomplete Penetration ⊛ ⦿ ⦿ ⊛ ⦿ ⦿ ⊛ ⊛ …
Misalignment ⦿ … … … ⦿ ⊛ … … …
Overlap ⊛ ⦿ ⦿ ⦾ … ⦾ … … …
Porosity ⦿ ⦿ ⦾ … ⦿ ⊛ ⦾ ⦾ …
Root Concavity ⦿ … … … ⦿ ⊛ ⦾ ⦾ ⦾
Undercut ⦿ ⊛ ⊛ ⦾ ⦿ ⊛ ⦾ ⦾ …
Product Form Imperfections

Bursts (Forgings) ⦾ ⦿ ⦿ ⊛ ⊛ ⊛ ⊛ ⦿ …
Cold Shuts (Castings) ⦾ ⦿ ⦿ ⦾ ⦿ ⊛ ⊛ ⦾ …
Cracks (All Product Forms) ⦾ ⦿ ⦿ ⊛ ⊛ ⊛ ⦾ ⦿ …
Hot Tear (Castings) ⦾ ⦿ ⦿ ⊛ ⊛ ⊛ ⦾ ⦾ …
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Table A-110
Imperfection vs. Type of NDE Method (Cont'd)

Surface [Note (1)]
Subsurface
[Note (2)] Volumetric [Note (3)]

VT PT MT ET RT UTA UTS AE UTT

Inclusions (All Product Forms) … … ⊛ ⊛ ⦿ ⊛ ⦾ ⦾ …
Lamination (Plate, Pipe) ⦾ ⊛ ⊛ … … ⦾ ⦿ ⦾ ⦿
Laps (Forgings) ⦾ ⦿ ⦿ ⦾ ⊛ … ⦾ ⦾ …
Porosity (Castings) ⦿ ⦿ ⦾ … ⦿ ⦾ ⦾ ⦾ …
Seams (Bar, Pipe) ⦾ ⦿ ⦿ ⊛ ⦾ ⊛ ⊛ ⦾ …

Legend:
AE — Acoustic Emission
ET — Electromagnetic (Eddy Current)
MT — Magnetic Particle
PT — Liquid Penetrant
RT — Radiography
UTA — Ultrasonic Angle Beam
UTS — Ultrasonic Straight Beam

UTT — Ultrasonic Thickness Measurements
VT — Visual

⦿ — All or most standard techniques will
detect this imperfection under all or most
conditions.

⊛— One or more standard technique(s) will
detect this imperfection under certain
conditions.

⦾ — Special techniques, conditions, and/or
personnel qualifications are required to
detect this imperfection.

GENERAL NOTE: Table A-110 lists imperfections and NDE methods that are capable of detecting them. It must be kept in mind that this
table is very general in nature. Many factors influence the detectability of imperfections. This table assumes that only qualified personnel are
performing nondestructive examinations and good conditions exist to permit examination (good access, surface conditions, cleanliness,
etc.).

NOTES:
(1) Methods capable of detecting imperfections that are open to the surface only.
(2) Methods capable of detecting imperfections that are either open to the surface or slightly subsurface.
(3) Methods capable of detecting imperfections that may be located anywhere within the examined volume.
(4) Various NDE methods are capable of detecting tertiary (3rd stage) creep and some, particularly using special techniques, are capable of

detecting secondary (2nd stage) creep. There are various descriptions/definitions for the stages of creep and a particular description/
definition will not be applicable to all materials and product forms.
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ARTICLE 2
RADIOGRAPHIC EXAMINATION

T-210 SCOPE

The radiographic method described in this Article for
examination of materials including castings and welds
shall be used together with Article 1, General Require-
ments. Definitions of terms used in this Article are in
Article 1, Mandatory Appendix I , I-121.1, RT —
Radiography.
Certain product-specific, technique-specific, and

application-specific requirements are also given in other
Mandatory Appendices of this Article, as listed in the table
of contents. These additional requirements shall also be
complied with when an Appendix is applicable to the
radiographic or radioscopic examination being
conducted.

T-220 GENERAL REQUIREMENTS

T-221 PROCEDURE REQUIREMENTS
T-221.1 Written Procedure. Radiographic examina-

tion shall be performed in accordance with a written pro-
cedure. Each procedure shall include at least the following
information, as applicable:
(a)material type and thickness range
(b) isotope or maximum X-ray voltage used
(c) source-to-object distance (D in T-274.1)
(d) distance from source side of object to film (d in

T-274.1)
(e) source size (F in T-274.1)
(f) film brand and designation
(g) screens used

T-221.2 Procedure Demonstration. Demonstration
of the density and image quality indicator (IQI) image re-
quirements of the written procedure on production or
technique radiographs shall be considered satisfactory
evidence of compliance with that procedure.

T-222 SURFACE PREPARATION
T-222.1 Materials Including Castings. Surfaces shall

satisfy the requirements of the applicable materials spec-
ification or referencing Code Section, with additional con-
ditioning, if necessary, by any suitable process to such a
degree that the images of surface irregularities cannot
mask or be confused with the image of any discontinuity
on the resulting radiograph.

T-222.2 Welds. The weld ripples or weld surface ir-
regularities on both the inside (where accessible) and
outside shall be removed by any suitable process to such
a degree that the images of surface irregularities cannot
mask or be confused with the image of any discontinuity
on the resulting radiograph.
The finished surface of all butt-welded joints may be

flush with the base material or may have reasonably uni-
form crowns, with reinforcement not to exceed that spe-
cified in the referencing Code Section.

T-223 BACKSCATTER RADIATION

A lead symbol “B,” with minimum dimensions of 7/16 in.
(11 mm) in height and 1/16 in. (1.5 mm) in thickness, shall
be in direct contact with the back of each film holder or
cassette during each exposure to determine if backscatter
radiation is exposing the film. The lead symbol “B” shall
be placed in a location so that it would appear within
an area on the radiograph that meets the requirements
of T-282, VIII-282, or IX-282, as applicable.

T-224 SYSTEM OF IDENTIFICATION

A system shall be used to produce on each radiograph
an identification that is traceable to the item being radio-
graphed and that is permanent for the required retention
period of the radiograph. This information shall include
the contract, component, weld number, or part number,
as appropriate. In addition, the Manufacturer’s symbol
or name and the date of the radiograph shall be included
with the identification information on each radiograph.
An NDE subcontractor’s name or symbol may also be used
together with that of the Manufacturer. This identification
system does not necessarily require that the information
appear as radiographic images. In any case, this informa-
tion shall not obscure the area of interest.

T-225 MONITORING DENSITY LIMITATIONS OF
RADIOGRAPHS

Either a densitometer or step wedge comparison film
shall be used for judging film density.

T-226 EXTENT OF EXAMINATION

The extent of radiographic examination shall be as spe-
cified by the referencing Code Section.
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T-230 EQUIPMENT AND MATERIALS

T-231 FILM
T-231.1 Selection. Radiographs shall be made using

industrial radiographic film.

T-231.2 Processing. Standard Guide for Controlling
the Quality of Industrial Radiographic Film Processing,
SE-999, or Sections 23 through 26 of Standard Guide for
Radiographic Examination Using Industrial Radiographic
Film, SE-94/SE-94M, may be used as a guide for proces-
sing film, except that Section 8.1 of SE-999 is not required.

T-232 INTENSIFYING SCREENS

Intensifying screens may be used when performing
radiographic examination in accordance with this Article.

T-233 IMAGE QUALITY INDICATOR (IQI) DESIGN
T-233.1 Standard IQI Design. IQIs shall be either the

hole type or the wire type. Hole-type IQIs shall be manu-
factured and identified in accordance with the require-
ments or alternates allowed in SE-1025. Wire-type IQIs
shall be manufactured and identified in accordance with
the requirements or alternates allowed in SE-747, except
that the largest wire number or the identity number may
be omitted. ASME standard IQIs shall consist of those in
Table T-233.1 for hole type and those in Table T-233.2
for wire type.

Table T-233.1
Hole-Type IQI Designation, Thickness, and Hole Diameters

IQI Designation
IQI Thickness,

in. (mm)
1T Hole Diameter,

in. (mm)
2T Hole Diameter,

in. (mm)

4T Hole
Diameter,
in. (mm)

5 0.005 (0.13) 0.010 (0.25) 0.020 (0.51) 0.040 (1.02)
7 0.0075 (0.19) 0.010 (0.25) 0.020 (0.51) 0.040 (1.02)

10 0.010 (0.25) 0.010 (0.25) 0.020 (0.51) 0.040 (1.02)
12 0.0125 (0.32) 0.0125 (0.32) 0.025 (0.64) 0.050 (1.27)
15 0.015 (0.38) 0.015 (0.38) 0.030 (0.76) 0.060 (1.52)
17 0.0175 (0.44) 0.0175 (0.44) 0.035 (0.89) 0.070 (1.78)
20 0.020 (0.51) 0.020 (0.51) 0.040 (1.02) 0.080 (2.03)
25 0.025 (0.64) 0.025 (0.64) 0.050 (1.27) 0.100 (2.54)
30 0.030 (0.76) 0.030 (0.76) 0.060 (1.52) 0.120 (3.05)
35 0.035 (0.89) 0.035 (0.89) 0.070 (1.78) 0.140 (3.56)
40 0.040 (1.02) 0.040 (1.02) 0.080 (2.03) 0.160 (4.06)
45 0.045 (1.14) 0.045 (1.14) 0.090 (2.29) 0.180 (4.57)
50 0.050 (1.27) 0.050 (1.27) 0.100 (2.54) 0.200 (5.08)
60 0.060 (1.52) 0.060 (1.52) 0.120 (3.05) 0.240 (6.10)
70 0.070 (1.78) 0.070 (1.78) 0.140 (3.56) 0.280 (7.11)
80 0.080 (2.03) 0.080 (2.03) 0.160 (4.06) 0.320 (8.13)

100 0.100 (2.54) 0.100 (2.54) 0.200 (5.08) 0.400 (10.16)
120 0.120 (3.05) 0.120 (3.05) 0.240 (6.10) 0.480 (12.19)
140 0.140 (3.56) 0.140 (3.56) 0.280 (7.11) 0.560 (14.22)
160 0.160 (4.06) 0.160 (4.06) 0.320 (8.13) 0.640 (16.26)
200 0.200 (5.08) 0.200 (5.08) 0.400 (10.16) …
240 0.240 (6.10) 0.240 (6.10) 0.480 (12.19) …
280 0.280 (7.11) 0.280 (7.11) 0.560 (14.22) …

Table T-233.2
Wire IQI Designation, Wire Diameter, and

Wire Identity

Set A Set B

Wire Diameter,
in. (mm)

Wire
Identity

Wire Diameter,
in. (mm)

Wire
Identity

0.0032 (0.08) 1 0.010 (0.25) 6
0.004 (0.10) 2 0.013 (0.33) 7
0.005 (0.13) 3 0.016 (0.41) 8

0.0063 (0.16) 4 0.020 (0.51) 9
0.008 (0.20) 5 0.025 (0.64) 10
0.010 (0.25) 6 0.032 (0.81) 11

Set C Set D

Wire Diameter,
in. (mm)

Wire
Identity

Wire Diameter,
in. (mm)

Wire
Identity

0.032 (0.81) 11 0.100 (2.54) 16
0.040 (1.02) 12 0.126 (3.20) 17
0.050 (1.27) 13 0.160 (4.06) 18
0.063 (1.60) 14 0.200 (5.08) 19
0.080 (2.03) 15 0.250 (6.35) 20
0.100 (2.54) 16 0.320 (8.13) 21
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T-233.2 Alternative IQI Design. IQIs designed and
manufactured in accordance with other national or inter-
national standards may be used provided the require-
ments of either (a) or (b) below, and the material
requirements of T-276.1 are met.
(a) Hole-Type IQIs. The calculated Equivalent IQI Sensi-

tivity (EPS), per SE-1025, Appendix X1, is equal to or bet-
ter than the required standard hole-type IQI.
(b) Wire-Type IQIs. The alternative wire IQI essential

wire diameter is equal to or less than the required stan-
dard IQI essential wire.

T-234 FACILITIES FOR VIEWING OF
RADIOGRAPHS

Viewing facilities shall provide subdued background
lighting of an intensity that will not cause reflections, sha-
dows, or glare on the radiograph that interfere with the
interpretation process. Equipment used to view radio-
graphs for interpretation shall provide a variable light
source sufficient for the essential IQI hole or designated
wire to be visible for the specified density range. The
viewing conditions shall be such that light from around
the outer edge of the radiograph or coming through low-
density portions of the radiograph does not interfere with
interpretation.

T-260 CALIBRATION

T-261 SOURCE SIZE
T-261.1 Verification of Source Size. The equipment

manufacturer’s or supplier’s publications, such as techni-
cal manuals, decay curves, or written statements docu-
menting the actual or maximum source size or focal
spot, shall be acceptable as source size verification.

T-261.2 Determination of Source Size. When manu-
facturer’s or supplier’s publications are not available,
source size may be determined as follows:
(a) X-Ray Machines. For X-ray machines operating at

1,000 kV and less, the focal spot size may be determined
in accordance with SE-1165, Standard Test Method for
Measurement of Focal Spots of Industrial X-Ray Tubes
by Pinhole Imaging.
(b) Iridium-192 Sources. For Iridium-192, the source

size may be determined in accordance with SE-1114,
Standard Test Method for Determining the Focal Size of
Iridium-192 Industrial Radiographic Sources.

T-262 DENSITOMETER AND STEP WEDGE
COMPARISON FILM

T-262.1 Densitometers. Densitometers shall be cali-
brated at least every 3 months during use as follows:
(a) A national standard step tablet or a step wedge ca-

libration film, traceable to a national standard step tablet
and having at least five steps with neutral densities from
at least 1.0 through 4.0, shall be used. The step wedge ca-
libration film shall have been verified within the last year

by comparison with a national standard step tablet un-
less, prior to first use, it was maintained in the original
light-tight and waterproof sealed package as supplied
by the manufacturer. Step wedge calibration films may
be used without verification for one year upon opening,
provided it is within the manufacturer’s stated shelf life.
(b) The densitometer manufacturer’s step-by-step in-

structions for the operation of the densitometer shall be
followed.
(c) The density steps closest to 1.0, 2.0, 3.0, and 4.0 on

the national standard step tablet or step wedge calibra-
tion film shall be read.
(d) The densitometer is acceptable if the density read-

ings do not vary by more than ±0.05 density units from
the actual density stated on the national standard step ta-
blet or step wedge calibration film.

T-262.2 Step Wedge Comparison Films. Step wedge
comparison films shall be verified prior to first use, unless
performed by the manufacturer, as follows:
(a) The density of the steps on a step wedge compari-

son film shall be verified by a calibrated densitometer.
(b) The step wedge comparison film is acceptable if the

density readings do not vary by more than ±0.1 density
units from the density stated on the step wedge compar-
ison film.

T-262.3 Periodic Verification.
(a) Densitometers. Periodic calibration verification

checks shall be performed as described in T-262.1 at
the beginning of each shift, after 8 hr of continuous use,
or after change of apertures, whichever comes first.
(b) Step Wedge Comparison Films. Verification checks

shall be performed annually per T-262.2.

T-262.4 Documentation.
(a) Densitometers. Densitometer calibrations required

by T-262.1 shall be documented, but the actual readings
for each step do not have to be recorded. Periodic densit-
ometer verification checks required by T-262.3(a) do not
have to be documented.
(b) Step Wedge Calibration Films. Step wedge calibra-

tion film verifications required by T-262.1(a) shall be
documented, but the actual readings for each step do
not have to be recorded.
(c) Step Wedge Comparison Films. Step wedge compar-

ison film verifications required by T-262.2 and
T-262.3(b) shall be documented, but the actual readings
for each step do not have to be recorded.

T-270 EXAMINATION

T-271 RADIOGRAPHIC TECHNIQUE3

A single-wall exposure technique shall be used for
radiography whenever practical. When it is not practical
to use a single-wall technique, a double-wall technique
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shall be used. An adequate number of exposures shall be
made to demonstrate that the required coverage has been
obtained.

T-271.1 Single-Wall Technique. In the single-wall
technique, the radiation passes through only one wall of
the weld (material), which is viewed for acceptance on
the radiograph.

T-271.2 Double-Wall Technique.When it is not prac-
tical to use a single-wall technique, one of the following
double-wall techniques shall be used.

(a) Single-Wall Viewing. For materials and for welds in
components, a technique may be used in which the radia-
tion passes through two walls and only the weld (materi-
al) on the film-side wall is viewed for acceptance on the
radiograph. When complete coverage is required for cir-
cumferential welds (materials), a minimum of three expo-
sures taken 120 deg to each other shall be made.

(b) Double-Wall Viewing. For materials and for welds in
components 31/2 in. (89 mm) or less in nominal outside
diameter, a technique may be used in which the radiation
passes through two walls and the weld (material) in both
walls is viewed for acceptance on the same radiograph.
For double-wall viewing, only a source-side IQI shall be
used.

(1) For welds, the radiation beam may be offset from
the plane of the weld at an angle sufficient to separate the
images of the source-side and film-side portions of the
weld so that there is no overlap of the areas to be inter-
preted. When complete coverage is required, a minimum
of two exposures taken 90 deg to each other shall be
made for each joint.

(2) As an alternative, the weld may be radiographed
with the radiation beam positioned so that the images of
both walls are superimposed. When complete coverage is
required, a minimum of three exposures taken at either
60 deg or 120 deg to each other shall be made for each
joint.

(3) Additional exposures shall be made if the re-
quired radiographic coverage cannot be obtained using
the minimum number of exposures indicated in (1) or
(2) above.

T-272 RADIATION ENERGY

The radiation energy employed for any radiographic
technique shall achieve the density and IQI image require-
ments of this Article.

T-273 DIRECTION OF RADIATION

The direction of the central beam of radiation should be
centered on the area of interest whenever practical.

T-274 GEOMETRIC UNSHARPNESS
T-274.1 Geometric Unsharpness Determination.

Geometric unsharpness of the radiograph shall be deter-
mined in accordance with:

where

D = distance from source of radiation to weld or object
being radiographed

d = distance from source side of weld or object being
radiographed to the film

F = source size: the maximum projected dimension of
the radiating source (or effective focal spot) in
the plane perpendicular to the distance D from
the weld or object being radiographed

Ug = geometric unsharpness

D and d shall be determined at the approximate center
of the area of interest.

NOTE: Alternatively, a nomograph as shown in Standard Guide for
Radiographic Examination Using Industrial Radiographic Film,
SE-94/SE-94M, may be used.

T-274.2 Geometric Unsharpness Limitations. Rec-
ommended maximum values for geometric unsharpness
are as follows:

Material Thickness, in. (mm) Ug Maximum, in. (mm)

Under 2 (50) 0.020 (0.51)
2 through 3 (50–75) 0.030 (0.76)
Over 3 through 4 (75–100) 0.040 (1.02)
Greater than 4 (100) 0.070 (1.78)

NOTE: Material thickness is the thickness on which the IQI is based.

T-275 LOCATION MARKERS
Location markers (see Figure T-275), which shall ap-

pear as radiographic images on the radiograph, shall be
placed on the part, not on the exposure holder/cassette.
Their locations shall be permanently marked on the sur-
face of the part being radiographed when permitted, or
on a map, in a manner permitting the area on a radio-
graph to be accurately traceable to its location on the part,
for the required retention period of the radiograph. In ad-
dition, their locations do not limit the area of interest or
the area to be interpreted. Evidence shall also be provided
on the radiograph that the required coverage of the re-
gion being examined has been obtained. Location markers
shall be placed as follows.

T-275.1 Single-Wall Viewing.
(a) Source-Side Markers. Location markers shall be

placed on the source side when radiographing the
following:

(1) flat components or longitudinal joints in cylindri-
cal or conical components;
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Figure T-275
Location Marker Sketches

Flat component or longitudinal seam

[See T-275.1(a)(1)]

[See sketch (e) for alternate]

(a)

Curved components with radiation source to

film distance less than radius of component

[See T-275.1(a)(2)]

(b)

Curved components with convex surface

towards radiation source

[See T-275.1(a)(3)]

(c)

Either side
  location marker
  is acceptable

Film side
  acceptable

Radiation source —

Location marker —

Component center —

LEGEND:

Source side
  unacceptable

Film side
  unacceptable

Curved components with radiation source to

film distance greater than radius of curvature

[See T-275.1(b)(1)]

(d)

Source side marker alternate

Flat component or logitudinal seam
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(2) curved or spherical components whose concave
side is toward the source and when the “source-to-
material” distance is less than the inside radius of the
component;

(3) curved or spherical components whose convex
side is toward the source.

(b) Film-Side Markers
(1) Location markers shall be placed on the film side

when radiographing either curved or spherical compo-
nents whose concave side is toward the source and when
the “source-to-material” distance is greater than the in-
side radius.

(2) As an alternative to source-side placement in
T-275.1(a)(1), location markers may be placed on the film
side when the radiograph shows coverage beyond the lo-
cation markers to the extent demonstrated by Figure
T-275, sketch (e), and when this alternate is documented
in accordance with T-291.

(c) Either Side Markers. Location markers may be
placed on either the source side or film side when radio-
graphing either curved or spherical components whose
concave side is toward the source and the “source-to-
material” distance equals the inside radius of the
component.

T-275.2 Double-Wall Viewing. For double-wall
viewing, at least one location marker shall be placed adja-
cent to the weld (or on the material in the area of interest)
for each radiograph.

T-275.3 Mapping the Placement of Location Mar-
kers. When inaccessibility or other limitations prevent
the placement of markers as stipulated in T-275.1 and
T-275.2, a dimensioned map of the actual marker place-
ment shall accompany the radiographs to show that full
coverage has been obtained.

T-276 IQI SELECTION
T-276.1 Material. IQIs shall be selected from either

the same alloy material group or grade as identified in
SE-1025 for hole type or SE-747 for wire type, or from
an alloy material group or grade with less radiation ab-
sorption than the material being radiographed.

T-276.2 Size. The designated hole IQI or essential
wire shall be as specified in Table T-276. A thinner or
thicker hole-type IQI may be substituted for any section
thickness listed in Table T-276, provided an equivalent
IQI sensitivity is maintained. See T-283.2. For wire-type
IQIs, a smaller-diameter wire may be substituted for the
essential wire required for any section thickness listed
in Table T-276.

(a) Welds With Reinforcements. The thickness on which
the IQI is based is the nominal single-wall material thick-
ness plus the weld reinforcement thickness estimated to
be present on both sides of the weld (I.D. and O.D.). The
values used for the estimated weld reinforcement thick-
nesses shall be representative of the weld conditions
and shall not exceed the maximums permitted by the

referencing Code Section. Physical measurement of the
actual weld reinforcements is not required. Backing rings
or strips shall not be considered as part of the thickness in
IQI selection.

(b) Welds Without Reinforcements. The thickness on
which the IQI is based is the nominal single-wall material
thickness. Backing rings or strips shall not be considered
as part of the thickness in IQI selection.

(c) Actual Values. With regard to (a) and (b) above,
when the actual material/weld thickness is measured,
IQI selection may be based on these known values.

T-276.3 Welds Joining Dissimilar Materials or
Welds With Dissimilar Filler Metal.When the weld metal
is of an alloy group or grade that has a radiation attenua-
tion that differs from the base material, the IQI material
selection shall be based on the weld metal and be in ac-
cordance with T-276.1. When the density limits of
T-282.2 cannot be met with one IQI, and the exceptional
density area(s) is at the interface of the weld metal and
the base metal, the material selection for the additional
IQIs shall be based on the base material and be in accor-
dance with T-276.1.

T-277 USE OF IQIS TO MONITOR RADIOGRAPHIC
EXAMINATION

T-277.1 Placement of IQIs.

(a) Source-Side IQI(s). The IQI(s) shall be placed on the
source side of the part being examined, except for the
condition described in (b).

When, due to part or weld configuration or size, it is not
practical to place the IQI(s) on the part or weld, the IQI(s)
may be placed on a separate block. Separate blocks shall
be made of the same or radiographically similar materials
(as defined in SE-1025 for hole type or SE-747 for wire
type) and may be used to facilitate IQI positioning. There
is no restriction on the separate block thickness, provided
the IQI/area-of-interest density tolerance requirements
of T-282.2 are met.

(1) The IQI on the source side of the separate block
shall be placed no closer to the film than the source side
of the part being radiographed.

(2) The separate block shall be placed as close as pos-
sible to the part being radiographed.

(3)When hole-type IQIs are used, the block dimen-
sions shall exceed the IQI dimensions such that the out-
line of at least three sides of the IQI image shall be
visible on the radiograph.

(b) Film-Side IQI(s). Where inaccessibility prevents
hand placing the IQI(s) on the source side, the IQI(s) shall
be placed on the film side in contact with the part being
examined. A lead letter “F” shall be placed adjacent to
or on the IQI(s), but shall not mask the essential hole
where hole IQIs are used.
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(c) IQI Placement for Welds— Hole IQIs. The IQI(s) may
be placed adjacent to or on the weld. The identification
number(s) and, when used, the lead letter “F,” shall not
be in the area of interest, except when geometric config-
uration makes it impractical.
(d) IQI Placement for Welds — Wire IQIs. The IQI(s)

shall be placed on the weld so that the lengths of the wires
are transverse to the longitudinal axis of the weld. It is not
required for the essential wire to span the full width of
the weld. However, the essential wire shall span at least
that portion of the weld representing the nominal single-
wall material thickness and reinforcement for which the
IQI essential wire was selected. The density requirements
of T-292 and the sensitivity requirements of T-283 shall
also be met.. The IQI identification and, when used, the
lead letter “F,” shall not be in the area of interest, except
when geometric configuration makes it impractical.
(e) IQI Placement for Materials Other Than Welds. The

IQI(s) with the IQI identification and, when used, the lead
letter “F,” may be placed in the area of interest.

T-277.2 Number of IQIs. When one or more film
holders are used for an exposure, at least one IQI image
shall appear on each radiograph except as outlined in
(b) below.
(a) Multiple IQIs. If the requirements of T-282 are met

by using more than one IQI, one shall be representative
of the lightest area of interest and the other the darkest
area of interest; the intervening densities on the radio-
graph shall be considered as having acceptable density.

(b) Special Cases4

(1) For cylindrical components where the source is
placed on the axis of the component for a single exposure,
at least three IQIs, spaced approximately 120 deg apart,
are required under the following conditions:

(-a) When the complete circumference is radio-
graphed using one or more film holders, or;

(-b) When a section or sections of the circumfer-
ence, where the length between the ends of the outermost
sections span 240 or more deg, is radiographed using one
or more film holders. Additional film locations may be re-
quired to obtain necessary IQI spacing.

(2) For cylindrical components where the source is
placed on the axis of the component for a single exposure,
at least three IQIs, with one placed at each end of the span
of the circumference radiographed and one in the approx-
imate center of the span, are required under the following
conditions:

(-a) When a section of the circumference, the
length of which is greater than 120 deg and less than
240 deg, is radiographed using just one film holder, or;

(-b) When a section or sections of the circumfer-
ence, where the length between the ends of the outermost
sections span less than 240 deg, is radiographed using
more than one film holder.

(3) In (1) and (2) above, where sections of longitudi-
nal welds adjoining the circumferential weld are radio-
graphed simultaneously with the circumferential weld,
an additional IQI shall be placed on each longitudinal
weld at the end of the section most remote from the junc-
tion with the circumferential weld being radiographed.

ð23Þ Table T-276
IQI Selection

IQI

Source Side Film Side

Nominal Single-Wall Material Thickness
Range, in. (mm)

Hole-Type
Designation

Essential
Hole

Wire-Type
Essential Wire

Hole-Type
Designation

Essential
Hole

Wire-Type
Essential Wire

≤0.25 (≤6.4) 12 2T 5 10 2T 4
>0.25 through 0.375 (>6.4 through 9.5) 15 2T 6 12 2T 5
>0.375 through 0.50 (>9.5 through 12.7) 17 2T 7 15 2T 6
>0.50 through 0.75 (>12.7 through 19.0) 20 2T 8 17 2T 7
>0.75 through 1.00 (>19.0 through 25.4) 25 2T 9 20 2T 8
>1.00 through 1.50 (>25.4 through 38.1) 30 2T 10 25 2T 9
>1.50 through 2.00 (>38.1 through 50.8) 35 2T 11 30 2T 10
>2.00 through 2.50 (>50.8 through 63.5) 40 2T 12 35 2T 11
>2.50 through 4.00 (>63.5 through 101.6) 50 2T 13 40 2T 12
>4.00 through 6.00 (>101.6 through 152.4) 60 2T 14 50 2T 13
>6.00 through 8.00 (>152.4 through 203.2) 80 2T 16 60 2T 14
>8.00 through 10.00 (>203.2 through 254.0) 100 2T 17 80 2T 16
>10.00 through 12.00 (>254.0 through 304.8) 120 2T 18 100 2T 17
>12.00 through 16.00 (>304.8 through 406.4) 160 2T 20 120 2T 18
>16.00 through 20.00 (>406.4 through 508.0) 200 2T 21 160 2T 20

GENERAL NOTE: It is recognized that the required hole-type designation or wire-type essential wire in this table may not achieve an IQI
sensitivity level of 2–2T . This is intentional.

ASME BPVC.V-2023ARTICLE 2

40



(4) For spherical components where the source is
placed at the center of the component for a single expo-
sure, at least three IQIs, spaced approximately 120 deg
apart, are required under the following conditions:

(-a) When a complete circumference is radio-
graphed using one or more film holders, or;

(-b) When a section or sections of a circumference,
where the length between the ends of the outermost sec-
tions span 240 or more deg, is radiographed using one or
more film holders. Additional film locations may be re-
quired to obtain necessary IQI spacing.

(5) For spherical components where the source is
placed at the center of the component for a single expo-
sure, at least three IQIs, with one placed at each end of
the span of the circumference radiographed and one in
the approximate center of the span, are required under
the following conditions:

(-a) When a section of a circumference, the length
of which is greater than 120 deg and less than 240 deg, is
radiographed using just one film holder, or;

(-b) When a section or sections of a circumference,
where the length between the ends of the outermost sec-
tions span less than 240 deg is radiographed using more
than one film holder.

(6) In (4) and (5) above, where other welds are
radiographed simultaneously with the circumferential
weld, one additional IQI shall be placed on each other
weld.

(7) For segments of a flat or curved (i.e., ellipsoidal,
torispherical, toriconical, elliptical, etc.) component
where the source is placed perpendicular to the center
of a length of weld for a single exposure when using more
than three film holders, at least three IQIs, one placed at
each end of the radiographed span and one in the approx-
imate center of the span, are required.

(8)When an array of components in a circle is radio-
graphed, at least one IQI shall show on each component
image.

(9) In order to maintain the continuity of records in-
volving subsequent exposures, all radiographs exhibiting
IQIs that qualify the techniques permitted in accordance
with (1) through (7) above shall be retained.

T-277.3 Shims Under Hole-Type IQIs. For welds, a
shim of material radiographically similar to the weld me-
tal shall be placed between the part and the IQI, if needed,
so that the radiographic density throughout the area of in-
terest is no more than minus 15% from (lighter than) the
radiographic density through the designated IQI adjacent
to the essential hole.

The shim dimensions shall exceed the IQI dimensions
such that the outline of at least three sides of the IQI im-
age shall be visible in the radiograph.

T-280 EVALUATION

T-281 QUALITY OF RADIOGRAPHS

All radiographs shall be free frommechanical, chemical,
or other blemishes to the extent that they do not mask
and are not confused with the image of any discontinuity
in the area of interest of the object being radiographed.
Such blemishes include, but are not limited to:

(a) fogging;
(b) processing defects such as streaks, watermarks, or

chemical stains;
(c) scratches, finger marks, crimps, dirtiness, static

marks, smudges, or tears;
(d) false indications due to defective screens.

T-282 RADIOGRAPHIC DENSITY
T-282.1 Density Limitations. The transmitted film

density through the radiographic image of the body of
the designated hole-type IQI adjacent to the essential hole
or adjacent to the essential wire of a wire-type IQI and the
area of interest shall be 1.8 minimum for single film view-
ing for radiographs made with an X-ray source and 2.0
minimum for radiographs made with a gamma ray source.
For composite viewing of multiple film exposures, each
film of the composite set shall have a minimum density
of 1.3. The maximum density shall be 4.0 for either single
or composite viewing. A tolerance of 0.05 in density is al-
lowed for variations between densitometer readings.

T-282.2 Density Variation.
(a) The density of the radiograph anywhere through

the area of interest shall not
(1) vary by more than minus 15% or plus 30% from

the density through the body of the designated hole-type
IQI adjacent to the essential hole or adjacent to the essen-
tial wire of a wire-type IQI, and

(2) exceed the minimum/maximum allowable den-
sity ranges specified in T-282.1

When calculating the allowable variation in density, the
calculation may be rounded to the nearest 0.1 within the
range specified in T-282.1.

(b)When the requirements of (a) above are not met,
then an additional IQI shall be used for each exceptional
area or areas and the radiograph retaken.

(c) When shims are used with hole-type IQIs, the plus
30% density restriction of (a) above may be exceeded,
and the minimum density requirements of T-282.1 do
not apply for the IQI, provided the required IQI sensitivity
of T-283.1 is met.

T-283 IQI SENSITIVITY
T-283.1 Required Sensitivity. Radiography shall be

performed with a technique of sufficient sensitivity to dis-
play the designated hole-type IQI image (including appli-
cable material group identification notches) and the
essential hole, or the essential wire of a wire-type IQI.
The radiographs shall also display the IQI identifying
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numbers and letters. If the designated hole-type IQI image
(including applicable material group identification
notches) and essential hole, or essential wire of a wire-
type IQI, do not show on any film in a multiple film tech-
nique, but do show in composite film viewing, interpreta-
tion shall be permitted only by composite film viewing.
For wire-type IQIs, the essential wire shall be visible

within the area of interest representing the thickness
used for determining the essential wire, inclusive of the
allowable density variations described in T-282.2.

T-283.2 Equivalent Hole-Type IQI Sensitivity. A
thinner or thicker hole-type IQI than the designated IQI
may be substituted, provided an equivalent or better IQI
sensitivity, as listed in Table T-283, is achieved and all
other requirements for radiography are met. Equivalent
IQI sensitivity is shown in any row of Table T-283 which
contains the designated IQI and hole. Better IQI sensitivity
is shown in any row of Table T-283 which is above the
equivalent sensitivity row. If the designated IQI and hole
are not represented in the table, the next thinner IQI row
from Table T-283 may be used to establish equivalent IQI
sensitivity.

T-284 EXCESSIVE BACKSCATTER

If a light image of the “B,” as described in T-223, ap-
pears on a darker background of the radiograph, protec-
tion from backscatter is insufficient and the radiograph
shall be considered unacceptable. A dark image of the
“B” on a lighter background is not cause for rejection.

T-285 EVALUATION BY MANUFACTURER

The Manufacturer shall be responsible for the review,
interpretation, evaluation, and acceptance of the com-
pleted radiographs to assure compliance with the

requirements of Article 2 and the referencing Code Sec-
tion. As an aid to the review and evaluation, the radio-
graphic technique documentation required by T-291
shall be completed prior to the evaluation. The radio-
graph review form required by T-292 shall be completed
during the evaluation. The radiographic technique details
and the radiograph review form documentation shall ac-
company the radiographs. Acceptance shall be completed
prior to presentation of the radiographs and accompany-
ing documentation to the Inspector.

T-290 DOCUMENTATION

T-291 RADIOGRAPHIC TECHNIQUE
DOCUMENTATION DETAILS

The organization shall prepare and document the
radiographic technique details. As a minimum, the follow-
ing information shall be provided.

(a) the requirements of Article 1, T-190(a)

(b) identification as required by T-224

(c) the dimensional map (if used) of marker placement
in accordance with T-275.3

(d) number of exposures

(e) X-ray voltage or isotope type used

(f) source size (F in T-274.1)

(g) base material type and thickness, weld thickness,
weld reinforcement thickness, as applicable

(h) source-to-object distance (D in T-274.1)

(i) distance from source side of object to film (d in
T-274.1)

(j) film manufacturer and their assigned type/
designation

(k) number of film in each film holder/cassette

(l) single- or double-wall exposure

(m) single- or double-wall viewing

T-292 RADIOGRAPH REVIEW FORM

The Manufacturer shall be responsible for the prepara-
tion of a radiograph review form. As a minimum, the fol-
lowing information shall be provided.

(a) a listing of each radiograph location

(b) the information required in T-291, by inclusion of
the information on the review form or by reference to
an attached radiographic technique details sheet

(c) evaluation and disposition of the material(s) or
weld(s) examined

(d) identification (name) of the Manufacturer’s repre-
sentative who performed the final acceptance of the
radiographs

(e) date of Manufacturer’s evaluation

Table T-283
Equivalent Hole-Type IQI Sensitivity

Hole-Type Designation
2T Hole

Equivalent Hole-Type Designations

1T Hole 4T Hole

10 15 5
12 17 7
15 20 10
17 25 12
20 30 15
25 35 17
30 40 20
35 50 25
40 60 30
50 70 35
60 80 40
80 120 60

100 140 70
120 160 80
160 240 120
200 280 140
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MANDATORY APPENDIX I
IN-MOTION RADIOGRAPHY

I-210 SCOPE

In-motion radiography is a technique of film radiogra-
phy where the object being radiographed and/or the
source of radiation is in motion during the exposure.

In-motion radiography may be performed on weld-
ments when the following modified provisions to those
in Article 2 are satisfied.

This Appendix is not applicable to computed radio-
graphic (CR) or digital radiographic (DR) techniques.

I-220 GENERAL REQUIREMENTS

I-223 BACKSCATTER DETECTION SYMBOL
LOCATION

(a) For longitudinal welds the lead symbol “B” shall be
in direct contact with the back of each film holder or cas-
sette or at approximately equal intervals not exceeding
36 in. (914 mm) apart, whichever is smaller.

(b) For circumferential welds, the lead symbol “B” shall
be in direct contact with the back of the film holder or cas-
sette in each quadrant or spaced no greater than 36 in.
(914 mm), whichever is smaller.

(c) The lead symbol “B” shall be placed in a location so
that it would appear within an area on the radiograph
that meets the requirements of T-282.

I-260 CALIBRATION

I-263 BEAM WIDTH

The beam width shall be controlled by a metal dia-
phragm such as lead. The diaphragm for the energy se-
lected shall be at least 10 half value layers thick.

The beam width as shown in Figure I-263 shall be de-
termined in accordance with:

where

a = slit width in diaphragm in direction of motion
b = distance from source to the weld side of the

diaphragm
c = distance from weld side of the diaphragm to the

source side of the weld surface

F = source size: the maximum projected dimension of
the radiating source (or focal spot) in the plane per-
pendicular to the distance b + c from the weld
being radiographed

w = beam width at the source side of the weld mea-
sured in the direction of motion

NOTE: Use consistent units.

I-270 EXAMINATION

I-274 GEOMETRIC AND IN-MOTION
UNSHARPNESS

I-274.1 Geometric Unsharpness. Geometric un-
sharpness for in-motion radiography shall be determined
in accordance with T-274.1.

I-274.2 In-Motion Unsharpness. In-motion unsharp-
ness of the radiograph shall be determined in accordance
with:

where

D = distance from source of radiation to weld being
radiographed

d = distance from source side of the weld being radio-
graphed to the film

UM = in-motion unsharpness
w = beam width at the source side of the weld mea-

sured in the direction of motion determined as spe-
cified in I-263

NOTE: Use consistent units.

I-274.3 Unsharpness Limitations. Recommended
maximum values for geometric unsharpness and in-
motion unsharpness are provided in T-274.2.

I-275 LOCATION MARKERS

Location markers shall be placed adjacent to the weld
at the extremity of each film cassette and also at approxi-
mately equal intervals not exceeding 15 in. (381 mm).

I-277 PLACEMENT AND NUMBER OF IQIS

(a) For longitudinal welds, hole IQIs shall be placed ad-
jacent to and on each side of the weld seam, or on the
weld seam at the beginning and end of the weld seam,
and thereafter at approximately equal intervals not
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exceeding 36 in. (914 mm) or for each film cassette. Wire
IQIs, when used, shall be placed on the weld seam so that
the length of the wires is across the length of the weld and
spaced as indicated above for hole IQIs.
(b) For circumferential welds, hole IQIs shall be placed

adjacent to and on each side of the weld seam or on the
weld seam in each quadrant or spaced no greater than
36 in. (914 mm) apart, whichever is smaller. Wire IQIs,

when used, shall be placed on the weld seam so that the
length of the wires is across the length of the weld and
spaced as indicated above for hole IQIs.

I-279 REPAIRED AREA

When radiography of a repaired area is required, the
length of the film used shall be at least equal to the length
of the original location marker interval.

Figure I-263
Beam Width Determination
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MANDATORY APPENDIX II
REAL-TIME RADIOSCOPIC EXAMINATION

II-210 SCOPE

Real-time radioscopy provides immediate response
imaging with the capability to follow motion of the in-
spected part. This includes radioscopy where the motion
of the test object must be limited (commonly referred to
as near real-time radioscopy).

Real-time radioscopy may be performed on materials
including castings and weldments when the modified pro-
visions to Article 2 as indicated herein are satisfied.
SE-1255 shall be used in conjunction with this Appendix
as indicated by specific references in appropriate para-
graphs. SE-1416 provides additional information that
may be used for radioscopic examination of welds.

This Appendix is not applicable to film radiography,
computed radiography (CR), or digital radiography (DR)
techniques.

II-220 GENERAL REQUIREMENTS

This radioscopic methodology may be used for the ex-
amination of ferrous or nonferrous materials and
weldments.

II-221 PROCEDURE REQUIREMENTS

A written procedure is required and shall contain as a
minimum the following (see SE-1255, 6.2):

(a)material and thickness range
(b) equipment qualifications
(c) test object scan plan
(d) radioscopic parameters
(e) image processing parameters
(f) image display parameters
(g) image archiving

II-230 EQUIPMENT AND MATERIALS

II-231 RADIOSCOPIC EXAMINATION RECORD

The radioscopic examination data shall be recorded
and stored on videotape, magnetic disk, or optical disk.

II-235 CALIBRATION BLOCK

The calibration block shall be made of the same mate-
rial type and product form as the test object. The calibra-
tion block may be an actual test object or may be
fabricated to simulate the test object with known
discontinuities.

II-236 CALIBRATED LINE PAIR TEST PATTERN
AND STEP WEDGE

The line pair test pattern shall be used without an ad-
ditional absorber to evaluate the system resolution. The
step wedge shall be used to evaluate system contrast
sensitivity.

The step wedge must be made of the same material as
the test object with steps representing 100%, 99%, 98%,
and 97% of both the thickest and the thinnest material
sections to be inspected. Additional step thicknesses are
permissible.

II-237 EQUIVALENT PERFORMANCE LEVEL

A system which exhibits a spatial resolution of 3 line
pairs per millimeter, a thin section contrast sensitivity
of 3%, and a thick section contrast sensitivity of 2% has
an equivalent performance level of 3%— 2%— 3 lp/mm.

II-260 CALIBRATION

System calibration shall be performed in the static
mode by satisfying the line pair test pattern resolution,
step wedge contrast sensitivity, and calibration block dis-
continuity detection necessary to meet the IQI require-
ments of T-276.

II-263 SYSTEM PERFORMANCE MEASUREMENT

Real-time radioscopic system performance parameters
shall be determined initially and monitored regularly
with the system in operation to assure consistent results.
The system performance shall be monitored at suffi-
ciently scheduled intervals to minimize the probability
of time-dependent performance variations. System per-
formance tests require the use of the calibration block,
line pair test pattern, and the step wedge.

System performance measurement techniques shall be
standardized so that they may be readily duplicated at the
specified intervals.

II-264 MEASUREMENT WITH A CALIBRATION
BLOCK

The calibration block shall also be placed in the same
position as the actual object and manipulated through
the same range and speed of motions as will be used for
the actual object to demonstrate the system’s response
in the dynamic mode.
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II-270 EXAMINATION

II-278 SYSTEM CONFIGURATION
The radioscopic examination system shall, as a mini-

mum, include the following:
(a) radiation source
(b)manipulation system
(c) detection system
(d) information processing system
(e) image display system
(f) record archiving system

II-280 EVALUATION

II-286 FACTORS AFFECTING SYSTEM
PERFORMANCE

The radioscopic examination system performance qual-
ity is determined by the combined performance of the
components specified in II-278. (See SE-1255, 7.1.)
When using wire IQIs, the radioscopic examination sys-

tem may exhibit asymmetrical sensitivity; therefore, the
wire diameter axis shall be oriented along the axis of
the least sensitivity of the system.

II-290 DOCUMENTATION

II-291 RADIOSCOPIC TECHNIQUE INFORMATION
To aid in proper interpretation of the radioscopic ex-

amination data, details of the technique used shall accom-
pany the data. As a minimum, the information shall
include the items specified in T-291 when applicable,
II-221, and the following:
(a) operator identification
(b) system performance test data

II-292 EVALUATION BY MANUFACTURER
Prior to being presented to the Inspector for accep-

tance, the examination data shall be interpreted by the
Manufacturer as complying with the referencing Code
Section. The Manufacturer shall record the interpretation
and disposition of each weldment examined on a radio-
graphic interpretation review form accompanying the
radioscopic data.
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MANDATORY APPENDIX III
DIGITAL IMAGE ACQUISITION, DISPLAY, AND STORAGE FOR

RADIOGRAPHY AND RADIOSCOPY

III-210 SCOPE

Digital image acquisition, display, and storage can be
applied to radiography and radioscopy. Once the analog
image is converted to digital format, the data can be dis-
played, processed, quantified, stored, retrieved, and con-
verted back to the original analog format, for example,
film or video presentation.

Digital imaging of all radiographic and radioscopic ex-
amination test results shall be performed in accordance
with the modified provisions to Article 2 as indicated
herein.

III-220 GENERAL REQUIREMENTS

III-221 PROCEDURE REQUIREMENTS

A written procedure is required and shall contain, as a
minimum, the following system performance parameters:

(a) image digitizing parameters —modulation transfer
function (MTF), line pair resolution, contrast sensitivity,
and dynamic range

(b) image display parameters — format, contrast, and
magnification

(c) image processing parameters that are used
(d) storage — identification, data compression, and

media (including precautions to be taken to avoid data
loss)

(e) analog output formats

III-222 ORIGINAL IMAGE ARTIFACTS

Any artifacts that are identified in the original image
shall be noted or annotated on the digital image.

III-230 EQUIPMENT AND MATERIALS

III-231 DIGITAL IMAGE EXAMINATION RECORD

The digital image examination data shall be recorded
and stored on video tape, magnetic disk, or optical disk.

III-234 VIEWING CONSIDERATIONS

The digital image shall be judged by visual comparison
to be equivalent to the image quality of the original image
at the time of digitization.

III-236 CALIBRATED OPTICAL LINE PAIR TEST
PATTERN AND OPTICAL DENSITY STEP
WEDGE

An optical line pair test pattern operating between 0.1
and 4.0 optical density shall be used to evaluate the mod-
ulation transfer function (MTF) of the system. The optical
density step wedge shall be used to evaluate system con-
trast sensitivity.

III-250 IMAGE ACQUISITION AND STORAGE

III-255 AREA OF INTEREST

Any portion of the image data may be digitized and
stored provided the information that is digitized and
stored includes the area of interest as defined by the re-
ferencing Code Section.

III-258 SYSTEM CONFIGURATION

The system shall, as a minimum, include the following:
(a) digitizing system
(b) display system
(c) image processing system
(d) image storage system

III-260 CALIBRATION

The system shall be calibrated for modulation transfer
function (MTF), dynamic range, and contrast sensitivity.

III-263 SYSTEM PERFORMANCE MEASUREMENT

System performance parameters (as noted in III-221)
shall be determined initially and monitored regularly
with the system in operation to assure consistent results.
The system performance shall be monitored at the begin-
ning and end of each shift to minimize the probability of
time-dependent performance variations.

III-280 EVALUATION

III-286 FACTORS AFFECTING SYSTEM
PERFORMANCE

The quality of system performance is determined by
the combined performance of the components specified
in III-258.
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III-287 SYSTEM-INDUCED ARTIFACTS
The digital images shall be free of system-induced arti-

facts in the area of interest that could mask or be con-
fused with the image of any discontinuity in the original
analog image.

III-290 DOCUMENTATION

III-291 DIGITAL IMAGING TECHNIQUE
INFORMATION

To aid in proper interpretation of the digital examina-
tion data, details of the technique used shall accompany
the data. As a minimum, the information shall include
items specified in T-291 and II-221 when applicable,
III-221, III-222, and the following:
(a) operator identification

(b) system performance test data

III-292 EVALUATION BY MANUFACTURER
Prior to being presented to the Inspector for accep-

tance, the digital examination data from a radiographic
or radioscopic image shall have been interpreted by the
Manufacturer as complying with the referencing Code
Section.
The digital examination data from a radiograph that

has previously been accepted by the Inspector is not re-
quired to be submitted to the Inspector for acceptance.
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MANDATORY APPENDIX IV
INTERPRETATION, EVALUATION, AND DISPOSITION OF
RADIOGRAPHIC AND RADIOSCOPIC EXAMINATION TEST

RESULTS PRODUCED BY THE DIGITAL IMAGE ACQUISITION AND
DISPLAY PROCESS

IV-210 SCOPE

The digital image examination test results produced in
accordance with Article 2, Mandatory Appendix II, and
Article 2, Mandatory Appendix III, may be interpreted
and evaluated for final disposition in accordance with
the additional provisions to Article 2 as indicated herein.

The digital information is obtained in series with radio-
graphy and in parallel with radioscopy. This data collec-
tion process also provides for interpretation, evaluation,
and disposition of the examination test results.

IV-220 GENERAL REQUIREMENTS

The digital image shall be interpreted while displayed
on the monitor. The interpretation may include density
and contrast adjustment, quantification, and pixel mea-
surement, including digital or optical density values and
linear or area measurement.

The interpretation of a digitized image is dependent
upon the same subjective evaluation by a trained inter-
preter as the interpretation of a radiographic or radio-
scopic image. Some of the significant parameters
considered during interpretation include: area of interest,
image quality, IQI image, magnification, density, contrast,
discontinuity shape (rounded, linear, irregular), and arti-
fact identification.

The digital image interpretation of the radiographic
and radioscopic examination test results shall be per-
formed in accordance with the modified provisions to
Article 2 as indicated herein.

After the interpretation has been completed, the inter-
pretation data and the digital image, which shall include
the unprocessed original full image and the digitally pro-
cessed image, shall be recorded and stored on video tape,
magnetic tape, or optical disk.

IV-221 PROCEDURE REQUIREMENTS

A written procedure is required and shall contain, as a
minimum, the following system performance parameters:

(a) image digitizing parameters —modulation transfer
function (MTF), line pair resolution, contrast sensitivity,
dynamic range, and pixel size;

(b) image display parameters—monitor size including
display pixel size, luminosity, format, contrast, and
magnification;

(c) signal processing parameters — including density
shift, contrast stretch, log transform, and any other tech-
niques that do not mathematically alter the original digi-
tal data, e.g., linear and area measurement, pixel sizing,
and value determination;

(d) storage — identification, data compression, and
media (including precautions to be taken to avoid data
loss). The non-erasable optical media should be used for
archival applications. This is frequently called the WORM
(Write Once Read Many) technology. When storage is ac-
complished on magnetic or erasable optical media, then
procedures must be included that show trackable safe-
guards to prevent data tampering and guarantee data
integrity.

IV-222 ORIGINAL IMAGE ARTIFACTS

Any artifacts that are identified shall be noted or anno-
tated on the digital image.

IV-230 EQUIPMENT AND MATERIALS

IV-231 DIGITAL IMAGE EXAMINATION RECORD

The digital image examination data shall be recorded
and stored on video tape, magnetic disk, or optical disk.

IV-234 VIEWING CONSIDERATIONS

The digital image shall be evaluated using appropriate
monitor luminosity, display techniques, and room lighting
to insure proper visualization of detail.

IV-236 CALIBRATED OPTICAL LINE PAIR TEST
PATTERN AND OPTICAL DENSITY STEP
WEDGE

An optical line pair test pattern operating between 0.1
and 4.0 optical density shall be used to evaluate the mod-
ulation transfer function (MTF) of the system. High spatial
resolution with 14 line-pairs per millimeter (lp/mm)
translates to a pixel size of 0.0014 in. (0.035 mm). Lesser
spatial resolution with 2 lp/mm can be accomplished
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with a pixel size of 0.012 in. (0.3 mm). The optical density
step wedge shall be used to evaluate system contrast sen-
sitivity. Alternatively, a contrast sensitivity gage (step
wedge block) in accordance with SE-1647 may be used.

IV-250 IMAGE ACQUISITION, STORAGE, AND
INTERPRETATION

IV-255 AREA OF INTEREST

The evaluation of the digital image shall include all
areas of the image defined as the area of interest by the
referencing Code Section.

IV-258 SYSTEM CONFIGURATION

The system shall, as a minimum, include:
(a) digital image acquisition system
(b) display system
(c) image processing system
(d) image storage system

IV-260 CALIBRATION

The system shall be calibrated for modulation transfer
function (MTF), dynamic range, and contrast sensitivity.
The electrical performance of the hardware and the qual-
ity of the digital image shall be measured and recorded.

IV-263 SYSTEM PERFORMANCE MEASUREMENT

System performance parameters (as noted in IV-221)
shall be determined initially and monitored regularly
with the system in operation to assure consistent results.
The system performance shall be monitored at the begin-
ning and end of each shift to minimize the probability of
time-dependent performance variations.

IV-280 EVALUATION

IV-286 FACTORS AFFECTING SYSTEM
PERFORMANCE

The quality of system performance is determined by
the combined performance of the components specified
in IV-258.

IV-287 SYSTEM-INDUCED ARTIFACTS

The digital images shall be free of system-induced arti-
facts in the area of interest that could mask or be con-
fused with the image of any discontinuity.

IV-290 DOCUMENTATION

IV-291 DIGITAL IMAGING TECHNIQUE
INFORMATION

To aid in proper interpretation of the digital examina-
tion data, details of the technique used shall accompany
the data. As a minimum, the information shall include
items specified in T-291 and II-221 when applicable,
III-221, III-222, IV-221, IV-222, and the following:
(a) operator identification
(b) system performance test data
(c) calibration test data

IV-292 EVALUATION BY MANUFACTURER

Prior to being presented to the Inspector for accep-
tance, the digital examination data from a radiographic
or radioscopic image shall have been interpreted by the
Manufacturer as complying with the referencing Code
Section.
The digitized examination data that has previously

been accepted by the Inspector is not required to be sub-
mitted to the Inspector for acceptance.
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MANDATORY APPENDIX VI
ACQUISITION, DISPLAY, INTERPRETATION, AND STORAGE OF

DIGITAL IMAGES OF RADIOGRAPHIC FILM FOR NUCLEAR
APPLICATIONS

VI-210 SCOPE

Digital imaging process and technology provide the
ability to digitize and store the detailed information con-
tained in the radiographic film (analog image), thus elim-
inating the need to maintain and store radiographic film
as the permanent record.

VI-220 GENERAL REQUIREMENTS

VI-221 SUPPLEMENTAL REQUIREMENTS
VI-221.1 Additional Information. Article 2, Manda-

tory Appendices III and IV, contain additional information
that shall be used to supplement the requirements of this
Appendix. These supplemental requirements shall be
documented in the written procedure required by this
Appendix.

VI-221.2 Reference Film. Supplement A contains re-
quirements for the manufacture of the reference film.

VI-222 WRITTEN PROCEDURE

Awritten procedure is required. The written procedure
shall be the responsibility of the owner of the radio-
graphic film and shall be demonstrated to the satisfaction
of the Authorized Nuclear Inspector (ANI). When other
enforcement or regulatory agencies are involved, the
agency approval is required by formal agreement. The
written procedure shall include, as a minimum, the fol-
lowing essential variables:

VI-222.1 Digitizing System Description.
(a)manufacturer and model no. of digitizing system;
(b) physical size of the usable area of the image

monitor;
(c) film size capacity of the scanning device;
(d) spot size(s) of the film scanning system;
(e) image display pixel size as defined by the vertical/

horizontal resolution limits of the monitor;
(f) luminance of the video display; and
(g) data storage medium.

VI-222.2 Digitizing Technique.
(a) digitizer spot size (in microns) to be used (see

VI-232);
(b) loss-less data compression technique, if used;

(c) method of image capture verification;
(d) image processing operations;
(e) time period for system verification (see VI-264);
(f) spatial resolution used (see VI-241);
(g) contrast sensitivity (density range obtained) (see

VI-242);
(h) dynamic range used (see VI-243); and
(i) spatial linearity of the system (see VI-244).

VI-223 PERSONNEL REQUIREMENTS
Personnel shall be qualified as follows:
(a) Level II and Level III Personnel. Level II and Level III

personnel shall be qualified in the radiographic method as
required by Article 1. In addition, the employer’s written
practice shall describe the specific training and practical
experience of Level II and Level III personnel involved
in the application of the digital imaging process and the
interpretation of results and acceptance of system perfor-
mance. Training and experience shall be documented in
the individual’s certification records.

(b) As a minimum, Level II and III individuals shall have
40 hours of training and 1 month of practical experience
in the digital imaging process technique.

(c) Other Personnel. Personnel with limited qualifica-
tions performing operations other than those required
for the Level II or Level III shall be qualified in accordance
with Article 1. Each individual shall have specified train-
ing and practical experience in the operations to be
performed.

VI-230 EQUIPMENT AND MATERIALS

VI-231 SYSTEM FEATURES
The following features shall be common to all digital

image processing systems:
(a) noninterlaced image display format;
(b) WORM — write-once/read-many data storage; and
(c) fully reversible (loss-less) data compression (if data

compression is used).

VI-232 SYSTEM SPOT SIZE
The spot size of the digitizing system shall be:
(a) 70microns or smaller for radiographic film exposed

with energies up to 1 MeV; or
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(b) 100 microns or smaller for radiographic film ex-
posed with energies over 1 MeV.

VI-240 SYSTEM PERFORMANCE
REQUIREMENTS

System performance shall be determined using the di-
gitized representation of the reference targets (images).
No adjustment shall be made to the digitizing system
which may affect system performance after recording
the reference targets.

VI-241 SPATIAL RESOLUTION
Spatial resolution shall be determined as described in

VI-251. The system shall be capable of resolving a pattern
of 7 line pairs/millimeter (lp/mm) for systems digitizing
with a spot size of 70 microns or less, or 5 lp/mm for spot
sizes greater than 70 microns.

VI-242 CONTRAST SENSITIVITY
Contrast sensitivity shall be determined as described in

VI-252. The system shall have a minimum contrast sensi-
tivity of 0.02 optical density.

VI-243 DYNAMIC RANGE
Dynamic range shall be determined as described in

VI-253. The system shall have a minimum dynamic range
of 3.5 optical density.

VI-244 SPATIAL LINEARITY
Spatial linearity shall be determined as described in

VI-254. The system shall return measured dimensions
with 3% of the actual dimensions on the reference film.

VI-250 TECHNIQUE

The reference film described in Supplement A and
Figure VI-A-1 shall be used to determine the performance
of the digitization system. The system settings shall be ad-
justed to optimize the display representation of the refer-
ence targets (images). The reference film and all
subsequent radiographic film shall be scanned by the di-
gitization system using these optimized settings.

VI-251 SPATIAL RESOLUTION EVALUATION
At least two of the converging line pair images (0 deg,

45 deg, and 90 deg line pairs) shall be selected near the
opposite corners of the digitizing field and one image near
the center of the digitized reference film. The spatial reso-
lution in each position and for each orientation shall be
recorded as the highest indicated spatial frequency (as
determined by the reference lines provided) where all
of the lighter lines are observed to be separated by the
darker lines. The system resolution shall be reported as
the poorest spatial resolution obtained from all of the re-
solution images evaluated.

VI-252 CONTRAST SENSITIVITY EVALUATION

Using the contrast sensitivity images and the digitized
stepped density scale images to evaluate the detectability
of each density step (the observed density changes shall
be indicative of the system’s capability to discern 0.02
density differences), the detectability of each density step
and the difference in density between steps shall be
evaluated.

VI-253 DYNAMIC RANGE EVALUATION

The dynamic range of the digitization system shall be
determined by finding the last visible density step at both
ends of the density strip. The dynamic range shall be mea-
sured to the nearest 0.50 optical density.

VI-254 SPATIAL LINEARITY EVALUATION

The digitization system shall be set to read the inch
scale on the reference film. The measurement tool shall
then be used to measure the scale in a vertical direction
and horizontal direction. The actual dimension is divided
by the measured dimension to find the percentage of er-
ror in the horizontal and vertical directions.

VI-260 DEMONSTRATION OF SYSTEM
PERFORMANCE

VI-261 PROCEDURE DEMONSTRATION

The written procedure described in VI-222 shall be de-
monstrated to the ANI and, if requested, the regulatory
agency, as having the ability to acquire, display, and re-
produce the analog images from radiographic film. Evi-
dence of the demonstration shall be recorded as
required by VI-291.

VI-262 PROCESSED TARGETS

The digitizing process and equipment shall acquire and
display the targets described in Supplement A. The digi-
tally processed targets of the reference film shall be used
to verify the system performance.

VI-263 CHANGES IN ESSENTIAL VARIABLES

Any change in the essential variables identified in
VI-222 and used to produce the results in VI-250 shall
be cause for reverification of the System Performance.

VI-264 FREQUENCY OF VERIFICATION

The System Performance shall be initially verified in ac-
cordance with VI-262 at the beginning of each digitizing
shift. Reverification in accordance with VI-262 shall take
place at the end of each shift or at the end of 12 continu-
ous hours, whichever is less, or at any time that malfunc-
tioning is suspected.
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VI-265 CHANGES IN SYSTEM PERFORMANCE
Any evidence of change in the System Performance spe-

cified in VI-240 shall invalidate the digital images pro-
cessed since the last successful verification and shall be
cause for reverification.

VI-270 EXAMINATION

VI-271 SYSTEM PERFORMANCE REQUIREMENTS
The digitizing system shall meet the requirements spe-

cified in VI-240 before digitizing radiographic film.

VI-272 ARTIFACTS
Each radiographic film shall be visually examined for

foreign material and artifacts (e.g., scratches or water
spots) in the area of interest. Foreign material not re-
moved and artifacts observed shall be documented.

VI-273 CALIBRATION
The calibration for a specific set of parameters (i.e., film

size, density range, and spatial resolution) shall be con-
ducted by following VI-240 and Supplement A. The re-
sults shall be documented.

VI-280 EVALUATION

VI-281 PROCESS EVALUATION
The Level II or Level III Examiner described in

VI-223(a) shall be responsible for determining that the di-
gital imaging process is capable of reproducing the origi-
nal analog image. This digital image shall then be
transferred to the write-once-read-many (WORM) optical
disc.

VI-282 INTERPRETATION
When interpretation of the radiographic film is used for

acceptance, the requirements of Article 2, Mandatory
Appendix IV and the Referencing Code Section shall apply.

When radiographic films must be viewed in composite for
acceptance, then both films shall be digitized. The digital
images of the films shall be interpreted singularly.

VI-283 BASELINE

Digital images of previously accepted radiographic film
may be used as a baseline for subsequent in-service
inspections.

VI-290 DOCUMENTATION

VI-291 REPORTING REQUIREMENTS

The following shall be documented in a final report:
(a) spatial resolution (VI-241);
(b) contrast sensitivity (VI-242);
(c) frequency for system verification;
(d) dynamic range (VI-243);
(e) Traceability technique from original component to

film to displayed digital image, including original radio-
graphic report(s). (The original radiographic reader sheet
may be digitized to fulfill this requirement);

(f) condition of original radiographic film (VI-281);
(g) procedure demonstration (VI-261);
(h) spatial linearity (VI-244);
(i) system performance parameters (VI-241); and
(j) personnel performing the digital imaging process

(VI-223).

VI-292 ARCHIVING

When the final report and digitized information are
used to replace the radiographic film as the permanent
record as required by the referencing Code Section, all in-
formation pertaining to the original radiography shall be
documented in the final report and processed as part of
the digital record. A duplicate copy of the WORM storage
media is required if the radiographic films are to be
destroyed.
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MANDATORY APPENDIX VI
SUPPLEMENT A

VI-A-210 SCOPE

The reference film described in this supplement pro-
vides a set of targets suitable for evaluating and quantify-
ing the performance characteristics of a radiographic
digitizing system. The reference film is suitable for evalu-
ating both the radiographic film digitization process and
the electronic image reconstruction process.
The reference film shall be used to conduct perfor-

mance demonstrations and evaluations of the digitizing
system to verify the operating characteristics before
radiographic film is digitized. The reference film provides
for the evaluation of spatial resolution, contrast sensitiv-
ity, dynamic range, and spatial linearity.

VI-A-220 GENERAL

VI-A-221 REFERENCE FILM

The reference film shall be specified in VI-A-230 and
VI-A-240.

VI-A-230 EQUIPMENT AND MATERIALS

VI-A-231 REFERENCE TARGETS

The illustration of the reference film and its targets is as
shown in Figure VI-A-1.

VI-A-232 SPATIAL RESOLUTION TARGETS

The reference film shall contain spatial resolution tar-
gets as follows:

VI-A-232.1 Converging Line Pair Targets. Conver-
ging line pairs shall consist of 3 identical groups of no less
than 6 converging line pairs (6 light lines and 6 dark
lines). The targets shall have a maximum resolution of
no less than 20 line pairs per millimeter (lp/mm) and a
minimum resolution of no greater than 1 lp/mm. The 3
line pair groups shall be oriented in the vertical, horizon-
tal, and the last group shall be 45 deg from the previous
two groups. The maximum resolution shall be oriented
toward the corners of the film. Reference marks shall be
provided to indicate spatial resolution at levels of no less
than 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, and 20 lp/mm. The spa-
tial resolution targets shall be located in each corner of
the needed film sizes.

VI-A-232.2 Parallel Line Pair Targets. Parallel line
pairs shall consist of parallel line pairs in at least the ver-
tical direction on the reference film. It shall have a maxi-
mum resolution of at least 20 lp/mm and a minimum
resolution of no less than 0.5 lp/mm. It shall have distinct
resolutions of 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 15, and
20 lp/mm and have the corresponding reference marks.
It shall be located near the middle of the reference film.

VI-A-233 CONSTRAST SENSITIVITY TARGETS

Contrast sensitivity targets shall consist of approxi-
mately 0.4 in. × 0.4 in. (10 mm × 10 mm) blocks centered
in 1.6 in. × 1.6 in. (40 mm × 40 mm) blocks of a slightly
lower density. Two series of these step blocks shall be
used with an optical density of approximately 2.0 on a
background of approximately 1.95, an optical density
change of 0.05. The second block series will have an opti-
cal density of approximately 3.5 on a background of ap-
proximately 3.4, an optical density change of 0.10. The
relative density change is more important than the abso-
lute density. These images shall be located near the edges
and the center of the film so as to test the contrast sensi-
tivity throughout the scan path.

VI-A-234 DYNAMIC RANGE TARGETS

Stepped density targets shall consist of a series of
0.4 in. × 0.4 in. (10 mm × 10 mm) steps aligned in a
rowwith densities ranging from 0.5 to 4.5 with no greater
than 0.5 optical density steps. At four places on the den-
sity strip (at approximately 1.0, 2.0, 3.0, and 4.0 optical
densities), there shall be optical density changes of 0.02
which shall also be used to test the contrast sensitivity.
These stepped density targets shall be located near the
edges of the film and near the center so as to test the dy-
namic range throughout the scan path.

VI-A-235 SPATIAL LINEARITY TARGETS

Measurement scale targets shall be located in the hor-
izontal and vertical dimensions. The measurement scale
targets shall be in English and/or metric divisions.

VI-A-240 MISCELLANEOUS REQUIREMENTS

Manufacturing specifications shall be minimum re-
quirements necessary for producing the reference film.
The reference film shall have a unique identification
which appears as an image when digitized.
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Figure VI-A-1
Reference Film
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VI-A-241 MATERIAL
The reference film shall be a fine grain, industrial type

film. The film used will be of high quality so the required
specifications in VI-A-230 are met.

VI-A-242 FILM SIZE
The film size shall be sufficient to accommodate the lar-

gest area of interest to be digitized.

VI-A-243 SPATIAL RESOLUTION
The spatial resolution shall be a minimum of 20 lp/mm.

VI-A-244 DENSITY
The relative densities stated in VI-A-233 and VI-A-234

shall be ±0.005 optical density.

(a) The tolerance for the optical density changes stated
in VI-A-233 and VI-A-234 shall be ±0.005.

(b) The measured densities shall be ±0.15 of the values
stated in VI-A-233 and VI-A-234. The actual densities
shall be recorded and furnished with the reference film.

(c) Density requirements shall be in accordance with
ANSI IT-2.19.

(d) The background density, where there are no images
located, shall have a 3.0 optical density ±0.5.

VI-A-245 LINEARITY

The measurement scale targets shall be accurately elec-
tronically produced to ±0.05 in. (±1.3 mm).

ASME BPVC.V-2023ARTICLE 2

56



MANDATORY APPENDIX VII
RADIOGRAPHIC EXAMINATION OF METALLIC CASTINGS

VII-210 SCOPE

Metallic castings, due to their inherent complex config-
urations, present examination conditions that are unique
to this product form.

Radiographic examination may be performed on cast-
ings when the modified provisions to Article 2, as indi-
cated herein, are satisfied.

VII-220 GENERAL REQUIREMENTS

VII-224 SYSTEM OF IDENTIFICATION
A system shall be used to produce permanent identifi-

cation on the radiograph traceable to the contract, com-
ponent, or part numbers, as appropriate. In addition,
each film of a casting being radiographed shall be plainly
and permanently identified with the name or symbol of
the Material Manufacturer, Certificate Holder, or Subcon-
tractor, job or heat number, date, and, if applicable, re-
pairs (R1, R2, etc.). This identification system does not
necessarily require that the information appear as radio-
graphic images. In any case, this information shall not ob-
scure the area of interest.

VII-270 EXAMINATION

VII-271 RADIOGRAPHIC TECHNIQUE
VII-271.2 Double-Wall Viewing Technique. A

double-wall viewing technique may be used for cylindri-
cal castings 31/2 in. (89 mm) or less in O.D. or when the
shape of a casting precludes single-wall viewing.

VII-276 IQI SELECTION
VII-276.3 Additional IQI Selection Requirements.

The thickness on which the IQI is based is the single-wall
thickness.

(a) Casting Areas Prior to Finish Machining. The IQI
shall be based on a thickness that does not exceed the fin-
ished thickness by more than 20% or 1/4 in. (6 mm),

whichever is greater. In no case shall an IQI size be based
on a thickness greater than the thickness being
radiographed.

(b) Casting Areas That Will Remain in the As-Cast Condi-
tion. The IQI shall be based on the thickness being
radiographed.

VII-280 EVALUATION

VII-282 RADIOGRAPHIC DENSITY
VII-282.1 Density Limitations. The transmitted film

density through the radiographic image of the body of
the appropriate hole-type IQI adjacent to the essential
hole or adjacent to the essential wire of a wire-type IQI
and the area of interest shall be 1.5 minimum for single
film viewing. For composite viewing of multiple film ex-
posures, each film of the composite set shall have a mini-
mum density of 1.0. The maximum density shall be 4.0 for
either single or composite viewing. A tolerance of 0.05 in
density is allowed for variations between densitometer
readings.

VII-290 DOCUMENTATION

VII-293 LAYOUT DETAILS

To assure that all castings are radiographed consis-
tently in the same manner, layout details shall be pro-
vided. As a minimum, the layout details shall include:

(a) sketches of the casting, in as many views as neces-
sary, to show the approximate position of each location
marker; and

(b) source angles if not perpendicular to the film.

NOTE: Sample layout and technique details are provided in SE-1030,
Appendix (Nonmandatory Information) X1, Sample Radiographic
Standard Shooting Sketch (RSS).

ASME BPVC.V-2023 ARTICLE 2

57



MANDATORY APPENDIX VIII
RADIOGRAPHY USING PHOSPHOR IMAGING PLATE

VIII-210 SCOPE

This Appendix provides requirements for using phos-
phor imaging plate (photostimulable luminescent phos-
phor) as an alternative to film radiography.

Radiography using phosphor imaging plate may be per-
formed on materials including castings and weldments
when the modified provisions to Article 2 as indicated
herein and all other requirements of Article 2 are satis-
fied. The term film, as used within Article 2, applicable
to performing radiography in accordance with this
Appendix, refers to phosphor imaging plate. ASTM
E2007, Standard Guide for Computed Radiography, may
be used as a guide for general tutorial information regard-
ing the fundamental and physical principles of computed
radiography (CR), including some of the limitations of the
process.

VIII-220 GENERAL REQUIREMENTS

VIII-221 PROCEDURE REQUIREMENTS
VIII-221.1 Written Procedure. A written procedure is

required. In lieu of the requirements of T-221.1, each pro-
cedure shall include at least the following information, as
applicable:

(a)material type and thickness range

(b) isotope or maximum X-ray voltage used

(c) minimum source-to-object distance (D in T-274.1)

(d) distance from source side of object to the phosphor
imaging plate (d in T-274.1)

(e) source size (F in T-274.1)

(f) phosphor imaging plate manufacturer and
designation

(g) screens used

(h) image scanning and processing equipment manu-
facturer and model

(i) image scanning parameters (i.e., gain, laser, resolu-
tion), detailed, as applicable, for material thicknesses
across the thickness range

(j) pixel intensity/gray range (minimum to maximum)

VIII-221.2 Procedure Demonstration. A demonstra-
tion shall be required at the minimum and maximum ma-
terial thicknesses stated in the procedure. Procedure
demonstration details and demonstration block require-
ments are described in Supplement A of this Appendix.

VIII-225 MONITORING DENSITY LIMITATIONS
OF RADIOGRAPHS

The requirements of T-225 are not applicable to phos-
phor imaging plate radiography.

VIII-230 EQUIPMENT AND MATERIALS

VIII-231 PHOSPHOR IMAGING PLATE
VIII-231.1 Selection. Radiography shall be performed

using an industrial phosphor imaging plate capable of de-
monstrating IQI image requirements.

VIII-231.2 Processing. The system used for proces-
sing a phosphor imaging plate shall be capable of acquir-
ing, storing, and displaying the digital image.

VIII-234 FACILITIES FOR VIEWING OF
RADIOGRAPHS

Viewing facilities shall provide subdued background
lighting of an intensity that will not cause reflections, sha-
dows, or glare on the monitor that interfere with the in-
terpretation process.

VIII-260 CALIBRATION

VIII-262 DENSITOMETER AND STEP WEDGE
COMPARISON FILM

The requirements of T-262 are not applicable to phos-
phor imaging plate radiography.

VIII-270 EXAMINATION

VIII-277 USE OF IQIS TO MONITOR
RADIOGRAPHIC EXAMINATION

VIII-277.1 Placement of IQIs.
(a) Source-Side IQI(s). When using separate blocks for

IQI placement as described in T-277.1(a), the thickness
of the blocks shall be such that the image brightness at
the body of the IQI is judged to be equal to or greater than
the image brightness at the area of interest for a negative
image format. If verified by measurement, pixel intensity
variations up to 15% are permitted in the determination
of “equal to.” This image brightness requirement is re-
versed for a positive image format.
(b) All other requirements of T-277.1 shall apply.
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VIII-277.2 Number of IQIs.
(a) Multiple IQIs. An IQI shall be used for each applica-

ble thickness range in Table T-276 spanned by the
minimum-to-maximum thickness of the area of interest
to be radiographed.

(b) As an alternative to (a) above, a minimum of two
IQIs representing the minimum and maximum thick-
nesses of the area of interest may be used, provided the
requirements of VIII-288 are met.

(c) All other requirements of T-277.2 shall apply.

(d) Comparators such as digitized film strips, gray scale
cards, etc., may be used to aid in judging displayed image
brightness. When comparators are used to judge areas
within the image, they need not be calibrated. Pixel inten-
sity values may also be used to quantify image brightness
comparisons.

VIII-277.3 Shims Under Hole IQIs. For welds with re-
inforcement or backing material, a shim of material radio-
graphically similar to the weld metal and/or backing
material shall be placed between the part and the IQIs,
such that the image brightness at the body of the IQI is
judged to be equal to or greater than the image brightness
at the area of interest for a negative image format. If ver-
ified by measurement, pixel intensity variations up to
15% are permitted in the determination of “equal to.” This
image brightness requirement is reversed for a positive
image format.

The shim dimensions shall exceed the IQI dimensions
such that the outline of at least three sides of the IQI shall
be visible in the radiograph.

VIII-280 EVALUATION

VIII-281 SYSTEM-INDUCED ARTIFACTS

The digital image shall be free of system-induced arti-
facts in the area of interest that could mask or be con-
fused with the image of any discontinuity.

VIII-282 IMAGE BRIGHTNESS

The image brightness through the body of the hole-type
IQI or adjacent to the designated wire of the wire-type IQI,
shall be judged to be equal to or greater than the image
brightness in the area of interest for a negative image for-
mat. If verified by measurement, pixel intensity variations
up to 15% are permitted in the determination of “equal
to.” Localized pixel averaging may be used in determining
pixel intensity variations, provided the number of pixels
averaged does not exceed the total number that would
fit inside the area of a circle 0.125 in. (3 mm) in diameter.
This image brightness requirement is reversed for a posi-
tive image format. Additionally, the requirements of
T-282 are not applicable to phosphor imaging plate
radiography.

VIII-283 IQI SENSITIVITY
VIII-283.1 Required Sensitivity. Radiography shall

be performed with a technique of sufficient sensitivity
to display the designated hole-type IQI image and the es-
sential hole, or the essential wire of a wire-type IQI. The
radiographs shall also display the IQI identifying numbers
and letters. Multiple film technique is not applicable to
phosphor imaging plate radiography.

For wire-type IQIs, the essential wire shall be visible
within the area of interest representing the thickness
used for determining the essential wire, inclusive of the
allowable brightness variations described in VIII-282.

VIII-284 EXCESSIVE BACKSCATTER
For a negative image format, the requirements of T-284

shall apply. For a positive image format, if a dark image of
the “B,” as described in T-223, appears on a lighter back-
ground of the image, protection from backscatter is insuf-
ficient and the radiographic image shall be considered
unacceptable. A light image of the “B” on a darker back-
ground is not cause for rejection.

VIII-287 DIMENSIONAL MEASURING
VIII-287.1 Measuring Scale Comparator. The mea-

suring scale used for interpretation shall be capable of
providing dimensions of the projected image. The mea-
surement scale tool shall be based on one of the following:

(a) a known dimensional comparator that is placed in
direct contact with the cassette prior to exposure

(b) a known dimensional comparator that is inscribed
on the imaging plate prior to processing

(c) a known comparator scale placed on the imaging
plate prior to processing

VIII-287.2 Alternative Comparator. As an alternative
to a measuring scale comparator, a dimensional calibra-
tion of the measuring function based upon a verifiable
scanned pixel size may be used.

VIII-288 INTERPRETATION
Prior to interpretation, the range of contrast/bright-

ness values that demonstrate the required IQI sensitivity
shall be determined. Final radiographic interpretation
shall be made only after the data within this IQI sensitiv-
ity range has been evaluated. The IQI and the area of in-
terest shall be of the same image format (positive or
negative). Additionally, where applicable

(a)when more than one IQI is used to qualify a range of
thicknesses, the overlapping portions of each IQI’s estab-
lished sensitivity range shall be considered valid for inter-
pretation of intervening thicknesses.

(b) the digital image may be viewed and evaluated in a
negative or positive image format.

(c) independent areas of interest of the same image
may be displayed and evaluated in differing image for-
mats, provided the IQI and the area of interest are viewed
and evaluated in the same image format.
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VIII-290 DOCUMENTATION

VIII-291 DIGITAL IMAGING TECHNIQUE
DOCUMENTATION DETAILS

The organization shall prepare and document the
radiographic technique details. As a minimum, the follow-
ing information shall be provided:
(a) the requirements of Article 1, T-190(a)
(b) identification as required by T-224
(c) the dimensional map (if used) of marker placement

in accordance with T-275.3
(d) number of exposures
(e) X-ray voltage or isotope used
(f) source size (F in T-274.1)
(g) base material type and thickness, weld reinforce-

ment thickness, as applicable
(h) source-to-object distance (D in T-274.1)
(i) distance from source side of object to storage phos-

phor media (d in T-274.1)
(j) storage phosphor manufacturer and designation

(k) image acquisition (digitizing) equipment manufac-
turer, model, and serial number

(l) single- or double-wall exposure

(m) single- or double-wall viewing

(n) procedure identification and revision level

(o) imaging software version and revision

(p) numerical values of the final image processing para-
meters, to include filters, window (contrast), and
level (brightness) for each view

VIII-293 EMBEDDED DATA

The technique details and examination results may be
embedded in the data file. When this is performed,
SE-1475, Standard Guide for Data Fields for Computer-
ized Transfer of Digital Radiological Examination Data,
may be used as a guide for establishing data fields and in-
formation content. When data is embedded, the fields
used shall be referenced in the procedure.
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MANDATORY APPENDIX VIII
SUPPLEMENT A

VIII-A-210 SCOPE

This Supplement provides the details and requirements
for procedure demonstrations in accordance with Manda-
tory Appendix VIII, VIII-221.2. This Supplement shall be
used to demonstrate the ability to produce an acceptable
image in accordance with the requirements of the written
procedure.

VIII-A-220 GENERAL

VIII-A-221 DEMONSTRATION BLOCK
The demonstration block shall meet the requirements

of Figure VIII-A-221-1 and shall be of material that is
radiographically similar to the material described in the
procedure.

(a) A minimum of two demonstration blocks, repre-
senting the minimum and maximum thicknesses of the
procedure thickness range, shall be required for proce-
dure qualification.

(b) Additional blocks may be used to validate specific
parameters at intermediate thicknesses throughout the
total thickness range.

(c) As an alternative to (a) and (b), one demonstration
block containing a series of embedded notches of differ-
ent depths may be used with shim plates of appropriate
thicknesses to provide demonstration of both the mini-
mum and maximum thicknesses to be qualified for the
procedure.

VIII-A-230 EQUIPMENT AND MATERIALS

VIII-A-231 SCAN PARAMETERS
The scanning parameters used to acquire the radio-

graphic image shall be verifiable, embedded in the image
data or associated header metadata information or re-
corded on the radiographic detail sheet.

VIII-A-232 GRAY SCALE VALUES

The pixel intensity values in the region of interest shall
fall within the minimum/maximum values described in
the procedure. These pixel intensity values shall be based
on actual assigned image bitmap values, not digital drive
levels.

VIII-A-233 IMAGE QUALITY INDICATORS

The designated image quality indicators (IQIs) used for
the demonstration shall be selected from Table T-276. All
IQIs used shall meet the requirements of T-233.

VIII-A-240 MISCELLANEOUS
REQUIREMENTS

The radiographic image of the demonstration block
shall be viewed and evaluated without the aid of post-
processing filters. Image analysis shall be performed
through window and level (brightness and contrast) var-
iation only.

VIII-A-241 SENSITIVITY

As a minimum, both IQIs (essential wire and designated
hole) shall be visible while the embedded notch is dis-
cernable. This shall be accomplished in raw data, without
the aid of processing algorithms or filters.

VIII-A-242 RECORDS

The raw, unfiltered images of the procedure demon-
stration shall be maintained and available for review.
The images shall be clearly identified and traceable to
the procedure for which they are used for qualification.
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Figure VIII-A-221-1
Procedure Demonstration Block

T

2% T in depth 
XX X

1 in. (25 mm)

4 in.
  (100 mm)

6 in. (150 mm)

GENERAL NOTES:
(a) Hole-type and wire-type IQIs shall be selected as appropriate for T from Table T-276. Notch depth need not be less than 0.005 in.

(0.13 mm).
(b) The 4-in. and 6-in. block dimensions are a minimum. The block dimensions may be increased appropriately as T increases.
(c) Notch dimensions shall be as follows:

depth = 1.6%T to 2.2%T
width = one of the following:

(1) For T less than or equal to 0.5 in. (13 mm), width shall be less than or equal to 2 times the notch depth.
(2) For T greater than 0.5 in. (13 mm) and less than or equal to 1 in. (25 mm), width shall be less than or equal to 1.5 times the

notch depth.
(3) For T greater than 1 in. (25 mm), width shall be less than or equal to the notch depth.

length = 1 in. (25 mm) max.
(d) Notch location shall be approximately center of the demonstration block.
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MANDATORY APPENDIX IX
RADIOGRAPHY USING DIGITAL DETECTOR SYSTEMS

IX-210 SCOPE

This Appendix provides requirements for the use of di-
gital radiography (DR) techniques using digital detector
systems (DDSs), where the image is transmitted directly
from the detector rather than using an intermediate pro-
cess for conversion of an analog image to a digital format.
This Appendix addresses applications in which the radia-
tion detector, the source of the radiation, and the object
being radiographed may or may not be in motion during
exposure. Article 2 provisions apply unless modified by
this Appendix.

IX-220 GENERAL REQUIREMENTS

References to a Standard contained within this Appen-
dix apply only to the extent specified in that paragraph.

IX-221 PROCEDURE REQUIREMENTS
IX-221.1 Written Procedure. A written procedure is

required. In lieu of the requirements of T-221.1, each pro-
cedure shall contain the following requirements as
applicable:

(a)material type and thickness range
(b) isotope or maximum X-ray voltage used
(c) detector type, manufacturer, and model
(d)minimum source-to-object distance (D in T-274.1)
(e) distance from source side of object to the detector

(d in T-274.1)
(f) focal size (F in T-274.1)
(g) image display parameters
(h) storage media
(i) radiation filters/masking
(j) detector/source alignment validation
(k) pixel intensity/gray range (minimum to maximum)
(l) frame averaging

IX-221.2 Procedure Demonstration. A demonstra-
tion shall be required at the minimum and maximum ma-
terial thicknesses stated in the procedure. Procedure
demonstration details and demonstration block require-
ments are described in Supplement A of this Appendix.

IX-225 MONITORING DENSITY LIMITATIONS OF
RADIOGRAPHS

The requirements of T-225 are not applicable to digital
radiography.

IX-230 EQUIPMENT AND MATERIALS

IX-231 FILM

The requirements of T-231 are not applicable to digital
radiography.

IX-232 INTENSIFYING SCREENS

The requirements of T-232 are not applicable to digital
radiography.

IX-234 FACILITIES FOR VIEWING OF
RADIOGRAPHS

Viewing facilities shall provide subdued background
lighting of an intensity that will not cause reflections, sha-
dows, or glare on the monitor that interfere with the in-
terpretation process.

IX-260 DETECTOR PIXEL CORRECTION

(a) Detector Offset Correction. Detector offset correction
involves a process in which the individual pixel function-
ality is evaluated with no radiation applied to the detec-
tor. Each DDS procedure shall address the detailed
process to be used for the specific detector being used
by the DDS.

(b) Detector Gain Correction. Detector gain correction
involves a process in which the individual pixel function-
ality is evaluated with radiation applied to the detector
without the presence of an examination component or
test specimen. Each DDS procedure shall address the de-
tailed process to be used for the specific detector being
used by the DDS.

(c) Detector Correction Frequency. Each detector shall
undergo both an offset and gain correction prior to the
beginning of the examination evolution. During the exam-
ination evolution, one or both of the corrections may need
to be repeated to maintain image quality.

Each DDS procedure shall clearly describe the recom-
mendations and requirements for performing detector
corrections during an examination evolution.

IX-261 BAD PIXEL MAPS

(a) Digital detectors shall be supplied with the detector
manufacturer’s original bad pixel map, including the pro-
cess and methodology used by the manufacturer to devel-
op the bad pixel map.
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(b) In addition, DDS software shall have the capability
to assess the detector’s flat field image with offset and
gain corrections applied. The software shall also have
the ability to update the original bad pixel map on
demand.
(c) At the completion of each examination evolution or

24 hr of continuous examination, the DDS software shall
be used to provide a current bad pixel map for the detec-
tor. This map shall be capable of providing a direct one-
to-one overlay of any image of the examination evolution.
(d) This current bad pixel map shall be used to ensure

that no relevant indication could have been masked dur-
ing the examination evolution.

IX-262 DENSITOMETER AND STEP WEDGE
COMPARISON FILM

The requirements of T-262 are not applicable to digital
radiography.

IX-263 BEAM WIDTH

When a change in the motion of the source, detector,
travel speed, or any combination of these occurs, the
beam width shall be controlled by a metal diaphragm
such as lead. The diaphragm for the energy selected shall
be at least 10 half value layers thick.
The beam width as shown in Figure IX-263 shall be de-

termined in accordance with

where

a = slit width in diaphragm in the direction of motion
b = distance from source to the material/weld side of

the diaphragm
c = distance from material/weld side of the diaphragm

to the source side of the material/weld surface
F = source size: the maximum projected dimension of

the radiating source (or focal spot) in the plane per-
pendicular to the distance b + c from the material/
weld being radiographed

w = beam width at the source side of the material/weld
measured in the direction of motion

IX-270 EXAMINATION

IX-274 GEOMETRIC AND MOTION
UNSHARPNESS

IX-274.1 Geometric Unsharpness. Recommended
geometric unsharpness shall be determined in accor-
dance with T-274.1.

IX-274.2 Motion Unsharpness. Motion unsharpness
of the radiograph shall be determined in accordance with

where

D = distance from source of radiation to material/weld
being radiographed

d = distance from source side of the material/weld
being radiographed to the film

UM = motion unsharpness
w = beamwidth at the source side of the material/weld

measured in the direction of motion determined as
specified in IX-263

IX-275 LOCATION MARKERS

(a)When encoders are used for automated examina-
tion techniques, location markers are not required. A ca-
libration check shall be performed to verify that the
displayed distance does not exceed ±1% of the actual dis-
tance moved.
(b)When encoders are not used, the requirements of

T-275 shall apply.

IX-277 USE OF IQIS TO MONITOR
RADIOGRAPHIC EXAMINATION

IX-277.1 Placement of IQIs.
(a) Source-Side IQI(s). When using separate blocks for

IQI placement as described in T-277.1(a), the thickness
of the blocks shall be such that the image brightness at
the body of the IQI is judged to be equal to or greater than
the image brightness at the area of interest for a negative
image format. If verified by measurement, pixel intensity
variations up to 30% are permitted in the determination
of “equal to.” This image brightness requirement is re-
versed for a positive image format.
(b) For longitudinal welds examined using an auto-

mated examination technique, hole IQIs shall be placed
adjacent to and on each side of the weld seam, or on
the weld seam at the beginning and end of the weld seam,
and thereafter at approximately equal intervals not ex-
ceeding 36 in. (914 mm). Wire IQIs, when used, shall be
placed across the weld seam at an angle that is approxi-
mately between 2 deg and 5 deg to the rows/columns
of the detector and spaced as indicated above for hole
IQIs.
(c) For circumferential welds examined using an auto-

mated examination technique, hole IQIs shall be placed
adjacent to and on each side of the weld seam or on the
weld seam in each quadrant or spaced no greater than
36 in. (914 mm) apart, whichever is smaller. Wire IQIs,
when used, shall be placed across the weld seam at an an-
gle that is approximately between 2 deg and 5 deg to the
rows/columns of the detector and spaced as indicated
above for hole IQIs.
(d) For automated examination techniques, the IQI may

be placed above the surface of the pipe or held in position
between the surface of the pipe and the imager by a fix-
ture attached to the imager or scanning device. Accept-
ability of such IQI placement shall be demonstrated
during procedure qualification.
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(e) It is not required for the essential wire to span the
full width of the weld. However, the essential wire shall
span at least that portion of the weld representing the
nominal single-wall material thickness and reinforcement
for which the IQI essential wire was selected. The image
brightness requirements of IX-282 and the sensitivity re-
quirements of IX-283 shall also be met.

(f) All other requirements of T-277.1 shall apply.

IX-277.2 Number of IQIs.
(a) Multiple IQIs. An IQI shall be used for each applica-

ble thickness range in Table T-276 spanned by the
minimum-to-maximum thickness of the area of interest
to be radiographed.

(b) As an alternative to (a) above, a minimum of two
IQIs representing the minimum and maximum thick-
nesses of the area of interest may be used, provided the
requirements of IX-288 are met.

(c) All other requirements of T-277.2 shall apply.

IX-277.3 Shims Under Hole-Type IQIs. For welds
with reinforcement or backing material, a shim of materi-
al radiographically similar to the weld metal and/or back-
ing material shall be placed between the part and the IQIs
such that the image brightness at the body of the IQI is
judged to be equal to or greater than the image brightness
at the area of interest for a negative image format. If ver-
ified by measurement, pixel intensity variations up to
30% are permitted in the determination of “equal to.” This
image brightness requirement is reversed for a positive
image format.

The shim dimensions shall exceed the IQI dimensions
such that the outline of at least three sides of the IQI is
visible in the radiograph.

IX-280 EVALUATION

IX-281 QUALITY OF DIGITAL IMAGES

The bad pixel map, as described in IX-261, shall be
viewed as an overlay of each associated image to verify
that the region of interest is free of a sufficient number
or orientation of bad pixels that could mask a defect.

IX-282 IMAGE BRIGHTNESS

The image brightness through the body of the hole-type
IQI or adjacent to the designated wire of the wire-type IQI,
shall be judged to be equal to or greater than the image
brightness in the area of interest for a negative image for-
mat. If verified by measurement, pixel intensity variations
up to 30% are permitted in the determination of “equal
to.” Localized pixel averaging may be used in determining
pixel intensity variations, provided the number of pixels
averaged does not exceed the total number that would
fit inside the area of a circle 0.125 in. (3 mm) in diameter.
This image brightness requirement is reversed for a posi-
tive image format. Additionally, the requirements of
T-282 are not applicable to digital radiography.

Figure IX-263
Beam Width Determination
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IX-283 IQI SENSITIVITY
IX-283.1 Required Sensitivity. Radiography shall be

performed with a technique of sufficient sensitivity to dis-
play the designated hole-type IQI image and the essential
hole, or the essential wire of a wire-type IQI. The radio-
graphs shall also display the IQI identifying numbers
and letters.
For wire-type IQIs, the essential wire shall be visible

within the area of interest representing the thickness
used for determining the essential wire, inclusive of the
allowable brightness variations described in IX-282.

IX-284 EXCESSIVE BACKSCATTER
For a negative image format, the requirements of T-284

shall apply. For a positive image format, if a dark image of
the “B,” as described in T-223, appears on a lighter back-
ground of the image, protection from backscatter is insuf-
ficient and the radiographic image shall be considered
unacceptable. A light image of the “B” on a darker back-
ground is not cause for rejection.
A test to determine if backscatter is present shall be

performed by making an exposure where a lead filter is
placed on one half of the backside of the digital detector
array (DDA) exposed to radiation. A second exposure
shall be made, with the lead moved to the other half of
the DDA. If presence of backscatter is detected, the back
of the detector shall be shielded and the test repeated.

IX-287 DIMENSIONAL MEASURING
IX-287.1 Measuring Scale Comparator. The measur-

ing scale used for interpretation shall be capable of pro-
viding dimensions of the projected image. The
measurement scale tool shall be based upon a known di-
mensional comparator that is placed on or adjacent to the
detector side of the part near the area of interest during
exposure.

IX-287.2 Alternative Comparator. As an alternative
to a measuring scale comparator, a dimensional calibra-
tion of the measuring function based upon the detector
pixel size may be used.

IX-288 INTERPRETATION
Interpretation of the area of interest shall be performed

only after determining the minimum contrast/brightness
values and the maximum contrast/brightness values that
demonstrate the required IQI sensitivity. Final radio-
graphic interpretation shall be made only after the data
within this IQI sensitivity range has been evaluated.
Additionally, where applicable
(a)When more than one IQI is used to qualify multiple

thicknesses, the overlapping portions of each IQI’s estab-
lished sensitivity range shall be considered valid for inter-
pretation of intervening thicknesses.

(b) the digital image may be viewed and evaluated in a
negative or positive image format.
(c) independent areas of interest of the same image

may be displayed and evaluated in differing image for-
mats, provided the IQI and the area of interest are viewed
and evaluated in the same image format.

IX-290 DOCUMENTATION

IX-291 DIGITAL IMAGING TECHNIQUE
DOCUMENTATION DETAILS

The organization shall prepare and document the
radiographic technique details. As a minimum, the follow-
ing information shall be provided:
(a) the requirements of Article 1, T-190(a)
(b) identification as required by T-224
(c) the dimensional map (if used) of marker placement

in accordance with T-275.3
(d) the min./max. travel speed of the detector, source of

radiation, and/or test object
(e) X-ray voltage or isotope used
(f) focal size (F in T-274.1)
(g) base material type and thickness, weld reinforce-

ment thickness, as applicable
(h) source-to-object distance (D in T-274.1)
(i) distance from source side of object to the detector

(d in T-274.1)
(j) detector manufacturer, designation, and serial

number
(k) image acquisition (digitizing) equipment and manu-

facturer, model, and serial number
(l) single- or double-wall exposure
(m) single- or double-wall viewing
(n) procedure identification and revision level
(o) imaging software version and revision
(p) numerical values of the final image processing para-

meters, to include filters, window (contrast), and
level (brightness) for each view

(q) bad pixel maps as described in IX-261(c)
(r) computer monitor resolution

IX-293 EMBEDDED DATA

The technique details and examination results may be
embedded in the data file. When this is performed,
SE-1475, Standard Guide for Data Fields for Computer-
ized Transfer of Digital Radiological Examination Data,
may be used as a guide for establishing data fields and in-
formation content. When data is embedded, the fields
used shall be referenced in the procedure.

ASME BPVC.V-2023ARTICLE 2

66



MANDATORY APPENDIX IX
SUPPLEMENT A

IX-A-210 SCOPE

This Supplement provides the details and requirements
for procedure demonstrations in accordance with Manda-
tory Appendix IX, IX-221.2. This Supplement shall be used
to demonstrate the ability to produce an acceptable image
in accordance with the requirements of the written
procedure.

IX-A-220 GENERAL

IX-A-221 DEMONSTRATION BLOCK
The demonstration block shall meet the requirements

of Mandatory Appendix VIII, Supplement A, Figure
VIII-A-221-1 and shall be of material that is radiographi-
cally similar to the material described in the procedure.

(a) A minimum of two demonstration blocks, repre-
senting the minimum and maximum thicknesses of the
procedure thickness range, shall be required for proce-
dure qualification.

(b) Additional blocks may be used to validate specific
parameters at intermediate thicknesses throughout the
total thickness range.

(c) As an alternative to (a) and (b), one block contain-
ing a series of embedded notches of different depths
may be used with shim plates of appropriate thicknesses
to provide demonstration of both the minimum and max-
imum thicknesses to be qualified for the procedure.

For automated examination techniques, pipe, rolled
plate, or other suitable product forms may be used to ac-
commodate radiation devices, transport mechanisms, and
related fixturing as necessary in order to replicate proce-
dure application variables.

IX-A-230 EQUIPMENT AND MATERIALS

IX-A-231 ACQUISITION PARAMETERS
The acquisition parameters used to acquire the radio-

graphic image shall be verifiable, either embedded in
the image data or in the associated header metadata in-
formation or recorded on the radiographic detail sheet.

IX-A-232 GRAY SCALE VALUES
The pixel intensity values in the region of interest shall

fall within the minimum/maximum values described in
the procedure. The pixel intensity values will be based
on actual assigned image bitmap values, not digital drive
levels.

IX-A-233 IMAGE QUALITY INDICATORS
The designated image quality indicators (IQIs) used for

the demonstration shall be selected from Table T-276. All
IQIs used shall meet the requirements of T-233.

IX-A-240 MISCELLANEOUS REQUIREMENTS

The radiographic image of the demonstration block
shall be viewed and evaluated without the aid of post-
processing filters. Image analysis shall be performed
through window and level (brightness and contrast) var-
iation only.

IX-A-241 SENSITIVITY
As a minimum, both IQIs (essential wire and designated

hole) shall be visible while the embedded notch is dis-
cernable. This shall be accomplished in raw data, without
the aid of processing algorithms or filters.

IX-A-242 RECORDS
The raw, unfiltered images of the procedure demon-

stration shall be maintained and available for review.
The images shall be clearly identified and traceable to
the procedure for which they are used for qualification.
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NONMANDATORY APPENDIX A
RECOMMENDED RADIOGRAPHIC TECHNIQUE SKETCHES FOR

PIPE OR TUBE WELDS

A-210 SCOPE

The sketches in Figures A-210-1 and A-210-2 of this Appendix illustrate techniques used in the radiographic exam-
ination of pipe or tube welds. Other techniques may be used.
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Figure A-210-1
Single-Wall Radiographic Techniques
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Figure A-210-2
Double-Wall Radiographic Techniques

O.D.
Exposure
Technique

Radiograph
Viewing

Source-Weld-Film Arrangement IQI Location
Marker

PlacementEnd View Side View Selection Placement

Any

Double- Wall:
T-271.2(a) at
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Exposures
120 deg to
Each Other
for Complete
Coverage

Single-Wall

Optional
    source
    location

Film

Exposure arrangement — D

T-276 and
Table
T-276

Source Side
T-277.1(a)

Film Side
T-275.1(b)
(1)Film Side

T-277.1(b)

Any

Double- Wall:
T-271.2(a) at
least 3
Exposures
120 deg to
Each Other
for Complete
Coverage

Single-Wall

Film

Exposure arrangement — E

Optional
    source
    location

T-276 and
Table
T-276

Source Side
T-277.1(a)

Film Side
T-275.1(b)
(1)Film Side

T-277.1(b)

31/2 in.
(89mm)
or Less

Double-Wall
T-271.2(b)(1)
at Least 2
Exposures at
90 deg to
Each Other
for Complete
Coverage

Double-Wall
(Ellipse):
Read
Offset
Source
Side and
Film Side
Images

Film

Source

Exposure arrangement — F

T-276 and
Table
T-276

Source Side
T-277.1(a)

Either Side
T-275.2

31/2 in.
(89mm)
or Less

Double-Wall:
T-271.2(b)(2)
at Least 3
Exposures at
60 deg
or 120 deg to
Each Other
for Complete
Coverage

Double-
Wall:
Read
Super-
imposed
Source
Side and
Film Side
Images

Film

Source

Exposure arrangement — G

T-276 and
Table
T-276

Source Side
T-277.1(a)

Either Side
T-275.2
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NONMANDATORY APPENDIX C
HOLE-TYPE IQI PLACEMENT SKETCHES FOR WELDS

C-210 SCOPE

Figures C-210-1 through C-210-4 of this Appendix de-
monstrate typical IQI (hole type) placement for welds.
These sketches are tutorial to demonstrate suggested lo-
cations of IQIs and are not intended to cover all

configurations or applications of production radiography.
Other IQI locations may be used provided they comply
with the requirements of Article 2. Wire IQIs shall be
placed in accordance with the requirements of Article 2.
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Figure C-210-1
Side and Top Views of Hole-Type IQI Placements

Legend:

P = IQI placement
P1 = alternate IQI placement
SH = shim
T = weld thickness upon which the IQI is based

TN = nominal wall thickness
TS = total thickness including backing strip and/or reinforcement

when not removed

GENERAL NOTE: P and P1 are suggested placements of IQIs and are not intended to cover all geometric configurations or applications of
production radiography.
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Figure C-210-2
Side and Top Views of Hole-Type IQI Placements

Legend:

P = IQI placement
P1 = alternate IQI placement
SH = shim
T = weld thickness upon which the IQI is based

TN = nominal wall thickness
TS = total thickness including backing strip and/or reinforcement

when not removed

GENERAL NOTES:
(a) P and P1 are suggested placements of IQIs and are not intended to cover all geometric configurations or applications of production

radiography.
(b) IQI is based on the single-wall thickness plus reinforcement.
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Figure C-210-3
Side and Top Views of Hole-Type IQI Placements

Legend:

P = IQI placement
P1 = alternate IQI placement
SH = shim
T = weld thickness upon which the IQI is based

TN = nominal wall thickness
TS = total thickness including backing strip and/or reinforcement

when not removed

GENERAL NOTE: P and P1 are suggested placements of IQIs and are not intended to cover all geometric configurations or applications of
production radiography.
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Figure C-210-4
Side and Top Views of Hole-Type IQI Placements

Legend:

P = IQI placement
P1 = alternate IQI placement
SH = shim
T = weld thickness upon which the IQI is based

TN = nominal wall thickness
TS = total thickness including backing strip and/or reinforcement

when not removed

GENERAL NOTES:
(a) P and P1 are suggested placements of IQIs and are not intended to cover all geometric configurations or applications of production

radiography.
(b) IQI is based on the single-wall thickness plus reinforcement.
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NONMANDATORY APPENDIX D
NUMBER OF IQIS (SPECIAL CASES)

D-210 SCOPE

Figures D-210-1 through D-210-8 of this Appendix il-
lustrate examples of the number and placement of IQIs
that may be used in the special cases described in
T-277.2(b). These figures are not intended to cover all
configurations or applications of production radiography.

Figure D-210-1
Complete Circumference Cylindrical

Component

GENERAL NOTE: See T-277.2(b)(1)(-a) and T-277.2(b)(3).

Figure D-210-2
Section of Circumference 240 deg or More

Cylindrical Component (Example is Alternate
Intervals)

GENERAL NOTE: See T-277.2(b)(1)(-b) and T-277.2(b)(3).

Figure D-210-3
Section(s) of Circumference Less Than

240 deg Cylindrical Component

GENERAL NOTE: See T-277.2(b)(2)(-b).
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Figure D-210-4
Section(s) of Circumference Equal to or More

Than 120 deg and Less Than 240 deg
Cylindrical Component Option

GENERAL NOTE: See T-277.2(b)(2)(-b).

Figure D-210-5
Complete Circumferential Welds Spherical

Component

Cassettes

IQI
(Far
side)

IQIIQI

IQI

IQI

IQI

IQI

IQI

IQI

IQIIQI

Source

A A

GENERAL NOTE: See T-277.2(b)(4)(-a) and T-277.2(b)(6).

Figure D-210-6
Welds in Segments of Spherical Component

IQI

IQI

A A

IQI

IQI
IQI

Source

Cassettes

GENERAL NOTE: See T-277.2(b)(5), T-277.2(b)(5)(-b), and
T-277.2(b)(6).

Figure D-210-7
Plan View A-A
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Figure D-210-8
Array of Objects in a Circle

GENERAL NOTES:
(a) Special cases IQI locations are typical in all figures.
(b) See T-277.2(b)(8).
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ARTICLE 4
ULTRASONIC EXAMINATION METHODS FOR WELDS

T-410 SCOPE

When this Article is specified by a referencing Code
Section, the ultrasonic method described in this Article
shall be used together with Article 1, General Require-
ments. Terms used in this Article are defined in I-121.2,
UT – Ultrasonics.

This Article provides or references requirements for
weld examinations, which are to be used in selecting
and developing ultrasonic examination procedures when
examination to any part of this Article is a requirement of
a referencing Code Section. These procedures are to be
used for the ultrasonic examination of welds and the di-
mensioning of indications for comparison with accep-
tance standards when required by the referencing Code
Section; the referencing Code Section shall be consulted
for specific requirements for the following:

(a) personnel qualification/certification requirements
(b) procedure requirements/demonstration, qualifica-

tion, acceptance
(c) examination system characteristics
(d) retention and control of calibration blocks
(e) extent of examination and/or volume to be scanned
(f) acceptance standards
(g) retention of records
(h) report requirements

T-420 GENERAL

For specific applications or techniques, refer to the
following:

(a) special provisions for coarse grain materials and
welds in T-451

(b) special provisions for computerized imaging tech-
niques in T-452

(c) Mandatory Appendix III for time-of-flight diffrac-
tion (TOFD) techniques

(d)Mandatory Appendix IV for phased array manual
rastering techniques

(e) Mandatory Appendix V for phased array E-scan
and S-scan linear scanning examination techniques

(f) Mandatory Appendix XI for full matrix capture
(FMC) techniques

T-421 WRITTEN PROCEDURE REQUIREMENTS
T-421.1 Requirements. Ultrasonic examination shall

be performed in accordance with a written procedure
that shall, as a minimum, contain the requirements listed

in Table T-421 or the Appendices applicable to the tech-
nique in use. The written procedure shall establish a sin-
gle value, or range of values, for each requirement.

T-421.2 Procedure Qualification. When procedure
qualification is specified by the referencing Code Section,
a change of a requirement in Table T-421 or the table in
the Mandatory Appendix applicable to the technique in
use, identified as an essential variable from the specified
value, or range of values, shall require requalification of
the written procedure. A change of a requirement identi-
fied as a nonessential variable from the specified value, or
range of values, does not require requalification of the
written procedure. All changes of essential or nonessen-
tial variables from the value, or range of values, specified
by the written procedure shall require revision of, or an
addendum to, the written procedure or scan plan, as
applicable.

T-430 EQUIPMENT

T-431 INSTRUMENT REQUIREMENTS
A pulse-echo-type of ultrasonic instrument shall be

used. The instrument shall be capable of operation at fre-
quencies over the range of at least 1 MHz to 5 MHz and
shall be equipped with a stepped gain control in units
of 2.0 dB or less. If the instrument has a damping control,
it may be used if it does not reduce the sensitivity of the
examination. The reject control shall be in the “off” posi-
tion for all examinations, unless it can be demonstrated
that it does not affect the linearity of the examination.

The instrument, when required because of the tech-
nique being used, shall have both send and receive jacks
for operation of dual search units or a single search unit
with send and receive transducers.

T-432 SEARCH UNITS
T-432.1 General. The nominal frequency shall be

from 1 MHz to 5 MHz unless variables, such as production
material grain structure, require the use of other frequen-
cies to assure adequate penetration or better resolution.
Search units with contoured contact wedges may be used
to aid ultrasonic coupling.

T-432.2 Contact Wedges. As required by (a) and (b)
below, examinations performed on a curved component
having a diameter less than 14 in. (350 mm) (at the exam-
ination surface) shall be performed using a contoured
wedge, to ensure sufficient ultrasonic coupling is
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achieved and to limit any potential rocking of the search
unit as it is moved along the circumference of the
component.
(a) Search units shall be contoured as required by the

following equation:

where

A = length of search unit footprint during circumferen-
tial scanning or the width when scanning in the ax-
ial direction, in. (mm)

D = the component diameter at inspection surface
(I.D./O.D.), in. (mm)

The footprint is defined as the physical dimension of the
search unit in the curved direction of the component.
(b) The search unit contoured dimension shall be se-

lected from the tables in (1) and (2) below, and shall be
determined using the same component dimension from
which the examination is being performed (I.D. or O.D.).

(1)Maximum contour for examinations performed
from O.D.

Actual Component Outside
Diameter,
in. (mm)

Allowable Increase in
Contour Diameter Over

Component O.D., in. (mm)

<4.0 (<100) <1 (<25)
≥4.0 to 10 (≥100 to 250) <2 (<50)

>10 (>250) <4 (<100)

(2)Minimum contour for examinations performed
from I.D.

Actual Component Inside
Diameter,
in. (mm)

Allowable Decrease in
Contour Diameter Under
Component I.D., in. (mm)

<4.0 (<100) <1 (<25)
≥4.0 to 10 (≥100 to 250) <2 (<50)

>10 (>250) <4 (<100)

T-432.3 Weld Metal Overlay Cladding — Search
Unit.5 Dual element, straight beam search units using an
angled pitch-catch technique shall be used. The included
angle between the search unit’s elements shall be such
that the effective focal spot distance is centered in the
area of interest.

Table T-421
Requirements of an Ultrasonic Examination Procedure

Requirement Essential Variable Nonessential Variable

Weld configurations to be examined, including thickness dimensions and base
material product form (pipe, plate, etc.) X …

The surfaces from which the examination shall be performed X …
Technique(s) (straight beam, angle beam, contact, and/or immersion) X …
Angle(s) and mode(s) of wave propagation in the material X …
Search unit type(s), frequency(ies), and element size(s)/shape(s) X …
Special search units, wedges, shoes, or saddles, when used X …
Ultrasonic instrument(s) X …
Calibration [calibration block(s) and technique(s)] X …
Directions and extent of scanning X …
Scanning (manual vs. automatic) X …
Method for discriminating geometric from flaw indications X …
Method for sizing indications X …
Computer enhanced data acquisition, when used X …
Scan overlap (decrease only) X …
Personnel performance requirements, when required X …
Personnel qualification requirements … X
Surface condition (examination surface, calibration block) … X
Couplant: brand name or type … X
Post-examination cleaning technique … X
Automatic alarm and/or recording equipment, when applicable … X
Records, including minimum calibration data to be recorded (e.g., instrument

settings) … X
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T-433 COUPLANT
T-433.1 General. The couplant, including additives,

shall not be detrimental to the material being examined.

T-433.2 Control of Contaminants.
(a) Couplants used on nickel base alloys shall not con-

tain more than 250 ppm of sulfur.
(b) Couplants used on austenitic stainless steel or tita-

nium shall not contain more than 250 ppm of halides
(chlorides plus fluorides).

T-434 CALIBRATION BLOCKS
T-434.1 General.

T-434.1.1 Reflectors. Specified reflectors (i.e.,
side-drilled holes, flat bottom holes, notches, etc.) shall
be used to establish primary reference responses of the
equipment. An alternative reflector(s) may be used pro-
vided that the alternative reflector(s) produces a sensitiv-
ity equal to or greater than the specified reflector(s) (e.g.,
side-drilled holes in lieu of notches, flat bottom holes in
lieu of side-drilled holes).

T-434.1.2 Material.
(a) Similar Metal Welds. The material from which the

block is fabricated shall be of the same product form
and material specification or equivalent P-Number group-
ing as one of the materials being examined. For the pur-
poses of this paragraph, P-Nos. 1, 3, 4, 5A through 5C,
and 15A through 15F materials are considered
equivalent.

(b) Dissimilar Metal Welds. The material selection shall
be based on the material on the side of the weld from
which the examination will be conducted. If the examina-
tion will be conducted from both sides, calibration reflec-
tors shall be provided in both materials.

(c) Transfer Correction. When the block material is not
of the same product form or has not received the same
heat treatment, it may be used provided it meets all other
block requirements and a transfer correction for acousti-
cal property differences is used. Nonmandatory Appen-
dices S and U (as applicable) may be used. Transfer
correction shall be determined by noting the difference
between the signal response, using the same transducers
and wedges to be used in the examination, received from
either of the following:

(1) the corresponding reference reflector (same type
and dimensions) in the basic calibration block and in the
component to be examined

(2) two search units positioned in the same orienta-
tion on the basic calibration block and component to be
examined

The examination sensitivity shall be adjusted for the
difference.

T-434.1.3 Quality. Prior to fabrication, the block
material shall be completely examined with a straight
beam search unit. Areas that contain an indication

exceeding the remaining back-wall reflection shall be ex-
cluded from the beam paths required to reach the various
calibration reflectors.

T-434.1.4 Cladding.
(a) Block Selection. The material from which the block

is fabricated shall be from one of the following:

(1) nozzle dropout from the component

(2) a component prolongation

(3)material of the same material specification, pro-
duct form, and heat treatment condition as the material
to which the search unit is appl ied during the
examination

(b) Clad.Where the component material is clad and the
cladding is a factor during examination, the block shall be
clad to the component clad nominal thickness ±1/8 in.
(3 mm). Deposition of clad shall be by the same method
(i.e., roll-bonded, manual weld deposited, automatic wire
deposited, or automatic strip deposited) as used to clad
the component to be examined. When the cladding meth-
od is not known or the method of cladding used on the
component is impractical for block cladding, deposition
of clad may be by the manual method.

When the parent materials on opposite sides of a weld
are clad by either different P-, A-, or F-numbers or mate-
rial designations or methods, the calibration block shall
be clad with the same P-, A-, or F-numbers or material
designations using the same method used on the side of
the weld from which the examination will be conducted.
When the examination is conducted from both sides of
the weld, the calibration block shall provide for calibra-
tion for both materials and methods of cladding. For
welds clad with a different material or method than the
adjoining parent materials, and it is a factor during the ex-
amination, the calibration block shall be designed to be
representative of this combination.

T-434.1.5 Heat Treatment. The calibration block
shall receive at least the minimum tempering treatment
required by the material specification for the type and
grade. If the calibration block contains welds other than
cladding, and the component weld at the time of the ex-
amination has been heat treated, the block shall receive
the same heat treatment.

T-434.1.6 Surface Finish. The finish on the scan-
ning surfaces of the block shall be representative of the
scanning surface finishes on the component to be
examined.

T-434.1.7 Block Curvature.
T-434.1.7.1 Materials With Diameters Greater

Than 20 in. (500 mm). For examinations in materials
where the examination surface diameter is greater than
20 in. (500 mm), a block of essentially the same curva-
ture, or alternatively, a flat basic calibration block, may
be used.
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T-434.1.7.2 Materials With Diameters 20 in.
(500 mm) and Less. For examinations in materials where
the examination surface diameter is equal to or less than
20 in. (500 mm), a curved block shall be used. Except
where otherwise stated in this Article, a single curved ba-
sic calibration block may be used for examinations in the
range of curvature from 0.9 to 1.5 times the basic calibra-
tion block diameter. For example, an 8 in. (200 mm) dia-
meter block may be used to calibrate for examinations on
surfaces in the range of curvature from 7.2 in. to 12 in.
(180 mm to 300 mm) in diameter. The curvature range
from 0.94 in. to 20 in. (24 mm to 500 mm) in diameter re-
quires six curved blocks as shown in Figure T-434.1.7.2
for any thickness range.

T-434.1.7.3 Alternative for Convex Surface. As
an alternative to the requirements in T-434.1.7.1 when
examining from the convex surface by the straight beam
contact technique, Nonmandatory Appendix G may be
used.

T-434.2 Non-Piping Calibration Blocks.
T-434.2.1 Basic Calibration Block. The basic cali-

bration block configuration and reflectors shall be as
shown in Figure T-434.2.1. The block size and reflector lo-
cations shall be adequate to perform calibrations for the
beam angle(s) and distance range(s) to be used.

T-434.2.2 Block Thickness. The block thickness
(T) shall be per Figure T-434.2.1.

Figure T-434.1.7.2
Ratio Limits for Curved Surfaces
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Figure T-434.2.1
Nonpiping Calibration Blocks

T 

3/4 T 

3 T [Note (1)]

1/2T 1/2T 

1/4T 

1/2T
        [Note (1)]

1/2T
     [Note (1)]

1/2T 

D [Note (1)]

D [Note (1)]

CT 

1/2T 6 in. [Note (1)]  (150 mm)

Cladding (if present) 

Minimum dimensions 

D = 1/2 in. (13 mm) 
Width = 6 in. (150 mm) 
Length = 3 x Thickness 

[Note (1)]

[Note (1)]

Notch Dimensions, in. (mm)

Notch depth = 1.6% T to 2.2% T
Notch width = 1/4 (6) max.
Notch length = 1 (25) min.

Weld Thickness (t), in. (mm)
Calibration Block Thickness (T),

in. (mm)
Hole Diameter,

in. (mm)

≤1 (≤25) 3/4 (19) or t
3/32 (2.5)

>1 (>25) through 2 (50) 11/2 (38) or t
1/8 (3)

>2 (>50) through 4 (100) 3 (75) or t 3/16 (5)
>4 (>100) t ±1 (25) [Note (2)]

GENERAL NOTES:
(a) Holes shall be drilled and reamed 1.5 in. (38 mm) deep minimum, essentially parallel to the examination surface.
(b) For components equal to or less than 20 in. (500 mm) in diameter, calibration block diameter shall meet the requirements

of T-434.1.7.2. Two sets of calibration reflectors (holes, notches) oriented 90 deg from each other shall be used. Alterna-
tively, two curved calibration blocks may be used.

(c) The tolerance for hole diameter shall be ±1/32 in. (0.8 mm). The tolerance for hole location through the calibration block
thickness (i.e., distance from the examination surface) shall be ±1/8 in. (3 mm).

(d) For blocks less than 3/4 in. (19 mm) in thickness, only the 1/2T side-drilled hole and surface notches are required.
(e) All holes may be located on the same face (side) of the calibration block, provided care is exercised to locate all the reflectors

(holes, notches) to prevent one reflector from affecting the indication from another reflector during calibration. Notches
may also be in the same plane as the inline holes (see Nonmandatory Appendix J, Figure J-431). As in Figure J-431, a suffi-
cient number of holes shall be provided for both angle and straight beam calibrations at the 1/4T,

1/2T, and
3/4T depths.

(f) When cladding is present, notch depth on the cladding side of the block shall be increased by the cladding thickness, CT (i.e.,
1.6% T + CT minimum to 2.2% T + CT maximum).

(g) Maximum notch width is not critical. Notches may be made by EDM or with end mills up to 1/4 in. (6.4 mm) in diameter.
(h) Weld thickness, t, is the nominal material thickness for welds without reinforcement or, for welds with reinforcement, the

nominal material thickness plus the estimated weld reinforcement not to exceed the maximum permitted by the referencing
Code Section. When two or more base material thicknesses are involved, the calibration block thickness, T, shall be deter-
mined by the average thickness of the weld; alternatively, a calibration block based on the greater base material thickness
may be used provided the reference reflector size is based upon the average weld thickness.

NOTES:
(1) Minimum dimension.
(2) For each increase in weld thickness of 2 in. (50 mm) or fraction thereof over 4 in. (100 mm), the hole diameter shall increase

1/16 in. (1.5 mm).
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ð23Þ ð23ÞT-434.2.3 Block Curvature. The block curvature
shall be in accordance with T-434.1.7.

T-434.2.4 Alternate Block. Alternatively, the
block may be constructed as shown in Nonmandatory
Appendix J, Figure J-431.

T-434.3 Piping Calibration Blocks. The basic cali-
bration block configuration and reflectors shall be as
shown in Figure T-434.3-1 or the alternate provided in
Figure T-434.3-2 where curvature and/or wall thickness
permits. The basic calibration block curvature shall be
in accordance with T-434.1.7. Thickness, T , shall be
±25% of the nominal thickness of the component to be ex-
amined. The block size and reflector locations shall be
adequate to perform calibrations for the beam angle(s)
and distance range(s) to be used.

T-434.4 Weld Metal Overlay Cladding Calibration
Blocks.6

T-434.4.1 Calibration Blocks for Technique One.
(a) The basic calibration block configuration and reflec-

tors shall be as shown in Figure T-434.4.1. Either a side-
drilled hole or flat bottom hole may be used.
(b) The thickness of the weld metal overlay cladding

shall be at least as thick as that to be examined. The thick-
ness of the base material shall be at least twice the thick-
ness of the weld metal overlay cladding.
(c) The block curvature shall be in accordance with

T-434.1.7.

T-434.4.2 Alternate Calibration Blocks for Tech-
nique One.
(a) Alternately, calibration blocks as shown in Figure

T-434.4.2.1 or Figure T-434.4.2.2 may be used.
(b) The thickness of the weld metal overlay cladding

shall be at least as thick as that to be examined. The thick-
ness of the base material shall be at least twice the thick-
ness of the weld metal overlay cladding.

Figure T-434.3-1
Calibration Block for Piping

L Nominal wall 
  thickness (T) 

Arc length 

CT

Cladding (if present) 

Note (1)

Note
  (1)

Note
  (1)

Note
  (1)

GENERAL NOTES:
(a) The minimum calibration block length, L, shall be 8 in. (200 mm) or 8T, whichever is greater.
(b) For O.D. 4 in. (100 mm) or less, the minimum arc length shall be 75% of the circumference. For O.D. greater than 4 in. (100 mm), the

minimum arc length shall be 8 in. (200 mm) or 3T, whichever is greater.
(c) Notch depths shall be from 8% Tminimum to 11% Tmaximum. When cladding is present, notch depths on the cladding side of the block

shall be increased by the cladding thickness, CT (i.e., 8% T + CT minimum to 11% T + CT maximum). Notch widths shall be 1/4 in. (6 mm)
maximum. Notch lengths shall be 1 in. (25 mm) minimum.

(d) Maximum notch width is not critical. Notches may be made with EDM or with end mills up to 1/4 in. (6 mm) in diameter.
(e) Notch lengths shall be sufficient to provide for calibration with a minimum 3 to 1 signal-to-noise ratio.
(f) Two blocks shall be used when a weld joining two different thicknesses of material is examined and a single block does not satisfy the

requirements of T-434.3.
(g) When a flat block is used as permitted by T-434.1.7.1, the two axial notches may be omitted and the block width may be reduced to 4 in.

(100 mm), provided the I.D. and O.D. notches are placed on opposite examination surfaces of the block. When cladding is not present, only
one notch is required provided each examination surface is accessible during calibrations.

NOTE:
(1) Notches shall be located not closer than 1/2T or 1/2 in. (13 mm), whichever is greater, to any block edge or to other notches.
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Figure T-434.3-2
Alternate Calibration Block for Piping

½T axial hole

¾T tangential hole [Note (2)]

1.5 in. (38 mm) min.

Axial notch

1.0 in. (25 mm) min.

1.5 in. (38 mm) min.

¼T axial hole ¾T axial hole

½T tangential hole  [Note (2)]

¼T tangential hole  [Note (2)]

Circumferential notch

Length [Note (1)]

1.0 in. (25 mm) or T

¾T 

¼T 

0.75 in. (19 mm)

Cladding (if present)

½T 

Arc [Note (1)]

¼T 

¾T 

0.75 in. (19 mm)

T 

GENERAL NOTES:
(a) For blocks less than 3/4 in. (19 mm) in thickness, only the 1/2T side drilled hole is required..
(b) Inclusion of notches is optional. Notches as shown in Figure T-434.3-1 may be utilized in conjunction with this calibration block.
(c) Notch depths shall be from 8% T minimum to 11% T maximum. Notch widths shall be 1/4 in. (6 mm) maximum. Notch lengths shall be

1 in. (25 mm) minimum.
(d) Notches may be made with EDM or with end mills up to 1/4 in. (6 mm) in diameter.
(e) Notch lengths shall be sufficient to provide for calibration with a minimum 3 to 1 signal-to-noise ratio.
(f) Notches shall be located not closer than T or 11/2 in. (38 mm), whichever is greater, to any block edge or to other notches.

NOTES:
(1) Length and arc shall be adequate to provide required angle beam calibration.
(2) Side-drilled hole diameter, length, and tolerance shall be in accordance with T-434.2.1, as permitted by T-464.1.3. Tangential side-drilled

holes at 1/4T ,
1/2T , and

3/4T positions or locations are to have the depth confirmed at one-half of their length. The radius of the side-drilled
hole shall be added to the measured depth to ensure the correct depth. Where thickness does not permit, the required depth of the side-
drilled hole and the location of the tangential position shall be indicated on the block surface.
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(c) The block curvature shall be in accordance with
T-434.1.7.

T-434.4.3 Calibration Block for Technique Two.
(a) The basic calibration block configuration and reflec-

tors shall be as shown in Figure T-434.4.3. A flat bottom
hole drilled to the weld/base metal interface shall be
used. This hole may be drilled from the base material or
weld metal overlay cladding side.
(b) The thickness of the weld metal overlay cladding

shall be at least as thick as that to be examined. The thick-
ness of the base metal shall be within 1 in. (25 mm) of the
calibration block thickness when the examination is per-
formed from the base material surface. The thickness of
the base material on the calibration block shall be at least
twice the thickness of the weld metal overlay cladding
when the examination is performed from the weld metal
overlay cladding surface.

(c) The block curvature shall be in accordance with
T-434.1.7.

T-434.5 Nozzle Side Weld Fusion Zone and/or Adja-
cent Nozzle Parent Metal Calibration Blocks.

T-434.5.1 Calibration Block.
(a) Configuration. The calibration block configuration

shall be as shown in Figure T-434.5.1. The block size
and reflector locations shall be adequate to perform cali-
brations to cover the nozzle side weld fusion zone and/or
the adjacent nozzle parent metal. If the internal surface of
the nozzle is clad before the examination, the ID surface of
the calibration block shall be clad.
(b) Block Thickness. The calibration block shall be the

maximum thickness of the nozzle wall adjacent to the
nozzle weld plus 3/4 in. (19 mm).
(c) Curvature. For examinations of nozzles with an in-

side diameter (I .D.) equal to or less than 20 in.
(500 mm), the contact surface of the calibration block
shall have the same curvature or be within the range of
0.9 to 1.5 times the diameter as detailed in Figure
T-434.1.7.2.

Figure T-434.4.1
Calibration Block for Technique One

1/16 in. (1.5 mm) 
  side-drilled hole's
  reflecting surface
  at weld/base metal
  interface. tolerance =    
  ±1/64 in. (0.4 mm)

1/8 in. (3 mm) flat-bottom hole  
  drilled to weld/base metal interface. 
  tolerance = ±1/64 in. (0.4 mm)  
  

11/2 in. (38 mm) 
  min. depth

Weld metal
  overlay cladding

Axis of weld beads
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(d) Calibration Reflectors. The calibration reflectors
shall be side-drilled hole(s) that are in accordance with
the requirements of Figure T-434.2.1 for the nozzle wall
thickness.

(e) Alternative Blocks. Alternative calibration blocks
may be used for similar types of examinations provided
the sound path distance(s) to the block’s reflector(s) is
(are) within 1/4 in. (6 mm) of what is required and the side
drilled hole(s) is (are) the same or a smaller diameter
than what is required.

Figure T-434.4.2.1
Alternate Calibration Block for Technique One

CT

3/4 CT 1/2 CT 1/4 CT

2 CT
  (min)

2 in.
  (50 mm)

1 in. (typ)
[25 mm (typ)]

1 in. (typ)
[25 mm (typ)]

Axis of weld beads

Weld metal 
  overlay cladding

GENERAL NOTE: All flat-bottom holes are 1/8 in. (3 mm) diameter. Tolerances for hole diameter and depth with respect to the weld metal
overlay cladding side of the block are ±1/64 in. (0.4 mm).
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Figure T-434.4.2.2
Alternate Calibration Block for Technique One

3/4 CT 1/2 CT 1/4 CT

CT

2 CT
  (min)

2 in.
  (50 mm)

1 in. (typ)
[25 mm (typ)]

1 in. (typ)
[25 mm (typ)]

Axis of weld beads

Weld metal 
  overlay cladding

GENERAL NOTE: All side-drilled holes are 1/16 in. (1.5 mm) diameter. Tolerances for hole diameter and depth with respect to the weld metal
overlay cladding side of the block are ±1/64 in. (0.4 mm). All holes drilled to a minimum depth of 1.5 in. (38 mm).

Figure T-434.4.3
Calibration Block for Technique Two

1  in. (25 mm) minimum (typ.)

3/8 in. (10 mm) diameter flat-bottom
  hole machined to weld/base metal
  interface, tolerance = ±1/64 in. (0.4 mm)

Weld metal 
  overlay cladding
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Figure T-434.5.1
Calibration Block for Straight Beam Examination of Nozzle Side Weld Fusion Zone and/or Adjacent

Nozzle Parent Metal

3/4 in. 
 (19 mm) 
 minimum 

3/4 in. 
 (19 mm) 
 minimum 

3/4 in. 
 (19 mm) 
 minimum 

1 in. 
 (25 mm) 
 minimum 

(OD - ID) 
2 

= T 

(OD - ID) 
4 

Clad 
 thickness 
 (if present) 

1-1/2 in. (38 mm) [H] 

ID OD Nozzle 

Flat block surface 

 for diameters ≥ 
 20 in. (500 mm) 

R

GENERAL NOTES:
(a) The thickness, T , of the calibration block (O.D. – I.D.)/2 shall be selected for the maximum nozzle wall thickness under the nozzle attach-

ment weld.
(b) Side-drilled holes shall be drilled and reamed the full height, H , of the block.
(c) The diameter of the side-drilled holes shall be selected for the maximum nozzle wall thickness per (a) above and Figure T-434.2.1.
(d) For nozzle side examinations, when the wall thickness of the calibration block exceeds 2 in. (50 mm), additional side-drilled holes shall be

placed in the block as required in the table below.

Calibration Block Wall Thickness, in. (mm)
Hole Location,

5/8T
Hole Location,

3/4T
Hole Location,

7/8T

>2 (>50) through 3 (75) … X …
>3 (>75) X X X
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T-440 MISCELLANEOUS REQUIREMENTS

T-441 IDENTIFICATION OF WELD EXAMINATION
AREAS

(a) Weld Locations. Weld locations and their identifica-
tion shall be recorded on a weld map or in an identifica-
tion plan.
(b) Marking. If welds are to be permanently marked,

low stress stamps and/or vibratooling may be used.
Markings applied after final stress relief of the component
shall not be any deeper than 3/64 in. (1.2 mm).
(c) Reference System. Each weld shall be located and

identified by a system of reference points. The system
shall permit identification of each weld center line and
designation of regular intervals along the length of the
weld. A general system for layout of vessel welds is de-
scribed in Article 4, Nonmandatory Appendix A; however,
a different system may be utilized provided it meets the
above requirements.

T-450 TECHNIQUES

The techniques described in this Article are intended
for applications where either single or dual element
search units are used to produce:
(a) normal incident longitudinal wave beams for what

are generally termed straight beam examinations or
(b) angle beam longitudinal waves, where both re-

fracted longitudinal and shear waves are present in the
material under examination. When used for thickness
measurement or clad examination, these examinations
are generally considered to be straight beam examina-
tions. When used for weld examinations, they are gener-
ally termed angle beam examinations or
(c) angle beam shear waves, where incident angles in

wedges produce only refracted shear waves in the mate-
rial under examination are generally termed angle beam
examinations.
Contact or immersion techniques may be used. Base

materials and/or welds with metallurgical structures pro-
ducing variable attenuations may require that longitudi-
nal angle beams are used instead of shear waves.
Additionally, computerized imaging techniques may en-
hance the detectability and evaluation of indications.
Other techniques or technology which can be demon-

strated to produce equivalent or better examination sen-
sitivity and detectability using search units with more
than two transducer elements may be used. The demon-
stration shall be in accordance with Article 1, T-150(a).

T-451 COARSE GRAIN MATERIALS
Ultrasonic examinations of high alloy steels and high

nickel alloy weld deposits and dissimilar metal welds be-
tween carbon steels and high alloy steels and high nickel
alloys are usually more difficult than ferritic weld exami-
nations. For the purposes of this paragraph, high alloy
steel is defined as all stainless steels and any other alloy

steel in which the sum of all elements, other than iron, ex-
ceeds 10% of its weight. Difficulties with ultrasonic exam-
inations can be caused by an inherent coarse-grained
and/or a directionally-oriented structure, which can
cause marked variations in attenuation, reflection, and re-
fraction at grain boundaries and velocity changes within
the grains. It is necessary to modify and/or supplement
the provisions of this Article in accordance with
T-150(a) when examining such welds in these materials.
Additional items, which are required, are weld mockups
with reference reflectors in the weld deposit and single
or dual element search units producing refracted longitu-
dinal waves.

T-452 COMPUTERIZED IMAGING TECHNIQUES

The major attribute of Computerized Imaging Tech-
niques (CITs) is their effectiveness when used to charac-
terize and evaluate indications; however, CITs may also
be used to perform the basic scanning functions required
for flaw detection. Computer-processed data analysis and
display techniques are used in conjunction with nonauto-
mated scanner, semiautomatic scanner, or automatic
scanner technique(s) to produce two and three-
dimensional images of flaws, which provides an enhanced
capability for examining critical components and struc-
tures. Computer processes may be used to quantitatively
evaluate the type, size, shape, location, and orientation of
flaws detected by ultrasonic examination or other NDE
methods. Descriptions for some CITs that may be used
are provided in Nonmandatory Appendix E.

T-453 SCANNING TECHNIQUES

Examination may be performed by one of the following
techniques:
(a)manual scanning using no scanner equipment
(b) nonautomated scanning using nonautomated scan-

ner(s)
(c) semiautomated scanning using semiautomated

scanner(s)
(d) automated scanning using automated scanner(s)

T-460 CALIBRATION

T-461 INSTRUMENT LINEARITY CHECKS

The requirements of T-461.1 and T-461.2 shall be met
at intervals not to exceed three months for analog type in-
struments and one year for digital type instruments, or
prior to first use thereafter.

T-461.1 Screen Height Linearity. The ultrasonic in-
strument’s screen height linearity shall be evaluated in
accordance with Mandatory Appendix I.

T-461.2 Amplitude Control Linearity. The ultrasonic
instrument’s amplitude control linearity shall be evalu-
ated in accordance with Mandatory Appendix II.
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T-462 GENERAL CALIBRATION REQUIREMENTS
T-462.1 Ultrasonic System. Calibrations shall in-

clude the complete ultrasonic system and shall be per-
formed prior to use of the system in the thickness range
under examination.

T-462.2 Calibration Surface. Calibrations shall be
performed from the surface (clad or unclad; convex or
concave) corresponding to the surface of the component
from which the examination will be performed.

T-462.3 Couplant. The same couplant to be used
during the examination shall be used for calibration.

T-462.4 Contact Wedges. The same contact wedges
to be used during the examination shall be used for
calibration.

T-462.5 Instrument Controls. Any control which af-
fects instrument linearity (e.g., filters, reject, or clipping)
shall be in the same position for calibration, calibration
checks, instrument linearity checks, and examination.

T-462.6 Temperature. For contact examination, the
temperature differential between the calibration block
and examination surfaces shall be within 25°F (14°C).
For immersion examination, the couplant temperature
for calibration shall be within 25°F (14°C) of the couplant
temperature for examination.

T-462.7 Distance–Amplitude Correction (DAC). No
point on the DAC curve shall be less than 20% of full
screen height (FSH). When any portion of the DAC curve
will fall below 20% FSH, a split DAC shall be used. The
first calibration reflector on the second DAC shall start
at 80% ± 5% FSH. When reflector signal-to-noise ratio
precludes effective indication evaluation and characteri-
zation, a split DAC should not be used. (Article 4, Nonman-
datory Appendix Q provides an example.)

T-463 CALIBRATION FOR NONPIPING
T-463.1 System Calibration for Distance–Amplitude

Techniques.
T-463.1.1 Calibration Block(s). Calibrations shall

be performed utilizing the calibration block shown in
Figure T-434.2.1.

In cases such as single sided access welds (see
T-472.2), the calibration block detailed in Figure
T-434.2.1 may not provide the necessary sound path dis-
tances to the reference reflectors to provide distance–
amplitude correction (DAC) that will fully cover the area
of interest for the straight beam technique. In these cases,
a second calibration block is required whose thickness
(T ) and reference reflector locations are based on the
sound path distance that provides for coverage of the area
of interest.

T-463.1.2 Techniques. Nonmandatory Appendices
B and C provide general techniques for both angle beam
shear wave and straight beam calibrations. Other tech-
niques may be used.

The angle beam shall be directed toward the calibration
reflector that yields the maximum response in the area of
interest. The gain control shall be set so that this response
is 80% ± 5% of full screen height. This shall be the pri-
mary reference level. The search unit shall then be ma-
nipulated, without changing instrument settings, to
obtain the maximum responses from the other calibration
reflectors at their beam paths to generate the distance–
amplitude correction (DAC) curve. These calibrations
shall establish both the distance range calibration and
the distance–amplitude correction.

T-463.1.3 Angle Beam Calibration. As applicable,
the calibration shall provide the following measurements
(Nonmandatory Appendices B and M contain general
techniques):

(a) distance range calibration;
(b) distance–amplitude;
(c) echo amplitude measurement from the surface

notch in the basic calibration block.
When an electronic distance–amplitude correction de-

vice is used, the primary reference responses from the ba-
sic calibration block shall be equalized over the distance
range to be employed in the examination. The response
equalization line shall be at a screen height of 40% to
80% of full screen height.

T-463.1.4 Alternative Angle Beam Calibration.
When a vessel or other component is made with a thick-
ness of 1/2 in. (13 mm) or less and a diameter equal to or
less than 20 in. (500 mm), the angle beam system calibra-
tions for distance–amplitude techniques may be per-
formed using the requirements of T-464.1.1 and
T-464.1.2.

T-463.1.5 Straight Beam Calibration. The calibra-
tion shall provide the following measurements (Nonman-
datory Appendix C gives a general technique):

(a) distance range calibration; and
(b) distance–amplitude correction in the area of

interest.
When an electronic distance–amplitude correction de-

vice is used, the primary reference responses from the ba-
sic calibration block shall be equalized over the distance
range to be employed in the examination. The response
equalization line shall be at a screen height of 40% to
80% of full screen height.

T-463.2 System Calibration for Nondistance–
Amplitude Techniques. Calibration includes all those ac-
tions required to assure that the sensitivity and accuracy
of the signal amplitude and time outputs of the examina-
tion system (whether displayed, recorded, or automati-
cally processed) are repeated from examination to
examination. Calibration may be by use of basic calibra-
tion blocks with artificial or discontinuity reflectors.
Methods are provided in Nonmandatory Appendices B
and C. Other methods of calibration may include sensitiv-
ity adjustment based on the examination material, etc.
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T-464 CALIBRATION FOR PIPING
T-464.1 System Calibration for Distance–Amplitude

Techniques.
T-464.1.1 Calibration Block(s). Calibrations shall

be performed utilizing the calibration block shown in
Figure T-434.3-1 or the alternate provided in Figure
T-434.3-2.

T-464.1.2 Angle Beam Calibration With Notches
(Figure T-434.3-1). The angle beam shall be directed to-
ward the notch that yields the maximum response. The
gain control shall be set so that this response is 80% ±
5% of full screen height. This shall be the primary refer-
ence level. The search unit shall then be manipulated,
without changing instrument settings, to obtain the max-
imum responses from the calibration reflectors at the dis-
tance increments necessary to generate a three-point
distance–amplitude correction (DAC) curve. Separate ca-
librations shall be established for both the axial and cir-
cumferential notches. These calibrations shall establish
both the distance range calibration and the distance–
amplitude correction.

T-464.1.3 Calibration With Side-Drilled Holes
(Figure T-434.3-2). The angle beam shall be directed to-
ward the side-drilled hole that yields the maximum re-
sponse. The gain control shall be set so that this
response is 80% ±5% of full screen height. This shall be
the primary reference level. The search unit shall then
be manipulated, without changing the instrument set-
tings, to obtain the maximum responses from the calibra-
tion reflectors at the distance increments necessary to
generate up to a 3T distance–amplitude correction
(DAC) curve, where T is the thickness of the calibration
block. Next, position the search unit for the maximum re-
sponse for the surface notch positions andmark the peaks
on the screen for consideration when evaluating surface
reflectors. Separate calibrations shall be established for
both the axial and circumferential scans. These calibra-
tions shall establish both the distance range calibration
and the distance–amplitude correction.

T-464.1.4 Straight Beam Calibration. When re-
quired, straight beam calibrations shall be performed to
the requirements of Nonmandatory Appendix C using
the side-drilled hole alternate calibration reflectors of
T-434.1.1. This calibration shall establish both the dis-
tance range calibration and the distance–amplitude
correction.

T-464.2 System Calibration for Nondistance–
Amplitude Techniques. Calibration includes all those ac-
tions required to assure that the sensitivity and accuracy
of the signal amplitude and time outputs of the examina-
tion system (whether displayed, recorded, or automati-
cally processed) are repeated from examination to
examination. Calibration may be by use of basic calibra-
tion blocks with artificial or discontinuity reflectors.

Methods are provided in Nonmandatory Appendices B
and C. Other methods of calibration may include sensitiv-
ity adjustment based on the examination material, etc.

T-465 CALIBRATION FOR WELD METAL
OVERLAY CLADDING

T-465.1 Calibration for Technique One. Calibrations
shall be performed utilizing the calibration block shown
in Figure T-434.4.1. The search unit shall be positioned
for the maximum response from the calibration reflector.
When a side-drilled hole is used for calibration, the plane
separating the elements of the dual element search unit
shall be positioned parallel to the axis of the hole. The
gain control shall be set so that this response is 80% ±
5% of full screen height. This shall be the primary refer-
ence level.

T-465.2 Calibration for Technique Two. Calibrations
shall be performed utilizing the calibration block shown
in Figure T-434.4.3. The search unit shall be positioned
for the maximum response of the first resolvable indica-
tion from the bottom of the calibration reflector. The gain
shall be set so that this response is 80% ± 5% of full
screen height. This shall be the primary reference level.

T-465.3 Alternate Calibration for Technique One.
Calibrations shall be performed utilizing the calibration
blocks shown in Figure T-434 .4 .2 .1 or F igure
T-434.4.2.2. The calibration shall be performed as
follows:
(a) The search unit shall be positioned for maximum

response from the reflector, which gives the highest
amplitude.
(b) When the block shown in Figure T-434.4.2.2 is

used, the plane separating the elements of the dual ele-
ment search unit shall be positioned parallel to the axis
of the holes.
(c) The gain shall be set so that this response is 80% ±

5% of full screen height. This shall be the primary refer-
ence level. Mark the peak of the indication on the screen.
(d)Without changing the instrument settings, position

the search unit for maximum response from each of the
other reflectors and mark their peaks on the screen.
(e) Connect the screen marks for each reflector to pro-

vide a DAC curve.

T-466 CALIBRATION FOR NOZZLE SIDE WELD
FUSION ZONE AND/OR ADJACENT
NOZZLE PARENT METAL

The number of calibration holes used depends upon the
requirements for the examination. If only the nozzle side
fusion zone is to be examined, then only a single side-
drilled hole at the nozzle wall thickness needs to be used.
(a) Single Hole. The response from a single side drilled

hole shall be set at 80% ± 5% of full screen height. This is
the primary reference level.

ASME BPVC.V-2023ARTICLE 4

92



(b) Multiple Holes. The straight beam shall be directed
toward the calibration reflector that yields the maximum
response. The gain control shall be set so that this re-
sponse is 80% ± 5% of full screen height. This shall be
the primary reference level. The search unit shall then
be manipulated, without changing instrument settings,
to obtain the maximum responses from the other hole po-
sition(s) to generate a distance–amplitude correction
(DAC) curve.

T-467 CALIBRATION CONFIRMATION
T-467.1 System Changes. When any part of the ex-

amination system is changed, a calibration check shall
be made on the basic calibration block to verify that dis-
tance range points and sensitivity setting(s) satisfy the re-
quirements of T-467.3.

T-467.2 Calibration Checks. A calibration check on
at least one of the reflectors in the basic calibration block
or a check using a simulator shall be performed at the
completion of each examination or series of similar exam-
inations, and when examination personnel (except for
automated equipment) are changed. The distance range
and sensitivity values recorded shall satisfy the require-
ments T-467.3.

NOTE: Interim calibration checks between the required initial cali-
bration and the final calibration check may be performed. The deci-
sion to perform interim calibration checks should be based on
ultrasonic instrument stability (analog vs. digital), the risk of having
to conduct reexaminations, and the benefit of not performing interim
calibration checks.

T-467.2.1 Simulator Checks. Any simulator
checks that are used shall be correlated with the original
calibration on the basic calibration block during the origi-
nal calibration. The simulator checks may use different
types of calibration reflectors or blocks (such as IIW)
and/or electronic simulation. However, the simulation
used shall be identifiable on the calibration sheet(s).
The simulator check shall be made on the entire examina-
tion system. The entire system does not have to be
checked in one operation; however, for its check, the
search unit shall be connected to the ultrasonic instru-
ment and checked against a calibration reflector. Accu-
racy of the simulator checks shall be confirmed, using
the basic calibration block, at the conclusion of each per-
iod of extended use, or every three months, whichever is
less.

T-467.3 Confirmation Acceptance Values.
T-467.3.1 Distance Range Points. If any distance

range point has moved on the sweep line by more than
10% of the distance reading or 5% of full sweep, which-
ever is greater, correct the distance range calibration
and note the correction in the examination record. All re-
corded indications since the last valid calibration or cali-
bration check shall be reexamined and their values shall
be changed on the data sheets or re-recorded.

T-467.3.2 Sensitivity Settings. If any sensitivity
setting has changed by more than 20% or 2 dB of its am-
plitude, correct the sensitivity calibration and note the
correction in the examination record. If the sensitivity set-
ting has decreased, all data sheets since the last valid ca-
libration check shall be marked void and the area covered
by the voided data shall be reexamined. If the sensitivity
setting has increased, all recorded indications since the
last valid calibration or calibration check shall be reexam-
ined and their values shall be changed on the data sheets
or re-recorded.

T-470 EXAMINATION

T-471 GENERAL EXAMINATION REQUIREMENTS
T-471.1 Examination Coverage. The volume to be

scanned shall be examined by moving the search unit
over the scanning surface so as to scan the entire exami-
nation volume for each required search unit.

(a) Each pass of the search unit shall overlap a mini-
mum of 10% of the transducer (piezoelectric element) di-
mension parallel to the direction of scan indexing. As an
alternative, if the sound beam dimension parallel to the
direction of scan indexing is measured in accordance with
Nonmandatory Appendix B, B-466, Beam Spread mea-
surement rules, each pass of the search unit may provide
overlap of the minimum beam dimension determined.

(b) Oscillation of the search unit is permitted if it can be
demonstrated that overlapping coverage is provided.

T-471.2 Pulse Repetition Rate. The pulse repetition
rate shall be small enough to assure that a signal from a
reflector located at the maximum distance in the exami-
nation volume will arrive back at the search unit before
the next pulse is placed on the transducer.

T-471.3 Rate of Search Unit Movement. The rate of
search unit movement (scanning speed) shall not exceed
6 in./s (150 mm/s), unless:

(a) the ultrasonic instrument pulse repetition rate is
sufficient to pulse the search unit at least six times within
the time necessary to move one-half the transducer
(piezoelectric element) dimension parallel to the direc-
tion of the scan at maximum scanning speed; or,

(b) a dynamic calibration is performed on multiple re-
flectors, which are within 2 dB of a static calibration
and the pulse repetition rate meets the requirements of
T-471.2.

T-471.4 Scanning Sensitivity Level.
T-471.4.1 Distance–Amplitude Techniques. The

scanning sensitivity level shall be set a minimum7 of
6 dB higher than the reference level gain setting or, when
a semi-automatic or automatic technique is used, it may
be set at the reference level.
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T-471.4.2 Nondistance–Amplitude Techniques.
The level of gain used for scanning shall be appropriate
for the configuration being examined and shall be capable
of detecting the calibration reflectors at the maximum
scanning speed.

T-471.5 Surface Preparation.When the base materi-
al or weld surface interferes with the examination, the
base material or weld shall be prepared as needed to per-
mit the examination.

T-471.6 Recording of Ultrasonic Data. The ultraso-
nic data for the semi-automatic and automatic techniques
shall be recorded in an unprocessed form with no thresh-
olding. Gating of the data solely for the recording of the
examination volume is permitted, provided a scan plan
is utilized to determine the gate settings to be used.

T-472 WELD JOINT DISTANCE–AMPLITUDE
TECHNIQUE

When the referencing Code Section specifies a
distance–amplitude technique, weld joints shall be
scanned with an angle beam search unit in both parallel
and transverse directions (4 scans) to the weld axis. Be-
fore performing the angle beam examinations, a straight
beam examination shall be performed on the volume of
base material through which the angle beams will travel
to locate any reflectors that can limit the ability of the an-
gle beam to examine the weld volume. Nonmandatory
Appendix H describes a method of examination using
multiple angle beam search units.

T-472.1 Angle Beam Technique.
T-472.1.1 Beam Angle. The search unit and beam

angle selected shall be 45 deg or an angle appropriate
for the configuration being examined and shall be capable
of detecting the calibration reflectors, over the required
angle beam path.

T-472.1.2 Reflectors Parallel to the Weld Seam.
The angle beam shall be directed at approximate right an-
gles to the weld axis from both sides of the weld (i.e., from
two directions) on the same surface when possible. The
search unit shall be manipulated so that the ultrasonic en-
ergy passes through the required volume of weld and ad-
jacent base material.

T-472.1.3 Reflectors Transverse to the Weld
Seam.
(a) Scanning With Weld Reinforcement. If the weld cap

is not machined or ground flat, the examination shall be
performed from the base material on both sides of the
weld cap. While scanning parallel to the weld axis, the an-
gle beam shall be directed from 0 deg to 60 deg with re-
spect to the weld axis in both axial directions, with the
angle beam passing through the required examination
volume.
(b) Scanning Without Weld Reinforcement. If the weld

cap is machined or ground flat, the examination shall be
performed on the weld. While scanning, the angle beam

shall be directed essentially parallel to the weld axis in
both axial directions. The search unit shall be manipu-
lated so that the angle beam passes through the required
examination volume.

T-472.2 Single-Sided Access Welds. Welds that can-
not be fully examined from two directions per T-472.1.2
using the angle beam technique shall also be examined
to the maximum extent possible with a straight beam
technique applied from an adjacent base material surface.
This may be applicable to vessel corner and tee joints,
nozzle and manway neck to shell or head joints, pipe to
fittings, or branch connections. The area(s) of single-sided
access and, if applicable, the extent of the limit coverage
shall be noted in the examination report.

T-472.3 Inaccessible Welds. Welds that cannot be
examined from at least one side (edge) using the angle
beam technique shall be noted in the examination report.
For flange welds, the weld may be examined with a
straight beam or low angle longitudinal waves from the
flange face provided the examination volume can be
covered.

T-473 WELD METAL OVERLAY CLADDING
TECHNIQUES

The techniques described in these paragraphs shall be
used when examinations of weld metal overlay cladding
are required by the referencing Code Section. When ex-
amination for lack of bond and weld metal overlay clad-
ding flaw indications is required, Technique One shall
be used. When examination for lack of bond only is re-
quired, Technique Two may be used.

T-473.1 Technique One. The examination shall be
performed from the weld metal overlay clad surface with
the plane separating the elements of the dual element
search unit positioned parallel to the axis of the weld
bead. The search unit shall be moved perpendicular to
the weld direction.

T-473.2 Technique Two. The examination may be
performed from either the weld metal overlay clad or un-
clad surface and the search unit may be moved either per-
pendicular or parallel to the weld direction.

T-474 NONDISTANCE–AMPLITUDE TECHNIQUES

The number of angles and directions of the scans, for
reflectors both parallel and transverse to the weld axis,
shall demonstrate the ability to detect the minimum size
rejectable discontinuities in the referencing Code Section
acceptance standards. The detailed techniques shall be in
conformance with the requirements of the referencing
Code Section.
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T-475 NOZZLE SIDE WELD FUSION ZONE AND/
OR ADJACENT NOZZLE PARENT METAL

T-475.1 Search Unit Location. When the referencing
Code Section specifies that an ultrasonic examination be
performed to examine either the nozzle side weld fusion
zone and/or the adjacent nozzle parent metal, a straight
beam examination shall be conducted from the inside
nozzle surface.

T-475.2 Examination. The general examination re-
quirements of T-471 are applicable. The full circumfer-
ence of the nozzle shall be scanned to cover the entire
nozzle side fusion zone of the weld plus 1 in. (25 mm) be-
yond the weld toes. The search unit may be moved either
circumferentially around or axially across the examina-
tion zone. The screen range shall cover as a minimum,
1.1 times the full thickness of the nozzle wall. Nozzles that
cannot be fully examined (e.g., restricted access that pre-
vents hand placement of the search unit) shall be noted in
the examination report.

T-477 POST-EXAMINATION CLEANING

When post-examination cleaning is required by the
procedure, it should be conducted as soon as practical
after evaluation and documentation using a process that
does not adversely affect the part.

T-480 EVALUATION

T-481 GENERAL

It is recognized that not all ultrasonic reflectors indi-
cate flaws, since certain metallurgical discontinuities
and geometric conditions may produce indications that
are not relevant. Included in this category are plate segre-
gates in the heat-affected zone that become reflective
after fabrication. Under straight beam examination, these
may appear as spot or line indications. Under angle beam
examination, indications that are determined to originate
from surface conditions (such as weld root geometry) or
variations in metallurgical structure in austenitic materi-
als (such as the automatic-to-manual weld clad interface)
may be classified as geometric indications. The identity,
maximum amplitude, location, and extent of reflector
causing a geometric indication shall be recorded. [For ex-
ample: internal attachment, 200% DAC, 1 in. (25 mm)
above weld center line, on the inside surface, from
90 deg to 95 deg] The following steps shall be taken to
classify an indication as geometric:

(a) Interpret the area containing the reflector in accor-
dance with the applicable examination procedure.

(b) Plot and verify the reflector coordinates. Prepare a
cross-sectional sketch showing the reflector position
and surface discontinuities such as root and counterbore.

(c) Review fabrication or weld preparation drawings.
Other ultrasonic techniques or nondestructive examina-
tion methods may be helpful in determining a reflector’s
true position, size, and orientation.

T-482 EVALUATION LEVEL
T-482.1 Distance–Amplitude Techniques. All indica-

tions greater than 20% of the reference level shall be in-
vestigated to the extent that they can be evaluated in
terms of the acceptance criteria of the referencing Code
Section.

T-482.2 Nondistance–Amplitude Techniques. All in-
dications longer than 40% of the rejectable flaw size shall
be investigated to the extent that they can be evaluated in
terms of the acceptance criteria of the referencing Code
Section.

T-483 EVALUATION OF LAMINAR REFLECTORS
Reflectors evaluated as laminar reflectors in base mate-

rial which interfere with the scanning of examination vol-
umes shall require the angle beam examination technique
to be modified such that the maximum feasible volume is
examined, and shall be noted in the record of the exami-
nation (T-493).

T-484 ALTERNATIVE EVALUATIONS

Reflector dimensions exceeding the referencing Code
Section requirements may be evaluated to any alternative
standards provided by the referencing Code Section.

T-490 DOCUMENTATION

T-491 RECORDING INDICATIONS
T-491.1 Nonrejectable Indications.Nonrejectable in-

dications shall be recorded as specified by the referencing
Code Section.

T-491.2 Rejectable Indications. Rejectable indica-
tions shall be recorded. As a minimum, the type of indica-
tion (i.e., crack, nonfusion, slag, etc.), location, and extent
(i.e., length) shall be recorded. Nonmandatory Appen-
dices D and K provide general recording examples for an-
gle and straight beam search units. Other techniques may
be used.

T-492 EXAMINATION RECORDS
For each ultrasonic examination, the requirements of

Article 1, T-190(a) and the following information shall
be recorded:

(a) ultrasonic instrument identification (including
manufacturer’s serial number);

(b) search unit(s) identification (including manufac-
turer’s serial number, frequency, and size);

(c) beam angle(s) used;
(d) couplant used, brand name or type;
(e) search unit cable(s) used, type and length;
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(f) special equipment when used (search units,
wedges, shoes, automatic scanning equipment, recording
equipment, etc.);
(g) computerized program identification and revision

when used;
(h) calibration block identification;
(i) simulation block(s) and electronic simulator(s)

identification when used;
(j) instrument reference level gain and, if used, damp-

ing and reject setting(s);
(k) calibration data [including reference reflector(s),

indication amplitude(s), and distance reading(s)];
(l) data correlating simulation block(s) and electronic

simulator(s), when used, with initial calibration;
(m) identification and location of weld or volume

scanned;
(n) surface(s) from which examination was conducted,

including surface condition;

(o) map or record of rejectable indications detected or
areas cleared;
(p) areas of restricted access or inaccessible welds.
Items (a) through (l) may be included or attached in a

separate calibration record provided the calibration re-
cord is included in the examination record.

T-493 REPORT

A report of the examinations shall be made. The report
shall include those records indicated in T-491 and T-492.
The report shall be filed and maintained in accordance
with the referencing Code Section.

T-494 STORAGE MEDIA

Storage media for computerized scanning data and
viewing software shall be capable of securely storing
and retrieving data for the time period specified by the re-
ferencing Code Section.
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MANDATORY APPENDIX I
SCREEN HEIGHT LINEARITY

I-410 SCOPE

This Mandatory Appendix provides requirements for
checking screen height linearity and is applicable to ultra-
sonic instruments with A-scan displays.

I-440 MISCELLANEOUS REQUIREMENTS

Position an angle beam search unit on a calibration
block, as shown in Figure I-440 so that indications from
both the 1/2T and 3/4T holes give a 2:1 ratio of amplitudes
between the two indications. Adjust the sensitivity (gain)
so that the larger indication is set at 80% of full screen
height (FSH). Without moving the search unit, adjust sen-
sitivity (gain) to successively set the larger indication
from 100% to 20% of full screen height, in 10% incre-
ments (or 2 dB steps if a fine control is not available),
and read the smaller indication at each setting. The read-
ing shall be 50% of the larger amplitude, within 5% of
FSH. The settings and readings shall be estimated to the
nearest 1% of full screen. Alternatively, a straight beam

search unit may be used on any calibration block that pro-
vides amplitude differences, with sufficient signal separa-
tion to prevent overlapping of the two signals.

Figure I-440
Linearity
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MANDATORY APPENDIX II
AMPLITUDE CONTROL LINEARITY

II-410 SCOPE

This Mandatory Appendix provides requirements for
checking amplitude control linearity and is applicable to
ultrasonic instruments with A-scan displays.

II-440 MISCELLANEOUS REQUIREMENTS

Position an angle beam search unit on a basic calibra-
tion block, as shown in Figure I-440 so that the indication
from the 1/2T side-drilled hole is peaked on the screen. Ad-
just the sensitivity (gain) as shown in the following table.
The indication shall fall within the specified limits.

Alternatively, any other convenient reflector from any ca-
libration block may be used with angle or straight beam
search units.

Indication Set at %
of Full Screen

dB Control
Change

Indication Limits
% of Full Screen

80% −6 dB 32% to 48%
80% −12 dB 16% to 24%
40% +6 dB 64% to 96%
20% +12 dB 64% to 96%

The settings and readings shall be estimated to the
nearest 1% of full screen.
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MANDATORY APPENDIX III
TIME-OF-FLIGHT DIFFRACTION (TOFD) TECHNIQUE

III-410 SCOPE

This Mandatory Appendix describes the requirements
to be used for a time-of-flight diffraction (TOFD) examina-
tion of welds.

III-420 GENERAL

The requirements of Article 4 apply unless modified by
this Appendix.

III-421 WRITTEN PROCEDURE REQUIREMENTS
III-421.1 Requirements. The requirements of Table

T-421 and Table III-421 shall apply.

III-421.2 Procedure Qualification. The requirements
of Table T-421 and Table III-421 shall apply.

III-430 EQUIPMENT

III-431 INSTRUMENT REQUIREMENTS
III-431.1 Instrument. The instrument shall provide a

linear “A” scan presentation for both setting up scan para-
meters and for signal analysis. Instrument linearity shall
be such that the accuracy of indicated amplitude or time
is ±5% of the actual full-scale amplitude or time. The ul-
trasonic pulser may provide excitation voltage by tone
burst, unipolar, or bipolar square wave. Pulse width shall
be tunable to allow optimization of pulse amplitude and
duration. The bandwidth of the ultrasonic receiver shall
be at least equal to that of the nominal probe frequency
and such that the −6dB bandwidth of the probe does

not fall outside of the −6dB bandwidth of the receiver. Re-
ceiver gain control shall be available to adjust signal am-
plitude in increments of 1dB or less. Pre-amplifiers may
be included in the system. Analog to digital conversion
of waveforms shall have sampling rates at least four times
that of the nominal frequency of the probe. When digital
signal processing is to be carried out on the raw data, this
shall be increased to eight times the nominal frequency of
the probe.

III-431.2 Data Display and Recording. The data dis-
play shall allow for the viewing of the unrectified A-scan
so as to position the start and length of a gate that deter-
mines the extent of the A-scan time-base that is recorded.
Equipment shall permit storage of all gated A-scans to a
magnetic or optical storage medium. Equipment shall
provide a sectional view of the weld with a minimum of
64 gray scale levels. (Storage of just sectional images
without the underlying A-scan RF waveforms is not ac-
ceptable.) Computer software for TOFD displays shall in-
clude algorithms to linearize cursors or the waveform
time-base to permit depth and vertical extent estimations.
In addition to storage of waveform data including ampli-
tude and time-base details, the equipment shall also store
positional information indicating the relative position of
the waveform with respect to the adjacent waveform(s),
i.e., encoded position.

III-432 SEARCH UNITS

III-432.1 General. Ultrasonic probes shall conform to
the following minimum requirements:

(a) Two probes shall be used in a pitch-catch arrange-
ment (TOFD pair).

(b) Each probe in the TOFD pair shall have the same
nominal frequency.

(c) The TOFD pair shall have the same element
dimensions.

(d) The pulse duration of the probe shall not exceed 2
cycles as measured to the 20dB level below the peak
response.

(e) Probes may be focused or unfocused. Unfocused
probes are recommended for detection and focused
probes are recommended for improved resolution for
sizing.

(f) Probes may be single element or phased array.

Table III-421
Requirements of a TOFD Examination

Procedure

Requirement (as Applicable)
Essential
Variable

Nonessential
Variable

Instrument manufacturer and
model X …

Instrument software X …
Directions and extent of scanning X …
Method for sizing flaw length X …
Method for sizing flaw height X …
Data sampling spacing (increase
only) X …
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(g) The nominal frequency shall be from 2 MHz
to 15 MHz unless variables, such as production material
grain structure, require the use of other frequencies to as-
sure adequate penetration or better resolution.

III-432.2 Cladding — Search Units for Technique
One. The requirements of T-432.3 are not applicable to
the TOFD technique.

III-434 CALIBRATION BLOCKS
III-434.1 General.

III-434.1.1 Reflectors. Side-drilled holes shall be
used to confirm adequate sensitivity settings.

III-434.1.7 Block Curvature. Paragraph T-434.1.7
shall also apply to piping.

III-434.2 Calibration Blocks. Paragraph T-434.2
shall also apply to piping.

III-434.2.1 Basic Calibration Block. The basic cali-
bration block configuration and reflectors shall be as
shown in Figure III-434.2.1(a). A minimum of two holes
per zone, if the weld is broken up into multiple zones, is
required. See Figure III-434.2.1(b) for a two zone

example. The block size and reflector location shall be
adequate to confirm adequate sensitivity settings for the
beam angles used.

III-434.2.2 Block Thickness. The block thickness
shall be within the lesser of 3/4 in. (19 mm) or 25% of
the nominal thickness of the piece to be examined. Refer-
ence reflector size is based on the thickness to be exam-
ined, and an adequate number of holes shall exist to
comply with III-434.2.1 requirements.

III-434.2.3 Alternate Block. The requirements of
T-434.2.4 are not applicable to the TOFD technique.

III-434.3 Piping Calibration Block. The require-
ments of T-434.3 are not applicable to the TOFD
technique.

III-434.4 Cladding Calibration Blocks. The require-
ments of T-434.4 are not applicable to the TOFD
technique.

III-435 MECHANICS

Mechanical holders shall be used to ensure that probe
spacing is maintained at a fixed distance. The mechanical
holders shall also ensure that alignment to the intended

Figure III-434.2.1(a)
TOFD Reference Block

T/4

3T/4
T

Cladding (when present)

Weld Thickness, in. (mm) Hole Diameter, in. (mm)

≤1 (≤25) 3/32 (2.5)
>1 (>25) through 2 (50) 1/8 (3)
>2 (>50) through 4 (100) 3/16 (5)
>4 (>100) 1/4 (6)

GENERAL NOTES:
(a) Holes shall be drilled and reamed 2 in. (50 mm) deep minimum, essentially parallel to the examination surface and the scanning

direction.
(b) Hole Tolerance. The tolerance on diameter shall be ±1/32 in. (±0.8 mm). The tolerance on location through the block thickness shall be

±1/8 in. (±3 mm).
(c) All holes shall be located on the same face (side) of the block and aligned at the approximate center of the face (side) unless the indication

from one reflector affects the indication from another. In these cases, the holes may be located on opposite faces (sides) of the block.
(d) When the weld is broken up into multiple zones, each zone shall have a Tz/4 and Tz(

3/4) side drilled hole, where Tz is the zone thickness.
(e) For components ≤20 in. (500 mm) in diameter, calibration block diameter shall meet the requirements of T-434.1.7.2.
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scan axis on the examination piece is maintained. Probe
motion may be achieved using motorized or manual
means and the mechanical holder for the probes shall
be equipped with a positional encoder that is synchro-
nized with the sampling of A-scans.

III-460 CALIBRATION

III-463 CALIBRATION
III-463.1 Calibration Block. Calibration shall be per-

formed utilizing the calibration block shown in Figure
III-434.2.1(a) or Figure III-434.2.1(b), as applicable.

III-463.2 Calibration.
(a) For single-zone examination or for the uppermost

zone of a multiple-zone examination, set the TOFD probes
on the surface to be used for calibration and set the gain
control so that the lateral wave amplitude is between
40% and 90% of the full screen height (FSH) and the
baseline noise level is between 5% and 10% FSH. This
is the reference sensitivity setting.

(b) For additional zones below the uppermost zone in
multiple-zone examinations, set the baseline noise level
between 5% and 10% FSH. This is the reference sensitiv-
ity setting.

III-463.3 Confirmation of Sensitivity. Scan the cali-
bration block’s SDHs with them centered between the
probes, at the reference sensitivity level set in III-463.2.

The SDH responses from the required zone shall be a
minimum of 6 dB above the grain noise and shall be ap-
parent in the resulting digitized grayscale display.

III-463.4 Multiple Zone Examinations.When a weld
is broken up into multiple zones, repeat III-463.2 and
III-463.3 for each TOFD probe pair. In addition, the near-
est SDH in the adjoining zone(s) shall be detected.

III-463.5 Width of Coverage Confirmation. Two ad-
ditional scans per III-463.3 shall be made with the probes
offset to either side of the applicable zone’s examination
area [as defined in the referencing Code Section and
meeting the requirements of Figure III-434.2.1(a) or
Figure III-434.2.1(b), as applicable]. If all the required
holes are not detected, two additional offset scans are re-
quired with the probes offset by the distance(s) identified
above. See Figure III-463.5 for an example.

III-463.6 Encoder. Encoders shall be calibrated per
the manufacturer’s recommendations and confirmed by
moving a minimum distance of 20 in. (500 mm) and the
displayed distance being ±1% of the actual distance
moved.

III-464 CALIBRATION FOR PIPING
The requirements of T-464 are not applicable to the

TOFD technique.

III-465 CALIBRATION FOR CLADDING

The requirements of T-465 are not applicable to the
TOFD technique.

Figure III-434.2.1(b)
Two-Zone Reference Block Example

Lower zone 
T2 

Upper zone 
T1 

T1/4 

T2(¾)

T1(¾)

T2/4 
T 

Cladding (when present) 

Legend:

T1 = thickness of the upper zone T2 = thickness of the lower zone
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III-467 ENCODER CONFIRMATION

A calibration check shall be performed at intervals not
to exceed one month or prior to first use thereafter, made
by moving the encoder along a minimum distance of
20 in. (500 mm) and the displayed distance being ±1%
of the actual distance moved.

III-470 EXAMINATION

III-471 GENERAL EXAMINATION REQUIREMENTS
III-471.1 Examination Coverage. The volume to be

scanned shall be examined with the TOFD probe pair cen-
tered on and transverse to the weld axis and then moving
the probe pair parallel to and along the weld axis. If offset
scans are required due to the width of the weld, repeat
the initial scan with the probes offset to one side of the
weld axis and again with the offset to the opposite side
of the first offset scan.

III-471.4 Overlap. The minimum overlap between
adjacent scans shall be 1 in. (25 mm).

III-471.5 Multiple Zone Examination.When a weld is
broken down into multiple zones, repeat III-471.1 for
each weld zone.

III-471.6 Recording Data (Gated Region). The unrec-
tified (RF waveform) A-scan signal shall be recorded. The
A-scan gated region shall be set to start just prior to the
lateral wave and, as a minimum, not end until all of the
first back-wall signal with allowance for thickness and
mismatch variations, is recorded. Useful data can be ob-
tained from mode-converted signals; therefore, the inter-
val from the first back-wall signal to the mode-converted
back-wall signal shall also be included in the data col-
lected when required by the referencing Code.

III-471.8 Reflectors Transverse to the Weld Seam.
An angle beam examination shall be performed in accor-
dance with T-472.1.3 for reflectors transverse to the weld
axis unless the referencing Code Section specifies a TOFD
examination. In these cases, position each TOFD probe
pair essentially parallel to the weld axis and move the
probe pair along and down the weld axis. If the weld re-
inforcement is not ground smooth, position the probes
on the adjacent plate material as parallel to the weld axis
as possible.

III-471.9 Supplemental I.D. and O.D. Near Surface
Examination. Due to the presence of the lateral wave
and back-wall indication signals, flaws occurring in these
zones may not be detected. Therefore, the I.D. and O.D.
near surfaces within the area of interest shall be

Figure III-463.5
Offset Scans

SCAN #2
PCS offset �1/2 of applicable

zone(s) width

SCAN #3
PCS offset �1/2 of applicable

zone(s) width

SCAN #1
PCS centered on weld

axis

applicable
zone(s) width

�

�

ASME BPVC.V-2023ARTICLE 4

102



examined per Article 4 using a technique other than
TOFD. This examination may be performed using manual,
semiautomated, or automated ultrasonic examination
techniques; if semiautomated or automated, the data
may be recorded in conjunction with the TOFD
examination.

III-472 WELD JOINT DISTANCE–AMPLITUDE
TECHNIQUE

The requirements of T-472 are not applicable to the
TOFD technique.

III-473 CLADDING TECHNIQUE

The requirements of T-473 are not applicable to the
TOFD technique.

III-475 DATA SAMPLING SPACING

A maximum sample spacing of 0.040 in. (1 mm) shall
be used between A-scans collected for thicknesses under
2 in. (50 mm) and a sample spacing of up to 0.080 in.
(2 mm) may be used for thicknesses greater than 2 in.
(50 mm).

III-480 EVALUATION

III-485 MISSING DATA LINES

Missing lines in the display shall not exceed 5% of the
scan lines to be collected, and no adjacent lines shall be
missed.

III-486 FLAW SIZING AND INTERPRETATION

When height of flaw sizing is required, after the system
is calibrated per III-463, a free run on the calibration
block shall be performed and the depth of the back-wall
reflection calculated by the system shall be within
0.04 in. (1 mm) of the actual thickness. For multiple zone
examinations where the back wall is not displayed or
barely discernible, a side-drilled hole or other known
depth reference reflector in the calibration block may
be used. See Nonmandatory Appendices L and N of this
Article for additional information on flaw sizing and
interpretation.

Final interpretation shall only be made after all display
parameter adjustments (i.e., contrast, brightness, lateral
and back wall removal and SAFT processing, etc.) have
been completed.

III-490 DOCUMENTATION

III-492 EXAMINATION RECORD

For each examination, the required information in
T-492 and the following information shall be recorded:

(a) probe center spacing (PCS)
(b) data sampling spacing
(c) flaw height, if specified
(d) the final display processing levels

III-493 REPORT

A report of the examination shall be made. The report
shall include those records indicated in T-491, T-492,
and III-492. The report shall be filed and maintained in
accordance with the referencing Code Section.
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MANDATORY APPENDIX IV
PHASED ARRAY MANUAL RASTER EXAMINATION TECHNIQUES

USING LINEAR ARRAYS

IV-410 SCOPE

This Mandatory Appendix describes the requirements
to be used for phased array, manual raster scanning, ul-
trasonic techniques using linear arrays. The techniques
covered by this Appendix are single (fixed angle), E-scan
(fixed angle), and S-scan (sweeping multiple angle). In
general, this Article is in conformance with SE-2700, Stan-
dard Practice for Contact Ultrasonic Testing of Welds
Using Phased Arrays. SE-2700 provides details to be con-
sidered in the procedures used.

IV-420 GENERAL

The requirements of Article 4 apply except as modified
by this Appendix.

IV-421 WRITTEN PROCEDURE REQUIREMENTS
IV-421.1 Requirements. The requirements of Table

IV-421 shall apply.

IV-421.2 Procedure Qualification. The requirements
of Table IV-421 shall apply.

IV-422 SCAN PLAN
A scan plan shall be developed. The scan plan, in com-

bination with the written procedure, shall address all re-
quirements of Table IV-421.

IV-460 CALIBRATION

IV-461 INSTRUMENT LINEARITY CHECKS
IV-461.2 Amplitude Control Linearity. The ultraso-

nic instrument’s amplitude control linearity shall be eval-
uated in accordance with Mandatory Appendix II for each
pulser-receiver circuit.

IV-462 GENERAL CALIBRATION REQUIREMENTS
IV-462.7 Focal Law. The focal law to be used during

the examination shall be used for calibration.

IV-462.8 Beam Calibration. All individual beams
used in the examination shall be calibrated to provide
measurement of distance and amplitude correction over
the sound path employed in the examination. This shall
include applicable compensation for wedge sound path
variations and wedge attenuation effects.

IV-490 DOCUMENTATION

IV-492 EXAMINATION RECORD
For each examination, the required information of

T-492 and the following information shall be recorded:
(a) search unit type, element size and number, and

pitch and gap dimensions
(b) focal law parameters, including, as applicable, angle,

element numbers used, range of elements, element incre-
mental change, angular range, and angle incremental
change
(c) wedge angle
(d) instrument settings to include, as a minimum, exci-

tation pulse type, duration and voltage settings, digitiza-
tion rate (e.g., nominal rate as affected by compression
and points quantity), rectification, pulse repetition rate,
range start and stop, band pass filters, smoothing, focal
type, and length
(e) scan plan variables
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Table IV-421
Requirements of a Manual Linear Phased Array Raster Scanning Examination Procedure

Requirements (as Applicable) Essential Nonessential

Weld configurations examined, including joint design, thickness, and base material product form(s) X …
Surfaces from which the examination is performed X …
Surface condition (examination surface, calibration block) X …
Weld axis reference system and marking … X
Personnel qualification requirements X …
Personnel performance demonstration (if required) X …
Primary reference reflector and level X …
Calibration block(s) and technique(s) X …
Standardization method and reflectors (wedge delay, sensitivity, TCG) X …
Computerized data acquisition … X
Wedge cut/natural refracted angle X …
Wedge contouring and/or stabilizing features X …
Wedge height X …
Wedge type (solid wedge, water column, etc.) X …
Wedge material X …
Couplant: brand name or type … X
Instrument manufacturer and model, including all related operating modules X …
Instrument software and revision [Note (1)] X …
Special phased array probes, curved/shaped wedges, shoes, or saddles, when used X …
Search unit type (linear, dual linear, dual matrix, tandem, etc.) X …
Search unit detail (frequency, element size, number pitch, gap dimensions, element shape) X …
Technique(s) (straight beam, angle beam, contact, and/or immersion) X …
Angle(s) and mode(s) of wave propagation in the material X …
Directions and extent of scanning X …
Scan increment (decrease in overlap amount) X …
Use of scan gain over primary reference level X …
Virtual aperture size (i.e., number of elements, effective height, and element width) X …
Focus length and plane (identify plane projection, depth, or sound path, etc.) X …
For E-scan:

Range of element numbers used (i.e., 1–126, 10–50, etc.) X …
Element incremental change (i.e., 1, 2, etc.) X …
Rastering angle X …
Aperture start and stop numbers X …

For S-scan:
Aperture element numbers (first and last) X …
Decrease in angular range used (i.e., 40 deg to 50 deg, 50 deg to 70 deg, etc.) X …
Maximum angle incremental change (i.e., 1/2 deg, 1 deg, etc.) X …

For compound E-scan and S-scan: all E-scan and S-scan variables apply X …
Digitizing frequency X …
Net digitizing frequency (considers points quantity and other data compression) X …
Instrument dynamic range setting X …
Pulser voltage X …
Pulse type and width X …
Filters and smoothing X …
Pulse repetition frequency X …
Maximum range setting X …
Automatic alarm and/or recording equipment, when applicable … X
Method for discriminating geometric from flaw indications X …
Flaw characterization methodology X …
Method for measuring flaw length X …
Records, including minimum calibration data (e.g., instrument settings) … X
Post-exam cleaning … X

NOTE:
(1) Use of software revisions must be evaluated by the Level III for their impact on the functions as used. A limited extension of qualifica-

tion may be determined to prove software functions. For example, addition of a software feature more capable than that qualified may
be qualified by reanalysis of existing data. If a revision is implemented, personnel must receive training in use of the revised software.

ASME BPVC.V-2023 ARTICLE 4

105



MANDATORY APPENDIX V
PHASED ARRAY E-SCAN AND S-SCAN LINEAR SCANNING

EXAMINATION TECHNIQUES

V-410 SCOPE

This Mandatory Appendix describes the requirements
to be used for phased array E-scan (fixed angle) and
S-scan encoded linear scanning examinations using linear
array search units.

V-420 GENERAL

The requirements of Article 4 apply except as modified
by this Appendix.

V-421 WRITTEN PROCEDURE REQUIREMENTS
V-421.1 Requirements. The requirements of Table

V-421 shall apply.

V-421.2 Procedure Qualification. The requirements
of Table V-421 shall apply.

V-422 SCAN PLAN
A scan plan shall be developed. The scan plan, in com-

bination with the written procedure, shall address all re-
quirements of Table V-421.

V-460 CALIBRATION

V-461 INSTRUMENT LINEARITY CHECKS
V-461.2 Amplitude Control Linearity. The ultrasonic

instrument’s amplitude control linearity shall be evalu-
ated in accordance with Mandatory Appendix II for each
pulser-receiver circuit.

V-462 GENERAL CALIBRATION REQUIREMENTS
V-462.7 Focal Law. The focal law to be used during

the examination shall be used for calibration.

V-462.8 Beam Calibration. All individual beams
used in the examination shall be calibrated to provide
measurement of distance and amplitude correction over
the sound path employed in the examination.

V-467 ENCODER CALIBRATION
A calibration check shall be performed at intervals not

to exceed one month or prior to first use thereafter, by
moving the encoder a minimum distance of 20 in.
(500 mm). The display distance shall be within 1% of
the actual distance moved.

V-470 EXAMINATION

V-471 GENERAL EXAMINATION REQUIREMENTS
V-471.1 Examination Coverage. The required vol-

ume of the weld and base material to be examined shall
be scanned using a linear scanning technique with an en-
coder. Each linear scan shall be parallel to the weld axis at
a constant stand-off distance with the beam oriented per-
pendicular to the weld axis.
(a) The search unit shall be maintained at a fixed dis-

tance from the weld axis by a fixed guide or mechanical
means.
(b) The examination angle(s) for E-scan and range of

angles for S-scan shall be appropriate for the joint to be
examined.
(c) Scanning speed shall be such that data drop-out is

less than 2 data lines/in. (25 mm) of the linear scan length
and that there are no adjacent data line skips.
(d) For E-scan techniques, overlap between adjacent

active apertures (i.e., aperture incremental change) shall
be a minimum of 50% of the effective aperture height.
(e) For S-scan techniques, the angular sweep incremen-

tal change shall be a maximum of 1 deg or sufficient to as-
sure 50% beam overlap.
(f) When multiple linear scans are required to cover

the required volume of weld and base material, overlap
between adjacent linear scans shall be a minimum of
10% of the effective aperture height for E-scans or beam
width for S-scans.

V-471.6 Recording. A-scan data shall be recorded for
the area of interest in an unprocessed form with no
thresholding, at a minimum digitization rate of five times
the examination frequency, and recording increments of a
maximum of
(a) 0.04 in. (1 mm) for material < 3 in. (75 mm) thick
(b) 0.08 in. (2 mm) for material ≥ 3 in. (75 mm) thick

V-471.7 Reflectors Transverse to the Weld Seam. As
an alternate to line scanning, a manual angle beam exam-
ination may be performed for reflectors transverse to the
weld axis.
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Table V-421
Requirements of Phased Array Linear Scanning Examination Procedures

Requirements (as Applicable)

Workmanship Fracture Mechanics

Essential Nonessential Essential Nonessential

Weld configurations examined, including joint design thickness and
base material product form

X … X …

Surfaces from which examination is performed X … X …
Surface condition (examination surface, calibration block) X … X …
Weld axis reference system and marking X … X …
Personnel qualification requirements X … X …
Personnel performance demonstration (if required) X … X …
Primary reference reflector and level X … X …
Calibration [calibration block(s) and technique(s)] X … X …
Standardization method and reflectors (wedge delay, sensitivity, TCG) X … X …
Computerized data acquisition X … X …
Wedge cut/natural refracted angle X … X …
Wedge contouring and/or stabilizing features X … X …
Wedge height X … X …
Wedge roof angle, if applicable X … X …
Wedge type (solid wedge, water column, etc.) X … X …
Wedge material X … X …
Scanner type and fixturing X … X …
Search unit mechanical fixturing device (manufacturer and model),

adhering and guiding mechanism
X … X …

Search unit separation, if applicable X … X …
Couplant brand name or type … X … X
Instrument manufacturer and model, including all related operating

modules
X … X …

Instrument software and revision [Note (1)] X … X …
Use of separate data analysis software and revision [Note (1)] X … X …
Search unit type (linear, dual linear, dual matrix, tandem, etc.) X … X …
Search unit detail (frequency, element size, number pitch, gap

dimensions, element shape)
X … X …

Technique(s) (straight beam, angle beam, contact, and/or immersion) X … X …
Angle(s) and mode(s) of wave propagation in the material X … X …
Direction and extent of scanning X … X …
Scanning technique (line vs. raster) X … X …
Scanning technique (automated vs. semiautomated) X … X …
Scanning (manual vs. encoded) X … X …
Scan increment (decrease in overlap) X … X …
Use of scan gain over primary reference level X … X …
Virtual aperture size (i.e., number of elements, effective height, and

element width)
X … X …

Focus length and plane (identify plane projection, depth, or sound
path, etc.)

X … X …

For E-scan
Range of element numbers used (i.e., 1–126, 10–50, etc.) X … X …
Element incremental change (i.e., 1, 2, etc.) X … X …
Rastering angle X … X …
Aperture start and stop numbers X … X …

For S-scan:
Aperture element numbers (first and last) X … X …
Decrease in angular range used (i.e., 40 deg to 50 deg, 50 deg to 70
deg, etc.)

X … X …

Maximum angle incremental change (i.e., 1/2 deg, 1 deg, etc.) X … X …
For compound E-scan and S-scan: all E-scan and S-scan variables apply X … X …
Digitizing frequency X … X …
Net digitizing frequency (considers digitization frequency together

with points quantity or other data compression)
X … X …

Instrument dynamic range setting X … X …
Pulser voltage X … X …
Pulse type and width X … X …
Filters and smoothing X … X …
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V-490 DOCUMENTATION

V-492 EXAMINATION RECORD
For each examination, the required information of

T-492 and the following information shall be recorded:
(a) search unit element size, number, and pitch and gap

dimensions
(b) focal law parameters, including, as applicable, angle

or angular range, element numbers used, angular or ele-
ment incremental change, and start and stop element
numbers or start element number

(c) wedge natural refracted angle

(d) instrument settings to include, as a minimum, exci-
tation pulse type, duration and voltage settings, digitiza-
tion rate (e.g., nominal rate as affected by compression
and points quantity), rectification, pulse repetition rate,
range start and stop, band pass filters, smoothing, focal
type, and length

(e) scan plan variables

A-scan recorded data need only be retained until final
flaw evaluation has been performed.

Table V-421
Requirements of Phased Array Linear Scanning Examination Procedures (Cont'd)

Requirements (as Applicable)

Workmanship Fracture Mechanics

Essential Nonessential Essential Nonessential

Pulse repetition frequency X … X …
Maximum range setting X … X …
Use of digital gain X … X …
Method for discriminating geometric from flaw indications X … X …
Flaw characterization methodology X … NA NA
Method for measuring flaw length X … X …
Method for measuring flaw height NA NA X …
Method for determining indication location relative to surface NA NA X …
Method for determining indication relative to other indications NA NA X …
Records, including minimum calibration data to be recorded (e.g.,
instrument settings)

… X … X

Post-exam cleaning … X … X

GENERAL NOTE: NA = not applicable.

NOTE:
(1) Use of later software revisions shall be evaluated by the Level III for their impact on the functions as used. A limited extension of qua-

lification may be determined to prove software functions. For example, addition of a software feature more capable than that already
qualified may be qualified by reanalysis of existing data. If a revision is implemented, personnel shall receive training in use of the revised
software.
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MANDATORY APPENDIX VII
ULTRASONIC EXAMINATION REQUIREMENTS FOR
WORKMANSHIP-BASED ACCEPTANCE CRITERIA

VII-410 SCOPE

This Mandatory Appendix provides requirements when
an automated or semiautomated ultrasonic examination
is performed for workmanship-based acceptance criteria.

VII-420 GENERAL

The requirements of Article 4 apply except as modified
by this Appendix.

VII-421 WRITTEN PROCEDURE REQUIREMENTS
VII-421.1 Requirements. Procedures shall be as de-

tailed for the applicable ultrasonic technique.

VII-421.2 Procedure Qualification. When required
by the referencing Code Section, in lieu of the require-
ments in T-150(d), the procedure shall be considered
qualified when the supervising Level III and the Inspector
are satisfied that the indications produced by the demon-
strated procedure reveal the length, location, orientation,
quantity, and characterization of the discontinuities
known to be present in the examined test specimen.

VII-423 PERSONNEL QUALIFICATIONS

Only qualified UT personnel trained in the use of the
equipment and who have demonstrated the ability to
properly acquire examination data, shall conduct produc-
tion scans. Personnel who approve setups, perform cali-
brations, and analyze and interpret the collected data
shall be a Level II or Level III who have documented train-
ing in the use of the equipment and software used. The
training and demonstration requirements shall be ad-
dressed in the employer’s written practice.

VII-430 EQUIPMENT

VII-431 INSTRUMENT REQUIREMENTS

The ultrasonic examination shall be performed using a
system employing automated or semiautomated scanning
with computer based data acquisition and analysis abil-
ities. The examination for transverse reflectors may be
performed manually per T-472.1.3 unless the referencing
Code Section specifies it also shall be by an automated or
semiautomated scan.

VII-434 CALIBRATION BLOCKS

VII-434.1 Calibration and Scan Plan Verification.
The following methods from either (a) or both (b) and
(c) shall be used to verify the scan plan and examination
calibration:

(a) Scanner Block. A block shall be fabricated meeting
the requirements of T-434.1 and Figure T-434.2.1 except
that its thickness, T , shall be within the lesser of 1/4 in.
(6 mm) or 25% of the material thickness to be examined
and the number and position of the side-drilled holes
shall be adequate to confirm the sensitivity setting of each
probe, or probe pair in the case of a TOFD setup, as posi-
tioned per the scan plan in the scanner. The scanner block
is in addition to the calibration block required per Article
4, unless the scanner block also has all the specified refer-
ence reflectors required per Figure T-434.2.1. For scanner
block(s), VII-466.1 shall apply.

(b) Simulator Check. A simulator check shall be used
prior to and at the end of each examination or series of
exams. The simulator check may use any reference block
(i.e., IIW, Rompus) or any block with a known reflector(s),
provided that amplitude and time base signals can be
identified and correlated to the original examination cali-
bration. The time base position, amplitude, and known re-
flector shall be recorded on the calibration sheet(s).
Accuracy of the simulator checks shall be verified at the
conclusion of each period of extended use. For simulator
checks VII-466.2.1 shall apply.

(c) Search Unit Position Verification. An adjustable
scanner or search unit positioning system that is capable
of measuring and securing the search unit shall be used
for the purpose of maintaining and verifying a consistent
probe position throughout the examination to the extent
of ensuring that compliance with the scan plan has been
achieved. VII-466.3 shall apply.

VII-440 MISCELLANEOUS REQUIREMENTS

VII-442 SCANNING DATA

The original scanning data, unprocessed, shall be saved
electronically (e.g., magnetic, optical, flash memory, etc.).
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VII-460 CALIBRATION

VII-466 CALIBRATION FOR NOZZLE SIDE WELD
FUSION ZONE AND/OR ADJACENT
NOZZLE PARENT METAL

VII-466.1 System Confirmation Scan. The scanner
block shall be scanned and the reference reflector indica-
tions recorded to confirm system calibration prior to and
at the completion of each examination or series of similar
examinations, when examination personnel (except for
automated equipment) are changed, and if the scan plan
is required to be modified (i.e., VII-483) to satisfy the re-
quirements of T-467.3.

VII-466.2 Calibration Checks. The requirements of
T-467.2 are not applicable to this Appendix when the re-
quirements of VII-434.1(a) are met.

VII-466.2.1 Simulator Checks. The requirements
of T-467.2.1 are not applicable to this Appendix when
the requirements of VII-434.1(a) are met.

VII-466.3 Search Unit Position. If the search unit po-
sition within the scanner has changed more than 1/16 in.
(1.5 mm), all data since the last valid search unit position
check shall be marked void and the area covered by the
voided data shall be reexamined. This requirement does
not apply when the requirements of VII-434.1(a) are met.

VII-470 EXAMINATION

VII-471 GENERAL EXAMINATION
REQUIREMENTS

VII-471.1 Examination Coverage. The volume to be
scanned shall be examined per the scan plan.

VII-480 EVALUATION

VII-483 EVALUATION OF LAMINAR REFLECTORS

Reflectors evaluated as laminar reflectors in the base
material which interfere with the scanning of the exami-
nation volume shall require the scan plan to be modified
such that the maximum feasible volume is examined and
shall be noted in the record of the examination (T-493).

VII-485 EVALUATION

Final flaw evaluation shall only be made after all dis-
play parameter adjustments (e.g., contrast, brightness,
and, if applicable, lateral and back wall removal and SAFT
processing, etc.) have been completed.

VII-486 SUPPLEMENTAL MANUAL TECHNIQUES

Flaws detected during the automated or semi-
automated scan may be alternatively evaluated, if applica-
ble, by supplemental manual techniques.

VII-487 EVALUATION BY MANUFACTURER

The Manufacturer shall be responsible for the review,
interpretation, evaluation, and acceptance of the com-
pleted scan data to assure compliance with the require-
ments of Article 4, this Appendix, and the referencing
Code Section. Acceptance shall be completed prior to pre-
sentation of the scan data and accompanying documenta-
tion to the Inspector.

VII-490 DOCUMENTATION

VII-492 EXAMINATION RECORD

The required information of T-490 and the following
information shall be recorded:
(a) scan plan (including qualified range of variables)
(b) scanner and adhering and guiding mechanism
(c) indication data [i.e., position in weld, length, and

characterization (e.g., crack, lack of fusion, lack of pene-
tration, or inclusion)]
(d) the final display processing levels
(e) supplemental manual technique(s) indication data,

if applicable [same information as (c)]
(f) instrument settings to include, as a minimum, exci-

tation pulse type, duration and voltage settings, digitiza-
tion rate (e.g., nominal rate as affected by compression
and points quantity), rectification, pulse repetition rate,
range start and stop, band pass filters, smoothing, focal
type, and length
(g) focal law parameters, including, as applicable, angle

or angular range, focal depth and plane, element numbers
used, angular or element incremental change, and start
and stop element numbers or start element number
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MANDATORY APPENDIX VIII
ULTRASONIC EXAMINATION REQUIREMENTS FOR FRACTURE-

MECHANICS-BASED ACCEPTANCE CRITERIA

VIII-410 SCOPE

This Mandatory Appendix provides requirements when
an automated or semiautomated ultrasonic examination
is performed for fracture-mechanics-based acceptance
criteria. When fracture-mechanics-based acceptance cri-
teria are used with the full matrix capture (FMC) ultraso-
nic technique, Mandatory Appendix XI shall apply.

VIII-420 GENERAL

The requirements of Article 4 apply except as modified
by this Appendix.

VIII-421 WRITTEN PROCEDURE REQUIREMENTS
VIII-421.1 Requirements. Procedure qualification is

required per Mandatory Appendix IX and shall comply
with Article 1, T-150(d). Procedures shall be as detailed
for the applicable ultrasonic technique.

VIII-421.2 Procedure Qualification. The procedure
and applicable scan plan(s) shall be qualified using the
variables established for the applicable technique(s).

VIII-423 PERSONNEL QUALIFICATIONS

Only qualified UT personnel trained in the use of the
equipment and who have participated in the technique
qualification and/or demonstration or who have been
trained and examined in the technique requirements,
shall conduct production scans. Participation is defined
as having collected data using the setup being qualified
without assistance. Personnel who approve setups, per-
form calibrations, and analyze and interpret the collected
data shall be a Level II or Level III who have documented
training in the use of the equipment and software used.
The training and demonstration requirements shall be ad-
dressed in the employer’s written practice.

VIII-430 EQUIPMENT

VIII-431 INSTRUMENT REQUIREMENTS

The ultrasonic examination shall be performed using a
system employing automated or semiautomated scanning
with computer based data acquisition and analysis abil-
ities. The examination for transverse reflectors may be

performed manually per T-472.1.3 unless the referencing
Code Section specifies it also shall be by an automated or
semiautomated scan.

VIII-432 SEARCH UNITS
VIII-432.1 General. The nominal frequency shall be

the same as used in the qualification.

VIII-434 CALIBRATION BLOCKS
VIII-434.1 Calibration and Scan Plan Verification.

The following methods from either (a) or both (b) and
(c) shall be used to verify the scan plan and examination
calibration.

(a) Scanner Block. A block shall be fabricated meeting
the requirements of T-434.1 and Figure T-434.2.1 except
that its thickness, T , shall be within the lesser of 1/4 in.
(6 mm) or 25% of the material thickness to be examined
and the number and position of the side-drilled holes
shall be adequate to confirm the sensitivity setting of each
probe, or probe pair in the case of a TOFD setup, as posi-
tioned per the scan plan in the scanner. The scanner block
is in addition to the calibration block required per Article
4, unless the scanner block also has all the specified refer-
ence reflectors required per Figure T-434.2.1. For scanner
block(s), VIII-467.1 shall apply.

(b) Simulator Check. A simulator check shall be used
prior to and at the end of each examination or series of
exams. The simulator check may use any reference block
(i.e., IIW, Rompus) or any block with a known reflector(s),
provided that amplitude and time base signals can be
identified and correlated to the original examination cali-
bration. The time base position, amplitude, and known re-
flector shall be recorded on the calibration sheet(s).
Accuracy of the simulator checks shall be verified at the
conclusion of each period of extended use. For simulator
checks T-467.2.1 shall apply.

(c) Search Unit Position Verification. An adjustable
scanner or search unit positioning system that is capable
of measuring and securing the search unit shall be used
for the purpose of maintaining and verifying a consistent
probe position throughout the examination to the extent
of ensuring that compliance with the scan plan has been
achieved. VIII-467.3 shall apply.
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VIII-440 MISCELLANEOUS REQUIREMENTS

VIII-442 SCANNING DATA

The original scanning data, unprocessed, shall be saved
electronically (e.g., magnetic, optical, flash memory, etc.).

VIII-460 CALIBRATION

VIII-467 CALIBRATION FOR NOZZLE SIDE WELD
FUSION ZONE AND/OR ADJACENT
NOZZLE PARENT METAL

VIII-467.1 System Confirmation Scan. The scanner
block shall be scanned and the reference reflector indica-
tions recorded to confirm that prior to and at the comple-
t ion o f each examinat ion or ser i es o f s imi lar
examinations, when examination personnel (except for
automated equipment) are changed, and if the scan plan
is required to be modified (i.e., VIII-483) to satisfy the re-
quirements of T-467.3.

VIII-467.2 Calibration Checks. The requirements of
T-467.2 are not applicable to this Appendix when the re-
quirements of VIII-434.1(a) are met.

VIII-467.2.1 Simulator Checks. The requirements
of T-467.2.1 are not applicable to this Appendix when
the requirements of VIII-434.1(a) are met.

VIII-467.3 Search Unit Position. If the search unit
position within the scanner has changed more than
1/16 in. (1.5 mm), all data since the last valid search unit
position check shall be marked void and the area covered
by the voided data shall be reexamined. This requirement
does not apply when the requirements of VIII-434.1(a)
are met.

VIII-470 EXAMINATION

VIII-471 GENERAL EXAMINATION
REQUIREMENTS

VIII-471.1 Examination Coverage. The volume to be
scanned shall be examined per the scan plan.

VIII-471.3 Rate of Search Unit Movement. The rate
of search unit movement shall not exceed that qualified.

VIII-471.4 Scanning Sensitivity Level. The scanning
sensitivity level shall not be less than that qualified.

VIII-480 EVALUATION

VIII-482 EVALUATION LEVEL
VIII-482.2 Nondistance–Amplitude Techniques. All

indication images that have indicated lengths greater than
the following shall be evaluated in terms of the accep-
tance criteria of the referencing Code Section:
(a) 0.15 in. (4 mm) for welds in material equal to or less

than 11/2 in. (38 mm) thick

(b) 0.20 in. (5 mm) for welds in material greater than
11/2 in. (38 mm) thick but less than 4 in. (100 mm) thick
(c) 0.05T or 3/4 in. (19 mm), whichever is less, for welds

in material greater than 4 in. (100 mm). (T = nominal ma-
terial thickness adjacent to the weld.)
For welds joining two different thicknesses of material,

material thickness shall be based on the thinner of the
two materials.

VIII-483 EVALUATION OF LAMINAR
REFLECTORS

Reflectors evaluated as laminar reflectors in the base
material which interfere with the scanning of the exami-
nation volume shall require the scan plan to be modified
such that the maximum feasible volume is examined and
shall be noted in the record of the examination (T-493).

VIII-485 EVALUATION SETTINGS
Final flaw evaluation shall only be made after all dis-

play parameter adjustments (e.g., contrast, brightness,
and, if applicable, lateral and back wall removal and SAFT
processing, etc.) have been completed.

VIII-486 SIZE AND CATEGORY
VIII-486.1 Size. The dimensions of the flaw shall be

determined by the rectangle that fully contains the area
of the flaw.
(a) The length of the flaw shall be the dimension of the

rectangle that is parallel to the inside pressure-retaining
surface of the component.
(b) The height of the flaw shall be the dimension of the

rectangle that is normal to the inside pressure-retaining
surface of the component.

VIII-486.2 Category. Flaws shall be categorized as
being surface or subsurface based on their separation dis-
tance from the nearest component surface.
(a) If the space is equal to or less than one-half the

height of the flaw, then the flaw shall be categorized as
a surface flaw.8

(b) If the space is greater than one-half the height of the
flaw, then the flaw shall be categorized as a subsurface
flaw.

VIII-487 SUPPLEMENTALMANUAL TECHNIQUES
Flaws detected during the automated or semi-

automated scan may be alternatively evaluated, if applica-
ble, by supplemental manual techniques.

VIII-488 EVALUATION BY MANUFACTURER
The Manufacturer shall be responsible for the review,

interpretation, evaluation, and acceptance of the com-
pleted scan data to assure compliance with the require-
ments of Article 4, this Appendix, and the referencing
Code Section. Acceptance shall be completed prior to pre-
sentation of the scan data and accompanying documenta-
tion to the Inspector.
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VIII-490 DOCUMENTATION

VIII-492 EXAMINATION RECORDS
The required information of T-490 and the following

information shall be recorded:
(a) scan plan (including qualified range of variables)
(b) scanner and adhering and guiding mechanism
(c) indication data, that is, position in weld, length,

through-wall extent , and surface or subsurface
characterization

(d) the final display processing levels
(e) supplemental manual technique(s) indication data,

if applicable [same information as (c)]

(f) instrument settings to include, as a minimum, exci-
tation pulse type, duration and voltage settings, digitiza-
tion rate (e.g., nominal rate as affected by compression
and points quantity), rectification, pulse repetition rate,
range start and stop, band pass filters, smoothing, focal
type, and length

(g) focal law parameters, including, as applicable, angle
or angular range, focal depth and plane, element numbers
used, angular or element incremental change, and start
and stop element numbers or start element number
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MANDATORY APPENDIX IX
PROCEDURE QUALIFICATION REQUIREMENTS FOR FLAW SIZING

AND CATEGORIZATION

IX-410 SCOPE

This Mandatory Appendix provides requirements for
the qualification9 of ultrasonic examination procedures
when flaw sizing (i.e., length and through-wall height)
and categorization (i.e., surface or subsurface) determina-
tion are specified for fracture-mechanics-based accep-
tance criteria.

IX-420 GENERAL

The requirements of Article 4 apply except as modified
by this Appendix.

IX-430 EQUIPMENT

IX-435 DEMONSTRATION BLOCKS
IX-435.1 General. The following Article 4 paragraphs

apply to demonstration blocks: T-434.1.2, T-434.1.3,
T-434.1.4, T-434.1.5, T-434.1.6, and T-434.1.7.

IX-435.2 Preparation. A demonstration block shall
be prepared by welding or, provided the acoustic proper-
ties are similar, the hot isostatic process (HIP) may be
used.

IX-435.3 Thickness. The demonstration block shall
be within 25% of the thickness to be examined. For welds
joining two different thicknesses of material, demonstra-
tion block thickness shall be based on the thinner of the
two materials.

IX-435.4 Weld Joint Configuration. The demonstra-
tion block’s weld joint geometry shall be representative
of the production joint’s details, except when performing
TOFD examinations of equal thickness butt welds in ac-
cordance with Mandatory Appendix III.

IX-435.5 Flaw Location. Unless specified otherwise
by the referencing Code Section, the demonstration block
shall contain a minimum of three actual planar flaws or
three EDM notches oriented to simulate flaws parallel
to the production weld’s axis and major groove faces.
The flaws shall be located at or adjacent to the block’s
groove faces as follows:
(a) one surface flaw on the side of the block represent-

ing the component O.D. surface
(b) one surface flaw on the side of the block represent-

ing the component I.D. surface

(c) one subsurface flaw

When the scan plan to be utilized subdivides a weld
into multiple examination zones, a minimum of one flaw
per zone is required.

IX-435.6 Flaw Size. Demonstration block flaw sizes
shall be based on the demonstration block thickness
and shall be no larger than that specified by the referen-
cing Code Section

(a)maximum acceptable flaw height for material less
than 1 in. (25 mm) thick, or

(b) for material equal to or greater than 1 in. (25 mm)
thick, an aspect ratio of

(1) 0.25 for surface flaws

(2) 0.25 (a/l) or 0.50 (h/l), as applicable, for subsur-
face flaws

NOTE: a/l aspect ratios are used by Sections I and VIII. h/l aspect
ratios are used by Section B31.

IX-435.7 Single I.D./O.D. Flaw Alternative. When
the demonstration block can be scanned from both major
surfaces during the qualification scan [e.g., joint I.D. and
O.D. have a similar detail, diameter of curvature is greater
than 20 in. (500 mm), no cladding or weld overlay pres-
ent, etc.], then only one surface flaw is required.

IX-435.8 One-Sided Exams. When, due to obstruc-
tions, the weld examination can only be performed from
one side of the weld axis, the demonstration block shall
contain two sets of flaws, one set on each side of the weld
axis. When the demonstration block can be scanned from
both sides of the weld axis during the qualification scan
(e.g., similar joint detail and no obstructions), then only
one set of flaws is required.

IX-440 MISCELLANEOUS REQUIREMENTS

IX-442 QUALIFICATION DATA

The demonstration block shall be scanned and the qua-
lification data saved per the procedure being qualified
and shall be available to the Inspector and Owner/User
along with a copy of any software necessary to view the
data.
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IX-480 EVALUATION

IX-481 SIZE AND CATEGORY
Flaws shall be sized and categorized in accordance with

the written procedure being qualified.

IX-482 AUTOMATED AND SEMIAUTOMATED
ACCEPTABLE PERFORMANCE CRITERIA

Acceptable performance shall be as specified by the re-
ferencing Code Section. When the referencing Code Sec-
tion does not specify the acceptable performance, the
following shall apply:

(a) detection of all the flaws in the demonstration block
(b) recorded responses or imaged lengths, as applica-

ble, exceed the specified evaluation criteria of the proce-
dure being demonstrated

(c) the flaws are properly categorized (i.e., surface or
subsurface)

(d) the flaw’s determined size is equal to or greater
than its true size, both length and height

(e) the flaw’s determined length or height is not over-
sized by more than 50%

IX-483 SUPPLEMENTAL MANUAL TECHNIQUE(S)
ACCEPTABLE PERFORMANCE

Demonstration block flaws may be sized and categor-
ized by a supplemental manual technique(s) outlined in
the procedure, only if the automated or semiautomated
flaw recorded responses meet the requirements of
IX-482(a) and/or it is used for the detection of transverse
reflectors. Acceptable performance, unless specified by
the User or referencing Code, is defined as the demonstra-
tion block’s flaws being

(a) sized as being equal to or greater than their actual
size (i.e., both length and height)

(b) properly categorized (i.e., surface or subsurface)

IX-490 DOCUMENTATION

IX-495 DEMONSTRATION BLOCK RECORD

(a) The required information of T-492 and the follow-
ing information shall be recorded:

(1) demonstration block thickness; joint geometry,
including any cladding or weld overlays; and flaw data
[i.e., position in block, size (length and height), separation
distance to nearest surface, and category (surface or
subsurface)]

(2) demonstration block specification and grade,
P-number, and heat treat

(3) scanning sensitivity and search unit travel speed

(4) scan plan

(5) scanner and adhering and guiding mechanism

(6) qualification scan data

(7) flaw sizing data [same information as flaw data in
(1)]

(8) supplemental manual technique(s) sizing data, if
applicable [same information as flaw data in (1)]

(9) the final display processing levels

(b)When TOFD is to be used for qualification, the fol-
lowing shall also be recorded:

(1) probe center spacing (PCS)

(2) data sampling spacing
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MANDATORY APPENDIX X
ULTRASONIC EXAMINATION OF HIGH DENSITY POLYETHYLENE

X-410 SCOPE

This Appendix describes requirements for the examina-
tion of butt fusion welds in high density polyethylene
(HDPE) pipe using encoded pulse echo, phased array, or
time-of-flight diffraction (TOFD) ultrasonic techniques.

X-420 GENERAL

The requirements of Article 4, Mandatory Appendix III
and Mandatory Appendix V, apply except as modified by
this Appendix.

X-421 WRITTEN PROCEDURE REQUIREMENTS
X-421.1 Requirements. The examination shall be per-

formed in accordance with a written procedure which
shall, as a minimum, contain the requirements of Table
T-421, Table X-421, and as applicable, Table III-421 or
Table V-421. The written procedure shall establish a sin-
gle value, or range of values, for each requirement.

X-421.2 Procedure Qualification. When procedure
qualification is specified, a change of a requirement in
Table T-421, Table X-421, and as applicable, Table
III-421 or Table V-421 identified as an essential variable
shall require requalification of the written procedure by
demonstration. A change of a requirement identified as
a nonessential variable does not require requalification
of the written procedure. All changes of essential or non-
essential variables from those specified within the writ-
ten procedure shall require revision of, or an addendum
to, the written procedure.

X-422 SCAN PLAN

A scan plan (documented examination strategy) shall
be provided showing search unit placement and move-
ment that provides a standardized and repeatable meth-
odology for the examination. In addition to the
information in Table T-421, and as applicable, Table
III-421 or Table V-421, the scan plan shall include beam
angles and directions with respect to the weld axis refer-
ence point, weld joint geometry, and examination area(s)
or zone(s).

X-430 EQUIPMENT

X-431 INSTRUMENT REQUIREMENTS
X-431.1 Instrument. When performing phased array

ultrasonic examination, T-431 and the following require-
ments shall apply:
(a) An ultrasonic array controller shall be used.
(b) The instrument shall be capable of operation at fre-

quencies over the range of at least 1 MHz to 7 MHz and
shall be equipped with a stepped gain control in units
of 2 dB or less and a maximum gain of at least 60 dB.
(c) The instrument shall have a minimum of 32 pulsers.
(d) The digitization rate of the instrument shall be at

least 5 times the search unit center frequency.
(e) Compression setting shall not be greater than that

used during qualification of the procedure.

X-431.2 Data Display and Recording. When per-
forming phased array ultrasonic examination, the follow-
ing shall apply:
(a) The instrument shall be able to select an appropri-

ate portion of the time base within which A-scans are
digitized.
(b) The instrument shall be able to display A-, B-, C-, D-,

and S-scans in a color palette able to differentiate be-
tween amplitude levels.
(c) The equipment shall permit storage of all A-scan

waveform data, with a range defined by gates, including
amplitude and time-base details.
(d) The equipment shall store positional information

indicating the relative position of the waveform with re-
spect to adjacent waveform(s), i.e., encoded position.

X-432 SEARCH UNITS

When performing phased array ultrasonic examination,
the following shall apply:

Table X-421
Requirements of an Ultrasonic Examination

Procedure for HDPE Techniques

Requirement (as Applicable)
Essential
Variable

Nonessential
Variable

Scan plan X …
Examination technique(s) X …
Computer software and revision X …
Scanning technique (automated versus
semiautomated)

X …

Flaw characterization methodology X …
Flaw sizing (length) methodology X …
Scanner (manufacturer and model)
adhering and guiding mechanism

X …
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(a) The nominal frequency shall be from 1 MHz to
7 MHz unless variables, such as production crystalline mi-
crostructure, require the use of other frequencies to as-
sure adequate penetration or better resolution.

(b) Longitudinal wave mode shall be used.
(c) The number of elements used shall be between 32

and 128.
(d) Search units with angled wedges may be used to aid

coupling of the ultrasound into the inspection area.

X-434 CALIBRATION BLOCKS
X-434.1 General.
X-434.1.1 Reflectors. The reference reflector shall

be a side-drilled hole (SDH) with a maximum diameter of
0.080 in. (2 mm).

X-434.1.2 Material. The block shall be fabricated
from pipe of the same material designation as the pipe
material to be examined.

X-434.1.3 Quality. In addition to the requirements
of T-434.1.3, areas that contain indications that are not at-
tributable to geometry are unacceptable, regardless of
amplitude.

X-434.3 Piping Calibration Blocks. The calibration
block as a minimum shall contain 1/4T and 3/4T SDHs
where T is the calibration block thickness. The calibration
block shall be at least as thick as the pipe being examined.
The block size and reflector locations shall allow for the
calibration of the beam angles used that cover the volume
of interest.

X-460 CALIBRATION

X-462 GENERAL CALIBRATION REQUIREMENTS
X-462.6 Temperature. The temperature differential

between the original calibration and examination sur-
faces shall be within 18°F (10°C).

X-464 CALIBRATION FOR PIPING
X-464.1 System Calibration for Distance–Amplitude

Techniques.
X-464.1.1 Calibration Block(s). Calibrations shall

be performed utilizing the calibration block referenced
in X-434.3.

X-464.1.2 Straight Beam Calibration. Straight
beam calibration is not required.

X-464.2 System Calibration for Non-Distance Am-
plitude Techniques. Calibrations include all those actions
required to assure that the sensitivity and accuracy of the
signal amplitude and time outputs of the examination sys-
tem (whether displayed, recorded, or automatically pro-
cessed) are repeated from examination to examination.
Calibration shall be by use of the calibration block speci-
fied in X-434.3.

X-467 CALIBRATION CONFIRMATION
X-467.1 System Changes. When any part of the ex-

amination system is changed, a calibration check shall
be made on the calibration block to verify that distance
range point and sensitivity setting(s) of the calibration re-
flector with the longest sound path used in the calibration
satisfy the requirements of X-467.3.

X-467.2 Calibration Checks. A calibration check on
at least one of the reflectors in the calibration block or
a check using a simulator shall be performed at the com-
pletion of each examination or series of similar examina-
tions, and when examination personnel (except for
automated equipment) are changed. The distance range
and sensitivity values recorded shall satisfy the require-
ments of X-467.3.

X-467.2.1 Material Verification. When examining
material from a different production lot from that of the
calibration block, a verification of the material velocity
shall be made using a machined radius on a block manu-
factured from the new lot and any difference in the results
be compensated for in both velocity and gain level.

X-467.2.2 Temperature Variation. If during the
course of the examination, the temperature differential
between the calibration block used during the most re-
cent calibration and examination surface varies by more
than 18°F (10°C), recalibration is required.

NOTE: Interim calibration checks between the required initial cali-
bration and the final calibration check may be performed. The deci-
sion to perform interim calibration checks should be based on
ultrasonic instrument stability (analog vs. digital), the risk of having
to conduct reexaminations, and the benefit of not performing interim
calibration checks.

X-467.3 Confirmation Acceptance Values.
X-467.3.1 Distance Range Points. If the distance

range point for the deepest reflector used in the calibra-
tion has moved by more than 10% of the distance reading
or 5% of full sweep, whichever is greater, correct the dis-
tance range calibration and note the correction in the ex-
amination record. All recorded indications since the last
valid calibration or calibration check shall be reexamined
and their values shall be changed on the data sheets or
rerecorded.

X-467.3.2 Sensitivity Settings. If the sensitivity
setting for the deepest reflector used in the calibration
has changed by less than 4 dB, compensate for the differ-
ence when performing the data analysis and note the cor-
rection in the examination record. If the sensitivity setting
has changed by more than 4 dB, the examination shall be
repeated.

X-470 EXAMINATION

X-471 GENERAL EXAMINATION REQUIREMENTS
X-471.1 Examination Coverage. The examination

volume shall be as shown in Figure X-471.1 below.

ASME BPVC.V-2023 ARTICLE 4

117



X-471.6 Recording. A-scan data shall be recorded for
the area of interest in a form consistent with the applica-
ble Code Section requirement, and recording increments
with a maximum of
(a) 0.04 in. (1 mm) for material less than 3 in. (75 mm)

thick
(b) 0.08 in. (2 mm) for material greater than 3 in.

(75 mm) thick

X-490 DOCUMENTATION

X-492 EXAMINATION RECORD
A-scan recorded data need only be retained until final

flaw evaluation has been performed or as specified by
the referencing Code Section.

Figure X-471.1
Fusion Pipe Joint Examination Volume

¼ in. (8 mm) ¼ in. (8 mm)

C D

A B

Area of interest
A-B-C-D
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ð23ÞMANDATORY APPENDIX XI
FULL MATRIX CAPTURE

XI-410 SCOPE

This Appendix provides the requirements for using the
full matrix capture (FMC) ultrasonic technique, in con-
junction with data reconstruction techniques, when ex-
aminations are performed for fracture-mechanics-based
acceptance criteria. A general description of FMC data
and data reconstruction techniques is given in Article 4,
Nonmandatory Appendix F.

XI-420 GENERAL

The requirements of Article 4 apply except as modified
by this Appendix.

XI-421 WRITTEN PROCEDURE REQUIREMENTS
XI-421.1 Requirements. The examination shall be

performed in accordance with a written procedure that
shall, as a minimum, contain the requirements listed in
Table XI-421.1-1. Due to unique processes or equipment,
essential variables that are not identified in Table
XI-421.1-1 shall also be addressed in the procedure, and
a single value or range of values shall be established for
each essential variable. An essential variable is an equip-
ment or software setting that influences the ultrasonic
signal as displayed, recorded, or automatically processed.

XI-421.1.1 Software. Software revisions shall not
require requalification unless any change(s) have been
made that would influence the ultrasonic signal as dis-
played, recorded, or automatically processed. Software
revisions shall be documented and available for review.

XI-421.2 Procedure Qualification. Procedure qualifi-
cation is required per Article 4, Mandatory Appendix IX
and shall comply with Article 1, T-150(d). The require-
ments of Table XI-421.1-1 shall apply.

XI-421.2.1 Flaw Location. In addition to the flaws
described in IX-435.5(a) and IX-435.5(b), the subsurface
flaw described in IX-435.5(c) shall be replaced with a sub-
surface planar flaw inserted along the face of the weld
bevel and within the same angle tolerances of the produc-
tion bevel angle, unless specified otherwise by the refer-
encing Code Section. For joint designs with more than
one bevel angle (e.g., compound, double-V, and J-groove),
a subsurface planar flaw shall be inserted at an angle nor-
mal to the exam surface at the centerline of the weld. All
flaw placements shall maintain a minimum separation
distance of 1 in. (25 mm) from any edge of the block.

XI-422 SCAN PLAN

A scan plan shall be required that provides a standar-
dized and repeatable methodology for the examination.
As a minimum, the scan plan shall include a depiction of
the required examination volume coverage, imaging
modes, image grid density, weld joint geometry, number
of examination scan lines, and search unit placement
and movement with respect to the weld axis and zero-
datum point.

XI-423 PERSONNEL QUALIFICATIONS

In addition to the requirements of Article 1, Mandatory
Appendix II, only qualified ultrasonics (UT) personnel
who are trained in the use of the equipment and who have
demonstrated the ability to properly acquire examination
data, approve setups, and perform calibrations shall con-
duct production scans. Personnel who perform data re-
construction techniques, in real time or as post-
processed images, or analyze and interpret data, shall
be Level II or Level III examiners with documented train-
ing and demonstrated proficiency in the use of the equip-
ment and software. The training and demonstration
requirements shall be addressed in the employer’s writ-
ten practice.

XI-430 EQUIPMENT

XI-432 SEARCH UNIT(S)

Search unit(s) used for examination shall be the same
[i.e., manufacturer, model number, and physical config-
uration, including wedge(s)] as those used during
qualification.

XI-432.4 Search Unit Performance. The amplitude
response from all individual elements within the aperture
shall fall within 3 dB. Elements outside this parameter
shall be considered inactive. The number of inactive ele-
ments within an aperture shall not exceed 1 element for
every 16 elements, with no 2 being adjacent. Exceptions
to these requirements shall be demonstrated and docu-
mented during the qualification.

XI-434 CALIBRATION BLOCKS
XI-434.1 General. A calibration block meeting the re-

quirements of Figure XI-434.1-1 shall be used, and shall
also meet the requirements of T-434.1.2 through

ASME BPVC.V-2023 ARTICLE 4

119



ð23ÞT-434.1.6. Alternatively, existing calibration blocks de-
scribed in T-434 may be used, provided one of the follow-
ing applies:
(a) Notch, slot, and side-drilled holes (SDHs) meeting

the requirements of Figure XI-434.1-1 are embedded.
(b) Notch and slot reflectors meeting the requirements

of Figure XI-434.1-1 are embedded and a known refer-
ence standard described in XI-435 with SDHs meeting
the requirements of XI-462.8.1 is used.

Blocks may be flat or curved. When they are curved, the
requirements of T-434.1.7 shall also apply.

XI-434.1.1 Additional Reflectors. Additional re-
flectors (e.g., SDHs) may be installed, provided
(a) they are not used in lieu of the required reflectors
(b) they do not interfere with the ultrasonic response

from the required reflectors
(c) a description of the additional reflectors and of their

intended purpose is in the written procedure

XI-435 REFERENCE STANDARDS

Known reference standards (e.g., IIW, IIW PA Block
Type A, SE-2491, ISO 19675) shall be used to establish in-
strument range and delay.

XI-450 TECHNIQUES

Contact or immersion techniques may be used.

XI-451 DATA RECONSTRUCTION TECHNIQUES

Algorithms used to generate imaging modes shall be
the same as those used during qualification. Multiple data
reconstruction algorithms may be applied to data col-
lected during an examination provided
(a) the reconstruction technique was successfully de-

monstrated using the original qualification data
(b) the data reconstruction technique is included in the

written procedure
(c) the acquired examination data set can support the

reconstruction technique without reacquisition
(d) the image modes were included in the calibration

prior to the exam

Table XI-421.1-1
Requirements of an FMC Examination Procedure

Requirements Essential Variable Nonessential Variable

Weld configurations to be examined, including thickness dimensions and base material
product form (pipe, plate, etc.)

X …

The surfaces from which the examination shall be performed X …
Technique(s) (straight beam, angle beam, contact, and/or immersion) X …
Calibration [calibration block(s) and technique(s)] X …
Method for discriminating geometric from flaw indications X …
Personnel performance requirements, when required X …
Instrument manufacturer and model X …
Computer software version X …
Search unit(s) manufacturer and model (element pitch, size, number, frequency, and gap
dimensions)

X …

Wedge dimensional description [i.e., cut angle, x and z dimensions, andmaterial contouring (if
any)]

X …

Examination volume X …
Method of achieving amplitude fidelity X …
Description of the frame (i.e., temporal range, density) X …
Description of the post-processed grid (i.e., height, width, density) X …
Image reconstruction techniques X …
Scan plan X …
Scanner manufacturer and model X …
Scanning technique (automated vs. semiautomated) X …
Scanning and adhering and guiding mechanism X …
Flaw sizing (length and height) methodology X …
Weld datum reference … X
Personnel qualification requirements … X
Surface condition (examination surface, calibration block) … X
Couplant: brand name or type … X
Post-examination cleaning technique … X
Automatic alarm and/or recording equipment, when applicable … X
Records, including minimum calibration data to be recorded (e.g., instrument settings) … X
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Figure XI-434.1-1
Calibration Block

Top View

Side View

Note (1)

Side-drilled
  holes

Note (3)

Note (6)

Note (4)

Note (2)

Note (7)

Note (8)

Note (1)

Notes (3) and (5)

End View

Note (2)

Slot Notch

Weld Thickness, t , in. (mm) Reference Block Thickness, T , in. (mm) Maximum Hole Diameter, in. (mm)

≤1 (≤25) 3/4 (19) or t
3/32 (2.5)

>1 (>25) through 2 (50) 11/2 (38) or t
1/8 (3)

>2 (>50) through 4 (100) 3 (75) or t 3/16 (5)
>4 (>100) t ± 1 (25) [Note (9)]

GENERAL NOTE: Reflectors may be placed anywhere within the block, in any configuration, provided that they do not interfere with the ul-
trasonic response from the other calibration reflectors or the edges of the block.

NOTES:
(1) Physical size of the block may be any convenient configuration provided that block dimensions in width and length are of sufficient size to

accommodate placement of the search unit for observation or measurement, wholly on the scanning surface, such that access to the desired
reflector can be made with the full contact area of the search unit remaining on the block, without interference from the edges.

(2) Block thickness for piping shall be ±25%T . For all other components, block thickness shall be no less than 90% and no more than 120% of
the average weld thickness, t . Weld thickness, t , is the nominal material thickness for welds without reinforcement or, for welds with re-
inforcement, the nominal material thickness plus the estimated weld reinforcement not to exceed the maximum permitted by the referen-
cing Code Section. When two or more base material thicknesses are involved, the calibration block thickness, T , shall be determined by the
average thickness of the weld; alternatively, a calibration block based on the greater base material thickness may be used, provided the
reference reflector size is based on the average weld thickness.

(3) The notch and slot shall not be placed in proximity to the edges of the block such that the edge may diminish or interfere with the ultrasonic
response.
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XI-460 CALIBRATION

XI-461 INSTRUMENT CALIBRATION

An instrument calibration shall be performed per the
instrument manufacturer’s operation and maintenance
manual at intervals not to exceed 1 yr, or prior to the first
use thereafter.

T-461.1 and T-461.2 are not applicable to the FMC
technique.

XI-462 GENERAL CALIBRATION REQUIREMENTS
XI-462.1 Ultrasonic System. Calibrations shall in-

clude the complete ultrasonic system and shall be per-
formed prior to use of the system in the thickness range
under examination.
Amplitude fidelity shall be preserved to 2 dB or less.

The process for determining amplitude fidelity shall be
included in the qualified procedure.

XI-462.4 Contact Wedges. When contoured wedges
are required by T-432.2, a curved calibration block shall
be used. Alternatively, for calibration, a flat wedge(s)
may be used on a flat calibration block, provided the pro-
cess is documented during the qualification and the fol-
lowing requirements are met:
(a) The wedge dimensions that affect the transmit, re-

ceive, and display (i.e., delay and velocity) of ultrasound
shall be compensated for and corrected prior to the
examination.
(b) The flat wedges are manufactured from the same

material, and all physical dimensions (other than con-
tour), including height from the contact surface to the
slope of the wedge, are the same, within the manufac-
turer’s tolerance(s).
(c) The flat wedge(s) shall not be used for examination.
(d) Verification prior to the examination shall be per-

formed with the contoured wedge(s) to be used for the
examination. The verification shall use an identical reflec-
tor established in XI-464.2, in a suitably curved block [i.e.,

within the component curvature contour selection criter-
ia established from T-432.2(b)(1) or T-432.2(b)(2)] and
shall fall within 10% of amplitude and material depth.

XI-462.5 System Delay and Velocity. Instrument de-
lay and velocity settings may be adjusted on the specific
component at the time of examination provided the pro-
cess was used during the qualification and is included in
the procedure.

XI-462.7 Distance–Amplitude Correction (DAC).
Correction for attenuation, e.g., DAC or TCG, is not re-
quired. When it is used, T-462.7 shall apply.

XI-462.8 Performance Verification. Prior to exami-
nation(s), the system shall be verified as described in
XI-462.8.1 through XI-462.8.3.

XI-462.8.1 Resolution Verification. System reso-
lution shall be considered satisfactory upon demonstrat-
ing its ability to image the spatial distance between the
SDHs in the calibration block. Alternatively, the SDHs of
a known reference standard described in XI-435 (e.g.,
IIW PA Block Type A, SE-2491) may be used provided that
the depth of the holes falls within the middle third of the
examination volume.

XI-462.8.2 Modes Verification. The search unit(s)
shall be placed using the stand-off distances as depicted
in the scan plan such that the corresponding reflectors
for both (a) and (b) below are imaged at a distance be-
yond the centerline of the weld. When using opposing
tandem search units, the opposing search units shall be
placed, as depicted by the scan plan, on either side of
the reflectors such that the reflector’s position would be
imaged equidistant from the search units and on the weld
centerline. All reflectors within the calibration block shall
be detected by a minimum of two different imaging
modes. Image amplitude of all calibration reflectors, or
of the relevant portion of calibration reflectors, shall be
greater than 12 dB above the background noise level.

Figure XI-434.1-1
Calibration Block (Cont'd)

NOTES (CONT'D):
(4) The slot (i.e., through-wall notch) shall be inserted approximately perpendicular to the examination surface and through the entire block

thickness. The slot shall have a maximum reflecting surface width of 0.25 in. (6 mm) for blocks less than 2 in. (50 mm) in thickness; slot
width may increase 0.125 in. (3 mm) for each additional 1 in. (25 mm) of block thickness, or fraction thereof, for blocks greater than 2 in.
(50 mm) in thickness.

(5) Notch depth shall be no greater than 11%T . All notches shall be 1 in. (25 mm) minimum in length. Notch width shall not exceed 0.25 in. (6
mm).

(6) The SDHs shall be drilled a minimum of 1.5 in. (38 mm) deep approximately parallel to the examination surface.
(7) The SDHs shall be aligned perpendicularly, in depth, through the block thickness at a separation distance of two times their diameter, as

measured center-to-center.
(8) The placement of the SDHs shall span the centerline of the block thickness such that one SDH resides on either side of the centerline of the

block thickness.
(9) For each increase in weld thickness of 2 in. (50 mm), or fraction thereof, over 4 in. (100 mm), the hole diameter shall increase 1/16 in. (1.5

mm).
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(a) For verification of even imaging modes, the side-
drilled holes and notch in the calibration block shall be
imaged in those areas of the through-wall thickness of
the calibration block to the extent required to obtain vo-
lumetric coverage as depicted by the scan plan.

(b) For verification of odd imaging modes, the through-
wall slot in the calibration block shall be imaged in those
areas of the through-wall thickness of the calibration
block to the extent required to obtain volumetric cover-
age as depicted by the scan plan.

XI-462.8.3 Sizing Verification. The length and
height of the notch shall be imaged and sized. The imaged
dimension of the notch shall not be less than its actual
known height or length. It shall also not exceed the lesser
of 50% or 0.150 in. (4 mm) of the known height, and shall
not exceed 50% of the known length.

XI-464
XI-464.2 Sensitivity. Calibration sensitivity shall be

established by recording the imaged intensity of an SDH
described in XI-462.8.1 to a level greater than or equal
to 50% full screen height (FSH), and shall not exhibit sa-
turation. Other reflectors (i.e., entry surface, back wall)
may exhibit saturation.

XI-467 ENCODER CALIBRATION

A calibration check shall be performed at intervals not
to exceed one month or prior to first use thereafter, by
moving the encoder a minimum distance of 20 in. (500
mm). The displayed distance shall be within 1% of the ac-
tual distance moved.

XI-467.1 Equipment Confirmation Checks. The ex-
amination system shall be verified for compliance with
XI-432.4 and XI-462.1 prior to initial calibration(s) and
at the conclusion of an examination or series of
examinations.

XI-470 EXAMINATION

XI-471 GENERAL EXAMINATION REQUIREMENTS
XI-471.1 Examination Coverage. The volume to be

examined shall be scanned using a linear scanning tech-
nique with an encoder per the scan plan. Adherence to
the scan plan and the capture of the required examination
volume shall be verified prior to evaluation.

XI-471.1.1 Image Modes. The imaging modes used
during calibration shall be the same as those for the
examination.

XI-471.2 FMC Frame. To fulfill the amplitude fidelity
requirement in XI-462.1, the frame shall have enough
temporal range to encompass the examination volume
and density when combined with the reconstruction
process.

XI-471.3 Scanning. Each linear scan shall be parallel
to the weld axis.

(a) The search unit shall be maintained at a fixed dis-
tance from the weld axis by a fixed guide or mechanical
means.

(b) Scanning speed shall be such that data drop-out is
less than 2 data lines/in. (25 mm) of the linear scan length
and there are no adjacent data line skips.

(c) When multiple linear scans are needed to cover the
required volume, a minimum overlap of 10% of the frame
width shall be maintained.

XI-471.6 Recording. Data frame collection incre-
ments for linear scanning shall not exceed the following:

(a) 0.04 in. (1 mm) for material <3 in. (75 mm) thick

(b) 0.08 in. (2 mm) for material ≥3 in. (75 mm) thick

XI-471.7 Reflectors Transverse to the Weld Seam.
Alternative ultrasonic techniques may be performed for
reflectors transverse to the weld axis.

XI-474
XI-474.1 Examination Sensitivity. Examination sen-

sitivity shall not be less than that established during cali-
bration. However, sensitivity may be adjusted on the
actual component, provided that the methodology and
component reflector used are identified (e.g., back wall),
and the upper and lower limits of the sensitivity range
are qualified. The process for this qualification shall be in-
cluded in the procedure.

XI-480 EVALUATION

XI-481 GENERAL EVALUATION REQUIREMENTS
XI-481.1 Imaging Modes. Imaging modes identified

in XI-462.8.2 shall encompass, either individually or in
combination, the entire examination volume. Coverage
shall be determined by the area contained within −6 dB
of beam divergence from all contributing elements.

XI-481.1.1 Direct Modes. Direct imaging modes
(i.e., L–L or T–T) alone shall not be considered adequate
for full volume examination.

XI-481.1.2 Data Density. The spatial resolution of
data points within the imaged grid (i.e., pixel spacing and
nodes) shall comply with XI-462.1. Spatial resolution
within the grid shall not be greater than that used during
qualification.

XI-481.2 Component Volume Correction. All images
shall be corrected for component thickness and geometry
prior to evaluation. The technique used (e.g., adaptive al-
gorithms) for component volume correction shall be in-
cluded in the qualified procedure.
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XI-481.4 Ultrasonic Image Artifacts. Artifacts pro-
duced on the image are permissible provided that they
do not interfere with the disposition of an indication. A
determination of the origin of the artifact(s) shall be
made.

XI-482 EVALUATION LEVEL

All indication images that have indicated lengths great-
er than the following shall be evaluated in terms of the ac-
ceptance criteria of the referencing Code Section:
(a) 0.15 in. (4 mm) for welds in material equal to or less

than 11/2 in. (38 mm) thick
(b) 0.20 in. (5 mm) for welds in material greater than

11/2 in. (38 mm) thick but less than 4 in. (100 mm) thick
(c) 0.05T or 3/4 in. (19 mm), whichever is less, for welds

in material greater than 4 in. (100 mm), where T is the
nominal material thickness adjacent to the weld

For welds joining two different thicknesses of material,
material thickness shall be based on the thinner of the
two materials.

XI-483 EVALUATION OF LAMINAR REFLECTORS

Indications that are characterized as laminar reflectors
in the base material, which would interfere with the pro-
pagation of ultrasound in the examination volume, shall
require the scan plan to be modified such that the maxi-
mum feasible volume is examined, and this shall be noted
in the record of the examination.

XI-485 EVALUATION SETTINGS

Final flaw evaluation shall only be made after all dis-
play parameter adjustments have been completed.

XI-486 SIZE AND CATEGORY
XI-486.1 Size. The dimensions of the flaw shall be de-

termined by the rectangle that fully contains the area of
the flaw.
(a) The length of the flaw shall be the dimension of the

rectangle that is parallel to the inside pressure-retaining
surface of the component.
(b) The height of the flaw shall be the dimension of the

rectangle that is normal to the inside pressure-retaining
surface of the component.

XI-486.2 Category. Flaws shall be categorized as
being surface or subsurface based on their separation dis-
tance from the nearest component surface.
(a) If the separation distance is equal to or less than

one-half the height of the flaw, then the flaw shall be ca-
tegorized as a surface flaw.
(b) If the separation distance is greater than one-half

the height of the flaw, then the flaw shall be categorized
as a subsurface flaw.

XI-488 EVALUATION BY MANUFACTURER

The Manufacturer shall be responsible for the review,
interpretation, evaluation, and acceptance of the com-
pleted examination to ensure compliance with the re-
quirements of Article 4, this Appendix, and the
referencing Code Section. Acceptance shall be completed
prior to presentation of the scan data and accompanying
documentation to the Inspector.

XI-490 DOCUMENTATION

XI-492 EXAMINATION RECORDS

For each FMC examination, the requirements of Article
1, T-150(d), T-190(a), T-491, and the following informa-
tion shall be recorded:
(a) the manufacturer name, number of channels, and

serial number of the instrument
(b) the manufacturer’s model and serial numbers, type,

frequency, element size and number, elevation, and pitch
and gap (spacing between active elements) dimensions of
the array
(c) the wedge material or velocity, cut angle, or the nat-

ural refracted angle in examined material, and contouring
when used; for non-integral wedges, the description shall
include x and y dimensions
(d) the brand name or type of the couplant used
(e) the type and length of the search unit cable(s) used
(f) the scanner type (per T-453) and the adhering and

guiding mechanism
(g) identification of all examination-related computer-

ized program(s) including software revision(s)
(h) identification of the calibration block and reference

standards when used
(i) as a minimum, the following instrument settings:

(1) excitation pulse type
(2) duration and voltage settings
(3) digitization rate (e.g., nominal rate as affected by

compression and points quantity)
(4) pulse repetition rate
(5) range start and stop
(6) band pass filters
(7) smoothing

(j) instrument reference level gain and, if used, damp-
ing and reject setting(s)
(k) calibration data [including reference reflector(s)]

and response(s) for resolution, modes, sizing, and
sensitivity
(l) data correlating simulation block(s) and electronic

simulator(s), when used, with initial calibration
(m) identification of adaptive or corrective algorithms

when used
(n) frame type [e.g., synthetic aperture focusing tech-

nique (SAFT), FMC] and frame definition (i.e., size, resolu-
tion), and identification of data saved or image only
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(o) post-processing technique (e.g., DAS, migration),
grid definition (i.e., size, resolution), imaging modes used,
adjustment applied (i.e., grid correction, adaptive algo-
rithms, amplitude normalization, software gain), includ-
ing the final display-processing levels

(p) identification and location of the weld or volume
scanned

(q) surface(s) from which the examination was con-
ducted, including surface condition

(r) a map or record of indications detected or areas
cleared, including indication data (i.e., position in weld,
length, through-wall extent, and surface or subsurface
characterization)

(s) supplemental manual technique(s) indication data,
if applicable [same information as (r)]

(t) areas of restricted access or inaccessible welds

(u) scan plan and variables to include search unit orien-
tation, scanning increments (scan resolution), and scan-
ning speed

Items (a) through (n) may be included or attached in a
separate calibration record provided the calibration re-
cord is included in the examination record.

XI-494 DATA STORAGE

Data archives shall be in a format appropriate for fu-
ture access and review. As a minimum, the original recon-
structed data image(s), as well as the original imaging
parameters, shall be stored.
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NONMANDATORY APPENDIX A
LAYOUT OF VESSEL REFERENCE POINTS

A-410 SCOPE

This Appendix provides requirements for establishing
vessel reference points.

A-440 MISCELLANEOUS REQUIREMENTS

The layout of the weld shall consist of placing reference
points on the center line of the weld. The spacing of the
reference points shall be in equal increments (e.g.,
12 in., 3 ft, 1 m, etc.) and identified with numbers (e.g.,
0, 1, 2, 3, 4, etc.). The increment spacing, number of
points, and starting point shall be recorded on the report-
ing form. The weld center line shall be the divider for the
two examination surfaces.

A-441 CIRCUMFERENTIAL (GIRTH) WELDS
The standard starting point shall be the 0 deg axis of

the vessel. The reference points shall be numbered in a
clockwise direction, as viewed from the top of the vessel
or, for horizontal vessels, from the inlet end of the vessel.
The examination surfaces shall be identified (e.g., for ver-
tical vessels, as being either above or below the weld).

A-442 LONGITUDINAL WELDS
Longitudinal welds shall be laid out from the center line

of circumferential welds at the top end of the weld or, for
horizontal vessels, the end of the weld closest to the inlet

end of the vessel. The examination surface shall be iden-
tified as clockwise or counterclockwise as viewed from
the top of the vessel or, for horizontal vessels, from the in-
let end of the vessel.

A-443 NOZZLE-TO-VESSEL WELDS
The external reference circle shall have a sufficient ra-

dius so that the circle falls on the vessel’s external surface
beyond the weld’s fillet. The internal reference circle shall
have a sufficient radius so that the circle falls within 1/2 in.
(13 mm) of the weld centerline. The 0 deg point on the
weld shall be the top of the nozzle. The 0 deg point for
welds of veritcally oriented nozzles shall be located at
the 0 deg axis of the vessel, or, for horizontal vessels,
the point closest to the inlet end of the vessel. Angular lay-
out of the weld shall be made clockwise on the external
surface and counterclockwise on the internal surface.
The 0 deg, 90 deg, 180 deg, and 270 deg lines will be
marked on all nozzle welds examined; 30 deg increment
lines shall be marked on nozzle welds greater than a nom-
inal 8 in. (200 mm) diameter; 15 deg increment lines shall
be marked on nozzle welds greater than a nominal 24 in.
(600 mm) diameter; 5 deg increment lines shall be
marked on nozzle welds greater than 48 in. (1 200 mm)
diameter.
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NONMANDATORY APPENDIX B
GENERAL TECHNIQUES FOR ANGLE BEAM CALIBRATIONS

B-410 SCOPE

This Appendix provides general techniques for angle
beam calibration. Other techniques may be used.

Descriptions and figures for the general techniques re-
late position and depth of the reflector to eighths of the
V-path. The sweep range may be calibrated in terms of
units of metal path,10 projected surface distance or actual
depth to the reflector (as shown in Figures B-461.1,
B-461.2, and B-461.3). The particular method may be se-
lected according to the preference of the examiner.

B-460 CALIBRATION

B-461 SWEEP RANGE CALIBRATION

B-461.1 Side Drilled Holes (See Figure B-461.1).
B-461.1.1 Delay Control Adjustment. Position the

search unit for the maximum first indication from the 1/4T
side-drilled hole (SDH). Adjust the left edge of this indica-
tion to line 2 on the screen with the delay control.

B-461.1.2 Range Control Adjustment.11 Position
the search unit for the maximum indication from the
3/4T SDH. Adjust the left edge of this indication to line 6
on the screen with the range control.

B-461.1.3 Repeat Adjustments. Repeat delay and
range control adjustments until the 1/4T and 3/4T SDH indi-
cations start at sweep lines 2 and 6.

B-461.1.4 Notch Indication. Position the search
unit for maximum response from the square notch on
the opposite surface. The indication will appear near
sweep line 8.

B-461.1.5 Sweep Readings. Two divisions on the
sweep now equal 1/4T.

B-461.2 IIW Block (See Figure B-461.2). IIW Refer-
ence Blocks may be used to calibrate the sweep range dis-
played on the instrument screen. They have the
advantage of providing reflectors at precise distances that
are not affected by side-drilled hole location inaccuracies
in the basic calibration block or the fact that the reflector
is not at the side-drilled hole centerline. These blocks are
made in a variety of alloys and configurations. Angle beam
range calibrations are provided from the 4 in. (100 mm)
radius and other reflectors. The calibration block shown
in Figure B-461.2 provides an indication at 4 in.
(100 mm) and a second indication from a reflection from
the vertical notches at the center point 8 in. (200 mm)
back to the radius and returning to the transducer when
the exit point of the wedge is directly over the center

Figure B-461.1
Sweep Range (Side-Drilled Holes)
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point of the radius. Other IIW blocks provide signals at
2 in. (50 mm) and 4 in. (100 mm) and a third design pro-
vides indications at 4 in. (100 mm) and 9 in. (225 mm).

B-461.2.1 Search Unit Adjustment. Position the
search unit for the maximum indication from the 4 in.
(100 mm) radius while rotating it side to side to also max-
imize the second reflector indication.

B-461.2.2 Delay and Range Control Adjustment.
Without moving the search unit, adjust the range and de-
lay controls so that the indications start at their respec-
tive metal path distances.

B-461.2.3 Repeat Adjustments. Repeat delay and
range control adjustments until the two indications are
at their proper metal path on the screen.

B-461.2.4 Sweep Readings. Two divisions on the
sweep now equal 1/5 of the screen range selected.

B-461.3 Piping Block (See Figure B-461.3). The
notches in piping calibration blocks may be used to cali-
brate the distance range displayed on the instrument
screen. They have the advantage of providing reflectors
at precise distances to the inside and outside surfaces.

B-461.3.1 Delay Control Adjustment. Position the
search unit for the maximum first indication from the in-
side surface notch at its actual beam path on the instru-
ment screen. Adjust the left edge of this indication to its
metal path on the screen with the delay control.

B-461.3.2 Range Control Adjustment. Position the
search unit for the maximum second indication from the
outside surface notch. Adjust the left edge of this indica-
tion to its metal on the screen with the range control or
velocity control.

Figure B-461.2
Sweep Range (IIW Block)

Figure B-461.3
Sweep Range (Notches)

Full Vee Path

Range

0 2 4 6 8 10

Delay

Half Vee Path

0 2 4 6 8 10

ASME BPVC.V-2023ARTICLE 4

128



B-461.3.3 Repeat Adjustments. Repeat delay and
range control adjustments until the two indications are
at their proper metal paths on the screen.

B-461.3.4 Sweep Readings. Two divisions on the
sweep now equal one-fifth of the screen range selected.

B-462 DISTANCE–AMPLITUDE CORRECTION
B-462.1 Calibration for Side-Drilled Holes Primary

Reference Level From Clad Side (See Figure B-462.1).
(a) Position the search unit for maximum response

from the SDH, which gives the highest amplitude.
(b) Adjust the sensitivity (gain) control to provide an

indication of 80% (±5%) of full screen height (FSH). Mark
the peak of the indication on the screen.

(c) Position the search unit for maximum response
from another SDH.

(d)Mark the peak of the indication on the screen.
(e) Position the search unit for maximum amplitude

from the third SDH and mark the peak on the screen.
(f) Position the search unit for maximum amplitude

from the 3/4T SDH after the beam has bounced from the
opposite surface. The indication should appear near
sweep line 10. Mark the peak on the screen for the 3/4T
position.

(g) Connect the screen marks for the SDHs to provide
the distance–amplitude correction (DAC) curve.

(h) For calibration correction for perpendicular reflec-
tors at the opposite surface, refer to B-465.

B-462.2 Calibration for Side-Drilled Holes Primary
Reference Level From Unclad Side (See Figure B-462.1).

(a) From the clad side of the block, determine the dB
change in amplitude between the 3/4T and 5/4T SDH
positions.

(b) From the unclad side, perform calibrations as noted
in B-462.1(a) through B-462.1(e).

(c) To determine the amplitude for the 5/4T SDH posi-
tion, position the search unit for maximum amplitude
from the 3/4T SDH. Decrease the signal amplitude by the
number of dB determined in (a) above. Mark the height
of this signal amplitude at sweep line 10 (5/4T position).

(d) Connect the screen marks to provide the DAC. This
will permit evaluation of indications down to the clad sur-
face (near sweep line 8).

(e) For calibration correction for perpendicular planar
reflectors near the opposite surface, refer to B-465.

B-462.3 Calibration for Piping Notches Primary Re-
ference Level (See Figure B-462.3).

(a) Position the search unit for maximum response
from the notch which gives the highest amplitude.

(b) Adjust the sensitivity (gain) control to provide an
indication of 80% (±5%) of full screen height (FSH). Mark
the peak of the indication on the screen.

(c) Without changing the gain, position the search unit
for maximum response from another notch.

(d)Mark the peak of the indication on the screen.
(e) Position the search unit for maximum amplitude

from the remaining notch at its Half Vee, Full Vee or
3/2 Vee beam paths and mark the peak on the screen.

(f) Position the search unit for maximum amplitude
from any additional Vee Path(s) when used and mark
the peak(s) on the screen.

(g) Connect the screen marks for the notches to provide
the DAC curve.

(h) These points also may be captured by the ultrasonic
instrument and electronically displayed.

Figure B-462.1
Sensitivity and Distance–Amplitude Correction (Side-Drilled Holes)
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B-463 DISTANCE–AMPLITUDE CORRECTION
INNER 1/4 VOLUME (SEE NONMANDATORY
APPENDIX J, FIGURE J-431 VIEW A)

B-463.1 Number of Beam Angles. The 1/4 volume an-
gle calibration requirement may be satisfied by using one
or more beams as required to calibrate on 1/8 in. (3 mm)
maximum diameter side-drilled holes in that volume.

B-463.2 Calibration FromUnclad Surface.When the
examination is performed from the outside surface, cali-
brate on the 1/8 in. (3 mm) diameter side-drilled holes
to provide the shape of the DAC from 1/2 in. (13 mm) to
1/4T depth. Set the gain to make the indication from
1/8 in. (3 mm) diameter side-drilled hole at 1/4T depth
the same height as the indication from the 1/4T depth hole
as determined in B-462.1 or B-462.2 above. Without
changing the gain, determine the screen height of the
other near surface indications from the remaining 1/8 in.
(3 mm) diameter side-drilled holes from 1/2 in. (13 mm)
deep to the 1/8 in. (3 mm) diameter side-drilled hole just
short of the 1/4T depth. Connect the indication peaks to
complete the near surface DAC curve. Return the gain set-
ting to that determined in B-462.1 or B-462.2.

B-463.3 Calibration From Clad Surface. When the
examination is performed from the inside surface, cali-
brate on the 1/8 in. (3 mm) diameter side-drilled holes
to provide the shape of the DAC and the gain setting, as
per B-463.2 above.

B-464 POSITION CALIBRATION (SEE FIGURE
B-464)

The following measurements may be made with a ruler,
scale, or marked on an indexing strip.12

B-464.1 1/4T SDH Indication. Position the search unit
for maximum response from the 1/4T SDH. Place one end
of the indexing strip against the front of the search unit,
the other end extending in the direction of the beam.
Mark the number 2 on the indexing strip at the scribe line
which is directly above the SDH. (If the search unit covers
the scribe line, the marks may be made on the side of the
search unit.)

B-464.2 1/2T and 3/4T SDH Indications. Position the
search unit for maximum indications from the 1/2T and
3/4T SDHs. Keep the same end of the indexing strip against
the front of the search unit. Mark the numbers 4 and 6 on
the indexing strip at the scribe line, which are directly
above the SDHs.

B-464.3 5/4T SDH Indication. If possible, position the
search unit so that the beam bounces from the opposite
surface to the 3/4T SDH. Mark the number 10 on the index-
ing strip at the scribe line, which is directly above the
SDH.

B-464.4 Notch Indication. Position the search unit
for the maximum opposite surface notch indication. Mark
the number 8 on the indexing strip at the scribe line,
which is directly above the notch.

B-464.5 Index Numbers. The numbers on the index-
ing strip indicate the position directly over the reflector in
sixteenths of the V-path.

Figure B-462.3
Sensitivity and Distance–Amplitude Correction (Notches)
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B-464.6 Depth. The depth from the examination sur-
face to the reflector is T at 8, 3/4T at 6 and 10, 1/2T at 4, 1/4T
at 2, and 0 at 0. Interpolation is possible for smaller incre-
ments of depth. The position marks on the indexing strip
may be corrected for the radius of the hole if the radius is
considered significant to the accuracy of reflector’s
location.

B-465 CALIBRATION CORRECTION FOR PLANAR
REFLECTORS PERPENDICULAR TO THE
EXAMINATION SURFACE AT OR NEAR
THE OPPOSITE SURFACE (SEE FIGURE
B-465)

A 45 deg angle beam shear wave reflects well from a
corner reflector. However, mode conversion and redirec-
tion of reflection occurs to part of the beam when a
60 deg angle beam shear wave hits the same reflector.
This problem also exists to a lesser degree throughout
the 50 deg to 70 deg angle beam shear wave range. There-
fore, a correction is required in order to be equally critical
of such an imperfection regardless of the examination
beam angle.

B-465.1 Notch Indication. Position the search unit
for maximum amplitude from the notch on the opposite
surface. Mark the peak of the indication with an “X” on
the screen.

B-465.2 45 deg vs. 60 deg. The opposite surface
notch may give an indication 2 to 1 above DAC for a
45 deg shear wave, but only 1/2 DAC for a 60 deg shear
wave. Therefore, the indications from the notch shall be
considered when evaluating reflectors at the opposite
surface.

B-466 BEAM SPREAD (SEE FIGURE B-466)

Measurements of beam spread shall be made on the
hemispherical bottom of round bottom holes (RBHs).
The half maximum amplitude limit of the primary lobe
of the beam shall be plotted by manipulating the search
unit for measurements on reflections from the RBHs as
follows.

B-466.1 Toward 1/4T Hole. Set the maximum indica-
tion from the 1/4T RBH at 80% of FSH. Move search unit
toward the hole until the indication equals 40% of FSH.
Mark the beam center line “toward” position on the block.

B-466.2 Away From 1/4T Hole. Repeat B-466.1, ex-
cept move search unit away from the hole until the indi-
cation equals 40% of FSH. Mark the beam center line
“away” position on the block.

Figure B-464
Position Depth and Beam Path

Figure B-465
Planar Reflections
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B-466.3 Right of 1/4T Hole. Reposition the search
unit for the original 80% of FSH indication from the 1/4T
RBH. Move the search unit to the right without pivoting
the beam toward the reflector until the indication equals
40% of FSH. Mark the beam center line “right” position on
the block.13

B-466.4 Left of 1/4T Hole. Repeat B-466.3, except
move the search unit to the left without pivoting the beam
toward the reflector until the indication equals 40% of
FSH. Mark the beam center line “left” position on the
block.13

B-466.5 1/2T and 3/4T Holes. Repeat the steps in
B-466.1 through B-466.4 for the 1/2T and 3/4T RBHs.

B-466.6 Record Dimensions. Record the dimensions
from the “toward” to “away” positions and from the
“right” to “left” positions marked on the block.

B-466.7 Perpendicular Indexing. The smallest of the
three “toward” to “away” dimensions shall not be ex-
ceeded when indexing between scans perpendicular to
the beam direction.

B-466.8 Parallel Indexing. The smallest of the three
“right” to “left” dimensions shall not be exceeded when in-
dexing between scans parallel to the beam direction.

B-466.9 Other Metal Paths. The projected beam
spread angle determined by these measurements shall
be used to determine limits as required at other metal
paths.

NOTE: If laminar reflectors are present in the basic calibration block,
the beam spread readings may be affected; if this is the case, beam
spread measurements must be based on the best available readings.

Figure B-466
Beam Spread
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NONMANDATORY APPENDIX C
GENERAL TECHNIQUES FOR STRAIGHT BEAM CALIBRATIONS

C-410 SCOPE

This Appendix provides general techniques for straight
beam calibration. Other techniques may be used.

C-460 CALIBRATION

C-461 SWEEP RANGE CALIBRATION14 (SEE
FIGURE C-461)

C-461.1 Delay Control Adjustment. Position the
search unit for the maximum first indication from the
1/4T SDH. Adjust the left edge of this indication to line 2
on the screen with the delay control.

C-461.2 Range Control Adjustment. Position the
search unit for the maximum indication from 3/4T SDH.
Adjust the left edge of this indication to line 6 on the
screen with the range control.

C-461.3 Repeat Adjustments. Repeat the delay and
range control adjustments until the 1/4T and 3/4T SDH indi-
cations start at sweep lines 2 and 6.

C-461.4 Back Surface Indication. The back surface
indication will appear near sweep line 8.

C-461.5 Sweep Readings. Two divisions on the
sweep equal 1/4T.

C-462 DISTANCE–AMPLITUDE CORRECTION
(SEE FIGURE C-462)

The following is used for calibration from either the
clad side or the unclad side:

(a) Position the search unit for the maximum indication
from the SDH, which gives the highest indication.

(b) Adjust the sensitivity (gain) control to provide an
80% (±5%) of FSH indication. This is the primary refer-
ence level. Mark the peak of this indication on the screen.

(c) Position the search unit for maximum indication
from another SDH.

(d)Mark the peak of the indication on the screen.
(e) Position the search unit for maximum indication

from the third SDH and mark the peak on the screen.
(f) Connect the screen marks for the SDHs and extend

through the thickness to provide the distance–amplitude
curve.

Figure C-461
Sweep Range
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Figure C-462
Sensitivity and Distance–Amplitude Correction
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NONMANDATORY APPENDIX D
EXAMPLES OF RECORDING ANGLE BEAM EXAMINATION DATA

D-410 SCOPE

This Appendix provides examples of the data required
to dimension reflectors found when scanning a weld and
describes methods for recording angle beam examination
data for planar and other reflectors. Examples are pro-
vided for when amplitude-based identification is required
and dimensioning is to be performed for length only and
for length and through-wall dimensions.

D-420 GENERAL

Referencing Code Sections provide several means of
identifying reflectors based upon indication amplitude.
These indications, in several Codes, must be interpreted
as to their reflector’s identity (i.e., slag, crack, incomplete
fusion, etc.) and then evaluated against acceptance stan-
d a r d s . I n g e n e r a l , s ome p e r c e n t a g e o f t h e
distance–amplitude correction (DAC) curve or reference
level amplitude for a single calibration reflector is estab-
lished at which all indications must be investigated as to
their identity. In other cases, where the amplitude of the
indication exceeds the DAC or the reference level, mea-
surements of the indication’s length may only be re-
quired. In other referencing Code Sections, measuring
techniques are required to be qualified for not only deter-
mining the indication’s length but also for its largest
through-wall dimension.

D-470 EXAMINATION REQUIREMENTS

A sample of various Code requirements will be covered
describing what should be recorded for various
indications.

D-471 REFLECTORS WITH INDICATION
AMPLITUDES GREATER THAN 20% OF
DAC OR REFERENCE LEVEL

When the referencing Code Section requires the identi-
fication of all relevant reflector indications that produce
indication responses greater than 20% of the DAC (20%
DAC15) curve or reference level established in T-463 or
T-464, a reflector producing a response above this level
shall be identified (i.e., slag, crack, incomplete fusion, etc.).

D-472 REFLECTORS WITH INDICATION
AMPLITUDES GREATER THAN THE DAC
CURVE OR REFERENCE LEVEL

When the referencing Code Section requires the length
measurement of all relevant reflector indications that
produce indication responses greater than the DAC curve
or reference level established in T-463 or T-464, indica-
tion length shall be measured perpendicular to the scan-
ning direction between the points on its extremities
where the amplitude equals the DAC curve or reference
level.

D-473 FLAW SIZING TECHNIQUES TO BE
QUALIFIED AND DEMONSTRATED

When flaw sizing is required by the referencing Code
Section, flaw sizing techniques shall be qualified and de-
monstrated. When flaw sizing measurements are made
with an amplitude technique, the levels or percentage of
the DAC curve or reference level established in the proce-
dure shall be used for all length and through-wall
measurements.

D-490 DOCUMENTATION

Different Sections of the referencing Codes may have
some differences in their requirements for ultrasonic ex-
amination. These differences are described below for the
information that is to be documented and recorded for a
particular reflector’s indication. In illustrating these tech-
niques of measuring the parameters of a reflector’s indi-
cation responses, a simple method of recording the
position of the search unit will be described.

Ultrasonic indications will be documented by the loca-
tion and position of the search unit. A horizontal weld as
shown in Figure D-490 has been assumed for the data
shown in Table D-490. All indications are oriented with
their long dimension parallel to the weld axis. The search
unit’s location, X, was measured from the 0 point on the
weld axis to the centerline of the search unit’s wedge.
The search unit’s position, Y, was measured from the weld
axis to the sound beam’s exit point of the wedge. Y is po-
sitive upward and negative downward. Search unit beam
direction is usually 0 deg, 90 deg, 180 deg, or 270 deg.
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D-491 REFLECTORS WITH INDICATION
AMPLITUDES GREATER THAN 20% OF
DAC OR REFERENCE LEVEL

When the referencing Code Section requires the identi-
fication of all relevant reflector indications that produce
reflector responses greater than 20% of the DAC curve
or reference level, position the search unit to give the
maximum amplitude from the reflector.
(a) Determine and record the maximum amplitude in

percent of DAC or reference level.

(b) Determine and record the sweep reading sound
path to the reflector (at the left side of the indication on
the sweep).
(c) Determine and record the search unit location (X)

with respect to the 0 point.
(d) Determine and record the search unit position (Y)

with respect to the weld axis.
(e) Record the search unit beam angle and beam

direction.

Table D-490
Example Data Record

Weld
No.

Ind.
No.

Maximum
DAC, %

Sound Path,
in. (mm)

Loc. (X),
in. (mm)

Pos. (Y),
in. (mm)

Calibration
Sheet

Beam Angle
and Beam
Direction,

deg Comments and Status

1541 1 45 1.7 (43.2) 4.3 (109.2) −2.2 (−55.9) 005 45 (0) Slag

1685 2 120 2.4 (61.0) 14.9 (378) 3.5 (88.9) 016 60 (180) Slag

100 2.3 (58.4) 15.4 (391) 3.6 (91.4) Right end

100 2.5 (63.5) 14.7 (373) 3.7 (94.0) Left end

Length = 15.4 in. − 14.7 in. = 0.7 in.
(391 mm − 373 mm = 18 mm)

1967 3 120 4.5 (114.3) 42.3 (1 074) −5.4 (−137.2) 054 45 (0) Slag

20 4.3 (109.2) 41.9 (1 064) −5.2 (−132.1) Minimum depth position

20 4.4 (111.8) 41.6 (1 057) −5.4 (−137.2) Left end

20 4.7 (119.4) 42.4 (1 077) −5.6 (−142.2) Maximum depth position

20 4.6 (116.8) 42.5 (1 080) −5.5 (−139.7) Right end

Length = 42.5 in. − 41.6 in. = 0.9 in.
(1 080 mm − 1 057 mm = 23 mm)

Through-wall dimension = (4.7 in. −
4.3 in.)(cos 45 deg) = 0.3 in.
[(119.4 mm − 109.2 mm)(cos
45 deg) = 7.2 mm)]

GENERAL NOTE: Ind. No. = indication number; Loc. (X) = location along X axis; pos. (Y) = position (Y) fromweld centerline; beam direction is
toward 0, 90, 180, or 270 (see Figure D-490).

Figure D-490
Search Unit Location, Position, and Beam Direction
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A data record is shown in Table D-490 for an indication
with a maximum amplitude of 45% of DAC as Weld 1541,
Indication 1. From its characteristics, the reflector was
determined to be slag.

D-492 REFLECTORS WITH INDICATION
AMPLITUDES GREATER THAN THE DAC
CURVE OR REFERENCE LEVEL

When the referencing Code Section requires a length
measurement of all relevant reflector indications that
produce indication responses greater than the DAC curve
or reference level whose length is based on the DAC curve
or reference level, do the recording in accordance with
D-491 and the following additional measurements.

(a) First move the search unit parallel to the weld axis
to the right of the maximum amplitude position until the
indication amplitude drops to 100% DAC or the reference
level.

(b) Determine and record the sound path to the reflec-
tor (at the left side of the indication on the sweep).

(c) Determine and record the search unit location (X)
with respect to the 0 point.

(d) Determine and record the search unit position (Y)
with respect to the weld axis.

(e) Next move the search unit parallel to the weld axis
to the left passing the maximum amplitude position until
the indication amplitude again drops to 100% DAC or the
reference level.

(f) Determine and record the sound path to the reflec-
tor (at the left side of the indication on the sweep).

(g) Determine and record the search unit location (X)
with respect to the 0 point.

(h) Determine and record the search unit position (Y)
with respect to the weld axis.

(i) Record the search unit beam angle and beam
direction.

A data record is shown in Table D-490 for an indication
with a maximum amplitude of 120% of DAC as Weld 685,
Indication 2, with the above data and the data required in
D-491. From its characteristics, the reflector was deter-
mined to be slag and had an indication length of 0.7 in.
If the indication dimensioning was done using SI units,
the indication length is 18 mm.

D-493 REFLECTORS THAT REQUIRE
MEASUREMENT TECHNIQUES TO BE
QUALIFIED AND DEMONSTRATED

When the referencing Code Section requires that all re-
levant reflector indication length and through-wall di-
mensions be measured by a technique that is qualified

and demonstrated to the requirements of that Code Sec-
tion, the measurements of D-491 and D-492 are made
with the additional measurements for the through-wall
dimension as listed below. The measurements in this sec-
tion are to be done at amplitudes that have been qualified
for the length and through-wall measurement. A 20%
DAC or 20% of the reference level has been assumed qual-
ified for the purpose of this illustration instead of the
100% DAC or reference level used in D-492. Both length
and through-wall determinations are illustrated at 20%
DAC or the 20% of the reference level. The reflector is lo-
cated in the first leg of the sound path (first half vee path).

(a) First move the search unit toward the reflector and
scan the top of the reflector to determine the location and
position where it is closest to the sound beam entry sur-
face (minimum depth) and where the amplitude falls to
20% DAC or 20% of the reference level.

(b) Determine and record the sound path to the reflec-
tor (at the left side of the indication on the sweep).

(c) Determine and record the search unit location (X)
with respect to the 0 point.

(d) Determine and record the search unit position (Y)
with respect to the weld axis.

(e) Next move the search unit away from the reflector
and scan the bottom of the reflector to determine the lo-
cation and position where it is closest to the opposite sur-
face (maximum depth) and where the amplitude falls to
20% DAC or 20% of the reference level.

(f) Determine and record the sound path to the reflec-
tor (at the left side of the indication on the sweep).

(g) Determine and record the search unit location (X)
with respect to the 0 point.

(h) Determine and record the search unit position (Y)
with respect to the weld axis.

(i) Record the search unit beam angle and beam
direction.

A data record is shown in Table D-490 for an indication
with a maximum amplitude of 120% of DAC as Weld
1967, Indication 3, with the above data and the data re-
quired in D-491 and D-492 for length at 20% DAC or
20% of the reference level. From its characteristics, the
reflector was determined to be slag and the indication
had a length of 0.9 in. If the dimensioning was done using
SI units, the indication length is 23 mm and the through-
wall dimension 7 mm.
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NONMANDATORY APPENDIX E
COMPUTERIZED IMAGING TECHNIQUES

E-410 SCOPE

This Appendix provides requirements for computer
imaging techniques.

E-420 GENERAL

Computerized imaging techniques (CITs) shall satisfy
all of the basic instrument requirements described in
T-431 and T-461. The search units used for CIT applica-
tions shall be characterized as specified in B-466. CITs
shall be qualified in accordance with the requirements
for flaw detection and/or sizing that are specified in the
referencing Code Section.
The written procedure for CIT applications shall identi-

fy the specific test frequency and bandwidth to be uti-
lized. In addition, such procedures shall define the
signal processing techniques, shall include explicit guide-
lines for image interpretation, and shall identify the soft-
ware code/program version to be used. This information
shall also be included in the examination report. Each ex-
amination report shall document the specific scanning
and imaging processes that were used so that these func-
tions may be accurately repeated at a later time if
necessary.
The computerized imaging process shall include a fea-

ture that generates a dimensional scale (in either two or
three dimensions, as appropriate) to assist the operator
in relating the imaged features to the actual, relevant di-
mensions of the component being examined. In addition,
automated scaling factor indicators shall be integrally in-
cluded to relate colors and/or image intensity to the rele-
vant variable (i.e., signal amplitude, attenuation, etc.).

E-460 CALIBRATION

Calibration of computer imaging systems shall be con-
ducted in such amanner that the gain levels are optimized
for data acquisition and imaging purposes. The traditional
DAC-based calibration process may also be required to
establish specific scanning and/or flaw detection sensitiv-
ity levels.
For those CITs that employ signal processing to achieve

image enhancement (SAFT-UT, L-SAFT, and broadband
holography), at least one special lateral resolution and
depth discrimination block for each specified examination

shall be used in addition to the applicable calibration
block required by Article 4. These blocks shall comply
with J-431.
The block described in Figure E-460.1 provides an ef-

fective resolution range for 45 deg and 60 deg search
units and metal paths up to about 4 in. (100 mm). This
is adequate for piping and similar components, but longer
path lengths are required for reactor pressure vessels. A
thicker block with the same sizes of flat-bottom holes,
spacings, depths, and tolerances is required for metal
paths greater than 4 in. (100 mm), and a 4 in.
(100 mm) minimum distance between the edge of the
holes and the edge of the block is required. These blocks
provide a means for determining lateral resolution and
depth discrimination of an ultrasonic imaging system.
Lateral resolution is defined as the minimum spacing

between holes that can be resolved by the system. The
holes are spaced such that the maximum separation be-
tween adjacent edges of successive holes is 1.000 in.
(25.40 mm). The spacing progressively decreases by a
factor of two between successive pairs of holes, and the
minimum spacing is 0.015 in. (0.38 mm). Depth discrimi-
nation is demonstrated by observing the displayed metal
paths (or the depths) of the various holes. Because the
hole faces are not parallel to the scanning surface, each
hole displays a range [about 0.1 in. (2.5 mm)] of metal
paths. The “A” row has the shortest average metal path,
the “C” row has the longest average metal path, and the
“B” holes vary in average metal path.
Additional blocks are required to verify lateral resolu-

tion and depth discrimination when 0 deg longitudinal-
wave examination is performed. Metal path lengths of
2 in. and 8 in. (50 mm and 200 mm), as appropriate, shall
be provided as shown in Figure E-460.2 for section thick-
nesses to 4 in. (100 mm), and a similar block with 8 in.
(200 mm) metal paths is needed for section thicknesses
over 4 in. (100 mm).

E-470 EXAMINATION

E-471 SYNTHETIC APERTURE FOCUSING
TECHNIQUE FOR ULTRASONIC TESTING
(SAFT-UT)

The Synthetic Aperture Focusing Technique (SAFT) re-
fers to a process in which the focal properties of a
large-aperture focused search unit are synthetically gen-
erated from data collected while scanning over a large
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area using a small search unit with a divergent sound
beam. The processing required to focus this collection
of data is a three-dimensional process called beam-
forming, coherent summation, or synthetic aperture pro-
cessing. The SAFT-UT process offers an inherent advan-
tage over physical focusing processes because the
resulting image is a full-volume, focused characterization
of the material volume being examined. Traditional phy-
sical focusing processes provide focused data over only
the depth of the focus zone of the transducer.

For the typical pulse-echo data collection scheme used
with SAFT-UT, a focused search unit is positioned with
the focal point located at the surface of the material under
examination. This configuration produces a divergent ul-
trasonic beam in the material. Alternatively, a small-
diameter contact search unit may be used to generate a
divergent beam. As the search unit is scanned over the
surface of the material, the A-scan record (RF waveform)
is digitized for each position of the search unit. Any reflec-
tor present produces a collection of echoes in the A-scan
records. For an elementary single-point reflector, the col-
lection of echoes will form a hyperbolic surface within the
data-set volume. The shape of the hyperboloid is deter-
mined by the depth of the reflector and the velocity of
sound in the material. The relationship between echo lo-
cation in the series of A-scans and the actual location of
reflectors within the material makes it possible to recon-
struct a high-resolution image that has a high signal-to-
noise ratio. Two separate SAFT-UT configurations are
possible:

(a) the single-transducer, pulse-echo configuration;
and

(b) the dual-transducer, tandem configuration (TSAFT).

In general, the detected flaws may be categorized as vo-
lumetric, planar, or cracks. Flaw sizing is normally per-
formed by measuring the vertical extent (cracks) or the
cross-sectional distance (volumetric/planar) at the
–6 dB levels once the flaw has been isolated and the image
normalized to the maximum value of the flaw. Multiple
images are often required to adequately categorize (clas-
sify) the flaw and to characterize the actual flaw shape
and size. Tandem sizing and analysis uses similar tech-
niques to pulse-echo, but provides images that may be ea-
sier to interpret.

The location of indications within the image space is in-
fluenced by material thickness, velocity, and refracted an-
gle of the UT beam. The SAFT algorithm assumes isotropic
and homogeneous material; i.e., the SAFT algorithm re-
quires (for optimum performance) that the acoustic velo-
city be accurately known and constant throughout the
material volume.

Lateral resolution is the ability of the SAFT-UT system
to distinguish between two objects in an x-y plane that is
perpendicular to the axis of the sound beam. Lateral reso-
lution is measured by determining the minimum spacing
between pairs of holes that are clearly separated in the

image. A pair of holes is considered separated if the signal
amplitude in the image decreases by at least 6 dB be-
tween the peak signals of two holes.

Depth resolution is the ability of a SAFT-UT system to
distinguish between the depth of two holes whose axes
are parallel to the major axis of the sound beam. Depth re-
solution is measured by determining the minimum differ-
ence in depth between two holes.

The lateral resolution for a SAFT-UT system is typically
1.5 wavelengths (or better) for examination of wrought
ferritic components, and 2.0 wavelengths (or better) for
examination of wrought stainless steel components. The
depth resolution for these same materials will typically
be 0.25 wavelengths (or better).

E-472 LINE-SYNTHETIC APERTURE FOCUSING
TECHNIQUE (L-SAFT)

The Line Synthetic Aperture Focusing Technique
(L-SAFT) is useful for analyzing detected indications.
L-SAFT is a two-dimensional process in which the focal
properties of a large-aperture, linearly focused search
unit are synthetically generated from data collected over
a scan line using a small search unit with a diverging
sound beam. The processing required to impose a focus-
ing effect of the acquired data is also called synthetic
aperture processing. The L-SAFT system can be operated
like conventional UT equipment for data recording. It will
function with either single- or dual-element transducers.

Analysis measurements, in general, are performed to
determine flaw size, volume, location, and configuration.
To decide if the flaw is a crack or volumetric, the crack-
tip-diffraction response offers one criterion, and the
superimposed image of two measurements made using
different directions of incidence offers another.

All constraints for SAFT-UT apply to L-SAFT and vice
versa. The difference between L-SAFT and SAFT-UT is
that SAFT-UT provides a higher resolution image than
can be obtained with L-SAFT.

E-473 BROADBAND HOLOGRAPHY TECHNIQUE

The holography technique produces an object image by
calculation based on data from a diffraction pattern. If the
result is a two-dimensional image and the data are ac-
quired along one scan, the process is called “line-
holography.” If the result is a two-dimensional image
based upon an area scanned, then it is called “hologra-
phy.” For the special case of applying holography princi-
ples to ultrasonic testing, the image of flaws (in more
than one dimension) can be obtained by recording the
amplitude, phase, and time-of-flight data from the
scanned volume. The holography process offers a unique
feature because the resulting image is a one- or two-
dimensional characterization of the material.

This technique provides good resolution in the axial di-
rection by using broadband search units. These search
units transmit a very short pulse, and therefore the axial
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Figure E-460.1
Lateral Resolution and Depth Discrimination Block for 45 deg and 60 deg Applications
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GENERAL NOTES:
(a) View rotated for clarity.
(b) Insonification surface is shown at bottom.
(c) Tolerances: decimals: 0.XX = ±0.03; 0.XXX = ±0.005; angular: ±1 deg.
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resolution is improved. The maximum bandwidth may be
20 MHz without using filtering, and up to 8 MHz using an
integrated filter.

Analysis measurements, in general, are performed to
obtain information on size, volume, location, and config-
uration of detected flaws. The results of the holography-
measurements per scan line show a two-dimensional im-
age of the flaw by color-coded display. The size of flaws
can be determined by using the 6 dB drop in the color
code. More information on the flaw dimensions is ob-
tained by scans in different directions (i.e., parallel, per-
pendicular) at different angles of incidence. To decide if
the flaw is a crack or a volumetric flaw, the crack tip tech-
nique offers one criterion and comparison of two mea-
surements from different directions of incidence offers
another. Measurement results obtained by imaging tech-
niques always require specific interpretation. Small varia-
tions in material thickness, sound velocity, or refracted
beam angle may influence the reconstruction results.
The holography processing calculations also assume that
the velocity is accurately known and constant throughout
the material.

E-474 UT-PHASED ARRAY TECHNIQUE

The UT-Phased Array Technique is a process wherein
UT data are generated by controlled incremental varia-
tion of the ultrasonic beam angle in the azimuthal or lat-
eral direct ion while scanning the object under
examination. This process offers an advantage over pro-
cesses using conventional search units with fixed beam
angles because it acquires considerably more information
about the reflecting object by using more aspect angles in
direct impingement.

Each phased array search unit consists of a series of in-
dividually wired transducer elements on a wedge that are
activated separately using a pre-selectable time delay pat-
tern. With a linear delay time between the transmitter
pulses, an inclined sound field is generated. Varying the
angle of refraction requires a variation of the linear

distribution of the delay time. Depending on the search
unit design, it is possible to electronically vary either
the angle of incidence or the lateral/skew angle. In the re-
ceiving mode, acoustic energy is received by the elements
and the signals undergo a summation process utilizing the
same time delay pattern as was used during transmission.

Flaw sizing is normally performed by measuring the
vertical extent (in the case of cracks) or the cross-
sectional distance (in the case of volumetric/planar
flaws) at the 6 dB levels once the flaw has been isolated
and the image normalized. Tandem sizing and analysis
uses techniques similar to pulse-echo but provides
images that are easier to interpret since specular reflec-
tion is used for defects oriented perpendicular to the sur-
face. For cracks and planar defects, the result should be
verified using crack-tip-diffraction signals from the upper
and lower ends of the flaw, since the phased array ap-
proach with tomographic reconstruction is most sensitive
to flaw tip indications and is able to give a clear recon-
struction image of these refraction phenomena. As with
other techniques, the phased array process assumes iso-
tropic and homogeneous material whose acoustic velocity
is constant and accurately known.

Sectorial scans (S-scans) with phased array provides a
fan-like series of beam angles from a single emission
point that can cover part or all of a weld, depending on
search unit size, joint geometry, and section thickness.
Such a series of beam angles can demonstrate good de-
tectability of side-drilled holes because they are omni-
directional reflectors. This is not necessarily the case for
planar reflectors (e.g., lack of fusion and cracks) when uti-
lizing line scanning techniques where the beam could be
misoriented to the point they cannot be detected. This is
particularly true for thicker sections when using single
line scanning techniques.

Figure E-460.1
Lateral Resolution and Depth Discrimination Block for 45 deg and 60 deg Applications (Cont'd)

GENERAL NOTES (CONT'D):
(d) Hole identification:

(1) Engrave or stamp as shown with the characters upright when the large face of the block is up.
(2) Nominal character height is 0.25 in. (6 mm).
(3) Start numbering at the widest-spaced side.
(4) Label row of eight holes A1–A8.
(5) Label diagonal set of seven holes B1–B7.
(6) Label remaining six holes C3–C8.

(e) Hole spacing: minimum 0.010 in. (0.25 mm) material between hole edges.
(f) Hole depths: 30 deg face: 1.000 in. (25.40 mm); 45 deg face: 1.750 in. (44.45 mm).
(g) Drawing presentation: holes are shown from drilled face of block.
(h) Hole ends to be flat and parallel to drilled surface within 0.001 in. (0.03 mm) across face of hole.
(i) Maximum radius between side and face of hole is 0.005 in. (0.13 mm).
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Figure E-460.2
Lateral and Depth Resolution Block for 0 deg Applications
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E-475 UT-AMPLITUDE TIME-OF-FLIGHT
LOCUS-CURVE ANALYSIS TECHNIQUE

The UT-amplitude time-of-flight locus-curve analysis
technique utilizes multiple search units in pulse-echo,
transmitter-receiver, or tandem configuration. Individu-
ally selectable parameters control the compression of
the A-scan information using a pattern-recognition algo-
rithm, so that only the relevant A-scan amplitudes are
stored and further processed.

The parameter values in the A-scan compression algo-
rithm determine how many pre-cursing and how many
post-cursing half-wave peaks must be smaller than a spe-
cific amplitude, so that this largest amplitude is identified
as as relevant signal. These raw data can be displayed in
B-, C-, and D-scan (side, top, and end view) presentations,
with selectable color-code increments for amplitude and
fast zoom capabilities. This operating mode is most suit-
able for detection purposes. For discrimination, a two-
dimensional spatial-filtering algorithm is applied to
search for correlation of the time-of-flight raw data with
reflector-typical time-of-flight trajectories.

Tandem sizing and analysis uses techniques similar to
pulse-echo but provides images that may be easier to in-
terpret since the specular reflections from flaws oriented
perpendicular to the surface are used. For cracks and pla-
nar flaws, the results should be verified with crack-tip-
diffraction signals from the upper and lower end of the
flaw since the acoustic parameters are very sensitive to
flaw tip indications and a clear reconstruction image of
these refraction phenomena is possible with this
technique.

The location of indications within the image space is in-
fluenced by material thickness and actual sound velocity
(i.e., isotropic and homogeneous material is assumed).
However, deteriorating influences from anisotropic mate-
rial (such as cladding) can be reduced by appropriate se-
lection of the search unit parameters.

E-476 AUTOMATED DATA ACQUISITION AND
IMAGING TECHNIQUE

Automated data acquisition and imaging is a multi-
channel technique that may be used for acquisition and
analysis of UT data for both contact and immersion appli-
cations. This technique allows interfacing between the ca-
libration, acquisition, and analysis modes; and for
assignment of specific examination configurations. This
technique utilizes a real-time display for monitoring the
quality of data being collected, and provides for display
of specific amplitude ranges and the capability to analyze
peak data through target motion filtering. A cursor func-
tion allows scanning the RF data one waveform at a time
to aid in crack sizing using tip-diffraction. For both peak
and RF data, the technique can collect, display, and ana-
lyze data for scanning in either the axial or circumferen-
tial directions.

This technique facilitates detection and sizing of both
volumetric and planar flaws. For sizing volumetric flaws,
amplitude-based methods may be used; and for sizing
planar flaws, the crack-tip-diffraction method may be
used. An overlay feature allows the analyst to generate
a composite image using several sets of ultrasonic data.
All data displayed in the analyze mode may be displayed
with respect to the physical coordinates of the
component.
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ð23Þ NONMANDATORY APPENDIX F
EXAMINATION OF WELDS USING FULL MATRIX CAPTURE

F-410 SCOPE

This Appendix contains a description of the processes
and technique(s) for the full matrix capture (FMC) ultra-
sonic (UT) examination technique. An FMC examination
consists of data collection and image construction
aspects.

F-420 GENERAL

A full matrix of time domain signals from transmitting
patterns and receiving elements, within a given array, is
captured electronically. This is the creation of the data
set.
The data set is then used to reconstruct an image

through post-processing techniques. Reconstruction
may be done in real time or at any time after acquisition.
There are many image reconstruction techniques consist-
ing of processing algorithms, and different techniques
may be applied to the same data set.
It is important to note that the data collection in FMC is

not necessarily contingent in any way on subsequent pro-
cessing to form an image; however, the image reconstruc-
tion is potentially constrained by the data obtained in the
FMC process. There is not necessarily a need to compute
any setting prior to or during the FMC process, except the
time of flight (TOF) and dynamic range of the signal ac-
quired. For some of the cases, no prior information need
be applied nor assumed to collect data. However, to re-
construct a useful image, the examiner must ensure that
all the information for processing is contained within
the FMC.

F-421 POST-PROCESSING

For simplicity, the elementary total focusing method
(TFM) is used in this Appendix as an example. Other
signal-processing techniques are also viable.
The elementary TFM is a common method of image re-

construction in which the value of each constituent datum
of the image results from focused ultrasound. TFM may
also be understood as a broad term encompassing a fa-
mily of processing techniques for image reconstruction.
It is possible that equipment of different manufacture
may legitimately generate very different TFM images
using the same FMC data, with no image being necessarily
more valid than another. Other signal-processing tech-
niques may be considered variants or derivatives of

TFM if they satisfy the broad definition of TFM above.
Contrary to the name, other TFM variants intentionally
defocus to achieve the desired results.

A TFM examination may be reconstructed from
non-FMC data. However, this Appendix only addresses
images reconstructed from FMC data.

F-430 EQUIPMENT

F-432 SEARCH UNIT SELECTION

FMC/TFM examinations have a potential advantage of
better image resolution (the ability to distinguish two se-
parate reflectors that are in close proximity) over other
UT techniques. FMC/TFM is potentially also less sensitive
to the shape or orientation of the reflector than other UT
techniques. Since it is a UT technique, FMC/TFM examina-
tion is governed by the same laws of physics that apply to
any UT technique [e.g., conventional UT, phased-array UT
testing (PAUT), and TOF diffraction (TOFD)]. A search
unit design matching the application is one of the most
important factors to realize the potential benefits and ad-
vantages of these techniques. Any given array’s perfor-
mance is also relevant to the examination area or
required examination volume.

In general, the smaller the element(s) and element
pitch, combined with a high element count, the larger
the optimized examination area will be, including a great-
er depth of field, and less dependent on the orientation of
the reflector. This is true for any UT technique. Any given
array search unit that performs poorly with PAUT will
probably perform poorly with FMC/TFM, diminishing
the potential for superior imaging. For example, although
it is possible to examine a thick component using a small
number of elements (e.g., a 16-element array), the exam-
iner should not expect significant resolution benefits over
a larger array.

(a) The examiner may take the following into consid-
eration for search unit selection:

(1) The aperture should be long enough to produce a
far enough near field (size is normalized with the
wavelength).

(2) An indication that is farther away in time will
have less resolution, and a larger array may be desirable
for achieving better results.
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(3) Decreasing the wavelength will improve resolu-
tion and is typically accomplished by increasing the fre-
quency of the array. Material velocity also has an impact
on wavelength in that an increase in velocity will increase
the wavelength.

(4) Element pitch is important; each grid datum is
calculated with proper information from the signal. When
combined with the aperture length, this means that the
number of elements is an important parameter. It is im-
portant to realize that the pitch of the array is not directly
correlated to the image grid spacing as it is in PAUT.

(b) The configuration of the search unit will also influ-
ence the image reconstruction process, which is related to
how the frames are collected. To improve image proces-
sing, the examiner should consider the following:

(1) An array with a small pitch will generally perform
better (size is normalized with the wavelength).

(2) An array with a small element size will perform
better, to the point where being too small affects the
sensitivity.

(3) The examination volume should be within the
range where the search unit arrangement naturally per-
forms best for the material (e.g., the range is within ac-
ceptable elementary beam divergence and attenuation).

F-440 MISCELLANEOUS

F-441 FULL MATRIX CAPTURE

FMC refers to the general technique of acquiring sev-
eral to all signal combinations from several to all ele-
ments within an aperture (whether it be virtual or real).
The FMC data are strictly dependent on time. The general
case for a linear array is that the FMC is composed by an
index of the receiving pattern and another index by a
transmit pattern, where each cell of the FMC is an A-scan.
Some variations include different waveforms other than
cylindrical waves issued from each element; therefore,
the matrix might have more than three dimensions (e.g.,
transmitter index, receiver index, A-scan). The most ele-
mentary subset of the FMC method consists of acquiring
information from all receiving elements in parallel for
each element in transmission as described in Table
F-441-1.

F-442 TOTAL FOCUSING METHOD

The TFM has simpler user settings and is capable of
better resolution or depth of field over a larger region
than if the search unit is properly designed for the exam-
ination. By using variations of the mathematical processes
used for TFM, it is possible to gain advantages such as im-
proved image resolution and less scattering of sound
waves from material structure noise. TFM processing
can be performed either in real time inside the equipment
during the acquisition or during post-processing by other
means. It is possible to apply TFM processing on FMC data
that was previously acquired, stored in files, or archived.

F-442.1 Basic Concept of the TFM Family. TFM,
using the search unit, coupling, and material information,
can convert FMC data into an image representative of the
part being examined, relative to its dimension. When pro-
cessing FMC data, each point within the grid is calculated
for the given array.

The general TFMmethod consists of calculating the am-
plitude value, whose generating function depends on the
specific variant of TFM being applied, for each data point
within the grid. The name “total focusing method” origi-
nated from the fact that each point calculated in the grid
is intended to be perfectly focused.

As is the case with FMC, TFM is inclusive of an entire
family of processes. A comparison of the generic methods
of focusing for conventional PAUT and for actively fo-
cused FMC/TFM, which all generate a merged or compo-
site image (grid), and whose name depends on the
technique, is illustrated in Figures F-451.1-1 and
F-451.1-2.

F-450 TECHNIQUES

F-451 CONVENTIONAL PHASED-ARRAY VS.
FMC/TFM

The conventional PAUT technique consists of beam
forming with an aperture (virtual search unit) in real
time, using delay laws for both the transmit and receive
sides. The raw data generated by each element of the ar-
ray is processed (via beam forming) within the

Table F-441-1
An Illustrated Elementary Transmit/Receive Matrix

Receiving Elements

Transmitting Elements

1 2 3 N − 1 N

1 Ascan_1_1 Ascan_2_1 Ascan_3_1 Ascan_N−1_1 Ascan_N_1
2 Ascan_1_2 Ascan_2_2 Ascan_3_2 Ascan_N−1_2 Ascan_N_2
3 Ascan_1_3 Ascan_2_3 Ascan_3_3 Ascan_N−1_3 Ascan_N_3

N − 1 Ascan_1_N−1 Ascan_2_N−2 Ascan_3_N−1 Ascan_N−1_N−1 Ascan_N−1_N
N Ascan_2_N Ascan_2_N Ascan_3_N Ascan_N−1_N Ascan_N_N
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instrument, creating A-scan information in real time and
generating image(s) that are essentially stacked A-scans,
as opposed to FMC/TFM, which is non-beam-forming.

F-451.1 Typical Workflow Process. Figures
F-451.1-1 through F-451.1-4 illustrate the typical work-
flow processes mentioned in F-450 and illustrate that
for PAUT the following is true:
(a) The delay law calculation is determined by the type

of image reconstruction (sector scan, linear scan, etc.) and
other parameters such as travel time to the focus point.
(b) The data acquisition method can be determined by

the type of focusing [typically the case of dynamic depth
focusing (DDF), zone focusing, linear scan, or sectorial
scan].
(c) The active focusing necessitates that the focal laws

be generated prior to acquisition.

F-451.2 Advantages of TFM (Synthetic Focusing).
The following are some of the advantages of TFM:
(a) Only one FMC data acquisition is enough to gener-

ate the various images, even when the equipment pro-
cessed a different mode during acquisition or the FMC
data was stored such that the TFM processing software
could reconstruct several modes. Instead of only for that
mode, it is possible to apply various TFM processes to
stored FMC as well.
(b) An accurate model of the component can be gener-

ated with FMC data, which improves the resolution, and is
a function of the array and wedge definition and of the po-
sition of the grid. In addition, the ability to resolve compo-
nent and weld geometry in the reconstructed image has
advantages (e.g., verification of equipment setup and less
ambiguous interpretation).
(c) The setting(s) (e.g., focal law calculations) can be

completely disassociated from the acquisition. In the case
of elementary FMC/TFM, the only relations are the array
pitch, velocities, and, when the TFM process is not adap-
tive, the relative geometry of the search unit with the part.
(d) Complex or high-performance TFM methods offer

greater flexibility to correct for the lack of knowledge of
the inspected part and its characteristics, enhance the re-
solution, improve profiling of the indication, reduce mate-
rial structural noise, etc.

TFM is the result of the computation from data that was
acquired independently. It brings possibilities such as
using different processing, with the same FMC data, at
the same time or in post processing, using different algo-
rithm(s). This may be advantageous for a particular ex-
amination scenario.

F-460 CALIBRATION

F-462 GENERAL CALIBRATION REQUIREMENTS
F-462.1 Amplitude Fidelity. In simple terms, ampli-

tude fidelity is the digital preservation of the signal ampli-
tude information. The difference is a variation in

sensitivity. The issue can either be that the amplitude var-
ies too much because of the range of the grid size or by
having too coarse a grid resolution regarding the lateral
resolution of the system. There are several factors that in-
fluence the outcome, and an inadequate setup for a given
component can lead to poor examination results.
Some of the parameters that can affect amplitude fide-

lity are physical properties, such as component material,
search unit characteristics, wedge definition, and the po-
sition of the grid relative to them. Other parameters that
may affect amplitude fidelity are FMC instrument settings
(e.g., the sampling frequency, range, and dynamic setting)
and settings and particularities of the TFM processes used
by the equipment. The definition of the grid is essential
for this check and therefore for the examination.
There are many ways to check or calculate amplitude

fidelity for a given setup. The following is one example
using a side-drilled hole (SDH) in proximity to the surface,
yet past the dead zone, with an additional SDH placed
0.2 in. (5 mm) from the back wall, by observing the ampli-
tude response while moving the search unit to cover the
whole grid from each extremity of the search unit across
the SDHs. Scanning across the SDHs should be done with
an encoder employing a micro-adjustment, such as
0.004 in. (0.1 mm). If the SDHs are separated by 0.2 in.
(5 mm) or less, due to thickness, then one hole is ade-
quate. When using two holes, it is necessary to space them
enough laterally to avoid the response from one influen-
cing the other.
This example consists of moving the search unit along

the test piece laterally such that the grid to be used during
the examination(s) scans the SDHs and displays each
along the lateral axis. The amplitude of the signal can be
observed and measured for each position of the grid rel-
ative to the SDHs.

Figure F-451.1-1
FMC/TFM Generic Workflow
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Figure F-451.1-2
Active Focusing Workflow

Focal laws
Imaging settings

Focal laws
Imaging settings

Acquire
uniseqequential

data

Acquire
uniseqequential

data

Acquire
uniseqequential

data

Focal laws
TFM settings

Generate B-scan
image

Generate
sector scan

image

Generate TFM
image

Figure F-451.1-3
Active Focusing Workflow With FMC Data Acquisition
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ð23Þ

The amplitude fidelity is the measurement in variation
of the maximum amplitude response of each SDH be-
tween the consecutive points of the grid, for the entire
grid, as the SDH crosses along its lateral axis.

NOTE: The examiner needs to ensure the grid has a resolution that is
fine enough to guarantee amplitude fidelity and that will meet the
requirement of Article 4, Mandatory Appendix XI, XI-462.1. For ex-
ample, in an extreme case having too coarse a grid, the examiner
may simply not detect a small reflector. When a large high-frequency
array is used, the lateral resolution can be much finer than expected
in a smaller lower-frequency or out-of-focus array. The same situa-
tion can occur with a search unit having an inadequate definition
or, in some cases, a mismatch between the wedge and array defini-
tion, especially regarding the position of the grid relative to them.

The amplitude fidelity check shall be performed for
each mode that will be used during the inspection, and
the instrument UT and mechanical setting(s) shall be
the same as those used for the examination.

F-470 EXAMINATION

F-471 ULTRASONIC MODES

To make the imaging possible for defects detected
through a multiplicity of possible modes (including tip
diffraction, reflection, corner echoes, and mode conver-
sion), the TFM algorithm has been generalized in the fol-
lowing way.
Table F-471-1 and Figure F-471-1 provide examples of

different possible modes, but the modes shown should
not be considered a complete list, as the Figures could
be extended with additional variables.
Denoted here by “modes,” the different types of possi-

ble UT sound modes include “direct modes” L–L, L–T,
T–L, and T–T and “corner modes” L–LL, T–TT, and L–TT,
where “L” stands for longitudinal wave and “T” for

transverse (shear wave). The same basic nomenclature
can be applied for every possible mode. The examiner
can therefore obtain, by TFM, one image corresponding
to a mode by simply replacing in the computational step
in the TFM TOF calculation(s) with suitable calculations
corresponding to a specific mode or modes. The different
modes can be TFM processed from the same FMC data
only if the A-scan range of each cell of the FMC is sufficient
to contribute to the calculation. The TFM multimode is
then possible within only one FMC acquisition, either in
post-processing or in real time if the equipment offers
this feature.

F-472 SELECTION OF THE MODES

Since FMC can be considered common to all modes, se-
lection of the modes can be done during analysis if the
FMC data has been recorded. If this is not preferable for
any reason, it is necessary to make the selection prior
to acquisition.
Selection of the modes can follow the same criteria as in

conventional UT or PAUT. It is important to remember
that although they are commonly drawn or depicted in
this manner, the method for creating the FMC data set
is completely different and has nothing to do with ray-
tracing. Similarities include the following:
(a) Shear waves provide a short wavelength for a smal-

ler resolution and better sensitivity to planar flaws, but
the penetration is questionable for some materials. How-
ever, shear wave generation must be present in the FMC
process.

NOTE: An aperture placed on a component with an orientation to-
ward the reflector that does not agree with the physics of shear gen-
eration or, for example, without significant refraction presents a risk
of generating so few shear waves that the reconstruction would still
be impossible by TFM despite the power of such processing.

(b) Indirect mode(s) (e.g., LL–L, TT–T) and conversion
mode(s) (e.g., LT–L) allow the ability to follow the profile
of a vertically oriented indication, while direct modes
(e.g., L–L, T–T) or reflection modes (e.g., LL–LL, TT–TT)
provide more sensitivity and precision to the tip(s) of
the indication from other flaw orientations.

F-473 DEFECT ORIENTATION AND SENSITIVITY

Assuming the probe and wedge are properly designed,
all the angles of incidence achievable with the array con-
tribute to the image. The technique provides optimal de-
tection of a planar reflector (crack-like or vertical
indication) regardless of orientation when the search unit
and the coupling method are properly designed.
The same FMC provides access to images correspond-

ing to different possible UT modes (e.g., tip diffraction,
corner echoes, mode conversions). Since it is possible to
calculate all modes from the same FMC data, when the ac-
quisition is properly done and the features are included in
the instrument, it is possible to merge different modes,
thus creating a reconstruction of the component and what
is in it.

Figure F-451.1-4
Example of an Iterative FMC/TFM Workflow as

an Adaptation of That Shown in
Figure F-451.1-1

Acquire FMC

TFM settings

Iterate within box

Generate TFM

Feature extraction

GENERAL NOTE: Iterative FMC/TFM can be used for some cases of
adaptive TFM or for feature extraction (e.g., to enhance the resolu-
tion or reduce the material structure noise).
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F-480 EVALUATION

F-481 DETECTION
TFM does not necessarily improve resolution or sensi-

tivity, which is more dependent on the array, wedge defi-
nition, and particular method used. The potential for
better resolution improves when the search unit(s) are
properly designed for the examination. Also, the absolute

detection capability of the FMC/TFM method can be im-
proved when a combination of modes is considered.
The detection of an indication located where the flaw
would otherwise be hidden by geometry is a potential ad-
vantage of this technique. Having an enhanced image
usually leads to a better and more accurate interpretation
of the image and the different indications within.

ð23ÞTable F-471-1
Ultrasonic Imaging Modes

Illustrated Example of an Imaging Mode [Note (1)] Mode [Note (2)]

Datum

Direct transmit, direct receive: T–T, L–L

Datum

Direct transmit, indirect receive or indirect transmit, direct receive: T–TT,
TT–T, LL–L, L–LL, LT–T, T–TL, TT–L, L–TT

Datum

Indirect transmit, indirect receive: TT–TT, LL–LL, TL–LT

Datum

Direct transmit, direct receive: L–L, T–T

Datum

Indirect transmit, indirect receive: TT–TT, LL–LL, TL–LT

NOTES:
(1) Each sketch is representative of a specific mode.
(2) This is not an exhaustive list of modes.
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Figure F-471-1
Examples of Ultrasonic Imaging Modes

L
[Note (1)]

L–L
[Note (2)]

L–T
[Note (3)]

LL–L
[Note (4)]

LT–T
[Note (5)]

LT–TL
[Note (6)]

Receiving pattern/aperture

Datum

Back wall

Back wall Back wall Back wall

Transmitting pattern/aperture

GENERAL NOTES:
(a) This Figure shows some of the different modes that are available. L indicates longitudinal wave and T indicates transverse (shear wave).

Illustrated are some examples of different modes with pulse echo FMC, and pitch-catch, including transmit receive longitudinal (TRL),
using separate probes for pulsing and receiving.

(b) Two capital letters placed together (e.g., L–L) represent a mode that reflects from a datum. A dash incorporated into this nomenclature
(e.g., LL–L) indicates the returning sound to the search unit.

(c) Other means of identifying the modes occur in industry. For example, letters may denote a change in sound direction. In this case, “LL–L”
would be “LrbLdL,” where “rb” indicates “rebound” (from back wall, etc.), and “d” indicates a datum.

NOTES:
(1) L = longitudinal wave cross talk; no interaction with the datum (image point).
(2) L–L = direct: longitudinal wave directly to the datum and longitudinal wave directly from the datum.
(3) L–T = direct: longitudinal wave directly to the datum and transverse wave directly from the datum.
(4) LL–L = half-skip: longitudinal wave reflecting from back wall without mode conversion on its way to the datum and longitudinal wave di-

rectly from the datum.
(5) LT–T = half-skip: longitudinal wave reflecting from back wall with mode conversion on its way to the datum and transverse wave directly

from the datum.
(6) LT–TL = full-skip: longitudinal wave reflecting from back wall with mode conversion on its way to the datum and transverse wave reflecting

from back wall with mode conversion on its way from the datum.
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NONMANDATORY APPENDIX G
ALTERNATE CALIBRATION BLOCK CONFIGURATION

G-410 SCOPE

This Appendix provides guidance for using flat basic ca-
libration blocks of various thicknesses to calibrate the ex-
amination of convex surface materials greater than 20 in.
(500 mm) in diameter. An adjustment of receiver gain
may be required when flat calibration blocks are used.
The gain corrections apply to the far field portion of the
sound beam.

G-460 CALIBRATION

G-461 DETERMINATION OF GAIN CORRECTION
To determine the required increase in gain, the ratio of

the material radius, R, to the critical radius of the transdu-
cer, Rc, must be evaluated as follows.

(a)When the ratio of R/Rc , the radius of curvature of
the material R divided by the critical radius of the trans-
ducer Rc from Table G-461 and Figure G-461(a), is equal
to or greater than 1.0, no gain correction is required.

(b)When the ratio of R/Rc is less than 1.0, the gain cor-
rection must be obtained from Figure G-461(b).

(c) Example. Material with a 10 in. (250 mm) radius (R)
will be examined with a 1 in. (25 mm) diameter 2.25 MHz
boron carbide faced search unit using glycerine as a
couplant.

(1) Determine the appropriate transducer factor, F1,
from Table G-461; F1 = 92.9.

(2) Determine the Rc from Figure G-461(a) ;
Rc = 100 in. (2 500 mm).

(3) Calculate the R/R c ratio; 10 in./100 in. = 0.1
(250 mm/2 500 mm = 0.1).

(4) Using Figure G-461(b), obtain the gain increase
required; 12 dB.

This gain increase calibrates the examination on the
curved surface after establishing calibration sensitivity
on a flat calibration block.

Table G-461
Transducer Factor, F1, for Various Ultrasonic

Transducer Diameters and Frequencies

U.S. Customary Units

Transducer Diameters, in.

Frequency,
MHz

0.25 0.5 0.75 1.0 1.125

F1, in.

1.0 2.58 10.3 23.2 41.3 52.3
2.25 5.81 23.2 52.2 92.9 118
5.0 12.9 51.2 116 207 262

10.0 25.8 103 232 413 523

SI Units

Transducer Diameters, mm

Frequency,
MHz

6.4 13 19 25 29

F1, mm

1.0 65.5 262 590 1 049 1 328
2.25 148 590 1 327 2 360 2 987
5.0 328 1 314 2 958 5 258 6 655

10.0 655 2 622 5 900 10 490 13 276
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Figure G-461(a)
Critical Radius, RC , for Transducer/Couplant Combinations

1,000 (25 000)
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2 (50)

2.01.0 5.0 10 20 50 100 500200

Transducer Factor, F1

1 (25)

0.5 (13)

Curve Couplant Transducer Wearface

A Motor oil or water Aluminum oxide or boron carbide
B Motor oil or water Quartz

Glycerine or syn. ester Aluminum oxide or boron carbide
C Glycerine or syn. ester Quartz
D Motor oil or water Plastic
E Glycerine or syn. ester Plastic
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Figure G-461(b)
Correction Factor (Gain) for Various Ultrasonic Examination Parameters
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ð23Þ NONMANDATORY APPENDIX H
EXAMINATION OF WELDS USING ANGLE BEAM SEARCH UNITS

H-410 SCOPE

This Appendix describes a method of examination of
welds using angle beam search units.

H-470 EXAMINATION

H-471 GENERAL SCANNING REQUIREMENTS

Three angle beams, having nominal angles of 45 deg,
60 deg, and 70 deg (with respect to a perpendicular to
the examination surface), shall generally be used. Beam
angles other than 45 deg and 60 deg are permitted pro-
vided the measured difference between angles is at least
10 deg. Additional t/4 volume angle beam examination
shall be conducted on the material volume within 1/4 of
the thickness adjacent to the examination surface. Single
or dual element longitudinal or shear wave angle beams

in the range of 60 deg through 70 deg (with respect to
perpendicular to the examination surface) shall be used
in this t/4 volume.

H-472 EXCEPTIONS TO GENERAL SCANNING
REQUIREMENTS

Other angles may be used for examination of:
(a) flange welds, when the examination is conducted

from the flange face;
(b) nozzles and nozzle welds, when the examination is

conducted from the nozzle bore;
(c) attachment and support welds;
(d) examination of double taper junctures.

H-473 EXAMINATION COVERAGE

Each pass of the search unit shall overlap a minimum of
50% of the active transducer (piezoelectric element) di-
mension perpendicular to the direction of the scan.

ASME BPVC.V-2023ARTICLE 4

154



NONMANDATORY APPENDIX J
ALTERNATIVE BASIC CALIBRATION BLOCK

J-410 SCOPE

This Appendix contains the description for an alterna-
tive to Article 4, T-434.2 for basic calibration blocks used
for distance–amplitude correction (DAC) calibration
techniques.

J-430 EQUIPMENT

J-431 BASIC CALIBRATION BLOCK

The basic calibration block(s) containing basic calibra-
tion reflectors to establish a primary reference response
of the equipment and to construct a distance–amplitude
correction curve shall be as shown in Figure J-431. The
basic calibration reflectors shall be located either in the
component material or in a basic calibration block.

J-432 BASIC CALIBRATION BLOCK MATERIAL

(a) Block Selection. The material from which the block
is fabricated shall be from one of the following:

(1) nozzle dropout from the component;
(2) a component prolongation;
(3)material of the same material specification, pro-

duct form, and heat treatment condition as the material
to which the search unit is appl ied during the
examination.

(b) Clad. Where the component material is clad and the
cladding is a factor during examination, the block shall be
clad to the component clad nominal thickness ±1/8 in.
(3 mm). Deposition of clad shall be by the same method
(i.e., rollbonded, manual weld deposited, automatic wire
deposited, or automatic strip deposited) as used to clad
the component to be examined. When the cladding meth-
od is not known or the method of cladding used on the
component is impractical for block cladding, deposition
of clad may be by the manual method. When the parent
materials on opposite sides of a weld are clad by either
different P-, A-, or F-numbers or material designations
or methods, the calibration block shall be clad with the
same P-, A-, or F-numbers or material designations using
the same method used on the side of the weld from which
the examination will be conducted. When the examination
is conducted from both sides of the weld, the calibration
block shall provide for calibration for both materials
and methods of cladding. For welds clad with a different
material or method than the adjoining parent materials,

and it is a factor during the examination, the calibration
block shall be designed to be representative of this
combination.

(c) Heat Treatment. The calibration block shall receive
at least the minimum tempering treatment required by
the material specification for the type and grade and a
postweld heat treatment of at least 2 hr.

(d) Surface Finish. The finish on the surfaces of the
block shall be representative of the surface finishes of
the component.

(e) Block Quality. The calibration block material shall
be completely examined with a straight beam search unit.
Areas that contain indications exceeding the remaining
back reflection shall be excluded from the beam paths re-
quired to reach the various calibration reflectors.

J-433 CALIBRATION REFLECTORS

(a) Basic Calibration Reflectors. The side of a hole
drilled with its axis parallel to the examination surface
is the basic calibration reflector. A square notch shall also
be used. The reflecting surface of the notches shall be per-
pendicular to the block surface. See Figure J-431.

(b) Scribe Line. A scribe line as shown in Figure J-431
shall be made in the thickness direction through the in-
line hole center lines and continued across the two exam-
ination surfaces of the block.

(c) Additional Reflectors. Additional reflectors may be
installed; these reflectors shall not interfere with estab-
lishing the primary reference.

(d) Basic Calibration Block Configuration. Figure J-431
shows block configuration with hole size and location.
Each weld thickness on the component must be repre-
sented by a block having a thickness relative to the com-
ponent weld as shown in Figure J-431. Where the block
thickness ±1 in. (±25 mm) spans two of the weld thick-
ness ranges shown in Figure J-431, the block’s use shall
be acceptable in those portions of each thickness range
covered by 1 in. (25 mm). The holes shall be in accor-
dance with the thickness of the block. Where two or more
base material thicknesses are involved, the calibration
block thickness shall be sufficient to contain the entire ex-
amination beam path.

(e) Welds in Materials With Diameters Greater Than
20 in. (500 mm). For examination of welds in materials
where the examination surface diameter is greater than
20 in. (500 mm), a single curved basic calibration block
may be used to calibrate the straight and angle beam ex-
aminations on surfaces in the range of curvature from 0.9
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ð23Þ Figure J-431
Basic Calibration Block

Clad

View A [Note (5)]

3T [Note (1)]

T/4 [Note (1)]

T/4

T/4
T/2

T

T/4 [Note (1)]

T/4 [Note (1)] T/2 [Note (1)]

Scribe lines

Scribe lines

Round bottom holes
  T/2 deep [Notes (1), (3),
  (6), and (7)

Through clad thickness
2    T deep into the base metal

View A

2 in. long, 1/8 to 1/4 in. dia. flat end;
  (50 mm long, 3 to 6 mm)
  mill notches 2   T deep [Note (3)]

Clad [Note (4)]

3 in. (75 mm) [Note (1)]

2 in. (50 mm)

2 in. 
  (50 mm)

6 in. (150 mm) [Note (1)]

Drilled and reamed
  holes 3 in. (75 mm)
  deep [Note (1)]

13/4T [Note (1)]

1/2 in. (13 mm) steps in T

1 in. (25 mm) min. steps
  beyond T/2

T/2

T/4

T/4

T

Weld Thickness t, in. (mm)
Basic Calibration Block Thickness

T, in. (mm)
Side Drilled Hole Diameter,

in. (mm) [Note (3)]

Round Bottom Hole
Diameter, in. (mm)
[Note (3)] and

[Note (6)]

>2 through 4 (>50 through 100) 3 or t (75 or t) 3/16 (5) 3/8 (10)
>4 through 6 (>100 through 150) 5 or t (125 or t) 1/4 (6)

7/16 (11)
>6 through 8 (>150 through 200) 7 or t (175 or t) 5/16 (8) 1/2 (13)
>8 through 10 (>200 through 250) 9 or t (225 or t) 3/8 (10)

9/16 (14)
>10 through 12 (>250 through 300) 11 or t (275 or t) 7/16 (11) 5/8 (16)
>12 through 14 (>300 through 350) 13 or t (325 or t) 1/2 (13)

11/16 (17)
>14 (>350) t ± 1 (t ± 25) [Note (2)] [Note (2)]

NOTES:
(1) Minimum dimensions.
(2) For each increase in weld thickness of 2 in. (50 mm) or fraction thereof over 14 in. (350 mm), the hole diameter shall increase 1/16 in.

(1.5 mm).
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to 1.5 times the basic calibration block diameter. Alterna-
tively, a flat basic calibration block may be used provided
the minimum convex, concave, or compound curvature
radius to be examined is greater than the critical radius
determined by Article 4, Nonmandatory Appendix A.
For the purpose of this determination, the dimension of
the straight or angle beam search units flat contact sur-
face tangent to the minimum radius shall be used instead
of the transducer diameter in Table A-10.

(f) Welds in Materials With Diameters 20 in. (500 mm)
and Less. The basic calibration block shall be curved for
welds in materials with diameters 20 in. (500 mm) and
less. A single curved basic calibration block may be used

to calibrate the examination on surfaces in the range of
curvature from 0.9 to 1.5 times the basic calibration block
diameter. For example, an 8 in. (200 mm) diameter
curved block may be used to calibrate the examination
on surfaces in the range of curvature from 7.2 in.
to 12 in. (180 mm to 300 mm) diameter. The curvature
range from 0.94 in. to 20 in. (24 mm to 500 mm) diameter
requires six block curvatures as indicated in Figure
T-434.1.7.2 for any thickness range as indicated in Figure
J-431.

(g) Retention and Control. All basic calibration blocks
for the examination shall meet the retention and control
requirements of the referencing Code Section.

Figure J-431
Basic Calibration Block (Cont'd)

NOTES (CONT'D):
(3) The tolerances for the hole diameters shall be ±1/32 in. (0.8 mm); tolerances on notch depth shall be +10 and −20% (need only be held at the

thinnest clad thickness along the reflecting surface of the notch); tolerance on hole location through the thickness shall be ±1/8 in. (3 mm);
perpendicular tolerances on notch reflecting surface shall be ±2 deg tolerance on notch length shall be ±1/4 in. (±6 mm).

(4) Clad shall not be included in T.
(5) Subsurface calibration holes 1/8 in. (3 mm) (maximum) diameter by 11/2 in. (38 mm) deep (minimum) shall be drilled at the clad-to-base

metal interface and at 1/2 in. (13 mm) increments through T/4 from the clad surface, also at 1/2 in. (13 mm) from the unclad surface and at
1/2 in. (13 mm) increments through T/4 from the unclad surface. In each case, the hole nearest the surface shall be drilled at T/2 from the
edge of the block. Holes at 1/2 in. (13 mm) thickness increments from the near surface hole shall be drilled at 1 in. (25 mm) minimum inter-
vals from T/2.

(6) Round (hemispherical) bottom holes shall be drilled only when required by a Referencing Code Section for beam spread measurements
(see T-434.1) and the technique of B-60 is used. The round bottom holes may be located in the largest block in a set of basic calibration
blocks, or in a separate block representing the maximum thickness to be examined.

(7) T/2 hole may be located in the opposite end of the block.
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NONMANDATORY APPENDIX K
RECORDING STRAIGHT BEAM EXAMINATION DATA FOR PLANAR

REFLECTORS

K-410 SCOPE

This Appendix describes a method for recording
straight beam examination data for planar reflectors
when amplitude based dimensioning is to be performed.

K-470 EXAMINATION

K-471 OVERLAP
Obtain data from successive scans at increments no

greater than nine-tenths of the transducer dimension
measured parallel to the scan increment change (10%
overlap). Record data for the end points as determined
by 50% of DAC.

K-490 RECORDS/DOCUMENTATION

Record all reflectors that produce a response equal to
or greater than 50% of the distance–amplitude correction
(DAC). However, clad interface and back-wall reflections
need not be recorded. Record all search unit position
and location dimensions to the nearest tenth of an inch.
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NONMANDATORY APPENDIX L
TOFD SIZING DEMONSTRATION/DUAL PROBE — COMPUTER

IMAGING TECHNIQUE

L-410 SCOPE

This Appendix provides a methodology that can be
used to demonstrate a UT system’s ability to accurately
determine the depth and length of surface machined
notches originating on the examination surface from the
resulting diffracted signals when a nonamplitude, time-
of-flight diffraction (TOFD), dual probe, computer ima-
ging technique (CIT) is utilized and includes a flaw classi-
fication/sizing system.

L-420 GENERAL

Article 4 requirements apply except as modified herein.

L-430 EQUIPMENT

L-431 SYSTEM

System equipment [e.g., UT unit, computer, software,
scanner(s), search unit(s), cable(s), couplant, encoder
(s), etc.] shall be described in the written procedure.

L-432 DEMONSTRATION BLOCK

(a) The block material and shape (flat or curved) shall
be the same as that desired to demonstrate the system’s
accuracy.

(b) The block shall contain a minimum of three notches
machined to depths of T/4, T/2, and 3T/4 and with
lengths (L) and, if applicable, orientation as that desired
to demonstrate the system’s sizing accuracy. See Figure
L-432 for an example.

Additional notches may be necessary depending on:
(1) the thickness of the block;
(2) the number of examination zones the block thick-

ness is divided into;
(3)whether or not the zones are of equal thickness

(for example: three zones could be broken into a top 1/3,
middle 1/3, and bottom 1/3 vs. top

1/4, middle 1/2, and bottom
1/4); and

(4) the depths desired to be demonstrated.
(c) Prior to machining the notches, the block material

through which the sound paths must travel shall be exam-
ined with the system equipment to ensure that it contains
no reflectors that will interfere with the demonstration.

L-460 CALIBRATION

L-461 SYSTEM

The system shall be calibrated per the procedure to be
demonstrated.

L-462 SYSTEM CHECKS

The following checks shall be performed prior to the
demonstration:

(a) Positional Encoder Check. The positional encoder
shall be moved through a measured distance of 20 in.
(500 mm). The system read-out shall be within 1% of
the measured distance. Encoders failing this check shall
be re-calibrated and this check repeated.

(b) Thickness Check. A free-run shall be made on the
measuring block. The distance between the lateral wave
and first back-wall signal shall be +0.02 in. (+0.5 mm)
of the block’s measured thickness. Setups failing this
check shall have the probe separation distance either ad-
justed or its programmed value changed and this check
repeated.

L-470 EXAMINATION

The demonstration block shall be scanned per the pro-
cedure and the data recorded.

Demonstrations may be performed utilizing:
(a) D-scan (non-parallel scan) techniques
(b) B-scan (parallel scan) techniques
(c) D-scan (non-parallel scan) techniques with the

notches offset by varying amounts to either side of being
centered.

L-480 EVALUATION

L-481 SIZING DETERMINATIONS

The depth of the notches from the scanning surface and
their length shall be determined per the procedure to be
demonstrated.

L-482 SIZING ACCURACY DETERMINATIONS

Sizing accuracy (%) shall be determined by the follow-
ing equations:
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(a) Depth:

(b) Length:

where Dd and Ld are the notches’ depth and lengths, re-
spectively, as determined by the UT system being demon-
strated, and

Dm and Lm are the notches’ depth and lengths, respec-
tively, as determined by physical measurement (i.e., such
as replication)

NOTE: Use consistent units.

L-483 CLASSIFICATION/SIZING SYSTEM
L-483.1 Sizing. Flaws shall be classified as follows:

(a) Top-Surface Connected Flaws. Flaw indications con-
sisting solely of a lower-tip diffracted signal and with an
associated weakening, shift, or interruption of the lateral
wave signal, shall be considered as extending to the top-
surface unless further evaluated by other NDE methods.

(b) Embedded Flaws. Flaw indications with both an
upper and lower-tip diffracted signal or solely an upper-
tip diffracted signal and with no associated weakening,
shift, or interruption of the back-wall signal shall be con-
sidered embedded.
(c) Bottom-Surface Connected Flaws. Flaw indications

consisting solely of an upper-tip diffracted signal and with
an associated shift of the back wall or interruption of the
back-wall signal, shall be considered as extending to the
bottom surface unless further evaluated by other NDE
methods.

L-483.2 Flaw Height Determination. Flaw height
(thru-wall dimension) shall be determined as follows:
(a) Top-Surface Connected Flaws. The height of a top-

surface connected flaw shall be determined by the dis-
tance between the top-surface lateral wave and the
lower-tip diffracted signal.
(b) Embedded Flaws. The height (h) of an embedded

flaw shall be determined by:
(1) the distance between the upper-tip diffracted sig-

nal and the lower-tip diffracted signal or

Figure L-432
Example of a Flat Demonstration Block Containing Three Notches

60 deg

Max. 0.20 in.
  (5 mm)

Max. of 1/4 of
  UT wavelength

Examination Surface

Notch Details

60 deg

C/L

L min. (typ.) L (typ.)

T

T/4
T/2

3T/4

2 in. (50 mm)
  min. (typ.)

Or

GENERAL NOTE: Block length and width to be adequate for UT System Scanner.
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(2) the following calculation for flaws with just a sin-
gular upper-tip diffracted signal:

where

c = longitudinal sound velocity
d = depth of the flaw below the scanning surface
s = half the distance between the two probes’ index

points
td = time of flight at depth d
tp = length of the acoustic pulse

NOTE: Use consistent units.

(c) Bottom-Surface Connected Flaws. The height of a
bottom-surface connected flaw shall be determined by
the distance between the upper-tip diffracted signal and
the back-wall signal.

L-483.3 Flaw Length Determination. The flaw length
shall be determined by the distance between end fitting
hyperbolic cursurs or the flaw end points after a synthetic
aperture focusing technique (SAFT) program has been
run on the data.

L-490 DOCUMENTATION

L-491 DEMONSTRATION REPORT

In addition to the applicable items in T-492, the report
of demonstration shall contain the following information:

(a) computerized program identification and revision;
(b)mode(s) of wave propagation used;
(c) demonstration block configuration (material, thick-

ness, and curvature);
(d) notch depths, lengths, and, if applicable, orientation

(i.e., axial or circumferential);
(e) instrument settings and scanning data;
(f) accuracy results.
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NONMANDATORY APPENDIX M
GENERAL TECHNIQUES FOR ANGLE BEAM LONGITUDINAL WAVE

CALIBRATIONS

M-410 SCOPE

This Appendix provides general techniques for angle
beam longitudinal wave calibration. Other techniques
may be used. The sweep range may be calibrated in terms
of metal path, projected surface distance, or actual depth
to the reflector. The particular method may be selected
according to the preference of the examiner.
Angle beam longitudinal wave search units are nor-

mally limited to 1/2V-path calibrations, since there is a
substantial loss in beam energy upon reflection due to
mode conversion.

M-460 CALIBRATION

M-461 SWEEP RANGE CALIBRATION
M-461.1 Side-Drilled Holes (See Figure M-461.1).

NOTE: This technique provides sweep calibration for depth.

M-461.1.1 Delay Control Adjustment. Position the
search unit for the maximum indication from the 1/4T side-
drilled hole (SDH). Adjust the left edge of this indication
to line 2 on the screen with the delay control.

M-461.1.2 Range Control Adjustment.11 Position
the search unit for the maximum indication from the
3/4T SDH. Adjust the left edge of this indication to line 6
on the screen with the range control.

M-461.1.3 Repeat Adjustments. Repeat delay and
range adjustments until the 1/4T and 3/4T SDH indications
start at sweep lines 2 and 6.

M-461.1.4 Sweep Readings. Two divisions on the
sweep now equal 1/4T.

M-461.2 Cylindrical Surface Reference Blocks (See
Figure M-461.2). NOTE: This technique provides sweep calibra-

tion for metal path.

M-461.2.1 Delay Control Adjustment. Position the
search unit for the maximum indication from the 1 in.
(25 mm) cylindrical surface. Adjust the left edge of this in-
dication to line 5 on the screen with the delay control.

M-461.2.2 Range Control Adjustment. Position
the search unit for the maximum indication from the
2 in. (50 mm) cylindrical surface. Adjust the left edge of
this indication to line 10 on the screen with the range
control.

M-461.2.3 Repeat Adjustments. Repeat delay and
range control adjustments until the 1 in. (25 mm) and
2 in. (50 mm) indications start at sweep lines 5 and 10.

M-461.2.4 Sweep Readings. The sweep now re-
presents 2 in. (50 mm) of sound path distance.

Figure M-461.1
Sweep Range (Side-Drilled Holes)
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M-461.3 Straight Beam Search Unit and Reference
Blocks (See Figure M-461.3). NOTE: This technique provides

sweep calibration for metal path.

M-461.3.1 Search Unit Placement. Position a
straight beam search unit on a 1 in. (25 mm) thick refer-
ence block so as to display multiple back-wall indications.

M-461.3.2 Delay Control Adjustment. Adjust the
left edge of the first back-wall indication to line 5 on the
screen with the delay control.

M-461.3.3 Range Control Adjustment. Adjust the
left edge of the second back-wall indication to line 10
on the screen with the range control.

M-461.3.4 Repeat Adjustments. Repeat delay and
range control adjustments until the 1 in. (25 mm) and
2 in. (50 mm) indications start at sweep lines 5 and 10.

M-461.3.5 Final Delay Adjustment. Remove the
straight beam search unit from the coaxial cable and con-
nect the angle beam search unit to the system. Position

Figure M-461.2
Sweep Range (Cylindrical Surfaces)

0 2 4 6 8 100 2 4 6 8 1

Delay

1 in. (25 mm) 2 in. (50 mm)

Range

0

Figure M-461.3
Sweep Range (Straight Beam Search Unit)

0 2 4 6 8 102 4 6 8 10

2 in. (50 mm)

0

1st
  back wall
  1 in. (25 mm)

Range

Delay Delay

2nd
  back wall
  2 in. (50 mm)
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the search unit for the maximum indication from the 2 in.
(50 mm) cylindrical surface. Adjust the left edge of this in-
dication to line 10 on the screen with the delay control.

M-461.3.6 Sweep Readings. The sweep now re-
presents 2 in. (50 mm) of sound path distance.

M-462 DISTANCE–AMPLITUDE CORRECTION
(DAC) (SEE FIGURE M-462)

(a) Position the search unit for maximum response
from the SDH that gives the highest amplitude.

(b) Adjust the sensitivity (gain) control to provide an
indication of 80% (±5%) of full screen height. This is
the primary reference level. Mark the peak of this indica-
tion on the screen.

(c) Position the search unit for maximum response
from another SDH and mark the peak of the indication
on the screen.

(d) Position the search unit for maximum response
from the third SDH and mark the peak on the screen.

(e) Connect the screen marks of the SDHs to provide
the DAC curve.

Figure M-462
Sensitivity and Distance–Amplitude Correction
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NONMANDATORY APPENDIX N
TIME-OF-FLIGHT DIFFRACTION (TOFD) INTERPRETATION

N-410 SCOPE

This Appendix is to be used as an aid for the interpreta-
tion of time-of-flight diffraction (TOFD) ultrasonic images.
Diffraction is a common ultrasonic phenomenon and oc-
curs under much broader condit ions than just
longitudinal-longitudinal diffraction as used in typical
TOFD examinations. This interpretation guide is primarily
aimed at longitudinal-longitudinal diffraction TOFD set-
ups using separated transducers on either side of the
weld on a plate, pipe, or curved vessel. Other possibilities
include:

(a) shear-shear diffraction

(b) longitudinal-shear diffraction

(c) single transducer diffraction (called “back diffrac-
tion” or the “tip-echo method”)

(d) twin transducer TOFD with both transducers on the
same side of the flaw/weld

(e) complex inspections, e.g., nozzles

N-420 GENERAL

N-421 TOFD IMAGES — DATA VISUALIZATION

(a) TOFD data is routinely displayed as a grayscale im-
age of the digitized A-scan. Figure N-421(a) shows the
grayscale derivation of an A-scan (or waveform) signal.

(b) TOFD images are generated by the stacking of these
grayscale transformed A-scans as shown in Figure
N-421(b). The lateral wave and back-wall signals are visi-
ble as continuous multicycle lines. The midwall flaw
shown consists of a visible upper and lower tip signal.
These show as intermediate multicycle signals between
the lateral wave and the back-wall signal.

(c) TOFD grayscale images display phase changes,
some signals are white-black-white; others are black-
white-black. This permits identification of the wave
source (flaw top or bottom, etc.), as well as being used
for flaw sizing. Depending on the phase of the incident
pulse (usually a negative voltage), the lateral wave would
be positive, then the first diffracted (upper tip) signal ne-
gative, the second diffracted (lower tip) signal positive,
and the back-wall signal negative. This is shown schema-
tically in Figure N-421(c). This phase information is very
useful for signal interpretation; consequently, RF signals
and unrectified signals are used for TOFD. The phase in-
formation is used for correctly identifying signals (usually
the top and bottom of flaws, if they can be differentiated),
and for determining the correct location for depth
measurements.

(d) An actual TOFD image is shown in Figure N-421(d),
with flaws. The time-base is horizontal and the axis of mo-
tion is vertical [the same as the schematic in Figure
N-421(c)]. The lateral wave is the fairly strong multicycle
pulse at left, and the back-wall signal is the strong

Figure N-421(a)
Schematic Showing Waveform Transformation Into Grayscale

Time

White

Amplitude

Black�

�

Time
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multicycle pulse at right. The flaws show as multicycle
gray and white reflections between the lateral and back-
wall signals. The scan shows several separate flaws (in-
complete fusion, porosity, and slag). The ultrasonic noise
usually comes from grain reflections, which limits the
practical frequency that can be used. TOFD scans may

only show the lateral wave (O.D.) and back-wall signals
(I.D.), with “noise.” There is also ultrasonic information
available past the back wall (typically shear wave diffrac-
tions), but this is generally not used.

Figure N-421(b)
Schematic Showing Generation of Grayscale Image From Multiple A-Scans

A-scan
LW

BW
D-scan

Upper surface Back wall

Figure N-421(c)
Schematic Showing Standard TOFD Setup and Display With Waveform and Signal Phases

LW

� �

� �

Transmitter Receiver

Lateral wave

Back-wall reflection

Lower tipUpper tip

BW
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N-450 PROCEDURE

N-451 MEASUREMENT TOOLS

TOFD variables are probe spacing, material thickness,
sound velocity, transducer delay, and lateral wave transit
and back-wall reflection arrival time. Not all the variables
need to be known for flaw sizing. For example, calibration
using just the lateral wave (front wall or O.D.) and back-
wall (I.D.) signals can be performed without knowing
the transducers delay, separation, or velocity. The arrival
time, Figure N-451, of the lateral wave (t1) and the back-
wall signal (t2) are entered into the computer software
and cursors are then displayed for automated sizing.

N-452 FLAW POSITION ERRORS

Flaws will not always be symmetrically placed between
the transmitter and receiver transducers. Normally, a sin-
gle pair of transducers is used, centered on the weld axis.
However, multiple TOFD sets can be used, particularly on
heavy wall vessels, and offsets are used to give improved
detection. Also, flaws do not normally occur on the weld
centerline. Either way, the flaws will not be positioned
symmetrically, Figure N-452(a) and this will be a source
or error in location and sizing.

There will be positional and sizing errors associated
with a noncentered flaw, as shown in Figure N-452(b).
However, these errors will be small, and generally are tol-
erable since the maximum error due to off-axis position is
less than 10% and the error is actually smaller yet since
both the top and bottom of the flaw are offset by similar
amounts. The biggest sizing problems occur with small
flaws near the back wall. Exact error values will depend
on the inspection parameters.

N-453 MEASURING FLAW LENGTH

Flaw lengths parallel to the surface can be measured
from the TOFD image by fitting hyperbolic cursors to
the ends of the flaws (see Figure N-453).

N-454 MEASURING FLAW DEPTH

Flaw height perpendicular to the surface can be mea-
sured from the TOFD image by fitting cursors on the
top and bottom tip signals. The following are two exam-
ples of depth measurements of weld flaws in a 1 in.
(25 mm) thick plate. Figure N-454(a) is midwall lack of fu-
sion and Figure N-454(b) is a centerline crack. Note that
TOFD signals are not linear, so midwall flaws show in
the upper third region of the image. It is possible to line-
arize the TOFD scans by computer software.

Figure N-421(d)
TOFD Display With Flaws and Displayed A-Scan

Incomplete fusion
 at root

Porosity

Incomplete sidewall
 fusion

Slag

GENERAL NOTE: Time is horizontal and the axis of motion is vertical.
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Figure N-451
Measurement Tools for Flaw Heights

A-scan

t1

L

P

D-scan

Cursors

Build-in

t1, t2     d1, d2 and h are automatically
calculated.

t2

d1

d1
h

Figure N-452(a)
Schematic Showing the Detection of Off-Axis Flaws

ReceiverTransmitter
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Figure N-452(b)
Measurement Errors From Flaw Position Uncertainty

ReceiverTransmitter
S

Flaw Position Uncertainty

S

t1
t2

t0

GENERAL NOTE: In practice, the maximum error on absolute depth position lies below 10%. The error on height estimation of internal (small)
flaws is negligible. Be careful of small flaws situated at the back wall.

Figure N-453
TOFD Image Showing Hyperbolic “Tails” From the Ends of a Flaw Image Used to Measure Flaw Length

158.3 180.6
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Figure N-454(a)
TOFD Image Showing Top and Bottom Diffracted Signals From Midwall Flaw and A-Scan Interpretation

0.59

0.59

0.43

0.43

Lateral
 wave

Top
 echo

Bottom
 echo

Back-wall
 echo

0.43 in.
 (11 mm)

0.59 in.
 (15 mm)

Figure N-454(b)
TOFD Image Showing Top and Bottom Diffracted Signals From Centerline Crack and A-Scan

Interpretation

0.62

0.62

0.88

0.88

Front
 wall

Top
 signal

Bottom
 signal

Back wall

0.62 in.
 (15.7 mm)

0.88 in.
 (22.4 mm)
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N-480 EVALUATION

This section shows a variety of TOFD images and the in-
terpretation/explanation. Unfortunately, there are signif-
icant variations amongst flaws and TOFD setups and
displays, so the following images should be used as a
guide only. Evaluator experience and analysis skills are
very important as well.

N-481 SINGLE FLAW IMAGES

(a) Point flaws [Figure N-481(a)], like porosity, show
up as single multicycle points between the lateral and
back-wall signals. Point flaws typically display a single
TOFD signal since flaw heights are smaller than the ring-
down of the pulse (usually a few millimeters, depending
on the transducer frequency and damping). Point flaws
usually show parabolic “tails” where the signal drops off
towards the back wall.

(b) Inside (I.D.) far-surface-breaking flaws [Figure
N-481(b)] shows no interruption of the lateral wave, a
signal near the back wall, and a related interruption or
break of the back wall (depending on flaw size).

(c) Near-surface-breaking flaws [Figure N-481(c)]
shows perturbations in the lateral wave. The flaw breaks
the lateral wave, so TOFD can be used to determine if the
flaw is surface-breaking or not. The lower signal can then
be used to measure the depth of the flaw. If the flaw is not
surface-breaking, i.e., just subsurface, the lateral wave

will not be broken. If the flaw is near-subsurface and shal-
low (that is, less than the ringing time of the lateral wave
or a few millimeters deep), then the flaw will probably be
invisible to TOFD. The image also displays a number of
signals from point flaws.

(d)Midwall flaws [Figure N-481(d)] show complete lat-
eral and back-wall signals, plus diffraction signals from
the top and bottom of the flaw. The flaw tip echoes pro-
vide a very good profile of the actual flaw. Flaw sizes
can be readily black-white, while the lower echo is
black-white-black. Also note the hyperbolic curve that is
easily visible at the left end of the top echo; this is similar
to the effect from a point flaw [see N-481(a)] and permits
accurate length measurement of flaws (see N-453).

If a midwall flaw is shallow, i.e., less than the transdu-
cer pulse ring-down (a few millimeters), the top and bot-
tom tip signals cannot be separated. Under these
circumstances, it is not possible to differentiate the top
from the bottom of the flaw, so the evaluator can only
say that the flaw is less than the ringdown distance
(which depends on transducer frequency and damping,
etc.).

(e) Lack of root penetration [see Figure N-481(e)] is
similar to an inside (I.D.) far-surface-breaking flaw [see
N-481(b)]. This flaw gives a strong diffracted signal (or
more correctly, a reflected signal) with a phase inversion
from the back-wall signal. Note that whether signals are
diffracted or reflected is not important for TOFD

Figure N-481(a)
Schematics of Image Generation, Scan Pattern, Waveform, and TOFD Display Showing the Image of the

Point Flaw

A-scan

Indication

Back wallLateral

wave

�3.13.1

8.2
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Figure N-481(b)
Schematics of Image Generation, Flaw Location, and TOFD Display Showing the Image of the Inside (ID)

Surface-Breaking Flaw

ReceiverTransmitter

Back-wall echo

No back-wall echo

tip

Lateral

Lateral wave

1

2

3

Figure N-481(c)
Schematics of Image Generation, Flaw Location, and TOFD Display Showing the Image of the Outside (OD)

Surface-Breaking Flaw

Surface-breaking flaw

11

22
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characterization; the analysis and sizing is the same. Also
note even though there is a perturbation of the back-wall
signal, the back wall is still visible across the whole flaw.
This material also shows small point flaws and some grain
noise, which is quite common. TOFD typically overempha-
sizes small point flaws, which are normally undetected by
conventional shear wave pulse-echo techniques.

(f) Concave root flaws [see Figure N-481(f)] are similar
to lack of root penetration. The top of the flaw is visible in
the TOFD image, as well as the general shape. The back-
wall signal shows some perturbation as expected.

(g) Sidewall lack of fusion [see Figure N-481(g)] is sim-
ilar to a midwall flaw [see N-481(d)] with two differences.
First, the flaw is angled along the fusion line, so TOFD is
effectively independent of orientation, which is not a
problem for TOFD. Second, the upper flaw signal is partly
buried in the lateral wave for this particular flaw. In this
instance, the upper tip signal is detectable since the lat-
eral wave signal amplitude is noticeably increased. How-
ever, if this were not the case, then the evaluator would be
unable to accurately measure the flaw depth.

(h) Porosity [see Figure N-481(h)] appears as a series
of hyperbolic curves of varying amplitudes, similar to
the point flaw [see N-481(a)]. The TOFD hyperbolic
curves are superimposed since the individual porosity
pores are closely spaced. This does not permit accurate
analysis, but the unique nature of the image permits char-
acterization of the signals as “multiple small point flaws,”
i.e., porosity.

(i) Transverse cracks [see Figure N-481(i)] are similar
to a point flaw [see N-481(a)]. The TOFD scan displays a
typical hyperbola. Normally, it would not be possible to
differentiate transverse cracks from near-surface poros-
ity using TOFD; further inspection would be needed.

(j) Interpass lack of fusion [see Figure N-481(j)] shows
as a single, high amplitude signal in the midwall region. If
the signal is long, it is easily differentiated from porosity
or point sources. It is not possible to distinguish the top
and bottom, as these do not exist as such. Note the ex-
pected phase change from the lateral wave. Interpass lack
of fusion signals are generally benign.

Figure N-481(d)
Schematics of Flaw Location, Signals, and TOFD Display Showing the Image of the Midwall Flaw

1
2

3
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Figure N-481(e)
Flaw Location and TOFD Display Showing the Image of the Lack of Root Penetration

1

2
3

Figure N-481(f)
Flaw Location and TOFD Display Showing the Image of the Concave Root Flaw

1

2
3
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Figure N-481(g)
Flaw Location, TOFD Display Showing the Image of the Midwall Lack of Fusion Flaw, and the A-Scan
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3

Figure N-481(h)
Flaw Location and TOFD Display Showing the Image of the Porosity

1
2

3
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Figure N-481(i)
Flaw Location and TOFD Display Showing the Image of the Transverse Crack

1
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3

Figure N-481(j)
Schematics of Image Generation, Flaw Location, and TOFD Display Showing the Image of the Interpass

Lack of Fusion
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N-482 MULTIPLE FLAW IMAGES

TOFD images of flawed welds contain four flaws each.

N-482.1 Plate 1 [Figure N-482(a)]. Figure N-482(a)
clearly illustrates the significant advantages of TOFD
(midwall flaw detection, flaw sizing), the limitations due
to dead zones, and that

(a) the sidewall incomplete fusion shows up clearly, as
does the slag.

(b) the incomplete fusion at the root was not easily de-
tected, though it did disturb the back wall. This is not sur-
prising in the back-wall dead zone due to a shear-shear
diffracted wave. This example illustrates the potential val-
ue of using information later in the time base, but this is
outside the scope of this interpretation manual.

(c) the root crack is not visible at all due to the back-
wall dead zone.

N-482.2 Plate 2 [Figure N-482(b)]. Figure N-482(b)
shows that:

(a) all four flaws are detectable
(b) the incomplete fusion at the root shows up clearly

in this scan because it is deeper. Both the back-wall per-
turbation and the flaw tip signals are clear.

(c) the crown toe crack is clearly visible, both by com-
plete disruption of the lateral wave and by the bottom tip
signal. Both the incomplete fusion at the root and crown
toe crack are identifiable as surface-breaking by the dis-
ruption of the lateral wave and back-wall signal,
respectively.

(d) the porosity is visible as a series of signals. This
cluster of porosity would be difficult to characterize prop-
erly using the TOFD scan alone, since it could be identified
as slag or a planar flaw.

(e) the incomplete sidewall fusion is clearly visible and
could be easily sized using cursors.

Figure N-482(a)
Schematic of Flaw Locations and TOFD Image Showing the Lateral Wave, Back Wall, and Three of the

Four Flaws

2 – Incomplete
 sidewall fusion

3 – Slag 4 – Incomplete
 fusion at root

2

Top
3

4
1

GENERAL NOTES:
(a) Root crack (right): ~ 1.6 in. (40 mm) to 2.5 in. (64 mm) from one end.
(b) Incomplete sidewall fusion (mid-left): ~ 4 in. (100 mm) to 5 in. (125 mm).
(c) Slag: ~ 6.4 in. (163 mm) to 7.2 in. (183 mm).
(d) Incomplete fusion at root (left): ~ 9.3 in. (237 mm) to 10.5 in. (267 mm).
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N-483 TYPICAL PROBLEMS WITH TOFD
INTERPRETATION

TOFD images can be corrupted by incorrect setups or
other problems such as electrical noise. The following
images were all made on the same plate to show some
of the typical problems that can occur. Starting first with
an acceptable scan, and then subsequent scans made to
show various corruptions of this image.
(a) Acceptable Scan [Figure N-483(a)]. The gain and

gate setting are reasonable, and the electrical noise is
minimal.
(b) Incorrect Low Gain Setting [Figure N-483(b)]. The

lateral wave and some of the diffracted signals are start-
ing to disappear. At yet lower gain levels, some of the dif-
fracted signals would become undetectable.
(c) Incorrect High Gain Setting [Figure N-483(c)]. The

noise level increases to obscure the diffracted signals; this
can lead to reduced probability of detection, and poor siz-
ing. High noise levels can also arise from large grains. In
this case, the solution is to reduce the ultrasonic
frequency.
(d) Correct gate settings are critical, because TOFD

A-scans are not that easy to interpret since there are mul-
tiple visible signals. As a minimum, the gates should

encompass the lateral wave and longitudinal wave back-
wall signal; the gate can extend to the shear wave back
wall, if required. Typically, the best signal to use as a
guide is the first (longitudinal wave) back wall, since it
is strong and always present (assuming the transducer
separation is reasonably correct). The following figures
show examples of incorrect gate positioning, which will
inherently lead to poor flaw detection.

The first example, Figure N-483(d)(1), shows the gate
set too early, the lateral wave is visible, and the back wall
is not. Any inside (I.D.) near-back-wall flaws will be
missed.

The second example, Figure N-483(d)(2), shows the
gate set too late. The lateral wave is not visible. The first
signal is the back wall, and the second signal is the shear
wave back wall. With this setup, all the outside (O.D.)
near-surface flaws will be missed.

The third example, Figure N-483(d)(3), is with the gate
set too long. Though this is not technically incorrect, the
image will show the diffracted back-wall shear-shear
wave signal. These S-S waves may show additional and
confirmatory information. The diffracted shear waves
show the porosity more clearly than the diffracted longi-
tudinal waves and there is a strong mode-converted

Figure N-482(b)
Schematic of Flaw Locations and TOFD Display Showing the Lateral Wave, Back Wall, and Four Flaws

1 – Incomplete
 fusion at root

2 – Toe crack 3 – Porosity 4 – Incomplete
 sidewall fusion

2
3

4

1

GENERAL NOTES:
(a) Incomplete fusion at root (left): ~ 0.6 in. (15 mm) to 1.8 in. (45 mm) from one end.
(b) Toe crack (top left): ~ 3 in. (80 mm) to 4 in. (100 mm).
(c) Porosity: ~ 5.5 in. (140 mm) to 6.25 in. (160 mm).
(d) Incomplete sidewall fusion (upper right): ~ 8 in. (200 mm) to 9.25 in. (235 mm).
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signal that occurs just before the shear wave gate, which
could cause interpretation problems. Normally, the gate is
set fairly short to enclose only the lateral wave and the
longitudinal wave back wall to clarify interpretation.

(e) Incorrect (too far apart) transducer separation
[Figure N-483(e)] results in the back-wall signal becom-
ing distorted, the lateral wave becomes weaker, and some
of the diffracted signal amplitudes drop.

(f) Incorrect (too close together) transducer separa-
tion [Figure N-483(f)] results in the lateral waves becom-
ing stronger, and the back wall weaker. Again, the TOFD
image of the flaws is poor.

(g) If the transducers are not centered on the weld
[Figure N-483(g)], the diffracted signal amplitudes will
decline to the point where flaw detection is seriously
impaired.

(h) Noise levels [Figure N-483(h)] can seriously impair
TOFD interpretation. Noise can come from a number of
sources such as electrical, ultrasonic, grains, and coupling.
Typically, ultrasonic and grain noise appears universally
across the TOFD image. Electrical noise appears as an in-
terference pattern, depending on the noise source. Once
the occurrence of the electrical noise increases beyond
a certain point, interpretation becomes essentially
impossible.

Figure N-483(a)
Acceptable Noise Levels, Flaws, Lateral Wave, and Longitudinal Wave Back Wall

Region of
 porosity –
 often difficult
 to detect

Buried flaw

Back wall

Lateral wave

OD surface-breaking flaw

Near surface
 flaw
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Figure N-483(b)
TOFD Image With Gain Too Low

Signals
 becoming
 invisible
 in this
 area.
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Figure N-483(c)
TOFD Image With Gain Set Too High

Signals are
 becoming
 confused
 in these
 areas.

Figure N-483(d)(1)
TOFD Image With the Gate Set Too Early

Lateral wave
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Figure N-483(d)(2)
TOFD Image With the Gate Set Too Late

L-wave
 back wall

S-wave
 back-wall
 signal

Figure N-483(d)(3)
TOFD Image With the Gate Set Too Long

L-wave
 back-wall
 signal

Lateral wave

S-wave
 back-wall
 signal
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Figure N-483(e)
TOFD Image With Transducers Set Too Far Apart

Distorted
 L-wave
 back wall

Figure N-483(f)
TOFD Image With Transducers Set Too Close Together

Weak L-wave
 back-wall
 signal

Strong
 lateral wave
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Figure N-483(g)
TOFD Image With Transducers Not Centered on the Weld Axis

Figure N-483(h)
TOFD Image Showing Electrical Noise Interference
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NONMANDATORY APPENDIX O
TIME-OF-FLIGHT DIFFRACTION (TOFD) TECHNIQUE— GENERAL

EXAMINATION CONFIGURATIONS

O-410 SCOPE

This Appendix describes general weld examination
configurations for the time-of-flight diffraction (TOFD)
technique.

O-430 EQUIPMENT

O-432 SEARCH UNITS
Tables O-432(a) and O-432(b) provide general search

unit parameters for specified thickness ranges in ferritic
welds. For austenitic or other high attenuation materials,
see T-451.

Table O-432(a)
Search Unit Parameters for Single Zone

Examinations Up to 3 in. (75 mm)

Thickness, t ,
in. (mm)

Nominal
Frequency, MHz

Element Size,
in. (mm) Angle, deg

< 0.5 (< 13) 10 to 15 0.125 to 0.25
(3 to 6)

60 to 70

0.5 to < 1.5
(13 to < 38)

5 to 10 0.125 to 0.25
(3 to 6)

50 to 70

1.5 to < 3
(38 to < 75)

2 to 5 0.25 to 0.5
(6 to 13)

45 to 65

Table O-432(b)
Search Unit Parameters for Multiple Zone
Examinations Up to 12 in. (300 mm) Thick

Nominal Wall,
in. (mm)

Nominal
Frequency, MHz

Element Size,
in. (mm) Angle, deg

< 1.5 (< 38) 5 to 15 0.125 to 0.25
(3 to 6)

50 to 70

1.5 to 12
(38 to 300)

1 to 5 0.25 to 0.5
(6 to 12.5)

45 to 65

O-470 EXAMINATION

For thicknesses approaching 3 in. (75 mm), the beam
divergence from a single search unit is not likely to pro-
vide sufficient intensity for good detection over the entire
examination volume. Therefore, for thickness 3 in.
(75 mm) and greater, the examination volume should
be divided into multiple zones. Table O-470 provides gen-
eral guidance on the number of zones to ensure suitable
volume coverage.

Examples of the search unit layout and approximate
beam volume coverage are provided in Figure O-470(a)
through Figure O-470(d).

Table O-470
Recommended TOFD Zones for Butt Welds

Up to 12 in. (300 mm) Thick

Thickness, t ,
in. (mm)

Number of
Zones

[Note (1)] Depth Range

Beam
Intersection
(Approx.)

< 2 (< 50) 1 0 to t 2/3t

2 to < 4
(50 to < 100)

2 0 to 1/2t
1/3t

1/2t to t 5/6t

4 to < 8
(100 to < 200)

3 0 to 1/3t
2/9t

1/3t to
2/3t

5/9t
2/3t to t 8/9t

8 to 12
(200 to 300)

4 0 to 1/4t
1/6t

1/4t to
1/2t

5/12t
1/2t to

3/4t
2/3t

3/4t to t 11/12t

NOTE:
(1) Multiple zones do not have to be of equal height.
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Figure O-470(a)
Example of a Single Zone TOFD Setup

Zone 1

Figure O-470(b)
Example of a Two Zone TOFD Setup (Equal Zone Heights)

Probe 2Probe 1Probe 1Probe 2

Zone 1

Zone 2

Figure O-470(c)
Example of a Three Zone TOFD Setup (Unequal Zone Heights With Zone 3 Addressed by Two Offset

Scans)

Probe 2 Probe 1 Probe 2 Probe 4 Probe 3Probe 1Probe 4 Probe 3

Zone 1

Zone 2

Zone 3
(2 offset scans)
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Figure O-470(d)
Example of a Four Zone TOFD Setup (Equal Zone Heights)

Probe 2 Probe 1 Probe 2 Probe 4Probe 3Probe 1Probe 4 Probe 3

Zone 2

Zone 3

Zone 4

Zone 1
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NONMANDATORY APPENDIX P
PHASED ARRAY (PAUT) INTERPRETATION

P-410 SCOPE

This Nonmandatory Appendix is to be used as an aid for
the interpretation of Phased Array Ultrasonic Testing
(PAUT) images.16 The flaw signal interpretation metho-
dology using PAUT is very similar to that of conventional
ultrasonics; however, PAUT has improved imaging cap-
abilities that aid in flaw signal interpretation. This inter-
pretation guide is primarily aimed at using shear wave
angle beams on butt welds. Other possibilities include
(a) longitudinal waves
(b) zero degree scanning
(c) complex inspections, e.g., nozzles, fillet welds

P-420 GENERAL

P-421 PAUT IMAGES — DATA VISUALIZATION

PAUT data is routinely displayed using a rainbow color
palette, with the range of colors representing a range of
signal amplitude. Generally, “white” represents 0% signal
amplitude, “blue” (or lighter colors) represents low ampli-
tudes, and “red” (or darker colors) represents above re-
ject signal amplitude (see Figure P-421-1).
(a) PAUT has the ability to image the data in the same

format as conventional ultrasonics – A-scans, and time or
distance encoded B-scan, D-scan, and C-scans. (See Figure
P-421-2.)

NOTE: The examples shown here are not necessarily typical of all de-
fects due to differences in shape, size, defect orientation, roughness,
etc.

(b) The PAUT primary image displays are an E-scan or
S-scan, exclusive to the PAUT technique. Both the E-scan
and S-scan display the data in a 2D view, with distance
from the front of the wedge on the X-axis, and depth on
the Y-axis. This view is also considered an “end view.”
E-scans and S-scans are composed of all of the A-scans
(or focal laws) in a particular setup. The A-scan for each
beam (or focal law) is available for use in flaw signal
interpretation.
(c) An E-scan (also termed an electronic raster scan) is

a single focal lawmultiplexed, across a group of active ele-
ments, for a constant angle beam stepped along the
phased array probe length in defined increments. Figure
P-421-3 shows an example of an E-scan.
(d) An S-scan (also termed a Sector, Sectorial, Swept

Angle, or Azimuthal scan) may refer to either the beam
movement or the data display (see Figure P-421-4).

P-450 PROCEDURE

P-451 MEASUREMENT TOOLS

PAUT instruments typically have flaw sizing aids con-
tained within the software. These sizing aids are based
on using multiple sets of horizontal and vertical cursors
overlaid on the various image displays. PAUT instruments
rely on the accuracy of the user input information (such
as component thickness) and calibration to accurately
display flaw measurements and locations.

P-452 FLAW SIZING TECHNIQUES

Flaw sizing can be performed using a variety of indus-
try accepted techniques, such as amplitude drop (e.g.,
-6 dB Drop) techniques and/or tip diffraction techniques.
Different flaw types may require different sizing
techniques.

P-452.1 Flaw Length. Flaw lengths parallel to the
surface can be measured from the distance encoded D-
or C-scan images using amplitude drop techniques by
placing the vertical cursors on the extents of the flaw dis-
played on the D- or C-scan display. Figure P-452.1 shows
an example of cursors used for length sizing.

P-452.2 Flaw Height. Flaw height normal to the sur-
face can be measured from the B-, E-, or S-scan images
using amplitude drop or tip diffraction techniques.

(a) Using amplitude drop techniques, the horizontal
cursors are placed on the displayed flaws upper and low-
er extents. Figure P-452.2-1 shows an example of cursors
used for height sizing with the amplitude drop technique.

(b) Using tip diffraction techniques the horizontal cur-
sors are placed on the upper and lower tip signals of
the displayed flaw. Figure P-452.2-2 shows an example
of cursors used for height sizing with the tip diffraction
technique.

P-480 EVALUATION

This section shows a variety of PAUT images and the in-
terpretation/explanation. There are significant variations
amongst flaws and PAUT setups and displays, so the fol-
lowing images should be used as a guide only. Evaluator
experience and analysis skills are very important as well.
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P-481 I.D. (INSIDE DIAMETER) CONNECTED
CRACK

These typically show multiple facets and edges visible
in the A-scan and S-scan. There is a distinct start and stop
on the A-scan, and a significant echodynamic travel to the
signal as the probe is moved in and out from the weld (if
the crack has significant vertical extent). The reflector is
usually detectable and can be plotted from both sides of
the weld. The reflector should plot to the correct I.D.
depth reference or depth reading, as shown in Figure
P-481.

P-481.1 Lack of Sidewall Fusion. LOF (Lack of Fu-
sion) plots correctly on the weld fusion line, either
through geometrical plotting or via weld overlays. There
may be a significantly different response from each side of
the weld. LOF is usually detected by several of the angles
in an S-scan from the same position. The A-scan shows a
fast rise and fall time with short pulse duration indicative
of a planar flaw. There are no multiple facets or tips.

Skewing the probe slightly does not produce multiple
peaks or jagged facets as in a crack. There may be mode-
converted multiple signals that rise and fall together and
maintain equal separation. Figure P-481.1 shows an
example.

P-481.2 Porosity. Porosity shows multiple signal re-
sponses, varying in amplitude and position. The signals
plot correctly to the weld volume. The signals’ start and
stop positions blend with the background at low ampli-
tude. The A-scan slow rise and fall time with long pulse
duration is indicative of a nonplanar flaw. Porosity may
or may not be detected from both sides of the weld, but
should be similar from both sides. Figure P-481.2 shows
an example of porosity.

P-481.3 O.D. (Outside Diameter) Toe Crack. Toe
cracks typically show multiple facets and edges visible
in the A-scan and S-scan. There is significant echodynamic

travel to the signal as the probe is moved in and out from
the weld. The reflector is usually detectable and can be
plotted from at the correct O.D. depth reference line or
depth reading. Normally, toe cracks are best character-
ized on S-scans and lower angle E-scan channels. Figure
P-481.3 shows an example.

P-481.4 (Incomplete Penetration). Incomplete Pene-
tration (IP) typically shows high amplitude signals with
significant echodynamic travel or travel over the I.D. skip
line. IP will typically respond and plot from both sides of
the weld in common weld geometries near centerline re-
ference indicators. Generally, IP is detected on all chan-
nels, with highest amplitude on a high angle E-scan. The
A-scan shows a fast rise and fall time with short pulse
duration indicative of a planar flaw. Figure P-481.4 shows
an IP signal.

Note that IP must be addressed relative to the weld
bevel. For example, a double V weld will have IP in the
midwall, whereas a single V bevel will be surface-
breaking. However, the rise-fall time of the signal is sim-
ilar to that for toe cracks and other root defects. This re-
quires extra care on the part of the operator. Note that
incomplete penetration can look similar to surface lack
of sidewall fusion.

P-481.5 Slag. Slag typically shows multiple facets
and edges visible in the A-scan and S-scan. The A-scan
shows a slow rise and fall time with long pulse duration,
indicative of a nonplanar flaw. Typically slag shows lower
amplitude than planar flaws, and may be difficult to dis-
tinguish from porosity, or from some smaller planar de-
fects. Slag is typically detectable from both sides, can be
plotted from both sides of the weld and is often best char-
acterized using an S-scan. A slag reflector will typically
plot to the correct depth area and reference lines that co-
incide to the weld volume. Figure P-481.5 shows an
example.
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Figure P-421-1
Black and White (B&W) Version of Color Palette
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Figure P-421-2
Scan Pattern Format
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Figure P-421-3
Example of an E-Scan Image Display
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Figure P-421-4
Example of an S-Scan Image Display

Figure P-452.1
Flaw Length Sizing Using Amplitude Drop Technique and the Vertical Cursors on the C-Scan Display
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Figure P-452.2-1
Scan Showing Flaw Height Sizing Using Amplitude Drop Technique and the Horizontal Cursors on the

B-Scan Display

ð23ÞFigure P-452.2-2
Flaw Height Sizing Using Tip Diffraction Technique and the Horizontal Cursors on the S-Scan Display

GENERAL NOTE: The two arrows in the A-scan at left show the relevant signals for measurement.
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Figure P-481
S-Scan of I.D. Connected Crack

Figure P-481.1
E-Scan of LOF in Midwall
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Figure P-481.2
S-Scan of Porosity, Showing Multiple Reflectors

Figure P-481.3
O.D. Toe Crack Detected Using S-Scan
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Figure P-481.4
IP Signal on S-Scan, Positioned on Root

Figure P-481.5
Slag Displayed as a Midwall Defect on S-Scan
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NONMANDATORY APPENDIX Q
EXAMPLE OF A SPLIT DAC CURVE

Q-410 SCOPE

This Appendix provides an example of a split DAC curve
when a single DAC curve, for the required distance range,
would have a portion of the DAC fall below 20% of full
screen height (FSH). See Figure Q-410.

Q-420 GENERAL

Q-421 FIRST DAC
Create a DAC curve as normal until a side-drilled hole

(SDH) indication peak signal falls below 20% of FSH.
See Figure Q-421.

Q-422 SECOND DAC

Starting with a SDH position prior to the reflector re-
sponse that falls below 20% of FSH, set the gain so that
this response is 80% ± 5% of FSH. Record the reference
level gain setting for this second portion of the DAC curve.
Mark the peaks of the remaining SDH indications on the
screen and connect the points to form the second DAC
curve. See Figure Q-422.

Q-423 NOTCH REFLECTORS

This technique can also be used for notch reflectors.

Figure Q-410
Distance–Amplitude Correction

5 100

5

10

80%

Falls below
  20% FSH

Reflectors moved
  into beam
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Figure Q-421
First DAC Curve
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Figure Q-422
Second DAC Curve
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5

10

80%

42 dB 52 dB
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NONMANDATORY APPENDIX R
STRAIGHT BEAM CALIBRATION BLOCKS FOR RESTRICTED

ACCESS WELD EXAMINATIONS

R-410 SCOPE

This Appendix is to be used as an aid for the fabrication
of calibration blocks used for straight beam examinations
of welds that cannot be fully examined from two direc-
tions using the angle beam technique (e.g., corner and
tee joints) per T-472.2.

R-420 GENERAL

When using standard angle beam calibration blocks for
the straight beam calibration of restricted access weld ex-
aminations (Figure T-434.2.1), these blocks typically do
not provide an adequate distance range that encompasses
the volume to be examined. When this occurs a second

calibration block shall be fabricated from thicker materi-
al, with the same sized reference reflectors per T-434.2.1,
spaced over the distance range that ensures examination
volume coverage.

R-430 EQUIPMENT

R-434 CALIBRATION BLOCKS

(a) Corner Weld Example. Figure R-434-1 is an example
of the calibration block configuration for a straight beam
examination of a corner weld.

(b) Tee Weld Example. Figure R-434-2 is an example of
the calibration block configuration for a straight beam ex-
amination of a tee weld.
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Figure R-434-1
Corner Weld Example

ST beam
exam surface

Distance range, DR

Volume of interest, VI

DR
VI

Three (3) side-drilled holes, SDHs, 
  spaced over the range of the
  volume of interest, VI. 

SDHs Ø based on weld thicknes, t.

GENERAL NOTES:
(a) The top illustration shows the weld details for the determination of the volume of interest (VI). The calibration block does not require a

weld unless required by the referencing Code Section or T-451.
(b) Block details and tolerances are the same as that required for standard calibration blocks per T-434.2.
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Figure R-434-2
Tee Weld Example

ST beam
exam surface

Distance range, DR

Volume of interest, VI

DR

VI

Three (3) side-drilled holes, SDHs, 
  spaced over the range of the
  volume of interest, VI. 

SDHs Ø based on weld thicknes, t.

GENERAL NOTES:
(a) The top illustration shows the weld details for the determination of the volume of interest (VI). The calibration block does not require a

weld unless required by the referencing Code Section or T-451.
(b) Block details and tolerances are the same as that required for standard calibration blocks per T-434.2.
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NONMANDATORY APPENDIX S
GENERAL TECHNIQUES FOR STRAIGHT-BEAM TRANSFER

CORRECTION

S-410 SCOPE

This Appendix provides general techniques for
straight-beam transfer correction. This correction is re-
quired when variables such as surface finish, heat treat-
ment, and thickness influence the attenuation properties
of the material.

S-420 CALIBRATION

Calibrate the instrument for the examination before
performing the transfer correction.

S-430 SIGNAL ADJUSTMENT

Place the search unit on the calibration step block at lo-
cation S1 and adjust the gain until signal S1 is at 80% to
100% of full screen height (FSH) (see Figure S-430-1). Re-
cord or set the gain setting as the reference level.

NOTE: Gain should be set such that the amplitude from the test ma-
terial signal is not saturated.

S-440 DISTANCE–AMPLITUDE CORRECTION
(DAC)

With the gain setting at the reference level, place the
search unit on the calibration block at locations S1, S2,
S3, S4, etc., and record or mark the amplitude of each sig-
nal (i.e., S1, S2, S3, S4, etc.) (see Figure S-440-1).
Connect the amplitude points of the signals (i.e., S1, S2,

S3, S4, etc.) with a smooth line to create a DAC curve.

S-450 TEST MATERIAL ADJUSTMENT

Using the same search unit and reference level setting
as in S-430, place the search unit on the material to be
tested (T1) (see Figure S-430-1).
Record or mark the amplitude of signal T1 as a percent

of the DAC curve (% DAC).

NOTE: On materials where variations of attenuation may exist (e.g.,
welds), test material adjustment should be performed at various po-
sitions through the material.

S-460 CALCULATE THE TRANSFER
CORRECTION

Using the following formula, calculate the transfer cor-
rection, Δ dB, between the calibration block and the test
materials:

(a) Example 1
(1) Given. T1 = 60% DAC (see Figure S-460-1).
(2) Calculation. 20 log (60/100) = −4.4 dB
(3) Conclusion. T1 is 4.4 dB below DAC. Therefore, 4.4

dB is the transfer correction that must be added to the re-
ference level.

Figure S-430-1
Signal Adjustment (Back Wall)

Calibration step block

S1 S2 S3 S4

T1

Test material
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(b) Example 2
(1) Given. T1 = 150% DAC (see Figure S-460-2).
(2) Calculation. 20 log (150/100) = 3.5 dB
(3) Conclusion. T1 is 3.5 dB above DAC. Therefore, 3.5

dB is the transfer correction that must be subtracted from
the reference level.

NOTES:

(1) This process may be used with a single-thickness calibration
block using multiple reflectors.
(2) The ΔdB can be determined by other means (e.g., by manually

increasing or decreasing the instrument gain to match the DAC curve
and observing the ΔdB).

Figure S-440-1
DAC Curve for Straight-Beam Transfer Correction

S1 S2 S3 S4

100%

80% FSH to
  100% FSH

0%

DAC curve

Figure S-460-1
Example 1 (Straight-Beam Transfer Correction)

80% FSH
DAC curve

T1

60% DAC
(reference level)

� dB = –4.4
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Figure S-460-2
Example 2 (Straight-Beam Transfer Correction)

80% FSH
DAC curve

T1

150% DAC
(reference level)

� dB = 3.5
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NONMANDATORY APPENDIX U
GENERAL TECHNIQUES FOR ANGLE-BEAM TRANSFER

CORRECTION

U-410 SCOPE

This Appendix provides general techniques for angle-
beam transfer correction. This correction is required for
examination of nonclad materials when variables such
as surface finish, heat treatment, and thickness influence
the attenuation properties of the material.

Transfer correction for angle-beam examination can be
performed with two identical search units in the dual
(transmit–receive) configuration.

U-420 CALIBRATION

Calibrate the instrument for the examination before
performing the transfer correction.

U-430 SIGNAL ADJUSTMENT

Place the transmitting search unit on the calibration
block at location TR and move the receiving search unit
until signal R1 is maximized (see Figure U-430-1). Adjust
the gain until signal R1 is at 80% to 100% of full screen
height (FSH). Record or set the gain setting as the refer-
ence level.

NOTE: Gain should be set such that the amplitude from the test ma-
terial signal is not saturated.

U-440 DISTANCE–AMPLITUDE CORRECTION
(DAC)

With the gain setting at the reference level, move the
receiving search unit to locations R2, R3, etc., maximizing
the signal at each skip (V-path), and record or mark the
amplitude of each signal (i.e., R2, R3, etc.) (see Figure
U-440-1).

Connect the amplitude points of the signals (i.e., R1, R2,
R3, etc.) with a smooth line to create a DAC curve.

U-450 TEST MATERIAL ADJUSTMENT

Using the same search unit and reference level as in
U-440, place the search unit on the material to be tested
at location TR and move the receiving search unit until
signal T1 is maximized (see Figure U-450-1).

Maximize the signal of the skip (V-path) and record or
mark the amplitude of signals T1, T2, T3 as a percent of
the DAC curve (% DAC). Use the same number of skips
in the test material as was used in the calibration block.

NOTE: On materials where variations of attenuation may exist (e.g.,
welds), test material adjustment should be performed at various po-
sitions through the material.

U-460 CALCULATE THE TRANSFER
CORRECTION

Using the following formula, calculate the transfer cor-
rection, Δ dB, between the calibration block and the test
materials:

(a) Example 1
(1) Given. T1 = 70% DAC (see Figure U-460-1).
(2) Calculation. 20 log (70/100) = −3.1 dB
(3) Conclusion. T1 is 3.1 dB below DAC. Therefore, 3.1

dB is the transfer correction that must be added to the re-
ference level.

(b) Example 2
(1) Given. T1 = 140% DAC (see Figure U-460-2).
(2) Calculation. 20 log (140/100) = 2.9 dB
(3) Conclusion. T1 is 2.9 dB above DAC. Therefore, 2.9

dB is the transfer correction that must be subtracted from
the reference level.

NOTE: The ΔdB can be determined by other means (e.g., by manually
increasing or decreasing the instrument gain to match the DAC curve
and observing the ΔdB).
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Figure U-430-1
Signal Adjustment (Angle Beam)

Calibration block

TR R1 R2 R3

Figure U-440-1
DAC Curve

R1 R2 R3

100%

80% FSH to
  100% FSH

0%

DAC curve

Figure U-450-1
Signal Adjustment (Angle Beam)

Test material
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Figure U-460-1
Example 1 (Angle-Beam Transfer Correction)

80% FSH

DAC curve
T1

70% DAC
(reference level)

� dB = –3.1

Figure U-460-2
Example 2 (Angle-Beam Transfer Correction)

80% FSH
DAC curve

T1 T2 T3
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(reference level)
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ð23Þ NONMANDATORY APPENDIX W
PULSE-ECHO METHOD EXAMINATION OF BRAZED JOINTS

W-410 SCOPE

This Appendix provides a pulse-echo method of exam-
ination for brazed joints using contact or immersion
testing.

W-430 EQUIPMENT

W-431 ULTRASONIC EXAMINATION
INSTRUMENT

The ultrasonic examination instrument shall be capable
of transmitting, receiving, and displaying high-frequency
electrical pulses using search units at frequencies and am-
plitudes necessary to perform the examination. Sound
beams may be collimated, flat, or focused. Suitability shall
be determined by using the appropriate reference
standard.

W-432 IMMERSION SYSTEM
If used, the immersion system shall be sufficient to per-

mit examination in accordance with T-471.1. A system
capable of producing a C-scan of the brazed joint is rec-
ommended, unless otherwise specified. If an A-scan is
used, an audible electronic defect alarm or a stop-on-
defect alarm is recommended.

W-433 COUPLANT
The couplant, including additives, shall not be detri-

mental to the material being examined.

W-434 REFERENCE STANDARDS
Reference standards shall consist of a brazed joint

mock-up consisting of the same base material, brazing fil-
ler metal, and fit-up as the joint being examined. The
mock-up shall contain natural or artificial discontinuities
of known location and size that yield ultrasonic indica-
tions above and below the rejection criteria specified in
the relevant brazing procedure specification. The refer-
ence standard brazed joint shall be at the same distance
from and orientation to the front and rear surfaces as
brazed joints in the components to be examined. The re-
ference standard also shall have discontinuities of known
location and be a suitable size for the calibration of the ex-
amination system. To ensure a proper setup, an assembly
that is partially brazed around the fitting circumference,
as shown in Figure W-434-1, shall be used.

Figure W-434-1
Assembly Partially Brazed Around the Fitting

Circumference

GENERAL NOTE: Figure courtesy of Walter J. Sperko, P.E.

ASME BPVC.V-2023ARTICLE 4

208



W-460 CALIBRATION

W-461 SWEEP RANGE CALIBRATION
W-461.1 Delay Control Adjustment. Position the

search unit for the maximum indication of the single wall
thickness at the nonbrazed section of the reference stan-
dard. Adjust the left edge of this indication to line 2 on the
screen with the delay control.

W-461.2 Range Control Adjustment. Position the
search unit for the maximum indication of the combined
joint thickness at the brazed section of the reference stan-
dard. Adjust the left edge of this indication to line 6 on the
screen with the range control.

W-461.3 Repeat Adjustments. Repeat the delay and
range control adjustments until both thickness indica-
tions start at sweep lines 2 and 6.

W-461.4 Sensitivity. The ultrasonic sensitivity shall
be demonstrated on a reference standard meeting the re-
quirements of W-434. Scan the rejectable discontinuities
on the reference standard to determine which discontinu-
ity produces the lowest amplitude. Adjust the sensitivity
(gain) control on this discontinuity to provide an 80%
(±5%) of full screen height (FSH) indication. This is the
primary reference level. The scanning sensitivity level
shall be set a minimum 6 dB higher than the reference
level gain setting.

The examiner should be able to show the thickness of
the fitting and the tube and, at the brazed or soldered
joint, the sum of the fitting thickness plus the tube thick-
ness. The examiner may then scan joints and map out
filled and unfilled zones as shown in Figure W-461.4-1.

W-470 EXAMINATION

W-471 PREPARATION OF COMPONENT FOR
EXAMINATION

The surface of the component to be examined shall
have no braze metal, flux residue, or other contaminant
that would prevent the proper examination of the joint.
The entry surface finish shall allow the transmission of
the ultrasonic energy.

W-472 COMPONENT CONFIGURATION
All components shall be of a configuration suitable for

examination. The ultrasonic entry surface must be acces-
sible and surface disruptions such as steps, lands, slots, or
holes should be minimized to allow proper examination
of the joint.

W-473 CONTACT TESTING
The examination shall be conducted in the pulse-echo

mode. The ultrasonic beam shall be normal to the exam-
ination surface.

W-473.1 Search Unit. The beam angle shall not vary
more than 2 deg from perpendicular nor shall the water
path length vary more than 0.20 in. (5 mm) from the dis-
tance specified. The scanning index increment shall not
exceed 0.04 in. (1 mm). The scanning speeds and scanning
parameters shall be such that the ultrasonic indications
from the discontinuities in the reference standard are
clearly discernible without image distortion or blurring.

W-473.2 System. The part and reference standard
shall be placed in a water bath or the transducer shall
be housed in a squirter that allows the transmission of ul-
trasound into the part. A typical system shall consist of
computerized X-Y motion controllers, a pulsing and re-
ceiving transducer that transmits and collects the raw
acoustic energy data, and a computer that records pulsing
and receiving data. The computer shall be able to plot the
X-Y reflected acoustic energy data as a function of position
in gray or color levels, which indicate the energy level
(amplitude) of the reflected acoustic signals. The control-
lers and software shall be capable of scanning speeds and
resolution that enable discontinuities in the reference
standards to be imaged.

W-474 COVERAGE
If the examination area is examined with more than one

scan setup, there shall be a means to show overlap of the
different areas in either B-scan or C-scan images.

Figure W-461.4-1
Filled and Unfilled Zones of a Joint

GENERAL NOTE: Figure courtesy of Walter J. Sperko, P.E.
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W-480 EVALUATION

W-481 INDICATION EVALUATION
All indications greater than 50% of the primary refer-

ence level shall be evaluated. The indications shall be
compared to the reference standard’s artificial flaws for
acceptability. All evaluated indications shall be identified
with the appropriate disposition recorded.

W-481.1 Defect Sizing. Indications shall be measured
in two directions (width and length). In each direction,
the end points shall be determined by obtaining a 50%
amplitude decrease of the primary reference level.

W-481.2 Acceptance Criteria. The acceptance criter-
ia shall be as specified by the referencing Code Section,
engineering drawing, or the organization having quality
responsibility.
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ARTICLE 5
ULTRASONIC EXAMINATION METHODS FOR MATERIALS

T-510 SCOPE

This Article provides or references requirements,
which are to be used in selecting and developing ultraso-
nic examination procedures for parts, components, mate-
rials, and all thickness determinations. When SA, SB, and
SE documents are referenced, they are located in Article
23. The referencing Code Section shall be consulted for
specific requirements for the following:

(a) personnel qualification/certification requirements;
(b) procedure requirements/demonstration, qualifica-

tion, acceptance;
(c) examination system characteristics;
(d) retention and control of calibration blocks;
(e) extent of examination and/or volume to be

scanned;
(f) acceptance standards;
(g) retention of records, and
(h) report requirements.
Definitions of terms used in this Article are contained in

Article 1, Mandatory Appendix I, I-121.2, UT —
Ultrasonics.

T-520 GENERAL

T-521 BASIC REQUIREMENTS
The requirements of this Article shall be used together

with Article 1, General Requirements.

T-522 WRITTEN PROCEDURE REQUIREMENTS
T-522.1 Requirements. Ultrasonic examination shall

be performed in accordance with a written procedure,
which shall, as a minimum, contain the requirements
listed in Table T-522. The written procedure shall estab-
l ish a single value, or range of values, for each
requirement.

T-522.2 Procedure Qualification. When procedure
qualification is specified by the referencing Code Section,
a change of a requirement in Table T-522 identified as an
essential variable from the specified value, or range of val-
ues, shall require requalification of the written procedure.
A change of a requirement identified as a nonessential
variable from the specified value, or range of values, does
not require requalification of the written procedure. All
changes of essential or nonessential variables from the

value, or range of values, specified by the written proce-
dure shall require revision of, or an addendum to, the
written procedure.

T-530 EQUIPMENT

T-531 INSTRUMENT
A pulse-echo type of ultrasonic instrument shall be

used. The instrument shall be capable of operation at fre-
quencies over the range of at least 1 to 5 MHz, and shall
be equipped with a stepped gain control in units of
2.0 dB or less. If the instrument has a damping control,
it may be used if it does not reduce the sensitivity of
the examination. The reject control shall be in the “off” po-
sition for all examinations unless it can be demonstrated
that it does not affect the linearity of the examination.

T-532 SEARCH UNITS
The nominal frequency shall be from 1 MHz to 5 MHz

unless variables such as production material grain struc-
ture require the use of other frequencies to assure ade-
quate penetration or better resolution. Search units
with contoured contact wedges may be used to aid ultra-
sonic coupling.

T-533 COUPLANT
T-533.1 General. The couplant, including additives,

shall not be detrimental to the material being examined.

T-533.2 Control of Contaminants.
(a) Couplants used on nickel base alloys shall not con-

tain more than 250 ppm of sulfur.
(b) Couplants used on austenitic stainless steel or tita-

nium shall not contain more than 250 ppm of halides
(chlorides plus fluorides).

T-534 CALIBRATION BLOCK REQUIREMENTS
The material from which the block is fabricated shall be
(a) the same product form,
(b) the same material specification or equivalent

P-Number grouping, and
(c) of the same heat treatment as the material being

examined.
For the purposes of this paragraph, product form is de-

fined as wrought or cast, and P-Nos. 1, 3, 4, 5A through 5C,
and 15A through 15F materials are considered
equivalent.
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The finish on the scanning surface of the block shall be
representative of the scanning surface finish on the mate-
rial to be examined.

T-534.1 Tubular Product Calibration Blocks.
(a) The calibration reflectors shall be longitudinal (ax-

ial) notches and shall have a length not to exceed 1 in.
(25 mm), a width not to exceed 1/16 in. (1.5 mm), and
depth not to exceed 0.004 in. (0.10 mm) or 5% of the
nominal wall thickness, whichever is larger.
(b) The calibration block shall be long enough to simu-

late the handling of the product being examined through
the examination equipment.

T-534.2 Casting Calibration Blocks. Calibration
blocks shall be the same thickness ±25% as the casting
to be examined.

T-534.3 Bolting Material Calibration Blocks and
Examination Techniques.17 Calibration blocks in accor-
dance with Figure T-534.3 shall be used for straight beam
examination.

T-534.4 Transfer Correction. When the block mate-
rial is not of the same product form or has not received
the same heat treatment as the material being examined,
it may be used provided it meets all other block require-
ments and a transfer correction for acoustical property
differences is used. Article 4, Nonmandatory Appendix S
and U (as applicable) may be used. Transfer correction
shall be determined by noting the difference between

the signal response, using the same transducers and
wedges to be used in the examination, received from
either of the following
(a) the corresponding reference reflector (same type

and dimensions) in the calibration block and in the com-
ponent to be examined
(b) two search units positioned in the same orientation

on the calibration block and component to be examined
The examination sensitivity shall be adjusted for the

difference.

T-560 CALIBRATION

T-561 INSTRUMENT LINEARITY CHECKS
The requirements of T-561.1 and T-561.2 shall be met

at intervals not to exceed three months for analog type in-
struments and one year for digital type instruments, or
prior to first use thereafter.

T-561.1 Screen Height Linearity. The ultrasonic in-
strument’s (excludes instruments used for thickness mea-
surement) screen height linearity shall be evaluated in
accordance with Mandatory Appendix I of Article 4.

T-561.2 Amplitude Control Linearity. The ultrasonic
instrument’s (excludes instruments used for thickness
measurement) amplitude control linearity shall be
evaluated in accordance with Mandatory Appendix II of
Article 4.

Table T-522
Variables of an Ultrasonic Examination Procedure

Requirement Essential Variable
Nonessential

Variable

Material types and configurations to be examined, including thickness dimensions and product form
(castings, forgings, plate, etc.) X …

The surfaces from which the examination shall be performed X …
Technique(s) (straight beam, angle beam, contact, and/or immersion) X …
Angle(s) and mode(s) of wave propagation in the material X …
Search unit type(s), frequency(ies), and element size(s)/shape(s) X …
Special search units, wedges, shoes, or saddles, when used X …
Ultrasonic instrument(s) X …
Calibration [calibration block(s) and technique(s)] X …
Directions and extent of scanning X …
Scanning (manual vs. automatic) X …
Method for sizing indications X …
Computer enhanced data acquisition, when used X …
Scan overlap (decrease only) X …
Personnel performance requirements, when required X …
Personnel qualification requirements … X
Surface condition (examination surface, calibration block) … X
Couplant: brand name or type … X
Post-examination cleaning technique … X
Automatic alarm and/or recording equipment, when applicable … X
Records, including minimum calibration data to be recorded (e.g., instrument settings) … X
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Figure T-534.3
Straight-Beam Calibration Blocks for Bolting

(a) Block A

(b) Block B

(c) Block C
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=
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bolt   diameter
calibration block diameter
flat-bottom hole diameter
bolt length
calibration block length
flat-bottom hole length

“bolt” refers to the material
to be examined (bolting)

Nomenclature

Calibration Block
Designation

Flat-Bottom
Hole Depth,

Lh

A 1.5 in.
(38 mm)

B 0.5 in.
(13 mm)

C 0.5 in.
(13 mm)

Diameter of Bolting Material to be
Examined, d

Calibration Block
Diameter, D

Flat-Bottom Hole
Diameter, Dh

≤1 in. (≤25 mm) d ± d/4
1/16in. (1.5 mm)

>1 in. (>25 mm) to 2 in. (50 mm) d ± d/4
1/8 in. (3 mm)

>2 in. (>50 mm) to 3 in. (75 mm) d ± d/4
3/16 in. (5 mm)

>3 in. (>75 mm) to 4 in. (100 mm) d ± d/4
5/16 in. (8 mm)

>4 in. (>100 mm) d ± 1 in. (25 mm) 3/8 in. (10 mm)

GENERAL NOTE: A tolerance of ±5% may be applied.
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T-562 GENERAL CALIBRATION REQUIREMENTS
T-562.1 Ultrasonic System. Calibrations shall in-

clude the complete ultrasonic system and shall be per-
formed prior to use of the system in the thickness range
under examination.

T-562.2 Calibration Surface. Calibrations shall be
performed from the surface (clad or unclad; convex or
concave) corresponding to the surface of the material
from which the examination will be performed.

T-562.3 Couplant. The same couplant to be used
during the examination shall be used for calibration.

T-562.4 Contact Wedges. The same contact wedges
to be used during the examination shall be used for
calibration.

T-562.5 Instrument Controls. Any control, which af-
fects instrument linearity (e.g., filters, reject, or clipping),
shall be in the same position for calibration, calibration
checks, instrument linearity checks, and examination.

T-562.6 Temperature. For contact examination, the
temperature differential between the calibration block
and examination surfaces shall be within 25°F (14°C).
For immersion examination, the couplant temperature
for calibration shall be within 25°F (14°C) of the couplant
temperature for examination.

T-563 CALIBRATION CONFIRMATION
T-563.1 System Changes. When any part of the ex-

amination system is changed, a calibration check shall
be made on the calibration block to verify that distance
range points and sensitivity setting(s) satisfy the require-
ments of T-563.3.

T-563.2 Calibration Checks. A calibration check on
at least one of the reflectors in the calibration block or
a check using a simulator shall be performed at the com-
pletion of each examination or series of similar examina-
tions, and when examination personnel (except for
automated equipment) are changed. The distance range
and sensitivity values recorded shall satisfy the require-
ments of T-563.3.

NOTE: Interim calibration checks between the required initial cali-
bration and the final calibration check may be performed. The deci-
sion to perform interim calibration checks should be based on
ultrasonic instrument stability (analog vs. digital), the risk of having
to conduct reexaminations, and the benefit of not performing interim
calibration checks.

T-563.2.1 Simulator Checks. Any simulator
checks that are used shall be correlated with the original
calibration on the calibration block during the original ca-
libration. The simulator checks may use different types of
calibration reflectors or blocks (such as IIW) and/or elec-
tronic simulation. However, the simulation used shall be
identifiable on the calibration sheet(s). The simulator
check shall be made on the entire examination system.
The entire system does not have to be checked in one

operation; however, for its check, the search unit shall
be connected to the ultrasonic instrument and checked
against a calibration reflector. Accuracy of the simulator
checks shall be confirmed, using the calibration block,
every three months or prior to first use thereafter.

T-563.3 Confirmation Acceptance Values.
T-563.3.1 Distance Range Points. If any distance

range point has moved on the sweep line by more than
10% of the distance reading or 5% of full sweep (which-
ever is greater), correct the distance range calibration and
note the correction in the examination record. All re-
corded indications since the last valid calibration or cali-
bration check shall be reexamined and their values shall
be changed on the data sheets or re-recorded.

T-563.3.2 Sensitivity Settings. If any sensitivity
setting has changed by more than 20% or 2 dB of its am-
plitude, correct the sensitivity calibration and note the
correction in the examination record. If the sensitivity set-
ting has decreased, all data sheets since the last valid ca-
libration or calibration check shall be marked void and
the area covered by the voided data shall be reexamined.
If the sensitivity setting has increased, all recorded indica-
tions since the last valid calibration or calibration check
shall be reexamined and their values shall be changed
on the data sheets or re-recorded.

T-564 CASTING CALIBRATION FOR
SUPPLEMENTARY ANGLE BEAM
EXAMINATIONS

For supplementary angle-beam examinations, the in-
strument gain shall be adjusted during calibration such
that the indication from the side-drilled hole producing
the highest amplitude is 80% ± 5% of full screen height.
This shall be the primary reference level.

T-570 EXAMINATION

T-571 EXAMINATION OF PRODUCT FORMS
T-571.1 Plate. Plate shall be examined in accordance

with SA-435/SA-435M, SA-577/SA-577M, SA-578/
SA-578M, or SB-548, as applicable, except as amended
by the requirements elsewhere in this Article.

T-571.2 Forgings and Bars.
(a) Forgings and bars shall be examined in accordance

with SA-388/SA-388M or SA-745/SA-745M, as applica-
ble, except as amended by the requirements elsewhere
in this Article.
(b) All forgings and bars shall be examined by the

straight-beam examination technique.
(c) In addition to (b), ring forgings and other hollow

forgings shall also be examined by the angle-beam exam-
ination technique in two circumferential directions, un-
less wall thickness or geometric configuration makes
angle-beam examination impractical.
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(d) In addition to (b) and (c), ring forgings made to fine
grain melting practices and used for vessel shell sections
shall be also examined by the angle-beam examination
technique in two axial directions.

(e) Immersion techniques may be used.

T-571.3 Tubular Products. Tubular products shall be
examined in accordance with SE-213 or SE-273, as appli-
cable, except as amended by the requirements elsewhere
in this Article.

T-571.4 Castings. Castings shall be examined in ac-
cordance with SA-609/SA-609M, except as amended by
the requirements elsewhere in this Article.

(a) For straight-beam examinations, the sensitivity
compensation in paragraph 8.3 of SA-609/SA-609M shall
not be used.

(b) A supplementary angle-beam examination shall be
performed on castings or areas of castings where a back
reflection cannot be maintained during straight-beam ex-
amination, or where the angle between the front and back
surfaces of the casting exceeds 15 deg.

T-571.5 Bolting Material. Bolting material shall be
examined in accordance with SA-388/SA-388M, except
as amended by the requirements elsewhere in this Article.

(a) Bolting material shall be examined radially prior to
threading. Sensitivity shall be established using the indi-
cation from the side of the hole in calibration block A at
radial metal paths of D/4 and 3D/4. The instrument gain
shall be adjusted such that the indication from the D/4 or
3D/4 hole (whichever has the highest indication ampli-
tude) is 80% ± 5% of full screen height (FSH). This shall
be the primary reference level. A distance–amplitude cor-
rection (DAC) curve shall be established using the indica-
tions from the D/4 and 3D/4 holes and shall be extended
to cover the full diameter of the material being examined.

(b) Bolting material shall be examined axially from both
end surfaces, either before or after threading. The instru-
ment gain shall be adjusted such that the indication from
the flat-bottom hole producing the highest indication am-
plitude, is 80% ± 5% FSH. This shall be the primary refer-
ence level. A DAC curve shall be established using the
indications from the three flat-bottom holes and shall
be extended to cover the full length of the material being
examined. If any flat-bottom hole indication amplitude is
less than 20% FSH, construct two DAC lines using calibra-
tion blocks A and B, and calibration blocks B and C and
record the gain setting necessary to adjust the highest in-
dication amplitude for each DAC to 80% ± 5% FSH.

(c) Immersion techniques may be used.

T-572 EXAMINATION OF PUMPS AND VALVES
Ultrasonic examination of pumps and valves shall be in

accordance with Mandatory Appendix I.

T-573 INSERVICE EXAMINATION
T-573.1 Nozzle Inner Radius and Inner Corner Re-

gion. Inservice examination of nozzle inner radii and in-
ner corner regions shall be in accordance with
Mandatory Appendix II.

T-573.2 Inservice Examination of Bolting. Inservice
examination of bolting shall be in accordance with Man-
datory Appendix IV.

T-573.3 Inservice Examination of Cladding. Inser-
vice examination of cladding, excluding weld metal over-
lay cladding, shall be in accordance with SA-578/
SA-578M.

T-574 THICKNESS MEASUREMENT
Thickness measurement shall be performed in accor-

dance with SE-797, except as amended by the require-
ments elsewhere in this Article.

T-577 POST-EXAMINATION CLEANING
When post-examination cleaning is required by the

procedure, it should be conducted as soon as practical
after evaluation and documentation using a process that
does not adversely affect the part.

T-580 EVALUATION

For examinations using DAC calibrations, any imperfec-
tion with an indication amplitude in excess of 20% of DAC
shall be investigated to the extent that it can be evaluated
in terms of the acceptance criteria of the referencing Code
Section.

T-590 DOCUMENTATION

T-591 RECORDING INDICATIONS
T-591.1 Nonrejectable Indications. Nonrejectable in-

dications shall be recorded as specified by the referencing
Code Section.

T-591.2 Rejectable Indications. Rejectable indica-
tions shall be recorded. As a minimum, the type of indica-
tion (i.e., crack, lamination, inclusion, etc.), location, and
extent (i.e., length) shall be recorded.

T-592 EXAMINATION RECORDS
For each ultrasonic examination, the requirements of

Article 1, T-190(a) and the following information shall
be recorded:

(a) ultrasonic instrument identification (including
manufacturer’s serial number)

(b) search unit(s) identification (including manufac-
turer’s serial number, frequency, and size)

(c) beam angle(s) used
(d) couplant used, brand name or type
(e) search unit cable(s) used, type and length

ASME BPVC.V-2023 ARTICLE 5

215



(f) special equipment, when used (search units,
wedges, shoes, automatic scanning equipment, recording
equipment, etc.)
(g) computerized program identification and revision,

when used
(h) calibration block identification
(i) simulation block(s) and electronic simulator(s)

identification, when used
(j) instrument reference level gain and, if used, damp-

ing and reject setting(s)
(k) calibration data [including reference reflector(s),

indication amplitude(s), and distance reading(s)]
(l) data correlating simulation block(s) and electronic

simulator(s), when used, with initial calibration
(m) identification of material or volume scanned
(n) surface(s) from which examination was conducted,

including surface condition
(o) map or record of rejectable indications detected or

areas cleared

(p) areas of restricted access or inaccessible areas
Items (a) through (l) may be included or attached in a

separate calibration record provided the calibration re-
cord is included in the examination record.

T-593 REPORT
A report of the examinations shall be made. The report

shall include those records indicated in T-591 and T-592.
The report shall be filed and maintained in accordance
with the referencing Code Section.

T-594 STORAGE MEDIA
Storage media for computerized scanning data and

viewing software shall be capable of securely storing
and retrieving data for the time period specified by the re-
ferencing Code Section.
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MANDATORY APPENDIX I
ULTRASONIC EXAMINATION OF PUMPS AND VALVES

I-510 SCOPE

This Appendix describes supplementary requirements
to Article 5 for ultrasonic examination of welds or base
material repairs, or both, in pumps and valves.

I-530 EQUIPMENT

I-531 CALIBRATION BLOCKS
Calibration blocks for pumps and valves shall be in ac-

cordance with Article 4, Nonmandatory Appendix J.

I-560 CALIBRATION

I-561 SYSTEM CALIBRATION
System calibration shall be in accordance with Article

4, T-463 exclusive of T-463.1.1.

I-570 EXAMINATION

The examination shall be in accordance with Article 4,
T-470.
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MANDATORY APPENDIX II
INSERVICE EXAMINATION OF NOZZLE INSIDE CORNER RADIUS

AND INNER CORNER REGIONS

II-510 SCOPE

This Appendix describes supplementary requirements
to Article 5 for inservice examination of nozzle inside cor-
ner radius and inner corner regions.

II-530 EQUIPMENT

II-531 CALIBRATION BLOCKS
Calibration blocks shall be full-scale or partial-section

(mockup) nozzles, which are sufficient to contain the
maximum sound beam path, examination volume, and ca-
libration reflectors.

II-531.1 General. The general calibration block re-
quirements of Article 4, T-434.1 shall apply.

II-531.2 Mockups. If sound beams only pass through
nozzle forgings during examinations, nozzle mockups
may be nozzle forgings, or segments of forgings, fixed in
structures as required to simulate adjacent vessel sur-
faces. If sound beams pass through nozzle-to-shell welds
during examinations, nozzle mockups shall contain nozzle
welds and shell components of sufficient size to permit
calibration.

II-531.3 Thickness. The calibration block shall equal
or exceed the maximum component thickness to be
examined.

II-531.4 Reflectors. The calibration block shall con-
tain a minimum of three notches within the examination
volume. Alternatively, induced or embedded cracks may
be used in lieu of notches, which may also be employed
for demonstration of sizing capabilities when required
by the referencing Code Section. Notches or cracks shall
meet the following requirements:

(a) Notches or cracks shall be distributed radially in
two zones with at least one notch or crack in each zone.
Zone 1 ranges between 0 deg and 180 deg (±45 deg)
and Zone 2 is the remaining two quadrants, centered on
the nozzle’s axis.
(b) Notches or cracks shall be placed within the nozzle

inner radii examination volume and oriented parallel to
the axial plane of the nozzle; the orientation tolerance is
±2 deg.
(c) Notch or crack lengths shall be 1 in. (25 mm) max-

imum. Nominal notch widths shall be 1/16 in. (1.5 mm).
(d) Notch or crack depths, measured from the nozzle

inside surface, shall be:
(1) Reflector No. 1 — 0.20 in. to 0.35 in. (5 mm

to 9 mm)
(2) Reflector No. 2 — 0.35 in. to 0.55 in. (9 mm

to 14 mm)
(3) Reflector No. 3 — 0.55 in. to 0.75 in. (14 mm

to 19 mm)

II-560 CALIBRATION

II-561 SYSTEM CALIBRATION
System calibration shall be in accordance with Article

4, T-463 exclusive of T-463.1.1.

II-570 EXAMINATION

The general examination requirements of Article 4,
T-471 shall apply.
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MANDATORY APPENDIX IV
INSERVICE EXAMINATION OF BOLTS

IV-510 SCOPE

This Appendix describes supplementary requirements
to Article 5 for inservice examination of bolts.

IV-530 EQUIPMENT

IV-531 CALIBRATION BLOCKS
Calibration blocks shall be full-scale or partial-section

bolts, which are sufficient to contain the maximum sound
beam path and area of interest, and to demonstrate the
scanning technique.

IV-531.1 Material. The calibration block shall be of
the samematerial specification, product form, and surface
finish as the bolt(s) to be examined.

IV-531.2 Reflectors. Calibration reflectors shall be
straight-cut notches. A minimum of two notches shall be
machined in the calibration standard, located at the mini-
mum and maximum metal paths, except that notches
need not be located closer than one bolt diameter from
either end. Notch depths shall be as follows:

Bolt Diameter Notch Depth [Note (1)]

Less than 2 in. (50 mm) 1 thread depth
2 in. (50 mm) and greater, but

less than 3 in. (75 mm)

5/64 in. (2.0 mm)

3 in. (75 mm) and greater 3/32 in. (2.5 mm)

NOTE:
(1) Measured from bottom of thread root to bottom of notch.

As an alternative to straight-cut notches, other notches
(e.g., circular cut) may be used provided the area of the
notch does not exceed the area of the applicable straight-
cut notches required by this paragraph.

IV-560 CALIBRATION

IV-561 DAC CALIBRATION
A DAC curve shall be established using the calibration

reflectors in IV-531.2. The sound beam shall be directed
toward the calibration reflector that yields the maximum
response, and the instrument shall be set to obtain an
80% of full screen height indication. This shall be the pri-
mary reference level. The search unit shall then be ma-
nipulated, without changing instrument settings, to
obtain the maximum responses from the other calibration
reflector(s) to generate a DAC curve. The calibration shall
establish both the sweep range calibration and the
distance–amplitude correction.

IV-570 EXAMINATION

IV-571 GENERAL EXAMINATION REQUIREMENTS
The general examination requirements of Article 4,

T-471 shall apply.
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ARTICLE 6
LIQUID PENETRANT EXAMINATION

T-610 SCOPE

When this Article is specified by a referencing Code
Section, the liquid penetrant method described in this
Article shall be used together with Article 1, General Re-
quirements. Definitions of terms used in this Article ap-
pear in Article 1, Mandatory Appendix I, I-121.3, PT —
Liquid Penetrants.

T-620 GENERAL

The liquid penetrant examination method is an effec-
tive means for detecting discontinuities which are open
to the surface of nonporous metals and other materials.
Typical discontinuities detectable by this method are
cracks, seams, laps, cold shuts, laminations, and porosity.
In principle, a liquid penetrant is applied to the surface

to be examined and allowed to enter discontinuities. All
excess penetrant is then removed, the part is dried, and
a developer is applied. The developer functions both as
a blotter to absorb penetrant that has been trapped in dis-
continuities, and as a contrasting background to enhance
the visibility of penetrant indications. The dyes in pene-
trants are either color contrast (visible under white light)
or fluorescent (visible under ultraviolet light).

T-621 WRITTEN PROCEDURE REQUIREMENTS
T-621.1 Requirements. Liquid penetrant examina-

tion shall be performed in accordance with a written pro-
cedure which shal l as a minimum, contain the
requirements listed in Table T-621.1. The written proce-
dure shall establish a single value, or range of values, for
each requirement.

T-621.2 Procedure Qualification. When procedure
qualification is specified by the referencing Code Section,
a change of a requirement in Table T-621.1 identified as
an essential variable shall require requalification of the
written procedure by demonstration. A change of a re-
quirement identified as a nonessential variable does not
require requalification of the written procedure. All
changes of essential or nonessential variables from those
specified within the written procedure shall require revi-
sion of, or an addendum to, the written procedure.

T-621.3 Minimum and Maximum Step Times. The
written procedure shall have minimum and maximum
times for the applicable examination steps listed in Table
T-621.3.

T-630 EQUIPMENT

The term penetrant materials, as used in this Article, is
intended to include all penetrants, emulsifiers, solvents or
cleaning agents, developers, etc., used in the examination
process. The descriptions of the liquid penetrant classifi-
cations and material types are provided in SE-165 of
Article 24.

T-640 MISCELLANEOUS REQUIREMENTS

T-641 CONTROL OF CONTAMINANTS
The user of this Article shall obtain certification of con-

taminant content for all liquid penetrant materials used
on nickel base alloys, austenitic or duplex stainless steels,
and titanium. These certifications shall include the pene-
trant manufacturers’ batch numbers and the test results
obtained in accordance with Mandatory Appendix II of
this Article. These records shall be maintained as re-
quired by the referencing Code Section.

T-642 SURFACE PREPARATION
(a) In general, satisfactory results may be obtained

when the surface of the part is in the as-welded, as-rolled,
as-cast, or as-forged condition. Surface preparation by
grinding, machining, or other methods may be necessary
where surface irregularities could mask indications.
(b) Prior to each liquid penetrant examination, the sur-

face to be examined and all adjacent areas within at least
1 in. (25 mm) shall be dry and free of all dirt, grease, lint,
scale, welding flux, weld spatter, paint, oil, and other ex-
traneous matter that could obscure surface openings or
otherwise interfere with the examination.
(c) Typical cleaning agents which may be used are de-

tergents, organic solvents, descaling solutions, and paint
removers. Degreasing and ultrasonic cleaning methods
may also be used.
(d) Cleaning solvents shall meet the requirements of

T-641. The cleaning method employed is an important
part of the examination process.

NOTE: Conditioning of surfaces prior to examination as required in
(a) may affect the results. See SE-165, Annex A1.

ASME BPVC.V-2023ARTICLE 6

220



Table T-621.1
Requirements of a Liquid Penetrant Examination Procedure

Requirement Essential Variable
Nonessential

Variable

Identification of and any change in type or family group of penetrant materials including
developers, emulsifiers, etc.

X …

Surface preparation (finishing and cleaning, including type of cleaning solvent) X …
Method of applying penetrant X …
Method of removing excess surface penetrant X …
Hydrophilic or lipophilic emulsifier concentration and dwell time in dip tanks and agitation
time for hydrophilic emulsifiers

X …

Hydrophilic emulsifier concentration in spray applications X …
Method of applying developer X …
Minimum and maximum time periods between steps and drying aids X …
Decrease in penetrant dwell time X …
Increase in developer dwell time (Interpretation Time) X …
Minimum light intensity X …
Surface temperature outside 40°F to 125°F (5°C to 52°C) or as previously qualified X …
Performance demonstration, when required X …
Personnel qualification requirements … X
Materials, shapes, or sizes to be examined and the extent of examination … X
Post-examination cleaning technique … X

Table T-621.3
Minimum and Maximum Time Limits for Steps in Penetrant Examination Procedures

Procedure Step Minimum Maximum

Drying after preparation (T-643) X …
Penetrant dwell (T-672) X X
Penetrant removal water washable/solvent removable (T-673.1/T-673.3) … …
Penetrant removal with lipophilic emulsifier [T-673.2(a)] X X
Penetrant removal with hydrophilic emulsifier [T-673.2(b)]

Prerinse … X
Immersion … X
Water-emulsifier spray … X
Water immersion or spray post-rinse … X

Drying after penetrant removal (T-674)
Solvent removal penetrants … X
Water-washable and post-emulsifiable penetrants … X

Developer application (T-675) … X
Developing and interpretation time (T-675.3 and T-676) X X
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T-643 DRYING AFTER PREPARATION
After cleaning, drying of the surfaces to be examined

shall be accomplished by normal evaporation or with
forced hot or cold air. A minimum period of time shall
be established to ensure that the cleaning solution has
evaporated prior to application of the penetrant.

T-650 TECHNIQUE

T-651 TECHNIQUES
Either a color contrast (visible) penetrant or a fluores-

cent penetrant shall be used with one of the following
three penetrant techniques:
(a)water washable
(b) post-emulsifying
(c) solvent removable

T-652 TECHNIQUES FOR STANDARD
TEMPERATURES

As a standard technique, the temperature of the pene-
trant and the surface of the part to be processed shall
not be below 40°F (5°C) nor above 125°F (52°C) through-
out the examination period. Local heating or cooling is
permitted provided the part temperature remains in the
range of 40°F to 125°F (5°C to 52°C) during the examina-
tion. Where it is not practical to comply with these tem-
perature limitations, other temperatures and times may
be used, provided the procedures are qualified as speci-
fied in T-653.

T-653 TECHNIQUES FOR NONSTANDARD
TEMPERATURES

When it is not practical to conduct a liquid penetrant
examination within the temperature range of 40°F
to 125°F (5°C to 52°C), the examination procedure at
the proposed lower or higher temperature range requires
qualification of the penetrant materials and processing in
accordance with Mandatory Appendix III of this Article.

T-654 TECHNIQUE RESTRICTIONS
Fluorescent penetrant examination shall not follow a

color contrast penetrant examination. Intermixing of pen-
etrant materials from different families or different man-
ufacturers is not permitted. A retest with water-washable
penetrants may cause loss of marginal indications due to
contamination.

T-660 CALIBRATION

Light meters, both visible and fluorescent (black) light
meters, shall be calibrated at least once a year or when-
ever the meter has been repaired. If meters have not been
in use for one year or more, calibration shall be done be-
fore being used.

T-670 EXAMINATION

T-671 PENETRANT APPLICATION
The penetrant may be applied by any suitable means,

such as dipping, brushing, or spraying. If the penetrant
is applied by spraying using compressed-air-type appara-
tus, filters shall be placed on the upstream side near the
air inlet to preclude contamination of the penetrant by
oil, water, dirt, or sediment that may have collected in
the lines.

T-672 PENETRATION (DWELL) TIME
Penetration (dwell) time is critical. The minimum pen-

etration time shall be as required in Table T-672 or as
qualified by demonstration for specific applications. The
maximum dwell time shall not exceed 2 hr or as qualified
by demonstration for specific applications. Regardless of
the length of the dwell time, the penetrant shall not be al-
lowed to dry. If for any reason the penetrant does dry, the
examination procedure shall be repeated, beginning with
a cleaning of the examination surface.

T-673 EXCESS PENETRANT REMOVAL
After the specified penetration (dwell) time has

elapsed, any penetrant remaining on the surface shall
be removed, taking care to minimize removal of penetrant
from discontinuities.

T-673.1 Water-Washable Penetrants.
(a) Excess water-washable penetrants shall be re-

moved with a water spray. The water pressure shall not
exceed 50 psi (350 kPa), and the water temperature shall
not exceed 110°F (43°C).
(b) As an alternative to (a), water-washable penetrants

may be removed by wiping with a clean, dry, lint-free
cloth or absorbent paper, repeating the operation until
most traces of penetrant have been removed. The remain-
ing traces shall be removed by wiping the surface with a
cloth or absorbent paper, lightly moistened with water.
To minimize removal of penetrant from discontinuities,
care shall be taken to avoid the use of excess water.

T-673.2 Post-Emulsification Penetrants.
(a) Lipophilic Emulsification. After the required pene-

trant dwell time, the excess surface penetrant shall be
emulsified by immersing or flooding the part with the
emulsifier. Emulsification time is dependent on the type
of emulsifier and surface condition. The actual emulsifica-
tion time shall be determined experimentally. After emul-
sification, the mixture shall be removed by immersing in
or rinsing with water. The temperature and pressure of
the water shall be as recommended by the manufacturer.
(b) Hydrophilic Emulsification. After the required pene-

trant dwell time, the parts may be prerinsed with water
spray or directly immersed or sprayed with an
emulsifier–water mixture. A prerinse allows removal of
excess surface penetrant from examination objects prior
to the application of hydrophilic emulsifiers. Hydrophilic
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emulsifiers work by detergent action. For immersion ap-
plications, examination objects must be mechanically
moved in the emulsifier bath or the emulsifier must be
agitated by air bubbles, so that with either method, the
emulsifier comes in contact with the penetrant coating.
With immersion, the concentration of the emulsifier–
water bath shall be as recommended by the manufac-
turer. For spray applications, all part surfaces shall be
uniformly sprayed with an emulsifier–water mixture.
With spray applications, the emulsifier concentration
shall be in accordance with the manufacturer’s recom-
mendations, but shall be no greater than 5%. The final
step after emulsification is a water immersion or a water
spray post-rinse to remove the emulsified penetrant. All
dwell times should be kept to a minimum and shall be
not more than 2 min unless a longer time is qualified on
a specific part. The pressures (water emulsifier and water
spray) and temperatures (water and emulsifier) shall be
in accordance with the requirements for water-washable
penetrants.

NOTE: Additional information may be obtained from SE-165.

T-673.3 Solvent Removable Penetrants. Excess sol-
vent removable penetrants shall be removed by wiping
with a clean, dry, lint-free cloth or absorbent paper, re-
peating the operation until most traces of penetrant have
been removed. The remaining traces shall be removed by
wiping the surface with cloth or absorbent paper, lightly
moistened with solvent. To minimize removal of pene-
trant from discontinuities, care shall be taken to avoid
the use of excess solvent.

WARNING: Flushing the surface with solvent, following the ap-
plication of the penetrant and prior to developing, is prohibited.

T-674 DRYING AFTER EXCESS PENETRANT
REMOVAL

(a) For the water-washable or post-emulsifying tech-
nique, the surfaces may be dried by blotting with clean
materials or by using circulating air, provided the tem-
perature of the surface is not raised above 125°F (52°C).

(b) For the solvent removable technique, the surfaces
may be dried by normal evaporation, blotting, wiping,
or forced air.

T-675 DEVELOPING
The developer shall be applied as soon as possible after

penetrant removal; the time interval shall not exceed that
established in the procedure. Insufficient coating thick-
ness may not draw the penetrant out of discontinuities;
conversely, excessive coating thickness may mask
indications.

With color contrast penetrants, only a wet developer
shall be used. With fluorescent penetrants, a wet or dry
developer may be used.

T-675.1 Dry Developer Application. Dry developer
shall be applied only to a dry surface by a soft brush, hand
powder bulb, powder gun, or other means, provided the
powder is dusted evenly over the entire surface being
examined.

T-675.2 Wet Developer Application. Prior to apply-
ing suspension type wet developer to the surface, the de-
veloper must be thoroughly agitated to ensure adequate
dispersion of suspended particles.

(a) Aqueous Developer Application. Aqueous developer
may be applied to either a wet or dry surface. It shall be
applied by dipping, brushing, spraying, or other means,
provided a thin coating is obtained over the entire surface
being examined. Drying time may be decreased by using

ð23ÞTable T-672
Minimum Dwell Times

Material Form Type of Discontinuity

Dwell Times
[Note (1)], (minutes)

Penetrant

Aluminum, magnesium, steel, brass and
bronze, titanium and high-temperature
alloys

Welds, heat-affected zones, and
castings

Porosity, lack of fusion, cracks (all
forms), cold shuts

5

Wrought materials —
extrusions, forgings, plate

Laps, cracks 10

Carbide-tipped tools Brazed or welded Lack of fusion, porosity, cracks 5
Plastic All forms Cracks 5
Glass All forms Cracks 5
Ceramic All forms Cracks 5

NOTE:
(1) For temperature range from 50°F to 125°F (10°C to 52°C). For temperatures from 40°F (5°C) up to 50°F (10°C), minimum penetrant dwell

time shall be 2 times the value listed.
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warm air, provided the surface temperature of the part is
not raised above 125°F (52°C). Blotting is not permitted.
(b) Nonaqueous Developer Application. Nonaqueous de-

velopers shall be applied by spraying, except where safety
or restricted access preclude it. Under such conditions,
developer may be applied by brushing. For water-
washable or post-emulsifiable penetrants, the developer
shall be applied to a dry surface. For solvent removable
penetrants, the developer may be applied as soon as prac-
tical after excess penetrant removal. Drying shall be by
normal evaporation.

T-675.3 Developing Time. Developing time for final
interpretation begins immediately after the application
of a dry developer or as soon as a wet developer coating
is dry.

T-676 INTERPRETATION
T-676.1 Final Interpretation. Final interpretation

shall be made not less than 10 min nor more than
60min after the requirements of T-675.3 are satisfied, un-
less otherwise qualified under T-653. If bleed-out does
not alter the examination results, longer periods are per-
mitted. If the surface to be examined is large enough to
preclude complete examination within the prescribed or
established time, the examination shall be performed in
increments.

T-676.2 Characterizing Indication(s). The type of
discontinuities are difficult to evaluate if the penetrant
diffuses excessively into the developer. If this condition
occurs, close observation of the formation of indication
(s) during application of the developer may assist in char-
acterizing and determining the extent of the indication(s).

T-676.3 Color Contrast Penetrants. With a color
contrast penetrant, the developer forms a reasonably uni-
form white coating. Surface discontinuities are indicated
by bleed-out of the penetrant which is normally a deep
red color that stains the developer. Indications with a
light pink color may indicate excessive cleaning. Inade-
quate cleaning may leave an excessive background mak-
ing interpretation difficult. Illumination (natural or
supplemental white light) of the examination surface is
required for the evaluation of indications. The minimum
light intensity shall be 100 fc (1 076 lx). The light inten-
sity, natural or supplemental white light source, shall be
measured with a white light meter prior to the evaluation
of indications or a verified light source shall be used. Ver-
ification of light sources is required to be demonstrated
only one time, documented, and maintained on file.

T-676.4 Fluorescent Penetrants. With fluorescent
penetrants, the process is essentially the same as in
T-676.3, with the exception that the examination is per-
formed using an ultraviolet light, called UV-A light. The ex-
amination shall be performed as follows:

(a) It shall be performed in a darkened area with a max-
imum ambient white light level of 2 fc (21.5 lx) measured
with a calibrated white light meter at the examination
surface.
(b) Examiners shall be in a darkened area for at least

5 min prior to performing examinations to enable their
eyes to adapt to dark viewing. Glasses or lenses worn
by examiners shall not be photosensitive.
(c) The examination area shall be illuminated with

UV-A lights that operate in the range between 320 nm
and 400 nm.
(d) UV-A l igh ts sha l l ach ieve a min imum of

1000 μW/cm2 on the surface of the part being examined
throughout the examination.
(e) Reflectors, filters, glasses, and lenses shall be clean

prior to use. Cracked or broken reflectors, filters, glasses,
or lenses shall not be used.
(f) The UV-A light intensity shall be measured with a

UV-A light meter prior to use, whenever the light’s power
source is interrupted or changed, and at the completion of
the examination or series of examinations.
(g)Mercury vapor arc lamps produce UV-A wave-

lengths mainly at a peak wavelength of 365 nm for indu-
cing fluorescence. Light-emitting diode (LED) UV-A
sources using a single UV-A LED or an array of UV-A LEDs
shall have emission characteristics comparable to those of
other UV-A sources. LED UV-A sources shall meet the re-
quirements of SE-2297 and SE-3022. LED UV-A light
sources shall be certified as meeting the requirements
of SE-3022 and/or ASTM E3022.

T-677 POST-EXAMINATION CLEANING
When post-examination cleaning is required by the

procedure, it should be conducted as soon as practical
after Evaluation and Documentation using a process that
does not adversely affect the part.

T-680 EVALUATION

(a) All indications shall be evaluated in terms of the ac-
ceptance standards of the referencing Code Section.
(b) Discontinuities at the surface will be indicated by

bleed-out of penetrant; however, localized surface irregu-
larities due to machining marks or other surface condi-
tions may produce false indications.
(c) Broad areas of fluorescence or pigmentation which

could mask indications of discontinuities are unaccepta-
ble, and such areas shall be cleaned and reexamined.

T-690 DOCUMENTATION

T-691 RECORDING OF INDICATIONS
T-691.1 Nonrejectable Indications.Nonrejectable in-

dications shall be recorded as specified by the referencing
Code Section.
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T-691.2 Rejectable Indications. Rejectable indica-
tions shall be recorded. As a minimum, the type of indica-
tions (linear or rounded), location and extent (length or
diameter or aligned) shall be recorded.

T-692 EXAMINATION RECORDS
For each examination, the following information shall

be recorded:

(a) the requirements of Article 1, T-190(a);
(b) liquid penetrant type (visible or fluorescent);
(c) penetrant material manufacturer’s name, product

designation, and batch number of each penetrant, pene-
trant remover, emulsifier, and developer used;

(d)map or record of indications per T-691;
(e) material and thickness, and;
(f) lighting equipment.
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MANDATORY APPENDIX II
CONTROL OF CONTAMINANTS FOR LIQUID PENETRANT

EXAMINATION

II-610 SCOPE

This Appendix contains requirements for the control of
contaminant content for all liquid penetrant materials
used on nickel base alloys, austenitic stainless steels,
and titanium.

II-640 REQUIREMENTS

II-641 NICKEL BASE ALLOYS
When examining nickel base alloys, all penetrant mate-

rials shall be analyzed individually for sulfur content in
accordance with SE-165, Annex 4. Alternatively, the mate-
rial may be decomposed in accordance with SD-129 and
analyzed in accordance with SD-516. The sulfur content
shall not exceed 0.1% by weight.

II-642 AUSTENITIC OR DUPLEX STAINLESS
STEEL AND TITANIUM

When examining austenitic or duplex stainless steel
and titanium, all penetrant materials shall be analyzed in-
dividually for chlorine and fluorine content in accordance
with SE-165, Annex 4. Alternatively, the material may be
decomposed and analyzed in accordance with SD-808 or

SE-165, Annex 2 for chlorine and SE-165, Annex 3 for
fluorine. The total chlorine and fluorine content shall
not exceed 0.1% by weight.

II-643 WATER
(a) For water used in precleaning or as part of pro-

cesses that involve water, if potable water (e.g., drinking,
bottled, distilled, or deionized water) is used, it is not re-
quired to be analyzed for chlorine and sulfur.
(b) Any other type of water used that does not meet the

requirements of (a) above shall be analyzed for chlorine
in accordance with ASTM D1253 and for sulfur in accor-
dance with SD-516. The chlorine content shall not exceed
0.1% by weight and the sulfur content shall not exceed
0.1% by weight.

II-690 DOCUMENTATION

Certifications obtained on penetrant materials shall in-
clude the penetrant manufacturers’ batch numbers and
the test results obtained in accordance with II-640. These
records shall be maintained as required by the referen-
cing Code Section.
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MANDATORY APPENDIX III
QUALIFICATION TECHNIQUES FOR EXAMINATIONS AT

NONSTANDARD TEMPERATURES

III-610 SCOPE

When a liquid penetrant examination cannot be con-
ducted within the standard temperature range of 40°F
to 125°F (5°C to 52°C), the temperature of the examina-
tion shall be qualified in accordance with this Appendix.

III-630 MATERIALS

A liquid penetrant comparator block shall be made as
follows. The liquid penetrant comparator blocks shall be
made of aluminum, ASTM B209, Type 2024, 3/8 in.
(10 mm) thick, and should have approximate face dimen-
sions of 2 in. × 3 in. (50 mm × 75 mm). At the center of
each face, an area approximately 1 in. (25 mm) in dia-
meter shall be marked with a 950°F (510°C) temperature-
indicating crayon or paint. The marked area shall be
heated with a blowtorch, a Bunsen burner, or similar de-
vice to a temperature between 950°F (510°C) and 975°F
(524°C). The specimen shall then be immediately
quenched in cold water, which produces a network of fine
cracks on each face.

The block shall then be dried by heating to approxi-
mately 300°F (149°C). After cooling, the block shall be
cut in half. One-half of the specimen shall be designated
block “A” and the other block “B” for identification in sub-
sequent processing. Figure III-630 illustrates the com-
parator blocks “A” and “B.”As an alternate to cutting the
block in half to make blocks “A” and “B,” separate blocks
2 in. × 3 in. (50 mm × 75 mm) can be made using the heat-
ing and quenching technique as described above. Two
comparator blocks with closely matched crack patterns
may be used. The blocks shall be marked “A” and “B.”

III-640 REQUIREMENTS

III-641 COMPARATOR APPLICATION
III-641.1 Temperature Less Than 40°F (5°C). If it is

desired to qualify a liquid penetrant examination proce-
dure at a temperature of less than 40°F (5°C), the pro-
posed procedure shall be applied to block “B” after the
block and all materials have been cooled and held at the
proposed examination temperature until the comparison
is completed. A standard procedure which has previously
been demonstrated as suitable for use shall be applied to
block “A” in the 40°F to 125°F (5°C to 52°C) temperature

range. The indications of cracks shall be compared be-
tween blocks “A” and “B.” If the indications obtained un-
der the proposed conditions on block “B” are essentially
the same as obtained on block “A” during examination
at 40°F to 125°F (5°C to 52°C), the proposed procedure
shall be considered qualified for use. A procedure quali-
fied at a temperature lower than 40°F (5°C) shall be qual-
ified from that temperature to 40°F (5°C).

III-641.2 Temperature Greater Than 125°F (52°C). If
the proposed temperature for the examination is above
125°F (52°C), block “B” shall be held at this temperature
throughout the examination. The indications of cracks
shall be compared as described in III-641.1 while block
“B” is at the proposed temperature and block “A” is at
the 40°F to 125°F (5°C to 52°C) temperature range.

Figure III-630
Liquid Penetrant Comparator
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To qualify a procedure for temperatures above 125°F
(52°C), for penetrants normally used in the 40°F
to 125°F (5°C to 52°C) temperature range, the upper tem-
perature limit shall be qualified and the procedure then is
usable between the qualified upper temperature and the
normal lower temperature of 40°F (5°C). [As an example,
to qualify a penetrant normally used in the 40°F to 125°F
(5°C to 52°C) temperature range at 200°F (93°C), the cap-
ability of the penetrant need only be qualified for 40°F
to 200°F (5°C to 93°C) using the normal range dwell
times.]
The temperature range can be any range desired by the

user. For a high-temperature penetrant not normally used
in the 40°F to 125°F (5°C to 52°C) temperature range, the
capability of a penetrant to reveal indications on the com-
parator shall be demonstrated at both the lower and
upper temperatures. [As an example, to qualify a high-
temperature penetrant for use from 200°F to 400°F
(93°C to 204°C), the capability of the penetrant to reveal

indications on the comparator shall be demonstrated at
200°F to 400°F (93°C to 204°C) using the maximum ob-
served dwell time.]

III-641.3 Alternate Techniques for Color Contrast
Penetrants. As an alternate to the requirements of
III-641.1 and III-641.2, when using color contrast pene-
trants, it is permissible to use a single comparator block
for the standard and nonstandard temperatures and to
make the comparison by photography.
(a)When the single comparator block and photo-

graphic technique is used, the processing details (as appli-
cable) described in III-641.1 and III-641.2 apply. The
block shall be thoroughly cleaned between the two pro-
cessing steps. Photographs shall be taken after processing
at the nonstandard temperature and then after proces-
sing at the standard temperature. The indication of cracks
shall be compared between the two photographs. The
same criteria for qualification as III-641.1 shall apply.
(b) Identical photographic techniques shall be used to

make the comparison photographs.
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ARTICLE 7
MAGNETIC PARTICLE EXAMINATION

T-710 SCOPE

When specified by the referencing Code Section, the
magnetic particle examination techniques described in
this Article shall be used. In general, this Article is in con-
formance with SE-709, Standard Guide for Magnetic Par-
ticle Testing. This document provides details to be
considered in the procedures used.

When this Article is specified by a referencing Code
Section, the magnetic particle method described in this
Article shall be used together with Article 1, General Re-
quirements. Definition of terms used in this Article are
in Article 1, Mandatory Appendix I, I-121.4, MT — Mag-
netic Particle.

T-720 GENERAL

Themagnetic particle examination method is applied to
detect cracks and other discontinuities on the surfaces of
ferromagnetic materials. The sensitivity is greatest for
surface discontinuities and diminishes rapidly with in-
creasing depth of discontinuities below the surface. Typi-
cal types of discontinuities that can be detected by this
method are cracks, laps, seams, cold shuts , and
laminations.

In principle, this method involves magnetizing an area
to be examined, and applying ferromagnetic particles (the
examination’s medium) to the surface. Particle patterns
form on the surface where the magnetic field is forced
out of the part and over discontinuities to cause a leakage
field that attracts the particles. Particle patterns are
usually characteristic of the type of discontinuity that is
detected.

Whichever technique is used to produce the magnetic
flux in the part, maximum sensitivity will be to linear dis-
continuities oriented perpendicular to the lines of flux.
For optimum effectiveness in detecting all types of dis-
continuities, each area is to be examined at least twice,
with the lines of flux during one examination being ap-
proximately perpendicular to the lines of flux during the
other.

T-721 WRITTEN PROCEDURE REQUIREMENTS
T-721.1 Requirements. Magnetic particle examina-

tion shall be performed in accordance with a written pro-
cedure, which shal l , as a minimum, contain the

requirements listed in Table T-721. The written proce-
dure shall establish a single value, or range of values,
for each requirement.

T-721.2 Procedure Qualification. When procedure
qualification is specified by the referencing Code Section,
a change of a requirement in Table T-721 identified as an
essential variable shall require requalification of the writ-
ten procedure by demonstration. A change of a require-
ment identified as a nonessential variable does not
require requalification of the written procedure. All
changes of essential or nonessential variables from those
specified within the written procedure shall require revi-
sion of, or an addendum to, the written procedure.

T-730 EQUIPMENT

A suitable and appropriate means for producing the
necessary magnetic flux in the part shall be employed,
using one or more of the techniques listed in and de-
scribed in T-750.

T-731 EXAMINATION MEDIUM
The finely divided ferromagnetic particles used for the

examination shall meet the following requirements.
(a) Particle Types. The particles shall be treated to im-

part color (fluorescent pigments, nonfluorescent pig-
ments, or both) in order to make them highly visible
(contrasting) against the background of the surface being
examined.

(b) Particles. Dry and wet particles and suspension ve-
hicles shall be in accordance with the applicable specifica-
tions listed in SE-709, para. 2.2.

(c) Temperature Limitations. Particles shall be used
within the temperature range limitations set by the man-
ufacturer of the particles. Alternatively, particles may be
used outside the particle manufacturer’s recommenda-
tions providing the procedure is qualified in accordance
with Article 1, T-150 at the proposed temperature.
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T-740 MISCELLANEOUS REQUIREMENTS

T-741 SURFACE CONDITIONING
T-741.1 Preparation.
(a) Satisfactory results are usually obtained when the

surfaces are in the as-welded, as-rolled, as-cast, or as-
forged conditions. However, surface preparation by
grinding or machining may be necessary where surface ir-
regularities could mask indications due to discontinuities.
(b) Prior to magnetic particle examination, the surface

to be examined and all adjacent areas within at least
1 in. (25 mm) shall be dry and free of all dirt, grease, lint,
scale, welding flux and spatter, oil, or other extraneous
matter that could interfere with the examination.
(c) Cleaning may be accomplished using detergents, or-

ganic solvents, descaling solutions, paint removers, vapor
degreasing, sand or grit blasting, or ultrasonic cleaning
methods.
(d) If nonmagnetic coatings are left on the part in the

area being examined, it shall be demonstrated that indica-
tions can be detected through the existing maximum coat-
ing thickness applied. When AC yoke technique is used,
the demonstration shall be in accordance with Mandatory
Appendix I of this Article.

T-741.2 Nonmagnetic Surface Contrast Enhance-
ment. Nonmagnetic surface contrasts may be applied by
the examiner to uncoated surfaces, only in amounts suffi-
cient to enhance particle contrast. When nonmagnetic
surface contrast enhancement is used, it shall be demon-
strated that indications can be detected through the

enhancement. Thickness measurement of this nonmag-
netic surface contrast enhancement is not required.

NOTE: Refer to T-150(a) for guidance for the demonstration re-
quired in T-741.1(d) and T-741.2.

T-750 TECHNIQUE

T-751 TECHNIQUES
One or more of the following five magnetization tech-

niques shall be used:
(a) prod technique
(b) longitudinal magnetization technique
(c) circular magnetization technique
(d) yoke technique
(e) multidirectional magnetization technique

T-752 PROD TECHNIQUE
T-752.1 Magnetizing Procedure. For the prod tech-

nique, magnetization is accomplished by portable prod
type electrical contacts pressed against the surface in
the area to be examined. To avoid arcing, a remote control
switch, which may be built into the prod handles, shall be
provided to permit the current to be applied after the
prods have been properly positioned.

T-752.2 Magnetizing Current. Direct or rectified
magnetizing current shall be used. The current shall be
1 0 0 ( m i n i m um ) am p / i n . ( 4 a m p /mm ) t o
125 (maximum) amp/in. (5 amp/mm) of prod spacing
for sections 3/4 in. (19 mm) thick or greater. For sections

Table T-721
Requirements of a Magnetic Particle Examination Procedure

Requirement Essential Variable
Nonessential

Variable

Magnetizing technique X …
Magnetizing current type or amperage outside range specified by this Article or as previously

qualified
X …

Surface preparation X …
Magnetic particles (fluorescent/visible, color, particle size, wet/dry) X …
Method of particle application X …
Method of excess particle removal X …
Minimum light intensity X …
Existing coatings, greater than the thickness demonstrated X …
Nonmagnetic surface contrast enhancement, when utilized X …
Performance demonstration, when required X …
Examination part surface temperature outside of the temperature range recommended by the

manufacturer of the particles or as previously qualified
X …

Shape or size of the examination object … X
Equipment of the same type … X
Temperature (within those specified by manufacturer or as previously qualified) … X
Demagnetizing technique … X
Post-examination cleaning technique … X
Personnel qualification requirements … X
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less than 3/4 in. (19 mm) thick, the current shall be
9 0 amp/ i n . ( 3 . 6 amp/mm) t o 1 10 amp/ i n .
(4.4 amp/mm) of prod spacing.

T-752.3 Prod Spacing. Prod spacing shall not exceed
8 in. (200 mm). Shorter spacing may be used to accommo-
date the geometric limitations of the area being examined
or to increase the sensitivity, but prod spacings of less
than 3 in. (75 mm) are usually not practical due to band-
ing of the particles around the prods. The prod tips shall
be kept clean and dressed. If the open circuit voltage of
the magnetizing current source is greater than 25 V, lead,
steel, or aluminum (rather than copper) tipped prods are
recommended to avoid copper deposits on the part being
examined.

T-753 LONGITUDINAL MAGNETIZATION
TECHNIQUE

T-753.1 Magnetizing Procedure. For this technique,
magnetization is accomplished by passing current
through a multi-turn fixed coil (or cables) that is wrapped
around the part or section of the part to be examined. This
produces a longitudinal magnetic field parallel to the axis
of the coil.

If a fixed, prewound coil is used, the part shall be placed
near the side of the coil during inspection. This is of spe-
cial importance when the coil opening is more than
10 times the cross-sectional area of the part.

T-753.2 Magnetic Field Strength. Direct or rectified
current shall be used to magnetize parts examined by this
technique. The required field strength shall be calculated
based on the length L and the diameter D of the part in
accordance with (a) and (b), or as established in (d)
and (e), below. Long parts shall be examined in sections
not to exceed 18 in. (450 mm), and 18 in. (450 mm) shall
be used for the part L in calculating the required field
strength. For noncylindrical parts, D shall be the maxi-
mum cross-sectional diagonal.

(a) Parts With L/D Ratios Equal to or Greater Than 4.
The magnetizing current shall be within 10% of the
ampere-turns’ value determined as follows:

For example, a part 10 in. (250 mm) long × 2 in.
(50 mm) diameter has an L/D ratio of 5. Therefore,

(b) Parts With L/D Ratios Less Than 4 but Not Less Than
2. The magnetizing ampere-turns shall be within 10% of
the ampere-turns’ value determined as follows:

(c) Parts With L/D Ratios Less Than 2. Coil magnetiza-
tion technique cannot be used.

(d) If the area to be magnetized extends beyond 9 in.
(225 mm) on either side of the coil’s center, field ade-
quacy shall be demonstrated using a magnetic field indi-
cator or artificial flaw shims per T-764.

(e) For large parts due to size and shape, the magnetiz-
i n g c u r r e n t s h a l l b e 1 2 0 0 am p e r e - t u r n s
to 4500 ampere-turns. The field adequacy shall be de-
monstrated using artificial flaw shims or a pie-shaped
magnetic field indicator in accordance with T-764. A
Hall-Effect probe gaussmeter shall not be used with encir-
cling coil magnetization techniques.

T-753.3 Magnetizing Current. The current required
to obtain the necessary magnetizing field strength shall
be determined by dividing the ampere-turns obtained in
steps T-753.2(a) or T-753.2(b) by the number of turns
in the coil as follows:

For example, if a 5-turn coil is used and the ampere-
turns required are 5000, use

T-754 CIRCULAR MAGNETIZATION TECHNIQUE
T-754.1 Direct Contact Technique.
(a) Magnetizing Procedure. For this technique, magneti-

zation is accomplished by passing current through the
part to be examined. This produces a circular magnetic
field that is approximately perpendicular to the direction
of current flow in the part.

(b) Magnetizing Current. Direct or rectified (half-wave
rectified or full-wave rectified) magnetizing current shall
be used.

(1) The current shall be 300 amp/in. (12 A/mm) to
800 amp/in. (31 A/mm) of outer diameter.

(2) For parts with geometric shapes other than
round, the greatest cross-sectional diagonal in a plane
at right angles to the current flow shall be used in lieu
of the outer diameter in (1) above.

(3) If the current levels required for (1) cannot be ob-
tained, the maximum current obtainable shall be used and
the field adequacy shall be demonstrated in accordance
with T-764.
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T-754.2 Central Conductor Technique.
(a) Magnetizing Procedure. For this technique, a central

conductor is used to examine the internal surfaces of cy-
lindrically or ring-shaped parts. The central conductor
technique may also be used for examining the outside sur-
faces of these shapes. Where large diameter cylinders are
to be examined, the conductor shall be positioned close to
the internal surface of the cylinder. When the conductor is
not centered, the circumference of the cylinder shall be
examined in increments. Field strength measurements
in accordance with T-764 shall be used, to determine
the extent of the arc that may be examined for each con-
ductor position or the rules in (c) below may be followed.
Bars or cables, passed through the bore of a cylinder, may
be used to induce circular magnetization.
(b) Magnetizing Current. The field strength required

shall be equal to that determined in T-754.1(b) for a
single-turn central conductor. The magnetic field will in-
crease in proportion to the number of times the central
conductor cable passes through a hollow part. For exam-
ple, if 6000 A are required to examine a part using a single
pass central conductor, then 3000 A are required when 2
passes of the through-cable are used, and 1200 A are re-
quired if 5 passes are used (see Figure T-754.2.1). When
the central conductor technique is used, magnetic field
adequacy shall be verified using a magnetic particle field
indicator in accordance with T-764.
(c) Offset Central Conductor. When the conductor pas-

sing through the inside of the part is placed against an in-
side wall of the part, the current levels, as given in
T-754.1(b)(1) shall apply, except that the diameter used
for current calculations shall be the sum of the diameter
of the central conductor and twice the wall thickness.
The distance along the part circumference (exterior) that
is effectively magnetized shall be taken as four times the
diameter of the central conductor, as illustrated in Figure
T-754.2.2. The entire circumference shall be inspected by
rotating the part on the conductor, allowing for approxi-
mately a 10% magnetic field overlap.

T-755 YOKE TECHNIQUE
For this technique, alternating or direct current electro-

magnetic yokes, or permanent magnet yokes, shall be
used.

T-756 MULTIDIRECTIONAL MAGNETIZATION
TECHNIQUE

T-756.1 Magnetizing Procedure. For this technique,
magnetization is accomplished by high amperage power
packs operating as many as three circuits that are ener-
gized one at a time in rapid succession. The effect of these
rapidly alternating magnetizing currents is to produce an
overall magnetization of the part in multiple directions.
Circular or longitudinal magnetic fields may be generated
in any combination using the various techniques de-
scribed in T-753 and T-754.

T-756.2 Magnetic Field Strength. Only three phase,
full-wave rectified current shall be used to magnetize
the part. The initial magnetizing current requirements

Figure T-754.2.1
Single-Pass and Two-Pass Central Conductor Technique

Figure T-754.2.2
The Effective Region of Examination When

Using an Offset Central Conductor

Central conductorEffective
  region 4d

d
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for each circuit shall be established using the previously
described guidelines (see T-753 and T-754). The ade-
quacy of the magnetic field shall be demonstrated using
artificial flaw shims or a pie-shaped magnetic particle
field indicator in accordance with T-764. A Hall-Effect
probe gaussmeter shall not be used to measure field ade-
quacy for the multidirectional magnetization technique.
An adequate field shall be obtained in at least two nearly
perpendicular directions, and the field intensities shall be
balanced so that a strong field in one direction does not
overwhelm the field in the other direction. For areas
where adequate field strengths cannot be demonstrated,
additional magnetic particle techniques shall be used to
obtain the required two-directional coverage.

T-760 CALIBRATION

T-761 FREQUENCY OF CALIBRATION
T-761.1 Magnetizing Equipment.
(a) Frequency. Magnetizing equipment with an am-

meter shall be calibrated at least once a year, or whenever
the equipment has been subjected to major electric re-
pair, periodic overhaul, or damage. If equipment has not
been in use for a year or more, calibration shall be done
prior to first use.

(b) Procedure. The accuracy of the unit’s meter shall be
verified annually by equipment traceable to a national
standard. Comparative readings shall be taken for at least
three different current output levels encompassing the
usable range.

(c) Tolerance. The unit’s meter reading shall not devi-
ate by more than ±10% of full scale, relative to the actual
current value as shown by the test meter.

T-761.2 Light Meters. Light meters shall be cali-
brated at least once a year or whenever a meter has been
repaired. If meters have not been in use for one year or
more, calibration shall be done before being used.

T-762 LIFTING POWER OF YOKES
(a) The magnetizing power of yokes shall be verified

prior to use each day the yoke is used. The magnetizing
power of yokes shall be verified whenever the yoke has
been damaged or repaired.

(b) Each alternating current electromagnetic yoke shall
have a lifting power of at least 10 lb (4.5 kg) at the max-
imum pole spacing, with contact similar to what will be
used during the examination.

(c) Each direct current or permanent magnetic yoke
shall have a lifting power of at least 40 lb (18 kg) at the
maximum pole spacing, with contact similar to what will
be used during the examination.

(d) Each weight shall be weighed with a scale from a re-
putable manufacturer and stenciled with the applicable
nominal weight prior to first use. A weight need only be
verified again if damaged in a manner that could have
caused potential loss of material.

T-763 GAUSSMETERS
Hall-Effect probe gaussmeters used to verify magnetiz-

ing field strength in accordance with T-754 shall be cali-
brated at least once a year or whenever the equipment
has been subjected to a major repair, periodic overhaul,
or damage. If equipment has not been in use for a year
or more, calibration shall be done prior to first use.

T-764 MAGNETIC FIELD ADEQUACY AND
DIRECTION

T-764.1 Application. The use of magnetic field indi-
cators, artificial shims, or Hall-Effect tangential-field
probes are only permitted when specifically referenced
by the following magnetizing techniques:

(a) Longitudinal (T-753)
(b) Circular (T-754)
(c) Multidirectional (T-756)

T-764.2 Magnetic Field Adequacy. The applied mag-
netic field shall have sufficient strength to produce satis-
factory indications, but shall not be so strong that it
causes masking of relevant indications by nonrelevant ac-
cumulations of magnetic particles. Factors that influence
the required field strength include the size, shape, and
material permeability of the part; the technique of magne-
tization; coatings; the method of particle application; and
the type and location of discontinuities to be detected.
When it is necessary to verify the adequacy of magnetic
field strength, it shall be verified by using one or more
of the following three methods.

(a) Pie-Shaped Magnetic Particle Field Indicator. The in-
dicator, shown in Figure T-764.2(a), shall be positioned
on the surface to be examined, such that the copper-
plated side is away from the inspected surface. A suitable
field strength is indicated when a clearly defined line (or
lines) of magnetic particles form(s) across the copper face
of the indicator when the magnetic particles are applied
simultaneously with the magnetizing force. When a
clearly defined line of particles is not formed, the magne-
tizing technique shall be changed as needed. Pie-type in-
dicators are best used with dry particle procedures.

(b) Artificial Flaw Shims. One of the shims shown in
Figure T-764.2(b)(1) or Figure T-764.2(b)(2) whose or-
ientation is such that it can have a component perpendi-
cular to the applied magnetic field shall be used. Shims
with linear notches shall be oriented so that at least one
notch is perpendicular to the applied magnetic field.
Shims with only circular notches may be used in any or-
ientation. Shims shall be attached to the surface to be ex-
amined, such that the artificial flaw side of the shim is
toward the inspected surface. A suitable field strength is
indicated when a clearly defined line (or lines) of mag-
netic particles, representing the 30% depth flaw, appear
(s) on the shim face when magnetic particles are applied
simultaneously with the magnetizing force. When a
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clearly defined line of particles is not formed, the magne-
tizing technique shall be changed as needed. Shim-type
indicators are best used with wet particle procedures.

NOTE: The circular shims shown in Figure T-764.2(b)(2) illustration
(b) also have flaw depths less and greater than 30%.

(c) Hall-Effect Tangential-Field Probe. A gaussmeter
and Hall-Effect tangential-field probe shall be used for
measuring the peak value of a tangential field. The probe
shall be positioned on the surface to be examined, such
that the maximum field strength is determined. A suitable
field strength is indicated when the measured field is
wi th in the range o f 30 G to 60 G (2 .4 kAm −1

to 4.8 kAm−1) while the magnetizing force is being ap-
plied. See Article 7, Nonmandatory Appendix A.

T-764.3 Magnetic Field Direction. The direction(s)
of magnetization shall be determined by particle indica-
tions obtained using an indicator or shims as shown in
Figure T-764.2(a), Figure T-764.2(b)(1), or Figure
T-764.2(b)(2). When a clearly defined line of particles
are not formed
(a) in the desired direction, or
(b) in at least two nearly perpendicular directions for

the multidirectional technique

the magnetizing technique shall be changed as needed.

T-765 WET PARTICLE CONCENTRATION AND
CONTAMINATION

Wet Horizontal Units shall have the bath concentration
and bath contamination determined by measuring its set-
tling volume. This is accomplished through the use of a
pear-shaped centri fuge tube with a 1-mL stem
(0.05-mL divisions) for fluorescent particle suspensions
or a 1.5-mL stem (0.1-mL divisions) for nonfluorescent
suspensions (see SE-709, Appendix X5). Before sampling,
the suspension should be run through the recirculating
system for at least 30 min to ensure thorough mixing of
all particles which could have settled on the sump screen
and along the sides or bottom of the tank.

T-765.1 Concentration. Take a 100-mL portion of the
suspension from the hose or nozzle, demagnetize and al-
low it to settle for approximately 60 min with petroleum
distillate suspensions or 30 min with water-based

Figure T-764.2(a)
Pie-Shaped Magnetic Particle Field Indicator

Figure T-764.2(b)(1)
Artificial Flaw Shims

Type B

A

A

Type C
Section A–A

Section A–A

Type R

0.002 in.
 (0.06 mm)

0.25 in.
 (6 mm)

0.5 in.
 (12.5 mm)

0.4 in.
  (10 mm)

0.2 in.
 (5 mm)

Defect Division

0.005 in.
 (0.125 mm)
 typical

0.75 in.
 (20 mm)

0.0006 in.
 (0.015 mm)

0.002 in.
 (0.05 mm)

0.0006 in.
 (0.015 mm)

0.002 in.
 (0.05 mm)

2 in. (50 mm)

0.005 in.
 (0.125 mm)
 typical

0.0006 in.
 (0.015 mm)

A

A

0.75 in.
 (20 mm)

GENERAL NOTE: Above are examples of artificial flaw shims used
in magnetic particle inspection system verification (not drawn to
scale). The shims are made of low carbon steel (1005 steel foil).
The artificial flaw is etched or machined on one side of the foil to
a depth of 30% of the foil thickness.
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Figure T-764.2(b)(2)
Artificial Flaw Shims

Shim Thickness 0.002 in. (0.051 mm)

Shim Type CX-230

0.258 in. diam. O.D.
 (6.55 mm)

0.383 in. diam. O.D.
 (9.73 mm)

0.507 in. diam. O.D.
 (12.88 mm)

0.007 in. (type)
 (0.18 mm)

0.235 in. (typ)

 (5.97 mm)

0.20 in. (typ)

  (5.08 mm)

0.395 in. (typ)
  (10.03 mm)

0.255 in. diam. O.D.
 (6.48 mm)

0.006 in. (typ)
 (0.152 mm)

0.79 in. (typ) (20.06 mm)

Notch depth:
 20% 0.0004 in.
 (0.010 mm) O.D.
 30% 0.0006 in.
 (0.015 mm) center
 40% 0.0008 in.
 (0.020 mm) I.D.

Notch depth:
 30% 0.0006 in.
 (0.015 mm)

230

Shim Thickness 0.004 in. (0.102 mm)

Shim Type CX4-430

0.235 in. (typ)

 (5.97 mm)

0.20 in. (typ)

  (5.08 mm)

0.395 in. (typ)
  (10.03 mm)

0.255 in. diam.
 O.D. (6.48 mm)

0.006 in. (typ)
 (0.152 mm)

0.79 in. (typ) (20.06 mm)

Notch depth:
 30% 0.0012 in.
 (0.030 mm)

430

Shim Type 3C2-234

Shim Thickness 0.002 in. (0.05 mm)

0.75 in. (typ) (19.05 mm)

2-234

0.258 in. diam. O.D.
 (6.55 mm)

0.383 in. diam. O.D.
 (9.73 mm)

0.507 in. diam. O.D.
 (12.88 mm)

0.007 in. (type)
 (0.18 mm)

Notch depth:
 20% 0.0004 in.
 (0.010 mm) O.D.
 30% 0.0006 in.
 (0.015 mm) center
 40% 0.0008 in.
 (0.020 mm) I.D.

Notches:
Depth: 30% 0.0006 in.
 (0.015 mm)
Shim thickness:
 0.002 in. (0.05 mm)

Shim Type 3C4-234

Shim Thickness 0.004 in. (0.102 mm)

0.75 in. (typ) (19.05 mm)

4-234

230

0.007 in. (typ)
 (0.18 mm)

0.507 in. diam. O.D.
 (12.88 mm)

Shim Type CX-230

0.75 in. (typ) (19.05 mm)
0.25 in.

(6.36 mm)

Notches:
Depth: 30% 0.0012 in.
 (0.030 mm)
Shim thickness:
 0.004 in. (0.10 mm)

430

0.007 in. (typ)
 (0.18 mm)

0.507 in. diam. O.D.
 (12.88 mm)

Shim Type CX-430

(c)

(b)

(a)

0.75 in. (typ) (19.05 mm)
0.25 in.

(6.36 mm)
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suspensions before reading. The volume settling out at
the bottom of the tube is indicative of the particle concen-
tration in the bath.

T-765.2 Settling Volumes. For fluorescent particles,
the required settling volume is from 0.1 mL to 0.4 mL in a
100-mL bath sample and from 1.2 mL to 2.4 mL per
100 mL of vehicle for nonfluorescent particles unless
otherwise specified by the particle manufacturer. Concen-
tration checks shall be made at least every eight hours.

T-765.3 Contamination. Both fluorescent and non-
fluorescent suspensions shall be checked periodically
for contaminants such as dirt, scale, oil, lint, loose fluores-
cent pigment, water (in the case of oil suspensions), and
particle agglomerates which can adversely affect the per-
formance of the magnetic particle examination process.
The test for contamination shall be performed at least
once per week.
(a) Carrier Contamination. For fluorescent baths, the li-

quid directly above the precipitate should be examined
with fluorescent excitation light. The liquid will have a lit-
tle fluorescence. Its color can be compared with a freshly
made-up sample using the same materials or with an un-
used sample from the original bath that was retained for
this purpose. If the “used” sample is noticeably more
fluorescent than the comparison standard, the bath shall
be replaced.
(b) Particle Contamination. The graduated portion of

the tube shall be examined under fluorescent excitation
light if the bath is fluorescent and under visible light
(for both fluorescent and nonfluorescent particles) for
striations or bands, differences in color or appearance.
Bands or striations may indicate contamination. If the to-
tal volume of the contaminates, including bands or stria-
tions exceeds 30% of the volume magnetic particles, or if
the liquid is noticeably fluorescent, the bath shall be
replaced.

T-766 SYSTEM PERFORMANCE OF HORIZONTAL
UNITS

The Ketos (Betz) ring specimen (see Figure T-766.1)
shall be used in evaluating and comparing the overall per-
formance and sensitivity of both dry and wet, fluorescent
and nonfluorescent magnetic particle techniques using a
central conductor magnetization technique.
(a) Ketos (Betz) Test Ring Material. The tool steel (Ke-

tos) ring should be machined from AISI 01 material in ac-
cordance with Figure T-766.1. Either the machined ring
or the steel blank should be annealed at 1,650°F
(900°C), cooled 50°F (28°C) per hour to 1,000°F
(540°C) and then air cooled to ambient temperature to
give comparable results using similar rings that have
had the same treatment. Material and heat treatment
are important variables. Experience indicates controlling
the softness of the ring by hardness (90 HRB to 95 HRB)
alone is insufficient.

(b) Using the Test Ring. The test ring (see Figure
T-766.1), is circularly magnetized with full-wave rectified
AC passing through a central conductor with a 1 in.
to 11/4 in. (25 mm to 32 mm) diameter hole located in
the ring center. The conductor should have a length great-
er than 16 in. (400 mm). The currents used shall be 1400
A, 2500 A, and 3400 A. The minimum number of holes
shown shall be three, five, and six, respectively. The ring
edge should be examined with either black light or visible
light, depending on the type of particles involved. This
test shall be run at the three amperages if the unit will
be used at these or higher amperages. The amperage val-
ues stated shall not be exceeded in the test. If the test does
not reveal the required number of holes, the equipment
shall be taken out of service and the cause of the loss of
sensitivity determined and corrected. This test shall be
run at least once per week.

T-770 EXAMINATION

T-771 PRELIMINARY EXAMINATION
Before the magnetic particle examination is conducted,

a check of the examination surface shall be conducted to
locate any surface discontinuity openings which may not
attract and hold magnetic particles because of their width.

T-772 DIRECTION OF MAGNETIZATION
At least two separate examinations shall be performed

on each area. During the second examination, the lines of
magnetic flux shall be approximately perpendicular to
those used during the first examination. A different tech-
nique for magnetization may be used for the second
examination.

T-773 METHOD OF EXAMINATION
The ferromagnetic particles used in an examination

medium can be either wet or dry, and may be either fluor-
escent or nonfluorescent. Examination(s) shall be done by
the continuous method.
(a) Dry Particles. The magnetizing current shall remain

on while the examination medium is being applied and
while any excess of the examination medium is removed.
(b) Wet Particles. The magnetizing current shall be

turned on after the particles have been applied. Flow of
particles shall stop with the application of current. Wet
particles applied from aerosol spray cans or pump
sprayers may be applied before and/or during magnetiz-
ing current application. Wet particles may be applied dur-
ing the application of magnetizing current if they are not
applied directly to the examination area and are allowed
to flow over the examination area or are applied directly
to the examination area with low velocities insufficient to
remove accumulated particles.
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Figure T-766.1
Ketos (Betz) Test Ring

7/8 in.
  (22 mm)

11/4 in.
  (32 mm)

3/4 in. (19 mm)
  Typ.

5 in.
  (125 
  mm)

12
D 11 10

9
8

7

6
5

3
21

125

4

Hole 1 2 3 4 5 6 7 8 9 10 11 12

Diameter [Note
(1)]

0.07 (1.8) 0.07 (1.8) 0.07 (1.8) 0.07 (1.8) 0.07 (1.8) 0.07 (1.8) 0.07 (1.8) 0.07 (1.8) 0.07 (1.8) 0.07 (1.8) 0.07 (1.8) 0.07 (1.8)

“D” [Note (2)] 0.07 (1.8) 0.14 (3.6) 0.21 (5.3) 0.28 (7.1) 0.35 (9.0) 0.42 (10.8) 0.49 (12.6) 0.56 (14.4) 0.63 (16.2) 0.70 (18.0) 0.77 (19.8) 0.84 (21.6)

GENERAL NOTES:
(a) All dimensions are ±0.03 in. (±0.8 mm) or as noted in Notes (1) and (2).
(b) In the in-text table, all dimensions are in inches, except for the parenthesized values, which are in millimeters.
(c) Material is ANSI 01 tool steel from annealed round stock.
(d) The ring may be heat treated as follows: Heat to 1,400°F to 1,500°F (760°C to 790°C). Hold at this temperature for 1 hr. Cool to a minimum rate of 40°F/hr (22°C/h) to below 1,000°F

(540°C). Furnace or air cool to room temperature. Finish the ring to RMS 25 and protect from corrosion.

NOTES:
(1) All hole diameters are ±0.005 in. (±0.1 mm.) Hole numbers 8 through 12 are optional.
(2) Tolerance on the D distance is ±0.005 in. (±0.1 mm).
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T-774 EXAMINATION COVERAGE
All examinations shall be conducted with sufficient field

overlap to ensure 100% coverage at the required sensitiv-
ity (T-764).

T-775 RECTIFIED CURRENT
(a)Whenever direct current is required rectified cur-

rent may be used. The rectified current for magnetization
shall be either three-phase (full-wave rectified) current,
or single phase (half-wave rectified) current.
(b) The amperage required with three-phase, full-wave

rectified current shall be verified by measuring the aver-
age current.
(c) The amperage required with single-phase (half-

wave rectified) current shall be verified by measuring
the average current output during the conducting half cy-
cle only.
(d)When measuring half-wave rectified current with a

direct current test meter, readings shall be multiplied by
two.

T-776 EXCESS PARTICLE REMOVAL
Accumulations of excess dry particles in examinations

shall be removed with a light air stream from a bulb or
syringe or other source of low pressure dry air. The exam-
ination current or power shall be maintained while re-
moving the excess particles.

T-777 INTERPRETATION
The interpretation shall identify if an indication as

false, nonrelevant, or relevant. False and nonrelevant in-
dications shall be proven as false or nonrelevant. Inter-
pretation shall be carried out to identify the locations of
indications and the character of the indication.

T-777.1 Visible (Color Contrast) Magnetic Particles.
Surface discontinuities are indicated by accumulations of
magnetic particles which should contrast with the exam-
ination surface. The color of the magnetic particles shall
be different than the color of the examination surface. Il-
lumination (natural or supplemental white light) of the
examination surface is required for the evaluation of indi-
cations. The minimum light intensity shall be 100 fc
(1 076 lx). The light intensity, natural or supplemental
white light source, shall be measured with a white light
meter prior to the evaluation of indications or a verified
light source shall be used. Verification of light sources is
required to be demonstrated only one time, documented,
and maintained on file.

T-777.2 Fluorescent Magnetic Particles. With fluor-
escent magnetic particles, the process is essentially the
same as in T-777.1, with the exception that the examina-
tion is performed using an ultraviolet light, called UV-A
light. The examination shall be performed as follows:

(a) It shall be performed in a darkened area with a max-
imum ambient white light level of 2 fc (21.5 lx) measured
with a calibrated white light meter at the examination
surface.
(b) Examiners shall be in a darkened area for at least

5 min prior to performing examinations to enable their
eyes to adapt to dark viewing. Glasses or lenses worn
by examiners shall not be photosensitive.
(c) The examination area shall be illuminated with

UV-A lights that operate in the range between 320 nm
and 400 nm.
(d) UV-A l i gh t s sha l l a ch i eve a min imum o f

1000 μW/cm2 on the surface of the part being examined
throughout the examination.
(e) Reflectors, filters, glasses, and lenses shall be clean

before use. Cracked or broken reflectors, filters, glasses,
or lenses shall not be used.
(f) The UV-A light intensity shall be measured with a

UV-A light meter prior to use, whenever the light’s power
source is interrupted or changed, and at the completion of
the examination or series of examinations.
(g)Mercury vapor arc lamps produce UV-A wave-

lengths mainly at a peak wavelength of 365 nm for indu-
cing fluorescence. LED UV-A sources using a single UV-A
LED or an array of UV-A LEDs shall have emission charac-
teristics comparable to those of other UV-A sources. LED
UV-A sources shall meet the requirements of SE-2297 and
SE-3022. LED UV-A light sources shall be certified as
meeting the requirements of SE-3022 and/or ASTM
E3022.

T-777.3 Fluorescent Magnetic Particles With Other
Fluorescent Excitation Wavelengths. Alternatively to
the requirements in T-777.2, the examinations may be
performed using alternate wavelength light sources
which cause fluorescence in specific particle coatings.
Any alternate light wavelength light sources and specific
particle designations used shall be qualified18 in accor-
dance with Mandatory Appendix IV. The examination
shall be performed as follows:
(a) It shall be performed in a darkened area.
(b) Examiners shall be in a darkened area for at least

5 min prior to performing examinations to enable their
eyes to adapt to dark viewing. Glasses or lenses worn
by examiners shall not be photochromic or exhibit any
fluorescence.
(c) If the fluorescence excitation light source emits visi-

ble light intensities greater than 2 fc (21.5 lx), the exam-
iner shall wear fluorescence-enhancing filter glasses
approved by the light source manufacturer for use with
that light source.
(d) The fluorescence excitation light source shall

achieve at least the minimum light intensity on the sur-
face of the part throughout the examination as qualified
in the tests of Mandatory Appendix IV.
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(e) Reflectors, filters, glasses, and lenses should be
checked and, if necessary, cleaned prior to use. Cracked
or broken reflectors, filters, glasses, or lenses shall be re-
placed immediately.

(f) The fluorescence excitation light intensity shall be
measured with a suitable fluorescence excitation light
meter prior to use, whenever the light’s power source is
interrupted or changed, and at the completion of the ex-
amination or series of examinations.

T-778 DEMAGNETIZATION
When residual magnetism in the part could interfere

with subsequent processing or usage, the part shall be de-
magnetized any time after completion of the examination.

T-779 POST-EXAMINATION CLEANING
When post-examination cleaning is required, it should

be conducted as soon as practical using a process that
does not adversely affect the part.

T-780 EVALUATION

(a) All indications shall be evaluated in terms of the ac-
ceptance standards of the referencing Code Section.

(b) Discontinuities on or near the surface are indicated
by retention of the examination medium. However, local-
ized surface irregularities due to machining marks or
other surface conditions may produce false indications.

(c) Broad areas of particle accumulation, which might
mask indications from discontinuities, are prohibited,
and such areas shall be cleaned and reexamined.

T-790 DOCUMENTATION

T-791 MULTIDIRECTIONAL MAGNETIZATION
TECHNIQUE SKETCH

A technique sketch shall be prepared for each different
geometry examined, showing the part geometry, cable ar-
rangement and connections, magnetizing current for each
circuit, and the areas of examination where adequate field
strengths are obtained. Parts with repetitive geometries,
but different dimensions, may be examined using a single
sketch provided that the magnetic field strength is ade-
quate when demonstrated in accordance with T-756.2.

T-792 RECORDING OF INDICATIONS
T-792.1 Nonrejectable Indications. Nonrejectable in-

dications shall be recorded as specified by the referencing
Code Section.

T-792.2 Rejectable Indications. Rejectable indica-
tions shall be recorded. As a minimum, the type of indica-
tions (linear or rounded), location and extent (length or
diameter or aligned) shall be recorded.

T-793 EXAMINATION RECORDS
For each examination, the following information shall

be recorded:
(a) the requirements of Article 1, T-190(a)
(b)magnetic particle equipment and type of current
(c) magnetic particles (visible or fluorescent, wet or

dry)
(d)map or record of indications per T-792
(e) material and thickness
(f) lighting equipment
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MANDATORY APPENDIX I
MAGNETIC PARTICLE EXAMINATION USING THE AC YOKE

TECHNIQUE ON FERROMAGNETIC MATERIALS COATED WITH
NONFERROMAGNETIC COATINGS

I-710 SCOPE

This Appendix provides the Magnetic Particle examina-
tion methodology and equipment requirements applica-
ble for performing Magnetic Particle examination on
ferromagnetic materials with nonferromagnetic coatings.

I-720 GENERAL

Requirements of Article 7 apply unless modified by this
Appendix.

I-721 WRITTEN PROCEDURE REQUIREMENTS
I-721.1 Requirements.Magnetic Particle examination

shall be performed in accordance with a written proce-
dure which shall, as a minimum, contain the requirements
listed in Tables T-721 and I-721. The written procedure
shall establish a single value, or range of values, for each
requirement.

I-721.2 Procedure Qualification/Technique Valida-
tion. When procedure qualification is specified, a change
of a requirement in Table T-721 or Table I-721 identified
as an essential variable from the specified value, or range
of values, shall require requalification of the written pro-
cedure and validation of the technique. A change of a re-
quirement identified as an nonessential variable from the
specified value, or range of values, does not require re-
qualification of the written procedure. All changes of es-
sential or nonessential variables from the value, or
range of values, specified by the written procedure shall
require revision of, or an addendum to, the written
procedure.

I-722 PERSONNEL QUALIFICATION
Personnel qualification requirements shall be in accor-

dance with the referencing Code Section.

Table I-721
Requirements of AC Yoke Technique on Coated Ferritic Component

Requirement Essential Variable
Nonessential

Variable

Identification of surface configurations to be examined, including coating materials, maximum
qualified coating thickness, and product forms (e.g., base material or welded surface)

X …

Surface condition requirements and preparation methods X …
Manufacturer and model of AC yoke X …
Manufacturer and type of magnetic particles X …
Minimum and maximum pole separation X …
Identification of the steps in performing the examination X …
Minimum lighting intensity and AC yoke lifting power requirements [as measured in accordance
with Technique Qualification (I-721.2)]

X …

Methods of identifying flaw indications and discriminating between flaw indications and false or
nonrelevant indications (e.g., magnetic writing or particles held by surface irregularities)

X …

Instructions for identification and confirmation of suspected flaw indications X …
Applicator other than powder blower X …
Method of measuring coating thickness … X
Recording criteria … X
Personnel qualification requirements unique to this technique … X
Reference to the procedure qualification records … X
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I-723 PROCEDURE/TECHNIQUE
DEMONSTRATION

The procedure/technique shall be demonstrated to the
satisfaction of the Inspector in accordance with the re-
quirements of the referencing Code Section.

I-730 EQUIPMENT

(a) The magnetizing equipment shall be in accordance
with Article 7.

(b)When the dry powder technique is used, a com-
pressed air powder blower shall be utilized for powder
application in any position. Other applicators may be used
if qualified in the same surface position as the examina-
tion object surface. Applicators qualified for the overhead
position may be used in any other position. Applicators
qualified for the vertical position may be used in the hor-
izontal and flat positions.

(c) Magnetic particles shall contrast with the compo-
nent background.

(d) Nonconductive materials such as plastic shim stock
may be used to simulate nonconductive nonferromag-
netic coatings for procedure and personnel qualification.

I-740 MISCELLANEOUS REQUIREMENTS

I-741 COATING THICKNESS MEASUREMENT
The procedure demonstration and performance of ex-

aminations shall be preceded by measurement of the
coating thickness in the areas to be examined. If the coat-
ing is nonconductive, an eddy current technique or mag-
netic technique may be used to measure the coating
thickness. The magnetic technique shall be in accordance
with SD-7091, Standard Practice for Nondestructive Mea-
surement of Dry Film Thickness of Nonmagnetic Coatings
Applied to Ferrous Metals and Nonmagnetic, Nonconduc-
tive Coatings Applied to Non-Ferrous Metals. When coat-
ings are conductive and nonferromagnetic, a coating
thickness technique shall be used in accordance with
SD-7091. Coating measurement equipment shall be used
in accordance with the equipment manufacturer’s in-
structions. Coating thickness measurements shall be ta-
ken at the intersections of a 2 in. (50 mm) maximum
grid pattern over the area of examination and at least one-
half the maximum yoke leg separation beyond the exam-
ination area. The thickness shall be the mean of three se-
parate readings within 1/4 in. (6 mm) of each intersection.

I-750 TECHNIQUE

I-751 TECHNIQUE QUALIFICATION
(a) A qualification specimen is required. The specimen

shall be of similar geometry or weld profile and contain at
least one linear surface indication no longer than 1/16 in.
(1.5 mm) in length. The material used for the specimen

shall be the same specification and heat treatment as
the coated ferromagnetic material to be examined. As
an alternative to the material requirement, other materi-
als and heat treatments may be qualified provided:

(1) The measured yoke maximum lifting force on the
material to be examined is equal to or greater than the
maximum lifting force on the qualification specimen ma-
terial. Both values shall be determined with the same or
comparable equipment and shall be documented as re-
quired in (c).

(2) All the requirements of (b) through (g) are met
for the alternate material.

(b) Examine the uncoated specimen in the most unfa-
vorable orientation expected during the performance of
the production examination.

(c) Document the measured yoke maximum lifting
power, illumination levels, and the results.

(d)Measure the maximum coating thickness on the
item to be examined in accordance with the requirements
of I-741.

(e) Coat the specimen with the same type of coating,
conductive or nonconductive, to the maximum thickness
measured on the production item to be examined. Alter-
nately, nonconductive shim stock may be used to simulate
nonconductive coatings.

(f) Examine the coated specimen in the most unfavor-
able orientation expected during the performance of the
production examination. Document the measured yoke
maximum lifting power, illumination level, and examina-
tion results.

(g) Compare the length of the indication resulting from
the longest flaw no longer than the maximum flaw size al-
lowed by the applicable acceptance criteria, before and
after coating. The coating thickness is qualified when
the length of the indication on the coated surface is at
least 50% of the length of the corresponding indication
prior to coating.

(h) Requalification of the procedure is required for a
decrease in either the AC yoke lifting power or the illumi-
nation level, or for an increase in the coating thickness.

I-760 CALIBRATION

I-761 YOKE MAXIMUM LIFTING FORCE
The maximum lifting force of the AC yoke shall be de-

termined at the actual leg separation to be used in the ex-
amination. This may be accomplished by holding the yoke
with a 10 lb (4.5 kg) ferromagnetic weight between the
legs of the yoke and adding additional weights, calibrated
on a postage or other scale, until the ferromagnetic
weight is released. The lifting power of the yoke shall
be the combined weight of the ferromagnetic material
and the added weights, before the ferromagnetic weight
was released. Other methods may be used such as a load
cell.
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I-762 LIGHT INTENSITY MEASUREMENT
The black light or white light intensity (as appropriate)

on the surface of the component shall be no less than that
used in the qualification test. An appropriate calibrated
black light and/or white light meter shall be used for
the tests. Minimum white light or black light intensities
shall meet the requirements of T-777.1 or T-777.2 as
applicable.

I-762.1 White Light. The white light intensity shall be
measured at the inspection surface. The white light inten-
sity for the examination shall be no less than what was
used in the qualification.

I-762.2 Black Light. The black light intensity shall be
measured at the distance from the black light in the pro-
cedure qualification and at the same distance on the ex-
amination specimen. The black light intensity shall be
no less than that used to qualify the procedure. In addi-
tion, the maximumwhite light intensity shall be measured
as background light on the inspection surface. The back-
ground white light for the examination shall be no greater
than what was used in the qualification.

I-770 EXAMINATION

(a) Surfaces to be examined, and all adjacent areas
within at least 1 in. (25 mm), shall be free of all dirt,
grease, lint, scale, welding flux and spatter, oil, and loose,
blistered, flaking, or peeling coating.

(b) Examine the coated item in accordance with the
qualified procedure.

I-780 EVALUATION

If an indication greater than 50% of the maximum al-
lowable flaw size is detected, the coating in the area of
the indication shall be removed and the examination
repeated.

I-790 DOCUMENTATION

I-791 EXAMINATION RECORD
For each examination, the information required in the

records section of T-793 and the following information
shall be recorded:
(a) identification of the procedure/technique
(b) description and drawings or sketches of the qualifi-

cation specimen, including coating thickness measure-
ments and flaw dimensions
(c) equipment and materials used
(d) illumination level and yoke lifting power
(e) qualification results, including maximum coating

thickness and flaws detected
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MANDATORY APPENDIX III
MAGNETIC PARTICLE EXAMINATION USING THE YOKE
TECHNIQUE WITH FLUORESCENT PARTICLES IN AN

UNDARKENED AREA

III-710 SCOPE

This Appendix provides the Magnetic Particle examina-
tion methodology and equipment requirements applica-
ble for performing Magnetic Particle examinations using
a yoke with fluorescent particles in an undarkened area.

III-720 GENERAL

Requirements of Article 7 apply unless modified by this
Appendix.

III-721 WRITTEN PROCEDURE REQUIREMENTS
III-721.1 Requirements. The requirements of Tables

T-721 and III-721 apply.

III-721.2 Procedure Qualification. The requirements
of Tables T-721 and III-721 apply.

III-723 PROCEDURE DEMONSTRATION
The procedure shall be demonstrated to the satisfac-

tion of the Inspector in accordance with the requirements
of the referencing Code Section.

III-750 TECHNIQUE

III-751 QUALIFICATION STANDARD
A standard slotted shim(s) as described in T-764.2(b)

shall be used as the qualification standard.

III-760 CALIBRATION

III-761 BLACK LIGHT INTENSITY MEASUREMENT
The black light intensity on the surface of the compo-

nent shall be no less than that used in the qualification
test.

III-762 WHITE LIGHT INTENSITY MEASUREMENT
The white light intensity on the surface of the compo-

nent shall be no greater than that used in the qualification
test.

III-770 EXAMINATION

The qualification standard shall be placed on a carbon
steel plate and examined in accordance with the proce-
dure to be qualified and a standard procedure that has
previously been demonstrated as suitable for use. The
standard procedure may utilize a visible or fluorescent
technique. The flaw indications shall be compared; if the

Table III-721
Requirements for an AC or HWDC Yoke Technique With Fluorescent Particles in an Undarkened Area

Requirement Essential Variable
Nonessential

Variable

Identification of surface configurations to be examined and product forms (e.g., base material or
welded surface)

X …

Surface condition requirement and preparation methods X …
Yoke manufacturer and model X …
Particle manufacturer and designation X …
Minimum and maximum pole separation X …
Identification of steps in performing the examination X …
Maximum white light intensity X …
Minimum black light intensity X …
Personnel qualification requirements … X
Reference to the procedure qualification records … X
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indication obtained under the proposed conditions ap-
pears the same or better than that obtained under stan-
dard conditions, the proposed procedure shall be
considered qualified for use.

III-777 INTERPRETATION
For interpretation, both black and white light intensity

shall be measured with light meters.

III-790 DOCUMENTATION

III-791 EXAMINATION RECORD
For each examination, the information required in

T-793 and the following information shall be recorded:
(a) qualification standard identification
(b) identification of the personnel performing and wit-

nessing the qualification
(c) equipment and materials used
(d) illumination levels (white and black light)
(e) qualification results
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MANDATORY APPENDIX IV
QUALIFICATION OF ALTERNATE WAVELENGTH LIGHT SOURCES

FOR EXCITATION OF FLUORESCENT PARTICLES

IV-710 SCOPE

This Appendix provides the methodology to qualify the
performance of fluorescent particle examinations using
alternate wavelength sources.

IV-720 GENERAL

Requirements of Article 7 apply unless modified by this
Appendix.

IV-721 WRITTEN PROCEDURE REQUIREMENTS
IV-721.1 Requirements. The requirements of Table

IV-721 apply to Written Procedure Requirements
(T-721.1) and when specified by the referencing Code
Section to Procedure Qualification (T-721.2).

IV-723 PROCEDURE DEMONSTRATION
The procedure shall be demonstrated to the satisfac-

tion of the Inspector in accordance with the requirements
of the referencing Code Section.

IV-750 TECHNIQUE

IV-751 QUALIFICATION STANDARD
Slotted shim(s) 0.002 in. (0.05 mm) thick having 30%

deep material removed as described in T-764.2(b) shall
be used to qualify the alternate wavelength light source

and specific particles. Shim(s) shall be tape sealed to a fer-
romagnetic object’s surface and used as described in
T-764.2(b) with the notch against the object’s surface.

IV-752 FILTER GLASSES
If the alternative wavelength light source emits light in

the visible portion of the spectrum (wavelength of 400
nm or longer), the examiner shall wear filter glasses that
have been supplied by the manufacturer of the light
source to block the reflected visible excitation light while
transmitting the fluorescence of the particles.

IV-770 QUALIFICATION EXAMINATIONS

IV-771 BLACK LIGHT INTENSITY
The black light intensity on the examination surface

shall be adjusted by varying the distance or power so that
it has a minimum intensity of 1,000 μW/cm2 and a max-
imum intensity of 1,100 μW/cm2.

IV-772 EXAMINATION REQUIREMENTS
The examination parameters for the object chosen shall

be determined by the rules of T-750 applicable to the ob-
ject chosen and the method of magnetization. Any of the
magnetizing techniques listed in T-751 may be used.
The same indication(s) of the shim discontinuity(ies)
shall be used for both black light and alternate wave-
length light examinations.

Table IV-721
Requirements for Qualifying Alternate Wavelength Light Sources for Excitation of Specific

Fluorescent Particles

Requirement Essential Variable
Nonessential

Variable

Particle manufacturer and designation X …
Carrier (water or oil); if oil, manufacturer and type designation X …
Alternate wavelength light source manufacturer and model X …
Alternate wavelength light source meter, manufacturer, and model X …
Filter glasses (if needed) X …
Minimum alternative wavelength light intensity X …
Qualification records … X
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IV-772.1 Examination With Black Light. The qualifi-
cation standard with the attached shim(s) shall be exam-
ined with the established parameters and specific
particles in a darkened area with black light illumination.
The resu l t i ng par t i c l e ind i ca t i on ( s ) sha l l be
photographed.

IV-772.2 Examination With Alternate Wavelength
Light. Using the same particle indication(s) examined in
IV-772.1, switch to the alternate wavelength light source
and adjust the light intensity by varying the distance or
power, to establish particle indication(s) essentially the
same as that (those) obtained with the black light above.
The light intensity shall be measured with the alternative
wavelength l ight meter . The result ing part ic le
indication(s) shall be photographed using identical
photographic techniques as used for the black light. How-
ever, camera lens filters appropriate for use with the al-
ternate wavelength light source should be used for
recording the indication(s), when required.

IV-773 QUALIFICATION OF ALTERNATE
WAVELENGTH LIGHT SOURCE AND
SPECIFIC PARTICLES

When the same particle indication(s) as achieved with
black light can be obtained with the alternate wavelength
light source, the alternate wavelength light source may be

used for magnetic particle examinations. The alternate
wavelength light source with at least the minimum inten-
sity qualified shall be used with the specific particle des-
ignation employed in the qualification.

IV-790 DOCUMENTATION

IV-791 EXAMINATION RECORD
For each examination, the information required in

T-793 and the following information shall be recorded:
(a) alternative wavelength light source, manufacturer,

and model
(b) alternative wavelength light source meter, manu-

facturer, and model
(c) filter glasses, when necessary
(d) fluorescent particle manufacturer and designation
(e) qualification standard identification
(f) technique details
(g) identification of the personnel performing and wit-

nessing the qualification
(h) equipment and materials used
(i) minimum alternate wavelength light intensity
(j) black light and alternative wavelength light qualifi-

cation photos, exposure settings, and filters, if used
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MANDATORY APPENDIX V
REQUIREMENTS FOR THE USE OF MAGNETIC RUBBER

TECHNIQUES

V-710 SCOPE

This Appendix provides the methodology and equip-
ment requirements applicable for performing magnetic
particle examinations using magnetic rubber techniques
in place of wet or dry magnetic particles. The principal ap-
plications for this technique are

(a) limited visual or mechanical accessibility, such as
bolt holes

(b) coated surfaces
(c) complex shapes or poor surface conditions
(d) discontinuities that require magnification for detec-

tion and interpretation
(e) permanent record of the actual inspection

V-720 GENERAL REQUIREMENTS

(a) Requirements. Requirements of Article 7 apply
unless modified by this Appendix.

(b) Application. To accommodate the examination of a
variety of surfaces, a liquid polymer containing ferromag-
netic particles is applied to the surface instead of conven-
tional dry or suspended wet particles. During the cure
time, the application of magnetizing fields cause the par-
ticles to migrate and form patterns at discontinuities. The
polymer cures forming an elastic solid (e.g., a rubber re-
plica) with indications permanently fixed on its surface.

V-721 WRITTEN PROCEDURE REQUIREMENTS
(a) Requirements. Magnetic rubber techniques shall be

performed in accordance with a written procedure that
shall, as a minimum, contain the requirements listed in
Table V-721. The written procedure shall establish a sin-
gle value, or range of values, for each requirement.

(b) Procedure Qualification. When procedure qualifica-
tion is specified by the referencing Code Section, a change
of a requirement in Table V-721 identified as an essential
variable shall require requalification of the written proce-
dure by demonstration. A change of a requirement identi-
fied as a nonessential variable does not require
requalification of the written procedure. All changes of es-
sential or nonessential variables from those specified
within the written procedure shall require revision of,
or an addendum to, the written procedure.

V-730 EQUIPMENT

V-731 MAGNETIZING APPARATUS
A suitable means for producing the magnetic field or-

ientation and strength in the part shall be employed,
using direct or rectified current except where coatings
are involved. Fields generated by alternating current elec-
tromagnetic yokes shall not be used except where non-
magnetic coatings are used on external surfaces.
Gaussmeters or artificial shims shall be used for field
strength and direction determination.

V-732 MAGNETIC RUBBER MATERIALS
The material shall be in the form of a vulcanizing poly-

mer (rubber) liquid or semiliquid, containing ferromag-
netic particles. The material shall be utilized at the
temperature range as recommended by the manufac-
turer. When demonstration is required, the temperature
shall be recorded.

V-733 MAGNETIC FIELD STRENGTH
A calibrated gaussmeter or artificial shims shall be used

to determine the magnetic field strength and direction on
surfaces to be examined. The gaussmeter device shall be
equipped with both transverse and axial field probes. Dial
or similar type calibrated meters of suitable range may be
used, providing they are capable of making transverse
and axial measurements. Values for G (kAm-1) or the
use of artificial shims shall be in accordance with T-764.

V-734 MAGNIFICATION
Repl ica v iewing may be aided by the use of

magnification.

V-740 MISCELLANEOUS REQUIREMENTS

V-741 SURFACE PREPARATION
(a) Prior to the magnetic particle examination, the sur-

face(s) to be examined and adjacent areas within at least
1/2 in. (13 mm) of the area of interest shall be dry and free
of all dirt, oil, grease, paint, lint, scale and welding flux,
and other extraneous material that could restrict particle
movement and interfere with the examination by
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preventing cure or extending the curing time. Nonmag-
netic surface coatings need not be removed for tech-
niques using an alternating current electromagnetic yoke.
(b)When nonmagnetic coatings are left on the part in

the area being examined, it shall be demonstrated with
an alternating current electromagnetic yoke that the indi-
cations can be detected through the existing maximum
coating thickness per Article 7, Mandatory Appendix I.

V-742 TAPING AND DAMMING
Tape, putty, plugs, and other suitable means shall be

used to form dams or encapsulations that will provide a
reservoir or containment to hold the liquid or semi-liquid
polymer in contact with the area of interest during mag-
netization and until curing is complete. The construction
of the containment will depend on the geometry of the
material and the area of interest. Some examples are as
follows:
(a) Horizontal Through–holes. Place adhesive tape over

one side of the hole, making a pinhole in the tape at the
top of the hole for release of air during pouring. A cup,
open on the top side and fabricated from heavy aluminum
foil, may be attached with tape or putty to the opposite
side of the hole to serve as a funnel during pouring of
the liquid polymer.
(b) Flat Surface. Putty dams may be constructed around

the area of interest to contain the liquid polymer after
pouring.
(c) Inverted Surfaces. A putty reservoir may be placed

beneath the examination area and pressure fill the area
with liquid polymer allowing trapped air to escape by
placing a small vent hole in the dam next to the area of in-
terest. Inverted holes may be filled by pressure feeding
the liquid polymer at the upper side of the dammed hole.
Place a small tube, open at each end, next to the fill tube

with one end at the same location as the end of the fill
tube. Pressure feed until the polymer overflows from
the second tube. Remove tubes when fill is completed
and plug access holes.

V-743 RELEASE TREATMENT
Areas where the liquid polymer has been in contact

with the examination or other surfaces may result in a
temporary adhesion of the rubber. To avoid this condi-
tion, the area where the liquid polymer will be in contact
shall be treated with a Teflon-type release agent prior to
the application of the liquid polymer. The release treat-
ment agent shall not contain silicones.

V-750 TECHNIQUES

V-751 TECHNIQUES
Magnetization techniques used are comparable to

those described in T-750. Direct current electromagnetic
yokes are the preferred magnetizing device.

V-752 APPLICATION OF MAGNETIC FIELD
Flaws are displayed more vividly when a discontinuity

is oriented perpendicular to the magnetic lines of force.
Magnetism shall be applied in a minimum of two or more
directions, where two of the magnetic lines of force are
approximately perpendicular to each other and at least
one of the lines of force are perpendicular to suspected
discontinuities.

Table V-721
Requirements of a Magnetic Rubber Examination Procedure

Requirement Essential Variable
Nonessential

Variable

Magnetic Rubber Mix Formulations [Manufacturer’s name(s) for material of
various viscosities and recommended cure times]

X …

Surface preparation X …
Magnetizing technique X …
Field strength X …
Nonmagnetic coating thickness greater than previously qualified X …
Minimum cure time as recommended by the manufacturer X …
Releasing agent X …
Temperature range as specified by the manufacturer X …
Performance demonstration, when required X …
Number of fields and directions to be applied and magnetizing time for each
direction

X …

Demagnetizing … X
Personnel qualification requirements … X
Reference to the procedure qualification records … X
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V-760 CALIBRATION

V-764 MAGNETIC FIELD ADEQUACY AND
DIRECTION

The field strength shall be measured using a gauss-
meter. The area to be examined shall be checked in two
directions by placing the gaussmeter probe in the hole
or on the surface to be inspected and noting the field
strength and direction of the magnetic field. Artificial flaw
shims, as described in T-764.2(b), may also be used when
accessibility allows, to determine the field strength and
direction of magnetization using wet or dry particles.

V-770 EXAMINATION

V-773 APPLICATION OF LIQUID POLYMER-
MAGNETIC PARTICLE MATERIAL

Following the initial steps of preparation, a freshly pre-
pared polymer-magnetic particle mix shall be cast or
molded into/onto the prepared area. The magnetic field,
previously determined to have the required minimum
field strength recommended by the polymer-particle
manufacturer, shall be applied to the area of interest. A
minimum of two fields 90 deg apart shall be maintained
for an equal amount of time during the cure time of the
liquid polymer-particle mix used. When more than two
fields are to be applied, a minimum time in the first direc-
tion shall be allowed before magnetization in the next di-
rection is applied and the same minimum time used for
each subsequent magnetization. The cure time applied
to each direction shall be based on the mix’s cure time di-
vided by the number of magnetic fields applied.

V-774 MOVEMENT DURING CURE
During the cure time of the liquid polymer-particle mix,

movement of the item shall be avoided to ensure indica-
tions are not distorted.

V-776 REMOVAL OF REPLICAS
Replicas shall be removed as soon as practical after

cure by careful use of a tool or compressed air. Additional
time must be allowed if the polymer is not fully cured or
sticks to the examination area.

V-780 EVALUATION

(a) All indications shall be evaluated in terms of the ac-
ceptance standards of the referencing Code Section.

(b) Following removal, the replicas shall be examined
visually in order to detect any damage to the surface of
the replica. When the area of interest shows damage or
lack of fill or contact with the examination surface, the ex-
amination shall be repeated.

(c) When dimensional data is required, an illuminating-
magnifying device capable of making measurements shall
be used.

V-790 DOCUMENTATION

V-793 EXAMINATION RECORDS
For each examination, the following information shall

be recorded:
(a) date of the examination
(b) procedure identification and revision
(c) magnetic rubber mix — manufacturer and

identification
(d) examination personnel, if required by the referen-

cing Code Section
(e) map or record of indications for evaluation, per

T-792
(f) use, type and power of magnification
(g)material and thickness
(h)magnetic particle equipment and type of current
(i) gaussmeter; manufacturer, model, serial number, or

artificial shims used
(j) field strength (if gaussmeter is used), duration and

total time of application
(k) when more than two fields are applied, number and

sequencing of the applications
(l) temperature
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NONMANDATORY APPENDIX A
MEASUREMENT OF TANGENTIAL FIELD STRENGTH WITH

GAUSSMETERS

A-710 SCOPE

This Nonmandatory Appendix is used for the purpose
of establishing procedures and equipment specifications
for measuring the tangential applied magnetic field
strength.

A-720 GENERAL REQUIREMENTS

Personnel qualification requirements shall be in accor-
dance with Article 1.
Gaussmeters and related equipment shall be calibrated

in accordance with T-763.
Definitions of terms used in this Appendix are in Article

1, Mandatory Appendix I, I-121.4, MT — Magnetic
Particle.

A-730 EQUIPMENT

Gaussmeter having the capability of being set to read
peak values of field intensity. The frequency response of
the gaussmeter shall be at least 0 Hz to 300 Hz.
The Hall-Effect tangential field probe should be no larg-

er than 0.2 in. (5 mm) by 0.2 in. (5 mm) and should have a
maximum center location 0.2 in. (5 mm) from the part
surface. Probe leads shall be shielded or twisted to pre-
vent reading errors due to voltage induced during the
large field changes encountered during magnetic particle
examinations.

A-750 PROCEDURE

Care shall be exercised when measuring the tangential
applied field strengths specified in T-764.2(c). The plane
of the probe must be perpendicular to the surface of the
part at the location of measurement to within 5 deg. This
may be difficult to accomplish by hand orientation. A jig
or fixture may be used to ensure this orientation is
achieved and maintained.
The direction and magnitude of the tangential field on

the part surface can be determined by placing the
Hall-Effect tangential field probe on the part surface in
the area of interest. The direction of the field can be deter-
mined during the application of the magnetizing field by
rotating the tangential field probe while in contact with
the part until the highest field reading is obtained on
the Gaussmeter. The orientation of the probe, when the
highest field is obtained, will indicate the field direction
at that point. Gaussmeters cannot be used to determine
the adequacy of magnetizing fields for multidirectional
and coil magnetization techniques.
Once adequate field strength has been demonstrated

with artificial flaw shims, Gaussmeter readings may be
used at the location of shim attachment on identical parts
or similar configurations to verify field intensity and
direction.

A-790 DOCUMENTATION/RECORDS

Documentation should include the following:
(a) equipment model and probe description;
(b) sketch or drawing showing where measurements

are made; and
(c) field intensity and direction of measurement.
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ARTICLE 8
EDDY CURRENT EXAMINATION

T-810 SCOPE

When specified by the referencing Code Section, the
eddy current examination method and techniques de-
scribed in this Article shall be used.

(a) This Article describes the techniques to be used
when performing eddy current examinations on
conductive-nonferromagnetic and coated ferromagnetic
materials.

(b) The requirements of Article 1, General Require-
ments, also apply when eddy current examination, in ac-
cordance with Article 8, is required by a referencing Code
Section.

(c) Definitions of terms for eddy current examination
appear in Article 1, Mandatory Appendix I, I-121.5, ET
— Electromagnetic (Eddy Current).

(d)Mandatory Appendix II, Eddy Current Examination
of Nonferromagnetic Heat Exchanger Tubing, provides
the requirements for bobbin coil multifrequency and mul-
tiparameter eddy current examination of installed non-
ferromagnetic heat exchanger tubing.

(e) Mandatory Appendix III, Eddy Current Examination
on Coated Ferromagnetic Materials, provides eddy cur-
rent requirements for eddy current examination on
coated ferromagnetic materials.

(f) Mandatory Appendix IV, External Coil Eddy Current
Examination of Tubular Products, provides the require-
ments for external coil eddy current examination of seam-
less copper, copper alloy, austenitic stainless steel, Ni-
Cr-Fe alloy, and other nonferromagnetic tubular products.

(g)Mandatory Appendix V, Eddy Current Measurement
of Nonconductive-Nonferromagnetic Coating Thickness
on a Nonferromagnetic Metallic Material, provides the re-
quirements for surface probe eddy current examination
for measuring nonconductive-nonferromagnetic coating
thicknesses.

(h)Mandatory Appendix VI, Eddy Current Detection
and Measurement of Depth of Surface Discontinuities in
Nonferromagnetic Metals With Surface Probes, provides
the requirements for surface probe eddy current exami-
nation for detection of surface connected discontinuities
and measuring their depth.

(i) Mandatory Appendix VII, Eddy Current Examina-
tion of Ferromagnetic and Nonferromagnetic Conductive
Metals to Determine If Flaws Are Surface Connected, pro-
vides the requirements for eddy current examination
with a surface probe to determine if flaws are surface con-
nected in both ferromagnetic and nonferromagnetic
metals.

(j) Mandatory Appendix VIII, Alternative Technique
for Eddy Current Examination of Nonferromagnetic Heat
Exchanger Tubing, Excluding Nuclear Steam Generator
Tubing, provides the requirements for an alternative
technique for bobbin coil multifrequency and multipara-
meter eddy current examination of installed nonferro-
magnetic heat exchanger tubing, excluding nuclear
steam generator tubing.

(k) Mandatory Appendix IX, Eddy Current Array Exam-
ination of Ferromagnetic and Nonferromagnetic Materials
for the Detection of Surface-Breaking Flaws, provides the
requirements for eddy current array (ECA) surface probe
examination of coated and noncoated ferromagnetic and
nonferromagnetic materials for the detection of surface-
breaking flaws.

(l) Mandatory Appendix X, Eddy Current Array Exam-
ination of Ferromagnetic and Nonferromagnetic Welds
for the Detection of Surface-Breaking Flaws, provides
the requirements for ECA surface probe examination of
coated and noncoated ferromagnetic and nonferromag-
netic welds for the detection of surface-breaking flaws.
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MANDATORY APPENDIX II
EDDY CURRENT EXAMINATION OF NONFERROMAGNETIC HEAT

EXCHANGER TUBING

II-810 SCOPE

This Appendix provides the requirements for bobbin
coil, multifrequency, multiparameter, eddy current exam-
ination for installed nonferromagnetic heat exchanger
tubing, when this Appendix is specified by the referencing
Code Section.

II-820 GENERAL

This Appendix also provides the methodology for ex-
amining nonferromagnetic, heat exchanger tubing using
the eddy current method and bobbin coil technique. By
scanning the tubing from the boreside, information will
be obtained from which the condition of the tubing will
be determined. Scanning is generally performed with a
bobbin coil attached to a flexible shaft pulled through tub-
ing manually or by a motorized device. Results are ob-
tained by evaluating data acquired and recorded during
scanning.

II-821 WRITTEN PROCEDURE REQUIREMENTS
II-821.1 Requirements. Eddy current examinations

shall be conducted in accordance with a written proce-
dure which shall contain, as a minimum, the requirements
listed in Table II-821. The written procedure shall estab-
l ish a single value, or range of values, for each
requirement.

II-821.2 Procedure Qualification. When procedure
qualification is specified by the referencing Code Section,
a change of a requirement in Table II-821 identified as an
essential variable shall require requalification of the writ-
ten procedure by demonstration. A change of a require-
ment identified as a nonessential variable does not
require requalification of the written procedure. All
changes of essential or nonessential variables from those
specified within the written procedure shall require revi-
sion of, or an addendum to, the written procedure.

II-822 PERSONNEL REQUIREMENTS
The user of this Appendix shall be responsible for as-

signing qualified personnel to perform eddy current ex-
amination in accordance with the requirements of this
Appendix and the referencing Code Section.

II-830 EQUIPMENT

II-831 DATA ACQUISITION SYSTEM
II-831.1 Multifrequency-Multiparameter Equip-

ment. The eddy current instrument shall have the
capability of generating multiple frequencies simulta-
neously or multiplexed and be capable of multiparameter
signal combination. In the selection of frequencies, con-
sideration shall be given to optimizing flaw detection
and characterization.
(a) The outputs from the eddy current instrument shall

provide phase and amplitude information.
(b) The eddy current instrument shall be capable of op-

erating with bobbin coil probes in the differential mode or
the absolute mode, or both.
(c) The eddy current system shall be capable of real

time recording and playing back of examination data.
(d) The eddy current equipment shall be capable of de-

tecting and recording dimensional changes, metallurgical
changes and foreign material deposits, and responses
from imperfections originating on either tube wall
surface.

II-832 ANALOG DATA ACQUISITION SYSTEM
II-832.1 Analog Eddy Current Instrument.
(a) The frequency response of the outputs from the

eddy current instrument shall be constant within 2% of
full scale from dc to Fmax, where Fmax (Hz) is equal to
10 Hz-sec/in. (0.4 Hz-s/mm) times maximum probe tra-
vel speed in./sec (mm/s).
(b) Eddy current signals shall be displayed as two-

dimensional patterns by use of an X-Y storage oscillo-
scope or equivalent.
(c) The frequency response of the instrument output

shall be constant within 2% of the input value from dc
to Fmax, where Fmax (Hz) is equal to 10 Hz-sec/in.
(0.4 Hz-sec/mm) times maximum probe travel speed.

II-832.2 Magnetic Tape Recorder.
(a) The magnetic tape recorder used with the analog

equipment shall be capable of recording and playing back
eddy current signal data from all test frequencies and
shall have voice logging capability.
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(b) The frequency response of the magnetic tape re-
corder outputs shall be constant within 10% of the input
value from dc to Fmax, where Fmax (Hz) is equal to
10 Hz-sec/in. (0.4 Hz-s/mm) times maximum probe tra-
vel speed.

(c) Signal reproducibility from input to output shall be
within 5%.

II-832.3 Strip Chart Recorder.
(a) Strip chart recorders used with analog equipment

shall have at least 2 channels.
(b) The frequency response of the strip chart recorder

shall be constant within 20% of full scale from dc to Fmax,
where Fmax (Hz) is equal to 10 Hz-sec/in. (0.4 Hz-s/mm)
times maximum probe travel speed.

II-833 DIGITAL DATA ACQUISITION SYSTEM
II-833.1 Digital Eddy Current Instrument.
(a) At the scanning speed to be used, the sampling rate

of the instrument shall result in a minimum digitizing rate
of 30 samples per in. (25 mm) of examined tubing, use
dr = sr/ss, where dr is the digitizing rate in samples per
in., sr is the sampling rate in samples per sec or Hz, and
ss is the scanning speed in in. per sec.

(b) The digital eddy current instrument shall have a
minimum resolution of 12 bits per data point.

(c) The frequency response of the outputs of analog
portions of the eddy current instrument shall be constant
within 2% of the input value from dc to Fmax, where Fmax

(Hz) is equal to 10 Hz-s/in. (0.4 Hz-sec/mm) times max-
imum probe travel speed.

(d) The display shall be selectable so that the examina-
tion frequency or mixed frequencies can be presented as a
Lissajous pattern.

(e) The Lissajous display shall have a minimum resolu-
tion of 7 bits full scale.

(f) The strip chart display shall be capable of display-
ing at least 2 traces.

(g) The strip chart display shall be selectable so either
the X or Y component can be displayed.

(h) The strip chart display shall have a minimum reso-
lution of 6 bits full scale.

II-833.2 Digital Recording System.
(a) The recording system shall be capable of recording

and playing back all acquired eddy current signal data
from all test frequencies.

(b) The recording system shall be capable of recording
and playing back text information.

(c) The recording system shall have a minimum resolu-
tion of 12 bits per data point.

II-834 BOBBIN COILS
II-834.1 General Requirements.
(a) Bobbin coils shall be able to detect artificial discon-

tinuities in the calibration reference standard.
(b) Bobbin coils shall have sufficient bandwidth for op-

erating frequencies selected for flaw detection and sizing.

Table II-821
Requirements of an Eddy Current Examination Procedure

Requirements as Applicable Essential Variable
Nonessential

Variable

Tube material X …
Tube diameter and wall thickness X …
Mode of inspection — differential or absolute X …
Probe type and size X …
Length of probe cable and probe extension cables X …
Probe manufacturer, part number, and description X …
Examination frequencies, drive voltage, and gain settings X …
Manufacturer and model of eddy current equipment X …
Scanning direction during data recording, i.e., push or pull X …
Scanning mode — manual, mechanized probe driver, remote controlled fixture X …
Fixture location verification X …
Identity of calibration reference standard(s) X …
Minimum digitization rate X …
Maximum scanning speed during data recording X …
Personnel requirements … X
Data recording equipment manufacturer and model … X
Scanning speed during insertion or retraction, no data recording … X
Side of application — inlet or outlet … X
Data analysis parameters … X
Tube numbering … X
Tube examination surface preparation … X
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II-835 DATA ANALYSIS SYSTEM
II-835.1 Basic System Requirements.
(a) The data analysis system shall be capable of dis-

playing eddy current signal data from all test frequencies.
(b) The system shall have multiparameter mixing

capability.
(c) The system shall be capable of maintaining the

identification of each tube recorded.
(d) The system shall be capable of measuring phase an-

gles in increments of one degree or less.
(e) The system shall be capable of measuring ampli-

tudes to the nearest 0.1 volt.

II-836 ANALOG DATA ANALYSIS SYSTEM
II-836.1 Display. Eddy current signals shall be dis-

played as Lissajous patterns by use of an X-Y storage dis-
play oscilloscope or equivalent. The frequency response
of the display device shall be constant within 2% of the
input value from dc to Fmax, where Fmax (Hz) is equal to
10 Hz-sec/in. (0.4 Hz-s/mm) times maximum probe tra-
vel speed.

II-836.2 Recording System.
(a) The magnetic tape recorder shall be capable of play-

ing back the recorded data.
(b) The frequency response of the magnetic tape re-

corder outputs shall be constant within 10% of the input
value from dc to Fmax, where Fmax (Hz) is equal to
10 Hz-sec/in. (0.4 Hz-s/mm) times maximum probe tra-
vel speed in./sec (mm/s).
(c) Signal reproducibility input to output shall be with-

in 5%.

II-837 DIGITAL DATA ANALYSIS SYSTEM
II-837.1 Display.
(a) The analysis display shall be capable of presenting

recorded eddy current signal data and test information.
(b) The analysis system shall have a minimum resolu-

tion of 12 bits per data point.
(c) The Lissajous pattern display shall have a minimum

resolution of 7 bits full scale.
(d) The strip chart display shall be selectable so either

the X or Y component of any examination frequency or
mixed frequencies can be displayed.
(e) The strip chart display shall have a minimum reso-

lution of 6 bits full scale.

II-837.2 Recording System.
(a) The recording system shall be capable of playing

back all recorded eddy current signal data and test
information.
(b) The recording system shall have a minimum resolu-

tion of 12 bits per data point.

II-838 HYBRID DATA ANALYSIS SYSTEM
(a) Individual elements of hybrid systems using both

digital elements and some analog elements shall meet
specific sections of II-830, as applicable.
(b)When analog to digital or digital to analog conver-

ters are used, the frequency response of the analog ele-
ment outputs shall be constant within 5% of the input
value from dc to Fmax, where Fmax (Hz) is equal to
10 Hz-sec/in. (0.4 Hz-s/mm) times maximum probe tra-
vel speed.

II-840 REQUIREMENTS

II-841 RECORDING AND SENSITIVITY LEVEL
(a) The eddy current signal data from all test frequen-

cies shall be recorded on the recording media as the
probe traverses the tube.
(b) The sensitivity for the differential bobbin coil tech-

nique shall be sufficient to produce a response from the
through-wall hole(s) with a minimum vertical amplitude
of 50% of the full Lissajous display height.

II-842 PROBE TRAVERSE SPEED
The traverse speed shall not exceed that which pro-

vides adequate frequency response and sensitivity to
the applicable calibration discontinuities. Minimum digiti-
zation rates must be maintained at all times.

II-843 FIXTURE LOCATION VERIFICATION
(a) The ability of the fixture to locate specific tubes

shall be verified visually and recorded upon installation
of the fixture and before relocating or removing the fix-
ture. Independent position verification, e.g., specific land-
mark location, shall be performed and recorded at the
beginning and end of each unit of data storage of the re-
cording media.
(b)When the performance of fixture location reveals

that an error has occurred in the recording of probe ver-
ification location, the tubes examined since the previous
location verification shall be reexamined.

II-844 AUTOMATED DATA SCREENING SYSTEM
When automated eddy current data screening systems

are used, each system shall be qualified in accordance
with a written procedure.

II-860 CALIBRATION

II-861 EQUIPMENT CALIBRATION
II-861.1 Analog Equipment. The following shall be

verified by annual calibration:
(a) the oscillator output frequency to the drive coil

shall be within 5% of its indicated frequency
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(b) the vertical and horizontal linearity of the cathode
ray tube (CRT) display shall be within 10% of the deflec-
tion of the input voltage

(c) the CRT vertical and horizontal trace alignment
shall be within 2 deg of parallel to the graticule lines

(d) the ratio of the output voltage from the tape record-
er shall be within 5% of the input voltage for each channel
of the tape recorder

(e) the chart speed from the strip chart recorder shall
be within 5% of the indicated value

(f) amplification for all channels of the eddy current in-
strument shall be within 5% of the mean value, at all sen-
sitivity settings, at any single frequency

(g) the two output channels of the eddy current instru-
ment shall be orthogonal within 3 deg at the examination
frequency

II-861.2 Digital Equipment. Analog elements of digi-
tal equipment shall be calibrated in accordance with
II-861.1. Digital elements need not be calibrated.

II-862 CALIBRATION REFERENCE STANDARDS
II-862.1 Calibration Reference Standard Require-

ments. Calibration reference standards shall conform to
the following:

(a) Calibration reference standards shall be manufac-
tured from tube(s) of the same material specification
and nominal size as that to be examined in the vessel.

(b) Tubing calibration reference standard materials
heat treated differently from the tubing to be examined
may be used when signal responses from the discontinu-
ities described in II-862.2 are demonstrated to the Inspec-
tor to be equivalent in both the calibration reference
standard and tubing of the same heat treatment as the
tubing to be examined.

(c) As an alternative to (a) and (b), calibration refer-
ence standards fabricated from UNS Alloy N06600 shall
be manufactured from a length of tubing of the same ma-
terial specification and same nominal size as that to be ex-
amined in the vessel.

(d) Artificial discontinuities in calibration reference
standards shall be spaced axially so they can be differen-
tiated from each other and from the ends of the tube. The
as-built dimensions of the discontinuities and the applica-
ble eddy current equipment response shall become part
of the permanent record of the calibration reference
standard.

(e) Each calibration reference standard shall be perma-
nently identified with a serial number.

II-862.2 Calibration Reference Standards for Differ-
ential and Absolute Bobbin Coils.

(a) Calibration reference standards shall contain the
following artificial discontinuities:

(1) One or four through-wall holes as follows:

(-a) A 0.052 in. (1.3 mm) diameter hole for tubing
with diameters of 0.750 in. (19 mm) and less, or a
0.067 in. (1.70 mm) hole for tubing with diameters great-
er than 0.750 in. (19 mm).

(-b) Four holes spaced 90 deg apart in a single
plane around the tube circumference, 0.026 in.
(0.65 mm) diameter for tubing with diameters of
0.750 in. (19 mm) and less and 0.033 in. (0.83 mm) dia-
meter for tubing with diameters greater than 0.750 in.
(19 mm).

(2) A flat-bottom hole 0.109 in. (2.7 mm) diameter,
60% through the tube wall from the outer surface.

(3) Four flat-bottom holes 0.187 in. (5 mm) diameter,
spaced 90 deg apart in a single plane around the tube cir-
cumference, 20% through the tube wall from the outer
surface.

(b) The depth of the artificial discontinuities, at their
center, shall be within 20% of the specified depth or
0.003 in. (0.08 mm), whichever is less. All other dimen-
sions shall be within 0.003 in. (0.08 mm).

(c) All artificial discontinuities shall be sufficiently se-
parated to avoid interference between signals, except
for the holes specified in (a)(1)(-b) and (a)(3).

II-863 ANALOG SYSTEM SETUP AND
ADJUSTMENT

II-863.1 Differential Bobbin Coil Technique.
(a) The sensitivity shall be adjusted to produce a mini-

mum peak-to-peak signal of 4 V from the four 20% flat-
bottom holes or 6 V from the four through-wall drilled
holes.

(b) The phase or rotation control shall be adjusted so
the signal response due to the through-wall hole forms
down and to the right first as the probe is withdrawn
from the calibration reference standard holding the signal
response from the probe motion horizontal. See Figure
II-863.1.

(c) Withdraw the probe through the calibration refer-
ence standard at the nominal examination speed. Record
the responses of the applicable calibration reference stan-
dard discontinuities. The responses shall be clearly indi-
cated by the instrument and shall be distinguishable
from each other as well as from probe motion signals.

II-863.2 Absolute Bobbin Coil Technique.
(a) The sensitivity shall be adjusted to produce a mini-

mum origin-to-peak signal of 2 V from the four 20% flat-
bottom holes or 3 V from the four through-wall drilled
holes.

(b) Adjust the phase or rotation control so that the sig-
nal response due to the through-wall hole forms up and to
the left as the probe is withdrawn from the calibration re-
ference standard holding the signal response from the
probe motion horizontal. See Figure II-863.2.

(c) Withdraw the probe through the calibration refer-
ence standard at the nominal examination speed. Record
the responses of the applicable calibration reference
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standard discontinuities. The responses shall be clearly
indicated by the instrument and shall be distinguishable
from each other as well as from probe motion signals.

II-864 DIGITAL SYSTEM OFF-LINE CALIBRATION
The eddy current examination data is digitized and re-

corded during scanning for off-line analysis and interpre-
tation. The system setup of phase and amplitude settings
shall be performed off-line by the data analyst. Phase and
amplitude settings shall be such that the personnel ac-
quiring the data can clearly discern that the eddy current
instrument is working properly.

II-864.1 System Calibration Verification.
(a) Calibration shall include the complete eddy current

examination system. Any change of probe, extension
cables, eddy current instrument, recording instruments,
or any other parts of the eddy current examination sys-
tem hardware shall require recalibration.
(b) System calibration verification shall be performed

and recorded at the beginning and end of each unit of data
storage of the recording media.
(c) Should the system be found to be out of calibration

(as defined in II-863), the equipment shall be recalibrat-
ed. The recalibration shall be noted on the recording.
All tubes examined since the last valid calibration shall
be reexamined.

II-870 EXAMINATION

Data shall be recorded as the probe traverses the tube.

II-880 EVALUATION

II-881 DATA EVALUATION
Data shall be evaluated in accordance with the require-

ments of this Appendix.

II-882 MEANS OF DETERMINING INDICATION
DEPTH

For indication types that must be reported in terms of
depth, a means of correlating the indication depth with
the signal amplitude or phase shall be established. The
means of correlating the signal amplitude or phase with
the indication depth shall be based on the basic calibra-
tion standard or other representative standards that have
been qualified. This shall be accomplished by using
curves, tables, or software. Figure II-880 illustrates the re-
lationship of phase angle versus flaw depth for a nonfer-
romagnetic thin-walled tube examined at a frequency
selected to optimize flaw resolution.

Figure II-863.1
Differential Technique Response From

Calibration Reference Standard
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Figure II-863.2
Absolute Technique Response From Calibration
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II-883 FREQUENCIES USED FOR DATA
EVALUATION

All indications shall be evaluated. Indication types,
which must be reported, shall be characterized using
the frequencies or frequency mixes that were qualified.

II-890 DOCUMENTATION

II-891 REPORTING
II-891.1 Criteria. Indications reported in accordance

with the requirements of this Appendix shall be described
in terms of the following information, as a minimum:

(a) location along the length of the tube and with re-
spect to the support members

(b) depth of the indication through the tube wall, when
required by this Appendix

(c) signal amplitude
(d) frequency or frequency mix from which the indica-

tion was evaluated

II-891.2 Depth. The maximum evaluated depth of
flaws shall be reported in terms of percentage of tube wall
loss. When the loss of tube wall is determined by the ana-
lyst to be less than 20%, the exact percentage of tube wall
loss need not be recorded, i.e., the indication may be re-
ported as being less than 20%.

II-891.3 Nonquantifiable Indications. A non-
quantifiable indication is a reportable indication that can-
not be characterized. The indication shall be considered a
flaw until otherwise resolved.

II-891.4 Support Members.
II-891.4.1 Location of Support Members. The loca-

tion of support members used as reference points for the
eddy current examination shall be verified by fabrication
drawings or the use of a measurement technique.

II-892 RECORDS
II-892.1 Record Identification. The recording media

shall contain the following information within each unit
of data storage:

(a) Owner
(b) plant site and unit
(c) heat exchanger identification
(d) data storage unit number
(e) date of examination
(f) serial number of the calibration standard
(g) operator’s identification and certification level
(h) examination frequency or frequencies
(i) mode of operation including instrument sample

rate, drive voltage, and gain settings
(j) lengths of probe and probe extension cables
(k) size and type of probes
(l) probe manufacturer’s name and manufacturer’s

part number or probe description and serial number
(m) eddy current instrument serial number

Figure II-880
Flaw Depth as a Function of Phase Angle at 400 kHz [Ni–Cr–Fe 0.050 in. (1.24 mm) Wall Tube]
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(n) probe scan direction during data acquisition
(o) application side — inlet or outlet
(p) slip ring serial number, as applicable
(q) procedure identification and revision

II-892.2 Tube Identification.
(a) Each tube examined shall be identified on the appli-

cable unit of data storage and
(b) The method of recording the tube identification

shall correlate tube identification with corresponding re-
corded tube data.

II-892.3 Reporting.
(a) The Owner or his agent shall prepare a report of the

examinations performed. The report shall be prepared,
filed, and maintained in accordance with the referencing
Code Section. Procedures and equipment used shall be
identified sufficiently to permit comparison of the

examination results with new examination results run
at a later date. This shall include initial calibration data
for each eddy current examination system or part thereof.
(b) The report shall include a record indicating the

tubes examined (this may be marked on a tubesheet
sketch or drawing), any scanning limitations, the location
and depth of each reported flaw, and the identification
and certification level of the operators and data evalua-
tors that conducted each examination or part thereof.
(c) Tubes that are to be repaired or removed from ser-

vice, based on eddy current examination data, shall be
identified.

II-892.4 Record Retention. Records shall be main-
tained in accordance with requirements of the referen-
cing Code Section.
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MANDATORY APPENDIX III
EDDY CURRENT EXAMINATION ON COATED FERROMAGNETIC

MATERIALS

III-810 SCOPE

(a) This Appendix provides the eddy current examina-
tion methodology and equipment requirements applica-
ble for performing eddy current examination on coated
ferromagnetic materials.

(b) Article 1, General Requirements, also applies when
eddy current examination of coated ferromagnetic mate-
rials is required. Requirements for written procedures, as
specified in Article 8, shall apply, as indicated.

(c) SD-7091, Standard Practice for Nondestructive
Measurement of Dry Film Thickness of Nonmagnetic
Coatings Applied to Ferrous Metals and Nonmagnetic,
Nonconductive Coatings Applied to Non-Ferrous Metals,
may be used to develop a procedure for measuring the
thickness of nonferromagnetic and conductive coatings.

III-820 GENERAL

III-821 PERSONNEL QUALIFICATION
The user of this Appendix shall be responsible for as-

signing qualified personnel to perform eddy current ex-
amination in accordance with requirements of this
Appendix and the referencing Code Section.

III-822 WRITTEN PROCEDURE REQUIREMENTS
The requirements of IV-823 shall apply. The type of

coating and maximum coating thickness also shall be es-
sential variables.

III-823 PROCEDURE DEMONSTRATION
The procedure shall be demonstrated to the satisfac-

tion of the Inspector in accordance with requirements
of the referencing Code Section.

III-830 EQUIPMENT

The eddy current system shall include phase and ampli-
tude display.

III-850 TECHNIQUE

The performance of examinations shall be preceded by
measurement of the coating thickness in the areas to be
examined. If the coating is nonconductive, an eddy cur-
rent technique may be used to measure the coating

thickness. If the coating is conductive, a ferromagnetic
coating thickness technique may be used in accordance
with SD-7091. Coating thickness measurement shall be
used in accordance with the equipment manufacturer’s
instructions. Coating thickness measurements shall be ta-
ken at the intersections of a 2 in. (50 mm) maximum grid
pattern over the area to be examined. The thickness shall
be the mean of three separate readings within 0.250 in.
(6 mm) of each intersection.

III-860 CALIBRATION

(a) A qualification specimen is required. The material
used for the specimen shall be the same specification
and heat treatment as the coated ferromagnetic material
to be examined. If a conductive primer was used on the
material to be examined, the primer thickness on the pro-
cedure qualification specimen shall be the maximum al-
lowed on the examination surfaces by the coating
specification. Plastic shim stock may be used to simulate
nonconductive coatings for procedure qualification. The
thickness of the coating or of the alternative plastic shim
stock on the procedure qualification specimen shall be
equal to or greater than the maximum coating thickness
measured on the examination surface.

(b) The qualification specimen shall include at least one
crack. The length of the crack open to the surface shall not
exceed the allowable length for surface flaws. The maxi-
mum crack depth in the base metal shall be between
0.020 in. and 0.040 in. (0.5 mm and 1.0 mm). In addition,
if the area of interest includes weld metal, a 0.020 in.
(0.5 mm) maximum depth crack is required in an as-
welded and coated surface typical of the welds to be ex-
amined. In lieu of a crack, a machined notch of 0.010 in.
(0.25 mm) maximum width and 0.020 in. (0.5 mm) max-
imum depth may be used in the as-welded surface.

(c) Examine the qualification specimen first uncoated
and then after coating to the maximum thickness to be
qualified. Record the signal amplitudes from the qualifica-
tion flaws.

(d) Using the maximum scanning speed, the maximum
scan index, and the scan pattern specified by the proce-
dure, the procedure shall be demonstrated to consistently
detect the qualification flaws through the maximum coat-
ing thickness regardless of flaw orientation (e.g., perpen-
dicular, parallel, or skewed to the scan direction). The
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signal amplitude from each qualification flaw in the
coated qualification specimen shall be at least 50% of
the signal amplitude measured on the corresponding qua-
lification flaw prior to coating.

III-870 EXAMINATION

(a) Prior to the examination, all loose, blistered, flaking,
or peeling coating shall be removed from the examination
area.
(b)When conducting examinations, areas of suspected

flaw indications shall be confirmed by application of an-
other surface or volumetric examination method. It may
be necessary to remove the surface coating prior to per-
forming the other examination.

III-890 DOCUMENTATION

III-891 EXAMINATION REPORT
The report of examination shall contain the following

information:
(a) procedure identification and revision
(b) examination personnel identity and, when required

by the referencing Code Section, qualification level
(c) date of examination
(d) results of examination and related sketches or maps

of rejectable indications
(e) identification of part or component examined

III-893 RECORD RETENTION
Records shall be maintained in accordance with re-

quirements of the referencing Code Section.
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MANDATORY APPENDIX IV
EXTERNAL COIL EDDY CURRENT EXAMINATION OF TUBULAR

PRODUCTS

IV-810 SCOPE

This Appendix describes the method to be used when
performing eddy current examinations of seamless cop-
per, copper alloy, and other nonferromagnetic tubular
products. The method conforms substantially with the
following Standard listed in Article 26 and reproduced
in Subsection B: SE-243, Standard Practice for Electro-
magnetic (Eddy Current) Examination of Copper and
Copper-Alloy Tubes.

IV-820 GENERAL

IV-821 PERFORMANCE
Tubes may be examined at the finish size, after the final

anneal or heat treatment, or at the finish size, prior to the
final anneal or heat treatment, unless otherwise agreed
upon between the supplier and the purchaser. The proce-
dure shall be qualified by demonstrating detection of dis-
continuities of a size equal to or smaller than those in the
reference specimen described in IV-833. Indications
equal to or greater than those considered reportable by
the procedure shall be processed in accordance with
IV-880.

IV-822 PERSONNEL QUALIFICATION
The user of this Appendix shall be responsible for as-

signing qualified personnel to perform eddy current ex-
amination in accordance with requirements of this
Appendix and the referencing Code Section.

IV-823 WRITTEN PROCEDURE REQUIREMENTS
IV-823.1 Requirements. Eddy current examinations

shall be performed in accordance with a written proce-
dure, which shall contain, as a minimum, the require-
ments listed in Table IV-823. The written procedure
shall establish a single value, or range of values, for each
requirement.

IV-823.2 Procedure Qualification. When procedure
qualification is specified by the referencing Code Section,
a change of a requirement in Table IV-823 identified as an
essential variable shall require requalification of the writ-
ten procedure by demonstration. A change of a require-
ment identified as a nonessential variable does not
require requalification of the written procedure. All

changes of essential or nonessential variables from those
specified within the written procedure shall require revi-
sion of, or an addendum to, the written procedure.

IV-830 EQUIPMENT

Equipment shall consist of electronic apparatus capable
of energizing the test coil or probes with alternating cur-
rents of suitable frequencies and shall be capable of sen-
sing the changes in the electromagnetic properties of the
material. Output produced by this equipment may be pro-
cessed so as to actuate signaling devices and/or to record
examination data.

IV-831 TEST COILS AND PROBES
Test coils or probes shall be capable of inducing alter-

nating currents into the material and sensing changes in
the electromagnetic characteristics of the material. Test
coils should be selected to provide the highest practical
fill factor.

Table IV-823
Requirements of an External Coil Eddy

Current Examination Procedure

Requirements (as
Applicable)

Essential
Variable

Nonessential
Variable

Frequency(ies) X …
Mode (differential/absolute) X …
Minimum fill factor X …
Probe type X …
Maximum scanning speed
during data recording

X …

Material being examined X …
Material size/dimensions X …
Reference standard X …
Equipment manufacturer/
model

X …

Data recording equipment X …
Cabling (type and length) X …
Acquisition software X …
Analysis software X …
Scanning technique … X
Scanning equipment/fixtures … X
Tube scanning surface
preparation

… X
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IV-832 SCANNERS
Equipment used should be designed to maintain the

material concentric within the coil, or to keep the probe
centered within the tube and to minimize vibration dur-
ing scanning. Maximum scanning speeds shall be based
on the equipment’s data acquisition frequency response
or digitizing rate, as applicable.

IV-833 REFERENCE SPECIMEN
The reference specimen material shall be processed in

the same manner as the product being examined. It shall
be the same nominal size and material type (chemical
composition and product form) as the tube being exam-
ined. Ideally, the specimen should be a part of the materi-
al being examined. Unless specified in the referencing
Code Section, the reference discontinuities shall be trans-
verse notches or drilled holes as described in Standard
Practice SE-243, Section 8, Reference Standards.

IV-850 TECHNIQUE

Specific techniques may include special probe or coil
designs, electronics, calibration standards, analytical al-
gorithms and/or display software. Techniques, such as
channel mixes, may be used as necessary to suppress sig-
nals produced at the ends of tubes. Such techniques shall
be in accordance with requirements of the referencing
Code Section.

IV-860 CALIBRATION

IV-861 PERFORMANCE VERIFICATION
Performance of the examination equipment shall be

verified by the use of the reference specimen as follows:
(a) As specified in the written procedure

(1) at the beginning of each production run of a given
diameter and thickness of a given material

(2) at the end of the production run
(3) at any time that malfunctioning is suspected

(b) If, during calibration or verification, it is determined
that the examination equipment is not functioning prop-
erly, all of the product tested since the last calibration
or verification shall be reexamined.
(c) When requalification of the written procedure as

required in IV-823.2.

IV-862 CALIBRATION OF EQUIPMENT
(a) Frequency of Calibration. Eddy current instrumenta-

tion shall be calibrated at least once a year, or whenever
the equipment has been subjected to a major electronic

repair, periodic overhaul, or damage. If equipment has
not been in use for a year or more, calibration shall be
done prior to use.
(b) Documentation. A tag or other form of documenta-

tion shall be attached to the eddy current equipment with
dates of the calibration and calibration due date.

IV-870 EXAMINATION

Tubes are examined by passing through an encircling
coil, or past a probe coil with the apparatus set up in ac-
cordance with the written procedure. Signals produced by
the examination are processed and evaluated. Data may
be recorded for post-examination analysis or stored for
archival purposes in accordance with the procedure. Out-
puts resulting from the evaluation may be used to mark
and/or separate tubes.

IV-880 EVALUATION

Evaluation of examination results for acceptance shall
be as specified in the written procedure and in accor-
dance with the referencing Code Section.

IV-890 DOCUMENTATION

IV-891 EXAMINATION REPORTS
A report of the examination shall contain the following

information:
(a) tube material specification, diameter, and wall

thickness condition
(b) coil or probe manufacturer, size and type
(c) mode of operation (absolute, differential, etc.)
(d) examination frequency or frequencies
(e) manufacturer, model, and serial number of eddy

current equipment
(f) scanning speed
(g) procedure identification and revision
(h) calibration standard and serial number
(i) identity of examination personnel, and, when re-

quired by the referencing Code Section, qualification level
(j) date of examination
(k) list of acceptable material
(l) date of procedure qualification
(m) results of procedure requalification (as applicable)

IV-893 RECORD RETENTION
Records shall be maintained in accordance with re-

quirements of the referencing Code Section.
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MANDATORY APPENDIX V
EDDY CURRENT MEASUREMENT OF

NONCONDUCTIVE-NONFERROMAGNETIC COATING THICKNESS
ON A NONFERROMAGNETIC METALLIC MATERIAL

V-810 SCOPE

This Appendix provides requirements for absolute
surface probe measurement of nonconduct ive-
nonferromagnetic coating thickness on a nonferromag-
netic metallic material.

V-820 GENERAL

This Appendix provides a technique for measuring
nonconductive-nonferromagnetic coating thicknesses on
a nonferromagnetic metallic substrate. The measure-
ments are made with a surface probe with the lift-off ca-
librated for thickness from the surface of the test
material. Various numbers of thickness measurements
can be taken as the probe’s spacing from the surface is
measured. Measurements can be made with various types
of instruments.

V-821 WRITTEN PROCEDURE REQUIREMENTS
V-821.1 Requirements. Eddy current examination

shall be performed in accordance with a written proce-
dure that shall, as a minimum, contain the requirements
listed in Table V-821. The written procedure shall estab-
l ish a single value, or range of values, for each
requirement.

V-821.2 Procedure Qualification/Technique Valida-
tion. When procedure qualification is specified by the re-
ferencing Code Section, a change of a requirement in
Table V-821 identified as an essential variable shall re-
quire requalification of the written procedure by demon-
stration. A change of a requirement, identified as a
nonessential variable, does not require requalification of
the written procedure. All changes of essential or nones-
sential variables from those specified within the written
procedure shall require revision of, or an addendum to,
the written procedure.

V-822 PERSONNEL QUALIFICATION
The user of this Appendix shall be responsible for as-

signing qualified personnel to perform eddy current ex-
amination in accordance with requirements of this
Appendix and the referencing Code Section.

V-823 PROCEDURE/TECHNIQUE
DEMONSTRATION

The procedure/technique shall be demonstrated to the
satisfaction of the Inspector in accordance with the re-
quirements of the referencing Code Section.

V-830 EQUIPMENT

The eddy current instrument may have a storage type
display for phase and amplitude or it may contain an ana-
log or digital meter. The frequency range of the instru-
ment shall be adequate for the material and the coating
thickness range.

Table V-821
Requirements of an Eddy Current

Examination Procedure for the Measurement
of Nonconductive-Nonferromagnetic Coating

Thickness on a Metallic Material

Requirement
Essential
Variable

Nonessential
Variable

Examination frequency X …
Absolute mode X …
Size and probe type(s),
manufacturer’s name and
description

X …

Substrate material X …
Equipment manufacturer/model X …
Cabling (type and length) X …
Nonconductive calibration
material (nonconductive
shims)

… X

Personnel qualification
requirements unique to this
technique

… X

Reference to the procedure
qualification records

… X

Examination surface preparation … X
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V-831 PROBES
The eddy current absolute probe shall be capable of in-

ducing alternating currents into the material and sensing
changes in the separation (lift-off) between the contact
surface of the probe and the substrate material.

V-850 TECHNIQUE

A single frequency technique shall be used with a suit-
able calibration material such as nonconductive shim(s),
paper, or other nonconductive nonferromagnetic materi-
al. The shims or other material thicknesses shall be used
to correlate a position on the impedance plane or meter
reading with the nonconductive material thicknesses
and the no thickness position or reading when the probe
is against the bare metal. If the thickness measurement is
used only to assure a minimum coating thickness, then
only a specimen representing the minimum thickness
need be used.

V-860 CALIBRATION

The probe frequency and gain settings shall be selected
to provide a suitable and repeatable examination. The
probe shall be nulled on the bare metal.
(a) Impedance Plane Displays. For instruments with im-

pedance plane displays, gains on the vertical and horizon-
tal axes shall be the same value. The phase or rotation
control and the gain settings shall be adjusted so that
the bare metal (null) and the air point are located at diag-
onally opposite corners of the display. A typical coating
thickness calibration curve is illustrated in Figure V-860.
(b) Meter Displays. For instruments with analog meter

displays, the phase and gain controls shall be used to pro-
vide near full scale deflection between the bare metal and
maximum coating thickness.
(c) All Instruments. For all instruments, the difference

in meter readings or thickness positions on the screen
shall be adequate to resolve a 10% change in the maxi-
mum thickness.

(d) Calibration Data. The screen positions or meter
readings and the shim thicknesses shall be recorded along
with the bare metal position or meter reading.
(e) Verification of Calibration. Calibration readings shall

be verified every two hours. If, during recalibration, a
reading representing a coating thickness change greater
than ±10% from the prior calibration is observed, exam-
inations made after the prior calibration shall be
repeated.

V-870 EXAMINATION

Coating thickness measurements shall be taken at indi-
vidual points as indicated in the referencing Code Section.
If it is desired to measure the minimum coating thickness
or maximum coating thickness on a surface, a suitable
grid pattern shall be established and measurements shall
be taken at the intersections of the grid pattern. Measure-
ments shall be recorded.

V-880 EVALUATION

Coating thicknesses shall be compared with the accep-
tance standards of the referencing Code Section.

V-890 DOCUMENTATION

V-891 EXAMINATION REPORT
The report of the examination shall contain the follow-

ing information:
(a) procedure identification and revision
(b) examination personnel identity, and, when required

by the referencing Code Section, qualification level
(c) date of examination
(d) results of examination and related sketches or maps

of thickness measurements
(e) identification of part or component examined

V-893 RECORD RETENTION
Records shall be maintained in accordance with re-

quirements of the referencing Code Section.
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Figure V-860
Typical Lift-off Calibration Curve for Coating Thickness Showing Thickness Calibration Points Along the

Curve
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MANDATORY APPENDIX VI
EDDY CURRENT DETECTION AND MEASUREMENT OF DEPTH OF
SURFACE DISCONTINUITIES IN NONFERROMAGNETIC METALS

WITH SURFACE PROBES

VI-810 SCOPE

This Appendix provides the requirements for the detec-
tion andmeasurement of depth for surface discontinuities
in nonferromagnetic-metallic materials using an absolute
surface probe eddy current technique.

VI-820 GENERAL

This Appendix provides a technique for the detection
and depth measurement of cracks and other surface dis-
continuities in nonferromagnetic metal components. An
absolute surface probe containing a single excitation coil
is scanned over the surface of the examination object.
When a surface discontinuity is encountered by the mag-
netic field of the probe, eddy currents generated in the
material change their flow and provide a different mag-
netic field in opposition to the probe’s magnetic field.
Changes in the eddy current’s magnetic field and the
probe’s magnetic field are sensed by the instrument and
are presented on the instrument’s impedance plane dis-
play. These instruments generally have capability for re-
taining the signal on the instrument’s display where any
discontinuity signal can be measured and compared to
the calibration data.

VI-821 WRITTEN PROCEDURE REQUIREMENTS
VI-821.1 Requirements. Eddy current examination

shall be performed in accordance with a written proce-
dure that shall, as a minimum, contain the requirements
listed in Table VI-821. The written procedure shall estab-
l ish a single value, or range of values, for each
requirement.

VI-821.2 Procedure Qualification. When procedure
qualification is specified by the referencing Code Section,
a change of a requirement in Table VI-821 identified as an
essential variable shall require requalification of the writ-
ten procedure by demonstration. A change of a require-
ment identified as a nonessential variable does not
require requalification of the written procedure. All
changes of essential or nonessential variables from those
specified within the written procedure shall require revi-
sion of, or an addendum to, the written procedure.

VI-822 PERSONNEL QUALIFICATION
The user of this Appendix shall be responsible for as-

signing qualified personnel to perform eddy current ex-
amination in accordance with requirements of this
Appendix and the referencing Code Section.

VI-823 PROCEDURE/TECHNIQUE
DEMONSTRATION

The procedure/technique shall be demonstrated to the
satisfaction of the Inspector in accordance with the re-
quirements of the referencing Code Section.

Table VI-821
Requirements of an Eddy Current

Examination Procedure for the Detection and
Measurement of Depth for Surface

Discontinuities in Nonferromagnetic Metallic
Materials

Requirement
Essential
Variable

Nonessential
Variable

Examination frequency X …
Size and probe type(s),
manufacturer’s name and
description

X …

Material X …
Equipment manufacturer/model X …
Cabling (type and length) X …
Reference specimen and notch
depths

X …

Personnel qualification, when
required by the referencing
Code Section

X …

Personnel qualification
requirements unique to this
technique

… X

Reference to the procedure
qualification records

… X

Examination surface preparation … X
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VI-830 EQUIPMENT

The eddy current instrument may have a storage type
display for phase and amplitude on an impedance plane.
The frequency range of the instrument shall be adequate
to provide for a suitable depth of penetration for the ma-
terial under examination.

VI-831 PROBES
The eddy current absolute probe shall be capable of in-

ducing alternating currents into the material and sensing
changes in the depth of the notches in the reference speci-
men. The probe and instrument at the frequency to be
used in the examination shall provide a signal amplitude
for the smallest reference notch of a minimum of 10% full
screen height (FSH). With the same gain setting for the
smallest notch, the signal amplitude on the largest notch
shall be a minimum of 50% FSH. If the amplitudes of the
signals cannot be established as stated, other probe impe-
dances or geometries (windings, diameters, etc.) shall be
used.

VI-832 REFERENCE SPECIMEN
A reference specimen shall be constructed of the same

alloy as the material under examination. Minimum di-
mensions of the reference specimen shall be 2 in.
(50 mm) by 4 in. (100 mm) and shall contain a minimum
of two notches. Notch length shall be a minimum of
0.25 in. (6 mm) and notch depth shall be the minimum
to be measured and the maximum depth allowed. If smal-
ler length notches are required to be detected by the re-
ferencing Code Section, the reference specimen shall
contain a smaller length notch meeting the referencing
Code requirements. The depth shall have a tolerance
of +10% and −20% of the required dimensions. A typical
reference specimen for measuring flaw depths in the
range of 0.01 in. (0.25 mm) through 0.04 in. (1 mm) is
shown in Figure VI-832.

When curvature of the examination object in the area of
interest is not flat and affects the lift-off signal, a reference
specimen representing that particular geometry with the
applicable notches shall be used.

VI-850 TECHNIQUE

A single frequency technique shall be used. The fre-
quency shall be selected to result in an impedance plane
presentation that will result in a 90 deg phase shift be-
tween the lift-off signal and the flaw signals. The resulting
signals will be displayed using an impedance plane pre-
sentation with one axis representing the lift-off signal
and the other axis representing the reference notch and
flaw signal responses. The gain control on each axis dis-
playing the flaw signals shall be adjusted to present am-
plitude for the flaw signal from the deepest notch to be
at least 50% of the vertical or horizontal display it is pre-
sented on. Typical responses of the calibrated instrument

are shown in Figure VI-850. Note that the display may be
rotated to show these indications in accordance with the
procedure. Typically, the gain setting on the axis display-
ing the discontinuity signal will have a gain setting higher
than the axis displaying lift-off. Discontinuity indications
will be mostly vertical or horizontal (at 90 deg to lift-off).
Any surface discontinuities in the examination specimen
would provide similar indications.

VI-860 CALIBRATION

The probe frequency and gain settings shall be selected
to provide a suitable depth of penetration within the ma-
terial so that the depth of the deepest notch is distinguish-
able from the next smaller notch. The gain settings on the
vertical and horizontal axis shall be set so that there is a
dB difference with the discontinuity depth gain being
higher. The probe shall be nulled on the bare metal away
from the notches. The X-Y position of the null point shall
be placed on one corner of the screen. The phase or rota-
tion control shall be adjusted so that when the probe is
lifted off the metal surface, the display point travels at
90 deg to the discontinuity depth. Increase the vertical
or horizontal gain, as applicable, if the smallest indication
or the largest indication from the notches do not make
10% or 50% FSH, respectively. Maximum response from
the notches is achieved when the probe is scanned per-
pendicular to the notch and centered on the notch. Differ-
ences in the vertical and horizontal gain may have to be
adjusted. The screen indication lengths from the baseline
(lift-off line) for each of the notch depths shall be
recorded.

VI-870 EXAMINATION

The area of interest shall be scanned with overlap on
the next scan to include at least 10% of the probe dia-
meter. If the direction of suspected discontinuities are
known, the scan direction shall be perpendicular to the
long axis of the discontinuity. The object shall be scanned
in two directions, 90 deg to each other. During the exam-
ination, the maximum scanning speed and lift-off distance
shall not be greater than those used for calibration.

VI-880 EVALUATION

The discontinuity shall be scanned perpendicular to its
long axis to determine its maximum depth location and
value. The maximum depth of any discontinuity detected
shall be compared with the appropriate response of the
reference specimen as specified in the referencing Code
Section.
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VI-890 DOCUMENTATION

VI-891 EXAMINATION REPORT
The report of the examination shall contain the follow-

ing information:
(a) procedure identification and revision
(b) examination personnel identity, and, when required

by the referencing Code Section, qualification level
(c) date of examination
(d) results of examination and related sketches or maps

of indications exceeding acceptance standard

(e) identification of part or component examined
(f) identification of reference specimen
(g) calibration results, minimum and maximum discon-

tinuity depth measured

VI-893 RECORD RETENTION
Records shall be maintained in accordance with re-

quirements of the referencing Code Section.

Figure VI-832
Reference Specimen

1 in. (25 mm)

Typical

1 in. (25 mm)

Typical

1 in. (25 mm)

Typical

0.010 in.
  (0.25 mm)

0.020 in.
  (0.5 mm)

0.040 in.
  (1 mm)

Typical Notch Depths

GENERAL NOTES:
(a) Typical notch dimensions are 0.25 in. (6 mm) length × 0.010 in. (0.25 mm) width.
(b) Tolerances on notch dimensions are ±10% for length and width, and +10% and −20% for depth.

Figure VI-850
Impedance Plane Representations of Indications From Figure VI-832
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MANDATORY APPENDIX VII
EDDY CURRENT EXAMINATION OF FERROMAGNETIC AND

NONFERROMAGNETIC CONDUCTIVE METALS TO DETERMINE IF
FLAWS ARE SURFACE CONNECTED

VII-810 SCOPE

This Appendix provides the requirements for using an
eddy current examination (ET) procedure to determine
if flaws are surface connected (i.e., open to the surface
being examined). With appropriate selection of para-
meters, the method is applicable to both ferromagnetic
and nonferromagnetic conductive metals.

VII-820 GENERAL

VII-821 PERFORMANCE
This Appendix provides requirements for the evalua-

tion of flaws, detected by other nondestructive examina-
tions, utilizing a surface probe operating at a suitable
test frequency or combination of frequencies. The resul-
tant phase and amplitude responses are used to deter-
mine if flaws are surface connected.

VII-822 PERSONNEL QUALIFICATION
The user of this Appendix shall be responsible for as-

signing qualified personnel to perform eddy current ex-
amination in accordance with requirements of this
Appendix or the referencing Code Section.

VII-823 WRITTEN PROCEDURE REQUIREMENTS
VII-823.1 Requirements. Eddy current examinations

shall be performed in accordance with a written proce-
dure, which shall contain, as a minimum, the require-
ments listed in Table VII-823. The written procedure
shall establish a single value or range of values, for each
requirement.

VII-823.2 Procedure Qualification. When procedure
qualification is specified by the referencing Code Section,
a change of a requirement in Table VII-823 identified as
an essential variable shall require requalification of the
written procedure by demonstration. A change of a re-
quirement identified as a nonessential variable does not
require requalification of the written procedure. All
changes of essential or nonessential variables from those
specified within the written procedure shall require revi-
sion of or an addendum to the written procedure.

VII-830 EQUIPMENT

VII-831 SYSTEM DESCRIPTION
The eddy current system shall consist of an eddy cur-

rent instrument, surface probe, and cable connecting
the instrument and the probe.

VII-832 SURFACE PROBES
The eddy current probes shall be either differential or

absolute type. They shall be capable of inducing alternat-
ing currents in the material being examined and be cap-
able of sensing changes in the resultant electromagnetic
field.

VII-833 CABLES
Cables connecting the eddy current instrument and

probes shall be designed and assembled to operate with
these components.

Table VII-823
Requirements of an Eddy Current Surface

Examination Procedure

Requirement (as Applicable)
Essential
Variable

Nonessential
Variable

Frequencies X …
Mode (differential/absolute) X …
Probe type X …
Maximum scanning speed X …
Material being examined X …
Material surface condition X …
Reference specimen material and
simulated flaws

X …

ET instrument manufacturer/
model

X …

Data presentation — display X …
Cabling (type and length) X …
Use of saturation X …
Analysis method X …
Scanning technique … X
Surface preparation … X
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VII-834 INSTRUMENTATION
The eddy current instrument shall be capable of driving

the probes selected for this examination with alternating
current over a suitable range of frequencies. The eddy
current instrument shall be capable of sensing and dis-
playing differences in phase and amplitude correlated to
the depth of discontinuities. The instrument shall be cap-
able of operating in either the absolute or differential
mode. The persistence shall be adjusted to display the
phase and amplitude responses of the reference specimen
notches and flaws in the material under examination.

VII-835 REFERENCE SPECIMEN
The reference specimen shall be constructed of the

same alloy and product form as the material being exam-
ined. The reference specimen shall be as specified in
Figure VII-835. Calibration references consist of two
surface-connected notches and two bridged notches, rep-
resenting both surface-connected and subsurface flaws.
The specimen shall be a minimum of 5.0 in. (125 mm)

long, 1.5 in. (38 mm) wide, and 1/4 in. (6 mm) thick. Addi-
tional notches and bridged notches may be added and
block lengthened when additional information or higher
precision is required. Surface conditions and finish of
both the reference specimen and the material being ex-
amined shall be similar.

VII-850 TECHNIQUE

A single or multiple frequency technique may be used.
The frequency(s) shall be selected to result in an impe-
dance plane presentation of 90 deg to 180 deg phase shift
between the surface and subsurface notch indications.

VII-860 CALIBRATION

VII-861 GENERAL
The probe frequency(s) and gain settings shall be se-

lected to provide a suitable phase spread while providing
sufficient penetration to ensure that the shallowest sub-
surface bridged notch indication is detected. Display gain
of the vertical and horizontal axis shall be set to provide
equal signal response. The ET instrument shall be ad-
justed to rotate the phase for the lift-off response to be
positioned at the 270 deg horizontal plane. Scanning shall
be conducted perpendicular to the length of the notches.
The gain shall be set to display the 0.020 in. (0.5 mm)
deep surface notch at 100% full screen height. At this gain
setting, the 0.010 in. (0.24 mm) deep surface notch should
be displayed at approximately 25% full screen height. The
gain settings for these two reference notches may be ac-
complished on separate frequencies. Balancing the instru-
ment will be conducted with the probe situated on the
space between notches. Scanning speed shall be adjusted
to allow the display to be formed for evaluation. The per-
sistence of the screen shall be adjusted to allow a

comparison of the responses from each notch. The screen
shall be cleared to prevent the display to become over-
loaded. The presentation shall be balanced prior to mak-
ing initial and final adjustments of phase and amplitude.
Responses in terms of amplitude and phase angle result-
ing from scanning the surface notches and notch bridges
shall be recorded.

VII-862 CALIBRATION RESPONSE
Typical responses from carbon steel and stainless steel

calibration specimens are shown in Figure VII-862. Note
that responses from ferromagnetic materials and nonfer-
romagnetic materials provide significantly different
displays.

VII-870 EXAMINATION

The flaw of interest shall be scanned with an overlap on
the adjacent scan to include approximately 50% of the
probe diameter. Scanning shall be conducted perpendicu-
lar to the flaw length. The identity of the flaw will be de-
termined from the phase and amplitude of the displayed
response. The phase and amplitude of flaws and their lo-
cation will be recorded. During the examination the max-
imum scanning speed and lift-off distance shall not be
greater than those used for calibration. The surface finish
of areas scanned shall be comparable to the reference
specimen.

VII-880 EVALUATION

Discrimination of surface-connected flaw responses
from those of subsurface flaws shall be determined by
comparable phase and amplitude responses obtained
from similar surface-connected notches and subsurface,
bridged notches contained in the reference specimen.

VII-890 DOCUMENTATION

VII-891 EXAMINATION REPORT
The report of the examination shall contain the follow-

ing information:
(a) procedure identification and revision
(b) identification of examination personnel
(c) qualification of personnel, when required by the re-

ferencing Code Section
(d) date of examination
(e) identification of component or material examined
(f) scan plan including frequency(s) and gain
(g) flaw identity (e.g., surface connected or not surface

connected)
(h) identification and drawing of reference calibration

specimen
(i) calibration results (display) showing the indications

of the bridged (subsurface) notches and surface notches
detected
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(j) ET equipment manufacturer, model, type, and serial
number

(k) probe manufacturer, model, type, and serial
number

(l) extension cable, if used, manufacturer, type, and
length

VII-892 RECORD RETENTION
Records shall be maintained in accordance with re-

quirements of the referencing Code Section.

Figure VII-835
Eddy Current Reference Specimen

1 in.
 (25 mm)

1 in.
 (25 mm)

1 in.
 (25 mm)

1 in.
 (25 mm)

1 in.
 (25 mm)

0.015 in.
 (0.37 mm)

0.004 in.
 (0.1 mm)

0.010 in.
 (0.24 mm)

0.020 in.
 (0.5 mm)

1/4 in.
 (6 mm)

1.5 in.
 (38 mm)

5 in. (125 mm)

GENERAL NOTES:
(a) Drawing not to scale.
(b) Typical notch length may vary from 1 in. (25 mm) to full block width. Full width notches will require welding at the ends or filling the

notch with epoxy to prevent block breakage.
(c) Maximum notch widths 0.010 in. (25 mm).
(d) Tolerance on notch bottoms +0/–10% from the examination surface.
(e) Block length, width, and thickness are as shown.
(f) Notch spacing and distance from ends of block are as shown.
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Figure VII-862
Impedance Plane Responses for Stainless Steel and Carbon Steel Reference Specimens

Subsurface 
 notch 
 indications 

0.015 in. 
 (0.37 mm) 

0.004 in. 
 (0.1 mm) 

0.020 in. 
 (0.5 mm) 

0.010 in. 
 (0.25 mm) 

Lift-off 
 direction 

Surface-
 connected
 notch
 indications

Surface-
 connected
 notch
 indications

0.020 in. 
 (0.5 mm) 

Lift-off 
 direction 

0.010 in. 
 (0.25 mm) 

0.004 in. 
 (0.1 mm) 

Subsurface 
 notch 
 indications 

0.015 in. 
 (0.37 mm) 

(a) Stainless Steel at Examination Frequency of 800 kHz 

(b) Carbon Steel at Examination Frequency of 800 kHz 
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MANDATORY APPENDIX VIII
ALTERNATIVE TECHNIQUE FOR EDDY CURRENT EXAMINATION

OF NONFERROMAGNETIC HEAT EXCHANGER TUBING,
EXCLUDING NUCLEAR STEAM GENERATOR TUBING

VIII-810 SCOPE

This Appendix provides the requirements for bobbin
coil, multifrequency, multiparameter, eddy current exam-
ination for installed nonferromagnetic heat exchanger
tubing, excluding nuclear steam generator tubing, when
this Appendix is specified by the referencing Code
Section.

VIII-820 GENERAL

This Appendix also provides the technique require-
ments for examining nonferromagnetic heat exchanger
tubing using the electromagnetic method known as near
field eddy current testing (the coil that generates the
magnetic field also senses changes in the magnetic field).
The method may employ one or more bobbin wound
coils. By scanning the tubing from the boreside, informa-
tion will be obtained from which the condition of the tub-
ing will be determined. Scanning is generally performed
with the bobbin coil(s) attached to a flexible shaft pulled
through tubing manually or by a motorized device. Re-
sults are obtained by evaluating data acquired and re-
corded during scanning. This Appendix does not
address tubing with enhanced heat transfer surfaces or
saturation eddy current testing.

VIII-821 WRITTEN PROCEDURE REQUIREMENTS
VIII-821.1 Requirements. Eddy current examinations

shall be conducted in accordance with a written proce-
dure, which shall, as a minimum, contain the require-
ments listed in Table VIII-821. The written procedure
shall establish a single value, or range of values, for each
requirement.

VIII-821.2 Procedure Qualification.When procedure
qualification is specified by the referencing Code Section,
a change of a requirement in Table VIII-821 identified as
an essential variable shall require requalification of the
written procedure by demonstration. A change of a re-
quirement identified as a nonessential variable does not
require requalification of the written procedure. All
changes of essential or nonessential variables from those
specified within the written procedure shall require revi-
sion of, or an addendum to, the written procedure.

VIII-821.3 Personnel Requirements. The user of this
Appendix shall be responsible for assigning qualified per-
sonnel to perform eddy current examination in accor-
dance with requirements of the referencing Code Section.

VIII-830 EQUIPMENT

VIII-831 DATA ACQUISITION SYSTEM
VIII-831.1 Multifrequency-Multiparameter Equip-

ment. The eddy current instrument shall have the cap-
a b i l i t y o f g e n e r a t i n g mu l t i p l e f r e q u e n c i e s
simultaneously or multiplexed and be capable of multi-
parameter signal combination. In the selection of frequen-
cies, consideration shall be given to optimizing flaw
detection and characterization.

(a) The outputs from the eddy current instrument shall
provide phase and amplitude information.

(b) The eddy current instrument shall be capable of op-
erating with bobbin coil probes in the differential mode or
the absolute mode, or both.

(c) The eddy current system shall be capable of real
time recording.

(d) The eddy current equipment shall be capable of
sensing and recording discontinuities, dimensional
changes, resistivity/conductivity changes, conductive/
magnetic deposits, and responses from imperfections ori-
ginating on either tube wall surface.

VIII-832 ANALOG DATA ACQUISITION SYSTEM
VIII-832.1 Analog Eddy Current Instrument.
(a) The frequency response of the outputs from the

eddy current instrument shall be constant within 2% of
full scale from dc to Fmax , where Fmax (Hz) is equal to
10 Hz-s/in. (0.4 Hz-s/mm) times maximum probe travel
speed [in./sec (mm/s)].

(b) Eddy current signals shall be displayed as two-
dimensional patterns by use of an X-Y storage oscillo-
scope or equivalent.

VIII-832.2 Magnetic Tape Recorder.
(a) The magnetic tape recorder used with the analog

equipment shall be capable of recording and playing back
eddy current signal data from all test frequencies and
shall have voice logging capability.
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(b) The frequency response of the magnetic tape re-
corder outputs shall be constant within 10% of the input
value from dc to Fma x , where Fma x (Hz) is equal to
10 Hz-s/in. (0.4 Hz-s/mm) times maximum probe travel
speed [in./sec (mm/s)].
(c) Signal reproducibility from input to output shall be

within 5%.

VIII-832.3 Strip Chart Recorder.
(a) Strip chart recorders used with analog equipment

shall have at least 2 channels.
(b) The frequency response of the strip chart recorder

shall be constant within 20% of full scale from dc to
F m a x , where F m a x (Hz) is equal to 10 Hz-s/in.
(0.4 Hz-s/mm) times maximum probe travel speed [in./
sec (mm/s)].

VIII-833 DIGITAL DATA ACQUISITION SYSTEM
VIII-833.1 Digital Eddy Current Instrument.
(a) At the scanning speed to be used, the sampling rate

of the instrument shall result in a minimum digitizing rate
of 30 samples per in. (1.2 samples per mm) of examined
tubing, use dr = sr/ss, where dr is the digitizing rate in
samples per in., sr is the sampling rate in samples per
sec or Hz, and ss is the scanning speed [in./sec (mm/sec)].
(b) The digital eddy current instrument shall have a

minimum resolution of 12 bits per data point.
(c) The frequency response of the outputs of analog

portions of the eddy current instrument shall be constant
within 2% of the input value from dc to Fmax , where Fmax

(Hz) is equal to 10 Hz-s/in. (0.4 Hz-s/mm) times maxi-
mum probe travel speed [in./sec (mm/s)].
(d) The display shall be selectable so that the examina-

tion frequency or mixed frequencies can be presented as a
Lissajous pattern as shown in Figure VIII-864.1.

(e) The Lissajous display shall have a minimum resolu-
tion of 7 bits full scale.
(f) The strip chart display shall be capable of display-

ing at least 2 traces.
(g) The strip chart display shall be selectable so either

the X or Y component can be displayed.
(h) The strip chart display shall have a minimum reso-

lution of 6 bits full scale.

VIII-833.2 Digital Recording System.
(a) The recording system shall be capable of recording

and playing back all acquired eddy current signal data
from all test frequencies.
(b) The recording system shall be capable of recording

and playing back text information.
(c) The recording system shall have a minimum resolu-

tion of 12 bits per data point.

VIII-834 BOBBIN COILS
VIII-834.1 General Requirements.
(a) Bobbin coils shall be able to detect artificial discon-

tinuities in the calibration reference standard.
(b) Bobbin coils shall have sufficient bandwidth for op-

erating frequencies selected for flaw detection and sizing.
(c) The probe fill factor [(probe diameter)2/(tube in-

side diameter)2 × 100] shall be a minimum of 80%.
(d) If the 80% fill factor cannot be achieved due to dent-

ing, corrosion, or other conditions, a minimum fill factor
of 60% may be used provided all other requirements of
this Article are met.

Table VIII-821
Requirements of an Eddy Current Examination Procedure

Requirements (as Applicable) Essential Variable Nonessential Variable

Tube material, size (outside diameter), and wall thickness X …
Mode of inspection — differential and/or absolute X …
Probe type and size(s) X …
Probe manufacturer, part or serial number, and description X …
Examination frequencies, drive voltage, and gain settings X …
Manufacturer and model of eddy current equipment X …
Maximum scanning speed X …
Scanning mode — manual, mechanized probe driver, remote controlled fixture X …
Identity of calibration reference standard(s) including drawing X …
Minimum digitization rate/samples per second X …
Procedure qualification X …
Personnel qualifications … X
Data recording equipment manufacturer and model … X
Data analysis parameters … X
Tube numbering … X
Tube examination surface preparation … X
Scanning equipment, extension cable, and fixtures … X
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VIII-850 TECHNIQUE

VIII-851 PROBE DATA ACQUISITION SPEED
The probe data acquisition speed shall not exceed that

which provides adequate frequency response and sensi-
tivity to the applicable calibration discontinuities and be
adjusted to provide a minimum digitization of 30 sam-
ples/in.

VIII-852 RECORDING
The eddy current signal data from all test frequencies

shall be recorded on the recording media as the probe tra-
verses the tube.

VIII-853 AUTOMATED DATA SCREENING
SYSTEM

When automated eddy current data screening systems
are used, each system shall be qualified in accordance
with a written procedure.

VIII-860 CALIBRATION

VIII-861 EQUIPMENT CALIBRATION
VIII-861.1 Analog Equipment. The following shall be

verified by annual calibration:
(a) the oscillator output frequency to the drive coil

shall be within 5% of its indicated frequency
(b) the vertical and horizontal linearity of the cathode

ray tube (CRT) display shall be within 10% of the deflec-
tion of the input voltage

(c) the ratio of the output voltage from the tape record-
er shall be within 5% of the input voltage for each channel
of the tape recorder

(d) the chart speed from the strip chart recorder shall
be within 5% of the indicated value

(e) amplification for all channels of the eddy current in-
strument shall be within 5% of the mean value, at all sen-
sitivity settings, at any single frequency

VIII-861.2 Digital Equipment. Digital equipment
shall be calibrated after repairs which may change the in-
strument’s accuracy are made.

VIII-862 CALIBRATION REFERENCE STANDARDS
VIII-862.1 Calibration Reference Standard Require-

ments. Calibration reference standards shall conform to
the following:

(a) Calibration reference standards shall be manufac-
tured from tube(s) of the same material specification
and nominal size as that to be examined.

(b) A comparison of the system null points observed in
the calibration reference standard and the tubing to be
examined shall be performed to validate that the resistiv-
ity of the calibration reference standard and the tubing
being examined is comparable as determined by Level III.

(c) Artificial discontinuities in calibration reference
standards shall be spaced axially so they can be individu-
ally evaluated and their eddy current responses can be
differentiated from each other and from the ends of the
tube. The as-built dimensions of the discontinuities shall
become part of the permanent record of the calibration
referenced specimen.

(d) Each calibration reference standard shall be perma-
nently identified with a serial number.

VIII-862.2 Calibration Reference Standards for Dif-
ferential and Absolute Bobbin Coils. Calibration refer-
ence standards shall contain the following artificial
discontinuities as a minimum:

(a) A single hole drilled 100% through the tube wall,
1/32 in. (0.8 mm) in diameter for 3/8 in. (10 mm) and smal-
ler O.D. tubing, 3/64 in. (1.2 mm) in diameter for greater
than 3/8 in. (10 mm) to 3/4 in. (19 mm) O.D. tubing, and
1/16 in. (1.5 mm) for tubing larger than 3/4 in. (19 mm) O.D.

(b) Four flat-bottom drill holes, 3/16 in. (5 mm) in dia-
meter, spaced 90-deg apart in a single plane around the
tube circumference, 20% through the tube wall from
the outer tube surface.

(c) One 360 deg circumferential groove, 1/8 in. (3 mm)
wide, 10% through the tube wall from the outer tube
surface.

(d) One 360 deg circumferential groove, 1/16 in.
(1.5 mm) wide, 10% through the tube wall from the inner
tube surface. Optional on smaller diameter tubing that
may not facilitate tooling.

(e) The depth of the calibration discontinuities, at their
center, shall be accurate to within 20% of the specified
depth or 0.003 in. (0.076 mm), whichever is smaller. All
other dimensions of the calibration discontinuities shall
be accurate to within 0.010 in. (0.25 mm).

(f) Additional calibration discontinuities that simulate
the anticipated or known conditions in the tubing or as
specifically defined by the owner may be included on
the same calibration standard with the above required
discontinuities or on a separate standard.

(g) The additional calibration discontinuities described
in (f) do not need to meet the tolerances in (e) as long as
they simulate the anticipated conditions of the tubing to
be examined and their actual as-built dimensions are
used for the evaluation of the data.

(h) The additional calibration discontinuities described
in (f) should

(1) allow for three calibration curve set points (e.g.,
60%, 40%, 20% through wall)

(2) have an adequate axial dimension to encompass
the field of the probe coils [e.g., 5/8 in. (15 mm)] for large
volume wall loss discontinuities, such as steam erosion or
tube-to-tube wear

VIII-863 BASE FREQUENCY
The base frequency shall be between f90 and 2.1 × f90

as defined by the following equations:
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(a)Minimum Base Frequency:

(b)Maximum Base Frequency:

where

f90 = the frequency which generates a 90 deg phase sep-
aration between a shallow inside originated defect
and a shallow outside originated defect

ρ = tube material resistivity (μΩ·cm)
t = tube wall thickness [in. or (mm/25)]

μ r = relative magnetic permeability (μ r = 1.0 for non-
magnetic materials)

VIII-864 SETUP AND ADJUSTMENT
VIII-864.1 Differential Bobbin Coil Technique.
(a) The sensitivity shall be adjusted to produce a mini-

mum Lissajous response of 50% screen height from the
four 20% flat-bottom holes or as determined by the cog-
nizant Level III or data analyst.
(b) The phase rotation shall be adjusted so the signal

response due to the 10% inside originated groove is with-
in 5 deg of the horizontal axis (max rate). The response
due to the through-wall hole forms either up and to the
left or down and to the right first as the probe is with-
drawn from the calibration reference standard.
(c) Withdraw the probe through the calibration refer-

ence standard at the qualified examination speed. Record
the responses of the applicable calibration reference stan-
dard discontinuities. The responses shall be clearly indi-
cated by the instrument and shall be distinguishable
from each other as well as from probe motion signals.

(d) The f90 frequency should be verified by a 90 deg
phase separation between the inside and outside origi-
nated 10% deep grooves. See example in Figure
VIII-864.1.

VIII-864.2 Absolute Bobbin Coil Technique.
(a) The sensitivity shall be adjusted to produce a mini-

mum Lissajous response of 25% screen height from the
four 20% flat-bottom holes or as determined by the cog-
nizant Level III or data analyst.
(b) The phase rotation control shall be adjusted so the

signal response due to the 10% inside originated groove
is within 5 deg (peak-to-peak) of the horizontal axis.
The signal response due to the through-wall hole can be
formed up and to the left or down and to the right as
the probe is withdrawn from the calibration reference
standard.
(c) Withdraw the probe through the calibration refer-

ence standard at the qualified examination speed. Record
the responses of the applicable calibration reference stan-
dard discontinuities. The responses shall be clearly indi-
cated by the instrument and shall be distinguishable
from each other as well as from probe motion signals.
(d) The f90 frequency should be verified by a 90 deg

phase separation between the inside and outside origi-
nated 10% deep grooves. See example in Figure
VIII-864.2.

VIII-864.3 Digital System Off-Line Calibration. The
eddy current examination data is digitized and recorded
during scanning for off-line analysis and interpretation.
The system setup of phase and amplitude settings shall
be performed off-line by the data analyst. Phase and am-
plitude settings shall be such that the personnel acquiring
the data can clearly discern that the eddy current instru-
ment is working properly.

VIII-864.4 System Calibration Verification.
(a) Calibration shall include the complete eddy current

examination system. Changes of any probe, extension
cables, eddy current instrument, recording instruments,

Figure VIII-864.1
Differential Technique Response From

Calibration Reference
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Figure VIII-864.2
Absolute Technique From Calibration Reference
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 hole
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 groove 
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or any other parts (essential variables) of the eddy cur-
rent examination system hardware shall require
recalibration.

(b) System calibration verification shall be performed
and recorded at the beginning and end of each unit of data
storage of the recording media and every 4 hr.

(c) Should the system be found to be out of calibration
(as defined in VIII-864.1 and VIII-864.2), the equipment
shall be recalibrated. The recalibration shall be noted
on the recording media. The cognizant Level III or data
analyst shall determine which tubes, if any, shall be
reexamined.

VIII-870 EXAMINATION

The maximum probe travel speed used for examination
shall not exceed that used for calibration. Data shall be re-
corded as the probe traverses the tube.

VIII-880 EVALUATION

VIII-881 DATA EVALUATION
Data shall be evaluated in accordance with the require-

ments of this Appendix.

VIII-882 MEANS OF DETERMINING INDICATION
DEPTH

For indication types that must be reported in terms of
depth, a means of correlating the indication depth with
the signal amplitude or phase shall be established. The
means of correlating the signal amplitude or phase with
the indication depth shall be based on the basic calibra-
tion standard or other representative standards that have
been qualified. This shall be accomplished by using
curves, tables, or equations and aided by software.

VIII-883 FREQUENCIES USED FOR DATA
EVALUATION

All indications shall be evaluated. Indication types,
which must be reported, shall be characterized using
the frequencies or frequency mixes that were qualified.

VIII-890 DOCUMENTATION

VIII-891 REPORTING
VIII-891.1 Criteria. Indications reported in accor-

dance with the requirements of this Appendix shall be de-
scribed in terms of the following information, as a
minimum:

(a) location along the length of the tube and with re-
spect to the support members, when the indication iden-
tification is relevant to a specific location (i.e., fretting @
baffle 2)

(b) depth of the indication through the tube wall

(c) frequency or frequency mix from which the indica-
tion was evaluated

VIII-891.2 Depth. The maximum evaluated depth of
flaws shall be reported in terms of percentage of tube wall
loss. When the loss of tube wall is determined by the ana-
lyst to be less than 20%, the exact percentage of tube wall
loss need not be recorded, i.e., the indication may be re-
ported as being less than 20%.

VIII-891.3 Nonquantifiable Indications. A non-
quantifiable indication is a reportable indication that can-
not be characterized. The indication shall be considered a
flaw until otherwise resolved.

VIII-892 SUPPORT MEMBERS
VIII-892.1 Location of Support. The location of sup-

port members used as reference points for the eddy cur-
rent examination shall be verified by fabrication drawings
or the use of a measurement technique.

VIII-893 RECORDS
VIII-893.1 Record Identification. The recording med-

ia shall contain the following information within each unit
of data storage:

(a) procedure identification and revision
(b) plant site, unit, and Owner
(c) heat exchanger identification
(d) data storage unit number
(e) date of examination
(f) serial number of the calibration standard
(g) operator’s identification and certification level
(h) examination frequency or frequencies
(i) mode of operation including instrument sample

rate, drive voltage, and gain settings
(j) lengths of probe and probe extension cables
(k) size and type of probes
(l) probe manufacturer’s name and manufacturer’s

part number or probe description and serial number
(m) eddy current instrument model and serial number
(n) probe scanning mode and direction during data

acquisition
(o) application side — inlet or outlet
(p) slip ring serial number, as applicable
(q) tube material, size, and wall thickness

VIII-893.2 Tube Identification.
(a) Each tube examined shall be identified on the appli-

cable unit of data storage and should be consistent with
the manufacturer’s as-built drawings, Owner's numbering
scheme, and/or previous inspection.

(b) The method of recording the tube identification
shall correlate tube identification with corresponding re-
corded tube data.

VIII-893.3 Reporting.
(a) The Owner or his agent shall prepare a report of the

examinations performed. The report shall be prepared,
filed, and maintained in accordance with the referencing
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Code Section. The procedures and equipment used shall
be sufficiently identified to permit the comparison of ex-
isting results to those of previous and subsequent exam-
inations. This shall include initial calibration data for each
eddy current examination system or part thereof.
(b) The report shall include a record indicating the

tubes examined (this may be marked on a tubesheet
sketch or drawing), any scanning limitations, the location

and depth of each reported flaw, and the identification
and certification level of the operators and data evalua-
tors that conducted each examination or part thereof.
(c) Tubes that are to be repaired or removed from ser-

vice, based on eddy current examination data, shall be
identified.

VIII-893.4 Record Retention. Records shall be main-
tained in accordance with requirements of the referen-
cing Code Section.
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MANDATORY APPENDIX IX
EDDY CURRENT ARRAY EXAMINATION OF FERROMAGNETIC

AND NONFERROMAGNETIC MATERIALS FOR THE DETECTION OF
SURFACE-BREAKING FLAWS

IX-810 SCOPE

This Appendix provides the requirements for the detec-
tion and length sizing of surface-breaking flaws on ferro-
magnetic and nonferromagnetic materials using the eddy
current array (ECA) technique.

IX-820 GENERAL REQUIREMENTS

IX-821 ECA TECHNIQUE
The ECA technique may be applied to detect linear and

nonlinear surface-breaking flaws. Length sizing of flaws
may also be accomplished when an encoder is used.
ECA may be used on ferromagnetic and nonferromagnetic
materials. ECA provides the ability to electronically moni-
tor the output of multiple eddy-current sensing coils
placed side by side or in other orientations within the
same probe assembly. The ECA technique effectively re-
places raster scanning with a single-pass scan, provided
the probe size is adequate to cover the area of interest
(see Figure IX-821-1). When a surface flaw is encountered
by the magnetic field of an individual coil, eddy currents
generated in the material change their flow and provide
a secondary magnetic field in opposition to the coil’s pri-
mary magnetic field. Modifications to the coil’s primary
magnetic field are processed and presented on the equip-
ment’s strip chart, phase-amplitude diagram, and two-
dimensional and/or three-dimensional C-scan displays.

IX-822 WRITTEN PROCEDURE REQUIREMENTS
The ECA examination shall be performed in accordance

with a written procedure that shall, as a minimum, con-
tain the requirements listed in Table IX-822-1. The writ-
ten procedure shall establish a single value, or a range
of values, for each requirement.

IX-823 PROCEDURE QUALIFICATION
When a written procedure qualification is specified by

the referencing Code Section, a change of a requirement
in Table IX-822-1 identified as an essential variable shall
require requalification of the written procedure by de-
monstration. A change of a requirement identified as a
nonessential variable does not require requalification of
the written procedure. All changes of essential or nones-
sential variables from those specified within the written
procedure shall require revision of, or an addendum to,
the written procedure.

IX-824 PERSONNEL QUALIFICATION
The user shall be responsible for assigning qualified

personnel to perform the ECA examinations in accor-
dance with the requirements of this Appendix, the refer-
encing Code Section, and their employer’s written
practice. The minimum qualification level of personnel
performing ECA examinations shall be Eddy Current
(ET) Level II with a minimum of 20 hr supplemental
ECA training. Supplemental training on the use of the
ECA method shall cover, at a minimum, the following
topics:

(a) training on the specific ECA hardware and software
used

(b) ECA advantages and limitations
(c) ECA probe types, construction, and operation
(d) channel standardization
(e) C-scan interpretation
(f) phase-amplitude data analysis interpretation
(g) encoded scans

Figure IX-821-1
ECA Technique Compared to Raster Scan

Single-Coil

Raster Scan

ECA

Method
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IX-825 PROCEDURE DEMONSTRATION
The examination procedure shall be demonstrated to

the satisfaction of the Inspector and responsible Level
III in accordance with requirements of the referencing
Code Section.

IX-830 EQUIPMENT

IX-831 DIGITAL DATA ACQUISITION EQUIPMENT
ECA equipment shall manage the ECA probe signals

based on a channel multiplexing or a parallel channel sys-
tem. ECA instrumentation with a minimum frequency
range of 1 kHz to 4 MHz and associated software shall
be used. The ECA instrument and software shall
(a) allow standardizing the ECA probe signal response

by conducting individual adjustments (e.g., scaling) to
the data response of each coil channel in order to provide
a uniform response and sensitivity among the array chan-
nels (i.e., channel standardization).
(b) display data as a two-dimensional C-scan allowing

for image-based analysis. Data shall also be displayed in
the traditional phase-amplitude diagram and strip chart
views.
(c) allow adjustment of encoder settings and display

resolution (inch/sample [millimeter/sample]).
(d) allow recording of the ECA data in a format for eva-

luation and archival storage.

IX-832 PROBES
ECA probes shall
(a) provide coverage that extends 0.125 in. (3.2 mm)

beyond the area of interest unless multiple overlapping
scans are used.
(b) exhibit a uniform sensitivity across the array sen-

sor. Overlapping individual sensing elements may be re-
quired to achieve a level of uniform sensitivity (e.g.,

multiple staggered rows of single sensing elements is ty-
pical). For the purpose of detection only, multiple scans of
the same reference standard flaw shall maintain an ampli-
tude response of at least 60% of the maximum amplitude
detected. See Figure IX-832-1.
(c) allow detection of volumetric and linear surface-

breaking flaws in all orientations.
(d)match the geometry of the area of interest to mini-

mize the distance between the surface examined and the
individual sensing elements (i.e., lift-off).

IX-833 REFERENCE STANDARD (SEE FIGURE
IX-833-1)

A reference standard shall be constructed of the same
material grade as to be examined. The surface roughness
of the reference standard shall be representative of the
surface roughness of the component surface to be exam-
ined. The reference standard shall have 1.5 in. (38 mm) of
a flaw-free region at the beginning and end of the longitu-
d ina l scann ing d i rec t i on . Fe r romagne t i c and

Table IX-822-1
Written Procedure Requirements for an ECA Examination

Requirement Essential Variable Nonessential Variable

Instrument (manufacturer, model) X …
Probe (manufacturer, model) X …
ECA probe topology X …
Examination frequencies, drive voltage, and gain settings X …
Scanning mode (e.g., manual, mechanized, or remote-controlled) X …
Scan plan, coverage, overlap, and scanning direction X …
Identity of calibration reference standard(s) X …
Minimum sample density along scanning axis [samples/inch (samples/millimeter)] X …
Surface condition X …
Maximum scanning speed during data acquisition X …
Personnel qualification X …
Data recording … X
Data analysis parameters … X
Examination specimen numbering … X

Figure IX-832-1
Array Coil Sensitivity Variance

A
m

p
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u
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Probe width

Max. (100%)

Min. (60%)

GENERAL NOTE: Multiple scans of the same flaw shall consistently
provide at least 60% of the maximum detected amplitude.
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nonferromagnetic reference standards shall have a mini-
mum of one flat-bottom hole and three surface notches.
The surface notches shall include oblique (i.e., 45 deg),
transverse, and longitudinal orientations. The distance
between flaws in the same longitudinal direction shall
be a minimum of 0.5 in. (13 mm). The flat-bottom hole
shall have a maximum diameter and depth of 0.062 in.
(1.57 mm) and 0.040 in. (1.0 mm), respectively. Each
notch length, width, and depth shall be a maximum of
0.062 in. (1.57 mm), 0.010 in. (0.25 mm), and 0.040 in.
(1.0 mm), respectively. In addition, reference standards
for ferromagnetic and nonferromagnetic materials shall
have a long transverse notch of constant depth for use
with channel standardization. The length of the long
transverse notch shall be at least 1.0 in. (25 mm) longer
than the coverage of the ECA probe coils. The width and
depth of the long notch shall be a maximum of 0.010 in.
(0.25 mm) and 0.040 in. (1.0 mm), respectively. When
the examination region of interest is a curved surface re-
quiring a rigid probe with a matching contoured surface, a
reference specimen representing that particular geome-
try with the above referenced flaws shall be used. Machin-
ing during the manufacture of the reference standard
shall avoid excessive cold-working, overheating, and
stress to prevent magnetic permeability variations.

IX-840 APPLICATION REQUIREMENTS

IX-841 SCANNING SPEED
The scanning speed shall not exceed that which pro-

vides detection of the reference standard flaws. A data-
amplitude-based signal-to-noise ratio (SNR) for all flaws
shall be maintained at a value greater than 3. The mini-
mum sample density along the scanning axis shall be
50.0 samples/in. (2.0 samples/mm).

IX-842 COATED SURFACES
(a)When examining a coated material, the coating

thickness on the reference standard shall be the maxi-
mum allowed on the examination surface by the coating
specification. Plastic shim stock may be used to simulate
nonconductive coatings for procedure qualification.

(b) Using the maximum scanning speed specified by the
procedure, the procedure shall be demonstrated to con-
sistently detect the reference standard flaws through
the maximum coating thickness regardless of flaw orien-
tation. A data-amplitude-based SNR for all flaws shall be
maintained at a value greater than 3.

IX-843 MAGNETIC PERMEABILITY VARIANCE
In the event that the magnetic permeability along the

scanning axis changes to the extent that the ECA data sig-
nals on the phase-amplitude diagram become saturated,
the NDE technician shall perform a system calibration
verification using the reference standard, rebalance the
instrument with the probe positioned in the affected area,
and rescan the region.

IX-844 AUTOMATED DATA SCREENING SYSTEM
When automated eddy current data screening systems

(e.g., alarm boxes) are used, each system shall be qualified
in accordance with a written procedure.

IX-850 TECHNIQUE

IX-851 FREQUENCY, PROBE DRIVE, AND GAIN
SELECTION

A single-frequency or multifrequency technique may be
used. The frequency shall be selected to maximize the
phase spread between the lift-off signal and reference
flaws. Probe drive and gain shall be adjusted until the re-
sponse of the reference flaws has a data-amplitude-based
SNR greater than 3.

Figure IX-833-1
Example Reference Standard

Flat bottom hole, 1
Surface notches, 2–4
Long traverse notch, 5

1 2

5

3 4

1.5 in.
(38 mm)

No
defects

1.5 in.
(38 mm)

No
defects
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IX-852 CHANNEL STANDARDIZATION
If the topology selected for an examination features dif-

ferent channel types (e.g., longitudinal and transverse
sensitivity), channel standardization shall be performed
for each channel type. The flaw response from each array
channel shall be reviewed via the traditional phase-
amplitude diagram to ensure that the channel standardi-
zation was completed successfully. The channel standar-
dization process shall be performed on a reference
standard with a machined notch of known length, width,
and depth. Other reference points such as known lift-off
or a metal-to-air transition may be used if equivalent per-
formance to a machined notch can be demonstrated.

IX-853 COLOR PALETTE ADJUSTMENT
The color palette scale shall be adjusted until the refer-

ence flaws can be clearly distinguished when compared to
lift-off, geometry change, and non-flaw-related signals.

IX-860 CALIBRATION

IX-861 EQUIPMENT CALIBRATION
ECA instrumentation shall be calibrated annually, when

the equipment is subjected to damage, and/or after any
major repair. A label showing the latest date of calibration
and calibration due date shall be attached to the ECA
instrument.

IX-862 SYSTEM CALIBRATION AND
VERIFICATION

(a) System calibration of the examination equipment
shall be performed with the use of a reference standard
as specified in the written procedure. This calibration
shall include the complete eddy current examination sys-
tem and shall be performed prior to the start of the exam-
ination. A verification shall be performed at the
conclusion of the examination or series of examinations.
(b) Calibration verification using the reference stan-

dard shall be performed when either of the following
occurs:

(1) a change in material properties that causes signal
saturation

(2) examination of a new component

IX-870 EXAMINATION

IX-871 SURFACE CONDITION
Cleaning of the material surface shall be conducted to

remove loose ferromagnetic, conductive, and nonconduc-
tive debris.

IX-872 SCANNING METHOD (SEE FIGURE
IX-872-1)

Pressure applied to the ECA probe shall be sufficient to
maintain contact with the part under examination. When
using a conformable array probe, consistent pressure
shall be applied across all coils. The area of interest shall
be examined with overlapping scans. Overlap along the
scanning axis (i.e., scanning direction) shall include the
end of the previous scan by at least one probe width.
Overlap along the index axis shall include 0.250 in. (6.4
mm) of the previous scan. Note that the probe length
overlap value [0.250 in. (6.4 mm)] is based on the coil
sensitivity length within the probe body.

IX-873 SECONDARY SCANNING
When an encoder is not used, flaw locations may be

confirmed by a supplemental manual single-channel eddy
current (EC) technique, provided it has been qualified by
a performance demonstration.

IX-880 EVALUATION

IX-881 RELEVANT VS. NONRELEVANT
INDICATIONS

Nonrelevant indications may be produced by inconsis-
tent probe contact with the surface, probe motion caused
by geometric features, or changes in the material proper-
ties of the surface being examined. Indications that exhib-
it a phase response equivalent to a flaw response as
demonstrated on the reference standard and that cannot
be differentiated as a nonrelevant indication shall be eval-
uated and reported as a flaw.

IX-882 LENGTH SIZING
An encoder shall be used to accurately measure flaw

length. The encoder resolution value shall be set to a max-
imum of 0.015 in./sample (0.38 mm/sample).

IX-890 DOCUMENTATION

IX-891 EXAMINATION REPORT
A report of the examination shall be generated. The re-

port shall include, at a minimum, the following
information:
(a) owner, location, type, serial number, and identifica-

tion of test specimen examined
(b)material examined
(c) test specimen numbering system
(d) dimensions of surface area to be examined
(e) personnel performing the examination
(f) date of examination
(g) ECA equipment manufacturer, model, and serial

number
(h) ECA probe manufacturer, model, and serial number

ASME BPVC.V-2023ARTICLE 8

282



(i) instrument hardware settings (frequency, probe
drive, gain, and sample rate)

(j) serial number(s), material, and drawing(s) of refer-
ence standard(s)

(k) procedure used, identification, and revision
(l) acceptance criteria used
(m) identification of regions of test specimens where

limited sensitivity or other areas of reduced sensitivity
occur

(n) results of the examination and related sketches or
maps of the examined area

(o) complementary tests used to further investigate or
confirm test results

(p) extension cable, manufacturer, type, and length
(q) qualification level of eddy current personnel
(r) coating-thickness gauge when required

IX-892 RECORD RETENTION
Records shall be maintained in accordance with re-

quirements of the referencing Code Section.

Figure IX-872-1
Scanning Overlap
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MANDATORY APPENDIX X
EDDY CURRENT ARRAY EXAMINATION OF FERROMAGNETIC
AND NONFERROMAGNETIC WELDS FOR THE DETECTION OF

SURFACE-BREAKING FLAWS

X-810 SCOPE

This Appendix provides the requirements for the detec-
tion and length sizing of surface-breaking flaws on ferro-
magnetic and nonferromagnetic welds using the eddy
current array (ECA) technique.

X-820 GENERAL REQUIREMENTS

X-821 ECA TECHNIQUE
The ECA technique may be applied to detect linear and

nonlinear surface-breaking flaws. Length sizing of flaws
may also be accomplished when an encoder is used.
ECA may be used on ferromagnetic and nonferromagnetic
welds. ECA provides the ability to electronically monitor
the output of multiple eddy-current sensing coils placed
side by side or in other orientations within the same
probe assembly. The ECA technique effectively replaces
raster scanning with a single-pass scan, provided the
probe size is adequate to cover the area of interest (see
Mandatory Appendix IX, Figure IX-821-1). When a surface
flaw is encountered by the magnetic field of an individual
coil, eddy currents generated in the material change their
flow and provide a secondary magnetic field in opposition
to the coil’s primary magnetic field. Modifications to the
coil’s primary magnetic field are processed and presented
on the equipment’s strip chart, phase-amplitude diagram,
and two-dimensional and/or three-dimensional C-scan
displays.

X-822 WRITTEN PROCEDURE REQUIREMENTS
The ECA examination shall be performed in accordance

with a written procedure that shall, as a minimum, con-
tain the requirements listed in Table X-822-1. The written
procedure shall establish a single value, or a range of val-
ues, for each requirement.

X-823 PROCEDURE QUALIFICATION
When a written procedure qualification is specified by

the referencing Code Section, a change of a requirement
in Table X-822-1 identified as an essential variable shall
require requalification of the written procedure by de-
monstration. A change of a requirement identified as a
nonessential variable does not require requalification of

the written procedure. All changes of essential or nones-
sential variables from those specified within the written
procedure shall require revision of, or an addendum to,
the written procedure.

X-824 PERSONNEL QUALIFICATION
The user shall be responsible for assigning qualified

personnel to perform the ECA examinations in accor-
dance with the requirements of this Appendix, the refer-
encing Code Section, and their employer’s written
practice. The minimum qualification level of personnel
performing ECA examinations shall be Eddy Current
(ET) Level II with a minimum of 20 hr supplemental
ECA training. Supplemental training on the use of the
ECA method shall, at a minimum, cover the following
topics:
(a) training on the specific ECA hardware and software

used
(b) ECA advantages and limitations
(c) ECA probe types, construction, and operation
(d) channel standardization
(e) C-scan interpretation
(f) phase-amplitude data analysis interpretation
(g) encoded scans

X-825 PROCEDURE DEMONSTRATION
The procedure shall be demonstrated to the satisfac-

tion of the Inspector and responsible Level III in accor-
dance with the requirements of the referencing Code
Section.

X-830 EQUIPMENT

X-831 DIGITAL DATA ACQUISITION EQUIPMENT
ECA equipment shall manage the ECA probe signals

based on a channel multiplexing or a parallel channel sys-
tem. ECA instrumentation with a minimum frequency
range of 1 kHz to 4 MHz and associated software shall
be used. The ECA instrument and software shall
(a) allow standardizing the ECA probe signal response

by conducting individual adjustments (e.g., scaling) to
the data response of each coil channel in order to provide
a uniform response and sensitivity among the array chan-
nels (i.e., channel standardization).
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(b) display data as a two-dimensional C-scan allowing
for image-based analysis. Data shall also be displayed in
the traditional phase-amplitude diagram and strip chart
views.

(c) allow adjustment of encoder settings and display
resolution [inch/sample (millimeter/sample)].

(d) allow recording of the ECA data in a format for eva-
luation and archival storage.

X-832 PROBES
ECA probes shall
(a) provide coverage that extends 0.125 in. (3.2 mm)

beyond the area of interest inclusive of the heat-affected
zone (HAZ), unless multiple overlapping scans are used.

(b) exhibit a uniform sensitivity across the array sen-
sor. Overlapping individual sensing elements may be re-
quired to achieve a level of uniform sensitivity (e.g.,
multiple staggered rows of single sensing elements is ty-
pical). For the purpose of detection only, multiple scans of
the same reference standard flaw shall maintain an ampli-
tude response of at least 60% of the maximum amplitude
detected. See Mandatory Appendix IX, Figure IX-832-1.

(c) allow detection of volumetric and linear surface-
breaking flaws in all orientations.

(d)match the geometry of the area of interest to mini-
mize the distance between the surface examined and the
individual sensing elements (i.e., lift-off).

X-833 REFERENCE STANDARD (SEE FIGURE
X-833-1)

X-833.1 General Requirements. A reference stan-
dard shall be constructed of the same material grade as
to be examined. The surface roughness of the reference
standard shall be representative of the surface roughness
of the component surface to be examined. The reference
standard shall have 1.5 in. (38 mm) of a flaw-free region

at the beginning and end of the longitudinal scanning di-
rection. Ferromagnetic and nonferromagnetic reference
standards shall have a minimum of four flat-bottom holes
and 12 surface notches. The surface notches shall have
oblique (45 deg), transverse, and longitudinal orienta-
tions. The distance between flaws in the same longitudi-
nal direction shall be a minimum of 0.5 in. (13 mm).
Each flaw type shall be located in the HAZ, the crown of
the weld, the fusion line of the weld, and the base materi-
al. In addition, reference standards for ferromagnetic and
nonferromagnetic weld applications shall have a long
transverse notch of constant depth for use with channel
standardization. The length of the long transverse notch
shall be at least 1.0 in. (25 mm) longer than the coverage
of the ECA probe coils. The width and depth of the long
notch shall be a maximum of 0.010 in. (0.25 mm) and
0.040 in. (1.0 mm), respectively. When the examination
region of interest is a curved surface requiring a rigid
probe with a matching contoured surface, a reference
specimen representing that particular geometry with
the above referenced flaws shall be used. Machining dur-
ing the manufacture of the reference standard shall avoid
excessive cold-working, overheating, and stress to pre-
vent magnetic permeability variations.

X-833.2 Flush Welds. The flat-bottom holes and
notches for flush weld reference standards shall have
the following maximum dimensions:

(a) Flat-Bottom Holes
(1) diameter of 0.062 in. (1.57 mm)
(2) depth of 0.040 in. (1.0 mm)

(b) Notches
(1) length of 0.062 in. (1.57 mm)
(2)width of 0.010 in. (0.25 mm)
(3) depth of 0.040 in. (1.0 mm)

Table X-822-1
Written Procedure Requirements for an ECA Examination

Requirement Essential Variable Nonessential Variable

Instrument (manufacturer, model) X …
Probe (manufacturer, model) X …
ECA probe topology X …
Examination frequencies, drive voltage, and gain settings X …
Scanning mode (e.g., manual, mechanized, or remote controlled) X …
Scan plan, coverage, overlap, and scanning direction X …
Identity of calibration reference standard(s) X …
Minimum sample density along scanning axis [samples/inch (samples/millimeter)] X …
Surface condition X …
Maximum scanning speed during data acquisition X …
Personnel qualification X …
Data recording … X
Data analysis parameters … X
Examination specimen numbering … X
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X-833.3 Nonflush Welds. The flat-bottom holes and
notches for nonflush weld reference standards shall have
the following maximum dimensions:
(a) Flat-Bottom Holes

(1) diameter of 0.125 in. (3.2 mm)
(2) depth of 0.040 in. (1.0 mm)

(b) Notches
(1) length of 0.188 in. (4.8 mm)
(2)width of 0.010 in. (0.25 mm)
(3) depth of 0.040 in. (1.0 mm)

X-840 APPLICATION REQUIREMENTS

X-841 SCANNING SPEED
The scanning speed shall not exceed that which pro-

vides detection of the reference standard flaws. A data-
amplitude-based signal-to-noise ratio (SNR) for all flaws
shall be maintained at a value greater than 3. The mini-
mum sample density along the scanning axis shall be
50.0 samples/in. (2.0 samples/mm).

X-842 COATED SURFACES
(a)When examining a coated material, the coating

thickness on the reference standard shall be the maxi-
mum allowed on the examination surface by the coating
specification. Plastic shim stock may be used to simulate
nonconductive coatings for procedure qualification.
(b) Using the maximum scanning speed specified by the

procedure, the procedure shall be demonstrated to con-
sistently detect the reference standard flaws through
the maximum coating thickness regardless of flaw orien-
tation. A data-amplitude-based SNR for all flaws shall be
maintained at a value greater than 3.

X-843 MAGNETIC PERMEABILITY VARIANCE
In the event that the magnetic permeability along the

scanning axis changes to the extent that the ECA data sig-
nals on the phase-amplitude diagram become saturated,
the NDE technician shall perform a system calibration
verification using the reference standard, rebalance the
instrument with the probe positioned in the affected area,
and rescan the region.

X-844 AUTOMATED DATA SCREENING SYSTEM
When automated eddy current data screening systems

(e.g., alarm boxes) are used, each system shall be qualified
in accordance with a written procedure.

X-850 TECHNIQUE

X-851 FREQUENCY, PROBE DRIVE, AND GAIN
SELECTION

A single-frequency or multifrequency technique may be
used. The frequency shall be selected to maximize the
phase spread between the lift-off signal and reference
flaws. Probe drive and gain shall be adjusted until the re-
sponse of the reference flaws has a data-amplitude-based
SNR greater than 3.

X-852 CHANNEL STANDARDIZATION
If the topology selected for an examination features dif-

ferent channel types (e.g., longitudinal and transverse
sensitivity), channel standardization shall be performed
for each channel type. The flaw response from each array
channel shall be reviewed via the traditional phase-
amplitude diagram to ensure that the channel standardi-
zation was completed successfully. The channel standar-
dization process shall be performed on a reference
standard with a machined notch of known length, width,
and depth. Other reference points such as known lift-off
or a metal-to-air transition may be used if equivalent per-
formance to a machined notch can be demonstrated.

X-853 COLOR PALETTE ADJUSTMENT
The color palette scale shall be adjusted until the refer-

ence flaws can be clearly distinguished when compared to
lift-off, geometry change, and non-flaw-related signals.

X-860 CALIBRATION

X-861 EQUIPMENT CALIBRATION
ECA instrumentation shall be calibrated annually, when

the equipment is subjected to damage, and/or after any
major repair. A label showing the latest date of calibration
and calibration due date shall be attached to the ECA
instrument.

Figure X-833-1
Example Reference Standard
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X-862 CALIBRATION AND VERIFICATION
(a) System calibration of the examination equipment

shall be performed with the use of a reference standard
as specified in the written procedure. This calibration
shall include the complete eddy current examination sys-
tem and shall be performed prior to the start of the exam-
ination. A verification shall be performed at the
conclusion of the examination or series of examinations.

(b) Calibration verification using the reference stan-
dard shall be performed when either of the following
occurs:

(1) a change in material properties that causes signal
saturation

(2) examination of a new component

X-870 EXAMINATION

X-871 SURFACE CONDITION
Cleaning of the weld surface shall be conducted to re-

move loose ferromagnetic, conductive, and nonconduc-
tive debris.

X-872 SCANNING METHOD (SEE MANDATORY
APPENDIX IX, FIGURE IX-872-1)

Pressure applied to the ECA probe shall be sufficient to
maintain contact with the part under examination. When
using a conformable array probe, consistent pressure
shall be applied across all coils. The area of interest shall
be examined with overlapping scans. Overlap along the
scanning axis (i.e., scanning direction) shall include the
end of the previous scan by at least one probe width.
Overlap along the index axis shall include 0.250 in. (6.4
mm) of the previous scan. Note that the probe length
overlap value [0.250 in. (6.4 mm)] is based on the coil
sensitivity length within the probe body.

X-873 SECONDARY SCANNING
When an encoder is not used, flaw locations may be

confirmed by a supplemental manual single-channel eddy
current (EC) technique, provided it has been qualified by
a performance demonstration.

X-880 EVALUATION

X-881 RELEVANT VS. NONRELEVANT
INDICATIONS

Nonrelevant indications may be produced by inconsis-
tent probe contact with the surface, probe motion caused
by geometric features, or changes in the material

properties of the surface being examined. Indications that
exhibit a phase response equivalent to a flaw response as
demonstrated on the reference standard and that cannot
be differentiated as a nonrelevant indication shall be eval-
uated and reported as a flaw.

X-882 LENGTH SIZING
An encoder shall be used to accurately measure flaw

length. The encoder resolution value shall be set to a max-
imum of 0.015 in./sample (0.38 mm/sample).

X-890 DOCUMENTATION

X-891 EXAMINATION REPORT
A report of the examination shall be generated. The re-

port shall include, at a minimum, the following
information:

(a) owner, location, type, serial number, and identifica-
tion of test specimen examined

(b)material examined
(c) test specimen numbering system
(d) dimensions of surface area to be examined
(e) personnel performing the examination
(f) date of examination
(g) ECA equipment manufacturer, model, and serial

number
(h) ECA probe manufacturer, model, and serial number
(i) instrument hardware settings (frequency, probe

drive, gain, and sample rate)
(j) serial number(s), material, and drawing(s) of refer-

ence standard(s)
(k) procedure used, identification, and revision
(l) acceptance criteria used
(m) identification of regions of test specimens where

limited sensitivity or other areas of reduced sensitivity
occur

(n) results of the examination and related sketches or
maps of the examined area

(o) complementary tests used to further investigate or
confirm test results

(p) extension cable, manufacturer, type, and length
(q) qualification level of eddy current personnel
(r) coating thickness gauge when required

X-892 RECORD RETENTION
Records shall be maintained in accordance with re-

quirements of the referencing Code Section.

ASME BPVC.V-2023 ARTICLE 8

287



ð23Þ MANDATORY APPENDIX XI
TANGENTIAL FIELD EXAMINATION OF FERROMAGNETIC AND

NONFERROMAGNETIC MATERIALS AND WELDS FOR THE
DETECTION AND MEASUREMENT OF SURFACE-BREAKING

DISCONTINUITIES

XI-810 SCOPE

This Appendix provides the requirements for the detec-
tion, depth, and length measurement of surface-breaking
discontinuities in ferromagnetic and nonferromagnetic
materials and welds. The examination technique may be
single channel or array based.

XI-820 GENERAL REQUIREMENTS

XI-821 TECHNIQUE
The tangential field (TF) examination technique uses a

driver coil oriented tangentially to the examination sur-
face. The driver coil is driven with an alternating voltage
or current source. Perturbations of the eddy current–
induced magnetic field are monitored with one or multi-
ple passive receiver coils whose orientations are perpen-
dicular or tangential to the examination surface. Eddy
current fields are established in a direction perpendicular
to the orientation of the driver coil. Perturbations of the
eddy current field are the result of eddy currents flowing
around and underneath a surface-breaking discontinuity
(see Figure XI-821-1). An example of a driver–receiver
coil arrangement is shown in Figure XI-821-2. The sec-
ondary magnetic field (B) created by the eddy currents
may be monitored in the x, y, and z directions (i.e., B-x,
B-y, and B-z). The magnetic field directions are defined
as follows:
(a) B-x is the component of the secondary magnetic

field in the direction of scanning.
(b) B-y is the component of the secondary magnetic

field perpendicular to the direction of scanning.
(c) B-z is the component of the magnetic field perpen-

dicular to the material surface
There are a variety of other driver–receiver coil ar-

rangements that produce the same eddy current field or-
ientation with respect to the direction of scan and surface
discontinuity. Both perpendicular and tangential receiver
coil orientations are capable of providing detection of a
surface-breaking discontinuity. The tangentially oriented
receiver coil (B-x orientation) will provide information
about the depth of the discontinuity, lift-off, and material
property variations. The receiver coi l oriented

perpendicular to the material surface (B-z orientation)
will provide information about the length of the disconti-
nuity as it is sensitive to the difference in eddy current ro-
tation around the beginning and end of the discontinuity.
Information gathered from the passive receiver coils may
be displayed on a strip chart, two-dimensional C-scan dis-
play, and associated phase-amplitude display.

XI-822 WRITTEN PROCEDURE REQUIREMENTS
The TF examination shall be performed in accordance

with a written procedure that shall, as a minimum, con-
tain the requirements listed in Table XI-822-1. The writ-
ten procedure shall establish a single value, or a range
of values, for each requirement.

XI-823 PROCEDURE QUALIFICATION
When a written procedure qualification is specified by

the referencing Code Section, a change of a requirement
in Table XI-822-1 identified as an essential variable shall
require requalification of the written procedure by de-
monstration. A change of a requirement identified as a
nonessential variable does not require requalification of
the written procedure. All changes of essential or nones-
sential variables from those specified within the written
procedure shall require revision of, or an addendum to,
the written procedure.

Figure XI-821-1
Induced Eddy Currents Flow Around and Under

a Surface-Breaking Discontinuity
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Figure XI-821-2
Example Coil Arrangement: Tangentially Oriented Driver Coil With Passive Receiver Coils Oriented

Perpendicular and Tangential to the Examination Surface

Eddy currents

Scanning direction

Drive coil

CrackB-z B-x

B-y

Table XI-822-1
Written Procedure Requirements for a TF Technique Examination

Requirement
Essential
Variable

Nonessential
Variable

Instrument X …
Probe X …
TF field component or components used for data acquisition and
evaluation

X …

Instrument software and revision [Note (1)] X …
Algorithm used for measuring flaw depth X …
Probe coil orientation X …
Examination frequencies, driver voltage, and gain settings X …
Scanning mode (e.g., manual, mechanized, or remote controlled) X …
Scan plan, coverage, overlap, and scanning direction X …
Identity of calibration reference standard or standards X …
Minimum scan resolution along scanning axis [samples/inch
(samples/millimeter)]

X …

Surface condition X …
Maximum scanning speed during data acquisition X …
Personnel qualification X …
Data recording … X
Data analysis parameters … X
Examination specimen numbering … X

NOTE:
(1) Use of later software revisions shall be evaluated by the Level III for their impact on the functions as

used. A limited extension of qualification may be determined to prove software functions. For example,
addition of a software feature more capable than that already qualified may be qualified by reanalysis of
existing data. If a revision is implemented, personnel shall receive training in the use of the revised
software.
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XI-824 PERSONNEL QUALIFICATION
The user shall be responsible for assigning qualified

personnel to perform the TF examinations in accordance
with the requirements of this Appendix, the referencing
Code Section, and their employer’s written practice. The
minimum qualification level of personnel performing TF
examinations shall be Eddy Current (ET) Level II with a
minimum of 20 hr supplemental training on the specific
TF technique to be used. The supplemental training on
the use of the TF technique shall, at a minimum, cover
the following topics:
(a) the specific TF technique hardware and software
(b) the advantages and limitations of the specific TF

technique
(c) TF technique probe types, construction, and

operation
(d) channel standardization
(e) C-scan interpretation
(f) phase-amplitude data analysis interpretation
(g) encoded scans
(h) evaluation of through-wall cracks
(i) evaluation of false indications
(j) evaluation and compensation of magnetic perme-

ability variance

XI-825 PROCEDURE DEMONSTRATION
The examination procedure shall be demonstrated to

the satisfaction of the Inspector and responsible Level
III in accordance with requirements of the referencing
Code Section.

XI-830 EQUIPMENT

XI-831 DIGITAL DATA ACQUISITION EQUIPMENT
The equipment shall acquire the TF technique probe

signals based on a channel multiplexing or a parallel
channel system.
TF technique instrumentation with a frequency range

of 100 Hz to 2.0 MHz and associated software shall be
used. The TF technique instrument and software shall
(a) allow standardizing the single-channel or array TF

technique probe signal response by conducting individual
adjustments (e.g., scaling) to the data response of each
coil channel to provide a uniform response and sensitivity
among the array channels (i.e., channel standardization).
(b) display data as follows:

(1) for a single-channel probe: in the traditional strip
chart and phase-amplitude diagram views

(2) for an array probe: in the traditional strip chart,
phase-amplitude diagram, and two-dimensional C-scan
views allowing for image-based analysis
(c) allow adjustment of encoder settings and display

resolution [samples/inch (samples/millimeter)].
(d) allow recording of the TF technique data in a format

for evaluation and archival storage.

XI-832 PROBES
The TF technique probe shall
(a) provide coverage that extends 0.125 in. (3 mm) be-

yond the area of interest, unless multiple overlapping
scans are used.
(b) exhibit a uniform sensitivity across the array sen-

sors when the TF array probe is used. Overlapping indivi-
dual sensing elements (e.g., multiple staggered rows of
single sensing elements) may be required to achieve a lev-
el of uniform sensitivity. For the purpose of detection
only, multiple scans of the same reference standard flaw
shall maintain an amplitude response of at least 60% of
the maximum amplitude detected (see Figure XI-832-1).
For depth measurement, multiple scans of the same refer-
ence standard flaw shall maintain an amplitude response
of at least 85% of the maximum amplitude detected (see
Figure XI-832-2).
(c) allow detection of volumetric and linear surface-

breaking discontinuities in both the axial and transverse
orientations with respect to the scanning direction.
(d)match the geometry of the area of interest to mini-

mize the distance between the surface examined and the
individual sensing elements (i.e., lift-off).

XI-833 REFERENCE STANDARD
A reference standard shall be constructed of the same

material as that to be examined. The surface roughness
of the reference standard shall be representative of the
surface roughness of the component surface to be exam-
ined. The reference standard shall have a thickness that is
at least 0.100 in. (2.5 mm) greater than the deepest sur-
face notch. The reference standard shall have a minimum
of 2.500 in. (64 mm) of a flaw-free region at the beginning
and end of the longitudinal scanning direction. The dis-
tance between surface notches along the scanning axis
shall be a minimum of 0.750 in. (19 mm). Reference
notches must have rounded corners or semielliptical geo-
metry. The ratio of flaw length to depth shall be a mini-
mum of 3:1. For the case of ferromagnetic materials,
manufacture of reference standard notches shall avoid ex-
cessive cold-working, overheating, and stress to minimize
localized magnetic permeability variations. When the ex-
amination area of interest is a curved surface requiring a
rigid probe with a matching contoured surface, a refer-
ence specimen representing that particular geometry
with the flaws referenced in XI-833.1 or XI-833.2 shall
be used.

XI-833.1 Reference Standard, Ferromagnetic and
Nonferromagnetic Welds

The reference standard for ferromagnetic and nonfer-
romagnetic welds shall have a weld that runs the length
of the standard and is representative of the weld to be ex-
amined. The reference standard shall have a minimum of
four longitudinal surface notches and one transverse sur-
face notch. Each surface notch shall have a length of 0.500
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in. (13 mm). Three of the longitudinal notches shall be lo-
cated a distance of 0.500 in. (13 mm) away from the fu-
sion line of the weld. The depths of these three
longitudinal notches shall be 0.050 in. (1.3 mm), 0.100
in. (2.5 mm), and 0.150 in. (3.8 mm). The fourth longitu-
dinal surface notch shall be located along the fusion line
of the weld and shall have a depth of 0.100 in. (2.5
mm). The transverse notch shall be centered along the
axis of the weld line and shall have a depth of 0.100 in.
(2.5 mm). Notch length and depth tolerances shall be
±0.040 in. (1.0 mm) and ±0.010 in. (0.3 mm), respectively.

All notch widths shall not be greater than 0.020 in. (0.5
mm). An example of a reference standard layout may be
found in Figure XI-833.1-1.

XI-833.2 Reference Standard, Ferromagnetic and
Nonferromagnetic Materials

The reference standard for ferromagnetic and nonfer-
romagnetic materials shall have a minimum of three lon-
gitudinal surface notches and one transverse surface
notch. Each of the surface notches shall have a length of
0.500 in. (13 mm). The depths of the three longitudinal
notches shall be 0.050 in. (1.3 mm), 0.100 in. (2.5 mm),

Figure XI-832-1
Array Coil Sensitivity Variance for Defect Detection
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GENERAL NOTE: Multiple scans of the same flaw shall consistently provide at least 60% of the maximum amplitude detected.

Figure XI-832-2
Array Coil Sensitivity Variance for Defect Depth Measurement
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GENERAL NOTE: Multiple scans of the same flaw shall consistently provide at least 85% of the maximum amplitude detected.
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and 0.150 in. (3.8 mm). The transverse notch shall have a
depth of 0.100 in. (2.5 mm). Notch length and depth toler-
ances shall be ±0.040 in. (1.0 mm) and ±0.010 in. (0.3
mm), respectively. All notch widths shall not be greater
than 0.020 in. (0.5 mm). An example of a reference stan-
dard layout may be found in Figure XI-833.2-1.

XI-840 APPLICATION REQUIREMENTS

XI-841 SCANNING SPEED
The scanning speed shall not exceed that which pro-

vides detection of the reference standard flaws. A
signal-to-noise ratio (SNR) for all flaws shall be main-
tained at a value greater than 3. The minimum sample
density along the scanning axis shall be 50.0 samples/
in. (2.0 samples/mm).

XI-842 COATED SURFACES
(a)When examining a material with a nonconductive

coating, the coating thickness on the reference standard
shall be the maximum allowed on the examination surface
by the coating specification. Plastic shim stock may be
used to simulate nonconductive coatings for procedure
qualification.

(b) Using the maximum scanning speed specified by the
procedure, the procedure shall be demonstrated to con-
sistently detect the reference standard flaws through
the maximum coating thickness regardless of flaw orien-
tation. A SNR for all flaws shall be maintained at a value
greater than 3.

XI-843 MAGNETIC PERMEABILITY VARIANCE
In the event that the magnetic permeability along the

scanning axis changes to the extent that the data signals
on the phase-amplitude diagram become saturated or
outside of an acceptable range, a system calibration veri-
fication shall be performed. Embedded algorithms within
the acquisition software may be used to compensate for
such material property changes. If digital processing of
the data cannot compensate for the magnetic permeabil-
ity variance, a probe hardware balance shall be per-
formed on the affected region and the region shall be
rescanned.

XI-844 AUTOMATED DATA SCREENING SYSTEM
When automated data screening systems (e.g., alarm

boxes) are used, each system shall be qualified in accor-
dance with a written procedure.

XI-850 TECHNIQUE

XI-851 FREQUENCY, PROBE DRIVER, AND GAIN
SELECTION

A single-frequency or multifrequency technique may be
used. The frequency shall be selected to maximize the
phase spread (i.e., as close to 90 deg as possible) between
different signal indications (i.e., lift-off, reference flaws,
etc.). Probe driver and gain shall be adjusted until the re-
sponse of the reference flaws has a SNR greater than 3.

XI-852 CHANNEL STANDARDIZATION
Channel standardization shall be performed for each

single-channel or array-channel coil orientation. The flaw
response from each channel shall be reviewed via the tra-
ditional phase-amplitude diagram to ensure that the
channel standardization was completed successfully.
The channel standardization process shall be performed
on a reference standard with a machined notch of known
length, width, and depth. Other reference points such as
known lift-off or a metal-to-air transition may be used if
equivalent performance to a machined notch can be
demonstrated.

XI-853 COLOR PALETTE ADJUSTMENT
For array probes, the color palette scale shall be ad-

justed until the reference flaws can be clearly distin-
guished when compared to lift-off, geometry change,
and non-flaw-related signals.

Figure XI-833.1-1
Example Reference Standard, Welds

Figure XI-833.2-1
Example Reference Standard, Materials
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XI-860 CALIBRATION

XI-861 EQUIPMENT CALIBRATION
TF technique instrumentation shall be calibrated an-

nually, when the equipment is subjected to damage, or
after any major repair. A label showing the date of calibra-
tion and next calibration due date shall be attached to the
TF technique instrument.

XI-862 SYSTEM CALIBRATION AND
VERIFICATION

(a) System calibration of the examination equipment
shall be performed with the use of a reference standard
as specified in the written procedure. This calibration
shall include the complete TF examination system and
shall be performed prior to the start of the examination.
A verification shall be performed at the conclusion of
the examination or series of examinations.

(b) Calibration verification using the reference stan-
dard shall be performed when any of the following
occurs:

(1) a change in material properties that cause signal
saturation

(2) a new component being examined
(3) a change of examination personnel

XI-870 EXAMINATION

XI-871 SURFACE CONDITION
Cleaning of the material or weld surface shall be con-

ducted to remove loose ferromagnetic, conductive, and
nonconductive debris.

XI-872 SCANNING METHOD
Pressure applied to the TF technique probe shall be suf-

ficient to maintain contact with the part under examina-
tion. When using a conformable array probe, consistent
pressure or other means of compensation shall be applied
across all coils. The area of interest shall be examined
with overlapping scans (see Figure XI-872-1). Overlap
along the scanning axis (i.e., scanning direction) shall in-
clude the end of the previous scan by at least one probe
width. Overlap along the index axis shall include 0.250
in. (6 mm) of the previous scan.

XI-880 EVALUATION

XI-881 RELEVANT VS. NONRELEVANT
INDICATIONS

Nonrelevant indications may be produced by inconsis-
tent probe contact with the surface, probe motion caused
by geometric features, or changes in the material proper-
ties of the surface being examined. Indications that

exhibit a response equivalent to a flaw response as de-
monstrated on the reference standard and that cannot
be differentiated as a nonrelevant indication shall be eval-
uated and reported as a flaw.

XI-882 DEPTH MEASUREMENT —
NONVOLUMETRIC DISCONTINUITIES

Depth measurement of nonvolumetric surface-
breaking discontinuities, such as cracks, in ferromagnetic
and nonferromagnetic materials and welds may be per-
mitted when qualified by a performance demonstration.

XI-883 DEPTH MEASUREMENT — VOLUMETRIC
DISCONTINUITIES

Depth measurement of volumetric surface-breaking
discontinuities in ferromagnetic and nonferromagnetic
materials is not covered in the scope of this Appendix.

XI-884 LENGTH MEASUREMENT
When using an array probe, an encoder shall be used to

accurately measure flaw length. The encoder resolution
value shall be set to a minimum of 50 samples/in. (2.0
samples/mm). When using a single-channel probe,
flaw length measurement and associated resolution may
be permitted when qual i f ied by a performance
demonstration.

XI-890 DOCUMENTATION

XI-891 EXAMINATION REPORT
A report of the examination shall be generated. The re-

port shall include, at a minimum, the following
information:

(a) the requirements of Article 1, T-190(a)
(b) TF technique equipment manufacturer, model, and

serial number
(c) TF technique probe manufacturer, model, and serial

number
(d) instrument hardware settings (frequency, probe

driver, gain, and sample rate)
(e) serial number, material, and drawing of each refer-

ence standard

XI-892 RECORD RETENTION
Records shall be maintained in accordance with re-

quirements of the referencing Code Section.

XI-893 STORAGE MEDIA
Storage media for computerized scanning data and

viewing software shall be capable of securely storing
and retrieving data for the time period specified by the re-
ferencing Code Section.
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Figure XI-872-1
Scanning Overlap

Scan 1
Index axis
  direction

Probe length
  overlap

Scan axis
  direction

Probe
  width
  overlap

Scan 3 [Note (2)]

Scan 2  [Note (1)]

NOTES:
(1) Scan 2 includes probe width overlap from Scan 1.
(2) Scan 3 includes 0.250 in. (6.4 mm) probe length overlap from Scan 1.
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ARTICLE 9
VISUAL EXAMINATION

T-910 SCOPE

(a) This Article contains methods and requirements for
visual examination applicable when specified by a refer-
encing Code Section. Specific visual examination proce-
dures required for every type of examination are not
included in this Article, because there are many applica-
tions where visual examinations are required. Some ex-
amples of these applications include nondestructive
examinations, leak testing, in-service examinations and
fabrication procedures.

(b) The requirements of Article 1, General Require-
ments, apply when visual examination, in accordance
with Article 9, is required by a referencing Code Section.

(c) Definitions of terms for visual examination appear
in Article 1, Mandatory Appendix I, I-121.6, VT — Visual
Examination.

T-920 GENERAL

T-921 WRITTEN PROCEDURE REQUIREMENTS
T-921.1 Requirements. Visual examinations shall be

performed in accordance with a written procedure, which
shall, as a minimum, contain the requirements listed in
Table T-921. The written procedure shall establish a sin-
gle value, or range of values, for each requirement.

T-921.2 Procedure Qualification. When procedure
qualification is specified by the referencing Code Section,
a change of a requirement in Table T-921 identified as an
essential variable shall require requalification of the writ-
ten procedure by demonstration. A change of a require-
ment identified as a nonessential variable does not
require requalification of the written procedure. All
changes of essential or nonessential variables from those
specified within the written procedure shall require revi-
sion of, or an addendum to, the written procedure.

T-921.3 Demonstration. The procedure shall contain
or reference a report of what was used to demonstrate
that the examination procedure was adequate. In general,
a fine line 1/32 in. (0.8 mm) or less in width, an artificial
imperfection or a simulated condition, located on the sur-
face or a similar surface to that to be examined, may be
considered as a method for procedure demonstration.
The condition or artificial imperfection should be in the
least discernable location on the area surface to be exam-
ined to validate the procedure.

T-922 PERSONNEL REQUIREMENTS
The user of this Article shall be responsible for assign-

ing qualified personnel to perform visual examinations to
the requirements of this Article. At the option of the orga-
nization, he may maintain one certification for each pro-
duct, or several separate signed records based on the
area or type of work, or both combined. Where impracti-
cal to use specialized visual examination personnel,
knowledgeable and trained personnel, having limited
qualifications, may be used to perform specific examina-
tions, and to sign the report forms. Personnel performing
examinations shall be qualified in accordance with re-
quirements of the referencing Code Section.

T-923 PHYSICAL REQUIREMENTS
Personnel shall have an annual vision test to assure

natural or corrected near distance acuity such that they
are capable of reading standard J-1 letters on standard
Jaeger test type charts for near vision. Equivalent near vi-
sion tests are acceptable.

Table T-921
Requirements of a Visual Examination

Procedure

Requirement (as Applicable)
Essential
Variable

Nonessential
Variable

Change in technique used … …
Direct to or from translucent X …
Direct to remote X …
Remote visual aids X …
Personnel performance
requirements, when required

… X

Lighting intensity (decrease only) X …
Configurations to be examined
and base material product
forms (pipe, plate, forgings,
etc.)

… X

Lighting equipment … X
Methods or tools used for surface
preparation

… X

Equipment or devices used for a
direct technique

… X

Sequence of examination … X
Personnel qualifications … X
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T-930 EQUIPMENT

Equipment used for visual examination techniques, for
example, direct, remote, or translucent, shall have the
capabilities as specified in the procedure. Capabilities in-
clude, but are not limited to viewing, magnifying, identify-
ing, measuring, and/or recording observations in
accordance with requirements of the referencing Code
Section.

T-950 TECHNIQUE

T-951 APPLICATIONS
Visual examination is generally used to determine such

things as the surface condition of the part, alignment of
mating surfaces, shape, or evidence of leaking. In addition,
visual examination is used to determine a composite ma-
terial’s (translucent laminate) subsurface conditions.

T-952 DIRECT VISUAL EXAMINATION
Direct visual examination may usually be made when

access is sufficient to place the eye within 24 in.
(600 mm) of the surface to be examined and at an angle
not less than 30 deg to the surface to be examined. Mir-
rors may be used to improve the angle of vision, and aids
such as a magnifying lens may be used to assist examina-
tions. Illumination (natural or supplemental white light)
of the examination surface is required for the specific
part, component, vessel, or section thereof being exam-
ined. The minimum light intensity shall be 100 fc
(1 076 lx). The light intensity, natural or supplemental
white light source, shall be measured with a white light
meter prior to the examination or a verified light source
shall be used. Verification of light sources is required to
be demonstrated only one time, documented, and main-
tained on file.

T-953 REMOTE VISUAL EXAMINATION
In some cases, remote visual examination may have to

be substituted for direct examination. Remote visual ex-
amination may use visual aids such as mirrors, telescopes,
borescopes, fiber optics, cameras, or other suitable instru-
ments. Such systems shall be demonstrated to have a re-
solution capability and lighting intensity at least
equivalent to that obtainable by direct visual observation
(e.g., T-921.3; Section XI, Division 1, Table IWA-2211-1;
ISO 12233; USAF 1951 Resolution Target).

T-954 TRANSLUCENT VISUAL EXAMINATION
Translucent visual examination is a supplement of di-

rect visual examination. The method of translucent visual
examination uses the aid of artificial lighting, which can

be contained in an illuminator that produces directional
lighting. The illuminator shall provide light of an intensity
that will illuminate and diffuse the light evenly through
the area or region under examination. The ambient light-
ing must be so arranged that there are no surface glares
or reflections from the surface under examination and
shall be less than the light applied through the area or re-
gion under examination. The artificial light source shall
have sufficient intensity to permit “candling” any translu-
cent laminate thickness variations.

T-955 LIGHT METER CALIBRATION
Light meters shall be calibrated at least once a year or

whenever they have been repaired. If meters have not
been in use for 1 yr or more, they shall be calibrated be-
fore they are used.

T-980 EVALUATION

(a) All examinations shall be evaluated in terms of the
acceptance standards of the referencing Code Section.
(b) An examination checklist shall be used to plan vi-

sual examination and to verify that the required visual ob-
servations were performed. This checklist establishes
minimum examination requirements and does not indi-
cate the maximum examination which the Manufacturer
may perform in process.

T-990 DOCUMENTATION

T-991 REPORT OF EXAMINATION
(a) A written report of the examination shall contain

the following information:
(1) the date of the examination
(2) procedure identification and revision used
(3) technique used
(4) results of the examination
(5) examination personnel identity, and, when re-

quired by the referencing Code Section, qualification level
(6) identification of the part or component examined

(b) Even though dimensions, etc., were recorded in the
process of visual examination to aid in the evaluation,
there need not be documentation of each viewing or each
dimensional check. Documentation shall include all ob-
servation and dimensional checks specified by the refer-
encing Code Section.

T-993 RECORD MAINTENANCE
Records shall be maintained as required by the referen-

cing Code Section.
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ARTICLE 10
LEAK TESTING

T-1010 SCOPE

This Article describes methods and requirements for
the performance of leak testing.

(a)When a leak testing method or technique of Article
10 is specified by a referencing Code Section, the leak test
method or technique shall be used together with Article
1, General Requirements.

(b) Definition of terms used in this Article are in Article
1, Mandatory Appendix I, I-121.7, LT — Leak Testing.

(c) The test methods or techniques of these methods
can be used for the location of leaks or the measurement
of leakage rates.

The specific test method(s) or technique(s) and Glos-
sary of Terms of the methods in this Article are described
in Mandatory Appendices I through X of Article 10 as
follows:

Mandatory Appendix I — Bubble Test — Direct Pres-
sure Technique

Mandatory Appendix II — Bubble Test — Vacuum Box
Technique

Mandatory Appendix III — Halogen Diode Detector
Probe Test

Mandatory Appendix IV — Helium Mass Spectrometer
Test — Detector Probe Technique

Mandatory Appendix V — Helium Mass Spectrometer
Test — Tracer Probe Technique

Mandatory Appendix VI — Pressure Change Test
Mandatory Appendix VIII — Thermal Conductivity De-

tector Probe Test
Mandatory Appendix IX — Helium Mass Spectrometer

Test — Hood Technique
Mandatory Appendix X — Ultrasonic Leak Detector

Test
Mandatory Appendix XI — Helium Mass Spectrometer

— Helium-Filled-Container Leakage Rate Test
Nonmandatory Appendix A — Supplementary Leak

Testing Equation Symbols

T-1020 GENERAL

T-1021 WRITTEN PROCEDURE REQUIREMENTS
T-1021.1 Requirements. Leak testing shall be per-

formed in accordance with a written procedure, which
shall, as a minimum, contain the requirements listed in
the applicable Appendices, paras. I-1021 through

X-1021 and Tables I-1021 through X-1021. The written
procedure shall establish a single value, or range of val-
ues, for each requirement.

T-1021.2 Modification of Requirements. Article 10
contains test techniques; therefore, there are require-
ments that cannot be modified by the organization
through the demonstration process per T-150. Only those
requirements listed in Tables I-1021 through X-1021
may be so modified by demonstration.

T-1021.3 Procedure Qualification. When procedure
qualification is specified by the referencing Code Section,
a change of a requirement in the applicable Appendix
Tables I-1021 through X-1021 identified as an essential
variable shall require requalification of the written proce-
dure by demonstration. A change of a requirement identi-
f ied as a nonessential variable does not require
requalification of the written procedure. All changes of es-
sential and nonessential elements from those specified
within the written procedure shall require revision of,
or an addendum to, the written procedure.

T-1022 REFERENCING CODE
For the leak testing method(s) or technique(s) speci-

fied by the referencing Code, the referencing Code Section
shall then be consulted for the following:

(a) personnel qualification/certification
(b) technique(s)/calibration standards
(c) extent of examination
(d) acceptable test sensitivity or leakage rate
(e) report requirements
(f) retention of records

T-1030 EQUIPMENT

T-1031 GAGES
(a) Gage Range. When dial indicating and recording

pressure gage(s) are used in leak testing, they should pre-
ferably have the dial(s) graduated over a range of ap-
proximately double the intended maximum pressure,
but in no case shall the range be less than 11/2 nor more
than four times that pressure. These range limits do not
apply to dial indicating and recording vacuum gages.
Range requirements for other types of gages given in an
applicable Mandatory Appendix shall be as required by
that Appendix.
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(b) Gage Location. When components are to be pres-
sure/vacuum leak tested, the dial indicating gage(s) shall
be connected to the component or to the component from
a remote location, with the gage(s) readily visible to the
operator controlling the pressure/vacuum throughout
the duration of pressurizing, evacuating, testing, and de-
pressurizing or venting of the component. For large ves-
sels or systems where one or more gages are specified
or required, a recording type gage is recommended, and
it may be substituted for one of the two or more indicat-
ing type gages.
(c) When other types of gage(s) are required by an ap-

plicable Mandatory Appendix, they may be used in con-
junction with or in place of dial indicating or recording
type gages.

T-1040 MISCELLANEOUS REQUIREMENTS

T-1041 CLEANLINESS
The surface areas to be tested shall be free of oil,

grease, paint, or other contaminants that might mask a
leak. If liquids are used to clean the component or if a hy-
drostatic or hydropneumatic test is performed before
leak testing, the component shall be dry before leak
testing.

T-1042 OPENINGS
All openings shall be sealed using plugs, covers, sealing

wax, cement, or other suitable material that can be readily
and completely removed after completion of the test.
Sealing materials shall be tracer gas free.

T-1043 TEMPERATURE
The minimum metal temperature for all components

during a test shall be as specified in the applicable Manda-
tory Appendix of this Article or in the referencing Code
Section for the hydrostatic, hydropneumatic, or pneu-
matic test of the pressure component or parts. The mini-
mum or maximum temperature during the test shall not
exceed that temperature compatible with the leak testing
method or technique used.

T-1044 PRESSURE/VACUUM (PRESSURE LIMITS)
Unless specified in the applicable Mandatory Appendix

of this Article or by the referencing Code Section, compo-
nents that are to be pressure-leak tested shall not be
tested at a pressure exceeding 25% of the Design
Pressure.

T-1050 PROCEDURE

T-1051 PRELIMINARY LEAK TEST
Prior to employing a sensitive leak testing method, it

may be expedient to perform a preliminary test to detect
and eliminate gross leaks. This shall be done in a manner
that will not seal or mask leaks during the specified test.

T-1052 TEST SEQUENCE
It is recommended that leak testing be performed be-

fore hydrostatic or hydropneumatic testing.

T-1060 CALIBRATION

T-1061 PRESSURE/VACUUM GAGES
(a) All dial indicating and recording type gages used

shall be calibrated against a standard deadweight tester,
a calibrated master gage, or a mercury column, and recal-
ibrated at least once a year, when in use, unless specified
differently by the referencing Code Section or Mandatory
Appendix. All gages used shall provide results accurate to
within the Manufacturer’s listed accuracy and shall be re-
calibrated at any time that there is reason to believe they
are in error.
(b)When other than dial indicating or recording type

gages are required by an applicable Mandatory Appendix,
they shall be calibrated as required by that Mandatory
Appendix or referencing Code Section.

T-1062 TEMPERATURE MEASURING DEVICES
When temperature measurement is required by the re-

ferencing Code Section or Mandatory Appendix, the de-
vice(s) shall be calibrated in accordance with the
requirements of that Code Section or Mandatory
Appendix.

T-1063 CALIBRATION LEAK STANDARDS
T-1063.1 Reservoir Leak Standard. This standard

leak shall have a reservoir of the tracer gas connected
to the leak. The leak standard shall
(a) have a leakage rate in the range and tracer gas spe-

cies specified by the referencing Code Section or, if not
specified, per the Mandatory Appendix.
(b) be calibrated with discharge either to vacuum or to

an air environment of 1 atm (101 kPa absolute) to match
the test application or instrument type.

T-1063.2 Nonreservoir Leak Standard. This stan-
dard leak does not have an inherent supply of tracer
gas. The leak shall
(a) have a leakage rate in the range and tracer gas spe-

cies specified by the referencing Code Section or, if not
specified, per the Mandatory Appendix.
(b) be calibrated with discharge either to vacuum or to

an air environment of 1 atm (101 kPa absolute) to match
the test application.
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(c) be calibrated at a pressure differential across the
leak of 1 atm (14.7 psi, 101 kPa) or at a differential that
represents the differential to be used in the specific test
procedure.

T-1070 TEST

See applicable Mandatory Appendix of this Article.

T-1080 EVALUATION

T-1081 ACCEPTANCE STANDARDS
Unless otherwise specified in the referencing Code Sec-

tion, the acceptance criteria given for each method or
technique of that method shall apply. The supplemental
leak testing equations for calculating leakage rates for
the method or technique used are stated in the Mandatory
Appendices of this Article.

T-1090 DOCUMENTATION

T-1091 TEST REPORT
The test report shall contain, as a minimum, the follow-

ing information as applicable to the method or technique:
(a) date of test
(b) certified level and name of operator
(c) test procedure (number) and revision number
(d) test method or technique
(e) test results
(f) component identification
(g) test instrument, standard leak, and material

identification
(h) test conditions, test pressure, tracer gas, and gas

concentration
(i) gage(s)—manufacturer, model, range, and identifi-

cation number
(j) temperature measuring device(s) and identification

number(s)
(k) sketch showing method or technique setup

T-1092 RECORD RETENTION
The test report shall be maintained in accordance with

the requirements of the referencing Code Section.

ASME BPVC.V-2023 ARTICLE 10

299



MANDATORY APPENDIX I
BUBBLE TEST — DIRECT PRESSURE TECHNIQUE

I-1010 SCOPE

The objective of the direct pressure technique of bub-
ble leak testing is to locate leaks in a pressurized compo-
nent by the application of a solution or by immersion in
liquid that will form bubbles as leakage gas passes
through it.

I-1020 GENERAL

I-1021 WRITTEN PROCEDURE REQUIREMENTS
I-1021.1 Requirements. The requirements of

T-1021.1, Table I-1021, and the following as specified in
this Article or referencing Code shall apply.
(a) soak time
(b) pressure gage
(c) test pressure
(d) acceptance criteria

I-1021.2 Procedure Qualification. The requirements
of T-1021.3 and Table I-1021 shall apply.

I-1030 EQUIPMENT

I-1031 GASES
Unless otherwise specified, the test gas will normally be

air; however, inert gases may be used.

NOTE: When inert gas is used, safety aspects of oxygen deficient at-
mosphere should be considered.

I-1032 BUBBLE SOLUTION
(a) The bubble forming solution shall produce a film

that does not break away from the area to be tested,
and the bubbles formed shall not break rapidly due to
air drying or low surface tension. Household soap or de-
tergents are not permitted as substitutes for bubble test-
ing solutions.
(b) The bubble forming solution shall be compatible

with the temperature of the test conditions.

I-1033 IMMERSION BATH
(a)Water or another compatible solution shall be used

for the bath.
(b) The immersion solution shall be compatible with

the temperature of the test conditions.

I-1070 TEST

I-1071 SOAK TIME
Prior to examination the test pressure shall be held for

a minimum of 15 min.

Table I-1021
Requirements of a Direct Pressure Bubble Leak Testing Procedure

Requirement Essential Variable
Nonessential

Variable

Bubble forming solution (Brand name or type) X …
Surface temperature [Note (1)] (change to outside the range specified in this Article or as
previously qualified)

X …

Surface preparation technique X …
Lighting intensity (decrease below that specified in this Article or as previously qualified) X …
Personnel performance qualification requirements, when required … X
Solution applicator … X
Pressurizing gas (air or inert gas) … X
Post testing cleaning technique … X
Personnel qualification requirements … X

NOTE:
(1) The minimum metal temperature during test shall not be below that specified in the referencing Code Section for the hydro, hy-

dropneumatic, or pneumatic test. The minimum or maximum temperature during test shall also be compatible with the testing
method.
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I-1072 SURFACE TEMPERATURE
As a standard technique, the temperature of the surface

of the part to be examined shall not be below 40°F (5°C)
nor above 125°F (50°C) throughout the examination. Lo-
cal heating or cooling is permitted provided temperatures
remain within the range of 40°F (5°C) to 125°F (50°C)
during examination. Where it is impractical to comply
with the foregoing temperature limitations, other tem-
peratures may be used provided that the procedure is
demonstrated.

I-1073 APPLICATION OF SOLUTION
The bubble forming solution shall be applied to the sur-

face to be tested by flowing, spraying, or brushing the so-
lution over the examination area. The number of bubbles
produced in the solution by application should be mini-
mized to reduce the problem of masking bubbles caused
by leakage.

I-1074 IMMERSION IN BATH
The area of interest shall be placed below the surface of

the bath in an easily observable position.

I-1075 LIGHTING AND VISUAL AIDS
When performing the test, the requirements of Article

9, T-952 and T-953 shall apply.

I-1076 INDICATION OF LEAKAGE
The presence of continuous bubble growth on the sur-

face of the material indicates leakage through an orifice
passage(s) in the region under examination.

I-1077 POSTTEST CLEANING
After testing, surface cleaning may be required for pro-

duct serviceability.

I-1080 EVALUATION

I-1081 LEAKAGE
Unless otherwise specified by the referencing Code Sec-

tion, the area under test is acceptable when no continuous
bubble formation is observed.

I-1082 REPAIR/RETEST
When leakage is observed, the location of the leak(s)

shall be marked. The component shall then be depressur-
ized, and the leak(s) repaired as required by the referen-
cing Code Section. After repairs have been made, the
repaired area or areas shall be retested in accordance
with the requirements of this Appendix.
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MANDATORY APPENDIX II
BUBBLE TEST — VACUUM BOX TECHNIQUE

II-1010 SCOPE

The objective of the vacuum box technique of bubble
leak testing is to locate leaks in a pressure boundary that
cannot be directly pressurized. This is accomplished by
applying a solution to a local area of the pressure bound-
ary surface and creating a differential pressure across
that local area of the boundary causing the formation of
bubbles as leakage gas passes through the solution.

II-1020 GENERAL

II-1021 WRITTEN PROCEDURE REQUIREMENTS
II-1021.1 Requirements. The requirements of

T-1021.1, Table II-1021, and the following as specified
in this Article or referencing Code shall apply:
(a) pressure gage
(b) vacuum test pressure
(c) vacuum retention time
(d) box overlap
(e) acceptance criteria

II-1021.2 Procedure Qualification. The requirements
of T-1021.3 and Table II-1021 shall apply.

II-1030 EQUIPMENT

II-1031 BUBBLE SOLUTION
(a) The bubble forming solution shall produce a film

that does not break away from the area to be tested,
and the bubbles formed shall not break rapidly due to
air drying or low surface tension. The number of bubbles
contained in the solution should be minimized to reduce
the problem of discriminating between existing bubbles
and those caused by leakage.
(b) Soaps or detergents designed specifically for clean-

ing shall not be used for the bubble forming solution.
(c) The bubble forming solution shall be compatible

with the temperature conditions of the test.

II-1032 VACUUM BOX
The vacuum box used shall be of convenient size [e.g.,

6 in. (150 mm) wide by 30 in. (750 mm) long] and contain
a window in the side opposite the open bottom. The open
bottom edge shall be equipped with a suitable gasket to
form a seal against the test surface. Suitable connections,
valves, lighting, and gage shall be provided. The gage shall
have a range of 0 psi (0 kPa) to 15 psi (100 kPa), or
equivalent pressure units such as 0 in. Hg to 30 in. Hg
(0 mm Hg to 750 mm Hg). The gage range limit require-
ments of T-1031(a) do not apply.

Table II-1021
Requirements of a Vacuum Box Leak Testing Procedure

Requirement Essential Variable
Nonessential

Variable

Bubble forming solution (Brand name or type) X …
Surface temperature [Note (1)] (change to outside the range specified in this Article or as
previously qualified)

X …

Surface preparation technique X …
Lighting intensity (decrease below that specified in this Article or as previously qualified) X …
Personnel performance qualification requirements, when required … X
Vacuum box (size and shape) … X
Vacuum source … X
Solution applicator … X
Post testing cleaning technique … X
Personnel qualification requirements … X

NOTE:
(1) The minimum metal temperature during test shall not be below that specified in the referencing Code Section for the hydro,

hydropneumatic, or pneumatic test. The minimum or maximum temperature during test shall also be compatible with the test-
ing method.
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II-1033 VACUUM SOURCE
The required vacuum can be developed in the box by

any convenient method (e.g., air ejector, vacuum pump,
or motor intake manifold). The gage shall register a par-
tial vacuum of at least 2 psi (4 in. Hg) (15 kPa) below at-
mospheric pressure or the partial vacuum required by the
referencing Code Section.

II-1070 TEST

II-1071 SURFACE TEMPERATURE
As a standard technique, the temperature of the surface

of the part to be examined shall not be below 40°F (5°C)
nor above 125°F (50°C) throughout the examination. Lo-
cal heating or cooling is permitted provided temperatures
remain in the range of 40°F (5°C) to 125°F (50°C) during
the examination. Where it is impractical to comply with
the foregoing temperature limitations, other tempera-
tures may be used provided that the procedure is
demonstrated.

II-1072 APPLICATION OF SOLUTION
The bubble forming solution shall be applied to the sur-

face to be tested by flowing, spraying, or brushing the so-
lution over the examination area before placement of the
vacuum box.

II-1073 VACUUM BOX PLACEMENT
The vacuum box shall be placed over the solution

coated section of the test surface and the box evacuated
to the required partial vacuum.

II-1074 PRESSURE (VACUUM) RETENTION
The required partial vacuum (differential pressure)

shall be maintained for at least 10 sec examination time.

II-1075 VACUUM BOX OVERLAP
An overlap of 2 in. (50 mm) minimum for adjacent pla-

cement of the vacuum box shall be used for each subse-
quent examination.

II-1076 LIGHTING AND VISUAL AIDS
When performing the test, the requirements of Article

9, T-952 and T-953 shall apply.

II-1077 INDICATION OF LEAKAGE
The presence of continuous bubble growth on the sur-

face of the material or weld seam indicates leakage
through an orifice passage(s) in the region under
examination.

II-1078 POSTTEST CLEANING
After testing, cleaning may be required for product

serviceability.

II-1080 EVALUATION

II-1081 LEAKAGE
Unless otherwise specified by the referencing Code Sec-

tion, the area under test is acceptable when no continuous
bubble formation is observed.

II-1082 REPAIR/RETEST
When leakage is observed, the location of the leak(s)

shall be marked. The vacuum box shall then be vented
and the leak(s) repaired as required by the referencing
Code Section. After repairs have been made, the repaired
area or areas shall be retested in accordance with the re-
quirements of this Appendix.
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MANDATORY APPENDIX III
HALOGEN DIODE DETECTOR PROBE TEST

III-1010 INTRODUCTION AND SCOPE

(a) Introduction. The more sophisticated electronic ha-
logen leak detectors have very high sensitivity. These in-
struments make possible the detection of halogen gas
flow from the lower pressure side of a very small opening
in an envelope or barrier separating two regions at differ-
ent pressures.
(b) Scope. The halogen detector probe test method is a

semiquantitative method used to detect and locate leaks,
and shall not be considered quantitative.

III-1011 ALKALI-ION DIODE (HEATED ANODE)
HALOGEN LEAK DETECTORS

The alkali-ion diode halogen detector probe instrument
uses the principle of a heated platinum element (anode)
and an ion collector plate (cathode), where halogen vapor
is ionized by the anode, and the ions are collected by the
cathode. A current proportional to the rate of ion forma-
tion is indicated on a meter.

III-1012 ELECTRON CAPTURE HALOGEN LEAK
DETECTORS

The electron capture halogen detector probe instru-
ment uses the principle of the affinity of certain molecular
compounds for low energy free electrons usually pro-
duced by ionization of gas flow through an element with
a weak radioactive tritium source. When the gas flow con-
tains halides, electron capture occurs causing a reduction
in the concentration of halogen ions present as indicated
on a meter. Non-electron capturing nitrogen or argon is
used as background gas.

III-1020 GENERAL

III-1021 WRITTEN PROCEDURE REQUIREMENTS
III-1021.1 Requirements. The requirements of

T-1021.1, Table III-1021, and the following as specified
in this Article or referencing Code shall apply.
(a) leak standard
(b) tracer gas
(c) tracer gas concentration
(d) test pressure
(e) soak time
(f) scanning distance
(g) pressure gage
(h) sensitivity verification checks
(i) acceptance criteria

III-1021.2 Procedure Qualification. The require-
ments of T-1021.3 and Table III-1021 shall apply.

III-1030 EQUIPMENT

III-1031 TRACER GAS
Gases that may be used are shown in Table III-1031.

III-1031.1 For Alkali-Ion Diode. Halogen leak detec-
tors, select a tracer gas from Table III-1031 that will pro-
duce the necessary test sensitivity.

III-1031.2 For Electron Capture. Halogen leak detec-
tors, sulfur hexafluoride, SF6, is the recommended tracer
gas.

III-1032 INSTRUMENT
An electronic leak detector as described in III-1011 or

III-1012 shall be used. Leakage shall be indicated by
one or more of the following signaling devices.
(a) Meter: a meter on the test instrument, or a probe, or

both.
(b) Audio Devices: a speaker or set of headphones that

emits audible indications.
(c) Indicator Light: a visible indicator light.

III-1033 CALIBRATION LEAK STANDARDS
A leak standard per T-1063.1 using 100% tracer gas as

selected per III-1031.

III-1060 CALIBRATION

III-1061 STANDARD LEAK SIZE
The maximum leakage rate Q for the leak standard de-

scribed in III-1033 containing 100% tracer concentration
for use in III-1063 shall be calculated as follows:

where Qs is 1 × 10−4 std cm3/s (1 × 10−5 Pa m3/s), unless
specified otherwise by the referencing Code Section, and
%TG is the concentration of the tracer gas (in %) that is
to be used for the test (see III-1072).
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III-1062 WARM UP
The detector shall be turned on and allowed to warm

up for the minimum time specified by the instrument
manufacturer prior to calibrating with the leak standard.

III-1063 SCANNING RATE
The instrument shall be calibrated by passing the probe

tip across the orifice of the leak standard in III-1061. The
probe tip shall be kept within 1/8 in. (3 mm) of the orifice
of the leak standard. The scanning rate shall not exceed
that which can detect leakage rate Q from the leak stan-
dard. The meter deflection shall be noted or the audible
alarm or indicator light set for this scanning rate.

III-1064 DETECTION TIME
The time required to detect leakage from the leak stan-

dard is the detection time and it should be observed dur-
ing system calibration. It is usually desirable to keep this
time as short as possible to reduce the time required to
pinpoint detected leakage.

III-1065 FREQUENCY AND SENSITIVITY
Unless otherwise specified by the referencing Code Sec-

tion, the sensitivity of the detector shall be determined
before and after testing and at intervals of not more than
4 hr during testing. During any calibration check, if the
meter deflection, audible alarm, or indicator light indi-
cates that the detector cannot detect leakage from the
leak standard of III-1061, the instrument shall be recali-
brated and areas tested after the last satisfactory calibra-
tion check shall be retested.

III-1070 TEST

III-1071 LOCATION OF TEST
(a) The test area shall be free of contaminants that

could interfere with the test or give erroneous results.
(b) The component to be tested shall, if possible, be

protected from drafts or located in an area where drafts
will not reduce the required sensitivity of the test.

III-1072 CONCENTRATION OF TRACER GAS
The concentration of the tracer gas shall be at least

10% by volume at the test pressure, unless otherwise spe-
cified by the referencing Code Section.

III-1073 SOAK TIME
Prior to examination, the test pressure shall be held a

minimum of 30 min. When demonstrated, the minimum
allowable soak time may be less than that specified above
due to the immediate dispersion of the halogen gas when:

(a) a special temporary device (such as a leech box) is
used on open components to test short segments;

(b) components are partially evacuated prior to initial
pressurization with halogen gas.

Table III-1021
Requirements of a Halogen Diode Detector Probe Testing Procedure

Requirement Essential Variable
Nonessential

Variable

Instrument manufacturer and model X …
Surface preparation technique X …
Metal temperature [Note (1)] (change to outside the range specified in this Article or as
previously qualified)

X …

Personnel performance qualification requirements, when required … X
Scanning rate (maximum as demonstrated during system calibration) … X
Pressurizing gas (air or an inert gas) … X
Scanning direction … X
Signaling device … X
Post testing cleaning technique … X
Personnel qualification requirements … X

NOTE:
(1) The minimummetal temperature during test shall not be below that specified in the referencing Code Section for the hydro, hydropneu-

matic, or pneumatic test. The minimum or maximum temperature during test shall also be compatible with the testing method.

Table III-1031
Tracer Gases

Commercial
Designation Chemical Designation

Chemical
Symbol

Refrigerant-11 Trichloromonofluoromethane CCl3F
Refrigerant-12 Dichlorodifluoromethane CCl2F2
Refrigerant-21 Dichloromonofluoromethane CHCl2F
Refrigerant-22 Chlorodifluoromethane CHCIF2
Refrigerant-114 Dichlorotetrafluoroethane C2Cl2F4
Refrigerant-134a Tetrafluoroethane C2H2F4
Methylene Chloride Dichloromethane CH2Cl2
Sulfur Hexafluoride Sulfur Hexafluoride SF6
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III-1074 SCANNING DISTANCE
After the required soak time per III-1073, the detector

probe tip shall be passed over the test surface. The probe
tip shall be kept within 1/8 in. (3 mm) of the test surface
during scanning. If a shorter distance is used during cali-
bration, then that distance shall not be exceeded during
the examination scanning.

III-1075 SCANNING RATE
The maximum scanning rate shall be as determined in

III-1063.

III-1076 SCANNING DIRECTION
The examination scan should commence in the upper-

most portion of the system being leak tested while pro-
gressively scanning downward.

III-1077 LEAKAGE DETECTION
Leakage shall be indicated and detected according to

III-1032.

III-1078 APPLICATION
The following are two examples of applications that

may be used (note that other types of applications may
be used).

III-1078.1 Tube Examination. To detect leakage
through the tube walls when testing a tubular heat ex-
changer, the detector probe tip should be inserted into
each tube end and held for the time period established

by demonstration. The examination scan should com-
mence in the uppermost portion of the tubesheet tube
rows while progressively scanning downward.

III-1078.2 Tube-to-Tubesheet Joint Examination.
Tube-to-tubesheet joints may be tested by the encapsula-
tor method. The encapsulator may be a funnel type with
the small end attached to the probe tip end and the large
end placed over the tube-to-tubesheet joint. If the encap-
sulator is used, the detection time is determined by plac-
ing the encapsulator over the orifice on the leak standard
and noting the time required for an indicated instrument
response.

III-1080 EVALUATION

III-1081 LEAKAGE
Unless otherwise specified by the referencing Code

Section, the area tested is acceptable when no leakage
is detected that exceeds the al lowable rate of
1 × 10−4 std cm3/s (1 × 10−5 Pa m3/s).

III-1082 REPAIR/RETEST
When unacceptable leakage is detected, the location of

the leak(s) shall be marked. The component shall then be
depressurized, and the leak(s) repaired as required by the
referencing Code Section. After repairs have been made,
the repaired area or areas shall be retested in accordance
with the requirements of this Appendix.
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MANDATORY APPENDIX IV
HELIUM MASS SPECTROMETER TEST — DETECTOR PROBE

TECHNIQUE

IV-1010 SCOPE

This technique describes the use of the helium mass
spectrometer to detect minute traces of helium gas in
pressurized components. The high sensitivity of this leak
detector makes possible the detection of helium gas flow
from the lower pressure side of a very small opening in an
envelope or barrier separating two regions at different
pressures, or the determination of the presence of helium
in any gaseous mixture. The detector probe is a semi-
quantitative technique used to detect and locate leaks,
and shall not be considered quantitative.

IV-1020 GENERAL

IV-1021 WRITTEN PROCEDURE REQUIREMENTS
IV-1021.1 Requirements. The requirements of

T-1021.1, Table IV-1021, and the following as specified
in this Article or referencing Code shall apply.

(a) instrument leak standard
(b) system leak standard
(c) tracer gas
(d) tracer gas concentration
(e) test pressure
(f) soak time
(g) scanning distance
(h) pressure gage
(i) sensitivity verification checks
(j) acceptance criteria

IV-1021.2 Procedure Qualification. The require-
ments of T-1021.3 and Table IV-1021 shall apply.

IV-1030 EQUIPMENT

IV-1031 INSTRUMENT
A helium mass spectrometer leak detector capable of

sensing and measuring minute traces of helium shall be
used. Leakage shall be indicated by one or more of the fol-
lowing signaling devices.

(a) Meter : a meter on, or attached to, the test
instrument.

(b) Audio Devices: a speaker or set of headphones that
emits audible indications.

(c) Indicator Light: a visible indicator light.

IV-1032 AUXILIARY EQUIPMENT
(a) Transformer. A constant voltage transformer shall

be used in conjunction with the instrument when line vol-
tage is subject to variations.

(b) Detector Probe. All areas to be examined shall be
scanned for leaks using a detector probe (sniffer) con-
nected to the instrument through flexible tubing or a
hose. To reduce instrument response and clean up time,
the tubing or hose length shall be less than 15 ft
(4.5 m), unless the test setup is specifically designed to at-
tain the reduced response and clean up time for longer
tubing or hose lengths.

IV-1033 CALIBRATION LEAK STANDARDS
Calibration leak standards shall be per T-1063.1.

IV-1060 CALIBRATION

IV-1061 INSTRUMENT CALIBRATION
IV-1061.1 Warm Up. The instrument shall be turned

on and allowed to warm up for the minimum time speci-
fied by the instrument manufacturer prior to calibrating
with the calibrated leak standard.

IV-1061.2 Calibration. Calibrate the helium mass
spectrometer per the instruments manufacturer ’s
operation andmaintenance manual, using a reservoir leak
standard as stated in T-1063.1 to establish that the instru-
ment is at optimum or adequate sensitivity. The standard
shall have a helium leakage rate in the range of 1 × 10−6 to
1 × 10−10 std cm3/s (1 × 10−7 to 1 × 10−11 Pa m3/s), or as
recommended by the manufacturer. The instrument
shall have a sensitivity of at least 1 × 10−9 std cm3/s
(1 × 10−10 Pa m3/s) for helium.

IV-1062 SYSTEM CALIBRATION
IV-1062.1 Standard Leak Size. The maximum leak-

age rate Q for the leak standard described in IV-1033,
containing 100% helium concentration for use in
IV-1062.2, shall be calculated as follows:
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where Qs is 1 × 10−4 std cm3/s (1 × 10−5 Pa m3/s), unless
specified otherwise by the referencing Code Section, and
%TG is the concentration of the tracer gas (in %) that is
to be used for the test (see IV-1072).

IV-1062.2 Scanning Rate. After connecting the de-
tector probe to the instrument, the system shall be cali-
brated by passing the detector probe tip across the
orifice of the leak standard in IV-1062.1. The probe tip
shall be kept within 1/8 in. (3 mm) of the orifice of the leak
standard. The scanning rate shall not exceed that which
can detect leakage rate Q from the leak standard. The me-
ter deflection shall be noted or the audible alarm or indi-
cator light set for this scanning rate.

IV-1062.3 Detection Time. The time required to de-
tect leakage from the leak standard is the detection time,
and it should be observed during system calibration. It is
usually desirable to keep this time as short as possible to
reduce the time required to pinpoint detected leakage.

IV-1062.4 Frequency and Sensitivity. Unless other-
wise specified by the referencing Code Section, the system
sensitivity shall be determined before and after testing
and at intervals of not more than 4 hr during the test. Dur-
ing any calibration check, if the meter deflection, audible
alarm, or visible light indicates that the system cannot de-
tect leakage per IV-1062.2, the system, and if necessary,
the instrument, shall be recalibrated and all areas tested
after the last satisfactory calibration check shall be
retested.

IV-1070 TEST

IV-1071 LOCATION OF TEST
The component to be tested shall, if possible, be pro-

tected from drafts or located in an area where drafts will
not reduce the required sensitivity of the test.

IV-1072 CONCENTRATION OF TRACER GAS
The concentration of the helium tracer gas shall be at

least 10% by volume at the test pressure, unless other-
wise specified by the referencing Code Section.

IV-1073 SOAK TIME
Prior to testing, the test pressure shall be held a mini-

mum of 30 min. The minimum allowable soak time may
be less than that specified above due to the immediate
dispersion of the helium gas when:
(a) a special temporary device (such as a leech box) is

used on open components to test short segments;
(b) components are partially evacuated prior to initial

pressurization with helium gas.

IV-1074 SCANNING DISTANCE
After the required soak time per IV-1073, the detector

probe tip shall be passed over the test surface. The probe
tip shall be kept within 1/8 in. (3 mm) of the test surface
during scanning. If a shorter distance is used during sys-
tem calibration, then that distance shall not be exceeded
during test scanning.

IV-1075 SCANNING RATE
The maximum scanning rate shall be as determined in

IV-1062.2.

Table IV-1021
Requirements of a Helium Mass Spectrometer Detector Probe Testing Procedure

Requirement Essential Variable
Nonessential

Variable

Instrument manufacturer and model X …
Detector Probe manufacturer and model X …
Surface preparation technique X …
Metal temperature [Note (1)] (change to outside the range specified in this Article or as previously
qualified) X …

Personnel performance qualification requirements, when required … X
Pressurizing gas (air or inert gas) … X
Scanning rate (maximum as demonstrated during system calibration) … X
Signaling device … X
Scanning direction … X
Post testing cleaning technique … X
Personnel qualification requirements … X

NOTE:
(1) The minimum metal temperature during test shall not be below that specified in the referencing Code Section for the hydro, hydropneu-

matic, or pneumatic test. The minimum or maximum temperature during test shall also be compatible with the testing method.
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IV-1076 SCANNING DIRECTION
The examination scan should commence in the lower-

most portion of the system being tested while progres-
sively scanning upward.

IV-1077 LEAKAGE DETECTION
Leakage shall be indicated and detected according to

IV-1031.

IV-1078 APPLICATION
The following are two examples of applications that

may be used (note that other types of applications may
be used).

IV-1078.1 Tube Examination. To detect leakage
through the tube walls when testing a tubular heat ex-
changer, the detector probe tip should be inserted into
each tube end and held for the time period established
by demonstration. The examination scan should com-
mence in the lowermost portion of the tubesheet tube
rows while progressively scanning upward.

IV-1078.2 Tube-to-Tubesheet Joint Examination.
Tube-to-tubesheet joints may be tested by the encapsula-
tor method. The encapsulator may be a funnel type with

the small end attached to the probe tip end and the large
end placed over the tube-to-tubesheet joint. If the encap-
sulator is used, the detection time is determined by plac-
ing the encapsulator over the orifice on the leak standard
and noting the time required for an indicated instrument
response.

IV-1080 EVALUATION

IV-1081 LEAKAGE
Unless otherwise specified by the referencing Code

Section, the area tested is acceptable when no leakage
is detected that exceeds the al lowable rate of
1 × 10−4 std cm3/s (1 × 10−5 Pa m3/s).

IV-1082 REPAIR/RETEST
When unacceptable leakage is detected, the location of

the leak(s) shall be marked. The component shall then be
depressurized, and the leak(s) repaired as required by the
referencing Code Section. After repairs have been made,
the repaired area or areas shall be retested in accordance
with the requirements of this Appendix.
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MANDATORY APPENDIX V
HELIUM MASS SPECTROMETER TEST — TRACER PROBE

TECHNIQUE

V-1010 SCOPE

This technique describes the use of the helium mass
spectrometer to detect minute traces of helium gas in
evacuated components.
The high sensitivity of this leak detector, when tracer

probe testing, makes possible the detection and location
of helium gas flow from the higher pressure side of very
small openings through the evacuated envelope or barrier
separating the two regions at different pressures. This is a
semiquantitative technique and shall not be considered
quantitative.

V-1020 GENERAL

V-1021 WRITTEN PROCEDURE REQUIREMENTS
V-1021.1 Requirements. The requirements of

T-1021.1, Table V-1021, and the following as specified
in this Article or referencing Code shall apply.
(a) instrument leak standard
(b) system leak standard
(c) tracer gas
(d) vacuum test pressure
(e) vacuum gaging
(f) soak time
(g) scanning distance
(h) sensitivity verification checks
(i) acceptance criteria

V-1021.2 Procedure Qualification. The requirements
of T-1021.3 and Table V-1021 shall apply.

V-1030 EQUIPMENT

V-1031 INSTRUMENT
A helium mass spectrometer leak detector capable of

sensing and measuring minute traces of helium shall be
used. Leakage shall be indicated by one or more of the fol-
lowing signaling devices.
(a) Meter: a meter on or attached to the test instrument.
(b) Audio Devices: a speaker or set of headphones that

emits audible indications.
(c) Indicator Light: a visible indicator light.

V-1032 AUXILIARY EQUIPMENT
(a) Transformer. A constant voltage transformer shall

be used in conjunction with the instrument when line vol-
tage is subject to variations.
(b) Auxiliary Pump System. When the size of the test

system necessitates the use of an auxiliary vacuum pump
system, the ultimate absolute pressure and pump speed
capability of that system shall be sufficient to attain re-
quired test sensitivity and response time.
(c) Manifold. A system of pipes and valves with proper

connections for the instrument gages, auxiliary pump, ca-
libration leak standard, and test component.
(d) Tracer Probe. Tubing connected to a source of 100%

helium with a valved fine opening at the other end for di-
recting a fine stream of helium gas.
(e) Vacuum Gage(s). The range of vacuum gage(s) cap-

able of measuring the absolute pressure at which the
evacuated system is being tested. The gage(s) for large
systems shall be located on the system as far as possible
from the inlet to the pump system.

V-1033 SYSTEM CALIBRATION LEAK STANDARD
A nonreservoir, capillary type leak standard per

T-1063.2 with a maximum helium leakage rate of
1 × 10−5 std cm3/s (1 × 10−6 Pa m3/s) shall be used unless
otherwise specified by the referencing Code Section.

V-1060 CALIBRATION

V-1061 INSTRUMENT CALIBRATION
V-1061.1 Warm Up. The instrument shall be turned

on and allowed to warm up for the minimum time speci-
fied by the instrument manufacturer prior to calibrating
with the calibration leak standard.

V-1061.2 Calibration. Calibrate the helium mass
spectrometer per the instruments manufacturer’s opera-
tion and maintenance manual, using a reservoir type leak
standard as stated in T-1063.1 to establish that the instru-
ment is at optimum or adequate sensitivity. The standard
shall have a helium leakage rate in the range of 1 × 10−6 to
1 × 10−10 std cm3/s (1 × 10−7 to 1 × 10−11 Pa m3/s), or as
recommended by the manufacturer. The instrument shall
have a sensitivity of at least 1 × 10−9 std cm3/s
(1 × 10−10 Pa m3/s) for helium.
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V-1062 SYSTEM CALIBRATION
V-1062.1 Standard Leak Size. The calibrated leak

standard, as stated in V-1033, shall be attached to the
component as far as possible from the instrument connec-
tion to the component. The leak standard shall remain
open during system calibration.

V-1062.2 Scanning Rate. With the component evac-
uated to an absolute pressure sufficient for connection of
the helium mass spectrometer to the system, the system
shall be calibrated for the test by passing the tracer probe
tip across the orifice of the leak standard. The probe tip
shall be kept within 1/4 in. (6 mm) of the orifice of the leak
standard. For a known flow rate from the tracer probe of
100% helium, the scanning rate shall not exceed that
which can detect leakage through the calibration leak
standard into the test system.

V-1062.3 Detection Time. The time required to de-
tect leakage from the leak standard is the detection time,
and it should be observed during system calibration. It is
desirable to keep this time as short as possible to reduce
the time required to pinpoint detected leakage.

V-1062.4 Frequency and Sensitivity. Unless other-
wise specified by the referencing Code Section, the system
sensitivity shall be determined before and after testing
and at intervals of not more than 4 hr during testing. Dur-
ing any calibration check, if the meter deflection, audible
alarm, or visible light indicates that the system cannot de-
tect leakage per V-1062.2, the system, and if necessary,
the instrument, shall be recalibrated and all areas tested
after the last satisfactory calibration check shall be
retested.

V-1070 TEST

V-1071 SCANNING RATE
The maximum scanning rate shall be as determined in

V-1062.2.

V-1072 SCANNING DIRECTION
The examination scan should commence in the upper-

most portion of the system being tested while progres-
sively scanning downward.

V-1073 SCANNING DISTANCE
The tracer probe tip shall be kept within 1/4 in. (6 mm)

of the test surface during scanning. If a shorter distance is
used during system calibration, then that distance shall
not be exceeded during the examination scanning.

V-1074 LEAKAGE DETECTION
Leakage shall be indicated and detected according to

V-1031.

V-1075 FLOW RATE
The minimum flow rate shall be as set in V-1062.2.

V-1080 EVALUATION

V-1081 LEAKAGE
Unless otherwise specified by the referencing Code Sec-

tion, the area tested is acceptable when no leakage is de-
tected that exceeds the allowable rate of 1 × 10−5 std
cm3/s (1 × 10−6 Pa m3/s).

Table V-1021
Requirements of a Helium Mass Spectrometer Tracer Probe Testing Procedure

Requirement Essential Variable
Nonessential

Variable

Instrument manufacturer and model X …
Surface preparation technique X …
Metal temperature [Note (1)] (change to outside the range specified in this Article or as previously

qualified)
X …

Tracer probe manufacturer and model X …
Personnel performance qualification requirements, when required … X
Tracer probe flow rate (minimum demonstrated during system calibration) … X
Scanning rate (maximum as demonstrated during system calibration) … X
Signaling device … X
Scanning direction … X
Vacuum pumping system … X
Post testing cleaning technique … X
Personnel qualification requirements … X

NOTE:
(1) The minimum metal temperature during test shall not be below that specified in the referencing Code Section for the hydro, hydro-

pneumatic, or pneumatic test. The minimum or maximum temperature during test shall also be compatible with the testing method.
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V-1082 REPAIR/RETEST
When unacceptable leakage is detected, the location of

the leak(s) shall be marked. The component shall then be
vented, and the leak(s) repaired as required by the

referencing Code Section. After repairs have been made,
the repaired area or areas shall be retested in accordance
with the requirements of this Appendix.
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MANDATORY APPENDIX VI
PRESSURE CHANGE TEST

VI-1010 SCOPE

This test method describes the techniques for deter-
mining the leakage rate of the boundaries of a closed com-
ponent or system at a specific pressure or vacuum.
Pressure hold, absolute pressure, maintenance of pres-
sure, pressure loss, pressure decay, pressure rise, and
vacuum retention are examples of techniques that may
be used whenever pressure change testing is specified
as a means of determining leakage rates. The tests specify
a maximum allowable change in either pressure per unit
of time, percentage volume, or mass change per unit of
time.

VI-1020 GENERAL

VI-1021 WRITTEN PROCEDURE REQUIREMENTS
VI-1021.1 Requirements. The requirements of

T-1021.1, Table VI-1021, and the following as specified
in this Article or referencing Code shall apply.

(a) test/vacuum test pressure
(b) soak time
(c) test duration
(d) recording interval
(e) acceptance criteria

VI-1021.2 Procedure Qualification. The require-
ments of T-1021.3 and Table VI-1021 shall apply.

VI-1030 EQUIPMENT

VI-1031 PRESSURE MEASURING INSTRUMENTS
(a) Gage Range. Dial indicating and recording type

gages shall meet the requirements of T-1031(a). Liquid
manometers or quartz Bourdon tube gages may be used
over their entire range.

(b) Gage Location. The location of the gage(s) shall be
that stated in T-1031(b).

(c) Types of Gages. Regular or absolute gages may be
used in pressure change testing. When greater accuracy
is required, quartz Bourdon tube gages or liquid man-
ometers may be used. The gage(s) used shall have an ac-
curacy, resolution, and repeatability compatible with the
acceptance criteria.

VI-1032 TEMPERATURE MEASURING
INSTRUMENTS

Dry bulb or dew point temperature measuring instru-
ments, when used, shall have accuracy, repeatability,
and resolution compatible with the leakage rate accep-
tance criteria.

Table VI-1021
Requirements of a Pressure Change Testing Procedure

Requirement Essential Variable
Nonessential

Variable

Pressure or vacuum gage manufacturer and model X …
Temperature measuring instrument manufacturer and model, when applicable X …
Surface preparation technique X …
Metal temperature [Note (1)] (change to outside the range specified in this Article or as
previously qualified)

X …

Personnel performance qualification requirements, when required … X
Vacuum pumping system, when applicable … X
Post testing cleaning technique … X
Personnel qualification requirements … X

NOTE:
(1) The minimum metal temperature during test shall not be below that specified in the referencing Code Section for the hydro, hydro-

pneumatic, or pneumatic test. The minimum or maximum temperature during test shall also be compatible with the testing method.
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VI-1060 CALIBRATION

VI-1061 PRESSURE MEASURING INSTRUMENTS
All dial indicating, recording, and quartz Bourdon tube

gages shall be calibrated per T-1061(b). The scale of li-
quid manometers shall be calibrated against standards
that have known relationships to national standards,
where such standards exist.

VI-1062 TEMPERATURE MEASURING
INSTRUMENTS

Calibration for dry bulb and dew point temperature
measuring instruments shall be against standards that
have known relationships to national standards, where
such standards exist.

VI-1070 TEST

VI-1071 PRESSURE APPLICATION
Components that are to be tested above atmospheric

pressure shall be pressurized per T-1044.

VI-1072 VACUUM APPLICATION
Components that are to be tested under vacuum shall

be evacuated to at least 2 psi (4 in. Hg) (15 kPa) below at-
mospheric pressure or as required by the referencing
Code Section.

VI-1073 TEST DURATION
The test pressure (or vacuum) shall be held for the

duration specified by the referencing Code Section or, if
not specified, it shall be sufficient to establish the leakage
rate of the component system within the accuracy or con-
fidence limits required by the referencing Code Section.
For very small components or systems, a test duration
in terms of minutes may be sufficient. For large compo-
nents or systems, where temperature and water vapor
corrections are necessary, a test duration in terms of
many hours may be required.

VI-1074 SMALL PRESSURIZED SYSTEMS
For temperature stabilization of very small pressurized

systems, such as gasket interspaces, where only system
(metal) temperature can be measured, at least 15 min
shall elapse after completion of pressurization and before
starting the test.

VI-1075 LARGE PRESSURIZED SYSTEMS
For temperature stabilization of large pressurized sys-

tems where the internal gas temperature is measured
after completion of pressurization, it shall be determined
that the temperature of the internal gas has stabilized be-
fore starting the test.

VI-1076 START OF TEST
At the start of the test, initial temperature and pressure

(or vacuum) readings shall be taken and thereafter at reg-
ular intervals, not to exceed 60 min, until the end of the
specified test duration.

VI-1077 ESSENTIAL VARIABLES
(a)When it is required to compensate for barometric

pressure variations, measurement of the test pressure
shall be made with either an absolute pressure gage or
a regular pressure gage and a barometer.
(b)When it is required by the referencing Code Section,

or when the water vapor pressure variation can signifi-
cantly affect the test results, the internal dew point tem-
perature or relative humidity shall be measured.

VI-1080 EVALUATION

VI-1081 ACCEPTABLE TEST
When the pressure change or leakage rate is equal to or

less than that specified by the referencing Code Section,
the test is acceptable.

VI-1082 REJECTABLE TEST
When the pressure change or leakage rate exceeds that

specified by the referencing Code Section, the results of
the test are unsatisfactory. Leak(s) may be located by
other methods described in the Mandatory Appendices.
After the cause of the excessive pressure change or leak-
age rate has been determined and repaired in accordance
with the referencing Code Section, the original test shall
be repeated.

NOTE: For more information regarding this method of testing refer
to the following:
(a) 10 CFR 50, Appendix J, Primary Containment Leakage Testing

for Water Cooled Power Reactors.
(b) ANSI/ANS 56.8-1981, American National Standard Contain-

ment System Leakage Testing Requirements, published by the Amer-
ican Nuclear Society.
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MANDATORY APPENDIX VIII
THERMAL CONDUCTIVITY DETECTOR PROBE TEST

VIII-1010 INTRODUCTION AND SCOPE

(a) Introduction. These instruments make possible the
detection of a tracer gas flow from the lower pressure
side of a very small opening in an envelope or barrier se-
parating two regions at different pressures.

(b) Scope. The thermal conductivity detector probe test
method is a semiquantitative method used to detect and
locate leaks, and shall not be considered quantitative.

VIII-1011 THERMAL CONDUCTIVITY LEAK
DETECTORS

The thermal conductivity detector probe instrument
uses the principle that the thermal conductivity of a gas
or gas mixture changes with any change in the concentra-
tion(s) of the gas or gas mixture (i.e., the introduction of a
tracer gas in the area of a leak).

VIII-1020 GENERAL

VIII-1021 WRITTEN PROCEDURE
REQUIREMENTS

VIII-1021.1 Requirements. The requirements of
T-1021.1, Table VIII-1021, and the following as specified
in this Article or referencing Code shall apply.

(a) leak standard
(b) tracer gas concentration
(c) test pressure
(d) soak time
(e) scanning distance
(f) pressure gage
(g) sensitivity verification checks
(h) acceptance criteria

VIII-1021.2 Procedure Qualification. The require-
ments of T-1021.3 and Table VIII-1021 shall apply.

VIII-1030 EQUIPMENT

VIII-1031 TRACER GAS
In principle, any gas having a thermal conductivity dif-

ferent from air can be used as a tracer gas. The sensitivity
achievable depends on the relative differences of the ther-
mal conductivity of the gases [i.e., background air (air
used to zero the instrument) and the sampled air (air con-
taining the tracer gas) in the area of a leak]. Table

VIII-1031 lists some of the typical tracer gases used.
The tracer gas to be used shall be selected based on the
required test sensitivity.

VIII-1032 INSTRUMENT
An electronic leak detector as described in VIII-1011

shall be used. Leakage shall be indicated by one or more
of the following signaling devices:

(a) Meter. A meter on the test instrument, or a probe, or
both.

(b) Audio Devices. A speaker or sets of headphones that
emit(s) audible indications.

(c) Indicator Light. A visible indicator light.

VIII-1033 CALIBRATION LEAK STANDARD
A leak standard per T-1063.2 using 100% tracer gas as

selected per VIII-1031.

VIII-1060 CALIBRATION

VIII-1061 STANDARD LEAK SIZE
The maximum leakage rate Q for the leak standard de-

scribed in VIII-1033 containing 100% tracer concentra-
tion for use in VIII-1063 shall be calculated as follows:

where Qs [in std cm3/s (Pa m3/s)] is the required test sen-
sitivity and %TG is the concentration of the tracer gas (in
percent) that is to be used for the test. See VIII-1072.

VIII-1062 WARM UP
The detector shall be turned on and allowed to warm

up for the minimum time specified by the instrument
manufacturer prior to calibrating with the leak standard.

VIII-1063 SCANNING RATE
The detector shall be calibrated by passing the probe

tip across the orifice of the leak standard in VIII-1061.
The probe tip shall be kept within 1/2 in. (13 mm) of the
orifice of the leak standard. The scanning rate shall not
exceed that which can detect leakage rate Q from the leak
standard. The meter deflection shall be noted or the audi-
ble alarm or indicator light set for this scanning rate.
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VIII-1064 DETECTION TIME
The time required to detect leakage from the leak stan-

dard is the detection time and it should be observed dur-
ing system calibration. It is usually desirable to keep this
time as short as possible to reduce the time required to
pinpoint detected leakage.

VIII-1065 FREQUENCY AND SENSITIVITY
Unless otherwise specified by the referencing Code Sec-

tion, the sensitivity of the detector shall be determined
before and after testing and at intervals of not more than
4 hr during testing. During any calibration check, if the
meter deflection, audible alarm, or indicator light indicate
that the detector cannot detect leakage per VIII-1063, the
instrument shall be recalibrated and areas tested after the
last satisfactory calibration check shall be retested.

VIII-1070 TEST

VIII-1071 LOCATION OF TEST
(a) The test area shall be free of contaminants that

could interfere with the test or give erroneous results.
(b) The component to be tested shall, if possible, be

protected from drafts or located in an area where drafts
will not reduce the required sensitivity of the test.

VIII-1072 CONCENTRATION OF TRACER GAS
The concentration of the tracer gas shall be at least

10% by volume at the test pressure, unless otherwise spe-
cified by the referencing Code Section.

VIII-1073 SOAK TIMES
Prior to examination, the test pressure shall be held a

minimum of 30 min. When demonstrated, the minimum
allowable soak time may be less than that specified above
due to the immediate dispersion of the tracer gas when:
(a) a special temporary device (such as a leech box) is

used on open components to test short segments;
(b) components are partially evacuated prior to initial

pressurization with tracer gas.

VIII-1074 SCANNING DISTANCE
After the required soak time per VIII-1073, the detector

probe tip shall be passed over the test surface. The probe
tip shall be kept within 1/2 in. (13 mm) of the test surface
during scanning. If a shorter distance is used during cali-
bration, then that distance shall not be exceeded during
the examination scanning.

VIII-1075 SCANNING RATE
The maximum scanning rate shall be as determined in

VIII-1063.

Table VIII-1021
Requirements of a Thermal Conductivity Detector Probe Testing Procedure

Requirement Essential Variable
Nonessential

Variable

Instrument manufacturer and model X …
Surface preparation technique X …
Metal temperature [Note (1)] (change to outside the range specified in this Article or as

previously qualified)
X …

Tracer gas X …
Personnel performance qualification requirements, when required … X
Scanning rate (maximum demonstrated during system calibration) … X
Signaling device … X
Scanning direction … X
Post testing cleaning technique … X
Personnel qualification requirements … X

NOTE:
(1) The minimum metal temperature during test shall not be below that specified in the referencing Code Section for the hydro, hydro-

pneumatic, or pneumatic test. The minimum or maximum temperature during test shall also be compatible with the testing method.

Table VIII-1031
Tracer Gases

Designation Chemical Designation
Chemical
Symbol

… Helium He
… Argon Ar
… Carbon Dioxide CO2

Refrigerant-11 Trichloromonofluoromethane CCl2F
Refrigerant-12 Dichlorodifluoromethane CCl2F2
Refrigerant-21 Dichloromonofluoromethane CHCl2F
Refrigerant-22 Chlorodifluoromethane CHClF2
Refrigerant-114 Dichlorotetrafluoroethane C2Cl2F4
Refrigerant-134a Tetrafluoroethane C2H2F4
Methylene Chloride Dichloromethane CH2Cl2
Sulfur Hexafluoride Sulfur Hexafluoride SF6
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VIII-1076 SCANNING DIRECTION
For tracer gases that are lighter than air, the examina-

tion scan should commence in the lowermost portion of
the system being tested while progressively scanning up-
ward. For tracer gases that are heavier than air, the exam-
ination scan should commence in the uppermost portion
of the system being tested while progressively scanning
downward.

VIII-1077 LEAKAGE DETECTION
Leakage shall be indicated and detected according to

VIII-1032.

VIII-1078 APPLICATION
The following are two examples of applications that

may be used (note that other types of applications may
be used).

VIII-1078.1 Tube Examination. To detect leakage
through the tube walls when testing a tubular heat ex-
changer, the detector probe tip should be inserted into
each tube and held for the time period established by
demonstration.

VIII-1078.2 Tube-to-Tubesheet Joint Examination.
Tube-to-tubesheet joints may be tested by the encapsula-
tor method. The encapsulator may be a funnel type with

the small end attached to the probe tip end and the large
end placed over the tube-to-tubesheet joint. If the encap-
sulator is used, the detection time is determined by plac-
ing the encapsulator over the orifice on the leak standard
and noting the time required for an indicated instrument
response.

VIII-1080 EVALUATION

VIII-1081 LEAKAGE
Unless otherwise specified by the referencing Code Sec-

tion, the area tested is acceptable when no leakage is de-
tected that exceeds the maximum leakage rate Q ,
determined per VIII-1061.

VIII-1082 REPAIR/RETEST
When unacceptable leakage is detected, the location of

the leak(s) shall be marked. The component shall then be
depressurized, and the leak(s) repaired as required by the
referencing Code Section. After repairs have been made,
the repaired area or areas shall be retested in accordance
with the requirements of this Appendix.
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MANDATORY APPENDIX IX
HELIUM MASS SPECTROMETER TEST — HOOD TECHNIQUE

IX-1010 SCOPE

The technique described in this Appendix uses the he-
lium mass spectrometer leak detector (HMSLD) to detect
and measure helium gas leakage across a boundary under
test, into an evacuated space. This technique can typically
be used to measure helium leakage rates of 1 × 10−4 atm
cm3/sec to 1 × 10−11 atm cm3/sec (1 × 10−3 Pa m3/sec to
1 × 10−10 Pa m3/sec).
The high sensitivity of this helium hood leakage rate

test makes it possible to detect and measure total helium
mass flow across a boundary or barrier that separates a
space that can be evacuated from a region containing he-
lium gas. This quantitative leakage rate measurement
technique makes it possible to determine net leakage rate
by distinguishing helium leakage from preexisting back-
ground signal.

IX-1020 GENERAL

IX-1021 WRITTEN PROCEDURE REQUIREMENTS
IX-1021.1 Requirements. The requirements of

T-1021.1, Table IX-1021, and the following as specified
in this Article or referencing Code shall apply.
(a) instrument leak standard
(b) system leak standard
(c) vacuum gaging

(d) acceptance criteria

IX-1021.2 Procedure Qualification. The require-
ments of T-1021.3 and Table IX-1021 shall apply.

IX-1030 EQUIPMENT

IX-1031 INSTRUMENT
A helium mass spectrometer leak detector shall be

used. The instrument output shall be indicated by a me-
ter, light bar, digital display, or other numeric or visually
subdivided signal on or attached to the test instrument.

IX-1032 AUXILIARY EQUIPMENT
(a) Transformer. A constant voltage transformer shall

be used in conjunction with the instrument when line vol-
tage is subject to variations.
(b) Auxiliary Pump System for Split Flow Testing. When

the gas load of the test system necessitates the use of an
auxiliary vacuum pump system, the test system sensitiv-
ity will be affected by the proportional splitting of the
gas flow between the mass spectrometer and the auxiliary
pump. This technique of testing requires particular atten-
tion to attain the required test sensitivity and response
time.

Table IX-1021
Requirements of a Helium Mass Spectrometer Hood Testing Procedure

Requirement Essential Variable
Nonessential

Variable

Instrument manufacturer and model X …
Surface preparation technique X …
Metal temperature [Note (1)] (change to outside the range specified in this Article or as

previously qualified)
X …

Technique of establishing minimum concentration of tracer gas in the hood X …
Technique of evaluating, measuring, or determining the absolute pressure in the hood … X
Personnel performance qualification requirements, when required … X
Hood materials … X
Vacuum pumping system … X
Post testing cleaning technique … X
Personnel qualification requirements … X

NOTE:
(1) The minimum metal temperature during test shall not be below that specified in the referencing Code Section for the hydro, hydro-

pneumatic, or pneumatic test. The minimum or maximum temperature during test shall also be compatible with the testing method.
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(c) Manifold. A system of pipes and valves with connec-
tions for the instrument gages, auxiliary pump, calibra-
tion leak standard, and test component.

(d) Hood. A permanent or temporary envelope or con-
tainer that creates a space or volume that is used to main-
tain a concentration of tracer gas in contact with the
upstream surface of the boundary being leak tested. Ex-
amples include the following:

(1) a flexible plastic enclosure taped to or around a
component

(2) an annular space between concentric vessels
(3) an adjacent volume of a vessel that shares a

boundary with an evacuated test space
(e) Vacuum Gage(s). Vacuum gage(s) capable of mea-

suring the absolute pressure at which the evacuated sys-
tem is being tested. The gage(s) for large systems shall be
located on the system as far as possible from the inlet to
the pump system.

(f) High-Speed Pump. A high-speed pump may be used
in series between the test object and the helium mass
spectrometer to reduce the system response time. The
high-speed pump may be a turbomolecular, turbodrag,
diffusion, or other mass-throughput pump that does not
introduce extraneous gas flow to the test system from a
source other than the evacuated test space. There is no
loss in test sensitivity or reliability when the entire
throughput of the in-series pump is directed through
the helium mass spectrometer leak detector.

IX-1033 SYSTEM CALIBRATION LEAK STANDARD
(a) Unless otherwise specified by the referencing Code

Section, the test system shall include a system calibration
leak standard per T-1063.1 with a helium leakage rate be-
tween 0.2 and 5 times the acceptance criteria for the test.

(b) Unless otherwise specified by the referencing Code
Section, the system calibration leak standard shall be of a
helium leakage rate that will cause the mass spectrometer
leak detector to be in the same test mode at the system
calibration value M1 as the test mode that will occur at
value M3 if a leak is detected during the test that is equal
to the test acceptance criteria.

IX-1050 TECHNIQUE

IX-1051 PERMEATION
When systems with long response times (i.e., low evac-

uated volume to system pumping speed ratio) are to be
tested, helium permeation through nonmetallic seals
can lead to false results. In cases like this, it is recom-
mended to locally hood test such seals or exclude them
from the hood if the seals are not required to be tested.

IX-1052 REPETITIVE OR SIMILAR TESTS
For repetitive tests or where the test time is known

from previous similar tests, the preliminary calibration,
per IX-1062.5, may be omitted.

IX-1053 MULTIPLE-MODE MASS
SPECTROMETER LEAK DETECTORS

When this leak test is performed with a multiple-mode
HMSLD, measures shall be taken to ensure that a change
in test mode will not result in an invalid leakage rate mea-
surement. The use of a mode lock throughout the test cy-
cle is permitted.

IX-1060 CALIBRATION

IX-1061 INSTRUMENT CALIBRATION
IX-1061.1 Warm-Up. The instrument shall be turned

on and allowed to warm up for at least the minimum time
specified by the instrument manufacturer prior to cali-
brating with the leak standard.

IX-1061.2 Instrument Range Lock. If an instrument
range lock will be used during testing, the range lock shall
be engaged prior to calibration of the instrument.

IX-1061.3 Calibration. Calibrate the helium mass
spectrometer per the instrument manufacturer’s opera-
tion and maintenance manual using a leak standard as
stated in T-1063.1 to establish that the instrument is at
optimum or adequate sensitivity. The standard shall have
a helium leakage rate in the range of 1 × 10−6 std cm3/s to
1 × 1 0 − 1 0 s t d cm 3 / s ( 1 × 1 0 − 7 P a m 3 / s t o
1 × 10−11 Pa m3/s), or as recommended by the manufac-
turer. The instrument shall have sensitivity of at least
1 × 10−9 std cm3/s (1 × 10−10 Pa m3/s) for helium.

IX-1061.4 Instrument Sensitivity Verification. Per-
form an instrument sensitivity verification using a cali-
brated leak to establish that the instrument is at the
required sensitivity. The standard shall have a helium
leakage rate in the range of 1 × 10−6 atm cm3/s to 1 ×
10−10 atm cm3/s (1 × 10−7 Pa m3/s to 1 × 10−11 Pa m3/
s), or as recommended by the manufacturer. The instru-
ment sensitivity for helium may be calculated as follows:

where

CL = helium leakage rate of the instrument calibrated
leak standard, atm cm3/s (Pa m3/s)

closed = HMSLD-indicated leakage rate with the instru-
ment calibrated leak valve closed (calibrated
leak isolated)

div = smallest nominal unit of leakage rate resolution
of the HMSLD display with the instrument cali-
brated leak valve closed (calibrated leak
isolated)

open = HMSLD-indicated leakage rate with the instru-
ment calibrated leak valve open
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IX-1062 SYSTEM CALIBRATION
IX-1062.1 Standard Leak Size. A calibrated leak (CL)

standard as per T-1063.1 with 100% helium shall be at-
tached, where feasible, to the component at the extremity
of the conductance path from the instrument connection
to the component.

IX-1062.2 Response Time.With the component evac-
uated to an absolute pressure sufficient for connection of
the helium mass spectrometer to the system, the system
shall be calibrated by opening the leak standard to the
system. The leak standard shall remain open until the in-
strument signal becomes stable.
The time shall be recorded when the leak standard is

first opened to the component and again when the in-
crease in output signal becomes stable. The elapsed time
between the two readings is the response time. This re-
sponse time shall be noted and recorded. The stable in-
strument reading shall be noted and recorded as M1 in
divisions.

IX-1062.3 Clean-Up Time. With the test system at
equilibrium, and with the system calibrated leak admitted
to the system for M1 , the calibrated leak shall be isolated.
The time shall be recorded when the leak standard is first
isolated and again when the decrease in mass spectro-
meter leak detector signal becomes stable. The elapsed
time between the two readings is the clean-up time. This
clean-up time shall be noted and recorded.

IX-1062.4 Background Reading.19 BackgroundM2 is
established after determining the clean-up time. The leak
standard is isolated from the system for this measure-
ment, and the instrument reading M2 shall be recorded
when the MSLD output value is stable.

IX-1062.5 Preliminary Calibration. The preliminary
system sensitivity shall be calculated as follows:

The system calibration shall be repeated when there is
any change in the leak detector setup (e.g., a change in the
portion of helium bypassed to the auxiliary pump, if used)
or any change in the leak standard. The leak standard
shall be isolated from the system upon completing the
preliminary system sensitivity calibration.

IX-1062.6 Final Calibration. Upon completing the
test of the system per IX-1071.6, and with the component
still exposed to helium under the hood, the leak standard
shall be again opened into the system being tested. The
increase in instrument output after a time nominally

equal to the response time shall be noted and recorded
as M4 in divisions and used in calculating the final system
sensitivity as follows:

IX-1062.7 Test Reliability— Correlation of Calibra-
tion Factors. The value of S2 shall be within ±30% of S1 .
This can be stated as 0.77 ≤ S1/S2 ≤ 1.43. If this require-
ment for test reliability is not met, then the component
shall be retested. The test system may be allowed to
further vacuum condition, measures to control the envi-
ronment may be improved, the instrument may be
cleaned and/or repaired or recalibrated, or other mea-
sures to improve process control may be introduced prior
to the component retest.

IX-1070 TEST

IX-1071 STANDARD TECHNIQUE
IX-1071.1 Hood. For a single wall component or part,

the hood (envelope) container may be made of a material
such as plastic or a rigid material such as a metal or com-
posite material. For component designs that have an in-
herent hood, the upstream space may be used as the
hood.

IX-1071.2 Filling of Hood with Tracer Gas. After
completing preliminary calibration per IX-1062.5, the
space between the component outer surface and the hood
shall be filled with helium.

IX-1071.3 Determining Hood Tracer Gas Concentra-
tion. When possible, the tracer gas concentration in the
hood enclosure shall be determined by direct concentra-
tion measurement with a tracer gas analyzer, inferred
frommeasurement of oxygen concentration, or calculated
from pressure measurements.

IX-1071.4 Helium Concentration Sampling Point Lo-
cation. To the degree possible, when the tracer gas con-
c e n t r a t i o n i s d e t e rm i n e d b y c on c e n t r a t i o n
measurement, the sampling point shall be at an elevation
below the lowest portion of the boundary under test.

IX-1071.5 Upstream Pressure Compensation. When
the upstream pressure in the hood atM3 andM4 (Phood)
is less than 95% of the nominal upstream absolute pres-
sure assumed in the acceptance criteria for this helium
hood test (PUp ·Nom), a hood pressure correction factor,
CPres , shall be calculated for use in IX-1071.7. The hood
pressure correction factor, CPres , is equal to the nominal
upstream absolute pressure assumed in the acceptance
criteria, PUp·Nom, divided by the absolute hood pressure,
Phood .
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NOTE: Other units of absolute pressure may be used for this
calculation.

IX-1071.6 Test Duration. After filling the hood with
helium, the instrument output,M3 , shall be recorded after
waiting for a test time equal to at least the longer of the
response time determined in IX-1062.2 or the clean-up
time, or if the output signal has not become stable, until
the output signal stabilizes.

IX-1071.7 System Measured Leakage Rate. After
completing final calibration per IX-1062.6, the system
leakage rate shall be determined as follows:

(a) For tests where no change in output signal occurs
(i.e., M2 = M3), the system leakage rate shall be reported
as being “below the detectable range of the system” and
the item under test passes.

(b) For tests where the output signal (M3) remains on
scale, the leakage rate shall be determined as follows:

where %TG is the concentration of the tracer gas (in %) in
the hood. See IX-1071.3.

(c) For tests where the output signal (M3) exceeds the
detectable range of the system (i.e., output signal is off
scale), the system leakage rate shall be reported as being
“greater than the detectable range of the system” and the
item under test fails.

IX-1072 ALTERNATIVE TECHNIQUE
IX-1072.1 System Correction Factor. For helium

mass spectrometer leak indicator meters in leakage rate
units, a System Correction Factor (SCF) may be utilized
if it is desired to utilize the indicator meter leakage rate
units in lieu of converting the readings to divisions [e.g.,
the values of M1, M2, M3, and M4 are directly read from
the helium mass spectrometer in atm cm3/s (Pa m3/s)].

IX-1072.2 Alternative Formulas. The following
equations shall be used in lieu of those described in
IX-1062:

(a) Preliminary Calibration (per IX-1062.5). The prelim-
inary system correction factor (PSCF) shall be calculated
as follows:

(b) Final Calibration (per IX-1062.6). The final system
correction factor (FSCF) shall be calculated as follows:

(c) System Measured Leakage Rate (per IX-1071.7). The
system leakage rate shall be determined as follows:

(d) Alternate Test Reliability — Correlation of System
Correction Factors. The value of the FSCF shall be within
±30% of the PSCF. This can be stated as 0.77 ≤ PSCF/FSCF
≤ 1.43. If this requirement for test reliability is not met,
then the component shall be retested. The test system
may be allowed to further vacuum condition, measures
to control the environment may be improved, the instru-
ment may be cleaned and/or repaired or recalibrated, or
other measures to improve process control may be intro-
duced prior to the component retest.

IX-1080 EVALUATION

Unless otherwise specified by the referencing Code Sec-
tion, specification, or design, the component tested is ac-
ceptable when the measured leakage rate, Q, is equal to or
less than the equivalent of 1×10−6 atm cm3/s (1 × 10−7 Pa
m3/s) of helium, and the following criteria are met:

(a) a nominal upstream absolute pressure, PUp·Nom, of
1 atm absolute (101 kPa), and

(b) a helium concentration greater than 99%

The corrections described in IX-1071 and IX-1072 shall
be used to compensate the measured leakage rate for
nominal upstream pressures or helium concentrations
that are less than the values stated with the acceptance
criteria.

IX-1081 LEAKAGE
When the leakage rate exceeds the permissible value,

all welds or other suspected areas may be tested using
a tracer probe technique for purposes of locating the
leak(s). Leaks may be marked and temporarily sealed to
permit completion of the tracer probe location test. The
temporary seals shall be of a type that can be readily
and completely removed prior to leak repair.

IX-1082 REPAIR/RETEST
If the component is to be repaired, then the leak(s) shall

be repaired in accordance with the referencing Code Sec-
tion. After repairs have been made, the repaired area or
areas shall be retested in accordance with the require-
ments of this Appendix.
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MANDATORY APPENDIX X
ULTRASONIC LEAK DETECTOR TEST

X-1010 INTRODUCTION

This technique describes the use of an ultrasonic leak
detector to detect the ultrasonic energy produced by
the flow of a gas from the lower pressure side of a very
small opening in an envelope or barrier separating two
regions at different pressures.
(a) Due to the low sensitivity [maximum sensitivity of

10−2 std cm3/s (10−3 Pa m3/s)] of this technique, it should
not be utilized for the acceptance testing of vessels that
will contain lethal or hazardous substances.
(b) This is a semiquantitative method used to detect

and locate leaks and shall not be considered quantitative.

X-1020 GENERAL

X-1021 WRITTEN PROCEDURE REQUIREMENTS
X-1021.1 Requirements. The requirements of

T-1021.1, Table X-1021, and the following as specified
in this Article or referencing Code shall apply.
(a) leak standard
(b) test pressure
(c) soak time
(d) pressure gage
(e) acceptance criteria

X-1021.2 Procedure Qualification. The requirements
of T-1021.3 and Table X-1021 shall apply.

X-1030 EQUIPMENT

X-1031 INSTRUMENT
An electronic ultrasonic leak detector capable of detect-

ing acoustic energy in the range of 20 to 100 kHz shall be
utilized. Leakage shall be indicated by one or more of the
following signaling devices:
(a) meter: a meter on the test instrument, or a probe, or

both.
(b) audio device: a set of headphones that emit(s) audi-

ble indications.

X-1032 CAPILLARY CALIBRATION LEAK
STANDARD

A nonreservoir, capillary type leak standard per Article
10, T-1063.2.

Table X-1021
Requirements of an Ultrasonic Leak Testing Procedure

Requirement Essential Variable
Nonessential

Variable

Instrument manufacturer and model X …
Surface preparation technique X …
Metal temperature [Note (1)] (change to outside the range specified in this Article or as

previously qualified)
X …

Pressurizing gas X …
Personnel performance qualification requirements, when required X …
Scanning distance (maximum demonstrated during system calibration) … X
Scanning rate (maximum demonstrated during system calibration) … X
Signaling device … X
Scanning direction … X
Post testing cleaning technique … X
Personnel qualification requirements … X

NOTE:
(1) The minimum metal temperature during test shall not be below that specified in the referencing Code Section for the hydro, hydro-

pneumatic, or pneumatic test. The minimum or maximum temperature during test shall also be compatible with the testing method.
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X-1060 CALIBRATION

X-1061 STANDARD LEAK SIZE
The maximum leakage rate Q for the leak standard in

X-1032 shall be 1 × 10−1 std cm3/s (1 × 10−2 Pa m3/s), un-
less otherwise specified by the referencing Code Section.

X-1062 WARM UP
The detector shall be turned on and allowed to warm

up for the minimum time specified by the instrument
manufacturer prior to calibration.

X-1063 SCANNING RATE
The leak standard shall be attached to a pressure regu-

lated gas supply and the pressure set to that to be used for
the test. The detector shall be calibrated by directing the
detector/probe towards the leak standard at the maxi-
mum scanning distance to be utilized during testing and
noting the meter deflection and/or pitch of the audible
signal as the detector/probe is scanned across the leak
standard. The scanning rate shall not exceed that which
can detect leakage rate Q from the leak standard.

X-1064 FREQUENCY AND SENSITIVITY
Unless otherwise specified by the referencing Code Sec-

tion, the sensitivity of the detector shall be verified before
and after testing, and at intervals of not more than 4 hr
during testing. During any verification check, should the
meter deflection or audible signal indicate that the detec-
tor/probe cannot detect leakage per X-1063, the instru-
ment shall be recalibrated and areas tested after the
last satisfactory calibration check shall be retested.

X-1070 TEST

X-1071 LOCATION OF TEST
The component to be tested shall, if possible, be re-

moved or isolated from other equipment or structures
that could generate ambient or system noise that can
drown out leaks.

X-1072 SOAK TIME
Prior to testing, the test pressure shall be held a mini-

mum of 15 min.

X-1073 SCANNING DISTANCE
After the required soak time per X-1072, the detector

shall be passed over the test surface. The scanning dis-
tance shall not exceed that utilized to determine the max-
imum scanning rate in X-1063.

X-1074 SCANNING RATE
The maximum scanning rate shall be as determined in

X-1063.

X-1075 LEAKAGE DETECTION
Leakage shall be indicated and detected according to

X-1031.

X-1080 EVALUATION

X-1081 LEAKAGE
Unless otherwise specified by the referencing Code Sec-

tion, the area tested is acceptable when no leakage is de-
tected that exceeds the allowable rate of 1 × 10−1 std
cm3/s (1 × 10−2 Pa m3/s).

X-1082 REPAIR/RETEST
When unacceptable leakage is detected, the location of

the leak(s) shall be marked. The component shall then be
depressurized, and the leak(s) repaired as required by the
referencing Code Section. After repairs have been made,
the repaired area or areas shall be retested in accordance
with the requirements of this Appendix.
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MANDATORY APPENDIX XI
HELIUM MASS SPECTROMETER — HELIUM-FILLED-CONTAINER

LEAKAGE RATE TEST

XI-1010 SCOPE

This technique describes the use of a heliummass spec-
trometer leak detector (HMSLD) to detect and measure
minute traces of helium gas from a helium-filled container
into an evacuated volume. The evacuated volume may be
a test fixture, test device, or permanent feature of the
structure being tested.

XI-1020 GENERAL

This technique detects and measures a helium gas flow
from the upstream (higher pressure) side of a boundary
or barrier that separates a helium-containing volume
from a region or volume that does not intentionally con-
tain helium.
This is a quantitative measurement technique. This

technique will result in a small overstatement of leakage
rate, creating a confident upper bound measurement of
total leakage rate for the boundary being tested.
This technique is particularly advantageous for leak

testing sealed objects that contain helium as a condition
of service, or that have helium sealed inside prior to the
leak test.
This helium-filled-container leakage rate test may be of

particular advantage for detection and leakage rate mea-
surement of a torturous path leak.
This technique is typically limited to testing boundaries

that do not include elastomers or other materials that
have a high helium permeability rate.

XI-1021 WRITTEN PROCEDURE REQUIREMENTS
XI-1021.1 Requirements. The requirements of

T-1021.1, Table XI-1021.1-1 , and the following as speci-
fied in this Appendix or the referencing Code shall apply:
(a) instrument leak standard
(b) system leak standard
(c) vacuum gaging (if required by the referencing

Code)
(d) acceptance criteria

XI-1021.2 Procedure Qualification. The require-
ments of T-1021.3 and Table XI-1021.1-1 shall apply.

XI-1030 EQUIPMENT

XI-1031 INSTRUMENT
An HMSLD capable of sensing and measuring minute

traces of helium shall be used. Leakage shall be indicated
by a meter, digital display, or light bar on or attached to
the test instrument.

XI-1032 AUXILIARY EQUIPMENT
(a) Transformer. A constant voltage transformer shall

be used in conjunction with the instrument when line vol-
tage is subject to variations that would interfere with the
test.
(b) Manifold. A system of pipes and valves with proper

connections for the instrument gages, auxiliary pump, ca-
libration leak standard, and test component.
(c) Evacuated Envelope. A volume including the down-

stream surface of the boundary to be tested, and perma-
nent or temporary boundaries and seals that complete
the envelope to facilitate the necessary vacuum pressure
in the volume.
(d) Vacuum Gage(s). Absolute pressure (vacuum)

gage(s) capable of measuring the absolute pressure re-
quired in the downstream evacuated volume for the leak-
age rate test. The gage(s) for large systems shall be
located on the system as far as possible from the inlet
to the pump system.

XI-1033 SYSTEM CALIBRATION LEAK STANDARD
(a) Unless otherwise specified by the referencing Code

Section, the test system shall include a system calibration
leak standard per T-1063.1 with a helium leakage rate be-
tween 0.2 and 5 times the acceptance criteria.
(b) Unless otherwise specified by the referencing Code

Section, the system calibration leak standard shall be of a
helium leakage rate that will cause the leak detector to be
in the same test mode at the system calibration with the
leak admitted to the system as it would be if the leakage
rate measurement was at the acceptance criteria upper
leakage rate limit.
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XI-1050 TECHNIQUE

XI-1051 HELIUM DEPLETION
The test procedure shall include measures that prevent

depletion of the upstream helium supply that would con-
ceal an unacceptable leak.

XI-1052 MULTIPLE-MODE MASS
SPECTROMETER LEAK DETECTORS

When this leak test is performed with a multiple-mode
HMSLD, measures shall be taken to ensure that a change
in test mode will not result in an invalid leakage rate mea-
surement. The use of a mode lock throughout the test cy-
cle is permitted.

XI-1053 TRACER GAS SUPPLY IN THE
UPSTREAM VOLUME

XI-1053.1 Filling of the Upstream Volume With Tra-
cer Gas. The upstream volume shall be filled with helium
to the specified pressure and concentration prior to be-
ginning the system calibration and leak testing sequence.
If placing the helium in the test article is to be performed
by the leak testing operator, then the method of achieving
the specified partial pressure of tracer gas, and the total
upstream pressure shall be detailed in the procedure. If
placement of the helium in the test article is performed
and documented by personnel other than the leak testing
operator, then the identity of the person certifying the he-
lium filling to the leak test operator shall be recorded in
the leak test report.

XI-1053.2 Mixed Gases in the Upstream Volume.
The use of helium concentrations of less than 99% helium
in the upstream volume shall be considered and evalu-
ated for the potential consequences of tracer gas
stratification.

XI-1053.3 Determining Tracer Gas Concentration.
The tracer gas concentration in the upstream volume
shall be measured with a tracer gas analyzer or calculated
from pressure measurements where

XI-1060 CALIBRATION

XI-1061 INSTRUMENT CALIBRATION
XI-1061.1 Warm-Up. The instrument shall be turned

on and allowed to warm up for at least the minimum time
specified by the instrument manufacturer prior to cali-
brating the instrument with the leak standard.

XI-1061.2 Instrument Range Lock. If an instrument
range lock will be used during testing, the range lock shall
be engaged prior to calibration of the instrument.

XI-1061.3 Calibration. Calibrate the HMSLD per the
instrument manufacturer’s operation and maintenance
manual using a reservoir-type leak standard as stated in
T-1063.1.

XI-1061.4 Instrument Sensitivity Verification.. Per-
form an instrument sensitivity verification using a cali-
brated leak to establish that the instrument is at
adequate sensitivity. The standard shall have a helium
leakage rate in the range of 1 × 10−6 std cm3/s to 1 ×

Table XI-1021.1-1
Requirements of a Helium Mass Spectrometer Sealed-Object Leakage Rate Test

Requirement Essential Variable Nonessential Variable

Instrument manufacturer and model X …
Surface preparation technique X …
Metal temperature [Note (1)] (change to outside the range specified in this Article or as
previously qualified)

X …

Minimum upstream partial pressure of tracer gas, and minimum total upstream pressure X …
Maximum downstream total pressure X …
HMSLD test mode at the recording of the HMSLD readings (e.g., R1 , R2 , and R3) X …
Technique of establishing or determining the partial pressure of the tracer gas upstream … X
Method of measuring or demonstrating adequacy of the downstream pressure … X
Method of ensuring that the upstream tracer gas will not be exhausted during the test … X
Post-testing cleaning technique (if any) … X
Personnel qualification requirements … X
Method of ensuring that the HMSLD mode of operation during leakage rate measurement is
the same as during system calibration

… X

NOTE:
(1) The minimum metal temperature during test shall not be below that specified in the referencing Code Section for the hydrostatic, hydro-

pneumatic, or pneumatic test. The minimum or maximum temperature during test shall also be compatible with the testing method.
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10−10 std cm3/s (1 × 10−7 Pa m3/s to 1 × 10−11 Pa m3/s),
or as recommended by the manufacturer. The instrument
sensitivity for helium leakage rate shall be numerically
less than one-tenth (0.1×) the test acceptance criteria.

NOTE: A numerically smaller value for sensitivity represents a great-
er degree of sensitivity.

where

CL = helium leakage rate of the instrument calibrated
leak standard

closed = HMSLD-indicated leakage rate with the instru-
ment calibrated leak valve closed (calibrated
leak isolated)

div = smallest nominal unit of leakage rate resolution
of the HMSLD display with the instrument cali-
brated leak valve closed (calibrated leak
isolated)

open = HMSLD-indicated leakage rate with the instru-
ment calibrated leak valve open

XI-1062 TEST SEQUENCE AND SYSTEM
CALIBRATION — STANDARD
TECHNIQUE

XI-1062.1 Standard Leak. A helium calibrated leak
(CL) standard, as per T-1063.1, shall be attached to the
evacuated volume. Where feasible, the CL shall be con-
nected to the evacuated volume as far as possible from
the instrument connection point.

XI-1062.2 Initial Evacuation and Calibration Read-
ing. Perform the initial evacuation with the system CL
open to the system. Monitor the indicated leakage rate,
and record the stable leakage rate indication of the
HMSLD as value R1 . The evacuation time from the initia-
tion of vacuum pumping until the recording of R1 may be
limited by the procedure.

XI-1062.3 Background and Leakage Rate Reading.
Isolate the system calibrated leak from the system and
monitor the HMSLD-indicated leakage rate. Record the
stable leakage rate indication of the HMSLD as value R2 .

XI-1062.4 Preliminary Calibration. The preliminary
system correction factor (PSCF) shall be calculated as
follows:

XI-1062.5 Final Calibration.
(a) Upon recording of value R2 , the system calibrated

leak shall be reopened to the test system.
(b) The stable HMSLD reading following readmission of

the system calibrated leak shall be recorded as value R3 .

(c) The final system correction factor (FSCF) shall be
calculated as follows:

XI-1062.6 Uncorrected System Measured Leakage
Rate. After completing final calibration per XI-1062.5,
the leakage rate of helium across the boundary with the
existing helium upstream partial pressure shall be calcu-
lated as follows:

XI-1063 TEST SEQUENCE AND SYSTEM
CALIBRATION — ALTERNATIVE
SEQUENCE FOR SMALL UPSTREAM
VOLUME

XI-1063.1 Alternative Technique. Articles with small
upstream volume may be tested by this alternative tech-
nique. A system helium calibrated leak standard, i.e., a
system CL as per T-1063.1, shall be attached to the evac-
uated volume. Where feasible, the system CL shall be con-
nected to the evacuated volume as far as possible from
the instrument connection point. The initial evacuation
is performed with the system helium calibrated leak stan-
dard, i.e., the CL, isolated and separately vacuum pumped.

XI-1063.2 Vacuum Conditioning of the System Cali-
brated Leak. The system helium calibrated leak standard,
i.e., the system CL, shall be vacuum pumped by an auxili-
ary vacuum immediately prior to admission of the system
CL to the test system. This auxiliary vacuum pump shall
be isolated immediately prior to admission of the system
CL to the test system.

XI-1063.3 Initial Evacuation and Calibration Read-
ing. Perform the initial evacuation of the downstream vol-
ume with the system CL isolated from the downstream
volume. Monitor the indicated leakage rate, and record
the stable leakage rate indication of the HMSLD as value
RA . The evacuation time from the initiation of vacuum
pumping until the recording of RA may be limited by
the procedure to prevent helium depletion of the up-
stream volume.

XI-1063.4 Background and Leakage Rate Reading.
Isolate the system calibrated leak vacuum pump, and
promptly admit the system calibrated leak to the down-
stream volume by opening a valve. Monitor the indicated
leakage rate, and record the stable leakage rate indication
of the HMSLD as value RB .
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XI-1063.5 Preliminary Calibration — Alternative
Sequence. The alternative preliminary system correction
factor (PSCF) shall be calculated as follows:

XI-1063.6 Final Calibration — Alternative Se-
quence.

(a) Upon recording of value RB , the system calibrated
leak shall be isolated from the test system.

(b) The stable HMSLD reading following isolation of the
system calibrated leak shall be recorded as value RC .

(c) The alternative final system correction factor
(FSCF) shall be calculated as follows:

XI-1063.7 Uncorrected System Measured Leakage
Rate. After completing final calibration per XI-1063.6,
the leakage rate of helium across the boundary with the
existing helium upstream partial pressure shall be calcu-
lated as follows:

XI-1070 CALCULATION OF TEST
RELIABILITY AND CORRECTED
LEAKAGE RATE

XI-1071 TEST RELIABILITY
XI-1071.1 Calculation of Test Reliability Ratio. The

value of FSCF shall be within ±30% of PSCF. This can be
stated as

If this requirement for test reliability is not met, then the
test shall be evaluated for possible helium depletion.

XI-1071.2 Failure of Test Reliability Due to Helium
Depletion. If the cause of an unacceptable test reliability
ratio is helium depletion, then the product has an unac-
ceptable leakage rate across the boundary, and the test
report shall be marked to indicate an unacceptable leak-
age rate.

XI-1071.3 Unacceptable Test Reliability Ratio Not
Due to Helium Depletion. If the cause of an unsatisfactory
test reliability ratio is not helium depletion, then the com-
ponent shall be retested. Measures to control the environ-
ment may be improved, the instrument may be cleaned
and/or repaired and recalibrated, or other measures
may be taken to improve process control.

XI-1072 CALCULATION AND REPORT OF
CORRECTED LEAKAGE RATES

XI-1072.1 Off-Scale Leakage Rates. For tests where
the output signal (R2 or RA) exceeds the detectable range
of the system (i.e., the output signal is off-scale), the sys-
tem leakage rate shall be reported as being “greater than
the detectable range of the system” and the item under
test fails.

XI-1072.2 Leakage Rate Correction to 1 atm Differ-
ential.

(a) If the referencing Code Section requires the helium
leakage rate to be stated as equivalent to a leakage rate
from 1 atm absolute helium upstream pressure to vacuum
(i.e., less than 0.01 atm absolute) downstream, the cor-
rected leakage rate is equal to

(b)Where helium concentration is less than 100%, the
partial pressure of helium upstream shall be calculated as

XI-1072.3 Leakage Rates to be Reported “As-
Found”. If the referencing Code Section requires the he-
lium leakage rate to be stated with the upstream helium
pressure as it exists at the time of the test, then the leak-
age rate to be reported is equal to the value Q as calcu-
lated from the standard test sequence or the alternative
test sequence in XI-1063.

XI-1080 EVALUATION

Unless otherwise specified by the referencing Code Sec-
tion, the component tested is acceptable when the leakage
rate of interest is equal to or less than 1 × 10−6 atm cm3/s
(1 × 10−7 Pa m3/s) of helium.

XI-1081 LEAKAGE
When the leakage rate exceeds the permissible value,

all welds or other suspected areas may be retested for
leak location using a detector probe technique.

XI-1082 REPAIR/RETEST
If the test article is to be repaired, the leak(s) shall be

repaired as required by the referencing Code Section.
After repairs have been made and the helium partial pres-
sure in the upstream volume is re-established, the re-
paired area or areas shall be retested in accordance
with the requirements of this Appendix and the referen-
cing Code Section.
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NONMANDATORY APPENDIX A
SUPPLEMENTARY LEAK TESTING EQUATION SYMBOLS

A-1010 APPLICABILITY OF THE FORMULAS

(a) The equations in this Article provide for the calcu-
lated leak rate(s) for the technique used.
(b) The symbols defined below are used in the equa-

tions of the appropriate Appendix.
(1) System sensitivity calculation:

S1 = preliminary sensitivity (calculation of sensitivity),
std cm3/s/div (Pa m3/s/div)

S2 = final sensitivity (calculation of sensitivity), std
cm3/s/div (Pa m3/s/div)

(2) System measured leakage rate calculation:

Q = measured leakage rate of the system (corrected for
tracer gas concentration), std cm3/s (Pa m3/s)

(3) System Correction Factors:

PSCF = preliminary system correction factor
FSCF = final system correction factor

(4) Tracer gas concentration:

%TG = concentration of Tracer Gas, %

(5) Calibrated standard:

CL = calibrated leak leakage rate, std cm3/s (Pa m3/s)

(6) Instrument reading sequence:

M1 = meter reading before test with calibrated leak open
to the component [divisions, or std cm3/s
(Pa m3/s)]

M2 = meter reading before test with calibrated leak
closed to component [divisions, or std cm3/s
(Pa m3/s)] (system background noise reading)

M3 = meter reading (registering component leakage)
with calibrated leak closed [divisions, or std
cm3/s (Pa m3/s)]

M4 = meter reading (registering component leakage)
with calibrated leak open [divisions, or std cm3/s
(Pa m3/s)]
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ARTICLE 11
ACOUSTIC EMISSION EXAMINATION OF FIBER-REINFORCED

PLASTIC VESSELS

T-1110 SCOPE

(a) This Article describes or references requirements
which are to be used in applying acoustic emission (AE)
examination of new and inservice fiber reinforced plastic
(FRP) vessels under pressure, vacuum, or other applied
loads.

(b) Unless otherwise specified by the referencing Code
Section, the maximum test pressure shall not exceed the
maximum allowable working pressure (MAWP). Vacuum
testing can be full design vacuum. These values are subor-
dinate to stress values in specific procedures outlined in
Section X, Part RT, Rules Governing Testing, of the ASME
Boiler and Pressure Vessel Code.

(c) This Article is limited to vessels with glass or other
reinforcing material contents greater than 15% by
weight.

T-1120 GENERAL

(a)When this Article is specified by a referencing Code
Section, the method described in this Article shall be used
together with Article 1, General Requirements. Defini-
tions of terms used in this Article are found in Article 1,
Mandatory Appendix I.

(b) Discontinuities located with AE shall be evaluated
by other methods, e.g., visual, ultrasonic, liquid penetrant,
etc., and shall be repaired and retested as appropriate.

(c) Additional information may be found in SE-1067/
SE-1067M, Standard Practice for Acoustic Emission Ex-
amination of Fiberglass Reinforced Plastic Resin (FRP)
Tanks/Vessels.

T-1121 VESSEL CONDITIONING
For tanks and pressure vessels that have been stressed

previously, the operating pressure and/or load shall be
reduced prior to testing according to the schedule shown
in Table T-1121. In order to properly evaluate the AE ex-
amination, the maximum operating pressure or load on
the vessel during the past year must be known, and
recorded.

Table T-1121 is used as follows. The reduced pressure
is divided by the maximum operating pressure and the
quantity is expressed as a percent. This value is entered
in the first column and the corresponding row in the sec-
ond column shows the time required at the reduced

pressure, prior to making an AE test. When the ratios fall
between two values in the second column the higher val-
ue is used.

T-1122 VESSEL LOADING
Arrangements shall be made to load the vessel to the

design pressure. The rate of application of load shall be
sufficient to expedite the examination with the minimum
extraneous noise. Holding stress levels is a key aspect of
an acoustic emission examination. Accordingly, provision
must be made for holding the pressure and/or load at de-
signated checkpoints.

(a) Atmospheric Vessels. Process liquid is the preferred
fill medium for atmospheric vessels. If water must replace
the process liquid, the designer and user shall be in agree-
ment on the procedure to achieve acceptable load levels.

(b) Vacuum Vessel Loading. A controllable vacuum
pump system is required for vacuum tanks.

(c) Pressure Vessel Loading. Water is the preferred test
fluid for fiber reinforced pressure vessels. Pressure can be
controlled by raising and lowering the liquid level and/or
by application of a gas pressure.

Table T-1121
Requirements for Reduced Operating Level

Immediately Prior to Examination

Percent of Operating Maximum
Pressure and/or Load

Time Spent at Percent of
Maximum Pressure and/

or Load

10 or less 12 hr
20 18 hr
30 30 hr
40 2 days
50 4 days
60 7 days

GENERAL NOTE: As an example, for an inservice vessel, two fac-
tors must be known prior to making a test:
(1) The maximum operating pressure or load during the past

year
(2) The test pressure
For new pressure vessel acceptance testing, the "maximum

pressure" is the pressure/load seen at the lowest point on the
vessel.
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T-1123 VESSEL SUPPORT
All vessels shall be examined in their operating position

and supported in a manner consistent with good engi-
neering practice. Flat bottomed vessels examined in other
than the intended location shall be mounted on a noise-
isolating pad on a concrete base or equivalent during
the examination.
As an alternative, vessels may be tested in an orienta-

tion different from their operating position as long as it
can be shown that the test loads are sufficient to achieve
the desired maximum stress levels that result from the
loading described in T-1173.

T-1124 ENVIRONMENTAL CONDITIONS
The minimum acceptable vessel wall temperature is

40°F (5°C) during the examination. The maximum vessel
wall temperature shall not exceed the design operating
temperature. Evaluation criteria are based above 40°F
(5°C). For vessels designed to operate above 120°F
(50°C), the test fluid shall be within 10°F (5°C) of the de-
sign operating temperature. Sufficient time shall be al-
lowed before the start of the test for the temperature of
the vessel shell and the test fluid to reach equilibrium.

T-1125 NOISE ELIMINATION
Noise sources in the test frequency and amplitude

range, such as rain, spargers, and foreign objects contact-
ing the vessels, must be minimized since they mask the AE
signals emanating from the structure. The filling inlet
should be at the lowest nozzle or as near to the bottom
of the vessel as possible, i.e., below the liquid level.

T-1126 INSTRUMENTATION SETTINGS
Settings shall be determined as described in Mandatory

Appendix II of this Article.

T-1127 SENSORS
(a) Sensor Mounting. The location and spacing of the

sensor are in T-1162. The sensors shall be placed in the
designated locations with the couplant specified in the
testing procedure between the sensor and test article. As-
sure that adequate couplant is applied. The sensor shall
be held in place utilizing methods of attachment which
do not create extraneous signals, as specified in the test
procedure. Suitable adhesive systems are those whose
bonding and acoustic coupling effectiveness have been
demonstrated. The attachment method shall provide sup-
port for the signal cable (and preamplifier) to prevent the
cable(s) from stressing the sensor or causing loss of
coupling.
(b) Surface Contact. Sensors shall be mounted directly

on the vessel surface, or integral waveguides shall be
used. (Possible signal losses may be caused by coatings
such as paint and encapsulants, as well as by construction
surface curvature and surface roughness at the contact
area.)

(c) High and Low Frequency Channels. An AE instru-
ment channel is defined as a specific combination of sen-
sor, preamplifier, filter, amplifier, and cable(s). High and
low frequency channels shall be used for detection and
evaluation of AE sources. High frequency channels shall
be used for detection and evaluation of AE sources. Low
frequency channels may be used to evaluate the coverage
by high frequency sensors.
(d) High Frequency Sensors. (See Article 11, Mandatory

Appendix I, I-1111.) Several high frequency channels shall
be used for zone location of emission sources. This is due
to greater attenuation at higher frequencies.
(e) Low Frequency Sensors. (See Article 11, Mandatory

Appendix I, I-1112.) If the low frequency sensor option
is selected, at least two low frequency channels shall be
used. If significant activity is detected on the low fre-
quency channels and not on high frequency channels, high
frequency sensor location shall be evaluated by the
examiner.

T-1128 PROCEDURE REQUIREMENTS
Acoustic emission examination shall be performed in

accordance with a written procedure. Each procedure
shall include at least the following information, as
applicable:
(a)material and configurations to be examined includ-

ing dimensions and product form
(b)method for determination of sensor locations
(c) sensor locations
(d) couplant
(e) method of sensor attachment
(f) sensor type, frequency, and locations
(g) acoustic emission instrument type and frequency
(h) description of system calibration
(i) data to be recorded and method of recording
(j) report requirements
(k) post-examination cleaning
(l) qualification of the examiner(s)

T-1130 EQUIPMENT

(a) The AE system consists of sensors, signal proces-
sing, display, and recording equipment. (See Mandatory
Appendix I.)
(b) The system shall be capable of recording AE counts,

duration (see SE-1067), peak amplitude, and AE events
above a threshold within a frequency range of 25 kHz
to 300 kHz (if both high and low frequency sensors are
used) or 100 kHz to 300 kHz (if only high frequency sen-
sors are used) and have sufficient channels to localize AE
sources.

NOTE: Event detection is required for each channel.
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Amplitude distributions (using the peak amplitude) are
recommended for flaw characterization. Duration criteria
per SE-1067 may replace the Counts criteria if specified
by the referencing Code Section. The AE system is further
described in Mandatory Appendix I.

(c) Capability for measuring time and pressure shall be
provided and recorded. The pressure and/or vacuum (in
the vessel) shall be continuously monitored to an accu-
racy of ±2% of the maximum test pressure.

T-1160 CALIBRATION

T-1161 SYSTEM CALIBRATION
See Mandatory Appendix II.
(a) Attenuation Characterization. Typical signal propa-

gation losses shall be determined according to one of
the following techniques. These techniques provide a rel-
ative measure of the attenuation. The peak amplitude
from a pencil break may vary with surface hardness, resin
condition, fiber orientation, and cure.

(b) For acoustic emission instrumentation with ampli-
tude analysis:

Select a representative region of the vessel away from
manways, nozzles, etc. Mount a high frequency AE sensor
and locate points at distances of 6 in. (150 mm) and 12 in.
(300 mm) from the center of the sensor along a line par-
allel to one of the principal directions of the surface fiber
(if applicable). Select two additional points at 6 in.
(150 mm) and 12 in. (300 mm) along a line inclined
45 deg to the direction of the original points. At each of
the four points, break 0.3 mm 2H pencil leads and record
peak amplitude. A break shall be done at an angle of ap-
proximately 30 deg to the test surface with a 0.1 in.
(2.5 mm) lead extension. This amplitude data from suc-
cessive lead breaks shall be part of the report.

(c) For systems without amplitude analysis:
Select a representative region of the vessel away from

manways, nozzles, etc. Mount a high frequency AE sensor
and break 0.3 mm pencil leads along a line parallel to one
of the principal directions of the surface fibers.

Record the distances from the center of the sensor at
which the recorded amplitude equals the reference ampli-
tude and the threshold of acoustic emission detectability
(see Mandatory Appendix II). Repeat this procedure along
a line inclined 45 deg to the direction of the original line.
This distance data shall be part of the report.

T-1162 SENSOR LOCATIONS AND SPACINGS
Locations on the vessel shell are determined by the

need to detect structural flaws at critical sections, e.g.,
high stress areas, geometric discontinuities, nozzles, man-
ways, repaired regions, support rings, and visible flaws.
High frequency sensor spacings are governed by the at-
tenuation of the FRP material. Sensor location guidelines
for typical tank types are given in Nonmandatory Appen-
dix A.

(a) Sensor Spacing. The recommended high frequency
sensor spacing on the vessel shall be not greater than
three times the distance at which the recorded amplitude
from the attenuation characterization equals the thresh-
old of detectability (see Mandatory Appendix II). Low fre-
quency sensors shall be placed in areas of low stress and
at a maximum distance from one another.

T-1163 SYSTEMS PERFORMANCE CHECK
(a) Sensor Coupling and Circuit Continuity Verification.

Verification shall be performed following sensor mount-
ing and system hookup and immediately following the
test. A record of the verifications shall be recorded in
the report.

(b) Peak Amplitude Response. The peak amplitude re-
sponse of each sensor-preamplifier combination to a re-
peatable simulated acoustic emission source shall be
taken and recorded following sensor mounting. The peak
amplitude of the simulated event at a specific distance
greater than 3 in. (75 mm) from each sensor shall not
vary more than 6 dB from the average of all the sensors.

(c) Posttest verification using the procedure in (b) shall
be done and recorded for the final report.

T-1170 EXAMINATION

T-1171 GENERAL GUIDELINES
The vessel is subjected to programmed increasing load

levels to a predetermined maximum while being moni-
tored by sensors that detect acoustic emission caused
by growing structural discontinuities.

Rates of filling and pressurization shall be controlled so
as not to exceed the strain rate specified by the referen-
cing Code Section.

The desired pressure will be attained with a liquid.
Pressurization with a gas (air, N2, etc.) is not permitted.
A suitable manometer or other type gage shall be used
to monitor pressure. Vacuum shall be attained with a suit-
able vacuum source.

A quick-release valve shall be provided to handle any
potential catastrophic failure condition.

T-1172 BACKGROUND NOISE
Background noise should be identified, minimized, and

recorded.
(a) Background Noise Check Prior to Loading. AE moni-

toring of the vessel is required to identify and determine
the level of spurious signals following the completion of
the system performance check and prior to loading the
vessel. A recommended monitoring period is 10 min
to 30 min. If background noise is excessive, the source
of the noise shall be eliminated or the examination
terminated.

(b) Background Noise During Examination. In the AE ex-
aminer’s analysis of examination results, background
noise shall be noted and its effects on test results
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evaluated. Sources of background noise include liquid
splashing into a vessel; a fill rate that is too high; pumps,
motors, agitators, and other mechanical devices; electro-
magnetic interference; and environment (rain, wind, etc.).

T-1173 LOADING
(a) Atmospheric Vessel Loading. Loading sequences for

new atmospheric vessels and vacuum vessels are shown
in Figures T-1173(a)(1) and T-1173(a)(2). The test
algorithm-flowchart for this class of vessels is given in
Figure T-1173(a)(3).
(b) Pressure Vessel Loading. Pressure vessels which op-

erate with superimposed pressures greater than 15 psi
(100 kPa) above atmospheric shall be loaded as shown
in Figure T-1173(b)(1). The test algorithm flowchart for
this class of tanks is given in Figure T-1173(b)(2).
(c) For all vessels, the final load hold shall be for

30 min. The vessel should be monitored continuously
during this period.

T-1174 AE ACTIVITY
If significant [see T-1183(b)] AE activity is detected

during the test on low frequency channels, and not on
high frequency channels, the examiner may relocate the
high frequency channels.

T-1175 TEST TERMINATION
Departure from a linear count/load relationship shall

signal caution. If the AE count rate increases rapidly with
load, the vessel shall be unloaded and the test terminated.
[A rapidly (exponentially) increasing count rate indicates
uncontrolled continuing damage and is indicative of im-
pending failure.]

T-1180 EVALUATION

T-1181 EVALUATION CRITERIA
The acoustic emission criteria shown in Table T-1181

are set forth as a basis for assessing the severity of struc-
tural flaws in FRP vessels. These criteria are based only
on high frequency sensors. Low frequency sensors (if
used) are used to monitor the entire vessel.

T-1182 EMISSIONS DURING LOAD HOLD, EH

The criterion based on emissions during load hold is
particularly significant. Continuing emissions indicate
continuing damage. Fill and other background noise will
generally be at a minimum during a load hold.

T-1183 FELICITY RATIO DETERMINATION
The felicity ratio is obtained directly from the ratio of

the load at onset of emission and the maximum prior load.
The felicity ratio is not measured during the first loading
of pressure, atmospheric, or vacuum vessels.

(a) During the first loading of FRP vessels, the felicity
ratio is measured from the unload/reload cycles. For sub-
sequent loadings, the felicity ratio is obtained directly
from the ratio of the load at onset of emission and the pre-
vious maximum load. A secondary felicity ratio is deter-
mined from the unload/reload cycles.
(b) The criterion based on felicity ratio is important for

inservice vessels. The criterion provides a measure of the
severity of previously induced damage. The onset of “sig-
nificant” emission is used for determining measurement
of the felicity ratio, as follows:

(1)more than 5 bursts of emission during a 10% in-
crease in load;

(2)more than Nc/25 counts during a 10% increase
in load, where Nc is the count criterion defined in Appen-
dix II-1140;

(3) emission continues at a load hold. For the pur-
pose of this guideline, a short (1 min or less) nonpro-
grammed load hold can be inserted in the procedure.

T-1184 HIGH AMPLITUDE EVENTS CRITERION
The high amplitude events criterion is often associated

with fiber breakage and is indicative of major structural
damage in new vessels. For inservice and previously
stressed vessels, emissions during a stress hold and feli-
city ratio are important.

T-1185 TOTAL COUNTS CRITERION
The criteria based on total counts are valuable for pres-

sure or atmospheric and vacuum vessels. Pressure ves-
sels, particularly during first stressing, tend to be noisy.
Excessive counts, as defined in Table T-1181, are im-

portant for all vessels, and are a warning of impending
failure.

T-1190 DOCUMENTATION

T-1191 REPORT
The report shall include the following:
(a) complete identification of the vessel, including ma-

terial type, source, method of fabrication, Manufacturer’s
name and code number, and previous history of mainte-
nance, as well as relaxation operation data from Table
T-1121, prior to testing
(b) vessel sketch or Manufacturer’s drawing with di-

mensions and sensor locations
(c) test liquid employed
(d) test liquid temperature
(e) test sequence — load rate, hold times, and hold

levels
(f) correlation of test data with the acceptance criteria
(g) a sketch or Manufacturer’s drawings showing the

location of any zone not meeting the evaluation criteria
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(h) any unusual effects or observations during or prior
to the test

(i) date(s) of test
(j) name(s) and qualifications of the test operator(s)
(k) complete description of AE instrumentation includ-

ing Manufacturer’s name, model number, sensor type,
system gain, etc.

T-1192 RECORD
(a) A permanent record of AE data includes:
(1) AE events above threshold vs time for zones of

interest
(2) total counts vs time, etc.
(3) signal propagation loss

(b) The AE data shall be maintained with the records of
the vessel.
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Figure T-1173(a)(1)
Atmospheric Vessels Loading Sequence

GENERAL NOTES:
(a) For previously filled vessels, see Table T-1121 for level of test stress at start of test.
(b) For evaluation criteria, see Table T-1181.
(c) Dn = data record point.

A
SM

E
B
P
V
C
.V
-2
0
2
3

A
R
T
IC
LE

1
1

334



Figure T-1173(a)(2)
Vacuum Vessels Loading Sequence

GENERAL NOTES:
(a) For evaluation criteria, see Table T-1181.
(b) Dn = data record point.
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Figure T-1173(a)(3)
Test Algorithm — Flowchart for Atmospheric Vessels
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Figure T-1173(b)(1)
Pressure Vessel Loading Sequence

GENERAL NOTES:
(a) For evaluation criteria, see Table T-1181.
(b) Dn = data record point.
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Figure T-1173(b)(2)
Algorithm — Flowchart for Pressure Vessels
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Table T-1181
Evaluation Criteria

Atmospheric (Liquid Head) and Additional Superimposed Pressure

First Loading Subsequent Loading

Emissions during hold Less than or equal to EH events
beyond time TH, none having
an amplitude greater than AM
[Note (1)]

Less than or equal to EH events beyond time
TH, none having an amplitude greater than
AM [Note (1)]

Measure of continuing permanent
damage [Note (2)]

Felicity ratio Greater than felicity ratio FA Greater than felicity ratio FA Measure of severity of previous
induced damage

Total [Note (3)] Not excessive [Note (4)] Less than Nc total counts Measure of overall damage during a
load cycle

Number of events greater
than or equal to reference
amplitude threshold

Less than EAF events Less than EAS events Measure of high energy
microstructure failures. This
criterion is often associated with
fiber breakage.

GENERAL NOTES:
(a) AM, EAF, EAS, EH, FA, and Nc are acceptance criteria values specified by the referencing Code Section; TH is specified hold time.
(b) Above temperature.
(c) High-frequency channels shall be used for zone location in an attempt to identify and evaluate emission sources that may represent

defects and other indications.

NOTES:
(1) See II-1140 for definition of AM unless specified by the referencing Code Section.
(2) Permanent damage can include microcracking, debonding, and fiber pull out.
(3) Varies with instrumentation manufacturer; see Mandatory Appendix II for functional definition of Nc. Note that counts criterion Nc may

be different for first and subsequent fillings.
(4) Excessive counts are defined as a significant increase in the rate of emissions as a function of load. On a plot of counts against load,

excessive counts will show as a departure from linearity.
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MANDATORY APPENDIX I
INSTRUMENTATION PERFORMANCE REQUIREMENTS

I-1110 AE SENSORS

AE sensors shall be temperature stable over the range
of use which may be 40°F to 200°F (5°C to 95°C), and shall
not exhibit sensitivity changes greater than 3 dB over this
range. Sensors shall be shielded against radio frequency
and electromagnetic noise interference through proper
shielding practice and/or differential (anticoincident) ele-
ment design. Sensors shall have a frequency response
with variations not exceeding 4 dB from the peak
response.

I-1111 HIGH FREQUENCY SENSORS
These sensors shall have a resonant response at

100 kHz to 200 kHz. Minimum sensitivity shall be to
80 dB referred to 1 V/μbar, determined by face-to-face ul-
trasonic calibration. AE sensors used in the same test
should not vary in peak sensitivity more than 3 dB from
the average.

I-1112 LOW FREQUENCY SENSORS
These sensors shall have a resonant response between

25 kHz and 75 kHz. Minimum sensitivity shall be compar-
able to, or greater than, commercially available high sen-
sitivity accelerometers with resonant response in that
frequency range. In service, these sensors may be
wrapped or covered with a sound-absorbing medium to
limit interference by airborne noise, if permitted in the
procedure used in making the examination.

I-1120 SIGNAL CABLE

The signal cable from sensor to preamp shall not ex-
ceed 6 ft (1.8 m) in length and shall be shielded against
electromagnetic interference. This requirement is
omitted where the preamplifier is mounted in the sensor
housing, or a line-driving (matched impedance) sensor is
used.

I-1130 COUPLANT

Commercially available couplants for ultrasonic flaw
detection accumulated above second threshold may be
used (high setting adhesives may also be used, provided
couplant sensitivity is not significantly lower than with
fluid couplants). Couplant selection should be made to
minimize changes in coupling sensitivity during a test.

Consideration should be given to testing time and the sur-
face temperature of the vessel. The couplant and method
of attachment are specified in the written procedure.

I-1140 PREAMPLIFIER

The preamplifier, when used, shall be mounted in the
vicinity of the sensor, or may be in the sensor housing.
If the preamp is of differential design, a minimum of 40
dB of common-mode noise rejection shall be provided.
Unfiltered frequency response shall not vary more than
3 dB over the frequency range of 25 kHz to 300 kHz,
and over the temperature range of 40°F to 125°F (5°C
to 50°C). For sensors with integral preamps, frequency re-
sponse characteristics shall be confined to a range consis-
tent with the operational frequency of the sensor.

I-1150 FILTERS

Filters shall be of the band pass or high pass type, and
shall provide a minimum of −24 dB/octave signal at-
tenuation. Filters may be located in preamplifier or post-
preamplifier circuits, or may be integrated into the com-
ponent design of the sensor, preamp, or processor to limit
frequency response. Filters and/or integral design char-
acteristics shall insure that the principal processing fre-
quency for high frequency sensors is not less than
100 kHz, and for low frequency sensors not less than
25 kHz.

I-1160 POWER-SIGNAL CABLE

The cable providing power to the preamplifier and con-
ducting the amplified signal to the main processor shall
be shielded against electromagnetic noise. Signal loss
shall be less than 1 dB per 100 ft (30 m) of cable length.
The recommended maximum cable length is 500 ft
(150 m) to avoid excessive signal attenuation. Digital or
radio transmission of signals is allowed if consistent with
standard practice in transmitting those signal forms.

I-1161 POWER SUPPLY
A stable grounded electrical power supply, meeting the

specifications of the instrumentation, shall be used.
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I-1170 MAIN AMPLIFIER

The main amplifier, if used, shall have signal response
with variations not exceeding 3 dB over the frequency
range of 25 kHz to 300 kHz, and temperature range of
40°F to 125°F (5°C to 50°C). The written procedure shall
specify the use and nomenclature of the main amplifier.

The main amplifier shall have adjustable gain, or an ad-
justable threshold for event detection and counting.

I-1180 MAIN PROCESSOR

I-1181 GENERAL
The main processor(s) shall have active data proces-

sing circuits through which high frequency and low fre-
quency sensor (i f used) data wil l be processed
independently. If independent channels are used, the pro-
cessor shall be capable of processing events and counts
on each channel. No more than two sensors may be com-
moned into a single preamplifier.

If a summer or mixer is used, it shall provide a mini-
mum processing capability for event detection on eight
channels (preamp inputs).

Low frequency sensor information will be processed
for emission activity. Total counts will be processed from
the high frequency sensors only. Events accumulated
above second threshold (high amplitude events) will be
processed from the high frequency sensors only. The high
amplitude signal threshold may be established through
signal gain reduction, threshold increase, or peak ampli-
tude detection.

(a) Threshold. The AE instrument used for examination
shall have a threshold control accurate to within 2 dB
over its useful range.

(b) Counts. The AE instrument used for examination
shall detect counts over a set threshold within an accu-
racy of ±5%.

(c) Events. The AE instrument used for examination
shall be capable of continuously measuring 100 events ±1
event/sec, over a set threshold.

(d) Peak Amplitude. When peak amplitude detection is
used, the AE instrument used for examination shall mea-
sure the peak amplitude within an accuracy of ±2 dB over
a set threshold.

(e) M. The AE instrument used for examination shall be
capable of measuring an M value (if used).

(f) Field Performance Verification. At the beginning of
each vessel test the performance of each channel of the
AE instrument shall be checked using an electronic wave-
form generator and a stress wave generator.

(g) Waveform Generator. This device shall input a sinu-
soidal burst-type signal of measurable amplitude, dura-
tion, and carrier frequency. As a minimum, it shall be
able to verify system operation for threshold, counts,
and if used, duration, and peak amplitude measurements
over the range of 25 kHz to 200 kHz.

(h) Stress Wave Generator. This device shall transmit a
stress wave pulse into the sensor. AE instrumentation re-
sponse shall be within 5 dB of the response of the same
sensor model when new.

The AE channel response to a single lead break shall be
within 5 dB of the channel response of the same sensor
model when new.

I-1182 PEAK AMPLITUDE DETECTION
If peak amplitude detection is practiced, comparative

calibration must be established per the requirements of
Mandatory Appendix II. Usable dynamic range shall be a
minimum of 60 dB with 2 dB resolution over the fre-
quency band of 100 kHz to 300 kHz, and the temperature
range of 40°F to 125°F (5°C to 50°C). Not more than 2 dB
variation in peak detection accuracy shall be allowed over
the stated temperature range. Amplitude values may be
stated in volts or dB, but must be referenced to a fixed
gain output of the system (sensor or preamp).

I-1183 SIGNAL OUTPUTS AND RECORDING
The processor as a minimum shall provide outputs for

permanent recording of total counts for high frequency
sensors, events by channel (zone location), and total
events above the reference amplitude threshold for high
frequency sensors. A sample schematic is shown in Figure
I-1183.

ASME BPVC.V-2023 ARTICLE 11

341



Figure I-1183
Sample of Schematic of AE Instrumentation for Vessel Examination
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MANDATORY APPENDIX II
INSTRUMENT CALIBRATION

II-1110 GENERAL

The performance and threshold definitions vary for dif-
ferent types of acoustic emission equipment. Parameters
such as counts, amplitude, energy, and M vary from man-
ufacturer to manufacturer, and from model to model by
the same manufacturer. This Appendix defines proce-
dures for determining the threshold of acoustic emission
detectability, reference amplitude threshold, and count
criterion Nc.

The procedures defined in this Appendix are intended
for baseline instrument calibration at 60°F to 80°F
(15°C to 25°C). Instrumentation users shall develop cali-
bration techniques traceable to the baseline calibration
outlined in this Appendix. For field use, electronic calibra-
tors, small portable samples (acrylic or similar), can be
carried with the equipment and used for periodic check-
ing of sensor, preamplifier, and channel sensitivity.

II-1120 THRESHOLD

Threshold of acoustic emission detectability shall be
determined using a 4 ft × 6 ft × 1/2 in. (1.2 m × 1.8 m
× 13 mm) 99% pure lead sheet. The sheet shall be sus-
pended clear of the floor. The threshold of detectability
is defined as the average measured amplitude of ten
events generated by 0.3 mm pencil (2H) lead break at a
distance of 4 ft 3 in. (1.3 m) from the sensor. A break shall
be done at an angle of approximately 30 deg to the test
surface with a 0.1 in. (2.5 mm) lead extension. The sensor
shall be mounted 6 in. (150 mm) from the 4 ft (1.2 m) side
and mid-distance between the 6 ft (1.8 m) sides.

As an alternative to using the lead sheet, a cast acrylic
rod may be used. The use of the acrylic rod for verifying
the consistency of acoustic emission sensor response is
given in SE-2075. The method for determining the thresh-
old of acoustic emission detectability using the acrylic rod
is given in SE-1067, A2.2.

These threshold of AE detectability requirements may
be met through measurements performed by the user
or the equipment manufacturer.

II-1130 REFERENCE AMPLITUDE
THRESHOLD

For large amplitude events, the reference amplitude
threshold shall be determined using a 10 ft × 2 in. ×
3/4 in. (3.0 m × 50 mm × 19 mm) clean, mild steel bar.

The bar shall be supported at each end by elastomeric,
or similar, isolating pads. The reference amplitude thresh-
old is defined as the average measured amplitude of ten
events generated by a 0.3 mm pencil (2H) lead break at
a distance of 7 ft (2.1 m) from the sensor (see II-1120).
A break shall be done at an angle of approximately
30 deg to the test surface with a 0.1 in. (2.5 mm) lead ex-
tension. The sensor shall be mounted 12 in. (300 mm)
from the end of the bar on the 2 in. (50 mm) wide surface.
These requirements may be performed by the user or
equipment manufacturer.

II-1140 COUNT CRITERION NC AND AM
VALUE

The count criterion Nc shall be determined either be-
fore or after the test using a 0.3 mm pencil (2H) lead bro-
ken on the surface of the vessel. A break shall be done at
an angle of approximately 30 deg to the test surface with
a 0.1 in. (2.5 mm) lead extension. Calibration points shall
be chosen so as to be representative of different construc-
tions and thicknesses and should be performed above and
below the liquid line (if applicable), and away from man-
ways, nozzles, etc.

Two calibrations shall be carried out for each calibra-
tion point. One calibration shall be in the principal direc-
tion of the surface fibers (if applicable), and the second
calibration shall be carried out along a line at 45 deg to
the direction of the first calibration. Breaks shall be at a
distance from the calibration point so as to provide an
amplitude decibel value AM midway between the thresh-
old of detectability (see II-1120) and reference amplitude
threshold (see II-1130).

The count criterion Nc shall be based on the counts re-
corded from a defined (referencing Code Section) number
of 0.3 mm pencil (2H) lead breaks at each of the two cali-
bration points.

When applying the count criterion, the count criterion
value, which is representative of the region where activity
is observed, should be used.

II-1160 FIELD PERFORMANCE

As installed on the vessel, no channel shall deviate by
more than 6 dB from the average peak response of all
channels when lead breaks, or other simulated transient
sources, are introduced 6 in. (150 mm) from the sensor.
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NONMANDATORY APPENDIX A
SENSOR PLACEMENT GUIDELINES

Figure A-1110
Case 1 — Atmospheric Vertical Vessel
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GUIDELINES:
(1) The bottom knuckle region is critical due to discontinuity stresses. Locate sensors to provide adequate coverage,

e.g., approximately every 90 deg. and 6 in. to 12 in. (150 mm to 300 mm) away from knuckle on shell.
(2) The secondary bond joint areas are suspect, e.g., nozzles, manways, shell butt joint, etc. For nozzles and man-

ways, the preferred sensor location is 3 in. to 6 in. (75 mm to 150 mm) from intersection with shell and below. The
shell butt joint region is important. Locate the two high frequency sensors up to 180 deg. apart— one above and one
below the joint.
(3) The low frequency sensors shown as SL15 and SL16 should be located at vessel mid-height— one above and one

below the joint. Space as far apart as possible — up to 180 deg. and at 90 deg. to the high frequency pair.
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Figure A-1120
Case 2 — Atmospheric Vertical Vessel
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GUIDELINES:
(1) The bottom knuckle region is critical due to discontinuity stresses. Locate sensors to provide adequate coverage, e.g.,
approximately every 90 deg. and 6 in. to 12 in. (150 mm to 300 mm) away from the knuckle on shell. In this example,
sensors are so placed that the bottom nozzles, manways, and baffle areas plus the knuckle regions are covered.
(2) The secondary bond joint areas are suspect, e.g., nozzles, manways, and baffle attachments to shell. See the last sen-
tence of above for bottom region coverage in this example. Note sensor adjacent to agitator shaft top manway. This re-
gion should be checked with agitator on.
(3) The low frequency sensors shown as SL15 and SL16 should be located at vessel mid-height, one above and one below
joint. They should be spaced as far apart as possible — up to 180 deg.
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Figure A-1130
Case 3 — Atmospheric/Pressure Vessel
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GUIDELINES:
(1) The bottom head is highly stressed. Locate two sensors approximately as shown.
(2) The bottom knuckle region is critical. Locate sensors to provide adequate coverage, e.g., approximately every 90 deg.
and 6 in. to 12 in. (150 mm to 300 mm) away from knuckle on shell. The top knuckle region is similarly treated.
(3) The secondary bond areas are suspect, i.e., nozzles, manways, and leg attachments. For nozzles and manways, the
preferred sensor location is 3 in. to 6 in. (75 mm to 150 mm) from the intersection with shell and below. For leg attach-
ments, there should be a sensor within 12 in. (300 mm) of the shell-leg interface.
(4) The low frequency sensors shown as SL15 and SL16 should be located at vessel mid-height — one above and one be-
low joint. They should be spaced as far apart as possible up to 180 deg.
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Figure A-1140
Case 4 — Atmospheric/Pressure Vertical Vessel
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GUIDELINES:
(1) The secondary bond joint areas are suspect, i.e., nozzles, manways, and body flanges. Particularly critical in this ves-
sel are the bottom manway and nozzle. For nozzles and manways, the preferred sensor location is 3 in. to 6 in. (75 mm
to 150 mm) from intersection with shell and below. The bottom flange in this example is covered by sensor 3 in. to 6 in.
(75 mm to 150 mm) above the manway. The body flange is covered by low frequency sensors SL15 and SL16 — one above
and one below the body flange and spaced as far apart as possible — up to 180 deg. Displaced approximately 90 deg.
from this pair and spaced up to 180 deg. apart are the two high frequency sensors — one above and one below the
flange.
(2) The knuckle regions are suspect due to discontinuity stresses. Locate sensors to provide adequate coverage, i.e., ap-
proximately every 90 deg. and 3 in. to 6 in. (75 mm to 150 mm) away from knuckle on shell.
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Figure A-1150
Case 5 — Atmospheric/Vacuum Vertical Vessel
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GUIDELINES:
(1) The knuckle regions are suspect due to discontinuity stresses. Locate sensors to provide adequate coverage, i.e., ap-
proximately every 90 deg. and 6 in. to 12 in. (150 mm to 300 mm) away from knuckle on shell.
(2) The secondary bond joint areas are critical, e.g., nozzles, manways, and shell butt joints. For nozzles and manways,
the preferred sensor location is 3 in. to 6 in. (75 mm to 150 mm) from the intersection with the shell (or head) and be-
low, where possible. The shell butt joint region is important. Locate sensors up to 180 deg. apart where possible and
alternately above and below joint.
(3) The low frequency sensors shown as SL15 and SL16 should be located at vessel mid-height — one above and one be-
low the joint. They should be spaced as far apart as possible — up to 180 deg. and at 90 deg. to other pair.
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Figure A-1160
Case 6 — Atmospheric/Pressure Horizontal Tank
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GUIDELINES:
(1) The discontinuity stresses at the intersection of the heads and the shell in the bottom region are important. Sensors
should be located to detect structural problems in these areas.
(2) The secondary bond joint areas are suspect, e.g., shell butt joint, nozzles, manways, and sump. The preferred sensor
location is 3 in. to 6 in. (75 mm to 150 mm) from intersecting surfaces of revolution. The shell butt joint region is im-
portant. Locate the two high frequency sensors up to 180 deg. apart — one on either side of the joint.
(3) The low frequency sensors shown as SL15 and SL16 should be located in the middle of the tank— one on either side of
the joint. They should be spaced as far apart as possible, i.e., up to 180 deg. and at 90 deg. to high frequency pair.

ASME BPVC.V-2023 ARTICLE 11

349



ð23Þ

ð23Þ

ARTICLE 12
ACOUSTIC EMISSION EXAMINATION OF METALLIC VESSELS

DURING PRESSURE TESTING

T-1210 SCOPE

This Article describes methods for conducting acoustic
emission (AE) examination of metallic pressure vessels
during acceptance pressure testing when specified by a
referencing Code Section. When AE examination in accor-
dance with this Article is specified, the referencing Code
Section shall be consulted for the following specific
requirements:
(a) personnel qualification/certification requirements
(b) requirements/extent of examination and/or

volume(s) to be examined
(c) acceptance/evaluation criteria
(d) standard report requirements
(e) content of records and record retention
When this Article is specified by a referencing Code

Section, the AE method described in the Article shall be
used together with Article 1, General Requirements. Defi-
nitions of terms used in this Article may be found in
Article 1, Mandatory Appendix I, I-121.8, AE — Acoustic
Emission.

T-1220 GENERAL

(a) The principal objectives of AE examination are to
detect, locate, and assess acoustic emission sources
caused by surface and internal discontinuities in the ves-
sel wall, welds, and fabricated parts and components.
(b) All relevant indications caused by AE sources shall

be evaluated by other methods of nondestructive
examination.

T-1221 VESSEL STRESSING
Arrangements shall be made to stress the vessel using

internal pressure as specified by the referencing Code
Section. The rate of application of pressure shall be speci-
fied in the examination procedure and the pressurizing
rate shall be sufficient to expedite the examination with
minimum extraneous noise. Provisions shall be made
for holding the pressure at designated hold points.
For in-service vessels, the vessel pressure history shall

be known prior to the test.

T-1222 NOISE REDUCTION
External noise sources such as rain, foreign objects con-

tacting the vessel, and pressurizing equipment noise must
be below the system examination threshold.

T-1223 SENSORS
T-1223.1 Sensor Frequency. Selection of sensor fre-

quency shall be based on consideration of background
noise, acoustic attenuation, and vessel configuration. Fre-
quencies in the range of 100 kHz to 400 kHz have been
shown to be effective. (See Nonmandatory Appendix B.)

T-1223.2 Sensor Mounting. The location and spacing
of the sensors are referenced in T-1264 and T-1265. The
sensors shall be acoustically coupled using couplant spe-
cified in the written procedure. Suitable couplants include
adhesive systems whose bonding and acoustic coupling
effectiveness have been demonstrated.
When examining austenitic stainless steels, titanium, or

nickel alloys, the need to restrict chloride/fluoride ion
content, total chlorine/fluorine content, and sulfur con-
tent in the couplant or other materials used on the vessel
surface shall be considered and limits agreed upon be-
tween contracting parties.
The sensor shall be held in place utilizing methods of

attachment, as specified in the written procedure.
The signal cable and preamplifier shall be supported

such that the sensor does not move during testing.

T-1223.3 Surface Contact. Sensors shall be mounted
directly on the vessel surface, or on integral waveguides.

T-1224 LOCATION OF ACOUSTIC EMISSION
SOURCES

(a) Sources shall be located to the specified accuracy by
multichannel source location, zone location, or both, as
required by the referencing Code Section. All hits detected
by the instrument shall be recorded for interpretation
and evaluation.
(b)Multichannel source location accuracy shall be

within a maximum of 2 component wall thicknesses or
5% of the sensor spacing distance, whichever is greater.
A drawing showing actual sensor locations with dimen-

sions shall be provided in the written report. An evalua-
t ion of the sensit ivity of the acoustic emission
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instrumentation shall be performed in accordance with
Mandatory Appendix III. Then, the K c a t s factor shall be
calculated [see T-1225(i)]

T-1225 PROCEDURE REQUIREMENTS
Acoustic emission examination shall be performed in

accordance with a written procedure. Each procedure
shall include, as a minimum, the following information,
as applicable:

(a)material and configurations to be examined, includ-
ing dimensions and product forms;

(b) background noise measurements;
(c) sensor type, frequency, and Manufacturer;
(d)method of sensor attachment;
(e) couplant;
(f) acoustic emission instrument type and filter

frequency;
(g) sensor locations;
(h)method for selection of sensors for planar or zonal

location;
(i) quantification of the AE instrumentation sensitivity

(K ca t s factor value);
(j) description of system calibration(s);
(k) data to be recorded and method of recording;
(l) post-examination vessel cleaning;
(m) report requirements; and
(n) qualification/certification of the examiner(s).

T-1230 EQUIPMENT

(a) The AE system consists of sensors, signal proces-
sing, display, and recording equipment (see Mandatory
Appendix I).

(b) Data measurement and recording instrumentation
shall be capable of measuring the following parameters
from each AE hit on each channel: counts above system
examination threshold, peak amplitude, arrival time, rise
time, duration, and energy [any parameter that repre-
sents this characteristic is allowed, such as measured area
of the rectified signal envelope (MARSE) or signal
strength]. Mixing or otherwise combining the acoustic
emission signals of different sensors in a common pream-
plifier is permitted only to overcome the effects of local
acoustic shadowing. (See Nonmandatory Appendix B.)
The data acquisition system shall have sufficient channels
to provide the sensor coverage defined in T-1265. Ampli-
tude distribution, by channel, is required for source char-
acterization. The instrumentation shall be capable of
recording the measured acoustic emission data by hit
and channel number. Waveform collection in support of
source location and characterization may also be
required.

(c) Time and pressure shall be measured and recorded
as part of the AE data. The pressure shall be continuously
monitored to an accuracy of ±2% of the maximum test
pressure.

(1) Analog type indicating pressure gages used in
testing shall be graduated over a range not less than
11/2 times nor more than 4 times the test pressure.

(2) Digital type pressure gages may be used without
range restriction provided the combined error due to ca-
libration and readability does not exceed 1% of the test
pressure.

T-1260 CALIBRATION

T-1261 SYSTEM CALIBRATION
(See Mandatory Appendix II.)

T-1262 ON-SITE SYSTEM CALIBRATION
Prior to each vessel test or series of tests, the perfor-

mance of each utilized channel of the AE instrument shall
be checked by inserting a simulated AE signal at each
main amplifier input.

A series of tests is that group of tests using the same ex-
amination system which is conducted at the same site
within a period not exceeding 8 hr or the test duration,
whichever is greater.

This device shall input a sinusoidal burst-type signal of
measurable amplitude, duration, and carrier frequency.
As a minimum, on-site system calibration shall be able
to verify system operation for threshold, counts, duration,
rise time, energy (MARSE or signal strength), and peak
amplitude. Calibration values shall be within the range
of values specified in Mandatory Appendix I.

T-1263 ATTENUATION CHARACTERIZATION
An attenuation study is performed in order to

determine sensor spacing. This vessel attenuation charac-
terization shall be performed including all the environ-
mental test conditions that impact AE signal attenuation
(temperature, test fluid inside the vessel, insulation,
etc.) and using a simulated AE source such as pencil lead
break [0.3 mm_(2H)]. For production line testing of iden-
tical vessels see Nonmandatory Appendix B.

The typical signal propagation losses shall be deter-
mined according to the following procedure: select a re-
presentative region of the vessel away from manways,
nozzles, etc., mount a sensor, and strike a line (or two
lines) out from the sensor at a distance equal, at a mini-
mum, to the distance between two consecutive sensors.
This set of measurements shall be performed in two per-
pendicular directions (longitudinal and circumferential)
to take into account, if necessary, any anisotropy. Break
0.3 mm_(2H) leads next to the sensor and at 1 ft
(0.3 m) intervals along each line. The breaks shall be done
with the lead at an angle of approximately 30 deg to the
surface and with a 0.1 in. (2.5 mm) lead extension.

If the vessel or component is composed of different sec-
tions characterized by different properties (different ma-
terials, thicknesses, surface treatments, etc.), then the
procedure shall be repeated for each section.
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T-1264 SENSOR LOCATION
Sensor locations on the vessel shall be determined by

the vessel configuration and the maximum sensor spacing
(see T-1265). A further consideration in locating sensors
is the need to detect structural flaws at critical sections,
e.g., welds, high stress areas, geometric discontinuities,
nozzles, manways, repaired regions, support rings, and
visible flaws. Additional consideration should be given
to the possible attenuation effects of welds. See Nonman-
datory Appendix B. Sensor location guidelines for zone lo-
cation for typical vessel types are given in Nonmandatory
Appendix A.

T-1265 SENSOR SPACING
A sensor array that allows planar location of a simulat-

ed AE source [0.3 mm_(2H)] shall be adopted unless the
referencing code requires a different array configuration.

T-1265.1 Sensor Spacing for Zonal Location. Sen-
sors shall be located such that a lead break [0.3 mm_
(2H)] at any location in the examination area is detected
by at least one sensor and have a measured amplitude not
less than as specified by the referencing Code Section. The
maximum sensor spacing shall be no greater than 11/2
times the threshold to provide full zonal location cover-
age. The threshold distance is defined as the distance
from a sensor at which a pencil-lead break on the vessel
has a measured amplitude value equal to the evaluation
threshold.

T-1265.2 Sensor Spacing for Multichannel Source
(Planar) Location Algorithms. Sensors shall be located
such that a lead break [0.3 mm_(2H)] at any location in
the examination area is detected by at least the minimum
number of sensors required for the algorithms. In the case
of planar location, the AE reference source shall be de-
tected by a minimum of three sensors.

T-1265.3 Quantification of the AE Instrumentation
Sensitivity. A quantification of the AE instrumentation
sensitivity shall be performed, considering the following:
(a) attenuation characteristics of the structure
(b) acquisition threshold level used during the test
(c) sensors mapping
(d) type of reference source
(e) type of localization, or number of sensors required

for the localization
This process quantifies performance (Kc a t s factor) (see

Mandatory Appendix III) and produces drawings that
characterize the capability of the AE instrumentation to
localize AE sources.

T-1266 SYSTEMS PERFORMANCE CHECK
A verification of sensor coupling and circuit continuity

shall be performed following sensor mounting and sys-
tem hookup and again immediately following the test.
The peak amplitude response of each sensor to a repeata-
ble simulated acoustic emission source at a specific

distance from each sensor should be taken prior to and
after the test. The measured peak amplitude should not
vary more than 4 dB from the average of all the sensors.
Any channel failing this check should be investigated and
replaced or repaired as necessary. If during any check it is
determined that the testing equipment is not functioning
properly, all of the product that has been tested since the
last valid system performance check shall be reexamined.
Sensor performance and response may also be checked

using electronic automatic sensor calibration programs if
the system being used is able to also check sensor cou-
pling and permanently record the results. This shall be
done at the start of the test and at the completion of the
test.

T-1270 EXAMINATION

T-1271 GENERAL GUIDELINES
The vessel is subjected to programmed increasing

stress levels to a predetermined maximum while being
monitored by sensors that detect acoustic emission
caused by growing structural discontinuities.
If the vessel has been in service, maximum stress levels

shall exceed the previous highest stress level the vessel
has seen by a minimum of 5% but shall not exceed the
vessel’s maximum design pressure.

T-1272 BACKGROUND NOISE
Extraneous noise must be identified, minimized, and

recorded.

T-1272.1 Background Noise Check Prior to Loading.
Acoustic emission monitoring of the vessel during in-
tended examination conditions is required to identify
and determine the level of spurious signals following
the completion of the system performance check and
prior to stressing the vessel. A recommended monitoring
period is 15 min. If background noise is above the evalua-
tion threshold, the source of the noise shall be eliminated
or the examination terminated.

T-1272.2 Background Noise During Examination. In
the AE examiner’s analysis of examination results, back-
ground noise shall be noted and its effects on test results
evaluated. Sources of background noise include:
(a) liquid splashing into a vessel;
(b) a pressurizing rate that is too high;
(c) pumps, motors, and other mechanical devices;
(d) electromagnetic interference; and
(e) environment (rain, wind, etc.).
Leaks from the vessel such as valves, flanges, and safety

relief devices can mask AE signals from the structure.
Leaks must be eliminated prior to continuing the
examination.
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T-1273 VESSEL PRESSURIZATION
T-1273.1 General Guidelines. Rates of pressuriza-

tion, pressurizing medium, and safety release devices
shall be as specified by the referencing Code Section.
The pressurization should be done at a rate that will ex-
pedite the test with a minimum of extraneous noise.

T-1273.2 Pressurization Sequence.
T-1273.2.1 Pressurization Sequence for New Ves-

sels. The examination shall be done in accordance with
the referencing Code Section. Pressure increments shall
generally be to 50%, 65%, 85%, and 100% of maximum
test pressure. Hold periods for each increment shall be
10 min and for the final hold period shall be at least
30 min. (See Figure T-1273.2.1.) Normally, the pressure
test will cause local yielding in regions of high secondary
stress. Such local yielding is accompanied by acoustic
emission which does not necessarily indicate discontinu-
ities. Because of this, only large amplitude hits and hold
period data are considered during the first loading of ves-
sels without postweld heat treatment (stress relief). If the
first loading data indicates a possible discontinuity or is
inconclusive, the vessel shall be repressurized from
50% to at least 98% of the test pressure with intermedi-
ate load holds at 50%, 65%, and 85%. Hold periods for
the second pressurization shall be the same as for the ori-
ginal pressurization.

T-1273.2.2 Pressurization Sequence for In-
Service Vessels. The examination shall be done in accor-
dance with the referencing Code Section. Load (where
load is the combined effect of pressure and temperature)
increments shall generally be to 90%, 100%, 105%, and
(if possible) 110% of the maximum operating load. Hold
periods for each increment shall be 10 min and for the fi-
nal hold period shall be at least 30 min. (See Figure
T-1273.2.2.) The maximum test load shall not be less than
105% of the maximum operating value during the past 6
months of operation or since the last test, whichever is
less. Loading rates shall not exceed 10% of the maximum
test load over 2 min.

T-1273.3 Test Termination. Departure from a linear
count or energy (MARSE or signal strength) vs. load rela-
tionship should signal caution. If the AE count or MARSE
rate increases rapidly with load, the vessel shall be un-
loaded and either the test terminated or the source of
the emission determined and the safety of continued test-
ing evaluated. A rapidly (exponentially) increasing count
or energy (MARSE or signal strength) rate may indicate
uncontrolled, continuing damage indicative of impending
failure.

T-1280 EVALUATION

T-1281 EVALUATION CRITERIA
The AE criteria shown in Table T-1281 are set forth as

one basis for assessing the significance of AE indications.
These criteria are based on a specific set of AE monitoring
conditions. The criteria to be used shall be as specified in
the referencing Code Section.

T-1290 DOCUMENTATION

T-1291 WRITTEN REPORT
The report shall include the following:
(a) number and revision of the AE procedure used;
(b) complete identification of the vessel, including ma-

terial type, method of fabrication, Manufacturer’s name,
and certificate number;

(c) vessel sketch of Manufacturer’s drawing with di-
mensions and sensor locations;

(d) test medium employed;
(e) test medium temperature;
(f) test sequence load rate, hold times, and hold levels;
(g) attenuation characterization and results;
(h) evaluation of the sensitivity (or degree of perfor-

mance) of the complete AE system, including K ca t s factor
and all the data defined in T-1265.3;

(i) record of system performance verifications;
(j) correlation of test data with the acceptance criteria;
(k) a sketch or Manufacturer’s drawings showing the

location of any zone not meeting the evaluation criteria;
(l) any unusual effects or observations during or prior

to the test;
(m) date(s) of test(s);
(n) name(s) and qualifications of the test operator(s);

and
(o) complete description of AE instrumentation includ-

ing Manufacturer’s name, model number, sensor type, in-
strument settings, calibration data, etc.

T-1292 RECORD
(a) A permanent record of AE data includes
(1) AE hits above threshold vs time and/or pressure

for zones of interest
(2) total counts or energy (MARSE or signal strength)

vs. time and/or pressure, and
(3)written reports

(b) The AE data shall be maintained with the records of
the vessel.
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Figure T-1273.2.1
An Example of Pressure Vessel Test Stressing Sequence

GENERAL NOTE: During loading, increases in pressure/load levels should not exceed 10% of the maximum test pressure in 2 min.
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Figure T-1273.2.2
An Example of In-Service, Pressure Vessel, Test Loading Sequence
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Table T-1281
An Example of Evaluation Criteria for Zone Location

Emission During Load
Hold Count Rate Number of Hits Large Amplitude Hits MARSE or Amplitude Activity

Evaluation
Threshold,

dB

(First Loading)
Pressure vessels
without full
postweld heat
treatment

Not more than EH hits
beyond time TH

Not applied Not applied Not more than EA hits
above a specified
amplitude

MARSE or amplitudes do not
increase with increasing
load

Activity does not
increase with
increasing load

VTH

Pressure vessels
other than those
covered above

Not more than EH hits
beyond time TH

Less than NT counts per
sensor for a specified
load increase

Not more than ET hits
above a specified
amplitude

Not more than EA hits
above a specified
amplitude

MARSE or amplitudes do not
increase with increasing
load

Activity does not
increase with
increasing load

VTH

GENERAL NOTES:
(a) EH, NT, and EA are specified acceptance criteria values specified by the referencing Code Section.
(b) VTH is the specified evaluation threshold.
(c) TH is the specified hold time. A
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MANDATORY APPENDIX I
INSTRUMENTATION PERFORMANCE REQUIREMENTS

I-1210 ACOUSTIC EMISSION SENSORS

I-1211 GENERAL
Acoustic emission sensors in the range of 100 kHz

to 400 kHz shall be temperature-stable over the range
of intended use, and shall not exhibit sensitivity changes
greater than 3 dB over this range as guaranteed by the
Manufacturer. Sensors shall be shielded against radio fre-
quency and electromagnetic noise interference through
proper shielding practice and/or differential (anticoinci-
dent) element design. Sensors shall have a frequency re-
sponse with variations not exceeding 4 dB from the
peak response.

I-1212 SENSOR CHARACTERISTICS
Sensors shall have a resonant response between

100 kHz – 400 kHz. Minimum sensit iv i ty shal l
be −80 dB referred to 1 V/µbar, determined by face-to-
face ultrasonic test.

NOTE: This method measures relative sensitivity of the sensor.
Acoustic emission sensors used in the same test should not vary in
peak sensitivity more than 3 dB from the average.

I-1220 SIGNAL CABLE

The signal cable from sensor to preamplifier shall not
exceed 6 ft (1.8 m) in length and shall be shielded against
electromagnetic interference.

I-1230 COUPLANT

Couplant selection shall provide consistent coupling ef-
ficiency during a test. Consideration should be given to
testing time and the surface temperature of the vessel.
The couplant and method of sensor attachment shall be
specified in the written procedure.

I-1240 PREAMPLIFIER

The preamplifier shall be mounted in the vicinity of the
sensor, or in the sensor housing. If the preamplifier is of
differential design, a minimum of 40 dB of common-mode
noise rejection shall be provided. Frequency response
shall not vary more than 3 dB over the operating fre-
quency and temperature range of the sensors.

I-1250 FILTER

Filters shall be of the band pass or high pass type and
shall provide a minimum of 24 dB/octave signal attenua-
tion. Filters shall be located in preamplifier. Additional fil-
ters shall be incorporated into the processor. Filters shall
insure that the principal processing frequency corre-
sponds to the specified sensor frequency.

I-1260 POWER-SIGNAL CABLE

The cable providing power to the preamplifier and con-
ducting the amplified signal to the main processor shall
be shielded against electromagnetic noise. Signal loss
shall be less than 1 dB per 100 ft (30 m) of cable length.
The recommended maximum cable length is 500 ft
(150 m) to avoid excessive signal attenuation.

I-1270 POWER SUPPLY

A stable grounded electrical power supply, meeting the
specifications of the instrumentation, shall be used.

I-1280 MAIN AMPLIFIER

The gain in the main amplifier shall be linear within
3 dB over the temperature range of 40°F to 125°F (5°C
to 50°C).

I-1290 MAIN PROCESSOR

I-1291 GENERAL
The main processor(s) shall have processing circuits

through which sensor data will be processed. It shall be
capable of processing hits, counts, peak amplitudes, dura-
tion, rise time, waveforms, and MARSE (signal strength or
energy) on each channel.

(a) Threshold. The AE instrument used for examination
shall have a threshold control accurate to within 1 dB
over its useful range.

(b) Counts. The AE counter circuit used for examination
shall detect counts over a set threshold within an accu-
racy of ±5%.

(c) Hits. The AE instrument used for examination shall
be capable of measuring, recording, and displaying a
minimum of 40 hits/sec total for all channels for a mini-
mum period of 10 sec and continuously measuring,
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recording, and displaying a minimum of 40 hits/sec total
for all channels. The system shall display a warning if
there is greater than a 5 sec lag between recording and
display during high data rates.
(d) Peak Amplitude. The AE circuit used for examination

shall measure the peak amplitude with an accuracy
of ±2 dB.
(e) Energy. The AE circuit used for examination shall

measure MARSE (signal strength or energy) with an accu-
racy of ±5%. The usable dynamic range for energy shall be
a minimum of 40 dB.
(f) Parametric Voltage. If parametric voltage is mea-

sured by the AE instrument, it should measure to an accu-
racy of 2% of full scale.

I-1292 PEAK AMPLITUDE DETECTION
Comparative calibration must be established per the

requirements of Mandatory Appendix II. Usable dynamic
range shall be a minimum of 60 dB with 1 dB resolution
over the frequency band width of 100 kHz to 400 kHz,
and the temperature range of 40°F to 125°F (5°C to
50°C). Not more than 2 dB variation in peak detection ac-
curacy shall be allowed over the stated temperature
range. Amplitude values shall be stated in dB, and must
be referenced to a fixed gain output of the system (sensor
or preamplifier).
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MANDATORY APPENDIX II
INSTRUMENT CALIBRATION AND CROSS-REFERENCING

II-1210 MANUFACTURER’S CALIBRATION

Acoustic emission system components will be provided
from the Manufacturer with certification of performance
specifications and tolerances.

II-1211 ANNUAL CALIBRATION
The instrument shall have an annual comprehensive

calibration following the guidelines provided by the Man-
ufacturer using calibration instrumentation meeting the
requirements of a recognized national standard.

II-1220 INSTRUMENT CROSS-REFERENCING

The performance and threshold definitions vary for dif-
ferent types of AE instrumentation. Parameters such as
counts, amplitude, energy, etc., vary from Manufacturer
to Manufacturer and from model to model by the same

Manufacturer. This section of appendix describes tech-
niques for generating common baseline levels for the dif-
ferent types of instrumentation.

The procedures are intended for baseline instrument
calibration at 60°F to 80°F (16°C to 27°C). For field use,
small portable signal generators and calibration transdu-
cers can be carried with the equipment and used for per-
iodic checking of sensor, preamplifier, and channel
sensitivity.

II-1221 SENSOR CHARACTERIZATION
Threshold of acoustic emission detectability is an am-

plitude value. All sensors shall be furnished with docu-
mented performance data. Such data shall be traceable
to NBS standards. A technique for measuring threshold
of detectability is described in Article 11, Mandatory
Appendix II.
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ð23Þ MANDATORY APPENDIX III
METHODOLOGY FOR THE EVALUATION OF THE SENSITIVITY OF

ACOUSTIC EMISSION INSTRUMENTATION

III-1210 SCOPE

This Appendix describes the methodology for evaluat-
ing the sensitivity (or degree of performance) of acoustic
emission (AE) instrumentation used for the assessment of
any structure, e.g., pressure vessels.
This methodology provides a quantitative value (on a

numerical scale) of the AE examination sensitivity level
when zonal location or planar location is used. For any
type of pressure vessel, any Code Section may require a
minimum level of sensitivity by referring to this
Appendix.
The methodology requires
(a) the characteristics of the structure examined by AE,

including attenuation curves
(b) the characteristics of the sensor array
(c) the characteristics of the instrumentation

III-1211 REFERENCES
The following references contain additional informa-

tion that should be considered for use in the application
of this Appendix:
(a) SE-650, Standard Guide for Mounting Piezoelectric

Acoustic Emission Sensors
(b) SE-750, Standard Practice for Characterizing Acous-

tic Emission Instrumentation
(c) SE-976, Standard Guide for Determining the Repro-

ducibility of Acoustic Emission Sensor Response
(d) SE-1067, Standard Practice for Acoustic Emission

Examination of Fiber Reinforced Plastic Resin (FRP)
Tanks/Vessels
(e) SE-1118, Standard Practice for Acoustic Emission

Examination of Reinforced Thermosetting Resin Pipe
(RTRP)
(f) SE-1139, Standard Practice for Continuous Monitor-

ing of Acoustic Emission from Metal Pressure Boundaries
(g) SE-1211, Standard Practice for Leak Detection and

Location Using Surface-Mounted Acoustic Emission
Sensors
(h) SE-2075, Standard Practice for Verifying the Consis-

tency of AE-Sensor Response Using an Acrylic Rod

III-1220 GENERAL

The methodology in this Appendix can assess any AE
examination, including the following:

(a) an AE examination during first pressurization
(b) an in-service AE examination
(c) an AE examination in support of requalification

III-1221 LEVEL OF SENSITIVITY – Kca ts FACTOR
The level of sensitivity calculation described in this

Appendix is represented by a numerical value, K ca t s (con-
trol by acoustic technique scaling). This value is a number
between 0 and 1, referring to a specified reference source
to be detected and a specified number of sensors to be
reached.
The specified reference source shall be a 0.012-in.

(0.3-mm) or 0.02-in. (0.5-mm) Hsu-Nielsen source (pencil
lead), 2H hardness. If a different source is used, it shall be
documented in the AE procedure.
The K c a t s factor shall be written as a function of the

number of sensors required for detection or localization
and the type of reference source, i.e., “K c a t s [number of
sensors-reference source].”
(a) In the case of zonal location (one sensor reached)

and 0.012-in. (0.3-mm) Hsu-Nielsen source (pencil lead),
2H hardness, the K c a t s factor is written as “K c a t s

[1s-0.012in_2H].”
(b) In the case of planar location (three sensors

reached) and 0.012-in. (0.3-mm) Hsu-Nielsen source
(pencil lead), 2H hardness, the K c a t s factor is written as
“K ca t s [3s-0.02in_2H].”

III-1222 PERSONNEL QUALIFICATION
In accordance with the referencing Code Section, the

requirements for personnel qualification and certification
should be specified.

III-1230 Kca ts CALCULATION

III-1231 INFORMATION REQUIRED
For the calculation of the K ca t s factor, the following in-

formation shall be documented:
(a) the structure to be monitored (dimensions and

drawings of the structure, AE wave’s attenuation curve
or curves)
(b) the sensor array [the exact position of all the sen-

sors installed on the structure (a drawing of the structure
including all sensor positions)]
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(c) the acquisition system (the acquisition threshold,
expressed in dBae, and the dynamic range)

III-1232 STRUCTURE TO BE EXAMINED
Sensors shall be arranged and located per the require-

ments of the written procedure. Selection of sensor type
shall be based on the application, i.e., low or high tem-
perature, nuclear or non-nuclear, and any specific condi-
tion that requires particular sensors. The sensor type
shall be identified in the written procedure.

The attenuation characteristics of the structure shall be
determined. The attenuation depends on the type of ma-
terial, the thickness, the type of fluid inside and outside
the structure, the presence of insulation layer, and the fre-
quency band of measurement, i.e., the type of AE sensors
used.

III-1233 SENSOR ARRAY
The sensor array shall be defined by the AE examiner,

taking into account the characteristics of the structure
and the type of sensors used. The sensor array shall be
documented in the AE procedure.

III-1234 ACQUISITION THRESHOLD
For the calculation of the Kc a t s factor, A t h r (dBae) shall

be established in the AE procedure.

III-1235 REFERENCE SOURCE
The reference source shall be in accordance with

III-1221 and shall be documented in the AE procedure.

III-1240 METHODOLOGY OF CALCULATION

III-1241 DATA INPUT
III-1241.1 Sensor Array Coordinates. The positions

of the sensors on the structure shall be indicated as
follows:

(a) For a linear array application, every sensor i must
have coordinate [xi].

(b) For a planar array application, every sensor i must
have coordinates [xi , yi].

(c) For a 3D array application, every sensor i must have
coordinates [xi , yi , zi].

See Figure III-1241.1-1.

III-1241.2 Attenuation Curve. The attenuation curve
(see Figure III-1241.2-1) shall be established by mathe-
matical calculation (polynomial, logarithmic interpola-
tion, or any other method that will fit the experimental
data).

III-1241.3 AE Source Location. The minimum num-
ber of required sensors shall be as follows:

(a) zonal location: one
(b) linear location: two
(c) planar location: three
(d) 3D location: four

III-1242 Kca ts CALCULATION STEPS
Three consecutive steps are necessary to obtain the

K ca t s factor.

III-1242.1 Step 1 — Calculation of Distances From
Each Surface Point to Each Sensor. In the case of a planar
configuration, it is necessary to measure, for each point of
the surface, the distances between each point and all the
sensors. The objective is to define, for each point of the
surface, which is the closest sensor, the second-closest
sensor, the third-closest sensor, up to the Nth-closest sen-
sor and to determine the distance between each point and
these sensors.

(a)Minimum resolution shall be 2 in. (0.05 m).
(b) The result is an array of values giving, for each point

of the surface, all the distances between the point and
each sensor. A grid example is shown in Figure
III-1242.1-1), and a calculation example for a point is
shown in Figure III-1242.1-2).

(c) From this array, it is possible to determine, for each
surface point, the distance to the closest sensor, to the
second-closest sensor, the third-closest sensor, up to the
Nth-closest sensor. Figures III-1242.1-3 and III-1242.1-4
show the representations of the distances, for the same
sensor array, when using zonal detection and planar loca-
tion, respectively. These figures are meant to help the
user understand which areas present a better probability
of detection and localization.

III-1242.2 Step 2— Calculation of Minimum Detect-
able Amplitudes. Calculation of minimum detectable am-
plitudes requires the acquisition threshold, A t h r , dBae; the
attenuation curve; and the result of Step 1 (array of dis-
tances between each point and each sensor).

Figure III-1242.2-1 shows the calculation of the mini-
mum amplitude that can be processed by the planar loca-
tion algorithm for a specific point (a cross).

(a) The distance to the third-closest sensor is 52.5 in.
(1.33 m).

(b) The attenuation curve indicates an amplitude of 61
dBae at 52.5 in. (1.33 m).

(c) The expected attenuation is 38 dBae.
(d)With an acquisition threshold of 50 dBae, the mini-

mum amplitude required for a source to be detected
and localized is 50 + 38 = 88 dBae. This calculation needs
to be repeated for each surface point; the result is an ar-
ray of minimum detectable and minimum localized ampli-
tude values. Figures III-1242.2-2 and III-1242.2-3 are,
respectively, the representations of the minimum detect-
able and localized amplitude values calculated for an ac-
quisition threshold of 50 dB.

III-1242.3 Step 3— Calculation of the Percentage of
Detection and Localization (Kca ts Factor). Calculation of
the K ca t s factor requires the type of reference AE source
to be detected and the result of Step 2 (the maps or array
of the minimum amplitudes that can be processed by lo-
calization algorithms).
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For each point of the surface, compare the minimum
amplitude calculated in Step 2 with the reference ampli-
tude of the AE source required to be detected or localized.
For example, if the Hsu-Nielsen (pencil lead) 0.02-in. 2H
source (98 dBae) is considered as the reference source
(a) for each point where the minimum amplitude is less

than 98 dBae, the reference source will be detected (zonal
localization) or localized (planar localization).
(b) for each point where the minimum amplitude is

higher than 98 dBae, the reference source will not be de-
tected or localized. Using the following binary values for
each point of the surface, generate a detection and locali-
zation map:

(1) 0 = no detection or localization
(2) 1 = detection or localization is okay

Figure III-1242.3-1 shows an example of a map where 0
is black and 1 is white. This figure shows areas (in black)
where localization or detection is difficult. Finally, the
Kca t s factor is the percentage of surface where the locali-
zation algorithm is possible.

III-1250 Kca ts FACTOR BENEFITS

The Kc a t s factor provides a quantitative measure of the
AE instrumentation capability to detect a specific AE re-
ference source in a specific structure, with a defined ac-
quisition threshold, A t h r , sensor array, and location
algorithm.
The K c a t s calculation result shall be written as indi-

cated by the following two examples (see Table
III-1250-1 ):

EXAMPLES:

(1) K ca t s [1s-0.02in._2H] = 0.95 corresponds to the zonal location
algorithm (one sensor reached) — Hsu-Nielsen (pencil lead) 0.02 in.
(0.5 mm) 2H reference source, and fraction of area with value of
detection or location = 0.95

(2) K ca t s [3s-0.02in._2H] = 0.45 corresponds to the planar location
algorithm (three sensors reached)— Hsu-Nielsen (pencil lead) 0.02 in.
(0.5 mm) 2H reference source, and fraction of area with value of
detection or location = 0.45

Figure III-1241.1-1
Example of Planar (2D) Sensor Array

GENERAL NOTE: Each star represents the position of a sensor.
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Figure III-1241.2-1
Example of Attenuation Curve
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Figure III-1242.1-1
Graph Representing the Positions of Sensors (Stars) and the Grid for Which the Distances Are Calculated

for Each Point

GENERAL NOTE: There is 4 in. between each two consecutive points.
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Figure III-1242.1-2
Graph Representing the Positions of Sensors

GENERAL NOTE: The three closest sensors are circled. The cross is the position of one particular point of the surface for which the distances to
the three closest sensors have been calculated.
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Figure III-1242.1-3
Mapping Representing the Distance to the Closest Sensor

GENERAL NOTES:
(a) Sensors are represented by stars. The maximum distance between sensors is 100 in.
(b) At the right, the gray scale represents the distance to the nearest sensor.
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Figure III-1242.1-4
Mapping Representing the Distance to the Third-Closest Sensor

GENERAL NOTES:
(a) Sensors are represented by stars. The maximum distance between sensors is 100 in.
(b) At the right, the gray scale represents the distance to the third-closest sensor.
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Figure III-1242.2-1
Calculation of the Equivalent Minimum Amplitude Using the Planar Localization Algorithm

GENERAL NOTE: This figure is for the third-closest sensor. To be localized (planar, three sensors), an AE source must have a minimum am-
plitude of 50 dBae + 38 dBae = 88 dBae.
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Figure III-1242.2-2
Mapping Representing the Minimum Amplitude That Can Be Detected (Processed) by the Zonal Location

Method

GENERAL NOTES:
(a) Sensors are represented by stars. The maximum distance between sensors is 100 in.
(b) At the right, the gray scale represents the amplitude in dBae.
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Figure III-1242.2-3
Mapping Representing the Minimum Amplitude That Can Be Processed by the Planar Location Method

GENERAL NOTES:
(a) Sensors are represented by stars. The maximum distance between sensors is 100 in.
(b) At the right, the gray scale represents the amplitude in dBae.
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Figure III-1242.3-1
Mapping Representing the Areas Where the Planar Location Method Is Efficient and Not Applicable

GENERAL NOTES:
(a) White areas represent where the planar location method is efficient. Black areas represent where the planar location method is not

applicable.
(b) Sensors are represented by stars.

Table III-1250-1
Example of Values of Kca ts for Two Different

Configurations

Configuration
Kca t s

[1s-Hsu0.02in._2H]
Kca ts

[3s-Hsu0.02in._2H]

1: one sensor/160 in. 0.99 0.20
2: one sensor/100 in. 1 1

GENERAL NOTE: Configuration 2 is 5 times more efficient than con-
figuration 1.
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ð23Þ NONMANDATORY APPENDIX A
SENSOR PLACEMENT GUIDELINES

Figure A-1210
Case 1 — Vertical Pressure Vessel Dished Heads, Lug or Leg Supported

GUIDELINES:
(1) Distances D1 and D2 should be determined from vessel attenuation characterization.
(2) The distance between consecutive rows should be as equal as possible.
(3) The distance between consecutive sensors in a row should be as equal as possible.
(4) Additional rows of sensors may be required, depending on the size of the vessel and its attenuation

characteristics.
(5) The minimum number of sensors required per row is two.
(6) The minimum number of sensors required on each head is one, unless the head is a complex dished head with

multiple nozzles. See Figure A-1220.
(7) The top and bottom rows of sensors should be placed at the edges of the cylindrical portion of the vessel.
(8) Additional sensors may be required to avoid areas obscured by obstacles such as leg supports and nozzles.
(9) Sensors should not be placed on top of welds.
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Figure A-1220
Case 2 — Complex Dished Head With Multiple Nozzles

GUIDELINES:
(1) Number of sensors should be determined from dished head attenuation characteristics.
(2) The minimum number of sensors required is three.
(3) Additional sensors may be required to avoid shadow areas and optimize AE source location.

ASME BPVC.V-2023 ARTICLE 12

373



Figure A-1230
Case 3 — Horizontal Pressure Vessel Dished Heads, Saddle Supported

GUIDELINES:
(1) Distances D1 and D2 should be determined from vessel attenuation characterization.
(2) The distance between consecutive rows should be as equal as possible.
(3) The distance between consecutive sensors in a row should be as equal as possible.
(4) Additional rows of sensors may be required, depending on the size of the vessel and its attenuation characteristics.
(5) The minimum number of sensors required per row is two.
(6) The minimum number of sensors required on each head is one, unless the head is a complex dished head with multi-
ple nozzles. See Figure A-1220.
(7) The extreme left and extreme right rows of sensors should be placed at the edges of the cylindrical portion of the
vessel.
(8) Additional sensors may be required to avoid areas obscured by obstacles such as supports and nozzles.
(9) Sensors should not be placed on top of welds.
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Figure A-1240
Case 4 — Vertical Pressure Vessel Packed or Trayed Column Dished Heads, Lug or Skirt Supported

GUIDELINES:
(1) Distances D1 and D2 should be determined from vessel attenuation characterization.
(2) The distance between consecutive rows should be as equal as possible.
(3) The distance between consecutive sensors in a row should be as equal as possible.
(4) Additional rows of sensors may be required, depending on the size of the vessel and its attenuation characteristics.
(5) The minimum number of sensors required per row is two.
(6) The minimum number of sensors required on each head is one, unless the head is a complex dished head with multi-
ple nozzles. See Figure A-1220.
(7) The top and bottom rows of sensors should be placed at the edges of the cylindrical portion of the vessel.
(8) Additional sensors may be required to avoid areas obscured by obstacles such as leg supports and nozzles.
(9) Sensors should not be placed on top of welds.
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Figure A-1250
Case 5 — Spherical Pressure Vessel, Leg Supported

GUIDELINES:
(1) Distance between sensors should be determined from vessel attenuation characterization.
(2) The distance between consecutive rows should be as equal as possible.
(3) The distance between consecutive sensors in a row should be as equal as possible.
(4) Additional rows of sensors may be required, depending on the size of the vessel and its attenuation characteristics.
(5) Sensor configuration below the equator should mirror the sensor configuration above the equator when allowed by
attenuation characterization.
(6) Sensors at the equator may be placed above or between legs.
(7) Additional sensors may be required to avoid areas obscured by obstacles such as leg supports and nozzles.
(8) Sensors should not be placed on top of welds.
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NONMANDATORY APPENDIX B
SUPPLEMENTAL INFORMATION FOR CONDUCTING ACOUSTIC

EMISSION EXAMINATIONS

B-1210 FREQUENCY SELECTION

The frequency band of 100 kHz to 200 kHz is the lowest
frequency band that should be considered for general AE
pressure vessel examination. Higher frequency bands
may be considered if background noise cannot be elimi-
nated. If a higher frequency band is used the following
items must be considered.

(a) Attenuation characteristics will change.
(b) Sensor spacings will decrease and more sensors will

be required to adequately cover the evaluation area.
(c) Instrumentation performance requirements de-

scribed in Article 12, Mandatory Appendix I must be ad-
justed to the higher frequency band.

(d) Instrumentation calibration described in Article 12,
Mandatory Appendix I must be performed at the higher
frequency band.

(e) Alternate evaluation/acceptance criteria must be
obtained from the referencing Code Section.

B-1220 COMBINING MORE THAN ONE
SENSOR IN A SINGLE CHANNEL

Two or more sensors (with preamplifiers) may be
plugged into a single channel to overcome the effects of
local shielding in a region of the vessel. One specific exam-
ple of this is the use of several sensors (with preamplifiers
around a manway or nozzle).

B-1230 ATTENUATIVE WELDS

Some have been shown to be highly attenuative to non-
surface waves. This situation predominantly affects multi-
channel source location algorithms. This situation can be
identified by modifying the attenuation characterization
procedure to produce a stress wave which does not con-
tain surface waves traveling across the weld.

B-1240 PRODUCTION LINE TESTING OF
IDENTICAL VESSELS

For situations which involve repeated tests of identical
vessels where there is no change in the essential variables
such as material, thickness, product form and type, the re-
quirement for attenuation characterization on each vessel
is waived.
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ARTICLE 13
CONTINUOUS ACOUSTIC EMISSION MONITORING OF PRESSURE

BOUNDARY COMPONENTS

T-1310 SCOPE

This Article describes the requirements for the use of
acoustic emission (AE) continuous monitoring of metal
or nonmetal pressure boundary components used for
either nuclear or non-nuclear service. Monitoring is per-
formed as a function of load (such as from changes in
pressure, temperature, and/or chemistry) over time.
When AE monitoring in accordance with this Article is

required, the user shall specify the following:
(a) personnel qualification/certification requirements
(b) extent of examination and/or area(s)/volume(s) to

be monitored
(c) duration of monitoring period
(d) acceptance/evaluation criteria
(e) reports and records requirements
When this Article is specified by a referencing Code

Section, the technical requirements described herein shall
be used together with Article 1, General Requirements.
Definitions of terms used in this Article appear in Article
1, Mandatory Appendix I, I-121.8 (AE — Acoustic
Emission).
Generic requirements for continuous AE monitoring of

pressure boundary components during operation are ad-
dressed within this Article. Supplemental requirements
for specific applications such as nuclear components, non-
metallic components, monitoring at elevated tempera-
tures, limited zone monitoring, and leak detection are
provided in the Mandatory Appendices to this Article.

T-1311 REFERENCES
The following references contain additional informa-

tion that should be considered for use in the application
of this Article.
(a) SE-650, Standard Guide for Mounting Piezoelectric

Acoustic Emission Sensors
(b) SE-750, Standard Practice for Characterizing Acous-

tic Emission Instrumentation
(c) SE-976, Standard Guide for Determining the Repro-

ducibility of Acoustic Emission Sensor Response
(d) SE-1067, Standard Practice for Acoustic Emission

Examination of Fiber Reinforced Plastic Resin
(FRP) Tanks/Vessels

(e) SE-1118, Standard Practice for Acoustic Emission
Examination of Reinforced Thermosetting Resin
Pipe (RTRP)

(f) SE-1139, Standard Practice for Continuous Monitor-
ing of Acoustic Emission from Metal Pressure
Boundaries

(g) SE-1211, Standard Practice for Leak Detection and
Location using Surface-Mounted Acoustic Emission
Sensors

T-1320 GENERAL

Continuous AE monitoring is used to detect, locate, and
characterize AE sources in pressure boundaries. Analysis
of the AE response signals is used to evaluate the pressure
boundary structural integrity. These AE sources are lim-
ited to those activated during normal plant system opera-
tion. In the context of this Article, normal system
operation may include upsets, routine pressure tests per-
formed during plant system shutdown as well as opera-
tion during startups and shutdowns.
Monitoring is performed using AE sensors that are in-

stalled in key locations and connected to an AE instru-
ment capable of recording and storing AE data
generated during normal plant system operation. In addi-
tion, the AE instrument may be used to collect and store
data that helps determine the load that is being applied
to the pressure boundary.

T-1321 RELEVANT INDICATIONS
All relevant indications detected during AE monitoring

shall be evaluated to determine if further evaluation by
other methods of nondestructive examination is required.

T-1322 PERSONNEL QUALIFICATION
In accordance with the referencing Code Section the re-

quirements for personnel qualification and certification
should be specified.

T-1323 WRITTEN PROCEDURES
A written procedure shall be established. The details of

the outline are as follows:
(a) the type of equipment to be used
(b) how the equipment is to be installed
(c) calibration and checkout of equipment performance
(d) the type of data to be collected, stored, and archived
(e) how data is to be analyzed and the results reported
(f) record keeping
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The referencing Code Section should specify any other
details as well as the means for accepting the written
procedures.

T-1330 EQUIPMENT

T-1331 GENERAL
The AE monitoring system consists of sensors, pream-

plifiers, amplifiers, filters, signal processors, and a data
storage device together with interconnecting cables or
wireless transmitters and receivers. Simulated AE
source(s) and auxiliary equipment such as pressure
gauges and temperature sensors are also required. The
AE monitoring system shall provide the functional cap-
abilities shown in Figure T-1331.

T-1332 AE SENSORS
Sensors shall be one of two general types: those

mounted directly on the surface of the component being
monitored, and those that are coupled to the surface of
the component by the use of a waveguide. Sensors shall

be acoustically coupled to the surface of the component
being monitored and be arranged and located per the re-
quirements of the written procedure. Selection of sensor
type shall be based on the application; i.e., low or high
temperature, nuclear or non-nuclear, etc. The sensor se-
lected for the specific application shall be identified in
the written procedure. The sensor system (i.e., sensors,
preamplifiers, and connecting cables) used to detect AE
shall limit electromagnetic interference to a level not ex-
ceeding 27 dBAE where dBAE is the amplitude of the sen-
sor output based on a reference voltage of 1 μV.

T-1332.1 Sensor Response Frequency. For each ap-
plication, selection of the sensor response bandpass fre-
quencies shall be based on a characterization of
background noise and sensor response in terms of ampli-
tude vs. frequency. The lowest frequency compatible with
avoiding interference from background noise should be
used to maximize sensitivity of AE signals and minimize
signal attenuation.

Figure T-1331
Functional Flow Diagram — Continuous AE Monitoring System
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T-1332.2 Differential, Integrated, and Tuned Sen-
sors. Three sensor designs have been effective in over-
coming noise inter ference problems . One is a
differential sensor that cancels out electrical transients
entering the system through the sensor. The second is
the integrated sensors with built-in preamplifiers and fre-
quency filters. The third design is an inductively tuned
sensor that operates to shape the sensor response around
a selected frequency; i.e., inductive tuning allows discri-
mination against frequencies on either side of a selected
response frequency as shown in Figure T-1332.2. These
sensor designs may be used separately or together.

T-1332.3 Sensor Mounting. Sensors shall be
mounted to the component surface using three basic
methods.

T-1332.3.1 Bonding. Bond directly to the surface
with an adhesive. The chemical content of the adhesive
shall be checked to assure that it is not deleterious to
the surface of the component.

T-1332.3.2 Pressure Coupling. Pressure coupling
to the surface using either a strap or a magnetic mount.
A thin, soft metal interface layer between the sensor
and the surface is often effective for achieving acoustic
coupling with minimal pressure.

T-1332.3.3 Waveguides. In the case of waveguide
sensors, the tip of the waveguide may be shaped to reduce
the required force to maintain acoustic coupling. The sen-
sor itself may be bonded or pressure coupled to the
waveguide.

T-1332.4 Couplant. Couplant shall provide consis-
tent coupling efficiency for the duration of the test. Cou-
pling efficiency shall be verified as required in T-1350.

T-1333 SIGNAL CABLES
Coaxial cables shall be used to connect the analog AE

signals from the sensors to the monitoring instrument
(monitor). Whenever a protective barrier or containment
structure must be penetrated using a bulkhead fitting or
penetration plug to transmit signals from the sensor to
the monitor, extreme care must be taken to avoid incur-
ring excessive signal loss or noise that reduces the use-
able dynamic range. When the coaxial (signal) cables
are used to supply DC power to the preamplifiers/line
drivers, they shall be terminated with the appropriate
characteristic impedance.
Power and signal cables shall be shielded against elec-

tromagnetic noise. Signal loss shall be less than 1 dB/ft
(3.3 dB/m) of cable length. Maximum cable length shall
be 500 ft (150 m) unless a line driver is used.

T-1334 AMPLIFIERS
At least one preamplifier shall be used with each sensor

to amplify the AE signals for transmission to the monitor.
Where long signal cables are required, a preamplifier and
line driver between the sensor and the monitor may be
required.
With the high signal amplification required to detect AE

signals, the internal noise of the preamplifiers must be
minimized to avoid interference with AE signal detection.
The frequency response band of the amplifiers shall be
matched to the response profile determined for the AE
sensors. (See Article 13, Mandatory Appendix II.)

T-1335 AE INSTRUMENT AND MONITOR
The AE instrument and monitor shall include a post

amplifier, a signal discrimination function, and a signal
processing module for each signal channel. A stable,

Figure T-1332.2
Response of a Waveguide AE Sensor Inductively Tuned to 500 kHz
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grounded electrical power supply should be used. The
monitor shall also include a video display function that
can be used to display AE data as well as a data storage
capability suitable for long-term, nonvolatile data storage.
A data analysis function may be integral with the AE
monitor or be a separate function that draws from the
stored AE data.

The post amplifier shall meet the requirements of
T-1334. The AE monitor shall be capable of processing
and recording incoming data at a rate of at least 50
hits/sec for all channels simultaneously for an indefinite
time period and at a rate of at least 100 hits/sec for all
channels simultaneously for any 15-sec period.

T-1335.1 AE Signal Discrimination. A real-time sig-
nal discrimination function to process incoming signals
and identify relevant AE signals shall be included. The dis-
crimination function may either exclude all signals not
identified as from flaw growth, or flag those signals iden-
tified as flaw growth while accepting all signals above the
voltage threshold.

T-1335.2 Signal Processing. The dynamic range of
the signal processor shall be at least 80 dB for each para-
meter being measured. The signal processor shall be con-
trolled by voltage threshold circuits that limit accepted
data to signals that exceed the voltage amplitude thresh-
old. The voltage threshold shall be determined on the ba-
sis of the background noise.

Signal parameters to be measured shall include AE hit
count, total number of signal hits at each sensor, signal
peak amplitude, time for threshold crossing to signal
peak, measured area under the rectified signal envelope
(MARSE) in V-sec, and difference in time of signal arrival
(Δt) at all sensors in a sensor array used for AE source lo-
cation. In addition to the AE signal features above, other
AE features such as energy, signal strength, true energy,
and absolute energy may be measured along with clock
time, date, and the value of plant parameters (internal
pressure, temperature, etc.). Plant parameters that are
identified as significant to flaw growth and associated
with the time of signal detection shall be recorded. The
signal processor section shall also measure the overall
RMS background signal level for each sensing channel
[and/or average signal level (ASL) in dB] for leak detec-
tion purposes.

T-1340 MISCELLANEOUS REQUIREMENTS

T-1341 EQUIPMENT VERIFICATION
Acceptable performance shall be defined per the writ-

ten procedure (T-1323). Dynamic range of the complete
AE monitor (without sensors) shall be verified using an
electronic waveform generator prior to installation. Sinu-
soidal burst signals (e.g., I-1341) from the waveform gen-
erator shall be input to each preamplifier to verify that

the signal amplification, data processing functions, data
processing rate, and data analysis, display, and storage
meet the requirements of this Article.

NOTE: AE signal source location performance is tested under
T-1362.1.

With the AE monitor gain set at operating level, the sys-
tem shall be evaluated according to the written procedure
using input signals that test both the low and high ends of
the dynamic range of the AE monitor system. Signal fre-
quencies shall include samples within the range of in-
tended use.

T-1342 SENSOR CALIBRATION
T-1342.1 Sensor Sensitivity and Frequency Re-

sponse. Each sensor shall produce a minimum signal of
0.1mVpeak referred to the sensor output at the selected
monitoring frequency when mounted on a calibration
block and excited with a helium gas jet as described in
SE-976. Appropriate calibration blocks are identified in
the Appendices as a function of specific applications. He-
lium gas excitation shall be performed using a 30 psi
(200 kPa) helium source directed onto the surface of
the calibration block through a #18 hypodermic needle
held perpendicular to the calibration block surface. The
needle tip shall be a maximum of 1/8 in. (3 mm) above
the surface of the block and a maximum of 11/2 in.
(38 mm) from the mounted sensor. The process may also
be used to verify the sensor response profile in terms of
frequency to assure that the response roll-off on either
side of the selected monitoring frequency is acceptable.

An optional technique that may be used for determin-
ing the reproducibility of AE sensor response is referred
to as the “Pencil Lead Break” technique, per SE-976.

T-1342.2 Uniformity of Sensor Sensitivity. The sen-
sitivity of each sensor shall be evaluated by mounting it
on a calibration block as it will be mounted on the plant
component and measuring its response to the energy pro-
duced by fracturing a 0.012 in. (0.3 mm), 2H pencil lead
against the surface of the block in accordance with
SE-976 at a point approximately 4 in. (100 mm) from
the center of the sensor. When performing this evalua-
tion, it is useful to use a 40 dB preamplifier with the sen-
sor to produce an adequate output signal for accurate
measurement. The peak response of each sensor to the
simulated AE signal shall be within 3 dB from the average
for all sensors at the selected monitoring frequency.

T-1343 SIGNAL PATTERN RECOGNITION
If AE signal pattern recognition is used, this function

shall be demonstrated and qualified as follows:
(a) Assemble the AE monitor including two representa-

tive sensors mounted on a calibration block with the same
sensor mounting (T-1332.3) process to be used for mon-
itoring. The sensors shall be excited 10 times by each of
the following three methods:
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(1) Break a 0.012 in. (0.3 mm), 2H pencil lead against
the surface of the block in accordance with SE-976.

(2) Drop onto the surface of the block a 1/4 in. (6 mm)
diameter steel ball from a height sufficient to produce a
response from the sensors that does not saturate the AE
monitor.

(3) Inject a multicycle (five cycles minimum) burst
signal into the block with a transducer and waveform
generator.
(b) The pattern recognition function shall identify at

least 8 out of 10 lead fracture signals as AE crack growth
signals and at least 8 out of 10 of each other type signals
as signals not associated with crack growth.

T-1344 MATERIAL ATTENUATION/
CHARACTERIZATION

Prior to installation of AE system for monitoring plant
components, the acoustic signal attenuation in the mate-
rial shall be characterized. This is necessary for determin-
ing the sensor spacing for effective AE detection.
Attenuation measurements shall be made at the fre-
quency selected for AE monitoring and shall include both
surface and bulk wave propagation. The attenuation mea-
surements should be performed with the material tem-
perature within ± 20°F (± 11°C) of the expected
temperature during actual component monitoring.

T-1345 BACKGROUND NOISE
The AE system signal level response to continuous pro-

cess background noise shall not exceed 55 dBAE output.
This shall be achieved by restricting the frequency re-
sponse of the sensor system. Reducing sensitivity is not
acceptable.

T-1346 VERIFICATION RECORDS
Documentation of the equipment verification process

shall include the following:
(a) a copy of the equipment verification procedure
(b) personnel qualification records
(c) description of the AE equipment and verification

equipment used
(d) verification test
(e) signature of the individual responsible for the veri-

fication test
(f) date of the verification

Equipment verification records shall be retained as part
of the monitoring application records.

T-1347 SENSOR INSTALLATION
T-1347.1 Coupling. Acoustic coupling between the

sensor and the component surface shall be verified as
the sensors are mounted per the written procedure. This
can be done by lightly tapping the surface or by perform-
ing a pencil lead break test [0.012 in. (0.3 mm), 2H]
against the component surface while observing the

sensor output. Other simulation methods are acceptable
such as pulsing individual sensors. Guidance for sensor
mounting is provided in SE-650 and in T-1332.3.

T-1347.2 Array Spacing. A sufficient number of sen-
sors (per the written procedure) shall be located on the
component in a multisource array(s) to provide for AE
signal detection and source location. Each sensor shall
produce an output of at least 30 dBAE when a 0.012 in.
(0.3 mm), 2H pencil lead is broken against the bare sur-
face of the component at the most remote location that
the sensor is expected to monitor. When a location algo-
rithm is used, the location of each lead break may be sur-
rounded with a material (mastic or putty) to absorb
surface waves. A 0.1 in. (2.5 mm) lead extension shall
be broken at an angle of approximately 30 deg to the com-
ponent surface.

T-1347.3 Functional Verification. One or more
acoustic signal sources, with an output frequency range
of 100 kHz to 700 kHz shall be installed within the mon-
itoring zone of each sensor array for the purpose of per-
iodically testing the functional integrity of the sensors
during monitoring. This is not intended to provide a pre-
cise sensor calibration but rather a qualitative sensitivity
check. It shall be possible to activate the acoustic signal
source(s) from the AE monitor location using an AE simu-
lation method.

T-1348 SIGNAL LEAD INSTALLATION
The coaxial cable and other leads used to connect the

sensors to the AE monitor shall be capable of withstand-
ing extended exposure to hostile environments as re-
quired to perform the monitoring activities.

T-1349 AE MONITOR INSTALLATION
The AE monitor shall be located in a clean, controlled

environment suitable for long-term operation of a compu-
ter system. The electronic instrumentation (preamplifiers
and AE monitor components) shall be located in an area
that is maintained at a temperature range of 40°F
to 115°F (5°C to 45°C).

T-1350 TECHNIQUE/PROCEDURE
REQUIREMENTS

AE monitoring activities shall be performed in accor-
dance with a written procedure. An outline of the written
procedure is given in T-1323. In addition, each procedure
shall include at least the following information, as
applicable:
(a) components to be monitored include dimension,

materials of construction, operating environment, and
duration of monitoring
(b) a description of the AE system to be used and its

capabilities in terms of the functional requirements for
the intended application AE system calibration and verifi-
cation requirements
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(1) Manufacturer’s Calibration. Purchased AE system
components shall be accompanied by manufacturer’s cer-
tification of performance specifications and tolerances.

(2) Annual Calibration. The instrumentation shall
have an annual, comprehensive calibration following the
guideline provided by the manufacturer using calibration
instrumentation meeting the requirements of a recog-
nized national standard, for example, but not limited to
NIST and ANSI.

(c) number, location, and mounting requirements for
AE sensors

(d) interval and acceptable performance during the AE
system functional check (T-1373.2)

(e) data recording processes and data to be recorded
(f) data analysis, interpretation, and evaluation criteria
(g) supplemental NDE requirements
(h) personnel qualification/certification requirements
(i) reporting and record retention requirements

T-1351 AE SYSTEM OPERATION
Awritten procedure describing operation of the AE sys-

tem shall be prepared, approved by a qualified individual,
and made available to the personnel responsible for oper-
ating the AE system. Each procedure shall be tailored to
recognize and accommodate unique requirements asso-
ciated with the plant system or component being
monitored.

T-1351.1 AE System Operation. Routine operation of
the AE system for collection of data may be performed by
a qualified individual (T-1322) who has demonstrated
knowledge and skills associated with this technology.

T-1351.2 Periodic AE SystemVerification. AE system
operation and data interpretation shall be verified by a
qualified individual on approximately monthly intervals.
If the system appears to be malfunctioning, relevant sig-
nals are detected, or an abrupt change in the rate of AE
signals is observed, the system operation shall be verified
prior to continued use.

T-1352 DATA PROCESSING, INTERPRETATION,
AND EVALUATION

A written procedure for processing, interpreting, and
evaluating the AE data shall be prepared and approved
by an individual who has demonstrated knowledge and
skills associated with this technology. This procedure
shall be made available to the personnel responsible for
operating the AE system, the personnel responsible for
AE data interpretation and evaluation, and a representa-
tive of the owner of the plant system being monitored.
This procedure shall be tailored to recognize and accom-
modate unique requirements associated with the plant
system or component being monitored.

T-1353 DATA RECORDING AND STORAGE
Specific requirements for recording, retention, and

storage of the AE and other pertinent data shall be pre-
pared per the written procedure or in accordance with
the referencing Code.

T-1354 COMPONENT LOADING
Several means of loading pressure boundaries are ap-

plicable to continuous AE monitoring. These include
(a) startup
(b) continuous and cyclic operation
(c) shutdown of operat ing plant systems and

components
(d) pressure tests of nonoperating plant systems
(e) thermal gradients
(f) chemical exposure
Load may be introduced by either a combination of ap-

plied pressure and thermal gradient. The chemical envi-
ronment can lead to active corrosion which may also
stimulate AE.

This Article describes examination techniques that are
applicable during normal operation of pressurized plant
systems or components. The pressurizing rate should be
sufficient to facilitate the examination with minimum ex-
traneous noise. If required, provisions shall be made for
maintaining the pressure at designated hold points. All re-
levant operating conditions such as pressure, tempera-
ture, etc., shall be recorded in real time by the AE
instrumentation and displayed historically (e.g., Events
versus Time).

T-1355 NOISE INTERFERENCE
Noise sources that interfere with AE signal detection

should be controlled to the extent possible. For continu-
ous monitoring, it may be necessary to accommodate
background noise by monitoring at high frequencies,
shielding open AE system leads, using differential sen-
sors, and using special data filtering techniques to reduce
noise interference.

T-1356 COORDINATION WITH PLANT SYSTEM
OWNER/OPERATOR

Due to operational considerations unique to the AE
method, close coordination between the AE monitor op-
erator and the owner/operator of the plant shall be estab-
lished and maintained. Provisions for this coordination
function should be described in the written procedures
submitted for approval prior to initiation of AE monitor-
ing activities.
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T-1357 SOURCE LOCATION AND SENSOR
MOUNTING

Sources shall be located with the specified accuracy by
multichannel sensor arrays, zone location, or both using
either time or amplitude based methods. The require-
ments for sensor mounting, placement, and spacing are
further defined in the applicable Mandatory Appendices.

T-1360 CALIBRATION

T-1361 SENSORS
The frequency response for each AE channel shall be

measured with the sensors installed on a plant pressure
boundary component. Sensor response shall be measured
at the output of the preamplifier using a spectrum analy-
zer. The excitation source shall be a helium gas jet direc-
ted onto the component surface from a nominal 30 psi
(200 kPa) source through a #18 hypodermic needle held
perpendicular to the component surface at a maximum
stand-off distance of 1/8 in. (3 mm) located a maximum
of 11/2 in. (38 mm) from the mounted sensor. The gas shall
not impinge on the sensor or the waveguide. AE sensor
peak response to the gas jet excitation at the monitoring
frequency shall be at least 40 dBAE referred to the output
of the sensor, before any pre-amplification. Any AE sensor
showing less than 40 dBAE output shall be reinstalled or
replaced, as necessary, to achieve the required sensitivity.
An optional technique for determining AE sensor re-
sponse is the “Pencil Lead Break” technique, which is de-
scribed in SE-976.

T-1362 COMPLETE AE MONITOR SYSTEM
T-1362.1 Signal Detection and Source Location. The

signal detection and source location accuracy for each
sensor array shall be measured using simulated AE sig-
nals injected on the component surface at not less than
10 preselected points within the array monitoring field.
These simulated AE signals shall be generated by break-
ing 2H pencil leads [0.012 in. (0.3 mm) or 0.020 in.
(0.5 mm) diameter] against the component surface at
the prescribed points. The pencil leads shall be broken
at an angle of approximately 30 deg to the surface using
a 0.1 in. (2.5 mm) pencil lead extension (see SE-976).
The location of each pencil lead break shall be surrounded
with a material (mastic or putty) to absorb surface waves.
Location accuracies within one wall thickness at the AE
source location or 5% of the minimum sensor array spa-
cing distance, whichever is greater, are typical. All loca-
tion accuracies shall be demonstrated and documented.

T-1362.2 Function Verification. Response of the AE
system to the acoustic signal source described in
T-1347.3 shall be measured and recorded for reference
during later checks of the AE system.

T-1363 VERIFICATION INTERVALS
The performance of the installed AE monitor system

shall be verified in accordance with T-1360 at the end
of each plant operating cycle or when the data indicates
potential abnormal operation.

T-1364 VERIFICATION RECORDS
A written log recording the verification values shall be

maintained at the location of the system. Documentation
of the installed system verification shall include the
following:
(a) a copy of the verification procedure(s)
(b) personnel certification records
(c) description of the AE equipment and the verifica-

tion equipment used
(d) quantitative results of the verification
(e) signature of the individual responsible for the

verification
(f) date(s) of the verification(s)
Retention of the verification records shall be in accor-

dance with T-1393.

T-1370 EXAMINATION

T-1371 PLANT STARTUP AND SHUTDOWN
During plant startup and shutdown, the AE rate and

source location information shall be evaluated continu-
ously until it has been determined that the plant is in
shutdown or back on line and no flaw data is being gen-
erated. The AE RMS voltage signal level (or ASL) shall also
be evaluated for indications of pressure boundary leaks.
These parameters should be monitored automatically by
the AE monitor and generate an automatic alarm or alert
for any abnormal condition.

T-1373 PLANT STEADY-STATE OPERATION
T-1373.1 Data Evaluation Interval. AE data shall be

evaluated per the written procedure (or continuously
by AE monitors which have the ability to generate alarms
automatically) during normal plant operation. The AE
data shall also be evaluated when
(a) a sustained AE activity rate is detected from one or

more sensors
(b) cluster locations are observed concentrated within

a diameter of 3 times the wall thickness of the component
or 10% of the minimum sensor spacing distance in the ar-
ray, whichever is greater
(c) also refer to Article 13, Mandatory Appendices II

and III.

T-1373.2 AE System Functional Check. AE system
response to the installed acoustic signal source shall be
evaluated periodically as specified in the procedure. Dete-
rioration of sensitivity exceeding 4 dB for any channel
shall be recorded and the affected component shall be re-
placed at the earliest opportunity.
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T-1374 NUCLEAR METAL COMPONENTS
Specific and supplemental examination requirements

for nuclear metal components are specified in Article
13, Mandatory Appendix I.

T-1375 NON-NUCLEAR METAL COMPONENTS
Specific and supplemental examination requirements

for non-nuclear metal components are specified in Article
13, Mandatory Appendix II.

T-1376 NONMETALLIC COMPONENTS
Specific and supplemental examination for nonmetallic

components are specified in Article 13, Mandatory
Appendix III.

T-1377 LIMITED ZONE MONITORING
Specific and supplemental examination requirements

for limited zone monitoring are specified in Article 13,
Mandatory Appendix IV.

T-1378 HOSTILE ENVIRONMENT APPLICATIONS
Specific and supplemental examination requirements

for hostile environment applications are specified in
Article 13, Mandatory Appendix V.

T-1379 LEAK DETECTION APPLICATIONS
Specific and supplemental examination requirements

for leak detection applications are specified in Article
13, Mandatory Appendix VI.

T-1380 EVALUATION/RESULTS

T-1381 DATA PROCESSING, INTERPRETATION,
AND EVALUATION

Data processing, interpretation, and evaluation shall be
in accordance with the written procedure (T-1350) for
that specific application and the applicable Mandatory
Appendices.

T-1382 DATA REQUIREMENTS
The following data shall be acquired and recorded:
(a) AE event count versus time for each monitoring

array
(b) AE source and/or zone location for all acoustic sig-

nals accepted
(c) AE hit rate for each AE source location cluster
(d) relevant AE signal parameter(s) versus time for

each data
(e) channel
(f) location monitored, date, and time period of

monitoring
(g) identification of personnel performing the analysis
In addition, the data records shall include any other in-

formation required in the applicable procedure (T-1350).

T-1390 REPORTS/RECORDS

T-1391 REPORTS TO PLANT SYSTEM OWNER/
OPERATOR

T-1391.1 Summary of Results. A summary of AE
monitoring results shall be prepared in accordance with
the procedure (T-1350).

T-1391.2 Unusual Event Reporting Requirements.
Reporting of unusual AE indications shall be as specified
in the procedure (T-1350).

T-1391.3 Monitoring Data and Evaluation Criteria. A
summary report on the correlation of monitoring data
with the evaluation criteria shall be provided to the plant
system owner/operator as specified in the procedure.

T-1391.4 Comprehensive Report. Upon completion
of each major phase of the monitoring effort (as described
in T-1371 and T-1373), a comprehensive report shall be
prepared in accordance with the procedure (T-1350).
This report shall include the following:

(a) complete identification of the plant system/compo-
nent being monitored including material type(s),
method(s) of fabrication, manufacturer’s name(s), and
certificate number(s)

(b) sketch or manufacturer’s drawing with component
dimensions and sensor locations

(c) plant system operating conditions including pres-
surizing fluid, temperature, pressure level, etc.

(d) AE monitoring environment including temperature,
radiation and corrosive fumes if appropriate, sensor ac-
cessibility, background noise level, and protective barrier
penetrations utilized, if any

(e) a sketch or manufacturer’s drawing showing the lo-
cation of any zone in which the AE response exceeded the
evaluation criteria

(f) any unusual events or observations during
monitoring

(g)monitoring schedule including identification of any
AE system downtime during this time period

(h) names and qualifications of the AE equipment
operators

(i) complete description of the AE instrumentation in-
cluding manufacturer’s name, model number, sensor
types, instrument settings, calibration data, etc.

T-1392 RECORDS
T-1392.1 Administrative Records. The administra-

tive records for each AE monitoring application shall in-
clude the applicable test plan(s) , procedure(s) ,
operating instructions, evaluation criteria, and other rele-
vant information, as specified by the user or in accor-
dance with the referencing Code Section. A real time
data log shall be kept that identifies the date, time, person
reviewing the AE data, and any comments on the data or
activity. The remote log shall be located on the main com-
puter and form part of the monthly report.
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T-1392.2 Equipment Verification and Calibration
Data. The pre-installation and post-installation AE sys-
tem verification and calibration records including signal
attenuation data and AE system performance verification
checks shall be retained per the referencing Code Section.

T-1392.3 Raw and Processed AE Data. The raw data
records (identified in T-1382) shall be retained at least
until the AE indications have been independently verified

by other qualified tests. The retention period for the pro-
cessed data records shall be as specified in the procedure
(T-1350).

T-1393 RECORD RETENTION REQUIREMENTS
All AE records shall be maintained as required by the

referencing Code Section and the procedure (T-1350).
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MANDATORY APPENDIX I
NUCLEAR COMPONENTS

I-1310 SCOPE

This Appendix specifies supplemental requirements for
continuous acoustic emission (AE) monitoring of metallic
components in nuclear plant systems. The requirements
of Article 13, Mandatory Appendix V (Hostile Environ-
ment Applications) shall also apply to continuous AE
monitoring of nuclear plant systems.

I-1330 EQUIPMENT

I-1331 PREAMPLIFIERS
The internal electronic noise of preamplifiers shall not

exceed 7 μV rms referred to the input with a 50-Ω input
termination. The frequency response band of the ampli-
tude shall be matched to the response profile determined
for the AE sensors.

I-1332 AE SENSORS
Sensors shall be capable of withstanding the ambient

service environment (i.e., temperature, moisture, vibra-
tion, and nuclear radiation) for a period of 2 yr. Refer to
V-1330 for additional sensor requirements. In monitoring
nuclear components, in addition to high temperature
[~600°F (320°C) in most locations], the environment at
the surface of the component may also include gamma
and neutron radiation. For neutron radiation, a wave-
guide may be used to isolate the sensor and preamp from
the neutron radiation field.

I-1333 FREQUENCY RESPONSE
The frequency response band of the sensor/amplifier

combination shall be limited to avoid interference from
background noise such as noise caused by coolant flow.
Background noise at locations to be monitored shall be
characterized in terms of intensity versus frequency prior
to selection of the AE sensors to be used. This information
shall be used to select the appropriate frequency band-
width for AE monitoring. The sensor frequency roll off be-
low the selected monitoring frequency shall be at a
minimum rate of 15 dB per 100 kHz, and may be achieved
by inductive tuning of the sensor/preamplifier combina-
tion. The high end of the frequency response band should
roll off above 1 MHz at a minimum rate of 15 dB per oc-
tave to help reduce amplifier noise. These measurements
shall be made using the helium gas jet technique de-
scribed in T-1342.1 and T-1361.

I-1334 SIGNAL PROCESSING
The threshold for all sensor channels shall be set at a

minimum of 10 dB above the sensor channel background
noise level but with all channels set the same.

I-1340 MISCELLANEOUS REQUIREMENTS

I-1341 EQUIPMENT QUALIFICATION
Acceptable performance, including dynamic range, of

the complete AE monitor (without sensors) shall be ver-
ified using an electronic waveform generator prior to in-
stallation. Sinusoidal burst signals from the waveform
generator shall be input to each preamplifier to verify that
the signal amplification, data processing functions, data
processing rate, and data analysis, display, and storage
meet the requirements of this Article.

NOTE: AE signal source location performance is tested under
T-1362.1.

The system shall be evaluated using input signals of
0.5 mV and 10.0 mV peak-to-peak amplitude, 0.5 msec
(millisecond) and 3.0 msec duration, and 100 kHz, and
1.0 MHz frequency from the waveform generator.

I-1360 CALIBRATION

I-1361 CALIBRATION BLOCK
The calibration block shall be a steel block with mini-

mum dimensions of 4 in. × 12 in. × 12 in. (100 mm ×
300 mm × 300 mm) with the sensor mounted in the cen-
ter of a major face using the acoustic coupling technique
to be applied during in-service monitoring.

I-1362 CALIBRATION INTERVAL
The installed AE monitor system shall be recalibrated

in accordance with T-1360 during each refueling or main-
tenance outage, but no more often than once every
24 months.

I-1380 EVALUATION

(a) The monitoring procedure (T-1350) shall specify
the acceptance criteria for crack growth rate.

(b) The AE data shall be evaluated based on AE rate de-
rived from the number of AE signals (per second) ac-
cepted by the signal identification function and
identified with a specific area of the pressure boundary.
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(c) The data shall be analyzed to identify an increasing
AE rate that is indicative of accelerating crack growth.
(d) The quantitative crack growth rate shall be esti-

mated using the relationship:

where

da/dt = crack growth rate

dAE/dt = the AE rate [as defined in (b) above] in
events/second

(e) If the estimated crack growth rate exceeds the ac-
ceptance criteria, the flaw area shall be examined with
other NDE methods at the earliest opportunity.
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MANDATORY APPENDIX II
NON-NUCLEAR METAL COMPONENTS

II-1310 SCOPE

This Appendix specifies supplemental requirements for
continuous acoustic emission (AE) monitoring of non-
nuclear metal components. The principal objective is to
monitor/detect AE sources caused by surface and internal
discontinuities in a vessel wall, welds, and fabricated
parts and components.

II-1330 EQUIPMENT

II-1331 SENSORS
II-1331.1 Sensor Frequency Response. Acoustic

emission sensors shall have a resonant response between
100 kHz to 400 kHz. Minimum sensitivity shall be –85 dB
referred to 1 V/μbar determined by a face-to-face ultraso-
nic test. Sensors shall have a frequency response with var-
iations not exceeding 4 dB from the peak response.
Acoustic emission sensors in a face-to-face ultrasonic test
(or equivalent) shall not vary in peak sensitivity by more
than 3 dB compared to its original calibration. Refer to
ASTM E975 and ASTM E1781.

II-1331.2 Sensor Mounting/Spacing. Sensor location
and spacing shall be based on attenuation characteriza-
tion, with the test fluid in the vessel, and a simulated
source of AE. Section V, Article 12 Nonmandatory Appen-
dices should be referenced for vessel sensor placement.
Consideration should be given to the possible attenuation
effects of welds.

II-1331.3 Sensor Spacing for Multichannel Source
Location. Sensors shall be located such that a lead break
at any location within the examination area is detectable
by at least the minimum number of sensors required for
the multichannel source location algorithm, with the mea-
sured amplitude specified by the referencing Code Sec-
tion. Location accuracy shall be within a maximum of 1
wall thickness or 5% of the sensor spacing distance,
whichever is greater.

II-1331.4 Sensor Spacing for Zone Location. When
zone location is used, sensors shall be located such that
a lead break at any location within the examination area
is detectable by at least one sensor with a measured am-
plitude not less than specified by the referencing Code
Section. The maximum sensor spacing shall be no greater
than one-half the threshold distance. The threshold

distance is defined as the distance from a sensor at which
a pencil-lead break on the vessel produces a measured
amplitude equal to the evaluation threshold.

II-1333 AMPLIFIERS
II-1333.1 Preamplifier. The preamplifier shall be lo-

cated within 6 ft (1.8 m) from the sensor, and differential
preamplifiers shall have a minimum of 40 dB of common-
mode noise rejection. Frequency response shall not vary
more than 3 dB over the operating frequency range of
the sensors when attached. Filters shall be of the band
pass or high pass type and shall provide a minimum of
24 dB of common-mode rejection.

II-1333.2 Main Amplifier. The main amplifier gain
shall be within 3 dB over the range of 40°F to 125°F
(5°C to 50°C).

II-1334 MAIN PROCESSOR
The main processor(s) shall have circuits for proces-

sing sensor data. The main processor circuits shall be cap-
able of processing hits, counts, peak amplitudes, and
signal strength or MARSE on each channel, and measure
the following:

(a) Threshold. The AE instrument shall have a thresh-
old control accurate to within ±1 dB over its useful range.

(b) Counts. The AE counter circuit shall detect counts
over a set threshold with an accuracy of ±5%.

(c) Hits. The AE instrument shall be capable of measur-
ing, recording, and displaying hits at rates defined in
T-1335.

(d) Peak Amplitude. The AE circuit shall measure peak
amplitude with an accuracy of ±1 dB. Useable dynamic
range shall be a minimum of 80 dB with 1 dB resolution
over the frequency bandwidth used. Not more than
2 dB variation in peak detection accuracy shall be allowed
over the stated temperature range. Amplitude values
shall be specified in dB and must be referenced to a fixed
gain output of the system (sensor or preamplifier).

(e) Energy. The AE circuit shall measure signal strength
or MARSE with an accuracy of ±5%. The useable dynamic
range for energy shall be a minimum of 80 dB.

(f) Parametric Voltage. If parametric voltage is mea-
sured, it shall be measured to an accuracy of ±2% of full
scale.
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II-1360 CALIBRATION

II-1361 SYSTEM PERFORMANCE CHECK
Prior to beginning the monitoring period, the AE instru-

ment shall be checked by inserting a simulated AE signal
at each main amplifier input. The device generating the
simulated signal shall input a sinusoidal burst-type signal
of measurable amplitude, duration, and carrier frequency
per the procedure outlined in T-1350. On-site system ca-
libration shall verify system operation for threshold,
counts, signal strength or MARSE, and peak amplitude.
Calibration values shall be within the range of values spe-
cified in II-1334.

II-1362 SYSTEM PERFORMANCE CHECK
VERIFICATION

Verification of sensor coupling and circuit continuity
shall be performed following sensor mounting and sys-
tem hookup and again following the test. The peak ampli-
tude response of each sensor to a repeatable simulated
AE source at a specific distance from the sensor should
be taken prior to and following the monitoring period.
The measured peak amplitude should not vary more than
±3 dB from the average of all the sensors. Any channel
failing this check should be repaired or replaced, as nec-
essary. The procedure will indicate the frequency of sys-
tem performance checks.

II-1380 EVALUATION

II-1381 EVALUATION CRITERIA — ZONE
LOCATION

All data from all sensors shall be used for evaluating in-
dications. The AE criteria shown in Table II-1381 provide
one basis for assessing the significance of AE indications.
These criteria are based on a specific set of AE monitoring
conditions. The criteria used for each application shall be
as specified in the referencing Code Section and the AE
procedure (see T-1350).

II-1382 EVALUATION CRITERIA —
MULTISOURCE LOCATION

All data from all sensors shall be used for evaluating in-
dications. The AE criteria shown in Table II-1382 provide
one basis for assessing the significance of AE indications.
These criteria are based on a specific set of AE monitoring
conditions. The criteria used for each application shall be
as specified in the referencing Code Section and the AE
procedure (see T-1350).

Table II-1381
An Example of Evaluation Criteria for Zone

Location

Pressure Vessels (Other Than First
Hydrostatic Test) Using Zone Location

Emissions during hold Not more than E hits beyond time T
Count rate Less than N counts per sensor for a

specified load increase
Number of hits Not more than E hits above a specified

amplitude
Large amplitude Not more than E hits above a specified

amplitude
MARSE or amplitude MARSE or amplitudes do not increase

with increasing load
Activity Activity does not increase with increasing

load
Evaluation threshold, dB 50 dB

GENERAL NOTE: Signal strength may be used in place of MARSE.
The variables E , T , and N shall be supplied by the referencing Code
Section.

Table II-1382
An Example of Evaluation Criteria for

Multisource Location

Pressure Vessels (Other Than First
Hydrostatic Test) Using
Multisource Location

Emissions during hold Not more than E hits from a cluster
beyond time T

Count rate Less than N counts from a cluster for
a specified load increase

Number of hits Not more than E hits from a cluster
above a specified amplitude

Large amplitude Not more than E hits from a cluster
above a specified amplitude

MARSE or amplitude MARSE or amplitudes from a cluster
do not increase with increasing
load

Activity Activity from a cluster does not
increase with increasing load

Evaluation threshold, dB 50 dB or specified in procedure

GENERAL NOTE: Signal strength may be used in place of MARSE.
The variables E , T , and N shall be supplied by the referencing Code
Section."
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MANDATORY APPENDIX III
NONMETALLIC COMPONENTS

III-1310 SCOPE

This Appendix specifies supplemental requirements for
continuous monitoring of nonmetallic (fiber reinforced
plastic) components.

III-1320 GENERAL

Nonmetallic (FRP) components such as pressure ves-
sels, storage tanks, and piping, are typically used at rela-
tively low temperature. Due to high attenuation and
anisotropy of the material, AE methodology has proven
to be more effective than other NDE methods.

III-1321 APPLICATIONS
Additional information may be found as follows:
(a) FRP Vessels. Section V, Article 11 — Acoustic Emis-

sion Examination of Fiberglass Tanks/Vessels
(b) Atmospheric Tanks. Section V, Article 11— Acoustic

Emission Examination of Fiberglass Vessels, ASNT/CARP
Recommended Practice ASTM E1067: Acoustic Emission
Examination of Fiberglass Reinforced Plastic Resin
Tanks/Vessels

(c) Piping. ASTM E1118— Standard Practice for Acous-
tic Emission Examination of Reinforced Thermosetting
Resin Pipe (RTRP)

(d) Metal Pressure Vessels. Section V, Article 12 – Acous-
tic Emission Examination of Metal Vessels During Pres-
sure Testing

III-1330 EQUIPMENT

III-1331 SENSORS
High attenuation and anisotropy of the material are

controlling factors in sensor frequency, source location
accuracy, and sensor spacing.

III-1331.1 Sensor Frequency Response. Sensors used
for monitoring FRP equipment shall operate in the 20 kHz
to 200 kHz frequency range.

III-1332 SOURCE LOCATION ACCURACY
(a)When high location accuracy is required, source lo-

cation techniques shall be used that take into considera-
tion the anisotropy of the FRP material. Sensor spacing
shall be no greater than 20 in. (500 mm).

(b) Zone location techniques require the AE signal to
hit only one sensor to provide useful location data. Sensor
spacing of 5 ft to 20 ft (1.5 m to 6.0 m)may be used to cov-
er large areas or the entire vessel.

III-1360 CALIBRATION

III-1361 ANNUAL FIELD CALIBRATION
Annual field calibration shall be performed with an AE

waveform generator to verify performance of the signal
processor.

III-1362 PERFORMANCE VERIFICATION
Lead break and/or gas jet performance verification

techniques (T-1361 and T-1362.1) shall be performed
monthly to check all components including couplant, sen-
sor, signal processor, and display.

III-1363 LOW AMPLITUDE THRESHOLD
Low amplitude threshold (LAT) shall be determined

using the 4 ft × 6 ft × 1/2 in. (1.2 m × 1.8 m × 13 mm)
99% pure lead sheet. The sheet shall be suspended clear
of the floor. The LAT threshold is defined as the average
measured amplitude of ten events generated by a
0.012 in. (0.3 mm) pencil (2H) lead break at a distance
of 4 ft, 3 in. (1.3 m) from the sensor. All lead breaks shall
be done at an angle of approximately 30 deg to the surface
with a 0.1 in. (2.5 mm) lead extension. The sensor shall be
mounted 6 in. (150 mm) from the 4 ft (1.2 m) side and
mid-distance between 6 ft (1.8 m) sides.

III-1364 HIGH AMPLITUDE THRESHOLD
High amplitude threshold (HAT) shall be determined

using a 10 ft × 2 in. × 12 in. (3.0 m × 50 mm × 300 mm)
clean, mild steel bar. The bar shall be supported at each
end on elastomeric or similar isolating pads. The HAT
threshold is defined as the average measured amplitude
of ten events generated by a 0.012 in. (0.3 mm) pencil
(2H) lead break at a distance of 7 ft (2.1 m) from the sen-
sor. All lead breaks shall be done at an angle of approxi-
mately 30 deg to the surface with a 0.1 in. (2.5 mm)
extension. The sensor shal l be mounted 12 in .
(300 mm) from the end of the bar on the 2 in. (50 mm)
wide surface.
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III-1380 EVALUATION

III-1381 EVALUATION CRITERIA
The monitoring procedure (T-1350) shall specify the

acceptance criteria including the following:
(a) AE activity above defined levels indicates that dam-

age is occurring.
(b) Felicity ratio from subsequent loadings to a defined

level can indicate the amount of previous damage.
(c) Emission activity during periods of contact load in-

dicates that damage is occurring at an accelerating rate.

III-1382 SOURCE MECHANISM
The evaluation criteria shall be developed to address

the following failure mechanisms:

(a)Matrix cracking, fiber debonding, and matrix craz-
ing are characterized by numerous low amplitude acous-
tic emission signals. Matrix cracking and fiber debonding
are generally the first indications of failure. Matrix crazing
is normally an indication of corrosion or excessive ther-
mal stress.
(b) Delamination is characterized by high signal

strength, medium amplitude AE activity. This type of fail-
ure is typically found at joints with secondary bonds.
(c) High amplitude AE activity (over high amplitude

threshold) is associated with fiber breakage and is an in-
dication of significant structural damage.
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MANDATORY APPENDIX IV
LIMITED ZONE MONITORING

IV-1310 SCOPE

This Appendix specifies supplemental requirements for
applications involving limited zone monitoring, where
one of the objectives is to consciously limit the area or
volume of the component or pressure boundary that is
monitored by AE. Typical reasons for limiting the moni-
tored area include the following:

(a) observe the behavior of a known flaw at a specific
location,

(b) restrict the AE response to signals emanating from
specific areas or volumes of the pressure boundary (e.g.,
restrict the area monitored by AE to one or more
nozzle-to-vessel welds, monitor specific structural welds,
etc.),

(c) restrict the AE examination to areas of known sus-
ceptibility to failure due to fatigue, corrosion, etc., or

(d) improve the signal-to-noise ratio.

IV-1320 GENERAL

IV-1321 GUARD SENSOR TECHNIQUE
One common signal arrival sequence technique uses

guard sensors to limit the area of interest. The guard sen-
sor technique involves placing additional sensors further
outside the area of interest than the detection sensors.
Signals arriving at a guard sensor before any of the detec-
tion sensors are rejected. Signals originating from within
the area of interest arrive at a detection sensor before any
of the guard sensors and are accepted by the data acquisi-
tion and analysis process. The guard sensor technique
should be implemented so that it can be used in both real
time and in post-test analysis.

IV-1340 MISCELLANEOUS REQUIREMENTS

IV-1341 REDUNDANT SENSORS
Redundant sensors should be considered to provide ad-

ditional assurance that the failure of a single sensor will
not preclude continued operation of the AE system
throughout the specified monitoring period.

IV-1350 TECHNIQUE

IV-1351 TECHNIQUES
Limited zone monitoring is accomplished by installing

sensors in or around the area of interest. Signals originat-
ing from outside the area of interest are excluded from
the analysis using techniques such as triangulation, am-
plitude discrimination, coincidence detection, or signal
arrival sequence.

IV-1352 PROCEDURE
When limited zone monitoring is intended, the tech-

nique used to accomplish this function shall be described
in the procedure (T-1323 and T-1350). Any technique, or
combination of techniques, may be utilized to accomplish
limited zone monitoring provided the technique(s) is de-
scribed in the applicable procedure.

IV-1353 OTHER TECHNIQUES
The preceding descriptions of typical limited zone

monitoring techniques shall not preclude the use of other
techniques to provide this function.

IV-1360 CALIBRATION

During the system calibration performed in accordance
with T-1362, the effectiveness of the limited zone moni-
toring technique(s) shall be demonstrated by introducing
artificial AE signals both inside and outside the area of in-
terest. The AE system shall accept at least 90% of the sig-
nals that originate inside the area of interest, and reject at
least 90% of the signals that originate outside the area of
interest.

IV-1380 EVALUATION

Flaw evaluation shall be based on data generated with-
in the limited zone. The user shall determine that signals
originating from inside the area of interest are not con-
fused with signals originating from outside the area of in-
terest. This can be accomplished by using some type of
simulated AE during normal operation of the pressure
boundary in the area or volume specified in IV-1310.
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IV-1390 DOCUMENTATION

All reports of data acquired using the limited zone mon-
itoring approach shall clearly and accurately identify the
effective area of interest.
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MANDATORY APPENDIX V
HOSTILE ENVIRONMENT APPLICATIONS

V-1310 SCOPE

This Appendix specifies supplemental requirements for
continuous AE monitoring of pressure-containing compo-
nents during operation at high temperatures and in other
hostile environments. As used herein, high temperature
means as any application where the surface to be moni-
tored will exceed 300°F (150°C), which is the nominal
upper temperature limit for most general purpose AE
sensors. Other hostile environments include corrosive en-
vironments, high vapor atmospheres, nuclear radiation,
confined space, and wet environments.

V-1330 EQUIPMENT

V-1331 AE SENSORS
For high temperature applications, special high tem-

perature sensors shall be used. There are two basic types
of sensors for such applications. Surface mounted sensors
constructed to withstand high temperatures and wave-
guide sensors which remove the sensor’s piezoelectric
sensor from the high temperature environment through
the use of a connecting waveguide. A thin, soft metal, in-
terface layer between the sensor and the component sur-
face has proven effective for reducing the interface
pressure required to achieve adequate acoustic coupling.

V-1332 AE SENSOR TYPES
V-1332.1 Surface Mounted Sensors. Sensors to be

mounted directly on the surface shall be evaluated for
their capability to withstand the environment for the
duration of the planned monitoring period. Some sensors
rated for high temperature service are limited in the time
for which they can survive continuous exposure at their
rated temperature.

V-1332.2 Waveguide Sensors. The waveguide sen-
sors described below are suitable for hostile environment
applications where the sensor unit (piezoelectric crystal
and integral preamplifier) can be placed in a less hostile
environment [e.g., lower temperature of about 200°F
(93°C)] through the use of a waveguide no more than
20 ft (6 m) long. The length of the waveguide is not an ab-
solute; however, as the waveguide length increases, the
signal attenuation in the waveguide also increases.

V-1333 WAVEGUIDE
Waveguides may be used in hostile environments. An

example for monitoring components with surface tem-
peratures to 1,800°F (980°C) is shown in Figure
V-1333. The length of the waveguide is such that the sen-
sor is located in a cooler environment with temperatures
of 200°F (93°C) or cooler. Waveguide lengths may range
from 2 ft to 20 ft (0.6 m to 6 m). Typical signal loss [for
1/8 in. (3 mm) diameter Type 308 stainless steel] can be
as high as 0.45 dB/ft (1.5 dB/m).

V-1334 AE SIGNAL TRANSMISSION
V-1334.1 Signal Cables. Cables rated for the ex-

pected environment shall be used to conduct AE signal in-
formation from the AE sensor to a location outside of the
environment. Refer also to T-1333 and T-1348.

V-1334.2 Wireless. Where accepted wireless trans-
mission of AE signals from the sensor to a receiver may
be used in place of signal cables.

V-1340 MISCELLANEOUS REQUIREMENTS

V-1341 SENSOR MOUNTING
Refer to T-1332.3 for a discussion of sensor mounting.

Extreme temperature applications require mechanical
mounting with dry pressure coupling of the sensors due
to the temperature limitations of glues or epoxies. Sensor
mounting fixture designs can utilize stainless steel bands
or magnets. If magnets are used, the ability of the magnet
to retain its magnetic properties in the temperature envi-
ronment must be evaluated. The fixture shown in Figure
V-1341 has been successfully used in a variety of wave-
guide sensor applications. One major element of the fix-
ture design is to provide a constant load on the
waveguide tip at least 16,000 psi (110 MPa). For the
waveguide sensor shown in Figure V-1333 with a wave-
guide tip diameter of 0.05 in. (1.25 mm), 30 lbf (0.13
kN) for the mounting fixture provides the required inter-
face pressure.
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Figure V-1333
Metal Waveguide AE Sensor Construction

Weld

10-24 machine Screw
  (Type 4 Places)

Stainless Steel Type 304-L
  Waveguide, 1/8 in. (3 mm) diameter

Tip 0.050 in. (1.25 mm) diameter

Nyltite Isolation
  Bushing (Typ. 4 Places)

Stainless Steel Plate

Isolation Plate (Delrin)

PZT Crystal (Chamfered)

Tuning Inductor (Variable
  with Freq. Requirements)

20 dB Gain Differential
  Preamplifier

Isolation Disk
  Al2O3–0.010 in. 
  (0.25 mm) thk.

Stainless Steel housing
  21/2 in. (64 mm) Ing. x 11/2 in. (38 mm) 
  Wd. x 11/4 in. (32 mm) Dp.

BNC Connector

Hysol Adhesive EA934
Approx. 0.02 in. (0.5 mm) thk.
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Figure V-1341
Mounting Fixture for Steel Waveguide AE

Sensor
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MANDATORY APPENDIX VI
LEAK DETECTION APPLICATIONS

VI-1310 SCOPE

This Appendix specifies supplemental requirements for
continuous AE monitoring of metallic and nonmetallic
components to detect leaks from the pressure boundary.
The objective in examining the pressure boundary of sys-
tems and components is to assess the leak integrity and
identify the leakage area. The requirements of Article
13, Mandatory Appendix I (Nuclear Components) and
Article 13, Mandatory Appendix V (Hostile Environment
Applications) may also be applicable. SE-1211 should be
consulted as a general reference.

VI-1320 GENERAL

The desire to enhance leak detection capabilities has
led to research to improve acoustic leak detection tech-
nology including technology that is applicable to the pres-
sure boundary of nuclear reactors. Several methods are
available for detecting leaks in pressure boundary compo-
nents including monitoring acoustic noise due to fluid or
gas flow at a leakage site. The advantages of acoustic
monitoring are rapid response to the presence of a leak
and the capability to acquire quantitative information
about a leak. Acoustic leak detection methods may be
used to detect gas, steam, water, and chemical leaks for
both nuclear and non-nuclear applications.

VI-1330 EQUIPMENT

VI-1331 SENSOR TYPE
AE sensor selection is based on optimizing the available

dynamic range for a given frequency band, typically
100 kHz to 200 kHz. However, high background noise lev-
els may reduce this dynamic range to an unacceptable lev-
el, in which case it may be necessary to select an AE
sensor that operates in a higher bandwidth, for example
200 kHz to 500 kHz. Lower background noise levels
may allow the user to adopt lower frequency sensors that
operate in the 1 kHz to 200 kHz bandwidth. For example,
leak detection at frequencies below 100 kHz and as low
as 1 kHz may be necessary for leak detection with nonme-
tallic components.

VI-1331.1 Sensor Selection. Sensor selection shall be
based on consideration of the following:
(a) center frequency
(b) bandwidth

(c) ruggedness
(d) response to temperature
(e) humidity
(f) ability of cables and preamplifiers to withstand the

specific environment
(g) operating background noise
Using a simulation, sensor response characteristics and

curves of leak rate vs. acoustic signal intensity shall be de-
termined before installation to maximize the utility of the
information in the acoustic signal.

VI-1331.2 Alternate Sensors. Sensors not specified in
this Appendix may be used if they have been shown to
meet the specifications in the written procedure for the
application and meet the requirements of this Article. Al-
ternate sensors such as accelerometers, microphones,
and hydrophones shall be included.

VI-1332 WAVEGUIDE
Waveguides may be used to isolate the sensor from

hostile environments such as high temperatures or nucle-
ar radiation for nuclear reactor applications.

VI-1332.1 Design. Waveguide design shall consider
the following parameters:
(a) length
(b) diameter
(c) surface finish
(d)material of construction (i.e., ferritic steel, stainless

steel, aluminum, and ceramic materials)

VI-1332.2 Coupling. Mandatory Appendix V, V-1341
describes one method for mounting the waveguide.
Others that have been shown effective are
(a)welding the waveguide to the pressure boundary
(b) screwing the waveguide into a mounting bracket

plate attached to the tensioning apparatus in order to me-
chanically press the waveguide against the metal compo-
nent (see Figure V-1341)
(c) screwing the waveguide directly into the pressure

boundary component
(d) attaching the sensor directly to the component
Either gold foil or rounded waveguide tips have been

shown to be effective when mechanically coupling the
waveguide to the pressure boundary component. Occa-
sionally, sensors are mounted and passed through the
pressure boundary of a component in order to have the
sensor in the process fluid. The sensor(s) shall then be
capable of withstanding the ambient service environment
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of the process fluid. In addition, a safety analysis for in-
stallation and monitoring of the system shall be
performed.

VI-1333 ELECTRONIC FILTERS
The response of the electronic filter(s) shall be adjusta-

ble to achieve the selected monitoring frequency band-
width of operation as needed (see VI-1331).

VI-1350 TECHNIQUE

VI-1351 PROCEDURE
A calibration procedure shall be established and shall

incorporate either the pencil-lead break and/or gas jet
techniques described in T-1360 and Article 13, Manda-
tory Appendix I.

VI-1360 CALIBRATION

VI-1361 CALIBRATION CHECKS
Sensor calibration checks may be conducted by electro-

nically pulsing one of the sensors while detecting the as-
sociated acoustic wave with the other sensors.

VI-1370 EXAMINATION

VI-1371 IMPLEMENTATION OF SYSTEM
REQUIREMENTS

In order to implement an acoustic leak detection and
location system, the following preliminary steps shall be
accomplished:

(a) identify the acoustic receiver sites
(b) determine the spacing between waveguides or

sensors
(c) meet the sensi t iv i ty needs for the system

requirements
(d) establish the level of background noise
(e) estimate signal-to-noise ratios as a function of dis-

tance and level of background noise for acoustic signals
in the frequency range selected

VI-1372 VERIFICATION PROCEDURE
A verification procedure shall be established in the

written procedure. During the monitoring period, a self-
checking system shall be performed to assure the system
is functioning properly.

VI-1373 EQUIPMENT QUALIFICATION AND
CALIBRATION DATA

The acoustic equipment qualification and calibration
data requirements shall be in accordance with T-1392.

VI-1380 EVALUATION

VI-1381 LEAK INDICATIONS
Detection of a leak or leakage indication near or at a

sensor site will be indicated by an increase in the RMS
voltage signal or ASL over background noise. The signal
increase shall be at least 3 dB or greater above back-
ground for a period of at least 30 min.

VI-1382 LEAK LOCATION
The general location of a leak can be established by the

analysis of the relative amplitude of the RMS voltage sig-
nal or ASL received by the sensor(s). Leak location may
also be determined by cross-correlation analysis of sig-
nals received at sensors, to either side of the leak site.
When leakage location accuracy is desired, it may be nec-
essary to spatially average the correlograms of the acous-
tic signals at each sensor site by installing an array of
sensors. A minimum of three waveguides, separated by
a minimum of 4 in. (100 mm), is required for averaging
of correlograms. This allows nine correlograms to be gen-
erated and averaged for each pair of sensor locations.
Self-checking and calibration for the system shall be in ac-
cordance with VI-1350. If acoustic background levels are
relatively constant, they may also be used to determine
whether a probe is failing.
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ARTICLE 14
EXAMINATION SYSTEM QUALIFICATION

T-1410 SCOPE

The provisions of this Article for qualifying nondestruc-
tive examination (NDE) systems are mandatory when
specifically invoked by the referencing Code Section.
The organization is responsible for qualifying the exami-
nation technique, equipment, and written procedure in
conformance with this Article. The referencing Code Sec-
tion shall be consulted for the following specific detailed
requirements:
(a) personnel certification requirements or prerequi-

sites for qualification under the requirements of this
Article
(b) examination planning, including the extent of

examination
(c) acceptance criteria for evaluating flaws identified

during examination
(d) level of rigor required for qualification
(e) examination sensitivity, such as probability of de-

tection and sizing accuracy
(f) records, and record retention requirements

T-1420 GENERAL REQUIREMENTS

T-1421 THE QUALIFICATION PROCESS
The qualification process, as set forth in this Article, in-

volves the evaluation of general , technical , and
performance-based evidence presented within the docu-
mented technical justification, and when required, a blind
or non-blind performance demonstration.

T-1422 TECHNICAL JUSTIFICATION
The technical justification is a written report providing

a detailed explanation of the written examination proce-
dure, the underlying theory of the examination method,
and any laboratory experiments or field examinations
that support the capabilities of the examination method.
The technical justification provides the technical basis

and rationale for the qualification, including:
(a)mathematical modeling
(b) field experience
(c) test hierarchy ranking
(d) anticipated degradation mechanism
(e) NDE response by morphology and/or product form

T-1423 PERFORMANCE DEMONSTRATION
The performance demonstration establishes the ability

of a specific examination system to achieve a satisfactory
probability of detection (POD), by application of the ex-
amination system on flawed test specimens. The demon-
stration test results are used to plot the POD curve and
determine the false call probability (FCP) for establishing
confidence limitations.
(a) The test specimens shall replicate the object to be

examined to the greatest extent practical. Simplified test
specimens representative of an actual field situation
may be used. The use of specimens with known, identified
flaws is preferred, and may be essential for the most rig-
orous qualification process. A hierarchy of test specimen
flaws may be used to minimize qualifications when tech-
nically justified (i.e., demonstrations on more challenging
degradation mechanisms may satisfy qualification re-
quirements for less challenging mechanisms).
(b)When they sufficiently replicate the object to be

tested, performance demonstrations of a limited scope
may be used to minimize the costs involved, and facilitate
specimen availability. The technical justification must
support any limitations to the scope of performance
demonstrations.
(c) Personnel qualification shall be based upon blind

testing, except where specifically exempted by the refer-
encing Code Section.
(d) The level of rigor applied to the performance de-

monstration may vary from a simple demonstration on
a few flaws, to an extensive test using hundreds of flaws.
The level of rigor may also vary between qualifications for
the written procedure and examination personnel. More
rigorous procedure qualifications can be beneficial for
the following reasons:

(1) improved pass-fail rates for personnel;
(2) reduced scope for blind personnel qualification

testing;
(3) better understanding of the correlation between

the procedure and the damage mechanisms of interest;
(4)more reliable written procedures.

T-1424 LEVELS OF RIGOR
Qualification is performed at one of three levels of rig-

or. The referencing Code Section shall invoke the required
level of rigor, to verify the examination system capability
to detect and size typical flaws for the damage mechan-
isms of interest, depending upon their locations and
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characteristics. When not otherwise specified, the level of
rigor shall be set by agreement between the interested
parties. The three levels of rigor are:

(a) Low Rigor (Technical Justification only): The re-
quirement for this level of rigor is a satisfactory technical
justification report. No performance demonstrations are
required for qualification of the examination system.

(b) Intermediate Rigor (Limited Performance Demon-
stration): The requirements for this level of rigor are a
satisfactory technical justification report, and the success-
ful performance of a demonstration test (blind or non-
blind) on a limited number of test specimens. The refer-
encing Code Section shall establish the scope of demon-
stration requirements, and sets acceptable POD and FCP
scores for qualification. When not otherwise specified,
the qualification criteria shall be set by agreement be-
tween the interested parties.

(c) High Rigor (Full Performance Demonstration): The
requirements for this level of rigor are a satisfactory tech-
nical justification report, and the successful performance
of blind demonstration tests. The referencing Code Sec-
tion shall establish the scope of demonstration require-
ments, and sets acceptable POD and FCP scores for
qualification. When not otherwise specified, the qualifica-
tion criteria shall be set by agreement between the inter-
ested parties. A sufficient number of test specimens shall
be evaluated to effectively estimate sizing error distribu-
tions, and determine an accurate POD for specific degra-
dation mechanisms or flaw types and sizes. A high rigor
performance demonstration is generally required to sup-
port a Probabilistic Risk Assessment.

T-1425 PLANNING A QUALIFICATION
DEMONSTRATION

The recommended steps for planning and completing
the qualification demonstration, as applicable, are:

(a) Assemble all necessary input information concern-
ing the component, defect types, damage mechanism of
interest, and objectives for the examination and qualifica-
tion of the examination system.

(b) Review the written procedure to verify its suitabil-
ity for the intended application.

(c) Develop the technical justification for the examina-
tion method to be used.

(d) Determine the required level of rigor for the perfor-
mance demonstration.

(e) Develop performance demonstration criteria using
the applicable references.

(f) Conduct the performance demonstration.
(g) Conduct the personnel qualifications.
(h) Compile, document, and evaluate the results.
(i) Determine qualification status, based upon a final

evaluation.

T-1430 EQUIPMENT

The equipment used for the performance demonstra-
tion of an examination system shall be as specified in
the written procedure and the technical justification.
After qualification of the examination system, the use of
different examination equipment may require requalifica-
tion (see T-1443).

T-1440 APPLICATION REQUIREMENTS

T-1441 TECHNICAL JUSTIFICATION REPORT
Prior to qualification of any examination system, re-

gardless of the level of rigor, a technical justification re-
port shall be prepared and receive approval by a Level
III certified for the specific method to be applied. The
technical justification report shall be reviewed and ac-
cepted by the owner of the object of interest and, where
applicable, to the Jurisdiction, Authorized Inspection
Agency (AIA), independent third party, examination ven-
dor, or other involved party. Acceptance of this report by
the involved parties is the minimum requirement for qua-
lification of an examination system at the lowest level of
rigor. The technical justification report shall address the
following minimum topics:

T-1441.1 Description of Component/Flaws to Be Ex-
amined. The component design, range of sizes, fabrica-
t ion f law history , and any ant ic ipated damage
mechanisms (for in-service evaluations) for the object
of interest shall be analyzed to determine the scope of
the examinations, the types and sizes of critical flaws to
be detected, and the probable location of flaws. The scope
of the written procedure shall define the limits for appli-
cation of the procedure (e.g., materials, thickness, dia-
meter, product form, accessibil ity , examination
limitations, etc.).

(a) The flaws of interest to be detected; their expected
locations, threshold detection size, critical flaw size, or-
ientation, and shape shall be determined, serving as a
guideline for development of the written procedure. Criti-
cal flaw sizes (calculated from fracture mechanics analy-
s i s ) a n d c r a c k g r ow t h r a t e s a r e impo r t a n t
considerations for determining flaw recording and eva-
luation criteria. The minimum recordable flaw size must
be smaller than the critical flaw size, and include consid-
eration of the estimated or observed crack growth rates
and the observed quality of workmanship during fabrica-
tion. Flaw evaluation must be based upon precluding the
formation of critically sized flaws prior to the next inspec-
tion, or for the estimated remaining life of the object dur-
ing normal operations.

(b) Object or technique geometry, environmental con-
ditions, examination limitations, and metallurgical condi-
tions may limit the accessibility for evaluating the object.
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Examination procedure or equipment modifications may
be required to gain access to the area of interest to be
examined.
(c) The acceptance criteria for the demonstration shall

be provided.
(d) Additional issues to consider for inclusion in the

technical justification may include:
(1) historical effectiveness of procedure;
(2) documentation for prior demonstrations;
(3) extent of prior round robin tests;
(4) observed flaw detection rates, probability of de-

tection, and false call rates;
(5) acceptable rejection/acceptance rates; and
(6) sizing accuracy.

T-1441.2 Overview of Examination System. A gener-
al description of the examination system, with sufficient
detail to distinguish it from other systems, shall be in-
cluded within the technical justification report. The de-
scription shall include, as applicable, sizing techniques,
recording thresholds, and techniques to be used for inter-
preting indications. If a combination of equipment is used,
the applicable conditions for specific equipment combina-
tions shall be adequately described.

T-1441.3 Description of Influential Parameters. The
influence of inspection parameters on the examination
system shall be considered, including equipment selec-
tion, sensitivities, instrument settings, data analysis, and
personnel qualifications. The justification for parameter
selections shall be based upon the flaws of interest, and
include an explanation of why the selected parameters
will be effective for the particular examination and ex-
pected flaws.
(a) Procedure requirements, including essential vari-

ables to be addressed, may be found in the Mandatory
Appendix associated with the examination method, or in
the referencing Code Section.
(b) Personnel certification requirements, in addition to

method specific Level II or III certification, may be advisa-
ble under some conditions. When using established tech-
niques for a low rigor application (e.g., for examination of
more readily detected damage mechanisms, or where less
critical components are involved) a method specific Level
II or III certification is adequate. When an intermediate or
high rigor application is required, additional personnel
requirements shall be considered and, if required, so spe-
cified. This may include quantitative risk based criteria
for the selection of components to be examined, or com-
pletion of a blind performance demonstration. For exam-
ination techniques performed by a team of examiners, the
specific qualification requirements for each teammember
shall be addressed.

T-1441.4 Description of Examination Techniques. A
justification for the effectiveness of the selected examina-
tion technique used in the written procedure for detect-
ing flaws of interest shall be included. The sensitivity
settings for recording flaws, flaw orientation, critical flaw

size, anticipated degradation mechanism (for in-service
applications), and the influence of metallurgical and geo-
metric affects shall be addressed in the justification. A de-
scription of the method for distinguishing between
relevant and nonrelevant indications, justification for sen-
sitivity settings, and the criteria for characterizing and
sizing flaws shall be included.

T-1441.5 Optional Topics for Technical Justifica-
tion. The following topics may be addressed within the
technical justification to improve the understanding of
the techniques to be applied.
(a) Description of Examination Modeling. A description

of the examination modeling used to develop the proce-
dure, plot indications, predict flaw responses, design
mockups, show coverage, and qualify written procedures
may be included. Models are required to be validated be-
fore use. The referencing Code Section shall establish the
criteria for validating models. When not otherwise speci-
fied, the modeling validation criteria shall be set by agree-
ment between the interested parties. Models can be used
with qualified written procedures to demonstrate the an-
ticipated effectiveness of procedure revisions when para-
meters such as geometry, angle, size, and access
limitations are changed. The written procedure may be
qualified or requalified using a minimum number of
mockups with adequate justification.
(b) Description of Procedure Experience. Prior experi-

ence with a written procedure may be included in the
technical justification, and used to support revisions to
the procedure. Documentation of similar demonstrations
relevant to the proposed examination may be included.
Experimental evidence to show the effect of applicable
variables may also be cited and considered when develop-
ing the written procedure.

T-1442 PERFORMANCE DEMONSTRATION
Examination systems requiring qualification at inter-

mediate or high levels of rigor shall also pass a perfor-
mance demonstration. The specimen test set and pass/
fail criteria to be used in the performance demonstration
shall be determined by the owner of the object; and,
where applicable, shall be acceptable to the Jurisdiction,
Authorized Inspection Agency, independent third party,
examination vendor, inspection agency, or other involved
party.
(a) The procedure shall be demonstrated by perform-

ing an examination of an object or mockup. The examiner
conducting the demonstration shall not have been in-
volved in developing the procedure. The completed re-
p o r t f o rm s p r o v i d e d o c um e n t a t i o n o f t h e
demonstration. Qualification of the procedure is only va-
lid when applying the same essential variables recorded
during the demonstration. Changes to essential variables
require requalification of the procedure. Editorial
changes to the procedure, or changes to nonessential
variables, do not require requalification of the procedure.
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(b) The demonstration of the written procedure may
use blind or non-blind certified personnel. Blind perfor-
mance demonstrations qualify the complete examination
system (i.e., the equipment, the written procedure, and
the examiner). Non-blind demonstrations only qualify
the procedure and the equipment. All recordable indica-
tions shall be sized and located. The detection records
shall note whether indications are located correctly.
Depth, height, and length sizing capabilities are only qual-
ified by a blind performance demonstration.

(c) Demonstrations can be performed by a non-blind
demonstration using a few flaws, a demonstration man-
dated by the referencing Code Section, reiterative blind
testing, a combination of multiple small specimen demon-
strations; or using a rigorous, statistically based demon-
stration based on binomial distributions with reduced,
one-sided confidence limits. Acceptable demonstration
methodologies shall be described in the technical justifi-
cation for that procedure.

(d) An individual or organization shall be designated as
the administrator of the demonstration process. The roles
of the administrator include:

(1) reviewing the technical justification;
(2) reviewing the procedure and its scope of

applicability;
(3) ensuring that all essential variables are included

in the procedure and demonstration;
(4) assembling the test specimens;
(5) grading the demonstrations;
(6) developing the protocol;
(7)maintaining security of the samples; and
(8)maintaining the demonstration records.

For straightforward applications, the administrator
may be a department within the owner’s organization.
For complex demonstrations, or when Code or user re-
quirements dictate, it may be appropriate to use a disin-
terested third party.

T-1443 EXAMINATION SYSTEM
REQUALIFICATION

The original qualification applies only to the system
and essential variables described in the technical justifi-
cation report and the written procedure. If essential
variables are changed, requalification is required. Requal-
ification may be accomplished by one of the following
means:

(a) The characteristics of the new equipment can be
compared to the qualified equipment. If they are essen-
tially identical, the new equipment can be substituted, ex-
cept when the referencing construction Code invokes
more stringent requirements for substituting equipment.

(b) New equipment may be requalified by conducting
another complete examination qualification. A hierarchi-
cal approach should be used to qualify the new equipment
by conducting the demonstration on the most difficult test
specimens. Then there is no need to requalify the equip-
ment on the entire set of test specimens.

(c) Modeling may be used to requalify a procedure
when proper justification supports such an approach.

T-1450 CONDUCT OF QUALIFICATION
DEMONSTRATION

T-1451 PROTOCOL DOCUMENT
A protocol document shall be prepared to ensure con-

tinuity and uniformity from qualification-to-qualification.
The protocol document forms the basis for third party
oversight, and sets the essential variables to be qualified,
ensuring portability of the qualification. The protocol
document commonly takes the form of a written proce-
dure and associated checklist, documenting the process
followed during qualification. This document is developed
collectively with the involvement of all the affected par-
ties (i.e., the owner, and, when applicable, the Jurisdiction,
AIA, independent third party, examination vendor, or
other involved party).

A key element of the protocol document is the Pass/Fail
criteria. An alternative evaluation criteria that may be ap-
plied is an “achieved level of performance criteria.” For
this criteria, an examiner demonstrates the technique, in-
cluding sizing capabilities, and the qualification is based
on the detection range the examiner achieves during the
demonstration. Examiners qualified under these criteria
are permitted to conduct examinations within their qual-
ified capabilities.

T-1452 INDIVIDUAL QUALIFICATION
The performance demonstration requirements found

in T-1440 qualify the examination system (i.e. equipment,
written procedure, and personnel) as a unit. As an alter-
native, a two-stage qualification process may also be ap-
plied. The first stage of this process involves a
performance demonstration to qualify the system proce-
dure/equipment. The procedure/equipment qualification
requires several qualified examiners to evaluate the spe-
cimen set, with the results meeting predetermined re-
quirements more stringent than personnel pass/fail
requirements. After the procedure/equipment has been
qualified, individual examiners using the qualified proce-
dure/equipment combination need only to perform a lim-
ited performance demonstration.

The principal incentive for adopting this form of test is
to reduce costs in personnel qualification of a widely used
procedure. The procedure/equipment may be qualified/
developed in a non-blind fashion but the personnel shall
take blind tests. This two-step process also precludes
the possibility of an examiner attempting to pass a de-
monstration test with inadequate procedures or
equipment.
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T-1460 CALIBRATION

Calibration of equipment shall be in accordance with
the written procedure used to conduct the performance
demonstration.

T-1470 EXAMINATION

The performance demonstration shall be conducted in
accordance with the written procedure, using the tech-
niques and equipment described in the technical justifica-
tion. Supplemental information for conducting various
modes of performance demonstrations is provided in
the following paragraphs.

T-1471 INTERMEDIATE RIGOR DETECTION TEST
The objective of an intermediate rigor performance de-

monstration test is to reveal inadequate procedures and
examiners. Following are typical options for flaws in spe-
cimen test sets used for intermediate rigor performance
demonstrations:
(a) Specimens should accurately represent the compo-

nent to be examined to the greatest extent possible, with
at least 10 flaws or grading units as a minimum. A POD of
80% with a false call rate less than 20% is required for
acceptable performance.
(b) Less than 10 flaws or grading units are used, but

they shall be used in a blind fashion. The flaws are reused
in an iterative, blind, and random process. This is an eco-
nomic way to increase the sample set size. Eighty percent
of the flaws are required to be detected. The false call rate
should be less than 20%.
(c) Between 5 and 15 flaws or grading units are used

with at least the same number of unflawed grading units.
A POD of 80% with a false call rate less than 20% is re-
quired for acceptable performance.
(d) Sample set size shall be sufficient to ensure that

most examiners with an unacceptable POD will have dif-
ficulty passing the demonstration, while most examiners
with an acceptable POD will be able to pass the
demonstration.

T-1472 HIGH RIGOR DETECTION TESTS
The following guidelines describe the methodology for

constructing POD performance demonstration tests for
examination system qualification. In order to construct
any of the detection tests mentioned in this appendix,
the following information must be assembled:
(a) the type of material and flaws the procedure is sup-

posed to detect
(b) the size of the critical flaw for this application
(c) the minimum acceptable POD that inspection

should achieve for critical flaws (Call this PODmin.)
(d) the maximum acceptable false call probability that

the inspection should display (Call this FCPmax.)

(e) the level of confidence that the test is supposed to
provide (The most widely applied level of confidence
being 95%.)

T-1472.1 Standard Binomial Detection Test. The ex-
aminer is subjected to a blind demonstration. The flawed
grading units contain critical flaws (i.e., flaws near the cri-
tical flaw size) so that a POD calculated from this data es-
timates the POD for critical flaws. After the examination,
the POD and FCP scores are calculated by comparing
the number of detections classified as flaws to the number
of flawed or blank grading units examined. In other
words:

ð1Þ

ð2Þ

The POD and FCP are supported by tolerance bands
called “α bounds” to describe the statistical uncertainty
in the test. (In the case of POD a lower α bound is used,
while for FCP, an upper α bound is used.) The examiner’s
score is acceptable if the lower bound on POD score is
above PODmin, and the upper bound on FCP score is below
FCPmax.
The α bounds are calculated using standard binomial

equations, shown below.
Where:

D = Number of detections recorded
N = Number of grading units that contain flaws (for

POD calculations) or that are blank (for FCP
calculations)

Pupper = upper α bound
P l ower = lower α bound

ð3Þ

ð4Þ

where β(z; c1,c2) is a beta distribution with parameters c1
and c2. The design of a statistically significant sample set
for this test is based on the above binomial equations.
A POD of 95%with a 90% confidence implies that there

is a 90% probability that 95% is an underestimate of the
true detection probability. In other words, the confidence
level, α describes how reliable the qualification test must
be. If 10 flaws are in the test, then on the basis of 2 misses,
there is a 90% confidence that the true inspection reliabil-
ity is greater than 55%. If 95% confidence is desired, then
the true inspection reliability is greater than 49.3%. If all
10 flaws were detected at a 90% confidence level, then
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the POD would be 79%. To obtain a 90% POD at a 95%
confidence level requires a minimum of 29 flaws out of
29 flaws to be detected.

Table T-1472.1 shows the relationship between smal-
lest number of flaws, confidence level, probability of de-
tection, and misses by calculating the equation above
for various scenarios. It can be used to develop the size
of the test set. The user is free to select the actual number
of flawed and blank locations (i.e., the sample size) em-
ployed in the test. The user’s choice for sample size will
be governed by two competing costs

(a) the cost of constructing test specimens
(b) the cost of failing a “good” examiner
If the user chooses to perform a large test, the confi-

dence bounds associated with the POD scores will be
small, so a “good” examiner will have an excellent chance
for passing the test. However, if an abbreviated test is giv-
en, the confidence bounds will be large, and even a good
examiner will frequently fail a test.

In fact, with a binomial test such as this, there is a smal-
lest sample size that can be used. If a sample size smaller
than the smallest sample size is used, it is impossible to
ever pass the test, because the confidence bounds are
so wide. With the smallest sample size, the examiner

has to obtain a perfect score (i.e., POD = 1, or FCP = 0)
to pass. The smallest sample size depends upon the detec-
tion threshold and the confidence level chosen for the
test. For example, as the minimum acceptable POD is
set closer to unity, the minimum sample size becomes
larger. Table T-1472.1 presents the minimal sample size
for various confidence levels, and POD/FCP thresholds.

As one can see from this table, quite a large sample set
is required if high detection thresholds are required for
the inspection. If exceptionally high detection thresholds
are required, the standard binomial test described in this
appendix may not be the most efficient testing strategy.

As a general rule, the test should include as many blank
as flawed location, but this proportion may be altered de-
pending upon which threshold (POD or FCP) is more
stringent.

As developed in this section, the standard binomial test
examines POD for one flaw size only, the critical flaw size.
It is possible to include more flaw sizes in the test. Each
included flaw size would contain the minimum number
of flaws required by Table T-1472.1. For example, a
90% detection rate at a 90% confidence level for four dif-
ferent flaw size intervals would require 22 flaws in each
size interval if no misses are allowed for a total of 88
flaws.

T-1472.2 Two-Stage Detection Test. The basic com-
ponent of the two-stage demonstration test is the Stan-
dard Binomial Detection Test described in T-1472.1.
The two-stage test applies the standard binomial test to
personnel qualification, but applies a more stringent test
for procedure qualification. The two-stage test is intended
to eliminate inadequate procedures from the qualification
process, preserving resources. The motivating objective
for a two-stage test is to construct the first stage to elim-
inate a procedure whose pass rate is unacceptably low. (A
procedure’s pass rate is the proportion of trained exami-
ners that would pass the personnel test when using this
procedure.)

A two-stage test is ideally suited for an examination
scenario where many examiners will be using a few stan-
dardized procedures, which may differ substantially in
performance. If only one procedure is available, or if each
examiner applies a separate own customized procedure,
two-stage testing is not advantageous.

In order to construct a two-stage detection test, the
same information that must be assembled for the stan-
dard binomial test is required, with the addition of a tar-
get pass rate, Rpass, for personnel. The target pass-rate is
the pass-rate that the user considers acceptable.

The procedure qualification (1st stage) portion of the
test requires that M procedure-trained examiners each
pass a standard binomial detection test. The standard bi-
nomial detection test, constructed in accordance with
T-1472.1, will be used for personnel qualification. The
key difference is that more that one examiner is used
for procedure qualification. It is important that the

Table T-1472.1
Total Number of Samples for a Given Number
of Misses at a Specified Confidence Level and

POD

Level of
Confidence

Number of
Misses

Probability of Detection

90% 95% 99%

90% 0 22 45 230
1 38 77 388
2 52 105 531
3 65 132 667
4 78 158 798
5 91 184 926

10 152 306 1,000+
20 267 538 1,000+

95% 0 29 59 299
1 46 93 473
2 61 124 628
3 76 153 773
4 89 181 913
5 103 208 1,000+

10 167 336 1,000+
20 286 577 1,000+

99% 0 44 89 458
1 64 130 662
2 81 165 838
3 97 198 1,000+
4 113 229 1,000+
5 127 259 1,000+

10 197 398 1,000+
20 325 656 1,000+
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procedure test be conducted with examiners that are re-
presentative of the field population (and not experts). A
“procedure-trained” examiner should be one that has re-
ceived the standard training required for the procedure.
After the procedure has passed its test, then individual

examiners are allowed to be qualified in the second stage,
using the same standard binomial test. The binomial test
is constructed so that critical flaws are detected with a
POD of at least PODmin and false calls are no more than
FCPmax with a level of confidence of α.
The number of examiners (M) used in the first stage is

chosen to assure the desired pass-rate at 80% confidence
(i.e. the user can be 80% sure that the actual pass-rate
will be above the target value). The equation for deter-
mining the proper M is:

ð5Þ

Table T-1472.2 provides the M associated with various
target pass rates.
The user is completely free to choose the number of ex-

aminers (M) employed in the first stage of qualification.
As one can see from the above table, the larger that M
is made, the more stringent the procedure portion of
the test becomes, but the higher the pass-rate becomes
on the second stage of the test. In fact, for highM, the user
might eliminate the second stage of the test entirely.

T-1472.3 Iterative Detection Test. This detection test
is useful when the test specimens are extremely costly or
limited. It is constructed in the same manner as the stan-
dard binomial test from T-1472.1, however the test pre-
sents the applicant with the same set of specimens
more than once to obtain the desired sample size.
Less than 10 flaws are used, but they are used in a blind

fashion. The flaws are reused in an iterative, blind, and
random process. This is an economic way to increase

the sample set size. The flawed and unflawed grading
units are examined several times until the desired sample
size and corresponding confidence level is reached. The
specimens must be indistinguishable from each other so
that each examination is independent and the test team
cannot recognize the specimen or the flaws. The number
of unflawed grading units must at least equal or exceed
the number of flawed grading units. Table T-1472.1
may be used to determine the flaw sample size, misses,
and POD for a given confidence level.

T-1480 EVALUATION

The owner, and, when applicable, the Jurisdiction, AIA,
independent third party, examination vendor, or other
user shall evaluate the technical justification report, and
the results of the performance demonstration submitted
by the administrator, to determine the acceptability of
the system. The evaluation shall be based upon the criter-
ia established within the protocol document.

T-1490 DOCUMENTATION AND RECORDS

Documentation of the performance demonstration
shall include the following:
(a) The technical justification document
(b) NDE procedures, including the essential variables

applied
(c) Description of the equipment used, including the ca-

libration records
(d) Description of the specimens used to perform the

demonstration
(e) Certification of acceptable completion of the perfor-

mance demonstration. The certification may be issued se-
parately for the equipment/procedure and the individual.

Table T-1472.2
Required Number of First Stage Examiners

vs. Target Pass Rate

Target Pass Rate, Rpass

Number of First Stage
Examiners, M

50 3
60 4
70 5
80 8
90 15
95 32
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MANDATORY APPENDIX II
UT PERFORMANCE DEMONSTRATION CRITERIA

II-1410 SCOPE

This Mandatory Appendix provides requirements for
three levels of performance demonstration for ultrasonic
examination procedures, equipment, and personnel used
to detect and size flaws in welds and components for Con-
struction Code applications.

Refer to T-1410 regarding specific requirements of the
referencing Code Section.

II-1420 GENERAL

Article 14, T-1410 through T-1490, shall be used in
conjunction with this Appendix. Those requirements ap-
ply except as modified herein.

Personnel shall be qualified as specified in Article 1,
T-120, and the requirements of the level of rigor specified
for Article 14 and this Appendix.

Selection of the level of rigor (low, intermediate, or
high) shall be in accordance with the referencing Code
Section, and, if not specified, shall be the responsibility
of the Owner/User.

Each organization shall have a written program that en-
sures compliance with this Appendix.

Each organization that performs ultrasonic examina-
tion shall qualify its procedures, equipment, and person-
nel in accordance with this Appendix.

Performance demonstration requirements apply to all
personnel who detect, record, or interpret indications,
or size flaws.

Any procedure qualified in accordance with this Appen-
dix is acceptable.

Alternatively, the requirements of Section XI, Appendix
VIII, may be used.

II-1430 EQUIPMENT

II-1434 QUALIFICATION BLOCKS
II-1434.1 Low Level. Qualification blocks shall be fab-

ricated similar to a calibration block in accordance with
Article 4, T-434, or Article 5.

II-1434.2 Intermediate Level. Qualification blocks
shall be in accordance with T-434.1.2 through T-434.1.6.
The procedure shall be demonstrated to perform accepta-
bly on a qualification block (or blocks) having welds, or
alternatively, having flaws introduced by other processes
that simulate the flaws of interest. The block shall contain

a minimum of three axial flaws oriented parallel to the
weld’s fusion line as follows: (1) one surface flaw on the
side of the block representing the component OD surface;
(2) one surface flaw on the side of the block representing
the component ID surface; and (3) one subsurface flaw.

Qualification block flaws shall be representative of the
flaws of concern, such as, for new construction, slag,
cracks, or zones of incomplete fusion or penetration,
and, for post-construction, flaws representing the degra-
dation mechanisms of concern.

If the inside and outside surfaces are comparable (e.g.,
no overlay or cladding present, similar weld joint details
and welding processes, etc.) and accessible, one surface
flaw may represent both the ID and OD surface flaws.

Qualification blocks shall include flaws having a length
no longer than the following, with flaw height no more
than 25%t or 1/4 in. (6 mm), whichever is smaller:

(a) For surface flaws, 1/4 in. (6 mm) in blocks having
thickness t up to 4 in. (100 mm)

(b) For subsurface flaws
(1) 1/4 in. (6 mm) for t up to 3/4 in. (19 mm)
(2) 1/3t for t from

3/4 in. (19 mm) to 21/4 in. (57 mm)
(3) 3/4 in. (19 mm) for t from 21/4 in. (57 mm) to 4 in.

(100 mm)
(c) For blocks over 4 in. (100 mm) thick, the blocks

shall include flaws having a size no greater than a flaw ac-
ceptable to Table II-1434-1 or Table II-1434-2 for the
thickness being qualified. Figure II-1434 identifies dimen-
sioning of surface and subsurface flaws.

II-1434.3 High Level. Qualification test specimens
shall be provided representative of the weld to be exam-
ined. A sufficient number of test specimens shall be eval-
uated to effectively estimate sizing error distributions,
and determine an accurate probability of detection
(POD) for specific degradation mechanisms or flaw types
and sizes. The number, size, orientation, type, and loca-
tion of flaws in the specimens shall be as specified by
the referencing Code Section or the Owner/User (if the re-
ferencing Code does not address) based on POD and con-
fidence level requirements.

II-1440 APPLICATION REQUIREMENTS

Refer to T-1440.
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II-1450 CONDUCT OF QUALIFICATION
DEMONSTRATION

The examination procedure shall contain a statement of
scope that specifically defines the limits of procedure ap-
plicability; e.g., material, including thickness dimensions,
product form (castings, forgings, plate, pipe), material
specification or P-number grouping, heat treatment, and
strength limit (if applicable).
The examination procedure shall specify the following

essential variables:
(a) instrument or system, including manufacturer, and

model or series, of pulser, receiver, and amplifier
(b) search units, including manufacturer, model or ser-

ies, and the following:
(1) nominal frequency
(2)mode of propagation and nominal inspection

angles
(3) number, size, shape, and configuration of active

elements and wedges or shoes
(4) immersion or contact

(c) search unit cable, including the following:
(1) type
(2)maximum length
(3)maximum number of connectors

(d) detection and sizing techniques, including the
following:

(1) scan pattern and beam direction
(2)maximum scan speed
(3)minimum and maximum pulse repetition rate

Table II-1434-1
Flaw Acceptance Criteria for 4-in. to 12-in.

Thick Weld

Aspect Ratio, a/ℓ

4 in. ≤ t ≤ 12 in.

Surface Flaw, a/t
Subsurface Flaw,

a/t

0.00 0.019 0.020
0.05 0.020 0.022
0.10 0.022 0.025
0.15 0.025 0.029
0.20 0.028 0.033
0.25 0.033 0.038
0.30 0.038 0.044
0.35 0.044 0.051
0.40 0.050 0.058
0.45 0.051 0.067
0.50 0.052 0.076

GENERAL NOTES:
(a) t = thickness of the weld excluding any allowable reinforce-

ment. For a buttweld joining two members having different
thickness at the weld, t is the thinner of these two thicknesses.
If a full penetration weld includes a fillet weld, the thickness of
the throat of the fillet weld shall be included in t.

(b) A subsurface indication shall be considered as a surface flaw if
separation of the indication from the nearest surface of the
component is equal to or less than half the through thickness
dimension of the subsurface indication.

Table II-1434-2
Flaw Acceptance Criteria for Larger Than

12-in. Thick Weld

Aspect Ratio, a/ℓ Surface Flaw, a, in.
Subsurface Flaw, a,

in.

0.00 0.228 0.240
0.05 0.240 0.264
0.10 0.264 0.300
0.15 0.300 0.348
0.20 0.336 0.396
0.25 0.396 0.456
0.30 0.456 0.528
0.35 0.528 0.612
0.40 0.612 0.696
0.45 0.618 0.804
0.50 0.624 0.912

GENERAL NOTES:
(a) For intermediate flaw aspect ratio, a/ℓ linear interpolation is

permissible.
(b) t = the thickness of the weld excluding any allowable rein-

forcement. For a buttweld joining two members having differ-
ent thickness at the weld, t is the thinner of these two
thicknesses. If a full penetration weld includes a fillet weld,
the thickness of the throat of the fillet weld shall be included
in t.

(c) A subsurface indication shall be considered as a surface flaw if
separation of the indication from the nearest surface of the
component is equal to or less than half the through thickness
dimension of the subsurface indication.

Figure II-1434
Flaw Characterization for Tables II-1434-1 and

II-1434-2

(a) Subsurface Flaw

2a

a

t

t

(b) Surface Flaw
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(4)minimum sampling rate (automatic recording
systems)

(5) extent of scanning and action to be taken for ac-
cess restrictions

(6) surface from which examination is performed
(e) methods of calibration for both detecting and sizing

(e.g., actions required to insure that the sensitivity and ac-
curacy of the signal amplitude and time outputs of the ex-
amination system, whether displayed, recorded, or
automatically processed, are repeatable from examina-
tion to examination)

(f) inspection and calibration data to be recorded
(g)method of data recording
(h) recording equipment (e.g., strip chart, analog tape,

digitizing) when used
(i) method and criteria for the discrimination of indica-

tions (e.g., geometric versus flaw indications and for
length and depth sizing of flaws)

(j) surface preparation requirements
The examination procedure shall specify a single value

or a range of values for the applicable variables listed.

II-1460 CALIBRATION

Any calibration method may be used provided it is de-
scribed in the written procedure and the methods of cali-
bration and sizing are repeatable.

II-1470 EXAMINATION

Refer to T-1470.

II-1480 EVALUATION

II-1481 LOW LEVEL
Acceptable performance is defined as detection of re-

ference reflectors specified in the appropriate Article 4,
T-434 qualification block. Alternatively, for techniques

that do not use amplitude recording levels, acceptable
performance is defined as demonstrating that all imaged
flaws with recorded lengths, including the maximum al-
lowable flaws, have an indicated length equal to or great-
er than the actual length of the specified reflectors in the
qualification block.

II-1482 INTERMEDIATE LEVEL
Acceptable performance is defined as
(a) detection of flaws in accordance with T-1471 and

sizing of flaws (both length and depth) equal to or greater
than their actual size; unless specified otherwise by the
referencing Code Section, or

(b)meeting Section XI, Appendix VIII requirements

II-1483 HIGH LEVEL
Acceptable performance is defined as meeting either of

the following:
(a) T-1472 and T-1480 requirements
(b) Owner/User specified requirements

II-1490 DOCUMENTATION

The organization’s performance demonstration pro-
gram shall specify the documentation that shall be main-
tained as qualification records. Documentation shall
include identification of personnel, NDE procedures, and
equipment used during qualification, and results of the
performance demonstration. Specimens shall be docu-
mented only where appropriate/applicable. For instance,
specimens used in a blind or “PDI” qualification would not
be documented.
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ARTICLE 15
ALTERNATING CURRENT FIELD MEASUREMENT TECHNIQUE

(ACFMT)

T-1510 SCOPE

(a) This Article describes the technique to be used
when examining welds for linear type discontinuities
1/4 in. (6 mm) and greater in length utilizing the Alternat-
ing Current Field Measurement Technique (ACFMT).
(b)When specified by the referencing Code Section, the

ACFMT examination technique in this Article shall be
used together with Article 1, General Requirements.
(c) In general, this Article is in conformance with

SE-2261, Standard Practice for Examination of Welds
Using the Alternating Current Field Measurement
Technique.

T-1520 GENERAL

The ACFMT method may be applied to detect cracks
and other linear discontinuities on or near the surfaces
of welds in metallic materials. The sensitivity is greatest
for surface discontinuities and rapidly diminishes with in-
creasing depth below the surface. In principle, this tech-
nique involves the induction of an AC magnetic field in
the material surface by a magnetic yoke contained in a
hand held probe, which in turn causes a uniform alternat-
ing current to flow in the material. The depth of the pen-
etration of this current varies with material type and field
frequency. Surface, or near surface, discontinuities inter-
rupt or disturb the flow of the current creating changes in
the resulting surface magnetic fields which are detected
by sensor coils in the probe.

T-1521 SUPPLEMENTAL REQUIREMENTS
ACFMT examinations of some types of welds (e.g., dis-

similar, austenitic and duplex, etc.) may not be possible or
may result in a larger flaw (i.e, depth) detection threshold
than carbon and low alloy steel ferritic-type weld exami-
nations because of the wide variations in magnetic per-
meability between the weld, heat-affected zone, and
plate material. It is necessary in these cases to modify
and/or supplement the provisions of this Article in accor-
dance with T-150(a). Additional items, which are neces-
sary, are production weld mock-ups with reference
notches or other discontinuities machined adjacent to,
as well as within, the weld deposit.

T-1522 WRITTEN PROCEDURE REQUIREMENTS
T-1522.1 Requirements. ACFMT shall be performed

in accordance with a written procedure that shall, as a
minimum, contain the requirements listed in Table
T-1522. The written procedure shall establish a single
value, or range of values, for each requirement.

T-1522.2 Procedure Qualification. When procedure
qualification is specified, a change of a requirement in
Table T-1522 identified as an essential variable shall re-
quire requalification of the written procedure by demon-
stration. A change of a requirement identified as an
nonessential variable does not require requalification of
the written procedure. All changes of essential or nones-
sential variables from those specified within the written
procedure shall require revision of, or an addendum to,
the written procedure.

T-1530 EQUIPMENT

T-1531 INSTRUMENT
ACFMT instrument and software shall be capable of op-

erating over a range of frequencies of from 1 to 50 kHz.
The display shall contain individual time or distance-
based plots of the x compound of the magnetic field Bx,
parallel to the probe travel, z component of the magnetic
field Bz, perpendicular to the examination surface, and a
combined Bx and Bz plot (i.e., butterfly display).

T-1532 PROBES
The nominal frequency shall be 5 kHz unless variables,

such as materials, surface condition, or coatings require
the use of other frequencies.

T-1533 CALIBRATION BLOCKS
T-1533.1 General.

T-1533.1.1 Block Material. The material from
which the block is fabricated shall be of the same product
form and material specification, or equivalent P-number
grouping, of the materials being examined.

T-1533.1.2 Weld Material. Blocks fabricated out of
P-3 group materials or higher shall contain a representa-
tive weld of the same A-number grouping as the weld
being examined.
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T-1533.1.3 Notches. Known depth and length
notches shall be used to verify that the system is function-
ing properly.

T-1533.1.4 Quality. Prior to fabrication, the block
material shall be completely examined with an ACFMT
unit to assure it is free of indications that could interfere
with the verification process.

T-1533.1.5 Heat Treatment. The block shall re-
ceive at least the minimum tempering treatment required
by the material specification for the type and grade.

T-1533.1.6 Residual Magnetism. The block shall
be checked for residual magnetism and, if necessary,
demagnetized.

T-1533.2 Calibration Block. The calibration block
configuration and notches shall be as shown in Figure
T-1533. Notches shall be machined at the toe (e.g., heat-
affected zone) and in the weld for blocks containing
welds.

T-1540 MISCELLANEOUS REQUIREMENTS

T-1541 SURFACE CONDITIONING
(a) Satisfactory results are usually obtained when the

surfaces are in the as-welded, as-rolled, as-cast, or as-
forged condition. However, surface preparation by grind-
ing may mask an indication and should be avoided when
possible or kept to a minimum.

(b) Prior to ACFMT examination, the surface to be ex-
amined and all adjacent areas within 1 in. (25 mm) shall
be free of dirt, mill scale, welding flux, oil, magnetic coat-
ings, or other extraneous matter that could interfere with
the examination.

(c) Cleaning may be accomplished by any method that
does not adversely affect the part or the examination.

(d) If nonmagnetic coatings are left on the part in the
area to be examined, it shall be demonstrated to show
that indications can be detected through the maximum
coating thickness present.

T-1542 DEMAGNETIZATION
Residual magnetic fields can interfere with the ACFMT

induced field and may produce false indications; there-
fore, ACFMT should be performed prior to a magnetic
particle examination (MT). If ACFMT is performed after
MT, the surface shall be demagnetized if any strong resi-
dual fields exist.

T-1543 IDENTIFICATION OF WELD
EXAMINATION AREAS

(a) Weld Location. Weld locations and their identifica-
tion shall be recorded on a weld map or in an identifica-
tion plan.

(b) Marking. If welds are to be permanently marked,
low stress stamps and/or vibrating tools may be used, un-
less prohibited by the referencing Code Section.

(c) Reference System. Each weld shall be located and
identified by a system of reference points. The system
shall permit identification of each weld and designation
of regular intervals along the length of the weld.

T-1560 CALIBRATION

T-1561 GENERAL REQUIREMENTS
T-1561.1 ACFMT System. Calibrations shall include

the complete ACFMT system (e.g., instrument, software,
computer, probe, and cable) and shall be performed prior
to use of the system.

T-1561.2 Probes. The same probe to be used during
the examination shall be used for calibration.

T-1561.3 Instrument Settings. Any instrument set-
ting which affects the response from the reference
notches shall be at the same setting for calibration, verifi-
cation checks, and the examination.

T-1562 CALIBRATION
T-1562.1 Warm Up. The instrument shall be turned

on and allowed to warm up for the minimum time speci-
fied by the instrument manufacturer prior to calibration.

Table T-1522
Requirements of an ACFMT Examination Procedure

Requirement (as Applicable) Essential Variable
Nonessential

Variable

Instrument (Model and Serial No.) X …
Probes (Model and Serial No.) X …
Directions and extent of scanning X …
Method for sizing (length and depth) indications, when required X …
Coating X …
Coating thickness (increase only) X …
Personnel performance qualification requirements, when required X …
Surface preparation technique … X
Personnel qualification requirements … X
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T-1562.2 Probe. The selected probe, and cable exten-
sions if utilized, shall be connected to the instrument and
the manufacturers’ standard probe file loaded.

T-1562.3 Instrument Display Scan Speed. The dis-
play scan speed shall be set at the maximum rate to be
used during the examination.

T-1562.4 Probe Scanning Rate. The instrument shall
be calibrated by passing the probe over the notches in the
calibration block and noting the responses. The nose of
the probe shall be orientated parallel to the notch length
and shall maintain contact with surface being examined.
The probe scan rate shall not exceed that which displays
a butterfly loop from the notch #1 of 50% (±10%) of full
scale height and 175% (±20%) of full scale width and that
also can readily detect a signal response from the smaller
notch.

T-1562.5 Probe Sensitivity. When the requirements
of T-1562.4 cannot be met, the probe sensitivity shall be
adjusted, a different probe file loaded, or another probe
selected and the notches again scanned per T-1562.4.

T-1563 PERFORMANCE CONFIRMATION
T-1563.1 System Changes. When any part of the ex-

amination system is changed, a verification check shall be
made on the calibration block to verify that the settings
satisfy the requirements of T-1562.2.

T-1563.2 Periodic Checks. A verification check shall
be made at the finish of each examination or series of sim-
ilar examinations, and when examination personnel are
changed. The response from notch #1 shall not have chan-
ged by more than 10% in either the Bx or Bz response.
When the sensitivity has changed by more than 10%, all
data since the last valid verification check shall be marked
void or deleted and the area covered by the voided data
shall be reexamined.

Figure T-1533
ACFMT Calibration Block

*Minimum Dimensions

8 in.* (200 mm)

6 in.* 
   (150 mm)

1/2 in.*
 (13 mm)

1 in.*
 (25 mm)

2 in.*
 (50 mm)     

typ.            #3

#2

Weld notch, when requiredWeld, when required
 (See T-1533.2) #1

Elliptical
Notch ID

Length, in.
(mm)

Depth, in.
(mm) Width, in. (mm)

1 2 (50) 0.2 (5)
2 0.25 (6) 0.1 (2.5) 0.02 (0.5) max.
3 0.25 (6) 0.1 (2.5)

GENERAL NOTES:
(a) The tolerance on notch depth shall be ±0.01 in. (±0.2 mm).
(b) The tolerance on notch #1 length shall be ±0.04 in. (±1 mm).
(c) The tolerance on notches #2 and #3 length shall be ±0.01 in. (±0.2 mm).
(d) Notch shape shall be elliptical.
(e) Notch #3 only required when block contains a weld.
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T-1570 EXAMINATION

T-1571 GENERAL EXAMINATION
REQUIREMENTS

T-1571.1 Rate of Probe Movement. The maximum in-
strument scan speed and probe scanning rate shall be as
determined in T-1562.4.

T-1571.2 Probe Contact. The probe shall be kept in
contact with the examination surface during scanning.

T-1571.3 Direction of Field. At least two separate ex-
aminations shall be performed on each area, unless other-
wise specified by the referencing Code Section. During the
second examination, the probe shall be positioned per-
pendicular to that used during the first examination.

T-1572 EXAMINATION COVERAGE
The weld to be scanned shall be examined by placing

the probe at the toe of the weld with the nose of the probe
parallel to the longitudinal direction of the weld. The
probe shall then be moved parallel to and along the weld
toe. A second longitudinal scan shall be performed along
the opposite toe of the weld. These two scans shall then
be repeated per T-1571.3. Unless demonstrated other-
wise, if the width of the weld is wider than 3/4 in.
(19 mm), an additional set of scans shall be performed
along the centerline of the weld.

T-1573 OVERLAP
The overlap between successive probe incremental

scans shall be 1 in. (25 mm) minimum.

T-1574 INTERPRETATION
The interpretation shall identify if an indication is false,

nonrelevant, or relevant. False and nonrelevant indica-
tions shall be proven false or nonrelevant. Interpretation
shall be carried out to identify the location and extent of
the discontinuity and whether it is linear or nonlinear. De-
termination of discontinuity size (length and depth) is not
required unless specified by the referencing Code Section.

T-1580 EVALUATION

All indications shall be evaluated in terms of the accep-
tance standards of the referencing Code Section.

T-1590 DOCUMENTATION

T-1591 RECORDING INDICATION
T-1591.1 Nonrejectable Indications. Nonrejectable

indications shall be recorded as specified by the referen-
cing Code Section.

T-1591.2 Rejectable Indications. Rejectable indica-
tions shall be recorded. As a minimum, the extent and lo-
cation shall be recorded.

T-1592 EXAMINATION RECORD
For each examination, the following information shall

be recorded:
(a) procedure identification and revision;
(b) ACFMT instrument identification (including manu-

facturers’ serial number);
(c) software identification and revision;
(d) probe identification (including manufacturers’ seri-

al number and frequency);
(e) probe file identification and revision;
(f) calibration block identification;
(g) identification and location of weld or surface

examined;
(h)map or record of rejectable indications detected or

areas cleared;
(i) areas of restricted access or inaccessible welds;
(j) examination personnel identity and, when required

by the referencing Code Section, qualification level; and
(k) date of examination.

T-1593 REPORT
A report of the examination shall be made. The report

shall include those records indicated in T-1591 and
T-1592. The report shall be filed and maintained in accor-
dance with the referencing Code Section.
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ARTICLE 16
MAGNETIC FLUX LEAKAGE (MFL) EXAMINATION

T-1610 SCOPE

This Article describes the Magnetic Flux Leakage (MFL)
examination method requirements applicable for per-
forming MFL examinations on coated and uncoated ferro-
magnetic materials from one surface. MFL is used in the
examination of tube and piping to find unwelded areas
of longitudinal weld joints. It is also used as a post con-
struction examination method to evaluate the condition
of plate materials, such as storage tank floors, and piping
for corrosion or other forms of degradation. Other imper-
fections that may be detected are cracks, seams, incom-
plete fusion, incomplete penetration, dents, laps, and
nonmetallic inclusions, etc.
When this Article is specified by a referencing Code

Section, the MFL method described in this Article shall
be used together with Article 1, General Requirements.

T-1620 GENERAL

T-1621 PERSONNEL QUALIFICATION
REQUIREMENTS

The user of this Article shall be responsible for docu-
mented training, qualification, and certification of person-
nel performing MFL examination. Personnel performing
supplemental examinations, such as ultrasonic (UT) ex-
aminations, shall be qualified in accordance with the re-
ferencing Code Section.

T-1622 EQUIPMENT QUALIFICATION
REQUIREMENTS

The equipment operation shall be demonstrated by
successfully completing the unit verification and function
tests outlined as follows.

T-1622.1 Reference Specimen. All MFL examinations
shall have a reference plate or pipe section to ensure the
equipment is performing in accordance with the manufac-
turer’s specifications prior to use. The reference specimen
for plate shall consist of a plate that is made from a mate-
rial of the same nominal thickness, product form, and
composition as the component to be examined. The plate
specimen shall have notches or other discontinuities ma-
chined into the bottom of the plate, as shown in Figure
T-1622.1.1. The reference specimen for pipe or tubing
shall consist of a pipe or tube that is made from a material
of the same nominal pipe or tube sizes, product form, and
composition as the component to be examined. The pipe

or tube specimen shall have notch discontinuities ma-
chined into the inside and outside surfaces as shown in
Figure T-1622.1.2. The depths and widths of the artificial
discontinuities should be similar to the sizes and physical
characteristics of discontinuities to be detected. If non-
magnetic coatings or temporary coverings will be present
during the examination, the reference specimen shall be
coated or covered with the nonmagnetic coatings or cov-
ers representative of the maximum thickness that will be
encountered during the examination.

T-1622.2 System Verification and Function Checks.
The manufacturer’s verification procedure shall be con-
ducted initially to ensure that the system is functioning
as designed. The functional check shall be made by scan-
ning the reference plate over the range of scanning speeds
to be utilized during the examination. Equipment settings
shall be documented.

T-1622.3 Performance Confirmation. A functional
check shall be conducted at the beginning and end of each
examination, every 8 hr, or when equipment has malfunc-
tioned and been repaired. If it is determined that the
equipment is not functioning properly, needed adjust-
ments shall be made and all areas examined since the last
performance check shall be reexamined.

T-1623 WRITTEN PROCEDURE REQUIREMENTS
T-1623.1 Requirements. MFL examination shall be

performed in accordance with a written procedure that
shall, as a minimum, contain the requirements listed in
Table T-1623. The written procedure shall establish a sin-
gle value, or range of values, for each requirement.
The procedure shall address, as a minimum, the identi-

fication of imperfections, reference materials used to set
up equipment, location and mapping of imperfections,
and the extent of coverage. The procedure shall address
the field strength of the magnets, the functioning of the
sensors, and the operation of the signal-processing unit.
Other examination methods that will be used to supple-
ment the MFL examination shall be identified in the
procedure.

T-1623.2 Procedure Qualification. When procedure
qualification is specified, a change of a requirement in
Table T-1623 identified as an essential variable shall re-
quire requalification of the written procedure by demon-
stration. A change in a requirement identified as a
nonessential variable does not require requalification of
the written procedure. All changes of essential or
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nonessential variables from those specified within the
written procedure shall require revision of, or an adden-
dum to, the written procedure.

T-1630 EQUIPMENT

The equipment shall consist of magnets, sensor or sen-
sor array, and related electronic circuitry. A reference in-
dicator, such as a ruled scale or linear array of illuminated
light-emitting diodes, should be used to provide a means
for identifying the approximate lateral position of indica-
tions. The equipment may be designed for manual scan-
ning or may be motor driven. Software may be
incorporated to assist in detection and characterization
of discontinuities.

T-1640 REQUIREMENTS

(a) The surface shall be cleaned of all loose scale and
debris that could interfere with the examination and
movement of the scanner. The surface should be suffi-
ciently flat to minimize excessive changes in lift-off and
vibration. Alternate techniques will be required to handle
variables exceeding those specified in the procedure.

(b) Cleaning may be accomplished using high-pressure
water blast or by sandblasting. If the material is coated
and the coating is not removed, it shall be demonstrated

that the MFL equipment can detect the specified imper-
fections through the maximum thickness of the tempor-
ary sheet or coating.

(c) If a temporary sheet or coating is applied between
the scanner and plate to provide a smooth surface, for ex-
ample, on a heavily pitted surface, it shall be demon-
strated that the equipment can find the specified
imperfections through the maximum thickness of the
temporary sheet or coating.

T-1650 CALIBRATION

The MFL equipment shall be recalibrated annually and
whenever the equipment is subjected to major damage
following required repairs. If equipment has not been in
use for 1 year or more, calibration shall be done prior
to first use.

T-1660 EXAMINATION

(a) Areas to be examined shall be scanned in accor-
dance with a written procedure. Each pass of the sensing
unit shall be overlapped in accordance with the written
procedure.

(b) The unit shall be scanned manually or by a motor-
driven system. Other examination methods may be used
to provide coverage in areas not accessible to MFL

Figure T-1622.1.1
Reference Plate Dimensions

30 (750)
6 (150) 12 (300)

9 (225)

D1

D2

D3 Step

Typical 3-Step Pit
18 (450)

Holes

Hole
1
2

%Loss
40%
50%

1 2

Plate
Thickness

Hole
Number

Number
of Steps

Step Size Diameter
D1

Diameter
D2

Diameter
D3

Diameter
D4

Diameter
D5

1/4 (6) 1 3 .032 (0.8) .47 (12) .32 (8) .12 (3)
2 4 .032 (0.8) .62 (16) .47 (12) .32 (8) .12 (3)

5/16 (8) 1 4 .032 (0.8) .62 (16) .47 (12) .32 (8) .16 (4)
2 5 .032 (0.8) .78 (20) .62 (16) .47 (12) .32 (8) .16 (4)

3/8 (10) 1 4 .039 (1) .78 (20) .59 (15) .39 (10) .2 (5)
2 5 .039 (1) .96 (24) .78 (20) .59 (15) .39 (10) .2 (5)

GENERAL NOTE:  Dimensions of references are in in. (mm).
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examinations, in accordance with the written procedure.
Typical examples of inaccessible areas in storage tanks
are lap welds and corner welds adjacent to the shell or
other obstructions, such as roof columns and sumps.
(c) Imperfections detected with MFL exceeding the ac-

ceptance standard signal shall be confirmed by supple-
mental examination(s) or be rejected. Supplemental
examination shall be performed in accordance with writ-
ten procedures.
(d)Where detection of linear imperfections is required,

an additional scan shall be performed in a direction ap-
proximately perpendicular to the initial scanning
direction.

T-1670 EVALUATION

All indications shall be evaluated in accordance with
the referencing Code Section.

T-1680 DOCUMENTATION

A report of the examination shall contain the following
information:

(a) plate material specification, nominal wall thickness,
pipe diameter, as applicable;
(b) description, such as drawing/sketches, document-

ing areas examined, and/or areas inaccessible;
(c) identification of the procedure used for the

examination;
(d) system detection sensitivity (minimum size of im-

perfections detectable);
(e) location, depth, and type of all imperfections that

meet or exceed the reporting criteria;
(f) examination personnel identity and, when required

by referencing Code Section, qualification level;
(g)model and serial number of equipment utilized for

the examination, including supplemental equipment;
(h) date and time of examination;
(i) date and time of performance verification checks;

and
(j) supplemental methods utilized and reference to as-

sociated reports.

Figure T-1622.1.2
Reference Pipe or Tube Dimensions

Minimum length L 8 in. (200 mm) or 8T,
  whichever is greater
Full circumference

L

Typical Block Dimensions

Length L – 1 in. (25 mm) maximum
Depth D – 10% T with tolerance
  (+10% – 20%) of depth
Width – 0.010 in. (0.25 mm) maximum
Location – not closer than 3T from any
  block edge or other notch in axial direction
  Minimum 90 deg from adjacent notch(es)

Specific Notch Dimensions

T
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Table T-1623
Requirements of an MFL Examination

Procedure

Requirement
Essential
Variable

Nonessential
Variable

Equipment manufacturer/model X …
Sensor type: manufacturer and
model

X …

Scanning speed/speed range X …
Overlap X …
Lift-off X …
Material examined X …
Material thickness range and
dimensions

X …

Reference specimen and calibration
materials

X …

Software X …
Evaluation of indications X …
Surface conditioning X …
Coating/sheet thickness X …
Performance demonstration
requirements, when required

X …

Scanning technique (remote control/
manual)

… X

Scanning equipment/fixtures … X
Personnel qualification
requirements

… X
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ARTICLE 17
REMOTE FIELD TESTING (RFT) EXAMINATION METHOD

T-1710 SCOPE

(a) This Article contains the techniques and require-
ments for Remote Field Testing (RFT) examination.
(b) The requirements of Article 1, General Require-

ments, apply when a referencing Code Section requires
RFT examination.
(c) Definition of terms for RFT examinations appear in

Article 1, Mandatory Appendix I, I-121.5, ET — Electro-
magnetic (Eddy Current).
(d) Article 32, SE-2096, Standard Practice for In Situ Ex-

amination of Ferromagnetic Heat Exchanger Tubes Using
Remote Field Testing, shall be used as referenced in this
Article.

T-1720 GENERAL

T-1721 WRITTEN PROCEDURE REQUIREMENTS
T-1721.1 Requirements. RFT examinations shall be

performed in accordance with a written procedure which
shall, as a minimum, contain the requirements listed in
Table T-1721. The written procedure shall establish a sin-
gle value, or range of values, for each requirement.

T-1721.2 Procedure Qualification. When procedure
qualification is specified, a change of a requirement in
Table T-1721 identified as an essential variable shall re-
quire requalification of the written procedure by demon-
stration. A change of a requirement identified as a
nonessential variable does not require requalification of
the written procedure. All changes of essential or nones-
sential variables from those specified within the written
procedure shall require revision of, or an addendum to,
the written procedure.

T-1722 PERSONNEL REQUIREMENTS
The user of this Article shall be responsible for assign-

ing qualified personnel to perform RFT examination to
the requirements of this Article. Recommendations for
training and qualifying RFT system operators are de-
scribed in SE-2096. Personnel performing RFT examina-
tions shall be qualified in accordance with requirements
of the referencing Code Section.

T-1730 EQUIPMENT

RFT equipment capable of operating in the absolute or
differential mode (or both modes) as specified in the writ-
ten procedure, together with suitable probes and a device
for recording the RFT data in a format suitable for evalua-
tion and archival storage are all essential parts of the sys-
tem. The means of displaying signals shall be on a Voltage
Plane (also known as an Impedance Plane, a Voltage Plane
Polar Plot, and an X-Y Display). Equipment and fixtures
for moving probes through tubes and for scanning may
be used.

T-1750 TECHNIQUE

(a) Single or multiple frequency techniques are per-
mitted for this examination.
(b) Following the selection of the examination fre-

quency(ies) and the completion of the setup using a refer-
ence standard, the probe shall be pulled through the tubes
to be examined at a speed that shall be uniform and ap-
propriate to the examination frequency, digital sampling
rate, and required sensitivity to flaws. This rate of scan-
ning shall be used to perform the examination.

Table T-1721
Requirements of an RFT Examination

Procedure

Requirement (as Applicable)
Essential
Variable

Nonessential
Variable

Frequency(ies) X …
Mode (Different/Absolute) X …
Minimum fill factor X …
Probe type X …
Equipment manufacturer/model X …
Scanning speed X …
Identity of artificial flaw reference X …
Tube material, size, and grade X …
Data analysis technique X …
Procedure qualifications, when
specified X …

Personnel qualifications … X
Scanning equipment/fixtures … X
Tube surface preparation … X
Data recording equipment … X
Tube numbering … X
Report format … X
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T-1760 CALIBRATION

T-1761 INSTRUMENT CALIBRATION
RFT instrumentation shall be recalibrated annually and

whenever the equipment is subjected to damage and/or
after any major repair. When equipment has not been in
use for a year or more, calibration shall be performed
prior to first use. A tag or other form of documentation
shall be attached to the RFT instrument with date of cali-
bration and calibration due date shown.

T-1762 SYSTEM PREPARATION
(a) The RFT system is set up for the examination using

artificial flaws fabricated in a reference tube. The refer-
ence standard shall be in accordance with SE-2096, Fig.
4, and para. 10.5 of that document. The reference stan-
dard shall include a tube support plate fabricated in ac-
cordance with SE-2096, para. 10.6. When it is required
to detect and size small volume flaws, such as corrosion
pits, a second reference tube, such as the example shown
in Figure T-1762, shall be used to demonstrate adequate
sensitivity. Pit depth and size selection shall be deter-
mined by the application. Pit depth tolerance shall be
+0/−10%. Hole diameter tolerance shall be ±10%. The
spacing of the artificial flaws shall be suitable for the coil
spacing on the RFT probe to ensure that flaws or tube
ends are not near the exciter(s) and detector(s) at the
same time.

Tubes used as reference standards shall be of the same
nominal dimensions and material type as the tubes to be
examined.

(b)Where either the exact material type or dimensional
matches are not available, an alternative tube may be
used. A demonstration of the equivalency of the alternate
reference is required. An example of demonstrating nor-
malized response is when one of the following responses
from the reference standard and the nominal tube are
equal:

(1) the amplitude and angular position of a support
plate indication on the voltage plane

(2) the angular difference between a support plate
indication and the tube exit indication on the voltage
plane

(3) the absolute phase response

T-1763 SYSTEM SETUP AND CALIBRATION
T-1763.1 Differential Channels.
(a) The phase rotation of the base frequency (F1) shall

be adjusted so that the signal from the through-wall hole
(TWH) appears approximately along the Y (vertical) axis
and that the signal from the tube support plate (TSP) lies
in the upper left-hand and lower right-hand quadrants.
When properly adjusted, the differential signals should
be displayed on a voltage plane display, such as those
shown in Figures T-1763.1(a) and T-1763.1(b).

Figure T-1762
Pit Reference Tube (Typical)

RFT PIT REFERENCE TUBE 

25% 50% 

Expanded 
view 

Top view 

Section 
view 

Flaw 
% depth 

A 
25% 

C 
75% 

NOTE: not to scale 

B 
50% 

D 
100% 

Flaw type 
A through C are

3/16 in. (5 mm) diameter flat-bottom holes
D is a through-hole 
3/16 in. (5 mm) diameter

100% 75% 
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(b) The signal response for the through-wall hole refer-
ence flaw shall be generated when pulling the probe past
the hole such that the initial response is downward fol-
lowed by an upward motion and then back to the null
point on the voltage plane.
(c) The sensitivity shall be adjusted to produce a mini-

mum peak-to-peak signal of approximately 50% full
screen height from the through-wall hole.
(d) The response from the 20% wear groove in the re-

ference tube should be at approximately 150 deg (as mea-
sured clockwise from the negative X-axis). See Figure
T-1763.1(a). The angular difference between the TWH re-
sponse and the 20% flaw response shall be 60 deg
±10 deg. Alternate initial response angles representing
artificial flaws may be used, providing the difference be-
tween the TWH response and the 20% groove response
meets this criteria.

T-1763.2 Absolute Channels.
(a) The signal responses for absolute channels are set

up using a procedure similar to that used to set up the dif-
ferential channels using the Voltage Plane display. Abso-
lute signals will appear as half the extent of differential
signals.
(b) Voltage Plane Polar Plot displays may also be used

for setting up the absolute probe technique using the fol-
lowing procedure:

(1) Adjust the frequency(ies) and phase of the signal
from the through hole in the reference standard so that it
originates at 1, 0 on the polar plot display and develops by
going upward and to the left at an angle between 20 deg
and 120 deg measured clockwise from the X axis. The TSP
signal will lie approximately parallel to the X axis.

(2) If a reference curve is used, the signals from the
two 20% grooves in the reference standard should peak
close to the reference curve. If they do not peak close to
the reference curve, the test frequency and/or probe
drive shall be adjusted until they do.

(3) Signals from flaws that are evenly displaced
around the circumference of the tube, such as “general
wall loss,”will typically follow the reference curve. Signals
from imperfections that are predominantly on one side of
the tube will appear inside the reference curve. Signals
from magnetic permeability variations will appear out-
side the reference curve. Figure T-1763.2 illustrates the
Voltage Plane Polar Plot display with the signals from
two circumferential grooves, a tube support plate, and
the reference curve.

T-1763.3 Dual Exciter and Array Probes. Dual exci-
ter and array probes may be used provided system per-
formance is demonstrated by use of the reference
standard. Displays used may vary from system to system.

Figure T-1763.1(a)
Voltage Plane Display of Differential Channel

Response for Through-Wall Hole
(Through-Hole Signal) and 20% Groove
Showing Preferred Angular Relationship

Through-hole signal

20% groove signal 

Figure T-1763.1(b)
Voltage Plane Display of Differential Channel
Response for the Tube Support Plate (TSP),

20% Groove, and Through-Wall Hole
(Through-Hole Signal)

Through-hole signal

TSP signal 

20% groove signal 
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T-1764 AUXILIARY FREQUENCY(IES)
CALIBRATION PROCEDURE

(a) Auxiliary frequencies may be used to examine
tubes. They may be multiples (harmonics) of the base fre-
quency or may be independent of the base frequency.

(b) Auxiliary frequencies may be “mixed” with the base
frequency to produce an output signal that suppresses
unwanted variable responses, such as those from the tube
support plates.

(c) When “mixed” signals are used for flaw evaluation,
they shall demonstrate sensitivity to reference standard
artifical flaw with suppression of the unwanted signal.
For example, the unwanted signal may be the tube sup-
port plate signal. Auxiliary frequency response and mixed
signal response to the unwanted signal shall be part of the
calibration record.

(d) The base frequency and auxiliary frequency(ies) re-
sponse shall be recorded simultaneously.

T-1765 CALIBRATION CONFIRMATION
(a) Calibration of the system hardware shall be con-

firmed in accordance with requirements of the referen-
cing Code Section. When not specified in the referencing
Code Section, analog elements of the system shall be cali-
brated annually or prior to first use.

(b) Calibration shall include the complete RFT exami-
nation system. Any change of the probe, extension cables,
RFT instrument, computer, or other recording instru-
ments shall require recalibration of the system, and reca-
libration shall be noted on the report.

(c) Should the system be found to be out of calibration
during the examination, it shall be recalibrated. The reca-
libration shall be noted on the report. All tubes examined
since the last valid calibration shall be reexamined.

T-1766 CORRELATION OF SIGNALS TO
ESTIMATE DEPTH OF FLAWS

The “phase angle analysis” method or the “phase lag
and log-amplitude analysis” method shall be used to esti-
mate the depth of flaws. In both cases the size (amplitude)
of the signal is related to flaw surface area, and the phase
angle is related to the flaw depth. The method used shall
be fully documented in the examination records and the
relationship between flaw dimensions and signals shall
be described. One or both methods may be used for flaw
depth and size estimation.

T-1766.1 Phase Angle Method. A relationship of sig-
nal phase angles to reference flaw depths shall be devel-
oped for the examination being performed.

T-1766.2 Phase-Lag Method. A relationship of phase
lag angle and log-amplitude of signals from the reference
standard flaws shall be developed for the examination
being performed.

T-1770 EXAMINATION

T-1771 GENERAL
Data shall be recorded as the probe traverses the tube.

The data may be gathered in a “timed” mode or a “dis-
tance encoded”mode. The axial location of discontinuities
shall be estimated by reference to known features or by
encoder measurements.

T-1772 PROBE SPEED
The probe speed shall be dependent on the base fre-

quency and sample rate and shall be no faster than the
speed required to obtain a clear signal from the reference
standard through-wall hole, without any measurable
phase shift or amplitude change of the signal.

T-1780 EVALUATION

The analysis and evaluation of examination data shall
be made in accordance with the referencing Code Section.

T-1790 DOCUMENTATION

A report of the examination shall be generated. The re-
port shall include, at a minimum, the following
information:

(a) owner, location, type, serial number, and identifica-
tion of component examined;

(b) size, wall thickness, material type, and configura-
tion of installed tubes;

(c) tube numbering system;
(d) extent of examination or tubes examined and length

of tubes scanned;
(e) personnel performing the examination;
(1) qualification level when required by the referen-

cing Code Section

Figure T-1763.2
Reference Curve and the Absolute Channel
Signal Response From Two Circumferential

Grooves and a Tube Support Plate

Reference curve

Signal from TSP

Absolute signals from
 two CIRC grooves
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(f) date of examination;
(g)models, types, and serial numbers of components of

the RFT system;
(h) probe model/type and extension length;
(i) all relevant instrument settings;
(j) serial number(s) of reference tube(s);
(k) procedure used — identification and revision;
(l) acceptance criteria used;
(m) identify tubes or specific regions where limited

sensitivity and other areas of reduced sensitivity or other
problems;

(n) results of the examination and related sketches or
maps of the examined area; and
(o) complementary tests used to further investigate or

confirm test results.

T-1793 RECORD RETENTION
Records shall be maintained in accordance with re-

quirements of the referencing Code Section.
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ARTICLE 18
ACOUSTIC PULSE REFLECTOMETRY (APR) EXAMINATION

T-1810 SCOPE

When specified by the referencing Code Section, the
acoustic pulse reflectometry (APR) method described in
this Article shall be used together with Article 1, General
Requirements. Definition of terms used in this Article may
be found in Article 1, Mandatory Appendix I, I-121.10,
(APR — Acoustic Pulse Reflectometry).

T-1820 GENERAL

The APR examination method is used for the detection
of discontinuities open to or on the internal surfaces of
tubes and piping. Typical types of discontinuities that
can be detected by this method are cracks, corrosion pits,
through-wall holes, wall loss, and blockages.

In principle, this method involves sending a short dura-
tion pulse of an acoustic wave through the tube or pipe
and then analyzing any returned reflection signals from
discontinuities or blockages of the tube or pipe against
the signal baseline from a discontinuity free tube or pipe.
The initial phase (positive or negative) of the returned re-
flection of the acoustic wave and its shape are character-
istic of the type and size of discontinuity that is detected
and can be used to estimate its size.

T-1821 WRITTEN PROCEDURE REQUIREMENTS
T-1821.1 Requirements. APR examinations shall be

performed in accordance with a written procedure, which
shall, as a minimum, contain the requirements listed in
Table T-1821. The written procedure shall establish a sin-
gle value, or range of values, for each requirement.

T-1821.2 Procedure Qualification. When procedure
qualification is specified by the referencing Code Section,
a change of a requirement in Table T-1821 identified as
an essential variable shall require requalification of the
written procedure by demonstration. A change of a re-
quirement identified as a nonessential variable does not
require requalification of the written procedure. All
changes of essential or nonessential variables from those
specified within the written procedure shall require revi-
sion of, or an addendum to, the written procedure.

T-1830 EQUIPMENT

T-1831 INSTRUMENTATION
APR equipment includes a pulser, an adapter for seal-

ing the probe to the tube or pipe end, and a device for re-
cording the APR data. Equipment shall include a monitor
to display signals in an unrectified voltage versus distance
format.

T-1832 REFERENCE SPECIMEN
The reference specimens shall be in accordance with

Figure T-1832. When it is required to detect and size
small volume flaws, such as corrosion pits, reference tube
number 4, Figure T-1832, shall be used. The following for-
mulas shall be used to determine the size of washer or
segment of a circle fastened to the inside diameter of
the tube or pipe for different amounts of blockage:

Table T-1821
Requirements of an Acoustic Pulse

Reflectometry Examination Procedure

Requirement
Essential
Variable

Nonessential
Variable

Adaptor type X …
Probe type X …
Temperature of tube or pipe X …
Equipment (manufacturer/model) X …
Pulse signal intensity X …
Tube or pipe material nominal
diameter and wall thickness

X …

Data analysis technique X …
Tube surface preparation and
cleaning

X …

Procedure qualifications when
specified

X …

Flaw type evaluation methodology X …
Flaw sizing methodology X …
Personnel qualifications … X
Data recording equipment … X
Tube numbering … X
Data format … X
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Figure T-1832
Reference Specimens

1

2

3

4

40 in. (1000 mm)

12 in. (300 mm) 8 in. (200 mm)

12 in. (300 mm)

5% Cross Section Blockage (Washer) 0.08 in. (2 mm) diameter through-wall hole

8 in. (200 mm)

10% Cross Section Blockage (Washer) 0.04 in. (1 mm) diameter through-wall hole

3 in. (75 mm) 7 in. (175 mm) 7 in. (175 mm) 7 in. (175 mm) 8 in. (200 mm)

20% ID Wall Loss

20% 40% 60% 80%

ID Pits, 3/16 in. (4.75 mm)

GENERAL NOTES:
(a) Pit depth tolerance shall be ±10%.
(b) Hole diameter tolerance shall be ±10%.
(c) The spacing of artificial reflectors shall provide separate signals without interference.
(d) Blockage and wall loss tolerance shall be ±10%.

ASME BPVC.V-2023ARTICLE 18

424



(a) For Washer Reflectors. As an example for a tube with
an inside diameter of 1 in. (25 mm), if it is desired to have
a 10% blockage:

For 10% blockage, I.D. area of washer = 0.9
For 1 in. (25 mm) inside diameter tube:

(Washer inside diameter)2 = 0.9 in.2 = 563 mm2

Washer inside diameter = or

Washer inside diameter = 0.95 in. or 23.73 mm
(b) For Segment of a Circle Reflector. For a 5% blockage,

the height of the segment shall be 9.74% of the tube or
pipe inside diameter. For a 10% blockage, the height of
the segment shall be 15.65% of the tube or pipe inside
diameter. The area of a segment blockage shall be calcu-
lated using the following equation:

where

A = area of segment, in.2 (mm2)
cos−1 = angle is in radians

h = height of segment, in. (mm)
R = inside-diameter radius of tube, in. (mm)

T-1840 MISCELLANEOUS REQUIREMENTS

T-1841 TUBE OR PIPE PRECLEANING
Precleaning shall be performed prior to the examina-

tion. Precleaning may be accomplished using detergents,
organic solvents, air, water, or other means to clean the
inside surfaces. The pipe or tube shall be clean enough
so that the acoustic wave can travel to the specified length
of the tube or pipe to be examined. The pipe or tube walls
shall be dried and free of any standing water prior to
examination.

T-1850 PRIOR TO THE EXAMINATION

(a) The appropriate adapter shall be selected to ensure
an adequate seal between the probe and the tubes or
pipes.

(b) Setup measurements shall be performed to opti-
mize the signal intensity per T-1863.

T-1860 CALIBRATION

T-1861 INSTRUMENT CALIBRATION
APR instrumentation shall be calibrated annually, when

the accuracy of the system is in question, and whenever
the equipment is subjected to damage and/or after any
repair. When the instrument has not been in use for
1 yr or more, calibration shall be performed prior to first
use. Analog and digital elements of the system shall be ca-
librated at least annually or prior to first use.

T-1862 SYSTEM PREPARATION
The APR system is to be set up for the examination

using the reference reflectors in the reference tube bun-
dle shown in Figure T-1832 unless the referencing Code
Section requires the same nominal diameter and wall
thickness pipes or tubes in the reference specimen as
the tubes or pipes being examined.

T-1863 SYSTEM SETUP
(a) Verification of proper system function (functional

test) shall be performed using the reference specimens
specified in T-1832 prior to examination of the tubing
or piping. Test measurements shall be carried out on
the tubes or pipe and the signal intensity shall be adjusted
to optimize the signal-to-noise ratio (SNR). Test measure-
ments shall be carried out on a random tube out of the
bundle to be inspected. The signal intensity shall be ad-
justed to achieve the best SNR. This may be done manu-
ally or through an automated procedure that runs
through a range of intensity settings. To calculate SNR,
two values shall be determined: signal intensity and noise
intensity. Signal intensity shall be determined from the
recording of the outgoing pulse; noise intensity shall be
determined from the signals recorded after the pulse
and the strong reflections from the end of the tube have
decreased in intensity below the remaining noise levels.
Signal-to-noise ratio shall be at least 80 dB.

(b) Tube or pipe cleanliness shall be verified by exam-
ining at least 30 tubes and applying a statistical calcula-
tion to determine the level of noise in the signals
caused by reflections from any residues. This noise level
shall be used as a threshold for detectable flaws. Any
flaws whose expected peak heights fall below this thresh-
old shall be deemed undetectable in the examined tubing
or piping. If this threshold falls below the minimum de-
tectability specified by the referencing Code Section, the
tubes or pipes shall be recleaned and reexamined. If the
minimum limits cannot be achieved, the examination
may be performed but for informational purposes only,
not for Code compliance.

T-1864 FUNCTIONAL TEST
(a) A functional test shall be performed to include the

complete APR examination system. Any change of the
probe, extension cables, APR instrument, data recording,
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or analysis equipment shall require a functional test of
the system, and the functional test shall be noted on the
report.
(b) The functional test shall include verification of cor-

rect sizing of the reference specimen’s reflectors as
follows:

(1) The reflections from reference blockages/
through-wall holes in reference tubes 2 and 3 shall be re-
corded and compared to reference values supplied by the
manufacturer, with respect to the reflection’s phases,
heights, and widths, within 10%,

(2) If sizing of pits is required, the reflections from
the reference pits in tube 4 shall be recorded and com-
pared to reference values supplied by the manufacturer,
with respect to the reflection’s phases, heights, and
widths, within 10%,

(3) If sizing of wall loss is required, the reflections
from reference wall loss in reference tube 4 shall be re-
corded and compared to reference values supplied by
the manufacturer, with respect to the reflection’s phases,
heights, and widths, within 10%.
(c) As a minimum, a functional test shall be conducted

at the completion of each examination or series of similar
examinations using the same reference specimens used o-
riginally. Functional tests should be conducted frequently
for large numbers of tubes or pipes.
(d) If the signal intensity from the artificial flaws in the

reference bundle has changed by more than 2 dB of the
original intensity, a new functional test shall be per-
formed. The APR unit shall be repaired or recalibrated be-
fore the new functional test is performed. All tubing or
piping examined since the last valid functional test shall
be reexamined.

T-1865 ANALYSIS OF SIGNALS TO DETERMINE
FLAW TYPE AND ESTIMATE FLAW SIZE

An indication’s initial signal polarity shall be used to
determine the type of flaw and its size. A leading positive
peak followed by a negative peak indicates blockage,
whereas a leading negative peak followed by a positive
peak indicates wall loss. An isolated asymmetric negative
peak indicates a hole (See Figures T-1865.1 and
T-1865.2). Sizing of flaws shall be accomplished by com-
paring leading peak heights of each type of flaw to a the-
oretical calculation simulating a range of flaw sizes. This
calculation shall take into account attenuation of the
acoustic pulse as it propagates down the tube or pipe.
Graphic indications on the monitor displaying the ac-
quired signals may be used to aid this process. The axial
extent of the indication’s pulse length shall be used to de-
termine the length of the flaw. Flaw sizing below the
thresholds determined by the procedure to assess clean-
liness described in T-1841 shall not be attempted. In the
case where attenuation makes it impossible to detect dis-
tant flaws, tubes or pipes shall be examined from both

ends if accessible. The method used shall be fully docu-
mented in the examination records and the relationship
between flaw dimensions and signals shall be described.

T-1870 EXAMINATION

Each tube or pipe shall be examined in accordance with
the written procedure and the data shall be recorded for
the full length of each tube or pipe. The axial location of
indications shall be calculated based on a reflection’s ar-
rival time and the speed of sound, adjusted for
temperature.

T-1880 EVALUATION

All indications shall be investigated to the extent that
they can be evaluated in terms of the acceptance criteria
of the referencing Code Section.

T-1890 DOCUMENTATION

For each examination, the following information shall
be recorded:
(a) owner, location, type, serial number, and identifica-

tion of component examined
(b) size, wall thickness, material type, and configura-

tion of installed tubes/pipes
(c) tube/pipe numbering system
(d) extent of examination or tubes/pipes examined and

length of tubes/pipes scanned
(e) personnel performing the examination
(f) qualification level when required by the referencing

Code Section
(g) date of examination
(h)models, types, and serial numbers of components of

the APR system
(i) adapter model/type and extension length
(j) instrument settings
(k) signal-to-noise ratio
(l) pulse signal intensity
(m) procedure used — identification and revision
(n) acceptance criteria used
(o) results of the examination and related sketches or

maps of the examined area
(p) complementary examinations used to further inves-

tigate or confirm examination results
(q) serial number of artificial flaw reference standard
(r) identification of tubes or pipes where reflections

limit or prevent the specified length being fully examined

T-1891 RECORDING INDICATIONS
All indications shall be recorded as specified by the re-

ferencing Code Section.
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T-1892 EXAMINATION RECORDS
All examination records shall be retained as specified in

the referencing Code Section.

T-1893 STORAGE MEDIA
Storage media for computerized scanning data and

viewing software shall be capable of securely storing
and retrieving data for the time period specified by the re-
ferencing Code Section.

Figure T-1865.1
Signal Analysis From Various Types of Discontinuities

Impinging
 pulse

Reflection from a
 local blockage

Reflection from
 wall loss

Reflection from a
 through-wall hole
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Figure T-1865.2
Reflection From a Through-Wall Hole
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ARTICLE 19
GUIDED WAVE EXAMINATION METHOD FOR PIPING

T-1910 SCOPE

When specified by the referencing Code Section, the
guided wave examination (GWT) described in this Article
shall be used together with Article 1, General Require-
ments. Definitions of terms used in this Article may be
found in Article 1, Mandatory Appendix I, I-121.11

T-1920 GENERAL

(a) GWT, as described in the Article, is for the examina-
tion of basic metal piping configurations to find areas of
changing pipe wall cross section over a long distance from
one sensor location. GWT is used to detect service in-
duced anomalies (typically corrosion, erosion) either in-
ternal or external.

(b) GWT systems consist of a sensor that is mounted
onto the pipe being examined and connected to an elec-
tronics system that sends excitation pulses to the sensor
so that guided waves are generated in the pipe under ex-
amination. The guided wave propagation characteristics
are controlled by the geometry of the component being
examined and can have very complex propagation modes.

(c) Once generated, the wave travels in the pipe wall
and is scattered by changes in the wall thickness caused
by corrosion, welds, or other wall thickness anomalies.
The GWT sensor electronics allows these waves to be de-
tected and recorded for analysis. Most GWT systems op-
erate in the pulse-echo mode, as well as in the
pitch-catch mode, which is very similar to the conven-
tional ultrasonics electronic systems. The basics of the
GWT system operations are discussed in Nonmandatory
Appendix A.

T-1921 WRITTEN PROCEDURE REQUIREMENTS
T-1921.1 Requirements. Guided wave examination

shall be performed in accordance with a written proce-
dure which shall, as a minimum, contain the requirements
listed in Table T-1921.1. The written procedure shall es-
tablish a single value, or range of values, for each
requirement.

T-1921.2 Procedure Qualification. When procedure
qualification is specified by the referencing Code Section,
a change of a requirement in Table T-1921.1 identified as
an essential variable from the specified value, or range of
values, shall require requalification of the written proce-
dure. A change of a requirement identified as a nonessen-
tial variable from the specified value, or range of values,

does not require requalification of the written procedure.
All changes of essential or nonessential variables from the
value, or range of values, specified by the written proce-
dure shall require revision of, or an addendum to, the
written procedure.

T-1922 PERSONNEL QUALIFICATION
The personnel performing guided wave examination

shall be qualified to recognized GWT standards such as
ASTM E2775 and ASTM E2929. Training and experience
in the usage of the equipment is required, the recommen-
dations from equipment manufacturers on training re-
quirements for different applications shall be followed,
whenever possible, and described in the employer’s writ-
ten practice (see T-120).

T-1930 EQUIPMENT

T-1931 INSTRUMENTATION REQUIREMENTS
The pulse-echo mode or pitch-catch mode technique

shall be used. The electronics system used for processing
and analyzing the signals shall be capable of distinguish-
ing the guided wave mode(s) used for the specific detec-
tion system. The instrument shall also include a device for
displaying and recording the data.

T-1932 SENSORS
(a) Sensors in the frequency range of 10 kHz to 250 kHz

shall be used and may be either a single continuous ring
or a set of individual sensors formed into a ring so that
axially symmetric waves are generated. Other frequencies
may be used for specialized examination as prescribed by
the GWT procedure.

(b) The number and positioning of the sensors in the
axial and circumferential directions of the pipe shall en-
sure that there is separation in each direction of the indi-
vidual guided wave modes.

T-1950 WAVE MODES

One or more of the following guided wave modes in the
pipe wall shall be used:

(a) torsional mode waves
(b) flexural mode waves
(c) longitudinal mode waves
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T-1951 MISCELLANEOUS REQUIREMENTS
T-1951.1 Selection of the Sensor Position (SP). [SP is

also known as test position (TP).]
(a) The SP shall be located on a section of straight pipe.
(b) The distance between the SP and the area to be ex-

amined shall be equal to or greater than the total length of
the combined dead zone and near field (as described in
the specification provided by the sensor manufacturer).
(c) The SP shall be selected such that there are no

structural features within the near field (as described in
the specification provided by the sensor manufacturer).
(d)When selecting a SP between two structural fea-

tures, such as girth welds, the SP shall be placed toward
one of the structural features such that it is not midway
between the two features.
(e) The SP shall be selected so that there is overlap in

d i agnos t i c l eng th wi th tha t o f ad j a cen t GWT
examinations.

T-1951.2 Surface Preparation of the SP. Insulation
or coating material shall be removed, if necessary to per-
mit sensor placement.
(a) The pipe surface shall be free of loose material at

the sensor position. Loose scale and paint shall be re-
moved except where safety precludes it or it is not al-
lowed. Well-adhered paint or epoxy layers up to 0.02 in.
(0.5 mm) thick do not need to be removed.
(b) A visual examination shall be carried out of the pipe

surface at the sensor position after preparation. If there is
general corrosion pitting and metal loss areas on the out-
er surface of the pipe, the sensor(s) shall be moved, if pos-
sible, to a location where the O.D. surface is smooth.

T-1951.3 Thickness Measurement at the SP. The
pipe wall thickness shall be measured within the area
on which the sensor will be mounted. A minimum of four
readings shall be recorded at roughly equally spaced po-
sitions around the pipe circumference. If the pipe is hor-
izontally installed, these positions shall include the top
and the bottom of the pipe. If any measured value is less
than 90% of the nominal wall thickness, then the
sensor(s) shall be moved, if possible, to a location where
the pipe wall thickness is at least 90% of nominal.

T-1951.4 Temperature Measurement at the SP. If
the temperature of the pipe is greater than ambient tem-
perature, the pipe surface temperature shall be measured
to ensure it does not exceed the limit recommended by
the sensor manufacturer.

T-1960 CALIBRATION

T-1961 INSTRUMENT CALIBRATION
(a) Equipment shall be calibrated in accordance to the

equipment manufacturer’s procedure at intervals not to
exceed 1 yr, or prior to first use thereafter, and whenever
the equipment has been damaged or repaired. As a mini-
mum, the following operating characteristics shall be
validated:

(1) power supply voltage
(2) transmitter frequency and amplitude
(3) DAC and/or TCG linearity

(b) The equipment shall have a valid calibration certifi-
cate from the manufacturer or the organization that per-
formed the calibration.

Table T-1921.1
Requirements of a GWT Examination Procedure

Requirement
Essential
Variable

Nonessential
Variable

Pipe configurations to be examined, including diameters, thickness dimensions and base material product form X …
The locations from which the examination shall be performed (for example, isometric drawing of pipe layout notating
branches, tees, supports, and other geometric features)

X …

Identification of length of pipe to be examined … X
Evaluation sensitivity (call level) X …
Minimum acceptable performance (signal-to-noise ratio) X …
Transducer type(s) and guided wave instrument X …
Couplant or mechanical force, if used X …
Test frequencies X …
Test technique (pulse-echo or pitch-catch) X …
Number and position of sensors X …
Surface from which the examination shall be performed X …
Calibration technique(s) X …
Direction and distance of examination X …
Method for assessing indications X …
Personnel performance requirements, when specified X …
Personnel qualification requirements X …
Computer software version X …
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T-1962 SYSTEM CALIBRATION
(a) A system calibration shall be conducted on the pipe

being examined. It shall consist of the following stages:
(1) Determining the signal-to-noise ratio (SNR) of a

response from a weld within the examination area. The
SNR from the weld shall be greater than 2.

(2) Verifying the correct functionality of the sensor.
(3) Calibrating the range of the instrument based

upon known distances between welds and/or other fea-
tures such as branches or clamps.

(b) The system calibration shall be conducted prior to
examination, at the completion of examination or series
of similar examinations, and whenever any part of the ex-
amination system is changed.

T-1963 DISTANCE–AMPLITUDE CORRECTION
(DAC) OR TIME-CORRECTED GAIN (TCG)

(a)When the pipe section in the test range has an ap-
propriate reflector such as a flange or an open end, it shall
be used for calibration as a 100% cross-sectional change.
If a flange or open end is unavailable, one or more girth
welds that are in that test range shall be used for calibra-
tion. For piping with nominal wall thickness of 0.28 in.
to 0.5 in. (7 mm to 13 mm), the reflection from a girth
weld may be approximated to be a 20% cross-sectional
change. For piping with nominal wall outside the range
of 0.28 in. to 0.5 in. (7 mm to 13 mm), the weld cap shall
be measured when accessible in order to more accurately
estimate cross-sectional change. If not accessible, the re-
flection from a girth weld may be approximated to be a
20% cross-sectional change.

(b) The attenuation of the guided waves with distance
along the pipe shall be determined in order to set DAC
or TCG for the reference amplitude. This shall be deter-
mined using the indications from two or more girth
welds.

(c) The rate of attenuation represented by the refer-
ence amplitude DAC or TCG shall be calculated and if
the rate of attenuation is greater than 0.3 dB/ft
(1 dB/m) in any part of the test range, it is necessary to
modify and/or supplement the provisions of this Article
in accordance with T-150(a).

T-1964 DETECTION THRESHOLD
The detection threshold shall be set to 6 dB above the

background noise level on the A-scan trace at all points
along the test range.

T-1965 CALL LEVEL
The call level shall be identified in the GWT written

procedure. It is usually set to be equivalent to 5% of the
pipe wall cross section.

T-1970 EXAMINATION

T-1971 EXAMINATION COVERAGE
(a) An examination shall be performed using one or

more of the guided wave modes required by T-1950 in or-
der to locate any pipe wall cross-sectional changes.

(b) The maximum permissible examination length shall
be determined by the attenuation of the signal as it travels
along the pipe, indicated by the distance–amplitude cor-
rection (DAC) or time-compensated gain (TCG) as de-
scribed in T-1963, the detection threshold as described
in T-1964, and the call level as described in T-1965. The
length of the pipe that can be examined is limited to the
distance along the pipe for which the call level lies above
the detection threshold. Examination is not allowed be-
yond the permissible examination range.

T-1980 EVALUATION

T-1981 GENERAL
(a) It is recognized that not all reflections indicate dis-

continuities since certain pipe features produce indica-
tions, including girth welds, pipe supports, clamps,
branches, and welded attachments, such as lugs. Indica-
tions are also produced by multiple reflections between
reflectors present in the pipeline. Depth and circumferen-
tial and axial extent of the flaw affect the guided wave re-
flection. The primary factor influencing the reflection is
the cross-sectional change (CSC).

(b) The axial length of the discontinuities also influ-
ences their reflectivity. At least three examination fre-
quencies (e.g., 30 kHz, 60 kHz, and 100 kHz, or as
recommended by the equipment manufacturer) shall be
used to identify discontinuities that are small in CSC or
have long axial extent with gradually varying CSC.

(c) The position of visible features shall be correlated
with the indications in the guided wave trace such as
welds, pipe supports, tee and branches, elbows, and
flanges.

T-1982 EVALUATION LEVEL
All indications greater than the call level shall be inves-

tigated to the extent that they can be evaluated in terms of
the acceptance criteria of the referencing Code Section or
as documented in the written procedure.

T-1990 DOCUMENTATION

T-1992 EXAMINATION RECORDS
For each GWT examination, the following information

shall be recorded:
(a) procedure ID and revision
(b) identification of pipeline examined
(c) description of the part of pipe examined or location

of unexamined areas
(d) product inside the pipe
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(e) nominal pipe wall thickness and wall thickness
measurements at the SP
(f) couplant used, brand name or type
(g) examination conditions, including the examination

surface(s) and any variations during the examination
(h) instrument identification (including manufacturer’s

serial number)
(i) sensor(s) identification (including serial number,

frequency, and size)
(j) computer software version
(k) examination technique (i.e., pulse-echo or pitch-

catch) used
(l) guided wave mode and frequencies used
(m) number and position(s) of the sensor(s), relative

to a known reference
(n) instrument reference level gain and settings used

for analysis (e.g., to establish a DAC or TCG as described
in T-1963)

(o) detection threshold ( T-1964) and call level
(T-1965)
(p) schematic indication of identified features (welds,

flanges, supports, etc.)
(q) listing of the axial locations where pipe wall cross-

sectional changes were identified and if possible circum-
ferential extent
(r) indication maximum amplitude, and location of all

rejectable indications
(s) name/identity and, when required by the referen-

cing Code Section, qualification level of the examiner
(t) date of the examination
(u) any special procedures (identification and revision)

that have been necessary for prior examinations, such as
for parts of the pipeline where there is high attenuation
(v) storage media used for storing the report
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NONMANDATORY APPENDIX A
OPERATION OF GWT SYSTEMS

A-1910 SCOPE

This Appendix provides general information regarding
the operation of guided wave examination systems.

A-1920 GENERAL

There are two basic types of GWT sensors, namely the
piezoelectric and the magnetostrictive. The piezoelectric
sensor consists of materials that produce material dis-
placement when excited with an electric pulse thus creat-
ing a mechanical wave. The material properties
determine the characteristics of the mechanical wave
generated. The magnetostrictive sensor consist of a ferro-
magnetic material which has a residual or impressed
biased magnetic field and is excited by a time-varying
magnetic field usually applied by an excitation coil. This
process generates a mechanical wave. The characteristics
of the generated mechanical wave depend on the relation-
ship between the biasing magnetic field and time-varying
magnetic field.

As the guided wave propagates in the pipe wall,
changes in the cross section of the pipe scatter or reflect
the guided wave. While many wave modes are possible,
most systems are specifically engineered to generate a
single-guided wave mode in the pipe to simplify data
analysis. The wave mode is selected to best obtain the de-
sired measurement objective. Typically a mode or mode/
frequency combination is chosen that has a constant velo-
city over the frequency range of operation, such that the
signal shape remains constant regardless of propagation
distance; this allows the axial location down the length
of pipe to be determined simply from the arrival time of
the signal reflected by the change in pipe wall cross sec-
tion returning to the sensor. Three wave mode types
are most often used for GWT: longitudinal, torsional,
and flexural. Generally, a symmetric mode can be used
to detect an anomaly in the direction of propagation
whereas an antisymmetric mode can be used to better
characterize the anomaly. Most GW modes interact with
liquid or product in a pipeline; however, the torsional
mode has the least interaction with the product and thus
can propagate longer distances. Therefore, the torsional
mode is often used for pipe examination. However, any
mode may be used if deployed properly.

The GWT sensor is placed around the pipe once the sur-
face has been cleaned (thick coatings need to be re-
moved), so that it will couple to the surface. The GWT

sensor can be pulsed causing low-frequency sound to tra-
vel longitudinally down the pipe in both directions. The
control of the generation and reception of the chosen
wave modes is achieved by the design of the sensor and
the signal. Furthermore, the design of the sensor allows
the waves travelling in each direction to be processed se-
parately, thus enabling separate examination in the up-
stream and downstream directions from the location of
the sensor.

The setup most often used is pulse echo, in which the
same sensor transmits and then receives signals. Using
specialized electronics, all GWT systems have the ability
to control which direction the wave is sent.

In the pulse-echo setup, the GWT sensor sends out a
high-level pulse that saturates the receiver circuitry for
a period of time. The receiver circuitry must then settle
before being able to receive low-amplitude echoes. This
short time corresponds to a short region on either side
of the sensor that cannot be examined and is referred
to as the dead zone. This is identical in concept to the
dead zone in conventional pulse-echo UT.

Various pipe features reflect sound at different levels.
For example, the sound travelling along the length of
the pipe can be reflected up to 100% by a flange, whereas
welds typically reflect about 20% of the magnitude be-
cause welds often represent only a modest change of pipe
wall cross section.

Welds, fittings, clamps, in-casing centering cradles,
spacers, and support shoes have characteristic signals.
The location of the welds and other construction features
can be verified from drawings and used to “field verify”
the equipment range of detection at a specified signal-to-
noise ratio.

Currently, the GWT process can confirm that the exam-
ined section of a pipeline is free from significant wall loss,
usually on the order of 3% to 5% of the pipe wall cross
section. GWT may be sufficiently sensitive to detect any
defects that could cause the pipe segment to rupture. This
method is especially useful when pipe is inaccessible or
difficult to expose because it is under a crossing or inside
a casing. However, GWT cannot detect pinhole leaks.

Figure A-1920 shows the concept of the pulse-echo
technique used for long-range guided wave examination.
The chosen wave mode is generated by the sensor; this
then propagates along the pipe, and is partially reflected
at any location where there is a change of the cross sec-
tion of the pipe. Such locations include benign features
such as girth welds, but also flaws such as patches of
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corrosion. The reflected signals return to the sensor
where they are recorded. The figure shows the generation
of the mode, and then its reflection from a symmetric fea-
ture and from a nonsymmetric feature.
In the example shown in Figure A-1920, the GWT sen-

sor produces a guided wave packet that moves down the
pipe toward the weld. The weld reflects part of the wave
while most of the wave moves past the weld toward the
defect. The defect reflects part of the wave back toward
the sensor. The reflected part of the wave is dependent
upon the cross-sectional area of the defect. Thus the
guided wave is partially transmitted and reflected at each
change of pipe wall cross section. The reflected signal
from a symmetric feature is itself symmetric, and only
the incident symmetric mode is reflected back. The re-
flected signal from a nonsymmetric feature contains both
symmetric and nonsymmetric flexural components.
The flexural wave is caused by lack of symmetry of the

feature. The received flexural wave echo contains addi-
tional information, enabling the user to better character-
ize the feature causing the echo; careful identification of
these signals can be used to minimize false calls. The
phase of the received signal can also be used to differenti-
ate flaw signals from weld signals.

A-1921 CALL LEVEL
The call level is identified in the GWT written proce-

dure. The call level is set to a proportion of the reference
amplitude, and therefore it represents a threshold of a
particular reflection coefficient. This may be used to set
a sensitivity threshold according to defect size. If using
DAC for the reference amplitude, then a DAC with the
same slope is set up for the call level. If using TCG, then
the call level is a constant value for all positions along

the examination length. The amplitude of the call level
is recorded, in dB, relative to the DAC or TCG level. The
examination is considered invalid at any location where
the call level lies below the detection threshold.

A-1922 EFFECT OF PIPE GEOMETRY ON
EXAMINATION RANGE

Pipe fittings such as flanges, tees and branches, sup-
ports, and bends affect the guided wave propagation as
described in the following subsections.

A-1922.1 Flanges. Flanges are a 100% break in the
continuous metal path for guided wave propagation, so
that no guided waves will be transmitted across the
flanged joint. Therefore, a flange break represents the
end of the guided wave examination.

A-1922.2 Tees and Branches. A guided wave will not
propagate past a tee, where the pipe under examination
terminates at an intersection with another pipe. For this
reason, the location of a tee represents the end of the
guided wave examination. Guided waves can propagate
beyond branch connections, where another pipe taps into
the pipe under examination. However, the branch can re-
flect a significant amount of the guided wave energy as
well as distort the energy that propagates beyond the
branch if the branch is large relative to the pipe being ex-
amined. For this reason, GWT is not performed past a
branch if the diameter of the branch is more than half
of the diameter of the pipe under examination.

Figure A-1920
Illustration of the Guided Wave Examination Procedure
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A-1922.3 Supports.
(a) Contact Supports. Contact supports may cause a

small guided wave echo due to local stiffness change. If
the area under support is the target of the examination,
then examinations are carried out over a range of
frequencies.

(b) Welded Supports. Welded supports may cause a
large guided wave echo and distort the signals that occur
after it. If the area under support is the target of the exam-
ination, then examinations are carried out utilizing a
range of frequencies.

(c) Clamped Supports. Clamped supports may cause
large guided wave echoes and distort the signals that oc-
cur after it if the contact between the pipe and the sup-
port is metal-to-metal and the support is tightly
clamped. If the area under support is the target of the ex-
amination, then examinations are carried out over a range
of frequencies.

A-1922.4 Bends.
(a) Guided waves propagate smoothly past pulled

bends. Tight bends [elbows with bend radius of 3D
(where D is defined as the nominal pipe diameter or
less)] cause distortion of the guided wave and, when pos-
sible, a new scan should be performed after each elbow
fitting. When this is not possible, evaluation of data after
the elbow fitting is only performed when indications from
expected structural features can be identified beyond the
elbow fitting.

(b) Recommendations from the equipment manufac-
turers should be considered when interpreting signals
in or past an elbow. Note that there is likely to be an in-
creased level of background noise beyond a bend, which
will decrease the achievable sensitivity. Testing is not
performed past a second elbow.

A-1923 EFFECT OF PIPE COATING
Coatings that have low density such as mineral wool

and are not well adhered to the pipe surface have little
or no effect on the examination range. When the pipe is

protected with viscoelastic coating or lining, this causes
attenuation of the energy and reduced examination range.
When the pipe is embedded in a high density material
(sand, clay, concrete, etc.), energy leakage occurs, which
causes a significant reduction in examination range. Vis-
cous liquids within piping can also cause loss of energy
of the guided waves, no matter which kind of wave modes
are deployed.

A-1924 EFFECT OF GENERAL CORROSION ON
EXAMINATION RANGE

In general, the wave propagation distance in bare,
above-ground pipe can be up to 600 ft (193 m) in length.
However, coating such as bitumen and wax greatly in-
crease the attenuation of the guided wave reducing the
propagation distance.

If the pipe is generally corroded, the scattering from the
small changes in the pipe cross section will cause attenua-
tion of the propagating energy and a reduction in the ex-
amination range. The presence of generalized corrosion
can be implicitly inferred from the increased attenuation
of the signal. If general corrosion is severe enough to
cause attenuation greater than 0.3 dB/ft (1 dB/m), then
the examination should be performed in accordance with
specific instructions from the equipment manufacturer,
and by personnel who have demonstrated their compe-
tence for these specific applications.

A-1925 SPECIAL APPLICATIONS OF GUIDED
WAVE TESTING

For examination of road crossings and buried piping,
the personnel carrying out the examination need to de-
monstrate their competence for these applications. In
any circumstance in which there is significant signal at-
tenuation, interpretation becomes much more complex.
Special written procedures and practices will be provided
for this type of inspection.
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ARTICLE 20
COMPUTED TOMOGRAPHY EXAMINATION

T-2010 SCOPE

The computed tomography (CT) technique described in
this Article for examination of materials, including cast-
ings, components, and welds, shall be used together with
Article 1, General Requirements. Terms used in this
Article are defined in Article 1, Mandatory Appendix I,
I-121.12.

T-2020 GENERAL

T-2021 WRITTEN PROCEDURE REQUIREMENTS
T-2021.1 Requirements. The examination shall be

performed in accordance with a written procedure. The
procedure, as a minimum, shall address the requirements
listed in Table T-2021.1-1. Any additional requirements
identified by the referencing Code Section shall also be
addressed in the procedure. A single value or range of val-
ues, as appropriate, should be established for each
requirement.

T-2021.1.1 Software. Software revisions do not re-
quire the procedure to be redemonstrated, provided
there have been no changes that would influence the re-
constructed image as displayed, recorded, or automati-
cally processed. Software revisions shall be documented
and available for review.

T-2021.2 Procedure Demonstration. When required
by the referencing Code Section, a procedure demonstra-
tion shall be performed to the satisfaction of the Inspec-
tor. When required by the referencing Code Section, a
personnel demonstration shall be used to verify the abil-
ity of the examiner to apply the examination procedure.
The examination procedure shall comply with the appli-
cable requirements of this Article. Written procedures
shall be made available to the Inspector on request. At
least one copy of each procedure shall be readily available
to the Nondestructive Examination Personnel for their re-
ference and use.

T-2022 IMAGE ACQUISITION PLAN
An image acquisition plan shall be prepared that pro-

vides standardized and repeatable imaging results for
the examination. As a minimum, the image acquisition
plan shall include a means of demonstrating that the re-
quired examination volume coverage has been achieved.
The image acquisition plan shall address all requirements
of the written procedure.

T-2023 PERSONNEL QUALIFICATIONS
Only qualified CT personnel who are trained in the use

of the equipment, as defined in the employer’s written
practice, shall conduct production image acquisition. Per-
sonnel who perform data reconstruction techniques and
interpret or evaluate image data shall be Level II or Level
III examiners with documented training and demon-
strated proficiency in the use of the equipment and soft-
ware. The training and demonstration requirements
shall be addressed in the employer’s written practice.

T-2024 SYSTEM OF IDENTIFICATION
A system shall be used to produce on each radiograph

an identification that is traceable to the item being radio-
graphed and that is permanent for the retention period of
the radiograph. This information shall include the con-
tract, component, weld number, and/or part number, as
appropriate. In addition, the Manufacturer’s symbol or
name and the date of the radiograph shall be included
on each radiograph. An NDE subcontractor’s name or
symbol may also be used together with that of the
Manufacturer.
This identification system does not necessarily require

that the information appear as radiographic images. This
information shall not obscure the area of interest.

T-2025 REFERENCING CODE REQUIREMENTS
The referencing Code Section is expected to supply, at a

minimum, the following information:
(a) examination volume
(b)minimum detectable indication size
(c) geometric unsharpness limits
(d) image quality verification requirements

NOTE: Standards, such as ASTM E1441, Guide for Computed Tomo-
graphy (CT) Imaging, and ASTM E1672, Guide for Computed Tomo-
graphy (CT) System Selection, may be used as tutorial guides;
however, they shall not be considered mandatory.

T-2030 EQUIPMENT

T-2031 RADIATION SOURCES
The source of radiation shall be capable of penetrating

the required examination volume.
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T-2032 COMPUTER HARDWARE
Computer hardware shall have the memory and pro-

cessing capabilities to acquire and reconstruct the re-
quired examination volume.

T-2033 IMAGE DISPLAY
The monitor used to evaluate the examined component

shall have, as a minimum, all of the requirements stated in
the procedure. Additionally, the monitor uniformity shall
be verified prior to final evaluation of the component by
means of a test pattern (e.g., SMPTE RP133 test pattern).

T-2060 DETECTOR PIXEL CORRECTION

T-2061 TYPES OF CORRECTION
T-2061.1 Detector Offset Correction. Detector offset

correction involves a process in which the individual pixel
functionality is evaluated with no radiation applied to the
detector. Each CT procedure shall address the detailed
process to be used for the specific detector being used
by the CT system.

T-2061.2 Detector Gain Correction. Detector gain
correction involves a process in which the individual pixel
functionality is evaluated with radiation applied to the de-
tector without the presence of an examination component
or test specimen. Each CT procedure shall address the de-
tailed process to be used for the specific detector being
used by the CT system.

T-2061.3 Detector Correction Frequency. Each de-
tector shall undergo both an offset and gain correction
prior to the beginning of the examination evolution. Dur-
ing the examination evolution, one or both corrections
may need to be repeated to maintain image quality. Each
CT procedure shall clearly describe the recommendations
and requirements for performing detector corrections
during an examination evolution.

T-2062 BAD PIXEL MAPS
(a) Digital detectors shall be supplied with the detector

manufacturer’s original bad pixel map, including the pro-
cess and methodology used by the manufacturer to devel-
op the bad pixel map.

(b) CT software shall have the capability to assess the
detector’s flat field image with offset and gain corrections
applied. The software shall also have the ability to update
the original map upon demand.

(c) At the completion of each examination evolution, or
after 24 hr of continuous examination, the CT software
shall be used to provide a current bad pixel map for the
detector. This map shall be capable of providing a direct
one-to-one overlay of any individual projection image ac-
quired during the examination evolution.

(d) This current bad pixel map shall be used to ensure
that no relevant indication could have been masked or
rendered undetectable in the reconstructed image during
the examination evolution.

T-2070 EXAMINATION

T-2071 EXTENT OF EXAMINATION
The extent of examination, including the required vol-

ume to be examined, shall be determined by the referen-
cing Code Section. This information shall include the
minimum indication size to be detected.

T-2072 IMAGE ACQUISITION PLAN
An image acquisition plan shall be developed prior to

examination that demonstrates that the required volume
is completely examined.

T-2073 GEOMETRIC UNSHARPNESS
The maximum geometric unsharpness shall be calcu-

lated for each examination. The maximum unsharpness
shall be within the limits established by the referencing
Code Section.

T-2074 IMAGE QUALITY VERIFICATION
Amethod to verify image quality shall be established by

the referencing Code Section. This may be in the form of a
phantom with known indications, workmanship samples
of like components with embedded flaws, or other ap-
proved Representative Quality Indicators (RQIs). These
indicators may be examined with the component, sepa-
rate from the component, or inserted within the
component.

T-2080 EVALUATION

T-2081 PRELIMINARY EVALUATION
The bad pixel map, as described in T-2062, shall be

viewed as an overlay of each associated image to verify
that the area of interest is free of a sufficient number or
orientation of bad pixels that could mask a defect.

T-2082 EVALUATION BY THE MANUFACTURER
The Manufacturer shall be responsible for the review,

interpretation, evaluation, and acceptance of the com-
pleted radiographs to ensure compliance with the re-
quirements of this Article and the referencing Code
Section. As an aid to the review and evaluation, the exam-
ination technique documentation required by T-2091
shall be completed prior to the evaluation. The radio-
graph review form required by T-2092 shall be completed
during the evaluation. The radiographic technique details
and the radiograph review form documentation shall
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accompany the radiographs. Acceptance shall be com-
pleted prior to presentation of the radiographs and ac-
companying documentation to the Inspector.

T-2090 DOCUMENTATION

T-2091 RADIOGRAPHIC TECHNIQUE DETAILS
The organization shall prepare and document the

radiographic technique details. As a minimum, the follow-
ing information shall be provided:
(a) the requirements of Article1, T-190(a)
(b) identification as required by T-2024
(c) source type
(d) voltage
(e) current or pulse rate
(f) focal spot size
(g) beam filtration
(h) beam collimation
(i) number of projections
(j) detector electronic gain
(k) detector gain and offset data, e.g., number of frames,

how often
(l) bad pixel correction protocols
(m) scan type, i.e., continuous or step and shoot
(n) acquisition type, e.g., helical, axial, or axial-offset,

and region of interest
(o) exposure time per frame, i.e., frame time, including

read-out time
(p) net exposure time if radiation source is off during

readout time
(q) number of frames averaged
(r) number of frames skipped between frames
(s) geometric information, i.e., source to detector dis-

tance (SDD), source to center of rotation distance
(SOD), magnification, effective voxel size

(t) component orientation
(u) detector architecture, i.e., 2048 × 2048
(v) detector manufacturer, type, model number, and se-

rial number
(w) acquisition software and version number
(x) reconstruction software and version number
(y) review software and version number
(z) type of reconstruction, e.g., filtered back projection

(FBP)
(aa) reconstruction volume to create
(ab) filters used in the reconstruction
(ac) beam hardening corrections used
(ad) other reconstruction corrections
(ae) display settings to review the reconstructions
(af) post-processing tools, e.g., digital filters, other

corrections
(ag) analysis tools, e.g., porosity, nominal/actual

comparison

T-2092 RADIOGRAPH REVIEW FORM
The Manufacturer shall be responsible for the prepara-

tion of a radiograph review form. As a minimum, the fol-
lowing information shall be provided:
(a) a listing of each scan/examination
(b) the information required in T-2091, by inclusion of

the information on the review form or by reference to an
attached CT technique details sheet
(c) evaluation and disposition of the materials or welds

examined
(d) identification (name) of the Manufacturer’s repre-

sentative who performed the final acceptance of the
examinations
(e) date of Manufacturer’s evaluation
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Table T-2021.1-1
Requirements of a Computed Tomography Examination Procedure

Requirements Essential Nonessential

Component configurations to be examined, including thickness dimensions
and base material composition

X …

Focal spot size X …
Radiation source X …
X-ray tube voltage X …
X-ray tube current or pulse rate X …
Radiation source filtration, collimation X …
Personnel qualification requirements X …
System manufacturer and model X …
Acquisition and reconstruction software version X …
Indirect or direct conversion X …
Type of image quality verification to be used X …
Pixel matrix size X …
Binning X …
Examination volume X …
Pixel pitch X …
Scintillator type X …
Detector gain correction X …
Detector offset correction X …
Detector correction frequency X …
Image reconstruction techniques X …
Bad pixel reporting/mapping X …
Source to center of rotation distance X …
Source to detector distance X …
Geometric magnification X …
Piercing point/central ray X …
Field of view (FOV) X …
Center of rotation calibration X …
Scan/projection type (continuous, step and shoot, etc.) X …
Scan/projection method (centered, offset, 360 deg or 180 deg) X …
Frame averaging X …
Reconstruction type X …
Reconstruction volume X …
Reconstruction algorithm X …
Reconstruction matrix/voxel size X …
Reconstruction filters and beam hardening corrections X …
Minimum image display requirements X …
Environmental conditions … X
Vibration … X
Scatter radiation … X
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ARTICLE 21
PULSED EDDY CURRENT (PEC) TECHNIQUE FOR CORROSION

SCREENING

T-2110 SCOPE

This Article specifies requirements for pulsed eddy cur-
rent (PEC) examination of components constructed from
ferromagnetic materials for detection of corrosion and/or
erosion.
When specified by the referencing Code Section, the

PEC examination described in this Article shall be used to-
gether with Article 1, General Requirements. Terms used
in this Article are defined in Article 1, Mandatory Appen-
dix I, I-121.13

T-2120 GENERAL

(a) PEC examination, as described in this Article, is an
examination of a low alloy carbon steel or cast iron com-
ponent. PEC examination is usually performed through a
cover. PEC examination is used to find areas with in-
service anomalies (typically corrosion or erosion) either
internally or externally.
(b) The PEC examination system consists of a probe

that contains a device for generating a (primary) mag-
netic field and a device for detecting the secondary field
emanating from the component, resulting from eddy cur-
rents generated by the primary field. The device used for
detection may be the same as the device used for genera-
tion of the primary magnetic field.
(c) In common PEC examinations, the primary field is a

direct current (DC) magnetic field that is switched to gen-
erate eddy currents. The time between switching, i.e., the
time for which the DC magnetic field is on, is called the ex-
citation pulse. Due to switching of the magnetic field, eddy
currents are generated. After switching the magnetic
field, the eddy currents will decay. The secondary mag-
netic field is recorded and displayed on a graph. In a suc-
cessful examination, the characteristics of the shape of the
decay curve are extracted. These characteristics corre-
spond to the wall thickness of the component.
(d) PEC examination is usually performed as a relative

measurement, where the system is calibrated on a refer-
ence spot on the component.
(e) PEC examination provides an estimation of volume

of material under a footprint area. Basic measurement
will yield a result roughly proportional to the average

wall thickness in the area in which eddy currents are gen-
erated. The basics of PEC system operation are described
in Nonmandatory Appendix A to this Article.

T-2121 WRITTEN PROCEDURE REQUIREMENTS
T-2121.1 Requirements. PEC examination shall be

performed in accordance with a written procedure that
shall, at a minimum, contain the requirements listed in
Table T-2121.1-1. The written procedure shall establish
a single value, or a range of values, for each requirement.

T-2121.2 Technical Feasibility Evaluation. Due to
the properties of PEC examination, a technical feasibility
evaluation shall be performed. This technical feasibility
evaluation shall comprise the following, as a minimum:
(a) an evaluation of the ability of PEC examination to

penetrate the cover. This shall be performed with theore-
tical or practical methods.
(b) an evaluation of the ability of PEC examination to

detect anomalies sufficiently for the intended purpose
of the examination. This may be performed theoretically
or practically. The evaluation shall include a call level, a
level over which indications are recommended for follow-
up examination. The minimal detectable defect, as deter-
mined in the technical feasibility evaluation, shall be
indicated.
(c) a trial measurement on the component. The test

measurements at the reference location (see T-2151)
may be the same as the trial measurement, provided the
measurement results correspond to the results of (a)
and (b). Correspondence shall be reported.

T-2121.3 Changes to Requirements. A change of a re-
quirement in Table T-2121.1-1 identified as an essential
variable from the specified value, or range of values, shall
require revision of the technical feasibility evaluation. A
change of a requirement identified as a nonessential vari-
able from the specified value, or range of values, does not
require revision of the technical feasibility evaluation. All
changes of essential or nonessential variables from the
value, or range of values, specified by the written proce-
dure shall require revision of, or an addendum to, the
written procedure or scan plan, as applicable.
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T-2122 SCAN PLAN
A scan plan shall be developed. The scan plan shall ad-

dress, as a minimum, the items listed under scan plan in
Table T-2121.1-1. Extent, location, and coverage of testing
shall be graphically shown, e.g., on isometric drawings of
piping or engineering drawings of the component, noting
testing locations.

T-2123 PERSONNEL QUALIFICATIONS
Only personnel who are trained in the use of the equip-

ment and who have demonstrated the ability to properly
acquire examination data, set up the inspection grid, per-
form the technical feasibility evaluation, choose a refer-
ence location, and analyze data shall conduct the
examination. The recommendations from the equipment
provider on training requirements for different applica-
tion shall be followed, as well as the recommendations
in Nonmandatory Appendix B of this Article, whenever
possible, and described in the employer’s written
practice.

T-2130 EQUIPMENT

T-2131 INSTRUMENT
The instrument shall be able to
(a) transmit and receive signals over a sufficient length

of time to collect the eddy current decay curve. This shall
be established in the technical feasibility evaluation.

(b) display the decay curve on a log-log and/or log-
linear scale and have a process for determining the char-
acteristics of the decay curve.

(c) display the measurements on a grid and/or other
graphical representation of the measurements on the
component.

T-2132 PROBES
Probes shall be suitable for the wall thickness and lift-

off range, jacketing material, and surface temperature ex-
pected in the examination. This shall be established in the
technical feasibility evaluation.

T-2150 TECHNIQUES

T-2151 REFERENCE LOCATION
A reference location, which is used to determine the

relative thickness of other locations on the component,
shall be selected. Multiple reference locations may be
used if the nominal wall thickness, lift-off, or material is
not constant over the component.

T-2151.1 Reference Location Selection. If possible,
the reference location shall

(a) have near nominal thickness of the component and
similar temperature and jacketing

(b) be measured within the same lift-off range as the
other measurements in the examination

(c) be at least a distance of two times the footprint dia-
meter away from the edge of the component and from
features on the component such as flanges, supports, noz-
zles, jacketing overlaps, and other ferromagnetic
components

(d) not be between other parallel objects

T-2151.2 Test Measurements at the Reference Loca-
tion. No fewer than 5 test measurements shall be made at
the reference location. The repeatability of the relative
wall thickness of these test measurements, as determined
by the instrument algorithm, shall be less than or equal to
5%, unless specified differently in the written procedure.
Additionally, measures specified in the written procedure
may be used to meet the requirements. Examples of the
measures may be found in Nonmandatory Appendix A
to this Article.

T-2151.3 Calibration Confirmation Post Examina-
tion. After the examination is completed, a different loca-
tion from the reference location may be used to
determine the relative wall thickness over the compo-
nent. The measurement quality at this location shall be
sufficient as per the requirements in the written proce-
dure (e.g., sufficient signal-to-noise ratio). The procedure
for selecting the location for reporting and interpretation
shall be included in the written procedure. The procedure
shall identify measurement quality metrics for the mea-
surement at the reference location used in reporting.
The requirements of T-2151.1 shall apply to each refer-
ence location.

T-2151.4 Using Ultrasonic Examination (UT) Read-
ings as Reference Value. UT wall thickness readings
may be used to relate the (relative) wall thickness PEC ex-
amination readings to an actual wall thickness. The loca-
tion shall be close to, or in the area of, the examination
and shall not be corroded. UT wall thickness readings
should be taken on at least 5 spots, spread over the entire
footprint area. The value of the UT wall thickness reading
at these locations shall not differ more than 5% of the
average of the UT wall thickness readings, unless speci-
fied differently in the written procedure.

T-2160 CALIBRATION

(a) Equipment shall be calibrated in accordance with
the equipment manufacturer’s procedure at intervals
not to exceed 1 yr, or prior to first use thereafter, and
whenever the equipment has been damaged or repaired.
As a minimum, the following operating characteristics
shall be validated:

(1) pulse voltage or current, as applicable
(2) pulse timing
(3) receiver sensitivity

(b) The equipment shall have a valid calibration certifi-
cate from the manufacturer or the organization that per-
formed the calibration.
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T-2170 EXAMINATION

(a) An examination shall be performed on the grid de-
scribed in the written procedure.
(b) For each grid position, a metric for the data quality,

or a flag indicating bad data, shall be available during the
examination.

T-2180 EVALUATION

T-2181 GENERAL
It is recognized that not every deviation from the refer-

ence wall thickness value corresponds to an indication,
since properties of the component, such as material rela-
tive magnetic permeability, electromagnetic noise, com-
ponent vibrations, nearby component features ,
corrosion materials, and divergence in the cover and/or
jacketing properties, may influence the measurement.

T-2182 EVALUATION LEVEL
All indications greater than the call level shall be inves-

tigated to the extent that they can be evaluated in terms of
the criteria in the technical feasibility evaluation or accep-
tance criteria in the referencing Code Section.

T-2190 DOCUMENTATION

T-2192 EXAMINATION RECORDS
For each PEC examination, the following information

shall be recorded:
(a) the requirements of Article 1, T-190(a)
(b) description of the part of the component examined

and location of unexamined areas

(c) location of the part of the component examined rel-
ative to a known reference position

(d) nominal component wall thickness
(e) examination conditions, including the examination

surfaces and variations during the examination
(f) damage to the cover and/or jacketing
(g) instrument identification
(h) probe or probes identification
(i) computer software revision
(j) properties of the excitation pulse (e.g., pulse

duration)
(k) use of averaging if applicable
(l) evaluation level and settings used for evaluation
(m) call levels used
(n) schematic indications of identified features (e.g.,

welds, supports, reinforcement plates, repair
plates)

(o) measured average wall thickness and location of
indications

(p) any special procedures, such as use of shims and ad-
ditional averaging, that were necessary for
examination

The report shall be filed and maintained in accordance
with the referencing Code Section.

T-2194 DATA STORAGE
Measured decay curves shall be stored for every grid

position. Storage media for data and viewing software
shall be capable of securely storing and retrieving data
for the time period specified by the referencing Code
Section.
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Table T-2121.1-1
Requirements of a PEC Examination Procedure

Requirements
Essential
Variable

Nonessential
Variable

Component to be examined X
Type of cover and/or jacketing and/or coating X
Component temperature range X
Jacketing temperature range X
Component vibrations X
Electromagnetic interference X
Scan plan

Grid spacing X
Extent/coverage of testing X
Datum point from which examination is performed X
Probe orientation X
Shims X
Encoders X
Accessories for gridding X
Number of probes X
Probe configuration X

Excitation pulse X
Method for choosing the reference location X
Evaluation level X
Minimum acceptable measurement performance (e.g., signal-to-noise ratio,

repeatability, or fitting error)
X

Probe manufacturer and model X
PEC instrument manufacturer and model X
Method of assessing indications X
Algorithms for determining wall loss X
Computer software revision X
Personnel performance requirements X
Personnel qualification requirements X
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NONMANDATORY APPENDIX A
APPLICATIONS OF PULSED EDDY CURRENT EXAMINATION

A-2110 SCOPE

This Appendix provides general information regarding
the operation of pulsed eddy current (PEC) examination
systems and specific information regarding common
applications.

A-2120 GENERAL

The main strength of PEC examination is its ability to
inspect low alloy carbon steel components with a signifi-
cant distance between the probe and the object. This dis-
tance is called the lift-off. The lift-off that can be achieved
depends on the object configuration and probe design and
may be several inches. PEC examination can make mea-
surements through many materials, including most insu-
lation materials, concrete, reinforcement bars, bitumen,
coatings, dirt, and marine growth. The main limitation is
that PEC examination measures thickness averaged over
a large area, called the footprint. This implies that PEC ex-
amination can detect general wall loss but has severe lim-
itations in detecting localized wall loss. Responsible
application of PEC examination requires properly trained
staff in addition to a thorough and complete assessment
of the application’s strengths and weaknesses.
PEC examination is considered a screening method;

once a zone of interest is identified with PEC, a follow-up
wi th a comp lementa ry inspec t i on me thod i s
recommended.

A-2121 DISAMBIGUATION
When talking about PEC examination, it is important to

specify which of several technologies, each with very dif-
ferent features, is meant. In this Appendix, the use of PEC
examination for ferromagnetic materials is addressed
(usually low alloy carbon steel or cast iron), but PEC
may also refer to methods for testing conductive nonfer-
romagnetic materials (e.g., aluminum). The former tech-
nology measures responses over a range measured in
milliseconds, whereas the latter measures responses on
a microsecond range. See Figures A-2121-1 and
A-2121-2.

A-2122 BASIC PRINCIPLE OF PEC EXAMINATION
(a) For a basic PEC operation, a probe is placed on top

of an object. The probe is connected to a pulse generator
and computerized data acquisition system. The probe
houses transmitter coils to generate a powerful magnetic

pulse, which may penetrate nonferromagnetic materials
between the coil and the object. The change in magnetic
field at both the leading and trailing edges of the pulse in-
duces eddy currents in the material. When applying PEC
examination, the eddy currents are initially concentrated
on the surface of the test specimen. Subsequently, the
eddy currents will diffuse from the top surface into the
material and at the same time will decay in intensity
due to ohmic losses in the material. As long as the eddy
currents diffuse through the material thickness, the decay
is relatively fast, as the diffusion induces electrical cur-
rents in new areas. When the diffusion stops, however,
the decay is slower as currents are no longer induced in
new areas.
(b) The decaying eddy currents themselves generate a

magnetic field in and around the object, which is picked
up by a receiver device in the PEC examination probe.
The receiver can be either receiver coils or magnetic field
sensors. The signal amplitude can be plotted as a function
of time, in a decay curve (also known as the A-scan). If no
conducting or magnetic materials are between the probe
and the object, the signal has two regimes:

(1) a diffusion regime, displayed as a straight section
on a log-log graph and a curved section on a log-linear
graph

(2) a decay regime, displayed as a curved section on a
log-log graph and a straight section on a log-linear graph)

Figure A-2121-1
Basic Decay Curve in a Log-Linear Graph
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The time at which the signal changes from one regime
to the other is called the bending point and is related to
the square of the wall thickness. Several algorithms exist
for determining the wall thickness from the signal.

(c) The speed at which eddy currents diffuse and decay
depends on the electrical conductivity and the magnetic
permeability of the object. These electromagnetic materi-
al properties are not the same between two different test
specimens; these are influenced, e.g., by the heat treat-
ment of the material. As a result, a step wedge calibration
is not valid for PEC examination. Instead, PEC examina-
tion should be calibrated on the test specimen itself.
Furthermore, since the electromagnetic properties are
in general unknown, PEC examination measurements
are relative wall thickness readings. One reference spot
on the test specimen needs to be selected; the wall thick-
ness at other locations will be presented as a percentage
of the wall thickness at the reference. Only if the wall
thickness at one spot of the test specimen is known, e.g.,
from an ultrasound measurement, one can convert the
PEC examination readings to inches or millimeters.

(d) The PEC examination results are usually reported
on a C-scan grid, where the local A-scan measurements
can be viewed when a grid point is selected. The value dis-
played in the C-scan is generally the percent of wall thick-
ness remaining for that point.

(e) Reliable PEC examination data requires monitoring
the signal quality. Equipment shall offer a metric for
checking data quality or a warning flag if data quality is
insufficient. Data quality indication allows the user to un-
cover and correct data issues while in the field and there-
by collect reliable data. Issues that disturb data quality
are described in A-2123 and A-2124.

A-2123 EFFECT OF MATERIALS BETWEEN THE
PROBE AND THE OBJECT

A-2123.1 Jacketing Material. Conductive and/or fer-
romagnetic jacketing materials influence the PEC mea-
surement, potentially reducing the measurement
sensitivity and accuracy. The effect depends mainly on

the electrical conductivity, magnetic permeability, and
thickness of the jacketing but also on the thickness of
the insulation, thickness of the piping wall, distance be-
tween the jacketing and the PEC probe, and vibration
and uniformity of the jacketing.

An example of the effect is shown in Figures
A-2123.1-1 and A-2123.1-2.

Jacketing fasteners, straps, buckles, bolts, and other
metallic items used to fix the jacketing may affect the
PEC signal if they are made from metallic ferromagnetic
materials. Often straps, buckles, fasteners, etc. are made
of nonferromagnetic and low conductivity stainless steel,
which are invisible to PEC.

A conductive nonferromagnetic jacketing affects the
PEC signal in the following three ways:

(a) The PEC pulse induces eddy currents in the jacket,
which are detected as an additive parasitic signal that
may dominate the first milliseconds of the decay curve.

(b) The jacketing causes a time offset in the decay curve
shape in the log-linear (Figure A-2123.1-1) and log-log
graphs (Figure A-2123.1-2). The figures show the effect
of 0.04-in. (1-mm) aluminum jacketing covering a 2-in.
(50-mm) thick insulation and a 1/2-in. (13-mm) thick car-
bon steel plate.

(c) The jacketing signal may cause saturation at the be-
ginning of the decay curve.

A-2123.2 Galvanized Steel Jacketing. A conductive
ferromagnetic jacketing, such as galvanized steel jacket-
ing, affects the PEC signal in the same way as the nonfer-
romagnetic jacket: by inducing a parasitic signal and
deforming the decay curve. The parasitic signal may be
particularly strong with ferromagnetic jackets, increasing
the risk of signal saturation. In addition, ferromagnetic
jackets affect the PECmeasurement in the following ways:

Figure A-2121-2
Basic Decay Curve in a Log-Log Graph
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Figure A-2123.1-1
Impact of Aluminum Jacketing With a

Thickness of 0.04 in. (1 mm) on the Decay Curve
in a Log-Linear Graph
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(a) The jacketing captures and spreads out both the ex-
citation and secondary magnetic fields, effectively enlar-
ging the probe footprint and decreasing the intensity of
the detected signal.
(b) The jacketing may vibrate in response to the PEC

pulse, causing additional noise on the PEC signal.
Several measures have been used to improve measure-

ments through galvanized steel jacketing; however, their
success depends on details of the jacketing. Examples of
such measures include using permanent magnets or elec-
tromagnets to saturate the jacketing, using a different
pulse amplitude, increasing lift-off, and restraining the
jacketing.

A-2123.3 Wire-Mesh Reinforcement. Wire-mesh re-
inforcement (also called chicken wire) may be used to
keep insulation in place. While most wire-mesh reinforce-
ment does not influence the PEC examination signal, wire-
mesh reinforcement made from ferromagnetic materials
may be magnetically attracted to the probe when it is pul-
sing and may reverberate afterward. This reverberation
can disrupt the PEC examination signal. Measures that
can elevate the issue include using an excitation pulse
with a lower voltage, restraining the wire mesh, and in-
creasing the lift-off (at the expense of a larger footprint).

A-2123.4 Rebar Reinforcement. When inspecting
through concrete and fireproofing, a source of interfer-
ence is the presence of reinforcement bars. While the in-
terference can be solved by smoothly replacing the probe
around the specific grid position, this will have an impact
on the examination coverage. Another possibility is to
measure at a higher grid density and distinguish the pat-
tern of the rebar placement in the C-scan. Areas of corro-
sion under rebar can thus be identified with tailored
detection algorithms.

A-2123.5 Heat Tracing. The effect of heat tracing on
the measurement signal depends on the type of heat tra-
cing. Steam tracing built with brass or copper tubes has
no effect on the PEC examination signal. Steam tracing
with carbon steel tubes will have a similar effect to rebar
(see A-2123.4). Electric heat tracing may have a signifi-
cant influence on the PEC examination signal when pow-
ered with rectified AC current. This type of noise is very
hard to remove with filtering or averaging. Electric heat
tracing may need to be turned off to al low the
examination.

A-2123.6 Corrosion Product. Some corrosion pro-
duct is ferromagnetic and will influence the PEC examina-
tion signal. Since corrosion product typically has a low
conductivity, this effect is usually very limited. Signals
from corrosion product may be mitigated by increasing
the lift-off or using a probe specifically designed for mea-
suring the remaining ligament under corrosion.

A-2124 COMMON SOURCES OF NOISE AND
THEIR MITIGATION

The PEC sensor is inherently an excellent antenna for
many kinds of electrical noise. Most PEC examination sys-
tems therefore employ filtering to remove common noise,
like the noise from the electricity mains. Some types of
electrical noise are harder to eliminate, such as the
following:
(a) electromagnetic noise from nearby pumps
(b) electromagnetic noise from transformers
(c) electromagnetic noise from electrical heat tracing
(d) electrical machinery creating electrical arcing
(e) noise caused by mechanical vibration of pipes due

to pumping or fluid turbulence
(f) noise caused by mechanical vibration of objects

near the probe, which may also be caused by the
PEC measurement itself (see, e.g., A-2123.3)

Electromagnetic noise may be mitigated with signal fil-
tering and increasing averaging

A-2125 COMMON APPLICATIONS
A-2125.1 Corrosion Under Insulation. Corrosion un-

der insulation (CUI) on carbon steel piping and vessels is
initiated by the presence of water, oxygen, and other cor-
rosive chemicals trapped under the insulation layer. The
insulating material may retain the water, contributing to
metal wetting over long periods of time and promoting
the corrosion process. CUI can affect all insulated carbon
steel components, including vessels and pipes. CUI typi-
cally occurs where water can accumulate, following grav-
ity and the shape of the steel structure. For example, on
horizontal piping, corrosion is typically localized at the
6 o’clock position. However, CUI often occurs in unex-
pected locations. A comprehensive overview of CUI and
associated inspection methods can be found in API RP
586.

Figure A-2123.1-2
Impact of Aluminum Jacketing With a

Thickness of 0.04 in. (1 mm) on the Decay Curve
in a Log-Log Graph
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PEC examination, as described in this Appendix, can be
applied for the examination of carbon steel piping config-
urations to find CUI areas that exceed the minimum de-
tectable defect dimensions, with the big advantage of
not needing to remove the insulation or jacketing. PEC ex-
amination is considered a screening method; once a zone
of interest is identified with PEC, a follow-up with a com-
plementary inspection method is recommended.

A-2125.2 Corrosion Under Fireproofing. Fireproof-
ing is used on structural steel, supporting piping, and
pressure vessels in process units to minimize the escala-
tion of a fire that would occur with the failure of structur-
al steel supporting piping and pressure vessels.
Fireproofing is therefore a passive fire protection layer
of insulation applied on structural steel components to re-
tard heat flow into structural steel and allow more time
for site personnel to extinguish the fire, preventing struc-
tural collapse. At 1,000°F (540°C), the tensile strength of
carbon steel is reduced to roughly 50% of its room tem-
perature value, which impacts the load-bearing ability
of carbon steel components (i.e., spherical tank support
legs and skirts). Corrosion may occur under fireproofing,
affecting the stability of the structure. Many NDE tech-
niques are applicable only during plant shutdown or
when steel has no fireproofing or other coatings. How-
ever, in some applications, the steel needs to be inspected
while still in service and with a thick layer of fireproofing
in place.

For example, when a spherical tank goes out of service
for maintenance, most NDE and inspection activities are
focused on the pressure vessel body, and only a visual ex-
amination of the outside fireproofing of the support legs
is performed. However, corrosion under fireproofing
can be present without any signs of cracking, bulging, or
rust staining being visible from the outside of the fire-
proofing. Support legs are structural components that
are important to the global integrity of the spherical tank.
When the support legs are not considered or not properly
examined, there may be serious consequences for the in-
tegrity of the structure, which could collapse during a
water test prior to its going back in service, as water is
heavier than the liquefied gas product stored in the tank.

PEC examination allows an effective evaluation of the
integrity of spherical tank support legs through their
fireproofing.

A-2125.3 Examination Underwater and in the
Splash Zone. PEC measurements are not influenced by
water, marine growth, and coatings. All considerations
of Article 20 apply without restrictions to underwater
and splash zone applications. There are, however, practi-
cal differences with other applications that relate to de-
ployment, equipment requirements, sensor alignment,
variation in sensor lift-off, and handling undesirable ef-
fects of probe movement. These implementation issues
are as follows:

(a) Deployment. A main challenge for any inspection in
the splash zone or underwater is access to the test speci-
men. One way to carry out the inspection is to have divers
place a PEC sensor on the test specimen. In many cases,
however, diver operation is expensive and restricted by
safety and operational considerations. Splash zone in-
spections with easy access can often be implemented
without divers using a jig attached to the inspection ob-
ject. The jig is designed to move the probe up and down
through the splash zone. Such a jig may range from a sim-
ple rail construction with a single probe to a complicated
hydraulically operated clamp with an array of PEC
probes. The jig should not influence the PEC signals.
The materials close to the PEC sensors shall therefore
not be carbon steel or aluminum, but preferably will be
plastic, stainless steel, or titanium. Inspections with re-
stricted access and in deeper water are often carried
out with underwater robots, also known as “remotely op-
erated vehicles” (ROVs). ROVs may be equipped with a jig
that is specially designed to place PEC sensors on the test
specimen.

(b) Equipment Requirements. Underwater inspections
may be carried out with the PEC sensors submersed
and connected via an umbilical to a manually operated
PEC instrument located above the water. Alternatively,
the PEC instrument may be placed in a pressure housing
and controlled remotely via an umbilical. The number of
PEC sensors may range from one to many sensors.

The equipment that is deployed under water must be
rated to at least the maximum water depth of the inspec-
tion. This includes sensors, connectors, umbilicals, and, if
applicable, the pressure housing of the PEC instrument.
Underwater connectors, umbilicals, and pressure hous-
ings for instruments of the depth rating up to 10,000 ft
(3 000 m) are generally available. The housing of the un-
derwater probes needs special consideration since it not
only needs to be suited for the required depth rating
but also should not distort the PEC signals. Probes with
a depth rating below about 160 ft (50 m) are usually man-
ufactured with engineering plastic. Probe housings can be
manufactured from titanium or manufactured with pres-
sure compensation for deeper depth ratings.

The maximum length of the umbilical between the PEC
sensor and the instrument needs to be considered. This
depends on the electrical properties of the umbilical,
the pulse generator, and associated electronics.

(c) Special Challenges in Underwater Inspections. Un-
derwater inspections may encounter the following techni-
cal challenges:

(1) Probe Misalignment. Depending on circum-
stances, the roll, pitch, and yaw angles of the probe rela-
tive to the material are sometimes difficult to control in
underwater inspection. This may be the case where there
is excessive marine growth and use of jigs. The user shall
determine the maximal probe misalignment angles and
determine the variation of PEC wall thickness on a repre-
sentative test sample in case of maximum misalignment.
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If this variation exceeds the set PEC tolerance level, pre-
cautions should be taken to reduce the maximum misa-
lignment, use camera observation of the sensor, or
perform orientation measurements.

(2) Lift-Off Variations. The lift-off can vary signifi-
cantly in underwater inspections, e.g., due to variations
in thickness of the marine growth. The user shall establish
the variation in sensor lift-off, e.g., from the signal
strength, and establish if the PEC wall thickness readings
vary more than the PEC tolerance. In the latter case, the
PEC readings shall be corrected for variation in lift-off.
In some cases, the thickness of the marine growth may ex-
ceed the maximum lift-off of the probe used; in such a
case, partial removal of excessive marine growth may
be required.

(3) Probe Movements. Depending on the deployment
method, splash zone and offshore inspections may be
hampered by probe movement during data recording.
This may be caused by wave action or movement of ROVs
in sea currents. The examiner shall verify if the probe
movement is relevant in the inspection and exceeds the
PEC tolerance. If so, steps shall be taken to reduce the ef-
fects of probe movement, e.g., by preventing probe move-
ment or carrying out multiple measurements at the same
location and averaging the results.

(4) Inspection Through Weight Coating. There are of-
ten steel reinforcement bars inside concrete weight coat-
ing. The exact position of the sensor relative to the
nearest reinforcement bar may affect the PEC wall thick-
ness measurement; the user shall verify that this is less
than the PEC tolerance level.

A-2150 PROCESS USED WITH PEC
EQUIPMENT

A-2151 and A-2152 describe requirements and pro-
cesses to be used with PEC equipment.

A-2151 SYSTEM CHECKS
The system check is a procedure that aims to validate

that the probe and equipment are functioning properly.
The system check shall be executed with the same hard-
ware that is planned to be used for the examination.
The system check uses a reference block, whose dimen-
sions should be adapted to the PEC probe to avoid edge
effects.
It is recommended that the reference block be designed

to be representative of the inspected components. For
pipe inspection, use a pipe-shaped reference block with
same nominal thickness as the target components and
wall thickness steps representative of the expected level
of corrosion.
To simulate representative inspection conditions,

spacers and layers of jacketing can be used.

For practical reasons, the system check can also be exe-
cuted on a reference block that does not simulate the tar-
get components. In this case, a well-known reference
block should be used.
In cases where use of a reference block is not feasible,

the system check may be performed on the reference
location.
System checks should be performed
(a) at the beginning of the inspection
(b) every 4 hr
(c) every time the probe or instrument is changed
(d) at the end of a work shift
(e) at the end of the inspection

A-2152 DETERMINATION OF THE FOOTPRINT
DIAMETER

This paragraph provides guidance for the measure-
ment of the PEC probe footprint diameter at a specific lift-
off (LO). The measurement requires a reference plate
with the following features:
(a) The plate shall be manufactured with a known ma-

terial, typically low-carbon steel. The footprint measure-
ment is valid for this material only.
(b) The plate shall be divided in two regions: one with

100% (nominal) wall thickness and the second with ap-
proximately 50% wall thickness. The two regions shall
be separated by a straight vertical step (see Figure
A-2152-1).
(c) If the two regions are implemented with separate

plates, the plates must touch to ensure electrical contact
all along the step length.
(d) The plate is positioned so the wall thickness step is

placed on the side facing away from the probe. The plate
side facing the probe is uniform.
(e) The plate width and height shall be at least 2 times

larger than the expected footprint length.
(f) The probe shall be elevated from the plate surface

using a nonconductive, nonmagnetic, rigid stand-off ma-
terial of thickness LO. Examples of adequate materials in-
clude wood, medium-density fiberboard, and hard plastic.
Note that the procedure described here measures the

footprint diameter along one axis of the probe. For probes
with a noncircular footprint, the procedure may be re-
peated with the probe rotated 90 deg to obtain the dia-
meter of the footprint along the other probe axis.
Also note that the object’s geometry (e.g., pipe dia-

meter) has an influence on the actual footprint on the
object.

A-2152.1 Footprint Measurement Procedure. The
following measurement procedure is described with re-
ference to Figure A-2152.1-1.
Step 1. Place the probe at the center, A, of the nominal

region such that the scan axis aligns with the A–B path
(see Figure A-2152.1-1).
Step 2. Calibrate the PEC system. Set the system aver-

aging high enough to minimize noise on the readings.
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Step 3. Move the probe from A to the center of the 50%
region, B. Capture at least 25 data points along the A–B
path.

Step 4. Estimate the wall thickness along the A–B path.
The typical measurement should look like Figure
A-2152.1-2.

Step 5. Calculate the derivative of the wall thickness
profile. Fit a Gaussian curve on the result (see Figure
A-2152.1-3).

The footprint is defined as the full width half maximum
(FWHM) of the fitted Gaussian curve.

A-2152.2 Alternative Footprint Measurement Pro-
cedure. In cases where the procedure in A-2152.1 is not
feasible, the following measurement procedure may be
used:

Step 1. Place the probe at the center, A, of the nominal
region such that the scan axis aligns with the A–B path
(see Figure A-2152.1-1).

Step 2. Calibrate the PEC system. Set the system aver-
aging high enough to minimize noise on the readings.

Step 3. Move the probe from A to the center of the 50%
region, B. Capture at least 25 data points along the A–B
path.

Step 4. Estimate the wall thickness along the A–B path.
The typical measurement should look like Figure
A-2152.1-2.

Step 5. Plot (draw) a straight line (fitting line) on top of
the linear part of the transition area (see Figure
A-2152.2-1).

(a) The minimum distance is the x-coordinate of the
first sample laying on the fitting line.

(b) The maximum distance is the x-coordinate of the
last sample laying on the fitting line.

(c) The footprint diameter is equal to the difference be-
tween the maximum distance and the minimum distance.

A-2160 REFERENCE MEASUREMENT

The reference measurement should adhere to the fol-
lowing good practices:

(a) Calibrate on a region with near-nominal wall thick-
ness. Avoid areas that are defect-prone and do not ap-
proach potentially interfering components such as other
metallic structures or edges.

(b) Calibrate on a region with low insulation or coating
thickness. On a pipe, calibrate on the top or side, as the
bottom may have additional lift-off due to insulation
sagging.

(c) Avoid jacketing overlaps, straps, and buckles.
(d) Do not approach sources of mechanical vibration or

electromagnetic noise.
If insulation sagging causing changes in lift-off over

±50% is observed, additional care needs to be taken to
avoid inaccurate readings and saturation of the signal. A
possible approach is to inspect the upper and lower
halves of the pipe separately, with separate reference
locations.

Figure A-2152-1
Image of Reference Plate With Two Thicknesses

Figure A-2152.1-1
Image of Trajectory A–B on Which

Measurements Are Performed to Determine the
Footprint

A

B

Figure A-2152.1-2
Wall Thickness Response of the Measurement

of Trajectory A–B
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A-2170 EXAMINATION

A-2171 GUIDELINES FOR THE EXAMINATION
GRID

Gridding requirements depend on the detection re-
quirements for the application. In general, the following
guidance can be given:
(a) For pressure-retaining objects, the grid should be

continuous, and the grid node increment should follow
the equipment manufacturer’s recommendations for full
coverage. The recommended grid node increment de-
pends on the specific probe design and related footprint.
(b) For structural components, including those in com-

mon corrosion-under-fireproofing applications such as
sphere tank legs and column skirts, it is common to only
test several lines on the component, e.g., four lines (one

per cardinal position) for a sphere leg or eight lines dis-
tributed on the circumference of a column skirt. Whether
this is appropriate depends on the inspection objective;
this should be agreed with the owner-operator of the
equipment.

A-2172 EXAMINATION PREPARATION
(a) In preparation for a PEC examination, the contrac-

tor shall clarify the work scope and gather essential infor-
mation on the components to be inspected. This
information shall, at a minimum, include the following:

(1) steel type
(2) nominal wall thickness
(3) object dimensions
(4) insulation type
(5) insulation thickness
(6) jacketing material
(7) jacketing thickness
(8) presence of wire mesh or other inclusions in the

insulation stack
(9) nominal temperature at the jacketing surface
(10) nominal piping temperature.

In addition, it is advantageous to be aware of the poten-
tial or expected locations of CUI occurrences, as documen-
ted in previous inspection reports.
(b) It is also essential to gather information on the in-

spection environment, including potential dangers such
as the presence of common sources of PEC signal distur-
bance. The following documents may contain the essen-
tial information in (a):

(1)manufacturing documents of the component to
be tested, e.g., as-built drawings

(2) documents showing repairs or modifications
(3) operation recording documents with information

on the component operating conditions
(4) existing inspection documents

(c) The collected information shall allow the contractor
to

(1) evaluate the size of the examination area and the
time, equipment, and personnel required for the
examination

(2) select the appropriate PEC system and probes
(d) Additional actions to be performed in preparation

of an examination include the following:
(1) Ensure that work and access permits are avail-

able for the examination team.
(2) Seek permits to turn electrical heat tracers off.

Figure A-2152.1-3
Derivative of the Wall Thickness Response of

the Measurement of Trajectory A–B

Figure A-2152.2-1
Wall Thickness Response of the Measurement

of Trajectory A–B With a Plotted Line
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NONMANDATORY APPENDIX B
TRAINING OUTLINE FOR PULSED EDDY CURRENT EXAMINATION

B-2110 SCOPE

This Appendix provides recommendations for the con-
tent of training courses for Level II examiners for pulsed
eddy current (PEC) examination.

B-2120 TRAINING OUTLINE FOR LEVEL II
PERSONNEL

(a) Overview
(1) Introduction
(2) PEC terminology
(3) History of PEC
(4) Review of available information on PEC

(b) Electromagnetic theory
(1) EM fields
(2) Units used in EM fields
(3) Inductance
(4) Resistance and conductivity
(5)Magnetic permeability
(6) Generation of eddy currents
(7) Conventional eddy current testing vs. PEC

(c) Diffusion of eddy currents
(1) Complete decay signal and truncation
(2) Log-log and log-linear graphs
(3) Bending point
(4) Comparison to ultrasonic examination (UT):

speed of sound vs. diffusion
(5) Influence of permeability and conductivity

(d) Pulsed eddy current theory
(1) Determination of wall thickness
(2) Footprint concept
(3) Footprint determination
(4) Influence of footprint on measurement
(5) Lift-off
(6) Influence of lift-off on measurement
(7) Influence of object geometry
(8) Influence of object temperature

(e) Equipment
(1) Base equipment
(2) Pulse generation
(3) Averaging
(4) Basic probe design
(5) Probe types
(6) Scanning aids
(7) Battery operation
(8) Equipment verification

(f) Software

(1) Basic operating modes
(2) Creating a new inspection file
(3) Input of required information
(4) Standardization
(5) Collection
(6) Result displays
(7) Interpretation
(8) Reporting
(9) Data storage

(g) Examination procedure
(1) Information prior to testing
(2) Probe selection
(3) Basic procedure
(4) Technical feasibility evaluation

(h) Examination
(1) Gathering data
(2) Reference scans and standardization
(3) Choosing an initial reference location
(4) Noise and elimination of noise
(5) Probe vibration
(6) Clearance requirements
(7) Influence of object features
(8) Influence of sheathing materials
(9) Influence of insulation materials
(10) Influence of corrosion product
(11) Reporting and call levels
(12) Encoded scanning, including its limitations

(i) Evaluation and reporting
(1) Choosing a reference location for reporting
(2) Basic report layout
(3) Reporting of indications
(4) Recommendations for follow-up examination

(j) Quality assessment
(1) Data quality assessment
(2) Fall-back options and support

(k) Personnel qualification
(l) Roles and responsibilities
(m) PEC applications
(1) PEC examination for corrosion under insulation

(CUI)
(-a) Safety considerations
(-b) Knowledge of defect mechanism
(-c) Conditions for successful application

(2) PEC examination for corrosion under fireproofing
(CUF)

(-a) Safety considerations
(-b) Knowledge of defect mechanism
(-c) Conditions for successful application
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(3) PEC examination in splash zone
(-a) Safety considerations
(-b) Knowledge of defect mechanism
(-c) Conditions for successful application

(4) Other PEC applications
(-a) Safety considerations

(-b) Knowledge of defect mechanism
(-c) Conditions for successful application

(n) Developments
(1) Developmental and advanced applications
(2)Mechanization and robotics
(3) Subsea equipment
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SUBSECTION B
DOCUMENTS ADOPTED BY SECTION V

See following pages.
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ARTICLE 22
RADIOGRAPHIC STANDARDS
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STANDARD GUIDE FOR RADIOGRAPHIC EXAMINATION
USING INDUSTRIAL RADIOGRAPHIC FILM

SE-94/SE-94M

(Identical with ASTM Specification E94/E94M-17.)

This document, in whole or in part, is mandatory only to the extent specified in the referencing
Article(s) of Subsection A, or as indicated in other Code Sections or referencing documents.
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Standard Guide for
Radiographic Examination Using Industrial Radiographic
Film

1. Scope

1.1 This guide covers satisfactory X-ray and gamma-ray
radiographic examination as applied to industrial radiographic
film recording. It includes statements about preferred practice
without discussing the technical background which justifies the
preference. A bibliography of several textbooks and standard
documents of other societies is included for additional infor-
mation on the subject.

1.2 This guide covers types of materials to be examined;
radiographic examination techniques and production methods;
radiographic film selection, processing, viewing, and storage;
maintenance of inspection records; and a list of available
reference radiograph documents.

NOTE 1—Further information is contained in Guide E999, Practice
E1025, Test Methods E1030, and E1032.

1.3 The use of digital radiography has expanded and follows
many of the same general principles of film based radiography
but with many important differences. The user is referred to
standards for digital radiography [E2597, E2698, E2736, and
E2737 for digital detector array (DDA) radiography and
E2007, E2033, E2445/E2445M, and E2446 for computed
radiography(CR)] if considering the use of digital radiography.

1.4 Interpretation and Acceptance Standards—
Interpretation and acceptance standards are not covered by this
guide, beyond listing the available reference radiograph docu-
ments for castings and welds. Designation of accept - reject
standards is recognized to be within the cognizance of product
specifications and generally a matter of contractual agreement
between producer and purchaser.

1.5 Safety Practices—Problems of personnel protection
against X rays and gamma rays are not covered by this

document. For information on this important aspect of
radiography, reference should be made to the current document
of the National Committee on Radiation Protection and
Measurement, Federal Register, U.S. Energy Research and
Development Administration, National Bureau of Standards,
and to state and local regulations, if such exist. For specific
radiation safety information refer to NIST Handbook ANSI
43.3, 21 CFR 1020.40, and 29 CFR 1910.1096 or state
regulations for agreement states.

1.6 Units—The values stated in either SI units or inch-
pound units are to be regarded separately as standard. The
values stated in each system may not be exact equivalents;
therefore, each system should be used independently of the
other. Combining values from the two systems may result in
non-conformance with the standard.

1.7 If an NDT agency is used, the agency should be
qualified in accordance with Specification E543.

1.8 This standard does not purport to address all of the
safety problems, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.
(See 1.5.)

1.9 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E543 Specification for Agencies Performing Nondestructive

Testing
E746 Practice for Determining Relative Image Quality Re-

sponse of Industrial Radiographic Imaging Systems
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E747 Practice for Design, Manufacture and Material Group-
ing Classification of Wire Image Quality Indicators (IQI)
Used for Radiology

E801 Practice for Controlling Quality of Radiographic Ex-
amination of Electronic Devices

E999 Guide for Controlling the Quality of Industrial Radio-
graphic Film Processing

E1000 Guide for Radioscopy
E1025 Practice for Design, Manufacture, and Material

Grouping Classification of Hole-Type Image Quality In-
dicators (IQI) Used for Radiology

E1030 Practice for Radiographic Examination of Metallic
Castings

E1032 Test Method for Radiographic Examination of Weld-
ments

E1079 Practice for Calibration of Transmission Densitom-
eters

E1254 Guide for Storage of Radiographs and Unexposed
Industrial Radiographic Films

E1316 Terminology for Nondestructive Examinations
E1390 Specification for Illuminators Used for Viewing In-

dustrial Radiographs
E1735 Test Method for Determining Relative Image Quality

of Industrial Radiographic Film Exposed to X-Radiation
from 4 to 25 MeV

E1742 Practice for Radiographic Examination
E1815 Test Method for Classification of Film Systems for

Industrial Radiography
E1817 Practice for Controlling Quality of Radiological Ex-

amination by Using Representative Quality Indicators
(RQIs)

E2007 Guide for Computed Radiography
E2033 Practice for Computed Radiology (Photostimulable

Luminescence Method)
E2445/E2445M Practice for Performance Evaluation and

Long-Term Stability of Computed Radiography Systems
E2446 Practice for Manufacturing Characterization of Com-

puted Radiography Systems
E2597 Practice for Manufacturing Characterization of Digi-

tal Detector Arrays
E2698 Practice for Radiological Examination Using Digital

Detector Arrays
E2736 Guide for Digital Detector Array Radiology
E2737 Practice for Digital Detector Array Performance

Evaluation and Long-Term Stability
2.2 ANSI Standards:
PH1.41 Specifications for Photographic Film Archival

Records, Silver Type
PH2.22 Photography (Sensitometry)—Determination of

Safelight Conditions
T9.1 Imaging Media (Film)—Silver-Gelatin Type Specifica-

tions for Stability
T9.2 Imaging Media—Photographic Processed Films,

Plates, and Paper Filing Enclosures and Storage Contain-
ers

2.3 Federal Standards:
Title 21, Code of Federal Regulations (CFR) 1020.40, Safety

Requirements of Cabinet X-Ray Systems
Title 29, Code of Federal Regulations (CFR) 1910.96, Ion-

izing Radiation (X-Rays, RF, etc.)
2.4 Other Document:
ISO 18917 Photography—Determination of residual thiosul-

phate and other related chemicals in processed photo-
graphic materials—Methods using iodine-amylose, meth-
ylene blue and silver sulfide

NBS Handbook ANSI N43.3 General Radiation Safety In-
stallations Using NonMedical X-Ray and Sealed Gamma-
Ray Sources up to 10 MeV

3. Terminology

3.1 Definitions—For definitions of terms used in this guide,
refer to Terminology E1316.

4. Significance and Use

4.1 Within the present state of the radiographic art, this
guide is generally applicable to available materials, processes,
and techniques where industrial radiographic films are used as
the recording media.

4.2 Limitations—This guide does not take into consideration
the benefits and limitations of nonfilm radiography such as
fluoroscopy, digital detector arrays, or computed radiography.
Refer to Guides E1000, E2736, and E2007.

4.3 Although reference is made to documents that may be
used in the identification and grading, where applicable, of
representative discontinuities in common metal castings and
welds, no attempt has been made to set standards of acceptance
for any material or production process.

4.4 Radiography will be consistent in image quality (con-
trast sensitivity and definition) only if all details of techniques,
such as geometry, film, filtration, viewing, etc., are obtained
and maintained.

5. Equipment and Configuration

5.1 To obtain quality radiographs, it is necessary to consider
as a minimum the following list of items. Detailed information
on each item is further described in this guide.

5.1.1 Radiation source (X-ray or gamma),
5.1.2 Energy selection,
5.1.3 Source size (X-ray focal spot dimension or gamma

source size),
5.1.4 Ways and means to eliminate scattered radiation,
5.1.5 Film system class,
5.1.6 Source-to-film and object-to-film distance,
5.1.7 Image quality indicators (IQIs),
5.1.8 Screens and filters,
5.1.9 Geometry of part or component configuration,
5.1.10 Identification and location markers, and
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5.1.11 Radiographic quality level.

6. Radiographic Quality Level

6.1 Image Quality Indicators (IQIs) are devices placed
within a radiographic set-up to indicate that a certain contrast
sensitivity and definition has been achieved. IQIs demonstrat-
ing the required sensitivity level do not guarantee that a similar
size flaw in a part will be detected but indicate that the
radiographic quality has been met. Information on the design
and manufacture of image quality indicators (IQIs) can be
found in Practices E747, E801, E1025, and E1742.

6.2 Radiographic quality level is usually expressed in
percent of part thickness and diameter of feature to be detected.
If a single percent number is given, the feature diameter is
assumed to be twice the given percent thickness of the part. For
example, if 2% is given for one inch [25.4 mm] thick part, the
feature diameter is 2 × 0.02 × 1 in. [25.4 mm] or 0.04 in. [1.016
mm]. Image quality levels using hole-type IQIs (see Practice
E1025) are designated by a two part expression X-YT. The first
part of the expression X refers to the IQI thickness expressed as
a percentage of the specimen thickness. The second part of the
expression YT refers to the diameter of the hole and is
expressed as a multiple of the IQI thickness, T. The image
quality level 2-2T means that the IQI thickness T is 2% of the
specimen thickness and that the diameter of the IQI imaged
hole is 2 times the IQI thickness. If using wire IQIs, the wire
set and wire number are designated. Correspondence between
hole-type and wire-type IQIs is given in Practice E747. Hole-
and wire-type IQIs are the major types used for industrial
radiography. Other types may also be used (for example, see
Practice E1817). The quality level usually required for radiog-
raphy is 2 % (2-2T when using hole type IQI) unless a higher
or lower quality is agreed upon between the purchaser and the
supplier. The level of inspection specified should be based on
the service requirements of the product. Great care should be
taken in specifying quality levels 2-1T, 1-1T, and 1-2T by first
determining that these quality levels can be maintained in
production radiography.

6.3 If IQIs of material radiographically similar to that being
examined are not available, IQIs of the required dimensions
but of a lower-absorption material may be used.

6.4 The quality level required using wire IQIs should be
equivalent to the 2-2T level of Practice E1025 unless a higher
or lower quality level is agreed upon between purchaser and
supplier. Table 4 of Practice E747 provides a list of various
hole-type IQIs and the corresponding diameter of the wires to
achieve the Equivalent Penetrameter Sensitivity (EPS) with the
applicable 1T, 2T, and 4T holes in the plaque IQI. Appendix X1
of Practice E747 gives the equation for calculating other
equivalencies, if needed.

7. Energy Selection

7.1 X-ray energy affects image quality. In general, the lower
the energy of the source utilized the higher the achievable
radiographic contrast, however, other variables such as exces-
sive dose geometry and scatter conditions may override the
potential advantage of higher contrast. For a particular energy,
a range of thicknesses which are a multiple of the half value

layer, may be radiographed to an acceptable quality level
utilizing a particular X-ray machine or gamma ray source. In
all cases the specified IQI (penetrameter) quality level must be
shown on the radiograph. In general, satisfactory results can
normally be obtained for X-ray energies between 100 kV to
500 kV in a range between 2.5 to 10 half value layers (HVL)
of material thickness (see Table 1). This range may be extended
by as much as a factor of 2 in some situations for X-ray
energies in the 1 to 25 MV range primarily because of reduced
scatter.

8. Radiographic Equivalence Factors

8.1 The radiographic equivalence factor of a material is that
factor by which the thickness of the material must be multi-
plied to give the thickness of a “standard” material (often steel)
which has the same absorption. Radiographic equivalence
factors of several of the more common metals are given in
Table 2, with steel arbitrarily assigned a factor of 1.0.
Example: To radiograph 1.0 in. [25.4 mm] of aluminum at 220
kV, multiply 1.0 by the 0.18 (equivalence factor for aluminum
at 220 kV) and this indicates that 1.0 in. [25.4 mm] of
aluminum is equivalent to 0.18 in. [4.57 mm] of steel when
using 220 kV.
The factors may be used:

8.1.1 To determine the practical thickness limits for radia-
tion sources for materials other than steel, and

8.1.2 To determine exposure for one metal from exposure
techniques for other metals.

9. Film

9.1 Various industrial radiographic films are available to
meet the needs of production radiographic work. However,
definite rules on the selection of film are difficult to formulate
because the choice depends on individual user requirements.
Some user requirements are as follows: radiographic quality
levels, exposure times, and various cost factors. Several
methods are available for assessing image quality levels (see
Practices E746, E747, and E801). Information about specific
products can be obtained from the manufacturers.

9.2 Various industrial radiographic films are manufactured
to meet quality level and production needs. Test Method E1815
provides a method for film manufacturer classification of film
systems. A film system consist of the film and associated film
processing system. Users may obtain a classification table from

TABLE 1 Typical Steel HVL Thickness in Inches [mm] for
Common Energies

kV/MV
Thickness,
Inches [mm]

120 kV 0.10 [2.5]
150 kV 0.14 [3.6]
200 kV 0.20 [5.1]
250 kV 0.25 [6.4]
400 kV (Ir 192) 0.35 [8.9]
1 MV 0.57 [14.5]
2 MV (Co 60) 0.80 [20.3]
4 MV 1.00 [25.4]
6 MV 1.15 [29.2]
10 MV 1.25 [31.8]
16 MV and higher 1.30 [33.0]
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the film manufacturer for the film system used in production
radiography. A choice of film class can be made as provided in
Test Method E1815. Additional specific details regarding
classification of film systems is provided in Test Method
E1815. ANSI Standards PH1.41, ISO 417, T9.1, and T9.2
provide specific details and requirements for film manufactur-
ing.

10. Filters

10.1 Definition—Filters are uniform layers of material
placed between the radiation source and the film.

10.2 Purpose—The purpose of filters is to absorb the softer
components of the primary radiation, thus resulting in one or
several of the following practical advantages:

10.2.1 Decreasing scattered radiation, thus increasing con-
trast.

10.2.2 Decreasing undercutting, thus increasing contrast.
10.2.3 Decreasing contrast of parts of varying thickness,

thereby increasing radiographic latitude.

10.3 Location—Usually the filter will be placed in one of
the following two locations:

10.3.1 As close as possible to the radiation source, which
minimizes the size of the filter and also the contribution of the
filter itself to scattered radiation to the film.

10.3.2 Between the specimen and the film in order to absorb
preferentially the scattered radiation from the specimen. It
should be noted that lead foil and other metallic screens (see
13.1) fulfill this function.

10.4 Thickness and Filter Material— The thickness and
material of the filter will vary depending upon the following:

10.4.1 The material radiographed.
10.4.2 Thickness of the material radiographed.
10.4.3 Variation of thickness of the material radiographed.
10.4.4 Energy spectrum of the radiation used.
10.4.5 The improvement desired (increasing or decreasing

contrast). Filter thickness and material can be calculated or
determined empirically.

11. Masking and Collimation

11.1 Masking or blocking (surrounding specimens or cov-
ering thin sections with an absorptive material) is helpful in
reducing scattered radiation. Such a material can also be used

to equalize the absorption of different sections, but the loss of
detail may be high in the thinner sections.

11.2 Collimating the beam by restricting its size with heavy
metal beam blockers to only that area needed to expose the area
of interest is helpful in restricting scatter from areas in the part
outside the area of interest and the surrounding environment,
including air scatter. Collimators are usually placed close to the
source to minimize size and weight; however, collimators may
be placed anywhere in the beam to help with scatter control.

12. Back-Scatter Protection

12.1 Effects of back-scattered radiation can be reduced by
confining the radiation beam to the smallest practical cross
section and by placing lead behind the film. In some cases
either or both the back lead screen and the lead contained in the
back of the cassette or film holder will furnish adequate
protection against back-scattered radiation. In other instances,
this shall be supplemented by additional lead shielding behind
the cassette or film holder.

12.2 If there is any question about the adequacy of protec-
tion from back-scattered radiation, a characteristic symbol
(frequently a 1⁄8-in. [3.2-mm] thick letter B) should be attached
to the back of the cassette or film holder, and a radiograph
made in the normal manner. If the image of this symbol
appears on the radiograph as a lighter density than background,
it is an indication that protection against back-scattered radia-
tion is insufficient and that additional precautions shall be
taken.

13. Screens

13.1 Metallic Foil Screens:
13.1.1 Lead foil screens are commonly used in direct

contact with the films, and, depending upon their thickness,
and composition of the specimen material, will exhibit an
intensifying action at as low as 90 kV. In addition, any screen
used in front of the film acts as a filter (Section 10) to
preferentially absorb scattered radiation arising from the
specimen, thus improving radiographic quality. The selection
of lead screen thickness, or for that matter, any metallic screen
thickness, is subject to the same considerations as outlined in
10.4. Lead screens lessen the scatter reaching the film regard-
less of whether the screens permit a decrease or necessitate an

TABLE 2 Approximate Radiographic Equivalence Factors for Several Metals (Relative to Steel)

Metal
kVMV

100 kV 150 kV 220 kV 250 kV 400 kV 1 MV 2 MV 4 to 25 MV 192Ir 60Co 75Se

Magnesium 0.05 0.05 0.08
Aluminum 0.08 0.12 0.18 0.35 0.35 0.5
Aluminum alloy 0.10 0.14 0.18 0.35 0.35 0.5
Titanium 0.54 0.54 0.71 0.9 0.9 0.9 0.9 0.9 0.6
Iron/all steels 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Copper 1.5 1.6 1.4 1.4 1.4 1.1 1.1 1.2 1.1 1.1 1.4
Zinc 1.4 1.3 1.3 1.2 1.1 1.0 1.2
Brass 1.4 1.3 1.3 1.2 1.1 1.0 1.1 1.0 1.3
Inconel X 1.4 1.3 1.3 1.3 1.3 1.3 1.3 1.3 1.3
Monel 1.7 1.2 1.1
Zirconium 2.4 2.3 2.0 1.7 1.5 1.0 1.0 1.0 1.2 1.0 1.6
Lead 14.0 14.0 12.0 5.0 2.5 2.7 4.0 2.3 8.0
Hafnium 14.0 12.0 9.0 3.0 11.0
Uranium 20.0 16.0 12.0 4.0 3.9 12.6 3.4 14.0
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increase in the radiographic exposure. To avoid image unsharp-
ness due to screens, there should be intimate contact between
the lead screen and the film during exposure.

13.1.2 Lead foil screens of appropriate thickness should be
used whenever they improve radiographic quality or penetram-
eter sensitivity or both. The thickness of the front lead screens
should be selected with care to avoid excessive filtration in the
radiography of thin or light alloy materials, particularly at the
lower kilovoltages. In general, there is no exposure advantage
to the use of 0.005 in. [0.13 mm] in front and back lead screens
below 125 kV in the radiography of 1⁄4-in. [6.35-mm] or lesser
thickness steel. As the kilovoltage is increased to penetrate
thicker sections of steel, however, there is a significant expo-
sure advantage. In addition to intensifying action, the back lead
screens are used as protection against back-scattered radiation
(see Section 12) and their thickness is only important for this
function. As exposure energy is increased to penetrate greater
thicknesses of a given subject material, it is customary to
increase lead screen thickness. For radiography using radioac-
tive sources, the minimum thickness of the front lead screen
should be 0.005 in. [0.13 mm] for iridium-192, and 0.010 in.
[0.25 mm] for cobalt-60.

13.2 Other Metallic Screen Materials:
13.2.1 Lead oxide screens perform in a similar manner to

lead foil screens except that their equivalence in lead foil
thickness approximates 0.0005 in. (0.013 mm).

13.2.2 Copper screens have somewhat less absorption and
intensification than lead screens, but may provide somewhat
better radiographic sensitivity with higher energy above 1 MV.

13.2.3 Gold, tantalum, or other heavy metal screens may be
used in cases where lead cannot be used.

13.3 Fluorescent Screens—Fluorescent screens may be used
as required providing the required image quality is achieved.
Proper selection of the fluorescent screen is required to
minimize image unsharpness. Technical information about
specific fluorescent screen products can be obtained from the
manufacturers. Good film-screen contact and screen cleanli-

ness are required for successful use of fluorescent screens.
Additional information on the use of fluorescent screens is
provided in Appendix X1.

13.4 Screen Care—All screens should be handled carefully
to avoid dents and scratches, dirt, or grease on active surfaces.
Grease and lint may be removed from lead screens with a
solvent. Fluorescent screens should be cleaned in accordance
with the recommendations of the manufacturer. Screens show-
ing evidence of physical damage should be discarded.

14. Radiographic Image Quality

14.1 Radiographic image quality is a qualitative term used
to describe the capability of a radiograph to show flaws in the
area under examination. There are three fundamental compo-
nents of radiographic image quality as shown in Fig. 1. Each
component is an important attribute when considering a
specific radiographic technique or application and will be
briefly discussed below.

14.2 Radiographic contrast between two areas of a radio-
graph is the difference between the film densities of those
areas. The degree of radiographic contrast is dependent upon
both subject contrast and film contrast as illustrated in Fig. 1.

14.2.1 Subject contrast is the ratio of X-ray or gamma-ray
intensities transmitted by two selected portions of a specimen.
Subject contrast is dependent upon the nature of the specimen
(material type and thickness), the energy (spectral composition,
hardness or wavelengths) of the radiation used and the intensity
and distribution of scattered radiation. It is independent of
time, milliamperage or source strength (curies), source distance
and the characteristics of the film system.

14.2.2 Film contrast refers to the slope (steepness) of the
film system characteristic curve. Film contrast is dependent
upon the type of film, the processing it receives and the amount
of optical density. It also depends upon whether the film was
exposed with lead screens (or without) or with fluorescent
screens. Film contrast is independent, for most practical
purposes, of the wavelength and distribution of the radiation

Radiographic Image Quality
Radiographic Contrast

Film System
Granularity

Radiographic Definition
Subject
Contrast

Film
Contrast

Inherent
Unsharpness

Geometric
Unsharpness

Affected by:
• Absorption differences in

specimen (thickness,
composition, density)

• Radiation wavelength
• Scattered radiation

Affected by:
• Type of film

• Degree of development (type of
developer, time, temperature and
activity of developer, degree of

agitation)
• Optical density (that is, the

greater the optical density, the
greater the resultant contrast)

• Type of screens (that is,
fluorescent, lead or none)

•The contract increases approxi-
mately linearly with the new optical

density

• Grain size and distribution within
the film emulsion

• Processing conditions (type and
activity of developer, temperature of

developer, etc.)
• Type of screens (that is,
fluorescent, lead or none)

• Radiation quality (that is, energy
level, filtration, etc.

• Exposure quanta (that is,
intensity, dose, etc.)

•The granularity increases approxi-
mately with the square root of the

net optical density

Affected by:
• Degree of screen-film contact

• Total film thickness
• Single or

double emulsion coatings
• Radiation quality

• Type and thickness of screens
(fluorescent, lead or none)

Affected by:
• Focal spot or source

physical size
• Source-to-film distance

• Specimen-to-film
distance

• Abruptness of thick-
ness changes in

specimen
• Motion of specimen or

radiation source

Reduced or enhanced by:
• Masks and diaphragms

• Filters
• Lead screens

• Potter-Bucky diaphragms

FIG. 1 Variables of Radiographic Image Quality
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reaching the film and, hence is independent of subject contrast.
For further information, consult Test Method E1815.

14.3 Film system granularity is the objective measurement
of the local density variations that produce the sensation of
graininess on the radiographic film (for example, measured
with a densitometer with a small aperture of ≤ 0.0039 in.
[0.1 mm]). Graininess is the subjective perception of a mottled
pattern apparent to a viewer who sees small local density
variations in an area of overall uniform density (that is, the
visual impression of irregularity of silver deposit in a processed
radiograph). The degree of granularity will not affect the
overall spatial radiographic resolution (expressed in line pairs
per mm, etc.) of the resultant image and is usually independent
of exposure geometry arrangements. Granularity is affected by
the applied screens, screen-film contact, and film processing
conditions. For further information on detailed perceptibility,
consult Test Method E1815.

14.4 Radiographic definition refers to the sharpness of the
image (both the image outline as well as image detail).
Radiographic definition is dependent upon the inherent un-
sharpness of the film system and the geometry of the radio-
graphic exposure arrangement (geometric unsharpness) as
illustrated in Fig. 1.

14.4.1 Inherent unsharpness (Ui) is the degree of visible
detail resulting from geometrical aspects within the film-screen
system, that is, screen-film contact, screen thickness, total

thickness of the film emulsions, whether single or double-
coated emulsions, quality of radiation used (wavelengths, etc.)
and the type of screen. Inherent unsharpness is independent of
exposure geometry arrangements.

14.4.2 Geometric unsharpness (Ug) determines the degree
of visible detail resultant from an “in-focus” exposure arrange-
ment consisting of the source-to-film-distance, object-to-film-
distance, and focal spot size. Fig. 2(a) illustrates these condi-
tions. Geometric unsharpness is given by the equation:

Ug 5 Ft/do (1)

where:
Ug = geometric unsharpness,
F = maximum projected dimension of radiation source,
t = distance from source side of specimen to film, and
do = source-object distance.

NOTE 2—do and t must be in the same units of measure; the units of Ug
will be in the same units as F.

NOTE 3—A nomogram for the determination of Ug is given in Fig. 3
(inch-pound units). Fig. 4 represents a nomogram in SI units.
Example:
Given:

Source-object distance (do) = 40 in.,
Source size (F) = 500 mils, and
Source side of specimen to film distance (t) = 1.5 in.

Draw a straight line (dashed in Fig. 3) between 500 mils on the F scale and
1.5 in. on the t scale. Note the point on intersection (P) of this line with
the pivot line. Draw a straight line (solid in Fig. 3) from 40 in. on the do

FIG. 2 Effects of Object-Film Geometry
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scale through point P and extend to the Ug scale. Intersection of this line
with the Ug scale gives geometrical unsharpness in mils, which in the
example is 19 mils.

Inasmuch as the source size, F, is usually fixed for a given
radiation source, the value of Ug is essentially controlled by the
simple do/t ratio.

Geometric unsharpness (Ug) can have a significant effect on
the quality of the radiograph; therefore source-to-film-distance
(SFD) selection is important. The geometric unsharpness (Ug)
equation, Eq 1, is for information and guidance and provides a
means for determining geometric unsharpness values. The
amount or degree of unsharpness should be minimized when
establishing the radiographic technique.

15. Radiographic Distortion

15.1 The radiographic image of an object or feature within
an object may be larger or smaller than the object or feature
itself, because the penumbra of the shadow is rarely visible in

a radiograph. Therefore, the image will be larger if the object
or feature is larger than the source of radiation, and smaller if
object or feature is smaller than the source. The degree of
reduction or enlargement will depend on the source-to-object
and object-to-film distances, and on the relative sizes of the
source and the object or feature (Fig. 2(b) and (c)).

15.2 The direction of the central beam of radiation should
be perpendicular to the surface of the film whenever possible.
The object image will be distorted if the film is not aligned
perpendicular to the central beam. Different parts of the object
image will be distorted different amounts depending on the
extent of the film to central beam offset (Fig. 2(d)).

16. Exposure Calculations or Charts

16.1 Development or procurement of an exposure chart or
calculator is the responsibility of the individual laboratory.

FIG. 3 Nomogram for Determining Geometrical Unsharpness (Inch-Pound Units)
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16.2 The essential elements of an exposure chart or calcu-
lator shall relate the following:

16.2.1 Source or machine,
16.2.2 Material type,
16.2.3 Material thickness,
16.2.4 Film type (relative speed),
16.2.5 Optical density, (see Note 4),
16.2.6 Source or source to film distance,
16.2.7 Kilovoltage or isotope type,

NOTE 4—For detailed information on optical density and density
measurement calibration, see Practice E1079.

16.2.8 Screen type and thickness,
16.2.9 Curies or milliampere/minutes,
16.2.10 Time of exposure,
16.2.11 Filter (in the primary beam),

16.2.12 Time-temperature development for hand process-
ing; access time for automatic processing; time-temperature
development for dry processing, and

16.2.13 Processing chemistry brand name, if applicable.

16.3 The essential elements listed in 16.2 will be accurate
for isotopes of the same type, but will vary with X-ray
equipment of the same kilovoltage and milliampere rating.

16.4 Exposure charts should be developed for each X-ray
machine and corrected each time a major component is
replaced, such as the X-ray tube or high-voltage transformer.

16.5 The exposure chart should be corrected when the
processing chemicals are changed to a different manufacturer’s
brand or the time-temperature relationship of the processor
may be adjusted to suit the exposure chart. The exposure chart,

FIG. 4 Nomogram for Determining Geometrical Unsharpness (SI Units)
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when using a dry processing method, should be corrected
based upon the time-temperature changes of the processor.

17. Technique File

17.1 It is recommended that a radiographic technique log or
record containing the essential elements be maintained.

17.2 The radiographic technique log or record should con-
tain the following:

17.2.1 Description, photo, or sketch of the test object
illustrating marker layout, source placement, and film location.

17.2.2 Material type and thickness,
17.2.3 Source-to-film distance and object-to-film distance,
17.2.4 Film type,
17.2.5 Optical density, (see Note 4),
17.2.6 Screen type and thickness,
17.2.7 Isotope or X-ray machine identification,
17.2.8 Curie or milliampere minutes,
17.2.9 IQI and shim thickness,
17.2.10 Special masking or filters,
17.2.11 Collimator or field limitation device,
17.2.12 Processing method, and
17.2.13 View or location.

17.3 The recommendations of 17.2 are not mandatory, but
are essential in reducing the overall cost of radiography, and
serve as a communication link between the radiographic
interpreter and the radiographic operator.

18. Penetrameters (Image Quality Indicators)

18.1 Practices E747, E801, E1025, and E1742 should be
consulted for detailed information on the design, manufacture
and material grouping of IQIs. Practice E801 addresses IQIs
for examination of electronic devices and provides additional
details for positioning IQIs, number of IQIs required, and so
forth.

18.2 Practice E746 and Test Method E1735 should be
consulted for detailed information regarding IQIs which are
used for determining relative image quality response of indus-
trial film. The IQIs may also be used, as required, for
measuring the image quality of the radiographic system or any
component of the systems equivalent penetrameter sensitivity
(EPS) performance.

18.2.1 An example for determining and EPS performance
evaluation of several X-ray machines is as follows:

18.2.1.1 Keep the film and film processing parameters
constant, and take multiple image quality exposures with all
machines being evaluated. The machines should be set for a
prescribed exposure as stated in the standard and the optical
density equalized. By comparison of the resultant films, the
relative EPS variations between the machines can be deter-
mined.

18.2.2 Exposure condition variables may also be studied
using this plaque.

18.2.3 While Practice E746 plaque can be useful in quanti-
fying relative radiographic image quality, these other applica-
tions of the plaque may be useful.

19. Identification of and Location Markers on
Radiographs

19.1 Identification of Radiographs:
19.1.1 Each radiograph shall be identified uniquely so that

there is a permanent correlation between the part radiographed
and the film. The type of identification and method by which
identification is achieved should be as agreed upon between the
customer and inspector.

19.1.2 The minimum identification should at least include
the following: the radiographic facility’s identification and
name, the date, part number and serial number, if used, for
unmistakable identification of radiographs with the specimen.
The letter R should be used to designate a radiograph of a
repair area, and may include − 1, − 2, etc., for the number of
repair.

19.2 Location Markers:
19.2.1 Location markers (numbers or letters made of dense

metals that are to appear as images on the radiographic film)
should be placed on the part being examined, whenever
practical, and not on the cassette. Their exact locations should
also be marked on the surface of the part being radiographed,
thus permitting the area of interest to be located accurately on
the part, and they should remain on the part during radio-
graphic inspection. Their exact location may be permanently
marked in accordance with the customer’s requirements.

19.2.2 Location markers are also used in assisting the
radiographic interpreter in marking off defective areas of
components, castings, or defects in weldments; also, sorting
good and rejectable items when more than one item is
radiographed on the same film.

19.2.3 Sufficient markers shall be used to provide evidence
on the radiograph that the required coverage of the object being
examined has been obtained, and that overlap is evident,
especially during radiography of weldments and castings.

19.2.4 Parts that must be identified permanently may have
the serial numbers or section numbers, or both, stamped or
written upon them with a marking pen with a special indelible
ink, engraved, die stamped, or etched. In any case, the part
should be marked in an area not to be removed in subsequent
fabrication. If die stamps are used, caution is required to
prevent breakage or future fatigue failure. The lowest stressed
surface of the part should be used for this stamping. Where
marking or stamping of the part is not permitted for some
reason, a marked reference drawing or shooting sketch is
recommended.

20. Storage of Film

20.1 Unexposed films should be stored in such a manner
that they are protected from the effects of light, pressure,
excessive heat, excessive humidity, damaging fumes or vapors,
or penetrating radiation. Film manufacturers should be con-
sulted for detailed recommendations on film storage. Storage
of film should be on a “first in,” “first out” basis.

20.2 More detailed information on film storage is provided
in Guide E1254.
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21. Safelight Test

21.1 Films should be handled under safelight conditions in
accordance with the film manufacturer’s recommendations.
ANSI PH2.22 can be used to determine the adequacy of
safelight conditions in a darkroom.

22. Cleanliness and Film Handling

22.1 Cleanliness is one of the most important requirements
for good radiography. Cassettes and screens shall be kept clean,
not only because dirt retained may cause exposure or process-
ing artifacts in the radiographs, but because such dirt may also
be transferred to the loading bench, and subsequently to other
film or screens.

22.2 The surface of the loading bench shall be kept clean.
Where manual processing is used cleanliness will be promoted
by arranging the darkroom with processing facilities on one
side and film-handling facilities on the other. The darkroom
will then have a wet side and a dry side and the chance of
chemical contamination of the loading bench will be relatively
slight.

22.3 Films should be handled only at their edges, and with
dry, clean hands to avoid finger marks on film surfaces.

22.4 Sharp bending, excessive pressure, and rough handling
of any kind shall be avoided.

23. Film Processing, General

23.1 To produce a satisfactory radiograph, the care used in
making the exposure must be followed by equal care in
processing. The most careful radiographic techniques can be
nullified by incorrect or improper darkroom procedures.

23.2 Sections 24 – 26 provide general information for film
processing. Detailed information on film processing is pro-
vided in Guide E999.

24. Automatic Processing

24.1 Automatic Processing—The essence of the automatic
processing system is control. The processor maintains the
chemical solutions at the proper temperature, agitates and
replenishes the solutions automatically, and transports the films
mechanically at a carefully controlled speed throughout the
processing cycle. Film characteristics must be compatible with
processing conditions. It is, therefore, essential that the recom-
mendations of the film, processor, and chemical manufacturers
be followed.

25. Manual Processing

25.1 Film and chemical manufacturers should be consulted
for detailed recommendations on manual film processing. This
section outlines the steps for one acceptable method of manual
processing.

25.2 Preparation—No more film should be processed than
can be accommodated with a minimum separation of 1⁄2 in.
[12.7 mm]. Hangers are loaded and solutions stirred before
starting development.

25.3 Start of Development—Start the timer and place the
films into the developer tank. Separate to a minimum distance
of 1⁄2 in. [12.7 mm] and agitate in two directions for about 15 s.

25.4 Development—Normal development is 5 to 8 min at
68°F [20°C]. Longer development time generally yields faster
film speed and slightly more contrast. The manufacturer’s
recommendation shall be followed in choosing a development
time. When the temperature is higher or lower, development
time shall be changed. Again, consult manufacturer-
recommended development time versus temperature charts.
Other recommendations of the manufacturer to be followed are
replenishment rates, renewal of solutions, and other specific
instructions.

25.5 Agitation—Shake the film horizontally and vertically,
ideally for a few seconds each minute during development.
This will help film develop evenly.

25.6 Stop Bath or Rinse—After development is complete,
the activity of developer remaining in the emulsion should be
neutralized by an acid stop bath or, if this is not possible, by
rinsing with vigorous agitation in clear water. Follow the film
manufacturer’s recommendation of stop bath composition (or
length of alternative rinse), time immersed, and life of bath.

25.7 Fixing—The films must not touch one another in the
fixer. Agitate the hangers vertically for about 10 s and again at
the end of the first minute, to ensure uniform and rapid fixation.
Keep them in the fixer until fixation is complete (that is, at least
twice the clearing time), but not more than 15 min in relatively
fresh fixer. Frequent agitation will shorten the time of fixation.

25.8 Fixer Neutralizing—The use of a hypo eliminator or
fixer neutralizer between fixation and washing may be advan-
tageous. These materials permit a reduction of both time and
amount of water necessary for adequate washing. The recom-
mendations of the manufacturers as to preparation, use, and
useful life of the baths should be observed rigorously.

25.9 Washing—The washing efficiency is a function of wash
water, its temperature, and flow, and the film being washed.
Generally, washing is very slow below 60°F [16°C]. When
washing at temperatures above 85°F [30°C], care should be
exercised not to leave films in the water too long. The films
should be washed in batches without contamination from new
film brought over from the fixer. If pressed for capacity, as
more films are put in the wash, partially washed film should be
moved in the direction of the inlet.

25.9.1 The cascade method of washing uses less water and
gives better washing for the same length of time. Divide the
wash tank into two sections (may be two tanks). Put the films
from the fixer in the outlet section. After partial washing, move
the batch of film to the inlet section. This completes the wash
in fresh water.

25.9.2 For specific washing recommendations, consult the
film manufacturer.

25.10 Wetting Agent—Dip the film for approximately 30 s in
a wetting agent. This makes water drain evenly off film which
facilitates quick, even drying.

25.11 Residual Fixer Concentrations— If the fixing chemi-
cals are not removed adequately from the film, they will in time
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cause staining or fading of the developed image. Residual fixer
concentrations permissible depend upon whether the films are
to be kept for commercial purposes (3 to 10 years) or shall be
of archival quality. Archival quality processing is desirable for
all radiographs whenever average relative humidity and tem-
perature are likely to be excessive, as is the case in tropical and
subtropical climates. The method of determining residual fixer
concentrations may be ascertained by reference to ANSI
PH1.28, PH1.41, and ISO 18917.

25.12 Drying—Drying is a function of (1) film (base and
emulsion); (2) processing (hardness of emulsion after washing,
use of wetting agent); and (3) drying air (temperature,
humidity, flow). Manual drying can vary from still air drying at
ambient temperature to as high as 140°F [60°C] with air
circulated by a fan. Film manufacturers should again be
contacted for recommended drying conditions. Take precaution
to tighten film on hangers, so that it cannot touch in the dryer.
Too hot a drying temperature at low humidity can result in
uneven drying and should be avoided.

26. Testing Developer

26.1 It is desirable to monitor the activity of the radio-
graphic developing solution. This can be done by periodic
development of film strips exposed under carefully controlled
conditions, to a graded series of radiation intensities or time, or
by using a commercially available strip carefully controlled for
film speed and latent image fading.

27. Viewing Radiographs

27.1 Specification E1390 provides detailed information on
requirements for illuminators. The following sections provide
general information to be considered for use of illuminators.

27.2 Transmission—The illuminator shall provide light of
an intensity that will illuminate the average density areas of the
radiographs without glare and it shall diffuse the light evenly
over the viewing area. Commercial fluorescent illuminators are
satisfactory for radiographs of moderate density; however, high
light intensity illuminators are available for densities up to 3.5
or 4.0. Masks should be available to exclude any extraneous
light from the eyes of the viewer when viewing radiographs
smaller than the viewing port or to cover low-density areas.

27.3 Reflection—Radiographs on a translucent or opaque
backing may be viewed by reflected light. It is recommended
that the radiograph be viewed under diffuse lighting conditions
to prevent excess glare. Optical magnification can be used in
certain instances to enhance the interpretation of the image.

28. Viewing Room

28.1 Subdued lighting, rather than total darkness, is prefer-
able in the viewing room. The brightness of the surroundings
shall be about the same as the area of interest in the radiograph.
Room illumination shall be so arranged that there are no
reflections from the surface of the film under examination.

29. Storage of Processed Radiographs

29.1 Guide E1254 provides detailed information on controls
and maintenance for storage of radiographs and unexposed
film. The following sections provide general information for
storage of radiographs.

29.2 Envelopes having an edge seam, rather than a center
seam, and joined with a nonhygroscopic adhesive, are
preferred, since occasional staining and fading of the image is
caused by certain adhesives used in the manufacture of
envelopes (see ANSI PH1.53).

30. Records

30.1 It is recommended that an inspection log (a log may
consist of a card file, punched card system, a book, or other
record) constituting a record of each job performed, be
maintained. This record should comprise, initially, a job
number (which should appear also on the films), the identifi-
cation of the parts, material or area radiographed, the date the
films are exposed, and a complete record of the radiographic
procedure, in sufficient detail so that any radiographic tech-
niques may be duplicated readily. If calibration data, or other
records such as card files or procedures, are used to determine
the procedure, the log need refer only to the appropriate data or
other record. Subsequently, the interpreter’s findings and
disposition (acceptance or rejection), if any, and his initials,
should also be entered for each job.

31. Reports

31.1 When written reports of radiographic examinations are
required, they should include the following, plus such other
items as may be agreed upon:

31.1.1 Identification of parts, material, or area.
31.1.2 Radiographic job number.
31.1.3 Findings and disposition, if any. This information can

be obtained directly from the log.

32. Identification of Completed Work

32.1 Whenever radiography is an inspective (rather than
investigative) operation whereby material is accepted or
rejected, all parts and material that have been accepted should
be marked permanently, if possible, with a characteristic
identifying symbol which will indicate to subsequent or final
examiners the fact of radiographic acceptance.

32.2 Whenever possible, the completed radiographs should
be kept on file for reference. The custody of radiographs and
the length of time they are preserved should be agreed upon
between the contracting parties.

33. Keywords

33.1 exposure calculations; film system; gamma-ray; image
quality indicator (IQI); radiograph; radiographic examination;
radiographic quality level; technique file; X-ray
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APPENDIX

(Nonmandatory Information)

X1. USE OF FLUORESCENT SCREENS

X1.1 Description—Fluorescent intensifying screens have a
cardboard or plastic support coated with a uniform layer of
inorganic phosphor (crystalline substance). The support and
phosphor are held together by a radiotransparent binding
material. Fluorescent screens derive their name from the fact
that their phosphor crystals “fluoresce” (emit visible light)
when struck by X or gamma radiation. Some phosphors like
calcium tungstate (CaWO4) give off blue light while others
such as gadolinium oxysulfide terbium activated phosphors
emit green light.

X1.2 Purpose and Film Types—Fluorescent screen expo-
sures are usually much shorter than those made without screens
or with lead intensifying screens, because radiographic films
generally are more responsive to visible light than to direct
X-radiation, gamma radiation, and electrons.

X1.2.1 Films fall into one of two categories: non-screen
type film having moderate light response, and screen type film
specifically sensitized to have a very high blue or green light
response. Fluorescent screens can reduce conventional expo-
sures by as much as 150 times, depending on film type.

X1.3 Image Quality and Use—The image quality associ-
ated with fluorescent screen exposures is a function of
sharpness, mottle, and contrast. Screen sharpness depends on
phosphor crystal size, thickness of the crystal layer, and the
reflective base coating. Each crystal emits light relative to its
size and in all directions thus producing a relative degree of
image unsharpness. To minimize this unsharpness, screen to
film contact should be as intimate as possible. Mottle adversely
affects image quality in two ways. First, a “quantum” mottle is
dependent upon the amount of X or gamma radiation actually
absorbed by the fluorescent screen, that is, faster screen/film
systems lead to greater mottle and poorer image quality. A
“structural” mottle, which is a function of crystal size, crystal

uniformity, and layer thickness, is minimized by using screens
having small, evenly spaced crystals in a thin crystalline layer.
Fluorescent screens are highly sensitive to longer wavelength
scattered radiation. Consequently, to maximize contrast when
this non-image forming radiation is excessive, fluorometallic
intensifying screens or fluorescent screens backed by lead
screens of appropriate thickness are recommended. Screen
technology has seen significant advances in recent years, and
today’s fluorescent screens have smaller crystal size, more
uniform crystal packing, and reduced phosphor thickness. This
translates into greater screen/film speed with reduced unsharp-
ness and mottle. These improvements can represent some
meaningful benefits for industrial radiography, as indicated by
the three examples as follows:

X1.3.1 Reduced Exposure (Increased Productivity)—There
are instances when prohibitively long exposure times make
conventional radiography impractical. An example is the in-
spection of thick, high atomic number materials with low curie
isotopes. Depending on many variables, exposure time may be
reduced by factors ranging from 2× to 105× when the appro-
priate fluorescent screen/film combination is used.

X1.3.2 Improved Safety Conditions (Field Sites)—Because
fluorescent screens provide reduced exposure, the length of
time that non-radiation workers must evacuate a radiographic
inspection site can be reduced significantly.

X1.3.3 Extended Equipment Capability —Utilizing the
speed advantage of fluorescent screens by translating it into
reduced energy level. An example is that a 150 kV X-ray tube
may do the job of a 300 kV tube, or that iridium 192 may be
used in applications normally requiring cobalt 60. It is possible
for overall image quality to be better at the lower kV with
fluorescent screens than at a higher energy level using lead
screens.
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Standard Practice for
Design, Manufacture and Material Grouping Classification of
Wire Image Quality Indicators (IQI) Used for Radiology

1. Scope

1.1 This practice covers the design, material grouping
classification, and manufacture of wire image quality indica-
tors (IQI) used to indicate the quality of radiographic images.

1.2 This practice is applicable to X-ray and gamma-ray
radiography.

1.3 This practice covers the use of wire penetrameters as the
controlling image quality indicator for the material thickness
range from 6.4 to 152 mm (0.25 to 6.0 in.).

1.4 The values stated in inch-pound units are to be regarded
as standard.

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.6 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
B139/B139M Specification for Phosphor Bronze Rod, Bar,

and Shapes
B150M Specification for Aluminum Bronze, Rod, Bar, and

Shapes [Metric] (Withdrawn 2002)
B161 Specification for Nickel Seamless Pipe and Tube
B164 Specification for Nickel-Copper Alloy Rod, Bar, and

Wire
B166 Specification for Nickel-Chromium-Iron Alloys (UNS

N06600, N06601, N06603, N06690, N06693, N06025,
N06045, and N06696), Nickel-Chromium-Cobalt-
Molybdenum Alloy (UNS N06617), and Nickel-Iron-
Chromium-Tungsten Alloy (UNS N06674) Rod, Bar, and
Wire

E1025 Practice for Design, Manufacture, and Material
Grouping Classification of Hole-Type Image Quality In-
dicators (IQI) Used for Radiography

E1316 Terminology for Nondestructive Examinations
2.2 ISO Standards:
ISO 19232–1 Non-Destructive Testing—Image Quality of

Radiographs-Part 1: Image Quality Indicators (Wire-
Type)-Determination of Image Quality Value

ISO 19232–2 Non-Destructive Testing—Image Quality of
Radiographs-Part 2: Determination of the Image Quality
Value using Step/hole Type Image Quality Iindicators

ISO 19232–3 Non-Destructive Testing—Image Quality of
Radiographs-Part 3: Image Quality Classes

3. Terminology

3.1 Definitions—The definitions of terms in Terminology
E1316, Section D, relating to gamma and X-radiography, shall
apply to the terms used in this practice.

4. Wire IQI Requirements

4.1 The quality of all levels of examination shall be deter-
mined by a set of wires conforming to the following require-
ments:

4.1.1 Wires shall be fabricated from materials or alloys
identified or listed in accordance with 7.2. Other materials may
be used in accordance with 7.3.

4.1.2 The IQI consists of sets of wires arranged in order of
increasing diameter. The diameter sizes specified in Table 1 are
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established from a consecutive series of numbers taken in
general from the ISO/R 10 series. The IQI shall be fabricated
in accordance with the requirements specified in Figs. 1-8 and
Tables 1-3. IQIs previously manufactured to the requirements
of Appendix X1 may be used as an alternate provided all other
requirements of this practice are met.

4.1.3 Image quality indicator (IQI) designs other than those
shown in Figs. 1-8 and Annex A1 are permitted by contractual
agreement. If an IQI set as listed in Table 1 or Annex A1 is
modified in size, it must contain the grade number, set identity,
and essential wire. It must also contain two additional wires
that are the next size larger and the next size smaller as
specified in the applicable set listed in Table 1.

4.1.4 Each set must be identified using letters and numbers
made of industrial grade lead or of a material of similar
radiographic density. Identification shall be as shown on Figs.
1-8 or Annex A1, unless otherwise specified by contractual
agreement.

4.1.5 ISO standard ISO 19232-1 contains similar provisions
(with nominal differences-see Table A1.1) for wire image
quality indicators as this standard (E747). International users of
these type IQI standards who prefer the use of ISO 19232-1 for
their particular applications should specify such alternate
provisions within separate contractual arrangements from this
standard.

5. Image Quality Indicator (IQI) Procurement

5.1 When selecting IQI’s for procurement, the following
factors should be considered:

5.1.1 Determine the alloy group(s) of the material to be
examined.

5.1.2 Determine the thickness or thickness range of the
material(s) to be examined.

5.1.3 Select the applicable IQI’s that represent the required
IQI thickness(s) and alloy(s).

TABLE 1 Wire IQI Sizes and Wire Identity Numbers

SET A SET B

Wire Diameter
in. (mm)

Wire Identity
Wire Diameter

in. (mm)
Wire Identity

0.0032 (0.08)A 1 0.010 (0.25) 6
0.004 (0.1) 2 0.013 (0.33) 7
0.005 (0.13) 3 0.016 (0.4) 8
0.0063 (0.16) 4 0.020 (0.51) 9
0.008 (0.2) 5 0.025 (0.64) 10
0.010 (0.25) 6 0.032 (0.81) 11

SET C SET D
Wire Diameter

in. (mm)
Wire Identity

Wire Diameter
in. (mm)

Wire Identity

0.032 (0.81) 11 0.10 (2.5) 16
0.040 (1.02) 12 0.126 (3.2) 17
0.050 (1.27) 13 0.160 (4.06) 18
0.063 (1.6) 14 0.20 (5.1) 19
0.080 (2.03) 15 0.25 (6.4) 20
0.100 (2.5) 16 0.32 (8) 21

A The 0.0032 wire may be used to establish a special quality level as agreed upon
between the purchaser and the supplier.

TABLE 2 Wire Diameter Tolerances, mm

Wire Diameter (d), mm Tolerance, mm

0.000 < d# 0.125 ±0.0025
0.125 < d # 0.25 ±0.005
0.25 < d # 0.5 ±0.01
0.50 < d # 1.6 ±0.02
1.6 < d # 4 ±0.03
4.0 < d # 8 ±0.05

TABLE 3 Wire Diameter Tolerances, in.

Wire Diameter (d), in. Tolerance, in.

0.000 < d # 0.005 ±0.0001
0.005 < d # 0.010 ±0.0002
0.010 < d # 0.020 ±0.0004
0.020 < d # 0.063 ±0.0008
0.063 < d # 0.160 ±0.0012
0.160 < d # 0.320 ±0.0020

FIG. 1 Set A/Alternate 1
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6. Image Quality Levels

6.1 The quality level required using wire penetrameters
shall be equivalent to the 2-2T level of Practice E1025 for
hole-type IQI’s unless a higher or lower quality level is agreed
upon between purchaser and supplier. The conversion of
plaque identification number to the equivalent wire diameter
and identity as defined in this standard is provided in Annex
A1.

6.2 In specifying quality levels, the contract, purchase order,
product specification, or drawing should clearly indicate the

thickness of material to which the quality level applies. Careful
consideration of required quality levels is particularly impor-
tant.

7. Material Groups

7.1 General:

7.1.1 Materials have been designated in eight groups based
on their radiographic absorption characteristics: groups 03, 02,
and 01 for light metals and groups 1 through 5 for heavy
metals.

FIG. 2 Set A/Alternate 2

FIG. 3 Set B/Alternate 1
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7.1.2 The light metal groups, magnesium (Mg), aluminum
(Al), and titanium (Ti) are identified 03, 02, and 01
respectively, for their predominant alloying constituent. The
materials are listed in order of increasing radiation absorption.

7.1.3 The heavy metal groups, steel, copper-base, nickel-
base, and kindred alloys are identified 1 through 5. The
materials increase in radiation absorption with increasing
numerical designation.

7.1.4 Common trade names or alloy designations have been
used for clarification of the pertinent materials.

7.1.5 The materials from which the IQI for the group are to
be made are designated in each case and these IQI’s are
applicable for all materials listed in that group. In addition, any
group IQI may be used for any material with a higher group
number, provided the applicable quality level is maintained.

FIG. 4 Set B/Alternate 2

FIG. 5 Set C/Alternate 1
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7.2 Materials Groups:
7.2.1 Materials Group 01:
7.2.1.1 Image quality indicators (IQI’s) shall be made of

titanium or titanium shall be the predominant alloying constitu-
ent.

7.2.1.2 Use on all alloys of which titanium is the predomi-
nant alloying constituent.

7.2.2 Materials Group 02:
7.2.2.1 Image quality indicators (IQI’s) shall be made of

aluminum or aluminum shall be the predominant alloying
constituent.

7.2.2.2 Use on all alloys of which aluminum is the predomi-
nant alloying constituent.

7.2.3 Materials Group 03:

7.2.3.1 Image quality indicators (IQI’s) shall be made of
magnesium or magnesium shall be the predominant alloying
constituent.

7.2.3.2 Use on all alloys of which magnesium is the
predominant alloying constituent.

7.2.4 Materials Group 1:
7.2.4.1 Image quality indicators (IQI’s) shall be made of

carbon steel or Type 300 series stainless steel.
7.2.4.2 Use on all carbon steel, low-alloy steels, stainless

steels, and manganese-nickel-aluminum bronze (Superston).
7.2.5 Materials Group 2:

FIG. 6 Set C/Alternate 2

FIG. 7 Set D/Alternate 1
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7.2.5.1 Image quality indicators (IQI’s) shall be made of
aluminum bronze (Alloy No. 623 of Specification B150M) or
equivalent, or nickel-aluminum bronze (Alloy No. 630 of
Specification B150M) or equivalent.

7.2.5.2 Use on all aluminum bronzes and all nickel-
aluminum bronzes.

7.2.6 Materials Group 3:
7.2.6.1 Image quality indicators (IQI’s) shall be made of

nickel-chromium-iron alloy (UNS No. N06600) (Inconel).
(See Specification B166).

7.2.6.2 Use on nickel-chromium-iron alloy and 18 %
nickel-maraging steel.

7.2.7 Materials Group 4:
7.2.7.1 Image quality indicators (IQI’s) shall be made of 70

to 30 nickel-copper alloy (Monel) (Class A or B of Specifi-
cation B164) or equivalent, or 70 to 30 copper-nickel alloy
(Alloy G of Specification B161) or equivalent.

7.2.7.2 Use on nickel, copper, all nickel-copper series, or
copper-nickel series of alloys, and all brasses (copper-zinc
alloys). Group 4 IQI’s may include the leaded brasses since
leaded brass increases in attenuation with increase in lead
content. This would be equivalent to using a lower group IQI.

7.2.8 Materials Group 5:
7.2.8.1 Image quality indicators (IQI’s) shall be made of tin

bronze (Alloy D of Specification B139/B139M).

7.2.8.2 Use on tin bronzes including gun-metal and valve
bronze, or leaded-tin bronze of higher lead content than valve
bronze. Group 5 IQI’s may include bronze of higher lead
content since leaded bronze increases in attenuation with
increase in lead content. This would be equivalent to using a
lower group IQI.

NOTE 1—In developing the eight listed materials groups, a number of
other trade names or other nominal alloy designations were evaluated. For
the purpose of making this practice as useful as possible, these materials
are listed and categorized, by group, as follows:

(1) Group 2—Haynes Alloy IN-100.
(2) Group 3—Haynes Alloy No. 713C, Hastelloy D, G.E. Alloy SEL,

Haynes Stellite Alloy No. 21, GMR-235 Alloy, Haynes Alloy No. 93,
Inconel X, Inconel 718, and Haynes Stellite Alloy No. S-816.

(3) Group 4—Hastelloy Alloy F, Hastelloy Alloy X, and Multimeter
Alloy Rene 41.

(4) Group 5—Alloys in order of increasing attenuation: Hastelloy Alloy
B, Hastelloy Alloy C, Haynes Stellite Alloy No. 31, Thetaloy, Haynes
Stellite No. 3, Haynes Alloy No. 25. Image quality indicators (IQI’s) of
any of these materials are considered applicable for the materials that
follow it.

NOTE 2—The committee formulating these recommendations recom-
mend other materials may be added to the materials groups listed as the
need arises or as more information is gained, or that additional materials
groups may be added.

7.3 Method for Other Materials:
7.3.1 For materials not herein covered, IQI’s of the same

materials, or any other material, may be used if the following

FIG. 8 Set D/Alternate 2
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requirements are met. Two blocks of equal thickness, one of
the material to be examined (production material) and one of
the IQI material, shall be radiographed on one film by one
exposure at the lowest energy level to be used for production.
Transmission densitometer measurements of the radiographic
image of each material shall be made. The density of each
image shall be between 2.0 and 4.0. If the image density of the
IQI material is within 1.00 to 1.15 times (−0 % to + 15 %) the
image density of the production material, IQI’s made of that
IQI material may be used in radiography of that production
material. The percentage figure is based on the radiographic
density of the IQI material.

7.3.2 It shall always be permissible to use IQI’s of similar
composition as the material being examined.

8. Image Quality Indicator (IQI) Certification

8.1 Documents shall be provided by the IQI manufacturer
attesting to the following:

8.1.1 IQI identification alternate, if used.
8.1.2 Material type.
8.1.3 Conformance to specified tolerances for dimensional

values.
8.1.4 ASTM standard designation, for example, ASTM

E747—(year designation) used for manufacturing.

9. Precision and Bias

9.1 Precision and Bias—No statement is made about the
precision or bias for indicating the quality of images since the
results merely state whether there is conformance to the criteria
for success specified in this practice.

10. Keywords

10.1 density; image quality level; IQI; radiographic; radi-
ography; X-ray and gamma radiation

ANNEX

(Mandatory Information)

A1. ALTERNATE IQI IDENTIFICATION

A1.1 The use of IQI’s with identifications as shown on Figs.
A1.1-A1.9 and as listed in Table A1.1 is permitted as an
acceptable alternate provided all other requirements of Practice
E747 are satisfied.

FIG. A1.1 Set A/Alternate 1
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FIG. A1.2 Set A/Alternate 2

FIG. A1.3 Set B/Alternate 1

FIG. A1.4 Set B/Alternate 2
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FIG. A1.5 Set C/Alternate 1

FIG. A1.6 Set C/Alternate 2

FIG. A1.7 Set D/Alternate 1
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FIG. A1.8 Set D/Alternate 2

NOTE 1—All other IQI requirements as shown on Figs. 1-8 or Figs. A1.1-A1.8 apply.
FIG. A1.9 Alternate Identification Locations and Letter, Number Size-Typical All Sets (A, B, C, D)
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APPENDIX

(Nonmandatory Information)

X1. CALCULATION OF EQUIVALENT WIRE IDENTITIES FOR PLAQUE HOLE IDENTITIES

X1.1 International Procedures for Conversion of Plaque
Hole Identities to Equivalent Wire Identities

X1.1.1 Two different conversion models are used in differ-
ent international standards. These are:

X1.1.1.1 ISO 19232-3 and ISO 17636-2 (both have identi-
cal conversion tables; see Fig. X1.2).

X1.1.1.2 ASTM E747 (version of 2010 and Table X1.3) and
ASME BPVC, API, etc.

X1.1.2 Both conversion models are not equivalent (see Fig.
X1.1) at higher material thicknesses (>1 in. (25.4 mm)) and
higher radiation energies (> 400 kV for steel). The user may
select the conversion model depending on the standard practice
to apply and its requirements for IQI reading. Different
requirements on positioning and discernibility of the wire IQIs
and hole type IQIs are defined in the standard systems
mentioned above. The specific data are given in X1.2 and X1.3.

TABLE A1.1 IQI Wire Diameters in. (mm) and Wire Identities
TABLE A1.1 Conversion of ASTM to ISO Wire Identities

SET A ASTM Wire Identity ISO Alternate Wire No. ISO 19232–1A SET B ASTM Wire Identity ISO Alternate Wire No. ISO 19232–1A

0.0032(0.08) 1 W 17 0.010(0.25) 6 W 12
0.0040(0.1) 2 W 16 0.013(0.33) 7 W 11
0.0050(0.13) 3 W 15 0.016(0.41) 8 W 10
0.0063(0.16) 4 W 14 0.020(0.51) 9 W 9
0.0080(0.2) 5 W 13 0.025(0.64) 10 W 8
0.010(0.25) 6 W 12 0.032(0.81) 11 W 7

SET C ASTM Wire Identity ISO Alternate Wire No. ISO 19232–1A SET D ASTM Wire Identity ISO Alternate Wire No. ISO 19232–1A

0.032(0.81) 11 W 7 0.100(2.5) 16 W 2
0.040(1.02) 12 W 6 0.126(3.2) 17 W 1
0.050(1.27) 13 W 5 0.160(4.06) 18 ...
0.063(1.6) 14 W 4 0.20(5.1) 19 ...
0.080(2.03) 15 W 3 0.25(6.4) 20 ...
0.100(2.50) 16 W 2 0.32(8.1) 21 ...

AAs governed under provisions of paragraph 4.1.5 of this practice.

TABLE X1.3 Wire Sizes Equivalent to Corresponding 1T, 2T, and 4T Holes in Various Hole Type PlaquesA

Plaque Thickness,
Plaque IQI

Identification
Number

Diameter of wire with EPS of hole in plaque

1T 2T 4T

inch (mm) inch mm inch mm inch mm
0.005 (0.13) 5 0.0038 (0.09) 0.006 (0.15)
0.006 (0.16) 6 0.004 (0.10) 0.0067 (0.18)
0.008 (0.20) 8 0.0032 (0.08) 0.005 (0.13) 0.008 (0.20)
0.009 (0.23) 9 0.0035 (0.09) 0.0056 (0.14) 0.009 (0.23)
0.010 (0.25) 10 0.004 (0.10) 0.006 (0.15) 0.010 (0.25)
0.012 (0.30) 12 0.005 (0.13) 0.008 (0.20) 0.012 (0.28)
0.015 (0.38) 15 0.0065 (0.16) 0.010 (0.25) 0.016 (0.41)
0.017 (0.43) 17 0.0076 (0.19) 0.012 (0.28) 0.020 (0.51)
0.020 (0.51) 20 0.010 (0.25) 0.015 (0.38) 0.025 (0.63)
0.025 (0.64) 25 0.013 (0.33) 0.020 (0.51) 0.032 (0.81)
0.030 (0.76) 30 0.016 (0.41) 0.025 (0.63) 0.040 (1.02)
0.035 (0.89) 35 0.020 (0.51) 0.032 (0.81) 0.050 (1.27)
0.040 (1.02) 40 0.025 (0.63) 0.040 (0.02) 0.063 (1.57)
0.050 (1.27) 50 0.032 (0.81) 0.050 (1.27) 0.080 (2.03)
0.060 (1.52) 60 0.040 (1.02) 0.063 (1.57) 0.100 (2.54)
0.070 (1.78) 70 0.050 (1.27) 0.080 (2.03) 0.126 (3.20)
0.080 (2.03) 80 0.063 (1.57) 0.100 (2.54) 0.160 (4.06)
0.100 (2.50) 100 0.080 (2.03) 0.126 (3.20) 0.200 (5.08)
0.120 (3.05) 120 0.100 (2.54) 0.160 (4.06) 0.250 (6.35)
0.140 (3.56) 140 0.126 (3.20) 0.200 (5.08) 0.320 (8.13)
0.160 (4.06) 160 0.160 (4.06) 0.250 (6.35)
0.200 (5.08) 200 0.200 (5.08) 0.320 (8.13)
0.240 (6.10) 240 0.250 (6.35)
0.280 (7.11) 280 0.320 (8.13)

AMinimum plaque hole sizes were used as defined within Practice E1025.
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X1.2 Conversion of Plaque Hole Identities to Wire Iden-
tities to be Placed on Uniform Surface Profiles

X1.2 The visibility of wires in film radiography and in digital
radiography can be determined by the following equation in
reference to ISO 19232-3 and ISO 17636-1, 17636-2:

dwire 5
=dhole·Tplaque

2.2
(X1.1)

The factor of 2.2 is an empirically approximated factor. It is
used in ISO 19232-3, and ISO 17636-1 and 17636-2 for
conversion of IQI wire diameters to IQI step hole diameters
with 1T holes for equivalent visibility requirements. It is used
for film and digital radiography applications. ISO 17636-1 and
17636-2 recommend to read the wire number in the area of the
base material near the weld and not across the weld indication.
It is required to see the wire over a length of at least 0.4 in.
(~10 mm) without interruption. The required wire number is
selected depending on the nominal base material thickness.
ISO 19232-3 and ISO 17636-1 and 17636-2 define the image
quality requirements by wire numbers for wires in a diameter
range of 0.002 in. (0.05 mm) and 0.08 in. (2.05 mm). The exact
conversion values be can befound in Table X1.2. The table
contains different conversion values for true T hole IQIs and
regular T hole IQIs with limitation of lower hole diameter as
defined in E 1025. If the holes are larger than the minimum
values as defined in E 1025 (1T ≥ 0.01 in. (0.254 mm), 2T ≥
0.02 in. (0.508 mm) and 4T ≥ 0.04 in.(1.016 mm)) the regular
hole IQIs are identical with true T hole IQIs. This explains also
the free fields in Table X1.2, since all holes ≥ 0.01 in. (0.254
mm) are regular and true T hole IQIs. The wire IQIs, as defined

in this standard, start with identity "1" at 0.0032 in. (0.08 mm)
wire diameter. ISO 19232-1 IQIs have also smaller wire
diameters, which are W 18 and W 19. These wires are included
in the list for completeness.

X1.3 Conversion of Plaque Hole Identities to Wire Iden-
tities to be placed on Non-Uniform Profiles.

X1.3 ASME BPVC, API-1104, ASTM E 1742 and E 1032
require to read the wire number in the area of the weld
indication with the wires across the weld. It is required to see
the wire over the full length without interruption. The required
wire number is selected depending on the weld thickness. The
related reading of the hole type IQIs requires positioning the
IQI on an equivalent block or on shims near the weld or on the
weld. The block or shim thickness is chosen to achieve the IQI
reading at the average thickness of the weld. The equation to
determine the equivalencies between wire and (hole type) IQI’s
based on E747-10 is as follows:

F 3d 3l 5 T 2H 2~π/4!

FIG. X1.1 Conversion Graph of 1T Hole Diameters to Wire Diameters for Different Applications

TABLE X1.1 Determination of Equivalent Wire Diameter in
Dependence on Radiographic Sensitivity (EPS) and Plaque

Thickness

Sensitivity and Hole-to-Wire Conversion
Sensitivity EPS (%) Plaque

Thickness
Equivalent Wire

Diameter
1-1T 0.7 0.01 x T 0.0045 x T
1-2T 1 0.01 x T 0.0064 x T
1-4T 1.4 0.01 x T 0.0091 x T
2-1T 1.4 0.02 x T 0.0091 x T
2-2T 2 0.02 x T 0.013 x T
2-4T 2.8 0.02 x T 0.018 x T
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where:
F = form factor for wire, 0.79,
d = wire diameter, in. (mm),
l = effective length of wire, 0.3 in. (7.6 mm),
T = plaque thickness, in. (mm), and
H = diameter of hole, in. (mm).

NOTE X1.1—The wire and plaque (hole type) IQI sensitivities is not
converted by a fixed constant here. The exact conversion values be can
found in Table X1.3. The table contains conversion values for regular T
hole IQIs with limitation of lower hole diameter as defined in E 1025 (1T
≥ 0.01 in. (0.254 mm), 2T ≥ 0.02 in. (0.508 mm) and 4T ≥ 0.04 in. (1.016
mm).

NOTE X1.2—T is the specimen thickness of the sample to penetrate. The
table is correct, if T is used in inch or mm.

TABLE X1.2 Wire Diameters and Identity Equivalent to
Corresponding 1T, 2T, and 4T Holes in Various Hole Type

Plaques

Wire IQI
identification

by ASTM
E747

Wire IQI Diameter as
Defined in ASTM E747 Equivalent Plaque IQI Identification

Number Corresponding to E1025
inch mm

1T 1T 2T 4T
True T Holes True T Holes

W 19 0.0020 0.51 4 3 2
W 18 0.0025 0.064 6 4 3

1 0.0032 0.081 7 5 4
2 0.004 0.102 9 6 4
3 0.005 0.127 8 6
4 0.0063 0.160 7
5 0.008 0.203 9

Regular Holes with Limited Hole Size
as Defined in E1025

1 0.0032 0.081 2 1 1
2 0.004 0.102 4 2 1
3 0.005 0.127 6 3 1
4 0.0063 0.160 9 4 2
5 0.008 0.203 7 4

Regular Holes and True T Holes
3 0.005 0.127 11
4 0.0063 0.160 14 10
5 0.008 0.203 18 12

6 0.010 0.254 22 16 11
7 0.013 0.330 29 20 14
8 0.016 0.406 35 25 18

9 0.020 0.508 44 31 22
10 0.025 0.635 55 39 28
11 0.032 0.813 70 50 35
5
12 0.04 1.016 88 62 44
13 0.050 1.270 110 78 55
14 0.063 1.600 139 98 69

15 0.080 2.032 176 124 88
16 0.100 2.540 220 156 110
17 0.126 3.200 277 196 139
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Standard Guide for
Controlling the Quality of Industrial Radiographic Film
Processing

1. Scope

1.1 This guide establishes guidelines that may be used for
the control and maintenance of industrial radiographic film
processing equipment and materials. Effective use of these
guidelines aids in controlling the consistency and quality of
industrial radiographic film processing.

1.2 Use of this guide is limited to the processing of films for
industrial radiography. This guide includes procedures for
wet-chemical processes and dry processing techniques.

1.3 The necessity of applying specific control procedures
such as those described in this guide is dependent, to a certain
extent, on the degree to which a facility adheres to good
processing practices as a matter of routine procedure.

1.4 If a nondestructive testing agency as described in
Specification E543 is used to perform the examination, the
testing agency should meet the requirements of Specification
E543.

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of federal and local codes prior to use.

1.6 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E94 Guide for Radiographic Examination Using Industrial

Radiographic Film
E543 Specification for Agencies Performing Nondestructive

Testing
E1079 Practice for Calibration of Transmission Densitom-

eters
E1254 Guide for Storage of Radiographs and Unexposed

Industrial Radiographic Films
E1316 Terminology for Nondestructive Examinations
E1815 Test Method for Classification of Film Systems for

Industrial Radiography

2.2 ISO Standards:
ISO 11699-1 Non-destructive testing—Industrial radio-

graphic films—Part 1: Classification of film systems for
industrial radiography

ISO 11699-2 Non-destructive testing—Industrial radio-
graphic films—Part 2: Control of film processing by
means of references values

ISO 18917 Photography—Determination of residual thio-
sulfate and other related chemicals in processed photo-
graphic materials—Methods using iodine amylose, meth-
ylene blue and silver sulfide

2.3 ANSI Standards:
ANSI/PIMA IT 2.26-1998 Photography—Photographic

Materials—Determination of Safelight Conditions

3. Terminology

3.1 Definitions—For definitions of terms used in this guide,
see Terminology E1316.
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4. Significance and Use

4.1 The provisions in this guide are intended to control the
reliability or quality of the image development process only.
The acceptability or quality of industrial radiographic films
processed in this manner, as well as the materials or products
radiographed, remain at the discretion of the user, or inspector,
or both. It is further intended that this guide be used as an
adjunct to, and not a replacement for, Guide E94.

4.2 Users of non-classified film systems may use monitoring
films as described in 8.3 for activity testing of film processing.

4.3 If required, film system manufacturers provide a con-
formity statement on the classification of their film types in
their processing chemicals for given processing conditions
according to Test Method E1815. Users may apply “mixed
systems” in which the film manufacturer is different from the
manufacturer of the film development chemicals, processing
system, and specified development conditions. In this case, see
8.2.2 and Appendix X1.

5. Chemical Mixing for Manual and Automatic Processes

5.1 Any equipment that comes in contact with processing
solutions should be made of glass, hard rubber, polyethylene,
PVC, enameled steel, stainless steel, or other chemically inert
materials. This includes materials such as plumbing, mixing
impellers, and the cores of filter cartridges. Do not allow
materials such as tin, copper, steel, brass, aluminum, or zinc to
come into contact with processing solutions. These materials
can cause solution contamination that may result in film
fogging or rapid oxidation.

5.2 Mixing Chemicals:
5.2.1 Do not mix powdered chemicals in processor tanks,

since undissolved particles may be left in the square corners of
the tank. Mix solutions in separate containers made from
materials specified in 5.1.

5.2.2 Carefully follow the manufacturer’s package direc-
tions or formulas for mixing the chemicals. Start with the
correct volume of water at the temperature specified in the
instructions, and add chemicals in the order listed. During the
mixing and use of radiographic film processing chemicals, be
sure to observe all precautionary information on chemical
containers and in instructions.

5.2.3 Proper mixing of chemicals can be verified with
measurements of pH and specific gravity.

5.3 Contamination of Solutions:
5.3.1 Thoroughly clean all mixing equipment immediately

after use to avoid contamination when the next solution is
mixed. When mixing fixer from powder, make sure to add the
powder carefully to the water in the mixing tank so fixer dust
does not get into other processing solutions. When mixing any
chemical, protect nearby tank solutions with floating lids and
dust covers. The use of a vent hood is recommended as a safety
precaution.

5.3.2 The water supply should either be de-ionized or
filtered to 50 microns or better, so it is clean and sediment-free.

5.3.3 If large tanks are used for mixing, carefully mark the
volume levels to be certain that volumes are correct.

5.3.4 Use separate mixers for developer solution and for
fixer solution. If only one mixer is available, thoroughly rinse
the mixer after each mix to avoid cross-contamination of
chemicals. Use of impeller-type mixers provides rapid, thor-
ough mixing. When positioning the impeller, special caution
should be taken in choosing angle and depth to minimize the
amount of air being drawn into the solution. Over-mixing of
the solutions can cause oxidation, especially with developers,
and should be avoided. Rinse the shaft, impeller, and mounting
clamp with water after use.

5.4 Maintaining Equipment:
5.4.1 Immediately clean all mixing equipment after use.
5.4.2 In addition to cleaning equipment immediately after

use, wash any mixing apparatus that has been idle for a long
period of time to eliminate dust and dirt that may have
accumulated.

5.4.3 Processing hangers and tanks should be free of corro-
sion and chemical deposits. Encrusted deposits that accumulate
in tanks, trays and processing equipment, which are difficult to
remove by conventional cleaning, can be removed by using the
specially formulated cleaning agents recommended by the
chemical or equipment manufacturer.

6. Storage of Solutions

6.1 In Original Containers—Follow the manufacturer’s
storage and capacity recommendations packaged with the
chemicals. Do not use chemicals that have been stored longer
than recommended.

6.2 In Replenisher or Process Tanks—Wherever possible,
protect solutions in tanks with floating lids and dust covers. In
addition to preventing contaminants from entering solutions,
floating lids and dust covers help to minimize oxidation and
evaporation from the surface of the solutions. Evaporation can
concentrate solutions and reduce temperatures causing precipi-
tation of some of the solution constituents.

6.2.1 Store replenisher solutions for small volume opera-
tions in airtight containers. The caps of these containers should
be free of corrosion and foreign particles that could prevent a
tight fit.

6.3 Temperature—Store all solutions at normal room
temperature, between 40 to 80 °F (4 to 27 °C). Storing
solutions, particularly developer, at elevated temperatures can
produce rapid oxidation resulting in loss of activity and a
tendency to stain the film. Storage at too low a temperature,
particularly of fixer solutions, can cause some solutions to
crystallize, and the crystals may not re-dissolve even with
heating and stirring.

6.4 Deterioration—Radiographic film processing chemicals
can deteriorate either with age or with usage. Carefully follow
the manufacturer’s recommendations for storage life and useful
capacity. Discard processing solutions when the recommended
number of films has been processed or the recommended
storage life of the prepared solution has been reached, which-
ever occurs first.

6.5 Contamination:
6.5.1 Liquid chemicals are provided in containers with

tight-fitting tops. To avoid contamination, never interchange
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the top of one container with another. For this reason, it is
common practice for radiographic film processing chemicals
manufacturers to color code the container tops, that is, red for
developer and blue for fixer.

6.5.2 Clearly label replenisher storage tanks with the solu-
tion that they contain and use that container only with that
solution. If more than one developer or one fixer formulation
are being used, a separate replenisher tank should be dedicated
to each chemical. Differences in developer or fixer formula-
tions from one manufacturer to another may contaminate
similar solutions.

7. Processing

7.1 Manual Processing:
7.1.1 Follow the temperature recommendations from the

film or solution manufacturer. Check thermometers and
temperature-controlling devices periodically to be sure the
process temperatures are correct. Process temperatures should
be checked at least once per shift. Keep the temperature of the
stop (if used), fixer, and wash water within 65 °F (63 °C) of
the developer temperature. An unprotected mercury-filled ther-
mometer should never be used for radiographic film processing
applications because accidental breakage could result in seri-
ous mercury contamination.

7.1.2 Control of processing solution temperature and im-
mersion time relationships are instrumental considerations
when establishing a processing procedure that will consistently
produce radiographs of desired density and quality. The actual
time and temperature relationships established are governed
largely by the industrial radiographic films and chemicals used
and should be within the limits of the manufacturer’s recom-
mendations for those materials. When determining the immer-
sion time for each solution, ensure that the draining time is
included. Draining time should be consistent from solution to
solution. The darkroom timers used should be periodically
checked for accuracy.

7.1.3 Agitate at specified intervals for the times recom-
mended by the film or solution manufacturer.

7.1.4 As film is processed, the components of the processing
solutions involved in the radiographic process are consumed.
In addition, some solution adheres to the film and is carried
over into the next solution while bromide ions and other
by-products are released into the solutions. Replenishment is
carried out to replace those components which have been
consumed while, at the same time, reducing the level of
by-products of the process. The volume of replenishment
necessary is governed primarily by the number, size, and
density of films processed. Manufacturer’s recommendations
for replenishment are based on these criteria and will generally
provide suitable results for the expected life of the solution. In
any case, maintain solution levels to ensure complete immer-
sion of the film.

7.1.5 Newly mixed chemicals are often referred to as
“fresh.” “Seasoning” refers to the changes that take place in the
processing solutions as films are processed after fresh chemi-
cals have been added to the processor. As the processing
solutions season, provided they are replenished appropriately,
they will reach chemical equilibrium and the film speed and

contrast will be consistent and stable. To bring freshly mixed
solutions to a seasoned state very quickly, a chemical starter
can be added or exposed films can be processed. When using
developer starter solution, follow the manufacturer’s recom-
mendations for the product. When using seasoning films,
expose the films with visible light and then develop three 14 by
17 in.2 (35 by 43 cm2) films, or equivalent, per gallon (3.8 L)
of developer, following the manufacturer’s recommended pro-
cessing cycle, replenishment, and wash rates.

NOTE 1—Seasoning films may be new films or films that may not be
generally suitable for production purposes due to excessive gross fog
(base plus fog) density, expiration of shelf life, or other reasons.

7.1.6 Handle all films carefully during the processing cycle
and allow adequate time for the film to sufficiently drain before
transferring it to the next solution. The use of a stop bath or
clear water rinse between developing and fixing may also be
appropriate. The stop bath or clear water rinse serves to arrest
development and also aids in minimizing the amount of
developer carried over into the fixer solution. Insufficient
bath-to-bath drain time may cause excessive solution carry-
over, which can contaminate and shorten the life of solutions in
addition to causing undesirable effects on processed radio-
graphs.

7.1.7 When washing films, a wetting agent may be appro-
priate to use to prevent water spots and streaking during
drying. Prior to placing films in the dryer, ensure that the dryer
is clean and that adequate heat and ventilation are provided.
During drying, visually examine the films to determine the
length of time required for sufficient drying.

7.2 Automated Processing:
7.2.1 Immersion time and solution temperature relation-

ships can be more closely controlled with automatic processing
since the equipment provides external gages for monitoring
purposes. As a general guideline, follow the manufacturer’s
recommendations for industrial processing materials.
However, the actual procedure used should be based on the
variables encountered by the user and his particular needs.
Check solutions daily or with established frequency based
upon usage to ensure that temperatures are within the manu-
facturer’s recommendations. Check the processor’s thermom-
eter with a secondary thermometer during normal maintenance
procedures to verify correct processing temperatures within the
manufacturer’s specifications.

7.2.2 Transport speed should be checked during normal
maintenance procedures by measuring the time it takes for a
given length of film to pass a specific point. (For example, if
the indicated machine speed is 2 ft ⁄min (610 mm ⁄min), place
two marks on a length of film 1 ft (305 mm) apart. The second
mark should pass a specific location, such as the entrance to the
processor, exactly 30 s after the first mark has passed the same
point.) An optional method for measuring processor speed is to
install a tachometer on the main drive motor and determine
desired RPM/processing speed relationships.

7.2.3 Agitation is provided by the action of the processor
rollers, recirculation pumps, and wash water flow. No external
agitation is needed.
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7.2.4 For processors with replenishment systems, use the
replenishment rates recommended by the film or solution
manufacturer.

7.2.4.1 Accurate replenishment increases the useful life of
solutions to a great extent by replacing ingredients that are
depleted and maintains the process at a constant, efficient level.

7.2.4.2 Replenishment rates should be verified during nor-
mal maintenance procedures to ensure that the correct volumes
are being injected into the solutions. For installations process-
ing very large amounts of film (in excess of two tank turnovers
of solution per week), checks on replenishment rates should be
made more frequently. Processor manufacturer’s recommenda-
tions will generally provide an adequate procedure for check-
ing replenishment volumes.

7.2.5 For seasoning freshly mixed developer solution, refer
to the provisions in 7.1.5.

7.2.6 Always fill the fixer tank first, following the manufac-
turer’s instructions, then rinse and fill the developer tank. This
minimizes the possibility of fixer accidentally splashing into
the developer solution. When replacing or removing processor
racks, always use a splash guard to further reduce the possi-
bility of contamination.

7.2.7 Drying:

7.2.7.1 Make sure the dryer is clean and that no foreign
material has settled on the rollers. Routinely examine the
ventilation system to ensure that air paths are not blocked and
that films are uniformly dried. There are two types of dryer
systems used in automatic film processors for industrial radio-
graphic films:

(1) Convection dryers are circulating air systems with
thermostatic controls. Normal drying temperatures range from
80 to 120 °F (27 to 49 °C) when relative humidity (RH)
conditions are approximately 40 % to 75 %. A relative humid-
ity above 75 % may require higher temperatures.

(2) Infrared (IR) dryers are based principally on absorption
rather than temperature. Relative humidity has no adverse
effect on infrared drying. Infrared energy levels are preset by
the manufacturer and provide a range of dryer settings.

7.2.7.2 The dryer efficiency can be tested by processing six
consecutive 14 by 17 in.2 (35 by 43 cm2) production films, or
equivalent, and examining them immediately after the drying
cycle is complete. If damp or undried areas are observed,
increase the dryer setting. Should an increase in dryer tempera-
ture for convection dryers or an increase in energy for infrared
dryers not dry the film, the following conditions should be
investigated:

(1) Wash water that is too warm will cause excessive
emulsion swelling. This can adversely affect film drying in
convection dryers.

(2) Incoming dryer air that is either too humid or too cold
can adversely affect film drying in the convection dryer.

(3) Check if oven-temperature devices or IR radiators, or
both, are operational in infrared dryers.

(4) The fixer solution activity may not be in accordance to
manufacturing recommendations and should be tested in ac-
cordance with 8.6.

8. Activity Testing of Solutions for Manual and
Automatic Processing

8.1 Certified Pre-exposed Control Strips—The processing
system can be controlled by use of certified pre-exposed
control strips as specified by ISO 11699-2. Certified pre-
exposed control strips are commercially available for quality
testing of classified film systems. Certified pre-exposed control
strips are exposed to X-rays and are accompanied by a
certificate from the film control strip manufacturer. Certified
pre-exposed strips should be the same brand as the films
processed in the facility. After processing, speed and contrast
indexes are determined and compared to the reference speed
and contrast values provided on the certificate.

8.2 User Verification of Compliance With a Classified Film
System According to Test Method E1815 or ISO 11699-1:

8.2.1 Film Systems of the Same Manufacturer of Films and
Processing Chemistry—For testing compliance with a classi-
fied film system, pre-exposed film strips of the same manufac-
turer as the films and chemicals under verification may be used.
If the reference values cannot be achieved at the time of
installation of the processing system, the temperature of the
developer may be adjusted by 62 °C from the temperature
which was specified in the pre-exposed film strip certificate
according to ISO 11699-2.

8.2.2 Film Systems of Different Manufacturer’s Films and
Processing Chemistry (Mixed Systems)—The film system
manufacturer provides the conformity statement on classifica-
tion for their film types in their processing chemicals and given
processing conditions only. Users may apply "mixed systems,"
in which the film manufacturer is different from the manufac-
turer of the film development chemicals, processing system,
and specified development conditions. See Appendix X1 for
optional user verification.

8.3 Radiographic Monitoring Films—To establish a reliable
procedure for determining the activity of processing solutions,
it will be necessary to provide a minimal amount of equipment
and the proper selection and storage of radiographic control
films. Radiographic films are made in batches where the
characteristics may vary slightly between batches. These
changes from emulsion to emulsion may be detectable and
could be confused with the changes in the radiographic
processing system.

8.3.1 Step Wedge for Exposure of Monitoring Films—A
metallic step wedge, or other suitable object(s) of uniform
material and varying thickness(es), of either aluminum or steel
can be used with a given X-ray or gamma-ray exposure to
create a radiographic monitoring film. ISO 11699-2 describes
the exposure of metallic step wedges for the production of
monitoring films and the design of metallic step wedges.

8.3.1.1 Electronic sensitometers that expose film to white
light are also commercially available. The user of electronic
sensitometers should be aware that such usage, when accom-
panied by an appropriate white-light sensitive industrial film,
may result in different response. Consequently, maintenance of
developing parameters must be at a more frequent level.

8.3.2 Monitoring films must be properly stored to ensure
that the film characteristics of the first sheet will be the same as
the last sheet used. See Guide E1254
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8.3.3 A monitoring film should be the same brand and type
predominantly used in the facility’s processing system

8.3.4 The first monitoring film processed through freshly
mixed and seasoned chemicals (see 7.1.5) will become the
reference or standard for a box of monitoring films.

8.3.5 Subsequent monitoring films are then produced on an
as-needed basis and compared to the first reference film to
determine sensitometric changes within the processor.
Generally, the higher the film volume processed, the more
often QA checks should be performed.

8.3.6 If a monitoring film produces unusually high or low
densities exceeding the tolerance limits, then the processing
and sensitometric exposure conditions should be rechecked and
repeated, if necessary. If the results are still out of tolerance,
the cause must be located and corrected. Generally, a small
adjustment in replenishment rates is necessary until a sensito-
metric film processor activity balance is established.

8.3.7 Whenever it becomes necessary to change a monitor-
ing film from one emulsion to another, two films each (from the
new box and the old box) should be exposed and processed
simultaneously to adjust for normal film manufacturing sensi-
tometric variations.

8.4 Densitometer:
8.4.1 A transmission densitometer should be used capable

of reading densities within the allowable range of optical
densities utilized in production radiographs, with an aperture
on the order of 1.0 to 3.0 mm in diameter. The densitometer
should be calibrated in accordance with Practice E1079.

8.5 Developer:
8.5.1 The developer activity should be checked by process-

ing a pre-exposed film strip, a radiograph of a step wedge
(monitoring film), or a test part for measuring four film
densities, one at base + fog (unexposed area of film) and three
between 1.5 and 4.0 in three areas of interest (high, medium,
and low densities). These four areas are also known as the aim
film densities.

8.5.2 The film densities in the areas of interest being
monitored should be within 610 % of the original monitoring
film density. Variations within this range are generally consid-
ered normal and should not adversely affect radiographic
quality.

8.6 Fixer:
8.6.1 Fixer solution activity can be determined by measur-

ing the clearing time. After the fixer solution has reached an
operating temperature, place an unprocessed X-ray film into
the fixer solution and measure the time required to remove the
silver halide crystals; this is known as the clearing time.
Removal of the X-ray film silver halide crystals can be
observed when the X-ray film turns from a reflective color to
a clear translucent film in the fixer. The film should remain in
the fixer solution for twice the amount of time necessary for it
to become clear. The film should be periodically agitated
during manual processing.

8.6.2 If physical examination shows unfixed spots or areas,
the fixer should be discarded. Unfixed areas may appear as
dull, non-reflective areas that may be yellowish in color
depending on the actual lack of fixer activity.

8.7 Wash:
8.7.1 Proper washing is necessary to remove residual fixer

from the film. If not removed from the film, these chemicals
will cause subsequent damage (staining) and deterioration of
the radiographic image, especially in low-density areas.

8.7.2 The effectiveness of washing may be checked using
the residual thiosulfate chemicals test described in Guide E94
or ISO 18917.

8.7.3 If physical examination of the films after washing
shows dirt or scum that was not present before washing, the
wash tanks should be drained and cleaned. Drain wash tanks
whenever they are not being used. In order to minimize
washing artifacts, it is recommended that “cleanup” films be
processed at start up to clear out scum and foreign material.
“Cleanup” films are commercially available. The use of
algaecides is also recommended to retard the growth of
organisms within the wash bath.

8.7.4 The newer cold-water-type processors do not require a
control valve to regulate water temperatures. However, many
older-type processors require that the incoming water tempera-
ture be set within certain limits of the developer temperature.
Exceeding these limits may not allow the processor to ad-
equately control the developer temperature, which may cause
density variations.

8.8 Safelights:
8.8.1 Follow all safelight recommendations for the particu-

lar film being used. Refer to the product or manufacturer’s
instructions for recommended safelight filter, bulb wattage, and
minimum safelight distance.

8.8.2 The sensitivity of most film emulsions does not end
abruptly at a particular wavelength—most emulsions are some-
what sensitive to wavelengths outside the intended range,
including wavelengths transmitted by the recommended safe-
light filter. Therefore, always minimize the exposure of pho-
tographic materials to safelight illumination. Safelight condi-
tions can be tested and verified as prescribed in ANSI/PIMA
IT 2.26.

9. Records

9.1 Accurate records should be kept of the following items:
9.1.1 Brand name and model of processor, if used.
9.1.2 Brand names and batch number of chemicals used.
9.1.3 Time of development.
9.1.4 Temperature of processing chemicals.
9.1.5 Date new chemicals were placed in use.
9.1.6 Replenishment rates.

10. Maintenance

10.1 Maintenance schedules provided by the manufacturer
for preventive maintenance should be adhered to in order to
assure consistent chemical and mechanical operation as set
forth by the manufacturer.

11. Keywords

11.1 automatic processing; film; manual processing; pro-
cessing; radiographic; solutions
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APPENDIX

(Nonmandatory Information)

X1. USER VERIFICATION OF A MIXED FILM SYSTEM ACCORDING TO ISO 11699-2

X1.1 The user may process certified pre-exposed film strips
according to ISO11699-2 from the film manufacturer, if
demonstration of conformity to the film manufacturer’s clas-
sification is desired. The measured index values Sx and Cx in
the “mixed” film system should be within Sr 610 % and Cr

+15 % - 10 % to the reference values Sr and Cr given by the

film manufacturer in his certified film system, using the
reference values for the certified film test strips of the film
manufacturer. The user may write a conformity statement for a
mixed system based on these results of the mixed film system.
See ISO 11699-2 for more details.
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Standard Practice for
Design, Manufacture, and Material Grouping Classification
of Hole-Type Image Quality Indicators (IQI) Used for
Radiography

1. Scope

1.1 This practice covers the design, material grouping
classification, and manufacture of hole-type image quality
indicators (IQI) used to indicate the quality of radiologic
images.

1.2 This practice is applicable to X-ray and gamma-ray
radiology.

1.3 The values stated in inch-pound units are to be regarded
as standard.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.5 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
B139/B139M Specification for Phosphor Bronze Rod, Bar,

and Shapes
B150/B150M Specification for Aluminum Bronze Rod, Bar,

and Shapes
B164 Specification for Nickel-Copper Alloy Rod, Bar, and

Wire

B166 Specification for Nickel-Chromium-Iron Alloys (UNS
N06600, N06601, N06603, N06690, N06693, N06025,
N06045, and N06696), Nickel-Chromium-Cobalt-
Molybdenum Alloy (UNS N06617), and Nickel-Iron-
Chromium-Tungsten Alloy (UNS N06674) Rod, Bar, and
Wire

E746 Practice for Determining Relative Image Quality Re-
sponse of Industrial Radiographic Imaging Systems

E747 Practice for Design, Manufacture and Material Group-
ing Classification of Wire Image Quality Indicators (IQI)
Used for Radiology

E1735 Test Method for Determining Relative Image Quality
of Industrial Radiographic Film Exposed to X-Radiation
from 4 to 25 MeV

E1316 Terminology for Nondestructive Examinations
E2662 Practice for Radiographic Examination of Flat Panel

Composites and Sandwich Core Materials Used in Aero-
space Applications

2.2 Department of Defense (DoD) Documents:
MIL-I-24768 Insulation, Plastics, Laminated, Thermoset-

ting; General Specification for

2.3 ISO Documents
ISO 17636-1 Non-Destructive Testing of Welds – Radio-

graphic testing – Part 1: X- and Gamma-Ray Techniques
with Film

ISO 17636-2 Non-Destructive Testing of Welds – Radio-
graphic testing – Part 2: X- and Gamma-Ray Techniques
with Digital Detectors

ISO 19232-2 Non-Destructive Testing – Image Quality of
Radiographs – Part 2: Determination of the Image Quality
Value Using Step/Hole-Type Image Quality Indicators

ISO 19232-3 Non-Destructive Testing – Image Quality of
Radiographs – Part 3: Image Quality Classes
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2.4 ASME Documents:
BPVC (Boiler and Pressure Vessel Code) Section V Non-

destructive Examination, Article 2 Radiographic Exami-
nation

3. Terminology

3.1 Definitions—The definitions of terms relating to gamma
and X-radiology in Terminology E1316, Section D, shall apply
to the terms used in this practice.

4. Hole-Type IQI Requirements

4.1 Image quality indicators (IQIs) used to determine
radiologic-image quality levels shall conform to the following
requirements.

4.1.1 All image quality indicators (IQIs) shall be fabricated
from materials or alloys identified or listed in accordance with
7.3. Other materials may be used in accordance with 7.4.

4.1.2 Standard Hole-Type IQIs:
4.1.2.1 Standard Hole-Type Image quality indicators (IQIs)

shall dimensionally conform to the requirements of Fig. 1.

NOTE 1—Minimum hole diameters are used for standard hole type IQI
numbers 1 through 9 where the hole diameters are 0.010 in. for the 1T
hole, 0.020 in. for the 2T hole, and 0.040 in. for the 4T hole.

4.1.3 Modified Hole-Type IQI:
4.1.3.1 The rectangular IQI may be modified in length and

width as necessary for special applications, provided the hole
size(s) and IQI thickness conform to Fig. 1 or 4.1.4, as
applicable.

4.1.3.2 The IQI’s shall be identified as specified in 4.1.5 to
4.1.5.2, as applicable, except that the identification numbers
may be placed adjacent to the IQI if placement on the IQI is
impractical.

4.1.3.3 When modified IQI’s are used, details of the modi-
fication shall be documented in the records accompanying the
examination results.

4.1.4 True T-hole Diameter IQI:
4.1.4.1 It may be desirable for non-film applications to use

true T-hole diameter IQI’s for numbers 1 through 9.
4.1.4.2 Hole sizes for true T-hole diameter IQI’s may be

made by using laser or an electric discharge machining (EDM)
process and shall be within 610 % of 1T, 2T, and 4T (See Fig.
1, Note 3 for T)

4.1.4.3 When true T-hole-diameter IQI’s are used, details of
the modifications shall be documented in the records accom-
panying the examination results.

4.1.5 Both the rectangular and the circular IQIs shall be
identified with number(s) made of lead or a material of similar
radiation opacity. The number shall be bonded to the rectan-
gular IQI’s and shall be placed adjacent to circular IQI’s to
provide identification of the IQI on the image. The identifica-
tion numbers shall indicate the thickness of the IQI in
thousandths of an inch, that is, a number 10 IQI is 0.010 in.
thick, a number 100 IQI is 0.100 in. thick, etc. Additional
identification requirements are provided in 7.2.

4.1.5.1 Alternative Identification Method—It may be desir-
able for non-film applications to eliminate the lead number
identifiers and replace them with either material addition or
material removal methods as stated below:

(1) Material Addition Method—Numbers may be made of
the same material as that of the IQI and of sufficient thickness
to be clearly discernable within the radiologic image.

(2) Material Removal Method—Numbers may be cut into
the IQI in such a manner as to be clearly discernable in the
radiologic image. Processes such as laser etching, chemical
etching, precision stamping, etc., may be used to create the
numbers within the IQI.

4.1.5.2 Alloy-group identification shall be in accordance
with 7.2. Rectangular IQI’s shall be notched as shown in Fig.
2, except the corner notch for Group 001 is at a 45 degree
angle. Round IQI’s shall be vibrotooled or etched as shown in
Fig. 3.

4.1.5.3 True T-hole diameter IQI identification numbers
shall be rotated 90° as compared to Standard Hole Type IQIs.
See Fig. 4.

5. IQI Procurement

5.1 When selecting IQI’s for procurement, the following
factors should be considered:

5.1.1 Determine the alloy group(s) of the material to be
examined.

5.1.2 Determine the thickness or thickness range of the
material(s) to be examined.

5.1.3 Determine the Image Quality Level requirements as
described in Section 6 and Table 1.

5.1.4 Select the applicable IQI’s that represent the required
IQI thickness and alloy(s).

NOTE 2—This practice does not recommend or suggest specific IQI sets
to be procured. Section 5 is an aid in selecting IQI’s based on specific
needs.

6. Image Quality Levels

6.1 Image quality levels are designated by a two part
expression; X-YT. The first part of the expression, X, refers to
the IQI thickness expressed as a percentage of the specimen
thickness. The second part of the expression, YT, refers to the
diameter of the required hole and is expressed as a multiple of
the IQI thickness, T (for example, the image quality level 2-2T
means that the IQI thickness, T, is no more than 2 % of the
specimen thickness and that the diameter of the required IQI
hole is 2 × T).

NOTE 3—Standard Hole Type Image Quality Indicators (IQI’s) less than
number 10 have hole sizes 0.010, 0.020, and 0.040 in. diameter regardless
of the IQI thickness. Therefore, Standard Hole Type IQI’s less than
number 10 do not represent the quality levels specified in 6.1 and Table 1.
The equivalent IQI sensitivity (EPS) can be calculated using the equation
in Appendix X1.

6.2 Typical image quality level designations are shown in
Table 1. The level of inspection specified should be based on
service requirements of the product. Care should be taken in
specifying True T-hole Diameter Type IQI’s (4.1.4) and/or
image quality levels 2-1T, 1-1T, and 1-2T by first determining
that these levels can be maintained in production.
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6.3 In specifying image quality levels, the contract, pur-
chase order, product specification, or drawing should state the

proper two-part expression and clearly indicate the thickness of
the material to which the level refers. In place of a designated

NOTE 1—Tolerances for IQI thickness and hole diameter.
NOTE 2—Tolerances for True T-hole Diameter IQI thickness and hole diameter shall be 610 %.
NOTE 3—XX identification number equals T in .001 in..
NOTE 4—IQIs No. 1 through 9 for Standard Hole Type IQI’s (4.1.2) are not 1T, 2T, and 4T.
NOTE 5—Holes shall be true and normal to the IQI. Do not chamfer.

Identification
Number T
(Note 4) A in. (mm) B in. (mm) C in. (mm) D in. (mm) E in. (mm) F in. (mm) Tolerances (Note 3)

1–4 1.500 (38.1) 0.750 (19.05) 0.438 (11.13) 0.250 (6.35) 0.500 (12.7) 0.250 (6.35) ±10%
±0.015 (0.38) ±0.015 (0.38) ±0.015 (0.38) ±0.015 (0.38) ±0.015 (0.38) ±0.030 (0.76)

5–20 1.500 (38.1) 0.750 (19.05) 0.438 (11.13) 0.250 (6.35) 0.500 (12.7) 0.250 (6.35) ±0.0005 (0.127)
±0.015 (0.38) ±0.015 (0.38) ±0.015 (0.38) ±0.015 (0.38) ±0.015 (0.38) ±0.030 (0.76)

21–50 1.500 (38.1) 0.750 (19.05) 0.438 (11.13) 0.250 (6.35) 0.500 (12.7) 0.250 (6.35) ±0.0025 (0.635)
±0.015 (0.38) ±0.015 (0.38) ±0.015 (0.38) ±0.015 (0.38) ±0.015 (0.38) ±0.030 (0.76)

51–160 2.250 (57.15) 1.375 (34.93) 0.750 (19.05) 0.375 (9.53) 1.000 (25.4) 0.375 (9.53) ±0.005 (0.127)
±0.030 (0.762) ±0.030 (0.762) ±0.030 (0.762) ±0.030 (0.762) ±0.030 (0.762) ±0.030 (0.762)

Over 160 1.330T 0.830T ... ... ... ... ±0.010 (0.254)
±0.005 (0.127) ±0.005 (0.127)

FIG. 1 IQI Design
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two–part expression, the IQI number and minimum discernible
hole size shall be specified.

6.4 Appendix X1 of this practice provides a method for
determining equivalent IQI sensitivity (EPS) in percent. Under
certain conditions (as described within the purchaser-supplier
agreement), EPS may be useful in relating a discernible hole
size of the IQI thickness with the section thickness radio-
graphed for establishing an overall technical image quality
equivalency. This is not an alternative IQI provision for the
originally specified IQI requirement of this practice, but may
be a useful tool for establishing technical image equivalency on
a case basis need with specific customer approvals.

6.5 Practice E747 contains provisions for wire IQI’s that use
varying length and diameter wires to effect image quality
requirements. The requirements of Practice E747 are different
from this standard; however, Practice E747 (see Table 4)
contains provisions whereby wire sizes equivalent to corre-
sponding 1T, 2T and 4T holes for various plaque thicknesses
are provided. Appendix X1 of Practice E747 also provides
methods for determining equivalencies between wire and hole
type IQI’s. This is not an alternative IQI provision for the
originally specified IQI requirements of this practice, but may
be useful for establishing technical image equivalency on a
case basis need with specific customer approvals.

6.6 Test Methods E746 and E1735 provide additional tools
for determining relative image quality response of industrial
radiological systems when exposed to energy levels described
within those test methods. Both of these test methods use the
“equivalent penetrameter sensitivity” (EPS) concept to provide
statistical image quality information that allows the imaging

NOTCH TOLERANCES
Width +15°

−0°
(A) Depth +1⁄16 in. (1.588 mm)

−1⁄32 in. (0.794 mm)

FIG. 2 Rectangular IQI Notch Identification and Material Group-
ing

FIG. 3 Circular IQI Identification

FIG. 4 True T-hole Diameter Type IQI Identification Orientation

TABLE 1 Typical Image Quality Levels

Standard Image Quality Levels

Image Quality
Levels

IQI Thickness

Minimum
Perceptible

Hole
Diameter

Equivalent IQI
Sensitivity, %A

2-1T 1⁄50 (2 %) of Specimen Thickness 1T 1.4
2-2TB 2T 2.0
2-4T 4T 2.8

Special Image Quality Levels
1-1T 1⁄100 (1 %) of Specimen Thickness 1T 0.7
1-2T 2T 1
4-2T 1⁄25 (4 %) of Specimen Thickness 2T 4

AEquivalent IQI sensitivity is that thickness of the IQI, expressed as a percentage
of the part thickness, in which the 2T hole would be visible under the same
conditions.
BFor Level 2-2T Radiologic—The 2T hole in an IQI, 1⁄50 (2 %) of the specimen
thickness, is visible.
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system or other exposure components to be assessed on a
relative basis. These test methods are not alternative IQI
provisions for the originally specified IQI requirements of this
practice, but may be useful on a case basis with specific
customer approvals, for establishing technical image equiva-
lency of certain aspects of the radiological imaging process.

7. Material Groups

7.1 General:
7.1.1 Materials have been designated in nine groups based

on their radiation absorption characteristics: Group 001 for
non-metals. Groups 03, 02, and 01 for light metals and Groups
1 through 5 for heavy metals.

7.1.2 The non-metals group, typically in the form of fiber-
reinforced phenolic resin, are identified as 001 since these
materials have the least radiation absorption of all the material
groups.

7.1.3 The light metal groups, magnesium (Mg), aluminum
(A1), and titanium (Ti) are identified 03, 02, and 01 respec-
tively for their predominant alloying constituent. The materials
are listed in order of increasing radiation absorption.

7.1.4 The heavy metal groups, steel, copper base, nickel
base, and kindred alloys are identified 1 through 5. The
materials increase in radiation absorption with increasing
numerical designation.

NOTE 4—The metals groups were established experimentally at 180 kV
on 3⁄4-in. (19-mm) thick specimens. They apply from 125 kV to the
multivolt range. The non-metal group was established experimentally at a
range of 15 to 60 kV on 0.100-in. to 0.250-in. (2.54-mm to 6.35-mm) thick
specimens using MIL-I-24768 thermosetting plastic laminated insulation
materials type FBE and FBG.

7.1.5 Common trade names or alloy designations have been
used for clarification of the pertinent materials.

7.1.6 The materials from which the IQI for the group are to
be made are designated in each case, and these IQI’s are
applicable for all materials listed in that group. In addition, any
group IQI may be used for any material with a higher group
number, provided the applicable quality level is maintained.

7.2 Identification System:
7.2.1 A notching system has been designated for the nine

materials groups of IQI’s and is shown in Fig. 2 for rectangular
IQI’s.

7.2.2 For circular IQI’s, a group designation shall be vibro-
tooled or etched on the IQI to identify it by using the letter “G”
followed by the group number, for example, G4 for a Group 4
IQI. For identification of the group on the image, correspond-
ing lead characters shall be placed adjacent to the circular IQI,
just as is done with the lead numbers identifying the thickness.
An identification example is shown in Fig. 3.

7.3 Materials Groups:
7.3.1 Materials Group 001:
7.3.1.1 Image quality indicators (IQI’s) may be made from

phenolic resin laminate materials specified in MIL-I-24768, or
any of the materials listed in Practice E2662.

NOTE 5—The non-metal group was established experimentally at a
range of 15 to 60 kV on 0.100-in. to 0.250-in. (2.54-mm to 6.35-mm) thick
specimens using thermosetting plastic laminated insulation materials
specified as MIL-I-24768/10 type PBE and MIL-I-24768/11 type PBG.

There are many variations and the uniformity of the material can vary
from different manufacturers and batches; it is therefore recommended
that the material first be radiographically examined to determine its
suitability for IQIs prior to manufacturing those items. Material discon-
tinuities may include, but are not limited to, voids, inclusions, shrinkage
cavities, or severe mottling due to grain structure.

7.3.1.2 Use on polymer matrix composite materials or other
low density non-metal materials at low energies, typically
below 50 kV.

7.3.2 Materials Group 03:
7.3.2.1 Image quality indicators (IQI’s) shall be made of

magnesium or magnesium shall be the predominant alloying
constituent.

7.3.2.2 Use on all alloys of which magnesium is the
predominant alloying constituent.

7.3.3 Materials Group 02:
7.3.3.1 Image quality indicators (IQI’s) shall be made of

aluminum or aluminum shall be the predominant alloying
constituent.

7.3.3.2 Use on all alloys of which aluminum is the predomi-
nant alloying constituent.

7.3.4 Materials Group 01:
7.3.4.1 Image quality indicators (IQI’s) shall be made of

titanium or titanium shall be the predominant alloying constitu-
ent.

7.3.4.2 Use on all alloys of which titanium is the predomi-
nant alloying constituent.

7.3.5 Materials Group 1:
7.3.5.1 Image quality indicators (IQI’s) shall be made of

carbon steel or Type 300 series stainless steel.
7.3.5.2 Use on all carbon steel, all low-alloy steels, all

stainless steels, manganese-nickel-aluminum bronze (Super-
ston).

7.3.6 Materials Group 2:
7.3.6.1 Image quality indicators (IQI’s) shall be made of

aluminum bronze (Specification B150/B150M).
7.3.6.2 Use on all aluminum bronzes and all nickel-

aluminum bronzes.
7.3.7 Materials Group 3:
7.3.7.1 Image quality indicators (IQI’s) shall be made of

nickel-chromium-iron alloy (UNS No. NO6600) (Inconel).
(Specification B166.)

7.3.7.2 Use on nickel-chromium-iron alloy and 18 %
nickel-maraging steel.

7.3.8 Materials Group 4:
7.3.8.1 Image quality indicators (IQI’s) shall be made of 70

to 30 nickel-copper alloy (Monel) (Specification B164) or
equivalent.

7.3.8.2 Use on nickel, copper, all nickel-copper series, or
copper-nickel series of alloys, and all brasses (copper-zinc
alloys). Group 4 IQI’s may be used on the leaded brasses, since
leaded brass increases in attenuation with increase in lead
content. This would be equivalent to using a lower group IQI.

7.3.9 Materials Group 5:
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7.3.9.1 Image quality indicators (IQI’s) shall be made of
phosphor bronze (Specification B139/B139M).

7.3.9.2 Use on bronzes including gun-metal and valve
bronze, leaded-tin bronze of higher lead content than valve
bronze. Group 5 IQI’s may be used on bronze of higher lead
content since leaded bronze increases in attenuation with
increase in lead content. This would be equivalent to using a
lower group IQI.

NOTE 6—In developing the nine listed materials groups, a number of
other trade names or other nominal alloy designations were evaluated. For
the purpose of making this practice as useful as possible, these materials
are listed and categorized, by group, as follows:
(1) Group 2—Haynes Alloy IN-100.
(2) Group 3—Haynes Alloy No. 713C, Hastelloy D, G.E. Alloy SEL,
Haynes Stellite Alloy No. 21, GMR-235 Alloy, Haynes Alloy No. 93,
Inconel X, Inconel 718, and Haynes Stellite Alloy NO. S-816.
(3) Group 4—Hastelloy Alloy F, Hastelloy Alloy X, and Multimeter Alloy
Rene 41.
(4) Group 5—Alloys in order of increasing attenuation: Hastelloy Alloy B,
Hastelloy Alloy C, Haynes Stellite Alloy No. 31, Thetaloy, Haynes Stellite
No. 3, Haynes Alloy No. 25. IQIs of any of these materials are considered
applicable for the materials that follow it.
(5) Group 001—Garolite

NOTE 7—The committee formulating these recommendations, recom-
mended other materials may be added to the materials groups listed as the
need arises or as more information is gained, or that additional materials
groups may be added.

7.4 Radiologically Similar IQI Materials:
7.4.1 For materials not herein covered, IQI’s of radiographi-

cally similar materials may be used when the following

requirements are met. Two blocks of equal thickness, one of
the material to be examined (production material) and one of
the IQI material, shall be radiographed on one film by one
exposure at the lowest energy level to be used for production
radiography. Film density readings shall be between 2.0 and
4.0 for both materials. If the film density of the material to be
radiographed is within the range of 0 to +15 % of the IQI
material, the IQI material shall be considered radiographically
similar and may be used to fabricate IQI’s for examination of
the production material.

7.4.1.1 Radiological similarity tests may be performed with
non-film radiological systems, however, the minimum and
maximum pixel values for both materials shall be within the
range established for production examinations.

7.4.2 It shall always be permissible to use IQI’s of radio-
logically less dense material than the subject material being
examined.

8. IQI Certification

8.1 Records shall be available that attest to the conformance
of the material type, grouping (notches), and dimensional
tolerances of the IQI’s specified by this practice.

9. Precision and Bias

9.1 Precision and Bias—No statement is made about the
precision or bias for indicating the quality of radiological
images since the results merely state whether there is confor-
mance to the criteria for success specified in this practice.

10. Keywords

10.1 density; image quality level; IQI; radiologic; radiol-
ogy; X-ray and gamma radiation

APPENDIXES

(Nonmandatory Information)

X1. EQUIVALENT IQI (PENETRAMETER) SENSITIVITY (EPS)

X1.1 To find the equivalent IQI sensitivity (percent), the
hole size (diameter in inches), of the IQI thickness (inches), for
a section thickness (inches), the following equation may be
used:

where:
α = 100

X ŒTH
2

,

α = equivalent IQI sensitivity, %,
X = section thickness to be examined, in.,
T = IQI Thickness, in., and
H = hole diameter, in.
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X2. CONVERSION OF ISO 19232–2 IQI VALUES TO E1025 VALUES

X2.1 Table X2.1 provides information on the conversion of
ISO 19232-2 IQI values (hole numbers) to Practice E1025
identification numbers. ISO 19232-2 may be used alternatively
to ASTM IQIs as defined in Practice E1025 or radiographs
taken with the ISO 19232-2 IQIs may be evaluated in reference
to E1025 requirements. ISO 19232-3 provides recommended
thickness ranges for these IQIs. These are similar to ASME
BPVC Section V Article 2 Table T.276 in ISO 19232-3 class A.

X2.2 An ISO 19232-2 step/hole IQI can be used or accepted
for proof of radiographic sensitivity if its conversion value, as
given in Table X2.1, is equal or smaller than the required
E1025 IQI sizes.

X2.3 Discussion—A radiograph compliant to ISO 17636-1
(film) or ISO 17636-2 (digital) may be evaluated for accep-
tance. For example, for an object of 1 in. (25.4 mm) thickness,
with a 2-2T requirement, the correct E1025 IQI size is 20. All
ISO radiographs with step/hole IQIs on the radiograph with
hole number H8 and smaller may be accepted, based on Table
X2.1. EPS values of both ISO 19232-2 step/hole IQIs and
E1025 IQIs are calculated using the EPS equation referenced in
Appendix X1 to determine equivalencies. Where entries are
left blank, the equivalent is found further down in the table.

TABLE X2.1 Conversion of ISO 19232-2 IQI Values to ASTM E1025

Step/hole IQI
Identification by
ISO 19232-2,
hole number

Step/hole IQI Thickness and Hole Diameter
as Defined in ISO 19232-2

Equivalent IQI Identification Number Corresponding to E1025

inch mm
1T 1T 2T 4T

True T Holes True T Holes
H1 0.005 0.125 5 3 2
H2 0.006 0.160 6 4 3
H3 0.008 0.200 8 6 4
H4 0.010 0.25 7 5
H5 0.013 0.32 9 6
H6 0.016 0.40 8

Standard holes with minimum hole diameters as defined in Section 4.1.2
H3 0.008 0.20 6 3 2
H4 0.010 0.25 5 2
H5 0.013 0.32 8 4
H6 0.016 0.40 6

Standard holes and True T holes
H4 0.010 0.25 10
H5 0.013 0.32 13
H6 0.016 0.40 16 11

H7 0.020 0.50 20 14 10
H8 0.025 0.63 25 18 12
H9 0.031 0.80 31 22 16

H10 0.039 1.00 39 28 20
H11 0.049 1.25 49 35 25
H12 0.063 1.60 63 45 32

H13 0.079 2.00 79 56 40
H14 0.098 2.50 98 70 49
H15 0.126 3.20 126 89 63

H16 0.157 4.00 157 111 79
H17 0.197 5.00 197 139 98
H18 0.248 6.30 248 175 124



ð23Þ

STANDARD PRACTICE FOR RADIOGRAPHIC
EXAMINATION OF METALLIC CASTINGS

SE-1030/SE-1030M

(Identical with ASTM Specification E1030/E1030M-21.)

This document, in whole or in part, is mandatory only to the extent specified in the referencing
Article(s) of Subsection A, or as indicated in other Code Sections or referencing documents.

ASME BPVC.V-2023 ARTICLE 22, SE-1030/SE-1030M

499



ASME BPVC.V-2023ARTICLE 22, SE-1030/SE-1030M

500

Standard Practice for
Radiographic Examination of Metallic Castings

1. Scope

1.1 This practice provides a uniform procedure for radio-
graphic examination of metallic castings using radiographic
film as the recording medium.

1.2 This standard addresses the achievement of, or protocols
for achieving, common or practical levels of radiographic
coverage for castings, to detect primarily volumetric disconti-
nuities to sensitivity levels measured by nominated image
quality indicators. All departures, including alternate means or
methods to increase coverage, or address challenges of detect-
ing non-volumetric planar-type discontinuities, shall be agreed
upon between the purchaser and supplier and shall consider
Appendix X1 and Appendix X2.

1.3 The radiographic techniques stated herein provide ad-
equate assurance for defect detectability; however, it is recog-
nized that, for special applications, specific techniques using
more or less stringent requirements may be required than those
specified. In these cases, the use of alternate radiographic
techniques shall be as agreed upon between purchaser and
supplier (also see Section 5).

1.4 Units—The values stated in either SI units or inch-
pound units are to be regarded separately as standard. The
values stated in each system are not necessarily exact equiva-
lents; therefore, to ensure conformance with the standard, each
system shall be used independently of the other, and values
from the two systems shall not be combined.

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.6 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the

Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E94 Guide for Radiographic Examination Using Industrial

Radiographic Film
E155 Reference Radiographs for Inspection of Aluminum

and Magnesium Castings
E186 Reference Radiographs for Heavy-Walled (2 to 41⁄2 in.

(50.8 to 114 mm)) Steel Castings
E192 Reference Radiographs of Investment Steel Castings

for Aerospace Applications
E272 Reference Radiographs for High-Strength Copper-

Base and Nickel-Copper Alloy Castings
E280 Reference Radiographs for Heavy-Walled (41⁄2 to 12

in. (114 to 305 mm)) Steel Castings
E310 Reference Radiographs for Tin Bronze Castings
E446 Reference Radiographs for Steel Castings Up to 2 in.

(50.8 mm) in Thickness
E505 Reference Radiographs for Inspection of Aluminum

and Magnesium Die Castings
E543 Specification for Agencies Performing Nondestructive

Testing
E689 Reference Radiographs for Ductile Iron Castings
E747 Practice for Design, Manufacture and Material Group-

ing Classification of Wire Image Quality Indicators (IQI)
Used for Radiology

E802 Reference Radiographs for Gray Iron Castings Up to
41⁄2 in. (114 mm) in Thickness

E999 Guide for Controlling the Quality of Industrial Radio-
graphic Film Processing

E1025 Practice for Design, Manufacture, and Material
Grouping Classification of Hole-Type Image Quality In-
dicators (IQI) Used for Radiography

E1079 Practice for Calibration of Transmission Densitom-
eters

E1254 Guide for Storage of Radiographs and Unexposed
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Industrial Radiographic Films
E1316 Terminology for Nondestructive Examinations
E1320 Reference Radiographs for Titanium Castings
E1742/E1742M Practice for Radiographic Examination
E1815 Test Method for Classification of Film Systems for

Industrial Radiography
2.2 ASNT/ANSI Standards:
SNT-TC-1A Recommended Practice for Personnel Qualifi-

cation and Certification in Nondestructive Testing
CP-189 Qualification and Certification of Nondestructive

Testing Personnel
2.3 AIA Standard:
NAS 410 National Aerospace Standard Certification and

Qualification of Nondestructive Test Personnel
2.4 ISO Standards:
ISO 5579 Non-Destructive Testing—Radiographic Testing

of Metallic Materials Using Film and X- or Gamma-
rays—Basic Rules

ISO 9712 Non-Destructive Testing—Qualification and Cer-
tification of NDT Personnel

3. Terminology

3.1 Definitions—For definitions of terms used in this
practice, see Terminology E1316.

4. Significance and Use

4.1 The requirements expressed in this practice are intended
to control the quality of the radiographic images, to produce
satisfactory and consistent results, and are not intended for
controlling the acceptability or quality of materials or products.

5. Basis of Application

5.1 The following items shall be agreed upon by the
purchaser and supplier:

5.1.1 Nondestructive Testing Agency Evaluation—If speci-
fied in the contractual agreement, nondestructive testing (NDT)
agencies shall be qualified and evaluated in accordance with
Practice E543. The applicable version of Practice E543 shall be
specified in the contractual agreement.

5.1.2 Personnel Qualification—Personnel performing ex-
aminations to this standard shall be qualified in accordance
with a nationally or internationally recognized NDT personnel
qualification practice or standard such as ANSI/ASNT CP-189,
SNT-TC-1A, NAS 410, ISO 9712, or a similar document and
certified by the employer or certifying agency, as applicable.
The practice or standard used and its applicable revision shall
be identified in the contractual agreement between the using
parties.

5.1.3 Apparatus—General requirements (see 6.1 through
6.9) shall be specified.

5.1.4 Requirements—General requirements (see 8.1, 8.2,
8.5, and 8.7.4) shall be specified.

5.1.5 Procedure Requirements (see 9.1, 9.1.1, 9.3, 9.7.4, and
9.7.7) shall be specified.

5.1.6 Records—Record retention (see 12.1) shall be speci-
fied.

6. Apparatus

6.1 Radiation Sources:
6.1.1 X Radiation Sources—Selection of appropriate X-ray

voltage and current levels is dependent upon variables regard-
ing the specimen being examined (material type and thickness)
and economically permissible exposure time. The suitability of
these X-ray parameters shall be demonstrated by attainment of
required penetrameter (IQI) sensitivity and compliance with all
other requirements stipulated herein. Guide E94 contains
provisions concerning exposure calculations and charts for the
use of X-ray sources.

6.1.2 Gamma Radiation Sources—Isotope sources, when
used, shall be capable of demonstrating the required radio-
graphic sensitivity.

6.2 Film Holders and Cassettes—Film holders and cassettes
shall be light-tight and shall be handled properly to reduce the
likelihood that they may be damaged. They may be flexible
vinyl, plastic, or any durable material; or, they may be made
from metallic materials. In the event that light leaks into the
film holder and produces images on the film extending into the
area of interest, the film shall be rejected. If the film holder
exhibits light leaks, it shall be repaired before reuse or
discarded. Film holders and cassettes should be routinely
examined to minimize the likelihood of light leaks.

6.3 Intensifying Screens:
6.3.1 Lead-Foil Screens:
6.3.1.1 Intensifying screens of the lead-foil type are gener-

ally used for all production radiography. Lead-foil screens shall
be of the same approximate area dimensions as the film being
used and they shall be in direct contact with the film during
exposure.

6.3.1.2 Recommended screen thicknesses are listed in Table
1 for the applicable voltage range being used.

6.3.1.3 Sheet lead, with or without backing, used for screens
should be visually examined for dust, dirt, oxidation, cracking
or creasing, foreign material or other condition that could
render undesirable nonrelevant images on the film.

6.3.2 Fluorescent, Fluorometallic, or Other Metallic
Screens:

6.3.2.1 Fluorescent, fluorometallic, or other metallic screens
may be used. However, they must be capable of demonstrating
the required penetrameter (IQI) sensitivity. Fluorescent or
fluorometallic screens may cause limitations in image quality
(see Guide E94, Appendix X1.)

6.3.2.2 Screen Care—All screens should be handled care-
fully to avoid dents, scratches, grease, or dirt on active
surfaces. Screens that render false indications on radiographs
shall be discarded or reworked to eliminate the artifact.

6.3.3 Other Screens—International Standard ISO 5579 con-
tains similar provisions for intensifying screens as this practice.
International users of these type screens who prefer the use of
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ISO 5579 for their particular applications should specify such
alternate provisions within separate contractual arrangements
from this practice.

6.4 Filters—Filters shall be used whenever the contrast
reductions caused by low-energy scattered radiation or the
extent of undercut and edge burn-off occurring on production
radiographs is of significant magnitude so as to cause failure to
meet the quality level or radiographic coverage requirements
stipulated by the job order or contract (see Guide E94).

6.5 Masking—Masking material may be used, as necessary,
to help reduce image degradation due to undercutting (see
Guide E94).

6.6 Penetrameters (IQI)—Unless otherwise specified by the
applicable job order or contract, only those penetrameters that
comply with the design and identification requirements speci-
fied in Practices E747, E1025, or E1742/E1742M shall be
used.

6.7 Shims and Separate Blocks—Shims or separate blocks
made of the same or radiographically similar materials (as
defined in Practice E1025) may be used to facilitate penetram-
eter positioning. There is no restriction on shim or separate
block thickness provided the penetrameter and area-of-interest
optical density tolerance requirements of 9.7.6.2 are met.

6.8 Radiographic Location and Identification Markers—
Lead numbers and letters are used to designate the part number
and location number. The size and thickness of the markers
shall depend on the ability of the radiographic technique to
image the markers on the radiograph. As a general rule,
markers 1⁄16-in. [1.5-mm] thick will suffice for most low-energy
(less than 1 MV tube voltage) X-ray and Iridium-192 radiog-
raphy; for higher-energy radiography, it may be necessary to
use markers that are 1⁄8-in. [3.0-mm] or more thick.

6.9 Optical Density Measurement Apparatus—Either a
transmission densitometer or a step-wedge comparison radio-
graph shall be used for judging optical density requirements.
Step wedge comparison films or densitometer calibration, or
both, shall be verified by comparison with a calibrated step-

wedge film traceable to the National Institute of Standards and
Technology. Densitometers shall be calibrated in accordance
with Practice E1079.

7. Reagents and Materials

7.1 Film Systems—Only film systems having cognizant
engineering organization (CEO) approval or meeting the re-
quirements of Test Method E1815 shall be used to meet the
requirements of this practice.

8. Requirements

8.1 Procedure Requirement—Unless otherwise specified by
the applicable job order or contract, radiographic examination
shall be performed in accordance with a written procedure.
Specific requirements regarding the preparation and approval
of written procedures shall be dictated by a purchaser and
supplier agreement. The procedure details should include at
least those items stipulated in Appendix X1. In addition, a
radiographic standard shooting sketch (RSS), Fig. X1.1, shall
be prepared similar to that shown in Appendix X1 and shall be
available for review during interpretation of the radiograph.

8.2 Radiographic Coverage—Unless otherwise specified by
a purchaser and supplier agreement, the extent of radiographic
coverage shall be the maximum practical volume of the
casting. Areas that require radiography shall be designated as
illustrated in Figs. X1.2 and X1.3 of Appendix X1. When the
shape or configuration of the casting is such that radiography is
impractical, these areas shall be so designated on drawings or
sketches that accompany the radiographs. Examples of casting
geometries and configurations that may be considered imprac-
tical to radiograph are illustrated in Appendix X2.

8.3 Radiographic Film Quality—All radiographs shall be
free of mechanical, chemical, handling-related, or other blem-
ishes which could mask or be confused with the image of any
discontinuity in the area of interest on the radiograph. If any
doubt exists as to the true nature of an indication exhibited by
the radiograph, the radiograph shall be retaken or rejected.

TABLE 1 Lead Foil ScreensA

kV Range Front ScreenA Back Screen Minimum
0 to 150 kVB 0.000 to 0.001 in. [0 to 0.025 mm] 0.005 in.C [0.127 mm]
151 to 200 kV 0.001 to 0.005 in. [0.025 to 0.127 mm] 0.005 in.C [0.127 mm]
201 to 320 kV 0.001 to 0.010 in. [0.025 to 0.254 mm] 0.005 in. [0.127 mm]
Se-75 0.001 to 0.010 in. [0.025 to 0.254 mm] 0.005 in. [0.127 mm]
321 to 450 kV 0.005 to 0.015 in. [0.127 to 0.381 mm] 0.010 in. [0.254 mm]
Ir 192 0.005 to 0.015 in. [0.127 to 0.381 mm] 0.010 in. [0.254 mm]
451 kV to 2 MV 0.005 to 0.020 in. [0.127 to 0.508 mm]D 0.010 in. [0.254 mm]D

Co-60 0.005 to 0.020 in. [0.127 to 0.508 mm]D 0.010 in. [0.254 mm]D

Over 2 MV to 4 MV 0.010 to 0.020 in. [0.254 to 0.508 mm]D 0.010 in. [0.254 mm]D

Over 4 MV to 10 MV 0.010 to 0.030 in. [0.254 to 0.762 mm]D 0.010 in. [0.254 mm]D

Over 10 MV to 25 MV 0.010 to 0.050 in. [0.254 to 1.27 mm] 0.010 in. [0.254 mm]
A The lead screen thickness listed for the various voltage ranges are recommended thicknesses and not required thicknesses. Other thicknesses and materials may be
used provided the required radiographic quality level, contrast, and density are achieved.
B Prepacked film with lead screens may be used from 80 to 150 kV. No lead screens are recommended below 80 kV. Prepackaged film may be used at higher voltages
provided the contrast, density, radiographic quality level, and backscatter requirements are achieved. Additional intermediate lead screens may be used for reduction of
scattered radiation at higher voltages.
C No back screen is required provided the backscatter requirements of 9.5 are met.
D For Co-60 and the voltage range of 451 kV to 4 MV, steel or copper screens of 0.1 to 0.5 mm may be used. For the voltage range of 4 MV to 10 MV, 0.5 to 1.0 mm steel
or copper or up to 0.5 mm tantalum screens are recommended.
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8.4 Radiographic Quality Level—The applicable job order
or contract shall dictate the requirements for radiographic
quality level. (See Practice E1025 or Practice E747 for
guidance in selection of quality level.)

8.5 Acceptance Level—Radiographic acceptance levels and
associated severity levels shall be stipulated by the applicable
contract, job order, drawing, or other purchaser and supplier
agreement.

8.6 Optical Density Limitations—Optical density in the area
of interest shall be within 1.5 to 4.0 for either single or
superimposed viewing.

8.7 Film Handling:
8.7.1 Darkroom Facilities—Darkroom facilities should be

kept clean and as dust-free as practical. Safelights should be
those recommended by film manufacturers for the radiographic
materials used and should be positioned in accordance with the
manufacturer’s recommendations. All darkroom equipment
and materials should be capable of producing radiographs that
are suitable for interpretation.

8.7.2 Film Processing—Guide E999 should be consulted for
guidance on film processing.

8.7.3 Radiographic Viewing Facilities—Viewing facilities
shall provide subdued background lighting of an intensity that
will not cause troublesome reflections, shadows, or glare on the
radiograph. The viewing light shall be of sufficient intensity to
review optical densities up to 4.0 and be appropriately con-
trolled so that the optimum intensity for single or superimposed
viewing of radiographs may be selected.

8.7.4 Storage of Radiographs—When storage is required by
the applicable job order or contract, the radiographs should be
stored in an area with sufficient environmental control to
preclude image deterioration or other damage. The radiograph
storage duration and location after casting delivery shall be as
agreed upon between purchaser and supplier. (See Guide
E1254 for storage information.)

9. Procedure

9.1 Time of Examination—Unless otherwise specified by the
applicable job order or contract, radiography may be per-
formed prior to heat treatment and in the as-cast, rough-
machined, or finished-machined condition.

9.1.1 Penetrameter (IQI) Selection—Unless otherwise
specified in the applicable job order or contract, penetrameter
(IQI) selection shall be based on the following: if the thickness
to be radiographed exceeds the design thickness of the finished
piece, the penetrameter (IQI) size shall be based on a thickness
which does not exceed the design thickness of the finished

piece by more than 20 % or 1⁄4 in. [6.35 mm], whichever is
greater. In no case shall the penetrameter (IQI) size be based on
a thickness greater than the thickness to be radiographed.

9.2 Surface Preparation—The casting surfaces shall be
prepared as necessary to remove any conditions that could
mask or be confused with internal casting discontinuities.

9.3 Source-to-Film Distance—Unless otherwise specified in
the applicable job order or contract, geometric unsharpness
(Ug) shall not exceed the following in Table 2. The user should
be aware that exposures utilizing the maximum geometric
unsharpness permitted by Table 2 may not produce acceptable
sensitivity and the unsharpness should be reduced in order to
achieve the required sensitivity.

9.4 Direction of Radiation—The direction of radiation shall
be governed by the geometry of the casting and the radio-
graphic coverage and quality requirements stipulated by the
applicable job order or contract. Whenever practicable, place
the central beam of the radiation perpendicular to the surface of
the film. Appendix X2 provides examples of preferred source
and film orientations and examples of casting geometries and
configurations on which radiography is impractical or very
difficult.

9.5 Back-Scattered Radiation Protection:

9.5.1 Back-Scattered Radiation—(secondary radiation ema-
nating from surfaces behind the film, that is, walls, floors, etc.)
serves to reduce radiographic contrast and may produce
undesirable effects on radiographic quality. A 1⁄8-in. (3.2-mm)
lead sheet placed behind the film generally furnishes adequate
protection against back-scattered radiation.

9.5.2 To detect back-scattered radiation, position a lead
letter “B” (approximately 1⁄8-in. [3.2-mm] thick by 1⁄2-in.
[12.5-mm] high) on the rear side of the film holder. If a light
image (lower optical density) of the lead letter “B” appears on
the radiograph, it indicates that more back-scatter protection is
necessary. The appearance of a dark image of the lead letter
“B” should be disregarded unless the dark image could mask or
be confused with rejectable casting defects.

9.6 Penetrameter (IQI) Placement—Place all penetrameters
(IQI) being radiographed on the source side of the casting.
Place penetrameters (IQI) in the radiographic area of interest,
unless the use of a shim or separate block is necessary, as
specified in 9.7.6.

9.7 Number of Penetrameters (IQI):

TABLE 2 Unsharpness (Ug) Maximum

Material Thickness Ug MaximumA

Under 1 in. [25.4 mm] 0.015 in. [0.381 mm]
1 through 2 in. [25.4 through 50.8 mm] 0.020 in. [0.508 mm]
Over 2 through 3 in. [over 50.8 through 76.2 mm] 0.030 in. [0.762 mm]
Over 3 through 4 in. [over 76.2 through 101.6 mm] 0.040 in. [1.016 mm]
Over 4 through 5 in. [over 101.6 through 127 mm] 0.050 in. [1.27 mm]
Over 5 through 6 in. [over 127 through 152.4 mm] 0.060 in. [1.524 mm]
Greater than 6 in. [greater than 152.4 mm] 0.070 in. [1.78 mm]

A Geometric unsharpness values shall be determined (calculated) as specified by the formula in Guide E94.
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9.7.1 One penetrameter (IQI) shall represent an area within
which optical densities do not vary more than +30 % to –15 %
from the optical density measured through the body of the
penetrameter (IQI).

9.7.2 When the optical density varies more than –15 %
to +30 %, two penetrameters (IQI) shall be used as follows: if
one penetrameter (IQI) shows acceptable sensitivity represent-
ing the highest optical density portion of the exposure, and the
second penetrameter (IQI) shows acceptable sensitivity repre-
senting the lowest optical density portion of the exposure, then
these two penetrameters (IQI) shall qualify the exposure
location within these optical densities, provided the optical
density requirements stipulated in 8.6 are met.

9.7.3 For cylindrical or flat castings where more than one
film holder is used for an exposure, at least one penetrameter
(IQI) image shall appear on each radiograph. For cylindrical
shapes, where a panoramic type source of radiation is placed in
the center of the cylinder and a complete or partial circumfer-
ence is radiographed using at least four overlapped film
holders, at least three penetrameters (IQI) shall be used. On
partial circumference exposures, a penetrameter (IQI) shall be
placed at each end of the length of the image to be evaluated
on the radiograph with the intermediate penetrameters (IQI)
placed at equal divisions of the length covered. For full
circumferential coverage, three penetrameters (IQI) spaced
120° apart shall be used, even when using a single length of
roll film.

9.7.4 When an array of individual castings in a circle is
radiographed, the requirements of 9.7.1 or 9.7.2, or both, shall
prevail for each casting.

9.7.5 If the required penetrameter (IQI) sensitivity does not
show on any one radiograph in a multiple film technique (see
9.11), but does show in composite (superimposed) radiograph
viewing, interpretation shall be permitted only by composite
radiograph viewing for the respective area.

9.7.6 When it is not practicable to place the penetrameter(s)
(IQI) on the casting, a shim or separate block conforming to the
requirements of 6.7 may be used.

9.7.6.1 The penetrameter (IQI) shall be no closer to the film
than the source side of that part of the casting being radio-
graphed in the current view.

9.7.6.2 The optical density measured adjacent to the pen-
etrameter (IQI) through the body of the shim or separate block
shall not exceed the optical density measured in the area of
interest by more than 15 %. The optical density may be lighter
than the area of interest optical density, provided acceptable
quality level is obtained and the optical density requirements of
8.6 are met.

9.7.6.3 The shim or separate block shall be placed at the
corner of the film holder or close to that part of the area of
interest that is furthest from the central beam. This is the worst
case position from a beam angle standpoint that a discontinuity
would be in.

9.7.6.4 The shim or separate block dimensions shall exceed
the penetrameter (IQI) dimensions such that the outline of at
least three sides of the penetrameter (IQI) image shall be
visible on the radiograph.

9.7.7 Film Side Penetrameter (IQI)—In the case where the
penetrameter (IQI) cannot be physically placed on the source
side and the use of a separate block technique is not practical,
penetrameters (IQI) placed on the film side may be used. The
applicable job order or contract shall dictate the requirements
for film side radiographic quality level (see 8.4).

9.8 Location Markers—The radiographic image of the loca-
tion markers for the coordination of the casting with the
radiograph shall appear on the radiograph, without interfering
with the interpretation, in such an arrangement that it is evident
that the required coverage was obtained. These marker posi-
tions shall be marked on the casting and the position of the
markers shall be maintained on the part during the complete
radiographic cycle. The RSS shall show all marker locations.

9.9 Radiographic Identification—A system of positive iden-
tification of the radiograph shall be used and each radiograph
shall have a unique identification relating it to the item being
examined. As a minimum, the following additional information
shall appear on each radiograph or in the records accompany-
ing each radiograph:

(1) Identification of organization making the radiograph,
(2) Date of exposure,
(3) Identification of the part, component or system and,

where applicable, the weld joint in the component or system,
and

(4) Whether the radiograph is an original or repaired area.

9.10 Subsequent Exposure Identification— All repair radio-
graphs after the original (initial) shall have an examination
status designation that indicates the reason. Subsequent radio-
graphs made by reason of a repaired area shall be identified
with the letter “R” followed by the respective repair cycle (that
is, R-1 for the first repair, R-2 for the second repair, etc.).
Subsequent radiographs that are necessary as a result of
additional surface preparation should be identified by the
letters “REG.”

9.11 Multiple Film Techniques—Two or more films of equal
or different speeds in the same cassette are allowed, provided
prescribed quality level and optical density requirements are
met (see 9.7.2 and 9.7.5).

9.12 Radiographic Techniques:
9.12.1 Single Wall Technique—Except as provided in 9.12.2

or 9.12.3, radiography shall be performed using a technique in
which the radiation passes through only one wall.

9.12.2 Double Wall Technique with I.D. of 4 in. [100 mm]
and Less—For castings with an inside diameter of 4 in.
[100 mm] or less, a technique may be used in which the
radiation passes through both walls and both walls are viewed
for acceptance on the same radiograph. An adequate number of
exposures shall be taken to ensure that required coverage has
been obtained.

9.12.3 Double Wall Technique with I.D. of Over 4 in. [100
mm]—For castings with an inside diameter greater than 4 in.
[100 mm], a technique may be used in which the radiation
passes through both walls but only the wall closest to the film
is being examined for acceptance. In this instance, the IQI(s)
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shall be positioned such that their distance from the film is
comparable to the film-to-object distance of the object being
examined.

9.13 Safety—Radiographic procedures shall comply with
applicable city, state, and federal regulations.

10. Radiograph Evaluation

10.1 Radiographic Quality—Verify that the radiograph
meets the quality requirements specified in 8.3, 8.4, 8.6, 9.5.2
and 9.7.

10.2 Radiographic Evaluation—Determine the acceptance
or rejection of the casting by comparing the radiographic image
to the agreed upon acceptance criteria (see 8.5) based on the
actual casting thickness in which the flaw resides.

11. Reference Radiographs

11.1 Reference Radiographs E155, E186, E192, E272,
E280, E310, E446, E505, E689, E802, and E1320 are graded
radiographic illustrations of various casting discontinuities.
These reference radiographs may be used to help establish

acceptance criteria and may also be useful as radiographic
interpretation training aids.

12. Report

12.1 The following radiographic records shall be main-
tained as agreed upon between purchaser and supplier:

12.1.1 Radiographic standard shooting sketch,
12.1.2 Weld repair documentation,
12.1.3 Radiographs,
12.1.4 Radiographic interpretation record containing as a

minimum:
12.1.4.1 Disposition of each radiograph (acceptable or

rejectable),
12.1.4.2 If rejectable, cause for rejection (shrink, gas, etc.),
12.1.4.3 Surface indication verified by visual examination

(mold, marks, etc.), and
12.1.4.4 Signature of the radiographic interpreter.

13. Keywords

13.1 castings; gamma-ray; nondestructive testing; radio-
graphic; radiography; X-ray

APPENDIXES

(Nonmandatory Information)

X1. RADIOGRAPHIC STANDARD SHOOTING SKETCH (RSS)

X1.1 The radiographic standard shooting sketch (RSS) pro-
vides the radiographic operator and the radiographic interpreter
with pertinent information regarding the examination of a
casting. The RSS is designed to standardize radiographic
methodologies associated with casting examination; it may
also provide a means of a purchaser and supplier agreement,
prior to initiation of the examination on a production basis. The
use of a RSS is advantageous due to the many configurations
associated with castings and the corresponding variations in
techniques for examination of any particular one. The RSS
provides a map of location marker placement, directions for
source and film arrangement, and instructions for all other
parameters associated with radiography of a casting. This
information serves to provide the most efficient method for
controlling the quality and consistency of the resultant radio-
graphic representations.

X1.2 The RSS usually consists of an instruction sheet and
sketch(es) of the casting: the instruction sheet specifies the
radiographic equipment, materials, and technique-acceptance
parameters for each location; the sketch(es) illustrate(s) the
location, orientation, and the source and film arrangement for
each location. Figs. X1.1-X1.3 of this appendix provide a
typical instruction sheet and sketch sheets. As a minimum, the
RSS should provide the following information. All spaces shall
be filled in unless not applicable; in those cases, the space shall
be marked NA.

X1.2.1 The instruction sheet should provide the following:

X1.2.1.1 Company preparing RSS and activity performing
radiography.

X1.2.1.2 Casting identification including:
(1) Drawing number,
(2) Casting identification number,
(3) Descriptive name (for example, pump casting, valve

body, etc.),
(4) Material type and material specification,
(5) Heat number, and
(6) Pattern number.

X1.2.1.3 Surface condition at time of radiography (as cast,
rough machined, finished machined).

X1.2.1.4 Spaces for approval (as applicable).
X1.2.1.5 Radiographic Technique Parameters for Each Lo-

cation:
(1) Radiographic location designation,
(2) Source type and size,
(3) Finished thickness,
(4) Thickness when radiographed,
(5) Penetrameters,
(6) Source to film distance,
(7) Film type and quantity,
(8) Film size,
(9) Required penetrameter (IQI) quality level,
(10) Radiographic acceptance standard, and
(11) Applicable radiographic severity level.

X1.2.2 The sketch(es) should provide the following:
X1.2.2.1 Location marker placement.
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X1.2.2.2 Location of foundry’s identification pad or symbol
on the casting.

X1.2.2.3 Designation of areas that require radiography (as
applicable).

X1.2.2.4 Designation of areas that are considered impracti-
cal or very difficult to radiograph (see 1.2 and 8.2).

X1.2.2.5 Radiographic source and film arrangement and
radiation beam direction for each location.

NOTE X1.1—The RSS should designate the involved locations and
stipulate that the technique for those locations is typical, for sections of the
casting on which a continuing series of locations are to be radiographed
with the same basic source and film arrangement for each location.

X1.2.3 Fig. X1.1 of this appendix provides a sample RSS
that has been developed for a typical production application,
and Figs. X1.2 and X1.3 provide sample RSS sketches that
have been developed for a typical production application.

X1.2.4 The RSS may not provide what is considered to be
the most effective means of technique control for all radio-
graphic activities, but, in any event, some means of technique
standardization should be employed. As a general rule, it is a
beneficial practice for the supplier to solicit purchaser approval
of the radiographic methodology prior to performing produc-
tion radiography. This generally entails the demonstration of
the adequacy of the methodology by submitting the proposed
technique parameters and a corresponding set of pilot radio-
graphs to the purchaser for review. Purchaser approval of the
technique shall be addressed in the applicable job order or
contract.

FIG. X1.1 Sample Radiographic Standard Shooting Sketch (RSS)
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FIG. X1.2 Samples of Radiographic Standard Shooting Sketches (RSS)
Views Illustrating Layout of Source and Film Placement
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X2. PREFERRED SOURCE AND FILM ALIGNMENT FOR FLANGE RADIOGRAPHY AND EXAMPLES OF AREAS THAT
ARE CONSIDERED IMPRACTICAL TO RADIOGRAPH

X2.1 Preferred Source and Film Alignment for Flange
Radiography—The effective use of radiography for assessing
material soundness in casting areas where a flange joins a body
is somewhat limited by the source and film alignment that the

geometric configuration of these areas require. The following
figures (see Figs. X2.1-X2.3) describe source and film align-
ments that can be employed and discusses the limits and
benefits of each.

FIG. X1.3 Samples of Radiographic Standard Shooting Sketches (RSS)
Views Illustrating Layout and Extent of Coverage
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NOTE 1—For general application, this alignment provides the most effective compromise of quality radiography and maximum obtainable coverage.
FIG. X2.1 Preferred Source and Film Alignment

NOTE 1—This alignment provides a suitable alternative when other casting appendages (bosses, flanges, etc.) project into the radiation path as
illustrated in Fig. X2.2 when this alignment is used, additional losses in coverage (as opposed to Fig. X2.1) should be expected and noted accordingly
on the applicable RSS.

FIG. X2.2 Permissible Source and Film Alignment when Fig. X2.1 Cannot Be Applied Due to Casting Geometry

NOTE 1—This alignment is permissible if the radiation source energy and film multi-load capabilities are sufficient to afford compliance with the
technique requirements stipulated herein. This alignment will generally require the use of filters or masking to reduce the influence of radiation that
undercuts the thicker areas and reduces overall radiographic quality.

FIG. X2.3 Allowable Source Film Alignment as Governed by Source Energy and Multi-Film Load Acceptable Density Latitude
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X3. EXAMPLES OF AREAS THAT ARE CONSIDERED TO BE IMPRACTICAL TO RADIOGRAPH

X3.1 Certain casting geometry configurations are inacces-
sible for conventional source and film arrangements that will
provide meaningful radiographic results. These areas generally
involve the juncture of two casting sections. The following
illustrations (see Fig. X3.1 and Fig. X3.2) provide typical

examples of such areas.

FIG. X3.1 Areas Involving Flanges

FIG. X3.2 Areas Involving Other Junctures



ð23Þ

STANDARD TEST METHOD FOR DETERMINING THE
SIZE OF IRIDIUM-192, COBALT-60, AND SELENIUM-75

INDUSTRIAL RADIOGRAPHIC SOURCES

SE-1114

(Identical with ASTM Specification E1114-20.)

This document, in whole or in part, is mandatory only to the extent specified in the referencing
Article(s) of Subsection A, or as indicated in other Code Sections or referencing documents.

ASME BPVC.V-2023 ARTICLE 22, SE-1114

511



ASME BPVC.V-2023ARTICLE 22, SE-1114

512

Standard Test Method for
Determining the Size of Iridium-192, Cobalt-60, and
Selenium-75 Industrial Radiographic Sources

1. Scope

1.1 This test method covers the determination of the size of
Iridium-192, Cobalt-60, and Selenium-75 radiographic
sources. The determination is based upon measurement of the
image of the source in a projection radiograph of the source
assembly and comparison to the measurement of the image of
a reference sample in the same radiograph or the source guide
tube.

1.2 Units—The values stated in either SI units or inch-
pound units are to be regarded separately as standard. The
values stated in each system are not necessarily exact equiva-
lents; therefore, to ensure conformance with the standard, each
system shall be used independently of the other, and values
from the two systems shall not be combined.

1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.4 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E999 Guide for Controlling the Quality of Industrial Radio-

graphic Film Processing
E1316 Terminology for Nondestructive Examinations
E1815 Test Method for Classification of Film Systems for

Industrial Radiography
E2445 Practice for Performance Evaluation and Long-Term

Stability of Computed Radiography Systems
E2597 Practice for Manufacturing Characterization of Digi-

tal Detector Arrays
E2002 Practice for Determining Total Image Unsharpness

and Basic Spatial Resolution in Radiography and Radios-
copy

2.2 Other International Standards:
EN 12679:2018 Industrial Radiography—Radiographic

Method for the Determination of the Source Size for
Radioisotopes

3. Terminology

3.1 For definitions of terms relating to this test method, refer
to Terminology E1316.

4. Significance and Use

4.1 One of the factors affecting the quality of a radiographic
image is geometric unsharpness. The degree of geometric
unsharpness is dependent upon the size of the source, the
distance between the source and the object to be radiographed,
and the distance between the object to be radiographed and the
film or digital detector. This test method allows the user to
determine the size of the source and to use this result to
establish source to object and object to film or detector
distances appropriate for maintaining the desired degree of
geometric unsharpness.

NOTE 1—The European standard CEN EN 12579 describes a simplified
procedure for measurement of source sizes of Ir-192, Co-60, and Se-75.
The resulting source size of Ir-192 is comparable to the results obtained by
this test method.

5. Apparatus

5.1 Subjects are Iridium-192, Cobalt-60, and Selenium-75
Sources where the source sizes are to be determined. The
appropriate apparatus and equipment for the safe storage,
handling, and manipulation of the subject source, such as a
radiographic exposure device (also referred to as a gamma ray
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projector or gamma camera), remote control, source guide
tube, and source stop are also required.

5.2 Reference Sample (see Figs. 1-3)—The reference sample
for film radiography shall be of material which is not radioac-
tive. The recommended material is Iridium, Cobalt (also steel),
or Selenium (also SeO2), respectively. However, substitutes
such as platinum, tungsten, or other material of similar
radiopacity may be used. The sample should be of the same
geometric shape as the subject source, should be approximately
the same size as the subject source, and should be positioned
on or within a shim or envelope to simulate the source capsule
wall. The resulting radiographic contrast, with reference to
adjacent background density of the image of the reference
sample, should be approximately the same as that of the subject
source. The actual dimensions of the reference sample should
be determined to the nearest 0.025 mm (0.001 in.). If digital
radiography and image processing is applied with imaging
plates or DDAs, the source guide can be used as reference
sample for dimensional measurement.

5.3 X-ray Generator, capable of producing a radiation
intensity (roentgen per hour at one metre / 39 in.) at least ten
times greater than that produced by the subject source. Ex-
amples of typical X-ray generator output requirements that
satisfy this criterion are presented in Table 1.

5.4 Film Systems—Only film systems having cognizant
engineering organization approval or meeting the system class
requirements of Test Method E1815, for system classes I, II, or
Special, shall be used. Selection of film systems should be
determined by such factors as the required radiographic quality
level, equipment capability, materials, and so forth. The film
system selected shall be capable of demonstrating the required
image quality. No intensifying screens shall be used. Radio-
graphic films shall be processed in accordance with Guide
E999.

5.5 Image Measurement Apparatus—This apparatus is used
to measure the size of the image of the spot. The apparatus
shall be an optical comparator with built-in graticule (see 8.2
for requirements).

5.6 Digital Detectors—Digital detectors, which are either
imaging plates or digital detector arrays, may be used as film
replacement. The digital detector shall possess a pixel pitch
which is at least 40 times smaller than the nominal source size
to measure and a basic spatial resolution smaller than 1⁄20 of the
nominal source size. The basic spatial resolution of the detector
shall be measured in accordance with Practice E2002 (see an
example in 9.2), the procedure of Practice E2597 for DDAs or
Practice E2445 for the imaging plate scanner systems or taken
from manufacturer statements. In the area of free beam a

detector SNR > 100 shall be achieved. The measurement
procedure of the SNR shall be in accordance with the proce-
dure of Practice E2597 for DDAs or Practice E2445 for
imaging plate scanner systems.

6. Procedure

6.1 Set up the exposure arrangement as shown in Figs. 4-7.
Position the X-ray tube directly over the center of the film or
digital detector. The film or detector plane must be normal to
the central ray of the X-ray beam. The X-ray spot should be
0.90 m (36 in.) from the film or detector. Position the reference
sample and apparatus used to locate the subject source (source
stop) as close together as possible and directly over the center
of the film or detector. The plane of the source stop and
reference sample must be parallel to the film or detector and
normal to the central ray of the X-ray beam. The source stop
and reference sample should be 0.15 m (6 in.) from the film or
detector. The source stop should be connected to the radio-
graphic exposure device by the shortest source guide tube
practicable in order to minimize fogging of the film or detector
during source transit.

6.2 Place identification markers to be imaged on the film or
detector to identify, as a minimum, the identification (serial
number) of the subject source, the size of the reference sample,
the identification of the organization performing the
determination, and the date of the determination. Care should
be taken to ensure that the images of the subject source and
reference sample will not be superimposed on the image of the
identification markers.

6.3 Exposure—Select the X-ray tube potential (kV), X-ray
tube current (mA), and exposure time such that the density in
the image of the envelope surrounding the reference sample
does not exceed 3.0 and that the density difference between the
image of the reference sample and the image of the envelope
surrounding the reference sample is at least 0.10. In digital
images, the linear pixel value difference between the image of
the reference sample and the image of the envelope surround-
ing the reference sample shall be at least ten times larger than
the image noise σ (σ = standard deviation) of the pixel value
fluctuations in an area of homogeneous exposure, measured in
a window (of at least 20 by 55 pixels) in a homogeneous
neighbourhood area.

NOTE 2—The actual parameters that will produce acceptable results
may vary between X-ray units, and trial exposures may be necessary.

6.3.1 Energize the X-ray generator and, at the same time,
manipulate the subject source into the exposure position in the
source stop. It is important that this be performed as quickly as
possible to minimize fogging of the film or detector.

FIG. 1 Reference Sample in Standard Source Encapsulation
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6.3.2 At the conclusion of the exposure time, de-energize
the X-ray generator and, at the same time, return the subject
source to the proper shielded storage position.

6.3.3 Process the film or read out the digital detector array
or scan the imaging plate.

7. Measurement of Source Dimensions

7.1 The source size for a given technique is the maximum
projected dimension of the source in the plane perpendicular to
a line drawn from the source to the object being radiographed.
Therefore, sufficient measurements of the image of the sources
must be made to determine the size of the source in any
orientation. Subsections 7.2 – 7.5 serve as examples.

7.2 Uniform Right Circular Cylinder (see Fig. 8)—
Determine the source size of a uniform right circular cylindri-
cal source by measuring the diameter, d, the height, h, and the
diagonal, m, as illustrated in Fig. 8 and computing the actual
dimensions as described in 8.1. Fig. 8 shows a stack of disks,
which is typically used for Ir-192 sources.

7.3 Sphere (see Fig. 9)—Determine the size of a spherical
source by measuring the diameter, d, as illustrated in Fig. 9 and
computing the actual dimension as described in 8.1.

7.4 Nonuniform Stack of Right Circular Cylinders (see Fig.
10)—Determine the size of a nonuniform stack of right circular
cylindrical components of a source by measuring the intrinsic
diameter, d, the height, h, and the effective maximum
dimension, m, as illustrated in Fig. 10 and computing the actual
dimensions as described in 8.1.

7.5 Separated Stack of Right Circular Cylinders (see Fig.
11)—Determine the size of a separated stack of right circular
cylindrical components of a source by measuring the intrinsic

FIG. 2 Alternate Reference Sample Arrangement

FIG. 3 Alternate Reference Sample Arrangement

TABLE 1 Examples of Typical X-ray Generator Output
Requirements for Related Iridium192 Source Activities

Subject Iridium192 Source
Radiation

Typical X-ray Generator
Output Requirements

Activity
(Curie)

Output
(R/h at 1 m)

Potential Current

30 14.4 160 kV 5 mA
or 200 kV 3 mA

100 48.0 160 kV 10 mA
or 250 kV 4 mA

200 96.0 160 kV 20 mA
or 250 kV 8 mA
or 300 kV 6 mA

FIG. 4 Typical Exposure Arrangement
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diameter, d, the effective height, h, and the effective maximum
dimension, m, as illustrated in Fig. 11 and computing the actual
dimensions as described in 8.1.

8. Measurement and Evaluation with Film

8.1 When viewing the film radiograph, view it with suffi-
cient light intensity for adequate viewing. Using an optical
comparator with built-in graticule as described in 5.5, measure
the linear dimensions of the image of the spot size of the
subject source and the reference sample. Take measurements
from the perceptible edges of the image. When performing the
physical measurements with the optical comparator, the actual
measured values shall be to the nearest graduation on the
graticule scale being used.

8.2 The film radiograph shall be examined visually on a film
illuminator using a magnifying lens with a built-in measure-
ment scale (graticule) with divisions of ≤ 0.1 mm (0.004 in.)
for source sizes ≥ 1 mm (0.04 in.) or of ≤ 0.05 mm (0.002 in.)
for source sizes < 1 mm (0.04 in.) and an optical magnification
between 5 and 10. The magnifying factor, ν, according to Fig.
4 shall be taken into account for calculation of the actual
dimension, d, from the measured values at film or digitized
film. The image of the radiation source shall have sufficient
contrast sensitivity to be easily measured.

9. Measurement and Evaluation with Digital Detectors

9.1 Digital images shall be evaluated by an image process-
ing software with contrast, brightness (window levelling),
profile, pixel size calibration, and zoom function. The digital
images shall be magnified at the monitor to a degree that allows
the image viewing with at least one pixel of the image at one
pixel of the monitor.

9.2 Digital images show the gamma source with a certain
magnifying factor. It shall be normalized by the magnifying
factor for measurement of the source size. The measurement
shall consider a known dimension as, for example, the diameter
of a reference object (for example, a steel or tungsten cylinder)
or the known sample guide tube diameter to determine the
overall magnifying factor and the real dimensions of the source
(see Section 10). The measurement of the source size shall be
performed with a profile function as shown in Fig. 12 to
achieve sufficient accuracy.

10. Calculation and Evaluation

10.1 Measure the linear dimension of interest in the subject
source image and measure the same linear dimension in the
reference sample image (that is, the diameter of each). The
actual dimension of the subject source is calculated from the
following:

a 5 bc/d

where:
a = actual dimension of the subject source,
b = actual dimension of the reference sample,
c = measured dimension of the subject source image, and
d = measured dimension of the reference sample image.

11. Report

11.1 A description of the shape of the source (or an
appropriate sketch) should be provided.

11.2 A test report shall contain at least the following
information:

11.2.1 Reference to this standard;
11.2.2 Identification of source and holder, activity;
11.2.3 Focal spot size of the X-ray equipment,
11.2.4 Magnification factor used (see Fig. 4);
11.2.5 Dimension of reference object as, for example,

source guide tube;
11.2.6 Parameters of X-ray equipment;
11.2.7 Exposure parameter; kV, mA, SDD, SOD, exposure

time;
11.2.8 Technique used;
11.2.9 Detection system:
11.2.9.1 Film system class;
11.2.9.2 Optical density in free beam area and in the gamma

source projection;
11.2.9.3 Film screen thickness, if any;
11.2.9.4 CR: IP type, CR scanner type and scan parameters,

scan pixel size, SRb
detector, SNRN in free beam area;

11.2.9.5 DDA: brand and acquisition parameter, detector
pixel size, SRb

detector, SNRN in free beam area;
11.2.10 Distances a, b and exposure time t;
11.2.11 Source size d, in millimetres;

FIG. 5 Typical Arrangement Using a Specially Designed Guide
Tube

FIG. 6 Typical Arrangement Using a Standard Guide Tube and
Special Positioning Fixture
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11.2.12 Source width, source length, and its maximum
dimension;

11.2.13 Date of the measurement;
11.2.14 Name of test organization;
11.2.15 Name and signature of tester.

12. Precision and Bias

12.1 Precision of Measurement with Digital Radiography—
The precision can be estimated for digital radiography based on

the nominal source size, a, the magnification, M, the focal spot
size of the X-ray tube, φ, and the basic spatial resolution of the
detector, SRb

detector. The following equation provides an esti-
mate for the standard deviation, σ, in % of the source size, if
CNR > 10:

σ~%! 5 100·
=~~ϕ · ~M 2 1!!2 1 ~2 · SRb

detector!2!
a ·M

(1)

NOTE 3—The contrast is typically measured as the difference between
the pixel value mean in the gamma source area and the area of the holder
next to the gamma source. The noise may be measured in the area next to
the gamma source. In the example of Fig. 12a, this corresponds to the
holder area left of the gamma source.

12.2 Precision of Film Measurement—The estimation of the
precision of the film measurement is more difficult due to the
physiological factor of the human observer. Basically, a preci-
sion of better than 20 % of the real source size is expected as
result of observer evaluations, but not better than the limitation
by the image unsharpness, Uim, with:

σ~%! 5 100·~ϕ · ~M 2 1!! ⁄ ~aM! (2)

12.3 Bias—No bias of the procedure is known for this test
method, measuring the size of the gamma radiographic
sources.

13. Keywords

13.1 Cobalt 60; Iridium 192; radiographic source; reference
sample; Selenium 75; source size

FIG. 7 Typical Arrangement Using Reference Sample Positioning Device

FIG. 8 Uniform Right Circular Cylinder

FIG. 9 Sphere

FIG. 10 Nonuniform Cylindrical Stack

FIG. 11 Separated Cylindrical Stack
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FIG. 12 Measurement of the Source Size of Ir-192 with Digital Computed Radiography
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FIG. 12 Measurement of the Source Size of Ir-192 with Digital Computed Radiography (continued)
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Standard Test Method for
Measurement of Focal Spots of Industrial X-Ray Tubes by
Pinhole Imaging

1. Scope

1.1 The image quality and the resolution of X-ray images
are especially sensitive to the characteristics of the focal spot.
The imaging qualities of the focal spot are based on its two
dimensional intensity distribution as seen from the detector
plane.

1.2 This test method provides instructions for determining
the effective size (dimensions) of standard and mini focal spots
of industrial X-ray tubes for focal spot dimensions from
100 µm up to several mm of X-ray sources up to 600 kV tube
voltage. Smaller focal spots down to 50 µm could be evaluated
with less precision. This determination is based on the mea-
surement of an image of a focal spot that has been radiographi-
cally recorded with a “pinhole” technique. An alternative
method with a plaque hole IQI may be found in the Annex A,
which covers the same focal spot sizes.

1.3 Smaller focal spots should be measured using Test
Method E2903 using the projection of an edge.

1.4 This test method may also be used to determine the
change in focal spot size that may have occurred due to tube
age, tube overloading, and the like. This would entail the
production of a focal spot radiograph (with the pinhole
method) and an evaluation of the resultant image for pitting,
cracking, and the like.

1.5 Units—Values stated in SI units are to be regarded as the
standard.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.7 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the

Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E691 Practice for Conducting an Interlaboratory Study to

Determine the Precision of a Test Method
E999 Guide for Controlling the Quality of Industrial Radio-

graphic Film Processing
E1000 Guide for Radioscopy
E1025 Practice for Design, Manufacture, and Material

Grouping Classification of Hole-Type Image Quality In-
dicators (IQI) Used for Radiography

E1255 Practice for Radioscopy
E1742 Practice for Radiographic Examination
E1815 Test Method for Classification of Film Systems for

Industrial Radiography
E2002 Practice for Determining Total Image Unsharpness

and Basic Spatial Resolution in Radiography and Radios-
copy

E2033 Practice for Radiographic Examination Using Com-
puted Radiography (Photostimulable Luminescence
Method)

E2339 Practice for Digital Imaging and Communication in
Nondestructive Evaluation (DICONDE)

E2698 Practice for Radiographic Examination Using Digital
Detector Arrays

E2736 Guide for Digital Detector Array Radiography
E2903 Test Method for Measurement of the Effective Focal

Spot Size of Mini and Micro Focus X-ray Tubes
2.2 European Standards:
EN 12543-2 Non-destructive testing—Characteristics of fo-

cal spots in industrial X-ray systems for use in non-
destructive testing—Part 2: Pinhole camera radiographic
method
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EN 12543-5 Non-destructive testing—Characteristics of fo-
cal spots in industrial X-ray systems for use in non-
destructive testing—Part 5: Measurement of the effective
focal spot size of mini and micro focus X-ray tubes

3. Terminology

3.1 Definitions of Terms Specific to This Standard:
3.1.1 actual focal spot, n—the X-ray producing area of the

target as viewed from a position perpendicular to the target
surface (see Fig. 1).

3.1.2 effective focal spot, n—the X-ray producing area of the
target as viewed by a detection device from a position
perpendicular to the electron beam in the center of the resulting
X-ray beam (see Fig. 1).

3.1.3 effective size of focal spot, n—focal spot size measured
according to this test method.

4. Summary of Test Method

4.1 This test method is based on a projection image of the
focal spot using a pinhole camera. This image shows the
intensity distribution of the focal spot. From this image the
effective size of the focal spot is calculated. Using digital tools,
an integration of the profile across the pinhole image trans-
forms the pinhole image into an edge response curve. The X-
and Y-dimension of the edge unsharpness is used for calcula-
tion of the size of the focal spot. This method provides similar
results as the method described in Test Method E2903 using an
edge target instead of a pinhole camera. The measured effective
spot sizes correspond to the geometrical image unsharpness
values at given magnifications as measured with the Practice
E2002 duplex wire gauge in practical images using equation:

UG 5 φ~v 2 1! (1)

with geometrical unsharpness, UG, focal spot size, φ, and
magnification, v (see Guide E1000 for details of this equation).
For a full description, see the WC-NDT 2012 paper cited in
Footnote 1.1

4.2 Additionally, a simplified test method is described in
Annex A for users of X-ray tubes who may not intend to use a
pinhole camera. This alternative method is based on the edge
method according toTest Method E2903 using a plate hole IQI
as described in Practices E1025 or E1742 instead of a pinhole
camera.

5. Significance and Use

5.1 One of the factors affecting the quality of radiologic
images is the geometric unsharpness. The degree of geometric
unsharpness is dependent on the focal spot size of the radiation
source, the distance between the source and the object to be
radiographed, and the distance between the object to be
radiographed and the detector (imaging plate, Digital Detector
Array (DDA) or film). This test method allows the user to
determine the effective focal size of the X-ray source. This
result may then be used to establish source to object and object
to detector distances appropriate for maintaining the desired
degree of geometric unsharpness or maximum magnification
for a given radiographic imaging application, or both. Some
ASTM standards require this value for calculation of a required
magnification, for example, Practices E1255, E2033, and
E2698.

1 Klaus Bavendiek, Uwe Heike, Uwe Zscherpel, Uwe Ewert, and Adrian Riedo.1 

“New measurement methods of focal spot size and shape of X-ray tubes in digital
radiological applications in comparison to current standards,” WC-NDT 2012,
Durban, South Africa, http://www.x-ray-forum.de/WCNDT_Paper346_WE_MR21
_A_BavendiekEtAl.pdf.

FIG. 1 Actual/Effective Focal Spot

1 
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6. Apparatus

6.1 Pinhole Diaphragm—The pinhole diaphragm shall con-
form to the design and material requirements of Table 1 and
Fig. 2.

6.2 Camera—The pinhole camera assembly consists of the
pinhole diaphragm, the shielding material to which it is affixed,
and any mechanism that is used to hold the shield/diaphragm in
position (jigs, fixtures, brackets, and the like). It is highly
recommended to shield the beam between focal spot and
pinhole and between pinhole and detector to avoid a high level
of scatter signal at the detector. A scatter protection of high
absorbing material within the camera is also recommended.
The accuracy of the pinhole system is especially sensitive to
the relative distances between (and alignment of) the focal
spot, the pinhole, and the detector. Accordingly, a specially
designed apparatus may be necessary in order to assure
compliance with the requirements of this standard. Fig. 3
provides an example of a special collimator that can be used to
ensure conformance with 61° alignment tolerance. Fig. 4
shows the collimator in the system and additionally the
shielding and scatter protection.

6.3 Alignment and Position of the Pinhole Camera—The
angle between the beam direction and the pinhole axis (see Fig.
5) shall be smaller than 61.5°. When deviating from Fig. 5, the
direction of the beam shall be indicated. The incident face of
the pinhole diaphragm shall be placed at a distance, m, from the
focal spot so that the variation of m over the extension of the
actual focal spot does not exceed 65 % in the beam direction.
In no case shall this distance be less than 100 mm.

6.4 Position of the Radiographic Image Detector—The
radiographic image detector (film, imaging plate or DDA) shall
be placed normal to the beam direction at a distance, n, from
the incident face of the pinhole diaphragm determined from the
applicable geometry according to Fig. 6(a), Fig. 6(b), and Fig.
7.

6.5 Radiographic Image Detector—Analogue or digital ra-
diographic image detectors may be used, provided sensitivity,
dynamic range and detector unsharpness allow capturing of the
full spatial size of the focal spot image without detector
saturation. The maximum allowed basic spatial resolution
(SRb

detector) of the detector is determined from the pinhole
diameter, P, and the factor n/m (see Fig. 6(a)).

SRb
detector #

P
2

·S 1 1
n
m D (2)

6.5.1 The detector basic spatial resolution, SRb
detector, shall

be taken from the vendor’s data sheet or determined with the
duplex wire IQI according to Practice E2002. The minimum
projected length and width of the focal spot image should be
covered always by at least 20 detector pixels in digital images.
The maximum value for SRb

detector in Fig. 7, column 7 is the
smaller value of both requirements in formula (2) and 20
detector pixels covering the focal spot.

6.5.2 The signal-to-noise ratio of the focal spot image (ratio
of the maximum intensity value inside the focal spot and the
standard deviation of the background signal outside) should be
at least 50. The maximum intensity inside the focal spot should
be above 30 %, but lower than 90 % of the maximum linear
detector output value. The gray scale resolution of the detector
shall be in minimum 12 bit. The maximum background signal
should be less than 15 % of the maximum intensity value of the
image; if this could not be achieved, a scatter protection
between pinhole and detector shall be applied (see Fig. 4).

6.5.3 Imaging plate systems (Computed Radiography, CR)
or digital detector arrays (DDA) may be used as digital image
detectors following Practices E2033 or E2698. The pixel
values shall be linear to the dose.

6.5.4 If radiographic film is used as image detector, it shall
meet the requirements of Test Method E1815 film system class
I or Special and shall be packed in low absorption cassettes
using no screens. The film shall be exposed to a maximum
optical density between 1.5 and 2.5. The film shall be digitized
with a maximum pixel of 50 µm or a smaller size, which fulfills
the requirements of Fig. 7. If the user has no digital equipment,
the film may be evaluated visually; the procedure is shown in
7.9. The film shall be processed in accordance with Guide
E999.

6.6 Image Processing Equipment—This apparatus is used to
capture the images and to measure the intensity profile of the
focal spot in the projected image. The image shall be a positive
image (more dose shows higher grey values) and linear
proportional to the dose. The equipment shall be able:

(1) To calibrate the pixel size with a precision of 2 µm or
1 % of the pixel size,

(2) To draw line profiles and average the line profiles over
a preset area,

(3) To integrate line profiles by the length of the line
profile,

(4) To subtract the background using a linear interpolation
(straight line) of both ends of the line profile using at least the
average of 10 % of the line profile as support on both ends, and

(5) To calculate the X- and Y-dimension of the focal spot in
the image with two threshold values of 16 % and 84 % of the
integrated line profile and extrapolate the width to 100 % (see
Fig. 8).

NOTE 1—A software that fulfills the requirements of 6.6 can be
downloaded from http://www.zscherpel.info/ic/.

6.6.1 When using CR technology or digitized film where
outlier pixel may occur, a median 3×3 filter shall be available.

7. Procedure

7.1 If possible, the geometry shown in Fig. 7 shall be used
for all exposures. If the machine geometry or accessibility

TABLE 1 Pinhole Diaphragm Design Requirements (Dimension)A

NOTE 1—The pinhole diaphragm shall be made from one of the
following materials: (1) An alloy of 90 % gold and 10 % platinum,
(2) Tungsten, (3) Tungsten carbide, (4) Tungsten alloy, (5) Platinum and
10 % Iridium Alloy, or (6) Tantalum.

Diameter P [µm] Height H [µm]

10 ± 5 20 ± 5
30 ± 5 75 ± 10
100 ± 5 500 ± 10

A See Fig. 2.
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limitations will not permit the use of the geometry in Fig. 7, use
the maximum attainable FDD (in these instances adjust the
relative distances between focal spot, pinhole, and detector
accordingly to suit the image enlargement factors specified in
Fig. 7). The distance between the focal spot and the pinhole is
based on the anticipated size of the focal spot being measured
and the desired degree of image enlargement (see Fig. 4). The
specified focal spot to pinhole distance (m) for the different
focal spot size ranges is provided in Fig. 7. Position the pinhole
such that it is within 61.5° of the central axis of the X-ray
beam (see 6.2).

7.2 Position the detector as illustrated in Fig. 4. When using
film as detector, the exposure identification appearing on the
film (by radiographic imaging) should be X-ray machine
identity (make and serial number), organization making the
radiograph, energy (kV), tube current (mA) and date of
exposure. When the film is digitized or a digital detector is
used, this information shall be stored within the image or file
name.

7.3 Adjust the kilovoltage settings on the X-ray machine to
75 % of the nominal tube voltage, but not more than 200 kV for
evaluation with film. For evaluation with a DDA or CR, the
maximum voltage is limited by the condition that the back-
ground intensity is lower than 15 % of the maximum intensity
inside the focal spot. The X-ray tube current shall be the
maximum applicable tube current at the selected voltage. For
measurements with more than 200 kV when using CR or film,
an optional copper prefilter may be used to prevent saturation
of the imaging device.

7.4 Expose the detector as given in 6.5. When using CR or
film, the maximum pixel value or density shall be controlled by
exposure time only. With a DDA the internal detector settings
(frame time or sensitivity, or both) shall be selected that the
conditions of 6.5 are met.

NOTE 2—The required SNR can be achieved with a DDA system by
integration of frames with identical exposures in the computer. For details,
refer to Guide E2736.

7.5 Before evaluation, the image shall be inspected for
spikes or outliers. These artifacts shall be removed using a
median or despeckle 3×3 filter. When a median filter is used,
the size of the focal spot in the image shall be more than 40
pixels in both directions. For this case, column #8 of Fig. 7
shows the requirements to SRb

detector.

7.6 The images shall be stored with the nomenclature of 7.2
in 16 Bit lossless Image Format, for example, TIFF or Digital
Imaging and Communication in Nondestructive Evaluation
(DICONDE); see Practice E2339.

7.7 The pixel size in the image shall be calibrated by a
known object size in the image like a “ruler” or by measured
geometry of the camera with the precision of 1 % of the
anticipated focal spot size.

7.8 Focal Spot Measurement using Integrated Line Profiles
(ILP):

7.8.1 A line profile shall be drawn in length or width
direction through the maximum intensity of the focal spot. The
line profile shall be accumulated perpendicular to the profile
direction over about 3 times the anticipated focal spot size (see
Fig. 8). The line profile should have a length of at least 3 times
the anticipated focal spot size. The background shall be
subtracted using a linear interpolation (straight line) of both
ends of the line profile, using at least the average of 10 % of the
line profile as support on both ends. When using the 10 µm
pinhole a penetration of the pinhole itself could occur creating
a trapezoid-plateau in the image with gradients on both sides
(see Fig. 9); this plateau should be removed using an iterative
background subtraction or the measurement shall be limited to
the flat plateau range as indicated in Fig. 9.

7.8.1.1 Now the line profile shall be integrated (accumu-
lated). Then the points on the resulting curve at which the curve
has 16 % and 84 % of its max value shall be determined (see
Klasens method of Guide E1000, and Fig. 16 in Guide E1000).
The distance between these points is extrapolated to the
theoretical 0 % and 100 % values of the total focal spot

FIG. 2 Essential Dimensions of the Pinhole Diaphragm
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intensity by a multiplication with 1.47. The result is the size of
the focal spot in the direction of the integrated line profile.

NOTE 3—By using the values of 16 % and 84 %, instead of 0 % and
100 %, the determined size is 32 % too small. The factor 1.47 =
100/(100–32) extrapolates this to 100 %.

7.8.2 This measurement shall be done in two directions (see
Fig. 8 and Fig. 4):

7.8.2.1 Direction X—Vertical to the electron beam direction
(width).

FIG. 3 Pinhole and Alignment Collimator Schematic
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7.8.2.2 Direction Y—Parallel to the electron beam direction
(length).

7.8.2.3 If available, an automatic software system which
could perform the functionality of 7.8.1 and 7.8.2 within one
step may be used.

7.9 Focal Spot Evaluation for Users Without Digital Equip-
ment:

7.9.1 If radiographic film is used as an image detector and it
cannot be digitized, it shall be evaluated visually using an
illuminator with a uniform luminance of 2000 to 3000 cd/m2.

FIG. 4 Exposure Set-Up Schematic and Focal Spot WIDTH (X) and LENGTH (Y) Specification

FIG. 5 Alignment of the Pinhole Diaphragm
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The visual evaluation shall be carried out using an ×5 or ×10 magnifying glass, with a built-in reticle, with divisions of 0.1

FIG. 6 Geometrical Conditions for Focal Spot Calculation With Example
NOTE 1—For a focal spot of Class FS7 (1000 µm) a pinhole with 30 µm diameter and a geometry with n/m = 3 is required due to Fig. 7. The projected

unsharpness, Ugp, of the pinhole is

Ugp 5 P ·~n ⁄ m 1 1!
and in this case 120 µm. The required SRb

detector is 60 µm. The total projected unsharpness, UT,proj of both is calculated with

UT ,proj 5 =Ugp
2 1~2 · SRb

detector!2

which is 170 µm and has to be divided by the factor n/m to get the total unsharpness on the focal spot plane

UIm ,φ 5 UT , proj ⁄~n ⁄ m!
The influence of unsharpness, UIm, φ to the result of the focal spot measurement is 57 µm or 5.7 %.
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mm. The resulting focal spot shall be defined by the visible
extent of the blackened area, divided by the selected factor n/m.
An example is shown in Fig. 10.

8. Classification and Report

8.1 The focal spot shall be classified according to its
measured size. The preferred values of focal spot sizes and
dedicated classes are consistent with Practice E2002. The
measured values shall be rounded up to the nearest focal spot
size value in column 2 of Table 2. The values for width and
length shall be taken separately and the maximum determines
the focal spot class as shown in Table 2. An example of a dual
focal spot X-ray tube is given in Table 3.

8.2 A report documenting the focal spot size determination
should include the image name (see 7.6), machine model
number and serial number, the X-ray tube serial number, the
focal spot(s) that was measured (some X-ray tubes have more

than one focal spot), the set-up and exposure parameters (for
example, kilovoltage, milliamps, enlargement factor, SNR in
the image, SRb

detector, and the like), date, name of organization,
and estimated beam time hours (if available).

8.3 A print of the focal spot image may be added to the
report for information purposes only.

9. Precision and Bias

9.1 Statement of Precision:
9.1.1 There is no standard X-ray tube focal spot that can be

measured and compared to the measurement results; therefore,
repeatability precision is defined as the comparison of repeated
measurements of a given focal spot with different hardware and
within three different laboratories. A round robin test report
according to Practice E691 was done with a 160 kV /HP11
tube, using CR technology with 5 different CR plates. The

NOTE 1—Yellow marks in the figure indicate changes from the former version of E1165.
NOTE 2—The figure uses mechanical elements with 15 cm each and with a modular set the different required factors n/m can be achieved. Other sizes

may be used but the image enlargement factors should be the same (see 7.1).
NOTE 3—The column for maximum SRb

detector in blue color shall be used in cases when a 3x3 Median filter is applied to remove outliers (see 7.5 for
details).

NOTE 4—The precision of this method decreases with smaller focal spots than class FS15 to a deviation of more than 10 %. For focal spots of class
FS16 and smaller, the edge method in the annexes or Test Method E2903 should be used.

NOTE 5—The 30 µm pinhole for the class FS10 creates a deviation of more than 10 %. If possible the 10 µm pinhole should be used for this class or
a detector with higher resolution.

NOTE 6—The right column with green characters shows as example the deviation due to the system unsharpness UIm,φ in the case a detector with a
SRb

detector of 25 µm is used for all classes (which is not unusual, because the detector is mainly fixed with the camera).
FIG. 7 Geometry, Pinhole Diameters, and Maximum SRb

detector for Focal Spot Pinhole Images
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parameter were: 120 kV, 5.3 mA, 20 s exposure time, magni-
fication 4.25, pinhole diameter 30 µm, scanner pixel size 25 µm
(5.9 µm effective pixel size), SNR = 78.

9.1.2 The mean value of the length of the focal spot is
0.5553 mm and the width 0.5510 mm. The standard deviation
is 0.004937 mm for the length and 0.00446 mm for the width

(a) Image of a double line Focal Spot with the Location and Size of the Line Profile in Length Direction.
(b) Line Profile in the direction of the large arrow averaged over the dotted rectangle of Fig. 8a.
(c) Integrated Line Profile with Markers (blue) for 16 % and 84 % of the Profile Intensity, Markers (green) for 0 % and 100 %

Extrapolation and the Extrapolation Line (dotted black), corresponding to the Klasens method of Guide E1000.
(d) Pseudo 3D Image of the Focal Spot; the large arrow points in the direction of the Line Profile.
(e) Image of a double line Focal Spot with the Location and Size of the Line Profile in Width Direction.
(f) Integrated Line Profile with Markers (blue) for 16 % and 84 % of the Profile Intensity, Markers (green) for 0 % and 100 %

Extrapolation and the Extrapolation Line (dotted black) for the Width Direction.

FIG. 8 Example for the Measurement of Effective Focal Spot Length and Width with the Integrated Line Profile (ILP) Method
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(0.89 % and 0.81 %). In the Practice E691 evaluation, the
external and internal consistency values are within the critical
interval of 0.5 % significance level for focal spot length and
width.

9.2 Statement on Bias:
9.2.1 There is no standard X-ray tube focal spot size that can

be measured and compared to the measurement results;

therefore, a bias can not be measured. Due to the measurement
procedure, there is no identified cause for a bias.

9.3 Conformance to the requirements specified with the film
procedure and visual evaluation of 7.9.1 will produce results
that are within the following tolerances:

9.3.1 Technique—The technique requirements specified
with the film procedure and visual evaluation of 7.9.1 will

FIG. 8 Example for the Measurement of Effective Focal Spot Length and Width with the Integrated Line Profile (ILP) Method (continued)
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produce a focal spot image whose size is 65 % of the actual
effective focal spot size.

9.3.2 Measurement—The measurement requirements speci-
fied with the film procedure and visual evaluation of 7.9.1 will
produce results that are within the tolerances:

Nominal Focal Spot Size, mm (in.) Measurement Tolerances
0.3 to 1.2 (0.011 to 0.046) incl ±30 %
>1.2 to 2.5 (0.046 to 0.097) incl ±25 %
>2.5 (0.097) ±20 %

FIG. 9 Example of Trapezoid Plateau Effect When Using the 10 µm Pinhole With High Voltages (For Example, 200 kV) Caused by the
Penetration of the Pinhole; for Evaluation Only the Area Between the Blue Lines Shall be Used
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10. Keywords

10.1 focal spot; pinhole camera; pinhole imaging; X-ray;
X-ray tube

FIG. 10 Example of Visual Film Evaluation with Magnifying Glass
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ANNEX

(Mandatory Information)

A1. ALTERNATE FOCAL SPOT MEASUREMENT METHOD FOR END USERS

A1.1 Scope

A1.1.1 User of X-Ray tubes may use alternatively an ASTM
plate hole IQI for measurement of the focal spot size. This
method should provide equivalent values as the method de-
scribed above; the deviation to the ILP method is given in the
WC-NDT 2012 paper.1

A1.2 Background Information for Calculation of Unsharp-
ness Due to Focal Spot Size

A1.2.1 As shown in Guide E1000, two reasons for unsharp-
ness in an X-ray image can be separated: Unsharpness from the
detector and unsharpness from the focal spot size and geo-
metrical magnification. If the other parameters are known the
focal spot size, φ can be calculated from the measured
unsharpness in the image UIm, magnification v, and SRb

detector

as measured basic spatial resolution of the detector:

ϕ 5
v

v 2 1 Œ2

U lm
2 2 S 2.0

v
· SRb

detectorD 2

(A1.1)

For a full description, see the WC-NDT 2012 paper.1

This method uses the edges of a large hole in a thin plate for
measurement of the focal spot size. The method is similar to
Test Method E2903. Here, instead of wires or spheres of high
absorbing material, hole type IQIs are used.

A1.3 Apparatus

A1.3.1 ASTM E1025 or E1742 IQI—The type of IQI should
fit to the focal spot size (see A1.4.2 and Fig. A1.1). The
material should be stainless steel or copper. The IQI shall be
placed on a shim block of stainless steel, brass, or copper and
the material thickness of the shim block shall be two times the
thickness of the IQI in use.

A1.3.2 Radiographic Image Detector—A radiographic im-
age detector which is used in the X-ray system shall also be
used for image capture.

A1.3.3 Image Processing Equipment—This apparatus is
used to capture the images. The grayscale of the image shall be
linear proportional to the dose. The equipment shall be able:

(1) To calibrate the pixel size with a precision of 1 µm or
1/100 of the anticipated focal spot size—whatever is larger

TABLE 2 Preferred Values of Focal Spot Sizes “φ” and
Dedicated Focal Spot Classes FS

Classes for standard and mini-focus focal spot sizes
FS 0 φ $ 4.0 mm
FS 1 4.0 mm > φ $ 3.2 mm
FS 2 3.2 mm > φ $ 2.5 mm
FS 3 2.5 mm > φ $ 2 mm
FS 4 2 mm > φ $ 1.6 mm
FS 5 1.6 mm > φ $ 1.27 mm
FS 6 1.27 mm > φ $ 1 mm
FS 7 1 mm > φ $ 0.8 mm
FS 8 0.8 mm > φ $ 0.63 mm
FS 9 0.63 mm > φ $ 0.5 mm
FS 10 0.5 mm > φ $ 0.4 mm
FS 11 0.4 mm > φ $ 0.32 mm
FS 12 0.32 mm > φ $ 0.25 mm
FS 13 0.25 mm > φ $ 0.2 mm
FS 14 0.2 mm > φ $ 0.16 mm
FS 15 0.16 mm > φ $ 0.13 mm
FS 16 0.127 mm > φ $ 0.1 mm
FS 17 0.1 mm > φ $ 0.08 mm
FS 18 0.08 mm > φ $ 0.06 mm
FS 19 0.063 mm > φ $ 0.05 mm
FS 20 0.05 mm > φ $ 0.04 mm

TABLE 3 Example of Classification Result

Company XXR 225-22

Measured
Width (X)

Measured
Length

(Y)

Reported
Width (X)

Reported
Length

(Y)

Focal Spot
Class

Large Focus
(3000W)

2.32 mm × 1.63 mm 2.5 mm × 2.0 mm FS3

Small Focus
(640W)

0.461
mm

× 0.452
mm

0.5 mm × 0.5 mm FS10
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(2) To draw averaged line profiles with a width which is
adjustable

(3) To measure distances in the line profile with the
precision of 1/50 of the anticipated focal spot size (see Fig.
A1.2).

(4) Optional: a software routine shall be available to
measure the edge unsharpness automatically using the hole
size, the pixel size, and SRb

detector as input value (see Fig.
A1.3).

A1.4 Procedure

A1.4.1 The evaluation shall be done in the X-ray system
where the X-ray tube is integrated.

A1.4.2 The IQI should be placed on a Brass, Copper or
Inconel shim block with two times the thickness (t) of the
thickness of the IQI (T):

t 5 2·T (A1.2)

The IQI hole diameter shall fit to the anticipated focal spot
size. The diameter of the hole shall be smaller than fifteen
times the anticipated focal spot size and larger than two times
the focal spot size.

The energy shall be 75 % (65 %) of maximum energy of the
tube but not more than the maximum voltage used in all
applications. The tube current shall be the maximum which is
possible at that voltage. The beam should be collimated and
exposure field size at IQI surface should be limited to cover
IQI, only. The exposure time (CR) or the internal integration
time and sensitivity (DDA and Radioscopy) shall be adjusted
that the signal in the hole of the IQI is in the range of 30 % to
90 % of the maximum signal possible. The area of the IQI
beside the hole shall have a signal of in minimum 10 % of the
maximum signal possible. If these conditions cannot be
achieved with the setup, a thinner or thicker IQI shall be used
together with an adapted shim block. The 2T hole or the 4T
hole should be used. A minimum magnification of 2 shall be
used.

Furthermore, the minimum magnification, vmin, shall be
selected in relation to the effective pixel size SRb

detector

determined with the duplex wire IQI according to Practice
E2002 and anticipated focal spot size (afs):

vmin 5 5·SRb
detector/afs (A1.3)

The angle of penetration of the IQI shall be 90° (61.5°).
It shall be assured that the size inside the hole profile is in

minimum four times larger than the size of the unsharpness of
the edge profile. Additionally, the diameter of the hole in the
image shall be more than 100 pixels.

A1.4.3 An image shall be captured. The SNR shall be larger
than 100 in the image on the IQI beside the 4T hole.

A1.4.3.1 If the SNR is larger than 300, a digital magnifica-
tion of factor two with a bilinear (or higher degree) interpola-
tion between the pixel may be used.

A1.4.4 The pixel size in the image shall be calibrated by a
known object size in the image, for example, the IQI dimension
of the plate or of the 4T hole. The precision of calibration shall
be 1/100 of the hole diameter.

A1.5 Evaluation

A1.5.1 Manual Evaluation Using a Line Profile:
A1.5.1.1 A line profile shall be drawn in horizontal direction

and it shall be averaged over in minimum 5 pixel or the width
of 1/20 of the hole diameter.

A1.5.1.2 A marker shall be set at 50 % (62 %) of the signal
inside the hole; see Fig. A1.2, location A. A second marker
shall be placed at 84 % (6 2 %) of the signal inside the hole;
see Fig. A1.2, location B. The horizontal distance between the
markers (E to F) shall be noted in pixel or real units. A third
marker shall be placed at the 50% point on the opposite side of
the profile; see Fig. A1.2, location C. A fourth marker shall be
placed at the 84% point; see Fig. A1.2, location D. The
horizontal spacing between these markers (G to H) shall be
calculated as for E to F. The values of EF and GH shall be
added.

A1.5.1.3 The result shall be multiplied by a factor of 1.4.
This extrapolates the unsharpness calculation of UIm to the full
height of the profile and accounts for the fact that the hole
edges are not parallel with the ray paths. This will be the value
of the image unsharpness, UIm, to be used in Eq A1.1.

FIG. A1.1 ASTM IQIs for Measurement of Spot Size by Edge Evaluation
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If the values of EF and GH are taken in pixel, the total
unsharpness shall be multiplied with the pixel pitch and
divided by the geometric magnification to express the unsharp-
ness in the dimensions of the indication.

See Eq A1.4 (if EF and GH in real units [µm]) and Eq A1.5
(if EF and GH in Pixel) for both cases:

UIm 5 ~E F 1 G H! ·1.4 (A1.4)

UIm 5
~E F 1 G H! ·pixel pitch

v
·1.4 (A1.5)

A1.5.1.4 The resulting unsharpness still contains the un-
sharpness due to the detector. The effective focal spot size,φ,
shall be calculated using Eq A1.1 in A1.2 with UIm of A1.4.

A1.5.1.5 Repeat the evaluation in the vertical direction in
the same manner.

A1.5.1.6 The corrected values of the effective focal spot
size shall be assigned to the X or Y direction of the X-ray tube
(depending on the orientation of the tube in the X-ray system;
see Fig. 4).

NOTE 1—Hint: The measurement is performed in analogy to the method of measurement of micro focus spot sizes of Test Method E2903.
FIG. A1.2 Measurement of the Focal Spot Size from the Horizontal Edge Profile with Thresholds of 50 % to 84 % on Both Sides of the

Line Profile; Correction with Detector Unsharpness and the Extrapolation Factor of 1.4 Shall be Applied for Final Calculation of the Ef-
fective Focal Spot Size; The Effective Focal Spot Size of the Example Shown in Fig. A1.2 is 550 µm in Horizontal Direction
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A1.5.2 Automatic Evaluation Using a Software Function: A
Region of Interest (ROI) shall be drawn around the hole with
about double the diameter of the hole. The calibration of the
pixel size shall be done by entering the hole size in real units,
the pixel size and the detector resolution SRb

detector. The
software shall calculate the calibration value by using the 50 %
signal level threshold in both horizontal and vertical direction.
Then the software shall evaluate the unsharpness on the four
edges in vertical and horizontal direction using 50 % and 84 %
thresholds. The values of the two edges for vertical unsharp-
ness shall be summed and the same shall be done for the
horizontal direction. The results shall be extrapolated to 100 %
with the extrapolation factor of 1.45 and then corrected for the
detector unsharpness using the correction from (Eq A1.1) from
A1.2 within the software.

The results shall be recorded; it may also be displayed in the
image (see Fig. A1.3) or written in a result file.

The resulting values shall be assigned to the X or Y direction
of the X-ray tube (depending of the orientation of the tube in
the X-ray system; see Fig. 4 for the assignment).

A1.6 Report

A1.6.1 If one value is needed as effective focal spot size
only, the maximum of the horizontal or vertical value shall be
taken as the result of the test.

A1.7 Precision and Bias

A1.7.1 Statement of Precision:

A1.7.1.1 A test report according to Practice E691 was
repeated with the tube of the reliability test of 9.1 using
different positions of the IQI. The automatic evaluation with
the software function was used. The parameters were 120 kV,
5.3 mA, Magnification 5.0, IQI hole size 3.05 mm (2T hole),
pixel size 200 µm, SRb

detector = 230 µm, SNR = 420.

The mean value of the length of the focal spot due to this
method is 0.5406 mm and the width 0.5591 mm. The standard
deviation is 0.017036 mm for the length and 0.008012 mm for
the width (3.15 % and 1.43 %). In the Practice E691
evaluation, the external and internal consistency values are
within the critical interval of 0.5 % significance level for focal
spot length and width.

A1.7.1.2 Using the manual evaluation with the line profile
the precision also depends on the exact position of the four
markers in vertical and horizontal direction.

A1.7.2 Statement on Bias:

A1.7.2.1 As reference for the focal spot size, the value of
the ILP method was taken (see 9.1). The deviation of the user
method to the reference values were –2.64 % for the length and
1.47 % for the width.

Bias of the user method is produced by edge penetration of
the IQI which may lead to larger values and the position of the
IQI in length direction due to the steep angle of the target (see
Fig. 1).

FIG. A1.3 Measurement of the Spot Size of the Four Edges with Threshold from 50 % to 84 % and Extrapolation with Factor 1.4 with Au-
tomatic Calculation of the Effective Focal Spot Size in X and Y Direction
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Standard Practice for
Radioscopy

1. Scope

1.1 This practice provides application details for radio-
scopic examination using penetrating radiation. This includes
dynamic radioscopy and for the purposes of this practice,
radioscopy where there is no motion of the object during
exposure (referred to as static radioscopic imaging) both using
an analog component such as an electro-optic device or analog
camera. Since the techniques involved and the applications for
radioscopic examination are diverse, this practice is not in-
tended to be limiting or restrictive, but rather to address the
general applications of the technology and thereby facilitate its
use. Refer to Guides E94 and E1000, Terminology E1316,
Practice E747, Practice E1025, Practice E2698, and Fed. Std.
Nos. 21 CFR 1020.40 and 29 CFR 1910.96 for a list of
documents that provide additional information and guidance.

1.2 The general principles discussed in this practice apply
broadly to penetrating radiation radioscopic systems. However,
this document is written specifically for use with X-ray and
gamma-ray systems. Other radioscopic systems, such as those
employing neutrons, will involve equipment and application
details unique to such systems.

1.3 The former mandatory Annex “A1. DEPARTMENT OF
DEFENSE CONTRACTS, SUPPLEMENTAL REQUIRE-
MENTS” was deleted and the detailed requirements are
appended now in the non-mandatory Appendix X1. Appendix
X1 may be used to fulfill existing contracts.

1.4 The user of this practice shall note that energies higher
than 320keV may require different methods other than those
described within this practice.

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use. For specific safety

statements, see Section 9 and Fed. Std. Nos. 21 CFR 1020.40
and 29 CFR 1910.96.

2. Referenced Documents

2.1 ASTM Standards:
E94 Guide for Radiographic Examination
E543 Specification for Agencies Performing Nondestructive

Testing
E747 Practice for Design, Manufacture and Material Group-

ing Classification of Wire Image Quality Indicators (IQI)
Used for Radiology

E1000 Guide for Radioscopy
E1025 Practice for Design, Manufacture, and Material

Grouping Classification of Hole-Type Image Quality In-
dicators (IQI) Used for Radiology

E1165 Test Method for Measurement of Focal Spots of
Industrial X-Ray Tubes by Pinhole Imaging

E1316 Terminology for Nondestructive Examinations
E1411 Practice for Qualification of Radioscopic Systems
E1453 Guide for Storage of Magnetic Tape Media that

Contains Analog or Digital Radioscopic Data
E1475 Guide for Data Fields for Computerized Transfer of

Digital Radiological Examination Data
E1742 Practice for Radiographic Examination
E2002 Practice for Determining Total Image Unsharpness

and Basic Spatial Resolution in Radiography and Radios-
copy

E2339 Practice for Digital Imaging and Communication in
Nondestructive Evaluation (DICONDE)

E2698 Practice for Radiological Examination Using Digital
Detector Arrays

E2903 Test Method for Measurement of the Effective Focal
Spot Size of Mini and Micro Focus X-ray Tubes

2.2 ASNT Standard:
SNT-TC-1A Recommended Practice for Personnel Qualifi-

cation and Certification in Nondestructive Testing
ANSI/ASNT CP-189 Standard for Qualification and Certifi-

cation of Nondestructive Testing Personnel
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2.3 Federal Standards:
21 CFR 1020.40 Safety Requirements of Cabinet X-Ray

Systems
29 CFR 1910.96 Ionizing Radiation
2.4 National Council on Radiation Protection and Measure-

ment (NCRP) Standard:
NCRP 49 Structural Shielding Design and Evaluation for

Medical Use of X Rays and Gamma Rays of Energies Up
to 10 MeV

2.5 National Aerospace Standard:
NAS-410 NAS Certification and Qualification of Nonde-

structive Test Personnel
2.6 Other Standards:
ISO 9712 Nondestructive Testing—Qualification and Certi-

fication of NDT Personnel
SMPTE RP 133 Specifications for Medical Diagnostic Im-

aging Test Pattern for Television Monitors and Hard-Copy
Recording Cameras

3. Terminology

3.1 Definitions: For definitions of terms used in this
practice, see Terminology E1316.

3.2 Definitions of Terms Specific to This Standard:
3.2.1 basic detector spatial resolution—half the value of

unsharpness measured as described in 7.2.5.3 with magnifica-
tion 1 (IQI in contact to surface of the active area of the
detector). The value is given in [μm] or Line/mm (L/mm).

3.2.2 basic system spatial resolution—half the value of
system unsharpness measured as described in 7.2.5.3. The
value is given in μm or lines/mm (L/mm).

3.2.3 camera spatial resolution—an expression for the reso-
lution of the camera inside the image intensifier.

3.2.4 system unsharpness—the unsharpness of the system
with given magnification measured as described in 7.2.5.3. The
value is given in μm or line pairs/mm (LP/mm). Practice E2002
shows a conversion between both values in Table 1.

4. Summary of Practice

4.1 Visual evaluation as well as computer-aided automated
radioscopic examination systems are used in a wide variety of
penetrating radiation examination applications. A simple visual
evaluation radioscopic examination system might consist of a
radiation source, a fluorescent screen viewed with an analog
camera, suitably enclosed in a radiation protective enclosure
and a video display. At the other extreme, a complex automated
radioscopic examination system might consist of an X-ray
source, a robotic examination part manipulator, a radiation

protective enclosure, an electronic image detection system with
a camera, a frame grabber, a digital image processor, an image
display, and a digital image archiving system. All system
components are supervised by the host computer, which
incorporates the software necessary to not only operate the
system components, but to make accept/reject decisions as
well. Systems having a wide range of capabilities between
these extremes can be assembled using available components.
Guide E1000 lists many different system configurations.

4.2 This practice provides details for applying radioscopic
examination with camera techniques; however, supplemental
requirements are necessary to address areas that are application
and performance specific.

5. Significance and Use

5.1 As with conventional radiography, radioscopic exami-
nation is broadly applicable to any material or examination
object through which a beam of penetrating radiation may be
passed and detected including metals, plastics, ceramics,
composites, and other nonmetallic materials. In addition to the
benefits normally associated with radiography, radioscopic
examination may be either a dynamic, filmless technique
allowing the examination part to be manipulated and imaging
parameters optimized while the object is undergoing
examination, or a static, filmless technique wherein the exami-
nation part is stationary with respect to the X-ray beam. The
differentiation to systems with digital detector arrays (DDAs)
is the use of an analog component such as an electro-optic
device or an analog camera. Recent technology advances in the
area of projection imaging, camera techniques, and digital
image processing provide acceptable sensitivity for a wide
range of applications. If normal video rates are not adequate to
detect features of interest then averaging techniques with no
movement of the test object shall be used.

6. Equipment and Procedure

6.1 System Configuration—Many different radioscopic ex-
amination systems configurations are possible, and it is impor-
tant to understand the advantages and limitations of each. It is
important that the optimum radioscopic examination system be
selected for each examination requirement through a careful
analysis of the benefits and limitations of the available system
components and the chosen system configuration. The provider
as well as the user of the radioscopic examination services
should be fully aware of the capabilities and limitations of the
radioscopic examination system that is proposed for examina-
tion of the object. The provider and the user of radioscopic
examination services shall agree upon the system configuration
to be used for each radioscopic examination application under
consideration, and how its performance is to be evaluated.

6.1.1 The minimum radioscopic examination system con-
figuration will include an appropriate source of penetrating
radiation, a means for positioning the examination object
within the radiation beam, in the case of dynamic radioscopy,
and a detection system. The detection system may be as simple
as a camera-viewed fluorescent screen with suitable radiation
shielding for personnel protection that meets applicable radia-
tion safety codes.
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6.1.2 A more complex system might include the following
components:

6.1.2.1 An Image Intensifier to intensify the photon detec-
tion from the fluorescent screen,

6.1.2.2 A micro- or mini-focus X-ray tube to be used with
high magnification to facilitate higher-resolution projection
imaging,

6.1.2.3 A multiple axis examination part manipulation sys-
tem to provide dynamic, full volumetric examination part
manipulation under operator manual control or automated
program control, for dynamic radioscopy,

6.1.2.4 An electronic imaging system to display a bright,
two-dimensional gray-scale image of the examination part at
the operator’s control console,

6.1.2.5 A digital image processing system to perform image
enhancement and image evaluation functions,

6.1.2.6 An archival quality image recording or storage
system, and

6.1.2.7 A radiation protective enclosure with appropriate
safety interlocks and a radiation warning system.

6.1.3 Whether a simple or a complex system is used, the
system components and configuration utilized to achieve the
prescribed examination results shall be carefully selected.

6.2 Practice:
6.2.1 The purchaser and supplier for radioscopic examina-

tion services shall mutually agree upon a written procedure and
also consider the following general requirements.

6.2.1.1 Equipment Qualifications—A listing of the system
features that shall be qualified to ensure that the system is
capable of performing the desired radioscopic examination
task. System features are described in Guide E1000. The
qualification shall be done as described in Practice E1411
or—for existing contracts from the former Annex A1—in
Appendix X1.

6.2.1.2 Examination Object Scan Plan for Dynamic
Radioscopy—A listing of object orientations, ranges of
motions, and manipulation speeds through which the object
shall be manipulated to ensure satisfactory examination.

6.2.1.3 Radioscopic Parameters—A listing of all the radia-
tion source-related variables that can affect the examination
outcome for the selected system configuration, such as: source
energy, intensity, focal spot size, filter in the X-ray beam,
collimators, range of source-to-object distances, range of
object-to-image plane distances, and source-to-image plane
distances.

6.2.1.4 Image Processing Parameters—A listing of all the
image processing variables necessary to enhance flaw detect-
ability in the object and to achieve the required sensitivity
level. These would include, but are not limited to, techniques
such as noise reduction, contrast enhancement, and spatial
filtering. Great care should be exercised in the selection of
directional image processing parameters such as spatial
filtering, which may emphasize features in certain orientations
and suppress them in others. The listing should indicate the
means for qualifying image processing parameters.

6.2.1.5 Image Display Parameters—A listing of the tech-
niques and the intervals at which they are to be applied for
standardizing the image display as to brightness, contrast,
focus, and linearity.

6.2.1.6 Accept-Reject Criteria—A listing of the expected
kinds of object imperfections and the rejection level for each.

6.2.1.7 Performance Evaluation—A listing of the qualifica-
tion tests and the intervals at which they are to be applied to
ensure that the radioscopic examination system is suitable for
its intended purpose. The evaluation shall be done as described
in Practice E1411 or—for existing contracts from the former
Annex A1—in Appendix X1.

6.2.1.8 Image Archiving Requirements—A listing of the
requirements, if any, for preserving a historical record of the
examination results. The listing may include examination
images along with written or electronically recorded alphanu-
meric or audio narrative information, or both, sufficient to
allow subsequent reevaluation or repetition of the radioscopic
examination.

6.2.1.9 Personnel Qualification—If specified in the contrac-
tual agreement, personnel performing examinations to this
standard shall be qualified in accordance with a nationally or
internationally recognized NDT personnel qualification prac-
tice or standard such as ANSI/ASNT CP-189, SNT-TC-1A,
NAS-410, ISO 9712, or similar document, and certified by the
employer or certifying agency, as applicable. The practice or
standard used and its applicable revision shall be identified in
the contractual agreement between the using parties.

6.2.1.10 Agency Evaluation—If specified in the contractual
agreement, NDT agencies shall be qualified and evaluated in
accordance with Practice E543. The applicable revision of
Practice E543 shall be specified in the contractual agreement.

7. Radioscopic Examination System Performance
Considerations and Measurement

7.1 Factors Affecting System Performance—Total radio-
scopic examination system performance is determined by the
combined performance of the system components, which
includes the radiation source, manipulation system (for dy-
namic radioscopy), detection system, information processing
system, image display, automatic evaluation system, and ex-
amination record archiving system.

7.1.1 Radiation Sources—While the radioscopic examina-
tion systems may utilize either radioisotope or X-ray sources,
X-radiation is used for most radioscopic examination applica-
tions. This is due to the energy spectrum of the X-radiation that
contains a blend of contrast-enhancing longer wavelengths, as
well as the more penetrating, shorter wavelengths. X-radiation
is adjustable in energy and intensity to meet the radioscopic
examination test requirements, and has the added safety feature
of discontinued radiation production when switched off. A
radioisotope source has the advantages of small physical size,
portability, simplicity, and uniformity of output.

7.1.1.1 X-ray machines produce a more intense X-ray beam
emanating from a smaller focal spot than do radioisotope
sources. X-ray focal spot sizes range from a few millimetres
down to less than one micrometre. Reducing the source size
reduces geometric unsharpness, thereby enhancing detail sen-
sitivity. X-ray sources may offer multiple or variable focal spot
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sizes. Smaller focal spots produce higher resolution when
using geometrical magnification and provide reduced X-ray
beam intensity, while larger focal spots provide higher X-ray
intensity and produce lower resolution. Microfocus X-ray
tubes are available with focal spots that may be adjusted to less
than 1 micrometre in diameter, while still producing an X-ray
beam of sufficient intensity so as to be useful for the radio-
scopic examination of finely detailed objects.

7.1.1.2 Focal spot sizes in this standard shall be measured
by Test Methods E1165 or E2903 for microfocus tubes; for
fixed focus tubes the focal spot size given by the manufacturer
of the tube may be used for calculation of system unsharpness.
Conventional focal spots of 1.0 mm and larger are useful at low
geometric magnification values close to 1×. Fractional focal
spots ranging from 0.4 mm up to 1.0 mm are useful at
geometric magnifications of up to approximately 2×. Minifo-
cus spots in the range from 0.1 mm up to 0.4 mm are useful at
geometric magnifications up to about 6×. Greater magnifica-
tions suggest the use of a microfocus spot size of less than 0.1
mm in order to minimize the effects of geometric unsharpness.
Microfocus X-ray tubes are capable of focal spot sizes of less
than 1 micrometre (10−6 metre) and are useful for geometric
magnifications of more than 100×.

7.1.2 Manipulation System for Dynamic Radioscopy—The
examination part manipulation system has the function of
holding the examination object and providing the necessary
degrees of freedom, ranges of motion, and speeds of travel to
position the object areas of interest in the radiation beam in
such a way so as to maximize the radioscopic examination
system’s response. In some applications it may be desirable to
manipulate the radiation source and detection system instead
of, or in addition to, the object. The manipulation system shall
be capable of smooth, well-controlled motion, especially so for
high-magnification microfocus techniques, to take full advan-
tage of the dynamic aspects of the radioscopic examination.

7.1.3 Detection System—The detection system is a key
element. It has the function of converting the radiation input
signal containing part information into a corresponding elec-
tronic output signal while preserving the maximum amount of
object information. The detector may be a two-dimensional
area detector providing an area field of view.

7.1.3.1 A simple detection system may consist of a fluores-
cent screen viewed directly by an analog camera. Advantages
include a selectable resolution and low component costs. The
disadvantages include noisy imagery due to inefficient light
capture from the fluorescent screen and pin cushion distortion.

7.1.3.2 Most radioscopic systems use image intensifiers that
increase the capture efficiency from a fluorescent screen,
intensify and reduce the image to an output phosphor that is
then captured by a standard analog or digital TV/CCD camera,
or equivalent. The image intensifier enables increased frame
rates, or higher examination throughputs in relation to the use
of a fluorescent screen alone. This enables the use of a standard
low cost camera resulting in much higher SNR than if the
image intensifier were not used. Disadvantages of the image

intensifier include image blooming, pin cushion distortion and
a limited basic detector spatial resolution of about 100
to 400 μm.

7.1.3.3 Cameras in combination with image intensifiers may
use analog or digital readout circuitry. Analog cameras may
produce video signals and may be used with TV displays;
digital cameras need computing devices for displaying the
images. Digital cameras and lenses may be selected out of a
wide range of options in camera spatial resolution, image size,
sensitivity and frame rate.

7.1.4 Information Processing System:
7.1.4.1 The function of the information processing system is

to take the output of the detection system and present a useful
image for display and operator interpretation, or for automatic
evaluation. The information processing system may take many
different forms, and may process analog or digital information,
or a combination of the two.

7.1.4.2 The information processing system includes all of
the electronics and interfaces after the detection system includ-
ing the image display and automatic evaluation system. Infor-
mation system components include such devices as frame
grabbers, image processors, and in general any device that
processes radioscopic examination information after the detec-
tion system.

7.1.4.3 The digital image processing system warrants spe-
cial attention, since it is the means by which radioscopic
examination information may be enhanced. Great care shall be
exercised in determining which image processing techniques
are most beneficial for the particular application. Directional
spatial filtering operations, for example, must be given special
attention as certain feature orientations are emphasized while
others are suppressed. While many digital image processing
operations occur sufficiently fast to follow time-dependent
radioscopic system variables, others do not. Some image
processing operations require significant image acquisition and
processing time, so as to limit the dynamic response of the
radioscopic examination, in dynamic radioscopic systems.

7.1.5 Automatic Evaluation System—Some radioscopic ex-
amination applications can be fully automated including the
accept/reject decision through computer techniques. The auto-
matic evaluation system’s response to various examination
object conditions shall be carefully determined under actual
operating conditions. The potential for rejecting good objects
and accepting defective objects shall be considered. Automatic
evaluation system performance criteria should be mutually
determined by the provider and user of radioscopic examina-
tion services.

7.1.6 Image Display:
7.1.6.1 The function of the image display is to convey

radioscopic information about the examination object to the
system operator. For visual evaluation systems, the displayed
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image is used as the basis for accepting or rejecting the object,
subject to the operator’s interpretation of the radioscopic
image. The image display performance, size, and placement
are important radioscopic system considerations. If available, a
test pattern–similar to SMPTE RP133–shall be used to qualify
the display.

7.1.6.2 When employing a television image presentation
with row interlacing from an analog camera, vertical and
horizontal resolution are often not the same. Therefore, the
effect of raster orientation upon the radioscopic examination
system’s ability to detect fine detail, regardless of orientation,
shall be taken into account.

7.1.7 Radioscopic Examination Record Archiving System—
Many radioscopic examination applications require an archival
quality examination record of the radioscopic examination.
The archiving system may take many forms, a few of which are
listed in 7.1.7 – 7.1.7.7. Each archiving system has its own
peculiarities as to image quality, archival storage properties,
equipment, and media cost. The examination record archiving
system should be chosen on the basis of these and other
pertinent parameters, as agreed upon by the provider and user
of radioscopic examination services. The reproduction quality
of the archival method should be sufficient to demonstrate the
same image quality as was used to qualify the radioscopic
examination system. To reduce storage capacity image com-
pression may be used. Lossless compression provides no
degradation or loss in quality; care should be taken when using
lossy compression like JPEG or MPEG that the resulting
quality is equivalent to the original image. Care shall be taken
about the lifetime of the image storage media. Guide E1475 or
Practice E2339 should be consulted if stored radioscopic data
is to be shared with dissimilar radioscopic storage, retrieval,
display, and hard copy systems. Care shall be taken about the
lifetime of the image storage media.

7.1.7.1 Video hard copy device used to create an image
from the video signal,

7.1.7.2 Laser print hard copy device used to create a film
image,

7.1.7.3 Analog video tape recorder used to record the video
signal on magnetic tape; characterized by long recording time
at video frame rates; useful for capturing part motion, (Guide
E1453 should be consulted for radioscopic data media storage
precautions),

7.1.7.4 Digital recording on magnetic tape used to store the
image of the object digitally; characterized by limited storage
capacity at video frame rates, when using no image
compression,

7.1.7.5 Digital recording on optical disk used to store the
image of the object digitally; consideration should be given to
the type of optical storage because there are fundamentally two
different types: write once read many times (WORM) where
common formats are CD ROM or DVD ROM, where the
radiological data cannot be erased or altered after the disk is
created, and rewritable disks, where radiological data can be
erased, altered, or signed with R/W symbol.

7.1.7.6 Digital recording on magnetic hard disks may record
several hours or even days on one hard drive. Care should be
taken about the limited reliability of hard drives and about the
fact that radiological data can be erased or altered easily.

7.1.7.7 Digital records can be stored in a digital network or
on a multi-disk system when a backup-system is available.
Care should be taken about the fact that radiological data can
be erased or altered easily.

7.1.8 Examination Record Data—The examination record
should contain sufficient information to allow the radioscopic
examination to be reevaluated or duplicated. Examination
record data should be recorded contemporaneously with the
radioscopic examination image, and may be in writing or a
voice narrative, providing the following minimum data:

7.1.8.1 Radioscopic examination system designation, ex-
amination date, operator identification, operating turn or shift,
and other pertinent examination and customer data,

7.1.8.2 Specific part data as to part number, batch, serial
number, etc. (as applicable),

7.1.8.3 Examination part orientation and examination site
information by manipulation system coordinate data or by
reference to unique part features within the field of view, and

7.1.8.4 System performance monitoring by recording the
results of the prescribed radioscopic examination system per-
formance monitoring tests, as set forth in Section 6, at the
beginning and end of a series of radioscopic examinations, not
to exceed the interval set forth in 7.2.2 for system performance
monitoring.

7.2 Performance Measurement—Radioscopic examination
system performance parameters shall be determined initially
and monitored regularly to ensure consistent results. The best
measure of total radioscopic examination system performance
can be made with the system in operation, utilizing an object
similar to the part under actual operating conditions. Tests with
natural discontinuities are not sufficient as the only quality
control measurement for the comparison of the actual system
performance with its qualified state. The performance of the
radioscopic system shall be tested to its ability to image and
recognize the typical and the critical discontinuities of a certain
component. In addition to standardized IQIs, samples with the
smallest or most difficult to detect natural discontinuities or
simulated imperfections, for example, drilled holes, shall be
used as reference objects for a routine quality control of the
overall system performance. In place of real samples, objects
or reference blocks containing realistic or manufactured dis-
continuities can be used to check quality performance. Perfor-
mance measurement methods shall be a matter of agreement
between the provider and user of radioscopic examination
services.

7.2.1 System Performance Quality Parameter—The quality
of a radioscopic image is essentially determined by
unsharpness, contrast, noise and linearity. The X-ray settings
shall be the same as in production (energy, intensity, filter,
FDD, FOD). The performance shall be measured according to
7.2.2 through 7.2.5, Practice E1411, or combinations thereof.
For existing contract from the former Annex A1, the procedure
in the Appendix X1 shall be used.
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7.2.2 Performance Measurement Intervals—System perfor-
mance measurement techniques shall be standardized so that
performance measurement tests shall be readily duplicated at
specified intervals. Radioscopic examination system perfor-
mance shall be evaluated at sufficiently frequent intervals, and
shall be agreed upon by the supplier and user of radioscopic
examination services, to minimize the possibility of time-
dependent performance variations.

7.2.3 Measurement with Reference Object and IQIs—
Radioscopic examination system performance measurement
using IQIs shall be in accordance with Practices E747, E1025,
or E1742. The IQIs shall be placed at the source side of a
reference object as close as possible to the region of interest.
The use of wire-type IQIs (see Practice E747) shall also take
into account the fact that the radioscopic examination system
may exhibit asymmetrical sensitivity, in which case the wire
axis shall be oriented along the system’s axis of least sensitiv-
ity. Selection of IQI thickness shall be consistent with the part
radiation path length thickness. For more details the instruc-
tions in the referenced standards shall be followed. The
reference object shall be placed into the radioscopic examina-
tion system in the same position as the actual object and may
be manipulated through the same range of motions through a
given exposure for dynamic radioscopic systems as are avail-
able for the actual object so as to maximize the radioscopic
examination system’s response to the indications of the IQIs or
simulated imperfection.

7.2.4 Measurement with a Reference Block—The reference
block shall be an actual object with known features that are
representative of the range of features to be detected, or shall
be fabricated to simulate the object with a suitable range of
representative features. Alternatively, the reference block shall
be a one-of-a-kind or few-of-a-kind reference object containing
known imperfections that have been verified independently.
Reference blocks containing known, natural discontinuities are
useful on a single-task basis, but are not universally applicable.
Where standardization among two or more radioscopic exami-
nation systems is required, a duplicate manufactured reference
block shall be used. The reference blocks shall approximate the
object as closely as is practical, being made of the same
material with similar dimensions and features in the radio-
scopic examination region of interest. Manufactured reference
blocks should include features at least as small as those that
must be reliably detected in the actual objects in locations
where they are expected to occur in the actual object. Where
features are internal to the object, it is permissible to produce
the reference block in sections. Reference block details are a
matter of agreement between the user and supplier of radio-
scopic examination services.

7.2.4.1 Use of a Reference Block—The reference block shall
be placed into the radioscopic examination system in the same
position as the actual object and may be manipulated through
the same range of motions through a given exposure for
dynamic radioscopic systems as are available for the actual
object so as to maximize the radioscopic examination system’s
response to the simulated imperfection.

7.2.4.2 Radioscopic Examination Techniques, (radiation
beam energy, intensity, focal spot size, enlargement, digital
image processing parameters, manipulation scan plan for
dynamic radioscopic systems, scanning speed, and other sys-
tem variables) utilized for the reference block shall be identical
to those used for the actual examination of the object.

7.2.5 Measurement with Step Wedge Method:
7.2.5.1 An unsharpness gauge and a step wedge with IQIs

may be used, if so desired, to determine and track radioscopic
system performance in terms of unsharpness and contrast
sensitivity. The step wedge shall be placed into the radioscopic
examination system in the same position as the actual object
with the face of the IQIs to the source side. A minimum oftwo
views shall be recorded. Between views the step wedge shall
be rotated by 90° as radioscopic examination system may
exhibit asymmetrical sensitivity.

7.2.5.2 The step wedge shall be made of the same material
as the test part with a minimum of three steps. The thickest and
thinnest steps represent the thickest and the thinnest material
sections to be examined. Other thickness steps are permissible
upon agreement between the provider and the user of radio-
scopic services. As a minimum, an IQI representing the
required image quality shall be placed on the thinnest and
thickest step of the stepwedge. Selection of the IQI shall be in
agreement between the CEO and user of radioscopic system. If
no quality level is defined, 2-2T shall be taken for both the
thinnest and thickest step. See Guide E94 or Practice E1025 for
more details about quality levels.

7.2.5.3 The system unsharpness shall be checked with an
IQI of the duplex wire type in accordance with Practice E2002.
The duplex wire shall be placed on the second thinnest step of
the step wedge, tilted by about 5°. The step wedge shall be
positioned horizontally and vertically to the lines of the
detection system. The duplex wire IQI shall be read in the
unsharper direction, if any. When agreed between the CEO and
the user of radioscopic services a calibrated line pair test
pattern may be used instead of the Practice E2002 duplex wire.
The line pair test pattern shall be placed on the thinnest step of
the wedge. For systems with an image processing computer,
the profile across the IQI shall be evaluated. For Practice
E2002, the duplex wire pair for which the modulation depth is
less than 20 % shall be documented, also noting the actual
modulation measured. If using the line pair test pattern, the
system unsharpness just before the lines are completely blurred
shall be documented. For example, where modulation is either
just observed or measured, that spatial resolution shall be
recorded. Note that with the use of a line pair gauge the lines
can sometimes come back into focus at a higher frequency.
This resolution is not to be recorded, as this represents an
aliased, non-realistic definition of the system unsharpness. A
conversion from duplex wire unsharpness measurement results
to lp/mm from converging line pairs can be found in Practice
E2002, Table 1.

7.2.5.4 A system that exhibits a system unsharpness of
320 μm, equivalent to a 160 μm basic system spatial resolution,
a thin-section contrast sensitivity of 2-4T, and a thick-section
contrast sensitivity of 2-2T may be said to have an equivalent
performance level of 2-4T – 2-2T – 320 μm. This may be
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converted to older definitions by: 320 μm ~3 lp/mm; 2-4T ~
2.8 % equivalent IQI sensitivity; 2-2T ~ 2.0 % equivalent IQI
sensitivity to an equivalent performance level of 3 % – 2 % –
3 lp/mm. For more details in converting the contrast levels
refer to Practice E1742.

7.2.5.5 The step wedge with the IQIs may be used to make
more frequent periodic system performance checks than re-
quired in accordance with 7.2.2. Unsharpness and contrast
sensitivity checks shall be correlated with IQI readout of
reference object performance measurements. This may be done
by first evaluating system measurement in accordance with
7.2.3 and immediately thereafter determining the equivalent
system unsharpness and contrast sensitivity values.

7.2.6 Importance of Proper Environmental Conditions—
Environmental conditions conducive to human comfort and
concentration will promote examination efficiency and
reliability, and shall be considered in the performance of visual
evaluation radioscopic examination systems. A proper exami-
nation environment will take into account temperature,
humidity, dust, lighting, access, and noise level factors. Proper
reduced lighting intensity is extremely important to provide for
high-contrast, glare-free viewing of radioscopic examination
images.

8. Radioscopic Examination Interpretation and
Acceptance Criteria

8.1 Interpretation—Interpretation may be done either by an
operator in a visual evaluation radioscopic environment, or by
means of a computer and appropriate software in the case of an
automated radioscopic examination system. A hybrid environ-
ment may also be utilized whereby the computer and software
presents to the operator a recommended interpretation, which
is then subject to the operator’s final disposition.

8.2 Operator—The supplier and user shall reach an agree-
ment as to operator qualifications including duty and rest
periods. Nationally or internationally recognized NDT person-
nel qualification practices or standards such as ANSI/ASNT
CP-189, SNT-TC-1A, NAS-410, ISO 9712, or similar docu-
ment sets forth three levels of nondestructive testing personnel
qualifications that the radioscopic examination practitioner
may find useful.

8.3 Accept/Reject Criteria—Accept/reject criteria is a mat-
ter of contractual agreement between the provider and the user
of radioscopic examination services.

9. Records, Reports, and Identification of Accepted
Material

9.1 Records and reports are a matter of agreement between
the supplier and the user. If an examination record archiving
requirement exists, refer to 7.1.8, which outlines the necessary
information that shall be a part of an archival examination
record.

10. Safety Conditions

10.1 Radioscopic examination procedures shall be con-
ducted under protective conditions so that personnel will not
receive radiation dose levels exceeding that permitted by
company, city, state, or national regulations. The recommen-
dations of the National Committee on Radiation Protection
should be the guide to radiation safety.

11. Keywords

11.1 analog; detector; digital; display; examination; image;
manipulator; processor; radioscopy; source

APPENDIX

(Nonmandatory Information)

X1. DETAILED REQUIREMENTS

X1.1 Application Qualification

X1.1.1 New Applications—Radioscopy may be used where
appropriate for new examination requirements, provided the
required performance, including image quality, can be met.

X1.1.2 Replacement of Existing Radiographic
Applications—When agreed to by the contracting officer,
radioscopy may be used to replace or augment existing
radiographic applications, provided that the radioscopic results
correlate favorably with the results obtained with X-ray film
produced in accordance with Practice E1742. Favorable corre-
lation means that the radioscopic and film images show similar
sensitivity to object features that are of interest.

X1.1.3 Written Procedure—It shall be the responsibility of
the NDT facility to develop a written radioscopic examination
procedure to ensure the effective and repeatable radioscopic
examination of the object. An object scan plan for dynamic

radioscopic systems, meeting the requirements of Practice
E1255, (see 6.2.1.2) shall be included in the written procedure.
Those portions of the contract document that specify and detail
radioscopic examination shall become an appendix to the
written procedure. The written procedure must be approved by
the Level III of the NDT facility. Where required, the written
procedure shall be approved by the contracting agency prior to
use. The written procedure shall include as a minimum the
following information:

X1.1.3.1 A drawing, sketch, or photograph of the compo-
nent that shows the radiation beam axis, position(s) of the
detector, and applicable IQI for each and all variations of the
object orientation and beam energy. This requirement may be
expressed in coordinates for automated systems having cali-
brated manipulation systems,

X1.1.3.2 A physical description of the object, including
size, thickness, weight, and composition,
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X1.1.3.3 Classification of the object into zones for
radioscopy,

X1.1.3.4 Examination part masking, if used, for each re-
quired view,

X1.1.3.5 Added radiation source collimation, expressed in
terms of the radiation field dimensions at the object source
side, for each required view,

X1.1.3.6 Detector field of view for each required view,
X1.1.3.7 Detector diaphragm settings, expressed in terms of

field of view at the detector, for each required view,
X1.1.3.8 The allowable range of radiation energy and beam

current or source intensity and the focal spot or source size for
each required view,

X1.1.3.9 Added beam filtration, if used, for each required
view,

X1.1.3.10 The examination geometry and coverage for each
required view,

X1.1.3.11 Type of IQI or reference block used and the
required quality level,

X1.1.3.12 All hardware and software settings that can be
changed by the operator to affect the outcome of the radio-
scopic examination. Such settings include, but are not limited
to, video camera and display settings and image processor
variables, and

X1.1.3.13 The recording media and storage image format
for mandatory radioscopic image storage.

X1.1.4 Object Examination—The number of objects to be
examined and the coverage required for each object shall be
specified in the contract documents. If not specified, all objects
shall receive 100 % radioscopic coverage as detailed in the
written procedure.

X1.1.5 Image Quality— Unless otherwise specified in the
contract documents, the required image quality level is 2-2T.
Image quality assessment shall be performed using the same
system parameters as in the examination and as documented in
the written procedure.

X1.1.5.1 The IQI may be placed on the object or on a
mounting block, at or near the object location, following the
requirements of Practice E1742. In the case of small radio-
scopic fields of view or other situations where it is not practical
to place the IQI in the field of view with the object and
maintain it normal to the X-ray beam, the IQI may be imaged
immediately before and after the object examination. Batch
quantities of similar parts need not have IQI images made
between each part, at the discretion of the Level III. The
radioscopic examination results shall be invalid, if the before
and after IQI images fail to demonstrate the required sensitiv-
ity. The before and after IQI images shall be considered a part
of the object image for radioscopic image interpretation and
archiving purposes.

X1.1.5.2 With written permission from the contracting
agency, other IQI’s or a reference block with natural or
artificial flaws may be used instead of the specified IQI.

X1.1.6 Radioscopic System Qualification—The radioscopic
system, including mandatory radioscopic image archiving
devices, shall be qualified to the image quality level required

for object examination. Radioscopic system initial qualification
shall be in accordance with Practice E1411.

X1.1.7 Radioscopic System Requalification—The radio-
scopic system, including mandatory image archiving devices,
shall be periodically requalified at intervals frequent enough to
ensure the required level of radioscopic system performance.
Each requalification shall be carried out in accordance with
Practice E1411.

X1.1.8 Examination Image Control—The radioscopic sys-
tem shall be checked for performance before each day’s
production usage using the method and devices that were
initially used to qualify the written procedure. A log shall be
maintained to document any changes in system performance
requiring changes in operating parameters and listing all
equipment maintenance. System requalification shall be re-
quired whenever image quality requirements can no longer be
met.

X1.1.9 Repair of Radioscopic System—Repair or replace-
ment of key radioscopic system components including, but not
limited to, the radiation source, image forming, image
transmission, image processing, and image display sub-
systems shall be cause for system requalification. In no case
shall the interval between qualification tests exceed one year.
The qualification statement shall be posted on the radioscopic
system. The results of the qualification tests shall be main-
tained in the radioscopic system equipment file until the
completion of the next qualification procedure or the expiration
of the archival image retention period, whichever is longer.

X1.1.10 Image Interpretation:
X1.1.10.1 Static Imaging— Radioscopic system qualifica-

tion in accordance with Practice E1411 applies to static
imaging conditions only where the examination part is station-
ary with respect to the X-ray beam. Therefore, all performance
measurements are based upon static image quality. All manda-
tory radioscopic examination accept/reject decisions shall be
based upon the assessment of static images.

X1.1.10.2 Dynamic Imaging— Dynamic or in-motion im-
aging may be used to gain useful information about the object.
However, unless dynamic imaging is specified, the final
assessment of image formation for mandatory radioscopic
examinations shall be made in the static mode. When the
contracting agency specifies dynamic examination, all aspects
of the procedure must be approved by NAS-410 Level III
personnel. For dynamic examination, the image quality shall be
measured under the same procedure as the examination.

X1.1.11 Feature Size Determination—Where feature mea-
surement from the radioscopic image is required, the written
procedure shall include methodology for determining and
maintaining the accuracy of the selected measurement method.

X1.1.11.1 Feature Measurement by Examination Object
Displacement—For those radioscopic systems with calibrated
manipulation systems, the more accurate, and therefore
preferred, method of measurement is to manipulate the ex-
tremities of the feature to be measured to a common central
reference point within the radioscopic image field of view. The
dimension may then be read from the manipulation system
position display.
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X1.1.11.2 Feature Measurement by Comparison—A second
method involves comparing the object feature with a known,
observable dimension which must be wholly within the radio-
scopic field of view. Many digital image processors facilitate
this type of measurement by counting pixels over the feature
length. The pixel number is often converted to engineering
units by comparison with a known length. However, the
orientation and position along the X-ray beam (magnification)
of both the feature and the calibrating reference length affect
the accuracy of such measurements.

X1.1.12 Gray Scale Range—The gray scale range required
to meet initial qualification contrast sensitivity requirements
for image quality shall be recorded and monitored. For systems
using human image assessment, it is particularly important that
the gray scale range and the number of gray scale steps be
closely matched to the response of the human eye. The written
procedure shall include a means for monitoring the required
gray scale range using a contrast sensitivity gage, step wedge,
or similar device made of the object or IQI material.

X1.1.13 Timing of Radioscopic Examination—Radioscopic
examination shall be performed at the time of manufacturing,
assembly, or rework as required by the contract documents.

X1.1.14 Identification— A means shall be provided for the
positive identification of the object to the archival radioscopic
examination record. Archived radioscopic images shall be
annotated to agree with the object identification.

X1.1.15 Locating the Radioscopic Examination Areas—
Whenever more than one image is required for a weldment or
other object, location markers shall be placed on the object in
order that the orientation of the object and the location of
object features relative to the radioscopic field of view may be
established. This requirement shall not apply to automated
systems having programmed radioscopic examination se-
quences where coverage has been proven during the develop-
ment of the scan plan. Also, this requirement does not apply to
the radioscopic examination of simple or small shapes where
the part orientation is obvious and coverage is not in question.

X1.1.16 Surface Preparation—Examination objects may be
examined without surface preparation, except when required to
remove surface conditions that may interfere with proper
interpretation of the radioscopic image or that may create a
safety hazard.

X1.1.17 Detailed Data— The provider of radioscopic ex-
amination services shall keep the written procedure, qualifica-

tion documentation, and the signed examination reports or
tabulated results, or both, for five years from the radioscopic
examination date, unless otherwise specified in the contract
documents. For software-based automated radioscopic systems
using custom software, a copy of the source code and the
related examination parameters shall also be maintained on file
for a like period of time. This requirement shall not apply to
standard commercially available software packages or to
traceable software documentation which complies with DOD-
STD-2167 where a separate copy of the software is maintained.

X1.1.18 Radioscopic Reexamination of Repairs—When re-
pair has been performed as the result of radioscopic
examination, the repaired areas shall be reexamined using the
same radioscopic technique to evaluate the effectiveness of the
repair. Each repaired area shall be identified with R1, R2, R3,
and so forth, to indicate the number of times repair was
performed.

X1.1.19 Retention of Radioscopic Examination Records—
Mandatory radioscopic examination records and associated
radioscopic images shall be stored in a proper repository at the
contractor’s plant for five years from the date from which they
were made. Special instructions, such as storage for other
periods of time, making backup copies, copying the records to
other media, or having the records destroyed shall be specified
in the contract documents.

X1.1.20 Rejection of Objects—Examination objects con-
taining discontinuities exceeding the permissible limits speci-
fied in the contract documents shall be separated from accept-
able material, appropriately identified as discrepant, and
submitted for material review when required by the contract
documents.

X1.1.21 Reexamination— Where there is a reasonable doubt
as to the ability to interpret the radioscopic results because of
improper execution or equipment malfunction, the object shall
be reexamined using the correct procedure. If the problem is
not resolved by reexamination, the procedure shall be reviewed
by the Level III of the NDT facility and adjusted, if necessary.
Reference exposures may be made using radiography if nec-
essary. If the reexamination was caused by equipment
malfunction, the equipment may not be returned to service
until the malfunction is repaired and the equipment is requali-
fied to the current qualification requirements in accordance
with to Practice E1411.

X1.1.22 Examination Object Marking—The marking of ob-
jects shall be as specified in E1742.
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Standard Practice for
Radioscopic Examination of Weldments

1. Scope

1.1 This practice covers a uniform procedure for radio-
scopic examination of weldments. Requirements expressed in
this practice are intended to control the quality of the radio-
scopic images and are not intended for controlling acceptability
or quality of welds.

1.2 This practice applies only to the use of equipment for
radioscopic examination in which the image is finally pre-
sented on a display screen (monitor) for operator evaluation.
The examination may be recorded for later review. It does not
apply to fully automated systems where evaluation is automati-
cally performed by computer.

1.3 The radioscopic extent, the quality level, and the accep-
tance criteria to be applied shall be specified in the contract,
purchase order, product specification, or drawings.

1.4 This practice can be used for the detection of disconti-
nuities. This practice also facilitates the examination of a weld
from several directions, such as perpendicular to the weld
surface and along both weld bevel angles. The radioscopic
techniques described in this practice provide adequate assur-
ance for defect detectability; however, it is recognized that, for
special applications, specific techniques using more stringent
requirements may be needed to provide additional detection
capability. The use of specific radioscopic techniques shall be
agreed upon between purchaser and supplier.

1.5 The values stated in inch-pound units are to be regarded
as the standard. The SI units given in parentheses are for
information only.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use. Specific precau-
tionary statements are given in Section 7.

2. Referenced Documents

2.1 ASTM Standards:
E94 Guide for Radiographic Examination
E543 Specification for Agencies Performing Nondestructive

Testing
E747 Practice for Design, Manufacture and Material Group-

ing Classification of Wire Image Quality Indicators (IQI)
Used for Radiology

E1000 Guide for Radioscopy
E1025 Practice for Design, Manufacture, and Material

Grouping Classification of Hole-Type Image Quality In-
dicators (IQI) Used for Radiology

E1032 Test Method for Radiographic Examination of Weld-
ments

E1255 Practice for Radioscopy
E1316 Terminology for Nondestructive Examinations
E1411 Practice for Qualification of Radioscopic Systems
E1453 Guide for Storage of Magnetic Tape Media that

Contains Analog or Digital Radioscopic Data
E1475 Guide for Data Fields for Computerized Transfer of

Digital Radiological Examination Data
E1647 Practice for Determining Contrast Sensitivity in Ra-

diology
E1742 Practice for Radiographic Examination
E2002 Practice for Determining Total Image Unsharpness

and Basic Spatial Resolution in Radiography and Radios-
copy

E2033 Practice for Computed Radiology (Photostimulable
Luminescence Method)

E2698 Practice for Radiological Examination Using Digital
Detector Arrays

2.2 ASNT Standards:
ASNT Recommended Practice No. SNT-TC-1A Personnel

Qualification and Certification in Nondestructive Testing
ANSI/ASNT CP-189-ASNT Standard for Qualification and

Certification of Nondestructive Testing Personnel
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2.3 National Aerospace Standard:
NAS 410 Certification and Qualification of Nondestructive

Test Personnel
2.4 Other Standards:
ISO 9712 Non-Destructive Testing—Qualification and Cer-

tification of NDT Personnel
SMPTE RP 133 Specifications for Medical Diagnostic Im-

aging Test Pattern for Television Monitors and Hard-Copy
Recording Cameras

3. Terminology

3.1 Definitions:
3.1.1 Definitions of terms applicable to this practice may be

found in Terminology E1316.

4. Apparatus

4.1 Success of the radioscopic process depends on the
overall system configuration and the selection of appropriate
subsystem components. Guidance on the selection of sub-
system components and the overall system configuration is
provided in Guide E1000 and Practice E1255. Guidance on the
initial qualification and periodic re-qualification of the radio-
scopic system is provided in Practice E1411. The suitability of
the radioscopic system shall be demonstrated by attainment of
the required image quality and compliance with all other
requirements stipulated herein; unless otherwise specified by
the cognizant engineering organization, the default image
quality level shall be 2-2T.

4.2 Radiation Source (X-ray or Gamma-ray)—Selection of
the appropriate source is dependent upon variables regarding
the weld being examined, such as material composition and
thickness. The suitability of the source shall be demonstrated
by attainment of the required image quality and compliance
with all other requirements stipulated herein. Guidance on the
selection of the radiation source may be found in Guide E1000
and Practice E1255.

4.3 Manipulation System—Selection of the appropriate ma-
nipulation system (where applicable) is dependent upon vari-
ables such as the size and orientation of the object being
examined and the range of motions, speed of manipulation, and
smoothness of motion. The suitability of the manipulation
system shall be demonstrated by attainment of the required
image quality and compliance with all other requirements
stipulated herein. Guidance on the selection of the manipula-
tion system may be found in Practice E1255.

4.4 Imaging System—Selection of the appropriate imaging
system is dependent upon variables such as the size of the
object being examined and the energy and intensity of the
radiation used for the examination. The suitability of the
imaging system shall be demonstrated by attainment of the
required image quality and compliance with all other require-

ments stipulated herein. Guidance on the selection of an
imaging system may be found in Guide E1000 and Practice
E1255.

4.5 Image Processing System—Where agreed between pur-
chaser and supplier, image processing systems may be used for
noise reduction through image integration or averaging, con-
trast enhancement and other image processing operations.

4.6 Collimation—Selection of appropriate collimation is
dependent upon the geometry of the object being examined. It
is generally useful to select collimation to limit the primary
radiation beam to the weld and the immediately adjacent base
material in order to improve radioscopic image quality.

4.7 Filters and Masking—Filters and masking may be used
to improve image quality from contrast reductions caused by
low-energy scattered radiation. Guidance on the use of filters
and masking can be found in Guide E94.

4.8 Image Quality Indicators (IQI)—Unless otherwise
specified by the applicable job order or contract, image quality
indicators shall comply with the design and identification
requirements specified in Practices E747, E1025, E1647,
E1742, or E2002.

4.9 Shims, Separate Blocks, or Like Sections—Shims, sepa-
rate blocks, or like sections made of the same or radioscopi-
cally similar materials (as defined in Practice E1025) may be
used to facilitate image quality indicator positioning as de-
scribed in 9.10.3. The like section should be geometrically
similar to the object being examined.

4.10 Location and Identification Markers—Lead numbers
and letters should be used to designate the part number and
location number. The size and thickness of the markers shall
depend on the ability of the radioscopic technique to discern
the markers on the images. As a general rule, markers from
0.06 to 0.12 in. (1.5 to 3 mm) thick will suffice for most low
energy (less than 1 MeV) X-ray and iridium192 radioscopy. For
higher energy (greater than 1 MeV and cobalt60) radioscopy, it
may be necessary to use markers that are thicker (0.12 in. (3
mm) thick or more). In cases where the system being used
provides a display of object position within the image, this
shall be acceptable as identification of object location. In case
of digital storage of the images, digital markers and annota-
tions in the image may be used if they are stored permanently
with the image.

5. Materials

5.1 Recording Media—Recording media for storage of im-
ages shall be in a format agreed by the purchaser and supplier.
This may include either analog or digital media.

6. Basis of Application

6.1 Personnel Qualification —NDT personnel shall be
qualified in accordance with a nationally recognized NDT
personnel qualification practice or standard such as ANSI/
ASNT-CP-189, SNT-TC-1A, NAS 410, ISO 9712, or a similar
document. The practice or standard used and its applicable
revision shall be specified in the contractual agreement be-
tween the using parties.
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6.2 Qualification of Nondestructive Testing Agencies—If
specified in the contractual agreement, NDT agencies shall be
qualified and evaluated as described in Practice E543. The
applicable edition of Practice E543 shall be specified in the
contractual agreement.

6.3 Performance Measurement—Radioscopic examination
system performance parameters must be determined initially
and monitored regularly to ensure consistent results. The best
measure of total radioscopic examination system performance
can be made with the system in operation, using a test object
similar to the test part under actual operating conditions. This
indicates the use of an actual or simulated test object or
calibration block containing actual or simulated features that
must be detected reliably. Such a calibration block will provide
a reliable indication of the radioscopic examination system’s
capabilities. Conventional wire or plaque-type image quality
indicators (IQIs) may be used in place of, or in addition to, the
simulated test object or calibration block. Performance mea-
surement methods are subject to agreement between the
purchaser and the supplier of radioscopic examination services;
if no special agreements are done the performance shall be
measured in accordance with 6.3.2, 6.3.3, 6.3.4 or combina-
tions thereof, or Practice E1411 or Appendix X1 of E1255.

6.3.1 Performance Measurement Intervals—System perfor-
mance measurement techniques should be standardized so that
performance measurement tests may be duplicated readily at
specified intervals. Radioscopic examination performance
should be evaluated at sufficiently frequent intervals, as may be
agreed upon between the purchaser and the supplier of radio-
scopic examination services, in order to minimize the possi-
bility of time-dependent performance variations.

6.3.2 Measurement with IQIs—System performance mea-
surements using IQIs shall be in accordance with accepted
industry standards describing the use of IQIs. The IQIs should
be placed on the radiation source side of the test object, as
close as possible to the region of interest. The use of wire IQIs
should also take into account the fact that the radioscopic
examination may exhibit asymmetrical sensitivity, in which
case the wire diameter axis shall be oriented along the system’s
axis of least sensitivity. Selection of IQI thickness should be
consistent with the test part radiation path length.

6.3.3 Measurement With a Calibration Block—The calibra-
tion block may be an actual test part with known features that
are representative of the range of features to be detected, or it
may be fabricated to simulate the test object with a suitable
range of representative features. Alternatively, the calibration
block may be a one-of-a-kind or few-of-a-kind reference test
object containing known imperfections that have been verified
independently. Calibration blocks containing known, natural
defects are useful on a single-task basis, but they are not
universally applicable. A duplicate manufactured calibration
block should be used where standardization among two or
more radioscopic examination systems is required. The cali-
bration blocks should approximate the test object as closely as
is practical, being made of the same material with similar
dimensions and features in the radioscopic examination region
of interest. Manufactured calibration blocks shall include
features at least as small as those that must be detected reliably

in the actual test object in locations where they are expected to
occur. It is permissible to produce the calibration block in
sections where features are internal to the test object. Calibra-
tion block details are a matter of agreement between the
purchaser and the supplier of radioscopic examination services.

6.3.3.1 Use of a Calibration Block—The calibration block
shall be placed in the radioscopic examination system in the
same position as the actual test object. The calibration block
may be manipulated through the same range of motions as are
available for the actual test object so as to maximize the
radioscopic examination system’s response to the simulated
imperfections.

6.3.3.2 Radioscopic Examination Techniques—Techniques
used for the calibration block shall be identical to those used
for actual examination of the test part. Technique parameters
shall be listed and include, as a minimum, radiation beam
energy, intensity, focal spot size, enlargement, digital image
processing parameters, manipulation scan plan, and scanning
speed.

6.3.4 Use of Calibrated Line Pair Test Pattern and Step
Wedge—A calibrated line pair test pattern and step wedge may
be used, if desired, to determine and track the radioscopic
system performance in terms of unsharpness and contrast
sensitivity. The line pair test pattern is used without an
additional absorber to evaluate system unsharpness (see Prac-
tices E1411 and E2002). The step wedge is used to evaluate
system contrast sensitivity (see Practice E1647).

6.3.4.1 The step wedge must be made of the same material
as the test part, with steps representing 100, 99, 98, 97, and
96 % of both the thickest and thinnest material sections to be
examined. The thinner steps shall be adjacent to the 100 %
thickness in order to facilitate discerning the minimum visible
thickness step. Other thickness steps are permissible upon
agreement between the purchaser and the supplier of radio-
scopic examination services.

6.3.4.2 The line pair test pattern and step wedge tests shall
be conducted in a manner similar to the performance measure-
ments for the IQI or calibration block. It is permissible to
adjust the X-ray energy and intensity to obtain a usable line
pair test pattern image brightness. In the case of a radioisotope
or X-ray generating system in which the energy or intensity
cannot be adjusted, additional filtration may be added to reduce
the brightness to a useful level. Contrast sensitivity shall be
evaluated at the same energy and intensity levels as are used
for the radioscopic technique.

6.3.4.3 A system that exhibits a thin section contrast sensi-
tivity of 3 %, a thick section contrast sensitivity of 2 %, and an
unsharpness of 3 line pairs/mm may be said to have a quality
level of 3 % – 2 % – 3 lp ⁄mm. A conversion table from duplex
wire read out to lp/mm can be found in Practices E1411 or
E1255.

6.3.4.4 The line pair test pattern and step wedge may be
used to make more frequent periodic system performance
checks than are required in 6.3.1. Resolution and contrast
sensitivity checks must be correlated with IQI or calibration
block performance measurements. This may be accomplished
by first evaluating the system performance in accordance with
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6.3.2 or 6.3.3 and immediately thereafter determining the
equivalent unsharpness and contrast sensitivity values.

6.4 Time of Examination—The time of examination shall be
in accordance with 9.1 unless otherwise specified.

6.5 Procedures and Techniques—The procedures and tech-
niques to be utilized shall be as described in this practice unless
otherwise specified. Specific techniques may be specified in the
contractual agreement.

6.6 Extent of Examination—The extent of examination shall
be in accordance with 8.3 unless otherwise specified.

6.7 Reporting Criteria/Acceptance Criteria—Reporting cri-
teria for the examination results shall be in accordance with
Section 10 unless otherwise specified. Acceptance criteria shall
be specified in the contractual agreement.

6.8 Reexamination of Repaired/Reworked Items—
Reexamination of repaired/reworked items is not addressed in
this practice and if required shall be specified in the contractual
agreement.

7. Safety

7.1 Radioscopic procedures shall comply with applicable
city, state, and federal safety regulations.

8. Requirements

8.1 Procedure Requirement—Unless otherwise specified by
the applicable job order or contract, radioscopic examination
shall be performed in accordance with a written procedure.
Specific requirements regarding the preparation and approval
of the written procedures shall be as agreed by purchaser and
supplier. The production procedure shall address all applicable
portions of this practice and shall be available for review
during interpretation of the images. The written procedure shall
include the following:

8.1.1 Material and thickness range to be examined,
8.1.2 Equipment to be used, including specifications of

source parameters (such as tube voltage, current, focal spot
size) and imaging equipment parameters (such as detector size,
field of view, electronic magnification, camera black level,
gain, look-up table (LUT), type of display monitor),

8.1.3 Examination geometry, including source-to-object
distance, object-to-detector distance and orientation,

8.1.4 Image quality indicator designation and placement,
8.1.5 Test-object scan plan, indicating the range of motions

and manipulation speeds through which the test object shall be
manipulated in order to ensure satisfactory results (see descrip-
tion in 6.2.1.2 of Practice E1255),

8.1.6 Image-processing parameters,
8.1.7 Image-display parameters,
8.1.8 Image storage, and
8.1.9 Plan for system qualification and periodic requalifica-

tion as described in Practices E1255 and E1411.

8.2 Radioscopic Coverage—Unless otherwise specified by
purchaser and supplier agreement, the extent of radioscopic
coverage shall include 100 % of the volume of the weld and the
adjacent base metal.

8.3 Examination Speed—For dynamic examination, the
speed of object motion relative to the radiation source and
detector shall be controlled to ensure that the required radio-
scopic quality level is achieved.

8.4 Radioscopic Image Quality—All images shall be free of
artifacts that could mask or be confused with the image of any
discontinuity in the area of interest. It may be possible to
prevent blemishes from masking discontinuities or being
confused with discontinuities by moving the object being
examined relative to the imaging device. If any doubt exists as
to the true nature of an indication exhibited in the image, the
image shall be rejected and a new image of the area shall be
made.

8.5 Radioscopic Quality Level—Radioscopic quality level
shall be determined upon agreement between the purchaser and
supplier and shall be specified in the applicable job order or
contract. If no quality level is defined, 2-2T shall be the
standard. Radioscopic quality shall be specified in terms of
equivalent penetrameter (IQI) sensitivity and shall be measured
using image quality indicators conforming to Practices E747,
E1025, or E1742. Additionally, for system unsharpness
measurement, the Practice E2002 duplex wire gauge should be
used.

8.6 Acceptance Level—Accept and reject levels shall be
stipulated by the applicable contract, job order, drawing, or
other purchaser and supplier agreement.

8.7 Image-Viewing Facilities—Viewing facilities shall pro-
vide subdued background lighting of an intensity that will not
cause troublesome reflection, shadows, or glare on the image.
The image display performance, size, and placement are
important radioscopic system considerations. A test pattern
similar to SMPTE RP133 shall be used to qualify the display.

8.8 Storage of Images—When storage is required by the
applicable job order or contract, the images should be stored in
a format stipulated by the applicable contract, job order,
drawing, or other purchaser and supplier agreement. The
image-storage duration and location shall be as agreed between
purchaser and supplier (see Guides E1453 and E1475).

9. Procedure

9.1 Time of Examination—Unless otherwise specified by the
applicable job order or contract, perform radioscopy prior to
heat treatment.

9.2 Surface Preparation—Unless otherwise agreed upon,
remove the weld bead ripple or weld-surface irregularities on
both the inside and outside (where accessible) by any suitable
process so that the image of the irregularities cannot mask, or
be confused with, the image of any discontinuity. Interpretation
can be optimized if surface irregularities are removed such that
the image of the irregularities is not discernible.

9.3 System Unsharpness—System unsharpness should be
measured using Practice E2002 duplex wire IQI (see also
Guide E1000). System Unsharpness (Uim) is defined as total
unsharpness (Utotal) divided by magnification (v) (see Guide
E1000):
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Uim 5 Utotal ⁄ v (1)
Unless otherwise specified in the applicable job order or
contract, Uim shall not exceed the following:

TABLE Unsharpness (Uim) (Maximum)

Material Thickness Uim, max, in. (mm)

under 2 in. (50 mm) 0.020 (0.50)
2 through 3 in. (50 through 75 mm) 0.030 (0.75)
over 3 through 4 in. (75 through 100 mm) 0.040 (1.00)
greater than 4 in. (100 mm) 0.070 (1.75)

Discussion: In standards with DDA (E2698), CR (E2033), or
film (E1032) the following unsharpness requirement for mate-
rials under 1 in. (25.4 mm) thickness is used: Maximum 0.010
in. (0.254 mm).

9.4 Examination Speed—For dynamic examination, deter-
mine the speed of object motion relative to the radiation source
and detector upon agreement between the purchaser and
supplier. Base this determination upon the achievement of the
required radioscopic quality level at that examination speed.

9.5 Direction of the Radiation—Direct the central beam of
radiation perpendicularly toward the center of the effective area
of the detector or to a plane tangent to the center of the image,
to the maximum extent possible, except for double-wall
exposure-double-wall viewing elliptical projection techniques,
as described in 9.14.2.

9.6 Scattered Radiation—Scattered radiation (radiation
scattered from the test object and from surrounding structures)
reduces radioscopic contrast and may produce undesirable
effects on radioscopic quality. Use precautions such as colli-
mation of the source, collimation of the detector, and additional
shielding as appropriate to minimize the detrimental effects of
this scattered radiation.

9.7 Image Quality Indicator Selection—For selection of the
image quality indicator, the thickness on which the image
quality indicator is based is the single-wall thickness plus the
lesser of the actual or allowable reinforcement. Backing strips
or rings are not considered as part of the weld or reinforcement
thickness for image quality indicator selection. For any
thickness, an image quality indicator acceptable for thinner
materials may be used, provided all other requirements for
radioscopy are met.

9.8 Number of Image Quality Indicators:
9.8.1 Place at least one image quality indicator of Practices

E747, E1025, or E1742, and one image quality indicator of
Practice E2002 in the area of interest representing an area in
which the brightness is relatively uniform. The degree of
brightness uniformity shall be agreed upon between purchaser
and supplier. If the image brightness in an area of interest
differs by more than the agreed amount, use two image quality
indicators. Use one image quality indicator to demonstrate
acceptable image quality in the darkest portion of the image
and use one image quality indicator to demonstrate acceptable
image quality in the lightest portion of the image.

9.8.2 When a series of images are made under identical
conditions, it is permissible for the image quality indicators to
be used only on the first and last images in the series, provided
this is agreed upon between the purchaser and supplier. In this
case, it is not necessary for the image quality indicators to
appear in each image.

9.8.3 Always retain qualifying images, on which one or
more image quality indicators were imaged during exposure, as
part of the record to validate the required image quality
indicator sensitivity and placement.

9.9 Image Quality Indicator Placement:
9.9.1 Place the image quality indicator on the source side

adjacent to the weld being examined. Where the weld metal is
not radioscopically similar to the base material or where
geometry precludes placement adjacent to the weld, place the
image quality indicator over the weld or on a separate block, as
described in 9.10.

9.9.2 Detector-Side Image Quality Indicators—In those
cases where the physical placement of the image quality
indicators on the source side is not possible, place the image
quality indicators on the detector side. The applicable job order
or contract shall specify the applicable detector-side quality
level. The accompanying documents shall clearly indicate that
the image quality indicators were located on the detector side.

9.10 Separate Block—When configuration or size prevents
placing the image quality indicators on the object being
examined, use a shim, separate block or like section conform-
ing to the requirements of 4.9 provided the following condi-
tions are met:

9.10.1 The image quality indicator is no closer to the
detector than the source side of the object being examined
(unless otherwise specified).

9.10.2 The brightness in the area of the image quality
indicator including the shim, separate block, or like section and
IQI where applicable are similar to the brightness in the area of
interest.

9.10.3 The shim, separate block, or like section is placed as
close as possible to the object being examined.

9.10.4 When hole-type image quality indicators are used,
the shim, separate block, or like section dimensions shall
exceed the image quality indicator dimensions such that the
outline of at least three sides of the image quality indicator
image is visible on the image.

9.11 Shim Utilization—When a weld reinforcement or back-
ing ring and strip is not removed, place a shim of material that
is radioscopically similar to the backing ring and strip under
the image quality indicators to provide approximately the same
thickness of material under the image quality indicator as the
average thickness of the weld reinforcement plus the wall
thickness, backing ring and strip.

9.11.1 Shim Dimensions and Location—When hole-type
image quality indicators are used, the shim dimensions and
location shall exceed the image quality indicator dimensions by
at least 0.12 in. (3 mm) on at least three sides. At least three
sides of the image quality indicator shall be discernible in
accordance with 9.10.4 except that only the two ends of the
image quality indicator need to be discernible when located on
piping less than 1 in. (25 mm) nominal pipe size. Place the
shim so as not to overlap the weld image including the backing
strip or ring.

9.11.2 Shim Image Brightness—The brightness of the shim
image shall be similar to the image brightness of the area of
interest.
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9.12 Location Markers—Place location markers outside the
weld area. The radioscopic image of the location markers for
the identification of the part location with the image shall
appear on the image without interfering with the interpretation
and with such an arrangement that it is evident that complete
coverage was obtained.

9.12.1 Double-Wall Technique—When using a technique in
which radiation passes through two walls and the welds in both
walls are simultaneously viewed for acceptance, and the entire
image of the object being examined is displayed, only one
location marker is required in the image.

9.12.2 Series of Images—For welds that require a series of
images to cover the full length or circumference of the weld,
apply the complete set of location markers at one time,
wherever possible. A reference or zero position for each series
must be identified on the component. A known feature on the
object (for example, keyway, nozzle, and axis line) may also be
used for establishment of a reference position. Indicate this
feature on the radioscopic record.

9.12.3 Similar Welds—On similar type welds on a single
component, the sequence and spacing of the location markers
must conform to a uniform system that shall be positively
identified in the radioscopic procedure or interpretation re-
cords. In addition, reference points on the component will be
shown on the sketch to indicate the direction of the numbering
system.

9.13 Image Identification—Provide a system of positive
identification of the image. As a minimum, the following shall
appear on the image: the name or symbol of the company
performing radioscopy, the date, and the weld identification
number traceable to part and contract. Identify subsequent
images made of a repaired area with the letter “R”.

9.14 Radioscopic Techniques:
9.14.1 Single-Wall Technique—Except as provided in 9.14.2

– 9.14.4, perform radioscopy using a technique in which the
radiation passes through only one wall.

9.14.2 Double-Wall Technique for Circumferential Welds—
For circumferential welds 4 in. (100 mm) outside diameter (3.5
in. (88 mm) nominal pipe size) or less, use a technique in
which the radiation passes through both walls and both walls
are viewed for acceptance on the same image. Unless other-
wise specified, either elliptical or superimposed projections
may be used. A sufficient number of views should be taken to
examine the entire weld. Where design or access restricts a
practical technique from examining the entire weld, agreement
between contracting parties must specify necessary weld cov-
erage.

9.14.3 For circumferential welds greater than 4 in. (100
mm) outside diameter (3.5 in. (88 mm) nominal pipe size), use
a technique in which only single-wall viewing is performed. A
sufficient number of views should be taken to examine the
entire-weld. Where design or access restricts a practical tech-
nique from examining the entire weld, agreement between
contracting parties must specify necessary weld coverage.

9.14.4 For radioscopic techniques that prevent single-wall
exposures due to restricted access, such as jacketed pipe or ship
hull, the technique should be agreed upon in advance between
the purchaser and supplier. It should be recognized that image
quality indicator sensitivities based on single-wall thickness
may not be obtainable under some conditions.

10. Records

10.1 Maintain the following radioscopic records as agreed
between purchaser and supplier:

10.1.1 Radioscopic standard shooting sketch, including ex-
amination geometry, source-to-object distance, object-to-
detector distance and orientation,

10.1.2 Material and thickness range examined,
10.1.3 Equipment used, including specification of source

parameters (such as tube voltage, current, focal spot size) and
imaging equipment parameters (such as detector size, field of
view, electronic magnification, camera blacklevel, gain, LUT,
display, and so forth) and display parameters,

10.1.4 Image quality indicator (and shim, if used)
placement,

10.1.5 Test-object scan plan, including ranges of motion and
manipulation speeds,

10.1.6 Image processing parameters,
10.1.7 Image-storage data,
10.1.8 Weld repair documentation,
10.1.9 Image—Interpretation record shall contain as a mini-

mum the following information:
10.1.9.1 Disposition of each image (acceptable or

rejectable),
10.1.9.2 If rejectable, cause for rejection (slag, crack,

porosity, and so forth),
10.1.9.3 Surface indication verified by visual examination

(grinding marks, weld ripple, spatter, and so forth), and
10.1.9.4 Signature of the image interpreter, including level.

11. Keywords

11.1 gamma ray; nondestructive testing; radioscopic exami-
nation; radioscopy; weldments; X-ray
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Standard Guide for
Data Fields for Computerized Transfer of Digital
Radiological Examination Data

1. Scope

1.1 This guide provides a listing and description of the fields
that are recommended for inclusion in a digital radiological
examination data base to facilitate the transfer of such data.
This guide sets guidelines for the format of data fields for
computerized transfer of digital image files obtained from
radiographic, radioscopic, computed radiographic, or other
radiological examination systems. The field listing includes
those fields regarded as necessary for inclusion in the data
base: (1) regardless of the radiological examination method (as
indicated by Footnote C in Table 1), (2) for radioscopic
examination (as indicated by Footnote F in Table 1), and (3) for
radiographic examination (as indicated by Footnote D in Table
1). In addition, other optional fields are listed as a reminder of
the types of information that may be useful for additional
understanding of the data or applicable to a limited number of
applications.

1.2 It is recognized that organizations may have in place an
internal format for the storage and retrieval of radiological
examination data. This guide should not impede the use of such
formats since it is probable that the necessary fields are already
included in such internal data bases, or that the few additions
can easily be made. The numerical listing and its order
indicated in this guide is only for convenience; the specific
numbers and their order carry no inherent significance and are
not part of the data file.

1.3 Current users of Guide E1475 do not have to change
their software. First time users should use the XML structure of
Table A1.1 for their data.

1.4 The types of radiological examination systems that
appear useful in relation to this guide include radioscopic
systems as described in Guide E1000, Practices E1255, E1411,
E2597, E2698 and E2737, and radiographic systems as de-

scribed in Guide E94 and Practices E748, E1742, E2033,
E2445, and E2446. Many of the terms used are defined in
Terminology E1316.

1.5 The values stated in SI units are to be regarded as
standard. No other units of measurement are included in this
standard.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.7 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E94 Guide for Radiographic Examination Using Industrial

Radiographic Film
E748 Guide for Thermal Neutron Radiography of Materials
E1000 Guide for Radioscopy
E1255 Practice for Radioscopy
E1316 Terminology for Nondestructive Examinations
E1411 Practice for Qualification of Radioscopic Systems
E1742 Practice for Radiographic Examination
E2033 Practice for Radiographic Examination Using Com-

puted Radiography (Photostimulable Luminescence
Method)

E2445 Practice for Performance Evaluation and Long-Term
Stability of Computed Radiography Systems

E2446 Practice for Manufacturing Characterization of Com-
puted Radiography Systems

E2597 Practice for Manufacturing Characterization of Digi-
tal Detector Arrays
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TABLE 1 Field Listing

Field NumberA Field Name and Description Category Sets, Values and UnitsB

Header Information:
1C,D Intermediate file name Alphanumeric string
2C,D Format revision code Alphanumeric string
3C,D Format revision date yyyy/mm/dd
4C,D Source file name Alphanumeric string
5 Examination file description notes Alphanumeric string
6C,D Examining company/location Alphanumeric string
7C,D Examination date yyyy/mm/dd
8 Examination time hh/mm/ss
9C,D Type of examination Alphanumeric string
10 Other examinations performed Alphanumeric string
11C,D Operator name Alphanumeric string
12C,D Operator identification code Alphanumeric string
13C,D ASTM, ISO or other applicable standard specification Alphanumeric string
14 Date of applicable standard yyyy/mm/dd
15C,D Acceptance criteria Alphanumeric string
16 Notes Alphanumeric string

Examination System Description:
17 Examination system manufacturer(s) Alphanumeric string
18 Examination system model Alphanumeric string
19 Examination system serial number Alphanumeric string

Source Section:
20C,D Radiologic source manufacturer Alphanumeric string
21C,D Radiological source model Alphanumeric string
22 General source description Alphanumeric string
23 Last calibration date Alphanumeric string
24 Notes on source section Alphanumeric string

Image Receptor Section:
25C,D Receptor type Alphanumeric string
26C,D Convertor type Alphanumeric string
27 Receptor manufacturer Alphanumeric string
28 Receptor model number Alphanumeric string
29C,D Notes on receptor section Alphanumeric string

Exposure Section:
30C,D Peak radiation energy used, or kV
31C,D Isotope source (use either 30 or 31) Alphanumeric string
32 Tube current mA
33 Radiation dosage rate mR/min
34 Radiation exposure time min
35C Source-detector distance (SDD) m
36C Source-object distance (SOD) m
37C Image magnification of source side of examination object %
38D Notes on exposure section Alphanumeric string

Processing Section (Film/Paper):
39D Process description Automated or manual
40D Process method Wet or dry
41 Processor type Alphanumeric string
42 Processor model number Alphanumeric string
43 Notes on processor section Alphanumeric string

Image Processing Description:
44C,D Image processing used for image data Alphanumeric string
45 Image processor hardware manufacturer Alphanumeric string
46 Image processor hardware model Alphanumeric string
47 Image processor software source Alphanumeric string
48 Image processor software version Alphanumeric string
49D Pixel resolution Pixels per cm
50 Notes on image processor Alphanumeric string

Examination Sample or Part Description:
51C Sample or part name Alphanumeric string
52 Sample or part name description Alphanumeric string
53C Sample or part identification code Alphanumeric string
54C Sample or part material Alphanumeric string
55 Notes on sample or part Alphanumeric string
56C Number of image segments for sample Integer number
57C Reference standard identification Alphanumeric string
58 Reference standard description Alphanumeric string
59C Reference standard file name Alphanumeric string
60 Reference standard file location Alphanumeric string

Coordinate System and Scan Description:
61F Machine coordinate system scan axis Alphanumeric string
62F Machine coordinate system index axis Alphanumeric string
63F Machine coordinate system z-axis Alphanumeric string
64F Part coordinate system x-axis Alphanumeric string
65F Part coordinate system y-axis Alphanumeric string
66F Part coordinate system z-axis Alphanumeric string
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E2698 Practice for Radiographic Examination Using Digital
Detector Arrays

E2737 Practice for Digital Detector Array Performance
Evaluation and Long-Term Stability

2.2 Other Standards:
ISO 12639:2004 Graphic Technology – Prepress digital data

exchange – Tag Image File Format for Image Technology
(TIFF/IT)

ISO 8879:1986 Information Processing – Text and Office
Systems – Standard Generalized Markup Language
(SGML)

2.3 Other Documents:
Webpage for XML (Extensible Markup Language): World

Wide Web Consortium (W3C) http://www.w3.org/XML/

3. Significance and Use

3.1 The primary use of this guide is to provide a standard-
ized approach for the data file to be used for the transfer of
digital radiological data from one user to another where the two

users are working with dissimilar systems. This guide de-
scribes the contents, both required and optional for an inter-
mediate data file that can be created from the native format of
the radiological system on which the data was collected and
that can be converted into the native format of the receiving
radiological data analysis system. This guide will also be
useful in the archival storage and retrieval of radiological data
as either a data format specifier or as a guide to the data
elements which should be included in the archival file.

3.2 Although the recommended field listing includes more
than 100 field numbers, only about half of those are regarded
as essential and are marked Footnote C in Table 1. Fields so
marked must be included in the data base. The other fields
recommended provide additional information that a user will
find helpful in understanding the radiological image and
examination result. These header field items will, in most
cases, make up only a very small part of a radiological
examination file. The actual stream of radiological data that

TABLE 1 Continued

Field NumberA Field Name and Description Category Sets, Values and UnitsB

67 Number of object target points Integer number
68 Object target point number Integer number
69 Object target point description Alphanumeric string
70 Object target point x-axis Alphanumeric string
71 Object target point y-axis Alphanumeric string
72 Object target point z-axis Alphanumeric string
73 Description of data plane projection Alphanumeric string
74 Notes on coordinate system Alphanumeric string

Measurement Parameters:
75C Minimum value of data Integer
76C Maximum value of data Integer
77C Dynamic range resolution Number of bits
78C,D Data scale Linear, logarithmic, define scale
79D Relationship between film optical density and digital value Alphanumeric string
80C,D Dynamic range implemented Real number
81C Physical spacing of the digitization interval at the image receptor Real number in [μm]
82C Data recording format Alphanumeric string

Examination Results:
83 Discontinuity location Alphanumeric string
84 Discontinuity description Alphanumeric string
85 Disposition Accept, reject or repair
86 Notes on examination results Alphanumeric string
87 Image segment number Integer number
88 Image segment description Alphanumeric string
89 Image segment location Alphanumeric string
90 Image segment orientation Alphanumeric string
91 Annotation Alphanumeric string
92 Notes on the data (including notes on compression) Alphanumeric string
93 Total number of data points Integer number
94 Actual stream of radiologic data Real number

Display Settings:
95C Type of Display Alphanumeric string
96E Number of display gray values Integer number
97C Manufacturer of Display Alphanumeric string
98C Display model number Alphanumeric string
99E Display mode Negative (Film like) or Positive (real)
100E Gray value of original image for BLACK on display Integer number
101E Gray value of original image for WHITE on display Integer number
102E Factor of gamma for scaling on display Real number
103 Notes on display section Alphanumeric string

A Field numbers are for reference only. They do not imply a necessity to include all these fields in any specific database nor imply a requirement that fields used be in this
particular order.
B Units listed first are SI; those in parentheses are inch-pound (English).
C Denotes essential field for computerization of examination results, regardless of examination method.
D Denotes essential field for radiographic examination.
E Denotes essential field for images with more than 8-bit gray scale.
F Denotes essential field for radioscopic examination.
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make up the image will take up the largest part of the data base.
Since a radiological image file will normally be large, the
concept of data compression will be considered in many cases.
Compressed data should be noted, along with a description of
the compression method, as indicated in Field No. 92 (see
Table 1).

3.3 This guide provides a data file for a single image. It is
recognized that a complete examination record may contain
several files for the same examination method in different
areas, with or without image processing, for different exami-
nation methods, and for variations within a single method (for
example, different x-ray energies). This file will permit the
examination of a single image and will include information
about the existence of other images and records for the
examined object. This single image may be one created by
overlaying or processing results from multiple examination
approaches, for example, data fusion. For such images, the
notes sections must clearly state how the image for this file was
created.

3.4 The Guide E1475 data fields are assigned at the TIFF
group with Tag 50983, called Data fields of Guide E1475 using
XML as format for the data fields. The tag may be used by any
user without restrictions. The Extensible Markup Language
(XML) is a simple, very flexible text format derived from
SGML (ISO 8879). It is used to store all required information
of Guide E1475 within one TIFF Tag. Annex A1 provides more
information and an example.

4. Description of the Field Listings

4.1 Table 1 is a recommended field format for the comput-
erized storage, retrieval and transfer of radiological image
examination data. There are three columns of information, as
indicated in 4.1.1 – 4.1.3:

4.1.1 Field Number—A reference number for ease of deal-
ing with the individual fields within this guide. It has no
permanent value and does not become part of the data base
itself.

4.1.2 Field Name and Description—The complete name of
the field, descriptive of the element of information that would
be included in this field of the data base.

4.1.3 Category Sets, Values or Units—A listing of the types
of information which would be included in the field or the units
in which the numbers are expressed. Category sets are closed
(that is, complete) sets containing all possible (or acceptable)
inputs to the field. Values are representative sets, listing sample
(but not necessarily all acceptable) inputs to the field.

4.2 The information for reporting radiological examination
results is divided into twelve segments, as follows:

4.2.1 Header information,
4.2.2 Examination system description,
4.2.3 Source description,
4.2.4 Image receptor,
4.2.5 Exposure,
4.2.6 Processing,
4.2.7 Image processing description,
4.2.8 Examination sample or part description,
4.2.9 Coordinate system and scan description,

4.2.10 Measurement parameters, and
4.2.11 Examination results.
4.2.12 Display Settings.

4.3 Additional explanations for selected fields are given in
Section 5.

5. Explanation of Fields

5.1 Field Number, Name, and Description:
5.1.1 Field No. 1: Intermediate File Name—Name of the

data base file containing all of the information to follow. This
is the archive or transfer file itself.

5.1.2 Field No. 6: Examining Company/Location—The le-
gal name/location of the company which performed the radio-
logic examination.

5.1.3 Field No. 9: Type of Examination—Radiographic,
radioscopic, CR, DDA, other; x-ray, gamma ray, neutron,
other.

5.1.4 Field No. 10: Other Examinations Performed—Other
NDT examinations, ultrasonic, liquid penetrant, etc.

5.1.5 Field No. 17: System Manufacturer.
5.1.6 Field No. 18: System Model—Repeat for each system.
5.1.7 Field No. 19: Serial Number—Repeat for each system.
5.1.8 Field No. 25: Receptor Type—Film/screens, image

intensifier, etc.
5.1.9 Field No. 26: Convertor Type—Lead screen, gado-

linium oxysulfide screen cesium iodide scintillator, etc.
5.1.10 Field No. 29: Notes on Receptor Section—Specific

film type or other receptor.
5.1.11 Field No. 38: Notes on Exposure—Additional useful

information (for example, filtration, double-wall technique,
128 frame integration, etc.).

5.1.12 Field No. 43: Notes on Processor—Additional useful
information (for example, cycle, time/temperature data, etc.).

5.1.13 Field No. 44: Imaging Processing Used—Frame
integration (No.), edge enhancement, histogram equalization,
subtraction, etc.

5.1.14 Field No. 50: Notes on Image Processor—Additional
useful information (for example, algorithms/transforms, lumi-
nance range, etc.).

5.1.15 Field No. 55: Notes on Sample and Part—Any
service data available for the article including flight hours,
aircraft assignments, and special incidents, such as impacts,
collisions, hail storms, fires, etc.

5.1.16 Field No. 56: Number of Image Segments—If the
image of the part is accomplished in multiple physical seg-
ments.

5.1.17 Field Nos. 61 through 63: Machine Coordinate
System—Describe the coordinate system used by the original
examination equipment referenced to the radiation source. For
example, scan axis = X axis, positive down; Z axis, positive
away.

5.1.18 Field Nos. 64 through 66: Part Coordinate System—
Describe the coordinate system of the part in the scan frame.
Give the origin and unit vectors as referenced to the machine
coordinate system.

5.1.19 Field No. 74: Coordinate System Notes—Additional
information which clarifies the coordinate system or part
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orientation, or both. Describe coordinates of image, for ex-
ample x(plus to right), y(plus upward), z(plus into image
plane).

5.1.20 Field No. 75: Minimum Value of Data—Lower bound
of pixel intensity value for this image file, raw or processed as
the case may be, for example, 00.

5.1.21 Field No. 76: Maximum Value of Data—Upper limit
of pixel intensity value for this image file, raw or processed as
the case may be, for example, 127 or 255.

5.1.22 Field No. 77: Data Sample Resolution—The number
of bits to which the original data were digitized.

5.1.23 Field No. 79: Relationship Between Film Optical
Density and Digital Value—Mathematical relationship between
film density and digital value; range of density covered (0 to 4,
0.5 to 4.5, etc.).

5.1.24 Field No. 80: Dynamic Range Implemented—
Detected exposure range covered by gray scale of each pixel in
image data file. Expressed as decades of exposure latitude (1.6,
2, 4, etc.). Industrial film/screen/chemistry systems are typi-
cally 2.

5.1.25 Field No. 81: Physical Spacing of the Digitization
Interval at the Image Receptor—μm/pixel (100 μm, 80 μm, 50
μm, 25 μm, etc.).

5.1.26 Field No. 82: Data Recording Format—ASCII, nu-
meric values or characters, Binary 16–bit in two 8-bit words,
etc.

5.1.27 Field No. 86: Notes on Examination Results—
Additional useful information (for example, custom represen-
tative accepted examined part on waiver, etc.).

5.1.28 Field No. 87: Image Segment Number—Sequence
number for this segment of the image data. If the entire part is
imaged in one examination and all of this data is saved in a
single file, there will be only one image segment for the part
(and perhaps one for the reference standard).

5.1.29 Field Nos. 89 through 90: Image Segment Location
and Orientation—The location and orientation of the segment
on the part. Include the bounds on the image area described by
bounding points, lines or planes, or both.

5.1.30 Field Nos. 100 and 101: Gray Value of Original
Image for BLACK (WHITE) on Display—Gray value in full
scale original image which is transferred to the darkest
(brightest) gray value of the display—only required when the
original image has more than 8-bit gray scale.

6. Keywords

6.1 computed radiology; CR; data base; data fields; DDA;
data transfer; digital detector array; dynamic range; dynamic
range resolution; nondestructive testing; radiological examina-
tion; radioscopic examination; TIFF

ANNEX

(Mandatory Information)

A1. ASTM E1475 Data Fields in TIFF Image

A1.1 For data file exchange the Guide E1475 data fields are
assigned at the TIFF group with Tag 50983, called Data Fields
of ASTM E1475. The fields are supported in an XML structure
as shown in Table A1.1 together with example text for a DDA
inspection. The field structure can be read with a standard
browser. A parser is provided by ASTM.

A1.2 The structure is simple as the example shows:
<DataSet name=”ASTM E1475”>

<Category name=”Header”>
<Field name=”FileName” number=”1”>Test.tif</Field>

< ⁄Category>
</DataSet>
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TABLE A1.1 Field Listing in XML FormatA

<DataSet xmlns=9http://tempuri.org?ASTM1475.xsd9 name=9ASTM E14759>
<Category name=9Header9 description=”Header Information:9>

<Field id=919 name=9Filename9 description=9intermediate file name9>Drag strut 0815 4711 Segment 4.tif</Field>
<Field id=929 name=9RevisionCode9 description=9Format revision code9>E1475</Field>
<Field id=939 name=9RevisionDate9 description=9Format revision date9>2008/04/08</Field>
<Field id=949 name=9SourceFile9 description=9Source file name9>Drag strut 0815 4711 view 4</Field>
<Field id=959 name=9FileDescription9 description=9Examination file description notes9>TIFF image</Field>
<Field id=969 name=9Company/Location9 description=9Examining company/location9>Boeing/Seattle</Field>
<Field id=979 name=9Date9 description=9Examination date9>2008/09/12</Field>
<Field id=989 name=9Time9 description=9Examination time9>08/09/12</Field>
<Field id=999 name=9ExaminationType9 description=9Type of examination9>X-Ray inspection</Field>
<Field id=9109 name=9OtherExaminations9 description=9Other examinations performed9>none</Field>
<Field id=9119 name=9Operator9 description=9Operator name9>Joe Cool</Field>
<Field id=9129 name=9OperatorID9 description=9Operator identification number9>4712</Field>
<Field id=9139 name=9Standards9 description=9ASTM, ISO or other applicable standard specification9>ASTM E2422</Field>
<Field id=9149 name=9DateOfStandard9 description=9Date of applicable standard9>2005/12/09</Field>
<Field id=9159 name=9AcceptanceCriteria9 description=9Acceptance criteria9>Level II</Field>
<Field id=9169 name=9NotesOnHeader9 description=9Notes9>Reference images used</Field>

< ⁄Category>
<Category name=9System9 description=9Examination System Description:9>

<Field id=”17” name=9Manufacturer9 description=9Examination system manufacturer(s)9>YXLON International</Field>
<Field id=9189 name=9Model9 description=9Examination system model9>Multiplex XL</Field>
<Field id=9199 name=9SerialNumber9 description=9Examination system serial number9>20080408-51-22</Field>

< ⁄Category>
<Category name=9Rad. Source9 description=9Source Section:9>

<Field id=9209 name=9SourceManufacturer9 description=9Radiologic source manufacturer9>Comet AG</Field>
<Field id=9219 name=9SourceModel9 description=9radiological source model9>MXR160kV</Field>
<Field id=9229 name=9SourceDescription9 description=9General source description9>Standard tube 1mm Al filter</Field>
<Field id=9239 name=9CalibrationDate9 description=9Last calibration date9>20041206</Field>
<Field id=9249 name=9NotesOnSource9 description=9Notes on source section9>Diaphragm used</Field>

< ⁄Category>
<Category name=9Image Receptor9 description=9Image Receptor Section:9>

<Field id=9259 name=9Receptor9 description=9Receptor type9>Digital Detector Array</Field>
<Field id=9269 name=9Convertor9 description=9Convertor type9>GADOX DRZ+</Field>
<Field id=9279 name=9ReceptorManufacturer9 description=9Receptor manufacturer9>Varian</Field>
<Field id=9289 name=9RecptorModel9 description=9Receptor model number9>2520E+</Field>
<Field id=9299 name=9NotesOnReceptor9 description=9Notes on receptor section9>used in static mode, 1fps</Field>

< ⁄Category>
<Category name=9Exposure Section9 description=9Examination System Description:9>

<Field id=9309 name=9PeakEnergy9 description=9Peak radiation energy used [keV]9>160</Field>
<Field id=9319 name=9IsotopeSource9 description=9Isotope source9>None</Field>
<Field id=9329 name=9TubeCurrent9 description=9Tube current [mA]9>3.25</Field>
<Field id=9339 name=9Dosage9 description=9Radiation dosage rate [mR/min]9>0.2</Field>
<Field id=9349 name=9ExposureTime9 description=9Radiation exposure time [min]9>0.2</Field>
<Field id=9359 name=9SDD9 description=9Source detector distance [m]9>1.2</Field>
<Field id=9369 name=9SOD9 description=9Source object distance [m]9>0.6</Field>
<Field id=9379 name=9Magnification9 description=9Image magnification of source side of examination object [%]9>210</Field>
<Field id=9389 name=9NotesOnExposure9 description=9Notes on exposure section9>0.5mm Cu filter used</Field>

< ⁄Category>
<Category name=9Process9 description=9Processing Section (Film/Paper):9>

<Field id=9399 name=9ProcessDescription9 description=9Process description [automated or manual]9> </Field>
<Field id=9409 name=9Method9 description=9Process method [wet or dry]9> </Field>
<Field id=9419 name=9ProcessorType9 description=9Processor type9> </Field>
<Field id=9429 name=9ModelNumber9 description=9Processor model number9> </Field>
<Field id=9439 name=9NotesOnProcessor9 description=9Notes on processor section9> </Field>

< ⁄Category>
<Category name=”Image Processing9 description=9Image Processing Description:9>

<Field id=9449 name=9ImageProcessing9 description=9Image processing used for image data9>12 frames integrated, highpass filter 9x9</Field>
<Field id=9459 name=9Manufacturer9 description=9Image processor hardware manufacturer9>YXLON</Field>
<Field id=9469 name=9IPHardware9 description=9Image processor hardware model9>YXLON IMAGE PC</Field>
<Field id=9479 name=9IPSoftware9 description=9Image processor software source9>YXLON IMAGE 3500 FR</Field>
<Field id=9489 name=9SoftwareVersion9 description=9Image processor software version9>3.12</Field>
<Field id=9499 name=9Resolution9 description=9Pixel resolution [pixel per cm]9>80</Field>
<Field id=9509 name=9NotesOnIP9 description=9Notes on image processor9>Offset and gain correction at 160kV, gamma scaling 0.45</Field>

< ⁄Category>
<Category name=9Part description9 description=9Examination Sample or Part Description:9>

<Field id=9519 name=9PartName9 description=9Sample or part name9>Drag strut</Field>
<Field id=9529 name=9NameDescription9 description=9Sample or part name description9>from outboard strut</Field>
<Field id=9539 name=9PartID9 description=9Sample or part identification code9>0815-4711</Field>
<Field id=9549 name=9Material9 description=9Sample or part material9>AL 6061</Field>
<Field id=9559 name=9NotesOnPart9 description=9Notes on sample or part9>strut of revision 2</Field>
<Field id=9569 name=9ImageSegments9 description=9Number of image segments for sample9>8</Field>
<Field id=9579 name=9ReferenceID9 description=9Reference standard description9>ASTM E2422</Field>
<Field id=9589 name=9ReferenceDescription9 description=9Reference standard description9>Aluminum casting reference images - level II</Field>
<Field id=9599 name=9ReferenceFileName9 description=9Reference standard file name9>ASTM E2422_SC_130um.tif</Field>
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TABLE A1.1 Continued

<Field id=9609 name=9ReferenceFolder9 description=9Reference standard file location9<N:\ASTM_E2422\130em\</Field>
< ⁄Category>
<Category Name=”Coordinate System9 description=9Coordinate System and Scan Description:9>

<Field id=9619 name=9ScanAxis9 description=9Machine coordinate system scan axis”>scan axis9>scan axis = X-axis from focal spot to
detector positive< ⁄Field>

<Field id=9629 name=9IndexAxis9 description=9Machine coordinate system index axis9>index axis = Y-axis perpendicular to X-axis; left position</Field>
<Field id=9639 name=9Z_Axis9 description=9Machine coordinate system Z-axis9>Z-axis perpendicular to X-axis; from top down positive</Field>
<Field id=9649 name=9Part_X_Axis9 description=9Part coordinate system x-axis9>0,1,0</Field>
<Field id=9659 name=9Part_Y_Axis9 description=9Part coordinate system y-axis9>1,0,0</Field>
<Field id=9669 name=9Part_Z_Axis9 description=9Part coordinate system z-axis9>0,0,1</Field>
<Field id=9679 name=9TargetPoints9 description=9Number of object target points9>5</Field>
<Field id=9689 name=9PointNumber9 description=9Object target point number9>2</Field>
<Field id=9699 name=9PointDescription9 description=9Object target point description9>Center eye</Field>
<Field id=9709 name=9Point_X_Axis9 description=9Object target point x-axis9>70</Field>
<Field id=9719 name=9Point_Y_Axis9 description=9Object target point y-axis9>70</Field>
<Field id=9729 name=9Point_Z_Axis9 description=9Object target point z-axis9>70</Field>
<Field id=9739 name=9ProjectionDescription9 description=9Description of data plane projection9> </Field>
<Field id=9749 name=9NotesOnCoordinateSystem9 description=9Notes on coordinate system9>Origin of part [X, Y, Z]: (420, 360, 540)</Field>

< ⁄Category>
<Category name=9Measurement9 description=9Measurement Parameters:9>

<Field id=9759 name=9MinimumValue9 description=9Minimum value of data9>0</Field>
<Field id=9769 name=9MaximumValue9 description=9Maximum value of data9>65535</Field>
<Field id=9779 name=9BitResolution9 description=9Dynamic range resolution9>16</Field>
<Field id=9789 name=9DataScale9 description=9Data scale9>linear</Field>
<Field id=9799 name=9OpticalDensity9 description=9Relationship between film optical density and digital value9> </Field>
<Field id=9809 name=9DynamicRange9 description=9Dynamic range implemented9>3.2</Field>
<Field id=9819 name=9Spacing9 description=9Physical spacing of the digitization interval at the image receptor9>127.0</Field>
<Field id=9829 name=9RecordingFormat9 description=9”Data recording format9> 16 Bit binary</Field>

< ⁄Category9
<Category name=”Results9 description=9Examination Results:9>

<Field id=9839 name=9Location9 discription=9Discontinuity location9>Edge of the eye</Field>
<Field id=9849 name=9Description9 description=9Discontinuity description9>Shrinkage cavity</Field>
<Field id=9859 name=9Disposition9 description=9Disposition9>Accept</Field>
<Field id=9869 name=9NotesOnResults9 description=9Notes on examination results9>Discontinuity below Level 1: accepted</Field>
<Field id=9879 name=9SegmentNumber9 description=9Image segment number9>4</Field>
<Field id=9889 name=9SegmentDescription9 description=9Image Segment description9”>view 4 of 8</Field>
<Field id=9899 name=9SegmentLocation9 description=9Image segment location9”>upper end of drag strut</Field>
<Field id=9909 name=9SegmentOrientation9 description=9Image segment oreintation9>in Y/Z plane</Field>
<Field id=9919 name=9Annotation9 description=9Annotation9>none</Field>
<Field id=9929 name=9NotesOnData9 description=9Notes on the data - including notes on compression9>uncompressed TIFF image</Field>
<Field id=9939 name=9DataPoints9 description=9Total number of data points9>2949120</Field>
<Field id=9949 name=9ActualStream9 description=9Actual stream of radiologic data9> </Field>

< ⁄Category>
<Category name=”Display9 description=9Display Settings:9>

<Field id=9959 name=9DisplayType9 description=9Type of Display9>TFT Display</Field>
<Field id=9969 name=9DisplayValues9 description=9Number of display gray values9>256</Field>
<Field id=9979 name=9DisplayManufacturer9 description=9Manufacturer of Display9>IIYAMA</Field>
<Field id=9989 name=9DisplayModel9 description=9Display model number9>ProLite B2403WS</Field>
<Field id=9999 name=9DisplayMode9 description=9Display mode [Negative (Film like) or Positive (real)]9>Positive</Field>
<Field id=91009 name=9LowestGrayValue9 description=9Gray value of original image for BLACK on display9>2450</Field>
<Field id=91019 name=9HighestGrayValue9 description=9Gray value of original image for WHITE on display9>27500</Field>
<Field id=91029 name=9Gamma9 description=9Factor of gamma for scaling on display9>0.45</Field>
<Field id=91039 name=9NotesOnDisplay9 description=9Notes on display section9>calibrated display, last calibration 2008/06/12</Field>

< ⁄Category>
</DataSet>
AFields which are not used should not be written into the file. They are in Table A1.1 for completeness only.
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Standard Practice for
Determining Contrast Sensitivity in Radiology

1. Scope

1.1 This practice covers the design and material selection of
a contrast sensitivity measuring gauge used to determine the
minimum change in material thickness or density that may be
imaged without regard to unsharpness limitations.

1.2 This practice is applicable to transmitted-beam radio-
graphic imaging systems (film, radioscopy, computed
radiography, and digital detector array image detectors) utiliz-
ing X-ray and gamma ray radiation sources.

1.3 The values stated in inch-pound units are to be regarded
as standard. The SI units given in parentheses are for informa-
tion only.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use. For specific safety
statements, see NIST/ANSI Handbook 114 Section 8, Code of
Federal Regulations 21 CFR 1020.40 and 29 CFR 1910.96.

2. Referenced Documents

2.1 ASTM Standards:
B139/B139M Specification for Phosphor Bronze Rod, Bar,

and Shapes
B150/B150M Specification for Aluminum Bronze Rod, Bar,

and Shapes
B161 Specification for Nickel Seamless Pipe and Tube
B164 Specification for Nickel-Copper Alloy Rod, Bar, and

Wire
B166 Specification for Nickel-Chromium-Iron Alloys (UNS

N06600, N06601, N06603, N06690, N06693, N06025,
N06045, and N06696), Nickel-Chromium-Cobalt-
Molybdenum Alloy (UNS N06617), and Nickel-Iron-

Chromium-Tungsten Alloy (UNS N06674) Rod, Bar, and
Wire

E747 Practice for Design, Manufacture and Material Group-
ing Classification of Wire Image Quality Indicators (IQI)
Used for Radiology

E1025 Practice for Design, Manufacture, and Material
Grouping Classification of Hole-Type Image Quality In-
dicators (IQI) Used for Radiology

E1255 Practice for Radioscopy
E1316 Terminology for Nondestructive Examinations
E1411 Practice for Qualification of Radioscopic Systems
E1734 Practice for Radioscopic Examination of Castings
E1742 Practice for Radiographic Examination
E2002 Practice for Determining Total Image Unsharpness

and Basic Spatial Resolution in Radiography and Radios-
copy

E2445 Practice for Performance Evaluation and Long-Term
Stability of Computed Radiography Systems

2.2 Federal Standards:
21 CFR 1020.40 Safety Requirements for Cabinet X-ray

Systems
29 CFR 1910.96 Ionizing Radiation

2.3 NIST/ANSI Standards:
NIST/ANSI Handbook 114 General Safety Standard for

Installations Using Non-Medical X-ray and Sealed
Gamma Ray Sources, Energies to 10 MeV

2.4 ISO Standard:
ISO 19232–5 Duplex Wire Image Quality Indicator

2.5 Other Standards:
EN 462 – 5 Duplex Wire Image Quality Indicator

(withdrawn, replaced by ISO 19232–5)
EN 13068–1 Radioscopic Testing-Part 1: Qualitative Mea-

surement of Imaging Properties
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3. Terminology

3.1 Definitions—Definitions of terms applicable to this test
method may be found in Terminology E1316.

4. Summary of Practice

4.1 It is often useful to evaluate the contrast sensitivity of a
penetrating radiation imaging system separate and apart from
unsharpness measurements. Conventional image quality indi-
cators (IQI’s), such as Test Method E747 wire and Practices
E1025 or E1742 plaque IQIs, combine the contrast sensitivity
and resolution measurements into an overall performance
figure of merit, other methods such as included in Practice
E2002 do not address contrast specifically. Such figures of
merit are often not adequate to detect subtle changes in
imaging system performance. For example, in a high contrast
image, unsharpness can increase with almost no noticeable
effect upon overall image quality. Similarly, in an application
in which the imaging system provides a very sharp image,
contrast can fade with little noticeable effect upon the overall
image quality. These situations often develop and may go
unnoticed until the system performance deteriorates below
acceptable image quality limits.

5. Significance and Use

5.1 The contrast sensitivity gauge measures contrast sensi-
tivity independent of the imaging system spatial resolution
limitations. The thickness recess dimensions of the contrast
sensitivity gauge are large with respect to the unsharpness
limitations of most imaging systems. Four levels of contrast
sensitivity are measured: 4 %, 3 %, 2 %, and 1 %.

5.2 The contrast sensitivity gauge is intended for use in
conjunction with a high-contrast resolution measuring gauge,
such as Practice E2002, ISO 19232 – 5 Duplex Wire Image
Quality Indicator, or a line-pair gauge. Such gauges measure
system unsharpness essentially independent of the imaging
system’s contrast sensitivity. Such measurements are appropri-
ate for the qualification and performance monitoring of radio-
graphic and radioscopic imaging systems with film, realtime
devices, Computed Radiography (CR) and Digital Detector
Arrays (DDA).

5.3 Radioscopic/radiographic system performance may be
specified by combining the measured contrast sensitivity ex-
pressed as a percentage with the unsharpness expressed in
millimetres of unsharpness. For the duplex wire image quality
indicator, the unsharpness is equal to twice the wire diameter.
For the line pair gauge, the unsharpness is equal to the
reciprocal of the line-pair/mm value. As an example, an
imaging system that exhibits 2 % contrast sensitivity and
images the 0.1 mm paired wires of the duplex wire IQI
(equivalent to imaging 5 line-pairs/millimeter resolution on a
line-pair gauge) performs at a 2 %–0.2 mm sensitivity level. A
standard method of evaluating overall radioscopic system
performance is given in Practice E1411 and in EN 13068–1. A
conversion table from duplex wire read out to lp/mm can be

found in Practice E2002. For CR system performance
evaluation, this contrast sensitivity gauge is used in Practice
E2445.

6. Contrast Sensitivity Gauge Construction and Material
Selection

6.1 Contrast sensitivity gauges shall be fabricated in accor-
dance with Fig. 1, using the dimensions given in Table 1, Table
2, and Table 3.

6.2 The gauge shall preferably be fabricated from the
examination object material. Otherwise, the following material
selection guidelines are to be used:

6.2.1 Materials are designated in eight groupings, in accor-
dance with their penetrating radiation absorption characteris-
tics: groups 03, 02, and 01 for light metals and groups 1
through 5 for heavy metals.

6.2.2 The light metal groups, magnesium (Mg), aluminum
(Al), and titanium (Ti), are identified as 03, 02, and 01,
respectively, for their predominant constituent. The materials
are listed in order of increasing radiation absorption.

6.2.3 The heavy metals group, steel, copper base, nickel
base, and other alloys, are identified as 1 through 5. The
materials increase in radiation absorption with increasing
numerical designation.

6.2.4 Common trade names or alloy designations have been
used for clarification of pertinent materials.

6.3 The materials from which the contrast sensitivity gauge
is to be made is designated by group number. The gauge is
applicable to all materials in that group. Material groupings are
as follows:

6.3.1 Materials Group 03:
6.3.1.1 The gauge shall be made of magnesium or a mag-

nesium alloy, provided it is no more radio-opaque than
unalloyed magnesium, as determined by the method outlined in
6.4.

6.3.1.2 Use for all alloys where magnesium is the predomi-
nant alloying constituent.

6.3.2 Materials Group 02:
6.3.2.1 The gauge shall be made of aluminum or an alumi-

num alloy, provided it is no more radio-opaque than unalloyed
aluminum, as determined by the method outlined in 6.4.

FIG. 1 General Layout of the Contrast Sensitivity Gauge
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6.3.2.2 Use for all alloys where aluminum is the predomi-
nant alloying constituent.

6.3.3 Materials Group 01:
6.3.3.1 The gauge shall be made of titanium or a titanium

alloy, provided it is no more radio-opaque than unalloyed
titanium, as determined by the method outlined in 6.4.

6.3.3.2 Use for all alloys where titanium is the predominant
alloying constituent.

6.3.4 Materials Group 1:
6.3.4.1 The gauge shall be made of carbon steel or Type 300

series stainless steel.
6.3.4.2 Use for all carbon steel, low-alloy steels, stainless

steels, and magnesium-nickel-aluminum bronze (Superston).
6.3.5 Materials Group 2:
6.3.5.1 The gauge shall be made of aluminum bronze (Alloy

No. 623 of Specification B150/B150M) or equivalent or
nickel-aluminum bronze (Alloy No. 630 of Specification B150/
B150M) or equivalent.

6.3.5.2 Use for all aluminum bronzes and all nickel alumi-
num bronzes.

6.3.6 Materials Group 3:
6.3.6.1 The gauge shall be made of nickel-chromium-iron

alloy (UNS No. N06600) (Inconel).   See Specification B166.
6.3.6.2 Use for nickel-chromium-iron alloy and 18 %

nickel-maraging steel.
6.3.7 Materials Group 4:
6.3.7.1 The gauge shall be made of 70 to 30 nickel-copper

alloy (Monel) (Class A or B of Specification B164)  or

equivalent, or 70 to 30 copper-nickel alloy, (Alloy G of
Specification B161) or equivalent.

6.3.7.2 Use for nickel, copper, all nickel-copper series or
copper-nickel series of alloys and all brasses (copper-zinc
alloys) and all leaded brasses.

6.3.8 Materials Group 5:
6.3.8.1 The gauge shall be made of tin-bronze (Alloy D of

Specification B139/B139M).
6.3.8.2 Use for tin bronzes including gun-metal and valve

bronze and leaded-tin bronzes.

6.4 Where the material to be examined is a composite,
ceramic, or other non-metallic material, or for some reason
cannot be obtained to fabricate a gauge, an equivalent material
may be utilized, provided it is no more radio-opaque than the
examination object under comparable penetrating radiation
energy conditions. To determine the suitability of a substitute
material, radiographs or digital images of identical thicknesses
of both materials shall be evaluated. Using film, both material
shall be on one film using the lowest penetrating radiation
energy to be used in the actual examination. Transmission
densitometer readings for both materials shall be in the range
from 2.0 to 4.0. If the optical density of the substitute material
is within + 15 % to 0 % of the examination material, the
substitute material is acceptable. When using a non-film
technique (Radioscopy, CR, or DDA), both materials shall be
in the same image using the lowest penetrating radiation
energy to be used in the actual examination. The gray values
shall be in the range of 20 % to 60 % of saturation gray level
(positive image with higher gray values for less material
thickness). If the gray value of the substitute material is within
+ 15 % to 0 % of the examination material, the substitute
material is acceptable.

6.4.1 All contrast sensitivity gauges shall be suitably
marked by vibro-engraving or etching. The gauge thickness
and material type shall be clearly marked.

7. Imaging System Performance Levels

7.1 Imaging system performance levels are designated by a
two-part measurement expressed as C(%) − U(mm). The first
part of the expression C(%) refers to the depth of the
shallowest flat-bottom hole that can be reliably and repeatably
imaged. The second part of the expression refers to the
companion system unsharpness measurement made with a
resolution gauge expressed in terms of millimetres unsharp-
ness. Where contrast sensitivity is measured for both thin and
thick section performance, the performance level is expressed
as Cmin(%)–Cmax(%)–U (mm) (see Practices E1255 and
E1734).

7.2 Each contrast sensitivity gauge has four flat-bottom
recesses that represent 1 %, 2 %, 3 %, and 4 % of the gauge
total thickness. The shallowest recess that can be repeatably
and reliably imaged shall determine the limiting contrast
sensitivity.

7.3 Contrast sensitivity measurements shall be made under
conditions as nearly identical to the actual examination as
possible. Penetrating radiation energy, image formation,

TABLE 1 Design of the Contrast Sensitivity Gauge

Gauge
Thickness

J Recess K Recess L Recess M Recess

T 1 % of T 2 % of T 3 % of T 4 % of T

TABLE 2 Contrast Sensitivity Gauge Dimensions

Gauge
Size

B DIM. C DIM. D DIM. E DIM. F,G DIM.

1 0.750 in. 3.000 in. 0.250 in. 0.625 in. 0.250 in.
19.05 mm 76.20 mm 6.35 mm 15.88 mm 6.35 mm

2 1.500 in. 6.000 in. 0.500 in. 1.250 in. 0.500 in.
38.10 mm 152.40 mm 12.70 mm 31.75 mm 12.7 mm

3 2.250 in. 9.000 in. 0.750 in. 1.875 in. 0.750 in.
57.15 mm 228.60 mm 19.05 mm 47.63 mm 19.05 mm

4 3.000 in. 12.000 in. 1.000 in. 2.500 in. 1.000 in.
76.20 mm 304.80 mm 25.40 mm 63.50 mm 25.4 mm

TABLE 3 Contrast Sensitivity Gauge Application

Gauge Size Use on Thicknesses

1 Up to 1.5 in. (38.1 mm)
2 Over 1.5 in. (38.1 mm) to 3.0 in. (76.2 mm)
3 Over 3.0 in. (76.2 mm) to 6.0 in. (152.4 mm)
4 Over 6.0 in. (152.4 mm)
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processing, analysis, display, and viewing variables shall
accurately simulate the actual examination environment.

8. Contrast Sensitivity Gauge Measurement Steps (see
Table 1)

8.1 The gauge thickness T shall be within 65 % of the
examination object thickness value at which contrast sensitiv-
ity is being determined.

8.2 The gauge thickness tolerance shall be within 6 1 % of
the gauge design thickness T or 0.001 in. (0.025 mm),
whichever is greater.

8.3 The gauge recess depth tolerance shall be within
6 10 % of the design value for the shallowest recess or 0.001
in. (0.025 mm), whichever is greater.

8.4 The gauge recess inside and outside corner radius shall
not exceed 0.062 in. (1.57 mm). To facilitate fabrication, the
gauge may be assembled from three individually machined
components: (1) the machined center section containing the
1 % T, 2 % T, 3 % T, and 4 % T milled slots; (2) the front rail,
and (3) the rear rail. The assemblage of the three components
forms the complete gauge similar to that shown in Appendix
X1.

8.5 The gauge dimensional tolerances shall be held to
within 6 0.010 in. (0.25 mm) of the dimensions specified in
Table 2.

9. Acceptable Performance and Performance Levels

9.1 Nothing in this practice implies a mandatory or an
acceptable contrast sensitivity performance. The determination
of performance levels is to be agreed upon between the
supplier and user of penetrating radiation examination services.

9.2 The recess depths specified in Table 1 provide measure-
ment points at 1 %, 2 %, 3 %, and 4 % that will accommodate

many imaging system configurations. Other contrast sensitivity
measurement points may be obtained by placing the gauge on
a shim made of the gauge material. The resulting contrast
sensitivity measurement expressed as a percentage is given by
the following formula:

% Contrast 5
R

T1S
3 100 (1)

where:
R = recess depth,
S = shim thickness, and
T = gauge thickness.

If other recess depths are required to document radioscopic
or radiographic system performance, special contrast sensitiv-
ity gauges may be fabricated by changing the recess depths
specified in Table 1 to suit the need.

10. Performance Measurement Records

10.1 The results of the contrast sensitivity measurement
should be recorded and maintained as a part of the initial
qualification and performance monitoring records for the
imaging system. Changes in contrast sensitivity can be an early
indicator of deteriorating imaging system performance.

11. Precision and Bias

11.1 No statement is made about the precision or bias for
indicating the contrast sensitivity of a radiologic (radiographic
or radioscopic) system using the contrast sensitivity gauge
described by this practice.

12. Keywords

12.1 contrast sensitivity gauge; gamma ray; image forma-
tion; image processing; image quality indicator; line-pairs per
millimeter; penetrating radiation; unsharpness; X-ray

APPENDIX

(Nonmandatory Information)

X1. ASSEMBLING THE CONTRAST SENSITIVITY GAUGE

X1.1 Suggested method of assembling the contrast sensitiv-
ity gauge from a milled center section with front and rear rails
attached to form the complete contrast sensitivity gauge. The

example shown (see Fig. X1.1) is for use with a 0.500-in.
(12.7-mm) thick examination object.
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FIG. X1.1 Contrast Sensitivity Gauge
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Standard Practice for
Ultrasonic Examination of Steel Forgings

1. Scope

1.1 This practice covers the examination procedures for the
contact, pulse-echo ultrasonic examination of steel forgings by
the straight and angle-beam techniques. The straight beam
techniques include utilization of the DGS (Distance Gain-Size)
method. See Appendix X3.

1.2 This practice is to be used whenever the inquiry,
contract, order, or specification states that forgings are to be
subject to ultrasonic examination in accordance with Practice
A388/A388M.

1.3 Supplementary requirements of an optional nature are
provided for use at the option of the purchaser. The supple-
mentary requirements shall apply only when specified indi-
vidually by the purchaser in the purchase order or contract.

1.4 The values stated in either SI units or inch-pound units
are to be regarded separately as standard. The values stated in
each system may not be exact equivalents; therefore, each
system shall be used independently of the other. Combining
values from the two systems may result in non-conformance
with the standard.

1.5 This specification and the applicable material specifica-
tions are expressed in both inch-pound units and SI units.
However, unless the order specifies the applicable “M” speci-
fication designation [SI units], the material shall be furnished
to inch-pound units.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.7 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the

Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
A469/A469M Specification for Vacuum-Treated Steel Forg-

ings for Generator Rotors
A745/A745M Practice for Ultrasonic Examination of Aus-

tenitic Steel Forgings
A788/A788M Specification for Steel Forgings, General Re-

quirements
E317 Practice for Evaluating Performance Characteristics of

Ultrasonic Pulse-Echo Testing Instruments and Systems
without the Use of Electronic Measurement Instruments

E428 Practice for Fabrication and Control of Metal, Other
than Aluminum, Reference Blocks Used in Ultrasonic
Testing

E1065/E1065M Practice for Evaluating Characteristics of
Ultrasonic Search Units

2.2 Other Documents:
ASME Boiler and Pressure Vessel Code
Recommended Practice for Nondestructive Personnel Quali-

fication and Certification SNT-TC-1A, (1988 or later)

3. Terminology

3.1 Definitions:
3.1.1 indication levels (clusters), n—five or more indica-

tions in a volume representing a 2 in. [50 mm] or smaller cube
in the forging.

3.1.2 individual indications, n—single indications showing
a decrease in amplitude as the search unit is moved in any
direction from the position of maximum amplitude and which
are too small to be considered traveling or planar.
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3.1.3 planar indications, n—indications shall be considered
continuous over a plane if they have a major axis greater than
1 in. [25 mm] or twice the major dimension of the transducer,
whichever is greater, and do not travel.

3.1.4 traveling indications, n—indications whose leading
edge moves a distance equivalent to 1 in. [25 mm] or more of
metal depth with movement of the transducer over the surface
of the forging.

4. Significance and Use

4.1 This practice shall be used when ultrasonic inspection is
required by the order or specification for inspection purposes
where the acceptance of the forging is based on limitations of
the number, amplitude, or location of discontinuities, or a
combination thereof, which give rise to ultrasonic indications.

4.2 The ultrasonic quality level shall be clearly stated as
order requirements.

5. Ordering Information

5.1 When this practice is to be applied to an inquiry,
contract, or order, the purchaser shall so state and shall also
furnish the following information:

5.1.1 Designation number (including year date),
5.1.2 Method of establishing the sensitivity in accordance

with 9.2.2 and 9.3.3 (DGS (Distance Gain Size), Vee- or
rectangular-notch),

5.1.2.1 The diameter and test metal distance of the flat-
bottom hole and the material of the reference block in
accordance with 9.2.2.2,

5.1.3 Quality level for the entire forging or portions thereof
in accordance with 12.3, and

5.1.4 Any options in accordance with 1.5, 6.4, 6.5, 7.1, 8.1,
8.2, 9.1.11, 10.1, 10.2, and 12.2.

6. Apparatus

6.1 Electronic Apparatus—An ultrasonic, pulsed, reflection
type of instrument shall be used for this examination. The
system shall have a minimum capability for examining at
frequencies from 1 to 5 MHz. On examining austenitic
stainless forgings the system shall have the capabilities for
examining at frequencies down to 0.4 MHz.

6.1.1 Apparatus Qualification and Calibration—Basic
qualification of the ultrasonic test instrument shall be per-
formed at intervals not to exceed 12 months or whenever
maintenance is performed that affects the equipment function.
The date of the last calibration and the date of the next required
calibration shall be displayed on the test equipment.

6.1.2 The ultrasonic instrument shall provide linear presen-
tation (within 5 %) for at least 75 % of the screen height
(sweep line to top of screen). The 5 % linearity referred to is
descriptive of the screen presentation of amplitude. Instrument
linearity shall be verified in accordance with the intent of
Practice E317. Any set of blocks processed in accordance with
Practice E317 or E428 may be used to establish the specified
65 % instrument linearity.

6.1.3 The electronic apparatus shall contain an attenuator
(accurate over its useful range to 610 % (+1 dB) of the

amplitude ratio) which will allow measurement of indications
beyond the linear range of the instrument.

6.2 Search Units, having a transducer with a maximum
active area of 1 in.2 [650 mm2] with 1⁄2 in. [13 mm] minimum
to 11⁄8 in. [30 mm] maximum dimensions shall be used for
straight-beam scanning (see 9.2); and search units having a
transducer with 1⁄2 in. [13 mm] minimum to 1 in. [25 mm]
maximum dimensions shall be used for angle-beam scanning
(see 9.3).

6.2.1 Transducers shall be utilized at their rated frequencies.
6.2.2 Other transducers may be used for evaluating and

pinpointing indications.

6.3 Couplants, having good wetting characteristics such as
SAE No. 20 or No. 30 motor oil, glycerin, pine oil, or water
shall be used. Couplants may not be comparable to one another
and the same couplant shall be used for calibration and
examination.

6.4 Reference Blocks, containing flat-bottom holes may be
used for calibration of equipment in accordance with 6.1.2 and
may be used to establish recording levels for straight-beam
examination when so specified by the order or contract.

6.5 DGS Scales, matched to the ultrasonic test unit and
transducer to be utilized, may be used to establish recording
levels for straight or angle beam examination, when so
specified by the order or contract. The DGS scale range must
be selected to include the full thickness cross-section of the
forging to be examined. An example of a DGS overlay is found
in Appendix X3.

6.5.1 As an alternative to using DGS overlays, an ultrasonic
instrument having DGS software, integral decibel gain or
attenuator controls in combination with a specifically paired
transducer and DGS diagram may be used to evaluate ultra-
sonic indications.

7. Personnel Requirements

7.1 Personnel performing the ultrasonic examinations to this
practice shall be qualified and certified in accordance with a
written procedure conforming to Recommended Practice No.
SNT-TC-1A (1988 or later) or another national standard that is
acceptable to both the purchaser and the supplier.

8. Preparation of Forging for Ultrasonic Examination

8.1 Unless otherwise specified in the order or contract, the
forging shall be machined to provide cylindrical surfaces for
radial examination in the case of round forgings; the ends of
the forgings shall be machined perpendicular to the axis of the
forging for the axial examination. Faces of disk and rectangular
forgings shall be machined flat and parallel to one another.

8.2 The surface roughness of exterior finishes shall not
exceed 250 µin. [6 µm] where the definition for surface finish
is as per Specification A788/A788M unless otherwise shown
on the forging drawing or stated in the order or the contract.

8.3 The surfaces of the forging to be examined shall be free
of extraneous material such as loose scale, paint, dirt, and so
forth.
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9. Procedure

9.1 General:
9.1.1 As far as practicable, subject the entire volume of the

forging to ultrasonic examination. Because of radii at change
of sections and other local configurations, it may be impossible
to examine some sections of a forging.

9.1.2 Perform the ultrasonic examination after heat treat-
ment for mechanical properties (exclusive of stress-relief
treatments) but prior to drilling holes, cutting keyways, tapers,
grooves, or machining sections to contour. If the configuration
of the forging required for the treatment for mechanical
properties prohibits a subsequent complete examination of the
forging, it shall be permissible to examine prior to treatment for
mechanical properties. In such cases, reexamine the forging
ultrasonically as completely as possible after heat treatment.

9.1.3 To ensure complete coverage of the forging volume,
index the search unit with at least 15 % overlap with each pass.

9.1.4 For manual scanning, do not exceed a scanning rate of
6 in./s [150 mm/s].

9.1.5 For automated scanning, adjust scanning speed or
instrument repetition rate, or both, to permit detection of the
smallest discontinuities referenced in the specification and to
allow the recording or signaling device to function. At no time
shall the scanning speed exceed the speed at which an
acceptable calibration was made.

9.1.6 If possible, scan all sections of forgings in two
perpendicular directions.

9.1.7 Scan disk forgings using a straight beam technique
from at least one flat face and radially from the circumference,
whenever practicable.

9.1.8 Scan cylindrical sections and hollow forgings radially
using a straight-beam technique. When practicable, also exam-
ine the forging in the axial direction.

9.1.9 In addition, examine hollow forgings by angle-beam
technique from the outside diameter surface as required in
9.3.1.

9.1.10 In rechecking or reevaluation by manufacturer or
purchaser, use comparable equipment, search units, frequency,
and couplant.

9.1.11 Forgings may be examined either stationary or while
rotating in a lathe or on rollers. If not specified by the
purchaser, either method may be used at the manufacturer’s
option.

9.2 Straight-Beam Examination:
9.2.1 For straight-beam examination use a nominal 21⁄4

MHz search unit whenever practicable; however, 1 MHz is the
preferred frequency for coarse grained austenitic materials and
long testing distances. In many instances on examining coarse
grained austenitic materials it may be necessary to use a
frequency of 0.4 MHz. Other frequencies may be used if
desirable for better resolution, penetrability, or detectability of
flaws.

9.2.2 Establish the instrument sensitivity by either the
reflection, reference-block technique, or DGS method (see
Appendix X3 for an explanation of the DGS method).

9.2.2.1 Back-Reflection Technique (Back-Reflection Cali-
bration Applicable to Forgings with Parallel Entry and Back
Surfaces)—Use the back reflection from the opposite side of

the part as a calibration standard to set the sensitivity for the
test. The two surfaces (entry surface and the reflecting surface)
must be parallel to each other. Place the transducer in an area
of the forging, when possible, so that the geometry will not
have an effect on the beam spread. Increase the gain to obtain
a 75 % full screen height back reflection, increase the gain by
up to an additional 20 dB (10:1). If no indications are present
(indication free) return the gain to the original dB setting of the
75 % full screen height (1:1), this will be the reference level.
Scanning should be done at a level greater than the reference
level, such as 6 dB (2:1). During the scanning, the back
reflection shall be monitored for any significant loss of
amplitude not attributed to the geometry. Carry out the evalu-
ation of discontinuities with the gain control set at the reference
level (75 % full screen height). Recalibration is required for
significant changes in section thickness or diameter.

NOTE 1—High sensitivity levels are not usually employed when
inspecting austenitic steel forgings due to attendant high level of “noise”
or “hash” caused by coarse grain structure.

9.2.2.2 Reference-Block Calibration—The test surface
roughness on the calibration standard shall be comparable to,
but no better than, the item to be examined. Adjust the
instrument controls to obtain the required signal amplitude
from the flat-bottom hole in the specified reference block.
Utilize the attenuator in order to set up on amplitudes larger
than the vertical linearity of the instrument. In those cases,
remove the attenuation prior to scanning the forging.

NOTE 2—When flat-surfaced reference block calibration is specified,
adjust the amplitude of indication from the reference block or blocks to
compensate for examination surface curvature (an example is given in
Appendix X1).

9.2.2.3 DGS Calibration—Prior to use, verify that the DGS
overlay or electronic DGS curve matches the transducer size
and frequency. Accuracy of the overlay can be verified by
reference blocks and procedures outlined in Practice E317.
Overlays are to be serialized to match the ultrasonic transducer
and pulse echo testing system that they are to be utilized with.
Instruments with electronic DGS must use the specified ultra-
sonic transducer for that electronic curve.

(1) Electronic DGS—Modern test instruments with DGS
software are particularly easy to calibrate. Most ultrasonic test
instruments with DGS software have 13 standard probes and
corresponding DGS diagrams stored in the instrument. There
are also custom settings by which the operator may program
their own data sets. The operator may choose from flat
bottomed hole, side drilled hole or back reflection to use for
calibration. The instructions from the test instruments opera-
tor’s manual for DGS calibration must be followed to properly
calibrate the instrument. Operator errors are largely excluded
due to the display of on screen messages.

(2) Upon input of all necessary parameters for the flaw
evaluation, the corresponding curve will be electronically
displayed on the instrument screen. This method of calibration
may be used for longitudinal (single and dual) and shear wave
examination.

9.2.2.4 Choose the appropriate DGS scale for the cross-
sectional thickness of the forging to be examined. Insert the
overlay over the CRT screen, ensuring the DGS scale base line
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coincides with the sweep line of the CRT screen. Place the
probe on the forging, adjust the gain to make the first back-wall
echo appear clearly on CRT screen. Using the Delay and
Sweep control, shift the screen pattern so that the leading edge
of the initial pulse is on zero of the DGS scale and the
back-wall echo is on the DGS scale value corresponding to the
thickness of the forging. Adjust the gain so the forging
back-wall echo matches the height of the DGS reference slope
within 61 Db. Once adjusted, increase the gain by the Db
shown on the DGS scale for the reference slope. Instrument is
now calibrated and flaw sizes that can be reliably detected can
be directly read from the CRT screen. These flaw sizes are the
equivalent flat bottom reflector that can be used as a reference
point.

NOTE 3—The above can be utilized on all solid forgings. Cylindrical
hollow forgings, and drilled or bored forgings must be corrected to
compensate for attenuation due to the central hole (see Appendix X4).

9.2.3 Recalibration—Any change in the search unit,
couplant, instrument setting, or scanning speed from that used
for calibration shall require recalibration. Perform a calibration
check at least once every 8 h shift. When a loss of 15 % or
greater in the gain level is indicated, reestablish the required
calibration and reexamine all of the material examined in the
preceding calibration period. When an increase of 15 % or
greater in the gain level is indicated, reevaluate all recorded
indications.

9.2.4 During the examination of the forging, monitor the
back reflection for any significant reduction in amplitude.
Reduction in back-reflection amplitude may indicate not only
the presence of a discontinuity but also poor coupling of the
search unit with the surface of the forging, nonparallel back-
reflection surface, or local variations of attenuation in the
forging. Recheck any areas causing loss of back reflection.

9.3 Angle-Beam Examination—Rings and Hollow Forg-
ings:

9.3.1 Perform the examination from the circumference of
rings and hollow forgings that have an axial length greater than
2 in. [50 mm] and an outside to inside diameter ratio of less
than 2.0 to 1.

9.3.2 Use a 1 MHz, 45° angle-beam search unit unless
thickness, OD/ID ratio, or other geometric configuration results
in failure to achieve calibration. Other frequencies may be used
if desirable for better resolution, penetrability, or detectability
of flaws. For angle-beam inspection of hollow forgings up to
2.0 to 1 ratio, provide the transducer with a wedge or shoe that
will result in the beam mode and angle required by the size and
shape of the cross section under examination.

9.3.3 Calibration for Angle-Beam Examination:
9.3.3.1 Calibration with a Physical Notch—Calibrate the

instrument for the angle-beam examination to obtain an indi-
cation amplitude of approximately 75 % full-screen height
from a rectangular or a 60° V-notch on inside diameter (ID) in
the axial direction and parallel to the axis of the forging. A
separate calibration standard may be used; however, it shall
have the same nominal composition, heat treatment, and
thickness as the forging it represents. The test surface finish on
the calibration standard shall be comparable but no better than
the item to be examined. Where a group of identical forgings

is made, one of these forgings may be used as the separate
calibration standard. Cut the ID notch depth to 3 % maximum
of the thickness or 1⁄4 in. [6 mm], whichever is smaller, and its
length approximately 1 in. [25 mm]. Thickness is defined as the
thickness of the forging to be examined at the time of
examination. At the same instrument setting, obtain a reflection
from a similar OD notch. Draw a line through the peaks of the
first reflections obtained from the ID and OD notches. This
shall be the amplitude reference line. It is preferable to have the
notches in excess metal or test metal when possible. When the
OD notch cannot be detected when examining the OD surface,
perform the examination when practicable (some ID’s may be
too small to permit examination), as indicated above from both
the OD and ID surfaces. Utilize the ID notch when inspecting
from the OD, and the OD notch when inspecting from the ID.
Curve wedges or shoes may be used when necessary and
practicable.

9.3.3.2 Electronic DGS Calibration for Angle Beam—Prior
to use verify that the electronic DGS curve matches the
transducer size and frequency. Accuracy of the curve can be
verified by reference blocks and procedures outlined in Prac-
tice E317. Angle beam calibration can be established by use of
flat bottom holes, side drilled holes, notches or the back
reflection. Separate test blocks may be employed provided they
are machined with a reflecting surface. Square-, U- or V-shaped
notches, side drilled or flat bottom holes maybe machined into
the test block for this purpose. For the back reflection calibra-
tion a concave curved surface such as contained on an IIW, K1,
or V1 test block may be used.

9.3.4 Perform the examination by scanning over the entire
surface area circumferentially in both the clockwise and
counter-clockwise directions from the OD surface. Examine
forgings, which cannot be examined axially using a straight
beam, in both axial directions with an angle-beam search unit.
For axial scanning, use rectangular or 60° V-notches on the ID
and OD for the calibration. These notches shall be perpendicu-
lar to the axis of the forging and the same dimensions as the
axial notch.

10. Recording

10.1 Straight-Beam Examination—Record the following in-
dications as information for  the  purchaser.  These
recordabe indications  do not  constitute  a  rejectable
condition unless negotiated as such in the purchase order or
contract.

10.1.1 For individual indications, report:
10.1.1.1 In the back-reflection technique, individual indica-

tions equal to or exceeding 10 % of a nominal back reflection
from an adjacent area free from indications.

(1) Report reduction in back reflection exceeding 50 % of
the original measured in increments of 10 %.

10.1.1.2 In the reference-block or DGS technique, indica-
tions equal to or exceeding 100 % of the reference amplitude.

10.1.2 For indications that are planar, traveling, or clustered,
determine the location of the edges and the major and minor
axes using the half-amplitude (6 dB drop) technique and report:

10.1.2.1 The variation in depth or planar area, or both, of
traveling indications,
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10.1.2.2 The length of major and minor axes of planar
indications, and

10.1.2.3 The volume occupied by indication levels and the
amplitude range.

10.2 Angle-Beam Examination—When performing an angle-
beam examination, record discontinuity indications equal to
or exceeding 50 % of the  indication from the reference
line. When an amplitude reference line cannot be generated,
record discontinuity indications equal to or exceeding 50 % of
the reference notch. These recordable indications do not
constitute a rejectable condition unless negotiated as such in
the purchase order.

10.3 When recording, corrections must be made for beam
divergence at the estimated flaw depth (See Practice E1065/
E1065M).

10.4 Report indication amplitudes in increments of 10 %.

11. Report

11.1 Report the following information:
11.1.1 All recordable indications (see Section 10);
11.1.2 For the purpose of reporting the locations of record-

able indications, a sketch shall be prepared showing the
physical outline of the forging including dimensions of all
areas not inspected due to geometric configuration, the pur-
chaser’s drawing number, the purchaser’s order number, and
the manufacturer’s serial number, and the axial, radial, and
circumferential distribution of recordable ultrasonic indica-
tions;

11.1.3 The designation (including year date) to which the
examination was performed as well as the frequency used,
method of setting sensitivity, type of instrument, surface finish,
couplant, and search unit employed; and

11.1.4 The inspector’s name or identity and date the exami-
nation was performed.

12. Quality Levels

12.1 This practice is intended for application to forgings,
with a wide variety of sizes, shapes, compositions, melting
processes, and applications. It is, therefore, impracticable to
specify an ultrasonic quality level which would be universally
applicable to such a diversity of products. Ultrasonic accep-
tance or rejection criteria for individual forgings should be

based on a realistic appraisal of service requirements and the
quality that can normally be obtained in the production of the
particular type forging.

12.2 Austenitic stainless steel forgings are more difficult to
penetrate ultrasonically than similar carbon or low-alloy steel
forgings. The degree of attenuation normally increases with
section size; and the noise level, generally or in isolated areas,
may become too great to permit detection of discrete indica-
tions. In most instances, this attenuation results from inherent
coarse grained microstructure of these austenitic alloys. For
these reasons, the methods and standards employed for ultra-
sonically examining carbon and low-alloy steel forgings may
not be applicable to austenitic steel forgings. In general, only
straight beam inspecting using a back-reflection reference
standard is used. However, utilization of Practice A745/
A745M for austenitic steel forgings can be considered if flat
bottom hole reference standards or angle beam examination of
these grades are required.

12.3 Acceptance quality levels and method shall be estab-
lished between purchaser and manufacturer on the basis of one
or more of the following criteria.

12.3.1 Straight-Beam Examination:
12.3.1.1 No indications larger than some percentage of the

reference back reflection.
12.3.1.2 No indications equal to or larger than the indication

received form the flat-bottom hole in a specific reference block
or blocks.

12.3.1.3 No areas showing loss of back reflection larger
than some percentage of the reference back reflection.

12.3.1.4 No indications per 12.3.1.1 or 12.3.1.2 coupled
with some loss of resultant back reflection per 12.3.1.3.

12.3.1.5 No indications exceeding the reference level speci-
fied in the DGS method.

12.3.2 Angle-Beam Examination—No indications exceed-
ing a stated percentage of the reflection from a reference notch
or of the amplitude reference line.

12.4 Intelligent application of ultrasonic quality levels in-
volves an understanding of the effects of many parameters on
examination results.

13. Keywords

13.1 angle beam examination; back-reflection; DGS;
reference-block; straight beam examination; ultrasonic
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SUPPLEMENTARY REQUIREMENTS

The following supplementary requirements shall apply only when specified by the purchaser in the
inquiry, contract, or order. Details shall be agreed upon by the manufacturer and the purchaser.

S1. Reporting Criteria

S1.1 Reference block calibration shall be performed using
at least three holes, spaced to approximate minimum, mean,
and maximum thickness as tested, and shall be used to generate
a distance amplitude correction (DAC) curve. The following
hole sizes apply:

1. 1⁄16 in. [1.5 mm] flat bottom holes (FBH) for thicknesses less
than 1.5 in. [40 mm]
2. 1⁄8 in. [3 mm] FBH for thicknesses of 1.5-6 in. [40-150 mm]
inclusive
3. 1⁄4 in. [6 mm] FBH for thicknesses over 6 in. [150 mm]

S1.2 Reporting criteria include:
1. All indications exceeding the DAC curve
2. Two or more indications separated by 1⁄2 in. [12 mm] or less

S2. Use of Dual Element Transducers

S2.1 Dual-element transducers shall be used to inspect those
regions of a forging where the presence of a bore, taper or other
feature prevents scanning the near field region, of the single
element transducers used, from the opposite surface.

S2.2 Dual-element transducers shall be used to inspect areas
near the back-wall of forgings where indications caused by
noise exceed the reporting requirements shown in 10.4.

S3. Surface Finish

S3.1 The surface finish shall not exceed 125 µin (3.17 µm)
where the definition for surface finish is as per Specification
A788/A788M.

APPENDIXES

(Nonmandatory Information)

X1. TYPICAL TUNING LEVEL COMPENSATION FOR THE EFFECTS OF FORGING CURVATURE

X1.1 The curve (Fig. X1.1) was determined for the follow-
ing test conditions:

Material nickel-molybdenum-vanadium alloy steel
(Specification A469/A469M, Class 4)

Instrument Type UR Reflectoscope
Search unit 11⁄8 in. [30 mm] diameter quartz
Frequency 21⁄4 MHz
Reference block ASTM No. 3-0600 (aluminum)
Reflection area of

reference curve
0.010 in.2 [6.5 mm2] in nickel-molybdenum-

vanadium alloy steel
Surface finish 250 µin. [6 µm], max, roughness

X1.2 To utilize curve, adjust reflectoscope sensitivity to
obtain indicated ultrasonic response on ASTM No. 3-0600
reference block for each diameter as shown. A response of 1 in.
[25 mm] sweep-to-peak is used for flat surfaces. Use attenuator
to obtain desired amplitude, but do testing at 1 to 1 setting.

FIG. X1.1 Typical Compensation Curve for Effects of Forging
Curvature
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X2. INDICATION AMPLITUDE COMPENSATION FOR TEST DISTANCE VARIATIONS

X2.1 The curve (Fig. X2.1) has been determined for the
following test conditions:

Material nickel-molybdenum-vanadium alloy steel
(Specification A469/A469M, Class 4)

Instrument Type UR Reflectoscope
Search unit 11⁄8 in. [30 mm] diameter quartz
Frequency 21⁄4 MHz
Couplant No. 20 oil
Reference block ASTM No. 3-0600 (aluminum)
Reflection area of

reference curve
0.010 in.2 [65 mm2] in nickel-molybdenum-

vanadium alloy steel
Surface finish 250 µin. max, roughness

X2.2 To utilize curve, establish amplitude from ASTM
reference block to coincide with values from Appendix X1.

X3. BACKGROUND INFORMATION ON THE DGS METHODS

X3.1 The overlay in Fig. X3.1 was designed for a 2.0 MHz,
1 in. [25 mm] diameter probe and a maximum test distance of
39.4 in. [1000 mm]. In order to use this overlay, the sweep time
base must be accurately calibrated and aligned with the overlay
being used. The back reflection is then adjusted to either the RE
+ 10 dB line or the RE + 20 dB line, based on the thickness
being tested; additional gain (10 or 20 dB) is added as

designated by the line being used. The RE + 20 line covers a
range to approximately 15.7 in. [400 mm] and the RE + 10 line
from 15.7 to 39.4 in. [400 to 1000 mm]. At this calibration
level, the flaw size is read directly from the screen. Flaw sizes
from 0.078 to 1 in. [2 to 25 mm] can be read directly from the
overlay.

FIG. X2.1 Typical Distance-Amplitude Correction Curve

FIG. X3.1 Example of DGS Overlay
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X4. COMPENSATION FOR CENTER HOLE ATTENUATION ON CYLINDRICAL BORED OR HOLLOW FORGINGS
UTILIZING THE DGS METHOD

X4.1 The hole in a cylindrical bored forging causes sound
scatter. In these cases, a correction is required which depends
on the wall thickness and bore diameter.

X4.1.1 Determine the correction value in dB from the
Nomogram (Fig. X4.1). With the gain-dB control, proceed as

described in 9.2.2.4 reducing the flaw detector gain by the
correction value determined.

NOTE 1—Metric units are presented in this figure to be consistent with DGS scales presently available. Conversion to English units would also be
acceptable.

FIG. X4.1 The Influence of a Central Bore on the Backwall Echo Amplitude of Cylindrical or Plane Parallel Forgings
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Standard Specification for
Straight-Beam Ultrasonic Examination of Steel Plates

1. Scope

1.1 This specification covers the procedure and acceptance
standards for straight-beam, pulse-echo, ultrasonic examina-
tion of rolled fully killed carbon and alloy steel plates, 1⁄2 in.
[12.5 mm] and over in thickness. It was developed to assure
delivery of steel plates free of gross internal discontinuities
such as pipe, ruptures, or laminations and is to be used
whenever the inquiry, contract, order, or specification states
that the plates are to be subjected to ultrasonic examination.

1.2 Individuals performing examinations in accordance with
this specification shall be qualified and certified in accordance
with the requirements of the latest edition of ASNT SNT-
TC-1A or an equivalent accepted standard. An equivalent
standard is one which covers the qualification and certification
of ultrasonic nondestructive examination candidates and which
is acceptable to the purchaser.

1.3 The values stated in either inch-pound units or SI units
are to be regarded separately as standard. Within the text, the
SI units are shown in brackets. The values stated in each
system are not exact equivalents, therefore, each system must
be used independently of the other. Combining values from the
two systems may result in nonconformance with the specifi-
cation.

1.4 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E317 Practice for Evaluating Performance Characteristics of

Ultrasonic Pulse-Echo Testing Instruments and Systems
without the Use of Electronic Measurement Instruments

E1316 Terminology for Nondestructive Examinations
E2491 Guide for Evaluating Performance Characteristics of

Phased-Array Ultrasonic Testing Instruments and Systems

2.2 ASNT Documents:
ASNT SNT-TC-1A Recommended Practice for Personnel

Qualification and Certification in Nondestructive Testing

3. Terminology

3.1 Definitions—For definitions of terms relating to nonde-
structive examinations used in this specification, refer to
Terminology E1316.

4. Apparatus

4.1 The manufacturer shall furnish suitable ultrasonic
equipment and qualified personnel necessary for performing
the test. The equipment shall be of the pulse-echo straight beam
type. The transducer is normally 1 to 11⁄8 in. [25 to 30 mm] in
diameter or 1 in. [25 mm] square; however, any transducer
having a minimum active area of 0.7 in.2 [450 mm2] may be
used, including phased-array probes using an equivalent active
aperture. The test shall be performed by one of the following
methods: direct contact, immersion, or liquid column coupling.

4.2 Other search units may be used for evaluating and
pinpointing indications.

4.3 Vertical or horizontal linearity or both shall be checked
in accordance with Practice E317, Guide E2491, or another
procedure approved by the users of this specification. An
acceptable linearity performance may be agreed upon by the
manufacturer and purchaser.

5. Test Conditions

5.1 Conduct the examination in an area free of operations
that interfere with proper functioning of the equipment.

5.2 Clean and smooth the plate surface sufficiently to
maintain a reference back reflection from the opposite side of
the plate at least 50 % of the full scale during scanning.
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5.3 The surface of plates inspected by this method may be
expected to contain a residue of oil or rust or both. Any
specified identification which is removed when grinding to
achieve proper surface smoothness shall be restored.

6. Procedure

6.1 Ultrasonic examination shall be made on either major
surface of the plate. Acceptance of defects in close proximity
may require inspection from the second major surface. Plates
ordered in the quenched and tempered condition shall be tested
following heat treatment.

6.2 A nominal test frequency of 21⁄4 MHz is recommended.
Thickness, grain size, or microstructure of the material and
nature of the equipment or method may require a higher or
lower test frequency. However, frequencies less than 1 MHz
may be used only on agreement with the purchaser. A clear,
easily interpreted A-scan should be produced during the
examination.

6.3 Conduct the examination with a test frequency and
instrument adjustment that will produce a minimum 50 to a
maximum 75 % of full scale reference back reflection from the
opposite side of a sound area of the plate.

6.4 Scanning shall be continuous along perpendicular grid
lines on nominal 9-in. [225-mm] centers, or at the manufac-
turer’s option, shall be continuous along parallel paths, trans-
verse to the major plate axis, on nominal 4-in. [100-mm]
centers, or shall be continuous along parallel paths parallel to
the major plate axis, on 3-in. [75-mm] or smaller centers. A
suitable couplant such as water, soluble oil, or glycerin, shall
be used.

6.5 Scanning lines shall be measured from the center or one
corner of the plate. An additional path shall be scanned within
2 in. [50 mm] of all edges of the plate on the scanning surface.

6.6 Where grid scanning is performed and complete loss of
back reflection accompanied by continuous indications is
detected along a given grid line, the entire surface area of the
squares adjacent to this indication shall be scanned. Where
parallel path scanning is performed and complete loss of back
reflection accompanied by continuous indications is detected,
the entire surface area of a 9 by 9-in. [225 by 225-mm] square
centered on this indication shall be scanned. The true bound-
aries where this condition exists shall be established in either
method by the following technique: Move the transducer away
from the center of the discontinuity until the heights of the back
reflection and discontinuity indications are equal. Mark the
plate at a point equivalent to the center of the transducer.
Repeat the operation to establish the boundary.

7. Acceptance Standards

7.1 Any discontinuity indication causing a total loss of back
reflection which cannot be contained within a circle, the
diameter of which is 3 in. [75 mm] or one half of the plate
thickness, whichever is greater, is unacceptable.

7.2 The manufacturer reserves the right to discuss rejectable
ultrasonically tested plates with the purchaser with the object
of possible repair of the ultrasonically indicated defect before
rejection of the plate.

7.3 The purchaser’s representative may witness the test.

8. Marking

8.1 Plates accepted in accordance with this specification
shall be identified by stamping or stenciling UT 435 adjacent to
marking required by the material specification.

9. Keywords

9.1 nondestructive testing; pressure containing parts; pres-
sure vessel steels; steel plate for pressure vessel applications;
steel plates; straight-beam; ultrasonic examinations

SUPPLEMENTARY REQUIREMENTS

The following shall apply only if specified in the order:

S1. Instead of the scanning procedure specified by 6.4 and
6.5, and as agreed upon between manufacturer and purchaser,
100 % of one major plate surface shall be scanned. Scanning

shall be continuous along parallel paths, transverse or parallel
to the major plate axis, with not less than 10 % overlap
between each path.

2
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Specification for
Ultrasonic Angle-Beam Examination of Steel Plate

1. Scope

1.1 This specification covers an ultrasonic angle-beam
procedure and acceptance standards for the detection of inter-
nal discontinuities not laminar in nature and of surface imper-
fections in a steel plate. This specification is intended for use
only as a supplement to specifications which provide straight-
beam ultrasonic examination.

NOTE 1—An internal discontinuity that is laminar in nature is one
whose principal plane is parallel to the principal plane of the plate.

1.2 Individuals performing examinations in accordance with
this specification shall be qualified and certified in accordance
with the requirements of the latest edition of ASNT SNT-
TC-1A or an equivalent accepted standard. An equivalent
standard is one which covers the qualification and certification
of ultrasonic nondestructive examination candidates and which
is acceptable to the purchaser.

1.3 The values stated in either inch-pound units or SI units
are to be regarded separately as standard. Within the text, the
SI units are shown in brackets. The values stated in each
system are not exact equivalents; therefore, each system must
be used independently of the other. Combining values from the
two systems may result in nonconformance with the specifi-
cation.

1.4 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E317 Practice for Evaluating Performance Characteristics of

Ultrasonic Pulse-Echo Testing Instruments and Systems
without the Use of Electronic Measurement Instruments

E1316 Terminology for Nondestructive Examinations
E2491 Guide for Evaluating Performance Characteristics of

Phased-Array Ultrasonic Testing Instruments and Systems

2.2 ASNT Standards:
SNT-TC-1A Recommended Practice for Personnel Qualifi-

cation and Certification in Nondestructive Testing

3. Terminology

3.1 Definitions—For definitions of terms relating to nonde-
structive examinations used in this specification, refer to
Terminology E1316.

4. Ordering Information

4.1 The inquiry and order shall indicate any additions to the
provisions of this specification as prescribed in 12.1.

5. Examination Conditions

5.1 The examination shall be conducted in an area free of
operations that interfere with proper performance of the
examination.

5.2 The surface of the plate shall be conditioned as neces-
sary to provide a clear, easily interpreted A-scan on the screen
of the ultrasonic instrument. Any specified identification which
is removed to achieve proper surface smoothness shall be
restored.

6. Apparatus

6.1 Ultrasonic Instruments:
6.1.1 The ultrasonic instrument shall be a pulse echo type

instrument capable of addressing either a mono-element probe
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or a phased-array probe and shall be equipped with a standard-
ized dB gain or attenuation control stepped in increments of 1
dB minimum. The system shall be capable of generating and
displaying A-scans.

6.2 Vertical and horizontal linearity and amplitude control
linearity shall be checked in accordance with Practice E317,
Guide E2491, or another procedure approved by the users of
this specification. An acceptable linearity performance may be
agreed upon by the manufacturer and purchaser.

6.3 The search unit shall be a 45-deg (in steel) angle-beam
type with active transducer length and width dimensions of a
minimum of 1⁄2 in. [12.5 mm] and a maximum of 1 in. [25
mm]. When phased-array systems are used, focal laws using an
equivalent active aperture shall be used. Search units of other
sizes and angles may be used for additional exploration and
evaluation.

7. Examination Frequency

7.1 A nominal test frequency of 5 MHz is recommended.
Thickness, grain size, or microstructure of the material and
nature of the equipment or method may permit a higher or
require a lower examination frequency. The ultrasonic fre-
quency selected for the examination shall permit detection of
the required calibration notch, such that the amplitude of the
indication yields a signal-to-noise ratio of at least 3:1.

8. Calibration Reflector

8.1 A calibration notch, the geometry of which has been
agreed upon by the purchaser and the manufacturer, with a
depth of 3 % of the plate thickness, shall be used to calibrate
the ultrasonic examination. The notch shall be at least 1 in. [25
mm] long.

8.2 Machine the notch or notches on the surface of the plate
so that they are perpendicular to the long axis at a distance of
2 in. [50 mm] or more from the short edge of the plate. Locate
the notch not less than 2 in. [50 mm] from the long edges of the
plate.

8.3 When the notch cannot be machined in the plate to be
tested, it may be placed in a calibration plate of ultrasonically
similar material. The calibration plate will be considered
ultrasonically similar if the height of the first back reflection of
a straight-beam through its thickness is within 25 % of that
through the plate to be tested at the same instrument calibra-
tion. The calibration plate thickness shall be within 1 in. [25
mm] of the thickness of plates to be tested, for plates of 2 in.
[50 mm] thickness and greater and within 10 % of plates whose
thickness is less than 2 in. [50 mm].

8.4 For plate thicknesses greater than 2 in. [50 mm],
machine a second calibration notch as described in 8.2 or 8.3,
as applicable, on the opposite side of the plate.

9. Calibration Procedure

9.1 Plate 2 in. [50 mm] and Under in Thickness:
9.1.1 Place the search unit on the notched surface of the

plate with the sound beam directed at the broad side of the
notch and maximize the response from the first vee-path

indication. Adjust the instrument gain so that this reflection
amplitude is at least 50 but not more than 80 % of full screen
height. Record the location and amplitude of this indication on
the screen.

9.1.2 Move the search unit away from the notch until the
second vee-path indication is obtained. Maximize the response
and record the indication amplitude. Draw a line between the
peaks from the two successive notch indications on the screen.
This line is the distance amplitude correction (DAC) curve for
this material and shall be a 100 % reference line for reporting
indication amplitudes. Alternatively the second vee-path indi-
cation may be set to equalize its amplitude to the first vee-path
signal using time-corrected gain.

9.2 Plate Over 2 to 6 in. [50 to 150 mm] Inclusive in
Thickness:

9.2.1 Place the search unit on the test surface aimed at the
broad side of the notch on the opposite surface of the plate.
Maximize the one-half vee-path indication amplitude. Adjust
the instrument gain so that this amplitude is at least 50 % but
not more than 80 % of full screen height. Record the location
and amplitude on the screen. Without adjusting the instrument
settings, repeat this procedure for the 11⁄2 vee-path indication.

9.2.2 Without adjusting the instrument settings, maximize
the full vee-path indication from the notch on the test surface.
Record the location and amplitude on the screen.

9.2.3 Draw a line on the screen connecting the points
established in 9.2.1 and 9.2.2. This curve shall be a DAC curve
for reporting indication amplitudes. Alternatively the vee-path
indication and 1⁄2 vee-path indication may be set to equalize the
amplitudes to the one-half vee-path signal using time-corrected
gain.

9.3 Plate Over 6 in. [150 mm] in Thickness:
9.3.1 Place the search unit on the test surface aimed at the

broad side of the notch on the opposite surface of the plate.
Maximize the one-half vee-path indication amplitude. Adjust
the instrument gain so that this amplitude is at least 50 % but
not more than 80 % of full screen height. Record the location
and amplitude on the screen.

9.3.2 Without adjusting the instrument settings, reposition
the search unit to obtain a maximum full vee-path indication
from the notch on the test surface. Record the location and
amplitude on the screen.

9.3.3 Draw a line on the screen connecting the points
established in 9.3.1 and 9.3.2. This line shall be a DAC curve
for reporting indication amplitudes. Alternatively the vee-path
indication may be set to equalize the amplitude to the one-half
veepath signal using time-corrected gain.

10. Examination Procedure

10.1 Scan one major surface of the plate on grid lines
perpendicular and parallel to the major rolling direction. Grid
lines shall be on 9-in. [225-mm] centers. Use a suitable
couplant such as water, oil, or glycerin. Scan by placing the
search unit near one edge with the ultrasonic beam directed
toward the same edge and move the search unit along the grid
line in a direction perpendicular to the edge to a location two
plate thicknesses beyond the plate center. Repeat this scanning
procedure on all grid lines from each of the four edges.
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10.2 Measure grid lines from the center or one corner of the
plate.

10.3 Position the search unit to obtain a maximum indica-
tion amplitude from each observed discontinuity.

10.4 For each discontinuity indication that equals or ex-
ceeds the 100 % reference line, record the location and length,
and the amplitude to the nearest 25 %. No indication with
amplitude less than the 100 % reference shall be recorded.

10.5 At each recorded discontinuity location, conduct a
100 % examination of the volume under a 9-in. [225-mm]
square which has the recorded discontinuity position at its
center. Conduct the examination in directions perpendicular
and parallel to the major rolling direction.

11. Acceptance Standard

11.1 Any discontinuity indication that equals or exceeds the
100 % reference shall be considered unacceptable unless addi-
tional exploration by the longitudinal method indicates it is
laminar in nature.

12. Report

12.1 Unless otherwise agreed upon between the purchaser
and manufacturer, the manufacturer shall report the following
data:

12.1.1 Plate identity including pin-pointed recordable indi-
cation locations, lengths, and amplitudes.

12.1.2 Examination parameters, including: couplant; search
unit type, angle, frequency, and size; instrument make, model,
and serial number; and calibration plate description.

12.1.3 Date of examination and name of operator.

13. Inspection

13.1 The purchaser’s representative shall have access, at all
times while work on the contract of the purchaser is being
performed, to all parts of the manufacturer’s works that
concern the ultrasonic examination of the material ordered.
The manufacturer shall afford the representative all reasonable
facilities to satisfy him that the material is being furnished in
accordance with this specification. All examinations and veri-
fications shall be conducted so as not to interfere unnecessarily
with the manufacturer’s operations.

14. Rehearing

14.1 The manufacturer reserves the right to discuss unac-
ceptable ultrasonically examined plate with the purchaser with
the object of possible repair of the ultrasonically indicated
discontinuity before rejection of the plate.

15. Marking

15.1 Plates accepted in accordance with this specification
shall be identified by metal stamping or stenciling “UT A577”
in one corner of the plate, at a location within 6 in. [150 mm]
of the heat number.

16. Keywords

16.1 angle beams; steel plates; ultrasonic examination
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Standard Specification for
Straight-Beam Ultrasonic Examination of Rolled Steel Plates
for Special Applications

1. Scope

1.1 This specification covers the procedure and acceptance
standards for straight-beam, pulse-echo, ultrasonic examina-
tion of rolled carbon and alloy steel plates, 3⁄8 in. [10 mm] in
thickness and over, for special applications. The method will
detect internal discontinuities parallel to the rolled surfaces.
Three levels of acceptance standards are provided. Supplemen-
tary requirements are provided for alternative procedures.

1.2 Individuals performing examinations in accordance with
this specification shall be qualified and certified in accordance
with the requirements of the latest edition of ASNT SNT-
TC-1A or an equivalent accepted standard. An equivalent
standard is one which covers the qualification and certification
of ultrasonic nondestructive examination candidates and which
is acceptable to the purchaser.

1.3 The values stated in either SI units or inch-pound units
are to be regarded separately as standard. The values stated in
each system may not be exact equivalents; therefore, each
system shall be used independently of the other. Combining
values from the two systems may result in non-conformance
with the standard.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.5 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
A263 Specification for Stainless Chromium Steel-Clad Plate
A264 Specification for Stainless Chromium-Nickel Steel-

Clad Plate
A265 Specification for Nickel and Nickel-Base Alloy-Clad

Steel Plate
E317 Practice for Evaluating Performance Characteristics of

Ultrasonic Pulse-Echo Testing Instruments and Systems
without the Use of Electronic Measurement Instruments

E1316 Terminology for Nondestructive Examinations
E2491 Guide for Evaluating Performance Characteristics of

Phased-Array Ultrasonic Testing Instruments and Systems

2.2 ANSI Standard:
B 46.1 Surface Texture

2.3 ASNT Standard:
SNT-TC-1A

3. Terminology

3.1 Definitions—For definitions of terms relating to nonde-
structive examinations used in this specification, refer to
Terminology E1316.

4. Ordering Information

4.1 The inquiry and order shall indicate the following:
4.1.1 Acceptance level requirements (Sections 8, 9, and 10).

Acceptance Level B shall apply unless otherwise agreed to by
purchaser and manufacturer.

4.1.2 Any additions to the provisions of this specification as
prescribed in 6.2, 14.1, and Section 11.

4.1.3 Supplementary requirements, if any.
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5. Apparatus

5.1 The ultrasonic instrument shall be a pulse echo type
instrument capable of addressing either a mono-element probe
or a phased-array probe and shall be equipped with a standard-
ized dB gain or attenuation control stepped in increments of 1
dB minimum. The system shall be capable of generating and
displaying A-scans.

5.2 Vertical and horizontal linearity and amplitude control
linearity shall be checked in accordance with Practice E317,
Guide E2491, or another procedure approved by the users of
this specification. An acceptable linearity performance may be
agreed upon by the manufacturer and purchaser.

5.3 The transducer shall be 1 or 11⁄8 in. [25 or 30 mm] in
diameter or 1 in. [25 mm] square. When phased-array systems
are used, focal laws using an equivalent active aperture shall be
used.

5.4 Other search units may be used for evaluating and
pinpointing indications.

6. Procedure

6.1 Perform the inspection in an area free of operations that
interfere with proper performance of the test.

6.2 Unless otherwise specified, make the ultrasonic exami-
nation on either major surface of the plate.

6.3 The plate surface shall be sufficiently clean and smooth
to maintain a first reflection from the opposite side of the plate
at least 50 % of full scale during scanning. This may involve
suitable means of scale removal at the manufacturer’s option.
Condition local rough surfaces by grinding. Restore any
specified identification which is removed when grinding to
achieve proper surface smoothness.

6.4 Perform the test by one of the following methods: direct
contact, immersion, or liquid column coupling. Use a suitable
couplant such as water, soluble oil, or glycerin. As a result of
the test by this method, the surface of plates may be expected
to have a residue of oil or rust or both.

6.5 A nominal test frequency of 21⁄4 MHz is recommended.
When testing plates less than 3⁄4 in. [20 mm] thick a frequency
of 5 MHz may be necessary. Thickness, grain size or micro-
structure of the material and nature of the equipment or method
may require a higher or lower test frequency. Use the trans-
ducers at their rated frequency. A clean, easily interpreted
A-scan display should be produced during the examination.

6.6 Scanning:
6.6.1 Scanning shall be along continuous perpendicular grid

lines on nominal 9-in. [225-mm] centers, or at the option of the
manufacturer, shall be along continuous parallel paths, trans-
verse to the major plate axis, on nominal 4-in. [100-mm]
centers, or shall be along continuous parallel paths parallel to
the major plate axis, on 3-in. [75-mm] or smaller centers.
Measure the lines from the center or one corner of the plate
with an additional path within 2 in. [50 mm] of all edges of the
plate on the examination surface.

6.6.2 Conduct the general scanning with an instrument
adjustment that will produce a first reflection from the opposite

side of a sound area of the plate from 50 to 90 % of full scale.
Minor sensitivity adjustments may be made to accommodate
for surface roughness.

6.6.3 When a discontinuity condition is observed during
general scanning adjust the instrument to produce a first
reflection from the opposite side of a sound area of the plate of
75 6 5 % of full scale. Maintain this instrument setting during
evaluation of the discontinuity condition.

7. Recording

7.1 Record all discontinuities causing complete loss of back
reflection.

7.2 For plates 3⁄4 in. [20 mm] thick and over, record all
indications with amplitudes equal to or greater than 50 % of the
initial back reflection and accompanied by a 50 % loss of back
reflection.

NOTE 1—Indications occurring midway between the initial pulse and
the first back reflection may cause a second reflection at the location of the
first back reflection. When this condition is observed it shall be investi-
gated additionally by use of multiple back reflections.

7.3 Where grid scanning is performed and recordable con-
ditions as in 7.1 and 7.2 are detected along a given grid line, the
entire surface area of the squares adjacent to this indication
shall be scanned. Where parallel path scanning is performed
and recordable conditions as in 7.1 and 7.2 are detected, the
entire surface area of a 9 by 9-in. [225 by 225-mm] square
centered on this indication shall be scanned. The true bound-
aries where these conditions exist shall be established in either
method by the following technique: Move the transducer away
from the center of the discontinuity until the height of the back
reflection and discontinuity indications are equal. Mark the
plate at a point equivalent to the center of the transducer.
Repeat the operation to establish the boundary.

8. Acceptance Standard—Level A

8.1 Any area where one or more discontinuities produce a
continuous total loss of back reflection accompanied by con-
tinuous indications on the same plane (within 5 % of plate
thickness) that cannot be encompassed within a circle whose
diameter is 3 in. [75 mm] or 1⁄2 of the plate thickness,
whichever is greater, is unacceptable.

9. Acceptance Standards—Level B

9.1 Any area where one or more discontinuities produce a
continuous total loss of back reflection accompanied by con-
tinuous indications on the same plane (within 5 % of plate
thickness) that cannot be encompassed within a circle whose
diameter is 3 in. [75 mm] or 1⁄2 of the plate thickness,
whichever is greater, is unacceptable.

9.2 In addition, two or more discontinuities smaller than
described in 9.1 shall be unacceptable unless separated by a
minimum distance equal to the greatest diameter of the larger
discontinuity or unless they may be collectively encompassed
by the circle described in 9.1.

10. Acceptance Standard—Level C

10.1 Any area where one or more discontinuities produce a
continuous total loss of back reflection accompanied by con-
tinuous indications on the same plane (within 5 % of plate
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thickness) that cannot be encompassed within a 1-in. [25-mm]
diameter circle is unacceptable.

11. Report

11.1 Unless otherwise agreed to by the purchaser and the
manufacturer, the manufacturer shall report the following data:

11.1.1 All recordable indications listed in Section 7 on a
sketch of the plate with sufficient data to relate the geometry
and identity of the sketch to those of the plate.

11.1.2 Test parameters including: Make and model of
instrument, surface condition, search unit (type and frequency),
and couplant.

11.1.3 Date of test.

12. Inspection

12.1 The inspector representing the purchaser shall have
access at all times, while work on the contract of the purchaser
is being performed, to all parts of the manufacturer’s works
that concern the ultrasonic testing of the material ordered. The
manufacturer shall afford the inspector all reasonable facilities
to satisfy him that the material is being furnished in accordance
with this specification. All tests and inspections shall be made

at the place of manufacture prior to shipment, unless otherwise
specified, and shall be conducted without interfering unneces-
sarily with the manufacturer’s operations.

13. Rehearing

13.1 The manufacturer reserves the right to discuss reject-
able ultrasonically tested plate with the purchaser with the
object of possible repair of the ultrasonically indicated defect
before rejection of the plate.

14. Marking

14.1 Plates accepted according to this specification shall be
identified by stenciling (stamping) “UT A578—A” on one
corner for Level A, “UT A578—B” for Level B, and “UT
A578—C” for Level C. The supplement number shall be added
for each supplementary requirement ordered.

15. Keywords

15.1 nondestructive testing; pressure containing parts; pres-
sure vessel steels; steel plate for pressure vessel applications;
steel plates; straight-beam; ultrasonic examinations

SUPPLEMENTARY REQUIREMENTS

These supplementary requirements shall apply only when individually specified by the purchaser.
When details of these requirements are not covered herein, they are subject to agreement between the
manufacturer and the purchaser.

S1. Scanning

S1.1 Scanning shall be continuous over 100 % of the plate
surface along parallel paths, transverse or parallel to the major
plate axis, with not less than 10 % overlap between each path.

S2. Acceptance Standard

S2.1 Any recordable condition listed in Section 7 that (1) is
continuous, (2) is on the same plane (within 5 % of the plate
thickness), and (3) cannot be encompassed by a 3-in. [75-mm]
diameter circle, is unacceptable. Two or more recordable
conditions (see Section 7), that (1) are on the same plane
(within 5 % of plate thickness), (2) individually can be
encompassed by a 3-in. [75-mm] diameter circle, (3) are
separated from each other by a distance less than the greatest
dimension of the smaller indication, and (4) collectively cannot
be encompassed by a 3-in. [75-mm] diameter circle, are
unacceptable.

S2.2 An acceptance level more restrictive than Section 8 or
9 shall be used by agreement between the manufacturer and
purchaser.

S3. Procedure

S3.1 The manufacturer shall provide a written procedure in
accordance with this specification.

S4. Certification

S4.1 The manufacturer shall provide a written certification
of the ultrasonic test operator’s qualifications.

S5. Surface Finish

S5.1 The surface finish of the plate shall be conditioned to
a maximum 125 µin. [3 µm] AA (see ANSI B 46.1) prior to test.

S6. Withdrawn

See Specifications A263, A264, and A265 for equivalent
descriptions for clad quality level.

S7. Withdrawn

See Specifications A263, A264, and A265 for equivalent
descriptions for clad quality level.

S8. Ultrasonic Examination Using Flat Bottom Hole Cali-
bration (for Plates 4 in. [100 mm] Thick and Greater)

S8.1 Use the following calibration and recording procedures
in place of 6.6.2, 6.6.3, and Section 7.

S8.2 The transducer shall be in accordance with 5.3.
S8.3 Reference Reflectors—The T/4, T/2, and 3T/4 deep flat

bottom holes shall be used to calibrate the equipment, where T
is the thickness of the plate. The flat bottom hole diameter shall
be in accordance with Table S8.1. The holes may be drilled in

TABLE S8.1 Calibration Hole Diameter as a Function of Plate
Thickness (S8)

Plate Thickness, in. [mm]
4–6

[100–150]
>6–9

[>150–225]
>9–12

[>225–300]
>12–20

[>300–500]

Hole Diameter, in. [mm] 5⁄8 [16] 3⁄4 [19] 7⁄8 [22] 11⁄8 [29]
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the plate to be examined if they can be located without
interfering with the use of the plate, in a prolongation of the
plate to be examined, or in a reference block of the same
nominal composition, and thermal treatment as the plate to be
examined. The surface of the reference block shall be no better
to the unaided eye than the plate surface to be examined. The
reference block shall be of the same nominal thickness (within
75 % to 125 % or 1 in. [25 mm] of the examined plate,
whichever is less) and shall have acoustical properties similar
to the examined plate. Acoustical similarity is presumed when,
without a change in instrument setting, comparison of the back
reflection signals between the reference block and the exam-
ined plate shows a variation of 25 % or less.

S8.4 Calibration Procedure:
S8.4.1 Couple and position the search unit for maximum

amplitudes from the reflectors at T/4, T/2, and 3T/4. Set the
instrument to produce a 75 6 5 % of full scale indication from
the reflector giving the highest amplitude.

S8.4.2 Without changing the instrument setting, couple and
position the search unit over each of the holes and mark on the
screen the maximum amplitude from each hole and each
minimum remaining back reflection.

S8.4.3 Mark on the screen half the vertical distance from the
A-scan base line to each maximum amplitude hole mark.
Connect the maximum amplitude hole marks and extend the
line through the thickness for the 100 % DAC (distance
amplitude correction curve). Similarly connect and extend the
half maximum amplitude marks for the 50 % DAC.
Alternatively, when time-corrected gain (TCG) is used, the
responses from the flat bottom holes shall be equalized at 75 %
screen height (65 %) and the half-amplitude noted.

S8.5 Recording:
S8.5.1 Record all areas where the remaining back reflection

is smaller than the highest of the minimum remaining back
reflections found in S8.4.2.

S8.5.2 Record all areas where indications exceed 50 %
DAC or 50 % TCG.

S8.5.3 Where recordable conditions listed in S8.5.1 and
S8.5.2 are detected along a given grid line, continuously scan
the entire surface area of the squares adjacent to the condition
and record the boundaries or extent of each recordable condi-
tion.

S8.6 Scanning shall be in accordance with 6.6.
S8.7 The acceptance levels of Section 8 or 9 shall apply as

specified by the purchaser except that the recordable condition
shall be as given in S8.5.

S9. Ultrasonic Examination of Electroslag Remelted (ESR)
and Vacuum-Arc Remelted (VAR) Plates, from 1 to 16
in. [25 to 400 mm] in Thickness, Using Flat-Bottom
Hole Calibration and Distance-Amplitude Corrections

S9.1 The material to be examined must have a surface finish
of 200 µin. [5 µm] as maximum for plates up to 8 in. [200 mm]
thick, inclusive, and 250 µin. [6 µm] as maximum for plates
over 8 to 16 in. [200 to 400 mm] thick.

S9.2 Use the following procedures in place of 6.6.1, 6.6.2,
6.6.3, and Section 7.

S9.3 The transducer shall be in accordance with 5.3.

S9.4 Reference Reflectors—The T/4, T/2, and 3T/4 deep flat
bottom holes shall be used to calibrate the equipment, where T
is the thickness of the plate. The flat bottom hole diameter shall
be in accordance with Table S9.1. The flat bottoms of the holes
shall be within 1° of parallel to the examination surface. The
holes may be drilled in the plate to be examined if they can be
located without interfering with the use of the plate, in a
prolongation of the plate to be examined, or in a reference
block of the same nominal composition and thermal treatment
as the plate to be examined. The surface of the reference block
shall be no better to the unaided eye than the plate surface to
be examined. The reference block shall be of the same nominal
thickness (within 75 % to 125 % or 1 in. [25 mm] of the
examined plate, whichever is less) and shall have acoustical
properties similar to the examined plate. Acoustical similarity
is presumed when, without a change in instrument setting,
comparison of the back reflection signals between the reference
block and the examined plate shows a variation of 25 % or less.

S9.5 Calibration Procedure:
S9.5.1 Couple and position the search unit for maximum

amplitudes from the reflectors at T/4, T/2, and 3T/4. Set the
instrument to produce a 75 6 5 % of full-scale indication from
the reflector giving the highest amplitude.

S9.5.2 Without changing the instrument setting, couple and
position the search unit over each of the holes and mark on the
screen the maximum amplitude from each of the holes.

S9.5.3 Mark on the screen half the vertical distances from
the sweep line to each maximum amplitude hole mark.
Connect the maximum amplitude hole marks and extend the
line through the thickness for the 100 % DAC (distance
amplitude correction curve). Similarly connect and extend the
half maximim amplitude marks for the 50 % DAC.
Alternatively, when time-corrected gain (TCG) is used, the
responses from the flat bottom holes shall be equalized at 75 %
screen height (65 %) and the half-amplitude noted.

S9.6 Scanning —Scanning shall cover 100 % of one major
plate surface, with the search unit being indexed between each
pass such that there is at least 15 % overlap of adjoining passes
in order to assure adequate coverage for locating discontinui-
ties.

S9.7 Recording—Record all areas where the back reflection
drops below the 50 % DAC or 50 % TCG. If the drop in back
reflection is not accompanied by other indications on the
screen, recondition the surface in the area and reexamine
ultrasonically. If the back reflection is still below 50 % DAC,
the loss may be due to the metallurgical structure of the
material being examined. The material shall be held for
metallurgical review by the purchaser and manufacturer.

S9.8 Acceptance Standards—Any indication that exceeds
the 100 % DAC or 100 % TCG shall be considered unaccept-
able. The manufacturer may reserve the right to discuss

TABLE S9.1 Calibration Hole Diameter as a Function of Plate
Thickness (S9)

Plate Thickness, in. [mm]
1–4

[25–100]
>4–8

[>100–200]
>8–12

[>200–300]
>12–16

[>300–400]

Hole Diameter, in. [mm] 1⁄8 [3] 1⁄4 [6] 3⁄8 [10] 1⁄2 [13]
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rejectable ultrasonically examined material with the purchaser,
the object being the possible repair of the ultrasonically
indicated defect before rejection of the plate.
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Standard Practice for
Castings, Carbon, Low-Alloy, and Martensitic Stainless
Steel, Ultrasonic Examination Thereof

1. Scope

1.1 This practice covers the standards and procedures for
the pulse-echo ultrasonic examination of heat-treated carbon,
low-alloy, and martensitic stainless steel castings.

1.2 This practice is to be used whenever the inquiry,
contract, order, or specification states that castings are to be
subjected to ultrasonic examination in accordance with Prac-
tice A609/A609M.

1.3 This practice contains two procedures. Procedure A is
the original A609/A609M practice and requires calibration
using a series of test blocks containing flat-bottomed holes. It
also provides supplementary requirements for angle beam
testing. Procedure B requires calibration using a back wall
reflection from a series of solid calibration blocks.

NOTE 1—Ultrasonic examination and radiography are not directly
comparable. This examination technique is intended to complement Guide
E94/E94M in the detection of discontinuities.

1.4 Supplementary requirements of an optional nature are
provided for use at the option of the purchaser. The supple-
mentary requirements shall apply only when specified indi-
vidually by the purchaser in the purchase order or contract.

1.5 The values stated in either SI units or inch-pound units
are to be regarded separately as standard. The values stated in
each system may not be exact equivalents; therefore, each
system shall be used independently of the other. Combining
values from the two systems may result in nonconformance
with the standard.

1.5.1 Within the text, the SI units are shown in brackets.
1.5.2 This practice is expressed in both inch-pound units

and SI units; however, unless the purchase order or contract
specifies the applicable M-specification designation (SI units),
the inch-pound units shall apply.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.7 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
A217/A217M Specification for Steel Castings, Martensitic

Stainless and Alloy, for Pressure-Containing Parts, Suit-
able for High-Temperature Service

E94/E94M Guide for Radiographic Examination Using In-
dustrial Radiographic Film

E317 Practice for Evaluating Performance Characteristics of
Ultrasonic Pulse-Echo Testing Instruments and Systems
without the Use of Electronic Measurement Instruments

2.2 Other Document:
SNT-TC-1A Recommended Practice for Nondestructive

Testing Personnel Qualification and Certification

3. Ordering Information

3.1 The inquiry and order should specify which procedure is
to be used. If a procedure is not specified, Procedure A shall be
used.

3.2 The purchaser shall furnish the following information:
3.2.1 Quality levels for the entire casting or portions

thereof,
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3.2.2 Sections of castings requiring longitudinal beam
examination,

3.2.3 Sections of castings requiring dual element
examination,

3.2.4 Sections of castings requiring supplementary
examination, using the angle beam procedure described in
Supplementary Requirement S1 in order to achieve more
complete examination, and

3.2.5 Any requirements additional to the provisions of this
practice.

PROCEDURE A – FLAT-BOTTOMED HOLE
CALIBRATION PROCEDURE

4. Apparatus

4.1 Electronic Apparatus:
4.1.1 An ultrasonic, pulsed, reflection type of instrument

that is capable of generating, receiving, and amplifying fre-
quencies of at least 0.5 to 5 MHz.

4.1.2 The ultrasonic instrument shall provide linear presen-
tation (within 65 %) for at least 75 % of the screen height
(sweep line to top of screen). Linearity shall be determined in
accordance with Practice E317 or equivalent electronic means.

4.1.3 The electronic apparatus shall contain a signal attenu-
ator or calibrated gain control that shall be accurate over its
useful range to 610 % of the nominal attenuation or gain ratio
to allow measurement of signals beyond the linear range of the
instrument.

4.2 Search Units:
4.2.1 Longitudinal Wave, internally grounded, having a 1⁄2

to 1-in. [13 to 25-mm] diameter or 1-in. [25-mm] square
piezo-electric elements. Based on the signals-to-noise ratio of
the response pattern of the casting, a frequency in the range
from 0.5 to 5 MHz shall be used. The background noise shall
not exceed 25 % of the distance amplitude correction curve
(DAC). Transducers shall be utilized at their rated frequencies.

4.2.2 Dual Element, 5-MHz, 1⁄2 by 1 in. [13 by 25 mm], 12°
included angle search units are recommended for sections 1 in.
[25 mm] and under.

4.2.3 Other frequencies and sizes of search units may be
used for evaluating and pinpointing indications.

4.3 Reference Blocks:
4.3.1 Reference blocks containing flat-bottom holes shall be

used to establish test sensitivity in accordance with 8.2.
4.3.2 Reference blocks shall be made from cast steels that

give an acoustic response similar to the castings being exam-
ined.

4.3.3 The design of reference blocks shall be in accordance
with Fig. 1, and the basic set shall consist of those blocks listed
in Table 1. When section thicknesses over 15 in. [380 mm] are
to be inspected, an additional block of the maximum test
thickness shall be made to supplement the basic set.

4.3.4 Machined blocks with 3⁄32-in. [2.4-mm] diameter flat-
bottom holes at depths from the entry surface of 1⁄8 in. [3 mm],
1⁄2 in. [13 mm], or 1⁄2 t and 3⁄4 in. [19 mm], or 3⁄4 t (where t =
thickness of the block) shall be used to establish the DAC for
the dual element search units (see Fig. 2).

4.3.5 Each reference block shall be permanently identified
along the side of the block indicating the material and the block
identification.

4.4 Couplant—A suitable couplant having good wetting
characteristics shall be used between the search unit and
examination surface. The same couplant shall be used for
calibrations and examinations.

5. Personnel Requirements

5.1 Personnel performing ultrasonic examination in accor-
dance with this practice shall be qualified and certified in

NOTE 1—Opposite ends of reference block shall be flat and parallel
within 0.001 in. [0.025 mm].

NOTE 2—Bottom of flat-bottom hole shall be flat within 0.002 in.
[0.051 mm] and the finished diameter shall be 1⁄4 + 0.002 in. [6.4 + 0.050].

NOTE 3—Hole shall be straight and perpendicular to entry surface
within 0°, 30 min and located within 1⁄32 in. [0.80 mm] of longitudinal
axis.

NOTE 4—Counter bore shall be 1⁄2 in. [15.0 mm] diameter by 1⁄8 in.
[5 mm] deep.

FIG. 1 Ultrasonic Standard Reference Block

TABLE 1 Dimensions and Identification of Reference Blocks in
the Basic Set (See Fig. 1)

Hole Diameter
in 1⁄64 ths, in.
[mm]

Metal
Distance
(B), in.A
[mm]

Overall
Length
(C), in.
[mm]

Width or
Diameter
(D), min,
in. [mm]

Block
Identifi-
cation
Number

16 [6.4] 1 [25] 13⁄4 [45] 2 [50] 16-0100
16 [6.4] 2 [50] 23⁄4 [70] 2 [50] 16-0200
16 [6.4] 3 [75] 33⁄4 [95] 2 [50] 16-0300
16 [6.4] 6 [150] 63⁄4 [170] 3 [75] 16-0600
16 [6.4] 10 [255] 103⁄4 [275] 4 [100] 16-1000
16 [6.4] B B + 3⁄4 [B + 20] 5 [125] 16-B00B

A Tolerance ±1⁄8 in. [3 mm].
B Additional supplemental blocks for testing thickness greater than 10 in.
[250 mm], see 4.3.3.



ASME BPVC.V-2023ARTICLE 23, SA-609/SA-609M

598

accordance with a written procedure conforming to Recom-
mended Practice No. SNT-TC-1A or another national standard
acceptable to both the purchaser and the supplier.

6. Casting Conditions

6.1 Castings shall receive at least an austenitizing heat
treatment before being ultrasonically examined.

6.2 Test surfaces of castings shall be free of material that
will interfere with the ultrasonic examination. They may be as
cast, blasted, ground, or machined.

6.3 The ultrasonic examination shall be conducted prior to
machining that prevents an effective examination of the cast-
ing.

7. Test Conditions

7.1 To ensure complete coverage of the specified casting
section, each pass of the search unit shall overlap by at least
10 % of the width of the transducer.

7.2 The rate of scanning shall not exceed 6 in./s [150 mm/s].

7.3 The ultrasonic beam shall be introduced perpendicular
to the examination surface.

8. Procedure

8.1 Adjust the instrument controls to position the first back
reflection for the thickness to be tested at least one-half of the
distance across the instrument screen.

8.2 Using the set of reference blocks spanning the thickness
of the casting being inspected and overlays or electronic
markers, note the flat-bottom hole indication height for each of
the applicable blocks on the instrument screen. Draw a curve
through these marks on the screen or on suitable graph paper.
The maximum signal amplitude for the test blocks used shall
peak at approximately three-fourths of the screen height above
the sweep by use of the attenuator. This curve shall be referred
to as the 100 % distance amplitude correction (DAC) curve. If
the attenuation of ultrasound in the casting thickness being
examined is such that the system’s dynamic range is exceeded,
segmented DAC curves are permitted.

8.3 The casting examination surface will normally be
rougher than that of the test blocks; consequently, employ a
transfer mechanism to provide approximate compensation. In
order to accomplish this, first select a region of the casting that
has parallel walls and a surface condition representative of the
rest of the casting as a transfer point. Next, select the test block
whose overall length, C (Fig. 1), most closely matches the
reflection amplitude through the block length. Place the search
unit on the casting at the transfer point and adjust the
instrument gain until the back reflection amplitude through the
casting matches that through the test block. Using this transfer
technique, the examination sensitivity in the casting may be
expected to be within 630 % or less of that given by the test
blocks.

NOTE 1—Entrant surface shall be 250 μin. [6.3 μm] or finer.
NOTE 2—The 3⁄32-in. [2.4-mm] flat-bottom hole must be flat within 0.002 in. [0.05 mm]. Diameter must be within +0.005 in. [0.13 mm] of the required

diameter. Hole axis must be perpendicular to the block and within an angle of 0°, 30 min.
NOTE 3—Hole shall be plugged following checking for ultrasonic response.

in. [mm] in. [mm]
1⁄8 [3] 11⁄4 [32]
1⁄4 [6] 11⁄2 [38]
1⁄2 [13] 13⁄4 [44]
3⁄4 [19.0] 2 [50]
1 [25] 10 [254]

FIG. 2 Ultrasonic Standard Reference Block for Dual-Search Unit Calibration
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8.4 Do not change those instrument controls and the test
frequency set during calibration, except the attenuator or
calibrated gain control, during acceptance examination of a
given thickness of the casting. Make a periodic calibration
during the inspection by checking the amplitude of response
from the 1⁄4-in. [6.4-mm] diameter flat-bottom hole in the test
block utilized for the transfer.

NOTE 2—The attenuator or calibrated gain control may be used to
change the signal amplitude during examination to permit small amplitude
signals to be more readily detected. Signal evaluation is made by returning
the attenuator or calibrated gain control to its original setting.

8.5 During examination of areas of the casting having
parallel walls, recheck areas showing 75 % or greater loss of
back reflection to determine whether loss of back reflection is
due to poor contact, insufficient couplant, misoriented
discontinuity, etc. If the reason for loss of back reflection is not
evident, consider the area questionable and investigate further.

9. Report

9.1 The manufacturer’s report of final ultrasonic examina-
tion shall contain the following data and shall be furnished to
the purchaser:

9.1.1 The total number, location, amplitude, and area when
possible to delineate boundaries by monitoring the movement
of the center of the search unit of all indications equal to or
greater than 100 % of the DAC,

9.1.2 Questionable areas from 8.5 that, upon further
investigation, are determined to be caused by discontinuities,

9.1.3 The examination frequency, type of instrument, types
of search units employed, couplant, manufacturer’s identifying
numbers, purchaser’s order number, and data and authorized
signature, and

9.1.4 A sketch showing the physical outline of the casting,
including dimensions of all areas not inspected due to geomet-
ric configuration, with the location and sizes of all indications
in accordance with 9.1.1 and 9.1.2.

10. Acceptance Standards

10.1 This practice is intended for application to castings
with a wide variety of sizes, shapes, compositions, melting
processes, foundry practices, and applications. Therefore, it is
impractical to specify an ultrasonic quality level that would be
universally applicable to such a diversity of products. Ultra-
sonic acceptance or rejection criteria for individual castings
should be based on a realistic appraisal of service requirements
and the quality that can normally be obtained in production of
the particular type of casting.

10.2 Acceptance quality levels shall be established between
the purchaser and the manufacturer on the basis of one or more
of the following criteria:

10.2.1 No indication equal to or greater than the DAC over
an area specified for the applicable quality level of Table 2.

10.2.2 No reduction of back reflection of 75 % or greater
that has been determined to be caused by a discontinuity over
an area specified for the applicable quality level of Table 2.

10.2.3 Indications producing a continuous response equal to
or greater than the DAC with a dimension exceeding the
maximum length shown for the applicable quality level shall be
unacceptable.

10.2.4 Other criteria agreed upon between the purchaser and
the manufacturer.

10.3 Other means may be used to establish the validity of a
rejection based on ultrasonic inspection.

NOTE 3—The areas for the ultrasonic quality levels in Table 2 refer to
the surface area on the casting over which a continuous indication
exceeding the DAC is maintained.

NOTE 4—Areas are to be measured from dimensions of the movement
of the search unit by outlining locations where the amplitude of the
indication is 100 % of the DAC or where the back reflection is reduced by
75 %, using the center of the search unit as a reference point to establish
the outline of the indication area.

NOTE 5—In certain castings, because of very long metal path distances
or curvature of the examination surfaces, the surface area over which a
given discontinuity is detected may be considerably larger or smaller than
the actual area of the discontinuity in the casting; in such cases, other
criteria that incorporate a consideration of beam angles or beam spread
must be used for realistic evaluation of the discontinuity.

PROCEDURE B – BACK WALL REFLECTION
CALIBRATION PROCEDURE

11. Apparatus

11.1 Apparatus shall be kept on a regular six-month main-
tenance cycle during which, as a minimum requirement, the
vertical and horizontal linearities, sensitivity, and resolution
shall be established in accordance with the requirements of
Practice E317.

11.2 Search Units—Ceramic element transducers not ex-
ceeding 1.25 in. [32 mm] diameter or 1 in.2 [645 mm2] shall be
used.

11.3 Search Units Facing—A soft urethane membrane or
neoprene sheet, approximately 0.025 in. [0.64 mm] thick, may
be used to improve coupling and minimize transducer wear
caused by casting surface roughness.

11.4 Calibration/Testing—The same system, including the
urethane membrane, used for calibration shall be used to
inspect the casting.

TABLE 2 Rejection Level

NOTE 1—The areas in the table refer to the surface area on the casting
over which a continuous indication exceeding the amplitude reference line
or a continuous loss of back reflection of 75 % or greater is maintained.

NOTE 2—Areas shall be measured from the center of the search unit.

NOTE 3—In certain castings, because of very long test distances or
curvature of the test surface, the casting surface area over which a given
discontinuity is detected may be considerably larger or smaller than the
actual area of the discontinuity in the casting; in such cases, a graphic plot
that incorporates a consideration of beam spread should be used for
realistic evaluation of the discontinuity.

Ultrasonic Testing
Quality Level

Area, in.2 [cm2]
(see 10.2.1 and

10.2.2)

Length, max,
in. [mm]

1 0.8 [5] 1.5 [40]
2 1.5 [10] 2.2 [55]
3 3 [20] 3.0 [75]
4 5 [30] 3.9 [100]
5 8 [50] 4.8 [120]
6 12 [80] 6.0 [150]
7 16 [100] 6.9 [175]
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11.5 Other Inspections—Other frequencies and type search
units may be used for obtaining additional information and
pinpointing of individual indications.

11.6 Couplant—A suitable liquid couplant, such as clean
SAE 30 motor oil or similar commercial ultrasonic couplant,
shall be used to couple the search unit to the test surface. Other
couplants may be used when agreed upon between the pur-
chaser and supplier.

11.7 Reference Standards—Reference standards in accor-
dance with Fig. 3 shall be used to calibrate the instrument for
inspecting machined and cast surfaces. Reference standards
shall be flaw free and machined within tolerances indicated.

12. Ultrasonic Instrument

12.1 Type—Pulsed ultrasonic reflection instrument capable
of generating, receiving, and amplifying frequencies of 0.5 to
5 MHz shall be used for testing.

12.2 Voltage—Line voltage shall be suitably regulated by
constant voltage equipment and metal housing must be
grounded to prevent electric shock.

12.3 Linearity—The instrument must provide a linear pre-
sentation (within 65 %) of at least 1.5 in. [40 mm] sweep to
peak (S/P).

12.4 Calibrated Gain Control of Attenuator—The instru-
ment shall contain a calibrated gain control or signal attenuator
(accurate within 610 %) which will allow indications beyond
the linear range of the instrument to be measured.

12.5 Time-Corrected Gain—The instrument shall be
equipped to compensate for signal decay with distance. A
method should be available to equalize signal response at
different depths.

13. Personnel Requirements

13.1 Personnel performing ultrasonic examination in accor-
dance with this practice shall be qualified and certified in

accordance with a written procedure conforming to Recom-
mended Practice No. SNT-TC-1A or another national standard
acceptable to both the purchaser and the supplier.

14. Preparation

14.1 Time of Inspection—The final ultrasonic acceptance
inspection shall be performed after at least an austenitizing heat
treatment and preferably after machining. In order to avoid
time loss in production, acceptance inspection of cast surfaces
may be done prior to machining. Machined surfaces shall be
acceptance inspected as soon as possible after machining.
Repair welds may be inspected before the post-weld heat
treatment.

14.2 Surface Finish:
14.2.1 Machined Surfaces—Machined surfaces subject to

ultrasonic inspection shall have a finish that will produce an
ultrasonic response equivalent to that obtained from a 250-μin.
[6.3-μm] surface. The surface finish shall also permit adequate
movement of search units along the surface.

14.2.2 Casting Surfaces—Casting surfaces to be ultrasoni-
cally inspected shall be suitable for the intended type and
quality level (Tables 3 and 4) of inspection as judged accept-
able by a qualified individual as specified in 13.1.

14.2.3 Surface Condition—All surfaces to be inspected shall
be free of scale, machining or grinding particles, excessive
paint thickness, dirt, or other foreign matter that may interfere
with the inspection.

14.3 Position of Casting—The casting shall be positioned
such that the inspector has free access to the back wall for the
purpose of verifying change in contour.

15. Calibration

15.1 Calibration Blocks—Determine the thickness of the
material to be ultrasonically inspected. For material thickness
of 3 in. [75 mm] or less, use the series of three blocks, 1⁄2, 2,

Dimensions, in. [mm] Material
2 [50] 1⁄2 [13] Specification A217/A217M,
2 [50] 2 [50] Grade WC6 or acoustically similar within

±20 % or 2 dB.
3 [75] 5 [125]
6 [150] 10 [250]

Tolerance
All sides to be flat within 0.0002 in. [0.01 mm] and parallel with 0.001 in.
[0.03 mm].

FIG. 3 Calibration Blocks

TABLE 3 Acceptance Criteria for Single Isolated Indications

NOTE 1—The area measured by movement of the center of the
transducer over the casting surface.

NOTE 2—O = outer wall 1⁄3, or inner wall 1⁄3.

C = mid wall 1⁄3.

E = entire wall.

Quality Level
Maximum Nonlinear Indication,

Area, in.2 [cm2]
Position of
Indication

1 0 E
2 1 [6] E
3 1 [6] O

2 [13] C
4 3 [19] E
5 3 [19] O

5 [32] C
6 5 [32] E
7 5 [32] O

7 [45] C
8 7 [45] E
9 7 [45] O

9 [58] C
10 9 [58] E
11 9 [58] O

11 [71] C
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5 in. [13, 50, 125 mm] (Fig. 3, B dimension) for calibration.
For a material thickness greater than 3 in., use the series of
three blocks, 2, 5, 10 in. [50, 125, 250 mm] (Fig. 3, B
dimension) for calibration.

15.2 Calibration of Search Units—For the thickness of
material to be inspected, as determined in 15.1, use the
following search units:

15.2.1 For materials 3 in. [75 mm] or less in thickness, use
a 21⁄4 MHz, ½ in. [13 mm] diameter search unit.

15.2.2 For material greater than 3 in. [75 mm] in thickness,
use a 21⁄4 MHz, 1 in. [25 mm] diameter search unit.

15.3 Calibration Procedure:
15.3.1 Set the frequency selector as required. Set the reject

control in the OFF position.
15.3.2 Position the search unit on the entrant surface of the

block that completely encompasses the metal thickness to be
inspected (Fig. 3) and adjust the sweep control such that the
back reflection signal appears approximately, but not more than
three-quarters along the sweep line from the initial pulse
signal.

15.3.3 Position the search unit on the entrant surface of the
smallest block of the series of three blocks selected for
calibration and adjust the gain until the back reflection signal
height (amplitude) is 1.5 in. [40 mm] sweep to peak (S/P).
Draw a line, using overlays or electronic markers, on the
instrument screen, parallel to the sweep line, through the peak
of the 1.5-in. (S/P) amplitude.

15.3.4 Position the search unit on the entrant surface of the
largest block of the series of three blocks selected for
calibration, and adjust the distance amplitude control to pro-
vide a back reflection signal height of 1.5 in. [40 mm] (S/P).

15.3.5 Position the search unit on the entrant surface of the
intermediate calibration block of the series of three blocks
being used for calibration and confirm that the back reflection
signal height is approximately 1.5 in. [40 mm] (S/P). If it is not,

obtain the best compromise between this block and the largest
block of the series of three blocks being used for calibration.

15.3.6 Draw a line, using overlays or electronic markers, on
the instrument screen parallel to the sweep line at 0.5-in.
[13-mm] (S/P) amplitude. This will be the reference line for
reporting discontinuity amplitudes.

15.3.7 For tests on machined surfaces, position the search
unit on a machined surface of casting where the walls are
reasonably parallel and adjust the gain of the instrument until
the back reflection signal height is 1.5 in. [40 mm] (S/P).
Increase the inspection sensitivity by a factor of three times
(10 dB gain) with the calibrated attenuator. Surfaces that do not
meet the requirements of 14.2.1 shall be inspected as specified
in 15.3.8.

15.3.8 For inspections on cast surfaces, position the search
unit on the casting to be inspected at a location where the walls
are reasonably parallel and smooth (inside and outside diam-
eter) and the surface condition is representative of the surface
being inspected. Adjust the gain of the instrument until the
back reflection signal height is 1.5 in. [40 mm] (S/P). Increase
the inspection sensitivity by a factor of six times (16 dB) by use
of the calibrated control or attenuator. A significant change in
surface finish requires a compensating adjustment to the gain.

15.3.8.1 Rejectable indications on as-cast surfaces may be
reevaluated by surface preparation to 250-μin. [6.3-μm] finish
or better, and re-inspected in accordance with 15.3.7 of this
practice.

15.3.8.2 It should be noted that some instruments are
equipped with decibel-calibrated gain controls, in which case
the decibel required to increase the sensitivity must be added.
Other instruments have decibel-calibrated attenuators, in which
case the required decibel must be removed. Still other instru-
ments do not have calibrated gains or attenuators. They require
external attenuators.

16. Scanning

16.1 Grid Pattern—The surface of the casting shall be laid
out in a 12 by 12-in. [300 by 300-mm] or any similar grid
pattern for guidance in scanning. Grid numbers shall be
stenciled on the casting for record purposes and for grid area
identity. The stenciled grid number shall appear in the upper
right-hand corner of the grid. When grids are laid out on the
casting surface and they encompass different quality levels,
each specific area shall be evaluated in accordance with the
requirements of the specific quality level designated for that
area.

16.2 Overlap—Scan over the surface allowing 10 % mini-
mum overlap of the working diameters of the search unit.

16.3 Inspection Requirements—All surfaces specified for
ultrasonic (UT) shall be completely inspected from both sides,
whenever both sides are accessible. The same search unit used
for calibration shall be used to inspect the casting.

17. Additional Transducer Evaluation

17.1 Additional information regarding any ultrasonic indi-
cation may be obtained through the use of other frequency,
type, and size search unit.

TABLE 4 Acceptance Criteria for Clustered Indications

Quality Level
Cumulative Area

of Indications,
in.2 [cm2]A,B

Minimum Area in
Which Indications

Must be Dispersed,
in.2 [cm2]C

1 0 0
2 – 3 2 [13] 36 [232]
4 – 5 4 [26] 36 [232]
6 – 7 6 [39] 36 [232]
8 – 9 8 [52] 36 [232]
10 – 11 10 [64] 36 [232]

A Regardless of wall location, that is midwall 1⁄3, innermost 1⁄3, or outermost 1⁄3.
B Each indication that equals or exceeds the 0.5-in. [13-mm] reference line shall be
traced to the position where the indication is equal to 0.25 in. [6 mm]. The area of
the location, for the purpose of this evaluation, shall be considered the area that is
confined within the outline established by the center of the transducer during
tracing of the flaw as required. Whenever no discernible surface tracing is
possible, each indication which equals or exceeds the 0.5-in. reference amplitude
shall be considered 0.15 in.2 [1 cm2] (three times the area of the 1⁄4-diameter
[6-mm] flat-bottomed hole to compensate for reflectivity degradation of natural
flaw) for the cumulative area estimates.
C The indications within a cluster with the cumulative areas traced shall be
dispersed in a minimum surface area of the casting equal to 36 in.2 [230 cm2]. If
the cumulative areas traced are confined with a smaller area of distribution, the
area shall be repair welded to the extent necessary to meet the applicable quality
level.
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18. Acceptance Criteria

18.1 Rejectable Conditions—The locations of all indications
having amplitudes greater than the 0.5-in. [13-mm] line given
in 15.3.6, when amplitude three times (machined surfaces) or
six times (cast surfaces) shall be marked on the casting surface.
The boundary limits of the indication shall be determined by
marking a sufficient number of marks on the casting surfaces
where the ultrasonic signal equals one-half the reference
amplitude, 0.25 in. [6 mm]. To completely delineate the
indication, draw a line around the outer boundary of the center
of the number of marks to form the indication area. Draw a
rectangle or other regular shape through the indication in order
to form a polygon from which the area may be easily
computed. It is not necessary that the ultrasonic signal exceed
the amplitude reference line over the entire area. At some
locations within the limits of the indication, the signal may be
less than the reference line, but nevertheless still present such
that it may be judged as a continuous signal indication.
Rejectable conditions are as follows and when any of the
conditions listed below are found, the indications shall be
removed and repair welded to the applicable process specifi-
cation.

18.2 Linear Indications—A linear indication is defined as
one having a length equal to or greater than three times its
width. An amplitude of 1⁄2 in. [13 mm], such as would result
from tears or stringer-type slag inclusion, shall be removed.

18.3 Nonlinear Indications:
18.3.1 Isolated Indications—Isolated indications shall not

exceed the limits of the quality level designated by the
customer’s purchase order listed in Table 3. An isolated
indication may be defined as one for which the distance
between it and an adjacent indication is greater than the longest
dimension of the larger of the adjacent indications.

18.3.2 Clustered Indications—Clustered indications shall be
defined as two or more indications that are confined in a 1-in.
[25-mm] cube. Clustered indications shall not exceed the limits
of the quality level designated by the customer purchase order
in Table 4. Where the distance between indications is less than
the lowest dimension of the largest indication in the group, the
cluster shall be repair welded.

18.3.3 The distance between two clusters must be greater
than the lowest dimension of the largest indication in either
cluster. If they are not, the cluster having the largest single
indication shall be removed.

18.3.4 All indications, regardless of their surface areas as
indicated by transducer movement on the casting surface and
regardless of the quality level required, shall not have a
through wall distance greater than 1⁄3 T, where T is the wall
thickness in the area containing the indication.

18.3.5 Repair welding of cluster-type indications need only
be the extent necessary to meet the applicable quality level for
that particular area. All other types of rejectable indications
shall be completely removed.

18.3.6 Repair welds of castings shall meet the quality level
designated for that particular area of the casting.

18.3.7 Any location that has a 75 % or greater loss in back
reflection and exceeds the area of the applicable quality level,
and whose indication amplitudes may or may not exceed the
0.5-in. [13-mm] rejection line, shall be rejected unless the
reason for the loss in back reflection can be resolved as not
being caused by an indication. If gain is added and back echo
is achieved without indication percent amplitude exceeding the
0.5-in. [13-mm] rejection line, the area should be accepted.

19. Records

19.1 Stenciling—Each casting shall be permanently sten-
ciled to locate inspection zones or grid pattern for ease in
locating areas where rejectable indications were observed.

19.2 Sketch—A report showing the exact depth and surface
location in relation to the stencil numbers shall be made for
each rejectable indicator found during each inspection.

19.2.1 The sketch shall also include, but not be limited to,
the following:

19.2.1.1 Part identification numbers,
19.2.1.2 Purchase order numbers,
19.2.1.3 Type and size of supplemental transducers used,
19.2.1.4 Name of inspector, and
19.2.1.5 Date of inspection.

20. Product Marking

20.1 Any rejectable areas (those indications exceeding the
limits of Section 19) shall be marked on the casting as the
inspection progresses. The point of marking shall be the center
of the search unit.

21. Keywords

21.1 carbon and low-alloy steel; castings; martensitic stain-
less steel; ultrasonic
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SUPPLEMENTARY REQUIREMENTS

The following supplementary requirement shall be applied only when agreed upon between the
purchaser and the supplier to achieve an effective examination of a critical casting area that cannot be
effectively examined using a longitudinal beam as a result of casting design or possible discontinuity
orientation.

S1. Angle Beam Examination of Steel Castings

S1.1 Equipment:
S1.1.1 Search Units—Angle beam search units shall pro-

duce an angle beam in steel in the range from 30 to 75°
inclusive, measured to the perpendicular of the entry surface of
the casting being examined. Search units shall have a fre-
quency of 0.5 to 5 MHz.

S1.1.2 Calibration Blocks—A set of blocks, as shown in
Fig. S1.1, with as-cast surface equivalent to SCRATA Com-
parator A3 and of a thickness comparable to the sections being
examined with side-drilled holes at 1⁄4 t, 1⁄2 t, and 3⁄4 t (where
t = thickness of the block) shall be used to establish an
amplitude reference line (ARL).

S1.2 Calibration of Equipment:

S1.2.1 Construct the distance amplitude correction curve by
utilizing the responses from the side-drilled holes in the basic
calibration block for angle beam examination as shown in Fig.
S1.1 and Table S1.1.

S1.2.1.1 Resolve and mark the amplitudes of the 1⁄4 t and
1⁄2 t side-drilled holes from the same surface. The side-drilled
hole used for the 1⁄4 t amplitude may be used to establish the
3⁄4 t amplitude from the opposite surface or a separate hole may
be used.

S1.2.1.2 Connect the 1⁄4 t, 1⁄2 t, and 3⁄4 t amplitudes to
establish the applicable DAC.

S1.2.2 The basic calibration blocks shall be made of mate-
rial that is acoustically similar to the casting being examined.

S1.2.3 Do not use basic calibration blocks with as-cast
surface equivalent to SCRATA Comparator A3 to examine
castings with surface rougher than SCRATA Comparator A3.
Use a machined calibration block for machined surfaces.

L = length of block determined by the angle of search unit and the vee-path used.
T = thickness of basic calibration block (see Table S1.1).
D = depth of side-drilled hole (see Table S1.1).
d = diameter of side-drilled hole (see Table S1.1).
t = nominal production material thickness.

FIG. S1.1 Basic Calibration Block for Angle Beam Examination
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S1.2.4 The search unit and all instrument control settings
remain unchanged except the attenuator or calibrated gain
control.

S1.2.4.1 The attenuator or calibrated gain control may be
used to change the signal amplitude during examination to
permit small amplitude signals to be more readily detected.

Signal evaluation is made by returning the attenuator or
calibrated gain control to its original setting.

S1.3 Data Reporting—The supplier’s report of final ultra-
sonic examination shall contain the following data:

S1.3.1 The total number, location, amplitude, and area of all
indications equal to or greater than 100 % of the distance
amplitude curve.

S1.3.2 The examination frequency, type of instrument, type,
and size of search units employed, couplant, transfer method,
examination operator, supplier’s identifying numbers, purchase
order number, date, and authorized signature.

S1.3.3 A sketch showing the physical outline of the casting,
including dimensions of all areas not examined due to geomet-
ric configuration, with the location of all indications in accor-
dance with S1.3.1.

S1.4 Acceptance Standards—Acceptance quality levels
shall be established between the purchaser and the manufac-
turer on the basis of one or more of the following criteria:

S1.4.1 No indication equal to or greater than the DAC over
an area specified for the applicable quality level of Table 2.

S1.4.2 Other criteria agreed upon between the purchaser
and the manufacturer.

TABLE S1.1 Dimensions of Calibration Blocks for Angle Beam
Examination

NOTE 1—For each increase in thickness of 2 in. [50 mm], or a fraction
thereof, the hole diameter shall increase 1⁄16 in. [1.6mm].

NOTE 2—For block sizes over 3 in. [75 mm] in thickness, T, the distance
from the hole to the end of the block shall be 1⁄2 T, min, to prevent
coincident reflections from the hole and the corner. Block fabricated with
a 2-in. [50-mm] minimum dimension need not be modified if the corner
and hole indications can be easily resolved.

Nominal Production
Material Thickness
(t), in. [mm]

Basic Calibration
Block Thickness
(T), in. [mm]

Hole Diameter
(d), in  0.002
[mm ± 0.05]

Minimum
Depth
(D), in. [mm]

Up to 1 [25] incl. 1 [25] or t 3⁄32 [2.4] 11⁄2 [40]
Over 1 to 2 [25 – 50] 2 [50] or t 1⁄8 [3.2] 11⁄2 [40]
Over 2 to 4 [50 – 100] 4 [100] or t 3⁄16 [4.8] 11⁄2 [40]
Over 4 to 6 [100 – 150] 6 [150] or t 1⁄4 [6.3] 11⁄2 [40]
Over 6 to 8 [150 – 200] 8 [200] or t 5⁄16 [7.9] 11⁄2 [40]
Over 8 to 10 [200 – 250] 10 [250] or t 3⁄8 [9.5] 11⁄2 [40]
Over 10 [250] t See Note 1 11⁄2 [40]

±  
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Standard Practice for
Ultrasonic Examination of Austenitic Steel Forgings

1. Scope

1.1 This practice covers straight and angle beam contact,
pulse-echo ultrasonic examination of austenitic steel forgings
produced in accordance with Practice A388/A388M and Speci-
fications A965/A965M and A1049/A1049M.

1.2 Ultrasonic examination of nonmagnetic retaining ring
forgings should be made to Practice A531/A531M rather than
this practice.

1.3 Supplementary requirements of an optional nature are
provided for use at the option of the purchaser. The supple-
mentary requirements shall apply only when specified indi-
vidually by the purchaser in the purchase order or contract.

1.4 This practice is expressed in inch-pound and SI units;
however, unless the purchase order or contract specifies the
applicable “M” specification designation (SI units), the inch-
pound units shall apply. The values stated in either inch-pound
units or SI units are to be regarded separately as standard.
Within the practice, the SI units are shown in brackets. The
values stated in each system are not necessarily exact equiva-
lents; therefore, to ensure conformance with the standard, each
system shall be used independently of the other, and values
from the two systems shall not be combined.

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.6 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
A388/A388M Practice for Ultrasonic Examination of Steel

Forgings
A531/A531M Practice for Ultrasonic Examination of

Turbine-Generator Steel Retaining Rings
A788/A788M Specification for Steel Forgings, General Re-

quirements
A965/A965M Specification for Steel Forgings, Austenitic,

for Pressure and High Temperature Parts
A1049/A1049M Specification for Stainless Steel Forgings,

Ferritic/Austenitic (Duplex), for Pressure Vessels and
Related Components

E317 Practice for Evaluating Performance Characteristics of
Ultrasonic Pulse-Echo Testing Instruments and Systems
without the Use of Electronic Measurement Instruments

E428 Practice for Fabrication and Control of Metal, Other
than Aluminum, Reference Blocks Used in Ultrasonic
Testing (Withdrawn 2019)

2.2 ASME Code:
ASME Boiler and Pressure Vessel Code

2.3 American Society for Nondestructive Testing Docu-
ment:

SNT-TC-1A Recommended Practice for Nondestructive Per-
sonnel Qualification and Certification

3. Ordering Information

3.1 When this practice is to be applied to an inquiry or
purchase order, the purchaser shall furnish the following
information:

3.1.1 Quality level of examination (see Section 12).
3.1.2 Additional requirements to this practice.
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3.1.3 Applicability of supplementary requirements (see
Supplementary Requirements section).

3.1.4 Supplementary requirements, if any.

3.2 When specified, the manufacturer shall submit an ex-
amination procedure for purchaser approval that shall include,
but not be limited to, a sketch of the configuration as presented
for ultrasonic examination showing the surfaces to be scanned,
scanning directions, notch locations and sizes (if applicable),
extent of coverage (if applicable), and an instruction listing
calibration and inspection details and stage of manufacture.

4. Apparatus

4.1 Electronic Apparatus—A pulse-echo instrument permit-
ting inspection frequencies of 1 MHz, 2.25 MHz, and 5 MHz is
required. The accuracy of discontinuity amplitude analysis
using this practice involves a knowledge of the true operating
frequency of the complete inspection system. One of the best
ways to obtain the desired accuracy is by use of a tuned pulser
and narrow band amplifier of known frequency response, with
either a broadband transducer, or a narrow-band tuned trans-
ducer of known and matching frequency.

4.1.1 Apparatus Qualification and Calibration—Basic
qualification of the ultrasonic test instrument shall be per-
formed at intervals not to exceed 12 months or whenever
maintenance is performed that affects the equipment function.
The date of the last calibration and the date of the next required
calibration shall be displayed on the test equipment.

4.1.2 The horizontal linearity shall be checked on a distance
calibration bar using the multiple order technique (see Practice
E317). The horizontal linearity shall be 62 % of the metal
path.

4.1.3 The accuracy of the linearity shall be checked by
ultrasonically verifying the thickness of the component in at
least one location beyond the near field of the transducer. If
necessary, minor adjustments for differences in the ultrasonic
velocities between the calibration bar and the forging shall then
be made.

4.2 Amplifier—The amplifier and display shall provide lin-
ear response within 62 %, up to 100 % of full screen height.

4.2.1 Amplifier Calibration—An amplifier vertical linearity
check shall be made prior to performing the test by observing
a multiple order pattern from a calibration block using a
2.25 MHz transducer (see Practice E317). The first back
reflection shall be set at 100 % of full screen height. The higher
order back reflections, 10 % and higher in amplitude, shall also
be positioned on the screen and their amplitudes noted. The
first back reflection shall be reduced to 50 % and then 25 % of
full screen height. The amplitudes of the higher order back
reflections shall be noted at each step. The vertical linearity
will be considered acceptable if the signal heights of the higher
order reflections decrease in proportion to the decrease set for
the first back reflection. The maximum acceptable error for the
decrease of the higher order reflections is the greater of 65 %
of the expected back reflection height or 62 % of full screen
height.

4.3 Signal Attenuator—The instrument shall contain a cali-
brated gain control or signal attenuator that meets the require-

ments of Practice E317 (in each case, accurate within 65 %)
that will allow indications beyond the linear range of the
instrument to be measured. It is recommended that these
controls permit signal adjustments up to 25 to 1 (28 dB).

4.4 Search Units:
4.4.1 The maximum nominal active area of 11⁄2 in.2

[970 mm2] with 1⁄2 in. [13 mm] minimum to 11⁄8 in. [30 mm]
maximum dimensions or 3⁄4 in. [20 mm] diameter minimum
dimension shall be used for straight-beam scanning.

4.4.2 Angle-beam scanning transducers shall have a nomi-
nal active area of 1⁄2 in. to 1 in.2 [325 mm to 650 mm2]. The
search unit used for angle-beam examination shall produce a
beam angle of 30 to 70° in the material.

4.4.3 Other search units, including frequencies other than
those listed in Section 8, may be used for evaluating and
pinpointing indications of discontinuities.

4.5 Couplant—A suitable couplant having good wetting
characteristics shall be used between the transducer and the
examination surface. The same couplant shall be used for
calibration and examination.

4.6 Reference Blocks:
4.6.1 All ultrasonic standard reference blocks shall be in

accordance with the general guidelines of Practice E428.
However, absolute conformance to Practice E428 is not man-
datory due to the nature of the material covered by this
practice.

4.6.2 The reference block grain size, as measured by the
relative acoustic penetrability of the reference blocks, should
be reasonably similar to the forging under examination.
However, it must be recognized that large austenitic forgings
vary considerably in acoustic penetrability throughout their
volume due to variations in grain size and structure. Reference
blocks should be chosen that reasonably approximate the
average penetrability of the forging under examination.
Supplementary blocks of coarser or finer grain may be used for
evaluation of indications as covered in Section 11.

4.6.3 As an alternative method, where practicable, the
appropriate size of reference hole (or holes) or notches may be
placed in representative areas of the forging for calibration and
examination purposes when removed by subsequent machin-
ing. When holes or notches are not removed by subsequent
machining, the purchaser must approve the location of holes or
notches.

5. Personnel Requirements

5.1 Personnel performing the ultrasonic examinations to this
practice shall be qualified and certified in accordance with a
written procedure conforming to Recommended Practice No.
SNT-TC-1A or another national standard that is acceptable to
both the purchaser and the supplier.

6. Forging Conditions

6.1 Forgings shall be ultrasonically examined after heat
treating.

6.2 The surfaces of the forging to be examined shall be free
of extraneous material such as loose scale, paint, dirt, etc.
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6.3 The surface roughness of scanning surfaces shall not
exceed 250 µin. [6 µm] unless otherwise stated in the order or
contract where the definition for surface finish is as per
Specification A788/A788M.

6.4 The forgings shall be machined to a simple
configuration, that is, rectangular or parallel or concentric
surfaces where complete volumetric coverage can be obtained.

6.5 In certain cases, such as with contour forged parts, it
may be impractical to assure 100 % volumetric coverage. Such
forgings shall be examined to the maximum extent possible. A
procedure indicating the extent of examination coverage shall
be submitted for the purchaser’s approval (see 3.2).

7. Procedure

7.1 Perform the ultrasonic examination after heat treatment
when the forging is machined to the ultrasonic configuration
but prior to drilling holes, cutting keyways, tapers, grooves, or
machining sections to final contour.

7.2 To ensure complete coverage of the forging volume
when scanning, index the search unit with at least 15 % overlap
with each pass.

7.3 The scanning rate shall not exceed 6 in. [150 mm]/s.

7.4 Scan all regions of the forging in at least two perpen-
dicular directions to the maximum extent possible.

7.5 Scan disk and disk-type forgings using a straight beam
from at least one flat face and radially from the circumference
when practicable. For the purposes of this practice, a disk is a
cylindrical shape where the diameter dimension exceeds the
height dimension. Disk-type forgings made as upset-forged
“pancakes” shall be classified as disks for inspection purposes
although at the time of inspection, the part may have a center
hole, counterturned steps, or other detail configuration.

7.6 Scan cylindrical sections, ring and hollow forgings from
the entire external surface (sides or circumference), using the
straight-beam technique, and scan the forging in the axial
direction to the extent possible. When the length divided by the
diameter ratio (slenderness ratio) exceeds 6 to 1 (or axial length
exceeds 24 in. [600 mm]), scan axially from both end surfaces
to the extent possible. If axial penetration is not possible due to
attenuation, angle-beam examination directed axially may be
substituted in place of axial straight beam. Examine ring and
hollow forgings having an outside-diameter to inside-diameter
ratio of less than 2 to 1 and a wall thickness less than 8 in.
[200 mm] by angle-beam techniques from the outside diameter
or inside diameter, or both, using full node or half-node
technique (see 10.1.2 and 10.1.3) as necessary to achieve either
100 % volumetric coverage or the extent of coverage defined
by an approved procedure (see 3.2).

7.7 If electronic circuitry is used for ultrasonic
examination, the manufacturer’s instructions for the specific
instrument shall be required. This is achieved by the use of
electronic circuitry referred to as time variable amplifier gain,
typically called distance amplitude correction (DAC), distance
echo correction (DEC), time varying gain (TVG), time-
corrected gain (TCG), or sensitivity time control (STC). If

circuitry is used that normalizes the amplitude of each reflector,
such as TCG, the reflector with the lowest response shall be set
at 80 % FSH.

8. Examination Frequency

8.1 Perform all ultrasonic examination at the highest fre-
quency practicable (as specified in 8.1.1, 8.1.2, or 8.1.3) that
will adequately penetrate the forging thickness and resolve the
applicable reference standard. Include in the ultrasonic exami-
nation report the examination frequency used. Determine the
test frequency at the time of actual examination by the
following guidelines:

8.1.1 The nominal test frequency shall be 2.25 MHz. Use of
this frequency will generally be restricted due to attenuation.

8.1.2 One megahertz is acceptable and will be the frequency
generally applicable.

8.1.3 When necessary, due to attenuation, 0.5 MHz exami-
nation frequency may be used. The purchaser may request
notification before this lower frequency is employed.

8.1.4 In the event that adequate penetration of certain
regions is not possible even at 0.5 MHz, alternative nonde-
structive examination methods (such as radiography) may be
employed to ensure the soundness of the forging by agreement
between the purchaser and the manufacturer.

9. Straight-Beam Examination

9.1 Method of Calibration:
9.1.1 Perform calibration for straight-beam examination on

the flat-bottom hole size determined by the applicable quality
level (see Section 12).

9.1.2 Determine the calibration method by the test metal
distance involved.

9.1.2.1 Thicknesses up to 6 in. [150 mm] may be examined
using either the single-block or the distance-amplitude curve
calibration method.

(a) Single-Block Method—Establish the test sensitivity on
the reference standard representing the forging thickness. Drill
flat-bottom holes normal to the examining surface, to midsec-
tion in material up to 1.5 in. [40 mm] in thickness and at least
0.75 in. [20 mm] in depth but no deeper than midsection in
thicknesses from 1.5 in. to 6 in. [40 mm to 150 mm]. Make
evaluations of indications at the estimated discontinuity depth
at which they are observed using supplementary reference
standards, if necessary.

(b) Distance-Amplitude-Curve Correction Method—
Establish the test sensitivity on the reference standard whose
metal travel distance represents the greater metal travel dis-
tance of the part under examination, within 61 in. [25 mm].

9.1.2.2 Examine thicknesses from 6 in. to 24 in. [150 mm to
600 mm] using the distance-amplitude calibration method.
Calibration to 1⁄2 thickness test metal distance may be used
provided examinations from two opposing surfaces are made.

9.1.2.3 For metal travel distances over 24 in. [600 mm],
perform one of the following examinations:

(a) Perform a back-reflection examination from at least one
surface to QL-5 (see 12.1.1) or to a purchaser-approved
procedure (see 3.2).

(b) On hollow-round forgings with wall thicknesses less
than 8 in. [200 mm], perform an axial angle-beam scan in place
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of the straight-beam scan from the end surfaces. Calibration for
this scan may be established on the existing axial notches
required for the circumferential scan or on transverse oriented
notches installed specifically for axial angle beam.

9.2 Calibration Procedure—Over an indication-free area of
the forging and with the proper test frequency, adjust the
instrument controls to obtain a back reflection, and then adjust
the controls to bring the signal to 100 % full screen height
(FSH) or maximum vertical linearity of the instrument. The
adjusted instrument sensitivity display shall be the primary
calibration reference for both the single-block and multiple-
block calibration methods. If, at this gain setting, the amplitude
response from the flat-bottom hole in the longest calibration
block is not equal to or greater than 20 % FSH, adjust the
instrument gain further to obtain a 20 % FSH minimum
response. To complete the distance-amplitude correction curve,
determine the remaining points defining the shape of the curve
at this adjusted gain setting and mark the curve on the shield of
the display, plot on a graph, or by use of electronic circuitry. At
least three blocks shall be used with test metal distances of 3 in.
[75 mm], 1⁄2 T, and T, where T equals the thickness of the area
being inspected. However, the distance between any of the test
blocks shall be 11⁄2 in. [40 mm] minimum. If indications closer
than 3 in. [75 mm] from the initial pulse must be evaluated, an
additional block with 11⁄2 in. [40 mm] test metal distance shall
be used. This is the fixed reference against which all indica-
tions shall be evaluated at the maximum obtainable response at
whatever depth the indications are observed. This will consti-
tute an acceptable examination if there are no indications
exceeding the acceptance limits. In large forgings, it is ex-
pected that a portion of the distance-amplitude curve will be
above the vertical linearity limits of the instrument. If an
indication appears in this area, readjust the instrument through
the use of a calibrated gain control or through recalibration to
the initial calibration level to bring the appropriate portion of
the presentation on screen for evaluation of that specific area.

NOTE 1—When flat surfaced reference block calibration is used for
examination of forgings with surface curvature, compensation for curva-
ture shall be made and the method for curvature correction shall be a
matter of agreement between the producer and the purchaser. For
diameters 80 in. [2000 mm] and over, no correction factor is required.

10. Angle-Beam Examination

10.1 Ring and hollow round forgings, as defined in 7.6, shall
be angle-beam examined from their outer periphery in both
circumferential directions employing the following method of
calibration:

10.1.1 Notches of 1.25 in. [30 mm] maximum surface
length, with the length perpendicular to sound propagation;
depth based on quality level (Section12), either rectangular
with a width not greater than twice its depth or 60° minimum
to 75° maximum included angle, located in the forging so as to
produce no interference with each other, shall be used as
calibration standards.

10.1.2 Determine the response from the inside and outside
diameter calibration notches with the search unit positioned to
produce the maximum response from each notch. Adjust the
sensitivity of the ultrasonic equipment so that the indication

from the notch at the greatest test metal distance is at least
20 % FSH. Draw a straight line or use electronic circuitry
connecting the peaks of the responses obtained from the inside
and outside diameter notches. This shall be the primary
reference line. This procedure is considered full node calibra-
tion.

10.1.3 In the event that a response of at least 20 % cannot be
obtained from both the inside and outside diameter notches,
calibrate from both the outer periphery (the outside diameter
surface) and the inside diameter surface. Adjust the sensitivity
of the ultrasonic equipment so that the indication from the
notch in the opposite surface is at least 20 % FSH in magni-
tude. This procedure is considered half-node calibration. Axial
angle beam may be substituted for straight beam from the end
surfaces, when specified.

NOTE 2—Long cylinders or cylinders with small inside diameters are
difficult to examine from the inside diameter surface. Normally, neither
inside diameters smaller than 18 in. [450 mm] nor long cylinders
exceeding 36 in. [900 mm] in length are scanned from the inside diameter
surface.

11. Evaluation of Material

11.1 Coarse-grained austenitic materials frequently display
baseline noise, particularly when an examination is performed
at high sensitivities. For this reason, it is important to critically
scrutinize reportable and rejectable indications to determine
whether they result from defects or grain structure. It is
desirable to have several sets of calibration blocks with varying
degrees of grain coarseness so that the attenuation of the
defective area can be reasonably matched with a test block for
a more accurate minimum defect size estimation. Due to the
normal wide variation in attenuation throughout a given large
austenitic forging, it is permissible to evaluate rejectable
indications on the basis of alternative calibration blocks that
compare more reasonably in attenuation to the defect area. It is
also permissible to insert reference holes into representative
areas of the forging itself, with the approval of the purchaser,
to be used for calibration and evaluation of indications. Loss of
back reflection results not only from internal discontinuities but
also from coarse or nonuniform grain structures, variations in
coupling, nonparallel reflecting surfaces, and other factors that
must be considered before concluding that loss of back
reflection resulted from discontinuities.

12. Quality Levels for Acceptance

12.1 One of the following quality levels may be specified by
the purchaser:

12.1.1 Straight Beam:
12.1.1.1 Material producing an indication response whose

maximized amplitude equals or exceeds 100 % of the primary
reference or distance-amplitude correction curve at the esti-
mated discontinuity depth shall be considered unacceptable.

(a) QL-1—A distance-amplitude curve shall be based upon
the amplitude response from No. 8 flat-bottom hole (8⁄64 in.
[3 mm]).

(b) QL-2—A distance-amplitude curve shall be based upon
the amplitude response from No. 16 flat-bottom hole 16⁄64 in.
[6 mm]).
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(c) QL-3—A distance-amplitude curve shall be based upon
the amplitude response from No. 24 flat-bottom hole 24⁄64 in.
[10 mm]).

(d) QL-4—A distance-amplitude curve shall be based upon
the amplitude response from No. 32 flat-bottom hole 32⁄64 in.
[13 mm]).

(e) QL-5—A back reflection examination shall be per-
formed guaranteeing freedom from complete loss of back
reflection accompanied by an indication of a discontinuity. For
this purpose, a back reflection of less than 5 % of full screen
height shall be considered complete loss of back reflection.

12.1.1.2 The applicable quality level will necessarily vary
with test metal distance, purchasers’ requirements, and the type
and size of forging involved. Large disks, rings, or solid
forgings and complex forgings present extraordinary problems
and quality level application shall be a matter of agreement
between the manufacturer and the purchaser. For general
guidance purposes, the following list of test metal distances
versus quality level attainable is provided for general informa-
tion.

(a) QL-1—Generally practical for thicknesses up to 3 in.
[75 mm].

(b) QL-2—Generally practical for thicknesses up to 8 in.
[200 mm].

(c) QL-3—Generally practical for thicknesses up to 12 in.
[300 mm].

(d) QL-4—Generally practical for thicknesses up to 24 in.
[600 mm].

(e) QL-5—Frequently practical for thicknesses over 24 in.
[600 mm].

12.1.2 Angle Beam—Material producing indications with
amplitudes equal to or exceeding the primary reference-

acceptance line (full node calibration; see 10.1.2) at the
estimated discontinuity depth observed shall be considered
unacceptable. When examining with only one calibration notch
(half node calibration; see 10.1.3), material containing indica-
tions of discontinuities equal to or exceeding the notch
indication amplitude shall be considered unacceptable.

12.1.2.1 QA-1 Angle beam reference acceptance shall be
based on a notch depth of 3 % of the thickness of the forging
at the time of examination.

12.1.2.2 QA-2 Angle beam reference acceptance line shall
be based on a notch depth of the lesser of 5 % of the thickness
of the forging at the time of inspection, or 3⁄4 in. [19.05 mm].

13. Reportable Indications

13.1 A record that shows the location and orientation of all
indications or groups of indications with amplitudes as defined
below shall be submitted to the purchaser for information.

13.1.1 Indications accompanied by a loss of back reflection
of 75 % of screen height. Similar loss in back reflection
without indications shall be scanned at lower frequencies; if
unsuccessful, the area shall be reported as “not inspected.”

13.1.2 Indications distinct from the normal noise level and
traveling to the left or right on the display with movement of
the transducer 1.0 in. [25 mm] or more over the surface of the
forging.

13.1.3 Indications equal to or exceeding 50 % of the appli-
cable reference acceptance curve (both straight and angle
beam).

14. Keywords

14.1 acceptance criteria; austenitic forgings; contact
method; ultrasonic examination

SUPPLEMENTARY REQUIREMENTS

Supplementary requirements shall apply only when specified by the purchaser in the inquiry or
order. Details of these supplementary requirements shall be agreed upon between the manufacturer
and the purchaser.

S1. Angle Beam Calibration Based on Final Thickness

S1.1 The depth of the calibration notch (see 12.1.2) shall be
based upon the final ordered thickness of the forging rather
than the thickness at the time of inspection.

S2. Surface Finish

S2.1 The surface finish shall not exceed 125 µin. (3.17 µm)
where the definition for surface finish is as per Specification
A788/A788M.
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Standard Test Method for
Ultrasonic Inspection of Aluminum-Alloy Plate for Pressure
Vessels

1. Scope

1.1 This test method covers pulse-echo ultrasonic inspection
of aluminum-alloy plate of thickness equal to or greater than
0.500 in. (12.7 mm) for use in the fabrication of pressure
vessels. The ultrasonic test is employed to detect gross internal
discontinuities oriented in a direction parallel to the rolled
surface such as cracks, ruptures, and laminations, and to
provide assurance that only plate that is free from rejectable
discontinuities is accepted for delivery.

1.2 The inspection method and acceptance criteria included
in this standard shall be limited to plate of the following
aluminum alloys: 1060, 1100, 3003, Alclad 3003, 3004, Alclad
3004, 5050, 5052, 5083, 5086, 5154, 5254, 5454, 5456, 5652,
6061, and Alclad 6061.

1.3 This test method applies only to ultrasonic tests using
pulsed longitudinal waves which are transmitted and received
by a search unit containing either a single crystal or a
combination of electrically interconnected multiple crystals.
Ultrasonic tests employing either the through-transmission or
the angle-beam techniques are not included.

1.4 This test method shall be used when ultrasonic inspec-
tion as prescribed herein is required by the contract, purchase
order, or referenced plate specification.

1.5 The values stated in inch-pound units are to be regarded
as standard. The values given in parentheses are mathematical
conversions to SI units that are provided for information only
and are not considered standard.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

1.7 This international standard was developed in accor-
dance with internationally recognized principles on standard-

ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 The following documents of the issue in effect on date
of material purchase form a part of this specification to the
extent referenced herein:

2.2 ASTM Standards:
E114 Practice for Ultrasonic Pulse-Echo Straight-Beam

Contact Testing
E214 Practice for Immersed Ultrasonic Testing by the Re-

flection Method Using Pulsed Longitudinal Waves (With-
drawn 2007)

E317 Practice for Evaluating Performance Characteristics of
Ultrasonic Pulse-Echo Testing Instruments and Systems
without the Use of Electronic Measurement Instruments

2.3 Other Standards:
ASNT Recommended Practice for Nondestructive Testing

Personnel Qualification and Certification—Ultrasonic
Testing Method—SNT-TC-1A

3. Summary of Method

3.1 The plate is inspected ultrasonically by scanning one
rolled surface with a beam of pulsed longitudinal waves which
is oriented in a direction perpendicular to the entry surface of
the plate. The ultrasound is transmitted into the plate either by
the direct contact, immersion, or liquid-column coupling
method. During the scan, an indication representing the first
back reflection is observed on the A-scan screen of the test
instrument.

3.2 When the test system sensitivity level is appropriately
adjusted, a discontinuity is detected during the scan by noting
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an isolated indication associated with a loss of the first back
reflection indication. The apparent size of the discontinuity is
determined by measuring the total area in the scanned entry
surface of the plate where the isolated indication and the loss
of back reflection persist. The estimated discontinuity size and
location are then compared with suitable acceptance criteria.

NOTE 1—Additional information describing ultrasonic tests by the
direct contact method and by the immersion method is available in
Practices E114 and E214.

4. Significance and Use

4.1 A number of factors such as the condition of the entry
and back surfaces of the plate, the inclination of the ultrasonic
beam with respect to the entry surface, and the performance
characteristics of the test system may cause either a reduction
of isolated indications or a substantial loss of back reflection
and thereby could seriously impair the reliability of the test
procedure outlined in this standard.

4.2 Accurate evaluations of discontinuity size also may be
limited significantly by variations in beam characteristics
which exist in most search units. For this reason, discontinuity
size as determined by the test procedure outlined in this method
is regarded as “apparent” or “estimated” in recognition of the
limited quantitative value of the measurement.

4.3 Because a large number of interacting variables in a test
system can adversely influence the results of an ultrasonic test,
the actual quantitative effects of detected discontinuities upon
the mechanical properties of the inspected plate are difficult to
establish. Consequently, this ultrasonic inspection method is
not applicable as an exclusive indicator of the ultimate quality
and performance of pressure vessels but provides a reliable
control of plate quality to avoid failure during the forming
process for fabrication of vessels.

5. Apparatus

5.1 Test Instrument—Any electronic device that produces
pulsed longitudinal waves and displays ultrasonic reflections
on an A-scan indicator when used with an appropriate search
unit is satisfactory. The instrument shall provide stable, linear
amplification of received pulses at a selected test frequency and
shall be free from significant interface signal interference at the
required sensitivity level.

5.2 Search Unit—The search unit recommended for this
standard is the flat nonfocusing type, and contains a piezoelec-
tric crystal which generates and receives longitudinal waves at
the rated frequency when connected to the test instrument
through a suitable coaxial cable. A dual-crystal search unit
containing both a transmitting and a receiving crystal in one
container may be used provided the test instrument will
accommodate two-crystal operation and the resulting pulse-
echo test is equivalent to that obtained with a search unit
containing a single-crystal.

5.2.1 The total effective area of the crystal or combination
of crystals in the search unit used for initial scanning shall not
be less than 0.4 in.2 (2.6 cm2) nor greater than 3.0 in.2 (19.4
cm2).

5.2.2 The effective diameter of the round search unit used to
evaluate discontinuity size shall not exceed 0.75 in. (19 mm).

NOTE 2—For control purposes, the performance characteristics of the
test instrument and search unit may be established in accordance with
procedures outlined in Practice E317.

5.3 Tank—For tests by the immersion method, any container
is satisfactory that will facilitate the accurate, stable position-
ing of both the search unit and the plate to be inspected.

5.4 Scanning Apparatus—During the inspection procedure,
the search unit is supported by any one of the following
devices. The scanning apparatus shall permit measurement of
both the scan distance and the index distance within 60.1 in.
(62 mm).

5.4.1 Manipulator and Bridge—When a manipulator is used
in tests by the immersion method, the manipulator shall
adequately support a search tube containing a search unit and
shall provide fine adjustment of angle within 1° in two vertical
planes that are perpendicular to each other. The bridge shall be
of sufficient strength to provide rigid support for the manipu-
lator and shall allow smooth, accurate positioning of the search
unit. Special search unit supporting fixtures may be used
provided they meet the requirements prescribed for a manipu-
lator and bridge.

5.4.2 Liquid Coupling Nozzle—For tests by the liquid-
column coupling method, the nozzle is usually positioned
manually and shall be capable of containing the couplant while
rigidly supporting the search unit with its active surface
immersed in the couplant. The couplant distance shall be
maintained so that the second couplant reflection is to the right
of the first back reflection on the instrument cathode ray tube
(CRT). The couplant path shall not vary more than 61⁄4 in.
(6.4 mm) during calibration, initial scanning, and discontinuity
evaluation. The recommended minimum inside dimension of
the nozzle is 1.0 in. (25 mm) greater than the maximum
dimension of the crystal surface in the search unit. Provisions
also should be included for adjustment of search unit inclina-
tion within 1° in two vertical planes that are perpendicular to
each other.

NOTE 3—Nozzles containing either sealed or unsealed openings may be
used for inspecting plate provided the test results obtained with either
device are equivalent to those obtained by the immersion method.

5.4.3 Contact Scanning Unit—During tests by the contact
method, the search unit usually is supported and positioned
manually on the entry surface of the inspected plate. However,
special fixtures for contact scanning may be employed pro-
vided their use ensures conformance to the requirements in this
specification.

5.5 Couplant—Clean, deaerated water at room temperature
is the recommended couplant for tests either by the immersion
method or by the liquid-column coupling technique. Inhibitors
or wetting agents or both may be used. For tests by the contact
method, the recommended couplant is clean, light-grade oil.

NOTE 4—Other coupling liquids may be employed for inspecting plate
provided their use does not adversely affect test results.

6. Personnel Requirements

6.1 The testing operator performing the ultrasonic examina-
tion prescribed in this standard shall be qualified and certified
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to at least a Level I—Ultrasonic Testing in accordance with the
ASNT Recommended Practice SNT-TC-1A.

6.2 The required documentation supporting qualification
and certification of ultrasonic testing operators shall be estab-
lished by the certifying agency and shall be available upon
request by the purchaser.

7. Condition of Plate

7.1 The entry and back surfaces of the inspected plate shall
be sufficiently clean, smooth, and flat to maintain a first back
reflection amplitude greater than 50 % of the initial standard-
ization amplitude while scanning an area in the plate that does
not contain significant isolated ultrasonic discontinuities.

7.2 The inspected plate shall be at room temperature during
the test.

8. Procedure

8.1 Preferred Method—The ultrasonic test may be per-
formed by either the liquid column coupling, the direct contact,
or the immersion methods. However, the immersion method is
preferred.

8.1.1 Maintain the couplant distance so that the second
couplant reflection is to the right of the first back reflection on
the instrument’s A-scan display. The couplant path shall not
vary more than 61⁄4 in. (6.4 mm) during calibration, initial
scanning, and discontinuity evaluation.

8.2 Test Frequency—When using any of the three methods
listed in 8.1, the recommended test frequency is 5.0 MHz.
Other test frequencies between 2.0 MHz and 10.0 MHz may be
employed when necessary to minimize possible adverse effects
of plate thickness, microstructure, and test system characteris-
tics upon test results and thereby maintain a clean, easily
interpreted A-scan screen pattern throughout the inspection.

8.3 Sensitivity Standardization—Standardize the sensitivity
level of the test system operating at the selected frequency by
adjusting the instrument gain control to obtain a first back
reflection amplitude of 75 6 5 % of the vertical limit exhibited
by the A-scan indicator when the search unit is positioned over
an area free from significant discontinuities in the plate to be
inspected. During tests by either the immersion method or the
liquid column coupling method, adjust the angular alignment
of the search unit to obtain a maximum number of back
reflections before the final sensitivity level is established.

8.4 Scanning—With no further adjustments of the instru-
ment gain controls, locate the search unit over one corner of the
plate to be inspected so that the edge of the crystal in the search
unit is about 1 in. (25 mm) from either edge of the plate.

8.4.1 Subsequent to checking the angular alignment of the
search unit with respect to the rolled entry surface to ensure a
maximum first back reflection, proceed to scan the plate
continuously by moving the search unit at a constant scanning
rate (see 8.6) from the initial starting position to the opposite
edge in a direction perpendicular to the predominant rolling
direction of the plate.

8.4.2 During the scan, note the occurrence of isolated
discontinuity indications and monitor the amplitude of the first
back reflection by continuously observing the A-scan indicator
screen.

NOTE 5—Auxiliary monitoring devices may be employed in the test
system to enhance detection reliability during the scan.

8.5 Scan Index—When the initial scan is completed, move
the search unit over a predetermined scan index distance in a
direction parallel to the predominant rolling direction of the
plate and proceed with a second scan along a line parallel to the
initial scanning direction while observing the test pattern on the
A-scan indicator screen. Calculate the scan index distance as
follows:

Scan index distance ~in.! , Si 5 0.810.7 Ds (1)

Scan index distance ~mm! , Si 5 2010.7 Ds (2)

where:
Ds = actual crystal diameter.

8.5.1 Continue the inspection by constantly observing the
test pattern on the A-scan indicator while successively scan-
ning the plate at a constant scanning rate in a direction
perpendicular to the predominant rolling direction of the plate
and indexing the search unit through the index distance
calculated in 8.5.

8.5.2 During the inspection procedure, check the test system
sensitivity standardization periodically by noting the amplitude
of the first back reflection when the search unit is repositioned
over the reference area of the plate and by adjusting the
instrument gain control as required to maintain the sensitivity
standardization specified previously in 8.3.

8.6 Scanning Rate—When the screen pattern on the A-scan
indicator is monitored visually by the test operator during the
inspection, the scanning rate shall not be greater than 12 in./s
(305 mm/s).

NOTE 6—Scanning rates greater than 12 in./s (305 mm/s) may be
employed if auxiliary monitoring apparatus is used to maintain adequate
detection reliability.

8.7 Detection of Discontinuities—When an isolated ultra-
sonic indication of amplitude greater than 30 % of the A-scan
vertical limit is encountered or when the first back reflection
indication decreases to an amplitude less than 5 % of the
vertical limit at any time during the inspection procedure, stop
the scan and angulate the search unit to obtain a maximum
isolated indication and to determine that the loss of back
reflection is not caused by misalignment of the search unit with
respect to the plate.

8.7.1 To ensure that the loss of back reflection is not caused
by surface interference, check the condition of both the entry
and back surfaces of the plate at the location where a
substantial (95 % or greater) loss of back reflection occurs.

8.7.2 Either a maximized isolated ultrasonic indication ex-
hibiting an amplitude greater than 50 % of the amplitude of the
initial first back reflection used for standardization, or a
substantial loss of the first back reflection indication not
attributable to either search unit misalignment or surface
interference, is an indication of an internal discontinuity.
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NOTE 7—Isolated indications occurring midway between the entry
surface indication and the first back reflection may cause a second
indication at the location of the first back reflection on the A-scan screen.
When this condition is verified by checking the multiple back reflection
pattern, a complete loss of the first back reflection can be assumed.

8.8 Estimation of Discontinuity Size—Note the location of
the search unit where the scan was stopped when either an
isolated indication or a loss of back reflection was observed.

8.8.1 Using a search unit containing a crystal of effective
diameter no greater than 0.75 in. (19 mm), make an evaluation
scan of an entire 6-in. (152-mm) square area which is centered
around the point on the plate entry surface where the scan was
discontinued. The recommended index distance for this evalu-
ation is as follows: Si (in. or mm) = 0.7 Ds, where Ds is the
actual diameter of the search unit crystal.

8.8.2 To determine the apparent size of the discontinuity,
mark each location corresponding to the center of the search
unit on the plate entry surface where a 95 6 5 % loss of first
back reflection is observed or where the isolated indication
exhibits an amplitude equal to 50 6 5 % of the amplitude of
the initial first back reflection established during the standard-
ization procedure outlined in 8.3.

8.8.3 Continue to mark the location of the search unit at
each point where either or both of the discontinuity conditions
specified in paragraph 8.8.2 are observed. The entire disconti-
nuity shall be outlined even if it extends beyond the original
6-in. (152-mm) square evaluation scan area.

8.8.4 The estimated discontinuity size is the area defined by
the boundary consisting of successive marks as established by
this procedure.

NOTE 8—Automatic recording devices may be used to establish the
estimated size of a discontinuity provided the recorded results are
equivalent to those obtained by the procedure presented in 8.8.

8.9 When the estimated size of a detected discontinuity is
determined, return the search unit to the original stopping
position and continue the initial scan to complete the inspec-
tion.

9. Acceptance Standards

9.1 Upon completing the inspection procedure, measure the
longest dimension of each marked area representing a detected
discontinuity. Also, when an engineering drawing showing the
part to be fabricated from the plate is supplied, compare the
locations of the discontinuities with the dimensions on the
drawing.

9.2 If the longest dimension of the marked area representing
a discontinuity causing a complete loss of back reflection

(95 % or greater) exceeds 1.0 in. (25 mm), the discontinuity is
considered to be significant and the plate shall be subject to
rejection.

9.3 If the length of the marked area representing a discon-
tinuity causing an isolated ultrasonic indication without a
complete loss of back reflection (95 % or greater) exceeds 3.0
in. (76 mm), the discontinuity is considered to be significant
and the plate shall be subject to rejection.

9.4 If each of two marked areas representing two adjacent
discontinuities causing isolated ultrasonic indications without a
complete loss of back reflection (95 % or greater) is longer
than 1.0 in., and if they are located within 3.0 in. of each other,
the proximity between the two discontinuities is considered to
be significant, and the plate shall be subject to rejection.

NOTE 9—A template containing a 1.0-in. diameter hole and a 3.0-in.
diameter hole is a convenient device for rapidly establishing the signifi-
cance of discontinuities. If the discontinuities described in 9.2 and 9.3
cannot be totally enclosed within either the 1.0-in. diameter circle or the
3.0-in. diameter circle, respectively, then the plate containing such
discontinuities shall be subject to rejection. Similarly, if any portions of
two adjacent discontinuities greater than 1.0 in. in length as in accordance
with 9.4 appear within the 3.0-in. diameter circle, the plate shall be subject
to rejection.

9.5 A plate containing significant discontinuities of reject-
able size shall be acceptable if it is established by the purchaser
that the discontinuities will be removed from the plate by
machining during the subsequent fabrication process.

9.6 Upon specific consent of the purchaser, a plate with
significant discontinuities may be accepted if repaired by
welding.

10. Report

10.1 When required by the purchaser, a report shall be
prepared and shall include the date of test and a list of
parameters including the type (model number) of instrument
and search unit, the test method, frequency, and the couplant
employed for the inspection.

10.2 Preparation of a drawing showing the location of all
significant discontinuities in the inspected plate is recom-
mended when the ultimate rejection or acceptance of the plate
is to be determined by negotiation between the manufacturer
and the purchaser.

10.3 The identification of an acceptable plate is desirable
and is recommended. For this purpose, a suitable stamp should
be employed to indicate conformance to this ultrasonic stan-
dard. The recommended stamp for identifying acceptable plate
is shown in Fig. 1.
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FIG. 1 Stamp for Identifying Acceptable Plate
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Standard Practice for
Nondestructive Measurement of Dry Film Thickness of
Nonmagnetic Coatings Applied to Ferrous Metals and
Nonmagnetic, Nonconductive Coatings Applied to Non-
Ferrous Metals

1. Scope

1.1 This practice describes the use of magnetic and eddy
current gages for dry film thickness measurement. This prac-
tice is intended to supplement the manufacturers’ instructions
for the manual operation of the gages and is not intended to
replace them. It includes definitions of key terms, reference
documents, the significance and use of the practice, the
advantages and limitations of coating thickness gages, and a
description of test specimens. It describes the methods and
recommended frequency for verifying the accuracy of gages
and for adjusting the equipment and lists the reporting recom-
mendations.

1.2 These procedures are not applicable to coatings that will
be readily deformed under the load of the measuring gages/
probes, as the gage probe must be placed directly on the
coating surface to obtain a reading. Provisions for measuring
on soft or tacky coatings are described in 5.7.

1.3 Coating thickness can be measured using a variety of
gages. These gages are categorized as “magnetic pull-off” and
“electronic.” They use a sensing probe or magnet to measure
the gap (distance) between the base metal and the probe. This
measured distance is displayed as coating thickness by the
gages.

1.4 Coating thickness can vary widely across a surface. As
a result, obtaining single-point measurements may not accu-
rately represent the actual coating system thickness. SSPC-PA
2 prescribes a frequency of coating thickness measurement
based on the size of the area coated. A frequency of measure-
ment for coated steel beams (girders) and coated test panels is
also provided in the appendices to SSPC-PA 2. The governing
specification is responsible for providing the user with the

minimum and the maximum coating thickness for each layer,
and for the total coating system.

1.5 The values stated in SI units are to be regarded as
standard. The values given in parentheses after SI units are
provided for information only and are not considered standard.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.7 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
D609 Practice for Preparation of Cold-Rolled Steel Panels

for Testing Paint, Varnish, Conversion Coatings, and
Related Coating Products

D823 Practices for Producing Films of Uniform Thickness
of Paint, Coatings and Related Products on Test Panels

D1730 Practices for Preparation of Aluminum and
Aluminum-Alloy Surfaces for Painting

2.2 SSPC Standard:
SSPC-PA 2 Procedure for Determining Conformance to Dry

Coating Thickness Requirements
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2.3 ISO Standard:
ISO 19840 Paints and varnishes—corrosion protection of

steel structures by protective paint systems—
Measurement of, and acceptance criteria for, the thickness
of dry films on rough surfaces

3. Terminology

3.1 Definitions of Terms Specific to This Standard:
3.1.1 accuracy, n—the measure of the magnitude of error

between the result of a measurement and the true thickness of
the item being measured.

3.1.1.1 Discussion—An accuracy statement predicts the
ability of a coating thickness gage to measure the true thickness
of a coating to be measured. Accuracy statements provide the
performance capability across the full functional measurement
range of the gage. Accuracy statements frequently include a
fixed portion that remains constant across the measurement
range, plus a variable portion that is related to the measurement
result for a particular thickness.

3.1.2 adjustment (optimization), n—the physical act of
aligning a gage’s thickness readings to match those of a known
thickness sample (removal of bias), in order to improve the
accuracy of the gage on a specific surface or within a specific
portion of its measurement range.

3.1.2.1 Discussion—An adjustment will affect the outcome
of subsequent readings.

3.1.3 base metal reading (BMR), n—a measurement ob-
tained on the uncoated substrate using a coating thickness
gage.

3.1.3.1 Discussion—The BMR is the determined effect of
substrate roughness on a coating thickness gage that is caused
by the manufacturing process (for example, castings) or
surface profile (roughness)-producing operations (for example,
power tool cleaning, abrasive blast cleaning, etc.). Non-
compensation for the base metal effect can result in an
overstatement of the true thickness of the coating.

3.1.4 calibration, n—the high-level, controlled and docu-
mented process of obtaining measurements on traceable cali-
bration standards over the full operating range of the gage, then
making the necessary gage adjustments (as required) to correct
any out-of-tolerance conditions.

3.1.4.1 Discussion—Calibration of coating thickness gages
is performed by the equipment manufacturer, their authorized
agent, or by an accredited calibration laboratory in a controlled
environment using a documented process. The outcome of the
calibration process is to restore/realign the gage to meet/exceed
the manufacturer’s stated accuracy.

3.1.5 certification, n—documentation of the state of condi-
tion of the gage, which can (but not required by definition) be
accompanied by corrective action (such as adjustment or
calibration, or both, or the replacement of components) neces-
sary to correct any out-of-tolerance conditions.

3.1.6 coating thickness standard, n—coated or plated metal
plates, or uncoated shims of flat sheet, with assigned values
traceable to a National Metrology Institution.

3.1.6.1 Discussion—In the case of the eddy current
principle, the coating and shim material must be non-metallic,
whereas in the case of the magnetic induction and the Hall-
effect methods the material must be nonmagnetic.

3.1.7 compensation value, n—generating a verifiable value,
which is deducted from a measured value read from the gage,
to correct for any surface conditions (that is, base metal effect).

3.1.8 dry film thickness, n—the thickness of a coating (or
coating layers) as measured from the surface of the substrate.

3.1.8.1 Discussion—If the surface of the substrate is
roughened, the dry film thickness is considered the thickness of
the coating or coating layers above the peaks of the surface
profile.

3.1.9 ferrous, n—containing iron.
3.1.9.1 Discussion—Describes a magnetic material such as

carbon steel. That material may also be known as ferromag-
netic.

3.1.10 gage (gauge), n—an instrument for measuring
quantity, or an instrument for testing.

3.1.10.1 Discussion—In this practice, the term “gage” refers
to an instrument for quantifying coating thickness.

3.1.11 manufacturer’s specifications, n—a statement or set
of statements that describes the performance characteristics of
the gage under a given set of conditions.

3.1.11.1 Discussion—Manufacturer’s specifications typi-
cally include the range of measurement, accuracy statement,
operating temperature range, power source, dimensions and
weight, and conformance to industry standards.

3.1.12 measurement (reading), n—the value obtained when
placing the probe of a thickness gage in contact with a surface.

3.1.13 micrometer (micron), n—one one-thousandth of a
millimeter [0.001 mm]; 25.4 microns = 1 mil.

3.1.14 mil, n—a U.S. term referring to the imperial unit of
measure of one one-thousandth of an inch [0.001 in.] referred
to elsewhere in the world as “one thou;” 1 mil = 25.4 microns.

3.1.15 nonconductive, n—a material that is unable to con-
duct electricity.

3.1.16 non-ferrous metal, n—a nonmagnetic metal or metal
alloy (for example, copper, aluminum or brass).

3.1.17 reference sample, n—a coated or uncoated metal
specimen of the same material and geometry as the specific
measuring application used to adjust and/or verify the accuracy
of a coating thickness measuring gage for a specific project.

3.1.17.1 Discussion—A coated reference sample may or
may not have thickness values traceable to a National Metrol-
ogy Institution. However, the reference sample should be
marked with the stated value and the degree of accuracy. The
coating thickness of the sample should be close to the user’s
coating thickness measurement requirement.

3.1.18 shims (foils), n—strips of flat sheet, with the thick-
ness stated or referenced in some form, which can be used to
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adjust a Type 2 coating thickness gage in the intended range of
use over the surface of the representative substrate material.

3.1.18.1 Discussion—Other uses with Type 2 gages include:
placement over soft coatings to obtain thickness measurements
without the gage probe depressing the coating film, and
verification of gage operation.

3.1.19 substrate, n—the base material, the type of surface,
or the component that is being coated.

NOTE 1—This practice addresses only metal substrates.

3.1.20 surface profile, n—surface texture generated during
the manufacturing process (for example, casting), or the
peak-to-valley depth generated by some power tools and by
abrasive blast cleaning operations.

3.1.21 Type 1 (pull-off) gage, n—a magnetic pull-off instru-
ment that measures the dry film thickness of nonmagnetic
coatings over a ferrous metal base.

3.1.21.1 Discussion—For Type 1 gages, a probe containing
a permanent magnet is brought into direct contact with the
coated surface. The force necessary to pull the magnet from the
surface is measured and interpreted as the coating thickness
value on a scale or display on the gage. Less force is required
to remove the magnet from a thick coating. The scale is
nonlinear.

3.1.22 Type 2 (electronic) gage, n—an electronic instrument
that uses electronic circuitry and (but not limited to) the
magnetic induction, Hall-effect or eddy current principles, or a
combination of a magnetic and eddy current principles, to
convert a reference signal into a coating thickness reading.

3.1.22.1 Discussion—The probe of a Type 2 gage remains
on the surface during the measurement process.

3.1.23 verification of accuracy, n—obtaining measurements
on coating thickness standards, comprising of at least one
thickness value close to the expected coating thickness, prior to
gage use for the purpose of determining the ability of the
coating thickness gage to produce thickness results within the
gage manufacturer’s stated accuracy.

4. Significance and Use

4.1 This practice describes three operational steps necessary
to ensure accurate coating thickness measurement: calibration,
verification and adjustment of coating thickness measuring
gages, as well as proper methods for obtaining coating thick-
ness measurements on both ferrous and non-ferrous metal
substrates.

4.2 Many specifications for commercial and industrial coat-
ings projects stipulate a minimum and a maximum dry film
thickness for each layer in a coating system. Additionally, most
manufacturers of high performance coatings will warranty
coating systems based upon, in part, achieving the proper
thickness of each layer and the total coating system. Even if a
project specification is not provided, the coating manufactur-
er’s recommendations published on product data sheets can
become the governing document(s). Equipment manufacturers
produce nondestructive coating thickness testing gages that are
used to measure the cumulative or individual thickness of the
coating layers, after they are dry. The manufacturers provide

information for the adjustment and use of these gages, nor-
mally in the form of operating instructions. The user of this
equipment must be knowledgeable in the proper operation of
these devices, including methods for verifying the accuracy of
the equipment prior to, during and after use as well as
measurement procedures.

5. Principles, Advantages, and Limitations of Gages

5.1 Type 1 magnetic pull-off gages employ an attraction
principle and a static (non-time varying) magnetic field. These
mechanical instruments measure the force required to pull a
permanent magnet from a coated ferrous metal substrate. The
magnetic force of attraction to the steel substrate beneath the
coating is opposed by a spring or coil. Tension is applied to the
spring/coil until the magnetic attraction to the steel is over-
come. The gage must be placed directly on the coated surface
to obtain a measurement. The force holding the permanent
magnet to the ferrous base is inversely proportional to the
thickness of the coating layer(s) between the magnet and the
ferrous substrate. For example, a thin coating applied to a
ferrous substrate will require greater spring tension to pull the
magnet off than will a thicker coating, since the magnet is
closer to the ferrous substrate with the thinner coating. This
inverse relationship is reflected on the nonlinear gage scale.
Most Type 1 magnetic pull-off gages do not require a power
source (for example, batteries). The manufacturer’s stated
accuracy is typically 5 to 10 % of the reading.

5.2 Type 1 magnetic pull-off gages are susceptible to
vibrations, which may cause the magnet to release from the
coated substrate prematurely, yielding a false high value. The
manually operated gages may be susceptible to human error
caused by inadvertently turning the dial wheel past the point at
which the magnet pulls from the surface, yielding a false low
measurement. Type 1 gages should not be used on soft or tacky
coatings, as the magnet may adhere to the coating causing false
low measurements, or coating materials may dry on the magnet
causing false high measurements. The exposed magnet may
attract metal filings, which can contaminate the magnet and
cause false high measurements. Type 1 gages cannot be used to
measure the thickness of coatings applied to non-ferrous metal
substrates. The manufacturer’s specifications will contain a
temperature operating range. Use of the gage outside of this
range may generate false coating thickness measurements and
may damage the instrument.

5.3 Type 2 gages are instruments that employ a measuring
probe and the magnetic induction, Hall-effect or eddy current
measurement principle in conjunction with electronic micro-
processors to produce a coating thickness measurement. The
gage probe must be placed directly (in a perpendicular posi-
tion) on the coated surface to obtain a measurement.

5.3.1 For gages measuring on ferrous substrates, the mag-
netic induction or Hall-effect principles are used to measure a
change in magnetic field strength within their probes to
produce a coating thickness measurement. These gages deter-
mine the effect on the magnetic field generated by the probe
due to the proximity of the substrate.

5.3.2 For gages measuring on non-ferrous metals, the gage
probe coil is energized by alternating current that induces eddy
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currents in the metal substrate. The eddy currents in turn create
a secondary magnetic field within the substrate. The character-
istics of this secondary field are dependent upon the distance
between the probe and the basis metal. This distance (gap) is
measured by the probe and shown on the gage display as the
thickness (microns or mils) of the intervening coating. Note
that gages/probes for measuring coating thickness on non-
ferrous metals should not be used to measure coating thickness
on ferrous surfaces, even though a reading may be displayed.

5.4 Type 2 gages are available with integral or separate
(wired or wireless) probes, and they can be used to measure
coating thickness on ferrous or non-ferrous metal substrates, or
both, depending on the probes supported by the particular gage
platform. The thickness of the coating is displayed digitally. In
general, access to tight areas is easier with Type 2 gages,
especially those equipped with separate or remote probes. Type
2 gages are available with memory, measurement batching,
statistical analysis packages and data download/print-out. The
manufacturer’s stated accuracy is typically 1 to 3 % of the
reading.

5.5 Instruments using either a magnetic or eddy current
principle measure total film thickness only. In multi-layer
coating systems the thickness of each layer must be measured
after it is applied. Even then, the thickness of the measured
layer is the cumulative thickness of that layer and all layers
beneath it, down to the base metal.

5.5.1 Some instruments employ both principles and may be
capable of measuring the individual thickness of two layers
such as paint over zinc (duplex coating) on steel.

5.6 Most electronic coating thickness measuring gages can
be verified for accuracy using coating thickness standards.
Gages that cannot be adjusted by the user should be returned to
the manufacturer or their authorized agent for calibration if the
readings obtained on the coating thickness standards are
outside of the combined accuracy of the standard and the
manufacturer’s stated gage accuracy.

5.6.1 Gage operation should be verified on a prepared,
uncoated substrate having the same composition, shape and
surface profile to which the coating will be applied to, for the
intended range of use. If necessary, the gage should be adjusted
as described in 7.4.

5.7 Type 2 gages should not be used directly on soft or tacky
coatings, unless expressly designed for this application, as the
pressure on the probe can indent the coating yielding false low
measurements, or coating materials may contaminate the probe
yielding false high measurements. A shim of known thickness
can be placed on top of the soft/tacky coating film and a
measurement of the coating thickness obtained by subtracting
the shim thickness from the total measurement of the shim and
the coating. Note that some Type 2 gages can be programmed
to automatically deduct the shim thickness (known as “zero
offset”). Type 2 gages may be sensitive (to some degree) to
substrate effects including, but not limited to edges, corners
and holes in the substrate, as well as substrate thickness. The
manufacturer’s specifications will contain a temperature oper-
ating range. Use of the gage or the probe outside of this range

may generate false coating thickness measurements and may
damage the instrument.

5.8 Coating thickness measurement accuracy can also be
affected by, but is not limited to, the factors listed below.
Consult the instrument manufacturer for details on the specific
effects of these factors and how they are addressed by the
instrument.

5.8.1 Curvature—The influence of curvature varies consid-
erably with the make and type of instrument but often becomes
more pronounced as the radius of curvature decreases.

5.8.2 Foreign Particles—Instruments of all types must
make physical contact with the test surface and are, therefore,
sensitive to foreign material that prevents intimate contact
between probe and coating surface. Both the test surface and
instrument probe should be kept free of foreign material.

5.8.3 Stray Magnetic Fields—Strong stray magnetic fields,
such as are produced by various types of electrical equipment,
can seriously interfere with the operation of instruments based
on magnetic principles.

5.8.4 Metal-filled Coatings—Instruments may produce erro-
neous results depending on the type and amount of metal in the
coating film.

5.8.5 Electrical Properties of the Basis Metal—Eddy cur-
rent measurements are affected by the electrical conductivity of
the base metal, which itself is often affected by heat treatments.
Instruments and probes are available that compensate for base
material influence thus automatically avoiding such errors.

5.8.6 Pressure—The pressure with which the probe is ap-
plied to the test specimen affects the instrument readings and
should therefore be kept constant.

6. Test Specimen

6.1 The test specimen can be the coated structure or
component/part on which the thickness is to be evaluated, or
can be test panels of similar surface profile, shape, thickness,
composition and magnetic properties on which it is desired to
measure the coating thickness.

NOTE 2—Applicable test panel description and surface preparation
methods are given in Practices D609 and D1730.

NOTE 3—Coatings should be applied in accordance with Practices D823
or as agreed upon between the contracting parties.

NOTE 4—Test panels may be fabricated from thin gage materials and
special consideration for gage adjustment may be required.

7. Frequency and Methods for Verifying the Accuracy
and for Adjusting a Coating Thickness Gage

7.1 Three operational steps are necessary to ensure accurate
coating thickness measurement: calibration, verification of
accuracy, and adjustment.

7.2 Calibration—Calibration of coating thickness gages is
performed by the equipment manufacturer, their authorized
agent, or by an accredited calibration laboratory in a controlled
environment using a documented process. A Certificate of
Calibration showing traceability to a National Metrology
Institute can be issued. There is no standard time interval for
re-calibration, nor is one absolutely required, but a calibration
interval can be established based on experience and the work
environment. A one-year calibration interval is a typical
frequency suggested by many gage manufacturers.



ASME BPVC.V-2023ARTICLE 23, SD-7091

622

7.3 Verification of Accuracy—Before use, each instrument’s
calibration accuracy shall be verified by the user in accordance
with the instructions of the manufacturer, employing suitable
coating thickness standards and, if necessary, any deficiencies
found shall be corrected. The gage should be verified for
accuracy in the intended range of use. Also, the probe should
be examined for cleanliness before verifying the accuracy and
before obtaining coating thickness measurements.

7.3.1 If the gage readings obtained during verification are
outside the combined accuracy of the coating thickness stan-
dard and the manufacturer’s stated gage accuracy, the gage
should be returned to the manufacturer or their authorized
agent for repair and calibration.

7.3.2 For example, if the gage accuracy is 65 % and the
standards accuracy is 65 %, then the combined accuracy of the
gage and the standard will be 67 % as given by the sum of the
squares formula:

=52152 5 7.071 or approximately 7 % (1)

7.3.2.1 For the gage to be in agreement with the standard,
the average thickness measured by the gage must be within
67 % of the standard’s thickness. If the average thickness
measured on a 254 µm [10 mil] standard is between 236 µm
[9.3 mils] and 272 µm [10.7 mils], the gage is properly
adjusted. The minimum value of 236 µm is calculated as 254
µm minus 7 % of 254 µm [9.3 mils is 10 mils minus 7 % of 10
mils]; the maximum of 272 µm is 254 µm plus 7 % of 254 µm
[10.7 mils is 10 mils plus 7 % of 10 mils]. Otherwise the
accuracy of the gage is suspect.

7.3.3 Unless explicitly permitted by the gage manufacturer,
shims of plastic or of non-magnetic metals which are accept-
able for verifying the accuracy of Type 2 (electronic) gages are
not used for verifying the accuracy of Type 1 (pull-off) gages.

7.3.4 Since Type 1 gages are verified for accuracy using
smooth-surfaced standards (or using a smooth zero plate), a
compensation value may be required if the substrate to be
coated is different from the standard (such as, but not limited
to, curvature or composition) or roughened from the manufac-
turing process (for example, casting) or from abrasive blast
cleaning. This is known as a Base Metal Reading or BMR. The
BMR is the effect of substrate (for example, surface profile) on
a coating thickness gage. The user obtains a minimum of ten
(10) readings on the prepared, uncoated substrate. The arith-
metic mean of these values becomes the Base Metal Reading.
The BMR is deducted from the coating thickness values in
order to report the thickness of the coating layer(s) over the
surface profile.

7.4 Adjustment—Many instruments can be adjusted by the
user in order to improve their accuracy on a specific surface or
within a specific portion of its measurement range. In most
instances it should only be necessary to check zero on the
uncoated substrate and begin measuring. However the effects
of properties of the substrate (composition, magnetic
properties, shape, surface profile, edge effects) and coating
(composition, mass, surface texture), as well as ambient and
surface temperatures, may require adjustments to be made to
the instrument. Follow the manufacturer’s instructions.

7.4.1 The user should never adjust Type 1 coating thickness
gages.

7.4.2 Most Type 2 gages can be adjusted using either a
one-point or a two-point procedure.

7.4.2.1 Adjustment of Type 2 Gages Using a One-Point
Procedure—A one-point adjustment involves fixing the instru-
ment’s calibration curve at one point after taking several
readings on a single coating thickness standard or reference
sample. Adjusting to zero on an uncoated sample of the test
specimen is the simplest form of a one-point adjustment. If the
user elects to perform a one-point adjustment procedure to a
known thickness, a reference sample representing the target
range of gage use should be selected and a measurement taken.
No adjustment is necessary if the value displayed by the gage
is within the combined accuracy of the reference sample and
the manufacturer’s stated gage accuracy (see 7.3.2). If the gage
reading is outside of the combined accuracy of reference
sample and the manufacturer’s stated gage accuracy, then the
user should carefully follow the gage manufacturer’s instruc-
tions for proper adjustment, as the actual step-by-step proce-
dures vary widely.

7.4.2.2 Adjustment of Type 2 Gages Using a Two-Point
Procedure—A two-point adjustment fixes the instrument’s
calibration curve at two known thicknesses. Coated reference
samples or shims placed over the uncoated substrate or over an
uncoated reference sample may be used. The two thicknesses
selected must be on either side of the expected coating
thickness. The user should carefully follow the gage manufac-
turer’s instructions for performing a two-point adjustment, as
the actual step-by-step procedures vary widely.

NOTE 5—ISO 19840 describes the use of a profile correction value
when access to the uncoated substrate is not available.

8. Frequency for Measurement of Coating Thickness

8.1 Thickness is determined by placing the probe of the
instrument onto the surface of the coated metal material and
obtaining the thickness measurement in accordance with the
manufacturer’s instructions.

8.2 The thickness of a coating or a coating system can vary
from area to area on a structure or part. Accordingly, it is
recommended that a number of measurements be obtained and
the arithmetic mean calculated to determine the high, low, and
average coating thickness in a given area. SSPC-PA 2 pre-
scribes a frequency of coating thickness measurement based on
the size of the area coated.

8.3 For small parts or components, the number of coating
thickness measurements is typically based on the criticality of
the application, and should be as agreed upon between the
purchaser and seller.

8.4 For mass quantities of manufactured products, the
frequency of coating thickness measurement is dictated by the
volume produced and should be based on statistical process
control (SPC) calculations for sample size selection.

9. Report

9.1 The following items should be reported:
9.1.1 Type of instrument used including manufacturer,

model number, serial number, and date of calibration,
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9.1.2 Type of coating thickness standard or reference
standard, or both, together with the method used for accuracy
verification or any adjustment, or both,

9.1.3 Size and description of test specimen,
9.1.4 Base Metal Reading (if appropriate),
9.1.5 The value of each measurement (if appropriate),
9.1.6 Operator identification, and

9.1.7 Date of the inspection.

10. Keywords

10.1 coatings; coating thickness; dry film thickness; eddy
current thickness gages; magnetic gages; magnetic method;
nondestructive thickness; paint thickness; thickness testing

APPENDIXES

(Nonmandatory Information)

X1. PRECAUTIONS REGARDING VERIFICATION OF GAGE ACCURACY

X1.1 When selecting shims to verify the accuracy of Type 2
coating thickness gages, it is necessary to be aware of
additional characteristics that can affect the measured values.
These factors include, but are not limited to:

X1.1.1 Permanent creases in the shim due to folding,

X1.1.2 Air entrapment between the shim and substrate,

X1.1.3 Distortion due to environmental conditions, such as
temperature, and

X1.1.4 Shim thickness inconsistency (due to the pressure of
the probe tip) that may be a permanent “dimple” in the shim.

X1.2 Even with these factors, in many applications, verifi-
cation of gage accuracy using shims directly on the sample to
be measured can be more appropriate than using plated or
coated standards. Some gage manufacturers produce certified
shims.

X1.3 Independent of what standard is employed, they
should be periodically verified to ensure the assigned value is
correct. Even coated metal plates can wear or be damaged to an
extent that gage readings are affected.

X1.4 When verifying the accuracy of magnetic gages on
coated steel standards it is important to be aware of the effect
of the coating on some types of magnetic gages. For best
accuracy when measuring with magnetic induction principle
gages, consider the following:

X1.4.1 Verify gage accuracy on metal plated (conductive
coating) standards when measuring conductive coatings (for
example, chrome and zinc); verify gage accuracy on epoxy
coated (non-conductive) standards when measuring non-
conductive coatings (for example, paint).

X1.4.2 Gages that use the Hall-effect principle are not
affected by the conductive nature of the coating.

X2. USE OF INSTRUMENTATION WITH SCANNING CAPABILITY

X2.1 Some Type 2 gages are capable of scanning. These
gages continuously take measurements while the probe is in
contact with the coating until the probe is lifted clear. Often,
gages using this methodology will display statistics such as the
average, minimum, and maximum coating thickness measure-
ment in the scanned area.

X2.2 Consideration of the scan rate and scan length needs to
be made when determining an inspection method using instru-

ments capable of scanning. For example; if a probe can take
120 readings per minute while it is in contact with the
coating/substrate, then a scan length of 1 m (3 ft) at a rate of
0.3 m ⁄s (1 ft ⁄s), a scan of 3 s duration, will result in six
readings, from which the average is calculated.

X2.3 SSPC-PA 2, Appendix 10 describes a protocol for
obtaining a greater population of coating thickness measure-
ments using Type 2 gages with scanning capability.
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Standard Practice for
Ultrasonic Testing of Metal Pipe and Tubing

1. Scope

1.1 This practice covers a procedure for detecting discon-
tinuities in metal pipe and tubing during a volumetric exami-
nation using ultrasonic methods. Specific techniques of the
ultrasonic method to which this practice applies include
pulse-reflection techniques, both contact and non-contact (for
example, as described in Guide E1774 and Practice E1816),
and angle beam immersion techniques, both conventional and
phased array. Artificial reflectors consisting of longitudinal,
and, when specified by the using party or parties, transverse
reference notches placed on the surfaces of a reference
standard are employed as the primary means of standardizing
the ultrasonic system.

1.2 This practice is intended for use with tubular products
having outside diameters approximately 1⁄2 in. (12.7 mm) and
larger, provided that the examination parameters comply with
and satisfy the requirements of Section 11. These procedures
have been successful with smaller sizes. These may be speci-
fied upon contractual agreement between the using parties.
These procedures are intended to ensure that proper beam
angles and beam shapes are used to provide full volume
coverage of pipes and tubes, including those with low ratios of
outside diameter-to-wall thickness, and to avoid spurious
signal responses when examining small-diameter, thin-wall
tubes.

1.3 The procedure in Annex A1 is applicable to pipe and
tubing used in nuclear and other special and safety applica-
tions. The procedure in Annex A2 may be used to determine
the helical scan pitch.

1.4 This practice does not establish acceptance criteria; they
must be specified by the using party or parties.

1.5 Units—The values stated in inch-pound units are to be
regarded as standard. The values given in parentheses are
mathematical conversions to SI units that are provided for
information only and are not considered standard.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.7 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E543 Specification for Agencies Performing Nondestructive

Testing
E1065 Practice for Evaluating Characteristics of Ultrasonic

Search Units
E1316 Terminology for Nondestructive Examinations
E1774 Guide for Electromagnetic Acoustic Transducers

(EMATs)
E1816 Practice for Measuring thickness by Pulse-Echo Elec-

tromagnetic Acoustic Transducer (EMAT) Methods
2.2 ASNT Documents:
Recommended Practice SNT-TC-1A for Nondestructive

Testing Personnel Qualification and Certification
ANSI/ASNT CP-189 Standard for Qualification and Certifi-

cation of Nondestructive Testing Personnel
2.3 ISO Standard:
ISO 9712 Non-destructive Testing— Qualification and Cer-

tification of NDT Personnel
2.4 AIA Document:
NAS 410 Certification and Qualification of Nondestructive

Testing Personnel
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3. Terminology

3.1 Definitions—For definitions of terms used in this
practice, see Terminology E1316.

4. Summary of Practice

4.1 A pulsed ultrasonic angle beam by means of non-
contact, surface contact, or immersion method shall be used.
Fig. 1 illustrates the characteristic ultrasonic angle beam entry
into the wall of a pipe or tube in the circumferential direction
to detect longitudinal discontinuities using a single search unit.
Fig. 2 illustrates the characteristic angle beam ultrasound entry
into the wall of a pipe or tube in the axial direction to search
for transverse discontinuities using a single search unit.

NOTE 1—The immersion method may include tanks, wheel search units,
or systems that use streams or columns of liquid to couple the ultrasonic
energy from the search unit to the material.

4.2 To ensure detection of discontinuities that may not
provide a favorable response from one side, scanning shall be
performed in both circumferential directions for longitudinal
discontinuities and when an axial scan is specified by the using
party or parties, in both axial directions for transverse discon-
tinuities.

4.3 For efficient examination of large quantities of material,
multiple search units and instruments may be used simultane-
ously to perform scanning in the required directions. Multiple
search units may be employed for “interlaced” scanning in
each required direction to enable higher examination rates to be
achieved through higher allowable scan index or “pitch.”

5. Significance and Use

5.1 The purpose of this practice is to outline a procedure for
detecting and locating significant discontinuities such as pits,
voids, inclusions, cracks, splits, etc., by the ultrasonic pulse-
reflection method.

6. Basis of Application

6.1 The following items are subject to contractual agree-
ment between the parties using or referencing this practice.

6.2 If specified in the contractual agreement, personnel
performing examinations to this practice shall be qualified in
accordance with a nationally recognized NDT personnel quali-
fication practice or standard such as ANSI/ASNT-CP-189,
SNT-TC-1A, ISO 9712, NAS 410, or a similar document and
certified by the employer or certifying agency, as applicable.
The practice or standard used and its applicable revision shall
be identified in the contractual agreement between the using
parties.

6.3 Qualification of Nondestructive Agencies—If specified
in the contractual agreement, NDT agencies shall be qualified
and evaluated as described in Specification E543. The appli-
cable edition of Specification E543 shall be specified in the
contractual agreement.

6.4 Size and type of pipe or tubing to be examined.

6.5 Procedures and Techniques—The procedures and tech-
niques to be utilized shall be as specified in the contractual
agreement and should include:

FIG. 1 Circumferential Propagation of Sound in a Pipe or Tube Wall
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6.5.1 Type, dimension, location, and number of reference
reflectors to be placed in the reference standard,

6.5.2 Method(s) for measuring side versus side acoustic
response of reference notches and tolerance limits,

6.5.3 Items that affect examination coverage may also be
specified such as scan overlap, examination frequency, pulse
density, and maximum search unit size,

6.5.4 Sound beam orientation and number of beams used,
6.5.5 Number of dead elements within a phased array virtual

probe,
6.5.6 Procedure and use of distance amplitude

compensation, and
6.5.7 Maximum time interval between equipment standard-

ization checks, if different from that described in 12.2, and the
tolerance to be applied to a standardization check,

6.6 The stage(s) in the manufacturing process at which the
material will be examined.

6.7 Surface Preparation—The pre-examination surface
preparation if additional requirements are necessary beyond
what is specified in Section 7.

6.8 Reporting
6.8.1 Criteria for reportable and rejectable indications (ac-

ceptance criteria), and
6.8.2 Requirements for permanent records of the response

from each tube, if applicable.

6.9 Reexamination of Repaired/Reworked Items—
Reexamination of repaired/reworked items is not addressed in
this practice and if required shall be specified in the contractual
agreement.

7. Surface Condition

7.1 All surfaces shall be clean and free of scale, dirt, grease,
paint, or other foreign material that could interfere with
interpretation of examination results. The methods used for
cleaning and preparing the surfaces for ultrasonic examination
shall not be detrimental to the base metal or the surface finish.
Excessive surface roughness or scratches can produce signals
that interfere with the examination.

8. Apparatus

8.1 Instruments shall be of the pulse echo type and shall be
capable of detecting the reference notches of the types de-
scribed in Section 10 to the extent required in the standardiza-
tion procedure described in Section 11. An independent chan-
nel (or channels) of instrumentation shall be employed to
individually monitor the responses from the longitudinal and,
when required, transverse oriented search units. The instrument
pulse repetition rate per channel shall be capable of being
adjusted to a sufficiently high value to ensure notch detection at
the scanning rate employed. The instrument shall be capable of
this pulse repetition rate without false indications due to
spurious reflections or interference from other instruments and
search units being used for simultaneous examinations in other
directions or along other scan paths.

8.1.1 The frequency and bandwidth of the instrument and
search unit shall be capable of being selected to produce a
satisfactory signal-to-noise ratio for the detection of the re-
quired notches as compared to background “noise” response
from irregularities such as grain boundaries and surface rough-
ness.

8.2 Search unit frequency shall be selected to produce a
desirable “signal-to-noise” ratio (S/N), from the material to be
examined, at the specified sensitivity. A S/N value of at least 3
to 1 is usually considered to be minimum. A higher minimum
value is desirable and may be specified by the contracting
agency.

8.2.1 Select a search unit size, frequency, and refracted
angle (or corresponding parameters for non-contact tech-
niques) to produce an approximate 45 degrees beam-center
shear wave in the tube or pipe wall. For material with an
outside diameter-to-thickness ratio less than 7, a lower re-
fracted angle (or corresponding parameters for non-contact
techniques) must be used to ensure intersection with the inside

FIG. 2 Axial Propagation of Sound in a Pipe or Tube Wall
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surface. This does not ensure detection of midwall disconti-
nuities (See Ref (1)).

8.2.2 Phased Array Transducers: Linear or Non-Linear
Arrays—Each virtual probe in the array shall meet the appli-
cable requirements of a search unit as defined in 8.2.1. Virtual
probe responses within an array shall be normalized to each
other for a defined beam profile.

8.2.3 For contact systems, the curvature of the contact
mechanism should match the tube outside diameter.

8.3 The positions of all conveyor and drive mechanisms
must be set to support and feed the material to be examined in
a stable manner and at the desired scan “pitch” (helix). For
small tubes, support mechanisms must be used in the exami-
nation station to prevent any transverse motion with respect to
the search unit beam during scanning. If larger material that is
not straight is to be examined, the search units may have to be
supported in a “follower” mechanism to compensate for this.

9. Couplant

9.1 For piezoelectric-based search units (non-contact tech-
niques do not require couplant), a couplant such as water, oil,
or glycerin, capable of conducting ultrasonic vibrations be-
tween the search unit and the pipe or tube being examined shall
be used. Rust inhibitors, softeners, and wetting agents may be
added to the couplant. The couplant liquid with all the
additives shall not be detrimental to the surface condition of the
pipe or tube, and shall wet the surface of the material to
provide adequate coupling efficiency. To prevent spurious
signals or loss of sensitivity, or both, care must be taken to
avoid the presence of air bubbles in the couplant. For contact,
squirter, or wheel-type systems, the equipment may use ultra-
sonic or other means/techniques to monitor the coupling to
ensure uninterrupted examination.

NOTE 2—In the contact method, some couplants result in better

ultrasonic transmission when the tubing is precoated several hours before
the examination.

10. Reference Standards

10.1 A reference standard of a convenient length (see A1.4)
shall be prepared from a length of pipe or tube of the same
nominal diameter, wall thickness, material, surface finish, and
acoustical properties as the material to be examined. The
reference pipe or tube shall be free of discontinuities or other
conditions producing indications that can interfere with detec-
tion of the reference notches.

10.2 Longitudinal and, when required by the contracting
agency, transverse reference notches shall be placed on both
the outside and inside surfaces of the reference standard to
ensure satisfactory examination sensitivity near each of these
boundaries.

10.3 Reference notches shall be separated sufficiently (cir-
cumferentially or axially, or both) to preclude interference and
interpretation difficulties.

10.4 All upset metal, burrs, etc., adjacent to the reference
notches shall be removed.

10.5 The notch dimensions and tolerances, which are
length, depth, and width (and for V-notches, the included
angle) must be decided upon by the using party or parties,
unless specified otherwise by the product specification. Fig. 3
illustrates the common notch configurations and the dimen-
sions to be measured (Note 3). Reflection amplitudes from V-,
square-, and U-shaped notches of comparable dimensions may
vary widely depending on the angle, frequency, and vibrational
mode of the interrogating sound beam.

NOTE 3—In Fig. 3 (a), ( b), and (d), the sharp corners are for ease of
illustration. It is recognized that in normal machining practice, a radius
will be generated.

10.5.1 The notch depth shall be an average measured from
the circular tubing surface to the maximum and minimum
penetration of the notch. Measurements may be made by

FIG. 3 Common Notch Shapes
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optical, replicating, or other agreed upon techniques. Unless
specified otherwise by the using party or parties, the notch
depth shall be within 60.0005 in. (0.013 mm) of the specified
value for notches 0.005 in. (0.13 mm) or less in depth, and
within + 10, − 15 % of the specified value for notches over
0.005 in. in depth. At the option of the testing agency,
shallower notches may be used to provide a more stringent
examination.

NOTE 4—For as-rolled or scaly pipe or tube surfaces, it may be
necessary to modify 10.5.1. Two acceptable modifications are listed
below. Modification (a) is preferred; however, modification (b) may be
used unless otherwise specified.

(a) The circular pipe or tube surface may be smoothed or prepared in the
notch area, or

(b) The notch depth shall be within ±0.002 in. (0.051 mm), or + 10, − 15 %
of the specified depth, whichever is greater.

10.5.2 When notch tolerances are specified by the using
party or parties, tolerances may often include only negative
values with zero positive deviation allowed so that sensitivity
is never reduced below a specified minimum value. The use of
smaller notches by the examination agency is permissible,
provided that concurrence is obtained from the contracting
agency.

NOTE 5—The amplitude of indications obtained from reference notches
may not be linearly proportional to notch depth. This depends upon the
transducer beam profile as well as the intercepting beam width to notch
length.

10.5.3 The width of the notches shall be as small as
practical, but should not exceed twice the depth.

10.6 Other types and orientations of reference reflectors
may be specified by the using party or parties.

11. Standardization of Apparatus

11.1 Static Standardization—Using the reference standard
specified in Section 10, adjust the equipment to produce clearly
identifiable indications from both the inner and outer surface
notches. The response from the inner and outer surface notches
should be as nearly equal as possible. Use the lesser of the two
responses to establish the rejection level. On large diameter or
heavy wall pipe and tubing, if the inner and outer surface notch
amplitude cannot be made equal because of material soundpath
distance and inside diameter curvature, a separate rejection
level or gain may be established for the inner and outer surface
notches.

NOTE 6—Distance-Amplitude Correction— A method of compensating
for the reduction in ultrasonic signal amplitude as a function of material
sound-path distance may be employed. Details of the procedures used to
establish and apply the distance-amplitude correction (DAC) curve shall
be established by the using party or parties.

11.2 Dynamic Standardization—Standardize the equipment
under dynamic conditions that simulate the production exami-
nation. The pipe or tubing to be examined and the search unit
assembly shall have a rotating translating motion relative to
each other such that a helical scan path will be described on the
outer surface of the pipe or tube. Maintain the speed of rotation
and translation constant within 610 %. Axial scanning with
circumferential indexing may be used to provide equivalent
coverage.

11.3 The pitch of the feed helix shall be small enough to
ensure at least 100 % coverage at the examination distance and
sensitivity established during standardization. Coverage shall
be based upon the maximum effective size of the search unit,
the pulse density for each instrument channel, and the helix.

12. Procedure

12.1 Examine the pipe or tubing with the ultrasound trans-
mitted in both circumferential directions for longitudinal dis-
continuities and, when specified, in both axial directions for
transverse discontinuities, under identical conditions used for
equipment standardization (see Note 7).

NOTE 7—Identical conditions include all instrument settings, mechani-
cal motions, search unit position and alignment relative to the pipe or tube,
liquid couplant, and any other factors that affect the performance of the
examination.

12.2 Standardization Checks—Periodically check the dy-
namic standardization of the equipment by passing the refer-
ence standard through the examination system in accordance
with 11.2. Make these checks prior to any examination run,
prior to equipment shutdown after an examination run, and at
least every four hours during continuous equipment operation.
Restandardize the equipment in accordance with 11.1 and 11.2
any time the equipment fails to produce the signal amplitudes
or other conditions for rejection within the tolerances agreed
upon with the contracting agency or the product manufactur-
er’s procedure. In the event that the equipment does not meet
this requirement, reexamine all pipe or tubing examined since
the last acceptable standardization after restandardization has
been accomplished.

12.2.1 When required by the purchaser, more specific re-
standardization criteria may be specified.

12.3 For many tubular sizes and examination arrangements,
there will be a reflection from the entry surface of the pipe or
tube. This signal may be observed, but not gated for evaluation
purposes, as a supplement to the required checking of the
reference standard to provide increased assurance that the
equipment is functioning properly. If such a signal does not
exist, make more frequent equipment standardization checks.

12.4 Do not make any equipment adjustments, during
examination, unless the complete standardization procedure
described in Section 11 is performed after any such adjustment.

12.5 The examination shall be applied to 100 % of the pipe
or tubing unless otherwise specified.

NOTE 8—Some traversing mechanisms do not allow examination of
pipe or tube ends. When this condition exists, clearly indicate the extent
of this effect, per tube, in the examination report.

13. Interpretation of Results

13.1 All indications that are equal to or greater than the
rejection level established during standardization as described
in Section 11, using the agreed upon reference indicators
described in 10.5, shall be considered as representing defects
and may be cause for rejection of the pipe or tube.
Alternatively, the using party or parties may specify specific
acceptance criteria or other means (manual or semi-automated
techniques) to further evaluate the indication to determine its
acceptability.



ASME BPVC.V-2023 ARTICLE 23, SE-213

631

13.2 If, upon further examination of the pipe or tube, no
rejectable indications are detected, the material shall be con-
sidered as having passed the ultrasonic examination, except as
noted in 12.2.

NOTE 9—Rejected pipe or tubes may be reworked in a manner
acceptable to the purchaser. If, upon ultrasonic reexamination of the
reworked pipe or tube, no rejectable indications are detected, the material
should be considered as having passed the ultrasonic examination.

NOTE 10—Care should be exercised to ensure that reworking a pipe or
tube does not change its acceptability with respect to other requirements
of the material specification such as wall thickness, ovality, surface finish,
length, and the like.

14. Documentation

14.1 When a report is required, it shall contain such
information as is mutually considered adequate to document
that the examination of the pipe or tubes supplied meets the
requirements of this practice, and any modifications specified
in the contractual agreement.

14.2 When a “third party” examination is required, as might
be performed by an independent examination facility, and to
the extent specified in the contractual agreement, a permanent
record containing objective evidence of the examination results
shall be obtained for each pipe or tube examined. It shall

contain recordings of all standardizations and standardization
checks and should be annotated to provide a positive correla-
tion between examination record for each reject pipe or tube
and the corresponding pipe or tube. The supplier shall maintain
a report of the examination on file. When requested by the
customer, a report of the examination shall be submitted to the
customer. The report shall include at least the following
information:

14.2.1 Identification of the material by type, size, lot, heat
treatment, and any other pertinent information.

14.2.2 Identification of the examination equipment and
accessories.

14.2.3 Details of the examination technique, including ex-
amination speed, examination frequency, and end effects if any.

14.2.4 Description of the reference standard, including the
actual (measured) dimensions of the artificial reference reflec-
tors.

14.2.5 Description of the distance-amplitude correction
procedure, if used.

14.2.6 Examination results.

15. Keywords

15.1 angle beam; nondestructive examination; pipe; tubing;
ultrasonic examination

ANNEXES

(Mandatory Information)

A1. EXAMINATION OF PIPE AND TUBING FOR SPECIAL AND SAFETY APPLICATIONS

A1.1 Introduction—When the end use of pipe or tubing
depends critically upon freedom from discontinuities over a
certain maximum size, certain additional ultrasonic examina-
tion procedures are required to assure that the required quality
standards are met. The immersion method is almost always
required for examining tubes for these uses. In some instances,
such as field examination or where part contact with water is
undesirable, the contact method, or non-contact technique, for
instance as described in Guide E1774, may be employed.

A1.1.1 This practice is intended for use with tubular prod-
ucts of any diameter and wall thickness, provided that proper
procedures, as described herein, are followed. These proce-
dures are intended to ensure that proper refraction angles and
beam shapes are used to provide full volume coverage of pipes
and tubes, including those with low ratios of outside diameter-
to-wall thickness, and to avoid spurious signal responses when
examining small-diameter, thin-wall tubes.

A1.2 Summary of Practice—Pulsed ultrasonic angle beams
by either the surface contact or immersion method shall be
used. Fig. A1.1 illustrates characteristic angle beam ultrasound
entry into the wall of a pipe or tube in the circumferential
direction to detect longitudinal defects and in the axial direc-
tion to detect transverse defects, when required. The incident
and refracted beams in these cases are pictured as being

generated by a cylindrically focused immersion search unit. In
pipes and tubes with diameters several times larger than the
length of a contact search unit, the general beam shapes are
approximately the same.

A1.3 Additional Apparatus Requirements

A1.3.1 Although contact search units may be used for small
quantity and field examinations of pipes and tubes, cylindri-
cally (line) focused immersion search units are preferred for
critical examinations and for larger quantities (See Refs (2),
(3), and (4)). Search unit element size and focused beam length
shall be suitable for achieving reliable detection of defects
equivalent in size to the reference notches at the scanning pitch
or index used. When examination of heavy-wall pipes and
tubes is required, the focal length, refraction angle, and
included beam angle of focused search units shall be suitable
for complete through-wall coverage (See (1)).

A1.3.2 The beam length of the search unit in the wall
material must be either longer or shorter than the length of
longitudinal notches in the reference standard, by an amount
that is no less than the “pitch” (linear advance per revolution)
of the helical scan path (see A2.1). This is necessary to ensure
detection of discontinuities that are as long as the notches in
spite of their random locations with respect to the scan path,
(See Annex A2).
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FIG. A1.1 Beam Propagation in Pipe or Tube Walls
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A1.3.3 The focal length of a focused immersion search unit
should equal the pipe or tube radius plus a convenient water
path length so that it may be focused on the pipe or tube
centerline (See (4)).

A1.3.4 The angle of the central beam of the search unit,
with respect to a perpendicular to the tangent to the surface at
the point of beam incidence, shall be adjusted to produce a
suitable refraction angle in the pipe or tube wall to provide
complete coverage of the pipe or tube wall thickness (See (1)).
A refraction angle of 45 degrees is typically used when
examining pipe or tubes with a diameter-to-wall thickness ratio
of no less than about 10 to 1. For many materials, a 45 degree
refraction angle may be achieved with a beam incidence angle
of about 18 to 19 degrees. This may be achieved in the
immersion method by parallel offsetting the beam centerline
from a perpendicular to a tangent of the surface by a distance
equal to 1⁄6 of the outside diameter of the pipe or tube. This is
often a convenient initial adjustment during system standard-
ization.

A1.4 Additional Reference Standard Requirements

A1.4.1 Outer surface and inner surface longitudinal refer-
ence notches may be placed near one end of the reference
standard separated by a sufficient distance from each other and
from the end to preclude interference and interpretation
difficulties, but close enough to each other to minimize the time
required in scanning from one to other to achieve good signal
balance during set-up. For ease of fabrication, the inner surface
notch should be nearer the end of the pipe or tube. For practical
reasons, the reference standard may have adjacent support pipe
sections welded at each end provided those support sections are
welded concentric with the reference standard on the same pipe
axis and all outside welding protuberances are removed. When
required, transverse outer surface and inner surface reference
notches are typically placed in the same manner near the
opposite end of the reference standard from the longitudinal
notches. Although not mandatory, this practice enables all
notches to be placed far enough from the ends to insure good
support of the material end nearest the search unit(s) during
set-up, and the inner surface notches to be near ends to
facilitate insertion of the fabrication and verification means.
This procedure becomes less critical for material of larger
diameters and stiffness.

A1.5 Static Standardization—Using the reference standard
specified in Section 10, adjust the equipment to produce clearly
identifiable indications from both the inner and outer surface
notches. The relative responses from both the inner and outer
surface notches should be as nearly equal as possible and
practical. Some differences in this procedure are required, as
described below, depending upon whether the contact or
immersion technique is employed.

A1.5.1 Set the positions of all conveyor and drive mecha-
nisms to support and feed the material to be examined in a
stable manner and at the desired scan “pitch,” considering
conditions for achieving satisfactory “worst case interception”
and required scan path overlap. (See Annex A2.)

A1.5.2 Contact Examination Technique—For field
examination, or in other cases where immersion examination is
not practical, the contact technique may be employed. It is
important to note however that it is more difficult to obtain
repeatable and accurate results with this technique because
(See (2)):

(a) It is difficult to maintain uniform sensitivity during
scanning due to lack of constant pressure on the search unit and
inconsistent couplant coverage;

(b) Unless special “involute” (5), or similar, search units
are used it is impossible to obtain the primary benefit of
focusing which is the uniformity of sensitivity versus thickness
which results from the production of constant refraction angles
throughout the width of the beam;

(c) With a given search unit wedge it is impossible to vary
the incident angle to achieve good balance of the signals from
outer surface and inner surface notch targets or to lower the
incidence angle to obtain good through-wall coverage on
thick-wall pipe or tubes;

(d) Maintenance problems may result from wear of the
search unit face plates; and,

(e) When manual scanning is employed, it is difficult to
ensure that total surface coverage or any prescribed amount of
scan overlap has been achieved.

A1.5.3 When contact examination is performed, the follow-
ing selection and standardization procedure shall be used
unless an alternate procedure is approved by the contracting
agency.

(a) Select a search unit size, frequency and wedge angle
and shape to produce an approximately 45 degree beam-center
shear wave in the tube or pipe wall. If it is determined that a
lower refraction angle would be beneficial, a wedge to produce
that angle may be used.

(b) Apply the search unit, with a suitable film of couplant,
to the surface of the reference standard in the vicinity of the
longitudinal reference notches. Direct the search unit beam in
one circumferential direction.

(c) While carefully maintaining uninterrupted coupling and
constant pressure on the search unit, move it toward and away
from the outer surface longitudinal notch to achieve the
maximum signal response from it by a beam reflection from the
inner surface which is beyond the interface signal on the
display screen of the instrument. Adjust the gain control to set
the peak response at this reflection location (node) to 80 % of
full screen height (FSH).

(d) Without changing the gain control setting from that
determined in Step (c) above, move the search unit to the
vicinity of the inner surface longitudinal notch and repeat the
scanning procedure until the signal from that notch, at a node
adjacent to that used for the outer surface notch signal, is
maximum. Record the peak amplitude of the signal from the
inner surface notch. If this signal is higher than 80 % FSH,
lower the gain to bring it to 80 % FSH and move again to the
outer surface notch and record its peak amplitude at the new
gain setting. The relative response from the inner and outer
surface notches shall be as nearly equal as possible by selection
of the pair of adjacent inner surface and outer surface notch
signal nodes are observed. Use the lesser of the two responses
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to establish the rejection level. On large-diameter or heavy-
wall pipe and tubing, if the inner and outer surface notch signal
amplitudes cannot be equalized because of material sound path
distance and inside diameter curvature, a separate rejection
level may be established for the inner and outer surface
notches, or, in this case, DAC may be used to balance the
signal amplitudes from the outer surface and inner surface
notches.

(e) Repeat steps (a) through (d) while scanning from the
opposite circumferential direction.

(f) Repeat the above steps while scanning in both axial
directions if detection of transverse notches and discontinuities
is required by the user or contracting agency.

A1.5.4 Immersion Examination Technique—This is the pre-
ferred technique whenever practical (2). Any of the apparatus
types listed in Note 1 (4.1) may be used for this purpose. The
following selection and standardization procedure shall be used
unless an alternative is approved by the contracting agency.

A1.5.5 Using the guidelines listed below, select a cylindri-
cally focused (line focused) search unit (3) of appropriate
frequency, beam length, and focal length for the material to be
examined and to the sensitivity level (notch sizes) specified by
the user or contracting agency. In cases where the type of
examination, material dimensions, or other properties make the
use of spherically or flat focused search units more appropriate,
either of these types may be used in place of cylindrically
focused units.

(a) The frequency shall be selected to produce a desirable
signal-to-“noise” ratio (S/N) from the material to be examined
at the specified sensitivity. A S/N value of at least 3 to 1 is
usually considered to be a minimum. A higher minimum value
is desirable and may be specified by the contracting agency.

(b) The focal length must be equal to the pipe or tube
radius plus a convenient waterpath length so that the search
unit may be focused on the central axis of the pipe or tube after
normalization (4). For very large-diameter material where this
requirement is found to be impractical, search units of other
focal lengths or unfocused units may be used.

(c) The beam width, as measured between -3 dB points on
a pulse-echo profile as described in Practice E1065, must be
either longer or shorter than the length of the longitudinal
notches in the reference standard by the amount of the scan
pitch to be employed. This is necessary to ensure consistent
“worst case” interception of discontinuities that are as long as
the notches in spite of their random location with respect to the
scan path. (See Annex A2.)

(d) Position the search unit so that the length of its focused
beam is aligned with the long axis of the pipe or tube.

(e) With the water path length adjusted to focus the beam
approximately on the outer surface of the pipe or tube,
normalize the search unit by adjusting its angulation and offset
to peak its response from the surface.

(f) Change the water path so that it is equal to the focal
length of the search unit minus the radius of the tube. Readjust
the angulation and offset if necessary to renormalize by
repeaking the interface signal.

(g) Offset the search unit in a direction that is parallel to its
centerline and perpendicular to the longitudinal axis of the tube

by the amount required to establish a beam-center incidence
angle that will produce the desired refraction angle in one
circumferential direction in the tube wall. (For many materials,
a satisfactory initial offset distance is 1⁄6 of the tube diameter.)
For thick-wall tubes a lower refraction angle may be required
for examination of the entire thickness (1). Alternatively, the
search unit may be angulated in a plane perpendicular to the
tube axis to produce the incidence angle.

(h) Move the reference standard to center the outer-surface
notch in the search unit beam. Rotate the tube without
translation (that is, without motion along its longitudinal axis)
and observe on the instrument display screen the motion of the
notch signal away from any residual interface signal. The
amplitude should decrease and increase as successive reflec-
tions of the beam from the inner and outer surfaces intersect the
outer surface notch as it moves to various node positions away
from the search unit. Select a convenient node well away from
the “direct-in” intersection of the beam on the outer surface
notch (which coincides with the position of the interface
signal). Adjust the gain to set the amplitude of the signal at
80 % FSH and note its horizontal position on the display.

NOTE A1.1—Alternatively, set-up on the inner surface notch may be
performed before set-up on the outer surface notch, as described in step
(h) above. This inner surface notch signal must be well beyond the
direct-in signal from the outer surface notch. The outer surface notch
signal subsequently used for standardization should then be from the node
immediately beyond the inner surface notch signal to obtain the best
condition for attempting to equalize both gated signals in the following
step (i).

(i) Move the reference standard to center the inner surface
notch in the beam. Rotate the pipe or tube as for the outer
surface notch and note the amplitude of the inner surface notch
signal that appears just before the selected outer surface notch
signal.

(j) Make small adjustments to the offset (or angulation) and
to the water path length while alternately observing and
attempting to equalize the outer surface and preceding inner
surface notch signal amplitudes. Set the higher of the two
signals to 80 % FSH and use the lesser of the two signals to
establish the rejection level. Set the position and duration of the
instrument alarm gate to include both of these signals. For
examinations that require stopping and evaluating or marking
all relevant indications, or both, set the alarm activation
threshold at 40 % FSH. Record all search unit position settings,
instrument control settings, and standardization signal levels
on an examination record sheet.

(k) Repeat the above steps while scanning in the opposite
circumferential direction.

(l) When axial scanning for transverse indications is
required, repeat the above steps with the search unit angled in
first one, then the other axial direction and using translation
rather than rotation of the reference standard to select response
nodes from outer surface and inner surface notches.

A1.6 Dynamic Standardization—Standardize the equipment
under dynamic conditions that simulate the production exami-
nation. The pipe or tubing to be examined and the search unit
assembly shall have a rotating translating motion relative to
each other such that a helical scan path will be described on the
outer surface of the pipe or tube. Maintain the speed of rotation
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and translation constant within 610 %. Axial scanning with
circumferential indexing may be used, especially on larger
material, to provide equivalent coverage. A method for achiev-
ing the required conditions is described below.

A1.6.1 The pitch of feed helix shall be small enough to
ensure 100 % coverage at the examination distance and sensi-
tivity established during static standardization per A1.5. Annex
A2 describes how maximum allowable pitch for stable detec-
tion may be determined from the length of the longitudinal
reference notches and the minimum beam length of the search
units.

A1.6.2 A preferred method for dynamic scanning, appli-
cable to all diameters but especially for smaller diameter
material, for example, less than 4 in. (100 mm) in diameter, is
for the examination system to produce a rotating and translat-
ing relative motion between the pipe or tubing being examined
and the search unit(s). Run the reference standard with random
initial translational and angular orientation through the exami-
nation station at full speed and scan pitch and observe, during
multiple runs of the standard, the stability of the gated alarm
signals from all notches in the reference standard on a
strip-chart recorder or other means for observing signal ampli-
tude stability or alarm function. In the absence of an alternate
procedure approved by the contracting agency, the peak signal
amplitudes must remain constant within 10 % FSH for the
number of successive runs specified in an approved examina-
tion procedure (a minimum of six is suggested) or, if another
defect alarm device is used, it shall provide consistent opera-
tion for the specified number of runs. If indexed axial scanning
is used, the same stability verification procedure and criteria
shall apply.

A1.7 Additional Mandatory Procedure Requirements

A1.7.1 Standardization Checks—Periodically check the
standardization of the equipment by passing the reference
standard through the examination system. Make these checks
prior to any examination run, prior to equipment shutdown
after an examination run, and at least every hour during
continuous equipment operation. Restandardize and reexamine
the material if necessary, in accordance with the following
procedures, unless otherwise specified by the contracting
agency.

A1.7.2 Restandardization—If any notch in the reference
standard fails to actuate an alarm, or, where defect analysis is

made from a recording of signal amplitudes, the deviation from
the recorded amplitude of the initial standardization signal
exceeds 10 % of that amplitude, portions of the static and
dynamic standardization procedures of A1.6 shall be repeated
until satisfactory operation is obtained. Then the following
steps shall be taken, depending upon the nature of the failure.

A1.7.3 Failure of Alarm Actuation—When alarm actuation
is the only defect indication used, if a notch in the reference
standard fails to actuate the flaw alarm during a standardization
check, all lengths of material run since the last satisfactory
standardization check shall be reexamined after the system has
been successfully restandardized.

A1.7.4 Decrease of Recorded Notch Signal Amplitude of
Between 10 and 20 % and No Recorded Indications—In the
case of a recorded examination wherein the signal amplitude
from any notch in the rerun reference standard has decreased
from the average value of the initially recorded amplitudes by
more than 10 % but less than 20 %, no rerun of parts is
required after restandardizing if, since the last satisfactory
standardization check, there were no recorded unrejected
signal indications that were greater than 50 % of the average
amplitude of the initially recorded signals. However, restan-
dardization shall be performed to bring the signal amplitude to
within 10 % of the average of the initially recorded values
before examination is resumed.

A1.7.5 Decrease of Recorded Notch Signal Amplitude of
Over 20 % or of Between 10 and 20 % With Indications—If the
rerun recorded value is less than the average of the initial
recorded amplitudes by more than 20 %, or if the decrease is
between 10 % and 20 % and there are unrejected indications of
greater than 50 % of the average initial standardization
amplitude, the entire lot of material examined since the last
satisfactory standardization check shall be reexamined after
restandardization.

A1.7.6 Increase of Recorded Notch Signal Amplitude—If
any recorded notch signal amplitude is found to have increased
by more than 10 % above the average of the initially recorded
values, restandardization shall be performed to bring the signal
level to within that range. If the increase is between 10 % and
20 % no rerun of material is required. If the increase is greater
than 20 %, and there have been indications rejected since the
last satisfactory standardization check, all lengths of material
having indications rejected since the last standardization check
shall be reexamined.
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A2. RESTRICTION ON THE SELECTION OF SCAN PITCH

A2.1 Determination of Scan Pitch—The helical scan pitch,
however generated, must not exceed the absolute difference
between the length of the longitudinal reference notches and
the effective length of the search unit beam. This requirement
may be stated as:

P # ?N 2 B?
where:

N 5 Notch Length

B 5 Beam Length

A2.1.1 This restriction arises from consideration of the
“worst case interception” of the longitudinal notch (and there-
fore defects of that length) by the search unit beam, regardless
of the random initial location of the notch with respect to the
scan pattern. The actual length of the worst case interception
may be represented by:

Iwc 5 $N1B 2 P%/2

A2.1.2 The length of the “best case” random interception of
the notch by the beam is equal either to “N” or “B,” depending

on which is longer. The fractional percentage change in notch
interception length, and therefore signal amplitude, between
worst and best interceptions may be obtained by dividing Iwc

by either “N” (if “B” is longer) or by “B” (if “N” is longer);
that is:

Iwc/N 5 1/21$B 2 P%/2N

or

Iwc/B 5 1/21~N 2 P!/2B

A2.1.3 It is seen from these equations that if the pitch is
equal to either the beam length (if it is greater than N) or to the
notch length (if it is greater than B), the percentage change
between best and worst case random interceptions of the notch
by the beam will be 0.5 or 6 dB. No acceptable standardization
repeatability can be provided in that case. However, if P = N -
B is substituted in the first of the above equations, or P = B -
N is substituted in the second, the ratio of worst to best case
interception is 1.0. This indicates no signal variation due to
random alignment and is the prescribed condition for maxi-
mum pitch if “invariant” notch detection is to be assured.
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Standard Practice for
Ultrasonic Testing of the Weld Zone of Welded Pipe and
Tubing

1. Scope

1.1 This practice describes general ultrasonic testing pro-
cedures for the detection of discontinuities in the weld and
adjacent heat affected zones of welded pipe and tubing by
scanning with relative motion between the search unit and pipe
or tube. When contact or unfocused immersion search units are
employed, this practice is intended for tubular products having
specified outside diameters ≥2 in. (≥50 mm) and specified wall
thicknesses of 1⁄8 to 11⁄16 in. (3 to 27 mm). When properly
focused immersion search units are employed, this practice
may also be applied to material of smaller diameter and thinner
wall. When contact or immersion phased array search units are
employed, this practice may also be applied to material of
above-mentioned outside diameters and wall thicknesses.

NOTE 1—When contact or unfocused immersion search units are used,
precautions should be exercised when examining pipes or tubes near the
lower specified limits. Certain combinations of search unit size, frequency,
thin–wall thicknesses, and small diameters could cause generation of
unwanted sound waves that may produce erroneous examination results.

1.2 All surfaces of material to be examined in accordance
with this practice shall be clean from scale, dirt, burrs, slag,
spatter, or other conditions that would interfere with the
examination results. The configuration of the weld must be
such that interfering signals are not generated by reflections
from it. Treatment of the inner surface and outer surface weld
beads such as trimming (“scarfing”) or rolling is often required
to remove protuberances that could result in spurious reflec-
tions.

1.3 This practice does not establish acceptance criteria; they
must be specified by the using parties.

1.4 Units—The values stated in inch-pound units are to be
regarded as standard. The values given in parentheses are

mathematical conversions to SI units that are provided for
information only and are not considered standard.

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.6 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E543 Specification for Agencies Performing Nondestructive

Testing
E1316 Terminology for Nondestructive Examinations

2.2 ASNT Documents:
Recommended Practice SNT-TC-1A Personnel Qualifica-

tion and Certification in Nondestructive Testing
ANSI/ASNT CP-189 Standard for Qualification and Certifi-

cation of Nondesctructive Testing Personnel

2.3 ISO Standard:
ISO 9712 Non-destructive Testing—Qualification and Cer-

tification of NDT Personnel

2.4 AIA Standard:
NAS 410 Certification and Qualification of Nondestructive

Testing Personnel
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3. Terminology

3.1 Definitions—For definitions of terms used in this
practice, see Terminology E1316.

4. Summary of Practice

4.1 A pulsed ultrasonic angle beam shall be propagated in
the wall of the pipe or tube by either the surface contact or
immersion method. Fig. 1 illustrates the characteristic oblique
sound entry into the pipe wall for both contact and immersion
examination from one search unit.

NOTE 2—The immersion examination method may include tanks, wheel
search units, or bubbler systems.

4.2 The weld line shall be examined from both sides to
ensure detection of imperfections with a shape or orientation
that produces a preferential direction of reflection.

5. Significance and Use

5.1 The purpose of this practice is to outline a procedure for
detecting weld discontinuities such as lack of fusion, pin holes,
lack of penetration, longitudinal cracks, porosity and inclusions
by the ultrasonic pulse-reflection method.

6. Basis of Application

6.1 The following items are subject to contractual agree-
ment between the parties using or referencing this standard.

6.2 If specified in the contractual agreement, personnel
performing examinations to this standard shall be qualified in
accordance with a nationally recognized NDT personnel quali-
fication practice or standard such as ANSI/ASNT-CP-189,
SNT-TC-1A, ISO 9712, NAS 410, or a similar document and
certified by the employer or certifying agency, as applicable.

The practice or standard used and its applicable revision shall
be identified in the contractual agreement between the using
parties.

6.3 Qualification of Nondestructive Agencies—If specified
in the contractual agreement, NDT agencies shall be qualified
and evaluated as described in Specification E543. The appli-
cable edition of Specification E543 shall be specified in the
contractual agreement.

6.4 Procedures and Techniques—The procedures and tech-
niques to be utilized shall be as specified in the contractual
agreement, including:

6.4.1 Type, dimension, and number of reference reflectors to
be placed in the reference standard,

6.4.2 Method(s) for measuring side versus side acoustic
response of reference notches and tolerance limits,

6.4.3 Standardization of examination sensitivity intervals,
6.4.4 Examination frequency,
6.4.5 Pulse repetition rate,
6.4.6 Sound beam orientation and number of beams used,
6.4.7 Number of dead elements within a phased array virtual

probe, and
6.4.8 Procedure and use of distance amplitude compensa-

tion.

6.5 Surface Preparation—The pre-examination surface
preparation criteria shall be in accordance with 1.2 unless
otherwise specified.

6.6 Reporting Criteria/Acceptance Criteria—Since accep-
tance criteria are not specified in this standard, they shall be
specified in the contractual agreement.

6.7 Reexamination of Repaired/Reworked Items—
Reexamination of repaired/reworked items is not addressed in
this standard and if required shall be specified in the contrac-
tual agreement.

7. Procedure

7.1 Apparatus
7.1.1 The instruments and accessory equipment shall be

capable of producing, receiving, amplifying, and displaying
electrical pulses at frequencies and pulse rates deemed neces-
sary by the using parties. They shall be capable of distinguish-
ing the reference reflectors described in 7.2 to the extent
required in the standardization procedure outlined in 7.3

7.1.2 For pulse echo examination systems, the contact or
immersion search units should produce ultrasonic waves that
travel in the pipe or tube wall at a refracted angle of from 35°
to 70° and perpendicular to the weld seam. For pitch/catch or
through transmission examination systems, orientation of the
entry sound beam other than perpendicular to the weld seam
may be required.

7.1.3 Couplant—A liquid such as water, oil, glycerin, etc.,
capable of conducting ultrasonic vibrations from the search
unit to the pipe or tube shall be used. Rust inhibitors, softeners,
and wetting agents may be added to the couplant. The couplant
liquid with all additives should not be detrimental to the
surface condition of the pipe or tubing and should wet the

NOTE 1—θ = 35° through 70°.
FIG. 1 Angle Projection of Ultrasonic Wave
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surface. In examining electric-resistance-welded pipe, water-
soluble oil used in cooling the pipe serves as a satisfactory
couplant.

7.1.4 Distance Amplitude Compensation—The use of elec-
tronic methods to compensate for attenuation losses as a
function of ultrasonic metal travel distance may be employed.

7.1.5 Search Units—The search unit must be appropriately
sized with respect to width and beam included angle to achieve
full wall thickness coverage.1 Where this cannot be achieved
with a single search unit propagating in a given direction, two
or more search units may be used to scan in each direction. The
effective beam length of the search units shall be such that
reliable detection of all reference reflectors is accomplished
without exceeding the “noise” limits of 7.3.2. The focal length
of focused search units shall be at least equal to the radius of
the material plus a suitable water path so that initial focus may
be on the tube or pipe central axis.2

7.1.6 Phased Array Transducers: Linear or Non-Linear
Arrays—Each virtual probe in the array shall meet the appli-
cable requirements of a search unit as defined in 7.1.5. Virtual
probe responses within an array shall be normalized to each
other for a defined beam profile.

7.2 Reference Standards
7.2.1 A reference standard, of sufficient length to allow

verification of system standardization, shall be prepared from a
length of pipe or tubing of the same nominal diameter and wall
thickness, material, surface finish, and acoustical properties as
the material to be examined. The pipe or tube selected for this
purpose shall be free of discontinuities or other abnormal
conditions that can cause interference with the detection of the
reference reflectors. The reference reflectors shall be selected
to ensure uniform coverage of the weld at the sensitivity levels
prescribed. The reference reflectors most commonly used will
consist of machined notches and drilled holes as described in
7.2.2. All upset metal, burrs, etc., adjacent to the reference
reflectors, shall be removed.

7.2.1.1 Electric Resistance-Welded, Laser-Welded, or Butt-
Welded Pipe—Reference reflectors shall be placed in the center
of weld seam and in a line parallel to it unless permission is
obtained from the contracting or using agency to place the
reference reflectors elsewhere in the reference standard. When
longitudinal notches are used as reference reflectors, they shall
be placed on the outer and inner surfaces of the reference
standard and be separated by a sufficient distance to ensure that
the response from one reflector does not interfere with that
from the other.

NOTE 3—If reference reflectors are placed in a location other than the
centerline of the weld seam, there is no assurance that the beam is
penetrating the weld unless adequate signal response is obtained from the
search units scanning the reflector from both sides of the weld. The lower
amplitude of response from the two directions must be used in determin-
ing the rejection threshold level. Positioning of automatic alarm gates
must be such as to respond to the signal from the reference reflector, but

also the signals originating from the reflections from discontinuities
anywhere in the weld seam itself.

7.2.1.2 Fusion-Welded Pipe—The reference reflectors shall
be placed in the weld. When longitudinal notches are used as
reference reflectors, they shall be placed in the crown of the
fusion-weld bead as shown in Fig. 2(a). In fusion-welded pipe
containing both inside and outside surface weld beads, a
longitudinal notch reference reflector shall be placed in the
weld-bead crown on both the outside and inside surfaces.

When drilled holes are employed, they shall be drilled
radially from both the outside and inside surfaces through 50 %
of the wall thickness at the weld-bead crown or such other
depth as agreed upon by the user or contracting agency and
separated by some distance that guarantees a distinct and
separate response from each one (see Fig. 2(c) and Fig. 2(d)).
By agreement between the purchaser and manufacturer, a hole
drilled radially 100 % through the pipe wall may be used
instead of the 50 % drilled hole (see Fig. 2(e)).

NOTE 4—Fill 50 % deep or through-holes with a waterproof filler such
as bee’s wax to prevent couplant entry. Otherwise, such entry could
produce erratic or spurious reflections, or both.

Additional reflectors may be used to produce signals at
reflection times that define weld-zone extremities for the
purpose of establishing alarm gate timing or other means of
controlling the examination area. Holes may be drilled radially
100 % through the pipe wall at the weld-zone edges.

7.2.2 The notch dimensions of length, depth, width, and for
Fig. 3(a) and Fig. 3(b), the included angle α shall be decided
upon by the using party or parties. Fig. 3 illustrates the
commonly accepted notch configurations and the dimensions
to be measured.

7.2.2.1 The notch depth (h) shall be measured from the
adjacent surface to its maximum and minimum penetration.
Measurements may be made by optical, replicating or
mechanical, or other techniques. Notch depth is commonly

1 Beck, K. H., “Ultrasonic Refraction Angles for Inspection throughout the Total
Wall Thickness of Tubes and Pipes,” Materials Evaluation, Vol 51, No. 5, May
1993, pp. 607–612.

2 Beck, K. H., “Ultrasonic Transducer Focusing for Inspection of Cylindrical
Material,” Materials Evaluation, Vol 59, No. 7, July 1991, pp. 875–882. FIG. 2 Typical Notch Locations for Fusion Welded Pipe
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specified as a percent of nominal wall thickness with typical
values being 10, 121⁄2, or 20 %. The notch depth shall be within
6 0.002 in. (0.051 mm), or + 10, – 15 % of the specified depth,
whichever is greater.

7.2.2.2 The notch length (l) is considered to be the dimen-
sion over which the specified depth is maintained.

7.2.2.3 The width (w) of the notch has negligible effect on
standardization and is not a critical dimension.

7.3 Standardization of Examination Sensitivity
7.3.1 Using the reference standard specified in 7.2, the

equipment shall be adjusted to produce readily distinguished
and clearly identifiable indications from both the inner and
outer reference reflectors. The relative response to the inner
and outer reflectors shall be as near equal as possible. The
lesser of the two responses shall be used as the acceptance
level.

NOTE 5—Adjustment of water path, adjustment of distance (d) in Fig.
1, and angulation of the beam are used to achieve equality. It should be
noted, however, that detection or balancing of signals from both outer
surface and inner surface notches does not guarantee that examination for
radical defects is being achieved throughout the full wall thickness. To
effect such examination, especially in pipes and tubes with thicker walls,
it is necessary that the beam refraction angle and search unit size (beam
included angle for focused units) be selected to be compatible with the
ration of diameter-to-wall-thickness of the material as stated in 7.1.5 and
described in Footnote 7.

7.3.2 Instrument sensitivity and scanning system
parameters, such as search unit positioning and scanning speed,
shall be adjusted to produce signal levels that are repeatable
from all reference indicators within the limits described below.
When a data acquisition system or similar recorder is used, the
amplitude stability of all target indications shall be within 10 %
of full scale height (FSH) for several successive scans of the
reference standard under conditions simulating those that will
be used for the actual material examination. Peak “noise”

signal amplitudes observed during scanning over a length of
the reference standard equal to at least twice the distance
between outer surface and inner surface notches shall not
exceed 40 % of the minimum amplitude of the signals from the
reference indicators. If only an audible or other alarm device is
used to indicate the presence of rejectable indications, such
devices shall be actuated reliably by all reference indicators for
several successive scans of the reference standard under
conditions simulating those that will be used for the actual
material examination.

7.3.3 When weld edge reflectors are used, the equipment
shall be adjusted to produce clearly identifiable responses from
them that are distinguishable from the reference reflectors used
to set rejection limits when the reference standard is scanned in
a manner simulating the production examination of the pipe or
tubing.

7.3.4 During the standardization procedure, the extent of
variation in the dimension (d) (that is, the amount of weld line
skew with respect to the search units) that can be tolerated
without exceeding the stability limits of 7.3.2 shall be deter-
mined and provisions made in the scanning system to ensure
that the positions of the search units relative to the weld line are
maintained within that limit.

7.4 Examination Procedure

7.4.1 Move the pipe or tubing past the search unit with the
weld in a fixed position with respect to the search unit.
Movement of the search unit with respect to a stationary pipe
is satisfactory. During examination, maintain distance (d) and
angle θ in Fig. 1 and the water path for immersion examination
as determined during adjustment of the examination sensitivity.
Depending upon the degree of crookedness of the material to
be examined, maintenance of these parameters may require the
use of “followers” or other devices to enable a stable scan
pattern to be maintained.

7.4.2 Certain examination systems using multiple search
units or multiple beam transducers compensate for distance (d)
changes and do not require strict adherence to the maintenance
of this dimension during examination. With whatever arrange-
ment is used, the allowable amount of weld line skew shall be
determined as in 7.3.4 and scanning provisions made to prevent
that limit from being exceeded.

7.4.3 Periodically check the examination sensitivity of the
equipment by running the reference standard through the
examination system. Make these checks prior to any pipe or
tubing examination, prior to equipment shutdown after
examination, and at least every 4 h during continuous equip-
ment operation. Anytime the equipment does not present a
clearly defined signal within 10 % of that obtained when the
examination sensitivity was established, restandardize the
equipment in accordance with 7.2.

7.4.4 In the event that the equipment presents a signal more
than 10 % below the standardization level, reexamine, when
standardization has been accomplished, all pipe and tubing
examined subsequent to the last preceding acceptable standard-
ization.

FIG. 3 Common Reference Reflectors
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8. Interpretation of Results

8.1 All indications that are equal to or greater than the
reference signals established during standardization as de-
scribed in 7.3, or as specified in Section 6, shall be considered
as representing defects that may be cause for rejection of the
pipe or tube. Alternatively, the using party or parties may
specify specific acceptance criteria or other means (manual or
semiautomated techniques) to further evaluate the indication to
determine its acceptability.

8.2 If upon examination of the pipe or tube, no rejectable
indications are detected, the material shall be considered as
having passed the ultrasonic examination, except as noted in
7.4.4.

9. Keywords

9.1 angle beam; longitudinal welded pipe; longitudinal
welded tubing; nondestructive examination; phased array;
ultrasonic examination
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Standard Practice for
Evaluating Performance Characteristics of Ultrasonic Pulse-
Echo Testing Instruments and Systems without the Use of
Electronic Measurement Instruments

1. Scope

1.1 This practice describes procedures for evaluating the
following performance characteristics of ultrasonic pulse-echo
examination instruments and systems: Horizontal Limit and
Linearity; Vertical Limit and Linearity; Resolution - Entry
Surface and Far Surface; Sensitivity and Noise; Accuracy of
Calibrated Gain Controls. Evaluation of these characteristics is
intended to be used for comparing instruments and systems or,
by periodic repetition, for detecting long-term changes in the
characteristics of a given instrument or system that may be
indicative of impending failure, and which, if beyond certain
limits, will require corrective maintenance. Instrument charac-
teristics measured in accordance with this practice are ex-
pressed in terms that relate to their potential usefulness for
ultrasonic testing. Instrument characteristics expressed in
purely electronic terms may be measured as described in
E1324.

1.2 Ultrasonic examination systems using pulsed-wave
trains and A-scan presentation (rf or video) may be evaluated.

1.3 The procedures are applicable to shop or field condi-
tions; additional electronic measurement instrumentation is not
required.

1.4 This practice establishes no performance limits for
examination systems; if such acceptance criteria are required,
these must be specified by the using parties. Where acceptance
criteria are implied herein they are for example only and are
subject to more or less restrictive limits imposed by customer’s
and end user’s controlling documents.

1.5 The specific parameters to be evaluated, conditions and
frequency of test, and report data required, must also be
determined by the user.

1.6 This practice may be used for the evaluation of a
complete examination system, including search unit,
instrument, interconnections, fixtures and connected alarm and
auxiliary devices, primarily in cases where such a system is
used repetitively without change or substitution. This practice
is not intended to be used as a substitute for calibration or
standardization of an instrument or system to inspect any given
material. There are limitations to the use of standard reference
blocks for that purpose.1

1.7 Required test apparatus includes selected test blocks and
a precision external attenuator (where specified) in addition to
the instrument or system to be evaluated.

1.8 Precautions relating to the applicability of the proce-
dures and interpretation of the results are included.

1.9 Alternate procedures, such as examples described in this
document, or others, may only be used with customer approval.

1.10 Units—The values stated in inch-pound units are to be
regarded as standard. The values given in parentheses are
mathematical conversions to SI units that are provided for
information only and are not considered standard.

1.11 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:
E114 Practice for Ultrasonic Pulse-Echo Straight-Beam

Contact Testing
E127 Practice for Fabrication and Control of Aluminum

1 Beck, K. H., “Limitations to the Use of Reference Blocks for Periodic and
Preinspection Calibration of Ultrasonic Inspection Instruments and Systems,”
Materials Evaluation, Vol 57, No. 3, March 1999.
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Alloy Ultrasonic Standard Reference Blocks
E428 Practice for Fabrication and Control of Metal, Other

than Aluminum, Reference Blocks Used in Ultrasonic
Testing

E1316 Terminology for Nondestructive Examinations
E1324 Guide for Measuring Some Electronic Characteristics

of Ultrasonic Testing Instruments
2.2 Other Standard:
IEEE Std 100 IEEE Standard Dictionary of Electrical and

Electronic Terms

3. Terminology

3.1 Definitions—For definitions of terms used in this prac-
tice see Terminology E1316. Other relevant definitions may be
found in IEEE Standard 100.

4. Summary of Practice

4.1 An examination system to be evaluated comprises an
ultrasonic pulse-echo instrument, search unit, interconnecting
cables, and couplant; for immersion examination systems
suitable fixturing is required.

4.2 When checking an entire system to be used for a given
examination, test conditions are selected that are consistent
with the intended end-use as determined by the user.

4.3 The ultrasonic response from appropriate test blocks is
obtained, and presented in numerical or graphical form.

5. Significance and Use

5.1 This practice describes procedures applicable to both
shop and field conditions. More comprehensive or precise
measurements of the characteristics of complete systems and
their components will generally require laboratory techniques
and electronic equipment such as oscilloscopes and signal
generators. Substitution of these methods is not precluded
where appropriate; however, their usage is not within the scope
of this practice.

5.2 This document does not establish system acceptance
limits, nor is it intended as a comprehensive equipment
specification.

5.3 While several important characteristics are included,
others of possible significance in some applications are not
covered.

5.4 Since the parameters to be evaluated and the applicable
test conditions must be specified, this practice shall be pre-
scribed only by those familiar with ultrasonic NDT technology
and the required tests shall be performed either by such a
qualified person or under his supervision.

5.5 Implementation may require more detailed procedural
instructions in the format of the using facility.

5.6 In the case of evaluation of a complete system selection
of the specific tests to be made should be done cautiously; if the
related parameters are not critical in the intended application,
then their inclusion may be unjustified. For example, vertical

linearity may be irrelevant for a go/no-go test with a flaw gate
alarm, while horizontal linearity might be required only for
accurate flaw-depth or thickness measurement from the display
screen.

5.7 No frequency of system evaluation or calibration is
recommended or implied. This is the prerogative of the using
parties and is dependent on application, environment, and
stability of equipment.

5.8 Certain sections are applicable only to instruments
having receiver gain controls calibrated in decibels (dB). While
these may sometimes be designated “gain,” “attenuator,” or
“sensitivity” on various instruments, the term “gain controls”
will be used in this practice in referring to those which
specifically control instrument receiver gain but not including
reject, electronic distance-amplitude compensation, or auto-
matic gain control.

5.9 These procedures can generally be applied to any
combination of instrument and search unit of the commonly
used types and frequencies, and to most straight-beam
examination, either contact or immersed. Certain sections are
also compatible with angle-beam, wheel, delay-line, and dual-
search unit techniques. Their use, however, should be mutually
agreed upon and so identified in the test report.

5.10 The validity of the results obtained will depend on the
precision of the instrument display readings. This is assumed to
be 60.04 in. (61 mm), yielding between 1 % and 2 % of full
scale (fs) readability for available instrumentation having
suitable screen graticules and display sharpness.

6. Procedures for Obtaining Ultrasonic Response Data

6.1 General:
6.1.1 A procedure, using this document as a guide, should

be prepared for each specific type of instrument or system to be
evaluated. For each procedure determine from the requesting
documents the instrument examination range to be evaluated,
select the appropriate search unit, fixtures, and test blocks, and
establish the required display conditions. Unless otherwise
required, mid-range values are suggested for most panel
controls and “reject” must be off unless specifically desired to
be evaluated. It may be desirable to vary the instrument
controls from these initial values. If so, it is important to
observe and report any anomalous effects on the parameters
being evaluated when the controls are so varied.

6.1.2 When a procedure requires a change in receiver gain
by the use of a calibrated control, it is assumed that those
which increase sensitivity with higher panel readings are
designated “gain” and those which decrease sensitivity with
higher readings are designated “attenuation.” Fine (reference)
gain controls, when available, are sometimes not calibrated in
decibels and increase sensitivity with clockwise rotation.

6.1.3 Although the procedures in this practice do not de-
scribe the use of electronic distance-amplitude compensation,
its use is not precluded. If it is used to affect any one or
combination of characteristics, measured under this document,
then all characteristics shall be evaluated with the same level of
compensation as was used on any one, and this level should be
referenced in the report. If desired by the using parties, a dual
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set of test data may be made both with and without distance-
amplitude compensation.

6.1.4 If the display screen does not provide a suitable
internal graticule, and deflection measurements are being
made, fix the eye relative to the external scale to minimize
parallax. This practice assumes reading precision of within 2 %
of full scale. If, for any reason, this is not feasible for the
system under test, estimate the probable accuracy and include
this in the report. Readability can sometimes be improved by
the use of an external scale attached to the display screen
having 50 or 100 divisions for full scale.

6.1.5 For instruments that provide digital readout of signal
amplitude, the manufacturer’s specified accuracy, if available,
shall be noted in the report.

6.1.6 When tests are being done by the contact method,
position the search unit securely and make certain that couplant
changes are not measurably affecting the results. Refer also to
Practice E114.

6.1.7 When using the immersion method, allow adequate
time for thermal stabilization; remove bubbles and particles
from search unit and test surfaces; maintain the search-unit
manipulator and test blocks in stable positions.

6.2 Horizontal Limit and Linearity:
6.2.1 Significance— Horizontal limit and linearity have

significance when determination of depth of a discontinuity is
required. A specified minimum trace length is usually neces-
sary to obtain the horizontal readability desired. Nonlinearity
of sweep trace may affect accuracy of flaw depth or thickness
determination made directly from the display screen.

6.2.2 Apparatus—A test block is required that will give
several (preferably eleven) noninterfering multiple back reflec-
tions for the sweep range and other test conditions of interest
(see Fig. 1). Any block having good ultrasonic transmittivity,
flat parallel faces, and a thickness of about one tenth of the
specified sweep range will usually be adequate. The aluminum
blocks shown in Table 1 will be satisfactory for mid-range
frequencies and sweep settings on most instruments when the
beam is directed through the thickness T. For other test
frequencies or very large search units, different block dimen-

sions or other block designs may be required to eliminate
interferences. The couplant system used, either contact or
immersed, must provide stable indications during the measure-
ments. A horizontal scale permitting reading accuracy as
specified in 6.1.4 is required or, if provided, digital readout of
depth indication may be used.

NOTE 1—An encapsulated transducer-targets assembly may be used for
this purpose.

6.2.3 Procedure—Couple the appropriate block to the
search unit so that the sound beam does not intercept any test
holes. Adjust the instrument gain, sweep-delay, and sweep-
length controls to display eleven noninterfering back reflec-
tions. Set the amplitude of each back reflection at 50 % fs
before measurement of its position. Further adjust the sweep
controls (range, centering, or delay) to position the leading
edge of the third and ninth back reflections at the 20 % and
80 % scale divisions respectively (with each set in turn at 50 %
fs). After the third and ninth back reflections are positioned
accurately on the 20 % and 80 % divisions as described, read
and record the scale positions of each other multiple.
Alternatively, if sweep-delay is not available, position the
second and eighth back reflections at the 20 % and 80 % scale
divisions respectively; read and record the scale positions of
the initial pulse start and of the remaining multiples. To
calibrate the digital readout of horizontal position on instru-
ments so equipped this procedure will require positioning a
“gate” to provide an indication from each desired reflection.

NOTE 2—Either more or fewer reflections can be used by suitably
modifying the procedure. For example, six back reflections may be used
if interference echoes are obtained with eleven, in which case the second
back reflection is positioned at the 20 % scale division and the fifth back
reflection at the 80 % scale division. Measurement of the horizontal
position of each multiple echo, should be made at the same amplitude on
the leading edge of the indication. Any specific value may be selected if
it is used consistently. Typically used values are baseline break, half
amplitude, or signal peak.

6.2.4 Interpretation of Data:
6.2.4.1 Horizontal limit is given by the maximum available

trace length falling within the display graticule lines or the

Material: 7075T6 aluminum
Plug drilled holes with water-insoluble plastic.

FIG. 1 Suggested Test Blocks for Evaluation of Horizontal and Vertical Linearity



ASME BPVC.V-2023 ARTICLE 23, SE-317

647

corresponding digital output limits expressed in linear units
(inches or millimetres). Unless otherwise noted, this is also
assumed to represent 100 % fs. Failure to obtain full-scale
deflection may indicate an equipment malfunction. If an
equipment malfunction is found to be the case, the instrument
shall be repaired before continuing the evaluation.

6.2.4.2 Linearity test results may be presented in tabular
form or, preferably, plotted in the manner shown in Fig. 2. The
deviation is given by the displacement (in % full scale) from
the straight line through the set-up points representing ideal
linearity. For the test point shown (sixth multiple at 55 % fs)
the error is 5 % fs. Maximum nonlinearity is given by the
“worst case” test point. Linear range is given by the set of
contiguous points falling entirely within a specified tolerance.

6.3 Vertical Limit and Linearity:
6.3.1 Significance— Vertical limit and linearity have signifi-

cance when echo signal amplitudes are to be determined from
the display screen or corresponding analog or digital output
signals, and are to be used for evaluation of discontinuities or
acceptance criteria. A specified minimum trace deflection or

digital equivalent and linearity limit may be required to achieve
the desired amplitude accuracy. For other situations they may
not be important, for example, go/no-go examinations with
flaw alarms or evaluation by comparison with a reference level
using calibrated gain controls. This practice describes both the
two-signal ratio technique (Method A) and the input/output
attenuator technique (Method B). Both methods assume that
the test indications used for measurement are free of interfer-
ences resulting from nearby signals such as the initial pulse,
interface echo, or adjacent multiples. If linearity is of concern
under such conditions, for example for near-surface signals, it
may be evaluated by the procedure in 6.4.3. Method A (ratio
technique) will disclose only nonlinearity that occurs in the
instrument circuitry between the gain controls being used to set
the amplitudes and the display. Method B (input/output tech-
nique) evaluates the entire receiver/display system at constant
gain as established initially by the panel controls. Because of
this and other differences, the two methods may not give
identical results for linearity range. Further, Method A may not
disclose certain types of nonlinear response shown by Method
B.

6.3.2 Method A:
6.3.2.1 Apparatus—This method is only applicable when a

calibrated external attenuator, as described in 6.3.3.1 for
Method B is not available. A test block is required that
produces two noninterfering signals having an amplitude ratio
of 2 to 1. These are compared over the usable screen height as
the instrument gain is changed. The two amplitudes will be
referred to as HA and HB (HA > HB). The two signals may occur
in either screen order and do not have to be successive if part
of a multiple-echo pattern. Unless otherwise specified in the
requesting document, any test block that will produce such
signals at the nominal test settings specified can be used. For
many commonly used search units and test conditions, the test
block shown in Fig. 1 will usually be satisfactory when the
beam is directed along the H dimension toward the two holes.
The method is applicable to either contact or immersion tests;
however, if a choice exists, the latter may be preferable for ease
of set-up and coupling stability.

NOTE 3—An encapsulated transducer-targets assembly may be used for
this purpose.

TABLE 1 Linearity Test Block Dimensions

Table of Dimensions

US Customary Block (in.) Metric Block (mm)

Dimension Tolerance Dimension Tolerance

A 1.25 0.05 32 1
B 1.00 0.05 25 1
C 0.75 0.05 19 1
D 1.00 0.05 25 1
E 0.75 0.05 19 1
H 3.00 0.05 75 1
T 1.00 0.01 25 0.2
W 2.00 0.05 50 1

d1 and d2 0.047 dia. 0.005 1.2 dia. 0.1

All surfaces:
Flatness
Parallelism
Finish

...

...
63 µ in. or smoother

0.001
0.001

...

...
1.5 µm or smoother

0.02
0.02

FIG. 2 Example of Data Plot for Determination
of Horizontal Linearity
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6.3.2.2 Procedure—To obtain test data, position the search
unit so that two echo signals are obtained having amplitudes in
the ratio of about 2 to 1. Determine that there is sufficient range
in the gain controls to vary HA (the larger) from 10 % fs to
100 % fs. Manipulate the search unit and adjust the instrument
controls until HA and HB meet the conditions in Table 2. The
preferred values are desired because the data may be most
easily presented and evaluated. However, positioning difficul-
ties or lack of a fine gain or pulse-length control may not
permit obtaining the exact values. When optimum set-up
conditions are established, secure the search unit in place,
observing the precautions noted in 6.1. Adjust the gain controls
in steps so that HA is set in increments of 10 % or less from
10 % fs to 100 % fs. Read and record the values of HA and HB

within the accuracies prescribed in 6.1.4.

NOTE 4—To better define the response characteristic, particularly near
the upper and lower limits, additional readings may be taken at smaller
gain increments.

6.3.2.3 Interpretation of Data—Vertical limit is given by the
maximum vertical deflection (baseline to peak for video and
peak to peak for rf) within the usable graticule or digital output
range that can be obtained from a large reflector (for example,
the test block surfaces) as the gain is increased. Report this in
linear units (inches or millimetres) and note equivalent grati-
cule divisions. Unless otherwise stated, this is assumed to
represent 100 % fs. Failure to obtain full-scale deflection may
indicate an equipment malfunction. If this is found to be the
case, the instrument shall be repaired before continuing the
evaluation. Linearity test data may be reported in tabular form
or preferably presented graphically. Unless otherwise specified
in the requesting document, vertical linearity range should be
determined graphically using the method shown in Fig. 3. If the
preferred set-up condition (HA = 60 % fs, HB = 30 % fs) is
established initially, the test results may be plotted directly on
the scales shown. The limit lines provide a graduated tolerance
for HB of 61 graph division starting at the set-up point (to
provide for reading error) to 66 divisions at the extremes.
Ideal linearity is defined by a straight line extending from the
origin through any set-up point to full scale. The linear range

is determined by interconnecting adjacent data points and
noting the first locations above and below set-up intersecting
the limit lines. The upper linearity limit is given by the
corresponding value for HA and the lower limit by that for HB.
If the preferred set-up values were not obtained, a new linearity
line and corresponding limits shall be constructed following
the same approach.

NOTE 5—If the requesting document specifies that the test results be
presented in ratio form (that is, H A/HB versus HA) the necessary values
can be calculated from the tabular data and presented in any format
specified. To establish linearity limits the desired tolerances must also be
stated.

NOTE 6—If the instrument graticule cannot be read directly in % of full
scale, the recorded values of H A and HB should be converted to
percentages of full scale before plotting. If that is not done, new
coordinates with appropriate scale and limit lines must be constructed.

6.3.3 Method B:
6.3.3.1 Apparatus—This method requires the use of an

auxiliary external-step attenuator meeting the following mini-
mum specifications which are usually certified by the supplier:

Frequency range dc to 100 MHz
Attenuation 0 to 80 dB in 1-dB steps
Impedance 50 or 75 Ω
Accuracy ±0.2 dB per 20-dB step

The instrument must be operable in a through-transmission
mode with the attenuator inserted between the source of the

TABLE 2 Vertical Linearity Range by Method A Using Two-Signal
(Ratio) Technique with Initial Values for HA and HB Giving

Ratios of 1.8 to 2.2

NOTE 1—Preferred setup values permit determination of vertical
linearity range directly from the data plot of Fig. 3.

HA % Full Scale H B % Full Scale

Preferred Values

60 30

Acceptable

65 30–36
64 29–36
63 29–35
62 28–34
61 27–34
60 27–33
59 27–33
58 26–32
57 26–32
56 25–31
55 25–31

FIG. 3 Data Plot for Determination of Vertical Linearity Range by
Method A (Ratio Technique)
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received signal and the receiver input jack as shown in Fig. 4.
Either single-search-unit or the alternative two-search-unit
configuration can be used. The attenuator should be connected
to the receiver input with a coaxial cable having the same
impedance as the attenuator and the terminator. However,
negligible error will result if short lengths, that is 6 ft (1.8 m)
or less, of commonly used low-capacitance cables are used at
mid-range test frequencies. The terminator should be a
shielded, noninductive resistor preferably mounted in a coaxial
connector. Refer to Note 7 regarding termination errors. In the
single-search-unit configuration the pulser is shunted by the
attenuator input. Therefore, to isolate the pulser and protect the
attenuator if its input rating is exceeded, a dropping resistor
may be desirable. If the two-search-unit arrangement is used,
no further isolation is required. The path length provided by the
test medium shall be adequate to separate the initial pulse (or
any instrument cross-talk) from the desired signal, usually that
from the first back reflection or interface echo (single-search-
unit method) or the first transmitted signal (two-search-unit
method). For most test situations a total material path of 2 in.
(50 mm) of water or 6 in. (150 mm) of metal such as aluminum
will be satisfactory.

NOTE 7—It is assumed that, as is typical of most commercial instru-
ments when operated in the through-transmission mode, the receiver input
impedance is large (at least ten times) compared with that of the
attenuator. This can usually be determined from the manual or from the
manufacturer, and the terminator suitably adjusted. However, when there
is a question, a minimum of one 20-dB step should always be left in the
attenuator, and terminator errors will be negligible. Proper operation of the
attenuator can be checked by determining that any combination of steps
having an equivalent value, produces the same signal change. For
example, an increase of attenuation from 20 dB to 26 dB should produce
the same display change as the increase from 30 dB to 36 dB.

6.3.3.2 Procedure—With approximately 30 dB of attenua-
tion in the external attenuator, adjust the instrument sweep and
gain controls to produce a center screen deflection of 50 % fs
within readability tolerance (that is, 2 % fs or better). Decrease
the external attenuation in 1-dB steps until full-scale deflection
is reached and record the signal amplitude for each step in

percent of full scale. Reset the external attenuator to again give
50 % fs and increase the external attenuation in 2-dB steps for
five steps, and then in 4-dB steps thereafter until the signal
essentially disappears; record signal amplitudes for each step.

NOTE 8—Smaller attenuation increments may be used to better define
the linearity response. Optional values are given in Table 3.

6.3.3.3 Interpretation of Data—Deviations from ideal lin-
earity may be determined either by comparison with tabular
values or graphically. Vertical linear range can then be estab-
lished for any specified deviation, usually stated in percent of
full scale. This practice, unless modified by the requesting
document, prescribes a tolerance of 65 % fs in determining
upper and lower linearity limits. In addition 61 % fs is allowed
for reading error. To use the tabular method, subtract the
amplitude readings obtained for each step from that for the
appropriate attenuator step as given in Table 3. The difference
(which may be either positive or negative) is the deviation from
ideal linearity in percent of full scale. The linear range extends
from the lowest to the highest values of sequential amplitudes
all falling within prescribed limits. Graphic methods require
either logarithmic scales or inverse log calculations to give a
straight linearity plot. The preferred format that is convenient
to use is shown in Fig. 5. Deviation from ideal linearity can be
read directly in percent of full scale, and vertical linearity range
established by the limit lines shown. Other limit lines for any
specified tolerances may be constructed in a similar manner.

6.4 Resolution:
6.4.1 Significance—Depth resolution has significance when

it is important to identify and quantify reflectors positioned
closely together along the depth axis whether they are internal
discontinuities or a discontinuity and a boundary. This proce-
dure is concerned with entry and back surface resolution only.
Since vertical linearity of signals within interference regions
(for example, near surface indications) may sometimes be
required, provision is also made for checking this. Resolution,
as determined by this practice, includes the combined effects of
instrument, search unit, and interconnects and is therefore a
system check for the specific components and test conditions
used.

6.4.2 Apparatus—Select test blocks that provide metal dis-
tances corresponding to the resolution range and hole diam-
eters specified in the requesting document or periodic checking
procedure for the specific system or type of instrument to be
checked. For comparative evaluations blocks may be of any
agreed-on material; however, if values for specific test appli-
cations are desired, the blocks shall be made from material
having ultrasonic properties similar to that to be examined.
Specimen characteristics such as metallurgical structure,
contour, surface condition, and dimensions can significantly
affect results. Further, search unit, test frequency, and operating
conditions are major factors. Many types of test blocks have
been used for resolution measurements including (1) aluminum
alloy standard reference blocks as specified in Practice E127,
(2) steel or other metal-alloy reference blocks made in accor-
dance with Practice E428, (3) various commercially available
“resolution blocks” having a multiplicity of test holes, notches,
etc., and (4) special designs meeting user/supplier require-
ments. Use of ASTM-type aluminum reference blocks is

FIG. 4 Recommended System Configuration for Determination of
Vertical Linearity (Method B) and Gain Control Calibration
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recommended for determination of entry-surface resolution
whenever applicable, for example, comparative tests or alumi-
num products examination. No equivalent blocks are presently
available for far-surface resolution tests. When both entry and
far-surface resolution must be determined for specific
materials, hole sizes, and test distances, one or more special
test blocks are usually required. When feasible, it may be
desirable to have all the required test holes in a single block for
ease of set-up and test. A suggested configuration is shown in
Fig. 6.

6.4.3 Procedure—Determine from the requesting document
the blocks, frequency, search unit, and test conditions required.
Select the block with the test hole that establishes the test
sensitivity to be used, usually that needed to produce 80 % fs
amplitude for the longest metal distance. Using this block,
adjust the instrument controls to set the system sensitivity to
the specified level without excessive loss of resolution. To
obtain optimum sensitivity/resolution performance, adjustment
of pulse length as well as one or more gain controls will
frequently be necessary. If an immersion test, make certain that
the search unit is positioned laterally for maximum hole-signal
amplitude and aligned for interface perpendicularity. Except
for interface peaking, no lower gain may be used thereafter,
although higher may be required as described. Resolution,
either entry or far surface, is determined as follows. Using the
established sensitivity, reposition the search unit over each
specified hole in turn to optimize the indication, again making
certain that the interface signal is maximized by alignment of
the search unit (at reduced sensitivity if necessary). If the
indication from any required test hole does not peak at 80 % fs
or more, increase the sensitivity as needed until it does so.
Unless otherwise stated, a hole is considered to be resolved

under these conditions if its indication is clearly separated from
the adjacent interface indication down to at least 20 % fs and
there are no residual indications greater than 20 % fs through-
out the test region when the search unit is repositioned to
eliminate the test hole signal. These conditions are illustrated
in Fig. 7. When this cannot be done because of restricted block
dimensions, use a similar type block having a significantly
longer metal path. If neither method can be used, estimate the
residual noise immediately adjacent to the hole signal and note
this limitation in the test report. If linearity within the near
surface region must also be determined, for example, to
evaluate in the receiver recovery zone as shown in Fig. 8,
proceed as follows: Adjust the instrument controls so that the
resolved signal amplitude is 80 % fs; then reduce the sensitiv-
ity in small increments using a calibrated gain control until its
amplitude is 20 % fs. Record the change of gain (in decibels)
required. Appendix X1 provides dimensions for a specific
design of a Fig. 6 type block which is intended to meet the
resolution test requirements specified in a number of com-
monly used material inspection standards.

NOTE 9—Although the above procedure does not describe the use of
electronic distance-amplitude compensation, its use is not precluded and
substantially improved effective resolution may result. However, if used,
the procedures of 6.1.3 shall be followed.

6.4.4 Interpretation of Data—Resolution, either entry or
far-surface, is given by the metal distance from the test-hole
bottom to the appropriate surface, the hole diameter, and the
reference used to establish test sensitivity (if other than the
specified resolution block hole). Nonlinearity of the response
within the resolved test range is expressed by the difference in
decibels between 12 dB and the incremental gain change
required to reduce the test hole indication from 80 % fs to 20 %

TABLE 3 Determination of Vertical Linearity Range by Method B Using Input/Output Technique with External Attenuator

Vertical Signal Amplitude versus Relative Attenuation

Decreasing External Attenuation Increasing External Attenuation

−dB H R
A % fs HT

B % fs HR − HT % fs +dB HR % fs H T % fs HR − HT % fs

0 50 50 0 0 50 50 0
0.5C 53 1C 45
1.0 56 2 40
1.5C 59 3C 35
2.0 63 4 32
2.5C 67 5C 28
3.0 71 6 25
3.5C 75 7C 22
4.0 79 8 20
4.5C 84 9C 18
5.0 89 10 16
5.5C 94 12C 13
6.0 100 14 10
6.5D 106 16C 8
7.0D 112 18 6
7.5D 119 20C 5
8.0D 126 22 4
... ... 24C 3
... ... 26 2.5
... ... 28C 2
... ... 30 1.5
... ... 32C 1.2
... ... 34 1.0

A HR Read value of vertical indication from test fixture.
B HT Theoretical value for ideal linear response.
C Suggested optional attenuator increments.
D Increments possibly required for full-scale deflection.
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FIG. 5 Data Plot for Determination of Vertical Linearity by Method B (Input/Output Technique)

NOTE 1—Material, thickness T, hole diameters, and surface roughness as specified by test requirements.
NOTE 2—One or more flat bottom holes spaced to avoid interferences and with ends plugged.

FIG. 6 Suggested Configuration for Resolution Test Block
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fs. The report shall also fully identify the test blocks, specific
holes, search unit, and test parameters used.

6.5 Sensitivity and Noise:
6.5.1 Significance—Sensitivity is a measure of a test sys-

tem’s ability to detect discontinuities producing relatively
low-amplitude signals because of their size, geometry, or
distance. Noise can limit detectability of discontinuities by
masking their indications. Its source may be electrical or
acoustic, and if due to indications from the material structure,
represents a possible limitation of the test method rather than
the instrumentation. Generally, sensitivity, resolution, and
signal-to-noise ratio are interdependent and shall be evaluated
under similar test conditions.

6.5.2 Apparatus—Unless otherwise specified in the request-
ing document, use test blocks selected from an area/amplitude
set of aluminum alloy standard reference blocks meeting the
requirements of Practice E127. As discussed in 6.4.2, such
blocks can provide a comparative basis for evaluating system
performance, but if data are required for other specific mate-
rials or test conditions, appropriate special blocks must be
used. Where E127-type aluminum blocks are applicable, the

following selection is suggested for determining the probably
minimum size detectable hole:

Test Frequency,
MHz 0.4 to 1.5 1.0 to 2.5 2.0 to 10.0

Block designation 5-0300 to
8-0300

2-0300 to
6-0300

1-0300 to
5-0300

6.5.3 Procedure—With the instrument sensitivity at
maximum, determine the smallest hole size that will give an
indication having an amplitude of at least 60 % fs and baseline
noise in the test region of no more than 20 % fs. A typical
instrument display is shown in Fig. 8. If the dimensions of the
test block allow, move the search unit just away from the hole
and determine that the noise at the same location as the
indication does not exceed 20 % fs. Otherwise follow the
procedure of 6.4.3 for residual-noise determination. Record the
block number, noise level, and signal amplitude if greater than
60 % fs. If the noise at maximum sensitivity exceeds 20 % fs,
reduce the gain until 20 % fs is obtained and determine the
smallest hole that will then produce a 60 % fs or greater
indication. Record the block number, noise level, signal
amplitude, and reduced gain (in decibels). If the indication

FIG. 7 Typical Display Response for Determination of Near-Surface and Far-Surface Resolution

FIG. 8 Typical Display Response for Determination of Sensitivity and Noise
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from the smallest available hole exceeds 100 % fs, use the gain
control to lower the hole indication to 60 % fs and record the
remaining available gain (in decibels) that does not cause the
noise to exceed 20 % fs.

NOTE 10—If this requires the use of an uncalibrated gain control, use
the instrument’s calibrated attenuator if available, or a suitable external
attenuator to determine the applicable gain reduction factors (in decibels)
using the gain control positions as determined above and a suitable
reflector indication on the screen. Refer to 6.6.3 for use of external
attenuator to calibrate a gain control.

NOTE 11—Since this is a systems check, the indicated noise will be a
summation of both instrument electrical noise and acoustical noise from
search unit, couplant, and test material. If separation of the electrical
component is required, note first the noise to the left of the initial pulse.
Remove the search unit and make certain that the noise remains about the
same. If not, lower the pulse repetition rate until the noise to the left of the
initial pulse, both with or without the search unit connected, is the same.
Record this noise as the average electrical noise.

6.5.4 Interpretation of Data:
6.5.4.1 Sensitivity is expressed by stating the specific hole

size/test distance that produces the required 60 % fs signal at a
3-to-1 or greater signal-to-noise ratio, and the gain control
settings needed; that is, either maximum gain or remaining
available gain up to that which gives 20 % fs or less noise.

6.5.4.2 System noise is given either by the peak noise
amplitude at maximum sensitivity if less than 20 % fs, or by
the gain reduction in decibels of the noise below the smallest
available hole that gives 60 % fs or greater indication. If so
specified, both total noise and electrical noise shall be reported.

6.6 Accuracy of Calibrated Gain Controls:
6.6.1 Significance—When quantitative measurement of sig-

nal amplitudes are to be made by comparison against a
reference indication, the use of accurately calibrated gain
controls may be desirable or necessary, particularly when the
amplitude ratio differs significantly from unity. For this
procedure, it is assumed that the controls are calibrated in
conventional decibel units. Refer to 6.1.2 regarding gain
control nomenclature.

6.6.2 Apparatus—A precision external attenuator, terminat-
ing resistor, and test set-up similar to that described in 6.3.3.1
are required. The attenuator must have a range at least equal to
that being checked plus the additional needed to bring the test
signal on scale at highest instrument sensitivity specified.

NOTE 12—The maximum range for any single panel control function is
usually 60 dB or less. This method is not recommended for checking
larger ranges, obtained for example, by sequential use of more than one
control, since cross-talk may become a problem.

NOTE 13—A test precision of 1.0 dB is assumed to be adequate and
obtainable. Greater precision requires either smaller attenuator steps or
use of correction factors for the display screen readings. Refer also to Note
7.

6.6.3 Procedure—Select a test system configuration that
will produce a stable, on-screen, mid-scale indication when the
instrument controls are set for the minimum desired sensitivity
and the external attenuator has sufficient available attenuation
to equal the desired test range. Use the fine-gain control when
available, or pulse-length adjustment to set the reference
indication precisely at the 60 % fs graticule line. Record the
settings of the external attenuator and the calibrated controls,
noting whether they represent decibel gain or decibel attenua-

tion. Increase the instrument gain in the smallest available
calibrated increment, and add sufficient external attenuation to
return the test indication as closely as possible to the 60 % fs
reference line. With 1.0 dB or smaller attenuator increments
available, the adjusted amplitude should always lie between
56 % fs and 64 % fs when the correct step is used. Record the
new gain control and external attenuator settings. Repeat the
procedure until the full range of the relevant instrument control
has been checked.

6.6.4 Interpretation of Data—Unless otherwise instructed
by the requesting document, use the results as follows: For
each control range tested, tabulate the readings of the control
against the incremental attenuation added externally. This
value is given by subtracting the initial external attenuation
from each subsequent reading of total attenuation. The total
error for any range is then the difference (in decibels) between
the panel value of control range and that determined by the
external attenuator. Report the error, if any, in terms of total
deviation per 20 dB of control range and also for the full range
of any control of greater range.

NOTE 14—The data obtained can be used to determine the error for any
intermediate steps if required.

6.7 Thickness Gages
6.7.1 Significance—Analog, digital or variable frequency

thickness gages are used to measure a variety of materials by
the application of a search unit to one side of a material with
parallel, or nearly-parallel, front and back surfaces. Since the
range of thicknesses to be measured for various applications is
large and the degree of coverage required varies with the
intended usage, choice of transducer size, frequency, damping
and focal characteristics also may vary over a fairly wide
range. Also, since the output of thickness measuring instru-
ments is dependent on the travel time of a signal from front to
back surfaces the results are dependent upon the propagation
velocity of a wave of a given frequency, or range of
frequencies, in the particular material being examined. This
requires standardization for any material examination using
samples of known thickness of material identical in ultrasonic
velocity and shape to the test material. These variables are not
considered in the procedures outlined below which are in-
tended to evaluate the accuracy of the instrument itself under
controlled conditions.

6.7.2 Apparatus—A set of samples of known thicknesses in
the range, or ranges, of interest is required. For each thickness
range to be measured, three test samples of known thickness
are required. One of these should be near the lower thickness
limit of the range, one near the higher limit, and one near the
center of the range. Thickness of the samples shall be measured
by mechanical or optical instruments calibrated on blocks
certified to at least twice the required evaluation accuracy. The
surface finish of the samples must be adequate to provide good
coupling. The material of the samples shall be sufficiently free
of internal and external defects to prevent confusion of the test
results. The choice of contact or immersion technique for the
evaluation is determined by the user or contracting agency. The
characteristics of the transducer or transducers to be employed
are determined by the material thicknesses of interest and the
selected technique.
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6.7.3 Procedure
6.7.3.1 For Instruments with both Low and High (or Inter-

cept and Slope) Controls—For each range to be examined, the
instrument should be adjusted to produce output readings of the
desired accuracy when coupled to the high and low samples.
Once set these readings must be repeatable without instrument
readjustment. The near-midrange sample is then checked with
no further instrument adjustment and the output reading
recorded and compared to the known measured value for that
sample.

6.7.3.2 For Instruments with Only One Control (Velocity or
Slope)—For each range to be examined, the instrument should
be adjusted to produce an output reading of the desired
accuracy when coupled to one of the test samples. The other
two are then checked with no further instrument adjustment
and the output readings recorded and compared to the known
measured values for those samples.

6.7.4 Interpretation of Data—Deviation of the measured
thickness divided by the known sample thickness is of course
a measure of the percentage accuracy of the instrument at that
point. This figure shall be recorded and reported in the
evaluation report (see Section 7). In the case that more data
points are required, additional samples of known intermediate
thickness are necessary.

7. Report

7.1 The requesting document should fully define the extent
of the written report required. As a minimum this may involve
only confirmation of specified performance or the results of the
parameters evaluated. A comprehensive written report shall
include all relevant information in sufficient detail so that the
tests could be duplicated later if desired.

7.2 The following format is recommended for a report
requiring complete documentation of the tests:

7.2.1 Instrument—name, model, modules, and serial num-
bers

7.2.2 Description of Apparatus used for each test including:
Search Units—type, catalog number, frequency, size (serial
number when available)

Interconnecting Devices—cables, search tubes
Test Fixtures—positioner, bridge, clamps
Couplant
Test Blocks—specify by ASTM nomenclature, or if special,

source, drawing number or complete description (material, size
and location of test holes, geometry, dimensions, surface)

External Attenuator—type, impedance, precision, and termi-
nator

7.2.3 Method of each test including:
Contact or Immersion technique
Water Path where applicable
Control Settings relevant to tests—including internal con-

trols when used
Test Frequency—Tuned or Wide Band
7.2.4 Test Results of each instrument characteristic evalu-

ated

8. Precision and Bias

8.1 No ASTM round-robin tests have been made to deter-
mine the repeatability of readings or the precision and bias
obtainable with the procedures described. The assumed reading
precision (2 % of full scale) stated in 5.10 is considered to be
obtainable in practice and adequate for the purposes of this
standard.

9. Keywords

9.1 evaluation of pulse-echo examination systems; evalua-
tion of ultrasonic pulse-echo instruments; nondestructive test-
ing; performance characteristics of ultrasonic examination
instruments ; performance characteristics of ultrasonic exami-
nation systems; pulse-echo examination instruments; pulse-
echo examination systems; ultrasonic examination instru-
ments; ultrasonic examination systems

APPENDIX

(Nonmandatory Information)

X1. SPECIFIC DESIGN FOR FIGURE 6 RESOLUTION TEST BLOCK
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NOTE 1—Material to be as specified.
NOTE 2—Surface finish: “a” Ra 32 µin. (0.8 µm) max. Other surfaces Ra 63 µin. (1.6 µm) max.
NOTE 3—3⁄64 in. (1.2 mm) diameter flat-bottom holes (d1...d6) to be perpendicular to faces within 1°; FB surfaces to be finished smooth to full diameter;

holes to be cleaned, dried, and plugged leaving air gap of 0.04 in. (1 mm) min.
NOTE 4—Legends as shown (or metric equivalents) to be engraved 1⁄8 in. (3 mm) high at approximate locations indicated.
NOTE 5—Block finish to be anodizing or plating as specified.
NOTE 6—Location for optional end support; attachment entry into block not to exceed 1⁄4 in. (6 mm).

Table of Dimensions

US Customary Block (in.) Metric Block (mm)

Legend Dimension Tolerance Dimension Tolerance

L 8.00 0.02 200.0 0.5
T 3.30 0.02 82.5 0.5
W 2.00 0.02 50.0 0.5
C 1.00 0.02 25.0 0.5
S 4.00 0.02 100.0 0.5
A 1.00 0.02 25.0 0.5
E 1.00 0.02 25.0 0.5

d1...d6 0.0469 0.0005 1.2 0.01
B1 0.100 0.005 2.5 0.1
B2 0.200 0.005 5.0 0.1
B3 0.300 0.005 7.5 0.1
F1 0.300 0.005 7.5 0.1
F2 0.500 0.005 12.5 0.1
F3 0.700 0.005 17.5 0.1

FIG. X1.1 Type RA Resolution Test Block
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Standard Practice for
Measuring Thickness by Manual Ultrasonic Pulse-Echo
Contact Method

1. Scope

1.1 This practice provides guidelines for measuring the
thickness of materials using the contact pulse-echo method at
temperatures not to exceed 93 °C [200 °F].

1.2 This practice is applicable to any material in which
ultrasonic waves will propagate at a constant velocity through-
out the part, and from which back wall reflections can be
obtained and resolved.

1.3 This practice is primarily for flat components with
parallel surfaces and has limited applicability for components
with non-parallel or concentric surfaces per 1.2.

1.4 Units—The values stated in either SI units or inch-
pound units are to be regarded separately as standard. The
values stated in each system are not necessarily exact equiva-
lents; therefore, to ensure conformance with the standard, each
system shall be used independently of the other, and values
from the two systems shall not be combined.

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.6 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E317 Practice for Evaluating Performance Characteristics of

Ultrasonic Pulse-Echo Testing Instruments and Systems
without the Use of Electronic Measurement Instruments

E494 Practice for Measuring Ultrasonic Velocity in Materi-
als by Comparative Pulse-Echo Method

E543 Specification for Agencies Performing Nondestructive
Testing

E1316 Terminology for Nondestructive Examinations

2.2 ASNT Documents:
Nondestructive Testing Handbook, 2nd Edition, Vol 7
SNT-TC-1A Recommended Practice for Personnel Qualifi-

cation and Certification in Nondestructive Testing
ANSI/ASNT CP-189 Standard for Qualification and Certifi-

cation of Nondestructive Testing Personnel

2.3 AIA Document:
NAS-410 Certification and Qualification of Nondestructive

Testing Personnel

2.4 ISO Standard:
ISO 9712 Non-Destructive Testing—Qualification and Cer-

tification of NDT Personnel

3. Terminology

3.1 Definitions—For definitions of terms used in this
practice, refer to Terminology E1316.
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4. Summary of Practice

4.1 Thickness (T), when measured by the pulse-echo ultra-
sonic method, is a product of the velocity of sound in the
material and one half the transit time (round trip) through the
material.

T 5
Vt
2

where:
T = Component thickness,
V = Sound velocity in the material, and
t = Sound path transit time.

4.2 The pulse-echo ultrasonic instrument measures the tran-
sit time of the ultrasonic pulse through the part.

4.3 The velocity in the material being examined is a
function of the physical properties of the material. It is usually
assumed to be a constant for a given class of materials. Its
approximate value can be obtained from Table X3.1 in Practice
E494 or from the Nondestructive Testing Handbook, or it can
be determined empirically.

4.4 One or more reference blocks are required having
known velocity, or of the same material to be examined, and
having thicknesses accurately measured and in the range of
thicknesses to be measured. It is generally desirable that the
thicknesses be “round numbers” rather than miscellaneous odd

values. One block should have a thickness value near the
maximum of the range of interest and another block near the
minimum thickness.

4.5 The display element (A-scan display, meter, or digital
display) of the instrument must be adjusted to present conve-
nient values of thickness dependent on the range being used.
The control for this function may have different names on
different instruments, including range, sweep, material
standardize, or velocity.

4.6 The timing circuits in different instruments use various
conversion schemes. A common method is the so-called
time/analog conversion in which the time measured by the
instrument is converted into a proportional d-c voltage which is
then applied to the readout device. Another technique uses a
very high-frequency oscillator that is modulated or gated by the
appropriate echo indications, the output being used either
directly to suitable digital readouts or converted to a voltage for
other presentation. A relationship of transit time versus thick-
ness is shown graphically in Fig. 1.

5. Significance and Use

5.1 The techniques described provide indirect measurement
of thickness of sections of materials not exceeding tempera-
tures of 93 °C [200 °F]. Measurements are made from one side
of the object, without requiring access to the rear surface.

NOTE 1—Slope of velocity conversion line is approximately that of steel.
FIG. 1 Transit Time/Thickness Relationship
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5.2 Ultrasonic thickness measurements are used extensively
on basic shapes and products of many materials, on precision
machined parts, and to determine wall thinning in process
equipment caused by corrosion and erosion.

5.3 Recommendations for determining the capabilities and
limitations of ultrasonic thickness gages for specific applica-
tions can be found in the cited references.1,2

6. Basis of Application

6.1 The following items are subject to contractual agree-
ment between the parties using or referencing this practice.

6.2 Personnel Qualification:
6.2.1 If specified in the contractual agreement, personnel

performing examinations to this standard shall be qualified in
accordance with a nationally or internationally recognized
NDT personnel qualification practice or standard such as
ANSI/ASNT CP-189, SNT-TC-1A, NAS-410, ISO 9712, or a
similar document and certified by the employer or certifying
agency, as applicable. The practice or standard used and its
applicable revision shall be identified in the contractual agree-
ment between the using parties.

6.3 Qualification of Nondestructive Agencies—If specified
in the contractual agreement, NDT agencies shall be qualified
and evaluated as described in Specification E543. The appli-
cable edition of Specification E543 shall be specified in the
contractual agreement.

6.4 Procedures and Techniques—The procedures and tech-
niques to be utilized shall be as specified in the contractual
agreement.

6.5 Surface Preparation—The pre-examination surface
preparation criteria shall be specified in the contractual agree-
ment.

7. Apparatus

7.1 Instruments—Thickness-measurement instruments are
divided into three groups: (1) flaw detectors with an A-scan
display readout, (2) flaw detectors with an A-scan display and
direct thickness readout, and (3) direct thickness readout.

7.1.1 Flaw detectors with A-scan display readouts display
time/amplitude information. Thickness determinations are
made by reading the distance between the zero-corrected (pulse
triggered or delay controlled) initial pulse and first-returned
echo (back wall reflection), or between multiple-back wall
reflections, on a standardized base line of the A-scan display.
The base line of the A-scan display should be adjusted for the
desired thickness increments.

7.1.2 Flaw detectors with numeric readout are a combina-
tion pulse ultrasound flaw detection instrument with an A-scan
display and additional circuitry that provides digital thickness
information. The material thickness can be electronically

measured and presented on a digital readout. The A-scan
display provides a check on the validity of the electronic
measurement by revealing measurement variables, such as
internal discontinuities, or echo-strength variations, which
might result in inaccurate readings.

7.1.3 Thickness readout instruments are modified versions
of the pulse-echo instrument. The elapsed time between the
initial pulse and the first echo or between multiple echoes is
converted into a meter or digital readout. The instruments are
designed for measurement and direct numerical readout of
specific ranges of thickness and materials.

7.1.4 Time-base linearity is required so that a change in the
thickness of material will produce a corresponding change of
indicated thickness. If an A-Scan display is used as a readout,
its horizontal linearity can be checked by using Practice E317.

7.2 Search Units—Most pulse-echo type search units
(straight-beam contact, delay line, and dual element) are
applicable if flaw detector instruments are used. If a thickness
readout instrument has the capability to read thin sections, a
highly damped, high-frequency search unit is generally used.
High-frequency (10 MHz or higher) delay line search units are
generally required for thicknesses less than about 0.6 mm
[0.025 in.]. Measurements of materials at high temperatures
require search units specially designed for the application.
When dual element search units are used, their inherent
nonlinearity usually requires special corrections for thin sec-
tions. (See Fig. 2 and Fig. X2.1.) For optimum performance, it
is often necessary that the instrument and search units be
matched.

7.3 Standardization Blocks—The general requirements for
appropriate standardization blocks are given in 4.4, 8.1.3,
8.2.2.1, 8.3.2, and 8.4.3. Multi-step blocks that may be useful
for these standardization procedures are described in Appendix
X1 (Figs. X1.1 and X1.2).

8. Standardization of Apparatus

8.1 Case I—Direct Contact, Single-Element Search Unit:
8.1.1 Conditions—The display start is synchronized to the

initial pulse. All display elements are linear. Full thickness is
displayed on the A-scan display.

8.1.2 Under these conditions, we can assume that the
velocity conversion line effectively pivots about the origin
(Fig. 1). It may be necessary to subtract the wear-plate time,
requiring minor use of delay control. It is recommended that
standardization blocks providing a minimum of two thick-
nesses that span the thickness range be used to check the
full-range accuracy.

8.1.3 Place the search unit on a standardization block of
known thickness with suitable couplant and adjust the instru-
ment controls (material standardization, range, sweep, or
velocity) until the display presents the appropriate thickness
reading.

8.1.4 The readings should then be checked and adjusted on
standardization blocks with thickness of lesser value to verify
the overall accuracy of the system.

8.2 Case II—Delay Line Single-Element Search Unit:

1 Bosselaar, H., and Goosens, J. C. J., “Method to Evaluate Direct-Reading
Ultrasonic Pulse-Echo Thickness Meters,” Materials Evaluation, March 1971, pp.
45–50.

2 Fowler, K.A., Elfbaum, G. M., Husarek, V., and Castel, J., “Applications of
Precision Ultrasonic Thickness Gaging,” Proceedings of the Eighth World Confer-
ence on Nondestructive Testing, Cannes, France, Sept. 6–11, 1976, Paper 3F.5.
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8.2.1 Conditions—When using this search unit, it is neces-
sary that the equipment be capable of correcting for the time
during which the sound passes through the delay line so that
the end of the delay can be made to coincide with zero
thickness. This requires a so-called “delay” control in the
instrument or automatic electronic sensing of zero thickness.

8.2.2 In most instruments, if the material standardize circuit
was previously adjusted for a given material velocity, the delay
control should be adjusted until a correct thickness reading is
obtained on the instrument. However, if the instrument must be
completely standardized with the delay line search unit, the
following technique is recommended:

8.2.2.1 Use at least two standardization blocks. One should
have a thickness near the maximum of the range to be
measured and the other block near the minimum thickness. For
convenience, it is desirable that the thickness should be “round
numbers” so that the difference between them also has a
convenient “round number” value.

8.2.2.2 Place the search unit sequentially on one and then
the other block, and obtain both readings. The difference
between these two readings should be calculated. If the reading

thickness difference is less than the actual thickness difference,
place the search unit on the thicker specimen, and adjust the
material standardize control to expand the thickness range. If
the reading thickness difference is greater than the actual
thickness difference, place the search unit on the thicker
specimen, and adjust the material standardize control to de-
crease the thickness range. A certain amount of over correction
is usually recommended. Reposition the search unit sequen-
tially on both blocks and note the reading differences while
making additional appropriate corrections. When the reading
thickness differential equals the actual thickness differential,
the material thickness range is correctly adjusted. A single
adjustment of the delay control should then permit correct
readings at both the high and low end of the thickness range.

8.2.3 An alternative technique for delay line search units is
a variation of that described in 8.2.2. A series of sequential
adjustments are made, using the “delay” control to provide
correct readings on the thinner standardization block and the
“range” control to correct the readings on the thicker block.
Moderate over-correction is sometimes useful. When both
readings are “correct” the instrument is adjusted properly.

(a) Proportional sound path increases with decrease in thickness.
(b) Typical reading error values.

FIG. 2 Dual Transducer Nonlinearity
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8.3 Case III—Dual Search Units:
8.3.1 The method described in 8.2 (Case II) is also suitable

for equipment using dual search units in the thicker ranges,
above 3 mm [0.125 in.]. However, below those values there is
an inherent error due to the breakdown in the small angle
approximation. Thus the transit time is no longer linearly
proportional to thickness, and the nonlinearity increases with
decreasing thickness. The variation is also shown schemati-
cally in Fig. 2(a) and Fig. X2.1(a). Typical error values are
shown in Fig. 2(b) and expanded in Fig. X2.1(b).

NOTE 1—Many simple, direct read, dual element search units may not
see appreciable variation in thickness readings for standardization blocks
at the high and low ends of the range to be measured. This is especially
true if the measurement range is within the measurement variation of the
device.

8.3.2 If measurements are to be made over a very limited
range of thicknesses near or below 3 mm [0.125 in], it is
possible to standardize the instrument with the technique in
Case II using appropriate thin standardization blocks. This will
produce a correction curve that is approximately correct over
that limited range. Note that it will be substantially in error at
thicker measurements.

8.3.3 If a wide range of thicknesses is to be measured, it
may be more suitable to standardize as in Case II using
standardization blocks at the high end of the range and perhaps
halfway toward the low end. Following this, empirical correc-
tions can be established for the very thin end of the range.

8.3.4 For a direct-reading panel-type meter display, it is
convenient to build these corrections into the display as a
nonlinear function.

8.3.5 For cylindrical components with concentric surfaces,
best results are often achieved when the sound propagation
path is aligned axially to the component.

8.4 Case IV—Thick Sections:
8.4.1 Conditions—For use when a high degree of accuracy

is required for thick sections.
8.4.2 Direct contact search unit and initial pulse synchroni-

zation are used. The display start is delayed as described in
8.4.4. All display elements should be linear. Incremental
thickness is displayed on the A-scan display.

8.4.3 Basic standardization of the sweep will be made as
described in Case I. The standardization block chosen for this
standardization should have a thickness that will permit stan-
dardizing the full-sweep distance to adequate accuracy, that is,
about 10 mm [0.4 in.] or 25 mm [1.0 in.] full scale.

8.4.4 After basic standardization, the sweep must be de-
layed. For instance, if the nominal part thickness is expected to
be from 50 to 60 mm [2.0 to 2.4 in.], and the basic standard-
ization block is 10 mm [0.4 in.], and the incremental thickness
displayed will also be from 50 to 60 mm [2.0 to 2.4 in.], the
following steps are required. Adjust the delay control so that
the fifth back wall echo of the basic standardization block,
equivalent to 50 mm [2.0 in.], is aligned with the 0 reference on
the A-scan display. The sixth back wall echo should then occur
at the right edge of the standardized sweep.

8.4.5 This standardization can be checked on a known block
of the approximate total thickness.

8.4.6 The reading obtained on the unknown specimen must
be added to the value delayed off screen. For example, if the
reading is 4 mm [0.16 in.], the total thickness will be 54 mm
[2.16 in.].

9. Technical Hazards

9.1 Dual search units may also be used effectively with
rough surface conditions. In this case, only the first returned
echo, such as from the bottom of a pit, is used in the
measurement. Generally, a localized scanning search is made
to detect the minimum remaining wall.

9.2 Material Properties—The instrument should be stan-
dardized on a material having acoustic velocities and attenua-
tions as similar as possible to the material to be measured. The
tolerance shall be controlled by the procedure (6.4) unless
otherwise specified by the contractual agreement. Note that the
properties of components made of the same alloy can vary
significantly. Where possible, standardization should be con-
firmed by direct dimensional measurement of the material to be
examined.

9.3 Scanning—The maximum speed of scanning should be
stated in the procedure. Material conditions, type of equipment,
and operator capabilities may require slower scanning.

9.4 Geometry:
9.4.1 Highest accuracy can be obtained from materials with

parallel or concentric surfaces. In many cases, it is possible to
obtain measurements from materials with nonparallel surfaces.
However, the accuracy of the reading may be limited and the
reading obtained is generally that of the thinnest portion of the
section being interrogated by the sound beam at a given instant.
The maximum deviation from parallel is generally less than the
half angle beam spread. This equation is generally expressed
with K = 1.22, which corresponds to zero amplitude. A more
practical value may be K = 0.87, which corresponds to -20 dB
in the reflection field.

ϕ # sin21~K V ⁄ fc D! (1)

where:
ϕ = Angular deviation from parallel,
V = Sound velocity in the material,
fc = Center frequency of the transducer,
D = Diameter of the transducer, and
K = Beam spread constant.

9.4.2 Relatively small-diameter curves often require special
techniques and equipment. When small diameters are to be
measured, special procedures, which may include additional
specimens, shall be required to ensure accuracy of setup and
readout.

9.5 High-temperature materials, up to about 540 °C
[1000 °F], can be measured with specially designed instru-
ments with high-temperature compensation, search unit
assemblies, and couplants. Normalization of apparent thickness
readings for elevated temperatures is required. A rule of thumb
often used is as follows: The apparent thickness reading
obtained from steel walls having elevated temperatures is high
(too thick) by a factor of about 1 % per 55 °C [100 °F]. Thus,
if the instrument was standardized on a piece of similar
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material at 20 °C [68 °F], and if the reading was obtained with
a surface temperature of 460 °C [860 °F], the apparent reading
should be reduced by 8 %. This correction is an average one for
many types of steel. Other corrections would have to be
determined empirically for other materials.

9.6 Back Wall Reflection Wavetrain—Direct-thickness read-
out instruments read the thickness at the first half cycle of the
wavetrain that exceeds a set amplitude and a fixed time. If the
amplitude of the back wall reflection from the measured
material is different from the amplitude of the back wall
reflection from the standardization blocks, the thickness read-
out may read to a different half cycle in the wavetrain, thereby
producing an error. This may be reduced by:

9.6.1 Using reference blocks having attenuation character-
istics equal to those in the measured material or adjusting back
wall reflection amplitude to be equal for both the standardizing
blocks and measured material.

9.6.2 Using an instrument with automatic gain control to
produce a constant amplitude back wall reflection.

9.7 Readouts—A-scan displays are recommended where
reflecting surfaces are rough, pitted, or corroded.

9.7.1 Direct-thickness readout, without an A-scan display,
presents hazards of misadjustment and misreading under cer-
tain test conditions, especially thin sections, rough corroded
surfaces, and rapidly changing thickness ranges.

9.8 Reference Standards—Greater accuracy can be obtained
when the equipment is calibrated on areas of known thickness
of the material to be measured instead of standard reference
blocks. These areas should be measured with a certified
physical gauge of sufficient sensitivity and accuracy.

9.9 Variations in echo signal strength may produce an error
equivalent to one or more half-cycles of the RF frequency,
dependent on instrumentation characteristics.

10. Procedure Requirements

10.1 In developing the detailed procedure, the following
items should be considered:

10.1.1 Applicability and accuracy requirements.
10.1.1.1 Instrument manufacturer’s operating instructions.
10.1.2 Scope of materials/objects to be measured.
10.1.3 Sample geometry.
10.1.4 Definitions.
10.1.5 Requirements.
10.1.5.1 Personnel.
10.1.5.2 Equipment.
10.1.5.3 Procedure qualification.
10.1.5.4 Training or certification levels.
10.1.6 Procedure.
10.1.6.1 Measurement conditions.
10.1.6.2 Surface preparation and couplant.
10.1.6.3 Standardization and allowable tolerances.
10.1.6.4 Scanning parameters.
10.1.7 Report.
10.1.7.1 Procedure used.
10.1.7.2 Standardization record.
10.1.7.3 Measurement record.

11. Report

11.1 Record the following information at the time of the
measurements and include it in the report:

11.1.1 Examination procedure.
11.1.1.1 Type of instrument.
11.1.1.2 Standardization blocks, size and material type.
11.1.1.3 Size, frequency, and type of search unit.
11.1.1.4 Scanning method.
11.1.1.5 Sample geometry.
11.1.1.6 Gate details.
11.1.2 Results.
11.1.2.1 Maximum and minimum thickness measurements.
11.1.2.2 Location of measurements.
11.1.3 Personnel data, certification level.

12. Keywords

12.1 contact examination; nondestructive testing; pulse-
echo; thickness measurement; ultrasonics
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APPENDIXES

(Nonmandatory Information)

X1. TYPICAL MULTI-STEP THICKNESS GAGE REFERENCE BLOCKS

TABLE OF DIMENSIONS

U.S. Customary Block
in.

Metric Block 4A
(mm)

Metric Block 4B
(mm)

Dimension Tolerance Dimension Tolerance Dimension Tolerance
T1 0.250 0.001 6.25 0.02 5.00 0.02
T2 0.500 0.001 12.50 0.02 10.00 0.02
T3 0.750 0.001 18.75 0.02 15.00 0.02
T4 1.000 0.001 25.00 0.02 20.00 0.02
L 0.75 0.02 20.0 0.5 20.0 0.5
W 0.75 0.05 20.0 1.0 20.0 1.0

NOTE 1—Material to be as specified.
NOTE 2—Surface finish: “T” faces Ra 0.8 µm [32 µin.] max. Other

surfaces Ra 1.6 µm [63 µin.] max.
NOTE 3—Location for optional 1.5 mm [1⁄16 in.] diameter through hole

used for block support during plating; center 1.5 mm [1⁄16 in.] from block
edges.

NOTE 4—All “T” dimensions to be after any required plating or
anodizing.

NOTE 5—In order to prevent sharp edges, minimize plating buildup, or
remove in-service nicks and burrs, block edges may be smoothed by
beveling or rounding, provided that the corner treatment does not reduce
the edge dimension by more than 0.5 mm [0.020 in.].

FIG. X1.1 Typical Four-Step Thickness Reference Blocks

TABLE OF DIMENSIONS

U.S. Customary Block
(in.)

Metric Block 5A
(mm)

Metric Block 5B
(mm)

Dimension Tolerance Dimension Tolerance Dimension Tolerance
T1 0.100 0.001 2.50 0.02 2.00 0.02
T2 0.200 0.001 5.00 0.02 4.00 0.02
T3 0.300 0.001 7.50 0.02 6.00 0.02
T4 0.400 0.001 10.00 0.02 8.00 0.02
T5 0.500 0.001 12.50 0.02 10.00 0.02
L 0.75 0.02 20.0 0.5 20.00 0.5
W 0.75 0.05 20.0 1.0 20.00 1.0

NOTE 1—Material to be as specified.
NOTE 2—Surface finish: “T” faces Ra 0.8 µm [32 µin.] max. Other

surfaces Ra 1.6 µm [63 µin.] max.
NOTE 3—Location for optional 1.5 mm [1⁄16 in.] diameter through hole

used for block support during plating; center 1.5 mm [1⁄16 in.] from block
edges.

NOTE 4—All “T” dimensions to be after any required plating or
anodizing.

NOTE 5—In order to prevent sharp edges, minimize plating buildup, or
remove in-service nicks and burrs, block edges may be smoothed by
beveling or rounding, provided that the corner treatment does not reduce
the edge dimension by more than 0.5 mm [0.020 in.].

FIG. X1.2 Typical Five-Step Thickness Reference Blocks
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X2. DUAL TRANSDUCER NONLINEARITY

X2.1 See Fig. X2.1.

FIG. X2.1 Analytical Nonlinearity of Dual Transducers



INTENTIONALLY LEFT BLANK



ð23Þ

STANDARD GUIDE FOR EVALUATING PERFORMANCE
CHARACTERISTICS OF PHASED-ARRAY ULTRASONIC

TESTING INSTRUMENTS AND SYSTEMS

SE-2491

(Identical with ASTM Specification E2491-13(R2018).)

This document, in whole or in part, is mandatory only to the extent specified in the referencing
Article(s) of Subsection A, or as indicated in other Code Sections or referencing documents.

ASME BPVC.V-2023 ARTICLE 23, SE-2491

667



ASME BPVC.V-2023ARTICLE 23, SE-2491

668

Standard Guide for
Evaluating Performance Characteristics of Phased-Array
Ultrasonic Testing Instruments and Systems

1. Scope

1.1 This guide describes procedures for evaluating some
performance characteristics of phased-array ultrasonic exami-
nation instruments and systems.

1.2 Evaluation of these characteristics is intended to be used
for comparing instruments and systems or, by periodic
repetition, for detecting long-term changes in the characteris-
tics of a given instrument or system that may be indicative of
impending failure, and which, if beyond certain limits, will
require corrective maintenance. Instrument characteristics
measured in accordance with this guide are expressed in terms
that relate to their potential usefulness for ultrasonic examina-
tions. Other electronic instrument characteristics in phased-
array units are similar to non-phased-array units and may be
measured as described in Practice E1065 or Guide E1324.

1.3 Ultrasonic examination systems using pulsed-wave
trains and A-scan presentation (rf or video) may be evaluated.

1.4 This guide establishes no performance limits for exami-
nation systems; if such acceptance criteria are required, these
must be specified by the using parties. Where acceptance
criteria are implied herein they are for example only and are
subject to more or less restrictive limits imposed by customer’s
and end user’s controlling documents.

1.5 The specific parameters to be evaluated, conditions and
frequency of test, and report data required, must also be
determined by the user.

1.6 This guide may be used for the evaluation of a complete
examination system, including search unit, instrument,
interconnections, scanner fixtures and connected alarm and
auxiliary devices, primarily in cases where such a system is
used repetitively without change or substitution. This guide is
not intended to be used as a substitute for calibration or
standardization of an instrument or system to inspect any given
material.

1.7 Required test apparatus includes selected test blocks and
position encoders in addition to the instrument or system to be
evaluated.

1.8 Precautions relating to the applicability of the proce-
dures and interpretation of the results are included.

1.9 Alternate procedures, such as examples described in this
document, or others, may only be used with customer approval.

1.10 The values stated in SI units are to be regarded as
standard. No other units of measurement are included in this
standard.

1.11 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.12 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E317 Practice for Evaluating Performance Characteristics of

Ultrasonic Pulse-Echo Testing Instruments and Systems
without the Use of Electronic Measurement Instruments

E494 Practice for Measuring Ultrasonic Velocity in Materi-
als

E1065 Practice for Evaluating Characteristics of Ultrasonic
Search Units

E1316 Terminology for Nondestructive Examinations
E1324 Guide for Measuring Some Electronic Characteristics

of Ultrasonic Testing Instruments

3. Terminology

3.1 Refer to Terminology E1316 for definitions of terms in
this guide.
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4. Summary of Guide

4.1 Phased-array instruments and systems have similar in-
dividual components as are found in traditional ultrasonic
systems that are based on single channel or multiplexed
pulse-echo units. These include pulsers, receivers, probes, and
interconnecting cables. The most significant difference is that
phased-array systems form the transmitted ultrasonic pulse by
constructive phase interference from the wavelets formed off
the individually pulsed elements of the phased-array probes.

4.2 Each phased-array probe consists of a series of individu-
ally wired elements that are activated separately using a
programmable time delay pattern. Varying the number of
elements used and the delay time between the pulses to each
element allows control of the beam. Depending on the probe
design, it is possible to electronically vary the angle (incident
or skew), or the focal distance, or the beam dimensions, or a
combination of the three. In the receiving mode, acoustic
energy is received by the elements and the signals undergo a
summation process utilizing the same type of time delay
process as was used during transmission.

4.3 The degree of beam steering available is dependent on
several parameters including; number of elements, pitch of the
element spacing, element dimensions, element array shape,
resonant frequency of the elements, the material into which the
beam is directed, the minimum delay possible between firing of
adjacent pulsers and receivers and the pulser voltage charac-
teristics.

4.4 Pulser and receiver parameters in phased-array systems
are generally computer controlled and the received signals are
typically displayed on computer monitors via computer data
acquisition systems and may be stored to computer files.

4.5 Although most systems use piezo-electric materials for
the elements, electro-magnetic acoustic transducer (EMAT)
devices have also been designed and built using phased-array
instrumentation.

4.6 Most phased array systems can use encoders for auto-
mated and semi-automated scanning.

4.7 Side Drilled Holes used as targets in this document
should have diameters less than the wavelength of the pulse
being assessed and long enough to avoid end effects from
causing interfering signals. This will typically be accomplished

when the hole diameter is between about 1.5 mm and 2.5 mm
and 20 mm to 25 mm in length.

5. Significance and Use

5.1 This guide is intended to evaluate performance assess-
ment of combinations of phased-array probes and instruments.
It is not intended to define performance and acceptance criteria,
but rather to provide data from which such criteria may be
established.

5.2 Recommended procedures described in this guide are
intended to provide performance-related measurements that
can be reproduced under the specified test conditions using
simple targets and the phased-array test system itself. It is
intended for phased-array flaw detection instruments operating
in the nominal frequency range of 1 MHz to 20 MHz, but the
procedures are applicable to measurements on instruments
utilizing significantly higher frequency components.

5.3 This guide is not intended for service calibration, or
maintenance of circuitry for which the manufacturer’s instruc-
tions are available.

5.4 Implementation of specific assessments may require
more detailed procedural instructions in a format of the using
facility.

5.5 The measurement data obtained may be employed by
users of this guide to specify, describe, or provide a perfor-
mance criteria for procurement and quality assurance, or
service evaluation of the operating characteristics of phased-
array systems.

5.6 Not all assessments described in this guide are appli-
cable to all systems. All or portions of the guide may be used
as determined by the user.

6. Procedure

6.1 Procedures for assessment of several parameters in
phased-array systems are described in Annex A1 – Annex A7.

6.1.1 These include; determination of beam profile, beam
steering capability, element activity, focusing capability, soft-
ware calculations (controls and display of received signals),
compensation for wedge attenuation, receiver gain linearity.

7. Keywords

7.1 characterization; focal point; phased-array; phased-array
probe; sound beam profile; ultrasound
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ANNEXES

(Mandatory Information)

A1. DETERMINATION OF PHASED-ARRAY BEAM PROFILE

A1.1 Introduction

A1.1.1 This annex describes procedures to determine beam
profiles of phased-array probes. Either immersion or contact
probe applications can be addressed using these procedures.
However, it should be cautioned that assessments of contact
probes may suffer from variability greater than imposed
tolerances if proper precautions are not taken to ensure
constant coupling conditions.

A1.2 Test Setup

A1.2.1 For single focal laws where the beam is fixed (that
is, not used in an electronic or sectorial scan mode) and the
probe is used in an immersion setup, the ball-target or
hydrophone options described in Practice E1065 may be used.
For phased array probes used in a dynamic fashion where
several focal laws are used to produce sectorial or electronic
scanning it may be possible to make beam-profile assessments
with no or little mechanical motion. Where mechanical motion
is used it shall be encoded to relate signal time and amplitude
to distance moved. Encoder accuracy shall be verified to be
within tolerances appropriate for the measurements made.
Descriptions made for electronic scan and sectorial scan beam
profile assessments will be made for contact probes; however,
when assessment in water is required the machined targets may
be replaced with rods or balls as appropriate.

A1.2.2 Linear-Array Probes—Linear-array probes have an
active plane and an inactive or passive plane. Assessment of
the beam in the active plane should be made by use of an

electronic scan sequence for probes with sufficient number of
elements to electronically advance the beam past the targets of
interest. For phased array probes using a large portion of the
available elements to form the beam the number of remaining
elements for the electronic raster may be too small to allow the
beam to pass over the target. In this case it will be necessary to
have encoded mechanical motion and assess each focal law
along the active plane separately.

A1.2.3 Side-drilled holes should be arranged at various
depths in a flaw-free sample of the test material in which focal
laws have been programmed for. Using the linear scan feature
of the phased-array system the beam is passed over the targets
at the various depths of interest. The electronic scan is
illustrated schematically in Fig. A1.1.

A1.2.4 Data collection of the entire waveform over the
range of interest shall be made. The display shall represent
amplitude as a color or grayscale. Time or equivalent distance
in the test material shall be presented along one axis and
distance displaced along the other axis. This is a typical B-scan
as illustrated in Fig. A1.2.

A1.2.5 Data display for an electronic scan using a phased-
array probe mounted on a wedge can be similarly made using
simple orthogonal representation of time versus displacement
or it can be angle corrected as illustrated in Fig. A1.3.

FIG. A1.1 Electronic Scan of Side Drilled Holes



ASME BPVC.V-2023 ARTICLE 23, SE-2491

671

A1.2.6 Resolution along the displacement axis will be a
function of the step size of the electronic scan or, if the scan
uses an encoded mechanical fixture the resolution will be
dependent on the encoder step-size used for sampling.

A1.2.7 Resolution along the beam axis will be a function of
the intervals between the target paths. For highly focused
beams it may be desirable to have small differences between
the sound paths to the target paths (for example, 1 mm or
2 mm).

A1.2.8 Beam profiling in the passive plane can also be
made. The passive plane in a linear-array probe is perpendicu-
lar to the active plane and refers to the plane in which no beam
steering is possible by phasing effects. Beam profiling in the
passive direction will require mechanical scanning.

A1.2.9 Waveform collection of signals using a combination
of electronic scanning in the active plane and encoded me-

chanical motion in the passive plane provides data that can be
projection-corrected to provide beam dimensions in the passive
plane. Fig. A1.4 illustrates a method for beam assessment in
the passive plane. This technique uses a corner reflection from
an end-drilled hole at depths established by a series of steps.

A1.2.10 Fig. A1.5 illustrates an alternative to the stepped
intervals shown in Fig. A1.4. A through hole may be arranged
perpendicular to the required refracted angle to provide a
continuous transition of path length to the target.

A1.2.11 A projected C-scan can be used to size the beam
based on either color or grayscale indicating amplitude drop or
a computer display that plots amplitude with respect to
displacement. The projected C-scan option is schematically
represented in Fig. A1.6.

FIG. A1.2 B-Scan Display of Electronic Scan Represented in Fig. A1.1 (Depth is in the vertical axis and electronic-scan distance is rep-
resented along the horizontal axis.)

FIG. A1.3 Angle-Corrected B-Scan of a Phased-Array Beam (in Shear Wave Mode) from a Side Drilled Hole (Off-axis lobe effects can be
seen in the display.)
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A2. DETERMINATION OF PHASED-ARRAY BEAM STEERING LIMITS

A2.1 Introduction

A2.1.1 This annex describes procedures to determine prac-
tical limits for beam steering capabilities of a phased-array
probe and as such applies to the active plane(s) only. Either
immersion or contact probe applications can be addressed
using these procedures. However, it should be cautioned that
assessments of contact probes may suffer from variability
greater than imposed tolerances if proper precautions are not
taken to ensure constant coupling conditions.

A2.1.2 Recommended limits to establish the working range
of angular sweep of a phased-array probe relate to the
divergence of the beam of each element in the probe array.
When used in pulse-echo mode the steering limit is considered
to be within the 6-dB divergence envelope of the individual
elements. It is therefore possible to calculate a theoretical limit
based on nominal frequency and manufacturer provided infor-
mation on the element dimensions. However, several param-
eters can affect the theoretical calculations. These are primarily

FIG. A1.4 Scanning End-Drilled Holes to Obtain Beam Dimensions in Passive Plane

FIG. A1.5 Representation of an Inclined Hole for Beam Characterization in the Passive Plane

FIG. A1.6 Representation of Projected C-Scan of Corner Effect Scan Seen in Fig. A1.4
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related to the nominal frequency of the probe. Some param-
eters affecting actual frequency include; pulse length, damping,
use of a delay-line or refracting wedge and variations in
manufacturing processes on thickness lapping and matching
layers.

A2.1.3 For the purposes of this procedure, assessment of
beam steering capability will be based on a comparison of
signal to noise ratios at varying angular displacements. Beam
steering capability will also be affected by project requirements
of the beam. Applications where focusing is necessary may not
achieve the same limits as applications where the beam is not
focused as well as steered.

A2.1.4 Steering capability may be specific to a sound path
distance, aperture, and material.

A2.2 Test Set-Up—Configure the probe focal laws for the
conditions of the test. This will include immersion or contact,
refracting wedge or delay-line, unfocused or a defined focal
distance, and the test material to be used.

A2.2.1 Prepare a series of side drilled holes in the material
to be used for the application at the distance or distances to be
used in the application. The side-drilled-hole pattern should be
as illustrated in Fig. A2.1. Holes indicated in Fig. A2.1 are at
5° intervals at a 25-mm and 50-mm distance from a center
where the probe is located.

A2.2.2 Similar assessments are possible for different appli-
cations. When a set of focal laws is arranged to provide
resolution in a plane instead of a sound path distance, the plane
of interest may be used to assess the steering limits of the
beam. The block used for assessment would be arranged with
side drilled holes in the plane of interest. Such a plane-specific
block is illustrated in Fig. A2.2 where a series of holes is made
in a vertical and horizontal plane at a specified distance from

the nominal exit point. Side drilled holes may be arranged in
other planes (angles) of interest.

A2.2.3 Assessments are made placing the probe such that
the center of beam ray enters the block at the indicated
centerline. For analysis of a probe where all the elements in a
single plane are used without a delay line or refracting wedge
the midpoint of the element array shall be aligned with the
centerline. For focal laws using only a portion of the total
available elements the midpoint of the element aperture shall
be aligned with the centerline. When delay lines, refracting
wedges, or immersion methods are used corrections will be
required to compensate for movement of the “apparent” exit
point along the block entry surface. When a probe is used in
direct contact with a verification block as illustrated in Fig.
A2.2 the lack of symmetry either side of the centerline prevents
both positive and negative sweep angles being assessed simul-
taneously. To assess the sweep limit in the two directions when
using this style of block requires that the probe be assessed in
one direction first and then rotated 180° and the opposite sweep
assessed.

A2.2.4 Angular steps between A-scan samples will have an
effect on the perceived sweep limits. A maximum of 1°
between S-scan samples is recommended for steering assess-
ment. Angular steps are limited by the system timing-delay
capabilities between pulses and element pitch characteristics.
Most of the targets illustrated in Fig. A2.1 and Fig. A2.2 are
separated by 5°; however, greater or lesser intervals may be
used depending on the required resolution.

A2.2.5 Assessment of steering limits shall be made using
the dB difference between the maximum and minimum signal
amplitudes between two adjacent side drilled holes. For
example, when a phased array probe is configured to sweep
+45° on a block such as illustrated in Fig. A2.1, the higher of

NOTE 1—Block dimensions 150 by 75 by 25 mm (typical)
FIG. A2.1 Beam Steering Assessment Block—Constant Sound Path
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the pair of the SDHs which achieves a 6-dB separation shall be
considered the maximum steering capability of the probe
configuration.

A2.2.6 Acceptable limits of steering may be indicated by
the maximum and minimum angles that can achieve a pre-
specified separation between adjacent holes. Depending on the
application a 6-dB or 20-dB (or some other value) may be
specified as the required separation.

A2.2.7 Steering capabilities may be used as a prerequisite;
for example, a phased array system is required to achieve a
minimum steering capability for 5° resolution of 2-mm diam-
eter side drilled holes of plus and minus 20° from a nominal
mid-angle. Conversely, a system may be limited to S-scans not

exceeding the angles assessed to achieve a specified signal
separation, for example, –20 dB between 2-mm diameter SDHs
separated by 5°.

A2.3 An alternative assessment may use a single SDH at a
specified depth or sound path distance. Displaying the A-scan
for the maximum and minimum angles used would assess the
steering capability by observing the S/N ratio at the peaked
response. Steering limit would be a pre-defined S/N ratio being
achieved. Caution must be taken when using this method so as
to not peak on grating lobe signals. This method will also
require confirmation that the SDH is positioned at the calcu-
lated refracted angle.

FIG. A2.2 Beam Steering Assessment Block—Single Plane
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A3. DETERMINATION OF PHASED-ARRAY ELEMENT ACTIVITY

A3.1 Introduction

A3.1.1 This assessment is used to determine that all ele-
ments of the phased array probe are active and of uniform
acoustic energy. Because, during normal operation in a timed
sequence, each of the elements is addressed by a separate
pulser and receiver, a method must be used that ensures the
electronic performance of the phased-array instrument is iden-
tical from element to element and any differences are attribut-
able to the probe itself. To ensure that any variation of element
performance is due only to probe construction, a single
pulser-receiver channel is selected to address each element.

A3.2 Test Set-Up

A3.2.1 Connect the phased array probe to be tested to the
phased-array ultrasonic instrument and remove any delay line
or refracting wedge from the probe.

A3.2.2 Acoustically couple the probe to the 25-mm thick-
ness of an IIW (International Institute of Welding) block with
a uniform layer of couplant. This may be accomplished by a
contact-gap technique such that the probe-to-block interface is
under water (to ensure uniform coupling). Alternatively an
immersion method using a fixed water path may be used and
the water-steel interface signal monitored instead of the steel
wall thickness.

A3.2.3 Configure an electronic scan consisting of one ele-
ment that is stepped along one element at a time for the total
number of elements in the array. (This should ensure that the
pulser-receiver number 1 is used in each focal law or if the
channel is selectable it should be the same channel used for
each element). Set the pulser parameters to optimize the
response for the nominal frequency of the probe array and
establish a pulse-echo response from the block backwall or
waterpath to 80 % display height for each element in the probe.

A3.2.4 Observe the A-scan display for each element in the
array and record the receiver gain required to achieve the 80 %
signal amplitude for each element. Results may be recorded on
a table similar to that in Table A3.1.

A3.2.5 Note and record any elements that do not provide a
backwall or waterpath signal (inactive elements). Results may
be recorded on a table similar to that in Table A3.1.

A3.2.6 If a prepackaged program is available for checking
element activity, this can be used as an alternative.

A3.2.7 Data collected is used to assess probe uniformity and
functionality. Comparison to previous assessments is made

using the same instrument settings (including gain) that were
saved to file. The receiver gain to provide an 80 % response
should be within a range of 62 dB of any previous assessments
and within 62 dB of each other.

A3.2.8 The total number of inactive elements and number
of adjacent inactive elements in a probe should be agreed upon
and identified in a written procedure. This number may be
different for baseline and in-service verifications. Some phased
array probes may have several hundred elements and even new
phased-array probes may be found to have inactive elements as
a result of manufacturing difficulties ensuring the electrical
connections to elements with dimensions on the order of a
fraction of a millimetre.

A3.2.9 The number of inactive elements allowed should be
based on performance of other capabilities such as focusing
and steering limits of the focal laws being used. No simple rule
for the number of inactive elements can be made for all
phased-array probes. Typically, if more than 25 % of the
elements in a probe are inactive, sensitivity and steering
capabilities may be compromised. Similarly, the number of
adjacent elements allowed to be inactive should be determined
by the steering and electronic raster resolution required by the
application.

A3.2.10 Stability of coupling is essential for the comparison
assessment. If using a contact method and the assessment of
elements produces signals outside the 62-dB range the cou-
pling should be checked and the test run again. If still outside
the acceptable range the probe should be removed from service
and corrected prior to further use. The test using a fixed water
path to a water/steel interface will reduce coupling variations.

A3.2.11 Prior to removing the probe from service the cable
used for the test should be exchanged with another cable, when
possible, to verify that the inactive elements are not due to a
bad cable.

A3.2.12 Cable continuity adapters can be made that allow
the multi-strand connectors to be tested independently. These
adaptors can be connected to the phased array instrument
directly to verify that all output channels are active or they can
be connected to the probe-end of the cable to indicate the
continuity of the individual co-axial connectors in the inter-
connecting cable. Fig. A3.1 illustrates an example of a display
used to identify inactive channels in a phased array instrument
or cable.

TABLE A3.1 Probe Element Activity Chart: Enter Receiver Gain for 80 % FSH

Element 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Gain
Active (S)
Inactive (x)
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A4. ASSESSMENT OF PHASED-ARRAY FOCUSING ABILITY

A4.1 Introduction

A4.1.1 Focusing of ultrasonic beams is based on well
known principles. However, unlike single element probes,
phased-array systems can be configured to focus over a range
of sound paths and in both transmit and receive modes.
Effectiveness of the focusing algorithms can be assessed by
determining the beam response dimensions. This is similar to
the beam profiling described in Annex A1. Limits of focusing
are intrinsic in the probe parameters and subject to the
minimum timing-delay capabilities of the phased-array ultra-
sonic instrument.

A4.2 Test Set-Up

A4.2.1 Configure the phased-array system for the focusing
focal laws to be assessed and acoustically couple the phased-
array probe to a block with inclined side drilled holes as
illustrated in Fig. A1.1. Compression modes with or without a
delay-line and shear modes using a refracting wedge can be
assessed by this method.

A4.2.2 Focusing at a single refracted angle is assessed by
this method. Where several angles are used it will be necessary
to assess the focusing ability for each angle separately.

A4.2.3 Using either an electronic scan or encoded mechani-
cal scan in the plane of interest, the full waveforms are
collected and displayed in a depth corrected B-scan projection
image as illustrated in Fig. A4.1.

A4.2.4 Effectiveness of the focusing algorithm is assessed
by sizing the diameter of the projected image based on a dB
drop from maximum amplitude and comparing that dimension
to the actual machined diameter of the side drilled hole.

A4.2.5 Working range of the focusing algorithm may be
determined by agreement as to the maximum dimension of the
oversizing of the side-drilled hole diameter. For example, if
2-mm diameter SDH’s are used and the 6-dB drop is used to
gauge diameter from the B-scan, the working range can be
defined as the depth or sound-path distance that the B-scan can
maintain the 6-dB dimension to less than twice the actual
diameter.

A4.2.6 Practical limits for hole diameters and focal spot
sizes are required. Practical focal spots for focused beams
cannot be made smaller than about 1.5 times the wavelength
used. For a 5-MHz compression wave in steel this is about
1.7 mm. The focal spot size is also a function of sound path; the
deeper the holes, the weaker the focusing.

A4.2.7 In order that the diameter assessment be meaningful,
the sample interval must be small compared to the target
assessed. It is recommended that at least four samples per hole
diameter be used. For example, for a 2-mm diameter SDH
target the sample interval of a mechanized encoded scan should
be 0.5 mm or for an electronic scan the step between each focal
law should not exceed 0.5 mm (this will be limited by the
element pitch of the probe).

FIG. A3.1 Continuity Display for Phased-Array Instrument or Cable
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A5. ASSESSMENT OF PHASED-ARRAY COMPUTER CONTROL OF PARAMETERS AND DATA DISPLAY

A5.1 Introduction

A5.1.1 Phased-array beam control is based on the Fermat
Principle which implies that sound follows the path of least
time. This principle is used in ray-tracing of sound paths of
transmitted wavefronts from the elements of a phased-array
probe to calculate the delays required in the timing electronics
to direct a beam to a specified location. Using the Fermat
Principle, refracted angles and focal positions are calculated by
entering the acoustic velocities of the materials through which
the sound propagates. If the material acoustic velocities are
accurate then the calculated position of the beam will also be
accurate. Accuracy of the calculations is therefore a function of
several variables including; acoustic velocity of the materials
used, dimensions of the probe components (element size,
dominant frequency, divergence, travel distance in the delay
line or wedge) and pulser timing accuracy to affect the
necessary phase interference patterns. If all the variables are
accurately entered in the appropriate equations the beam
should be accurately positioned. In a computer controlled
system the only evidence available to the operator is the data
display. This provides a coordinate system that positions the
response from a target in two or three dimensions. Relating the
theoretical plotted position on the display to actual known
positions of specific targets is the only effective method of
assessing the validity of the combination of variables and the
computer algorithms for the display.

A5.2 Test Set-Up

A5.2.1 Using a contact linear phased-array probe, nomi-
nally 5 MHz and having at least 16 elements with a pitch not
greater than 1 mm, configure the software for two separate
S-scans, one at 630° with a focal distance of 25 mm in steel

(that is, focused at a sound path of 25 mm in steel), the other
at 630° with a focal distance of 50 mm in steel (that is, focused
at a sound path of 50 mm in steel). For both sets of focal laws
program an angular step interval of 0.5° and all focal laws shall
use 16 adjacent elements.

A5.2.2 Ensure that the digitizing frequency for data collec-
tion is at least 80 MHz.

A5.2.3 Prepare a series of side drilled holes in a steel block
that has acoustic velocity determined in accordance with
Practice E494. This velocity value will be used in the focal
laws.

A5.2.4 Acoustically couple and align the probe on the block
illustrated in Fig. A2.1 such that the centre of the element array
aligns with the centerline of the hole pattern.

A5.2.5 Scan and save the S-scan for the 25-mm focal
distance.

A5.2.6 Scan and save the S-scan for the 50-mm focal
distance.

A5.2.7 Using the computer display coordinate cursors as-
sess and record the depths, off-sets from the centerline and
angles to the side drilled holes in a tabular form. For the side
drilled holes at 50-mm radius use the results of the focal laws
configured for 50-mm focus and for the holes at 25-mm radius
use the focal laws configured for 25 mm.

A5.2.8 Compare the values assessed using the software to
the physical positions of the holes in the block. Sound path
distances indicated on the computer display should indicate
hole positions within 60.5 mm. Depth and off-set positions of
holes should be within 60.5 mm and all angles to the holes
should be within 61.0°.

FIG. A4.1 B-Scan Projected Image of Dynamic Depth Focusing Algorithm
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A6. ASSESSMENT OF PHASED-ARRAY WEDGE ATTENUATION AND DELAY COMPENSATIONS

A6.1 Introduction

A6.1.1 When an electronic or sectorial scan is used the
variations between the electronics of each pulser and receiver
and variations between probe elements may result in small gain
variations from one focal law to the next. Also, the efficiency
of generation varies with angle, and declines away from the
“natural” angle of the wedge. When a delay line or refracting
wedge is used, variations in path distances within the wedge
will result in some focal laws requiring more or less amplifier
gain. A method of compensating for gain variations so as to
“normalize” the set of focal laws in an electronic or S-scan is
required.

A6.1.2 When a phased array probe is used on a delay line or
refracting wedge, calculations for beam steering and projection
displays rely on the Fermat principle. This requires that the
operator identify the position in space of the probe elements.
This ensures that the path lengths to the wedge-steel interface
are accurately known. It is necessary to verify that the
coordinates used by the operator provide correct depth calcu-
lations. This ensures that the display software correctly posi-
tions indications detected.

A6.1.3 Compensation for attenuation variations and delay
times may be made one focal law at a time or software can be
configured to make the compensations dynamically.

A6.2 Wedge-attenuation Compensation

A6.2.1 This guide applies to assessments of wedge-
attenuation compensations for E-scan or electronic raster scans
where 1D linear array probes are used.

A6.2.2 Configure the phased-array system for the focal laws
to be used in the electronic raster scan application.

A6.2.3 Acoustically couple the phased array probe to the
block with a side drilled hole at a known depth. The 1.5-mm
diameter SDH in the IIW block is a convenient target for this
purpose.

A6.2.4 Select the A-scan display for the first focal law
configured and move the probe forward and backward to locate
the maximum amplitude signal from the SDH.

A6.2.5 Adjust the response from the SDH to 80 % full
screen height (FSH) and save the parameters in the focal law
file.

A6.2.6 Repeat the process of maximizing the signal from
the SDH and setting it to 80 % FSH for each focal law and
saving the set-up file after each focal law is completed.

A6.2.7 Alternatively, this process may be computerized so
that a dynamic assessment of sensitivity adjustment is calcu-
lated by the computer. A dynamic assessment would simply
require the operator to move the probe back and forth over the
SDH ensuring that all the focal laws used have the SDH target
move through the beam. Wedge attenuation corrections would

then be calculated by the phased-array system to ensure that the
amplitude of the SDH detected by each focal law would be
adjusted to the same amplitude.

A6.2.8 Assessment of wedge-attenuation compensation re-
quires a constant steel path to ensure that only the effect wedge
variations are assessed. For S-scans where 1D linear array
probes are used, a single SDH results in a changing steel path
for each angle making it unsuitable for this task. A recom-
mended target is a radius similar to that of the 100-mm radius
of the IIW block. For S-scans steps A6.2.2 to A6.2.6 are used
replacing the SDH with a suitable radius. Use of the radius for
S-scan configurations also provides correction for echo-
transmittance effects intrinsic in angle variation.

NOTE A6.1—If appropriate compensation cannot be achieved, for
example, if the angular range is so large that the signal amplitude cannot
effectively be compensated, then the range must be reduced until it is
possible to compensate.

A6.2.9 Probe motion for the various wedge and scan-type
configurations are illustrated in Fig. A6.1.

A6.3 Wedge-delay Compensation

A6.3.1 When an angled refracting wedge is used for E-scans
or S-scans, or when a fixed thickness delay line is used for
S-scans, the sound path in the wedge material varies from one
focal law to the next. Compensation for this delay time
difference is required so as to ensure that indications detected
are correctly positioned in the projection scan displays, that is,
depth and angle within the test piece are correctly plotted.

A6.3.2 Configure the phased-array system for the focal laws
to be used in the S-scan or electronic raster scan application.

A6.3.3 Acoustically couple the phased array probe to a
block with known radius of curvature. The 50-mm or 100-mm
radius of the IIW block is a convenient target for this purpose.

A6.3.4 Select the A-scan display for the first focal law
configured and move the probe forward and backward to locate
the maximum amplitude signal from the radius selected.

A6.3.5 Adjust the delay settings to indicate the sound path
in the metal to correctly indicate the radius used and save the
focal law parameters.

A6.3.6 Repeat the maximization of the radius response for
each focal law in the scan set and save the parameter setting
after each delay has been adjusted.

A6.3.7 Alternatively, this process may be computerized so
that a dynamic assessment of delay adjustment is calculated by
the computer. A dynamic assessment would simply require that
the operator move the probe back and forth over the center of
the radius assuring that all the focal laws used have the center
of beam ray peak on the radius appropriate for their angle.

A6.3.8 Small angle compression wave focal laws may
require a custom block to carry out this compensation.
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A6.3.9 Probe motion for the various wedge and scan type
configurations are illustrated in Fig. A6.2.

FIG. A6.1 Scan Motion Maximizing Response from SDH to Compensate for Wedge Attenuation
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FIG. A6.2 Delay Adjustment Scans Using Curved Surfaces
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A7. ASSESSMENT OF PHASED-ARRAY INSTRUMENT LINEARITIES

A7.1 Introduction

A7.1.1 The individual pulser and receiver components of
phased-array ultrasonic instruments operate essentially the
same as any single channel ultrasonic instrument. Confor-
mance to linearity requirements as described in Practice E317
may be carried out. However, due to the digital-control nature
of all phased-array instruments and the fact that multiple
pulsers and receivers are used, it is required that phased array
instruments be assessed for linearity differently than traditional
single-channel units.

A7.2 Test Set-Up

A7.2.1 The phased array instrument is configured to display
an A-scan presentation.

A7.2.2 Adjust the time-base of the A-scan to a suitable
range to display the pulse-echo signals selected for the linearity
verifications. A linearity block similar to that described in
Practice E317 is selected to provide signals to assess linearity
aspects of the instrument. Such a block is shown in Fig. A7.1
with a single element probe mounted on it.

A7.2.3 Pulser parameters are selected for the frequency and
bandpass filter to optimize the response from the pulse-echo
(single element) probe used for the linearity verifications.

A7.2.4 The receiver gain is set to display non-saturating
signals of interest for display height and amplitude control
linearity assessments.

A7.3 Display Height Linearity

A7.3.1 With the phased array instrument connected to a
probe (shear or longitudinal) and coupled to any block that will
produce two signals as shown in Fig. A7.2 adjust the probe
such that the amplitude of the two signals are at 80 % and 40 %
of the display screen height. If the phased-array instrument has
provision to address a single element probe in pulse-echo mode

then the two flat bottom holes with adjustable acoustic imped-
ance inserts in the custom linearity block shown in Fig. A7.1
provides such signals.

A7.3.2 Increase the gain using the receiver gain adjustment
to obtain 100 % of full screen height of the larger response.
The height of the lower response is recorded at this gain setting
as a percentage of full screen height.

NOTE A7.1—For 8-bit digitization systems this value should be 99 %,
as 100 % would provide a saturation signal.

A7.3.3 The height of the higher response is reduced in 10 %
steps to 10 % of full screen height and the height of the second
response is recorded for each step.

A7.3.4 Return the larger signal to 80 % to ensure that the
smaller signal has not drifted from its original 40 % level due
to coupling variation. Repeat the test if variation of the second
signal is greater than 41 % or less than 39 % FSH.

A7.3.5 For an acceptable tolerance, the responses from the
two reflectors should bear a 2 to 1 relationship to within 63 %
of full screen height throughout the range 10 % to 100 % (99 %
if 100 % is saturation) of full screen height.

A7.3.6 The results are recorded on an instrument linearity
form.

A7.4 Amplitude Control Linearity

A7.4.1 A16/64 phased-array instrument has 16 pulsers and
receivers that are used to address up to 64 elements. Each of
the pulser-receiver components is checked to determine the
linearity of the instrument amplification capabilities.

A7.4.2 Select a flat (normal incidence) linear array phased-
array probe having at least as many elements as the phased-
array ultrasonic instrument has pulsers.

A7.4.3 Using this probe, configure the phased-array ultra-
sonic instrument to have an electronic raster scan. Each focal

FIG. A7.1 Custom Linearity Blocks for Phased-Array Instrument and Probe Assessments
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law will consist of one element and the scan will start at
element number 1 and end at the element number that
corresponds to the number of pulsers in the phased-array
instrument.

A7.4.4 Couple the probe to a suitable surface to obtain a
pulse-echo response from each focal law. The backwall echo
from the 25-mm thickness of the IIW block or the backwall
from the 20-mm thickness of the custom linearity block
illustrated in Fig. A7.1 provides a suitable target option.
Alternatively, immersion testing can be used.

A7.4.5 Select Channel 1 of the pulser-receivers of the
phased-array instrument. Using the A-scan display, monitor the
response from the selected target. Adjust the gain to bring the
signal to 40 % screen height. This is illustrated in Fig. A7.3.

A7.4.6 Add gain to the receiver in the increments of 1 dB,
then 2 dB, then 4 dB, and then 6 dB. Remove the gain added
after each increment to ensure that the signal has returned to

40 % display height. Record the actual height of the signal as
a percentage of the display height.

A7.4.7 Adjust the signal to 100 % display height, remove
6-dB gain, and record the actual height of the signal as a
percentage of the display height.

A7.4.8 Signal amplitudes should fall within a range of
63 % of the display height required in the allowed height
range of Table A7.1.

A7.4.9 Repeat the sequence from A7.4.5 to A7.4.7 for all
other pulser-receiver channels.

A7.4.10 For instruments having 10- or 12-bit amplitude
digitization and configured to read amplitudes in a gated region
to amplitudes greater than can be seen on the display, a larger
range of check points can be used. For these instruments the
gated output instead of the A-scan display would be verified for
linearity.

FIG. A7.2 Display Height Linearity

FIG. A7.3 A-Scan Display of Backwall Echo on Channel 1 of a Phased-Array Instrument
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NOTE A7.2—an example of amplitudes greater than 100 % display
height is seen in Fig. A7.4 where gate A % indicates a 200 % signal and
gate B % indicates 176 %.

A7.5 Time-Base Linearity (Horizontal Linearity)

A7.5.1 Configure the phased array instrument to display an
A-scan presentation.

A7.5.2 Select any compression wave probe and configure
the phased-array instrument to display a range suitable to
obtain at least ten multiple back reflections from a block of a
known thickness. The 25-mm wall thickness of the IIW block
is a convenient option for this test.

A7.5.3 Set the phased-array instrument analog-to-digital
conversion rate to at least 80 MHz.

A7.5.4 With the probe coupled to the block and the A-scan
displaying ten clearly defined multiples as illustrated in Fig.
A7.4, the display software is used to assess the interval
between adjacent backwall signals.

A7.5.5 Acoustic velocity of the test block, determined using
the methods described in Practice E494, is entered into the
display software and the display configured to read out in
distance (thickness).

TABLE A7.1 LINEARITY VERIFICATION REPORT FORM

Location: Date:
Operator: Signature:
Instrument: Couplant:
Pulser Voltage (V): Pulse Duration (ns): Receiver (band): Receiver smoothing:
Digitization Frequency (MHz): Averaging:
Display Height Linearity Amplitude Control Linearity
Large (%) Small Allowed Range Small Actual (%) Ind. Height dB Allowed Range
100 47-53 40 +1 42-47
90 42-48 40 +2 48-52
80 40 40 40 +4 60-66
70 32-38 40 +6 77-83
60 27-33 40 –6 47-53
50 22-28
40 17-23
30 12-18
20 7-13
10 2-8

Amplitude Control Linearity Channel Results: (Note any channels that do not fall in the allowed range)
Channel (Add more if required for 32 or 64 pulser-receiver units)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Time-Base Linearity (for 25-mm IIW blocks)
Multiple 1 2 3 4 5 6 7 8 9 10
Thickness 25 50 75 100 125 150 175 200 225 250
Measured Interval
Allowed deviation ±0.5 mm(Yes/No)

FIG. A7.4 Horizontal Linearity A-Scan
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A7.5.6 Using the reference and measurement cursors deter-
mine the interval between each multiple and record the interval
of the first ten multiples.

A7.5.7 Acceptable linearity may be established by an error
tolerance based on the analog-to-digital conversion rate con-
verted to a distance equivalent. For example, at 100 MHz each
sample of the timebase is 10 ns. For steel at 5900 m/s each
sample along the timebase (10 ns) in pulse-echo mode repre-

sents 30 µm. A tolerance of 63 timing samples should be
achievable by most analog-to-digital systems. Some allowance
should be made for velocity determination error (~1 %).
Typically the errors on the multiples should not exceed
60.5 mm for a steel plate.

A7.5.8 A sample recording table for the linearity checks is
indicated in Table A7.1.
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Standard Practice for
Contact Ultrasonic Testing of Welds Using Phased Arrays

1. Scope

1.1 This practice describes ultrasonic techniques for exam-
ining welds using phased array ultrasonic methods (see Note 1
and Note 2).

1.2 This practice uses angle beams, either in S-scan or
E-scan modes, primarily for butt welds and Tee welds. Alter-
native welding techniques, such as solid state bonding (for
example, friction stir welding) and fusion welding (for
example, electron beam welding) can be examined using this
practice, provided adequate coverage and techniques are docu-
mented and approved. Practices for specific geometries such as
spot welds are not included. The practice is intended to be used
on thicknesses of 9 to 200 mm. Greater and lesser thicknesses
may be examined using this practice if the technique can be
demonstrated to provide adequate detection on mockups of the
same wall thickness and geometry.

1.2.1 Extreme caution should be used when attempting to
size indications using phased array. It is likely that without
proper procedures, indications can be oversized due to beam
divergence, multiple virtual probes returning signals from the
same indication, etc. For more guidance, see 12.4.

1.3 Units—The values stated in SI units are to be regarded
as standard.

NOTE 1—This practice is based on experience with ferrous and
aluminum alloys. Other metallic materials can be examined using this
practice, provided reference standards can be developed to demonstrate
that the particular material and weld can be successfully penetrated by an
ultrasonic beam.

NOTE 2—For additional pertinent information, see ASME BPVC
Section V, Article 4, Guide E2491, Practice E317, and Practice E587.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.5 This international standard was developed in accor-
dance with internationally recognized principles on standard-

ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E164 Practice for Contact Ultrasonic Testing of Weldments
E317 Practice for Evaluating Performance Characteristics of

Ultrasonic Pulse-Echo Testing Instruments and Systems
without the Use of Electronic Measurement Instruments

E543 Specification for Agencies Performing Nondestructive
Testing

E587 Practice for Ultrasonic Angle-Beam Contact Testing
E1316 Terminology for Nondestructive Examinations
E2192 Guide for Planar Flaw Height Sizing by Ultrasonics
E2491 Guide for Evaluating Performance Characteristics of

Phased-Array Ultrasonic Testing Instruments and Systems
2.2 ASME Standard:
ASME BPVC Section V, Article 4
2.3 ISO Standards:
ISO 2400 Reference Block for the Calibration of Equipment

for Ultrasonic Examination
ISO 9712 Nondestructive Testing—Qualification and Certi-

fication of NDT Personnel
ISO 19675 Nondestructive Testing—Ultrasonic Testing—

Specification for a Calibration Block for Phased Array
Testing (PAUT)

2.4 ASNT Documents:
SNT-TC-1A Recommended Practice for Personnel Qualifi-

cation and Certification in Nondestructive Testing
ANSI/ASNT CP-189 Standard for Qualification and Certifi-

cation of NDT Personnel
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2.5 AIA Standard:
NAS-410 Certification and Qualification of Nondestructive

Testing Personnel

3. Terminology

3.1 Definitions—For definitions of terms used in this
practice, see Terminology E1316.

4. Summary of Practice

4.1 This practice provides procedural guidance for both
manual and mechanized scanning of welds using phased array
systems, including a discussion of general requirements for
standardization of range, angular and depth sensitivity and
reference blocks for same; coupling considerations; examina-
tion procedures, including development of scan plans for
common butt and tee weld configurations; basic indication
evaluation; and reporting requirements.

5. Significance and Use

5.1 Phased array ultrasonic testing (PAUT) is an advanced
examination technique used for enhanced flaw detection,
sizing, and imaging as compared to conventional UT employ-
ing single-element transducers. PAUT utilizes multi-element
(array) probes in which groups of elements are pulsed with
pre-calculated time delays (“focal laws”) for each element
(“phasing”). The resulting constructive and destructive inter-
ference allows for electronic steering, shaping, and focusing of
the sound beam.

5.2 Though primarily a method of generating and receiving
ultrasound, phased arrays are also a method of scanning and
imaging. The two basic types of scans are the Linear or
Electronic scan (E-Scan) and the Sectorial or Azimuthal scan
(S-Scan). In the E-Scan, which emulates a manual scan,
multiple sound beams are created at the same refracted angle.
The beam is electronically translated along the active axis of
the array by sequentially adding an element on one end and
dropping an element off the other end of the active group of
elements within the probe, with time multiplexing coordinated
by the instrument’s on-board processor. In the S-Scan, which is
unique to phased arrays, the sound beam is electronically swept
through a range of user-defined angles by sequentially chang-
ing the time delays applied to each element. Because the beam
angle is no longer solely dependent upon the wedge angle,
more complete data can be obtained and more complex
geometries can be examined versus conventional UT. With
their distinct features and capabilities, phased arrays require
special set-ups and standardization, as addressed by this
practice. Commercial software permits the operator to easily
make set ups without detailed knowledge of the phasing
requirements.

5.3 Phased arrays can be used in different ways: manual or
encoded linear scanning; and different displays or combina-
tions of displays. In manual scanning, the dominant display
will be an S-scan with associated A-scans. S-scans have the

advantage over E-scans in that all the specified examination
angles can be covered at the same time.

5.4 The main advantages of using phased arrays for ultra-
sonic weld examinations are:

5.4.1 Increased control of beam characteristics, including
capability for focusing and steering the beam;

5.4.2 Faster scanning and increased probability of detection
due to multiple lines/angles acquired and displayed in a single
pass;

5.4.3 Increased ability to examine complex geometries and
areas with limited access;

5.4.4 Better imaging from the true depth S-scan;
5.4.5 Digital data storage capability, which is intended to

enable auditing, archiving, and off-line post-processing, re-
processing, and comparison of data from different examina-
tions;

5.4.6 Rapid and reproducible set-ups with electronic instru-
ments.

6. Basis of Application

6.1 The following items are subject to contractual agree-
ment between the parties using or referencing this standard.

6.2 Personnel Qualification—If specified in the contractual
agreement, personnel performing examinations to this standard
shall be qualified in accordance with a nationally or interna-
tionally recognized NDT personnel qualification practice or
standard such as ANSI/ASNT CP-189, SNT-TC-1A, ISO 9712,
NAS-410, or a similar document and certified by the employer
or certifying agency, as applicable. The practice or standard
used and its applicable revision shall be identified in the
contractual agreement between the using parties.

6.2.1 In addition, there should also be training or knowledge
and experience related to phased array equipment and tech-
niques. Personnel performing examinations to this standard
should list the qualifying credentials in the examination report.

6.3 Qualification of Nondestructive Agencies—If specified
in the contractual agreement, NDT agencies shall be qualified
and evaluated as described in Specification E543. The appli-
cable edition of Specification E543 shall be specified in the
contractual agreement.

6.4 Procedures and Techniques—The procedures and tech-
niques to be used shall be as specified in the contractual
agreement. Guide E2491 recommends methods of assessing
performance characteristics of phased array probes and sys-
tems.

6.5 Surface Preparation—The pre-examination surface
preparation criteria shall be in accordance with 9.1, unless
otherwise specified.

6.6 Timing of Examination—The timing of examination
shall be determined by the contracting parties and in accor-
dance with the stage of manufacture or in-service conditions.

6.7 Extent of Examination—The extent of examination shall
be suitable to examine the volume of the weld plus the heat
affected zone, unless otherwise specified.

6.8 Reporting Criteria/Acceptance Criteria—Reporting cri-
teria for the examination results shall be in accordance with
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13.1, unless otherwise specified. Since acceptance criteria are
not specified in this standard, they shall be specified in the
contractual agreement.

6.9 Reexamination of Repaired/Reworked Items—
Reexamination of repaired/reworked items is not addressed in
this standard and, if required, shall be specified in the contrac-
tual agreement.

7. Equipment

7.1 Phased Array Instruments:
7.1.1 The ultrasonic phased array instrument shall be a pulse

echo type with multiple independent pulser/receiver channels
equipped with a standardized dB gain or attenuation control
stepped in increments of 1 dB minimum. The system shall be
capable of generating and displaying both B-scan and S-scan
images (ideally C-Scan image capability should also be
available), which can be stored and recalled for subsequent
review.

7.1.2 The phased array system shall have on-board focal law
generation software that permits direct modification to ultra-
sonic beam characteristics. Specific delay calculations may be
performed by the system itself or imported from external
calculations.

7.1.3 The phased array system shall have a means of data
storage for archiving scan data. An external storage device,
flash card, or USB memory stick can be used for data storage.
A remote portable PC connected to the instrument may also be
used for this purpose. If instruments do not inherently store
A-scan data, such as some manual instruments, the final image
only may be recorded.

7.1.4 The phased array system shall be standardized for
amplitude and height linearity in accordance with Guide E2491
annually, at a minimum.

7.1.5 The instrument shall be capable of pulsing and receiv-
ing at nominal frequencies of 1 MHz to 10 MHz. For special
applications, higher frequencies can be used, but may require
special instrumentation with appropriate digitization capability.

7.1.6 The instrument shall be capable of digitization of
A-scans at a minimum of five times the nominal frequency of
the probe used. Amplitude shall be digitized at a resolution of
at least 8-bit (that is, 256 levels).

7.1.7 The instrument shall be capable of equalizing the
amplitude response from a target at a fixed sound path for each
angle used in the technique (angle corrected gain (ACG)),
thereby providing compensation for wedge attenuation varia-
tion and echo-transmittance.

7.1.8 The instrument shall also be equipped with facilities to
equalize amplitudes of signals across the time-base (time-
corrected gain (TCG)).

7.2 Phased Array Probes:
7.2.1 The application requirements will dictate the design,

including number of elements, element dimensions, and pitch,
of the phased array probe used.

7.2.2 The probe selected shall not have more elements than
the number of elements addressable by the pulser-receivers
available in the phased array instrument being used.

7.2.3 Phased array probes used for weld examination may
be of 1D, 1.5D, or 2D design. For manual scanning techniques,

1D arrays or dual arrays configured with side-by-side
transmitter-receiver arrays (as in Transmit-Receive Longitudi-
nal wave probes) are recommended. For 2D arrays, standard-
ization should be performed at all skewed angles.

7.2.4 Phased array probes may be used with a removable or
integral wedge, delay-line, or in an immersion or localized
bubbler system mode. In some cases, a phased array probe may
be used without a refracting wedge or delay-line (that is, just a
hard wear-face surface).

7.2.5 When refracting wedges are used to assist beam
steering, the natural incident angle of the wedge shall be
selected such that the angular sweep range of the examination
technique used does not exceed the manufacturer’s recom-
mended limits for the probe and mode (compression or
transverse) used; this will minimize spurious indications/
interference due to grating lobes.

7.2.6 Refracting wedges used on curved surfaces shall
require contouring to match the surface curvature if the
curvature causes a gap between the wedge and examination
surface exceeding 0.5 mm at any point.

8. Standardization

8.1 General:
8.1.1 A baseline assessment of probe element activity shall

be made in accordance with Annex A3 of Guide E2491.
8.1.2 Standardization shall include the complete ultrasonic

phased array system and shall be performed prior to use of the
system in the thickness range under examination.

8.1.3 Standardization on reference block(s) shall be per-
formed from the surface (clad or unclad; convex or concave)
corresponding to the surface of the component from which the
examination will be performed.

8.1.4 The same couplant to be used during the examination
shall be used for standardization.

8.1.5 The same contact wedges or immersion/bubbler sys-
tems used during the examination shall be used for standard-
ization.

8.1.6 The same focal law(s) used in standardization shall be
used for examination.

8.1.7 Any control which affects instrument amplitude re-
sponse (for example, pulse-duration, filters, averaging, etc.)
shall be in the same position for standardization and examina-
tion.

8.1.8 Any control which affects instrument linearity (for
example, clipping, reject, suppression) shall not be used.

8.2 Reference Blocks:
8.2.1 Reference blocks shall be made of the same material

as the test piece or an acoustically similar material acceptable
to the customer.

8.2.2 Reference standards for sensitivity-amplitude stan-
dardization should be designed so that sensitivity does not vary
with beam angle when angle beam examination is used.
Sensitivity amplitude reference standards that accomplish this
are side-drilled holes parallel to the major surfaces of the plate
and perpendicular to the sound path, flat-bottomed holes drilled
at the examination angle, and equal-radius reflectors. Surface
notches may be used under some circumstances but are not
generally recommended.
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8.2.3 Commercial reference blocks such as the PAUT IIW
Block (ISO 19675), the IIW Block (ISO 2400), or other
reference blocks discussed in Practice E164 may be used to
facilitate the adjustment and standardization of the PAUT
equipment.

8.3 Range:
8.3.1 The instrument display shall be adjusted using the

A-scans for each focal law used to provide an accurate
indication of sound travel in the test material. Range standard-
ization shall include correction for wedge travel time so that
the zero-depth position in the test piece is accurately indicated
for each focal law.

8.3.2 Time base linearity and accuracy shall be verified in
accordance with the guidelines in Guide E2491 or Practice
E317, or both.

8.3.3 Volume-corrected B-scan or S-scan displays shall
indicate the true depth to known targets to within 5 % of the
physical depth or 3 mm, whichever is less.

8.3.4 Range standardization shall be established using the
radius surfaces in reference blocks such as those noted in 8.2.

8.4 Angular Sensitivity:
8.4.1 Sensitivity standardization, also referred to as angle

corrected gain (ACG), equalizes the amplitude at all angles or
focal laws in the active group on a single reference target (see
8.2.2). Consistency in coupling and pressure is crucial for
accurate standardization.

8.4.2 The instrument sensitivity shall be standardized using
the manufacturer’s recommended procedure; or alternatively,
by first choosing the desired standardization amplitude (usually
80 % FSH), then sliding the probe back and forth over the
selected target so that the raw target amplitude for each angle
is captured, and finally, invoking the instrument’s automatic
ACG calculation feature to generate and save required gain
correction factors for each angle.

8.4.3 Successful angular sensitivity standardization shall be
verified by sliding the probe over the reference block and
visualizing all focal laws corrected to the chosen standardiza-
tion amplitude (usually 80 % FSH), within tolerance.

9. Coupling Conditions

9.1 Preparation:
9.1.1 Where accessible, prepare the surface of the deposited

weld metal so that it merges into the surfaces of the adjacent
base materials; however, the weld may be examined in the
as-welded condition, provided the surface condition does not
interfere with valid interpretation of indications.

9.1.2 Clean the scanning surfaces on the base material of
weld spatter, scale, dirt, rust, and any extreme roughness on
each side of the weld for a distance equal to several times the
thickness of the production material, this distance to be
governed by the size of the search unit and refracted angle of
the sound beam. Where scanning is to be performed along the
top or across this weld, the weld reinforcement may be ground
to provide a flat scanning surface. It is important to produce a
surface that is as flat as possible. Generally, the surfaces do not
require polishing; light sanding with a disk or belt sander will
usually provide a satisfactory surface for examination.

9.1.3 The area of the base material through which the sound
will travel in the angle-beam examination should be com-
pletely scanned with a straight-beam search unit to detect
reflectors that might affect the interpretation of angle-beam
results by obstructing the sound beam. Consideration must be
given to these reflectors during interpretation of weld exami-
nation results, but their detection is not necessarily a basis for
rejection of the base material.

9.2 Couplant:
9.2.1 A couplant, usually a liquid or semi-liquid, is required

between the face of the search unit and the surface to permit
transmission of the acoustic energy from the search unit to the
material under examination. The couplant should wet the
surfaces of the search unit and the test piece, and eliminate any
air space between the two. Typical couplants include water, oil,
grease, glycerin, and cellulose gum. The couplant used should
not be injurious to the material to be examined, should form a
thin film, and, with the exception of water, should be used
sparingly. When glycerin is used, a small amount of wetting
agent is often added, to improve the coupling properties. When
water is used, it should be clean and de-aerated if possible.
Inhibitors or wetting agents, or both, may be used.

9.2.2 The coupling medium should be selected so that its
viscosity is appropriate for the surface finish of the material to
be examined.

9.3 For contact examination, the temperature differential
between the reference block and examination surface shall be
within 15 °C.

10. Distance-Amplitude Correction (DAC)/Time-
Corrected Gain (TCG)

10.1 Reference standards for distance-amplitude standard-
ization should be constructed of materials with similar surface
finish, nominal thickness and metallurgically similar in terms
of alloy and thermal treatment to the weldment.

10.2 Alternative methods of distance-amplitude of correc-
tion of sensitivity may be used, provided the results are as
reliable as those obtained by the acceptable method. In
addition, the alternative method and its equipment shall meet
all the performance requirements of this standard.

10.3 Reference Reflectors:
10.3.1 Straight-Beam Standardization—Correction for

straight beam examination may be determined by means of a
side drilled hole reflector at 1⁄4 and 3⁄4 of the thickness. For
thickness less than 50 mm, the 1⁄4-thickness reflector may not
be resolved. If this is the case, drill another hole at 1⁄2 thickness
and use the 1⁄2 and 3⁄4-thickness reflectors for correction.

10.3.2 Angle-Beam Standardization—Correction for angle-
beam examination may be determined by means of side-drilled
hole reflectors at 1⁄4 and 3⁄4 of the thickness. The 1⁄2-thickness
depth to a side-drilled hole may be added to the standardization
or used alone at thicknesses less than 25 mm. For certain
combinations of thin wall and small diameter pipe, side drilled
holes may not be practical and surface notches may be used
with agreement between contracting parties.

10.3.3 The size of the side-drilled hole used for setting
sensitivity shall be agreed upon by the contracting parties.
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Other targets may be substituted for side-drilled holes if agreed
upon by the contracting parties.

10.4 Acceptable Technique:
10.4.1 Time-Corrected Gain (TCG)—TCG balances all fo-

cal laws at multiple depths to a reference setting (usually 80 %
FSH). Assessment of phased array examinations uses color-
coded B-scans or S-scans as the initial evaluation method.
Therefore, it is necessary that the display used provide a
uniform color code related to amplitude at all sound path
distances. This method can be used only if the instrument is
provided with electronic distance amplitude compensation
circuitry (TCG). Use is made of all reflectors in the standard-
ization range. The examination equipment, probe(s), focal
law(s), couplant, etc., to be used in the ultrasonic examination
shall be used for this attenuation adjustment.

10.4.2 With the instrument display in time or sound path
(not true depth), locate the focal law that provides the maxi-
mum response from the reference targets. Set the signal from
the reference reflector that gives the highest response to a
screen height of between 40 % to 80 % full screen height
(FSH). This target may be considered the primary reference
reflector.

10.4.3 Using the same focal law, maximize each of the other
reference reflectors at other distances over the range to be used
for examination, adjusting the electronic distance amplitude

correction controls to equalize the screen height from these
reference reflectors to the primary reflector. Apply the correc-
tion to all focal laws used for the examination.

10.4.4 Other methods of accomplishing the equalization of
amplitude for all focal laws used from equal-size reflectors
over the examination distance range may be used. The method
for the system used is best described for each instrument in the
operating manual for that instrument.

10.4.5 An example of sensitivity standardization for weld
examination using side-drilled holes is shown in Fig. 1. Note
the amplitude responses from the side drilled holes is the same
for each hole even though the angle used to detect the hole and
the sound path to the hole are different in each instance. The
modeled coverage in the upper portion of Fig. 1 illustrates the
beams as if they were projected instead of reflected off the
opposite wall. The weld profile overlay allows visualization
sound path to the side drilled holes.

10.5 Periodic checks of the sensitivity shall be made at a
frequency agreed upon by the contracting parties. If the
equipment has changed by more than the agreed upon
tolerances, it shall be re-standardized. If the source of sensi-
tivity change is a result of change in the number of active
elements compared to the baseline assessment, it may require
probe replacement.

FIG. 1 Modeled S-scan and S-scan Display of Side-Drilled Holes Corrected to 80 % Screen Height Using TCG
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11. Examination Procedures

11.1 Phased array examination procedures are nominally
identical to conventional ultrasonic procedures in coverage,
angles etc. Examination procedures recommended for common
weld configurations are detailed in Practice E164. Variations in
specifics of the procedures for phased array methods are
required depending on whether manual or encoded scanning is
used.

11.2 Scan Plans:
11.2.1 A scan plan is a documented examination strategy

designed to facilitate optimal weld coverage, ensure examina-
tion repeatability, and aid in interpretation of indications. Scan
plans may be hand drawn or computer generated using
appropriate software.

11.2.2 Phased array scanning procedures for welds shall be
established using scan plans that indicate the part and weld
geometry, probe and wedge (including number of groups and
elements per group), required stand-off positions for the probe
to ensure volume coverage required, number and direction of
scans, and appropriate beam angles. Volume coverage required
may include the full volume of weld plus a specified region
either side (such as the heat affected zone). Welds shall be
examined from both sides, where possible.

11.3 In addition, if cross-cracking (transverse cracking) is
suspected, a supplementary technique shall be used that directs
the beam parallel or essentially parallel to the weld centerline.
The technique used will depend on whether or not the weld
reinforcement has been ground flush or not.

11.4 Typically, scanning is carried out from the surfaces
where the plate has been machined with the weld bevel.
Alternative scanning techniques shall be used for different
weld profiles. Sample illustrations are shown in Figs. 2-7. Not
all possible configurations are illustrated; illustrations are
examples only. Volume coverage afforded by multiple stand-off
positions of probes are illustrated for encoded linear scans.
This can be replaced with raster scanning where the stand-offs
are continuously varied to the limits required using manual
movement of the probes.

11.5 Scanning may be by manual probe motion or auto-
mated or semi-automated motion.

11.6 For manual scanning, the primary scan pattern is a
raster motion with the beam directed essentially perpendicular
to the weld axis. The distance forward and backward that the
probe is moved is determined by the scan plan to ensure full
volume coverage. The lateral movement on each raster step
shall not exceed half the element dimension in the lateral

direction. Scanning speed (speed at which the probe is manu-
ally moved forward and backward) will be limited by the
system update capabilities. Generally, using more focal laws
requires more processing time so update rates of the B-scan or
S-scan displays are slower as more focal laws are used.

11.7 For automated or semi-automated scanning, the probe
will be used with a positional encoder for each axis in which
probe motion is required (for most applications, a single
encoder is used). The encoder shall be calibrated to provide
positional information from a reference start position and shall
be accurate to within 1 % of total scan length or 10 mm,
whichever is less. Guide mechanisms such as probe holding
frames or magnetic strips are used to ensure that the probe
moves at a fixed distance from the weld centerline. Data, in the
form of A-scans from each focal law used, shall be collected at
increments of not greater than 2 mm (with at least three
increments for the length of the smallest required detectable
defect, that is, a defect length of 3 mm would require
increments of not greater than 1 mm) along the scan axis. Note
that this interval should be reduced when length sizing of flaws
is critical with respect to the acceptance criteria. If laterally
focused beams are used, this can be considered for data
collection increments as above.

11.8 For encoded scanning only, multiple probes and mul-
tiple focal law groups (for example, two S-scans from the same
probe but having difference start elements) may be used
simultaneously if the system has the capability. Probe place-
ment will be defined by the details of the scan plan with
confirmation of coverage confirmed using notches that may be
incorporated into the reference block.

12. Indication Evaluation

12.1 The method of evaluation used will, to some extent,
depend on whether manual or encoded scanning was used.

12.2 Manual Scanning:
12.2.1 For manual scanning using phased arrays, examina-

tion personnel shall use a real-time C-Scan, S-scan, or B-scan
display during scanning to monitor for coupling quality and
signals exceeding the evaluation threshold.

12.2.2 Evaluation of indications detected using manual
phased array methods shall require the operator to assess all
indications exceeding the evaluation threshold when the indi-
cation is detected during the scanning process. Some phased-
array systems may include options for entering some items into
a report format and incorporating C-Scan, S-scan, or B-scan
images as part of the report.

NOTE 1—Butt welds should be examined from both sides of the weld and preferably from the bevel opening side (when access permits). For thin wall
sections, a single probe stand-off may be possible for linear scanning if the probe parameters are adequate for full volume coverage.

FIG. 2 Thin Butt Weld (S and E Scans)
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12.3 Encoded Scanning:
12.3.1 Encoded scanning methods rely on assessment of

data displays produced from stored A-scans.
12.3.2 Encoded systems may be equipped with real-time

displays to display one or more views of data being collected
during the scan. This feature will be used only for assessment

of data quality as the scan is progressing and may allow for one
or more channels to be monitored.

12.3.3 Evaluation of indications detected by encoded
phased array scanning shall be made using the digitized
waveforms underlying the S-scans or B-scans collected during
the data acquisition process.

NOTE 1—Butt welds should be examined from both sides of the weld and preferably from the bevel opening side (when access permits). For thick wall
sections, multiple probe stand-offs or multiple focal law stand-offs will be required for linear scanning to ensure full volume coverage.

FIG. 3 Thick Butt Welds (S and E Scans)

NOTE 1—Corner welds are to be addressed using a combination of angle beams and straight beams. The preferred probe placement for the angle beam
is on the surface where the weld bevel opening occurs. For double Vee welds, angle beam examinations should be carried out from both surfaces when
access permits. In most cases, the surface from which the straight beam is used needs no further examination using angle beams.

FIG. 4 Corner Welds (Combined S and E Scans)

NOTE 1—T-weld examinations may be treated similarly to butt welds. For thin sections, it may be possible to use a single stand-off position with either
E-scans or S-scans. Examination from both surfaces of the web-plate plate should be used when access permits.

FIG. 5 T-Weld (from Web)

NOTE 1—An alternative to the technique illustrated in Fig. 5 for T-welds is to use refracted shear wave S-scans or E-scans from web-side of flange
surface. More than one stand-off position may be required for thicker sections. Examination from both sides of the web plate should be used when access
permits. This technique is not generally considered to be as effective as the technique described in Fig. 5.

FIG. 6 Tee Welds (from Flange)
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12.3.4 Encoded scanning data displays for indication evalu-
ation may use a variety of projections other than just the
S-scans or B-scans available to manual scanning (for example,
top-side-end views).

12.3.5 Welds scanned using encoded techniques may be
scanned in sections provided that there is an overlap of data
collected and the overlap between scans is identified in the
encoded position with respect to the weld reference start
position (for example, a 2 m long weld may be scanned in two
parts; one from 0 to 1000 mm and the second from 950 to
2000 mm).

12.3.6 The evaluation threshold should be indicated on the
C-Scan, S-scan, or B-scan display as a well defined color such
that indications of note are easily distinguished from the
background level.

12.3.7 S-scan or B-scan images presented with angular
correction (also referred to as volume corrected) contain signal
amplitude and indication depth information projected for the
refracted angle of the ultrasonic beam.

12.3.8 Indication locations shall be determined relative to
the examination surface and a coordinate system that uses well
defined reference for the relative to the weld.

12.4 Indication Size Determination:
12.4.1 Exercise extreme caution when attempting to prop-

erly size indications using phased array. It is likely that without
proper procedures, indications can be oversized due to beam
divergence, multiple virtual probes returning signals from the
same indication, etc.

12.4.2 Indication length is generally determined by measur-
ing the distance between the points along the weld length
where the amplitude drops to half the maximum at the
extremities of the reflector, or when the amplitude drops to half
the minimum evaluation amplitude.

12.4.3 Estimates of indication height can be made using the
6 dB drop as determined from the S-scan or B-scan (see Fig.
8). This method is suitable for large planar flaws with extents
greater than the beam. For flaws with dimensions smaller than
the beam, a correction for beam divergence may be used to
improve sizing estimates. For adversely oriented indications or
indications with irregular surfaces, amplitude sizing techniques
may not accurately indicate size or severity of the indications.
For improved sizing capabilities, techniques described in

Guide E2192 may be more suitable and can be adapted to
phased array applications. If the phased array equipment in use
is capable of such, data collection with Full Matrix Capture
(FMC) and subsequent reconstruction using the Total Focusing
Method (TFM) may be useful for optimizing focusing and
spatial resolution within a region of interest, allowing for
improved indication sizing and characterization.

12.4.4 Evaluation of all relevant indications will be made
against the acceptance criteria agreed upon by the contracting
parties.

13. Reporting

13.1 The contracting parties should determine the pertinent
items to be reported. This may include the following informa-
tion:

13.2 Weld details, including thickness dimensions, material,
weld process, and bevel shape. Descriptive sketches are usually
recommended.

13.2.1 Scan surfaces and surface conditions.
13.2.2 Equipment:
13.2.2.1 Phased array ultrasonic instrument details.
13.2.2.2 Phased array probe details, including:

(1) Number of elements,
(2) Frequency,
(3) Element pitch dimensions,
(4) Focus (identify plane, depth, or sound path as appli-

cable and if applicable),
(5) Wedge (velocity, incident angle, dimensions, reference

dimensions to first element).
13.2.3 Virtual aperture use, that is, number of elements and

element width,
13.2.4 Element numbers used for focal laws,
13.2.5 Angular range of S-scan,
13.2.6 Documentation on recommended wedge angular

range from manufacturer,
13.2.7 Documented standardization, TCG, and angle gain

compensation,
13.2.8 Encoder(s),
13.2.9 Scanning mechanisms used,
13.2.10 Couplant,
13.2.11 Method of sensitivity standardization and details of

correlating indications with flaws,

NOTE 1—When access permits, the preferred technique for T-weld examinations is from the plate opposite the web. A combination of 0° E-scans and
angled compression and shear modes from each direction provides the best approach for flaw detection along the fusion faces of the weld.

FIG. 7 Tee Welds (from Flange Opposite Web)
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13.2.12 Scan plan (indicating probe position on test piece,
probe movement, angles used, and volume coverage,

13.2.13 Mode of transmission (compression, shear, pulse-
echo, tandem, through transmission),

13.2.14 Scanning results (flaw details such as length,
position, height, amplitude, acceptability with respect to agreed
specifications),

13.2.15 Operator name,
13.2.16 Date of examination.

14. Keywords

14.1 nondestructive testing; PAUT; phased arrays; phased
array probe; ultrasonic contact examination; ultrasonic NDT of
welds; welds

FIG. 8 Flaw Sizing (Vertical) by 6 dB Drop
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Standard Test Method for
Sulfur in Petroleum Products (General High Pressure
Decomposition Device Method)

1. Scope

1.1 This test method covers the determination of sulfur in
petroleum products, including lubricating oils containing
additives, additive concentrates, and lubricating greases that
cannot be burned completely in a wick lamp. The test method
is applicable to any petroleum product sufficiently low in
volatility that it can be weighed accurately in an open sample
boat and containing at least 0.1 % sulfur.

NOTE 1—This test method is not applicable to samples containing
elements that give residues, other than barium sulfate, which are insoluble
in dilute hydrochloric acid and would interfere in the precipitation step.
These interfering elements include iron, aluminum, calcium, silicon, and
lead which are sometimes present in greases, lube oil additives, or additive
oils. Other acid insoluble materials that interfere are silica, molybdenum
disulfide, asbestos, mica, and so forth. The test method is not applicable to
used oils containing wear metals, and lead or silicates from contamination.
Samples that are excluded can be analyzed by Test Method D1552.

1.2 This test method is applicable to samples with the sulfur
in the range 0.09 % to 5.5 % by mass.

1.3 The values stated in SI units are to be regarded as
standard. No other units of measurement are included in this
standard.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.5 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-

mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
D1193 Specification for Reagent Water
D1552 Test Method for Sulfur in Petroleum Products by

High Temperature Combustion and Infrared (IR) Detec-
tion or Thermal Conductivity Detection (TCD)

D4057 Practice for Manual Sampling of Petroleum and
Petroleum Products

D4177 Practice for Automatic Sampling of Petroleum and
Petroleum Products

D6299 Practice for Applying Statistical Quality Assurance
and Control Charting Techniques to Evaluate Analytical
Measurement System Performance

E144 Practice for Safe Use of Oxygen Combustion Vessels

3. Summary of Test Method

3.1 The sample is oxidized by combustion in a high pressure
decomposition device containing oxygen under pressure. The
sulfur, as sulfate in the high pressure decomposition device
washings, is determined gravimetrically as barium sulfate.

3.2 (Warning—Strict adherence to all of the provisions
prescribed hereafter ensures against explosive rupture of the
high pressure decomposition device, or a blow-out, provided
the high pressure decomposition device is of proper design and
construction and in good mechanical condition. It is desirable,
however, that the high pressure decomposition device be
enclosed in a shield of steel plate at least 13 mm thick, or
equivalent protection be provided against unforeseeable con-
tingencies.)

3.3 (Warning—Initial testing and periodic examination of
the pressure vessel is essential to ensure its fitness for service.
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This is particularly important if the pressure vessel has been
dropped and has any obvious signs of physical damage.)

4. Apparatus and Materials

4.1 High Pressure Decomposition Device (see Note 2),
having a capacity of not less than 300 mL, so constructed that

it will not leak during the test and that quantitative recovery of
the liquids from the high pressure decomposition device may
be achieved readily. The inner surface of the high pressure
decomposition device may be made of stainless steel or any
other material that will not be affected by the combustion
process or products. Materials used in the high pressure
decomposition device assembly, such as the head gasket and
lead-wire insulation, shall be resistant to heat and chemical
action, and shall not undergo any reaction that will affect the
sulfur content of the liquid in the high pressure decomposition
device.

NOTE 2—Criteria for judging the acceptability of new and used oxygen
combustion high pressure decomposition devices are described in Practice
E144.

4.2 Oxygen Charging Equipment—The valves, gauges, fill-
ing tube, and fittings used in the oxygen charging system shall
meet industry safety codes and be rated for use at input
pressure up to 20 875 kPa and discharge pressure up to
5575 kPa. Separate gauges shall be provided to show the
supply pressure and the pressure vessel pressure. The pressure
vessel gauge shall not be less than 75 mm in diameter and
preferably graduated from 0 kPa to 5575 kPa in 100 kPa
subdivisions. Both gauges shall be absolutely oil-free and shall
never be tested in a hydraulic system containing oil. The
charging equipment shall include either a pressure reducing
valve which will limit the discharge pressure to a maximum of
4055 kPa or a relief valve set to discharge at 4055 kPa in case
the pressure vessel should accidentally be overcharged. Means
shall also be provided for releasing the residual pressure in the
filling tube after the pressure valve has been closed.

4.3 Sample Cup, platinum, 24 mm in outside diameter at the
bottom, 27 mm in outside diameter at the top, 12 mm in height
outside, and weighing 10 g to 11 g.

4.4 Firing Wire, platinum, No. 26 B & S gage, 0.41 mm (16
thou), 27 SWG, or equivalent. (Warning—The switch in the
ignition circuit shall be of a type which remains open, except
when held in closed position by the operator.)

4.5 Ignition Circuit, capable of supplying sufficient current
to ignite the cotton wicking or nylon thread without melting the
wire. The current shall be drawn from a step-down transformer
or from a suitable battery. The current shall not be drawn from
the power line, and the voltage shall not exceed 25 V. The
switch in the ignition circuit shall be of a type which remains
open, except when held in closed position by the operator.

4.6 Cotton Wicking or Nylon Sewing Thread, white.

4.7 Muffle Furnace.

4.8 Filter Paper, “ashless,” 0.01 % by mass ash maximum.

5. Reagents and Materials

5.1 Purity of Reagents—Reagent grade chemicals shall be
used in all tests. Unless otherwise indicated, it is intended that
all reagents shall conform to the specifications of the Commit-
tee on Analytical Reagents of the American Chemical Society,
where such specifications are available. Other grades may be
used, provided it is first ascertained that the reagent is of
sufficiently high purity to permit its use without lessening the
accuracy of the determination.

5.2 Purity of Water—Unless otherwise indicated, references
to water shall mean water as defined by Type II or III of
Specification D1193.

5.3 Barium Chloride Solution (85 g ⁄L)—Dissolve 100 g of
barium chloride dihydrate (BaCl2·2H2O) in distilled water and
dilute to 1 L.

5.4 Bromine Water (saturated).

5.5 Hydrochloric Acid (sp gr 1.19)—Concentrated hydro-
chloric acid (HCl).

5.6 Oxygen, free of combustible material and sulfur
compounds, available at a pressure of 41 kgf ⁄cm2 (40 atm).

5.7 Sodium Carbonate Solution (50 g ⁄L)—Dissolve 135 g
of sodium carbonate decahydrate (Na2CO3·10H2O) or its
equivalent weight in distilled water and dilute to 1 L.

5.8 White Oil, USP, or Liquid Paraffın, BP, or equivalent.

5.9 Quality Control (QC) Samples, preferably are portions
of one or more liquid petroleum materials that are stable and
representative of the samples of interest. These QC samples
can be used to check the validity of the testing process as
described in Section 10.

6. Procedure

6.1 Take samples in accordance with the instructions in
Practices D4057 or D4177.

6.2 Preparation of High Pressure Decomposition Device
and Sample—Cut a piece of firing wire 100 mm in length. Coil
the middle section (about 20 mm) and attach the free ends to
the terminals. Arrange the coil so that it will be above and to
one side of the sample cup. Insert between two loops of the coil
a wisp of cotton or nylon thread of such length that one end
will extend into the sample cup. Place about 5 mL of Na2CO3

solution in the high pressure decomposition device (Note 3)
and rotate the high pressure decomposition device in such a
manner that the interior surface is moistened by the solution.
Introduce into the sample cup the quantities of sample and
white oil (Note 4 and Note 5) specified in the following table,
weighing the sample to the nearest 0.2 mg (when white oil is
used, stir the mixture with a short length of quartz rod and
allow the rod to remain in the sample cup during the combus-
tion).
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NOTE 3—After repeated use of the high pressure decomposition device
for sulfur determinations, a film may be noticed on the inner surface. This
dullness can be removed by periodic polishing of the high pressure
decomposition device. A satisfactory method for doing this is to rotate the
high pressure decomposition device in a lathe at about 300 rpm and polish
the inside surface with emery polishing papers Grit No. 2⁄0, or equivalent
paper, coated with a light machine oil to prevent cutting, and then with
a paste of grit-free chromic oxide and water. This procedure will remove
all but very deep pits and put a high polish on the surface. Before the high
pressure decomposition device is used it shall be washed with soap and
water to remove oil or paste left from the polishing operation.

6.2.1 (Warning—Do not use more than 1.0 g total of
sample and white oil or other low sulfur combustible material
or more than 0.8 g if the IP 12 high pressure decomposition
device is used. )

Sulfur Content
percent

Weight of
Sample, g

Weight of
White Oil, g

5 or under 0.6 to 0.8 0.0
Over 5 0.3 to 0.4 0.3 to 0.4

NOTE 4—Use of sample weights containing over 20 mg of chlorine may
cause corrosion of the high pressure decomposition device. To avoid this,
it is recommended that for samples containing over 2 % chlorine, the
sample weight be based on the chlorine content as given in the following
table:

Chlorine Content
percent

Weight of
Sample, g

Weight of
White Oil, g

2 to 5 0.4 0.4
Over 5 to 10 0.2 0.6
Over 10 to 20 0.1 0.7
Over 20 to 50 0.05 0.7

NOTE 5—If the sample is not readily miscible with white oil, some other
low sulfur combustible diluent may be substituted. However, the com-
bined weight of sample and nonvolatile diluent shall not exceed 1.0 g or
more than 0.8 g if the IP 12 high pressure decomposition device is used.

6.3 Addition of Oxygen—Place the sample cup in position
and arrange the cotton wisp or nylon thread so that the end dips
into the sample. Assemble the high pressure decomposition
device and tighten the cover securely. (Warning—Do not add
oxygen or ignite the sample if the high pressure decomposition
device has been jarred, dropped, or tilted.) Admit oxygen
slowly (to avoid blowing the oil from the cup) until a pressure
is reached as indicated in the following table:
Capacity of High

Pressure
Decomposition

Device, mL

Minimum Gauge Pressure,
A kgf/cm2 (atm)

Maximum Gauge Pressure,
A kgf/cm2 (atm)

300 to 350 39 (38) 41 (40)
350 to 400 36 (35) 38 (37)
400 to 450 31 (30) 33 (32)
450 to 500 28 (27) 30 (29)

A The minimum pressures are specified to provide sufficient oxygen for complete
combustion and the maximum pressures represent a safety requirement.

6.4 Combustion—Immerse the high pressure decomposition
device in a cold distilled-water bath. Connect the terminals to

the open electrical circuit. Close the circuit to ignite the
sample. (Warning—Do not go near the high pressure decom-
position device until at least 20 s after firing.) Remove the high
pressure decomposition device from the bath after immersion
for at least 10 min. Release the pressure at a slow, uniform rate
such that the operation requires not less than 1 min. Open the
high pressure decomposition device and examine the contents.
If traces of unburned oil or sooty deposits are found, discard
the determination and thoroughly clean the high pressure
decomposition device before again putting it in use (Note 3).

6.5 Collection of Sulfur Solution— Rinse the interior of the
high pressure decomposition device, the oil cup, and the inner
surface of the high pressure decomposition device cover with
a fine jet of water, and collect the washings in a 600 mL beaker
having a mark to indicate 75 mL. Remove any precipitate in
the high pressure decomposition device by means of a rubber
policeman. Wash the base of the terminals until the washings
are neutral to the indicator methyl red. Add 10 mL of saturated
bromine water to the washings in the beaker. (The volume of
the washings is normally in excess of 300 mL.) Place the
sample cup in a 50 mL beaker. Add 5 mL of saturated bromine
water, 2 mL of HCl, and enough water just to cover the cup.
Heat the contents of the beaker to just below its boiling point
for 3 min or 4 min and add to the beaker containing the high
pressure decomposition device washings. Wash the sample cup
and the 50 mL beaker thoroughly with water. Remove any
precipitate in the cup by means of a rubber policeman. Add the
washings from the cup and the 50 mL beaker, and the
precipitate, if any, to the high pressure decomposition device
washings in the 600 mL beaker. Do not filter any of the
washings, since filtering would remove any sulfur present as
insoluble material.

6.6 Determination of Sulfur—Evaporate the combined
washings to 200 mL on a hot plate or other source of heat.
Adjust the heat to maintain slow boiling of the solution and add
10 mL of the BaCl2 solution, either in a fine stream or
dropwise. Stir the solution during the addition and for 2 min
thereafter. Cover the beaker with a fluted watch glass and
continue boiling slowly until the solution has evaporated to a
volume approximately 75 mL as indicated by a mark on the
beaker. Remove the beaker from the hot plate (or other source
of heat) and allow it to cool for 1 h before filtering. Filter the
supernatant liquid through an ashless, quantitative filter paper
(Note 6). Wash the precipitate with water, first by decantation
and then on the filter, until free from chloride. Transfer the
paper and precipitate to a weighed crucible and dry (Note 7) at
a low heat until the moisture has evaporated. Char the paper
completely without igniting it, and finally ignite at a bright red
heat until the residue is white in color. After ignition is
complete, allow the crucible to cool at room temperature, and
weigh.

NOTE 6—A weighed porcelain filter crucible (Selas type) of 5 μm to
9 μm porosity may be used in place of the filter paper. In this case the
precipitate is washed free of chloride and then dried to constant weight at
500 °C 6 25 °C.

NOTE 7—A satisfactory means of drying, charring, and igniting the
paper and precipitate is to place the crucible containing the wet filter paper
in a cold electric muffle furnace and to turn on the current. Drying,
charring, and ignition usually will occur at the desired rate.
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6.7 Blank—Make a blank determination whenever new
reagents, white oil, or other low-sulfur combustible material
are used. When running a blank on white oil, use 0.3 g to 0.4 g
and follow the normal procedure.

7. Calculation

7.1 Calculate the sulfur content of the sample as follows:

Sulfur, weight percent 5 ~P 2 B!13.73/W (1)

where:
P = grams of BaSO4 obtained from sample,
B = grams of BaSO4 obtained from blank, and
W = grams of sample used.

8. Report

8.1 Report the results of the test to the nearest 0.01 %.

9. Precision and Bias

9.1 The precision of this test is not known to have been
obtained in accordance with currently accepted guidelines for
example, in Research Report RR:D02-1007.

9.1.1 Repeatability—The difference between two test
results, obtained by the same operator with the same apparatus
under constant operating conditions on identical test material,
would in the long run, in the normal and correct operation of
the test method, exceed the following values only in one case
in twenty:

9.1.2 Reproducibility—The difference between two single
and independent results obtained by different operators work-
ing in different laboratories on identical test material would, in
the long run, in the normal and correct operation of the test
method, exceed the following values only in one case in
twenty:

Sulfur,
weight percent

Repeatability Reproducibility

0.1 to 0.5 0.04 0.05
0.5 to 1.0 0.06 0.09
1.0 to 1.5 0.08 0.15
1.5 to 2.0 0.12 0.25
2.0 to 5.0 0.18 0.27

NOTE 8—The precision shown in the above table does not apply to
samples containing over 2 % chlorine because an added restriction on the
amount of sample which can be ignited is imposed.

NOTE 9—This test method has been cooperatively tested only in the
range of 0.1 % to 5.0 % sulfur.

NOTE 10—The following information on the precision of this method
has been developed by the Energy Institute (formerly known as the
Institute of Petroleum):

(a) Results of duplicate tests should not differ by more than the
following amounts:

Repeatability Reproducibility
0.016 x + 0.06 0.037 x + 0.13

where x is the mean of duplicate test results.
(b) These precision values were obtained in 1960 by statistical

examination of interlaboratory test results. No limits have been estab-
lished for additive concentrates.

9.2 Bias—Results obtained in one laboratory by Test
Method D129 on NIST Standard Reference Material Nos.
1620A, 1621C, and 1662B were found to be 0.05 mass %
higher than the accepted reference values.

10. Quality Control

10.1 Confirm the performance of the instrument or the test
procedure by analyzing a QC sample (see 5.9).

10.1.1 When QC/Quality Assurance (QA) protocols are
already established in the testing facility, these may be used to
confirm the reliability of the test result.

10.1.2 When there is no QC/QA protocol established in the
testing facility, Appendix X1 can be used as the QC/QA
system.

11. Keywords

11.1 high pressure decomposition device; sulfur

APPENDIX

(Nonmandatory Information)

X1. QUALITY CONTROL

X1.1 Confirm the performance of the instrument or the test
procedure by analyzing a quality control (QC) sample.

X1.2 Prior to monitoring the measurement process, the user
of the test method needs to determine the average value and
control limits of the QC sample (see Practice D6299 and MNL
7).

X1.3 Record the QC results and analyze by control charts or
other statistically equivalent techniques to ascertain the statis-
tical control status of the total testing process (see Practice
D6299 and MNL 7). Any out-of-control data should trigger
investigation for root cause(s).

X1.4 In the absence of explicit requirements given in the
test method, the frequency of QC testing is dependent on the
criticality of the quality being measured, the demonstrated
stability of the testing process, and customer requirements.
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Generally, a QC sample is analyzed each testing day with
routine samples. The QC frequency should be increased if a
large number of samples are routinely analyzed. However,
when it is demonstrated that the testing is under statistical
control, the QC testing frequency may be reduced. The QC
sample precision should be checked against the ASTM method
precision to ensure data quality.

X1.5 It is recommended that, if possible, the type of QC
sample that is regularly tested be representative of the material
routinely analyzed. An ample supply of QC sample material
should be available for the intended period of use, and must be
homogenous and stable under the anticipated storage condi-
tions. See Practice D6299 and MNL 7 for further guidance on
QC and control charting techniques.
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Standard Test Method for
Sulfate Ion in Water

1. Scope

1.1 This turbidimetric test method covers the determination
of sulfate in water in the range from 5 to 40 mg/L of sulfate ion
(SO4

−−).

1.2 This test method was used successfully with drinking,
ground, and surface waters. It is the user’s responsibility to
ensure the validity of this test method for waters of untested
matrices.

1.3 Former gravimetric and volumetric test methods have
been discontinued. Refer to Appendix X1 for historical infor-
mation.

1.4 The values stated in SI units are to be regarded as
standard. No other units of measurement are included in this
standard.

1.5 This standard does not purport to address the safety
concerns, if any, associated with its use. It is the responsibility
of the user of this standard to establish appropriate safety and
health practices and determine the applicability of regulatory
limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:
D1066 Practice for Sampling Steam
D1129 Terminology Relating to Water
D1193 Specification for Reagent Water
D2777 Practice for Determination of Precision and Bias of

Applicable Test Methods of Committee D19 on Water
D3370 Practices for Sampling Water from Closed Conduits
D4327 Test Method for Anions in Water by Suppressed Ion

Chromatography
D5810 Guide for Spiking into Aqueous Samples
D5847 Practice for Writing Quality Control Specifications

for Standard Test Methods for Water Analysis
E60 Practice for Analysis of Metals, Ores, and Related

Materials by Spectrophotometry
E275 Practice for Describing and Measuring Performance of

Ultraviolet and Visible Spectrophotometers

3. Terminology

3.1 Definitions:
3.1.1 For definitions of terms used in this standard, refer to

Terminology D1129.

4. Summary of Test Method

4.1 Sulfate ion is converted to a barium sulfate suspension
under controlled conditions. A solution containing glycerin and
sodium chloride is added to stabilize the suspension and
minimize interferences. The resulting turbidity is determined
by a nephelometer, spectrophotometer, or photoelectric colo-
rimeter and compared to a curve prepared from standard sulfate
solutions.

5. Significance and Use

5.1 The determination of sulfate is important because it has
been reported that when this ion is present in excess of about
250 mg/L in drinking water, it causes a cathartic action
(especially in children) in the presence of sodium and
magnesium, and gives a bad taste to the water.

5.2 Test Method D4327 (“Test Method of Anions in Water
by Suppressed Ion Chromatography”) may be used.

6. Interferences

6.1 Insoluble suspended matter in the sample must be
removed. Dark colors that cannot be compensated for in the
procedure interfere with the measurement of suspended barium
sulfate (BaSO4).

6.2 Polyphosphates as low as 1 mg/L will inhibit barium
sulfate precipitation causing a negative interference. Phospho-
nates present in low concentrations, depending on the type of
phosphonate, will also cause a negative interference. Silica in
excess of 500 mg/L may precipitate along with the barium
sulfate causing a positive interference. Chloride in excess of
5000 mg/L will cause a negative interference. Aluminum,
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polymers, and large quantities of organic material present in
the test sample may cause the barium sulfate to precipitate
nonuniformly. In the presence of organic matter certain bacte-
ria may reduce sulfate to sulfide. To minimize the action of
sulfate reducing bacteria, samples should be refrigerated at 4°C
when the presence of such bacteria is suspected.

6.3 Although other ions normally found in water do not
appear to interfere, the formation of the barium sulfate suspen-
sion is very critical. Determinations that are in doubt may be
checked by a gravimetric method in some cases, or by the
procedure suggested in Note 2.

7. Apparatus

7.1 Photometer—One of the following which are given in
order of preference.

7.1.1 Nephelometer or turbidimeter;
7.1.2 Spectrophotometer for use at 420 nm with light path of

4 to 5 cm;
7.1.3 Filter photometer with a violet filter having a maxi-

mum near 420 nm and a light path of 4 to 5 cm.

7.2 Stopwatch, if the magnetic stirrer is not equipped with
an accurate timer.

7.3 Measuring Spoon, capacity 0.2 to 0.3 mL.

7.4 Filter photometers and photometric practices prescribed
in this test method shall conform to Practice E60; spectropho-
tometer practices shall conform to Practice E275.

8. Reagents and Materials

8.1 Purity of Reagents—Reagent grade chemicals shall be
used in all tests. Unless otherwise indicated, it is intended that
all reagents shall conform to the specifications of the Commit-
tee on Analytical Reagents of the American Chemical Society.
Other grades may be used, provided it is first ascertained that
the reagent is of sufficiently high purity to permit its use
without lessening the accuracy of the determination.

8.2 Purity of Water—Unless otherwise indicated, reference
to water shall be understood to mean reagent water conforming
to Specification D1193, Type I. Other reagent water types may
be used provided it is first ascertained that the water is of
sufficiently high purity to permit its use without adversely
affecting the precision and bias of the test method. Type II
water was specified at the time of round robin testing of this
test method.

8.3 Barium Chloride—Crystals of barium chloride
(BaCl2·2H2O) screened to 20 to 30 mesh. To prepare in the
laboratory, spread crystals over a large watch glass, desiccate
for 24 h, screen to remove any crystals that are not 20 to 30
mesh, and store in a clean, dry jar.

8.4 Conditioning Reagent—Place 30 mL of concentrated
hydrochloric acid (HCl, sp gr 1.19), 300 mL reagent water, 100

mL 95 % ethanol or isopropanol and 75 g sodium chloride
(NaCl) in a container. Add 50 mL glycerol and mix.

8.5 Sulfate Solution, Standard (1 mL = 0.100 mg SO4
−−)—

Dissolve 0.1479 g of anhydrous sodium sulfate (Na2SO4) in
water, and dilute with water to 1 L in a volumetric flask. A
purchased stock solution of adequate purity is also acceptable.

8.6 Filter Paper—Purchase suitable filter paper. Typically
the filter papers have a pore size of 0.45-µm membrane.
Material such as fine-textured, acid-washed, ashless paper, or
glass fiber paper are acceptable. The user must first ascertain
that the filter paper is of sufficient purity to use without
adversely affecting the bias and precision of the test method.

9. Sampling

9.1 Collect the sample in accordance with Practice D1066,
and Practices D3370, as applicable.

10. Calibration

10.1 Follow the procedure given in Section 11, using
appropriate amounts of the standard sulfate solution prepared
in accordance with 8.5 and prepare a calibration curve showing
sulfate ion content in milligrams per litre plotted against the
corresponding photometer readings (Note 1). Prepare standards
by diluting with water 0.0, 5.0, 10.0, 15.0, 20.0, 30.0, and 40.0
mL of standard sulfate solution to 100-mL volumes in volu-
metric flasks. These solutions will have sulfate ion concentra-
tions of 0.0, 5.0, 10.0, 15.0, 20.0, 30.0, and 40.0 mg/L (ppm),
respectively.

NOTE 1—A separate calibration curve must be prepared for each
photometer and a new curve must be prepared if it is necessary to change
the cell, lamp, or filter, or if any other alterations of instrument or reagents
are made. Check the curve with each series of tests by running two or
more solutions of known sulfate concentrations.

11. Procedure

11.1 Filter (8.6) the sample if it is turbid through a 0.45-µm
membrane and adjust the temperature to between 15 and 30°C.

11.2 Pipette into a 250-mL beaker 100 mL or less of the
clear sample containing between 0.5 and 4 mg of sulfate ion
(Note 2). Dilute to 100 mL with water if required, and add 5.0
mL of conditioning reagent (Note 1).

NOTE 2—The solubility of BaSO4 is such that difficulty may be
experienced in the determination of sulfate concentrations below about 5
mg/L (ppm). This can be overcome by concentrating the sample or by
adding 5 mL of standard sulfate solution (1 mL = 0.100 mg SO4

−−) to the
sample before diluting to 100 mL. This will add 0.5 mg SO4 to the sample,
which must be subtracted from the final result.

11.3 Mix in the stirring apparatus.

11.4 While the solution is being stirred, add a measured
spoonful of BaCl2 crystals (0.3 g) and begin timing immedi-
ately.

11.5 Stir exactly 1.0 min at constant speed.

NOTE 3—The stirring should be at a constant rate in all determinations.
The use of a magnetic stirrer has been found satisfactory for this purpose.

11.6 Immediately after the stirring period has ended, pour
solution into the cell and measure the turbidity at 30-s intervals
for 4 min. Record the maximum reading obtained in the 4-min
period.
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11.7 If the sample contains color or turbidity, run a sample
blank using the procedure 11.2 through 11.6 without the
addition of the barium chloride.

11.8 If interferences are suspected, dilute the sample with an
equal volume of water, and determine the sulfate concentration
again. If the value so determined is one half that in the
undiluted sample, interferences may be assumed to be absent.

NOTE 4—After dilution, if interferences are still determined to be
present alternate methods should be used. It is up to the user to determine
appropriate alternate methods.

12. Calculation

12.1 Convert the photometer readings obtained with the
sample to milligrams per litre sulfate ion (SO4

−− ) by use of the
calibration curve described in Section 10.

13. Precision and Bias

13.1 The precision and bias data presented in this test
method meet the requirements of Practice D2777 – 86.

13.2 The overall and single-operator precision of the test
method, within its designated range, varies with the quantity
being tested according to Table 1 for reagent water and Table
2 for drinking, ground, and surface waters.

13.2.1 Seven laboratories participated in the round robin at
three levels in triplicate, making a total of 21 observations at
each level for reagent water and for matrix water (drinking,
ground, and surface water).

13.3 Recoveries of known amounts of sulfate from reagent
water and drinking, ground, and surface waters are as shown in
Table 3.

13.3.1 A table for estimating the bias of the test method
through its applicable concentration range can be found in
Table 4.

13.3.2 These collaborative test data were obtained on re-
agent grade water and natural waters. For other matrices, these
data may not apply.

13.4 Precision and bias for this test method conforms to
Practice D2777 – 86, which was in place at the time of
collaborative testing. Under the allowances made in 1.4 of
D2777 – 13, these precision and bias data do meet existing
requirements for interlaboratory studies of Committee D19 test
methods.

14. Quality Control (QC)

14.1 The following quality control information is recom-
mended for the determination of sulfate ion in water.

14.2 Calibration and Calibration Verification:
14.2.1 Analyze at least three working standards containing

concentrations of sulfate that bracket the expected sample
concentration, prior to analysis of samples, to calibrate the
instrument (see Section 11). The calibration correlation coef-
ficient shall be equal to or greater than 0.990.

14.2.2 Verify instrument calibration after standardization by
analyzing a standard at the concentration of one of the
calibration standards. The concentration of a mid-range stan-
dard should fall within 615 % of the known concentration.
Analyze a calibration blank to verify system cleanliness.

14.2.3 If calibration cannot be verified, recalibrate the
instrument.

14.2.4 It is recommended to analyze a continuing calibra-
tion blank (CCB) and continuing calibration verification
(CCV) at a 10 % frequency. The results should fall within the
expected precision of the method or 615 % of the known
concentration.

TABLE 1 Overall (ST) and Single-Operator (SO) Standard
Deviations Against Mean Concentration for Interlaboratory

Recovery of Sulfate from Reagent WaterA

Mean Concentration (x̄),
mg/L

Standard Deviation, mg/L

ST SO

6.6 0.5 0.1
20.4 1.0 0.4
63.7 2.5 1.3

A The test method is linear to 40 mg/L. Testing at the 63.9 level was accomplished
through dilution as described in 11.2.

TABLE 2 Overall (ST) and Single-Operator (SO) Standard
Deviations Against Mean Concentration for Interlaboratory

Recovery of Sulfate from Drinking, Ground, and Surface WaterA

Mean Concentration (x̄),
mg/L

Standard Deviation, mg/L

ST SO

6.9 0.7 0.5
20.2 2.2 1.8
63.3 4.5 1.6

A The test method is linear to 40 mg/L. Testing at the 63.9 level was accomplished
through dilution as described in 11.2.

TABLE 3 Determination of BiasA

Amount
Added,
mg/L

Amount
Found,
mg/L

±Bias ±% Bias

Statistically
Significant

at 5 %
Level (at
±0.05)

Reagent water 20.8
63.9A

7.0

20.4
63.7A

6.6

−0.4
−0.2
−0.4

−1.9 %
−0.2 %
−5.3 %

no
no
no

Drinking, ground
and surface water

20.8
63.9A

7.0

20.2
63.3A

6.9

−0.6
−0.6
−0.1

−2.7 %
−0.9 %
−1.8 %

no
no
no

A The test method is linear to 40 mg/L. Testing at the 63.9 level was accomplished
through dilution as described in 11.2.

TABLE 4 Mean Sulfate Recovery Against Concentration Added
with Overall Standard Deviation Shown for Interlaboratory

Experimental Recovery of Sulfate from Reagent Water
and Drinking, Ground, and Surface WaterA

Sulfate Added,
mg/L

Mean Sulfate Recovery (x̄), mg/L

Reagent Water ( ST) Matrix Water ( SO)

7.0 6.6 (0.5) 6.9 (0.7)
20.8 20.4 (1.0) 20.2 (2.2)
63.9 63.7 (2.5) 63.3 (4.5)

A The test method is linear to 40 mg/L. Testing at the 63.9 level was accomplished
through dilution as described in 11.2.
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14.3 Initial Demonstration of Laboratory Capability:
14.3.1 If a laboratory has not performed the test before, or if

there has been a major change in the measurement system, for
example, new analyst, new instrument, and so forth, a precision
and bias study must be performed to demonstrate laboratory
capability.

14.3.2 Analyze seven replicates of a standard solution
prepared from an Independent Reference Material containing a
midrange concentration of sulfate. The matrix and chemistry of
the solution should be equivalent to the solution used in the
collaborative study. Each replicate must be taken through the
complete analytical test method including any sample preser-
vation and pretreatment steps.

14.3.3 Calculate the mean and standard deviation of the
seven values and compare to the acceptable ranges of bias in
Table 3. This study should be repeated until the recoveries are
within the limits given in Table 1. If a concentration other than
the recommended concentration is used, refer to Practice
D5847 for information on applying the F test and t test in
evaluating the acceptability of the mean and standard devia-
tion.

14.4 Laboratory Control Sample (LCS):
14.4.1 To ensure that the test method is in control, prepare

and analyze a LCS containing a known concentration of sulfate
with each batch (laboratory-defined or 20 samples). The
laboratory control samples for a large batch should cover the
analytical range when possible. It is recommended, but not
required to use a second source, if possible and practical for the
LCS. The LCS must be taken through all of the steps of the
analytical method including sample preservation and pretreat-
ment. The result obtained for a mid-range LCS shall fall within
615 % of the known concentration.

14.4.2 If the result is not within these limits, analysis of
samples is halted until the problem is corrected, and either all
the samples in the batch must be reanalyzed, or the results must
be qualified with an indication that they do not fall within the
performance criteria of the test method.

14.5 Method Blank:
14.5.1 Analyze a reagent water test blank with each

laboratory-defined batch. The concentration of sulfate found in
the blank should be less than 0.5 times the lowest calibration
standard. If the concentration of sulfate is found above this
level, analysis of samples is halted until the contamination is
eliminated, and a blank shows no contamination at or above
this level, or the results must be qualified with an indication
that they do not fall within the performance criteria of the test
method.

14.6 Matrix Spike (MS):
14.6.1 To check for interferences in the specific matrix

being tested, perform a MS on at least one sample from each
laboratory-defined batch by spiking an aliquot of the sample
with a known concentration of sulfate and taking it through the
analytical method.

14.6.2 The spike concentration plus the background concen-
tration of sulfate must not exceed the high calibration standard.

The spike must produce a concentration in the spiked sample
that is 2 to 5 times the analyte concentration in the unspiked
sample, or 10 to 50 times the detection limit of the test method,
whichever is greater.

14.6.3 Calculate the percent recovery of the spike (P) using
the following formula:

P 5 @A ~Vs 1 V! 2 BVs# ⁄CV (1)

where:
A = analyte known concentration (mg/L) in spiked sample,
B = analyte known concentration (mg/L) in unspiked

sample,
C = known concentration (mg/L) of analyte in spiking

solution,
Vs = volume (mL) of sample used, and
V = volume (mL) of spiking solution added.

14.6.4 The percent recovery of the spike shall fall within the
limits, based on the analyte concentration, listed in Gude
D5810, Table 1. If the percent recovery is not within these
limits, a matrix interference may be present in the sample
selected for spiking. Under these circumstances, one of the
following remedies must be employed: the matrix interference
must be removed, all samples in the batch must be analyzed by
a test method not affected by the matrix interference, or the
results must be qualified with an indication that they do not fall
within the performance criteria of the guide.

NOTE 5—Acceptable spike recoveries are dependent on the concentra-
tion of the component of interest. See Test Method D5810 for additional
information.

14.7 Duplicate:
14.7.1 To check the precision of sample analyses, analyze a

sample in duplicate with each laboratory-defined batch. If the
concentration of the analyte is less than five times the detection
limit for the analyte, a matrix spike duplicate (MSD) should be
used.

14.7.2 Calculate the standard deviation of the duplicate
values and compare to the precision in the collaborative study
using an F test. Refer to 6.4.4 of Practice D5847 for informa-
tion on applying the F test.

14.7.3 If the result exceeds the precision limit, the batch
must be reanalyzed or the results must be qualified with an
indication that they do not fall within the performance criteria
of the test method.

14.8 Independent Reference Material (IRM):
14.8.1 In order to verify the quantitative value produced by

the test method, analyze an Independent Reference Material
(IRM) submitted as a regular sample (if practical) to the
laboratory at least once per quarter. The concentration of the
IRM should be in the concentration mid-range for the method
chosen. The value obtained must fall within the control limits
established by the laboratory.

15. Keywords

15.1 drinking water; ground water; sulfate; surface water;
turbidimetric
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APPENDIX

(Nonmandatory Information)

X1. RATIONALE FOR DISCONTINUATION OF METHODS

X1.1 Gravimetric:

X1.1.1 This test method was discontinued in 1988. The test
method may be found in the 1988 Annual Book of ASTM
Standards, Vol 11.01. The test method was originally issued in
1938.

X1.1.2 This test method covers the determination of sulfate
in water and wastewater. Samples containing from 20 to 100
mg/L of sulfate may be analyzed.

X1.1.3 Sulfate is precipitated and weighted as barium sul-
fate after removal of silica and other insoluble matter.

X1.1.4 This test method was discontinued because there
were insufficient laboratories interested in participating in
another collaborative study to obtain the necessary precision
and bias as required by Practice D2777.

X1.2 Volumetric:

X1.2.1 This test method was discontinued in 1988. The test
method may be found in the 1988 Annual Book of ASTM
Standards, Vol 11.01. The test method was originally issued in
1959 as a non-referee method, and made the primary method in
the 1980 issue of Test Method D516.

X1.2.2 This test method covers the determination of sulfate
in industrial water. Samples containing from 5 to 1000 mg/L of
sulfate may be analyzed.

X1.2.3 Sulfate is titrated in an alcoholic solution under
controlled acid conditions with a standard barium chloride
solution using thorin as the indicator.

X1.2.4 This test method was discontinued because there
were insufficient laboratories interested in participating in
another collaborative study to obtain the necessary precision
and bias as required by Practice D2777.
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Standard Test Method for
Chlorine in New and Used Petroleum Products (High
Pressure Decomposition Device Method)

1. Scope

1.1 This test method covers the determination of chlorine in
lubricating oils and greases, including new and used lubricat-
ing oils and greases containing additives, and in additive
concentrates. Its range of applicability is 0.1 m% to 50 m%
chlorine. The procedure assumes that compounds containing
halogens other than chlorine will not be present.

1.2 The values stated in SI units are to be regarded as
standard. No other units of measurement are included in this
standard.

1.2.1 The preferred units are mass percent.

1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use. Attention is called
to specific warning statements incorporated in the test method.

2. Referenced Documents

2.1 ASTM Standards:
D1193 Specification for Reagent Water
D4057 Practice for Manual Sampling of Petroleum and

Petroleum Products
D4177 Practice for Automatic Sampling of Petroleum and

Petroleum Products
D6299 Practice for Applying Statistical Quality Assurance

and Control Charting Techniques to Evaluate Analytical
Measurement System Performance

3. Summary of Test Method

3.1 The sample is oxidized by combustion in a high pressure
decomposition device containing oxygen under pressure.
(Warning—Strict adherence to all of the provisions prescribed
hereinafter ensures against explosive rupture of the high
pressure decomposition device, or a blow-out, provided the
high pressure decomposition device is of proper design and
construction and in good mechanical condition. It is desirable,

however, that the high pressure decomposition device be
enclosed in a shield of steel plate at least 13 mm (1⁄2 in.) thick,
or equivalent protection be provided against unforeseeable
contingencies.) The chlorine compounds thus liberated are
absorbed in a sodium carbonate solution and the amount of
chlorine present is determined gravimetrically by precipitation
as silver chloride.

4. Significance and Use

4.1 This test method may be used to measure the level of
chlorine-containing compounds in petroleum products. This
knowledge can be used to predict performance or handling
characteristics of the product in question.

4.2 This test method can also serve as a qualitative tool for
the presence or non-detection of chlorine in petroleum prod-
ucts. In light of the efforts in the industry to prepare chlorine
free products, this test method would provide information
regarding the chlorine levels, if any, in such products.

5. Apparatus

5.1 High Pressure Decomposition Device, having a capacity
of not less than 300 mL, so constructed that it will not leak
during the test, and that quantitative recovery of the liquids
from the high pressure decomposition device may be readily
achieved. The inner surface of the high pressure decomposition
device may be made of stainless steel or any other material that
will not be affected by the combustion process or products.
Materials used in the high pressure decomposition device
assembly, such as the head gasket and lead-wire insulation,
shall be resistant to heat and chemical action, and shall not
undergo any reaction that will affect the chlorine content of the
liquid in the high pressure decomposition device.

5.2 Sample Cup, platinum, 24 mm in outside diameter at the
bottom, 27 mm in outside diameter at the top, 12 mm in height
outside, and weighing 10 g to 11 g.
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5.3 Firing Wire, platinum, No. 26 B & S gage 0.41
(16 thou), 27 SWG or equivalent.

5.4 Ignition Circuit, capable of supplying sufficient current
to ignite the nylon thread or cotton wicking without melting the
wire.

5.4.1 The switch in the ignition circuit shall be of a type that
remains open, except when held in closed position by the
operator.

5.5 Nylon Sewing Thread, or Cotton Wicking, white.

5.6 Filter Crucible, fritted-glass, 30 mL capacity, medium
porosity.

6. Reagents and Materials

6.1 Purity of Reagents—Reagent grade chemicals shall be
used in all tests. Unless otherwise indicated, it is intended that
all reagents shall conform to the specifications of the Commit-
tee on Analytical Reagents of the American Chemical Society,
where such specifications are available. Other grades may be
used, provided it is first ascertained that the reagent is of
sufficiently high purity to permit its use without lessening the
accuracy of the determination.

6.2 Purity of Water—Unless otherwise indicated, references
to water shall be understood to mean reagent water as defined
by Type II or III of Specification D1193.

6.3 Nitric Acid (1 + 1)—Mix equal volumes of concentrated
nitric acid (HNO3, sp gr 1.42) and water.

6.4 Oxygen, free of combustible material and halogen
compounds, available at a pressure of 41 kgf ⁄cm2 (40 atmos).
(Warning—Oxygen vigorously accelerates combustion.)

6.5 Silver Nitrate Solution (50 g AgNO3/L)—Dissolve 50 g
of silver nitrate (AgNO3) in water and dilute to 1 L.

6.6 Sodium Carbonate Solution (50 g Na2CO3/L)—Dissolve
50 g of anhydrous Na2CO3, 58.5 g of Na2CO3·H2O, or 135 g of
Na2CO3·10 H2O in water and dilute to 1 L.

6.7 White Oil, refined.

6.8 Quality Control (QC) Samples, preferably are portions
of one or more liquid petroleum materials that are stable and
representative of the samples of interest. These QC samples
can be used to check the validity of the testing process as
described in Section 10.

6.9 Methyl Red Indicator Solution—Dissolve 0.1 g of
methyl red indicator solid in 100 mL of water.

7. Sampling

7.1 Take samples in accordance with the instructions in
Practices D4057 or D4177.

7.2 Take care that the sample is thoroughly representative of
the material to be tested and that the portion of the sample used
for the test is thoroughly representative of the whole sample.

8. Procedure

8.1 Preparation of High Pressure Decomposition Device
and Sample—Cut a piece of firing wire approximately 100 mm
in length. Coil the middle section (about 20 mm) and attach the
free ends to the terminals. Arrange the coil so that it will be
above and to one side of the sample cup. Insert into the coil a
nylon thread, or wisp of cotton, of such length that one end will
extend into the sample cup. Place about 5 mL of Na2CO3

solution in the high pressure decomposition device and by
means of a rubber policeman, wet the interior surface of the
high pressure decomposition device, including the head, as
thoroughly as possible. Introduce into the sample cup the
quantities of sample and white oil (Note 1). (Warning—Do
not use more than 1 g total of sample and white oil or other
chlorine free combustible material) specified in Table 1. Do not
add oxygen or ignite the sample if the high pressure decom-
position device has been jarred, dropped, or tilted), weighing
the sample to the nearest 0.2 mg.) When white oil is used, stir
the mixture with a short length of quartz rod and allow the rod
to remain in the sample cup during the combustion.

8.1.1 After repeated use of the high pressure decomposition
device for chlorine determination, a film may be noticed on the
inner surface. This dullness can be removed by periodic
polishing of the high pressure decomposition device. A satis-
factory method for doing this is to rotate the high pressure
decomposition device in a lathe at about 300 r ⁄min and polish
the inside with Grit No. 2/0 or equivalent paper coated with a
light machine oil to prevent cutting, and then with a paste of
grit-free chromic oxide and water. This procedure will remove
all but very deep pits and put a high polish on the surface.
Before using the high pressure decomposition device wash it
with soap and water to remove oil or paste left from the
polishing operation. high pressure decomposition devices with
porous or pitted surfaces should never be used because of the
tendency to retain chlorine from sample to sample.

8.1.2 When the sample is not readily miscible with white
oil, some other nonvolatile, chlorine-free combustible diluent
may be employed in place of white oil. However, the combined
weight of sample and nonvolatile diluent shall not exceed 1 g.
Some solid additives are relatively insoluble, but may be
satisfactorily burned when covered with a layer of white oil.
(Warning—Do not use more than 1 g total of sample and
white oil or other chlorine-free combustible material.)

TABLE 1 Quantities of Sample and White Oil

Chlorine Content, m% Weight of Sample, g
Weight of White Oil,

g

2 and under 0.8 0.0
Above 2 to 5, incl. 0.4 0.4
Above 5 to 10, incl. 0.2 0.6
Above 10 to 20, incl. 0.1 0.7
Above 20 to 50, incl. 0.05 0.7
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NOTE 1—The practice of running alternately high and low samples in
chlorine content shall be avoided whenever possible. It is difficult to rinse
the last traces of chlorine from the walls of the high pressure decompo-
sition device and the tendency for residual chlorine to carry over from
sample to sample has been observed in a number of laboratories. When a
sample high in chlorine has preceded one low in chlorine content, the test
on the low-chlorine sample shall be repeated and one or both of the low
values thus obtained can be considered suspect if they do not agree within
the limits of repeatability of this test method.

8.2 Addition of Oxygen—Place the sample cup in position
and arrange the nylon thread, or wisp of cotton, so that the end
dips into the sample. Assemble the high pressure decomposi-
tion device and tighten the cover securely. Admit oxygen
slowly (to avoid blowing the oil from the cup) until a pressure
is reached as indicated in Table 2. (Warning—Do not add
oxygen or ignite the sample if the high pressure decomposition
device has been jarred, dropped, or tilted.)

8.3 Combustion—Immerse the high pressure decomposition
device in a cold water bath. Connect the terminals to the open
electrical circuit. Close the circuit to ignite the sample. Remove
the high pressure decomposition device from the bath after
immersion for at least 10 min. Release the pressure at a slow,
uniform rate such that the operation requires not less than
1 min. Open the high pressure decomposition device and
examine the contents. If traces of unburned oil or sooty
deposits are found, discard the determination, and thoroughly
clean the high pressure decomposition device before again
putting it in use (8.1.1).

8.4 Collection of Chlorine Solution—Rinse the interior of
the high pressure decomposition device, the sample cup, and
the inner surface of the high pressure decomposition device
cover with a fine jet of water, and collect the washings in a
600 mL beaker. Scrub the interior of the high pressure decom-
position device and the inner surface of the high pressure
decomposition device cover with a rubber policeman. Wash the
base of the terminals until the washings are neutral to the
indicator methyl red. (The volume of the washings is normally
in excess of 300 mL.) Take special care not to lose any wash
water.

8.5 Determination of Chlorine—Acidify the solution by
adding HNO3 (1 + 1) drop by drop until acid to methyl red.
Add an excess of 2 mL of the HNO3 solution. Filter through a
qualitative paper (if the solution is cloudy, the presence of lead
chloride (PbCl2) is indicated and the solution should be
brought to a boil before filtering) and collect in a second
600 mL beaker. Heat the solution to about 60 °C (140 °F) and,
while protecting the solution from strong light, add gradually,
while stirring, 5 mL of AgNO3 solution. Heat to incipient

boiling and retain at this temperature until the supernatant
liquid becomes clear. Test to ensure complete precipitation by
adding a few drops of the AgNO3 solution. If more precipita-
tion takes place, repeat the above steps which have involved
heating, stirring, and addition of AgNO3, as often as necessary,
until the additional drops of AgNO3 produce no turbidity in the
clear, supernatant liquid. Allow the beaker and contents to
stand in a dark place for at least an hour. Filter the precipitate
by suction on a weighed fritted-glass filter crucible. Wash the
precipitate with water containing 2 mL of HNO3 (1 + 1) ⁄L.
Dry the crucible and precipitate at 110 °C for 1 h. Cool in a
desiccator, and weigh.

NOTE 2—If no precipitate is visible at this stage after addition of silver
nitrate, this may be taken as an indication of non-detectable quantities of
chlorine in the test sample above this test method’s detection limit
(0.1 m%). The test can be considered as completed at this stage.

8.6 Blank—Make a blank determination with 0.7 g to 0.8 g
of white oil by following the normal procedure but omitting the
sample (Note 3). Repeat this blank whenever new batches of
reagents or white oil are used. The blank must not exceed
0.03 m% chlorine based upon the weight of the white oil.

NOTE 3—This procedure measures chlorine in the white oil and in the
reagents used, as well as that introduced from contamination.

9. Calculation

9.1 Calculate the chlorine content of the sample as follows:

Chlorine, mass % 5 @~P 2 B! 3 24.74#/W (1)

where:
P = grams of AgCl obtained from the sample,
B = grams of AgCl obtained from the blank, and
W = grams of sample used.

10. Quality Control

10.1 Confirm the performance of the instrument or the test
procedure by analyzing a QC sample (see 6.8).

10.1.1 When QC/Quality Assurance (QA) protocols are
already established in the testing facility, these may be used to
confirm the reliability of the test result.

10.1.2 When there is no QC/QA protocol established in the
testing facility, Appendix X1 can be used as the QC/QA
system.

11. Report

11.1 Report the results to the nearest 0.1 m%.

11.2 If there is absence of a visible precipitate in 8.5, report
the results as non-detectable above the detection limits
(0.1 m%) of this test method.

12. Precision and Bias

12.1 The precision of this test method is not known to have
been obtained in accordance with currently accepted guidelines
(for example, in Committee D02 Research Report RR:D02-
1007, Manual on Determining Precision Data for ASTM
Methods on Petroleum Products and Lubricants).

12.2 The precision of this test method as obtained by
statistical examination of interlaboratory test results is as
follows:

TABLE 2 Gage Pressures

Capacity of
High Pressure

Decomposition Device, mL

Minimum Gage
Pressure,A kgf/cm2

(atm)

Maximum Gage
Pressure,A kgf/cm2

(atm)

300 to 350 39 (38) 41 (40)
350 to 400 36 (35) 38 (37)
400 to 450 31 (30) 33 (32)
450 to 500 28 (27) 30 (29)

A The minimum pressures are specified to provide sufficient oxygen for complete
combustion, and the maximum pressures represent a safety requirement.
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12.2.1 Repeatability—The difference between successive
test results obtained by the same operator with the same
apparatus under constant operating conditions on identical test
material would, in the long run, in the normal and correct
operation of the test method exceed the following values only
in one case in twenty:

Chlorine, m% Repeatability
0.1 to 1.9 0.07
2.0 to 5.0 0.15
Above 5.0 3 % of amount present

12.2.2 Reproducibility—The difference between two single
and independent results obtained by different operators work-
ing in different laboratories on identical test material would, in
the long run, in the normal and correct operation of the test
method exceed the following values only in one case in twenty:

Chlorine, m% Reproducibility
0.1 to 1.9 0.10
2.0 to 5.0 0.30
Above 5.0 5 % of the amount present

12.3 Bias:
12.3.1 Cooperative data indicate that deviations of test

results from the true chlorine content are of the same order of
magnitude as the reproducibility.

12.3.2 It is not practicable to specify the bias of this test
method for measuring chlorine because the responsible
subcommittee, after diligent search, was unable to attract
volunteers for an interlaboratory study.

13. Keywords

13.1 chlorine; high pressure decomposition device

APPENDIX

(Nonmandatory Information)

X1. QUALITY CONTROL

X1.1 Confirm the performance of the instrument or the test
procedure by analyzing a QC sample.

X1.2 Prior to monitoring the measurement process, the user
of the method needs to determine the average value and control
limits of the QC sample (see Practice D6299 and MNL 7).1

X1.3 Record the QC results and analyze by control charts or
other statistically equivalent techniques to ascertain the statis-
tical control status of the total testing process (see Practice
D6299 and MNL 7).1 Any out-of-control data should trigger
investigation for root cause(s).

X1.4 In the absence of explicit requirements given in the
test method, the frequency of QC testing is dependent on the

criticality of the quality being measured, the demonstrated
stability of the testing process, and customer requirements.
Generally, a QC sample is analyzed each testing day with
routine samples. The QC frequency should be increased if a
large number of samples are routinely analyzed. However,
when it is demonstrated that the testing is under statistical
control, the QC testing frequency may be reduced. The QC
sample precision should be checked against the ASTM method
precision to ensure data quality.

X1.5 It is recommended that, if possible, the type of QC
sample that is regularly tested be representative of the material
routinely analyzed. An ample supply of QC sample material
should be available for the intended period of use, and must be
homogenous and stable under the anticipated storage condi-
tions. See Practice D6299 and MNL 75 for further guidance on
QC and Control Charting techniques.

1 MNL 7, Manual on Presentation of Data Control Chart Analysis, 6th ed.,
ASTM International, W. Conshohocken, PA.
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Standard Practice for
Liquid Penetrant Testing for General Industry

1. Scope

1.1 This practice covers procedures for penetrant examina-
tion of materials. Penetrant testing is a nondestructive testing
method for detecting discontinuities that are open to the surface
such as cracks, seams, laps, cold shuts, shrinkage, laminations,
through leaks, or lack of fusion and is applicable to in-process,
final, and maintenance examinations. It can be effectively used
in the examination of nonporous, metallic materials, ferrous
and nonferrous metals, and of nonmetallic materials such as
nonporous glazed or fully densified ceramics, as well as certain
nonporous plastics, and glass.

1.2 This practice also provides a reference:
1.2.1 By which a liquid penetrant examination process

recommended or required by individual organizations can be
reviewed to ascertain its applicability and completeness.

1.2.2 For use in the preparation of process specifications and
procedures dealing with the liquid penetrant testing of parts
and materials. Agreement by the customer requesting penetrant
testing is strongly recommended. All areas of this practice may
be open to agreement between the cognizant engineering
organization and the supplier, or specific direction from the
cognizant engineering organization.

1.2.3 For use in the organization of facilities and personnel
concerned with liquid penetrant testing.

1.3 This practice does not indicate or suggest criteria for
evaluation of the indications obtained by penetrant testing. It
should be pointed out, however, that after indications have
been found, they must be interpreted or classified and then
evaluated. For this purpose there must be a separate code,
standard, or a specific agreement to define the type, size,
location, and direction of indications considered acceptable,
and those considered unacceptable.

1.4 Units—The values stated in either SI units or inch-
pound units are to be regarded separately as standard. The
values stated in each system may not be exact equivalents;

therefore, each system shall be used independently of the other.
Combining values from the two systems may result in non-
conformance with the standard.

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.6 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
D129 Test Method for Sulfur in Petroleum Products (Gen-

eral High Pressure Decomposition Device Method)
D329 Specification for Acetone
D770 Specification for Isopropyl Alcohol
D808 Test Method for Chlorine in New and Used Petroleum

Products (High Pressure Decomposition Device Method)
D1193 Specification for Reagent Water
D1552 Test Method for Sulfur in Petroleum Products by

High Temperature Combustion and Infrared (IR) Detec-
tion or Thermal Conductivity Detection (TCD)

D4327 Test Method for Anions in Water by Suppressed Ion
Chromatography

E433 Reference Photographs for Liquid Penetrant Inspec-
tion

E516 Practice for Testing Thermal Conductivity Detectors
Used in Gas Chromatography

E543 Specification for Agencies Performing Nondestructive
Testing

E1208 Practice for Fluorescent Liquid Penetrant Testing
Using the Lipophilic Post-Emulsification Process

E1209 Practice for Fluorescent Liquid Penetrant Testing
Using the Water-Washable Process
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E1210 Practice for Fluorescent Liquid Penetrant Testing
Using the Hydrophilic Post-Emulsification Process

E1219 Practice for Fluorescent Liquid Penetrant Testing
Using the Solvent-Removable Process

E1220 Practice for Visible Penetrant Testing Using Solvent-
Removable Process

E1316 Terminology for Nondestructive Examinations
E1418 Practice for Visible Penetrant Testing Using the

Water-Washable Process
E2297 Guide for Use of UV-A and Visible Light Sources and

Meters used in the Liquid Penetrant and Magnetic Particle
Methods

E3022 Practice for Measurement of Emission Characteris-
tics and Requirements for LED UV-A Lamps Used in
Fluorescent Penetrant and Magnetic Particle Testing

2.2 ASNT Standards:
SNT-TC-1A Recommended Practice for Nondestructive

Testing Personnel Qualification and Certification
ANSI/ASNT CP-189 Standard for Qualification and Certifi-

cation of Nondestructive Testing Personnel
2.3 ISO Standards:
ISO 9712 Nondestructive Testing – Qualification and Cer-

tification of NDT Personnel, General Principles
2.4 APHA Standard:
429 Method for the Examination of Water and Wastewater
2.5 AIA Standard:
NAS-410 Certification and Qualification of Nondestructive

Test Personnel
2.6 SAE Standards:
AMS 2644 Inspection Material, Penetrant
QPL-AMS-2644 Qualified Products of Inspection Materials,

Penetrant

3. Terminology

3.1 The definitions relating to liquid penetrant testing,
which appear in Terminology E1316, shall apply to the terms
used in this practice.

NOTE 1—Throughout this practice, the term blacklight has been
changed to UV-A to conform with the latest terminology in Terminology
E1316. Blacklight can mean a broad range of ultraviolet radiation –
fluorescent penetrant testing uses only UV-A light.

4. Summary of Practice

4.1 Liquid penetrant may consist of visible or fluorescent
material. The liquid penetrant is applied evenly over the
surface being examined and allowed to enter open discontinui-
ties. After a suitable dwell time, the excess surface penetrant is
removed. A developer is applied to draw the entrapped pen-

etrant out of the discontinuity and stain the developer. The test
surface is then examined to determine the presence or absence
of indications.

NOTE 2—The developer may be omitted by agreement between the
contracting parties.

NOTE 3—Fluorescent penetrant examination shall not follow a visible
penetrant examination unless the procedure has been qualified in accor-
dance with 10.2, because visible dyes may cause deterioration or
quenching of fluorescent dyes.

4.2 Processing parameters, such as surface precleaning,
penetrant dwell time, and excess penetrant removal methods,
are dependent on the specific materials used, the nature of the
part under examination (that is, size, shape, surface condition,
alloy), and type of discontinuities expected.

5. Significance and Use

5.1 Liquid penetrant testing methods indicate the presence,
location and, to a limited extent, the nature and magnitude of
the detected discontinuities. Each of the various penetrant
methods has been designed for specific uses such as critical
service items, volume of parts, portability, or localized areas of
examination. The method selected will depend accordingly on
the design and service requirements of the parts or materials
being tested.

6. Classification of Penetrant Materials and Methods

6.1 Liquid penetrant testing methods and materials are
classified in accordance with AMS 2644 as listed in Table 1.

6.2 Fluorescent Penetrant Testing (Type I)—Fluorescent
penetrant testing utilizes penetrants that fluoresce brilliantly
when excited by UVA-radiation. The sensitivity of fluorescent
penetrants depends on their ability to be retained in the various
size discontinuities during processing, and then to bleed out
into the developer coating and produce indications that will
fluoresce. Fluorescent indications are many times brighter than
their surroundings when viewed under appropriate UV-A
illumination.

6.3 Visible Penetrant Testing (Type II)—Visible penetrant
testing uses a penetrant that can be seen in visible light. The
penetrant is usually red, so that resultant indications produce a
definite contrast with the white background of the developer.
Visible penetrant indications must be viewed under adequate
visible light.

7. Materials

7.1 Liquid Penetrant Testing Materials consist of fluores-
cent or visible penetrants, emulsifiers (oil-base and water-
base), removers (water and solvent), and developers (dry

TABLE 1 Classification of Penetrant Testing Types and Methods

Type I—Fluorescent Penetrant Testing

Method A—Water-washable (see Practice E1209)
Method B—Post-emulsifiable, lipophilic (see Practice E1208)
Method C—Solvent removable (see Practice E1219)
Method D—Post-emulsifiable, hydrophilic (see Practice E1210)

Type II—Visible Penetrant Testing
Method A—Water-washable (see Practice E1418)
Method C—Solvent removable (see Practice E1220)
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powder, aqueous, and nonaqueous). A family of liquid pen-
etrant testing materials consists of the applicable penetrant and
emulsifier, as recommended by the manufacturer. Any liquid
penetrant, remover, and developer listed in QPL-AMS-2644
can be used, regardless of the manufacturer. Penetrants and
emulsifiers shall be from the same family; use of a penetrant
and emulsifier from different manufacturers or family groups is
prohibited.

NOTE 4—Refer to 9.1 for special requirements for sulfur, halogen, and
alkali metal content.

NOTE 5—While approved penetrant materials will not adversely affect
common metallic materials, some plastics or rubbers may be swollen or
stained by certain penetrants.

7.2 Penetrants:
7.2.1 Post-Emulsifiable Penetrants are insoluble in water

and cannot be removed with water rinsing alone. They are
formulated to be selectively removed from the surface using a
separate emulsifier. Properly applied and given a proper
emulsification time, the emulsifier combines with the excess
surface penetrant to form a water-washable mixture, which can
be rinsed from the surface, leaving the surface free of excessive
fluorescent background. Proper emulsification time must be
experimentally established and maintained to ensure that
over-emulsification does not result in loss of indications.

7.2.2 Water-Washable Penetrants are formulated to be di-
rectly water-washable from the surface of the test part, after a
suitable penetrant dwell time. Because the emulsifier is formu-
lated into the penetrant, water-washable penetrants can be
washed out of discontinuities if the rinsing step is too long or
too vigorous. It is therefore extremely important to exercise
proper control in the removal of excess surface penetrant to
ensure against overwashing. Some penetrants are less resistant
to overwashing than others, so caution should be exercised.

7.2.3 Solvent-Removable Penetrants are formulated so that
excess surface penetrant can be removed by wiping until most
of the penetrant has been removed. The remaining traces
should be removed with the solvent remover (see 8.6.4). To
prevent removal of penetrant from discontinuities, care should
be taken to avoid the use of excess solvent. Flushing the
surface with solvent to remove the excess penetrant is prohib-
ited as the penetrant indications could easily be washed away.

7.3 Emulsifiers:
7.3.1 Lipophilic Emulsifiers are oil-miscible liquids used to

emulsify the post-emulsified penetrant on the surface of the
part, rendering it water-washable. The individual characteris-
tics of the emulsifier and penetrant, and the geometry/surface
roughness of the part material contribute to determining the
emulsification time.

7.3.2 Hydrophilic Emulsifiers are water-miscible liquids
used to emulsify the excess post-emulsified penetrant on the
surface of the part, rendering it water-washable. These water-
base emulsifiers (detergent-type removers) are supplied as
concentrates to be diluted with water and used as a dip or spray.
The concentration, use, and maintenance shall be in accordance
with manufacturer’s recommendations.

7.3.2.1 Hydrophilic emulsifiers function by displacing the
excess penetrant film from the surface of the part through
detergent action. The force of the water spray or air/mechanical

agitation in an open dip tank provides the scrubbing action
while the detergent displaces the film of penetrant from the part
surface. The individual characteristics of the emulsifier and
penetrant, and the geometry and surface roughness of the part
material contribute to determining the emulsification time.
Emulsification concentration shall be monitored weekly using
a suitable refractometer.

7.4 Solvent Removers—Solvent removers function by dis-
solving the penetrant, making it possible to wipe the surface
clean and free of excess penetrant.

7.5 Developers—Developers form a translucent or white
absorptive coating that aids in bringing the penetrant out of
surface discontinuities through blotting action, thus increasing
the visibility of the indications.

7.5.1 Dry Powder Developers—Dry powder developers are
used as supplied, that is, free-flowing, non-caking powder (see
8.8.1). Care should be taken not to contaminate the developer
with fluorescent penetrant, as the contaminated developer
specks can appear as penetrant indications.

7.5.2 Aqueous Developers—Aqueous developers are nor-
mally supplied as dry powder particles to be either suspended
(water suspendable) or dissolved (water soluble) in water. The
concentration, use, and maintenance shall be in accordance
with manufacturer’s recommendations. Water soluble develop-
ers shall not be used with Type II penetrants or Type I, Method
A penetrants.

NOTE 6—Aqueous developers may cause stripping of indications if not
properly applied and controlled. The procedure should be qualified in
accordance with 10.2.

7.5.3 Nonaqueous Wet Developers—Nonaqueous wet devel-
opers are supplied as suspensions of developer particles in a
nonaqueous solvent carrier ready for use as supplied.
Nonaqueous, wet developers are sprayed on to form a thin
coating on the surface of the part when dried. This thin coating
serves as the developing medium.

NOTE 7—This type of developer is intended for application by spray
only.

7.5.4 Liquid Film Developers are solutions or colloidal
suspensions of resins/polymer in a suitable carrier. These
developers will form a transparent or translucent coating on the
surface of the part. Certain types of film developer may be
stripped from the part and retained for record purposes (see
8.8.4).

8. Procedure

8.1 The following processing parameters apply to both
fluorescent and visible penetrant testing methods.

8.2 Temperature Limits—The temperature of the penetrant
materials and the surface of the part to be processed shall be
between 40° and 125 °F [4° and 52 °C] or the procedure must
be qualified at the temperature used as described in 10.2.

8.3 Examination Sequence—Final penetrant examination
shall be performed after the completion of all operations that
could cause surface-connected discontinuities or operations
that could expose discontinuities not previously open to the
surface. Such operations include, but are not limited to,
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grinding, welding, straightening, machining, and heat treating.
Satisfactory examination results can usually be obtained on
surfaces in the as-welded, as-rolled, as-cast, as-forged, or
ceramics in the densified condition.

8.3.1 Surface Treatment—Final penetrant testing may be
performed prior to treatments that can smear the surface but not
by themselves cause surface discontinuities. Such treatments
include, but are not limited to, vapor blasting, deburring,
sanding, buffing, sand blasting, or lapping. Performance of
final penetrant testing after such surface treatments necessitates
that the part(s) be etched to remove smeared metal from the
surface prior to testing unless otherwise agreed by the con-
tracting parties. Note that final penetrant testing shall always
precede surface peening.

NOTE 8—Sand or shot blasting can close discontinuities so extreme care
should be taken to avoid masking discontinuities. Under certain
circumstances, however, grit blasting with certain air pressures and/or
mediums may be acceptable without subsequent etching when agreed by
the contracting parties.

NOTE 9—Surface preparation of structural or electronic ceramics for
penetrant testing by grinding, sand blasting, and etching is not recom-
mended because of the potential for damage.

8.4 Precleaning—The success of any penetrant testing pro-
cedure is greatly dependent upon the surrounding surface and
discontinuity being free of any contaminant (solid or liquid)
that might interfere with the penetrant process. All parts or
areas of parts to be examined must be clean and dry before the
penetrant is applied. If only a section of a part, such as a weld,
including the heat affected zone is to be examined, all
contaminants shall be removed from the area being examined
as defined by the contracting parties. “Clean” is intended to
mean that the surface must be free of rust, scale, welding flux,
weld spatter, grease, paint, oily films, dirt, and so forth, that
might interfere with the penetrant process. All of these con-
taminants can prevent the penetrant from entering discontinui-
ties (see Annex on Cleaning of Parts and Materials).

8.4.1 Drying after Cleaning—It is essential that the surface
of parts be thoroughly dry after cleaning, since any liquid
residue will hinder the entrance of the penetrant into disconti-
nuities. Drying may be accomplished by warming the parts in
drying ovens, with infrared lamps, forced hot air, or exposure
to ambient temperature.

NOTE 10—Residues from cleaning processes such as strong alkalies,

pickling solutions, and chromates, in particular, may adversely react with
the penetrant and reduce its sensitivity and performance.

8.5 Penetrant Application—After the part has been cleaned,
dried, and is within the specified temperature range, the
penetrant is applied to the surface to be examined so that the
entire part or area under examination is completely covered
with penetrant. Application methods include dipping, brushing,
flooding, or spraying. Small parts are quite often placed in
suitable baskets and dipped into a tank of penetrant. On larger
parts, and those with complex geometries, penetrant can be
applied effectively by brushing or spraying. Both conventional
and electrostatic spray guns are effective means of applying
liquid penetrants to the part surfaces. Not all penetrant mate-
rials are suitable for electrostatic spray applications, so tests
should be conducted prior to use. Electrostatic spray applica-
tion can eliminate excess liquid build-up of penetrant on the
part, minimize overspray, and minimize the amount of pen-
etrant entering hollow-cored passages which might serve as
penetrant reservoirs, causing severe bleedout problems during
examination. Aerosol sprays are conveniently portable and
suitable for local application.

NOTE 11—With spray applications, it is important that there be proper
ventilation. This is generally accomplished through the use of a properly
designed spray booth and exhaust system.

8.5.1 Penetrant Dwell Time—After application, allow ex-
cess penetrant to drain from the part (care should be taken to
prevent pools of penetrant from forming on the part), while
allowing for proper penetrant dwell time (see Table 2). The
length of time the penetrant must remain on the part to allow
proper penetration should be as recommended by the penetrant
manufacturer. Table 2, however, provides a guide for selection
of penetrant dwell times for a variety of materials, forms, and
types of discontinuities. The maximum dwell time shall not
exceed that recommended by the manufacturer; if no maximum
is provided, the maximum dwell shall not exceed 2 h unless
penetrant is reapplied as required.

8.6 Penetrant Removal
8.6.1 Water Washable (Method A):
8.6.1.1 Removal of Water Washable Penetrant—After the

required penetrant dwell time, the excess penetrant on the
surface being examined must be removed with water. It can be
removed manually with a coarse spray or wiping the part

TABLE 2 Recommended Minimum Dwell Times

Material Form
Type of

Discontinuity
Dwell TimesA (minutes)

PenetrantB DeveloperC

Aluminum, magnesium, steel,
brass

and bronze, titanium and
high-temperature alloys

castings and welds cold shuts, porosity, lack of fusion,
cracks (all forms)

5 10

wrought materials—extrusions,
forgings, plate

laps, cracks (all forms) 10 10

Carbide-tipped tools lack of fusion, porosity, cracks 5 10
Plastic all forms cracks 5 10
Glass all forms cracks 5 10
Ceramic all forms cracks, porosity 5 10

A For temperature range from 50° to 125 °F [10° to 52 °C]. For temperatures between 40° and 50 °F [4.4° and 10 °C], recommend a minimum dwell time of 20 min.
B Maximum penetrant dwell time in accordance with 8.5.1.
C Development time begins as soon as wet developer coating has dried on surface of parts (recommended minimum). Maximum development time in accordance with
8.8.5.
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surface with a dampened rag, automatic or semi-automatic
water-spray equipment, or by water immersion. For immersion
rinsing, parts are completely immersed in the water bath with
air or mechanical agitation.

(a) The temperature of the water shall be maintained within
the range of 50° to 100 °F [10° to 38 °C].

(b) Spray-rinse water pressure shall not exceed 40 psi [275
kPa]. When hydro-air pressure spray guns are used, the air
pressure should not exceed 25 psi [172 kPa].

NOTE 12—Overwashing should be avoided. Excessive washing can
cause penetrant to be washed out of discontinuities; spray nozzles should
be kept a minimum of 12 in. [30 cm] from the surface when no physical
limitations exist. With fluorescent penetrant methods perform the manual
rinsing operation under UV-A light so that it can be determined when the
surface penetrant has been adequately removed.

8.6.2 Lipophilic Emulsification (Method B):
8.6.2.1 Application of Lipophilic Emulsifier—After the re-

quired penetrant dwell time, the excess penetrant on the part
must be emulsified by immersing or flooding the parts with the
required emulsifier (the emulsifier combines with the excess
surface penetrant and makes the mixture removable by water
rinsing). Lipophilic emulsifier shall not be applied by spray or
brush and the part or emulsifier shall not be agitated while
being immersed. After application of the emulsifier, the parts
shall be drained and positioned in a manner that prevents the
emulsifier from pooling on the part(s).

8.6.2.2 Emulsification Time—The emulsification time be-
gins as soon as the emulsifier is applied. The length of time that
the emulsifier is allowed to remain on a part and in contact with
the penetrant is dependent on the type of emulsifier employed
and the surface roughness. Nominal emulsification time should
be as recommended by the manufacturer. The actual emulsifi-
cation time must be determined experimentally for each
specific application. The surface finish (roughness) of the part
is a significant factor in the selection of and in the emulsifica-
tion time of an emulsifier. Contact time shall be kept to the
minimum time to obtain an acceptable background and shall
not exceed 3 min.

8.6.2.3 Post Rinsing—Effective post rinsing of the emulsi-
fied penetrant from the surface can be accomplished using
either manual, semi-automated, or automated water immersion
or spray equipment or combinations thereof.

8.6.2.4 Immersion—For immersion post rinsing, parts are
completely immersed in the water bath with air or mechanical
agitation. The amount of time the part is in the bath should be
the minimum required to remove the emulsified penetrant. In
addition, the temperature range of the water should be 50 to
100 °F [10 to 38 °C]. Any necessary touch-up rinse after an
immersion rinse shall meet the requirements of 8.6.2.5.

8.6.2.5 Spray Post Rinsing—Effective post rinsing follow-
ing emulsification can also be accomplished by either manual
or automatic water spray rinsing. The water temperature shall
be between 50 and 100 °F [10 and 38 °C]. The water spray
pressure shall not exceed 40 psi [275 kPa] when manual spray
guns are used. When hydro-air pressure spray guns are used,
the air pressure should not exceed 25 psi [172 kPa].

8.6.2.6 Rinse Effectiveness—If the emulsification and final
rinse step is not effective, as evidenced by excessive residual

surface penetrant after emulsification and rinsing; thoroughly
reclean and completely reprocess the part.

8.6.3 Hydrophilic Emulsification (Method D):
8.6.3.1 Application of Hydrophilic Remover—Following the

required penetrant dwell time, the parts may be prerinsed with
water prior to the application of hydrophilic emulsifier. This
prerinse allows for the removal of excess surface penetrant
from the parts prior to emulsification so as to minimize
penetrant contamination in the hydrophilic emulsifier bath,
thereby extending its life. It is not necessary to prerinse a part
if a spray application of emulsifier is used.

8.6.3.2 Prerinsing Controls—Effective prerinsing is accom-
plished by manual, semi-automated, or automated water spray
rinsing of the part(s). The water spray pressure shall not exceed
40 psi [275 kPa] when manual or hydro air spray guns are used.
When hydro-air pressure spray guns are used, the air pressure
shall not exceed 25 psi [172 kPa]. Water free of contaminants
that could clog spray nozzles or leave a residue on the part(s)
is recommended.

8.6.3.3 Application of Emulsifier—The residual surface pen-
etrant on part(s) must be emulsified by immersing the part(s) in
an agitated hydrophilic emulsifier bath or by spraying the
part(s) with water/emulsifier solutions thereby rendering the
remaining residual surface penetrant water-washable for the
final rinse station. The emulsification time begins as soon as the
emulsifier is applied. The length of time that the emulsifier is
allowed to remain on a part and in contact with the penetrant
is dependent on the type of emulsifier employed and the
surface roughness. The emulsification time should be deter-
mined experimentally for each specific application. The sur-
face finish (roughness of the part) is a significant factor in
determining the emulsification time necessary for an emulsi-
fier. Contact emulsification time should be kept to the least
possible time consistent with an acceptable background and
shall not exceed 2 min.

(a) Immersion— For immersion application, parts shall be
completely immersed in the emulsifier bath. The hydrophilic
emulsifier concentration shall be as recommended by the
manufacturer and the bath or part shall be gently agitated by air
or mechanically throughout the cycle. The minimum time to
obtain an acceptable background shall be used, but the dwell
time shall not be more than 2 min unless approved by the
contracting parties.

(b) Spray Application— For spray applications, all part
surfaces should be evenly and uniformly sprayed with a
water/emulsifier solution to effectively emulsify the residual
penetrant on part surfaces to render it water-washable. The
concentration of the emulsifier for spray application should be
in accordance with the manufacturer’s recommendations, but it
shall not exceed 5 %. The water spray pressure should be less
than 40 psi [275 kpa]. Contact with the emulsifier shall be kept
to the minimum time to obtain an acceptable background and
shall not exceed 2 min. The water temperature shall be
maintained between 50 and 100 °F [10 and 38 °C].

8.6.3.4 Post-Rinsing of Hydrophilic Emulsified
Penetrants—Effective post-rinsing of emulsified penetrant
from the surface can be accomplished using either manual or
automated water spray, water immersion, or combinations
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thereof. The total rinse time shall not exceed 2 min regardless
of the number of rinse methods used.

(a) Immersion Post-Rinsing— If an agitated immersion
rinse is used, the amount of time the part(s) is (are) in the bath
shall be the minimum required to remove the emulsified
penetrant and shall not exceed 2 min. In addition, the tempera-
ture range of the water shall be within 50 and 100 °F [10 and
38 °C]. Be aware that a touch-up rinse may be necessary after
immersion rinse, but the total wash time still shall not exceed
2 min.

(b) Spray Post-Rinsing— Effective post-rinsing following
emulsification can also be accomplished by manual, semi-
automatic, or automatic water spray. The water spray pressure
shall not exceed 40 psi [275 kPa] when manual or hydro air
spray guns are used. When hydro-air pressure spray guns are
used, the air pressure shall not exceed 25 psi [172 kPa]. The
water temperature shall be between 50 and 100 °F [10 and
38 °C]. The spray rinse time shall be less than 2 min, unless
otherwise specified.

8.6.3.5 Rinse Effectiveness—If the emulsification and final
rinse steps are not effective, as evidenced by excessive residual
surface penetrant after emulsification and rinsing, thoroughly
reclean, and completely reprocess the part.

8.6.4 Removal of Solvent-Removable Penetrant (Method
C)—After the required penetrant dwell time, the excess pen-
etrant is removed by wiping with a dry, clean, lint-free
cloth/towel. Then use a clean lint-free cloth/towel lightly
moistened with solvent to remove the remaining traces of
surface penetrant as determined by examination under UV-A
lighting for fluorescent methods and visible light for visible
methods. Perform a final wipe using a dry, clean cloth to
remove any solvent residues that might remain. Gentle wiping
must be used to avoid removing penetrant from any disconti-
nuity. On smooth surfaces, an alternate method of removal can
be done by wiping with a clean, dry cloth. Flushing the surface
with solvent following the application of the penetrant and
prior to developing is prohibited.

8.7 Drying—Regardless of the type and method of penetrant
used, drying the surface of the part(s) is necessary prior to
applying dry or nonaqueous developers or following the
application of the aqueous developer. Drying time will vary
with the type of drying used and the size, nature, geometry, and
number of parts being processed.

8.7.1 Drying Parameters—Components shall be air dried at
room temperature or in a drying oven. Room temperature
drying can be aided by the use of fans. Oven temperatures shall
not exceed 160 °F [71 °C]. Drying time shall only be that
necessary to adequately dry the part. Components shall be
removed from the oven after drying. Components should not
be placed in the oven with pooled water or pooled aqueous
solutions/suspensions.

8.8 Developer Application—There are various modes of
effective application of the various types of developers such as
dusting, immersing, flooding, or spraying. The developer form,
the part size, configuration, and surface roughness will influ-
ence the choice of developer application.

8.8.1 Dry Powder Developer (Form A)—Dry powder devel-
opers shall be applied after the part is dry in such a manner as

to ensure complete coverage of the area of interest. Parts can be
immersed in a container of dry developer or in a fluid bed of
dry developer. They can also be dusted with the powder
developer through a hand powder bulb or a conventional or
electrostatic powder gun. It is common and effective to apply
dry powder in an enclosed dust chamber, which creates an
effective and controlled dust cloud. Other means suited to the
size and geometry of the specimen may be used, provided the
powder is applied evenly over the entire surface being exam-
ined. Excess developer powder may be removed by shaking or
tapping the part, or by blowing with low-pressure dry, clean,
compressed air not exceeding 5 psi [34 kPa]. Dry developers
shall not be used with Type II penetrant.

8.8.2 Aqueous Developers (Forms B and C)—Water soluble
developers (Form B) are prohibited for use with Type II
penetrants or Type I, Method A penetrants. Water suspendable
developers (Form C) can be used with both Type I and Type II
penetrants. Aqueous developers shall be applied to the part
immediately after the excess penetrant has been removed and
prior to drying. Aqueous developers shall be prepared and
maintained in accordance with the manufacturer’s instructions
and applied in such a manner as to ensure complete, even, part
coverage. Aqueous developers may be applied by spraying,
flowing, or immersing the part in a prepared developer bath.
Immerse the parts only long enough to coat all of the part
surfaces with the developer since indications may leach out if
the parts are left in the bath too long. After the parts are
removed from the developer bath, allow the parts to drain.
Drain all excess developer from recesses and trapped sections
to eliminate pooling of developer, which can obscure discon-
tinuities. Dry the parts in accordance with 8.7. The dried
developer coating appears as a translucent or white coating on
the part.

8.8.3 Nonaqueous Wet Developers (Forms D and E)—After
the excess penetrant has been removed and the surface has
been dried, apply nonaqueous wet developer by spraying in
such a manner as to ensure complete part coverage with a thin,
even film of developer. The developer shall be applied in a
manner appropriate to the type of penetrant being used. For
visible dye, the developer must be applied thickly enough to
provide a contrasting background. For fluorescent dye, the
developer must be applied thinly to produce a translucent
covering. Dipping or flooding parts with nonaqueous develop-
ers is prohibited, because the solvent action of these types of
developers can flush or dissolve the penetrant from within the
discontinuities.

NOTE 13—The vapors from the volatile solvent carrier in the developer
may be hazardous. Proper ventilation should be provided at all times, but
especially when the developer is applied inside a closed area.

8.8.4 Liquid Film Developers—Apply by spraying as rec-
ommended by the manufacturer. Spray parts in such a manner
as to ensure complete part coverage of the area being examined
with a thin, even film of developer.

8.8.5 Developing Time—The length of time the developer is
to remain on the part prior to examination shall be not less than
10 min. Developing time begins immediately after the appli-
cation of dry powder developer or as soon as the wet (aqueous
or nonaqueous) developer coating is dry (that is, the water or
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solvent carrier has evaporated to dryness). The maximum
permitted developing times shall be 4 h for dry powder
developer (Form A), 2 h for aqueous developer (Forms B and
C), and 1 h for nonaqueous developer (Forms D and E).

8.9 Examination—After the applicable development time,
perform examination of the parts under visible light or UV-A
radiation as appropriate. It may be helpful to observe the bleed
out during the development time as an aid in interpreting
indications. LED UV-A sources shall meet the requirements of
Practice E3022.

8.9.1 UV-A Light Examination—Examine parts tested with
Type I fluorescent penetrant under UV-A light in a darkened
area. Ambient visible light shall not exceed 2 fc [21.5 lx]. The
ambient light measurement shall be made with a suitable
visible light sensor at the examination surface, with visible
light sources off.

NOTE 14—Because the fluorescent constituents in the penetrant will
eventually fade with direct exposure to UV-A lights, direct exposure of the
part under test to UV-A radiation should be minimized when not removing
excess penetrant or evaluating indications.

8.9.1.1 UV-A Light Level Control—UV-A lights shall pro-
vide a minimum light intensity of 1000 μW/cm2, at a distance
of 15 in. [38.1 cm]. The intensity shall be checked daily to
ensure the required output (see Guide E2297 for more infor-
mation). Reflectors and filters shall also be checked daily for
cleanliness and integrity. Cracked or broken ultraviolet filters
shall be replaced immediately. Since a drop in line voltage can
cause decreased UV-A light output with consequent inconsis-
tent performance, a constant-voltage transformer should be
used when there is evidence of voltage fluctuation. LED
UVA-sources used to examine parts shall be checked daily (or
before use if not used daily) to ensure that all elements are
operational. If any diode element is not operational the
condition shall be corrected or the unit replaced. The opera-
tional check should be performed by placing a white sheet of
paper over the lamp and then viewing the transmitted light
from each diode. LED UV-A sources are at full intensity at
power-on, and the intensity may decrease as the lamp stabi-
lizes.

NOTE 15—Certain high-intensity UV-A lights may emit unacceptable
amounts of visible light, which can cause fluorescent indications to
disappear. Care should be taken to only use bulbs suitable for fluorescent
penetrant examination purposes.

8.9.1.2 UV-A Light Warm-Up—Unless otherwise specified
by the manufacturer, allow the UV-A light to warm up for a
minimum of 10 min prior to use or measurement of its
intensity. LED UV-A sources do not require warmup.

8.9.1.3 Visual Adaptation—Personnel examining parts after
penetrant processing shall be in the darkened area for at least
1 min before examining parts. Longer times may be necessary
under some circumstances. Photochromic or tinted lenses shall
not be worn during the processing and examination of parts.

8.9.2 Visible Light Examination—Examine parts tested with
Type II visible penetrant under either natural or artificial visible
light. Proper illumination is required to ensure adequate
sensitivity of the examination. A minimum light intensity at the
examination surface of 100 fc [1076 lx] is required (see Guide
E2297 for more information).

8.9.3 Housekeeping—Keep the examination area free of
interfering debris, including fluorescent residues and objects.

8.9.4 Indication Verification—For Type I examinations only,
it is common practice to verify indications by wiping the
indication with a solvent-dampened swab, brush, or lint-free
cloth allowing the area to dry, and redeveloping the area.
Redevelopment time shall be a minimum of 10 min, except
nonaqueous redevelopment time should be a minimum of
3 min. If the indication does not reappear, the original indica-
tion may be considered false. This procedure may be per-
formed up to two times for any given original indication.
Unless prohibited by the Purchaser, Specification D770 isopro-
pyl alcohol and Specification D329 acetone are commonly
accepted solvents.

8.9.5 Evaluation—All indications found during examination
shall be evaluated in accordance with acceptance criteria as
specified. Reference Photographs of indications are noted in
E433).

8.10 Post Cleaning—Post cleaning is necessary when re-
sidual penetrant or developer could interfere with subsequent
processing or with service requirements. It is particularly
important where residual penetrant testing materials might
combine with other factors in service to produce corrosion and
prior to vapor degreasing or heat treating the part as these
processes can bake the developer onto the part. A suitable
technique, such as a simple water rinse, water spray, machine
wash, solvent soak, or ultrasonic cleaning may be employed
(see Annex A1 for further information on post cleaning). It is
recommended that if developer removal is necessary, it should
be carried out as promptly as possible after examination so that
the developer does not adhere to the part.

9. Special Requirements

9.1 Impurities:
9.1.1 When using penetrant materials on austenitic stainless

steels, titanium, nickel-base, or other high-temperature alloys,
the need to restrict certain impurities such as sulfur, halogens,
and alkali metals must be considered. These impurities may
cause embrittlement or corrosion, particularly at elevated
temperatures. Any such evaluation shall also include consider-
ation of the form in which the impurities are present. Some
penetrant materials contain significant amounts of these impu-
rities in the form of volatile organic solvents that normally
evaporate quickly and usually do not cause problems. Other
materials may contain impurities, which are not volatile and
may react with the part, particularly in the presence of moisture
or elevated temperatures.

9.1.2 Because volatile solvents leave the surface quickly
without reaction under normal examination procedures, pen-
etrant materials are normally subjected to an evaporation
procedure to remove the solvents before the materials are
analyzed for impurities. The residue from this procedure is
then analyzed in accordance with Test Method D1552 or Test
Method D129 decomposition followed by Test Method E516,
Method B (Turbidimetric Method) for sulfur. The residue may
also be analyzed by Test Method D808 or Annex A2 on
Methods for Measuring Total Chlorine Content in Combustible
Liquid Penetrant Materials (for halogens other than fluorine)
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and Annex A3 on Method for Measuring Total Fluorine
Content in Combustible Liquid Penetration Materials (for
fluorine). An alternative procedure, Annex A4 on Determina-
tion of Anions by Ion Chromatography, provides a single
instrumental technique for rapid sequential measurement of
common anions such as chloride, fluoride, and sulfate. Alkali
metals in the residue are determined by flame photometry,
atomic absorption spectrophotometry, or ion chromatography
(see Test Method D4327).

NOTE 16—Some current standards require impurity levels of sulfur and
halogens to not exceed 1 % of any one suspect element. This level,
however, may be unacceptable for some applications, so the actual
maximum acceptable impurity level must be decided between supplier and
user on a case by case basis.

9.2 Elevated-Temperature or Low-Temperature
Examination—Where penetrant examination is performed on
parts that must be maintained at elevated or lowered tempera-
ture during testing, special penetrant materials and processing
techniques may be required. Such examination requires quali-
fication in accordance with 10.2 and the manufacturer’s rec-
ommendations shall be observed.

10. Qualification and Requalification

10.1 Personnel Qualification—When required by the
customer, personnel performing examinations to this standard
shall be qualified in accordance with a nationally recognized or
internationally recognized NDT personnel qualification prac-
tice or standard such as ASNT Recommended Practice SNT-
TC-1A, ANSI/ASNT CP-189, NAS-410, or ISO 9712 or

similar document and certified by the employer or certifying
agency, as applicable.

10.2 Procedure Qualification—Qualification of procedures
using times, conditions, or materials differing from those
specified in this general practice or for new materials may be
performed by any of several methods and should be agreed
upon by the contracting parties. A test piece containing one or
more discontinuities of the smallest relevant size is generally
used. When agreed upon by the contracting parties, the test
piece may contain real or simulated discontinuities, providing
it displays the characteristics of the discontinuities encountered
in product examination.

10.2.1 Requalification of the procedure to be used may be
required when a change is made to the procedure or when
material substitution is made.

10.3 Nondestructive Testing Agency Qualification—If a
nondestructive testing agency as described in Practice E543 is
used to perform the examination, the agency should meet the
requirements of Practice E543.

10.4 Requalification may be required when a change or
substitution is made in the type of penetrant materials or in the
procedure (see 10.2).

11. Keywords

11.1 fluorescent liquid penetrant examination; hydrophilic
emulsification; lipophilic emulsification; liquid penetrant ex-
amination; nondestructive examination; solvent removable;
visible liquid penetrant examination; water-washable; post-
emulsified; ultraviolet light; UV-A; visible light

ANNEXES

(Mandatory Information)

A1. CLEANING OF PARTS AND MATERIALS

A1.1 Choice of Cleaning Method

A1.1.1 The choice of a suitable cleaning method is based on
such factors as: (1) type of contaminant to be removed since no
one method removes all contaminants equally well; (2) effect
of the cleaning method on the parts; (3) practicality of the
cleaning method for the part (for example, a large part cannot
be put into a small degreaser or ultrasonic cleaner); and (4)
specific cleaning requirements of the purchaser. The following
cleaning methods are recommended:

A1.1.1.1 Detergent Cleaning—Detergent cleaners are non-
flammable water-soluble compounds containing specially se-
lected surfactants for wetting, penetrating, emulsifying, and
saponifying various types of soils, such as grease and oily
films, cutting and machining fluids, and unpigmented drawing
compounds, etc. Detergent cleaners may be alkaline, neutral, or
acidic in nature, but must be noncorrosive to the item being
examined. The cleaning properties of detergent solutions
facilitate complete removal of soils and contamination from the

surface and void areas, thus preparing them to absorb the
penetrant. Cleaning time should be as recommended by the
manufacturer of the cleaning compound.

A1.1.1.2 Solvent Cleaning—There are a variety of solvent
cleaners that can be effectively utilized to dissolve such soils as
grease and oily films, waxes and sealants, paints, and in
general, organic matter. These solvents should be residue-free,
especially when used as a hand-wipe solvent or as a dip-tank
degreasing solvent. Solvent cleaners are not recommended for
the removal of rust and scale, welding flux and spatter, and in
general, inorganic soils. Some cleaning solvents are flammable
and can be toxic. Observe all manufacturers’ instructions and
precautionary notes.

A1.1.1.3 Vapor Degreasing—Vapor degreasing is a pre-
ferred method of removing oil or grease-type soils from the
surface of parts and from open discontinuities. It will not
remove inorganic-type soils (dirt, corrosion, salts, etc.), and
may not remove resinous soils (plastic coatings, varnish, paint,
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etc.). Because of the short contact time, degreasing may not
completely clean out deep discontinuities and a subsequent
solvent soak is recommended.

A1.1.1.4 Alkaline Cleaning:
(a) Alkaline cleaners are nonflammable water solutions

containing specially selected detergents for wetting,
penetrating, emulsifying, and saponifying various types of
soils. Hot alkaline solutions are also used for rust removal and
descaling to remove oxide scale which can mask surface
discontinuities. Alkaline cleaner compounds must be used in
accordance with the manufacturers’ recommendations. Parts
cleaned by the alkaline cleaning process must be rinsed
completely free of cleaner and thoroughly dried prior to the
penetrant testing process (part temperature at the time of
penetrant application shall not exceed 125 °F [52 °C]).

(b) Steam cleaning is a modification of the hot-tank alka-
line cleaning method, which can be used for preparation of
large, unwieldy parts. It will remove inorganic soils and many
organic soils from the surface of parts, but may not reach to the
bottom of deep discontinuities, and a subsequent solvent soak
is recommended.

A1.1.1.5 Ultrasonic Cleaning—This method adds ultrasonic
agitation to solvent or detergent cleaning to improve cleaning
efficiency and decrease cleaning time. It should be used with
water and detergent if the soil to be removed is inorganic (rust,
dirt, salts, corrosion products, etc.), and with organic solvent if
the soil to be removed is organic (grease and oily films, etc.).
After ultrasonic cleaning, parts must be rinsed completely free
of cleaner, thoroughly dried, and cooled to at least 125 °F
[52 °C], before application of penetrant.

A1.1.1.6 Paint Removal—Paint films can be effectively
removed by bond release solvent paint remover or
disintegrating-type hot-tank alkaline paint strippers. In most
cases, the paint film must be completely removed to expose the
surface of the metal. Solvent-type paint removers can be of the
high-viscosity thickened type for spray or brush application or
can be of low viscosity two-layer type for dip-tank application.
Both types of solvent paint removers are generally used at
ambient temperatures, as received. Hot-tank alkaline strippers
should be used in accordance with the manufacturer’s instruc-
tions. After paint removal, the parts must be thoroughly rinsed
to remove all contamination from the void openings, thor-
oughly dried, and cooled to at least 125 °F [52 °C] before
application of penetrant.

A1.1.1.7 Mechanical Cleaning and Surface Conditioning—
Metal-removing processes such as filing, buffing, scraping,
mechanical milling, drilling, reaming, grinding, liquid honing,

sanding, lathe cutting, tumble or vibratory deburring, and
abrasive blasting, including abrasives such as glass beads,
sand, aluminum oxide, ligno-cellulose pellets, metallic shot,
etc., are often used to remove such soils as carbon, rust and
scale, and foundry adhering sands, as well as to deburr or
produce a desired cosmetic effect on the part. These processes
may decrease the effectiveness of the penetrant testing by
smearing or peening over metal surfaces and filling disconti-
nuities open to the surface, especially for soft metals such as
aluminum, titanium, magnesium, and beryllium alloy.

A1.1.1.8 Acid Etching—Inhibited acid solutions (pickling
solutions) are routinely used for descaling part surfaces.
Descaling is necessary to remove oxide scale, which can mask
surface discontinuities and prevent penetrant from entering.
Acid solutions/etchants are also used routinely to remove
smeared metal that peens over surface discontinuities. Such
etchants should be used in accordance with the manufacturers’
recommendations.

NOTE A1.1—Etched parts and materials should be rinsed completely
free of etchants, the surface neutralized and thoroughly dried by heat prior
to application of penetrants. Acids and chromates can adversely affect the
fluorescence of fluorescent materials.

NOTE A1.2—Whenever there is a possibility of hydrogen embrittlement
as a result of acid solution/etching, the part should be baked at a suitable
temperature for an appropriate time to remove the hydrogen before further
processing. After baking, the part shall be cooled to a temperature below
125 °F [52 °C] before applying penetrants.

A1.1.1.9 Air Firing of Ceramics—Heating of a ceramic part
in a clean, oxidizing atmosphere is an effective way of
removing moisture or light organic soil, or both. The maximum
temperature that will not cause degradation of the properties of
the ceramic should be used.

A1.2 Post Cleaning

A1.2.1 Removal of Developer—Dry powder developer can
be effectively removed with an air blow-off (free of oil) or it
can be removed with water rinsing. Wet developer coatings can
be removed effectively by water rinsing or water rinsing with
detergent either by hand or with a mechanical assist (scrub
brushing, machine washing, etc.). The soluble developer coat-
ings simply dissolve off of the part with a water rinse.

A1.2.2 Residual penetrant may be removed through solvent
action. Solvent soaking (15 min minimum), and ultrasonic
solvent cleaning (3 min minimum) techniques are recom-
mended. In some cases, it is desirable to vapor degrease, then
follow with a solvent soak. The actual time required in the
vapor degreaser and solvent soak will depend on the nature of
the part and should be determined experimentally.
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A2. METHODS FOR MEASURING TOTAL CHLORINE CONTENT IN COMBUSTIBLE LIQUID
PENETRANT MATERIALS

A2.1 Scope and Application

A2.1.1 These methods cover the determination of chlorine
in combustible liquid penetrant materials, liquid or solid. Its
range of applicability is 0.001 to 5 % using either of the
alternative titrimetric procedures. The procedures assume that
bromine or iodine will not be present. If these elements are
present, they will be detected and reported as chlorine. The full
amount of these elements will not be reported. Chromate
interferes with the procedures, causing low or nonexistent end
points. The method is applicable only to materials that are
totally combustible.

A2.2 Summary of Methods

A2.2.1 The sample is oxidized by combustion in a bomb
containing oxygen under pressure (see A2.2.1.1). The chlorine
compounds thus liberated are absorbed in a sodium carbonate
solution and the amount of chloride present is determined
titrimetrically either against silver nitrate with the end point
detected potentiometrically (Method A) or coulometrically
with the end point detected by current flow increase (Method
B).

A2.2.1.1 Safety—Strict adherence to all of the provisions
prescribed hereinafter ensures against explosive rupture of the
bomb, or a blow-out, provided the bomb is of proper design
and construction and in good mechanical condition. It is
desirable, however, that the bomb be enclosed in a shield of
steel plate at least 1⁄2 in. [12.7 mm] thick, or equivalent
protection be provided against unforeseeable contingencies.

A2.3 Apparatus

A2.3.1 Bomb, having a capacity of not less than 300 mL, so
constructed that it will not leak during the test, and that
quantitative recovery of the liquids from the bomb may be
readily achieved. The inner surface of the bomb may be made
of stainless steel or any other material that will not be affected
by the combustion process or products. Materials used in the
bomb assembly, such as the head gasket and leadwire
insulation, shall be resistant to heat and chemical action, and
shall not undergo any reaction that will affect the chlorine
content of the liquid in the bomb.

A2.3.2 Sample Cup, platinum, 24 mm in outside diameter at
the bottom, 27 mm in outside diameter at the top, 12 mm in
height outside and weighing 10 to 11 g, opaque fused silica,
wide-form with an outside diameter of 29 mm at the top, a
height of 19 mm, and a 5-mL capacity (Note A2.1), or nickel
(Kawin capsule form), top diameter of 28 mm, 15 mm in
height, and 5-mL capacity.

NOTE A2.1—Fused silica crucibles are much more economical and
longer-lasting than platinum. After each use, they should be scrubbed out
with fine, wet emery cloth, heated to dull red heat over a burner, soaked
in hot water for 1 h, then dried and stored in a desiccator before reuse.

A2.3.3 Firing Wire, platinum, approximately No. 26 B & S
gauge.

A2.3.4 Ignition Circuit (Note A2.2), capable of supplying
sufficient current to ignite the nylon thread or cotton wicking
without melting the wire.

NOTE A2.2—The switch in the ignition circuit should be of a type that
remains open, except when held in closed position by the operator.

A2.3.5 Nylon Sewing Thread, or Cotton Wicking, white.

A2.4 Purity of Reagents

A2.4.1 Reagent grade chemicals shall be used in all tests.
Unless otherwise indicated, it is intended that all reagents shall
conform to the specifications of the Committee on Analytical
Reagents of the American Chemical Society, where such
specifications are available. Other grades may be used pro-
vided it is first ascertained that the reagent is of sufficiently
high purity to permit its use without lessening the accuracy of
the determination.

A2.4.2 Unless otherwise indicated, references to water shall
be understood to mean referee grade reagent water conforming
to Specification D1193.

A2.5 Sample Preparation

A2.5.1 Penetrants, Developers, Emulsifiers, Magnetic Oils:
A2.5.1.1 Weigh 50 g of test material into a 150-mm petri

dish.
A2.5.1.2 Place the 150-mm petri dish into a 194 °F [90 °C]

to 212 °F [100 °C] oven for 60 min.
A2.5.1.3 Allow the test material to cool to room tempera-

ture.

A2.5.2 Solvent Cleaners:
A2.5.2.1 Take the tare weight of an aluminum dish.
A2.5.2.2 Weigh 100 g of the cleaner into the aluminum dish.
A2.5.2.3 Place the aluminum dish on a hot plate in a fume

hood.
A2.5.2.4 Let the material evaporate until the dish is nearly

dry.
A2.5.2.5 Place the dish into a preheated oven from 194 °F

[90 °C] to 212 °F [100 °C] for 10 min.
A2.5.2.6 Take the dish out of the oven and allow to cool.
A2.5.2.7 Reweigh the dish and record weight.
NOTE A2.3—For Cleaners—If the residue is less than 50 ppm, report

the residue weight. If the weight is greater than 50 ppm, proceed with the
bomb procedure.

A2.6 Decomposition

A2.6.1 Reagents and Materials:
A2.6.1.1 Oxygen, free of combustible material and halogen

compounds, available at a pressure of 40 atm [4.05 MPa].
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A2.6.1.2 Sodium Carbonate Solution (50 g Na2CO3/L)—
Dissolve 50 g of anhydrous Na2CO3 (or 58.5 g of Na2CO3·2O)
or 135 g of Na2CO3·10H2O in water and dilute to 1 L.

A2.6.1.3 White Oil, refined.

A2.6.2 Procedure:
A2.6.2.1 Preparation of Bomb and Sample—Cut a piece of

firing wire approximately 100 mm in length. Coil the middle
section (about 20 mm) and attach the free ends to the terminals.
Arrange the coil so that it will be above and to one side of the
sample cup. Place 5 mL of Na2CO3 solution in the bomb (Note
A2.4), place the cover on the bomb, and vigorously shake for
15 s to distribute the solution over the inside of the bomb. Open
the bomb, place the sample-filled sample cup in the terminal
holder, and insert a short length of thread between the firing
wire and the sample. Use of a sample weight containing over
20 mg of chlorine may cause corrosion of the bomb. The
sample weight should not exceed 0.4 g if the expected chlorine
content is 2.5 % or above. If the sample is solid, not more than
0.2 g should be used. Use 0.8 g of white oil with solid samples.
If white oil will be used (Note A2.5), add it to the sample cup
by means of a dropper at this time (see Note A2.6 and Note
A2.7).

NOTE A2.4—After repeated use of the bomb for chlorine determination,
a film may be noticed on the inner surface. This dullness should be
removed by periodic polishing of the bomb. A satisfactory method for
doing this is to rotate the bomb in a lathe at about 300 rpm and polish the
inside surface with Grit No. 2/0 or equivalent paper coated with a light
machine oil to prevent cutting, and then with a paste of grit-free chromic
oxide and water. This procedure will remove all but very deep pits and put
a high polish on the surface. Before using the bomb, it should be washed
with soap and water to remove oil or paste left from the polishing
operation. Bombs with porous or pitted surfaces should never be used
because of the tendency to retain chlorine from sample to sample. It is
recommended to not use more than 1 g total of sample and white oil or
other chlorine-free combustible material.

NOTE A2.5—If the sample is not readily miscible with white oil, some
other nonvolatile, chlorine-free combustible diluent may be employed in
place of white oil. However, the combined weight of sample and
nonvolatile diluent shall not exceed 1 g. Some solid additives are
relatively insoluble, but may be satisfactorily burned when covered with
a layer of white oil.

NOTE A2.6—The practice of running alternately samples high and low
in chlorine content should be avoided whenever possible. It is difficult to
rinse the last traces of chlorine from the walls of the bomb and the
tendency for residual chlorine to carry over from sample to sample has
been observed in a number of laboratories. When a sample high in
chlorine has preceded one low in chlorine content, the test on the
low-chlorine sample should be repeated and one or both of the low values
thus obtained should be considered suspect if they do not agree within the
limits of repeatability of this method.

A2.6.2.2 Addition of Oxygen—Place the sample cup in
position and arrange the nylon thread, or wisp of cotton so that
the end dips into the sample. Assemble the bomb and tighten
the cover securely. Admit oxygen (see Note A2.7) slowly (to
avoid blowing the sample from the cup) until a pressure is
reached as indicated in Table A2.1.

NOTE A2.7—It is recommended to not add oxygen or ignite the sample
if the bomb has been jarred, dropped, or tilted.

A2.6.2.3 Combustion—Immerse the bomb in a cold-water
bath. Connect the terminals to the open electrical circuit. Close
the circuit to ignite the sample. Remove the bomb from the

bath after immersion for at least 10 min. Release the pressure
at a slow, uniform rate such that the operation requires not less
than 1 min. Open the bomb and examine the contents. If traces
of unburned oil or sooty deposits are found, discard the
determination, and thoroughly clean the bomb before again
putting it in use (Note A2.4).

A2.7 Analysis, Method A, Potentiometric Titration Proce-
dure

A2.7.1 Apparatus:
A2.7.1.1 Silver Billet Electrode.
A2.7.1.2 Glass Electrode, pH measurement type.
A2.7.1.3 Buret, 25-mL capacity, 0.05-mL graduations.
A2.7.1.4 Millivolt Meter, or expanded scale pH meter ca-

pable of measuring 0 to 220 mV.

NOTE A2.8—An automatic titrator is highly recommended in place of
items A2.7.1.3 and A2.7.1.4. Repeatability and sensitivity of the method
are much enhanced by the automatic equipment while much tedious effort
is avoided.

A2.7.2 Reagents and Materials:
A2.7.2.1 Acetone, chlorine-free.
A2.7.2.2 Methanol, chlorine-free.
A2.7.2.3 Silver Nitrate Solution (0.0282 N)—Dissolve

4.7910 6 0.0005 g of silver nitrate (AgNO3) in water and
dilute to 1 L.

A2.7.2.4 Sodium Chloride Solution (0.0282 N)—Dry a few
grams of sodium chloride (NaCl) for 2 h at 130 to 150 °C,
weigh out 1.6480 6 0.0005 g of the dried NaCl, dissolve in
water, and dilute to 1 L.

A2.7.2.5 Sulfuric Acid (1 + 2)—Mix 1 volume of concen-
trated sulfuric acid (H2SO4, sp. gr 1.84) with 2 volumes of
water.

A2.7.3 Collection of Chlorine Solution—Remove the
sample cup with clean forceps and place in a 400-mL beaker.
Wash down the walls of the bomb shell with a fine stream of
methanol from a wash bottle, and pour the washings into the
beaker. Rinse any residue into the beaker. Next, rinse the bomb
cover and terminals into the beaker. Finally, rinse both inside
and outside of the sample crucible into the beaker. Washings
should equal but not exceed 100 mL. Add methanol to make
100 mL.

A2.7.4 Determination of Chlorine—Add 5 mL of H2SO4

(1:2) to acidify the solution (solution should be acid to litmus
and clear of white Na2CO3 precipitate). Add 100 mL of
acetone. Place the electrodes in the solution, start the stirrer (if
mechanical stirrer is to be used), and begin titration. If titration
is manual, set the pH meter on the expanded millivolt scale and

TABLE A2.1 Gauge Pressures

Capacity of Bomb,
mL

Gauge Pressure, atm [MPa]

minA max

300 to 350 38 [3.85] 40 [4.05]
350 to 400 35 [3.55] 37 [3.75]
400 to 450 30 [3.04] 32 [3.24]
450 to 500 27 [2.74] 29 [2.94]

A The minimum pressures are specified to provide sufficient oxygen for complete
combustion and the maximum pressures present a safety requirement.
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note the reading. Add exactly 0.1 mL of AgNO3 solution from
the buret. Allow a few seconds stirring; then record the new
millivolt reading. Subtract the second reading from the first.
Continue the titration, noting each amount of AgNO3 solution
and the amount of difference between the present reading and
the last reading. Continue adding 0.1-mL increments, making
readings and determining differences between readings until a
maximum difference between readings is obtained. The total
amount of AgNO3 solution required to produce this maximum
differential is the end point. Automatic titrators continuously
stir the sample, add titrant, measure the potential difference,
calculate the differential, and plot the differential on a chart.
The maximum differential is taken as the end point.

NOTE A2.9—For maximum sensitivity, 0.00282 N AgNO3 solution may
be used with the automatic titrator. This dilute reagent should not be used
with large samples or where chlorine content may be over 0.1 % since
these tests will cause end points of 10 mL or higher. The large amount of
water used in such titrations reduces the differential between readings,
making the end point very difficult to detect. For chlorine contents over
1 % in samples of 0.8 g or larger, 0.282 N AgNO3 solution will be required
to avoid exceeding the 10-mL water dilution limit.

A2.7.5 Blank—Make blank determinations with the amount
of white oil used but omitting the sample. (Liquid samples
normally require only 0.15 to 0.25 g of white oil while solids
require 0.7 to 0.8 g.) Follow normal procedure, making two or
three test runs to be sure the results are within the limits of
repeatability for the test. Repeat this blank procedure whenever
new batches of reagents or white oil are used. The purpose of
the blank run is to measure the chlorine in the white oil, the
reagents, and that introduced by contamination.

A2.7.6 Standardization—Silver nitrate solutions are not per-
manently stable, so the true activity should be checked when
the solution is first made up and then periodically during the
life of the solution. This is done by titration of a known NaCl
solution as follows: Prepare a mixture of the amounts of the
chemicals (Na2CO3 solution, H2SO4 solution, acetone, and
methanol) specified for the test. Pipet in 5.0 mL of 0.0282-N
NaCl solution and titrate to the end point. Prepare and titrate a
similar mixture of all the chemicals except the NaCl solution,
thus obtaining a reagent blank reading. Calculate the normality
of the AgNO3 solution as follows:

NAgNO3 5
5.0 3 NNaCl

VA 2 VB

(A2.1)

where:
NAgNO3 = normality of the AgNO3 solution,
NNaCl = normality of the NaCl solution,
VA = millilitres of AgNO3 solution used for the titra-

tion including the NaCl solution, and
VB = millilitres of AgNO3 solution used for the titra-

tion of the reagents only.

A2.7.7 Calculation—Calculate the chlorine content of the
sample as follows:

Chlorine, weight % 5
~VS 2 VB! 3 N 3 3.545

W
(A2.2)

where:
VS = millilitres of AgNO3 solution used by the sample,

VB = millilitres of AgNO3 solution used by the blank,
N = normality of the AgNO3 solution, and
W = grams of sample used.

A2.7.8 Precision and Accuracy:
A2.7.8.1 The following criteria should be used for judging

the acceptability of results:
A2.7.8.1.1 Repeatability—Results by the same analyst

should not be considered suspect unless they differ by more
than 0.006 % or 10.5 % of the value determined, whichever is
higher.

A2.7.8.1.2 Reproducibility—Results by different laborato-
ries should not be considered suspect unless they differ by
more than 0.013 % or 21.3 % of the value detected, whichever
is higher.

A2.7.8.1.3 Accuracy—The average recovery of the method
is 86 % to 89 % of the actual amount present.

A2.8 Analysis, Method B, Coulometric Titration

A2.8.1 Apparatus:
A2.8.1.1 Coulometric Chloride Titrator.
A2.8.1.2 Beakers, two, 100-mL, or glazed crucibles (pref-

erably with 11⁄2 in.-outside diameter bottom).
A2.8.1.3 Refrigerator.

A2.8.2 Reagents:
A2.8.2.1 Acetic Acid, Glacial.
A2.8.2.2 Dry Gelatin Mixture.
A2.8.2.3 Nitric Acid.
A2.8.2.4 Sodium Chloride Solution—100 meq C/1. Dry a

quantity of NaCl for 2 h at 130 to 150 °C. Weigh out 5.8440 6
0.0005 g of dried NaCl in a closed container, dissolve in water,
and dilute to 1 L.

A2.8.3 Reagent Preparation:

NOTE A2.10—The normal reagent preparation process has been slightly
changed, due to the interference from the 50 mL of water required to wash
the bomb. This modified process eliminates the interference and does not
alter the quality of the titration.

A2.8.3.1 Gelatin Solution—A typical preparation is: Add
approximately 1 L of hot distilled or deionized water to the 6.2
g of dry gelatin mixture contained in one vial supplied by the
equipment manufacturer. Gently heat with continuous mixing
until the gelatin is completely dissolved.

A2.8.3.2 Divide into aliquots each sufficient for one day’s
analyses. (Thirty millilitres is enough for approximately eleven
titrations.) Keep the remainder in a refrigerator, but do not
freeze. The solution will keep for about six months in the
refrigerator. When ready to use, immerse the day’s aliquot in
hot water to liquefy the gelatin.

A2.8.3.3 Glacial Acetic Acid-Nitric Acid Solution—A typi-
cal ratio is 12.5 to 1 (12.5 parts CH3COOH to 1 part HNO3).

A2.8.3.4 Mix enough gelatin solution and of acetic acid-
nitric acid mixture for one titration. (A typical mixture is
2.5 mL of gelatin solution and 5.4 mL of acetic-nitric acid
mixture.)
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NOTE A2.11—The solution may be premixed in a larger quantity for
convenience, but may not be useable after 24 h.

A2.8.3.5 Run at least three blank values and take an average
according to the operating manual of the titrator. Determine
separate blanks for both five drops of mineral oil and 20 drops
of mineral oil.

A2.8.4 Titration:
A2.8.4.1 Weigh to the nearest 0.1 g and record the weight of

the 100-mL beaker.
A2.8.4.2 Remove the sample crucible from the cover as-

sembly support ring using a clean forceps, and, using a wash
bottle, rinse both the inside and the outside with water into the
100-mL beaker.

A2.8.4.3 Empty the bomb shell into the 100-mL beaker.
Wash down the sides of the bomb shell with water, using a
wash bottle.

A2.8.4.4 Remove the cover assembly from the cover assem-
bly support, and, using the wash bottle, rinse the under side, the
platinum wire, and the terminals into the same 100-mL beaker.
The total amount of washings should be 50 6 1 g.

A2.8.4.5 Add specified amounts of gelatin mixture and
acetic acid-nitric acid mixture, or gelatin mix-acetic acid-nitric
acid mixture, if this was premixed, into the 100-mL beaker that
contains the 50 g of washings including the decomposed
sample.

A2.8.4.6 Titrate using a coulometric titrimeter, according to
operating manual procedure.

A2.8.5 Calculations—Calculate the chloride ion concentra-
tion in the sample as follows:

Chlorine, weight % 5
~P 2 B! 3 M

W
(A2.3)

where:
P = counter reading obtained with the sample,
B = average counter reading obtained with average of the

three blank readings,
M = standardization constant. This is dependent on the

instrument range setting in use and the reading obtained
with a known amount of the 100 meq of Cl per litre of
solution, and

W = weight of sample used, g.

A2.8.6 Precision and Accuracy:
A2.8.6.1 Duplicate results by the same operator can be

expected to exhibit the following relative standard deviations:
Approximate % Chlorine RSD, %

1.0 and above 0.10
0.1 2.5
0.003 5.9

A2.8.6.2 The method can be expected to report values that
vary from the true value by the following amounts:

0.1 % chlorine and above ±2 %
0.001 to 0.01 % chlorine ±9 %.

A2.8.6.3 If bromine is present, 36.5 % of the true amount
will be reported. If iodine is present, 20.7 % of the true amount
will be reported. Fluorine will not be detected.

A3. METHOD FOR MEASURING TOTAL FLUORINE CONTENT IN COMBUSTIBLE
LIQUID PENETRANT MATERIALS

A3.1 Scope and Application

A3.1.1 This method covers the determination of fluorine in
combustible liquid penetrant materials, liquid or solid, that do
not contain appreciable amounts of interfering elements, or
have any insoluble residue after combustion. Its range of
applicability is 1 to 200 000 ppm.

A3.1.2 The measure of the fluorine content employs the
fluoride selective ion electrode.

A3.2 Summary of Method

A3.2.1 The sample is oxidized by combustion in a bomb
containing oxygen under pressure (see A3.2.1.1). The fluorine
compounds thus liberated are absorbed in a sodium citrate
solution and the amount of fluorine present is determined
potentiometrically through the use of a fluoride selective ion
electrode.

A3.2.1.1 Safety—Strict adherence to all of the provisions
prescribed hereinafter ensures against explosive rupture of the
bomb, or a blow-out, provided the bomb is of proper design
and construction and in good mechanical condition. It is
desirable, however, that the bomb be enclosed in a shield of

steel plate at least 1⁄2 in. [12.7 mm] thick, or equivalent
protection be provided against unforeseeable contingencies.

A3.3 Interferences

A3.3.1 Silicon, calcium, aluminum, magnesium, and other
metals forming precipitates with fluoride ion will interfere if
they are present in sufficient concentration to exceed the
solubility of their respective fluorides. Insoluble residue after
combustion will entrain fluorine even if otherwise soluble.

A3.4 Sample Preparation

A3.4.1 Penetrants, Developers, Emulsifiers, Magnetic Oils:
A3.4.1.1 Weigh 50 g of test material into a 150-mm petri

dish.
A3.4.1.2 Place the 150-mm petri dish into a 194 °F [90 °C]

to 212 °F [100 °C] oven for 60 min.
A3.4.1.3 Allow the test material to cool to room tempera-

ture.

A3.4.2 Solvent Cleaners:
A3.4.2.1 Take the tare weight of an aluminum dish.
A3.4.2.2 Weigh 100 g of the cleaner into the aluminum dish.
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A3.4.2.3 Place the aluminum dish on a hot plate in a fume
hood.

A3.4.2.4 Let the material evaporate until the dish is nearly
dry.

A3.4.2.5 Place the dish into a preheated oven from 194 °F
[90 °C] to 212 °F [100 °C] for 10 min.

A3.4.2.6 Take the dish out of the oven and allow to cool.
A3.4.2.7 Reweigh the dish and record weight.
NOTE A3.1—For Cleaners—If the residue is less than 50 ppm, report

the residue weight. If the weight is greater than 50 ppm, proceed with the
bomb procedure.

A3.5 Apparatus

A3.5.1 Bomb, having a capacity of not less than 300 mL, so
constructed that it will not leak during the test, and that
quantitative recovery of the liquids from the bomb may be
readily achieved. The inner surface of the bomb may be made
of stainless steel or any other material that will not be affected
by the combustion process or products. Materials used in the
bomb assembly, such as the head gasket and leadwire
insulation, shall be resistant to heat and chemical action, and
shall not undergo any reaction that will affect the fluorine
content of the liquid in the bomb.

A3.5.2 Sample Cup, nickel, 20 mm in outside diameter at
the bottom, 28 mm in outside diameter at the top, and 16 mm
in height; or platinum, 24 mm in outside diameter at the
bottom, 27 mm in outside diameter at the top, 12 mm in height,
and weighing 10 to 11 g.

A3.5.3 Firing Wire, platinum, approximately No. 26 B & S
gauge.

A3.5.4 Ignition Circuit, capable of supplying sufficient cur-
rent to ignite the nylon thread or cotton wicking without
melting the wire. (Warning—The switch in the ignition circuit
should be of a type that remains open, except when held in
closed position by the operator.)

A3.5.5 Nylon Sewing Thread, or Cotton Wicking, white.

A3.5.6 Funnel, polypropylene (Note A3.2).

A3.5.7 Volumetric Flask, polypropylene, 100-mL (Note
A3.2).

A3.5.8 Beaker, polypropylene, 150-mL (Note A3.2).

A3.5.9 Pipet, 100-μL, Eppendorf-type (Note A3.2).

A3.5.10 Magnetic Stirrer and TFE-coated magnetic stirring
bar.

A3.5.11 Fluoride Specific Ion Electrode and suitable refer-
ence electrode.

A3.5.12 Millivolt Meter capable of measuring to 0.1 mV.

NOTE A3.2—Glassware should never be used to handle a fluoride
solution as it will remove fluoride ions from solution or on subsequent use
carry fluoride ion from a concentrated solution to one more dilute.

A3.6 Reagents

A3.6.1 Purity of Reagents—Reagent grade chemicals shall
be used in all tests. Unless otherwise indicated, it is intended
that all reagents shall conform to the specifications of the
Committee on Analytical Reagents of the American Chemical

Society, where such specifications are available. Other grades
may be used, provided it is first ascertained that the reagent is
of sufficiently high purity to permit its use without lessening
the accuracy of the determination.

A3.6.2 Purity of Water—Unless otherwise indicated, all
references to water shall be understood to mean Type I reagent
water conforming to Specification D1193.

A3.6.3 Fluoride Solution, Stock (2000 ppm)—Dissolve
4.4200 6 0.0005 g of predried (at 130 to 150 °C for 1 h, then
cooled in a desiccator) sodium fluoride in distilled water and
dilute to 1 L.

A3.6.4 Oxygen, free of combustible material and halogen
compounds, available at a pressure of 40 atm [4.05 MPa].

A3.6.5 Sodium Citrate Solution—Dissolve 27 g of sodium
citrate dihydrate in water and dilute to 1 L.

A3.6.6 Sodium Hydroxide Solution (5 N)—Dissolve 200 g
of sodium hydroxide (NaOH) pellets in water and dilute to 1 L;
store in a polyethylene container.

A3.6.7 Wash Solution (Modified TISAB, Total Ionic Strength
Adjustment Buffer)—To 300 mL of distilled water, add 32 mL
of glacial acetic acid, 6.6 g of sodium citrate dihydrate, and
32.15 g of sodium chloride. Stir to dissolve and then adjust the
pH to 5.3 using 5 N NaOH solution. Cool and dilute to 1 L.

A3.6.8 White Oil, refined.

A3.7 Decomposition Procedure

A3.7.1 Preparation of Bomb and Sample—Cut a piece of
firing wire approximately 100 mm in length. Coil the middle
section (about 20 mm) and attach the free ends to the terminals.
Arrange the coil so that it will be above and to one side of the
sample cup. Place 10 mL of sodium citrate solution in the
bomb, place the cover on the bomb, and vigorously shake for
15 s to distribute the solution over the inside of the bomb. Open
the bomb, place the sample-filled sample cup in the terminal
holder, and insert a short length of thread between the firing
wire and the sample. The sample weight used should not
exceed 1 g. If the sample is a solid, add a few drops of white
oil at this time to ensure ignition of the sample.

NOTE A3.3—Use of sample weights containing over 20 mg of chlorine
may cause corrosion of the bomb. To avoid this it is recommended that for
samples containing over 2 % chlorine, the sample weight be based on the
following table:

Chlorine
Content, %

Sample
weight, g

White Oil
weight, g

2 to 5 0.4 0.4
>5 to 10 0.2 0.6

>10 to 20 0.1 0.7
>20 to 50 0.05 0.7

Do not use more than 1 g total of sample and white oil or
other fluorine-free combustible material.

A3.7.2 Addition of Oxygen—Place the sample cup in posi-
tion and arrange the nylon thread, or wisp of cotton so that the
end dips into the sample. Assemble the bomb and tighten the
cover securely. Admit oxygen (see the Warning below) slowly
(to avoid blowing the sample from the cup) until a pressure is
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reached as indicated in Table A3.1. (Warning—It is recom-
mended to not add oxygen or ignite the sample if the bomb has
been jarred, dropped, or tilted.)

A3.7.3 Combustion—Immerse the bomb in a cold-water
bath. Connect the terminals to the open electrical circuit. Close
the circuit to ignite the sample. Remove the bomb from the
bath after immersion for at least 10 min. Release the pressure
at a slow, uniform rate such that the operation requires not less
than 1 min. Open the bomb and examine the contents. If traces
of unburned oil or sooty deposits are found, discard the
determination, and thoroughly clean the bomb before again
putting it in use.

A3.7.4 Collection of Fluorine Solution—Remove the
sample cup with clean forceps and rinse with wash solution
into a 100-mL volumetric flask. Rinse the walls of the bomb
shell with a fine stream of wash solution from a wash bottle,
and add the washings to the flask. Next, rinse the bomb cover
and terminals into the volumetric flask. Finally, add wash
solution to bring the contents of the flask to the line.

A3.8 Procedure

A3.8.1 Ascertain the slope (millivolts per ten-fold change in
concentration) of the electrode as described by the manufac-
turer.

A3.8.2 Obtain a blank solution by performing the procedure
without a sample.

A3.8.3 Immerse the fluoride and reference electrodes in
solutions and obtain the equilibrium reading to 0.1 mV. (The
condition of the electrode determines the length of time
necessary to reach equilibrium. This may be as little as 5 min
or as much as 20 min.)

A3.8.4 Add 100 μL of stock fluoride solution and obtain the
reading after the same length of time necessary for A3.8.3.

A3.9 Calculation

A3.9.1 Calculate the fluorine content of the sample as
follows:

Fluorine, ppm 5
F 2 3 1024

10ΔE1/S 2 1
2

2 3 1024

10ΔE2/S 2 1 G
W

3 106

(A3.1)

where:
Δ E1 = millivolt change in sample solution on addition of

100 μL of stock fluoride solution,
Δ E2 = millivolt change in blank solution on addition of

100 μL of the stock fluoride solution,
S = slope of fluoride electrode as determined in A3.8.1,

and
W = grams of sample.

A3.10 Precision and Bias

A3.10.1 Repeatability—The results of two determinations
by the same analyst should not be considered suspect unless
they differ by more than 1.1 ppm (0.00011 %) or 8.0 % of the
amount detected, whichever is greater.

A3.10.2 Reproducibility—The results of two determinations
by different laboratories should not be considered suspect
unless they differ by 6.7 ppm or 129.0 % of the amount
detected, whichever is greater.

A3.10.3 Bias—The average recovery of the method is 62 to
64 % of the amount actually present although 83 to 85 %
recoveries can be expected with proper technique.

A4. DETERMINATION OF ANIONS BY ION CHROMATOGRAPHY WITH CONDUCTIVITY MEASUREMENT

A4.1 Scope and Application

A4.1.1 This method is condensed from ASTM procedures
and APHA Method 429 and optimized for the analysis of
detrimental substances in organic based materials. It provides a
single instrumental technique for rapid, sequential measure-
ment of common anions such as bromide, chloride, fluoride,
nitrate, nitrite, phosphate, and sulfate.

A4.2 Summary of Method

A4.2.1 The material must be put in the form of an aqueous
solution before analysis can be attempted. The sample is
oxidized by combustion in a bomb containing oxygen under
pressure. The products liberated are absorbed in the eluant

present in the bomb at the time of ignition. This solution is
washed from the bomb, filtered, and diluted to a known
volume.

A4.2.1.1 A filtered aliquot of sample is injected into a
stream of carbonate-bicarbonate eluant and passed through a
series of ion exchangers. The anions of interest are separated
on the basis of their relative affinities for a low capacity,
strongly basic anion exchanger (guard and separator column).
The separated anions are directed onto a strongly acidic cation
exchanger (suppressor column) where they are converted to
their highly conductive acid form and the carbonate-
bicarbonate eluant is converted to weakly conductive carbonic
acid. The separated anions in their acid form are measured by

TABLE A3.1 Gauge Pressures

Capacity of Bomb, mL
Gauge Pressure atm [MPa]

minA max

300 to 350 38 40
>350 to 400 35 37
>400 to 450 30 32
>450 to 500 27 29

A The minimum pressures are specified to provide sufficient oxygen for complete
combustion and the maximum pressures present a safety requirement.
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conductivity. They are identified on the basis of retention time
as compared to standards. Quantitation is by measurement of
peak area or peak height. Blanks are prepared and analyzed in
a similar fashion.

A4.2.2 Interferences—Any substance that has a retention
time coinciding with that of any anion to be determined will
interfere. For example, relatively high concentrations of low-
molecular-weight organic acids interfere with the determina-
tion of chloride and fluoride. A high concentration of any one
ion also interferes with the resolution of others. Sample
dilution overcomes many interferences. To resolve uncertain-
ties of identification or quantitation use the method of known
additions. Spurious peaks may result from contaminants in
reagent water, glassware, or sample processing apparatus.
Because small sample volumes are used, scrupulously avoid
contamination.

A4.2.3 Minimum Detectable Concentration—The minimum
detectable concentration of an anion is a function of sample
size and conductivity scale used. Generally, minimum detect-
able concentrations are in the range of 0.05 mg/L for F− and 0.1
mg/L for Br−, Cl−, NO3

−, NO2
−, PO4

3−, and SO4
2− with a

100-μL sample loop and a 10-μmho full-scale setting on the
conductivity detector. Similar values may be achieved by using
a higher scale setting and an electronic integrator.

A4.3 Apparatus

A4.3.1 Bomb, having a capacity of not less than 300 mL, so
constructed that it will not leak during the test, and that
quantitative recovery of the liquids from the bomb may be
readily achieved. The inner surface of the bomb may be made
of stainless steel or any other material that will not be affected
by the combustion process or products. Materials used in the
bomb assembly, such as the head gasket and leadwire
insulation, shall be resistant to heat and chemical action, and
shall not undergo any reaction that will affect the chlorine
content of the liquid in the bomb.

A4.3.2 Sample Cup, platinum, 24 mm in outside diameter at
the bottom, 27 mm in outside diameter at the top, 12 mm in
height outside, and weighing 10 to 11 g; opaque fused silica,
wide-form with an outside diameter of 29 mm at the top, a
height of 19 mm, and a 5-mL capacity (Note A4.1), or nickel
(Kawin capsule form), top diameter of 28 mm, 15 mm in
height, and 5-mL capacity.

NOTE A4.1—Fused silica crucibles are much more economical and
longer lasting than platinum. After each use, they should be scrubbed out
with fine, wet emery cloth, heated to dull red heat over a burner, soaked
in hot water for 1 h then dried and stored in a desiccator before reuse.

A4.3.3 Firing Wire, platinum, approximately No. 26 B and
S gauge.

A4.3.4 Ignition Circuit (Note A4.2), capable of supplying
sufficient current to ignite the nylon thread or cotton wicking
without melting the wire.

NOTE A4.2—The switch in the ignition circuit should be of a type that
remains open, except when held in closed position by the operator.

A4.3.5 Nylon Sewing Thread, or Cotton Wicking, white.

A4.3.6 Ion Chromatograph, including an injection valve, a
sample loop, guard, separator, and suppressor columns, a

temperature-compensated small-volume conductivity cell (6
μL or less), and a strip chart recorder capable of full-scale
response of 2 s or less. An electronic peak integrator is
optional. The ion chromatograph shall be capable of delivering
2 to 5 mL eluant/min at a pressure of 1400 to 6900 kPa.

A4.3.7 Anion Separator Column, with styrene
divinylbenzene-based low-capacity pellicular anion-exchange
resin capable of resolving Br−, Cl−, F−, NO3

−, NO2
−, PO4

3−,
and SO4

2−; 4 × 250 mm.

A4.3.8 Guard Column, identical to separator column except
4 × 50 mm, to protect separator column from fouling by
particulates or organics.

A4.3.9 Suppressor Column, high-capacity cation-exchange
resin capable of converting eluant and separated anions to their
acid forms.

A4.3.10 Syringe, minimum capacity of 2 mL and equipped
with a male pressure fitting.

A4.4 Reagents

A4.4.1 Purity of Reagents—Reagent grade chemicals shall
be used in all tests. Unless otherwise indicated, it is intended
that all reagents shall conform to the specifications of the
Committee on Analytical Reagents of the American Chemical
Society, where such specifications are available. Other grades
may be used provided it is first ascertained that the reagent has
sufficiently high purity to permit its use without lessening the
accuracy of the determination.

A4.4.2 Deionized or Distilled Water, free from interferences
at the minimum detection limit of each constituent and filtered
through a 0.2-μm membrane filter to avoid plugging columns.

A4.4.3 Eluant Solution, sodium bicarbonate-sodium
carbonate, 0.003M NaHCO3− 0.0024M Na2CO3: dissolve
1.008 g NaHCO3 and 1.0176 g Na2CO3 in water and dilute to
4 L.

A4.4.4 Regenerant Solution 1, H2SO4, 1 N, use this regen-
erant when suppressor is not a continuously regenerated one.

A4.4.5 Regenerant Solution 2, H2SO4, 0.025 N, dilute
2.8 mL conc H2SO4 to 4 L or 100 mL regenerant solution 1 to
4 L. Use this regenerant with continuous regeneration fiber
suppressor system.

A4.4.6 Standard Anion Solutions, 1000 mg ⁄L, prepare a
series of standard anion solutions by weighing the indicated
amount of salt, dried to a constant weight at 105 °C, to
1000 mL. Store in plastic bottles in a refrigerator; these
solutions are stable for at least one month.

Anion Salt Amount,
g/L

Cl− NaCl 1.6485
F− NaF 2.2100
Br− NaBr 1.2876
NO3

− NaNO3 1.3707
NO2

− NaNO2 1.4998
PO4

3− KH2PO4 1.4330
SO4

2− K2SO4 1.8141

A4.4.7 Combined Working Standard Solution, High
Range—Combine 10 mL of the Cl−, F−, NO3

−, NO2
−, and
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PO4
3− standard anion solutions, 1 mL of the Br−, and 100 mL

of the SO4
2− standard solutions, dilute to 1000 mL, and store in

a plastic bottle protected from light; contains 10 mg/L each of
Cl− , F−, NO3

−, NO2
−, and PO4

3−, 1 mg Br− /L, and 100 mg
SO4

2−/L. Prepare fresh daily.

A4.4.8 Combined Working Standard Solution, Low Range—
Dilute 100 mL combined working standard solution, high
range, to 1000 mL and store in a plastic bottle protected from
light; contains 1.0 mg/L each Cl−, F−, NO3

−, NO2
−, and PO4

3−,
0.1 mg Br−/L, and 10 mg SO4

2−/L. Prepare fresh daily.

A4.4.9 Alternative Combined Working Standard Solutions—
Prepare appropriate combinations according to anion concen-
tration to be determined. If NO2

− and PO4
3− are not included,

the combined working standard is stable for one month.

A4.5 Sample Preparation

A4.5.1 Penetrants, Developers, Emulsifiers, Magnetic Oils:
A4.5.1.1 Weigh 50 g of test material into a 150-mm petri

dish.
A4.5.1.2 Place the 150-mm petri dish into a 194 °F [90 °C]

to 212 °F [100 °C] oven for 60 min.
A4.5.1.3 Allow the test material to cool to room tempera-

ture.

A4.5.2 Solvent Cleaners:
A4.5.2.1 Take the tare weight of an aluminum dish.
A4.5.2.2 Weigh 100 g of the cleaner into the aluminum dish.
A4.5.2.3 Place the aluminum dish on a hot plate in a fume

hood.
A4.5.2.4 Let the material evaporate until the dish is nearly

dry.
A4.5.2.5 Place the dish into a preheated oven from 194 °F

[90 °C] to 212 °F [100 °C] for 10 min.
A4.5.2.6 Take the dish out of the oven and allow to cool.
A4.5.2.7 Reweigh the dish and record weight.
NOTE A4.3—For Cleaners—If the residue is less than 50 ppm, report

the residue weight. If the weight is greater than 50 ppm, proceed with the
bomb procedure.

A4.6 Decomposition Procedure

A4.6.1 Preparation of Bomb and Sample—Cut a piece of
firing wire approximately 100 mm in length. Coil the middle
section (about 20 mm) and attach the free ends to the terminals.
Arrange the coil so that it will be above and to one side of the
sample cup. Place 5 mL of Na2CO3/NaHCO3 solution in the
bomb, place the cover on the bomb, and vigorously shake for
15 s to distribute the solution over the inside of the bomb. Open
the bomb, place the sample-filled sample cup in the terminal
holder, and insert a short length of thread between the firing
wire and the sample. The sample weight used should not
exceed 1 g. If the sample is a solid, add a few drops of white
oil at this time to ensure ignition of the sample.

NOTE A4.4—Use of sample weights containing over 20 mg of chlorine
may cause corrosion of the bomb. To avoid this it is recommended that for
samples containing over 2 % chlorine, the sample weight be based on the
following:

Chlorine
content, %

Sample
weight, g

White Oil
weight, g

2 to 5 0.4 0.4
>5 to 10 0.2 0.6

>10 to 20 0.1 0.7
>20 to 50 0.05 0.7

Warning—Do not use more than 1 g total of sample and white oil or
other fluorine-free combustible material.

A4.6.2 Addition of Oxygen—Place the sample cup in posi-
tion and arrange the nylon thread, or wisp of cotton so that the
end dips into the sample. Assemble the bomb and tighten the
cover securely. Admit oxygen (see Note A4.5) slowly (to avoid
blowing the sample from the cup) until a pressure is reached as
indicated in Table A4.1.

NOTE A4.5—It is recommended to not add oxygen or ignite the sample
if the bomb has been jarred, dropped, or tilted.

A4.6.3 Combustion—Immerse the bomb in a cold-water
bath. Connect the terminals to the open electrical circuit. Close
the circuit to ignite the sample. Remove the bomb from the
bath after immersion for at least 10 min. Release the pressure
at a slow, uniform rate such that the operation requires not less
than 1 min. Open the bomb and examine the contents. If traces
of unburned oil or sooty deposits are found, discard the
determination, and thoroughly clean the bomb before again
putting it in use.

A4.6.4 Collection of Solution—Remove the sample cup
with clean forceps and rinse with deionized water and filter the
washings into a 100-mL volumetric flask. Rinse the walls of
the bomb shell with a fine stream of deionized water from a
wash bottle, and add the washings through the filter paper to
the flask. Next, rinse the bomb cover and terminals and add the
washings through the filter into the volumetric flask. Finally,
add deionized water to bring the contents of the flask to the
line. Use aliquots of this solution for the ion chromatography
(IC) analysis.

A4.7 Procedure

A4.7.1 System Equilibration—Turn on ion chromatograph
and adjust eluant flow rate to approximate the separation
achieved in Fig. A4.1 (2 to 3 mL/min). Adjust detector to
desired setting (usually 10 μmho) and let system come to
equilibrium (15 to 20 min). A stable base line indicates
equilibrium conditions. Adjust detector offset to zero-out
eluant conductivity; with the fiber suppressor adjust the regen-
eration flow rate to maintain stability, usually 2.5 to 3 mL/min.

A4.7.1.1 Set up the ion chromatograph in accordance with
the manufacturer’s instructions.

TABLE A4.1 Gauge Pressures

Capacity of Bomb, mL
Gauge Pressures, atm

mmA max

300 to 350 38 40
>350 to 400 35 37
>400 to 450 30 32
>450 to 500 27 29

A The minimum pressures are specified to provide sufficient oxygen for complete
combustion and the maximum pressures present a safety requirement.
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A4.7.2 Calibration—Inject standards containing a single
anion or a mixture and determine approximate retention times.
Observed times vary with conditions but if standard eluant and
anion separator column are used, retention always is in the
order F−, Cl−, NO2

−, PO4
3−, Br−, NO3

−, and SO4
2−. Inject at

least three different concentrations for each anion to be
measured and construct a calibration curve by plotting peak
height or area against concentration on linear graph paper.
Recalibrate whenever the detector setting is changed. With a
system requiring suppressor regeneration, NO2

− interaction
with the suppressor may lead to erroneous NO2

− results; make
this determination only when the suppressor is at the same
stage of exhaustion as during standardization or recalibrate
frequently. In this type of system the water dip (see Note A4.6)
may shift slightly during suppressor exhaustion and with a fast
run column this may lead to slight interference for F− or Cl− .
To eliminate this interference, analyze standards that bracket
the expected result or eliminate the water dip by diluting the
sample with eluant or by adding concentrated eluant to the
sample to give the same HCO3

−/CO3
2− concentration as in the

eluant. If sample adjustments are made, adjust standards and
blanks identically. Both calibration and calculation of results
may be performed either manually or via use of a computer and
appropriate software.

NOTE A4.6—Water dip occurs because water conductivity in sample is
less than eluant conductivity (eluant is diluted by water).

A4.7.2.1 If linearity is established for a given detector
setting, it is acceptable to calibrate with a single standard.
Record the peak height or area and retention time to permit
calculation of the calibration factor, F.

A4.7.3 Sample Analysis—Remove sample particulates, if
necessary, by filtering through a prewashed 0.2-μm-pore-diam
membrane filter. Using a prewashed syringe of 1 to 10 mL
capacity equipped with a male luer fitting inject sample or
standard. Inject enough sample to flush sample loop several
times: for 0.1 mL sample loop inject at least 1 mL. Switch ion
chromatograph from load to inject mode and record peak
heights and retention times on strip chart recorder. After the
last peak (SO4

2− ) has appeared and the conductivity signal has
returned to base line, another sample can be injected.

A4.7.4 Regeneration—For systems without fiber suppressor
regenerate with 1 N H2SO4 in accordance with the manufac-
turer’s instructions when the conductivity base line exceeds
300 μmho when the suppressor column is on line.

A4.8 Calculation

A4.8.1 Calculate concentration of each anion, in mg/L, by
referring to the appropriate calibration curve. Alternatively,
when the response is shown to be linear, use the following
equation:

C 5 H 3 F 3 D (A4.1)

where:
C = mg anion/L,
H = peak height or area,
F = response factor − concentration of standard/height (or

area) of standard, and
D = dilution factor for those samples requiring dilution.

A4.9 Precision and Bias

A4.9.1 Samples of reagent water to which were added the
common anions were analyzed in 15 laboratories with the
results shown in Table A4.2.

TABLE A4.2 Precision and Accuracy Observed for Anions at Various Concentration Levels in Reagent Water

Anion
Amount

Added, mg/L
Amount

Found, mg/L

Overall
Precision,

mg/L

Single-
Operator
Precision,

mg/L

Significant
Bias 95 %

Level

F− 0.48 0.49 0.05 0.03 No
F− 4.84 4.64 0.52 0.46 No
Cl 0.76 0.86 0.38 0.11 No
Cl− 17 17.2 0.82 0.43 No
Cl 455 471 46 13 No
NO2 0.45 0.09 0.09 0.04 Yes, neg
NO2 21.8 19.4 1.9 1.3 Yes, neg
Br− 0.25 0.25 0.04 0.02 No
Br− 13.7 12.9 1.0 0.6 No
PO4

3− 0.18 0.10 0.06 0.03 Yes, neg
PO4

3− 0.49 0.34 0.15 0.17 Yes, neg
NO3

− 0.50 0.33 0.16 0.03 No
NO3

− 15.1 14.8 1.15 0.9 No
SO4

2− 0.51 0.52 0.07 0.03 No
SO4

2− 43.7 43.5 2.5 2.2 No

FIG. A4.1 Typical Anion Profile
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Standard Guide for
Use of UV-A and Visible Light Sources and Meters used in
the Liquid Penetrant and Magnetic Particle Methods

1. Scope

1.1 This guide describes the use of UV-A/Visible light
sources and meters used for the examination of materials by the
liquid penetrant and magnetic particle processes. This guide
may be used to help support the needs for appropriate light
intensities and light measurement.

1.2 This guide also provides a reference:
1.2.1 To assist in the selection of light sources and meters

that meet the applicable specifications or standards.
1.2.2 For use in the preparation of internal documentation

dealing with liquid penetrant or magnetic particle examination
of materials and parts.

1.3 The values stated in SI units are to be regarded as
standard. The values given in parentheses are mathematical
conversions to inch-pound units that are provided for informa-
tion only and are not considered standard

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:
E165 Practice for Liquid Penetrant Examination for General

Industry
E709 Guide for Magnetic Particle Testing
E1208 Practice for Fluorescent Liquid Penetrant Testing

Using the Lipophilic Post-Emulsification Process
E1209 Practice for Fluorescent Liquid Penetrant Testing

Using the Water-Washable Process

E1210 Practice for Fluorescent Liquid Penetrant Testing
Using the Hydrophilic Post-Emulsification Process

E1219 Practice for Fluorescent Liquid Penetrant Testing
Using the Solvent-Removable Process

E1220 Practice for Visible Penetrant Testing Using Solvent-
Removable Process

E1316 Terminology for Nondestructive Examinations
E1417 Practice for Liquid Penetrant Testing
E1418 Practice for Visible Penetrant Testing Using the

Water-Washable Process
E1444 Practice for Magnetic Particle Testing
E3022 Practice For Measurement of Emission Characteris-

tics and Requirements for LED UV-A Lamps Used in
Fluorescent Penetrant and Magnetic Particle Testing

3. Terminology

3.1 The definitions that appear in E1316, relating to UV-A
radiation and visible light used in liquid penetrant and mag-
netic particle examinations, shall apply to the terms used in this
guide.

3.2 Definitions:
3.2.1 high-intensity UV-A source—a light source that pro-

duces UV-A irradiance greater than 10 000 μW ⁄ cm2

(100 W ⁄m2) at 38.1 cm (15 in.).

3.2.2 illuminance—the amount of visible light, weighted by
the luminosity function to correlate with human perception,
incident on a surface, per unit area. Typically reported in units
of lux (lx), lumens per square metre (lm/m2) or footcandle (fc).

3.2.3 irradiance—the power of electromagnetic radiation
incident on a surface, per unit area. Typically reported in units
of watts per square metre (W/m2) or microwatts per square
centimetre (μW/cm2).

3.2.4 radiometer—an instrument incorporating a sensor and
optical filters to measure the irradiance of light over a defined
range of wavelengths.

4. Summary of Guide

4.1 This guide describes the properties of UV-A and visible
light sources used for liquid penetrant and magnetic particle
examination. This guide also describes the properties of
radiometers and light meters used to determine if adequate
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light levels (UV-A or visible, or both) are present while
conducting a liquid penetrant or magnetic particle examination.

5. Significance and Use

5.1 UV-A and visible light sources are used to provide
adequate light levels for liquid penetrant and magnetic particle
examination. Radiometers and light meters are used to verify
that specified light levels are available.

5.2 Fluorescence is produced by irradiating the fluorescent
dyes/pigments with UV-A radiation. The fluorescent dyes/
pigments absorb the energy from the UV-A radiation and
re-emit light energy in the visible spectrum. This energy
transfer allows fluorescence to be observed by the human eye.

5.3 UV-A light sources may emit visible light above 400 nm
(400 Å), which may reduce the visiblity of fluorescent indica-
tions. High intensity UV-A light sources may cause UV fade,
causing fluorescent indications to disappear.

6. Equipment

6.1 Ultraviolet (UV)/Visible Light Spectrum
6.1.1 UV light sources emit radiation in the ultraviolet

section of the electromagnetic spectrum, between 180 nm
(1800 Å) to 400 nm (4000 Å). Ultraviolet radiation is a part of
the electromagnetic radiation spectrum between the violet/blue
color of the visible spectrum and the weak X-ray spectrum.
(See Fig. 1.)

6.1.2 The UV-A range is considered to be between 320 nm
(3200 Å) and 400 nm (4000 Å).

6.1.3 The UV-B range (medium UV) is considered to be
between 280 nm (2800 Å) and 320 nm (3200 Å).

6.1.4 The UV-C range (short UV) is considered to be
between 180 nm (1800 Å) and 280 nm (2800 Å).

6.1.5 The visible spectrum is considered to be between
400 nm (4000 Å) and 760 nm (7600 Å).

6.2 Mercury Vapor UV-A Sources

6.2.1 Most UV-A sources utilize a lamp containing a
mercury-gas plasma that emits radiation specific to the mercury
atomic transition spectrum. There are several discrete element
emission lines of the mercury spectrum in the ultraviolet
section of the electromagnetic spectrum. The irradiance output
is dependent on the gas pressure and the amount of mercury
content. Higher values of gas pressure and mercury content
result in significant increase in its UV emission. Irradiance
output is also dependent on the input voltage and the age of the
lamp bulb. As the bulb ages, mercury diffuses into the
enclosing glass, causing the emission to decrease.

6.2.2 Mercury vapor UV-A sources used for NDT must have
appropriate filters, either internal or external to the light source,
to pass UV-A (6.1.2) and minimize visible light (6.1.5) output
that is detrimental to the fluorescent inspection process. These
UV-A pass filters should also block harmful UV-B (6.1.3) and
UV-C (6.1.4) radiation.

6.2.3 Mercury vapor bulbs used for fluorescent NDT are
generally low- or medium-pressure vapor sources.

6.2.3.1 Low-pressure bulbs (luminescent tubes) are coated
with a special phosphor in order to maximize the UV-A output.
Typically, low-pressure lamps are used in wash stations or for
general UV-A lighting in the inspection room.

6.2.3.2 Medium-pressure bulbs do not have phosphor coat-
ings but operate at higher electrical power levels, resulting in
significantly higher UV-A output.

6.2.4 Medium-pressure lamps are typically used for fluores-
cent examination. A well designed medium pressure UV-A
lamp with a suitable UV-A pass filter should emit less than
0.25 % to 1 % of its total intensity outside of the UV-A range.
A typical lamp is based on the American National Standards
Institute’s Specification H 44 GS-R100, is a 100 watt mercury-
vapor bulb in the Par 38 configuration, and normally uses a

FIG. 1 The Electromagnetic Radiation Spectrum
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Kopp 1041 or Kopp 1071 UV filter. Other lamps using the
same bulb but with an alternate UV-A pass filter with similar
transmission characteristics, or bulbs based on the Philips
HPW 125-watt bulb will not differ greatly in UV-A output, but
may produce more visible light in the blue/violet part of the
spectrum.

NOTE 1—The Philips HPW 125-watt bulb has been restricted from use
in the inspection station by many aerospace companies.

6.3 UV-A Borescope, Fiberscope, Video-image-scope and
Special UV-A Light Source Systems

6.3.1 Borescopes, fiberscopes and video-image-scopes are
thin rigid or flexible tubular optical telescopes. They are non
destructive inspection quality control instruments for the visual
detection of surface discontinuities in small bores, castings,
pipe interiors, and on internal components of complex machin-
ery.

6.3.2 The conventional optical glass fiber used as a light
guide in borescopes, fiberscopes and video image scopes may
be a poor transmitter of UV-A radiation. These fibers transmit
white light in the 450 to 760 nm (4500 to 7600 Å) range, but
do not effectively transmit light in the 350 to 380 nm (3500 to
3800 Å) range.

6.3.3 Three non traditional light guide materials for im-
proved UV-A transmission in borescopes, fiberscopes or video-
image-scopes, are liquid light guides, silica or quartz fibers, or
special new glass fibers.

6.3.3.1 Silica or quartz fibers are good transmitters of UV-A
energy, but are brittle and cannot be bent into a tight radius
without breaking, nor can they accommodate the punishing
stresses of repeated scope articulation.

6.3.3.2 Liquid light guides are very effective transmitters of
UV-A, but have minimum diameter limitations at 2.5 mm and
also exhibit problems with collapsing, kinking or loss of fluids.

6.3.3.3 A special glass fiber configuration offers the best UV
performance plus durability. Special glass fiber light bundles
combine high UV output with the necessary flexibility and
durability required in these scopes.

6.4 UV-A Pencil Lamps
6.4.1 The pencil lamp is one of the smallest sources of

UV-A radiation. It is generally a lamp coated with conversion
phosphors that absorb the 254 nm (2540 Å) line of energy and
convert this energy into a band peaking at 365 nm (3650 Å).
The lamp may be encased in a tubular glass filter that absorbs
visible light while transmitting maximum ultraviolet intensity.
The pencil lamp is useful for fluorescent analysis and boro-
scopic inspection in inaccessible locations.

NOTE 2—Pencil Lamps produce low levels of UV-A radiation.

6.4.2 As with all metal vapor discharge lamps, the output of
a quartz pencil lamp slowly decreases throughout its life. The
actual useful life will primarily be dependent upon dust and

other contaminants collecting on the lamp and its reflecting and
transmissive elements. UV-A intensity loss also occurs as the
lamp ages.

6.5 High Intensity UV-A Light Sources
6.5.1 Metal Halide UV-A Sources: The high intensity flood

fixture normally uses a high wattage metal halide bulb. This
lamp will also contain some type of specially coated parabolic
reflector. The high intensity of this lamp will produce a great
deal of heat, so some type of cooling fan must be used.

6.5.2 Micro-Discharge Lamp UV-A Sources: The MDL
lamp uses a 35 watt metal halide bulb and therefore produces
very little heat. Normally, a cooling fan is not required.

6.5.3 Xenon Bulb UV-A Sources: These lamps use a high-
pressure arc bulb containing xenon gas or a mixture of mercury
vapor and xenon gas.

6.5.4 High Intensity UV-A sources have broad emission
spectra, which may include more than one peak within the
UV-A range (6.1.2). For use in fluorescent NDT, these lamps
must have appropriate filters, either internal or external to the
light source, to pass UV-A (6.1.2) and minimize visible light
(6.1.5) output that is detrimental to the fluorescent inspection
process. These UV-A filters should also block harmful UV-B
(6.1.3) and UV-C (6.1.4) radiation.

Warning—UV-A light sources may emit visible light above
400 nm (4000 Å), which may reduce the visibility of fluores-
cent indications. High intensity UV-A sources may cause UV
fade, causing fluorescent indications to disappear.

6.6 Light Emitting Diode (LED) UV-A Sources
6.6.1 UV-A sources utilizing a single UV-A LED or an array

of UV-A LEDs need to have emission characteristics that are
comparable to those of other UV-A sources. For specific
requirements, refer to Practice E3022.

Warning—Many UV-A LED lamps available at the retail
level or purchased over the counter do not have emission
characteristics that are acceptable for use in fluorescent liquid
penetrant or magnetic particle examinations. See Practice
E3022.

NOTE 3—Guide E709 and Practices E165, E1208, E1209, E1210,
E1219, E1417, and E1444 provide UV-A light requirements for fluores-
cent magnetic particle and fluorescent penetrant inspection processes. See
also the forthcoming E07 standard, Practice for Magnetic Particle Testing
for General Industry.

6.7 Visible Light Sources
6.7.1 Visible light sources produce radiation in the 400 nm

(4000 Å) to 760 nm (7600 Å) region in the electromagnetic
spectrum. They have various intensities and different color
responses that are easily observed by the human eye. The
visible energy spectrum is easily absorbed by the eye’s
photoreceptors.

6.7.2 These photoreceptors are of two types, cones and rods.
6.7.2.1 Rods are highly sensitive to low intensities of light

and contain only a single photopigment and is unable to
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discriminate color. The eye response under low intensity
lighting is referred to as scotopic and uses rod photoreceptors.

6.7.2.2 Cone photoreceptors respond to higher light inten-
sities and are referred to as photopic. The cones are composed
of three different photopigments that are able to discriminate
colors.

NOTE 4—Guide E709 and Practices E165, E1220, E1417, E1418, and
E1444 provide visible light requirements for magnetic particle and
penetrant examination. See also the forthcoming E07 standard, Practice
for Magnetic Particle Testing for General Industry.

6.8 Radiometers and Light Meters
6.8.1 UV-A Radiometer:
6.8.1.1 Radiant energy is a physical quantity that can be

measured directly in the laboratory by several types of optical
radiation detectors; such as thermopiles, bolometers, pyroelec-
tric instruments, and radiometric meters. All UV measuring
devices are selective, and their sensitivity depends upon the
wavelength of the radiation being measured.

6.8.1.2 The most practical measurement tool suitable for
NDT fluorescent inspection is the radiometer. There are two
types of radiometers, one with a digital and one with an analog
response. The radiometer must have a filter system to limit the
meter response to the UV-A range (6.1.2) with either a top-hat
curve or a maximum response at 365 nm (3650 Å).

6.8.1.3 The digital meter is usually the meter of choice
because of its ease of use. Another advantage is that the digital
meter can measure high and low intensities of UV-A radiation
without using screens or a mask to restrict the amount of UV-A
radiation impinging on the sensor.

6.8.1.4 Digital meters generally have a sensor approxi-
mately 1 cm2, and contain specific optical components that
define the spectral range and convert the radiation into electri-
cal current. The current is then processed by the instrument’s
solid-state electronics and displayed digitally.

6.8.2 Visible Light Meters:
6.8.2.1 Just like UV-A meters, there are two types of visible

light meters, digital and analog. Visible light meters use
photodiodes to measure illuminance. Because photodiodes
may be sensitive to both visible light and UV, visible light
meters for use in fluorescent NDT must have filters to limit the
meter response to the visible spectrum (6.1.5).

Warning—Many meters available at the retail level or
purchased over the counter do not have the proper filters to
measure only visible light from 400 nm (4000 Å) to 760 nm
(7600 Å) according to 6.1.5.

6.8.2.2 Unlike UV-A radiometers, visible light meters can
provide illuminance readings in different units. Typical units
are lux (lx) or foot-candles (fc). 1 foot candle equals 10.76 lux.
Meter response in foot candles is generally used for NDT
inspections in the United States.

6.8.2.3 Photodiodes, photometers, or visible light meters are
not considered adequate for directly measuring the visible
emission of UV-A lamps.

7. UV-A/Visible Light Measurement

7.1 UV-A Light Measurement
7.1.1 UV-A sources are evaluated by measuring the emis-

sion in the UV-A range (6.1.2) at a specific distance. Measure-

ment distance is typically 38.1 cm (15 in.) from the face of the
UV-A pass filter or front of the source to the surface of the
sensor of the radiometer.

7.1.2 This measurement is performed for two reasons. The
first is to develop a history on the UV-A source and the second
is to ensure that the light output is in compliance with the
specification in use.

7.1.3 If the distance is controlled, then the irradiation of the
lamp can be observed and the degradation of the source can be
recorded to ensure that the bulb (if used) is replaced in a timely
manner. There are many types of fixtures that may be used to
control the measured distance. The measurement should be
taken from the face of the lamp (front of filter/source) to the top
surface of the sensor. With the distance controlled, irradiation
can be accurately measured. Many specifications define the
required distance and light irradiation. A minimum of 1000
μW/cm2 at 38.1 cm (15 in.) is typically specified.

NOTE 5—Turn on the UV-A lamp and allow it to warm up before
measuring light intensities.

7.2 Visible Light Contamination
7.2.1 Most specifications will list the maximum visible light

contamination allowable in the inspection area with few or no
guidelines defining where the measurement should be taken.
Since visible light contamination may interfere with UV-A
inspection, the concern is not how much visible light is in the
inspection area, but how much visible light is at the viewing
surface of the part or in the inspector’s eyes. It is recommended
that the visible light contamination measurement be taken at
the viewing surface. If visible light from a hole, seam, or other
source impinges upon the inspector’s eyes, it is recommended
that the light be eliminated or reduced as much as possible.

NOTE 6—Visible light contamination can come from walls, ceilings,
table tops, flooring, inspectors’ clothing, computers, or light from outside
the booth. (Any clothing that will fluoresce can cause white light
contamination.)

7.3 Visible Light Measurement
7.3.1 In the case of visible light, most sources are either on

or off. There is very little degradation, so the measurement is
made to ensure that enough light is available to perform a good
visual inspection. As discussed above, a visible light meter that
measures the visible range of the electromagnetic spectrum
should be used. The measurement should be taken from the
front of the bulb to the top surface of the sensor. This distance
may be fixed, or a minimum light intensity at the part surface
may be required for performing a visible light inspection.

NOTE 7—Line voltage variations will cause differences in the measured
light intensity. Tubular fluorescent white light intensity may fade with age
and use.

8. Safety Considerations for the Use of UV-A Irradiation

8.1 UV-A Exposure
8.1.1 There have been a number of studies undertaken to

provide a threshold limit for UV-A exposure. These studies
however, have produced at times contradictory results, with no
absolute values. For more information on threshold limit value
studies, consult: The American Conference of Governmental
Industrial Hygienists (ACGIH); ASNT Handbook, Volume 6
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Magnetic Particle Testing; or the Chemical & Engineering
News, August 4, 2003 edition, page 25.

NOTE 8—Photosensitive individuals or individuals exposed to photo-
sensitizing agents, such as special medication may have adverse health
effects when exposed to UV-A radiation.

8.2 Safety Considerations for UV-A Lamps
8.2.1 Although UV-A radiation is known to be relatively

safe compared to UV-B or UV-C radiation, all operators and
supervisors should be aware of certain safety precautions.
Personnel using UV-A sources should avoid looking directly at
the light with unshielded eyes. This could cause ocular
fluorescence and consequently lower the user’s ability to detect
an indication. The filter on the UV-A source must always be in
good condition and free from cracks, since radiation at wave-

lengths below 320 nm (3200 Å) is harmful and the visible light
emitted will be detrimental to the inspection. It is recom-
mended by most UV-A lamp manufacturers that users wear
non-photochromatic eyewear (goggles or glasses) when per-
forming inspections. The eyewear should be made of clear
optical material (not tinted) and possess UV-blocking capabili-
ties. It is also recommended by UV-A light manufacturers that
users wear long- sleeve clothing, gloves and a hat to minimize
direct exposure of radiation to the skin.

9. Keywords

9.1 electromagnetic spectrum; UV-A exposure limits; UV-A
light; UV-A measurement; UV-A radiometers; UV-A sources;
visible light contamination; visible light measurement; visible
light meters; visible light sources
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Standard Practice for
Measurement of Emission Characteristics and
Requirements for LED UV-A Lamps Used in Fluorescent
Penetrant and Magnetic Particle Testing

1. Scope

1.1 This practice covers the procedures for testing the
performance of ultraviolet A (UV-A), light emitting diode
(LED) lamps used in fluorescent penetrant and fluorescent
magnetic particle testing (see Guides E709 and E2297, and
Practices E165/E165M, E1208, E1209, E1210, E1219, E1417/
E1417M and E1444). This specification also includes report-
ing and performance requirements for UV-A LED lamps.

1.2 These tests are intended to be performed only by the
manufacturer to certify performance of specific lamp models
(housing, filter, diodes, electronic circuit design, optical
elements, cooling system, and power supply combination) and
also includes limited acceptance tests for individual lamps
delivered to the user. This test procedure is not intended to be
utilized by the end user.

1.3 This practice is only applicable for UV-A LED lamps
used in the examination process. This practice is not applicable
to mercury vapor, gas-discharge, arc or luminescent (fluores-
cent) lamps or light guides (for example, borescope light
sources).

1.4 The values stated in inch-pound units are to be regarded
as standard. The values given in parentheses are mathematical
conversions to SI units that are provided for information only
and are not considered standard.

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the

responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.6 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E165/E165M Practice for Liquid Penetrant Examination for

General Industry
E709 Guide for Magnetic Particle Testing
E1208 Practice for Fluorescent Liquid Penetrant Testing

Using the Lipophilic Post-Emulsification Process
E1209 Practice for Fluorescent Liquid Penetrant Testing

Using the Water-Washable Process
E1210 Practice for Fluorescent Liquid Penetrant Testing

Using the Hydrophilic Post-Emulsification Process
E1219 Practice for Fluorescent Liquid Penetrant Testing

Using the Solvent-Removable Process
E1316 Terminology for Nondestructive Examinations
E1348 Test Method for Transmittance and Color by Spec-

trophotometry Using Hemispherical Geometry
E1417/E1417M Practice for Liquid Penetrant Testing
E1444 Practice for Magnetic Particle Testing
E2297 Guide for Use of UV-A and Visible Light Sources and

Meters used in the Liquid Penetrant and Magnetic Particle
Methods

2.2 Other Standards:
ANSI/ISO/IEC 17025 General Requirements for the Com-

petence of Testing and Calibration Laboratories
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ANSI/NCSL Z540.3 Requirements for the Calibration of
Measuring and Test Equipment

3. Terminology

3.1 Definitions—General terms pertaining to ultraviolet A
(UV-A) radiation and visible light used in liquid penetrant and
magnetic examination are defined in Terminology E1316 and
shall apply to the terms used in this practice.

3.2 Definitions of Terms Specific to This Standard:
3.2.1 battery-powered hand-held lamp, n—lamp powered

by a battery used in either stationary or portable applications
where line power is not available or convenient.

3.2.1.1 Discussion—These lamps may also have the option
to be line-powered (that is, alternating current power supply).
Smaller lamps, often referred to as “flashlights” or “torches”
are used for portable examination of focused zones and often
have a single LED.

3.2.2 current ripple, n—unwanted residual periodic varia-
tion (spikes or surges) of the constant current that drives the
LED at a constant power level.

3.2.2.1 Discussion—Ripple is due to incomplete suppres-
sion of DC (peak to peak) variance resulting from the power
supply, stability of regulation circuitry, circuit design, and
quality of the electronic components.

3.2.3 excitation irradiance, n—irradiance calculated in the
range of 347 nm and 382 nm. This corresponds to the range of
wavelengths that effectively excite fluorescent penetrant dyes
(i.e. greater than 80% of relative peak excitation).

3.2.4 irradiance, E, n—radiant flux (power) per unit area
incident on a given surface. Typically measured in units of
micro-watts per square centimeter (μW/cm2).

3.2.5 lamp model, n—A lamp with specific design. Any
change to the lamp design requires a change in model
designation and complete qualification of the new model.

3.2.6 light-emitting diode, LED, n—solid state electronic
devices consisting of a semiconductor or semiconductor ele-
ments that emit radiation or light when powered by a current.

3.2.6.1 Discussion—LEDs emit a relatively narrow band-
width spectrum when a specific current flows through the chip.
The emitted wavelengths are determined by the semiconductor
material and the doping. The intensity and wavelength can
change depending on the current, age, and chip temperature.

3.2.7 line-powered lamp, n—corded hand-held or overhead
lamps that are line-powered and typically used for stationary
inspections within a controlled production environment.

3.2.7.1 Discussion—These lamps are used for examination
of both small and large inspection zones and consist of an LED
array. Overhead lamps are used in a stationary inspection booth
to flood the inspection area with UV-A radiation. Handheld
lamps are used to flood smaller regions with UV-A radiation
and can also be used in portable applications where line power
is available.

3.2.8 minimum working distance, n—the distance from the
inspection surface where the lamp beam profile begins to
exhibit non-uniformity.

3.2.9 transmittance, τ—ratio of the radiant flux transmitted
through a body to that incident upon it.

4. Significance and Use

4.1 UV-A lamps are used in fluorescent penetrant and
magnetic particle examination processes to excite fluorophores
(dyes or pigments) to maximize the contrast and detection of
discontinuities. The fluorescent dyes/pigments absorb energy
from the UV-A radiation and re-emit visible light when
reverting to its ground state. This excitation energy conversion
allows fluorescence to be observed by the human eye.

4.2 The emitted spectra of UV-A lamps can greatly affect
the efficiency of dye/pigment fluorescent excitation.

4.3 Some high-intensity UV-A lamps can produce irradiance
greater than 10 000 μW/cm2 at 15 in. (381 mm). All high-
intensity UV-A light sources can cause fluorescent dye fade
and increase exposure of the inspector’s unprotected eyes and
skin to high levels of damaging radiation.

4.4 UV-A lamps can emit unwanted visible light and harm-
ful UV radiation if not properly filtered. Visible light contami-
nation above 400 nm can interfere with the inspection process
and must be controlled to minimize reflected glare and maxi-
mize the contrast of the indication. UV-B and UV-C contami-
nation must also be eliminated to prevent exposure to harmful
radiation.

4.5 Pulse Width Modulation (PWM) and Pulse Firing (PF)
of UV-A LED circuits are not permitted.

NOTE 1—The ability of existing UV-A radiometers and spectroradiom-
eters to accurately measure the irradiance of pulse width modulated or
pulsed fired LEDs and the effect of pulsed firing on indication detectability
is not well understood.

5. Classifications

5.1 LED UV-A lamps used for nondestructive testing shall
be of the following types:

5.1.1 Type A—Line-powered lamps (LED arrays for hand-
held and overhead applications) (3.2.5 and 3.2.6).

5.1.2 Type B—Battery powered hand-held lamps (LED ar-
rays for stationary and portable applications) (3.2.1).

5.1.3 Type C—Battery powered, handheld lamps (single
LED flashlight or torch for special applications) (3.2.1, Dis-
cussion).

6. Apparatus

6.1 UV-A Radiometer, designed for measuring the irradiance
of electromagnetic radiation. UV-A radiometers use a filter and
sensor system to produce a bell-shaped (i.e. Gaussian) response
at 365 nm (3650 Å) or top-hat responsivity centered near
365 nm (3650 Å). 365 nm (3650 Å) is the peak wavelength
where most penetrant fluorescent dyes exhibit the greatest
fluorescence. Ultraviolet radiometers shall be calibrated in
accordance with ANSI/ISO/IEC 17025, ANSI/NCSL Z540.3,
or equivalent. Radiometers shall be digital and provide a
resolution of at least 5 μW/cm2. The sensor front end aperture
width or diameter shall not be greater than 0.5 in. (12.7 mm).

NOTE 2— Photometers or visible light meters are not considered
adequate for measuring the visible emission of UV-A lamps which
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generally have wavelengths in the 400 nm to 450 nm range.

6.2 Spectroradiometer, designed to measure the spectral
irradiance and absolute irradiance of electromagnetic emission
sources. Measurement of spectral irradiance requires that such
instruments be coupled to an integrating sphere or cosine
corrector. This spectroradiometer shall have a resolution of at
least 0.5 nm and a minimum signal-to-noise ratio of 50:1. The
system shall be capable of measuring absolute spectral irradi-
ance over a minimum range of 300 to 400 nm.

6.2.1 The system shall be calibrated using emission source
reference standards.

6.3 Spectrophotometer, designed to measure transmittance
or color coordinates of transmitting specimens. The system
shall be able to perform a measurement of regular spectral
transmittance over a minimum range of 300 to 800 nm.

7. Test Requirements

7.1 Lamp models used for nondestructive testing (NDT)
shall be tested in accordance with the requirements of Table 1.

7.2 LEDs of UV-A Lamps shall be continuously powered
with the LED drive current exhibiting minimum ripple (see
7.6.5). The projected beam shall also not exhibit any perceiv-
able variability in projected beam intensity (i.e. strobing,
flicker, etc.) (see 7.4.6).

7.3 Maximum Irradiance—Fixture the UV-A lamp 15 6
0.25 in (381 6 6 mm) above the surface of a flat, level
workbench with the projected beam orthogonal to the work-
bench surface. The lamp face shall be parallel to the bench
within 60.25 in. (66 mm). Ensure that battery-powered lamps
(Types B and C) are fully charged. Turn on the lamp and allow
to stabilize for 5 min. Place a UV-A radiometer, conforming to
6.1, on the workbench. Adjust the lamp position such that the
filter of the lamp is 15.0 6 0.25 in. (381 6 12.7 mm) from the
radiometer sensor. Scan the radiometer across the projected

beam in two orthogonal directions to locate the point of
maximum irradiance. Record the maximum irradiance value.

7.4 Beam Irradiance Profile—Affix the UV-A lamp above
the surface of a flat, workbench with the projected beam
orthogonal to the workbench surface.

7.4.1 Type A lamps shall be supplied with alternating
current (ac) power supply at the manufacturer’s rated power
requirement. Power conditioning shall be used to ensure a
stable power supply free of voltage spikes, ripples, or surges
from the power supply network.

7.4.2 Type B and C lamps shall be powered using a constant
voltage power direct current (DC) supply that provides con-
stant DC power at the rated, fully charged battery voltage
60.5 V.

7.4.3 The UV-A lamp shall be turned on and allowed to
stabilize for a minimum of 30 min before taking measure-
ments.

7.4.4 Place the UV-A radiometer on the workbench. Adjust
the lamp position such that the face of the lamp is 15.0 6
0.25 in. (381 6 6 mm) from the radiometer sensor. Scan the
radiometer across the projected beam in two orthogonal
directions to locate the point of maximum irradiance. Record
this location as the zero point. Using a 0.5-in. (12.7-mm) grid,
translate the radiometer across the projected beam in 0.5-in.
(12.7-mm) increments to generate a two-dimensional (2-D)
plot of the beam profile (irradiance versus position). Position
the radiometer using either an x-y scanner or by manually
scanning. When manually scanning, use a sheet with 0.5-in.
(1.27-cm) or finer squares and record the irradiance value in
the center of each square. The beam irradiance profile shall
extend to the point at which the irradiance drops below
200 μW ⁄cm2.

7.4.5 Generate and report the 2-D plot of the beam irradi-
ance profile (see Fig. 1). Map the range of irradiance from 200
to 1000 μW/cm2, >1000 to 5000 μW/cm2, >5000 to 10 000
μW/cm2, >10 000 μW ⁄cm2. Report the minimum beam diam-
eter at 1000 and 200 μW/cm2.

NOTE 3—The defined ranges are minimums. Additional ranges are
permitted.

7.4.6 During the observations of 7.4.1 through 7.4.5, note
any output power variations indicated by perceived changes in
projected beam intensity, flicker, or strobing. Any variations in
observed beam intensity, flicker, or strobing are unacceptable.

7.5 Minimum Working Distance—Affix the lamp approxi-
mately 36 in. (900 mm) above a flat, level workbench covered
with plain white paper. The projected beam shall be orthogonal
to the covered workbench surface.

7.5.1 Measurements shall be performed in a darkened envi-
ronment with less than 2 fc (21.5 lux) of ambient light and a
stable temperature at 77 6 5°F (25 63°C).

7.5.2 Ensure that battery-powered lamps are fully charged.
The UV-A lamp shall be turned on and allowed to stabilize for
a minimum of 30 min before taking measurements.

7.5.3 Observe the beam pattern produced on the paper.
Lower the lamp until the beam pattern exhibits visible non-
uniformity or reduction in intensity between the individual
beams generated by each LED element or by irregularities in

TABLE 1 UV-A LED Lamp Test Requirements by Lamp Model

Type Test Requirements

A

7.3 Maximum Irradiance
7.4 Beam Irradiance Profile
7.5 Minimum Working Distance
7.6 Temperature Stability
7.6.1 Maximum Housing Temperature
7.6.4 Emission Spectrum
7.6.4.7 Peak Wavelength
7.6.4.8 Full Width Half Maximum (FWHM)
7.6.4.8 Longest Wavelength at Half Maximum
7.6.4.9 Excitation Irradiance
7.6.5 Current Ripple
7.8 Filter Transmittance

B, C

7.3 Maximum Irradiance
7.4 Beam Irradiance Profile
7.5 Minimum Working Distance
7.6 Temperature Stability
7.6.1 Maximum Housing Temperature
7.6.4 Emission Spectrum
7.6.4.8 Full Width Half Maximum (FWHM)
7.6.4.8 Longest Wavelength at Half Maximum
7.6.4.9 Excitation Irradiance
7.6.5 Current Ripple
7.7 Typical Battery Discharge Time and Discharge Plot
7.8 Filter Transmittance
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the lamp’s optical path (Fig. 2). Measure the distance from the

FIG. 1 Example of Beam Irradiance Profile

FIG. 2 Example of Univorm and Non-Uniform Projected Beams for Determining Minimum Working Distance
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lamp face to workbench surface. Record this measurement as
the minimum working distance.

7.6 Temperature Stability—Emission Spectrum, Excitation
Irradiance, Current Ripple—Testing shall be performed in two
steps, at ambient temperature conditions and at the maximum
operating temperature reported by the manufacturer.

7.6.1 For ambient temperature testing conducted in 7.6.2
perform the following measurements:

(a) Emission spectrum (7.6.4.1 through 7.6.4.8),
(b) Excitation irradiance (7.6.4.9),
(c) Maximum lamp housing temperature, and
(d) Current ripple (7.6.5).

For elevated temperature tests conducted in 7.6.3 perform
the following measurements:

(a) Emission spectrum (7.6.4.1 through 7.6.4.8),
(b) Excitation irradiance (7.6.4.9), and
(c) Current ripple (7.6.5).

7.6.2 Ambient Temperature Test—At lamp switch-on, per-
form the measurements defined by 7.6.4. Repeat the measure-
ments every 30 min until the peak wavelength varies by no
more than 61 nm and the excitation irradiance does not vary
more than 5% over three consecutive measurements. Once
stabilized, measure the current ripple (7.6.5).

7.6.3 Elevated Temperature Test—Affix the lamp in an
environmental chamber. Adjust the lamp and spectroradiom-
eter position such that the filter of the lamp is 15.0 6 0.25 in.
(381 6 6 mm) from the sensor aperture of the spectroradiom-
eter. Adjust the lamp position such that the beam is centered on
the sensor aperture. If the lamp uses a transformer or other
power supply, those components shall also be placed in the
environmental chamber. The change in temperature within the
chamber shall not affect the accuracy of the measurements.

7.6.3.1 Set the chamber temperature to the maximum manu-
facturer’s specified operating temperature of the lamp. At lamp
switch on, perform the measurements defined by 7.6.4. Repeat

the measurements every 30 min until the peak wavelength
varies by no more than 61 nm and the excitation irradiance
does not vary more than 5% over three consecutive measure-
ments. Once stabilized, measure the current ripple (7.6.5).

7.6.4 Emission Spectrum Measurement

7.6.4.1 Measurements shall be performed under dark labo-
ratory conditions with a stable temperature.

7.6.4.2 A spectroradiometer conforming to 6.2 shall be used
to collect data.

7.6.4.3 Power conditioning shall be used for both the
spectroradiometer and Type A lamps to ensure a stable power
supply free from voltage spikes, ripple, or surges from the
power supply network.

7.6.4.4 Type B and C lamps may be powered using a
constant voltage power DC supply that provides constant DC
power at the rated, fully charged battery voltage 60.5 V.

7.6.4.5 Adjust the lamp position such that the filter of the
lamp is 15.0 6 0.25 in. (381 6 6 mm) from the spectroradi-
ometer sensor aperture and the beam maximum irradiance is
centered on the sensor aperture.

7.6.4.6 Measure and plot the emission spectrum between
300 and 400 nm (minimum range).

7.6.4.7 Determine the peak wavelength (i.e. wavelength
with maximum spectral irradiance). See Fig. 3.

7.6.4.8 Calculate the width of the plotted spectrum at 50%
of maximum spectral irradiance. Report this as the full-width-
half maximum (FWHM) in nanometers. Also determine the
longest wavelength at 50% of maximum spectral irradiance
(i.e. half maximum). See Fig. 3.

7.6.4.9 Calculate the excitation irradiance in μW/cm2, us-
ing:

Excitation Irradiance 5 *
347

382
N~λ! dλ (1)

FIG. 3 Determination of Peak Wavelength, FWHM, and Longest Wavelength at Half Maximum (HM)



ASME BPVC.V-2023 ARTICLE 24, SE-3022

747

where:
N(λ) = spectral irradiance (μW/cm2 nm) and
dλ = 1 nm (maximum interval)

7.6.5 Current Ripple—Stability of the LED Current
7.6.5.1 Purpose of the Measurement—The LED drive cur-

rent shall be stable and continuous and not result in pulsing or
flickering during operation.

NOTE 4—High frequency current instability (kHz to MHz range) is
typically caused by switching of the regulated circuit, whereas low
frequency instability (i.e. less than 0.5 Hz range) is often the result of
external influences such line current variation or current regulation
circuitry.

7.6.5.2 Measurement of the LED Current—The measure-
ment of the variation of LED drive current shall be performed
for every LED-circuit in a system without any changes to the
circuit.

(1) The signal-to-noise ratio of the measured signal shall be
at least 200:1.

(2) The physical vertical resolution of the measuring sys-
tem (voltage scale) shall be at least 20 times greater than the
ratio of the maximum allowed peak-to-peak-variation.

(3) The physical horizontal resolution of the measuring
system (for the bandwidth/time scale) shall be at least 10 times
the maximum switching frequency of the circuitry.

7.7 Typical Battery Discharge Time (Type B and Type C
Lamps):

7.7.1 Affix the UV-A lamp 15 in. (381 mm) above a flat
workbench with the projected beam orthogonal to the work-

bench surface. The battery shall be fully charged before
starting measurements.

7.7.2 Place a UV-A radiometer, conforming to the require-
ments of 6.1, on the workbench. Adjust the lamp position such
that the face of the lamp is 15.0 6 0.25 in. (381 6 6 mm) from
the radiometer sensor.

7.7.3 Scan the radiometer across the projected beam to
locate the point of maximum irradiance. Plot the elapsed time
versus measured irradiance (see Fig. 4).

7.7.4 The typical battery discharge time is the total elapsed
time from lamp turn-on to the time at which the lamp
irradiance falls below 1000 μW/cm2. Report the battery type,
typical battery discharge time and discharge (time versus
irradiance) plot.

7.8 Filter Transmittance (Regular Spectral
Transmittance)—Filters shall be required on all UV-A lamps
used for fluorescent penetrant and magnetic particle inspection
to reduce visible light and UV-B and UV-C emission. The
spectral transmission properties of the filter shall be measured
between 300 and 800 nm using a spectrophotometer providing
a resolution of 0.5 nm and 0.01 % of relative peak transmit-
tance throughout the measurement range (see Practice E1348).
A quartz tungsten halogen irradiance standard (i.e. tungsten
coiled-coil filament enclosed in a quartz envelope) shall be
used as the radiation source. Report the spectral transmittance
curve and the nominal transmittance at 365 nm, 380 nm,
400 nm, 420 nm, 425 nm, 550 nm and 670 nm. An example of

FIG. 4 Examples of Irradiance Change Over TIme Due to Battery Depletion
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a typical spectral transmission curve for a UV-A lamp filter is
shown in Fig. 5. Also measure and report the minimum filter
thickness.

8. Acceptance Test

8.1 The following tests shall be performed on each lamp
delivered to the customer (Table 2).

TABLE 2 Acceptance Test Requirements for Each UV-A LED
Lamp

Type Test Requirements

A, B, C

7.3 Maximum Irradiance
7.6.4 Emission Spectrum
7.6.4.7 Peak Wavelength
7.6.4.8 Full Width Half Maximum (FWHM)
7.6.4.8 Longest Wavelength at Half Maximum

8.1.1 Maximum irradiance (ambient conditions only) (7.3),
8.1.2 Emission spectrum (ambient conditions only) (7.6.4)

at the stabilization time determined by 7.6.2,
8.1.3 Peak wavelength (7.6.4.7) at the stabilization time

determined by 7.6.2,
8.1.4 FWHM (7.6.4.8) (Fig. 3), and
8.1.5 Longest wavelength at half maximum (7.6.4.8) (Fig.

3).

9. Performance Requirements

9.1 UV-A lamps tested in accordance with this specification
shall meet the minimum performance requirements defined in
Table 3.

10. Report

10.1 The manufacturer shall provide a certification of con-
formance that the lamp model meets the requirements of this
standard. The certification shall be provided with each lamp
supplied to the customer and shall include the results of the
following lamp model tests.

10.1.1 Maximum irradiance (7.3),

10.1.2 Beam irradiance profile plot (7.4),
10.1.3 Minimum working distance (7.5),
10.1.4 Ambient temperature testing (switch-on and at stabi-

lization):
10.1.4.1 Maximum lamp housing temperature at stabiliza-

tion (7.6.1),
10.1.4.2 Emission spectrum (7.6.4.6),
10.1.4.3 Peak wavelength (7.6.4.7) (Fig. 3),
10.1.4.4 FWHM (7.6.4.8) (Fig. 3),
10.1.4.5 Longest wavelength at half maximum (7.6.4.8)

(Fig. 3),
10.1.4.6 Excitation irradiance (7.6.4.9), and
10.1.4.7 Current ripple (at stabilization only) (7.6.5);
10.1.5 Elevated Temperature Conditions (at stabilization

only):
10.1.5.1 Emission spectrum (7.6.4.6),
10.1.5.2 Peak wavelength (7.6.4.7) (Fig. 3),
10.1.5.3 FWHM (7.6.4.8) (Fig. 3),
10.1.5.4 Longest wavelength at half maximum (7.6.4.8)

(Fig. 3),
10.1.5.5 Excitation irradiance (7.6.4.9),
10.1.5.6 Current ripple (at stabilization only) (7.6.5), and
10.1.5.7 Maximum operating temperature meeting the re-

quirements of Table 3;
10.1.6 Battery type, typical battery discharge time, and

discharge plot for Types B and C (7.7), and
10.1.7 Filter transmittance at 365 nm, 380 nm, 400 nm,

420 nm, 425 nm, 450 nm, 550 nm and 670 nm. Filter thickness
(7.8).

10.2 The manufacturer shall provide with each lamp sup-
plied to the customer a certification of conformance that the
delivered lamp meets the technical requirements of Table 3 as
tested in accordance with Section 8.

FIG. 5 Regular Spectral Transmittance for a Typical UV-A Lamp Filter
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11. Keywords

11.1 fluorescent magnetic particle inspection; fluorescent
penetrant inspection; irradiance; spectroradiometer; transmit-
tance

TABLE 3 UV-A LED Lamp Performance Requirements

Requirement Type A Type B Type C
Beam Irradiance Profile (7.4) Hand-held Lamps $5 in. (127 mm)

at $1000 μW/cm2

(smallest dimension)

$5 in. (127 mm)
at $1000 μW/cm2

(smallest dimension)

$3 in. (76 mm)
at $1000 μW/cm2

(smallest dimension)

Beam Irradiance Profile (7.4) Overhead Lamps Report

Minimum Working Distance (7.5) Report

Maximum Housing Temperature at Ambient Conditions (7.6.1) 120 °F (48.9 °C)

Peak Wavelength — Switch On, Ambient, and Elevated Temperature (7.6.4.7) 360 nm to 370 nm

FWHM (7.6.4.8) #15 nm

Longest Wavelength at Half Maximum (7.6.4.8) 377 nm

Excitation Irradiance — Ambient and Elevated Temperature (7.6.4.9) $2000 μW/cm2

Current Ripple — Ambient and Elevated Temperature (7.6.5) #5% (peak-to-peak)

Typical Battery Discharge Time (7.7) Report

Filter Transmittance (7.8) 380 nm # 85%
400 nm #30%
420 nm #5%

425 to 670 nm #0.2%
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Standard Guide for
Magnetic Particle Testing

1. Scope

1.1 This guide covers techniques for both dry and wet
magnetic particle testing, a nondestructive method for detect-
ing cracks and other discontinuities at or near the surface in
ferromagnetic materials. Magnetic particle testing may be
applied to raw material, semifinished material (billets, blooms,
castings, and forgings), finished material and welds, regardless
of heat treatment or lack thereof. It is useful for preventive
maintenance testing.

1.1.1 This guide is intended as a reference to aid in the
preparation of specifications/standards, procedures and tech-
niques.

1.2 This guide is also a reference that may be used as
follows:

1.2.1 To establish a means by which magnetic particle
testing, procedures recommended or required by individual
organizations, can be reviewed to evaluate their applicability
and completeness.

1.2.2 To aid in the organization of the facilities and person-
nel concerned in magnetic particle testing.

1.2.3 To aid in the preparation of procedures dealing with
the examination of materials and parts. This guide describes
magnetic particle testing techniques that are recommended for
a great variety of sizes and shapes of ferromagnetic materials
and widely varying examination requirements. Since there are
many acceptable differences in both procedure and technique,
the explicit requirements should be covered by a written
procedure (see Section 21).

1.3 This guide does not indicate, suggest, or specify accep-
tance standards for parts/pieces examined by these techniques.
It should be pointed out, however, that after indications have
been produced, they must be interpreted or classified and then
evaluated. For this purpose there should be a separate code,
specification, or a specific agreement to define the type, size,

location, degree of alignment and spacing, area concentration,
and orientation of indications that are unacceptable in a specific
part versus those which need not be removed before part
acceptance. Conditions where rework or repair is not permitted
should be specified.

1.4 This guide describes the use of the following magnetic
particle method techniques.

1.4.1 Dry magnetic powder (see 8.4),
1.4.2 Wet magnetic particle (see 8.5),
1.4.3 Magnetic slurry/paint magnetic particle (see 8.5.7),

and
1.4.4 Polymer magnetic particle (see 8.5.8).

1.5 Personnel Qualification—Personnel performing exami-
nations in accordance with this guide should be qualified and
certified in accordance with ASNT Recommended Practice No.
SNT-TC-1A, ANSI/ASNT Standard CP-189, NAS 410, or as
specified in the contract or purchase order.

1.6 Nondestructive Testing Agency—If a nondestructive
testing agency as described in Practice E543 is used to perform
the examination, the nondestructive testing agency should meet
the requirements of Practice E543.

1.7 The values stated in inch-pound units are to be regarded
as standard. The values given in parentheses are mathematical
conversions to SI units that are provided for information only
and are not considered standard.

1.8 Warning: Mercury has been designated by many regu-
latory agencies as a hazardous material that can cause serious
medical issues. Mercury, or its vapor, has been demonstrated
to be hazardous to health and corrosive to materials. Caution
should be taken when handling mercury and mercury contain-
ing products. See the applicable product Safety Data Sheet
(SDS) for additional information. Users should be aware that
selling mercury and/or mercury containing products into your
state or country may be prohibited by law.

1.9 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.
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2. Referenced Documents

2.1 ASTM Standards:
D93 Test Methods for Flash Point by Pensky-Martens

Closed Cup Tester
D445 Test Method for Kinematic Viscosity of Transparent

and Opaque Liquids (and Calculation of Dynamic Viscos-
ity)

E165/E165M Practice for Liquid Penetrant Examination for
General Industry

E543 Specification for Agencies Performing Nondestructive
Testing

E1316 Terminology for Nondestructive Examinations
E1444/E1444M Practice for Magnetic Particle Testing
2.2 Society of Automotive Engineers (SAE): Aerospace Ma-

terials Specifications:
AMS 2300 Premium Aircraft Quality Steel Cleanliness

Magnetic Particle Inspection Procedure
AMS 2301 Aircraft Quality Steel Cleanliness Magnetic Par-

ticle Inspection Procedure
AMS 2303 Aircraft Quality Steel Cleanliness Martensitic

Corrosion Resistant Steels Magnetic Particle Inspection
Procedure

AMS 2641 Vehicle Magnetic Particle Inspection
AMS 3040 Magnetic Particles, Non-fluorescent, Dry

Method
AMS 3041 Magnetic Particles, Non-fluorescent, Wet

Method, Oil Vehicle, Ready to Use
AMS 3042 Magnetic Particles, Non-fluorescent, Wet

Method, Dry Powder
AMS 3043 Magnetic Particles, Non-fluorescent, Oil Vehicle,

Aerosol Packaged
AMS 3044 Magnetic Particles, Fluorescent, Wet Method,

Dry Powder
AMS 3045 Magnetic Particles, Non-fluorescent, Wet

Method, Oil Vehicle, Ready to Use
AMS 3046 Magnetic Particles, Non-fluorescent, Wet

Method, Oil Vehicle, Aerosol Packaged
AMS 5062 Steel, Low Carbon Bars, Forgings, Tubing,

Sheet, Strip, and Plate 0.25 Carbon, Maximum
AMS 5355 Investment Castings
AMS-I-83387 Inspection Process, Magnetic Rubber
AS 4792 Water Conditioning Agents for Aqueous Magnetic

Particle Inspection
AS 5282 Tool Steel Ring Standard for Magnetic Particle

Inspection
AS 5371 Reference Standards Notched Shims for Magnetic

Particle Inspection
2.3 American Society for Nondestructive Testing:
SNT-TC-1A Personnel Qualification and Certification in

Nondestructive Testing

CP-189 ASNT Qualification and Certification of Nonde-
structive Testing Personnel

2.4 Federal Standards:
A-A-59230 Fluid, Magnetic Particle Inspection, Suspension
FED-STD 313 Material Safety Data Sheets Preparation and

the Submission of
2.5 OSHA Document:
29CFR 1910.1200 Hazard Communication
2.6 AIA Documents:
NAS 410 Nondestructive Testing Personnel Qualification

and Certification

3. Terminology

3.1 For definitions of terms used in the practice, refer to
Terminology E1316.

4. Summary of Guide

4.1 Principle—The magnetic particle method is based on
establishing a magnetic field with high flux density in a
ferromagnetic material. The flux lines must spread out when
they pass through non-ferromagnetic material such as air in a
discontinuity or an inclusion. Because flux lines can not cross,
this spreading action may force some of the flux lines out of the
material (flux leakage). Flux leakage is also caused by reduc-
tion in ferromagnetic material (cross-sectional change), a sharp
dimensional change, or the end of the part. If the flux leakage
is strong enough, fine magnetic particles will be held in place
and an accumulation of particles will be visible under the
proper lighting conditions. While there are variations in the
magnetic particle method, they all are dependent on this
principle, that magnetic particles will be retained at the
locations of magnetic flux leakage. The amount of flux leakage
at discontinuities depends primarily on the following factors:
flux density in the material, and size, orientation, and proximity
to the surface of a discontinuity. With longitudinal fields, all of
the flux lines must complete their loops though air and an
excessively strong magnetic field may interfere with examina-
tion near the flux entry and exit points due to the high
flux-density present at these points.

4.2 Method—While this practice permits and describes
many variables in equipment, materials, and procedures, there
are three steps essential to the method:

4.2.1 The part must be magnetized.
4.2.2 Magnetic particles of the type designated in the

contract/purchase order/specification should be applied while
the part is magnetized or immediately thereafter.

4.2.3 Any accumulation of magnetic particles must be
observed, interpreted, and evaluated.

4.3 Magnetization:
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4.3.1 Ways to Magnetize—A ferromagnetic material can be
magnetized either by passing an electric current through the
material or by placing the material within a magnetic field
originated by an external source. The entire mass or a portion
of the mass can be magnetized as dictated by size and
equipment capacity or need. As previously noted, in order to be
detectable, the discontinuity must interrupt the normal path of
the magnetic field lines. If a discontinuity is open to the
surface, the flux leakage attracting the particles will be at the
maximum value for that particular discontinuity. When that
same discontinuity is below the surface, flux leakage evident
on the surface will be a lesser value.

4.3.2 Field Direction—If a discontinuity is oriented parallel
to the magnetic field lines, it may be essentially undetectable.
Therefore, since discontinuities may occur in any orientation, it
may be necessary to magnetize the part or the area of interest
twice or more sequentially in different directions by the same
method or a combination of different methods (see Section 13)
to induce magnetic field lines in a suitable direction in which
to perform an adequate examination.

4.3.3 Field Strength—The magnetic field must be of suffi-
cient strength to indicate those discontinuities which are
unacceptable, yet must not be so strong that an excess of local
particle accumulation masks relevant indications (see Section
14).

4.4 Types of Magnetic Particles and Their Use—There are
various types of magnetic particles available for use in mag-
netic particle testing. They are available as dry powders
(fluorescent and nonfluorescent) ready for use as supplied (see
8.4), powder concentrates (fluorescent and nonfluorescent) for
dispersion in water or suspending in light petroleum distillates
(see 8.5), magnetic slurries/paints (see 8.5.7), and magnetic
polymer dispersions (see 8.5.8).

4.5 Evaluation of Indications—When the material to be
examined has been properly magnetized, the magnetic particles
have been properly applied, and the excess particles properly
removed, there will be accumulations of magnetic particles
remaining at the points of flux leakage. These accumulations
show the distortion of the magnetic field and are called
indications. Without disturbing the particles, the indications
must be examined, classified, compared with the acceptance

standards, and a decision made concerning the disposition of
the material that contains the indication.

4.6 Typical Magnetic Particle Indications:
4.6.1 Surface Discontinuities—Surface discontinuities, with

few exceptions, produce sharp, distinct patterns (see Annex
A1).

4.6.2 Near-surface Discontinuities—Near-surface disconti-
nuities produce less distinct indications than those open to the
surface. The patterns tend to be broad, rather than sharp, and
the particles are less tightly held (see Annex A1).

5. Significance and Use

5.1 The magnetic particle method of nondestructive testing
indicates the presence of surface and near-surface discontinui-
ties in materials that can be magnetized (ferromagnetic). This
method can be used for production examination of parts/
components or structures and for field applications where
portability of equipment and accessibility to the area to be
examined are factors. The ability of the method to find small
discontinuities can be enhanced by using fluorescent particles
suspended in a suitable vehicle and by introducing a magnetic
field of the proper strength whose orientation is as close as
possible to 90° to the direction of the suspected discontinuity
(see 4.3.2). A smoother surface or a pulsed current improves
mobility of the magnetic particles under the influence of the
magnetic field to collect on the surface where magnetic flux
leakage occurs.

6. Equipment

6.1 Types—There are a number of types of equipment
available for magnetizing ferromagnetic parts and components.
With the exception of a permanent magnet, all equipment
requires a power source capable of delivering the required
current levels to produce the magnetic field. The current used
dictates the sizes of cables and the capability of relays,
switching contacts, meters and rectifier if the power source is
alternating current.

6.2 Portability—Portability, which includes the ability to
hand carry the equipment, can be obtained from yokes,
portable coils with power supplies, and capacitor discharge
power supplies with cables. Generally, portable coils provide

FIG. 1 Yoke Method of Part Magnetization
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high magnetizing forces by using higher numbers of turns to
compensate for their lower current flow. Capacitor discharge
units use high current storage capacity and provide these high
current levels for only a very short duration.

6.3 Yokes—Yokes are usually C-shaped electromagnets
which induce a magnetic field between the poles (legs) and are
used for local magnetization (Fig. 1). Many portable yokes
have articulated legs (poles) that allow the legs to be adjusted
to contact irregular surfaces or two surfaces that join at an
angle.

6.3.1 Permanent Magnets—Permanent magnets are avail-
able but their use may be restricted for many applications. This
restriction may be due to application impracticality, or due to
the specifications governing the examination. Permanent mag-
nets can lose their magnetic field generating capacity by being
partially demagnetized by a stronger flux field, being damaged,
or dropped. In addition, the particle mobility created by AC
current or HW current pulsations produced by electromagnetic
yokes are not present. Particles, steel filings, chips, and scale
clinging to the poles can create a housekeeping problem.

6.4 Prods—Prods are used for local magnetizations, see Fig.
2. The prod tips that contact the piece should be aluminum,

copper braid, or copper pads rather than solid copper. With
solid copper tips, accidental arcing during prod placement or
removal can cause copper penetration into the surface which
may result in metallurgical damage (softening, hardening,
cracking, etc.). Open-circuit voltages should not exceed 25 V.

6.4.1 Remote Control Switch—A remote-control switch,
which may be built into the prod handles, should be provided
to permit the current to be turned on after the prods have been
properly placed and to turn it off before the prods are removed
in order to prevent arcing (arc burns).

6.5 Bench Unit—A typical bench type unit is shown in Fig.
3. The unit normally is furnished with a head/tailstock combi-
nation along with a fixed coil (see Fig. 4).

6.6 UV-A Lights (Black Light)—which are portable, hand-
held, permanently mounted or fixed, and used to examine parts,
should be checked for output at the frequency specified in
Table 2 and after bulb replacement. A longer period may be
used if a plan justifying this extension is prepared by the NDT
facility or its delegate. Minimum acceptable intensity is 1000
μW/cm2 at the examination surface.

NOTE 1—When using a mercury vapor style lamp, a change in line

FIG. 2
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voltage greater than 610 % can cause a change in light output and
consequential loss of inspection performance. A constant voltage trans-
former may be used where there is evidence of voltage changes greater
than 10 %.

NOTE 2—Some UV-A sources other than mercury vapor, for example,
micro-discharge, LED, etc., have been shown to have emission charac-
teristics such as excessive visible light and UV intensity that may result in
fluorescent fade, veiling glare, etc., all of which can significantly degrade
examination reliability.

6.6.1 UV-A lights that use a UV-A LED source shall
produce a peak wavelength at 365 to 370 nanometers as
measured with a spectroradiaometer. When requested, the
manufacturer shall provide a certification thereof.

6.6.2 Battery-powered UV-A lights used to examine parts
shall have their intensity measured prior to use and after each
use.

6.7 Equipment Verification—See Section 20.

7. Examination Area

7.1 Light Intensity for Examination—Magnetic indications
found using nonfluorescent particles are examined under vis-
ible light. Indications found using fluorescent particles must be
examined under UV-A (black) light. This requires a darkened
area with accompanying control of the visible light intensity.

7.1.1 Visible Light Intensity—The intensity of the visible
light at the surface of the part/work piece undergoing nonfluo-
rescent particle examination is recommended to be a minimum
of 100 foot candles (1076 lux).

7.1.1.1 Field Examinations—For some field examinations
using nonfluorescent particles, visible light intensities as low as
50 foot candles (538 lux) may be used when agreed on by the
contracting agency.

7.1.1.2 Ambient Visible Light—The intensity of ambient
visible light in the darkened area where fluorescent magnetic
particle testing is performed is recommended to not exceed 2
foot candles (21.5 lux).

7.1.2 UV-A (Black) Light:
7.1.2.1 UV-A (Black Light) Intensity—The UV-A irradiance

at the examination surface is recommended to not be less than
1000 μW/cm2 when measured with a suitable UV-A radiom-
eter.

7.1.2.2 UV-A (Black Light) Warm-up—When using a mer-
cury vapor bulb, allow the UV-A (black) light to warm up for
a minimum of five minutes prior to its use or measurement of
the intensity of the ultraviolet light emitted.

7.1.3 Dark Area Eye Adaptation—The generally accepted
practice is that an inspector be in the darkened area at least one
(1) minute so that his or her eyes will adapt to dark viewing
prior to examining parts under UV illumination. (Warning—
Photochromic or permanently tinted lenses should not be worn
during examination.)

7.2 Housekeeping—The examination area should be kept
free of interfering debris. If fluorescent materials are involved,
the area should also be kept free of fluorescent objects not
related to the part/piece being examined.

8. Magnetic Particle Materials

8.1 Magnetic Particle Properties:
8.1.1 Dry Particle Properties—AMS 3040 describes the

generally accepted properties of dry method particles.
8.1.2 Wet Particle Properties—The following documents

describe the generally accepted properties of wet method
particles in their various forms:

AMS 3041 Magnetic Particles, Non-fluorescent, Wet
Method, Oil Vehicle, Ready to Use

AMS 3042 Magnetic Particles, Non-fluorescent, Wet
Method, Dry Powder

AMS 3043 Magnetic Particles, Non-fluorescent, Oil
Vehicle, Aerosol Packaged

AMS 3044 Magnetic Particles, Fluorescent, Wet Method,
Dry Powder

AMS 3045 Magnetic Particles, Non-fluorescent, Wet
Method, Oil Vehicle, Ready to Use

AMS 3046 Magnetic Particles, Non-fluorescent, Wet
Method, Oil Vehicle, Aerosol Packaged

8.1.3 Suspension Vehicle—The suspension vehicle for wet-
method examination may be either a light oil distillate fluid
(refer to AMS 2641 or A-A-52930) or a conditioned water
vehicle (refer to AS 4792).

8.2 Particle Types—The particles used in either dry or wet
magnetic particle testing techniques are basically finely divided
ferromagnetic materials which have been treated to impart
color (fluorescent and nonfluorescent) in order to make them
highly visible (contrasting) against the background of the
surface being examined. The particles are designed for use
either as a free flowing dry powder or for suspension at a given
concentration in a suitable liquid medium.

8.3 Particle Characteristics—The magnetic particles must
have high permeability to allow ease of magnetizing and
attraction to the site of the flux leakage and low retentivity so
they will not be attracted (magnetic agglomeration) to each
other. Control of particle size and shape is required to obtain
consistent results. The particles should be nontoxic, free from
rust, grease, paint, dirt, and other deleterious materials that
might interfere with their use; see 20.5 and 20.6. Both dry and
wet particles are considered safe when used in accordance with
the manufacturer’s instructions. They generally afford a very
low hazard potential with regard to flammability and toxicity.

FIG. 3 Bench Unit
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8.4 Dry Particles—Dry magnetic powders are designed to
be used as supplied and are applied by spraying or dusting
directly onto the surface of the part being examined. They are
generally used on an expendable basis because of the require-
ment to maintain particle size and control possible contamina-
tion. Reuse is not a normal practice. Dry powders may also be
used under extreme environmental conditions. They are not
affected by cold; therefore examination can be carried out at
temperatures that would thicken or freeze wet baths. They are
also heat resistant; some powders may be usable at tempera-
tures up to 600°F (315°C). Some colored, organic coatings
applied to dry particles to improve contrast lose their color at
temperatures this high, making the contrast less effective.
Fluorescent dry particles cannot be used at this high a
temperature; the manufacturer should be contacted for the
temperature limitations (see 15.1.2).

8.4.1 Advantages—The dry magnetic particle technique is
generally superior to the wet technique for detection of
near-surface discontinuities on parts with a gross indication
size. Refer to 8.5.1: (a) for large objects when using portable
equipment for local magnetization; (b) superior particle mo-
bility is obtained for relatively deep-seated flaws using half-
wave rectified current as the magnetizing source; (c) ease of
removal.

8.4.2 Disadvantages—The dry magnetic particle technique;
(a) cannot be used in confined areas without proper safety
breathing apparatus; (b) can be difficult to use in overhead
magnetizing positions; (c) does not always leave evidence of
complete coverage of part surface as with the wet technique;
(d) is likely to have lower production rates than the wet
technique; and (e) is difficult to adapt to any type of automatic
system.

8.4.3 Nonfluorescent Colors—Although dry magnetic par-
ticle powder can be almost any color, the most frequently
employed colors are light gray, black, red, or yellow. The
choice is generally based on maximum contrast with the
surface to be examined. The examination is done under visible
light.

8.4.4 Fluorescent—Fluorescent dry magnetic particles are
also available, but are not in general use primarily because of

their higher cost and use limitations. They require a UV-A
(black) light source and a darkened work area. These require-
ments are not often available in the field-type locations where
dry magnetic particle examinations are especially suitable.

8.4.5 Dual Response—Dual response particles are available
that are readily detectable in visible light and also display
fluorescence when viewed under UV-A or a combination
visible and UV-A. Use in accordance with the manufacturer’s
recommendations.

8.5 Wet Particle Systems—Wet magnetic particles are de-
signed to be suspended in a vehicle such as water or light
petroleum distillate at a given concentration for application to
the examination surface by flowing, spraying, or pouring. They
are available in both fluorescent and nonfluorescent concen-
trates. In some cases the particles are premixed with the
suspending vehicle by the supplier, but usually the particles are
supplied as a dry concentrate or paste concentrate which is
mixed with the distillate or water by the user. The suspensions
are normally used in wet horizontal magnetic particle equip-
ment in which the suspension is retained in a reservoir and
recirculated for continuous use. The suspension may also be
used on an expendable basis dispensed from an aerosol or other
suitable dispensers.

8.5.1 Primary Use—Because the particles used are smaller,
wet method techniques are generally used to locate smaller
discontinuities than the dry method is used for. The liquid
vehicles used may not perform satisfactorily when their vis-
cosity exceeds 5cSt (5 mm2/s) at the operating temperature. If
the suspension vehicle is a hydrocarbon, its flash point limits
the top temperature of usage. Mixing equipment for bulk
reservoirs or manual agitation for portable dispensers is usually
required to keep wet method particles uniformly in suspension.

8.5.2 Where Used—The wet fluorescent method usually is
performed indoors or in areas where shelter and ambient light
level can be controlled and where proper application equip-
ment is available.

8.5.3 Color—The color chosen for any given examination
should be one that best contrasts with the test surface. Because
contrast is invariably higher with fluorescent materials, these

FIG. 4 Bench Fixed Coil and Field Distribution
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are utilized in most wet process examinations. Fluorescent wet
method particles normally glow a bright yellow-green when
viewed under UV-A (black) light, although other colors are
available. Non-fluorescent particles are usually black or red-
dish brown, although other colors are available. Dual response
particles are available that are readily detectable in visible light
and also display fluorescence when viewed under UV-A light
or a combination visible and UV-A light. Refer to 8.5.5.

8.5.4 Suspension Vehicles—Generally the particles are sus-
pended in a light petroleum (low-viscosity) distillate or condi-
tioned water. (If sulfur or chlorine limits are specified, use Test
Methods E165/E165M, Annex A2 or A4 to determine their
values.

8.5.4.1 Petroleum Distillates—Low-viscosity light petro-
leum distillates vehicles (AMS 2641 Type 1 or equal) are ideal
for suspending both fluorescent and nonfluorescent magnetic
particles and are commonly employed.

(1) Advantages—Two significant advantages for the use of
petroleum distillate vehicles are: (a) the magnetic particles are
suspended and dispersed in petroleum distillate vehicles with-
out the use of conditioning agents; and (b) the petroleum
distillate vehicles provide a measure of corrosion protection to
parts and the equipment used.

(2) Disadvantages—Principal disadvantages are
flammability, fumes, and availability. It is essential, therefore,
to select and maintain readily available sources of supply of
petroleum distillate vehicles that have as high a flash point as
practicable to avoid possible flammability problems and pro-
vide a work area with proper ventilation.

(3) Characteristics—Petroleum distillate vehicles to be
used in wet magnetic particle testing should possess the
following: (a) viscosity should not exceed 3.0 cSt (3 mm2/s) at
100°F (38°C) and not more than 5.0 cSt (5 mm2/s) at the lowest
temperature at which the vehicle will be used; when verified in
accordance with Test Method D445, in order not to impede
particle mobility (see 20.7.3), (b) minimum flash point, when
verified in accordance with Test Methods D93, should be
200°F (93°C) in order to minimize fire hazards (see 20.7.4), (c)
odorless; not objectionable to user, (d) low inherent fluores-
cence if used with fluorescent particles; that is, it should not
interfere significantly with the fluorescent particle indications
(see 20.6.4.1), and (e) nonreactive; should not degrade sus-
pended particles.

8.5.4.2 Water Vehicles with Conditioning Agents—Water
may be used as a suspension vehicle for wet magnetic particles
provided suitable conditioning agents are added which provide
proper wet dispersing, in addition to corrosion protection for
the parts being examined and the equipment in use. Plain water
does not disperse some types of magnetic particles, does not
wet all surfaces, and is corrosive to parts and equipment. On
the other hand, conditioned water suspensions of magnetic
particles are safer to use since they are nonflammable. The
selection and concentration of the conditioning agent should be
as recommended by the particle manufacturer. The following
are recommended properties for water vehicles containing
conditioning agents for use with wet magnetic particle testing:

(1) Wetting Characteristics—The vehicle should have
good wetting characteristics; that is, wet the surface to be
examined, give even, complete coverage without evidence of
dewetting the examination surface. The surface tension (cov-
erage) should be observed independently under both UV-A
(black) light and visible light. Smooth examination surfaces
require that a greater percentage of wetting agent be added than
is required for rough surface. Nonionic wetting agents are
recommended (see 20.7.5).

(2) Suspension Characteristics—Impart good dispersabil-
ity; that is, thoroughly disperse the magnetic particles without
evidence of particle agglomeration.

(3) Foaming—Minimize foaming; that is, it should not
produce excessive foam which would interfere with indication
formation or cause particles to form scum with the foam.

(4) Corrosiveness—It should not corrode parts to be exam-
ined or the equipment in which it is used.

(5) Viscosity Limit—The viscosity of the conditioned water
should not exceed a maximum viscosity of 3 cSt (3 mm2/s) at
100°F (38°C) (see 20.7.3).

(6) Fluorescence—The conditioned water should not pro-
duce excessive fluorescence if intended for use with fluorescent
particles.

(7) Nonreactiveness—The conditioned water should not
cause deterioration of the suspended magnetic particles.

(8) Water pH—The pH of the conditioned water should not
be less than 7.0 or exceed 10.5.

(9) Odor—The conditioned water should be essentially
odorless.

8.5.5 Concentration of Wet Magnetic Particle Suspension—
The initial bath concentration of suspended magnetic particles
should be as specified or as recommended by the manufacturer
and should be checked by settling volume measurements and
maintained at the specified concentration on a daily basis. If the
concentration is not maintained properly, examination results
can vary greatly. The concentration of dual response particles
in the wet-method bath suspension may be adjusted to best
perform in the desired lighting environment. Higher particle
concentration is recommended for visible light areas and lower
particle concentration is recommended for UV-A areas. Use in
accordance with the particle manufacturer’s recommendations.

8.5.6 Application of Wet Magnetic Particles (see 15.2).
8.5.7 Magnetic Slurry/Paint Systems—Another type of ex-

amination vehicle is the magnetic slurry/paint type consisting
of a heavy oil in which flake-like particles are suspended. The
material is normally applied by brush before the part is
magnetized. Because of the high viscosity, the material does
not rapidly run off surfaces, facilitating the examination of
vertical or overhead surfaces. The vehicles may be
combustible, but the fire hazard is very low. Other hazards are
very similar to those of the oil and water vehicles previously
described.

8.5.8 Polymer-Based Systems—The vehicle used in the
magnetic polymer is basically a liquid polymer which disperses
the magnetic particles and which cures to an elastic solid in a
given period of time, forming fixed indications. Viscosity
limits of standard wet technique vehicles do not apply. Care
should be exercised in handling these polymer materials. Use
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in accordance with manufacturer’s instructions and precau-
tions. This technique is particularly applicable to examination
areas of limited visual accessibility, such as bolt holes.

9. Part Preparation

9.1 General—The surface of the ferromagnetic part to be
examined should be essentially clean, dry, and free of contami-
nants such as dirt, oil, grease, loose rust, loose mill sand, loose
mill scale, lint, thick paint, welding flux/slag, and weld splatter
that might restrict particle movement. See 15.1.2 about apply-
ing dry particles to a damp/wet surface. When examining a
local area, such as a weld, the areas adjacent to the surface to
be examined, as agreed by the contracting parties, must also be
cleaned to the extent necessary to permit detection of indica-
tions. See Appendix X6 for more information on steels.

9.1.1 Nonconductive Coatings—Thin nonconductive
coatings, such as paint in the order of 1 or 2 mil (0.02 to 0.05
mm) will not normally interfere with the formation of
indications, but they must be removed at all points where
electrical contact is to be made for direct magnetization.
Indirect magnetization does not require electrical contact with
the part/piece. See Section 12.2. If a nonconducting coating/
plating is left on the area to be examined that has a thickness
greater than 2 mil (0.05 mm), it must be demonstrated that
unacceptable discontinuities can be detected through the maxi-
mum thickness applied.

9.1.2 Conductive Coatings—A conductive coating (such as
chrome plating and heavy mill scale on wrought products
resulting from hot forming operations) can mask discontinui-
ties. As with nonconductive coatings, it must be demonstrated
that the unacceptable discontinuities can be detected through
the coating.

9.1.3 Residual Magnetic Fields—If the part/piece holds a
residual magnetic field from a previous magnetization that will
interfere with the examination, the part must be demagnetized.
See Section 18.

9.2 Cleaning Examination Surface—Cleaning of the exami-
nation surface may be accomplished by detergents, organic
solvents, or mechanical means. As-welded, as-rolled, as-cast,
or as-forged surfaces are generally satisfactory, but if the
surface is unusually nonuniform, as with burned-in sand, a very
rough weld deposit, or scale, interpretation may be difficult
because of mechanical entrapment of the magnetic particles. In
case of doubt, any questionable area should be recleaned and
reexamined (see 9.1).

9.2.1 Plugging and Masking Small Holes and Openings—
Unless prohibited by the purchaser, small openings and oil
holes leading to obscure passages or cavities can be plugged or
masked with a suitable nonabrasive material which is readily
removed. In the case of engine parts, the material must be
soluble in oil. Effective masking must be used to protect
components that may be damaged by contact with the particles
or particle suspension.

10. Sequence of Operations

10.1 Sequencing Particle Application and Establishing
Magnetic Flux Field—The sequence of operation in magnetic
particle examination applies to the relationship between the

timing and application of particles and establishing the mag-
netizing flux field. Two basic techniques apply, that is, con-
tinuous (see 10.1.1 and 10.1.2) and residual (see 10.1.3), both
of which are commonly employed in industry.

10.1.1 Continuous Magnetization—Continuous magnetiza-
tion is employed for most applications utilizing either dry or
wet particles and will provide higher magnetic field strengths,
to aid indication formation better, than residual magentic fields.
The continuous method must be used when performing multi-
directional magnetization. The sequence of operation for the
dry and the wet continuous magnetization techniques are
significantly different and are discussed separately in 10.1.1.1
and 10.1.1.2.

10.1.1.1 Dry Continuous Magnetization Technique—Unlike
a wet suspension, dry particles lose most of their mobility
when they contact the surface of a part. Therefore, it is
imperative that the part/area of interest be under the influence
of the applied magnetic field while the particles are still
airborne and free to be attracted to leakage fields. This dictates
that the flow of magnetizing current be initiated prior to the
application of dry magnetic particles and terminated after the
application of powder has been completed and any excess has
been blown off. Magnetizing with HW current and AC current
provide additional particle mobility on the surface of the part.
Examination with dry particles is usually carried out in
conjunction with prod-type or yoke localized magnetizations,
and buildup of indications is observed as the particles are being
applied.

10.1.1.2 Wet Continuous Magnetization Technique—The
wet continuous magnetization technique involves bathing the
part with the examination medium to provide an abundant
source of suspended particles on the surface of the part and
terminating the bath application immediately prior to the
termination of the magnetizing current. The duration of the
magnetizing current is typically on the order of 1⁄2 s for each
magnetizing pulse (shot), with two or more shots given to the
part. To insure that indications are not washed away, the
subsequent shots should follow the first while the particles are
still mobile on the surface of the part.

10.1.1.3 Polymer or Slurry Continuous Magnetization
Technique—Prolonged or repeated periods of magnetization
are often necessary for polymer- or slurry-base suspensions
because of slower inherent magnetic particle mobility in the
high-viscosity suspension vehicles.

10.1.2 True Continuous Magnetization Technique—In this
technique, the magnetizing current is sustained throughout
both the processing and examination of the part.

10.1.3 Residual Magnetization Techniques:
10.1.3.1 Residual Magnetization—In this technique, the ex-

amination medium is applied after the magnetizing force has
been discontinued. It can be used only if the material being
examined has relatively high retentivity so the residual leakage
field will be of sufficient strength to attract and hold the
particles and produce indications. This technique may be
advantageous for integration with production or handling
requirements or when higher than residual field strengths are
not required to achieve satisfactory results. When inducing
circular fields and longitudinal fields of long pieces, residual
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fields are normally sufficient to meet magnetizing requirements
consistent with the requirements of Section 14. The residual
method has found wide use examining pipe and tubular goods.
For magnetization requirements of oilfield tubulars, refer to
Appendix X8. Unless demonstrations with typical parts indi-
cate that the residual field has sufficient strength to produce
relevant indications of discontinuities (see 20.8) when the field
is in proper orientation, the continuous method should be used.

11. Types of Magnetizing Currents

11.1 Basic Current Types—The four basic types of current
used in magnetic particle testing to establish part magnetization
are alternating current (AC), half-wave rectified current (HW),
full-wave rectified current (FW), and for a special application,
DC.

11.1.1 Alternating Current (AC)—Part magnetization with
alternating current is preferred for those applications where
examination requirements call for the detection of
discontinuities, such as fatigue cracks, that are open to the
surface to which the magnetizing force is applied. Associated
with AC is a “skin effect” that confines the magnetic field at or
near to the surface of a part. In contrast, both HW current and
FW current produce a magnetic field having penetrating
capabilities proportional to the amount of applied current,
which should be used when near-surface or inside surface
discontinuities are of concern.

11.1.2 Half-Wave Rectified Current (HW)—Half-wave cur-
rent is frequently used in conjunction with wet and dry
particles because the current pulses provide more mobility to
the particles. This waveform is used with prods, yokes, mobile
and bench units. Half-wave rectified current is used to achieve
depth of penetration for detection of typical discontinuities
found in weldments, forgings, and ferrous castings. As with AC
for magnetization, single-phase current is utilized and the
average value measured as “magnetizing current.”

11.1.3 Full-Wave Rectified Current (FW)—Full-wave cur-
rent may utilize single- or three-phase current. Three-phase
current has the advantage of lower line amperage draws,
whereas single-phase equipment is less expensive. Full-wave
rectified current is commonly used when the residual method is

to be employed. Because particle movement, either dry or wet
is noticeably less, precautions must be taken to ensure that
sufficient time is allowed for formation of indications.

11.1.4 Direct Current (DC)—A bank of batteries, full-wave
rectified AC filtered through capacitors or a DC generator
produce direct magnetizing current. They have largely given
way to half-wave rectified or full-wave rectified DC except for
a few specialized applications, primarily because of broad
application advantages when using other types of equipment.

11.1.5 Capacitor Discharge (CD) Current—A bank of ca-
pacitors are used to store energy and when triggered the energy
reaches high amperage with a very short duration (normally
less than 25 milliseconds). Because of the short pulse duration
the current requirements are affected by the amount of material
to be magnetized as well as the applied amperage. The
capacitor discharge technique is widely used to establish a
residual magnetic field in tubing, casing, line pipe, and drill
pipe. For specific requirements, see Appendix X8.

12. Part Magnetization Techniques

12.1 Examination Coverage—All examinations should be
conducted with sufficient area overlap to assure the required
coverage at the specified sensitivity has been obtained.

12.2 Direct and Indirect Magnetization—A part can be
magnetized either directly or indirectly. For direct magnetiza-
tion the magnetizing current is passed directly through the part
creating a magnetic field oriented 90 degrees to current flow in
the part. With indirect magnetization techniques a magnetic
field is induced in the part, which can create a circular/toroidal,
longitudinal, or multidirectional magnetic field in the part. The
techniques described in 20.8 for verifying that the magnetic
fields have the anticipated direction and strength should be
employed. This is especially important when using multidirec-
tional techniques to examine complex shapes.

12.3 Choosing Magnetization Technique—The choice of
direct or indirect magnetization will depend on such factors as
size, configuration, or ease of processing. Table 1 compares the
advantages and limitations of the various methods of part
magnetization.

TABLE 1 Advantages and Limitations of the Various Ways of Magnetizing a Part
Magnetizing Technique and Material Form Advantages Limitations

I. Direct Contact Part Magnetization (see 12.3.1)

Head/Tailstock Contact
Solid, relatively small parts (castings,
forgings, machined pieces) that can be
processed on a horizontal wet unit

1. Fast, easy technique. 1. Possibility of arc burns if poor contact conditions
exist.

2. Circular magnetic field surrounds current path. 2. Long parts should be examined in sections to
facilitate bath application without resorting to an
overly long current shot.

3. Good sensitivity to surface and near-surface discontinuities.
4. Simple as well as relatively complex parts can usually be

easily processed with one or more shots.
5. Complete magnetic path is conducive to maximizing residual

characteristics of material.
Large castings and forgings 1. Large surface areas can be processed and examined in

relatively short time.
1. High amperage requirements (16 000 to 20 000 A)

dictate costly DC power supply.

Cylindrical parts such as tubing, pipe, hollow
shafts, etc.

1. Entire length can be circularly magnetized by contacting,
end to end.

1. Effective field limited to outside surface and cannot
be used for inside diameter examination.
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TABLE 1 Continued

Magnetizing Technique and Material Form Advantages Limitations

2. Ends must be conductive to electrical contacts and
capable of carrying required current without excessive
heat. Cannot be used on oilfield tubulars because of
possibility of arc burns.

Long solid parts such as billets, bars, shafts,
etc.

1. Entire length can be circularly magnetized by contacting,
end to end.

1. Output voltage requirements increase as the part
length increases, due to greater value of the
impedance and/or resistance as the cables and part
length grows.

2. Current requirements are independent of length. 2. Ends must be conductive to electrical contact and
capable of carrying required current without excessive
heat.

3. No end loss.
Prods: Welds 1. Circular field can be selectively directed to weld area by

prod placement.
1. Only small area can be examined at one time.

2. In conjunction with half-wave rectified alternating current and
dry powder, provides excellent sensitivity to subsurface
discontinuities as well as surface type.

2. Arc burns due to poor contact.

3. Flexible, in that prods, cables, and power packs can be
brought to examination site.

3. Surface must be dry when dry powder is being used.

4. Prod spacing must be in accordance with the
magnetizing current level.

Large castings or forgings 1. Entire surface area can be examined in small increments
using nominal current values.

1. Coverage of large surface area require a multiplicity
of shots that can be very time-consuming.

2. Circular field can be concentrated in specific areas that
historically are prone to discontinuities.

2. Possibility of arc burns due to poor contact. Surface
should be dry when dry powder is being used.

3. Equipment can be brought to the location of parts that are
difficult to move.

3. Large power packs (over 6000A) often require a
large capacity voltage source to operate.

4. In conjunction with half-wave rectified alternating current and
dry powder, provides excellent sensitivity to near surface
subsurface type discontinuities that are difficult to locate by
other methods.

4. When using HW current or FW current on retentive
materials, it is often necessary that the power pack
be equipped with a reversing DC demagnetizing
option.

II. Indirect Part Magnetization (see 12.3.2)
Central Conductor
Miscellaneous parts having holes through
which a conductor can be placed such as:

Bearing race
Hollow cylinder
Gear
Large nut

1. When used properly, no electrical contact is made with the
part and possibility of arc burns eliminated.

1. Size of conductor must be ample to carry required
current.

2. Circumferentially directed magnetic field is generated in all
surfaces, surrounding the conductor (inside diameter, faces,
etc.).

2. Larger diameters require repeated magnetization
with conductor against inside diameter and rotation of
part between processes. Where continuous
magnetization technique is being employed,
examination is required after each magnetization
step.

3. Ideal for those cases where the residual method is
applicable.

4. Light weight parts can be supported by the central
conductor.

5. Smaller central conductor and multiple coil wraps may be
used to reduce current requirements.

Large clevis
Pipe coupling, casing/tubing

Tubular type parts such as:
Pipe/Casting
Tubing
Hollow shaft

1. When used properly, no electrical contact is made with the
part and possibility of arc burns eliminated.

1. Outside surface sensitivity may be somewhat less
than that obtained on the inside surface for large
diameter and extremely heavy wall sections.

2. Inside diameter as well as outside diameter examination.
3. Entire length of part circularly magnetized.

Large valve bodies and similar parts 1. Provides good sensitivity for detection of discontinuities
located on internal surfaces.

1. Outside surface sensitivity may be somewhat less
than that obtained on the inside diameter for heavy
wall sections.

Coil/Cable Wrap
Miscellaneous medium-sized parts where the
length predominates such as a crankshaft

1. All generally longitudinal surfaces are longitudinally
magnetized to effectively locate transverse discontinuities.

1. Length may dictate multiple shot as coil is
repositioned.

2. Longitudinal magnetization of complex parts with
upsets such as crankshafts will lead to dead spots
where the magnetic field is cancelled out. Care must
be taken to assure magnetization of all areas in
perpendicular directions.

Large castings, forgings, or shafting 1. Longitudinal field easily attained by means of cable
wrapping.

1. Multiple magnetization may be required due to
configuration of part.

Miscellaneous small parts 1. Easy and fast, especially where residual magnetization is
applicable.

1. L/D (length/diameter) ratio important consideration in
determining adequacy of ampere-turns.
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TABLE 1 Continued

Magnetizing Technique and Material Form Advantages Limitations

2. No electrical contact. 2. Effective L/D ratio can be altered by utilizing pieces
of similar cross-sectional area.

3. Relatively complex parts can usually be processed with
same ease as those with simple cross section.

3. Use smaller coil for more intense field.

4. Sensitivity diminishes at ends of part due to general
leakage field pattern.

5. Quick break desirable to minimize end effect on
short parts with low L/D ratio.

Induced Current Fixtures
Examination of ring-shaped part for circumfer-

ential-type discontinuities.
1. No electrical contact. 1. Laminated core required through ring.

2. All surface of part subjected to toroidal-type mag- netic field. 2. Type of magnetizing current must be compatible with
method.

3. Single process for 100 % coverage. 3. Other conductors encircling field must be avoided.
4. Can be automated. 4. Large diameters require special consideration.

Ball examination 1. No electrical contact. 1. For small-diameter balls, limited to residual
magnetization.

2. 100 % coverage for discontinuities in any direction with
three-step process and proper orientation between steps.

3. Can be automated.
Disks and gears 1. No electrical contact. 1. 100 % coverage may require two-step process with

core or pole-piece variation, or both.
2. Good sensitivity at or near periphery or rim. 2. Type of magnetizing current must be compatible with

part geometry.
3. Sensitivity in various areas can be varied by core or pole-

piece selection.
Yokes:
Examination of large surface areas for

surface-type discontinuities.
1. No electrical contact. 1. Time consuming.

2. Highly portable. 2. Must be systematically repositioned in view of
random discontinuity orientation.

3. Can locate discontinuities in any direction with proper
orientation.

Miscellaneous parts requiring examination of
localized areas.

1. No electrical contact. 1. Must be properly positioned relative to orientation of
discontinuities.

2. Good sensitivity to direct surface discontinuities. 2. Relatively good contact must be established be-
tween part and poles.

3. Highly portable. 3. Complex part geometry may cause difficulty.
4. Wet or dry technique. 4. Poor sensitivity to subsurface-type discontinuities

except in isolated areas.
5. Alternating-current type can also serve as demagnetizer in

some instances.

12.3.1 Direct Contact Magnetization—For direct
magnetization, physical contact must be made between the
ferromagnetic part and the current carrying electrodes con-
nected to the power source. Both localized area magnetization
and overall part magnetization are direct contact means of part
magnetization, and can be achieved through the use of prods,
head and tailstock, clamps, and magnetic leeches.

12.3.2 Localized Area Magnetization:
12.3.2.1 Prod Technique—The prod electrodes are first

pressed firmly against the part under examination (see Fig. 2).
The magnetizing current is then passed through the prods and
into the area of the part in contact with the prods. This
establishes a circular magnetic field in the part around and
between each prod electrode, sufficient to carry out a local
magnetic particle examination (see Fig. 2). (Warning—
Extreme care should be taken to maintain clean prod tips, to
minimize heating at the point of contact and to prevent arc
burns and local overheating on the surface being examined
since these may cause adverse effects on material properties.
Arc burns may cause metallurgical damage; if the tips are solid
copper, copper penetration into the part may occur. Prods
should not be used on machined surfaces or on aerospace
component parts.)

(1) Unrectified AC limits the prod technique to the detec-
tion of surface discontinuities. Half-wave rectified AC is most
desirable since it will detect both surface and near-surface
discontinuities. The prod technique generally utilizes dry
magnetic particle materials due to better particle mobility. Wet
magnetic particles are not generally used with the prod
technique because of potential electrical and flammability
hazards.

(2) Proper prod examination requires a second placement
with the prods rotated approximately 90° from the first
placement to assure that all existing discontinuities are re-
vealed. Depending on the surface coverage requirements,
overlap between successive prod placements may be necessary.
On large surfaces, it is good practice to layout a grid for
prod/yoke placement.

12.3.2.2 Manual Clamp/Magnetic Leech Technique—Local
areas of complex components may be magnetized by electrical
contacts manually clamped or attached with magnetic leeches
to the part (Fig. 5). As with prods, sufficient overlap may be
necessary if examination of the contact location is required.

12.3.2.3 Overall Magnetization: (1) Head and Tailstock
Contact—Parts may be clamped between two electrodes (such
as a head and tailstock of horizontal wet magnetic particle
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equipment) and the magnetizing current applied directly
through the part (Fig. 6). The size and shape of the part will
determine whether both field directions can be obtained with
such equipment.

(2) Clamps—The magnetizing current may be applied to the
part under examination by clamping (Fig. 7) the current
carrying electrodes to the part, producing a circular magnetic
field.

(3) Multidirectional Magnetization Technique—With suit-
able circuitry, it is possible to produce a multidirectional
(oscillating) field in a part by selectively switching the mag-
netic field within the part between electrode contacts/clamps
positioned approximately 90° apart or by using a combination
of switched direct and indirect methods, such as contact and
coil. This permits building up indications in all possible
directions and may be considered the equivalent of magnetiz-
ing in two or more directions (Fig. 8). On some complex
shapes as many as 16 to 20 steps may be required with
conventional equipment. With multidirectional magnetization,
it is usually possible to reduce the magnetizing steps required
by more than half. In many instances, the number of steps may
be reduced to one. It is essential that the wet continuous
method, be used and that the magnetic field direction and
relative intensity be determined by AS 5371 shims as described
in Appendix X2 or with an identical part with discontinuities in
all areas of interest.

FIG. 5 Direct Contact Magnetization through Magnetic Leech
Clamp of Part

FIG. 6 Direct Contact Shot

FIG. 7 Spring Loaded Contact Clamp
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12.3.3 Indirect Magnetization—Indirect part magnetization
involves the use of a preformed coil, cable wrap, yoke, or a
central conductor to induce a magnetic field. Coil, cable wrap,
and yoke magnetization are referred to as longitudinal magne-
tization in the part (see 13.4).

12.3.3.1 Coil and Cable Magnetization—When coil (Fig. 4)
or cable wrap (Fig. 9a and b) techniques are used, the
magnetizing force is proportional to ampere turns (see X3.2.2).

12.3.3.2 Central Conductor, Induced Current
Magnetization—Indirect circular magnetization of hollow
pieces/parts can be performed by passing the magnetizing
current through a central conductor (Fig. 10(a) and Fig. 10(b))
or cable used as a central conductor or through an induced
current fixture (Fig. 8(A)). Central conductors may be solid or
hollow and are ideally made from non-ferrous material. Fer-
rous central conductors will function as well, but will generate

substantial heat due to magnetic domain movement and a
reduced magnetic field outside the conductor when compared
to a non-ferrous conductor. Additionally, when using ferro-
magnetic conductors, the inspector must be made aware of the
possibility of magnetic writing. When using central
conductors, the distance along the part circumference, which
may be effectively examined should be taken as approximately
four times the diameter of the central conductor, as illustrated
in Fig. 10 (b). The presence of suitable fields in the effective
region of examination should be verified. The entire circum-
ference should be examined by rotating the part on the
conductor, allowing for approximately a 10 % magnetic field
overlap. Central conductors are widely used in magnetic
particle examination to provide:

(1) A circular field on both the inside surface and outside
surface of tubular pieces that cannot be duplicated by the direct
current technique.

FIG. 8 Multidirectional Magnetic Particle Units

FIG. 9 Cable Wrap Magnetization Examples (9a – Low Fill Factor
Example)

FIG. 9 Cable Wrap Magnetization Examples (9b – High Fill Factor
Example) (continued)
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(2) A non-contact means of part magnetization virtually
eliminating the possibility of arc burning the material, as can
be the case with current flow through contacts, such as prods or
clamps.

(3) Substantial processing advantages over direct contact
techniques on ring-shaped parts.

(4) In general it is not important for the central conductor
to be centered because the flux lines follow the path of least
resistance through the ferromagnetic material. On large diam-
eter materials the central conductor should be within 6 in. of
the center. The resulting field is concentric relative to the axis
of the piece and is maximum at the inside surface.

12.3.3.3 Yoke Magnetization—A magnetic field can be in-
duced into a part by means of an electromagnet (see Fig. 1),
where the part or a portion thereof becomes the magnetic path
between the poles (acts as a keeper) and discontinuities
preferentially transverse to the alignment of the pole pieces are
indicated. Most yokes are energized by an input of AC and
produce a magnetizing field of AC, half-wave DC, or full-wave
DC. A permanent magnet can also introduce a magnetic field in
the part, but its use is restricted (see 6.3.1).

13. Direction of Magnetic Fields

13.1 Discontinuity Orientation vs. Magnetic Field
Direction—Since indications are not normally obtained when
discontinuities are parallel to the magnetic field, and since
indications may occur in various or unknown directions in a
part, each part must be magnetized in at least two directions
approximately at right angles to each other as noted in 4.3.2.
On some parts circular magnetization may be used in two or
more directions, while on others both circular and longitudinal
magnetization are used to achieve the same result. For pur-
poses of demagnetization verification, circular magnetism
normally precedes longitudinal magnetization. A multidirec-
tional field can also be employed to achieve part magnetization
in more than one direction.

13.2 Circular Magnetization—Circular magnetization (Fig.
11) is the term used when electric current is passed through a

part, or by use of a central conductor (see 12.3.3.2) through a
central opening in the part, inducing a magnetic field at right
angles to the current flow. Circular fields normally produce
strong residual fields, but are not measurable because the flux
is contained within the part.

13.3 Transverse Magnetization—Transverse magnetization
is the term used when the magnetic field is established across
the part and the lines of flux complete their loop outside the
part. Placing a yoke across a bar normal to the bar axis would
produce a transverse field.

13.4 Toroidal Magnetization—When magnetizing a part
with a toroidal shape, such as a solid wheel or the disk with a
center opening, an induced field that is radial to the disk is most
useful for the detection of discontinuities in a circumferential
direction. In such applications this field may be more effective
than multiple shots across the periphery, but requires special
equipment.

13.5 Longitudinal Magnetization—Longitudinal magnetiza-
tion (Fig. 12) is the term used when a magnetic field is

FIG. 10 Central Bar Conductors

FIG. 11 Circular Magnetism
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generated by an electric current passing through a multiturn,
which encloses the part or section of the part to be examined.

13.6 Multidirectional Magnetization—Multidirectional
magnetization may be used to fulfill the requirement for
magnetization in two directions if it is demonstrated that it is
effective in all areas of interest. Examine parts in accordance
with 20.8.2 or shims manufactured to the requirements of
AS 5371 (see Appendix X2), or as otherwise approved by the
Level 3 and the Cognizant Engineering Organization, may be
used to verify field direction, strength, and balance in multidi-
rectional magnetization. Balance of the field intensity is
critical. The field intensity should be balanced in all directions.
The particle application must be timed so that the magnetiza-
tion levels reach full value in all directions, while the particles
are mobile on the surface under examination.

13.6.1 When actual parts with known defects are used, the
number and orientation(s) of the defects (for example, axial,
longitudinal, circumferential, etc.) should be noted. The mag-
netic field intensity can be considered as being properly
balanced when all noted defects can be readily identified with
particle indications.

13.7 Flexible Laminated Strips for Magnetic Particle Test-
ing

13.7.1 Flexible laminated strips as described in Appendix
X1 may be used to ensure proper field direction during
magnetic particle examination. The longitudinal axis of the
strip should be placed perpendicular to the direction of the
magnetic field of interest in order to generate the strongest
particle indications on the strip. Flexible laminated strips may
only be used as a tool to demonstrate the direction of the
external magnetic field.

14. Magnetic Field Strength

14.1 Magnetizing Field Strengths—To produce interpretable
indications, the magnetic field in the part must have sufficient
strength and proper orientation. For the indications to be
consistent, this field strength must be controlled within reason-

able limits, usually 625 % on single vector equipment and
when using multi-directional equipment, the field strength
must be controlled much closer, often within 65 %. Factors
that affect the strength of the field are the size, shape, section
thickness, material of the part/piece, and the technique of
magnetization. Since these factors vary widely, it is difficult to
establish rigid rules for magnetic field strengths for every
conceivable configuration.

14.2 Establishing Field Strengths—Sufficient magnetic field
strength can be established by:

14.2.1 Known Discontinuities—Experiments with similar/
identical parts having known discontinuities in all areas of
interest.

14.2.2 Artificial Discontinuities—Verification of indications
derived from AS 5371 shims (see Appendix X2) taped or glued
defect side in contact with the part under examination is an
effective means of verifying field strength when using the
continuous method.

14.2.3 Hall-effect Meter Tangential Field Strengths—A
minimum tangential applied field strength of 30 G (2.4 kAM−1)
should be adequate when using single vector equipment.
Stronger field strengths are allowed, but it must not be so
strong that it causes the masking of relevant indications by
nonrelevant accumulations of magnetic particles. Due to the
complex number of variables, the use of Gaussmeters should
not be the sole source of determining an acceptable field on
multi-directional techniques.

14.2.3.1 Circular Magnetism Hall-effect Meter
Measurement—On a part with consistent diameter or thickness,
the transverse probe may be placed anywhere along the length
of the part as the tangential circular field is consistent across
the length. The transverse probe should be positioned upright
such that the circular field is normal to the major dimension of
the Hall-effect sensor and within 5° of perpendicularity to the
part. More than one measurement should be taken to ensure
consistent readings. On parts with more than one diameter/
thickness, multiple measurements should be taken to ensure a

FIG. 12 Longitudinal Magnetism
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minimum measurement of 30 gauss on all areas to be exam-
ined. Measurement is made of the applied field, that is, during
the magnetizing shot, not the residual flux field.

14.2.3.2 Longitudinal Magnetism Hall-effect Meter
Measurement—On a part with consistent diameter or thickness,
the probe may be placed anywhere along the length of the part,
except near the poles as the tangential longitudinal field is
consistent across the length, except at the poles. Measurement
near the poles will yield a skewed reading due to detection of
the normal flux field at each pole. Also, measurement near any
geometry change that would produce a non-relevant flux
leakage should be avoided. The probe should be positioned
within 5° of perpendicularity to the part and such that the
longitudinal field is normal to the major dimension of the
Hall-effect sensor. More than one measurement should be
taken to ensure consistent readings. The Hall-effect probe may
be placed within the coil or outside the vicinity of the coil if the
part is longer than the width of the coil. On parts with more
than one diameter/thickness, multiple measurements should be
taken to ensure a minimum measurement of 30 gauss on all
areas to be examined. Measurement is made of the applied
field, that is, during the magnetizing shot, not the residual flux
field.

14.2.4 Using Empirical Formulas—Appendix X3 details
the use of empirical formulas for determining field strength.
Amperages derived from empirical formulas should be verified
with a Hall-effect gaussmeter or AS 5371 shims.

14.3 Localized Magnetization:
14.3.1 Using Prods—When using prods on material 3⁄4 in.

(19 mm) in thickness or less, it is recommended to use 90 to
115 A/in. of prod spacing (3.5 to 4.5 A/mm). For material
greater than 3⁄4 in. (19 mm) in thickness, it is recommended to
use 100 to 125 A/in. of prod spacing. Prod spacing is
recommended to be not less than 2 in. (50 mm) or greater than
8 in. (200 mm). The effective width of the magnetizing field
when using prods is one fourth of the prod spacing on each side
of a line through the prod centers.

14.3.2 Using Yokes—The field strength of a yoke (or a
permanent magnet) can be empirically determined by measur-
ing its lifting power (see 20.3.7). If a Hall-effect probe is used,
it shall be placed on the surface midway between the poles.

15. Application of Dry and Wet Magnetic Particles

15.1 Dry Magnetic Particles:
15.1.1 Magnetic Fields for Dry Particles—Dry magnetic

powders are generally applied with the continuous magnetizing
techniques. When utilizing AC, the current must be on before
application of the dry powder and remain on through the
examination phase. With Half-wave rectified AC or yoke DC
magnetization, a current duration of at least 1⁄2 s should be
used. The current duration should be short enough to prevent
any damage from overheating or from other causes. It should
be noted that AC and half-wave rectified DC impart better
particle mobility to the powder than DC or full-wave rectified
AC. Dry magnetic powders are widely used for magnetic
particle examination of large parts as well as on localized areas
such as welds. Dry magnetic particles are widely used for oil

field applications and are frequently used in conjunction with
capacitor discharge style equipment and the residual method.

15.1.2 Dry Powder Application—It is recommended that
dry powders be applied in such a manner that a light uniform,
dust-like coating settles upon the surface of the part/piece
while it is being magnetized. Dry particles must not be applied
to a damp surface; they will have limited mobility. Neither
should they be applied where there is excessive wind. The
preferred application technique suspends the particles in air in
such a manner that they reach the part surface being magne-
tized in a uniform cloud with a minimum of force. Usually,
specially designed powder blowers and hand powder applica-
tors are employed (see Fig. 1). Dry particles should not be
applied by pouring, throwing, or spreading with the fingers.

15.1.3 Excess Powder Removal—Care is needed in both the
application and removal of excess dry powder. Removal of
excess powder is generally done while the magnetizing current
is present and care must be exercised to prevent the removal of
particles attracted by a leakage field, which may prove to be a
relevant indication.

15.1.4 Near-surface Discontinuities Powder Patterns—In
order to recognize the broad, fuzzy, weakly held powder
patterns produced by near-surface discontinuities, it is essential
to observe carefully the formation of indications while the
powder is being applied and also while the excess is being
removed. Sufficient time for indication formation and exami-
nation should be allowed between successive magnetization
cycles.

15.2 Wet Particle Application—Wet magnetic particles,
fluorescent or nonfluorescent, suspended in a vehicle at a
recommended concentration may be applied either by spraying
or flowing over the areas to be examined during the application
of the magnetizing field current (continuous technique) or after
turning off the current (residual technique). Proper sequencing
of operation (part magnetization and timing of bath applica-
tion) is essential to indication formation and retention. For the
continuous technique multiple current shots should be applied.
The last shot should be applied after the particle flow has been
diverted and while the particle bath is still on the part. A single
shot may be sufficient. Care should be taken to prevent damage
to a part due to overheating or other causes. Since fine or
weakly held indications on highly finished or polished surfaces
may be washed away or obliterated, care must be taken to
prevent high-velocity flow over critical surfaces and to cut off
the bath application before removing the magnetizing force.
Discontinuity detection may benefit from an extended drain
time of several seconds before actual examination.

15.3 Magnetic Slurry/Paints—Magnetic slurry/paints are
applied to the part with a brush before or during part magne-
tization. Indications appear as a dark line against a light silvery
background. Magnetic slurry is ideal for overhead or under-
water magnetic particle examination.

15.4 Magnetic Polymers—Magnetic polymers are applied to
the part to be examined as a liquid polymer suspension. The
part is then magnetized, the polymer is allowed to cure, and the
elastic coating is removed from the examination surface for
interpretation and evaluation. Care must be exercised to ensure
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that magnetization is completed within the active migration
period of the polymer which is usually about 10 min. This
method is particularly applicable to areas of limited visual
access such as bolt holes. Detailed application and use instruc-
tions of the manufacturer should be followed for optimum
results.

15.5 White Background and Black Oxide—A thin white
background is applied by aerosol to provide a thin (≤ 2 mil),
smooth, high contrast background prior to magnetization and
particle application. After background has dried, magnetization
and particle application follow normal procedures. The high
contrast between the white background and black particles
provides high sensitivity in visible light conditions. Detailed
application and use instructions of the manufacturer should be
followed for optimum results.

16. Interpretation of Indications

16.1 Valid Indications—All valid indications formed by
magnetic particle examination are the result of magnetic
leakage fields. Indications may be relevant (16.1.1), nonrel-
evant (16.1.2), or false (16.1.3).

16.1.1 Relevant Indications—Relevant indications are pro-
duced by leakage fields which are the result of discontinuities.
Relevant indications require evaluation with regard to the
acceptance standards agreed upon between the manufacturer/
test agency and the purchaser (see Annex A1).

16.1.2 Nonrelevant Indications—Nonrelevant indications
can occur singly or in patterns as a result of leakage fields
created by conditions that require no evaluation such as
changes in section (like keyways and drilled holes), inherent
material properties (like the edge of a bimetallic weld),
magnetic writing, etc.

16.1.3 False Indications—False indications are not the re-
sult of magnetic forces. Examples are particles held mechani-
cally or by gravity in shallow depressions or particles held by
rust or scale on the surface.

17. Recording of Indications

17.1 Means of Recording—When required by a written
procedure, permanent records of the location, type, direction,
length(s), and spacing(s) of indications may be made by one or
more of the following means.

17.1.1 Sketches—Sketching the indication(s) and their loca-
tions.

17.1.2 Transfer (Dry Powder Only)—Covering the indica-
tion(s) with transparent adhesive-backed tape, removing the
tape with the magnetic particle indication(s) adhering to it, and
placing it on paper or other appropriate background material
indicating locations.

17.1.3 Strippable Film (Dry Powder Only)—Covering the
indication(s) with a spray-on strippable film that fixes the
indication(s) in place. When the film is stripped from the part,
the magnetic particle indication(s) adhere to it.

17.1.4 Photographing—Photographing the indications
themselves, the tape, or the strippable film reproductions of the
indications.

17.1.5 Written Records—Recording the location, length,
orientation, and number of indications.

17.1.5.1 Defect or Indication Sizing Accuracy—For situa-
tions where defect or indication size limits are specified by the
acceptance criteria, measurement equipment should be selected
with an accuracy being precise enough to determine compli-
ance. For example, to verify maximum defect length does not
exceed 0.150 in. (3.81 mm) a measuring device accurate to
60.010 in. (0.254 mm) could be used by reducing the
allowable limit too 0.140 in. (3.56 mm), but using a measuring
device accurate to 60.150 in. (3.81 mm) or one with 0.100 in.
(2.54 mm) increments is not accurate enough.

17.1.5.2 For situations where no defect or indication toler-
ances are specified (for example, reporting the length of a crack
when the acceptance criteria is “No cracks allowed”) the crack
length should not be reported with more precision than the
resolution of the measurement equipment allows. For example,
when using a measuring device accurate to 60.010 in. (0.254
mm) report the crack length in 0.010 in. (0.254 mm) incre-
ments.

17.1.5.3 Some contracts may require better than the mini-
mum measurement accuracy needed to determine compliance.
These situations are generally limited to critical direct mea-
surement of deliverable product features, rather than examina-
tion parameter checks. For example, an accuracy ratio of 2 to
1 may be specified for measurement of defects or product
geometry, which means an instrument with a calibrated accu-
racy of 60.005 in. (0.127 mm) would be needed for verifying
or reporting dimensions to the nearest 60.010 in. (0.254 mm).

17.2 Accompanying Information—A record of the procedure
parameters listed below as applicable should accompany the
examination results:

17.2.1 Method Used—Magnetic particle method (dry, wet,
fluorescent, etc.).

17.2.2 Magnetizing Technique—Magnetizing technique
(continuous, true-continuous, residual).

17.2.3 Current Type—Magnetizing current (AC, half-wave
rectified or full-wave rectified AC, etc.).

17.2.4 Field Direction—Direction of magnetic field (prod
placement, cable wrap sequence, etc.).

17.2.5 Field Strength—Magnetic current strength (ampere
turns, amperes per inch (millimetre) of prod spacing, lifting
force, etc.).

18. Demagnetization

18.1 Applicability—All ferromagnetic material will retain
some residual magnetism, the strength of which is dependent
on the retentivity of the part. Residual magnetism does not
affect the mechanical properties of the part. However, a
residual field may cause chips, filing, scale, etc. to adhere to the
surface affecting subsequent machining operations, painting, or
plating. Additionally, if the part will be used in locations near
sensitive instruments, high residual fields could affect the
operation of these instruments. Furthermore, a strong residual
magnetic field in a part to be welded or electroplated could
interfere with welding or plating process. Residual fields may
also interfere with later magnetic particle examination. Demag-
netization is required only if specified in the drawings,
specification, or purchase order. When required, an acceptable
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level of residual magnetization and the measuring method
should also be specified. See 18.3.

18.2 Demagnetization Methods—The ease of demagnetiza-
tion is dependent on the coercive force of the metal. High
retentivity is not necessarily related to high coercive force in
that the strength of the residual field is not always an indicator
of ease of demagnetizing. In general, demagnetization is
accomplished by subjecting the part to a field equal to or
greater than that used to magnetize the part and in nearly the
same direction, then continuously reversing the field direction
while gradually decreasing it to zero.

18.2.1 Withdrawal from Alternating Current Coil—The fast-
est and most simple technique is to pass the part through a high
intensity alternating current coil and then slowly withdraw the
part from the field of the coil. A coil of 5000 to 10,000 ampere
turns is recommended. Line frequency is usually from 50 to 60
Hz alternating current. The piece should enter the coil from a
12-in. (300-mm) distance and move through it steadily and
slowly until the piece is at least 36 in. (900 mm) beyond the
coil. Care should be exercised to ensure that the part is entirely
removed from the influence of the coil before the demagnetiz-
ing force is discontinued, otherwise the demagnetizer may
have the reverse effect and actually remagnetize the part. This
should be repeated as necessary to reduce the residual field to
an acceptable level. See 18.3. Small parts of complex figura-
tion can be rotated and tumbled while passing through the field
of the coil. Use of this technique may not be effective on large
parts in which the alternating magnetic current field is insuf-
ficient to penetrate.

18.2.2 Decreasing Alternating Current—An alternative
technique for part demagnetization is subjecting the part to the
alternating magnetic field while gradually reducing its strength
to a desired level.

18.2.3 Demagnetizing with Yokes—Alternating current
yokes may be used for local demagnetization by placing the
poles on the surface, moving them around the area, and slowly
withdrawing the yoke while it is still energized.

18.2.4 Reversing Direct Current—The part to be demagne-
tized is subjected to consecutive steps of reversed and reduced
direct current magnetization to a desired level. (This is the
most effective process of demagnetizing large parts in which
the alternating current field has insufficient penetration to
remove the internal residual magnetization.) This technique
requires special equipment for reversing the current while
simultaneously reducing it in small increments.

18.3 Extent of Demagnetization—The effectiveness of the
demagnetizing operation can be indicated by the use of
appropriate magnetic field indicators. (Warning—A part may
retain a strong residual field after having been circularly
magnetized and exhibit little or no external evidence of this
field. Therefore, the circular magnetization should be con-
ducted before longitudinal magnetization if complete demag-
netization is required. If a sacrificial part is available, in the
case of a part such as a bearing race that has been circularly
magnetized, it is often advisable to section one side of it and
measure the remaining leakage field in order to check the
demagnetizing process.)

18.3.1 After demagnetization, measurable residual fields
should not exceed a value agreed upon or as specified on the
engineering drawing or in the contract, purchase order, or
specification.

19. Post Examination Cleaning

19.1 Particle Removal—Post-examination cleaning is nec-
essary where magnetic particle material(s) could interfere with
subsequent processing or with service requirements. Demag-
netization should always precede particle removal. The pur-
chaser should specify when post-examination cleaning is
needed and the extent required.

19.2 Means of Particle Removal—Typical post-examination
cleaning techniques employed are: (a) the use of compressed
air to blow off unwanted dry magnetic particles; (b) drying of
wet particles and subsequent removal by brushing or with
compressed air; (c) removal of wet particles by flushing with
solvent; and (d) other suitable post-examination cleaning
techniques may be used if they will not interfere with subse-
quent requirements.

20. Process Controls

20.1 Contributing Factors—The overall performance of a
magnetic particle testing system is dependent upon the follow-
ing:

20.1.1 Operator capability, if a manual operation is in-
volved.

20.1.2 Control of process steps.
20.1.3 The particles or suspension, or both.
20.1.4 The equipment.
20.1.5 Visible light level.
20.1.6 UV-A (black) light monitoring where applicable.
20.1.7 Magnetic field strength.
20.1.8 Field direction or orientation.
20.1.9 Residual field strength.
20.1.10 These factors should all be controlled individually.

20.2 Maintenance and Calibration of Equipment—The
magnetic particle equipment employed should be maintained in
proper working order at all times. The frequency of verification
calibration, usually every six months, see Table 2, or whenever
a malfunction is suspected, should be specified in the written
procedures of the nondestructive testing facility. Records of the
checks and results provide useful information for quality
control purposes and should be maintained. In addition, any or
all of the checks described should be performed whenever a
malfunction of the system is suspected. Calibration checks
should be conducted in accordance with the specifications or
documents that are applicable.

20.2.1 Equipment Calibration—It is good practice that all
calibrated equipment be traceable to the job it was used on.
This facilitates possible re-examination or evaluation should a
piece of equipment be found not working properly.

20.2.2 Some examination procedures may require equip-
ment calibration or operational checks, but no accuracy re-
quirement is specified, for that equipment, by the contractually
specified magnetic particle examination procedure (for
example, Practice E1444/E1444M light meters and gaussmeter
accuracy), however the accuracy of the measuring device
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should be reasonably suited for the situation with the resolution
of the equipment being precise enough to determine compli-
ance.

20.2.3 Equipment that meets an accuracy requirement
specified by the contractually specified magnetic particle
examination procedure (for example, Practice E1444/E1444M
ammeter accuracy of 610 % or 50 amperes, or a timer control
60.1 second) should be considered adequate, with no addi-
tional accuracy or uncertainty determination needed.

20.2.4 Measurement equipment that the contractually speci-
fied magnetic particle inspection procedure does not specifi-
cally require to be calibrated or meet a specified accuracy (for
example, timers, shop air pressure gauge, etc.) should be
maintained in good working order and have measurement
resolution reasonably suited for the intended use.

20.3 Equipment Checks—The following checks are recom-
mended for ensuring the accuracy of magnetic particle mag-
netizing equipment.

20.3.1 Ammeter Accuracy—To check the equipment
anmeter, a suitable and traceable calibrated shunt test kit shall
be connected in series with the output circuit. Comparative
readings should be taken at a minimum of three output levels
encompassing the usable range of the equipment. The equip-
ment meter reading should not deviate by more than 610 % or
50 amperes, whichever is greater, from the current value shown
by the calibrated ammeter. (When measuring half-wave recti-
fied current, the current values shown by the calibrated
FW-Rectified ammeter readings shall be doubled.) The fre-
quency of the ammeter check is specified in Table 2. Machine
output repeatability should not vary more than 610 % or 50
amperes, whichever is greater, at any setpoint and the machine
under test should be marked with the value representing the
lowest repeatable current level.

20.3.2 Timer Control Check—On equipment utilizing a
timer to control the duration of the current flow, the timer

should be checked for accuracy as specified in Table 2 or
whenever a malfunction is suspected. The timer should be
calibrated to within 60.1 seconds using a suitable electronic
timer.

20.3.3 Magnetic Field Quick Break Check—On equipment
that has a quick break feature, the functioning of this circuit
should be checked and verified. This check may be performed
using a suitable oscilloscope or a simple test device usually
available from the manufacturer. Normally, only the fixed coil
is checked for quick break functionality. Headstocks would
need to be checked only if cables are attached to the headstocks
to form a coil wrap. On electronic power packs or machines,
failure to achieve indication of a “quick break” would indicate
that a malfunction exists in the energizing circuit.

20.3.4 Equipment Current Output Check—To ensure the
continued accuracy of the equipment, ammeter readings at
each transformer tap should be made with a calibrated
ammeter-shunt combination. This accessory is placed in series
with the contacts. The equipment shunt should not be used to
check the machine of which it is a part. For infinite current
control units (non-tap switch), settings at 500-A intervals
should be used. On uni-directional equipment, variations
exceeding 610 % from the equipment ammeter readings
indicate the equipment needs service or repair. On multi-vector
equipment, variations exceeding 65 % from the equipment
ammeter readings indicate the equipment needs service or
repair.

20.3.5 Internal Short Circuit Check—Magnetic particle
equipment should be checked periodically for internal short
circuiting. With the headstocks set for maximum amperage
output, any deflection of the ammeter when the current is
activated with no conductor between the contacts is an indica-
tion of an internal short circuit and must be repaired prior to
use.

20.3.6 Hall-effect Meters—Depending upon the
manufacturer, meters are normally accurate for use with
full-wave DC only. Hall-effect meter readings for HW and AC
current applications should be correlated to the results of the
application of AS 5371 shims. Hall-effect gaussmeters should
be calibrated every six months in accordance with the manu-
facturer’s instructions.

NOTE 3—When used with SCR controlled equipment, the Gaussmeter’s
accuracy is dependent upon the actual circuit design of each model meter
and results may vary.

20.3.7 Electromagnetic Yoke Lifting Force Check—The
magnetizing force of a yoke (or a permanent magnet) should be
checked by determining its lifting power on a steel plate. See
Table 3. The lifting force relates to the electromagnetic strength
of the yoke.

20.3.8 Powder Blower—The performance of powder blow-
ers used to apply the dry magnetic particles should be checked

TABLE 2 Recommended Verification Intervals

Item
Maximum Time

Between VerificationsA
Reference

Paragraphs

Lighting:B

Visible light intensity weekly 7.1.1, 20.4.1
Ambient light intensity weekly 7.1.1.2
UV-A light intensity daily 7.1.2.1, 20.4.2
Battery powered UV-A
light intensity check

before and after
each use

6.6

UV-A light integrity weekly 6.6, 20.4.2
System performanceB daily 20.8, Appendix X7
Wet particle concentration 8 h, or every

shift change
20.6

Wet particle contaminationB weekly 20.6.4
Water break test daily 20.7.5
Equipment calibration/check:B

Ammeter accuracy 6 months 20.3.1
Timer control 6 months 20.3.2
Quick break 6 months 20.3.3
Yoke dead weight check 6 months 20.3.7
UV-A and white light meter

checks
6 months 20.4

Gaussmeter or Field
Indicator accuracy

6 months 20.3.6

AWhen the test system is in operation.
BThe maximum time between verifications may be extended when substantiated
by actual technical stability/reliability data.

TABLE 3 Minimum Yoke Lifting Force

Type
Current

Yoke Pole Leg Spacing
2 to 4 in.

(50 to 100 mm)
4 to 6 in.

(100 to 150 mm)
AC 10 lb (45 N/4.5 kg)
DC 30 lb (135 N/13.5 kg) 50 lb (225 N ⁄23.0 kg)
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at routine intervals or whenever a malfunction is suspected.
The check should be made on a representative examination
part. The blower should coat the area under evaluation with a
light, uniform dust-like coating of dry magnetic particles and
have sufficient force to remove the excess particles without
disturbing those particles that are evidence of indications.
Necessary adjustments to the blower’s flow rate or air velocity
should be made in accordance with the manufacturer’s recom-
mendations.

20.4 Examination Area Light Level Control:
20.4.1 Visible Light Intensity—Light intensity in the exami-

nation area should be checked at specified intervals with the
designated light meter at the surface of the parts being
examined. See Table 2.

20.4.2 UV-A (Black) Light Intensity—UV-A (black) light
intensity should be checked at the specified intervals but not to
exceed one-week intervals, and whenever a bulb is changed,
reflectors and filters should be cleaned and checked for
integrity. Cracked or broken UV filters should be replaced
immediately. Defective bulbs must also be replaced before
further use. See Table 2.

20.5 Dry Particle Quality Control Checks—In order to
assure uniform and consistent performance from the dry
magnetic powder selected for use, it is advisable that all
incoming powders be certified or checked for conformance
with quality control standards established between the user and
supplier.

20.5.1 Contamination:
20.5.1.1 Degradation Factors—Dry magnetic particles are

generally very rugged and perform with a high degree of
consistency over a wide process envelope. Their performance,
however, is susceptible to degradation from such contaminants
as moisture, grease, oil, rust and mill scale particles, nonmag-
netic particles such as foundry sand, and excessive heat. These
contaminants will usually manifest themselves in the form of
particle color change and particle agglomeration, the degree of
which will determine further use of the powder. Over-heated
dry particles can lose their color, thereby reducing the color
contrast with the part and thus hinder part examination. Particle
agglomeration can reduce particle mobility during processing,
and large particle agglomerates may not be retained at an
indication. Dry particles should not be recycled as
fractionation, the subsequent depletion of finer particles from
the aggregate powder composition, degrades the quality of the
particles.

20.5.1.2 Ensuring Particle Quality—To ensure against del-
eterious effects from possible contaminants, it is recommended
that a routine performance check be conducted (see 20.8.3).

20.6 Wet Particle Quality Control Checks—The following
checks for wet magnetic particle suspensions should be con-
ducted at startup and at regular intervals to assure consistent
performance. See Table 2. Since bath contamination will occur
as the bath is used, monitoring the working bath at regular
intervals is essential.

20.6.1 Determining Bath Concentration—Bath concentra-
tion and sometimes bath contamination are determined by
measuring its settling volume through the use of a pear-shaped

centrifuge tube with a 1-mL stem (0.05-mL divisions) for
fluorescent particle suspensions or a 1.5-mL stem (0.1-mL
divisions) for nonfluorescent suspensions. (See Appendix X5.)
Before sampling, the suspension should be run through the
recirculating system for at least 30 min to ensure thorough
mixing of all particles which could have settled on the sump
screen and along the sides or bottom of the tank. Take a
100-mL portion of the suspension from the hose or nozzle into
a clean, non-fluorescing centrifuge tube, demagnetize and
allow it to settle for approximately 60 min with petroleum
distillate suspensions or 30 min with water-based suspensions
before reading. These times are average times based upon the
most commonly used products; actual times should be adjusted
so that the particles have substantially settled out of suspen-
sion. The volume settling out at the bottom of the tube is
indicative of the particle concentration in the bath.

20.6.2 Sample Interpretation—If the bath concentration is
low in particle content, add a sufficient amount of particle
materials to obtain the desired concentration; if the suspension
is high in particle content, add sufficient vehicle to obtain the
desired concentration. If the settled particles appear to be loose
agglomerates rather than a solid layer, take a second sample. If
still agglomerated, the particles may have become magnetized;
replace the suspension.

20.6.3 Settling Volumes—For fluorescent particles, the rec-
ommended settling volume (see 15.2) is from 0.1 to 0.4 mL in
a 100-mL bath sample and from 1.2 to 2.4 mL per 100 mL of
vehicle for non-fluorescent particles, unless otherwise ap-
proved by the Cognizant Engineering Organization (CEO).
Refer to appropriate AMS document (3041, 3042, 3043, 3044,
3045, and/or 3046). For dual response particles, the recom-
mended settling volume should be determined by the perfor-
mance requirements and lighting environment of a given
application as recommended by the manufacturer. See 8.5.5.

20.6.4 Bath Contamination—Both fluorescent and nonfluo-
rescent suspensions should be checked periodically for con-
taminants such as dirt, scale, oil, lint, loose fluorescent
pigment, water (in the case of oil suspensions), and particle
agglomerates which can adversely affect the performance of
the magnetic particle examination process. See Table 2.

20.6.4.1 Carrier Contamination—For fluorescent baths, the
liquid directly above the precipitate should be evaluated with
UV-A (black) light. Acceptable liquid will have a little fluo-
rescence. Its color can be compared with a freshly made-up
sample using the same materials or with an unused sample
from the original bath that was retained for this purpose. If the
“used” sample is noticeably more fluorescent than the com-
parison standard, the bath should be replaced.

20.6.4.2 Particle Contamination—The graduated portion of
the tube should be evaluated under UV-A (black) light if the
bath is fluorescent and under visible light (for both fluorescent
and nonfluorescent particles) for striations or bands, differ-
ences in color or appearance. Bands or striations may indicate
contamination. If the total volume of the contaminates, includ-
ing bands or striations exceeds 30 % of the volume of magnetic
particles, or if the liquid is noticeably fluorescent (see
20.6.4.1), the bath should be replaced.
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20.6.5 Particle Durability—The durability of both the fluo-
rescent and nonfluorescent magnetic particles in suspension
should be checked periodically to ensure that the particles have
not degraded due to chemical attack from the suspending oil or
conditioned water vehicles or mechanically degraded by the
rotational forces of the recirculating pump in a wet horizontal
magnetic particle unit. Fluorescent magnetic particle break-
down in particular can result in a decrease in sensitivity and an
increase in nonmagnetic fluorescent background. Lost fluores-
cent pigment can produce false indications that can interfere
with the examination process.

20.6.6 Fluorescent Brightness—It is important that the
brightness of fluorescent magnetic particle powder be main-
tained at the established level so that indication and back-
ground brightness can be kept at a relatively constant level.
Variations in contrast can noticeably affect examination results.
Lack of adequate contrast is generally caused by:

20.6.6.1 An increase in contamination level of the vehicle
increasing background fluorescence, or

20.6.6.2 Loss of vehicle because of evaporation, increasing
concentration, or

20.6.6.3 Degradation of fluorescent particles. See 20.6.8 for
additional guidance.

20.6.7 System Performance—Failure to find a known dis-
continuity in a part or obtain the specified indications on the
test ring (see 20.8.4) indicates a need for changing of the entire
bath. If a part was used, it must have been completely
demagnetized and cleaned so that no fluorescent background
can be detected when viewed under UV-A (black) light with a
surface intensity of at least 1000 μW/cm2. If any background is
noted that interferes with either detection or interpretation, the
bath should be drained and a new suspension made.

20.6.8 Determination of Particle Sensitivity—Appendix X4
describes several devices that can demonstrate the sensitivity
of either wet-method or dry-method particles. These devices
contain permanent magnetization in some form and are inde-
pendent of the magnetizing system. They should not be
magnetized or demagnetized before or after use. Such devices
can be useful whenever performance of the particles are subject
to question or need to be verified.

20.7 Bath Characteristics Control:
20.7.1 Oil Bath Fluids—Properties of oil-bath fluids are

described in AMS 2641 or A-A–59230.
20.7.2 Water Bath Fluids—Properties of conditioned water-

bath fluids are described in AS 4792.
20.7.3 Viscosity—The recommended viscosity of the sus-

pension is not to exceed 5 mm2/s (5.0 cSt), at any temperature
at which the bath may be used, when verified in accordance
with Test Method D445.

20.7.4 Flash Point—The recommended flash point of wet
magnetic particle light petroleum distillate suspension is a
minimum of 200°F (93°C); use Test Method D93.

20.7.5 Water Break Check for Conditioned Water Vehicles—
Properly conditioned water will provide proper wetting, par-
ticle dispersion, and corrosion protection. The water break
check should be performed by flooding a part, similar in

surface finish to those under examination, with suspension, and
then noting the appearance of the surface of the part after the
flooding is stopped. If the film of suspension is continuous and
even all over the part, sufficient wetting agent is present. If the
film of suspension breaks, exposing bare surfaces of the part,
and the suspension forms many separate droplets on the
surface, more wetting agent is needed or the part has not been
sufficiently cleaned. When using the fluorescent method, this
check should be performed independently under both UV-A
(black) light and visible light.

20.7.6 pH of Conditioned Water Vehicles—The recom-
mended pH of the conditioned water bath is between 7.0 and
10.5 as determined by a suitable pH meter or special pH paper.

20.8 Verifying System Performance—System performance
checks must be conducted in accordance with a written
procedure so that the verification is performed in the same
manner each time.

20.8.1 Production Verification Parts with
Discontinuities—A practical way to evaluate the performance
and sensitivity of the dry or wet magnetic particles or overall
system performance, or both, is to use representative verifica-
tion parts with known discontinuities of the type and severity
normally encountered during actual production examination.
However, the usefulness of such parts is limited because the
orientation and magnitude of the discontinuities cannot be
controlled. The use of flawed parts with gross discontinuities is
not recommended. (Warning—If such parts are used, they
must be thoroughly demagnetized and cleaned after each use.)

20.8.2 Fabricated Test Parts with Discontinuities—Often,
production verification parts with known discontinuities of the
type and severity needed for evaluation are not available. As an
alternative, fabricated verification specimens with discontinui-
ties of varying degree and severity can be used to provide an
indication of the effectiveness of the dry or wet magnetic
particle examination process. If such parts are used, they
should be thoroughly demagnetized and cleaned after each use.

20.8.3 Test Plate—A magnetic particle system performance
verification plate, such as shown in Fig. 13 is useful for
checking the overall performance of wet or dry techniques
using prods and yokes. Recommended minimum dimensions
are ten inches per side and nominal thickness of one inch.
Discontinuities can be formed by controlled heating/cooling,
EDM notches, artificial discontinuities in accordance with
14.2.2 or other means. (Warning—Notches should be filled
flush to the surface with a nonconducting material, such as
epoxy, to prevent the mechanical holding of the indicating
medium.)

20.8.4 Test Ring Specimen—A verification (Ketos) ring
specimen may also be used in evaluating and comparing the
overall performance and sensitivity of both dry and wet,
fluorescent and non-fluorescent magnetic particle techniques
using a central conductor magnetization technique. Refer to
Appendix X7 for further information.

20.8.4.1 Using the Test Ring—See Appendix X7 for further
information.
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20.8.5 Magnetic Field Indicators:
20.8.5.1 “Pie” Field Indicator—The magnetic field indica-

tor shown in Fig. 14 relies on the slots between the pie shaped
segments to show the presence and the approximate direction
of the external magnetic field. Because “pie” field indicators
are constructed of highly permeable material with 100 %
through wall flaws, indications does not mean that a suitable
field strength is present for the location of relevant indications

in the part under examination. The “pie” field indicator is used
with the magnetic particles applied across the copper face of
the indicator (the slots are against the piece) simultaneously
with the magnetizing force. Typical “pie” field indicators show
a clear indication in a five gauss external field. These devices
are generally used as instructional aids.

20.8.5.2 Slotted Shims—Several types of slotted shims exist.
Refer to AS 5371 and to illustrations in Appendix X2.

FIG. 13 Sample of a Magnetic Particle Performance Verification Plate. Defects are formed and located in accordance with plate manu-
facturers’ specifications.

FIG. 14 Pie Field Indicator
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21. Procedures

21.1 When specified a procedure should be written for all
magnetic particle examinations and should include as a mini-
mum the following information. A sketch is usually used for
illustrating part geometry, techniques, and areas for examina-
tion. This sketch may also be used for recording location of
magnetic field indicators and for recording location of discon-
tinuities.

21.1.1 Area to be examined (entire part or specific area),
21.1.2 Type of magnetic particle material (dry or wet,

visible or fluorescent),
21.1.3 Magnetic particle equipment,
21.1.4 Part surface preparation requirements,
21.1.5 Magnetizing process (continuous, true-continuous,

residual),
21.1.6 Magnetizing current (alternating, half-wave rectified

AC, full-wave rectified AC, direct),
21.1.7 Means of establishing part magnetization (direct-

prods, head/tailstock contact or cable wrap, indirect-coil/cable
wrap, yoke, central conductor, and so forth),

21.1.8 Direction of magnetic field (circular or longitudinal),
21.1.9 System performance/sensitivity checks,
21.1.10 Magnetic field strength (ampere turns, field density,

magnetizing force, and number and duration of application of
magnetizing current),

21.1.11 Application of examination media,
21.1.12 Interpretation and evaluation of indications,
21.1.13 Type of records including accept/reject criteria,
21.1.14 Demagnetizing techniques, if required, and
21.1.15 Post-examination cleaning, if required.

21.2 Written Reports—Written reports should be prepared as
agreed upon between the testing agency/department and the
purchaser/user.

22. Acceptance Standards

22.1 The acceptability of parts examined by this method is
not specified herein. Acceptance standards are a matter of
agreement between the manufacturer and the purchaser and
should be stated in a referenced contract, specification, or code.

23. Safety

23.1 Those involved with hands-on magnetic particle ex-
amination exposure to hazards include:

23.1.1 Electric Shock and Burns—Electric short circuits can
cause shock and particularly burns from the high amperages at
relatively low voltages that are used. Equipment handling
water suspensions should have good electrical grounds.

23.1.2 Flying Particles—Magnetic particles, particularly the
dry ones, dirt, foundry sand, rust, and mill scale can enter the
eyes and ears when they are blown off the part when applying
them to a vertical or overhead surface or when cleaning an
examined surface with compressed air. Dry particles are easy
to inhale and the use of a dust respirator is recommended.

23.1.3 Falls—A fall from a scaffold or ladder if working on
a large structure in the field or shop.

23.1.4 Fire—Ignition of a petroleum distillate bath.
23.1.5 Environment—Doing magnetic particle examination

where flammable vapors are present as in a petrochemical plant
or oil refinery. Underwater work has its own set of hazards and
should be addressed independently.

23.1.6 Wet Floors—Slipping on a floor wetted with a
particle suspension.

23.1.7 Shifting or Dropping of Large Components—Large
components, especially those on temporary supports can shift
during examination or fall while being lifted. In addition,
operators should be alert to the possibility of injury to body
members being caught beneath a sling/chain or between
head/tail stock and the piece.

23.1.8 Ultraviolet Light Exposure—Ultraviolet light can
adversely affect the eyes and skin. Safety goggles designed to
absorb UV-A (black light) wavelength radiation are suggested
where high intensity blacklight is used.

23.1.9 Materials and Concentrates—The safe handling of
magnetic particles and concentrates are governed by the
supplier’s Material Safety Data Sheets (MSDS). The MSDS
conforming to 29 CFR 1910.1200 or equivalent must be
provided by the supplier to any user and must be prepared in
accordance with FED-STD-313.

23.1.10 Equipment Hazards—Because of the large breadth
of equipment available, unique safety hazards may exist and
should be addressed on a case by case basis.

24. Precision and Bias

24.1 The methodology described in the practice will pro-
duce repeatable results provided the field has the proper
orientation with respect to the discontinuities being sought.

24.2 It must be recognized that the surface condition of the
material being examined, the material’s magnetic properties,
its shape, and control of the factors listed in 20.1 influence the
results obtained.

25. Keywords

25.1 dye; evaluation; examination; fluorescent; inspection;
magnetic particle; nondestructive; testing
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ANNEX

(Mandatory Information)

A1. TYPICAL MAGNETIC PARTICLE INDICATIONS

A1.1 Surface discontinuities with few exceptions produce
sharp and distinct magnetic particle indications. Near-surface
discontinuities on the other hand produce less distinct or fuzzy
magnetic particle indications in comparison to surface discon-
tinuities; the magnetic particle indications are broad rather than
sharp and the particles are less tightly held.

A1.2 Wet Method:

A1.2.1 Fluorescent—Indications of surface cracks, surface
indications, and an indication of a near surface discontinuity
are shown in Figs. A1.1-A1.6.

A1.2.2 Nonfluorescent—Indications of surface cracks are
shown in Figs. A1.7-A1.16.

A1.3 Dry Method—Indications of surface cracks are shown
in Figs. A1.17-A1.23.

A1.4 Nonrelevant indications are shown in Figs. A1.24-
A1.26.

FIG. A1.1 Axle with Circumferential Crack in Shoulder
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FIG. A1.2 Arm with Two Longitudinal Indications

FIG. A1.3 Hub with Both Radial and Longitudinal Indications

FIG. A1.4 Crankshaft with Various Longitudinal Indications



ASME BPVC.V-2023 ARTICLE 25, SE-709

779

FIG. A1.5 Valve with Indication on the Stem

FIG. A1.6 Yoke Showing Balanced QQIs
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FIG. A1.7 Indications of Surface Cracking (Produced by Central Conductor Magnetization DC Continuous)

FIG. A1.8 Indications of Surface Cracking (Produced by Circular Direct Magnetization DC Continuous)
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FIG. A1.9 Indications of Surface Cracks (Produced by Central
Conductor Magnetization DC Continuous)

FIG. A1.10 Indications of Surface Cracks (Produced by Circular Indirect Magnetization DC)
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FIG. A1.11 Indications of a Near-Surface Discontinuity (Produced
by Circular Direct Magnetization AC Continuous)

FIG. A1.12 Indications of Near-Surface Indications (Produced by
Circular Direct Magnetization AC Continuous)

FIG. A1.13 Magnetic Rubber Indications of Surface Cracks in Air-
craft Fastener Holes (Produced by Yoke Magnetization DC Con-

tinuous)
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FIG. A1.14 Magnetic Rubber Indications of Surface Cracks in Air-
craft Fastener Holes (Produced by Yoke Magnetization DC Con-

tinuous)

FIG. A1.15 Magnetic Slurry Indications of Surface Cracks in Weldment (Produced by Yoke Magnetization, AC Continuous)

FIG. A1.16 Magnetic Slurry Indications of Surface Cracks (Produced by Yoke Magnetization, AC Continuous)
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FIG. A1.17 Indications of a Near-Surface Discontinuity (Produced by Prod Magnetization, HWDC Continuous)

FIG. A1.18 Indications of a Near-Surface Discontinuity (Produced by Prod Magnetization, HWDC Continuous)

FIG. A1.19 Indication of Surface Cracks (Produced by Circular
Indirect Magnetization, AC Continuous)
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FIG. A1.20 Indication of Surface Cracks (Produced by Prod
Magnetization, AC Continuous)

FIG. A1.21 Indications of Surface Cracks (Produced by Prod Magnetization, DC Continuous)
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FIG. A1.22 Indications of Surface Cracks (Produced by Circular
Direct Magnetization, AC Continuous)

FIG. A1.23 Indications of Surface Cracks (Produced by Central
Conductor Magnetization, AC Continuous)
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FIG. A1.24 Nonrelevant Indications of Magnetic Writing (Pro-
duced by Direct Magnetization, DC Continuous)

FIG. A1.25 Nonrelevant Indications Due to Change in Section on
a Small Part (Produced by Indirect, Circular Magnetization, DC

Continuous)
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APPENDIXES

(Nonmandatory Information)

X1. FLEXIBLE LAMINATED STRIPS FOR MAGNETIC PARTICLE TESTING

X1.1 Flexible laminated strips are typically used to ensure
proper field direction during magnetic particle testing. The
longitudinal axis of the strip should be placed perpendicular to
the direction of the magnetic field of interest in order to
generate the strongest particle indications on the strip.

X1.1.1 The strips are available in two types, General Use
and Aerospace Use. Both types of strip contain a steel layer
sandwiched between two brass plates that are 0.0020 in.
(0.0508 mm) thick. The bottom brass layer acts as a lift-off of
0.0020 in. (0.0508 mm) from the examination surface. The
brass is non-magnetic and functions only to provide lift-off and
to protect the steel layer. The entire strip may have a polymeric
coating for further protection.

X1.1.2 The longitudinal dimension of the strips is 1.95 in.
(50 mm) and the width of the strip is 0.47 in. (12 mm).

X1.1.3 Both types of strips contain three longitudinal slots
in the center steel layer.

X1.1.3.1 The widths of the slots in the General Use strip are
0.0075 in. (0.1905 mm), 0.009 in. (0.2286 mm), and 0.010 in.
(0.254 mm).

X1.1.3.2 The widths of the slots in the Aerospace Use strip
are 0.003 in. (0.0762 mm), 0.004 in. (0.1016 mm), and 0.005
in. (0.127 mm).

X1.1.4 The center steel layer of the strips is made of a high
“μ” magnetic material.

X1.1.5 Strips shall be placed in the area(s) of interest of the
part or surface being examined. Use enough strips, or place the
strips in multiple areas, to ensure that proper field directions
are obtained.

X1.2 Instructions for the Use of Flexible Laminated
Strips

X1.2.1 Application of Strips—Flexible laminated strips, as
shown in Fig. X1.3 and Fig. X1.4, require specific handling,
attachment, and care for accurate indication of magnetic field
direction.

X1.2.2 Strips are manufactured from high permeability
carbon steel and must be protected from corrosion when not in

FIG. A1.26 Nonrelevant Indications of Junction Between Dissimilar Materials (Produced by Coil DC Residual Magnetization)

FIG. X1.1 The longitudinal lines represent the location of the
slots cut into the center steel layer of either the General or Aero-

space flexible laminated strips.

FIG. X1.2 A cross-sectional view illustrates the magnetic leakage
flux generated by the slots in the central steel layer of a flexible
laminated strip exposed to a magnetic field perpendicular to the

strip axis.
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use. They should be stored in a dry location. Before placing the
strip onto the part, both the strip and part shall be clean and dry.

X1.2.3 The strip shall be placed in intimate contact with
material to be examined. The strip may be held in place
manually or with the use of an adhesive or tape.

X1.2.3.1 If the strip is to be fastened to the part by using an
adhesive or tape, select one (such as Scotch brand 191, 471, or

600 series) that prevents the magnetic particle suspension from
entering between the strip and part.

X1.2.3.2 Tape may be used to secure the strip and shall have
the following properties:

X1.2.3.2.1 Good adhesion to steel,
X1.2.3.2.2 Impervious to the suspension used, and
X1.2.3.2.3 Tape shall be non-fluorescent (for fluorescent

suspensions).
X1.2.3.3 If the tape becomes loose, allowing the suspension

to seep under the strip, the tape and strip shall be carefully
removed, the strip and the part shall be cleaned, and the strip
shall be reattached.

X1.2.3.4 Any tape or adhesive used to secure the strip to the
part shall neither cover nor interfere with the visibility of the
indications.

X1.2.4 Re-use of the strips is acceptable, provided they are
not distorted when removed and intimate contact is achieved
when replaced.

X1.2.5 Use care when applying the suspension to the strips.
Proper strip indications may not form unless the suspension is
applied in a gentle manner.

X1.2.6 The active center layer of the strips are made of a
low retentively and high permeability material. Use of the
strips in verifying the presence of residual magnetic fields can
only be made with approval of the Cognizant Engineering
Organization.

X1.2.7 Determining Field Direction—Strips provide the
strongest particle indications on the three lines when positioned
such that the longitudinal axis of the strip is perpendicular to
the applied magnetic field. A strip whose longitudinal axis is
parallel to the applied field will not provide any particle
indications. Refer to Fig. X1.3 and Fig. X1.4.

X1.2.7.1 To use strips to determine the field direction, first
determine the location(s) for the strip(s) to be placed.

X1.2.7.2 Position a strip onto the surface so that it is
perpendicular to the direction of the applied magnetic field.

X1.2.7.2.1 A second strip may be placed perpendicular to
the first.

X1.2.7.3 Using the continuous method, begin by starting the
amperage selection at a minimum level and increasing the
amperage slowly until the indications of the lines in one or both
strip(s) are readily observed.

X1.2.7.4 If both strips show particle indications, the applied
field is at an angle of between 30° to 60° to them. If no
indications are visible in either strip when the field is applied,
the field is not strong enough to generate indications.

X1.2.7.5 Actual field strength measurements (in the air at
the point of measurement) can be obtained by placing a Hall
Effect probe adjacent to the strip or at a nearby location where
probe placement can easily be replicated.

FIG. X1.3 Particle indications are strongest when applied mag-
netic field (H) is of sufficient strength and perpendicular to the
longitudinal axis of the strip. No indications will form when the

longitudinal axis is parallel to the applied field or the strength of
H is insufficient.

FIG. X1.4 Weak particle indications can mean that the longitudi-
nal axis of the strip is at an angle (θ) from the applied magnetic
field (H), or that the applied field is not strong enough to gener-

ate indications.
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X2. REFERENCE STANDARD NOTCHED SHIMS FOR MAGNETIC PARTICLE TESTING IN ACCORDANCE WITH AS 5371

X2.1 The following standard flawed shims are typically
used to establish proper field direction and ensure adequate
field strength during technique development in magnetic par-
ticle examination. The shims of Fig. X2.1 may be used to
ensure the establishment of fields in the unidirectional magne-
tization method and to ensure the establishment and balance of
fields in the multidirectional magnetization method.

X2.1.1 Except for shims illustrated in Fig X2.3, the shims
are available in two thicknesses, 0.002 in. (0.05 mm) and 0.004
in. (0.10 mm). Thinner shims are used when the thicker shims
cannot conform to the part surface in the area of interest.

X2.1.2 The shims are available in two sizes, 0.75 in. (19
mm) square for Figs. X2.1 and X2.2 and 0.79 in. (20 mm)

square of Fig. X2.3. The shims of Fig. X2.3 are cut, by the user,
into four 0.395 in. (10 mm) square shims for use in restricted
areas.

X2.1.3 Shims should be low carbon steel, AMS 5062 or
equivalent.

X2.1.4 Shims should be used as specified in AS 5371.
Shims are placed in the area(s) of interest with notches toward
the surface of the part being examined. Use enough shims or
place the shims in multiple areas to ensure proper field
directions and strengths are obtained.

FIG. X2.1 Shim Thicknesses for Shim Types 3C2-234 and 3C4-234
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X3. EMPIRICAL FORMULAS

X3.1 This appendix has empirical formulas for establishing
magnetic field strengths; they are rules of thumb. As such, they
must be used with judgment. Their use may lead to:

X3.1.1 Over magnetization, which causes excessive particle
background that makes interpretation more difficult if not
impossible.

X3.1.2 Poor coverage.

X3.1.3 Poor choice of examination geometries.

X3.1.4 A combination of the above.

X3.2 Guidelines for Establishing Magnetic Fields—The
following guidelines can be effectively applied for establishing
proper levels of circular and longitudinal magnetization using
empirical formulas.

X3.2.1 Circular Magnetization
Magnetic Field Strength:

X3.2.1.1 Direct Circular Magnetization
When magnetizing by passing current directly through the part

the nominal current should generally be 300–800 A/in. of part
diameter (12 to 32 A/mm). The diameter of the part should be
taken as the greatest distance between any two points on the
outside circumference of the part. Currents will normally be
500 A/in. (20 A/mm) or lower, with the higher currents up to
800 A/in. (32 A/mm) being used to examine for inclusions or
to examine low-permeability alloys. Amperages of less than
300 A/in. may be used when part configuration dictates and
approval is obtained from the Level III and the Cognizant
Engineering Organization. The field strengths generated
through the use of empirical formulas should be verified with
a Hall effect gaussmeter or AS 5371 shims.

X3.2.1.2 Central Conductor Induced Magnetization
When using offset central conductors the conductor passing
through the inside of the part is placed against an inside wall of
the part. The current should be from 12 A per mm of part
diameter to 32 A per mm of part diameter (300 to 800 A/in.).
The diameter of the part should be taken as the largest distance
between any two points on the outside circumference of the
part. Generally, currents will be 500 A/in. (20 A per mm) or

FIG. X2.2 Shim Types CX-230 and CX-430

FIG. X2.3 Shim Thickness for Shim Type CX4-230
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lower with the higher currents (up to 800 A/in.) being used to
examine for inclusions or to examine low permeability alloys
such as precipitation-hardening steels. For examinations used
to locate inclusions in precipitation-hardening steels even
higher currents, up to 1000 A/in. (40 A per mm) may be used.
The distance along the part circumference, which may be
effectively examined should be taken as approximately four
times the diameter of the central conductor, as illustrated in
Fig. 10(b). The entire circumference should be examined by
rotating the part on the conductor, allowing for approximately
a 10 % magnetic field overlap. Less overlap, different current
levels, and larger effective regions (up to 360°) may be used if
the presence of suitable field levels is verified.

X3.2.2 Air-Core Coil Longitudinal Magnetization
Longitudinal part magnetization is produced by passing a
current through a multi-turn coil encircling the part, or section
of the part to be examined. A magnetic field is produced
parallel to the axis of the coil. The unit of measurement is
ampere turns (NI) (the actual amperage multiplied by the
number of turns in the encircling coil or cable). The effective
is variable and is a function of the fill factor and field extends
on either side of the coil. The effective distance can easily be
determined by use of a Gauss (Tesla) meter to identify where
the flux lines are leaving to complete their return loop. Long
parts should be examined in sections that do not exceed this
length. There are four empirical longitudinal magnetization
formulas employed for using encircling coils, the formula to be
used depending on the fill factor. The formulas are included for
historical continuity only. If used its use should be limited to
simple shaped parts. It would be quicker and more accurate to
use a Gauss (Tesla) meter, lay its probe on the part and measure
the field rather than to calculate using the formulas.

X3.2.2.1 Low Fill-Factor Coils
In this case, the cross-sectional area of the fixed encircling coil
greatly exceeds the cross-sectional area of the part (less than
10 % coil inside diameter). For proper part magnetization, such
parts should be placed well within the coils and close to the
inside wall of the coil. With this low fill-factor, adequate field
strength for eccentrically positioned parts with a length-over-
diameter ratio (L/D) between 3 and 15 is calculated from the
following equations:

(1) Parts with Low Fill-Factor Positioned Close to Inside
Wall of Coil:

NI 5 K/~L/D! ~610 %! (X3.1)

where:
N = number of turns in the coil,
I = coil current to be used, amperes (A),
K = 45 000 (empirically derived constant),
L = part, length, in., (see Note),
D = part diameter, in.; for hollow parts, see X3.2.2.4, and

NI = ampere turns.
For example, a part 15 in. (38.1 cm) long with 5-in. (12.7-cm)

outside diameter has an L/D ratio of 15/5 or 3. Accordingly, the
ampere turn requirement (NI = 45 000 ⁄3) to provide adequate
field strength in the part would be 15 000 ampere turns. If a
five-turn coil or cable is used, the coil amperage requirements
would be (I = 15 000 ⁄5) = 3000 A (610 %). A500 turn coil
would require 30 A (610 %).

(2) Parts with a Low Fill-Factor Positioned in the Center
of the Coil:

NI 5 KR/$~6L/D! 2 5%~610 %! (X3.2)

where:
N = number of turns in the coil,
I = coil current to be used, A,
K = 43 000 (empirically derived constant),
R = coil radius, in.,
L = part length, in. (see Note),
D = part diameter, in., for hollow parts (see X3.2.2.4), and

NI = ampere turns.

For example, a part 15 in. (38.1 cm) long with 5-in.
(12.7-cm) outside diameter has a L/D ratio of 15/5 or 3. If a
five-turn 12-in. diameter (6-in. radius) (30.8-cm diameter
(15.4-cm radius)) coil or cable is used, (1) the ampere turns
requirement would be as follows:

NI 5
~43 000 3 6!

~~6 3 3! 2 5!
or 19 846

and (2) the coil amperage requirement would be as follows:

19 846
5

or 3 969 A ~610 %!

X3.2.2.2 Intermediate Fill-Factor Coils
When the cross section of the coil is greater than twice and less
than ten times the cross section of the part being examined:

NI 5 ~NI!hf ~10 2 Y!1~NI! lf ~Y 2 2!/8 (X3.3)

where:
NIhf = value of NI calculated for high fill-factor coils using

Eq X3.3,
NIlf = value of NI calculated for low fill-factor coils using

Eq X3.1 or Eq X3.2, and
Y = ratio of the cross-sectional area of the coil to the cross

section of the part. For example, if the coil has an
inside diameter of 10 in. (25.4 cm) and part (a bar) has
an outside diameter of 5 in. (12.2 cm).

Y 5 ~π~5!2!/~π~2.5!2! 5 4

X3.2.2.3 High Fill-Factor Coils
In this case, when fixed coils or cable wraps are used and the
cross-sectional area of the coil is less than twice the cross-
sectional area (including hollow portions) of the part, the coil
has a high fill-factor.

(1) For Parts Within a High Fill-Factor Positioned Coil and
for Parts with an L/D ratio equal to or greater than 3:

NI 5
K

$~L/D!12% ~610 %!

where:
N = number of turns in the coil or cable wrap,
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I = coil current, A,
K = 35 000 (empirically derived constant),
L = part length, in.,
D = part diameter, in., and
NI = ampere turns.

For example, the application of Eq X3.3 can be illustrated as
follows: a part 10 in. (25.4 cm) long-with 2-in. (5.08-cm)
outside diameter would have an L/D ratio of 5 and an ampere
turn requirements of NI = 35 000 ⁄(5 + 2) or 5000 (610 %)
ampere turns. If a five-turn coil or cable wrap is employed, the
amperage requirement is 5000/5 or 1000 A (610 %).

NOTE X3.1—For L/D ratios less than 3, a pole piece (ferromagnetic
material approximately the same diameter as part) should be used to
effectively increase the L/D ratio or utilize an alternative magnetization
method such as induced current. For L/D ratios greater than 15, a

maximum L/D value of 15 should be used for all formulas cited above.

X3.2.2.4 L/D Ratio for a Hollow Piece
When calculating the L/D ratio for a hollow piece, D should be
replaced with an effective diameter Deff calculated using:

Deff 5 2@~At 2 Ah!/π#1/2

where:
At = total cross-sectional area of the part, and
Ah = cross-sectional area of the hollow portion(s) of the part.

Deff 5 @~OD!2 2 ~ID!2#1/2

where:
OD = outside diameter of the cylinder, and
ID = inside diameter of the cylinder.

X4. DEVICES FOR EVALUATION OF MAGNETIC PARTICLE EXAMINATION MATERIALS

X4.1 Scope

X4.1.1 This appendix illustrates several types of devices
that can be used to evaluate, or compare the performance of
both wet and dry magnetic particle testing materials. Particle
performance evaluation devices may be used to: check for
material degradation, compare difference materials, check the
visibility of any material(s) under varying illumination
conditions, and other types of comparisons.

NOTE X4.1—The devices discussed in this section shall not be
re-magnetized in any manner or demagnetized in any manner. They
contain some form of permanent magnetization. With suitable care, the
magnetization within each device should not be subject to change over
time.

X4.2 Devices

X4.2.1 Encoded Magnetic Media—The magnetic encoding
process can generate magnetic gradients in a highly controlled
manner. These gradients, when encoded into a media (that is, a

magnetic stripe card) can be used as an indicator of magnetic
particle performance. Fig. X4.1 illustrates how particles can be
attracted to the encoded strip on the magnetic stripe card. For
usage information, see X4.3.4.

X4.2.1.1 Characteristics—Magnetic stripe cards should be
made in accordance with ISO 7810—Identification Cards—
Physical Characteristics. The magnetic strip may be made of
either low-coercivity (lo-co) or high coercitivty (hi-co)
material, as designated by the manufacturer.

X4.2.1.2 Encoding Pattern—A constant encoding pattern,
decaying encoding patter, reverse decaying pattern, or other
pattern may be encoded into the strip. See Fig. X4.1 for a
photograph of fluorescent particle indicators of decaying and
reverse decaying encoding patterns.

X4.2.2 Permanently Magnetized Discs—Cracks in perma-
nently magnetized disks provide the flux leakage required for
magnetic particle indications. Observation of the intensity and

FIG. X4.1 Particle indications appear where magnetic gradients have been encoded in the magnetic strip of the card. In this case, the
gradients decrease in value from “0” (strongest) to “X” (weakest). Particle performance can be graded on the basis of the weakest

indication.
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brightness of indication allow a comparison or evaluation of
particle performance. Fig. X4.2 illustrates cracks that have
been formed in the disk.

X4.2.3 Permanently Magnetized Blocks—The seam be-
tween two magnetically coupled blocks provide the flux
leakage required for magnetic particle indications. The flux
density decreases as the distance from the magnet increases
and the resulting magnetic particle indication reduces. Fig.
X4.3 illustrates how a permanent magnet can be located to
result in a particle indication along the seam between two
precision formed steel blocks. The seam can be incremented so
that the particle performance can be graded.

X4.3 Procedures Considerations

X4.3.1 Preparation—The surface of the device must be
clean, dry, and free of any particles from previous tests, fluid,
or other contaminants or conditions that might interfere with
the efficiency of the evaluation prior to the application of the
testing material.

X4.3.2 Device Verification—Device should be checked with
a new material or known material prior to use, to verify the
device has not been magnetically altered. If the test indicates
the magnetic properties of the device have been altered, it
should be replaced. Contact the device manufacturer with
regard to any magnetization or performance issues.

X4.3.3 Equipment and Procedures—The equipment
requirements, test condition and testing procedures for particle
evaluation should be established and documented to the extent
required in order to provide a standardized evaluation. The
requirements may cover such things as UV-A distance and
illumination requirements, visible light requirements, particle
applicator and application procedure, the use of contrast
backgrounds, removal of excess particle and method of docu-
menting results.

NOTE X4.2—Non-fluorescent particle results are particularly impacted
by background color. A thin coating simulating test condition background
color may be considered in order to provide an additional aid in evaluating
particle performance under actual test conditions.

X4.3.4 Particle Application—Wet method and dry method
materials should be consistent with the method of application
that will be used for examinations.

X4.3.4.1 Wet Method Materials—Fluorescent or non-
fluorescent particles suspended in a liquid vehicle at the
required concentration should be applied as they would be used
for examination, by gently spraying or flowing the suspension
over the area to be examined or by immersion of the device in
the suspension. Excess bath shall be allowed to flow away from
the device. The device shall be observed under appropriate
illumination for the formation of particle indications. Obser-
vations shall be noted as to the quality of particle indications
and the clarity thereof.

X4.3.4.2 Dry Method Materials—Apply dry powder so that
a light, uniform, dust-like coating settles on the surface of the
device. The applicators should introduce the particles into the
air in a manner such that they reach the part surface in a
uniform cloud with a minimum of force. Excess particles
should be removed by a gentle air current. The device shall be
observed under appropriate illumination for the formation of
particle indications. Observation shall be noted as to the quality
of particle indications and the clarity thereof.

X4.3.5 Records—Particle indications may be recorded in
accordance with Section 17.

X4.3.6 Material Noncompliance—Evaluation of materials
not meeting company standard should not be used for exami-
nation.

X4.3.7 Loss of Indications on a Permanently Magnetized
Device—There are several circumstances in which magnetic
particle indications may not be visible on the device and when
indications are not visible, the subject particles should not be
used for examination unless being verified as acceptable using
a suitable alternate methodology.

X4.3.7.1 Concentration—The subject wet method particles
may not have a sufficient level of concentration. In this case,
increase the concentration level of the bath and re-perform the
check until the particles demonstrate suitable performance.

FIG. X4.2 Typical dimensions (in millimetres) or a disk containing surface cracks that has been permanently magnetized. In this case,
(1) indicates larger cracks formed by grinding and (2) indicates finer cracks caused by stress (induced by quenching).
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X4.3.7.2 Sensitivity—The subject particles may not provide
necessary sensitivity. In this case, replace the material with a
suitably sensitive material and re-perform the check until the
particles demonstrate suitable performance.

X4.3.7.3 Erasure—The device has become magnetically
erased. In this case, no discernible particle indication will
appear. Repeat the check with another device, or sensitivity
check, or both, until the particles demonstrate suitable perfor-
mance. Either destroy the device or report it to the manufac-
turer and follow the manufacturer’s recommendations.

X4.3.8 Handling—After the visual examination has been
made, the surface of the device should be cleaned of remaining
fluid and particles in a manner non-detrimental to the device.
When not in use, the device should be stored away from
excessive heat and strong magnetic fields. Contact the device
manufacturer with regard to any magnetization or performance
issues.

X5. CENTRIFUGE TUBES

X5.1 Centrifuge tubes should be pear-shaped, made from
thoroughly annealed glass, and conform to the dimensions

given in Figs. X5.1 and X5.2 as applicable. The graduations,
numbered as shown, should be clear and distinct.

FIG. X4.3 One type of device containing a permanent magnet held next to two precision formed steel blocks with a brass cover. The
seam between the steel blocks acts as a discontinuity; particles form an indication on the seam that is strongest close to the magnet

and weakens with distance away from the magnet.
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FIG. X5.1 Pear Shaped Centrifuge Tube – Fluorescent Bath
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X6. SUITABILITY OF MATERIALS FOR MAGNETIC PARTICLE TESTING

X6.1 Some materials are far more suitable for magnetic
particle testing than others. In some cases, liquid penetrant
testing may be a more reliable testing method.

X6.2 Some of the precipitation hardening (PH) steels are
austenitic in the annealed or low heat treat ranges. Austenitic
materials cannot be examined by the magnetic particle testing
method.

X6.3 Care must be taken with low permeability steels, such
as the PH steels, to use a high enough amperage to provide
proper field strength.

X6.4 Steels with very high permeability are easily magne-

tized but should not be examined with the residual method.

X6.5 Fig. X6.1 is a tabulation of stainless and corrosion
resistant steels and their suitability for examination with the
magnetic particle testing method.

X6.6 Aluminum and aluminum-based alloys, copper and
copper-based alloys, and nickel-based alloys cannot be exam-
ined by the magnetic particle testing method.

X6.7 All low-alloy carbon steels, 1000 series (1020, 1050,
1117, 1340, etc.), 4000 series (4130, 4330, 4340M, and so
forth), 5000, 6000, 8000, 9000 series, HY 80, HY 100,
9Ni-4Co, and Maraging steels are ferro-magnetic and can be
examined with the magnetic particle testing method.

FIG. X5.2 Pear Shaped Centrifuge Tube – Non-Fluorescent Bath
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X7. TOOL STEEL RING SPECIMEN FOR SYSTEM PERFORMANCE TEST

X7.1 A ring specimen similar to Fig. X7.1 may be used to
perform the system performance verification of X7.2.

X7.2 Wet Particle Test (Conducted in accordance with a
written procedure)

X7.2.1 Demagnetize the ring.

X7.2.2 Place a non-ferromagnetic conductor with a diam-
eter between 1.0 and 1.25 in. (25.4 and 31.75 mm) through the
center of the ring.

X7.2.2.1 Center the ring on the conductor.

X7.2.3 Magnetize the ring circularly by passing the required
current through the conductor. Use the current levels of Table
X7.1 or Table X7.2 as applicable to the ring being used.

X7.2.4 Apply the suspension to the ring using the continu-
ous method.

X7.2.5 Examine the ring within 1 min after current appli-
cation.

X7.2.5.1 Nonflourescent baths shall be examined under
visible light of not less than 100 fc (1076 lx).

X7.2.5.2 Flourescent baths shall be examined under black
light of not less than 1000 μW/cm2 and an ambient white light
level not greater than 2 fc (22 lx).

X7.2.5.3 The number of hole indications visible shall meet
or exceed those specified in Table X7.1 or Table X7.2 as
applicable to the ring being used.

X7.2.6 Demagnetize the ring.

X7.3 Dry Particle Test (Conducted in accordance with a
written procedure)

X7.3.1 Place a non-ferromagnetic conductor with a diam-
eter between 1.0 and 1.25 in. (25.4 and 31.75 mm) through the
center of the ring.

FIG. X6.1 Tabulation of Stainless and Corrosion Resistant Steels
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X7.3.2 Center the ring on the conductor.

X7.3.3 Magnetize the ring circularly by passing the required
current through the conductor. Use the applicable current levels
of Table X7.1 or Table X7.2 as applicable to the ring being
used.

X7.3.4 Apply the particles to the ring using a squeeze bulb
or other suitable applicator while the current is flowing.

X7.3.5 Examine the ring within 1 min after current appli-
cation under a minimum of 100 fc (1076 lx) of visible light.

X7.3.5.1 The number of hole indications visible shall meet
or exceed those specified in Table X7.1 or Table X7.2, or the
written procedure, or both.

X7.3.5.2 Current levels used and number of holes observed
may be limited by equipment current capacity.

FIG. X7.1 AISI KETOS Tool Steel Ring

HoleC 1 2 3 4 5 6
DiameterA 0.07 in. (1.78 mm) 0.07 in. (1.78 mm) 0.07 in. (1.78 mm) 0.07 in. (1.78 mm) 0.07 in. (1.78 mm) 0.07 in. (1.78 mm)
“D”B 0.07 in. (1.78 mm) 0.14 in. (3.56 mm) 0.21 in. (5.33 mm) 0.28 in. (7.11 mm) 0.35 in. (8.89 mm) 0.42 in. (10.67 mm)

Hole 7 8 9 10 11 12
DiameterA 0.07 in. (1.78 mm) 0.07 in. (1.78 mm) 0.07 in. (1.78 mm) 0.07 in. (1.78 mm) 0.07 in. (1.78 mm) 0.07 in. (1.78 mm)
“D”B 0.49 in. (12.45 mm) 0.56 in. (14.22 mm) 0.63 in. (16.00 mm) 0.70 in. (17.78 mm) 0.77 in. (19.56 mm) 0.84 in. (21.34 mm)
AAll hole diameters are ±0.005 in. (±0.13 mm). Rings with holes 10 through 12 are optional.
BTolerance on the D distance is ±0.005 in. (±0.13 mm).
CUnless specified, all dimensions are ±0.03 in. (±0.76 mm)

TABLE X7.2 Amperage and Hole Indication Requirements for AS
5282 Rings

Type of Suspension

Fluorescent Oxide
(Wet)

Amperage FW or HW
Rectified

Minimum Number of
Holes Indicated

1000 5
1500 6
2500 7
3500 9

Visible Oxides (Wet)

500 3
1000 4
1500 5
2500 6
3500 8

Dry Powder

500 4
1000 6
1500 7
2500 8
3500 9

TABLE X7.3 Amperage and Hole Indication Requirements for
Ketos 01 Tool Steel Ring Specimen

Type of Suspension Amperage FW or HW
Rectified

Minimum Number of
Holes Indicated

Fluorescent Oxide
(Wet)

1400 3
2500 5
3400 6

Visible Oxides (Wet)
1400 3
2500 5
3400 6

Dry Powder
1400 4
2500 6
3400 7
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X7.3.6 Demagnetize the ring.

X8. MAGNETIZATION OF OILFIELD TUBULARS

X8.1 The following requirements should be used to induce
residual magnetic fields in oilfield tubulars (tubing, casing, line
pipe, and drill pipe).

X8.2 Circular Magnetism

X8.2.1 When capacitor-discharge units are used as magne-
tizing sources, the oilfield tubulars should be insulated from
metal racks and adjacent oilfield tubulars to prevent arc burns.

X8.2.2 Partial demagnetization might occur in a magnetized
length of oilfield tubulars if it is not sufficiently separated prior
to magnetizing the next adjacent length. The distance used
should be at least 36 inches or as determined by the formula I
(0.006), whichever is greater, where I is the amperage applied.

X8.2.3 For battery or three-phase rectified-AC power
supplies, a minimum magnetizing current of 300 Amps/in of
specified outside diameter should be used.

X8.2.4 For full circumference inspection of material with a
specified outside diameter of 16 inches and smaller, central-
ization of the central conductor is not required during magne-
tization.

X8.2.5 For capacitor-discharge units, see Table X8.1 for
magnetizing current requirements.

X8.2.6 The above requirements have been demonstrated by
empirical data and do not require verification, however, the
amperage should be monitored during current application.

X8.3 Longitudinal Magnetization

X8.3.1 The number of coil turns and current required are
imprecise but should not be less than 500 ampere-turns per
inch of specified outside diameter. The current should be set as
high as possible, but not so high as to cause furring of dry
magnetic particles or immobility of wet magnetic particles.

TABLE X8.1 Capacitor Discharge Minimum Current

Number of Pulses Capacitor Discharge Amperage Requirements
Single 240 times specified weight per foot in lb/ft 161 times specified weight per metre in kg/m
Double 180 times specified weight per foot in lb/ft 121 times specified weight per metre in kg/m
Triple 145 times specified weight per foot in lb/ft 97 times specified weight per metre in kg/m



ARTICLE 26
EDDY CURRENT STANDARD

ASME BPVC.V-2023 ARTICLE 26

801



INTENTIONALLY LEFT BLANK



ð23Þ

STANDARD PRACTICE FOR ELECTROMAGNETIC (EDDY
CURRENT) EXAMINATION OF COPPER AND

COPPER-ALLOY TUBES

SE-243

(Identical with ASTM Specification E243-18.)

This document, in whole or in part, is mandatory only to the extent specified in the referencing
Article(s) of Subsection A, or as indicated in other Code Sections or referencing documents.

ASME BPVC.V-2023 ARTICLE 26, SE-243

803



ASME BPVC.V-2023ARTICLE 26, SE-243

804

Standard Practice for
Electromagnetic (Eddy Current) Examination of Copper and
Copper-Alloy Tubes

1. Scope

1.1 This practice covers the procedures that shall be
followed in eddy current examination of copper and copper-
alloy tubes for detecting discontinuities of a severity likely to
cause failure of the tube. These procedures are applicable for
tubes with outside diameters to 31⁄8 in. (79.4 mm), inclusive,
and wall thicknesses from 0.017 in. (0.432 mm) to 0.120 in.
(3.04 mm), inclusive, or as otherwise stated in ASTM product
specifications or by other users of this practice. These proce-
dures may be used for tubes beyond the size range
recommended, upon contractual agreement between the pur-
chaser and the manufacturer.
1.2 The procedures described in this practice are based on

methods making use of encircling annular examination coil
systems.
1.3 Units—The values stated in inch-pound units are to be

regarded as the standard. The values given in parentheses are
mathematical conversions to SI units that are provided for
information only and are not considered standard.

NOTE 1—This practice may be used as a guideline for the examination,
by means of internal probe examination coil systems, of installations using
tubular products where the outer surface of the tube is not accessible. For
such applications, the technical differences associated with the use of
internal probe coils should be recognized and accommodated. The effect
of foreign materials on the tube surface and signals due to tube supports
are typical of the factors that must be considered. See E690 for additional
details regarding the in-situ examinations using internal probes.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.5 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
B111/B111M Specificatio for Copper and Copper-Alloy
Seamless Condenser Tubes and Ferrule Stock

B395/B395M Specificatio for U-Bend Seamless Copper
and Copper Alloy Heat Exchanger and Condenser Tubes

B543 Specificatio for Welded Copper and Copper-Alloy
Heat Exchanger Tube

E543 Specificatio for Agencies Performing Nondestructive
Testing

E690 Practice for In Situ Electromagnetic (Eddy Current)
Examination of Nonmagnetic Heat Exchanger Tubes

E1316 Terminology for Nondestructive Examinations
2.2 Other Documents:
SNT-TC-1A Recommended Practice for Personnel Qualifi
cation and Certificatio in Nondestructive Testing

ANSI/ASNT CP-189 ASNT Standard for Qualificatio and
Certificatio of Nondestructive Testing Personnel

NAS-410 NAS Certificatio and Qualificatio of Nonde-
structive Personnel (Quality Assurance Committee)

2.3 International Standards:
ISO 9712 Non-Destructive Testing – Qualificatio and Cer-
tificatio of NDT personnel
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3. Terminology

3.1 Definitions of Terms Specific to this Standard
3.1.1 The following terms are define in relation to this

standard.
3.1.1.1 artificial discontinuity reference standard—a stan-

dard consisting of a selected tube with define artificia
discontinuities, used when adjusting the system controls to
obtain some predetermined system output signal level. This
standard may be used for periodic checking of the instrument
during an examination.
3.1.1.2 percent maximum unbalance standardization

standard—a method of standardization that can be used with
speed-insensitive instruments (see 3.1.1.4). The acceptance
level of the examination is established at the operating exami-
nation frequency as an accurate fraction of the maximum
unbalance signal resulting from the end effect of a tube. Any
low-noise tube from the production run having a squared end
may be used as this standard. This standard may be used for
periodic checking of the instrument during an examination.
3.1.1.3 electrical center—the center established by the elec-

tromagnetic fiel distribution within the examination coil. A
constant-intensity signal, irrespective of the circumferential
position of a discontinuity, is indicative of electrical centering.
The electrical center may be different from the physical center
of the examination coil.
3.1.1.4 speed-sensitive equipment—examination equipment

that produces a variation in signal response with variations in
the examination speed. Speed-insensitive equipment provides a
constant signal response with changing examination speeds.
3.1.1.5 off-line examining / in-line—eddy current examina-

tions conducted on equipment that includes the examination
coil and means to propel individual tubes under examination
through the coil at appropriate speeds and conditions.
3.1.1.6 on-line examining—eddy current examinations con-

ducted on equipment that includes the examination coil and
means to propel tubes under examination through the coil at
appropriate speeds and conditions as an integral part of a
continuous tube manufacturing sequence.
3.2 Definitions of Terms—Refer to Terminology E1316 for

definition of terms that are applicable to nondestructive
examinations in general.

4. Summary of Practice

4.1 Examining is usually performed by passing the tube
lengthwise through a coil energized with alternating current at
one or more frequencies. The electrical impedance of the coil
is modifie by the proximity of the tube, the tube dimensions,
electrical conductivity and magnetic permeability of the tube
material, and metallurgical or mechanical discontinuities in the
tube. During passage of the tube, the changes in electromag-
netic response caused by these variables in the tube produce
electrical signals which are processed so as to actuate an audio
or visual signaling device or mechanical marker which pro-
duces a record.

5. Significance and Use

5.1 Eddy current testing is a nondestructive method of
locating discontinuities in a product. Signals can be produced

by discontinuities located either on the external or internal
surface of the tube or by discontinuities totally contained
within the walls. Since the density of eddy currents decreases
nearly exponentially as the distance from the external surface
increases, the response to deep-seated defects decreases.
5.2 Some indications obtained by this method may not be

relevant to product quality; for example, a reject signal may be
caused by minute dents or tool chatter marks that are not
detrimental to the end use of the product. Irrelevant indications
can mask unacceptable discontinuities. Relevant indications
are those which result from nonacceptable discontinuities. Any
indication above the reject level that is believed to be irrelevant
shall be regarded as unacceptable until it is demonstrated by
re-examination or other means to be irrelevant (see 10.3.2).
5.3 Eddy current testing systems are generally not sensitive

to discontinuities adjacent to the ends of the tube (end effect).
On-line eddy current examining would not be subject to end
effect.
5.4 Discontinuities such as scratches or seams that are

continuous and uniform for the full length of the tube may not
always be detected.

6. Basis of Application

6.1 Personnel Qualification—Nondestructive testing (NDT)
personnel shall be qualifie in accordance with a nationally
recognized NDT personnel qualificatio practice or standard
such as ANSI/ASNT CP-189, SNT-TC-1A, MIL-STD-410,
NAS-410, ISO 9712, or a similar document. The practice or
standard used and its applicable revision shall be specifie in
the purchase specificatio or contractual agreement between
the using parties.
NOTE 2—MIL-STD-410 is canceled and has been replaced with

NAS-410, however, it may be used with agreement between contracting
parties.

6.2 Qualification of Nondestructive Testing Agencies—If
specifie in the purchase specificatio or contractual
agreement, NDT agencies shall be evaluated and qualifie as
described in Practice E543. The applicable edition of Practice
E543 shall be identifie in the purchase specificatio or
contractual agreement between the using parties.

7. Apparatus

7.1 Electronic Apparatus—The electronic apparatus shall be
capable of energizing the examination coil with alternating
currents of suitable frequencies (for example, 1 kHz to 125
kHz), and shall be capable of sensing the changes in the
electromagnetic response of the coils. Electrical signals pro-
duced in this manner are processed so as to actuate an audio or
visual signaling device or mechanical marker which produces
a record.
7.2 Examination Coils—Examination coils shall be capable

of inducing current in the tube and sensing changes in the
electrical characteristics of the tube. The examination coil
diameter should be selected to yield the largest practical
fill-facto .
7.3 Driving Mechanism—A mechanical means of passing

the tube through the examination coil with minimum vibration
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of the examination coil or the tube. The device shall maintain
the tube substantially concentric with the electrical center of
the examination coil. A uniform speed (65.0 % speed variation
maximum) shall be maintained.
7.4 End Effect Suppression Device—A means capable of

suppressing the signals produced at the ends of the tube.
Individual ASTM product specification shall specify when an
end effect suppression device is mandatory.
NOTE 3—Signals close to the ends of the tube may carry on beyond the

limits of end suppression. Refer to 9.4.

8. Reference Standards

8.1 Artificial Discontinuity Reference Standard:
8.1.1 The tube used when adjusting the sensitivity setting of

the apparatus shall be selected from a typical production run
and shall be representative of the purchaser’s order. The tubes
shall be passed through the examination coil with the instru-
ment sensitivity high enough to determine the nominal back-
ground noise inherent in the tubes. The reference standard shall
be selected from tubes exhibiting low background noise. For
on-line eddy current examining, the reference standard is
created in a tube portion existent in the continuous manufac-
turing sequence or in other forms as allowed by the product
specification
8.1.2 The artificia discontinuities shall be spaced to provide

signal resolution adequate for interpretation. The artificia
discontinuities shall be prepared in accordance with one of the
following options:

(a) A round bottom transverse notch on the outside of the
tube in each of three successive transverse planes at 0, 120, and
240° (Fig. 1).

(b) A hole drilled radially through the tube wall in each of
three successive transverse planes at 0, 120, and 240° (Fig. 2).

(c) One round bottom transverse notch on the outside of
the tube at 0° and another at 180°, and one hole drilled radially
through the wall at 90° and another at 270°. Only one notch or
hole shall be made in each transverse plane (Fig. 3).

(d) Four round bottom transverse notches on the outside of
the tube, all on the same element of the tube (Fig. 4).

(e) Four holes drilled radially through the tube wall, all the
same element of the tube (Fig. 5).

8.1.2.1 Round Bottom Transverse Notch—The notch shall
be made using a suitable jig with a 0.250-in. (6.35-mm)
diameter No. 4 cut, straight, round file The outside surface of
the tube shall be stroked in a substantially straight line
perpendicular to the axis of the tube. The notch depth shall be
in accordance with the ASTM product specificatio or Appen-
dix X1 if the product specificatio does not specify and shall

FIG. 1 Reference Standard with Three Notches

FIG. 2 Reference Standard with Three Holes

NOTE 1—A = Space to provide signal resolution adequate for interpre-
tation.

FIG. 3 Reference Standard with Two Notches and Two Holes

NOTE 1—A = Space to provide signal resolution adequate for interpre-
tation.

FIG. 4 Reference Standard with Four Notches in Line

NOTE 1—A = Space to provide signal resolution adequate for interpre-
tation.

FIG. 5 Reference Standard with Four Holes in Line
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not vary from the notch depth by more than 60.0005 in.
(60.013 mm) when measured at the center of the notch (see
Table X1.1).1

NOTE 4—Tables X1.1 and X1.2 may not be used for acceptance or
rejection of materials.

8.1.2.2 Drilled Holes—The hole shall be drilled radially
through the wall using a suitable drill jig that has a bushing to
guide the drill, care being taken to avoid distortion of the tube
while drilling. The drilled hole diameter shall be in accordance
with the ASTM product specificatio or Appendix X1 if the
product specificatio does not specify and shall not vary by
more than +0.001, −0.000 in. ( +0.026 mm) of the hole diam-
eter specifie (see Table X1.2) (Note 4).1
8.1.2.3 Other Artificial Discontinuities—Discontinuities of

other contours may be used in the reference standard by mutual
agreement between supplier and purchaser.
8.2 Other Reference Standards—Other reference standards

may be used by mutual agreement between supplier and
purchaser.
NOTE 5—Artificia discontinuities and the percent of maximum unbal-

ance are not intended to be representative of natural discontinuities or
produce a direct relationship between instrument response and disconti-
nuity severity; they are intended only for establishing sensitivity levels as
outlined in Section 9. The relationship between instrument response and
discontinuity size, shape, and location is important and should be
established separately, particularly as related to examination frequency.

9. Adjustment and Standardization of Apparatus
Sensitivity

9.1 The tube manufacturer shall select equipment, reference
standard, and examination parameters consistent for the
product, unless otherwise agreed upon between manufacturer
and purchaser.
9.2 When using the artificia discontinuity reference

standard, prepared in accordance with one of the fiv options,
adjust the apparatus to the lowest sensitivity required to detect
the following:
9.2.1 For Figs. 1-3: all artificia discontinuities in the

standard. The tube speed maintained during standardization
shall be the same as the speed used in production testing. If
speed-insensitive equipment is used, the speed maintained
during standardization may not necessarily be the same as used
in production testing.
9.2.2 For Figs. 4 and 5: a minimum of two of the four

artificia discontinuities as the tube is rotated by 120°- intervals
through 0, 120, and 240°, or by 90°- intervals through 0, 90,
180, and 270° on successive passes. The tube speed maintained
during standardization shall be the same as the speed used in
production testing. If speed-insensitive equipment is used, the
speed maintained during standardization may not necessarily
be the same as used in production testing.
NOTE 6—Sensitivity control settings are usually indicated by arbitrary

numbers on the control panel of the testing instruments. These numerical
settings differ among instruments of different types. It is, therefore, not
proper to transfer numerical settings on one instrument to those of another

instrument, unless the percent maximum unbalance reference standard is
used. Even among instruments of the same design and from the same
manufacturer, sensitivity control settings may vary. Undue emphasis on
the numerical value of sensitivity control settings is not justifie and shall
not be used unless referenced accurately to the maximum unbalance
signal.

9.3 Discard and replace the tube used as the reference
standard when erroneous signals are produced from
mechanical, metallurgical, or other damage to the standard.
9.4 Determine the length of tubing requiring suppression of

end effect signals by selecting a tube of low background noise
and making a series of reference holes or notches at 0.5-in.
(12.7-mm) intervals near the end of this special tube. Pass the
tube through the examination coil at the production examina-
tion speed with the artificia discontinuities end first and then
with the artificia discontinuities end last. Determine the
distance from the tube end at which the signal response from
successive discontinuities is uniform with a recording device
such as a pen recorder or memory oscilloscope. Use a signal
suppression method (photo relay, mechanical switches, or
proximity devices are commonly used) to permit examining
only when the length of tubing exhibiting uniform signals is
within the examination coil. The section of tube passing
through the examination coil during end effect suppression is
not examined in accordance with 9.2.
9.4.1 As an option to 9.4, when a recording device is not

available, the length of tubing requiring end suppression may
be determined by selecting a tube of low background noise and
making a reference hole or notch at 6 to 8 in. (152 to 203 mm)
from the tube end. Pass the tube through the examination coil
at the production examination speed with the artificia discon-
tinuity end firs and then with the artificia discontinuity end
last. If the artificia discontinuity is not detected, another
artificia discontinuity should be made further from the end. If
it is detected, cut off 0.5-in. (12.7-mm) increments from the
end of the tube until the artificia discontinuity is no longer
detected. The shortest distance from the end that the artificia
discontinuity can be detected is that length of tube which shall
require end effect signal suppression.

10. Procedure

10.1 Electrically center the tubing in the examination coil at
the start of the examination run, if such a feature is available in
the test instrument. The tube manufacturer may use the
artificia discontinuity reference standard or prepare a separate
tube for this purpose in accordance with 8.1. Pass the tube
through the examination system and mechanically adjust its
position in the examination coil such that the requirements of
9.2 are satisfied
10.2 Standardize the examination system at the start of the

examination run and at periodic intervals (for example, every 2
h) of continuous operation or whenever improper functioning
of the system is suspected.
10.3 Pass the tubes through the examination system stan-

dardized as described in Section 9.
10.3.1 Accept those tubes that produce output signals con-

forming to the limits in the applicable ASTM product specifi
cation.

1 Tables X1.1 and X1.2 are extracted from Specif cations B111/B111M, B395/
B395M, and B543.
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10.3.2 Tubes that produce output signals not conforming to
the limits in the applicable ASTM product specificatio may, at
the option of the manufacturer, be set aside for re-examination
(see 5.2). Upon re-examination, accept the tubes if the output
signals are within acceptable limits (10.3.1) or demonstrated by
other re-examination to be irrelevant.
10.4 Tubes may be examined at the finis size after the fina

anneal or heat treatment, or at the finis size prior to the fina
anneal or heat treatment unless otherwise agreed upon between
the supplier and the purchaser.

11. Keywords

11.1 electromagnetic (eddy current) testing; NDT; nonde-
structive testing; copper; tubing

APPENDIX

(Nonmandatory Information)

X1. TABLES

TABLE X1.1 Notch Depth

Tube Wall
Thickness, in.

Tube Outside Diameter, in.

Over 1 ⁄4 to
3⁄4, incl

Over 3⁄4 to
11⁄4, incl

Over 11⁄4 to
31⁄8, incl

Over 0.017–0.032 0.005 0.006 0.007
Incl 0.032–0.049 0.006 0.006 0.0075
Incl 0.049–0.083 0.007 0.0075 0.008
Incl 0.083–0.109 0.0075 0.0085 0.0095
Incl 0.109–0.120 0.009 0.009 0.011

Tube Wall
Thickness, mm

Tube Outside Diameter, mm

Over 6 to
19, incl

Over 19 to
32, incl

Over 32 to
79, incl

Over 0.43–0.61 0.13 0.15 0.18
Incl 0.81–1.3 0.15 0.15 0.19
Incl. 1.3–2.1 0.18 0.19 0.20
Incl. 2.1–2.8 0.19 0.22 0.24
Incl. 2.8–3.0 0.23 0.23 0.28

TABLE X1.2 Diameter of Drilled Holes

Tube Outside Diameter Diameter of Drilled Holes
Drill No.

in. in.
1⁄4 to 3⁄4, incl 0.025 72

Over 3⁄4 –1, incl 0.031 68
Over 1–11⁄4, incl 0.036 64
Over 11⁄4 –11⁄2, incl 0.042 58
Over 11⁄2 –13⁄4, incl 0.046 56
Over 13⁄4 –2, incl 0.052 55

Tube Outside Diameter Diameter of Drilled Holes
Drill No.

mm mm

6.0–19.0, incl 0.635 72
Over 19.0–25, incl 0.785 68
Over 25–32, incl 0.915 64
Over 32–38, incl 1.07 58
Over 38–45, incl 1.17 56
Over 45–50, incl 1.32 55
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Standard Guide for
Mounting Piezoelectric Acoustic Emission Sensors

1. Scope

1.1 This document provides guidelines for mounting piezo-
electric acoustic emission (AE) sensors.

1.2 Units—The values stated in either SI units or inch-
pound units are to be regarded separately as standard. The
values stated in each system may not be exact equivalents;
therefore, each system shall be used independently of the other.
Combining values from the two systems may result in non-
conformance with the standard.

1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

1.4 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E976 Guide for Determining the Reproducibility of Acoustic

Emission Sensor Response
E1316 Terminology for Nondestructive Examinations

3. Terminology

3.1 Definitions of Terms Specific to This Standard:
3.1.1 bonding agent—a couplant that physically attaches the

sensor to the structure.

3.1.2 couplant—a material used at the structure-to-sensor
interface to improve the transfer of acoustic energy across the
interface.

3.1.3 mounting fixture—a device that holds the sensor in
place on the structure to be monitored.

3.1.4 sensor—a detection device that transforms the particle
motion produced by an elastic wave into an electrical signal.

3.1.5 waveguide, acoustic—a device that couples acoustic
energy from a structure to a remotely mounted sensor. For
example, a solid wire or rod, coupled to a sensor at one end and
to the structure at the other.

3.2 Definitions:
3.2.1 For definitions of additional terms relating to acoustic

emission, refer to Terminology E1316.

4. Significance and Use

4.1 The methods and procedures used in mounting AE
sensors can have significant effects upon the performance of
those sensors. Optimum and reproducible detection of AE
requires both appropriate sensor-mounting fixtures and consis-
tent sensor-mounting procedures.

5. Mounting Methods

5.1 The purpose of the mounting method is to hold the
sensor in a fixed position on a structure and to ensure that the
acoustic coupling between the sensor and the structure is both
adequate and constant. Mounting methods will generally fall
into one of the following categories:

5.1.1 Compression Mounts—The compression mount holds
the sensor in intimate contact with the surface of the structure
through the use of force. This force is generally supplied by
springs, torqued-screw threads, magnets, tape, or elastic bands.
The use of a couplant is strongly advised with a compression
mount to maximize the transmission of acoustic energy
through the sensor-structure interface.

5.1.2 Bonding—The sensor may be attached directly to the
structure with a suitable adhesive. In this method, the adhesive
acts as the couplant. The adhesive must be compatible with the
structure, the sensor, the environment, and the examination
procedure.

6. Mounting Requirements

6.1 Sensor Selection—The correct sensors should be chosen
to optimally accomplish the AE examination objective. Selec-
tion parameters to be considered are as follows: size,
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sensitivity, frequency response, surface-motion response, envi-
ronmental compatibility, background noise, source location
requirements, and material properties of the structure under
examination. When a multichannel acoustic-emission exami-
nation is being conducted, a subset of sensors with character-
istics similar to each other should be selected. See Guide E976
for methods of comparing sensor characteristics.

6.1.1 If the examination objective is to include AE source
location, sensor selection may be governed by the material
properties of the structure and may affect subsequent sensor
spacing due to attenuation. It may be necessary to evaluate
attenuation effects as part of the pre-examination procedure. If
performed, the attenuation data shall be retained as part of the
experimental record.

6.1.2 When a multichannel acoustic-emission examination
is being conducted, a subset of sensors with characteristics
similar to each other should be selected. See Guide E976 for
methods of comparing sensor characteristics.

6.2 Structure Preparation—The contacting surfaces should
be cleaned and mechanically prepared. This will enhance the
detection of the desired acoustic waves by assuring reliable
coupling of the acoustic energy from the structure to the sensor.
Preparation of these surfaces must be compatible with the
construction materials used in both the sensor and the structure.
Possible losses in acoustic energy transmission caused by
coatings such as paint, encapsulants, loose-mill scale, weld
spatter, and oxides as well as losses due to surface curvature at
the contact area must be considered.

6.2.1 The location of each sensor should be measured and
marked accordingly on the structure and recorded as part of the
examination record.

6.2.2 If surface preparation requires removing paint from a
metal surface, the paint may be removed with a grinder or other
mechanical means, down to bare metal. The area of paint
removal should be slightly larger than the diameter of the
sensor. If the metal surface is smooth, sandpaper may be used
to roughen the surface prior to bonding.

6.2.2.1 After paint removal, the surface should be cleaned
with a degreaser and wiped clean with a cloth.

6.2.2.2 If corrosion is present on the structure, additional
cleaning may include using a conditioner (mild acid) and
neutralizer to minimize potential corrosion beneath the sensor
after mounting.

6.2.2.3 If the structure is located in a marine environment,
soluble salts (e.g. chlorides, nitrates, sulfates) may still reside
on the steel surface even after cleaning. These types of salts
attract moisture from the air, and may result in additional
corrosion beneath the sensor and failure of the bond. As such,
a liquid soluble salt remover is recommended as an additional
step in surface preparation prior to sensor mounting.

6.3 Couplant or Bonding Agent Selection:
6.3.1 The type of couplant or bonding agent should be

selected with appropriate consideration for the effects of the
environment (for example, temperature, pressure, composition
of gas, or liquid environment) on the couplant and the
constraints of the application. It should be chemically compat-
ible with the structure and not be a possible cause of corrosion.
In some cases, it may be a requirement that the couplant be

completely removable from the surface after examination. In
general, the selection of the couplant is as important from an
environmental standpoint as it is from the acoustical stand-
point.

6.3.2 For sensors that are primarily sensitive to particle
motion perpendicular to their face, the viscosity of the couplant
is not an important factor. Most liquids or greases will work as
a couplant if they wet the surfaces of both the structure and the
sensor. For those few sensors which are sensitive primarily to
motion in the plane of their face, very high-viscosity couplant
or a rigid bond is recommended.

6.3.2.1 Testing has shown that in most cases, when working
at frequencies below 500 kHz, most couplants will suffice.
However, due to potential loss of high frequency (HF) spectra
when working above 500 kHz, a low viscosity couplant or rigid
bond, relative to sensor motion response, is recommended.
Additionally, when spectral response above 500 kHz is needed,
it is recommended that FFT be performed to verify adequacy of
HF response.

6.3.3 The thickness of the couplant may alter the effective
sensitivity of the sensor. The thinnest practical layer of
continuous couplant is usually the best. Care should be taken
that there are no entrapped voids in the couplant. Unevenness,
such as a taper from one side of the sensor to the other, can also
reduce sensitivity or produce an unwanted directionality in the
sensor response.

6.3.4 A useful method for applying a couplant is to place a
small amount of the material in the center of the sensor face,
then carefully press the sensor on to the structure surface,
spreading the couplant uniformly from the center to the outside
of the sensor face. Typically, this will result in a small band
(fillet) of couplant around the outside circumference of the
sensor.

6.3.5 In some applications, it may be impractical to use a
couplant because of the nature of the environment (for
example, very high temperatures or extreme cleanliness re-
quirements). In these situations, a dry contact may be used,
provided sufficient mechanical force is applied to hold the
sensor against the structure. The necessary contact pressure
must be determined experimentally. As a rough guide, this
pressure should exceed 0.7 MPa [100 psi].

6.3.6 Great care must be taken when bonding a sensor to a
structure. Surface deformation, that can be produced by either
mechanical loading or thermal expansion, may cause a bond to
crack, peel off, or, occasionally, destroy the sensor. Bond
cracking is a source of acoustic emission. A pliant adhesive
may work in some cases. If differential expansion between the
sensor, the bond, and the surface is a possibility, a suitable
bonding agent should be confirmed by experiment.

6.3.7 When bonding agent are used, the possibility of
damaging either the sensor or the surface of the structure
during sensor removal must be considered.

6.3.7.1 To minimize damage to the sensor during removal,
any excess bonding agent may be gently removed from around
the base of the sensor using a small chisel and hammer or
mallet. Place a small block of wood, or the handle of the chisel,
at the base of the sensor. Using a hammer or mallet gently tap
the side of the block or handle to generate a shear force at the
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base of the sensor to break the bond. Attempting to pry or twist
off the sensor by hand, or striking the side of the sensor at the
top will often cause the ceramic face or wear plate of the sensor
to debond from the sensor housing and destroy the sensor.

6.3.7.2 Any bonding agent remaining on the face of the
sensor after removal may be gently chipped off or removed
with a grinder at low speed to avoid damage to the wear plate.

6.3.8 The use of double-sided adhesive tape as a bonding
agent is not recommended.

6.4 Mounting Fixture Selection:
6.4.1 Mounting fixtures must be constructed so that they do

not create extraneous acoustic emission or mask valid acoustic
emission generated in the structure being monitored.

6.4.1.1 The mount must not contain any loose parts of
particles.

6.4.1.2 Permanent mounting may require special techniques
to prevent sensor movement caused by environmental changes.

6.4.1.3 Detection of surface waves may be suppressed if the
sensor is enclosed by a welded-on fixture or located at the
bottom of a threaded hole. The mounting fixture should always
be designed so that it does not block out a significant amount
of acoustic energy from any direction of interest.

6.4.2 The mounting fixture should provide support for the
signal cable to prevent the cable from stressing the sensor or
the electrical connectors. In the absence of a mounting fixture,
some form of cable support should be provided. Care should be
taken to ensure that the cable can neither vibrate nor be moved
easily. False signals may be generated by the cable striking the
structure and by triboelectric effects produced by cable move-
ment.

6.4.3 Where necessary, protection from the environment,
such as encapsulation, should be provided for the sensor or
sensor and mounting fixture.

6.4.4 The mounting fixture should not affect the integrity of
the structure being monitored.

6.4.4.1 Permanently installed mounting fixtures must be
constructed of a material compatible with the structure. Pos-
sible electrolytic effects or other forms of corrosion must be
considered when designing the mounting fixture.

6.4.4.2 Alterations of the local environment by the mount,
such as removal of the insulation, must be carefully evaluated
and corrected if necessary.

6.4.5 The mounting fixture should be designed to have a
minimal effect on the response characteristics of the sensor.

6.4.6 Mounting fixtures and waveguides should be designed
to provide isolation of the sensor case from the fixture or
waveguide that is in contact with the structure to avoid
grounding the sensor to the structure ground, especially those
sensors that use an isolated sensor face (e.g epoxy or ceramic
face). Failure to isolate the sensor will result in a ground loop

and will create a significant amount of electrical noise in the
AE system and may mask detection of the AE activity of
interest.

6.5 Waveguides—When adverse environments make direct
contact between the sensor and the structure undesirable, an
acoustic waveguide may be used to transmit the acoustic signal
from the structure to the sensor. The use of a waveguide adds
another boundary transition with its associated losses between
the structure and the sensor, and will distort, to some degree,
the characteristics of the acoustic wave.

6.5.1 An acoustic waveguide should be mounted to ensure
that its surface will not contact any materials that will cause
signal damping in the waveguide.

6.5.2 If acoustic waveguides are used when acoustic-
emission source location is being performed, the extra time
delay in the waveguides must be accounted for in the source
location program.

7. Verification of Response

7.1 After the sensor(s) are mounted on a structure, adequate
response should be verified by injecting acoustic signals into
the structure and examining the detected signal either on an
oscilloscope or with the AE system to be used in the exami-
nation. If there is any doubt as to the sensor response, the
sensor should be remounted.

7.1.1 The test signal may be injected by an external source
such as the Hsu-pencil source, or a gas jet (helium or other
suitable gas), or by applying an electrical pulse to another
sensor mounted on the structure. For a description of these
methods see Guide E976.

7.2 Periodic Verification—On an extended acoustic emis-
sion examination, it may be desirable to verify the response of
the sensors during the examination. Verification should be
performed whenever circumstances indicate the possibility of a
change in the coupling efficiency.

7.3 Post Verification—At the end of an acoustic emission
examination, it is good practice to verify that all sensors are
still working and that there have been no dramatic changes in
coupling efficiencies.

8. Report

8.1 Any report of the mounting practice should include
details of the sensor mounting fixture(s), surface preparation
method, and the couplant that was used.

9. Keywords

9.1 acoustic emission; acoustic emission sensors; acoustic
emission transducers; AE; bonding agent; couplant; mounting
fixture; waveguide
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Standard Practice for
Characterizing Acoustic Emission Instrumentation

1. Scope

1.1 This practice is recommended for use in testing and
measuring operating characteristics of acoustic emission elec-
tronic components or units. (See Appendix X1 for a description
of components and units.) It is not intended that this practice be
used for routine checks of acoustic emission instrumentation,
but rather for periodic evaluation or in the event of a malfunc-
tion. The sensor is not addressed in this document other than
suggesting methods for standardizing system gains (equalizing
them channel to channel) when sensors are present.

1.2 Where the manufacturer provides testing and measuring
details in an operating and maintenance manual, the manufac-
turer’s methods should be used in conjunction with the
methods described in this practice.

1.3 The methods (techniques) used for testing and measur-
ing the components or units of acoustic emission
instrumentation, and the results of such testing and measuring
should be documented. Documentation should consist of
photographs, screenshots, charts or graphs, calculations, and
tabulations where applicable.

1.4 AE systems that use computers to control the collection,
storage, display, and data analysis, might include waveform
collection as well as a wide selection of measurement param-
eters (features) relating to the AE signal. The manufacturer
provides a specification for each system that specifies the
operating range and conditions for the system. All calibration
and acceptance testing of computer-based AE systems must use
the manufacturer’s specification as a guide. This practice does
not cover testing of the computer or computer peripherals.

1.5 The values stated in SI units are to be regarded as
standard. No other units of measurement are included in this
standard.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-

priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.7 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E1316 Terminology for Nondestructive Examinations

2.2 ANSI Standard:
ANSI/IEEE 100-1984 Dictionary of Electrical and Elec-

tronic Terms

2.3 Other Documents:
Manufacturer’s Operating and Maintenance Manuals perti-

nent to the specific instrumentation or component

3. Terminology

3.1 Definitions—For definitions of additional terms relating
to acoustic emission, refer to Terminology E1316.

4. Summary of Practice

4.1 Tests and measurements should be performed to deter-
mine the instrumentation bandwidth, frequency response, gain,
noise level, threshold level, dynamic range, signal overload
point, dead time, and counter accuracy.

4.2 Where acoustic emission test results depend upon the
reproduced accuracy of the temporal, spatial, or spectral
histories, additional measurements of instrumentation param-
eters should be performed to determine the specific limits of
instrumentation performance. Examples of such measurements
may include amplifier slew rate, gate window width and
position, and spectral analysis.
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4.3 Tests and measurements should be performed to deter-
mine the loss in effective sensor sensitivity resulting from the
capacitive loading of the cable between the preamplifier and
the sensor. The cable and preamplifier should be the same as
that used for the acoustic emission tests without substitution.
(See also Appendix Appendix X2.)

4.3.1 Important tests of a computer-based AE system in-
clude the evaluation of limits and linearity of the available
parameters such as:

(a) Amplitude,
(b) Duration,
(c) Rise Time,
(d) Energy, and
(e) AE Arrival Time.

4.3.2 The processing speed of these data should be mea-
sured as described in 7.4.3 for both single- and multiple-
channel operation.

4.3.3 The data storage capability should be tested against
the specification for single- and multiple-channel operation.
Processing speed is a function of number of channels, param-
eters being measured, timing parameter settings, AE signal
duration, front-end filtering, storage device (RAM, disk), and
on-line analysis settings (number of graphs, data listings,
location algorithms, and more). If waveform recording is used,
this may influence the processing speed further.

5. Significance and Use

5.1 This practice provides information necessary to docu-
ment the accuracy and performance of an Acoustic Emission
system. This information is useful for reference purposes to
assure that the instrumentation performance remains consistent
with time and use, and provides the information needed to
adjust the system to maintain its consistency.

5.2 The methods set forth in this practice are not intended to
be either exclusive or exhaustive.

5.3 Difficult or questionable instrumentation measurements
should be referred to electronics engineering personnel.

5.4 It is recommended that personnel responsible for carry-
ing out instrument measurements using this practice should be
experienced in instrumentation measurements, as well as all
the required test equipment being used to make the measure-
ments.

6. Apparatus

6.1 The basic test instruments required for measuring the
operating characteristics of acoustic emission instrumentation
include:

6.1.1 Variable Sine Wave Generator or Oscillator,
6.1.2 True RMS Voltmeter,
6.1.3 Oscilloscope,
6.1.4 Variable Attenuator, graduated in decibels, and
6.1.5 Tone Burst Generator.

6.2 Additional test instruments may be used for more
specialized measurements of acoustic emission instrumenta-
tions or components. They are as follows:

6.2.1 Variable-Function Generator,
6.2.2 Time Interval Meter,
6.2.3 Frequency Meter, or Counter,
6.2.4 Random Noise Generator,
6.2.5 Spectrum Analyzer,
6.2.6 D-C Voltmeter,
6.2.7 Pulse-Modulated Signal Generator,
6.2.8 Variable Pulse Generator,
6.2.9 Phase Meter, and
6.2.10 Electronic AE Simulator (or an Arbitrary Waveform

Generator (AWG) can be used providing an automated evalu-
ation).

6.3 An electronic AE simulator (or AWG) is necessary to
evaluate the operation of computer-based AE instruments. A
detailed example of the use of an electronic AE simulator (or
AWG) is given in 7.4.3 under dead time measurement. The
instruction manual for the electronic AE simulator provides
details on the setup and adjustment of the simulator. Control of
pulse frequency, rise time, decay, repetition rate, and peak
amplitude in the simulator makes it possible to simulate a wide
range of AE signal conditions.

7. Measurement Procedure

7.1 Frequency Response and Bandwidth Measurements:
7.1.1 The instrumentation, shown in Fig. 1, includes the

preamplifier with amplification and signal filters, possibly
connected to the AE system which might have additional signal
filters, amplification, and interconnecting cables. All measure-
ments and tests should be documented. If the preamplifier is to
be tested without the AE system connected, it should be

FIG. 1 Component Configuration Used for Testing and Measuring the Frequency Response, Amplification, Noise, Signal Overload, Re-
covery Time, and Threshold of Acoustic Emission Instrumentation
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terminated with the normal working load as shown on the
bottom right of Fig. 1.

7.1.2 An acceptable frequency response should be flat
between cutoff frequencies within 3 dB of the reference
frequency. The reference frequency is the geometric mean of
the nominal bandwidth of the instrumentation. The mean
frequency is calculated as follows:

fM 5 ~fLfH!
1
2

where:
fM = mean frequency,
fL = nominal lower cutoff, and
fH = nominal upper cutoff.

7.1.3 The bandwidth should include all contiguous frequen-
cies with amplitude variations as specified by the manufacturer.
Instruments that include signal processing of amplitude as a
function of frequency should have bandwidth amplitude varia-
tions as specified by the manufacturer.

7.1.4 With the instrumentation connected to the oscillator
and attenuator, see Fig. 1 and the sine wave oscillator set well
within the instrumentation’s specified dynamic range, the
frequency response should be measured between frequency
limits specified in 7.1.2. The oscillator is maintained at a fixed
amplitude and the frequency is swept through the frequency
limits. The preamplifier or AE system voltage output is
monitored with an RMS voltmeter. Values of amplitude are
recorded for each of several frequencies within and beyond the
nominal cutoff frequencies. The recorded values should be
plotted. The amplitude scale may be converted to decibels. The
frequency scale may be plotted either linearly or logarithmi-
cally. Appendix X2 provides further discussion of wave
shaping components.

7.1.5 A spectrum analyzer may be used in conjunction with
a white noise source or an oscilloscope may be used in
conjunction with a sweep frequency oscillator to determine
bandwidth. With a white noise source connected to the input, a
spectrum analyzer connected to the output will record the
frequency response.

7.1.6 The measured bandwidth is the difference between the
corner frequencies at which the response is 3 dB less than the
response at the reference frequency.

7.2 Gain Measurements:
7.2.1 The electronic amplification is comprised of the pre-

amplifier gain, the wave filters insertion gains or losses and the
AE system’s gains or losses. (See Appendix X2 for an
explanation of gain measurements.)

7.2.2 The electronic amplification may be measured with
the test setup shown in Fig. 1, with the oscillator and attenuator
connected. The sine wave oscillator is set to the reference
frequency. The oscillator amplitude is set well within the
dynamic range of the instrumentation to avoid distortion due to
overload. With the voltmeter at Vosc, oscillator amplitude is set
to 1 V. The attenuator is set for a value greater than the
anticipated electronic amplification. Next, the voltmeter is
moved to Vout (preamplifier or AE system voltage output
depending on the test being performed). The attenuator is now
adjusted until the voltmeter again reads 1 V. The electronic
amplification is equal to the new setting on the attenuator. A

white noise generator or sweep generator and spectrum or FFT
analyzer may be used in place of the oscillator and RMS
voltmeter.

NOTE 1—If the input impedance of the preamplifier is not both resistive
and equal to the required load impedance of the attenuator, proper
compensation should be made.

7.3 Dynamic Range Measurements:
7.3.1 The criterion used for establishing dynamic range

should be documented as the signal overload point, referenced
to the instrumentation noise amplitude, while keeping like
measurements for both readings (for example, peak voltage to
peak voltage, peak-peak voltage or RMS to RMS readings).
Alternatively, the reference amplitude may be the threshold
level if the instrumentation includes a voltage comparator for
signal detection. The total harmonic distortion criterion should
be used for signal processing involving spectrum analysis. All
other signal processing may be performed with the signal
overload point criterion.

7.3.2 The dynamic range (DR) in decibels should be deter-
mined as follows:

DR 5 20 log10~signal overload point voltage/background noise voltage!

7.3.2.1 The dynamic range of instrumentation exclusive of
threshold or voltage comparator circuits, is a ratio of the signal
overload level to the noise amplitude. (A brief description of
noise sources appears in Appendix X4). An oscilloscope is
usually required as an adjunct to determine the characteristics
of noise and to monitor the signal overload point.

7.3.2.2 A field measurement of dynamic range may produce
substantially different results when compared with a laboratory
measurement. This difference is caused by an increase in the
reference voltage output, and may result from noise impulses
of electrical origin, or ground faults.

7.3.2.3 For an amplifier that has a threshold comparator as
its output device, the dynamic range is the ratio of maximum
threshold level to input noise level at the comparator. Excess
amplitude range in the amplifier contributes to overload
immunity but not to the dynamic range. The following mea-
surement will give the effective dynamic range:

DRe 5 20log10~MaxTh/MinTh!

where:
DRe = the effective dynamic range of the system,
MaxTh = the highest settable threshold value that just

passes the largest undistorted peak signal input,
and

MinTh = the threshold value that passes less than 1 count/s
with no input signal.

This dynamic range is the difference between the largest and
the smallest AE input that can be reliably detected by the
system.

7.3.3 Measurement of instrument electronic noise is accom-
plished by replacing the oscillator/attenuator of Fig. 1, with the
sensor that will be used, including its cable (or with a lumped
equivalent capacitance). A lumped capacitance represents the
electrical characteristic of the sensor and cable combination
without adding mechanical noise interference. The RMS noise
voltage is measured with a true RMS voltmeter (see 6.1.2) at
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the instrumentation (preamplifier or AE system) output (Vout)
per Fig. 1. Alternatively, a peak AE system noise measurement
can be measured by setting the lowest possible AE threshold
which passes less than one false hit within ten seconds or by
setting the AE system threshold below the noise and recording
the peak AE amplitude of hits detected in a ten second period.

7.3.4 The signal overload level is measured by replacing the
sensor with the sine wave oscillator as shown in Fig. 1. The
frequency is set to the mid-band frequency of the instrumen-
tation. The oscillator amplitude is fixed at 1 V peak to peak
monitored at Vosc. The attenuator is adjusted to increase the
signal level to the preamplifier until the instrumentation output
(Vout) is 0.5 dB less than the computed output.

7.3.5 Should the peak amplitude of acoustic emission activ-
ity exceed the dynamic range, several deleterious effects may
be produced; these include clipping, saturation, and overload
recovery time-related phenomena. (See Appendix X2 for a
discussion of overload recovery.) The instrumentation gain
should be adjusted to limit these effects to an absolute
minimum in order to increase the reliability of the data.

7.4 Dead Time Measurements:
7.4.1 The instrumentation dead time may include variable

and fixed components, depending on the instrumentation de-
sign for handling the routine of the input and output data
processing. The components included in dead time are process
time and lock-out time. Process time varies from system to
system and usually depends on the number of parameters
processed for each AE hit. Lock-out time, which may be
operator controlled, is used to force a time delay before
accepting new AE hits.

7.4.2 Dead time measurement in a counter type AE instru-
ment should be conducted as follows: Set the instrument to the
count rate mode. Set the oscillator frequency to the mid-band
frequency of the instrument. Set the oscillator amplitude to
achieve a count rate equal to the oscillator frequency. Increase
the oscillator frequency until the count rate ceases to equal the
oscillator frequency. Record the frequency as the maximum
count rate. (If the frequency is equal to or greater than the
specified upper frequency limit of the instrument, the dead time
of the counter is zero.) Dead time (Td) is given by:

Td 5 1/Fm 2 1/Fu

where:
Fm = the measured frequency, and
Fu = the upper bandwidth limit of the instrument.

7.4.3 Where the dead time in question is related to AE hit
processing such as measurement of source location, energy,
duration, or amplitude, the measurement is best accomplished
by using an electronic AE simulator as follows:

7.4.3.1 Select an AE hit parameter to evaluate the dead time.
7.4.3.2 Set the electronic AE simulator frequency, rise,

decay, duration, and repetition rate such that the observed AE
hit rate in the selected parameter equals the repetition rate of
the simulator.

7.4.3.3 Increase the repetition rate of the simulator until the
observed AE hit rate falls below the simulator rate.

7.4.3.4 Record this value as maximum AE hit rate (process-
ing speed) for the selected parameter.

7.4.4 The dead time (Td) is given by:

Td 5 1/RB 2 DB

where:
DB = the selected burst duration, and
RB = the repetition rate of the simulator where the limit was

found.

This dead time measurement procedure should be performed
for each AE hit-based parameter of the AE system.

7.5 Threshold Level (Threshold of Detection) Measure-
ments:

7.5.1 Various acoustic emission signal processing instru-
ments rely upon the signal exceeding a comparator voltage
level to register a hit. This level may be fixed, adjustable,
floating and fixed, or floating and adjustable. The floating
threshold may be called automatic threshold. Signal recogni-
tion (or hit) does not occur until the threshold is exceeded.

7.5.2 The nonautomatic threshold level should be measured
with the instrumentation assembled as shown in Fig. 1 and the
signal processors attached to the point Vout. The signal proces-
sors are frequently digital electronic counters that may follow
the secondary amplifier. Increasing the oscillator amplitude
will result in an increasing signal level at Vout. The counters
will begin counting when the signal at the comparator reaches
the preset threshold level. This level measured with an oscil-
loscope connected to Vout multiplied by the gain of the
secondary amplifier is equal to the threshold voltage. Some
counters and other signal processors utilizing threshold detec-
tion are frequency sensitive. Therefore, the threshold level
should be measured over the instrumentation bandwidth.

7.5.3 The automatic threshold cannot be measured with a
continuous-wave generator because the automatic threshold
level is usually derived from the rectified and averaged input
signal. The tone burst generator provides an adjustable burst
amplitude duration and repetition rate that may be used to
establish the threshold level using the same technique that is
used in 7.5.2. The automatic threshold level’s affected by the
tone burst amplitude, duration, and repetition rate.

7.6 Counter Accuracy Measurements:
7.6.1 Counters are of two types: summation counters and

rate counters. Counters that tally signals for fixed repetitive
periods of time during an acoustic emission test are known as
rate counters. The tallied signals may be a count of acoustic
emission signals, loading cycles, or amplitude levels.

7.6.2 The accuracy of the counting function of the instru-
mentation should be measured using a tone burst generator set
as follows: (1) the amplitude should be well above the
threshold level, but well within the dynamic range of the
instrumentation; (2) the tone burst frequency should be within
the instrumentation nominal bandwidth; (3) the tone burst
duration should be at least one cycle, but fewer cycles than
would cause the automatic threshold to take effect; (4) the tone
burst repetition rate should be adjusted for a period that does
not cause the automatic threshold to interfere with the count
function. The counting accuracy is assured by comparing the
emission count with the tone burst count.

7.7 Computer-Measured Parameters:
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7.7.1 The limits and linearity of AE parameters recorded by
computer-based systems may be measured by means of an
electronic AE simulator. The electronic AE simulator provides
individually adjustable amplitude, duration, rise time, and
relative arrival time. Burst energy from the AE simulator may
be calculated from the parameters given.

7.7.2 The limits or dynamic range and linearity of each
parameter should be measured as follows for amplitude,
duration, and rise time:

7.7.2.1 Connect the AE simulator to the preamplifier input
of the channel to be tested.

7.7.2.2 Set up the AE system to record and display the
parameter to be tested.

7.7.2.3 Adjust the AE simulator to produce a mid range
simulated AE signal where the displayed amplitude, duration,
and rise time are 10 % of their maximum value as specified by
the AE system manufacturer.

7.7.2.4 Record the value of each parameter at the electronic
AE simulator output and at the AE system display.

7.7.2.5 To measure upper limits for each parameter, increase
the measured input in equal increments (for example, 10 % of
maximum) and record the displayed value for that parameter
until the output differs from the input by 10 % or the specified
maximum value is exceeded.

7.7.2.6 To measure lower limits for each parameter, adjust
input-output condition as in 7.7.2.3, then decrease the input in
equal increments (for example, 10 % of the initial value) and
record the displayed value until the output differs from the
input by 10 % or the minimum value specified by the AE
system manufacturer is reached.

7.7.2.7 To test the computer-derived energy per AE hit
parameter, it is necessary to calculate the input energy from the
electronic AE simulator in accordance with the method used by
the AE system. For example, one method used in some AE
systems computes approximate burst pulse AE hit energy (E)
as follows:

E>DV 2/2

where:
D = burst duration, and
V = peak amplitude.

7.7.2.8 Set the initial conditions as in 7.7.2.3. Increment
input amplitude to obtain approximately 10 % of full scale
change in energy input. Record the displayed energy per AE hit
value at each increment until the output differs from the input
by 10 % or the maximum value specified by the AE system
manufacturer is exceeded. Repeat this process with amplitude
fixed at the initial value while incrementing pulse duration.

7.7.2.9 Again repeat the process with amplitude and pulse
duration except decrease each parameter until the minimum
value specified by the manufacturer is reached or no further
change in the output is produced.

7.7.3 The source location computational algorithm is a
complex computer process not covered by this document.
However, a multichannel electronic AE simulator may be used
to check the location accuracy of systems that rely on the
constancy of sound velocity to calculate location. For aniso-

tropic materials where velocity is not constant, other source
location algorithms exist such as area location based on first hit
sensor.

7.7.3.1 Set up the AE system for source location in accor-
dance with the operator’s manual.

7.7.3.2 Set up the multichannel electronic AE simulator to
provide simulated AE inputs to the appropriate number of
channels.

7.7.3.3 Using the appropriate velocity of sound for the
simulated structure, compute the times of flight from the
simulated AE source position to each sensor of the source
location array. The differences between the times of flight give
relative arrival times (delta T) for the simulated AE sensor
positions.

7.7.3.4 Record the displayed location coordinates for this
initial simulated input. Compute and input a new delta T set for
a nearby point. Record the difference between input position
and displayed position. Continue this incremental movement of
the simulated AE source away from the sensor array center
until the output position differs from the input position by 10 %
or the source location range specified by the AE system
manufacturer is exceeded. Evaluate any error with respect to
the AE system manufacturer’s specification for source location
linearity.

7.7.3.5 The source location test procedure should be re-
peated for two additional rays extending in different directions
from the array center.

7.7.3.6 The source location procedure should be repeated
for each multichannel array of the system.

7.8 Evaluating Waveform Accuracy in Digital AE Systems:
7.8.1 Digital AE systems work by digitizing and processing

the AE waveform, using high performance analog-to-digital
converters (ADC) and digital signal processors (DSP). The
accuracy of the processed and stored AE waveforms is impor-
tant for post processing and may be evaluated using an
electronic AE simulator. The electronic AE simulator provides
adjustable amplitude and frequency for evaluating waveforms.

7.8.2 The limits or dynamic range and distortion-free output
should be evaluated as follows for waveform amplitude and
frequency:

7.8.2.1 Connect the AE simulator, and an oscilloscope input,
to the preamplifier input of the AE channel to be evaluated.

7.8.2.2 Adjust the AE simulator to produce a mid-range
amplitude (e.g. 60 dBAE or 1 millivolt peak), simulated, AE
waveform. Also, set the AE simulator for a mid-range fre-
quency waveform (e.g. 150 kHz), making sure the frequency
filtering in the AE system is set for no attenuation in the
passband.

7.8.2.3 Set up the AE system to record and display the
waveform to be evaluated.

7.8.2.4 Compare the waveforms at the AE simulator output
and at the AE system display, with waveform graphs set to the
same time and amplitude range. Verify that the AE system
output waveform is a match in shape and identical in peak
voltage within 5%. Also, evaluate the output waveform for
distortion, this would include any mis-shaped sinewaves as
well as any large changes in amplitude or frequency output.
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7.8.2.5 Measure upper limits for each parameter (amplitude
or frequency) by increasing the measured input in equal
increments, one value at a time (for example, 10 dB changes)
and compare the two waveforms as described in 7.8.2.4.
Include a maximum amplitude setting at, or close to 100 dBAE,
to evaluate if saturation effects exist. The threshold may need
to be adjusted to avoid triggering on background noise.

7.8.2.6 Measure lower limits for each parameter (amplitude
or frequency) by decreasing the measured input in equal
decrements, one value at a time (for example, 10 dB changes)

and compare the two waveforms as described in 7.8.2.4. The
threshold may need to be adjusted to allow the system to be
triggered by the simulator.

7.8.2.7 Perform this procedure for each channel in the AE
system.

8. Keywords

8.1 acoustic emission; AE; dead-time; gain; preamplifier;
sensitivity; sensor; signal processor; threshold

APPENDIXES

(Nonmandatory Information)

X1. DESCRIPTION OF AE INSTRUMENT COMPONENTS

X1.1 Acoustic Emission Instrumentation—Acoustic emis-
sion electronic components or units should include the
sensor(s), preamplifier(s), filter(s), power amplifier(s), line
drive amplifier(s), threshold and counting instrumentation, and
signal cables. The sensitivity calibration and transfer charac-
teristics of sensors are excluded from this standard.

X1.2 Acoustic Emission Sensor:

X1.2.1 An acoustic emission sensor is an electro-acoustic
transducer that converts stress wave energy into electrical
energy.

X1.2.2 A transformer or amplifier, or acoustic waveguide, if
combined with the sensor in such a way that the readily
accessible terminals include these components should be
considered part of the sensor and the term “sensor” should
apply to the combination.

X1.2.3 Sensors may be designed with different active ele-
ments including magnetostrictive, electromagnetic, eddy
current, capacitive, piezoresistive, piezoelectric, photoacoustic,
or acoustoelectric devices. These may be assembled in single-
ended or differential configuration with directional properties.

X1.2.4 The most frequently used sensor is the piezoelectric
type contained within a conductive housing. The active face is
often fitted with a nonconductive, machinable wear plate or
shoe. An electrical connector mounted to the housing com-
pletes the sensor.

X1.3 Acoustic Emission Preamplifier:

X1.3.1 The acoustic emission preamplifier is the first am-
plifier following the sensor. The preamplifier power may be
supplied by the secondary amplifier, or directly from the power
mains. The preamplifier is defined as the first stage of ampli-
fication with the major function of converting the sensor
impedance to an impedance suitable for driving long signal
cables and additional electronic components or units.

X1.3.2 The input impedance of a preamplifier forms the
load for the sensor. The proper magnitude and phase angle of
the input impedance is governed by the sensor requirements.
Inductive sensors may require relatively low impedance loads.

Capacitive sensors generally require high impedance loads.
The low impedance loads depend upon current (or power)
drive and the high impedance loads depend upon voltage (or
charge) drive. Because the most commonly used sensor is a
piezoelectric device, the preamplifier input impedance is mod-
erately high.

X1.3.3 The output impedance of acoustic emission pream-
plifiers is low, usually about 50 ohms. This low impedance is
required to drive long cables and reduce the susceptibility to
coupled noise currents.

X1.3.4 The acoustic emission preamplifier may include
filters and input/output line transformers. Filters are often
employed to reject undesirable signals and avoid potentially
overdriven stages within the preamplifier and succeeding
components or units. Transformers are used for matching
impedances between the source and its load. Transformers are
also used for matching balanced to unbalanced transmission
lines.

X1.4 Acoustic Emission Signal Processor:

X1.4.1 The signal processor provides the final, required
instrumentation amplification. This amplifier must supply suf-
ficient signal power to supply a combination of additional
components or units such as oscilloscopes, voltmeters,
counters, and recorders. For this reason, the secondary ampli-
fier is often called a power amplifier. Additional bandpass
filtering is often employed in this amplifier.

X1.4.2 The input impedance of the secondary amplifier
should provide the required load impedance for the preceding
component. The preceding component is usually the
preamplifier, but may be a bandpass filter.

X1.4.3 The secondary amplifier should be used within its
stated nominal operating range. The amplifier should comple-
ment the operating characteristics of the preceding component.

X1.4.4 The secondary amplifier may also include signal
processing circuits such as an RMS voltage converter and an
event counting circuit.

X1.5 Filter:
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X1.5.1 A filter separates signals on the basis of frequency. It
introduces relatively small loss to waves in one or more
frequency bands and relatively large loss to waves of other
frequencies.

X1.5.2 Filters may be active or passive. Active filters
require electrical power. Passive filters require no electrical
power.

X1.5.3 The most frequently used filter is the bandpass filter.
A bandpass filter is a filter that has a single transmission band
extending from a lower cutoff frequency greater than zero to a
finite upper cutoff frequency. The gain at the cutoff frequencies
should be 3 dB less than the passband geometric mean
(reference) frequency as defined in 7.1.2. The slope of the filter
characteristic outside the passband is very important for
rejection of extraneous signals. Slopes of 30 dB per octave are
typical for AE instruments.

X1.5.4 The filter should not limit the specified signal
overload point of the preceding component or unit.

X1.5.5 AC-coupled amplifiers and preamplifiers limit the
bandwidth by circuit design. Typical bandwidths may extend
from a low of 1 KHz to a high of 2 MHz.

X1.6 Line-Drive Amplifiers:

X1.6.1 Where extremely long coaxial cables must be used,
line-drive amplifiers are normally used. The line-drive ampli-
fier is primarily an impedance conversion device. Line-drive
amplifiers are used to supply sufficient signal current to drive
several hundred metres of coaxial cable.

X1.6.2 The output impedance of a line-drive amplifier
should be the same as the impedance of the coaxial cable that
it drives, and the cable should terminate in its characteristic
impedance for minimum reflection at the termination and for
maximum power transfer.

X1.6.3 The dynamic range, signal overload point, and
spectral response of the line-drive amplifier should be equal to
or greater than those of the preceding component or unit unless
otherwise specifically stated in report documentation.

X1.7 Counting Instrumentation-Threshold Crossing:

X1.7.1 Counting of threshold crossings is one of the most
frequently used signal processing techniques for acoustic
emission. This technique requires the signal amplitude to
exceed a threshold voltage or comparator level to be recog-
nized and recorded. Counting is often performed in two ways:
rate and summation counting. The accuracy of rate counting
depends upon the accuracy of the clock frequency. The
accuracy of rate and summation counting depends upon the
stability of the threshold level.

X1.7.2 The threshold level may be fixed, manually variable,
automatic floating, or a combination thereof, depending upon
the design and user application.

X1.7.3 Counters are designed to accept signals that exceed
some threshold voltage or comparator level. Upon counting to
some maximum count, some counters will reset to zero and
begin again, while others will latch at the maximum value. The
counters may be manually resettable, and may include an
electrical circuit permitting the counter to be reset by a periodic
electrical, or clock, signal.

X2. EXPLANATION OF SUGGESTED MEASUREMENTS

X2.1 Preamplifier Input Impedance:

X2.1.1 The preamplifier input impedance should be docu-
mented as the nominal input impedance. The preferred expres-
sion of input impedance should be a stated value of resistance
shunted by a stated value of capacitance (see Appendix X3).

X2.1.2 Where inductive coupling is used, the input imped-
ance should be documented in either the polar or rectangular
form of its equivalent impedance as a function of frequency
over the designed bandwidth of the preamplifier.

X2.1.3 Where charge amplifiers are used for acoustic emis-
sion amplification, the manufacturer’s specification should
suffice to describe the input impedance for direct-coupled
piezoelectric generators. Any modification of the input imped-
ance and the precise change of that impedance should be
documented.

X2.2 Input Coaxial Cables:

X2.2.1 The coaxial cable, coupling the piezoelectric/
capacitive sensor to the preamplifier, together with the cable
couplings should be measured with a bridge (1.0 KHz) to
determine the line capacitance. Visual examination of the cable
should ensure that there is no damage to the line and connec-
tion. It is sometimes useful to know, with some precision, the

capacitances of the sensor element and the connecting cable
with its connectors, and the preamplifier input shunt capaci-
tance in order to adjust sensitivity by appropriately increasing
or decreasing shunt capacitance. Efforts to lower capacitance
shunting the sensor will be rewarded by improved signal-to-
noise ratios.

X2.2.2 The line capacitance should be documented and
added to the preamplifier capacitance. The sum of line capaci-
tance and preamplifier input capacitance should be documented
as the sensor load capacitance for piezoelectric and capacitive
sensors.

X2.2.3 Where the system to preamplifier cable is used also
to supply a voltage to the preamplifier, the cross coupling
between the signal lines and power supply lines might affect
the detection of the AE.

X2.2.4 The influence of the coaxial cable and preamplifier
impedance on the sensor open circuit sensitivity should be
understood regardless of the sensor, cable, and preamplifier
type or design.

X2.3 Wave Shaping:

X2.3.1 Acoustic emission instrumentation often contains
electrical circuits that modify the applied waveform through a
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predictable and expected process. Such circuits are defined as
wave-shaping circuits. Wave-shaping circuits include delayed
action circuits, integrators, differentiators, and envelope cir-
cuits. These circuits are often found in instrumentation with
floating threshold and event counters. The number and function
of wave-shaping circuits likely to be found in acoustic emis-
sion instrumentation are too numerous to be listed within this
practice.

X2.3.2 The characteristics of wave-shaping circuits of in-
terest should include rise time, duration, and decay time. The
measurement of these characteristics depends upon the circuit
design. The manufacturer should provide the temporal data and
the test methods and measurement of these data in the
operating and maintenance manual supplied with the compo-
nent or unit.

X2.3.3 There are numerous sources for error in the mea-
surement of instrumentation characteristics. These include
impedance matching of signal sources to instrument inputs,
frequency bandpass asymmetry, and windowing problems in
spectrum analysis. The examples of error sources are men-
tioned to alert the user to the fact that a multichannel AE
system should be characterized by comparing parameters
channel to channel in order to minimize differences.

X2.4 Gain Measurement:

X2.4.1 A sensor being acted upon by a stress that generates
an electrical signal can be modeled as a two-terminal black box
containing an impedance in series with a generator of EMF.
The impedance is primarily capacitive and, in the absence of a
physical excitation, the substitution of a stable oscillating
signal provides a suitable representation for the transduced
EMF.

X2.4.2 Channel-to-channel sensitivity or gain can be mea-
sured and adjusted easily using a technique known as voltage
insertion calibration which takes advantage of this model. A
simple voltage insertion box is shown schematically in Fig.
X2.1. Fig. X2.2 shows the equivalent circuit of the voltage
insertion measurement.

X2.4.3 In this technique a calibrating voltage is inserted in
series with the sensor and the channel gain is adjusted so that
all channels in the system yield the same output level for the
same oscillator input. This will assure that all channels will

produce the same output for the same physical excitation if it
were possible to reproduce the same physical excitation for
each channel.

X2.4.4 The calibration voltage is chosen to be any conve-
nient value near that expected from an acoustic emission event
of interest, taking into account the dynamic range expected
from the data.

X2.4.5 The frequency of the calibration voltage should be
selected to be well below the resonances of the AE sensors,
which are presumed to be of the resonant (undamped) type, but
within the band pass of the AE system. This will prevent the
individual resonances, which may be different from channel to
channel, from influencing the gain adjustments.

X2.4.6 If the oscillator is calibrated and terminated, a
known signal can be applied and the effective gain of the
system with cables and sensor can be measured with an
indicator on the channel output such as an RMS voltmeter.

X2.5 Overload Recovery Time:

X2.5.1 Overload recovery time results from exceeding the
dynamic range in a limited number of older instruments. The
time required to recover from an acoustic emission event
whose amplitude exceeds the dynamic range depends upon the
amplifier and instrumentation design, and current instruments
should have overload recovery times less than one microsec-
ond.

X2.5.2 The recovery time should be measured with an
oscilloscope and a tone burst generator. The tone burst genera-
tor replaces the oscillator shown in Fig. X2.1 and the oscillo-
scope is connected to Vout. The tone burst generator is set

FIG. X2.1 Schematic of a Simple Voltage Insertion Box

FIG. X2.2 Equivalent Circuit of the Voltage Insertion Measure-
ment
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between the geometric mean frequency and the nominal lower
cutoff frequency. The tone burst should be a simple rectangular
burst at the selected frequency. The duration of the tone burst
is set for the duration expected from the acoustic emission
events. Unless otherwise restricted and stated, the amplitude
should be set for 2v peak to peak. The tone burst should have
a repetition time in excess of the instrumentation recovery time
such that instrumentation recovery should occur in less time
than the next tone burst would occur. The oscilloscope should

record the signal at Vout such that the residual feed-through
from the tone burst generator may be observed following the
tone burst and instrumentation overload recovery. The instru-
mentation overload recovery time is the time from the end of
the tone burst to the time at which the residual has returned to
its quiescent value (usually 1 % of the tone burst amplitude). A
waveform synthesizer may be substituted for the tone burst
generator, but provision should be made to allow measurement
of residual amplitude between bursts.

X3. MEASUREMENT OF INPUT IMPEDANCE

X3.1 The electrical circuit configuration and its equivalent
circuit used for measuring input impedance are shown in Fig.
X3.1. The attenuator is necessary to apply small voltages to the
input of high gain systems. Many appropriate oscillators have
built in attenuators. It is important that the outputs of such
instruments be terminated with the proper load resistance in
order for the attenuator to remain calibrated over its complete
range. If a separate attenuator is used with an oscillator, and if
the attenuator impedance does not match the oscillator output
impedance, it is important that they be matched with a pad that
presents the proper load to the oscillator and the proper source
impedance to the attenuator. Fig. X3.1 illustrates the circuit of
the pad. The required pad resistance values R1 and R2 are
calculated from:

R1 5 =Rosc~Rosc 2 RS! and R2 5 RoscRS/R1

where:
Rosc = the output impedance of the oscillator, and
RS = the characteristic impedance of the attenuator.

Attenuators commonly require a 50-ohm source and a
50-ohm load to perform properly. Oscillators commonly have
outputs of either 50 or 600 ohms. Do not substitute a

potentiometer in place of a true attenuator. A separate attenu-
ator also must be loaded with its characteristic resistance in
order to operate as expected.

X3.2 Referring again to Fig. X3.1, measurements of the
output voltage under two different conditions allows calcula-
tion of the input impedance using:

ZA 5
VO2 ~R1RS! 2 V O1 RS

VO1 2 V O2

6/ θ 5 RA6jXA

where:
VO1 = the output voltage measured when Z1 is zero,
VO2 = the output voltage when Z1 = R is some value greater

than zero subject only to the condition that the
change in output voltage caused by the insertion of R
is reasonably large so it is easy to measure,

RS = the output impedance of the attenuator, and
θ = the phase angle between the voltage measured across

R and that measured across ZA when Z1 = R.

Since most practical AE instruments have input resistance no
larger than 50 000 ohms and input shunt capacitance no larger
than 10 000 picofarads, it is possible to make reasonably
accurate estimates of their magnitudes by finding that pure
resistive value for Z1 that will reduce the output voltage to 1⁄2
of the value it had when Z1 = 0 for an input frequency at around
10 kHz. Then the resistive part of the input impedance is equal
to the selected value. Similarly the value of capacitance
substituted for Z1 that reduces the output to 1⁄2 of the Z1 = 0
value when the input frequency is above 500 kHz will be equal
to the shunt capacitance component of the input impedance. If
inductive components are used in the amplifier input the
manufacturer should provide clear instructions and cautions
about the use and response of their equipment. An exact match
is not necessary since in the low frequency limit when Z1 = R,
the resistance can be estimated from:

RA 5 R @VO2/~VO1 2 VO2!#

and in the high frequency limit when Z1 = 1⁄2 fC , the
capacitive component can be estimated from:

CA 5 C @VO1/~VO2 2 V O2!#
FIG. X3.1 Input Impedance Measurement Circuit Configuration

and Equivalent Circuit
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X4. NOISE SOURCES AND MEASUREMENT PROBLEMS

X4.1 Types of Noise—Noise is any unwanted disturbance
within a useful frequency band, such as undesired electric
waves in a transmission channel or device. Noise may be
erratic, intermittent, or statistically random. Noise is further
defined as acoustic noise or electric noise to avoid ambiguity.
This section is concerned with identifiable and controllable
noise sources.

X4.2 Acoustic Noise Sources:

X4.2.1 Acoustic noise is detected by the sensor as a
mechanical wave. This may be noise generated by reactive
agents in contact with a specimen, loading fixture noise, or
fluid noise. Fluid noise may be generated when orifice size and
fluid flow velocity form an effective Helmholtz resonator. The
signals generated by leaks may or may not be considered
artifact noise, depending on the application of the acoustic
emission technique or instrumentation.

X4.2.2 Thermal emission may be considered noise for some
applications of AE examination. Thermal emission should
become relevant when either the specimen or sensor is sub-
jected to temperature changes. Thermal emission is often
generated by material phase change, material geometry change
(stick-slip AE), and the pyroelectric effect of some sensors.
Many other sources of acoustic noise exist, but are not
discussed here in the interest of brevity.

X4.3 Electrical Noise Sources:

X4.3.1 Electrical noise is noise coupled to the acoustic
emission instrumentation by electrical conduction or radiation.
The preponderance of electrical noise is synchronized to the
power mains frequency. Electrical noise may contain the
largest number of high-amplitude harmonics of any signal
detected. Electrical noise may also be stable and continuous, or
random in amplitude and repetition rate. Ground loops are
often a problem at one work area, but may not be a problem at
an adjacent work area. Radio transmitters may be another
source of intermittent noise. Radio transmitters may include
the traditional voice transmission units, or such sources as
electrical motors, fluorescent lamps, and resistance welding.

X4.3.2 Noise may be introduced to the amplifier from noise
impulses on the power mains through inadequately filtered
power supplies. The noise is often intermittent and includes
random impulse or burst signals of short duration and very fast
rise time compared with acoustic emission signals. A series of
several low pass, power main filters will often suppress this
noise to an acceptable level.

X4.4 Electronic Component Noise—There are several
sources of noise in electronic circuits. In practice, the noise
figure of an amplifier is usually determined by the first, or
input, stage of the amplifier. This is because noise introduced
by other succeeding circuits of the instrumentation will un-
dergo less amplification, and, thus, will be relatively unimport-
ant in the instrumentation as long as the amplification of the
first stage is moderate.
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Standard Guide for
Determining the Reproducibility of Acoustic Emission
Sensor Response

1. Scope

1.1 This guide defines simple economical procedures for
testing or comparing the performance of acoustic emission
sensors. These procedures allow the user to check for degra-
dation of a sensor or to select sets of sensors with nearly
identical performances. The procedures are not capable of
providing an absolute calibration of the sensor nor do they
assure transferability of data sets between organizations.

1.2 Units—The values stated in SI units are to be regarded
as standard. No other units of measurement are included in this
standard.

1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.4 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E750 Practice for Characterizing Acoustic Emission Instru-

mentation
E2075 Practice for Verifying the Consistency of AE-Sensor

Response Using an Acrylic Rod
E2374 Guide for Acoustic Emission System Performance

Verification

3. Significance and Use

3.1 Acoustic emission data is affected by several character-
istics of the instrumentation. The most obvious of these is the
system sensitivity. Of all the parameters and components
contributing to the sensitivity, the acoustic emission sensor is
the one most subject to variation. This variation can be a result
of damage or aging, or there can be variations between
nominally identical sensors. To detect such variations, it is
desirable to have a method for measuring the response of a
sensor to an acoustic wave. Specific purposes for checking
sensors include: (1) checking the stability of its response with
time; (2) checking the sensor for possible damage after
accident or abuse; (3) comparing a number of sensors for use
in a multichannel system to ensure that their responses are
adequately matched; and (4) checking the response after
thermal cycling or exposure to a hostile environment. It is very
important that the sensor characteristics be always measured
with the same sensor cable length and impedance as well as the
same preamplifier or equivalent. This guide presents several
procedures for measuring sensor response. Some of these
procedures require a minimum of special equipment.

3.2 It is not the intent of this guide to evaluate AE system
performance. Refer to Practice E750 for characterizing acous-
tic instrumentation and refer to Guide E2374 for AE system
performance verification.

3.3 The procedures given in this guide are designed to
measure the response of an acoustic emission sensor to an
arbitrary but repeatable acoustic wave. These procedures in no
way constitute a calibration of the sensor. The absolute
calibration of a sensor requires a complete knowledge of the
characteristics of the acoustic wave exciting the sensor or a
previously calibrated reference sensor. In either case, such a
calibration is beyond the scope of this guide.

3.4 The fundamental requirement for comparing sensor
responses is a source of repeatable acoustic waves. The
characteristics of the wave do not need to be known as long as
the wave can be reproduced at will. The sources and geom-
etries given in this guide will produce primarily compressional
waves. While the sensors will respond differently to different
types of waves, changes in the response to one type of wave
will imply changes in the responses to other types of waves.
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3.5 These procedures use a test block or rod. Such a device
provides a convenient mounting surface for the sensor and
when appropriately marked, can ensure that the source and the
sensor are always positioned identically with respect to each
other. The device or rod also provides mechanical loading of
the sensor similar to that experienced in actual use. Care must
be taken when using these devices to minimize resonances so
that the characteristics of the sensor are not masked by these
resonances.

3.6 These procedures allow comparison of responses only
on the same test setup. No attempt should be made to compare
responses on different test setups, whether in the same or
separate laboratories.

4. Apparatus

4.1 The essential elements of the apparatus for these proce-
dures are: (1) the acoustic emission sensor under test; (2) a
block or rod; (3) a signal source; and (4) measuring and
recording equipment.

4.1.1 Block diagrams of some of the possible experimental
setups are shown in Fig. 1.

4.2 Blocks—The design of the block is not critical.
However, the use of a “nonresonant” block is recommended for

use with an ultrasonic transducer and is required when the
transducer drive uses any form of coherent electrical signal.

4.2.1 Conical “Nonresonant” Block—The Beattie block,
shown in Fig. 2, can be machined from a 10-cm diameter metal
billet. The preferred materials are aluminum and low-alloy
steel. After the bottom is faced and the taper cut, the block is
clamped at a 10° angle and the top face is milled. The
dimensions given will provide an approximate circle just over
2.5 cm in diameter for mounting the sensor. The acoustic
excitation should be applied at the center of the bottom face.
The conic geometry and lack of any parallel surfaces reduce
the number of mechanical resonances that the block can
support. A further reduction in possible resonances of the block
can be achieved by roughly machining all surfaces except
where the sensor and exciter are mounted and coating them
with a layer of metal-filled epoxy.

4.2.2 Gas-Jet Test Block—Two gas-jet test blocks are shown
in Fig. 3. The block shown in Fig. 3(a) is used for opposite
surface comparisons, which produce primarily compressional
waves. That shown in Fig. 3(b) is for same surface compari-
sons which produce primarily surface waves. The “nonreso-
nant” block described in 4.2.1 can also be used with a gas jet
in order to avoid exciting many resonant modes. The blocks in

FIG. 1 Block Diagrams of Possible Experimental Setups
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Fig. 3 have been used successfully, but their design is not
critical. However it is suggested that the relative positions of
the sensor and the jet be retained.

4.2.3 Acrylic Polymer Rod—A polymethylmethacrylate rod
is shown in Fig. 4. The sensor is mounted on the end of the rod
and the acoustic excitation is applied by means of pencil lead
break, a consistent distance from the sensor end of the rod. See
Practice E2075 for additional details on this technique.

4.3 Signal Sources—Three signal sources are recom-
mended: an electrically driven ultrasonic transducer, a gas jet,
and an impulsive source produced by breaking a pencil lead.

4.3.1 Ultrasonic Transducer—Repeatable acoustic waves
can be produced by an ultrasonic transducer permanently
bonded to a test block, or attached face-to-face to the AE
sensor under test. The transducer should be heavily damped to
provide a broad frequency response and have a center fre-
quency in the 2.25 to 5.0-MHz range. The diameter of the
active element should be at least 1.25 cm to provide measur-
able signal strength at the position of the sensor under test. The
ultrasonic transducer should be checked for adequate response
in the 50 to 200-kHz region before permanent bonding to the
test block.

4.3.1.1 White Noise Generator—An ultrasonic transducer
driven by a white noise generator produces an acoustic wave
that lacks coherent wave trains of many wave lengths at one
frequency. This lack of coherent wave trains greatly reduces
the number and strength of the mechanical resonances excited
in a structure. Therefore, an ultrasonic transducer driven by a
white-noise generator can be used with a resonant block having
parallel sides. However, the use of a “nonresonant” block such
as that described in 4.2.1 is strongly recommended. The
generator should have a white-noise spectrum covering at least
the frequency range from 10 kHz to 2 MHz and be capable of
an output level of 1 V rms.

4.3.1.2 Sweep Generator—The ultrasonic transducer can be
driven by a sweep generator (or swept wave burst) in conjunc-
tion with a “nonresonant” block. Even with this block, some
resonances will be produced that may partially mask the
response of the sensor under test. The sweep generator should
have a maximum frequency of at least 2 MHz and should be
used with a digital oscilloscope or waveform based data
acquisition system with frequency analysis (FFT) capabilities
to analyze the resulting response of the sensor under test.

FIG. 2 The Beattie Block
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4.3.1.3 Pulse Generator—The ultrasonic transducer may be
excited by a pulse generator. The pulse width should be either

slightly less than one-half the period of the center frequency of
the transducer (≤0.22 µs for a 2.25 MHz transducer) or longer
than the damping time of the sensor, block, and transducer
(typically >10 ms). The pulse repetition rate should be low
(<100 pulses/s) so that each acoustic wave train is damped out
before the next one is excited.

4.3.1.4 The pulse generator should be used with a digital
oscilloscope or waveform based data acquisition system (such
as a waveform based AE system) or, in single-pulse mode, with
the counter in an acoustic emission system.

4.3.2 Gas Jet—Suitable gases for this apparatus are extra
dry air, helium, etc. A pressure between 150 and 200 kPa is
recommended for helium or extra dry air. Once a pressure and
a gas has been chosen, all further tests with the apparatus

(a) Opposite Surface Comparison Setup

(b) Same Surface Comparison Test

FIG. 3 Gas-Jet Test Blocks

FIG. 4 Acrylic Polymer Rod
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should use that gas and pressure. The gas jet should be
permanently attached to the test block (see Fig. 3(a) and 3(b)).

4.3.3 Pencil Lead Break—A repeatable acoustic wave can
be generated by carefully breaking a pencil lead against the test
block or rod. When the lead breaks, there is a sudden release of
the stress on the surface of the block where the lead is
touching. This stress release generates an acoustic wave. The
Hsu pencil source uses a mechanical pencil. Care should be
taken to always break the same length of the same type of lead.
The normal lead diameter is 0.3 mm. The normal lead length is
2.5 6 0.5 mm. The lead hardness is 2H. Space permitting, the
pencil is held at an angle of 30 degrees to the surface of the test
block or rod. The lead should always be broken at the same
spot on the block or rod with the same angle and orientation of
the pencil. Spacing between the lead break and the center of the
sensor should be at least 100 mm and must be documented.
With distances shorter than 100 mm, it is harder to get
consistent results. The spacing between the lead break and
sensor must be large enough to avoid saturating the electronics,
which would invalidate comparisons of amplitude response.
The most desirable permanent record of a pencil lead break is
the waveform captured by a waveform-based data acquisition
system (such as an AE waveform-based instrument) with
frequency analysis (FFT) capabilities.

4.3.3.1 The Nielsen shoe, shown in Fig. 5, is a polytetra-
fluoroethylene guide ring that can aid in breaking lead consis-
tently. When the guide ring is constructed to the dimensions of
Fig. 5, an angle of 30 degrees between pencil and structure will
be obtained for a 2.5 mm lead extension. The dimension GT is
representative of the diameter of the pencil ferrule; typically it
is 0.84 mm for a 0.3 mm pencil, but it depends on the brand
and model of pencil. The length of the guide ring should be
matched to the length of the pencil ferrule.

4.3.3.2 The pencil lead break technique has other uses in
addition to determining the reproducibility of sensor response,
and it is not limited to use on blocks or rods. For some of these
other uses, larger lead diameters (which produce larger signals)

may be appropriate and simple measurements of signal ampli-
tude may suffice in lieu of full waveform capture.

4.4 Measuring and Recording Equipment—The output of
the sensor under test must be amplified before it can be
measured. After the measurement, the results should be stored
in a form that allows an easy comparison, either with another
sensor or with the same sensor at a different time.

4.4.1 Preamplifier—The preamplifier, together with the sen-
sor to preamp coaxial cable, provides an electrical load for the
sensor, amplifies the output, and filters out unwanted frequen-
cies. The electrical load on the sensor can distort the low-
frequency response of a sensor with low inherent capacitance.
To prevent this from occurring, it is recommended that short
sensor cables (<2 m) be used and the resistive component of
the preamplifier input impedance be 20 kΩ or greater. The
preamplifier gain should be fixed. Either 40 to 60-dB gains are
suitable for most sensors. The bandpass of the preamplifier
should be at least 20 to 1200 kHz. It is recommended that one
preamplifier be set aside to be used exclusively in the test
setup. However, it may be appropriate at times to test a sensor
with the preamplifier assigned to it in an experiment.

4.4.2 Waveform Based Instruments and Storage
Oscilloscopes—The waveform generated by a sensor in re-
sponse to a single pulse or a pencil lead break can be measured
and stored by a transient recorder, digital oscilloscope, or a
waveform-based acoustic emission system. This waveform can
be recorded on computer media, displayed on a computer
screen or printed out on a printer. Digitization rates should be
at least ten samples per highest frequency period in the
waveform. Lower rates might result in distortion or loss of
amplitude accuracy of the wave shape. When comparing
waveforms, emphasis should be placed on the initial few cycles
and on the large amplitude features. Small variations late in the
waveform are often produced by slight changes in the coupling
or position of the sensor under test. The waveform can also be

FIG. 5 Nielsen Shoe Used in Conjunction with Hsu Pencil
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converted into the frequency domain by means of a fast fourier
transform (FFT) for amplitude versus frequency response
analysis.

4.4.3 Spectrum Analyzers—Spectrum (FFT) analyzers can
be used with acoustic signals generated by ultrasonic transduc-
ers that are driven by either white-noise generators or tracking-
sweep generators, by gas-jet sources or by acoustic signals,
produced by any source, that are captured on a transient
recorder and replayed into the spectrum analyzer. A suitable
spectrum analyzer should be capable of displaying a spectrum
covering the frequency range from 20 kHz to 1.2 MHz. The
amplitude should be displayed on a logarithmic scale covering
a range from at least 50 dB in order to display the entire
dynamic range of the sensor. The spectrum can be recorded
photographically from an oscilloscope. However, the most
useful output is an XY graph showing the sensor amplitude
response or power versus frequency as shown in Fig. 6.

4.4.4 Acoustic Emission System—A sensor can be charac-
terized by using an acoustic emission system and an impulsive
source such as a pencil lead break, an ultrasonic (or AE)
transducer driven by a pulse generator, or the impulsive source
that is built into many AE systems with automated pulsing
capabilities. One or more of several significant AE signal
features (such as amplitude, counts or energy) can be used to
characterize the sensor response. The acoustic emission fea-
tures from each signal pulse should be measured for multiple
pulses (at least three). Data recorded should be the individual
AE feature values (for repeatability determination) and average
value of the readings (for sensitivity determination). In

addition, the system gain, preamplifier gain, filtering, and any
other significant settings of the acoustic emission system
should be recorded.

4.4.5 Voltmeters—An a-c voltmeter can be used to measure
sensor outputs produced by signals generated by an ultrasonic
transducer driven by a sweep generator. The response of the
voltmeter should be flat over the frequency range from 10 kHz
to 2 MHz. It is desirable that the voltmeter either have a
logarithmic output or be capable of driving a logarithmic
converter. The output of the voltmeter or converter is recorded
on an XY recorder as a function of frequency.

4.4.5.1 The limited dynamic range of an rms voltmeter
makes it less desirable than an a-c averaging voltmeter when
used with a sweep generator. However, a rough estimate of a
sensor performance can be obtained by using an rms or a-c
voltmeter to measure the output of a sensor driven by a wide
band source such as a white-noise generator or a gas jet.

5. Procedure

5.1 Place the sensors under test on the test block or rod in as
near to identical positions as possible. Use identical forces to
hold the sensor and block (or rod) together. A low-viscosity
couplant is desirable to ensure reproducible and minimum
couplant thicknesses. For all setups, take several measurements
before the final data is recorded to ensure reproducibility.
During the initial measurements, display the preamplifier
output on an oscilloscope or waveform based instrument to see
that the signals are not being clipped by overdriving the

FIG. 6 Example of an Amplitude vs. Frequency Plot of a 150 kHz Resonant Sensor
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preamplifier. Establish written procedures and follow them to
ensure reproducibility over long periods of time.

6. Interpretation of Results

6.1 Short-term reproducibility of results, covering such
actions as removing and remounting the sensor, should be
better than 3 dB if the test is conducted under normal working
conditions. Long-term reproducibility of the test system should
be checked periodically by the use of a reference sensor that is
not exposed to the risk of environmental damage. Variations of

sensor response greater than 4 dB indicates damage or
degradation, and the cause of the discrepancy should be further
investigated. While there are no set criteria for acceptable
limits on sensor degradation, a sensor whose sensitivity had
fallen by more than 6 dB would generally be considered unfit
for further service in acoustic emission measurements.

7. Keywords

7.1 AE sensor; Beattie Block; Gas-Jet test blocks; Nielson
shoe
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Standard Practice for
Acoustic Emission Examination of Fiberglass Reinforced
Plastic Resin (FRP) Tanks/Vessels

1. Scope

1.1 This practice covers acoustic emission (AE) examina-
tion or monitoring of fiberglass-reinforced plastic (FRP) tanks-
vessels (equipment) under pressure or vacuum to determine
structural integrity.

1.2 This practice is limited to tanks-vessels designed to
operate at an internal pressure no greater than 1.73 MPa
absolute [250 psia, 17.3 bar] above the static pressure due to
the internal contents. It is also applicable for tanks-vessels
designed for vacuum service with differential pressure levels
between 0 and 0.10 MPa [0 and 14.5 psi, 1 bar].

1.3 This practice is limited to tanks-vessels with glass
contents greater than 15 % by weight.

1.4 This practice applies to examinations of new and in-
service equipment.

1.5 Units—The values stated in either SI units or inch-
pound units are to be regarded as standard. The values stated in
each system may not be exact equivalents; therefore, each
system shall be used independently of the other. Combining
values from the two systems may result in non-conformance
with the standard.

1.6 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.7 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
D883 Terminology Relating to Plastics
D5436 Specification for Cast Poly(Methyl Methacrylate)

Plastic Rods, Tubes, and Shapes
E543 Specification for Agencies Performing Nondestructive

Testing
E650 Guide for Mounting Piezoelectric Acoustic Emission

Sensors
E750 Practice for Characterizing Acoustic Emission Instru-

mentation
E1106 Test Method for Primary Calibration of Acoustic

Emission Sensors
E1316 Terminology for Nondestructive Examinations
E2075 Practice for Verifying the Consistency of AE-Sensor

Response Using an Acrylic Rod
E1781 Practice for Secondary Calibration of Acoustic Emis-

sion Sensors
E2374 Guide for Acoustic Emission System Performance

Verification

2.2 ANSI/ASNT Standards:
SNT-TC-1A Recommended Practice for Nondestructive

Testing Personnel Qualification and Certification
ANSI/ASNT CP-189 Standard for Qualification and Certifi-

cation of Nondestructive Testing Personnel

2.3 AIA Standard:
NAS-410 Certification and Qualification of Nondestructive

Personnel (Quality Assurance Committee)

2.4 ISO Standard:
ISO 9712 Non-Destructive Testing—Qualification and Cer-

tification of NDT Personnel
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3. Terminology

3.1 Complete definitions of terms related to plastics and
acoustic emission will be found in Terminology D883 and
E1316.

3.2 Definitions of Terms Specific to This Standard:
3.2.1 FRP—fiberglass reinforced plastic, a glass-fiber poly-

mer composite with certain mechanical properties superior to
those of the base resin.

3.2.2 operating pressure—the pressure at the top of a vessel
at which it normally operates. It shall not exceed the design
pressure and it is usually kept at a suitable level below the
setting of the pressure-relieving devices to prevent their
frequent opening.

3.2.3 pressure, design—the pressure used in design to de-
termine the required minimum thicknesses and minimum
mechanical properties.

3.2.4 processor—a circuit that analyzes AE waveforms.
(See Section 7 and A1.8.)

3.2.5 summing amplifier (summer, mixer)—an operational
amplifier that produces an output signal equal to a weighted
sum of the input signals.

3.2.6 zone—the area surrounding a sensor from which AE
can be detected by that sensor.

4. Summary of Practice

4.1 This practice consists of subjecting equipment to in-
creasing pressure or vacuum while monitoring with sensors
that are sensitive to acoustic emission (transient stress waves)
caused by growing flaws. The instrumentation and techniques
for sensing and analyzing AE data are described.

4.2 This practice provides guidelines to determine the loca-
tion and severity of structural flaws in FRP equipment.

4.3 This practice provides guidelines for AE examination of
FRP equipment within the pressure range stated in 1.2.
Maximum test pressure (or vacuum) for an FRP vessel will be
determined upon agreement among user, manufacturer, or test
agency, or a combination thereof. Pressure vessels will nor-
mally be tested to 1.1 × operating pressure. Atmospheric stor-
age vessels and vacuum vessels will normally be tested under
maximum operating conditions. Vessels will normally be tested
at ambient temperature. In the case of elevated operating
temperature the test may be performed either at operating or
ambient temperature. The test temperature must be below the
glass transition temperature of the resin.

5. Significance and Use

5.1 The AE examination method detects damage in FRP
equipment. The damage mechanisms that are detected in FRP
are as follows: resin cracking, fiber debonding, fiber pullout,
fiber breakage, delamination, and bond failure in assembled
joints (for example, nozzles, manways, and so forth). Flaws in
unstressed areas and flaws that are structurally insignificant
will not generate AE.

5.2 This practice is convenient for on-line use under oper-
ating stress to determine structural integrity of in-service
equipment usually with minimal process disruption.

5.3 Indications located with AE should be examined by
other techniques; for example, visual, ultrasound, dye
penetrant, and so forth, and may be repaired and tested as
appropriate. Repair procedure recommendations are outside
the scope of this practice.

6. Basis of Application

6.1 The following items are subject to contractual agree-
ment between the parties using or referencing this practice:

6.2 Personnel Qualification:
6.2.1 If specified in the contractual agreement, personnel

performing examinations to this standard shall be qualified in
accordance with a nationally or internationally recognized
NDT personnel qualification practice or standard such as
ANSI/ASNT-CP-189, SNT-TC-1A, NAS-410, ISO 9712, or a
similar document and certified by the employer or certifying
agency, as applicable. The practice or standard used and its
applicable revision shall be identified in the contractual agree-
ment between the using parties.

6.3 Qualification of Nondestructive Agencies—If specified
in the contractual agreement, NDT agencies shall be qualified
and evaluated as described in Practice E543. The applicable
edition of Practice E543 shall be specified in the contractual
agreement.

6.4 Procedures and Techniques—The procedures and tech-
niques to be utilized shall be as specified in the contractual
agreement.

6.5 Surface Preparation—The pre-examination surface
preparation criteria shall be in accordance with 9.2 unless
otherwise specified.

6.6 Reporting Criteria/Acceptance Criteria—Reporting cri-
teria for the examination results shall be in accordance with
Section 13 unless otherwise specified. Since acceptance criteria
are not specified in this practice, they shall be specified in the
contractual agreement.

7. Instrumentation

7.1 The AE instrumentation consists of sensors, signal
processors, and recording equipment. Additional information
on AE instrumentation can be found in Practice E750.

7.2 Instrumentation shall be capable of recording AE hits,
signal strength and hit duration and have sufficient channels to
localize AE sources in real time. It may incorporate (as an
option) peak-amplitude detection for each input channel or for
groups of channels. Hit detection is required for each channel.
An AE hit amplitude measurement is recommended for sensi-
tivity verification (see Annex A2). Amplitude distributions are
recommended for flaw characterization. It is preferred that AE
instrumentation acquire and record duration hit and amplitude
information on a per channel basis. The AE instrumentation is
further described in Annex A1.

7.3 Capability for measuring parameters such as time and
pressure shall be provided. The pressure-vacuum in the vessel
should be continuously monitored to an accuracy of 62 % of
the maximum test value.
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7.4 Lockouts and Guard Sensors—These techniques shall
not be used.

7.5 Instrument Displays—- The instrumentation shall be
capable of providing the following real time displays:

7.5.1 Bar Chart by Channel of Cumulative Signal
Strength—Enables the examiner to identify which channel is
recording the most data.

7.5.2 Amplitude per Hit Versus Time—Provides the exam-
iner with early warning of an impending failure (see Reference
(1)).

7.5.3 Duration per Hit Versus Time—Useful for identifying
rubbing or sliding (see Reference (1)).

7.5.4 Log Duration (or Counts) per Hit Versus Amplitude
per Hit—Helps the examiner determine the presence of false
emission signals (see Reference (1)).

7.5.5 Cumulative Signal Strength per Channel Versus
Time—Useful for identifying certain types of instrument mal-
functions; for example, continuous electronic noise will pro-
duce a characteristically steady rise with time, unlike the
stepwise rise associated with natural AE.

7.6 Cumulative Amplitude Distribution, or a tabular listing
by channel number of total hits equal to and greater than
defined amplitude values. Tabular amplitude values shall be in
increments of not greater than 5 dB and shall be for at least a
35 dB range beginning at the threshold. These displays are used
to provide warning of significant fiber breakage of the type that
can lead to sudden structural failure. The displays also provide
information about the micromechanisms giving rise to the
emission and warn of potential instrument malfunction.

8. Examination Preparations

8.1 Safety—All plant safety requirements unique to the
examination location shall be met.

8.1.1 Protective clothing and equipment that is normally
required in the area in which the examination is being
conducted shall be worn.

8.1.2 A fire permit may be needed to use the electronic
instrumentation.

8.1.3 Precautions shall be taken to protect against the
consequences of catastrophic failure when pressure testing, for
example, flying debris and impact of escaping liquid. Pressur-
izing under pneumatic conditions is not recommended except
when normal service loads include either a superposed gas
pressure or gas pressure only. Care shall be taken to avoid
overstressing the lower section of the vessel when liquid test
loads are used to simulate operating gas pressures.

8.1.4 Special safety precautions shall be taken when pneu-
matic testing is required; for example, safety valves, and so
forth.

8.2 Vessel Conditioning—The operating conditions for ves-
sels that have been stressed previously shall be reduced prior to
examining in accordance with the schedule shown in Table 1.
Table 1 is used as follows. The planned reduced pressure is
expressed as a percentage of the maximum operating pressure
or load in the vessel during the past year (the latter must be
known in order to conduct the AE examination properly).
Looking for this percentage in the first column of Table 1, the

corresponding row in the second column shows the time that
must be spent at the reduced pressure, to condition the vessel
prior to making an AE test. When the percentage falls between
two values in the first column, the higher value is used.

8.3 Vessel Stressing—Arrangements should be made to
stress the vessel as prescribed in 4.3. The stress rate shall be
sufficient to expedite the examination with minimum extrane-
ous noise. Holding stress levels is a key aspect of an acoustic
emission examination. Accordingly, provision must be made
for holding the pressure-load at designated check points.

8.3.1 Atmospheric Tanks—Process liquid is the preferred fill
medium for atmospheric tanks. If water must replace the
process liquid, the designer and user shall be in agreement on
the procedure to achieve acceptable stress levels.

8.3.2 Vacuum-Tank Stressing—A controllable vacuum-
pump system is required for vacuum tanks.

8.3.3 Pressure-Vessel Stressing—Water is the preferred me-
dium for pressure tanks. Safe means for hydraulically increas-
ing the pressure under controlled conditions shall be provided.

8.4 Tank Support—The tank shall be examined in its oper-
ating position and supported in a manner consistent with good
installation practice. Flat-bottomed tanks examined in other
than the intended location shall be mounted on a pad (for
example, rubber on a concrete base or equivalent) to reduce
structure-borne noise between the tank and base.

8.5 Environmental—The normal minimum acceptable ves-
sel wall temperature is 4°C [40°F].

8.6 Noise Reduction—Noise sources in the examination
frequency and amplitude range, such as rain, spargers, and
foreign objects contacting the tank, must be minimized since
they mask the AE signals emanating from the structure. The
inlet should be at the lowest nozzle or as near to the bottom of
the vessel as possible, that is, below the liquid level. Liquid
falling, swirling, or splashing can invalidate data obtained
during the filling phase. However, this needs to be addressed
by appropriate data filtering, not by turning off data acquisition
during the filling phase altogether.

8.7 Power Supply—A stable grounded power supply, meet-
ing the specification of the instrumentation, is required at the
examination site.

8.8 Instrumentation Settings—Settings will be determined
as described in Annex A2.

9. Sensors

9.1 Sensor Mounting—Refer to Practice E650 for additional
information on sensor mounting. Location and spacing of the

TABLE 1 Requirements for Reduced Operating Pressure-Load
Immediately Prior to Examining

% of Operating
Pressure or

Load, or Both

Time at Reduced
Pressure or

Load, or Both

10 or less 12 h
20 18 h
30 30 h
40 2 days
50 4 days
60 7 days
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sensors are discussed in 9.4. Sensors shall be placed in
designated locations with a couplant between the sensor and
examination article. One recommended couplant is silicone-
stopcock grease. Care must be exercised to assure that ad-
equate couplant is applied. Sensors shall be held in place
utilizing methods of attachment which do not create extraneous
signals. Methods of attachment using crossed strips of
pressure-sensitive tape or suitable adhesive systems, may be
considered. Suitable adhesive systems are those whose bond-
ing and acoustic coupling effectiveness have been demon-
strated. The attachment method should provide support for the
signal cable (and preamplifier) to prevent the cable(s) from
stressing the sensor or pulling the sensor away from the
examination article causing loss of coupling.

9.2 Surface Contact—Reliable coupling between the sensor
and tank surface shall be assured and the surface of the vessel
in contact with the sensor shall be clean and free of particulate
matter. Sensors should be mounted directly on the tank surface
unless integral waveguides shown by test to be satisfactory are
used. Preparation of the contact surface shall be compatible
with both sensor and structure modification requirements.
Possible causes of signal loss are coatings such as paint and
encapsulants, surface curvature, and surface roughness at the
contact area.

9.3 High-frequency and Low-frequency Channels—See An-
nex A1, subsections A1.1.2 and A1.1.3 for specifications of
high-frequency and low-frequency sensors. High-frequency
channels are used with zone location for the purpose of
identifying and evaluating emission sources that may represent
defects. All evaluation of AE sources shall be conducted using
high-frequency channels. Low-frequency channels can detect
sources over a greater distance. They may optionally be used
on large vessels when coverage of the whole vessel with
high-frequency channels would be uneconomical. When both
kinds of sensor are used, high-frequency sensors are placed to
cover the higher-risk/higher-stress regions of the vessel (for
example, shell to base transition, manways, nozzles). Low-
frequency sensors are placed in lower-risk regions (for
example, shell sections remote from structural discontinuities)
where there is a lower probability of active AE sources being
present. If significant activity detected on low-frequency chan-
nels is not detected simultaneously on high-frequency
channels, the adequacy of high-frequency sensor location shall
be assessed by the examiner. High-frequency channels may be
added or relocated and loading repeated after reconditioning of
the vessel, as necessary, for conclusive examination of the
emissive areas indicated by the low-frequency channels. In this
manner, the low-frequency channels are used to ensure ad-
equacy of the vessel coverage by high-frequency channels.
Caution should be exercised in the use of low-frequency
sensors, considering the adequacy of vessel coverage for final
evaluation, and considering that low-frequency channels are
more vulnerable to background noise, waves travelling across
the liquid from remote locations, and so forth.

9.4 Locations and Spacings—Locations on the vessel shell
are determined by the need to detect structural flaws at critical
sections; for example, high-stress areas, geometric
discontinuities, nozzles, manways, repaired regions, support

rings, and visible flaws. Spacings are governed by the attenu-
ation of the FRP material.

9.4.1 Attenuation Characterization—Typical signal propa-
gation losses shall be determined in accordance with the
following procedure. This procedure provides a relative mea-
sure of the attenuation, but may not be representative of
genuine AE activity. It should be noted that the peak amplitude
from a mechanical pencil lead break may vary with surface
hardness, resin condition, and cure. The attenuation character-
ization should be made above the liquid line.

9.4.1.1 Select a representative region of the vessel away
from manways, nozzles, and so forth. Mount an AE sensor and
locate points at distances of 150 mm [6 in.] and 300 mm
[12 in.] from the center of the sensor along a line parallel to one
of the principal directions of the surface fiber (if applicable).
Select two additional points on the surface of the vessel at
150 mm [6 in.] and 300 mm [12 in.] along a line inclined 45°
to the direction of the original points. At each of the four
points, break 0.3 mm 2H leads and record peak amplitude. All
lead breaks shall be done at an angle of approximately 30° to
the surface with a 2.5 mm [0.1 in.] lead extension. The data
shall be retained as part of the original experimental record.

9.4.2 Sensor Spacings—The recommended sensor spacing
on the vessel shall not be greater than 3 × the distance at which
detected signals from the attenuation characterization equal the
threshold setting.

9.4.3 Sensor Location—Sensor location guidelines for the
following tank types are given in the Annex. Other tank types
require an agreement among the owner, manufacturer, or
examination agency, or combinations thereof.

9.4.3.1 Case I: Atmospheric Vertical Tank—flat bottom,
flanged and dished head, typical nozzle and manway
configuration, cylindrical shell fabricated in two sections with
secondary bond-butt joint, dip pipe.

9.4.3.2 Case II: Atmospheric Vertical Tank—flat bottom, 2:1
elliptical head, typical nozzle and manway configuration,
agitator with baffles, cylindrical shell fabricated in one section.

9.4.3.3 Case III: Atmospheric-Pressure Vertical Tank—
flanged and dished heads top and bottom, typical nozzle and
manway configuration, packing support, legs attached to cy-
lindrical shell, cylindrical shell fabricated in one section.

9.4.3.4 Case IV: Atmospheric-Pressure Vertical Tank—cone
bottom, 2:1 elliptical head, typical nozzle and manway
configuration, cylindrical shell fabricated in two sections, body
flange, dip pipe, support ring.

9.4.3.5 Case V: Atmospheric-Vacuum Vertical Tank—
flanged and dished heads top and bottom, typical nozzle and
manway configuration, packing support, stiffening ribs, sup-
port ring, cylindrical shell fabricated in two sections with
secondary bond-butt joint.

9.4.3.6 Case VI: Atmospheric-Pressure Horizontal Tank—
flanged and dished heads, typical nozzle and manway
configuration, cylindrical shell fabricated in two sections with
secondary bond-butt joint, saddle supports.
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10. Instrumentation System Performance Check

10.1 Sensor Coupling and Circuit Continuity Verification—
Verification shall be performed following sensor mounting and
system setup. The response of each sensor-preamplifier com-
bination to a repeatable simulated acoustic emission source (for
example, pencil lead break) shall be recorded and evaluated
prior to the examination (see Guide E2374).

10.1.1 The peak amplitude of the simulated event at a
specific distance from each sensor should not vary more than
6 dB from the average of all the sensors. Any sensor-
preamplifier combination failing this check should be investi-
gated and replaced or repaired as necessary.

10.1.2 After the initial condition of each installed channel
has been verified as satisfactory per the preceding paragraphs,
a global check such as automatic sensor test (AST) should be
performed to furnish a baseline for whatever post test and
interim checks are planned (see 10.3). AST, though less
comprehensive than pencil lead break technique, takes much
less time to perform.

10.2 Background Noise Check—A background noise check
is recommended to identify and determine the level of spurious
signals. This is done following the completion of the verifica-
tion described in 10.1 and prior to stressing the vessel. A
recommended time period is 20 minutes.

10.3 Post Test and Interim Checks—After completion of the
loading/monitoring, a check should be conducted to verify the
stability of channel performance, in particular the continuing
integrity of sensor mounting and coupling. This can be
accomplished by repeating a global check such as AST, see
10.1.2. Interim tests of this kind can also be employed in
unusual situations such as lengthy test interruptions, to confirm
the ongoing integrity of the monitoring setup. In the event that
these tests show one or more channels to have become
ineffective, corrective measures shall be taken and/or consid-
eration shall be given to the status of the affected zone(s)
relative to the goals of the inspection.

11. Examination Procedure

11.1 General Guidelines—The tank-vessel is subjected to
programmed increasing pressure-load levels to a predeter-
mined maximum while being monitored by sensors that detect
acoustic emission (stress waves) caused by growing structural
flaws.

11.1.1 Fill and pressurization rates shall be controlled so as
not to exceed a strain rate of 0.005 % per min based on
calculated values or actual strain gage measurements of prin-
cipal strains. Normally, the desired pressure will be attained
with a liquid (see 8.1.3 and 8.1.4). Pressurization with a gas
(air, N2 and so forth) is not recommended. A suitable manom-
eter or other type gage shall be used to monitor pressure.

11.1.2 Vacuum should be attained with a suitable vacuum
source. A quick release valve shall be provided to handle any
imminent catastrophic failure condition.

11.1.3 Background noise shall be minimized and identified
(see also 8.6). Excessive background noise is cause for
suspension of the pressurization. In the analysis of examination
results, background noise should be properly discounted.

Sources of background noise include the following: liquid
splashing into a tank, a fill rate that is too high, pumps, motors,
agitators and other mechanical devices, electromagnetic
interference, and environmental factors, such as rain, wind, and
so forth.

11.2 Loading—Atmospheric tanks that operate with liquid
head and superimposed pressures of 0.2 MPa [30 psia, 2 bars]
or less, and vacuum vessels that operate at pressures below
atmospheric, shall be loaded in a series of steps. Recommended
load procedures are shown in Fig. 1 and Fig. 2. The algorithm
flow chart for this class of tanks is given in Fig. 3.

11.2.1 For tanks that have been stressed previously, the
examination can begin with the liquid level as high as 60 % of
the operating or maximum test level (see 8.2). Fig. 1 should be
modified for vessels that are partially full at the beginning of an
examination. The background noise baseline determination is
important for this class of examination and should be provided
for. Many vessels operate with liquid contents and partial
vacuum; however, vacuum vessels are normally examined
empty.

11.2.2 Pressure vessels that operate with superimposed
pressures greater than 0.2 MPa [30 psia] shall be loaded in a
series of pressurize-and-hold, depressurize-and-hold steps as
shown in Fig. 4. The depressurize-and-hold steps in this
schedule may be eliminated if no emission has been detected in
the previous pressurize-and-hold steps. Prior to loading, pres-
sure vessels shall be conditioned as described in 8.2. AE
monitoring of the first loading of new pressure vessels is
optional, since they may be too noisy to meet the acceptance
criteria; however, first loading data can have value as a baseline
and indicator of long-term performance. In case a new vessel is
not monitored during its first loading, or in case it is monitored
and does not meet the evaluation criteria, then it is recondi-
tioned in accordance with 8.2, reloaded with AE monitoring
and evaluated against the “subsequent loading” criteria (see
Table X1.2). The algorithm flow chart for this class of tanks is
given in Fig. 5.

11.2.3 The initial hold period is used to determine a baseline
of the background noise. This data provides an estimate of the
total background noise contribution during the examination.
Background noise shall be discounted in the final data analysis.

11.2.4 Intermittent load holds shall be for 4 min. As shown
in Fig. 4, pressure vessels shall be loaded in steps up to 30 %
of the maximum test pressure. Thereafter, the pressure shall be
decreased by 10 % of the maximum test pressure before
proceeding to the next hold level. Following a decrease in
pressure, the load shall be held for 4 min before reloading.

11.2.5 For all vessels, the final load hold shall be for 30 min.
The vessel should be monitored continuously during this
period.

11.3 Felicity Ratio Determination—The Felicity ratio is not
measured during the first loading of atmospheric tanks and
vacuum vessels. The Felicity ratio is obtained directly from the
ratio of the stress at the emission source at onset of significant
emission and the maximum prior stress at the same point.

11.3.1 The Felicity ratio is measured from the unload-reload
cycles during the first loading of pressure vessels. For subse-
quent loadings, the Felicity ratio is obtained directly from the
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ratio of the stress at the emission source at onset of emission
and the previous maximum stress at the same point. A
secondary Felicity ratio is determined from the unload-reload
cycles.

11.4 Data Recording—Prior to an examination, the signal
propagation loss (attenuation) data, that is, amplitude as a
function of distance from the signal source, shall be recorded in
accordance with the procedure detailed in 9.4.

11.4.1 The number of hits from all channels whose ampli-
tude exceeds the threshold setting shall be recorded. Channels
that are active during load holds should be noted.

12. Interpretation of Results

12.1 Examination Termination—The real-time instrument
displays shall be continuously monitored during the test. If any
of these displays indicates approaching failure, the vessel shall

FIG. 1 Atmospheric Tank Examination, Stressing Sequence

FIG. 2 Vacuum Tank Examination, Stressing Sequence
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be unloaded and the test terminated. If the examiner judges
background noise to be excessive during the test, the test shall
be terminated. “Excessive” background noise is a matter of
judgment based on experience.

12.2 Significance of Data:

12.2.1 Evaluation based on emissions during load hold is
particularly significant. Continuing emissions indicate continu-
ing damage. Fill and other background noise will generally be

FIG. 3 AE Examination Algorithm—Flow Chart Atmospheric-Vacuum Tanks (See Fig. 1 and Fig. 2.)

FIG. 4 Pressure Tank Examination, Stressing Sequence
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at a minimum during a load hold. Continuing emission during
hold periods is a condition on which acceptance criteria may be
based.

12.2.2 Evaluation based on Felicity ratio is important for
in-service vessels. The Felicity ratio provides a measure of the
severity of previously induced damage. The onset of “signifi-
cant” emission for determining measurement of the Felicity
ratio is a matter of experience. The following are offered as
guidelines to determine if emission is significant:

12.2.2.1 More than five bursts of emission during a 10 %
increase in load.

12.2.2.2 More than Nd/2 duration during a 10 % increase in
load, where Nd is the total duration value defined in Annex A2.

12.2.2.3 Emission continues at a load hold. For purposes of
this guideline, a short (1 min or less) nonprogrammed load
hold can be inserted in the procedure.

12.2.2.4 Felicity ratio is a condition on which acceptance
criteria may be based.

12.2.3 Evaluation based on high-amplitude events is impor-
tant for new vessels. These events are often associated with
fiber breakage and are indicative of major structural damage.
This condition is less likely to govern for in-service and
previously loaded vessels where emissions during a load hold
and Felicity ratio are more important. High-amplitude events is
a condition on which acceptance criteria may be based.

12.2.4 Evaluation based on total duration is valuable for
atmospheric and vacuum tanks. Pressure vessels, particularly
on first loading, tend to be noisy and therefore this criterion is
not used when evaluating the first loadings of pressure vessels.
Total duration is a condition on which acceptance criteria may
be based.

12.2.5 Indications located with AE should be examined by
other techniques; for example, visual, ultrasonics, dye
penetrant, and so forth.

13. Report and Records Retention

13.1 The report shall include the following:
13.1.1 Complete identification of equipment, including ma-

terial type, source, method of fabrication, manufacturer’s name
and code number, date and pressure-load of previous tests, and
previous history.

13.1.2 Equipment sketch or manufacturer’s drawing with
dimensions of equipment and sensor location.

13.1.3 Test liquid employed.
13.1.4 Test liquid temperature.
13.1.5 Test Sequence—filling rate, hold times, and hold

levels.
13.1.6 Comparison of examination data with specified ac-

ceptance criteria.
13.1.7 Show on sketch or manufacturer’s drawing the loca-

tion of any suspect areas found that require further evaluation.
13.1.8 Any unusual effects or observations during or prior to

the examination.
13.1.9 Dates of examination.
13.1.10 Name(s) of examiner(s).
13.1.11 Instrumentation Description—complete description

of AE instrumentation including manufacturer’s name, model
number, sensor type, system gain, serial numbers or equivalent,
software title and version number, and so forth.

13.1.12 Graphs of pertinent AE data, for example, AE hits
versus time for zones of interest, total duration above the
threshold setting versus time, emissions during load holds, and
signal propagation loss.

13.1.13 Digital records of the test data should be retained
for at least two years or as specified by contract. The test report
should contain enough information to enable reconstruction of
the graphs, interpretation and evaluation from the retained
digital records.

FIG. 5 AE Examination Algorithm—Flow Chart Pressure Tanks (See Fig. 4.)
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14. Keywords
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pullout; resin cracking; source characterization; source location

ANNEXES

(Mandatory Information)

A1. INSTRUMENTATION PERFORMANCE REQUIREMENTS

A1.1 AE Sensors:

A1.1.1 General—AE sensors shall be temperature-stable
over the range of use which may be 4° to 93°C [40° to 200° F],
and shall not exhibit sensitivity changes greater than 3 dB over
this range. Sensors shall be shielded against radio frequency
and electromagnetic noise interference through proper shield-
ing practice or differential (anticoincident) element design, or
both. Sensors shall have omnidirectional response in the plane
of contact with variations not exceeding 4 dB from the peak
response.

A1.1.2 High-frequency Sensors—High-frequency sensors
shall have a resonant response between 100 and 200 kHz.
Acceptance sensitivity range shall be established using a
published procedure such as Test Method E1106 or Practice
E1781.

A1.1.3 Low-frequency Sensors—Low-frequency sensors
shall have a resonant response between 20 and 80 kHz. The use
of low-frequency sensors is optional, see 9.3.

NOTE A1.1—This method measures approximate sensitivity of the
sensor. AE sensors used in the same examination should not vary in peak
sensitivity more than 3 dB from the average.

A1.2 Signal Cable—The signal cable from sensor to pre-
amp shall not exceed a length that will cause more than 3 dB
of signal loss (typically 2 m [6 ft]) and shall be shielded against
electromagnetic interference. This requirement is omitted
where the preamplifier is mounted in the sensor housing, or a
line-driving (matched impedance) sensor is used.

A1.3 Couplant—Commercially available couplants for ul-
trasonic flaw detection may be used. Frangible wax or quick-
setting adhesives may be used, provided couplant sensitivity is
not significantly lower than with fluid couplants. Couplant
selection should be made to minimize change in coupling
sensitivity during an examination. Consideration should be
given to testing time and the surface temperature of the vessel.

A1.4 Preamplifier—The preamplifier should be mounted in
the vicinity of the sensor, or may be in the sensor housing. If
the preamplifier is of differential design, a minimum of 40 dB
of common-mode noise rejection shall be provided. The
preamplifier bandpass shall be consistent with the frequency
range of the sensor and shall not attenuate the resonant
frequency of the sensor.

A1.5 Filters—Filters shall be of the band pass type, and
shall provide a minimum of 24 dB per octave signal attenua-
tion. Filters may be located in preamplifier or post-preamplifier
circuits, or may be integrated into the component design of the
sensor, preamplifier, or processor to limit frequency response.
Filters or integral design characteristics, or both, shall ensure
that the principal processing frequency is between 100 and 200
kHz for high-frequency sensors and between 20 and 80 kHz for
low-frequency sensors.

A1.6 Power-Signal Cable—The cable providing power to
the preamplifier and conducting the amplified signal to the
main processor shall be shielded against electromagnetic noise.
Signal loss shall be less than 1 dB/30 m [100 ft] of cable length
at 150 kHz. The recommended maximum cable length to avoid
excessive signal attenuation is 150 m [500 ft]. Digital or radio
transmission of signals is allowed consistent with practice in
transmitting those signal forms.

A1.7 Main Amplifier—The main amplifier, if used, shall
have signal response with variations not exceeding 3 dB over
the frequency range of 25 to 200 kHz, and temperature range
of 4 to 52°C [40 to 125°F]. The main amplifier shall have
adjustable gain, or an adjustable threshold for hit detection and
counting.

A1.8 Main Processor:

A1.8.1 General—The main processor(s) shall be capable of
processing hits, peak amplitude, signal strength, and duration
on each channel.

A1.8.2 Peak-Amplitude Detection—Comparative calibra-
tion must be established in accordance with the requirements of
Annex A2. Usable dynamic range shall be a minimum of 60 dB
with 2 dB resolution. Not more than 2 dB variation in
peak-detection accuracy shall be allowed over the stated
temperature range. Amplitude values may be stated in volts or
dB, but must be referenced to a fixed gain output of the system
(sensor or preamplifier).

A1.8.3 Signal Outputs and Recording—The processor as a
minimum shall provide outputs for permanent recording of
duration, amplitude, signal strength, and hits above the thresh-
old setting by channel (zone location) and hits. A sample
system schematic is shown in Fig. A1.1.
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A2. INSTRUMENT SETTINGS

A2.1 General—The performance and threshold definitions
vary for different types of acoustic emission instrumentation.
Parameters such as signal strength and amplitude may vary
from manufacturer to manufacturer and from model to model
by the same manufacturer. This annex describes techniques for
generating common baseline levels for the different types of
instrumentation. Through the use of these procedures the test
sensitivity can be effectively the same regardless of instrumen-
tation manufacturer or equipment nomenclature.

A2.1.1 The procedures described in A2.2 and A2.3 should
be performed at a temperature of 15 to 27°C [60 to 80°F]. It is
intended that this be a one-time determination of threshold
values for data acquisition, or evaluation, or both. For field use,
a portable acrylic rod (see Practice E2075) can be carried with
the equipment and used for periodic checking of sensor,
preamplifier, and channel sensitivity.

A2.2 Threshold of Detectability (aka Detection
Threshold)—To determine the detection threshold for AE
examinations on fiberglass vessels, a sensor of the applicable
type is mounted on one end of a 788 mm [31 in.] long,
38.1 mm [1.5 in.] diameter rod of cast acrylic material con-
forming to Specification D5436. Rod setup and sensor mount-
ing shall be as specified in Practice E2075 (however the
reference marks specified in Practice E2075 will not be used in

this application). The detection threshold is 12 dB lower than
the average measured amplitude of ten hits generated by a
0.3 mm [0.012 in.] Pentel pencil (2H) lead break at a distance
of 610 mm [24 in.] from the sensor. All lead breaks shall be
done at an angle of approximately 30° to the surface with a 2.5
mm [0.1 in.] lead extension. This determination may be
repeated with additional sensors, remounts as appropriate to
confirm its reliability.

A2.3 Reference Amplitude Threshold—For large amplitude
hits, the reference amplitude threshold shall be determined
using a 300 by 5 by 2 cm [118 by 2 in. by 0.8 in.] clean, mild
steel bar. The bar shall be supported at each end on elastomeric,
or similar, isolating pads. The reference amplitude threshold is
defined as the average measured amplitude of ten hits gener-
ated by a 0.3 mm [0.012 in.] Pentel pencil (2H) lead break at
a distance of 210 cm [83 in.] from the sensor. All lead breaks
shall be done at an angle of approximately 30° to the surface
with a 2.5 mm [0.1 in.] lead extension. The sensor shall be
mounted 30 cm [12 in.] from the end of the bar on the 5 cm
[2 in.] wide surface.

A2.4 Typical Attenuation—Table A2.1 shows signal ampli-
tude values for various distances along a cast acrylic rod of the
kind described in A2.2 and Practice E2075. These are values

FIG. A1.1 Sample Schematic of AE Instrumentation for Vessel Testing
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for a sensor containing a piezoelectric crystal often used for
this kind of test. The decibel numbers in Table A2.1 are dBAE

as defined in Terminology E1316. The numbers in this table are
indicative of what may be expected when using the cast acrylic
rod in accordance with A2.2, but these numbers shall not be
taken as a substitute for performing the procedure.

A2.5 Duration Criterion ND—The Duration Criterion ND

shall be determined either before or after the examination using
a 0.3 mm [0.012 in.] Pentel pencil (2H) lead broken on the
surface of the vessel. This determination is made separately on
each vessel examined. All lead breaks shall be done at an angle

of approximately 30° to the test surface with a 2.5 mm [0.1 in.]
lead extension. Measurement points shall be chosen so as to be
representative of different constructions and thicknesses and
should be performed above and below the liquid (if applicable)
and away from manways, nozzles, and so forth. A sensor shall
be mounted at each measurement point and two measurements
shall be carried out at each location. One measurement shall be
in the principal direction of the surface fibers (if applicable),
and the second calibration shall be carried out along a line 45°
to the direction of the first measurement. Lead breaks shall be
at a distance from the measurement point so as to provide an
amplitude decibel value Am midway between the threshold of
detectability and the Reference Amplitude Threshold. The
Duration Criterion at each measurement point is defined as one
hundred and thirty times the average duration per lead break
from ten 0.3 mm [0.012 in.] Pentel pencil (2H) lead breaks at
each of the two lead break locations. When applying the
Duration Criterion, the value which is representative of the
region where activity is observed should be used.

A3. SENSOR PLACEMENT GUIDELINES

See Figs. A3.1-A3.6.

TABLE A2.1 Decibel Calibration Values

Distance of Pentel
Break from Sensor

Typical Decibel
Value

100 mm [4 in.] 82.5
150 mm [6 in.] 80.5
300 mm [12 in.] 73.5
450 mm [18 in.] 66.5
600 mm [24 in.] 60.0

NOTE 1—The bottom knuckle region is critical due to discontinuity stresses. Locate sensors to provide adequate coverage, for example, approximately
every 90° and 150 to 300 mm [6 to 12 in.] away from knuckle on shell.

NOTE 2—The secondary bond joint areas are suspect, for example, nozzles, manways, shell-butt joint, and so forth. For nozzles and manways, the
preferred sensor location is 75 to 150 mm [3 to 6 in.] from intersection with shell and below. The shell-butt joint region is important. Locate the two
high-frequency sensors up to 180° apart—one above and one below the joint.

FIG. A3.1 Case I—Atmospheric Vertical Tank
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NOTE 1—The bottom knuckle region is critical due to discontinuity stresses. Locate sensors to provide adequate coverage, for example, approximately
every 90° and 150 to 300 mm [6 to 12 in.] away from knuckle on shell. In this example, sensors are so placed that the bottom nozzles, manways, and
baffle areas plus the knuckle region are covered.

NOTE 2—The secondary bond joint areas are suspect, for example, nozzles, manways, and baffle attachments to shell. See the last sentence of one above
for bottom region coverage in this example. Note sensor adjacent to agitator shaft-top manway. This region should be checked with agitator on.

FIG. A3.2 Case II—Atmospheric Vertical Tank

NOTE 1—The bottom head is highly stressed. Locate two sensors approximately as shown.
NOTE 2—The bottom knuckle region is critical due to discontinuity stresses. Locate sensors to provide adequate coverage, for example, approximately

every 90° and 150 to 300 mm [6 to 12 in.] away from knuckle on shell. The top knuckle region is similarly treated.
NOTE 3—The secondary bond areas are suspect, that is, nozzles, manways, and leg attachments. For nozzles and manways, the preferred sensor location

is 75 to 150 mm [3 to 6 in.] from the intersection with shell and below. For leg attachments, therefore should be a sensor within 300 mm [12 in.] of the
shell-leg interface.

FIG. A3.3 Case III—Atmospheric-Pressure Vessel Tank
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NOTE 1—The secondary bond-joint areas are suspect, that is, nozzles, manways, and body flanges. Particularly critical in this tank are the bottom
manway and nozzle. For nozzles and manways, the preferred sensor location is 75 to 150 mm [3 to 6 in.] from intersection with shell and below. The
bottom flange in this example is covered by a sensor 75 to 150 mm [3 to 6 in.] above the manway.

NOTE 2—The knuckle regions are suspect due to discontinuity stresses. Locate sensors to provide adequate coverage, that is, approximately every 90°
and 75 to 150 mm [6 to 12 in.] away from knuckle on shell.

FIG. A3.4 Case IV—Atmospheric-Pressure Vertical Tank

NOTE 1—The knuckle regions are suspect due to discontinuity stresses. Locate sensors to provide adequate coverage, that is, approximately every 90°
and 150 to 300 mm [6 to 12 in.] away from knuckle on shell.

NOTE 2—The secondary bond-joint areas are critical, for example, nozzles, manways, and shell-butt joint. For nozzles and manways, the preferred
sensor location is 75 to 150 mm [3 to 6 in.] from the intersection with the shell (or head) and below, where possible. The shell butt joint region is
important. Locate sensors up to 180° apart where possible and alternately above and below joint.

FIG. A3.5 Case V—Atmospheric-Vacuum Vertical Tank
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APPENDIX

(Nonmandatory Information)

X1. RATIONALE

X1.1 This practice was rewritten from the “Recommended
Practice for Acoustic Emission Testing of Fiberglass Tanks/
Vessels,” which was developed by the Committee on Acoustic
Emission from Reinforced Plastics (CARP) and published by
the Reinforced/Composites Institute of the Society of the
Plastics Industry (SPI).

X1.2 The CARP Recommended Practice has been used
successfully on numerous applications.

X1.3 Criteria for evaluating the condition of FRP tanks and
the need for secondary inspection were established while
working with AE equipment, characteristics, and setup condi-
tions listed in Table X1.1.

X1.4 Acceptance criteria are found in Table X1.2.

NOTE 1—The discontinuity stresses at the intersection of the heads and the shell in the bottom region are important. Sensors should be located to detect
structural problems in these areas.

NOTE 2—The secondary bond-joint areas are suspect, for example, shell-butt joint, nozzles, manways, and sump. The preferred sensor location is 75
to 150 mm [3 to 6 in.] from intersecting surfaces of revolution. The shell butt-joint region is important. Locate the two high-frequency sensors up to 180°
apart—one on either side of the joint.

FIG. A3.6 Case VI—Atmospheric-Pressure Horizontal Tank



ASME BPVC.V-2023ARTICLE 29, SE-1067/SE-1067M

850

REFERENCES

(1) T. J. Fowler. “Acoustic Emission Testing of Vessels and Piping.” Chemical Engineering Progress. (May 1987): 25–32.

TABLE X1.1 Acoustic Emission Equipment, Characteristics, and
Setup Conditions

Sensors High-frequency Sensors
100 to 200kHz
Low-frequency Sensors
20 to 80kHz.

Couplant silicone grease
Preamplifier gain 40 dB (X100)
HF Preamplifier filter 100 to 300 kHz bandpass
LF Preamplifier filter 20 to 80 kHz bandpass
Power/signal cable length <150 m [500 ft]
Low-amplitude threshold 46 dBAE

High-amplitude threshold 76 dBAE

HF Signal processor filter 100 to 300 kHz bandpass
LF Signal processor filter 20 to 80 kHz bandpass
Dead time 10 ms
Background noise <40 dBAE

Sensitivity check >80 dBAE

TABLE X1.2 Acceptance Criteria

NOTE 1—An acceptable vessel must meet all of the following criteria. Underlined criteria carry the greatest weight. Background noise must be properly
discounted when applying acceptance criteria. The criteria are to be applied zone by zone (channel by channel), not to the sum of all channels.

Tanks (internal pressure no greater than 0.1 MPa
absolute [14.5 psia] above the static pressure

due to internal contents, or vacuum with differen-
tial pressure no greater than 0.1 MPa [14.5 psi])

Pressure Vessels (internal pressure no greater
than 1.73 MPa absolute [250 psia] above the

static pressure due to internal contents)A Significance of Criterion

First Filling Subsequent Fillings Subsequent Loadings

Emissions during hold No hits having an
amplitude greater
than Am beyond 2
minB

No hits having an
amplitude greater
than Am beyond 2
minB

No hits having an
amplitude greater than Am beyond 2 minB

Measure of continuing
permanent damageC

Felicity ratio Not applicable Greater than 0.95 Greater than 0.95 Measure of severity of
previously induced
damage

Cumulative Duration,
ND

D
Less than ND Less than ND/2 Less than ND/2

(not used for first loading)
Measure of overall dam-

age during a load
cycle

High amplitude hits
(hits with amplitude
equal to or greater
than the Reference
Amplitude Threshold)

Less than or equal to
5

None Less than or equal to 5 Measure of high energy
microstructural fail-
ures. This criterion is
often associated with
fiber breakage.

A Above the static pressure due to the internal contents.
B Decibel value Am as defined in A2.5.
C Permanent damage may include microcracking, debonding, and fiber pull-out.
D Varies with instrumentation manufacturer. See A2.5 for functional definition of ND.
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Standard Practice for
Acoustic Emission Examination of Reinforced
Thermosetting Resin Pipe (RTRP)

1. Scope

1.1 This practice covers acoustic emission (AE) examina-
tion or monitoring of reinforced thermosetting resin pipe
(RTRP) to determine structural integrity. It is applicable to
lined or unlined pipe, fittings, joints, and piping systems.

1.2 This practice is applicable to pipe that is fabricated with
fiberglass and carbon fiber reinforcements with reinforcing
contents greater than 15 % by weight. The suitability of these
procedures must be demonstrated before they are used for
piping that is constructed with other reinforcing materials.

1.3 This practice is applicable to tests below pressures of
35 MPa absolute [5000 psia].

1.4 This practice is limited to pipe up to and including 0.6 m
[24 in.] in diameter. Larger diameter pipe can be examined
with AE, however, the procedure is outside the scope of this
practice.

1.5 This practice applies to examinations of new or in-
service RTRP.

1.6 The values stated in either SI units or inch-pound units
are to be regarded separately as standard. The values stated in
each system may not be exact equivalents; therefore, each
system shall be used independently of the other. Combining
values from the two systems may result in non-conformance
with the standard.

1.7 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and to
determine the applicability of regulatory limitations prior to
use. For more specific safety precautionary information, see
8.1.

1.8 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the

Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
D883 Terminology Relating to Plastics
E543 Specification for Agencies Performing Nondestructive

Testing
E650 Guide for Mounting Piezoelectric Acoustic Emission

Sensors
E750 Practice for Characterizing Acoustic Emission Instru-

mentation
E976 Guide for Determining the Reproducibility of Acoustic

Emission Sensor Response
E1106 Test Method for Primary Calibration of Acoustic

Emission Sensors
E1316 Terminology for Nondestructive Examinations
E1781 Practice for Secondary Calibration of Acoustic Emis-

sion Sensors
E2075 Practice for Verifying the Consistency of AE-Sensor

Response Using an Acrylic Rod
2.2 ASNT Standards:
ANSI/ASNT CP-189 Personnel Qualification and Certifica-

tion in Nondestructive Testing
ASNT SNT-TC-1A Personnel Qualification and Certifica-

tion in Nondestructive Testing
2.3 AIA Standard:
NAS-410 Certification and Qualification of Nondestructive

Test Personnel
2.4 ISO Documents
ISO 9712 Non-destructive Testing—Qualification and Cer-

tification of NDT Personnel
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3. Terminology

3.1 Complete glossaries of terms related to plastics and
acoustic emission will be found in Terminologies D883 and
E1316.

3.2 Definitions of Terms Specific to This Standard:
3.2.1 component and assembly proof testing—a program of

tests on RTRP components designed to assess product quality
in a manufacturer’s plant, at the installation site, or when taken
out of service for retesting. An assembly is a shippable unit of
factory-assembled components.

3.2.2 count value Nc—an evaluation criterion based on the
total number of AE counts. (See A2.6.)

3.2.3 diameter to thickness ratio (d/t)—equal to
Do1D i

2t
where (Do) is the outside pipe diameter, (Di) is the inside pipe
diameter, and (t) is the wall thickness, as measured in a section
of straight pipe.

3.2.4 high-amplitude threshold—a threshold for large am-
plitude events. (See A2.3.)

3.2.5 in-service systems testing—a program of periodic tests
during the lifetime of an RTRP system designed to assess its
structural integrity.

3.2.6 low-amplitude threshold—the threshold above which
AE counts (N) are measured. (See A2.2.)

3.2.7 manufacturers qualification testing—a comprehensive
program of tests to confirm product design, performance
acceptability, and fabricator capability.

3.2.8 operating pressure—pressure at which the RTRP nor-
mally operates. It should not exceed design pressure.

3.2.9 qualification test pressure—a test pressure which is set
by agreement between the user, manufacturer, or test agency, or
combination thereof.

3.2.10 rated pressure—a nonstandard term used by RTRP
pipe manufacturers as an indication of the maximum operating
pressure.

3.2.11 RTRP—Reinforced Thermosetting Resin Pipe, a tu-
bular product containing reinforcement embedded in or sur-
rounded by cured thermosetting resin.

3.2.12 RTRP system—a pipe structure assembled from vari-
ous components that are bonded, threaded, layed-up, etc., into
a functional unit.

3.2.13 signal value M—a measure of the AE signal power
(energy/unit time) which is used to indicate adhesive bond
failure in RTRP cemented joints. (See A2.5.)

3.2.14 system proof testing—a program of tests on an
assembled RTRP system designed to assess its structural
integrity prior to in-service use.

4. Summary of Practice

4.1 This practice consists of subjecting RTRP to increasing
or cyclic pressure while monitoring with sensors that are
sensitive to acoustic emission (transient stress waves) caused
by growing flaws. Where appropriate, other types of loading
may be superposed or may replace the pressure load, for

example, thermal, bending, tensile, etc. The instrumentation
and techniques for sensing and analyzing AE data are de-
scribed.

4.2 This practice provides guidelines to determine the loca-
tion and severity of structural flaws in RTRP.

4.3 This practice provides guidelines for AE examination of
RTRP within the pressure range stated in 1.3. Maximum test
pressure for RTRP will be determined upon agreement among
user, manufacturer, or test agency, or combination thereof. The
test pressure will normally be 1.1 multiplied by the maximum
operating pressure.

5. Significance and Use

5.1 The AE examination method detects damage in RTRP.
The damage mechanisms detected in RTRP are as follows:
resin cracking, fiber debonding, fiber pullout, fiber breakage,
delamination, and bond or thread failure in assembled joints.
Flaws in unstressed areas and flaws which are structurally
insignificant will not generate AE.

5.2 This practice is convenient for on-line use under oper-
ating conditions to determine structural integrity of in-service
RTRP usually with minimal process disruption.

5.3 Flaws located with AE should be examined by other
techniques; for example, visual, ultrasound, and dye penetrant,
and may be repaired and retested as appropriate. Repair
procedure recommendations are outside the scope of this
practice.

6. Basis of Application

6.1 The following items are subject to contractual agree-
ment between the parties using or referencing this practice.

6.2 Personnel Qualification:
6.2.1 If specified in the contractual agreement, personnel

performing examinations to this standard shall be qualified in
accordance with a nationally or internationally recognized
NDT personnel qualification practice or standard such as
ANSI/ASNT-CP-189, ASNT SNT-TC-1A, NAS-410, ISO
9712, or a similar document and certified by the employer or
certifying agency, as applicable. The practice or standard used
and its applicable revision shall be identified in the contractual
agreement between the using parties.

6.3 Qualification of Nondestructive Agencies—If specified
in the contractual agreement, NDT agencies shall be qualified
and evaluated as described in Practice E543. The applicable
edition of Practice E543 shall be specified in the contractual
agreement.

6.4 Timing of Examination—The timing of examination
shall be in accordance with Section 11 unless otherwise
specified.

6.5 Extent of Examination—The extent of examination shall
be in accordance with 9.4 unless otherwise specified.

6.6 Reporting Criteria/Acceptance Criteria—Reporting cri-
teria for the examination results shall be in accordance with
Section 12 unless otherwise specified. Since acceptance criteria
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are not specified in this standard, they shall be specified in the
contractual agreement.

6.7 Reexamination of Repaired/Reworked Items—
Reexamination of repaired/reworked items is not addressed in
this standard and if required shall be specified in the contrac-
tual agreement.

7. Instrumentation

7.1 The AE instrumentation consists of sensors, signal
processors, and recording equipment. Additional information
on AE instrumentation can be found in Practice E750.

7.2 Instrumentation shall be capable of recording AE counts
and AE events above the low-amplitude threshold. It shall also
record events above the high-amplitude threshold as well as
signal value M within specific frequency ranges, and have
sufficient channels to localize AE sources in real time. It may
incorporate (as an option) peak amplitude detection. An AE
event amplitude measurement is recommended for sensitivity
verification (see Annex A2). Amplitude distributions are rec-
ommended for flaw characterization. It is preferred that the AE
instrumentation acquire and record count, event, amplitude,
and signal value M information on a per channel basis. The AE
instrumentation is further described in Annex A1.

7.3 Capability for measuring parameters such as time and
pressure shall be provided. The pressure-load shall be continu-
ously monitored to an accuracy of 62 % of the maximum test
value.

8. Test Preparations

8.1 Safety Precautions—All plant safety requirements
unique to the test location shall be met.

8.1.1 Protective clothing and equipment that is normally
required in the area in which the test is being conducted shall
be worn.

8.1.2 A fire permit may be needed to use the electronic
instrumentation.

8.1.3 Precautions shall be taken against the consequences of
catastrophic failure when testing, for example, flying debris
and impact of escaping liquid.

8.1.4 Pneumatic testing is extremely dangerous and shall be
avoided if at all possible.

8.2 RTRP Conditioning:
8.2.1 If the pipe has not been previously loaded, no condi-

tioning is required.

8.2.2 If the pipe has been previously loaded, one of two
methods shall be used. For both methods, the maximum
operating pressure-load in the pipe since the previous exami-
nation must be known. If more than one year has elapsed since
the last examination, the maximum operating pressure-load
during the past year can be used. (See 11.2.3.)

8.2.2.1 Option I requires that the test shall be run from 90 up
to 110 % of the maximum operating pressure-load. In this case
no conditioning is required. (See Fig. 7.) If it is not possible to
achieve over 100 % of the maximum operating pressure-load,
Option II may be used.

8.2.2.2 Option II requires that the operating pressure-load
be reduced prior to testing in accordance with the schedule
shown in Table 1. In this case, the maximum pressure-load
need be only 100 % of the operating pressure (see Fig. 8).

8.3 RTRP Pressurizing-Loading—Arrangements should be
made to pressurize the RTRP to the appropriate pressure-load.
Liquid is the preferred pressurizing medium. Holding pressure-
load levels is a key aspect of an acoustic emission examination.
Accordingly, provision shall be made for holding the pressure-
load at designated check points.

8.4 RTRP Support—The RTRP system shall be properly
supported.

8.5 Environmental—The normal minimum acceptable
RTRP wall temperature is 4 °C [40 °F].

8.6 Noise Reduction—Noise sources in the examination
frequency and amplitude range, such as malfunctioning pumps
or valves, movement of pipe on supports, or rain, must be
minimized since they mask the AE signals emanating from the
pipe.

8.7 Power Supply—A stable grounded power supply, meet-
ing the specification of the instrumentation, is required at the
test site.

8.8 Instrumentation Settings—Settings will be determined
in accordance with Annex A2.

9. Sensors

9.1 Sensor Mounting—Refer to Guide E650 for additional
information on sensor mounting. Location and spacing of the
sensors are discussed in 9.4. Sensors shall be placed in the
designated locations with a couplant interface between sensor
and test article. One recommended couplant is silicone-
stopcock grease. Care must be exercised to ensure that ad-
equate couplant is applied. Sensors shall be held in place

NOTE 1—A maximum of three sensors can be connected into one channel.
FIG. 1 Typical Sensor Positioning for Zone Location
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utilizing methods of attachment which do not create extraneous
signals. Methods of attachment using strips of pressure-
sensitive tape, stretch fabric tape with hook and loop fastener,
or suitable adhesive systems may be considered. Suitable
adhesive systems are those whose bonding and acoustic
coupling effectiveness have been demonstrated. The attach-
ment method should provide support for the signal cable (and

preamplifier) to prevent the cable(s) from stressing the sensor
or causing loss of coupling.

9.2 Surface Contact—Reliable coupling between the sensor
and pipe surface shall be ensured and the surface of the pipe in
contact with the sensor shall be clean and free of particulate
matter. Sensors should be mounted directly on the RTRP

NOTE 1—Diameter to thickness ratio (d/t) ≥ 16, TH = 2 min. Diameter to thickness ratio (d/t) < 16, TH = 4 min.
FIG. 2 RTRP Manufacturer’s Qualification Test, Pressurizing Sequence

FIG. 3 AE Test Algorithm—Flow Chart, RTRP Qualification Test (see Fig. 2)
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surface unless integral waveguides shown by test to be
satisfactory are used. Preparation of the contact surface shall be
compatible with both sensor and structure modification re-
quirements. Possible causes of signal loss are coatings such as
paint and encapsulants, inadequate sensor contact on curved
surfaces, off-center sensor positioning and surface roughness at
the contact area.

9.3 Zone Location—Several high-frequency sensors [100 to
250 kHz] are used for zone location of emission sources.
Attenuation is greater at higher frequencies requiring closer
spacing of sensors. Zones may be refined if events hit more
than one sensor. (See Fig. 1 and Annex A3.)

9.4 Locations and Spacings—Sensor locations on the RTRP
are determined by the need to detect structural flaws at critical
sections, for example, joints, high-stress areas, geometric
discontinuities, repaired regions, and visible defects. The

number of sensors and their location is based on whether full
coverage or random sampling of the system is desired. For full
coverage of the RTRP, excluding joints, sensor spacings of 3 m
[10 ft] are usually suitable.

9.4.1 Attenuation Characterization—Signal propagation
losses shall be determined in accordance with the following
procedure. This procedure provides a relative measure of the
attenuation, but may not be representative of a genuine event.
It should be noted that the peak amplitude from a mechanical
pencil lead break may vary with surface hardness, resin
condition, cure, and test fluid. For pressure tests, the attenua-
tion characterization shall be carried out with the pipe full of
the test fluid.

9.4.1.1 Select a representative region of the RTRP. Mount
an AE sensor and locate points at distances of 150 mm [6 in.]
and 300 mm [12 in.] from the center of the sensor along a line

NOTE 1—Diameter to thickness ratio (d/t) ≥ 16, TH = 2 min. Diameter to thickness ratio (d/t) < 16, TH = 4 min.
FIG. 4 RTRP Component and Assembly Proof Test, Pressurizing Sequence

FIG. 5 RTRP Systems Proof Test, Pressurizing Sequence
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parallel to the axis of the pipe. Select two additional points on
the surface of the pipe at 150 mm [6 in.] and 300 mm [12 in.]
along a helix line inclined 45° to the direction of the original
points. At each of the four points, break 0.3 mm [0.012 in.] 2H

leads and record peak amplitude. All lead breaks shall be done
at an angle of approximately 30° to the test surface with a
2.5-mm [0.1-in.] lead extension (see Guide E976). The data
shall be retained as part of the original experimental record.

9.4.2 Sensor Location—Severe attenuation losses occur at
unreinforced adhesive joint lines and across threaded joints.
Accordingly, sensors should be located on either side of such
interfaces. The sensor spacing on straight sections of pipe shall
be not greater than 3 × the distance at which the recorded
amplitude from the attenuation characterization equals the
low-amplitude threshold. The spacing distance shall be mea-
sured along the surface of the pipe.

NOTE 1—Diameter to thickness ratio (d/t) ≥ 16, TH = 2 min. Diameter to thickness ratio (d/t) < 16, TH = 4 min.
FIG. 6 RTRP Systems Proof Test, Alternate Pressurizing Sequence

NOTE 1—Diameter to thickness ratio (d/t) ≥ 16, TH = 2 min. Diameter to thickness ratio (d/t) < 16, TH = 4 min.
FIG. 7 RTRP System In-Service Test, Option I, Pressurizing Sequence

TABLE 1 Option II Requirements for Reduced Operating
Pressure-Load Immediately Prior to Testing

Percent of Operat-
ing Pressure or
Load, or Both

Time at Reduced
Pressure or Load,

or Both
10 or less 12 h
20 18 h
30 30 h
40 2 days
50 4 days
60 7 days
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9.4.3 Sensor zone location guidelines for the following
RTRP configurations are given in Annex A3. Other configura-
tions require an agreement among the user, manufacturer, or
test agency, or combination thereof.

9.4.3.1 Case I: Coupled—Cemented or threaded joint pipe
system. (The sensor on the coupling is normally required
because the adhesive is highly attenuative.)

9.4.3.2 Case II: Bell and Spigot—Cemented or threaded
joint pipe system.

9.4.3.3 Case III: Hand Lay-up—Field fabricated secondary
bond mat joint pipe system.

9.4.3.4 Case IV: Flanged Joint Pipe System.

10. Instrumentation System Performance Check

10.1 Sensor Coupling and Circuit Continuity Verification—
Verification shall be performed following sensor mounting and
system hookup. The peak amplitude response of each sensor-
preamplifier combination to a repeatable simulated acoustic
emission source (see Annex A2) should be taken prior to the
examination. The peak amplitude of the simulated event
generated at 150 mm [6 in.] from each sensor should not vary
more than 6 dB from the average of all the sensors. Any
sensor-preamplifier combination failing this check should be
investigated and replaced or repaired as necessary.

10.2 Background Noise Check—A background noise check
is required to identify and determine level of spurious signals.
This is done following completion of the verification described
in 10.1 and prior to pressurizing the RTRP. A recommended
time period is 10 to 30 min. A low level of background noise
is important for conducting an examination and is particularly
important for zone location. Continuous background noise at a
level above the low amplitude threshold is unacceptable and
must be reduced before conducting the examination.

11. Testing Procedure

11.1 General Guidelines—The RTRP is subjected to pro-
grammed increasing pressure-load levels to a predetermined
maximum while being monitored by sensors that detect acous-
tic emission (stress waves) caused by growing structural flaws.

11.1.1 Load will normally be applied by internal pressur-
ization of the pipe and this is the basis for the examination
procedure outlined in this and following sections. Service
conditions always include other kinds of significant loads.
Such loads shall be included or simulated in the test and, where
possible, should be applied in increments similar to the
pressure.

11.1.2 With the exception of proof testing, pressurization
rates of assembled pipe systems shall be controlled so as not to
exceed a rate of 5 % (of operating pressure) per minute.
Pressurizing rates for component and system proof testing (see
11.2) shall not exceed 100 % test pressure in 30 s. The desired
pressure shall be attained with a liquid (see 8.1.3 and 8.1.4). A
suitable calibrated gage shall be used to monitor pressure.

11.1.3 Background noise must be minimized and identified
(see also 8.6 and 10.2). Excessive background noise is cause
for suspension of pressurization. In the analysis of examination
results, background noise that can be identified shall be
separated out and properly discounted. Sources of background
noise include the following: pumps, motors, meters and other
mechanical devices, electromagnetic interference, movement
on supports, and environmental factors such as rain, wind, etc.

11.2 Pressurizing—Four recommended pressurizing se-
quences are provided as follows:

1. Manufacturers Qualification Test
2. Component and Assembly (for example, Manifold) Proof

Test

NOTE 1—Diameter to thickness ratio (d/t) ≥ 16, TH = 2 min. Diameter to thickness ratio (d/t) < 16, TH = 4 min.
FIG. 8 RTRP System In-Service Test, Option II, Pressurizing Sequence
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3. Systems Proof Test
4. System In-Service Test, Option I or Option II

The initial hold period in all cases is used to determine the
background noise baseline. The data provides an estimate of
the total background noise contribution during an examination.
Intermittent and final load holds vary in accordance with the
type of testing done; see the appropriate pressurizing sequence.
The test shall be monitored continuously during the final hold
periods.

11.2.1 Manufacturers Qualification Testing—The recom-
mended pressurizing sequence is shown in Fig. 2. The test
algorithm flow chart is shown in Fig. 4. The qualification test
pressure shall be set by agreement between user, manufacturer,
or test agency, or combination thereof.

11.2.2 Proof Testing:
11.2.2.1 Component and Assembly Proof Test—The recom-

mended pressurizing sequence for RTRP component and as-
sembly proof tests is shown in Fig. 4. For component proof
tests, total hold periods may be reduced provided that no
emissions are recorded for a 2-min period.

11.2.2.2 Systems Proof Test—The recommended pressuriz-
ing sequences are shown in Figs. 5 and 6.

11.2.3 In-Service Testing:
11.2.3.1 System In-Service Test, Option I (Preferred)—The

recommended pressurizing sequence is shown in Fig. 7.
11.2.3.2 System In-Service Test, Option II—The recom-

mended pressurizing sequence is shown in Fig. 8. It is to be
used only in those cases in which overpressurization is not
allowed.

11.2.4 AE Test Algorithm-Flow Charts—Charts similar to
Fig. 3 can be developed for the other pressurization/load
sequences.

11.3 Felicity Ratio Determination—The Felicity Ratio is
determined from unload/reload cycles, for manufacturer quali-
fication and proof testing. Following the unload, and during the
reload, the Felicity ratio is obtained directly from the ratio of
stress at the emission source at onset of significant emission to
the previous maximum stress at the same point.

11.3.1 The Felicity ratio for in-service tests is obtained
directly from the ratio of stress at the emission source at onset
of significant emission to the previous maximum operating
stress at the same point.

11.4 Data Recording:
11.4.1 Prior to an examination the signal propagation loss

(attenuation) data, that is, amplitude as a function of distance
from the signal source, shall be recorded in accordance with
the procedure detailed in 9.4.1.

11.4.2 During an examination the sum of counts above the
low-amplitude threshold from all channels shall be monitored
and recorded. The location of each active zone shall be
determined and recorded (see Annex A2). The signal value M
shall be monitored and its maximum recorded (see Annex A2).
The number of events that exceed the high-amplitude threshold
shall be recorded. Channels that are active during load holds
should be noted.

12. Interpretation of Results

12.1 Test Termination—Departure from a linear count-load
relationship should signal caution. If the AE count rate in-
creases rapidly with stress, the RTRP shall be unloaded and
that examination terminated. A rapidly (exponentially) increas-
ing count rate indicates uncontrolled, continuing damage and is
indicative of impending failure.

12.2 Significance of Data:
12.2.1 Evaluation based on emissions during load hold is

particularly significant. Continuing emissions indicate continu-
ing damage. Pressurizing and other background noise will
generally be at a minimum during a load hold. Emissions
continuing during hold periods is a condition on which
accept/reject criteria may be based.

12.2.2 The signal value M is a sensitive measure of super-
imposed subthreshold events which is particularly important
for indicating adhesive bond failure in pipe joints. Signal
values vary with instrument manufacturer. (See Annex A2.)
Signal values which exceed a specified value of M is a
condition on which accept/reject criteria may be based.

12.2.3 RTRP, particularly on first loading, tends to be noisy
and, therefore, will generally require different interpretation
from subsequent loadings.

12.2.4 Evaluation based on Felicity ratio is important for
in-service RTRP. The Felicity ratio provides a measure of the
severity for previously induced damage. The onset of signifi-
cant emission for determining measurement of the Felicity
ratio is a matter of experience. The following are offered as
guidelines to determine if emission is significant:

12.2.4.1 More than 5 bursts of emission during a 10 %
increase in load.

12.2.4.2 More than Nc/25 counts during a 10 % increase in
load, where Nc is the count value defined in A2.6.

12.2.4.3 Emission continues at a load hold. For purposes of
this guideline, a short (1 min or less) nonprogrammed load
hold can be inserted in the procedure.

12.2.4.4 Felicity ratio is a condition on which accept/reject
criteria may be based.

12.2.5 Evaluation based on high-amplitude events is impor-
tant for new RTRP. These events are often associated with fiber
breakage and are indicative of major structural damage. This
condition is less likely to govern for in-service and previously
loaded RTRP where emissions during a load hold and Felicity
ratio generally are more important. High-amplitude events
(above the high-amplitude threshold) is a condition on which
accept/reject criteria may be based.

13. Report

13.1 The report shall include the following:
13.1.1 Complete identification of the RTRP, including ma-

terial type, source, method of fabrication, manufacturer’s name
and code number, date and pressure-load of previous tests, and
previous history.

13.1.2 Dimensioned sketch or manufacturer’s drawing of
the RTRP system showing sensor locations, including the
results of sensor coupling and circuit continuity verification.

13.1.3 Test liquid employed.
13.1.4 Test liquid temperature.
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13.1.5 Test Sequence—Pressurizing-loading rate, hold
times, and hold levels.

13.1.6 Comparison of examination data with specified
accept/reject criteria and an assessment of the location and
severity of structural flaws based on the data.

13.1.7 Show on sketch (see 13.1.2) or manufacturer’s draw-
ing the location of any zones with AE activity exceeding
acceptance criteria.

13.1.8 Any unusual effects or observations during or prior to
the examination.

13.1.9 Dates of examination.
13.1.10 Name(s) of examiner(s).

13.1.11 Instrumentation Description—Complete description
of AE instrumentation including manufacturer’s name, model
number, sensor type, system gain, serial numbers of equivalent,
software title, and version number.

13.1.12 Permanent record of AE data, for example, signal
value M versus time for zones of interest, total counts above
the low-amplitude threshold versus time, number of events
above the high-amplitude threshold, emissions during load
holds, signal propagation loss (see 9.4.1).

14. Keywords

14.1 adhesive joints; Felicity effect; Felicity ratio; FRP pipe;
load hold; RTRP; zone location

ANNEXES

(Mandatory Information)

A1. INSTRUMENTATION PERFORMANCE REQUIREMENTS

A1.1 AE Sensors

A1.1.1 General—AE sensors shall operate without elec-
tronic or other spurious noise above the low-amplitude thresh-
old over a temperature range from 4 to 93 °C [40 to 200 °F],
and shall not exhibit sensitivity changes greater than 3 dB over
this range. Sensors shall be shielded against radio frequency
and electromagnetic noise interference through proper shield-
ing practice or differential (anticoincident) element design, or
both. Sensors shall have omnidirectional response in the plane
of contact, with variations not exceeding 4 dB from the peak
response.

A1.1.2 Sensors—Sensors shall have a resonant response
between 100 and 200 kHz. Acceptance sensitivity range shall
be established using a published procedure such as Test
Method E1106 or Practice E1781.

NOTE A1.1—This method measures approximate sensitivity of the
sensor. AE sensors used in the same examination should not vary in peak
sensitivity more than 3 dB from the average. Additional information on
AE sensor response can be found in Guide E976.

A1.1.3 Signal Cable—The signal cable from sensor to
preamp shall not exceed 2 m [6 ft] in length and shall be
shielded against electromagnetic interference. This require-
ment is omitted where the preamplifier is mounted in the sensor
housing, or a line-driving (matched impedance) sensor is used.

A1.1.4 Couplant—Commercially available couplants for ul-
trasonic flaw detection may be used. Frangible wax or quick-
setting adhesives may be used, provided couplant sensitivity is
no lower than with fluid couplants. Couplant selection should
be made to minimize changes in coupling sensitivity during an
examination. Consideration should be given to testing time and
the surface temperature of the pipe.

A1.1.5 Preamplifier—The preamplifier should be mounted
in the vicinity of the sensor, or may be in the sensor housing.
If the preamp is of differential design, a minimum of 40 dB of

common-mode noise rejection shall be provided. The pream-
plifier band pass shall be consistent with the frequency range of
the sensor and shall not attenuate the resonant frequency of the
sensor.

A1.1.6 Filters—Filters shall be of the band pass or high-
pass type, and shall provide a minimum of 24 dB per octave
signal attenuation. Filters may be located in preamplifier or
post-preamplifier circuits, or may be integrated into the com-
ponent design of the sensor, preamp, or processor to limit
frequency response. Filters or integral design characteristics, or
both, shall ensure that the principal processing frequency from
sensors is not less than 100 kHz.

A1.1.7 Power-Signal Cable—The cable providing power to
the preamplifier and conducting the amplified signal to the
main processor shall be shielded against electromagnetic noise.
Signal loss shall be less than 1 dB/300 m [1000 ft] of cable
length at 200 kHz. The recommended maximum cable length is
300 m [1000 ft] to avoid excessive signal attenuation. Digital
or radio transmission of signals is allowed consistent with
standard practice in transmitting those signal forms.

A1.1.8 Main Amplifier—The main amplifier, if used, shall
have signal response with variations not exceeding 3 dB over
the frequency range from 20 to 300 kHz, and temperature
range from 4 to 50 °C [40 to 120 °F]. The main amplifier shall
have adjustable gain, or an adjustable threshold for event
detection and counting.

A1.1.9 Main Processor:
A1.1.9.1 General—The main processor(s) shall have a

minimum of one active data processing circuit. If independent
channels are used, the processor shall be capable of processing
events and counts on each channel. Connecting sensors and
preamplifiers in this manner may result in sensitivity losses of
6 - 8dB on these channels. These losses should be measured
and compensated for in the channel settings.
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(1) Total counts shall be processed from all channels.
Signal values shall also be processed from all channels.

A1.1.9.2 Peak Amplitude Detection—If peak-amplitude de-
tection is practiced, comparative calibration must be estab-
lished in accordance with the requirements of Annex A2.
Usable dynamic range shall be a minimum of 60 dB with 2-dB
resolution. Not more than 2-dB variation in peak detection
accuracy shall be allowed over the stated temperature range.
Amplitude values may be stated in volts or decibels, but must
be referenced to a fixed gain output of the system (sensor or
preamp).

A1.1.9.3 Signal Outputs and Recording—The processor as a
minimum shall provide outputs for permanent recording of
total counts above low-amplitude threshold, total events above
the high-amplitude threshold, and signal value M for all
channels, and events by channel (zone location). A system
schematic is shown in Fig. A1.1.

A2. INSTRUMENT SETTINGS

A2.1 General—The performance and threshold definitions
vary for different types of acoustic emission equipment.
Processing of parameters such as amplitude and energy varies
from manufacturer to manufacturer, and from model to model
by the same manufacturer. This annex defines procedures for
determining the low-amplitude threshold, high-amplitude
threshold, count value Nc, and signal value M.

A2.1.1 The procedures defined in this annex are intended
for baseline instrument settings at 15 to 27 °C [60 to 80 °F]. It
is recommended that instrumentation users develop instrument
setting techniques along the lines outlined in this annex. For
field use, a portable acrylic rod (Practice A7) can be carried
with the equipment and used for periodic checking of sensor,
preamplifier, and channel sensitivity.

A2.2 Low-Amplitude Threshold—(or system threshold).
The threshold setting shall be determined using an acrylic rod,
no less than 94 cm [37 in.] long by 3.8 cm [1.5 in.] in diameter,
in a variant on Practice E2075. The threshold setting is defined
as the average measured amplitude of ten events generated by
a 0.3 mm [0.012 in.] mechanical pencil (2H) lead break at a
distance of 76 cm [30 in.] from the sensor. All lead breaks shall
be mounted on the end of the rod as described in Practice
E2075. This standard differs from Practice E2075 insofar as the

source-sensor distance is greater and the rod is longer. These
are necessary to get sufficient attenuation while avoiding end
effects. The other details of Practice E2075 should be observed.

A2.3 High-Amplitude Threshold—For large amplitude
events, the high-amplitude threshold shall be determined using
a 300 cm by 5 cm by 2-cm [10 ft by 2 in. by 0.75 in.] clean,
mild steel bar. The bar shall be supported at each end on
elastomeric, or similar, isolating pads. The high-amplitude
threshold is defined as the average measured amplitude of ten
events generated by a 0.3 mm [0.012 in.] mechanical pencil
(2H) lead break at a distance of 210 cm [7 ft] from the sensor.
The sensor shall be mounted 30 cm [12 in.] from the end of the
bar on the 5-cm [2 in.] wide surface.

A2.4 AE Decibel Calibration—All AEDC Instruments used
with this practice shall meet the Terminology E1316, Section B
definition of dBAE. This can be verified using standard AE
laboratory or field simulators or calibrators.

A2.5 Signal Value M, Electronic Calibration — Signal
value M is an indicator of adhesive bond failure. It is a
continuous measurement resulting from ongoing averaging of
the input signal over a 5 to 10-ms period. The reference signal
value Mo is the instrument output which is obtained from an

FIG. A1.1 Sample Schematic of AE Instrumentation
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electronically generated input of a 10-ms duration, 150-kHz
sine wave with a peak voltage five times the low-amplitude
threshold. Input of a 150-kHz sine burst of 100-µs duration at
peak voltage 50 times the low-amplitude threshold should
result in a signal value no greater than 0.1 Mo. For instruments
which include a filter in the main processor, the frequency of
the sine burst may be at the center frequency of the filter,
provided it is between 100 and 200 kHz. Different techniques
are used by different instrument manufacturers for measuring
the signal value. The units of the signal value will vary
depending upon the techniques and instrument that is used.

A2.6 Count Value Nc—The count value Nc shall be deter-
mined either before or after the examination using a 0.3 mm
[0.012 in.] mechanical pencil (2H) lead broken on the surface
of the pipe. All lead breaks shall be done at an angle of
approximately 30° to the test surface with a 2.5-mm [0.1 in.]
lead extension. Calibration points shall be chosen at the
midpoint of the pipe and on couplings and fittings, so as to be

representative of different constructions and thicknesses, and
should be performed with the pipe full of test fluid.

A2.6.1 A sensor shall be mounted at each calibration point
and two calibrations shall be carried out at each location. One
calibration shall be in the principal direction of the surface
fibers (if applicable), and the second calibration shall be carried
out along a line at 45° to the direction of the first calibration.
Lead breaks shall be at a distance from the calibration point so
as to provide an amplitude decibel value midway between the
low-amplitude threshold (see A2.2) and high-amplitude thresh-
old (see A2.3).

A2.6.2 The count value Nc at each calibration point is
defined as five times the total counts recorded from 13 lead
breaks at each of the two lead break locations.

A2.6.3 When applying the count evaluation, the count
value, which is representative of the region (construction and
thickness) where activity is observed, should be used.

A3. SENSOR PLACEMENT GUIDELINES

A3.1 Case I Coupled—Cemented or threaded joint system.

A3.2 Case II Bell and Spigot—Cemented or threaded joint
system.
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A3.3 Case III Hand Up—Field fabricated secondary bond
mat joint pipe system.

A3.4 Case IV—Flanged joint pipe system.

APPENDIX

(Nonmandatory Information)

X1. RATIONALE

X1.1 This practice was rewritten from the “Recommended
Practice for Acoustic Emission Testing of Reinforced Thermo-
setting Resin Pipe,” which was developed by the Committee on
Acoustic Emission from Reinforced Plastics (CARP) and
published by the Reinforced Plastics/Composites Institute of

the Society of the Plastics Industry (SPI).

X1.2 The CARP Recommended Practice has been used
successfully on numerous applications.
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Standard Practice for
Continuous Monitoring of Acoustic Emission from Metal
Pressure Boundaries

1. Scope

1.1 This practice provides guidelines for continuous moni-
toring of acoustic emission (AE) from metal pressure bound-
aries in industrial systems during operation. Examples are
pressure vessels, piping, and other system components which
serve to contain system pressure. Pressure boundaries other
than metal, such as composites, are specifically not covered by
this document.

1.2 The functions of AE monitoring are to detect, locate,
and characterize AE sources to provide data to evaluate their
significance relative to pressure boundary integrity. These
sources are those activated during system operation, that is, no
special stimulus is applied to produce AE. Other methods of
nondestructive testing (NDT) may be used, when the pressure
boundary is accessible, to further evaluate or substantiate the
significance of detected AE sources.

1.3 Units—The values stated in either SI units or inch-
pound units are to be regarded as standard. The values stated in
each system may not be exact equivalents; therefore, each
system shall be used independently of the other. Combining
values from the two systems may result in non-conformance
with the standards.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use. For specific
precautionary statements, see Section 6.

1.5 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E543 Specification for Agencies Performing Nondestructive

Testing
E569 Practice for Acoustic Emission Monitoring of Struc-

tures During Controlled Stimulation
E650 Guide for Mounting Piezoelectric Acoustic Emission

Sensors
E750 Practice for Characterizing Acoustic Emission Instru-

mentation
E976 Guide for Determining the Reproducibility of Acoustic

Emission Sensor Response
E1316 Terminology for Nondestructive Examinations
E2374 Guide for Acoustic Emission System Performance

Verification
2.2 Aerospace Industries Association:
NAS-410 Certification and Qualification of Nondestructive

Testing Personnel
2.3 Other Documents:
SNT-TC-1A Recommended Practice for Nondestructive

Testing Personnel Qualification and Certification
ANSI/ASNT CP-189 ASNT Standard for Qualification and

Certification of Nondestructive Testing Personnel
2.4 ISO Standard:
ISO 9712 Non-Destructive Testing: Qualification and Certi-

fication of NDT Personnel

3. Terminology

3.1 Definitions:
3.1.1 For definitions of terms used in this practice, refer to

Terminology E1316.
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3.2 Definitions of Terms Specific to This Standard:
3.2.1 continuous monitoring—the process of monitoring a

pressure boundary continuously to detect acoustic emission
during system operation and also during system shut-down
testing such as hydrostatic testing.

3.2.2 raw data—data values determined directly from mea-
surement of analog inputs. These could include emission count
or emission event count, or both, relative time of signal arrival
at different sensors (delta time), signal rise time, peak signal
amplitude, RMS signal level, pressure system pressure and
temperature, and the like.

3.2.3 processed data—data resulting from analysis of raw
data. Included would be AE source location coordinates, AE
versus time from a given source area, AE signal amplitude
versus time, and the like.

4. Summary of Practice

4.1 This practice describes the use of a passive monitoring
system to detect, locate, and characterize AE sources, in order
to evaluate their significance to the integrity of metal pressure
boundaries.

4.2 The practice provides guidelines for selection,
qualification, verification, and installation of the AE monitor-
ing system. Qualification of personnel is also addressed.

4.3 The practice provides guidelines for using the AE
information to estimate the significance of a detected AE
source with respect to continued pressure system operation.

5. Significance and Use

5.1 Acoustic emission examination of a structure requires
application of a mechanical or thermal stimulus. In this case,
the system operating conditions provide the stimulation. Dur-
ing operation of the pressurized system, AE from active
discontinuities such as cracks or from other acoustic sources
such as leakage of high-pressure, high-temperature fluids can
be detected by an instrumentation system using sensors
mounted on the structure. The sensors are acoustically coupled
to the surface of the structure by means of a couplant material
or pressure on the interface between the sensing device and the
structure. This facilitates the transmission of acoustic energy to
the sensor. When the sensors are excited by acoustic emission
energy, they transform the mechanical excitations into electri-
cal signals. The signals from a detected AE source are
electronically conditioned and processed to produce informa-
tion relative to source location and other parameters needed for
AE source characterization and evaluation.

5.2 AE monitoring on a continuous basis is a currently
available method for continuous surveillance of a structure to
assess its continued integrity. The use of AE monitoring in this
context is to identify the existence and location of AE sources.
Also, information is provided to facilitate estimating the
significance of the detected AE source relative to continued
pressure system operation.

5.3 Source location accuracy is influenced by factors that
affect elastic wave propagation, by sensor coupling, and by
signal processor settings.

5.4 It is possible to measure AE and identify AE source
locations of indications that cannot be detected by other NDT
methods, due to factors related to methodological, material, or
structural characteristics.

5.5 In addition to immediate evaluation of the AE sources,
a permanent record of the total data collected (AE plus pressure
system parameters measured) provides an archival record
which can be re-evaluated.

6. Hazards

6.1 Warning—Application of this practice will inherently
involve work in an operating plant. This may involve potential
exposure to hazardous materials and equipment and, in the case
of nuclear power plants, exposure to nuclear radiation. A
written safety plan shall be prepared for each monitoring
installation which defines requirements to be observed to
protect personnel safety, safety of the plant system, and to meet
administrative and legal needs. This plan shall be approved by
all parties prior to start of work on the plant.

7. Basis of Application

7.1 The following items are subject to contractual agree-
ment between the parties using or referencing this practice.

7.2 Personnel Qualification
7.2.1 If specified in the contractual agreement, personnel

performing examinations to this practice shall be qualified in
accordance with a nationally or internationally recognized
NDT personnel qualification practice or standard such as
ANSI/ASNT-CP-189, SNT-TC-1A, NAS-410, ISO 9712, or a
similar document and certified by the employer or certifying
agency, as applicable. The practice or standard used and its
applicable revision shall be identified in the contractual agree-
ment between the using parties.

7.3 Qualification of Nondestructive Agencies
7.3.1 If specified in the contractual agreement, NDT agen-

cies shall be qualified and evaluated as described in Practice
E543. The applicable edition of Practice E543 shall be speci-
fied in the contractual agreement.

7.4 Qualification of Nondestructive Testing Agencies—If
specified in the contractual agreement, NDT agencies shall be
qualified and evaluated as described in Practice E543. The
applicable edition of E543 shall be specified in the contractual
agreement.

7.5 Timing of Examination—The timing of examination
shall be continuous, in accordance with 1.1 unless otherwise
specified.

7.6 Extent of Examination—The extent of examination shall
be that part of the pressure boundary in the coverage range of
the mounted acoustic emission sensors, unless otherwise speci-
fied.

7.7 Reporting Criteria/Acceptance Criteria—Reporting cri-
teria for the examination results shall be in accordance with
Section 14 unless otherwise specified. Since acceptance criteria
(for example, for reference radiographs) are not specified in
this practice, they shall be specified in the contractual agree-
ment.
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7.8 Reexamination of Repaired/Reworked Items—
Reexamination of repaired/reworked items is not addressed in
this practice and if required shall be specified in the contractual
agreement.

7.9 Routine operation of the acoustic emission system for
collection and a cursory review of the data may be performed
by a competent plant engineer not necessarily specialized in
acoustic emission. However, acoustic emission system opera-
tion and data interpretation should be verified by a qualified
acoustic emission specialist on approximately six-month inter-
vals or sooner if the system appears to be malfunctioning or the
data appear unusual.

8. Monitoring System Functional Requirements and
Qualification

8.1 Functional Requirements:
8.1.1 The monitoring system must include the functional

capabilities shown in Fig. 1 which also shows a suggested
sequence of monitoring system functions.

8.1.2 Signal Detection—The AE sensor together with the
acoustic coupling to the structure must have sensitivity suffi-
cient to detect AE signals while the pressure system is
operating. In most cases, this determination must be performed
when the pressure system is not operating. AE system response
to normal operational noise, which must be considered here, is
discussed in 9.1. One method of performing the required
evaluation is to use a pencil lead break as a signal source. With
the sensor in place and connected to the system, the response
at the amplifier output to fracturing a 0.3-mm [0.012 in.] pencil
lead against the surface being monitored, at a distance of 150
to 300 mm [6 to 12 in.] from the sensor should show a
minimum signal-to-noise (electronic plus process noise) ratio
of 4 to 1 in the frequency range suitable for the planned
monitoring environment. A differential sensor should be con-
sidered to minimize interference from electronic transients.
The sensor must be capable of withstanding the monitoring
environment (temperature, moisture, nuclear radiation, me-

chanical vibration, and the like) for an extended period of
continuous exposure. The minimum length of this period will
be dictated by accessibility to the location to change sensors,
and by economic considerations.

8.1.3 Signal Amplification—For those AE systems that use
gain adjustments, appropriate signal amplification in the range
of 0 to 60 dB is usually required to achieve an adequate AE
signal level for measurement of signal parameters in digital AE
systems. Due to the very small magnitude of energy involved
in an AE source, it is desirable to locate the signal amplification
as near as possible to the output of the sensor. This is beneficial
in controlling noise interference and AE signal transmission
loss. These preamplifiers must have low inherent electronic
background noise. Resistance of the amplifier circuits to the
environment (temperature, moisture, nuclear radiation, me-
chanical vibration, and the like) must be considered and
appropriate steps taken to protect them.

NOTE 1—When used herein, peak means zero to peak voltage.

8.1.4 Monitoring Frequency Band—The frequency response
of the sensor or amplifier combination must be selected for the
given application. The AE signal being a transient pulse is
detectable over a broad range of frequencies. Because the
acoustic attenuation in engineering materials is frequency
dependent, it is desirable to use a low monitoring frequency
(50 to 100 kHz) to maximize the distance from the AE source
over which the AE event can be detected. The low end of the
monitoring frequency will usually be controlled by the back-
ground noise present in the monitoring environment. In some
applications such as operating nuclear reactors, the background
noise may require a low frequency cut-off point of 400 to 500
kHz. In cases of severe continuous background noise, inductive
tuning of the sensor at the preamplifier input may be effective.
The high end of the frequency response band may be limited to
1.0 MHz to help reduce amplifier electronic noise.

8.1.5 Signal Measurement:
8.1.5.1 The signal measurement section will receive the

fully-amplified analog signal. Generally its operation will be
controlled by a voltage threshold circuit which will limit
accepted data to that exceeding the voltage amplitude thresh-
old. AE parameters measured may include AE count, AE event
count, signal amplitude, time from threshold crossing to signal
peak, signal duration, difference in time of signal arrival at
various sensors making up a source location array, clock time,
data, and the value of any process system parameters
(temperature, pressure, strain, and the like) available to the AE
monitoring system. If the AE monitoring system is to perform
detection of pressure system leaks, it must measure the average
signal level or AE rms voltage for each sensing channel.

8.1.5.2 It is desirable that the signal measurements include a
function to assess the characteristics of an acoustic emission
signal to determine if it matches those originating from crack
growth. The function should provide a “flag” for those signals
which have characteristics similar to those known to originate
from crack growth as determined by an AE specialist.

8.1.5.3 The output from the signal measurement subsystem
should be in digital form to facilitate storage of large quantities
of data.

FIG. 1 Functional Flow Diagram—Continuous AE Monitoring
System
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8.1.6 Raw Data Storage—The AE monitoring system must
include a raw digital data storage feature to facilitate retention
of the output from the signal measurement subsystem. This
serves as a backup in the event that the data analysis process
malfunctions, for example, incorrect operation of the data
analyzer or loss of power which might destroy data in a
computer memory. The raw data storage device must be
compact with a high capacity and be nonvolatile. The data
retention period will be governed by the operating character-
istics of the pressure system and by plant procedures. The
storage device should include provision to play back the
recorded information directly to the data analysis subsystem or
to a peripheral computer.

8.1.7 Data Analysis:
8.1.7.1 One of the major functions of the data analysis

section is to determine the source of AE signals. There are two
primary methods used to locate discrete AE signals:

(a) Calculate the source point using the difference in time
of signal arrival at the sensors (∆t) in a given source location
array.

(b) Utilize the ∆t information to enter a “look-up” table
which will define an area including the specific ∆t location.
Either approach is acceptable. The “look-up” table area reso-
lution must be examined in light of the accuracy requirements
of the application. Neither approach can be expected to yield
location accuracies closer than 6 one wall thickness of the
pressure system component being monitored.

8.1.7.2 A third method used largely for processing “continu-
ous” signals produced by a pressure system leak to approxi-
mate the source of AE is to compare the amplitude of response
from various sensors. This will permit estimating a signal
attenuation pattern which will, in turn, indicate the approxi-
mate source location.

8.1.7.3 Generally, information in addition to source location
will be required. Another function of data analysis is to provide
a display, or plot, or both of selected AE information (AE rate,
AE from a given source area, AE energy, etc.) versus time,
pressure system strain, temperature, etc. for the purpose of
correlation evaluations.

8.1.7.4 If the AE monitoring system is to perform pressure
system leak detection, a function of data analysis is to provide
a continuous assessment of the AE rms signal level. This
information can indicate the presence of pressure boundary
leakage.

8.1.8 Processed Data Presentation:
8.1.8.1 The monitoring system must provide a means of

presenting analyzed data on demand. This may take the form of
a computer printout alone or a printout in conjunction with a
video display. The operator should have the option of specify-
ing the time period of the displayed information.

8.1.8.2 AE rms signal level information must be presented if
the AE monitoring system is to perform pressure system leak
detection. When the AE rms value exceeds a predetermined
level, an operator alert should be activated which will also
indicate the sensor producing the high rms value.

8.1.9 Long Term Storage of Processed Data—Orderly stor-
age of processed or analyzed data is a key element in the
sequence of continuous AE monitoring to assure pressure

system integrity. The volume of information to be stored will
be inherently large. Digital mass storage plus selected printouts
or plots of analyzed information is a suggested approach. The
time period for storage will be influenced by two consider-
ations: (1) legal requirements for maintaining records, and (2)
the need for engineering analysis data base information.

8.2 General System Requirements:
8.2.1 Data processing rate of the total monitoring system is

a very important consideration. This will vary with the purpose
of the pressure system surveillance. If the objective is solely to
indicate impending failure, data rate requirements for process-
ing discrete signals may exceed 100/second for periods of
several minutes or more. If the objective is to identify and
evaluate crack growth in the early stages, sustained data rate
requirements for processing discrete signals may be less than
10/second.

8.2.2 Another general consideration of importance is the
capability of the monitoring system to operate continuously
over long time periods (one year or greater). Components need
to be well suited to such long sustained operation without
frequent attention.

9. Monitoring System Performance Verification and
Functional Tests

9.1 Various measurements of the acoustic emission moni-
toring system shall be performed before and after installation
on the pressure system to ensure adequate performance. These
measurements are described in Practices E750 and E2374. In
addition, the following must be evaluated:

9.1.1 System Response to Process Background Noise—It is
critical that the process background noise be characterized in
terms of acoustic emission monitoring system response to the
noise excitation. This will be the primary factor in determining
acoustic emission system frequency response limitations nec-
essary to avoid noise-masking acoustic emission signals. As a
guideline, acoustic emission system response to continuous
process background noise should not exceed 35 dBae.

9.1.2 Prior to Installation—The operating characteristics of
the acoustic emission monitoring system shall be evaluated
prior to installation on the pressure system. The evaluation
shall specifically include:

9.1.2.1 Frequency response characteristics of each data
channel including the sensor and all associated amplifiers to
determine if the frequency response is suitable for the intended
use. Gas jet excitation of the sensor as defined in Guide E976
is suitable for this. See also 9.1.3.1 of this document.

9.1.2.2 Determine if the dynamic range is large enough to
accommodate the planned analysis method. Determine if the
system saturates first in the preamplifier(s) or amplifier and if
it recovers rapidly.

9.1.2.3 Determine the rate at which the AE monitoring
system can acquire and record raw data and to acquire and
process data from one sensor array for a continuous input over
a 1-h period. The rate should be no less than 10 AE events per
second. Also, the data rate capability for short intermittent
periods of 30 seconds should be at least 100 AE events per
second.
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9.1.2.4 Determine the accuracy of AE parameter measure-
ments (rise time, amplitude, and the like) of the AE monitoring
system using a known signal input.

9.1.3 After Installation—The following measurements
should be performed after the acoustic emission monitoring
system is installed on the pressure boundaries to be monitored.
All results should be documented and incorporated in a report
on the functional capability of the installed acoustic emission
monitoring system. These data are of special importance
because they form a baseline reference for acoustic emission
system performance. The following measurements should be
performed:

9.1.3.1 The AE system response sensitivity versus fre-
quency for each data channel should be measured. This can be
accomplished using a helium jet excitation applied from a 210
kPa [30 psi] gage pressure source through a #18 hypodermic
needle and impinged on the structure surface at a 3-mm
[0.12-in.] standoff distance, 40 mm [1.5 in.] from the mounted
sensor. In the case of metal waveguide sensors in particular,
care must be exercised to shield the waveguide from impinge-
ment of the gas on the waveguide either directly or indirectly.
Using the helium jet excitation as described, the peak response
at the desired monitoring frequency should be at least 80 dBae
(1.0 mV peak output from the sensor). Any data channel
showing less than an equivalent of 75 dBae (approximately 0.6
mV peak output) from the sensor should be investigated and
the sensor remounted or replaced as necessary to improve
sensitivity.

9.1.3.2 Source location accuracy for each sensor array shall
be measured using simulated acoustic emission signals injected
on the structure surface at known points. At least 10 different
points dispersed within each sensor array shall be examined.
The location where signals are being injected shall be sur-
rounded with a material such as duct putty to damp out energy
propagation by surface wave directly from the signal source.
This is particularly important in structures where the energy
must cross one or more welds to reach the sensors. Lower
attenuation of surface waves by the weld compared to that for
longitudinal or shear waves, or both may produce misleading
results. Location accuracy should be within a maximum of two
wall thicknesses of the structure or 5 % of the sensor spacing
distance from the actual point of signal injection, whichever is
greater. A suggested method of simulating acoustic emission
signals is by use of pencil lead breaks as described in Guide
E976.

9.1.3.3 A source of simulated acoustic emission signals
should be provided to test the response of the AE monitoring
system during pressure system operation. In those cases where
access to the sensor locations is impossible during pressure
system operation, a remotely controlled source(s) of simulated
acoustic emission signals capable of exciting all sensors should
be installed on the structure as a permanent part of the
installation. This will provide a means of periodically checking
the acoustic emission sensors for relative change in sensitivity
during the monitoring period. Response of the acoustic emis-
sion system to this signal source should be documented as part
of the acoustic emission monitoring information. One versatile
signal source which can be utilized is an ultrasonic transducer

capable of withstanding the pressure system temperature. This
has the advantage of being effective over a wide frequency
range. Another possible source is a mechanical impactor.
However, this device has limited effectiveness at frequencies
above approximately 250 kHz. Refer to Guide E2374 for more
information on AE system verification.

10. Monitoring System Installation

10.1 Special requirements for installation of acoustic emis-
sion monitoring system components imposed by pressure
system requirements must be considered and an examination
plan prepared and approved in advance of the installation.
Some of the major considerations are:

10.1.1 Sensor mounting—Guide E650 provides general
guidance in this area. The use of drilled and tapped holes in the
pressure boundary surface is generally not acceptable. Use of
any bonding or acoustic coupling agent, or both shall be
supported by chemical analysis of the material to assure that it
does not contain elements harmful to the pressure boundary
material. Pressure coupling the sensors to the structure surface
through the use of magnetic mounts or fixtures secured in place
by steel bands are generally acceptable methods. The sensor
should be electrically isolated from the structure to minimize
electrical interference.

10.1.2 Penetration of protective barriers with signal leads
must be approached with care to avoid compromising the
protection barrier and to avoid incurring noise or loss of AE
signal, or both.

10.1.3 Signal lead routing inside of protective barriers—in
the case of nuclear plants, signal leads will generally need to be
routed through metal conduit.

10.1.4 Seismic qualification—in nuclear plants, all compo-
nents will have to be evaluated for safety from a seismic
stand-point.

10.2 This is not intended to be an all inclusive list of
considerations. It is the responsibility of those applying this
practice to independently evaluate each installation.

11. Procedure

11.1 Procedural guidelines for continuous monitoring are
limited because it is a passive function which will not control
operation of the pressure system. It is, thus, very important that
a written procedure be prepared for each installation to
recognize unique requirements. Items to be addressed in the
procedure are discussed in this section.

11.1.1 Pressure System Startup—Pressure system startup
may be the most critical period of an operating cycle for flaw
growth due to a combination of pressure stresses and thermal
stresses. During this period, acoustic emission count and
source location information shall be closely observed for any
indication of flaw growth. The rms signal level shall also be
observed for indications of leaks in the pressure system.

11.1.2 Normal Pressure System Operation:
11.1.2.1 Analysis and summary of acoustic emission data on

a weekly basis is suggested during normal plant operation.
Acoustic emission count and source location should be exam-
ined for trends or build up or both of data at a given location.



ASME BPVC.V-2023 ARTICLE 29, SE-1139/SE-1139M

871

11.1.2.2 Response of the acoustic emission system to the
installed acoustic signal source (see 9.1.3.3) shall be evaluated
on a monthly basis. Indication of deterioration of sensitivity of
any sensor must be noted and the sensor(s) shall be replaced at
the earliest opportunity.

12. Interpretation of Monitoring Results

12.1 Criteria for interpretation of acoustic emission infor-
mation from continuous monitoring of a pressure boundary
during pressure system operation are both qualitative and
quantitative.

12.1.1 The first indication of a significant condition will be
a consistent clustering of data source locations within an area
approximately 3 times the wall thickness or 10 % of the sensor
spacing distance in surface dimensions, whichever is greater.
When this condition occurs, thorough analysis must be initi-
ated. The condition should first be evaluated in light of other
available plant operating information to determine if the source
can be definitely associated with an innocuous cause. If this is
not the case, the condition must be considered as a growing
flaw.

12.1.2 Given an indication of a growing flaw, the data
should be filtered to obtain a measure of acoustic emission
events versus time for the localized area of the data source
location cluster. If this is a linear curve, it indicates that the
flaw is growing in a stable manner and is not yet a serious
condition but requires careful surveillance. If the acoustic
emission events versus time becomes an exponentially increas-
ing curve, it indicates that the flaw growth rate is rapidly
increasing and represents a serious condition. Also, the data
should be analyzed relative to plant operating parameters such
as temperature, pressure, and the like. This may provide
information on the driving force which will aide in assessing
significance.

12.1.3 For those acoustic emission monitoring systems
which have the analytical capability to assess if a detected
signal originates from crack growth, changes in crack growth
rate can be estimated with useful accuracy from acoustic
emission event rate. An assessment of change in crack growth
rate with time by this technique can provide an indication of
crack significance.

12.1.4 In cases where it is feasible during pressure system
operation or in all cases during pressure system shutdown,
acoustic emission indications should be examined with other
nondestructive examination methods to provide added defini-
tion of AE source significance.

12.1.5 Interpretation of acoustic emission data obtained
during hydrostatic testing of the pressure system should be in
accordance with Practice E569.

12.1.6 A sudden, sustained increase in the AE rms signal
level from the sensors in one or more sensor arrays is indicative
of a leak in the pressure system. In this case, the AE rms signal
level from all sensors should be examined to determine the
relative level of response to the leak. This will provide an
indication of the location of the leak.

13. Data Record Requirements

13.1 The safety and examination plan documents shall be
retained as permanent records.

13.2 Installed acoustic emission system characterization and
calibration results shall be retained on record until such time
that the acoustic emission system is recalibrated.

13.3 Raw data records shall be retained until acoustic
emission indications can be independently verified as a mini-
mum.

13.4 Retention period for processed data records shall be
determined by the pressure system owner or operator.

14. Administrative Record Requirements

14.1 A summary of acoustic emission monitoring results
shall be prepared at the end of each pressure system operating
cycle. This should be a brief, concise report suitable for
management review.

14.2 Reporting requirements in the event of unusual acous-
tic emission indications shall be defined by the pressure system
owner or operator.

15. Keywords

15.1 acoustic emission; acoustic emission source location;
continuous monitoring; leak detection; metal piping; metal
pressure vessels; pressure systems
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Standard Practice for
Leak Detection and Location Using Surface-Mounted
Acoustic Emission Sensors

1. Scope

1.1 This practice describes a passive method for detecting
and locating the steady state source of gas and liquid leaking
out of a pressurized system. The method employs surface-
mounted acoustic emission sensors (for non-contact sensors
see Test Method E1002), or sensors attached to the system via
acoustic waveguides (for additional information, see Terminol-
ogy E1316), and may be used for continuous in-service
monitoring and hydrotest monitoring of piping and pressure
vessel systems. High sensitivities may be achieved, although
the values obtainable depend on sensor spacing, background
noise level, system pressure, and type of leak.

1.2 Units—The values stated in either SI units or inch-
pound units are to be regarded as standard. The values stated in
each system may not be exact equivalents; therefore, each
system shall be used independently of the other. Combining
values from the two systems may result in non-conformance
with the standards.

1.3 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

1.4 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:

E543 Specification for Agencies Performing Nondestructive
Testing

E650 Guide for Mounting Piezoelectric Acoustic Emission
Sensors

E750 Practice for Characterizing Acoustic Emission Instru-
mentation

E976 Guide for Determining the Reproducibility of Acoustic
Emission Sensor Response

E1002 Practice for Leaks Using Ultrasonics
E1316 Terminology for Nondestructive Examinations
E2374 Guide for Acoustic Emission System Performance

Verification
2.2 ASNT Documents:
SNT-TC-1A Recommended Practice for Nondestructive

Testing Personnel Qualification and Certification
ANSI/ASNT CP-189 Standard for Qualification and Certifi-

cation of Nondestructive Testing Personnel
2.3 AIA Document:
NAS 410 Certification and Qualification of Nondestructive

Testing Personnel
2.4 ISO Standard:
ISO 9712 Non-Destructive Testing: Qualification and Certi-

fication of NDT Personnel

3. Summary of Practice

3.1 This practice requires the use of contact sensors, ampli-
fier electronics, and equipment to measure their output signal
levels. The sensors may be mounted before or during the
examination period and are normally left in place once
mounted rather than being moved from point to point.

3.2 Detection of a steady-state leak is based on detection of
the continuous, broadband signal generated by the leak flow.
Signal detection is accomplished through measurement of
some input signal level, such as its root-mean-square (RMS)
amplitude or average signal level.
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3.3 The simplest leak test procedure involves only detection
of leaks, treating each sensor channel individually. A more
complex examination requires processing the signal levels
from two or more sensors together to allow computation of the
approximate leak location, based on the principle that the leak
signal amplitude decreases as a function of distance from the
source.

4. Significance and Use

4.1 Leakage of gas or liquid from a pressurized system,
whether through a crack, orifice, seal break, or other opening,
may involve turbulent or cavitational flow, which generates
acoustic energy in both the external atmosphere and the system
pressure boundary. Acoustic energy transmitted through the
pressure boundary can be detected at a distance by using a
suitable acoustic emission sensor.

4.2 With proper selection of frequency passband, sensitivity
to leak signals can be maximized by eliminating background
noise. At low frequencies, generally below 100 kHz, it is
possible for a leak to excite mechanical resonances within the
structure that may enhance the acoustic signals used to detect
leakage.

4.3 This practice is not intended to provide a quantitative
measure of leak rates.

5. Basis of Application

5.1 The following items are subject to contractual agree-
ment between parties using or referencing this practice.

5.2 Personnel Qualification
5.2.1 If specified in the contractual agreement, personnel

performing examinations to this practice shall be qualified in
accordance with a nationally or internationally recognized
NDT personnel qualification practice or standard such as
ANSI/ASNT CP-189, SNT-TC-1A, NAS 410, ISO 9712, or a
similar document and certified by the employer or certifying
agency, as applicable. The practice or standard used and its
applicable revision shall be identified in the contractual agree-
ment between the using parties.

5.3 Qualification of Nondestructive Agencies—If specified
in the contractual agreement, NDT agencies shall be qualified
and evaluated as described in Practice E543. The applicable
edition of Practice E543 shall be specified in the contractual
agreement.

5.4 Timing of Examination—The timing of examination
shall be in accordance with 7.1.7 unless otherwise specified.

5.5 Extent of Examination—The extent of examination shall
be in accordance with 7.1.4 and 10.1.1.1 unless otherwise
specified.

5.6 Reporting Criteria/Acceptance Criteria—Reporting cri-
teria for the examination results shall be in accordance with
10.2.2 and Section 11 unless otherwise specified. Since accep-
tance criteria are not specified in this practice, they shall be
specified in the contractual agreement.

5.7 Reexamination of Repaired/Reworked Items—
Reexamination of repaired/reworked items is not addressed in
this practice and if required shall be specified in the contractual
agreement.

6. Interferences

6.1 External or internal noise sources can affect the sensi-
tivity of an acoustic emission leak detection system. Examples
of interfering noise sources are:

6.1.1 Turbulent flow or cavitation of the internal fluid,
6.1.2 Noise from grinding or machining on the system,
6.1.3 Airborne acoustic noise, in the frequency range of the

measuring system,
6.1.4 Metal impacts against, or loose parts frequently strik-

ing the pressure boundary, and
6.1.5 Electrical noise pick-up by the sensor channels.

6.2 Stability or constancy of background noise can also
affect the maximum allowable sensitivity, since fluctuation in
background noise determines the smallest change in level that
can be detected.

6.3 The acoustic emission sensors must have stable charac-
teristics over time and as a function of both the monitoring
structure and the instrumentation system examination
parameters, such as temperature.

6.4 Improper sensor mounting, electronic signal conditioner
noise, or improper amplifier gain levels can decrease sensitiv-
ity.

7. Basic Information

7.1 The following items must be considered in preparation
and planning for monitoring:

7.1.1 Known existing leaks and their distance from the areas
to be monitored should be noted so that their influence on the
capabilities of the method can be evaluated.

7.1.2 Type of vessel, pipeline, or installation to be
examined, together with assembly, or layout drawings, or both,
giving sufficient detail to establish dimensions, changes of
shape likely to affect flow characteristics, positions of welds,
and the location of components such as valves or flanges, and
attachments to the vessel or pipe such as pipe hangers where
leaks are most likely to arise. Regions with restricted accessi-
bility due to walls, the existence or location of cladding,
insulation, or below surface components must be specified.

7.1.3 When location of the peak is of primary interest,
quantitative information regarding the leakage rates of interest
and whenever possible the type of leak is necessary.

7.1.4 Extent of monitoring, for example, entire volume of
pressure boundary, weld areas only, etc.

7.1.5 Material specifications and type of surface covering
(for example paint or other coating) to allow the acoustic
propagation characteristics of the structure to be evaluated.

7.1.6 Proposed program of pressure application or process-
pressure schedule, specifying the pressurization schedule to-
gether with a layout or sketch of the pressure-application
system and specifying the type of fluid used during the
examination, for example, gas, water, or oil.

7.1.7 Time of monitoring, that is, the point(s) in the manu-
facturing process, or service life at which the system will be
monitored, or both.

7.1.8 Frequency range to be used in the monitoring equip-
ment.
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7.1.9 Environmental conditions during examination that
may affect instrumentation and interpretation of results; for
example, temperature, moisture, radioactivity, vibration,
pressure, and electromagnetic interference.

7.1.10 Limitations or restrictions on the sensor mounting
procedure, if applicable, including restrictions on couplant
materials.

7.1.11 The location of sensors or waveguides and prepara-
tion for their installation to provide adequate coverage of the
areas specified in 7.1.3. Where particular sections are to be
examined with particular sensors, the coverage of the vessel or
system by sensor subgroups shall be specified. The sensor
locations must be given as soon as possible, to allow position-
ing difficulties to be identified.

7.1.12 The communications procedure between the acoustic
emission staff and the control staff, the time intervals at which
pressure readings are to be taken, and the procedure for giving
warning of unexpected variations in the pressure system.

7.1.13 Requirements for permanent records, if applicable.
7.1.14 Content and format of examination report, if re-

quired.
7.1.15 Acoustic Emission Examiner qualifications and

certification, if required.

8. Apparatus

8.1 Sensors—The acoustic emission sensors are generally
piezoelectric devices and should be mounted in accordance
with Practice E650 to ensure proper signal coupling. The
frequency range of the sensors may be as high as 1 MHz, and
either wideband or resonant sensors may be employed. The
higher frequencies can be used to achieve greater discrimina-
tion against airborne or mechanical background noise.

8.2 Amplifiers—Amplifiers/preamplifiers should have suffi-
cient gain or dynamic range, or both, to allow the signal
processing equipment to detect the level of acoustic back-
ground noise on the pressurized system. The sensor/amplifier
bandwidth should be selected to minimize background noise.

8.3 Signal Processor—The signal processor measures the
RMS level, the acoustic emission signal power, the average
signal level, or any other similar parameters of the continuous
signal. A leak location processor to compute the source
location from signal levels and attenuation data may be
included. Alarm setpoints may also be included as a processor
function.

8.4 Leak Signal Simulator:
8.4.1 A device for simulating leaks should be included to

evaluate the effectiveness of the monitoring system. The
following could be considered: a sensor on the pressure
boundary driven from a random-noise generator, a small water
jet, or a gas jet.

8.4.2 When leak location processing is to be performed,
leak simulation should be carried out initially over a suffi-
ciently large number of diverse points to verify proper opera-
tion of the location algorithm.

9. System Performance Verification

9.1 System performance verification consists of two stages.
The first stage concerns periodic calibration and verification of

the equipment under laboratory conditions. This procedure is
beyond the scope of this practice (see Practice E750) but the
results must be made available to the system owners if
requested. The second stage concerns in-situ verification to
check the sensitivities of all channels and the satisfactory
operation of the detection equipment. For every verification
operation, a written procedure shall be prepared.

9.2 In-situ sensitivity check of all sensors should be per-
formed by placing a leak signal simulator (see Guide E976) at
a specified distance from each sensor and recording the
resulting output level from the amplifier, as referred to the
amplifier input terminal. Amplifier gains may also be adjusted
as appropriate to correct for sensitivity variations.

9.3 Periodic system verification checks shall be made prior
to the examination and during long examinations (days) or if
any environmental changes occur. The relative verification
check is accomplished by driving various sensors or activating
various leak simulation devices such as water or gas jets (see
Guide E2374) and measuring the outputs of the receiving
sensors. The ratio of the outputs of two receiving sensors for a
given injection point should remain constant over time. Any
change in the ratio indicates a deviation in performance. In this
way, all sensors on a system may be compared to one or several
reference signals and proper adjustments made (see Guide
E976).

9.4 When leak location calculations are to be performed, the
acoustic attenuation between sensors should be characterized
over the frequency band of interest, especially if the presence
of discontinuities, such as pipe joints, may be suspected to
affect the uniformity of attenuation. The measurements should
then be factored into the source location algorithm.

10. Procedure

10.1 Pre-Examination Requirements:
10.1.1 Before beginning the acoustic emission monitoring,

ensure that the following requirements are met:
10.1.1.1 Evaluate attenuation effects, that is, the change in

signal amplitude with sound-propagation distance, so as to
define the effective area covered by each individual sensor; and
in the case of sensor sub-groups, the maximum distance
between sensing points.

10.1.1.2 Ensure that sensors are placed at the predetermined
positions. If it is necessary to modify these positions during
installation, record the new sensor locations. Record the
method of attachment of the sensors and the couplant used.

10.1.1.3 Review the operating schedule to identify all po-
tential sources of extraneous acoustic noise such as nozzle-plug
movement, pump vibration, valve stroking, personnel
movement, fluid flow, and turbulence. Such sources may
require acoustic isolation or control so that they will not mask
relevant leak emission within the vessel or structure being
examined. Uncontrolled generation of acoustic interference by
conditions such as rain, sleet, hail, sand, wind (for unprotected
vessels), chipping, or grinding, shall be evaluated and its effect
minimized by acoustic isolation insofar as is practical. A record
shall be made of such sources.

10.2 Acoustic Emission Monitoring:
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10.2.1 The noise level of each channel or each group shall
be continuously or periodically recorded, as required. Pressure
or other significant parameters, or both, will normally be
recorded to allow correlation with the acoustic emission data
response.

10.2.2 When an increase in noise level attributable to a leak
has been detected, the examiner shall inform the system owner
who will then look for the origin of the leak and its nature. If
the leak is found to be outside the area of interest on the
structure being monitored (extraneous leak) it must be stopped
or reduced to a level necessary to ensure satisfactory monitor-
ing. If extraneous leaks cannot be stopped, then the effect of
such signals on the acoustic emission system sensitivity shall
be noted. A report shall be prepared following the visual (or
other) examination for leaks.

11. Report

11.1 Report the following information:
11.1.1 Date of examination,
11.1.2 Identity of examining personnel,

11.1.3 Sensor characteristics and locations,
11.1.4 Method of coupling sensors to the structure,
11.1.5 Acoustic emission system and its characteristics,
11.1.6 Operating conditions,
11.1.7 Initial calibration records,
11.1.8 In-situ equipment verification results,
11.1.9 Results of measurements,
11.1.10 Analysis and verification of results,
11.1.11 Results of visual (or other) examination(s),
11.1.12 Presentation of the numbers and locations of leaks

detected,
11.1.13 Analysis of background noise measurements,
11.1.14 Estimate of quality of measurement and causes of

any reduced sensitivity, and
11.1.15 Conclusions and recommendations.

12. Keywords

12.1 acoustic emission leak detection; continuous monitor-
ing; hydrotest; leak detection; nondestructive testing; piping
systems; pressure vessels

APPENDIX

(Nonmandatory Information)

X1. APPLICATIONS EXAMPLES

X1.1 The following examples were selected to illustrate
application of acoustic emission leak detection, and are not
intended to provide detailed descriptions of the application.

X1.1.1 Acoustic Emission Leak Detection of a Safety/Relief
Valve—A safety/relief valve having a leaking pilot-disk seat
was examined under laboratory conditions in order to deter-
mine the correlation of the leak noise with leak rate or
second-stage pressure. The leak rate, downstream temperature,
and the RMS voltage of the acoustic signal were plotted against
the second-stage pressure in Fig. X1.1. The acoustic emission
sensor was clamped onto the external housing of the pilot
works. The signal was band-pass filtered in the range from 5 to
10 kHz. The downstream temperature was measured by a
thermocouple in the vicinity of the “pilot valve discharge line.”
As the second stage pressure increased from 275 kPa to 1400
[40 to 200 psi], the leak rate increased 59 %, the temperature
increased 9 %, and the acoustic emission RMS voltage in-
creased 370 %. Therefore, the sensitivity of the acoustic
detection was excellent (see Fig. X1.1).

X1.1.2 Acoustic Emission Leak Detection from Seawater
Ball Valves—The U.S. Navy Acoustic Valve Leak Detector
(AVLD) monitors leak-associated acoustic emission energy in
the frequency range of 10 to 100 kHz. This frequency range
was chosen because there is significant energy emitted by leaky
valves, and energy in this range is rapidly attenuated with
increasing distance from the source. Therefore, background
noise can be electronically separated from the signal. Fig. X1.2
shows the estimated leak rate versus acoustic emission level for
a 100-mm [4-in.] ball valve.

X1.1.3 Acoustic Emission Leak Detection of a Submerged
Crude Oil Transfer Line—A section of 300-mm [12-in.]
diameter steel pipe terminating on an offshore drilling platform
was examined for confirmation of a suspected leak. During
acceptance hydro testing of the line it was noted that pressure
decayed at about 410 kPa/h [60 psi/h] starting at about 22 MPa
[3200 psig]. The suspected source of leakage was at the spool
piece flanges. Signal level readings were taken on the 400-mm

FIG. X1.1 Example of Acoustic Emission Leak Detection in a
Safety/Relief Valve of a Nuclear Power Plant
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[15.7-in.] riser on the platform after the pressure on the pipe

was elevated to 22 MPa [3200 psig]. These signal readings
were compared with readings taken on two adjacent pipes, and
on the nearest support leg for the structure (see Table X1.1).
The additional readings were used to determine the amount of
signal that was caused by sea motion and other structural
interfering noise. The initial readings were taken with the
platform in a shut-down condition and all construction workers
onshore. The readings indicated about a 50 % increase in signal
level on the leaking pipe as compared to the other two risers
and the support leg. This indicated leakage in close proximity
to the detection point, in effect, verifying that leakage was in
the connecting spool piece flanges. Following tightening by a
diver of the identified leaking flange, the acoustic emission
examiner determined that the leak had been stopped. No
further indications of leakage were detected; either by me-
chanical means (pressure drop) or by acoustic emission.

TABLE X1.1 Signal Readings
Location RMS Reading Comment

150 mm [6 in.] pipe riser 0.200 at 60 dB gain reference
250 mm [10 in.] pipe riser 0.210 at 60 dB gain reference
300 mm [12 in.] pipe riser 0.300 at 60 dB gain leaking pipe
Corner support leg 0.210 at 60 dB gain reference

Location RMS Reading Comment

155 mm [6 in.] pipe riser 0.200 at 60 dB gain reference
250 mm [10 in.] pipe riser 0.200 at 60 dB gain reference
300 mm [12 in.] pipe riser 0.200 at 60 dB gain leak noise is stopped
Corner support leg 0.210 at 60 dB gain reference

.

FIG. X1.2 Estimating Leak Rate from Acoustic Emission Level in
Seawater Ball Valves
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Standard Practice for
Verifying the Consistency of AE-Sensor Response Using an
Acrylic Rod

1. Scope

1.1 This practice is used for routinely checking the sensi-
tivity of acoustic emission (AE) sensors. It is intended to
provide a reliable, precisely specified way of comparing a set
of sensors, or telling whether an individual sensor’s sensitivity
has degraded during its service life, or both.

1.2 This practice is not a “calibration” nor does it give
frequency response information.

1.3 Units—The values stated in SI units or inch-pound units
are to be regarded separately as standard. The values stated in
each system may not be exact equivalents; therefore, each
system shall be used independently of the other. Combining
values from the two systems may result in non-conformance
with the standard.

1.4 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.5 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E650 Guide for Mounting Piezoelectric Acoustic Emission

Sensors
E750 Practice for Characterizing Acoustic Emission Instru-

mentation

E976 Guide for Determining the Reproducibility of Acoustic
Emission Sensor Response

E2374 Guide for Acoustic Emission System Performance
Verification

3. Significance and Use

3.1 Degradation in sensor performance can occur due to
dropping, mechanical shock while mounted on the test
structure, temperature cycles, and so forth. It is necessary and
desirable to have a simple measurement procedure that will
check the consistency of sensor response, while holding all
other variables constant.

3.2 While test blocks of many different kinds have been
used for this purpose for many years, an acrylic polymer rod
offers the best all-around combination of suitable acoustic
properties, practical convenience, ease of procurement and low
cost.

3.3 Because the acoustic properties of the acrylic rod are
known to depend on temperature, this practice requires that the
rod, sensors, and couplant be stabilized at the same working
temperature, prior to verifying the sensors.

3.4 Attention should be paid to storage conditions for the
acrylic polymer rod. For example, it should not be left in a
freezing or hot environment overnight, unless it is given time
for temperature stabilization before use.

3.5 Properly applied and with proper record keeping, this
practice can be used in many ways. The user organization must
determine the context for its use, the acceptance standards and
the actions to be taken based on the lead break results. The
following uses are suggested:

3.5.1 To determine when a sensor is no longer suitable for
use.

3.5.2 To check sensors that have been exposed to high-risk
conditions, such as dropping, overheating, and so forth.

3.5.3 To get an early warning of sensor degradation over
time. This can lead to identifying conditions of use, which are
damaging sensors, and thus, to better equipment care and lower
replacement costs.

3.5.4 To obtain matched sets of sensors, preamplifiers,
instrumentation channels, or a combination thereof, for more
uniform performance of the total system.



ASME BPVC.V-2023 ARTICLE 29, SE-2075/SE-2075M

883

3.5.5 To save time and money, by eliminating the installa-
tion of bad sensors.

3.5.6 To verify sensors quickly but consistently in the field
and to assist trouble-shooting when a channel does not pass a
performance check.

3.6 All the above uses are recommended for consideration.
The purpose of this practice is not to call out how these uses are
to be implemented, but only to state how the test itself is to be
performed so that the results obtained will be accurate and
reliable.

4. Apparatus

4.1 Acrylic Polymer Cylindrical Rod (Fig. 1), should be
used. The actual material of the acrylic polymer rod is
polymethylmethacrylate.

4.1.1 The rod shall be cast, not extruded.
4.1.2 Dimensions of the rod should be 78.7 cm [31 in.] long

by 3.8 cm [1.5 in.] in diameter, sensors end cut true and smooth
with a surface finish of 0.4 µm RMS [0.16 µin.].

4.1.3 Other lengths of rod are acceptable, provided that
there is sufficient distance to attenuate and prevent reflected
signals from the nonsensor end of the rod reaching the sensor.

4.1.4 A permanent reference mark, for example an “X”, is
placed on the rod at a distance of 10.2 cm [4 in.], or 30.5 cm
[12 in.], or both, from one end; marking the spots where the
pencil lead is to be broken. It is convenient to provide a very
small spotface, for example, 0.8 mm [0.03 in.] diameter and
0.1 mm [0.004 in.] deep at these reference mark points, to rest
the tip of the pencil lead to avoid slippage during the lead break
process.

NOTE 1—The surface finish of the cylindrical rod section could produce
reflections that affect AE response. The surface finish should be main-
tained in a clean, undamaged condition.

4.2 Hsu-Nielsen Pencil Lead Break Source, with 2H pencil
lead, as described in 4.3.3 of Guide E976.

4.3 Sensor(s), to be tested.

4.4 Acoustic Emission Equipment, with amplitude measure-
ment capability, for recording sensor response. (Operating
familiarity with the apparatus is assumed.)

4.5 Couplant, to be standardized and documented by the
user of this practice.

5. Procedure

5.1 Ensure that the acrylic rod, sensors and couplant have
been allowed to stabilize to the ambient temperature of the
examination environment.

5.2 Place the prepared acrylic rod horizontally on a suitable
hard, flat surface, such as a benchtop, with the reference
mark(s) facing vertically up (12 o’clock). The rod may be
secured with tape or other means no closer than 30.5 cm
[12 in.] from the reference mark.

5.3 Prepare and power-up the AE measurement system
including preamplifier (if used) and connecting cables; allow
warm up time as necessary. Verify the system’s performance.
Verification may be accomplished on the rod using a reference
sensor that is dedicated to this purpose and not exposed to the
hazards of field use; or, it may be accomplished by electronic
procedures such as those described in Practice E750 or Guide
E2374.

5.4 Mount the sensor to be tested on the flat end of the rod
using the prescribed couplant and normal good application
techniques (refer to Guide E650). Wipe off old couplant before
mounting. Mount the sensor in the six o’clock position so that
it is resting on the same surface supporting the acrylic rod. This
will prevent slipping of the sensor during sensor verification. If
the sensor is a side connector type, have the connector pointing
in the 3 o’clock direction as shown in Fig. 1.

5.5 Using the pencil lead source, break lead with the end of
the lead in the center of the reference mark, within 0.5 mm
[0.020 in.] with a lead extension of 2.5 6 0.5 mm [0.1 6

0.02 in.]. A Nielsen shoe may be used to obtain a consistent 30°
angle between the lead and the surface. Hold the pencil
pointing towards the sensor but with its axis approximately 22°
(a quarter of a right angle) off from the axis of the rod, so that
the lead flies off to one side and does not hit the sensor. Fingers
may be rested on the rod on the side away from the sensor to
steady the pencil, but there must be no finger contact or other
materials in contact with the rod between pencil and sensor,
except for the hard surface on which the acrylic rod is resting.
As a general guide, use the 10.2 cm [4 in.] reference mark

FIG. 1 Acrylic Rod Description
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when breaking 0.3 mm [0.012 in.] pencil lead and the 30.5 cm
[12.0 in.] reference mark when using 0.5 mm [0.02 in.] pencil
lead. If using the 10.2 cm [4.0 in.] reference mark and the
sensor amplitude response is 90 dB or greater, move to the
30.5 cm [12 in.] reference mark instead to avoid possible
saturation effects, which might compromise the test results.

5.6 Make three consistent lead breaks for each sensor,
recording amplitude responses on a sensor performance veri-
fication form, similar to that shown in Appendix X1. As a
general rule, determine the average sensor amplitude response
and proceed to the next sensor.

5.7 Acceptance criteria, which should be assigned prior to
conducting this practice by the testing organization, should be
documented, for example as shown in Appendix X1, and
applied to the sensor data recorded. Sensors failing the criteria
should not be used during the examination, and should be
returned for a more comprehensive analysis, repaired or
discarded.

6. Precision and Bias

6.1 Temperature variations are known to affect the acoustic
absorption properties of the acrylic rod. However, since this is

a comparative technique rather than an absolute one, this
practice can be carried out with good results if all component
parts used in the practice have been allowed to stabilize to the
examination (environmental) temperature prior to application.

6.2 Person-to-person variations can be reduced to a range of
1 dB by proper technique and training.

6.3 Variations in fracture performance within a lead and
between leads are possible. With experience, occasional bad
breaks often can be identified by the operator, even without
reference to the results of the measurement.

6.4 Bad breaks are relatively common as the pencil is about
to run out of lead.

6.5 While uniformity of material is a major quality goal of
the lead manufacturer, runs of bad lead can occur due to
manufacturing variations.

7. Keywords

7.1 acoustic emission sensors; AE; sensor check; sensor
consistency check; sensor response; sensor test; sensor verifi-
cation

APPENDIX

(Nonmandatory Information)

X1. Sensor Performance Verification Form

See Fig. X1.1.
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FIG. X1.1 Example of Sensor Performance Verification Form
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Standard Practice for
Examination of Welds Using the Alternating Current Field
Measurement Technique

1. Scope

1.1 This practice describes procedures to be followed during
alternating current field measurement examination of welds for
baseline and service-induced surface breaking discontinuities.

1.2 This practice is intended for use on welds in any
metallic material.

1.3 This practice does not establish weld acceptance crite-
ria.

1.4 Units—The values stated in either inch-pound units or
SI units are to be regarded separately as standard. The values
stated in each system might not be exact equivalents; therefore,
each system shall be used independently of the other. Combin-
ing values from the two systems may result in nonconformance
with the standard.

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.6 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E543 Specification for Agencies Performing Nondestructive

Testing
E1316 Terminology for Nondestructive Examinations

2.2 ASNT Standard:
SNT-TC-1A Personnel Qualification and Certification in

Nondestructive Testing
ANSI/ASNT-CP-189 Standard for Qualification and Certifi-

cation of Nondestructive Testing Personnel
2.3 ISO Standard:
ISO 9712 Nondestructive Testing—Qualification and Certi-

fication of Nondestructive Testing Personnel

3. Terminology

3.1 Definitions—For definitions of terms relating to this
practice refer to Terminology E1316, Section A, Common
NDT terms, and Section C, Electromagnetic testing. The
following definitions are specific to the alternating current field
measurement technique:

3.2 Definitions:
3.2.1 exciter—a device that generates a time varying elec-

tromagnetic field, usually a coil energized with alternating
current (AC); also known as a transmitter.

3.2.2 detector—one or more coils or elements used to sense
or measure a magnetic field; also known as a receiver.

3.2.3 uniform field—as applied to nondestructive testing
with magnetic fields, the area of uniform magnetic field over
the surface of the material under examination produced by a
parallel induced alternating current, which has been passed
through the weld and is observable beyond the direct coupling
of the exciting coil.

3.2.4 graduated field—as applied to nondestructive testing
with magnetic fields, a magnetic field having a controlled
gradient in its intensity.

3.3 Definitions of Terms Specific to This Standard:
3.3.1 alternating current field measurement system—the

electronic instrumentation, software, probes, and all associated
components and cables required for performing weld exami-
nation using the alternating current field measurement tech-
nique.
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3.3.2 operational reference standard—a reference standard
with specified artificial slots, used to confirm the operation of
the system.

3.3.3 Bx—the x component of the magnetic field, parallel to
the weld toe, the magnitude of which is proportional to the
current density set up by the electric field.

3.3.4 Bz—the z component of the magnetic field normal to
the inspected base metal/heat affected zone surface, the mag-
nitude of which is proportional to the lateral deflection of the
induced currents in the plane of that surface.

3.3.5 X-Y Plot—an X-Y graph with two orthogonal compo-
nents of magnetic field plotted against each other.

3.3.6 time base plots—these plot the relationship between
Bx or Bz values with time.

3.3.7 surface plot—for use with array probes. This type of
plot has one component of the magnetic field plotted over an
area, typically as a color contour plot or 3-D wire frame plot.

3.3.8 data sample rate—the rate at which data is digitized
for display and recording, in data points per second.

3.3.9 configuration data—standardization data and instru-
mentation settings for a particular probe stored in a computer
file.

3.3.10 twin fields—magnetic fields generated in two or-
thogonal directions by use of two exciters

NOTE 1—Different equipment manufacturers may use slightly different
terminology. Reference should be made to the equipment manufacturer’s
documentation for clarification.

4. Summary of Practice

4.1 In a basic alternating current field measurement system,
a small probe is moved along the toe of a weld. The probe
contains an exciter coil, which induces an AC magnetic field in
the material surface aligned to the direction of the weld. This,
in turn, causes alternating current to flow across the weld. The
depth of penetration of this current varies with material type
and frequency but is typically 0.004 in. [0.1 mm] deep in
magnetic materials and 0.08 to 0.3 in. [2 to 7 mm] deep in
non-ferrous materials. Any surface breaking discontinuities
within a short distance of either side of the scan line at this
location will interrupt or disturb the flow of the alternating
current. The maximum distance from the scan line to a target
discontinuity, potentially detectable at a specified probability
of detection, is determined by the probe assembly size, but is
typically 0.4 in [10 mm]. Measurement of the absolute quan-
tities of the two major components of the surface magnetic
fields (Bx and Bz) determines the severity of the disturbance
(see Fig. 1) and thus the severity of the discontinuity. Discon-
tinuity sizes, such as crack length and depth, can be estimated
from key points selected from the Bx and Bz traces along with
the standardization data and instrument settings from each
individual probe. This discontinuity sizing can be performed
automatically using system software. Discontinuities essen-
tially perpendicular to the weld may be detected (in ferritic
metals only) by the flux leakage effect. However confirmation
of such transverse discontinuities (and detection of the same in

non-ferritic metals) requires scans with the induced magnetic
field perpendicular to the direction of the weld.

4.2 Configuration data is loaded at the start of the exami-
nation. System sensitivity and operation is verified using an
operation reference standard. System operation is checked and
recorded prior to and at regular intervals during the examina-
tion. Note that when a unidirectional input current is used, any
decay in strength of the input field with probe lift-off or thin
coating is relatively small so that variations of output signal (as
may be associated with a discontinuity) are reduced. If a thick
coating is present, then the discontinuity size estimation must
compensate for the coating thickness. The coating thickness
requiring compensation is probe dependent. This can be
accomplished using discontinuity-sizing tables in the system
software and an operator-entered coating thickness or auto-
matically if the equipment measures the coating thickness or
stand-off distance during the scanning process. Using the
wrong coating thickness would have a negative effect on depth
sizing accuracy if the coating thickness discrepancy is too
large. Data is recorded in a manner that allows archiving and
subsequent recall for each weld location. Evaluation of exami-
nation results may be conducted at the time of examination or
at a later date. The examiner generates an examination report
detailing complete results of the examination.

5. Significance and Use

5.1 The purpose of the alternating current field measure-
ment method is to evaluate welds for surface breaking discon-
tinuities such as fabrication and fatigue cracks. The examina-
tion results may then be used by qualified organizations to

FIG. 1 Example Bx and Bz Traces as a Probe Passes Over a
Crack

(The orientation of the traces may differ depending upon the
instrumentation.)
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assess weld service life or other engineering characteristics
(beyond the scope of this practice). This practice is not
intended for the examination of welds for non-surface breaking
discontinuities.

6. Basis of Application

6.1 Personnel Qualification:
6.1.1 If specified in the contractual agreement, personnel

performing examinations to this practice shall be qualified in
accordance with a nationally or internationally recognized
NDT personnel qualification practice or standard such as
ANSI/ASNT-CP-189, SNT-TC-1A, ISO 9712, or a similar
document and certified by the employer or certifying agent, as
applicable. The practice or standard used and its applicable
revision shall be identified in the contractual agreement be-
tween the using parties.

6.2 Qualification of Nondestructive Evaluation Agencies—if
specified in the contractual agreement, NDT agencies shall be
qualified and evaluated as described in Practice E543, with
reference to sections on electromagnetic examination. The
applicable edition of Practice E543 shall be specified in the
contractual agreement.

7. Job Scope and Requirements

7.1 The following items may require agreement by the
examining party and their client and should be specified in the
purchase document or elsewhere:

7.1.1 Location and type of welded component to be
examined, design specifications, degradation history, previous
nondestructive examination results, maintenance history, pro-
cess conditions, and specific types of discontinuities that are
required to be detected, if known.

7.1.2 The maximum window of opportunity for work.
(Detection of small discontinuities may require a slower probe
scan speed, or cleaning of surface, or both, which will affect
productivity.)

7.1.3 Size, material grade and type, and configuration of
welds to be examined. If required by type of equipment chosen,
thickness of coating and variation of coating thickness.

7.1.4 A weld numbering or identification system.
7.1.5 Extent of examination, for example: complete or

partial coverage, which welds and to what length, whether
straight sections only and the minimum surface curvature.

7.1.6 Means of access to welds, and areas where access may
be restricted.

7.1.7 Type of alternating current field measurement instru-
ment and probe; and description of operations referece stan-
dard used, including such details as dimensions and material.

7.1.8 Required operator qualifications and certification.
7.1.9 Required weld cleanliness.
7.1.10 Environmental conditions, equipment and prepara-

tions that are the responsibility of the client; common sources
of noise that may interfere with the examination.

7.1.11 Complementary methods or techniques may be used
to obtain additional information.

7.1.12 Acceptance criteria to be used in evaluating discon-
tinuities.

7.1.13 Disposition of examination records and reference
standards.

7.1.14 Format and outline contents of the examination
report.

8. Interferences

8.1 This section describes items and conditions, which may
compromise the alternating current field measurement tech-
nique.

8.2 Material Properties:
8.2.1 Although there are permeability differences in a fer-

romagnetic material between weld metal, heat affected zone
and parent plate, the probe is normally scanned along a weld
toe and so passes along a line of relatively constant permeabil-
ity. If a probe is scanned across a weld then the permeability
changes may produce indications, which could be similar to
those from a discontinuity. Differentiation between a transverse
discontinuity signal and the weld signal can be achieved by
taking further scans parallel to the indication, or using an array
probe. The signal from a discontinuity will die away quickly. If
there is no significant change in indication amplitude at 0.8 in.
[20 mm] distance from the weld then the indication is likely
due to the permeability changes in the weld.

8.3 Magnetic State:
8.3.1 Demagnetization—It must be ensured that the surface

being examined is in the non-magnetized state. Therefore the
procedure followed with any previous magnetic technique
deployed must include demagnetization of the surface. This is
because areas of remnant magnetization, particularly where the
leg of a magnetic particle examination yoke was sited, can
produce loops in the X-Y plot, which may sometimes be
confused with a discontinuity indication.

8.3.2 Grinding marks—magnetic permeability can also be
affected by surface treatments such as grinding. These can
cause localized areas of altered permeability across the line of
scan direction. The extent and pressure of any grinding marks
should always be reported by the probe operator, since these
can give rise to strong indications in both Bx and Bz, which
may be confused with a discontinuity indication. If a discon-
tinuity is suspected in a region of grinding, further scans should
be taken parallel but away from the weld toe and perpendicular
across the region of grinding. The indication from a linear
discontinuity will die away quickly away from the location of
the discontinuity so that the scan away from the weld toe will
be flatter. If there is no significant change in indication
amplitude at 0.80 in. [20 mm] distance from the weld then the
indication is likely due to the effect of the grinding. The
indication from a region of grinding will be the same for the
perpendicular scan.

8.4 Residual stress, with accompanying permeability
variations, may be present with effects similar to those due to
grinding, but are much smaller.

8.5 Seam Welds:
8.5.1 Seam welds running across the line of scanning also

produce strong indications in the Bx and Bz, which can
sometimes be confused, with a discontinuity indication. The
same procedure is used as for grinding marks with further
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scans being taken away from the affected area. If the indication
remains constant then it will not have been produced by a
linear discontinuity.

8.6 Ferromagnetic and Conductive Objects:
8.6.1 Problems may arise because of objects near the weld

that are ferromagnetic or conductive which may reduce the
sensitivity and accuracy of discontinuity characterization when
they are in the immediate vicinity of the weld.

8.7 Neighboring Welds:
8.7.1 In areas where welds cross each other, there are

indications, which may be mistaken for discontinuities. (See
8.5.)

8.8 Weld Geometry:
8.8.1 When a probe scans into a tight angle between two

surfaces the Bx indication value will increase with little change
in the Bz value. In the representative plot of Fig. 2, this appears
as a rise in the X-Y plot. If the equipment is capable of
measuring lift-off, the lift-off will also change.

8.9 Crack Geometry Effects:
8.9.1 A discontinuity at an angle to the scan—a discontinu-

ity at an angle to the scan will reduce either the peak or the
trough of the Bz as the sensor probe only passes through the
edge of one end of the discontinuity. This produces an
asymmetric X-Y plot. Additional scans may be made along the
weld or parent plate to determine the position of the other end
of the discontinuity.

8.9.2 A discontinuity at an angle to the surface—the effect
of a discontinuity at a non-vertical angle to the probe is
generally to reduce the value of the Bz signal. The value of the
Bx signal will not be reduced. This has the effect of reducing
the width of the X-Y plot in the representative plot of Fig. 2.

8.9.3 Line contact or multiple discontinuities—when con-
tacts occur across a discontinuity then minor loops occur
within the main X-Y plot loop produced by the discontinuity. If
more than one discontinuity occurs in the scan then there will
be a number of loops returning to the background.

8.9.4 Transverse discontinuities—if a transverse discontinu-
ity occurs during the scan for longitudinal discontinuities then
the Bx may rise instead of falling and the Bz signal will remain
the same as for a short longitudinal discontinuity. The X-Y plot
will then go upwards instead of down in the representative plot
of Fig. 2. This flux leakage effect is, however, related to the
opening of the discontinuity, so it may not be seen for tightly
closed discontinuities. To confirm the presence of transverse
discontinuities, further scans should be made with the probe
orientated to give an induced field perpendicular to the weld, or
through use of an array probe with twin fields.

8.9.5 Alternating current field measurement end effect - the
field from the standard weld probe is able to propagate around
the end of a weld and this can result in sloping changes in the
Bx and Bz traces. A discontinuity indication may be obscured
or distorted if the discontinuity or any active probe element is
close to the weld end. The distance over which this effect
occurs depends on probe type, but can be up to 2 in. [50 mm]
for large probes. Smaller probes should be used in these
situations as they have less susceptibility to edge effect.

8.10 Instrumentation:
8.10.1 The operator should be aware of indicators of noise,

saturation or signal distortion particular to the instrument being
used. Special consideration should be given to the following
concerns:

8.10.1.1 The excitation frequency of operation should be
chosen to maximize discontinuity sensitivity whilst maintain-
ing acceptable noise levels.

8.10.1.2 Saturation of electronic components is a potential
problem in alternating current field measurement because
signal amplitude can increase rapidly as a probe is scanned into
tight angle geometry. This could cause the Bx indication to rise
above the top of the range of the A/D converter in the
instrument. Data acquired under saturation conditions is not
acceptable and appears as a flattening of the Bx response in the
representative plots of Fig. 1 at the maximum possible signal
value. If saturation conditions are observed, the equipment gain
should be reduced until the Bx value no longer appears to
saturate and the inspection repeated. After adjusting the equip-
ment gain, an equipment operation check as described in 11.2
is recommended, except that the loop size will be smaller. Note
that this gain adjustment does not affect the discontinuity sizing
capability.

8.10.2 Instrument-induced Phase Offset—The measure-
ments of magnetic field are at a chosen and fixed phase so that
unlike during conventional eddy current examination the phase
angle does not need to be considered. The phase is selected at
manufacture of the probes and is stored in the probe file and is
automatically configured by the instrument.

8.11 Coating Thickness
8.11.1 If a coating thickness exceeds the specified range for

uncompensated operation then the discontinuity size estima-
tion must compensate for the coating thickness. This can be
accomplished by manually entering a coating thickness and
using discontinuity tables in the system software. Otherwise,

FIG. 2 Example X-Y Plot Produced by Plotting the Bx (vertical)
and Bz (horizontal) Together

(The orientation of the plot may differ depending upon the instru-
mentation.)
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using the wrong coating thickness would reduce the depth
sizing accuracy. Alternatively, the compensation may be per-
formed automatically if the equipment measures the stand-off
distance or coating thickness during the scanning process.

9. Alternating Current Field Measurement System

9.1 Instrumentation
9.1.1 The electronic instrumentation shall be capable of

energizing the exciter at one or more frequencies appropriate to
the weld material. The apparatus shall be capable of measuring
the Bx and Bz magnetic field amplitudes at each frequency.
The instrument will be supplied with a processor, either
internally, or in the form of a portable personal computer (PC),
that has sufficient system capabilities to support the alternating
current field measurement software, which will be suitable for
the instrument and probes in use and the examination require-
ments. The software provides control of the instrumentation
including set-up, data acquisition, data display, data analysis
and data storage. The software provides algorithms for sizing
the discontinuities (see 11.2.2). The software runs on the
processor and, on start up, all communications between the
processor and the instrument are automatically checked. When
the software starts up it automatically sets up the instrument
connected in the correct mode for alternating current field
measurement examination. Configuration data for each probe
is stored either on the processor or on the probe and is
transmitted to the instrument whenever a probe is selected or
changed. For non-magnetic materials, if configuration data is
not available from the equipment manufacturer, a standardiza-
tion may be performed on reference blocks prior to the material
examination. Equipment operation is also checked by scanning
over a reference standard (see 11.2.2). Once the instrumenta-
tion is set up for a particular probe, the software can be used to
start and stop data acquisition. During data acquisition at least
two presentations of the data are presented on the display
screen in real time (see 4.1). Data from the probe is displayed
against time (with Fig. 1 as an example) and also as an X-Y
plot (with Fig. 2 as an example). The data from the probe can
also be displayed against position (see Fig. 1) if an encoder is
used with the probe. Depending upon equipment type, manual
or automatic position markers may be incorporated with the
data. Once collected the data can be further analyzed offline
using the software to allow, for example, discontinuity sizing
(see 11.2.2) or annotation for transfer to examination reports.
The software also provides facilities for all data collected to be
electronically stored for subsequent review or reanalysis,
printing or archiving.

9.2 Driving Mechanism:
9.2.1 When a mechanized system is in operation, a me-

chanical means of scanning the probe, or probes in the form of
an array, along a weld or surface area at approximately
constant speed may be used.

9.3 Probes:
9.3.1 The probes selected should be appropriate for the form

of examination to be carried out dependent on length of weld,
geometry, size of detectable discontinuity and surface tempera-
ture.

9.3.1.1 Standard weld probe—commonly used for weld
examination whenever possible as it has its coils positioned
ideally for discontinuity sizing.

9.3.1.2 Tight access probe—designed specifically for occa-
sions where the area under examination is not accessible with
the standard weld probe. It is not as accurate as the weld probe
for sizing in open geometries such as butt welds.

9.3.1.3 Grind repair probe—designed for the examination
of deep repair grinds. It has the same basic geometry as a
standard probe but is more susceptible to produce indications
from vertical probe movement.

9.3.1.4 Mini-probe—designed for restricted access areas
such as cut outs and cruciforms and has a reduced edge effect.
It may be limited to shallow discontinuities only and is more
sensitive to lift off. This probe may be in the form of a straight
entry or 90°.

9.3.1.5 Micro-probe—designed for high-sensitivity discon-
tinuity detection in restricted access areas and has the same
limitations as a mini-probe. This probe may be in the form of
a straight entry or 90°.

9.3.1.6 Array probe—made up of a number of elements;
each element is sensitive to a discrete section of the weld
width. The elements may be oriented with their axes aligned
longitudinally or transversely with respect to the weld toe. The
array probe may have two orthogonal field exciters to allow
examination for longitudinal and transverse discontinuities in a
single scan. The array probe is generally used either for
scanning a weld cap in one pass or for covering a section of
plate.

9.3.1.7 Edge effect probe—designed to reduce the edge
effect when carrying out examination only near the ends of
welds. (A mini probe may also be used for the same examina-
tion.)

9.4 Data Displays:
9.4.1 The data display should include Bx and Bz indications

as well as an X-Y plot.
9.4.2 When multi-element array probes are being used, the

facility to produce color contour maps or 3D-wire frame plots
representing peaks and troughs should be available.

9.5 Excitation Mechanism:
9.5.1 The degree of uniformity of the magnetic field applied

to the material under examination is determined by the
equipment manufacturer. Representative magnetic field distri-
butions are a uniform magnetic field and a graduated magnetic
field. The geometry of the slots used in the operation reference
standard and the discontinuity sizing model must be consistent
with the excitation field.

10. Alternating Current Field Measurement Reference
Standards

10.1 Artificial Slots for the Operation Reference Standard:
10.1.1 The operation reference standard has specific artifi-

cial discontinuities. It is used to check that the instrument and
probe combination is functioning correctly. It may also be used
for standardization of the equipment for nonmagnetic materi-
als. Unless otherwise specified by the client or equipment
manufacturer, the artificial discontinuities for the operation
reference standard are elliptical or rectangular slots. The slot
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geometry will be specified by the equipment manufacturer to
be consistent with the crack size estimation model. Typical slot
dimensions are as follows:

10.1.1.1 Elliptical Slots—Two elliptical slots placed in the
weld toe with dimensions 2.0 in. × 0.2 in. [50mm × 5mm] and
0.8 in. × 0.08 in. [20 mm × 2 mm]. (Fig. 3, discontinuities A
and B.)

10.1.1.2 Rectangular Slots—Three rectangular slots with
depth 0.08 in. [2 mm] and lengths of 0.4 in. and 0.8 in. [10 mm
and 20 mm] (Fig. 3, discontinuities C and D) and with depth
0.16 in. [4 mm] and length of 1.6 in. [40 mm] (Fig. 3,
discontinuity E.)

10.1.2 These slots shall be less than 0.008 in. [0.2 mm]
wide.

10.1.3 Artificial discontinuity depths are specified by giving
the deepest point of the discontinuity. Discontinuity depths
shall be accurate to within 610% of the depth specified,

measured, and documented. The discontinuity length shall be
accurate to within 60.040 in. [61.00 mm] of the dimension
specified.

10.2 Reference standards having artificial or simulated dis-
continuities are not required for standardization when the
technique is to be used to examine carbon steel welds or if
configuration data is available for the examination material.

10.3 Materials other than carbon steel:
10.3.1 If the technique is to be used on materials other than

carbon steel, then it may be necessary to standardize the probes
on this material if configuration data is not available from the
equipment manufacturer, refer to manufacturer’s instructions.

NOTE 2—If this is not done then the sizes of the indications may be too
small (so that small discontinuities may be missed) or too large (so that
spurious indications may be called), or the Bx indication may saturate
making the examination invalid. This standardization is done using a slot

FIG. 3 Flat Plate Sample Serial Number XXX Showing Size and Location of Reference Slots (Plan View and Side View. Not to Scale)
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of reasonable size located at a weld toe of a representative sample. The
gain settings are altered, either automatically or manually according to
equipment type, until a loop of reasonable size is produced in the X-Y plot
while background noise indications are kept low. When the technique is to
be used to size the depths of discontinuities detected in material for which
configuration data is unavailable, then a reference standard should be
manufactured from the material with at least two slots of differing depth.
This provides an adjustment coefficient that modifies the estimated depth
from the sizing model.

10.4 Reference standards having artificial or simulated dis-
continuities for welds in materials other than carbon steel shall
not be used for discontinuity characterization unless the signals
from the artificial discontinuities can be demonstrated to be
similar to the signals for discontinuities detected. To be
considered similar, a direct comparison should be performed
between responses to the simulated discontinuities and real
cracks. This comparison should involve at least one limited
sizing trial or a probability of detection (POD) study.

10.5 Manufacture and Care of the Operation Reference
Standards:

10.5.1 Drawings—for each operation reference standard
and standard, there shall be a drawing that includes the as-built
measured slot dimensions, material type and grade, and the
serial number of the actual operation reference standard or
weld standard.

10.5.2 Serial Number—each operation reference standard
shall be identified with a unique serial number and stored so
that it can be obtained and used for reference when required.

10.5.3 Slot Spacing—the slots should be positioned longi-
tudinally to avoid overlapping of indications and interference
from end effects.

10.5.4 Proper machining practices shall be used to avoid
excessive cold-working, over-heating, and undue stress and
permeability variations.

10.5.5 Blocks should be stored and shipped so as to prevent
mechanical damage.

11. Equipment Operation Check

11.1 Instrument Settings:
11.1.1 Operating Frequency—using the appropriate opera-

tion reference standard the procedure in 11.2.2 below is
intended to help the user select an operating frequency.
Demonstrably equivalent methods may be used. The standard
operating frequency depends upon the equipment to be used
and typically is in the range of 5 to 50 kHz. A higher operating
frequency will give better sensitivity on good surfaces. If the
system available is not capable of operating at the frequency
described by this practice, the inspector shall declare to the
client that conditions of reduced sensitivity may exist.

11.1.2 Standardization—For non-magnetic materials where
configuration data is not available, the equipment may need to
be standardized. Standardization is performed by loading
manufacturer supplied configuration data, performing stan-
dardization measurements, and saving the resulting data and
instrument settings as user configuration data. The standard-
ization measurements are performed using the appropriate
operation reference standard (see 10.1). The probe is placed at
the toe of the weld with the nose of the probe parallel to the
longitudinal direction of the weld. The probe is then scanned

across the operation reference standard and over a reference
slot as specified by the equipment manufacturer. The signal for
the scanned slot is then selected and the gain is adjusted
manually or automatically based on the measured signal and a
reference signal for the discontinuity. Care must be used to
ensure that the reference slot is the same as the discontinuity
for the reference signal. This information can then be saved as
user configuration data.

11.2 Test System Check and Procedure:
11.2.1 The test system shall consist of an alternating current

field measurement instrument, a PC (if required), the probe and
the operation reference standard.

11.2.2 The equipment operation check will be performed
using the appropriate operation reference standard (see 10.1).
The probe is placed at the toe of the weld with the nose of the
probe parallel to the longitudinal direction of the weld. The
probe is then scanned across the operation reference standard
and over the appropriate reference slot, which depends upon
the probe type and as specified by the equipment manufacturer
producing a standardized data plot. Discontinuity indications
are created when (1) the background level Bx value is reduced
and then returns to the nominal background level (see Fig. 1)
and this is associated with (2) a peak or positive (+ve)
indication followed by a trough or negative (-ve) indication (or
a trough followed by a peak, depending on direction of scan) in
the Bz values. The resultant effect of the changes in Bx and Bz
is a loop in the X-Y plot shown, for example, as the downward
loop of Fig. 2. The presence of a discontinuity is confirmed
when all three of these indications are present, that is, changes
in the Bx and the Bz values and a loop in the X-Y plot. The
loop should fill approximately 50 % of the Bx direction and
175 % of the Bz direction of the X-Y plot (that is, the loop is
larger than the display in the Bz direction). The scanning speed
or data sampling rate can then be adjusted if necessary,
depending on the length and complexity of weld to be
examined.

11.2.2.1 Once the presence of the discontinuity has been
confirmed by the Bx and Bz indications the discontinuity
should be sized.

11.2.2.2 Discontinuity sizing is performed in the examina-
tion software and uses look-up tables of expected responses
versus discontinuity sizes. These tables are based upon math-
ematical models that simulate the current flow around the
discontinuities and the resultant change in surface magnetic
field. The operator either positions cursors on the displayed
data or enters background and minimum values of Bx along
with the Bz length and any coating thickness to allow the
software to estimate discontinuity length and depth.

11.2.2.3 If the discontinuity sizing values differ from those
expected from the operation reference standard then the
instrument and probe settings should be checked. Each probe
should have a unique probe file, the validity of which has been
checked against the discontinuity sizing tables. The instrument
settings can be checked using the software package.

11.2.3 Each alternating current field measurement unit and
probe to be used during the examination should be checked
with the operation reference standard. Discontinuity sizing
estimation results obtained should be the same as the measured
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dimensions of the slots in the block. If the dimensions differ by
more a specified margin (for example, 10 %), then check that
the correct probe files and gain have been used. If the correct
probe files and gain have been used then there is a fault with
the system, which will have to be determined. Do not use for
examination unless standardization validity is confirmed
within the specified margin between the estimated and mea-
sured slot dimensions.

11.3 Frequency of System Checks:
11.3.1 The system should be checked with all of the probes

to be used during the examination prior to examining the first
weld.

11.3.2 System operation should be checked at least every
four hours with the probe in use or at the end of the
examination being performed. If the discontinuity responses
from the operation reference standard have changed by a
specified margin (for example, 10 %), the welds examined
since the last operations reference standard check shall be
re-examined after following the procedure in 11.2.3.

12. Examination Procedure

12.1 If necessary, clean the weld surface to remove obstruc-
tions and heavy ferromagnetic or conductive debris.

12.2 Following the guidelines in 9.3, select a suitable probe
for the examination task, then, using the installed software,
select a data file and a probe file.

12.2.1 The probe is placed at the toe of the weld with the
nose of the probe parallel to the longitudinal direction of the
weld.

12.2.2 The probe is then scanned along the weld. Disconti-
nuity indications are created when the following three points
are indicated:

12.2.2.1 The background level Bx value is reduced and then
returns to the nominal background level, Fig. 1.

12.2.2.2 This is associated with a peak, or positive (+ve)
indication followed by a trough, or negative (-ve) indication (or
a trough followed by a peak, depending on direction of scan) in
the Bz values. Fig. 1.

12.2.2.3 The resultant effect of the changes in Bx and Bz is
a downward loop in the X-Y plot, which is shown as a
downward loop in the exmple plot of Fig. 2.

12.2.3 The presence of a discontinuity is confirmed when all
three of these indications are present, that is, the Bx, the Bz and
a loop in the X-Y plot. The scanning speed or data sampling
rate can be adjusted if necessary, depending on the length and
complexity of weld to be examined.

12.3 Compensation for Material Differences:
12.3.1 To compensate for the small differences in readings

caused by variations in permeability, conductivity or geometry
for a given material, the data may be centered on the display
area. For larger differences, the equipment settings should be
adjusted, and/or a more suitable probe configuration should be
used, in accordance with the manufacturer’s instructions.

12.4 Compensation for Ferromagnetic or Conductive Ob-
jects:

12.4.1 Techniques that may improve alternating current
field measurement results near interfering ferromagnetic or
conductive objects include:

12.4.1.1 Comparison of baseline or previous examination
data with the current examination data.

12.4.1.2 The use of special probe coil configurations.
12.4.1.3 Use of higher or lower frequency probes may

suppress non-relevant indications.
12.4.1.4 The use of a complementary method or technique.

12.5 Size and record all discontinuity indications as de-
scribed in Section 14.

12.6 Note areas of limited sensitivity, using indications from
the operation reference standard as an indicator of discontinu-
ity detectability.

12.7 Using a discontinuity characterization standard, evalu-
ate relevant indications in accordance with acceptance criteria
specified by the client, if applicable.

12.8 If desired, examine selected areas using an appropriate
complementary method or technique to obtain more
information, adjusting results where appropriate.

12.9 Compile and present a report to the client.

13. Examination Considerations

13.1 Scanning Speed:
13.1.1 The scanning speed is chosen using the appropriate

data sampling rate to obtain reasonable fidelity with the details
of the scanned object given the length of the shortest discon-
tinuity required to be found. A typical scan speed is 1 in.
[25 mm] ⁄second. This will produce a regular scan on the
display screen. If short welds are to be examined then a faster
data sampling rate should be used. If long welds are to be
examined and the whole weld needs to be seen on the display
screen then a slower data-sampling rate should be used. The
weld length and speed of scanning will govern the data-
sampling rate selected. With the introduction of faster software
or hardware it is possible to select respective data sampling
rates to produce faster scanning rates.

13.1.2 Acquire and record data from the operation reference
standard at the selected examination speed.

13.1.3 Acquire and record data from the welds to be
examined. Maintain as uniform a probe speed as possible
throughout the examination to produce repeatable indications.

13.2 Width of Scan:
13.2.1 The scan width is determined by the size of the probe

and should be considered when performing an inspection. The
sensitivity of the probe to a discontinuity decreases with
distance. This distance is a factor that affects the number of
scans that must be performed in order to provide full coverage
when inspecting the weld. Note that even if a scan width is
larger than the width of the weld cap, both toes of the weld
should be scanned separately in most cases.

13.3 Continuous Cracking:
13.3.1 Prior to the scanning of a weld, checks should be

made that the discontinuity is not continuous by scanning the
probe from 2 in. [50 mm] away from the weld towards the toe.
If a discontinuity is present the Bx indication on the computer
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screen will dip as the probe approaches the weld toe. If this
form of indication occurs then this procedure shall be repeated
at intervals along the toe of the weld.

13.4 Scanning Direction:
13.4.1 The probe should always be scanned parallel to the

weld toe (except when confirming transverse discontinuities or
discontinuities in regions of grinding) and this will give
recognizable indications from longitudinal discontinuities in
the weld area. Scanning in this direction will also give
recognizable indications from transverse discontinuities and
discontinuities inclined to the toe of the weld. The operator
should be familiar with these types of indications.

13.5 Circumferential Welds:
13.5.1 The scanning pattern for a circumferential weld is

shown in Fig. 4. Overlapping scans are required to ensure no
discontinuities are missed if they occur at the end of a scan.
The number of overlapping scans will vary depending on the
component diameter. The overlap should be between 1 in.
[25 mm] and 2 in. [50 mm] depending on the diameter of the
tube or pipe. All detection shall be complete before any sizing
operation is performed. Remember to check for continuous
discontinuities before scanning.

13.6 Linear Welds:
13.6.1 The scanning pattern is similar to that for circumfer-

ential welds except that an edge effect may occur at the end of
the weld or if the weld ends at a buttress. In the case of the end
of the weld an edge-effect probe should be used but for the
buttress a mini- or micro-probe should be used. These probes
can also be used as an alternative to the edge effect probe. The
standard weld probe should be used for sizing if at all possible.
Recourse to other techniques, possibly including conventional
eddy current techniques, may be necessary in these situations.

13.7 Attachments, corners and cutouts:
13.7.1 The scanning patterns for the attachment welds and

gussets are shown in Fig. 5, Fig. 6, and Fig. 7 where lines

A1-A6, B1-B3 and C1 and 2 are the probe scan lines and
positions 1-10 are the incremental positions along the weld
length. The corners are difficult to scan and the micro- or
mini-probes should be used where possible.

13.8 Cut outs and cruciform geometries:
13.8.1 The examination of this geometry is difficult due to

the access problems; the scanning patterns and identification of
the areas are shown in Fig. 8, Fig. 9, Fig. 10 and Fig. 11. The
90° mini- or micro- probe is essential for examining the cut-out
areas.

13.9 Ground-out Areas:
13.9.1 The repair or groundout area is usually 0.5 in.

[12.5 mm] wide, and the grind repair probe is designed for the
examination of these areas. The probe should be scanned into
one end of the groundout area and the scan continued through
the other end. Areas with discontinuities should be noted and
sized for length and depth with the grind repair probe.

14. Discontinuity Sizing Procedure

14.1 The depth and length of the discontinuity are estimated
from measurements taken of the Bx signatures plus the
distance between terminal peak/trough of the Bz signature with
compensation provided by either a user entered coating thick-
ness or a real-time thickness compensation function.

14.2 Length:
14.2.1 Once an area containing a discontinuity has been

located, a repeat scan is taken through the discontinuity. The
Bz length of the discontinuity is determined by locating the
extreme ends of the discontinuity using the peak (+ve) and
trough (-ve) Bz locations. These positions should be just inside
the actual ends of the discontinuity. This Bz length is used with
the discontinuity sizing tables to determine the true length and
depth of the discontinuity. The length of the detected discon-
tinuity may be measured directly by the system software using
properly placed manual markers or a position encoder. If the
markers are placed manually, then the scan speed should be
kept constant.

14.3 Depth:
14.3.1 The depth of the discontinuity is calculated using the

Bx minimum and Bx background values and the Bz length of
the discontinuity measured from the Bz data. Once these values
have been put into the discontinuity sizing table, together with
the coating thickness, if the equipment does not provide for
lift-off compensation, then the discontinuity depth will be
estimated by the software. Alternatively, if the equipment
provides a lift-off value, the coating thickness can be deter-
mined automatically and the depth can be determined from the
equipment software and discontinuity sizing table.

15. Report

15.1 Reporting Requirements—a list of reporting require-
ments is given in Table 1. Reference should be made to the
Client reporting requirements (7.1.14). The items listed below
should be included in the examination report. All information
below should be archived, whether or not it is required in the
report.FIG. 4 Scanning Pattern for a Circumferential Weld
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FIG. 5 Scanning Pattern for an Approach to an Attachment

FIG. 6 Scanning Pattern for the End of an Attachment

FIG. 7 Scanning Pattern Across an Attachment (Crack in the Toe End)
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15.1.1 Owner, location, type and serial number of compo-
nent examined.

15.1.2 Size, material type and grade, and configuration of
welds examined. If required by type of equipment chosen,
thickness of coating and variation in coating thickness.

15.1.3 Weld numbering system.
15.1.4 Extent of examination, for example, areas of interest,

complete or partial coverage, which welds, and to what length.
15.1.5 The names and qualifications of personnel perform-

ing the examination.

FIG. 8 Scans of the Main Weld

FIG. 9 Scans of the Horizontal Weld into a Cut Out
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15.1.6 Models, types, and serial numbers of the components
of the alternating current field measurement system used,
including all probes.

15.1.7 For the initial data acquisition from the operation
reference standard, a complete list of all relevant instrument
settings and parameters used, such as operating frequencies,
and probe speed. The list shall enable settings to be referenced
to each individual weld examined.

15.1.8 Serial numbers of all of the operations reference
standards used.

15.1.9 Brief outline of all techniques used during the
examination.

15.1.10 A list of all areas not examinable or where limited
sensitivity was obtained. Indicate which discontinuities on the
operations reference standard would not have been detectable
in those regions. Where possible, indicate factors that may
have limited sensitivity.

NOTE 3—Factors that influence sensitivity to discontinuities include but

are not limited to: operating frequency, instrument noise, instrument
filtering, digital sample rate, probe speed, coil configuration, probe travel
noise and interference described in Section 8.

15.1.11 Specific information about techniques and depth
sizing for each discontinuity.

15.1.12 Acceptance criteria used to evaluate discontinuities.
15.1.13 A list of discontinuities as specified in the purchas-

ing agreement with the thickness of the coating over these
discontinuities if the equipment does not measure and com-
pensate for lift-off.

15.1.14 Complementary examination results that influ-
enced interpretation and evaluation.

15.2 Record data and system settings in a manner that
allows archiving and later recall of all data and system settings
for each weld. Throughout the examination, data shall be
permanently recorded, unless otherwise specified by the client.

15.2.1 Report form. An example report form is shown in
Table 2.

16. Keywords

16.1 alternating current field measurement; electromagnetic
examination; ferromagnetic weld; non-conducting material;
weld

FIG. 10 Nomenclature for Vertical Welds

FIG. 11 Scans of Vertical Cut Out Weld and Cut Out Surface
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TABLE 1 Reporting Requirements

NOTE 1—The data report sheets generated by the alternating current
field measurement examination will be specifically designed with the
system and current examination requirements in mind. The essential
information contained on a data sheet will include:

General Information
Date
Operators Name
Probe Operator
Component ID Number
File Number
Equipment Used

Scanning Data
Filename
Page Number
Position on Weld
Probe Number
Probe Direction
Tape Position
Examination Summary

Detailed Record of Indications / Anomalies
Filename
Page Number
Position on Weld
Start of Discontinuity (Tape reference)
End of Discontinuity (Tape reference)
Length of Discontinuity (inches/millimetres)
Thickness of Coating over Discontinuity (inches/millimetres, if re-
quired by equipment)
Remarks
Diagram/Drawing of component under examination
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TABLE 2 Example Alternating Current Field Measurement Report Form
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Standard Practice for
In Situ Examination of Ferromagnetic Heat-Exchanger Tubes
Using Remote Field Testing

1. Scope

1.1 This practice describes procedures to be followed during
remote field examination of installed ferromagnetic heat-
exchanger tubing for baseline and service-induced discontinui-
ties.

1.2 This practice is intended for use on ferromagnetic tubes
with outside diameters from 0.500 to 2.000 in. [12.70 to 50.80
mm], with wall thicknesses in the range from 0.028 to 0.134 in.
[0.71 to 3.40 mm].

1.3 This practice does not establish tube acceptance criteria;
the tube acceptance criteria must be specified by the using
parties.

1.4 Units—The values stated in either inch-pound units or
SI units are to be regarded separately as standard. The values
stated in each system may not be exact equivalents; therefore,
each system shall be used independently of the other. Combin-
ing values from the two systems may result in nonconformance
with the standard.

1.5 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this practice to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:
E543 Specification for Agencies Performing Nondestructive

Testing
E1316 Terminology for Nondestructive Examinations

2.2 ASNT Documents:
SNT-TC-1A Recommended Practice for Personnel Qualifi-

cation and Certification in Nondestructive Testing
ANSI/ASNT-CP-189 Standard for Qualification and Certifi-

cation of Nondestructive Testing Personnel

2.3 Other Documents:
Can CGSB-48.9712-95 Qualification of Nondestructive

Testing Personnel, Natural Resources Canada
ISO 9712 Nondestructive Testing—Qualification and Certi-

fication of Nondestructive Testing Personnel
NAS-410 Certification and Qualification of Nondestructive

Testing Personnel

3. Terminology

3.1 General—Definitions of terms used in this practice can
be found in Terminology E1316, Section A, “Common NDT
Terms,” and Section C, “Electromagnetic Testing.”

3.2 Definitions:
3.2.1 detector, n—one or more coils or elements used to

sense or measure magnetic field; also known as a receiver.

3.2.2 exciter, n—a device that generates a time-varying
electromagnetic field, usually a coil energized with alternating
current (ac); also known as a transmitter.

3.2.3 nominal tube, n—a tube or tube section meeting the
tubing manufacturer’s specifications, with relevant properties
typical of a tube being examined, used for reference in
interpretation and evaluation.

3.2.4 remote field, n— as applied to nondestructive testing,
the electromagnetic field which has been transmitted through
the test object and is observable beyond the direct coupling
field of the exciter.
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3.2.5 remote field testing, n—a nondestructive test method
that measures changes in the remote field to detect and
characterize discontinuities.

3.2.6 using parties, n—the supplier and purchaser.
3.2.6.1 Discussion—The party carrying out the examination

is referred to as the “supplier,” and the party requesting the
examination is referred to as the “purchaser,” as required in
Form and Style for ASTM Standards, April 2004. In common
usage outside this practice, these parties are often referred to as
the “operator” and “customer,” respectively.

3.3 Definitions of Terms Specific to This Standard:
3.3.1 flaw characterization standard, n—a standard used in

addition to the RFT system reference standard, with artificial or
service-induced flaws, used for flaw characterization.

3.3.2 nominal point, n—a point on the phase-amplitude
diagram representing data from nominal tube.

3.3.3 phase-amplitude diagram, n—a two-dimensional rep-
resentation of detector output voltage, with angle representing
phase with respect to a reference signal, and radius represent-
ing amplitude (Fig. 1a and 1b).

3.3.3.1 Discussion—In this practice, care has been taken to
use the term “phase angle” (and “phase”) to refer to an angular
equivalent of time displacement, as defined in Terminology
E1316. When an angle is not necessarily representative of time,
the general term “angle of an indication on the phase-amplitude
diagram” is used.

3.3.4 RFT system, n—the electronic instrumentation,
probes, and all associated components and cables required for
performing RFT.

3.3.5 RFT system reference standard, n—a reference stan-
dard with specified artificial flaws, used to set up and standard-
ize a remote field system and to indicate flaw detection
sensitivity.

3.3.6 sample rate—the rate at which data is digitized for
display and recording, in data points per second.

3.3.7 strip chart, n—a diagram that plots coordinates ex-
tracted from points on a phase-amplitude diagram versus time
or axial position (Fig. 1c).

3.3.8 zero point, n—a point on the phase-amplitude diagram
representing zero detector output voltage.

FIG. 1 A and B: Typical Phase-Amplitude Diagrams Used in RFT; C: Generic Strip Chart With Flaw
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3.3.8.1 Discussion—Data on the phase-amplitude diagram
are plotted with respect to the zero point. The zero point is
separate from the nominal point unless the detector is config-
ured for zero output in nominal tube. The angle of a flaw
indication is measured about the nominal point.

3.4 Acronyms:
3.4.1 RFT, n—remote field testing

4. Summary of Practice

4.1 The RFT data is collected by passing a probe through
each tube. The electromagnetic field transmitted from the
exciter to the detector is affected by discontinuities; by the
dimensions and electromagnetic properties of the tube; and by
objects in and around the tube that are ferromagnetic or
conductive. System sensitivity is verified using the RFT system
reference standard. System sensitivity and settings are checked
and recorded prior to and at regular intervals during the
examination. Data and system settings are recorded in a
manner that allows archiving and later recall of all data and
system settings for each tube. Interpretation and evaluation are
carried out using one or more flaw characterization standards.
The supplier generates a final report detailing the results of the
examination.

5. Significance and Use

5.1 The purpose of RFT is to evaluate the condition of the
tubing. The evaluation results may be used to assess the
likelihood of tube failure during service, a task which is not
covered by this practice.

5.2 Principle of Probe Operation—In a basic RFT probe,
the electromagnetic field emitted by an exciter travels outwards
through the tube wall, axially along the outside of tube, and
back through the tube wall to a detector1 (Fig. 2a).

5.2.1 Flaw indications are created when (1) in thin-walled
areas, the field arrives at the detector with less attenuation and
less time delay, (2) discontinuities interrupt the lines of
magnetic flux, which are aligned mainly axially, or (3) discon-
tinuities interrupt the eddy currents, which flow mainly cir-
cumferentially. A discontinuity at any point on the through-
transmission path can create a perturbation; thus RFT has
approximately equal sensitivity to flaws on the inner and outer
walls of the tube.1

5.3 Warning Against Errors in Interpretation. Characteriz-
ing flaws by RFT may involve measuring changes from

1 Schmidt, T. R., “The Remote Field Eddy Current Inspection Technique,”
Materials Evaluation, Vol. 42, No. 2, Feb. 1984, pp. 225-230.

NOTE 1—Arrows indicate flow of electromagnetic energy from exciter to detector. Energy flow is perpendicular to lines of magnetic flux.
FIG. 2 RFT Probes
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nominal (or baseline), especially for absolute coil data. The
choice of a nominal value is important and often requires
judgment. Practitioners should exercise care to use for nominal
reference a section of tube that is free of damage (see definition
of “nominal tube” in 3.2.3). In particular, bends used as
nominal reference must be free of damage, and tube support
plates used as nominal reference should be free of metal loss in
the plate and in adjacent tube material. If necessary, a comple-
mentary technique (as described in 11.12) may be used to
verify the condition of areas used as nominal reference.

5.4 Probe Configuration—The detector is typically placed
two to three tube diameters from the exciter, in a location
where the remote field dominates the direct-coupling field.7

Other probe configurations or designs may be used to optimize
flaw detection, as described in 9.3.

5.5 Comparison with Conventional Eddy-Current Testing—
Conventional eddy-current test coils are typically configured to
sense the field from the tube wall in the immediate vicinity of
the emitting element, whereas RFT probes are typically de-
signed to detect changes in the remote field.

6. Basis of Application

6.1 The following items are subject to contractual agree-
ment between the parties using or referencing this standard.

6.2 Personnel Qualification—If specified in the contractual
agreement, personnel performing examinations to this standard
shall be qualified in accordance with a nationally or interna-
tionally recognized NDT personnel qualification practice or
standard such as ANSI/ASNT-CP-189, SNT-TC-1A, NAS-410,
ISO 9712, or a similar document and certified by the employer
or certifying agency, as applicable. The practice or standard
used and its applicable revision shall be identified in the
contractual agreement between the using parties.

6.3 Qualification of Nondestructive Testing Agencies—If
specified in the contractual agreement, NDT agencies shall be
qualified and evaluated as specified in Practice E543, with
reference to sections on electromagnetic testing. The appli-
cable edition of Practice E543 shall be specified in the
contractual agreement.

7. Job Scope and Requirements

7.1 The following items may require agreement between the
using parties and should be specified in the purchase document
or elsewhere:

7.1.1 Location and type of tube component to be examined,
design specifications, degradation history, previous nonde-
structive examination results, maintenance history, process
conditions, and specific types of flaws that are required to be
detected, if known.

7.1.2 The maximum window of opportunity for work.
(Detection of small flaws may require a slower probe pull
speed, which will affect productivity.)

7.1.3 Size, material grade and type, and configuration of
tubes to be examined.

7.1.4 A tube numbering or identification system.

7.1.5 Extent of examination, for example: complete or
partial coverage, which tubes and to what length, whether
straight sections only, and the minimum radius of bends that
can be examined.

7.1.6 Means of access to tubes, and areas where access may
be restricted.

7.1.7 Type of RFT instrument and probe; and description of
reference standards used, including such details as dimensions
and material.

7.1.8 Required operator qualifications and certification.
7.1.9 Required tube cleanliness.
7.1.10 Environmental conditions, equipment, and prepara-

tions that are the responsibility of the purchaser; common
sources of noise that may interfere with the examination.

NOTE 1—Nearby welding activities may be a major source of interfer-
ence.

7.1.11 Complementary methods or techniques (including
possible tube removal) that may be used to obtain additional
information.

7.1.12 Acceptance criteria to be used in evaluating flaw
indications.

7.1.13 Disposition of examination records and reference
standards.

7.1.14 Format and outline contents of the examination
report.

8. Interferences

8.1 This section describes items and conditions which may
compromise RFT.

8.2 Material Properties:
8.2.1 Variations in the material properties of ferromagnetic

tubes are a potential source of inaccuracy. Impurities,
segregation, manufacturing process, grain size, stress history,
present stress patterns, temperature history, present
temperature, magnetic history, and other factors will affect the
electromagnetic response measured during RFT. The conduc-
tivity and permeability of tubes with the same grade of material
are often measurably different. It is common to find that some
of the tubes to be examined are newer tubes with different
material properties.

8.2.2 Permeability variations may occur at locations where
there was uneven temperature or stress during tube
manufacture, near welds, at bends, where there were uneven
heat transfer conditions during service, at areas where there is
cold working (such as that created by an integral finning
process), and in other locations. Indications from permeability
variations may be mistaken for, or obscure flaw indications.
Effects may be less severe in tubes that were stress-relieved
during manufacture.

8.2.3 Residual stress, with accompanying permeability
variations, may be present when discontinuities are machined
into a reference standard, or during the integral finning process.

8.2.4 RFT is affected by residual magnetism in the tubing,
including residual magnetism created during a previous exami-
nation using another magnetic method. Tubes with significant
residual magnetism should be demagnetized prior to RFT.

8.3 Ferromagnetic and Conductive Objects:
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8.3.1 Objects near the tube that are ferromagnetic or con-
ductive may reduce the sensitivity and accuracy of flaw
characterization in their immediate vicinity. Such objects may
in some cases be mistaken for flaws. Knowledge of the
mechanical layout of the component to be examined is recom-
mended. Examples of ferromagnetic or conductive objects
include: tube support plates, baffle plates, end plates, tube
sheets, anti-vibration bars, neighboring tubes, impingement
plates, loose parts, and attachments clamped or welded to a
tube.

NOTE 2—Interference from ferromagnetic or conductive objects can be
of practical use when RFT is used to confirm the position of an object
installed on a tube or to detect where objects have become detached and
have fallen against a tube.

8.3.2 Neighboring Tubes:
8.3.2.1 In areas where there is non-constant tube spacing

(bowing) or where tubes cross close to each other, there are
indications which may be mistaken for flaws.

8.3.2.2 Neighboring or adjacent tubes, in accordance with
their number and position, create an offset in the phase. This
phenomenon is known as the bundle effect and is a minor
source of inaccuracy when absolute readings in nominal tube
are required.

8.3.2.3 In cases where multiple RFT probes are used simul-
taneously in the same heat exchanger, care should be taken to
ensure adequate spacing between different probes.

8.3.3 Conductive or magnetic debris in or on a tube that may
create false indications or obscure flaw indications should be
removed.

8.4 Tube Geometry Effects:
8.4.1 Due to geometrical effects (as well as to the effects of

permeability variations described in 8.2.2), localized changes
in tube diameter such as dents, bulges, expansions, and bends
create indications which may obscure or distort flaw indica-
tions.

8.4.2 Reductions in the internal diameter may require a
smaller diameter probe that is able to pass through the
restriction. In the unrestricted sections, flaw sensitivity is likely
to be limited by the smaller probe fill factor.

8.4.3 RFT End Effect—The field from the exciter is able to
propagate around the end of a tube when there is no shielding
from a tube sheet or vessel shell. A flaw indication may be
obscured or distorted if the flaw or any active probe element is
within approximately three tube diameters of the tube end.

8.5 Instrumentation:
8.5.1 The operator should be aware of indicators of noise,

saturation, or signal distortion particular to the instrument
being used. Special consideration should be given to the
following concerns:

8.5.1.1 In a given tube, an RFT system has a frequency
where the flaw sensitivity is as high as practical without undue
influence from noise.

8.5.1.2 Saturation of electronic components is a potential
problem in RFT because signal amplitude increases rapidly
with decreasing tube wall thickness. Data acquired under
saturation conditions is not acceptable.

8.5.2 Instrument-induced Phase Offset—During the ampli-
fication and filtering processes, instruments may introduce a
frequency-dependent time delay which appears as a constant
phase offset. The instrument phase offset may be a source of
error when phase values measured at different frequencies are
compared.

9. RFT System

9.1 Instrumentation—The electronic instrumentation shall
be capable of creating exciter signals of one or more frequen-
cies appropriate to the tube material. The apparatus shall be
capable of phase and amplitude analysis of detector outputs at
each frequency, independent of other frequencies in use simul-
taneously. The instrument shall display data in real time. The
instrument shall be capable of recording data and system
settings in a manner that allows archiving and later recall of all
data and system settings for each tube.

9.2 Driving Mechanism—A mechanical means of traversing
the probe through the tube at approximately constant speed
may be used.

9.3 Probes—The probes should be of the largest diameter
practical for the tubes being examined, leaving clearance for
debris, dents, changes in tube diameter, and other obstructions.
The probes should be of an appropriate configuration and size
for the tube being examined and for the flaw type or types to
be detected. Probe centering is recommended.

9.3.1 Absolute Detectors—Absolute detectors (Fig. 2c) are
commonly used to characterize and locate large-volume and
gradual metal loss.

9.3.2 Differential Detectors—Differential detectors (Fig. 2c)
tend to maximize the response from small volume flaws and
abrupt changes along the tube length, and are also commonly
used to locate and characterize large-volume and gradual metal
loss.

9.3.3 Array Detector—Array detectors use a configuration
of multiple sensing elements (Fig. 2c). Each element is
sensitive to a discrete section of the tube circumference. The
elements may be oriented with their axes aligned axially or
radially with respect to the tube.

NOTE 3—The detector’s response represents an average of responses to
all flaws within its sensing area.

9.3.4 Exciter and Detector Configurations—Probes may
have multiple exciters and detectors in a variety of configura-
tions (see, for example, Fig. 2b). These configurations may
reduce interference from support plates and other conductive
objects.

9.4 Data Displays:
9.4.1 The data display should include a phase-amplitude

diagram (Fig. 1a and 1b).
9.4.2 Strip Charts—Coordinates that may be displayed on

strip charts include: horizontal position, vertical position,
angular position, or radial position. Angular position may
represent phase. Angular position and the logarithm of radial
position for an absolute detector may be linearly related to
overall wall thickness.
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10. RFT Tube Standards

10.1 The RFT reference standards should be of the same
nominal dimensions, material type, and grade as the tubes to be
examined. In the case where a reference standard identical to
the tubes to be examined is not available, a demonstration of
examination equivalency is recommended. Subsection 11.6.2
specifies how to determine if a reference standard of different
properties is appropriate for use.

10.2 The RFT system reference standard shall not be used
for flaw characterization unless the artificial flaws can be
demonstrated to be similar to the flaws detected.

10.3 Typical Artificial Flaws in Flaw Characterization
Standards:

10.3.1 Through, Round-Bottomed, and Flat-Bottomed
Holes—Holes of different depths are used for pit
characterization, and may be machined individually or in
groups. Drill and milling tools of different diameters can be
used to produce different flaw volumes for a given depth of
metal loss (Fig. 3a).

10.3.2 Circumferential Grooves—A circumferential groove
is an area of metal loss whose depth at any axial location is
uniform around the tube circumference. Short grooves, with a
maximum axial length of less than one half a tube diameter,
may be used to simulate small-volume metal loss. Grooves

with an axial length of several tube diameters may be used to
simulate uniform wall loss (Fig. 3b).

10.3.3 One-Sided Flaws—Metal loss is referred to as one-
sided if it is predominantly on one side of a tube. Outside
diameter long, flat flaws typically simulate tube-to-tube wear.
Circumferentially tapered one-sided flaws typically simulate
tube wear at support plates. Flaws tapered in both axial and
circumferential directions typically simulate steam erosion
adjacent to the tube support (Fig. 3c).

10.4 RFT System Reference Standards—Flaw depths are
specified by giving the deepest point of the flaw as a percentage
of the measured average wall thickness. Flaw depths shall be
measured and accurate to within 620 % of the depth specified
or 60.003 in. [60.08 mm], whichever is smaller. All other flaw
dimensions (such as length and diameter) shall be accurate to
within 60.010 in. [60.25 mm] of the dimension specified.
Angles shall be accurate to within 65°.

10.5 Artificial Flaws for RFT System Reference Standards:

10.5.1 The RFT system reference standard has specific
artificial flaws. It is used to set up and standardize a remote
field system and to indicate flaw detection sensitivity. Unless
otherwise specified by the purchaser, the artificial flaws for the
RFT system reference standard are as follows:

NOTE 1—Not to scale.
FIG. 3 Typical Artificial Discontinuities Used for Flaw Characterization Reference Standards
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10.5.1.1 Through-Hole—A through-hole (Fig. 4, Flaw A)
whose diameter depends on the tube outside diameter and wall
thickness in order to accommodate the natural reduction in
sensitivity of absolute and differential detectors with increasing
tube diameter. The through hole diameter is equal to the tube
wall thickness multiplied by a specified factor (KWT) or the
tube outside diameter multiplied by a specific factor (KOD),
whichever is greater.

Through-HoleDIAM 5 MAX~TubeWT 3 KWT , TubeOD 3 KOD!

(1)

where:
KWT = 1 for TubeOD < 1.000 in. [25.40 mm],
KWT = 1.5 for TubeOD ≥ 1.000 in. [25.40 mm], and
KOD = 0.13 for any TubeOD (which represents 15° of the

tube circumference).

10.5.1.2 Flat-Milled Flaw—A flat-milled flaw (Fig. 4, Flaw
B) of a depth of 50 % and axial length one half the tube
nominal outside diameter. The flat should be side-milled using
a milling tool of a diameter of 0.250 in. [6.35 mm] to create
rounded corners.

10.5.1.3 Short Circumferential Groove—A short circumfer-
ential groove (Fig. 4, Flaw C) of a depth of 20 % and axial
length of 0.625 in. [15.88 mm]. Edges shall be angled at 105°
as indicated in the insert in Fig. 4.

10.5.1.4 Wear Scar—A simulated wear scar from a tube
support plate (Fig. 4, Flaw D), consisting of a circumferentially
tapered groove, 40 % deep, extending over 180° of the tube
circumference. Axial length measured at the bottom surface of
the flaw shall be 0.625 in. [15.88 mm]. Edges shall be angled
at 105° as indicated in the insert in Fig. 4.

10.5.1.5 Tapered Flaw—A tapered flaw simulating near-
tube-support erosion (Fig. 4, Flaw E) consisting of a groove,
60 % deep, tapered circumferentially, and in both directions
axially. The steep side of the flaw shall be angled at 65° to the
tube axis. The shallow side of the flaw shall be axially tapered
so that it extends an axial distance of four tube diameters from
the deepest point. The circumferential extent at the maximum
point shall be 90°.

10.5.1.6 Long Circumferential Groove—A long circumfer-
ential groove (Fig. 4, Flaw F) of a depth of 20 % and
recommended axial length of two tube diameters. Length is
optional in accordance with application. Edges shall be angled
at 105°, as indicated in the insert in Fig. 4.

10.6 Simulated Support Structures:
10.6.1 The RFT reference standards may have simulated

support structures to represent heat exchanger bundle condi-
tions.

10.6.2 Support Plates—Support plates may be simulated by
drilling a single hole through a solid flat plate with a radial

NOTE 1—Not to scale. See 10.5 for tolerances and details.
FIG. 4 Manufacturing Reference for RFT System Reference Standard
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clearance on the tube of up to 0.015 in. [0.38 mm]. To prevent
the field from propagating around the plate, the minimum
distance from the edge of the tube hole to the edge of the plate
should be greater than two tube diameters, unless a smaller
dimension can be demonstrated to be adequate. For example,
the simulated tube support plate for a 1-in. [25.4 mm] diameter
tube should be at least a 5-in. [127.00-mm] square or a 5-in.
[127.00-mm] diameter circle. The accuracy of the support plate
simulation may be increased if the simulated plate is of the
same thickness and material as the support plates in the
component to be examined.

10.7 Manufacture and Care of RFT Reference Standards:
10.7.1 Drawings—For each RFT reference standard, there

shall be a drawing that includes the as-built measured flaw
dimensions, material type and grade, and the serial number of
the actual RFT tube standard.

10.7.2 Serial Number—Each RFT reference standard shall
be identified with a unique serial number and stored so that it
can be obtained and used for reference when required.

10.7.3 Flaw Spacing—Artificial flaws should be positioned
axially to avoid overlapping of indications and interference
from end effects.

10.7.4 Machining personnel shall use proper machining
practices to avoid excessive cold-working, over-heating, and
undue stress and permeability variations.

10.7.5 Tubes should be stored and shipped so as to prevent
mechanical damage.

11. Procedure

11.1 If necessary, clean the inside of the tubes to remove
obstructions and heavy ferromagnetic or conductive debris.

11.2 Instrument Settings:
11.2.1 Operating Frequency—Using the appropriate RFT

system reference standard, the procedures in 11.2.1.1 or
11.2.1.2 are intended to help the user select an operating
frequency. Demonstrably equivalent methods may be used. If
the RFT system is not capable of operating at the frequency
described by this practice, the supplier shall declare to the
purchaser that conditions of reduced sensitivity may exist.

11.2.1.1 Using the RFT system reference standard, and
referring to the phase-amplitude diagram, set the frequency to
obtain a difference of 50 to 120° between the angles of
indication for the reference through-hole (Flaw A in Fig. 4) and
a 20 % circumferential groove of a axial length of 0.125 in.
[3.18 mm] (as permitted for Flaw F in Fig. 4).

11.2.1.2 If phase is measured and displayed, set the fre-
quency so that a 20 % circumferential groove with an axial
length of two tube diameters (as permitted for Flaw F in Fig. 4)
creates a phase shift of between 18 and 22° in the absolute
detector output with only the detector coil in the region of
metal loss.

11.2.2 Secondary Frequencies—To detect and characterize
some damage mechanisms, it may be necessary to use second-
ary frequencies to provide additional information.

11.2.3 Pull Speed—Determine a pull speed appropriate to
the frequency, sample rate, and required sensitivity to flaws.

11.2.4 Set other instrument settings as appropriate to
achieve the minimum required sensitivity to flaws.

NOTE 4—Factors which influence sensitivity to flaws include, but are
not limited to: operating frequency, instrument noise, instrument filtering,
digital sample rate, probe speed, coil configuration, fill factor, probe travel
noise, and interferences described in Section 8.

11.3 Ensure that the system yields the minimum required
sensitivity to all flaws on the RFT system reference standard at
the examination pull speed. For a flaw to be considered
detectable, its indication should exceed the ambient noise by a
factor of at least 3, unless otherwise specified by the purchaser.
An exception may be made when the purchaser requires only
a large-volume metal loss examination, in which case, sensi-
tivity should be demonstrated for specified large-volume flaws
on the RFT system reference standard.

11.4 Acquire and record data from the RFT system refer-
ence standard and flaw characterization standards at the se-
lected examination pull speed.

11.5 Acquire and record data from the tubes to be examined.
Maintain as uniform a probe speed as possible throughout the
examination to produce repeatable indications.

11.5.1 Record data and system settings in a manner that
allows archiving and later recall of all data and system settings
for each tube. Throughout the examination, data shall be
permanently recorded, unless otherwise specified by the pur-
chaser.

11.5.2 For maintaining system consistency throughout the
examination, monitor typical RFT responses from support
plates and tube ends, or monitor the absolute phase in the
nominal tube. If conditions change, appropriate adjustments
need to be made in accordance with 11.6.

11.6 Compensation for Material and Dimensional Differ-
ences:

11.6.1 To compensate for differences in dimensional and
material properties, the system may be re-normalized where
appropriate by adjusting frequency or gain, or both. To
re-normalize, adjust the settings so that one of the following
values remains equal in the reference standard and in a nominal
examined tube:

11.6.1.1 The amplitude and angular position of a support
plate indication on the phase-amplitude diagram, or

11.6.1.2 The angular difference between a support plate
indication and the tube-exit indication on the phase-amplitude
diagram, or

11.6.1.3 The absolute phase in the nominal tube.

NOTE 5—For an alternate method of compensating for differences in
dimensional and material properties, see 11.12.

11.6.2 The frequencies used in the reference standards and
in the tubes to be examined should not differ by more than a
factor of two. If the factor exceeds this value, the reference
standard should be considered inappropriate and replaced with
one that more accurately represents the material to be tested.

11.6.3 After frequency and gain adjustments have been
made, apply appropriate compensations to the examination
sample rate and pull speed.

11.7 Compensation for Ferromagnetic or Conductive Ob-
jects:

11.7.1 Techniques that may improve RFT results near inter-
fering ferromagnetic or conductive objects include:
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11.7.1.1 Comparison of baseline or previous examination
data with the current examination data.

11.7.1.2 Comparison of indications from known objects
with and without metal loss. (Obtain a reference indication
from a typical object on or near the nominal tube or from a
simulated object on a reference standard.)

11.7.1.3 The use of special probe coil configurations.
11.7.1.4 Processing of multiple-frequency signals to sup-

press irrelevant indications.
11.7.1.5 The use of a complementary method or technique

(see 11.12).

11.8 System Check—At regular intervals, carry out a system
check using the RFT system reference standard to demonstrate
system sensitivity and operating parameters to the satisfaction
of the purchaser. Carry out a system check prior to starting the
examination, after any field compensation adjustments in
accordance with 11.6, at the beginning and end of each work
shift, when equipment function is in doubt, after a change of
personnel, after a change of any essential system components,
and overall at a minimum of every four hours. If the flaw
responses from the RFT system reference standard have
changed substantially, the tubes examined since the last system
check shall be reexamined.

11.9 Interpret the data (identify indications).

11.10 Note areas of limited sensitivity, using indications
from the RFT system reference standard as an indicator of flaw
detectability.

11.11 Using a flaw characterization standard, evaluate rel-
evant indications in accordance with acceptance criteria speci-
fied by the purchaser.

11.11.1 A common parameter used as a flaw depth indicator
is the angle of an indication on the phase-amplitude diagram.
Different angle-depth standardization curves may be used in
accordance with flaw volume, as indicated by the amplitude of
the indication on the phase-amplitude diagram.

11.12 If desired, examine selected areas using an appropri-
ate complementary method or technique to obtain more
information, adjusting results where appropriate.

11.13 Compile and present a report to the purchaser.

12. Report

12.1 The following items may be included in the examina-
tion report. All the following information should be archived,
whether or not it is required in the report.

12.1.1 Owner, location, type, and serial number of compo-
nent examined.

12.1.2 Size, material type and grade, and configuration of
tubes examined.

12.1.3 Tube numbering system.
12.1.4 Extent of examination, for example, areas of interest,

complete or partial coverage, which tubes, and to what length.
12.1.5 Personnel performing the examination and their

qualifications.
12.1.6 Models, types, and serial numbers of the components

of the RFT system used, including probe and extension length.
12.1.7 For the initial data acquisition from the RFT system

reference standard, a complete list of all relevant instrument
settings and parameters used, such as operating frequencies,
probe drive voltages, gains, types of mixed or processed
channels, and probe speed. The list shall enable settings to be
referenced to each individual tube examined.

12.1.8 Serial numbers of all of the tube standards used.
12.1.9 Brief outline of all techniques used during the

examination.
12.1.10 A list of all heat-exchanger regions or specific tubes

where limited sensitivity was obtained. Indicate which flaws on
the system reference standard would not have been detectable
in those regions. Where possible, indicate factors that may
have limited sensitivity.

12.1.11 Specific information about techniques and depth
reference curves used for sizing each indication.

12.1.12 Acceptance criteria used to evaluate indications.
12.1.13 A list of flaws as specified in the purchasing

agreement.
12.1.14 Complementary examination results that influenced

interpretation and evaluation.

13. Keywords

13.1 eddy current; electromagnetic testing; ferromagnetic
tube; remote field testing; RFT; tube; tubular products
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Standard Practice for
Guided Wave Testing of Above Ground Steel Pipework
Using Piezoelectric Effect Transduction

1. Scope

1.1 This practice provides a procedure for the use of guided
wave testing (GWT), also previously known as long range
ultrasonic testing (LRUT) or guided wave ultrasonic testing
(GWUT).

1.2 GWT utilizes ultrasonic guided waves, sent in the axial
direction of the pipe, to non-destructively test pipes for defects
or other features by detecting changes in the cross-section
and/or stiffness of the pipe.

1.3 GWT is a screening tool. The method does not provide
a direct measurement of wall thickness or the exact dimensions
of defects/defected area; an estimate of the defect severity
however can be provided.

1.4 This practice is intended for use with tubular carbon
steel or low-alloy steel products having Nominal Pipe size
(NPS) 2 to 48 corresponding to 60.3 to 1219.2 mm (2.375 to 48
in.) outer diameter, and wall thickness between 3.81 and
25.4 mm (0.15 and 1 in.).

1.5 This practice covers GWT using piezoelectric transduc-
tion technology.

1.6 This practice only applies to GWT of basic pipe
configuration. This includes pipes that are straight, constructed
of a single pipe size and schedules, fully accessible at the test
location, jointed by girth welds, supported by simple contact
supports and free of internal, or external coatings, or both; the
pipe may be insulated or painted.

1.7 This practice provides a general procedure for perform-
ing the examination and identifying various aspects of particu-
lar importance to ensure valid results, but actual interpretation
of the data is excluded.

1.8 This practice does not establish an acceptance criterion.
Specific acceptance criteria shall be specified in the contractual
agreement by the responsible system user or engineering entity.

1.9 Units—The values stated in SI units are to be regarded
as standard. The values given in parentheses are mathematical
conversions to SI units that are provided for information only
and are not considered standard.

1.10 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety and health practices and determine the applica-
bility of regulatory limitations prior to use.

2. Referenced Documents

2.1 ASTM Standards:
E543 Specification for Agencies Performing Nondestructive

Testing
E1065 Practice for Evaluating Characteristics of Ultrasonic

Search Units
E1316 Terminology for Nondestructive Examinations
E1324 Guide for Measuring Some Electronic Characteristics

of Ultrasonic Testing Instruments
2.2 Equipment Manufacturer’s User’s Manual

3. Terminology

3.1 Definitions of Terms Specific to This Standard:
3.1.1 circumferential extent—the length of a pipe feature in

the circumferential direction, usually given as a percentage of
the pipe circumference.

3.1.2 coherent noise—indications caused by real disconti-
nuities causing a background noise, which exponentially de-
cays with distance.

3.1.3 Cross-Sectional Area Change (CSC)—the CSC is
calculated assuming that a reflection is purely caused by a
change in cross-section. It is given as a percentage of the total
cross-section. However it is commonly used to report the
relative amplitude of any signal regardless of its source.

3.1.4 Distance Amplitude Correction (DAC) curve—a refer-
ence curve plotted using reference reflections (for example,
weld reflections) at different distances from the test position.
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This curve corrects for attenuation and amplitude drops when
estimating the cross-section change from a reflection at a
certain distance.

3.1.5 Estimated Cross-Sectional Loss (ECL)—this is some-
times used instead of cross-sectional area change, where the
feature is related to a flaw.

3.1.6 flexural wave—wave propagation mode that produces
bending motion in the pipe.

3.1.7 Guided Wave (GW)—stress waves whose characteris-
tics are constrained by the system material, geometry and
configuration in which the waves are propagating.

3.1.8 Guided Wave Testing (GWT)—non-destructive test
method that utilizes guided waves.

3.1.9 longitudinal wave—wave propagation mode that pro-
duces compressional motion in the pipe.

3.1.10 incoherent noise—random indications caused by
electrical and ambient signal pollution, giving rise to a constant
average noise floor. The terms “ambient noise” and “random
noise” are also used.

3.1.11 pipe feature—pipe components including but not
limited to weld, support, flange, bend and flaw (defect) cause
reflections of a guided wave due to a change in geometry.

3.1.12 reflection amplitude—the amplitude of the reflection
signal typically reported as CSC.

3.1.13 reflector orientation—the circumferential position of
the feature on the pipe. This is reported as the clock position or
degrees with regards to the orientation of the transducer ring.

3.1.14 Signal-to-Noise-Ratio (SNR)—Ratio of the amplitude
of any signal of interest to the amplitude of the average
background noise, which includes both coherent and non-
coherent types of noise as defined in Fig. 1.

3.1.15 torsional wave—wave propagation mode that pro-
duces twisting motion in the pipe.

3.1.16 transducer ring—a ring array of transducers that is
attached around the circumference of the pipe to generate GW.
It is also commonly known as the ring.

3.1.17 wave mode—a particular form of propagating wave
motion generated into a pipe, such as flexural, torsional, or
longitudinal.

4. Summary of Practice

4.1 GWT evaluates the condition of metal pipes to primarily
establish the severity classification of defects by applying GW
at a typical test frequency of up to 150 kHz, which travels

FIG. 1 Typical GWT Results Collected in Normal Environment (Top) and in High Ambient Noise Environment (Bottom). (Both results are
displayed in the logarithmic amplitude scale.)
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along the pipe. Reflections are generated by the change in
cross-sectional area and/or stiffness of the pipe.

4.2 A transducer ring attached around the pipe screens the
pipe in both directions simultaneously. It can evaluate long
lengths of pipe, and is especially useful when access to the pipe
is limited.

4.3 This examination locates areas of thickness reduction(s)
and provides a severity classification as to the extent of that
damage. The results are used to assess the condition of the
pipe, to determine where damaged areas are located and their
circumferential position on the pipe. The information can be
used to program and prioritize additional inspection work and
repairs.

4.4 Reflections produced by pipe features that are not
associated with areas containing possible defects are consid-
ered as relevant signals. These features can be used for setting
GW system DAC levels and identifying the relative position
and distance of discontinuities and areas containing possible
defects. Examples of these features are: circumferential welds,
elbows, welded supports, vents, drainage, insulation lugs and
other welded attachments.

4.5 Other sources of reflection may include changes in
surface impedance of the pipe. These reflections are normally
not relevant, but should be analyzed and classified in an
interpretation process. Examples of these changes are the
presence of pipe supports and clamps. In the advanced
applications, which are not covered by this standard, these
changes may also include various types of external/internal
coatings or entrance of the pipe to ground or concrete wall.

4.6 Inspection of the pipe section immediately connecting to
branch connections, bends or flanges are considered advance
applications which are not covered by this standard.

4.7 False echoes are produced by phenomena such as
reverberations, incomplete control of direction, distortion at
elbows and others. These signals should be analyzed and
classified as false echoes in the interpretation process.

5. Significance and Use

5.1 The purpose of this practice is to outline a procedure for
using GWT to locate areas in metal pipes in which wall loss
has occurred due to corrosion or erosion.

5.2 GWT does not provide a direct measurement of wall
thickness, but is sensitive to a combination of the CSC and
circumferential extent and axial extent of any metal loss. Based
on this information, a classification of the severity can be
assigned.

5.3 The GWT method provides a screening tool to quickly
identify any discontinuity along the pipe. Where a possible
defect is found, follow-up inspection of suspected areas with
ultrasonic testing or other NDT methods is normally required
to obtain detailed thickness information, nature, and extent of
damage.

5.4 GWT also provides some information on the axial
length of a discontinuity, provided that the axial length is
longer than roughly a quarter of the wavelength of the
excitation signal.

5.5 The identification and severity assessment of any pos-
sible defects is qualitative only. An interpretation process to
differentiate between relevant and non-relevant signals is
necessary.

5.6 This practice only covers the application specified in the
scope. The GWT method has the capability and can be used for
applications where the pipe is insulated, buried, in road
crossings, and where access is limited.

5.7 GWT shall be performed by qualified and certified
personnel, as specified in the contract or purchase order.
Qualifications shall include training specific to the use of the
equipment employed, interpretation of the test results and
guided wave technology.

5.8 A documented program that includes training, examina-
tion and experience for the GWT personnel certification shall
be maintained by the supplying party.

6. Basis of Application

6.1 The following items are subject to contractual agree-
ment between the parties using or referencing this standard.

6.2 Personnel Qualifications—Unless otherwise specified in
the contractual agreement, personnel performing examinations
to this practice shall be qualified in accordance with one of the
following:

6.2.1 Personnel performing examinations to this standard
shall be qualified in accordance with SNT-TC-1A and certified
by the employer or certifying agency, as applicable. Other
equivalent qualification documents may be used when speci-
fied in the contract or purchase order. The applicable revision
shall be the latest unless otherwise specified in the contractual
agreement between parties.

6.2.2 Personnel qualification accredited by the GWT manu-
facturers.

6.3 The practice or standard used and its applicable revision
shall be identified in the contractual agreement between the
using parties.

6.4 Qualifications of Non-destructive Testing Agencies—
Unless otherwise specified in the contractual agreement, NDT
agencies shall be qualified and evaluated as described in E543,
the applicable edition of E543 shall be specified in the
contractual agreement.

6.5 Procedure and Techniques—The procedures and tech-
niques to be utilized shall be specified in the contractual
agreement. It should include the scope of the inspection, that is,
the overall NDT examination intended to identify and estimate
the size of any indications detected by the examination, or
simply locate and provide a relative severity classification.

6.6 Surface Preparation—The pre-examination site prepa-
ration criteria shall be in accordance with 8.3 unless otherwise
specified.

6.7 Required Interval of Examination—The required inter-
val or the system time in service of the examination shall be
specified in the contractual agreement.

6.8 Extent of the Examination—The extent of the examina-
tion shall be in accordance with 6.5 above unless otherwise
specified. The extent should include but is not limited to:
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6.8.1 The sizes and length(s) of pipes to be inspected.
6.8.2 Limitations of the method in the areas of application.
6.8.3 Drawings of pipe circuits, pipe nomenclature, and

identification of examination locations.
6.8.4 Pipe access method(s).
6.8.5 Safety requirements.

6.9 Reporting Criteria—The test results of the examination
shall be documented in accordance with the contractual agree-
ment. This may include requirements for permanent records of
the collected data and test reports. The report documentation
should include:

6.9.1 Equipment inspector and test results reviewed by (if
applicable).

6.9.2 Date and time of the examination performed.
6.9.3 Equipment used.
6.9.4 Test procedure/specification used.
6.9.5 Acceptance criteria.
6.9.6 Inspection location.
6.9.7 Identification of areas inspected.
6.9.8 Identification of the inspection range.
6.9.9 Any other information deemed necessary to reproduce

or duplicate test results.

6.10 Re-examination of Repairs/Rework Items—
Examination of repaired/reworked items is not addressed in
this standard and if required shall be specified in the contrac-
tual agreement.

7. Apparatus

7.1 The GWT apparatus shall include the following:
7.1.1 Transducer Ring Transmitter—A transduction system

using piezoelectric effect for the generation of guided wave
modes with axial propagation on cylindrical pipes.

7.1.2 Transducer Ring Receiver—A system for the detection
of the signal reflected by the geometric features on the pipe,
which can be the same as the transmitter or an analogous
transduction system.

7.1.3 Instrumentation—The GWT instrumentation shall be
capable of generating, receiving, and amplifying electrical
pulses within the frequency range used by GWT. Additionally,
it shall be capable of communicating with a computer so that
collected data can be processed and recorded.

7.1.4 Processing System—This is a software interface for
processing and analyzing the signal, capable of distinguishing
at least one guided wave mode for the specific detection
system.

8. Examination Procedure

8.1 It is important to ensure that the proposed inspection
falls within the capabilities of the technology and equipment
and that the using party or parties understand the capabilities
and limitations as it applies to their inspection.

8.2 Pre-examination Preparation:
8.2.1 All test equipment shall have current and valid cali-

bration certificates.
8.2.2 Follow the equipment manufacturer’s recommenda-

tions with regard to equipment pre-test verification and check
list. As a minimum this check list should include but is not
limited to:

8.2.2.1 Electronics fully operational.
8.2.2.2 Proper charging of batteries.
8.2.2.3 Verification that interconnection cables are in good

condition and functioning correctly.
8.2.2.4 Correct transducer ring size for the intended pipes.
8.2.2.5 Sufficient transducer modules (including spares) are

available to test the largest diameter pipe in the work scope.
8.2.2.6 The transducer ring, modules, and transducers are

functioning correctly.
8.2.2.7 Any computer used with the system is functioning

correctly and has sufficient storage capacity for the intended
work scope.

8.2.2.8 Supplementary equipment, such as an ultrasonic
flaw detector or specialized pit gauges are available and
functioning correctly.

8.2.2.9 All necessary accessories, such as tape-measure
markers, are available.

8.2.3 Ensure all site safety requirements and procedures are
reviewed and understood prior to starting any field work.

8.2.4 The test equipment shall be calibrated in accordance to
the equipment manufacturer’s procedure at regular intervals.

8.3 Examination Site Preparation:
8.3.1 Pipe Surface Condition—To obtain best coupling

condition, any loose material such as mud, flaking paint and
loose corrosion must be removed from the surface of the pipe
where the transducer ring is attached. However well-bonded
paint layers of up to 1 mm (0.04 in.) can stay in place. Wire
brushing or sanding, or both, are usually sufficient to prepare
the surface if it is safe and permitted to do so.

8.3.2 Insulation—If the pipe is insulated, carefully remove
an approximately 1 m (3 ft) band of insulation for attaching the
transducer ring. Prior to removing the insulating material
ensure it is safe and permissible to do so.

8.3.3 GWT is most effective for testing long lengths of pipe.
However, tight radius elbows distort GWT signals, making
interpretation of signal beyond them difficult. Where possible,
it is good practice to exclude from evaluation sections of pipe
immediately after elbows. In any case, no signals after two
elbows should be analyzed. It is sometimes better to take
additional data at different locations than to interpret a signal
beyond multiple features or those with complicated geom-
etries. Consider taking a second reading 1 m (3 ft) apart for
confirmation of features and false echo identification.

8.3.4 Visual Inspection—Visually inspect the pipe where
possible for potential damage areas or corrosion, such as the
support areas if possible defect indications are found in the
GWT result.

8.3.5 Surface Temperature—Verify that the surface tempera-
ture of the pipe to be tested is within the manufacturer’s
specifications for the equipment. Testing at elevated tempera-
tures does not in general affect the performance of the GWT,
however caution must be exercised to avoid injuries to person-
nel. When testing low temperature pipes, ensure that no ice
forms between the sensor face and the surface of the pipe.

8.3.6 Thickness Check—Before mounting the transducer
ring, verify that there is no degradation in the pipe wall
thickness at the test location. As a minimum requirement,
thickness measurements at no less than four equally spaced
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positions around the pipe should be made using an appropriate
thickness measuring instrument and procedure. Some agencies
also require thickness measurement of the entire dead zone and
near field. It is important to note that attaching the transducer
ring at locations with very severe corrosion may cause further
damage to the pipe.

8.4 Transducer Ring—The type of ring, the transducer
orientation and their spacing can vary depending on the type of
collection protocol. Refer to 8.13 when selecting the transducer
ring assembly for the type of examination to be performed.

8.5 Couplant—Couplant is generally not required for this
method. GWT utilizes relatively low frequency compared to
those used in conventional UT, typically in the regions of tens
of kilohertz (kHz) as opposed to megahertz (MHz). At these
frequencies, good coupling is obtained by simply applying
sufficient mechanical force on the transducer ring.

8.6 Choosing Test Location—After completing the exami-
nation site preparation outlined in 8.3, attach the transducer
ring to the pipe. The test location should be chosen so as to
minimize false echoes. Avoid placing the ring near a feature as
the corresponding signal may appear within the near field or
the dead zone. In the dead zone, no echoes are received, and in
the near field, the amplitude of the echoes is typically lower
than normal. As a practice, a minimum of 1.5 m (5 ft) should
be used to the first area of inspection. Features such as welds,
which are used for the DAC curves fitting, should be outside
the near field to ensure valid amplitude. Additionally, trans-
ducer rings should not be positioned equidistant between two
features to avoid masking of the mirror echoes if any.

8.7 Attaching the Transducer Ring—When attaching the
transducer ring it is important to ensure that all transducers are
in good contact with the pipe and that the ring is mounted
parallel to the circumference of the pipe. Apply the appropriate
air pressure or clamp torque settings as specified in the
manufacturer’s operating manual for proper installation of the
transducer ring. Any pressure gauge or torque meter used shall
be checked regularly for correct functionality.

8.8 Directionality and Orientation—The reported direction-
ality and orientation of the features depend on the way the
transducer ring is installed. It is good practice to keep the
direction between different test positions the same, and in the
direction of product flow if known. To ensure the correct
orientation is reported, the transducer ring should be attached
with the correct ring attachment configurations.

8.9 Reproducibility—The examination pipe should be
marked with a paint marker indicating the transducer ring
position, direction, and date of examination. This can assist in
the future, should it be necessary to reproduce the examination.
This information should also be included in the examination
documentation.

8.10 Test Location Information—As the data collections of
most GWT equipments are fully recorded electronically, a
minimum amount of information about the test location is
needed in the processing software to ensure the exact location
can be identified. This information shall include the following:

8.10.1 Site Name—The name of the site, which may include
the plant name, plant unit number, approximate mile marker or
any relevant reference if available.

8.10.2 Pipe—The pipe identification if available; if not, the
pipe diameter should be recorded.

8.10.3 Datum—The reference feature from which the test
location is measured. Typical reference features used are welds
and flanges.

8.10.4 Distance—The distance between the datum and the
center of the transducer ring shall be recorded. It is also
important to include both positive and negative signs in front of
the distance value for positive and negative direction of the
ring respectively.

8.11 Coupling Check—It is important that all transducers
are well coupled to the pipe. Prior to collecting any test data,
perform a coupling test in accordance with the manufacturer’s
guidelines. As a minimum, this shall include a way of
simulating “signals” on the pipe and verifying that all trans-
ducers detect it with a similar magnitude and sensitivity.

8.12 Examination Precautions—There are several precau-
tions that need to be addressed when analyzing the collected
data. These include:

8.12.1 Dead Zone—This is an area that can be up to 1 m
(3 ft) long on either side of the transducer ring that is not
inspected during the testing. The area of the dead zone is a
function of the excitation frequency and the number of cycles
transmitted. The area is inversely related to frequency and
directly related to the number of cycles. In order to get a 100 %
coverage of the pipe there are two options:

8.12.1.1 Inspect the dead zone with an alternative NDT
method such as ultrasonic testing.

8.12.1.2 Locate the next shot so that there is overlap of the
previous transducer ring position. Some agencies require a
20% overlap on all shots where possible.

8.12.2 Near Field—This is an area that could extend to as
far as 3 m (10 ft) on either side of the transducer ring. In this
area, the amplitudes are artificially lower than normal, and
mirrors (see Section 8.20.4.1) can appear, making analysis of
reflections in this area difficult. While this area is inspectable,
extreme care must be taken when reviewing signals in this
area. The length of this area depends on the length of excitation
signal. It is possible to reduce the extent of the near field effect
by employing special collection protocols.

8.12.3 Expected Examination Range—There are several
physical test conditions on or around the pipe which affect the
maximum examination range that can be achieved (see Appen-
dix X1 for more detail). There are also equipment parameters
such as frequency and gain settings, which can be varied so as
to optimize the test parameters for specific test conditions on or
around the pipe. The maximum inspection range is defined in
8.18.

8.12.4 False Echo (False signals)—Signals other than from
a real feature. Care should be taken to minimize the potential
for false signals to interfere with the interpretation of the data.
The most common sources of false echoes are:

8.12.4.1 Reverberations—Multiple reflections either be-
tween two large features along the pipe, or between the two
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ends of a long feature. Echoes caused by reverberations
typically have small amplitudes.

8.12.4.2 Mirrors—Occurs normally in the near field due to
insufficient control of the propagation direction of the guided
wave. The mirror echo appears at the same distance from
transducer ring, but the opposite direction, as the real reflec-
tion.

8.12.4.3 Modal Noise—Occurs when the transducer ring is
unable to control all the wave modes propagating in the pipe.

8.13 Collection Protocol—The collection protocol varies
certain collection parameters to optimize the data quality based
on the pipe diameter and the expected mechanism(s) on and
around the pipe. Most manufacturers include a procedure for
determining the optimum collection parameters automatically
for a specific test condition. These collection parameters
include:

8.13.1 Frequency—GWT is typically performed at frequen-
cies between 10 and 150 kHz. When performing a test, data
should be collected with enough different frequencies so as to
be able to categorize each indication. Ideally, frequency can be
changed quasi-continuously to observe frequency dependence.
If this is not available in the instrument, multiple different
frequencies including the optimum frequency should be col-
lected. It is worth noting that the exact frequencies used vary
depending on the pipe geometry.

8.13.2 Bandwidth—Changing the signal bandwidth can as-
sist in resolving the attributes of a signal. A narrow bandwidth
enhances the frequency dependency of a signal while a wider
frequency bandwidth can improve the axial resolution of
signals such as closely spaced reflections.

8.13.3 Wave Mode—The GWT uses an axi-symmetric wave
mode excitation which can either be a torsional or longitudinal
wave mode. Both wave modes provide valid inspection results.
However in practice, torsional mode is commonly used as it is
sensitive to most flaw types. Nevertheless it is sometimes
advantageous to use longitudinal mode over torsional mode if
certain special flaw types, such as corrosion at the axially
welded supports, areknown to be present on the pipe.

8.14 Data Collection—After installing the transducer ring
and performing the coupling check, the next step of the
examination procedure is data collection. It is important that
the data recorded is sufficient and comprehensive to evaluate
and interpret any signals which may be present on the pipes.
Choose the most appropriate collection protocol (see 8.13) and
collection range to perform the initial data collection as per the
equipment manufacturer’s guidelines. Immediately after the
data collection, it is important to review the collected data to
ensure proper operation of the equipment during the test and
that the quality meets the required standard. The data review
should include an evaluation of the SNR and the transducer
balance. Poor SNR is usually caused by high incoherent noise,
low transducer coupling, or low transducer output. Should
there be any significant problems observed in the data, it
should be discarded and the problem addressed.

8.15 Distance Amplitude Correction (DAC)—As the excita-
tion signal travels away from the transducer ring, its signal
amplitude decreases. There are several reasons for the energy

loss, including material damping, reflections at features, energy
leakage, and surface conditions. The DAC provides the ability
to determine the signal amplitude at a point away from the
transducer ring. This allows for determining the relative
amplitude of an echo, expressed in either CSC or ECL, at a
given distance. If the DAC curves are set too low, the size of
possible defects may be overestimated, and vice versa. There-
fore it is vital that the DAC levels are set correctly before
interpreting the data as they provide reference CSC levels to all
other signals for comparison. There are four DAC curves that
can be used in evaluating GWT reflections. Most systems
provide inspectors the means of manually adjusting these
curves.

8.15.1 Flange DAC—This is a DAC curve that represents
the expected amplitude of a reflection from a large feature that
reflects approximately 100 % (that is, 0 dB) of the amplitude of
the excitation signal and no energy can therefore pass through.

8.15.2 Weld DAC—Pipe girth welds typically present 20 %
to 25 % CSC. The amount of energy reflected at the weld is the
reason why the maximum number of pipe joints that can be
inspected is limited.

8.15.3 Call DAC—This is the typical threshold level that is
used to determine the severity of a defect if found. Most
systems set the call DAC level to roughly 6 % CSC by default,
but also allow this level to be modified in accordance with the
detection sensitivity requirement of the industry.

8.16 Ambient Noise—Ambient noise causes an increase in
the overall incoherent noise level. In Fig. 1, the effect of an
increased ambient noise is demonstrated, as both the detection
sensitivity and the maximum inspection range are reduced as a
result. Special precautions should be taken when ambient noise
is higher than normal. Most equipment manufacturers offer
special protocols to test in high ambient noise areas.

8.17 Detection Threshold (DT)—The DT of an examination
is equivalent to the sensitivity, and it is typically set to 6 dB
above the background noise but it can also be manually set by
the inspectors.

8.18 Inspection Range—The section of pipe between the
transducer ring and the end of test in one direction where the
sensitivity is greater than the Call level (see 8.15.3). Depending
on the coverage requirements, this inspection range is often
used to determine the subsequent test locations. As the attenu-
ation varies with frequency; the inspection range is normally
specified for a particular frequency. The inspection range is
also limited to a flange, or any feature that is not within the
scope of the standard. (See also Fig. 2.)

8.19 Distance Standardization—The acoustic properties of
different grades of steel varies slightly, causing an offset in the
reported distance of the features. The software typically uses
the acoustic properties of carbon steel. In most cases, the
distance offset is very small and therefore it is not necessary to
perform distance standardization. However, where the pipe
material is not carbon steel, it is good practice to standardize
distance in the software against a physical measurement prior
to analyzing the data.
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8.20 Data Review—The initial review of the data is to
separate data into relevant, non-relevant signals and indica-
tions.

8.20.1 Signal interpretation—Interpretation of GWT signals
is the difficult part of this method. A number of tools is
available to help analyzing and distinguishing signals between
various features, and these tools include:

8.20.1.1 Shape of Reflected Signal—The shape provides
information on the axial length of a feature. An irregular
reflection is typically associated with a feature that extends
along the pipe such as a corrosion patch, whereas a short
uniform reflection would indicate a short reflector such as a
weld.

8.20.1.2 Amplitude—The signal amplitude is indicated by
the relative signal amplitude of the axi-symmetric wave mode
(that is, torsional or longitudinal mode), in terms of CSC. The
shape of the signal also affect the amplitude to some extent
because of the interference of reflections and scattering within
the discontinuity boundaries. For a defect, the amplitude
correlates to the percentage of cross-section loss of the defect
at that particular position.

8.20.1.3 Axi-Symmetry—As the axi-symmetric wave mode
reflects from a non-axially symmetric feature, such as a contact
support, some of the energy is converted to the non-axi-
symmetric wave modes (that is, various orders of the flexural
mode). Using the ratio of the reflection magnitudes between
the axi-symmetric and non-axi-symmetric modes, it is possible
to determine how the feature is distributed around the circum-
ference of the pipe.

8.20.1.4 Behavior at Different Frequencies—Additional in-
formation can be obtained by observing the signal response of
certain features at different frequencies. The amplitude and the
shape of the signal for an axially short feature, such as welds,
remain unchanged as the frequency is changed. However, if the
axial length is long, such as a corrosion patch, multiple signals
are generated within the feature, causing interference that
changes with frequencies; therefore both amplitude and shape
typically change with frequencies for axially long features.
Additionally, the amplitude of features causing a change in
stiffness, such as contact supports, is also generally frequency
dependent.

8.20.1.5 Phase—As the signal amplitude can be caused by
either an increase or a decrease in CSC, the phase information
provides a way to determine the difference between them. For
example, a weld which is an increase in CSC would have a
different phase to that of a flaw, which is a decrease in CSC.
When evaluating the change in phase with respect to other
reflectors, the intent is not to determine the actual phase of each
reflection signal but instead determine which of the reflectors
can be grouped into similar responses. The phase information
is only accurate when the SNR is good, therefore this tool is
not normally used alone.

8.20.1.6 Circumferential Orientation—Most systems pro-
vide basic information on the circumferential orientation of a
feature by evaluating the response of the transducers in each of
the segments of the transducer rings; while some advanced
systems also offer focusing capabilities or other special views
in the processing software such as C-Scan display (see example
in Appendix X2).

8.20.1.7 Attenuation Changes—When there is a change on
the expected attenuation pattern, it indicates there is a change
in the pipe condition. Be it caused by general corrosion or
internal deposit, further investigation is usually required to
determine the source.

8.20.2 DAC Fitting—The fitting of DAC is an important
part of GWT data interpretations for reasons explained in 8.15.
There are a number of methods to fit the DAC levels which are
summarized below in the order of increasing accuracy. The
method with the highest accuracy, if available, shall be used as
default.

8.20.2.1 Standard Method—The DAC curves are set typi-
cally using at least two reference reflectors, commonly welds
or features with a known CSC value. For this reason, it is
imperative to be able to identify the signals corresponding to
the reference reflectors either by the signal characteristics or
visually. For the majority of piping with nominal wall thick-
ness of 7 mm to 13 mm (0.28 in. to 0.5 in), the weld cap may
be approximated to be a 20% CSC. However, for piping with
nominal wall thickness outside 7 mm to 13 mm (0.28 in. to
0.5 in), approximating a weld cap to be a 20% CSC can often
cause significant error in defect sizing. Therefore, where
equipment and pipe conditions allow, the other methods are

FIG. 2 Example of the GWT Result Showing How the Inspection Range is Defined
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preferred. Note that attenuation in GWT is heavily frequency
dependent; therefore DAC curves are usually set at all col-
lected frequencies in the data. An illustration of the DAC fitting
can be found in Appendix X2.

8.20.2.2 Weld Dimensions Method—This method accurately
determines the weld DAC level by correlating the actual weld
dimensions to the CSC of a specific weld. The weld cap
dimensions (axial width and weld cap height) shall be mea-
sured from an accessible weld, while the pipe wall thickness
shall be measured from the pipe immediately adjacent to the
weld.

8.20.2.3 Absolute Calibration Method—This method calcu-
lates the DAC levels using an algorithm of signal reflections
and their multiple reflections from reflectors such as welds,
within the normal test range. Any signal used must be outside
the near field/dead zone. The calculation produced has the
advantage of being frequency independent. However, the DAC
attenuation should still be adjusted using common techniques
such as using welds or coherent noise level.

8.20.3 Relevant Signals—Relevant signals are generated by
physical fittings of the pipe, which include, but not limited to,
features such as welds, flanges, valves, elbows, T-pieces,
supports, diameter changes. These features are identified both
by the signal characteristics and visually, when possible, as to
their positions on the pipe. It is important to correlate the
guided wave indications with the visual observations of the
pipe. These indications should be noted in the software of the
GWT test equipment. See Annex A1 for guidelines in deter-
mining reflector characteristics.

8.20.4 Non-Relevant Indications—Non-relevant signals are
those associated with noise, false echoes and other non-useable
information. The following may be used to help identifying the
non-relevant indications:

8.20.4.1 Mirrors—If the system displays a large feature in
one direction and a small feature at the equal distance in the
opposite direction from the test location, there is a high
possibility that the smaller indication is a mirror echo. The
most effective way to deal with mirror echoes is to move the
transducer ring approximately 0.6 m (2 ft) and repeat the test.
This causes the mirror echoes to move or disappear as the test
position changes.

8.20.4.2 Reverberations—This usually occurs when the
transducer ring is between two larger reflectors. The reverbera-
tion echo typically appears as a small indication past the first
feature. If reverberation is suspected, move the transducer ring
to a location outside of the two reverberating features and
perform additional examinations.

8.20.4.3 Modal Noise—The modal noise signals typically
appear close to the test location in the result, and their
amplitude decays rapidly over distance. Modal noise signals
are both frequency and bandwidth dependent; therefore adjust-
ing either of the two parameters can usually eliminate them.

8.20.5 Indications—All other indications should be consid-
ered unclassified and further analysis should be performed on
each one to determine their source and orientation.

8.20.6 Classification of Data—After completing the review
of the other indications, those identified to be possible defects
may be further classified as Minor, Intermediate and Severe.
The classification is determined based on the CSC, the circum-
ferential extent of the signal and their relationships with the
call DAC level. If the call level is set too low, inspectors are
likely to overcall; while if the Call level is set too high,
inspectors are likely to under-call. It is important that the call
level set reflects the detection requirements which should be
agreed between parties beforehand. In general, each classifi-
cation can be summarized as follow:

8.20.6.1 Minor (Cat 3)—These are considered to be indica-
tions which are shallow and/or extend around the circumfer-
ence. They are not highly concentrated. Both the symmetric
(that is, torsional mode) and non-symmetric (Flexural mode)
modes are below the call DAC level.

8.20.6.2 Medium (Cat 2)—These are areas where there is
more depth than the Minor indications but still are not highly
concentrated. The symmetric mode is above, while the non-
symmetric mode is below the call DAC level.

8.20.6.3 Severe (Cat 1)—These are areas that have deep
indications, or are highly concentrated, or both, in an area of
the pipe. They are considered very likely to produce a
penetration of the pipe wall. Both the symmetric and non-
symmetric modes are above the call DAC level. Signal

FIG. 3 Illustrations of the Signals in Each Severity Classification
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examples of each classification based on the defect profile
around the circumference that is axially short, are shown in
Fig. 3.

8.20.7 Severity Classification Use and Significance—
Assigning a severity classification should be used for
reference, classification of indications and setting priorities for
follow-up inspection. The categories are assigned based on the
amplitudes of the axi-symmetric and non-axi-symmetric
reflections, and their relations to the Call DAC level. It is,
therefore, important that the call DAC level percentage or
similar detection sensitivity requirement is specified in the
contractual agreement which reflects the requirements of the
industry. The GWT does not provide information regarding the
remaining wall thickness or nature of the damage. This
information can only be obtained as a result of follow-up
inspection with other NDE methods on the areas where
relevant indications associated with defects have been identi-
fied. GWT is a method for detection and classification of
damage, and their result shall be treated as qualitative only.

9. Report

9.1 The test report shall document the results of the inspec-
tion. It must have all information to be able to reproduce the
test at a future date if desired. Most, if not all, the items
detailed in 8.10 should be included. Additionally all observa-
tions obtained from visual inspection, thickness measurements
with UT and other pertinent information that is deemed as
having an effect on the quality, or characteristics, or both, of the
data or results should be recorded and included in the final
report. All relevant and non-relevant indications identified
during the examination should be included with a classification
provided those reflections deemed to be associated with
defects. All results from follow-up inspection with other NDE
methods shall be included in the report if available.

10. Keywords

10.1 guided waves; Guided Wave Testing; NDT of pipes;
pipeline inspection

ANNEX

(Mandatory Information)

A1. REFLECTOR CHARACTERISTICS

A1.1 See Table A1.1.

TABLE A1.1 Reflector Characteristics

FEATURE VISUAL AMPLITUDE SHAPE FREQUENCY SYMMETRY PHASE ORIENTATION
Flange Likely visible Typically the

highest
Irregular Inconsistent Symmetric N/A Fully

circumferential
Weld May be visible

if not insulated
Medium Clean, uniform,

single echo
Consistent across

wide range
Symmetric Same as

all welds
Fully

circumferential
Elbow Likely visible Medium 1st Weld: Clean,

uniform
1st Weld:
Consistent

1st Weld:
Symmetric

N/A 1st Weld: Fully
circumferential

2nd Weld: Mostly
uniform

2nd Weld:
Inconsistent

2nd Weld:
Non-symmetric

2nd Weld:
Depending on
elbow direction

Valve/Drain Likely visible Medium Small size:
Uniform

Small size:
Consistent

Non-symmetric N/A Either top or
bottom of the pipe

Large size:
Irregular

Large size:
Inconsistent

T-piece Likely visible Medium Irregular Inconsistent Non-symmetric N/A Partial
circumferential

Reducer May be visible
if not insulated

Medium Irregular Inconsistent Symmetric N/A Fully
circumferential

Short contact Support likely
visible

Low Clean, uniform,
single echo

Inconsistent Non-symmetric N/A Bottom

Long contact Support likely
visible

Low Irregular Inconsistent Non-symmetric N/A Bottom

Short Clamp
support

Likely visible Medium Clean, uniform,
single echo

Inconsistent Symmetric N/A Fully
circumferential

Axial support
(welded)

Likely visible Medium Irregular Inconsistent Non-symmetric N/A Bottom

Saddle support Likely visible Medium Irregular Inconsistent Non-symmetric N/A Bottom
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APPENDIXES

(Nonmandatory Information)

X1. ATTENUATION

X1.1 Attenuation is the signal loss as it propagates along a
structure. The loss can be caused by a combination of factors
– dissipation, mode conversion, scattering due to surface
roughness, absorption into other mediums and others. The rate
of signal decay is the factor which determines the maximum
test range for any given set up.

X1.2 Attenuation Rate—Attenuate rate is typically specified
in loss per rate of distance traveled. This would be expressed as

dB/m. occasionally, if different frequencies have a significantly
different attenuation rate it may be expressed as either dB/kHz
or dB/kHz-m.

X1.3 Typical attenuation rates and average test range in
each direction for different test pipe configurations are found in
Table X1.1.

X2. TYPICAL LINEAR AMPLITUDE VERSUS DISTANCE GWUT DISPLAY

X2.1 See Fig. X2.1.

TABLE X1.1 Typical Attenuation Rates and Average Test Range in Each Direction for Different Test Pipe Configurations

Test Condition Typical Attenuation Typical Range of Test
Clean, Straight Pipe -0.15 to -0.5dB/m

(-0.046 to -0.17dB/ft)
50–200 m

(164–656 ft)
Clean, Wool Insulated -0.17 to -0.75dB/m

(-0.052 to -0.23 dB/ft)
40–175 m

(131–574 ft)
Insignificant/Minor
Corrosion

-0.5 to -1.5 dB/m
(-0.152 to -0.457dB/ft)

20–50 m
(65.6–164 ft)

Significant Corrosion -1 to -2 dB/m
(-0.305 to -0.61dB/ft)

15–30 m
(49.2–98.4 ft)

Kevlar Wrapped -0.15 to -1 dB/m
(-0.046 to -0.305dB/ft)

30–200 m
(98.4–656 ft)

Spun Epoxy Coating -0.75 to -1 dB/m
(-0.23 to -0.305dB/ft)

30–50 m
(98.4–164 ft)

Well Packed Earth -1 to -2 dB/m
(-0.305 to -0.61dB/ft)

15–30 m
(49.2–98.4 ft)

Thin (<2.5mm),
Hard Bitumen Tape

-1.25 to -6 dB/m
(-0.381 to -1.83dB/ft)

5–25 m
(16.4–82 ft)

Thick (>2.5mm),
Soft Bitumen Tape

-4 to -16 dB/m
(-1.22 to -4.88dB/ft)

2–8 m
(6.56–26.24 ft)

Well Bonded
Concrete Wall

-16 to -32 dB/m
(-4.88 to 9.76dB/ft)

1–2 m
(3.28–6.56 ft)

Grout Lined Pipe -1 to -3 dB/m
(-0.305 to 0.91dB/ft)

10–30 m
(32.8–98.4 ft)

Loosely Bonded
Concrete Wall

-4 to -16 dB/m
(-1.22 to -4.88dB/ft)

2–8 m
(6.56–26.24 ft)
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FIG. X2.1 An Example of the A-Scan Type (Bottom) and C-Scan Type (Top) Results from GWT (The C-scan plot provides the circumfer-
ential orientation, displayed as the clock position, for the corresponding A-scan signal at the bottom.)
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Standard Practice for
Guided Wave Testing of Above Ground Steel Piping with
Magnetostrictive Transduction

1. Scope

1.1 This practice provides a guide for the use of waves
generated using magnetostrictive transduction for guided wave
testing (GWT) welded tubulars. Magnetostrictive materials
transduce or convert time varying magnetic fields into me-
chanical energy. As a magnetostrictive material is magnetized,
it strains. Conversely, if an external force produces a strain in
a magnetostrictive material, the material’s magnetic state will
change. This bi-directional coupling between the magnetic and
mechanical states of a magnetostrictive material provides a
transduction capability that can be used for both actuation and
sensing devices.

1.2 GWT utilizes ultrasonic guided waves in the 10 to
approximately 250 kHz range, sent in the axial direction of the
pipe, to non-destructively test pipes for discontinuities or other
features by detecting changes in the cross-section or stiffness of
the pipe, or both.

1.3 GWT is a screening tool. The method does not provide
a direct measurement of wall thickness or the exact dimensions
of discontinuities. However, an estimate of the severity of the
discontinuity can be obtained.

1.4 This practice is intended for use with tubular carbon
steel products having nominal pipe size (NPS) 2 to 48
corresponding to 60.3 to 1219.2 mm (2.375 to 48 in.) outer
diameter, and wall thickness between 3.81 and 25.4 mm (0.15
and 1 in.).

1.5 This practice only applies to GWT of basic pipe
configuration. This includes pipes that are straight, constructed
of a single pipe size and schedules, fully accessible at the test
location, jointed by girth welds, supported by simple contact
supports and free of internal, or external coatings, or both; the
pipe may be insulated or painted.

1.6 This practice provides a general practice for performing
the examination. The interpretation of the guided wave data

obtained is complex and training is required to properly
perform data interpretation.

1.7 This practice does not establish an acceptance criterion.
Specific acceptance criteria shall be specified in the contractual
agreement by the cognizant engineer.

1.8 Units—The values stated in SI units are to be regarded
as standard. The values given in parentheses are mathematical
conversions to SI units that are provided for information only
and are not considered standard.

1.9 This standard does not purport to address all of the
safety concerns, if any, associated with its use. It is the
responsibility of the user of this standard to establish appro-
priate safety, health, and environmental practices and deter-
mine the applicability of regulatory limitations prior to use.

1.10 This international standard was developed in accor-
dance with internationally recognized principles on standard-
ization established in the Decision on Principles for the
Development of International Standards, Guides and Recom-
mendations issued by the World Trade Organization Technical
Barriers to Trade (TBT) Committee.

2. Referenced Documents

2.1 ASTM Standards:
E543 Specification for Agencies Performing Nondestructive

Testing
E1316 Terminology for Nondestructive Examinations
IEEE/SI-10 American National Standard for Metric Practice
2.2 Other Standards:
SNT-TC-1A Personnel Qualification and Certification in

Non-Destructive Testing

3. Terminology

3.1 Definitions of terms specific to this standard are pro-
vided in this section. Some common terms such as defect may
be referenced to Terminology E1316.
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3.2 Definitions of Terms Specific to This Standard:
3.2.1 circumferential extent—the length of a discontinuity in

the circumferential direction, usually given as a percentage of
the pipe circumference.

3.2.2 circumferential orientation—the circumferential posi-
tion of a localized indication on the pipe, usually given as the
clock position or degrees from the top circumferential position
of the pipe.

3.2.3 coherent noise—indications caused by real disconti-
nuities causing a background noise, which exponentially de-
cays with distance (see Terminology E1316).

3.2.4 cross-sectional area change (CSC)—the change in the
circumferential cross-section of pipe from its nominal total
cross-section, usually given in percentage.

3.2.5 dead zone—this is an area that can be up to 1 m (3 ft)
long on either side of the transducer ring that is not inspected
during the testing. The area of the dead zone is a function of the
excitation frequency and the number of cycles transmitted. The
area is inversely related to frequency and directly related to the
number of cycles.

3.2.6 estimated cross-sectional loss (ECL)—this is some-
times used instead of Cross-Sectional Area Change, where the
feature is related to a defect.

3.2.7 flexural wave—wave propagation mode that produces
bending motion in the pipe.

3.2.8 guided wave (GW)—stress waves travelling in a struc-
ture bounded in the geometry and configuration of the struc-
ture.

3.2.9 guided wave testing (GWT)—non-destructive test
method that utilizes guided waves.

3.2.10 incoherent noise—random signals caused by electri-
cal and ambient radio frequency signal pollution, giving rise to
a constant average noise floor. The terms “Ambient Noise” and
“Random Noise” are also used.

3.2.11 pipe feature—pipe components including but not
limited to weld, support, flange, bend, and flaw (defect) cause
reflections of a guided wave due to a change in geometry.

3.2.12 reflection amplitude—the amplitude of the reflection
signal typically reported as CSC or reflection coefficient.

3.2.13 reflection coeffıcient—a parameter that represents the
amplitude of reflected signal from a pipe feature with respect to
the incident wave amplitude, usually expressed in percentage
and called “% reflection.” Used in lieu of CSC to characterize
the severity of indications.

3.2.14 shear wave couplant—couplant designed specifically
to effectively couple directly generated shear waves (waves not
generated through refraction of longitudinal waves).

3.2.15 signal to noise ratio (SNR)—ratio of the amplitude of
any signal of interest to the amplitude of the average back-
ground noise which includes both coherent and non-coherent
types of noise.

3.2.16 test location—location where the transduction device
is placed on the pipe for inspection.

3.2.17 time controlled gain (TCG)—gain applied to the
signal as a function of time or distance from the initial pulse
used to compensate wave attenuation in the pipeline. The TCG
normalizes the amplitude over the entire time scale displayed.
For example, using TCG, a 5 % reflector near the probe has the
same amplitude as a 5 % reflector at the end of the time display.
The TCG plot can be used in lieu of DAC curve plot.

3.2.18 torsional wave—wave propagation mode that pro-
duces twisting motion in the pipe.

3.2.19 transduction device—a device used to produce and
detect guided waves. It is commonly called “guided wave
probe.”

3.2.20 wave mode—a particular form of propagating wave
motion generated into a pipe, such as flexural, torsional or
longitudinal.

4. Summary of Practice

4.1 GWT evaluates the condition of metal pipes to primarily
establish the severity classification of defects by applying GW
over a typical test frequency range from 10 to approximately
250 kHz which travels along the pipe. Reflections are gener-
ated by the change in cross-sectional area or local stiffness of
the pipe, or both.

4.2 The transduction device attached around the pipe gen-
erates guided waves that travel in the pipe wall. The direction
of wave propagation is controlled or can be in both directions
simultaneously. These guided waves can evaluate long lengths
of pipe and are especially useful when access to the pipe is
limited.

4.3 This examination locates areas of thickness reduction(s)
and provides a severity classification as to the extent of that
damage. The results are used to assess the condition of the
pipe, to determine where damaged areas are located along the
length of the pipe, and their circumferential position on the
pipe (when segmented transmitters or receivers, or both, are
used). The information can be used to program and prioritize
additional inspection work and repairs.

4.4 Reflections produced by pipe features (such as circum-
ferential welds, elbows, welded supports, vents, drainage,
insulation lugs, and other welded attachments) and that are not
associated with areas containing possible defects are consid-
ered as relevant signals and can be used for setting GW system
defect detection sensitivity levels and time calibration.

4.5 Other sources of reflection may include changes in
surface impedance of the pipe (such as pipe supports and
clamps). These reflections are normally not relevant, but
should be analyzed and classified in an interpretation process.
In the advanced applications which are not covered by this
practice, these changes may also include various types of
external/internal coatings, entrance of the pipe to ground, or
concrete wall.

4.6 Inspection of the pipe section immediately connecting to
branch connections, bends or flanges are considered advance
applications which are not covered by this practice.

4.7 False indications are produced by phenomena such as
reverberations, incomplete control of wave propagation
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direction, distortion at elbows, and others. These signals should
be analyzed and classified as false echoes in the interpretation
process.

5. Significance and Use

5.1 The purpose of this practice is to outline a procedure for
using GWT to locate areas in metal pipes in which wall loss
has occurred due to corrosion or erosion.

5.2 GWT does not provide a direct measurement of wall
thickness, but is sensitive to a combination of the CSC (or
reflection coeffıcient) and circumferential extent and axial
extent of any metal loss. Based on this information, a classi-
fication of the severity can be assigned.

5.3 The GWT method provides a screening tool to quickly
identify any discontinuity along the pipe. Where a possible
defect is found, a follow-up inspection of suspected areas with
ultrasonic testing or other NDT methods is normally required
to obtain detailed thickness information, nature, and extent of
damage.

5.4 GWT also provides some information on the axial
length of a discontinuity, provided that the axial length is
longer than roughly a quarter of the wavelength.

5.5 The identification and severity assessment of any pos-
sible defects is qualitative only. An interpretation process to
differentiate between relevant and non-relevant signals is
necessary.

5.6 This practice only covers the application specified in the
scope. The GWT method has the capability and can be used for
applications where the pipe is insulated, buried, in road
crossings, and where access is limited.

5.7 GWT shall be performed by qualified and certified
personnel, as specified in the contract or purchase order.
Qualifications shall include training specific to the use of the
equipment employed, interpretation of the test results, and
guided wave technology.

5.8 A documented program which includes training,
examination, and experience for the GWT personnel certifica-
tion shall be maintained by the supplying party.

6. Basis of Application

6.1 The following items are subject to contractual agree-
ment between the parties using or referencing this practice.

6.2 Personnel Qualifications—Unless otherwise specified in
the contractual agreement, personnel performing examinations
to this practice shall be qualified in accordance with one of the
following:

6.2.1 Personnel performing examinations to this practice
shall be qualified in accordance with SNT-TC-1A and certified
by the employer or certifying agency, as applicable. Other
equivalent qualification documents may be used when speci-
fied in the contract or purchase order. The applicable revision
shall be the latest unless otherwise specified in the contractual
agreement between parties.

6.2.2 Personnel qualification accredited by the GWT equip-
ment manufacturers.

6.3 This practice or standard used and its applicable revision
shall be identified in the contractual agreement between the
using parties.

6.4 Qualifications of Non-destructive Testing Agencies—
Unless otherwise specified in the contractual agreement, NDT
agencies shall be qualified and evaluated as described in
Specification E543, and the applicable edition of Specification
E543 shall be specified in the contractual agreement.

6.5 Procedure and Techniques—The procedures and tech-
niques to be utilized shall be specified in the contractual
agreement. It should include the scope of the inspection, that is,
the overall NDT examination intended to identify and estimate
the size of any indications detected by the examination, or
simply locate and provide a relative severity classification.

6.6 Surface Preparation—The pre-examination site prepa-
ration criteria shall be in accordance with 8.3 unless otherwise
specified.

6.7 Required Interval of Examination—The required inter-
val or the system time in service of the examination shall be
specified in the contractual agreement.

6.8 Extent of the Examination—The extent of the examina-
tion shall be in accordance with 6.5 above unless otherwise
specified. The extent should include but is not limited to:

6.8.1 The sizes and length(s) of pipes to be inspected.
6.8.2 Limitations of the method in the areas of application.
6.8.3 Drawings of pipe circuits, pipe nomenclature and

identification of examination locations.
6.8.4 Pipe access method(s).
6.8.5 Safety requirements.

6.9 Reporting Criteria—The test results of the examination
shall be documented in accordance with the contractual agree-
ment. This may include requirements for permanent records of
the collected data and test reports. The report documentation
should include:

6.9.1 Equipment inspector and test results reviewed by (if
applicable).

6.9.2 Date and time of the examination performed.
6.9.3 Equipment used.
6.9.4 Test procedure/specification used.
6.9.5 Acceptance criteria.
6.9.6 Inspection location.
6.9.7 Identification of areas inspected.
6.9.8 Identification of the inspection range.
6.9.9 Any other information deemed necessary to reproduce

or duplicate test results.

6.10 Reexamination of Repairs/Rework Items—
Examination of repaired/reworked items is not addressed in
this practice and, if required, shall be specified in the contrac-
tual agreement.

7. Apparatus

7.1 The GWT apparatus shall include the following:
7.1.1 Transduction Device Transmitter—A transduction sys-

tem using the magnetostrictive effect for the generation of
guided wave modes with axial propagation on cylindrical
pipes.
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7.1.2 Transduction Device Receiver—A system for the de-
tection of the signal reflected by the geometric features on the
pipe, which can be the same as the transmitter or an analogous
transduction system.

7.1.3 Instrumentation—The GWT instrumentation shall be
capable of generating, receiving and amplifying electrical
pulses within the frequency range used by GWT. Additionally,
it shall be capable of communicating with a computer so that
collected data can be processed and recorded.

7.1.4 Processing System—This is a software interface for
processing and analyzing the signal, capable of distinguishing
at least one guided wave mode for the specific detection
system.

8. Examination Procedure

8.1 It is important to ensure that the proposed inspection
falls within the capabilities of the technology and equipment
and that the using party or parties understand the capabilities
and limitations as it applies to their inspection.

8.2 Pre-examination Preparation:
8.2.1 All test equipment shall have current and valid cali-

bration certificates.
8.2.2 Follow the equipment manufacturer’s recommenda-

tions with regard to equipment pre-test verification and check
list. As a minimum this check list should include but is not
limited to:

8.2.2.1 Electronics fully operational.
8.2.2.2 Verification that interconnection cables are in good

condition and functioning correctly.
8.2.2.3 Correct transduction device size for the intended

pipes.
8.2.2.4 The transduction device is functioning correctly.
8.2.2.5 Any computer used with the system is functioning

correctly and has sufficient storage capacity for the intended
work scope.

8.2.2.6 Supplementary equipment, such as an ultrasonic
flaw detector or specialized pit gauges are available and
functioning correctly.

8.2.2.7 All necessary accessories such as tape-measure and
markers are available.

8.2.3 Ensure all site safety requirements and procedures are
reviewed and understood prior to starting any field work.

8.3 Examination Site Preparation:
8.3.1 Pipe Surface Condition—To obtain the best coupling

condition, the surface shall be clean and free of any loose paint,
dirt, oxidation, or any foreign substance that may interfere in
energy transmission. Wire brushing or sanding, or both, are
usually sufficient to prepare the surface if it is safe and
permitted to do so.

8.3.2 Insulation—If the pipe is insulated, carefully remove
an amount of insulation for mounting the magnetostrictive
transduction device to the pipe (a minimum of 0.3 m (1 ft).
Prior to removing the insulating material ensure it is safe and
permissible to do so.

8.3.3 GWT is most effective for testing long lengths of pipe.
However, short radius elbows distort GWT signals, making
interpretation of signals obtained at distances beyond the elbow
difficult. Where possible, it is good practice to exclude from

evaluation sections of pipe immediately after elbows. In any
case, no signals after two elbows should be analyzed. It is
sometimes better to take additional data at different locations
than interpreting a signal beyond multiple features or those
with complicated geometries. Consider taking a second reading
at a second test location (as recommended by the manufac-
turer) for confirmation of features and false echo identification.

8.3.4 Visual Inspection—Visually inspect the pipe where
possible for potential damage areas or corrosion, such as the
support areas, if possible defect indications are found in the
GWT result.

8.3.5 Surface Temperature—Verify that the surface tempera-
ture of the pipe to be tested is within the manufacturer’s
specifications for the equipment.

8.3.6 Thickness Check—Before mounting the transduction
device, verify that there is no degradation in the pipe wall
thickness at the test location. As a minimum requirement,
thickness measurements at no less than four equally spaced
positions around the pipe should be made using an appropriate
thickness measuring instrument and procedure. Some agencies
may also require thickness measurement of the entire dead
zone. It is important to note that attaching the transduction
device at locations with very severe corrosion may cause
further damage to the pipe if a mechanical force system is used
for coupling.

8.4 Transduction Device—The transduction device should
be attached to the pipe using proper coupling methods.

8.5 Couplant—Good coupling is obtained by simply apply-
ing sufficient mechanical force on the transduction device or by
the use of epoxy bonding or shear wave couplant on the
transduction device in lieu of mechanical force devices.

8.6 Choosing Test Location—After completing the exami-
nation site preparation outlined in 8.3, attach the transduction
device to the pipe. The test location should be chosen so as to
minimize false echoes. Avoid placing the transduction device
near a feature as the corresponding signal may appear within
the dead zone. In the dead zone, no echoes are received, as a
practice, a minimum of 0.13 m (0.4 ft) should be used to the
first area of inspection. Features such as welds which are used
for the DAC curves or TCG correction fitting, should be
outside the dead zone to ensure valid amplitude. Additionally,
transduction devices should not be positioned equidistant
between two features to avoid masking of the mirror echoes, if
any.

8.7 Attaching the Transduction Device—When attaching the
transduction device, it is important to ensure that the FeCo flat
strip is in good contact with the pipe and that the transduction
device is mounted parallel to the circumference of the pipe.
Further, it is important to apply the appropriate air pressure,
clamp torque settings (if dry coupling is used), or bonding or
shear wave couplant as specified in the manufacturer’s oper-
ating manual for proper installation of the transduction device.

8.8 Directionality and Orientation—The reported direction-
ality and orientation of the features depend on the way the
transduction device is installed. It is good practice to keep the
direction between different test locations the same, and in the
direction of product flow if known. To ensure the correct
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orientation is reported, a segmented transduction device should
be attached in accordance with the GWT manufacturer’s
recommendations.

8.9 Reproducibility—The examination pipe should be
marked with a paint marker indicating the transduction device
position, direction, and date of examination. This can assist,
should it be necessary, to reproduce the examination in the
future. This information should also be included in the exami-
nation documentation.

8.10 Test Location Information—The following amount of
information about the test location is needed in the processing
software to ensure the exact location can be identified. This
information to be recorded shall include the following:

8.10.1 Site Name—The name of the site, which may include
the plant name, plant unit number, approximate mile marker or
any relevant reference if available.

8.10.2 Pipe—The pipe identification if available. If not, the
pipe diameter should be recorded.

8.10.3 Datum—The reference feature from which the test
location is measured. Typical reference features used are welds
and flanges.

8.10.4 Distance—The distance between the datum and the
center of the transduction device shall be recorded. It is also
important to include both positive and negative signs in front of
the distance value for positive and negative direction of the
ring respectively.

8.11 Coupling Check—It is important that all transduction
devices are well coupled to the pipe. Prior to collecting any test
data, perform a coupling test in accordance with the manufac-
turer’s guidelines.

8.12 Examination Precautions—There are several precau-
tions that need to be addressed when analyzing the collected
data. These include:

8.12.1 Dead Zone—The length of the dead zone is a
function of the excitation frequency and the number of cycles
transmitted. The area is inversely related to frequency and
directly related to the number of cycles. In order to get a 100 %
coverage of the pipe there are two options:

8.12.1.1 Inspection of the dead zone with an alternative
NDT method such as ultrasonic testing.

8.12.1.2 Collect additional data from another test location
that provides an overlap of the previous test location. Some
agencies require a 20 % overlap on all data collected where
possible.

8.12.2 Expected Examination Range—There are several
physical test conditions on or around the pipe which affect the
maximum examination range that can be achieved (see Appen-
dix X1 for more detail). There are also equipment parameters
such as frequency and gain settings, which can be varied so as
to optimize the test parameters for specific test conditions on or
around the pipe. The maximum inspection range is defined in
8.18.

8.12.3 False Echo (False Signals)—Signals other than from
a real feature. Care should be taken to minimize the potential
for false signals to interfere with the interpretation of the data.
The most common sources of false echoes are:

8.12.3.1 Reverberations—Multiple reflections either be-
tween two large features along the pipe, or between the two
ends of a long feature. Echoes caused by reverberations
typically have small amplitudes.

8.12.3.2 Mirrors—Occurs due to insufficient control of the
propagation direction of the guided wave. The mirror echo
appears at the same distance from transduction device, but the
opposite direction, as the real reflection.

8.12.3.3 Modal Noise—Occurs when the transduction de-
vice is unable to control all the wave modes propagating in the
pipe. Even though the magnetostrictive transduction device
generates mostly torsional waves, reflectors in the pipe can
generate various guided wave modes; therefore, some modal
noise exists in the received waveform.

8.13 Collection Protocol—The collection protocol varies
certain collection parameters to optimize the data quality based
on the pipe diameter and the expected mechanism(s) on and
around the pipe. Most manufacturers include a procedure for
determining the optimum collection parameters automatically
for a specific test condition. These collection parameters
include:

8.13.1 Frequency—GWT is typically performed at frequen-
cies between approximately 10 and 250 kHz. When performing
a test, data should be collected with enough different frequen-
cies so as to be able to categorize each indication.

8.13.2 Bandwidth—Changing the signal bandwidth can as-
sist in resolving the attributes of a signal. A narrow bandwidth
enhances the frequency dependency of a signal while a wider
frequency bandwidth can improve the axial resolution of
signals such as closely spaced reflections.

8.13.3 Wave Mode—The GWT uses an axi-symmetric wave
mode excitation which generates a torsional wave mode.

8.14 Data Collection—After installing the transduction de-
vice and performing the coupling check, the next step of the
examination procedure is data collection. It is important that
the data recorded are sufficient and comprehensive to evaluate
and interpret any signals which may be present on the pipes.
Choose the most appropriate collection protocol (see 8.13) and
collection range to perform the initial data collection as per the
equipment manufacturer’s guidelines. Immediately after the
data collection, it is important to review the collected data to
ensure proper operation of the equipment during the test and
the quality meets the required standard. The data review should
include an evaluation of the SNR and the transducer balance.
Poor SNR is usually caused by poor coupling of the magne-
tostrictive transduction device, poor magnetic conditioning of
the magnetostrictive strip material, or high incoherent noise.
Should there be any significant problems observed in the data,
the data should be discarded and the problem addressed.

8.15 Distance Amplitude Correction (DAC) or Time Cor-
rected Gain (TCG)—As the excitation signal travels away from
the transduction device, its signal amplitude decreases. There
are several reasons for the energy loss, including material
damping, reflections at features, energy leakage, and surface
conditions. The DAC or TCG provides the ability to determine
the signal amplitude at a point away from the transduction
device. This allows for determining the relative amplitude of
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an echo, expressed in either CSC, ECL, or reflection
coefficient, at a given distance. When using the magnetostric-
tive transduction guided wave technology, DAC or TCG gain
compensation can be used. When the DAC curve is used, a
curve representing the attenuation as a function of distance for
a given reflection amplitude is displayed on the waveform
screen. When TCG is used, the gain of the unit is corrected so
that a given amplitude reflector has the same amplitude across
the entire length of the exam, removing the effect of attenua-
tion on the displayed amplitude. If the DAC curves are set too
low or the TCG is applied incorrectly, the size of possible
defects may be overestimated or underestimated, and vice
versa. Therefore, it is vital that the DAC levels or the TCG, or
both, are set correctly before interpreting the data as they
provide reference CSC or reflection coefficient levels to all
other signals for comparison. There are four DAC curves or
TCG settings that can be used in evaluating GWT reflections.
Most systems provide inspectors the means of manually
adjusting these curves. (Fig. 1 shows data with the DAC and
TCG applied and Fig. 2 illustrates a signal with a DAC curve
showing coherent and incoherent noise).

8.15.1 Flange DAC or TCG Setting—This is a DAC curve
or TCG setting that represents the expected amplitude of a
reflection from a large feature which reflects approximately a
100 % (that is, 0 dB) of the amplitude of the excitation signal
and no energy can therefore pass through.

8.15.2 Weld DAC or TCG Setting—Pipe girth welds typi-
cally present 10 to 35 % CSC. The amount of energy reflected
at the weld is the reason why the maximum number of pipe
joints that can be inspected is limited.

8.15.3 Call DAC or threshold after application of TCG—
This is the typical threshold level that is used to determine the
severity of a defect if found.

8.16 Ambient Noise—Ambient noise causes an increase in
the overall incoherent noise level. Special precautions should

be taken when ambient noise is higher than normal. Most
equipment manufacturers offer special protocols to test in high
ambient noise areas.

8.17 Detection Threshold (DT)—The DT of an examination
is equivalent to the sensitivity, and it is typically set to 6 dB
above the background noise but it can also be manually set by
the inspectors.

8.18 Inspection Range—The section of pipe between the
transduction device and the end of test in one direction where
the sensitivity is greater than the Call level (see 8.15.3).
Depending on the coverage requirements, this inspection range
is often used to determine the subsequent test locations. As the
attenuation varies with frequency, the inspection range is
normally specified for a particular frequency. The inspection
range is also limited by the presence of a flange, or any feature
that is not within the scope of the standard.

8.19 Distance Standardization—The acoustic properties of
different grades of steel varies slightly, causing an offset in the
reported distance of the features. The software typically uses
the acoustic properties of carbon steel. In most cases, the
distance offset is very small, and therefore, it is not necessary
to perform distance standardization. However, where the pipe
material is not carbon steel, it is good practice to standardize
distance in the software against a physical measurement prior
to analyzing the data. Some systems have the ability to
calibrate the velocity of the material based on known locations
of weld or flanges.

8.20 Data Review—The initial review of the data is to
separate data into relevant, non-relevant signals and indica-
tions. Data review is a process that each specific GWT system
manufacturer provides detailed training in how to use their data
review or data analysis software.

8.20.1 Signal Interpretation—Interpretation of GWT signals
is the difficult part of this method. A number of tools are

FIG. 1 Comparison of TCG data plot (Top) and its DAC curve plot (Bottom) using magnetostrictive transduction (Both results are dis-
played in the linear amplitude scale)
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available to help analyzing and distinguishing signals between
various features, and these tools include:

8.20.1.1 Shape of Reflected Signal—The shape provides
information on the axial length of a feature. An irregular
reflection is typically associated with a feature that extends
along the pipe such as a corrosion patch, whereas a short
uniform reflection would indicate a short reflector such as a
weld.

8.20.1.2 Amplitude—The signal amplitude is indicated by
the relative signal amplitude of the axi-symmetric wave, in
terms of CSC or reflection coefficient. The shape of the signal
also affects the amplitude to some extent because of the
interference of reflections and scattering within the disconti-
nuity boundaries. For a defect, the amplitude correlates to the
percentage of cross-section loss of the defect at that particular
position.

8.20.1.3 Behavior at Different Frequencies—Additional in-
formation can be obtained by observing the signal response of
certain features at different frequencies. The amplitude and the
shape of the signal for an axially short feature, such as welds,
remain unchanged as the frequency is changed. However, if the
axial length is long, such as a corrosion patch, multiple signals
are generated within the feature, causing interference that
changes with frequencies; therefore, both amplitude and shape
typically change with frequencies for axially long features.

Additionally, the amplitude of features causing a change in
stiffness, such as contact supports, is also generally frequency
dependent.

8.20.1.4 Phase—As the signal amplitude can be caused by
either an increase or a decrease in CSC, the phase information
provides a way to determine the difference between them. For
example, a weld which is an increase in CSC would have a
different phase to that of a defect, which is a decrease in CSC.
When evaluating the change in phase with respect to other
reflectors, the intent is not to determine the actual phase of each
reflection signal but instead determine which of the reflectors
can be grouped into similar responses. The phase information
is only accurate when the SNR is good, therefore, this tool is
not normally used alone.

8.20.1.5 Attenuation Changes—When there is a change on
the expected attenuation pattern, it indicates there is a change
in the pipe condition. Be it caused by general corrosion or
internal deposit, further investigation is usually required to
determine the source.

8.20.1.6 DAC and TCG Fittings—The DAC curves and
TCG are set typically using at least two reference reflectors, as
shown in Fig. 2, commonly welds or features with a known
approximately CSC or reflection coefficient value. For this
reason, it is imperative to be able to identify the signals
corresponding to the reference reflectors either by the signal

FIG. 2 MsS data plot showing a DAC curve and signals from welds and coherent and incoherent noise
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characteristics or visually. Note that attenuation in GWT is
heavily frequency dependent; therefore, DAC curves are usu-
ally set at all collected frequencies in the data. An illustration
of the DAC fitting can be found in Appendix X2.

8.20.2 Relevant Signals—Relevant signals are generated by
physical fittings of the pipe, which include, but are not limited
to, features such as welds, flanges, valves, elbows, T-pieces,
supports, and diameter changes. These features are identified
both by the signal characteristics and visually, when possible,
as to their positions on the pipe. It is important to correlate the
guided wave indications with the visual observations of the
pipe. These indications should be noted in the software of the
GWT test equipment. See Annex A1 for guidelines in deter-
mining reflector characteristics.

8.20.3 Non-Relevant Indications—Non-relevant signals are
those associated with noise, false echoes and other non-useable
information. The following may be used to help identify the
non-relevant indications:

8.20.3.1 Mirrors—If the system displays a large feature in
one direction and a small feature at the equal distance in the
opposite direction from the test location, there is a high
possibility that the smaller indication is a mirror echo. The
most effective way to deal with mirror echoes is to move the
transduction device approximately 0.6 m (2 ft) and repeat the
test. This causes the mirror echoes to move or disappear as the
test position changes.

8.20.3.2 Reverberations—This usually occurs when the
transduction device is between two larger reflectors. The
reverberation echo typically appears as a small indication past
the first feature. Most of the GWT systems have software that
helps analyze the presence of reverberations. If reverberation is
confirmed, move the transduction device to a location outside
of the two reverberating features and perform additional
examinations to obtain inspection results.

8.20.4 Indications—All other indications should be consid-
ered unclassified and further analysis should be performed on
each one to determine their source and orientation.

8.20.5 Classification of Data—For the magnetostrictive
transduction system the classification is determined based on
the reflection coefficient, and their relationships with the call
DAC level. If the call level is set too low, inspectors are likely
to overcall; while if the call level is set too high, inspectors are
likely to under-call. It is important that the call level set reflects
the detection requirements which should be agreed between
parties beforehand.

8.20.6 Severity Classification Use and Significance—
Assigning a severity classification should be used for
reference, classification of indications and setting priorities for
follow-up inspection. The categories are usually assigned
based on criteria described in 8.20.1.1, as shown in Table 1.It
is, therefore, important that the call DAC level percentage or
similar detection sensitivity requirement is specified in the
contractual agreement which reflects the requirements of the
industry. The GWT does not provide information regarding the
remaining wall thickness or nature of the damage. This
information can only be obtained as a result of follow-up
inspection with other NDE methods on the areas where
relevant indications associated with defects have been identi-
fied. GWT is a method for detection and classification of
damage, and their result shall be treated as qualitative only.

9. Report

9.1 The test report shall document the results of the inspec-
tion. It must have all information to be able to reproduce the
test at a future date if desired. Most, if not all, of the items
detailed in 8.10 should be included. Additionally, all observa-
tions obtained from visual inspection, thickness measurements
with UT, and other pertinent information that is deemed as
having an effect on the quality, or characteristics, or both, of the
data or results should be recorded and included in the final
report. All relevant and non-relevant indications identified
during the examination should be included with a classification
provided those reflections deemed to be associated with
defects. All results from follow-up inspection with other NDE
methods shall be included in the report if available.

10. Keywords

10.1 guided wave testing; guided waves; magnetostrictive
transduction; NDT of pipes; pipeline inspection

TABLE 1 Severity Classification of Indications Observed with the
Guided Waves Generated Using Magnetostrictive Transduction

Assuming the noise floor is approximately 2 % CSC
Minor indication is
2-4 % CSC

Medium indication is
5-10 % CSC

Major indication > 10 %
CSC

Assuming the noise floor is greater than 2 % CSC
Minor indication cannot
be identified

Medium indication is
5-10 % CSC

Major indication > 10 %
CSC
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ANNEX

(Mandatory Information)

A1. REFLECTOR CHARACTERISTICS

A1.1 See Table A1.1.

APPENDIXES

(Nonmandatory Information)

X1. ATTENTUATION

X1.1 Attenuation is the signal loss as it propagates along a
structure. The loss can be caused by a combination of factors—
dissipation, mode conversion, scattering due to surface
roughness, absorption into other mediums and others. The rate
of signal decay is the factor which determines the maximum
test range for any given set up.

X1.2 Attenuation Rate—Attenuation rate is typically speci-

fied in loss per rate of distance traveled. This would be
expressed as dB/m. Occasionally, if different frequencies have
significantly different attenuation rates, it may be expressed as
either dB/kHz or dB/kHz-m.

X1.3 Typical attenuation rates and average test range in
each direction for different test pipe configurations are found in
Table X1.1

TABLE A1.1 Reflector Characteristics

Feature Visual Amplitude Shape Frequency Symmetry Phase Orientation
Flange Likely visible Typically the

highest
Irregular Inconsistent Symmetric N/A Fully

circumferential
Weld May be visible if

not insulated
Medium Clean, uniform,

single echo
Consistent

across wide
range

Symmetric Same as all
welds

Fully
circumferential

Elbow Likely visible Medium 1st Weld: Clean,
uniform

1st Weld:
Consistent

1st Weld:
Symmetric

N/A 1st Weld: Fully
circumferential

2nd Weld: Mostly
uniform

2nd Weld:
Inconsistent

2nd Weld: Non-
symmetric

2nd Weld:
Depending on
elbow direction

Valve/Drain Likely visible Medium Small size:
Uniform

Small size:
Consistent

Non-symmetric N/A Either top or
bottom of the

pipe
Large size:

Irregular
Large size:
Inconsistent

T-piece Likely visible Medium Irregular Inconsistent Non-symmetric N/A Partial
circumferential

Reducer May be visible if
not insulated

Medium Irregular Inconsistent Symmetric N/A Fully
circumferential

Short contact Support likely
visible

Low Clean, uniform,
single echo

Inconsistent Non-symmetric N/A Bottom

Long contact Support likely
visible

Low Irregular Inconsistent Non-symmetric N/A Bottom

Short Clamp
support

Likely visible Medium Clean, uniform,
single echo

Inconsistent Symmetric N/A Fully
circumferential

Axial support
(welded)

Likely visible Medium Irregular Inconsistent Non-symmetric N/A Bottom

Saddle support Likely visible Medium Irregular Inconsistent Non-symmetric N/A Bottom
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X2. TYPICAL DISPLAY OF THE LINEAR AMPLITUDE VERSUS DISTANCE GWT DISPLAY USING MAGNETOSTRICTIVE
TRANSDUCTION WITH SEGMENTED RECEIVERS

X2.1 See Fig. X2.1.

TABLE X1.1 Typical Attenuation Rates and Average Test Range in Each Direction for Different Test Pipe Configurations

Test Condition Typical Attenuation, dB/m (dB/ft) Typical Range of Test, m (ft)
Clean, Straight Pipe -0.15 to -0.5

(-0.046 to -0.17)
50 to 200

(164 to 656)
Clean, Wool Insulated -0.17 to -0.75

(-0.052 to -0.23)
40 to 175

(131 to 574 ft)
Insignificant/Minor Corrosion -0.5 to -1.5

(-0.152 to -0.457)
20 to 50

(65.6 to 164)
Significant Corrosion -1 to -2

(-0.305 to -0.61)
15 to 30

(49.2 to 98.4)
Kevlar Wrapped -0.15 to -1

(-0.046 to -0.305)
30 to 200

(98.4 to 656)
Spun Epoxy Coating -0.75 to -1

(-0.23 to -0.305)
30 to 50

(98.4 to 164)
Well Packed Earth -1 to -2

(-0.305 to -0.61)
15 to 30

(49.2 to 98.4)
Thin (<2.5mm), Hard Bitumen Tape -1.25 to -6

(-0.381 to -1.83)
5 to 25

(16.4 to 82)
Thick (>2.5mm), Soft Bitumen Tape -4 to -16

(-1.22 to -4.88)
2 to 8

(6.56 to 26.24)
Well Bonded Concrete Wall -16 to -32

(-4.88 to 9.76)
1 to 2

(3.28 to 6.56)
Grout Lined Pipe -1 to -3

(-0.305 to 0.91)
10 to 30

(32.8 to 98.4)
Loosely Bonded Concrete Wall -4 to -16

(-1.22 to -4.88)
2 to 8

(6.56 to 26.24)

FIG. X2.1 Typical Display of the Linear Amplitude Versus Distance and B-scan Image for the Magnetostrictive Transduction GWT when
Using Segmented Receivers



MANDATORY APPENDIX II
STANDARD UNITS FOR USE IN EQUATIONS

Table II-1
Standard Units for Use in Equations

Quantity U.S. Customary Units SI Units

Linear dimensions (e.g., length, height, thickness, radius, diameter) inches (in.) millimeters (mm)
Area square inches (in.2) square millimeters (mm2)
Volume cubic inches (in.3) cubic millimeters (mm3)
Section modulus cubic inches (in.3) cubic millimeters (mm3)
Moment of inertia of section inches4 (in.4) millimeters4 (mm4)
Mass (weight) pounds mass (lbm) kilograms (kg)
Force (load) pounds force (lbf) newtons (N)
Bending moment inch‐pounds (in.‐lb) newton‐millimeters (N·mm)
Pressure, stress, stress intensity, and modulus of elasticity pounds per square inch (psi) megapascals (MPa)
Energy (e.g., Charpy impact values) foot‐pounds (ft‐lb) joules (J)
Temperature degrees Fahrenheit (°F) degrees Celsius (°C)
Absolute temperature Rankine (°R) kelvin (K)
Fracture toughness ksi square root inches (ksi ) MPa square root meters ( )

Angle degrees or radians degrees or radians
Boiler capacity Btu/hr watts (W)
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NONMANDATORY APPENDIX A
GUIDANCE FOR THE USE OF U.S. CUSTOMARY AND SI UNITS IN

THE ASME BOILER AND PRESSURE VESSEL CODE

A-1 USE OF UNITS IN EQUATIONS

The equations in this Section are suitable for use with
either the U.S. Customary or the SI units provided in Man-
datory Appendix II, or with the units provided in the no-
menclatures associated with the equations. It is the
responsibility of the individual and organization perform-
ing the calculations to ensure that appropriate units are
used. Either U.S. Customary or SI units may be used as a
consistent set. When necessary to convert from one sys-
tem of units to another, the units shall be converted to
at least three significant figures for use in calculations
and other aspects of construction.

A-2 GUIDELINES USED TO DEVELOP SI
EQUIVALENTS

The following guidelines were used to develop SI
equivalents:

(a) SI units are placed in parentheses after the U.S. Cus-
tomary units in the text.

(b) In general, separate SI tables are provided if inter-
polation is expected. The table designation (e.g., table
number) is the same for both the U.S. Customary and SI
tables, with the addition of suffix “M” to the designator
for the SI table, if a separate table is provided. In the text,
references to a table use only the primary table number
(i.e., without the “M”). For some small tables, where inter-
polation is not required, SI units are placed in parenthe-
ses after the U.S. Customary unit.

(c) Separate SI versions of graphical information
(charts) are provided, except that if both axes are dimen-
sionless, a single figure (chart) is used.

(d) In most cases, conversions of units in the text were
done using hard SI conversion practices, with some soft
conversions on a case-by-case basis, as appropriate. This
was implemented by rounding the SI values to the num-
ber of significant figures of implied precision in the exist-
ing U.S. Customary units. For example, 3,000 psi has an
implied precision of one significant figure. Therefore,
the conversion to SI units would typically be to
20000 kPa. This is a difference of about 3% from the “ex-
act” or soft conversion of 20684.27 kPa. However, the
precision of the conversion was determined by the Com-
mittee on a case-by-case basis. More significant digits

were included in the SI equivalent if there was any ques-
tion. The values of allowable stress in Section II, Part D
generally include three significant figures.

(e) Minimum thickness and radius values that are ex-
pressed in fractions of an inch were generally converted
according to the following table:

Fraction,
in.

Proposed SI
Conversion, mm

Difference,
%

1/32 0.8 −0.8
3/64 1.2 −0.8
1/16 1.5 5.5
3/32 2.5 −5.0
1/8 3 5.5
5/32 4 −0.8
3/16 5 −5.0
7/32 5.5 1.0
1/4 6 5.5
5/16 8 −0.8
3/8 10 −5.0
7/16 11 1.0
1/2 13 −2.4
9/16 14 2.0
5/8 16 −0.8

11/16 17 2.6
3/4 19 0.3
7/8 22 1.0
1 25 1.6

(f) For nominal sizes that are in even increments of
inches, even multiples of 25 mm were generally used. In-
termediate values were interpolated rather than convert-
ing and rounding to the nearest millimeter. See examples
in the following table. [Note that this table does not apply
to nominal pipe sizes (NPS), which are covered below.]

Size, in. Size, mm

1 25
11/8 29
11/4 32
11/2 38
2 50
21/4 57
21/2 64
3 75
31/2 89
4 100
41/2 114
5 125
6 150
8 200
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Table continued

Size, in. Size, mm

12 300
18 450
20 500
24 600
36 900
40 1 000
54 1 350
60 1 500
72 1 800

Size or Length, ft Size or Length, m

3 1
5 1.5

200 60

(g) For nominal pipe sizes, the following relationships
were used:

U.S.
Custom-

ary
Practice

SI
Practice

U.S.
Custom-

ary
Practice

SI
Practice

NPS 1/8 DN 6 NPS 20 DN 500
NPS 1/4 DN 8 NPS 22 DN 550
NPS 3/8 DN 10 NPS 24 DN 600
NPS 1/2 DN 15 NPS 26 DN 650
NPS 3/4 DN 20 NPS 28 DN 700
NPS 1 DN 25 NPS 30 DN 750
NPS 11/4 DN 32 NPS 32 DN 800
NPS 11/2 DN 40 NPS 34 DN 850
NPS 2 DN 50 NPS 36 DN 900
NPS 21/2 DN 65 NPS 38 DN 950
NPS 3 DN 80 NPS 40 DN 1000
NPS 31/2 DN 90 NPS 42 DN 1050
NPS 4 DN 100 NPS 44 DN 1100
NPS 5 DN 125 NPS 46 DN 1150
NPS 6 DN 150 NPS 48 DN 1200
NPS 8 DN 200 NPS 50 DN 1250
NPS 10 DN 250 NPS 52 DN 1300
NPS 12 DN 300 NPS 54 DN 1350
NPS 14 DN 350 NPS 56 DN 1400
NPS 16 DN 400 NPS 58 DN 1450
NPS 18 DN 450 NPS 60 DN 1500

(h) Areas in square inches (in.2) were converted to
square millimeters (mm2), and areas in square feet (ft2)
were converted to square meters (m2). See examples in
the following table:

Area (U.S. Customary) Area (SI)

1 in.2 650 mm2

6 in.2 4 000 mm2

10 in.2 6 500 mm2

5 ft2 0.5 m2

(i) Volumes in cubic inches (in.3) were converted to cu-
bic millimeters (mm3), and volumes in cubic feet (ft3)
were converted to cubic meters (m3). See examples in
the following table:

Volume (U.S. Customary) Volume (SI)

1 in.3 16 000 mm3

6 in.3 100 000 mm3

10 in.3 160 000 mm3

5 ft3 0.14 m3

(j) Although the pressure should always be in MPa for
calculations, there are cases where other units are used in
the text. For example, kPa is used for small pressures.
Also, rounding was to one significant figure (two at the
most) in most cases. See examples in the following table.
(Note that 14.7 psi converts to 101 kPa, while 15 psi con-
verts to 100 kPa. While this may seem at first glance to be
an anomaly , i t is consistent with the rounding
philosophy.)

Pressure
(U.S. Customary)

Pressure
(SI)

0.5 psi 3 kPa
2 psi 15 kPa
3 psi 20 kPa

10 psi 70 kPa
14.7 psi 101 kPa
15 psi 100 kPa
30 psi 200 kPa
50 psi 350 kPa

100 psi 700 kPa
150 psi 1 MPa
200 psi 1.5 MPa
250 psi 1.7 MPa
300 psi 2 MPa
350 psi 2.5 MPa
400 psi 3 MPa
500 psi 3.5 MPa
600 psi 4 MPa

1,200 psi 8 MPa
1,500 psi 10 MPa

(k) Material properties that are expressed in psi or ksi
(e.g., allowable stress, yield and tensile strength, elastic
modulus) were generally converted to MPa to three sig-
nificant figures. See example in the following table:

Strength
(U.S. Customary)

Strength
(SI)

95,000 psi 655 MPa

(l) In most cases, temperatures (e.g., for PWHT) were
rounded to the nearest 5°C. Depending on the implied
precision of the temperature, some were rounded to the
nearest 1°C or 10°C or even 25°C. Temperatures colder
than 0°F (negative values) were generally rounded to
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the nearest 1°C. The examples in the table below were
created by rounding to the nearest 5°C, with one
exception:

Temperature, °F Temperature, °C

70 20
100 38
120 50
150 65
200 95
250 120
300 150
350 175
400 205
450 230
500 260
550 290
600 315
650 345
700 370
750 400
800 425
850 455
900 480
925 495
950 510

1,000 540
1,050 565
1,100 595
1,150 620
1,200 650
1,250 675
1,800 980
1,900 1 040
2,000 1 095
2,050 1 120

A-3 SOFT CONVERSION FACTORS

The following table of “soft” conversion factors is pro-
vided for convenience. Multiply the U.S. Customary value
by the factor given to obtain the SI value. Similarly, divide

the SI value by the factor given to obtain the U.S. Custom-
ary value. In most cases it is appropriate to round the an-
swer to three significant figures.

U.S.
Custom-

ary SI Factor Notes

in. mm 25.4 ...
ft m 0.3048 ...
in.2 mm2 645.16 ...
ft2 m2 0.09290304 ...
in.3 mm3 16,387.064 ...
ft3 m3 0.02831685 ...
U.S. gal. m3 0.003785412 ...
U.S. gal. liters 3.785412 ...
psi MPa (N/mm2) 0.0068948 Used exclusively in

equations
psi kPa 6.894757 Used only in text

and for
nameplate

psi bar 0.06894757 ...
ft‐lb J 1.355818 ...
°F °C 5/9 × (°F − 32) Not for temperature

difference
°F °C 5/9 For temperature

differences only
°R K 5/9 Absolute

temperature
lbm kg 0.4535924 ...
lbf N 4.448222 ...
in.‐lb N·mm 112.98484 Use exclusively in

equations
ft‐lb N·m 1.3558181 Use only in text

ksi MPa 1.0988434 ...

Btu/hr W 0.2930711 Use for boiler rating
and heat transfer

lb/ft3 kg/m3 16.018463 ...
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ENDNOTES

1 SNT-TC-1A, Personnel Qualification and Certification in Nondestructive Testing; and ANSI/ASNT CP-189, ASNT Stan-
dard for Qualification and Certification of Nondestructive Testing Personnel; and ANSI/ASNT CP-105, ASNT Stan-
dard Topical Outlines for Qualification of Nondestructive Testing Personnel; published by the American Society
for Nondestructive Testing, 1711 Arlingate Lane, P.O. Box 28518, Columbus, OH 43228-0518.

2 In this Code Section, the term “organization” is used generically throughout to refer to a Manufacturer, Fabricator,
Installer, Assembler, or other entity responsible for complying with the requirements of this Section in the perfor-
mance of nondestructive examinations.

3 Sketches showing suggested source, film, and IQI placements for pipe or tube welds are illustrated in Article 2, Non-
mandatory Appendix A.

4 Refer to Article 2, Nonmandatory Appendix D for additional guidance.

5 See paragraph T-473 for cladding techniques.

6 See paragraph T-465, Calibration for Cladding.

7 When the Referencing Code Section requires the detection and evaluation of all indications exceeding 20% DAC, the
gain should be increased an additional amount so that no calibration reflector indication is less than 40% FSH. As an
alternate, the scanning sensitivity level may be set at 14 dB higher than the reference level gain setting. (This addi-
tional gain makes the reference DAC curve a 20% DAC curve so that indications exceeding 20% DAC may be easily
identified and evaluated.).

8 A flaw need not be surface breaking to be categorized as a surface flaw.

9 The methodology contained in Article 4, Mandatory Appendix IX is intended for new construction controlled by the
referencing Code Sections. When the User specifies Article 4, Mandatory Appendix IX for other uses such as post-
construction examinations, they should consider specifying more than the minimum required three flaws in the qua-
lification weld, requiring specific service-induced flaws, or possibly specifying an Article 14 high rigor type
qualification.

10 Reflections from concentric cylindrical surfaces such as provided by some IIW blocks and the AWS distance calibra-
tion block may be used to adjust delay zero and sweep range for metal path calibration.

11 Range has been replaced on many new instruments with velocity.

12 The balance of the calibrations in Article 4, Nonmandatory Appendix B is written based upon the use of the indexing
strip. However, the procedures may be transformed for other methods of measurements at the discretion of the
examiner.

13 When manually positioning the search unit, a straightedge may be used to guide the search unit while moving to the
right and left to assure that axial positioning and beam alignment are maintained.

14 Calibration by beam path measurement may be used by range control positioning by the block back reflection to the
sweep division number (or multiple) equal to the measured thickness. The 1/4T SDH indication must be delay control
positioned to 1/4 of the sweep division number.

15 Instead of drawing a 20% DAC or 20% reference level on the instrument’s screen, the gain may be increased 14 dB
to make the reference level DAC curve the 20% DAC curve or 20% of the reference level.

16 The examples shown in Nonmandatory Appendix P are not necessarily typical of all defects due to differences in
shape, size, defect orientation, roughness, etc.

17 “Bolting” as used in Article 5 is an all-inclusive term for any type of threaded fastener that may be used in a pressure
boundary bolted flange joint assembly such as a bolt, stud, studbolt, cap screw, etc.
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18 The qualification test of Mandatory Appendix IV may be performed by the User, the alternative wavelength light
source manufacturer, or the magnetic particle manufacturer.

19 System background noise. For definition of symbols, see Nonmandatory Appendix A.
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