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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
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. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described

in the
of ISQ
[SO/1

[SO d

ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different
document should be noted. This document was drafted in accordance with the editorial rules
EC Directives, Part 2 (see www.iso.org/directives).

Faws attention to the possibility that the implementation of this document may invelve‘the use

patenit(s). ISO takes no position concerning the evidence, validity or applicability of any claimed j

rights

this
WWW,

in respect thereof. As of the date of publication of this document, ISO had not‘neceived notice

pate;lt(s) which may be required to implement this document. However, implementets are cautione
ay not represent the latest information, which may be obtained from the patent database availdble at

iso.org/patents. ISO shall not be held responsible for identifying any or alksuch patent rights.

Any
const|

For a
relatd

rade name used in this document is information given for the cdnvenience of users and dog
jtute an endorsement.

1 explanation of the voluntary nature of standards, the meaning’of [SO specific terms and expre;
d to conformity assessment, as well as information about ISO's adherence to the World

Organization (WTO) principles in the Technical Barriers to Trade (TBT), see www.iso.org/iso/foreword

This
with
betw
addit
Techr
coop4

Any f]

types
pf the

of (a)
atent
of (a)
| that

S not

sions
[rade
html.

locument was prepared by Technical Committee ISO/TC 261, Additive manufacturing, in coopel
ASTM Committee F42, Additive Manufacturing Tec¢hnologies, on the basis of a partnership agreg
ben 1SO and ASTM International with the aim“to create a common set of ISO/ASTM standar
ve manufacturing, and in collaboration with the European Committee for Standardization

ration between ISO and CEN (Vienna Agbeement).

pedback or questions on this documeént should be directed to the user’s national standards b

complete listing of these bodies can be found at www.iso.org/members.html.

ration
pment
(s on
[CEN)

ical Committee CEN/TC 438, Additive manufacturing, in accordance with the Agreement on technical

dy. A

© ISO/ASTM International 2024 - All rights reserved
iv


https://www.iso.org/directives-and-policies.html
https://www.iso.org/patents
https://www.iso.org/foreword-supplementary-information.html
https://www.iso.org/members.html
https://standardsiso.com/api/?name=c30a81a501adfdb650909e95e7adcb49

International Standard

ISO/ASTM 52943-2:2024(en)

Additive manufacturing for aerospace — Process
characteristics and performance —

Part 2:
Directed energy deposition using wire and arc |

1 Scope

This ¢
depos

locument specifies requirements for the additive manufacturing of metallic parts with directed e
ition (DED) in the aerospace industry.

Within the application scope of this document, wire is used as feedstock, and.dre processes (gas-sh

meta
(PAW,

arc processes (MIG/MAG/GMAW), tungsten inert gas processes (TIG/GTAW), plasma arc prod
)) are used as the main energy source.

This locument is to be used in conjunction with the engineering documents, if required by the engine

autho

rity.

This document does not address health and safety issues.

2 N

ormative references

The fpllowing documents are referred to in the text in‘such a way that some or all of their content const

requi

Fements of this document. For dated references, only the edition cited applies. For undated refer

thel

est edition of the referenced document (including any amendments) applies.

ISO 14175, Welding consumables — Gases and'gas mixtures for fusion welding and allied processes

ISO/ASTM 52900, Additive manufacturing — General principles — Fundamentals and vocabulary

ISO/ASTM 52926-5, Additive mantifacturing of metals — Qualification principles — Part 5: Qualificat
operdtors for DED-Arc

3
For th

[SOa

]

erms and defintitions
e purposes ofthis document, the terms and definitions given in ISO/ASTM 52900 and the following

nd IEC maiyitain terminology databases for use in standardization at the following addresses:

$0 Online browsing platform: available at https://www.iso.org/obp

hergy

elded
esses

ering

tutes
Pnces,

jon of

hpply.

— 1

L C F]Pr‘rrnppdin- available at httns-//www.electropedia.org/

3.1

preliminary additive procedure specification

pAPS

document containing the required variables of the additive manufacturing process which has to be qualified

Note 1 to entry: The pAPS contains process specific parameters and will form a section of the manufacturing plan.

© ISO/ASTM International 2024 - All rights reserved
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3.2
additive procedure specification
APS

document that has been qualified and provides the required variables of the additive manufacturing process

to ensure repeatability during production
Note 1 to entry: The APS contains process specific parameters and will form a section of the manufacturing plan.
Note 2 to entry: Further information on the qualification of processes can be found in the ISO 15614 series.

3.3
key processvariabte
KPV

aspedts of the manufacturing process that may impact the capability to meet the specified requirements

that ihclude physical, chemical, metallurgical, mechanical and dimensional properties
[SOURCE: SAE AMS 7005:2019-01-31, 8.2.1]

3.4
engineering authority

orgarjization that has the responsibility for the structural integrity or maintenance of airworthiness pf the

hardware and compliance with all relevant documents

[SOURCE: ISO 24394:2023, 3.8, modified — "design" was removed fronm.the term and Notes to entry have

been feleted.]

3.5
build platform

base which provides a surface upon which the building of thepart/s, is started and supported throughout

the buiild process
[SOURCE: ISO/ASTM 52900:2021, 3.3.5]

3.6
substrate
base metal utilized to initiate the deposition«of material that can remain a portion of the preform

[SOURCE: SAE AMS 7005:2019-01-31,8:2.1, modified — “may” has been replaced with “can”. Not¢
entry|added]

1 to

Note 1 to entry: A substrate can bejintegral to the final part whereas a build platform will be removed from the fingl part.

3.7
point of use
locatilon where the process is performed e.g. gas nozzle or torch, trailing nozzle, gas chamber (if used)

4 Requirements for the feedstock

The properties of the feedstock to be used shall be specified. In order to guarantee a constant delivery

qualityAS© 544, 1SO 15792 (all parts) and ISO 14344 can be used. Typical properties include:

— feedstock diameter;
— chemical composition;
— surface condition;

— storage conditions;

— traceability (e.g. heat lot, batch).

© ISO/ASTM International 2024 - All rights reserved
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5 Qualification of the machine operator

The qualification of the machine operator shall be carried out in accordance to ISO/ASTM 52926-5 and the
examination shall be taken every 2 years to ensure certification to the process. Alternative qualification of
machine operator may be carried out, if approved by the engineering authority. Example of such are included
in SAE AMS 7005:2019, 4.8 and Appendix C and ISO 24394 but with adaptations to the specific DED process
and type of DED machine user interface.

NOTE DED processes within the scope of this document share many of the key characteristics with established
welding processes such as MIG/MAG (GMAW), TIG (GTAW) and plasma (PAW) as well as mixed variants. The user
interface is standardized or manufacturer-specific.

Practjcal and theoretical examinations are required. For the practical examination. the machine-pp¢rator
sets Up the machine for the process and prepares it for the product to be manufactured. This is-dorle ¢n the
basis|of an APS and a prepared product-specific programme as well as internal specifications:

Machjne set-up can include the following:

=

rire change;

|
(@)

hange of protective gas supply;

|
~

bplacement of wearing parts;

|
O

eaning of the machine;

—

ading the production programme;

s

spection of the overall condition of the machine;
— aintenance.

The cpntent of the theoretical examination shall be adapted to the DED process and the DED maching type
of usér interface. Testing and evaluation are the responsibility of the welding or additive manufacturing
coordinator, examiner or examining body and shdll be documented. For the theoretical examinatioh, the
guidelines for the theoretical part of the examination from ISO 24394 can be applied, if applicable. A company
defined training program per SAE AMS 7005:2019, Clause C.2 may be used if approved by the engingering
authdrity.

In the practical part of the test, the miachine operator shall prove the ability to operate the DED mgchine
according to an existing APS. Defined test pieces or production parts can be used for practical testing.

An exfample for a certificate for’a machine operator test can be found in Annex A.

6 ualification 6fithe DED machine

6.1 |Machine gqualification

Each |ndiyidital DED machine shall be qualified by a qualification test programme within its working fange,
(see ISO"17662 or SAE AMS 7032 for information) as specified by the machine user and approved By the
enginieering authority

The machine qualification test programme shall include the main activities of calibration/verification,
deposition of test specimens and established maintenance plan.

Within the scope of this document, a DED machine can consist of the following components. Depending on
the type of machine, the following can be verified, if applicable:

— power source (see [EC 60974-14);

— movingaxes (see SO 14744-4,1S0 14744-5 and ISO 15616-2 for general guidance, although the application
is formally limited to beam welding, or for industrial robots see ISO 9283);

© ISO/ASTM International 2024 - All rights reserved
3


https://standardsiso.com/api/?name=c30a81a501adfdb650909e95e7adcb49

ISO/ASTM 52943-2:2024(en)

— wire feed rate according to the wire diameter and the wire feedstock;

— wire straightening;

— wire alignment to melt pool feed point;

— machine environment;

— enclosure of the machine or the work area, if needed;

— machine controller;

|
()

bntrol systems (e.g. temperature, weld pool size, process height);

|
QO

I
(@)

%)

— fl

Ther

6.2

Relev]

|
o)

ocess gases;
t wire system;
at treatment system for substrate/build platform (if applicable);

ppropriate build of test samples to evaluate the machine functionality;

— iIachine and auxiliary equipment software version(s);

aintenance plan and maintenance schedule is up to date;

hlibration plan and calibration schedule is up to date;

hfety features for proper operation;

oor layout for proper spacing to other equipment and ¥eom to perform maintenance.

bsults of the qualification testing shall be documented.

Machine requalification
ant qualification testing shall be repeated for the following cases:

perational conditions have changedsubstantially;

|
-

—

To en|
perfo
andr

Key p

odification of the machine which’can impact key process variables (KPVs);
ocess deterioration;
bpair or replacement/of key parts;

blocation of the machine.

Fmance orquality of the parts, there shall be a documented procedure that controls how this is tr
psolved.

brtsiof the machine include, but are not limited to

sure that whenthere is deterioration of the DED process as identified by a decrease in the equipment

hcked

— P

ower source,

— type of torch,

— motion control system, and

— h

ot wire system.

© ISO/ASTM International 2024 - All rights reserved
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Build platform/substrate requirements

The build platform is subject to the following requirements:

The rpquirements listed here also apply to wire and arc additions to existing parts.

8

8.1

A facqlity and process environment control plan shall be established before, production. Materials v
high affinity for the absorption of atmospheric gases shall be protected during the process by the use o
gases|in accordance with ISO 14175. For this purpose, auxiliary equipmept (e.g. drag nozzles or prot
gas clhambers) can be used.

8.2

The fpllowing shall be addressed in the facility environmentcontrol plan:

For mjore informatiamnyoh these aspects see ISO/ASTM 52920.

8.3

The fpllowing shall be addressed in the process environment control plan:

the appropriate platform/substrate material shall be specified;

itshall be defined geometrically and positioned such that the substrate should not pose a collision h
during the build that prevents the required geometry being deposited;

azard

the surface shall be free of grease or other impurities which have a negative influence on the DED process

and product quality;

—+

he required clamping force and positions are defined.

Environment requirements

General

Facility environment

feedstock handling and storage;

o

ild platform handling and storage;

process gases (e.g. shielding gas, chamber-gas, plasma gas) and auxiliary equipment (e.g. drag nozz
protective gas chambers), where used;

cleaning routines;

gps distribution;

(g

bmperature/humidity control;

pirocess fumes (filtering system).

Process environment

vith a
inert
pctive

les or

contaminationmoistureroxygenitevelor-draughts:
location of feedstock (avoidance of cross contamination);
process gases (e.g. shielding gas, chamber gas, plasma gas);

process fumes (local extraction ventilation).

For more information on these aspects see ISO/ASTM 52920.

© ISO/ASTM International 2024 - All rights reserved
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9 Procedure qualification

9.1

General

Procedure qualification is required before the start of production. For this purpose, a procedure qualification
plan shall be prepared on the basis of the requirements provided by the engineering authority.

The following may be addressed in a procedure qualification plan:

— testsample configuration;

— njumber of test samples/builds;

— V]

— P

— non-destructive testing (e.g. surface, volumetric);

|
O

9.2

An APS is required for each production build job. The APS shall include the applicable essential infornj

ident
NOTE

For f{

— :[astructive testing (e.g. microstructure, contamination, composition);

priation of key process variables to establish a tolerance;

rocess interruptions;

aterial properties testing (as required by the Engineering Authority e.g. tensile, hardness, fatigue,

haracterisation testing of the interface between the deposited matérial and the substrate, if thg
roduct contains both the substrate and the deposited material.

APS

fied in Table 1 either as part of a program or documentation.
The listin Table 1 is not necessarily exhaustive:

his purpose, a preliminary additive procedure specification (pAPS) shall be prepared

reep)

final

ation

The

manufacturer shall ensure that the information contained therein reproducibly meets the requirements

for th
using|
qualif
the 1q
intert

e parts. This shall be demonstrated atid-documented by tests on test samples and/or reference
non-destructive and/or destructive-tests as determined by the engineering authority. If the proc
ication is successful, the pAPS data is transferred to the APS. A documented procedure for reco
cation of each process interruption needs to be in place, that defines how the location of pij
uptions are recorded, and to'validate each layer in respect of possible build defects.

Table 1 — APS data

parts
bdure
rding
ocess

Key|process vari- Information chi
able (KPV) when Gas-shielded '.I‘ungsten Plasmalarc
. metal arc pro- | inertgas |
marked with aster* cess FOCESS procegs
isk P
1. Ge¢neral
1.1 Part number, drawing number and
X S s X X X
revision identifier
1.2 Build model number (3D-model
X X X
number)
* 1.3 Part specific build program X X X
2. Feedstock
* 2.1 Specification X
* 2.2 Dimension (size/diameter) X X X

X Data that shall be included in an APS.

0 Data that only need to be included in an APS if used for that particular additive manufacturing procedure.

© ISO/ASTM International 2024 - All rights reserved
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Table 1 (continued)
Key process vari- Information Gas-shielded Tunesten
able (KPV) when  ung Plasma arc
- metal arc pro- | inertgas
marked with aster- cess FOCEsS process
isk P
2.3 Delivery form (e.g. spool) X X
* 2.4 Programmed feed rate
3. Build platform/
substrate
. 3.T BUild platform/substrate material N " .
specification ()"
3.2 Build platform/substrate identification X qp‘;(
* 3.3 Build platform/substrate dimensions X q/’v X
4. Mpchine A&:
* 4.2 Machine manufacturer and model ({T/J) X
4.3 Machine control software version X ‘\\;t)
4.4 Machine identification X .;\\‘ X X
5. Epvironment \VJ
; : A\
5.1 Build platform temperature (if
*
controlled) ((K% 0 0
% 5.2 Interpass temperature or time (if OB 0 0
controlled) /\<(
* 5.3 Shielding/process gas specification <)V X X X
5.4. Shielding/process gas pressure (,\\}\ X X X
* 5.5 Shielding/process gas flow rate Q,\v X X X
* 5.6 Supplemental gas specificatiqﬁ\l} used) 0 0 0
* 5.7 Supplemental gas flow ra:cgﬁused) 0 0 0
* 5.8 Plasma gas specificatifan\ X
* 5.9 Plasma gas flow réte\u X
5.10 Type and size a(\g?\ielding equipment
* (e.g. nozzle size) gas trailers, control of X X X
environmental enclosure)
% 5111 G “ty as delivered (e.g.
. X X X
moi§ture content, oxygen content)
5.11.0Gas purity at the point of use
ptional/as required by Engineering
\ ional ired by Engi i 0 0 0
,\GJ Authority)
Q:*&lZ Inter-pass processing (cleaning, rolling) 0 0 0
R (if used)
6. Heat sou@é}
,(‘?“\ 6.1 Torch X X X
* 6.2 Voltage range X X X
* 6.3 Currentrange X X X
* 6.4 Pulsing X X X
* 6.5 Pulse characteristic X X X
" 6.6 Hot wire for TIG or plasma processes 0 0 0

(preheating of feedstock/wire)

7. Mechanical setup

X Data that shall be included in an APS.

0 Data that only need to be included in an APS if used for that particular additive manufacturing procedure.

© ISO/ASTM International 2024 - All
7

rights reserved
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interruptions

Table 1 (continued)
Key process vari- Information Gas-shielded Tunesten
able (KPV) when  ung Plasma arc
- metal arc pro- | inertgas
marked with aster- cess FOCESsS process
isk P
* 7.1 Torch position/angle X X
* 7.2 Feedstock position/angle X
% 7.3 Non-consumable electrode (type,
. . - X X
diameter, tip angle, position)
74 Fume extraction (position) X X X
8. Deposition
8.1 Starting working distance (e.g.
* electrode or contact tip to work piece X X X
distance)
* 8.2 Programmed travel speed(s) X X X
" 8.3 Programmed layer height(s) (fixed or . X <
controlled by build height)
" 8.4 Programmed layer pattern(s)/build
; X X X
strategy(ies)
9. Pgst-build heat treatment/processing
9.1 Postbuild cool down procedure 0 0 0
9.2 Postbuild heat treatment 0 0 0
10. Process interruptions and Restart
* 10.1 Process interruptions (unplanned) 0 0 0
% 10.2 Process interruptions/sequence
X X X
(planned)
% 10.3 Restart requirements after ptocess . . .

X Datd
O Dat

that shall be included in an APS.

that only need to be included in an APS if used for that particular additive manufacturing procedure.

9.3
If the
there
10 E
3Dm
The e

I
%]

Procedure requalification

ngineering documents

hgineering authority shall define the following:

becification of feedstock;

bdels may bedised in the creation of “sliced layer models” for additive manufacturing.

re have been changes to@ny of the essential variables exceeding established tolerances in thg APS,
will be a need to requalify the procedure/APS.

— specification of the build platform/existing part;

— chemical composition of the additively manufactured part;

— material properties of the additively manufactured part;

— surface condition of the additively manufactured part, e.g. roughness;

— dimensional requirements of the additively manufactured part;

— post-treatment, e.g. stress relieving, hot isostatic pressing, blasting;

© ISO/ASTM International 2024 - All rights reserved
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inspection requirements;

test requirements;

further engineering requirements to be taken into account for manufacture and testing (e.g. datum

points for subsequent machining, and/or machining prior to non-destructive inspection).

Production documents

The manufacturing documentation shall be prepared on the basis of the requirements provided by the
enginfc1 ius atrthot 1t_y

Wherle necessary, support structures shall be defined and documented.

All parameters necessary for the process shall be defined in an instruction for APS. The APS shall be app
by th¢ responsible additive manufacturing supervisor and be recorded in a procedure qualification re

The
and

mmanufacturing documentation shall contain all information relevant to the mantfacturing pr
frocess, equipment and operator controls, including any upstream and downstream processes

relevant information includes in particular the arrangement and sequence of thevapplied beads as w
the agsociated local heat input.

NOTE The arrangement and sequence of the applied beads as well as the a§sociated local heat input are u
stored in the relevant build file.

12
The

Brocess monitoring

dditive manufacturing process shall be monitored and\recorded, where required by the engine

authqgrity. Where required, statistical process control shalt'be used to demonstrate process control
on the applicable information identified in Table 1 (e,g“ASTM E2586, ASTM E2587). Where require
manufacturer shall have in place a control and reaction plan, authorized by the engineering author
respgnd to variations detected in process control¢harts.

If the

and

appropriate corrective measures taken, including requalification of the machine and/or the proc

(see §4.2).

13

PBroduct acceptance testing

Prodyct acceptance criteria.shall be defined by the engineering authority.

The

fature and extent\of the minimum tests to be carried out shall be determined by the enging

authdrity.

ASTM

and

The

imcludes DED manufacturing processes in its scope.

fpllowing contains a non-exhaustive list of tests and inspections that can be specified:

roved
rord.

ocess
. The
ell as

sually

ering
based
d, the
ty, to

key process variables deviate from thetarget value ranges, the reasons for this shall be determined

bdure

ering

E3166 describes NDT methods that may be used for aerospace parts made with additive manufacturing

dimrensiomatimspection;

visual inspection (see ISO 19828);
surface roughness measurement;
penetrant test (see ISO 23277);
computed tomography (see ISO 15708-2);

radiographic examination [see [SO 17636 (all parts)];

© ISO/ASTM International 2024 - All rights reserved
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ultrasonic testing (see ISO 16810);

eddy current testing (see ISO 15549);
optical metrology;

process compensated resonance testing;
infrared thermography;

hardness test [see ISO 9015-1, ISO 6507-1, ISO 6506-1 or ISO 6508 (all parts)];

destructive tests, such as but not limited to tensile, fracture toughness, fatigue as required. i
ehgineering authority on samples accompanying the production parts;

cpmposition of build material, surface contamination (e.g alpha case contamination on~Ti‘parts|
npicrostructural checks.

Build documentation and traceability

huild documentation shall allow full traceability with regard to the APS identification and rey

ientation and arrangement of parts, test coupons and any support structures shall be included

traceability documentation.

The

Huild documentation shall be retained according to the €ontractual arrangements of the enging

authqgrity and/or the customer.

15
The

Delivery documentation

manufacturer of additively manufactured pdcts shall document to the customer the conformity

delivgry with the specifications of the engineering authority.

y the

, and

ision,

b manufacturing steps, the materials used, the build platform and the>pérsons who carried oyit the
manlc.]facturing and testing steps.

n the

ering

bf the

© ISO/ASTM International 2024 - All rights reserved
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Annex A
(informative)

Operator test certificate for additive manufacturing machines by

material application with directed energy deposition

Examiiner/examining body or company:

Test @
Surne
Date

Mach
Fabri

has s
matel
operd

Descy

This ¢
Place

Coord

Photograj
(if requirg

bh
d)

ertificate No: Operator identity No:

me, first name:

bf birth (optional):

ne identification:

rator and location:

uccessfully passed the qualification for the operation of ‘machines for additive manufacturi
ial application with directed energy deposition on aeyespace equipment in accordance wit]
tor test designation:

Operator qualification ISO/ASTM 52943-2

iption of the conditions of the special test or any adverse effects, if any:

ertificate will expire on yyyy-mmunless renewed by notation below after passing a repeat test.

and date of issue:

inator/examiner/examining body

hg by
h the
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Test certificate No:

Surname, first name:

Requalification test successfully passed on:

Operator identity No:

Changes to preceding qualification test certificate:

Place and date of verification:

-

Exanpiner/examining body

Requalification test successfully passed on:

-

Vv
>

Changes to preceding qualifica‘lt'qgiest certificate:

QY
4

Placqd and date of verification:

Exanpiner/examining body

Requalification test successfully passed on:

5
&

Chang&?o preceding qualification test certificate:

Placd and date of verification:

3V

Exanpiner/examining body

$

a
OF
O

Requalification test successfull)y‘@*ss’ed on:

Changes to preceding qualification test certificate:

Placd and date of Verificatiorﬁ)u
O

GJ\‘O

Examiner/exagxi%ﬁg body

4
\s
2
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