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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national stan

dards

bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical

committee has been established has the right to be represented on that committee. Interna
organizations, governmental and non-governmental, in liaison with ISO, also take part in the
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matt

tional
work.
ers of

electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenan
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteriatneeded f
different types of ISO documents should be noted. This document was drafted in accordance wi
editorial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this documént may be the sub
patent rights. ISO shall not be held responsible for identifying any or all sueh patent rights. Det

te are
pr the
th the

ect of
hils of

any patent rights identified during the development of the document willhe in the Introduction and/or

on the ISO list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the ¢onvenience of users and do
constitute an endorsement.

For an explanation of the voluntary nature of standards, the meaning of ISO specific term
expressions related to conformity assessment, as weéll)as information about ISO's adherer
the World Trade Organization (WTO) principles in<the Technical Barriers to Trade (TBT
www.iso.org/iso/foreword.html.

The committee responsible for this document isdSO/TC 261, Additive manufacturing, in cooperatio
ASTM Committee F42, Additive manufacturing technologies, on the basis of a partnership agre
between ISO and ASTM International with the aim to create a common set of ISO/ASTM stan
on additive manufacturing, in collaboration with the European Committee for Standardization
Technical Committee CEN/TC 438, *4dditive manufacturing, in accordance with the Agreemsd
technical cooperation between ISO"and CEN (Vienna Agreement).

Any feedback or questions on this document should be directed to the user’s national standards b
complete listing of these bodies can be found at www.iso.org/members.html.

S not

s and
ce to
, see

1 with
bment
dards
(CEN)
nt on

pdy. A
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Introduction

In response to the urgent need for standards for Additive Manufacturing (AM), this document initially
indicates Non-Destructive Testing (NDT) methods with potential to detect defects and determine
residual strain distribution that are generated in AM processes. A number of these methods were
verified. The strategy adopted was to review existing NDT standards for matured manufacturing
processes Wthh are similar to AM namely castlng and weldlng This potentlally reduces the number of

standa

docu
a la cd
partt

Most
cope
tomog
adapt

This

ent proposes a two-level NDT approach: a star artefact as an Inltlal Quallty Indlcator (IQI) and
irte artefact where an example shows the specific steps to follow for the very specific unique-AM
D be built, paving the way for a structured and comprehensive framework.

metal inspection methods in NDT use ultrasound or X-rays, but these techniques cannot always
vith the complicated shapes typically produced by AM. In most circumstances X-ray.computed
rraphy (CT) is a more suitable method, but it also has limitations and room for improvement or
ation to AM, on top of being a costly method both in time and money.

document includes post-process non-destructive testing of additive manufacturing (AM) of

metallic parts with a comprehensive approach. It covers several sectors and aZsimilar framework can

be ap
are re

detect

using

plied to other materials (e.g. ceramics, polymers, etc.). In-process NDT and metrology standards
ferenced as they are being developed. This document presents current standards capability to
which of the Additive Manufacturing (AM) flaw types and whichflaws require new standards,
a standard selection tool. NDT methods with the highest potential will be tested.

Vi
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Additive manufacturing of metals — Non-destructive
testing and evaluation — Defect detection in parts

1 anpp

This document categorises additive manufacturing (AM) defects in DED and PBF laser and |elgctron
beam category of processes, provides a review of relevant current NDT standards, details NDT mgthods
that are specific to AM and complex 3D geometries and outlines existing non-destructive testing
techniques that are applicable to some AM types of defects.

This document is aimed at users and producers of AM processes and it applies, in particular, fo the
following:

— safety critical AM applications;
— assured confidence in AM;
— reverse engineered products manufactured by AM;

— test bodies wishing to compare requested and actual geometries.

2 Normative references

The following documents are referred to in theZtext in such a way that some or all of their c¢ntent
constitutes requirements of this document. For dated references, only the edition cited appli¢s. For
undated references, the latest edition of the-teferenced document (including any amendments) agplies.

[SO 11484, Steel products — Employer's.guialification system for non-destructive testing (NDT) persqnnel
ISO/ASTM 52900, Additive manufacturing — General principles — Fundamentals and vocabulary
ASTM E1316, Terminology for, Nendestructive Testing

EN 1330-2, Non-destructive testing — Terminology — Part 2: Terms common to the non-destrjuctive
testing methods

3 Terms anddefinitions

For the pufpoeses of this document, the terms and definitions given in ISO/ASTM 52900, ASTM H1316,
EN 1330-2,1S0 11484, and the following apply.

[SOtand [EC maintain terminological databases for use in standardization at the following addresges:

=’ IS0 Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

3.1
flaw type
identifiable features that defines a specific flaw

Note 1 to entry: defect term, this word is used when a flaw that does not meet specified acceptance criteria and
is rejectable.

Note 2 to entry: Flaw term, an imperfection or discontinuity that is not necessarily rejectable

© ISO/ASTM International 2023 - All rights reserved 1
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3.2

lack of fusion

LOF

type of process-induced porosity, in which the powder or wire feedstock is not fully melted or fused

ontot

Note 1

he previously deposited substrate

to entry: In PBF, this type of flaw can be an empty cavity, or contain unmelted or partially fused powder,

referred to as unconsolidated powder.

Note 2

Note 3
layers

3.3

to entry: LOF typically occurs in the bulk, making its detection difficult.

to entry: Like voids, LOF can occur on the build layer plane (layer/horizontal LOF) or across multiple build
(cross layer/vertical LOF).

unconsolidated powder

unme

3.4

layer
<E be
the ot

Note 1

3.5
trapp
unme

3.6
poros
prese

Note 1
total v

[SOUH

4 N

Some

ted powder that due to process failure was not melted and became trapped interially

shift
hm> when it is disturbed by a magnetic field a layer or a number of layers’are shifted away from
her build layers

to entry: see stop/start for PBF laser/E beam.

ed powder
ted powder that is not intended for the part but is trapped within internal part cavities

ity
hce of small voids in a part making it less thanfully dense

to entry: Porosity may be quantified as a ratio, expressed as a percentage of the volume of voids to the
olume of the part.

2CE: ISO/ASTM 52900:2019, 3.11,8]

DT potential for authéntication and/or identification

of the NDT methods in.this technical report have the additional potential to extract authentication

and/dr identification apparatus or design embedded in the design of the AM part. Such a potential

clearl
the d

y depends on theNmaterial(s), geometry and process selected to fabricate the part, however
esign information and AM data file can embed in its geometry or texture ad-hoc devices that

potenftially could b extracted by NDT techniques. ISO/TC 292 specifies and maintains a number of

stand
infory

applid

hrds supperting such devices within the ISO referential, and are fully applicable to AM digital
hationsThe specific requirements of design techniques, materials, processes, NDT modalities and
atians, however, still require careful evaluation, selection and classification.

© ISO/ASTM International 2023 - All rights reserved
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AM additive manufacturing

BAE British Aerospace and Engineering Systems
EB-PBF electron beam powder bed fusion

ESER European Synchratron Research Facility
EWI Edison Welding Institute

FMC full matrix capture

GE-PD general electric powder division

HZB Helmholtz Zentrum Berlin

ILL Institute Laue-Langevin

IR infrared

IRT infrared thermography

] &] Johnson & Johnson

LNE laboratoire national de métrologie et d'essais

PBF-LB laser powder bed fusion

DED-LB laser directed energy deposition

MTC The Manufacturing Technolegy Centre
ND neutron diffraction

NDE non-destructive evaluation

NDT non-destructive testing

NI neutron lmaging

NIST Natienal Institute of Standards and Technology
NLA non-linear acoustic testing

NLR non-linear resonance testing

PAUT phase array ultrasound testing

EcRT process-compensatedresonaneetestng
PT pulse thermography

RAM resonance acoustic method

ROI Region of interest

SX X-ray synchrotron

SHT step heating thermography
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https://standardsiso.com/api/?name=f59aac786477f0783d01676b11910563

ISO/ASTM TR 52905:2023(E)

TFM
TMS
UoB
XCT

total focusing method
the modal shop
university of bath

X-ray computed tomography

6 Typical flaws/defects in AM

6.1
The c

Flaw origins/causes

huses of defects across different types of AM processes can be quite different, but the defécts that

they generate can be remarkably similar. Detecting the defects also does not depend on the/cause, and
in gerleral only the size and geometry (and potentially morphology) of the defect matters-for detection.

The c
Table

huses and effects of a number of AM flaws have been reported in the European project AMAZEI[21],

and t
condi
simpl
requi

The f

A.1 and Table A.2 give explanations of the mechanisms by which these\flaws are generated
hose mechanisms are linked to the process parameters selected and:the resulting processing
rions, see ISO 11484. Understanding the conditions under whichyflaws are generated and
fying the terminology used to describe these flaws will aid the @pive for quality improvement
‘ed for widespread implementation of the technology.

owchart displayed in Figure 1 gives an idea of the complexity of flaw generation within the

PBF process. As can be seen, the generation of one flaw typé€/can result in an anomalous processing

condi

[ion, which in turn generates a second flaw. For example, the presence of a thick layer or low laser

(or el¢ctron beam) power can lead to under-melting, which'in turn can lead to unconsolidated powder.

Coupl
powd

pd with the tendency of the power source to.deerease the surface energy of unconsolidated
er under the action of surface tension, ensuingball formation may arise due to shrinkage and

worsdned wetting, leading to pitting, an uneven.byild surface, or an increase in surface roughness; see

EN 13

Thers
(exceq
reduc
cause

6.2

Post-h

30-2.

fore, even when there are multiple catses, a single flaw type or conditions can be generated
sive surface roughness) causing.failure by a single failure mode (surface cracking leading to
ed fatigue properties). Alternatively, it is also conceivable that a single flaw type or condition can
failure by several different failure modes.

Flaw/defects classification

uilt AM flaws have’been identified based on a report from the FP7 European AMAZE project.

Potenltial flaws in dirécted energy deposition (DED) and powder bed fusion (PBF) are listed in Table 1

and T}

Due t
defect
and 1
techn

hble 2 respectively. A brief description for each flaw type is also given in the tables.

b the similarity in manufacturing, defects from welding and casting bear some resemblance to
s fronAM processes such as PBF and DED. Defects in post-built PBF and DED parts are identified
stel in EN 1330-2, ASTM E1316 and References [22]. As noted in Table 1 and Table 2, both
plogies have common defects such as porosity, inclusions, undercuts, geometry, LOF, and a rough

surface texture. However, the mechanisms for PBF and DED defect generation are very different, and

more

importantly, the relative abundance of each defect type will be very different due to the melting

and solidification mechanisms involved (and the significantly higher thermal gradients present in DED).
DED involves imparting a momentum into the melt pool rather than melting the powder that is already
present. The important difference between the two methods is that of timescales.

© ISO/ASTM International 2023 - All rights reserved
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Thin High Poor
High hatch Excessive scan Low laser Thick powder Low laser Scan Insuficcient powder High laser laser powder
spacing speed intensity layer power strategy scanspeed layer power intensity quality
Under melting Over melting  Unconsolidated  [nclusions
Atmosphere powder
Time/ Poor
Interruption powder
/ \‘ / \ \\itorage
Irregular, '/
elongated pores Oxigen in build Spatter Keyhole Cross-layer  Spheyical
(LOF layer) chamber pores porés
/ (Key hole mode) (Cofiduetion modg)
Unconsolidated Oxid Build Buildolate Buildolat€
powder xides chamber material Heating 7 Heicht
heating ci8
\ PITTING l '/ “// Build plafe
Thermal gradient / thicknegs
Balling across

PART CURLING

PITTING

Uneven build
surface/increase in
surface roughness

N

Multi-layer pores/cross-layer/worm tracks

Key
machine: inputs/choices

AM part: resulting defect/tlaw
process: resulting condition

common typé of failure

build volume

&

DelaminatiQith
Distortion

‘\ Build laygr

thickneds

Build laydut
Powder density]

composition

Microcracking

Figured == Causes, mode of failures and defect formation in PBF AM (see ISO/ASTM 52900)

In BBEthere is a balance of timescales between melting and re-solidification. If the melt rate
low, ‘then the melt pool can become unstable and break into multiple pools. If the melt rate is tod

is too
high,

powder partially melts in front of the melt pool, which can cause defects or heat affected zones. I DED,

this balance is not relevant, but the powder (or wire) that is fed into the melt pool can melt sufficiently
quickly. The issue of adding cold material (with a given momentum) to a melt pool is not well understood,
but has a large effect on the Marangoni convection direction and thermal gradients present. It is likely
that the melt pool depth will be much shallower (which may reduce powder surrounding the melt pool)
and that the thermal gradients less severe (which cause a flatter melt pool), though this depends on the
wetting between substrate (which has no surrounding powder) and the melt pool. This difference in

the melt pool dynamics impacts its shape.

This has two important consequences, grain growth and bubble dynamics. Internal defects are
attributable to cracking, pores, or lack of material. Cracking has many causes, but is generally related
to the grain boundary (apart from solidification cracking). Note that the issue of “spattering” that is

© ISO/ASTM International 2023 - All rights reserved


https://standardsiso.com/api/?name=f59aac786477f0783d01676b11910563

ISO/ASTM TR 52905:2023(E)

believed to be prominent in DED (or indeed welding) is still a significant issue in PBF. For L-PBF the

issue is that of abl

ation at the surface of the melt pool caused by the large thermal gradients. For EB-

PBF the problem occurs from two mechanisms; ablation and charging of the powder.
Table 1 — Typical flaws in directed energy deposition
Flaw type Description

Poor surface

The surface roughness on the part does not meet the target specification for the part.

finist Measurementof the surface Toughmess s tonsidered outof-scope for NDT however, visuat
examination can be included. q/)
O
Porodity Typically spherical in shape and contains gas. Porosities can grow in a line to form a chain

OsQi

or elongated porosity.

Inconpplete fusion

%QV
\s
S

Fusion between the ec?&base metal surfaces and between adjoining welds are not com-
plete. This occurs when new material has been used and the build parameters have not
been optimised ically, this flaw is eliminated as the process improved when all parame-
ters have bee(&lglpnised.

Undercuts at the
toe of the welds
between adjoining
weld beads

A groove melted into the base metal adjacent to the weld toe or weld face and left unfilled
by weld metal.

© ISO/ASTM International 2023 - All rights reserved
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Table 1 (continued)

Flaw type

Description

Non-uniform weld
bead and fusion
characteristic

sk <
s
<

ke | N

These indicate errors in the process which can risk integrity of the build. Internal flaws
caused by this can be void, porosity, or incomplete fusion.

Hole or void

Typically occurs internally in the built part as shown in the micrograph below. It is difficult
to detect by physical examination of the partx

Non-metallic

Inclusions can come from the powder or the wire feedstock. Some inclusions are intenftion-

inclusions ally added to the powderto improve the process (e.g. for oxidation) but they could alsq be
caused by contaminants in the process.
Cracking Cracking can develop from internal holes or voids which then grows to the external surface.

Lack of geometri-
cal accuracy/steps
in the part

Variation of the part dimension from the CAD model will not be currently part of the re-
view. Nevertheless, steps and gross variation which can be detected by visual examination
are included.

© ISO/ASTM International 2023 - All rights reserved 7
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Table 2 — Typical flaws in powder bed fusion

Flaw type Description

Unconsolidat- [ Unconsolidated powder leading to porosity or voids. The morphology is different to gas generated pores, but the geometry
ed powder and size are not dissimilar. The image below is an example taken from RASCAL project.

Trappgd pow- | Unmelted powder that is not intended for the partis trapped within’paxt cavities.
der

Layer defect |Void or porosity with or without unconsolidated powder that grows on the build layer plane in a connected or semi-connected
(Horizontal |manner. The image below is a vertical slice of an X-ray computed tomography scan.
lack of fusion)

8 © ISO/ASTM International 2023 - All rights reserved
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Table 2 (continued)

Flaw type Description

Cross layer Void or porosity with or without unconsolidated powder that grows along the build axis jin ‘aconnected or semi-corjnected
(Vertical lack |manner. The images below show vertical and horizontal slices from an X-ray computed torography scan.

of fusion
) Vertical slice view.

[
G
=
@
—h
=
o
&
3

ﬂ

[Caliper 18: 2.38 mm}

Caliper 16: 0.41 mn g
. — Caliper 15: 2.94 nim|

Caliper 17. 143 mmes

N\

Top slice view,
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Table 2 (continued)

Description
T

Flaw type

T

Soms soan s $ S

[Cakper 24: 1.33 man]

ETRERT

Typically spherical in shape and contains gas. Porosities can grow in'd line to form a chain or elongated porosity. The image

Porosify
below is a horizontal slice of an X-ray computed tomography sca

Poor surface

finish

The surface roughness on the part does not meet the specification. For example, the surface roughness is higher than ac-

ceptable limit(24],

10
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Table 2 (continued)

steps in the
part

Flaw type Description
P=50W,V=200m/s
Layer shift/ |Variation of the part dimension from the CAD model will not beccurrently part of the review. Nevertheless, steps anf gross
lack of variation which can be detected by visual examination are incliided.
geometrical
accuracy/

partially or wholly un-fused wire. These pockets can exist in a variety of shapes and sizes. The image below is a horizontal

slice of an X-ray computed tomography scan.

Reduced A certain region of the part has different mechani€al properties to the rest of the part.
mechanical
properties
Inclusions Inclusions can come from the contamigants in the powder. The image below is an XCT image of an inclusion takgn from
project AMAZE 2.
S e R it N (i o
246 ven ‘ C\)J“ -
N
| gﬂmuq@:’snm-nj
\% s e B
S - |
4
Void Flaws created during the build process that are empty pockets or filled with partially or wholly un-sintered powder, or

© ISO/ASTM International 2023 - All rights reserved
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Table 2 (continued)

Flaw type Description

QO
6.3 [Defect classification strategies for AM \\9@

As pojinted out in ISO 11484 and Reference [2_5],&§re are longstanding NDE standard defect classes
for cqnventionally manufactured cast, wrought; forged, and welded production parts. The defects
prodyced by these conventional processes, will generally not be similar to those produced by AM
procepses. In addition, the NDE signal at S’h'atlon characteristics in AM parts may differ from those
in corjventional parts. Therefore, legacy: 51cal reference standards and NDE procedures can be used
with ¢aution when inspecting AM pa 25], This implies that until an accepted AM defect classification
and apsociated NDE detectit:;l?ﬁﬁ for technologically relevant AM defects are established, the NDE

meth¢ds and acceptance criterjanused for AM parts will remain part specific to design point. Variation
of AM| process parameters a sruptions during build may induce a variety of defects (anomalies) in
AM p4rts that can be dete@d sized, and located by NDE, see ISO/ASTM 52900.

In addition to defect c \1f1cat10n strategies based on NDE detection limits for technologically relevant
defects, or accept rlterla for the minimum allowable defect sizes, a classification strategy based on
the pljysical attributes possessed by defects is also possible and, perhaps, is more intuitive. For example,
defec morph&z orientation, size, and location have been found to be useful attributes for classifying
defects. To r physical defect attributes such as morphology, orientation, size, and location provide
a power ramework for classifying defects and can be used to complement defect classification
strat g@ delimited by NDE capability (minimum detectable flaw size) or acceptance criteria (critical
initial Tlaw size]. Ultimately, the goal is to determine which of the physical defect attribute(s] play a
prominent role in influencing properties and performance.

Further refinement of NDE is possible by looking at still other physical defect attributes related to
morphology, orientation, size and location. For example, in Reference [30], tensile tests on 17-4 PH
stainless steel AM dogbones were carried out to show effect of defects on its mechanical properties.
The results revealed that the number of defects exhibited the strongest correlation to yield strength
compared to the other attributes. In addition to the defect attributes of morphology, orientation, size,
and location discussed above, the selection of an appropriate NDE method is governed by a range of
practical and material considerations[211(22], Practical considerations include

a) special equipment and/or facilities requirements,

12 © ISO/ASTM International 2023 - All rights reserved
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b) cost of examination,
c) personnel and facilities qualification,
d) geometrical complexity of the part,

e) partsize and accessibility of the inspection surface or volume relative to NDE used (for example the
ability to detect embedded flaws), and

R |
T

—precesshistoryand-post-processing{seeh
While application of conventional NDE techniques is possible for AM parts with simple geométries,
topology optimized AM parts with more complex geometries require specialized NDE techniquep. The
ability of each technique to detect different types of defects, as well as to locate them in'the intetfior or
exterior surface of a part is listed. Finally, the NDE techniques are further characterized by the Jbility
to globally screen or detect and locate a defect.

7 NDT standards review

7.1 Post-process NDT standards

In DED, material is fused together by melting as it is being depositéd. DED processes are primarily used
to add features to an existing structure or to repair damaged or worn parts. DED has many variants of
processes. The material deposited can be either powder or wire based. The heat source can be a|laser,
electron beam, electric arc among others. DED processés)hiave similarities to welding processef, and
consequently the flaws generated in DED are expected'to be similar to the flaws generated in wdlding.
For this reason, the NDT standards for welding have been used in the review.

In PBF, powder is deposited onto a build platferm bed and selectively fused using a localized energy
source (typically electron or laser beam) to form a section through the component. The build platform
is then lowered and the process is repeated until the part is produced. Unlike DED, PBF procesges do
not have similarities to welding. Howevey, there are flaws generated in PBF such as voids and p(;{’osity

that have some similarities to welding’flaws. Therefore, the review of NDT standards for welding is
still relevant to PBF. In addition totwelding, some common casting flaws, gas porosity, cracking and
inclusion, are similar to DED apd \PBF flaws. For this reason, NDT standards for castings have alsq been
reviewed and their applicabilityto AM flaws is assessed.

7.1.1 ISOreview

7.1.1.1 Weldingstandards

The NDT standards for welding comprise of a number of standards that cover different aspelcts of
inspection it welding. This is described by the tree diagrams in ISO 17635:2016, Figure B.1. The welding
qualitystandards are specified in ISO 5817 and ISO 10042. These standards feed into ISO 17635 which
is an'interface between the quality levels and the acceptance levels for indications. This standard also
describes the NDT method selection process, which splits into six method-specific standards. [These
are radiographic, eddy current, magnetic particle, penetrant, ultrasonic and visual examination. At this

Stage, an NDT method has been decided, and a corresponding standard describes the test procedure
and the characterisation acceptance levels. Each method has its own limitations and it is possible that,
for a given component or a target flaw, a combination of different methods is required.

The method standards are only available for conventional NDT. For radiography and ultrasonic, there
are more sub-method standards as shown in ISO 17635:2016, Figures B.2 and B.3. NDT standards for
more advanced NDT methods are not available; for example, ultrasonic phased array, X-ray computed
tomography, and thermography. It is possible that these methods are not widely accepted and used by
NDT operators within the welding industry. However for AM, there are opportunities for new standards
to be developed for the advanced methods.
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7.1.1.2 Casting standards

The NDT standards for casting have a simpler structure to those for welding. ISO 4990 categorises
casting flaws into surface discontinuities and internal discontinuities. There are standards for five
main conventional NDT methods. Each method is either for surface or internal discontinuities. The five
NDT methods are:

1) Visual examination ISO 11971 (surface)

2)
3)
4)

5)

—

(@)

agnetic Particle Inspection I50 4966 (surtace)

quid Particle Inspection ISO 4987 (surface)

U'Iitrasonic examination ISO 4992 (internal) — Part 1 (general purposes) and Part 2 (highlystressed

mponents)

Rhdiographic testing ISO 4993 (internal)

Similar to welding, there is no standard available for advanced NDT methods for castings such as X-ray
comp
stand
stand
Some
typicglly better than as-built AM components.

7.1.1,

The s
in Talple 3. Flaws that would be covered by other types of‘inspection e.g. dimensional measurement
or mdterial characterisation are categorised as non:NDT’. All flaws listed in the table for DED are

ited tomography, phased array ultrasonic and thermography. These methods'are not regarded as
ard methods in castings, although they could have been used followingcompany specific internal
hrds or procedures. Castings typically have simpler geometry compared to AM and welding.
NDT methods might not be suitable e.g. ultrasonic. Additionally, sutfate roughness for castings is

3 Welding and casting standards applicable to AM flaws

ummary of the review of current standards for welding and casting (see Table B.1) is shown

generplly covered by current NDT standards, except for the non-NDT ones. For PBF, seven flaws are
not cqvered by current NDT standards. Three of these are non-NDT, and four are flaws unique to AM
(uncopsolidated powder, layer, cross layer, and-trapped powder). The unique flaws require new NDT
recommendations which will be addressed:in this document. It will also refer to newly developed
standprds in other sectors such as aerospace.

As shpwn in Table 3, the following are.the identified flaws unique to AM (PBF only) which require new
standprds:

— Lpyer;

— Cfoss layer;

— Trapped powder;

— Upnconsolidated powder;

14
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Table 3 — Classification of directed energy deposition and powder bed fusion flaws
(Flaws unique to additive manufacturing are in bold)

© =
= >
= - EE - <
a S =B 2
=z g 2o ]
= a S g =
S = - )
Flaw type oA/ © E 5
Poor surface finish
Incomplete fusion -
Lack of geometrical accuracy/steps in part
[=]
=
Non-uniform weld bead and fusion charac- -
teristic
\ "
Hole or void 010 -
-
Non-metallic inclusions | -
Unconsolidated powder -
N
Lack of geometrical accuracy/steps in part
Reduced mechanical properties
Inclusions -
3
a
Layer
Cross layer.
Porgsity -
Poor surface finish
Trapped powder -

7 ln-prnr‘ncc NDT review

Conventional NDE methods such as X-ray, UT, EC, have been used for post build inspection of Additive
manufacturing (AM) components. Due to the limited number of studies available and the technical
constraints, the capability of these NDE techniques is limited, indicating a technical gap[21l[27], It is
foreseen that in-process monitoring can be used to improve control of the process to minimise quality
issues. In addition, in-process inspection has the added ability to inspect the part as it is built, which for
some very complex AM parts may be the only NDE capable solution.

AM processes offer freedom over other manufacturing methods, such as the integration of multiple
parts, which generally increase their geometry complexity. In order for an AM process to be successful,
the product quality can first be ensured. Typically, quality inspections are performed after the build of
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the full part, which becomes difficult for complex geometries. Taking advantage of the unique layer-by-
layer build method, an ideal place to verify the part quality is after a layer or number of layers, with the
potential advantage to reduce or eliminate the need to inspect after the full build.

Current AM in-process monitoring relies mainly on surface measurements, potentially missing
subsurface defects. LPBF and DED AM processes work at elevated temperatures; therefore, non-contact
methods are required.

In powder bed fusion processes, problems with layer-wise coatings and untimely laser melting can

lead tp porosity, stress and further variations in the built part, or of material properties. Therefore, it
is imgortant to not only perform measurements to inspect the finished build, but also to monitor.in-
procefs and ultimately implement an efficient feedback system that could compensate time dependent
setup|deficits, for example decreasing of laser input due to aging/soot pollution or similar effects;

and djscussed in detail by References [22][28]. Also, References [29][30] addressed the matters inside
the E inspection methodologies compatible with AM process. The topics addréssed during this
reviey were:

A stl;Ly that was carried out to map the NDE technologies available for inspection in-situ is’reported

— optical control methods;
— cfating control system;
— in}-process control methods;

Only the in-process control methods were covered which invelved NDT techniques. The methods
revieyved were XCT, Thermography, Laser ultrasonic, Eddy curféents, Neutron characterisation, Acoustic
emissfion and X-ray Backscattered. It was concluded that these less conventional inspection methods
offer many possibilities for in-situ inspection of AM processes. Cracks have been successfully detected
using|Ultrasonic, Laser ultrasonic, thermography and X¢ray backscatter methods. In particular, X-ray
backslcatter inspection is not limited by surface finish and, therefore, would be particularly suitable.
Residpal stress/strain has been identified using netttron beam diffraction.

Infrarjed thermography not only monitors theymelt pool emissions but also enables the user to detect
tempgrature distributions in the powder béd or of the built parts during the build process. Heat
distripution variations indicative of process anomalies can be included in error evaluation and, in
addition, the measurement of tempérdtures allows to correlate the measured data to metallurgic
propdrties and therefore to intrinsic material characteristics.

Laser|scanning or laser profiling allows closed loop control of Wire DED build height but could also
be us¢d in the scanning of powder beds for defects. Laser ultrasound (LU) is another technique which
may he used to inspect AM-parts. Laser ultrasonic testing is a non-contact inspection technique with
potenttial for in-process.defect monitoring of AM processes. It uses lasers to both generate and detect
ultrajonic waves which can be used for defect detection, materials characterisation and thickness
determination. A pulsed laser is used to generate an ultrasonic wave and a continuous-wave laser
interferometerdetects the small surface displacement when the waves arrive at the detection point.

LU is fapable-of working at elevated temperatures of at around 1000 °C, and some systems are capable

to workon'rough surface samples which are expected to be in AM built parts. LU generates both surface
laaall £

and b vl}}\ vwWwdavio Clt thc odlIlIT t;lllc’ thc1 CfUl <, Cl}]lUVV 1115 ;uaycut;uu Uf oul fCle, L}UDC tU oul fa\.c Gllld UUIN Ul
material. Additionally, surface wave penetration depth can be optimized remotely depending on the
process.

LU has shown good capability to detect laser machined notches with dimensions as small as
50 pm x 75 pm x 50 pm (L x D x W) on DED samples as built, that is without any post build surface
finishing. The method can be used on curved or difficult to access areas and is capable to work at
elevated temperatures, therefore is suitable for Laser-PBF and DED AM processes (Figure 2 and

Figure 3)[31],
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Figure 2 — LU system (left); and L-PBF sample calibration sample with B-Sean results
identifying detected features (right)

Figure 3 — Photograph of DED sample with scan details (left); A-Scans (centre); and B-Scans
showing an area with LOF (right)

Figure 4 summarisésythe review carried out for NDE technologies applicable for in-situ monitorirjg and
inspection for AM-parts. This diagram shows that optical methods are the easiest and capable ores for
the in-process‘monitoring and inspection methods attempted to scope. Nevertheless, other mgthods
such as LU and X-ray based potentially would have better results but integration and developmept are
more complex. A more comprehensive review can be found in ASTM WK73289.
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gure 4 — Quadrant diagram ofin-situ monitoring and inspection technologies relative
capability vs difficulty to integrate/use

8 Standard selection structure for AM

Based on the review of ‘the current standards, a new structure for NDT standards for AM is proposed
as shqwn in Figure 5~Fhis structure is built on the current welding standards structure shown by the
light hoxes. The reguired development of new standards is shown by the dark boxes.
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Figure 5 — Proposed NDT standards structuke-for additive manufacturing. The black bo

indicate development ofnew NDT standards for AM

9 NDT techniques potential for-AM only defects

As discussed in Clause 6, variation-ef AM process parameters and disruptions during build may i

XES

nduce

a variety of defects (anomalies)-i*AM parts that can be detected, sized, and located by NDE[32], NDT is
an essential aspect of a fitness=for-service assessment. The NDT technique(s) used for flaw evalfiation
can be chosen to provide.the type of information required to an acceptable degree of accuracy} Such
information can include(some or all of the following items:

— NDT method;

— geometrical-complexity;

— surfacedinish;

— flawtype.

demonstrate the capablllty of each NDT method for mspectmg AM parts. Thls tool con51ders the micro
and macro complexity of the part, and the potential defects of interest as listed in Clause 6. The tool
considers a range of component structures and surface finishes, ranging from simple machined blocks/
cylinders to inspection of as built EBM (rougher) lattice components. Figure 6 shows an example of the
different part categories considered in the matrix of capabilities. From bottom to top the geometric
complexity of the partincreases, and from left to right the surface complexity increases.

© ISO/ASTM International 2023 - All rights reserved
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o B
SE R
§ ﬂé % Machined bracket/SLM bracket | As built blown powder bracket
g ag Machined block/cylinder

Increasing surface complexity

Figure 6 — Examples of different AM parts considered for the capability matrix (parts range
from less r‘nmp]m{ify in the hottom left corner to more rnmplpy in the top right‘)

A mafrix of capabilities was created which captures the abilities of each NDT technique for inspecting
the vqrious different component conditions. Each NDT method is given one of the following ratifigs®

— hjgh capability;

— mnjedium capability;
— Idw capability;

— np capability.

For edch type of defect, the inspection method is given a score based on its-eapability for detecting that
type ¢f defect in each of the different build categories. Each build categery is colour coded to facilitate
simplg identification.

The matrix of capabilities is used to populate the selector toglmatrices and can be used for reference
only. [It is worth noting that there are very few NDT techniques that are capable of detecting
microgstructure variations and residual stresses. These defect types are not often encountered in the
majorfity of NDT inspections, and this is reflected in the reduced range of applicable inspection methods
for these defects.

The sglector tool may be used as an initial indi€ation to identify the most capable NDT method for
inspeftion of each category of component. To~use the selector tool the component under test can
first e defined in terms of its geometric and’surface complexity, based on the descriptions given in
Figurg¢ 6. Each category is represented by-anumber which is used as the input to the selector tool. For
each dlifferent category the number andtype of capable NDT methods vary and each method is given a
reprefentation of its inspection capability as is shown in Figure 7.

High'capability H
Medium capability M
Low capability L
No capability

Figure 7Z.~=Capability indicator for the NDT technique shown in Table 4 and Table 5

To demonsgrate the functionality of the selector tool, two examples are given. The first concerns a
simplg nfachined block, a component with a simple geometry and surface finish. In this case the selector
tool scenario input into the tool would be a 1, resulting in the selector tool output shown in Table 4. The

output of the selector tool indicates that the most appropriate NDT method for the majority of defects is
ultrasonic contact or immersion, or inspection using Electromagnetic Acoustic Transducer ultrasound.
However, the output also indicates that these methods would not be suitable for detection of defects
such as near surface residual stress, which the tool indicates would only be detectable using X-ray
diffraction.

The second example is at the other end of the spectrum, with a complex geometry and surface condition,
such as an as built EBM lattice component, high level of roughness surface. In this case the entry into
the selector tool scenario would be a 9, resulting in the output shown in Table 5. With this complex type
of component it is immediately apparent from Table 5 that inspection is a more challenging proposition
compared to the simple machined block presented in Table 4. Here the most appropriate inspection
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method is X-ray computed tomography for the majority of defects, however it does not have good
capability for certain defects, such as surface breaking cracks or lack of fusion.

An additional tool has been developed for determining the most appropriate NDT methods for post-
build inspection of metal cladding (DED) components. This selector tool operates in the same fashion
as the AM tool, with the user entering a number corresponding to the scenario which best describes the
component required to be inspected.
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Type

EletromagneticfMe- | Electromagnetic
Optical-Mechatical | Laser Ultrasound

chanical

Class

Mixed
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While application of conventional NDE techniques is possible for AM parts with simple geometries,
topology optimized AM parts with more complex geometries require specialized NDE techniques.

summarized in Table 6.

Table 6 — AM design complexity groupings(27]

Group Design Description

T Simple parts These parts are simplie with well-establisied designs that do not
capitalize on the advantages of AM. Such parts may already have

consensus NDE inspection procedures.

These parts are based on conventional designs, but somg-of the
advantages of AM, such as lighter weight or fewer parts,.are incor-
porated into the design.

Optimized standard parts

Parts with embedded fea-
tures

The added features add complexity to a part, thereby decreasing
NDE inspectability. Access is limited to internal ifispection surfaces.

These parts appear to be free-formed withoutstraightlines or parallel
surfaces and have no analogue made by.conventional subtractive
techniques. The presence of detailed extérnal and internal features
greatly reduces NDE inspectability,because the amount of inspec-
tion surface has increased and the vast majority of the structure is
detailed and embedded.

These parts consist of a free-form metallic lattices that have a high
strength-to-weight raties,{iincreased surface areas, and tailored
stiffness and damageolerance. The structures pose the greatest
challenge for existing NDE technologies, requiring the use of new
or creative NDE techniques.

Design-to-constraint parts

Lattice structures

Table|7 lists industrial NDE procedures that are used«{@ inspect AM parts. The ability of each technique
to detect different types of defects, as well as to locate them in the interior or exterior surface of a part
is listed. Finally, the NDE techniques are further chdracterized by the ability to globally screen or detect
and ldcate a defect.

Table 7 — General inspection capabilities for selected conventional post-build NDE techniques

for AM)(adapted from ASTM E3166)

Method

Material and defect'types detect-
ed

Surface or interior de-
fect sensitivity

Global screening or detect
location

CT

macro

In any solidmaterial, any condition
and/or defectaffecting X-ray absorp-
tion, withthe exception of reduced
mechanical properties

Surface and subsurface,
>200 um resolution

Detects and images defect lo-
cation; field of view dictated
by detector size and distance
between test article and im-
aging plane and x-ray source.

CT, nf

icrofocus

In any solid material, any condition
and/or defect affecting X-ray absorp-
tion, with the exception of reduced
mechanical properties

Surface and subsurface,
typically 10 um to 200 um
resolution for parts 10 mm
to 200 mm thick

Detects and images defect lo-
cation; field of view minimized,
focal spot may be optimized
for resolution at the expense

ofccan cnaad
+ SH-Speee

CT, SX

In any solid material, any condition
and/or defect affecting hard and soft
X-ray absorption, with the exception
of reduced mechanical properties

Surface, subsurface and
bulk, usually 5 pm reso-
lution for a field-view of
10 mm in 42 mm thick.

Detects and images defect lo-
cation; field of view minimized,
focal spot may be optimized
for resolution at the expense
of scan speed

Abbreviations used: CT = Computed Tomography, ET = Eddy Current Testing, VI = Visual Inspection, PCRT = Process
Compensated Resonance Testing, PT = Penetrant Testing, RT = Radiographic Testing, TT = Thermographic Testing,
UT = Ultrasonic Testing, NI=Neutron Imaging, SX = Synchrotron X-Ray.
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Table 7 (continued)

Material and defect types detect-

Surface or interior de-

Global screening or detect

condition and/or defect
affecting’sound attenuation,

propagation, acoustic velocity and/
op-sensor-part

connexion

Method ed fect sensitivity location
CT, NI In any solid material, any condition|Surface, subsurface and|Detects and images defect lo-
and/or defect affecting Neutron, with |bulk, usually 10 um reso-|cation; resolution affects the
the exception of reduced mechanical|lution in 42 mm thick. In|scanning time. Neutrons have
properties general it’s the size of the |higher penetration to most met-
field of view divided by|als (e.g., Aluminium, Titanium,
2000, all other elements|Nickel) and areisotope sefsitive
being optimal. (light elements).
ET In electrically conducting and/or Surface and near subsurface | Detects and images/locqtion
magnetic materials for local defects
(for example, cracks) and distribut-
ed flaws (for example, porosity)
VI In any solid material, any condition |Surface Detects dnd images locqtion
and/or defect affecting visible,
structured and laser light reflection
PCRT Any solid material. Any Surface and subsurface-~_“{Global screening
defect or condition
PT Any solid material. Surface breaking Detects and identifies logation
Discontinuities — cracks, pores,
nicks, others
RT In any solid material, any Surface and Detects and images logation
condition and/or defect subsutface butno depth informatign
affecting X-ray absorption, with the
exception of reduced mechanical
properties
TT In any solid material, any Surface and Detects and images locatipn but
condition and/or defect subsurface limited penetration in metals
affecting heat conduetion
uT In any solid material, any Surface and subsurface |Detects and identifieslogation

Abbreviations used: CT = Computed Tomography, ET = Eddy Current Testing, VI = Visual Inspection, PCRT = Pfocess
Compensateds Resonance Testing, PT = Penetrant Testing, RT = Radiographic Testing, TT = Thermographic T¢sting,
UT = Ultrasonic Testing, NI=Neutron Imaging, SX = Synchrotron X-Ray.

Based on the analysis performed in the NDE methods, the potential approaches to be used in| post-

process inspection and in-process of AM components would be those presented in Table 8.

Table 8 — NDT methods with the most potential for post-processing and in-process inspection

for AM
Inspection type NDT methods
X-ray CT, Neu- PCRT, RAM and
Post-process X-ray tron CT Thermography |UTPA & TFM NLA
X-ray backscattered
In-process Laser scan line |Optical imaging |Thermography LUT
Digital X-ray

© ISO/ASTM International 2023 - All rights reserved
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10 AM artefacts

The objective of the specimen is to cover the AM types of defects not covered by current NDT standards,
and unique for the additive process such as layer, cross-layer and unconsolidated powder/trapped
powder. Some of these defects (layer and cross-layer) are also being covered in ASTM E3166. A two-
level approach is proposed. Firstly to use an extruded star geometry to provide initial image quality
indicator (IQI) of AM seeded defects detectability using a specific NDT method, and may be used for
relatively simple geometries. The second is an a la carte design with a particularly more representative

geom truv tao the nraductian nart whoro dofocte aro coodad at coamotrically or ctructurally critical
PtT = ooy rre et re o et e a0 Stroattorohty—ct

..... productonp geometricatly ot ieal
placeg, required defect sizes and defect types.

10.1 [Design

10.1.]1 Star artefact

This dpecimen will be used to assess the detectability of identified AM typical layer defects, cross-layer
defects, unconsolidated powder/trapped powder and inclusions. The seeding technique is one of the
propdsed methods in ISO/ASTM TR 52906, CAD seeding technique. The specimefrhas a cross-section of
a 5 pdint star as shown in Figure 8. The dimensions shown in the design are genéral guidance only. The
dimer}sions of the artefact are dependent on several factors including the material, accelerating voltage
(kV), hnd type of filter. The exact dimensions will be determined using X6T Standard: EN 16016-2. For
example, using 450 kV, 500 pm Gadolinium oxysulphide scintillation sereen and 3 mm Pb filter, XCT
can aghieve 10 % transmission on 80 mm of aluminium. This level oftransmission can give an optimal
signal-to-noise ratio in the CT image. In this case, the total matefial thickness of the artefact can not
exceefl 80 mm if the scan is rotated on the star axis. The red arrows in Figure 8 indicated the thickness.
Details of the preliminary star artefacts design and final design specifying seeded defects location and
their distribution are presented in detail in Annex C, Figure'€.1 (Preliminary star-shape) and Figure C.2
(Final star-shape).

a) Initial design b) Final design

Figure 8 *~ Proposed specimen designs to assess the detectability of layer defects, cross-layer
defe¢ts;unconsolidated powder and trapped powder (the red arrows indicated the maximum and

minimum material thickness or the specimen)

For the preliminary star-shape artefact design labelled as SP, those stars have been seeded with
artificial defects unique to AM process represented by cylinders and spheres. The sizes of the defects
vary between 0,02 mm to 1,5 mm in diameter and 0,5 mm to 6,4 mm in length. Six titanium artefacts
and four Inconel®D artefacts have been built. For titanium stars, four of them were built using the
L-PBF process, and two of them were built using the EBM process. Two of the L-PBF built artefacts did
not have artificial defects and were intended for reference.

1) Inconelisanexample of a suitable product available commercially. This information is given for the convenience
of users of this document and does not constitute an endorsement by ISO of this product.
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For the new star artefacts design proposed by MTC, the defect sizes vary between 0,1 mm to 0,7 mm in
diameter and 2,0 mm to 5,0 mm in length. Three versions of star artefacts have been created based on
the initial design showing in numeral 9.1 (size of seeded defects changed). The three design are:

— Reference SO — No nominal defects.

— Version S1: Defects are positioned close to the tip and on the surface of the internal pentagon, as
first design but with the very small defects removed.

— Version SZ: same delects as S1 but positioned at the corner, away from the tip. 1his positign has
minimum material on.
The type of seeded defects and their dimensions assessed during the trials are summarised in Tqble 9,
for the preliminary design, while Table 11 presents the values for the final design. Detdiled infornpation
of the process, manufacturers and builds is specified in Annex D, Table D.1.
Table 9 — Defects dimension and location for star artefact preliminary<esign 1 and design 2
. Total se¢ded
a
Diameter Length defecks
Design Description @ ol 4 Qyy
mm, mm number
Region 1. Vertical cylinders inter-
connected and open at both top and 0,02,0,0501,0,2,0,5, 6,4 7
b 1;0’and 1,5
ottom.
Region 2. Cylinders in various orien-
tations (Unconsolidated/trapped pow- 03 20 7
der). Orientation offsets of 45° and 90° ’ !
relative to the first instance
Region 3. Reference section. ND¢ ND¢ ND¢
Region 4. Horizontal cylindersopen 0,02,0,05,0,1,0,2, 0,5, 20 7
at the outside edge (Layer,defects). 1,0and 1,5 ’
SPb Region 5. Spheres (Voids/porosity, 0,02, 0,05,0,1,0,2,0,5, 20 7
unconsolidated/trapped powder). 1,0 and 1,5 ’
Region 6. Horizontal cylinders, open 0,02,0,05,0,1,0,2, 0,5, 15 -
at the inside face (Layer defects). 1,0and 1,5 ’
Region 7. Horizontal cylinders open at| 0,02, 0,05, 0,1, 0,2, 0,5, 20 ~
the inside face (Layer defects). 1,0 and 1,5 ’
Region'8. Reference section. ND¢ ND¢ ND¢
Region 9. Horizontal cylinders, open 0,02, 0,05,0,1,0,2, 0,5, 05 7
at'the inside face (Layer defects). 1,0 and 1,5 ’
Region 10. Horizontal cylinders, open | 00,02, 0,05, 0,1, 0,2, 0,5, 20 7
at the inside face (Layer defects). 1,0 and 1,5 ’
a  (The defects order from TOP to BOTTOM are as follows: smaller defects is number 1 (20 pm) increasing to numbgr 7 (1
500 jum). It is with the star face up where the reference holes are set.
b/ SP abbreviation to indicate the star artefact correspond to the preliminary design
¢ Abbreviation used: ND = Not defect

To achieve the 10 % transmission of X-ray energy, the dimensions are modified based on material
density. The overall star geometry is driven by two diameters that control the positions of the vertices
on the outer star profile. The sketch views in Figure 9 and Figure 10 give a clearer indication of the
diameters and pentagon dimension needed to achieve the desired wall thickness. The height of the star
is kept constant. Table 10 shows the dimensions of the star artefact build for the different materials
tested here. The STL build files are available at the following ISO link: https://standards.iso.org/iso/tr/
52905/ed-1/en/.
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d; inner star diameter
d, outer star diameter

h height
L thin wall section
L, thick wall section

Figure 9 — General sketch showing the main dimension of the start artefact to be achieved for
10 % transmission of X-ray accomplish basedon material density
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—
g\l

\

82
100 120
c¢) Titanium d) Aluminium

Figure 10 — Artefact material design comparison for the new star design

2) Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Figure 11 shows the defects on the tip sections of the star, which covers the region (1) to (5), while
Figure 12 shows the defects on the inner pentagon, which covers the region (1) to (5) too. However,
noted the position of the seeded defects varied with design 1 shown in Figure 11. Table 11 show the
dimensions of the defects seeded on the star artefacts.

NOTE Details of the defects on the tip sections are shown in region (1)\to’(5).

Figure 11 — Proposed specimen design 1 (S1) to assess the detectability of layer defects, cross-
layer defects, unconsolidated powder and trapped powder

NOTE Details\ofthe defects in the inner pentagon are shown in region (1) to (5).

Figure.12— Proposed specimen design 2(S2) to assess the detectability of layer defects, cross-
layer defects, unconsolidated powder and trapped powder

Table 11 — Defects dimension-andlocation for star artefactfinal rlncign S1and dncign $2
. Total seeded
a
Diameter Length defects
Design Description 2
¢1 Il Qty
mm mm number
S0 Reference star without defects NDb NDP NDb
a2 The defects order from TOP to BOTTOM are as follows: smaller defects is number 1 (0,1 mm) increasing to number 7
(0,7 mm). It is with the star face up where the reference holes are set.
b Abbreviation used: ND = Not defect
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Table 11 (continued)
. Total seeded
a
Diameter Length defects
Design Description 2
g P $1 L Qy
mm mm number
Region 1. Cylinders in various orientations
(Unconsolidated/trapped powder). Orien- 03 20 7
tatiomoffsetsof 45°amd- 96> Tetative tothe * *
first instance.
Region 2. Vertical cylinders interconnected| 0,1, 0,2, 0,3, 0,4, 0,5, 50 7
and open at both top and bottom. 0,6 and 0,7 !
p1 Region 3. Spheres (Voids/porosity, uncon-| 0,1, 0,2, 0,3, 0,4, 0,5, _ v
solidated/trapped powder). 0,6 and 0,70
Region 4. Horizontal cylinders open at the| 0,1, 0,2, 0,3, 0,4, 0,5, 2t 7
outside edge (Layer defects). 0,6 and 0,7 ’
Region 5. Horizontal cylinders, open at the| 0,1, 0,2, 0,3, 0,4, 0,5, %0 7
inside face of the pentagon (Layer defects). 0,6 and 0,7 ’
Region 1. Horizontal cylinders, open at the| 0,1, 0,2, 0,3, 0,4, 0,5, 20 7
inside face of the pentagon (Layer defects). 0,6 and 0,7 ’
Region 2. Horizontal cylinders open at the| 0,1, 0,2, 0,3, 0,4,0,5, 25 7
outside edge (Layer defects). 0,6 and 0,7 ’
Region 3. Spheres (Voids/porosity, uncon-| 0,1, 0,2, 0,3;.0,4, 0,5, _ 7
o solidated/trapped powder). 0,6 and0,70
Region 4. Vertical cylinders interconnected | 0,1, 0,2:0,3, 0,4, 0,5, 50 7
and open at both top and bottom. 0;6 and 0,7 !
Region 5. Cylinders in various orientations
(Unconsolidated/trapped powder). Oriens 03 20 7
tation offsets of 45° and 90° relative tocthe ’ ’
first instance.
a2 The defects order from TOP to BOTTOM are as folows: smaller defects is number 1 (0,1 mm) increasing to number 7
(0,7 mjm). It is with the star face up where the reference holes are set.
b Abbreviation used: ND = Not defect

10.1.2 Ala carte artefact

For cases where geometry.is eonsiderably more complex than the design in the previous section and
furthér validate an NDT method, it is recommended to use an a la carte approach. In this case, the actual
part geometry design-issrecommended to be built, inserting typical or expected defects at strategic
locatipns such as critical places (geometrical/structural), deep sections, hard to reach sections, close
to suifface, surfacédegions and any other region required. Using the part geometry, the recommended
steps [to follow/in‘the a la carte framework are:

p—

dentifypstructurally critical defect locations and sizes to be required for detection, ideally through
nmlodelling or mechanical test;

— Seed those defects to the partin the identified critical areas;
— Build the part which is now the NDE test/calibration artefact;

— Test the built calibration artefact with NDE methods (UT, XCT, resonance, any other novel NDE
method that may have become available) to qualify it is capable for the part quality requirements.

Figure 13 shows an example based on a la carte generic airfoil geometry. CAD seeded cylinders
with openings at the surfaces are located on various locations on the airfoil (shown by red circles),
as examples of potentially critical regions and hard to detect by XCT. The primary focus of this is to
determine the sensitivity of the XCT detection of the same defects (sizes and shapes) at various locations
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on the airfoil. The STL build file for this geometry is also available at the following ISO link: https://
standards.iso.org/iso/tr/52905/ed-1/en/.

3 10

5
=
6

Key
1  holesset1to5 located at the external concave side
2 holesset10and 11 located at the internal concave side
3  holesset7to9 located at the external convex side
4 holesset14to 17 located at the internal convex side
5 holeset6 located at the external curve sidé
6 holesset12and 13 located at the internal curveside

NOTE Holes location are indicated by red diamonds.

Figure 13 — Generic airfoil geometry with(critical defects locations inside and outside of{the
concave and convex side

The airfoil contains 17 sets of holes at various locations with each set containing three (3) clusters of
holes. Each cluster has four holes with diameter of 0,1 mm, 0,3 mm, 0,5 mm and 0,7 mm as is shawn in
Figure 14. The depth of each holes-is the same as the diameter, however, the material thickness Varies
depending on the location on the/airfoil. The holes were designed in this way in order to have sensjtivity
relative to location, such that defects of the same size will give contrast at different locations. This is
summarised on Table 12based on Figure 13 layout.
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“ 3

2

sdgts of holes containing 3 cluster %O
nymber of holes per cluster g\\

heles dimensions per cluster

Figune 14 — Top view of the CAD model showing an exa‘ﬁge of the rows, sets and dimensions of

the holes in the a\ il

®®
Table 12 — Dimensions of the seeded defectsﬁn the ala carte design of the generic airfoils
&) HolesP
Region Side \lﬁuomber of sets? dq
,.‘\0 mm
1 Concave outsige. N 5 0,1,0,3,0,5and 0,7
2 Concave inside" 2 0,1,0,3,0,5and 0,7
3 Convex gutside 3 0,1,0,3,0,5and 0,7
4 Conve inside 4 0,1,0,3,0,5and 0,7
5 _Cufve outside 1 0,1,0,3,0,5and 0,7
6 A()vt'urve inside 2 0,1,0,3,0,5and 0,7
a2 Tqtal number ts 17.
b Tqtal num&s 204.

10

~

10.2 I@kz;acturing

.2.1 Star artefact

The goal of the star artefacts is to represent the defects/flaws unique to additive manufacturing
represented by seeded geometries to replicate them as follows:

36

Cross-layer defects: Vertical cylinders of different diameter but the same length. Those are connected
by a small link to release powder at the largest diameter.

Layer defects: Horizontal cylinders of different diameters but the same length. Open end to release
powder.
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— Unconsolidated/trapped powder: Internal spheres of different diameter and cylinders in various

orientation with the same length and diameter.

The defects are located in critical areas or locations at a different depth to ensure they are representative
of flaws that can be generated during the AM process. Figure 15 shows examples of the star artefact

builds for Hastelloy®3) and Titanium.

O
a) Hastelloy® Q b) Titanium

NOTE Sample star design S1 showing size difference SQQ‘CO diameter variation to achieve 10 %
transmission X-ray energy. S\&

2
Figure 15 — Hastelloy® and tig’ls}lm star artefact build using EOS system
X2
The star artefacts built during this stugﬂare summarised as followed:
b

10.2.2 Ala carte artefact ’\C\)j“

by GE power. The select ometry was a generic air foil seeded with defects which were selec

In this section, a build exa;plg is shown in Figure 16 for an a la carte specimen made from Inco
regions of interest as @ nted in 10.1.2.

hel®4)
ted in

3) Hastelloy is an example of a suitable product available commercially. This information is given for the

convenience of users of this document and does not constitute an endorsement by ISO of this product.

4) Inconelis an example of a suitable product available commercially. This information is given for the convenience

of users of this document and does not constitute an endorsement by ISO of this product.
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Figun
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were
extra

11.1

The e
from
such
alloys
Table

e 16 — Generic airfoils build as a la carte design provided by GE power (red rectangles show
simulated defects manufactured by PBF)

ving the review from Clause 9 for NDT approaches, the methods with the most potential for AM

‘ted from collaborators’ reports including background, experimental, results and analysis.

kperimental trials in this section compilé the main information of the test as well as main outcomes
the analysis performed in the stardrtefacts built (SO, S1 and S2 design) using different alloys
s Inconel®, Hastelloy®, Maraging stéel, stainless steel, titanium, cobalt-chrome and Aluminium

D.1 and Table D.2. Some of the.findings reported are based on trials performed on the preliminary

DT method trials and validation using star artefact

selected. Trials of these methods will be presented.in this clause, which can include material

Experimental trials

. Details of the star artefact manufactured, NDT technologies and collaborators are presented in

star d|

The s
trials
seede|
used.

38

XA

n

SY

esigns while others were on'new star versions.

rope of the trials is to, assess the capability of detection of the NDT technique involved. These
are giving information on the presence of the defect rather than sizing them. If dimensions of the
d defects are measiuired, it is considered as an additional information or capability of the technique
Seven NDT techniques were involved in the trials carried out as follows:

ray computed tomography (XCT);

utrorimaging (NI);

nehrotron radiography:

synchrotron CT;

neutron CT;

thermography;

process compensated resonance testing (PCRT);

non-linear resonance testing (NLR);

conventional ultrasonic testing (CUT);
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— pulse-echo ultrasonic testing (PE);
— phase array ultrasonic (PAUT);
— phase array ultrasonic and full matrix capture/total focus method (FMC/TFM);

— neutron diffraction (ND).

11.1.1 X-ray Computed Tomography - XCT (MTC & GE & EWI)

X-ray computed tomography (XCT) is one of the most common Nondestructive evaluation

techniques for additive manufacturing parts. XCT technique can produce 2D (fan beam) and 3D
beam) cross-sectional images of an object from flat X-ray images. X-ray computed tomography co
of probing a test part with X-ray at different angular positions of the part, recording:the intera

NDE)
(Cone
nsists
rtions

of these waves with the test part for each angle independently, and post-processirng these data yith a

reconstruction algorithm to give a volumetric image.

All trails have used the 3D XCT method. Characteristic of the internal structure of an object imaging is

visualised through a process known as reconstruction. Object dimensiorssand shape, internal d
and density are the typical information obtained by XCT.

11.1.1.1 Summary of procedure

The general procedure for the XCT inspection includes the following steps:

efects

— Position of the star artefact on the table oriented on thie X-axis and sample faced up with the refgrence

point.
— Scan of the star artefact.
— Reconstruct the star artefact rotational jmage.
— Analyse XCT data to determine seeded defects detected.
— Obtain XCT images of the area.of interest to link it with the nominal CAD.
— Report.

For the XCT scan trials, three.systems have been used, belonging to EWI, GE and MTC. The materia

[l used

by EWI was Stainless Steel, Cobalt-Chrome, while GE and MTC used Inconel®3), Hastelloy®®), Martaging

steel, and Ti6Al4V. A surhmary of the samples built is presented in Table 13.

11.1.1.2 Apparatus/settings

The XCT systems used for GE, MTC and EWI were 450 kV systems. The systems used an X-ray gen
as a radiation source. The parameters used for each system for the inspection are shown in TaQj
and Table E.2, while the set up used by MTC and GE is shown in Figure E.1 and Figure E.2.

brator
le E.1

5) Inconelisan example of a suitable product available commercially. This information is given for the conve
of users of this document and does not constitute an endorsement by ISO of this product.

nience

6) Hastelloy is an example of a suitable product available commercially. This information is given for the

convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Table 13 — Summary of the star artefacts version used during the XCT trials

Material Version SO Version S1 Version S2
HX-S0-001 HX-S1-001 HX-S2-001
Hastelloy® (HX)b:c to to to
HX-S0-005 HX-S1-005 HX-S2-005
MS-S0-001 MS-51-001 MS-S2-001
Matraging steel (MS)b.c to to to
MS-S0-005 MS-S1-005 MS-S2-006
Stainless Steel (SS) NTd SS-§1-001 SS-§2-001
Colpalt-Chrome (CoCr) NTd NTd CoCr755-S2-001
Inconel®a (IN) NTd IN-S1-300A IN-S2-300A
Ti6Al4V2 NTd S;p-001f Sgp-001¢
a  The star artefact correspond to the preliminary design.
b Nikon XT H 450 kV system reflection target. System located in the UK.
¢ Nikon XT H 450 kV system reflection target. System located in Germany.
d N[ = Not tested.
¢ Syp: Star artefact manufactured by EB-PBF process.
f S |g: Star artefact manufactured by L-PBF process.

11.1.

The r
sumnj

The X
The s
diamgd
Cross

The X
of un
the X

|.3 Significance of data/interpretation of results

esults of the XCT trials performed by GE and MTC forthe preliminary star artefacts version are
arised in Table 14. Examples of the XCT image sgairare also shown in Annex E.

CT results showed that the EBM artefact gvas successful in creating all the artificial defects.
mallest unconsolidated powder or trapped powder detected was between 0,3 mm to 0,5 mm in
ter. The smallest layer defect detected.was between 0,2 mm to 0,5 mm in diameter. The smallest
layer defect detected was 0,05 mm in-diameter.

CT results for the preliminary star artefacts designed by MTC (SP) did not show any indication
ronsolidated powder or trapped powder (see Figure C.1). It is not clear whether this is due to
LT detection limit or the Aimit of L-PBF built. Therefore, validation is required through cut-ups

and opservation under the miicroscope. The SP artefacts were successful in creating layer and cross-

layer
diamg
artefd

Hefects. The XCT results showed the smallest defects detected was between 0,3 mm to 0,5 mm in
ter. In addition, the-data also revealed some indications of defects that were not designed in the
ct.

40
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Table 14 — Summary of the smallest defects detected in the star artefact built in Inconel®?) and

Ti6Al4V alloys by XCT scan

Defects dimensions in millimetres

MTC GE
Design? Defect region - -
Inconel 300A Ti6Al4V Inconel 300A Ti6Al4V
1 0,5 0,02 0,2 TBU¢
2 NDb All detected NDP TBU¢
3 Reference Reference Reference TBU®
4 0,5 0,5 0,2 TBUC
Sp 5 NDb 0,5 NDP TBU¢

6 0,5 0,5 0,2 TBU¢
7 0,5 0,5 0,2 TBU¢
8 Reference Reference Reference TBU¢
9 0,5 0,5 0,2 TBU¢
10 0,5 0,2 0,2 TBU¢

a  The CAD file of the star artefact corresponds to the preliminary version design'by MTC.

b ND = Not detected.

¢ TBU = To be updated.

For the inspection with the new version of the stars (S05S1 and S2) a summary of the findi

ngs is

presented in Table 15 and Table 16. The smallest defectperregion is given, however, details of indiyidual
outcomes are included in Table E.1 to Table E.9 and Figure E.3 to Figure E.11, E.3, numeral 2.
Table 15 — Summary of the smallest defects-detected in the final star artefact design by XCT
scan in Stainless Steel and CoCr
Defect dimensions in millinetres
. . EWIP GEP
Design? Defectregion -
Stainless steelP CoCr755
SO All NTd NTd
1 All detected NTd
2 0,1 NTd
S1 3 0,4 NTd
4 0,2 NTd
5 0,3 NTd
1 0,2 0,3
2 0,2 0,3
2 3 0,3 0,5
4 0,1 0,3
All detected excenthori-
> All detected zontal (tamgen‘Eia;)orl
a2 The CAD file of the star artefact correspond to the new design version S0, S1 and S2 supplied by MTC.
b The analysis was performed in one sample per each design.
¢ ND = Not detected.
d  NT = Not tested.

7) Inconelis an example of a suitable productavailable commercially. This information is given for the convenience

of users of this document and does not constitute an endorsement by ISO of this product.
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Table 16 — Summary of the smallest defects detected in the final star artefact design by XCT
scan in Hastelloy®8) and Maraging materials

Defect dimensions in millimetres

. Defect re- GE-UK® MTC¢
Design? . - -
gion Hastelloy®d | Hastelloy®® |Maraging steel?| Hastelloy®c Maraging steel¢
SO All NDe NDe NDe NDe
All detectedin 4 | All detected in 5
1 NTE All detected All detected |starsand 6 in two|starsand 6 in one
stars star
41 2 NTf 0,1 0,1 0,1 0,2
3 NTE 0,4 0,3 0,4 @5
4 NTf 0,3 0,3 0,1 0,2
5 NTf 0,3 0,2 0,1 0,2
1 0,3 0,3 0,2 0,1 0,1
2 0,3 0,3 0,2 0,3 0,1
3 0,3 0,3 0,3 0,1 0,3
¥ 4 0,1 0,3 0,3 o1 0,1
Al detected in | All detected in 1
5 All detected | All detected All detected 2 starsand 6 in | star and 6 in four
three stars stars
a2 The CAD file of the star artefact correspond to the new design version S0, ST and S2 supplied by MTC.
b The analysis was performed in one sample per each design.
¢ The analysis was performed in 6 Hastelloy® stars (design S1) and'5 stars (design S2). The nominal features diameter
size rgported correspond to the average of the diameter detected i{sing the set sample per each design.
d  Tdgst carry out using the DYN|41 detector -100 in one sample.
¢ ND = Notdetected.
f NT = Not tested.

11.1.1.4 Comments/observations

The XCT analysis performed on the Hastelloy®? X, Maraging steel and stainless steel star artefacts
desigh S1 and design S2 clearly~showed that the observable defects on the three materials are very
simildr. Although EWI attempted to use similar parameters used from previous imaging experiments
carridd out at the MTC, since the Nikon 450 kV systems were the same, the results achieved are slightly
differpnt in contrast, resetution and accuracy.

EWTI found that chdllenges with scattering resulted in the detectability being rather limited for the
sphergs with trapped powder (0,3 mm to 0,4 mm). Also, after several attempts at imaging the star face-
up, tilted, and<4ace-on, it was determined that imaging the star face on resulted in the least amount of

The X scancarriedoutby GEusingthe Byns ete TSTC ase 1o 3
resolution by a factor of two, but to enable sharper imaging at a lower magnification and only a more
marginal increase in nominal resolution. Detectability is not dependent only on nominal resolution
but a combination of factors. It was found that the quality of the image is enhancing substantially and
increasing resolution capability.

8) Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.

9) Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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11.1.2 Neutron Imaging — NI and Synchrotron radiation — SX (HZB & ESRF)

The ability of neutrons to penetrate easily through materials such as steel and titanium, revealing
interior details of engineering components such as coolants channels or verifying the absence of
defects such as cracks or pores made NI a unique and valuable tool. At the same time, the advent of
synchrotrons enabling focalised high-energy x-rays has revolutionized tomographic methods, pushing
boundaries of spatial and temporal resolution to the nanometre and microsecond.

Neutron imaging is complementary to X-ray imaging. Whereas x-rays are scattered and absorbed

by the electron of an atom, neutrons interact with the atom nuclei. Therefore, some features jeasily
visible with neutron imaging can be very challenging or impossible to be detected with X-raylimpging.
Neutrons have more sensitivity than X-ray to light elements and their degree of attenuation depends
on the neutron energy. For metals, a strong energy dependency of the attenuation is observed ¢ue to
Bragg scattering from the crystal lattice. Even though, it is mentioned that X-ray resolution is better
the than neutron method it is highly dependent on the system used and on the material, for exgmple,
new neutron imaging instruments combined with high flux sources, the resolution achieved is pt the
same scale (50 pm). However, a particular advantage of neutron imaging is the.ligh penetration ¢lepth,
allowing to inspect large samples with a medium resolution, which X-ray cannot dol331[36l,

As with radiography, visualisation of the sample in three-dimensions.is-available by neutron impging.
For the tomography technique, the resultant digital projectional® radiographs taken at dg¢fined
rotational steps of the sample are reconstructed using algorithms-similar to those used for clgssical
X-ray computed tomography, taking into account specific beam geometry characteristics. The cqncept
of Neutron Imaging (NI) is shown in Figure 17, but the basic set-up is very similar to that used by|X-ray
synchrotron radiation (SX) source. Neutron transmissionthrough the sample leaves a neutron imprint
on the scintillator screen which transforms it into photons. A mirror downstream of the scintjllator
reflects these photons towards a camera (CDD or sCMOS for example) placed at 90° which transforms
the photons into an ensemble of digital grey scale‘signals (the camera is protected from the prjmary
beam to ensure its lifetime). The whole or only th€/optical partis placed in a black box (enclosure gealed
to light).

The resultant digital projectional radiographs taken at defined rotational steps of the sample ar¢ then
reconstructed using algorithms similay to those used for classical x-ray computed tomography, [taken
into account specific beam geometry characteristics.

[ _—

camera CCD/CMOS radiation source

lens collimator
distance collimator to sample

mirror distance sample to detector

N~ g © N

1
2
3 sample of thickness X
4
5

scintillator distance aperture source to the detector
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6  aperture of diameter D
Figure 17 — Sketch showing the basics of neutron imaging (adapted from Reference [35])

Figure 17 also gives the general transmission law for photons and neutrons through the material,
known as the Beer-Lambert Law. X-ray interacts with an atom’s electron clouds and the probability
of interaction, given by the attenuation coefficient (or the mass attenuation coefficient) is directly
prop 5-' a -lllllll aaks I'II=. alk ’ .. l-l: - a2 4 alla a e-4

on ID[19 have a far higher penetration than XCT laboratory machines. For neutrons, the interactious

-rays, and the reverse is true for heavy elements (for example metals like Fe, Al,,€Gd-and W — with
table exception of Gd). In addition, the neutron absorption cross-section isetopically varies for
some felements, for example, 1H/2H or 3He/4He, which is not the case with x-rays.

11.1.2.1 Summary of procedure

One Cpbalt-Chrome star version S2 (LNE & NIST) and two Ti6Al4V samples labelled as S1;py and S1g;
were fested (MTC). Details of the samples can be found in Annex D, Table D.1, while a sample and drawing
are sHown in Figure F.1 and Figure F.2, Annex F. Samples were positioned face up and the beamline was
aligngd with the X-axis of the sample. Titanium star Sy and Syp'were scanned using cold neutrons and
SyncHrotron radiation, while CoCr star was inspected only.using monochromatic SX. A CCD camera
recorfled the XCT projections and those were acquired for 3D reconstruction using a mathematical
algorithm. Details of the parameters used for the NI and SX test can be found in Table F.1, while the
set ug for NI test are shown in Figure F.3. and Figurext4, Annex F. S1¢; \; sample was manufactured by
L-PBH while S1;5 was build built using L-EBM as isishown in Figure F.5 and Figure F.6, Annex F.

11.1.2.2 Apparatus

by beam time exchange policy (https: /www.helmholtz-berlin.de/forschung/oe/ce/materialforschung/
methdden/n-tomo_en.html), while,the synchrotron test was performed at the European Synchrotron
Resedrch Facility (ESRF), http:/Avww.esrf.eu/. The HZB institute has a cold neutron energy spectrum,
wher¢as the ESFR owned the(State-of-the-art micro-tomography instrument ID19.

For t}ese tests, the neutron scans were ledby ILL and carried out at the Helmholtz Zentrum Berlin (HZB)

11.1.2.3 Significance efdata/interpretation of results

The results of the neutron and synchrotron test are discussed in this subclause. For the reconstructed
3D imjages of thetitanium stars, the analysis covered first the quality of the imaging results, followed
by the capability to detect the seeded defects in the region of interest (ROIs), followed by other defects
noted| - cracks and porosities-, and finally geometrical comparison with the 3D CAD drawing. For the
CoCr $tarsshape, the analysis covered only the seeded geometries for the star artefact design S2 on the
ROI. Comprehensive results of the analysis carried out on the titanium samples are presented from
Figure 18 to Figure 22, while Figure 23 to Figure 24 show the findings for the CoCr star artefacts.

The relative quality of images is due to various parameters such as beam-hardening caused by sample
geometry and thickness, along with those inherent in the use of these imaging techniques (e.g. light
diffusion from neutron or X-ray/photo conversion scintillators), both sets of data underwent correction/
optimisation processing to minimize artefacts. This procedure is normal and is applied to most data
sets to enhance image clarity. It is clear from the images that those obtained from ID19 are superior in
quality — both in resolution and in signal quality. This is due to three main imaging parameters already
mentioned: the number of projections through 360° (for best spatial voxel resolution in a tomography
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the number of projections needed is outlined by the Nyquist-Shannon theorem, and is given for a 360°

scan). It is defined by Formula (1) as follows:

Nprojections =T-Object’s dimension ;|

where

)

T It is the mathematical constant defined as the ratio of a circle’s circumference to its diameter.

It 1s approximately equal to 3,141 592 6;
N is the number of projections recorded through a 360° scan of the object;

And the Signal-Noise Ratio described by the Poisson distribution standard deviation-is defin
follows:

SNR=+N

where N is the number of equivalent incident neutrons or photons per pixel in the detector

For ID19, the SNR is maximized because each projection is an accumulation of 23 images, wherea
one image is taken for CONRAD 2. Also, these parameters are a~direct consequence of the diffe
in photon and neutron beam intensities. Another fundamental\parameter is the propagation
contrast which enhances the data quality. The number of projeCtion and accumulation level is impQg
but without the phase contrast, increasing the dynamic_ef¢the pictures would never have broug
detection level reached. If the test would have worked in-absorption only, the results obtained
have been really poor in quality. The final voxel resolution of ID19 lends itself to the detection of
artefacts such as pores for objects of large volumes<such as these stars. Neutron imaging is also c
of detecting such surface details but for ‘zooms’.¢fr smaller regions of interest.

Titanium star artefact - The results for the Titanium star reference as 51y inspected by
the seeded ROI's indicated that defects se€€ded on the inner faces with geometries from 0,19 1
1,08 mm were detected (Figure 18) andyvisualised by SX (Figure 19). The sample labelled as 52y
minimum size of the seeded defects resolved was from 0,240 mm to 1,34 mm as shown in Figure 2
imaging by SX in Figure 21.
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Figure 18 — Image of the sample S1pgg) obtained by NI (CONRAD 2)
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Figure 20 — NI image of the sample S1 gy, obtained by NI (CONRAD 2)
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Figure 21 — Image of the sample S1 gy, obtained by SX (}D19)

In addition, star S1pgp contain several fissures, both throughout the sampte‘volume and particul
large circumferential crack on one of the top surfaces. Indeed the material was relatively britt
prone to damage at the sharp star polygon vertices edges. Reconstructed images, both from CON}
and ID19, give examples of these cracks where the height of one of them being measured at 0,69
An example is shown in Figure 22. Star artefact S1py had a relatively rough surface with very
pores and surface cracks. Calculations for the sample’s Fractienof Porosity accounted for 0,018 9
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Figure 22 — SX image of the sample S1pgp) manufactured via LPBF — (ID19)
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Regarding the CAD drawing, some defects corresponding to other (Region 4 and 5) of created defects
on the CAD drawing were not found in the XCT images, presumably because their dimensions were
below the fabrication tolerances for the AM method used. Indeed, this was also the case for the defects
on the inner surfaces with seven (7) of them present on the drawing, but only three apparent visualise
by the naked eye on the star, and also found in the tomographical studies with both X-rays and neutrons.

Dimensional conformity of the manufactured titanium star artefact samples was carried out by
NOVITOM on star S1ggy). Comparing the reconstructed 3D geometry obtained on ID19 with the

provi

ed CAD drawing, the result has shown variations on dimension between a scale + 1,0 mm to

— 1,5
could

CoCr
radiaf
over
Versic
corro
artifig

mm. Also, the SX test was focused to emphasize surface roughness capabilities. Similar results
have been obtained with the neutron tomography data from CONRAD 2.

Star artefact - The microtomography analysis performed with the high-energy synchyotron
ion on the Co-Cr star artefacts evidenced the technique was capable to detect defectswith a size
|00 pm. Figure 23 and Figure 24 show an example of the XCT images obtained frgm/ Co-Cr star
n 2 in region 3 (spheres) and region 4 (vertical cylinders) respectively. In addition, the images
porated that the AM process using the PBF EOS M290 system was capable 0f building all the
ial defects seeded on the CAD drawing both full-size CoCr start artefact.
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Figure 23 — XCT results from CoCr star region 3 (S2) showing the 7 spherical cavities built in

48

the bulk of the star, with diameter varying from 0,2 mm to 0,8 mm
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Figure 24-+~/XCT results from Co-Cr star region 4 (S2) showing 8 connected vertical cylinders,
open-to outside on both sides of the star, 5 mm height, z vary from 0,15 mm to 0,8 mm

Table*17 gives a summary of each star artefact trailed both Titanium and Cobalt-Chrome material]s and
which sample was involved, whether the result was from CONRAD 2 or ID19.
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Table 17 — Summary of the features detected in the star artefact by Neutron and Synchrotron
in Ti6Al4V and Cobalt-Chrome alloys

Defect dimensions in millimetres

. . Neutron CONRAD2P Synchrotron ID19¢
Design @ Defect region - -
Ti6Al4V Ti6Al4V CoCr
1 0,2 0,1 NT8
2 0,2 0,1 NTe
4P, 3 0,2 0,1 NTs
4 NDf NDf NTs
5 NDf NDf NTs
Other d Crack & pores Crack & pores NTE
1 0,2 0,2 NTe
2 0,2 0,2 NTs
R 3 0,2 0,2 NT8
e 4 NDf NDf NT
5 NDf NDf NTe
Other d Crack & pores Crack & pores NTS
1 NTs NTs 0,2
2 NTs NTE 0,2
S2 3 NTs NT8 0,2
4 NTe NTS ~0,15¢
5 NTS NTS All detected
a2 The CAD file to build the star artefact was supplied by MTC,
b Tdst performed at the Helmholtz Zentrum Berlin (HZB) ifi:Germany.
¢ Tgst performed at the European Synchrotron Researclt+Facility (ESRF) in France.
d  Ofher defects included cracks and porosities.
¢ Sige detected but cannot be sorted 0,2 mm diameter from 0,15 mm diameter.
f NDP = Not detected.
& NT = Not tested.

11.1.2.4 Comments/observations

Neutrjon and synchrotron-X-ray tomography methods, with their inherent capacity for high penetration
of meftals such as Titanium and Cobalt-Chrome, have been applied to inspect two Ti6Al4V artefacts
and opne Co-Cr stap-artefact fabricated using different AM techniques. The spatial resolution of both
methdds, being.the range of 0,04 mm to 0,06 mm for these specific samples, made it possible to detect
all designed-inndefects at and above these dimensions as well as other defaults resultant from the
respeftive manufacturing processes such as cracks and porosity. For optimised sample geometries, it
is posgiblesto obtain resolutions of several microns for n-imaging and in the range of 100 nm and better

The results from the Ti6Al4V and Co-Cr star artefacts demonstrate without any possible ambiguity the
applicability of neutron and synchrotron X-ray tomography in the non-destructive testing of modern
metallic AM components for industry.

11.1.3 Thermography Testing — TT (University of Bath)

Infrared thermography (IRT) is a technique that detects radiation in the infrared range of the
electromagnetic spectrum and produces images of that radiation, called thermograms. These thermal
images display the amount of infrared energy emitted, transmitted and reflect for an object. The ability
of objects to emit radiant energy is called emissivity while absorbed radiation is called absorptivity.
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There are two basic types of thermography: passive and active. In passive thermography, the object of
interest is naturally at a higher or lower temperature than the background. In active thermography, a
source of energy is required to produce thermal contrasts between the object and the background. For
NDT inspection, passive and active thermography has been used depending on the application being
active thermography more suitable for AM process.

Active thermography approaches cover optical, mechanical and electromagnetic excitation. The main
techniques used for each of these are:

— Optical (External excitation) — Pulse thermography, Lock-in or modulated thermography.

— Mechanical (Internal excitation) — Step heating thermography, Lock-in vibrothermography,|burst
vibrothermography and frictional heating.

— Electromagnetic (Internal excitation) — Pulsed eddy current and Induction lock-in thermogrjaphy.

Here, the Pulse thermography (PT) and step heating thermography (SHT) is desckibed in detail as|these
two techniques were used to inspect the star artefacts at the University of Bath.

Pulsed Thermography (PT) — PT is a rapid NDE process that uses-a“high-intensity pulse of light
to heat the surface of a test piece via the photothermal effect. Very-short duration flashes (ranging
between 0,1 ms and 50 ms) are typically employed, depending on'the sample thermal propertigs and
defect depths. To quantify the material damage an IR camera witha computer is used to monitpr the
temperature gradients of the sample surface. Sub-surface defects reduce the conduction of heatjaway
from the surface, decreasing the surface cooling rate compared to that of a non-defective regiop. The
transient temperature field T (z, t) in PT is obtained as a solittion of an inhomogeneous one-dimengional
(1D) heat equation. It is shown in Figure G.1.

Step Heating Thermography (SHT) — In SHT low*intensity step-pulse (heat source) is applied for a
long period (typically from milliseconds to few séconds), thus enabling a longer heating time to |ocate
deeper defects. Output data are measured during the application of the step-pulse and the cpoling
phase. The temperature response T(0,t) measured at the surface of a homogeneous and semi-ifjfinite
medium is obtained as a solution of the-homogeneous 1D heat diffusion equation by applying g step-
pulse heating source Q,. It is shown inEigure G.2.

11.1.3.1 Summary of procedure

Defect identification was_ carried out using two different thermography techniques: pulse and| step-
heating thermography niethods. PT was carried out using a flashlight and thermal images were recprded
before and after the thermal excitation. The camera was placed perpendicular to the analysed sample's
surface to acquire(optimal thermal images. The acquisition system was set up to acquire a cgrtain
amount of framesbefore the heatwave generation. Using these initial frames, background subtraction
was then perfermed to increase the general quality of the output data. Artefacts were placed at R0 cm
from the camera Oculus where the focal point was adjusted to converge on the interested surface

This adjustment operation was performed for every analysed surface on all different samples. Refgrence
marks. were fixed on the object support to have a consistent object exposition and prospectiveg. SHT
was ‘performed using an advanced air heating device to generate a uniform heatwave on the arfefact.
Different positions of heat source were used during the test to create the optimal heat distripution

during heating and cooling phases in function of the analysed surface. Thermal images were recorded
during both these phases. Several attempts were made to find the optimum heating position. A
preliminary scan of the artefact surfaces is performed using the pulsed thermography while a more
accurate analysis of the single surfaces was carried out using the step-heating thermography. For the
thermography trials, the star artefacts provided by MTC were built using Hastelloy®19 and Maraging
steel. A summary of the samples built is presented in Table 18.

10) Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Table 18 — Star artefacts used during the thermography trials

Alloy Version SO Version S1 Version 2.
HX-S0-001 HX-S1-003 HX-S2-003
Hastelloy®
HX-S0-004 HX-S1-004 HX-S2-004
MS-S0-003 MS-S1-002 MS-S2-002
Maraging steel
MS-S0-005 MS-S1-003 MS-S2-005

11.1

.3.2 Apparatus/settings

Table|G.1 summarises the main parameters and device used during the test. Both PT and SHT used
an infrared camera and a heating source. An acquisition system was used with a software-package
for dgta post-processing and image processing. To obtain noise-reduced thermal images,background
subtrjiction was performed for each pixel.

11.1

.3.3 Significance of data/interpretation of results

The apalysis and results obtained from the PT and SHT test performed are réported in Table 19. The

outp
scan

data showed consistency among the star artefacts for the same configurations inspected. The
erformed using flash thermography of the star artefacts for all the configurations (SO, S1 and

S2) cavered all the regions of interest alongside the surface of the star{top, side, edges and bottom).

The t

ermal data obtained indicated that only the regions with open-surfaces defects were possible to

detect as follows:

— Vprsion SO — No defect or damage was detected on the stat built-in Hastelloy® and Maraging steel.

— Version S1 — Open surfaces defects were detected in"region 4 and region 5 for star artefacts built

i} Hastelloy® and Maraging steel.

— Vprsion S2 -Defects were detected in region Land region 2 that is an open surface for the star built-

i} Hastelloy® and Maraging steel.

Table 19 — Summary of the smallest defects detected in the stars artefact built in Hastelloy®

and Maraging alloys by thermography

Defects dimensions in millimetres

. . PTP SHT?
Dgsign? Defect region - -
Hastelloy® Maraging steel Hastelloy® Maraging steel
SO All NDe¢ ND¢ ND¢ ND¢
T NDe¢ ND¢ ND¢ NDe¢
2 NDe¢ ND¢ ND¢ ND¢
S1 3 ND¢ ND¢ ND¢ NDe¢
4 0,4 0,4 0,3 0,3
5 0,4 0,4 0,3 0,3
1 04 04 02 02
2 0,4 0,4 0,2 0,2
S2 3 ND¢ ND¢ ND¢ ND¢
4 NDe¢ ND¢ ND¢ ND¢
5 ND¢ ND¢ ND¢ ND¢
a2 The CAD file to build the star artefact was supplied by MTC.
b The analysis was performed on one sample per each design.
¢ ND =Notdetected.
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Representative thermal images using flash thermography are shown in Figure 25 and Figure 26 for

Maraging steel and Hastelloy®11) respectively. Other examples of the flash thermography images are
presented in Figure G.3 and Figure G.4.

Figure 26 — Flash thermography inspection on star artefact Hx-S2-003

To establish if the defects detected with flash thermography correspond with the seeded defects
indicated, Step-Heating thermography analysis was carried out. The results obtained from both the
thermal images and cooling phase allowed to identify some peaks that indicated defects presence
both star artefact design S1 and S2. These images correspond to the temperature-distance plots along
the edge line of the star and its inner area. An example of the thermal images and the thermograms
obtained for the Maraging steel (MS) for the star artefact labelled as MS-S1-003 is shown in Figure 27
and Figure 28 respectively.

11) Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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a), ¢) thermal images during the heating phase, b), d) theQQimages during the cooling phase.
S
Figure 27 — Detailed analysis of arte@‘& configuration MS-S1-003
o)

the thermal images, it is possible to identify, first 4 defects at greater diameter. The 5th defect
kked by superficial scratches or imperfe , and the background of the signal noise. The last
mallest defects (size 0,1 mm and 0,2 ) are undetected due to the surface condition (rough
ness) of the artefact edge due to thesmanufacturing process or further damage due to handling of
rt. Defects on the inner surface&g}s&\e star artefact (region 5) were also detected (Figure 29) but
pt is not presented here, as it se similar.
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Defect 1 = 0,7 mm.

Defect 2 = 0,6 mm.

Defect 3 = 0,5 mm:

Defect 4 = 0,4.fam.

Defect 5 =.0,3 mm.

highlighted/in circle red correspond to five open surface defects detected.

Figure 28 — Star artefact MS-S1-003

b peak
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NOTE Thermal images of the inner defects of Region 4 (a, b, c, e, f).

Figure 29 — Star artefact MS-S1-003

Figurg 30 show a detailed analysis of artefact HX-S2-004. From' the images, the presence of defects
aligngd along the curvature of the part is visible. Using the thermal images, it is possible to detect five
defects on the relative surface with possible detection of the/two remaining ones.

d) e) f)

NOTE Thermography images showing the five defects detected by the SHT approach. a, ¢) thermal imag-
es during the heating phase, b, d) thermal images during cooling phase (early), and c, f) thermal images
during cooling phase (late).

Figure 30 — Star artefact HX-S2-004
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From the x-distance-temperature plot, each peak indicates a different defect. Five peaks are identified
and an average inter-distance of 6 mm is evaluated (see Figure 31). For the two smallest defects, their
peaks are partially masked with the background noise but still visible. To reduce the background noise
masking effect, the area was zoomed and a detailed view of the last smallest 4 defects is shown in
Figure 32. From the plot, it is possible to identify the defect with 0,2 mm diameter, however, the smallest
one (0,1 mm) is not distinguishable from the noise background.

YA

3.2

3,1+

3 —]

2,9

2,8

2,7 4

2,6 T T T T T T >

0 50 100 150 200 250 300 350 X
Key
X  distance, pixels
Y temperature, digital levels
a  Defect1=0,7 mm.
b Defect 2 = 0,6 mnr:
¢ Defect 3 = 0,5umm.
d  Defect 4 =0,4mm.
e Defect 50,3 mm.
NOTE  Distance - temperature plot during cooling phase at region 2 (edge line of the artefact) where the peak
highlighted in circle red correspond to five open surface defects detected.
Figure 31 — Star artefact HX-S2- 004
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X distance, mm

Y temperature, digital levels
a Defect1 =0,7 mm.
b Dgfect 2 = 0,6 mm.
c Defect 3 = 0,5 mm.
d  Defect 4 = 0,4 mm.

NOTE

A close-up view for the distance - temperature plot during the cooling phase at region 2 shown the smallest

defecty detected by the SHT method.

Figure 32 — Star artefact HX-S2- 001

11.1.3.4 Comments/observations

The results of defect imaging using thermal wave techniques in three different configurations of

vvvvv

two d

identification was carried out using two different thermography techniques: pulse and step-heating.

From
appro

the analysis, it is concluded that open surface defect can be detected using the thermography
ach, but limited for internal defects. It was observed that defects with a diameter greater than

0,4 mm are detected using flash thermography. The step-heating method shows that it is capable to
detect open surfaces defects not less than 0,2 mm in diameter. Some limitations of the method are due

to the
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high diffusivity and thermal conductivity of metallic materials.
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11.1.4 Resonant Ultrasound Spectroscopy methods — RUS

PCRT and RAM both belong to the normalised resonant ultrasound spectroscopy (RUS) methods[37l.
There are whole-body or bulk techniques. These are pass/fail assessments, which do not provide

location or morphological detail. These inspection approaches compare the frequency spectrum

of the

mechanical resonances of a set of reference parts, known as “good parts”, with the frequency spectrum
of the mechanical resonances of the test parts. These are based on a fundamental physical property of
solid object meaning any rigid component will resonate at specific frequencies that are a function of its

mass qhnpp and material properties Material alterations or flaws process deviations, raw ma3

terial

inputs and service fatigue can change the normal resonant pattern of components.”

11.1.4.1 Process compensated resonance testing — PCRT (MTC and vibrant NDT and LNE/N

PCRT is based on a fundamental physical property of solid objects meaning any rigid) Componer
resonate at specific frequencies that are a function of its mass, shape, and materialproperties. Mg
alterations or flaws, process deviations, raw material inputs and service fatigu€.can change the n
resonant pattern of components. PCRT systems combine proprietary software algorithms that
structural changes in components and compensate for normal manufaeturing parameter vari
that may obscure out-of-specification conditions.

PCRT can be applied in many different ways depending on the(Customer’s need. Application
make use of targeted defect detection, outlier screening and/or.part-to-itself comparisons. All of]

IST)

1t will
terial
prmal
letect
htions

5 may
these

applications use PCRT’s proprietary software to develop sorting modules that evaluate the frequency

responses of tested components. With the sorting modules ‘developed, the software provides
accurate, and operator-independent pass/fail assessments.jThis can increase production yield, opt
part life, and significantly reduce field failures of compenents.

11.1.4.1.1 Summary of procedure

The PCRT System has to be configured for a given component prior to testing. The following task
to be performed for each test including:

— hardware development;

— temperature compensation ¢haracterization;
— development of broadband,;

— creation of design.database;

— creation of sorting module.

A typical configtration of a PCRT system is shown schematically in Figure 33.

rapid,
imize

needs
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User Interface

Control Computer

Transceiver

Chl Ch2 DriveJ NEST

Figure 33 — Typical PCRT system schematic

11.1.4.1.2 Apparatus/settings used

PCRT|excites the part and records the resonance response with three ‘piezoelectric transducers. The
trans@lucers contact the part directly with no couplant or otheyr interfacing material required. One
transflucer acts as the transmitter, exciting the part with a sweptsine input. The other two transducers
are the receivers. Figure 34 presents the PCRT testing fixture’uSed to obtain resonant spectra of the
parts

Key

1 star artefact
2 trpmsmitter

3  receiver

4  support table

Figure 34 — PCRT Fixture showing piezoelectric transducer configuration and star position
during the test

To build the fixture different locations for the three transducers and different positioning of the part
were examined to determine the design that provides the best resonant data. One PCRT resonance data

60 © ISO/ASTM International 2023 - All rights reserved


https://standardsiso.com/api/?name=f59aac786477f0783d01676b11910563

ISO/ASTM TR 52905:2023(E)

was collected at Vibrant GmbH (Hastelloy®12) X and Maraging steel) while the other data was gathered
at Vibrant USA (Stainless Steel). MTC supplied to Vibrant (Germany) 31 full-size star artefacts AM
samples in three different designs and made of two different materials. Table 20 below summarizes the
population and materials under study.

Table 20 — Summary of total star artefacts and materials used for the PCRT test at the MTC

Number of parts
Centre Marterial Good parts Seeded parts Total parts
SO S1 S2
Hastelloy® 5 5 5 L5
MTC
Maraging steel 5 5 6 16

Seventy-four half stars (the height and width of the SO, S1 and S2 designs are divided by 2 but npt the
defects) with different numbers of defects were manufactured in stainless stéél- 17-4 (SS) originated
from two very similar builds (i.e., the same location on the AM build platform, with two or|three
marginally different parts added on the platform between the first and seeond build). The numper of
stars manufactured regarding their design and the build is summarizedin‘Table 21.

Table 21 — Summary of total star artefacts and materials used for the PCRT test at NIST & LNE

. . Number of parts
Material Reference star Specificities : -
Build 1 Build 2
SO 18 20
S1 Half 0 4
S2 0
S2 Half without defect in Region 1 4 3
Stainless steel 17-4 Halfwithout defect in Regions
S2 4 3
land?2
Half without defect in Regions
52 1,2and 3 4 3
Half without defect in Regions
52 1,2,3and 4 4 3

11.1.4.1.3 Data collection
— MTC

For the study~of the Hastelloy®13) X samples a usable resonance range of 8 kHz to 250 kHg was
established itvwhich a total of 49 usable resonance frequencies were identified. For the Maraging steel a
functionalresonance range of 12 kHz to 202 kHz was established, in which a total of 85 usable resopance
frequencies were identified. These frequencies provide the basis for the later population analysis. To
rejectiany potential influence of the fixture on the data acquisition and to assure the repeatability of
the measurements one of the good parts was selected for the HVT (Hardware Verification Tept). In
2 es for
the Hastelloy® and 85 for the Maraging steel used in the analy51s was tested. The deviations ranged
was 0,003 % to 0,051 % in Hastelloy® and 0,001 % to 0,035 % in Maraging steel, therefore, ensuring the
accuracy and consistency of the study.

Figure 35 below shows a section of the resonant fingerprint of the Hastelloy® X samples where
resonance frequencies 5 to 10 are recognized (each horizontal line represents an individual part) are

12) Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.

13) Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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identified. It is observable that the frequencies move to the left in the S2 parts, whereas the S1 parts
spectrum is slightly skewed to the left but looks more similar to the good parts. Figure 36 shows a
section of the resonant fingerprint of the Maraging steel stars artefact, where resonance frequencies
58 to 61 are identified. It is interesting to notice that the frequencies of part MS-S0-003 (which is
considered a good part) move all significantly to the left.

HX-50-002

HX-S0-003

HX-S1-001

HX-51-002

HX-52-001

Figure 35 — PCRT spectra for Hastelloy®, 34 kHz to 51 kHzZ (resonance frequencies 5 to 10)

, L
T

MS-S0-001

MS-50-002

MS-S0-003

140168

Figure 36 — PCRT spectra for Maraging steel, 144 kHz to 148 kHz (resonance frequencies
58 to 61)
— LNE &NIST

For each part, data were collected between 25 kHz and 225 kHz and then processed using Z-score
and MTS analysis. The tests scanned six resonant peaks (60 kHz, 70 kHz, 110 kHz, 116 kHz, 132 kHz,
180 kHz) and the calculations are based on those six frequencies. The data collection settings and
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scoring criteria were identical for both builds in the sample population. The shift in frequency between
good and bad parts is not the same for every resonant peak. To deal with this, the proprietary pattern

recognition VIPR (for Vibrational Pattern Recognition) algorithm is used to differentiate the part
defects from the parts with no defects.

11.1.4.1.4 Significance of data/interpretation of results

— MTC

s with

To characterise and compare populations, Vibrant used the Z-Score analysis and the VIPR an

hlysis.

A Z-score diagram shows the average Z value across all frequencies on the horizontal axis.and the
standard deviation in the vertical axis for each part. Using the Z-score approach on a population of| parts
allows to effectively screen for parts that mismatch the approved and confirmed resohant pdttern,
which is usually an indication for production or in-service anomalies associated witha higher tisk of

failure. VIPR (Vibrational Pattern Recognition) analysis is used to separate populations of parts

when

target defects are known. By looking at the frequency pattern relations, patternS/are isolated thatjallow

the best separation between the training set of OK and NOK parts.

Z-Score Analysis: The Z-score plot shows the distribution of the Hastelloy®14) X samples population,
where the red rectangular boundary represents a confidence interval of 99 %. Parts inside the
confidence interval follow a similar frequency pattern to the average of the good population, whereas
parts outside mismatch this pattern. An example of the Maraging-steel analysis is shown in Figurg 37.

Yi
-0,7
O O C
o O © ©) d
b ° © OO.
. ®
s .0
-0,14 |
-1900 1000 X
Key
X average Z-scores (across all peaks)
Y standard deviation average Z-scores
a star S0-003 (2nd).
b star S0-003 (1sY).
¢ star S2-001 (1sY).
d star $2-001 (2nd),

14) Hastelloy is an example of a suitable product available commercially. This information is given for the

convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Even

SO
S1
S2

Figure 37 — Example of the Maraging steel analysis

considering the small number of parts under study (in terms of statistical representability). the

follow

— T
S¢

— A
1

—

Q. Wn

n

— S
I’

VIPR
when
that 4

ing conclusions can be deduced:

he three different groups of parts for Hastelloy® and Maraging steel have been identified amd are
bparated from each other.

[1 SO parts are inside the confidence interval limits and grouped around the centre of the rectangle,
dicating that they are very similar one to another.

P parts fall very far from the confidence interval, which shows that their resonant pattern differs
stinctly from the pattern of the population of good parts (they “look” very different). It can also be
bticed that S2 parts are lighter than S0/S1 parts and this fact also influerices the results.

bme S1 parts are inside the limits but they show a tendency to mové to the upper left area. Their
bsonant pattern is different from that of the SO parts but less pronotnced than in the S2 parts.

analysis: VIPR (Vibrational Pattern Recognition) analysis isused to separate populations of parts
target defects are known. By looking at the frequency pattern relations, patterns are isolated
llow the best separation between the training set of ©K"and NOK parts. In this analysis, the

relia%ity of the training set classification (OK/NOK) is of therutmost importance, as VIPR’s results can

be co
the H
(MTS
to the

promised if parts are misclassified. Figure 38 shows an example of the VIPR representation for
hstelloy®15) X samples population. Parts are classified based on the Mahalanobis-Taguchi System
, which is a measure of similarity. The further from the MTS limit a part falls, the more “different”
OK population is. The same analysis was performed for the Maraging steel artefacts.

15)

Hastelloy is an example of a suitable product available commercially. This information is given for the

convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Figure 38 — VIPR a@%‘rsis Hastelloy® X samples

N

The results of the PCRT trials are summaf}Qs)ed in Table 22.

Table 22 — Summary of the rg%ﬂ-t

O
o

s of the PCRT test on Hastelloy® and Maraging steel fullfsize
star artefacts

: PCRT test
Material @ Reference star -
_(D Pass Fail
OSJ S0 4 1
Hastelloy, S1 0 5
%%J S2 0 5
a\
& S0 4 1
@ging steel S1 0 6
R 52 0 5
\
G:)& LNE & NIST

The overall results of the test on the SS star artifacts are presented in Table 23.

Table 23 — Summary of the results of the PCRT test on stainless steel half-star artefacts

Build 1 Build 2
Reference star - -
Pass Fail Pass Fail
Good parts (S0) 18 0 20 0
Bad parts with defects (S1 and S2 half 0 24 0 12
star artefacts)
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11.1.4.1.5 Comments/Observations

The following conclusions can be stated for the MTC analysis:

— VIPR can sort good and bad parts.

— The three different groups of parts (S0/S1/S2) are identifiable.

— S2 parts look “much more different” to the good parts than S1 parts.

— S

The
good
of def|

11.1.4

In the

) parts are tightly grouped, which means that they are very similar between them.

— ]r)lrviation between parts is bigger within S1/S2 parts.

ain conclusions of the trials carried out at LNE and & NIST stated that PCRT enabledto-5ort the
parts from the ones with internal defects. However, the parts could not be sorted by the number
bcts they contain. The main benefits of PCRT are:

b restriction in size and shape,

ble to identify defective parts,

st and easy to use,

hrt set-up required is minimum.

the drawbacks of PCRT are stated as

bt possible to identify the type or location of defects in:ithe part, and

Irther investigations of PCRT are needed to address AM defects such as more accurate statistical
ols to analyse the results.

.2 Resonance acoustic method — RAM (ENE and NIST and TMS)

resonant acoustic method (RAM), the-excitation of the test part is done by an impact hammer

and the resulting acoustic frequency data js obtained with a microphone. There are no contact probes

that n
spect
deter
parts
the te
bad. H

eed to interact with the test part:The output of the microphone is converted into a frequency
rfum using a high-speed analogy to a digital converter performing a fast Fourier transform to
mine resonant peaks. Finally,*a statistical analysis conducted with software reveals if the test
fall within the defined criteria or not. If at least one of the measured resonant peak frequencies of
5t part lays outside of the-established frequency ranges of the good part, the test partis considered
or a part to pass RAM-testing, it must pass every individual criteria point. For a part to fail RAM

testinlg, it only needs tofdail one criteria point.

11.1.4
— M
— M

}.2.1 Summary of procedure
echanicalimpulse, with the hammer, of the test part to measure its natural resonant frequencies;

onitoring, by a microphone, of the response of the test part to acquire its frequency spectrum;

— Comparison of the spectrum of the test parts with the spectrum of the reference parts:

1) identification of the well-defined resonant peaks based on testing a reference set of good and

bad parts;

2) selection of a subset of resonant peaks that are consistent for all reference parts and have

distinct separation with the peaks of the test parts;

3) evaluation of the ranges in variations in each selected resonant peak frequency of the reference

parts to define criteria;

4) sorting of the test parts with regard to the criteria to sort the pass/fail test parts.
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Eighty-eight half-sized stars (the height and width of the SO, S1 and S2 designs are divided by 2 but not
the defects) with different numbers of defects were manufactured in stainless steel 17-4 originated
from two very similar builds (i.e., the same location on the AM build platform, with two or three
marginally different parts added on the platform between the first and second build). The number of
stars manufactured regarding their design and the build is summarized in Table 24.

Table 24 — Summary of the Stainless Steel half-sized star artefacts used during the RAM trials

Numberefparts—
Material Reference star Specificities - -
Build 1 Build2
50 20 )20
S1 Half 4 Q T4
S2 4 A 4
S2 Half without defect in Region 1 4 - \a)d 4
Stainless steel 17-4 2 Half without defect in Regions p \) 4
1and 2 'Q
. . . /\\
2 Il{azlf w(litglout defect in Regions % 4 4
220 (@\?“
Half without defect in Regi
52 1,2,3and 4 ) 5 5 5
Y
. @)
11.1.4.2.2 Apparatus/settings used Q
The data were collected in the frequency range betv&g 500 Hz and 50 kHz using the setup display in
Figure 39. \\)

QQ) Global set up b) Positioning of the star artefact in front of the[auto-
matic hammer

&?” Figure 39 — Experimental set up for RAM tests

11.1.4.2.3 Significance of data/interpretation of results

Considering the defined criteria and analysing spectra such as the one display in Figure 40, the sorting
of the Stainless Steel (SS) parts was performed (see Table 25).
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re 40 — Typical half-size Stainless Steel star artefact RAM spectrum showing the subset of
the six resonant peaks used for comparison criteria

Table 25 — Summary of the results of the RAM tests on Stainless Steel half star artefacts
Build 1 Build 2
Material
Pass Fail Pass Fail
Good Jparts (S0) 20 0 19 1
Bad pprts with defects (S1 and S2 half 0 24 0 24

star artefacts)

11.1.4.2.4 Comments/observations

The

part

AM enabled to define criteria that allowed differentiating the good parts from the ones with
internjal defects. Thexeference parts showed a significant difference in resonance compared to the ones
with dlefects. Howeyer, one reference part out of twenty was rejected as its resonance peaks were too
differpnt from the-other reference parts. This is probably due to an unintentional organic defect in that
sultingfrom small variations in the manufacturing process. In the range of frequencies analysed,
the parts ceuld not be sorted based on the number of defects they contain.

Benefitsiof RAM:

— easy to use and fast;

— no restriction in size and shape;

— no part set-up required;

— able to identify defective parts.

Drawbacks of RAM:

— not possible to identify the type or location of defects in the part;
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— further investigations of RAM are needed to address AM defects such as more accurate statistical

tools to analyze the results.

11.1.4.3 Non-linear acoustic testing — NLA (theta tech)

Non-linear acoustics is particularly pertinent to NDT due to its potential for early-stage detection
of flaws and damage in structures. There is a variety of approaches available, grouped broadly into
scanning techniques (such as pulse inversion or dual-frequency intermodulation) and whole-body or

| PP

Ll ool oo ok oo o 100 o3 K_aoxmoo b fia e (NTT DY
DU CCCITTI O TS SUCIT aS IO TIICarT T CSUTTaITCCCCS T IV GV

Non-linear scanning: Normally conducted using ultrasound, offering the ability to localise
like flaws of the order of a few microns wide by hundreds of the order of a few micromettes w
hundreds of micrometres long, and likely to be relevant to inter-layer AM flaws. Nonlittear imag
an active area of research for both metals and composite structures but thus far-ho comprehg
studies have been carried out on AM components.

Non-linear resonance testing — NLR: NLR is a rapid (‘go/no-go’) method,\which does not pj

Crack-
de by
ing is
Pnsive

ovide

location or morphological detail, involving exciting the component into reSenance and analysipg the

strain-dependent behaviour. Flawed structures may exhibit non-linear strain response. These mg
are particularly appropriate for metals and welded or joined materials;’however, this method i
sensitive to close/touching cracks and lack of fusion, something that a radiography approach

struggle to detect. For additive manufacturing parts, the method.is'showing some potential applica

An example of NLR output is presented in Figure 41. The graphic shows the nonlinearity factors
for two Nacelle, demonstrating clear discrimination betweén intact and defective samples: It is pg
to set a threshold (at, for example NLF = 100) above whi¢h'the high-strain data for the defective s

thods
5 only
would
bility.

(NLF)
ssible
hmple

is unequivocally located, and below which the high:strain data for the intact sample lies. In addlition,

the curve shows that ND2 exhibits a decreasing Noulinearity factor compared with ND1. The ent
curves represent +1 standard deviation calculated using 10 consecutive shots.

relope
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Figure 41 — Non-linear resonance curves of two nacelles tested and labelled as ND1 and ND2

11.1.4.3.1 Summary of;precedure

Sample mounting fer\NLR tests can generally either be fully clamped or fully freely supported, for
example on a foarm/béd. Due to the nature of the star samples — high stiffness and complex external
shape, the stars,were placed on a foam bed. The general procedure for the NLR test is performed as
follows:

— clampor free support the part;

— set distance between sample-vibrometer;
— excite the samples either manually or automatically;
— collect data;

— analyse data;
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11.1.4.3.2 Apparatus/setting

The experimental set-up used for the manual excitation is shown in Figure 42. The star and the laser
vibrometer head were rested on separate pieces of foam. The distance between the vibrometer and the

star was set to 295 mm, which is the visibility maximum of the vibrometer (Polytec NLV 2500).

1

Key S\Q

1 star artefact-vibrometer set up \\g\g

2 shimmed star @

3 pxioscilloscope A’\Q)

4 location of the strike zone and direct\@

5 both were rested on separate pie ffoam at 295 mm distance centre line star face with a laser. reflectiye tape

is used to maximise signal re(ﬁi)\(s by laser vibrometer to measure velocity data from laser vibrometer

Figure 42©§§(perimental set-up for NLR test using manual excitation

O

The stars were shi
the centre of t
were located-

e of the star, and the serial number of the star was used as datum so all the sa
e same orientation. A reflective tape was used to maximise the amount of

oscillos with a 200 kHz sampling rate.

The?gﬁings of the vibrometer were set to velocity to voltage conversion of 20 mm/s/V to obta
m

ed by placing paper under the foam until so the laser beam was at approximately

mples
signal

laser vibrometer. The velocity data from the laser vibrometer was measured using a PXI

in the

um signal to noise ratio during the strikes without clipping the data. The striker was madg from

aluminium rod of length 120 mm x 5 mm diameter. Because the excitation was conducted u

sing a

manual strike, the data was subject to variation due to human factors. For this reason, multiple tests

were conducted to produce mean and standard deviation graphs.

MTC supplied 31 AM star artefacts in three different designs built in Hastelloy®16) and Maraging steel.

Table 26 below summarizes the population and materials used for the NLR inspection.

16) Hastelloy is an example of a suitable product available commercially. This information is given for the

convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Table 26 — Summary of total star artefacts and materials used for the NLR test

Number of parts
Centre Material Reference parts Seeded parts Total parts
SO S1 S2
Hastelloy® 5 5 5 15
MTC
Maraging steel 5 5 6 16

11.1.4.3.3 Significance of data/interpretation of results

Curvds with mean values over many shots (approximately 15 per sample) were obtained and error bars
adding *+1 standard deviations added to the data. The summary of all the averaged drift curves of all
the sgmples is shown in Figure 43 and Figure 44 for the Hastelloy® and Maraging alloys, respectively.
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Figure 43 — All samples tested for the Hastelloy®17) stars S0, S1 and S2 batches

17) Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Figure 44 — Summary of the nonlinear factor curves for the Maraging steel (MS) samples
tested from batches SO, S1 and S2

The r¢sults of the NLR trials are-summarised in Table 27.

Table 27 — Summiary of total star artefacts and materials used for the NLR test

Material Reference star NLR test
Pass Fail

SO Inconclusive Inconclusive

Hastelloy® S1 Inconclusive Inconclusive
S2 Inconclusive Inconclusive

SO Inconclusive Inconclusive

Maraging steel S1 Inconclusive Inconclusive
S2 Inconclusive Inconclusive

11.1.4.3.4 Comments/observations

All the samples exhibited two peaks in the frequency very close to each other. The distance between
the peaks is between 20 Hz and 40 Hz, representing a difference between 0,15 % and 0,5 %, which in
turn indicated that the NLR algorithm needed to be adapted for these particular samples. In addition,
the findings indicated the star was not excited into a nonlinear regime while resting on foam in a free-
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supported state, with all the samples having a very low nonlinearity factor close to the systematic
errors.

In overall, itis concluded that either the samples do not exhibit significant nonlinear resonance features,
or higher excitation levels are required for them to do so. It could limit its applicability for inspection
of AM parts unless some improvements to exciting the samples and NLR mathematical algorithm are
done.

11 1.5
T 10

Ultrasonic testing uses sound waves to interrogate a material. Discontinuities or other changes in
material properties cause the sound waves to reflect or refract. When reflected sound retufns to
an ultrasonic transducer, the depth of the discontinuity can be determined by the time of flight. By
scanning a material, more information such as size and length, and in some cases type)of discontjnuity,
can also be obtained. Linear phased array transducers use an array of sound-predacing elements to
create an ultrasonic wave in a material that can be focused, steered or scanned_,along the length [of the
transducer by electronically triggering individual elements in the array tq fite at specific time|delay
intervals. It is possible to improve the performance of the above-mentiéned standard PAUT system
by implementing a data acquisition method called full matrix capture_{FMC) with a post-procg¢ssing
reconstruction algorithm known as total focusing method (TFM),Fhus, FMC combined with TFM
enables offline reconstruction of a more detailed image (with better spatial resolution, perspé¢ctive,
and defect definition) than a standard PAUT imaging method wheve all array elements create a ynique
wave front to form a beam with a fixed focus.

11.1.5.1 Summary of procedure

Star artefacts built from Stainless steel and Aluminjum were tested using conventional UT (CUT) and
phase array combination (PAUT-FMC/TFM) approaches respectively. Each section of the specimen was
tested from the top and sides. These surfaces have as-built surface roughness. The procedure applied is
explained below for each material.

Stainless Steel: A stainless steel star design S1 was tested using PAUT at EWI facilities. A lineaf scan
with a normal beam, a linear scan with'a beam angled at 10 degrees, and a sectorial (azimuthal) scan
was investigated. A 1018 steel NAVSHIPS test block was used to standardize the gain. The NAVSHIPS
test standard contains 1,19 mm {3/64 in) diameter side-drilled holes. The 6,35 mm (0,25 in) and the
44,45 mm (1,75 in) holes were uSed because they were closest to the range of depths represented|in the
sample.

Aluminium: Conventional UT(CUT) and PAUT-TFM method were used to test the aluminium star
artefacts S1 and S2(designs. CUT was carried out at OKOS facilities while PAUT-TFM at TPAC amehnities.
For the UT test,"a’one linear probe acting as a transmitter/receiver to induce the longitudinal waves
was used. Thestar artefact was immersed in a tank of water and scanned only from one side| of its
branches, ffom the top to the bottom of the star. The water path distance between the probe and the
scanned surface of the artefact during the scan was 12,5 mm. Finally, the analogue gain was adjusfted to
40 dBtoe.acquire the data.

The 'digital gain can be subsequently adjusted on the reconstructed image (300 pixels x 400 pixels)
offline. For the PAUT-TFM test, the transducer was 32 mm long and was composed of 128 transducers

separated from each other by 0,25 mm (centre to centre). The steps followed for the TFM analysis were:
— first step: data acquisition with Full Matrix Capture (FMC);

— second step: data numerical post-processing (reconstruction) with Total Focusing Method (TFM).

11.1.5.2 Apparatus/settings

To inspect the stainless steel star a 32/128 channel Omniscan MX instrument with a 10 MHz, 128
elements, linear phased array transducer was used. The inspection was performed in air and the
transducer was positioned from top to the bottom and the sides of the star as shown in Figure 45.
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a) Top to bottom b) Sidevy@
NOTE For test at OKOS and TPAC only side inspection was performed. \?63

Figure 45 — Position of the transducer during in@@tion at EWI
o)

To ingpect the aluminium star artefacts using PAUT-TFM, the @ PA instrument to acquire the data
with 4 high rate (150 MB/s) was used. The probe is 32 mm | @ and was composed of 128 transducers
separpted from each other by 0,25 mm (centre to centre). lt.issshown in Figure 46a. For the conventional
UT (wWater tank) a single transducer was operated as pres nted in Figure 46b. The characteristic and
parameters of the ultrasonic test performed using con\\@ntional UT and PAUT are presented in Annex H.

a) Phase array
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NOTE The orientation of the star and position.ofthe probe is shown in both cases.

11.1.5.3 Significance of data/interpretation of results

b) Conventional UT

Figure 46 — Set up for inspection of the aluminium start artefacts by phase array and
conventional UT

For the Stainless Steel star, the flaws were best detected when they were oriented parallel to the
ultrasonic sensor because they reflected the most sound. Cylindrical flaws also reflected soung well
because there is spme surface area. Spherical flaws did not reflect sufficient sound to be defected
because of the limited surface area available to reflect sound. The images of the CUT inspg¢ction

performed is stmmarised in detail in H.2.1, and the finding are described as follows

In regienr 1, one defect was detected at a depth of 11 mm using a 0° linearly swept beam, which
corresponds to the second flaw from the top of the specimen. This flaw is perpendicular o the
direction of the sound wave which is the ideal orientation for detection with ultrasonic insp¢ction
(See Figure H.1 a). Inspecting the specimen from the side with a linear beam at an angle of -10°,
three defects were detected. Because of the proximity of two of the defects with the width jof the

probe, Ttisdifficuitto determine whicihrone was detected (See FIgure .1 b)-

For region 2 containing vertical cylindrical defects varying diameters from 0,1 mm to 0,7 mm
(Figure H.2 a), the inspection performed from the side with a linearly swept beam at an angle of
-10° all the cylinders were detected (Figure H.2 b).

No embedded flaws were detected in Region 3, which means that seeded spherical defects filled
with powder or were not manufactured.

Region 4 and region 5 defects (Figure H.3 a) were inspected simultaneously with a linear sweep of
0° from the top of the specimen. The 3,0 mm long cylinders (region 4) were better detected than the
2,0 mm defects close to the centre of the specimen with diameter greater than 0,3 mm. However,
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the strength of the signal for each of these flaws does not directly correlate to the size of the defect
because sound attenuates as it travels farther into a material. It seems the larger cylinders appear
to have a weaker signal. Several focal lengths were used for this test being 15 mm the focal length
selected for this scan (See Figure H.3 b).

For the star manufactured in aluminium, the images of the CUT inspection performed is summarised in
detail in H.2.2, however, the finding using CUT is described as follows:

Cylinders with different orientation (region 1) cannot be seen from sides labelled 1A and 2B

(Figure H.4 a). However, the largest ones are visible for scans performed from side labelled as 3B
(4ee Figure H.4 b).

Vertical cylinders with different diameters (region 2) are visible form different sides except from
side 1A due to cylinders with different orientations hidden them.

w

bheres in region 3 are not visible from different sides views.

Most of the horizontal cylinders open at the inside face of the pentagon (region S) are not visible
farm the all sides due to their location and diameter size. The larges one canhe seen from the side
lgbelled as 4A (Figure H.4 d).

For tHe inspection of the aluminium start using PAUT-TFM, the star artefacts version S1 and S2 were
immefsed in a tank of water acting as a coupling, and scanned only frofirone side of its sides from the
top td the bottom of the star. The images collected are presented in detail in H.2.3. The main outcomes
of thig evaluation is summarised as follows:

Star artefact version S1:

Three of the cylinders with different orientations can‘be'seen from side 1A. The orientations of the
ther cylinders prevent detection (Figure H.5).

]

)

ve vertical cylinders with different diameters can be detected from side 2A using the three
btimized digital gains chosen to display theldmages. The cylinders with smaller diameters, down
t¢ 0,1 mm, can be detected with increased gain (Figure H.6 bottom images) at the expense of the
r¢duced quality of the image (lower signalto noise ratio).

=]

Three of the spheres of different diameters can be seen from side 3A (Figure H.7).
Three of the horizontal cylindéxs of different diameters (10 mm long) located on an outside edge of
the star can be seen from side*4A (Figure H.8 a). Their position on the edge hides the others.

%]

bme horizontal cylinders of different diameters located on an inside edge of the star are seen from
side 4A (Figure H.8 b)) They are located on an edge and are short (2 mm long), so they are difficult
t¢ differentiate from'the reflection of the edge.

p—

tldoes not seem that we can see the single cylinder manufactured by mistake.

Star artefactversion S2:

78

The horlzontal cyhnders open at the 1n51de face of the pentagon (Reglon 1) are easier to see from
sSide A S 2
out51de the star artefact there are not Vlslble at all Four of them are seen in Figure H 10.

All spheres can be seen in Region 3 from the side labelled 2A (Figure H.11). This means that defects
down to 0,1 mm in diameter can be visualised.

All vertical cylinders can be seen in Region 4 from the side labelled 3A (Figure H.12) similar in the
S1 design by increasing the gain. This means that defects up to 0,1 mm in diameter can be detected.

Six cylinders with different orientations were detected in Region 5 from side 4A (Figure H.13).
Therefore, defects up to 0,2 mm in diameter in various orientations can be visualised.
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The main findings for the ultrasonic test carried out both full size Stainless steel and Aluminium star
artefacts are summarised in Table 28.

Table 28 — Summary of the smallest size of the defects detect on the stainless steel star by CUT

and PAUT-TFM methods
Defects dimensions in millimetres
EWIP TPACP
Design @ Defect region Dmri‘;::m Stainless steel Aluminium
PAUTc CUTe PAUT-MFC/T|FM¢
Top One, horizontal NDd INDd
1 Side Two, +45° Inconclusive Iiiconclusiye
5 Top not specified NDd NDd
Side 0,1 Inconclusive 0,1
51 3 Top NDd NDd NDd
Side NDd Inconelusive 0,5
4 Top 0,3 Nbd not detect¢d
Side 0,3 NDd 0,5
< Top 0,4 NDd NDd
Side 0,4 not specified Inconclusiye
1 Side NTe NTe Inconclusiye
2 Side NT® NTe 0,4
S2 3 Side NTe NTe 0,1
4 Side NTe NTe 0,1
5 Side NTe NTe 0,2
a  The CAD files of the star artefact correspond.t@’the preliminary version designed by MTC.
b The analysis were performed in one sample per each design at each centre.
¢ The nominal diameter size reported eérrespond to the feature detected by the technique used.
d  ND stand for “Not detected”.
¢ NT stand for “Not tested”.
11.1.5.4 Comments/observations

The main conclusionrfor the phased array ultrasonic inspection performed are summarised as follows:

— PAUT inthestainless steel star can be used to detect subsurface embedded defects, butis influenced
by flawsize, orientation, type and depth. When flaws are oriented in a way that reflects sound back
to the(receiver, this technique achieves a sensitivity of 0,1 mm in this material as seen in this ftudy.

—, ‘Fhis specimen is reasonably suited for ultrasonic inspection, but the sides of the star cause found
to be 1ntroduced into the materlal at an obllque angle. Electromc steerlng w1th a phased array

using conventlonal or phased array ultrasound may have flaws similar to this de51gn However be
positioned perpendicular to the sensor so variations in flaw size and orientation could be better
attributed to the technique’s strengths and limitation and not partially due to geometry.

For the inspection on the aluminium star using CUT and PAUT-FMC/TFM the following conclusions are
obtained:

— Due to its high spatial resolution when used with FMC/TFM, the PAUT method reveals individual
defects and even allows rough dimensional measurements. The interpretation of the images is
easier than in CUT but is still not straight forward. However, like in CUT, the surface roughness did
not prevent the part from being tested, and the size of the part was not an obstacle.
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— Apart from the better resolution than in CUT, another real advantage of the PAUT-TFM methods is
to be able to perform static inspection by steering the beam instead of scanning the probe. This is
of particular interest for complex shapes that cannot be scanned.

11.1.6 Residual stress — RS (ILL)

The non-destructive determination of residual stresses within engineering components using
laboratory equipment is limited to the surface (x-ray) or near surface regions (Barkhausen-noise)

ds. Examples are deep-hole drilling, slicing or the contour method. The destructive methods aré

based on the relaxation of stresses and therefore limit further materials investigations, and accepting

on stress determination conquers these shortcomings. It is a non-destructive techniquej-applicable
k-ups as well as realistic sized engineering components. It allows mapping of stress fields from
1k of the work piece to its surface with adjustable lateral resolution and providifg-the full stress
tensol for each measuring point. The technique is based on diffraction at (poly-) crystalline material,
compgrable to x-ray diffraction, but provides much higher penetration. Neutronitechniques are well
suited for in-situ or in operando investigations, using even complex sample environment

SALSA, which stands for “Stress Analyser for Large Scaled engineering,\Applications”, is a stress
diffractometer dedicated to engineering sciences and industrial R&D-(Figure 47). SALSA provides
a makimum of flexibility in terms of sample size and shape, allowing laterally resolved stress
determination. The resolution is variable between 0,8 mm and 6,mm’ and allows stress mapping with
penetration depths of about 60 mm in steel, 70 mm in titanium@loys, 40 mm in Nickel and 300 mm in
alumipnium.

It is also possible to obtain depth profiles from 40 pm below-the surface into the bulk. This is applied to
surfage treatment investigations, comprising laser shock peening, induction hardening, spray coating
etc.

11.1.6.1 Summary of procedure

In Figure 1.1, the set up describes the fixeld position of the gauge volume (GV: red point), and so the
movefment of the sample sited on the-héxapod is necessary for the mapping of the region of interest
(ROI)| For each position, the Bragg-diffraction peak is recorded. The position of the peak is a precise
measiire of the lattice spacing of the crystallites within the GV that also allows phase-specific studies.

Then,[stresses can be deterniined from the peak shift from a reference unstrained condition through
Hook¢’s law with the specifig diffraction elastic constants. The strain component direction is defined by
the sdattering vector q ifrthe bisector position of beam to detector. Hence, the sample would need to be
orienfed as many timés(angle configurations) as components needed.

For the residual st¥ess characterization at SALSA the region of the Ti6Al 4V star without artefacts was
selectied at twa different heights: distance to the tip edge 5 mm and 17 mm, respectively (see Figure 1.2).
Threq ROI within the thickness in the defect free corner were measured:

— ar,surface entry scan from the bottom surface (0,6 mm x 2 mm x 0,6 mm) GV —until 2 mm in the

1l
UIR.

— Near surface entry scan from the top surface (0,6 mm x 2 mm x 0,6 mm) GV —until 2 mm in the bulk.
— Bulkscan (2 mm x 2 mm x 2 mm) GV from 1 mm from each surface

Note that the 2 mm for scans 1 and 2 were oriented in-plane with the scanning strategy, leaving the
maximum resolution of 0,6 in height (building direction). An example of the set up and the scheme ROI’s
and components is summarized in Figure 47. See all detailed for orientation and strain configurations

in Figure 1.2.
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The procedure followed was focused on defining the optimum measuring parameters by performing

multiple angle scans in order to: 1) select one reflexion and 2) select the strain component. Once

it was

determine, the bulk of the sample is scanned is carried out within the thickness out of the part then the
reflexion position evolves and extracted peak profile of the reflection, which is accounted for further
calculations. The Bragg’s law and strain related to inter-planar spacing and peak position is used. The

reflexion measured for the titanium is Ti (101) alpha + alpha’ (a + a').

The unstrained reference d,) is determined and pseudo strain correction is applied (to improve I
resolution). Once these parameters were obtained the residual stresses in the in-planar directi

ateral
n are

calculated using the stress conversion by Hooke’s law. Here, the d unstrained reference was tal
the stable value in the middle of the thickness of the star, so everything reported is relative t
(even the sign compression/tension will depend on that).

11.1.6.2 Apparatus/settings used

The setup of the SALSA beam line is shown in Figure 47, white the parameters for¥esidual stress an
is shown in Table I.1. The instrument uses a monochromatic neutron beam and a Position Ser
Detector (PSD), which covers 8° in 260 at a typical distance of 1 m from the:sample. The neutron
is delivered via a double focusing monochromator composed of 39 silicon variably bent crystals.
phase space focusing, it takes advantage of the beam divergence provided by the neutron guid
supplies the high resolution needed for strain determination.

A range of collimators is available with focal distance as small‘as’0,6 mm (FWHM) and a fixed dis
to the gauge volume of 150 mm. These optical focusing system of collimators provide the most p
spatial resolution measurements, also reducing the baekground in comparison with slits. Ther
they are particularly useful for high spatial resolution/{measurements near interfaces, surfaceg
coatings, since they give lower surface aberrations,

ken as
b that

alysis
sitive
beam
Using
e and

tance
recise
efore,

or in
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NOTE Bottom surface (near base plate) and top surface (finishing surface).

Figure 47 — ISO-Ti6Al4V demonstrator set upfor residual stress characterization at SALSA. BD
building direction, N normal component, L longitudinal, T transversal

11.1.6.3 Significance of data/interpretation of results

Strair] tendencies of the three geometrical principal directions from the bottom (near previous base
plate)| to the top (finishing surface) are presented in Figure 48 a). Strain distributions from near
surfage and across the thickfiess were parabolic for the three components, positive for Longitudinal
and Transverse and negative for Normal. All of them presented a plateau within the middle between
15 min to 25 mm in the thickness, with an stable value of about -900 pe for Transversal, -1 700 pe for
Longifudinal (compressive) and 4 000 pe for Normal (tensile). Therefore, moderate and compressive
microstrains values ‘are observed within the printing plane (Longitudinal-Transverse), whereas in the
building up dire¢tion (Normal) it reaches a tensile maxima within the bulk.

The gradientis sharper near the edge surfaces where the behaviour from tensile/compressive inverses
for all components at around 4 mm from each surface. Indeed, there is a shift of local maximum values
betwgémrbottom and top surfaces for all components as follows: 5 300 pe vs 4 000 pe for Transverse,
4100 pe vs 300 pe for Longitudinal, and -3 100 pe vs =1 500 pe for Normal. Therefore, local maximum
compressive/tensile values around 0,5 mm from surface are always reached in the region near the
bottom surface (initially near base plate). Note that for these results the reference unstrained value
was the same for all locations and angular conditions, which may be reconsidered near the surface
after microscopy characterization. The presence of different phases and/or microstructural feature
gradients may explain the bounces in the Normal component at those ROIs.

Similar parabolic trends are also visible in the stress values in Figure 48 b), where longitudinal and
transverse are restricted between 100 MPa and maximum Normal stress reaches around 500 MPa in
tension in the middle region. As for the near surface region, maximum tensile values are reached for
Transversal with 790 MPa vs 650 MPa bottom and top, and Longitudinal 600 MPa vs 550 MPa.
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For the Normal component, it presents near 200 MPa tensile value at the first near surface location
from both surfaces, changing abruptly to compressive -160 MPa and -60 MPa local minima at
1,2 mm from bottom and top surfaces, respectively. It can be remarked that besides the unstrained
reference effect mentioned before, there is also an inherent anisotropy for different lattice reflections,
particularly important in the plastic regime due to intergranular strains. This effect may lead to a
certain overestimation of macroscopic residual stresses for the Ti (101). However, this last influence
will not affect the tendency in Figure 48 b).

Y1 Y2
6 000 ; 900
1 , 800
4000 o 700
1 A I 600
2000~ ® i 500
. \% ¥ 400
0 : Feee 300
. iﬁ\;ﬁ\{?ﬁ‘}g iﬁ 200
-2 000 . a 100
i @ 0 E
-4000 -100
— : = —200

Key

X position (mm) X position (mm)
Y1 microstrains Y2 stress (MPa)
HE- 5 mm long rE 5 mm long

ro- 5 mm trans re- 5 mm trans
- 5 mm norm > 5 mm norm

a) strain for normal, longitudinal and transverse b) related stress results. Errors +50(MPa
directions from the bettom surface (0 ref Position)
towards top surface(42,6 mm). Errors +300 pe

Figure 48 — Strain tendencies of the three geometrical principal directions from the botfom
(near previous base plate) to the top (finishing surface)
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N

SN BNS

towprds top surface for lines scans at 5 mm and 17‘mm from the tip of the star sample (errors

For cqmparative purposes of the influence of the geometry, the strain distribution for a line at 17 mm
from the tip is displayed in Figure 49 against'the previous results for the line scan at 5 mm. A general rise
of both longitudinal and transverse components around 1 000 pe towards tensile values is observed.
Furthermore, for transverse componéntat 17 mm from tip, the maximum near surface increases to
more than 8 000 pe in comparison with previous 5 000 pe for 5 mm.

11.1.6.4 Comments/observations

The residual stress distribution has been investigated by means of neutron diffraction. The main
outcopme of the study are:
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Neutron diffraction enhances the visualization of strain gradients from the near surface into the
blilk non-destructively.

Al parabolic and symmetric tendency of stress distribution is observed from bottom to finishing

styirfaces for all strain components, with a plateau within the middle of the bulk and an inversion of
¢ |l e/ . 145 f T | ‘

In-plane components were confined within the bulk to +100 MPa, whereas in the building direction
it was tensile 500 MPa.

Near surface regions from 0,5 mm to 2 mm displayed an asymmetry of maximum values for both
bottom and top surfaces, with higher strain values at the bottom region.

In-plane components show an overall increase around 1 000 pe towards tension at deeper positions
from the tip of the star (z = 17), indicating the combined influence of geometry and printing strategy.
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In conclusion, Ti6Al4V star artefact presents steep residual stress gradients from the near surface into

the bulk (first 15 mm) even after detaching from base plate. They also change their compressive/t

ensile

nature. Hence, a complete visualization of the strain gradient is recommended in thick AM components.

12 Defect built validation star artefact (Cut-off MTC)

The validation of the defects seeded in the star artefacts is described in this section. It would be used to
assess the capabilities both the AM route and the NDT method. Two methods were used this approach

could give information that confirm if the defects were built during the AM process. They are:

ke

— XCT inspection approach; q/

— Metallography validation approach. QQ% )

12.1 Summary of procedure by XCT Qfo

The analysis performed in the Inconel®18) and Titanium star using both s ms at MTC and GE j
did not show any indication of the trapped powder defects (spheres an inders) in the star-s
artefacts.

To establish if the system was not able to detect defects smaller, @1 0,2 mm diameter, cut ups
sections seeded with spheres and cylinders containing trapp d&

spheres containing trapped powder (region 5) and the verticg cylmders (region 1) were select
this. Figure 50 shows the cut-up plan on the Inconel® sg(artefact 300A. The cut-up was carrig
using wire EDM at the MTC. Figure 51 shows the secti reated following the cut-up. Section 1
area in which it was intended to build/seed sphere%\gth trapped powder, and section 2 the ve
cylinders. s\

hower
haped

of the

wder defects were carried ouft. The

ed for
bd out
is the
rtical

Key

1 section 1; contains the spheres containing trapped powders
2 section 2; contains the vertical cylinders

NOTE The solid red lines are the cutting lines for wire cut (EDM).

Figure 50 — Photo showing the cut-up plan on the Star 300A artefact

18) Inconelis an example of a suitable product available commercially. This information is given for the convenience

of users of this document and does not constitute an endorsement by ISO of this product.
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Key
1 sdction 1; contains the spheres containing trapped powders s\\%
2 sdction 2; contains the vertical cylinders

Figure 51 — Photo showing the Star BOO%Qtefact after the cut-up
QO

12.1.1 Apparatus \‘g\@

The cpit-ups, Section 1 and Section 2 were inspe(®§ using XCT. This was carried out on a Nikon XTH
225 system at the MTC. The XCT parameters are'shown in Table 29.

xO
Table 29 — XCT paramete\@ n Nikon XTH 225 for inspecting the cut-ups
fal

XCT p}l’ameter Nikon? value
Voltage (kV) N 220
Current (nA) C ,\J 140
Power (W) ,O ‘ 128,5
Target (;-.\\O w
Filterg@é{'ial/mm) Tin/1
Exp@.ﬁﬁe time (ms) -
%&g‘e per projection -
&V umber of projection 3141
% Source-to-object distance (mm) 128,5
Source-to-detector distance (mm) 975,4
Magnification -
Detector pixel (um) -
Voxel size (um) 26
Focal spot size (um) 200
a  Nikon XT H-225 kV. System located at Tring in the UK.
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12.1.2 Significance of data/interpretation of results

Spheres with trapped powder: A total of seven spheres were expected to be in the Section 1 cut-
up, based on the design shown in Figure 52. The spheres were in-line with a plane generated between
the star tip and the centre of the star. The diameter of the spheres were 1,5 mm to 0,020 mm. A cross
section through the tip (see box Right 1 view (a) in Figure 53) can reveal the spheres if they were
present. However, the cross section view in Top 1 view (b) (in Figure 53) did not show any indication of
the spheres.

Figure 52 — Screen shot from the CAD model showing the distance from the centre of the
sphere to star tip is 6,5 mm

A7)
S oeretoeis syt N\ Yapi
- b

L indicator 1 346 242 at (2342 | 1427 | 2.60 mm)]
x

[—— )
a  Theslice is indicated at the top right 1.

b The box in top left 1 indicates where the spheres with trapped powders are expected to be present.

Figure 53 — XCT image showing a slice through the tip

© ISO/ASTM International 2023 - All rights reserved 87


https://standardsiso.com/api/?name=f59aac786477f0783d01676b11910563

ISO/ASTM TR 52905:2023(E)

Further analysis was carried out by going through each slice in X, Y, and Z directions. A number of

indications were found and they are shown in Figure 54 and Figure 55. In Figure 54, an indication was
found close to the tip and approximately aligned with dashed line, where the spheres are expected to be

present. It is very likely that this indication is a sphere with trapped powder.

] ftadeny @

Figure 54 — XCT images showing an 1nd1catlo@,§ndication 1, in circle blue) that is likely to be a
sphere containing trapped powder with size 0,2 mm diameter

\O

Figure 55 shows two indications that ar se to each other. Indication 2 lies far from the dashed line
and therefore it is unlikely to be the@%iv res with the trapped powder. However, indication 3 is very
close to the dashed line and could ly be a real sphere with trapped powder.
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can be observed clearly on the image. There'is a fine line from where @ 0,2 mm cylinder’s dia

where the cylinder with 0,2 mm diarg{@r is expected.
. (\}‘ Dimensions in milli

Fi 56 — XCT image showing the cross section through the vertical cylinders

v

Figu shows a close up view of the cylinders with 0,5 mm and 2 0,2 mm diameter. The O,
cy%?ier diameter does not have a consistent diameter and some sections are partially clos
ition, the changes in the diameter from 0,5 mm to 0,2 mm diameter are not proportionatg.

Figure 55 — XCT image showing indication 2 (il@c e blue) and indication 3 (out circle bjlue)
O

Vertical cylinders: Figure 56 shows an XCT cro§s section image of the vertical cylinders in Secfion 2.
The expected diameter of each cylinder is 1 ed above each cylinder. The three largest cylinders

Ineter

is expected to start to the 0,2 mm cylinder’s diameter. There is no indication of a cylinder present at

or are too small to be made properly. In addition, it could illustrate that XCT system would be incapable

to detect of detecting them.
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Dimensions in millimetres

E;me
Frat 1 zolansl
aw A

xO
Figurje 57 — XCT image showing the glg{e up view of the 0,5 mm and 0,2 mm cylinder’s diameter
"~ inSection 2

.

12.2 [Summary of procedul@ﬁ metallography

Star prtefacts built fro astelloy®1?9) and Maraging steel were evaluated using conventional
metallographic metho Gric uding sectioning, mounting, grinding and final polishing as is indicated
here. [Three cut ups&e performed for design Slcorresponding to regions 2, 3, 4 and 5, while for
desigh S2 two cu egion 3 and region 4 were obtained (See Figure 58). The procedure applied for
each naterial an&ggion sectioned is described below:

— chit ou@ples — Buehler IsoMet high speed precision cutter;

— c $ession mounted - clear transoptic resin;

— marked and labelled samples;

— grinding down to the depth of the points of the stars using P120 SiC grinding;

— mild grinding to remove scratches and not lose the defects by P1200 grinding paper;
— ground using P4000 paper to remove large scratches;

— final polish using an Alumina suspension 0,05 pm;

19) Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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— cleaned samples using Isopropanol;
— dry the samples and kept them on at desiccator for further process;

— analyse samples using an optical metallography microscopy.

a  Maranging steel.
b Hastelloy®.

NOTE The lines on the sample indicate thelcut ups regions. Set Version S1 and S2 for Hastelloy® and Maraging steel
were used for this comparison.

Figure 58 — Photo showing the set of samples used for the metallographic comparison

12.2.1 Apparatus

The cut-ups of theHastelloy®20 X and Maraging steel samples obtained via metallography preparation
which were inspected using an optical metallographic microscope. The analysis was performed on a
Zeiss imagep.M2m optical system, and each samples was evaluated on the regions of interest, measured
and recorded accordingly. The measurement carried out at the ROI are summarised in Table 30.

12.2:2° Significance of data/Interpretation of results

The results of the mnf;\]]ngrnphy :\na]ycic pprfnrmpd aon the star artefacts are summarised in Table 30,

while examples of the metallography analysis are also shown in Figure 59.

20) Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Table 30 — Summary of the minimum dimension of the seeded defects measured by
metallography analysis carry out in the star artefact design S1 and S2 in Hastelloy® and

Maraging materials
Defect dimensions in millimetres
. . Defects size
Design? Defect region -
Hastelloy®¢ Maraging steel®
SO NTd NTd NTd
1 NTd NTd
2 0,3 0,1
S1 3 0,2 0,4
4 0,4 0,2
5 0,3 0,2
1 NTd NTd
2 NTd NTd
S2 3 0,4 0,2
4 0,4 0,1
5 NTd NTd
a2 The star artefact correspond to the new design version S1 and S2 supplied by MTE,
b The analysis were performed in one sample per each region sectioned.
¢ The analysis were performed in one star artefact Hastelloy® and Mataging steel (design S1) and (design S2). The
gggilérgal features diameter size reported correspond to the average of the'diameter detected using the set sample per each
d N[ = Not tested.

The results showed that most of the seeded defects were successfully manufactured in the samples,
however, the ones that were not found may be.due to build limitations or were removed during the
grind|ng stage. The smallest unconsolidated powder or trapped powder detected was between 0,2 mm
to 0,4{mm in diameter. The smallest layer defect detected was between 0,2 mm to 0,4 mm in diameter.
The smallest cross layer defect detected was 0,1 mm in diameter.

The metallography results for the two.star artefacts showed the shape and dimensions of the artificial
defects representing unconsolidated ‘powder or trapped powder were not geometrical ideal as there
were pariations. It is not clear whether some of the missing defects were present during the built may
have been eliminated during the metallography process. The validation performed through cut-ups and

obserfation under microscope indicated that the artefacts did possess layer, cross layer defects and
uncorjsolidated/trapped‘powder.

The apalysis reportedithat the smallest defects detected was between 0,1 mm to 0,400 pm in diameter.
Howelver, it is assuined that some of the seeded defects were after the built but disappear or removed
during the preparation process. It is stated based on the imagines of the areas where smallest
indicdtions_€learly gave the idea that those are or were an artificial defect que was removed. The

pictures.in Figure 59 (a to d) shown the seeded defects detected via metallography microscope in the
Haste]loy®2l) material in regions 2, 3, a and 5.

21) Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Diameter and length in millimetres

a) HX — S1 — Region 2. Five cylinders are detected

80,7 80,6 805 o 0.4 80,3 py g.g:y
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b) HX — S1 — Region 3. Five spheres detected, however, smallest dark indication is expect
be a seeded sphere 0,2 mm diameter

|

90,3 90,4 (] 0;5

c) HX — S1 — Region 4. Five cylinders detected, however,siiallest dark voids would indic
the presence of a seeded deféct 0,2 mm

e 1 I i
90,2 'ﬂ 0,3 90,4 0,5 ?0,6 30,7

ed to

ated

d) HX — S1 — Region 5. Five cylinders detected, however, smallest dark voids would indic
the presence'of a seeded defect 0,2 mm

ated

Figure 59 — Image of the HX region 2 version S1. Photo showing the set of samples used for the

metallographic comparison

12.3 Comments/observations

— Two sections were cut-up from the Star 300A artefact labelled as Section 1, it was intend
possess spheres with trapped powder, and Section 2, vertical cylinders opening on one side
sections weréinspected using the XCT system, Nikon XTH 225.

— Fiveindications were found in Section 1, near the area where the spheres are expected to be pr
One indication, 0,2 mm diameter matched well with the expected description of the sphere,
theother four indications are likely to be real defects, but not necessarily the designed spher

led to
Both

esent.
while
bS,

— \In'Section 2, cylinders with diameter greater than 0,5 mm can be observed clearly in the XCT image.

Cylinders smaller than 0,1 mm diameter were observed faintly in the XCT image. Based on

their

£ i abaa lalo ol el o4 1 R PN S | Eaall ] |
ITaturcy,, 1t1sS lll\Cly Llidtl Llle vwCICT TITUL UUIIU CUL'L C\—Lly ado oSulliC 4dI'T }Jal uau_y CIUSCT UL

— From the metallography analysis on the star artefacts version S1 and S2, cylinders with dimensions

around 0,2 mm to 0,3 mm were detected and clearly indicate that the seeded defects were
Also, the smallest size of the spheres were detected too.

built.

— In overall, metallography analysis found that some defects not detected by XCT were found while in
another cases occur the opposite. It could be indicated that metallography process preparation is

helpful but it require special care to avoid bias the analysis.
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13 NDT trials for a la carte artefact

Non-d

estructive inspection of the specific artefact built for these trials was carried out only by X-ray

Computed Tomography, which is covered on this section.

13.1 Summary of procedure

The procedure to scanning the airfoil follows the same steps stated in 11.1.1.1. The inspection was

carri
above

pa | 1o ol L 4 ] 3ot 1 eida) a | Lizad ] pa | + 1l aida) I 12
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illustrate the location of the point where holes were CAD seeded.

13.2 [Apparatus

The XCT system used to inspect the air foil is the same used to inspect the star-shape Teference in

11.1.942.

13.3 [Significance of data/interpretation of results

The results of the XCT trials were performed by GE at their facilities in Ziixich (Switzerland) for the
generjc airfoil version.

The X|CT results showed that the artificial defects were successfully, built. The smallest open surface

defect
was 1

detected was 0,1 mm in diameter, however, depending on tocation of the defect, this defect
ot visible at some locations on the airfoil. Examples of the’XCT image scan are presented from

Figure 60 to Figure 63

Key
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14 are visible

0,1 mm not visible
0,1 mm not visible
0,1 mm not visible
0,1 mm not visible
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NOTE All defects are visible at one location while cylinders 0,1 mm diameter are not visible at the other locations.

Figure 60 — XCT image showing the horizontal cylinders outside concave side

Key
1 all 4 are visible

NOTE All defects are visible a seven lgeations while holes with cylinders 0,1 mm diameter are not detectablg at the
other locations.

Figure 61 — XCT.\image showing the horizontal cylinders outside concave side
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Key
1 all 4 are visible

NOTE [ All four size cylinders are visible a few locations, while cylinders with'®,1 mm diameter not detectable at the
other Jocations.

Figure 62 — XCT image of air foil horizontal cylinders (layer defects) inside convex side

Key
1 all 4 are visible

NOTE All four size cylinders are visible a two locations, while cylinders with 0,1 mm diameter not detectable at the
other locations.

Figure 63 — XCT image of air foil horizontal cylinders (layer defects) outside convex side
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The XCT inspection of the air foils was carried out by GE Power only. The results were shared with the
MTC, and it was concluded that the majority of the defects (holes) on the air foils can be detected by
XCT, except for the smallest holes (0,1 mm diameter) seeded on the part which it cannot be observed at
a number of positions.

14 Summary of the trials findings by material

This section summarise of the analysis carried out by NDT technique on each material. The Tesults
presented from Table 31 to Table 37 reported the smallest defect detected per region and-per |set of
samples tested which varied accordingly with the manufacturer or tester centre. For Hastelloy®2) and

Maraging steel a reference sample of the set is given for traceability purposes.

Table 31 — Summary of the smallest defects detected on the Hastelloy® star artefacts by NDT

methods
Defect dimensions in millietres
Built process PBFP
HXP
Design Defect region XCT?
TTa PCRT2 NI.Ra
ID Defect
SO All All ND° ND¢ pc N|D¢
1 S1-005 All ND¢
2 S$1-002 0,1 ND¢
S1 3 S1-001 0,4 ND¢ Fe¢ N|D¢
4 S1-003 0,1 0,3
5 S1-00% 0,2 0,3
Other AN ND¢ ND¢
1 §2-001 0,1 ND¢
2 S2-002 0,3 ND¢
S2 3 S2-005 0,1 ND¢ Fe N|D¢
4 S2-003 0,1 0,2
5 S2-002 All 0,2
Other All ND¢ ND¢

b Material abbreviations used: HX = Hastelloy®, PBF = powder bed fusion.

a  Abbreviationsaised: XCT = computed tomography, PCRT = process compensated resonance testing, NLR = non{linear
acoustic resondngé, TT = thermographic testing, UT = ultrasonic testing, PAUT = phase array ultrasonic testing, TFM [ total
focusing methed, RS = residual stress.

¢ . Abbreviations used for detection stage: DD = defects detected but not all, ND: not detected, NT = not tested, N§ = not
specified, P = pass, F = fail, Rp = reference point, C&P = cracks and porous

22) Hastelloy is an example of a suitable product available commercially. This information is given for the

convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Table 32 — Summary of the smallest defects detected on the Maranging steel star artefacts by

NDT methods
Defect dimensions in millimetres
Built process PBFP
MSP
Design Defect region XCT?
TTa PCRT2 NLR2
ID Defect
SO All All ND¢ ND¢ pc ND¢
1 S1-002 All ND¢
2 S1-001 0,1 ND¢
3 S1-004 0,4 ND¢
S1 Fe ND¢
4 S1-003 0,2 0,3
5 S1-005 0,2 0,3
Other All ND¢ ND¢
1 S2-004 0,1 ND¢
2 S1-003 0,1 ND¢
3 S1-005 0,3 ND¢
S2 Fe ND¢
4 S2-002 0,1 0,2
5 S52-001 All 0,2
Other All ND¢ ND¢
a  Abbreviations used XCT = computed tomography, PCRT = process\conipensated resonance testing, NLR = non-linear
acoustic resonance, TT = thermographic testing.
b Mhterial abbreviations used: MS = maraging steel, PBF = powderbed fusion.
¢ Abbreviations used for detection stage: DD = Defects detected but not all, ND: not detected, NT = not tested, NS = not
specifled, P = pass, F = fail, Rp = reference point, C&P = cracksand porous.

Tahle 33 — Summary of the smallest defects detected on the stainless steel star artefacts by

NDT methods
Defect dimensions in millimetres
Built process PBFb
. . Ssb
Design Defectregion
XCTa PAUT?2
SO All NTe¢ NTe¢
1 AD¢ -
2 0,1 0,1
3 0,4 ND¢
ST
4 0,2 0,3
5 0,3 0,4
uther NO* ND*®
a  Abbreviations used: XCT = computed tomography, PAUT = phased array.
b Material abbreviations used: SS = stainless steel, PBF = powder bed fusion.
¢ Abbreviations used for detection stage: AD = all detected, DD = defects detected but not all, ND: not detected, NT = not
tested, NS = not specified, P = pass, F = fail, Rp = reference point, C&P = cracks and porous.
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Table 33 (continued)

Built process PBFb
. . SSh
Design Defect region
XCTa PAUT?

1 0,2

0,2

3 ﬂ'Q

S2 NTe

4 0,1

5 DD¢

Other NDc¢

a  Abbreviations used: XCT = computed tomography, PAUT = phased array.
b Material abbreviations used: SS = stainless steel, PBF = powder bed fusion.

¢ Abbreviations used for detection stage: AD = all detected, DD = defects detected but not/all, ND: not detected, N']
tested, NS = not specified, P = pass, F = fail, Rp = reference point, C&P = cracks and porous.

[ = not

Table 34 — Summary of the smallest defects detected on the Incon€l®23) star artefacts by NDT
methods
Defect dimensions in millimetres
Built process PBFP
INb
Design Defect region
XCT?
SO All NT¢
1 0,2
2 ND¢
S1 3 Rp*
4 0,2
5 ND¢
Other ND¢
1 0,2
2 0,2
s2 3 Rp*
4 0,2
5 0,2
Other NDc¢
a  Abbrewiations used: XCT = computed tomography.
b Material abbreviations used: IN = Inconel, PBF = powder bed fusion.
¢A._ Abbreviations used for detection stage: DD = defects detected but not all, ND = not detected, NT = not tested, N$ = not

specified, P = pass, P = fail, Rp = reference point, C&P = cracks and porous.

23) Inconelis an example of a suitable productavailable commercially. This information is given for the convenience

of users of this document and does not constitute an endorsement by ISO of this product.
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Table 35 — Summary of the smallest defects detected on the Cobalt-Chrome star artefacts by

NDT methods
Defect dimensions in millimetres
Built process PBFP
. . CoCrb
Design Defect region
XCTa SXa
SO All NTc NTc
1
2
3
S1 NTe NTe
4
5
Other
1 0,3 0,2
2 0,3 0,2
3 0,5 0,2
S2
4 0,3 0,15
5 DD¢ DD¢
Other Nb¢ ND¢

a  Abbreviations used: XCT = computed tomography, SX = synchrotron X;rays.
b Mhpterial abbreviations used: CoCr = cobalt-chrome, PBF = powder bed fusion.

¢ Abbreviations used for detection stage: DD = defects detected but not all, ND: not detected, NT = not tested, NS = not
speciffed, P = pass, F = fail, Rp = reference point, C&P = cracks and-porous.

Table 36 — Summary of the smallest defects detected on the aluminium star artefacts by NDT

methods
Defect dimensions in millimetres
Built process PBFP
. . ALP
Design Defect region
CUTa PAUTa-TFMa
SO All NTe NTe
1 NS¢ DD¢
2 NS¢ 0,1
3 NS¢ 0,5
S1

4 NS¢ 0,5
5 NS¢ NS¢
Other ND¢ ND

a  Abbreviations used: CUT = conventional ultrasonic testing, PAUT = phase array ultrasonic testing, TFM = total focusing

method, AL = aluminium.

b Material abbreviations used: HX = Hastelloy®, PBF = powder bed fusion, EBM = electron beam melting.

¢ Abbreviations used for detection stage: DD = defects detected but not all, ND: not detected, NT = not tested, NS = not
specified, P = pass, F = fail, Rp = reference point, C&P = cracks and porous.
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Table 36 (continued)
Built process PBFb
. . ALDP
Design Defect region
CUT2 PAUT2-TFM2

NS¢

0,4

3 n,1

S2 NTe

4 0,1

5 0,2
Other NDc

a  Abbreviations used: CUT = conventional ultrasonic testing, PAUT = phase array ultrasonic testing,”TFM = total fofusing

method, AL = aluminium.
b Material abbreviations used: HX = Hastelloy®, PBF = powder bed fusion, EBM = electron béafirmelting.

¢ Abbreviations used for detection stage: DD = defects detected but not all, ND: not detected, NT = not tested, N
specified, P = pass, F = fail, Rp = reference point, C&P = cracks and porous.

= not

Table 37 — Summary of the smallest defects detected on the-Ti6Al4V star artefacts by NDT

methods
Defect dimensions in millinetres
Built process PBFP & EBMP
. . Ti6Al4Vb
Design Defect region
XG4 SXa NI2
SO All NTe NT¢ NTe
1 - 0,1 0,2
2 - 0,1 0,2
sp 3 - 0,1 0,2
SLM 4 - NDc NDe
5 - ND¢ ND¢
Other - C&Pc C&Pc
1 - 0,2 0,2
2 - 0,2 0,2
Sp 3 - 0,2 0,2
EBM 4 - NDc ND¢
5 - ND¢ ND¢
Other - C&Pc C&Pc

a  Abbreviations used: XCT = computed tomography, SX = synchrotron X-rays, NI = neutron imaging, PAUT = phase
TFM.=total focusing method.

b” "\, Material abbreviations used: Ti64 = Ti6Al4V, PBF = powder bed fusion, EBM = electron beam melting.

array,

3 = not

Abbreviations used for detectiom stager DD—defectsdetected but ot ath ND—=Totdetected; N =Tot tested;
specified, P = pass, F = fail, Rp = reference point, C&P = cracks and porous.

15 Main conclusions

The main conclusion of this document, which include reviews carried out, potential NDT methods and

trials are summarised as follows:

— A review of the main causes and mode of failures was carried out for DED and PBF process.
Post built classification of the main defects was listed and samples given including a strategic for
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classification of defects for AM as well as the capabilities and limitations of NDT methods for AM
inspection.

— In-process inspection was reviewed and the main NDT approaches that offer most potential
included Thermography, laser ultrasonic with laser line scanner as an additional option for
metrology measurement.

— Areview of the currently NDT standards for post-processing and in-process inspection in DED
and PBF process was performed based on casting and welding standards. It was found that there

type aspect, defects in DED can potentially be covered by current standards, however, for PBF
s¢me flaws are not included which are unique to AM including layer, cross layer, trapped powder
nd unconsolidated powder flaws. It was established that new developed standards are néeded to
5sess this type of flaws.

a{e some similarities between defects from these two process with DED and PBF. From the defect

a
da

The star and a la carte artefacts were designed and built to cover those defectsnot included
by current NDT standards, which are unique for additive process such as layet; ‘cross layer and
uhconsolidated powder/trapped powder. The generic geometry star may be used as an initial NDT
tg¢chnique verification and could be applicable to relatively simple AM geometries, while the a la
carte artefact shows the process to follow for more complex part applications. Both artefact designs
were seeded with CAD simulate identified AM only defects to assess the.capability of NDT methods.

— Star artefacts trials of selected NDT techniques provided the followinhg conclusions:

— In the following order, Synchrotron, XCT and Neutron methods offer the best resolution and
detection capability, respectively. The three approaches‘'were capable to detect smallest defects
between 0,1 mm to 0,2 mm size being Synchrotron the technique that offer the finest resolution.
In addition, synchrotron provides an excellent capability to detect partially filled spheres with
powder.

— Ultrasonic methods represented in these trials by conventional UT and PAUT shows limited
capability. UT is limited to detect defects@howing inconclusive results. PAUT shows capability
to detect defects with size greater than 0,3 mm, however, when it is working in conjunction
with FMC/TFM approach; it is able to:detect 0,1 mm defects in some accessible locations.

— Thermography test was able to>detect open surfaces defects with sizes greater than 0,4 mm
using flash thermography, however, when Step-heating method is used, it is capable to detect
open surfaces defects not less than 0,2 mm diameter.

— PCRT and RAM techhniques are able to assess presence of defects on the samples inspected
during the trials despite the smaller population used. The three different groups of full size
parts for Hastelloy®24) and Maraging steel were identified and are separated from each other as
good parts or‘bad parts. The analysis carry out in the half-size star artefacts for Stainless Steel
also shownRCRT and RAM capability for defect detection to differential good and bad parts.

— NLR results were inconclusive for all the samples tested. It was concluded that either the
samples do not exhibit significant nonlinear resonance features, or higher excitation levels are
required. However, this method has shown some capability on a different geometry inspected
in AMAZE projectl21],

— The residual stress distribution measured by ND in the star through its thickness shows a
parabolic and symmetric tendency of stress distribution from bottom to top finishing surfaces
for all strain components, with a plateau within the middle of the bulk and an inversion of

24)  Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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tensile/compressive at around 4,5 mm from top and from bottom surfaces. It demonstrated
that high tensile strains are present near surface regions.

— The XCT trials using the a la carte design concluded that the majority of the defects (holes) on the
airfoils can be detected by XCT, except for the smallest diameter holes (0,1 mm) seeded on the part
which cannot be observed at a number of positions.

— Defect build validation using XCT method show that the area where the spheres are expected
to be present one indication, 0,2 mm diameter matched well with the expected description of the

sphere, while the other four indications are likely to be real defects, but not necessarily the degigned
spheres. Cylinders smaller than 0,1 mm diameter were observed faintly in the XCT image{ Baged on
their features, it is likely that they were not built as some are partially closed.

— Cut-ups and metallography build validation analysis were carried out. The results clearly|show
that seeded defects with dimensions of 0,2 mm were visible under the optical microscope. Special
attention is needed during metallography preparation to avoid impacting the results of the analysis,
by removing the CAD seeded defects.
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Annex A

(informative)

Causes and effects of defects in wire DED and PBF process

Table A.1 — Causes and effects of defects common in wire DED
Isfue Cause Effect/defect on part
Poor surface quality in the as-deposited condition
Lack of geometrical accuracy, possibly as a resultofjinconsistent
stand-off distances
Metall trans- Severe spatter generation Formation of deep and continuous undercuts at the toe of the
fer Hehav- welds between adjoining weld beads
iour Bulk of the part may be compromised by incomplete fusion be-
tween weld beads
Wire burn-back may severely affect the integrity of the part due
Wire burn-back to incomplete fusion. Rough and rippled weld bead surfaces
with inconsistent cross-sectional profile.
Thermal cushioning effect (the
front edge of the weld pogl liquid | Incomplete fusion bétween the entire base metal surfaces and
grows ahead of the welding arc) |petween adjoining'weld beads. Weld string separation that will
Melt pool Contraction/poor wet- most probably resultin incomp]ete fusion defects.
ting and spreading
Incomplete fusion all along the adjoining weld bead
Continuous undercut along the|Local\incomplete fusion
Weld pool string Weld string separation that will most probably result in incom-
behayiour plete fusion defects
Reduced surface finish quality
Uneven weld pool liquid front
(asymmetric) Incomplete fusion defects, possibly due to weld string separation
or undercut formation
Excessively high weld pool de-|Incomplete fusion defects due to undercutting, humping, and
pression porosity defects
Incomplete fusion
“Blow-holes”
Defects such as holes, voids, undercuts, etc.
Incomplete fusion defects due to inconsistent wire feeding char-
Wire Fauled wire acteristics and variation in arc welding behaviour. Non-metallic
inclusions, giving rise to variation of mechanical properties
Table A.2 — Causes and effects of defects common in powder bed fusion

Issue

Cause Effect on/defect in part

Incomplete powder feed

Powder run out

Poor powder flow properties, incl. bridging
of powder in the hopper

Unconsolidated powder (large
area)

der layer

“Drags” (lines) in the pow-

Agglomerated powder or contamination

Unconsolidated powder (localised
area)

delivery

Poor fusing due to in-
terruption to laser/EBM

Interruption to powder supply, optics
systems errors (laser) or errors in data

Unconsolidated powder (large or
small areas)
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Table A.2 (continued)

Issue

Cause

Effect on/defect in part

Incorrect laser/EBM power

Incorrect choice of parameters

Uncontrolled change in laser/EBM power

Over- or under-melted material

L avarchift
-5t

SLM — scan head/optics problems

EBM — presence of electromagnetic

Stanc in ot

Tery

interference

Build platform shift

oTEPoTIIpaTr

Contamination of powder

(Interstitials)

New powder out of spec or degraded
through reuse

Reduced mechanical propert
(may get higher-modulus but
lower elongation)

ies

Contamination of powder

(Foreign body)

Debris from AM or post processing
equipment

Reduced mechanical propert
(this risk can be eliminated ¢

pletely)

ies
om-

Incorrect scaling/beam
offset

Scaling/offset factors are effected by part
geometry, beam intensity and the density
of the powder bed

Poor accuracy

Incorrect scan strategy

Poor selection of parameters

Errors in beam delivery

Voids, unconsolidated powdg

—

Gas-atomised powder
particles

Trapped gas bubbles

Pores

Poor localised layer surface
quality

Localised disturbance ofimelt pool

Lack of molten material feedinginlocalised
area

Reduced wettability, pores

Development of high inter-
nal stress in some types of
materials

Heavily alloyed material or materials with
a composition that cannot accommodate
high residual stress

Cracking

© ISO/ASTM International 2023 - All rights reserved

105


https://standardsiso.com/api/?name=f59aac786477f0783d01676b11910563

ISO/ASTM TR 52905:2023(E)
Annex B
(informative)

Review of existing NDT standards for welding or casting for
application of post build AM flaws
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Annex C
(informative)

Star artefacts using during the trials

b)

Key
1

vertical cylinders, interconnected and open at both top and bottom (cross layer defects)

=6 400 pm

Length
2 (um)

20,50, 100, 200, 500, 1 000, and 1 500.
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2 cylinders in various orientations (unconsolidated /trapped powder)
length=200 pm
2 (um)=300.

3 reference section (no seeded defects)
horizontal cylinders, open at the outside edge (layer defects)
length-2 000 pm
2 (um)=20, 50, 100, 200, 500, 1 000, and 1 500.

5 spheres (voids/porosity, unconsoiidated/trapped powder)
2|(um)=20, 50, 100, 200, 500, 1 000, and 1 500

note that 20, 50, and 100 are not visible here.

6  herizontal cylinders (layer defects)

length=1 500 pm

(Lm)=20, 50, 100, 200, 500, 1 000, and 1 500.

7  herizontal cylinders (layer defects)

ength=2 000 um

2 |(um)=20, 50, 100, 200, 500, 1 000, and 1 500.

8 rdference section (no seeded defects)

Q

—_—

9  he¢rizontal cylinders (layer defects)
length=500 pm

2|(um)=20, 50, 100, 200, 500, 1 000, and 1 500.
10 h¢rizontal cylinders (layer defects)

length=1 000 pm

2|(um)=20, 50, 100, 200, 500, 1 000, and 1 500.

Figure C.1 — Preliminary-star artefact design
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b)

Key

1 cylinders in various orientations (unconsolidated/trapped powder)
length (mm): 2,0
2 (mm): 0,3
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2 vertical cylinders, interconnected and open at both top and bottom (cross layer defects)
length (mm): 5,0
2 (mm): 0,1,0,2,0,3,0,4,0,5,0,6,and 0,7
3 spheres (voids/porosity, unconsolidated/trapped powder)
2 (mm): 0,1,0,2,0,3,0,4,0,5,0,6,and 0,7
4 horizontal cylinders, open at the outside edge (layer defects)
length (mm): 3,0

o [frmy—6;1576;2,6;3,0745,70;5, 0,6, amd 6,7
5 herizontal cylinders, open at the inside edge (layer defects)
length (mm): 2,0
2|mm): 0,1, 0,2,0,3,0,4, 0,5, 0,6,and 0,7
rgference section- no seeded defects
7  herizontal cylinders, open at the inside edge (layer defects)
leingth (mm): 2 000
2|mm): 0,1, 0,2,0,3,0,4,0,5,0,6,and 0,7
8  he¢rizontal cylinders, open at the outside edge (layer defects)
leingth (mm): 2,5
z|mm): 0,1, 0,2, 0,3,0,4, 0,5, 0,6, and 0,7
9  spheres (voids/porosity, unconsolidated/trapped powder)
2|(mm): 0,1, 0,2,0,3,0,4, 0,5, 0,6,and 0,7
10 wv¢rtical cylinders, interconnected and open at both top and bottom(cross layer defects)
length (mm): 5,0
2|mm): 0,1, 0,2,0,3,0,4, 0,5, 0,6, and 0,7
11 cylinders in various orientations (unconsolidated/trapped’powder)
leingth (mm): 2,0
2|(mm): 0,3

Figure C.2 — Final design'star artefacts used during the trials
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Annex D
(informative)

Summary of star artefact manufacturing and NDT technologies for

trials
Table D.1 — Summary of the samples builds including manufacturer, material, star type, size
and quantity
No Manufacturer Material AM process Version | Size:F (fullj/HF (half) Qty
SO F 1
S2 F 3
1 NIST/LNE CoCr PBF
SO HF*(defects/2 also) 1
S2 HF (defects/2 also) 1
) ) S1 F 1
2 | Zodiac Aerospace AlSi10Mg PBF
S2 F 1
S0 F 2
S1 F 2
S2 F 2
SO HF 40
S1 HF 8
. S2 HF 8
3 NIST/LNE | Stainless steel PBF HF without defect in
17-4 S2 . 8
region 1
HF without defect in re-
S2 : 8
gions 1 and 2
52 HF without defect in re- 8
gions 1,2 and 3
52 HF without defect in re- 8
gions 1, 2,3 and 4
SO F 5
5 GE Rower Hastelloy®25) LPBF S1 F 7
S2 F 5
SO F 5
' S1 F 6
6 Parker Maranging LBPF 52 F 5
Steel
S0 F 1
S2 F 1
NOTE.
Sgp: Star artefact manufactured by EB-PBF process
S, g: Star artefact manufactured by L-PBF process

25) Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Table D.1 (continued)
No Manufacturer Material AM process Version | Size: F (full)/HF (half) Qty
SO F 3
8 BAE System TiCp LBPF S1 F 3
S2 F 3
MTC ) EBM Skg F 1
9 UoB Ti6Al4V LEPE S = L
NOTE
Sgp: Star artefact manufactured by EB-PBF process
SLE: Sir artefact manufactured by L-PBF process

TalLe D.2 — Summary of the NDT (Material & NDE technologies), and company/Universities/

Research centre having performed the trials
Material NDT Technologies Research Centre/Company/University
XCT2 MTC, UK
Hastglloy®26) PAUTE University of Bristol, UK
X PCRTd Vibrant, Germany
(HX) NLAe Theta Tech, UK
TTf University of Bath, UK
XCT2 MTC, UK
PAUTe University of Bristol, UK
Maraging steel (MS) PCRTd Vibrant, Germany
NLAe® Theta Tech, UK
TTf University of Bath, UK
RAME NIST/LNE &TMS, USA/France
Cobalf Chrome (CoCr) XCT2 NIST/LNE, USA/France
SXb NIST/LNE & ESRF, USA/France
XCTa EWI, USA
PAUTe EWI, USA
. XCTa ~Lew Energy ISS, Germany
Stainless Steel 17-4 (SS)
XCGT4 MTC, UK
RAMe NIST/LNE & TMS, USA/France
PCRTd NIST/LNE & Vibrant, USA/France
XCTa MTC, UK
Alum]nium CUT/PAUT) NIST/LNE & OKOS, USA/France
PAUT® — TFMk NIST/LNE & TPAC, USA/France
Titanjum.Cp XCTa MTC, UK
Ti6Al4V SXP & NIT ESRF, France & HBZ, Germany
26) Hastelloy is an example of a suitable product available commercially. This information is given for the

convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Table D.2 (continued)

Material NDT Technologies | Research Centre/Company/University
a X-Ray Computed Tomography g Resonance Acoustic Method
b Synchrotron X-ray Tomography h Neutron Imaging
¢ Phased Array Ultrasonic Testing I Digital Radiography testing
d Process Compensated Resonance Testing J Pulse/echo Ultrasonic Testing
¢ Nonlinear acoustic method KTotal Focus Matrix
f Thermography testing

© ISO/ASTM International 2023 - All rights reserved 117
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Annex E
(informative)

XCT parameters and XCT set up used for inspection and validation

E.1 |Scan parameters for systems at EWI, MTC and GE
Table E.1 — XCT parameter for the 450 kV system at EWI, MTC and GE (De) on the finabstar
design
EwWIa MTCP MTC? GE¢
XCT parameter SS HX and MS IN718 Co-Cr
Value 2 Value b Value ¢
Voltage (kV) 300 340 TBC 450
Current (pA) 332 230 1,6
Power (W) 99,7 78,2 720
Targeft w W, TBI
Sn/1 mm
Filter|(material/mm) Sn/5 mm Cu/4'mm
Cu/1 mm
Expogure time (ms) 2000 1000 600
Imagg per projection 1 1
Number of projection 3 141 3500 1080
Sourde-to-object distance (mm) 255,08 429,178 900
Sourde-to-detector distance (mm) 021,34 1026,68 1300
Magnjfication 4 2,39 1,44
Detedtor pixel (um) 200 200 144
Voxel[size (Lm) 4996 83,6 ~100
Focal|spot size (um) ~100 ~100
3 Npkon XT H-450 kV system high-brilliant source. System located in the USA.
b Nikon XT H 450 kV systefm-eflection target. System located in the UK.
¢ Njkon XT H 450 kV system reflection target. System located in Germany.
Table E.2¢= XCT parameter for the 450 kV system at GE-UK on the final star design
GE? GEb
XCT parameter HX MS HX
Value™ Value™ Vatue™

Voltage (kV) 450 450 450
Current (pA) 1500 1500 1100
Power (W) 675 675 495
Target W w w
Filter (material/mm) Sn/2,5 Sn/2,5 Sn/1,1, Brass/1,0
Exposure time (ms) 150 150 334

a2 Dyn|41 200 um
b Dyn|41| 100 um

118

© ISO/ASTM International 2023 - All rights reserved



https://standardsiso.com/api/?name=f59aac786477f0783d01676b11910563

Table E.2 (continued)

ISO/ASTM TR 52905:2023(E)

GE 2 GEb
XCT parameter HX MS HX
Value ¢ Value ¢ Value ¢
Voltage (kV) 450 450 450
Image per projection 10 10 10
Number of projection 1200 1200 2250
Source-to-object distance (mm) 500 500 750
Source-to-detector distance (mm) 1143 1143 1 147
Magnification 2,29 2,29 153
Detector pixel (um) 200 200 100
Voxel size (um) 87,5 87,5 65,4
Focal spot size (um) 400 400 400

a2 Dyn|41 200 um
b Dyn|41| 100 um

E.2 Scan setups

E.2.1 MTC

Key

star artefact

X-ray source

BowW N R

200 pm detector

Figure E.1 — XCT set up used for trials at the MTC

© ISO/ASTM International 2023 - All rights reserved
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E.2.2 GE-UK

Key
1 stlrartefact

Z
Dyn|41 200 um or 100 um detector behind scatter|co @c grid

sgmple rotational table synchronised with the can{@ for 360° in the desired n° of steps

Figure E.2 — X@Oet up used for trials at GE-UK
S

E.3 [Scan results @ ’
E3.1] MTC OC)
Table E.@%?(CT assessment of the Hastelloy®27) star artefact version S1
‘e
Desig-| Re- Défect | Defect |yy o1 001 Hx-51-002| HX-51-003 | HX-51-004| HX-51-005 | HX-51-006
n gion ion value
A\Y4 _ _ _ _ _ _
S0 A%S; All All Not detect- | Not detect- | Not detect- | Not detect- | Not detect- | Not detect
A ed ed ed ed ed ed
a T u@\D file of the star artefact correspond to the new design version S0, S1 and S2 supplied by MTC.
27) Hastelloy is an example of a suitable product available commercially. This information is given for the

convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Desig-| Re- | Defect | Defect |y 1 001|HX-S1-002|HX-S1-003 |HX-S1-004 |HX-S1-005 | HX-S1-006
n gion | region value
45°1st Detected | Detected Incsoigglu- Detected | Detected | Detected
45°2nd | Detected | Detected | Detected Incsoigglu- Detected | Detected
Cylinders, . ]
length 45°3rd | Detected | Detected | Detected | = -~ | Detected | Detdcted
2 mm, sive
_equal 45° 4th Detected | Detected | Detected Incqnclu- Detected ||, Detdcted
1 diameter sive
=0,30 mm, -
vary angle h(():;é?:lt)al Detected | Detected | Detected | Detected | Detected | Detdcted
orienta- hor l
tion orizonta }
(tangen- | Detected | Detected | Detected | Detectéd, | Detected Not (Zate(:t
tial)
vertical | Detected Not celt(ajtect- Detected |_De€tected | Detected | Detdcted
0,7 Detected | Detected | Detected )|' Detected | Detected | Detdcted
0,6 Detected | Detected | Detected | Detected | Detected Incs(; SZIU_
0,5 Detected | Detected{|)Detected | Detected | Detected Incg clu-
Vertical siye
cylinders, 0,4 Detected | Detected | Detected | Detected | Detected Incg clu-
2 length siye
5 mm, -
vary @ 0,3 Detected *f.>Detected | Detected | Detected | Detected Incs(; Sglu
0,2 Detected | Detected | Detected Not 23teCt_ Detected Not 23teCt_
01 Detected | Detected Not detect- | Not detect- Detected Not detect-
ed ed ed
0,% Detected | Detected | Detected | Detected | Detected | Detdcted
0,6 Detected | Detected | Detected Incsoi:/lglu- Detected | Detdcted
0,5 Detected | Detected | Detected Incqnclu- Detected | €O plu-
Spheres sive siye
with 0,4 Detected | Detected Incqnclu- Not detect- Incqnclu- Incq hclu-
S1 3 trapped sive ed sive siye
powder. 03 Not detect- | Not detect- | Not detect- | Not detect- | Not detect-| Incopclu-
Vary o. ! ed ed ed ed ed siye
Not detect- | Not detect- | Not detect- | Not detect- | Not detect- | Not detect-
0,2
ed ed ed ed ed ed
s Not detect- | Not detect- | Not detect- | Not detect- | Not detect- | Not detect-
e ed ed ed ed ed ed
a  The CAD file of the star artefact correspond to the new design version S0, S1 and S2 supplied by MTC.
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Table E.3 (continued)

Desig-| Re- | Defect | Defect |yy 1 001|HX-51-002 |HX-51-003 |HX-51-004 |HX-51-005 |HX-51-006
n gion | region value
0,7 Detected | Detected | Detected | Detected | Detected | Detected
Hori 0,6 Detected | Detected | Detected | Detected | Detected | Detected
ta(frcl;ﬁg: 0,5 Detected | Detected | Detected | Detected | Detected | Detected
ders, from 0,4 Detected | Detected | Detected | Detected | Detected | Detected
4 Ollégsgl?}?’ 0,3 Detected | Detected | Detected | Detected | Detected | Detected
3 mm, 0,2 Not d((ejtect- Detected Incqnclu- Incqnclu- Not d((ejtect- Not d((ejtect-
vary o e sive sive e e
Not detect- | Not detect- | Not detect- | Not detect- | Not detect- | Nobdetect-
0,1
ed ed ed ed ed ed
0,7 Detected | Detected | Detected | Detected | Detected”| Detected
0,6 Detected | Detected | Detected | Detected | Detected | Detected
Hori- 0,5 Detected | Detected | Detected | Detected ) Detected | Detected
Cyzl?;léglrs 0,4 Detected | Detected | Detected | Detected”) Detected | Detected
5 length 0,3 Detected | Detected | Detected | Detested | Detected | Detected
2 mm, 02 Not detect- | Not detect- | Not detect- Detected Not detect- | Not detect-
vary @ ’ ed ed ed ed ed
Not detect- | Not detect- | Not deté€ct- | Not detect- | Not detect- | Not detect-
0,1
ed ed ed ed ed ed
a2 The CAD file of the star artefact correspond to the new design version S0, S1 and S2 supplied by MTC.
Table E.4 — XCT assessment of the Hastelloy®28) star artefact version S2
Design 2| Region | Defectre- | Defect |y o) 501 | HX-52-002 | HX-52-003 | HX-S2-004 | HX-S2-005
gion value
S0 All All All Not detect- | Not detect- | Not detect- | Not detect- | Not detect-
ed ed ed ed ed
0,7 Detected Detected Detected Detected Detected
0,6 Detected Detected Detected Detected Detected
Horizontal 0,5 Detected Detected Detected Detected Detected
cylinders, 0,4 Detected | Detected | Detected | Detected | Detected
1 f%nr%ltr}rll 0,3 Detected Detected Detected Detected Detected
Vary o 0,2 Detected Inco_nclu— Not detect- Detected Inco_nclu-
sive ed sive
01 Incqnclu- Not detect- Detected Not detect- | Not detect-
sive ed ed ed
a2 The CAD file'of the star artefact correspond to the new design version S0, S1 and S2 supplied by MTC

28) Hastelloy is an example of a suitable product available commercially. This information is given for the
convenience of users of this document and does not constitute an endorsement by ISO of this product.
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Table E.4 (continued)
Design 2| Region | Defectre- | Defect |y o 001 | HX-52-002 | HX-S2-003 | HX-S2-004 | HX-S2-005
gion value
0,7 Detected Detected Detected Detected Detected
0,6 Detected Detected Detected Detected Detected
Horizontal 0,5 Detected Detected Detected Detected Detected
cylinders, 0,4 Detected Detected Detected Detected Detected
2 Zl%nrgntr}; 0,3 Detected Detected Detected Detected Détefcted
\;ary 5 02 Not detect- | Not detect- | Not detect- | Not detect- | (Not detect-
’ ed ed ed ed efl
Not detect- | Not detect- | Not detect- | Not detect- | Not detect-
0,1
ed ed ed ed efl
0,7 Detected Detected Detected Detected Detefcted
0,6 Detected Detected Detected Detected Detefcted
_ 0,5 Detected Detected Detected Detected Detected
Sp?:;g;;\gth 0,4 Detected Detected Detécted Detected Detefcted
S2 3 powder. 0,3 Detected Detected Detected Detected Detefcted
Vary @. - C R -
y 0,2 Incqnclu Incqnclu Incqnclu Not detect: Detekted
sive sive sive ed
01 Not detect- | Nof.detect- | Not detect- | Not detect- Detekted
ed ed ed ed
0,7 Detected Detected Detected Detected Detefcted
0,6 Detected Detected Detected Detected Detefcted
_ 0,5 Detected Detected Detected Detected Detefcted
C\;ﬁl;ltéce?ﬂls 0,4 Detected Detected Detected Detected Detefcted
4 length 5 mr’n, 0,3 Detected Detected Detected Detected Detefcted
vary @ 09 Inconclu- Inconclu- Inconclu- Inconclu- Inconclu-
! sive sive sive sive siye
01 Inconclu- Inconclu- Inconclu- Inconclu- | Not detect-
! sive sive sive sive ef
45° 1st Detected Detected Detected Detected Detefcted
45° 2nd Detected Detected Detected Detected Detefcted
€ylinders, 45° 3rd Detected | Detected | Detected | Detected | Detefted
5 length 45° 4th Detected Detected Detected Detected Detected
mm, equal :
2 diameter horlzgntal Detected Detected Detected Detected Detefcted
2 =0,30 mm, (radial)
vary angle | horizontal Inconclu-
orientation |(tangential) Detected sive Detected | Detected | Detefted
45° 1st Not detect- Detected Not detect- | Not detect- | Not d¢tect-
ed ed ed efl

a2 The CAD file of the star artefact correspond to the new design version S0, S1 and S2 supplied by MTC

Table E.5 — XCT assessment of the Maranging steel star artefact version S1

Design
a

Defectre-
gion

Defect
value

MS-S1-001

MS-S1-002

MS-S1-003

MS-S1-004

MS-S1-005

MS-S1-006

SO

All

All

Not detect-
ed

Not detect-
ed

Not detect-
ed

Not detect-
ed

Not detect-
ed

Not detect-
ed

a  The CAD file of the star artefact correspond to the new design version S0, S1 and S2 supplied by MTC.
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Table E.5 (continued)
Design Def;if);re' Delect | Ms-51-001 | MS-51-002 | MS-$1-003 | MS-51-004 | MS-51-005 | MS-51-006
45° 1st Incqnclu- Detected | Detected | Detected | Detected Incqnclu-
sive sive
45° 2nd Incqnclu- Incqnclu- Detected Incqnclu- Incqnclu- Incqnclu-
sive sive sive sive sive
Cylinders, | 45°3rd fcomctrE— = mcontie— = 2 T q | Detected | Detected | TTeonCiT
length sive sive sive
2 (rir_lm, equal 45° 4th Detected | Detected | Detected Incqnclu- Detected | Detected
iameter sive
2 =0,30 mm, .
vary angle h?:;ﬁ?:gal Detected Detected Detected Detected Detected Detected
orientation
horizontal
(tangen- | Detected | Detected | Detected | Detected | Detected | Detected
tial)
vertical | Detected | Detected |NO detect- Detected Incqnclu- Detected
ed sive
0,7 Detected Detected Detected Detéected Detected Detected
0,6 Detected Detected Detected Detected Detected Detected
Vertical 0,5 Detected | Detected | Detected |‘-Detected | Detected | Detected
cylinders, 0,4 Detected | Detected | Detected*| Detected | Detected | Detected
lserrlngrtnh 0,3 Detected | Detected | Detected | Detected | Detected | Detected
vary @ 0,2 Detected | Imconclu- | fnconclu- | Inconclu- | po oo | petected
sive sive sive
Not detect- | Not detect- | Not detect-| Inconclu- | Inconclu-
0,1 Detected . .
ed ed ed sive sive
0,7 Incqnclu- Not detect- Detected Incqnclu- Incqnclu- Incqnclu-
sive ed sive sive sive
0,6 Detected Not detect- Detected | Detected Inconclu- | Inconclu-
ed sive sive
05 Not detect- | Not detect- Detected Inconclu- | Inconclu- | Inconclu-
Sph.eres ’ ed ed sive sive sive
1 tr‘glt};d 04 Not detect- | Not detect- | Not detect- | Inconclu- Inconclu-
povl\)/ger 2 ed ed ed sive sive
Vary o. 93 Not detect- | Not detect- | Not detect- | Not detect- | Not detect- | Not detect-
! ed ed ed ed ed ed
02 Not detect- | Not detect- | Not detect- | Not detect- | Not detect- | Not detect-
! ed ed ed ed ed ed
01 Not detect- | Not detect- | Not detect- | Not detect- | Not detect- | Not detect-
’ ed ed ed ed ed ed
0,7 Detected | Detected | Detected | Detected | Detected | Detected
H 1 0,6 Detected Detected Detected Detected Detected Detected
orizonta
cylinders 0,5 Detected | Detected | Detected | Detected | Detected | Detected
from out- 0,4 Detected | Detected | Detected | Detected | Detected | Detected
51d3e, length 0,3 Detected Detected Detected Detected Detected Detected
mm,
vary o 0,2 Detected | Detected | Detected | Detected | Detected | Detected
01 Not detect- | Not detect- | Not detect- | Not detect- | Not detect- | Not detect-
! ed ed ed ed ed ed

a  The CAD file of the star artefact correspond to the new design version SO, S1 and S2 supplied by MTC.
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Design | Defectre- | Defect |yq g9 001 |MS-51-002 |MS-51-003 | MS-51-004| MS-S1-005 | MS-S1-006
gion value
0,7 Detected | Detected | Detected | Detected | Detected | Detected
0,6 Detected Detected Detected Detected Detected Detected
Hor_izontal 0,5 Detected | Detected | Detected | Detected | Detected | Detected
C}:hndﬁf S 0,4 Detected | Detected | Detected | Detected | Detected | Detected
lCllSLll
2 mm, 0,3 Detected | Detected | Detected | Detected | Detected | Détected
vary @ 0,2 Detected | Detected | Detected | Detected | Detected .|\ Détected
Not detect- | Not detect- | Not detect- | Not detect- | Not detect-.['Not dptect-
0,1
ed ed ed ed ed ed
a2 The CAD file of the star artefact correspond to the new design version S0, S1 and S2 supplied by MTC.
Table E.6 — XCT assessment of the Maranging steel star artefact version S2
Design 2| Region | Defectre- | Defect | yo o) 001 |Ms-52-002 | M -52-003 | MS-52-004 | MS-52-005
gion value
S0 All All All Not detect- | Not detect- Detected Not detect- | Not de¢tect-
ed ed ed efl
0,7 Detected Detegcted Detected Detected Detefcted
0,6 Detected Detected Detected Detected Detefcted
Horizontal 0,5 Detected Detected Detected Detected Detefcted
cylinders, 0,4 Detected Detected Detected Detected Detefcted
1 1leSnrgntr}r11 0,3 Detested Detected Detected Detected Detefcted
vary @ 0,2 Detected Detected Incsoigglu- Detected Detected
0,1 Incqnclu- Detected | Detected Incqnclu- Incqmclu-
sive sive siye
0,7 Detected Detected Detected Detected Detefted
0,6 Detected Detected Detected Detected Detefcted
Horizontal 0,5 Detected Detected Detected Detected Detefcted
cylinders, 0,4 Detected Detected Detected Detected Detefcted
2 2185nrgntr}rl1 0,3 Detected Detected Detected Detected Detefcted
vary @ 0,2 Detected Detected Incsc;:;glu- Detected Detefcted
01 Not detect- Incqnclu- Detected Not detect- | Not d¢tect-
ed sive ed efl
0,7 Detected Detected Detected Detected Detefcted
0,6 Detected Detected Detected Detected Detefcted
0,5 Detected Detected Detected Detected Detefcted
Spheres with 0,4 Detected | Detected | ‘°O° (égtea_ mc;sglu- Detected
52 3 trapped
powder. 03 Inconclu- Inconclu- | Not detect- | Not detect- | Inconclu-
Vary @. ! sive sive ed ed sive
Not detect- | Not detect- | Not detect- | Not detect- | Not detect-
0,2
ed ed ed ed ed
01 Not detect- | Not detect- Detected Not detect- | Not detect-
ed ed ed ed
a  The CAD file of the star artefact correspond to the new design version S0, S1 and S2 supplied by MTC.

© ISO/ASTM International 2023 - All rights reserved

125


https://standardsiso.com/api/?name=f59aac786477f0783d01676b11910563

ISO/ASTM TR 52905:2023(E)

Table E.6 (continued)
Design 2| Region | Defectre- | Defect |yo o) 001 | MS-52-002 | M -S2-003 | MS-52-004 | MS-S2-005
gion value
0,7 Detected Detected Detected Detected Detected
0,6 Detected Detected Detected Detected Detected
0,5 Detected Detected Detected Detected Detected
Vertical 0,4 Detected Detected Detected Detected Detected
cylinders, j
4 length 5 mm, 0,3 Detected Detected Incsoiillglu Detected Detected
vary @
0,2 Detected Incqnclu- Incqnclu- Detected Incqnclu-
sive sive sive
01 Incqnclu- Incqnclu— Detected Not detect-()Not detect-
sive sive ed ed
45° 1st Detected Detected Detected Detected Detected
45° 2nd Detected Detected Detected Petected Detected
Cylinders, 45° 3rd Detected | Detected | Detected ([~Detected | Detected
2 length 45° 4th Detected Detected Detected Detected Detected
mm, equal _
5 diameter horlz(_)ntal Detected Detected Detécted Detected Detected
o= 0,3 mm, (radlal)
varyangle | horizontal | Inconclu- Detected <t VOt detect- | Not detect- | Not detect-
orientation | (tangential) sive ed ed ed
45 deg 1st | Detected Not detéct- Detected Not detect- | Not detect-
ed ed ed
a  The CAD file of the star artefact correspond to the new design yersion SO, S1 and S2 supplied by MTC.

E.3.2] EWI

Table E.7 — XCT assessment of theStainless Steel star artefact version S1 and S2

Design | Region | Defect | Defect | o661 001 | |Design?|Region| Defectre- | Defect | oc s 001
region value gion value
S0 All All AN | Not tested S0 | Al All an | Notdetect
451st Detected 0,7 Detected
45° 2nd Detected 0,6 Detected
Cylinders, 45° 3rd Detected 0,5 Detected
lzerli;g;h 45° 4th Detected Horizontal 0,4 Detected
’ : cylinders,
1 equal horlzc_)ntal Detected 1 length 0,3 Detected
diameter (radial) 15
2=0,30 mm, - > i,
’ 1 ’| horizontal vary @
vary anglé | (tangen- Detected 0,2 Detected
orientation tial)
vertical Detected 0,1 fmeonciu-
sive
a  The CAD file of the star artefact correspond to the new design version SO, S1 and S2 supplied by MTC.
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