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BASI N¢ LI KAP ¢ELKJK SA 387" NKN TOZALTI
KAYNAJI NI'N DENEYSEL VE SONLU ELEMAN ANALKZEK
¥ZET

Kaynak, mal zemenin erimesini ve kat él akmas
¢Cok -exitli mal z eunyed welra n ahbirllierk.t i ManieZke me n inn
akamal aré -ok y¢ksek sécakl ek gradyané il e
Kaynak tekniklerinin -o0]u, birlektirilecek
(y¢zey kapl ama kaymiakdyera&r ddearhddn sajiutidlnmeass
yer el €sé giri«ki uygul ayar ak, bil ekene é&sé
i ndirerek ger-eklexktirilir.

Kaynak i k|l emi artek geril melere, -atl amaya,
b°l gledg kumuna vb. neden ol ur. ¢¢nke kaynak s
d¢zensi zdir Kaynakl & b°l genin sojuma akama
Kaynakl & b°l ge -evre alan taraféendan séneérl
-elemgeri |l i mi gesterir ve -evreleyen al an,
gesterir

Arakt érmacél ar ve tasarém m¢ghendi sl er i i -1n
etmek ©°nemlidir. Bu tez -al é@ékmas ésndea, numu
kaynakl amanén neden ol duj u kal ent é geril m
Programé kull anél mékteéer. Numunenin 3 boyut
hazéerl anmékt eéer . Bu tezin ana amaceé, Tozaly:é
tozale kaynajé taraféndan ind¢kl enen arték ge
yé¢ksek dojrulukla tahmin edebilen bir FEA n
i -in Goldakdéen -ift elipsoidal esé kaynaj e
Anahtar Kelimeler: Ar t ek Ger i | me, Basén-l e Kap ¢celiji
El emanl ar Analizi, Tozalté Kaynaj e
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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 smatreghe
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 intcaimponent

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 wedd 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 resachers and design engineers to predict the amount of residual stress

and distortionIn this thesis, ANSYS Program was used in ordanaysehe specimen

and calculate the amount of residual stresses caused by welding inside the sp&@bimen.

view of gpecimen was prepared by SpacaClaim Aplicafidgre main aim of this thesis is

to develop a FEA modethich can bepredict thermal cycle during SAW process and

residual stress induced by SAW with higher accuracy compare to experimental test plate.
Torealiz t hi s, Goldakodés double ellipsoidal hea

Keywords: Residual Stress, Pressure Vessel Steel, Welding Deformation, Finite
Elemanlar Analizi, Submerged Arc Welding
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kaynak 1 kKl emini sim¢gl e eder kenlguknmlzema Kk € k t e
birikimini ve hareket]l] ésé kaynakl arene i -
Arakt érmacél ar ve tasarém m¢ghendi sl eri i -1n
et mek ©° mBamltiedzi r-.al é Kk mamalz etthek,venr n mmoaeey i er i si n
kaynakl aman@puné&aé@entod dgeri | me mi kt ar éné

Programé Kkull anél méekter.

Numunenin 3 boyutlu g°re¢nteéegse¢ SpaceClaim uy

amacé, Tozalteée kaynak i kIl emi séraseéendaki t
I ndegnkeln arték geril i mi deneysel test plakas
edebilen bir FEA model i gel i ktirmektir.

Numune mal zemes:i olarak Basén-1é& kap -elifji
basén-1é& kap -elifjJi se-i I mi ktir Bu -el ik
basén-1é& kap sénéfé -elik olarakevekiarlein e
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yapeéeklaaytmnak prosede¢grl erinden tespidt edi | mi Kt
dejerini belirl emek I -1in 430, 530, 560
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bir fonksiyonu olarak kaydedilmes i | e bel i rl enir. Bu asl énda
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gerilim buradan hesapl aneér.
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kull anmak gerekmektedir Bu hareketl ése

kodu ol arak yazél mekter Hareketl i €ésé kayr
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edilen sécakl ek gradyanl arénén deneysel ol a
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arken arkaseéndaki gradyanl arén °1-¢lenlerd
. stesinden gelmek i-in -ift el i°mseaiidami késié
Yeni é€sé kaynajénée vermek i-in iki farkl e
el ipsoid i-indeki €ésé akeke farkleée denkl em
kaynajé haci msel bir ésé kapeaj sdad uvel ami
y°nt emi il e analizindGel dak-ekfkukl apsandmamnd
geometri k °I-¢ler numune par-a ¢zerinden al
A] yapéseée olarak 1x1x1 mm I|Iik ajlar kull an
elemankdl anél mékter. A] yapéseéné k¢-¢6l tmek sont
hesaplama zamanéné da ol duk-a arttérmaktad
1x1x1 mm |Iik ajlar tercih edilmicktir.

3 ésé transferi -ekKi diasoylcann -idkeittilme r i knodnevne Kl
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1. INTRODUCTION

FEM is a useful tool for analysing different weldinglated effectsThe knowledge can

help a practicing engineer to arrive at the optimum procedure, which will meniitmez

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 equaltarhetfort

may be required to sift through the vast data output and interpret the resultsafihus,
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 materialsrithary benefita of

the weldingproceduras that it produces a metallurgical bond between the reesrto

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 asustgjcthips,

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 prehgand postveld 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 processies 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 hightoad levels. The challenges in the joining of these
critical components are effectively met by weldilrduch research work has been
undertaken to address the various issues which are faced during welding and the welding
process owes its premier positiom 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 impradyeand automation has been successfully
implemented for largecale manufacture of many welded components. Suitable welding
procedures which minimize the metallurgical damage in different materials are under
constant development. The deleterious effegtealtl 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. Fabricatemtes have been formulated so that the
welding procedure is standardized and safe performance of welded components during
service is ensured.here aremany trained welders and welding operators who meet the
skill requirement of various fabrication cod@wus 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 isefbens2 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 efoerfyysion 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 abuttngmbers is created.he localised
release of heat along the joint line is essential for the welding process to be sug¢cessful.
but this localized heat has its own aftereffects and unless these detrimental aftereffects
are suitably tackled, the resultingadjty 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 mat€halparts that are joined are known

as a parent materialhis zone which is metallurgically affected by the high temperature

is called the heat affected zortd¢eat affectedzone is the weakest link in the entire
weldment, unless steps are taken to contain the weakness within limits, the resulting weld
will not med the quality requirement$he 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 wheresessat

grain coarsening effect in the heat affected zone which affects the strength and toughness.
The welding heat leads to depletion of elements like chromium, whichlgvweguired
properties, whereas it may cause segregation of impure elements, which weakens the weld
joint. In stainless steel, the weldilgat may lead to the precigitan of unfavourable
carbides, and in some other cases, the heat leads to dissofutierfavourable 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 themical composition of the weld metal

and makes the weld metal inferior. The aomform heating and cooling cycle associated

with welding also causes problemsluding distortiorand residukstresses which affects

the integrity of the welded structurend 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 resadistresses or distortion depending on the restraint offered

by the component. In steels containingmoetallic inclusions in the form of thin lamella

at the midsection, the shrinkage forces in the thickness direction may lead to tearing of

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

The root cause of all these detrimental aftexet® can be traced to the apption of
localized heat during welding, and hence the total elimination of theseftets is not
possible. But the damageay 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 welthg 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 angeénbeen 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 populanasious phenomena may be incorporated easily in these
models and reasonably accurate thermal results can be obtained. There are many
phenomena associated with waelgliand accounting all these pioenena will make the
analysis very complex and time consugliifhe 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 phenomenathre 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 §rs&s 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 hasexercise 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 leadstccurate

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 locadlige the temperatures of the surfaces that will

be bonded by welding to their melting pointse energy source may alter depending on
whether you're welding using electrical resistaaoeglectric arc aa flame.The junction

is formed when small or thistructural components fuse together on their own. It is
necessary to inject a filler material during the welding procéldse process energy
obtained by welding machineseates a localised molteqd. This pool is hostinghe
welding processonsumatl®, andor previously deposited weld metald 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 weldirg, adjacent pieces of the material attempt to expand and contract to varying
degrees in line with the timing of the localized heat cyielgure 2.1 shows distortion

caused by welding.

Casting of metalgs a similar process to weldingput there is a difience 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 restrictiorStresses caused by heat will be introduced as a oéshis 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
Figure2.1. Distortion caused by weldin@roft D.N., 1996)

High stressewill be coupled with joint restraint aritiese high stresses causes cracking

problems with low ductilityL e tcd@nsider a Zimensional 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.

WA Wi WA
Figure2.2. Unrestrained expansion and contraciiénoft D.N., 1996)
Characteristically ratalswill expand whetheywill be heatedIn the case ainrestrained
situation they independently alter their size in accordance with their coefficient of

thermal expansiorDimensionsHa and WA grow toH1 and W correspondingly when

the body is heated to from ambient temperalurby an amountpr.

Hi=Ha (1 +U &) (2.1)
W1=Wa (1 +U &) (2.2)

WhereUis the coefficient of thermal expansiaggnerally this value can take 32.7-
14.6 x 16 K-for ferritic steelsWhen the temperature drops to the ambient level during
cooling stages, the body will resume its former shape. case of restriction on free

expansion in the vertical axis, the H dimension in Figu8e
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Figure2.3. Restrained expansion unrestrained contragtoft D.N., 1996)



The structure cannot simultaneously expatsd dimension in the H direction and
temperature if the temperature is raised as previoOsily. W dimensiorcan increase its
dimension. It willundergo a larger expansion thankgure 2.2. When the metal's
temperature is changed sufficiently, plastféatmation 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 béecreased but the width will be enlarged.

Ha Lok

L v L '

Figure2.4. Restrained expansion and contraciiGnoft D.N., 1996)

Now it can beexplairedi t by giving an exampl e. Let 0s
body representingut this metal should be firmly attached to the two boundaries an in
Figure 2.4.The body is restrained and thereforwill not longfredy from Ha to Hz as

the temperaturesturns to ambient. Is in stretchedpositionand tensile stress 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 permhaaeting st

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 haaeaistribution 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@aps would arise at the plate
ends if the weld metal were alled to expand and contract without limitation while

creating the connectiofSeeFigure 2.6)
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lransverse

Figure2.5. Direction of principal stress€¢€roft D.N., 1996)

(@) (V)

Figure2.6. Effects of restraint on weld metal (a) Unfused (b) Fugxdft 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 aroueddmmt. 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)
Figure2.7. Residual stress distributidia) longitudinal (b) transverg€roft D.N., 1996)

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

microstructure of these areas.



After the welding process, the cooling steps can go rather quickly. Aastype
structure emerges from the molten pool of weld metal. Metallurgical restructuring takes
place wha the parent metal is heated to its melting point at the fusion Taeerapid
cooling createsa metallurgical structurdMechanical propertiesf this structurewill be
differentfrom the bulk parent materialhe heat affected zone refers to this porovdthe

parent material in the welded junction.

Because steels logbeir resistance to impaand ductility during welding, the heat

impacted zones in steels are often tougher than the parent material.
There are some reasohfailure of a weldthese ag;

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

significantly from those of the parent material

Thermal behavior is the cause of the welduf@lHeating application can be applied to
prevent these failureHeat 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 changd&roft 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 wealdestructions'
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 formulgroducts that are to be wettalways
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 tledrddasis 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 IREM.

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: usedfanaal
processchemical reaction, artdermalprocessThe 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, lasma, electron
beams, lasers, and others. The type of construction and the production efficiency should
be taken into consideration while choosing these approaEbesnstance, because a
heavy pressure vessel is made up of several thick plates,dtjigefitly 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 affdedabd 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 compa@)exs shown in Figure&.To achieve
appropriate penetration, the groove type also varies depending on plate thickness, as

illustrated in Figire. 2.9.

Arc heating is used in arc welding to melt the base metal on the surface of the groove.
Theelectrode 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 joints 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, plasmetron 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 beddimg,ewhich 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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Figure2.8. Types of welded joint@Jeda and et gl2012)

11




square groove Vi

single V groove

D

single bevel groove

double V groove double bevel groove
single U groove single J groove
double U groove double J groove

Figure2.9. Types of grove shapébeda and et gl2012)

The joint is produced following the cooling stage. The schematic represertéthe
electrical power supply and the welding arc is shown in Figure 2.10.
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Figure2.10. Electric power and welding aftyeda and et gl2012)

The heat input per unit weld length in avelding is represented by

2 Y

1 — (2.3)

Where | stands for direeturrent source's current, U for the voltage betweerbdse
plate and electrode andv for the electrode's speed of movemehts the heat input's
efficiency, which accounts for the loss of eleatienergy by, convectiorgonducton,
radationetc.

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 dreps as on

moves toward the welding start.

A concentric circle is shown by the temperature distribution in the vertical plane opposite

the weld |Iine. The area that is heated abov
case of steel is considered to bewsdd metal as a consequence, and the area around it

is known as the heatffected 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

I Omm z=0mm—j
¥ a=10mm?/s | \
'31 1200 -continuous point source: ‘
o q=4.2 ks / 10 10\
= - v=1mm/s , /
S 800 / / \\
2
gS
0 [ 1\
o //' N \ !/ 20“
= //, 0 N\ J/ TN\
T TN TS
0
Coordinate, x Coordinate, y
(a) (b)
;1'16I'2 ‘\\\\ o [ |
40 O B 800°C
B /' Sa 1000
o - P — 1500 15007 _-1000°C
= 20 / / 0
: 4z )\ ]] .
D PR /| ¢
8 20 \ %2222 40 2
0| ==/, \800 S
40 el | o] 600 | 8
T T1005—= 400 mm ©
60 B Sl W= 300 |go
-120 -80 -40 0 mm 40 -40 0 mm 40
Coordinate, x Coordinate, y

(c) (d)

Figure 2.11. Temperature distributions on a thick plate's surface that were calculated
using a point heat sour¢geda and et 312012)

There are three categories into which weldialgted issues can bevitled

1. Metallurgicalmodifications brought on by thermal history
2.Heat is utilized during welding to help the metal melt and solidify.
3.Mechanial effects of the welding process, including as deformation and residual stress
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Asifl
Weld metal Heat-affected
zone

Figure2.12. Section of welded jointdJeda and et g312012)

Plastic shrinkage, which is brought on by thermal shrinkageexpansiom the welded
section duringheatingprocesses, causes welding deformation and residual Bkess
shown in Figure 2.13Basic 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 shinkages

| |
T IK(([({((((j|

[ (T A

Ul = —N—

—————— AL/2 AL/2
SI2
(a) Transverse shrinkage (b) Longitudinal shrinkage
e
X A
(c) Angular distortion (d) Rotative distortion

Figure2.13. Basic types of welding deformatigeda and et gl2012)

The maximum longitudinal stress is almost equivalent to the yield stress in magnitude.
Weld cracks may develop in the welldpart if the base and filler metal ratio and the
welding circumstances are not chosen correétyyshown in Table 2, residual stress,
deformation, and weld fractures might weaken the welded structure's strength and reduce
the product's dependabilitigh 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 ths. 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 dso causes latent stresses, the material will recover its strength upon cooling,
usually at a higher leveThe residual stress, distortion, and weld cracks may deteriorate
the strength of the welded structure and lower the reliability of the producsesbee

in Table 2.1.

Table2.1. Welding-induced Problems and Countermeasyeda and et al. 2012)

Influential Factors Countermeasures

Residual Brittle fracture, fatigue. Heat input, welding sequence, postld
stress stress corrosion crac heat trteatment (PWHT)
(SCC), buckling
Distortion Geometry inaccuracy, ant Clamping, ConstrainRrediction, offset,
automation straightening
Crack Cold/Hot cracking Material selection, prépostheating
Weld condiion,

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 appbegtd 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 @gtivsing a computefUeda and et

al. 2012)

y AY
Ox On x-axis Oy
\ On x-axis
il MIE Ny

. 4 ¥

=i pC

On y-axis
On y-axis

(a) Longitudinal stresses

(b) Transverse stresses

Figure2.14. Typicalresidual stress distribution patteffeda and et gl2012)
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2.2. Welding and Joining Processes

Fusion and solid phase weldimgplications 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 naterial. 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 podséleigure

2.15 below shows various welding and joining proc€&ssgh 2021)

ARC
WELDING
(AW)

SOLID
STATE
WELDING
(SSW)

BRAZING
(B)

WELDING
PROCESSES

OTHER
WELDING

SOLDERING
)

OXYFUEL
GAS
WELDING
(OFW)

RESISTANCE
WELDING
(RW)

/ALLIED

PROCESSES

THERMAL
SPRAYING
(THSP)

ADHESIVE
BONDING
(ABD)

OXYGEN
CUTTING
(00)

ARC
CUTTING
(AQ)

OTHER
CUTTING

Figure2.15. General layout welding and joining procesgeisigh 2021)
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2.3. Efficiency of Energy Use

An electric arc is produced by an electrodd ¢éhe 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 isTtsed.
product current and voltage thatwldhrough 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 ofariables, 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 weldedl'hese variables' effects depend on a single factor or a mix of
factors. Howa process uses the energy it produces has a significant impact on how
muclelectrical currentshould berequired to provide the necessary hegatfor weld
applications. The efficiency of a procedure for joining various materials depends on the

heat generad.

2.4. Preheaitng Process

Preheating process is to raileeally par ent mat er ioa bothssides efmper at |
weldingjoint which is weldedverambient temperature prior to welding. Preheating is

required for the four reason below.

1.f Tlowertheme t adolihg ratein the HAZ below 8® (T in the HAZ, todecrease
hardnessvalueof t he wel ded part. o

Low alloy steelsnd high carbon steedse capable of being hardened by quenching from
high temperaturesabove 850) 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 meayslowed down when the weld cools and the
temperature difference between the base mat@ndlithe weld poak minimized. The
likelihood that the metal to be welded may crack is decreased by reducing hardness.
2.fTo regulate the rate of hydrogen diffisiona welded joint 0

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 maydilg edsmorbed into the
metal of the weld and may even be stuck during the cooling process. Hydrogen, also
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known as cold cracking or hydrogen cracking, plays a significant role in weld and heat
affected zone cracking at lower temperatures. The preheatitnpanaids 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 contaisture.

3ATo reduce thermal stresses. 0

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 theesulting tensile stress, partially formed welds are susceptible to
cracking. Prehat may reduce temperature differences and slow cooling rates to control the
amount of strain.

4AaCompensation for heat | osses. 0

Preheating during welding may be necessaryhioker section steels with high thermal
conductivity to achieve fusion.

Figure 2.5, 2.17, 2.18 show some preheating application. In Figure62ahd 2.B
preheating were performed with electrical resistance heater and In Figupeeh#ating

was perfornad with gas fired system.

Figure2.16. Welding with PrehegUeda and et g§l2012)
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Figure2.17. Preheatig of special pipes prior to SAW Weldir{tyeda and et 312012)

Figure2.18. A local heat treatment application view 3
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Figure 2.D shows application temperatures for preheating process in Code BS 2663:
1987. Figure 220 shows application temperatures for preheating process in Code ASME

31.32016) Preheating temperatures may vary according to relevantfaotiee 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.

Figure2.19. Guidance on preheaay processn 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 < Y% <13 <Y, SMTS < 450 MPa (65 ksi) 10 50
>13 sY, 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).

Figure2.20. Guidance on preheag processn national codes (ASME 31-23016)

As the alloying content offerritic steel increaes, prehating has more important Dale.
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 @arbonmanganese steels is BS5135 (pr EN1011). This considers the steel's

chemical composition as represented by the carbon equivalent, ari@en as follows:

6 0 — (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 &l/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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Figure2.21. Conditions for welding steelsith defined carbon equivalengRL-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 qualitiescbanging the welding process's parameters
enough to create flaws. Additionallyt, is possible to alter the maximum interpass
temperature, frequently by 10060 (€ (Croft D.N. 1996).

2.5. Measuring and Determentof Residual Stresses ifwVeldments
Metal residuastresses may be measured using a variety of techniques. These techniques, which

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

1.iStressrelaxatiomn,
2. X-ray diffractionmethods (and, more recently, neutron)
3.ACrackingo f  mmethads.o

Thesemethod are noperfectall of themhas its merits, advocates, amgpropriateness.

By cutting a sample holding the residual stresses and measuring the amount, sign, and
direction of the strain that is released using ctacal 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 3D intricacy, has a constraint. Theaee 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 ag 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 parafiraly
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 reduat 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 fetechniques. These methods can track the impact of residual stresses

on stress corrosion or hydrogemuced cracking (embrittlemert)¢ e | i k , 20009)
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3. PREVIOUS STUDIES

In the late 1930s, Rosenthal and Rykalin used Fourier to create the fundamentaiftheory
heat flow, which they then extended to moving heat souftesmost common analytical
technique for determining the thermal history of welds is still this leaenthal’s point

or line heat source models have a considerable error for temperatures in or near the fusion
zone (FZ) and heat impacted zone (HAE)eheat 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 nwerous authors (Goldak, Andersson, Krutz, Taylor,
Segerlind, and Friedman) to examine heat flow in welds in order to overcome the majority
of these restrictiong. ¢ e | 1 k 20009)

Goldak et al. (1986¢reated an analyticahodelto obtainheat sourcéor 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 Manda{2009) createda numerical model based on the finite element
package ANSY SFor singlepass and singisided 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 intmsideration, they attempted to model the scenario of a
moving dispersed heat sourdéey 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 empyed the element birth and death theory. They discovered that
employing reusable backing stmhich is fluxfilled and the appropriatgarameters for
welding process, throuethickness fusion, proper top and bottom reinforcements, and
square butt edge graration 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
theoreti@al 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 4to 10% of the anticipated distortions and the experimentally measured distortions

differ from one another.

A brandnew Goldak heat source distribution model for SAW was created by Nezamdost
et al. (2016). It is being attempted to construct both 2D andr8f@ £lement models
utilizing the solution of heat transfer equations in ABAQUS Standard implibgir
findings demonstrated the effectiveness of using the 2i3yammetric model to predict

the heat cycles and welding residual stresses for the testBide3D 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-begdiate welds' experimentally
observed values and the projected fusion zone geometry's namaccuracy 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 jag Mondal and et al. (2017) constructed@ 3

FEM. An elastaeplastic thermomechanical modgebevelopedo prealict residual stresses
occuered during SAW procesBhe simulation results show that the single sided fillet
weld has more residual stress tiia@ double sided fillet weld and that this residual stress

is not balanced on both sided welded part The predicted resultwas confirmed by

experimenal resultsand published literature.

Ghosh and et 42013) triedto presenamathematicamodel for temperature distribution

in the case oBubmerged arc welding 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 voletric heat source with a doulgparaboloid

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 contisite 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 studywith 2D heat flow mesimodelwas usedAccording 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 theplate 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 £2019) weldedRamor 500 steel with 5 T mrBand with 3 mm thick

Ramor Steel is a special stélelvelopedor army industrylt is used as the main combat
vehicle They areusingsubmerged arc welding (SAW) methtml weld Ramor Steel

They carried out some exjpment at different condition.he 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 diagnasttest. 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 SHADS investigation demonstrate the homogenous
distribution of elerental phase structure®Velding 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 performesing 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 StnelBghanced Ferritic (CSEF) steel plate

that was 10 mm thick to evaluate residual stresses and deformations with and without the
preheating effect-or greater accuracy, the bead geometry in FE models was compared
to that of a weld junction. Modeling alsoak into account the solistate phase change

or austenitiemartensitic transformation typical of CSEF steel. For as welded and
preheated weld models, thermal history, distortion, and residual stresses were predicted;
these predictions were then confirmbgd 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 successtigiyreased 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 deformafiodings 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 weldijggnt single and
doubleside singlepass square butts to 9CMo-V steel plates using the same welding
materials. To estimate weldinigduced residual stresses, they use deep hole drilling and
contour measuring. Investigations are also conducted onotlmvihg changes in
microstructure and mechanical characteristics. The birth and death of elements, the
double ellipsoidal Gaussian distributed heat source model, tempedepeadent
material characteristics, phase transformation, etc. are all takeradntunt while
simulating and analyzing these weld joints. In comparison to dauddesinglepass
welding, it has been found that singiele singlepass welding creates stronger transverse
characteristics. In the fusion zone, the sirfmass weld showedh compressive
longitudinal residual stress throughout its thickness. The top and bottom areas of the
doublesided weld's fusion zone, on the other hand, have compressive residual stress,

whereas the mithickness region of the FZ shows tensile residuabst

Biswas and MandgR009)welded by usinghielded metal arc welding (SMAVgpme
metals. Three different finite element (FE) based models were used for distortion
prediction of orthogonallgtiffened plate panels. The three different approaches of FE
analysis weralevelopedas elastoplastic transient thermomechanical analysigsient
cooling phase analysis, Inherent strain meti@fdhese 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 samehime
deviation in the magnitude of distortion was found to vary within 7 to 10% only. Hence
the inherent strain method enables us to predict-imeldced distortions of fulkize
complex structures as used in ship constructtas observedhat inherenstrain method

in general overestimates the extent of distortion, thereby making it a conservative
analysis.In a real life casehe implication is the actual distortion will be less than what

is predicted.
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Suman and Ant et al. (2019) used single pas$®ldaided submerged arc to weld P91
steel with a square butt weld joint in order to calculate weldidgced residual stress.

A component's distribution can be tracked via the strain connected to trapped stresses.
For the welded plate, the relevant defation 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 veag gince 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, perpendécuo 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 arehgo#s (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 isothesine 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 sugugdtec:
learning algorithm predicts the local temperature, tempersitunee 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. Themaw 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 gfegxnental 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 différareas 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 residu&nsion in base metal plates.

By employing a butt joint for St37 steel @& (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 betwberpieces, 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 mechanicalnaiedostructural 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.@asried outto performethe

finite element technique analysis. The comguam of simulation and experimental
research reveals that the distribution of temperature and displacement data are consistent

with one another.
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4. MATER IAL AND METHODS

Figure 4.1. below shows project flow chart performed during this study.
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Figure4.1. Project Flow Chart
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4.1. Material SA 387 GR 11

The material used for specimen is SA 387 Gr 1WW@Gkh is8 mm thick andLO0 mm x

100 mm xong. Since gaseand liquidsare routinely stored at higher temperasin 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 tempetdigines.
chromium concentrations also offer superxidation and corrosian resistanceThis
properties areessentialin applications using sour gds§/RL-3). Because of its better
capacity to withstand the high temperature, SA 38@e%1 dass2 plate is employed in
elevated and higtemperature service in various industriekisTplate's high chromium
content provides oxidation and corrosion resistance, which is crucial for applications with
sour gasBecause of their exceptional qualities and the manner they are produced in the
manufacturing sector, these plates are usedvariaty 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 characteristicAdditionally, it can totally resist pitting, crevice corrosion, and
stress corrosion crackingable 4.1, Table 4.2, Table 4.3 show equivalent grades,
chemical composition mechanical properties of SA 387 Gr 11 CI2 respedtifely2).

Table4.1. SA 387 GR 11 Equivalent grad€dRL-2)

BS ASTM/ASME UNS EN

621 B A387 | SA 387 K11789 -

Table4.2. Chemical Composition of SA387 GR.11 CL.2 PIU&L-2)

C MN P S Si CR Mo

0,05i 0,17 0,4060,65 0,025 0,025 0,501 0,80 1,001 1,50 0,457 0,65

Table4.3. Mechanical Properties of SA 387 GR.11 CL.2 P(&iBL-2)

Tensile Strength Yield Strength Elongation in 20C Elongation in50
mm (%) mm (%)
70-90 ksi, 485620 MPa 45 ksi, 310 MPa 18 22
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4.2. Welding Method
4.2.1. Submerged Welding (SAW)

Sulmerged arc welding process c@mmonlyused for heavy weldingWith SAW, the

thick section mateaiscan be weldvith faster production rat&y 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 i@ataherged arc welding with high
amperage (over 1,000 amps)ynaeld 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 hese.fluxes

can be used to addi@ling components to welds that are created using eleeteoak
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 tatus. 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 nozzlead gun of welding systeeatc. Along the weld line,
which might be either longitudinal or radidleverthelesslie horizontally or flat.

2. Flux should be used and delivefirdm a fixed location.
Electrode wire
Welding head 1 AC or DC current
Residual flux Jaws supply lead
layer \ /
S Flux feed from
4 hopper
Slag layer ‘ ‘ >
Weld deposi N +

Flux feed to
joint

0, /
’bc .
(’O,, \ Flux layer
th'
€/
q-
Iog

Figure4.2. SAW proces8 s s c Hisptay Singlc2021)
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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 locatedierneath 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 thigooe 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 wagreate welds

with little contamination.

The adaptability of submerged arc welding is, however, constrained by this benefit of
safeguarding weld poeVhich is molten metalExcept in extremely rare circumstances,
the flux is deliveredvertically 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 giect the weld pool and surrounding region from air
contaminations, similar to GMAV% but different from GMAWG. 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; asyimisly 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.

2.1t creates a tiny flux dust trail that aids in arc initiation in the shieldwiy@enment,

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 competed, 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. Sorhe of t

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 remideadl loss is
incredibly minimal since the flux layer fully encloses the &@ompare thehermal
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 increaseldeaassbciated
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 regeimefor fume extraction.
(Singh 2021).

Figure4.4. A pipe welded with SAWSingh 2021)
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Limitationsand Advantagesf Submerged Arc Weldingan be explained like below
prominent welding technique in the structural and vessel manufacturing sectors is
submerged arc welding (SAW). The method is often used to make pressurétialges,
constructionscolumns, beams,doms, tractogirdersmembers, and sedissemblies 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 durimgelding

3.Preventghe spread of sparks and splatter

4.Hasa better rate and efficiency of deposition

5.Reduces the fumeand radiatioraccording tahe other arc welding process, such as
GMAW and SMAW are known for

The method included a number of cruclanefits that were beneficial for large

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

1.1t is 9mple to create strong and reliable welds.

2.Very little welding fume is released.

3.Very little arc light is produced.

4.1t may beused for both indoor and outdoor projects.

5.1t reducedistortionrate

6.1t creates deeper weld penetration.

7.Mininmal edge preparatian

8.1t hashigh ratesof deposition

9.Thick materials may be weldetbw alloy steels carbommanganese steelsand
stainles steels are the most common materials to be welded.

10.Half or more of the flux can be recoveratdeast

Submerged arc welding has several restrictions.

1.A WIding positiond Welding is often only possible in a flat posture.
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2.7 Merequirement ofusng a granular flux and the fluidity of the molten weld poad
These issuearelimiting to 1G, 1F, and 2F positions.

3.fWelding is often only used for rotating containers or pipelines or long, straight éeams.
Flux handling systems may be fairly complex, arel/theed to be regularly inspected.

4." Without some sort of support material to place the root weld, it cannot be utilised to
deposit the root pagss still another restriction.(Singh 2021).

4.3. Finite Element Analysis

A numerical approach for the analysisengineering 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 tlle nodes and within each element, the field variable is
assumed to vary agplinear or quadratic relatiship while maintaining continuity at the
nodesThus, it is argued that the field variable is piecewise continuous and that it may be
defined in tems 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 corapity are temperaturdependent
material characteristics, ndimear boundary conditions, moving heat sources, phase
shifts and transformations, complicated residual stress states, and the challenges
associated with doing experimental measurements attaigperatures. Due to these
complications, finite element modelling of the welding process must take into account
intricate thermemechanical interactions, the deposition of filler material, and moving

heat sources.

Using a minimization process for the faional formulation of the governing equation,

the partial differential equation which represents the tbneensional transient heat flow

is converted into a set of linear equations which are best represented in matrif form.
global matrix is created byombining 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 atransientanalysis, 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
descibed in terms of shape functions and nodal temperatures.

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

The evaluatiof 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-dimeensional analysis and a twiamensional

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

4.3.1.1. Shape Function For A OneDimensional Simplex Element

In the case of a ordimensional analysis, the simplex element is a line element with two
nodes at the two ends sisownin Figure 47. Let the x coordinate of the two nodes he x
and x. Let the temperature at the twmdes be T1 and TZ[he following linear

connection represents the temperature at any location withaietment.

T=a0+alx (4.2)

Node 1 Node 2
x=41 X=x2

@ -

Figure4.7. Onedimensional simple eleme(fRavichandran?021)

The equation contains two unknown parameters a0 and al which may be evaluated using
thedefinedvalues 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 twounknown parameters from the equations, we get

A0 = T17 (T2-T1) / (x2i x1).x1

al = (T2T1)/ (x27 x1)

Substituting the values of a0 and al in these equations, we get

T=T217 (T2-T1) / (x27 x1).x1 + (T2T1) / (x27 x1).x

Simplifying,

T=(x27 x)/ (x27 x1)).T1 + ((xi x1) / (x21 x1)).T2 (4.3

Thismaybedescriebeds T = N1. T1 + N2. T2, where N1 and N2 are the shape functions

for the line element.

N1 = (x21 x) / (X271 x1)

N2 = (xT x1) / (x27 x1)

In matrix form, the equtiomay be descriebeas

T =[N1N2]{T1}
(4.4)
{12}
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 imaengle
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 nocabrdinatesln 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 nodehawen in Figure

4.16. Substituting thedur values of x and y, we get four equations, and by solviag th

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

a0=T1

al=(T2i T1)/L

a2 = (T4i T1) /W

a3 = (T1i T2 + T3T T4)/L.W

So the interpolation function for temperature at anyijpoiand y can be written as

T=TL1+ (T2-T1)/ (X/L) + (T4- T1) / (y/W) + (T1i T2 + T3i 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 "

Figure4.8. Fournoded quadrilateral elemefRavichandrar?021)

Simplfying the equatiorgne can get
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T=TL1.(17 x/L T y/W + x/L.y/W) + T2.(x/LT x/L.y/W) + T3.(x/L.y/W) +

T4.(yIW i X/L.y/W) (4.6)
The expressin can also be written as
T=N1T1+N2.T2 +N3.T3 N4.T4 (4.7)

N1 = (17 x/L Ty/W + x/L.y/W) = (17 x/L).(1 7T y/W)
N2 = (/LT x/L.y/W) = x/L.(17 y/W)

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

N4 = (y/WT x/L.y/W) = y/W.(17 x/L)

Alternately, if the coordinate system is selectedslagwn in Figure 4.17the 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), (LanZp,

W?2), respectively.

X

Node 4 Node 3
x=0, * x=L,
y=W y=W
Node 1 NoLde 2 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 mo@avichandrar2021)

In this case, the shape functierdetermined as
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N1 = (17 x/L) (W21 y) / (W21 W1)
N2 = (x/L) (W2i y) / (W21 W1)
N3 = (/L) (yi W1)/ (W2i W1)
N4 = (17 x/L) (y | W1) / (W21 W1)

4.3.2 Formulation of Equation

The shape functions are a functiongdometry, 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}
{dT/dx} [dNL/dx dN2/dx dN3/dx ... ] { T1)
{ } [ ] { }

{dT/dy}  =[dNl/dy dN2/dy dN3/dy .. ] x { T2}

{ } [ ] { 1} (4.8)
{dT/dz} [dN1/dz dN2/dz dN3/dz ... ] { T3}
{ } [ ] { .}

{.. 1}

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

transient thermal analysis.

FPHOEGMITY WREBMITU W ESMITR
ASFAT FO (4.9
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ky, kz and k representthe ma t e r thexrhab drsductivit valuesin y, z and x
directions, |} stesland chistle gpecificsheat of theonfatertalhVEithin
the operating domain, there are some nodes which receive the external heat flux q along
a surface. Similarly, there are nodes lying at the free surfacewtoaoh the heat is lost
by convection. The convection heats$ is expressed as h.{(TT D) , where TDbD
ambient temperature and h is the convection coefficient.
Incorporating the boundary conditions in the above equation, we get the equation as;
FHOEGMITY TR EBMITU AT ESMIT @10

R - ~ . 4.10

E8 Y Y N  m8RTTO

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

the above partial differential equation is represented in matrix farm as
ABAZAO E 4 /E (4.11)

Where

[c] is the capacitance matrix written@s ¢ . T.[IN].NV,

[K] is the heat conductance matrix writtendd] ".[D].[B] dV + ¢h.[N]".[N].dS,

{f} is the force matrix written asxy. .[N]".dS+ + ¢h.[N]".TH=.dS, and

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

[

[dNL/dx  dN2/dx  dN3/dx ]

[B]= [dNl/dy 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]
[ ]
[D]= [0 ky 0]
[ ]
[0 0 ki

The elementamatrices [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 interval s. For solving the

written as
OTt=0Qr271 T1) /
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, respectiMelys the matriform of the

equation is written as,
[C].(T2T T)) /g +[K].
(T2+T1)/2=(F2+F1)/2

Simplifying,
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# T30 + Tc¢ 84c¢

& ¢ & pic # Talx + T84 p (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 stepsm the start to the end. This is known as time
marching schem®ue to the temperature dependence of material parameters like thermal
conductivity and specific heat, transient thermal analysis is by its very natulaean

The equation then reads,
#4 AFAO + 4 4 & (4.13

WherethematricegC] and[K] arebothtemperatureglependentlTheequationsannotbe
solvedin asinglestep,butaniterativetechniqudas neededo getthetemperatureesults.
NewtonR a p h sneth i8 wsually adopted technique for such nonlinear problems. In this
technique, the matrices are iteratively evaluated using the previous set of temperature
results, and the erroraccountingheforcetermsisdeterminedTheproceduresrepeated

until the error due to unaccounted force is a small fraction of the initial force
(Ravichandrar2021).

4.4. Using ANSY Sfor Finite Element Analysis

The transient thermal analysis of welding issues may be effectively medousing
ANSYS, a generagburpose finite element programmiEhe software consists of three
modules such as preprocessor, solution, andgrosessor. In the preprocessor module,

the element type and the material properties are selected and the meshendarhain

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, thenathmalysis is repeated for

differenttime stepsin thepostprocessomodule thetemperatureesultsfor varioussets
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can be viewed. In addition, the animation feature enables one to visually picturize the
flow of heat in the domain afterest.

The seletion of element type is an important step, and the researcher has to decide
whethertheanalysiss two-dimensionabr threedimensionaln nature ANSY S hasabig

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 theseaisiest

as a function of temperature.

Onceanelementypeis selectecandthematerialpropertiesareenteredthenthemeshing

of the domain of interest is performed. In ANSYS, the meshing of the region of interest

can be done in two ways such as bedirgeneration 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.

Usi ng t he fng e nesetsobnudes may be gemerdtdd frgml a master set.

The elements are defined subsequently from the nodes. Smaller element size is selected

for regionscloseto the weld wheresteeptemperaturgradientsare expectedandlarger

element size iselected for far off points. Multiple elements may be generated from a
master set using the MfAegeno command. Thi s

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

In the alternate ntkod, 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
keypointis@et ered wusing the Akesized command. Th
the nodes and el ements which satisfy the u:
keypoint. The disadvantage with this procedure is that the node numbers which are
generated are naniform. This becomes a problem when thelane analysis has to be

performed usingA\PDL.

Themeshingof thedomainis animportantstep,andtheusermayhaveto repeait several

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

to get the required results.

Thereis no hardandfastrule in decidingwhethera givenmeshis satisfactoryor not, but

the following set of rules muske borne irmind.

The elementsshouldnot be distortedtoo muchfrom the ideal shapeFor example, if a

triangle is selected as the element type, then an ideal shape of the triangle is an equilateral
one with the corner anmmpshéssotavayspdssible, aBditt get t
may be okay i f any of the corner angle goe

angle more than 9aAacheptabtehen the shape is not

The mesh size should increase gradually along any line. If the increase o$ingesh

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

The shape factor of the element is import&he best shape for a fenoded quadrilateral
element will be a square with length and breadth eduaklection of rectangle wit
length being 3 times the width is okay, but if the length is several times compared to
the width, then such a shape is okay.

When the meshing is done, ANSYS gives out warnings if the procedure has resulted in
the generation of elements with anytioé 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 thesolutionmodule theresearchehnasto definetheheatlossedrom thesurfacenodes.
Likewise, the nodes which receive the arc heat at any time interval and the exact values
of the heat input must entered.

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

multiple analyses using a dommand.

The results of the analysis can be viewed in a generappastssor or timéased post

processor. In a general pgsbcessor, the temperature distribution corresponding to a
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chosen set is viewed, and in the thHyesed posprocessor, the thermal cycle can be
viewed for a selected point. In addition, the pmsicessor has an option to view the
animatedesults.Theprogressivéneatflow in theplatecanbeviewedto obtainanoverall

idea of heat transfer in the component. There is also a provision to view the temperature
results along a chosen path suchasyitudinal direction or any transverse direction
(Ravichandran2021).

4.5. Heat SourceModel
451Rosent hal 6Blodddnal yti cal

Simulating heating and welding has been a focus of research for manyResesthal
(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 threedimensional welds. Rosenthal developed the moving coordinate system to
find remedies for the point and line heat souréés.then successfully used ghio a
variety of welding issueddis 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 fbleat soure for welding

was groupedhto three types: point tydey Rosenthalline type and area tygkepending

on the thickness, shape and dimensions of the weldment and the pattern of heat transfer
during welding process$n the case of surfacing bead weldinghick weldment, where

the heat transfers in all three directioibge source of the heat might be regarded as a
point sourceThe temperature field of this instantaneous concentrated point source can
be obtained from the following formula.

(@]

S Agp—, (4.14)

VAL L
o 1] o T 0

Wherea s the thermal diffusivity, Qepresentshe instantaneous heat energy provided
by thewelding heat sourceQ ="QU, “Qis the heat source's efficiendy, is the weldhg

voltage | is the welding current

Q= (¢ +y+ A
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In thecaseof weldingin infinite andthin plate,thetemperatureleviationin thedirection
along the plate thickness can be ignored, so the heat propagates to two directions. The
heatsource can be regarded as a line along the plate thickness. The temperature field in

this case can be calculated from the follonaogiation.

' Agp (4.15)

~
™ D T O

In this equationsl denoteghe distance away from the line source, d=Hy? !

Tthetemperaturdistributesuniformly in the section of the bar which is equivalent to heat
propagation of a small area with const@mperatureThe heatsourcecanbedefinedas

areasourceandits temperatures field can be expressetblsws.

0 Q
Y ———=AOD —, 4.16
W ott | o @ T 0 (4.16)

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

Mathematical approachof Rosenthal(1946) a focused heat source serves as its
foundation but it ignored latent heat, phase shifts, and changes in material characteristics
with temperatureAs a result, the result deviation in the heat influesmetionis rather

large. Nevertheks, it has been frequently employed in engineering applications due to

its acceptable accuracy in the low temperature zone and its sim(llbiéyn2011).

4. 5.2 Gaussian DistributedModel

Following Rosenthal's landmark work, Friedman (1975) advocated utitfeén@aussian
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:

. , ol ov A 2D ol
r] I r] 'Y “ 'Y 'Y (4.1D
where ghax 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
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distributed heat source modal may produce results that are accurate enough for the
comman welding processes, suchSlgIAW andGTAW (Chen2011).

Im

| 1o |

/ (lH /
' 4 '
Y

~y

Figure4.10. Gaussian distributed heat sou(Céen 2011).
453Gol dakdés Distributed Model
4.5.3.1.SemtEllipsoidal 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. (198b¢feated a semi
ellipsoidal heat source in which heat flow is distributed uniformly acroksne of leat

source

The ellipsoid's sermxes are shown in Figure 4.11l#s ah, and ch. The center of the

heat sourcerovided by the equatioh18 is whee heat flow reaches its highest value.
N o R om Ow 0q (4.18)

where heat flow distribution coefficiente A,B,C
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vy
Figure4.11. Semiellipsoidal distributed heat sour(@&hen 2011).

Because heat is diffusing inside the setfipsoid at the weldment surface, the heat flux

may be defined as follows:

0 0Y 1 A adh Qo QwQd

0 AdbPow Qw AGPé6nwQw AGPS6 @& Qa

T (419

Mo ¢ M8 G b G
I
Mo 6 6
Where
cOMo 6 6 (4.20)

@ MT
Consideringhat 95% of the heat energy produces inside the-s#ipsoid, as

Ao [ A@béw iy (4.21)
Thus
. O
8 o (4.22)
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Also
o . o
- 0 -

0 = ,
w w

(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 semiellipsoid is given by thé&llowing equation: (Chen 2011).
Vol o 0w ou

Aot —————AJD = . + (4.29)
Www“ W w w

4.5.3.2.Double-Ellipsoidal Heat Source Model

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

which becomes double ellipsoidak illustragd in Figure 4.12, to get around this problem

by combining two serrellipsoids.

Hirection

Figure4.12. Heat sourcevith Doubleellipsoidal(Chen 2011).

Because the new heat source is produced by joining two segaratellipsoids, the

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

For a location inside the first semllipsoid in front of the welding arc, the heat flow

equation is as follows:
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nons ———=AOD : ‘ (4.25)
W a" () ()

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

q N aoh Qo Qo Qa

Mo Q0 oW oW oM
PO 420 06 Aop X 96 Aop
(L)m“'/l“ W W w )

Qo (4.26)

Vo Q0 oUW o O - .
@ P o

‘mfwmrmac Mo C Mo ¢ G

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

semtellipsoid, which covers theeal section of the arc:

~
”n

. e OO QD AQDo(l) ow ol T
1 Y- T d 0 ® (4.27)

where fr is the fraction of heat input in the back.

So,
C n dnfuthQwQEafﬁ (4.28)
Since
o, ¥ P P .~ P~ .
OoOYuvL —-"o - "Q -0Q Q
C C C (4.29)
It is obviously that
Q Q ¢ (4.30)
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4.6. Temperature Distribution Field

4.6.1Theory of Heat Transfer

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

nonlinear transient heat transfer problem.

The temperatures of diffent weldment components vary significantly because of local
heating that occurs during the welding procéssa result, heat is transferred both within

the weldment and to its surroundings.
Three major categories may be used to classify heat transmmsstbods

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 energyConductionrband 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.

n Qw"Y (4.32)

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

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

G2 YT ol Y Tl ¥ I ol ¥ g (432
wolT @ Tow lTolwollala '

Where is the material's density, ¢ is its specific heds 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.

w"Y YT YT Y . 4.33
0o Te fTo Ta (433

WhereUis thermal diffusivity (  —)

For an isotropic, stationary material with constant thermal conductivity, k, the differential
equation for heat conduction is given by Eq. 4B boundary conditions and iiail

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 an@dboate
which allows heat to be transferred both by conduction and fluid motion (convection).
Free convection is the term used to describe suchitdiated fluid mobility in initially
static fluids.

The two different boundary conditions for the heatgfancoefficient are radiation and

convectionWith regard to the latter,
n nQ8Y Y (4.39)

Where"Y is ambient temperaturd, is body temperatur@gndhs 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 arergtant, 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 equatiorior radiation heat transfer is;
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n w =Y Y (4.35)

WhereUis the emissivity,'Y is surrounding temperaturél is body temperaturé is

StefanBoltmann constant,

For analytical, numeri¢aor experimental studies of the welding process, knowlefige
heat flowtheoryis a prerequisitéChen 2011).

4.7. Welding Deformation

The area closest to the welding flame experiences the greatest temperatures, therefore it
grows more than areas farther awBgcause 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 diremn 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 happemtetals 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 dovo 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 thadead to deformation of the welded component. Therefore, each welding
procedure has the potential to deform the finished product in someSwmag. welding
induced distortion directly affects the product quality of the connected components,
distortion mus 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 weldinghduced 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 welbirected optimisation of weldinmpduced distortion evolution ipractise

(Chen, 2011).

>
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Figure4.13. Deformation ofa steel plate during and after weldif@€hen, 2011)
4.7.1Theory of Welding Deformation

The metal shrinks throughout the heating and cooling phases of thagveddcess due

to a variety of variables. Heat alters the metal's physieohanical characteristics. As

the temperature of the weld increases, the metal's yield strength, modulus of elasticity,
and thermal conductivity all decrease while specific hedt @vefficient of thermal

expansion values increase.

Weisman (1976) reported on the temperature and stress variations that occur throughout
the welding processgigure 4.14 (a) depicts a bead fillet on a plate in order to graphically
illustrate how residuadtresses are produced during the welding prodésspicture 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 ly the hatching area, M1'. 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),rousne
crosssections are investigated to characterize the temperature variations that occur during
welding. The region of AA that is some distance in front of the welding flame has a
temperature gradient that is almost zero for welddegtion BB, wherethe welding arc
passes, has a very substantial temperature fluctuation, and the distribution there is quite
unevenAlong section GC, some distance past the welding arc, the temperature change
flattens out and becomes less suddénally, at section ED, which is far from the
welding arc, the temperature differential brought on by welding has nearly completely
disappeared.

The distribution of stresses x in thediection at cross sectionsA, B-B, C-C, and DD

is depicted in Figure 4.14 (cBhearing sesses, ofly, exist in addition to normal-y
direction stresses but are often much less thafhe thermal strains brought on the
welding are essentially nonexistent at sectieA./Stresses in the region below the weld

pool at section BB are also basally nonexistent since molten metal cannot maintain a
load. The heaaffected zone (HAZ) experiences compressive pressures because the
surrounding metal, which is at a lower temperature, prevents these areas from expanding.
Given that the metal temperaguat 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 adeeases, and eventually reaches its maximum. In places far from the

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

At section GC, where the weld metal and hedtected zone have cooled, there are
compressive stresses at a geealistance and tensile strains in the sections near to the
weld as they seek to contratist but not least, section-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 underigh tensile stres@Chen, 2011).
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Figure4.14. Temperature and stress changes during welding (Chen, 2011)
4.7.2 StressStrain Relationship
The total strains increase in the elastic area may be written as
Q- Q- Q- (4.36)
Where{dJr is the thermal strain increme#itiJ is the elastic strains increment due to

the consistency condition, The elastic mafiDke (relatedto the modulus of elasticity and

Poissonds ratio) varies with temperature,
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Ar As$ £ $ M —— KA4 (4.37)

{dfi}s the differ ant whisrthe finBar eqamon toeffient df U

initial temperature.

) o )
AR | Q7Y YQ ﬁA4 1 A4 (4.38)

The linear expansion coefficietitalso variesvith temperature. Its effective value is,

T
1 - 4 (4.39)

Substitute equaitoA.40and4.11into equatiord.39then

; . , TO y

AR O Q- O A A4 (4.40)
H

Or,

AL 0 Ar # A4 (4.41)

Where [D] = [D}, # 0 1 —— K isrelevant temperature. Equatibd3

is the stress incremeatrain 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 functionf(x,ix, € ) r eo(@ycTh K which is,

0 Q. YR - (4.42)
Where K is the strain hardening exporeer T is the temperature

Its differential form is,

Q0 Q0 (4.43

The total strain increment in the plastic regmay be found ouby,
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Q- Q- L 0 (4.44)
Where {d}p is the plastic strain increment.

According to the flow rule,

Q- o (4.45)

From the equation abovecan be solved as,

T Q T Q 1o 1'Q
— O Q- — 0O - —Q Y
r, r, Ty T
' (4.46)
| T Q’o Q 1TQT UL TQ
T ” T ” T ” T - T ”
Then the stresstrain relationship will be,
Q 0O 1Q O O e
” | T uY ” (44D
a0 :
0O a9 ryQ y
T ” T ”
Where [D]ep is the elasfolastic matrix,
: , S N O R O .
O @] @] it O Ti (4.48)
Let [D] = [D]ep, O 0 O | o —, o — —7TYQYY
It becomes equatioh.44.
It can be concluded th#te stres$ strains relationship is,
Q, 0O Q- 0Q"Y (4.44)

While in the plastic region, [D]=[0}, [C]=[C]ep in the elastic region, [D] = [R]
[C]=[C]e..
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Consider one element of the entire structure. It is with temperatuwddl displacement
{U}npdalbrce {F}>,st r easn d{ &} mtahe timef{, Bhgdwith{F+dE} (4 + d

a}y, {U + dU} and {0 + dG} at time T + dt.

appliying the virtual displacement principle.

Q,0 Q0 Q, 06 0O Q- 6QQw
(4.49
Q, 6 , 0OQ- 6QWw
Whereis relevant to the geometry of teeement andB] is geometric matrix
At time t, the structure is in aquilibrium state.
’Q “O 6 ” ’Q "Y (4.50)
Consider the stresstrain relationship,
Q"0 6 0O Q- 0 Q" Qw (4.51)
Or,
Q0 Qv 0 Q (452

Where the equivalent nodal force of the initial straiflsY A 6 6 Q" Yihe

element stifness matrix i® A 0 O0Qw

Substitute {C} and [D] from equatiof.44into equatior.55 the equivalent nodal load
ans stifnes matrix of the element can be ontained and be used in the global stiffness
matric and loaadtolumn vector, to produce the following system of algebraic equations

on order to solve the nodal displacement.
0 Qf Q0 (453
Where [K]#H[K]®, {dF}=F({dF}¢ + {dR}®), normally B{dF)¢ is close to ero in the

weldingrelated issue.
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4.7.3 Thermo-elastoplastic FEM in Welding

The nonlinear stresstrain relationship must be progressively transformed into the liner
one throughout the loading process in order to resolve the thedasimplastic problems.

The load is really brought on by the temperature difference becausestimereutside

force acting on the weld during the welding procds®e 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, thetbrae methods to solve

the elasteplastic issues, which are tangent stiffness matrix increment method, initial
strain increment methaahd initial stress increment methddbwever, in the last two of

these methods, a linear system of equations withahree stiffness matrix is required,
which can not be guaranteed in each step of thelasioeplastic solution owing to the
mechanical properties of the matenady be alteredvith the change of the temperature.
These two methods often result in Acomvergnce, so they are not adopted in the
thermoelastoplastic 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 séiffe matrix [K] in Egd.54is 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.4.54can be apmximately expressed as,
0 ®"O (4.54)

Where{ g §ii Dd is the displacement increment in the i th load stgp}{is the applied
load the the i th load stepgd} ={F}/ n, n is a positive integer.

In this methodThe stiffness matrix [K] solely relates to the stress level prior to loading
since the differentials of stress and strain are replaced by their increse@tsesult,

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 theX) load step can be used &termine the total displacement,
strain, and stress after thead 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 NewtB@aphsonteration method can be usedut-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 solutibme conergence of the linear solution will next

be tested using the eaof-balance loadsA new solution is discovered once the stiffness
matrix is modified and the oubf-balance load vector is reassessed if convergence
requirements are not met. Until the issconverges, this iterative process continues.
(Chen, 2011).Figure 4.15 shows NewtdRaphson iterative solution methods by
graphically.

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

L -

'.U .

’T'U"' ?+.'stU|2| '.+.'s:U|3| '.+.'s'.U
Figure4.15. NewtorrRaphson iterative solutiqi€hen, 2011).
4.8. Residual Stress DeterminatiorX-Ray Diffraction

By observing the angular shift of a specific Bragg reflection as a function of sample tilt
(Q), stress may be calculated. The sample's strain is really measured by this, and the stress
may subsquently be determined by graphing the variation-epacing versusin] dn

Figure 4.16 schematic view of determining residual stress-BayXDiffraction method

can be seen. Figure 4.17 and 4.18 show Intensitg graph and spacing graph and Figure 4.19
shows schematic view of ;Ray Diffraction method application.
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Figure4.16. Schematic view of eiermining residual stress

Figure4.17. Intensitygraph
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Figure4.18. Spacinggraph

Receiving
slit Soller
slit

Secondary
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Figure4.19. Schematic view of iffraction system

4.8.1 Principles of X-Ray Diffraction Residual Stress Measurement

When a collimated Xay beam of wavelengtkis focused onto a specimen, the number
of X-rays diffracted (diffracted intensity) is measured when the angle betweenrélye X
tube and Xray detectord) changesThis makes it possible to trace diffracted intensity
against 2q) (seen in Figure 4.20The lattice spacinwhich varies between strained and
nonstressed materiatsay be determined using the Bragg equafiom these peaks.
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N N
Figure4.20. X-ray Diffractord s pr i nci pl e

a)d =0, b)g = q; (sample is rotated by a predetermined argig,

S: X-ray sourceD: X ray detector, N: Surface Normal

€ _ Qi Q¢ — (4.55)
Where,

n: constanta: wavelength (m)d: Interplanar spacing between crystallaographic planes
(m).d: diffraction angle {.

Q Q p ¥
Q 0O

, d Q¢ (4.56)

Where,

do : interplanar spacing for unstressed material n)l«s q; intyerplanar spacing in the
direction defined byd andQ ( m) , E P o i Elastisitensdulus &R)i o
respectively(iqs: surface stress deriebecby the anglef (Pa)

. p i

L 4.5
I o " an (4.57)
Where,
m: slope

Note that the parametegtE and (19 )JE are generally asi® n d 2 flesp&ively, and

The X-ray elastic constants are the name given to ttwéRiL-4).
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5.EXPERIMENTATION
5.1. Welding Application
5.1.1Material 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 temperature©nly one pas®n a completely automated submerged arc wgldi
equipment, singksided 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 machinénande¢aned by being grounded

To investigate the temperature history and wettliced residual deformation, many sets

of tests were conducted. Three welding parameters were used as variables: current,
voltage, and welding speed, with a constant valug ®inm for the length of the stick

out. In order to identify the range of the welding parameters, variousatwsdrror
experiments were first carried out by changing only one parameter while holding the
others constantThe parametersvaluesused for te welding in the trial and error
experiments can be seermiable 5.1and optimized welding parameters used in numerical

analysis can be seenTiable5.5.

Table5.1. Welding parameters used in the trial andreexperiments

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 atfi P@®heatwas
performed usindpcal heat treatment uraindelectrical resistanse

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

of metals during welding applicati@s shown irFigure5.7.

Prior to SAW, the test plate pair was fixed wit GTAW from the upper and lower sections
to prevent the samples from slipgiduring weldingln order tack weld weldbacking

plate, GTAW procesavas carreid out usingsab Origo Tig 3001IT1G welding machine

which has 300 A power sourdéor GTAW process fller metal ER80SB2 which has a

2.4 mm diameter is used. Gas compositiad flow rate is 99,997 Argon and-1& L/min
respectivelyThe welding backing plates were welded to beginning and end of the piece
shown inFigure 51. A weld joint's backing is the material positioned at the weld joint's
base to support theolten weld metal. Its purpose is to make full joint penetration easier.
In orderto avoid damaging the bottom surface of the piece a ceramic protector was used
by sticking it to the bottom of the part aosim Figure5.1.

Submerged arc welding was carriedt using a 125@ constant potential power source
Miller SubarcDC 1250(as shown irFigure 58). The setup of the experiments is shown
Figure5.6, 5.7 AWS A5.23: F8PZEB2-B2 which has 3,2 mm diametemas used as filler
metal andEsab Flux 10.62 aggloenated fluoridebasic flux is used.

The welding specimexrwere prepared withsquare butt joint and 1 mm gas shown

schematian Figure5.5.

Table5.2. Chemical Composition of AWS A5.Z38P2EB2-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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Table5.3. Chemical Composition of SA 387 Gr 11 Cl 2

Carbon| Manganesg Phosphorug Sulphur | Silicon Chromium | Molybdenum

Heat 0,05 0,400,65 | 0,035 0,035 | 0,500,80| 1.001,50 | 0,450,65
analysis 0,17

Product 0,04 0,350,73 | 0,035 0,035 | 0,440,86 | 0,941,56 | 0,450,70
Analysis 0,17

Table5.4. Tensile Requirements for ASME SA 87 GraseAllby Steel Plates Class 2
Plates

Tensile Strength,| Yield Strength Elongation Elongation Reduction of are
Ksi (MPa) Min, ksi In8in. (200mm), | Kn 2 i n. Min %
(MPa)/(0.2% offset min% min%
75 to 100 (515 to 43 (310) 18 22
690)

st

ST ...

Figure5.1. The photo of test plate prepared for welding
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Bevel | Bevel
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Root T

oo <« Root

£ap

Weld face -
Reinforcement
Th hicknes:
roat thickness Weld metal
T / L"_/\
Parent metal Root gap Penetration

Figure5.3. Dimensions of workpiece
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/ /7 SURFACE (S2)

Welding line [
SURFACE (S1)

Figure5.4. Axis system

Figure5.5. Schematic diagram of square butt joint

Heat input and weldingpeed are calculates;

~
g

0 zZ@0 (5.1

D Qa QA VOO

0 Q& QI0f WOR-——memt (5.2)
L QEQIORE@E | @O 1 QR €
QQOQQQWOUWR @Ot 01 W'Q:; (5.3)

Q¢ QINE Qi @@ WioE 01

Table5.5. Parameters used SAW

Current (A) Voltage (V) Root gap (mm) Welding Time (s) Welding Speed (mm/¢

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 andafter welding.

buiprem :’:‘!‘f

buipjam
1294494 104 . “

Figure5.6. Seup of teg platefor SAW

Figure5.7. Theview of ceramic protector after welding process
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Figure5.9. SAW welding machine
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Figure5.10. Submerged arc welding beginning of process

Figure5.11. Welded sample
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V)

Figure5.12. The weld bead swate

Figure5.13. Bottom surface of welded part
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5.1.2Temperature MeasurementDuring Welding Process

Temperature history was recordaging K type thermocouplewires which is
chrome/nickel aminum termocouple wire, insulated with high temperature glass braid
and Honeywell eZtrend paperless recoder with 6 directly connected analog asput
shownFigure 5.4. Thermocouple wires were attached directly to the wede using
ATer mocoupl e Ath thenotoopesvere used iint thie. temperature
collection processind Figure 5.5 and 5.16show their locationsTC1, TC4 and TC5
were placed 15 mm away from weld centre line of weld joint. TC2 and TC3 were
positioned 10 mmin x directionaway from TC1.The positions of thermocouples are
tabulated inrable 56.

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

TrendViewer which is own application of HoneywellMS 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 , &

Figure5.14. Temperature recorder device
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Table5.6. Thermocouple mean position

TC number X Y
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 Lo
X
TG4 TC3 D
<o
L 0
Weld centre line 7 TC4

Figure5.15. Distribution of measurement points
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e ——

- =
Figure 5.16. Photo of TC locations on work piece

5.1.3Measurement of ResidualStress of Welded Part
Residual stresses of welded parts was measured at Marmara Research Center Tubitak by
PanalyticaX 6 P Bro MIPD(shown in Figure 5.1@md 5.18. Figure 5.9 and 520show

the points at which the residual stress determined.

X6Pert Pro MPD

Figure5.17 Panal yti cal
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Figure5.18. Meausring of residual stress on welded part

=
7 i
X [oneitudinal Direction /¢I
- I \_LP5
R ;
|
t é~_ LP4
|
a TP1 2 I TP3 TP4 IDs
A B A A
=1 = T Welding
Transverse Direction LP3 Direction
=
VN
é LP2
[
o~
89\ LPI1
=
b
10 20 20 20 20 10
100

Figure5.19. The location of points at which residual stress was determined
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longitudinal direction

transverse direclion

i \ -
welding dircetion

Figure5.20. The hyoutof 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 experimenTtataumerical simulation

of the welding process waserformedin ANSYS 2020 R2Workbench bydividing into

two steps to get resultfhiermemechanical analysis (Transient thermal dmdnsient
Structural analysis)Although temperature calculations are done in thermal analysis,
calculaing thermal strains requires a structural analyiermal analysis anstructural
analysis are two steps sequentially followed in the solving proaabseedimensional
coupled thermeanechanical analysis may be used to define the finite element anaflysi

the welding proces®reprocessing, solution, and pgstocessing 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 stresserhairdgethe

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 thermanechanical analysis model is shown in FiguZl5Using the findings

from the transient heat transfer study, a nonlinear efadasiic 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

Figure5.21. Flow diagram of transient theramechanical 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 propetiesn in Table 5.are

thermal conductivity (Wm LC), specific heat (J kifC) and phgical propertieshown

Table in 5.8are density (kg/M, Elastisitemodulus (GPa) and thermal expansion (W/m

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

cycles of heating and coolingAccurate information on tengpaturedependent material

characteristics could not be found in the literature.

Table5.7. Thermal properites of SA 387 Gr 11 CI(ASME BPVC.I1.D.M-2021, 2021)

Temperature Density Thermal Conductivity Specfic heat
(L) (kg/n?) (W/m-LT) (J/kg()
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 11,1 650
1300 7750 6 650
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Table5.8. Physical properties of SA 387 Gr 11 Cl.2 (ASME BPVC.II.E2BR1, 2021)

Temperature Thermal Youngod: Poisson
Expansion modulus ratio
() (W/m-T) (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 159x10° 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.II.D.N2021. The SA 387 GR 11 Classnzaterial was
consider eéd Mo I ci@noly steelsTemperature dependent enthalpy is
shown in Table 5.9 and temperature dependent yield strentgh and tangential modules is
shown in Table 5.10.

Table5.9. Temperature dependent enthalpy for steel

Temperaturg() 0O 100 200 300 400 500 600 700 800 900 1000 >2500

Enthalpy(MJ/mj) 0 360 720 1100 1500 1980 2500 3000 3700 4500 5000 9000
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Table5.10. Temperaturaependent yield stressid 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

Figure5.22. Unit Sytem to be used in analysis
5.2.2Modelling and Meshing

The engineering issue was resolved using a {ti@ensional finite element model.
Using SpaceClaim 2020 R2 and Ansys Mechanical Workbemdiesided singlepass

butt joints were developed and simulated using submerged arc wekdingpdel'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 itealgthens the model's

computation timeFigure 5.25 and 5.27 show the model of test plate.

The element typan thermal analysis is SOLID24hd in structural analysis is SOLID186.
The finite element model consists of 358743 nodes and 80800 elementsOfithn®,
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element sizeMore elements give more accurate results but significantly increase the

computational timeMesh model was shown in Figure 5.26 and 5.28.

The 3D eight node thermal element (SOLID70) has a higher order variant called
SOLID90shown in Fgure 5.23 The element has 20 nodes, each of which has just one
degree of freedofh temperature. The 20ode elements are ideally suited to modeling
curved boundaries since they have comparable temperature Tdren23node thermal
element can be used in3D, steadystate, or transient thermal investigatiorhe
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 5.24a 206node higher order-B8 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
suppats capabilities for plasticity, hyperelasticity, creep, stress stiffening, large
deflection, and huge straiAdditionally, it offers the capacity to use mixed formulations

to simulate the deformation of completely incompressible hyperelastic mateneddl as

as virtually incompressible elastoplastic materials.

Tetrahedral Optien

MN.O.PU VWX
\

Prizm Option

Figure5.23. Geometry of SOLID90 Element
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MN.O.PU.VW.X

J
Pyramid Option

X
M v 0P W
Y AB
I KLS
Q R
Prizm Option

Figure5.24. Geometry of SOLID186 Element

= ]
=l

0 0015 0,03 (m)
[ | ]

0,0075 0,022

Figure5.25. Finite Element Model Front view

=

0 0,015 0,03 (m)

0,0075 0,022

Figure5.26. Mesh model front view

Mesh densityshown in Figure 5.26)s a crucial parameter for accuracy management.
Accuracy is also impacted by element type and form. A-begisity 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 executejadlypec

for multiple-iteration runs, which are characteristic in nonlinear and transient analysis.
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Figure5.27. FE model isometric view

Figure5.28. Mesh model isometric view
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5.2.3Thermal Model

The simulation's status in one potential design configuration is defined by boundary
conditions, which are a collection of loads, limitations, and contact condiBafisre
beginningto 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 therma
analysis, the boundary conditions involves the convection and specific heat flux. For

static structural analysis, it involves forces, moments and displacerdemsui(, 2020)

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

for melting simultaneously through conduction and conve¢iliaskaya andt al, 2019)

Conduction, convection, and radiatigtlescriebed in Figure 5.2%ye 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
Figure5.29. Basis of heatransfer during welding process

The thermal analysis's ndimear 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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Tl VLol Y v g 5 (5.4)

fFw T w T oo T o (f)_o

The rate of internal heat production is denotedjbyhe rate of latent heat generation is
denoted byjat, the coefficients of thermal conduction in the x and y directions are denoted
by kx and k;, respectively, the specific heat is denoted by c, and the density of the plate
material is denoted gy The model accounts for the latent heat produced durinntese
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

releasgNart et al., 2013)

The heat source is applied to theleled 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 areyded below that show the heat flow caused by

convection and radiation on the surfaces of the welded plate.
n QY Y (5.5)
n -, Y Y (5.6)

Where (5,67 x 168 W/(n? (C#) is the StefafBoltzmann constant)Y is the ambient
temperature, T is the boundary temperature exposed to the envirorienthe
emissivity. All of the plate's surfaces, save the top stefdnave 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 temperatuwéependent thermal charagstics are taken into account in every
analysis. The model is developed under the following presumpm®skown in Figure

5.30

1.Thet est pl at eds begisdiandgt h & e myped rdanteunrtes 6i sa I
temperature i85 (C.
2The mat er i alaGeistidgsdneetempearaturdepéndentlike specific heat

and conductivity)
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3.Ma t e r hysidaléharacfristics such aflastisite Modulabdthermal expansion are
temperaturaependent.

4.Densityis constant 7750 kg/ménd Poisson ratis 0,3.

5.Considered the convection heat transfer coeffidggeas5 W/m2U C

6. Theemissivityof radiationis assumed a8,90.

7.ltwas thought hat t he wel ded painsuldte. t op face was

Figure5.30. Boundary conditions for transient thermal analysis

Boundary Conditions

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

oT
pe 2 oy (D) wi ey,
J on the surface S for 1> 0
3-_ ki: —h!,(T" - T)
an
On surface S» forr=> (0

v
Governing Equation of the FEM Model

[CEKZH[KL”F‘[:QCD{TJ=§Q’}+{Q"}

Temperature Field

.}

Figure5.31. Flow diagram for thermal analysis (Biswas et.al., 2009)
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5.2.4 Structural Model

To examine the precigesidual 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 andlysisesults of the transient

heat transfestudy were used in the second portion of the nonlinear giesttic analysis.
Figure 532 depicts the flow diagram of the FE mechanical analysis model for forecasting

residual stresses.

Von-Mises vyield criteria and related flow rules were utilised is thvestigation. The
models depicted in Figures 5.2nd 5.3 took rigid body boundary conditions into
accountThe uniform meshing was considered throughout the whole piece. The minimum

element was used as 1 x 1 x 1 fnm

Temperature Field from
thermal analysis

{r.}

|
v

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

VO‘+F=O {O‘j‘:[D]{E} g:g€+g + &

th

Stress strain relationship

fo}=[Dle}+ e+ o)

pl

Figure5.32. Flow chart for predicting of residual stressktdal at al., 2017)

The main causes of stress distortions in welds are thermally induced expansion and
contraction as well as phase transformationen volume change. Thesidual 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 itsts how utilising the
properties of the elastglastic material, the total strain in the SAW weld can be divided

into three components.
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- - - (5.7)

Where the letter§, &, O stand forelastic, plastic, and thermal strains, respectively. The
isotropic Hooke's law, along with a temperatdependent Young's modulus and
Poison's ratio, is used to simulate elastic strain. The thermal strain is calculated using the
temperaturalependent coétient of thermal expansion. The plastic strain is accounted
for using a plastic model with the von Mises yield requirements, tempedpendent
mechanical properties, and a bilinear isotropic hardening model. The bilinear isotropic
hardening model aibutes 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

Figure5.33. Bilinear isotropic model

As shown inFigure 5.36 comprasion support boundary conditsoapplied to the surface
to where the fixture is contacted and for the bottom surface of the test plagand u
displacement are applied as O msshown in Figure 5.34lsothis surface was assumend

asno any movement throughyxand z directios.

Details of "Displacement” = R R SOBOREE BN | B o D ¢
-l Scope

'Scoping Method |Geometry Selection

Geometry 21 Faces
|| Definition

Type Displacement

Define By | Components

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

Figure5.34 Details of displacement boungazondition
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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

Figure5.35. Boundary Conditions.

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

Figure5.36. Rigid body boundary conditions
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ANSYS

2020 R2

0,00 30,00 60,00 (mm)
- |

15,00 45,00

Figure5.37. Boundary conditions for transient structural analysis

Thermal
Radiation

(Radiation and ,
convection)

convection)
Thermal

Radiation
Figure5.38. Thermomechanical transfer mechanism of welding (Taskata and et al.,

2019)
| Details of "Analysis Se[tings" T R R R R B R R R R q. OX
[=1| Step Controls A
Number Of Steps 12,
Current Step Number | 10,
Step End Time 10, s
Auto Time Stepping | On
Define By Substeps
Carry Over Time Step | Off
Initial Substeps 250,
Minimum Substeps |50,
Maximum Substeps | 10000
[=I| Solver Controls
Solver Type Iterative
Weak Springs On
Spring Stiffness Program Controlled
Solver Pivot Checking | Program Controlled
Large Deflection On

Figure5.39. Details of Analysis Settings.
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It is specified 250 initial subsequents 50 for theimum and 1M00 for the maximum

as shown Figure 5.39.

5.2.5Heat Source Model

A unique transient thermal process involves simulating a moving heat source. Using
Parametric Design Language (APDL) codes, ANSYS 2020 R2 simulates the moving heat
source. The generglurpose 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 Doublelipsoidal 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 andtheroest

and back quadrants of the heat source.

... @z ogz'(x z{ o oW ol
N ahuh — —A @D — > -
wz (*)Z(A)Z“ Z M“ w w w

(5.8)

The heat flux equation for the welding arc in the front quadrant dfeaesource model

is given as follows:

. z Yo 2°Qz 2 o0 0w od
e R Agp L 2 =

o 5 I N i (59)
(DZ wz (A_)Z 1] Z MH w w w

The following is a description of the heat flux equation for the heat smodel/welding
arc in the back quadrant:
@z WMo 2°Qz 2z o® 0w ou (5.10)

——— —AOD — ; .
waZQ)ZHZI/IH w w (.l)

f g
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a, b and ¢ are the geometric parametersard ¢ arerearandfront semi ellipsoidal
heat source dimensionsahd f are fraction of heat deposited representéaeandfront
quadrants heat apportionments of the heat fiux,ff=2. Q is the heat inpuk, y, z are
the coordinates of the heat flu&s the efficieng of the welding process (Goldak et al.,
1984).

Heat Flux

Welding
Direction

C/ Front Half
C, Rear Half Ellipsoid *  Ellipsoid

Figure5.40. Doubleellipsoidal distributed heat source (Goldak et al, 1984)

The Gol dadlipssidadisousel to @efine volumetric heat flux in the Arc welding

process. It I's the most famous and widely
process. To define Goldakoés double ellipsoi
be used.

Figure541. Gol dakdés doubl e ellipsoidal p
fr and t parameters are calculated using these formulas

CZ ®

Q (5.11)
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(5.12)

(5.139)

The energy input rate Q (I = 600 A, V =,3®& 0.95) and weldingpeed (Q = @1 m/s)
in the experiment employed in this investigation.

Heat source parameters were determined by looking at the weld portion and the cross
section inFigure5.42, 5.43, 5.44and they were determined to be a = 10, b = 8, cr = 10,
cf=3xa=30,ff=0, and fr=1.5.

Table5.11. Goldak model parameters used in FE Anal{sisn.)

Goldak Parameters a b Ci Cr f fr q
Weld reinforcement 10 8 10 30 05 15 0.35VI
Fusion Zone 10 2 10 30 0.5 15 0.35VI

Table5.12. Welding Parameters used in SAW

Power Voltage Heat InputQ=I*V* 'Q  Progression Speed
A Vv wW mm/sec
600 31 17670 10
Table5.13. The efficency of welding processes
Welding GTAW GTAW GTAW SMAW GMAW SAW
Process | Ar, Steel | He, Al Ar, Al Stell Ar, Steel Steel
Q 2575% | 5580 % | 22-46% | 66-85% | 66-70 % | 91-99 %
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Figure542 Gol dakdéds doubl e elipsoidal param

Figure543. Gol dakés double elipsoidal param

Figure544. Gol dakédés double elipsoidal param
5.2.6.Elementof 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 rather than killing or deleting the elemeifihe
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 artftetwelding speed was 10 mm/sec.i®dhe Ansys
Mechanicalthe test plate was divided into 10 pieces which is 10 mm dsnghown in

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

Figure5.45. Pieces divided 10 mm long.
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6.RESULTS AND DISCUSSION

The main aim of this study is to develop a-BBA model which can predict the SAW
thermal cycle residual stresses and distortiaiith higher accuracy compare to the
experimental work. The transiehermal and structural analysigereperformed 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 needdtddomalanalysis

is alout 20 hoursand for structural analysis is about Bdurs.

The predicted temperaturesesidual stresses and distortiovere compared with
temperaturesesidual stresses and distortia@itained from experiments.

(a) (b)
Figure6.1. (a) The top view (b) the bottom view of specimens welded with 430 A, 530 A
and 560 A respectively
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