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Supervisor: Professor Gregory Haidemenopoulos

Professor of University of Thessaly, Department of Mechanical Engineering

Abstract

Welding can be accomplished using various methods, including gas, arc, resistance and
laser welding, among others, for industrial use, from construction and manufacturing to
transportation and aerospace. Welding process which is used in constructing for big and
complicated constructions gives many assets from other mechanical joining technics such as
better structural ability, weight and budget savings, options in designing. Unfortunately residual
stresses occur in welding construction and inevitably end into distortion.

Welding distortion is a common problem that can occur in various types of welded
structures that can compromise their strength and performance. An overview of the types of
welding distortions that can occur, is presented, including angular distortion, longitudinal
distortion, transverse distortion, and distortion due to welding shrinkage. The physical
principles underlying each type of distortion are mentioned, including the factors that influence
their magnitude and direction.

It is also presented methods for predicting, measuring each type of distortion, including
welding process parameters, mechanical and thermal methods, and design optimization. The
advantages and limitations of each method are also presented and also a comprehensive
overview of the types of welding distortions that can occur, as well as methods for predicting
and mitigating them.

Welding distortions occur because of the expansion and contraction of the weld material
during the welding process. The welding parameters contribute a significant effect on the
magnitude and distribution of the welding which lead into distortion. In summary, the welding
parameters can have a significant effect on welding distortions. It is crucial to carefully control
and optimize these parameters to minimize the magnitude and distribution of welding
distortions. However, there are several methods that can be used to control welding distortion
prior to welding. Some of these methods are: welding sequence, backstep welding, preheating,
fixturing, joint design, welding parameters, backing material, use of clamps and jigs, use of tack
welds. Overall, a combination of these methods can be used to minimize the distortion by using
them before welding.

Apart from controlling distortion before welding, method to minimize distortion after
welding exist such as post-weld heat treatment. Post-weld heat treatment can help to reduce
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residual stresses and minimize distortion. This technique is about warming up the welded
material to a temperature and then cooling down at a slow pace.

On conclusion controlling distortion in welded structures requires careful planning,
proper fixturing and an understanding of the welding procedure and how the material is being
effected since durability and strength of a welding is the key factor to a sustainable structure.
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ME®OAOI EAEFXOY MAPAMOPOQZIEQN 2YTKOAAHZEQN

AAOYTHZ TEQPT102

TuAua Mnxoavoloywv Mnxavikwy, NMavemnotiuo Osocoaliag, 2023

EruPAEnwyY KaBnyntig: Mpnyopng Xaidepevomnouog,
KaBnyntig MnxoavoAoywv Mnxavikwy

NepiAnyin

H cvykdAinon pumopei va mpaypotonombei ypnoiponoumvrog dtdgpopeg nedddovg, 6mwe
oLYKOAAoN aepiov, TOEOVL, aviiotaong Kot Aélep Kol ypnolonoleitor 6e Eva vpv EAGUO
KATOOKELAOV €mG Kot TNV aepodlactnkn. H epappoyn tov dtadikacidv cuykdAANong oty
KATOOKELT] LEYAAWMV KO TOADTAOK®OV KOTAGKEVMV TOPEYEL TOAAE TAEOVEKTNLOTA GE GYECT) LLE
T1G LeBOS0VE UNYOVIKNG GVVOESTG, OTMG PEATIOUEVT dOKT amddooT, eEotkovounon Papovg
Kol KOGTOLG, eveMEia oYedAGHOV. QGTOG0, | GLYKOAANOT TPOKAAE] TAPAUEVOVGES TAGELS TTOV
001 YOUV GE TOPAUOPPWOT).

H mapopopewon Adym cvykdAinong sivar éva kowvd mpdfAnuo mov pmopel vo
EUPOVIOTEL G€ O14POPOVE THTOVE GLUYKOAANTMV KATOOKELAOV OV Umopel va Béoel og Kivouvo
™V avtoyn kol v arddoon Tovg. [apovsialetar pio eToKOTNON TOV THTOV TUPAUOPPDCEDY
GLYKOAANGNG TOV UITOPOVV VA GUUPOVV, CLUTEPIAOUPOVOLEVNG TNG YOVIOKNG TAPAUOPPOOT|S,
NG OUKOVS TAPOUOPPMOTG, TG EYKAPSLOG TAPULOPPMOONG KAl TNG TAPULOPPOONG AOY®
cuppikvemons. Avaeépovtal ot QUOIKES apyég mov OEmovv KAbe TOTMO TAPAUOPPOONG,
GLUTEPIAQUPAVOUEVOV TV TopayOVTOV oV ennpedlovv To Héyehog Kot TV KatehBuvor Toug.

[Moapovocialovtor emiong péBodor ywo v wpdPAeyn, v pérpnon Kot TNV
elayrotomoinon kdbe TOTOL TAPAUOPPMONG, CLUTEPIAAUPAVOUEVOV TOV TOPAUETPOV TNG
OadIKaG10G GULYKOAANGNG, TOV UNYOVIKGOV Kot Beppikadv pefddwv kot tng BeAtiotomoinong Tov
oyedopov. Iapovoidlovtal eniong ta TAeoveKTUATO KO Ol TEPLOPIGHOTL KbBe pneBddoov Kot
EMIONG U0 TEPLEKTIKY EMOKOMNGT TOV TOTMOV TAPOUOPPAOCEDY GVYKOAANGNG TOL UTOPEL VoL
TPOKOYOoLV, KoM Kot LEBodol TPOPAEYNS Kol LETPLOGHLOD TOVG,.

Ot mopapopPdcel; cuyKOAANoNG cvufaivouv Ady® ™G Bepikng OlGTOANG Kot
GLGTOANG TOL VAKOU GULYKOAANGNMG KOTA TN owdpkee tng dwdikaciog cvykdiinong. Ot
TOPAUETPOL GLYKOAANGTNG UTOPOVV VO €YOLV CNUOVTIKY emidpaocn oto uéyebog xor tnv
KOTOVOUT OVTOV TOV TOPOUopeacewV. Eivar onuovtikd va eAEyyetol mTPOoCEKTIKA KOl Vol
BeAtioTomotohvTol aVTEG OL TOPAUETPOL Y10 VO EAOYIGTOTOCETE TO HEYEDOC KOl TNV KATAVOUN
TOV TOPOUOPPDOGEMY GVYKOAANONG. Q6TOG0, LVITdpyovy ddpopes HEHodol mov umopovV va,
YPNOWOTOMBoOV Yoo Tov €AEYXO NG MOPOUOPPMOONG TNG GLYKOAANONMG 7P omd N
GLYKOAANON OGS 1 aAAnAovyio cLYKOAANGNG, 1| TPOBEPLAVOT), Ol TAPAIETPOL GLYKOAANGTG,
N ¥XPNON OOYKINPWV. XUVVOMKE, &vOag GLVOLOCUOG OVTOV TV HeBOdwV pmopel va
ypNoonomOel yio Tov ELeYY0 TNG TAPAUOPPMOONG CLYKOAANONG TPV OO T GLYKOAANOT).
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Extég and tov éleyyo e mapopOp@mong cLYKOAANONG TPV amd Tn GLYKOAANGT,
VILAPYOLY PEBODOL Yo TNV EAAYLGTOTOINGT TG TOPAUOPP®ONG LETE TN GLYKOAAN G, OTT®C M
Oepuuikn emeepyacio petd ™ ovykoAinon. H Ogpuikn enelepyoacio petd tn cvykdAAnon
umopel va Pondnoel oty peimon N v eEdAeyn TOV VTOAEUWTOUEVOV TAGEMV KOL GTNV
Ao TOTOINGT TG TOPOUOPP®SNS. AVTH 1) TEXVIKN TEPAaUPAvVEL TN OEpLaven Tov VAKOD og
Lo CLYKEKPIUEVT BeproKpacio Kot 6T GUVEXELD TNV YOEN TOL.

SOUTEPAGUATIKG, O EAEYYOG TNG TOPAUOPPOONG GE GUYKOAANTEG KOTOOKEVES OUTOLTEL
TPOCEKTIKO OYEOIAGLO, COGTH GTEPEMOT KO KATAVONOT TG O1001K0GT0G GUYKOAANGNG KOl TOV
EMATOGEDMY TNG OTO LAIKO, KaODG 1 ovOEKTIKOTNTA KO 1] OVTOYN KOG GLYKOAANOMG ivat o
Baoikdg mopdyovtog Yo pio Pidcin KoTooKeLT.

vii
Institutional Repository - Library & Information Centre - University of Thessaly
09/01/2025 20:00:01 EET - 3.136.236.83



viii
Institutional Repository - Library & Information Centre - University of Thessaly
09/01/2025 20:00:01 EET - 3.136.236.83



Contents
1 Introduction 1

1.1 Scope and outline of thesis
1.2 SUMMArY Of INTrOQUCTION ..ttt ettt st ettt e st e st e e st esabeesabeesabeeeaneens
2 How are distortions generated during Welding .........ccccovueeeeiiiiiiiiiieieiiiiiiineren e 3

0 N [N o Yo L8t o o TN T TRV 7= Lo L1 Y= SRS 3
2.2 Causes Of WeldING iStOrtiONS. .......oiuuiiiiiiiieeiit ettt ettt s bt e sbr e s b et e saeeesneeesaneenees 3
2.2.1 Thermal Expansion
2.2.2 Shrinkage .............
2.2.3 Uneven heating ........ccceeeveevveennenne
2.3 Heat transfer in welding........................
2.4 Heat transfer in welding procedure
2.5 Temperature diStriDULIONS .........oiiiiiiie ettt e e e e s e e e st b e e e etrae e sataeeesabbeeeessaeesansenas 9
2.6 Cooling rate and Maximum tEMPEIratUIE ....c.c.eiiiiiriii ettt ettt et s e e saeesbeeesaeeeane 11
2.7 A second approach of the factors on the heating and the cooling rate on weldings by Okerblom........... 11
B0 50 R [ 4 o T ¥ ot o Y TS SROTRRRNE
2.7.2 Simplified @analytical MOGEl .......coc.eiiiiii e s
2.8 HOW dOES iSEOIrION OCCUL ..eiiiiiieieiiiie ettt eit ettt e e ettt e sttt e e sttt e e e ub e e e ssabteeesabaeeeeanbeeeseassaeesnseeesanbeeesnnnee
2.9 Wl DiSTOITION ..eeuviiiiieeieteieesteeette sttt e site s bt e e bt esabe e st eesabeessbeeeabeesbeesabeesnseesabaesaeesabeeeseeenbeeenseesnsaesnseennn
2.10 What is weld distortion
2.11 REASONS FOr AISTOITION cevuviiiiieiiiiiiie ettt ettt ettt s ste e st e e s bt esbe e s beesabeeesbeesabeeebeesbaesnsnesnns
3 Types of Welding distOrtions..........cccceeeriiiiiiiiiiiiiirisrrssssssssssss s s s s ssssssssssssssssssssnssnnssssnnnsnnnnnnnnns

28 [0} o To [V 4T o O P T PP OROP PRI PPPPTPPPPRRORt
I ol o T=41 {0 Te 1o F=Y le |15 o] ud o] o P PSSP
3.2.1 Types of longitudinal distortion and permitted deviation ..........ccceccvieieiier e
3.3 Transverse distortion ........ccoccevceeeieenieeeiee et
3.3.1 Types of transverse distortion and permitted deviation
3.4 Angular distortion ........ccceeeiciiiiiiei e
3.4.1 Types of angular distortion and permitted deviation ...........ccccverieiiiie e e
3.5 ROtAtiON@l dISTOITION ..eeiiiieiiieiiie ettt e e ettt e st e e s bt e e e e sabbeesebbaeesbbeeessabeeeenanee
ROTAIONAT GISTOITION ...ttt b e e bt a et e e s bt s aeeb e e st et et e sbesbesaesbeeaeeneenes
3.5.1 Types of rotational distortion and permitted deviation...........cccceeeeiiieiecir e e
I Sl = oYY [a = [y o o 4 o o TSRS
3.6.1 Types of bowing distortion and permitted deviation..........cccocceeeieiiiie e
TR A = T8 ol {11 ¥=e 1y e o Y VUSROS
3.7.1 Types of buckling distortion and permitted deviation ............ccueeieiiiie i
3.8 Overall general conclusions and corrective actions for distortions
3.9 DiStOrtions aNd tOIErANCES ....cuueieieiiiie ettt ettt e sttt e e et e e s eabt e e e sbteeeesabeee s bbaeesabeeesanbeeeenanee
4 Effect of welding parameters on welding distortions .........ccccvvveeeiiiiiiiciiee e ee e e e e eeeeees

4.1 Introduction in WeldiNg ParameEters..........uuiiiiieiieciiieee e e e e et e e e e e s e ebtre e e e e e s e e ataaeeeeeeesnnntaaaeeaens
B T Ao (o [T o T o =T g 1= =] O UUT
4.2.1 Primary Welding ParameEters ......cccccueeeeciieeieiee e st e e esteeee et e e satee e e s e e e eesteeessnseeeesasaeesasseseesnseeesnsseeennn
4.2.1.1 Interpass temperature. ...............
4.2.1.1 Base metal thickness..................
4.2.1.2 Welding sequence.........c..c.c........
oy e RV 1 o T oY= ol U T =Y o N PSP
oy R VT o [T oY= Vo] L - = YU SUT
4.2.1.6 EleCtrode Size and SNAPE ......uuiiiiiiie e e e e e et e e e e e et ae e e e e e e anaraaaaaaans

iX
Institutional Repository - Library & Information Centre - University of Thessaly
09/01/2025 20:00:01 EET - 3.136.236.83



4.2.1.7 Preheat tEMPEIAtUIE ......cooociieeeiiiee et e et e st e e e st e e e et e e e st e e e e sataeeeaasteeessseeeesntaeeeesssseesannnneesnssenannn 42

4.2.1.8 POst-Weld heat treatMent .......cooiiiiiiiiiie e e e s e e s s e e e s s ate e e ssaaaeeessraeeens 43
4.2.2 SECONAANY PArAMELEIS ....eeiieiieiiieeeite ettt rt ettt e st e sat e e sttt e sh bt e sateesab e e s st e e sabeeeaseesabeeeabeesabeesaseesareesareess 45
A N N ol o [ 1 7 1 T SO UPPPRON 45
A KoY ol o T o T IR 46
700 0 @ o 1< 4 oY Tor=Y IR olo 4 Y o 1Y 1 [ [ RN 47
4.2.2.8 GAS FIOW FALE weeiiieieiee ittt ettt e st esat e e st e e sate e sa b e e sabe e sabeesabee s beesabeesabaesabeesbaenaree s 48
R = 1Yot o Yo [=3 o o1 F= Y | V2R 49
I B @0 ol [V [ I3 PSSP PPN 49
5 Methods to control welding distortion prior t0 Welding.....ccoccvveisenneinninnnnsnnsnncnneeeeene. 52
S T0 111 (T [1ToX T OSSPSR 52
5.2 WEIAING SEOUENCE ...ceueieiitiieiie ettt ettt ettt ettt ettt e sttt e bt e s bt e e bt e sab e e e bee s beeeseesabeeebeesabeeeneesbeeenneenane 52
5.3 WeIdING PAr@mMELEIS.....cciiiiiiieiiie ettt ettt ettt ettt et e s bt e saee s b et e bt e s bee s bt e sbe e e st e sbeeenseesbeeenneenane 53
R o =Y o 1T L [ = OO TP PO PP OPPTUPPTOPPTUPPRTOt 54
S5 FIXEUNING oottt s e e s et e s e e e e s e e e s b b e e e e e b e e e s ba e e e s b et e s b e e e s enne 56
LT ST Lo 11 e 1T 7= SR SRRSNt 57
5.7 BaCKING MATEITAN ..eeiiiiiiiiieeiiie ettt e et e ete e e e st e e e e rtte e e esataeeesbbeeeesbaeeseasaaeessseseeassaeeeessaeesasseaeeanseeeeannns 59
R I RNV (o [T gV T VT o F SR USUURURNt 60
LT I 0o o Vol T oY s T3S USRORRRN 61
6 Methods to minimize distortions after Welding ....cccceeeeeieriinreninenininieeisssssrsssts s sesssssnesssnesesessesanes 64
6.1 INTFOAUCTION <.ttt ettt b e bttt et s b b e s bt e bt eae e st et e sbeebe s bt eb e e st e st e s et enbesbeebesneeneentens 64
6.2 Techniques to correct distortion after Welding.........ccocuvii i 65
6.2.1 Thermal Techniques -Thermal CorreCtion.........eucuiieieriiiiiie ettt saee e 66
6.2.2 MEChANICal TECANIGUES ..ottt ettt ettt b e bbbt b et s b b enas 68
6.2.2.1 Mechanical StraighteNING ......coovuieiiiiie ettt e st saee s beeesaee e 68
6.2.2.2 Hammering
(T e 3V - ol Y 411 V- SR SRRURNt
6.2.3 Hot Mechanical Straightening TEChNIQUES........cuuiiieiiee ettt e et strae e e e e e etaeeeeanns 70
6.3 Post welded distortion reduction experimental teChNIQUES..........coceciiiiiciiie i 71
L3 e o Vol T o s T3 SRRt 72
7 Conclusions—Suggestions for further study.........cccociiiiiiiiiiiiininiininin s s s s s sssns 74
/% A [} To [0 4T o O O PO OO ORUP TP PPPPTROPPPRRRt 74
7.2 Advanced Modeling TECHNIGUES .......uiiieiuiiieciiee e ceee ettt e sttt e e et e e s e eae e e staeeeessteeeseseeeesnseaeesnsenesannns 74
7.3 MAterial PrOPEITIES .uuviiieeeiiiecciee st e ettt eett e e sttt e e ettt e e et e e e s baeeeestaeesessaeeesnsaeeeesssaeesanssaeesnsseeeennsenennnnns 75
7.4 ProcCess OPTIMIZATION ..uiiiiiiiiiiiiieee ettt e e e e s e et e et e e s s e saa bt e e e e e s e ssasbataaaeesssasssnssaaeeessassssssnanesssannas 76
I\ L= Fo LT =Y o oo [ U =TSRSS 76
7.6 WEIUING STANUAIUS .....veeeieieieieeeieesie ettt et e e st e s e e steesteeste e beesseeasesssessaesseesseessesnsesseesreesseesseansennsenns 77
REFERENCES ......ccieiiiiiiiiiiieiieiieiieiieiceetiotianiastesstostastossassssstassassessssssastassasssnssassassasssnssnnsa 79
X

Institutional Repository - Library & Information Centre - University of Thessaly
09/01/2025 20:00:01 EET - 3.136.236.83



LIST OF FIGURES

Figure 2.1 Shrinkage and contraction in WeIdING ......cccuiiiiiiiiiiiiiiiie et 3
Figure 2.2 Temperature Distribution in Submerged Arc Welding .......ccccoeviiinieiniiinice e, 5

Figure 2.3 Temperature distribution of the 316L stainless steel plate by using Rosenthal’s equation .6

Figure 2.4 3-phase in welding procedurel start 2 Move 3 STOP ..cccvevvciiieiiiiiee et 9
Figure 2.5 thermal source is considered to be @ POINt .....ooociiii i 9
Figure 2.6 the source of heat considered to be a point on a certain thickness plate ........cccccceeeneeen. 10
Figure 2.7 Thin plate with indefinite Width ... 10
Figure 2.8 Typical Welding diStOrtioNS ........ccccuiiiiiiiiiie e e e rrae e e ree e e e eabee e e e aneeas 12
Figure 2.9 Envelope of maximum temperature plots reached across a transverse slice of the plate at
different times folloWIing WEIAING. .....ccooviiiiiceii e et 13
Figure 2.10 Formation of residual stresses due to Welding .........ccoveereiiiieicciiee e, 14

Figure 2.11 Changes in steel characteristics as temperature rises hinder study of what happens
throughout the welding cycle - and hence comprehension of the elements contributing to weldment
(o L] o4 o - [o ] PSPPI 15

Figure 2.12 If a steel bar is uniformly heated while unrestrained, as in (a), it will expand in all directions
and return to its original dimensions on cooling. If restrained, as in (b), during heating, it can expand

only in the vertical direction - become thicker. ..o e 16
Figure 3.1 longitudinal SNINKAZE ....eiivuiiiiiciiee et e e e sabee e s e areeas 17
Figure 3.2 Transverse SNINKAZE ...uuuiiiciiiiiciiie ettt et bee e s aree e e s abea e e s abeee s eeareeas 17
Figure 3.3 angUIar SHIINKAZE ....coiicuiiiiiiiiii ettt ettt e bee e e s e e e e s b ee e e s snbeee e esareeas 17
Figure 3.4 rotational ShIINKAZE ........eeiieiiiiieiie et bee e s e e e s b ee e e e eabeeas 18
Figure 3.5 boWINg SNINKAZE ....vviiiiiiee e s e e e aee e e e sabee e e e eabeeas 18
Figure 3.6 bUCKliNg SHIINKAZE ..eciccviieieciiie e e e s bae e s e e e s abee e e e eareeas 18
Figure 3.7 Longitudinal diStOrtioNn ........cueeiiiiiiii e bre e e e e e 19
Figure 3.8 1ength deViation .......coocciiiiiiiii e e e s bee e e s b e e e e e sabeee e eeareeas 19
Figure 3.9 Width deVIiation .......cooiiiiiiiiic e e e e e s ba e e s s abe e e e e sabree e e eareeas 20
Figure 3.10 transverse diStOrtioN ........cccioiiiieiiiiiieeeesee e e ree e e s bee e e s ee e e e sabae e e e sabeeeeenaneeas 20
Figure 3.11 verticality deVIation ........ooccuiiiiiiiiii ettt e e eabee e e et e e e e nre e e e e areeas 21
Figure 3.12 outer dimensions deVIiation .........occccciiiiieei e e e e e e e s e e enbaare e e e e e eenan 21
Figure 3.13 plate panels deviation .........coocciiiiiiiiiec e e e bee e e e e et a e e e e areeas 22
Figure 3.14 angular diStOrtioN ......ooooiiiiiie e e e e e e e e e e e r e e e e e e e s snnrreaeeaeeeeanan 22
Figure 3.15 straightness of longitudinal StIffeNers ..o e 23
Figure 3.16 straightness of transverse StffENers ... e 23
Figure 3.17 flatnNess Of fIANEES ....c..uuviiieeeeeee e et e et ee e e e e e e e abe e e e e aneeas 25
Figure 3.18 deviation perpendicular and parallel of stiffeners ........cccoccoieieeiieecciee e, 25
Figure 3.19 curvature deviation ...t et e e e e e e e re e e e e s e e ennreaeeeeeeeeennn 26
Xi

Institutional Repository - Library & Information Centre - University of Thessaly
09/01/2025 20:00:01 EET - 3.136.236.83



Figure 3.20 deviation of height .......cceeeiiiiiii e e e e e e ra e e e e e e e 26

Figure 3.21 flange StraiShtNess .....ueiiiiciiiiicie e e reeas 26
Figure 3.22 deviation Of StIffENErs ... 26
Figure 3.23 straightness of stiffeners ... 27
FIUIE 3.24 DUCKINEG ettt e e et e e et te e e s e ab e e e e e ataeeeeabaeeeenbeeeeennseeeeennsenas 27
Figure 3.25 deviation of UNdUlation .........coociiiiiiiii e e 28
Figure 3.26 flange diStOrTiON ......cccuieiiiiiiiiceiee e e et e e e s re e e e et ae e e s abe e e e enabeeeeennreeas 28
Figure 3.27 flange UNAUIALION ......c.uviiiiiieeccee e et e e e e abae e e e abe e e e e naaee e e nreeas 29
Figure 3.28 1eVelling deVIatioNn ......c..ueiiiiiiieeee e e e e e abee e e e abe e e e e nbeae e e areeas 29
Figure 3.29 flange diStOrTiON ....ccccuiiii ittt e e et e e e et e e e e e nba e e e e nabaee e e nraeas 29
Figure 4.1 Welding direction in order to control distortion a) back step welding b) skip welding ...... 35
Figure 4.2 effect of WeldiNg CUMTENT ......oviiiee e e e e ree e e eabae e e e aneeas 37

Figure 4.3 the influence of weld width and y-axis movement duration on the angular distortion of
plates welded with 20 mm/s x-axis welding speed extracted by results in table 4.2[9] .......c..c.e..... 39

Figure 4.4 how y-axis movement duration and x-axis welding on the angular distortion of 10 mm wide
weld plates extracted by results in table 4.2[9] ... 39

Figure 4.5 the effect of y-axis movement duration and x-axis welding speed on the angular distortion
of 20 mm wide weld plates extracted by results in table 4.2 .......ccccceiiviiiiiicin e, 40

Figure 4.6 these welds were made with ER70S-6 wire, 90% Argon /10% Carbon Dioxide shielding gas

at 375 ipm wire feed speed. The only difference was the voltage .......cccccvvveeeeiiiiiiciiieeeeee e, 40
Figure 4.7 Image showing tungsten tip angles and resulting arc width and penetration ................... 42
Figure 4.8 schematic of the welding thermal cycle and PWHT .....ccooviiiiiiiiiiie e, 44
Figure 4.9 Effect of arc diStanCe .......eviiiiii i 45
Figure 4.10 Presentation of two inclination modes (a) forward angle, (b) backward angle ................ 46
Figure 4.11 metal inert 2as WeldiNg PrOCESS ....cccccuvieieiiiiee et ettt ettt e e ebee e e e bae e e e eabaee e e aneeas 47

Figure 4.12 illustration of the nitrogen absorption (a,c) and desorption (b,d) along autogenous tungsten

o= I L) IRV o 110 V-SSR 47
Figure 4.13 electrode POIArity .....ccceeeiiciiieeeceee et e e et e e e e tte e e e e eaba e e s e nbe e e e e nbeee e ennnaeas 49
Figure 5.1 Welding sequence in bevel Weld ............oo it 52
Figure 5.2 welding sequence iN X WEIA .....cceviiiiiiiiee ettt e e e et e e e 53
Figure 5.3 Welding parameters and thermal @Nergy .......ccoocveeeecciiieicceee et 54
Figure 5.4 Preheating procedure with flame in pipe Welding .......cccccoovciiiicciiie e, 55
Figure 5.5 Preheating with electrical blankets .........oovoioiiiiiiie e 56
Figure 5.6 FIXUMNG WIth JIZS ..vviiiiiiiiiiciie e e s e e s aba e e e e eabee e e e eareeas 57
Figure 5.7a Indicational JOINT d@SIZN ...c.eveiiiiiii e e e e re e e e earaeas 58
Figure 5.7b Indicational JoiNt d@SIZN .....ueiiiiiiiiiccee e e e bre e e e e e e eareeas 58
Figure 5.8 Backing material with low thermal conductivity (a) and high thermal conductivity (b) ..... 59
Xii

Institutional Repository - Library & Information Centre - University of Thessaly
09/01/2025 20:00:01 EET - 3.136.236.83



Figure 5.9a Different types of ceramic backing Strips .......ccccuviiiieiiiiciiiiee e 59

Figure 5.9b Different types of ceramic backing Stripes ......cccceeviiiiieiiiiiiiecce e 60
Figure 6.1 The effect in microstructure of heating on the $355J2 + N steel (t =15 mm).......ccceeeuveeenee 64
Figure 6.2 Residual stresses in butt Weld .........oooviiiiiiiiiiece e 65

Figure 6.3 Welding thermal cycle compared with traditional heat treatment cycle: TA-austenitisation
temperature, tA-aUSTENITISATION TIME ...uiiiiiiiiiiiiiiiiii b abaeaaaaaaanaees 67

Figure 6.4 Wave theory: (a) Differentiation of waves during signal generation (b) reflection and
refraction of waves at the interface of two different materials .......ccccoveiieiiiiicciei e, 69

Figure 6.5 (a,c) Schematic representation of rolling on the bead (b,d) schematic representation of two

(0] 1LY 83 1 =1 o o Lo RSN 71

Xiii
Institutional Repository - Library & Information Centre - University of Thessaly
09/01/2025 20:00:01 EET - 3.136.236.83



LIST OF TABLES

Table 2.1 performance levels for different welding proCesses.......covcvviiiriiieiirciiee i 7
Table 3.1 distortion type, causes and rEMEIES......cuivciiiiiiciiieieciiee e e e e srrre e e ssrreeesseeeeeens 29
Table 3.2 tolerances for linear diMENSIONS ........oooiiiiiiieiiie et 30
Table 3.3 tolerances for angular diMENSIONS ........eiiiiiiiiiieieee e e e e e e s saaeeeean 30
Table 3.4 straightness, flatness and parallelism tolerances.........ccoceeeiiieecceee e, 31
Table 4.1 Results of an experimental method for different thickness and distortion results............ 35
Table 4.2 Distortion and Welding SPEEA ........ooieeiiiiiieciie e e e e e s raae e e e eaaeeeeas 38
Table 4.3 Gas fIOW rate Chart ......cooeoiieiieeeee et st sr e s 48
Xiv

Institutional Repository - Library & Information Centre - University of Thessaly
09/01/2025 20:00:01 EET - 3.136.236.83



1 Introduction

Welding is a common manufacturing process used to join two or more metal parts or
even parts of other material together permanently with an advancing pace of use due to better
structural ability, weight and budget savings, options in designing. While it is a reliable method,
welding can cause unavoidable distortions in the shape and dimensions of the welded parts.
Welding distortions are caused by high temperatures which appear during the welding process,
which cause localized expansion and contraction of the metal. These distortions can lead to
problems such as misalignments, changes in geometry, and structural defects, which can
compromise the quality and functionality of the welded product. Therefore, understanding and
controlling welding distortions is crucial for ensuring the reliability and safety of welded
structures. In this context, this topic has gained considerable attention in the field of welding
engineering, and a range of methods have been developed to mitigate the effects of welding
distortions.

The usage of welding, a typical production technique for permanently joining two or
more metal pieces together, is increasing due to improvements in structural strength, weight
and cost reductions, and design flexibility. Welding can result in unavoidable distortions in the
shape and size of the welded parts, despite the fact that it is a dependable process. High
temperatures that develop during the welding process, which lead to localized metal expansion
and contraction, are the root cause of welding deformities. These distortions may result in issues
with the welded product's quality and functionality, including misalignments, geometry
alterations, and structural flaws. Therefore, it is essential to comprehend and manage welding
distortions in order to guarantee the dependability and safety of welded constructions. Residual
stresses are occurring due to preventing the free shrinkage of weld and base material around it.
Residual stresses and distortions can occur near the joint due to localized welding process and
subsequent rapid cooling. They affect the fatigue behavior during external loading significantly.
This effect of residual stresses may be beneficial or detrimental, depending upon the sign,
magnitude and their distribution. Generally tensile residual stresses are detrimental and will
reduce the fatigue life of the structure as they increase the fatigue crack growth rate and decrease
the threshold value of stress intensity factor, while fatigue strength can be increased by
compressive residual stresses and they reduce the crack growth rate.

1.1 Scope and outline of thesis

The scope is to point out in what degree the welding process is affected and specifically
in which factors such as strength of the joints. The objective is to find out, what type of residual
stresses will be appeared on the weld. The next chapter gives a theoretical background of the
topic. Chapter 3 gives the description for indicative cases of distortion on different kinds.
Effect of welding parameters is presented on the following chapter. The next part presents
methods to prevent distortion before welding and the final chapter is referred in methods to
reduce distortion after welding which means post welding treatment. The final chapter is a
conclusion section.
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1.2 Summary of Introduction

Problems that arise into the fabrication industry regarding distortion control and
prediction have been pointed out. The theoretical knowledge, experimental data and financial
data provides us earlier knowledge of distortion in the development and design process has
significant benefits in constructing large and complex items into mass production without
strength or economics issues. At the first stages in design any modifications in welding
procedures are more cost effective, as it is well known and unfortunately proved that that the
cost of repairing climbs dramatically though the duration of a product development, and
increases significantly once the manufacturing phases start. Unfortunately distortion in welding
is discovered when it cannot be redesigned, and so changes have to be made on the final product.
Modifications and repairs add costs. Early knowledge is the main factor in avoiding time and
cost problems.
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2 How are distortions generated during welding

2.1 Introduction in welding

Welding is about a process that has to do with joining two or more pieces of metal
through heating, melting, and cooling, usually with the use of a filler material. The process
creates a strong, permanent bond between the materials, allowing them to function as a single
unit. Welding can be accomplished using various methods, including gas, arc, resistance, and
laser welding, among others, and is commonly used in fabrication, from construction and
manufacturing to transportation and aerospace. Welding processes in fabricating large and
complex structures provides several advantages over mechanical joining methods such as
improved structural performance, weight and cost savings, flexibility of design. However,
welding induces residual stresses which result into distortion. Welding distortion in structures
fabricated cause reduction of structural integrity, dimension problems and increased fabrication
costs.

2.2 Causes of welding distortions

Expanding and contracting of heated and cooled material, non-uniform stresses are
formed (Fig.2.1). Distortions can be generated during welding due to a variety of factors,
including:

2.2.1 Thermal Expansion

On heating a metal, normally it expands. During welding, the metal being welded gets
heated up to its melting point, which causes it to expand. This expansion can create distortions
in the weldment, especially if the weld is long and thin. Thermal expansion is a natural property
of most materials, including metals. When metals are heated, they expand, and when they cool
down, they contract. In welding, the high temperatures involved can cause significant thermal
expansion and contraction, which can affect the final size and shape of the welded joint.

Unrestrained bar before heating

and aofter cooling to room = . Unrestrained bar when uniformly
temperature. | _"&—————— heated to o specific temperature.

N

Contraction will result
in bar being reduced in all
oreas due to the restroint.

Figure 2.2 Shrinkage and contraction in welding [1]

Upsetting in unrestricted areos.
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When a metal is heated during welding, it expands in all directions. If the metal is
restrained, such as in a welded joint, the expansion will create internal stresses within the
material. As the metal cools and contracts, these stresses can cause distortion, warping, or even
cracking in the welded joint.

To minimize the effects of thermal expansion in welding, several techniques can be used.
Controlling the effects of thermal expansion in welding is crucial to reassure the high level and
integrity of the welding. Welders should be aware of the potential for thermal expansion and
contraction and take appropriate measures to minimize its impact on the final product.

2.2.2 Shrinkage

When the weld cools down, it contracts. This contraction can cause the weldment to
distort. Shrinkage in welding is a phenomenon that occurs when a welded joint cools down after
being heated during the welding process. As the joint cools, it contracts, which can cause the
metal around the joint to deform or distort. This deformation is known as shrinkage.

Shrinkage is particularly common in materials like steel, which have a high thermal
expansion coefficient. When steel is warmed up during welding, it expands, and contracts when
it cools. If the weld is not properly designed or executed, this contraction can cause the metal
to pull in different directions, which can result in stress, cracking, or distortion of the weld.
Ultimately, the key to preventing shrinkage is to design the weld joint with shrinkage in mind
and to use welding techniques that are appropriate for the materials and conditions involved.
This can help ensure that the finished weld is strong, durable, and free from defects.

2.2.3 Uneven heating

If the heat input into the metal is not even, then different parts of the metal will expand
and contract at different rates, which can lead to distortions. Uneven heating in welding can
lead to a number of problems, including distortion, cracking, and weakening of the weld. It is
important to achieve even heating in welding to reassure a strong and durable weld.

Some common causes of uneven heating during welding include:

e Uneven distribution of heat input: This can occur when the welding operator moves too
quickly or too slowly across the joint, resulting in some areas receiving more heat input
than others.

e Inconsistent travel speed: If the travel speed is inconsistent during the welding process,
some areas of the joint may receive more heat input than others.

e Uneven preheating: If the preheating of the joint is not done evenly, it can lead to uneven
heating during the welding process.

¢ Inadequate joint preparation: If the joint is not properly prepared before welding, it can
result in uneven heating.

o Improper fit-up: If the metal parts being welded are not properly aligned or fit together,
the welding process can create distortions.

e Welding speed: If the welding speed is too slow, the metal can be heated for too long,
which can cause it to expand and create distortions.
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e Fixturing: If the metal being welded is not properly held in place during welding, it can
move or shift, which can cause distortions.

2.3 Heat transfer in welding

Heat transfer during the welding process is generated by an external heat source, such as
an electric arc, a laser beam, or a gas flame. This heat is used to fuse, melt, metal pieces (Fig.
2.2). The transfer of heat in welding is governed by many factors, such as the type of welding
process used, welding parameters, material properties of the metals being welded, the
environment in which the welding takes place. The most common types of transferring the heat
in welding are conduction, convection, and radiation.
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Figure 2.2 Temperature Distribution in Submerged Arc Welding [2]

Conduction is transferring the heat of energy through a material by means of molecular
motion. In welding, conduction occurs when the heat source heats the base metal, which then
transfers heat to the adjacent metal. The rate of conduction is influenced by metal’s thermal
conductivity, which varies depending on the material.

Convection is the heat transfer of energy through the movement of a fluid, such as air
or a gas. In welding, convection occurs when the heat generated by the welding process heats
the surrounding air or gas, which then transfers heat to the metal being welded. The rate of
convection is influenced by factors like the welding parameters, gas, air flow rate and shape,
size of the weld.

Radiation is the transfer of heat energy through electromagnetic waves. In welding,
radiation occurs when the welding process is heated by electromagnetic radiation, such as
visible light or infrared radiation. The rate of radiation is influenced by factors such as the
welding process that is used and its parameters. Overall, understanding heat transfer in welding
is important for ensuring the quality and integrity of the welded joint. Proper control of heat
transfer can help prevent defects such as porosity, cracking, and distortion, which can
compromise the strength and reliability of the welded joint. A first introduction to welding
mechanics is given, based at this stage on uncoupled analytical solutions for thermal and
thermomechanical behavior. Rosenthal’s well-known quasi-static solution for the field of
temperature caused by a fast-moving, concentrated source of heat is used to demonstrate the
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affection of material properties and welding conditions over the temperature fields (Fig. 2.3).
An approximate thermo-mechanical solution due to Okerblom [2] is used to demonstrate the
roles of the thermal dilatation of the material being welded and the heat input on welding
deformations. This solution is also used to mention the development of residual stress fields
and probable buckling distortion.
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Figure 2.3 Temperature distribution of the 316L stainless steel plate by using Rosenthal’s equation [2]

2.4 Heat transfer in welding procedure

The main issue on weldings is the thermal field which affects many factors during the
procedure of welding. High temperature develops near the welding area and away from them
temperatures still stay in low fields. Also, the heat source that welds is a moving factor,
therefore the thermal field is not constant but a variation of time and space. This thermal field
affects the mechanic and the metallurgical properties of the welding such as the structure and
base metal width, the structure and the range of Heat Affected Zone (HAZ) and the residual
stresses and distortions that appear on the welding structure. All the above are critical factors
for the strength, the quality and the engineering properties of the structures that are welded. So,
the significance for the engineer is to understand the thermal field on a welding and the
contribution of the welding parameters that being applied.

At first the energy that is given to an arc welding with voltage V and current | is P=VI
but the thermal power that is useful for the welding procedure is a factor depending on the kind
of the welding procedure. The welding processes defined by standards are categorized and

along with the performance in each process they ate summarized as shown on the table below
(Table 2.1).
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Table 2.1 performance levels for different welding processes [3]

Welding procedure

Performance level

SMAW 0,7-0,9
GMAW(MIG-MAG) | 0,7-0,9
GTAW 0,6-0,8
SAW 0,8-0,95
LBW 0,05
EBW 0,8-0,95

SMAW stands for Shielded Metal Arc Welding. It is about a process where an electric
arc is formed between a coated electrode and the base metal to be welded. The coating on the
electrode melts and this creates a protective gas shield on the weld, preventing oxidation and
contamination of the weld.

SMAW is a widely used welding process in industries such as construction,
shipbuilding, and pipeline fabrication, as it is a versatile and relatively easy-to-learn process. It
is widely used, including carbon steel, stainless steel, and cast iron materials. However,
typically is slower than other welding processes, and the electrodes need to be changed
frequently, which can be time-consuming.

GMAW stands for Gas Metal Arc Welding, which is commonly used for industrial
settings. It uses a wire electrode that is fed through and an inert shielding gas, to prevent
atmospheric contamination from the weld. The electric arc is created between the wire and the
item to be welded, melting both wire and metal and fusing both. GMAW is known for its
versatility, high productivity, and ability to produce high-quality welds in a large scale of
materials, such as and aluminum.

GTAW stands for Gas Tungsten Arc Welding, is a process that uses a tungsten electrode
to execute the weld. The welding is protected from air contamination with an inert shielding
gas, usually argon or a mixture of argon and helium. The tungsten electrode creates an electric
arc with the material to be welded, melting both the tungsten and the material, but not the
electrode itself. A filler metal may be added separately, if necessary. GTAW is known for its
high quality and precision, making it a popular choice for welding thin materials, such as
aluminum, magnesium, and stainless steel, as well as for critical constructions, like aviation
and nuclear plants.

Submerged Arc Welding (SAW) is a welding process that uses a wire electrode, a
granular flux to shield the welding area. The arc is created among the wire and the material,
melting them and fusing both. The flux melts and solidifies to forma slag that covers the weld,
protecting it from oxidation and allowing it to cool more slowly, which can help prevent
cracking. SAW is known for its high deposition rates and suitability for welding thick materials,
making it a popular choice for heavy fabrication work, such as shipbuilding, pressure vessel
manufacturing, and pipeline construction.

Laser beam welding (LBW), which uses as the heat source a laser beam to join two parts
of objects. LBW is usually performed additionally or not of an intermediate material, depending
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on the application. The laser beam provides a concentrated heat source, which allows for precise
check of the applied heat on the item to be welded. LBW is commonly used in constructions
with small tolerances and high accuracy.

EBW stands for Electron Beam Welding, which uses a beam of high-velocity electrons
to perform the welding between the metal parts. The electrons have high speeds and focused on
a narrow beam using an electron gun. The beam is directed at the workpiece, which is typically
placed in a vacuum chamber to prevent atmospheric contamination. When the beam strikes the
workpiece, it generates heat, which melts the metal and fuses the two pieces together. EBW is
known for its ability to produce high-quality welds with minimal distortion, making it a popular
choice for extremely high precision weldings, such as in the aerospace, automotive, and
semiconductor industries.

To summarize in few words the connection between the above welding processes and
the performance levels can be described totally by the following;

SMAW, GMAW have high performance level due to metal drops from the electrode or
the welding wire.

GTAW has high performance level.

SAW extremely high performance due to the fact that practically the arc welding is
insulated.

LBW low performance by high reflection on the surface.

EBW absorbs almost the full energy.

Apart from all the above, the welding speed u is critical a significant factor and the total
contribution of the process of a welding and the heat input (h) is given by the following
equation:

h=nVI/u
where voltage V, current I, welding speed u and n the coefficient of performance.

The basic principle of solving this heat transfer matter is that only through conduction

heat transfer takes place and the equation is x [1]

oT o, oT o, or o, oT
0 g+ kY + kY + £ ke 21
P Qg+ax( 6x)+8y( 8y)+8z( 62)
Where pis density of the material (kg/m?3)
C specific heat (J/kgK)

k thermal conductivity(W/mK)
Q’g heat production rate through internal sources (W/m?)
After modifications and acceptances which are:

Q’g=0 (no gain or loss of heat inside the material)

2—1k_ =0(k is not depended on temperature T)

o=k/pc thermo-diffusion of the material (m?/s)

We also accept that the procedure of the welding is a three-phase time problem including
start, move and stop of the welding arch(Fig. 2.4) and if we adopt that the axis system Oxyz is
moving we have quasi stationary state and the axis system transforms from Oxyz to Oxyw
where variable w=x-ut

8
Institutional Repository - Library & Information Centre - University of Thessaly
09/01/2025 20:00:01 EET - 3.136.236.83



Figure 2.4 3-phase in welding procedurel start 2 move 3 stop [3]

0T T 0T  u,dT
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and the solutions of the above exercise are given by Rosenthal and regard temperature
distributions on weldings.

2.5 Temperature distributions

Three simple case studies are:

i.  welding on an extremely thick plate where the thermal source is considered to be a
point (Fig. 2.5) and temperature distribution is

O

/l\\

Figure 2.5 thermal source is considered to be a point [3]
Plate thickness H—c0, R—c0

R= W +y?+7°
a_g

0z
z=0

Considering T=T, the initial temperature of the plate and R—o we have the expression
for temperature distribution

T-To= Q g’
27k R

of a thick plate where the thermal source is considered to be a point

(2.3)
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ii.  Welding of a certain thickness plate and the source of heat considered to be a point

(Fig. 2.6)
LI,
0z
z=0 and z=H

Figure 2.6 the source of heat considered to be a point on a certain thickness plate [3]

_YRr _Yr U

Q ,ZLW g 2 © a2’ g2 "
——e @ + + ; .
277k R Z;( R R )24

n n

T-To=

Where R = \/Wz +y°+(2nH —z2)°

R = \/Wz +y?+(2nH +2)*

iii.  Thin plate with indefinite width(Fig. 2.7)

A
"

o
- — o
<
-

T/
|

Figure 2.7 Thin plate with indefinite width [3]

Heating source q=Q/H

a4 22" (U
T-To=——¢e 22 K_(—r) (2.5)
27k °(2a )

With
r =W’ + Yy’ and Ko(n) a modified Bessel function
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Welding speed affection on temperature on plate with indefinite width and base metal
affection on plate with indefinite width are also two significant parameters on temperature on
the welding.

2.6 Cooling rate and maximum temperature

It is significant to calculate the cooling rate on a welding due to the fact that knowing
the temperature could prevent metallurgical changes in microstructure such as martensite
transformation in steels.

The cooling rate is

oT _ aT ow
ot ow ot

W __y (2.6)
ot

or  aT
ot ow

So, we conclude into the Adams solutions on the welding axis (y=0 and z=0) and for
thick plates we have

_ 2
ar _ zﬂku (2.7)
ot h

And for thin plates

oT H

— =27zkpc(—)*(T-T,)%(2.8
o - 2Tke (h) (T-T,)°(2.8)
Where h=nVI/u

The decision of using the above equations comes through the calculation of the relative
thickness of the plate Ho

H, = H ,/@ 2.9)

If Ho>0,75 thick plate equation is used otherwise we use the other equation.

2.7 A second approach of the factors on the heating and the cooling rate on weldings by

Okerblom

2.7.1 Introduction

Metallic structures usually are joined permanently with welding. Unfortunately, residual
stresses and deformations occur sometimes and unavoidably this leads into big fabrication
issues, mainly in time and additional cost. Thin plate and shell structures are two categories of
welding constructions that are affected in a large scale.
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Distortion and residual stress comes as a result of expanding and contracting during the
passage of the source of heat. In structures were angular deformation appears on the line of
weld, such as in Fig. 2.8 longitudinal contraction forces, which give rise to bending and may
indeed cause buckling. The magnitude of these effects depends on the amount of the thermal
energy input on the welding. Reductions in distortion cannot be avoided without changing the
heat input and this may risk other defects on the integrity of the weld.[2]

longitudinal'
bending

angular .
deformation

\

Figure 2.8 Typical welding distortions [4]

As a first step towards simplification, the sequential, thermal transient and thermo-
elastic—plastic stages of the computation may be uncoupled without penalty. The transient
temperature field calculated in the first stage then provides input to the thermo-elastic—plastic
stage.

The outputs of this stage, in the form of transverse angular deformation and contraction
forces, gives the final deformations in the structure.

Several researchers show that the transient temperature fields can be computed
adequately using finite-element methods, given some experimental support from generic
welding trials. The final elastic deformations of the structure, due to the accumulation of
individual welds, can also be computed relatively easily, provided that results from a thermo-
elastic—plastic stage are available.

The challenge is to present simplified the elastic—plastic stage of the process, starting
from a transient temperature field input and leading to outputs of angular deformation and a
contraction stress field.

2.7.2 Simplified analytical model

These approaches that are presented below were based on the early ideas of Okerblom
who tried to simplify analytical models in order to predict deformations and specifically angular
that appear by contraction on the longitudinal axis.

Okerblom was the first to draw attention to these features and argued that the
thermomechanical processes might therefore be modelled by considering a transverse plane
strain slice, which would be passed through the quasi-stationary temperature field in the
direction of welding.
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In the case of the angular deformation the final formulation given in reference expresses
the transverse angular deformation @ in terms of the relative depth of penetration of the weld s/t

and the relative width of the fusion zone on the surface b/t as [5]:
_sb ) S 3
0=—=al. [3(1—k )—2¥(l—k )} (2.9)

where k is a geometric parameter dependent on the shape of the fusion zone (parallel, triangular
or parabolic). The specific heat input rate does not figure in this formulation, as suggested
earlier, but note that the transverse mean contraction of the weld depends on the volume of the
fusion zone and therefore on the specific heat input rate.

In the case of the longitudinal stress (MTS) algorithm, the thermal strain mismatches
develop longitudinal contraction forces during the cooling phase and these spread progressively
outwards as the plane strain slice passes through the transient temperature field. An important
consequence of this is that the development of longitudinal stress is driven mainly by the
envelope of maximum temperatures reached across the slice (Fig. 2.9).
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Figure 2.9 Envelope of maximum temperature plots reached across a transverse slice of the plate at
different times following welding. [5]

Although these temperatures are attained at various times in practice, there are always
mismatches at each transverse site, therefore it is assumed that the time offset is not necessary

in achieving the corresponding maximum.
However, unlike the shrinkage volume approach, the contraction forces in this approach

are governed by the entire temperature field rather than the behavior of a designated region.
Because of the intricacies of material behavior discussed previously, the longitudinal stress

element is the most difficult to analyze in concept.
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2.8 How does distortion occur

Welding is about a process of joining two or more pieces of materials by heating the
surfaces to their melting points and applying pressure to fuse them together. When a weld is
laid it is molten metal and therefore hot, as it cools it shrinks, this shrinkage generates stress on
the weld and the base material near the weld. Distortion normally is created by localized heating
of the base metals which normally creates expansion and contraction on the operation of the
weld. The restricted movement by the expansion and contraction has a result of these residual
stress to appear.

Distortion that is caused by residual stresses usually appear because of the different
temperature states on the welding procedure such as heat rise, heat peak and cooling down
sequence on the weld but also on the heat affected zone. This dynamic procedure is changing
constantly. On heating at first, compressive residual stress appears on the area of base metal
which is being heated for melting due to thermal expansion and the same (thermal expansion)
Is restricted by the small temperature around the base metal. On the highest value of temperature
compressive residual stress gradually decreases due to softening of metal being heated.

The procedure that was described reduces to zero value stress when melting starts and
areverse situation starts on the welding. During cooling as metal starts to shrink, tensile residual
stresses develop and the stress magnitude keeps on increasing until room temperature of the
metal.

This heat is what it makes expansive and contractive phenomena. When heating and
cooling is uneven, distortion may appear. On welding we have to deal with concentrated heating
source which will lead to fuse the material but also will create due to the expansion and
contraction of the heated material residual stresses. Therefore, compressive and tensile stresses
are created on the cold base metal when the weld pool is formed due to the thermal expansion
of the hot metal (heat affected zone) and respectively tensile stresses appear on dropping the
temperature when the contraction of the weld and the immediate heat affected zone is resisted
by the bulk of the cold base metal (fig 2.10). Limited skills or lack of practice and preparation,
or being careless could be the reason for defects on welds. Whatever the reason is, these could
lead into cost in money or time which are both critical for fabrication because weld defects such

as weld distortion is the reason and the unwanted result.
Hot

Immediately
after welding Cold cold
Cold
After cooling if Z
contraction allowed Cold é Cold

After cooling with
contraction resisted Cold % Cold

Tension
—————— Residual

’ stress

Compression

Figure 2.10 Formation of residual stresses due to welding [6]

14
Institutional Repository - Library & Information Centre - University of Thessaly
09/01/2025 20:00:01 EET - 3.136.236.83



The volume change in the weld region during solidification and subsequent cooling to
room temperature reveals the degree of thermal stresses introduced into the material. When
welding CMn steel, for example, the molten weld metal volume is reduced by roughly 3% upon
solidification, and the volume of the solidified weld metal/heat affected zone (HAZ) is reduced
by an additional 7% when its temperature lowers from the melting point of steel to room
temperature.

When the yield strength of the material is exceeded by the stresses that are generated by
expansion or contraction, plastic deformation takes place of the material. A permanent
reduction is caused by plastic deformation, in the component dimensions and affects the
structural integrity.

2.9 Weld Distortion

Weld distortion refers to the changes in the shape and dimensions of a welded joint that
occur as a result of the welding process. Welders and even those with great experience
commonly struggle with the problem of weld distortion. Distortion is a main issue for many
reasons, but one of the most critical is the structural integrity of the construction.

2.10 What is weld distortion

Weld distortion is caused by the expansion and contraction of the weld metal and nearby
base metal throughout the welding process's heating and cooling cycles. When all of the
welding is done on one side of a part, the distortion is substantially greater than when the welds
are alternated from one side to the other. Many elements, such as physical and mechanical
qualities that vary as heat is applied, affect metal shrinkage and cause deformation during this
heating and cooling cycle. For example [7], as the temperature of the weld area rises, the steel
plate's yield strength, elasticity, and thermal conductivity drop, while thermal expansion and
specific heat rise (Fig. 2.11). These changes, in turn, alter heat flow and heat distribution
homogeneity.
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Figure 2.11 Changes in steel characteristics as temperature rises hinder study of what happens
throughout the welding cycle - and hence comprehension of the elements contributing to weldment
deformation. [7]
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2.11 Reasons for distortion

Consider the steel bar depicted in Fig. 2.12 to learn how and why deformation develops
during heating and cooling of a metal. The bar grows in all directions when it is uniformly
heated, as seen in Fig. 2.12(a). The metal compresses uniformly to its original size as it cools
to ambient temperature.

-~ Heaatad bar
S A —

-
i
i
1
1
1

7
W 7 :
. I —
L Bar at room

temperature before Bar restrainad

LS
hieating and during hasting Rastrainad bar
after cooling after cooling

{al bl =]

i

i
LT
f

Figure 2.12 If a steel bar is uniformly heated while unrestrained, as in (a), it will expand in all
directions and return to its original dimensions on cooling. If restrained, as in (b), during heating, it
can expand only in the vertical direction - become thicker. [7]

However, lateral expansion cannot occur if the steel bar is held - as in a vise - while heated,
as shown in Fig. 2.12(b). However, because volume expansion must occur during heating, the
bar extends vertically (in thickness) and becomes thicker. As the deformed bar cools, it will
still tend to contract equally in all directions, as seen in Fig. 2.12(c). The bar is now thinner but
shorter. It has been warped or distorted indefinitely (To simplify, the illustrations depict this
distortion occurring just in thickness. However, length is similarly influenced.)

In a welded junction, the same expansion and contraction forces act on the weld metal
and the base metal. As the weld metal solidifies and unites with the base metal, it reaches its
maximum length. When chilled, it tries to compress to the volume it would normally occupy at
the lower temperature, but is prevented from doing so by the nearby base metal. As a result,
tensions arise between the weld and the adjacent base metal.

As a conclusion from all the above we end in distortions which are categorized in the
following chapter in with many types.
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3 Types of welding distortions

3.1 Introduction

Welding distortions of many forms can develop during the welding process. These
include:
e Longitudinal distortion: This sort of distortion occurs along the weld's length and is
caused by the weld metal shrinking as it cools. This can result in the welded parts
becoming longer or shorter than they were before welding.

/ \

Figure 3.1 longitudinal shrinkage [4]

e Transverse distortion: Transverse distortion occurs across the thickness of the weld, and
is caused by the weld metal shrinking in a perpendicular direction to the length of the
weld. This can result in the welded parts becoming wider or narrower than they were
before welding.

.
L

Figure 3.2 Transverse shrinkage [4]

e Angular distortion: Angular distortion occurs when the welded components become
bent or twisted as a consequence of uneven heating and cooling during the welding
process. This can result in the welded parts being misaligned.

Figure 3.3 angular shrinkage [4]

e Rotational distortion: Rotational distortion in weldings occurs when the weldment
undergoes angular displacement during the welding process. This can be caused by
various factors, including thermal expansion and contraction, residual stresses and
welding technique.
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Figure 3.4 rotational shrinkage [4]

e Bowing distortion: Bowing distortion occurs when the welded parts become curved
when uneven heating and cooling during the welding process takes place. This can result
in the welded parts being misaligned or not fitting properly.

Figure 3.5 bowing shrinkage [4]

e Buckling distortion: can occur during welding when the welded structure is subjected
to compressive loads, such as thermal stresses or external loads. This type of distortion
can occur in various forms, including angular distortion, bowing, and twisting. Bowing
occurs when the weldment bends out of plane, and twisting occurs when the weldment
rotates around its axis.

Figure 3.6 buckling shrinkage [4]

3.2 Longitudinal distortion

Longitudinal distortion is a type of welding distortion that occurs along the length of
the weld and causes the length of a welded joint to shrink as it cools and solidifies. It is caused
by the weld metal shrinking as it cools, resulting in welded components that are longer or
shorter than before welding. The heat created by the welding torch or arc causes the metal to
expand during the welding process. The metal contracts as it cools, causing the welded junction
to shrink longitudinally. Longitudinal distortion can occur in all welding techniques, including
arc, gas, and resistance welding. It is more common in thicker materials or during the welding
process produces high heat input.
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The degree of longitudinal shrinkage in welding is determined by several factors,
including the type of metal being welded, the welding procedure utilized, the quantity of heat
input, and the thickness of the welded joint. Longitudinal shrinkage can be particularly
problematic in long welded structures, such as pipelines or beams, where the shrinkage can
cause the structure to buckle or deform.

it
p——

ey
L=

Figure 3.7 Longitudinal distortion [4]

To minimize longitudinal distortion, it is important to use proper welding techniques
and parameters. Welders should maintain proper preheat and interpass temperatures to
minimize thermal stresses and use appropriate welding techniques to control the heat input.
Additionally, the use of clamps, fixtures, and jigs can help to prevent the welded parts from
moving or becoming misaligned during the welding process.

If longitudinal distortion does occur, it can often be corrected by applying controlled
heat to the affected area and using mechanical methods such as bending or straightening.
However, prevention is always preferable to correction, as excessive distortion can result in
weld defects, reduce the weld's tensile strength, and compromise the overall quality of the
welded connection.

In some cases, welders may intentionally induce longitudinal shrinkage to produce a
specific shape or configuration in the welded joint. This technique, known as controlled
deformation or post-weld heat treatment, involves heating the welded joint to a set temperature
and then slowly cooling down induce the desired shape or configuration.

3.2.1 Types of longitudinal distortion and permitted deviation

Indicative cases of longitudinal distortion and the deviation measured permitted
parameters are presented below (taken by EN-1090-2)

Criterion Parameter Permitted deviation A
Depth:
‘._ Overall depth h: (no positive value given)

i . A= - hi50
|
1

Figure 3.8 length deviation [8]
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Flange width:
b+ b

A=-5b/100

Width b= b or b (no positive value given)

Figure 3.9 width deviation [8]

3.3 Transverse distortion

Transverse distortion is a frequent welding problem that arises when the welded
material warps or bends perpendicular to the weld. Transverse shrinkage in welding refers to
the decrease in width of the welded junction as it cools and solidifies. The heat created by the
welding torch or arc causes the metal to expand during the welding process. The metal contracts
as it cools, causing the welded junction to shrink transversely.

A variety of factors, including the type of metal being welded, the welding procedure
utilized, the quantity of heat input, the thickness of the welded joint, uneven heating, residual
tensions, and the inherent qualities of the materials being welded, can cause this. Welding
procedures and techniques are frequently designed to reduce transverse shrinkage in order to
avoid distortions, warping, and cracking in the welded joint.

One method of preventing transverse distortion is to utilize suitable welding processes,
such as preheating and managing welding parameters such as heat input, welding speed, and
weld size and form. Furthermore, utilizing correct fixtures and clamps to keep the material in
place when welding might help to reduce distortion.

L

Figure 3.10 transverse distortion [4]

If transverse distortion does occur, there are several methods to correct it, including
using heat to straighten the material, applying mechanical force to bend it back into shape, or
cutting and rewelding the affected area. However, these methods can be time-consuming and
may compromise the structural integrity of the weld.

In summary, preventing transverse distortion is best achieved through proper welding
techniques, but if it does occur, it can be corrected using various methods depending on the
degree of distortion and the materials being fused. To compensate for transverse shrinkage,
welders may use techniques such as preheating the metal, applying weld reinforcement,
alternatively, clamps and fixtures can be used to keep the metal in place while welding. Proper

20
Institutional Repository - Library & Information Centre - University of Thessaly
09/01/2025 20:00:01 EET - 3.136.236.83



welding techniques and the selection of appropriate materials can help minimize transverse
shrinkage and ensure a strong, stable welded joint.

3.3.1 Types of transverse distortion and permitted deviation

Indicative cases of transverse distortion and the deviation measured permitted
parameters are presented below (taken by EN-1090-2)

Squareness at bea gngs:

Verticality of web at supports, for A=+ hi200
components without bearing %) but || = &, &
- stiffeners: (tw = web thickness)

G

Figure 3.11 verticality deviation [8]

Criterion Parameter Permlttedjdewatlon

Section dimensions:

by
Internal or external dimensions:
-A=b/100
[} where: -
(no positive value
. by . given)

b= b4, bz, b3 or by

b,
by

Figure 3.12 outer dimensions deviation [8]
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Out of plane imperfections of plate panels
between webs or stiffeners (special case
with compression in the transverse direction
— the general case applies unless this
special case is specified):

| G
Distortion A perpendicular to the
plane of the plate:
if b = 2a: A=+ bi250
if b= 2a: A=+al125
Key

1 straight edge gauge of length b

Figure 3.13 plate panels deviation [8]

3.4 Angular distortion

Angular distortion is another common type of distortion that can occur in welding. It is
the distortion of the welded material that causes it to bend or twist in a direction perpendicular
to the weld axis. This is a sort of distortion caused by thermal expansion and contraction during
welding, which can lead to uneven stresses in the material. Itis a type of welding distortion that
refers to the change in angle or orientation of a welded joint caused by uneven heating and
cooling during the welding process. Angular change can occur in any type of welded joint, but
it is particularly common in butt joints, T-joints, and lap joints.

If angular distortion does occur, it can be corrected using a variety of methods, such as
heat straightening, mechanical force, or cutting and rewelding. However, correcting angular
distortion can be more challenging than correcting other types of distortion, and it may require
more extensive repairs or even the replacement of the welded component.

Final position T
Original Position / ’ Final position

Original Position

Figure 3.14 angular distortion [4]

Angular distortion can be minimized by using proper welding techniques, such as
controlling the heat input, preheating the material, and maintaining proper joint fit-up. By
holding the material in place during welding and avoiding the effects of thermal expansion,
Jigs, fixtures, and clamps can also aid to prevent angular distortion. Also, welders may use
techniques such as preheating the metal, using a slower welding speed, and applying clamps or
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fixtures to hold the metal in place during welding. Welders may also use techniques such as
backstepping or skip welding, which involve alternating the direction of the weld to distribute
the heat more evenly and reduce distortion.

In summary, minimizing angular distortion in welding requires careful consideration of
the welding parameters and proper joint fit-up, as well as the use of jigs, fixtures, and clamps.
If angular distortion does occur, it can be corrected using various methods, but the repair
process may be more complex than for other types of distortion. Proper welding techniques and
the use of appropriate materials can also help minimize angular change and ensure a strong,
stable welded joint. Welders must carefully monitor the welding process and make adjustments
as necessary to minimize distortion and ensure a high-quality weld.

3.4.1 Types of angular distortion and permitted deviation

Indicative cases of angular distortion and the deviation measured permitted parameters
are presented below (taken by EN-1090-2)

Straightness of stiffeners: Deviation A perpendicular to the plate:
Lengitudinal sliffeners in ]
longitudinally stiffened plating:

1 L=+ al400

" a -
T L3
Deviation A [E) parallel to the plate
a measured relative to a gauge length
- - equal to the m"gt.h b of the plating &l
Key 3 2
1 plate b=+ B400
Figure 3.15 straightness of longitudinal stiffeners [8]

Straightness of stiffeners: Deviation A perpendicular to the plate:

Transverse sliffeners in transversely Smaller of:

and longitudinally stiffened plating:

A=+ al400
ar
A=+ B400

Al

!

A=+ 5400

Figure 3.16 straightness of transverse stiffeners [8]
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3.5 Rotational distortion

Rotational distortion in weldings occurs when the weldment undergoes angular
displacement during the welding process. It is a common type of distortion that can occur in
welded joints. It refers to the twisting or bending of a welded joint caused by the uneven
distribution of heat and contraction during the cooling process. This can be caused by various
factors, including thermal expansion and contraction, residual stresses, and welding technique.

When a weld is made, heat is applied to the material causing it to expand. As the metal
cools and contracts, it can cause the weldment to distort or warp. Residual stresses can also
cause distortion, as they are created when the metal is welded and can cause the metal to twist
or bend. This type of distortion is particularly common in cylindrical or round structures, such
as pipes or tanks, where the circular shape of the structure can make it more susceptible to
twisting or bending. Several factors, including the quantity of heat input, the speed of the
welding process, and the shape of the welded connection, can create rotational distortion. To
minimize rotational distortion, welders may use techniques such as preheating the metal, using
a slower welding speed, and applying clamps or fixtures to hold the metal in place during
welding.

Welding technique can also play a role in rotational distortion. If the welding is done in
a haphazard or inconsistent manner, it can cause the weldment to warp or twist. Proper welding
techniques, including controlling the heat input, using proper welding speeds, and maintaining
proper fit-up and alignment, can help minimize the risk of rotational distortion.

In addition, some welding processes, such as orbital welding, are designed to minimize
rotational distortion. Orbital welding uses a rotating torch that moves around the circumference
of the welded joint, applying a consistent amount of heat and ensuring even distribution of heat
and contraction. Proper welding techniques, the use of appropriate materials, and careful
attention to the welding process can help minimize rotational distortion and ensure a strong,
stable welded joint

To prevent or minimize rotational distortion in weldings, it is important to take several
factors into account. This includes proper preparation of the weldment, including ensuring that
the pieces being welded are properly aligned and fit together tightly. Controlling the amount of
heat used during the welding process is also critical, since too much heat can cause the metal
to expand and deform. Additionally, using proper welding techniques and controlling the
cooling rate can help minimize the risk of rotational distortion.

3.5.1 Types of rotational distortion and permitted deviation

Indicative cases of rotational distortion and the deviation measured permitted
parameters are presented below (taken by EN-1090-2)
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Flatness nfLﬁanges:
)

Out of flatness:
general caze A=+b1M3D A=+bH130

[:- - flange parsin but [A] 2 3 mm but 4] 2 2 mm
4] contact with A=+51400 A=2%p/400
structural bearings

Figure 3.17 flatness of flanges [8]

3.6 Bowing distortion

Bowing distortion is a type of distortion in welding that occurs when the welded material
bends or warps along the length of the weld. This sort of distortion is generated by uneven
heating and cooling of the welding material, which causes thermal stresses that can cause the
material to flex. Bowing distortion can be prevented by using proper welding techniques, such
as controlling the heat input, using a proper welding sequence, and maintaining proper joint fit-
up. Preheating the material can also help to reduce the effects of thermal stresses and prevent
bowing distortion.

If bowing distortion does occur, it can be corrected using a variety of methods, such as
heat straightening or applying mechanical force to bend the material back into shape. In some
cases, cutting and rewelding may also be necessary to correct the distortion.

To summarize, eliminating bending distortion in welding necessitates careful
management of the welding parameters, such as heat input and welding sequence, as well as
correct joint fit-up and material preheating. If bowing distortion does occur, it can be corrected
using various methods, but the repair process may be more complex and time-consuming than
for other types of distortion.

3.6.1 Types of bowing distortion and permitted deviation

Indicative cases of bowing distortion and the deviation measured permitted parameters
are presented below (taken by EN-1090-2)

Straightness of stffeners: Dewviation A perpendicular to the plate:
Longitudinal stiffeners in =l
longitudinally stiffened plating:
L ] L=+ 5400
== =
I £
Deviation A [ parallel to the plate
3 measured relative to a gauge length
[ -] equal to the m’gth b of the plating &]:
Key - =
1 plate A=+ B400

Figure 3.18 deviation perpendicular and parallel of stiffeners [8]
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Plate curvature: F)
s A=+ b/200if bit < 80

A=+ b* /(16000 1)
if 80 < bit < 200

1 - .
Deviation A over plate height b: A=+ b/80 if bit > 200

£3
but |A| = ¢
(f = plate thickness)
&l
Figure 3.19 curvature deviation [8]
Web distortion:
1\ -
| | A=
[—'é_-::?'—ﬂ Deviation A on gauge length L equal Abuti|§|”aurn
] |to B3 web height b (see (4)) &l (¢ = plate thickness)

Figure 3.20 deviation of height [8]

Flange straightness:

Deviation A from

straightness A=xL/750 A==xL/1000

Figure 3.21 flange straightness [8]

Straightness of stiffeners: Deviation A perpendicular to the plate:
Lomngitudinal stiffenars im =1
longitudinally stiffened plating:
1 o=+ af400
— T = | T
T =1
Deviation A [Ep) parallel to the plate
a measured relative to a gauge length
- - equal to the mgm b of the plating &l:
Key 3 )
1 plate M=+ K400

Figure 3.22 deviation of stiffeners [8]
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Straightness of stiffeners: Deviation A perpendicular to the plate:
"

Transverse siiffeners in transversely Smaller of:

and longitudinally stiffened plating: o
\ O =+ @400
Al or
e c L=+ 400
F
a
0=+ 400

Figure 3.23 straightness of stiffeners [8]

3.7 Buckling distortion

Buckling distortion is a type of welding distortion characterized by the deformation of
a welded joint as a result of compressive forces. Buckling distortion can occur when
compressive loads applied to a welded joint surpass its capacity, causing it to deform or buckle.

Buckling distortion can be induced by a number of variables, including the type of metal
used in the welding, the welding method, and the geometry of the welded joint. It's especially
frequent in long, thin structures like columns and pipelines, where compressive pressures can
cause the structure to bend or deform.

Welders may utilize procedures such as preheating the metal, providing weld
reinforcement, or utilizing clamps and fixtures to hold the metal in place during welding to
reduce buckling distortion. Welders may also use techniques such as back stepping or skip
welding, which involve alternating the direction of the weld to distribute the heat more evenly
and reduce distortion.

Transverse Contraction

Angular Distrortion

Transverse Angular
Distrortion

Figure 3.24 buckling [4]

Furthermore, post-weld heat treatment can be employed to correct or reduce buckling
distortion. This method entails heating the welded joint to a certain temperature and then
progressively cooling it to relieve compressive stresses and prevent buckling.

Proper welding techniques and the use of appropriate materials can also help minimize
buckling distortion and ensure a strong, stable welded joint. Welders must carefully monitor
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the welding process and make adjustments as necessary to minimize distortion and ensure a
high-quality weld.

Buckling distortion has serious consequences for the structural integrity and
performance of welded structures. It can create stress concentration, diminish the structure's
fatigue life, and lead to premature failure.

To prevent buckling distortion in welding, several techniques can be used, such as pre-
bending the welded structure, using tack welds to hold the structure in place, controlling the
welding sequence, and applying clamps to maintain alignment. Furthermore, choosing the right
welding parameters, such as heat input and welding speed, can assist prevent buckling
distortion.

3.7.1 Types of buckling distortion and permitted deviation

Indicative cases of buckling distortion and the deviation measured permitted parameters
are presented below (taken by EN-1090-2)

Web undulaticup:

A=+ hiM100
but |a] = f
(t = plate thickness)

Y Deviation A on gauge length L equal
to i) web height b (see (4)) &l

Figure 3.25 deviation of undulation [8]

Criterion Parameter Permitted deviation A
Flange distortion of | section:

A=+b/150if b/t<20

Distortion A on gauge length L

- 2 -
where L = flange width b A=+b7/(3 000 1) if bit>20

t = flange thickness

Figure 3.26 flange distortion [8]
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Flange undulation of | sectiog\:

A=%b/Mb0If b/t <20

Distortion A on gauge length L

- 2 5
where L = flange width b A =2 b7/(3000 &) if bit > 20

t = flange thickness

Figure 3.27 flange undulation [8]

Lewvels of cross frames in stiffened Level relative to the adjacent cross

plating: frames:
-
Key
1 cross member
L=+ 1400
Figure 3.28 levelling deviation [8]
Flange distortion of | Sectiong
Distortion A on gauge A=2h/100 A=12b/150

length = flange width b

Figure 3.29 flange distortion [8]

3.8 Overall general conclusions and corrective actions for distortions

The following table includes general directions for the connection between causes and
remedies [9]. Further investigation will be presented on a separate chapter.

Table 3.1 distortion type, causes and remedies [9]

Distortion Type Causes Remedies

Weld metal hardness problem,
constraints applied to weld-joints.
Longitudinal Shrinkage |Preheat or fast cooling problem Weld Short length. Apply sufficient preheat.
Temperature of heat source should be sufficient; weld
speed should not be too slow.

Reduce volume of weld metal, Apply Preheat and post

Transverse Shrinkage Weld Metal hardness should be sufficient.

Rotational Distortion  |Uneven heat flow

Angular Distortion High amount of heat input weld treatment.
Bendin Excessive root gaps, excessive heat The root gap should be kept optimum, Double-V

& input. Preparation should be done while welding heavy sections
Buckling Excessive specimen length Critical length for a given thickness should be considered.
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3.9 Distortions and tolerances

From all the above types of welding distortions the tolerances for any kind of measuring
dimension are given in EN 13920[5] with following general tolerances tables in welded

structures.
Table 3.2 tolerances for linear dimensions [10]

Range of nominal sizes 1 in mm
Tolerance | Z to 30 | Over 30 | Over | Owver 400 Over Over Ovwver Over Over Ower Over
class up to 120 up to 1000 up 2000 4 000 & 000 (12000 16 000 20 00

120 up to 1000 to 2 000 up to up to up to |upto up to 0
400 4 000 8 000 12 000 |16 000 20000
Tolerances t in mm
A +1 +1 +2 +3 +4 +5h +6 +7 +8 +9

B £1 +2 2 |3 +4 +6 =8 =10 +12 +14 + 16
C +3 x4 |x6 +8 +11 =14 =18 +21 + 24 + 27
D +4 +7 +9 +12 + 16 =21 + 27 + 32 + 36 + 40

Table 3.3 tolerances for angular dimensions [10]

Range of nominal sizes | in mm
(length or shorter leg)
T"l*i""““ce Up to 400 | Over 400 up | Owver 1000
class to 1000
Tolerances Aa (in degrees and minutes)
A = 20 =15 =107
B + 45 + 30 + 20
C +=1° + 45 = 30°
D +1°30° +1°15" +1°
Calculated and rounded tolerances t, in
mm/m®
A +6 +4,5 +3
B £13 +9 +6
C +18 +13 +9
D + 26 + 22 +18
& The value indicated in mm/m corresponds to the tangent
value of the general tolerance. It is to be multiplied by the
length. in m. of the shorter leg.
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Table 3.4 straightness, flatness and parallelism tolerances [10]

Range of nominal sizes 1 in mm (relates to longer side of the surface)
Tolerance Over 30 | Over 120 Over Over Over Over Over Over Over Over
class up to 120 | up to 400 400 1000 2000 up 4000 8000 12 000 16 000 20 000
up to up to to 4 000 up to up to up to up to
1000 2000 8000 12 000 16 000 20 000
Tolerances t in mm
E 0,5 1 1,5 2 3 4 5 6 7 8
F 1 1.5 3 45 6 8 10 12 14 16
3 1,5 3 5,5 9 11 16 20 22 25 25
H 25 5 9 14 18 26 32 36 40 40

Staying and applying on the general directions on the above tolerances will be crucial
for the welded structures not only on the erection process but also on the vitality of the longlife

of the total welded structure. Therefore, they should be followed by the whole fabrication
process at each separate subprocess state.
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4 Effect of welding parameters on welding distortions

4.1 Introduction in welding parameters

The advancement of the industrial world today is affecting the economies of countries
and the well-being of workers. On the one hand, the deployment of new equipment will
facilitate the production process and increase worker productivity. On the other hand, it has the
potential to worsen worker health and safety hazards associated with the job relationship. The
building sector's technological progress is more advanced, which cannot be separated from
welding because it plays a significant role in engineering and metal repair. At the moment,
metal building involves a lot of welding, especially in the construction design sector for welding
joints is one of making connections that technically requires high welding expertise in order to
produce a welding connection of good quality. Welding techniques are used in a wide range of
construction applications, including ships, bridges, steel structures, pressure vessels,
transportation, rail, pipelines, and others. The welding technique, which is a plan for the
implementation of the research and covers how to produce welding construction in accordance
with plans and requirements, is one of the factors affecting the welding.

Welding is a widely utilized arc welding technology that was developed in the early
1940s to satisfy the needs of large fabrication sectors such as ship welding. Since then, the
procedure has grown in popularity due to its capacity to be mechanized and create long
continuous joints on these parts. It is also suitable for horizontal circumferential butt welds on
pipes, pressure tanks, and rail carriages, and has a wide industrial application.

Distortion is unavoidable in the welding process and is a serious issue. By regulating
the welding parameters, distortion might be reduced up to a certain limit. Thermal stresses and
angular distortion in a welding joint are caused by the expansion and contraction of the welding
metal and the adjacent base metal throughout the welding process's heating and cooling cycles.
The geometry of a weld is determined by the welding parameters. The weld shape is critical in
the distortion of welded components. The effect of welding process parameters such as
shielding gas flow rate, welding electrode weaving motion, and torch angle on the profiles and
distortion of steel plates of varying thicknesses. The distortion diminishes as the torch angle
increases, but it increases as the gas flow rate increases. The intended weld width, the vertical
motion period in the welding direction, and the lateral motion speed normal to the welding
direction comprise the electrode weaving motion. The distortion decreases as the weld width
and vertical motion period increase, but increases when the lateral speed decreases.

The weld metal and nearby base metal heterogeneity heat and cool during every welding
procedure. Meanwhile, the weld zone experiences heterogeneous expansion and contraction,
resulting in thermal stresses. At the solidification temperature, the weld metal size is at its
maximum. The weld metal contracts as it cools, but it is held back by the nearby base metal.
As a result, tensions form within the weld and the neighboring base metal. Weld shrinkage
strains create six types of deformities in weldments. When the shrinkage forces are
perpendicular and parallel to the weld, the shrinkage types transverse and longitudinal occur.
When non-uniform shrinkage forces are produced through the thickness, a resultant force is
generated in the weld metal's centroid. When this centroid differs from the centroid of the
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transverse cross section of the base metal, a bending moment arises, warping the plate. Angular
distortion is a common welding flaw that leads to costly repairs in steel structures.

The weld shape is crucial because it determines the amount of shrinkage and the internal
shrinkage stresses caused. The contraction stresses determine the size and direction of the
angular distortion. The bending moment at each weld metal point is calculated by multiplying
the contraction force by the distance between that point and the plate's centroid. The resulting
bending moment of all weld metal points equals the weld's resultant bending moment. Because
each weld has a unique weld bead, different contraction stresses and bending moments can be
produced after the welding process. When the distance between the weld bead's centroid and
the plate is short, a modest bending moment and angular distortion result. Welding parameters
have an impact on bead geometry.

Welding distortions can be generated by a variety of reasons, such as the welding
process, welding settings, and material qualities. Welding parameters are divided into primary
and secondary parameters. The key parameters are the welding current, welding speed, welding
voltage, electrode size and shape, preheat temperature, and post-weld heat treatment, all of
which directly affect the weld pool profile and weld form. Secondary characteristics have an
indirect effect on weld bead shape. They vary the primary parameters, which affects the weld
shape. These parameters are arc distance, torch angle, shielding gas chemical composition, gas
flow rate, and electrode polarity.

4.2 Welding parameters

According to the Deutsche Industrie Norman (DIN), welding is a metallurgical bond at the
junction of a metal or metal alloy that is performed while the metal or metal alloy is molten or
liquid. In other terms, welding is the use of heat energy to form a local connection between
numerous metal rods. According to the AWS (American Welding Society), welding is the
process of joining materials by heating them until they achieve a welding temperature, with or
without the application of pressure or a filler metal. Primary and secondary welding parameters
that can impact welding distortions include:

4.2.1 Primary welding parameters

Primary welding parameters include:

e interpass temperature

e base metal thickness

e welding sequence

e welding current

e welding speed

e welding voltage

o electrode size and shape

e pre-heat temperature
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e post-weld heat treatment
4.2.1.1 Interpass temperature

The temperature of the base metal between welding passes during a multi-pass welding
operation is referred to as interpass temperature. Controlling the interpass temperature ensures
that the weld metal and base metal are not overheated, which can cause cracking, distortion, or
loss of mechanical qualities.

The precise interpass temperature needed for a welding project is determined by various
factors, including the base metal type, welding method, and welding technique. Interpass
temperatures are often set by the welding code or standard being used, or by the welding
procedure specification (WPS) produced for the specific project.

The heat input from consecutive weld passes can cause the temperature of the previously
welded joint to rise during multi-pass welding. If the interpass temperature exceeds the required
limit, it can create a variety of weld flaws, including hydrogen-induced cracking and lower
toughness. To maintain the integrity of the welded joint, it is critical to regulate the interpass
temperature by preheating, adjusting the welding settings, and cooling between passes.

The temperature of the interpass is an important component in controlling welding
distortion. Welding distortion is the deformation of the base metal caused by uneven heating
and cooling during the welding process. When the temperature of the base metal is not correctly
regulated during welding, thermal tensions that induce distortion can occur.

To minimize welding distortion, the interpass temperature should be maintained within
the specified range. If the interpass temperature is too high, it can cause the base metal to expand
and lead to buckling or warping. On the other hand, if the interpass temperature is too low, the
weld metal may not penetrate properly into the base metal, leading to incomplete fusion and
weaker welds.

In addition to controlling the interpass temperature, other techniques can also be used
to minimize welding distortion, such as using tack welds to hold the parts in place before
welding, balancing the welding sequence to distribute the heat input evenly, and using fixtures
or clamps to restrict movement during welding.

Overall, controlling the interpass temperature is an essential step in reducing welding
distortion and ensuring the quality of the welded joint.

4.2.1.1 Base metal thickness

Base metal thickness can be a significant factor in causing distortion during welding or
other types of metal joining processes. The amount of heat required to melt and fuse the metal
increases as the thickness of the base metal increases. This can result in a greater amount of
residual heat, which can cause the metal to expand and contract during cooling, leading to
distortion.

Thicker base metals also have a greater mass, which can result in a longer cooling time.
During this cooling period, the metal can undergo significant changes in shape due to the
residual stresses generated on the process of welding. Distortion will come up, particularly in
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areas where the weld has concentrated heat. Therefore, when welding or joining thicker base
metals, it is important to carefully consider the welding parameters and techniques used to
minimize distortion. This aims to minimize the amount of residual heat in the metal.

Table 4.1 Results of an experimental method for different thickness and distortion results [11]

Plate Welding Welding | Welding Angular
. Heat Input . .
Thickness Current Voltage Speed (kJ/mm ) Distortion|
(mm) ( Ampere ) (Volt) |( mm/min) mm (mm)
10 151 21 121 3.8 23
16 194 29 158 9.7 7.9
20 209 29 185 11.8 9,6
10 118 21 104 49 4.1
16 184 28 128 9.7 9.3
20 199 28 155 12.06 10.6

4.2.1.2 Welding sequence

The welding sequence is a critical welding characteristic that can have a considerable
impact on distortion in welded structures. When the thermal expansion and contraction of the
material during the welding process lead the welded structure to deform or bend, this is referred
to as distortion. The welding sequence is the order in which welds are made and can affect the
distribution of residual stresses and temperature gradients in the welded structure.

One method for reducing distortion is to adopt a welding sequence that balances the
structure's residual stresses. A balanced welding sequence, for example, could involve
alternating the direction of welding between opposing sides of the structure or welding from
the center outwards. This can help to keep one side of the structure from undergoing more heat
expansion and contraction than the other, which can lead to distortion.

Figure 4.1 Welding direction in order to control distortion a) back step welding b) skip welding [12]
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Another approach to minimizing distortion is to use a welding sequence that minimizes
the heat input to the material. This can be achieved by using a smaller welding electrode or
reducing the welding speed. By minimizing the heat input, the amount of thermal expansion
and contraction in the material can be reduced, which can in turn reduce distortion.

Overall, the welding sequence used will be determined by the specific welding
application and the welded structure's requirements. By carefully selecting a welding sequence
and other welding parameters, it is possible to minimize distortion and produce a high-quality
welded structure.

4.2.1.3 Welding current

The electrical current used to generate the heat required for welding is known as welding
current. When welding, an electric arc is formed between the electrode (or welding wire) and
the workpiece, generating extreme heat that melts and fuses the metal together. The welding
and the electrode or welding wire diameter. Higher currents are generally necessary for thicker
metals and welding methods requiring more heat input, such as MIG (Metal Inert Gas) and TIG
(Tungsten Inert Gas) welding.

Welding current is typically measured in amperes (A), and the appropriate welding
current for a particular welding job can be determined by consulting welding tables or by
following the recommendations of the welding machine manufacturer. To ensure a robust, long-
lasting weld, utilize the correct welding current for the job at hand. The welding current
influences the amount of heat applied to the welded material. Higher welding currents can
provide more considerable heat input, resulting in higher amounts of distortion.

One of the parameters that can influence welding distortion is welding current. Welding
distortion is the deformation of the welded metal caused by thermal expansion and contraction
during the welding process. Dimensional inaccuracies and other quality concerns in the welded
product can emerge from this distortion.

Higher welding currents can result in greater heat input and can cause more significant
thermal expansion and contraction in the metal being welded. This can increase the risk of
welding distortion. However, lower welding currents may not provide enough heat to produce
a strong and effective weld.

Current is typically provided by a welding machine, which delivers the current to the
electrode or welding wire.

The amount of current required for welding is determined by several factors, including
the type and thickness of the metal being welded, as well as the welding procedure utilized.
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Figure 4.2 effect of welding current [13]

The effect of welding current on welding distortion is also affected by other welding
parameters such as welding speed, metal type and thickness, and welding technique. The
interaction of these elements can be complex, therefore optimizing the welding parameters to
reduce welding distortion is critical.

To reduce welding distortion, the welding current must be properly controlled. By
carefully controlling this, it is possible to minimize welding distortion and produce high-quality
welds.

4.2.1.4 Welding speed

Welding speed is the rate at which a weld is produced, and it is one of the important
characteristics that influences welding quality and efficiency. Welding speed is usually
measured in inches per minute (IPM) or centimeters per minute (CPM), and it has a big impact
on weld quality.

When the welding pace is too slow, the heat input into the metal becomes excessive,
causing distortion, warping, or even burn-through of the metal being welded. If the welding
speed is too high, the weld may not penetrate deeply enough into the metal, resulting in a weak
or ineffective weld.

The appropriate welding speed is determined by several parameters, including the type
and thickness of the metal being welded, the welding procedure employed, and the type of
electrode or welding wire used. Higher welding speeds are often attainable with thinner metals,
whereas larger metals may necessitate slower welding speeds to guarantee sufficient heat input.

To obtain a high-quality weld, it is critical to determine the optimum welding speed for
the project at hand. The welding speed can be changed by manipulating the travel speed of the
electrode or welding wire, as well as other welding parameters such as welding current and
voltage.

Welding speed is the speed at which the welding torch moves across the material being
welded. A slower welding speed can result in more significant heat input and increased
distortion.

Welding speed is one of the key parameters that can affect welding distortions. Welding
distortions are the deformations that occur in the metal being welded due to thermal expansion
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and contraction during the welding process. The amount of distortion depends on various
factors, including the welding speed.

If the welding speed is too slow, the weld puddle may become too large and the heat
input into the metal can be excessive. This can result in a higher risk of welding distortions,
including buckling, warping, and shrinkage. On the other hand, if the welding speed is too fast,
the heat input into the metal may be insufficient to create a strong and effective weld.

In general, a balance must be struck between welding speed and other parameters to
achieve a high-quality weld while minimizing welding distortions.

For instance [14], varying parameters used in the weaving motion experiments and the
obtained angular distortion values. In these experiments, the wire feed speed was 6 m/min, the
arc voltage was 25 volts, the welding speed was 6 mm/s, the gas flow rate was 12 L/min, and
the torch angle was kept constant 90°. In the experiments, the weld width was either 10 mm or
20 mm, the X-axis welding speed was 20 or 25 mm/s, and the travel time on the y-axis was
changed to 0.6-0.9s. The obtained angular distortion test results are shown in Table
4.2. Figures 4.3-4.5 are drawn by using the results of Table 4.2.

Table 4.2 Distortion and welding speed [14]

Weld width (x) Movernen_t .| Movement speed \/.ertlcal
(mm) duration in y-axis in x-axis (mm/s) displacement
(s) (mm)
10 0.6 20 1.41
10 0.9 20 1.58
20 0.6 20 1.77
20 0.9 20 1.98
10 0.6 25 1.12
10 0.9 25 1.45
20 0.6 25 1.51
20 0.9 25 1.63
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Figure 4.3 the influence of weld width and y-axis movement duration on the angular distortion of
plates welded with 20 mm/s x-axis welding speed extracted by results in table 4.2[14]
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wide weld plates extracted by results in table 4.2[14]
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Figure 4.5 the effect of y-axis movement duration and x-axis welding speed on the angular distortion
of 20 mm wide weld plates extracted by results in table 4.2[14]

4.2.1.5 Welding voltage

Another critical element in the welding process is the welding voltage. It is the
difference in electrical potential between the welding electrode (or welding wire) and the
workpiece. When an electric arc is formed between the electrode and the workpiece, the voltage
determines the arc's strength and the quantity of heat produced.

The best welding voltage is determined by the type and thickness of the metal being
welded, the welding procedure, and the electrode size. Higher welding voltages are generally
necessary for thicker metals and welding methods requiring more heat input, such as MIG
(Metal Inert Gas) welding.

If the welding voltage is too low, the arc will be insufficiently intense to generate a
strong and effective weld, and the weld will be partial or weak. On the other side, if the welding
voltage is too high, it can result in too much heat being injected into the metal, causing
distortion, warping, or even burn-through of the metal being welded.

23.0 Volts 27.5 Volts 32.0 Volts
(A (B) (€)

Figure 4.6 these welds were made with ER70S-6 wire, 90% Argon /10% Carbon Dioxide shielding gas
at 375 ipm wire feed speed. The only difference was the voltage[15].
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The welding voltage can be changed by modifying the distance between the welding
electrode and the workpiece, as well as other welding parameters including welding current and
travel speed. To obtain a high-quality weld, it is critical to pick the optimum welding voltage
for the operation at hand.

One of the components that can effect welding distortion is the welding voltage.
Welding distortion is the deformation of the welded metal caused by thermal expansion and
contraction during the welding process. The amount of distortion is determined by a number of
elements, including the welding voltage.

If the welding voltage is too high, the heat input into the metal can be excessive, which
can cause distortion, warping, or even burn-through of the metal being welded. High voltage
can also result in a larger weld pool, which increases the risk of welding distortions such as
buckling, warping, and shrinkage. On the other side, if the welding voltage is too low, the weld
will be weak and ineffective.

The ideal welding voltage is determined by a number of factors, including the type and
thickness of the metal being welded, the welding method employed, and welding parameters
such as welding current and travel speed. In general, a balance must be struck between welding
voltage and other parameters to achieve a high-quality weld while minimizing welding
distortions.

To minimize welding distortions, it is important to select the appropriate welding
voltage based on the characteristics of the metal being welded and the welding process being
used. By carefully adjusting the welding parameters and the distance between the welding
electrode and the workpiece, the welding voltage may be optimized. Additionally, using proper
fixturing or jigs to hold the metal in place during welding can also help minimize welding
distortions.

The electrical potential difference between the welding electrode and the workpiece is
referred to as welding voltage. Higher welding voltages can result in higher levels of heat input,
leading to more significant distortions.

4.2.1.6 Electrode size and shape

In welding, the size and shape of electrodes determine the quality and efficiency of the
welding process. The choice of electrode size and shape is typically play a crucial role by the
type of welding technique and the characteristics of the materials to be welded.

In shielded metal arc welding (SMAW), the size of the electrode is directly related to
the amount of current it can carry. Larger electrodes can handle higher currents, which can
result in higher deposition rates and faster welding speeds. However, larger electrodes also tend
to produce larger weld beads, which may not be suitable for certain applications. Conversely,
smaller electrodes are typically used for welding thinner materials or for welding in tight spaces.

In gas tungsten arc welding (GTAW), also known as TIG welding, the size and shape
of the electrode can impact the stability and quality of the arc. Tungsten electrodes with pointed
tips are typically used for welding thin materials, while electrodes with truncated or flat tips are
more suited for welding thicker materials. The shape of the electrode can also affect the shape
and penetration of the weld bead.
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Figure 4.7 Image showing tungsten tip angles and resulting arc width and penetration [16]

Overall, the size and form of the electrodes used in welding will be determined by the
welding technique and the materials being welded. When choosing electrodes, consider the
required current capacity, the desired welding speed, and the weld bead characteristics.

Welding distortion, which happens as a result of thermal expansion and contraction
during the welding process, can also be affected by the size and form of electrodes. The size
and shape of the electrode can aid to reduce welding distortion and generate a more uniform
weld.

In general, smaller electrodes can produce a narrower and more focused heat input,
which can help to reduce welding distortion. This is because smaller electrodes require less
current to generate the necessary heat, which results in a smaller heat-affected zone (HAZ) and
less thermal expansion and contraction. Additionally, smaller electrodes can be used to weld
thinner materials, which can attribute in reducing welding distortion.

The shape of the electrode can also impact welding distortion. For example, a pointed
electrode can produce a more focused heat input and reduce the size of the HAZ, which can
help to minimize welding distortion. In contrast, a flat or rounded electrode can produce a wider
and less focused heat input, which can increase the size of the HAZ and lead to greater welding
distortion.

Overall, the choice of electrode size and shape in welding should be based on the
specific welding process and the desired outcome, including the need to minimize welding
distortion. When choosing electrodes, consider the thickness of the materials to be welded, the
desired weld quality, and the welding parameters, such as current and voltage.

The size and shape of the welding electrode can also affect welding distortions. A larger
electrode can provide more heat input, leading to more significant distortions.

4.2.1.7 Preheat temperature

Preheat temperature is an important parameter in welding that can have a major impact
on weld quality and integrity. Preheating is the process of heating the base metal to a specific
temperature prior to welding. It is often used to lessen the danger of cracking and deformation,
as well as to improve weld quality.
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The preheat temperature required for a certain welding process is determined by various
factors, including the material being welded, its thickness, and the welding technique utilized.
Preheat temperatures are generally greater for thicker materials and more complicated shapes.

The preheat temperature can be determined through various methods, such as by
referring to industry standards and guidelines or through preheat calculations. Preheat
calculations take into account the material thickness, joint geometry, and the type of welding
process being used, among other factors.

In general, preheating serves to reduce the temperature gradient across the weld, which
can help to minimize the risk of cracking and distortion. Furthermore, preheating can serve to
improve the metallurgical properties of the weld, such as lowering the danger of hydrogen-
induced cracking and increasing weld toughness.

Overall, preheat temperature is an important parameter in welding that should be
carefully considered and optimized for each specific welding process and application. Proper
preheat can help to ensure a high-quality, defect-free weld and can improve the overall integrity
and longevity of the welded structure.

Preheating the material before welding can reduce welding distortions by reducing
thermal stresses. Higher preheat temperatures can result in reduced distortions.

Preheat temperature can also have an impact on welding distortion. As mentioned
earlier, preheating serves to reduce the temperature gradient across the weld, which can help to
minimize the risk of cracking and distortion. By reducing the temperature gradient, preheating
can also help to reduce residual stresses that can lead to welding distortion.

In general, higher preheat temperatures can help to reduce welding distortion. Higher
preheat temperatures can aid to prevent thermal expansion and contraction during the welding
process by reducing the thermal gradient between the weld and the surrounding base metal.
Additionally, higher preheat temperatures can improve the fluidity of the weld pool, which can
help to distribute heat more evenly and reduce the risk of welding distortion.

However, extremely high preheat temperatures can cause difficulties such as over-
softening of the base metal, excessive oxidation, and lower weld strength. As a result, the
preheat temperature should be tuned for each unique welding method and application to strike
a balance between the need to reduce welding distortion while retaining the requisite weld
quality.

Overall, preheat temperature is an important parameter in welding that should be
carefully considered and optimized to reduce welding distortion. By reducing the temperature
gradient and residual stresses, preheating can help to produce a high-quality, distortion-free
weld.

4.2.1.8 Post-weld heat treatment

Post-weld heat treatment (PWHT) is a welding procedure that is commonly used to
improve weld characteristics and reduce the risk of failure. PWHT entails heating the welded
structure to a set temperature and then cooling it at a regulated rate. This method can help to
reduce residual stresses, increase weld ductility and toughness, and reduce cracking risk.

The requirement for PWHT is determined by a number of parameters, including the
type of material being welded, the welding process employed, the material thickness, and the
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intended application of the welded structure. Some materials, such as certain types of high-
strength steels, may be more prone to cracking if they are not properly heat treated after

welding.
1400
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Figure 4.8 schematic of the welding thermal cycle and PWHT [17]

The temperature and time required for PWHT will vary depending on the material being
welded and the welding method employed. PWHT is typically heated to temperatures ranging
from 500 to 1,200 degrees Celsius [17], and the duration can range from a few minutes to
several hours.

It should be noted that PWHT is not always required or appropriate for every welding
application. In some cases, it may be more appropriate to use alternative methods of reducing
residual stresses, such as peening or grinding. Additionally, some materials may be more
sensitive to PWHT and may experience unwanted changes in their properties if they are
subjected to excessive heat.

Overall, the decision to use PWHT in welding should be based on a careful evaluation
of the specific application, the material being welded, and the process of welding that is being
used.

Post-weld heat treatment can also reduce welding distortions by relieving residual
stresses in the welded material. Proper post-weld heat treatment can significantly reduce the
magnitude of welding distortions.

PWHT is a heat treatment procedure that is commonly used in welding to reduce or
eliminate welding distortion. Distortion is a common problem in welding, particularly in large
or complex structures. It occurs when the thermal expansion and contraction that occurs during
welding causes the material to deform or buckle.
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PWHT entails heating the welded material to a certain temperature and keeping it at that
temperature for a set period of time, usually several hours. This heat treatment is intended to
reduce residual tensions created by the welding process. When the material expands and
contracts during the welding process, residual stresses are formed, which can cause distortion.

PWHT can help to minimize distortion and enhance weld quality by easing these
stresses. Furthermore, PWHT can aid to increase the welded material’'s mechanical qualities,
such as strength, toughness, and ductility.

The temperature and time of the PWHT process will vary depending on the type of
material being welded, the welding procedure employed, and the project's specific
requirements. Multiple PWHT cycles may be required in some circumstances to attain the
desired outcomes.

Overall, PWHT is a useful tool for decreasing welding distortion and enhancing welded
structure quality and mechanical qualities. Working with an experienced welding technician
who can identify the optimum PWHT settings for your unique job is critical.

4.2.2 Secondary parameters
Secondary parameters include the following:

e arc distance

e torch angle

e chemical composition
e gas flow rate

e electrode polarity
4.2.2.1 Arc distance

Arc distance can also have an impact on distortion during welding. Distortion refers to
shape alteration or dimension of the product that occurs as a result of welding. When the arc
distance is too large, it can result in a higher amount of heat input to the workpiece. This can
cause the metal to expand and contract in a non-uniform manner, leading to distortion.
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Are cona__‘.i.'. $ Length Arc Cone

Cone Width Cone Width

Figure 4.9 Effect of arc distance [18]

45
Institutional Repository - Library & Information Centre - University of Thessaly
09/01/2025 20:00:01 EET - 3.136.236.83



There is no relation between arc length and electrode diameter. When diameter increase
it is quite difficult to manipulate the arc with higher arc length so welders prefer the lower arc
length. Each welder has their own welding style and comfort zone of work, so it depends on
welder about the arc length. However, there is a small relation when electrode diameter is more
and higher arc length is maintained then cone width of weld pool increases rapidly.

On the other hand, if the arc distance is too small, it can result in a higher concentration
of heat in a smaller area, which can cause localized distortion. Additionally, a small arc distance
may cause the electrode or filler wire to become stuck or "stuck™ to the workpiece, resulting in
further distortion and potentially damaging the electrode or filler wire.

To minimize distortion during welding, it is important to carefully control the arc
distance and adjust it as necessary based on the conditions of the welding and the properties of
the workpiece to be welded. This will help to ensure that the heat input is distributed evenly
and that the welding process produces a high-quality, distortion-free weld.

4.2.2.2 Torch angle

Torch angle is another important parameter in welding that can affect distortion. Torch
angle refers to the angle at which the welding torch or gun is held relative to the workpiece
being welded.

When angle torch is too high, meaning the torch is held too far from the workpiece or
at too steep of an angle, it can result in a higher amount of heat input to the workpiece. This can
cause the metal to expand and contract in a non-uniform manner, leading to distortion.

Welding torch Welding torch
‘ Flectrode Electrode ,
Inclination o
& S 9()° 63° ﬁ Inclination

Base metal Base metal

Welding direction Welding direction

(a) (b)

Figure 4.10 Presentation of two inclination modes (a) forward angle, (b) backward angle [19]

Conversely, when the torch angle is too low, meaning the torch is held too close to the
workpiece or at too shallow of an angle, it can result in a higher concentration of heat in a
smaller area, which can cause localized distortion.

To minimize distortion during welding, it is important to maintain a consistent torch
angle throughout the welding process. The ideal torch angle will vary depending on the process
of welding being used, the properties of the workpiece and the position of welding. Welders
should be trained to use the correct torch angle and make adjustments as necessary to minimize
distortion and produce a high-quality, defect-free weld.
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4.2.2.3 Chemical composition

The chemical composition of the welding shielding gas might also have an effect on
distortion. Shielding gas is used to keep the welding region safe from ambient gases like oxygen
and nitrogen, which can cause oxidation and other issues during the welding process.

Solid wire electrode |

Shielding Gas
Current Conductor

|

My

Travel I

Nozzle
Shieldinggas

Wire guide and
contact tube

Solidified Weld
metal

Molten
Weld metal

Figure 4.11 metal inert gas welding process [20]

Chemical composition of the shielding gas can affect the process of welding in several
ways. For example, certain gases, such helium or argon, may provide better arc stability,
resulting in a more consistent weld and less distortion. Other gases, such as carbon dioxide,

may provide better penetration but can also result in higher distortion due to the higher heat
input.

Welding direction

Shielding gas (Ar + N,)

Arc plasma (Ar + N "\
Molten pool

Figure 4.12 illustration of the nitrogen absorption (a,c) and desorption (b,d) along autogenous
tungsten inert gas (TIG) welding [21]

Solidified weld metal

_ Base metal

Aside from the chemical composition of the shielding gas, the flow velocity and
direction of the gas can also influence distortion. Insufficient gas flow or improper direction
can result in inadequate shielding, which can lead to oxidation and other problems that can
cause distortion.

To minimize distortion during welding, it is important to carefully select the appropriate
shielding gas and to use the correct flow rate and direction. Welders should be trained to
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monitor the gas flow and adjust it as necessary to ensure proper shielding and to minimize
distortion during the welding process.

4.2.2.4 Gas flow rate

Gas flow rate is a distortion parameter in welding, especially in techniques that utilise
shielding gas, such as gas metal arc welding (GMAW) and gas tungsten arc welding (GTAW)
[22].

In GMAW, for example, the gas flow rate influences the distribution of shielding gas
over the weld region, which in turn influences weld penetration and weld quality. A high flow
rate can generate excessive turbulence and gas flow disruptions, which can reduce weld quality,
whereas a low flow rate can cause inadequate shielding and a higher risk of oxidation or
contamination of the weld.

Similarly, in GTAW, the gas flow rate can affect weld protection against air pollutants
as well as weld cooling rate. A high gas flow rate can cause quick cooling, which can raise
residual stresses and deformation, whereas a low gas flow rate can cause insufficient protection
and an increased risk of weld porosity.

To achieve consistent quality and reduce distortion, it is critical to precisely manage the
gas flow rate during welding. The appropriate gas flow rate will be determined by the welding
technique, the material being welded, and the welding conditions.

Typically, 15-20 I/min for MIG welding and 6-10 I/min for TIG welding will suffice.
Your welding application - manual jobs normally demand a lower flow rate, whereas automated
or mechanized labor requires a higher flow rate.

Table 4.3 Gas flow rate chart [22]

MIG Gas Flow Rate Chart

MIGD:;;“":EP:SSZE Minimum Flow E(;It:::'-ll\d}l;::: :::b“:;’ Maximum Flow
(Smasflf'awfe?c.rers) 10-15 CFH 18-22 CFH 30 CFH
(Sm;lﬁfn:‘ers) 18 CFH 22-27 CFH 40 CFH
(lndus?i:gl ivcétders) 22 GFH 30-35 CFH 55 GFH
(Large ingtjl’:tti'fra‘; welders) 30 GFH 30-40 CFH 85 CFH
CFH cubic feet per hour
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4.2.2.5 Electrode polarity

Welding distortion can also be caused by electrode polarity, particularly in methods that
use direct current (DC) and necessitate the usage of a consumable electrode, such as shielded
metal arc welding (SMAW).

In SMAW, the electrode can be polarized as direct current electrode positive (DCEP)
or direct current electrode negative (DCEN). DCEP, also known as reverse polarity, occurs
when the electrode is linked to the welding machine's positive terminal, whereas DCEN,
commonly known as straight polarity, occurs when the electrode is attached to the welding
machine's negative terminal.

lons Electrons lons Electrons
/@ %\.\ paC) aN
‘@ \ /@ [OIpN
@ (O F @ [eR
” /, M-/—L_.C' i
e
g
DCSP (EN) DCRP (EP) ac
No cleaning action Strong cleaning action Cleaning every half-cycle
70% heat at work 30% heat at work ~50% heat at work
30% heat at W 70% heat at W ~50% heat at W
Excellent electrode Poor electrode Good electrode
current capacity current capacity current capacity

Figure 4.13 electrode polarity [23]

The choice of electrode polarity can have an effect on the weld penetration and input of
the heat, which can in turn affect the distortion of the welded products. DCEP polarity typically
results in deeper penetration and a higher heat input, which can lead to more distortion and a
higher risk of welding defects such as cracking. DCEN polarity, will result in shallower
penetration and a lower heat input, which can reduce distortion and minimize the risk of defects.

Therefore, the selection of electrode polarity should be counted by the specific welding
process and the metal to be welded. It is important to consider factors such as the desired weld
penetration, the required welding speed, and the risk of distortion or defects when choosing the
appropriate electrode polarity.

In summary, parameters of the welding such as welding current, welding speed, welding
voltage, electrode size and shape, preheat temperature, and post-weld heat treatment can all
have a significant impact on welding distortions. Choosing appropriate welding parameters and
implementing proper welding techniques can help minimize distortions and ensure high-quality
welded joints.

4.3 Conclusions

The researchers obtained contradictory results from their trials on the gas flow rate
effect and the torch angle effect. Between 50° and 60° torch angles, the angular distortion
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decreased. They also discovered that the angular distortion remained constant between 60° and
80° and increased above 80°. They also discovered that as the torch angle changed from 50° to
70°, the angular distortion increased. The angular distortion was greatest at 70° and gradually
decreased as the torch angle increased. In their research, they discovered that the angular
distortion decreases linearly as the torch angle increases from 70° to 100°, and that the angular
distortion grew continuously as the torch angle increased from 70° to 100°.[19]

Welding speed has a negative impact on angular distortion, although wire feed rate and
voltage have a beneficial impact.

The effects of shielding gas flow rate on welding angular distortion in stainless steel
Tungsten Inert Gas welding were explored in a study. When the gas flow rate was increased
from 5 to 15 L/min, the angular distortion decreased, and subsequently rose with higher gas
flow rates. Three distinct researches discovered that the angular distortion rises as the torch
angle increases. Other testing revealed that the angular distortion decreased as the torch angle
increased.

The electrode weaving movement during the welding process changes the geometry of
the liquid weld pool and hence the center of gravity of the weld, which impacts the angular
distortion. The electrode weaving movement affects the welding distortion by determining the
weld thermal stresses. There aren't enough publications that explain how electrode weaving
movement affects welding angular distortion. It was discovered that the findings differed in
terms of torch angle, shielding gas flow rate, and electrode weaving motion, all of which are
factors influencing weld distortion. This was done to clarify the discrepancy in the key factors.

Types of cooling and welding currents are significant combinations of variables. As a
result, there is a relationship between the independent and dependent variables. When excessive
currents are used, fusion penetration occurs, which can lead to the collapse of the welding and
an increase in the heat affected area. Shallow penetration will occur if the currents used are too
tiny.

The type of fusion and reinforcement will be determined by the welding current. The
increased voltage will cause the average welding width to increase, as will the width and
consumption of flux. A too high voltage will destroy the welding metal's closure.

Cooling types are a significant variable in the SAW (Submerged Arc Welding) process
because they determine the amount of welding and metallurgical products. The inclusion of
connection fillet forms of cooling is intended to decrease the time, although at welding
connections, only little blunt shorten the time. The welding time is affected by the quantity of
deposit in the grooved connection. Cooling methods will reduce heat input to the welding
process.

Reduced wire electrode diameter without changing other parameters raises the pressure
arc, indicating deeper penetration and a wider deposit waning. The thickness of the flux layer
employed in the SAW welding process determines the form and depth of the welding
penetration. When the coating is too thin, the current flux is not covered, resulting in cracked
outcomes. When the flux coating is excessively thick, it produces excessive reinforcement.

As a result, distortion must be controlled at all stages of production. Welding process
parameters have a significant impact on welding distortions. As a result, evaluating the amount
and distribution of welding distortions, as well as defining the impacts of welding conditions,
can be critical. Weld current, weld voltage, and travel speed are the three most important input
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parameters determining welding distortion. Providing an initial angle in the negative direction
is one approach for avoiding angular distortion during the fabrication process.
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5 Methods to control welding distortion prior to welding
5.1 Introduction

Welding distortion that occurs during the welding process is a usual problem that can
lead to poor quality welds and even structural failure in some cases. However, there are several
methods that can be used to control welding distortion prior to welding. Some of these methods
are:

e Welding sequence

e Welding parameters
e Preheating

e Fixturing

e Backing material

e Pre-welding fit-up

5.2 Welding sequence

Weld sequencing can also help to reduce welding distortion. This involves welding in a
specific order to reduce the buildup of residual stresses. Welding in a circular or spiral pattern
can also help to distribute the heat evenly and reduce distortion.

One effective strategy for reducing welding distortion is to use a weld sequencing
technique. Welding sequence plays a crucial role in controlling welding distortion. Welding
should be done in a specific sequence to ensure that the residual stresses generated during
welding are evenly distributed. This will help to minimize distortion.

20 mm %

Figure 5.1 Welding sequence in bevel weld [24]

Weld sequencing involves breaking down a weld into smaller, manageable sections,
which are then welded sequentially. By dividing the weld into smaller sections, the overall heat
input is reduced, which helps to prevent distortion. Additionally, the use of weld sequencing
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can help to control the distribution of residual stresses and minimize the risk of cracking. There
are several different weld sequencing methods that can be used to eliminate welding distortion,
including back-stepping, skip welding, and block sequencing. Back-stepping involves welding
from the center of the joint outwards, alternating both sides of the joint to ensure that the heat
input is evenly distributed. Skip welding involves welding small sections of the joint, leaving
gaps between the welded sections. This technique reduces the overall heat input and can help
to prevent distortion.

(a)

50

Figure 5.2 welding sequence in X weld [25]

Block sequencing involves dividing the joint into smaller blocks and welding each block
separately. This approach allows for greater control over the heat input and can help to prevent
distortion.

Overall, the choice of weld sequencing technique will rely on a variety of parameters,
including the type of joint being welded, the welding process to be used, the materials being
welded. By carefully selecting and implementing an appropriate weld sequencing strategy, it is
possible to reduce welding distortion and improve the quality of the final product.

5.3 Welding parameters

Welding parameters including welding current, voltage, and travel speed can all have an
impact on welding distortion. The appropriate welding parameters might help to reduce
distortion.

Welding parameters like as welding speed and current can be adjusted to help reduce
welding distortion. Lowering the welding current or speed can help to reduce the amount of
heat input, which can lessen distortion.
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Abbreviations and symbols

| Arc welding current (Amps)

k Thermal efficiency Factor

v Welding Speed (mm/min)
Q Heat Input (kJ/mm)
U Arc Voltage (Volts)

Q=k U x | x 102=kJ/mm or Amp x volts x time

- ROL x 1000

Figure 5.3 Welding parameters and thermal energy[26]

Welding distortion can be induced by a number of reasons, including the amount of heat
introduced into the weld, the rate at which the weld cools, and the qualities of the materials
being welded. It is critical to properly manage the welding speed and current to reduce welding
distortion. Using a lower welding current and slower welding speed is one method for reducing
welding distortion. Reduced heat input into the weld causes the weld to cool more slowly and
undergo less shrinkage, which can assist prevent distortion. This method, however, may result
in a weaker weld, so it is critical to properly balance the welding speed and current to attain the
appropriate outcomes.

Another approach is to use a welding technique that focuses the heat on a smaller area
of the workpiece, such as pulse welding or spot welding. By concentrating the heat in a smaller
area, the amount of heat input into the workpiece can be reduced, which can help reduce
distortion.

It is also important to carefully prepare the workpiece and ensure that it is properly
aligned and supported during welding. This can help prevent warping and distortion caused by
uneven heating or unsupported areas of the workpiece.

Overall, reducing welding distortion requires control of welding speed and current, but
also attention to other factors such as welding technique and workpiece preparation.

5.4 Preheating

Preheating the workpiece before welding can also help to control distortion. Preheating
is a method used to reduce welding distortion by minimizing the temperature differential on the
weld zone and the surrounding base material. By preheating base material to be welded, thermal
stresses that are generated during welding can be reduced, which in turn can help to minimize
distortion. Preheating the base material to be welded can help to reduce thermal stresses that
are caused by the welding process. This can be particularly effective for thicker sections, as
they tend to cool more slowly than thinner sections.
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Figure 5.4 Preheating procedure with flame in pipe welding [27]

Here are some considerations when using preheating to reduce welding distortion:

e Material type: Preheating is effective for materials with big thermal conductivity and
low thermal expansion coefficients. Materials such as steel, aluminum, and copper are
good candidates for preheating.

e Thickness: Preheating is most effective for thicker sections of material. As the thickness
of the material increases, it becomes more difficult to dissipate the heat generated during
welding, which can lead to greater distortion.

e Preheat temperature: The preheat temperature should be sufficient to reduce thermal
stresses during welding, but not so high that it causes undesirable metallurgical changes
in the base material. The appropriate preheat temperature will depend on the material
type, thickness, and welding process being used.

e Preheat time: The length of time that the material is preheated will depend on the
thickness and material type. As a general rule, thicker sections will require longer
preheat times.

e Uniformity: The preheat should be applied uniformly to the entire workpiece to avoid
introducing additional stresses due to uneven heating. This can be achieved by using a
furnace or heating blankets to heat the entire workpiece evenly.
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Figure 5.5 Preheating with electrical blankets [28]

By using preheating in conjunction with other methods such as proper fit-up and weld
sequencing, welding distortion can be significantly reduced. However, it is important to ensure
that the preheat temperature and time are appropriate for the material being welded, as excessive
preheating can lead to undesirable metallurgical changes and compromise the quality of the
weld.

5.5 Fixturing

Fixturing or clamping the workpiece in place can also help to control distortion. Fixturing
can help to prevent the workpiece from moving during welding, which can lead to distortion. It
involves clamping the parts to be welded in place using jigs and fixtures. This helps to reduce
movement of the parts during welding, minimizing the likelihood of distortion. Fixturing the
parts to be welded is an important step in the welding process. This involves securely holding
the parts in place so that they remain in the correct position and alignment during the welding
process. Proper fixturing is critical to achieving a high-quality weld, as it ensures that the parts
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are held tightly together and that there is minimal movement or distortion during the welding
process.

Figure 5.6 Fixturing with jigs [29]

The specific method of fixturing depends on the parts being welded, as well as the
technique being used. Some common methods of fixturing include using clamps, magnets, jigs,
or specialized welding fixtures designed for specific types of welding.

Regardless of the method used, it is important to ensure that the parts are securely held in
place and that the fixturing does not interfere with the welding process. Proper fixturing can
help to ensure that the fabricated product meets the required specifications.

5.6 Joint design

The design of the joint is also critical in controlling welding distortion. A proper joint
design can help to distribute the residual stresses generated during welding evenly, which can
help to minimize distortion. A joint with a high degree of restraint will tend to experience more
welding distortion than a joint with lower restraint. Therefore, it may be helpful to design the
joint with a lower degree of restraint where possible.
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Figure 5.7a Indicational joint design [30]

Joint design is an important part of welding that involves determining the most effective
way to attach two or more pieces of metal together. The joint design will be determined by a
number of criteria, including the type of metal being welded, the welding process utilized, and
the planned purpose of the welded product.

Butt joints, lap joints, T-joints, corner joints, and edge joints are some of the joints that
can be utilized in welding. Each of these joint types has advantages and disadvantages, and the
choice of a particular joint design will be determined by the unique requirements of the welding

project.
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Figure 5.7b Indicational joint design [31]

Other considerations in joint design, such as the size of the weld, the position of the
weld, and the type of filler material employed, must be considered in addition to the proper
joint type. Proper joint design is critical to achieving a strong, durable weld that meets the
required specifications.

58
Institutional Repository - Library & Information Centre - University of Thessaly
09/01/2025 20:00:01 EET - 3.136.236.83



Overall, joint design is a crucial component in the welding process, and all factors must
be carefully considered when selecting the proper joint type and creating the weld.

5.7 Backing material

The backing material can also affect welding distortion. Using a backing material with
similar coefficient of thermal expansion as the workpiece can help to minimize distortion. The
backing material can help to dissipate the heat more evenly, reducing the likelihood of
distortion.

(a) FSW tool (b) FSW tool

Defect fre &_l_>

Defects

¥ - .

Low heat los

Backing plate Backing,plate]
(Low thermal conductivity) (High thermal conductivity)

Figure 5.8 Backing material with low thermal conductivity (a) and high thermal conductivity (b) [32]

Using a suitable backing material can help control welding distortion by providing
support and preventing excessive heat buildup during welding. The choice of backing material
will depend on the type of welding process, the thickness and composition of the material but
critically the desired final weld properties.

Figure 5.9a Different types of ceramic backing strips [33]

One common type of backing material is copper, which has good thermal conductivity
and can help dissipate heat during welding. Copper backing can be particularly effective for
welding thin materials or for methods like arc welding, processes which generate a lot of heat.

Another alternative is to utilize ceramic or glass backing, which can help protect the
weld's backside from oxidation or contamination when welding. Ceramic or glass backing can
be very advantageous for welding materials that are susceptible to contamination or oxidation,
such as stainless steel or titanium.
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Figure 5.9b Different types of ceramic backing stripes [34]

A backing gas can be used to help control welding distortion in some instances. This
entails introducing an inert gas, such as helium or argon, into the welding area, which can aid
to protect the backside of the weld from oxidation and limit heat input into the workpiece.

Ultimately, choosing the backing material and technique will depend on the specific
requirements of the welding project. It is significant to carefully consider factors such as heat
input, material properties, and final weld properties when selecting a backing material or
technique. It is important to note that welding distortion cannot always be completely
eliminated, but by using these methods, it can be minimized and controlled to an acceptable
level.

5.8 Pre-welding fit-up

The parts to be welded which are properly fitted up, can help reduce welding distortion.
If the parts are not aligned properly before welding, it can result in angular distortion or warping
of the joint during welding. Therefore, it is crucial to ensure that the parts are in the correct
position before welding.

Pre-welding fit-up refers to the process of properly aligning the parts to be welded before
the actual welding takes place. Proper fit-up is essential for producing high-quality welds and
minimizing welding distortion.

Here are some important considerations for achieving good fit-up:

e Cleanliness: Any impurities, such as oil, grease, or rust, that can interfere with the
welding process and weaken the weld, must be removed from the surfaces to be welded.
Surfaces should be properly cleaned with a suitable solvent or cleaning product.

e Tolerances: The parts to be welded should be manufactured to the required tolerances.
This ensures that the parts fit together properly and there is no excessive gap or overlap
between the parts.

e Alignment: The parts to be welded must be aligned properly, both in terms of their
position relative to each other and their orientation. Any misalignment can lead to
angular distortion or warping of the joint during welding.
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e Clamping: The welded parts should be securely secured in place using appropriate
fittings or clamps. This prevents the pieces from moving during welding and guarantees
that they remain in their proper position and alignment.

e Preparation: The edges of the parts to be welded should be prepared properly, either by
machining or grinding, to ensure that they are clean and free from any defects or
irregularities.

By paying close attention to these factors during pre-welding fit-up, welders can achieve
good fit-up and produce high-quality welds with minimal distortion.

Overall, a combination of these methods can be used to control welding distortion prior
to welding.

5.9 Conclusions

Finally, it is important to control distortion after welding for several reasons:

e Maintain the structural integrity of the welded component: Distortion in a welded
component can result in changes in the shape and size of the component, which can affect
its strength, stiffness, and overall performance. If the distortion is severe, it can lead to
cracking, buckling, or other types of failure.

e Ensure dimensional accuracy: Distortion can also result in dimensional errors in the welded
component. This can be a critical issue in parts that require tight tolerances or have to fit
into other parts in an assembly.

e Avoid additional welding or machining operations: Distortion can result in the need for
additional welding or machining operations in order to improve the shape and dimensions
of the component after welding. These operations can be time-consuming, costly, and can
introduce additional stress and heat that can further distort the component.

e Improve aesthetics: Distortion can also affect the appearance of the welded component,
which can be important for parts that are visible or have an aesthetic function.
Furthermore, while the consequences of weld shrinkage may never be completely removed,

you can minimize them to a minimum by taking the following practical steps:

eReducing the volume of the metal weld to minimize overfilling and considering intermittent

welding

eReducing the number of weld runs

eProperly positioning and balancing the welds around the axis

eUsing backstep or skip welding techniques, which involve laying short welds in the opposite

direction

eAllowing for shrinkage by pre-setting the parts to be welded out of position

ePlanning the welding sequence to ensure that shrinkages are counteracted progressively

eShortening the welding time

Limiting distortion during cutting can be accomplished by holding the plate so that it can
expand freely without buckling; ensuring the plate is flat; providing enough weld material when
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cutting in from corners; and utilizing a jig-saw pattern to secure the cut pieces together for
multiple cutting.

When welding structural steelwork, distortion can be avoided or greatly minimized by
employing anchoring devices such as strongbacks or wedges to pre-set seams in plates; flexible
clamps to bring parts to the desired gap before welding; or clamps for thin sheet welding.

L ongitudinal stiffeners can also be employed to prevent bowing. It is also critical to follow
the proper welding sequence, such as welding the frame before the cover plate. Pre-bending or
pre-setting techniques may also aid in preventing distortion, and water can be utilized to keep
the operation cool.

Pipes and tubes can be distorted after welding, which can be avoided by using strongbacks
attached with straps and wedges inside or outside the longitudinal joint; using backing strips to
overcome transverse shrinkage or pre-setting; or welding flanges to pipes in back to back pairs.
Is it possible to fix distortion? Yes, by mechanically removing the bowing with a press, shot
peening, pneumatic hammering, or stress-free vibration. A sizing fixture, on the other hand, can
be used to restore the distorted fabrication to its intended proportions. Different heating
techniques, such as local or spot heating, can also be employed to correct distortion.

To overcome fluctuations in the heat and cold cycle during the welding process, the method of
preventing and decreasing welding deformation must take into account the welding process
design. The shrinkage cannot be eliminated, but it can be managed. The following are some
methods for reducing shrinkage deformation.

 Avoid excessive welding.

The bigger the amount of metal in the welding site, the greater the deformation force. Setting
the weld size correctly not only results in less welding deformation, but it also saves welding
material and time. The amount of welding metal in the fill weld should be minimal, and the
weld should be clean. It needs to be flat or slightly convex.

*Intermittent weld

Another method for lowering weld fill is to utilize more discontinuous welding, such as welding
reinforcing plates. Intermittent welding can minimize weld fill by 75% while maintaining
sufficient strength.

eReduce the weld bead

Welding with thick wire and few beads causes less distortion than welding with thin wire and
many beads. When there are several beads, the cumulative shrinkage caused by each bead
increases the overall shrinkage of the weld, and the welding process is greater. Welding bead
and fine welding rod have a better welding process impact. Pay attention to the material's heavy
welding wire, less welding or thin welding wire, and multi-bead welding technique. In general,
low carbon steel, 16Mn, and other materials are appropriate for thick welding wire. Weld bead
welding is possible with stainless steel and high carbon steel, whereas fine wire and multi-bead
welding is possible with stainless steel and high carbon steel.

e Anti-deformation technology

Bend or tilt the part in the opposite direction of the welding deformation before welding (unless
for overhead or vertical welding). Experiment is required to find the fixed amount of anti-
deformation. Pre-bending, pre-setting, and pre-arch welding pieces are examples of reverse
welding. A simple mechanical force offset method for welding stress. When the workpiece is
setup, the workpiece and welding seam flex in the opposite direction of the shrinkage stress.
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The preset distortion before welding and the deformation after welding cancel each other out,
resulting in a perfect plane on the welding workpiece.

Another popular way for balancing the contraction force is to clamp the same welding
workpieces relative to each other. This procedure is also suitable for pre-bending. Place the
wedge in the right location of the workpiece before clamping.

Due to their inherent stiffness or the mutual position of the parts, special heavy welding
workpieces can generate the appropriate balance force. If these balance forces are not generated,
alternative means of balancing the shrinkage force of the welding material should be applied to
fulfill the goal of offsetting each other. Other contraction forces, mechanical constraint forces
generated by tooling, restraint forces formed by the order of assembly and welding of the
components, and gravitational restraint forces are also possible.

e Welding sequence
Determine the reasonable assembly sequence based on the structure of the workpiece, make
the structure of the workpiece shrink at the same position, open the double-sided groove in the
workpiece and the shaft, use multi-layer welding, and determine the double-sided welding
sequence, and the fillet weld is intermittent. Shrinkage in the first welding is matched by
shrinkage in the second welding. The fixture can hold the workpiece in place, increase rigidity,
and reduce welding distortion. This approach is appropriate for welding small workpieces or
small parts, however because of the increased welding stress, it is only appropriate for low-
carbon steel constructions with good plasticity.
e Reduce welding time
Welding involves heating and cooling, and because heat transfer takes time, the time factor
influences deformation. In general, it is desired that the welding would be completed as quickly
as feasible before the huge workpiece is heated and expanded. The welding process, including
the kind and size of the electrode, welding current, welding speed, and so on, has an impact on
the welding. The degree of shrinkage and distortion of the workpiece, as well as the use of
mechanized welding equipment, lowers welding time and heating-induced deformation.
Therefore, controlling distortion after welding is essential to ensure that the welded
component meets the required specifications and performs as intended. Various methods can
be employed to control distortion, such as pre-welding preparation, proper welding techniques,
and post-welding heat treatment.
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6 Methods to minimize distortions after welding

6.1 Introduction

Welding distortion is a typical issue that arises during the welding process and can have
an impact on the overall quality of the weld. There are some techniques that can be used to
correct distortion after welding but it is important to minimize distortions for the following
reasons:

e Structural integrity: Distortion can cause changes in the shape and dimensions of welded
components, which can compromise their structural integrity. Distorted parts may not fit
properly or may develop cracks or other defects that can weaken the structure and minimize
the load-carrying capacity.
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Figure 6.1 The effect in microstructure of heating on the S355J2 + N steel (t = 15 mm) [35]

e Fitand function: Distortions can affect the fit and function of welded parts. If parts are not
correctly aligned or shaped after welding, they may not fit together properly, leading to
operational problems or even failure of the structure. For example, if two parts are
supposed to fit together with tight tolerances, distortion can cause misalignments that
prevent proper functioning.

e Residual stresses: Welding can introduce residual stresses into a part, which can lead to
distortion over time. Minimizing distortion after welding can help to reduce these residual
stresses and ensure the long-term stability and reliability of the welded part.
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e Cost and time: Correcting distortions after welding can be time-consuming and costly. By
minimizing distortions during the welding process, the need for post-welding corrections
can be reduced, saving time and money. Finally, minimizing distortion can save time and
money by reducing the need for post-welding corrections or rework. Distortion can require
additional machining, grinding, or welding to correct, which can increase the overall cost
and production time. Manufacturers can increase the efficiency of the welding process and
eliminate the need for costly post welding processes by avoiding distortion.

e Aesthetics: Distortions can also affect the appearance of welded parts. If a part is intended
to have a specific shape or design, distortions can make it look unprofessional or
unattractive. In some cases, minimizing distortion is important for aesthetic reasons. If a
welded component is visible or needs to have a smooth surface finish, distortion can cause
unsightly deformations or rough surfaces that detract from the appearance or reduce the
performance of the part.

Overall, minimizing distortions after welding is essential to ensure that welded parts
perform correctly and look good and to ensure the long-term stability and reliability of the
welded structure.

Welded components frequently necessitate expensive measures to adjust for thermally
induced distortions. Stresses arise in the weld as a result of volume changes, especially if the
weld is limited by fixed components or other materials. These forces can cause the foundation
material to shift and potentially result in tears or fractures if the constraints are partially
removed. Of course, correcting distortion can be very expensive, so avoidance is essential.

6.2 Techniques to correct distortion after welding

There are several techniques that can be used to correct distortion after welding. Here
are some of them:
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6.2.1 Thermal Techniques -Thermal Correction

In this process, heat is applied to the distorted part using an oxyacetylene torch. The
heating process, followed by natural cooling, might return the distortion to its native position.
Heat is applied to the distortion on the opposite side of the weld along a straight line. Line
heating can be used to correct angular distortions. Heat can be also be applied to small spots of
the base metal to remove distortions on thin sheets. After welding, post-weld heat treatment
comprises heating the weld and surrounding area to relieve residual tensions and minimize
distortion.

Thermal stress relief (controlled heating of weldment to increased temperature followed
by controlled cooling) is another way for removing shrinkage forces. Two identical weldments
are sometimes secured back to back, welded, and stress-relieved while held straight. As a result,
residual stresses that would otherwise distort weldments are reduced.

Localized heating is a technique used to correct distortion in specific areas of the weld.
This method involves using a torch or other heat source to apply heat to the affected area and
then using mechanical tools to correct the distortion while the metal is still hot.

The underlying idea behind thermal treatments is to induce sufficiently high local
stresses that, when cooled, pull the component back into shape. This is accomplished by locally
heating the material to a temperature where plastic deformation will occur as the hot material
with lower yield strength strives to expand against the cold metal with higher yield strength
surrounding it. When the heated region cools to room temperature, it will try to shrink to a
smaller size than it was before heating. As a result, local heating is a simple yet efficient method
of reducing welding distortion. The size, quantity, position, and temperature of the heated zones
influence the level of shrinkage. Previous experience heavily influences the number and
placement of heating zones. As a result, for new designs, testing will frequently be required to
quantify the extent of shrinkage. Thermal distortion can be corrected using spot, line, or wedge-
shaped heating techniques. However, one disadvantage of adopting thermal straightening
procedures is the risk of overshrinkage or metallurgical changes caused by heating to an
extremely high temperature.

It is vital to note that the success of thermal correction is dependent on the welding
process utilized, the base metal used, and the precise welding parameters.

The heat applied in hot working exceeds the yield stress point. The metal is heated until
molecular changes occur. When the metal reaches the right temperature, it will glow a cherry
red and you will be able to move it into the desired position. Hot working, also known as thermal
processing, is a method of modifying the microstructure and characteristics of a material by
using heat. Hot working is frequently utilized in welding to reduce distortion in the finished
welded component. Here are several ways that hot working can aid in reducing welding
distortion:

You can get the metal to the desired position when it has been properly heated. It's a
gamble because there's no guarantee that the metal will be restored to its previous state. Changes
in molecular structure may cause additional distortions on the metal. After hot working, both
the weld and the metal may develop cracks. Heat straightening is a welding rectification
technique that involves applying heat to a distorted object. This permits heating, followed by a
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natural cooling action, to repair the deformation and return the metal to its former state.
Although this procedure is not simple, welders find it quite appealing.

To accomplish heat straightening, the welder should consistently apply measured heat
to the metal and allow it to expand and contract. The heating effect will direct you to alter the
position and quantity of heat supplied to improve the process. It is critical to prevent raising the
temperature above the point when molecular changes may occur. Remember that the goal of
heating is not to alter the metal. You are heating it so that it can expand before cooling it. When
heating and natural cooling are used correctly, it is simple to correct the distortion and return
the metal to its original shape. One thing about this process is that it may never return the weld
metal as it was before. All it does is reduce the distortion shape devoid of affecting its structural
integrity or strength.

Cooling during the manufacturing process is utilized throughout the welding process in
some welding methods, such as gas metal arc welding (GMAW), to help control distortion.
This entails chilling the workpiece with water or air while welding in order to keep the heat-
affected zone from expanding too much. Overall, hot working can be a useful method of
reducing welding distortion. Welding engineers can help ensure that their welded components
are dimensionally stable and free of distortion by employing procedures.
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Figure 6.3 Welding thermal cycle compared with traditional heat treatment cycle: TA-austenitisation
temperature, tA-austenitisation time [37]
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6.2.2 Mechanical Techniques

Hammering and pressing are the primary mechanical procedures for correcting
distortion. Hammering can create surface damage and work-hardening, which can lead to other
issues such as decreased durability due to stress flaws or altered structural performance. When
a component has bending or angular distortion, it can typically be straightened using a press
without the disadvantages of hammering. Packing-pieces are placed between the component
and the press platens. It is critical to apply enough deformation to cause over-correction so that
the typical elastic spring-back allows the component to return to its original shape following
the repair procedure.

In addition, buckles and creases, as well as other distortions, may occur during hot
mechanical straightening. Pushing the metal beyond the yield stress level may result in changes
to the interior metal structure.

Mechanical techniques commonly used:

e Mechanical straightening: The technique involves using hydraulic presses or other
mechanical devices to apply force to the distorted area and straighten it out. It may be
necessary to apply force gradually and in small increments to avoid causing additional
damage.

e Hammering: Hammering can be a useful technique to fix certain types of distortions,
particularly in metal surfaces. However, it's important to note that hammering may not
always be the best or most appropriate technique for every situation. The effectiveness
of hammering to fix distortions depends on the material and the extent of the damage.
In some cases, hammering can cause additional damage or create new distortions.
Therefore, it's important to assess the damage carefully and consider all available
techniques before deciding on the best approach.

e Machining: In some cases, it may be necessary to remove material from the distorted
area using machining techniques such as milling or grinding. This can help to remove
high spots and bring the part back into its original shape.

6.2.2.1 Mechanical straightening

Mechanical straightening is a process that can be used to correct welding distortion.
Welding distortion occurs because of the thermal expansion and contraction of the material
during the welding process, which can cause the metal to warp or bend. Mechanical
straightening involves applying force to the metal in a controlled manner in order to bend it
back into its original shape. This can be done using tools such as presses, jacks, or hydraulic
cylinders. It is important to note that mechanical straightening should only be used as a last
resort after all other methods of reducing welding distortion have been exhausted. This is
because excessive force can cause further damage to the metal and weaken its structural
integrity.

Prevention is always better than correction, so to minimize welding distortion, is crucial
to use appropriate welding techniques, like preheating the metal, using proper welding
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parameters, and using clamps or fixtures to hold the metal in place during welding. This
involves using mechanical force to straighten the distorted area. A press or hydraulic machine
can be used to apply force to the metal until it returns to its original shape.

6.2.2.2 Hammering

Hammering is the most common technique used to fix distortions. A hammer or power
hammer is used to hit the distortion into a flat surface. This can be used in conjunction with
thermal techniques to rectify many types of weld distortions. This involves using a hammer to
strike the distorted area repeatedly until it returns to its original shape. This technique is often
used for smaller distortions.

e Welding distortion occurs when the heat generated by the welding process causes the
welded material to expand and contract, resulting in shape and dimension changes. One
way to counteract welding distortion is to use a technique called "hammering in."
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Figure 6.4 Wave theory: (a) Differentiation of waves during signal generation (b) reflection and
refraction of waves at the interface of two different materials [40]

e Hammering in involves using a hammer or other suitable tool to apply force to the
welded material in a specific direction, typically in the opposite direction of the
distortion. This force can help to counteract effects of a welding process and bring the
material back into its original shape.

e The hammering in technique is often used in combination with other techniques, such
as preheating the material before welding or using clamps to hold it in place during
welding. By using a combination of these techniques, it is possible to minimize welding
distortion and produce high-quality welds.

e It's important to note that hammering in should be done with caution, as excessive force
can cause the material to deform further or even crack. It's also important to follow
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proper safety procedures when working with welding equipment and to wear
appropriate protective gear, such as welding gloves and goggles.

6.2.2.3 Machining

This involves removing the distorted portion of the metal by grinding it down to its
original shape. This technique can be used when the distortion is minor and localized. Grinding
iIs a common method used to remove excess weld material and to improve the appearance and
smoothness of the finished weld. However, grinding can also contribute to welding distortion
if not done correctly.

Distortion is created by the uneven heating and cooling of the metal during the welding
process. When the weld cools, it can contract and cause the metal to warp or bend. Grinding
can contribute to this distortion by removing material from one side of the weld, which can
cause it to cool unevenly.

To minimize welding distortion when grinding, it is important to follow some best
practices:

e Use a consistent and light touch when grinding to avoid removing too much material
from one side of the weld.

e Grind in short bursts and allow the metal to cool between each burst to prevent
overheating.

e Use a low-speed grinder to reduce the heat generated during grinding.

e Use a consistent and controlled grinding pattern to prevent removing more material
from one side of the weld than the other.

After grinding, allow the metal to cool slowly and naturally to reduce the risk of warping
or bending. By following these best practices, you can reduce the risk of welding distortion
when grinding and achieve a high-quality finished weld.

Other techniques for reducing welding distortion include pre-bending or pre-
straightening the component before being welded, using clamping or featuring system to control
the distortion, and using welding techniques that minimize heat input and therefore reduce
residual stresses. It is important to note that the best technique to use for correcting welding
distortion depends on the type and extent of the distortion. It is also important to take preventive
measures to minimize the occurrence of welding distortion, such as controlling the heat input,
using proper clamping and featuring techniques, and selecting appropriate welding parameters.

6.2.3 Hot Mechanical Straightening Techniques

This deformation correction process is quite similar to heat straightening. The key
distinction is that the metal item is heated to the yield stress point in this method. This is the
point at which the metal item begins to distort plastically. Heating metal to this temperature
causes it to straighten and changes its physical appearance. You may simply change the physical
appearance of the metal at this point. You can repair severe metal deformities with hot
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mechanical straightening. You will, however, run into some difficulties. Hot mechanical
straightening is extremely unreliable. Welds and metals do fracture in some cases. It may also
modify the welded metal characteristics, resulting in the occurrence, of odd situations.

It is important to note that these techniques should be used with care and should only
be performed by skilled professionals. Incorrect use of these techniques can cause additional
damage to the welded part and compromise its integrity.

Similar to heat straightening, but in that particular process, the material is heated near
to the yield stress point. Hot mechanical straightening is a method used to correct distortion that
occurs in welded components. This technique involves applying heat to the welded component
and then using mechanical force to straighten it.

Furthermore, it is crucial in understanding the importance of the cause of the distortion
before attempting any corrective action. If the distortion is caused by residual stresses in the
material, hot mechanical straightening may only provide a temporary solution, as the stresses
may reappear over time.

Therefore, it is often better in using a combination of techniques, including hot
mechanical straightening, pre-bending or pre-straightening the component before welding, and
post-weld heat treatment, to minimize distortion in components that are welded. Additionally,
it is important to consult with a qualified welding engineer or metallurgist to determine the best
approach for a particular application.

6.3 Post welded distortion reduction experimental techniques

This technique deals with welding distortion after it has been formed, hence this stage
should be avoided as much as possible. However, if there has been distortion, the above
procedures are useful. These solutions rely on the thermal reverse cycle to reduce distortion. It
takes a significant length of time and has the potential to overheat, therefore it should be used
with caution. Cozzolino demonstrated a method in which a roller moves with a specified force
on the toe of a weld bead soon after welding to minimize welding distortion. He conducted two
trials to evaluate distortion, the first with one roller directly on the weld bead and the second
with two rollers nearby the weld bead. It has been demonstrated that rolling on top of the weld
is more advantageous in reducing welding distortion because the location of the roller in the
two roller ways is highly crucial to the weld bead and has a substantial impact on the result.
Load on the rollers is also critical in this case to minimize welding distortion since it changes
the amount of compressive stresses placed on Fig. 6.8 displays a schematic illustration of both
approaches. This technique deals with welding distortion after it has been formed, hence this
stage should be avoided as much as possible. [41]
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Figure 6.5 (a,c) Schematic representation of rolling on the bead (b,d) schematic representation of
two rollers method [41]

According to Zhang, providing a strong temperature field after welding can lower the
residual stress of the turbine bladder. If the temperature rises above 800 degrees Celsius, a
corrosion fracture may form at the blade's corner. The press straightening approach may be
more advantageous in butt welded pieces with no protruding components. This method can
reduce the welding distortion up to zero level. To eliminate welding distortion, the LSP (Laser
Shock Processing) technology is also utilized. High pulse laser shock is produced on the surface
and subsurface of the weld, similar to shot penning and rolling methods. The compressive stress
load is 4 to 7 times that of the shot penning method. The influence of hot peening on residual
stresses on 304L stainless steel plates was represented by Hacini. It is discovered that following
hot peening, there is less residual stress and deformation. Gao has demonstrated a unique
Ultrasonic Impact Treatment technology on weld bead to reduce residual stress, distortion, and
fatigue life of weld bead. There are numerous essential ways for controlling welding distortion,
but each has a specific applicability in a certain region of processes and is dependent on the
geometry of the component. Before implementing the method, research must be conducted.
Many times, we had to use a variety of strategies to meet our needs. The procedures used are
determined by the type of distortion. For example, angular distortion in a fillet welded vertical
component can be easily controlled using the precamebring approach, however transient
welding distortion techniques are necessary to control buckling distortion.

6.4 Conclusions

Limiting welding distortions after welding is also an important consideration to ensure
the quality of the final product. Here are some key conclusions to keep in mind:

Heat treatment: Heat treatment can be used after welding to help relieve residual stresses
that may cause distortion. The most common heat treatment methods are annealing,
normalizing, and tempering.

Mechanical straightening: Mechanical straightening is a technique that involves using
tools such as presses, jacks, and clamps to bend or stretch the metal back into its original shape.
This method should be performed by experienced professionals to avoid causing further
damage to the welded part.
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Grinding: Grinding can be used to remove excess metal and smooth out rough edges
that may cause distortions. However, care should be taken to ensure that the grinding does not
remove too much material or weaken the weld joint.

Hammering: It involves using a hammer or other tool to strike the metal surface, which
can help to relieve residual stresses and reduce distortion.

By using these techniques, welders can limit welding distortions after welding and
ensure that their products meet the required specifications. It's important to note that preventing
distortions during welding is the best course of action, but if they do occur, these techniques
can be effective in minimizing their impact.
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7 Conclusions—Suggestions for further study
7.1 Introduction

While significant research has been done on welding distortions, there is still much to
be learned. Here are some suggestions for further study in welding distortions:

e Advanced Modeling Techniques: Advanced modeling techniques can help predict the
distortions more accurately. This can involve the use of computer simulation and
numerical methods to better understand the thermal and mechanical properties of the
materials during welding.

e Material Properties: Material properties have a significant impact on welding
distortions. Further examination of different materials and their mechanical properties
can provide a better understanding of how to minimize welding distortions.

e Process Optimization: Welding distortions can be reduced by optimizing welding
parameters. Further study on how welding parameters impact distortion and how to
optimize them for specific materials and applications can help improving the quality
and efficiency of welding processes.

e Welding Techniques: The study of different welding techniques and how they impact
welding distortions can help to develop new and improved welding processes that are
less prone to distortion.

e Welding Standards: Further research on welding standards and guidelines for
preventing and minimizing welding distortions can help to establish best practices for
welding professionals.

By addressing these areas of study, researchers and welding professionals can work
together to better understand welding distortions and develop new techniques and processes to
minimize their impact.

7.2 Advanced Modeling Techniques

Advanced modeling techniques can be used to predict welding distortions more
accurately. These techniques involve the use of computer simulation and numerical methods to
better understand the thermal and mechanical behavior of the materials during welding. Here
are some specific modeling techniques that can be used:

¢ Finite Element Analysis (FEA): FEA is a numerical method that can be used to analyze
the behavior of complex structures under different loads. It can be used to predict
welding distortions by simulating the thermal and mechanical stresses that occur during
welding.

e Computational Fluid Dynamics (CFD): CFD can be used to model the fluid flow and
heat transfer that occur during welding. This can help to predict how the heat will be
distributed and how the material will deform as a result.
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e Phase Field Modeling: Phase field modeling is a numerical method that can be used to
simulate the microstructural changes that occur during welding. This can help to predict
the formation of defects such as porosity, cracks, and inclusions, which can contribute
to welding distortions.

o Artificial Intelligence (Al): Al can be used to develop predictive models based on large
datasets of welding parameters and resulting distortions. These models are used to
improve welding parameters for specific materials and applications, reducing the
occurrence of welding distortions.

By using these advanced modeling techniques, welding professionals can gain a better
understanding of welding distortions and develop strategies to prevent or minimize their
occurrence. However, it's important to note that modeling techniques are only as accurate as
the input data used, so accurate and consistent material properties, welding parameters, and
other input data are critical for accurate simulations.

7.3 Material Properties

Welding distortions are heavily influenced by material characteristics. The amount and
direction of distortion can be affected by the qualities of the materials being welded. The
following are some significant material features that can influence welding distortions:

e Coefficient of Thermal Expansion (CTE): The CTE shows in what grade is expansion
or the contraction affected on a material with changes in temperature. Materials with a
high CTE are more prone to welding distortions since they will expand more when
heated during welding.

e Modulus of Elasticity: The modulus of elasticity reveals how much a material will
deform under stress. Materials with a low modulus of elasticity will deform more easily
under welding stresses, leading to greater distortions.

e Melting Point: The melting point of a material is the temperature at which it transitions
from a solid to a liquid. Materials with a low melting point are more prone to welding
distortions since they will soften or melt more easily during welding.

¢ Yield Strength: The yield strength of a material is the amount of stress it can withstand
before permanently deforming. Materials with a low yield strength are more prone to
welding distortions since they will deform more easily under welding stresses.

e Thickness: The thickness of a material can impact welding distortions. Thicker
materials will require more heat to be welded, which can lead to greater distortions.

By understanding these material properties and their effects on welding distortions,
welding professionals can make informed decisions when selecting materials and designing
welds to minimize distortions. Additionally, advanced modeling techniques can be used to
simulate the behavior of materials under welding stresses and optimize welding parameters to
reduce distortions.
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7.4 Process optimization

Process optimization is a critical component of reducing welding distortions. Welding
parameter optimization can aid in reducing welding stresses and limiting distortion. When
optimizing welding procedures to avoid distortions, keep the following points in mind:

e Welding Sequence: The sequence in which welding is performed can have a significant
impact on the amount of distortion. By performing the welds in a specific order, it may
be possible to limit the buildup of welding stresses and reduce distortion. Welding
professionals should consider the material properties and geometry of the workpiece
when determining the optimal welding sequence.

e Welding Parameters: The welding parameters, such as voltage, amperage, and welding
speed, can impact welding distortion. Welding professionals should optimize these
parameters to achieve the desired weld quality while minimizing welding stresses.

e Preheat and Post-Weld Heat Treatment: Prior to welding, preheating the workpiece can
aid to reduce welding stresses and restrict distortion. Heat treatment after welding can
also be utilized to relieve welding strains and prevent deformation. The temperature and
duration of preheat and post-weld heat treatment should be carefully chosen based on
the workpiece's material qualities and geometry.

e Fixturing and Clamping: Proper fixturing and clamping can help to limit the permission
to move the workpiece during welding and reduce welding stresses. Welding
professionals should carefully select and position fixtures and clamps to minimize
distortion.

e Welding Technique: The welding technique used can also impact welding distortion.
Certain techniques, such as pulsed welding or backstepping, may be more effective at
reducing welding stresses and minimizing distortion.

By optimizing welding processes to minimize welding stresses and distortion, welding
professionals can achieve high-quality welds with minimal post-welding adjustments or
rework.

7.5 Welding Techniques

The choice of welding technique can have a significant impact on welding distortion.
Here are some welding procedures that are usually used to minimize welding distortion:

e Pulsed Welding: Pulsed welding involves alternating between high and low current or
voltage during welding. This technique can help to limit the amount of heat input and
reduce welding stresses, which can limit distortion.

e Backstepping: Backstepping involves welding in small sections, moving backward with
each pass. This technique can help to limit the buildup of welding stresses and reduce
distortion.

e Tack Welding: Tack welding involves temporarily welding pieces together before
performing the final weld. This technique can help to hold the workpiece in place and
limit movement during welding, reducing distortion.
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e Weave Welding: Weave welding involves moving the welding torch in a zigzag pattern
while welding. This technique can help to distribute the heat more evenly and reduce
welding stresses, which can limit distortion.

e Laser Welding: Laser welding uses a focused laser beam to weld materials together.
This technique can help to limit the amount of heat input and reduce welding stresses,
which can limit distortion.

By selecting the appropriate welding technique relied on the material properties and
geometry of the item to be welded, welding professionals can achieve high-quality welds with
minimal distortion. Additionally, advanced modeling techniques can be used to simulate the
behavior of materials under different welding techniques and optimize the welding process to
minimize distortion.

7.6 Welding Standards

Welding distortion is a common issue that can affect the quality and integrity of welded
structures. There are several welding standards and guidelines that provide recommendations
for preventing and minimizing welding distortions. Here are some of the key standards and
guidelines:

e AWS D1.1: Structural Welding Code - Steel: This standard provides guidelines for
welding steel structures, including recommendations for minimizing welding distortion.
It recommends using a balanced welding sequence, preheating, controlling weld
shrinkage, and using fixturing and jigs to prevent distortion.

e AWS D1.5: Bridge Welding Code: This standard covers the welding of steel bridges
and includes provisions for controlling welding distortion. It recommends using preheat,
maintaining an appropriate interpass temperature, and using fixturing and jigs to prevent
distortion.

e ISO 13919-1: Welding - Electrons and laser beam welded joints - Guidance on quality
level for imperfections - Part 1: Steel: This standard provides guidance on the quality
level for welding imperfections in electron and laser beam welding, which can help to
minimize welding distortion.

e |ISO/TR 17671-1: Welding - Guidelines for the avoidance of cold cracking: This
technical report provides guidelines for preventing cold cracking in welded structures,
which can help to prevent distortion

e |SO 6947: Welds - Working positions - Definitions of angles of slope and rotation: This
standard defines the angles of slope and rotation that should be used when welding to
minimize distortion.

e ASME BPVC Section 1X: Welding and Brazing Qualifications: This standard outlines
the requirements for welding qualifications, including procedures for controlling
distortion.

By following these standards, welders can reduce the likelihood of welding distortion
and ensure that their welded structures are safe and reliable.
Welding distortion is a common issue that can affect the quality and integrity of welded
structures. There are several welding standards and guidelines that provide recommendations
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for preventing and minimizing welding distortions. Here are some of the key standards and
guidelines:

In addition to these standards and guidelines, welders can take several steps to prevent
and minimize welding distortions, such as using proper welding techniques, selecting the
appropriate welding process, using proper fixturing and jigs, and controlling weld shrinkage.
By following these standards and guidelines and taking appropriate measures to prevent and
minimize welding distortions, welders can ensure that their welded structures are safe and
reliable.
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