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FOREWORD

The application of X-ray computed tomography (CT) for dimensional metrology has become common in many indus-
tries. This is primarily due to the ability of CT systems to measure inside a workpiece without requiring tactile or optical
access. However, there are currently no standards that address the performance evaluation of CT systems in a way, that
include$ material influence, which is a dominant source of error when these systems are used to evaluate typical wgrk-
pieces. For this reason, The American Society of Mechanical Engineers (ASME) decided to form the B89.4.28 Working
Group t¢ produce a standard for CT performance evaluation. This Standard is the result of significant effort bysthe worlfing
group tp develop a performance evaluation that includes all known sources of error in CT systems.

This $tandard provides definitions and a test procedure for the performance evaluation of X-ray.CT’systems used| for
dimensjonal measurements. Manufacturers and users of CT systems may use the results of the test’procedure to fylfill
contracfual requirements or to compare the performance of systems from different suppliéxs)or over time.

The t¢st procedure described in this Standard is intended to report errors that are representative of typical use casgs of
CT systg¢ms. Users of this Standard seeking to determine measurement error or uncertainty-for a particular workpiecg or
system [configuration should perform a specific study for that case.

This $tandard is available for public review on a continuing basis. This providestan*opportunity for additional pubplic
review jnput from industry, academia, regulatory agencies, and the public-at-large.

This first edition of ASME B89.4.23 was approved by the American National'Standards Institute on September 3, 2(20.



https://asmenormdoc.com/api2/?name=ASME B89.4.23 2020.pdf

ASME B89 COMMITTEE
Dimensional Metrology

(The following is the roster of the Committee at the time of approval of this Standard.)

omzT AT
232090

Charlton, Jr., Charlton Associates
Drescher, UTC — Pratt & Whitney

. Fink, Retired

lesner, Quality Vision International, Inc.

lerancing

iebers, Professional Instruments Co.

Long, ANSI National Accreditation Board
orse, University of North Carolina, Charlotte

B

e

TEARTT M
o9 Y%am=

P

rry, Consultant
reira, Caterpillar, Inc.
Pippenger, Rolls-Royce Purdue University

. GJ Salsbury, Mitutoyo America Corp.

wyer, National Institute of Standards and Technology

orse, Chair, University of North Carolina, Charlotte
Carpenter, U.S. Air Force Metrology.and Calibration
Charlton, Jr., Charlton Associates

hvies, Honeywell Federal Manufacturing and Technologies
Drescher, UTC — Pratt & Whitney

esner, Quality Vision Internatiohal, Inc.

Long, ANSI National Accreditation Board

Barry, Consultant

ereira, Caterpillar,.[nc.

S

hlecht, Chair, North Star Imaging, Inc.
loisi,-North Star Imaging, Inc.

STANDARDS COMMITTEE OFFICERS

E. Morse, Chair
E. R. Yaris, Vice Chair
J. Cassamassino, Secretary

STANDARDS COMMITTEE PERSONNEL

issamassino, The American Society of Mechanical Engineers

. Hetland, International Institute of Geometric Dimensioning &

SUBCOMMITTEE 4.~ COORDINATE MEASURING TECHNOLOGY

WORKING GROUP B89.4.23 —

J. R. Schmid]l, Optical Gaging‘Products, Inc.
C. Shakarji, National Institute of Standards and Technolo
R. L. Thompson, U.S.\Air Force Metrology and Calibratio
E. R. Yaris, Lowell,“Inc.

K. L. Skinner, Alternate, U.S. Air Force Metrology and Ca

B. Crowe, Contributing Member, CDI Engineering Solutiors

D. E. Beutel, Honorary Member, Caterpillar, Inc.

T. E. Carpenter, Honorary Member, U.S. Air Force Metrology
bration

D. J.Christy, Honorary Member, Mahr Federal, Inc.

R]J. Hocken, Honorary Member, University of North Carol
lotte

M. P.Krystek, Honorary Member, Physikalisch-Technische B
stalt

B. R. Taylor, Honorary Member, Consultant

B. S. Pippenger, Rolls-Royce Purdue University

J. B. Ross, GE Aircraft Engines

J. G. Salsbury, Mitutoyo America Corp.

J. Schlecht, North Star Imaging, Inc.

J. R. Schmid]l, Optical Gaging Products, Inc.

C. Shakarji, National Institute of Standards and Technolo
R. L. Thompson, U.S. Air Force Metrology and Calibratio
E. R. Yaris, Lowell, Inc.

CT MEASURING MACHINES

I. Schmidt, Werth Messtechnik GmbH
G. Schwaderer, Volume Graphics GmbH

3
D

ibration

and Cali-

na, Char-

undesan-

ey

J.
V.
F.
E.
B.
J.

J.

M
M

ld—Consultant
T

orse, University of North Carolina, Charlotte

O’Hare, Hexagon Metrology, Inc.

uralikrishnan, National Institute of Standards and Technology

G, clv\qlznr:l' National-Hstitute-of-Standards—and—Technold

8y

K. M. Shilling, National Institute of Standards and Technology

H. Villarraga-Gomez, Zeiss Industrial Quality Solutions


https://asmenormdoc.com/api2/?name=ASME B89.4.23 2020.pdf

CORRESPONDENCE WITH THE B89 COMMITTEE

General. ASME Standards are developed and maintained with the intent to represent the consensus of concerned
interests. As such, users of this Standard may interact with the Committee by requesting interpretations, proposing

revisiorls or a case, and attending Committee meetings. Correspondence should be addressed to:

Secretary, B89 Standards Committee

The American Society of Mechanical Engineers
Two Park Avenue

New York, NY 10016-5990
http://go.asme.org/Inquiry

Propgsing Revisions. Revisions are made periodically to the Standard to incorporate chdanges that appear necess
or desirpble, as demonstrated by the experience gained from the application of the Standard*Approved revisions wil
published periodically.

This $tandard is always open for comment, and the Committee welcomes proposals for revisions. Such propo
should lpe as specific as possible, citing the paragraph number(s), the proposed wotding, and a detailed description of
reasong| for the proposal, including any pertinent documentation.

Propgsing a Case. Cases may be issued to provide alternative rules when justified, to permit early implementatio
an apprpved revision when the need is urgent, or to provide rules notecoyered by existing provisions. Cases are effec
immediptely upon ASME approval and shall be posted on the ASME Committee web page.

Requests for Cases shall provide a Statement of Need and Ba¢kground Information. The request should identify
Standard and the paragraph, figure, or table number(s), and be written as a Question and Reply in the same forma|
existing Cases. Requests for Cases should also indicate the applicable edition(s) of the Standard to which the propg
Case apjplies.

Interpretations. Upon request, the B89 Standards.Committee will render an interpretation of any requirement of]
Standard. Interpretations can only be rendered in'tesponse to a written request sent to the Secretary of the B89 Standd
Commifjtee.

Requests for interpretation should preferably be submitted through the online Interpretation Submittal Form.
form is ficcessible at http://go.asme.org/InterpretationRequest. Upon submittal of the form, the Inquirer will receiv
automatic e-mail confirming receipt:

If the|Inquirer is unable to use~the online form, he/she may mail the request to the Secretary of the B89 Standg
Commifftee at the above addressy The request for an interpretation should be clear and unambiguous. It is further
ommenfed that the Inquirér submit his/her request in the following format:

Subject Cite the applicable paragraph number(s) and the topic of the inquiry in one or two wo
Edition Cite the applicable edition of the Standard for which the interpretation is being reques

Questioh: Phrase the question as a request for an interpretation of a specific requirement suitablg
general understanding and use, not as a request for an approval of a proprietary desig

ary
| be

bals
the

h of
[ive

the
t as
sed

the
rds

he
P an

rds
Fec-

ds.
fed.

for
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situation. Please provide a condensed and precise question, composed in such a way th

“ 2 m ] 1 . PR IS |
yCD Ul U lely IS dLLTPLAUIC.

Proposed Reply(ies): Provide a proposed reply(ies) in the form of “Yes” or “No,” with explanation as needed. If
entering replies to more than one question, please number the questions and replies.

Background Information: Provide the Committee with any background information that will assist the Committee in

understanding the inquiry. The Inquirer may also include any plans or drawings that

are

necessary to explain the question; however, they should not contain proprietary names or

information.
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Requests thatare notin the format described above may be rewritten in the appropriate format by the Committee prior
to being answered, which may inadvertently change the intent of the original request.

Moreover, ASME does not act as a consultant for specific engineering problems or for the general application or
understanding of the Standard requirements. If, based on the inquiry information submitted, it is the opinion of
the Committee that the Inquirer should seek assistance, the inquiry will be returned with the recommendation
that such assistance be obtained.

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.

» o«

Attending Committee Meetings. The B89 Standards Committee regularly holds meetings and/or telephond confer-
endes that are open to the public. Persons wishing to attend any meeting and/or telephone conferenceshotld contact the
Secfetary of the B89 Standards Committee. Future Committee meeting dates and locations can be foundon the Committee
Pagde at http://go.asme.org/B89committee.
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ASME B89.4.23-2020

X-RAY COMPUTED TOMOGRAPHY (CT)
PERFORMANCE EVALUATION

1 SCOPE

This Standard specifies the dimensional measurement accuracy of industrial X-ray computed-tomography (CT)
systems for length, size, and form measurands of sphere-based test objects made of homogeneous mdterials.
Meflical CT systems are outside the scope of this Standard. The material properties of the measured test|objects
arefrestricted to three classes of material selected to be representative of industrial materials: plastic polymers, aliminum
alldys, and steel alloys; other materials are outside the scope of this Standard. However, this,Standard may be L]%‘ed asa
guifle for testing the performance of a CT system for other materials. The evaluation of workpieces composed of multiple
materials or of materials with density gradients, i.e., gradual density variations withinthe'material, is outside the fcope of
thi{ Standard.
This Standard is applicable to dimensional measurements made at the surface'0f the workpiece, i.e., at the wqrkpiece
material-air interface, including those of internal cavities. The effect of complex workpiece-material influence fis simu-
latdd by test objects composed of spheres (serving as the metrological geometric elements) and an obstructing bpdy; the
obgtructing body’s dimensions are uncalibrated and its shape may be apbitrary. The spheres and obstructing body|shall be
of the same class of material and their combined length shall not exceed'the maximum penetration length for thiq class of
material, as stated by the CT system manufacturer.
This Standard applies to a variety of CT systems that may vary,by scanning mode and system components invplved in
the|acquisition of images. In cases where a system provides multiple configurations of X-ray sources, detectprs, and
scahning modes, the dimensional measurement accuracyymay be specified for each scanning mode.
This Standard does not mandate testing (by either.the CT manufacturer or the user) to verify CT performance. The
ampunt of testing, and which party will bear the cost oftesting, is a business decision and must be negotiated betyeen the
twq parties. Calibrated test objects can be expensive; hence, the parties should recognize the costs involved and plan the
testing accordingly.
Due to contrast sensitivity issues that ean.arise when X-rays must penetrate through large amounts of matefial, this
Staphdard does not provide maximum permissible error specifications that apply to detecting high spatial-frequerjcy form
errprs.

2 INTRODUCTION

ASME B89 performance’evaluation standards for dimensional coordinate measuring systems specify the dim¢nsional
mefsuring accuracy for. common measurements of industrial workpieces. Ideally the uncertainty associated wijith each
poipt coordinate within'the system’s measurement work zone would be reported, but because the accuracy ¢f an in-
divldual point coerdinate in space is impossible to experimentally verify, ASME B89 standards typically use a foint-to-
poipt length measurand that is both realizable and practical for system testing. The advantage of evaluating test objects
with point-t0-point length measurands is twofold: first, test objects are simple to manufacture and calibrate, and|second,
diff rent point to -point length measurands can be used to evaluate different effects Long range effects are eval ated by

pomts on their surface ie, sphere form measurands. Image thresholdmg issues that are associated with the determma-
tion of a surface are evaluated by the error of the size of the test spheres.

A primary goal of ASME B89.4 standards is to define maximum permissible error (MPE) specifications and their
associated rated operating conditions, which are useful when the user is measuring similar measurands on a
typical workpiece. For example, although a CT system might be tested with a calibrated steel test object, the user
should be confident that the combined MPE specifications for center-to-center length, form, and size error would
limit the error if a point-to-point length measurement were composed of a point on the exterior of a steel workpiece
and a point on an interior surface of a fully enclosed cavity of the workpiece.
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2.1 Organization

This Standard is organized into the following sections:

(a) Sections 1 and 2 provide the scope and introduction, respectively.

(b) Section 3 provides the normative references.

(c) Section 4 defines terminology specific to this Standard.

(d) Section 5 describes some examples of the rated operating conditions specified by the CT system manufactu
(e) Section 6 describes the required measurands for length, size, and form.

(f) Section 7 describes the test protocol.

rer.

(g) SEction8provides the decision rules for determining whether a set of test values yields a test outcome that ver]
the conformance of the CT system to its MPE specifications.

(h) Mandatory Appendix I describes the material classes.

(i) Mpandatory Appendix II describes the mathematical adjustment needed for test objects with low-density and |
CTE (cdefficient of thermal expansion) base materials.

(j) Mpndatory Appendix III provides a statement of metrological traceability described further in ASME B89.7.5-2(

(k) Mandatory Appendix IV describes test value uncertainty.

(1) Npnmandatory Appendix A provides examples of test objects.

(m) Nonmandatory Appendix B describes how to calculate a bidirectional length MPE{

(o) Nonmandatory Appendix C describes a supplementary test procedure when using-test objects with low-dengi

and low-CTE base materials.

2.2 Specifications

The apcuracy specifications are the MPEs associated with the measurementofthe specific dimensional and geome
charactgristics of the test objects. These values are specified by the CT systém manufacturer, and they represent
largest €T measurement errors permitted when a CT system is tested péerthe ASME B89.4.23 test protocol. A CT sys
that gerjerates measurement errors greater than the MPE values is not'in conformance with this Standard. These M
may be pf significant value when actual workpieces are measured. Theé rated operating conditions are specified by thg
system jnanufacturer and shall be satisfied for the MPE value (i.e., the “rating”) to be verified. The MPE can be thought g
atype ofmathematical function over the domain of rated operating conditions, and it yields an interval of permitted ert
thatisbpunded by the MPE value or values. Often the MPE function is just a single value; i.e., the function isa constant d
all rated operating conditions. Typical rated operating €onditions include such quantities as the size of the system wj

1es

tric
the
em
PEs

CT
fas
ors
ver
ork

zone unfer specification, data collection speeds, ambierit temperature conditions, the number of radiographs in a scar, X-

ray soufce voltages and currents, operator traiging and skill requirements, and other metrological factors that
requirefl to be satisfied for the system to fuhction properly; these are described in section 5.

2.3 Objjectives of the Test Protocot

Testing is designed to verify the(metrological specifications of the CT system. The test protocol described in

considef the system acceptable. A large amount of testing requested by a user can drive up the manufacturer’s costs,
insufficjent testing might miss errors that could demonstrate nonconformance with MPE specifications. This Stand
establishes the recomimended amount of testing required to be reasonably thorough without being overly burdenso
(b) recommending test-object designs that can realize the measurands specified in this Standard, the CT sys
manufafturefineed only maintain this limited set of test objects, thus avoiding the expense of multiple different
objects that might be otherwise requested by the user. Similarly, the user is protected because the manufacturer has u

are

this
ng,

o)
but
ard
me.
em
[est
sed

. dasionaed-tast obiacts that ravaal CT arrors—in-an-effective mannaer
carefully aned-t bj vea a Hy -

(c) Thetestprotocol may require specific testing conditions (e.g., locations and orientations) for the test object that

are

sensitive to known error sources in the CT system and hence will reveal them with a minimum number of measurements.

This well-crafted protocol protects the inexperienced user from performing a weak test but also saves on the cos
testing because it provides a targeted and acceptable testing procedure.

t of

(d) The ASME B89.4 standards typically define test protocols with some user-selectable test conditions. These select-

able test conditions ensure that the MPE specification is testable over any possible conditions within the rated conditi

ons

specified by the manufacturer, and not just those specific testing conditions required in this Standard. In particular,
although the total number of test conditions required for an ASME B89 test may be relatively few compared to the near
infinite number of potential conditions covered by the MPE specification, the fact that users may — at their discretion —
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select a few specific conditions from this large collection of potential test conditions serves to verify the MPE is valid over
the entire domain of rated conditions.

3 REFERENCES

The following is a list of publications referenced in this Standard. Where dates are noted, the specific edition applies.

ASME B89.7.3.1, Guidelines for Decision Rules: Considering Measurement Uncertainty in Determining Conformance to
Specifications
AS B89-751

O I: a acedp a1 1v O O v g d eport)
lines for the Evaluation of Uncertainty of Test Values Associated With the Verification efinficating

PuBlisher: The American Society of Mechanical Engineers (ASME), Two Park Avenue, New York, N¥ 10016-5990

100:2008, Evaluation of measurement data — Guide to the expression of uncertainty~in’measurement (GUM)
200:2012, International Vocabulary of Metrology — Basic and General Concepts and Associated Terms (V[M), 3rd

Puljlisher: Joint Committee for Guides in Metrology (JCGM), Bureau International des Roids et Mesures (BIPM), Pavillon

ISO[1:2016, Geometrical product specifications (GPS) — Standard reference teiperature for the specification off geome-

10360-5:2010, Geometrical product specifications (GPS) — Acceptance and reverification tests for coqrdinate
easuring machines (CMM) — Part 5: CMMs using single and mdaltiple stylus contacting probing systemg
10360-7:2011, Geometrical product specifications (GPS) — Acceptance and reverification tests for coqrdinate
easuring machines (CMM) — Part 7: CMMs equipped withximaging probing systems
10360-9:2013, Geometrical product specifications (GPS)/+ Acceptance and reverification tests for coqrdinate
easuring systems (CMS) — Part 9: CMMs with multiple*probing systems
Puljlisher: International Organization for Standardization (ISO), Central Secretariat, Chemin de Blandonnet]| 8, Case
Hostale 401, 1214 Vernier, Geneva, Switzerland (www.iso.org)

4 DEFINITIONS

all qurface points: the set of points extracted from a surface of ahemisphere according to a regular grid that has spacing not
to gxceed the voxel size. No extracted surface points from this set shall be excluded or refined when all surface pgints are
used to evaluate a measurand.

~

NOTE: This type of surface point extraction is denoted by the subscript “all” in the symbol for an MPE specificatjon, e.g.,
Psiz,.sph.all:CT,MPE; see paras. 6.1 through 6.3.

basge material: the part ofthe test object that holds the spheres used as metrological geometric elements. Base naterial
shall be in the same matetial class as the spheres, or it shall be a material that is low-density and low-CTE. Use ¢f a low-
dersity and low-CTE-base material shall be disclosed by the manufacturer in the specification sheet for the CT system in
accprdance with. Mandatory Appendix IL

fixthiring material: any material other than the test object or obstructing body thatis used to hold the test objectin position
durfing a*€T scan. It may be any density or CTE as long as it is not in the X-ray material path.

lowtGFE-material: material with a coefficient of thermal expansion (CTE) less than 2 x 107°/°C.

low-density material: material with a density less than 2 g/cm®.

maximum penetration length, Lp .y the maximum allowed penetration length for a specific material class (plastic,
aluminum, steel), as stated by the CT system manufacturer.

obstructing body: an uncalibrated and arbitrarily shaped material in the test object that is used to provide increased
penetration length. It shall be in the same material class as the spheres used as metrological geometric elements. A sphere
under measurement cannot be its own obstructing body.

NOTE: An obstructing body may comprise spheres other than those under measurement, base material, and/or fixturing material, or it
may be a separate object.


https://asmenormdoc.com/api2/?name=ASME B89.4.23 2020.pdf

ASME B89.4.23-2020

penetration length, Lp: for any radiograph in a scan, the longest material path length through which the X-ray must
penetrate; this length always includes the spheres used as metrological geometric elements and the obstructing
body. It will also include the fixturing material if the fixturing material is of the same class of material as the test
object and is in the X-ray material path.

NOTES:

(1) Ifthe base material, fixturing material, or both are less dense than the test object, the less dense material(s) shall be excluded from
the penetration length even though the less dense material(s) may influence the surface determination.

(2) Fixturing material denser than the test object material class shall not be used in the X-ray material path.

pixel siZethe fToTiZomtal or Vertical Center-to-CeIter aiStallce DEIWEEIT adjdacent PIXels 1T alt X-Tdy detector. |
NOTE: If/the detector pixels are nonsquare, the pixel size is the smaller of horizontal or vertical center-to-center distance/between
adjacent|pixels.

preknowledge: the nominal geometry, surface normal vectors, dimensions, chemical composition, or referénce dinjen-
sional nheasurements of a workpiece or test object acquired by means other than the sensors of thé\CT system unjder
verification.

NOTE: The use of preknowledge is denoted in the symbol for an MPE specification by the subscript “CAD” (¢omputer-aided design) le.g.,
Psize.sph.a 1:CAD,CT,MPE-*

rated operating condition: operating condition that must be fulfilled during measurement in order that a measuging
instrumlent or measuring system perform [sic] as designed.

NOTES:

(1) Rated operating conditions generally specify intervals of values for a quantity being measured and for any influence quaniity.

(2) In this Standard, “as designed” means “to meet the specified MPE values.”

(3) Condlitions that are not explicitly constrained by the CT system manufacturer are acceptable conditions under which the system
can pe tested.

(4) In this Standard, “rated operating condition” is also referred to as “rated’condition.”

[This deffinition, including Note (1), is identical to JCGM 200:2012, definition' 4.9. Notes (2) through (4) are specific to this Standdrd.]

sphericify: spherical form.

NOTE: The sphericity of a test object may pertain to a portion'ef‘a sphere, e.g., a hemisphere.

voxel: a hnitin a three-dimensional (3D) array that discretizes a reconstructed work zone using the principle of compyted
tomography.

voxel size: the size of a magnified pixel for a(CT"scan, which is calculated as pixel size divided by magnification.

NOTES:
(1) Maghification is the X-ray source-to-detector distance divided by the X-ray source-to-object distance.
(2) Othdr definitions of voxel size are possible. This definition is common and chosen for convenience. It is expressed as a unit of lefpgth

rathpr than volume, e.g, in millimeters rather than in cubic millimeters.

work zope: a rated operating condition that is the boundary of the physical region within which measurements can} be
perfornjed.

NOTE: In this Standard, the work zone may depend on the magnification used for the test.

5 EXAMPLES OF -RATED OPERATING CONDITIONS

The ratedoperating conditions are stated by the CT system manufacturer and represent the conditions for which th¢ CT
system has>MPE values. Although a CT system may be capable of obtaining measurements outside its rated operafing
conditioTs, the USET Tanot e SUTe Of the accuracy Of SUCHT MEaSUTenennts. 1 1Te rated cConmaitions make up the appiicable
domain where measurements can be accurately obtained. Consequently, when selecting a CT system, users should review
all the rated operating conditions and especially the rated material classes and their maximum penetration lengths. If the
largest penetration length of a workpiece, in any radiograph, exceeds the maximum penetration length (stated by the CT
system manufacturer) for that material class, then that measurement is outside the rated operating conditions of the CT
system. Since material effects are a major source of error in CT measurements, the user should ensure that the accuracy of
the CT system is sufficient at the largest penetration length of any workpiece measurement anticipated and should also
testthe system at this condition. Any condition that is specified by the CT system manufacturer for the proper operation of
the system is a rated condition — this includes requirements described in the operating manual. Paragraphs 5.1 through
5.7 list examples of rated operating conditions.
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Typical Rated Characteristics of CT Systems

The CT system manufacturer typically provides rated values for the following system characteristics:
(a) distance from X-ray source to detector

(b) distance from X-ray source to object

(c) geometric magnification

(d) physical filtering of X-rays (e.g., copper, aluminum, range of thicknesses)

(e) manipulator speed

(f) scanning mode (see also para. 5.3)

mo

5.4 Work Zone
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(1) detector configuration (binning, integration time, sensitivity, region of interest)

(2) minimum number of radiographs during acquisition

(3) radiograph averaging

(4) continuous or stepped radiograph acquisition

(5) X-ray source configuration (voltage, current, and focal-spot size)

(6) trajectory (circular, helical, detector translation)

j) work-zone dimensions (see also para. 5.4)

h) test object material classes (e.g., plastic, aluminum, steel; see also para. 5.6)

) maximum penetration length

) requirements on operator-supplied values, e.g., coefficients of thermal expansion values

Typical Rated Environmental Conditions

he CT system manufacturer typically provides rated values for the following environmental conditions:
1) temperature

b) humidity

r) vibration at the site of installation

Scanning Mode

T systems offering multiple scanning modes shall specify an MPE for each rated mode. Scanning modes are dej
following:
1) the components involved. For systems with multiple detectors and sources, the manufacturer shall providg
each rated combination.

r) the movement and trajectory of the-coniponents (e.g., any combination of rotary table, detector, and X-ra
vement).

he work zone is the boundary.ef the physical space in the CT system within which a measurement can be perfg
an MPE rating. The CT-system manufacturer shall specify the work zone as a rated condition. Work-zone
pe are generally constrained by the maximum reconstructed volume from a CT scan. For each rated mate
hning mode, the rated work zone shall be unambiguously defined. The work zone may be parameterize(
bwing:

1) size and shape (e.g., cylindrical work zone with height and radius determined by the X-ray detector dimens
bnification)

b) location” within the CT system (e.g., elevation from the rotary table)

r) distance from the X-ray source to detector

h) the configuration used (e.g., detector frame rate and binning, X-ray source energy, and focal-spot sizé).

fined by

an MPE
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5.5 Operating Procedures

When the test is performed, the CT system shall be operated according to the manufacturer’s operating manual. The
instructions in the operating manual are considered part of the rated conditions; i.e., they are required to be satisfied for

the

MPE value to be valid. Specific operating procedures may include, but are not limited to, the following:

(a) start-up and stability evaluation of the X-ray source.

(b) qualification and correction of the X-ray detector.

(c) estimation and assessment of the CT geometry.

(d) thermal stabilization of the machine prior to data collection.
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(e) technique-developmentrequirements (penetration, contrast, noise, geometric unsharpness). These requirements
are not operator competency requirements and may be individually specified.

In addition, the CT system manufacturer shall specify any required information that the operator must supply as arated
condition, e.g., the CTE of the test object.

5.6 Test-Object Material

The material properties of the object under measurement are considered rated operating conditions. Material con-
ditions are subdivided into the following three classes:

(Cl) []‘db tic

(b) aJuminum

(c) steel

Each flass is defined in Mandatory Appendix I, which provides a detailed description of the allowed polymerts or alloys
within ¢ach class.

5.7 M3ximum Loading

The npaximum loading mass that can be on the CT system during a measurement shall be specified as a rated conditjon.
The CT $ystem manufacturer may specify a maximum load per unit area (in kilograms per square centimeter) in addition
to the aximum load.

6 METROLOGICAL SPECIFICATIONS

This $tandard describes the following metrological specifications:

(a) cgnter-to-center length error

(b) sphere size error

(c) sphere form error

Becayse the absorption of X-rays by material is a significant influence quantity, the CT system manufacturer shall sfate
the MPE for each measurand, for each standardized material¥class (plastic, aluminum, and steel, as described in
Mandatpry Appendix I). The MPE specifications may differ«for each of the materials the CT system is designed to
measurg; i.e.,, the MPEs for plastic may differ from thosé/for aluminum, which may differ from those for stee]. If
the system is designed to measure only one material,-e.g., plastic workpieces, then the CT system manufactyrer
shall specify the MPEs for that material.

The NIPE specifications may be specific to measurement conditions such as the work zone (see para. 5.4), provifled
these arje within the rated conditions of the CT-system as stated by the CT system manufacturer. A CT system shall b in
confornpance with the MPE specification if, when'tested by a properly trained user, it generates no errors in measurenjent
(oflength, diameter, or form) greater than'the MPE value (evaluated at the measurement conditions). A properly traiped
user is 4 user who is capable of selectingjthe CT system parameters (e.g., voltage, current, spot size) according to thg CT
system manufacturer’s operating procedures.

The ([T system manufacturer isfree to choose any specification format (table, formula, etc.) for stating the MPEs thatjare
applicalple within the range ofirated conditions for the measurands identified in this Standard. MPE specifications ay
include MPEs for measurements taken at subranges of the rated conditions, e.g., for work zones that vary in size based on
CT georpetry, detector eropping, and region of interest.

The work zone maybéaffected by the CT scanning mode. For example, helical scanning mode may provide an elongdted
work-zg@ne cylinder.The CT system manufacturer shall provide an MPE for a work zone that, regardless of scanning m¢de,
is complatible with test objects specified by this Standard (see section 7 and Nonmandatory Appendix A).

MPE §pecifications and corresponding test value symbols shall have a “CAD” (computer-aided design) designation, p.g.,
Piize sphhuicanct,mpe and Pgize sphaiicap,ct if preknowledge (see section 4) is used in any way prior to or during CT scan
acquisitienradiegraph-processing{e-gfitering)velume reconstructonsurface-determinationerany-surfacepodint
processing (e.g., filtering). See para. 7.3 for requirements for the use of preknowledge during testing.

For each individual scan, the same CT system settings (software filtering, reconstruction, surface algorithm, etc.) shall
be used to produce the surface points and to evaluate the measurands (length, size, and form).

All spheres used as metrological geometric elements shall have a minimum diameter specified in voxels by the manu-
facturer in the rated conditions. No sphere shall exceed 51 mm in diameter, which is the same maximum used in ISO
10360-5, ISO 10360-7, and ISO 10360-9.
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Center-to-Center Length Error

The center-to-center length error specification, given by the value Ey,.;.cr,mpe, shall bound all rated center-to-center
length measurement errors in the measurement volume. The center-to-center length measurand is defined as the point-

to-point length, L, between two least-squares-determined sphere centers, ( ?i, ?’2):

- -
L=1|¢q- al

(6-1)

The least-squares sphere center is defined as the center obtained from all surface points on a hemisphere thatis only in

co

tactwith air The center-to-centerlength errorin a measurementvolumehetween measuredlength L. and c
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bth, L, is defined as
Evol.L:ct = Lg — L,

bre
ol = subscript denoting measurement volume

he length, diameter, and form measurands for the specifications are defined and evaluated using the samg
he center-to-center length error specification, Ev,...ct.mpe, Shall be valid for all ratedengths, L, and pen|
bths, Lp. The specification may be given as a function of these quantities, e.g., Evor...ctiupgd =a + Lb + L,c, where a
constants specified by the manufacturer; and 0 < L < work-zone size; and 0 < LpE-Lp nax- If the MPE specificat
explicitly include the quantities L and Lp, then the MPE specification shall be validfor all values of these quantit
r maximum values.

'E: For the center-to-center length measurand, the errors from surface determindtion are expected to expand homogeneo
ctions when points are evenly distributed over each sphere, and therefore,the error in the center location due to surfaj
tion will be minimal and hence the error in the center-to-center length.due to surface determination will be minin

Sphere-Size Error

he sphere-size error specification, given by the value Ry, sph.an:ct,mpE is the maximum allowed value of the
meter error. The measurand is defined as the diameter-of a least-squares sphere evaluated with all surface po
hisphere that is only in contact with air. The sphere-diameter error between measured diameter, D,, and ca
meter, D,, is defined as

Psize.sph.all:CT =D, - Dy

hufacturer-rated minimum diameter (specified in voxels) and for all rated penetration lengths, Lp. The spec
h be given as a function of thes¢'quantities, e.g., Psize sph.ai.ct,vpe = @ + Lpb, where aand b are constants specifig
hufacturer and 0 < Lp < Lp a4 Ifithe MPE specification does not explicitly include Lp, then the MPE specification
d for all values of Lp up(to the maximum value.

Sphere-Form Erfror

he sphere-forni ecror specification, given by the value Pgorm sph.an:ct,mpE, is the maximum allowed value of the

form error, i.e., thejerror in sphericity, of a least-squares sphere evaluated with all surface points on a hemispher

onl
(R

y in contact with air. The measurand is defined as the difference between the largest and smallest radial d
a0 Rmis) from the calculated sphere center to each of the surface points:

Pform.sph.all:CT = Rmax ~ Rmin

(6-2)
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(6-3)

he sphere-size error specification, Psjzdsph.ai:cr,vpe, shall be valid for all spheres with a diameter larger than the

fication
d by the
shall be

sphere-
e thatis
stances

(6-4)

The sphere-form error specification, Pform sph.an:ct,vpe, Shall be valid for all spheres with a diameter larger than the
manufacturer-rated minimum diameter (specified in voxels) and for all rated penetration lengths, Lp. The specification
may be given as a function of these quantities, e.g., Ptorm.sph.ai:crmpe = @ + Lpb, where aand b are constants specified by the
manufacturerand 0 < Lp < Lp a«. If the MPE specification does not explicitly include Lp, then the MPE specification shall be
valid for all values of Lp up to the maximum value, Lp ax-
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7 TESTING

This Standard provides a test protocol for verifying the metrological specifications required by section 6. A test
produces a set of test values that are estimates of the error of indication from the CT system, i.e., a test value is
the difference between a measured value and the calibrated value (at 20°C) of a measurand on the test object. The
test shall be conducted within the system'’s rated operating conditions; only test values obtained at the rated operating
conditions can be compared to the MPE values associated with the test measurands.

A test instance is a snapshot in time of the CT system’s performance under the set of rated operating conditions that
prevails at the time of testing. A single test instance cannot test the CT system’s performance over all rated conditions. The
protocq providedis a balance between the time and cost of testing and the comprehensiveness of the test. This protocpl is

the defgult procedure designed to expedite testing; however, other testing conditions (e.g., test objects of othensizef or
orientafions, other testing locations) are also valid if they are in compliance with the CT system’s rated operating don-
ditions.

7.1 Test Object

All tept objects shall have characteristics that are within the CT system’s rated operating conditions. Test objects fcan
have pehetration lengths from near zero up to the maximum penetration length specified by the' €T system manufactufrer.
In partigular, the largest penetration length of X-rays through the test object (and fixturinganaterial, if applicable) in pny
radiogriiph of a CT scan shall not exceed the system’s maximum penetration lengthas\stated by the manufactufer.

7.1.1 [Material Requirements. Test objects shall be made of a single material class with near constant density for scgles
ofavoxgl and larger. The standardized materials for constructing test objects are plastic polymers, aluminum alloys, pnd
steel alloys; refer to Mandatory Appendix I for material class details.

Test pbjects shall be composed of spheres (serving as the metrological-geometric elements), base material, and|the
obstructing body. The purpose of the obstructing body is to testin the presence of material effects. The combination offthe
spheres under measurement and the obstructing body shall not haye a‘'penetration length that exceeds the system’s
maximym penetration length for the class of material, as stated by, the CT system manufacturer.

Test ¢pbjects shall have a base material that is in the same material class as the spheres and obstructing body. If this
conditign cannotbe met, the base material shall be alow-density:and low-CTE material and its use shall be disclosed byfthe
manufagturer in the specification sheet for the CT systemiftaccordance with Mandatory Appendix II. Tests condudted
using telst objects with a base material that is low-density-and low-CTE may not reveal some errors in a CT system that
might ofcur during a CT scan due to temperature variation. Nonmandatory Appendix C describes a test procedure hat
may reyeal these errors.

7.1.2 [Test Object Design. A test object shall consist of calibrated spheres used to determine the metrological fidulcial
points (pphere centers) and an uncalibrated obstructing body, which is introduced to test penetration length and begm-
hardening effects. The spheres and obstrueting body in a test object shall be made from the same class of material, which
shall bejone of the three rated mateyialclasses: plastic, aluminum, or steel. See Mandatory Appendix I for a discussioh of
materia] similarity. All spheres of a test object shall be made of the same material, e.g,, aluminum oxide.

The test object shall consistef-at least eight coplanar spheres. The spheres shall have a diameter larger than [the
manufafturer-rated minimdm diameter (specified in voxels). No sphere shall exceed 51 mm in diameter, which is
the sanje maximum used.in1SO 10360-5, ISO 10360-7, and ISO 10360-9. The spheres may have the same nomj|nal
diametdqr, but this is got-a requirement. The eight coplanar spheres shall provide at least 28 point-to-point lengths
that align with the six.ihdependent measurement lines of one work-zone measurement plane shown in Figure 7.4.]L-1.

NOTE: Ajtest objett'may have more than eight spheres and provide point-to-point lengths for more than one measurement plare in
Figure 7}4.1-1.

If a teptiobjéct has more than the required number of spheres and point-to-point lengths, the spheres and lengths used
fOF the LEesT blld‘ll ‘UC bC‘lCLLCd 1LJ_y L‘llU Uustcl plI iUl U L}IC LSS0 TIICDC bC‘lCLLiUllb Dlld‘l‘l ‘UC VViL‘llill L‘llU CUIISU dillLb Uf L‘llC LCSL U‘ eCt
design and test protocol. Only these selections shall be used to generate test values for comparison to MPEs.

To test for material effects, every tested measurement plane shall have at least one sphere that satisfies all of the
following constraints during all scans of the test:

(a) Atleastone radiograph of the scan shall have a ray passing through the sphere center and obstructing body with a
penetration length that is at least 80% of the maximum penetration length. Additionally, the proportion of the material
penetration length through the obstructing body for this ray shall be at least 3 times that of the sphere diameter.

(b) Atleastoneradiograph ofthe scan shall have aray passing through the sphere center and optionally the obstructing
body with a material path distance that is no greater than 20% of the maximum penetration length.

(c) The gap between the obstructing body and the sphere shall be at least 50% of the sphere diameter.
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Nonmandatory Appendix A gives examples of test objects.

The thermal characteristics of every rated material class shall be tested. This requirement shall be satisfied if the
coefficient of thermal expansion (CTE) of the test object’s base material is within the range of CTEs given for the material
class it represents; see Mandatory Appendix I for the associated requirements.

7.1.3 Test Object Calibration. The test object shall be calibrated for sphere center-to-center lengths. The test object
shall have at least 28 calibrated center-to-center lengths. The calibrated lengths shall be clearly identified on a report of
calibration. Each of the eight spheres shall be calibrated for their diameter and their spherical form, i.e., sphericity. The
effect ofimperfect sphericity of the spheres on the test object shall be included in the test value uncertainty evaluation and
takpT IMTO account by the decision rule (See Section 8J-

7.2 Loading Requirements

he total mass of the test object plus any loading mass shall not exceed the CT system’s rated operating conditipns. Any
loagling mass used with a test object shall not obstruct the X-rays used to measure the test object; e.g; the loadihg mass
could be a disk of material placed directly on the rotary table with the test object mounted above it/ The loading mass can
be nade of any material. The loading mass shall not extend beyond the rotary table; i.e., the mass shall not be cantilevered,
and the loading mass shall be free standing. For pointloads, the load at any one point shall net exceed twice the logd at any
othpr contact point and at least three contact points shall be present.

7.3 Preknowledge Requirements

reknowledge may be used during testing. In this case, the symbols for the MPEs and corresponding test valdes shall
havie a “CAD” (computer-aided design) designation, e.g., Psize.sph.all:cAD,CToMPE-
or the case of no CAD designation in the MPE and corresponding testvalue symbols, then preknowledge canf only be
useld for the purpose of automating the localization of surface points that will be used to calculate the values of measur-
ands. In this case no preknowledge shall be used prior to or during CT scan acquisition, radiograph processing (e.g.,
filtgring), volume reconstruction, surface determination, or any.other surface point processing (e.g., filtering). Pfeknow-
ledge shall notbe used to refine the location of a surface point¢rto exclude surface points. The error of indication $hall not
be |mproved by use of preknowledge in this case.
or ASME B89.4.23 testing, test objects do not have,tolerances, so no tolerance information shall be included as
nowledge during any part of the acquisition, reconstruction, surface determination, or extraction of th¢ values
e measurands.

7.4 Test Protocol

aragraphs 7.4.1 and 7.4.2 describe the default test protocol. All measurements of the measurands within the rated
rating conditions shall yield errorsithat are within the MPE specifications for a conforming CT system. The defpult test
ocol shall be used for verifying the CT manufacturer’s specifications and testing unless otherwise agreed tp by the
and manufacturer.

op
pr
us

.4.1 Mandatory WorkZone Measurement Lines. The testing of a specified work zone shall require measuringin three
parallel planes and @along six mandatory lines per plane. The mandatory measurement lines and planes to be fested in
ork zone are showr in Figure 7.4.1-1.

no

NOTE: Additional work-zone measurement planes and lines may be selected with prior agreement between the user and manyfacturer.

he testing of a specified work zone shall also require measuring atleast one calibrated length per measuremeit plane,
i.e.|atleast'66% of the maximum length in the work zone’s intersection with the measurement plane. Hence a larger work
zorle meahs testing with a larger test object, and, typically, the larger the test object, the greater its X-ray penptration
lengthoMost CT systems can be tested with the test objects described in para. 7.4.2, Mandatory Appendii I, and
Nonmandatory Appendix A, but in the special case where the CT manufacturer has specified a Targe work zone but
a small maximum penetration length, special test objects may need to be constructed.
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Figure 7.4.1-1 Mandatory Work-Zone Measurement Planes and Lines
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Asanjexample, considera 1920 pixel x 1 536 pixel detector with 0. 12@1m pixel pitch and the following rated operafing

conditigns and test conditions: %)
)

Cylindrical Work-Zone Parameter Rated Operating Condition Test Condition
Magnific4tion 1.5X to 10‘@@‘ 2.8X
Height 1920 % 1&7 mm/magnification 87.1 mm
Diameter] 15 6\9 .127 mm/magnification 69.7 mm
Elevatior] from rotary table . mm 150 mm
X-ray soyrce-to-detector distance C)\I 200 mm 1200 mm

A tesf performed at 2.8X magnific ould yield a cylindrical work-zone diagonal of approximately 111.5 mm
(height{ + diameter? = diagonal?), i ing that a test object having a test length of at least 73.6 mm (66% wqrk-
zone diagonal) would be nee e test object shall not exceed the maximum penetration length, so if jthe

default|sphere plate excee ‘rated maximum penetration length, a suitable alternative test object fjom

Nonmandatory Appendix be used

A CT pystem shall be t& within the rated operating conditions and the resulting test values compared with their
corresppnding MPE v. % However, users should be aware that calibrated test objects might not be available for all fest
conditigns. If users @) their own test objects, these objects shall conform to this Standard both in design and in their
calibratjon as d@ in para. 7.1. The test uncertainty shall satisfy the 4:1 simple acceptance decision rule describefl in
section [8.

7.4.2 l\?@urements and Scans

(a) Number of Required Measurements. Every scan shall measure at least one work-zone measurement plane that
contains the 28 calibrated center-to-center lengths and 8 calibrated sphere diameters and sphere form values evaluated
from all surface points on each sphere. The settings (software filtering, reconstruction, surface algorithm, etc.) used to
produce the surface points shall also be used to evaluate all measurands (length, size, and form) for an individual scan.

The following number of measurement planes (center-to-center lengths, sphere diameters, and sphere form values)
shall be measured during the test:

10


https://asmenormdoc.com/api2/?name=ASME B89.4.23 2020.pdf

ASME B89.4.23-2020

Number of Required Number of Required Number of Required Number of Diameter
Rated Materials Measurement Planes Length Measurements and Form Measurements
1 4 28 x 4 =112 8 x4 =32
2 6 28 x 6 = 168 8 x 6 =48
3 8 28 x 8 =224 8 x 8 = 64

(b) Evaluation of Measurands. All measurands (length, size, and form) shall be evaluated with all surface points on a
hemisphere of each sphere (see section 6). The location of the hemisphere should be chosen by the user prior to testing

ang

shall only be in contact with air; it shall not be in contact with the base material and/or adhesive.
) Number of Scans and Required Magnifications. The CT system shall be tested with scans of test objects/m

each rated material. The total number of scans required depends on the number of rated materials and)the n
mefisurement planes in the test object, as follows:
Numpber of Measurement Planes in Test Object Number of Rated Materials Required Nuinber of Scans
1 1 4
2 6
3 8
2 1
2
3
3 1 2
2 4
3 6
Hvery rated material shall be scanned at least twice.

nuf
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ximum length in the work zone’s intersection with the measurement plane. [See Note (2).]

he user shall scan at least one of the rated material§’at two magnifications; these scans count toward the 1
hber of scans. The user is free to choose any rated magnification for testing [see Note (1)]; however, testing at
he rated magnification range is recommended. Eor example, if the rated magnification range is from 2X to 20X,
r should test at 2X and 20X magnifications:

very scan of a test object shall include at least one calibrated length per measurement plane that is atleast 66

'ES:

The user can achieve a particular\magnification by changing either the X-ray source-to-detector distance or the X-ray s
object distance. The user is free‘to’choose how to achieve the magnification to be tested as long as it is within the CT syste
operating conditions for source-to-detector and source-to-object distance. However, different combinations of source-to
and source-to-object distances that produce the same magnification may lead to different test results.

Different test objects,may be used during the test. For example, it may be necessary to use a different size test object]
magnification tested“to meet the test length requirements.

he user shall"clock a test object approximately 45 deg about the rotation axis between scans.
he user and-manufacturer may agree to perform additional scans beyond those required for the test. Addition
y address{concerns about repeatability due to variation between scans from sources such as temperature, vi
teresis,or X-ray source stability.
)-Mandatory Work-Zone Measurement Planes. For the required number of scans, the user shall select the teg

equired
he ends
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imum:

(1) one vertical work-zone measurement plane (approximately 90 deg with respect to the rotary table). The user
shall orient the test object to measure one vertical measurement plane for each rated material at one of the recommended
magnifications.
(2) one inclined work-zone measurement plane (approximately parallel with the cylindrical work-zone diagonal).
The user shall orient the test object to measure one inclined measurement plane at one of the recommended magnifica-
tions.
(3) onehorizontal work-zone measurement plane (approximately parallel to the rotary table). The user shall orient

test object to measure one horizontal measurement plane at one of the recommended magnifications.

11
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These orientations will reveal artifacts related to cone-beam CT, geometric errors, beam hardening, and other pene-
tration-length issues.

Within the constraints described in (a) through (d), and within the rated conditions of the CT system, the user is free to
choose the remaining scan magnification(s), test object orientation(s), and test object material(s).

NOTE: The user should recognize that calibrated test objects can be expensive and the cost of the test may only include a choice of test
objects of particular sizes.

7.4.3 Test Protocol Example. Form 7.4.3-1 provides an example template for documenting a test involving a test
object with one measurement plane and up to three rated materials Figure 7.4 3-1 shows an example usage of the

template for a test involving one rated material (aluminum).

8 COMPLIANCE WITH SPECIFICATIONS

8.1 Defision Rule

The decision rule for acceptance and rejection shall be simple 4:1 acceptance (see ASME B89.7.313Where the test vdlue
uncertajnty is evaluated according to ASME B89.7.6.

8.2 Acgeptance Criteria

The (T system shall be in compliance with MPE specifications if the test values (i.ejun€éasurements of the test objgct)
satisfy fhe following two acceptance criteria:
(a) No test value for center-to-center length, sphere diameter, or sphere form‘exceeds the MPE specified by thg CT
system [manufacturer for the rated conditions.
(b) The test value uncertainty satisfies the decision rule requirement.(s€e para. 8.1).
A res¢an is permitted if any test value obtained from the measuremerntof a test object in a particular scan exceeds|the
MPE specified by the manufacturer due to an assignable cause (such'as improper fixturing or poor technique) of as
otherwise agreed to by the user.
A res¢an shall have the same configuration (test-object material; position, and orientation, and system magnification)
as the dcan being discarded.
All tept values (length, form, and size) shall be measured from a rescan, and no test value with an uncertainty that
satisfied the decision rule requirement shall exceed, the MPE; otherwise the test is a failure.
Additional confirming rescans may be agreed to by the manufacturer and the user.

8.3 Reyerification Test

The gerformance of the CT system is_considered to have been reverified if Eyop.i..ct Psizesphai:cts ad Prorm sph.af:cTs
described in paras. 6.1 through 6.3, areTiot greater than the MPEs, Ev,....ct,MpEs Psize.sph.at:cT,MpE @0 Prorm sph.all:cT,Mpi» a5
stated By the user.

12
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Form 7.4.3-1 Test Protocol Template for Up to Three Rated Materials and a Test Object

With One Measurement Plane

Scans MPE Maximum Test Values
Magnification
Rated (User-
Material| specified) | Orientation Eyo.cr, mee | P. size.sphaltcT.MPE| Prorm.sph.atcTmpe | Evoret| Prizesphaticet | Prorm.sph.aict
1 Mag-1+ \ortical
Inclined
Horizontal
Mag 2: User-
specified
2 Mag 1: Vertical
Mag 2: User-
specified
3 Mag 1: Vertical
Mag 2: User-
specified

13
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Figure 7.4.3-1 Example Test Protocol for One Rated Material

Scans MPE [Note (1)] Maximum Test Values

Magnification

Rated (User-
Material specified) Orientation Lp EVDl:L:CT. MPE Psize.sph.aII:CT,MPE Pform.sph.aII:CT,MPE EVoI:L:CT Psize.sph.aII:CT P'orm.sph.aII:CT
Aluminum| Mag 1: 3.3X | Vertical 46 mm|15 + L/50 pm| 12pum 40pum 10um 8um 31um

Thclined | 48 mm G pm Zam 3Tpm
Horizontal | 57 mm 8um 2um 26pum

Mag 2: 6.6X| User- 45 mm 8pm 4pm 26pum
specified

NOTE: (1) MPE applies to all penetration lengths, L, up to the maximum penetration length, Lp .y, Specified by thesmanufacturer as one o

rated corldition

S.
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MANDATORY APPENDIX I
TEST OBJECT MATERIALS

MATERIALS, SURROGATES, AND EXCLUSIONS

he goal of specifications per this Standard is to provide the CT system user with reasonable estimates of the 4
hinable from CT measurements on industrial workpieces for selected measurands. The role of the)test object
ere plate, is to represent the properties of a workpiece and provide well-defined measurandsiin a physical fq
be economically produced and calibrated.
ince material properties of the workpiece have a significant impact on CT system measurement accuracy, th
d provides for the MPE specifications for different classes of materials. The test object'material classes arg
minum, and steel. These classes represent the workpiece materials most commonly used in industry. MPE sj

plastic, then the CT system manufacturer shall specify the MPEs only for plastic.

laterials within a given class are considered to be identical. For example, a €T system measuring any plastic w
mitted plastic class can be expected to meet its MPE specifications for this class. Each material class is subject
rictions to make the class reasonably homogeneous. (Industrial users who have workpiece materials out
cified classes should contact the CT system manufacturer for.accuracy specifications of those materials.)
ach class of materials may also have specific surrogate materials)allowed for the sphere material only, i.e., ng
tructing body. These surrogate materials have X-ray properties similar to those of the material class but havg
cal properties (e.g., hardness, dimensional stability) that\are useful for the spheres used on test objects. St
erials are considered equivalent to the material class)and ASME B89.4.23 test values obtained from the
rogate materials are valid verifications of the MPE specifications. Allowed surrogate materials are listed in Talj
he coefficient of thermal expansion (CTE) associated with a material class is given in Table I-1-1. The CTE of
erial affects the length between the spheres arid-shall be within the range of CTEs shown in Table I-1-1. The C7
ere material shall also be within this rangeexcept when the spheres are made of one of the surrogate material
[able I-1-1.

ccuracy
e.g., the
rm that

is Stan-
plastic,
ecifica-

s are required only for those materials that a CT system is designed to measure-eg,, if the CT system is desiged only

thin the
to some
cide the

t for the
metro-
rrogate
pllowed
lel-1-1.
he base
'E of the
5 shown
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Table I-1-1 CTEs of Material Classes

Class Examples Surrogates CTE, pm/(m °C)
Plastic [Note (1)] ABS, polycarbonate, POM, PEEK, polyethylene, Graphite, B,C, c-BN, Be 40 to 200
PMMA, polypropylene
Aluminum [Note (2)] Series 1XXX, 3XXX, 4XXX, 5XXX, 6XXX [Note (3)] Fused quartz, Al,03, SCi 20 to 26
Steel Carbon steels, low alloy steels [Note (4)] None 9 to 14

GENERAL NOTE: The abbreviations are defined as follows:
ABS = acrylonitrile butadiene styrene

Al,
B
c-
PE
PM
PO
P
S
NOTES
(1) This
(2) This
(3) The
(a)
(b)
where “s
Cr = chrd
(4) The
(a)
()
(c) H
where “s

W = tungsten. See Note (3) for definitions of other abbreviations.

3 = aluminum oxide

C = boron carbide

e = beryllium

= cubic boron nitride

K = polyether ether ketone

= poly(methyl methacrylate)
= polyoxymethylene

S = polyphenylene sulfide

i = silicon carbide

lass excludes Teflon and polyphenylene sulfide (PPS).
lass excludes Series 2XXX and 7XXX.

ollowing compositions are excluded:

m(Mn, Cr, Fe, Co, Ni, Cu) > 1.5%

m(Zn, Bi, Pb) > 0.5%

m” indicates the sum of the elements or compounds within the parentheses as a percéntage of the alloy, and Bi = bismuth, Co = copalt,
mium, Cu = copper, Fe = iron, Mn = manganese, Ni = nickel, Pb = lead, and Zn,= zinc.
ollowing compositions are excluded:

m(W, Bi, Pb) > 0.5%

m(Cu, Zn, Mo) > 1.5%

e < 95 %

m” indicates the sum of the elements or compounds within the patentheses as a percentage of the alloy, and Mo= molybdenum|and
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11-1 GENERAL

error.

NOTE: The mathematical adjustment to the low-CTE artifact is.performed by the tester according to the requirements of seq
Thig adjustment is equivalent to a recalibration of the length/between spheres in the test object.

useld:

ASME B89.4.23-2020

MANDATORY APPENDIX II
MATHEMATICAL ADJUSTMENTS TO TEST OBJECTS WIT

H

A BASE MATERIAL THAT IS LOW-DENSITY AND LOW-CTE

Hor some test objects, use of a base material with low-density and low-CTE facilitates testihg of CT syste
(onsider a CT system that is rated for scanning steel. Such a CT system requires a steel test©bject that meets|
protocol requirements of para. 7.4.3. In this case, the base material of the test object may,violate the rated m

may be used. However, the thermal expansion correction ability of the CT system shall\still be tested. Conseq
mathematical adjustment to the calibrated values of the spheres mounted on the low*CTE base material shall j
making it appear to the CT system as if the base material were steel.

mplementing such an adjustment requires that the temperature of the low>CTE base material be measure
caliprated temperature sensor. The recorded temperature is used in cofijjunction with the synthetic CTE, « {
107%/°C, to calculate a syntheticlength equivalent to a steel gauge with arfexactly known CTE. The effect of this adj
is t¢ change the calibration of the low-CTE test length such that it corrésponds to a synthetic length, with a CTE

107%/°C, at the measured temperature. The advantage of this procedtire is that the CT system rated to scan stee
megsuring a “synthetic steel” test length, and hence the measurements will not suffer the uncorrected thermal ex]

—

1I-2 REQUIREMENTS

When implementing the mathematical adjustment procedure for acceptance or reverification testing, the tes
comply with the following requirements:

1) The mathematical adjustment shall be used only on test objects with low-density and low-CTE base mate
baske material with a CTE < 2 x 107%/°C).

h) The actual CTE of the téstjobject and its uncertainty shall be stated on its calibration certificate prio
mefisurements performed on the CT system.

r) The mathematical.adjustment for each material class is as follows; in each case, no other synthetic CTE

Material Synthetic CTE, a

mns.
the test
hximum

perjetration length specified by the CT system manufacturer. For this reason, a low-density“and low-CTE base raterial

ently, a
e made,

 with a
E 11.5 x
istment
f11.5 x

| will be
pansion

tion 11-2.

fer shall
rial (i.e.,
" to any

shall be

Plastic 80 x 107°/°C
Aluminum 23 x 107°/°C
Steel 11.5 x 107¢/°C

has an input option for such data.

d-Thesymnthetic CTE used-formmathenmmaticat adjustment stratt beinputtedimto the € T systemrsoftware if thiesoftware

(e) The mathematical adjustment shall be performed only once for each scan. In each case, the temperature measure-
ment shall occur before the beginning of each scan but after the test object has been positioned in the CT system for atleast

the period of time specified in the rated conditions.
(f) The low-CTE test object shall be measured with a calibrated thermometer that is independent of the CT
(g) When employing the mathematical adjustment procedure, both the actual CTE and the synthetic CTE of

system.
the test

length shall be stated on the manufacturer’s specification sheet and the test results page, e.g., “CTE of test length is

0.5 x 107°/°C mathematically adjusted to 11.5 x 107¢/°C”
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(h) The mathematical adjustment contributes to test uncertainty, and it must be considered.

NOTE: The effects of thermal gradients in the calibrated test length are greatly suppressed when a low-CTE artifact is used, but these
effects may appear as length measurement errors when a normal, e.g, steel, artifact is used.

18


https://asmenormdoc.com/api2/?name=ASME B89.4.23 2020.pdf

ASME B89.4.23-2020

MANDATORY APPENDIX 11l
METROLOGICAL TRACEABILITY OF ASME B89.4.23
TEST VALUES

I1I-1 TRACEABILITY REQUIREMENTS

This Standard uses the interpretation of metrological traceability described in ASME B89.7.5:The performalnce test

valjies obtained in accordance with this Standard, i.e., the errors in the CT system’s measurements of the calibrdted test

objgcts, are considered metrologically traceable when the calibrated values of the test gbjécts satisfy the tra

eability

requirements of ASME B89.7.5, section 2, at the time of testing. This provides the connection from the measyrement
errprs of the CT system (expressed in micrometers) back to the SI meter and allows a comparison of the measured errors

th the specified MPE values using the decision rule of the test protocol.

The ASME B89.7.5, section 2 requirements include the following:

1) a clear statement of the measurands, e.g.,, center-to-center length, sphere size, and sphere form.

h) identification of the CT system and the test objects used in the tést, e.g., serial numbers.

r) astatement of the expanded (k= 2) uncertainty associated with thémeasurement errors the CT system obt
the|test object, consistent with the principles described in JCGM 100. (GUM).

) an uncertainty budget that quantifies the significant uncertainty contributors to the expanded uncertain

wi

—

ined on

y of the

caliprated test object at the time of the ASME B89.4.23 performance test. This includes the calibration uncertainty of the

test object as reported on its calibration certificate, any drift from the calibrated values at the time of test|

ng, any

mathematical adjustments to test objects according to Mandatory Appendix II, and the effects of other degraldations,

e.g| fixturing effects such as distortions of the test object, that occur at the time of testing.

p) documentation traceability of the test objects used in the ASME B89.4.23 test, showing an appropriate metrjological

terminus [see ASME B89.7.5, para. 2(c) for the termiinus requirements], e.g., the calibration report for the test objgct from

an pccredited laboratory.
() ameasurement assurance program thatensures the calibrated test objects are within their calibration uncg
e.g.| by requiring appropriate recalibration’ intervals, handling, and storage.

19
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MANDATORY APPENDIX IV
TEST VALUE UNCERTAINTY

IV-1 INTRODUCTION

This $tandard uses a discrete test measurand approach (see ASME B89.7.6) to CT performance evaluation'with af4:1

simple gdcceptance decision rule (see ASME B89.7.3.1] to determine acceptance. Each test value is an estimate of an ef

ror

of indichtion, e.g., a sphere-center-to-sphere-center length error, that is compared to the MPE evaluated at the rdted
operatifng conditions at which the test value was obtained. The test value uncertainty represents.théjuncertainty in that

particulpar observed error of indication.
The gvaluation of test value uncertainty in this Standard consists of two categories of/Contributors:
(a) uncertainty associated with the reference value at the time the test value is obtaihed
(b) uncertainty associated with any corrections applied to the indicated value when the test value is obtained outj
the ratgdd operating conditions, provided this test condition is explicitly permitted by the Standard

IV-2 UNCERTAINTY ASSOCIATED WITH THE REFERENCE VALUE

Uncertainty associated with the reference values refers to the following:

ide

(a) uncertainty associated with the calibrated value of the test measurand, e.g., the uncertainty as shown on |the
calibratjon certificate or report for the test object. Each length, sphere size, and sphere form and any other measurpnd

specified by this Standard shall have a calibrated value with asstated uncertainty.

(b) uncertainty associated with the degradation of the calibrated value at the time the test value is obtained. This|can
include friftin the value since the calibration was performed;changes in the value due to distortions, e.g., overconstraiped
fixturing that distorts the test object; mathematical adjustments to test objects according to Mandatory Appendix II; pnd
any othpr condition that effects the calibrated referenceé value at the time the test value is obtained. Note the thermal

expansipn of the artifact is not a source of test value uncertainty, provided the test value was obtained within

the

thermallly rated operating environment. This_is:because the CT system reports its results in compliance with ISQ 1,

i.e., at 2P°C, and the calibration certificate or keport referred to in (a) has its values reported at 20°C, hence calibrd
values 4re stated at the correct temperature.

IV-3 UNCERTAINTY ASSOCIATED WITH TEST VALUES OBTAINED OUTSIDE THE RATED OPERATING
CDNDITIONS

In thi Standard, test values'shall be reported within the rated operating conditions because they are to be compare
the MPH, which is only defined within these conditions. All rated operating conditions shall be satisfied except those {

ted

i to
hat

are “inpjut values.” Some/ET systems may require input information, e.g., the CTE of the test object, to achieve their NIPE

specifichtion, and the.uncertainty of the value input shall be accounted for in the test value uncertainty, unless othery
stated. The requirement for input values shall be disclosed in the CT system’s operating manual or technical specifica
sheet to|be considered part of the rated operating conditions. Since many input values are experimentally measured, 4
are inhdrentlyyuncertain and so require a correction (usually a zero correction) to the indicated value measured by thg

vise
ion
hey
CT

system.[ThiScorrection yields the best estimate of the indication that would have occurred at the specified rated opera

ing

condition had the input information been perfect, and thus it becomes the test value. Although the supplied input value is

usually the best estimate of this quantity, and hence the correction is often zero, there is still the uncertainty in

the

correction. This uncertainty is to be combined in a root sum of squares manner with the uncertainty of the reference value

to yield the test value uncertainty; see ASME B89.7.6 for details.
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NONMANDATORY APPENDIX A
DEFAULT TEST OBJECTS

A-

desdlign that has an uncalibrated hole plate covering it (for examples of the latter, see Figure A-1}1J. Each s
apgroximately centered inside a hole, and the ratio of sphere diameter to hole diameter shall’he 50% to 773

A-

calfjbrated sphere plate and uncalibrated obstructing body, e.g., a rod [see Figure A-2-1, illustration (}

SPHERE-HOLE PLATES

calibrated sphere-hole plate may be used for testing. The plate may be either a single piece of materialor a ty

SPHERE PLATES WITH OBSTRUCTING RODS OR BLOCKS

calibrated sphere plate with obstructing rod or block may be used for testing.\Thé test object may con

fo-piece
bhere is
%.

Bist of a
)] The

sphleres and obstructing body shall belong to the same material class, which shall’be one of the three rated material

clagses: plastic, aluminum, or steel. The maximum penetration length of-the test object (combined sphe]
obgtructing body) shall adhere to the CT system’s rated maximum penetration length for a given energy and 1

Ad
test
or
hor
the

NO7]

A-3

A
lea
sph
orig
H
the
me
of s
sph
T
alu
sph

itionally, the maximum penetration length of the obstructing body shall'be at least 3 times the sphere diame
object has a scalable design, i.e., the sphere plate may be elongated in the vertical direction (along the rotatio
fut into pieces and mounted on the base material to cover the’whole specified extended work zone vert
izontally (see Figure A-2-2). (See para. 7.1 and Mandatory Appendix II for base material requirements.) In p
orientation of the sphere plate is variable, as shown inckigure A-2-3.

'E: If the sphere plate is cut into pieces, it would require a\new calibration.

3D TEST STRUCTURE

calibrated 3D test structure may be used fortesting. One example of an acceptable 3D test structure, which ind
teight spheresin a plane parallel to theretary axis, eight spheres in a plane perpendicular to the rotary axis, a
eres in an inclined plane, is detailed“here. This type of test structure has the advantage that all three 1
ntations of a sphere plate can berobtained in a single scan.

maximum penetration length) relative to the overall size of the object. There is a minimum of eight sph{

phere-to-sphere lengths)between spheres on different test planes, in addition to the required in-plane sp
ere lengths.

he example test-object in Figure A-3-1 shows an aluminum material design with fused silica spheres (a surrd
minum), so that'uncompensated thermal expansion effects of the test object will be manifested in the erro
ere-to-sphere lengths.

res and
haterial.
fer. This
hal axis)
cally or
Finciple,

ludes at
nd eight
equired

igure A-3-1 shows an example 6fa3D test object. For this particular 3D test structure design, the tube shape minimizes

res per

hsurement plane (horizontal, vertical, and inclined). The nature of this 3D test structure allows for measyrement

here-to-

gate for
s of the
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Figure A-1-1 A Square Two-Piece Sphere-Hole Plate With Covering Hole Plate
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Figure A-1-1 A Square Two-Piece Sphere-Hole Plate With Covering Hole Plate (Cont’d)

GENERAL NOTE: Photos courtesy of the gn’al Institute of Standards and Technology.
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