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ABSTRACT 

Submerged arc welding is a fusion welding process which is characterized by its high 

deposition, deep penetration, high productivity and smooth finish especially for  down-hand 

position welding. It is generally used in fabrication of large structures, which involves the 

formation of residual stresses and distortion. The purpose of the present work is to study the 

thermo-mechanical behaviour and weldment characterization of the submerged arc welded 

joints and development of suitable mitigation technique for controlling the weld induced 

residual stresses and angular deformation. For this purpose, numerical analysis and numerous 

experimental investigation of submerged arc welded mild steel plates were carried out in this 

present study. 3-D transient, nonlinear, elasto-plastic finite element models were developed to 

estimate the thermal history, the residual stresses and distortion of the welded plates. To 

eliminate the time for edge preparation, welding were carried out for square butt joint with 

top and bottom reinforcement. A comparative study between single and double sided fillet 

joints was carried out. Effect of tacking sequences and welding sequences were studied for 

the development of sustainable mitigation techniques. Angular distortion in large structures 

also estimated by using an equivalent technic, which eliminated huge computation time and 

resources. Results obtained from the numerical analysis were compared with the 

experimental one. Estimation of correct heat source parameters is quite a challenging task. A 

new volumetric heat source model was developed which can be used in the simulations of 

fusion welding. Thermal profiles as well as weld bead dimensions were estimated by the 

application of the new heat source. Effect of weld parameters, joint geometry on weld bead 

geometry as well as mechanical property was studied. The addition of surface active elements 

enhances the weld penetration, effect of the same was studied. Single and multi-response 

optimizations were carried out to determine the best parameter combination. 

 

Keywords: Transient thermal analysis, structural analysis, 3-D finite element analysis, 

residual stresses, angular deformation, inherent strain, plastic strain, elastic strain, large 

structure, heat source, welding sequence, tacking sequence, surface active element, included 

angle, welding process parameter, optimization. 
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CHAPTER 1 

Introduction 

 

1.1 General background  

 

Welding is the most widely used joining process in the fabrication of structures, which includes 

the conventional industrial applications to modern engineering applications like the fabrication 

of aerospace structures, nuclear application, high-pressure vessels, marine structures etc. [1]. 

Welding is known as one of the most complex manufacturing processes, as a large number of 

variables and factors controls the welding process towards the determination characteristics of 

the final weld joint [2]. Even though welding is recognized as one of the most significant 

fabrication processes used in engineering industries, there is little scientific understanding 

present in productivity measurement and evaluation of welding processes [2]. As a widely used 

manufacturing technique, welding offers a number of technical challenges to the welding 

community specially shop floor engineers engaged in integrated structures through welding 

[1]. Compared  to conventional mechanical  joining  methods welding  offers  some  significant  

advantages  including  flexibility  of design, improved structural integrity and weight & cost 

savings [1, 3]. However, during joining of components of a structure, highly localized thermal 

gradients induces thermal strains in the weld joint and base metal regions resulting in 

generation of high magnitude of residual stresses within and around the weld region. Which in 

turn combine and react to produce internal forces and results in bending, buckling, and rotation. 

These displacements are termed as welding distortions [1, 4]. Both weld residual stress and 

distortion can significantly impair the performance and reliability of the welded structures [5]. 

Therefore, they must be critically dealt with design and manufacturing phases to ensure 

intended in-service use of the welded structures. Over several fusion welding processes, one of 

the established techniques for welding big structure is submerged arc welding (SAW). The 

quantitate assessment of distortion and residual stress of an integrated structure is of paramount 

interest to the researchers. Therefore the present work is focused on thermomechanical analysis 

of submerged welded structure through experimental investigation and by the development of 

numerical model.  
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1.2 Submerged arc welding (SAW) process  

 

Submerged arc welding is a fusion welding process which fuses the parts to be joined by 

heating them with an arc or arcs between a bare electrode or electrodes and the base metal. The 

process is normally semi-automatic or fully automatic [6]. It is used to weld medium-to-thick 

steels in a flat or down hand position. It has become popular for heavy plate welding because 

it produces high-quality weld metal at a minimum cost. It is normally used for welding steels 

and is not applied to nonferrous metals [9].  

 

SAW process uses a blanket of granular fusible flux, beneath which both the weld and the arc 

zone, are protected or “submerged.”  This flux blanket guards against atmospheric 

contamination, stabilizes the arc during welding, prevents splatter and sparks from flying about, 

and suppresses radiation and fumes that are typical of the shielded metal arc welding process. 

The arc is flat and the same is maintained between the end of a bare wire electrode and the 

weld. After initiation of the arc, the consumable electrode is continuously fed by a wire feeding 

mechanism towards the weld line at a controlled rate and the welding torch is moved 

automatically along the weld seam. A schematic representation of submerged arc welding 

process and equipment is shown in Figure 1.1. The heat generated by the arc progressively 

melts the electrode tip, the adjacent edges of base metal and some of the flux, which is 

continuously fed in front and around the electrode from a hopper. The molten slag thus formed, 

floats on the molten metal and thus completely shields the molten pool from atmosphere. As 

the welding arc advances along the seam, the deposited weld metal and the liquid slag cools 

down and solidifies, forming the weld bead and the protective slag shield over it. This slag 

shield results in a slower cooling rate for the deposited weld metal thus providing an annealing 

effect to the weld deposit.  

There are some key parameters of the submerged arc welding process.  These variables 

includes the arc voltage, the wire feed speed, travel speed, contact tip to work or electrode 

stick-out, polarity and current type (may be either AC or DC), as well as variable balance AC 

current. The submerged arc welding process is one of the efficient electrical arc welding 

technologies using in the construction of ship and civilian vessels due to its various advantages 

over manual metal arc welding such as high efficiency [10], high deposition rate [11], high 

current density [11] and good weld shape [10].  
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Figure 1.1 Schematic illustration of submerged arc welding process and equipment 

 

SAW is most widely used method for welding thick section in down hand position being a 

highly economical method for fabrication [12], especially in restoration of worn parts [11]. It 

is commonly used due to its easy applicability, its ability to deposit a large amount of weld 

metal while using more than one wire at the same time [11] and at least half or more of the flux 

is recoverable. Recent researchers are trying to reuse the most of the fluxes [7] to improve the 

cost effectiveness. Optimization process parameters to achieve the best weld joint is going on 

for steels of various thickness as well as other advanced materials. Residual stress and angular 

deformation is one of the area where some researchers are concentrating. Fluid flow based 

modes for tandem SAW is quite successful one. Nearly 100% joint efficiency with high 

deposition rate is possible in SAW that is why it has got extensive industrial applications in the 

field of pressure vessel, manufacturing, structural engineering, shipbuilding industries, 

chemical plants, commercial vessels, pipe welding (very large diameter and high thickness 

pipes), railway industry , bridge building, rebuilding and surfacing, motor industry, general 

fabrication, nuclear, power generation plants, land transportation (beam, boom, tractor, and 

multi-head type rigs) etc. 

 

 

 

TH-2183_11610318



4 
 

1.3 Welding as a multi-physics problem 

 

Modelling of welding is a multi-physics problem, starting from the arc initiation to the cooling 

of the welded joints there are involvement of several physical fields along with coupling 

between different physical fields which are of very complex nature. 

 

 

 

Figure 1.2 Welding as a multi-physics problem 

 

Figure 1.2 shows the schematic diagram of welding-multi-physics. It can be clearly seen that 

welding involves the interaction among thermal, electrical, electromagnetic fields, 

metallurgical transformation, fluid flow, mechanical processes etc. The arc initiation where 

there is an electron flow between the electrode and the work piece due to the electrical process 

and generates intense heat. The arc itself influenced by the electromagnetic forces like Lorentz 

force which influences the droplet shape and eventually have influence on the heat transfer. If 

shielding gas is used the magnetic field influences the shielding gas flow and molten pool 

behaviour, a plasma column forms between the cathode and anode drop zones which is 

responsible for the droplet transfer from the electrode to the work piece.  

 

Non-uniform heating and cooling occurs in a small area which is responsible for the 

metallurgical changes i.e. the phase transformation of the base material as the temperature due 

to welding raises to well above the melting point. Followed by heating, cooling occurs and the 

formation of new microstructures like austenite or martensite (in steel) etc. take place 
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depending upon the cooling rate and type (whether it’s a controlled or air cooling). Though the 

phase transformation effect is not significant for residual stress & distortion of low carbon 

steels [13].  Again due to the non-uniform heating and cooling volumetric change occurs in the 

fusion zone and thermal stress develops which leads to the development of residual stress and 

the deformation of the weld structure after cooling.  

 

Therefore the residual stress and deformation in welded structure depends upon thermal as well 

as microstructural changes in the weld metal. The plastic deformation also has a contribution 

in it by affecting the microstructure and heat generation. The microstructural variation is also 

affected by the use of shielding gases, and the porosity, diffusion and absorption of the gases 

is dependent on the microstructure of the weld metal. Therefore it is well understood that 

welding is a multiphysics problem, to model a welding process effectively we have to consider 

thermal properties, electrical, electromagnetic properties, weld metal flow, flow of gases, filler 

material, residual stress, deformation, microstructure etc. But considering each and every 

parameter will make the model extremely complex therefore the parameters which has 

influences the most is generally considered during the modelling and simulation of a welding 

process. 

 

1.4 Residual stress and distortion in SAW process 

 

Residual stress is the type of stress which remains in a body which is stationary and at 

equilibrium with its surroundings [14, 15]. During the welding process locally rapid melting 

and solidification occurs in specific zones of the base plate (FZ and HAZ), the existence of 

high temperature gradient in the weld zone creates a very high stress concentration in the weld 

zone and nearby HAZ [16, 17], which generally exceeds the yield strength of the material. If 

the stresses generated from thermal expansion/contraction exceed the yield strength of the 

parent metal, localized plastic deformation of the metal occurs. Plastic deformation causes a 

permanent reduction in the component dimensions and distorts the structure [18]. 

 

Initially when the weld pool is formed upon the base metal, heat is transferred rapidly and heat 

affected zone is formed but due to this extreme heating the metal at HAZ gets expanded and 

compressive stresses are formed in the surrounding cold base metal to counter this expansion. 

But, tensile stresses arises upon cooling when the contraction of the weld metal as well as the 

HAZ takes place and which is  resisted by the adjacent cold base metal. Presence of large 
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amount of residual stresses in the welded structure can evidently reduce the fatigue strength, 

cause crack generation and shorten the lifetime of the welded part [19, 17]. In a nutshell the 

principle of the distortion can be assumed as the material shrinkage during heating and cooling 

cycle of the welding process. 

 

The change in temperature and stresses during welding are studied by many researchers. The 

formation of residual stresses during welding is explained in the Figure 1.3 [20]. A welding 

plate with a moving arc and the corresponding temperature and stress distribution (σx) at four 

different cross sections are shown. The egg-shaped region (cross section 2-2’) is the present 

location of the heat source and this is the area where melting took place, cross section 3-3’ is 

the cooled down region, the melted region is denoted by cross section 4-4’ and the zone yet to 

welded is shown by cross section 1-1’. 

 

Figure 1.3 Schematic diagram of changes in temperature and stresses during welding [20] 

 

Now from the temperature distributions it can be seen that Section 1-1’ is located at some 

distance ahead of the welding torch/heat source therefore the temperature gradient, ∆T due to 

the welding is almost zero. Along the section 2-2’, which is located just at the welding arc 

where the change in temperature is very high and it follows an uneven distribution. Section 3-

3’, which is located at some distance behind the welding arc where the change in temperature 

is less steep and the distribution is more even. Finally the last section 4-4, which is located far 
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away from the welding arc and as the due to this the metal already cools down and again the 

temperature gradient due to welding is zero. 

 

The stress distribution due to the temperature gradients at the same cross sections i.e. 1-1’, 2-

2’, 3-3’, and 4-4’ are shown. Only σx is considered as shearing and normal stresses in y-

direction are much smaller value. In the section 4-4’, the welding thermal stresses are zero. As 

the molten metal in the weld pool region at section 4-4’ cannot support a load, the stresses in 

the region are also almost zero. The stresses in the heat affected zone (HAZ) at section 3-3’ are 

compressive due to the expansion of these areas is restrained by surrounding colder metal. In 

section 3-3’, weld metal and HAZ is cooled enough, the resulting stress is tensile in nature in 

this region as they try to shrink. The stresses are compressive in nature further away from the 

weld line. Finally, section 1-1’ represents the cooled down region, where higher tensile stresses 

are present in the HAZ zone and compressive stresses exist away from the weld line. 

 

During welding, heat is applied from the weld torch in localized manner therefore thermal 

gradients are produced. Due to localized non-uniform heating and cooling cycles in the weld 

and adjacent base metal, complex thermal strains are developed. The stresses resulting from 

the thermal strains produce internal forces leading to shrinkage of the material. The stresses 

that would exist in a weldment after all external loads are removed are called residual stresses. 

The residual stresses are internal stresses of self-equilibrating nature i.e. it can be tensile and 

compressive in different locations but both types will balance each other. The development of 

residual stress with temperature distribution in one direction is illustrated in Figure 1.3, it can 

be seen that both compressive and tensile residual stresses are present after cooling.  

 

Figure 1.4 Three bar analogy for residual stresses [21] 
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If we consider the three bar analogy as shown in the Figure 1.4, where the weld zone is thought 

of the middle bar and the surrounding sides are two other bars fixed together at both ends. 

While heating the middle bar i.e. the weld zone will try to expand but the attached colder bars 

(surrounding) will resist therefore compressive residual stress will develop in the weld zone 

but tensile residual stress will develop in the surroundings. But during cooling the molten weld 

zone will try to shrink. Due to this tensile stress will develop in the longitudinal as well as in 

the transverse direction in the weld zone. Both compressive and tensile stresses are 

complementary in nature and balance each other. The stress distribution in transverse and 

longitudinal direction is shown in Figure 1.5. As the transverse thermal gradient is much larger 

the longitudinal one, the plastic strain and shrinkage in transverse direction will be around 10 

times more than the longitudinal strain and shrinkage, thus the magnitude of the transverse 

stresses will be much smaller that the longitudinal one. 

 

Figure 1.5 Residual stress distribution in butt welded joint [190] 

 

Residual stress magnitude depends upon various factors like the amount and rate of heat input, 

preheat and post weld heat treatment of the sample, material properties, any calculated welding 

or tacking sequence, use of fasteners or any mechanical treatments etc. Depending upon 

application (location & orientation) residual stress can have positive and negative effects on 

the stability of the weld structure. Tensile residual stresses are detrimental for the structure 

under tensile loading as it will enhance the failure but compressive residual stresses does the 

opposite. Sometimes residual stress are incorporated into the structures by operations like shot 

peening to get the benefit of it. The fatigue strength of welded structure is highly influenced by 

residual stresses, presence of tensile residual stress reduces the fatigue strength but compressive 

one enhances the same. The residual stresses can be relieved from the weld by relieving the 
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locked in strains. From a metallurgical point of view, three different types of residual stress are 

identified, based on the scale of the observed material [22].  The   macroscopic stresses (stresses 

of the  first kind)  are defined on the level of several  metal grains;  micro stresses of the second 

kind  are defined over one  single  grain,  while micro stresses of the  third kind  are defined on 

a part of the grain.   

 

Residual stresses due to thermal gradient produces deformations of the structure. During 

cooling stage, molten weld zone and the adjacent base metal shrinks, due to the shrinkage 

forces distortions develops in the welded structure. As a rule of thumb residual stress and 

angular deformation are inversely related, if residual stress increases the amount of distortion 

decreases and vice versa. The plot of residual stress and distortion is shown in the Figure 1.6.  

It can be observed from the Figure 1.6, with the increase in degree of restraint, the magnitude 

of residual stress increases but distortion decreases & vice versa. 

 

 

Figure 1.6 Relation between residual stress and distortion [23] 

 

During welding, thermal gradients are produced. Due to non-uniform heating and cooling 

cycles in the weld and adjacent base metal, complex thermal strains are developed. The stresses 

resulting from the thermal strains produce internal forces leading to shrinkage of the material. 

The stresses that would exist in a weldment after all external loads are removed are called 

residual stresses. Depending on the shrinkage pattern and the shape of the structure welded, 

various deformations take place. Generally there four fundamental types of weld distortion viz. 

transverse shrinkage, longitudinal shrinkage and angular deformation in two directions. Figure 

1.7 shows various types of weld distortions like transverse and longitudinal shrinkage, bending, 
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buckling, rotational distortion, angular distortion etc. for but welded joints. Angular 

deformations for fillet welded joints are also shown in the Figure 1.8.  

 

 

 

Figure 1.7 Types of welding deformations for butt joints 

 

 

 

Figure 1.8 Various types of welding distortions in fillet joints (a) angular deformation (b) 

Longitudinal distortion 

 

Shrinkage force dring cooling of the welds causes the distortions in the welded structure. Post 

welding residual stress and distortion are the major problems to get a sound weld joint. Residual 

stresses are more difficult to predict than the in-service stresses on which they superimpose. 

For this reason, it is important to have reliable methods for the prediction & control and 

measurement of these stresses and distortions. Understanding & developing proper methods is 

necessary to address the challenging issues for mitigation of residual stress and distortion in 

real life welded structures. 
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In a nutshell, development of techniques for reducing the angular deformation for various joint 

configurations as well as large structures is the main objective of the present work. Numerical 

simulation of heat transfer as well as structural analysis of submerged arc welding process for 

prediction of the residual stress and angular deformation are among the other major 

contribution of the present work. Emphasis was given towards the development of a new heat 

source to predict the weld bead geometry of submerged arc welding. Thereafter, experimental 

investigation was performed for studying the mechanical properties of the submerged arc 

welded mild steel joints. Optimization techniques were applied for predicting best weld 

parameter combination for getting a sound weld joint. It is understood that the developed 

thermo-mechanical model of submerged arc welding has scope for utilization for real life 

problems in industries for practicing engineers. 

 

 

1.5 Research Objectives 

 

The overall objective of the thesis is understanding the physics of submerged arc welding while 

efforts have been given to quantify the residual stress and deformation in submerged arc welds. 

In this effect, some work is done in the direction of developing suitable mitigation techniques 

for controlling resdual stress and deformation. The influence of activated flux on weld bead 

geometry as well as mechanical properties have been studied. Optimization process parameters 

in different weld conditions were given some importance. Development of appropriate heat 

source for fusion welds is a challenging task, so efforts have been made in that direction. Finally 

some works are reported to predict angular deformation in large structures using equivalent 

loading techniques. Finally to achieve the research objectives the following segments were 

accomplished either separately or simulteneously, which are developed over the whole duration 

of the research work. 

 

 Prediction of thermal history and residual deformation of single pass single sided butt 

joints and single & double sided fillet joints. 

 Development of FE transient elasto-plastic thermo-mechanical model to compute the 

influence of tacking sequence on residual stress and distortion 

 Development of a FE thermo-mechanical model to study the effect of welding sequence 

on thermal history, residual stresses and distortion in fillet welds. 
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 Comparative study of residual stresses and angular deformation between single and 

double sided fillet welded joints. 

 Estimation of weld induced distortion of large structures using an equivalent loading 

technique.  

 Development of a new heat source model i.e. avocado-configuration volumetric heat 

source model with more accurate consideration of the shape of the moving heat source. 

Prediction of the temperature distribution and the weld-pool dimensions using the 

newly developed avocado-configuration heat source model. 

 Study of the effect of activated flux on weld bead geometry and mechanical properties. 

 Study of the influence of edge process parameters on weld mechanical properties 

 Optimization of the welding process parameters using Taguchi method and Grey 

relational analysis for getting the best weld mechanical property. 

 

1.6 Layout of thesis 

 

• Introduction to the subject, main objective and the layout of the report is included in 

Chapter 1. It also describes the working principle of submerged arc welding and types 

of welding deformations. 

 

• Chapter 2 presents a critical literature review of the work of previous researchers. A 

brief description of different heat source models proposed from past to till date is given 

in Chapter 2. It also includes the past works on FEM prediction of residual stress 

analysis as well as experimental analysis. The works on the effect of flux composition 

on SAW joints and the metallurgical aspects of SAW is described briefly. The use of 

several optimization techniques applied on SAW has explained here in Chapter 2. 

 

• The beginning of Chapter 3 outlines the theory of the heat transfer, then the highly 

temperature dependent thermal properties are introduced. A brief theory of residual 

stress analysis, theoretical background of the numerical analysis and the detail 

procedure of the coupled thermo-mechanical analysis and theory of soft computing 

techniques has been discussed in chapter 3. It also includes the mathematical 

background for the development of a volumetric new heat source model.  
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• The detail plan of work and experimental investigation procedure has been described 

in the chapter 4. Submegred arc welding was used to weld mild steel plates. Welding 

were carried out in different joint configurations. Mechanical properties as well as 

microstructural properties have been studied. Angular deformatoon and residual sresses 

were also measured. 

 

• The results and discussion of the experimental investigation and the numerical analysis 

is represented in Chapter 5. The results are validated with experimental and published 

literature. The study of the effect of tacking and welding sequences on residual stress 

and angular distortion of single sided fillet weld is done and validated with conducted 

experiments. A study on comparison of residual stresses induced in a single vs. double 

sided fillet welding structure is presented here. An analysis is made to find out the 

influence of welding parameters on weld induced residual stresses in a butt joint. An 

equivalent loading technique is applied to find out the angular deformation in large 

structure. Furthermore, this chapter presents the influence of surface active elements on 

weld bead geometry and mechanical properties. Effect of edge preparation on 

mechanical properties also presented here. Finally optimization modules were used to 

find out the optimum process parameters. 

 

• The conclusions of present research work are described in Chapter 6. The outline of the 

future works are also included in this chapter. 

 

• The thesis ends with appendix-1, author’s resume and a list of references cited in 

different chapters. 
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CHAPTER 2 

Literature Review 

 

2.1 General Introduction 

 

Fusion welding process uses a suitable heat source to melt and join the parent metal locally 

with or without filler metal deposition followed by solidification of the joint. A number of 

aspects involved in this complete process are namely heat generation, heat transfer, thermal 

expansion, thermal contraction & solidification etc. The heat applied from the fusion welding 

heat source creates a huge temperature gradient in a localized manner, followed by thermal 

expansion and contraction of the joint materials. Therefore after the weld joint cools down to 

the ambient temperature it possesses residual stress and angular distortion, thus affecting 

quality of the final part. 

 

To understand the thermo-mechanical behaviour of the fusion welding process, the research 

work of the previous researchers in the field of computational welding mechanics was 

surveyed. The complexity of the welding process makes the prediction of weld thermal cycle 

a difficult task but by the application of finite element (FE) modelling and simulation helps in 

the prediction of thermal history, residual stress & distortion, weld bead geometry, heat 

affected zones and weld metal flow pattern etc. beforehand. Some of which cannot be well 

understood using the conventional experimental techniques alone. Tools are being developed 

to simulate the welding process so that the methods of controlling and mitigating the residual 

stresses and angular deformations can be controlled to increase the life of the welded structure. 

Finding a proper combination of welding parameters is a critical issue, as the optimal welding 

parameter setting plays a crucial role to achieve a sound weld joint, various optimization tools 

have been developed to predict the optimum process parameters. A good understanding of the 

recent research works is necessary, so the quality of the weld joint as well as the end product 

can be improved as well as failures of the same can be reduced. Therefore this chapter presents 

a brief literature survey on the recent developments in the numerical and experimental studies 

of thermo-mechanical analysis of fusion welding followed by optimization of the process 

parameters and developments in the field of weld induced residual stress and distortion 

analysis. 
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2.2 Modelling of heat sources in welding 

 

One of the major problems in the welding industries is to tackle with problems of the weld 

induced residual stresses and distortions. If weld induced residual stresses and distortions are 

not treated by post weld heat treatment or by any preventive measures, then it will eventually 

cause reduced strength of a welded structure and early failure of the weld joint. These problems 

result directly from the localized differential heating and cooling due to the instance heat input 

from welding arc. Thermal stresses are the sole reason for the development of residual stress 

and distortion in the welded structures therefore precise prediction of these stresses, distortions, 

and strength requires precise prediction of the thermal history. The primary objective of the 

weld heat source modelling is to represent the distribution of true source of heat 

mathematically. Weld parameters like welding current, voltage, diameter of the electrode, 

welding speed, wire feed rate & length of electrode stick out etc. are involved in arc welding 

process. Thermal history patterns depend upon the weld parameters as these are the functions 

of heat input. Therefore, as heat distribution shape is a function of the input weld parameters 

and the shape changes with the variation in input parameters of welding process. Therefore, to 

successfully design an accurate weld joint, study of temperature distribution of the weld is 

essential. 

 

Rosenthal [25] implemented Fourier’s [24] basic theory of heat conduction in moving 

coordinate system to develop solutions for point and line heat sources. Linear two-dimensional 

and three-dimensional heat flow in solid of infinite size or bounded by planes was established. 

To validate the model, experiments were conducted and agreement was seen in between the 

predicted and experimentally measured temperature distributions during plate welding of 

different geometries (length, width, and thickness). The effect of welding parameters was taken 

into consideration into Rosenthal’s model. Welding current, welding voltage, welding speed, 

and weld geometry were considered in Rosenthal’s model. Rosenthal simplified the welding 

heat source into three types as per the heat transfer patterns, which are point heat source, line 

heat source and area heat source. The temperature distribution by a point heat source which 

can be used for surfacing thick plates can be found from the following formula. 

 

3/2

22
ex

(
p

4 4)
( )

Q D

c t
T

t  
 

                 

(2.1) 

 

TH-2183_11610318



16 
 

where Q is the instantaneous heat energy offered by the heat source, Q = ηIV, η = efficiency of 

the heat source, I = welding current and V = welding voltage, α = thermal diffusivity, D = 

distance away from the center of the heat source such that: 

 

2 2 2 1/2( )D x y z                     (2.2) 

 

In the case of infinite thin plate, a line heat source is considered along the plate thickness, the 

temperature field can be expressed as: 
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where d is the distance away from the line source, 
2 2 1/2( )d x y   

In the case of butt-welding the heat source is considered as area source, and the temperature 

field can be found as: 
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where A is the area of the section and x is the distance away from the area source.  

As per the study of Eager et al. [26] and subsequent researchers, Rosenthal models have the 

limitation of not able to predict temperature in and near the weld joint as he considered point 

heat source and temperature at the heat source is infinity. There was limitation to consider 

temperature dependent material properties, phase change, and latent heat. Therefore, the 

accuracy of prediction of the HAZ is relatively low. However Rosenthal’s model gave good 

approximation of temperature in the extended field. Due to the simplicity of the model and 

acceptable accuracy in the low temperature zone Rosenthal’s model is one of the most widely 

accepted models. 

 

Followed by Rosenthal’s work, researchers developed several other heat source models to 

predict the weld temperature distribution. Some notable works like multiple point heat sources 

by Rybicki et al. [27]. Debicarri [28] produced better estimation of transient temperature 

distribution. Line heat source was used by Seo et al. [29] to model heat input from the welding 
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torch. Gaussian distributed heat source was proposed by Friedman [30] to approximate the heat 

flux in the heating spot, as shown in Figure 2.1. The distributed heat flux q(r) can be expressed 

as: 

 

2 2

max 2 2 2

3 3 3
( ) exp( ) exp( )

r Q r
q r q

RR R
                   (2.5) 

 

where qmax is the maximum heat flux at the center of the heat source; r is the distance from the 

heat source center; Q is the heat input energy of the arc; and R is the radius of the heating spot. 

The Gaussian distributed heat source modal is widely used for the welding processes like SAW, 

GTAW, SMAW and proved to provide accurate enough results. 

 

Figure 2.1 The Gaussian distributed heat source [30] 

 

Due to the welding speed, the momentum effect of arc is considerably large which was not 

addresses by the previous researchers therefore accuracy of the models were poor. Goldak et 

al. [32] suggested a Gaussian distributed semi-ellipsoidal heat source model, where the shape 

of the models looks like an ellipse and the heat flux is distributed in a Gaussian manner 

throughout the heat source’s volume as shown in the Figure 2.2. It can be seen from the figure 

that ah, bh and ch are the semi-axes of the ellipsoid. At the center of the heat source heat flux 

reaches the maximum value.  
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Figure 2.2 Goldak’s semi-ellipsoidal distributed heat source [32] 

The heat flux Q(x, y, z) at a point (x, y, z) within the semi-ellipsoid is expressed by: 

 

2 2 2

2 2 2

6 3 3 3 3
( , , ) exp( )

h h hh h h

Q x y z
q x y z

a b ca b c  
                   (2.6) 

 

While comparing the predicted data by the semi-ellipsoidal model with experimental ones, it 

has been found that the estimated temperature gradients in front of the weld arc were less steep 

than the experimental ones. Whereas the estimated temperature gradients behind the arc were 

steeper than the experimental ones. To overcome this issue appeared in the semi-ellipsoidal 

model, Goldak et al. [32, 33] proposed the double ellipsoidal model with Gaussian heat source 

distribution which is shown in Figure 2.3. This model is one of the most widely used model at 

the present day. 

 

Figure 2.3 Double-ellipsoidal distributed heat source [33] 
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To develop the double ellipsoid model, Goldak combined two separate semi-ellipsoids, the heat 

flux within each semi-ellipsoid are expressed by two separate equations. 

The heat flux for a point within the first semi-ellipsoid located in front of the welding arc is 

expressed by the following equation: 

2 2 2

3/2 2 2 2

6 3 3 3 3
( , , ) exp( ) , 0

f

f

f f

f Q x y z
q x y z x

abc a b c
                  (2.7) 

Similarly the equation of the heat flux for the rear part is expressed as: 

2 2 2

3/2 2 2 2

6 3 3 3 3
( , , ) exp( )r

r

r r

f Q x y z
q x y z

abc a b c
                   (2.8) 

where ff and fr are the heat inputs fractions in the front and rear sections of the heat source 

respectively. a, b, cr and cf are the ellipsoidal heat source parameters as shown in Figure 2.3. 

As the double ellipsoidal model provides a realistic shape and good approximations of the arc 

welds using a simple elliptical curve, this model is most widely used and it is widely called as 

double ellipsoidal heat source model. 

 

In the past years, considerable interest in the thermal aspects of welding was expressed by 

many researchers, such as Michaleris and DeBiccari [34], Wahab et al. [35], and Gery et al. 

[36] and others. Keeping in view the requirements, certain other heat source models such as 

those, which were presented, by Sabapathy et al. [37] and Ravichandran et al. [38] are also in 

practice. As welding is a multi-physics problem, models backed by fluid flow is capable of 

predicting the weld pool shape most appropriately, where weld metal flow characteristics are 

also taken into conversation during modelling. Most prominent among the few researchers who 

have significant contribution in the flow based models are Zhang et al. [42], Rai et al. [43], 

Wang et al. [44] and Hel et al. [45]. A three-dimensional numerical model based on transport 

phenomena to analyse heat transfer and fluid flow in fusion welding process is developed using 

finite element method (FEM) to estimate the temperature profile during fusion welding process 

by Bag et al. [36]. Though, these models can predict the weld pool shape more accurately but 

on the other hand it increases the computational complexity. 

 

The recent heat source models used in estimation of fusion welding temperature distributions 

are analytically estimated in various geometric shapes, which follow Gaussian distribution. 

However, more accurate estimation of the shape and size of volumetric heat source is 
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established based on the experimentally measured weld dimensions. Prediction of the unknown 

parameters of heat source is estimated by following inverse approach combining experimental 

data and numerical data within a kernel of multivariable optimization algorithm [46-49]. Bag 

et al. [46] applied genetic optimization to predict the uncertain weld parameters of adaptive 

volumetric heat source models. A differential evolution (DE) based optimization tool was 

established to find the uncertain weld parameters in inverse analysis. It was followed by 3D 

finite element (FE) based fluid flow and heat transfer model to predict the thermal history of 

laser welding [49]. Figure 2.4 shows the dimensions of different parts of a heat source moving 

at a certain velocity. a1, a2 denotes the heat source length, b is the width and c is the depth of 

the heat source. 

 

Figure 2.4 Schematic representations of the dimensions of the heat source [46] 

 

A 2D finite element model of the thermal cycle during SAW multi-pass butt welding is 

developed by Perez et al. [50]. The results of the 2D model are compared against the results of 

a 3D model showing that it is reliable to use 2D models in engineering applications. Ghosh et 

al. [51] has presented a heat transfer model considering a moving heat source with Gaussian 

distribution to predict the thermal history related to submerged arc welded plates.  The 

analytical solutions for a dynamic heat source (such as semi and double ellipsoidal) was 

developed by Nyguyen et al. [52] but the prediction results of the semi ellipsoidal 3-D heat 

source was less accurate then the double ellipsoidal one.  

 

Ghosh et al. [53, 54] developed some analytical models, they developed the analytical solutions 

for a double central conicoidal heat source model. It is reported that the developed model [54] 

is providing less error than the double ellipsoidal heat source model. By choosing suitable heat 

source parameter values the double central conicoidal heat source can be applied for any 

welding process. It can also be reduced to 2-D Gaussian distributed heat source and point heat 
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source; therefore it is a more generalized model. The heat source model was used to estimate 

the temperature distributions of submerged arc welded thick plates [53], the heat input that is 

applied on the plate is considered exactly as same amount of heat lost for electric arc. The heat 

density q(x, y, z) at a point (x, y, z) with in semi-central conicoid is expressed as follows: 

 

2 2 2( )
03/2

2
( , , ) e ax by czabc

q x y z Q


                   (2.9) 

 

As it is quite challenging to experimentally measure the front and rear ellipsoid length of the 

heat source accurately, in practice, some approximate value is assumed. The dimensions of the 

heat source changes while moving at different speeds as per the requirements of the welding 

process. Yadaiah et al. [55] proposed a 3D model to determine the optimum value of the ratio 

of front and rear length of the ellipsoids of the double ellipsoidal heat source model. The ratio 

is assumed on the basis of the weld speed and a suitable functional form is calculated over a 

range of welding speed and welding current. 

 

Over the years researchers have tried to modify the existing heat source model to get better 

approximation, some novel models were also proposed. Works in the direction of identifying 

model parameters and development of composite heat source models by merging different 

existed models was also reported. Wu et al. [56] have proposed a combined heat source model 

for the estimation of thermal profile of keyhole plasma arc welding process. One double 

ellipsoidal and one cylindrical heat source models were combined together to account the heat 

source configuration in keyhole mode plasma arc welding process. Figure 2.5 shows the 

comparison between the predicted and measured weld cross-section using the hybrid heat 

source, a good agreement can be observed. 

 

Figure 2.5 Comparison between the predicted and measured weld cross-section [56] 
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Luo et al. [57] have reported another use of combined heat source model, they studied the 

thermal effects of electron beam welded magnesium alloy. Gaussian distributed heat flux is 

considered on top surface and volumetric conical heat source model was applied through 

thickness of the plate. Li et al. [58] developed combined heat source model for the study of the 

tandem submerged arc welding (T-SAW) process. Due to the self-induced magnetic field the 

arc is deflected in T-SAW, because of which the authors developed the heat source model by 

taking the reflection angle into account. Gaussian distributed surface flux was used along with 

double ellipsoidal heat source models. The model parameters were obtained by PSM (pattern 

search method) and predicted by ANN (Artificial Neural Network) and SVM (Support Vector 

Machine). 

 

Figure 2.6 Combined volumetric heat source model [59] 

 

Li et al. [59] proposed a combined heat source model to analyse the heat transfer and fluid flow 

patterns in plasma arc welding process (Figure 2.6). Two existing heat sources are combined 

together to get the new volumetric heat source model, a double-ellipsoidal heat source is used 

at the upper part and a conical volumetric heat source at the lower part to get the approximation 

of the key-hole mode plasma arc. Azer et al. [60] estimated the dimensions of a heat source 

based upon experimentally observed weld pool sizes. An analytical approach named ‘discretely 

distributed point heat source model’ is used as an intermediate stage between the experiments 

and the numerical model. In the numerical model, the heat source is splitted into two 

perpendicular 2-D ellipsoidal heat sources which correspond to the double ellipsoidal heat 

source model. To approximate the moving heat source accurately, the third dimension of the 

heat source is measured from end crater as shown in the following Figure 2.7. 
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Figure 2.7 Calibration of front and rear sections based on the end crated geometry [60] 

 

Podder et al. [61] proposed a heat source model to estimate weld bead geometry of submerged 

arc welded mils steel joints. They combined three ellipsoids, where the heat source parameters 

of the double ellipsoidal model are determined through regression analysis. Temperature 

dependent material properties like thermal conductivity of the molten weld metal was found to 

provide a realistic picture of heat flow for submerged arc welding of plates with plate 

thicknesses ranging from 6 to 16 mm. The heat source model is shown in the Figure 2.8 and 

the corresponding weld bead geometry from experiments is shown in Figure 2.9. The weld 

beads (A), horizontal penetration depth (B), and finger formation (C) were considered as 

separate ellipsoids. Ellipsoids A and B contribute to the heat content of the horizontal portion, 

and ellipsoid C will contribute to the heat content of the vertical portion. The overlap portion 

is also considered as the heat content of the horizontal portion. The ellipsoids A and B were 

jointly taken as one ellipsoid. 

 

Figure 2.8 Assumption of the realistic weld pool shape [61] 
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Figure 2.9 A typical weld pool showing the vertical and horizontal ellipsoids [61] 

 

Yadaiah et al. [62] developed a new egg shaped heat source model in the direction of 

minimizing the model parameters with geometric shape of an egg for the simulation of fusion 

welding processes without violating the non-symmetry heat density distribution. The effect of 

welding speed on volumetric heat is taken into account with changes in measurable weld 

dimensions and the parameter ‘m’. The authors reported to develop generalized form of heat 

source, while the present available distributed heat source models are mapped with regular 

geometric shapes like disc, semi-ellipse, double ellipsoidal, conical, spherical, or combinations 

of these existing configurations. The 2-D comparison of the egg shape model with an ellipse 

of same semi axis is shown in the Figure 2.10. 

 

 

Figure 2.10 Comparison of 2D egg shape and ellipse with same semi-axes: ellipse and egg 

shape [62] 

 

The heat density distribution inside the front part and rear part of the egg shape model is 

expressed as: 
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where Nf  and Nr are the front and rear fraction of the heat deposition respectively. a, b, c  are the 

semi-axes of the egg-shape model in the x, y, z directions respectively. The term ‘m’ is the 

prime factor for deciding the shape of egg.  

It is well understood from the literatures that the heat conduction based models are not 

sufficient to predict the thermal history precisely; volumetric heat source can do the job more 

effectively. However, Gaussian distributed heat flux is used for simplicity of the analysis. It 

can also be agreed that accurate estimation of the heat source shape is quite a challenging task, 

therefore researchers considered some near neat heat source shapes for the prediction of the 

thermal history. 

 

2.3 Thermo-mechanical analysis in fusion welding  

 

The transient thermo-mechanical history of welding involves a lots of sub-processes viz. heat 

transfer, fluid flow, structural changes, micro-structural changes etc. therefore accurate 

measurement of the thermo-mechanical history is necessary for  critical understanding of the 

thermo-mechanical behavior of the welds. Experimental measurement procedures of the 

thermo-mechanical behavior of the welds always comprises of critical measurement steppes, 

significant amount of time and resources. Mathematical modelling provides a platform to 

analyze the thermo-mechanical behavior of the welds in a resource effective way followed by 

an experimental validation. Over the years researchers are trying to model the thermo-

mechanical behavior using various analytical and numerical tools. With the development of 

powerful computational facilities, the FE methods are extensively being more useful to solve 

the problems in the field of welding technology. The works done by the previous researchers 

in the field of computational welding mechanics are presented as follows. 

 

Published literature reveals significant computational work related to the modelling and 

simulation of single or multi-pass welds. The emphasis was to successfully model the nonlinear 

transient heat flow during welding with the introduction of moving heat source. A number of 

literature reviews on welding simulation research are already published, one of the prominent 

work among them is the inclusive review by Lindgren in three parts [63-65]. As the heat flow 
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determines the final mechanical property of the welded joints therefore understanding the 

theory of heat flow is necessary to study the welding process. The first research was done by 

Rosenthal [25], who developed a conduction mode analytical model for studying the welding 

heat flow and estimated the shape of weld pool for two and three dimensional welds. To find 

precise estimation he introduced the concept of moving coordinate system in welding 

simulation using point and line heat sources. This model took the effect of welding parameters 

like current, voltage, welding speed and weld geometry into consideration. Watanabe and Satoh 

[66] used analytical models for predicting the thermal deformations in welding as well as in 

line heating. They considered the theory of elasticity for prediction of thermal deformations 

but due to the limited availability of the elastic solutions, there is limited application of this 

proposed method.   

 

Ueda and Yamakawa [39] were the first among those who analyze the transient thermal stresses 

by using thermal elasto-plastic finite element model in a butt joint configuration with 

considering material deposition from a moving electrode. Figure 2.11 shows the computed 

longitudinal residual stresses. To determine the weld induced residual stress they used the 

thermal stress strain relationship, total increment in strain determined by the Equation 2.12. 

 

{ } { } { }e Td d d                       (2.12) 

 

where { } { }Td dT   ; e is elastic strain increment, T is elastic strain increment,  is the 

thermal expansion coefficient 

 

Ueda and Yamakawa [39] & Hibbitt and Marcal [4] pioneered the application of finite element 

techniques in simulation of welding. While carrying out the non-linear uncoupled thermo-

mechanical finite element analysis they considered the material nonlinearity and thermal 

boundary conditions. They predicted the temperature field and residual stress in solids 

undergoing fusion transformation to a reasonable accuracy but there was no agreement with 

the experimentally measure results. They had shown that the rate of heat input has a significant 

effect on the peak temperatures. The complications and intricacies presented by these 

researchers, restrained the following researchers to explore this complex phenomenon.  Later, 

Friedman [30], Rybicki et al. [27] and Andersson [41] showed some interest in this domain and 

their contribution helped in clarifying the methodologies involved in welding simulations. 
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Figure 2.11 Computed Residual stresses [39] 

 

Following this pioneering work, researchers have successfully developed various numerical 

models [4, 27, 40, 67-70] based on finite element method to predict temperature distribution, 

analyze the welding residual stress and distortion both in 2-D and 3-D problems.  Tekriwal [71] 

and Bonifaz [72] developed thermal FE simulations to investigate the temperature distribution 

of metals. Over a sustained period of time FEA is used by many researchers to predict the 

temperature distribution, residual stresses, and distortion of welded joints. Noticeable among 

them are Friedman [30], Brown and Song [73], and Michaleris and Debiccari [34]. Use of FEA 

has been successful in predicting temperature distribution, distortion, and also in tackling of 

complex phenomena like crack propagation in welded joints. Many researchers used 2D FEA 

of Friedman [30] to verify their 3D computational model of welding process. 

 

Several researchers [74-75] has carried out experiments to determine the temperature 

distribution of multi-pass welding. Murugan et al. [75] investigated the temperature 

distribution during multi-pass welding of carbon steel plates of 6, 8 and 12 mm thicknesses. 

Figure 2.12 shows the temperature distribution of the multi-pass weld pad. Malik et al. [76] 

presented a numerical simulation backed with experimental validation to study the thermal 

history and estimate different weld zone sizes viz. fusion zone (FZ), heat affected zone (HAZ) 

in TIG welding of mild steel. A simple demonstration of heat effects from welding has 

presented by Englund et al. [77]. An approximate finite element analysis of the heat applied 

during welding, and the material changes that considered as a result of the welding operation 

are included. 
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Figure 2.12 Thermal history of multi-pass (second pass) stainless steel weld pad [75] 

 

The arc welding process is a very complex phenomenon which involves very high temperature 

gradients, rapid heating and cooling, leading to micro-structural changes and formation of 

thermal stresses. These welding heat induced thermal stresses can cause residual stress 

extremely high magnitude and angular deformations after the cooling of the weld metal. As a 

result the strength of the structure may reduce and it may become vulnerable to fracture, 

buckling, fatigue and enhanced corrosion. Welding distortion causes dimensional inaccuracies 

and misalignments of structural members, corrective measures or rework may be necessary if 

tolerance limit is exceeded. This in turn, lengthens the production cycle leading to increase in 

the cost of production. Hence, the problem of residual stress and distortion are always of great 

concern in shipbuilding industries. To deal with this problem, suitable mitigation techniques 

are to be developed. However, prior to that, it is necessary to have a reliable prediction tool to 

assess the extent of possible distortion and residual stresses that may form during fabrication. 

During welding, there are various factors like welding parameters, welding sequence, heating 

and rate of cooling, level of constraints and joint geometry etc. which influence the extent of 

residual stress and distortion. 

 

Most of the research in the field of thermo-mechanical analysis of welding in recent past was 

carried out to study the distribution of residual stress and distortion of the welded metal. 

Michaleris and Debiccari [34] conducted thermo-elasto-plastic FEA to predict weld induced 

angular deformation by using temperature dependent material properties of the steel. Mandal 

and Sundar [78] estimated the welding shrinkage in a butt welded joint by applying a near field-
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far field approach. Puchaicela [79] reviewed and analyzed several formulae in an attempt to 

provide a practical guide to control and reduce distortion. 

 

Cho et al. [109] has reported detailed analysis on the determination of residual stress after 

welding and after a post weld heat treatment by using a finite element transient heat flow 

analysis in conjunction with a coupled thermo-mechanical analysis. A 3-D FEA was developed 

by Mahapatra et al. [83] to predict the effect of SAW process parameters on temperature 

distribution and angular distortions in single-pass butt joints with top and bottom 

reinforcements (to minimize angular distortions). The process was modeled considering a 

distributed moving heat source, reinforcements, filler material deposition in each pass of 

welding, and temperature dependent material properties. Figure 2.13 shows the comparison of 

the predicted and experimentally measured angular distortion. 

 

 

Figure 2.13 Comparison of measured and predicted displacements [83] 

 

Teng et al. [84] have estimated the residual stresses and distortion of fillet welds using 2D FE 

analysis. Similar work was reported by Tsai et al. [85], they modelled the angular distortion of 

T-joints using plasticity based distortion analysis. Tack welding is performed to hold the plates 

in position before the actual welding, which may alter the residual stress distribution of the 

final part, Mahapatra et al. [86] analysed the effect of tack weld positions on angular 

deformation in single sided submerged arc welded fillet joints. Tsai and Cheng [80] studied the 

distortion mechanism and the effects of welding sequence on thin panel distortion using finite 

element analysis. The works of the above researchers indicates that angular deformation in a 
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welded joint is a matter of great concern which strongly affects the performance of the final 

structure.  

 

In addition to residual stresses and distortion, researchers have also studied the effect of 

welding parameters, viz. welding sequences, welding joint geometry, and root opening in the 

past. A FE analysis of residual stresses of butt weld is reported by Hong et al. [68]. Tsai et al. 

[80] studied the effect of welding sequence on buckling and warping behavior of a thin plate 

panel structure. Tsai et al. [81] have also investigated the effect of welding parameters and joint 

geometry on the magnitude and distribution of residual stresses on thick section butt joint. Jang 

et al. [82] studied the effect of root opening on the mechanical properties, deformations, and 

residual stress of the weld joint, Figure 2.14 (a & b) shows the thermal profile of multi-pass 

welds with 0 mm and 6 mm root opening respectively.  

 

 

(a)                                                                       (b) 

Figure 2.14 Thermal cycles of multi-pass weld (a) at 0 mm root opening (b) at 6 mm root 

opening [82] 

 

Biswas et al. [83-88, 127] had performed several investigations to predict the effects of SAW 

process parameters on temperature distribution and angular distortions in submerged arc 

welded plates. A 3D FE analysis was developed [83] to predict the effects of weld parameters 

on temperature distribution and angular distortions in single-pass submerged arc welded butt 

joints with top and bottom reinforcements to minimize angular distortions. Modelling and 

prediction of angular distortion [87] of double-pass butt-welded plate was also reported. The 

process was modelled using 3D FE analysis considering a distributed moving heat source, 

reinforcements, filler material deposition in each pass of welding, and temperature dependent 
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material properties. Biswas et al. [128] developed a numerical elasto-plastic thermo-

mechanical model for predicting the thermal history and resulting angular distortions of 

submerged arc welded double-sided fillet joints. Biswas et al. [127] also presented another 

thermo-mechanical finite element analysis and experimental investigation of single-pass 

single-sided submerged arc welding of C-Mn steel plates. It can be understood from the 

literatures that distortions occur almost in every type of welded joint, it depends upon various 

welding parameters, i.e. welding speed, plate thickness, welding current and voltage, restraints 

applied to the job while welding and thermal history, etc. Welding of large strictures involves 

multiple welding passes as well as numerous welding sequences. Welding sequence has a 

significant effect on distortion pattern, proper control of the welding sequences can reduce the 

weld induced angular deformations. Large orthogonally stiffened panels are generally used in 

ships and offshore structures, a study on the effect of welding sequence in angular distortions 

of large stiffened plate panels was also reported by Biswas et al. [88].  

 

But one concern with these models is the huge time consumption for structural analysis. Some 

researchers tried to develop various equivalent techniques to minimize the analysis time. 

Souloumiac et al. [89] developed a local/global approach in order to determine the welding 

residual distortions of large structures. They assumed that plastic strains induced during 

welding process were located close to the welding path and depend on local thermal and 

mechanical conditions. The plastic strains obtained by the local approach were then projected 

to a complete shell of whole structure as initial strain. The final distortions were computed 

using an elastic simulation. Ueda et al. [90] proposed the experiment-based, equivalent-

mechanical-loading method to obtain the final deformation quickly. It assumes that the 

assigned mechanical forces and moments adjacent to weld-joints generate welding 

deformation. A critical limitation of this method was that the applied loads should be calculated 

only from experiments.  

 

To overcome this limitation, inherent strain based equivalent mechanical loading method was 

proposed by Murakawa et al. [91]. Many researchers further developed this methodology to 

predict welding distortions [92, 191]. The concept of inherent strain can be understood from 

the following formula (2.13) and (2.14). 

 

e p c T tr                            (2.13) 
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where   is total strain, e is elastic strain, p is plastic strain, c is creep strain, T is thermal 

strain, tr is the strain produced through phase transformation, then inherent strain *  is defined 

as follows. 

 

*e p c T tr                             (2.14) 

 

However, this methodology had the limitation to be applied for the curved welding joints as 

the imposed forces might induce welding shrinkage, as well as undesirable angular deformation 

in case of a curved weld line. Some other researchers like Ha et al. [93, 94] also tried to estimate 

the angular deformation using the inherent strain method. They suggested  that an  inherent  

strain based,  equivalent thermal loading  method  in combination  with the nodal  temperatures  

and  thermal expansion  coefficient could  induce welding  deformation. They assumed that the 

positive  temperature  values  are  assigned  into  certain  weld  line  nodes,  and others are zero. 

Also, the imaginary, negative thermal expansion coefficient values equivalent to the inherent 

strain for the joint of concern, are mapped only onto the weld line elements. The philosophy of 

this simplified  analysis methodology is that the final welding deformation can be produced by 

finite element analysis, after thermally loaded elements close to the weld line are subject to 

elasto-plastic  behavior by surrounding a stiffened region with no temperature change. The 

finite element analysis of welding problems is generally performed using commercially 

available software and standard reference books can be followed [95-97] for the basic 

formulations of thermo-mechanical analysis. 

 

It can be understood from the literatures that study of the residual stress and distortion in welded 

structure is quite important to design a stable welded structure. Researchers used finite element 

analysis to estimate the temperature history followed by thermal strains and residual stresses. 

Research work to study the effect of welding sequence & process parameters were conducted, 

some researchers developed residual stress mitigation technics. Though the FE simulation is 

quite time consuming, it is difficult to analyze the large structures, because of which 

researchers used some equivalent technic to predict the distortion in large structure. 
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2.4 Characterization of residual stress 

 

According to Withers and Bhadeshia [14, 15] residual stress is that which remains in a body 

that is stationary and at equilibrium with its surroundings. It can be very detrimental to the 

performance of a material or the life of a component. Alternatively, beneficial residual stresses 

can be introduced deliberately. Residual stresses are more difficult to predict than the in-service 

stresses on which they superimpose. For this reason, it is important to have reliable methods 

for the measurement of these stresses and to understand the level of information they can 

provide. From a metallurgical point of view, three different types of residual stress are 

recognised [22]. The first kind is macroscopic stresses, which are defined on the level of several 

metal grains; the second kind is micro stresses which are defined over one single grain, while 

the third one, micro stresses are defined on a part of a grain. The residual stress measuring 

techniques can be divided into three categories [98] namely non-destructive, semi-destructive, 

and destructive.  

 

Commonly used non-destructive techniques are X-ray diffraction (XRD) and neutron 

diffraction testing. X-ray diffraction [22, 99, 100] is having the ability to measure residual 

stress in crystalline materials to a maximum depth of about 0.05 mm. Subsurface measurement 

of the residual stress using XRD technique requires removal of  layers using electrolytic 

polishing which in turn makes the measurement to some extent a destructive one. Neutron 

diffraction testing can be used to measure residual stresses to depths up to 10 cm. According 

to references [22, 99, 101-104] the neutron diffraction method has the capability to determine 

the full residual stress tensor deep below the surface. The major limitations of this technique 

are the cost of using a neutron diffraction facility, size and weight of the component which can 

be investigated etc. Smith et al. [102] and Ripley [105] uses neutron diffraction technique and 

discussed briefly why neutrons are most suitable for measuring residual stresses and the 

principles that lie behind the measurements. Colegrove et al. [106] measured the residual 

stresses of each of the SAW samples by neutron diffraction technique. 

 

Other non-destructive techniques commonly in practice are the ultrasonic method [107] and 

the magnetic method. The application of magnetic method is limited to ferromagnetic materials 

only. Uzun and Bilge [108] and Bray et al. [107] investigates the total welding residual stress 

by using ultrasonic wave velocity variations. According to the principle that Ultrasonic wave 

speed is constant for a material, these waves in turn are used to detect variations in the crystal 
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structure of materials. The source of welding residual stress is welding heat. The relation 

between thermal stress and ultrasonic wave velocity variations are investigated. By using this 

relation and ultrasonic wave velocity changes between two samples, residual stress distribution 

throughout the welded sample is determined. Among the other non-traditional & non-

destructive techniques positron annihilation spectroscopy (PAS) [99] have been used to 

measure residual stresses in austenitic and martensitic stainless steels that were subjected to 

either cold-deformation or welding operations. 

 

The hole drilling method Cho et al. [109], Centre-hole drilling, ring-coring [99] and deep-hole 

(DH) drilling [100,102] surface hole Bouchard et al. [103] are considered to be semi-

destructive techniques for the measurement of residual stresses. It is performed by making a 

hole in the test specimen at the centre of a strain gauge rosette [76]. The measurements are 

performed at various depths, measuring the residual stress values along the thickness of the test 

specimen. The deep hole drilling method has been applied by various researchers [102, 103, 

111-113]. The measurements have been made  in  butt-welded   steel  plates  100 mm  and  50 

mm thick [114] The method has also been applied to obtain through-thickness residual stress 

distributions in butt-welded ferrite  steel pipes of wall thickness  85 mm [112, 113]. These 

methods are considered to be semi-destructive if the measurements are limited to only few 

points of the structure that can be repaired easily. 

 

Fully destructive methods include crack compliance [22], slotting, block removal, splitting and 

layering (BRSL) technique, Sach's boring method [112], Contour method (using WEDM) and 

Sectioning method [98] These  methods are sensitive to the macroscopic residual stresses only. 

The BRSL method [115] can be used to measure residual stresses to sufficient depths of welded 

steel plates  50 mm thick [116-118], but  essentially destroys  the sample. Contour method and 

sectioning method has been discussed. Ivetic et al. [22] studied the residual stress in welded 

panels using a destructive sectioning method, using electric strain gauges. Hodgson et al. [119] 

examines the application of the incremental slitting technique (using WEDM) for residual 

stress measurement to plastically deformed four-point bent beams and autogenously edge 

welded steel beams. In their research work Hosseinzadeh and Bouchard [120] illustrates how 

the contour method of measuring residual stress can be applied to various weldments in order 

to provide high quality experimental data. In particular they demonstrated the accuracy of the 

contour method by comparing its results with those obtained from independent measurement 

techniques, namely neutron diffraction and the slitting method. 
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2.5 Measurement of angular deformation 

 

Welding stresses and deformations are connected to each other. Thermal stresses disappears 

after the thermal gradient becomes zero. Though stresses due to phase-transformation may 

develop during welding of some alloy steels but they do not have any significant effect in the 

stress development process. Stresses caused by the plastic deformation always exists in the area 

closer to the weld bead area [121]. During heating and cooling, thermal strains occur in the 

weld and adjacent area. The strains produced during the heating stage of welding are always 

associated with plastic deformations of metals. The stresses resulting from these strains 

combine and react to produce internal forces that cause a variety of welding distortions which 

can be described as mainly of four types, namely longitudinal shrinkage, transverse shrinkage, 

angular distortion and bowing. Residual deformations introduce severe problems in the 

assembly of welded structures and reduce their quality. In some cases mechanical and thermal 

post-welding treatment is required to correct the deformations. Distorted shape and incorrect 

dimensions of the structures may render them useless. Welding stresses and deformations have 

various effects on the welded structures. Mostly, they have negative influence [21, 111-114].  

 

Welding shrinkage and deformations are measured using several methods. Authors like Deng 

et al. [122-124] used Vernier calliper to measure the transverse shrinkage of a fillet welded 

joint. Readings were taken before and after the welding at predefined locations. Measuring 

lines were drawn perpendicular to the weld direction on the back side of the weld joint then a 

gap ruler was used to measure the initial and final deformation, though the initial deformations 

were neglected [123]. Instruments like dial gauge was also used to measure the angular 

deformation [121] where fixtures used to hold the sample. Some researchers [125, 127-129] 

used linear variable displacement transducer (LVDT) to measure angular deformation at 

predefined location where the LVDTs are fixed. Matsuoka et al. [131] used laser irradiation 

experiment where a laser beam is used to measure the positive and negative angles of the 

deformed weld plate. Some researchers reported the use of Co-ordinate measuring machine 

(CMM) [132] to measure the angular deformation. In this method a grid line is drawn before 

welding, then pre and post weld angular deformations of those locations are measured. In an 

attempt to measure the variation of angular deformation of butt weld, Njiraini et al. [170] used 

a Vernier height gauge, dial test indicator (DTI) and the time was observed using a stop watch. 

Various methods of distortion control was applied and the angular deformation at each case 

was recorded by taking data at predefined multiple locations. 
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2.6 Mechanical and metallurgical characterization of weld joint 

 

Characterization of mechanical properties is performed to check if the weld is sound enough 

for the specific application. Generally tensile, hardness, impact and fatigue test of the welds 

along with some microstructure are popular. Submerged arc welding of thick ferritic 

martensitic 12Cr stainless steel was performed by Taban et al. [133]. They varied the 

consumable electrodes and compared the joint strength for different cases. The strength of the 

weld joints for different cases were characterized by measuring hardness and toughness. 

Microshear test is a characterization method to estimate the mechanical properties and fracture 

toughness of pressure vessels. Zhang et al. [134] performed narrow gap submerged arc welding 

of nuclear pressure vessel steel, A508CL3 and the joints were characterized by the microshear 

test method. To know the weld joint strength comparison of the yield strength (YS) and 

ultimate tensile strength (UTS) with the base metal is very much essential, researchers [135] 

estimates the local tensile strength, YS and UTS of welded joints. Study on double sided single 

pass submerged arc welding is also reported for high thickness metals [136]. SAW welded 

2205 duplex stainless steel and the joint strength was characterized by determining the micro-

hardness of the different weld zones. The data was recorded at distance perpendicular to the 

weld line to know the hardness distribution over fusion zone, heat affect zone and the base 

metal. It will generally increase towards to the weld center i.e. the fusion zone due to the 

melting of the metal. Impact test shows the ductile mode fracture in the weld zone, a mixture 

fracture feature appears with a shear lip and tears in the fusion zone near the fusion line. 

Ramakrishnan et al. [137] studied fracture toughness of cold wire addition in narrow groove 

submerged arc welding process. The improvement in toughness in cold wire narrow gap SAW 

is demonstrated through different tests such as impact energy test, fracture toughness tests, 

plane strain fracture toughness test, and crack tip opening displacement test. 

 

Over the years researchers has worked to study the mechanical properties as well as the 

microstructural developments of submerged arc welded work pieces. Welding microstructure 

can provide adequate information about the effect of welding parameters on the mechanical 

and tribological behaviour so it is very essential to investigate the welding microstructure. A 

schematic diagram of various microstructure zones of a butt bead-on-plate weld is presented in 

Figure 2.15, where BH is the bead height, BW is the bead width, DP is depth of penetration, 

DH is depth of HAZ and HW is the HAZ width. 
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Figure 2.15 Microstructure zones of a butt bead-on-plate 

 

Kolhe and Datta [138] have investigated and correlate the relationship between the various 

parameters; mechanical properties and microstructure of single “V” butt joint of mild steel 

plate, and performed the phase analysis of the multipass welded joint to get defect free welded 

structures. They presented the experimental results of hardness, fracture toughness, HAZ width 

from top and bottom of the weld joint and the theoretical analysis of phases of the steel at 

different heat input of multipass submerged arc welding from the top of welded joint by using 

image analysis software and correlated the same to the microstructures of fusion zone as well 

as the heat-affected zone of mild steel. Lu et al. [139] has determined the microstructure and 

wear property of Fe-Mn-Cr-Mo-V alloy cladding by submerged arc welding.  

 

 

Figure 2.16 (a) Macrograph, (b) micrograph of HAZ, (c) micrograph of fusion zone [133] 

 

 

Figure 2.17 SEM fractograph [133] 
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Microstructural characterization was performed by Taban et al. [133], Figure 2.16 (a) shows 

the cross section of the weld joint, welded by 21 multi-passes using submerged arc welding. 

Figures 2.12 (b and c) shows the micrographs of the heat affected zone (HAZ) and the fusion 

zone. Few samples of the face and root bend testing were failed, which implies decent joint 

strength of the welds. The fractograph using scanning electron microscope (SEM) is shown in 

the Figure 2.17. Prasad and Dwivedi [140] investigates the influence of the submerged arc 

welding process parameters (welding current and welding speed) on the microstructure, 

hardness, and toughness of HSLA steel weld joints. Attempts have also been made to analyse 

the results on the basis of the heat input. High heat input increases the deposition rate and 

lowers the welding time. Paniagua-Mercado et al. [141] presents a study of the effect of TiO2 

additions in fluxes on the mechanical properties and microstructure of the weld metal formed 

during Submerged-Arc Welding (SAW) of ASTM A-36 steel plates.  

 

 

Figure 2.18 TEM micrographs showing (a) acicular ferrite plates and inclusion distribution, 

(b) irregular MA constituent distributed along the acicular ferrite plate boundary [142] 

 

In depth study of the microstructural variation in high strength bainitic low carbon steel weld 

was carried by Lan et al. [142] by means of optical microscope, transmission electron 

microscope (TEM) and scanning electron microscope (SEM). The results displayed (Figure 

2.18) confirmed the presence of acicular ferrite, coarse granular ferrite and fine polygonal 

ferrite in the weld microstructure. The martensite-austenite (MA) constituent has a variable 

structure in each sub-zone, which includes fully martensite and fully retained austenite. 

Meanwhile, the fine grained heat affected zone has higher content of retained austenite than 

the welded metal (WM) and coarse grained heat affected zone (CGHAZ). 
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2.7 Effect of surface active flux 

 

DuPont [143] reported that there are several theories that attempt to explain the physics due to 

which surface-active fluxes increase penetration. The effect of Marangoni flow, or surface 

tension driven flow is the most recognised theory, which states that the surface-active oxide 

and sulphide fluxes alters the surface tension, reversing the flow of the liquid in the weld pool. 

Therefore liquid weld metal, flows from the edges of the weld pool to inward and downward 

towards the pool bottom rather than the typical outward flow (Figure 2.19) which results in 

deeper, narrower welds due to the heat transfer in the inward and downward to the pool bottom.  

 

 

Figure 2.19 Schematic diagram of fluid flow direction in molten weld pool with the use of 

surface-active flux [143] 

 

 

Figure 2.20 Effect of surface active flux on depth of Penetration of GTA welds [143] 

 

Effect of surface active flux on depth of Penetration GTA welds at two different weld currents 

is shown in Figure 2.20. Other welding parameters were kept constant for this comparison. 

Regardless of the mechanism, it has been shown that surface fluxes increase the penetration of 

GTA welds. In their study Tseng & Chuang [144] and Tseng [145] investigates the influences 

of specific oxide and sulphide flux powders, including FeF2, FeO, and FeS on weld bead 

geometry, surface appearance and angular deformation. TIG welds produced with FeF2 powder 

had a satisfactory surface appearance, whereas the FeO and FeS welds produced slag and 
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spatter. TIG welding with FeS powder resulted in undercut. TIG welding with FeO and FeS 

powders increases both the joint penetration and weld aspect ratio, reducing the angular 

distortion. 

 

Her-Yueh Huang [146] investigated the effects of shielding gas composition and activating 

flux on weld morphology, angular distortion, retained delta-ferrite content, mechanical 

properties and hot cracking susceptibility. Activating flux materials consisted of manganese 

oxide powder and zinc oxide powder mixture. The results showed that the penetration and 

cross-sectional area of the weld increased. In his another work Her-Yueh Huang [147] used 

three kinds of oxides, Fe2O3, SiO2, and MgCO3 to study the effect of activating flux assisted 

MIG welding on weld bead geometry, angular deformation and mechanical properties in low 

carbon steel. 

 

Modenesi et al. [148] presented that the use of a thin layer of an active flux that results in a 

great increase in weld penetration. The results of the experiment conducted by Qing-ming et 

al. [149] indicate that the SiO2 flux can increase the arc voltage, while TiO2 has no this effect 

on arc voltage. Liu et al. [150] used a new type filler wire (flux-coated wire) and reported its 

advantages in increasing the weld penetration and improving appearance of the weld seam 

surface are introduced. Lowke et al. [151] reported that the weld depth can be increased by a 

factor of two or more if a thin layer of flux powder is initially coated on the steel. Snow [152] 

has shown that the use of a surface active flux (several oxides) during GTA welding has greatly 

increase penetration. Bag et al. [153] studied the possible role of surface active elements in 

weld pool modelling of fusion welding process. In this work, the influence of surface active 

elements is analysed through the nature of flow pattern in autogeneous gas tungsten arc welding 

process. 3D finite element based heat transfer and fluid flow model is developed to illustrate 

the transport phenomena of liquid metal within small weld pool. Various researchers have 

investigated the effect of surface active elements to increase the depth of penetration to find 

economic alternatives for achieving deep narrow penetration. There is also substantial research 

[154] to find the possibility of achieving desired penetration in a single pass using surface 

active elements, which saves the expenses for joint preparation for multiple pass welding. 
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2.8 Optimization of welding process parameters 

 

The submerged arc welding process finds wide industrial application due to its easy 

applicability, high current density and ability to deposit a large amount of weld metal using 

more than one wire at the same time. Weld quality plays an important role in the stability of 

the final structure [155, 156], an improper welding may leads to failure. Quality  of  a welded  

product  can be assessed  by  different  parameters  like  strength, toughness, impact strength, 

hardness, weld  bead geometry & deposition rate etc. These  characteristics  are controlled  by  

a  number  of  welding  parameters  like  welding  current, welding voltage, welding  speed &  

length of electrode  stick out  etc.  therefore, to  achieve  a sound weld,  it is  important  to  set  

up  the  appropriate  welding process  parameters [155-156]. These welding process parameters 

influences the weld quality characteristics deposition rate, percent dilution, weld bead 

geometry, metallurgical and mechanical characteristics etc. [155-157]. Proper selection and 

precise control of process parameters can provide desired weld quality. As the weld quality is 

assessed by multiple parameters, the optimization of weld quality characteristics is a multi-

response problem. 

 

Tsai et al. [158] presented a feedforward neural network to model submerged arc welding 

processes in hardfacing.  The relationships between the process parameters (welding current, 

voltage, welding speed, electrode stick out, and preheat temperature) and the weld quality 

(deposition rate, hardness, and dilution) are established. A simulated annealing (SA) 

optimisation algorithm with a performance index is then applied to the neural network for 

searching the optimal process parameters. Back-propagation artificial neural networks are used 

to predict the bead geometry and penetration of shielded metal-arc welding process by Nagesh 

et al. [159]. The use of fuzzy logic in the Taguchi method to optimise the submerged arc 

welding process with multiple performance characteristics is reported by Tarng et al. [160]. 

The process parameters, namely arc current, arc voltage, welding speed, electrode protrusion, 

and preheat temperature are optimised with considerations of the performance characteristics, 

including deposition rate and dilution [159] highlights application of Taguchi’s robust design 

coupled with fuzzy based desirability function approach for optimizing multiple bead geometry 

parameters of submerged arc weldment. 

 

Tarng [161] has reported the use of grey-based Taguchi methods for the optimization of the 

submerged arc welding process parameters in hardfacing with considerations of multiple weld 
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qualities. As Taguchi method alone can’t solve a multi-response problem, the grey relational 

analysis is adopted to find the optimal parameter settings with multiple weld qualities. A grey 

relational grade obtained from the grey relational analysis is used as the performance 

characteristic in the Taguchi method. Then, optimal process parameters are determined by 

using the parameter design proposed by the Taguchi method. Kumanan et al. [156] presented 

the details related to the application of Taguchi technique and regression analysis to determine 

the optimal process parameters for submerged arc welding. The optimization of process 

parameters was done using Taguchi method and Regression analysis. 

 

Bag et al. [154] presents a novel mathematical framework where the values of a set of uncertain 

input parameters for mathematical modelling are identified inherently by integrating a finite 

element based heat transfer simulation using adaptive volumetric heat source and a multivariate 

optimization algorithm. To obtain the prevalent value of the absorption coefficient as a part of 

the modelling calculation itself, the present work has integrated a multivariate optimization 

algorithm with the numerical heat transfer model. In their another work, Bag et al. [162] has 

performed the error analysis of forward and reverse heat conduction and convection 

calculations considering uncertainties in welding. A genetic algorithm (GA) assisted integrated 

numerical model, following either convection or conduction based calculations, can identify 

the suitable values of the uncertain model input parameters and in turn provides reliable 

computed results for the prediction of the weld pool dimensions. Bag et al. [163] also have 

applied the GTA in the development of efficient numerical heat transfer model coupled with 

genetic algorithm based optimisation for prediction of process variables in GTA spot welding. 

 

Dutta et al. [164] adopted Taguchi philosophy to obtain optimal parametric combinations for 

achieving desired weld bead geometry and dimensions related to the heat-affected zone (HAZ), 

such as HAZ width in submerged arc welding. Submerged arc welding is characterized by 

multiple process parameters and influences multiple output or responses such as deposition 

rate, percent dilution, features of bead geometry, and mechanical-metallurgical characteristics 

of weldment [157]. Taguchi method alone cannot handle the multi-response problems, 

therefore a multi-response Grey-based Taguchi approach for process optimization has been 

carried out to solve this multi-response optimization problem [164]. In their other works [165, 

166] the authors performed Grey-based-Taguchi optimization to determine the maximum 

amount of slag-flux mixture that can be used without sacrificing any negative effect on bead 

geometry, compared to the conventional SAW process. All the data have been utilized to 
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develop mathematical models between predictors and responses. Response surface 

methodology (RSM), followed by the multiple linear regression method. 

 

As the selection of process parameters has a great influence on the quality of a welded 

connection based on three level factorial design of experiments of three process parameters a 

mathematical model is constructed by using multiple curvilinear regression analysis by 

Karaoglu and Secgin [167]. Sensitivity analysis of parameters and fine tuning requirements of 

the parameters has also been performed for getting optimum weld bead geometry. An attempt 

has been made to solve the correlated multiple criteria optimization problem of submerged arc 

welding [168]. Principal component analysis (PCA) has been adapted to covert multiple 

objectives of the optimization problem into a single objective function. Taguchi’s robust 

optimization technique has been applied to determine the optimal setting. Same type of word 

of using nonconventional optimization techniques has been reported by Dhas and Kumanan 

[155]. Taguchi’s  design  of  experiment was followed to carry out the experiments,  regression  

analysis  was  carried out to  establish  a  relationship between the input and output parameters  

of  the  welding process.  By  this  relationship,  an  attempt  was  made  to  minimize  weld  

bead  width. Optimization  process based  on  the  concept of genetic  algorithm  (GA) [169] 

and  particle  swarm  optimization  (PSO)  algorithm were reported to be used to determine  

optimal  weld  parameters. 

 

2.9 Summary 

 

Over the years researchers are studying various welding processes, in this section an attempt 

has been made to understand the contributions of the previous researchers. Heat source models 

developed by previous researchers were extensively studied. The use of finite element method 

has made possible the prediction of transient thermal history, residual stress, and distortion. 

This helps to understand the complex heat transfer and fluid flow mechanism in welds with the 

direction to successfully estimate the bead geometry, thermal profile, residual stress, and 

deformation. To find the weld joint strength and determine the amount of residual stress and 

distortion experiments have been performed by several researchers. Some efforts have been 

made by previous researchers to find the optimal parameter to get a sound weld joint using 

various optimization techniques. 
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2.10 Scope of the thesis 

 

Fusion welding has got a wide application as a joining method. Submerged arc welding is one 

of the most prominent fusion welding processes having the ability to weld thin to very thick 

metal pieces. It is used extensively in heavy industries like shipbuilding, bridge structures etc. 

But before welding, if the process is not studied properly, the defects due to the weld cannot 

be prevented in advance. Dimensional inaccuracies is a common concern due to the weld 

induced distortion., Thermal stresses generates as a result of the temperature gradient during 

welding and these stresses finally settle down as residual stresses. Selection of the proper weld 

parameters controls the penetration which determines the joint strength. It is not always feasible 

to carryout prototype testing in case of large structural application due to time and resource 

constraints. Therefore, always there is a need of proper prediction method which can accurately 

model the fusion welding process and predict the desired properties.  

 

Welding heat source is the most critical part of any welding process, researchers tried to 

accurately model the welding heat source. Here an attempt has been made to model the heat 

source of fusion welding by considering the asymmetricity of the moving heat source. Methods 

have been developed to analyse the effect of process parameters on residual stress distribution 

of submerged arc welded butt joint. Influence of tacking sequence and welding sequence on 

thermal history, residual stresses, and distortion has been studied. A comparison of residual 

stress and deformation has been made between the single and double sided fillet joints welded 

by submerged arc welding. Weld reinforcement also has some influence on angular distortion 

of the structure which has been studied here. Generally, modelling and simulation of large 

structure takes huge time and computational resource. Here an attempt has been made to 

estimate the angular deformation in a large structure using inherent strain technique. 

Mechanical characterization was performed to check the joint strength of the weld. Use of 

surface active element enhances the weld penetration. Experiments were performed to study 

the influence of surface active elements on the weld pool dimension. Generally, V-groove joint 

configuration is used in high thickness welds, so here a comparative study was done to analyse 

the effect of different included angles and square butt configuration on the mechanical property 

of the weld. Finally, optimization techniques were employed to determine the optimum 

parameter combination. 
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CHAPTER 3 

Theoretical Background & Modelling Methodology 

 

3.1 General introduction 

 

Welding is a widely used joining process, which in turn is also a very complex physical 

phenomenon, involving heat transfer, fluid flow, development of residual stresses and 

distortion after solidification in the welded structure. In this present research work, submerged 

arc welding process (SAW) was used which is a fusion welding process where intense heat is 

generated from the arc between consumable electrode & work piece, is applied locally to melt 

& join the work pieces.  

Here a 3-D transient, elasto-plastic, thermo-mechanical analysis was carried out considering 

temperature dependent material properties. Transient elasto-plastic thermo-mechanical 

phenomena consisting of uneven heating & cooling which leads to uneven expansion & 

contraction, which is responsible for the formation of thermal elasto-plastic strains. After 

cooling, the thermal strain gets locked into the welded structure which precipitates the 

formation of residual stress & distortions in the welded structure.  

In this chapter the theoretical basis of the heat transfer, residual stresses and distortions are 

presented. Finite element (FE) heat transfer model based upon the Gaussian distributed heat 

flux was considered to analyze the transient thermal history of SAW process, however a new 

volumetric heat source model was also developed to overcome the shortcomings of the 

previous developed models. The transient thermal analysis temperature data was used in 

structural model for carrying out the nonlinear elasto-plastic thermo-mechanical analysis to 

predict the residual stresses and distortions. Though the prediction capability of these models 

is close enough to the experimental results but it was observed that these models require a huge 

amount of computational time for large structure simulation. Therefore an equivalent loading 

technique was introduced to predict the residual deformation of large welded structures within 

a very short time. 

Optimal process condition evaluation for welding low carbon steels using submerged arc 

welding is an important aspect. To evaluate the effect of various process parameters on weld 

quality i.e. mechanical properties, bead geometry, distortions etc. different techniques i.e. 

Taguchi method, Utility Theory etc. was used to find out the optimal parameter setting for best 
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weld quality. First trial and error method was used to determine the range of parameters then 

Grey-based Taguchi approach has been carried out for the multi-response optimization of 

process parameters. Finally the confirmation test was carried out to verify the optimal results. 

 

3.2 Thermal modelling 

 

A three dimensional Finite Element (FE) thermal model was developed in the present work to 

analyze the transient thermal history in submerged arc welding. From the literature survey it is 

clear that heat transfer mechanism in molten pool is extremely complex and understanding the 

physics is essential. Heat transfer mechanisms can be grouped into 3 broad categories i.e. (i) 

conduction (ii) convection & (iii) radiation 

 

3.2.1 Conduction: Regions with greater molecular kinetic energy will pass their thermal 

energy to regions with less molecular energy through direct molecular collisions, a process 

known as conduction. In metals, a significant portion of the transported thermal energy is also 

carried by conduction-band electrons. 

In general, the rate of the heat transfer through conduction is given by the Fourier’s law heat 

conduction. 

"q k T                       (3.1) 

where q" is the heat flux, k is the thermal conductivity of the material, T is temperature and  
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where ρ is the density of the material, c is specific heat, 
.

 Q is heat generated inside the element 

and t is time. If the thermal conductivity of the material, k is assumed constant, then Equation 

3.2 becomes:  
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where 
k

c



  is thermal diffusivity. 

Equation 3.3 is the differential equation of heat conduction for a stationary, homogeneous, 

isotropic solid with constant thermal conductivity, k. The solution to this equation is strongly 

dependent on the initial conditions and boundary conditions. 

 

3.2.2 Convection: When heat conducts into a static fluid it leads to a local volumetric 

expansion. As a result of gravity-induced pressure gradients, the expanded fluid parcel 

becomes buoyant and displaces, thereby transporting heat by fluid motion (i.e. convection) in 

addition to conduction [126]. Such heat-induced fluid motion in static fluids is known as free 

convection.  

 

The convective heat transfer equation can be represented as shown in the Equation 3.4. 

 

" ( )con fq h T T                      (3.4) 

 

where hf is convection heat transfer coefficient, T is body temperature, T∞ is surrounding 

temperature.  

 

3.2.3 Radiation: All materials radiate thermal energy in amounts determined by their 

temperature, where the energy is carried by photons of light in the infrared and visible portions 

of the electromagnetic spectrum [126]. When temperatures are uniform, the radioactive flux 

between objects is in equilibrium and no net thermal energy is exchanged. The balance is upset 

when temperatures are not uniform, and thermal energy is transported from surfaces of higher 

to surfaces of lower temperature.  The radiation heat transfer formula is: 

 

" 4 4( )radq T T                      (3.5) 

 

where ε is the emissivity, σ is the Stefan-Boltmann constant, T is body temperature, T∞ is 

surrounding temperature. Understanding of the theory of heat flow is essential in order to study 

the welding process analytically, numerically or experimentally.  
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3.2.4 Formulation of Finite element (FE) transient thermal analysis 

 

The schematic diagram of butt-welding process with co-ordinate system is shown in Figure 

3.1. 

 

   

Figure 3.1 Various Regions of welding plate 

 

 

3.2.4.1 Assumptions made in the FE thermal analysis 

 

To develop the 3-D FE thermal model it is tried to accommodate the actual welding condition 

as far as possible. Following were the assumptions made to develop the thermal model of the 

welding process.  

 All the thermal properties were considered as a function of temperature. 

 Linear Newtonian convection cooling was considered on all the surfaces except the 

weld zone. 

 No forced convection was considered.  

 As the arc is fully submerged inside the granulated flux that’s why radiation loss is 

small, hence the same was neglected. 

 Arc efficiency was incorporated to account for other losses. 

 Heat flux was considered as a load.  

 Liquid metal flow was not considered. 

 Phase transformation induced stresses were not considered. 

 Heat of fusion on melting and solidification were not considered. 

 Natural cooling was considered. 
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 Forced convection was not considered, however in submerged as the weld bead is 

submerged under the flux, there might be some effect of the same which was ignored. 

 

The governing differential equation for heat conduction for a homogenous, isotropic solid 

without heat generation in the rectangular coordinate system (x,y,z) as shown in Equation 3.6. 

 

[ ] [ ] [ ]  T T T T
x x y y z z t

k k k c      
      

                 (3.6) 

 

where ρ (kg/m3) is the density, C (J/kgºC) is specific heat capacity, T (ºC) is temperature, t (s) 

is time, k (W/mºC) are the thermal conductivity which are considered equal in all directions. 

Equation 3.6 can be written as 

 

    
TT

c L q
t




 


                  (3.7) 

 

where  L

T

x y z

   
 
   

 is a vector operator,   q is heat flux vector. 

From Fourier’s law of heat conduction the heat flux vector can be correlated to the thermal 

gradient. Therefore, 

 

  [ ]{ }q D L T                     (3.8) 

 

where  

0 0

0 0

0 0

k

D k

k

 
 

 
 
  

 Conductivity matrix, the negative sign indicating the heat is 

occurring in the direction of decreasing temperature. After substituting the value of  q the 

Equation 3.7 can be written as, 

 

{ } [ ]{ }TT
c L D L T

t






                  (3.9) 
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To solve Equation 3.9, a set of boundary conditions are required. Figure 3.2 shows the solution 

domain with all applied boundary conditions. 

 

 

Figure 3.2 Schematic representation of the solution domain with all boundary conditions 

 

3.2.4.2 Boundary conditions 

 

The following boundary conditions were used in this present model. 

(i) Initial condition: A specified initial temperature for the welding that covers the entire 

elements of the specimen: 

T= 
T for t=0                             (3.10) 

where  
T  is the ambient temperature. 

 

To develop the boundary conditions, energy balance at the work surface is considered as, 

                                

Heat supply = Heat loss 

 

(ii) First boundary condition: A specific heat flow acting over surface S1 (as shown in Figure 

3.1) as given in Equation 3.11,  

 

sup  nq q                    (3.11) 

 

sup

T
or k q

n


  


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The quantity nq  represents the component of the conduction heat flux vector normal to the 

work surface. The quantity 
supq represents the heat flux supplied to the work surface in, from 

an external heat source. 

 

   nqq
T

n   on the surface  S1  for  t > 0               (3.12) 

 

where   n  = unit outward normal vector. 

 

(iii) Second boundary condition: Considering heat loss convq  due to convection over surface 

S2 (Base plate; Newton’s law of cooling as shown in Figure 3.2) as given in Equation 3.12. 

 

 convn qq    

or 

 n conv f

T
q q k h T T

n



   


 

or 

 f

T
k h T T

n



   


  on surface S2   for t > 0    

or 

      TThnq f

T  on surface S2 for t > 0              (3.13) 

It should be noted that positive specified heat flow is into the boundary (i.e. in the direction 

opposite of n

 ). Pre multiplying Equation 3.9 by a virtual change in temperature, integrating 

over the volume of the element, and combining with Equation 3.12 and 3.13 and with some 

algebraic manipulation yield the following: 

 

               
1 2

sup 1 2

T

f
vol s s

T
c T L T D L T d vol Tq d S Th T T d S

t
    




   



  
  
  

         

(3.14) 

 

where vol = volume of element  

T = an allowable virtual temperature   , , ,T x y z t  
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3.2.4.3 Derivation of heat flow matrices 

 

As stated before, the variable T was allowed to vary both in space and time. This dependency 

is expressed as: 

 

   
T

eT N T                   (3.15) 

where   , , ,T T x y z t = temperature;     , , ,N N x y z t  = element shape function and 

    e eT T t = nodal temperature vector. Thus, the time derivatives of Equation 3.10 may be 

written as follows: 

 

   ( )
T

e
T

T N T t
t


 


& &                 (3.16) 

T  has the same form as T:  

   
T

eT T N                   (3.17) 

The combination of  TL  is written as  

 

    eL T B T                                         

where     
T

B L N                  (3.18) 

 

Now, the variational statement of Equation 3.16 can be combined with Equations 3.15-3.18 to 

yield Equation 3.19: 

        
               

          

1

2

sup 1

2

TT T

e e e
sT T

e e T Tvol vol

e e
s f

T B D B T d vol T N q d S

c T N N T d vol
T N h T N T d S

 

 
 




 


 


&

                   (3.19) 

 

The density   is assumed to remain constant and specific heat c may vary over the element. 

Finally    ,e eT T& and  eT  are nodal quantities and do not vary over the element, so that they 

also may be removed from the integrals. Now, since all quantities are pre multiplied by  eT  

this term may also be dropped from the resulting equation. The solution is obtained using FE 

ANSYS 12.0 [8] package. 
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Thus Equation 3.19 may be reduced to Equation 3.20. 

     
           

          

1

2

2

sup 1

2 2

T

e
s

T

Te
vol vol

f f e
s

S

B D B d vol T N q d S

c N N d vol T
T N h d S h N N T d S







 


 

 
&  

 

        (3.20) 

Equation 3.13 can be rewritten as: 

 

            c

e

f

ee

tc

e

tb

ee

t

e QQTKKTC                 (3.21) 

 

where       
vol

Tt

e voldNNcC      = Element specific heat matrix, 

       vol

Ttb

e voldBDBK )(      = Element diffusion conductivity matrix, 

    
2

)( 2
S

T

f

tc

e SdNNhK       = Eelement convection surface conductivity matrix, 

   
1

)( 1sup
S

f

e SdqNQ            = Eelement heat flow vector for surface S1 and 

    
2

)( 2
S

f

c

e SdNhTQ         = Element convection for surface S2 heat flow vector. 

 

The Equation 3.22 represents an element level general transient nonlinear heat conduction 

formulation. The element specific heat matrix ][ t

eC  is evaluated from the specific heat of the 

material. The enthalpy of the material is a function of temperature. Enthalpy H is defined as 

the integral of heat capacity with respect to temperature. 

 

dT

dH
c  

or   

 

H =  dTc                   (3.22) 
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3.2.5 Heat source model 

  

The distribution of heat applied on the surface of the work-piece or in a volume internal to the 

weldment has an important effect on the heat distribution pattern in the vicinity of the weld. It 

is in that region where the weld bead and the HAZ are formed, and it is important to identify 

how the heat input distribution influences their size and shape. If the weld thermal cycle in the 

vicinity of the weld metal and heat affected zone is not of interest. The heat input distribution 

is not important, and the heat input can be treated as a concentrated heat source. The heat input 

and the weld speed are then sufficient to determine the thermal cycle. 

 

For arc welding processes, the deposition of heat may be characterized as a distribution of heat 

flux on the weldment surface. Assuming that the heat from the welding arc is applied at any 

given instant of time as a normally distributed heat flux then the rate of heat generation is given 

by  

 
2

sup 2

3
exp 3

Q r
q r

r r





  
   

   

                (3.23) 

where 

 r             is the distance from the center of the heat source on the surface  

  

r            is the characteristics radial dimensional distribution parameter that defines the region 

in which 95%  of heat flux is deposited [129]. 

 

A heat source of suitable radius moving along the weld line at a particular speed can be used 

for modelling the welding process. The total arc heat input to the joint can be applied as a 

moving heat source, as a volumetric heat source and as a surface heat flux input. This heat flux 

can be also applied as a rectangular or square shape. 

 

3.3 Development of a new heat source model 

 

It is observed that the most widely used double ellipsoidal model is also symmetrical in the 

front and rear end of the ellipse, which has a limitation for modelling moving heat source. As 
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during welding the heat source moves in a specific velocity, due to this the rear end becomes 

very narrow in comparison with the front end. Here an attempt has been made to model the 

shape of the moving heat source during welding. In this present work, the heat source 

dimensions/ parameters were taken directly from the experimentally measured data to model 

the heat source more accurately. 

 

In the present study, a shape of the ellipsoid is altered to get an asymmetric avocado like shape 

which has been used as a volumetric heat source for heat generation in the weld pool. The end 

crater shape of the weld bead of submerged arc welding is shown in Figure 3.3 which is similar 

to the cross section of an avocado. 

 
 

Figure 3.3 End crater shape of a weld bead 

 

The Gaussian distribution of Pavelic’s disc [171] heat source model can be expressed as 

following: 

 

𝑞(𝑟) = 𝑞(𝑜) × 𝑒𝑥𝑝(−𝐶𝑟2)                 (3.24) 

 

where q(r) is the surface heat flux in W/m2 which is a function of radius ‘r’, q(o) is the heat 

flux at the centre of the heat source (maximum) in W/m2, radial distance from the heat source 

center is denoted by ‘r’ in (m), and C is the concentration coefficient in m-2. Friedman et al. 

[172] suggested the alternate form of Pavelic’s model for moving heat source which can be 

expressed as  

 

       𝑞(𝑥, 𝜉) =
3𝑄

𝜋𝑐2
× 𝑒𝑥𝑝{

−3

𝑐2
(𝑥2 + 𝜉2)                (3.25) 

 

where Q is the energy input rate in W, ‘c’ is the characteristic radius of flux distribution in m. 

A Cartesian coordinate system (x, y, z) is considered in the work piece and also a lag factor τ 
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is added to define the position of the heat source with change in time (t), therefore the change 

involving the fixed and moving coordinate systems is: 

 

𝜉 = y + 𝑣(𝜏 − 𝑡)                 (3.26) 

where v is the welding velocity in m/s. The equation of ellipse is altered to get the three 

dimensional non-uniform elliptical shape which is used in the proposed heat source 

configuration. The three dimensional form of the modified elliptical equation in Cartesian 

coordinate system is given as below  

 

𝑦2

𝑏2 + {
𝑥2

𝑎2 +
𝑧2

𝑐2} × {𝑡(𝑦)} = 1                (3.27) 

 

Here it is considered that the heat source moves with a local coordinate system (x, y, z) in ‘y’ 

direction. Therefore the shape and degree of asymmetry of the avocado-curve is decided by the 

semi-axes lengths of ellipsoid (i.e. a, b, c) and the function t(y), while the heat source is moving 

along ‘y’ direction. But if the heat source moves along ‘x’ direction the functional form of t(y) 

need to be revised as t(x) and the adjustment in the equation has to be taken care accordingly. 

The shape was assumed from the end crater geometry of a weld bead in submerged arc welding. 

The semi-major axis length of the forward and rear ellipsoid used in this study are taken from 

experimental study.  

 

In this present study, to get the asymmetrical avocado like shape a multiplication factor, 𝑡 (𝑦) 

is introduced which can be represented by several functional forms like linear, quadratic, cubic, 

exponential, logarithmic etc. The selection of specific functional form is based upon the shape 

of interest and the solution procedure of the same is intended. While the heat source is moving 

during welding process the heat source power density is non-uniform in nature. Here "𝑡 (𝑦)" 

provides the necessary non-uniformity in the heat source power density distribution. The 

functional form, "𝑡 (𝑦)"  considered in this present work is shown in Equation 3.28. 

 

 𝑡(𝑦) =
1

𝑒𝑚𝑦                   (3.28) 

 

where ‘m’ is a constant which magnitude decides the shape of the heat source. It is a more 

generalized way to have a floating value of "𝑡 (𝑦)" rather than setting a fixed numerical value, 

hence ‘m’ term is incorporated.  
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Figure 3.4 shows the comparison of the present development with 2D shape of ellipse, egg 

shape while considering same semi-axis lengths. It can be observed from the Figure 3.4 that 

the present avocado shape is more realistic and similar to experimental one as compared to the 

other earlier developed heat sources. Therefore it would be advantageous to use this present 

developed model as a moving heat source. 
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Figure 3.4 Comparison of 2D shape among egg shape, ellipse and avocado shape with same 

semi-axes with m = 0.1 

 

To get a proper match of the weld heat source shape, a sensitivity analysis was performed. 

Figure 3.5 shows the sensitivity of the avocado shape with the value of ‘m’. This actually helps 

to identify the proper value of ‘m’ for a specific shape of weld pool. Variation in the semi axis 

lengths in turn changes of the elliptical shape of the proposed avocado shape model with 

different values of ‘m’ with similar semi-axis length. At m = 0, the Equation 3.27 reduces to 

an ellipse which is a special case for stationary hear source. At this present study the parameter 

‘m’ is kept constant for all welding conditions.  

 

The value of ‘m’ can be selected based on the sensitivity analysis of weld pool shapes for all 

experimental conditions. The final shape of avocado configuration is shown in the Figure 3.6 

with the axis ratio of 1.2 and m=0.1. The ratio of major and minor axis was calculated from the 

end crater dimensions. Figure 3.7 (a, b) shows the shape and size of the avocado shape with 

different experimental value of weld bead shapes as shown in the Table 5.19 where the value 
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of  ‘m’ is kept fixed as 0.1. The value of major axis is taken as the average value of the end 

crater length. 
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Figure 3.5 Avocado shape configuration at different values of ‘m’ and ratio between major 

and minor axis length: (a) ratio=1, (b & f) ratio=1.5, (c) ratio=2.0, (d) ratio=2.5, (e) ratio=3.0 
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Figure 3.6 Avocado shape configuration with m=0.1 and major and minor axis ratio=1.2 
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Figure 3.7 (a) XY- plane and (b) YZ plane for m = 0.1 and major & minor axis ratio = 1.2 

corresponding to experimental data set as shown in the Table 5.20 

 

The Gaussian distributed power density of the proposed avocado shaped heat source model 

with centre located at (0, 0, 0) and semi-axes a, b, c parallel to coordinate axes x, y, z can be 

written as: 

 

𝑞(𝑥, 𝑦, 𝑧) = 𝑞𝑚𝑒[−{𝐵𝑦2+(𝐴𝑥2+𝐶𝑧2).𝑡(𝑦)}]
 
              (3.29) 

 

where  A, B, C are the distribution parameters, qm is the maximum heat flux density at the 

center. 
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The total heat input into the system can be expressed as  

 

𝑄 = 𝜂𝑉𝐼      or  𝑄 = 𝜂𝑃                (3.30) 

  

where η is the arc efficiency, V = arc voltage, I = arc current, P = arc power. 

 

Total volumetric energy distributed over the half of the heat source is expressed as 

 

2Q = ∫ ∫ ∫ 𝑞(𝑥, 𝑦, 𝑧)𝑑𝑥𝑑𝑦𝑑𝑧
∞

−∞

∞

−∞

∞

−∞
               (3.31) 

 

where Q is the net heat input to the solution domain. 

 

To satisfy the conservation of energy principle the following must be true  

2Q=2𝜂𝑃 = ∫ ∫ ∫ 𝑞(𝑥, 𝑦, 𝑧)𝑑𝑥𝑑𝑦𝑑𝑧
∞

−∞

∞

−∞

∞

−∞
               (3.32) 

 

The value of qm is calculated by solving the Equation 3.31, the maximum power density is 

expressed as  

 

2

4

2

e
( )

m m

B

Q
q

ABC

 

                  (3.33) 

 

To estimate A, B, C, the semi-axes of a proposed avocado-shape a, b, c in the x, y, z directions 

respectively, are defined such that the heat density falls to 0.05qm at the surface of the heat 

source. The distribution parameters A, B and C are estimated as (appendix I) follows. 

 

 A ≈
3

a2
 ;  B ≈

3

b2
;  C ≈

3

c2
                (3.34) 

 

The amount of non-symmetry was further enhanced by shifting the ellipsoid center to a new 

location. The point (0, 0) is the old location and point (p, 0) is the new location of the center of 

the ellipsoid, which is interpreted in the Figure 3.8. 
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Figure 3.8 New center point of the ellipsoid 

 

The top surface of the non-uniform elliptical heat source is expressed as:  

 

2 2

2 2
. 1myy x
e

b a

                   (3.35) 

2
.( )

2 2 2

1 2
2 . . . . . 0my my mdy x x dy

y e e
b dx a a dx

     

 

2

2 2

2
. . myy x

m e
b a

                    (3.36)

 

2

2 2

2 2

2 2

2
(12) (13) 1

2 0

1 1 1
( )

2.

y y
From and

b b m

my y b m

b m
y p let

m

  

   

  
  

 

 

So, the modified equation of the three dimensional non-uniform elliptical-shape in Cartesian 

coordinate system is: 

2 2

2 2

( )
. 1myy p x
e

b a


                   (3.37) 

 

where 
2 21 1 1

2.

b m
p

m

  


 ;  
p is the amount of offset from the original center of the elliptical 

shape. 
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By considering the new center, the volumetric distribution of heat intensity in moving 

coordinate system (x, y, z) can be expressed as below: 
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As during welding the heat source moves in welding direction with a constant welding velocity 

so the heat source power density distribution is non-uniform. Therefore, the heat distribution 

in front and rear part of the avocado-shape should not be the same. It is also evident from the 

shape of the proposed avocado configuration that heat deposition in front and rear parts are 

different. To consider the effect of non-uniformity, the heat density distribution in the front and 

rear parts of the heat source can be expressed as: 
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          (3.42) 

 

where Af  is the fraction that accounts the amount of heat deposition in front portion and Ar 

accounts the heat deposition in rear part of the arc. Therefore, the total energy is expressed as

 
 

𝑄 = 𝜂𝑉𝐼 =
1

2
(𝐴𝑓𝑄) +

1

2
(𝐴𝑟𝑄)               (3.43) 

 

i.e. 𝐴𝑓 + 𝐴𝑟 = 2                 (3.44) 

 

However, the deterministic value of Ar and Af can be expressed in terms of model parameters 

(m and b) which are shown in Appendix I. Since the model parameter ‘b’ changes according to 

the welding conditions, the values of Af and Ar change accordingly and always satisfy the 

relation of Equation 3.44. It is noteworthy if ‘m’ value is equal to zero then the power density 

becomes equal to power density of semi-ellipsoidal heat source model. When bf = br = b then 

the power density becomes equal to power density of avocado-shaped heat source model. When 

bf=br=b and m=0 then the power density becomes ellipsoid heat source. When m=0, c=0 and 

a=b then the present model becomes the Pavelic’s disk heat source model and when 

a=b=c=constant and m=0 then the present model converts to the spherical heat source model. 

 

3.3.1 New heat source for FE thermal model 

 

By using the above developed heat source model, the transient thermal analysis was performed 

in a mild steel plate of dimension 150×150×8 mm. The welding was carried out along y-

direction with a welding traverse velocity u. For the moving heat source problem, the 

coordinate system of the moving heat source can be modelled as (x, y’, z), where y’= y - u×t, u 
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= welding speed, t = welding time. And the corresponding welding heat distribution was 

represented by the present developed heat source model which is shown in Equation 3.45. 
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             (3.45) 

 

3.4 Welding thermo-mechanical analysis 

 

The nodal temperatures from the transient thermal analysis were used as the input load in the 

structural analysis to perform the non-linier elasto-plastic structural analysis to predict the 

residual stresses and distortions.  

 

3.4.1 Formulation of 3D FE stress-strain relationship 

 

In this analysis, quasi-static equation of equilibrium is given by 

 

0 F                   (3.46) 

 

where 

  is differential operator 

  is the stress 

F  is the body force 

 

The elastic stress strain relationship is defined as follows 

 

    eD                   (3.47) 

 

where       = stress vector =  T

XZYZXYZYX  ,  [D]    = stress-strain correlation 

matrix (stiffness matrix),  e    = elastic strain vector. For the deformation of metals the von 

Mises yield criterion is employed and the elastic strain is given by  

 

e pl th                                  (3.48) 
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where e = the elastic strain vector, = total strain vector =  T

XZYZXYZYX  ,  

pl = plastic strain vector and th = thermal strain vector. 

 

After neglecting the plastic strain part the above equation becomes as follows: 

 

     e th    = elastic strain vector and Equation 3.48 may be written as follows: 

 

       
1

 Dt                  (3.49) 

 

For three-dimensional cases the thermal strain vector can be represented as following: 

 

   TZYX

t T 000                 (3.50) 

 

where 
X , 

Y  and 
Z = coefficient of thermal expansion in x, y and z directions respectively. 

The temperature difference is given by, T = 
TT  

 

The compliance matrix for three dimensional case can be written as follows:  
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where 
XY   = major Poisson’s ratio, 

YX   = minor Poisson’s ratio, 
XE   = Young’s modulus in 

x direction and 
XYG  = shear modulus in x-y plane. Since the [D]-1 matrix is presumed to be 

symmetric, 

 

X

XY

Y

YX

EE


                   (3.52) 

X

XZ

Z

ZX

EE


                    (3.53) 
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Y
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Z
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                   (3.54) 

For isotropic material 
ZYX EEE  and

XZYZXY   . From the above Equations it can be 

written that: 
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where 
X  = direct strain in the x direction, 

X  = direct stress in x direction, 
XY  = shear strain 

in the x-y plane and 
XY  = shear stress on the x-y plane. 
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XYXYXY G                     (3.64) 

YZYZYZ G                       (3.65) 

XZXZXZ G                      (3.66) 

where      
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When the shear moduli
XYG ,

YZG , 
XZG  are not different for isotropic materials, they reduce to 

form as: 
XYG = 

YZG = 
XZG = 

 XY

XE

12
. 

 

3.4.2 Derivation of structural matrices 

 

The principle of virtual work states that a virtual (very small) change of the internal strain 

energy must be offset by an identical change in external work due to the applied loads, which 

can be stated as shown in Equation 3.67. 

  

VU                     (3.67) 

where U = strain energy, V = external work and   = virtual operator. The virtual strain energy 

is given in Equation 3.68. 

 

     vol

T
voldU  1                 (3.68) 

where    = strain vector,    = stress vector and vol  =  volume of the element. Continuing the 

derivation, Equations 3.67 and 3.68 are combined to give: 

 

            1

T T t

vol
U D D d vol                  (3.69) 
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The strain vector is related to nodal displacements by:  

 

    uB                (3.70) 

 

where  B strain-displacement matrix, based on the element shape functions and   u nodal 

displacement vector. Assuming all the effects are in the global Cartesian system, Equation 3.70 

can be combined with Equation 3.69, and noting that {u} does not vary over the elemental 

volume [8], it can be written as shown in Equation 3.71.  

 

                  voldDBuuvoldBDBuU t

vol

TT

vol

TT
  1          (3.71) 

 

Another form of virtual strain energy when a surface moves against a distributed resistance 

may be written as shown in Equation 3.73. 

 

     areardwU
T

arear
n  2

             (3.72) 

where  nw  = motion normal to the surface,    = stress carried by the surface and arear = 

area of the distributed resistance. Both  nw  and    have only one non-zero component. The 

point wise normal displacement is related to the nodal displacements by: 

 

 nw  =   uNn                (3.73) 

 

where  nN  = matrix of shape functions for normal motions at the surface. 

 

   =  nf wk                  (3.74) 

 

where 
fk  = the foundation stiffness in units of force per length per unit area. Combining 

Equations 3.72 through Equation 3.74 and assuming that 
fk is constant over the area. 

 

    uareardNNkuU n

T

arear
nf

T
][][2               (3.75) 

By considering principle of virtual work it can be written that 
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e
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ee
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e

f

ee FFaMFuKK  ][][][            (3.76) 

 

where  eK  is the element stiffness matrix, f

eK  
 is the element foundation stiffness matrix, 

 teF   is the element thermal load vector,  eM  is the element mass matrix,  u  is nodal 

displacement vector,  a  is acceleration vector,  n

eF   is the vector of nodal forces applied to 

the elements and  p

eF  is the element pressure vector.  

 

3.4.3 Structural analysis with material non-linearities  

 

The structural material non-linearities generally includes nonlinear plasticity having well 

defined yield point and nonlinear elasticity like in case of aluminum or fibre reinforced 

composites. In such cases the elastic strain vector is represented as: 

 

       pte                  (3.77) 

where  

 e = elastic strain vector, 

   = total strain vector,  

 t = thermal strain vector, and 

 p  = plastic strain vector. 

 

Material non-linearities are due to the nonlinear relationship between stress and strain, that is, 

the stress is a nonlinear function of the strain [173-176]. In case of mild steel the rate 

independent plasticity, kinematics hardening and bilinear von Mises yield criteria [176-178] 

are applicable. The above-mentioned formulations are mainly derived with the help of 

reference books of the software ANSYS 12.0 [8], was used in the analysis and standard text 

books on finite element analysis [95-97]. The yield criterion, flow rule, hardening rule and 

plastic strain increment used in the analysis are briefly described below:  
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Yield Criterion: The yield criterion determines the stress level at which yielding is initiated. 

For multi-component stresses, this is represented as a function of the individual components,   

f ({σ}), which can be interpreted as an equivalent stress: 

 

   fe                  (3.78) 

where    = stress vector. When the equivalent stress is equal to a material yield parameter
y  

as shown in Equation 3.79,  

 

   yf                   (3.79) 

The material will develop plastic strains. If e is less than
y , the material remains in elastic 

state and the stresses will develop according to the elastic stress-strain relations. It is to be noted 

that the equivalent stress can never exceed the material yield since in this case plastic strains 

would develop instantaneously, thereby reducing the stress to the material yield. 

 

Rate-Independent Plasticity: Rate-independent plasticity is characterized by the irreversible 

straining that occurs in a material once a certain level of stress is reached. The plastic strains 

are assumed to develop instantaneously, that is, independent of time.  

 

Flow Rule: The flow rule determines the direction of plastic straining and is given as: 

 














 Pp Q

d                (3.80) 

where λ = plastic multiplier (which determines the amount of plastic straining), and 
PQ = 

function of stress, termed as the plastic potential (which determines the direction of plastic 

straining). 

 

Assuming 
PQ  as the yielding function, the flow rule is termed associative and the plastic strains 

occur in a direction normal to the yield surface. 

 

Hardening Rule: The hardening rule describes the changing of the yield surface with 

progressive yielding, so that the conditions (i.e. stress states) for subsequent yielding can be 

established. Kinematic hardening, which is used in the present analysis, assumes that the yield 
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surface remains constant in size and the surface translates in stress space with progressive 

yielding. 

 

3.5 Materials properties 

 

The thermal and mechanical material properties of metal i.e. the specific heat, thermal 

conductivity, modulus of elasticity, thermal expansion co-efficient and yield stress etc. vary 

with the change of temperature. The average values of the material properties can be used in 

analysis, if the temperature does not vary too much. While in the welding process, the 

temperature of the weldment varies sharply. Therefore, the temperature-dependent material 

properties are supposed to be taken into consideration in welding process simulation. Quite a 

few researchers had addressed this topic namely Tsai & Eagar [179], Guedes Soares et al. 

[180], and Adak & Mandal [121]. Temperature dependent material properties used in this 

present work are shown in Tables 3.1-3.3.  

 

Table 3.1 Temperature dependent material properties of C-Mn steel [181] 

 

Temperature 

(
o
C) 

Thermal 

Conductivity 

(W/mK) 

Specific 

Heat 

(J/kgK) 

Thermal expansion 

co-efficient 

(10
-6

/
o
C) 

Young 

modulus 

(GPa) 

Poisson 

ratio 

0 51.9 450 10 200 0.2786 

100 51.1 499.2 11 200 0.3095 

300 46.1 565.5 12 200 0.331 

450 41.05 630.5 13 150 0.338 

550 37.5 705.5 14 110 0.3575 

600 35.6 773.3 14 88 0.3738 

720 30.64 1080.4 14 20 0.3738 

800 26 931 14 20 0.4238 

1450 29.45 437.93 15 2 0.4738 

1510 29.7 400 15 0.2 0.499 

1580 29.7 735.25 15 0.00002 0.499 

3500 42.1 400 15.5 0.00002 0.499 
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Table 3.2 Temperature dependent Enthalpy for mild steel [73] 

 

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

Enthalpy (MJ/m3) 0 360 720 1100 1500 1980 2500 3000 3700 4500 5000 9000 

 

Table 3.3 Temperature dependent Yield stress for mild steel [73] 

 

Temperature (K) 293 373 573 773 973 1073 1273 1473 1673 

Yield stress (σy) (MPa) 398 379 305 192 41 36 28 20 12 

 

3.6 Overall FE solution strategy 

 

The thermo-mechanical analysis carried out in the present work, for fusion welding is 

represented by a block diagram as shown in Figure 3.11. First thermal analysis was performed 

followed by the structural analysis. The significant steps are described as follows. 

 First the model was created as per the specimen dimension 

 The model was then discretized into  finite number of elements (element type: 

SOLID70) 

 The temperature dependent thermal and structural material properties were defined. 

 The elements size was taken of non-uniform distribution, the finer mesh was done 

in weld zone but away from weld zone coarser mesh was done to save the 

computational time. 

 The boundary conditions and process parameters were specified. 

 Transient thermal analysis was carried out by considering moving co-ordinate heat 

source to predict the overall thermal history. 

 The transient thermal analysis was switched to non-linear elasto-plastic thermos-

mechanical structural analysis. 

 For structural analysis the structural element i.e. SOLID45 was taken. 

 Structural boundary conditions were applied. 

 The computed time temperature history was used as the load for the structural 

analysis. 

 Residual stresses and distortions were computed. 
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SOLID70 and SOLID45 elements were used during thermal and structural analysis 

respectively which are shown in Figure 3.9. The boundary conditions applied for mechanical 

analysis is shown in Figure 3.10. Figure 3.11 shows the overall procedure for the thermo-

mechanical analysis, where thermal analysis was performed followed by the structural analysis. 

 

 

 

 

Figure 3.9 Elements for thermo-mechanical analysis (a) SOLID70 (b) SOLID45 

 

 

 

Figure 3.10 Mechanical boundary conditions 
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Figure 3.11 Thermo-mechanical analysis of fusion welding problem 

 

3.7 Equivalent loading technique 

 

As the conventional coupled transient, nonlinear, elasto-plastic thermo-mechanical analysis 

involves huge computational time. Computing a weld sample of small size with single pass 

itself takes several hours, which will be a huge amount of time in case of large structures 

consisting of several welding passes thus there is a real need of an efficient alternative 

technique to predict the post weld distortions. In the present work an attempt was made to 

determine the deformation in a submerged arc welded structure using equivalent load technique 

which reduces the total analysis time drastically of the conventional techniques in case of a 
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small weld structure. In this proposed method, the major time consuming part of analysis i.e. 

the transient nonlinear elasto-plastic structural analysis part was almost eliminated. So, this 

method can effectively use to predict the weld induced distortion of very large structure with a 

computation time almost equal to the time required for transient thermal analysis of a small 

weld structure only. The theoretical details of equivalent loading technique are as follows:  

 

Let us consider a continuous body at different states i.e. (a) standard, (b) stressed and, (c) stress 

released as shown in Figures 3.2a), (b), and (c), respectively [182]. State (a) is the initial stress-

free state where neither external force nor internal stress exists. This state is regarded as the 

standard state. State (b) is the residual stress. State (c) is the stress released state in which the 

body is cut into small elements. From state (b) to state (c), each element deforms elastically to 

completely release the residual stress. The distance between two close particles in the body is 

ds0 in state (a), ds in state (b), ds* in state (c). The strain in the states (b) and (c) can be defined 

as shown in Equations 3.81 & Equation 3.82, respectively [183]. 

 

 

Figure 3.12 Inherent strain (a) standard state, (b) stressed state and, (c) stress released state 

[182] 

 

ε = (ds – ds0) / ds0               (3.81) 

 

ε* = (ds*– ds0) / ds0               (3.82) 

 

Similarly, the strain increment between states (b) and (c) can be defined as follows: 

 

εe = ( ds – ds*) / ds0               (3.83) 

 

The strain defined in Equation 3.81 is usually called total strain and it satisfies compatibility 

conditions. The strain defined in Equation 3.82 is inherent strain and it does not follow 
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compatibility conditions. The strain defined in Equation 3.83 is elastic strain. The total strain 

is composed of elastic and inherent strains as in Equation 3.84. 

 

ε = εe+ ε*                (3.84) 

 

Since the total strain, ε corresponds to the deformation and the elastic strain, εe corresponds to 

the stress, the above equation can be written as follows: 

 

ε* = ε- εe                (3.85) 

 

Hence the inherent strain produces both the deformation (inherent deformation) and the 

residual stress.  

 

3.7.1 Inherent strain  

 

The inherent strain occurs in the welded region and this region can be modeled as a bar. Its 

adjacent region resists deformation and it can be modeled as a spring as shown in Figure 3.13. 

The change in temperature in bar is much higher than that in the spring which acts as a restraint 

on the bar. The co-efficient of restraint (β) can be written as follows: 

 

Β = k*/ (k + k*)               (3.86) 

 

where k (= AE/L) is the stiffness of the bar, k* is the stiffness of the spring. A and L are the 

cross sectional area and the length of the bar respectively.  

 

Figure 3.13 Simplified elastic-plastic analysis model [182, 184] 

 

The inherent strain can be calculated as following: 

 

ε* = - εy/β= - σy/Eβ               (3.87) 
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where σy is yield strength of mild steel (2.5×108 N/m2), E is Young’s modulus (2.1×1011 N/m2). 

The restraint force is calculated as shown in Equation 3.88. 

 

F = AEε*                (3.88) 

 

where A is the cross sectional area of the bar and ε* is the inherent strain. The corresponding 

moment, M can be calculated as follows: 

 

M = ∑ (F1 l1 + F2 l2)               (3.89) 

 

where F1 and F2 are the forces at different nodes and l1, l2 are their corresponding distances 

from the centre of rotation.  

 

3.8 Optimization of welding process parameters 

 

Before conducting the experiment, every experiment has to be planned in proper way, therefore 

the science behind the observed phenomena can be studied using the obtained data from the 

experiments. The planning can be possible in certain ways as described below.   

 

3.8.1 Trial-and-error approach: In this approach a series of experiments are required to 

perform which gives some understanding of the process. This requires making measurements 

after every experiment so that analysis of observed data will allow deciding the next step. i.e. 

which parameters should be varied and by how much. The data from trial and error experiments 

is insufficient to draw any significant conclusions. However, the trial and error experiments 

can provide a broad view of the range of parameters for getting the desired output, which can 

further be optimized to get the optimal process parameters for getting the desired output. 

 

3.8.2 Design of experiments: A well planned set of experiments, in which all parameters of 

interest are varied over a specified range, is a much better approach to obtain systematic data. 

Mathematically speaking, such a complete set of experiments ought to give desired results. 

Design of experiments is a systematic method to determine the relationship between factors 

affecting a process and the output of that process. Usually the number of experiments and 

resources (materials and time) required are prohibitively large. In many cases, particularly 
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those in which some optimization is required, the method does not point out to the best settings 

of parameters to carry out the experiments.  

 

3.8.3 Taguchi method: Taguchi’s philosophy is an efficient tool for the design of high quality 

manufacturing system. Dr. Genichi Taguchi, a Japanese quality management consultant, has 

developed a method based on orthogonal array experiments, which provides much-reduced 

variance for the experiment with optimum setting of process control parameters. Thus, the 

integration of design of experiments (DOE) with parametric optimization of process to obtain 

desired results is achieved in the Taguchi method. Orthogonal array (OA) provides a set of 

well-balanced (minimum experimental runs) experiments and Taguchi’s signal-to-noise ratios 

(S/N). S/N ratios are logarithmic functions of desired output serve as objective functions for 

optimization. This technique helps in data analysis and prediction of optimum results. 

 

The S/N ratio takes both the mean and the variability into account. It is the ratio of the mean 

(signal) to the standard deviation (noise). The ratio depends on the quality characteristics of 

the product/process to be optimized [187]. The standard S/N ratios are (i) smaller the better 

(SB), (ii) larger the better (LB) and (iii) nominal is best (NB). The optimal setting is the 

parameter combination, which has the highest S/N ratio. The three signal-to-noise ratios can 

be defined as follows. 

 

(i) Smaller-the-better:  

2
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1
10log

n

i
i
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


                    (3.90) 

 

It can be measured by taking the mean of sum of squares of measured data.  

 

(ii) Larger-the-better:  

10 2
1

1 1
10log

n

i
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


                     (3.91) 

It can be measured by taking the mean of sum of squares of reciprocal of measured data. It is 

generally calculated by taking the reciprocals of measured data and then taking the S/N ratio 

as in the smaller-the-better case.  
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(iii) Nominal-the-best:  

2
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1
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




                     (3.92) 

It can be measured by taking the square of mean divided by variance. This case arises when a 

specified value is most desired i.e. neither a smaller nor a larger value is desirable. 

 

3.8.4 Analysis of variance (ANOVA) 

 

ANOVA is a statistical technique, which can infer some important conclusions based on 

analysis of the experimental data. The method is very useful to reveal the level of significance 

of influence of factor(s) or interaction of factors on a particular response. It separates the total 

variability of the response (sum of squared deviations about the grand mean) into contributions 

rendered by each of the parameter/factor and the error. Thus 

 

T F eSS SS SS                 (3.93) 

where 

2

1

( )
p

T j m
j

SS  


                  (3.94) 

and  

 

TSS = Total sum of squared deviations about the mean 

 
j  = Mean response for jth experiment  

m = Grand mean of the response 

P = Number of experiments in the orthogonal array 

FSS = Sum of squared deviations due to each factor 

eSS = Sum of squared deviations due to error 

 

In ANOVA table, the mean square deviation is defined as: 

 

    )
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Fisher’s F ratio (Variance ratio) is defined as: 
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Depending on F-value, P-value (probability of significance) is calculated. If the P-value for a 

term appears less than 0.05 (95% confidence level) then it can be concluded that, the effect of 

the factor(s)/ interaction of factors is significant on the selected response [185]. 

 

3.8.5 Grey relational analysis 

 

In grey relational analysis, experimental data i.e. measured features of quality 

characteristics of the product are first normalized ranging from zero to one. This process 

is known as grey relational generation. Next, based on normalized experimental data, 

grey relational coefficient is calculated to represent the correlation between the desired 

and actual experimental data. Then overall grey relational grade is determined by 

averaging the grey relational coefficient corresponding to selected responses. The overall 

performance characteristic of the multiple response process depends on the calculated 

grey relational grade. This approach converts a multiple- response- process optimization 

problem into a single response optimization situation, with the overall grey relational grade as 

the objective function. The optimal parametric combination is then evaluated by 

maximizing the overall grey relational grade. In grey relational generation, the normalized data 

corresponding to Lower-the-Better (LB) criterion can be expressed as: 

 

max ( ) ( )
( )

max ( ) min ( )

i i
i

i i

y k y k
x k

y k y k





              (3.97) 

 

For Higher-the-Better (HB) criterion, the normalized data can be expressed as: 

 

( ) min ( )
( )

max ( ) min ( )

i i
i

i i

y k y k
x k

y k y k





             (3.98) 

where ( )ix k is the  is the value after the Grey relational generation, min ( )iy k  is the smallest 

value of ( )iy k for the kth response. An ideal sequence is 0 ( ) ( 1,2,3,4,5...........)x k and k   . 

The grey relational coefficient ( )i k can be calculated as 
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              (3.99) 

 

where 0|| ( ) ( ) ||oi ix k x k   = difference of the absolute value ( )ox k and ( )ix k ;   is the 

distinguishing coefficient 0 1  . 
min min min 0|| ( ) ( ) ||jj i k x k x k      = the smallest value 

of oi  ; and 
max max max 0|| ( ) ( ) ||jj i k x k x k      = largest value of oi . After averaging the 

grey relational coefficients, the grey relational grade i can be computed as: 

1

1
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n
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k
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 


                  (3.100) 

where n = number of process responses. The higher value of grey relational grade corresponds 

to intense relational degree between the reference sequence ( )ox k and the given sequence ( )ix k

. The reference sequence ( )ox k represents the best process sequence. Therefore, higher grey 

relational grade means that the corresponding parameter combination is closer to the optimal. 

 

However, Equation 3.98 assumes that all response features are equally important. But, in 

practical case, it may not be so. Therefore, different weightages were assigned to different 

response features according to their relative priority. In that case, the equation for calculating 

overall grey relational grade (with different weightages for different responses) is modified as 

shown below: 
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               (3.101) 

where i is the overall grey relational grade for ith experiment. ( )i k is the grey relational 

coefficient of kth response in ith experiment and 
kw  is the weightage assigned to the kth response. 

 

3.8.5 Confirmatory experiment 

 

After evaluating the optimal parameter settings, the next step is to predict and verify the 

enhancement of quality characteristics using the optimal parametric combination. The 

estimated Grey relational grade 
^

  using the optimal level of the design parameters can be 

calculated as: 
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

                  (3.102) 

where m is the total mean Grey relational grade, 
_

i is the mean Grey relational grade at the 

optimal level, and “o” is the number of the main design parameters that affect the quality 

characteristics. That means that the predicted or estimated Grey relational grade (optimal) is 

equal to the mean Grey relational grade plus the summation of the difference between overall 

mean Grey relational grade and mean Grey relational grade for each of the factors at optimal 

level. 

In Grey-based Taguchi method, the only performance feature is the overall Grey relational 

grade; and the aim should be to search a parameter setting that can achieve highest overall Grey 

relational grade. The Grey relational grade is the representative of all individual performance 

characteristics. In the present study, objective functions was selected in relation to parameters 

of bead geometry and mechanical properties, and all the responses were given equal weightage. 

 

3.9 Summary  

 

In the present chapter, the theoretical background of all the aspects of thermal and structural 

analysis of submerged arc welding process is presented. This chapter includes  the  

mathematical  background  and  modelling  aspects  of  thermal as well as structural analysis  

to  predict  the  welding  induced thermal history, residual  stresses and distortions of  SAW 

process. This also consists of the development of 3-D transient heat transfer analysis using a 

newly developed heat source configuration. Moreover, it comprises the theoretical background 

on prediction of angular deformation in large structure. Finally, the theoretical background 

behind the optimization techniques has been discussed. 
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CHAPTER 4 

Experimental investigation 

 

4.1 Introduction 

 

In SAW process there are various process parameters e.g. voltage, current, welding speed, wire 

feed, electrode diameter, flux type, length of stick out etc. which controls the output characteristics 

i.e. weld quality in terms of mechanical property, weld bead geometry etc. Therefore the optimum 

parameters combination should be find out to achieve the desired weld quality. Particularly in this 

study the objective is to find out the optimal parameter conditions to achieve the desired welding 

quality in a single pass welding without any edge preparation of mild steel samples. The V-groove 

angle has an influence on the mechanical property of the weld joint, an attempt was made to 

determine the influence of different groove angles on mechanical property on butt welds. Effect 

of surface active elements on weld bead geometries as well as mechanical properties were also 

studied. Butt and fillet welds of different thickness were joined and thermal profile and angular 

deformations were measured for the validation of the numerical results of thermomechanical 

analysis. 

 

4.2 Pre-stage of the experiments 

 

In this section the details of pre-requirements of the actual welding are presented briefly. 

 

4.2.1 Trial and error run 

 

Trial and error experiments were performed to get the broad range of the welding parameters. One 

of the control parameters (viz. voltage, current and speed) was varied at a small increment while 

other parameters kept. During trial and error run it was found that for higher currents the weld arc 

was making a through penetration hole in the weld. On the other hand, lower ranges of current was 

not giving full penetration of the plate. Welding current directly affect the depth of penetration and 
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extends of base metal fusion. The welding arc voltage has a direct influence on the weld bead 

geometry and external bead appearance. The welding speed has pronounced effect on the weld 

size and the penetration for a given combination of current and welding voltage. At a given current 

and voltage, the depth of penetration and hardness are effected by electrode diameter. From trial 

and error experiments a range of parameters was found and the range of each parameters were 

divided into sub levels as shown in the Table 4.1. Along with the variable parameters, the SAW 

setup has some fixed parameters which were kept constant. 

Butt joints were welded. The pates were tack welded using shielded metal arc welding (SMAW) 

before final welding using SAW. A fixture was designed to keep and hold the samples using 

clamps. A flux filled reusable backing bar was used to provide support to the weld metal from the 

bottom side of the plate. The Figure 4.1 shows the SAW set up. 

 

4.2.2 Arc initiation 

 

Unlike in manual welding, arc starting can be difficult in SAW, because of the flux cover. Here a 

rolled ball of steel wool, approximately 10 mm in diameter was placed at the appropriate spot on 

the joint and the electrode wire is lowered on to it till it is tightly compressed. The flux is then 

applied and the welding is commenced. The steel conducts the current from wire to the work piece 

and at the same time melts away rapidly as the arc is formed. After completion of welding for 

terminating the arc the carriage travel is switched off. The brief pause between the second and 

third step prevents the wire from moving forward into the molten pool and from sticking to the 

molten puddle as it solidifies. Is also helps to fill the crater. A constant voltage rectifier type power 

source, with a 1000A capacity is used to perform the welding process. The polarity used here is 

the reverse polarity. The arc voltage is established by setting the output voltage on the source. The 

welding parameters & their levels used in the final experiments are shown in Table 4.1. 
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Table 4.1 Welding parameters and their levels 

 

Variable Parameters  Fixed Parameters 

Parameters Values in each Level Unit Parameters Values Unit 

 L1 L2 L3 L4     

Voltage 27 27.5 28 28.5 V Root Gap 2.5 mm 

Current 470 475 480 485 A Wire Feed Automatic - 

Speed 22 24 26 28 m/h Welding Polarity - DCEP 

Stick-out 2.2 2.4 2.6 2.8 cm Plate Thickness 8 mm 

 

 

 

Figure 4.1 Submerged arc welding set-up 

 

4.2.3 Design of welding fixture 

 

A fixture is a device used to hold the work in the workshop and manufacturing industry. It is used 

to securely locate (position in a required position or orientation) and give support to the work, 

ensuring that all parts produced using the fixture will remain fixed. A fixture improves the 

economy of production by allowing smooth operation and quick transition from part to part, and 

also reduces the necessity of skilled labor by simplifying the mounting problem of work pieces, 

and increasing conformity across a production run. Fixtures must always be designed with 

economics in mind, the purpose of these devices is to reduce costs, and so it must be designed in 
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such a manner that the cost reduction outweighs the cost of implementing the fixture. The top view 

and front view of fixture with adjustable clamping which was used for the experimentation is 

shown in Figures 3.2 (a, b & c) respectively. 

 

(a)      (b)  

  

(c) 

Figure 4.2 (a) Designed fixture to hold the samples, (b) Top view of the fixture (c) Front view of 

the fixture 

 

4.2.4 Backing bar 

 

It is a metal/ceramic slab placed at the root of a weld joint for the purpose of supporting molten 

weld metal. Backing bar which is having a deep semicircular groove filled with the same flux as 

used for SAW is found to be very effective for providing support to the molten metal and to form 
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the required bottom reinforcement. The finer the particle size of the flux used in the backing strip, 

the better is the formation of bottom reinforcement. The Figure3.3 shows the dimension of the 

backing bar used in the experiments. 

 

 

 

  Figure 4.3 Backing bar with dimensions 

 

4.2.5 Materials and job specimen 

 

Mild steel is selected for the work material. Mild steel plate of size 200 mm × 100 mm × 8-10 mm 

with 1.5-2.5 mm root gap was butt joined by SAW process. 150 mm × 150 mm × 8-10 mm plates 

with a webb height of 50 mm was used for fillet joints. The work piece dimensions are shown in 

Figure 4.4. 

  

 

(a)         (b) 

 

Figure 4.4 Plate dimensions of (a) butt joint (b) fillet joint 
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(a)        (b) 

 

Figure 4.5 Welded plated (a) butt (b) fillet 

 

Composition of the base metal (IS: 2062, Gr. B mild steel) is shown in Table 4.2. The chemical 

composition of the work piece is tested in the metal testing laboratory. 

Table 4.2 Chemical composition of the base metal 

Element Carbon  

(C) 

Manganese  

(Mn) 

Silicon  

(Si) 

Sulphur 

(S) 

Phosphorus  

(P) 

Percentage (%) 0.15 0.58 0.23 0.020 0.028 

 

Continuous bare wires in the form of coils and dry fluxes in grain form were used for the SAW of 

mild steel, low alloy steels etc. Auto melt EH-13 copper-coated electrode wire with 3.15 mm 

diameter in coil form was used for welding. Chemical composition of the electrode wire and fluxes 

are given in the Table 4.3 & 3.4 respectively. 

Table 4.3 Chemical composition of weld metal wire 

C Si Mn P S Cr Ni Mo Cu Al 

0.06 0.03 1.50 0.03 0.03 0.06 0.03 0.01 0.04 0.046 
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Table 4.4 Composition of the flux 

 

Composition SiO2+TiO2 CaO+MgO Al2O3+MnO Ca+F2 

Percentage (%) 25 20 30 35 

 

4.3 Welding without edge preparation and effect on mechanical properties 

 

Edge preparation before welding is performed to weld thick plates which is a time and resource 

consuming task. Avoiding edge preparation can save both time and manpower but welding without 

edge preparation is a challenging task, as it involves controlling the weld parameters carefully. 

Here an attempt was made to control the weld parameters to get a sound weld without edge 

preparation i.e. square butt joint was used for welding suing SAW. The operating variables 

associated with SAW are welding current, welding voltage, welding speed, electrode diameter, 

electrode extension (stick out), type of flux, width and depth of flux layer, polarity and current 

type (AC or DC).  

 

4.3.1 Design of experiment 

 

Design of experiments is required to properly set the strategy of the experimental investigation. A 

series of experiments are performed in which purposeful changes are made to the input variables 

therefore the corresponding changes in the output responses can be observed.  At this present study 

total four variable parameters were considered and varied in four different levels as shown in Table 

4.1. If we follow the full factorial design approach, then it is necessary to perform experiments by 

all possible combination of these four parameters and determine the best out. The total number 

experiments are supposed to be 256, which is quite time and resource consuming. Therefore here 

we followed the Taguchi orthogonal arrays to design the experiments, which reduces the number 

of experiments to 16. Table 4.5 shows the designed experiments using Taguchi L16 orthogonal 

array. 

 

 

TH-2183_11610318



90 

 

Table 4.5 Experimental design matrix as per L16 orthogonal array 

 

Weld 

runs 

Current 

(A) 

Voltage 

(V) 

Welding 

speed 

(mm/s) 

Electrode 

stick out 

(mm) 

1. 330 28 5.5 23 

2. 330 30 6 25 

3. 330 32 6.5 27 

3. 330 34 7 29 

5. 340 28 6 27 

6. 340 30 5.5 29 

7. 340 32 7 23 

8. 340 34 6 25 

9. 350 28 6 29 

10. 350 30 7 27 

11. 350 32 5.5 25 

12. 350 34 6 23 

13. 360 28 7 25 

14. 360 30 6 23 

15. 360 32 6 29 

16. 360 34 5.5 27 

 

4.4 Comparative study of the effect of V-groove angle on mechanical properties 

 

In the third set of experiments we compare the mechanical properties, hardness and bead geometry 

of weld. This section deals with the experimental analysis of tensile strength, hardness and bead 

geometry in square butt, single V-groove butt joints in submerged arc welding using different 
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included angle and keeping the process parameters constant. The two plates are welded by the 

single V-groove (30°, 60°) butt weld joint with different V-groove angles.  The geometry of butt 

weld joint is as follows. The specimens are fabricated using submerged arc welding process by 

considering different parameters as given in the Table 4.6. 

 

 

 

Figure 4.6 Welding geometry (a) with groove angle (b) square butt 

 

Table 4.6 Process parameters and their levels 

 

 

 

 

 

 

The square butt and Single V-groove butt joints with varying included angle are prepared in single 

pass by using submerged arc welding process. The size of welded plates used are 200 × 100 × 10 

mm (length × width ×thickness). The throat thickness of 7 mm is taken for single V-groove butt 

joints for different included angles. Using these levels, the experimental matrix is designed as 

shown in Table 4.7. 

 

 

Process 

Parameters 

Unit Symbols Level 1 Level 2 Level 3 

Current A C 350 400 450 

Traverse speed mm/s S 5.5 6 6.5 

Voltage V V 30 30 30 

Included Angle Degree ( ° ) I 0 30 60 
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Table 4.7 Experimental design matrix for different included angles 

 

Weld runs Butt Joint / V- Groove Current (A) Traverse Speed (mm/s) 

1.  

Flat ( Butt joint) 

1 350 1 5.5 

2. 2 400 2 6 

3. 3 450 3 6.5 

4.  

Included Angle (300) 

1 350 1 5.5 

5. 2 400 2 6 

6. 3 450 3 6.5 

7.  

Included Angle (600) 

1 350 1 5.5 

8. 2 400 2 6 

9. 3 450 3 6.5 

 

4.5 Experimental study of the effect of surface active elements on mechanical properties 

 

Three types of activated flux namely Titanium oxide, Chromium oxide and Silicon dioxide and its 

mixtures has been used to study the effect of activating flux on weld geometry in low carbon steel 

welds. For the simplification of the experiment in each set of experiments (i.e. for one activated 

elements) current and voltage are taken as variable and keeping the travel speed (5.5 mm/s) and 

electrode stick out (25 mm) constant. Three experiments have been performed per set using one 

activated flux. In total there are 15 numbers of experiments with different combinations of the 

surface activated elements. 
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Table 4.8 Experimental design matrix for surface active elements 

 

Weld runs Flux type Current (A) Voltage (V) 

1. SiO2 1 300 1 30 

2. 2 320 2 32 

3. 3 350 3 34 

3. TiO2 1 300 1 30 

5. 2 320 2 32 

6. 3 350 3 34 

7. Cr2O3 1 300 1 30 

8. 2 320 2 32 

9. 3 350 3 34 

10. SiO2+ TiO2+ 

Cr2O3 

1 300 1 30 

11. 2 320 2 32 

12. 3 350 3 34 

13. No flux 

used 

1 300 1 30 

13. 2 320 2 32 

15. 3 350 3 34 

 

4.5.1 Procedure for applying surface active elements 

 

Mild steel plates of 150 mm length and 150 mm width of 8 mm thickness are used for the study.  

These plates are first of all, polished with silicon carbide paper which removes surface 
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contamination, and then these are cleaned with acetone. The surface activating elements are 

prepared by mixing the different oxides with acetone (Figure 4.7).  

 

Figure 4.7 Mixing and coating of surface active elements 

 

                  

(a)      (b) 

Figure 4.8 Plates (a) after application of surface activating elements, (b) after the welding 

 

This mixture is rushed manually on the top surface along the weld line of the specimen before 

welding. The coating density of flux is maintained approximately. The steps for applying the 

activated fluxes are described as follows: 

 The oxide powder is mixed with acetone in a 1:1 weight ratio, to produce a paint-like 

consistency (Figure 4.8). The ratio of flux powder to carrier solvent is not critical, 

although it must be mixed in a consistent manner that can be “painted on”. Chemical 

manufacturer’s instruction is followed for handling these chemicals.  
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 The flux mixture has thicken over time as the thinner (acetone) evaporates. More 

acetone is added according to the requirement to return the mixture to the correct 

consistency. 

 Using the small paint brush, oxide powder is applied to the centre of the plate. The 

layer has to be sufficiently thick so that the flux appears opaque. The layer should be 

slightly wider than the expected width of the weld bead. Flux should sufficiently be 

adhered to the surface to combine in all position. 

 During welding, arc length has to be maintained as per welding specification. 

 

 After welding, any unused flux has been removed with ease .Flux that has been 

consumed by the arc creates a tenacious layer. A residual slag which remains on the 

surface of the weld pool has been removed by grinding or aggressive wire brushing. 

 

4.5.2 Measurement of temperature profiles 

 

Time temperature history was measured using K-type thermocouples. The Fig 3.9 shows the 

schematic of the thermocouple arrangements for measuring temperature. Figure 4.10 shows the 

thermocouple locations during welding. Thermocouples ware attached in both side of the weld 

line.  

 

Figure 4.9 Schematic of the thermocouple arrangements 
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Figure 4.10 Thermocouple locations in a welded plate 

 

4.5.3 Measurement of bead geometry and mechanical properties 

 

Measurements are made for bead penetration and bead width directly and then reinforcement. The 

measurements of weld bead dimensions are taken by co-ordinate measuring machine (CMM). 

Figure 4.11 shows the welding plate while measuring the angular deformation using CMM. Tensile 

samples were prepared using CO2 laser cutting machine as per ASTM E8 standard. Instron 3382 

universal testing machine was used to measure the tensile properties of the welded samples. Figure 

4.12 shows the tensile samples and the universal testing machine. 

 

 

 

Figure 4.11 Measurement of angular deformation using CMM 
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(a)       (b) 

Figure 4.12 Image of the (a) Tensile samples (b) Instron 3382 universal testing machine 

 

After welding each specimen are cut across the weld line to get a cross section of weld pool and 

were filed using flat file to get a flat surface. After cutting process polishing operations are done 

on each specimen using sand paper of four different grit sizes 320, 400, 800, 1200 and 2000. The 

specimens are rubbed on the sand paper in the presence of water. Final polishing has been 

performed on velvet cloth with alumina powder. After polishing 2% nital solution (mixture of 

nitric acid and alcohol) was used for etching. The mixture is kept for 20 minutes. Then small cut 

pieces of the weldment is dipped into that solution. After etching the weld pool and the weld zone, 

heat affected zone can be clearly be differentiated.  

 

 

 

Figure 4.13 Metallurgical microscope 
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Figure 4.14 Different positions of hardness measurement (1-Weld zone, 2-HAZ zone, 3-parent 

metal) 

 

Figure 4.13 shows the Zeiss metallurgical microscope used in this study. Vickers micro hardness 

tester was used to measure the hardness of different weld zones viz. weld bead, HAZ and parent 

metal. Figure 4.14 shows the locations of hardness measurement. Average of three readings was 

considered for each measurements. 

 

4.6 Summery 

 

In this section the experimental aspects of all the study were presented, which consists from the 

preparation of the fixture, backing bar, selection of the welding parameters, design of the 

experiments. Bead on welding was performed to study the effect of parameter on mechanical 

properties, welding was performed on mild steel plates of different joint geometries. After welding 

mechanical and microstructural characterization were conducted. Thermal history was also 

measured. In a nutshell the overview of the experiments involved in this study were discussed in 

this section. 
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CHAPTER 5 

Results and discussions 

 

5.1 General introduction 

 

This chapter consists of two sections i.e. results of numerical thermo-mechanical analysis and 

results of experimental investigations. 

 

A. Results of numerical thermo-mechanical analysis section consists of following 

subsections: 

 

 Prediction of thermal history and angular deformation of square butt joints  

 Prediction of thermal history and angular deformation of double sided fillet joint 

 Comparative study of residual stress and angular deformation of single and double 

sided fillet welds 

 Influence of tacking sequence on residual stress and distortion 

 Prediction of welding sequence induced thermal history & residual stresses and their 

effect on welding distortion 

 Prediction of weld induced distortion of large structure 

 Development of a new heat source model 

 

B. Experimental investigation section consists of following subsections: 

 

 Effect of welding process parameters on weld bead geometry 

 Effect of surface active elements on weld bead geometry 

 Effect of included angle on mechanical properties of welded joint 

 Effect of process parameters on mechanical properties 

 Optimization of welding parameters 

 

The numerical modelling of thermo-mechanical analysis of the submerged arc welding is 

influenced upon the selection of proper material properties, mesh size and other model 
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parameters. In meshing, the smaller is the element size the higher will be the accuracy. So, if 

very fine mesh size is considered then the accuracy increases but the computational time will 

also increase. However, this problem can be minimized by selecting an optimum mesh size 

without losing the accuracy but with less computational time. The details of thermal and 

mechanical properties of mild steel, model geometry, mesh size selection etc. used in this 

present study are described below. 

 

5.1.1 Model geometry 

 

Thermal analysis followed by structural analysis was carried out in ASNYS 12.0 software. 

ANSYS Parametric Design Language (APDL) was used to model and simulate the analysis. 

The meshed views of the butt and fillet welds are shown in Figures 5.1 & 5.2 respectively. 

Finer mesh improves the prediction accuracy but increases the computational time therefore a 

non-uniform meshing scheme was used where finer mesh was done in the weld zone and 

incrementally coarser mesh was done away from the weld zone, thus it minimizes the 

computation time as well as improves the prediction accuracy. The mesh density was finalized 

after mesh sensitivity analysis, keeping a balance between the computation time and prediction 

accuracy.  

 

Figure 5.1 FE model and meshed view for butt weld 
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Figure 5.2 FE model with mesh for fillet weld (a) Double sided (b) Single sided 

 

5.1.2 Material properties 

 

The temperature dependent thermal and mechanical properties [73, 192] of the mild steel plates 

used in this study are shown in the Figures 5.3 (a) to (c). The thermal conductivity, yield stress 

and Young’s modulus decreases with temperature but after 800 oC the thermal conductivity 

follows an increasing trend. The temperature dependent yield stress elastic modulus, thermal 

expansion coefficient and Poisson’s ratio of mild steel are shown in the Figure 5.4.  
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Figure 5.3 (a) & (b) Temperature dependent thermal properties of mild steel [73, 192] 

 

It is obvious that there are huge variations of material properties with temperature and it 

challenges to develop a well efficient model. 
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Figure 5.4 Temperature dependent of mechanical properties of mild steel [73, 192] 

 

5.1.3 Experimental details  

 

An ADORE SAW setup was used to perform the welding. Compatible mild steel electrode of 

3.1 mm diameter and ESAB OK FLUX 10.17 L granular flux were used for carrying out the 

experiments. The temperature during welding was measured using K-type thermocouples. The 

thermocouples were connected to AGILENT 34972A data logger device with 20 channels 

multiplexer. This data logging device was connected to a PC and the temperature at different 

locations were measured & recorded with time.  
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Figure 5.5 (a) shows the welding set up with data logger. Figures 5.5 (b) & (c) show welded 

sample with thermocouple arrangements and the welded sample submerged under the 

granulated flux. The angular distortions were measured by using a 3D coordinate measuring 

machine (CMM), which is shown in the Figure 5.5 (d). Before welding the tack welded samples 

were marked to measure the coordinates before and after welding with respect to a reference 

surface. The angular distortion was calculated by subtracting the initial deformation (i.e. before 

welding data) from the final deformation (i.e. after welding data). 

    

  

(a) 

    

(b)     (c)    (d) 

     Figure 5.5 (a) welding set up with data logger, (b), welded plate with thermocouple 

arrangements (c) weld bead with flux after welding, (d) angular deformation measurement 

using CMM 
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A. Numerical thermo-mechanical analysis 

 

Results and discussions of all numerical thermo-mechanical analysis are presented in this 

section. First, the results and discussions of the butt and fillet weld joints are presented, 

followed by the analysis of the large structure using an equivalent technique. Finally, a new 

heat source model was developed and comparative study was done with the existing model. 

 

5.2 Prediction of thermal history and angular deformation of square butt joints 

 

Here, a numerical model was developed for single pass single sided submerged arc welding of 

square butt joints. Submerged arc welding can be conveniently used to weld a range of plate 

thicknesses in a single run using a suitable backing strip achieving adequate top and bottom 

reinforcements. The 3D FE methodology established in the present work can be successfully 

used to predict the transient thermal history and distortions of square butt welds. 

  

5.2.1 Transient thermal history 

 

3-D modelling was done for welding of 8 mm to 12 mm thick MS plates (melting temperature 

is 1495oC [188] and A1 transformation temperature 723oC [188] with square butt. The 

parameters used for square butt welding are given in Table 5.1. The results of the transient 

thermal analysis are shown in Figures 5.6 & 5.7. 

 

Table 5.1 Welding parameters for square butt welding 

 

 

 

 

Plate thickness 

(mm) 

Current  

(A) 

Voltage  

(V) 

Welding speed  

(mm/s) 

10 600 29 5.4 
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Figure 5.6 Temperature distribution at various points on plate top surface for square butt 

welding of 10 mm thick MS plate 

 

 

Figure 5.7 Temperature distribution at various points on plate bottom surface for square butt 

welding of 10 mm thick MS plate 

 

Figure 5.6 & 5.7 represents the transient thermal history from center of weld line to away from 

the weld line on top & bottom surface respectively. The peak temperature is maximum at the 

center of weld line & it gradually decreases away from the weld line. Figure 5.8 shows the 

thermal profile of 8 to 12 mm thick plates along the weld line (mid point) for same welding 

parameters as shown in Table 5.2. It was seen from the Figure 5.8 that for same welding 

parameters, the welding temperature increases with decreasing of thicknesses and cooling rate 

increases with increasing of thicknesses.  
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Table 5.2 Welding parameters for square butt welding 

 

Thickness 

(mm) 

Root gap 

(mm) 

Current 

(A) 

Voltage 

(V) 

Welding speed 

(mm/s) 

8 to12 3.5 650 27.5 6.46 

 

 

Figure 5.8 Temperature distributions at weld line plate top surface for square butt welding of 

8 to 12 mm thick MS plate for same welding parameters 

 

5.2.2 Prediction of angular deformation  

 

Figure 5.9 shows the schematic diagram of a square butt joint, the numbers representing corner 

points and positions of tacks. Figure 5.10 shows the distortion shapes of 8 to 12 mm thick plate 

at the edge (parallel to weld line) of the plates with constraints at tack positions (5 and 6) for 

same welding parameters which is shown in Table 5.2. Figure 5.11 shows the distortion 

patterns of 8 to 12 mm thick plate at the edge (parallel to weld line) of the plates with constraints 

at tack positions (5 and 6) and corner points (1, 2, 3 and 4) for same welding parameters and 

the welding parameters is shown in Table 5.2. 
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Figure 5.9 Schematic diagram of a square butt joint, the numbers representing corner points 

and positions of tacks 

 

 

Figure 5.10 Distortion pattern for 8 to12 mm thick plate near the end of welded plate and 

parallel to the weld line 
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Figure 5.11 Distortion pattern for 8 to 12 mm thick plate near the end of welded plates and 

parallel to the weld line 
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From Figures 5.10 & 5.11 it is observed that the maximum magnitude of distortion is more for 

8 mm thick plate & it is leas for 12 mm thick plate. From Figure 5.10 & 5.11 it is also observed 

that positon of constraints also have significant effect on magnitude of deformation. 

 

5.2.3 Validation of numerical results of butt joints 

 

To validate the FE numerical results experiments were conducted. For measuring temperature 

distribution, K-type thermocouples were used to record temperature history during welding by 

using temperature data acquisition system. Thermocouples were fixed 10 mm, 30 mm and 35 

mm away from the weld line on upper surfaces of the plates during welding. The welding 

parameters and the joint details are given in Table 5.3. All plates were welded in square butt 

condition without any edge preparation. Before welding the tack welding were done at tack 

positions (as shown in Figure 5.9). Schematic diagram of the control points for measuring 

angular deformation is shown in Figure 5.12. 

 

Table 5.3   Welding parameters and joint details 

 

Exp. 

no. 

Thickness 

(mm) 

Root gap 

(mm) 

Current 

(A) 

Voltage 

(V) 

Welding speed 

(mm/s) 

Comments 

(Reinforcement) 

1 10 3.5 635 28 6.67 Top and bottom 

2 12 4 665 33 6.67 Top and bottom 

3 12 3.6 690 33 7.08 Top and bottom 

4 10 3.5 650 27.5 6.46 Top and bottom 

5 8 2.6 570 29 6.25 Top and bottom 

6 12 3.5 682 33 7.33 Top and bottom 

7 10 3.5 635 28 6.67 Top and bottom 
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Figure 5.12 Points for measurement of distortions 

 

Figure 5.13 shows the experimental and numerical thermal profiles for 12 mm thick plate. The 

thermocouple position for Figure 5.13 was 30 mm away from the weld line on top surface of 

the weld plate.  The input welding parameters of this thermal profile (Figure 5.13) is given in 

Table 5.4, serial number is 1. Figure 5.14 shows the experimental and numerical thermal 

profiles for 10 mm thick plate. The thermocouple position for Figure 5.14 was 35mm away 

from the weld line on top surface of the weld plate. The input welding parameters of this 

thermal profile (Figure 5.14) is given in Table 5.4, serial number is 2.   

 

Table 5.4 Welding parameters for prediction of thermal profiles and distortion 

 

Sl. 

no. 

Thickness 

(mm) 

Root gap 

(mm) 

Current 

(A) 

Voltage 

(V) 

Welding speed 

(mm/s) 

1 12 3.5 682 33 7.33 

2 10 3.5 635 28 6.67 

3 8 2.6 570 29 6.25 
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Figure 5.13 Comparison of numerical and experimental thermal profile for 12 mm thick plate 
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Figure 5.14 Comparison of numerical and experimental thermal profile for 10 mm thick plate 
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Figure 5.15 Comparison of numerical and experimental thermal profile for 8 mm thick plate 
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Figure 5.15 shows the experimental and numerical thermal profiles for 8 mm thick plate. The 

thermocouple position for Figure 5.15 was 10 mm away from the weld line on top surface of 

the weld plate. The input welding parameters of this thermal profile (Figure 5.15) is given in 

Table 5.4, serial number is 3. Figure 5.16 shows the experimental and numerical welding 

distortion patterns for 10 mm thick plate. The input welding parameters of this distortion 

pattern (Figure 5.16) is given in Table 5.4, serial number is 2.  
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Figure 5.16 Comparison of numerical and experimental distortion for 10 mm thick plate 

 

Figure 5.17 shows the experimental and numerical welding distortions pattern for 12 mm thick 

plate. The input welding parameters of this distortion pattern (Figure 5.17) is given in Table 

5.4, serial number 1.   
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Figure 5.17 Comparison of numerical and experimental distortion for 12 mm thick plate 
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The resulting distortions matched fairly well with those of the numerically predicted ones. This 

was achieved by considering the restraining effect of the top and bottom reinforcements. The 

effect was modeled through the use of element birth technique as described in previous section. 

As was expected the extent of distortion decreased with increase in plate thickness for a given 

set of input of welding parameters.  

 

5.2.4 Summary 

 

From the preceding investigation of butt welds, it can be summarized as below: 

 

 Through thickness fusion were achieved in 8 to 12 mm thick plates with square butt 

edge preparation in a single run of submerged arc weld using flux-filled reusable 

backing strip and suitable welding process parameters.  

 The temperature distributions obtained through analysis and those obtained from 

experimental measurements compared fairly well with a variation of 3 to 8% only in 

case of peak temperatures. 

 The variation of the predicted distortions and those obtained from experimental 

measurements was only about 4 to 10%. 

 So, the above developed methodology can be successfully utilized to predict transient 

thermal history & distortions of SAW square butt joint. 

 

5.3 Prediction of thermal history and angular deformation of double sided fillet joint 

 

A three dimensional finite element based thermo-mechanical model was developed to predict 

the thermal history and distortions of double sided fillet welding by submerged arc welding. 

Figure 5.18 shows the schematic representation of the axis system of the fillet weld which was 

used for constructing the FE model. Table 5.5 shows the welding parameters considered for 

welding the fillet joints. 

 

Table 5.5 Welding Parameters for double sided fillet welding 

 

 

 

Plate thickness 

(mm) 

Current 

(A) 

Voltage 

(V) 

Welding speed 

(mm/s) 

10 420 25 5.0 
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Figure 5.18 Schematic diagram of the fillet weld joint 

 

To weld the double sided fillet weld, welding was performed in two successive passes therefore 

the transient thermal history was plotted for both the sides.  Figures 5.19 and 5.20 shows the 

transient thermal history for first pass and second pass respectively. Temperature distribution 

from the center of the weld to away from the weld line was plotted. Second welding was 

performed after 3 min cooling of the first welding, therefore there is a pre heating effect on the 

second pass which can be seen from the Figure 5.21. The preheat temperature on the second 

weld shoot up nearly 420 °C from the first weld. Both heating and cooling of the welds can be 

observed from the time scale.  Due to preheating effect the peak temperature of the second pass 

(2100 °C ) is more than the  first pass (1736 °C ).  
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Figure 5.19 Temperature distribution for the first side of double sided fillet welding 
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Figure 5.20 Temperature distribution for the second side of double sided fillet welding 

 

Angular deformation was predicted for different welding conditions of double sided fillet 

welds.  The welding parameters are shown in Table 5.6. In the finite element modelling the 

numerical angular distortions were plotted based on the nodal deflections from the non-linear 

elasto-plastic analysis at the edges of the plate.  Figure 5.21 shows the finite element angular 

distortion comparison (nodal deflections) at the edges of the joint models for the welding 

parameters as given in Table 5.6. 

 

Table 5.6 Numerical welding parameters for double sided fillet welding 

 

Sl. no. Thickness 

(mm) 

Current 

(A) 

Voltage 

(V) 

Welding speed 

(mm/s) 

1 10 425 25 5.0 

2 10 460 27 5.0 
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Figure 5.21 Comparison of angular distortion near the end of welded plate and parallel to the 

weld line (Table 5.6) 

 

5.3.1 Verification of experimental and numerical thermal profile 

 

Figure 5.22 shows the experimental and numerical thermal profiles of 10 mm thick plate for 

double sided fillet welding. The experimental points (thermocouple position) for the thermal 

history were located 15 mm away from the (for the first side fillet weld) weld line 2-4 (Figure 

5.18) on the top surface of the horizontal plate at a distance of 200 mm from the edge 9-10-11-

12-13-14 (Figure 5.18). Figure 5.22 shows the comparison of experimental and numerical 

thermal profile for the input welding parameters as given in Table 5.7. It can be observed form 

Figure 5.22 that there is a close agreement between the experimental and numerical thermal 

profile. 

 

Table 5.7 Experimental welding parameters for double sided fillet welding 

 

Thickness 

(mm) 

Current 

(A) 

Voltage 

(V) 

Welding speed 

(mm/s) 

10 470 27 5.0 
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Figure 5.22 Comparison of numerical and experimental thermal profile (Table 5.7) 

 

5.3.2 Verification of experimental and numerical distortion 

 

The methodology developed in the present investigations based on moving distributed SAW 

heat flux was adequate enough for predicting the temperature distributions and angular 

distortions. The input experimental parameter of SAW process for two jobs are given in Table 

5.8. Figure 5.23 shows the control points of the double sided fillet welding for measurement of 

distortion.  

 

 

Figure 5.23 Plate dimensions and control points for measurement of distortion 
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Table 5.8 Experimental welding parameters for double sided fillet welding 

 

Sl. no. Thickness 

(mm) 

Current 

(A) 

Voltage 

(V) 

Welding speed 

(mm/s) 

1 10 425 25 5.64 

2 10 470 27 5.0 

 

Figure 24 shows the experimental and numerical welding distortions patterns for 10 mm thick 

plate for job 1 as indicated in Table 5.8. Figure 5.25 shows the experimental and numerical 

welding distortions pattern for 10 mm thick plate of job 2 as indicated in Table 5.8. From 

Figures 5.24 & 5.25 it can be observed that there is close agreement between the experimental 

and numerical distortion shape profiles. 
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Figure 5.24 Experimental and numerical comparison of angular distortion for welding 

parameters of job 1 as given in Table 5.8 
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Figure 5.25 Experimental and numerical comparison of angular distortion for welding 

parameters of job 2 as given in Table 5.8 

5.3.3 Summary 

 

From the above investigation of double sided fillet SAW process, it can be summarized as 

below: 

 Temperature distribution for 3-D finite element model for double sided fillet SAW 

process was developed and compared with the experimental results. It was found from 

thermo-mechanical modelling that as in the case of experiments the distortion patterns 

in case of 10 mm plate varied for varying input parameters.  

 The temperature distributions obtained through analysis and those obtained from 

experimental measurements compared fairly well with a variation of 8% only in case 

of peak temperatures. 

 The angular distortions obtained through the finite element analyses and those obtained 

from experimental measurements compared fairly well with a variation of 5 to 10% 

only, for maximum value of distortions. 
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5.4 Comparative study of residual stress and angular deformation of single and double 

sided fillet joints 

 

Fillet joints are mostly used in structural applications which can be extensively seen in 

shipbuilding, bridge construction, house buildings, automobile or any other large structures. 

The aim of the present work is to quantify the amount of residual stresses and angular 

deformation in a fillet welding joint. An elasto-plastic thermo-mechanical model was 

developed for predicting residual stresses & distortions in case of single as well as double sided 

fillet joints. A comparative study of the residual stress and angular deformation between single 

and double sided fillet weld joint was made. 

 

5.4.1 Experimental investigation of single and double sided fillet joints 

 

Several set of experiments were carried out to study the weld induced residual deformation and 

thermal history for single and double sided fillet joints. Three welding parameter were taken as 

variables viz. current, voltage and welding speed where the length of stick out was kept at a 

constant value of 25 mm. The parameters used in the numerical analysis as shown in the Table 

5.9. Figure 5.26 shows the welded samples with the granulated flux. Double and single sided 

filled welded samples are shown in the Figures 5.27 (a) & (b) respectively. The plate used in 

this study was 150 mm × 150 mm × 6 mm mild steel plate with a stiffener with a web height 

of 50 mm and thickness 6 mm. 

 

Table 5.9 Welding parameters used in numerical analysis 

 

Current 

(A) 

Voltage 

(V) 

Welding speed 

(mm/s) 

480 21 6 
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Figure 5.26 Welded sample with flux and thermocouples attached 

 

    

(a)     (b) 

 

Figure 5.27 Submerged arc welded fillet joints (a) double sided (b) single sided 

 

5.4.2 Comparison of residual stresses distributions  

 

First of all the residual stresses distribution for fillet welding joints were validated with 

published literature [186]. The comparison between the estimated results and results from 

published literatures of longitudinal and transverse residual stress for single sided fillet welded 

joint are shown in Figures 5.28 and 5.29 respectively. Same parameters were used for the 

numerical analysis at the present work. A good agreement can be observed in both the cases of 

longitudinal and transverse residual stresses. After validating the present developed model, it 

was used to study the residual stresses distribution both in single and double sided fillet 

welding. 
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Figure 5.28 Comparison of longitudinal residual stress with published literature [186] 
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Figure 5.29 Comparison of transverse residual stress with published literature [186] 

 

The contour plots of longitudinal, transverse and von-Misses residual stress distribution for 

single sided fillet welding are shown in Figure 5.30. Figure 5.31 (a, b & c) represents the 

longitudinal, transverse & von-Misses residual stress distribution pattern for double sided fillet 

welding. 
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Figure 5.30 (a) Longitudinal, (b) Transverse and (c) von-Misses residual stress distribution 

for single sided fillet welding 

 

The maximum value of longitudinal and transverse residual stresses are found to be 415 MPa 

and 173 MPa respectively for single sided fillet welding which is shown in the Figure 5.31 (a 

& b). It can also be seen from the Figure 5.30 (c) that the maximum magnitude of von-Misses 

residual stress distribution is 371 MPa. Overall, it is observed that within and proximity to the 

welding region stress distribution is tensile in nature and away from the weld line it is 

compressive in nature. As the temperature gradient is maximum at the weld zone, during 

solidification of the molten metal the weld zone solidifies rapidly thus shrinkage occurs and it 

pulls the adjacent materials. Therefore the residual stress in the weld zone is always tensile in 

nature. But away from the weld line i.e. in the heat affected zone the temperature gradient is 

less and it takes more time to get cooled. To balance the weld shrinkage force induced by the 

weld zone it applies a counter force. Therefore residual stress is compressive in nature away 

from the weld line.  
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Figure 5.31 (a) Longitudinal, (b) Transverse and (c) von-Misses residual stress distribution 

for double sided fillet welding 

 

From Figure 5.31, same pattern of residual stress distribution is observed as of the single sided 

weld. The maximum amount of longitudinal and transverse residual stress is found to be 405 

MPa and 145 MPa respectively. The maximum amount of von-Misses residual stress is found 

to be 355 MPa. 

 

Figure 5.32 shows the comparison of longitudinal residual stress distribution between single 

and double sided fillet welding from centre of base plate to perpendicular to the welding 

direction. Comparison of transverse residual stress distribution between single and double 

sided fillet welding is shown in Figure 5.33.  Figure 5.34 shows the comparison of von-Misses 

residual stress distribution between single and double sided fillet welding.  The comparison 
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between the longitudinal & transverse residual stress along the weld line of single and double 

sided fillet welds are shown in Figures 5.35 & 5.36 respectively.  
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Figure 5.32 Comparison of longitudinal residual stress distribution 
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Figure 5.33 Comparison of transverse residual stress distribution 
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Figure 5.34 Comparison of von-Misses residual stress distribution 
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Figure 5.35 Comparison of longitudinal residual stress distribution along weld line 
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Figure 5.36 Comparison of transverse residual stress distribution along weld line 
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For same welding parameters the magnitude of both longitudinal and transverse residual 

stresses are more in case of single sided fillet welding as shown in Figures 5.35 & 5.36. At the 

beginning of transient stage the residual stress raises to a maximum value and it remains almost 

constant throughout the entire weld length i.e. along the quasi stationary region. This is because 

at the initial transient stage the temperature is raising and final transient i.e. at end of the weld 

length the temperature is decreasing but at the mid region i.e. at the quasi stationary region, the 

peak temperature remains almost constant. From the above Figures 5.32 to 5.36 it can be 

observed that the maximum magnitude of the residual stresses for single sided weld is more 

than the double sided ones. 

 

5.4.3 Comparison of residual deformations  

 

The Maximum value of angular deformation can be seen in the double sided fillet weld joint. 

Figures 5.37 and 5.38 show the contour plot of angular deformation distribution for double and 

single sided fillet welds respectively.  

 

 

 

Figure 5.37 Contour plot of angular deformation of double sided fillet weld 
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Figure 5.38 Contour plot of angular deformation of single sided fillet weld 

 

Figure 5.39 represents the angular deformation in single and double sided fillet welds, from 

which it can be clearly concluded that the single sided fillet weld joint is deformed in one side 

only however it provides the lower angular deformation that the double sided fillet welded 

joint. A co-ordinate measuring machine (CMM) was used to measure the angular deformation 

of the welded plates. Figure 5.40 shows the plot of angular deformation from experimental 

analysis. It can be noted that similar trend is visible in both prediction and experimental 

analysis thus the developed model is effective in prediction of the angular deformation of fillet 

welded joints. 
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Figure 5.39 Comparison of angular deformation between single and double sided fillet weld 
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Figure 5.40 Comparison of experimental angular deformation between single and double 

sided fillet weld 

 

At this present study it was observed that in case of single sided fillet welding the longitudinal 

residual stress distribution is unbalanced over two sides of the centre of the base plate which is 

balanced in case of double sided fillet weld. And the maximum value of transverse residual 

stress is more for single sided fillet weld than the double sided fillet weld. The same pattern 

can be seen in transverse residual stress also. The maximum value of overall residual stress 

(von-Misses residual stress) residual stress is more in case of single side fillet welding compare 

to that of double sided fillet welding. Within and nearer to the welding region, the longitudinal 

and transverse residual stress is tensile type and away from the weld line it is compressive type. 

 

It was also observed that the peak value of longitudinal residual stress is much higher than the 

peak value of transverse residual stress in both single and double sided fillet welding. But the 

maximum value of angular deformation was seen in the double sided fillet welded joint. 

 

5.4.4 Summary 

The summary of this study can be stated as below: 

 

 A 3-D finite element model was developed to compare the residual stress and angular 

deformation in case of single and double-sided fillet welded joints of mild steel plates. 

 

 From the nonlinear transient elasto-plastic thermo-mechanical analysis, it can be seen 

that in case of single sided fillet welding the residual stress distribution in the left and 
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right side of the stiffener is not uniform i.e. in weld side the stress distribution is tensile 

in nature near the stiffener and compressive away from the stiffener but it is fully 

compressive in other side. Double sided fillet welding shows quite common pattern of 

the residual stress distribution in the left and right side of the stiffener is almost uniform. 

 

 The maximum value of residual stress is more in case of single sided fillet welding 

compare to that of double sided fillet welding. But the lowest magnitude of angular 

deformation was seen lower in case of single sided fillet weld. The simulation results 

reveal that the amount of residual stress present in the single sided fillet weld is more 

and unbalanced in both side of the center of weld line compared to the double sided 

fillet weld. 

 

 Both numerical and experimental results indicate that the angular deformation is 

significantly affected by the choice of fillet welding type (i.e. single and double sided 

fillet). 

 

 The predicted residual stress from numerical analysis was validated with the published 

literature whereas the angular deformation was validated with the experiments which 

provides a sound agreement. Therefore it would be feasible to use this model to predict 

the angular deformation of single and double sided fillet welds.  

 

 

5.5 Influence of tacking sequences on residual stresses and distortions 

 

A tacking is a temporary weld which is used to hold the work pieces together at specific 

locations before the actual welding. Generally manual metal arc welding is used to do the tack 

welding. A number of tack welds are used in a large structure during the welding process. 

Hence the positioning of tacking as mechanical boundary constraints may influence the 

residual stress level and distortion for the whole structure.  

 

At the present study the analysis was carried out to predict the residual stress and distortion of 

single pass fillet joints with four different tacking sequences. The welding parameters 

considered for this study is shown in Table 5.10. The dimensions of the stiffened mild steel 
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plate are 200 mm  200 mm  6 mm with a web height and thickness of 50 mm and 6 mm 

respectively.  

 

Table 5.10 Welding parameters  

 

Plate thickness 

(mm) 

Current 

(A) 

Voltage 

(V) 

Welding speed 

(mm/s) 

6 430 22 5 

 

A schematic view of the single sided fillet weld joint along with coordinate system and tack 

positions is depicted in Figure 5.41 To prevent the rigid body motion, the rigid body boundary 

condition was incorporated in the FE model and also constraints were applied in weld tack 

positions.   

 

Figure 5.41 Coordinate system and tack positions for single sided fillet welding 

 

At this present study with the existence of six number of tack positions the work piece can be 

tack welded at least in 57 ways, if we select at least two tacking positions. Therefore, four 

different tacking sequences were randomly selected from the population of 57, such that there 

are certain variations in the number of tack positions. Welding was carried out according to 

different tacking sequences as described in Table 5.11. Tack positions 1, 3 and 5 are opposite 

to welding side and tack positions 2, 4 and 6 are in the welding side of the single sided fillet 

joint.  
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Table 5.11 Tacking sequences and their nomenclatures 

 

Tacking Sequences Nomenclatures 

Tack positions 2 & 6 TS-I 

Tack positions 1,3 & 5 TS-II 

Tack positions 1, 2, 5 & 6 TS-III 

Tack positions 1, 2, 3, 4, 5 & 6 TS-IV 

 

5.5.1 Comparison of distortions 

 

Figure 5.42 illustrates the distortions of the fillet welded plate due to the different tacking 

sequences i.e. TS-I to TS-IV.  The distortions shown in Figure 5.42 are taken perpendicular to 

the weld line from center of weld to both side of the weld line as shown in Figure 5.42. It is 

clear from the Figure 5.42 that the angular distortion in the fillet side is more and in the opposite 

side it is less in all four cases, which means the angular deformation is completely 

unsymmetrical in nature. The maximum angular deformation in the fillet side can be observed 

in TS-II (i.e. tack position in 1, 3 and 5) and minimum in TS-IV (i.e. tack position in 1, 2, 3, 4, 

5 and 6). Therefore the obtained simulation results clearly indicate the influence of tacking 

sequences in the present study.  
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Figure 5.42 Maximum angular distortions perpendicular to the weld line. 
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A comparison of the predicted angular distortion from FE analysis with the angular distortion 

from the experimental observation is shown in the Table 5.12.  

 

Table 5.12 Experimental and FE comparison of angular deformation at the middle length 

 

Tacking 

sequence 

FE maximum distortion 
Experimental maximum 

distortion 

% of 

deviations 

FS OS FS OS FS OS 

(mm) (°) (mm) (°) (mm) (°) (mm) (°) (%) (%) 

TS-I 2.22 1.27 0.69 0.39 2.32 1.32 0.61 0.34 4.50 12.10 

TS-II 3.72 2.13 1.30 0.74 3.17 1.82 1.14 0.65 14.78 12.30 

TS-III 2.00 1.14 0.67 0.38 1.73 0.99 0.58 0.33 13.50 13.56 

TS-IV 1.78 1.02 0.59 0.33 1.58 0.90 0.51 0.29 11.23 13.55 

FS=Fillet Side  OS=Opposite side 

 

The maximum magnitudes of angular deformation are considered both for fillet side and 

opposite side. For all the tacking sequences the percentage of deviation of the predicted results 

from the experimental results lays in between 4.55% to 13.55% which is sound enough, thus 

shows the accuracy of the developed finite element model. 

 

The contour of angular deformations of four different cases is shown in Figure 5.43. As in case 

of TS-II the restrains are in opposite side of the weld that’s why the angular deformation was 

enhanced in weld side due to the weld shrinkage force. Similarly, in all other cases as the 

restrains are in both side of the stiffener (i.e. in weld side and opposite to the weld side), which 

reduce the angular distortion of the welded structure. This happens because the weld shrinkage 

force developed in the welded structure is restrained by the weld tacks in both sides. 
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Figure 5.43 Distortions for four different tacking sequences [(a) TS-I (b) TS-II (c) TS-III and 

(d) TS-IV]. 

 

5.5.2 Comparison of residual stresses  

 

It was observed that within and closer to the welding region the residual stress is tensile in 

nature and away from the weld line it is compressive in nature. Figures 5.44 to 5.50 describe 

the predicted longitudinal, transverse and von-Misses residual stresses distribution along weld 

line and perpendicular to the weld line for four cases of tacking sequence.  

 

Figure 5.44 represents von-Misses residual stress distribution along the weld line. In all cases 

the von-misses residual stress distribution can be found uniform throughout the weld line 

except the tack positions where some non-uniformity can be observed. Figure 5.45 shows the 

von-Misses residual stress distributions perpendicular to weld line. For TS-II & IV the variation 

of residual stresses observed at the middle length of welding where tack weld was done.   

It was observed that the residual stresses increased due to the tack positions in weld side where 

as the residual stresses lowered due to the tack positions in opposite side of welding.  
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Figure 5.44 von-Misses residual stress distribution along weld line 
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Figure 5.45 von-Misses residual stress distribution perpendicular to weld line 

 

Figure 5.46 represents the longitudinal residual stress distribution along the center line of fillet 

weld joint. From Figure 5.46 it can be observed that the stress magnitude and distribution 

patterns are dependent on weld tack sequence. It was observed that except the tack positions 

the transverse residual stress is uniform through the length and the magnitude of residual stress 

in tack positions is significantly higher than that of without tack positions. Figure 5.47 

represents the longitudinal residual stress distribution perpendicular to the fillet weld line. From 

this Figure 5.47 it is seen that along the weld line it is tensile and away from the weld line it is 

compressive in nature. It was observed that though the residual stress distributions near the 

middle length tack positions (i.e. tack positions 3 & 4) were uneven in nature but the magnitude 
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of residual stresses is reduced for the weld tack positioned opposite to the weld line i.e. for TS-

II. 
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Figure 5.46 Longitudinal residual stress distribution along weld line 

 

 

Figure 5.47 Longitudinal residual stress distribution perpendicular to weld line 

 

Figure 5.48 represents the transverse residual stress distribution along the center line of fillet 

weld. In this case the same pattern as the longitudinal residual stress is observed i.e. in the 

region of tack position the residual stress is non-uniform but the basic difference is the 

maximum magnitude of the transverse residual stress is very less than the longitudinal residual 

stress. The Figure 5.49 represents the transverse residual stress distribution perpendicular to 
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the weld line. It was observed that the residual stress distributions near the middle length tack 

positions (i.e. tack positions 3 & 4) were uneven in nature. 
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Figure 5.48 Transverse residual stress distribution along weld line 
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Figure 5.49 Transverse residual stress distribution perpendicular to weld line 

 

5.5.3 Summary 

 

A 3D FE based thermo-mechanical analysis was performed to study the effect of tacking 

sequences on residual stress and angular distortion of single sided fillet weld. The results reveal 

that the weld tacking sequences have significant effects on the distribution of residual stresses 

and angular distortion. The following conclusion can be made from the present study. 
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 The minimum and maximum magnitude of residual stresses were observed in case of 

taking sequences TS-II & TS-IV respectively. However, the angular distortion follows 

opposite trend of residual stress. The minimum value of angular distortion was observed 

in case of the tacking sequence TS-IV and the maximum for tacking sequence TS-II. It 

is thus obvious that where the value of residual stress increases there the angular 

deformation decreases.  

 The tacking positions also have a significant effect in residual stress and angular 

distortion distribution. It is observed that the tacking positions opposite to fillet weld 

side have almost no effect on residual stress distribution whereas the tacking positions 

in fillet weld side have significant effect on uneven distribution and increment of 

residual stresses. It can be concluded from this study that the tack weld position should 

place opposite to the fillet weld side.  

 

5.6 Effect of welding sequences on thermal history, residual stresses and welding 

distortions 

 

Large stiffened structures are generally joined by several welding passes which generates 

thermal stresses and angular deformation and finally premature failure of the structure. The 

different welding sequences lead to non-uniform heating and cooling which creates complex 

welding residual stress and angular deformation in the structure. In this present work the effect 

of four different welding sequences on residual stress, angular deformation of submerged arc 

welded fillet joint was studied. Thus the developed model presents the convenient welding 

sequence for enhancing the quality of fabrication process.  

 

5.6.1 Experimental details 

 

The welding parameters used in this study are shown in Table 5.13. In this analysis fillet 

welding joint was considered which is shown in Figure 5.50. The dimension of mild steel base 

plate was 200 mm × 200 mm × 8 mm with a stiffener of a web height and thickness of 50 mm 

& 8 mm respectively.  
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Table 5.13 Welding parameters used in numerical analysis 

 

Current  

(A) 

Voltage  

(V) 

Welding speed 

(mm/s) 

490 25 5 

 

 

 

Figure 5.50 Schematic diagram of joint geometry of the fillet joint 

 

To study the effect of welding sequences on residual stress and deformation, four different 

welding sequences were considered which is given in Table 5.14 as per the Figure 5.50.  

 

Table 5.14 Welding sequences and their nomenclatures 

 

Welding Sequences Nomenclatures 

Point E and J to G and H WS-I 

Point J to H and G to E Point WS-II 

Point F and I to G,H and E,J WS-III 

G,H and E,J to  F and I WS-IV 

 

5.6.2 Thermal history of welding sequences 

 

Numerical and experimental transient thermal and mechanical analysis was performed. Figures 

5.51 (a)-(d) show the numerical and experimental comparison of transient thermal history for 

four different welding sequences i.e. WS-I, WS-II, WS-III and WS-IV respectively. Transient 
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temperature distribution of two different location for each welding sequences were compared. 

The experimental thermal history of the welded plate for all four welding sequences was 

captured by K-type thermocouples. From Figures 5.51 (a)-(d) it can be observed that the trends 

of the predicted thermal history are similar and well matched with the experimental ones.  
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Figure 5.51 (a) Comparison of predicted and experimental time temperature history for WS-I 
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Figure 5.51 (b) Comparison of predicted & experimental time temperature history for WS-II 
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Figure 5.51 (c) Comparison of predicted & experimental time temperature history for WS-III 
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Figure 5.51 (d) Comparison of predicted & experimental time temperature history for WS-

IV 

Four different welding passes went through the same sample, therefore the temperature raises 

& cools for four times which depicts the variation of the thermal gradients involves during the 

welding of a multi-pass sample.  

 

5.6.3 Comparison of the residual stresses 

 

After validation of transient thermal history, the same model was used in structural analysis 

where the transient thermal history was considered as input load to predict the residual stresses 

and angular deformation for four different welding sequences. Figures 5.52 and 5.53 show the 
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longitudinal and von-Misses residual stress distribution respectively in the direction 

perpendicular to the weld line for all cases of welding sequences. 
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Figure 5.52 Longitudinal residual stress perpendicular to the welding direction for different 

welding sequences 
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Figure 5.53 von-Misses residual stress distribution 

 

From the above results, it is observed that the welding  sequences have significant effect on 

magnitude and distribution pattern of residual stresses. It can be seen from the Figures 5.52 to 

5.53 that all the residual stresses are tensile in nature near the weld line and compressive away 

from the weld line in WS-I to WS-IV. It is seen that highest magnitude of peak value of von-

Misses residual stress found in WS-III and lowest magnitude of peak value of von-Misses 

residual stress found in WS-IV. Highest magnitude of longitudinal residual stress found in WS-
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III and lowest magnitude of peak value of longitudinal residual stress found in WS-IV. It is 

also observed that by incorporating suitable welding sequence the von-Misses and longitudinal 

residual stress can be reduced by approximately 5% and 20 % respectively. 

 

5.6.4 Comparison of the angular distortion 

 

The welding sequences induced angular distortion are shown in Figures 5.54 & 5.55. Figure 

5.54 shows the angular distortion patterns perpendicular to the weld line at the mid length of 

the plate for four different welding sequences. The effect of welding sequences is well 

prominent. Figure 5.55 represents the experimental angular deformation perpendicular to the 

weld line.   
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Figure 5.54 Plot of angular deformation perpendicular to the weld line 

 

It can be seen from the above Figure 5.54 that the maximum and minimum value of angular 

deformations are observed in case of WS-II (1.359 mm) and WS-III (0.805 mm) respectively. 

Figure 5.55 represents the experimental angular deformations of four different welding 

sequences. 
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Figure 5.55 Experimental angular deformation perpendicular to the weld line 

 

It can be seen from Figure 5.55 that WS-II (1.342 mm) and WS-III (0.7555 mm) gives the 

maximum and minimum value of the angular deformation respectively. The trends of the plots 

are also well matching with the predicted ones as shown in the Figure 5.54. Thus, it can be 

concluded that the angular deformation in a welded sample can be well controlled and reduced 

by introducing proper welding sequences.  

 

The comparison among the numerical and experimental maximum value of angular 

deformation obtained from the four different welding sequences are shown in the Table 5.15. 

It is observed that the maximum error between the predicted and experimental value of angular 

deformation is 13.14%. 

 

Table 5.15 Comparison between experimental and predicted maximum angular deformation 

 

Maximum angular deformation (mm) 

 Welding start side (left) Opposite side (right) 

 Experimental 

 

Predicted Error 

(%) 

Experimental Predicted  Error 

(%) 

WS-I /DS-I 1.254 1.35 7.11 1.047 1.11 6.01 

WS-II /DS-II 1.342 1.359 1.25 1.135 1.04 8.37 

WS-III /DS-III 0.901 0.851 5.87 0.755 0.8056 6.70 

WS-IV/DS-IV 0.813 0.936 13.14 0.825 0.927 12.36 
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5.6.5 Summary 

 

Based on the observations the following conclusions can be derived from the present 

investigation: 

 

 A feasible 3-D finite element model for studying the effect of welding sequence in  fillet 

welding was developed utilizing the nonlinear transient elasto-plastic thermo-

mechanical analysis. 

 Experiments were conducted to measure the thermal history and angular deformation 

of the different welding sequences. The predicted thermal history and angular 

deformation profiles are well matching with the experimental ones.  

 The residual stress is tensile in nature near and within the weld region and it is 

compressive in nature away from the weld region. As the distance from the weld line 

increases the stress reaches towards zero. The magnitude of longitudinal residual stress 

is much higher than that of transverse residual stress. 

 Four different welding sequences were considered to perform the FE analysis of double 

sided fillet joint. It was observed that welding sequences have prominent effects on 

both of distortions & residual stresses. The angular deformation can be reduced if the 

welding is done by proper welding sequences. 

 

5.7 Prediction of weld induced distortion of large structure 

 

Shrinkage and angular distortion in welding are the alarming issues in welded structure, which 

occur due to change in temperature gradient. This degrades the dimensional quality of a large 

structure during assembly which leads to rework the products and hence decreases the 

productivity. Predicting the weld induced residual deformation before the production saves the 

valuable time and resources for rework. The conventional coupled transient, nonlinear, elasto-

plastic thermo-mechanical analysis involves huge computational time. Computing a weld 

sample of small size with single pass itself takes several hours, which will be a huge amount 

of time in case of large structures consisting of several welding passes thus there is a real need 

of an efficient alternative technique to predict the post weld distortions. In the present work an 

attempt was made to determine the deformation in a submerged arc welded structure using 

equivalent load technique which reduces the total analysis time drastically of the conventional 
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techniques in case of a small weld structure. In this proposed method, the major time 

consuming part of analysis i.e. the transient nonlinear elasto-plastic structural analysis part was 

almost eliminated. So, this method can effectively use to predict the weld induced distortion of 

very large structure with a computation time almost equal to the time required for transient 

thermal analysis of a small weld structure only. It is not feasible to analyze such a large welded 

structure with conventional coupled transient, elasto-plastic, nonlinear thermo-mechanical 

analysis. The predicted results of distortions were validated with the experimental as well as 

published results and good agreements were found. 

 

Equivalent load method is based  on  inherent  strains  which  are  a  function  of  the  highest 

temperature  and  degree  of  restrain.  Nonlinear FE transient thermal analysis was performed 

to compute the temperature distribution in mild steel plates. Equivalent loads were calculated 

by using the inherent strain components. An elastic FE analysis of weldment using these 

equivalent loads was performed to simulate deformation.  Predicted distortions  show  a  good  

agreement  with  the  experimental measurements/published results, and the total computation 

time was reduced,  which  proves  the  reliability  of  the  proposed technique. 

 

5.7.1 Calculation of restraint coefficient 

 

The value of inherent strain depends on the restraint coefficient (β) which further depends on 

the stiffness of the bar and spring (Equation 5.6). In general the inherent strain is determined 

experimentally by taking a bar and spring of known stiffness and then heating and cooling the 

bar. However, in this work an analogy is considered; the weld bead is assumed as the bar as it 

experiences huge change in temperature during welding. The part of the welded plate adjacent 

to the weld region is assumed as the spring since this region experiences lesser change in 

temperature as compared to the weld bead and it acts as a restraint on the weld region. The 

restraint coefficient is calculated from k (Equation 5.10) and k* (Equation 5.11). 

 

k = AE/L          (5.10) 

 

k* = AE/L*             (5.11) 

 

where k and L are the stiffness and the width of the weld bead, respectively. k* and L* are the 

stiffness and width the weld plate adjacent to weld bead, respectively. The cross section area, 
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A is same for the weld bead as well as of the adjacent plate. Also, the Young’s modulus, E is 

same for weld bead and adjacent plate as both are of same material i.e. mild steel. Thus, the 

Equation 5.6 can be modified to calculate the restraint co-efficient (β) by using Equations 5.10 

& 5.11. 

 

 β = L*/ (L+ L*)          (5.12) 

 

In Equation 5.12, L is the width of the weld bead whose value is known however the value of 

L* is to be determined. The width of the weld plate (L*) adjacent to the weld bead is considered 

in such a way that it acts as a spring. In order to determine L* it is required to analyze the 

temperature distribution at various points (excluding weld bead region) on the plate during 

welding.  

The theoretical background of inherent strain, calculation of restraint co-efficient have been 

presented in chapter 3 (section 3.7) and the FE thermal analysis details have been given in 

chapter 5 (section 5.2 & 5.3). Nonlinear FE transient thermal analysis was performed to 

compute the temperature distribution. Figure 5.56 shows peak temperatures at different 

locations on the plate from the weld line considering different cases (Table 5.16) by changing 

welding parameters. From Figure 5.56, it is observed that as the welding parameters like current 

and voltage are increased, the peak temperature is more. Increasing welding speed, peak 

temperature decreases and vice versa. Similarly, the peak temperature decreases for thicker 

plate and vice versa. 
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Figure 5.56 Peak temperatures at different distances from the weld line at different welding 

parameters (Table 5.16) 
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Table 5.16 Welding parameters for thermal profile 

 

Case 
Voltage 

 (V) 

Current  

(A) 

Welding speed 

 (mm/s) 

Plate thickness 

(mm) 

1 28 510 7 10 

2 28 510 6 10 

3 30 510 6 10 

4 30 550 6 10 

 

 

Figure 5.57 Equivalent mechanical loading 

 

Here, the width of the plate (L*) is considered as the spring length where peak temperature 

reaches beyond 100 °C. The spring length is around 50 mm in the present study which can be 

observed in the Figure 5.56. This length varies by changing welding parameters as shown in 

Figure 5.56. The restraint coefficient can be calculated by using Equation 5.12 with the known 

value of L and L*. The force and moment at each node are calculated by using the Equations 

3.88 and 3.89, respectively and their value summed up at all the nodes in weld bead region. 

Further, this total value of force and moment is distributed uniformly among the nodes along 

the line AB (Figure 5.57) to simulate the distortion in the welded plate considering elastic FE 

analysis. The distance from the center of the weld line to the line AB is the spring length which 

was determined from the Figure 5.56. It can be observed from the trial and error experiments 

that if we consider the spring length as the distance from weld center line to the line where the 

temperature raises approximately 100 °C provides the best result.  It can be seen that the 

longitudinal shrinkage is very small compared to the transverse shrinkage and which have a 
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very small effect on welding distortion. Therefore, in this present work, for the simplification 

of the proposed method the longitudinal shrinkage was neglected which further reduces the 

complexity of the model.  

 

5.7.2 Distortion of butt and fillet welded plates 

 

Figure 5.58 (a-d) shows the distortion patterns obtained using equivalent loading technique in 

butt welded plates for different welding parameters as in Table 5.16.  

 

 

Figure 5.58 Distortion pattern for butt welded plate for four different cases [(a) Case 1; (b) 

Case 2; (c) Case 3; (d) Case 4]. 

 

The variation in distortion pattern for change in parameters like welding current, voltage, speed 

and thickness of the weld plates can be observed from these figures. Figure 5.58 shows the 

comparison of distortions along the line AB (parallel to Y axis and close to edge of the plate) 

considering different cases (Table 5.16) by changing welding parameters. From Figure 5.59, it 

is observed that as the welding parameters like current and voltage are increased, the distortion 
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is more. Increasing the welding speed decreases the value of distortion and vice versa. Similarly 

the distortion decreases for thicker plate and vice versa. 
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Figure 5.59 Comparison of distortions along the line AB (parallel to Y axis and close to edge 

of the plate) in butt welded plates considering different cases (Table 5.16) 

 

Figure 5.60 shows the experimental and numerical distortions for a 12 mm thick square butt 

welded plate along the line AB (parallel to Y axis and close to edge of the plate). The welding 

parameters are given in Table 5.17. From Figure 5.60, it is observed that the both distortion 

patterns match well with a variation of 7-10% considering maximum distortion value.  

 

Table 5.17 Welding parameters for butt welding 

  

 

 

 

Plate 

thickness 

(mm) 

Welding parameters 

Current 

(A) 

Voltage 

(V) 

Welding speed 

(mm/s) 

10 530 28 6 
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Figure 5.60 Comparison of numerical and experimental distortion along the line AB (parallel 

to Y axis and close to edge of the plate) for 12 mm thick plate 

 

Figures 5.61 (a-d) show the distortion patterns obtained using equivalent loading technique in 

fillet welded plates for different welding parameters as in Table 5.16. The dimensions of the 

base plate and web are 200×200×10 mm and 200×50×10 mm respectively. The variation in 

distortion pattern for change in parameters like welding current, voltage, speed and thickness 

of the weld plates can be observed from these figures. Figure 5.62 represents the comparison 

of distortions along the line AB (parallel to Y axis and close to edge of the plate) in fillet welded 

plates considering different cases as shown in Table 5.16. From Figure 5.62, it is observed that 

as the welding parameters like current and voltage are increased, the distortion is more. 

Increasing the welding speed & plate thickness decreases the value of distortion and vice versa. 
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Figure 5.61 Distortion pattern for fillet welded plate for four different cases [(a) Case 1; (b) 

Case 2; (c) Case 3; (d) Case 4]. 
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Figure 5.62 Comparison of distortions along the line AB (parallel to Y axis and close to edge 

of the plate) in fillet welded plates considering different cases (Table 5.16) 
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Figure 5.63 Comparison of numerical and experimental distortion along the line AB (parallel 

to Y axis and close to edge of the plate) for 10 mm thick fillet welded plate 

 

Figure 5.63 shows the experimental and numerical distortions for a 10 mm thick fillet welded 

plate along the line AB (parallel to Y axis and close to edge of the plate). The welding 

parameters are given in Table 5.16. From Figure 5.63, it is observed that distortion patterns 

match well with a variation of 5-9%.  

Predicted distortion pattern shows a good agreement with the experimental results, which 

proves the reliability of the proposed technique. The time consumed for this analysis is just 

about 30-40 seconds. Thus, this technique is efficient and very less time consuming than the 

FE thermo-mechanical analysis. Therefore, equivalent loading technique can be used to predict 

the distortion in a large welded structure. 

 

5.7.3 Large welded structure 

 

The problem of distortion during fabrication process leads to dimensional inaccuracies and 

misalignments of structural members, which may require corrective tasks or rework if tolerance 

limit is exceeded. This in turn, lengthens the production cycle leading to increase in the cost of 

production. Hence, the problem of distortion is always of great concern in fabrication 

industries. Thus, it is required to assess the extent of possible distortion that may form during 

fabrication.   

TH-2183_11610318



153 
 

Figure 5.64 shows a large welded plate (2000×1400×5 mm) with three longitudinal stiffeners 

(40×40×6 mm) and two transverse stiffeners (75×50×6 mm). The end nodes at left and right 

side lugs are constrained with zero DOF. The equivalent loading technique was used to predict 

the distortion in this large structure. 

 

Figure 5.64 Boundary conditions 

 

The loads were first applied on the longitudinal stiffeners and solved, after the solution 

PSTRES, ON was used and then the loads were applied on the transverse stiffeners and then 

solved to get the final solution. The result is shown in Figure 5.65. The FE simulation was 

carried out in a PC having configuration as Intel® Core™ i5 CPU, M460@2.53GHz, 4GB 

RAM with Windows 7 operating system. The time taken for this analysis or a large structure 

with plate dimension of 2000 × 1400 × 5 mm by using combined equivalent loading technique 

and FE elastic analysis is around 2 minutes. 

 

Figure 5.65 Deformation of a large welded plate 
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Table 5.18 Comparison of analysis time 

 

Analysis Procedure Time for Thermal Analysis  Time for Structural Analysis 

APDL 1.5 hrs 3 hrs 

APDL + Equivalent Load 

Technique 

1.5 hrs 40s 

 

Table 5.18 shows the comparison of analysis time between Equivalent load technique and 

conventional technique. One can observe from Table 5.18 that the structural analysis time is 

very much less while the equivalent load technique is used hence saves a lot of time as well as 

resources. 

 

 5.7.4 Summary 

The preceding study can be summarized as follows: 

 In the equivalent loading technique, the bar spring analogy was successfully 

implemented. The results obtained from the equivalent loading technique are compared 

with the experimental results and were found to be in reasonable agreement with an 

error of around 6-10%. Hence, the technique is proved to be efficient. 

 The elastic FE analysis using equivalent loading technique involves very less 

computational time as compared to the 3-D FE nonlinear elasto-plastic thermo-

mechanical analysis. Thus, the equivalent loading technique is very useful to predict 

the distortion in a large welded structure where the simulation time is tremendously 

greater due to numerous welding passes and sequences. 

 

 This method can be effectively used to predict the weld induced distortion of very large 

structure with a computation time almost equal to the time required for transient thermal 

analysis of a small weld structure only.  
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5.8 Development of an avocado shaped new welding heat source model for the numerical 

simulation of fusion welding processes 

 

Bead on plate experiments were performed as per the process parameters shows in the Table 

5.19. Cross section of the welded samples was taken to measure the weld poll dimensions. 

Experimentally measured bead width and depth of penetration of the weld pool is shown in the 

Table 5.20. Figure 5.66 shows the predicted thermal history of three dimensional plate using 

the proposed heat source model of submerged arc welding.  

 

Table 5.19 Welding process parameters of SAW for different data set 

 
Data set no. Current Voltage Speed(mm/s) LOS 

1 420 27 5.5 2.5 

2 425 27.5 6 2.5 

3 430 28 6.5 2.5 

4 435 28.5 7 2.5 

5 415 26 5 2.5 

6 420 28 7 2.5 

7 430 27 6 2.5 

8 425 28.5 5.5 2.5 

9 430 27.5 6 2.5 

 

Table 5.20 Weld bead geometry from the experiments 

 
Data set no. Bead width (mm) DOP (mm) End crater length (mm) 

 b c a 

1 15.347 5.752 16.512 

2 16.453 6.336 17.682 

3 16.485 5.915 17.818 

4 17.164 6.225 18.324 

5 16.853 5.679 18.063 

6 16.364 5.788 17.639 

7 17.007 6.718 18.189 

8 16.859 7.191 18.051 

9 15.798 7.007 17.102 
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5.8.1 Comparison of the thermal profile 

 

The temperature contour of the moving  heat source at the beginning , middle and the end of 

the welding path is shown corresponding to data set no. 3 of Table 5.19.  A 3D cross section 

of the weld plate is shown in the Figure 5.67 where the temperature distribution of SAW can 

be seen using the proposed heat source configuration. 

 

 

 

Figure 5.66 Thermal history of the weld heat source at three different locations on 3D plate 

 

Figure 5.67 3D cross section of the volumetric heat source 

K-type thermocouples were used at eight different locations to get the time temperature history 

of the bead on plate welding, which is plotted in the Figure 5.68. A comparison between the 

predicted and the experimental thermal history is plotted in the Figure 5.69 where a good 

agreement can be observed.  
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Figure 5.68 Experimental thermal profile (Data set no.3) 
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Figure 5.69 Comparison between the predicted and experimental thermal profile (Data set 

no. 3) 

 

5.8.2 Comparison of the bead geometry 

 

Double ellipsoidal model is a popular model used as the volumetric heat source for fusion 

welding processes, the simulation results of the present model is compared with the double 

ellipsoidal model. 
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Figure 5.70 Comparison of the cross section of three different heat source (a) double 

ellipsoidal model, (b) the present model 

 

Figure 5.70 shows the comparison of the computed weld bead shapes of the double ellipsoidal 

model and the proposed configuration, different weld zones can be seen for both the models. 

Figure 5.71 shows the comparison of the experimentally measured weld pool shapes (left side) 

with the predicted one (right side) corresponding to data set 3, 4 and 5 of Table 5.19. A fair 

agreement between the computed and experimental weld bead cross sections demonstrates the 

prediction capability of the avocado configuration heat source model. 

 

A comparative study of the predicted weld bead shapes using the proposed avocado 

configuration model & double ellipsoidal model is shown in the Figure 5.72. The comparison 

of weld pool dimensions between the predicted and the experimentally measured one as per 

the weld parameters in Table 5.19 is shown in the Figure 5.73. The numerical value of the 

percentage error between the predicted and experimentally measured value is given inside the 

figures. A fair agreement for a wide range of process parameter can be found. 

 

(a)      (b) 

Figure 5.71 Comparison of experimental weld macrograph (left side) with predicted 

thermal profile using the proposed heat source model corresponding to (a) data set 3, (b) 

data set 4, and (c) data set 5 of Table 5.19. 
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Figure 5.72 Comparison of weld predicted weld bead shapes using the proposed heat source 

model and the double ellipsoid heat source model of data set #3 of Table 5.19 

(a) Weld bead width (b) depth of penetration  
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Figure 5.73 Comparison among computed weld pool dimensions using the proposed model 

and the experimental measurements corresponding to welding parameters of Table 5.19: 

(a) weld bead width and (b) depth of penetration. 

 

5.8.3 Summary 

 

From the above investigation of development of an avocado shaped new heat source model for 

the numerical simulation of fusion welding processes, it can be summarized as below: 

 

 A new volumetric heat source is developed to apply in the 3D finite element simulation 

of the submerged arc welding process. The developed model successfully predicted the 
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transient thermal history of bead on plate welding with a large range of process 

parameters with error within 12%.  

 The generalised form of the avocado-configuration heat source is consists of limited 

number of model parameters which can provide a true non-uniform shape and it can 

represent the moving heat source of fusion welding.  

 Weld bead shape and dimensions were also predicted using the FE simulation applying 

the proposed heat source. The predicted weld bead shapes are compared with popular 

double ellipsoidal heat source model. It is observed that the proposed heat source model 

is flexible enough for the application in other fusion welding processes provided the 

proper applicability of the process parameters. 

 

B. Results of experimental investigation 

 

Results of the experimental investigation are presented in this section. The subsequent sub-

sections deal with the effect of input welding parameters, joint geometry and surface active 

elements on weld bead geometry, mechanical and microstructural properties of welded samples 

as well as optimization of the process parameters. 

 

5.9 Effect of process parameters on microstructure and mechanical properties 

 

Total sixteen numbers of experiments were conducted with different process parameters which 

were designed based on Taguchi design of experiment (DOE) method. Four different important 

process parameters of submerged arc welding (SAW) i.e. the welding current, voltage, speed 

and length of stick out were varied over four different levels. Mechanical properties were tested 

using Vickers micro-hardness tester and Instron 8801 tensile testing machine. Macrostructure 

and microstructure were observed using stereo microscope and optical microscope (i.e. Carl 

Zeiss upright optical microscope) respectively.  

 

The aim of this study is to find out the optimal parameters conditions to achieve the desired 

welding quality in a single pass single sided welding without any edge preparation of mild steel 

plates. The design of experiments was done by Taguchi orthogonal array to minimize the huge 

number experiments thus minimizes time and resources. Four input parameters varied in four 
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different levels as shown in Table 5.21.  Square butt joints were prepared using two plates of 

dimension 200 × 200 × 8 mm. The pates were tack welded using shielded metal arc welding 

(SMAW) before final welding. The experimental results are shown in Table 5.28. 

 

Table 5.21 Welding parameters and their levels 

 

Variable parameters Fixed parameters 

Parameters Values in each level  Parameters Values 

L1 L2 L3 L4 

Voltage (V) 27 27.5 28 28.5 Root gap (mm) 2.5 

Current (A) 470 475 480 485 Wire feed Automatic 

Welding speed (mm/s) 5.5 6 6.5 7 Welding polarity (DCEP) - 

Stick-out (mm) 22 24 26 28 Plate thickness (mm) 8 

 

5.9.1 Micro-hardness 

Micro-hardness test were carried out in the Vickers micro-hardness tester. The maximum 

magnitude of hardness was seen in the fusion zone. The hardness of the heat affected zone is 

lower than the fusion zone but more than the base metal due to grain refinement. The Figure 

5.74 explains the variations of hardness values with the distance perpendicular to the weld line 

of a welded sample. 

 

Figure 5.74 Micro-hardness variation with distance 
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5.9.2 Effect of rate of heat input on tensile properties 

 

Tensile testing was carried out using Instron 8801 universal testing machine with 100 kN load 

cell at a strain rate of 1.0 mm/min. It was observed that none of the sample failed in the welding 

zone. The tensile failure occurred between heat affected zone and base metal. Yield strength 

and ultimate tensile strength of base metal are 388 MPa and 519 MPa respectively. The 

complete input parameters and results from the tensile and hardness test is given the Table 

5.28. The weld quality is highly influenced by the rate of heat input. Rate of heat input can be 

defined as a measure of the energy transferred per unit length of weld [189]. The thermal 

efficiency of the SAW process was considered as 95% [156].  
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Figure 5.75 Effect of heat input on stresses 

 

To study the combined effect of welding parameters, rate of heat input was considered. It was 

observed that with increase in rate of heat input the tensile strength of the weld metal increases 

as the amount of energy to weld more metal increases. It can also be observed that for getting 

full penetration in the single sided single pass butt welding of 8 mm mild steel plates without 

edge preparation the rate of heat input can be kept in the range of 1.71-2.35 kJ/mm. Figure 5.75 

shows the effect of heat input on yield stress (YS) and ultimate tensile strength (UTS). It can 

be seen from the figure that the UTS and YS increases with that rate of heat input. 
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5.9.3 Effect of process parameters on microstructure  

 

The welded samples were polished using emery papers of varying grades from 120 to 2000. 

Final polishing was done using velvet cloth and alumina paste. Etching was done in 2% Nital 

solution (i.e. 2% nitric acid and 98% ethyl alcohol). Microstructure was studied in the Carl 

Zeiss upright optical microscope at various magnifications. METZER-M stereo-microscope 

was used to capture the macro-graph of welded specimen which showed the different weld 

zones. Figure 5.76 shows the three different microstructure zones of the welded sample 

obtained by METZER-M stereo-microscope. Figures 5.77 (a) to (d) show the microstructure 

of different weld zones of a welded sample.  

 

Figure 5.76 Different weld zones (macrograph) 

 

 

Figure 5.77 Optical micrograph of (a) Base metal (b) HAZ (c) weld zone (d) HAZ-Weld zone 

 

The microstructure of the base metal (Figure 5.77 (a)) contains ferrite (white) and pearlite 

(black). Fine grain structure was found in the HAZ (Figure 5.77 b) due to grain refinement and 
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grain coarsening was observed in the weld zone. Combination of both fine and coarse grain 

can be seen in Figure 5.77 d which represents the transition between coarse and find grain 

structure i.e. this is the intermediate zone between fusion zone and HAZ. As the peak 

temperature at HAZ region reached above A3 temperature therefore upon cooling austenite 

decomposes into finer pearlite (black) and ferrite (white). The boundary between HAZ and 

weld zone is also clearly visible in Figure 5.77 (d). Figure 5.78 shows one of the fractured 

surface of the tensile samples which was captured by using a FESEM. 

 

  

(a)       (b) 

 

(c) 

Figure 5.78 FESEM image of fractured surface of tensile samples  

 

The Figure 5.78 (a) shows FESEM image at the fracture location of the tensile samples. The 

ball socket shape/dimple shape of the fractured surfaces (Figure 5.78 (b) & (c)) indicates ductile 
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failure. During tensile testing of the welded samples, failure occurred in between base metal 

and heat affected zone, which was away from the weld line, which indicates a superior weld 

quality.  

 

5.9.4 Summary 

The summary of the preceding study can be stated as below: 

 

 Maximum hardness was observed in the weld zone and which decreases gradually away 

from the weld line towards base material. The hardness in the weld zone was more due 

to the greater carbon content in the filler wire. 

 None of the tensile samples failed in the weld zone, therefore the strength of the welding 

was more than the base metal, which confirms a sound welding joint. Based on UTS 

the maximum joint efficiency was 96%. 

 

5.10 Effect of welding parameters on weld bead geometry & mechanical properties 

 

The weld characteristics of SAW process are greatly influenced by its control parameters. Basic 

SAW process parameters are welding current, voltage, welding speed, length of stick out, wire 

diameter, electrode inclination angle, width of welding flux layer, welding feed rate etc. [130]. 

To obtain a desirable weld quality, selection of the welding process parameters is the most 

important part. Though the weld quality can be affected by many direct and indirect parameters, 

the major key process parameters affecting the weld quality as well as bead geometry are 

welding current, voltage, welding speed and length of stick out. Presence of multiple process 

parameters and multiple quality characteristics of the weld makes SAW a multi-objective, 

multi-factor joining technique. In the present study, four levels of four process parameters, i.e., 

current, voltage, welding speed and length of stick out were considered to study the effect of 

these parameters on weld bead geometry and mechanical property. 

 

Bead-on-plate experiments were performed on 10 mm thick plates.  Figure 5.80 shows polished 

bead on plate cross section. Table 5.22 presents the input welding process parameters and 

corresponding weld bead geometries. The effect of welding voltage, current, speed and length 

of stick out on weld bead width and weld bead reinforcement are discussed in detail below. 
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Figure 5.79 Bead on plate weld bead cross section 

 

Table 5.22 Input parameters and corresponding output 

 

Exp. 

no. 

Welding 

current 

(A) 

Welding 

voltage 

(V) 

Welding 

speed 

(mm/s) 

Length of 

stick out 

(mm) 

Bead 

width 

(mm) 

Top bead 

reinforcement 

(mm) 

1 330 28 5.5 23 15.31 2.37 

2 340 28 5.5 23 15.8 2.78 

3 350 28 5.5 23 16.09 2.94 

4 360 28 5.5 23 17.16 3.13 

5 330 28 5.5 23 15.31 2.37 

6 330 30 5.5 23 16.03 2.45 

7 330 32 5.5 23 17.45 3.26 

8 330 34 5.5 23 18.25 3.74 

9 330 28 5.5 23 15.31 2.37 

10 330 28 6 23 15.1 2.22 

11 330 28 6.5 23 14.15 1.88 

12 330 28 7 23 13.69 1.79 

13 330 28 5.5 23 15.31 2.37 

14 360 28 5.5 25 15.43 2.46 

15 360 28 5.5 27 15.88 3.07 

16 360 28 5.5 29 16.28 3.10 
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5.10.1 Effect of input parameters on bead width  

 

It was observed from Table 5.22 that the welding input parameters have considerable effect on 

weld bead geometry. It can be observed that current effects on overall weld bead geometry i.e. 

with increase of current the weld bead width, bead height and penetration increases. However, 

with the increase of voltage the weld bead becomes wider and flatter but weld penetration 

remains almost constant. With the increase in welding speed, the overall size of weld geometry 

decreases but with the increase in length of stick-out, overall size of weld geometry increases.  
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Figure 5.80 Effect of voltage on bead width 

 

Figures 5.80 & 5.81 show the effect of welding voltage, current, speed and length of stick out 

on weld bead width. From the Table 5.22 & Figure 5.80, it can be understood that with increase 

in voltage, bead width generally increases. Welding voltage increases arc length i.e. the total 

area under the welding arc increases thus the bead width increases. 
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Figure 5.81 Effect of current on bead width 
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It is observed from Figure 5.81 that current affects the weld bead width significantly. As current 

level increases bead width increases. Figure 5.82 shows the effect of welding speed on weld 

bead width. 
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Figure 5.82 Effect of welding speed on bead width 

It can be seen from Figure 5.82 that increase of welding speed has a tendency to decrease weld 

bead width. As heat input per unit length decreases with increase of welding speed, so bead 

width become narrower.  Therefore, it is observed from Figures 5.80 to 5.82 that with increase 

welding speed the bead width decreases but it almost linearly increases with welding voltage 

and current. Figure 5.83 shows the effect of electrode stick out on weld bead width. 
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Figure 5.83 Effect of length of stick-out on bead width 
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It can be seen from the Figure 5.83 that, with the increase in electrode stick out, bead width 

also increases. For the constant voltage, power source, with increase in stick out length 

electrode-melting rate increases, due to the resistive heating of the electrode, which in turn 

results in an increase in weld bead width. 

5.10.2 Effect of input parameters on reinforcement 

Figures 5.84 to 5.87 show the effect of welding process parameters (welding voltage, current 

& speed) on weld bead reinforcement. Measured values of weld bead reinforcements of the 

bead on plate experiments are shown in Table 5.22. Results indicate that the process variables 

influence weld bead geometry to a significant extent. Welding reinforcement is significantly 

influenced by welding current and arc voltage.  
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Figure 5.84 Effect of current on weld reinforcement 

Figure 5.84 shows the effect of welding current on weld reinforcement. It can be observed from 

the Figure 5.84 that weld reinforcement increases with the increase of welding current due to 

the extra melt down of the electrode. Figure 5.86 shows the effect of welding voltage on weld 

reinforcement. 
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Figure 5.85 Effect of voltage on weld reinforcement  

From Figure 5.85, it can be seen that with the increase in voltage reinforcement decreases. With 

the increase in voltage, flatten upper surface can be seen which reduces the weld reinforcement. 

5.0 5.5 6.0 6.5 7.0
1.2

1.5

1.8

2.1

2.4

2.7

3.0

R
e
in

fo
rc

e
m

e
n
t 

(m
m

)

Welding speed (mm/s)

 Reinforcement

 

Figure 5.86 Effect of welding speed on weld reinforcement 

 

From Figure 5.86, it is seen that trend of reinforcement with welding speed is decreasing in 

nature because with higher value of speed, metal deposition rate decreases as well as less 

amount of heat available per unit time at a particular location, that’s why weld bead size 

decreases. 
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Figure 5.87 Effect of electrode stick-out on weld reinforcement 

 

Figure 5.87 shows the effect of electrode stick out on weld reinforcement. It can be observed 

from the Figure 5.87 that with the increase in electrode stick out weld reinforcement also 

increases due to the extra melting of the electrode. 

5.10.3 Effect of input parameters on hardness  

 

Hardness test was carried out at different weld zones of all samples as shown in Table 5.23. 

Hardness ranges are observed from 156-160 HV at base metal, 161-178 HV at HAZ and 162-

190 HV at weld region. Results of hardness test are shown graphically in Figures 5.88- 5.91. 

Hardness values in both HAZ and weld metal are found to be higher than base metal, in all the 

samples due to the grain refinement above recrystallization temperature.  
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Figure 5.88 Effect of voltage on hardness of weld zone 
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Table 5.23 Welding input parameters and measured average hardness values 

 

 

Weld  

Runs 

 

Current 

(A) 

 

Voltage 

(V) 

Welding 

speed 

(mm/s) 

Electrode 

stick out 

(mm) 

Hardness (HV) 

Weld            

Zone 
HAZ 

1. 330 28 5.5 23 176.9 162.81 

2. 340 28 5.5 23 183.55 168.93 

3. 350 28 5.5 23 186.89 172.08 

4. 360 28 5.5 23 187.18 178.53 

5. 330 28 5.5 23 176.9 162.81 

6. 330 30 5.5 23 172.56 162.9 

7. 330 32 5.5 23 179.48 175.74 

8. 330 34 5.5 23 183.55 177.64 

9. 330 28 5.5 23 176.9 162.81 

10. 330 28 6 23 183.72 165.05 

11. 330 28 6.5 23 190.34 171.52 

12. 330 28 7 23 182.12 168.17 

13. 330 28 5.5 23 176.9 162.81 

14. 360 28 5.5 25 172.09 165.04 

15. 360 28 5.5 27 170.33 161.01 

16. 360 28 5.5 29 179.89 165.89 
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Figure 5.89 Effect of current on micro-hardness 
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Figure 5.90 Effect of welding speed on micro-hardness 
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Figure 5.91 Effect of electrode stickout length on hardness 

It can be observed from Figure 5.88 & 5.89 that an increase of arc voltage and current produce 

an increase of amount of carbon precipitation in the weld zone, which results in increase of 

hardness. From the Figure 5.90, it can be seen that hardness first increases with the increase of 

welding speed but follows a downward trend at higher welding speed. Length of stick-out have 

less influence than voltage and current as the increases in hardness is less with compared to 

other parameters. 

5.10.4 Summary  

From the above investigation of effect of welding parameters on weld bead geometry & and 

mechanical properties, it can be summarized as below: 
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 The submerged arc welding process parameters have significant effect on determination 

of the bead geometry as well as the mechanical property of the final weldment. 

 It can be seen from the results that with the increase in weld voltage, the bead width 

becomes flatter but top reinforcement decreases. However, with the increase in current 

both top reinforcement and bead width increases. Hardness shows an increasing trend 

with current and voltage, as the carbon content increases in the weld zone due to the 

melting of the electrode. 

 Welding speed has negative effect on weld bead dimensions; the overall bead geometry 

reduces with the reduction in welding speed. Hardness shows less variation with speed. 

Length of stick out has minor effect on bead as well as micro-hardness. 

5.11 Effect of surface active elements on weld bead geometry 

 

Addition of additional oxide elements can alter the weld bed geometry, for that reason effect 

of different types of surface active fluxes on weld bead geometry was studied. In this present 

work four  different types of elements containing SiO2, Cr2O3, TiO2, and mixture of all fluxes 

were used. A comparative study on weld pool geometry, weld penetration, bead width and 

reinforcement was performed between welding of with and without surface active elements. 

After the welding, the three output parameters viz. weld bead geometry, penetration and 

reinforcement were measured. Figure 5.92 shows the cross sectional view of the bead on plate 

welds with and without surface active element. 

 

  

(a) (b) 

Figure 5.92 Cross sectional view of weld samples (a) with no flux (b) mixture of all 

three fluxes 
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5.11.1 Influence of surface active elements on penetration 

Weld penetration is defined as the total distance between the top surface of the base plate to 

the tip of fusion depth. Among the all cases, the mixture of three surface active elements 

produced most noticeable effect. It increased the penetration more than twice as compared with 

conventional submerged arc welding. The measured values of weld penetration using different 

active elements are shown in the Tables 5.23. Total four repetitions were carried out for each 

measurement.  

Table 5.24 Average depth of penetration 

 

 PC1 (300A, 

30V, 6 mm/s) 

PC2 (325A, 

32V, 6 mm/s) 

PC3 (350A, 

34V, 6 mm/s) 

SiO2 3.632 3.702 4.225 

TiO2 3.635 3.945 4.112 

Cr2O3 3.852 4.127 4.665 

SiO2+ TiO2+ 

Cr2O3 

4.867 5.032 5.42 

No SA Elements 2.197 2.76 2.842 

PC=Parameter combination 

 

Figure 5.93 depicts the variation of the weld penetration for different surface-active elements 

at different parameter combinations as per Table 5.24.  
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Figure 5.93 Effect of surface-active elements on weld penetration  
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Welding current has a linear relationship with the penetration i.e. if current is increased then 

the penetration in all cases increases. SiO2 flux has shown least amount of penetration. The 

activating elements increases the transfer of molten metal droplets, this increases the striking 

and gets more penetration as compare to the welding without activating flux. 

 

5.11.2 Influence of activating flux on bead width 

 

Surface active elements have significant variations in weld bead width. The weld bead widths 

with surface active elements becomes narrower than those without it. When SiO2, TiO2 and 

Cr2O3 flux are used, the surface tension at the center of the weld pool becomes higher than that 

near the edges. Four repetitions were carried out for each experiments and the average vales of 

the weld bead width with and without surface active elements are shown in Table 5.25. 

 

Table 5.25 Average weld bead width 

 

Flux type PC1 (300A, 

30V, 6 mm/s) 

PC2 (325 A, 32V, 

6 mm/s) 

PC3 (350A, 34V, 

6 mm/s) 

SiO2 15.01 18.05 18.08 

TiO2 18.33 18.42 18.82 

Cr2O3 12.26 13.48 13.91 

SiO2+ TiO2+ Cr2O3 12.81 16.06 18.18 

No Activated elements 16.05 17.25 19.31 

PC=Parameter combination 

 

Figure 5.94 illustrates the variation of the weld bead width for different surface active elements 

at different parameter combinations as per Table 5.25. Least bead width and highest bead width 

can be seen for Cr2O3 and TiO2 elements respectively. 
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Figure 5.94 Effect of surface-active elements on weld bead width 

In conventional SAW, the flow of molten metal takes place from center of the weld to the edges 

because surface tension at the center is less than that at the welding edges. This results in less 

penetration and more width of the weld pool. But when surface activating fluxes are used, the 

reversal of Marangoni effect occurs and due to arc constriction, improvement in depth of 

penetration and significantly less decrease in bead width are obtained. 

 

5.11.3 Influence of activating flux on weld reinforcement 

 

Reinforcement is the amount of molten metal deposition above the flat surface of the weld base 

plate. The average values of weld reinforcements are shown in Table 5.26.  

 

Table 5.26 Average weld bead reinforcement 

 

Flux Type PC1 (300A, 

30V, 6 mm/s) 

PC2 (320 A, 

32V, 6 mm/s) 

PC3 (350A, 34v, 

6 mm/s) 

SiO2 2.72 2.72 2.63 

TiO2 2.76 2.51 2.53 

Cr2O3 3.32 3.21 3.13 

SiO2+TiO2+ Cr2O3 3.13 2.73 2.72 

No Activated Elements 2.47 2.4 2.48 

PC=Parameter combination 
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Figure 5.95 describes the effect of different surface-active element & its mixtures on weld 

reinforcement at different weld parameter setting as per Table 5.26. From Figure 5.95, it is 

evident that reinforcement decrease with the increase in voltage & current while keeping other 

parameters constant. Cr2O3 elements shows highest weld reinforcement. 
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Figure 5.95 Effect of surface-active elements on reinforcement 

 

Without surface activating elements the reinforcement is less than the weld metal using the 

surface activating elements. Cr2O3 has the highest reinforcement and TiO2 has the lowest 

reinforcement among all the activating flux. The reinforcement decreases sharply in the weld 

where the mixture of surface active elements was used. 

 

5.11.4 Summary 

 

The summary from the above investigation of effect surface active elements on weld bead 

geometry can be summarized as below: 

 The mixture of three surface active elements produced most noticeable effect, it was 

observed that by using surface active elements the penetration can be increased more 

than twice as compared with conventional submerged arc welding. 

 Maximum bead width can be seen in case of TiO2 flux and maximum penetration was 

achieved in case of Cr2O3 flux. 
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5.12 Effect of included angle on mechanical properties 

 

For welding thick joints, edge preparation is necessary. Edge preparation takes lots of extra 

time & effort, amount of weld metal deposit influences the mechanical property of the joint. 

Thus, weld joint design has significant effect on weld economy as well as the mechanical 

properties of the welded structure. Experiments were conducted on 10 mm thick plate to study 

the effect of included angle on mechanical and weld bead properties of single V-butt joints. 

Included angle were varied for same root opening in single V-groove butt welded joints while 

all the other welding parameters were kept constant. Table 5.27 shows the experimental 

measured values of hardness and tensile strength for samples welded with varying weld joint 

geometry. In this study current and speed were varied while voltage and electrode stick out 

were kept constant. 

Table 5.27 Tensile strength and hardness of welded samples 

 

Weld 

Runs 

Edge 

preparation 

Current 

(A) 

Welding speed 

(mm/s) 

Tensile strength 

(MPa) 

Weld zone hardness 

(HV) 

1.  

Square butt 

joint (0°) 

350 5.5 367.37 197.25 

2. 400 6 414.84 202.41 

3. 450 6.5 484.83 206.62 

4. Included 

Angle (30°) 

350 5.5 376.98 193.1 

5. 400 6 471.05 199.79 

6. 450 6.5 514.52 202.69 

7. Included 

Angle (60°) 

350 5.5 356.73 194.68 

8. 400 6 405.79 191.96 

9. 450 6.5 410.5 198.38 

 

5.12.1 Effect of included angle on tensile strength 

Figure 5.96 shows the variation of tensile strength for all the joint geometries at three parameter 

combinations (PC1-3), small included angle (30°) of single-V has maximum ultimate tensile 

TH-2183_11610318



180 
 

strength of 513 MPa followed by flat butt joint and large included angle of single-V joint having 

values of 484 MPa and 411 MPa respectively. 
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Figure 5.96 Effect of included angle on tensile strength 

Smaller included angle shows more tensile strength because groove edge accommodates more 

metal deposition than flat butt edge and therefore the bonding strength is higher than that of 

straight flat edge. More the amount of weld metal deposit in higher the expansion and 

contractions consequently residual stresses increases in the weldment and the heat affected 

zone. Tensile strength is higher in V-grooved joints over flat edged joints because the bonding 

strength is dominant over the residual stress due to transfer of heat energy into the weldment. 

5.12.2 Effect of included angle on hardness 

 

The hardness value is a measure of the weld metal’s resistance to localized plastic deformation 

or the resistance of a material to any scratch or indentation. Hardness testing is conducted 

according to Vickers micro-hardness testing method. Hardness of samples were tested starting 

in the weld bead followed by proceeding in the both leftward and rightward, of the weld bead 

across the section. Figure 5.97 reveals that the hardness profile of square butt joint is superior 

to all other weld joints. The increasing trend in the Vickers micro-hardness values are followed 

by square butt, single-V (small included angle) then single-V (large included angle) weld joints 

respectively. In all joints the maximum hardness values were observed in the fusion zone area 

and then heat affected zone (HAZ). The variation in hardness across the weld can be attributed 

to several factors, mainly due to residual stresses just after welding. However, other factors 

like grain size, phase composition and metallic inclusion can also contribute to this hardening. 
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Figure 5.97 Effect of parameter combinations on hardness for different joint geometry 

 

Hardness of the weld bead increases with the increase in the current, while keeping the arc 

voltage and welding speed constant. Included angels were varied while keeping the other 

welding parameters like voltage and current constant therefore there was no changes in the heat 

input into the weldment. The high weld deposit in V-groove joint increases the residual stresses 

in the weld region and increases the size of heat affected zone too. Residual stresses can 

significantly affect the engineering properties of the material and this has contributed to 

reduction in strength and hardness of the weldment and heat affected zone.  

 

5.12.3 Summary 

 

From the above investigation of effect of included angle on mechanical properties, it can be 

summarized as below: 

 Three different joint geometries were taken into consideration; viz. square butt joint, 

V-butt with 30° included angle, and V-butt with 60° included angle. It can be seen from the 

results that V-butt joint geometry with 30° included angle produces superior tensile property of 

the final weldment. 

 Maximum micro-hardness was seen in V-butt joint geometry with 60° included angle and flat 

butt joint shown lowest hardness value.  
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5.13 Prediction of optimal process parameters using Taguchi Method 

 

Submerged arc welding process consists of multi-input parameters, therefore it is essential to 

determine the optimal process parameters for achieving desired quality characteristics of the 

weldment. To determine the range of input parameters, first trial and error method was carried 

out. One parameter was varied while all other parameters kept constant. After getting the range 

where full penetration with top and bottom reinforcement was achieved, the range is further 

subdivided into four levels as shown in Table 5.28 and optimization was carried out to 

determine optimal parameters setting. The details of optimization processes are discussed in 

the following subsections.The following Table 5.28 shows the input parameter combinations 

using the Taguchi L16 orthogonal array and the weld quality characteristics. In this present 

study voltage, current, speed and length of stick out were considered as the variable parameters. 

Mechanical characterization was preformed where, micro-hardness and tensile strength were 

measured. 

 

5.13.1 Signal to noise ratio 

 

To evaluate the optimal parameter settings Taguchi method uses a signal to noise ratio (S/N 

ratio) which serves the objective function to be optimized within the experimental domain 

[164]. Depending upon the quality characteristic the S/N ratios are of three types i.e. (i) Lower 

the better (LB), (ii) Higher the better (HB) and (iii) Nominal is the best (NB). 

To achieve optimal parameter setting the output parameters i.e. the yield strength has to be 

maximized to get a desired weld quality.  That is why higher the better S/N ratio was considered 

in this study. The signal-to-noise ratio (ηij) of higher the better performance characteristic can 

be expressed as:  

ηij = −10 log
1

𝑛
 ∑𝑘=1

𝑛   1/𝑦𝑖𝑗𝑘
2          (5.17) 

where, yijk is the experimental value of the ith performance characteristic in the jth experiment 

at the kth observation and n is the no of repetitions. 
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Table 5.28 Input and output parameters for multi-response optimization 

 

Exp. 

No. 

Voltage 

(V) 

Current 

(A) 

Welding speed 

(mm/s) 

Stick out 

(mm) 

Rate of heat input 

(η= 95%) (J/mm) 

UTS 

(MPa) 

YS 

(MPa) 

1 27.0 470 5.5 2.2 2169.99 465.29 336.73 

2 27.0 475 6 2.4 1995 470.87 326.62 

3 27.0 480 6.5 2.6 1843 465.43 327.42 

4 27.0 485 7 2.8 1719.50 464.63 329.43 

5 27.5 470 5.5 2.6 2004.50 479.06 342.73 

6 27.5 475 5 2.8 2232.50 480.44 340.78 

7 27.5 480 7 2.2 1738.50 487.87 344.29 

8 27.5 485 6.5 2.4 1900 497.70 353.07 

9 28.0 470 6 2.8 1871.50 466.87 334.75 

10 28.0 475 7 2.6 1748 463.07 321.67 

11 28.0 480 5.5 2.4 2299 461.80 375.59 

12 28.0 485 6 2.2 2109 468.61 331.57 

13 28.5 470 7 2.4 1757.50 468.77 313.12 

14 28.5 475 6.5 2.2 1928.50 472.95 330.43 

15 28.5 480 6 2.8 2128 485.61 343.75 

16 28.5 485 5.5 2.6 2356 474.48 338.25 

 

Table 5.29 shows the results of the ANOVA which evaluates the significance of the factors 

and helps in determining the optimal parameter combination. ANOVA test shows that welding 

current is having the major effect on yield strength followed by welding speed. The length of 

stick out and voltage are having almost same contribution on weld quality. The results reveal 

that all parameters have influence on quality characteristics but ANOVA in the present study 

does not strongly support this because the P value is not less than 0.05 (95% confidence level) 

in none of the case. This may be due to the fact that within a narrow experimental domain it 

was not possible to detect the variations in the process environment (i.e. parameter 

combination). A fairly broad experimental boundary should be used to conduct experiments in 

order to fetch desirable results. 
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Table 5.29 Analysis of Variance of SN ratios for yield strength 

 

Source DF Seq SS Adj SS Adj MS F P % C 

Voltage (V) 3 0.4243 0.4243 0.14142 1.19 0.444 21.82 

Current (A) 3 0.4944 0.4944 0.1648 1.39 0.396 25.42 

Welding speed (mm/s) 3 0.5628 0.5628 0.18759 1.58 0.358 28.94 

Length of stick out (mm) 3 0.1072 0.1072 0.03572 0.3 0.825 5.51 

Residual Error 3 0.3556 0.3556 0.11852   18.29 

Total 15 1.9442     100 
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Figure 5.98 Main effect plot for yield strength 

 

Minitab 15.0 [185] was used to generate the main effect plots. The main effect plots in the 

Figure 5.98 shows the optimal parameter combination for getting maximum yield strength 

which is V2-A3-S1-LOS2 i.e voltage 27.5 V, current 480 A, welding speed 5.5 mm/s and 

length of stick out should be 24 mm.  Similarly for ultimate tensile strength, the main effect 

plots in the Figure 5.99 shows the optimal parameter combination for getting maximum 
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ultimate tensile strength which is V2-A4-S2-LOS2 i.e voltage 27.5 V, current 485 A, welding 

speed 6 mm/s and length of stick out should be 24 mm. 

Table 5.30 Analysis of Variance of SN ratios for ultimate tensile strength 

 

Source DF Seq SS Adj SS Adj MS F P % C 

Voltage (V) 3 0.37951 0.37951 0.126503 6.64 0.077 73.06 

Current (A) 3 0.03331 0.03331 0.011103 0.58 0.666 6.41 

Welding speed (mm/s) 3 0.03486 0.03486 0.01162 0.61 0.653 6.71 

Length of stick out (mm) 3 0.0146 0.0146 0.004865 0.26 0.854 2.81 

Residual Error 3 0.05712 0.05712 0.019042   10.99 

Total 15 0.5194     100 
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Figure 5.99 Main effect plot for ultimate tensile strength 

 

5.13.2 Confirmation test 

 

It was observed that the optimized parameters does not fall into the domain of Taguchi L16 

orthogonal array, therefore confirmation test was done using the optimized parameters with 

three repetitions and the ultimate tensile strength and yield strength were found to be 510.24 
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MPa and 377.26 MPa respectively. Which confirmed the optimum parameter setting. To 

predict the optimal process parameters for individual responses, Taguchi optimization have to 

be performed for the individual responses accordingly. To predict optimal process parameters 

for all the responses together multi-objective optimization process is essential. Multi-response 

optimization of the all the responses together was carried out using Grey relational analysis 

along with Taguchi method, which is given in the next section. 

 

5.13.3 Summary 

 

The summary of the present study is given as follows: 

 

 For getting a quality weld with adequate top and bottom reinforcement for 8 mm thick 

plate, the variable parameters can be varied for getting maximum yield strength as: 

voltage 27.5 V, current 480 A, welding speed 5.5 mm/s and length of stick out 24mm 

with a fixed root gap of 2.5 mm and using the power source as direct current reverse 

polarity. 

 Percentage of contribution shows that welding speed, current and voltage are having 

the major effect on yield strength but length of stick out have very minor contribution. 

In case of ultimate tensile strength, welding voltage is having the major contribution 

and rest of the parameters are having minor contribution.  

 The results reveal that all parameters have influence on quality characteristics but 

ANOVA in the present case does not strongly support this. This may be due to the fact 

that within a narrow experimental domain it was not possible to detect the variations in 

the process environment (parameter combination). A fairly broad experimental limit 

should be used to conduct experiments in order to fetch desirable results 
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5.14 Multi-response optimization based on Grey Taguchi method 

 

To determine the optimal parameter settings, S/N ratio was utilized to find the optimal 

parameter settings in Taguchi method. But it was not possible to find out optimal parameter 

setting using Taguchi method alone. Grey relational analysis was used to convert the multi-

response to a single response and Taguchi method was further used to find out the optimal 

parameter settings. 

The S/N ratio depends on the type of the quality characteristics. In the present study total seven 

output parameters are considered viz. top bead height, top bead width, bottom bead height, 

bottom bead height, angular deformation, ultimate tensile strength, yield strength and 

percentage of elongation. Smaller-the-better criteria was chosen for angular deformation, since 

it is always desirable to have lower angular deformation, rest of the responses were analyzed 

using higher-the better criteria. The input process parameters and the responses are shown in 

Table 5.31.  The stepwise procedure for transforming experimental data into Grey relational 

grade is shown in Figure 5.100. The detailed steps and results obtained from this analysis are 

discussed below. 

 

 Figure 5.100 Methodology for multi-response optimization by Grey Taguchi method 
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Table 5.31 Input process parameters and the responses 

 

Sl. 

No. 

Voltage Current Welding 

speed 

LOS TBH TBW BBH AD UTS YS Elongation 

 (V) (A) (mm/s) (mm) (mm) (mm) (mm) (mm) (MPa) (MPa) (%) 

1 27 470 5 22 2.42 15.57 0.30 1.60 465.29 336.73 10.31 

2 27 475 5.5 24 2.63 14.55 0.46 1.09 470.87 326.62 12.69 

3 27 480 6 26 2.22 13.08 0.45 2.20 465.43 327.42 7.64 

4 27 485 6.5 28 0.88 11.52 2.25 1.02 464.63 329.43 9.88 

5 27.5 470 5.5 26 2.41 14.86 0.18 1.38 479.06 342.73 11.64 

6 27.5 475 5 28 2.29 16.15 0.87 1.59 480.44 340.78 14.33 

7 27.5 480 6.5 22 1.70 12.59 0.57 1.86 487.87 344.29 10.75 

8 27.5 485 6 24 2.19 13.81 0.84 1.56 497.70 353.07 13.91 

9 28 470 6 28 1.97 14.37 0.79 2.47 466.87 334.75 10.32 

10 28 475 6.5 26 1.83 13.47 0.42 0.35 463.07 321.67 12.70 

11 28 480 5 24 1.77 14.82 1.66 2.38 461.80 375.59 11.57 

12 28 485 5.5 22 1.37 14.38 1.88 2.22 468.61 331.57 18.78 

13 28.5 470 6.6 24 1.85 13.39 0.31 1.74 468.77 313.12 18.61 

14 28.5 475 6 22 2.19 15.47 0.35 0.97 472.95 330.43 12.10 

15 28.5 480 5.5 28 1.45 14.59 1.89 1.04 485.61 343.75 13.31 

16 28.5 485 5 26 2.22 16.11 1.72 0.822 474.48 338.25 13.67 

where WS=welding speed, LOS=length of electrode stick out, TBH=Top bead height, TBW= Top bead width, 

BBH=Bottom bead height, AD=Angular deformation, UTS=Ultimate tensile strength, YS=Yield strength 

 

 

At the initial step the output responses were normalized to find out the Grey relational 

generation (GRG) i.e. all the measured experimental output characteristics were normalized 

between 0 to 1. Angular deformation were normalized corresponding to smaller the better 

criterion as shown in Equation 3.97, all other parameters were normalized as per higher the 

better criterion as shown in Equation 3.98.  Table 5.32 shows the normalized output data. 
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Table 5.32 Normalization of output data (Grey relational generation) 

 

YS_HB UTS_HB %E_HB AD_LB TBH_HB TBW_HB BBW_HB 

0.622059 0.903016 0.760597 0.5891178 0.121876 0.124695 0.518642 

0.783896 0.747328 0.546565 0.34702 0 0.345134 0.791395 

0.77109 0.898995 1 0.8743828 0.232399 0.66277 0.624464 

0.738915 0.921224 0.798887 0.3165592 1 1 0.192367 

0.526012 0.519248 0.640895 0.483944 0.126844 0.279021 0.77384 

0.557227 0.480805 0.399507 0.5840855 0.195908 0 0.589661 

0.50104 0.273806 0.721042 0.7142632 0.535213 0.767443 0.651175 

0.360493 0 0.437388 0.5688159 0.252432 0.504872 0.58203 

0.653754 0.858819 0.759443 1 0.378279 0.383393 1 

0.863134 0.964847 0.545648 0 0.456064 0.579204 0.75303 

0 1 0.647241 0.9565969 0.490928 0.286043 0 

0.704658 0.810473 0 0.8804372 0.720327 0.382728 0.246311 

1 0.805985 0.015356 0.6558578 0.448777 0.594617 0.940312 

0.722907 0.689456 0.59953 0.2913823 0.250071 0.146867 0.901599 

0.509685 0.336692 0.490885 0.3256801 0.67382 0.336156 0.325116 

0.597727 0.646964 0.458915 0.2204592 0.233784 0.008951 0.442444 

 

After normalization Grey relational coefficient is calculated as shown in Equation 3.99. To 

calculate Grey relational coefficient oi  has to be calculated, which is shown in Table 5.33. 

The calculated Grey relational coefficients are shown in Table 5.34. The GRCs represents the 

correlation between the desired and actual experimental output data. 
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Table 5.33 oi for each responses 

YS UTS %E AD TBH TBW BBW 

0.377941 0.096984 0.239403 0.410882 0.878124 0.875305 0.481358 

0.216104 0.252672 0.453435 0.65298 1 0.654866 0.208605 

0.22891 0.101005 0 0.125617 0.767601 0.33723 0.375536 

0.261085 0.078776 0.201113 0.683441 0 0 0.807633 

0.473988 0.480752 0.359105 0.516056 0.873156 0.720979 0.22616 

0.442773 0.519195 0.600493 0.415914 0.804092 1 0.410339 

0.49896 0.726194 0.278958 0.285737 0.464787 0.232557 0.348825 

0.639507 1 0.562612 0.431184 0.747568 0.495128 0.41797 

0.346246 0.141181 0.240557 0 0.621721 0.616607 0 

0.136866 0.035153 0.454352 1 0.543936 0.420796 0.24697 

1 0 0.352759 0.043403 0.509072 0.713957 1 

0.295342 0.189527 1 0.119563 0.279673 0.617272 0.753689 

0 0.194015 0.984644 0.344142 0.551223 0.405383 0.059688 

0.277093 0.310544 0.40047 0.708618 0.749929 0.853133 0.098401 

0.490315 0.663308 0.509115 0.67432 0.32618 0.663844 0.674884 

0.402273 0.353036 0.541085 0.779541 0.766216 0.991049 0.557556 

 

Table 5.34 Grey relational coefficients 

GRC_YS GRC_UTS GRC_%E GRC_AD GRC_TBH GRC_TBW GRC_BBW 

0.569514 0.837543 0.676221 0.548918392 0.362812142 0.363555775 0.509497817 

0.698223 0.6643 0.52442 0.433658856 0.333333333 0.432950704 0.705612043 

0.685956 0.83194 1 0.799210718 0.394445832 0.597207275 0.571078887 

0.656957 0.863893 0.713152 0.422496844 1 1 0.382370295 

0.513354 0.509813 0.582001 0.492098869 0.364124591 0.409507438 0.688553619 

0.530351 0.490583 0.454342 0.545902512 0.383408607 0.333333333 0.549245712 

0.500521 0.407766 0.641884 0.636345442 0.518249249 0.682540435 0.589049515 

0.438786 0.333333 0.470539 0.536950721 0.400779691 0.502447699 0.544679832 

0.590845 0.779811 0.675167 1 0.445743733 0.44778498 1 

0.785095 0.934312 0.523915 0.333333333 0.478956533 0.543008342 0.669370498 

0.333333 1 0.586332 0.920127333 0.495504706 0.411876128 0.333333333 

0.628661 0.725135 0.333333 0.807020661 0.641294645 0.447518544 0.398822843 

1 0.720446 0.336781 0.592317294 0.475636352 0.552252544 0.893354258 

0.643424 0.616869 0.555266 0.413695743 0.400022709 0.369512738 0.835560182 

0.50489 0.429809 0.495484 0.425778373 0.605195088 0.42961076 0.425574 

0.554156 0.586142 0.480268 0.390765184 0.394877316 0.335334361 0.472788289 
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Table 5.35 Grey relational grades 

 

GRG 

0.670214713 

0.576089898 

0.704951996 

0.617594999 

0.586174617 

0.572083832 

0.546510823 

0.46979776 

0.669535111 

0.618668779 

0.62613229 

0.582899711 

0.638624718 

0.608736459 

0.49088277 

0.541509082 

 

The average of the Grey relational coefficients gives the Grey relational grade as shown in 

Table 5.35 The Grey relational grades renovates the multi response problem into a single 

response optimization problem, which is further optimized using Taguchi method. 
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Figure 5.101 Main effect plots of SN ratios for grey relational grade 

 

Table 5.36 Analysis of Variance of SN ratios for Grey relational grades 

Source DF Seq SS Adj SS Adj MS F P % Contribution 

Voltage (V) 3 0.028591 0.028591 0.00953 2.47 0.238 44.75 

Current (A) 3 0.011573 0.011573 0.003858 1 0.499 18.11 

Welding speed (mm/s) 3 0.009904 0.009904 0.003301 0.86 0.549 15.50 

Length of stick out (mm) 3 0.002265 0.002265 0.000755 0.2 0.893 3.54 

Error 3 0.011554 0.011554 0.003851 
  

18.08 

Total 15 0.063887 
     

 

Figure 5.101 shows the main effect plots for overall GRG. For the main effect plots it can be 

seen that welding voltage of 28 V, current of 470 A, welding speed of 6.5 mm/s and length of 

stick out of 28 mm are the optimal parameter settings for this multi response problem. Table 

5.36 represents the analysis of variance suing the adjusted SS for tests. It is observed that P-

value of none of the parameters is less than 0.05, therefore no parameter is significant, which 

may be due to experimental errors involved in this study. It can also be observed fro Table 5.36 

that welding voltage have the highest percentage of contribution on the output data and length 

of stick out has the lowest percentage of contribution on the welding quality for this multi-

response problem. 

5.14.1 Confirmation experiment  
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For confirmation of experimental results, three experiments were performed at same process 

parameters (optimal settings) as suggested by Taguchi analysis of utility data. The observed 

values of various response characteristics are given in Table 5.37. 

 

Table 5.37 Results of the confirmation experiments 

Sl. No. TBH 

(mm) 

TBW 

(mm) 

BBH 

(mm) 

AD 

(mm) 

UTS 

(MPa) 

YS 

(MPa) 

% 

Elongation 

Experiment 1 2.65 16.87 2.30 0.36 505.82 435.93 13.68 

Experiment 2 2.73 16.55 2.26 0.30 502.17 433.18 14.52 

Experiment 3 2.70 16.78 2.45 0.32 498.33 429.92 14.79 

 

5.14.2 Summary 

 

The summary of the preceding study is as follows: 

 

 For getting a quality weld with adequate top and bottom reinforcement the variable 

parameters can be as voltage 28 V, current 470 A, welding speed 6.5 mm/s and length 

of stick out 28 mm with a fixed root gap of 2.5 mm and using the power source as direct 

current reverse polarity. 

 Within the specified range of parameters, the predicted results by the multi-

characteristic optimization model agree with the experimental results. 
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CHAPTER 6 

Conclusions and future works 

 

6.1 Conclusions 

 

In this present study, numerical analysis and experimental investigation of submerged arc 

welded mild steel plates have been carried out extensively. Welding of thick metal plates needs 

edge preparation; one of the aim of this study was to do welding without any edge preparation. 

Butt as well as fillet welds were performed by using submerged arc welding. As welding is one 

of the most complex manufacturing process involving multi-physics, numerical modelling 

considering all the physical phenomena is an extremely difficult task. However with the help 

of suitable assumptions and few other methodologies developed by the earlier researchers made 

this process easier. Here, 3D FE models were developed to estimate the temperature profile of 

the welded plates and estimate the residual stress and distribution. Effect of tacking and 

welding sequences were studied for the development of sustainable mitigation techniques. 

Angular distortion in large structures also estimated by using an equivalent technic. A new 

volumetric heat source model was developed which can be used in the simulations of fusion 

welding. Effect of weld parameters, joint geometry on weld bead geometry as well as 

mechanical property was studied. The addition of surface active elements enhances the weld 

penetration, effect of the same was studied. Optimizations were carried out to determine the 

best parameter combination. 

 

From the preceding investigations the following conclusions arrived which can be summarized 

as below: 

 

 3D FE nonlinear elasto-plastic transient thermo-mechanical model was successfully 

developed for both butt and fillet welding joints which were validated with experimental 

results and published literature. A good agreement between the predicted and experimental 

results was observed with an error of 5 to 10%.  

 

 From the comparative study of residual stresses and angular deformations between single 

and double-sided fillet welded mild steel joints it was observed that single sided fillet 

TH-2183_11610318



195 
 

welding shows non-uniform pattern of the residual stress distribution in the left and right 

side of the stiffener whereas it is almost uniform for double sided fillet welding. The peak 

magnitude of residual stress is more in case of single side fillet welding compare to that of 

double sided fillet welding. However, higher magnitude of angular deformation is observed 

in case of double sided fillet welding.  

 

 The tacking positions also have a significant effect in residual stresses and angular distortion 

distribution. It was observed that the tacking positions opposite to fillet weld side have 

negligible effect on residual stress distribution whereas the tacking positions in fillet weld 

side have significant effect on uneven distribution and increment of residual stresses. So, 

the number of tack welds should be as minimum as possible if not avoidable and it should 

be placed opposite to the fillet weld side. 

 

 It was observed that welding sequences have prominent effects on both distortion & residual 

stresses. The angular deformation can be reduced significantly by choosing proper welding 

sequences. 

 

 Prediction of distortion of large welded structure with multiple welding passes is a very 

difficult task due to limitation of computation resource. An equivalent loading technique 

with the bar-spring analogy was successfully implemented to predict the weld induced 

distortion of large welded structure. The elastic FE analysis using equivalent loading 

technique involves very less computational time as compared to the 3-D FE nonlinear 

elasto-plastic thermo-mechanical analysis. 

 

 Based on experimental study, an avocado shaped volumetric heat source was developed. 

The generalised form of the avocado-configuration heat source consists of limited number 

of model parameters, which can provide a real non-uniform shape of moving heat source of 

fusion welding. The developed heat source model was validated with experimental results. 

A good agreement between the predicted and experimental results was observed with an 

error of 8 to 10%.  
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 Single pass single sided experimental square butt joints were successfully made on 8 mm to 

12 mm thick plates. Through thickness fusion along with adequate top and bottom 

reinforcements were achieved using flux-filled reusable backing bar. 

 

 From mechanical characterization, it was observed that the maximum hardness was 

observed in the weld zone and which decreases gradually away from the weld line towards 

base material. The increment of hardness in the weld zone was more for lower welding 

speed, higher voltage and higher current. Maximum hardness at weld zone and HAZ were 

around 20 % and 12% more than the base material respectively.  

 

 Hardness shows an increasing trend with increasing of current and voltage. Hardness shows 

less variation with speed. Length of stick out has minor effect on bead as well as micro-

hardness. 

 

 None of the tensile samples failed in the weld zone, failure was seen in between the base 

metal and heat affected zone. Based on UTS the maximum joint efficiency was 96%.  

 

 It was seen that with the increase in weld voltage, the bead width becomes flatter but top 

reinforcement decreases. However, with the increase in current both top reinforcement and 

bead width increases. Welding speed has negative effect on weld bead dimensions; the 

overall bead geometry reduces with the increase in welding speed.  

 

 Surface active elements play a significant role for welding of thicker plates. It was found 

that by choosing appropriate activated flux weld bead penetration can be increased by more 

than two times i.e. 221%.  

 

 It was seen from the results of three different joint geometries that V-butt joint geometry 

with 30° included angle produces superior mechanical property than the other joint 

geometries. Maximum ultimate strength and hardness were obtained at 30° included angle 

which were 99 % and 129 % to that of the base material respectively. 

 

 To get optimal process parameters for desired weld quality, Taguchi optimization technique 

was used for single output problem. To determine the optimal process parameters for 

TH-2183_11610318



197 
 

multiple output problem, Grey relational analysis in combination with Taguchi method was 

used. From ANOVA it was observed that welding voltage was having highest contribution, 

followed by welding current & welding speed and length of stick had the least contribution 

on the weld quality characteristics.  

 

6.2 Scope of future works 

 

Various aspects of fusion welding were investigated in the present study. It included the 

prediction of thermal profile and distortion patterns of weldments, study of the effect of tacking 

sequence & welding sequence on residual stress and angular deformation. Prediction of 

distortion in large structure, generalized heat source modelling, effect of process parameters on 

weld quality and optimization of welding parameters. Based on these studies scope of further 

study are presented as follows: 

 

 The present study was limited to single pass welds only therefore it can be extended to 

the thermo-mechanical analysis of multi-pass welding of thick plates. 

 

 Residual stress and distortion in weld structures is a matter of serious concern, further 

work is required for developing different mitigation technics for controlling residual 

stresses and angular deformations. 

 

 Development of an equivalent loading technique for finding out the welding sequence 

induced deformation in large structures. 

 

 The developed avocado shaped heat source was used to predict the thermal history of 

submerged arc welding, this type of heat source models also needs to be used for 

thermo-mechanical analysis of other fusion welding processes like GTAW, GMAW 

etc.. 
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Appendix I 

 

The Gaussian distribution of the power density in a proposed ‘configuration’ heat source model at 

centre and semi-axes a, b, c parallel to coordinate axes x, y, z can be stated as: 

 

  2 2 2
By Ax Cz ( )

q q e(x,y,z) m

t y    
  

                  (i) 

1
, ( )where t y my

e
                   (ii) 

mq is the maximum value of the power density at the centre of a proposed avocado shape and A, 

B, C and m are the distribution parameters. Conservation of energy requires the intensity of heat 

distributed inside the half of the avocado shape and is expressed as 

 

   2 2 2 2 2 2

0 0 0 0

m

0 0

m

1 1
By Ax Cz By Ax Cz

2 4 4q e dxdydz q e dxdydz
my mye e

Q

     


            
         
               

       

      

 (iii) 

( )I J let                   (iv) 

I is valid if y= +y  and J is valid if y= -y  

 

The distribution is different in +ve and –ve side of y-axis. 

After simplifying the above equation, the qm can be estimated as per the following procedure given 

below 

 

 2 2 2 1
By Ax Cz

0

m

0 0

q e dxdy4 dz
myeI

       
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Optimum point Calculation for shifting the ellipse centre: 

 
2 2 2

2 2 2
( ) 1myy x z

e
b a c

    

This equation defines the geometric shape of the avocado. 

In 2-D plate, the equation becomes as following 
2 2

2 2
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e
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Figure 1 Parameters of the avocado shape 

 

After derivating as following     

 

For optimum value (slope X-Y plane) 
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From eq. (x) and (xi) we get 
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Similarly if we consider Y-Z plane, we find the optimum point at y=p 

 

From eq. (x) and (xi) we also get   

 

 

 

 

 

 

 

 

 

 

 

 

The dimension of m  should be 
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, then the above equation will be dimensionally balanced. 

00 ,    a c can be defined from experiment. However, b is not defined. We need another condition to 

find the value of b . 

2 2

2 2

2 2

1 1

(1 ) 1

0

. .   0                           

m b

m b

m b

i e mb is possible if m is ve since b is ve

 

  

 

  

 

0

2

2 2

2 2

2

2

02

2 2 2

int

2
.

2
. .

2

1
. . . .

2

my

mp

mp

mp

At optimal po

x y
e

a mb

at y p

p
x a e

mb

a
x pe a

mb

a a m b e
p







 



 

 

 

0

0

2

2

2 2 2

2

1
. . . .

2

mp

mp

Similarly

c
z pe c

mb

c c m b e
p



 

 

 

(xiii) 

 

0
    ( )where c depth desired  

(xiv) 

 

0

0

 

   

a Half width

c depthof penetration




 

TH-2183_11610318



 
 

203 
 

 

Therefore, the strategy is considered such that at least a small part of the arc is circular or 

symmetrical for a moving heat source. 
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and 0b will be taken from experimental measurements. 
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Therefore 
00

       

     
,

 
, oa b c can be calculated from experimental data. 

Accordingly the heat source parameters a, b c are easily defined. 

 

0
2

mpm
a a b e

p

   ;  
0

2

mpm
c c b e

p

  

 

Therefore the modified equation for –ve side is: 

2 2 2
( )

2 2 2

( )
( ). 1m y py p x z

e
b a c

 
                 (xvi) 

 

Therefore the modified equation for +ve side is: 
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Let’s consider A, B, C are the distribution parameters for the front part and A’, B’, C’ are the 

distribution parameters for rear part. 

 

Validation: 

Replacing y=y-p in the distribution equation we get 
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Applying Simpson’s 1/3 rule, 
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Let us consider the distribution parameters for the rear part are A’, B’ & C’ , therefore for N we 
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To estimate A, B, C, the semi-axes of a proposed avocado shape a, b, c in the x, y, z axes directions 

respectively, are defined such that the heat density falls to 0.05qm at the surface of proposed 
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m

2 2 2

2 2 2
0 0

( )3( ) 3 3( )

q q ef
o

m y py p x z

b a c
e 

  

  and m

2 2 2

2 2 2
0 0

( )3( ) 3 3( )
( )

q q er
o

m y py p x z

b b a c
e 

  


 respectively 
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Calculation of Mf and Mr 

 

The heat density distribution inside the front part and rear part of the proposed avocado shape 

configuration can be expressed as: 
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Similarly for the rear part 
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It is known that, 
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The heat density distribution inside the front part and rear part of the proposed avocado shape 

configuration can be expressed as: 
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Similarly for the rear part considering A=A’, C=C’ but 'B B  
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