AWS G2.4/G2.4M:2021
An American National Standard

E
E
Guide for the
Fusion Welding

of Titanium and
Titanium Alloys

/AWS\ American Welding Society®

vV




AWS G2.4/G2.4M:2021
An American National Standard

Approved by the
American National Standards Institute
May 20, 2021

Guide for the
Fusion Welding of Titanium
and Titanium Alloys

3rd Edition
Revises AWS G2.4/G2.4M:2014

Prepared by the
American Welding Society (AWS) G2 Committee on Joining Metals and Alloys

Under the Direction of the
AWS Technical Activities Committee

Approved by the
AWS Board of Directors

Abstract

The standard Guide for the Fusion Welding of Titanium and Titanium Alloys provides instructional guidance for the
welding of titanium and titanium aloys. This guide explains processes, equipment, materials, workshop practices, joint
preparation, welding technique, tests, and the repair of discontinuities.

American Welding Society®



AWS G2.4/G2.4M:2021

ISBN Print: 978-1-64322-180-9

ISBN PDF: 978-1-64322-181-6

© 2021 by American Welding Society
All rights reserved

Printed in the United States of America

Photocopy Rights. No portion of this standard may be reproduced, stored in aretrieval system, or transmitted in any
form, including mechanical, photocopying, recording, or otherwise, without the prior written permission of the copyright
owner.

Authorization to photocopy items for internal, personal, or educational classroom use only or the internal, personal, or
educational classroom use only of specific clientsis granted by the American Welding Society provided that the appropriate
feeispaid to the Copyright Clearance Center, 222 Rosewood Drive, Danvers, MA 01923, tel: (978) 750-8400; Internet:
<www.copyright.com>.



AWS G2.4/G2.4M:2021

Statement on the Use of American Welding Society Standards

All standards (codes, specifications, recommended practices, methods, classifications, and guides) of the American
Welding Society (AWS) are voluntary consensus standards that have been devel oped in accordance with the rules of the
American National Standards Institute (ANSI). When AWS American National Standards are either incorporated in, or
made part of, documentsthat areincluded in federal or state laws and regulations, or the regulations of other governmental
bodies, their provisions carry the full legal authority of the statute. In such cases, any changes in those AWS standards
must be approved by the governmental body having statutory jurisdiction before they can become a part of those laws
and regulations. In al cases, these standards carry the full legal authority of the contract or other document that invokes
the AWS standards. Where this contractual relationship exists, changes in or deviations from requirements of an AWS
standard must be by agreement between the contracting parties.

AWS American National Standards are developed through a consensus standards development process that brings
together volunteers representing varied viewpoints and interests to achieve consensus. While AWS administers the process
and establishes rules to promote fairness in the development of consensus, it does not independently test, evaluate, or
verify the accuracy of any information or the soundness of any judgments contained in its standards.

AWS disclaims liability for any injury to persons or to property, or other damages of any nature whatsoever, whether
special, indirect, consequential, or compensatory, directly or indirectly resulting from the publication, use of, or reliance
on this standard. AWS also makes no guarantee or warranty as to the accuracy or completeness of any information published
herein.

In issuing and making this standard available, AWS is neither undertaking to render professional or other services for or
on behalf of any person or entity, nor is AWS undertaking to perform any duty owed by any person or entity to someone
else. Anyone using these documents should rely on his or her own independent judgment or, as appropriate, seek the
advice of a competent professional in determining the exercise of reasonable care in any given circumstances. It is
assumed that the use of this standard and its provisionsis entrusted to appropriately qualified and competent personnel.

This standard may be superseded by new editions. This standard may also be corrected through publication of amendments
or errata, or supplemented by publication of addenda. Information on the latest editions of AWS standards including
amendments, errata, and addenda is posted on the AWS web page (www.aws.org). Users should ensure that they have
the latest edition, amendments, errata, and addenda.

Publication of this standard does not authorize infringement of any patent or trade name. Users of this standard accept
any and al liahilities for infringement of any patent or trade name items. AWS disclaims liability for the infringement of
any patent or product trade name resulting from the use of this standard.

AWS does not monitor, police, or enforce compliance with this standard, nor does it have the power to do so.

Official interpretations of any of the technical requirements of this standard may only be obtained by sending a request,
in writing, to the appropriate technical committee. Such requests should be addressed to the American Welding Society,
Attention: Managing Director, Standards Development, 8669 NW 36 St, # 130, Miami, FL 33166 (see Annex E). With
regard to technical inquiries made concerning AWS standards, oral opinions on AWS standards may be rendered. These
opinions are offered solely as a convenience to users of this standard, and they do not constitute professional advice.
Such opinions represent only the personal opinions of the particular individuals giving them. These individuals do not
speak on behalf of AWS, nor do these oral opinions constitute official or unofficial opinions or interpretations of AWS.
In addition, oral opinions are informal and should not be used as a substitute for an official interpretation.

This standard is subject to revision at any time by the AWS G2 Committee on Joining Metals and Alloys. It must be
reviewed every five years, and if not revised, it must be either reaffirmed or withdrawn. Comments (recommendations,
additions, or deletions) and any pertinent data that may be of use in improving this standard are requested and should be
addressed to AWS Headquarters. Such comments will receive careful consideration by the AWS G2 Committee on Joining
Metals and Alloys and the author of the comments will be informed of the Committee’s response to the comments. Guests
are invited to attend all meetings of the AWS G2 Committee on Joining Metals and Alloys to express their comments
verbally. Procedures for appeal of an adverse decision concerning all such comments are provided in the Rules of Operation
of the Technical Activities Committee. A copy of these Rules can be obtained from the American Welding Society, 8669
NW 36 St, # 130, Miami, FL 33166.
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Foreword

Thisforeword is not part of this standard but isincluded for informational purposes only.

The American Welding Society formed the G2 Committee on the Joining of Metals and Alloysin 1992 in responseto an
industry demand for information on welding the metals and alloys that have not been covered by other documents and
committees. This document is written by the G2 Committee on the Joining of Metals and Alloys.

This guide makes use of both U.S. Customary Units and the International System of Units (SI). The measurements are
not exact equivaents; therefore, each system must be used independently of the other, without combining valuesin any way.
In selecting rational metric units, the AWS A1.1, Metric Practice Guide for the Welding Industry, and the International
Standard 1SO 544, Welding consumables — Technical delivery conditions for welding filler metals — Type of product,
dimensions, tolerances and markings, are used where suitable. Tables and figures make use of both U.S. Customary and
Sl Units, which, with the application of the specified tolerances, provide for interchangeability of productsin both the
U.S. Customary and Sl Units.

The evolution of AWS G2.4/G2.4M, Guide for the Fusion Welding of Titanium and Titanium Alloys, is shown below:

AWS G2.4/G2.4M:2007 Guide for the Fusion Welding of Titanium and Titanium Alloys;
AWS G2.4/G2.4M:2014 Guide for the Fusion Welding of Titanium and Titanium Alloys;
AWS G2.4/G2.4M:2021 Guide for the Fusion Welding of Titanium and Titanium Alloys

A vertical line in the margin or underlined text in clauses, tables, or figures indicates an editorial or technical change
from the 2014 edition.

Comments and suggestions for the improvement of this standard are welcome. They should be sent to the Secretary,
AWS G2 Committee on Joining Metals and Alloys, American Welding Society, 8669 NW 36 St, # 130, Miami, FL
33166.

Vi



AWS G2.4/G2.4M:2021

This pageisintentionally blank.

viii



AWS G2.4/G2.4M:2021

Table of Contents

Page No
PEISONINEL ...ttt ekt h e eh bt bt e bt e R e b e £E e R e Ee A e s e R £ SR £ e AeeReeh e SRt eR e eReeEesE e ee e b ene et enneneeneraeereas v
[0 €= 1V0] {0 FN OO PSSR PR PP Vii
(IS o = o =SOSR X
LESE OF FIQUIES. ..ottt bbbt b et b e se b e b e e e bt s e e bt e e bt e e e bt e b e bt e b e bt et bt e b et s b e st b et X
1. GeNEral REQUITEIMENTS ... .ottt sttt sttt ae b e e aesaeebesbeseeasensensemeemeeseeaeeaeebenbeseesbenbeseenseneesen 1
S oo oL TSP PSSRSO 1
2 O L oL S o) 1Y == S U = SO 1
I TS = £SO 1
2. NOFMALIVE REFEIBNCES ...ttt h bt bt et b e bbb e e et e bt e b e s bt s bt e b e b seesb e e e st e e et ebeeneene 1
3. TerMS AN DEfINITIONS ...ttt st st e e et s e et e et ebeebeseese e e enee e eneaneeneeneaneas 2
1 11 oo [ x4 o SRR 5
4.1 Oxygen, Nitrogen, Carbon, and 1ron in THaNTUM. ... 5
S B = ST @)L L= 1o o OO S 6
TV = o [T ol 0o =SSO 7
5.1 Gas Tungsten ArC WEIAING (GTAW) ...ttt ettt se et e e eae st eesee e e e eneene e 7
5.2 GasMetal Arc WEIAING (GIMAW) ..ottt sttt b e e b e b e 7
5.3 PlasmMa ArC WEIAING (PAW) ...ttt sttt sttt et s ebe e b e 7
5.4 Laser Beam WEIAING (LBWV) ...ttt e st sttt 8
Lo Lo 01T o] g = o PP PO PO YRS 9
5.1 POWVEST SOUICE.....c.ueitieutiteete sttt e et e b e s e e he e st eae e et s aeeeeesaeesbe s ae e aEeeheea b e eae e e e eRe e bt eaeeaeesaeesbesanesbesenanbennnanes 9
6.2 GTAW TOICNES ...ttt ettt nn e 9
6.3 TUNQGSLEN EIECIIOUES. ..ottt ettt e e b et b et b et b ettt s b et b 10
Y= L= = =SOSR 12
7.1 BASEMELAIS. ...ttt st bRt E et E e Rt Ee e Re et et b e te e tns 12
7.2 Filler MetalSTor SPECIfiC BASE IMELAIS ......coovieiieciee ittt ettt ettt re e st steeeae e et e e eaneenbeesres 12
8. Titanium Welding Procedure and Performance QUalifiCations...........cccoeereereirieniienieseesese s 15
8.1 ProcCesS DOCUMENLALION .......cveiriiereiisiieeeee sttt s 15
8.2 WEIAING DOCUMENES......ceitiietirieierieiiriei sttt ettt sttt b e eb b b et b ettt b st et et e e b et b e e nnenes 15
8.3 MELENTEI GIOUDINGS. ... .veuveeeeeueeuerueeteetestestestestesseseeseesee e eseeaesaeshesbesbesee b eeeseeneemeeseeaeebeebesbeseeebenbe e e s enseneenens 16
8.4 Welding Position/Weld OFi@NtaliON..........coueiiiirieieieereriese et sbe st e s e e eneeaesae e 17
9. WOrKSNOP PraCliCe......cuiiiicieiiie ettt e n e 18
9.1 WOTKSNOPD LAYOUL.......ccuiietiieiiiteieseeiete sttt b bbbt b et b e eb et b e nb s enes 18
9.2 Material Identification and SEOrAgE ........cevveirriririeee ettt 18
9.3 INEIT GBS PIOLECLION ...ttt ettt a bbbt bt e et e e e s e bt e bt eb e e e e e eneeneene e 18
9.4 INErt GBS DISIIDULTION ...ttt ettt b e b et e st b b e e s e s eneeneene e 18
9.5 IN-Chamber WEIAING ........c.ciiiiiiiec et s s 19
9.6 OPEN-AIN WEIHING ...ttt ettt bbbttt b et b e b et et e b b s enes 20
L S L= T [T g To 7= = RSP 22
9.8 ATQON SEFELY ....eveieieieee ettt et h e h Rt R e R bR e e e e R e e Rt e R e eRe bt Rt b e be e et et ene e e 23
O Lo T = = o= =11 o] TR 23
B0 RN o ] | == o o OSSO TP PPV ORTRTO 23



AWS G2.4/G2.4M:2021

Page No
02 1§ 1111 o BTSSP OO PTPTPRRSRSURON 23
10.3 Preliminary Preparation ...ttt sttt sttt st st st 24
10.4 Cleaning fOr WEIJING........couiuiiiiieiieee e bbbttt s sbne 26
10.5 Fitup @Nd TACK WEIAING ......civeuieieirieesieesies ettt 27
11, WEIAING TOCNNIQUE ...ttt bbb b et b b e et e e e s e e bt s bt e be e b e sbeseeeb e e e seene e e enennis 27
111 WEIAING ParamMELErS.....c.oiveeirieiiieecrieestee ettt et b et sttt b e b st e e st st 27
B o (= 1 (] oo OSSOSO 27
11.3 Filler MEtal PraCtiCe ......ccoouiiciiiieeeice sttt 27
11.4 Starting and SOPPING ThE ATC......eiuiiuiiiereeeee ettt ettt sa e s e e b e e et e s e e aesaesbesbesaeseenean 28
115 ElECHOOE PraCiCO ...ttt ettt b bbb bbb et e e e e st e b nb e s b sb et e ee e ennan 28
B RV T = == o [ oo SOOI 28
117 INEIPESS CIEANING ....eveueieiireeiire ettt h bbbt bt b st b sttt b bt b et s b ettt b et b et bt b 28
11.8 INLEIPASS TEMPEIBIUMNES......c.ueeeiiueeieerieertesteetesseeasessee st st e ssesaeesbesaeesbeeseaabeeaeaaseaaeeasesaeeseeeasesbesseaseaneansesneannas 28
12, IN-ProcesS Weld QUAIITY TESES......cciiiiiiieie ettt sttt he bbb b e e e e s 28
12,1 ViISUBl INSPECLION ...ttt ettt sttt b ettt e e st bene 29
12.2 Shielding Gas PUMLY TESHING ......cerveirieiirieiirieierieieree sttt sttt s b et s be e sb e 30
12.3 BN TESHNG ...cuevveiiiresieie ettt b e b et e et r e 31
12,4 HardNESS TESHIMG. ....ecueuertertertertesteiereeeeeee et eaesteseeseeseeseeseeeaseeaeeaeaae et e saesaebesbeesansanseneeneebesbenbeseebenbeneeneaneas 32
13, NONAESET UCHIVE TESLING. . eeueeuerierie ettt sttt sttt se et se bt st bt b e s b e sbesb et e seese e b e e e e e e eaeese e st ebeebesaeseeebesbeseesnenbenes 32
B R = =0 [To o =" 0 1Y 2SSOSR 32
13.2 Liquid Penetrant TESHING . .....cveoveeeeeeireeiereeierie sttt ettt sttt b et st sp e 32
13.3 UIIaSONIiC INSPECLION ...ttt sttt ettt et et ae b e st sae st et e se et et e e e e eseebesbeseebenbe e eneaneas 32
14. Repair Of DISCONTINUITIES ......c.eiiiiitirieiteitente ettt ettt b st st e e se e e e e s e e s ebesaesbeebesbeseesr e e e seene e e eneens 33
14.1 Fabrication DiSCONTINUITIES. .......cieirieirieirieese sttt sttt st st st st s s sb bbb st ne e st nenbe s 33
14.2 Repairs FOIIOWING SErVICe FAIUMES.........coiiiiieiie et 33
G T o0 1= USSR 33
15. Final Heat Treatment Of WEIAS ..ottt s 33
Annex A (Informative)—Requirements of Base MELalS..........cccoereiriiniinccrceseese s 35
Annex B (Informative)—Requirements of Filler MELaIS ... 41
Annex C (Informative)—Informative REFENENCES........covciririiicese e s ene e 45
Annex D (Informative)—Classifications for Titanium and Titanium AlTOYS.........ccooieiiieneinin e 47
Annex E (Informative)—Requesting an Official Interpretation on an AWS Standard ...........cccceeevviceeveveecececnene, 51
List of AWS Documents on Joining Metals and AlIOYS........cviviieiieiesese e 53



AWS G2.4/G2.4M:2021

List of Tables

Table Page No.
6.1 Common Tungsten Electrodes used during GTAW ...t sae s s s eenes 11
6.2 Approximate Current Ranges Depending upon the Electrode Diameter ..........oceveveieeinienenene e 11
7.1 ASTM Specifications for Common ProduCt FOMMS..........ccoieiriirnennineeneensesee s 12
7.2 Recommended FIller MELAIS.......ociiiiire st 13
9.1 Recommended Shielding Gas Purity and DewW POIN...........coeiiiiniiineee e 19

10.1  TYPICE JOINE DESIGNS .. cvieerireetereetereereseet et se et et et se et seebeseebeseeb e seeb e seeb e seebeseebeseebeseeb e seesesaebeseebenrebesnere e 24
11.1 Typical Parametersfor GTAW, GMAW, aNd PAW ........cooiiiiiiiieeeeeenieee ettt be e e 27
12.1  Surface Color in TIaNTUM WEIAS..........ooiiiiie et s b e b 30
12.2 Bend Test Requirements for Titanium AlTOYS.......coci i 31
A.1 Chemical Composition Requirements of Base MEalS ........ccccevvrererereriesececeees et 36
A.2 Tensile Strength Requirements of Base MEtalS ..o e 39
B.1 Symbolsfor Chemical Composition and Composition REQUIFEMENES ...........oeerereereeieereeeeerese e 42
D.1 Guidelinesfor Compatible Filler MaterialS........ooeeeieeeee et 47
D.2 BaseMaterial GroUPING S-51 ......ccciiieiiiieieiie e stee e e st e st e st e s e s te s e e s teeae e tesneeteeneensesaeensesreensess 48
D.3  Base Material GrOUDPING S-52 ....ccuiiiiierierieieesesestes e steste e saeseesesses e ssessestesaessessessessessesessessessensessessensensenenns 48
D.4 BaseMaterial GrOUDPING S-53 .. .oiuiiiiiieierieieeseseses e seeste e saeseeesses e ssestestesaessestesaeseeseesessessestessessessensensnnens 49
D.5 BaseMateria Grouping S-54 (SUQQeSted NEW S CalEJOIY) .....c.ecerueueriereriererieerieerieieseee s eeenes 50
D.6  Filler MaErial GrOUDINGS. ... cuereerereetereerereeteriesestesestesess s ss e ssee s e s esess bt seebe s s ese s s e s es e sr e e sbesesne e b eanenennanas 50

List of Figures

Figure Page No.
3.1 Body-Centered CubiC (BCC) SITUCIUNE ........cueiieeirietirietiseeiesteie sttt sr e sr e n e se s seene e 3
3.2 Hexagonal Close-Packed (HCP) SEIUCIUIE .......oouiieieieereieerie ettt st b e s s s 4
3.3 INtErStitial EIBMENLS ..ot b b ettt b e e e e e e e neene e 4
3.4 SUDSHTULIONA ETEMENES.......coiitiiieiii ettt b bbb e et et b e b s aesr e b se e e e e ebeene e 4
4.1 Titanium Surface Oxide Formed by HEating iN Al ..o 6
4.2 Titanium SUrface ColOr CONMIASE ........ccovriireeiiiririe et 6
6.1 Large-Diameter Gas Cup and Lensfor Titanium WEIdiNG .........ccoeeriininenceseeseesee e 10
6.2 TuNgSten E1eCtrOde TIP SNADE .....ooeee ettt sttt ettt s b e b e e et e e e se e e nennas 10
9.1 Coallapsible Plastic Chamber Purged With AFQON.........c.oi ittt 20
9.2 Typical Trailing SNIeld DESIGN .....cccouiiiiriiririe ettt sttt be b b e e b et b s be e sre b s 21
9.3 Examples of Backup Shieldsfor Manual GTAW ..ot s e 22

10.1 Section through a Spark Remnant Adhered to a Titanium Surface (left) and an Area of Heavy

BUITAUD (FIGNL)... ettt bbbt b et b e e b e e b e b se b se et sa b e neebeseebe e 25
12.1  Color SEgUENCE iN TILANTUM........veeiiieeereic it 29
12.2 Contamination of Tungsten Electrode for Air ENtrainment...........ccccooe i iinine e 30

xi



AWS G2.4/G2.4M:2021

This pageisintentionally blank.

Xii



AWS G2.4/G2.4M:2021

Guide for the Fusion Welding
of Titanium and Titanium Alloys

1. General Requirements

1.1 Scope. This guide provides information on welding processes and procedures that are recommended for use in titanium
fabrication. The document presents detailed and up-to-date technical information on the best practices to allow first time
fabricators of titanium as well as established fabricators to join titanium parts into high quality components.

Although this guide is not written with mandatory requirements, mandatory language, such as the use of “shall,” will be
found in those portions of the document where failure to follow the instructions or procedures could produce inferior,
misleading, or unsafe results.

1.2 Units of Measure. This standard makes use of both the U.S. Customary Units and the International System of Units
(SI). The latter are shown within brackets ([ ]) or in appropriate columns in tables and figures. The measurements may
not be exact equivalents; therefore, each system must be used independently.

1.3 Safety. Safety and health issues and concerns are beyond the scope of this standard and therefore are not fully
addressed herein. Safety and health information is available from the following sources:

American Welding Society:

(1) ANSI Z49.1, Safety in Welding, Cutting, and Allied Processes

(2) AWS Safety and Health Fact Sheets

(3) Other safety and health information on the AWS website
Material or Equipment Manufacturers:

(1) Safety Data Sheets supplied by materials manufacturers

(2) Operating Manuals supplied by equipment manufacturers
Applicable Regulatory Agencies

Work performed in accordance with this standard may involve the use of materials that have been deemed hazardous and
may involve operations or equipment that may cause injury or death. This standard does not purport to address all safety
and health risks that may be encountered. The user of this standard should establish an appropriate safety program to
address such risks as well as to meet applicable regulatory requirements. ANSI Z49.1 should be considered when develop-
ing the safety program.

2. Normative References

The documents listed below are referenced within this publication and are mandatory to the extent specified herein. For
undated references, the latest edition of the referenced standard shall apply. For dated references, subsequent amendments
to, or revisions of, any of these publications do not apply. (Informative standards and specifications for titanium fabrication
are available in Annexes C and D.)

American Welding Society (AWS) documents:

AWS A3.0M/A3.0, Standard Welding Terms and Definitions, Including Terms for Adhesive Bonding, Brazing, Soldering,
Thermal Cutting, and Thermal Spraying;
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