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Abstract 

It is the demand of the world’s ever increasing energy crisis to reduce fuel consumption 

wherever possible. One way of meeting this demand is by reducing the weight of a 

structure by replacing thick plates of low strength steel with thin plates of high strength 

steel in the structure. Fusion welding process is extensively used in the manufacturing 

industry, however, despite many advantages different problems such as weld defects, 

residual stresses and permanent distortions are associated with this process.  

Finite element (FE) method has proved itself as an alternative and acceptable tool for 

prediction of welding residual stresses and distortions. However, the highly nonlinear 

and transient nature of the welding process makes the FE simulation computationally 

intensive and complex. Thus, simplified and efficient welding simulations are required 

so that they can be applied to industrial scale problems. 

In this research work an alternative FE simulation approach for the assessment of 

welding residual stresses, called rapid dumping is developed. This approach proved to 

be efficient and predicted the residual stress with acceptable accuracy for different small 

scale welded joints. This approach was further implemented on a large scale welded 

structures along with other available approaches. It was found that the computational 

time involved in the welding simulations for large structures using rapid dumping 

approach can be reduced but at the cost of accuracy of the results. 

Furthermore, influence of thermo-mechanical material properties of different steel 

grades (S355-S960) on welding residual stresses and angular distortion in T-fillet joints 

is investigated. It is observed that for assessment of residual stresses, except yield 

stress, all of the thermo-mechanical properties can be considered as constant. For the 

prediction of angular distortions with acceptable accuracy, heat capacity, yield stress 

and thermal expansion should be employed as temperature dependent in the welding 

simulations.  

Finally, the influence of two different LTT (Low Transformation Temperature) weld 

filler material on residual stress state and fatigue strength was investigated. It was 

observed that a reduction in tensile residual stresses at the weld toe of the joint was 

observed. Furthermore, at higher R-ratio no significant increase in the fatigue strength 

was observed . However, at low R-ratio significant  increase in fatigue strength was 

observed. 
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Sammanfattning 

Ett ökande krav för världens ständiga energifråga är att i möjligaste mån försöka minska 

bränsleförbrukningen. Ett tillvägagångssätt att möta dessa krav är genom minskad 

strukturvikt via byte av låghållfast stål med grova plåttjocklekar till höghållfast stål med 

tunnare tjocklekar. Smältsvetsning är den absolut vanligaste fogningsmetoden inom 

tillverkningsindustrin för dessa material. Fastän de stora fördelarna med smältsvetsning 

så finns det även begränsningar med denna process, såsom; svetsdefekter, 

svetsegenspänningar samt deformationner pga svetsning. 

Finita element (FE) metoden är idag ett väl använt verktyg för simulering av 

svetsprocesser i syfte att prediktera svetsegenspänningar och deformationer. Dock är FE 

svetssimuleringar beräkningskrävande och komplexa pga bla transienta temperatur 

förlopp samt olinjära deformationer.  Således finns det en stor efterfråga på förenklade 

och effektiva förfaranden för svetssimuleringar för att dessa skall kunna tillämpas på en 

industriell skala med en acceptabel noggrannhet. 

I detta arbete har en alternativ FE svetssimuleringsmetod för prediktering av 

svetsrestspänningar, rapid dumping, utvecklats. Denna metod visade sig vara effektiv 
och tillämpningsbar för att prediktera svetsegenspänningar med acceptabel 

noggrannhet  för olika småskaliga svetsförand och konstruktioner. Simuleringsmetoden 

implementerades dessutom på en svetsad konstruktion, i industriell skala,  tillsammans 

med andra tillgängliga simuleringsmetoder. Det konstaterades att den beräkningstiden 

vid FE simulering av svetsprocessen för stora konstruktioner med hjälp av rapid 

dumping kan minskas , men på bekostnad av, en acceptabel, noggrannheten i resultaten. 

Vidare har inverkan av termomekaniska materialegenskaper hos olika stålsorter ( S355 

- S960) på svetsegenspänningar och svetsdeformationer i svetsade T-förband 

undersökts. Denna undesökningen visade att vid FE simuleringar av svetsning så kan 

svetsegenspänningen predikteras med god noggranhet när alla de termomekaniska 

egenskaper är konstanta och ej varierar med temperaturen, förutom sträckgänsen på 

materialet. För noggranna predikteringar av svetsdeformationer så bör 

värmekapaciteten, sträckgränsen och den termiska expansionen vara 

temperaturberoende vid FE simuleringen. 

Inverkan  av två olika LTT ( Low Transformation Temeprature ) svetstillsatsmaterial på 

svetsegenpänningstillståndet samt utmattningshållfastheten på svetsförband har 

undersökts. Det observerades att en minskning av svetsegenspänningar i drag vid 

svetstån av fogen  kunde åstadkommas med dessa tillsatsmaterial. Vidare , vid högre R-

värden vid utmattningsprovningen kunde ingen signifikant förbättring av 
utmattningshållfastheten observeras. Dock observerades en signifikant förbättring av 

utmattningshållfastheten vid låga R-värden. 
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1 Introduction 

1.1 Background 

Steel is the most commonly used material in construction machinery vehicles such 

as, articulated haulers, overhead cranes, tower cranes, and loaders. Moreover, steel 

remains the first choice material among the construction machinery vehicle 

manufacturers when it comes to the strength and sustainability of the vehicle under 

severe loading conditions. Approximately 80% of the steel parts/plates in these vehicles 

are joined by fusion welding process [1]. Fusion welding process is extensively used in 

the manufacturing industry as it offers low fabrication cost, easy setup and joining 

flexibility. However, despite many advantages different problems are associated with 

this process as well. An extremely high heat input to a localized region and its 

subsequent cooling results in non-uniform expansion and contraction of the weld and 

the surrounding area, which in turn contributes to distortions and residual stresses. 

It is the demand of the world’s ever increasing energy crisis to reduce fuel 

consumption wherever possible. One way of meeting this demand is by reducing the 

weight of a structure by replacing thick plates of low strength steel with thin plates of 

high strength steel in the structure. Not only does the reduction in the weight of the 

structure have beneficial impacts on the environment but this reduction is also 

economically profitable. With each ton of high strength steel utilized instead of low 

strength steel in articulated haulers has the potential of reducing 12 tons the amount of 

carbon dioxide (CO2) released into the atmosphere [2]. Moreover, approximately 5700 € 

can be saved during the life cycle of articulated hauler due to reduced fuel consumption. 

However, the operating life of a welded component/structure during in-service 

loadings remains the same regardless of the strength of the steel used in the structure. 

This is because the fusion welding process give rise to different weld defects (cold laps, 

undercuts, porosity, etc.), very high unwanted stresses (tensile residual stresses) in the 

vicinity of the weld joint, and permanent distortions. The welding distortions can result 

in the degradation of dimensional tolerances of the geometry followed by costly 

rectifications and possible delays in production line. Welding residual stresses can 

influence the fatigue [3] and buckling strength of the product. Moreover, 

machining/cutting of a welded geometry can result in the relaxation of residual stresses 

which can cause dimensional changes and undesirable appearances in the finished 

product. Therefore, understanding the formation as well as controlling of welding 

distortions and residual stresses has an utmost importance in the manufacturing 

industry. 
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Many experimental techniques [4] [5] are available that can be used to measure 

the welding residual stresses [6] and distortions but these are expensive, requires 

certain level of expertise and sometimes difficult to carry out especially in large complex 

welded structures. In the last three decades, with the evolution of computing 

capabilities, finite element (FE) method has proved itself as an alternative and 

acceptable tool for prediction of welding residual stresses and distortions[7][8]. 

However, the highly nonlinear and transient nature of the welding process makes the FE 

simulation computationally intensive; and a large and complex welded structure would 

make it even more complex and time expensive. Moreover, an accurate representation of 

welding residual stress in a structure demands three dimensional FE simulation [9] as 

well as incorporation of the entire structure surrounding the local weld zone [10]. 

Therefore, the welding procedures and qualifications within the industry are still carried 

out by trial and error methods based on the experience rather than the scientific and 

mathematical principles. Thus, simplified and efficient welding simulations are required 

so that they can be applied to industrial scale problems. 

2 Research aim 

The research aim is to investigate the residual stress state in welded structures and 

to develop simplified and cost effective simulation subroutines for computational 

weld mechanics. 

1. Develop a numerical strategy to reduce the computational time involved in the 

welding simulations of small as well as large welded structures. 

2. Simplify the FE input parameters (thermo-mechanical material properties) for 

the assessment of welding residual stresses and distortion. 

3. Investigate the influence of low temperature transformation (LTT) filler wires on 

the residual stresses state and  fatigue strength of high strength steel welded 

joints. 
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3 Welding residual stresses 

The locked in stresses present in a body which is stationary and are in equilibrium 

with the surroundings are called residual stresses [11]. Different manufacturing 

processes e.g. rolling, bending, machining, coating and welding etc. induce residual 

stresses in the part/structure. In welding, the residual stresses are developed due to the 

non-uniform expansion and contraction of the material subjected to intense localized 

heating. The mechanism of formation of the welding residual stresses in a structure can 

be explained by using a three bar analogy which is illustrated below. 

 

 

 

 

 

 

 

 

 

 

Figure 1: Three bar analogy for residual stresses, and a butt-welded plate simulated by 

the three bars [12]. 

Consider three identical metal bars connected to two rigid blocks as shown in 

figure 1. It is assumed that all three bars are initially at the same room temperature. If 

the middle bar is heated alone to an elevated temperature it will try to expand, but its 

expansion will be restricted by the two side bars. As a result compressive stresses will 

start to build up in the middle bar and they will increase with the increasing 

temperature until yielding in compression is achieved. However, the outer bars will 

experience tensile stresses. During the cooling process the middle bar will try to 

contract but again the side bars will restrict its contraction. Consequently, the 

compressive stresses in the middle bar will start to transform into tensile stresses and 

increase linearly with decreasing temperature until yield stress in tension is achieved. 

Thus, tensile residual stresses equivalent to the magnitude of material yield stress will 

Tensile residual stresses 

Compressive residual stresses 

Initial condition Heating Cooling Butt welded plates 
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be present in the middle bar at the room temperature. While, both the outer bars will 

contain compressive residual stresses equal to one half of the tensile residual stress in 

the middle bar. But, if the middle rod is heated to elastic compressive stresses in it, then, 

during the cooling stage the whole system i.e. middle and side bars will come to their 

initial stress-free and distortion-free state. 

Here, the middle bar is analogous to the weld metal while the two side bars are 

analogous to the base metal i.e. regions away from the weld metal. During the welding 

process the weld metal and the adjacent base metal undergoes expansion and shrinkage 

forces. The weld metal is in its maximum expanded state when it is deposited to the base 

plate. However, the weld metal and adjacent base metal being at elevated temperatures 

have very low strength. The volumetric expansion results in the local thickening but 

doesn't induce significant plastic strains in the surrounding cooler regions of the base 

plate [13]. On cooling, the weld metal tries to shrink or contract to the volume it 

normally occupy at the room temperature but it is constrained by the surrounding 

cooler region. The stresses then develop within the weld and reaches the yield strength 

of the weld metal. 

3.1 Classification of welding residual stresses 

The welding residual stresses in a structure can be classified according to their 

direction of orientation relative to the weld line. The stresses perpendicular to the weld 

line are termed as transverse residual stresses while the stresses parallel to the weld 

line are named as longitudinal residual stress. Figure 2 shows a typical distribution of 

residual stresses in a single-pass butt welded joint. The colored region represents the 

fusion zone or weld metal in the butt welded joint. 

Figure 2 illustrates the distribution of transverse and longitudinal residual stresses 

extracted along the weld line i.e. section A-A. It can be seen that the longitudinal stresses 

are quite high in the middle and they tend to decrease gradually as we move towards the 

extreme ends of the weld line. The transverse stresses tend to be compressive at the 

extreme ends but they remain tensile in nature over the major portion of the fusion 

zone. Figure 2 illustrates the variation of longitudinal and transverse residual stresses 

extracted at section B-B i.e. perpendicular to the weld line. Here again, the longitudinal 

stresses are quite high in the weld metal and the adjacent base metal regions. But they 

drop rapidly as we move away from the fusion zone. Transverse stresses also show the 

similar behavior but with smaller magnitude.  
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Figure 2: Distribution of residual stresses in a single-pass butt welded joint at 

different cross-section, reproduced from [14]. 

3.2 Factors affecting welding residual stresses 

The formation and distribution of the residual stresses in a structure can be 

influenced by different factors e.g. design of the structure, welding process parameters 

and metallurgical properties of the base and weld metal. Furthermore, the phase 

transformation during the welding of some alloyed steels may affect the welding 

residual stresses, especially if the phase transformation is occurring at low 

temperatures during the cooling stage.  

σl - Longitudinal residual stress 

σtr - Transverse residual stress 
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applied cyclic stresses will superimpose the residual stresses and the effective stresses 

acting on the welded joint will fluctuate from yield stress and downwards as shown in 

figure 4. Thus, the welded joint experiences the severe effect of mean tensile stress. The 

influence of welding residual stresses on the fatigue strength of a structure by using 

standard SN curves is shown in figure 5. 

 

 

 

 

 

 

 

 

 

Figure 4: The effect of residual stresses on external loading near the weld metal 

 

 

 

 

 

 

 

 

Figure 5: Schematic of S-N curves a) effect of tensile residual stresses b) effect of 

compressive residual stresses. 
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3.4 Welding distortions  

With welding residual stresses there also occur welding distortions. The cooling 

stage of the welding process causes shrinkages in the weld metal and adjacent base 

metal, and these shrinkage forces tend to induce distortions in the welded joint. Both 

welding residual stresses and distortions are largely opposed. The correlation between 

them is shown in figure 6. The welded joint with high degree of restrain will give low 

value of  distortions but high residual stress magnitudes. Conversely, if the welded joint 

has low degree of restraint then the resulting residual stresses would be of low 

magnitude but distortions will be significant. The ultimate goal which exist in practice, 

though, is to have a joint with high dimensional precision and low residual stresses. 

 

 

 

 

 

 

 

Figure 6: Correlation between residual stresses and distortions 

Different types of distortions can occur due to the welding process and it will 

influence the dimensional tolerances of the component. The final product can attain any 

of the distortion type shown in the figure 7 and these distortions depend on a 

combination of effects from several factors such as joint geometry, heat input, welding 

sequence, level of restraint, position of the joint. 
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Figure 8: Angular distortion in butt welded joint with different V angles 

The magnitude of angular distortion in a welded joint is significantly influenced 

with base plate thickness and the applied heat input. For thin base plates, angular 

distortion is not significant due to the homogeneity of through thickness temperature 

gradient which result in a homogenous distribution of shrinkage forces through the 

thickness. For very thick base plates, insignificant angular distortions will be observed. 

Though the through thickness temperature gradient is quite high but the plate thickness 

offers enough resistant that the shrinkage forces are not quite enough to give rise to 

angular distortion. The base plates with intermediate thicknesses will give rise to 

significant angular distortion. The influence of plate thickness and heat input on the 

angular distortion is schematically illustrated in figure 9. 

 

 

 

 

 

 

 

 

 

Figure 9: Influence of heat input and plate thickness on angular distortion 
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4 Computational weld mechanics 

During the last three decades, finite element (FE) method has proven itself as an 

acceptable tool for design and analysis purposes in most of the engineering disciplines. 

Moreover, it offers a flexible alternative to an extensive experimental testing involved 

during the product or process development, which makes it very attractive for the 

industry. The welding process simulations using FE method have a history of over 30 

years [7], [8], but still, the welding procedures and qualifications within the industry are 

carried out by trial and error methods based on the experience rather than the scientific 

and mathematical principles. One of the reasons could be that the FE modeling of the 

welding process is very complex as it involves many phenomena which are strongly 

coupled e.g. non-linear temperature dependent material behavior, 3D nature of welding 

process, microstructural evolution, fluid dynamics etc, see figure 10.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Interactions and couplings taking place during the welding process. 

Thermal Analysis 

    Temperatures                                                             Latent Heat 

                                                                     Phase Properties 

Metallurgy 

Weld pool evaporation 

Weld pool depression 

Electromagnetism Fluid Flow 

Mass Transport 

 

Arc Pressure 

Electromagnetic forces 

• Filler metal addition 

• Weld pool depression 

• Weld pool composition 

• Pool convection patterns • Surface tensions 

• Buoyancy forces 

• Temperatures 

• Power density distribution 

• Arc power 

• Arc efficiency 

• Temperatures 

Phase 

Transformations 

Mechanical Analysis 

 

• Phase compositions 

• Phase fractions 

• Volume changes 

• Shear deformations 

• Transformation plasticity 

• Thermal cycles 

• Cooling rates 

• Stresses 

• Deformation energy 

• Temperatures 

• Phase fractions 

• Phase properties 



12 

 

Furthermore welding simulations are generally used to simulate the welding 

process or to understand the process. However, these two require and demand different 

modeling strategies [16]. Process simulations usually require fast, largely interactive 

and approximated techniques. While the simulations to understand the welding process 

requires the numerical model to closely duplicate the physics of the process. Therefore, 

it is very important to chose proper modeling strategy which not only give the required 

output with acceptable accuracy but also be cost effective and time efficient, see figure 

11. 

 

 

 

 

 

 

 

 

 

 

Figure 11: Schematic graph illustrating cost involved in two different modeling 

strategies [16]. 
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chooses an alloy and thickness and weld conditions can compute the value of each of the 

other weld conditions that minimize production problems". 

Experiments are  the fundamental constituent in the development of welding 

procedure specifications (WPS) for a joint. The experiments (which are used to evaluate 

the welding procedures) are carried out to investigate the joint strength, presence of 

defects, microstructure evolution etc. However, during the development of WPS 

numerical simulations are rarely used. Experiments are invaluable and welding 

simulations cannot replace them but they do offer a number of advantages over 

experiments.  

1. The simulations give us the ability to visualize the process i.e. temperature 

distribution, microstructure and stress development in the joint etc.  

2. Optimization  of the welding process, design of the fixtures etc. 

3. Helpful in designing the welding process as well as the welded joint itself 

especially in the initial stages of the product and process development. 

4. Complement the experiments in developing the welding procedure 

specifications for a joint. 

4.2 Schemes for computational weld mechanics 

During the welding process the weld metal and adjacent base metal region 

experience plastic strains. The heat generated by these plastic strains is of less 

magnitude thus it doesn't influence the state of the residual stress in the welded joint. 

But, on the other hand the stresses are strongly influenced by the temperature field. 

Therefore, a sequentially coupled thermo-mechanical simulation scheme can be used for 

the assessment of the residual stresses and distortions in the welded structure.  

In sequentially coupled thermo-mechanical simulation scheme, analysis is carried 

out in two separate steps. First thermal analysis is carried out, followed by the 

mechanical analysis. During thermal analysis the transient temperature 

distributions/histories due to the moving heat source are recorded at each time 

increment, then, these temperature histories are used as an input in the form of thermal 

body load during mechanical analysis for the evaluation of residual stresses and 

distortions. One of the advantages of this scheme beside its easy implementation and 

computational efficiency is that the temperature distributions predicted by thermal 

analysis can be independently verified prior to the mechanical analysis. A schematic 

illustration of this scheme is shown in figure 12. 

The thermo-mechanical analysis can also be carried out simultaneously instead of 

in sequence. In this scheme the geometry, xn, is being solved for temperatures, Tn+1, at 



14 

 

time, tn+1. The geometry is then updated in the subsequent mechanical analysis for this 

time step. Thus the geometry being updated in thermal analysis lags one time step 

behind the mechanical analysis. This scheme is not used frequently as it is time 

expensive. 

 

 

 

 

 

 

 

 

 

Figure 12: Scheme for sequentially coupled thermo-mechanical simulation 

In the present research work all of the simulations are carried out by using a 
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5 Methodologies for efficient and simplified welding simulations 

The majority of FE modeling strategies (which are developed to investigate the 

influence of different parameters on weld quality, performance and behavior) for this 

complex and coupled phenomenon are quite intricate and time intensive. Although, 

these modeling strategies provide valuable information and unique insights into the 

welding process, they are difficult to be implemented to a large scale industrial problem 

[16].  

Moreover, in sequentially coupled thermo-mechanical simulation the very first 

step is to carry out thermal analysis. The accuracy of the predicted residual stresses and 

distortions are very much dependent upon the accuracy of the thermal analysis. The 

main aim of thermal analysis is to obtain the temperature distribution in the joint due to 

localized moving heat source. Therefore, selection and implementation of different 

parameters (mesh refinement, moving heat source modeling, temperature dependent 

thermal material properties) demands great deal of attention. 

The FE simulations for welding process can be divided into three categories, 

though they all have a common motive which is assessment of welding residual stresses 

and distortions. The three categories are as follow 

1. The simulations in which the influence of welding process specifications (heat 

input, plate thickness, weld sequence etc.) [19], [20]are investigated.  

2. The simulations in which a novel numerical strategy[16], [21], [22] is used to get 

the results with acceptable accuracy but with less computational time.  

3. The simulations in which FE input parameters (mesh size, element type, heat 

source model, material properties and material models etc.) [23]–[25]are 

manipulated to study their influence on residual stresses and distortions.  

The efficient approaches and simplifications are made in 2nd and 3rd category of 

the welding simulations so that they can be implemented in 1st category of simulations. 

In the present research work the simulations are simplified by neglecting the 

microstructure evolution, fluid flow of the weld metal, electromagnetism etc. Therefore, 

only heat balance and force equilibrium equations are being solved in thermal and 

mechanical analysis respectively. Different methodologies have been developed to make 

welding simulations efficient and simplified e.g. parallel computing, using shell 

elements, adaptive meshing, lumping of weld passes, replacing welds with simplified 

loads etc. [26]–[31]. However,  here most commonly used methodologies are outlined 

briefly. 



5.1

thermo

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

shown in figure

Figure 13:

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

the plane of the model.

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

accurately

be wrong as it is assumed that the whole weld bead is l

5.1 

thermo

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

shown in figure

Figure 13:

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

the plane of the model.

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

accurately

be wrong as it is assumed that the whole weld bead is l

 

 Dimensional reduction

The most commonly used simplification

thermo

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

shown in figure

Figure 13:

In 2D

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

the plane of the model.

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

accurately

be wrong as it is assumed that the whole weld bead is l

Dimensional reduction

The most commonly used simplification

thermo-mechanical 

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

shown in figure

Figure 13:

In 2D

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

the plane of the model.

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

accurately

be wrong as it is assumed that the whole weld bead is l

Dimensional reduction

The most commonly used simplification

mechanical 

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

shown in figure

Figure 13: Idealization of geometries in two dimension (2D) 

In 2D-X 

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

the plane of the model.

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

accurately. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

Dimensional reduction

The most commonly used simplification

mechanical 

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

shown in figure

Idealization of geometries in two dimension (2D) 

X (X means cross

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

the plane of the model.

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

Dimensional reduction

The most commonly used simplification

mechanical 

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

shown in figure 13

Idealization of geometries in two dimension (2D) 

(X means cross

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

the plane of the model.

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

Dimensional reduction

The most commonly used simplification

mechanical 

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

13. 

Idealization of geometries in two dimension (2D) 

(X means cross

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

the plane of the model.

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

Dimensional reduction

The most commonly used simplification

mechanical welding simulation

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

 

Idealization of geometries in two dimension (2D) 

(X means cross

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

the plane of the model. 

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

Dimensional reduction

The most commonly used simplification

welding simulation

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

Idealization of geometries in two dimension (2D) 

(X means cross

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

 The 2D idealization considerably reduces the c

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

Dimensional reduction

The most commonly used simplification

welding simulation

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

Idealization of geometries in two dimension (2D) 

(X means cross

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

Dimensional reduction

The most commonly used simplification

welding simulation

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

Idealization of geometries in two dimension (2D) 

(X means cross

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

Dimensional reduction 

The most commonly used simplification

welding simulation

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

Idealization of geometries in two dimension (2D) 

(X means cross-sectional) 

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

 

The most commonly used simplification

welding simulation

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

Idealization of geometries in two dimension (2D) 

sectional) 

conduction in the welding direction

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

The most commonly used simplification

welding simulation

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

Idealization of geometries in two dimension (2D) 

sectional) 

conduction in the welding direction and the welding speed is infinite

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

The most commonly used simplification

welding simulation 

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

Idealization of geometries in two dimension (2D) 

sectional) 

and the welding speed is infinite

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

The most commonly used simplification

 has been to reduce the dimension of the 

geometry by idealizing it from three to two

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assump

Idealization of geometries in two dimension (2D) 

sectional) models it is assumed that there i

and the welding speed is infinite

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

16

The most commonly used simplification

has been to reduce the dimension of the 

geometry by idealizing it from three to two or one dimension

dimensional (2D) idealization of a geometry demands certain geometric conditions 

needed to be fulfilled and also some assumption to be met. Typical 2D w

Idealization of geometries in two dimension (2D) 

models it is assumed that there i

and the welding speed is infinite

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

16 

The most commonly used simplification 

has been to reduce the dimension of the 

or one dimension

dimensional (2D) idealization of a geometry demands certain geometric conditions 

tion to be met. Typical 2D w

Idealization of geometries in two dimension (2D) 

models it is assumed that there i

and the welding speed is infinite

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

 

 to reduce the computational cost

has been to reduce the dimension of the 

or one dimension

dimensional (2D) idealization of a geometry demands certain geometric conditions 

tion to be met. Typical 2D w

Idealization of geometries in two dimension (2D) 

models it is assumed that there i

and the welding speed is infinite

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

but the results are obtained at the cost of accuracy. 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

to reduce the computational cost

has been to reduce the dimension of the 

or one dimension

dimensional (2D) idealization of a geometry demands certain geometric conditions 

tion to be met. Typical 2D w

Idealization of geometries in two dimension (2D) 

models it is assumed that there i

and the welding speed is infinite

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

but the results are obtained at the cost of accuracy. In 2D

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is l

to reduce the computational cost

has been to reduce the dimension of the 

or one dimension

dimensional (2D) idealization of a geometry demands certain geometric conditions 

tion to be met. Typical 2D w

Idealization of geometries in two dimension (2D) 

models it is assumed that there i

and the welding speed is infinite

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

In 2D

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

be wrong as it is assumed that the whole weld bead is laid simultaneously

to reduce the computational cost

has been to reduce the dimension of the 

or one dimension

dimensional (2D) idealization of a geometry demands certain geometric conditions 

tion to be met. Typical 2D w

Idealization of geometries in two dimension (2D) 

models it is assumed that there i

and the welding speed is infinite

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

In 2D-X models it is not possible to 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature di

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

aid simultaneously

to reduce the computational cost

has been to reduce the dimension of the 

or one dimension

dimensional (2D) idealization of a geometry demands certain geometric conditions 

tion to be met. Typical 2D w

Idealization of geometries in two dimension (2D) [32]

models it is assumed that there i

and the welding speed is infinite

on the geometrical conditions and assumptions adopted the 2D

plane strain, generalized plane strain, or axisymmetric models.

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

X models it is not possible to 

predict the transient nature of the welding process as the welding speed is assumed to 

be infinite. However, accurate predictions of temperature distributions perpendicular to 

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

aid simultaneously

to reduce the computational cost

has been to reduce the dimension of the 

or one dimension [18]

dimensional (2D) idealization of a geometry demands certain geometric conditions 

tion to be met. Typical 2D w

[32].

models it is assumed that there i

and the welding speed is infinite

on the geometrical conditions and assumptions adopted the 2D-X models can be used as 

plane strain, generalized plane strain, or axisymmetric models. In 2D

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

X models it is not possible to 

predict the transient nature of the welding process as the welding speed is assumed to 

stributions perpendicular to 

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

aid simultaneously

to reduce the computational cost

has been to reduce the dimension of the 

[18]

dimensional (2D) idealization of a geometry demands certain geometric conditions 

tion to be met. Typical 2D w

. 

models it is assumed that there i

and the welding speed is infinite

X models can be used as 

In 2D

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the c

X models it is not possible to 

predict the transient nature of the welding process as the welding speed is assumed to 

stributions perpendicular to 

the weld is possible. Furthermore, some of the deformation modes c

. For example, in axisymmetric models axial shrinkage predictions will likely 

aid simultaneously

to reduce the computational cost

has been to reduce the dimension of the 

[18]. 

dimensional (2D) idealization of a geometry demands certain geometric conditions 

tion to be met. Typical 2D w

models it is assumed that there i

and the welding speed is infinite

X models can be used as 

In 2D-

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

The 2D idealization considerably reduces the computational time 

X models it is not possible to 

predict the transient nature of the welding process as the welding speed is assumed to 

stributions perpendicular to 

the weld is possible. Furthermore, some of the deformation modes cannot be captured 

. For example, in axisymmetric models axial shrinkage predictions will likely 

aid simultaneously

to reduce the computational cost

has been to reduce the dimension of the 

 However, the two 

dimensional (2D) idealization of a geometry demands certain geometric conditions 

tion to be met. Typical 2D w

models it is assumed that there i

and the welding speed is infinite. Moreover, based 

X models can be used as 

-P (P

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

omputational time 

X models it is not possible to 

predict the transient nature of the welding process as the welding speed is assumed to 

stributions perpendicular to 

annot be captured 

. For example, in axisymmetric models axial shrinkage predictions will likely 

aid simultaneously

2D

to reduce the computational cost

has been to reduce the dimension of the 

However, the two 

dimensional (2D) idealization of a geometry demands certain geometric conditions 

tion to be met. Typical 2D weld models are 

models it is assumed that there i

Moreover, based 

X models can be used as 

(P means plane) 

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

omputational time 

X models it is not possible to 

predict the transient nature of the welding process as the welding speed is assumed to 

stributions perpendicular to 

annot be captured 

. For example, in axisymmetric models axial shrinkage predictions will likely 

aid simultaneously. 

2D-X

2D

to reduce the computational cost

has been to reduce the dimension of the 

However, the two 

dimensional (2D) idealization of a geometry demands certain geometric conditions 

eld models are 

 

models it is assumed that there i

Moreover, based 

X models can be used as 

means plane) 

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

omputational time 

X models it is not possible to 

predict the transient nature of the welding process as the welding speed is assumed to 

stributions perpendicular to 

annot be captured 

. For example, in axisymmetric models axial shrinkage predictions will likely 

 

X 

2D-P

to reduce the computational cost

has been to reduce the dimension of the 

However, the two 

dimensional (2D) idealization of a geometry demands certain geometric conditions 

eld models are 

models it is assumed that there is no heat 

Moreover, based 

X models can be used as 

means plane) 

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

omputational time 

X models it is not possible to 

predict the transient nature of the welding process as the welding speed is assumed to 

stributions perpendicular to 

annot be captured 

. For example, in axisymmetric models axial shrinkage predictions will likely 

P 

to reduce the computational cost

has been to reduce the dimension of the 

However, the two 

dimensional (2D) idealization of a geometry demands certain geometric conditions 

eld models are 

s no heat 

Moreover, based 

X models can be used as 

means plane) 

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

omputational time 

X models it is not possible to 

predict the transient nature of the welding process as the welding speed is assumed to 

stributions perpendicular to 

annot be captured 

. For example, in axisymmetric models axial shrinkage predictions will likely 

to reduce the computational cost 

has been to reduce the dimension of the 

However, the two 

dimensional (2D) idealization of a geometry demands certain geometric conditions 

eld models are 

s no heat 

Moreover, based 

X models can be used as 

means plane) 

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

omputational time 

X models it is not possible to 

predict the transient nature of the welding process as the welding speed is assumed to 

stributions perpendicular to 

annot be captured 

. For example, in axisymmetric models axial shrinkage predictions will likely 

 of

has been to reduce the dimension of the 

However, the two 

dimensional (2D) idealization of a geometry demands certain geometric conditions 

eld models are 

s no heat 

Moreover, based 

X models can be used as 

means plane) 

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

omputational time 

X models it is not possible to 

predict the transient nature of the welding process as the welding speed is assumed to 

stributions perpendicular to 

annot be captured 

. For example, in axisymmetric models axial shrinkage predictions will likely 

of 

has been to reduce the dimension of the 

However, the two 

dimensional (2D) idealization of a geometry demands certain geometric conditions 

eld models are 

s no heat 

Moreover, based 

X models can be used as 

means plane) 

models it is assumed that the variation of the temperature through the thickness is 

constant. The model is a plane stress model where heat source is modeled as a moving in 

omputational time 

X models it is not possible to 

predict the transient nature of the welding process as the welding speed is assumed to 

stributions perpendicular to 

annot be captured 

. For example, in axisymmetric models axial shrinkage predictions will likely 



5.2

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

was proposed by Pavelic et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

to  

Goldak et al

model

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

modeling of the heat source.

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

5.2 

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

was proposed by Pavelic et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

to  re

Goldak et al

model

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

modeling of the heat source.

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

 

 Heat 

Heat 

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

was proposed by Pavelic et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

reproduce

Goldak et al

model, shown in figure

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

modeling of the heat source.

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

Heat 

Heat 

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

was proposed by Pavelic et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

produce

Goldak et al

, shown in figure

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

modeling of the heat source.

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

Heat 

Heat input

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

was proposed by Pavelic et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

produce

Goldak et al 

, shown in figure

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

modeling of the heat source.

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

Heat input

input

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

was proposed by Pavelic et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

produce 

 [37]

, shown in figure

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

modeling of the heat source.

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

input

input modeling is an important part of thermal analysis and varieties of heat 

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

was proposed by Pavelic et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

 the welding speed and to adjust the cooling evolution in the 

[37][38]

, shown in figure

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

modeling of the heat source.

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

input modeling

modeling is an important part of thermal analysis and varieties of heat 

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

was proposed by Pavelic et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

[38]

, shown in figure

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

modeling of the heat source.

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

modeling

modeling is an important part of thermal analysis and varieties of heat 

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

was proposed by Pavelic et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

[38] developed a non

, shown in figure

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

modeling of the heat source.

Figure 14:

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

modeling

modeling is an important part of thermal analysis and varieties of heat 

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

was proposed by Pavelic et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

developed a non

, shown in figure 14

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

modeling of the heat source.

Figure 14:

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

modeling

modeling is an important part of thermal analysis and varieties of heat 

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

was proposed by Pavelic et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

developed a non

14. In this heat source model the

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

modeling of the heat source.

Figure 14:

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

modeling 

modeling is an important part of thermal analysis and varieties of heat 

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

was proposed by Pavelic et al [35]

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

developed a non

. In this heat source model the

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

modeling of the heat source. 

Figure 14: 

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

 

modeling is an important part of thermal analysis and varieties of heat 

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

[35]

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

developed a non

. In this heat source model the

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

 Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

modeling is an important part of thermal analysis and varieties of heat 

source models are used in literature 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

[35]which was mo

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

developed a non

. In this heat source model the

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

modeling is an important part of thermal analysis and varieties of heat 

source models are used in literature [33], [34]

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

which was mo

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

developed a non

. In this heat source model the

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

modeling is an important part of thermal analysis and varieties of heat 

[33], [34]

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

which was mo

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

developed a non-axisymmetric 3D 

. In this heat source model the

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

modeling is an important part of thermal analysis and varieties of heat 

[33], [34]

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

which was mo

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

axisymmetric 3D 

. In this heat source model the

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric an

17

modeling is an important part of thermal analysis and varieties of heat 

[33], [34]

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

which was mo

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

axisymmetric 3D 

. In this heat source model the

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

input to the joint is then sum of volumetric and surface heat flux as shown in equation 1.

17 

modeling is an important part of thermal analysis and varieties of heat 

[33], [34]. During the

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

which was mo

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

axisymmetric 3D 

. In this heat source model the

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by usin

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

 

modeling is an important part of thermal analysis and varieties of heat 

During the

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

which was modified by Tsai et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

axisymmetric 3D 

. In this heat source model the

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

experiments. This calibration can be done by using some correction factor during the 

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

During the

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

dified by Tsai et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

axisymmetric 3D 

. In this heat source model the

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

During the

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

dified by Tsai et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

axisymmetric 3D 

. In this heat source model the 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

However, implementation of this detailed heat source is unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

During the welding process the heat of welding arc and 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

During the

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

dified by Tsai et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

axisymmetric 3D double ellipsoidal 

 heat is dispensed in a Gaussian 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

 molten metal droplets is taken 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

During the welding process the heat of 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

dified by Tsai et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

double ellipsoidal 

heat is dispensed in a Gaussian 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

molten metal droplets is taken 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

welding process the heat of 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

dified by Tsai et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

double ellipsoidal 

heat is dispensed in a Gaussian 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

molten metal droplets is taken 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

welding process the heat of 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

dified by Tsai et al 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

double ellipsoidal 

heat is dispensed in a Gaussian 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

molten metal droplets is taken 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

welding process the heat of 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

dified by Tsai et al [36]

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

double ellipsoidal 

heat is dispensed in a Gaussian 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

molten metal droplets is taken 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

welding process the heat of 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

[36]

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

double ellipsoidal 

heat is dispensed in a Gaussian 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

Goldak's 3D double ellipsoidal heat source

In the present research work a simplified heat source modeling has been adapted. 

molten metal droplets is taken 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

welding process the heat of 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

[36] with a skewed 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

double ellipsoidal 

heat is dispensed in a Gaussian 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

Goldak's 3D double ellipsoidal heat source 

In the present research work a simplified heat source modeling has been adapted. 

molten metal droplets is taken 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

welding process the heat of 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

with a skewed 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the 

double ellipsoidal heat source 

heat is dispensed in a Gaussian 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

In the present research work a simplified heat source modeling has been adapted. 

molten metal droplets is taken 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

welding process the heat of 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

with a skewed 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

the welding speed and to adjust the cooling evolution in the analysis

heat source 

heat is dispensed in a Gaussian 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

In the present research work a simplified heat source modeling has been adapted. 

molten metal droplets is taken 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

welding process the heat of 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

with a skewed 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

analysis

heat source 

heat is dispensed in a Gaussian 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

In the present research work a simplified heat source modeling has been adapted. 

molten metal droplets is taken 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

welding process the heat of 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

with a skewed 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

analysis

heat source 

heat is dispensed in a Gaussian 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

 

In the present research work a simplified heat source modeling has been adapted. 

molten metal droplets is taken 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1.

modeling is an important part of thermal analysis and varieties of heat 

welding process the heat of 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

with a skewed 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

analysis. 

heat source 

heat is dispensed in a Gaussian 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

In the present research work a simplified heat source modeling has been adapted. 

molten metal droplets is taken 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

d surface heat flux as shown in equation 1. 

modeling is an important part of thermal analysis and varieties of heat 

welding process the heat of 

welding arc and molten metal droplets can be modeled as volumetric and surface heat 

flux distribution by these heat source models. Gaussian distribution of surface heat flux 

with a skewed 

Gaussian distribution of flux in which the arc column was distorted backwards in order 

. 

heat source 

heat is dispensed in a Gaussian 

manner throughout the heat source volume. Goldak heat source is the most frequently 

used heat source for accurate estimation of thermal evolution near the fusion zone. 

unnecessary for weld distortion 

analysis. One thing to be kept in mind that all of the heat source models need calibration 

or fine tuning in order to match the fusion zone or temperature histories with the 

g some correction factor during the 

In the present research work a simplified heat source modeling has been adapted. 

molten metal droplets is taken 

into account and the elements representing filler elements in the FE model are provided 

heat input as volumetric and surface heat flux with uniform heat density. The total heat 

 



18 

 

( )1V A

UI UI
q b b

V A

η η
= +  

Where η is the arc efficiency, U and I are voltage (volts) and welding current (amp) 

respectively. V is the volume (m3) and A is the area (m2) of elements representing the 

weld filler material in FE model. In equation 1, the volumetric and surface heat factors bV 

and bA respectively have no physical interpretations. They are only used to fine-tune the 

heat flux so that desired fusion zone and temperature distributions in the FE model can 

be achieved. 

5.3 Material properties 

Thermal analysis is required to evaluate the transient temperature distributions 

during the welding process. These temperature distributions, which are function of time 

t  as well as spatial coordinates ( , , )x y z , are determined by solving nonlinear heat 

transfer equation, see equation 1. 
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In equation 2 , ,c Tρ and t  represents specific heat capacity ( )oJ k g C , density

3( )kg m , temperature ( )oC , and time ( )s respectively. Furthermore, Q  represents the 

internal heat generation rate 3( )W m and k  represents thermal conductivity ( )oW m C

of an isotropic material. Equation 2 shows that three thermal material properties 

(density, heat capacity and thermal conductivity) are required to carry out the thermal 

analysis. Furthermore, in order to carry out mechanical analysis, temperature 

dependent mechanical material properties (yield stress, Young’s modulus and 

coefficient of thermal expansion) are required. All of these thermo-mechanical material 

properties must be temperature dependent for accurate assessment of results. As an 

example the temperature dependent thermo-mechanical material properties of S355 

steel grade are shown in figure 15. 

Using proper material models are one of the major problems in the welding 

simulations. McDill et al [39] carried out a study to investigate the importance of 

thermal and mechanical material properties of stainless and carbon steels in welding 

simulations. Surprisingly, it was found that thermal material properties play more 

important role than the mechanical material properties in explaining the different 

behavior of these steels. The thermal dilation which was the driving force in 

deformations was the reason of different behavior in these steels. Moreover, thermal 



dilation is influenced by the temperature distributions which are strongly influenced by 

the thermal material properties. 

elevated temperatures up to melting temperature of the material. And, to get the 

thermo

a big challenge

approximated in welding simulations. Another way of overcoming this issue is to use an 

approach called cut

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

material.

dilation is influenced by the temperature distributions which are strongly influenced by 

the thermal material properties. 

Figure 15:

elevated temperatures up to melting temperature of the material. And, to get the 

thermo

a big challenge

approximated in welding simulations. Another way of overcoming this issue is to use an 

approach called cut

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

material.

 

dilation is influenced by the temperature distributions which are strongly influenced by 

the thermal material properties. 

Figure 15:

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

thermo

a big challenge

approximated in welding simulations. Another way of overcoming this issue is to use an 

approach called cut

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

material.

dilation is influenced by the temperature distributions which are strongly influenced by 

the thermal material properties. 

Figure 15:

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

thermo-mechanical 

a big challenge

approximated in welding simulations. Another way of overcoming this issue is to use an 

approach called cut

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

material. 

dilation is influenced by the temperature distributions which are strongly influenced by 

the thermal material properties. 

Figure 15:

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

mechanical 

a big challenge

approximated in welding simulations. Another way of overcoming this issue is to use an 

approach called cut

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

 

dilation is influenced by the temperature distributions which are strongly influenced by 

the thermal material properties. 

Figure 15: Temperature dependent thermo

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

mechanical 

a big challenge

approximated in welding simulations. Another way of overcoming this issue is to use an 

approach called cut

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

the thermal material properties. 

Temperature dependent thermo

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

mechanical 

a big challenge. Usually, the material pro

approximated in welding simulations. Another way of overcoming this issue is to use an 

approach called cut

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

the thermal material properties. 

Temperature dependent thermo

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

mechanical material properties at such elevated temperatu

. Usually, the material pro

approximated in welding simulations. Another way of overcoming this issue is to use an 

approach called cut

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

the thermal material properties. 

Temperature dependent thermo

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

. Usually, the material pro

approximated in welding simulations. Another way of overcoming this issue is to use an 

approach called cut-off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

the thermal material properties. 

Temperature dependent thermo

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

. Usually, the material pro

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

the thermal material properties. 

Temperature dependent thermo

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

. Usually, the material pro

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

the thermal material properties. 

Temperature dependent thermo

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

. Usually, the material pro

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

the thermal material properties.  

Temperature dependent thermo

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

. Usually, the material pro

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

 

Temperature dependent thermo

steel grade

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

. Usually, the material pro

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

Temperature dependent thermo

steel grade

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

. Usually, the material pro

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

Temperature dependent thermo

steel grade

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

. Usually, the material pro

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

Temperature dependent thermo

steel grade

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

. Usually, the material pro

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

problems in the analysis. By using cut-off temperatures

associated with convergence can be reduced.

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

19

dilation is influenced by the temperature distributions which are strongly influenced by 

Temperature dependent thermo

steel grade [40]

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

. Usually, the material pro

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

off temperatures

associated with convergence can be reduced. The strategy of using cut

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below th

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

19 

dilation is influenced by the temperature distributions which are strongly influenced by 

Temperature dependent thermo-mechanical material properties of 

[40]

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

. Usually, the material properties at elevate

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

off temperatures

The strategy of using cut

for residual stresses estimation yields acceptable results. It is because the stresses start 

to develop at temperature reasonably below the melting temperature.

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

 

dilation is influenced by the temperature distributions which are strongly influenced by 

mechanical material properties of 

[40]. 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

perties at elevate

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

off temperatures

The strategy of using cut

for residual stresses estimation yields acceptable results. It is because the stresses start 

e melting temperature.

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

mechanical material properties of 

 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

perties at elevate

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

off temperatures

The strategy of using cut

for residual stresses estimation yields acceptable results. It is because the stresses start 

e melting temperature.

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

mechanical material properties of 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

perties at elevate

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

off temperatures

The strategy of using cut

for residual stresses estimation yields acceptable results. It is because the stresses start 

e melting temperature.

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced 

dilation is influenced by the temperature distributions which are strongly influenced by 

mechanical material properties of 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

perties at elevate

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

off temperatures

The strategy of using cut

for residual stresses estimation yields acceptable results. It is because the stresses start 

e melting temperature.

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

distortions especially angular distortions are influenced by the yield strength of  the 

dilation is influenced by the temperature distributions which are strongly influenced by 

mechanical material properties of 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

perties at elevate

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

off temperatures 

The strategy of using cut

for residual stresses estimation yields acceptable results. It is because the stresses start 

e melting temperature.

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

by the yield strength of  the 

dilation is influenced by the temperature distributions which are strongly influenced by 

mechanical material properties of 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatu

perties at elevate

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

 [41], [42]

The strategy of using cut

for residual stresses estimation yields acceptable results. It is because the stresses start 

e melting temperature.

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

by the yield strength of  the 

dilation is influenced by the temperature distributions which are strongly influenced by 

mechanical material properties of 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

material properties at such elevated temperatures 

perties at elevated

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

[41], [42]

The strategy of using cut

for residual stresses estimation yields acceptable results. It is because the stresses start 

e melting temperature.

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

by the yield strength of  the 

dilation is influenced by the temperature distributions which are strongly influenced by 

mechanical material properties of 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

res 

d temperatures

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

[41], [42]

The strategy of using cut

for residual stresses estimation yields acceptable results. It is because the stresses start 

e melting temperature. 

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

by the yield strength of  the 

dilation is influenced by the temperature distributions which are strongly influenced by 

mechanical material properties of 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

res experimentally is 

temperatures

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in materi

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

[41], [42]

The strategy of using cut-off temperature 

for residual stresses estimation yields acceptable results. It is because the stresses start 

 

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work

an effort is being made to quantify the influence of phase transformation

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

by the yield strength of  the 

dilation is influenced by the temperature distributions which are strongly influenced by 

mechanical material properties of 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

experimentally is 

temperatures

approximated in welding simulations. Another way of overcoming this issue is to use an 

off temperature in which the no change in material properties 

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

[41], [42] the problems 

off temperature 

for residual stresses estimation yields acceptable results. It is because the stresses start 

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

quantified the influence of phase transformation. In an unpublished work by the author

an effort is being made to quantify the influence of phase transformation i.e. martensitic 

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

by the yield strength of  the 

dilation is influenced by the temperature distributions which are strongly influenced by 

mechanical material properties of 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

experimentally is 

temperatures

approximated in welding simulations. Another way of overcoming this issue is to use an 

al properties 

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

the problems 

off temperature 

for residual stresses estimation yields acceptable results. It is because the stresses start 

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studie

that it is important to incorporate the phase transformation. However, not many studies 

by the author

i.e. martensitic 

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

by the yield strength of  the 

dilation is influenced by the temperature distributions which are strongly influenced by 

mechanical material properties of 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

experimentally is 

temperatures

approximated in welding simulations. Another way of overcoming this issue is to use an 

al properties 

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

the problems 

off temperature 

for residual stresses estimation yields acceptable results. It is because the stresses start 

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

stresses and distortions has been studied quite extensively. Almost, all studies shows 

that it is important to incorporate the phase transformation. However, not many studies 

by the author

i.e. martensitic 

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

by the yield strength of  the 

dilation is influenced by the temperature distributions which are strongly influenced by 

mechanical material properties of S355 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

experimentally is 

temperatures

approximated in welding simulations. Another way of overcoming this issue is to use an 

al properties 

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

the problems 

off temperature 

for residual stresses estimation yields acceptable results. It is because the stresses start 

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

s shows 

that it is important to incorporate the phase transformation. However, not many studies 

by the author

i.e. martensitic 

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

by the yield strength of  the 

dilation is influenced by the temperature distributions which are strongly influenced by 

S355 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

experimentally is 

temperatures are 

approximated in welding simulations. Another way of overcoming this issue is to use an 

al properties 

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

the problems 

off temperature 

for residual stresses estimation yields acceptable results. It is because the stresses start 

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

s shows 

that it is important to incorporate the phase transformation. However, not many studies 

by the author

i.e. martensitic 

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

by the yield strength of  the 

dilation is influenced by the temperature distributions which are strongly influenced by 

S355 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

experimentally is 

are 

approximated in welding simulations. Another way of overcoming this issue is to use an 

al properties 

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

the problems 

off temperature 

for residual stresses estimation yields acceptable results. It is because the stresses start 

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

s shows 

that it is important to incorporate the phase transformation. However, not many studies 

by the author

i.e. martensitic 

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

by the yield strength of  the 

dilation is influenced by the temperature distributions which are strongly influenced by 

 

During the welding process the weld metal and its adjacent regions experience 

elevated temperatures up to melting temperature of the material. And, to get the 

experimentally is 

are 

approximated in welding simulations. Another way of overcoming this issue is to use an 

al properties 

beyond this temperature is accounted for. Moreover, at such high temperatures the yield 

stress and Young's modulus have very small values which can cause convergence 

the problems 

off temperature 

for residual stresses estimation yields acceptable results. It is because the stresses start 

The influence of phase transformation i.e. martensitic transformation, 

transformation induced plasticity, transformation superplasticity etc. on residual 

s shows 

that it is important to incorporate the phase transformation. However, not many studies 

by the author 

i.e. martensitic 

transformation on distortions in different steel grades. Moreover, the study also focuses 

on investigating the distortion mechanisms in different steel grades as it was found that 

by the yield strength of  the 

 



5.4

while the remaining region in the structure behaves almost linear elastic. But in the FE 

analysis the whole structure is 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

the linear portion of the m

are recalculated at every equilibrium iteration.

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

condensation. 

[40]

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

5.4 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

analysis the whole structure is 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

the linear portion of the m

are recalculated at every equilibrium iteration.

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

condensation. 

[40].

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

 

 Substructuring

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

analysis the whole structure is 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

the linear portion of the m

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

condensation. 

 

                               

Figure 16: Subdivision of bogie beam structure into linear and non

. 

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Substructuring

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

analysis the whole structure is 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

the linear portion of the m

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

condensation. 

                               

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Substructuring

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

analysis the whole structure is 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

the linear portion of the m

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

condensation. 

                               

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Substructuring

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

analysis the whole structure is 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

the linear portion of the m

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

condensation.  

                               

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Substructuring

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

analysis the whole structure is 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

the linear portion of the m

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

 

                               

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Substructuring

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

analysis the whole structure is 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

the linear portion of the m

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

                               

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Substructuring

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

analysis the whole structure is 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

the linear portion of the m

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

                               

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Linear Region

(Substructure)

Substructuring 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

analysis the whole structure is 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

the linear portion of the m

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

                               

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Linear Region

(Substructure)

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

analysis the whole structure is 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

the linear portion of the model so that only element matrices of the nonlinear portion 

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Linear Region

(Substructure)

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

analysis the whole structure is 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Linear Region

(Substructure)

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

analysis the whole structure is treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Linear Region

(Substructure)

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Linear Region

(Substructure) 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Linear Region 

 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

20

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

are recalculated at every equilibrium iteration.

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

20 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

are recalculated at every equilibrium iteration. 

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

 

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the subst

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribu

then obtained by substituting calculated displacement vector of boundary nodes into 

Nonlinear Region

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

Once the reduced equivalent matrices of the substructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

displacement of the internal nodes and stress distribution within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 

Nonlinear Region

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

ructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

tion within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 

Nonlinear Region

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

ructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

tion within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 

Nonlinear Region

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

ructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

tion within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 

Nonlinear Region

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one si

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

ructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

tion within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 

Nonlinear Region

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

by condensing a group of elements within a structure into one single element. This 

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

ructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

tion within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 

Nonlinear Region 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

ngle element. This 

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carrie

Figure 16: Subdivision of bogie beam structure into linear and non

ructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

tion within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 

 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

ngle element. This 

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

connected to the remaining structure (nonlinear portion of the structure) through these 

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

The reduction of the degree of freedom within the superelement is carried out by static 

Figure 16: Subdivision of bogie beam structure into linear and non-

ructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

tion within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

ngle element. This 

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

) through these 

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

d out by static 

-linear region

ructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

tion within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

ngle element. This 

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

) through these 

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

d out by static 

linear region

ructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

tion within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

ngle element. This 

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

) through these 

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

d out by static 

linear region

ructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

tion within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

ngle element. This 

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

) through these 

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

d out by static 

linear region

ructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

tion within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

ngle element. This 

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

) through these 

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

d out by static 

 

linear region

ructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

tion within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 

During welding process the region closer to the heat source is highly nonlinear 

while the remaining region in the structure behaves almost linear elastic. But in the FE 

treated as a nonlinear model and the element matrices of 

the complete structure are recalculated at every equilibrium iteration thus resulting in 

larger computational time. The computational time can be reduced by substructuring 

odel so that only element matrices of the nonlinear portion 

Substructuring is a procedure to reduce the size of the matrix system of equations 

ngle element. This 

single element represented as a matrix is called superelement. The nodes at the 

boundary of the superelement are called boundary or master nodes and superelement is 

) through these 

nodes. The nodes within the superelement are called internal or slave nodes and these 

are the nodes which are to be condensed in terms of corresponding boundary nodes. 

d out by static 

linear region 

ructure in terms of the boundary 

nodes are evaluated they are assembled into global system of matrix equations to solve 

for unknown degrees of freedom of the remaining structure and boundary nodes. The 

tion within the substructure is 

then obtained by substituting calculated displacement vector of boundary nodes into 



21 

 

equilibrium equation of the substructure. The reduced equivalent matrices of the 

substructure is calculated only once (in the beginning of the analysis) and it is 

assembled into the matrix system of equations of the remaining structure (nonlinear 

portion) which will be updated at every equilibrium iteration during a nonlinear 

analysis. The only shortcoming of the substructuring method in the welding simulations 

is the selection of linear region or substructure in the model. The selection of 

substructure can be carried out either by selected those elements which are assumed to 

have no plastic strains or by selecting an arbitrary region far from the local weld zone. 

A large welded structure (bogie beam) is analyzed by using substructuring method 

in both thermal and mechanical analysis. In bogie beam structure, the region which has 

temperature below 125oC during thermal simulation is assumed as linear region The 

original bogie beam structure was meshed with 60139 elements and after 

substructuring the elements are reduced to 48731, see figure 16. By doing so the 

computational time involved in the welding simulation was reduced. 

6 Contribution to the field 

The followings are believed to be the contributions made to the field 

1. An efficient welding simulation approach has been developed for the 

assessment of welding residual stresses in small scale welded structures. 

2. A Java based material property software JMat Pro has been validated for the 

prediction of temperature dependent material properties. 

3. A framework has been developed for the assessment of welding residual 

stresses in large welded structures using computational weld mechanics. 

4. Investigating the influence of thermo-mechanical material properties on the 

formation of residual stresses and angular distortion in different steel grades. 

5. Development of empirical equations for the prediction of temperature 

dependent yield stress for different steel grades. 

7 Summary of appended papers 

Paper A: In this paper an alternative FE simulation approach for the assessment of 

welding residual stresses, called rapid dumping is developed. It is a sequentially coupled 

thermo-mechanical simulation approach which makes use of the moving heat source in 

thermal analysis and the block dumping approach in mechanical analysis. This approach 

is validated by implementing on different small scale welded joints. The numerical 

predictions of residual stresses were compared with the experiments. Moreover, in this 

paper a java based material properties simulation software, JMat Pro, is used to generate 

thermo-mechanical properties of different materials. The prediction of temperature 
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dependent material properties from this software is also validated with experiments. It 

was concluded that the developed approach can significantly reduce the computational 

time and JMat Pro software can predict the temperature dependent material properties 

with acceptable accuracy. 

Paper B: This paper was the continuation of the work being done in paper A. In 

this paper an effort has been made to develop a FE simulation framework for 

assessment of welding residual stresses in large welded structures. Different welding 

simulation approaches are implemented on a large welded structures and the 

predictions are compared with the experimental measurements. It was concluded that 

the computational time involved in the welding simulations can be reduced by these 

approaches but at the cost of accuracy of the results. 

Paper C: In this paper the influence of thermo-mechanical material properties of 

different steel grades (S355-S960) on welding residual stresses and angular distortion 

in T-fillet joints is investigated. Different cases in which temperature dependent thermo-

mechanical material properties are considered as constant, linear, and as a function of 

temperature are simulated by using finite element (FE) method. Experiments are carried 

out to evaluate temperature dependent yield stress and Young’s modulus for S700 and 

S960 steel grades. Furthermore, JMat Pro software is used to obtain the remaining 

thermo-mechanical material properties. The numerical predictions of angular distortion 

and transverse residual stresses are validated with experimental measurements. It is 

observed that for assessment of residual stresses, except yield stress, all of the thermo-

mechanical properties can be considered as constant. For the prediction of angular 

distortions with acceptable accuracy, heat capacity, yield stress and thermal expansion 

should be employed as temperature dependent in the welding simulations.  

Paper D: The results reported in this research study are part of a larger EU RFCS 

(Research Fund for Coal and Steel) project where the aim is to study the fatigue behavior 

of improved welds in high strength steels by utilizing different improvement techniques. 

In this particular study LTT (Low Transformation Temperature) weld filler material 

have been investigated and their possibility to improve the fatigue strength. The 

characteristic of these filler material is that they undergo phase transformation at 

temperature close to room temperature which will reduce the tensile residual stress in 

the weld and in some cases result in compressive residual stresses. Two different LTT 

alloy compositions have been developed, with different Ms (Martensite Start) 

temperatures in order to study the amount of tensile/compressive residual stresses 

produced by these wires. Welding residual stress measurements were carried out by X-

ray diffraction technique. Plates with welded longitudinal attachments were fabricated 

in 700 MPa and 960 MPa steel grades using different LTT filler materials. These 
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specimens were fatigue tested in constant and variable amplitude loading and the 

fatigue test results were compared with results from specimen welded with 

conventional weld filler material. 

8 Future work 

• Development of simplified material models for the incorporation of phase 

transformation in high strength steel welded structures. 

• Development of material models for the incorporation of phase 

transformation due to low temperature transformation filler wires. 

• Incorporation of the predicted residual stresses for the estimation of fatigue 

strength in FE analysis. 

• Product and welding process development and optimization using efficient 

welding simulations. 
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