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BASINCLI KAP CELiGi SA 387'NiN TOZALTI ARK KAYNAGI iLE
KAYNAGININ DENEYSEL VE SONLU ELEMAN ANALIZIi

OZET

Kaynak, malzemenin erimesini ve katilasmasini iceren bir metal birlestirme islemidir.
Cok cesitli malzemeleri birlestirmek i¢in uygulanabilir. Malzemenin erime ve katilagsma
asamalar1 ¢ok yiiksek sicaklik gradyani ile fakat kiigiik bir bolgede meydana gelir.
Kaynak tekniklerinin ¢ogu, birlestirilecek yiizeylerin dolgu metali olsun veya olmasin
(ylzey kaplama kaynaklar1 dahil) eritilmesini ve ardindan sogutulmasini igerir. Eritme,
yerel 1s1 girisi uygulayarak, bilesene 1s1 diflizyonunu ve ¢evreye 1s1 dagilimini en aza
indirerek gerceklestirilir.

Kaynak islemi artik gerilmelere, ¢atlamaya, bozulmaya ve ITAB’in (Is1 tesiri altindaki
bolge) olusumuna vb. neden olur. Ciinkii kaynak sirasinda 1sitme ve sogutma asamalari
diizensizdir. Kaynakli bolgenin soguma asamalarinda malzemenin biiziilmesi ger¢eklesir.
Kaynakl1 bolge ¢evre alan tarafindan sinirlandirilmistir. Bu nedenle kaynak bélgesi artik
¢cekme gerilimi gosterir ve c¢evreleyen alan, soguduktan sonra artik basma gerilimi
gosterir.

Aragtirmacilar ve tasarim miithendisleri i¢in artik gerilim ve distorsiyon miktarini tahmin
etmek Onemlidir. Bu tez ¢alismasinda, numuneyi analiz etmek ve numune igeriSinde
kaynaklamanin neden oldugu kalinti gerilme miktarin1 hesaplamak i¢in ANSYS
Programi kullanilmistir. Numunenin 3 boyutlu goriintiisii SpaceClaim uygulamasi ile
hazirlanmistir. Bu tezin ana amaci, Tozaly1 kaynak islemi sirasindaki termal ¢evrimi ve
tozalt kaynag tarafindan indiiklenen artik gerilimi deneysel test plakasina kiyasla daha
yiiksek dogrulukla tahmin edebilen bir FEA modeli gelistirmektir. Bunu ger¢eklestirmek
icin Goldak’1n ¢ift elipsoidal 1s1 kaynagi modeli kullanilmastir.

Anahtar Kelimeler: Artik Gerilme, Basingli Kap Celigi, Kaynak Defermasyonu, Sonlu
Elemanlar Analizi, Tozalti Kaynagi
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EXPERIMENTAL AND FINITE ELEMENT ANALYSIS OF PRESSURE
VESSEL STEEL SA 387 WITH SUBMERGED ARC WELDING

ABSTRACT

Welding is a metal joining process involving melting and solidification of material. It
may be applied in order to join wide range of materials. Melting and solidification stages
of material occur with very high temperature gradient but within a small region. The
majority of welding techniques include melting the surfaces to be connected, with or
without filler metal (including surfacing welds), and then cooling them. Melting is
accomplished by applying local heat input, minimising heat diffusion into the component
and heat dissipation into the environment.

Welding process results into residual stresses, cracking, distortion, formation of Heat
Affected Zone and etc. Because heating and cooling stages during welding are uneven.
During cooling stages of welded region, contraction of material takes place. Welded
region is contracted by surrounding area. Therefore the weld region shows tensile residual
stress and the surrounding area shows compressive residual stress after cooling down.

It is important for reseachers and design engineers to predict the amount of residual stress
and distortion. In this thesis, ANSYS Program was used in order to analyse the specimen
and calculate the amount of residual stresses caused by welding inside the specimen. 3D
view of specimen was prepared by SpacaClaim Aplication. The main aim of this thesis is
to develop a FEA model which can be predict thermal cycle during SAW process and
residual stress induced by SAW with higher accuracy compare to experimental test plate.
To realize this, Goldak’s double ellipsoidal heat source model was used.

Keywords: Residual Stress, Pressure Vessel Steel, Welding Deformation, Finite
Elemanlar Analizi, Submerged Arc Welding
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BASINCLI KAP CELiGi SA 387'NiN TOZALTI ARK KAYNAGI iLE
KAYNAGININ DENEYSEL VE SONLU ELEMAN ANALIZIi

GENISLETILMIS OZET

Kaynak, malzemenin erimesini ve katilasmasini i¢eren bir metal birlestirme islemidir.
Cok cesitli malzemeleri birlestirmek i¢in uygulanabilir. Malzemenin erime ve katilasma
asamalar1 cok yiiksek sicaklik gradyani ile fakat kiigiik bir bolgede meydana gelir.
Kaynak tekniklerinin gogu, birlestirilecek yiizeylerin dolgu metali olsun veya olmasin
(ylzey kaplama kaynaklar1 dahil) eritilmesini ve ardindan sogutulmasini igerir. Eritme,
yerel 1s1 girisi uygulayarak, bilesene 1s1 diflizyonunu ve cevreye 1s1 dagilimini en aza
indirerek gerceklestirilir. Kaynak isleminin ana avantaji, birlestirilecek parcalar arasinda,
bilesenin temel malzemesi ile karsilastirilabilir veya hatta ondan daha yiiksek bir
mukavemet diizeyine sahip metalurjik bir bag olusturmasidir. Kaynak isleminin ortaya
cikmasindan Once percinleme, yapilar, gemiler ve hatta bazi basinghi kaplar gibi
bilesenlerin imalati i¢in ana metal birlestirme islemi idi. Perginleme, kaynaga gore daha
diisiik ekipman maliyeti, basit kullanim, daha diisiik operator beceri seviyesi, 6n 1sitma
ve kaynak sonrasi 1s1l iglem gibi herhangi bir ek islem olmaksizin farkli malzemeler i¢in
standartlastirilmis prosediir, daha az sarf malzemesi gereksinimi, basit kalite kontrol
prosediirleri vb. gibi cesitli avantajlart vardir.

Kaynak islemi artik gerilmelere, ¢atlamaya, bozulmaya ve ITAB’in (Is1 tesiri altindaki
bolge) olusumuna vb. neden olur. Ciinkii kaynak sirasinda 1sitma ve sogutma agamalari
diizensizdir. Kaynakli bolgenin soguma asamalarinda malzemenin biiziilmesi gergeklesir.
Kaynakl1 bolge ¢evre alan tarafindan sinirlandirilmistir. Bu nedenle kaynak bolgesi artik
¢ekme gerilimi gosterir ve ¢evreleyen alan, soguduktan sonra artik basma gerilimi
gosterir. Kaynak isleminin son derece yerel veya yari siirekli olmasi disinda, metallerin
dokiimii ile bir benzetme yapilabilir. Karakteristik olarak, soguyan kaynak metali bolgesi,
termal olarak indiiklenen gerilmelerin ortaya ¢ikmasina yol acan siddetli kisitlama
kosullart altinda biiziiliir. Biizilme gerceklesmeye ¢aligirken ve stress sitemi kararliligini
saglamak i¢in en diisiik seviyesine ulasmaya calisirken, akma gergeklesiren bozulma
meydana gelir. Kisitlamalar ve diisiik stineklik ile birlesen yiiksek gerilmeler ¢atlama
seklinde basarisizliga neden olur.

Sonlu Elemanlar Yontemi kaynakla ilgili c¢esitli art etkileri analiz etmek icin
kullanilabilen gii¢lii bir aractir. Sonlu Elemanlar Yonetmini kullanilarak elde edilen bilgi,
uygulayici bir mithendisin kritik bilesenlerde yeniden isleme kapsamini en aza indirecek
optimum prosediire ulagsmasina yardimci olabilir. Ancak SEY ’ni kullanarak anlamli bir
sonug elde etmek kolay bir is degildir ve kaynakla ilgili 6nemli olgular1 ger¢ekten temsil
eden girdi verileri olusturmak i¢in biiyiik caba ve bilgi gerektirir. Genis veri ¢iktisini
gozden gecgirmek ve sonuglart yorumlamak i¢in esit miktarda c¢aba gerekebilir. Bu
nedenle miihendis kaynak ile ilgili fenomenler hakkinda iyi bir bilgiye ve bunlar1 girdi
verileri olarak ifade edecek matematiksel beceriye sahip olmalidir. Kaynak isleminin
karmasik dogasi sayisal yontemlerle analiz ve modellemede zorluklara neden olur.
Karmagiklik, sicakliga bagli malzeme 6zelliklerine, dogrusal olmayan sinir kosullarina,
hareketli 1s1 kaynaklarina, faz degisimlerine ve doniisiimlerine, karmasik artik gerilme
durumlarina ve yiiksek sicakliklarda deneysel 6l¢iim yapmanin zorluklarini igerir. Bu
karmasikliklarin bir sonucu olarak, kaynak isleminin sonlu eleman modellemesi, bir
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kaynak islemini simiile ederken karmasik termomekanik etkilesimleri, dolgu malzeme
birikimini ve hareketli 1s1 kaynaklarini igerir.

Aragtirmacilar ve tasarim miithendisleri i¢in artik gerilim ve distorsiyon miktarini tahmin
etmek O6nemlidir. Bu tez ¢aligmasinda, numuneyi analiz etmek ve numune igerisinde
kaynaklamanin neden oldugu kalinti gerilme miktarin1 hesaplamak i¢in ANSYS
Programi kullanilmistir.

Numunenin 3 boyutlu goriintiisii SpaceClaim uygulamasi ile hazirlanmistir. Bu tezin ana
amaci, Tozalt1 kaynak islemi sirasindaki termal ¢evrimi ve tozalti kaynagi tarafindan
indiiklenen artik gerilimi deneysel test plakasina kiyasla daha yiiksek dogrulukla tahmin
edebilen bir FEA modeli gelistirmektir.

Numune malzemesi olarak Basingh kap c¢eligi olarak kullanilan SA 387 GR 11 Class 2
basingl kap celigi se¢ilmistir. Bu ¢elik yliksek sicaklik ¢alisma ortamnda ¢alisabilecek
basingli kap smifi celik olarak cesitli endiistrilerde kullanilmaktadir. Ozellikle sivilarin
ve gazlarin genellikle daha yiiksek sicakliklarda depolandigi petrol, gaz ve petrokimya
endiistrisinde oldukg¢a etkilidir. Daha yiiksek krom seviyeleri ayrica atik gaz
uygulamalarinda bir zorunluluk olan mitkemmel korozyon ve oksidasyon direnci saglar.

Numune par¢anin kaynak islemi i¢in Tozalt1 kaynak yontemi kullanilmistir. 100x100x8
mm Jlgiilerinde hazirlanan numune parca i¢in 1 mm kare seklinde kaynak agzi agilmistir.
Kaynak hiz1 olarak 0,01 m/s ve kaynak gerilimi olarak 31 volt daha 6nce bu parga igin
yapilan kaynak prosediirlerinden tespit edilmistir. Kaynak islemi i¢in gerekli akim
degerini belirlemek icin 430, 530, 560 ve 600 amper degerlerinde testler
gerceklestirilmistir. Kaynak nufuziyeti en uygun 600 amperde elde edilmistir. Kaynak
isleminde sicaklik degerlerini analiz sonuglari ile karsilastirmak igin parga tizerinden 5
noktadan sicaklik Ol¢limii alimmustir. Sicaklik Ol¢limii i¢in K tipi termokupl ve
sicakliklarin  kaydedilmesi i¢in de Honeywell marka dijital sicaklik kayit cihazi
kullanilmisgtir. Numune parca iizerinden Olciilen sicaklik degerleri sonlu elemanlar
yontemi ile elde edilen sicaklik degerleri ile karsilastirilmistir.

Artik gerilme degerlerini karsilagtirmak igin, Tiibitak MAM arastirma merkezinde
bulunan Panalyytical X’Pert Pro MPD cihazi kullanimis ve X-Ray difraction yontemi ile
parca iizerinde belirlenen 9 noktadan (5 nokta parganin tam ortasindan enine yonde, 5
nokta kaynak hatti boyunca, orta nokta her iki yoniin ortak noktasi olacak sekilde) artik
gerilme Olgliimleri yapilmistir ve sonlu elemanlar yontemi ile elde edilen sonuglar ile
karsilastirilmistir. X-Ray difraction yontemi ile artik gerilme 6lgiimii tahribatsiz 6lglim
metodlarindandir. Stres, belirli bir Bragg yansimasinin agisal kaymasinin egiminin (‘)
bir fonksiyonu olarak kaydedilmesi ile belirlenir. Bu aslinda numunede bir gerinim dl¢iisii
saglar ve bundan sonra sin®> W’ye karsilik d-arah@indaki degisikligin grafigi cizilerek
gerilim buradan hesaplanir.

Kaynak isleminin sonlu elemanlar yontemi ile analizi i¢in hareketli 1s1 kaynagi modeli
kullanmak gerekmektedir. Bu hareketli 1s1 kaynagi modeli Ansys programimda APDL
kodu olarak yazilmistir. Hareketli 1s1 kaynagi modeli olarak Goldak’1n ¢ift elipsoidal 1s1
kaynag1 modeli kullanilmistir. Bu 1s1 kaynag ile ilgili deneyim, arkin oniindeki tahmin
edilen sicaklik gradyanlarinin deneysel olara gézlemlenenlerden daha az dik oldugunu ve
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arkin arkasindaki gradyanlarin Olgiilenlerden az dik oldugunu gostermistir. Bunun
iistesinden gelmek icin ¢ift elipsoidal 1s1 kaynagi adi verilen bir 1s1 kaynagi onerilmistir.
Yeni 1s1 kaynagim1 vermek icin iki farkli yar1 elipsoid birlestirildiginden, her bir yar
elipsoid i¢indeki 1s1 akisi farkli denklemlerle tanimlanmistir. Goldak ¢ift elipsodial 1s1
kaynag1 hacimsel bir 1s1 kaynagidir ve ark kaynak uygulamalarinin sonlu elemanlar
yontemi ile analizinde en ¢ok kullanlan modeldir. Goldak cift elipsoid model i¢in gerekli
geometrik Ol¢iiler numune parga {lizerinden alinmistir.

Ag yapisi olarak 1x1x1 mm lik aglar kullanilmigtir. Toplamda 358743 nod ve 80800
eleman kullanilmistir. Ag yapisini kiigiiltmek sonuglarin dogrulugunu arttirmaktadir fakat
hesaplama zamanin1 da oldukga arttirmaktadir. Bu yiizden en uygun ag yapisi olarak
Ix1x1 mm lik aglar tercih edilmistir.

3 1s1 transferi ¢esidi olan iletim, konveksiyon ve radiasyon cesitlerinden konveksiyon
gdzoniinde bulundurulmamustir. Iletim ve radiasyon gézéniinde bulundurulmustur.
Parcanin iist tarafi tozalti tozu ile kaplandig1 i¢in tamamen izolasyonlu olarak kabul
edilmistir. Par¢aya 6n 1sitma yapildigi i¢in par¢anin baglangig sicakligi 150°C g¢evre ortam
sicaklig ise 25°C olarak kabul edilmistir. Parganin 6z 1s1s1 ve iletim katsayisi sicakliga
bagli degerler olarak girilmistir. Yapisal analizde de elastisite modiilii, termal genslesme
katsayis1 sicakliga bagh degerler olarak girilmistir. Yogunlugu 7750 kg/m? ve poisson
oran1 0,3 olarak sabit deger girilmistir. Is1 transfer katsayis1 olarak 5 W/m?°C, radiasyon
yayinim degeri de 0,9 olarak alinmuistir.

Zaman bagli termal analizden elde edilen sonuglar yapisal analizde siir sart1 olarak
kullanilmistir.  Yapisal analizde iki yontem ile analiz gergeklestirilmistir. Birinci
yontemde termal analizden elde edilen sonunglar yapisal analizde kullanilmis, ikinci
yontemde kaynak dolgu metalinin etkisini gormek i¢in kaynak dikisi ve dolgu metalinin
oldugu kisim eleman dogum ve 6liim yontemi ile modellenmistir. Yapisal bir analizde bir
eleman oldiigiinde sertligi sifira yakin bir deger olarak ayarlanmaktadir. Bu varsayilan
deger 109 dir. Eleman &liimiiniin bir diger etkisi eleman yiiklerinin sifira ayarlanmasidir
ve tekrar dogduklarinda bu sifir degerinde tekrar devreye girmeleridir.

Sicaklik analizinde elde edilen deneysel ve analiz sonuglari karsilagtirilmis ve deneysel
sonuglar ile analiz sonuglarinda iyi bir uyum bulunmustur. 5 noktadaki sonuglarda
birbirine benzer 1snma ve soguma egrilerini gostermektedir. 5 sonuctada deneysel
sonuglardaki soguma hizi analiz sonuglarina gore daha yavastir. Fakat deneysel
sonuglarda da ayni noktalarda elde edilen degerler birbirinden farklilik gosterdigi tespit
edilmistir. Bunun nedeni torchun yiikseklik ayari, amper degerinin kaynak esnasinda
degisimi, tozlati tozunun parga iizerinde kapsadigi alan ve sogumaya etkisi gibi hem
cevresel hem de kaynak isleminin dogasindan kaynaklanan nedenlerdir.

Yapisal analiz sonuglari her iki durumda deneysel souglar ile karsilastirilmistir. Analiz
sonuclarindan bekledigimiz parca simetrik oldugundan sonuglarin da simetrik olmasidir.
Deneysel sonuglarda simetrik noktalara karsilik gelen yerlerdeki Ol¢lim sonuglari
birbirinden farklilik gostermistir. Bu farklilik X-Ray diffraction metodunun o6l¢iim
hassasiyetinden kaynaklanmaktadir. Ciinkii bu yontem ile dogru sonug¢ almak i¢in parca
ylizeyinin piirlizsiiz ve ¢ok diizgiin olmasi gerekmektedir. Kaynak yapilan parca kaynak
dikisi oval oldugu i¢in kaynak boyunca artik gerilme sonuclarin1 6l¢ebilmek amaci ile
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kaynak dikisi taglama yontemi ile parca iizerinde kaldirilmis ve parcanin diiz olmasi
saglanmigtir. Fakat taslama islemi esnasinda parca yiizeyinde hafif oyuk yiizeylerde
olusmustur bu girinti ve ¢ikint1 olan noktalarda X-Ray diffraction yontemi ile hatali
sonuglar alinmis ve 6l¢giim bu noktaya yakin ve daha diizgiin olan yiizeyden alinmaya
calisilmigtir. Ayrica X-ray diffraction yontemi ile parca makinenin tablasi lizerine ¢ift
tarafli bant ile yapistirilmigtir. Fakat 6l¢iim esnasinda bu bant pargay: tabla iizerinde
sabitlemeyi bazen basaramamistir. Bu da sonuglarin yanlis 6l¢lilmesine neden olmustur.

Yapilan iki analiz modelinde de simetrik sonuclar elde edilmistir. Eleman dogum/6lim
yontemini kullanmak pargay1 bir biitiin olarak kabul ettigimiz yonteme gore daha zordur
ve daha fazla c¢aba gerektirmektedir. Her iki yontemde de elde edilen sonuglar
karsilastirildiginda kayak boyunca elde edilen sonuglarda eleman dogum ve Oliim
yonteminde farklilik tespit edilmistir. Elaman dogum / 6lim yonteminde elde edilen bu
farklilik yontemin eleman yiiklerini her 6liimde sifira yakin bir deger olan 10° ‘a
ayarlamasi ve ve tekrar dogduklarinda bu sifir degerinde tekrar devreye girmeleridir.
Gerilism sonuglarinmi karsilagtirirken hat {izerinde gerilim degerlerine karsilastirilmis ve
ayrica deneysel Olgiimlerde Ol¢lim noktalarina karsilik gelen analiz sonuclarinda
nodlardaki degerlerde karsilastirilmistir. Nodal olarak degerleri karsilagtirma daha uygun
sonuglar vermektedir.
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1. INTRODUCTION

FEM is a useful tool for analysing different welding-related effects. The knowledge can
help a practicing engineer to arrive at the optimum procedure, which will minimize the
extent of rework in critical components. However, getting a meaningful result using FEM
IS no easy task and it requires a great amount of effort to create input data that truly
represent the important phenomena associated with welding. An equal amount of effort
may be required to sift through the vast data output and interpret the results. Thus, an
engineer must have a good knowledge of the phenomena associated with welding as well
as the mathematical skill to express them as input data.

Welding is widely employed in the fabrication industry for the manufacture of many types
of components involving different shapes, sizes and materials. The primary benefit a of
the welding procedure is that it produces a metallurgical bond between the members to
be joined which has a strength level comparable to or even higher than that of the base
material of the component. Before the advent of the welding process, riveting was the
main metal joining process for the fabrication of components such as structures, ships,
and even some pressure vessels. Riveting has several advantages over welding like lower
equipment cost, simple operation, lower operator skill level, standardized procedure for
different materials without any additional operations like preheating and post-weld heat

treatment, less consumable requirement, simple quality control procedures, etc.

However, the advantage of higher joint strength in the case of welding gives it an edge
over riveting in many types of components. The welding process enables the designer to
optimally design the component for maximum performance with minimum size, shape,

and weight of the component.

Today, industrial components are designed with advanced materials and thicker sections
for operating at increasingly higher load levels. The challenges in the joining of these
critical components are effectively met by welding. Much research work has been
undertaken to address the various issues which are faced during welding and the welding
process owes its premier position to these developments. Many welding processes,
procedures, consumables and equipment have been developed which are suitable for

various types of components for different end applications. The productivity of the



welding process is continually being improved, and automation has been successfully
implemented for large-scale manufacture of many welded components. Suitable welding
procedures which minimize the metallurgical damage in different materials are under
constant development. The deleterious effect of weld discontinuities on the load carrying
capability has been studied in detail, and steps to overcome the problems are widely
known to the industry. Advanced testing methods have been developed for better
reliability of the welded components. Fabrication codes have been formulated so that the
welding procedure is standardized and safe performance of welded components during
service is ensured. There are many trained welders and welding operators who meet the
skill requirement of various fabrication codes. Thus the process of welding has come to

occupy an important position in the fabrication industry.

The metallurgical bond in the case of welding is achieved by the conversion of different
forms of energy into the energy for coalescence. This energy is focused in 2 Finite
Element Analysis of Weld Thermal Cycles Using ANSYS the localized region at the
interface between the two members. In the case of arc welding processes which account
for a major share of welding, the electric arc provides the required energy for fusion of

the members.

In many cases, extra metal is deposited to fill the groove between the members, and this
additional metal also receives the heat from the electric arc. After solidification, the
required metallurgical bond between the abutting members is created. The localised
release of heat along the joint line is essential for the welding process to be successful.,
but this localized heat has its own aftereffects and unless these detrimental aftereffects
are suitably tackled, the resulting quality of the weld will not be satisfactory. The zone in
the parent metal which is closest to the weld is heated to very high temperature, which
causes metallurgical phase changes in the material. The parts that are joined are known
as a parent material. This zone which is metallurgically affected by the high temperature
is called the heat affected zone. Heat affected zone is the weakest link in the entire
weldment, unless steps are taken to contain the weakness within limits, the resulting weld
will not meet the quality requirements. The heat due to welding produces different effects
in different materials under different conditions. In materials like carbon steel and low

alloy steel, it produces hardening due to rapid cooling whereas in materials like



aluminium alloys, it has a softening effect due to recrystallization which takes away the
beneficial effects of cold work. In steels, faster cooling rates during welding affect
ductility whereas slow cooling rates affect toughness. The welding heat causes grain
refinement in the previously deposited weld metal in multipass welding whereas it has a
grain coarsening effect in the heat affected zone which affects the strength and toughness.
The welding heat leads to depletion of elements like chromium, which give the required
properties, whereas it may cause segregation of impure elements, which weakens the weld
joint. In stainless steel, the welding heat may lead to the precipitation of unfavourable
carbides, and in some other cases, the heat leads to dissolution of the favourable carbide
in the matrix. The inadequate liberation of the welding heat results in improper fusion of
the weld metal with the base metal but in some steels, the excess liberation of heat causes
melting of more parent metal which alters the chemical composition of the weld metal
and makes the weld metal inferior. The non-uniform heating and cooling cycle associated
with welding also causes problems including distortion and residual stresses which affects
the integrity of the welded structure. The differential thermal expansion during the heating
cycle causes localized plastic deformation in the weld and adjacent regions, and as a
result, shrinkage forces are developed in this region during the cooling phase. These
shrinkage forces produce residual stresses or distortion depending on the restraint offered
by the component. In steels containing non-metallic inclusions in the form of thin lamella
at the mid-section, the shrinkage forces in the thickness direction may lead to tearing of

the member, and this phenomenon is known as lamellar tearing.

The root cause of all these detrimental aftereffects can be traced to the application of
localized heat during welding, and hence the total elimination of these after effects is not
possible. But the damage may be contained within limits by controlling the heat input to
the exact minimum requirement. Any indiscreet application of heat during welding will
aggravate the problem, and post correction becomes more difficult. Thus the successful
application of welding requires a careful balancing of the heat input for achieving proper

fusion without severe degradation of the properties of the weld.

There are analytical methods for the study of temperature history in the weldment. These
methods are easy to use and have been successfully employed in some cases. But these

methods employ many simplifying assumptions which affect the accuracy of the results.



With the improvement in computing power, numerical techniques like the finite element
method have become popular as various phenomena may be incorporated easily in these
models and reasonably accurate thermal results can be obtained. There are many
phenomena associated with welding and accounting all these phenomena will make the
analysis very complex and time consuming. The phenomena which have major effects
must be considered in the model, leaving out the other less important ones so that the
accuracy of the results will be reasonable while the cost of computation is kept within
limits. Incorporating the phenomena in the model must be done carefully, and improper
representation of these phenomena will have adverse effects on the accuracy of the

results.

There are commercially available finite element method based softwares which can help
a researcher to perform the analysis without the need to go through the basic steps in
formulation and solution of the problem. These softwares enable the user to visualize the
results for better understanding. Even though there are many advantages in using these
softwares, the user has to exercise caution during the data input since there may be some
underlying limitations for a particular case, and if the researcher tries to run the analysis
without really understanding the effect of these limitations, it will only lead to inaccurate
and unreliable results (Ravichandran, 2021).



2. WELDING PROCESSES
2.1. Basic Concepts of Welding and Welding Mechanics

The welding procedure is a fabrication step that is used to fuse the metal parts together.
An energy source of heat is used to locally raise the temperatures of the surfaces that will
be bonded by welding to their melting points. The energy source may alter depending on
whether you're welding using electrical resistance, an electric arc or a flame. The junction
Is formed when small or thin structural components fuse together on their own. It is
necessary to inject a filler material during the welding process. The process energy
obtained by welding machines creates a localised molten pool. This pool is hosting the
welding process consumable, and/or previously deposited weld metal and the component

surface

The heating and cooling stages of the welding process are consequently uneven because
the molten pool into which the consumable is introduced is shifted along the joint axis.
During welding, adjacent pieces of the material attempt to expand and contract to varying
degrees in line with the timing of the localized heat cycle. Figure 2.1 shows distortion

caused by welding.

Casting of metals is a similar process to welding, but there is a difference. When
compared to the casting process, the welding process has a very localized and semi-
continuous application. The weld metal zone's cooling stafe contracts in conditions of

severe restriction. Stresses caused by heat will be introduced as a result of this restriction.

The metal that has been welded attempts to contract. As a result, the stress system tries to

stabilize at its lowest level. Metal yielding results in distortion.

v. » LA
Figure 2.1. Distortion caused by welding (Croft D.N., 1996)

High stresses will be coupled with joint restraint and these high stresses causes cracking

problems with low ductility. Let’s consider a 2-dimensional rectangular body as shown



in Figure 2.2 in order to comprehend the causes of the residual strains brought on by the

welding process' heat cycles.

V\GAU,'\ \‘1' 1 .‘1\ A
Figure 2.2. Unrestrained expansion and contraction (Croft D.N., 1996)
Characteristically metals will expand when they will be heated. In the case of unrestrained
situation, they independently alter their size in accordance with their coefficient of

thermal expansion. Dimensions Ha and Wa grow to Hi and Wa correspondingly when

the body is heated to from ambient temperature Ta by an amount AT.
Hi=Ha(1 + aAT) (2.1)
W1 =Wa (1 + aAT) (2.2)

Where a is the coefficient of thermal expansion, generally this value can take as 12.7-
14.6 x 10 K1 for ferritic steels. When the temperature drops to the ambient level during
cooling stages, the body will resume its former shape. In a case of a restriction on free

expansion in the vertical axis, the H dimension in Figure 2.3.
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Figure 2.3. Restrained expansion unrestrained contraction (Croft D.N., 1996)



The structure cannot simultaneously expand its dimension in the H direction and
temperature if the temperature is raised as previously. Only W dimension can increase its
dimension. It will undergo a larger expansion than in Fgure 2.2. When the metal's
temperature is changed sufficiently, plastic deformation occurs at the higher temperature,
stabilising the structure. There are no restrictions on contraction when welded metal cools
to room temperature from a high temperature. As a result, when compared to the original

proportions, the height will be decreased but the width will be enlarged.
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Figure 2.4. Restrained expansion and contraction (Croft D.N., 1996)

Now it can be explained it by giving an example. Let’s try to weld the metal with the
body representing but this metal should be firmly attached to the two boundaries an in
Figure 2.4. The body is restrained and therefore it will not long freely from Ha to Hz as
the temperature returns to ambient. It is in stretched position and tensile stress is actiong
to the body. Unless another sort of treatment is used to reduce it, this stress will last
forever. Compressive stresses will be generated elsewhere to permit a self-balancing state
since every stress system must be in balance to be stable. The mechanism of residual
welding tensions that develop during the welding process is explained using this example

in a very simplistic manner.

In actuality, the area around the joint will have a distribution of these stresses that is
greater than the size of the yield point. Figure 2.5 illustrates the two main longitudinal
and parallel directions in which residual stresses will act. Gaps would arise at the plate
ends if the weld metal were allowed to expand and contract without limitation while

creating the connection. (See Figure 2.6).



lransverse

Figure 2.5. Direction of principal stresses (Croft D.N., 1996)
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Figure 2.6. Effects of restraint on weld metal (a) Unfused (b) Fused (Croft D.N., 1996)

The distribution of longitudinal residual stresses is depicted in section in Figure 2.7(a),
with the tensile component limited to the area around the joint. The resultant transverse
stress distribution is shown in Figure 2.7 (b). Midlength is where the largest tensile stress
will build, and some compressive residual stresses will work near the junction to provide

balance.

@) (b)
Figure 2.7. Residual stress distribution (a) longitudinal (b) transverse (Croft D.N., 1996)

The localized melting of the component joint faces and the deposition of weld metal in a
molten pool, followed by cooling, are metallurgical effects that are changing the

microstructure of these areas.



After the welding process, the cooling steps can go rather quickly. An as-cast-type
structure emerges from the molten pool of weld metal. Metallurgical restructuring takes
place when the parent metal is heated to its melting point at the fusion face. The rapid
cooling creates a metallurgical structure. Mechanical properties of this structure will be
different from the bulk parent material. The heat affected zone refers to this portion of the

parent material in the welded junction.

Because steels lose their resistance to impact and ductility during welding, the heat

impacted zones in steels are often tougher than the parent material.
There are some reason of failure of a weld, these are;

o The harshness of heat cycles, which results in significant residual stresses
o Because the characteristics of the heat-affected zone and the weld metal differ

significantly from those of the parent material.

Thermal behavior is the cause of the weld failure. Heating application can be applied to
prevent these failure. Heat treatment engineering is the study of a sequence of heat
treatment activities that are performed prior to, during, and after welding in order to

regulate metallurgical changes. (Croft D.N., 1996).

Products that are to be welded always experience heat strains, deformations, and residual
stresses as a result of fusion welding. Design engineers are very interested in how stress
and deformation are produced, as well as how they affect welded constructions'
performance. The theoretical basis for comprehending these effects is provided by
welding mechanics theory. Theories in traditional welding mechanics are derived from
simplified models and an empirical formula. Products that are to be welded always
experience heat strains, deformations, and residual stresses as a result of fusion welding.
Design engineers are very interested in how stress and deformation are produced, as well
as how they affect welded constructions' performance. The theoretical basis for
comprehending these effects is provided by welding mechanics theory. Theories in
traditional welding mechanics are derived from simplified models and an empirical
formula. Engineers can modify their designs in response to the findings of FEM. In

reality, generic structures are created using a variety of manufacturing techniques,



including cutting, bending, connecting, straightening, releasing residual tension, etc.
These procedures may be divided into the following three categories: use of a mechanical
process, chemical reaction, and thermal process. The first category includes welding, also
known as "fusion joining," which is the process of attaching components by melting a
tiny amount of metal. Metal melting energy sources include gas, arc, plasma, electron
beams, lasers, and others. The type of construction and the production efficiency should
be taken into consideration while choosing these approaches. For instance, because a
heavy pressure vessel is made up of several thick plates, it is frequently preferred to use
an extremely effective heat source, such as electron beam welding, which concentrates a
significant amount of heat input. Arc welding is frequently utilized for huge buildings
like ships and bridges since the equipment is affordable and simple to use. In order to

perform fusion welding, a heat source is typically moved along the weld line.

Various welded joint types, such as butt joints, fillet joints, etc., are employed according
on the form parameters of the structural components, as shown in Figure 2.8. To achieve
appropriate penetration, the groove type also varies depending on plate thickness, as

illustrated in Figure. 2.9.

Arc heating is used in arc welding to melt the base metal on the surface of the groove.
The electrode melts and fills the groove at the same time.

In arc welding, the surface of the groove of the base metal is heated and molten by arc
heating. Simultaneously, the electrode is also molten and fills into the groove. After

cooling down, the joint is formed.

The type of welding power source, such as direct current, alternating current, and pulse
current, must be selected to fit the type of welded joint. In arc welding, the heat input per
unit. The energy sources for melting metal are gas, arc, plasma, electron beam, laser, etc.
These are selected according to the type of structure and the efficiency of the
manufacturing. For example, since a heavy pressure vessel is composed of many thick
plates, a highly efficient heat source such as electron beam welding, which provides a
concentrated large amount of heat input, is often adopted. For large structures such as
ships, bridges, etc., arc welding is widely used because its machine is cheap and can be
handled easily.
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Figure 2.8. Types of welded joints (Ueda and et al., 2012)
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Figure 2.9. Types of grove shapes (Ueda and et al., 2012)

The joint is produced following the cooling stage. The schematic representation of the
electrical power supply and the welding arc is shown in Figure 2.10.

12



—
4 %
Electrode
Power U / i
supply
Weld metal
v

Figure 2.10. Electric power and welding arc (Ueda and et al., 2012)

The heat input per unit weld length in arc welding is represented by;

n*I=x*xU
Q=———

v (2.3)

Where, | stands for direct-current source's current, U for the voltage between the base
plate and electrode, and v for the electrode's speed of movement. n is the heat input's
efficiency, which accounts for the loss of electrical energy by, convection, conduction,
radation etc.

The temperature distributions are determined, for instance, when a point heat source

passes across the surface of a thick plate as shown in Figure 2.1.

The temperature is maximum just beneath the heat source and progressively drops as one

moves toward the welding start.

A concentric circle is shown by the temperature distribution in the vertical plane opposite
the weld line. The area that is heated above the Acl transition temperature (723°C) in the
case of steel is considered to be the weld metal as a consequence, and the area around it
is known as the heat-affected zone, as shown in Figure 2.12. The hardness and ductility
of the HAZ vary, and these differences have an impact on the dependability and strength

of the welded junction.

13



1600

5 Semi-infinite solid, steel: 7[ \ \
y=

-1=0.042 J/mmsK

~ 0mm Z=0mm—j

'T a=10mm2/s \ \

= 1200 ~continuous point source:

& q=4.2kJis / 10‘ 10\

‘g Tv=1mm/s ,/

@

s / 1)

.

©

% 400 2 \ // \\

g //,/' 30 \\\ /,/- 30\\\\
0

Coordinate, x Coordinate, y
(a) (b)
;1'16I'2 ‘\\\\ o [ |
40 <D 800°C
B /' Ss 1000
> =20 // Lo 1500 1500 100/0°C 5
[}
S 0 / [ \ / .
© ) )
5 \ | 222 /i Zm
§ 20 ~ T 40 £
200 \,‘_/7 \ 800 5
40 el | o] 600 | 8
T T100—= 4000 mm ©
60 B Sl W= 300 |go
-120 -80 -40 0 mm 40 -40 0 mm 40
Coordinate, x Coordinate, y

(©) (d)

Figure 2.11. Temperature distributions on a thick plate's surface that were calculated
using a point heat source (Ueda and et al., 2012)

There are three categories into which welding-related issues can be divided:

1. Metallurgical modifications brought on by thermal history.
2. Heat is utilized during welding to help the metal melt and solidify.
3. Mechanical effects of the welding process, including as deformation and residual stress
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Figure 2.12. Section of welded joints (Ueda and et al., 2012)

Plastic shrinkage, which is brought on by thermal shrinkage and expansion in the welded
section during heating processes, causes welding deformation and residual stress like
shown in Figure 2.13. Basic welding deformation patterns in a butt joint are shown in
Figure 2.14. They consist of rotational and angular distortions as well as transverse and

longitudinal shrinkages.
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Figure 2.13. Basic types of welding deformation (Ueda and et al., 2012)

The maximum longitudinal stress is almost equivalent to the yield stress in magnitude.
Weld cracks may develop in the welded part if the base and filler metal ratio and the
welding circumstances are not chosen correctly. As shown in Table 2.1, residual stress,
deformation, and weld fractures might weaken the welded structure's strength and reduce
the product's dependability. High thermal gradients result from the surrounding area'’s fast
heating during the welding process. The heated material expands, but the expansion is
constrained by the mass that is around it, which is colder and stronger. Thermal stress
will result from this. Plastic stresses will form in the weld zone because the yield limit is

decreased in the area of higher temperature. The material in the weld region will be "too
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small™ after it cools down since the volume has decreased. Due to plastic hardening,
which also causes latent stresses, the material will recover its strength upon cooling,
usually at a higher level. The residual stress, distortion, and weld cracks may deteriorate
the strength of the welded structure and lower the reliability of the product as described
in Table 2.1.

Table 2.1. Welding-induced Problems and Countermeasures (Ueda and et al. 2012)

Influential Factors Countermeasures

Residual Brittle fracture, fatigue, Heat input, welding sequence, post-weld
stress stress  corrosion  crack heat trteatment (PWHT)
(SCC), buckling
Distortion Geometry inaccuracy, anti- Clamping, Constraint, Prediction, offset,
automation straightening
Crack Cold/Hot cracking Material  selection, pre-/postheating

Weld condition,

Then, it is advised to implement the necessary actions based on simulation and/or
forecast. For instance, residual stress can be reduced and metallurgical characteristics can
be enhanced by using stress relief annealing. Prestrain may be applied to correct welding
distortion in order to reduce the resultant distortion. It is vital to forecast or estimate
residual stress and deformation in order to be ready for the effects of welding. One of the
most effective techniques is to replicate welding activity using a computer (Ueda and et
al. 2012).
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(a) Longitudinal stresses
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Figure 2.14. Typical residual stress distribution patterns (Ueda and et al., 2012)
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2.2. Welding and Joining Processes

Fusion and solid phase welding applications are the two basic categories for welding
processes. Two edges or surfaces are welded together via fusion welding. The melting
point is reached on these edges or surfaces that will be welded. The joint gap is filled by
mixing in molten filler material. With solid phase welding, two spotless solid metal
surfaces are pushed close enough to one another to produce a metallic connection. At
temperatures as low as room temperature, solid phase welding is possible. The Figure

2.15 below shows various welding and joining process (Singh 2021).
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Figure 2.15. General layout welding and joining processes (Singh, 2021)
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2.3. Efficiency of Energy Use

An electric arc is produced by an electrode and the base material using a welding power
source, melting the metals at the welding site. This process is known as arc welding. To
thoroughly melt the metals for welding, however, not all of the arc energy is used. The
product current and voltage that flow through the arc are what give welding its strength.
The process results in a large energy loss. Heat is produced when power is transferred to
it, however there are heat losses due to convection, conduction, radiation, and splatter.
Based on a variety of variables, the process efficiency of different arc welding processes
varies greatly. These considerations include the type of gas to utilize (if any) and the
material to be welded. These variables' effects depend on a single factor or a mix of
factors. How a process uses the energy it produces has a significant impact on how
muchelectrical current should be required to provide the necessary heating for weld
applications. The efficiency of a procedure for joining various materials depends on the

heat generated.

2.4. Preheating Process

Preheating process is to raise locally parent material’s temperature on both sides of
welding joint which is welded over ambient temperature prior to welding. Preheating is

required for the four reason below.

1.“To lower the metal’s cooling rate in the HAZ below 805 °C in the HAZ, to decrease
hardness value of the welded part.”

Low alloy steels and high carbon steels are capable of being hardened by quenching from
high temperatures (above 850 °C) The fusion face with the parent material is where the
same process can take place in a welded junction. By increasing the base metal's
temperature, the hardening process may be slowed down when the weld cools and the
temperature difference between the base material and the weld pool is minimized. The
likelihood that the metal to be welded may crack is decreased by reducing hardness.

2. “To regulate the rate of hydrogen diffision in a welded joint.”

Moisture exists in the metals, and it contains both hydrogen and oxygen. Moisture is
broken down into its constituent parts, hydrogen and oxygen, by the welding arc. At high
temperatures, both of these fundamental substances may be readily absorbed into the
metal of the weld and may even be stuck during the cooling process. Hydrogen, also

18



known as cold cracking or hydrogen cracking, plays a significant role in weld and heat
affected zone cracking at lower temperatures. The preheating method aids in the steel's
hydrogen dissolution. By making sure that the weld region is dry and stays dry during the
welding process, the preheating procedure delivers. Additionally, materials used in
welding consumables like fluxes and electrodes contain moisture.

3. “To reduce thermal stresses.”

As the molten weld pool cools, thermal stresses are created. Because the parent metal
resists or restrains the weld metal's contraction and the joint's cross sectional area is
insufficient to handle the resulting tensile stress, partially formed welds are susceptible to
cracking. Prehat may reduce temperature differences and slow cooling rates to control the
amount of strain.

4. “Compensation for heat losses.”

Preheating during welding may be necessary for thicker section steels with high thermal
conductivity to achieve fusion.

Figure 2.16, 2.17, 2.18 show some preheating application. In Figure 2.16 and 2.18
preheating were performed with electrical resistance heater and In Figure 2.17 preheating

was performed with gas fired system.

Figure 2.16. Welding with Preheat (Ueda and et al., 2012)
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Figure 2.17. Preheating of special pipes prior to SAW Welding (Ueda and et al., 2012)

Figure 2.18. A local heat treatment application view 3
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Figure 2.19 shows application temperatures for preheating process in Code BS 2663:
1987. Figure 2.20 shows application temperatures for preheating process in Code ASME

31.3-2016). Preheating temperatures may vary according to relevant code for the same
type of material.

Table 5. Pre-heating for welding (see also 18.3)
Type of stesl Minimum pre-hesting tempersture Hydrogen d Non-hydrog thed
for TIG welding of root runs weld metsl (note 1) wald metal
Carbon steel root run Matching Materis! Minimum Material Minimum
root run, all thickness | pre-hesting thickness pro-heating
<127 mm > 127 mm dismaeters and temparature tempersture
dis. snd dia, or thicknesses
<125 mm >125mm
thiek | thick
°c °c °c mm °c mm °c
C and C-Mn, <I0Omm*: 5 <3I0mm*:56 <30 5 <20 5
(€026C) 5 > 30 mm*: 100 > 30 mm*: 100 |> 30 100 >20 100
Cand C-Mn,
£>025C<04C)H B0 100 100 All 150 All 200
C-Mo 5 100 <125mm*: 20{< 125 20 <38 150
>125mm*:100 > 125 100 {note 5)
1Cr % Mo -] 100 100 <125 100} <125 150
1% Cr % Mo >125 150 /inote 3} | 5 125<20 | 200
{note B)
1.25 Ni Cu Mo No 50 (note 7} 100 (note 7) 100 £125 100 Noie 6 Note 6
>12.5 150
BCrhMoUV S0 100 100 <125 t50} Note 8 Note 6
5125 200 {note 3)
2% Cr 1 Mo 50 100 100 <125 150 } <125 200
>125 200 finote 3} | (note 5)
5 Cr % Mo Note 2 Note 2 150 Al 200 (note 3) Note 6 Note 6
7 Cr % Mo
9Cr 1 Mo
9CriMoVNDN Note 2 Note 2 100 (note 3) Al 200 (note 3) Note 6 Note 6
12 Cr Mo V(W) Note 2 Note 2 150 All 150 {note 4) Note 6 Note B
3% Ni Note 2 Note 2 100 All 150 Note 8 Note 6
9 Ni
NCTE 1. Hydrogen controlied weid matal as defined in BS EN 499 contains no move than 5, 10, or 15 mL of diffusible weld metal for type H5, H10 and H15
respectively.
NOTE 2. A carbon steel root run is not 10 be used.
NOTE 3, When TIG welding is used a lower pre-heating temperature may be applied provided it is proved to be satisfactory by
procedure tests,
NOTE 4. A welding process with extra low hydrogen potential (less than 5 mL per 100 g of deposited weld metai) should be
employed. {f 8 high pre-heating temperature is used, &.g. 300 °C, then the joint should be coofed to between 100 °C and 150 °C to
ensure full transformation before post-weld heat treatment is applied. Weiding at 3 pre-heating temperature in the region of 150 °C
10 200 “ C will ensure that a high degree of transformation and some tempering will occur during welding and will assist in the
removal of hydrogen from the joint,
NOTE 5. Above the maximum thickness stated hydrogen controlled weld metal only to be used.
NOTE 6. Hydrogen controlled weld metzl only to be used.
NOTE 7. A C-Mo root run is 10 be treated as a carben steel root run.
NOTE 8. Both 9 Cr 1 Mo and 9 Cr 1 Mo V Nb N are considered to be matching root run compositions,
*Thickness.

Figure 2.19. Guidance on preheating process in national codes (BS2633: 1987)
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Table 330.1.1 Preheat Temperatures

Base Greatgr
Metal Material
P-No. Thickness Additional Limits Required Minimum Temperature
[Note (1)] Base Metal Group mm in. [Note (2)] °C °F
1 Carbon steel <25 <1 None 10 50
>25 >1 %C < 0.30 [Note (3)] 10 50
>25 >1 %C > 0.30 [Note (3)] 95 200
3 Alloy steel, Cr < V4% <13 < SMTS < 450 MPa (65 ksi) 10 50
>13 >Y, SMTS < 450 MPa (65 ksi) 95 200
All All SMTS > 450 MPa (65 ksi) 95 200
4 Alloy steel, 2% < Cr < 2% All All None 120 250
5A Alloy steel All All SMTS < 414 MPa (60 ksi) 150 300
All All SMTS > 414 MPa (60 ksi) 200 400
5B Alloy steel All All SMTS < 414 MPa (60 ksi) 150 300
All All SMTS > 414 MPa (60 ksi) 200 400
<13 <Y, %Cr > 6.0 [Note (3)] 200 400
6 Martensitic stainless steel All All None 200 [Note (4)] 400 [Note (4)]
9A Nickel alloy steel All All None 120 250
9B Nickel alloy steel All All None 150 300
101 27Cr steel All All None 150 [Note (5)] 300 [Note (5)]
15E 9Cr-1Mo-V CSEF steel All All None 200 400
All other materials e wa None 10 50
NOTES:

(1) P-Nos. and Group Nos. from BPV Code, Section IX, QW/QB-422.

(2) SMTS = Specified Minimum Tensile Strength.

(3) Composition may be based on ladle or product analysis or in accordance with specification limits.
(4) Maximum interpass temperature 315°C (600°F).

(5) Maintain interpass temperature between 150°C and 230°C (300°F and 450°F).

Figure 2.20. Guidance on preheating process in national codes (ASME 31.3-2016)

As the alloying content of a ferritic steel increaes, prehating has more important role. Due
to the hardenability's relationship to an elevated danger of cracking during the cooling

process.

The relevant guideline document for organizing welding technique trials for general
welding carbon-manganese steels is BS5135 (pr EN1011). This considers the steel's
chemical composition as represented by the carbon equivalent, or Ceq, written as follows:

Cr+Mo+V Cu+Ni
+

Mn
Coq=C+ I 5 15 (2.4)

The joint's total thickness (heat sink effect), the welding process's energy input (kJ/mm =
[arc voltages x amps] /travel speed), and the electrode coatings' hydrogen potential (scale
A> 15 ml/100 g to scale D 5 ml/100 g). Figure 2.21 is an example of a chart that would
be used to calculate the values of the prehating process based on the interaction of various

factors.
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Figure 2.21. Conditions for welding steels with defined carbon equivalents (URL-1)

The preheating temperature is kept to a minimum during the welding operation. Heat
input has the potential to raise the temperature to a dangerously high point, impairing the
welded structure's mechanical qualities or changing the welding process's parameters
enough to create flaws. Additionally, it is possible to alter the maximum interpass
temperature, frequently by 100-150 °C (Croft D.N. 1996).

2.5. Measuring and Determent of Residual Stresses in Weldments
Metal residual stresses may be measured using a variety of techniques. These techniques, which

may be categorized into three categories, are also typically used in weldments;

1. “Stress-relaxation”,
2. X-ray diffraction methods” (and, more recently, neutron)

3. “Cracking of metal” methods.
These methods are not perfect, all of them has its merits, advocates, and appropriateness.

By cutting a sample holding the residual stresses and measuring the amount, sign, and
direction of the strain that is released using an electrical or mechanical gauge, stress-

relaxation techniques can determine the residual stresses. These techniques deliver
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quantitative data that is essentially correct and trustworthy. The sample geometry, notably
the 3-D intricacy, has a constraint. There are specific methods for handling samples of
various shapes and sizes, particularly thin 2D sheets or plates and thick 3D solids. These
methods involve a variety of cutting techniques (such as drilling, boring, sectioning, and
machine milling) as well as a variety of methods for observing the release of strain, such
as the physical distortion of overlaying grids, mechanical measurement devices or gauges,

and electrical resistance.

By assessing the impact of residual stresses on the metal's lattice parameter, X-ray
diffraction techniques may identify these stresses. The lattice expands as a result of tensile
residual stresses, increasing the typical lattice parameter. However, compressive residual
stresses result in a contraction of the lattice and a reduction in the normal lattice
parameter, both of which are proportional to the intensity of the stresses. These
procedures typically have long processing times, a need for specialized tools and
knowledgeable operators, and poor accuracy.

There are just a few techniques. These methods can track the impact of residual stresses

on stress corrosion or hydrogen-induced cracking (embrittlement) (Celik, 2009).
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3. PREVIOUS STUDIES

In the late 1930s, Rosenthal and Rykalin used Fourier to create the fundamental theory of
heat flow, which they then extended to moving heat sources. The most common analytical
technique for determining the thermal history of welds is still this idea. Rosenthal's point
or line heat source models have a considerable error for temperatures in or near the fusion
zone (FZ) and heat impacted zone (HAZ). The heat source's temperature is considered to
be unlimited in this scenario. As the heat source is closer, the inaccuracy increases due to
this temperature and the material’'s temperature sensitivity. The finite element technique
(FEM) has been utilized by numerous authors (Goldak, Andersson, Krutz, Taylor,
Segerlind, and Friedman) to examine heat flow in welds in order to overcome the majority
of these restrictions. (Celik, 2009).

Goldak et al. (1986) created an analytical model to obtain heat source for welding. The
Gaussian power density distribution served as the model's foundation. In order to
represent the form and magnitude of the heat source of shallow and deeper penetrations,

they developed a double ellipsoidal distribution.

Biswas and Mandal (2009), created a numerical model based on the finite element
package ANSYS. For single-pass and single-sided submerged arc welding of square butt
joints, they created this model. In order to take top and bottom reinforcements, a time
step, and a meshing method into consideration, they attempted to model the scenario of a
moving dispersed heat source. They created the required macros. In this model, the effect
of bead geometry was considered. To take into consideration the effect of filler metal
deposition, they employed the element birth and death theory. They discovered that
employing reusable backing strip which is flux-filled and the appropriate parameters for
welding process, through-thickness fusion, proper top and bottom reinforcements, and
square butt edge preparation could be performed in a single run of submerged arc welding.
There is an overall decrease in angular distortion. The element death and birth approach
is used to successfully include the influence of top and bottom reinforcements into the
theoretical model. Theoretical findings indicated less angular deformations. This is
because the calculations took into account the restraint impact of the reinforcements.

Theoretical findings closely matched those obtained through experimental measurement.
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Only 4 to 10% of the anticipated distortions and the experimentally measured distortions

differ from one another.

A brand-new Goldak heat source distribution model for SAW was created by Nezamdost
et al. (2016). It is being attempted to construct both 2D and 3D finite element models
utilizing the solution of heat transfer equations in ABAQUS Standard implicit. Their
findings demonstrated the effectiveness of using the 2D axi-symmetric model to predict
the heat cycles and welding residual stresses for the test steel. Both 3D and 2D analyses
were compared. When compared to 3D analysis, they found that the 2D model greatly
reduced the FE computation's time and cost. The bead-on-plate welds' experimentally
observed values and the projected fusion zone geometry's numerical accuracy are
compared. The current model's predictions and experimental observations were found to

accord rather well.

To investigate the impact of welding in passes on residual stress and ultimate angular
deformation of fillet welded mild steel joints, Mondal and et al. (2017) constructed a 3-D
FEM. An elasto-plastic thermomechanical model is developed to predict residual stresses
occuered during SAW process. The simulation results show that the single sided fillet
weld has more residual stress than the double sided fillet weld and that this residual stress
is not balanced on both sides of welded part. The predicted results was confirmed by

experimental results and published literature.

Ghosh and et al (2013), tried to present a mathematical model for temperature distribution
in the case of submerged arc welding to join two steel. The thermal behavior of the
submerged arc welding process was demonstrated using the conservation of energy
equation. They are thinking of using a volumetric heat source with a double-paraboloid
form in three dimensions and a Gaussian distribution for welding. The weld pool's cross
section might have a parabolic form. To determine the geometric parameters, they
performed a series of tests. They contrasted the predictions' outcomes with temperatures

anticipated empirically. They observed the outcomes and discovered good agreement.

Sirivella (2014) concentrated on investigating how temperatures vary during SAW
welding. In this study with 2D heat flow mesh model was used. According to the analysis,

the heat source operates for 0.001 to 1.000 seconds before ceasing, and by that point, the
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shape of the weld has not been produced. Additionally, it makes note of the fact that the
node at the upper surface of the plate located near to the weld's border achieves its
maximum temperature value after 10 seconds. The comparable node on the plate's bottom
reaches its maximum temperature at 15 and may detect incremental temperature

equalization.

Taskaya and et al (2019), welded Ramor 500 steel with 65x55 mm and with 3 mm thick.
Ramor Steel is a special steel developed for army industry. It is used as the main combat
vehicle. They are using submerged arc welding (SAW) method to weld Ramor Steel.
They carried out some experiment at different conditions. The ANSYS package software
was used to evaluate the thermomechanical analyses. They discovered that all welded
connections had full penetration, hence there were no macro or microcracks visible after
the radiography diagnostic test. A grain structure is seen in the microstructure analysis.
in the shape of a uniform distribution starting at the weld stitch and moving down to the
base material. The results of SEM-EDS investigation demonstrate the homogenous
distribution of elemental phase structures. Welding width rose as welding speed
increased, and welding width decreased as welding speed increased as a result of the
impact of welding stitch shapes on the current strength and velocity. The
thermomechanical research performed using ANSYS software revealed that welding
stresses increased as heat was added, and that mechanical and elastic stresses peaked quite

high before being replaced by permanent stresses as a result of deformation.

Suman and Biswas (2020) used a Creep Strength Enhanced Ferritic (CSEF) steel plate
that was 10 mm thick to evaluate residual stresses and deformations with and without the
preheating effect. For greater accuracy, the bead geometry in FE models was compared
to that of a weld junction. Modeling also took into account the solid-state phase change
or austenitic-martensitic transformation typical of CSEF steel. For as welded and
preheated weld models, thermal history, distortion, and residual stresses were predicted:;
these predictions were then confirmed by empirically observed data. For measuring
residual stress, deep hole drilling methods were used. A coordinate measuring machine
was used to measure the residual deformation. The edge deflection and angular
deformation values were found to be successfully decreased by preheating by 41.7% and

54.1%, respectively. By lowering the results by a maximum difference of 90%, preheating
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had a favorable influence on longitudinal residual stress distribution. They discovered
that the residual stresses and deformation findings were accurately predicted by FE
modeling with solid state phase transition effect, with errors of up to 16.67% and 26.57%

(highest) and down to 3.15% and 4.35% (lowest), respectively.

Suman and Biswas (2022) are employing submerged arc welding to join single- and
double-side single-pass square butts to 9Cr-1Mo-V steel plates using the same welding
materials. To estimate welding-induced residual stresses, they use deep hole drilling and
contour measuring. Investigations are also conducted on the following changes in
microstructure and mechanical characteristics. The birth and death of elements, the
double ellipsoidal Gaussian distributed heat source model, temperature-dependent
material characteristics, phase transformation, etc. are all taken into account while
simulating and analyzing these weld joints. In comparison to double-side single-pass
welding, it has been found that single-side single-pass welding creates stronger transverse
characteristics. In the fusion zone, the single-pass weld showed a compressive
longitudinal residual stress throughout its thickness. The top and bottom areas of the
double-sided weld's fusion zone, on the other hand, have compressive residual stress,

whereas the mid-thickness region of the FZ shows tensile residual stress.

Biswas and Mandal (2009) welded by using shielded metal arc welding (SMAW) some
metals. Three different finite element (FE) based models were used for distortion
prediction of orthogonally stiffened plate panels. The three different approaches of FE
analysis were developed as elastoplastic transient thermomechanical analysis, transient
cooling phase analysis, Inherent strain method. Of these three methods, the inherent strain
method was found to be highly computationally efficient leading to almost 70 times less
CPU time compared with that of transient elastoplastic analysis. At the same time, the
deviation in the magnitude of distortion was found to vary within 7 to 10% only. Hence
the inherent strain method enables us to predict weld-induced distortions of full-size
complex structures as used in ship construction. It is observed that inherent strain method
in general overestimates the extent of distortion, thereby making it a conservative
analysis. In a real life case the implication is the actual distortion will be less than what

is predicted.
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Suman and Ant et al. (2019) used single pass double sided submerged arc to weld P91
steel with a square butt weld joint in order to calculate welding-induced residual stress.
A component's distribution can be tracked via the strain connected to trapped stresses.
For the welded plate, the relevant deformation was identified. Using a wire EDM
(Electrical Discharge Machine), the weld sample was divided into two equal halves
throughout the weld length. The coordinate measuring machine (CMM) was used to
record the surface deformations. Data conditioning was done since there may be factors
affecting the deformation data, such as how the sample is positioned on the CMM bed or
the cutting process' lack of homogeneity. The residual stress distribution in longitudinal
direction, or to put it another way, perpendicular to the targeted surface, is produced by
the structural findings of the FE study. In contrast to how other steels weld, they notice a

compressive residual stress distribution in the weld zone.

A machine learning approach is suggested by Sarkar and colleagues (2020) to forecast
and assess temperature in the SAW process. By placing an infrared camera on the
workpiece's bottom surface, they are able to capture thermal video. The temperature
history is extracted using MATLAB programs, and transient isotherms are produced
using image processing methods. A quantitative analysis is done of the transient
isotherm's evolution during the heating and cooling cycle. For application in machine
learning, the experimental datasets are adequately prepared. The suggested machine
learning algorithm predicts the local temperature, temperature-time curve, and
temperature field map. The temperature field map's other features are examined and
forecasted. They use experiments to support the suggested methodology. The results

match the experimental data quite well.

Residual stress was analyzed experimentally and numerically by Uzun (2014). The
numerical analysis uses the finite element method. ANSYS finite element software
simulates submerged arc welding of carbon steels. The movement of the heat source
during submerged arc welding is precisely modeled in APDL code. Experimental residual
stress measurements utilizing a nondestructive ultrasonic method are used to validate the
finite element model. His study included a number of experimental phases, including
metallography, ultrasonic examination, and finite element modeling. He came to the

conclusion that carbon concentration affects the production of thermal stress and residual
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stress in steel materials. While it varies in different areas of the weld beam, this effect
demonstrates a tendency for the acoustoelastic constant related to thermal stress. He noted
that the use of ultrasonic technology is appropriate in this situation. It offers adequate

information for examining residual tension in base metal plates.

By employing a butt joint for St37 steel, Yildiz (2011) compares the results from an
experimental research with an analysis using the finite element approach and MAG
welding. By adjusting the settings for the distance between the pieces, gas flow, and
current input, the distribution of temperature and displacement may be shown. Tensile
tests, hardness measurements, studies of the microstructure, and welding penetration have
all been carried out to determine the mechanical and microstructural features of welded
samples. Due to the physical laws, modeling using the finite element method is a crucial
tool for simulating welding operations. HyperMesh 10.0 is carried out to performe the
finite element technique analysis. The comparison of simulation and experimental
research reveals that the distribution of temperature and displacement data are consistent

with one another.
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4. MATERIAL AND METHODS

Figure 4.1. below shows project flow chart performed during this study.
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Figure 4.1. Project Flow Chart
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4.1. Material SA 387 GR 11

The material used for specimen is SA 387 Gr 11 C2 which is 8 mm thick and 100 mm x
100 mm x long. Since gases and liquids are routinely stored at higher temperatures in the
oil, gas, and petrochemical industries, it is very helpful in these fields. Pressure vessel
grade steel SA 387 Grade 11 Class 2 is used for activities at high temperatures. Higher
chromium concentrations also offer superior oxidation and corrosion resistance. This
properties are essential in applications using sour gas (URL-3). Because of its better
capacity to withstand the high temperature, SA 387 Gade 11 Class 2 plate is employed in
elevated and high temperature service in various industries. This plate's high chromium
content provides oxidation and corrosion resistance, which is crucial for applications with
sour gas. Because of their exceptional qualities and the manner they are produced in the
manufacturing sector, these plates are used in a variety of applications around the globe.
High tensile strength, durability, outstanding dimensional precision, great surface
finishes, weldability, longevity, flexibility, and the ability to support huge loads are some
of these characteristics. Additionally, it can totally resist pitting, crevice corrosion, and
stress corrosion cracking. Table 4.1, Table 4.2, Table 4.3 show equivalent grades,
chemical composition mechanical properties of SA 387 Gr 11 CI2 respectively (URL-2).

Table 4.1. SA 387 GR 11 Equivalent grades (URL-2)

BS ASTM/ASME UNS EN

621 B A387 / SA 387 K11789 -

Table 4.2. Chemical Composition of SA387 GR.11 CL.2 Plate (URL-2)

C MN P S Si CR Mo

0,06-0,17 0,40-0,65 0,025 0,025 0,50-0,80 1,00-1,50 0,45-0,65

Table 4.3. Mechanical Properties of SA 387 GR.11 CL.2 Plate (URL-2)

Tensile Strength Yield Strength Elongation in 200 Elongation in 50
mm (%) mm (%)
70-90 ksi, 485-620 MPa 45 ksi, 310 MPa 18 22
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4.2. Welding Method
4.2.1.Submerged Welding (SAW)

Submerged arc welding process is commonly used for heavy welding. With SAW, the
thick section materials can be weld with faster production rate. By heating the metal with
an arc or several arcs between the bare metal electrode or electrodes and the work, this
arc welding procedure causes coalescence of the metal. Submerged arc welding with high
amperage (over 1,000 amps) may weld carbon steel plates with strong penetration and
high deposition rates. A thick layer of granular, fusible flux, which melts and shields the
weld pool from ambient gases, completely covers the arc and the weld zone. These fluxes
can be used to add alloying components to welds that are created using electrode- and
filler-wire combinations. One of the most popular welding techniques is submerged arc
welding in the heavy manufacturing sector. There are various restrictions associated with
its unpotable status. The work piece should be easier to reach from where the machine is
set up. The process's constrained mobility is a natural byproduct of its design, which

comprises the following.

1. It is necessary to move nozzle, head gun of welding system etc. Along the weld line,
which might be either longitudinal or radial. Nevertheless, lie horizontally or flat.

2. Flux should be used and deliverid from a fixed location.

Electrode wire

Welding head 1 AC or DC current

Residual flux ~ Jjaws / supply lead
layer \

Flux feed from
hopper

flux feed to

o,
’bc .
{’O,, \ Flux layer
O;h'
&/
o
%

Figure 4.2. SAW process’s schematic display (Singh, 2021)
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The residual flux, which is used just to provide blanket coverage to the weld underneath
but is not consumed during the welding process, is at the top of the weld. The fused layer
of the flux, in the form of hardened slag, is located underneath that blanket. The actual
weld is located underneath the slag. Flux is provided through the hopper, while the power

source, electrode wire, and wire feed through the welding head.

The SAW welding technique includes creating an arc between the workpiece and a
constantly supplied bare wire electrode through nozzle, much like the GMAW welding
process. This blanket technique, which uses the flux running through the hopper and the
force of gravity to completely cover the weld region, is a flexible way to create welds

with little contamination.

The adaptability of submerged arc welding is, however, constrained by this benefit of
safeguarding weld pool which is molten metal. Except in extremely rare circumstances,
the flux is delivered vertically down over the weld region. These extremely rare
circumstances include vertical and horizontal welds made with specially made tools,
including belts or shoes that would keep the flux in place. The SAW method does not
require a shielding gas to protect the weld pool and surrounding region from air
contaminations, similar to GMAW-S but different from GMAW-G. The flux itself acts
as a shield in the SAW process. Before welding, a small layer of flux powder is applied
to the workpiece's surface; as previously mentioned, this activity serves numerous crucial

purposes.

1. The molten flux flows continually down and melts around the arc, ensuring appropriate
flux flow to the weld.

2. It creates a tiny flux dust trail that aids in arc initiation in the shielding environment.,
3.1t begins the flux's two primary tasks of (i) shielding the weld pool from air

contamination and (ii) adding alloying components to the weld.

Along the joint line, excess flux is dumped onto the arc through a hopper. As the weld is
being completed, the flux that is closest to the arc heat and the weld pool gets consumed
and turns into a dense layer of slag. As seen in the aforementioned pictures, the residual
flux is collected; pay attention to the suction head that follows the weld. Some of the

leftover flux is occasionally recycled for new welds, although not all fluxes can be
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recycled. Any leftover layers of fused slag after welding are easily removed. Heat loss is
incredibly minimal since the flux layer fully encloses the arc. Compare the thermal
efficiency of this process, which may reach 60%, to the 25% heat efficiency of the SMAW
method. Figure 4.3 above illustrates the findings of one such research concerning the
deposition rate increasing when the diameter of the wire is increased and the associated
current is raised, demonstrating how high the deposition rate of the SAW process is in
comparison to other arc welding techniques. Another benefit of using SAW is that there
is no visible arc light, there is no welding spatter, and no requirement for fume extraction.
(Singh 2021).

Figure 4.4. A pipe welded with SAW (Singh, 2021)
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Figure 4.5. Pipe welded with SAW completely (Singh, 2021)
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Figure 4.6. Deposition rate of SAW (Singh, 2021)



Limitations and Advantages of Submerged Arc Welding can be explained like below. A

prominent welding technique in the structural and vessel manufacturing sectors is

submerged arc welding (SAW). The method is often used to make pressure tanks, bridge

constructions, columns, beams, booms, tractor,girders members, and sub-assemblies in

shipyards, offshore.
The method is known as "Sub Arc" or "SAW" locally.
The benefits of this flux blanket are as follows:

1. Protects against pollution from atmosphere.
2. Keeps the arc stable during welding
3. Prevents the spread of sparks and splatter.

4. Has a better rate and efficiency of deposition,

5. Reduces the fumes and radiation according to the other arc welding process, such as

GMAW and SMAW are known for.

The method included a number of crucial benefits that were beneficial for large

manufacturing operations. The following are some benefits of submerged arc welding:

1. It is simple to create strong and reliable welds.

2. Very little welding fume is released.

3. Very little arc light is produced.

4. It may be used for both indoor and outdoor projects.

5. It reduces distortion rate.

6. It creates deeper weld penetration.

7. Mininmal edge preparation.

8. It has high rates of deposition.

9. Thick materials may be welded, low alloy steels, carbon-manganese steels,
stainless steels are the most common materials to be welded.

10. Half or more of the flux can be recovered at least.

Submerged arc welding has several restrictions.

1. “Welding position.” Welding is often only possible in a flat posture.
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2. “The requirement of using a granular flux and the fluidity of the molten weld pool.”
These issues are limiting to 1G, 1F, and 2F positions.

3. “Welding is often only used for rotating containers or pipelines or long, straight seams.”
Flux handling systems may be fairly complex, and they need to be regularly inspected.
4." Without some sort of support material to place the root weld, it cannot be utilised to
deposit the root pass,” is still another restriction.” (Singh 2021).

4.3. Finite Element Analysis

A numerical approach for the analysis of engineering components is the finite element
method. With this approach, the operational domain is split up into a number of pieces.
The elements are connected to each other by the corner points which are called nodes.
The field variable is assigned to the nodes and within each element, the field variable is
assumed to vary as per linear or quadratic relationship while maintaining continuity at the
nodes. Thus, it is argued that the field variable is piecewise continuous and that it may be
defined in terms of the shape function or interpolation function for the elements as well

as the nodal values of the field variable.

Numerical analysis and modelling of the welding process are challenging due to its
complexity. A few of the factors contributing to complexity are temperature-dependent
material characteristics, non-linear boundary conditions, moving heat sources, phase
shifts and transformations, complicated residual stress states, and the challenges
associated with doing experimental measurements at high temperatures. Due to these
complications, finite element modelling of the welding process must take into account
intricate thermo-mechanical interactions, the deposition of filler material, and moving

heat sources.

Using a minimization process for the functional formulation of the governing equation,
the partial differential equation which represents the three-dimensional transient heat flow
is converted into a set of linear equations which are best represented in matrix form. A
global matrix is created by combining all of these elemental matrices once the equation
has been evaluated for each element. The matrix equation is then solved to yield the nodal

field variable once the specific circumstances, known as boundary conditions, are applied.
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In a transient analysis, the procedure is repeated for a series of time steps in order to get

the nodal values of field variable for various time intervals.

4.3.1. Shape Function

Thermal analysis uses temperature as the field variable, and every point's temperature is
described in terms of shape functions and nodal temperatures.

T=[N]. {7} (4.1)

The evaluation of shape function begins with the assumption of a polynomial relationship
for representing the temperature as a function of spatial coordinates. The evaluation of
shape functions in the case of a simple one-dimensional analysis and a two-dimensional

analysis using a quadrilateral element are presented in the following sections.

4.3.1.1. Shape Function For A One-Dimensional Simplex Element

In the case of a one-dimensional analysis, the simplex element is a line element with two
nodes at the two ends as shown in Figure 4.7. Let the x coordinate of the two nodes be x1
and x2. Let the temperature at the two nodes be T1 and T2. The following linear

connection represents the temperature at any location within the element.

T=a0+alx (4.2)

Node 1 Node 2
x=41 X=x2

o o

Figure 4.7. One-dimensional simple element (Ravichandran, 2021)

The equation contains two unknown parameters a0 and al which may be evaluated using
the defined values of temperatures at two nodes. Substituting x coordinate values and the

nodal temperatures, we get

T=a0+alxl
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T2=4a0+al.x2

By solving for two unknown parameters from the equations, we get

A0 =T1-(T2-T1)/ (x2 - x1).x1

al =(T2-T1)/ (x2 —x1)

Substituting the values of a0 and al in these equations, we get
T=T1-(T2-T1)/(x2—x1).x1 + (T2-T1) / (x2 — x1).x

Simplifying,

T=((x2—-x)/(x2-x1)).T1+ ((x—x1) / (x2 —x1)).T2 (4.3)

This may be descriebed as T = N1. T1 + N2. T2, where N1 and N2 are the shape functions
for the line element.

N1=(x2-X)/(x2-x1)
N2 = (x —x1) / (x2 — x1)
In matrix form, the eqution may be descriebed as

T=[N1N2]{T1}
(4.4)

{72}
The shape function of a node represents the influence exerted by the node in determining
the field variable within the element. The combined influence of the nodes in an element,
which is the sum of all the shape functions, is always equal to unity at any point within
the element. The shape function for a node decreases from a value of unity at the node

location to a value of zero in the other node locations.

4.3.1.2. Shape Function For A Four Noded Quadrilateral Element

In the case of a four noded quadrilateral element with four nodes as shown in the figure,

the field variable can be expressed as;
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T=a0+alx+ 02y +a3.xy (4.5)

The above polynomial function contains linear terms and one higher order term. The four
unknown constants a0, al, a2 and a3 in the equation can be determined from the four
nodal temperatures and the nodal coordinates. In order to simplify the analysis, the origin
of the coordinate system is assumed to be located at node 1. The element has a length
equal to L and width equal to W. The coordinates of the four nodes are shown in Figure
4.16. Substituting the four values of x and y, we get four equations, and by solving the

equations, the values a0, al, a2 and a3 can be obtained.

a0=T1

al=(T2-T1)/L

a2=(T4-T1)/W

a3=(TL-T2+T3-T4)LW

So the interpolation function for temperature at any point x and y can be written as

T=TL1+(T2-T1)/(X/L) + (T4-T1)/ (y/W) + (T1 - T2 + T3 — T4).(x/L).(y/W)

X

Node 4 Node 3

x=0, ’ @ =L
y:W V:W

Node 1 NoLde 2 %
X=L

X:O' . =0 4’

y=0 "

Figure 4.8. Four-noded quadrilateral element (Ravichandran, 2021)

Simplfying the equation, one can get
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T=T1.(1 - x/L —y/W + x/L.y/W) + T2.(x/L — x/L.y/W) + T3.(x/L.y/W) +

T4.(y/W — XIL.y/W) (4.6)
The expressin can also be written as
T=NLT1+N2T2+N3.T3+N4.T4 (4.7)

N1=(1-x/L-y/W +x/Ly/W)=(1-x/L).(1-y/W)
N2 = (x/L — x/L.y/W) = x/L.(1 - y/W)

N3 = ((x/L.y/W)

N4 = (y/W — x/L.y/W) = y/W.(1 —x/L)

Alternately, if the coordinate system is selected as shown in Figure 4.17, the shape
functions are more general in this case. The origin of the coordinate system is not at node
1 in this case. The coordinates at the four nodes are (0, W1), (L, W1), (L, W2) and (0,
W?2), respectively.

X

Node 4 Node 3

x=0, * ® -
y=W Y=

Node 1 NoLde o X
X=

x=0, d —_—

y=0 - =9

Figure 4.9. Two-dimensional rectengular element. The origin of the coordinate system
does not coincide with any mode (Ravichandran, 2021)

In this case, the shape function is determined as
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NL = (1—x/L) (W2—y) /(W2 —W1)
N2 = (x/L) (W2 —y) / (W2 — W1)
N3 = (x/L) (y — W1) / (W2 — W1)
N4 = (1—x/L) (y — W1) / (W2 — W1)

4.3.2.Formulation of Equation

The shape functions are a function of geometry, whereas the nodal temperatures are
independent of geometry. Hence, the first derivative of the temperature with respect to x

can be expressed as;
dT/dx =[dN/dx]. { T }

Expressing the derivates with respect to X, y and z in matrix form.

{ 1} [ ] { 1}
{dT/dx}  [dNL/dx dN2/dx dN3/dx ... ] { T1}
{ 1} [ ] { 1}
{dT/dy}  =[dNL/dy dN2/dy dN3/dy .. ] x { T2}
{ 1} [ ] { } (4.8)
{dT/dz}  [dNL/dz dN2/dz dN3/dz ... ] { T3}
{ 1} [ ] { .}
{.1}

The partial differential equations shown below serve as the governing equation for the

transient thermal analysis.

9, 0x (kx.dT/ 8x) + 8/ dy (ky.dT/ dy) + 8/ 9z (kz.dT/ 97)

= pc.dT/ ot (4.9
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Ky, kz and kx represent the materials’s thermal conductivity values in y, z and X
directions, p is the density of the steel and c is the specific heat of the material. Within
the operating domain, there are some nodes which receive the external heat flux g along
a surface. Similarly, there are nodes lying at the free surface from which the heat is lost
by convection. The convection heat loss is expressed as h. (T — Too), where Too is the

ambient temperature and h is the convection coefficient.
Incorporating the boundary conditions in the above equation, we get the equation as;

d/0x (kx.dT/ 0x) + d/ dy (ky.dT/ dy) + 0/ 0z (kz.0T/ 0z)

(4.10)
+ h.(T — Ty) + q = pc.dT/ 0t

Using a minimization function for the functional formulation of the differential equation,

the above partial differential equation is represented in matrix form as;
[c].{dT/dt} + [k]{T} = {f} (4.11)
Where

[c] is the capacitance matrix written as [ pc. [N]".[N].dV,

[K] is the heat conductance matrix written as ([B]".[D].[B] dV + [ h.[N]".[N].dS,

{f} is the force matrix written as [ . .[N]".dS + + [ h.[N]".Teo.dS, and

[B] is the matrix containing derivatives of shape functions and is written as folows.

[

[dNL/dx  dN2/dx  dN3/dx ]

[B]= [dNLdy dN2/dy dN3/dy ]
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[dN1/dz  dN2/dz  dN3/dz ]

[D] is matrix containing thermal conductivities written as

[kx 0 0]

[DI= [0 ky 0

0 0 kz]

The elemental matrices [c] and [k] are assembled for all the elements and global [C] and
[K] matrices are formed. The equation is then solved to get the nodal temperatures {T}
for various time intervals. For solving the transient analysis, the term 0T/ot, T and F are

written as

oT/ot = (T2 —T1) / At
T=(T2+T1)/2
F=(F2+F1)/2

F1 and F2 are the thermal loads corresponding to the previous time step and the current
time step, respectively, and t is the time increment. T1 and T2 stand for the temperature
of the previous step and the current time step, respectively. Thus the matrix form of the

equation is written as,
[C].(T2-T1)/At+[K].
(T2+T1)/2=(F2+F1)/2

Simplifying,
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[[C]/At + [K]/2]].{T2}

={(F2 + F1)/2 +[[C]/At-[K] /2.{T1} (4.12)

This simplified equation can be expressed as

[A].{T2}={B}

Thus, knowing the values of [C], [K], {F1}, {F2} and {T1} matrices, the unknown matrix
{T2} can be evaluated. Repeating the procedure, the nodal temperature values can be
determined for various time steps from the start to the end. This is known as time
marching scheme. Due to the temperature dependence of material parameters like thermal
conductivity and specific heat, transient thermal analysis is by its very nature non-linear.

The equation then reads,
[C(T)]{dT/dt} + [K(T)]{T} = {F} (4.13)

Where the matrices [C] and [K] are both temperature dependent. The equations cannot be
solved in a single step, but an iterative technique is needed to get the temperature results.
Newton Raphson’s meth is usually adopted technique for such nonlinear problems. In this
technique, the matrices are iteratively evaluated using the previous set of temperature
results, and the error in accounting the force terms is determined. The procedure is repeated
until the error due to unaccounted force is a small fraction of the initial force
(Ravichandran, 2021).

4.4, Using ANSYS for Finite Element Analysis

The transient thermal analysis of welding issues may be effectively performed using
ANSYS, a general-purpose finite element programme. The software consists of three
modules such as preprocessor, solution, and post-processor. In the preprocessor module,
the element type and the material properties are selected and the meshing of the domain
of interest is carried out. In the solution module, the time interval for transient analysis,
the convection heat loss and arc heat input are entered and the problem is solved for a
given time step. If the analysis is of transient type, then the analysis is repeated for

different time steps. In the post-processor module, the temperature results for various sets
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can be viewed. In addition, the animation feature enables one to visually picturize the
flow of heat in the domain of interest.

The selection of element type is an important step, and the researcher has to decide
whether the analysis is two-dimensional or three-dimensional in nature. ANSYS has a big
library of elements, and either a lower order element or a higher order element can be
selected. In some problems, multiple types of elements may be selected in the same
problem. Thermal conductivity, specific heat, and density are the material characteristics
that are important for the transient thermal analysis. You can enter these characteristics

as a function of temperature.

Once an element type is selected and the material properties are entered, then the meshing
of the domain of interest is performed. In ANSYS, the meshing of the region of interest
can be done in two ways such as by direct generation of nodes and elements or by solid
modelling with automatic mesh generation within the domain. The direct generation is a
simpler method, and in this method, the nodes and their coordinates are defined first.
Using the “ngen” command, multiple sets of nodes may be generated from a master set.
The elements are defined subsequently from the nodes. Smaller element size is selected
for regions close to the weld where steep temperature gradients are expected and larger
element size is selected for far off points. Multiple elements may be generated from a
master set using the “egen” command. This procedure is easy to apply, but the

disadvantage of this procedure is that there will be elements with unfavourable shapes.

In the alternate method, which is called solid modelling, the meshing is performed by
dividing the domain into various volumes or areas. The user has to generate the desired
areas or volumes using keypoints and lines. Then the size of the desired mesh near each
keypoint is entered using the “kesize” command. The software automatically generates
the nodes and elements which satisfy the user’s requirement of mesh spacing near each
keypoint. The disadvantage with this procedure is that the node numbers which are
generated are not uniform. This becomes a problem when the in-plane analysis has to be

performed using APDL.

The meshing of the domain is an important step, and the user may have to repeat it several

times until satisfactory results are obtained. In the mesh generation through areas and
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volumes, the division of the domain into different areas and volumes must be attempted

to get the required results.

There is no hard and fast rule in deciding whether a given mesh is satisfactory or not, but

the following set of rules must be borne in mind.

The elements should not be distorted too much from the ideal shape. For example, if a
triangle is selected as the element type, then an ideal shape of the triangle is an equilateral
one with the corner angles of 60°. But getting such a mesh is not always possible, and it
may be okay if any of the corner angle goes up to 90°. But if an element has a corner

angle more than 90°, then the shape is not acceptable.

The mesh size should increase gradually along any line. If the increase of mesh size is

abrupt along any line, then it is not considered to be a good meshing.

The shape factor of the element is important. The best shape for a four-noded quadrilateral
element will be a square with length and breadth equal. A selection of rectangle with
length being 2—3 times the width is okay, but if the length is several times compared to

the width, then such a shape is not okay.

When the meshing is done, ANSY'S gives out warnings if the procedure has resulted in
the generation of elements with any of the above violations. However, if the researcher
chooses to ignore the warnings, then the analysis will be performed anyway. It is left to

the researcher to estimate the inaccuracy of such a case.

In the solution module, the researcher has to define the heat losses from the surface nodes.
Likewise, the nodes which receive the arc heat at any time interval and the exact values
of the heat input must be entered.

The transient analysis has to be performed for several time steps. Instead of manually
executing the commands, which is prone for errors, the analysis may be performedusing
a program which is written in APDL language. The APDL enables a user to perform

multiple analyses using a do command.

The results of the analysis can be viewed in a general post-processor or time-based post-

processor. In a general post-processor, the temperature distribution corresponding to a
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chosen set is viewed, and in the time-based post-processor, the thermal cycle can be
viewed for a selected point. In addition, the post-processor has an option to view the
animated results. The progressive heat flow in the plate can be viewed to obtain an overall
idea of heat transfer in the component. There is also a provision to view the temperature
results along a chosen path such as longitudinal direction or any transverse direction
(Ravichandran, 2021).

4.5. Heat Source Model
4.5.1.Rosenthal’s Analytical Model

Simulating heating and welding has been a focus of research for many years. Rosenthal
(1941) was one of the first researchers to develop an analytical solution of heat flow
during welding based on conduction heat transfer using the heat conduction Fourier
partial differential equation (PDE) in order to predict the geometry of the weld pool for
two- and three-dimensional welds. Rosenthal developed the moving coordinate system to
find remedies for the point and line heat sources. He then successfully used this to a
variety of welding issues. His analytic solutions of the heat flow made it possible to
investigate the process for the first time taking into account the welding parameters,
particularly the current, voltage, welding speed, and weld form. Heat source for welding
was grouped into three types: point type by Rosenthal, line type and area type depending
on the thickness, shape and dimensions of the weldment and the pattern of heat transfer
during welding process. In the case of surfacing bead welding in thick weldment, where
the heat transfers in all three directions, The source of the heat might be regarded as a
point source. The temperature field of this instantaneous concentrated point source can
be obtained from the following formula.
2

T = ﬁexp (- %“t) (4.14)
Where a is the thermal diffusivity, Q represents the instantaneous heat energy provided
by the welding heat source, Q = nlU, n_is the heat source's efficiency, U is the welding

voltage, I is the welding current.

Q - (X2 + y2 + Z2)1/2
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In the case of welding in infinite and thin plate, the temperature deviation in the direction
along the plate thickness can be ignored, so the heat propagates to two directions. The
heat source can be regarded as a line along the plate thickness. The temperature field in

this case can be calculated from the following equation.

T= ¢ exp (——) (4.15)

In this equations d denotes the distance away from the line source, d = (x> + y?) *

Tthe temperature distributes uniformly in the section of the bar which is equivalent to heat
propagation of a small area with constant temperature. The heat source can be defined as
area source, and its temperatures field can be expressed as follows.

d2

T=— °  _exp(—— 4.16
cpA(4mat)l/? exp ( 4at) (4.16)

Where x is the separation from the area source and A is the section's area.

Mathematical approach of Rosenthal (1946) a focused heat source serves as its
foundation, but it ignored latent heat, phase shifts, and changes in material characteristics
with temperature. As a result, the result deviation in the heat influence section is rather
large. Nevertheless, it has been frequently employed in engineering applications due to

its acceptable accuracy in the low temperature zone and its simplicity (Chen 2011).

4.5.2. Gaussian Distributed Model

Following Rosenthal's landmark work, Friedman (1975) advocated utilising the Gaussian
Distributed heat source to approximately characterise the heat flow in the heating region,
as shown in Figure 4.10.

The expression for the heat flow q(r), at a distance r from the heat source center, is:

3r? 30 3r?
A(r) = Gmax |~z | = 2P (- %7 (4.17)

where gmax is the highest heat flux at the heat source's center, Q is the arc's heat input

energy, and R is the heating spot's radius. It has been demonstrated that the Gaussian

50



distributed heat source modal may produce results that are accurate enough for the
common welding processes, such as SMAW and GTAW (Chen 2011).

Im

| 1o |

(h{ /
' 4 '
Y

~y

Figure 4.10. Gaussian distributed heat source (Chen, 2011).
4.5.3. Goldak’s Distributed Model
4.5.3.1. Semi-Ellipsoidal Model

The precision that results from the Gaussian distribution model has a drawback, too. Due
to the arc stiffness's lack of consideration in welding processes where the arc's momentum
impact is a significant factor. To solve this issue, Goldak et al. (1985) first created a semi-
ellipsoidal heat source in which heat flow is distributed uniformly across volume of heat

source.

The ellipsoid's semi-axes are shown in Figure 4.11 as bh, ah, and ch. The center of the

heat source provided by the equation 4.18, is where heat flow reaches its highest value.

q(x,y,2) = qmax(—Ax* — By? — Cz?) (4.18)

where heat flow distribution coefficient are A,B,C.
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Figure 4.11. Semi-ellipsoidal distributed heat source (Chen, 2011).

Because heat is diffusing inside the semi-ellipsoid at the weldment surface, the heat flux

may be defined as follows:

= 4fffq(x,y,z,)dxdydz
000

oo oo

= 4qmax j exp (—Ax?dx J exp (—Byx?dy j exp (—Czx¥dz

0 0
1Vvrn 1 +Vn_1+n
Qmax(\/— > )(\/——7)(\/——7)
qmTVT
2VABC
Where
_ 2QVABC
qm - T[\/E

Considering that 95% of the heat energy produces inside the semi-ellipsoid, as

q(ay, 0,0) = q,, exp(—Aai) = 0,05q,,
Thus
3

A=a2
h
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Also

3 3

B=— C =
by

= (4.23)

Substitute Eq. 4.22 and Eq.4.23 into Eq.4.21, the heat flux Q(X, y, z) at a point (X, Y, Z)
within the semi-ellipsoid is given by the following equation: (Chen 2011).

6v3Q 3x2 3y% 322
xX,v,z) = ——————exp (— — — 4.24
q(x,y,z) ooV p( Z 2 (4.24)

4.5.3.2. Double-Ellipsoidal Heat Source Model

Gradients behind the arc were found to be steeper than measured, while gradients in front
of the arc were found to be less steep than experimentally observed ones, according to
experience with this heat source. They developed a novel heat source termed heat source

which becomes double ellipsoidal, as illustrated in Figure 4.12, to get around this problem

by combining two semi-ellipsoids.

Hirection

Figure 4.12. Heat source with Double-ellipsoidal (Chen, 2011).

Because the new heat source is produced by joining two separate semi-ellipsoids, the

heat flow within each one is described by a different equation.

For a location inside the first semi-ellipsoid in front of the welding arc, the heat flow

equation is as follows:
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6vV3(f;Q) ( 3x2 3y? 322
abcsmVm P2 ~ 2 T 2

q(x,y,2) ) (4.25)

Where ft is the front portion's heat input fraction. The amount of heat input equals:

ZJJJq(x,y,Z,)dxdydz
0 0 O

6vV3(frQ) [ 3x? ® 3y? ® 3c?
=— —— —— —— 4.2
abem 7= ). exp 72 dx fo exp| =3 dy fo exp c]? dx (4.26)

|
|
|
|
|
|
!
K
S

The heat flux equation is defined as follows for locations (x, y, and z) inside the second

semi-ellipsoid, which covers the real section of the arc:

2 2 2
_6Jﬂﬁ0)am<_3x 3y 3z>,x<0

ar(x,y,2) = TR 2 12 (4.27)
where fr is the fraction of heat input in the back.
So,
o0 00 ©o 1
2 [ [ [ ayzavayiz =550 @29
0 0 O
Since
1 1 1
U =Q=5(fQ) +5 QO =5e(fr + /) (4.29)
It is obviously that
fr+ fr=2 (4.30)
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4.6. Temperature Distribution Field

4.6.1. Theory of Heat Transfer

The mechanical characteristics of the material change with temperature, melting, phase
transitions, and latent heat are all present throughout the process of welding, which
involves sharply localized heating to high temperatures and fast cooling thereafter. In
conclusion, the investigation of the temperature field caused by welding is a well-known

nonlinear transient heat transfer problem.

The temperatures of different weldment components vary significantly because of local
heating that occurs during the welding process. As a result, heat is transferred both within

the weldment and to its surroundings.
Three major categories may be used to classify heat transmission methods:

4.6.1.1. Conduction

Through direct molecular collisions, conduction is the process by which regions with
greater molecular kinetic energy transmit their thermal energy to those with lower
molecular kinetic energy. Conduction-band electrons in metals also transfer a substantial
percentage of the thermal energy.

In general, the Fourier equation gives the rate of heat transfer by conduction.
q" = —kAT (4.31)

Where the heat flow is ", the material's thermal conductivity is k, and the temperature is

g d 0

Tand A = (5,5,5)

It is possible to express energy conservation in a differential form as;

AT_ 0<k 6T)+ 0(k 6T>+ 6<k (’)T>+ . 4.3
Pat = o\ ax) T oy \Kvgy ) T az\Kegg) T Q (4.32)

Where is the material's density, c is its specific heat, Q is the heat produced inside the

element, and t is the passage of time.
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Eq. 4.35 becomes; if the thermal conductivity of the material, k, is taken to be constant.

AT 92T 92T 92T .
a +Q (4.33)

=l 272 + o3
Where o is thermal diffusivity (a = %)

For an isotropic, stationary material with constant thermal conductivity, k, the differential
equation for heat conduction is given by Eq. 4.36. The boundary conditions and initial

circumstances have a significant impact on the solution of this equation.

4.6.1.2. Convection

A static fluid experiences a local volumetric expansion as heat transmits into it. Gravity-
induced pressure gradients cause the expanded fluid parcel to swell and move about,
which allows heat to be transferred both by conduction and fluid motion (convection).
Free convection is the term used to describe such heat-induced fluid mobility in initially
static fluids.

The two different boundary conditions for the heat transfer coefficient are radiation and

convection. With regard to the latter,
q;rllax = hf (T —-Ty) (4.34)

Where T,, is ambient temperature, T is body temperature, and hr is the convection heat

transfer coefficient.

4.6.1.3. Radiation

Depending on their temperature, all materials emit thermal energy, which is transported
by photons of light in the infrared and visible ranges of the electromagnetic spectrum.
When temperatures are constant, there is no net thermal energy exchange because the
radioactive flow between objects is in equilibrium. When temperatures are not constant
and thermal energy is transferred from hotter to colder surfaces, the equilibrium is

disrupted.

The equation for radiation heat transfer is;
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Graqg = 0(T* — T2) (4.35)

Where ¢ is the emissivity, T, is surrounding temperature., T is body temperature o is

Stefan-Boltmann constant,

For analytical, numerical, or experimental studies of the welding process, knowledge of
heat flow theory is a prerequisite (Chen 2011).

4.7. Welding Deformation

The area closest to the welding flame experiences the greatest temperatures, therefore it
grows more than areas farther away. Because the thermal expansion in this location is
limited by surrounding metal with a higher yield stress and lower temperature, the stresses
in the vicinity of the weld are compressive plastically during heating. The plate deforms
in the opposite direction when it cools after the welding is finished. The plate would revert
to its original shape with no lingering distortion if the material was entirely elastic during

the whole heating and cooling cycle.

However, plastic deformations do happen to metals like steel and aluminum. The plate
continues to deform after passing its original shape as a result of the compressive plastic
stresses created in the areas close to the welding zone, which causes a negative final
distortion when the plate cools down to its initial temperature, as shown in Figure 4.13.
The thing could be so deformed that it cannot serve its original purpose or fit its intended

position.

As a result, complex strains develop in the weld and its surrounding areas, creating
stresses that lead to deformation of the welded component. Therefore, each welding
procedure has the potential to deform the finished product in some way. Since welding-
induced distortion directly affects the product quality of the connected components,
distortion must be reduced in order to meet product requirements. Some possible
mitigating techniques include precise weld preparation, ideal welding sequencing, pre-

bending, heat sinking, thermal straightening, and thermal tensioning.

Numerical simulation of welding-induced distortion is a useful technique because it

enables distortion prediction, which results in a prior description of distortion growth, and
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enables well-directed optimisation of welding-induced distortion evolution in practise
(Chen, 2011).
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Figure 4.13. Deformation of a steel plate during and after welding (Chen, 2011)
4.7.1. Theory of Welding Deformation

The metal shrinks throughout the heating and cooling phases of the welding process due
to a variety of variables. Heat alters the metal's physico-mechanical characteristics. As
the temperature of the weld increases, the metal's yield strength, modulus of elasticity,
and thermal conductivity all decrease while specific heat and coefficient of thermal

expansion values increase.

Weisman (1976) reported on the temperature and stress variations that occur throughout
the welding process. Figure 4.14 (a) depicts a bead fillet on a plate in order to graphically
illustrate how residual stresses are produced during the welding process. The picture also
depicts the arc, which is situated at the origin O and is travelling at a speed of v. Figure
4.14 (a) depicts the region where plastic deformation takes place during welding. It is
shown by the hatching area, M-M'. The location of the metal melting is shown by the egg-
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shaped area close to the origin O. Throughout all of the welding cycles, the metal outside
of the hatching region keeps its elasticity. As illustrated in Figure 4.14 (b), numerous
cross-sections are investigated to characterize the temperature variations that occur during
welding. The region of A-A that is some distance in front of the welding flame has a
temperature gradient that is almost zero for welding. Section B-B, where the welding arc
passes, has a very substantial temperature fluctuation, and the distribution there is quite
uneven. Along section C-C, some distance past the welding arc, the temperature change
flattens out and becomes less sudden. Finally, at section D-D, which is far from the
welding arc, the temperature differential brought on by welding has nearly completely

disappeared.

The distribution of stresses x in the X-direction at cross sections A-A, B-B, C-C, and DD
is depicted in Figure 4.14 (c). Shearing stresses, or txy, exist in addition to normal y-
direction stresses but are often much less than ox. The thermal strains brought on the
welding are essentially nonexistent at section A-A. Stresses in the region below the weld
pool at section B-B are also basically nonexistent since molten metal cannot maintain a
load. The heat-affected zone (HAZ) experiences compressive pressures because the
surrounding metal, which is at a lower temperature, prevents these areas from expanding.
Given that the metal temperature at these locations is high and the material's yield strength
is low, the stresses are equivalent to the material's yield strength at the corresponding
temperature. The amount of compressive stress increases as the distance from the weld
or temperature decreases, and eventually reaches its maximum. In places far from the

weld line, tensile stresses are present to balance off compressive loads.

At section C-C, where the weld metal and heat-affected zone have cooled, there are
compressive stresses at a greater distance and tensile strains in the sections near to the
weld as they seek to contract. Last but not least, section D-D depicts an area that has
cooled down, where the base plate is under compressive stress away from the weld and
the HAZ zone is under high tensile stress (Chen, 2011).
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Figure 4.14. Temperature and stress changes during welding (Chen, 2011)
4.7.2.Stress Strain Relationship
The total strains increase in the elastic area may be written as
{de} = {de}, + {de}r (4.36)
Where {de}r is the thermal strain increment, {de}e is the elastic strains increment due to

the consistency condition, The elastic matrix [D]e (related to the modulus of elasticity and

Poisson’s ratio) varies with temperature, then,
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a[D]g!
aT

{de}e = d[[D]¢*{c}] = [D]c*{de} + {o}dT (4.37)

{de}Tis the differential increment of {oot) where ao is the lineer expansion coefficient of

initial temperature.

Jday
{de}; = {apdT + Tday} = {ap + ﬁ}dT = {a}dT (4.38)
The linear expansion coefficient a also varies with temperature. Its effective value is,

{a} = {ao + % T} (4.39)

Substitute equaiton 4.40 and 4.11 into equation 4.39 then

a[D]z!
{do} = {[D].{de} — [D]c({a} + 3T {o}dT (4.40)
Or,
{do} = [D].{de} — {C}dT (4.41)

Where [D] = [D]e, {C} = [D].({a} + au;_]T;l {o}) is relevant temperature. Equation 4.43

is the stress increment-strain increment relationship in the elastic region, taking into

consideration the temperature dependent material properties.

While in the plastic region, asume that the material starts to yield when the value of the

yield function f(ox,ox,...) reaches fo(oy, T, K) which is,

f = fo(oy(T), K(gp)) (4.42)
Where K is the strain hardening exponen and T is the temperature

Its differential form is,

df = dfo (4.43)

The total strain increment in the plastic region may be found out by,
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{de} = {de}, + {de}, + {de}r (4.44)
Where {de}p is the plastic strain increment.

According to the flow rule,

0
{de}, = ¢ {é} (4.45)

From the equation above, & can be solved as,

d d a[D];* o

£ = [y ID){de} — (0" D (la) + [67], ~Toary /s

5 (4.46)

s= GLIDLGD) + GGG

Then the stress-strain relationship will be,

o[D];?
{do} = [D]ep{dg}e - ([D]ep{a} + [D]ep [ng]T {0}

(4.47)
—[Dle {—f}(ﬁ)/S)dT
Where [D]ep is the elasto-plastic matrix,
of 0

[Dley = D) — (DL [D]e/ 5 (0.

Let [D] = [D]ep, {€} = {C}ep = ([Dlepla} + [Dlep 22 {0} — [D1. (532 /)T

It becomes equation 4.44.

It can be concluded that the stress — strains relationship is,

{do} = [D]{de} — {C}dT (4.44)

While in the plastic region, [D]=[D]ep, [C]=[C]ep, In the elastic region, [D] = [D],
[C]=[C]e..
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Consider one element of the entire structure. It is with temperature T nodal displacement
{6}, nodal force {F}*, stress {c] and strain {&¢} at the time t, and with {F + dF}®, (6 +d
0}, {€ + de} and {c + do} at time T + dt. The following formula can be obtained by

appliying the virtual displacement principle.

do"F + dFeé = f doT[B]"{o} + [D]{de} — {C)dAT)dV

AV
(4.49)
= doT ﬂ [B]" (¢ + [D]de — CdT)dV
av

Where is relevant to the geometry of the element and [B] is geometric matrix.
At time t, the structure is in an equilibrium state.
@ry = || Brroar (4.50)

av
Consider the stress-strain relationship,
(dF}° = f f [BI([D]{de} — {C}dT)av (451)

AV
Or,
{dF}¢ + {dR}® = [K]*{dS} (4.52)

Where the equivalent nodal force of the initial strain is {dR}* = [[, [B]"{C}dTdV, the

element stifness matrix is [K]¢ = [[, [B]"[D][B]aV.

Substitute {C} and [D] from equation 4.44 into equation 4.55, the equivalent nodal load
ans stiffnes matrix of the element can be ontained and be used in the global stiffness
matric and load column vector, to produce the following system of algebraic equations

on order to solve the nodal displacement.

[K]{d&} = {dF} (4.53)

Where [K]=2[K]?, {dF}=Z({dF}* + {dR}®), normally %{dF)° is close to zero in the

welding-related issue.
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4.7.3. Thermo-elasto-plastic FEM in Welding

The nonlinear stress-strain relationship must be progressively transformed into the liner
one throughout the loading process in order to resolve the thermo-elasto-plastic problems.
The load is really brought on by the temperature difference because there is no outside
force acting on the weld during the welding process. The solution can be obtained by
dividing the temperature variation calculated from the thermal analysis into several load
increments to apply to the structure gradually. In general, there are three methods to solve
the elasto-plastic issues, which are tangent stiffness matrix increment method, initial
strain increment method and initial stress increment method. However, in the last two of
these methods, a linear system of equations with the same stiffness matrix is required,
which can not be guaranteed in each step of thermo-elasto-plastic solution owing to the
mechanical properties of the material may be altered with the change of the temperature.
These two methods often result in non-convergence, so they are not adopted in the
thermo-elasto-plastic solutions. In the tangent stiffness matrix increment method, the
stiffness matrix is corrected in each loading step according to the stress state of the
element. When the element yields, the stiffness matrix [K] in Eq 4.54 is relevant to the
coinstantaneous stress level. So the equation is nonlinear. In order to linearize it, the load
is gradually increased in a certain stress and strain level. If the load value is small enough,

Eq. 4.54 can be approximately expressed as,

[K1{48}; = {4F}; (4.54)

Where {Ad}i Dd is the displacement increment in the i th load step, {AF}i is the applied
load the the i th load step, {AF} = {F}/ n, n is a positive integer.

In this method, The stiffness matrix [K] solely relates to the stress level prior to loading
since the differentials of stress and strain are replaced by their increments. As a result,
there is a linear connection between the load and the displacement increment. As a result,
it is simple to obtain the increments of displacement, stress, and strain. These increments
plus the outcome after the (i-1) load step can be used to determine the total displacement,
strain, and stress after the load step. Nevertheless, the error if the pure increment is
inevitable and it can be accumulated more and more until the result becomes equilibrium

nonconvergent. To solve it, the Newton-Raphson iteration method can be used. Out-of-
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balance load vector, or the difference between the restoring forces (the loads
corresponding to the element stresses) and the applied loads, is evaluated by the Newton-
Raphson technique prior to each solution. The convergence of the linear solution will next
be tested using the out-of-balance loads. A new solution is discovered once the stiffness
matrix is modified, and the out-of-balance load vector is reassessed if convergence
requirements are not met. Until the issue converges, this iterative process continues.
(Chen, 2011). Figure 4.15 shows Newton-Raphson iterative solution methods by
graphically.

Load
A F{Ui
'.+.'!.'.H

L -

'.U .

’T'U"' ?+.'stU|2| '.+.'r.U|3| '.+.'s'.U
Figure 4.15. Newton-Raphson iterative solution (Chen, 2011).
4.8. Residual Stress Determination X-Ray Diffraction

By observing the angular shift of a specific Bragg reflection as a function of sample tilt
(W), stress may be calculated. The sample's strain is really measured by this, and the stress
may subsequently be determined by graphing the variation in d-spacing versus sin®¥. In
Figure 4.16 schematic view of determining residual stress by X-Ray Diffraction method
can be seen. Figure 4.17 and 4.18 show Intensitg graph and spacing graph and Figure 4.19

shows schematic view of X-Ray Diffraction method application.
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Figure 4.16. Schematic view of determining residual stress

Figure 4.17. Intensity graph
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Figure 4.18. Spacing graph

Receiving
slit Soller
slit

Secondary
Monochromator

Figure 4.19. Schematic view of diffraction system

4.8.1.Principles of X-Ray Diffraction Residual Stress Measurement

When a collimated X-ray beam of wavelength (1) is focused onto a specimen, the number
of X-rays diffracted (diffracted intensity) is measured when the angle between the X-ray
tube and X-ray detector (6) changes. This makes it possible to trace diffracted intensity
against 2(0) (seen in Figure 4.20). The lattice spacing which varies between strained and

non-stressed materials may be determined using the Bragg equation from these peaks.
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a)

Figure 4.20. X-ray Diffraction’s principle

a) ¥ =0, b) ¥ = Wi (sample is rotated by a predetermined angle, Vi)

S: X-ray source, D: X ray detector, N: Surface Normal

nA = 2dsinf (4.55)
Where,

n: constant, A: wavelength (m), d: Interplanar spacing between crystallaographic planes
(m).6: diffraction angle (°).

dgzp—d():l'i‘v
dy E

0g. SN’y (4.56)

Where,

do : interplanar spacing for unstressed material (m), v, dew : intyerplanar spacing in the
direction defined by 6 and ¥ (m), E : Poisson’s ratio and Elastisite modulus (Pa)
respectively, oo : surface stress descriebed by the angle 6 (Pa).

1+v

m = E 0g- dO (457)

Where,
m: slope.

Note that the parameters v/E and (1+v) /E are generally as S1 and % S2 respectively, and

The X-ray elastic constants are the name given to them (URL-4).
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5.EXPERIMENTATION
5.1. Welding Application
5.1.1.Material Selection, Welding and Preheating

As the basic material for our experimental work, ASME SA 387 Grade 11 Class 2 type
material, with dimensions of 103 mm length, 102 mm breadth, and 8 mm thickness as
indicated in Figure 5.2, was selected as a pressure vessel grade steel for use in extreme
temperatures service. This kind of steel is widely used and very effective, especially in
the oil, gas, and petrochemical sectors where gases and liquids are frequently held at
higher temperatures. Only one pass on a completely automated submerged arc welding
equipment, single-sided submerged arc welding was performed. Table 5.5 contains the
experiment's set of process parameters. In order to model this process using FE, the same

parameters were used.
Sample parts were cut on the plasma cutting machine and then cleaned by being grounded.

To investigate the temperature history and weld-induced residual deformation, many sets
of tests were conducted. Three welding parameters were used as variables: current,
voltage, and welding speed, with a constant value of 2.5 mm for the length of the stick
out. In order to identify the range of the welding parameters, various trial-and-error
experiments were first carried out by changing only one parameter while holding the
others constant. The parameters values used for the welding in the trial and error
experiments can be seen in Table 5.1 and optimized welding parameters used in numerical

analysis can be seen in Table 5.5.

Table 5.1. Welding parameters used in the trial and error experiments

Current (amp) Voltage (V) Welding speed (m/s)
430 31 0,01
530 31 0,01
560 31 0,01
600 31 0,01
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Before welding, the area outside the weld zone was preheated to a desired temperature
range, commonly known as the preheating temperature. Preheat temperature varies
depending on a variety of elements including base metal chemical composition, heat
delivered, hydrogen diffusion, and base plate thickness. For SA387 GR 11 Class 2 steels,
the preheating temperature range typically ranges between 150 and 200 °C. Pre-heat was
performed using local heat treatment unit and electrical resistances.

The parent metal is fixed with clamps in order to avoid the disturbances in the movement

of metals during welding application as shown in Figure 5.7.

Prior to SAW, the test plate pair was fixed wit GTAW from the upper and lower sections
to prevent the samples from slipping during welding. In order tack weld weld-backing-
plate, GTAW process was carreid out using Esab Origo Tig 3001i TIG welding machine
which has 300 A power source. For GTAW process a filler metal ER80S-B2 which has a
2.4 mm diameter is used. Gas composition and flow rate is 99,997 Argon and 11-16 L/min
respectively. The welding backing plates were welded to beginning and end of the piece
shown in Figure 5.1. A weld joint's backing is the material positioned at the weld joint's
base to support the molten weld metal. Its purpose is to make full joint penetration easier.
In order to avoid damaging the bottom surface of the piece a ceramic protector was used
by sticking it to the bottom of the part as shown Figure 5.1.

Submerged arc welding was carried out using a 1250-A constant potential power source,
Miller Subarc DC 1250 (as shown in Figure 5.8). The setup of the experiments is shown
Figure 5.6, 5.7. AWS A5.23: F8P2-EB2-B2 which has 3,2 mm diameter was used as filler
metal and Esab Flux 10.62 agglomerated fluoride-basic flux is used.

The welding specimens were prepared with square butt joint and 1 mm gap as shown

schematic in Figure 5.5.

Table 5.2. Chemical Composition of AWS A5.23 F8P2-EB2-B2

Mn

Si

P

S

Cr

Mo

Cu

0,09

0,80

0,25

0,013

0,008

1,10

0,45

0,03
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Table 5.3. Chemical Composition of SA 387 Gr 11 Cl 2

Carbon | Manganese | Phosphorus | Sulphur | Silicon Chromium | Molybdenum
Heat 0,05- 0,40-0,65 | 0,035 0,035 0,50-0,80 | 1.00-1,50 | 0,45-0,65
analysis 0,17
Product 0,04- 0,35-0,73 | 0,035 0,035 0,44-0,86 | 0,94-1,56 | 0,45-0,70
Analysis 0,17

Table 5.4. Tensile Requirements for ASME SA 87 Grase 11 Alloy Steel Plates Class 2

Plates
Tensile Strength, Yield Strength Elongation Elongation Reduction of area
Ksi (MPa) Min, ksi In 8 in. (200mm), In 2 in. (50mm), Min %
(MPa)/(0.2% offset) min% min%
75 to 100 (515 to 43 (310) 18 22

690)

B B T
G LS —
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Figure 5.1. The photo of test plate prepared for welding
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Figure 5.3. Dimensions of workpiece
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/ /7 SURFACE (S2)

Welding line [
SURFACE (S1)

Figure 5.4. Axis system

Figure 5.5. Schematic diagram of square butt joint

Heat input and welding speed are calculated as;

Q=nx*VI (5.1)

1di d= welding length 5

wetaing speed = Welding time (52)
energy transfered to the workpiece

ef ficiency of heat source (n) = 9y / P (5.3)

energy generated by the heat source

Table 5.5. Parameters used in SAW

Current (A)  Voltage (V) Rootgap (mm) Welding Time (s) Welding Speed (mm/s)

600 31 1 10 10
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Figures 5.6, 5.7, 5.8, 5.9, 5.10, 5.11, 5.12, 5.13 below show the pictures of work before,
during and after welding.

buiprem :’:‘!‘f

buipjam
1294494 104 . “

Figure 5.6. Setup of test plate for SAW

Figure 5.7. The view of ceramic protector after welding process
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Figure 5.9. SAW welding machine
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Figure 5.10. Submerged arc welding beginning of process

Figure 5.11. Welded sample
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Figure 5.12. The weld bead surface

Figure 5.13. Bottom surface of welded part
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5.1.2. Temperature Measurement During Welding Process

Temperature history was recorded using K type thermocouple wires which is
chrome/nickel aliminum termocouple wire, insulated with high temperature glass braid
and Honeywell eZtrend paperless recoder with 6 directly connected analog inputs as
shown Figure 5.14. Thermocouple wires were attached directly to the workpiece using
“Termocouple Atttachment Unit”. 5 thermocouples were used in the temperature
collection process and Figure 5.15 and 5.16 show their locations. TC1, TC4 and TC5
were placed 15 mm away from weld centre line of weld joint. TC2 and TC3 were
positioned 10 mm in x direction away from TC1. The positions of thermocouples are
tabulated in Table 5.6.

The data recorded inside to Digital Honeywell Recorder was taken with Pro version of

TrendViewer which is own application of Honeywell in MS Excel format.

=3 - > : Nl Star:d-f:_f't Ekran 1
Menu 0 ad 9 Ekran 01 Evl22 11:54:11
0.0 400.0 800.0

Kalern 1
+ 44

FYSy X 1 1 L L i L i , &

Figure 5.14. Temperature recorder device
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Table 5.6. Thermocouple mean position

TC number X Y Z
T-1 15 0 0
T-2 25 0 0
T-3 35 0 0
T-4 15 26 0
T-5 15 26 0
TCS5 o
Y /
15 1
i sl p ON0
. w
N
Welding Tk
Direction .
X
TG4 TC3 D
<o
L 0
Weld centre line 7 TC4

Figure 5.15. Distribution of measurement points
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Figure 5.16. Photo of TC locations on work piece

5.1.3. Measurement of Residual Stress of Welded Part

Residual stresses of welded parts was measured at Marmara Research Center Tubitak by
Panalytical X Pert Pro MPD (shown in Figure 5.17 amd 5.18). Figure 5.19 and 5.20 show

the points at which the residual stress was determined.

Figure 5.17. Panalytical X ’Pert Pro MPD
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Figure 5.18. Meausring of residual stress on welded part
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Figure 5.19. The location of points at which residual stress was determined
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longitudinal direction

transverse direclion

i \ -
welding dircetion

Figure 5.20. The layout of points at which residual stress was determined
5.2. Welding Simulation by FEM

The major goal of creating a FEA model is to be able to accurately anticipate the SAW
thermal cycle and residual stress compared to experiment data. The numerical simulation
of the welding process was performed in ANSYS 2020 R2 Workbench by dividing into
two steps to get results, thermo-mechanical analysis (Transient thermal and Transient
Structural analysis). Although temperature calculations are done in thermal analysis,
calculating thermal strains requires a structural analysis. Thermal analysis and structural
analysis are two steps sequentially followed in the solving process. A three-dimensional
coupled thermo-mechanical analysis may be used to define the finite element analysis of
the welding process. Pre-processing, solution, and post-processing make up the finite
element analysis process in general. A 3D FE model of the welding is used, followed by
a transient thermomechanical analysis, to forecast the residual stress. To determine the
nodal transient temperatures, a first thermal analysis was conducted with the assumption
that the heat source was of the Gaussian distributed kind. The flow diagram for the
transient thermo-mechanical analysis model is shown in Figure 5.21. Using the findings
from the transient heat transfer study, a nonlinear elasto-plastic analysis was conducted

in the second section.
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Modelling

Meshing

h 4

Thermal Analysis

A 4

* Temperature dependent properties
* Initial Conditions
* Boundary Conditions
* Heat flux as per thermal load

h 4

* Transient thermal analysis by using moving
heat source

h 4

* Prediction of thermal histories

A 4

Mechanical Analysis

A 4

* Temperature dependent properties
* Initial Conditions
* Boundary Conditions
* Elasyo - plastic analysis

h 4

* Linear Structural analysis
*Thermal history applied as load

A 4

* Execution of structural analysis

Post-processing

Figure 5.21. Flow diagram of transient thermo-mechanical analysis model
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5.2.1.Material Properties

The material properties can be classified in two groups, thermal properties and physical

properties of SA 387 GR 11 Class 2 steel. Thermal properties shown in Table 5.7 are

thermal conductivity (W /m °C), specific heat (J kg °C) and physical properties shown

Table in 5.8 are density (kg/m?, Elastisite modulus (GPa) and thermal expansion (W/m

°C). The material's characteristics were presumptively affected by temperature through

cycles of heating and cooling. Accurate information on temperature-dependent material

characteristics could not be found in the literature.

Table 5.7. Thermal properites of SA 387 Gr 11 Cl.2 (ASME BPVC.11.D.M-2021, 2021)

Temperature Density Thermal Conductivity Specific heat
(°C) (kg/m?) (W/m-°C) (J/kg-°C)
20 7750 41 470
100 7750 40,6 487
200 7750 40,1 529
300 7750 38,7 564
400 7750 36,8 605
500 7750 34,8 666
600 7750 32,8 760
700 7750 29,1 1008
800 7750 27,5 803
900 7750 24 650
1000 7750 20,1 650
1100 7750 15,8 650
1200 7750 111 650
1300 7750 6 650
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Table 5.8. Physical properties of SA 387 Gr 11 CI.2 (ASME BPVC.I1.D.M-2021, 2021)

Temperature Thermal Young’s Poisson

Expansion modulus ratio

(°C) (W/m-°C) (Pa) -
20 11,5x10°° 204 0,3
100 12,1x10°® 200 0,31
200 12,7x10° 193 0,32
300 13,3x10° 186 0,33
400 13,8x10° 179 0,34
500 14,4x10°° 169 0,35
600 14,8x10° 157 0,36
700 15,1x10° 142 0,37
800 15,4x10° 125 0,38
900 15,9x10° 108 0,39
1000 16,1x10° 90 0,40
1100 16,3x10° 69 0,41
1200 16,4x10°° 48 0,42
1300 16,4x10°° 24 0,43

The material properties of SA 387 were used as given by ASME Boiler and Pressure
Vessel Code ASME BPVC.11.D.M-2021. The SA 387 GR 11 Class 2 material was
considered 1 % Cr — %2 Mo carbon — moly steels. Temperature dependent enthalpy is
shown in Table 5.9 and temperature dependent yield strentgh and tangential modules is
shown in Table 5.10.

Table 5.9. Temperature dependent enthalpy for steel

Temperature (°C) 0 100 200 300 400 500 600 700 800 900 1000 >2500

Enthalpy (MJ/m?) 0 360 720 1100 1500 1980 2500 3000 3700 4500 5000 9000
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Table 5.10. Temperature-dependent yield stress and Tangential modulus

Temperature °C 40 100 300 525 720 800
Yield Stress MPa 310 290 256 201 10 10
Tangential Modulus MPa 945 9 6,9 18 09 04

Unit system used in APDL commands and Workbench unit system should be the same.
Otherwise APDL commands will not work. In this study Metric system was selected, kg.,
m., sn., °C, V., A., and the parameters was written in these units in APDL Commands.

MKS UNITS SPECIFIED FOR INTERNAL

LENGTH (1) = METER (M)

MASS (M) = KILOGRAM (KG)

TIME (t) = SECOND (SEC)
TEMPERATURE (T) = CELSIUS (C)

TOFFSET = 273.0

CHARGE (Q) = COULOMB

FORCE (£) = NEWION (N) (KG-M/SEC2)
HEAT = JOULE (N-M)

PRESSURE = PASCAL (NEWTON/M**2)
ENERGY (W) = JOULE (N-M)

POWER (P) = WATT (N-M/SEC)
CURRENT (i) = AMPERE (COULOMBS/SEC)
CAPACITANCE (C) = FARAD

INDUCTANCE (L) = HENRY

MAGNETIC FLUX = WEBER

RESISTANCE (R} = OHM

ELECTRIC POTENTIAL = VOLT

Figure 5.22. Unit Sytem to be used in analysis
5.2.2.Modelling and Meshing

The engineering issue was resolved using a three-dimensional finite element model.
Using SpaceClaim 2020 R2 and Ansys Mechanical Workbench, single-sided single-pass
butt joints were developed and simulated using submerged arc welding. A model's
accuracy is influenced by its element size, node count, and time step size. Not only does
the number of nodes enhance the model's precision, but it also lengthens the model's

computation time. Figure 5.25 and 5.27 show the model of test plate.

The element type in thermal analysis is SOLID90 and in structural analysis is SOLID186.
The finite element model consists of 358743 nodes and 80800 elements with 0,001 m
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element size. More elements give more accurate results but significantly increase the

computational time. Mesh model was shown in Figure 5.26 and 5.28.

The 3-D eight node thermal element (SOLID70) has a higher order variant called
SOLID90 shown in Figure 5.23. The element has 20 nodes, each of which has just one
degree of freedom—temperature. The 20-node elements are ideally suited to modeling
curved boundaries since they have comparable temperature forms. The 20-node thermal
element can be used in a 3-D, steady-state, or transient thermal investigation. The
corresponding structural element, such as SOLID186, should be used in lieu of this

element if the model containing it is also going to be subjected to structural analysis.

SOLID186 shown in Figure 5.24, a 20-node higher order 3-D solid element, exhibits
quadratic displacement behaviour. The element is defined by twenty nodes, each having
three degrees of freedom for translations in the nodal X, y, and z directions. The element
supports capabilities for plasticity, hyperelasticity, creep, stress stiffening, large
deflection, and huge strain. Additionally, it offers the capacity to use mixed formulations
to simulate the deformation of completely incompressible hyperelastic materials as well

as virtually incompressible elastoplastic materials.

Tetrahedral Optien

MN.O.PU VWX
\

Prizm Option

Figure 5.23. Geometry of SOLID90 Element
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Figure 5.24. Geometry of SOLID186 Element
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Figure 5.25. Finite Element Model Front view

=

0 0,015 0,03 (m)

0,0075 0,022

Figure 5.26. Mesh model front view

Mesh density (shown in Figure 5.26) is a crucial parameter for accuracy management.
Accuracy is also impacted by element type and form. A high-density mess will provide
findings with great precision, if there aren't any singularities. However, if a mesh is
excessively thick, it will use a lot of memory and take a long time to execute, especially

for multiple-iteration runs, which are characteristic in nonlinear and transient analysis.
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Figure 5.27. FE model isometric view

Figure 5.28. Mesh model isometric view
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5.2.3. Thermal Model

The simulation's status in one potential design configuration is defined by boundary
conditions, which are a collection of loads, limitations, and contact conditions. Before
beginning to transient thermal and static structural analysis the set of boundary conditions
should be applied on to the model with a sequence of experimental procedures. The set
of loading and few constraints are in the form of mathematical expressions. For thermal
analysis, the boundary conditions involves the convection and specific heat flux. For

static structural analysis, it involves forces, moments and displacements (Kumar, 2020).

The heat flow at the weld is essential for melting. At the source, heat is emitted in
significant amounts through radiation from the melt pool's surface and the high
temperature area's surface. The material receives a significant amount of the heat needed

for melting simultaneously through conduction and convection (Taskaya and et al., 2019).

Conduction, convection, and radiation (descriebed in Figure 5.29) are the three basic

categories into which heat transmission techniques may typically be divided.

3. Convection
Geon = hp (T — Ty)
he : Film Coefficient

1. Conduction
q" = —kAT
k: Thermal conductivity

HEAT

TRANSFER

3. Radiation
Qraa = 05(T4 - Tcg)
o: Stefan-Boltman Constant
¢ : Emissivity
Figure 5.29. Basis of heat transfer during welding process

The thermal analysis's non-linear heat transfer equation establishes the welded portion's

transient temperature field T as a function of time and the spatial coordinates (X, y);
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d (k 6T)+ d (k 6T)+ N T (5.4)
ax X ax ay y ay din Qiat = PC at .

The rate of internal heat production is denoted by gin the rate of latent heat generation is
denoted by qiat, the coefficients of thermal conduction in the x and y directions are denoted
by kx and ky, respectively, the specific heat is denoted by c, and the density of the plate
material is denoted by p. The model accounts for the latent heat produced during the phase
shift. As a result, the enthalpy formulation is utilized since, aside from density and thermal
conductivity, it contains all the additional information needed to compute the latent heat
release (Nart et al., 2013).

The heat source is applied to the welded component to begin the heat transfer process
between the welded part and its surroundings during welding, and as a result, both
convection and radiation cooling occur. During the analysis, forced convection is not
taken into account. Equations are provided below that show the heat flow caused by

convection and radiation on the surfaces of the welded plate.
Geon = h (T — Tw) (5.5)
Qraa = €0 (T4 - To4o) (5.6)

Where (5,67 x 10-8 W/(m?°C™*) is the Stefan-Boltzmann constant, T, is the ambient
temperature, T is the boundary temperature exposed to the environment, ¢ is the
emissivity. All of the plate's surfaces, save the top surface, have a convection coefficient
of h = 100 W/ m?. When the torch is directly on the surface, it is believed that the top
surface immediately beneath the welding arc is insulated (Nart et al., 2013). The base
metal's temperature-dependent thermal characteristics are taken into account in every
analysis. The model is developed under the following presumptions as shown in Figure
5.30:

1.The test plate’s beginning temperature is 150 °C and the weldments’ ambient
temperature is 25 °C.
2. The material’s thermal characteristics are temperature-dependent (like specific heat

and conductivity)
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3. Material’s physical characteristics, such as Elastisite Moduli abd thermal expansion are
temperature-dependent.

4. Density is constant 7750 kg/m3 and Poisson ratio is 0,3.

5. Considered the convection heat transfer coefficient is as 5 W/m?°C.

6. The emissivity of radiation is assumed as 0,90.

7. It was thought that the welded part’s top face was properly insulated.

Figure 5.30. Boundary conditions for transient thermal analysis

Boundary Conditions

L. qcom»- = h I (T = Tar.n )
Governing Equation 5. W= =

o= (1Y (o)) kL,

on the surface S for 1> 0
& oT
-k —=-h, (T, - T
on "( & )
On surface S» forr=> (0

v
Governing Equation of the FEM Model

[CEKZH[KL”F‘[:QCD{TJ=§Q’}+{Q"}

Temperature Field

.}

Figure 5.31. Flow diagram for thermal analysis (Biswas et.al., 2009)
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5.2.4.Structural Model

To examine the precise residual stress and strain distributions around the weld bead as
well as the transverse distortion of the welded component, the structural analysis should
employ the same mesh as was used in the thermal analysis. The results of the transient
heat transfer study were used in the second portion of the nonlinear elasto-plastic analysis.
Figure 5.32 depicts the flow diagram of the FE mechanical analysis model for forecasting

residual stresses.

Von-Mises yield criteria and related flow rules were utilised in this investigation. The
models depicted in Figures 5.36 and 5.37 took rigid body boundary conditions into
account. The uniform meshing was considered throughout the whole piece. The minimum

element was used as 1 x 1 x 1 mm?,

Temperature Field from
thermal analysis

{r.}

|
v

Equation - ] ] Thermal,elastic & plastic
ofequilibrium Stress strain relationship strain relationship

VO'+F=O {O‘j‘:[D]{S} g:ge.}.g + &

th

Stress strain relationship

fo}=[Dle}+ e+ o)

pl

Figure 5.32. Flow chart for predicting of residual stresses (Mondal at al., 2017)

The main causes of stress distortions in welds are thermally induced expansion and
contraction as well as phase transformation-driven volume change. The residual stresses
are estimated using the temperature distribution identified by thermal analysis as input
data. Examples of material properties include Young's modulus, yield strength, Poisson's
ratio, and thermal expansion coefficient. Equation 5.7 illustrates how utilising the
properties of the elastic-plastic material, the total strain in the SAW weld can be divided

into three components.
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e=¢e°+ P + &t (5.7)

Where the letters ®, P, €' stand for elastic, plastic, and thermal strains, respectively. The
isotropic Hooke's law, along with a temperature-dependent Young's modulus and
Poison’'s ratio, is used to simulate elastic strain. The thermal strain is calculated using the
temperature-dependent coefficient of thermal expansion. The plastic strain is accounted
for using a plastic model with the von Mises yield requirements, temperature-dependent
mechanical properties, and a bilinear isotropic hardening model. The bilinear isotropic
hardening model attributes the tangent modulus, yield stress, and linear area to the post-

yielding plastic part of the curve.

288 - —

Stress
\

0.00 00100 0.0197

Strain

Figure 5.33. Bilinear isotropic model

As shown in Figure 5.36 comprasion support boundary condition is applied to the surface
to where the fixture is contacted and for the bottom surface of the test place ux, uy and u:
displacement are applied as 0 mm as shown in Figure 5.34, also this surface was assumend

as no any movement through x-y and z directions.

Details of "Displacement” o R R SORbRRORORR 8 | B g I ¢
-l Scope

'Scoping Method |Geometry Selection

Geometry 21 Faces
|| Definition

Type Displacement

Define By [ Componehts

Coordinate System | Global Coordinate System
X Component |0, mm (ramped)
Y Component |0, mm (ramped)
Z Component |0, mm (ramped)
Suppressed No

Figure 5.34 Details of displacement boundary condition
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E] ,,M Element Birth And Death (15)

- 1] Analysis Settings

E ----- v G Element Birth and Death

' () . Element Birth and Death
- /{[@ Element Birth and Death 2
------- /@ Element Birth and Death 3
/(@ Element Birth and Death 4
- ‘/ Element Birth and Death 5
- /@ Element Birth and Death 6
: ------- . Element Birth and Death 7
- /[[@) Element Birth and Death 8
? ------- /&) Element Birth and Death 9

. . (@) Element Birth and Death 10

- /% Compression Only Support

s @ Displacement

= 5) Imported Load (B6)

L B P} Imported Body Temperature

- [ Imported Load Transfer Summary

Figure 5.35. Boundary Conditions.

For A,B,C,D surface comprasion support
boundary conditions are applied

Figure 5.36. Rigid body boundary conditions
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Figure 5.37. Boundary conditions for transient structural analysis
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Figure 5.38. Thermo-mechanical transfer mechanism of welding (Taskata and et al.,

2019)
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Figure 5.39. Details of Analysis Settings.
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It is specified 250 initial subsequents 50 for the minimum and 10.000 for the maximum
as shown Figure 5.39.

5.2.5.Heat Source Model

A unique transient thermal process involves simulating a moving heat source. Using
Parametric Design Language (APDL) codes, ANSY'S 2020 R2 simulates the moving heat
source. The general-purpose finite element solver known as Ansys Mechanical APDL is
used to run a variety of simulations, including stress analysis, spectrum analysis, vibro-
acoustics, and even heat transfer analysis. It is intended to move continuously at each
brief interval. The heat energy remains constant while the heat source is in motion,
although the centre of the source occasionally shifts. The idea is to gradually alter the

parameters of the function that models the locations of the heat source.

The Goldak's Double Ellipsoidal Heat Source Model describes the production of the heat
flux/torch in the Submerged Arc Welding (SAW) in order to construct the temperature

distribution in the analysis.

A created model's power density is dispersed throughout a volume and across the front

and back quadrants of the heat source.

6+ (y/3)* f *n* 3x% 3y? 3z
q(x,yz)= 3/ *n Qexp (——5-— yz - — (5.8)
a*b*c*n*\/ﬁ a b c

The heat flux equation for the welding arc in the front quadrant of the heat source model
is given as follows:
6+ (V3)* frxn*Q 3x2 3y? 3z?

ex

— — — 5.9
a*b*c*m*\T P a?  b? Cf) (5.9)

q (X',y,Z) =

The following is a description of the heat flux equation for the heat source model/welding

arc in the back quadrant:

6*(\/§)*ﬁ,*q*Qe b 3x? 3y2 372 (510)

q(x’y’Z)= a*b*C*T[*\/E X (_ az_bz_c‘r2
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a, b,cr and cr are the geometric parameters, crand cf are rear and front semi ellipsoidal
heat source dimensions, fr and fr are fraction of heat deposited represent the rear and front
quadrants heat apportionments of the heat flux, fr + fr=2. Q is the heat input. x, y, z are
the coordinates of the heat flux. n is the efficiency of the welding process (Goldak et al.,
1984).

Heat Flux

Welding
Direction

C/ Front Half
C, Rear Half Ellipsoid *  Ellipsoid

Figure 5.40. Double-ellipsoidal distributed heat source (Goldak et al, 1984)

The Goldak’s double-ellipsoidal is used to define volumetric heat flux in the Arc welding
process. It is the most famous and widely used model fir simulating the arc welding
process. To define Goldak’s double ellipsoid model in Ansys APDL commands should

be used.

Figure 5.41. Goldak’s double ellipsoidal parameters

fr and fr parameters are calculated using these formulas;

_ 2 % Cf
“oT e (5.11)

fr
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2% Cp

_Cf+ Cr

fft =2

(5.12)

(5.13)

The energy input rate Q (1 = 600 A, V = 31, n= 0.95) and welding speed (Q = 0.01 m/s)

in the experiment employed in this investigation.

Heat source parameters were determined by looking at the weld portion and the cross-

section in Figure 5.42, 5.43, 5.44, and they were determined to be a = 10, b = 8, cr = 10,

cf=3xcr=30,ff=0, and fr = 1.5.

Table 5.11. Goldak model parameters used in FE Analysis (mm.)

Goldak Parameters a b Cf Cr fr fr q
Weld reinforcement 10 8 10 30 0.5 15 0.35VI
Fusion Zone 10 2 10 30 0.5 15 0.35VI

Table 5.12. Welding Parameters used in SAW

Power Voltage Heat Input Q=1*V*n_ Progression Speed
A \Y W mm/sec
600 31 17670 10
Table 5.13. The efficiency of welding processes
Welding GTAW GTAW GTAW SMAW GMAW SAW
Process | A, Steel He, Al Ar, Al Stell Ar, Steel Steel
n, 25-75% | 55-80% | 22-46% | 66-85% | 66-70% | 91-99 %
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Figure 5.42. Goldak’s double elipsoidal parameters view on test plate

Figure 5.43. Goldak’s double elipsoidal parameters view on test plate

Figure 5.44. Goldak’s double elipsoidal parameters view on test plate

5.2.6. Element of Birth and Death Technique

Elements of birth and death have been used in this study to approximate the injection of
filler metal during the welding process. This approach multiplies the stiffness by a very
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tiny amount in the order of 10-6 rather than Killing or deleting the element. The
components along the weld centerline are first killed or deactivated during the simulation
of the structural model. Depending on the movement of the source, they are either
triggered or born later at the chosen moment.

Test plate was 100 mm long and the welding speed was 10 mm/sec. So in the Ansys
Mechanical the test plate was divided into 10 pieces which is 10 mm long as shown in

Figure 5.45. This pieces with 10 mm long was activated at 1 second intervals.

Figure 5.45. Pieces divided 10 mm long.
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6. RESULTS AND DISCUSSION

The main aim of this study is to develop a 3D-FEA model which can predict the SAW
thermal cycle, residual stresses and distortion with higher accuracy compare to the
experimental work. The transient thermal and structural analysis were performed by using
ANSYS 2020 R2 Software. The 3D FE model was carried out using Intel(R) Core (TM)
i7-10750H CPU @ 2.60GHz with 16 GB ram. The CPU time needed for thermal analysis

is about 20 hours and for structural analysis is about 2,5 hours.

The predicted temperatures, residual stresses and distortion were compared with
temperatures residual stresses and distortions obtained from experiments.

(@) (b)
Figure 6.1. (a) The top view (b) the bottom view of specimens welded with 430 A, 530 A
and 560 A respectively
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Firstly, it was aimed to determine the most suitable Amper value in order to weld SA 387
GR 11 CI 2 material with 8 mm thickness and some tests were carried out by changing
the amperage value while keeping the voltage and welding speed values constant. At the
values 430, 530 and 560 the penetration of the welding flux to underside of the part was

low as seen Figure 6.1.

At 600 amper welding flux was provided as seen Figure 6.3. In some experiments, there
were cases Where complete penetration could not be achieved due to flux entering root

gap as shown in Figure 6.2.

(a) (b)
Figure 6.2. (a) Top face of the welded part (b) bottom face of the welded part
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(a) (b)
Figure 6.3. (a) the top face of welded part (b) the bottom face of welded part

6.1. Thermal Analysis

Thermal cycles were obtained at certain measuring places on the surface of the welded
sheets based on an experimental test that was conducted. The acquired findings were

contrasted with those from FEM modelling on a shared graph.

The heat source fitting process used a bead-on-plate weld with the same heat input
characteristics as the plate for the butt joint weld. The butt joint plate was subjected to a
transient thermal analysis employing a heat source fitting as an input. Figures 5.15 and
5.16 illustrate the temperature distribution along the weld line at the top of the weld joint
for various locations. Temperatures measured by TC were recorded by Honeywell eztrend

digital redorder and these temperature values can be monitored by Trendviewer

104



application. In experiments, for measuring temperature distribution chrome/nickel
aliminum termocouples with 0,71 mm diameter were used tom record the temperature
history durimg welding process by using Honeywell eztrend temperature recorder and the

temperature data recorded by Honeywell recorders was exported to Excel.

Figure 6.2, 6.3, 6.4, 6.5, 6.6, 6.7, 6.8, 6.9, 6.10, 6.11, 6.12, 6.13 show thermal field at
different times during FE analysis and Figure 6.14 and 6.15 show the temperature values
obtained from experiment and temperature values obtaiined from FE Analysis. Each TC
value obtained from experiment was compared with the temperature value which is at the
corresponding node in FEA in separate graphs Figure 6.16, 6.17, 6.17, 6.19, 6.20. The
sample part was welded at approximately 150 °C preheat temperature. At the beginning
of welding the temperature of TC’s (TC1, TC2, TC3, TC4, TCS) were 129.4, 158.7,
157.2, 139, 153.1°C respectively. Prior the welding the heating elemets were taken from
the part. For that reason a drop in temperature occured on the part.

WorkPiece Ternperature 2
Type: Temperature

Unit: °C

Tirne: 3

3173,4Max

149,57 Min

k] 0,000 0,040 0,080(m)
X

0,020 0,060

Figure 6.4. Isometric view of moving heat source after 3 seconds
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B: Goldak Double Ellipsoid Thermal Analysis.
WorkPiece_Temperature 2

Type: Temperature

Unit: °C

Time: 3

3173,4 Max
28374
|| 25014
. 2165,5

0,000 0,050 0,100(rm)
B

0,025 0,075

Figure 6.5. Top view of temperature distribution after 3 seconds

B: Goldak Double Ellipsoid Thermal Analysis
WorkPiece_Temperature 2

Type: Temperature

Unit: °C

Time: 6

0,000 0,040 0,080 (m)

0,020 0,060

Figure 6.6. Isometric view of temperature distribution after 6 seconds
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I 0O 000000
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Figure 6.7. Top view of temperature distribution after 6 seconds

AR
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L] 18486
o 15086
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0,000 0,040 0,080 (m)

X 0,020 0,060

Figure 6.8. Isometric view of moving heat source after 10 seconds
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Figure 6.9. Top view of temperature distribution after 10 seconds

355,07
28348
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0,000 0,040 0,080 (m)

0,020 0,060

Figure 6.10. Isometric view of moving heat source after 30 seconds
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Figure 6.11. Top view of temperature distribution after 30 seconds

0,000 0,040 0,080 (m)

0,020 0,060

Figure 6.12. Isometric view of temperature distribution after 250 seconds
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Figure 6.13. Top view of temperature distribution after 250 seconds

0,000 0,030 0,060(m)

0015 0,045

Figure 6.14. Temperature distribution at weld line after 6 seconds
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0,000 0,030 0,060 (m)

0015 0,045

Figure 6.15 Temperature distribution at weld line after 10 seconds

0,000 0,030 0,060(m)

Figure 6.16. Temperature distribution at 125 sec.

0,000 0,030 0,060(m)

0.015 0.045

Figure 6.17. Temperature distribution at 250 sec.

111



700

600

500

400

300

Temperature (°C)

200

100

700

600

500

400

w
o
o

Temperature (°C)

200

100

—@—TC1-EXP —@—TC2-EXP —@—TC3-EXP —@®—TC4-EXP —@—TC5-EXP

50 100 150 200 250
Time (seconds)

Figure 6.18. Temperature distribution obtained during experiment
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Figure 6.19. Temperature distribution obtained from FEA
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Figure 6.20. Comparison of the predicted temperature with experimental data at
temperature measuring point 1
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Figure 6.21. Comparison of the predict temperature with experimental data at temperature
measuring point 2
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Figure 6.22. Comparison of the predict temperature with experimental data at
temperature measuring point 3
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Figure 6.23. Comparison of the predict temperature with experimental data at temperature
measuring point 4
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Figure 6.24. Comparison of the predict temperature with experimental data at temperature
measuring point 5

Figures 6.10 and 6.11 show that as a heat source gets closer to a point, the temperature of
the point gradually rises, and when it goes further away, the temperature of the point
gradually drops. The temperature at point 1, 4 and 5 near the heat source is greater than
the temperatures at point 2 and 3 and the temperature at point 2 is greater than the
temperature at point 3. On the whole, a good agrement was found between the predicted

and experimental temperatures.

At point 1 when welding began the temperature measured by TC1 was 129,4 °C in the
experiment work. The maximum temperature was reached to 591,9 °C at 27 seconds and
thermocople measured maximum temperature value for the next 4 seconds. According to
predicted temperature value obtained from FEA on the node corresponding TC1 the
maximum temperature was 603,34 °C at 20 sec. This time difference is due to the response
time of the recorder. Recorder meauseres the temperatures momentarily 4 or 5 seconds
late. At 250 sec the temperature on the specimen was 435,3°C and predicted temperature
by FEA was 382,17 °C. So for point 1 at the maximum temperature it is observed about

% 2 and for the temperature at 250 sec it is observed about % 13.
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At point 2 when welding began the temperature measured by TC2 was 158,7 °C in the
experiment work. The maximum temperature was reached to 462,5 °C at 120 seconds and
thermocople measured maximum temperature value for the next 6 seconds. According to
predicted temperature value obtained from FEA on the node corresponding TC2 the
maximum temperature was 452,43 °C at 60 sec. At 250 sec the temperature on the
specimen was 422,6 °C and predicted temperature by FEA was 381,8 °C. So for point 2
at the maximum temperature it is observed about %2 and for the temperature at 250 sec

it is observed about %10.

At point 3 when welding began the temperature measured by TC3 was 157,2 °C in the
experiment work. The maximum temperature was reached to 434,4 °C at 149 seconds and
thermocople measured maximum temperature value for the next 14 seconds. According
to predicted temperature value obtained from FEA on the node corresponding TC2 the
maximum temperature was 423,94 °C at 108 sec. At 250 sec the temperature on the
specimen was 410,0 °C and predicted temperature by FEA was 381,49 °C. So for point
3 at the maximum temperature it is observed about %2,4 and for the temperature at 250

sec it is observed about %7.

At point 4 when welding began the temperature measured by TC4 was 139,0 °C in the
experiment work. The maximum temperature was reached to 595,2 °C at 29 seconds and
thermocople measured maximum temperature value for the next 3 seconds. According to
predicted temperature value obtained from FEA on the node corresponding TC4 the
maximum temperature was 606,58 °C at 23 seconds. At 250 sec the temperature on the
specimen was 425,1 °C and predicted temperature by FEA was 400,09 °C. So for point
4 at the maximum temperature it is observed about %2 and for the temperature at 250 sec

it is observed about %10.

At point 5 when welding began the temperature measured by TC5 was 153,1 °C in the
experiment work. The maximum temperature was reached to 589,5 °C at 27 seconds and
thermocople measured maximum temperature value for the next 5 seconds. According to
predicted temperature value obtained from FEA on the node corresponding TC5 the
maximum temperature was 599,25 °C at 18 seconds. At 250 sec the temperature on the

specimen was 446,2 °C and predicted temperature by FEA was 380,89 °C. So for point

116



4 at the maximum temperature it is observed about %1 and for the temperature at 250 sec
it is observed about %15.

Table 6.1. Comparison of Experimental and Predicted temperatures

Points FEA Model Experiment Deviation  Deviation

Peak  Time Temp. Peak Time Temp. AtPeak  At250sec

Temp.(°C) (sec.) At250 Temp.(°C) (sec.) At 250 Temp. Temp.
sec. sec.
TC1 603,34 20 382,17 5919 27 4353 %2 %13
TC2 452,43 60 381,8 462,5 108 422,6 %?2 %10
TC3 42394 108 381,49 4344 149 4100 %2,4 %7
TC4 606,58 23 400,9 595,2 29 425,1 %?2 %10
TC5 599,25 18 380,89 589,5 27 446,2 %1 %16

It is found a good analogy between the measured and predicted temperatures.

6.2. Structural Analysis

Engineering's field of stress analysis is based on solid mechanics. Stress analysis is a key
technique used by engineers to determine the stress and strain of a design or structure. A

mathematical model is created by an engineer from a real-world engineering challenge.

A mechanical assembly may experience large temperature variations in many engineering
applications. Such temperature variations cause thermal strains, which in some cases can
also result in stresses. The thermal-stress analysis is required to determine how much
warpage is brought on by thermal strains and to prevent failure due to excessive thermal
stresses. We may first need to conduct a thermal study to gather data on the temperature
distribution over the mechanical assembly in order to estimate thermal strains and

stresses.

Remaining tension was created in the weldment as a result of the uneven cooling and
contraction of the weld material. Residual stress may have contributed to the failure of
several welds. The mobility of the heat flux creates residual stresses, which lead to uneven
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expansion and contraction of the weld material. Fixtures are used to clamp the workpiece
at each of its corners The distribution of residual stress in the weldment is significantly
influenced by the clamping of the workpiece. The thermal model is solved to calculate
and depict residual stresses. The mechanical model receives the thermal profile data as
input. To get rid of non-linearities, the mechanical model is solved using the Newton-

Raphson technique.

Table 6.2. Residual Stress values along the longitudinal direction of welding

Measurement  Result (MPa) Standart Deviation X coordinates Y coordinates
Point

LP1 255,4 +141,8 0 10
LP2 206,9 +76,1 0 30
LP3 235,8 +111,9 0 50
LP4 236,1 +141,3 0 70
LP5 204,4 +83,5 0 90

Table 6.3. Residual Stress values along the transferse direction of welding

Measurement  Result (MPa) Standard Deviation X coordinates Y coordinates
Point

TP1 217,0 +86,9 -30 50
TP2 192,4 +69,9 -20 50
TP3 235,8 +111,9 0 50
TP4 213,9 +70,5 20 50
TP5 210,0 +73,8 30 50

On the graphs three geometrical shapes appear, these are rectangular, triangle and cross.
Rectangular and tirangle means measurements at points corresponding to 180 degrees.
The Table to where the test part was located is moving with an incline of approximately
5 degrees and in every movement it is measuring at that point and the corresponding 180

degree point. Cross shapes on the graphs means the point which is not taken into account
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also it is the ignored measuring points. The roughness of the surface affects the accuracy
of measurement.

Table 6.4. The number of points to be ignored along longitudinal direction

Measuring Point LP1 LP2 LP3 LP4 LP5

Number of points ignored 0 0 2 1 5

Table 6.5. The number of points to be ignored along longitudinal direction

Measuring Point TP1 TP2 TP3 TP4 TP5

Number of points ignored 0 4 2 5 8

Figure 6.25, 6.26, 6.27, 6.28 and 6.29 show spacing graph to determine the residual
stresses at longitudinal direction at point LP1, LP2, LP3, LP4 and LP5 which is given in
Tab.
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Figure 6.25. Residual stress at measuring point LP1

119




M Pei==1
Opsiz 0

2031

2.030

d-spacing (A)

2025

2025

2024

Normal stress: 206.9 = 76.1 MPa Phi = 80.00°

0.0 0.1

L Psi==10

0z 03 0.4 05 06 07 0.8 03 1.0
sin® (Pai)

Figure 6.26. Residual stress at measuring point LP2
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Figure 6.27. Residual stress at measuring point LP3

120



Results-Plat(s) =]

D Psiz=10 Normal stress: 236.1 £ 141.3 MPa Phi= 30.00°
Opsi< 0

Z.040

#

2.038

2.038

2.034
T
= 2032 o o
T o
m
& 2.030
o

z.uzsmn/’r’ﬂ’a/g//_—u/

Iy u]
u}
2.028 a o
Fay
2.024
o
2022
0.0 01 0z 0.3 0.4 05 05 0.7 0.8 0.9 1.0
sin® (Psi)

Figure 6.28. Residual stress at measuring point LP4
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Figure 6.29. Residual stress at measuring point LP5

Figure 6.30, 6.31, 6.32, 6.33 and 6.34 show spacing graph to determine the residual
stresses at transverse direction at point TP1, TP2, TP3, TP4 and TP5 which is given in
Table 6.3. LP3 and TP3 is the same point it is the common intersection point in the

longitdunal and transverse direction.
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Figure 6.30. Residual stress at measuring point TP1
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Figure 6.31. Residual stress at measuring point TP2
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Figure 6.32. Residual stress at measuring point TP4
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Figure 6.33. Residual stress at measuring point TP5

Panalytical X’Pert Pro MPD measures residual stress with X-ray diffraction method. X-
ray diffraction is the only method to determine macro and micro residual stresses non-
destructively. As known with sin?psi(¥) method, residual stress is calculated with
changes of distance between the planes in the crystal lattice. Also, focally stress ans stress

types of the material in the desired direction is calculated individually.
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Figure 6.34. The part located to X-pert Pro MPD

Figure 6.35. Residual stress measurement
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Figure 6.36. Residual stress measurement

The test part is sticked to the sample with double-sided adhesive tape. It is aimed to
prevent the part to move. Sample is moving in the angular direction and at every angular
position it takes values. These values can be seen as a point in software of X-Pert Pro
MPD. In order to obtain an exact value software makes lineer fit regression acording to
the points. Some points can be neglicable. In order for the result to be correct, the number
of canceled points should not be too much. The deviation is increased with the values of
points canceled. Using double sided tape we were unable to prevent the sample piece to
move. When sample moves upward direction the piece slowly moved down direction.
That means the angle measured by X-Pert Pro MPD changed and some points produced
inaccuratr results. When we ignore these point the deviation value increased. The residual
stresses were obtained with using “Birth and Death” feature and non-using Birth and
Death” feature in FEA in both transverse and longitudinal directions. Figure 6.38 and
6.39 show residual stresses along longitudinal and transverse direction obtained with
Birth and Death” feature respectively. The "death element” effect is produced by ANSYS
code, which does not really modify the model element. Instead, the weld components are

first turned off by greatly reducing their stiffness (or conductivity, or other comparable
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quality). In the meanwhile, Ansys Mechanical reactivates the "death element™ by letting
its stiffness, mass, and other qualities return to their initial values in order to get the "birth
element” effect. Relative stress analysis at 3 seconds is shown in Figure 6.34.

000 3500 70,00 (mm)
[ Saaae— S|

1750 52,50

Figure 6.37. Residual Stress analysis with element Birth and Death Technique at 3
seconds

Table 6.6. Residual Stress values on measurement points both longitudinal and transverse
directions in FEA and Test results

FEA RESULTS with element Birth and Death TEST RESULTS
Measurement Maximum Minimum  Average Results Standart
Point (MPa) (MPa) (MPa) Deviation
< LP1 277,73 247,04 262,39 255,4 +141,8
g LP2 2755 245,72 260,61 206,9 +76,1
% LP3 275,95 246,11 261,02 235,8 +111,9
% LP4 281,29 246,77 264,03 236,1 +141,3
§ LP5 277,95 248,83 263,39 204,4 +83,5
- TP1 265,46 265,46 265,46 217,0 +86,9
% P2 277,09 27709 277,09 192,4 69,9
; TP3 275,92 246,11 261,02 235,8 +111,9
g TP4 2711 2711 2711 2139 +70,5
E TP5 265,46 265,46 265,46 210,0 +73,8

126



300

250

N
o
o

150

=
o
o

Residual Stress (MPa)

0
0 5 10 15 20 25 30 35 40D#%an6e (MmM.)60 65 70 75 80 85 90 95 100

Figure 6.38. Residual stresses along the longitudinal direction obtained with Element
Birth and Death Technique
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Figure 6.39. Residual stresses along the transverse direction obtained with Element Birth
and Death Technique
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Figure 6.40. Comparison of residual stress along longitudinal direction on measurement
points FEA with EBD technique
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Figure 6.41. Comparison of residual stress along transverse direction on measurement
points FEA with EBD technique
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Table 6.7. Residual Stress values on measurement points both longitudinal and transverse
directions in FEA and Test results (non using Element Birth and Death Technique)

FEA RESULTS not using element Birth and TEST RESULTS
Death

Measurement Maximum Minimum  Average Results Standart

Point (MPa) (MPa) (MPa) Deviation
< LP1 241,58 2414 241,49 255,4 +141,8
g LP2 265,32 265,08 265,2 206,9 +76,1
% LP3 270,02 270 270,01 235,8 +111,9
;c% LP4 264,68 264,42 264,55 236,1 +141,3
S Lps 240,91 240,98 240,95 2044 83,5
- TP1 265,73 265,73 265,73 217,0 +86,9
% P2 287,79 287,79 287,79 192,4 69,9
2 TP3 270,02 270 270,01 235,8 +111,9
g TP4 287,79 287,79 287,79 2139 +70,5
E TP5 265,73 265,73 265,73 210,0 +73,8

Figure 6.42. Residual Stress along longitudinal path direction

These residual stresses shown on Figure 6.43 and 6.45 obtained through path line along
transverse direction. Residual stresses which is used for comparing with test results are

nodal stresses which is corresponding nodal on FEA.
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Figure 6.43. Residual stresses along the longitudinal direction obtained by without using
Element Birth and Death Technique

Figure 6.44. Residual Stress along transverse Path direction
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Figure 6.45 Residual stresses along the transverse direction obtained by without using
Element Birth and Death Technique
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Figure 6.46. Comparison of residual stress along longitudinal direction on measurement
points FEA without using EBD Technique

These residual stresses shown on Figure 6.46 and 6.47 are nodal stresses obtained

corresponding nodes to the residual stress measurement points.
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Figure 6.47. Comparison of residual stress along transverse direction on measurement
points FEA without using EBD Technique

Table 6.8. Comprasion of result on measurement nodal obtained with using Element
Birth/Death technique and non using Element Birth/Death Technique along longitudinal

direction

FEA RESULTS with element Birthand FEA RESULTS with non using element

Death Birth and Death

Measurement Maximum  Minimum  Average Maximum  Minimum Average

Point (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
< LP1 271,73 247,04 262,39 241,58 2414 241,49
g LP2 275,5 245,72 260,61 265,32 265,08 265,2
ceccs LP3 275,95 246,11 261,02 270,02 270 270,01
% LP4 281,29 246,77 264,03 264,68 264,42 264,55
§ LP5 277,95 248,83 263,39 240,91 240,98 240,95
- TP1 265,46 265,46 265,46 265,73 265,73 265,73
% TP2 277,09 277,09 277,09 287,79 287,79 287,79
g TP3 275,92 246,11 261,02 270,02 270 270,01
% TP4 2711 2711 2711 287,79 287,79 287,79
E TP5 265,46 265,46 265,46 265,73 265,73 265,73

132



The maximum and minimum residual stresses obtained by using Element Birth/Death
Technique are 240,75 and 52,206 MPa along the longitudinal direction, 278,3 and 85,046
MPa along the transverse direction like shown on Figure 6.48 and 6.49.

Figure 6.48. Residual stresses along longitudinal direction by using element birth-death
technique

Figure 6.49. Residual stresses along longitudinal direction by using element birth/death
technique

Figure 6.50 residual stresses along longitudinal direction by not using element birth/death
technique
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Figure 6.51. Residual stresses along transverse direction by not using element birth/death
technique
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Figure 6.52. Comprasion of result obtained with using Element Birth/Death technique
and non using Element Birth/Death Technique along longitudinal direction

The maximum and minimum residual stresses obtained by not using Element Birth/Death
Technique are 275,43 and 243,35 MPa along the longitudinal direction, 319,8 and 262,54
MPa along the transverse direction like shown on Figure 6.50 and 6.51 .
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Figure 6.53. Comprasion of result obtained with using Element Birth/Death technique
and non using Element Birth/Death Technique along transverse direction

We all desire accurate simulation results and generally speaking this takes two forms.

1. Numerical accuracy

2. Correct model respresentation

In numerical accuracy, we answer the question of whether the mesh is fine enough to get
a mesh-dependent solution. While in correct model represantation, we focus on the
question of whether the model is accurately representing our understanding of physical

system.

While performing an analysis, we should always have a rough idea of the deformation or
stress we expect to be generated in the system. In Ansys Mechanical, users can view the
animations of deformed shapes while analyzing results. It is a very good practice to verify
these animations and ensure that the structure is deforming in the manner which we
expect. By verifying the deformation results, we can also identify whether or not our
applied loads and supports are correct, especially to identify common problems like over

sontraining the model (Url 5).
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Figure 6.55. Total deformation obtained by using without element Birth/Death Technique
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Figure 6.56. Comparing of distortion results on FEA
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In order to prevent test piece to move freely test piece was clamped with its all corners
like shown Figure 6.57. so the bottom surface of test place was fixed to surface that means
there was no movement in any direction X,y and z. Thermal strains lead to stress when

the structure is prevented from freely expanding or contracting.

For example there is a bar with a uniform cross section and no constraint applied and let
the reference temperature for the bar of material be 20 °C. If the bar is heated to a uniform
of 30 °C we can see that the bar can expand freely due to lack of any constraints. in this
case we see non-zero thermal strains. But since there are no constraints to prevent free
expansion of the bar the stress produced are zero. Now let’s fix the two ends of the bar

and heat it again to a uniform temperature of 30 °C. Since the bar is no longer allowed to

expand freely non-zero stresses are produced in the bar.

Figure 6.57. Clamping of the piece with fixtures
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7. CONCLUSION

For any stress stress analysis, the engineers will have to specify appropriate boundary
conditions to get the expected results. The structure should be constrained with
appropriate supports and excitations are provided via loads. Changes in temperature
produce thermal strains and thermal strains can cause mechanical stresses. In this study,
residual stress and temperature distribution were compared using both experimental and

finite element methods.

A submerged arc single pass double sided welded square butt joint of SA 387 GR 11
Class 2 pressure vessel steel was prepared to estimate both temperature distribution and
residual stress distribution across the weld in both longitudinal and transverse directions.
A test plate with 100 mm long, 100 mm width and 8 mm thick was used. Firstly Welding
speed and voltage were kept constant and tested at different amperage values to determine
suitable amperage value. At 430, 530 and 560 amperage values it was observed that lack
of penetraiton has been occured. At 600 an appropriate welding penetration achieved.

And all the test were performed with 600 A, 31 voltage and 10 mm/sec welding speed.

A finite element thermo-mechanical elastic-plastic analysis was carried out to predict
residual stresses and temperature distribution using ANSYS 2020. Double-ellipsoidal
distributed heat source model was used for moving heat source model. All the temperature
dependent properties of SA 387 GR 11 Class 2 Steel was taken from Asme Boiler And
Pressure Vessel Code Section 11, Materials.

Based on the results presented in this study the following observations and conclusions

can be made:
For thermal results it was observed:;

1. Experimental findings were used to validate the model, and they showed a satisfactory
level of agreement with the numerical model.
2.15% is discovered to be the highest possible percentage of inaccuracy between

experimental and numerical data.
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3. As mesh size has been made finer, the findings of finite elements have grown closer to
those of experimental measurements. Dimensions of the mesh were determined to be
IxIx1 mm.

4. The penetration and bead width increase in supply current, according to experimental

data.
For residual stress analysis it was observed;

1. For the first time FEA has been applied for determination of residual stress in weldment
of pressure vessel steel.

2. Time and cost saving can be available due to calculated residual stress levels. No matter
what is the stress level, the industry always applies stress relieving process by heat
treatment. The result of this type analysis can give a idea about whether stress relieving
process should be applied necessary or not for design engineers.

3. Finite Element results are dependent on the mesh size specified. Mesh size affects the
accuracy of the finite element results. Coarse meshes may give inaccurate results if the
stress gradients are too large for the elements to capture properly. Seeing high gradients
through the element of dericed quantities suc as stress or strain, is a good first indication
that the element size may be too large.

4. Too small of an element size will unnecessarily increase the computation costs and
solution times.

5. While we may not know the mesh size required to give accurate results before solving,
using the results one can check and add mesh sizing as necessary.

6. Residual stresses obtained along the trasnverse and longitudinal direction on FEA
analysis were the results through the path line along transverse and longitudinal direction.
7. Residual stresses which is used for comparing with test results are nodal stresses which
is corresponding nodal on FEA.

8. Due to the boundary conditions our piece is symmetric so we are expecting the residual
stress along the transverse direction to be the same symmetrically. The part had been
clamped from its all corners with the same condition. Both FEA results by using EBD
technique and by not-using EBD technique are symmetric as we are expecting.

9. The surface roughness and flatness of the sample piece in which residual stress is

measured is very important to get accurate results. Surface roughness affects the results
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meausered by XRD method and the surface should be flat. For that reason the
reinforcement was removed by grinding.

10. On the first studies the deviation values on test result were too much. The reason why
deviation values were too much was the roughness of the surface. In order to get
acceptable results some points should be ignored. According to the curve the stress values
are obtained.

11. The test piece was sticked to sample by using double-sided tape. But although we used
double side tape we could not prevent the part to move down direction while sample was
moving up direction.

12. The FE modelling of SA 387 Gr 11 Class 2 steel weld has not taken into account the

solid-state phase transformation effect.
Further work, it is recommended :

1. While measuring residual stress with XRD method, in order to fix the work piece,
different method can be used.

2. For determining residual stress different methods like deep hole drilling or ultrasonic
technique can be used.

3. It should be considered the surface roughness should be very high to get more accurate
results by using XRD method.

4. Microstructure and mechanical properties of the welded part can be analysed.
Especially By applying tensile and charpy tests the mechanical properties of the welded
part can be determined and the results of welding process can be observed.

5. The solid-state phase transformation effect can be considered in FE modelling of SA
387 GR 11 Class 2 steel weld.
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APPENDICES-A

The APDL Code for Moving Heat Source

I Commands inserted into this file will be executed just prior to the ANSYS SOLVE

command.

I These commands may supersede command settings set by Workbench.

I Active UNIT system in Workbench when this object was created: Metric (m, kg, N,
s, V,A)

I' NOTE: Any data that requires units (such as mass) is assumed to be in the consistent

solver unit system.

! See Solving Units in the help system for more information.
!**************

I APDL COMMANDS FOR GOLDAK DOUBLE ELLIPSOID MODEL

I retrieves a value and stores it as a scalar parameter or part of an array parameter. Name
of parameter = EMAX/EMIN, Entity=Element

CMSEL,ALL

*GET,EMAX,ELEM, NUM,MAX
*GET,EMIN,ELEM, NUM,MIN

I used constant in the equation
ALLSEL

TIME_WELD=25 I Welding Time

DT=0.01
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A=0.01 I ellipsoid semi-axe 1

B=0.008 I ellipsoid semi-axe 2

C1=0.01 I ellipsoid semi-axe 3 front

C2=0.03 I ellipsoid semi-axe 3 rear

TAU=0 I Time Delay

FF=0.5 I ff = Fraction of heat on the front part of the heat source
FR=1.5 I fr = Fraction of heat on the rear part of the heat source
Q=12000 I Welding Energy J/S (W) Q = (n*I*U) ; I=welding current 600

A, U=welding voltage 31, n=thermal efficiency 0.9 is selected,
VEL=1E-2 I welding speed m/sn
NPT=TIME_WELD/DT

NROPT,FULL I NROPT = specifies the Newton-Raphson options in a static
or full transient analysis. Use full Newton-Raphson

IDefining Parametric variables

I Welding Pass

*DO,i,1,NPT,1 I Loop for every time steps, Time increment

WTIME=(i/10)

TIME,WTIME

HCENTER=VEL*WTIME I HEAT SOURCE CENTER : This defines the moving

centre of the double ellipsoid heat soource

*DO,jj,EMIN,EMAX,1 I SELECT THE CENTROID OF EVERY ELEMENT.

Picking of element cetroids
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X=CENTRX(jj) I Centroid X-coordinate of jj-th element in global Cartesian
Coordinate System.

Y=CENTRY jj) I Centroid Y-coordinate of jj-th element in global Cartesian

Coordinate System.

Z=CENTRZ(jj) I Centroid Z-coordinate of jj-th element in global Cartesian
Coordinate System.

CSI=Y+VEL*(TAU-WTIME) ! MOVING COORDINATE (IT MOVES THROUGH
Y AS TIME PASSES), Y is moving direction.

*IF,Y,GT,HCENTER,THEN I defines whether it is the front part of the heat source

or rear
I loop for heat source application
C=C1

F=FF

*ELSE

C=C2

F=FR

*ENDIF

PART1=(6*(3**0.5)*F*Q)/(A*B*C*3.14*(3.14**0.5)) I First part of Goldak
Double ellipsoid model in fixed CSYS

PART2=(EXP(-3*(X/A)**2))*(EXP(-3*(Z/B)**2))*(EXP(-3*(CSI/C)**2)) ! second
part of Goldak Double ellipsoid model in fixed CSYS

QF=PART1*PART2 I Heat source equation

BFE,jj,HGEN,,QF I Defines an elemnt body force load BFE, ELEM, Lab,
STLOC, VAL1, VALZ2, VAL3, VAL4
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*ENDDO

SOLVE

*ENDDO

CMSEL,ALL

BFEDELE,ALL,ALL
Lab

ALLSEL

I Select a subset of components and assemblies

I Deletes element body force loads. BFEDELE, ELEM,
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