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Abstract 
 

Fusion welding process is complex in nature since it involves several interactive 

physical phenomena. An accurate knowledge of weld induced distortions and residual stress, 

final microstructure and mechanical properties of weld joint are greatly influenced by thermal 

history, cooling rate and consequently the weld dimensions. Real-time measurement of the 

transient growth of temperature and material flow field during welding is extremely difficult 

and there is uncertainty to accurately measure the residual stress of weld joint. Alternatively, 

the computational model of increasing complexity based on scientific principle alone is an 

effective route to analyze the differential influence of process parameters during fusion 

welding process. The major difficulty of conduction heat transfer based modeling approach is 

a-priori definition of several heat source parameters which are limited by the definition of 

weld dimensions only from experimental measurement. The formation of keyhole in laser 

welding produces deep penetration weld joint whereas proper choice of surface active 

elements at optimum quantity promotes high penetration weld joint in gas tungsten arc (GTA) 

welding process. The mechanism of material flow by surface tension gradient prevails in 

GTA welding process. However, the interfacial phenomena like evaporation, homogeneous 

boiling, and multiple reflections in laser welding brings the complexity in formation of 

keyhole. Moreover, the absorptivity of laser and weld joint quality is greatly affected by 

presence of shielding gas. 

Present thesis is primarily motivated in this direction. At first, major efforts are put 

forward to analyze the effect of controlled atmosphere during fiber laser welding of austenitic 

stainless steel (SS304 and SS316) through a series of experiments. The formation of keyhole 

in deep penetration fiber laser welding is analyzed through semi-analytical modeling 

approach. Secondly, a three dimensional finite element based conduction heat transfer model 

is developed using novel concept of egg-configuration volumetric heat source. The proposed 

heat source model and the proposed methodology using double-ellipsoidal heat source model 

aims to reduce the heat source model parameters. Noting that conduction only heat transfer 

model may not sufficient in a special situation. Thus, a full-fledged heat transfer and fluid 

flow model is used to analyze the effect of surface active elements in GTA welding process. 

Thirdly, the numerical process model is integrated with optimization algorithm such as 

Differential Evolution (DE) in an organized way so that the same can identify the uncertain 

model parameters using sensitivity analysis of the uncertain parameters. Finally, a 
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sequentially coupled thermo-mechanical model is developed to estimate the distortion of 

welded joint in deep penetration fiber laser welding and the same is validated with 

experimentally measured results. 

The significant research work towards fusion welding process intensive to GTA, 

conduction mode and keyhole mode laser welding process are outlined by means of 

experiments as well as numerical simulation in Chapter 1. The analysis is focused on heat 

transfer using novel concept of egg-configuration heat source model, material flow in 

presence of surface active elements and distortion analysis for deep penetration fiber laser 

welding process. The key literature review on thermal and mechanical modelling of GTA and 

laser welding processes along with the influence of the welding atmosphere are presented in 

Chapter 2. The theoretical background of thermal and mechanical analysis using finite 

element method is presented in Chapter 3. The development of egg-configuration volumetric 

heat source model and implementation of the same in finite element based heat transfer model 

is described in this chapter. The semi-analytical modeling of keyhole geometry in fiber laser 

welding process is illustrated in this chapter. In Chapter 4, an experimental investigation of 

fiber laser welding under both controlled atmosphere of argon and open atmospheric 

conditions are presented in terms of weld bead profile and top surface appearance. The effect 

of heat source model parameters in thermo-mechanical analysis of linear GTA welding 

process is presented in Chapter 5. The concept of integrated modeling approach using GA 

based optimization technique is utilized in this effect. Chapter 5 also demonstrates the 

validation of the calculated results with experimentally evaluated weld dimensions and 

distortions for laser welding process. This chapter also shows that the presence of surface 

active elements such as sulphur and oxygen alter the weld pool shape and size in GTA 

welding process. It has been emphasized that only conduction mode heat transfer analysis is 

not sufficient to predict the weld pool dimension with varying percentage of surface active 

elements; it requires a fluid flow analysis within the weld pool. This chapter is also enriched 

with distortion and residual stress analysis in deep penetration fiber laser welding process. 

The conclusions and possible directions of future work are outlined in Chapter 6. 

Keywords: fusion welding, finite element method (FEM), fiber laser, gas tungsten arc 

(GTA) welding, surface active elements, distortion, optimization, material flow, egg-

configuration heat source, fluid flow, volumetric heat source, heat transfer 
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Chapter - 1 

 

Introduction 

 

 

1.0 General Background 

 In fusion welding, two separate pieces of metals or non-metals are fused together to 

form a continuous metallic bond. The fusion welding processes are extensively used in an 

industry for joining of wide range of engineering materials from smaller to larger dimensional 

components [1, 2]. This has been the foremost driving factor for increasing research efforts in 

fusion welding processes. Moreover, laser welding and gas tungsten arc (GTA) welding with 

activating flux offer the deep penetration weld joint with high depth-to-width ratio. These 

types of welding processes are suitable to achieve successful joint for thick plates in a single 

pass. Furthermore, in high power density fiber laser welding, the focused beam leads to 

formation of a keyhole due to capillary action in the melt. The keyhole facilitates the beam to 

enter deep into the work piece and significantly increases depth of penetration with no 

considerable enlargement of bead width [3-6].   
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In a typical fusion welding process of metals and alloys, a heat source is applied 

locally to the interfaces of the materials to be joined so that they will be bridged by the molten 

liquid metal and be joined together as a weld after the solidification of liquid metal. The 

interaction between the base material and the welding heat source leads to a series of physical 

and chemical processes, such as rapid heating, melting and vigorous circulation of the molten 

metal driven by buoyancy, surface tension, impingement or friction, and, when electric 

current is used, electromagnetic forces [1, 7-10]. The result of the interaction between heat 

source and base material culminate the mechanical properties of the final weld joint, 

composition and geometry. Moreover, the resulting heat transfer and fluid flow affect the 

cooling rate, the size and shape of the weld pool, and the kinetics and extent of various solid-

state transformations in the fusion zone and heat-affected zone [1, 7-10]. The weld geometry 

is influenced by the dendrite and grain growth selection processes. Both the partitioning of 

nitrogen, oxygen, and hydrogen between the weld pool and its surroundings, and the 

vaporization of alloying elements from the weld-pool surface significantly influence the 

composition, the resulting microstructure and properties of the weld joint [1, 7-10]. 

Due to highly localized transient heat input, the welding object causes thermal 

expansions and contractions which vary with time and location. The stresses that appear in 

hot regions near the weld are restrained by cooler regions further away. As a resulting effect, 

the plastic deformation occurs and leads to residual stresses and distortions in weld joint even 

after reaching to ambient temperature. Thus, the performance of the welding process in 

fabrication or repair introduces residual stresses and weld induced distortions in the structure.  

Welding distortion jeopardizes the shape and dimensional tolerance of the joint whereas 

residual stress reduces fatigue strength, corrosion resistance and stability limit [11-13]. 

Therefore, an accurate knowledge of the magnitude and distribution of residual stress and 

distortion is useful when assessing the fitness of the weldment in the industry. Since the 

composition, geometry, structure and properties of the welded joints are affected by the 

aforementioned physical and chemical processes, an understanding these constituent 

processes has been an important goal in the contemporary welding research. Hence, the 

primary goal and major thrust in the present work is the understanding of physical phenomena 

in fusion welding processes through the scientific principles and employment of the same to 

improve a reliable process model that can help in welding process design.   

Accurate information of the resulting temperature distribution in fusion zone (FZ), 

heat affected zone (HAZ), and fluid flow field in FZ are prerequisites for the estimation of 
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weld thermal cycle, weld bead dimensions, and welding induced distortion and residual stress 

field. Precise experimental measurement of the temperature distribution and the velocity field 

in weld pool is proved to be extremely difficult or even impossible because of the complexity 

of the process, the small size of welds, the extreme peak temperature and temperature 

gradients in weld pool, and the difficulty of repeating welding conditions [14-23]. However, 

the temperature measurements in the solid regions which, usually involve the placement of 

thermocouples, are cumbersome and expensive [24-27]. Alternatively, the temperature field in 

fusion welding process is estimated either by solving heat conduction equation [24, 28-44] or 

through transport phenomena based heat transfer and fluid flow analysis [45-56]. This 

approach needs the mathematical structure of the heat source model, should at least 

approximately represent the phenomena of real heat source. The key issues to define a decent 

volumetric heat source are the geometric shape and size, non-symmetric heat density 

distribution due to moving arc or laser beam. 

In the present work, the egg-configuration volumetric heat source model is proposed 

to address these issues. The proposed heat source model which is derived from ellipsoid shape 

provides the non-symmetry heat energy distribution with less number of model parameters 

and conserves the continuity in profile during moving heat source problem. The general 

equation of egg-configuration heat source provides the basis of Gaussian distributed disc, 

hemispherical, and semi-ellipsoidal volumetric heat source models which can be considered 

as the special cases of proposed heat source model. In fusion welding process, only the 

surface heat flux fails to realize enhanced heat transfer due to predominant effect of 

momentum transport of the material within molten pool. The convection in the weld pool can 

be substituted by apparent volumetric heat source which is unrealistic to define outside the 

molten pool volume. Moreover, to realize the actual dynamics of the weld pool, the transport 

phenomena based heat transfer and fluid flow analysis is essential. As a part of this research 

work, the suitability and possible areas of applications of process models based on conduction 

heat transfer alone and the transport phenomena based weld pool models are investigated. 

Furthermore, a coupled thermo-mechanical analysis is performed to estimate the welding 

induced distortion and residual stress. 

It is anticipated fact that the conduction mode laser welding is different from keyhole 

mode fiber laser welding by the process of vapour-plasma welding plume formation and the 

absorption of laser radiation by this plume [57]. With a wavelength of 1.064 micrometers, 

fiber laser produces an extremely small focal diameter; as a result their intensity is up to 100 
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times higher than that of CO2 lasers with the same emitted average power [58]. Hence the 

fiber laser produces deep penetration by forming a keyhole that entrains the energy over the 

depth without appreciable enlargement of weld width. A theoretical investigation is carried 

out to estimate the keyhole profile of deep penetration fiber laser welding by tracking the 

liquid/vapour interface over time considering the effect of interfacial phenomena like 

evaporation, homogeneous boiling, and multiple reflections within keyhole wall. 

The welding process model requires several model parameters. Some of these 

parameters can easily be specified with a reasonable degree of certainty. In contrast, some 

process parameters such as arc efficiency, arc radius, the effective thermal conductivity and 

the effective viscosity of the liquid metal in weld pool cannot be specified accurately 

beforehand. Most of these variables depend on the actual welding conditions and hence their 

values cannot be ascertained with confidence except for certain narrow window of welding 

conditions [50, 53-55, 59-62]. The identification of uncertain model parameters from a few 

set of experimental results to predict the weld dimensions for a wide range of process 

conditions illustrates the specific direction of integrated model. However, it is comprehended 

that the optimization algorithm, although an important tool for the construction and 

organization of the integrated modeling approach, is the actual strength that lie in the quality, 

totality and robustness of the numerical process model. Two stochastic optimization modules 

such as parent centric recombination (PCX) operated generalized generation gap (G3) model 

[63-65] and differential evolution (DE) [66-68] are interfaced with numerical model to 

identify the unknown and uncertain process model parameters. 

The justification of calculated results from the integrated phenomenological model for 

wide range process variables during GTA and laser welding processes is an important issue to 

endorse the level of efforts towards the improvement of such intricate mathematical model of 

increasing complexity. An experimental work is performed for both GTA and laser welding 

processes at varying process variables on stainless steel plates of two different thicknesses. 

The experimentally measured weld bead dimensions and welding induced angular distortions 

are employed next to validate the corresponding computed results. Moreover, the fiber laser 

experiments are undertaken at two different ambient atmospheres with similar process 

variable to examine the influence of welding ambient atmosphere. Furthermore, the GTA 

welding experiments are performed using a thin layer of three kinds oxide fluxes SiO2, TiO2, 

Al2O3 and mixture of them to investigate the effect of surface active elements. 
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In summary, the development of new egg-configuration volumetric heat source in 

conduction mode heat transfer analysis for numerical simulation of fusion welding process is 

the major thrust of present work. The identification of unknown parameters in double-

ellipsoidal heat source model shows promising direction of research work. Thereafter, an 

experimental effort to investigate the influence of ambient atmosphere in fiber laser welding 

process and the formation of keyhole by mathematical model is conceived as a novel 

contribution of the present work. The effect of surface active elements in GTA welding 

process and analysis of the same using a thermo-fluid model towards the development of deep 

penetration welding process is also envisage as a major contribution of present work. The 

subsequent attempt to identify the uncertain model parameters using inverse approach shows 

promising direction of integrated process model. It is also realized that distortion of deep 

penetration laser welding using sequentially coupled thermo-mechanical analysis enhances 

the scope of utilizing the process model for practicing engineers in actual industrial problems. 

1.1 Research Objectives 

The overall objective of the present work is the quantitative understanding of deep 

penetration laser and GTA welding process based on fundamental theory and integration of 

these phenomenological facts to develop more application oriented process modeling 

approach. In this effect, the thermo-fluid and thermo-mechanical analyses are performed for 

fiber laser and GTA welding processes using activated flux.  Also, the influence of welding 

atmosphere in fiber laser welding of stainless steel is secondary objective of present work.  To 

achieve research objectives, following modules are accomplished either simultaneously or 

sequentially which are developed over the whole duration of research work. 

� Development of a conduction heat transfer model based on finite element method using 

temperature dependent material properties, latent heat of fusion and solidification and 

Gaussian distributed volumetric heat source to compute temperature distribution.  Using 

this model, the author has investigated the influence of front and rare part ratio of double 

ellipsoidal heat source model as a function of welding velocity. In effect, this approach 

reduces the a-priori definition of heat source parameters. 

� Development of a new heat source model i.e. egg-configuration volumetric heat source 

model for conduction mode linear welding process to reduce the pre-defined model 
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parameters of a distributed heat source. The egg-shape heat source model is presented in 

more generalized form that aids to extract other heat source models. 

� Estimation of the keyhole profile for deep penetration fiber laser welding process from a 

semi-analytical mathematical model which is based on point-by-point energy balance on 

the keyhole wall. 

� Investigation on the effect of surface active elements in linear GTA welding process using 

transport phenomena based heat transfer and fluid flow model. 

� Integration of numerical process model with optimization module to identify the unknown 

model parameters that are essential for modeling calculations and are not easily available 

from experiments. 

� Development of sequentially coupled thermo-mechanical numerical process model using 

finite element method to compute the residual stresses and weld induced distortions. The 

material response is assumed as thermo-elasto-plastic along with temperature dependent 

physical properties. 

� Experimental investigation of fiber laser welding under two different ambient 

atmospheres. The influence of welding atmosphere on weld bead shape and size, joint 

surface quality and welding induced distortions are investigated for austenitic stainless 

steel. 

� Influence of surface active elements during autogenous GTA welding of austenitic 

stainless steel. The experiments are conducted using a thin layer of oxide fluxes for 

probable formation of deep penetration GTA welding. The microstructure of welded zone 

and heat affected zone of austenitic stainless steel is also analyzed by metallography. 

� Validation of numerical model results of weld pool dimensions and distortions with the 

experimentally measured results for deep penetration fiber laser and GTA welding 

processes. 

1.2 Layout of Thesis 

The thesis is organized into six chapters to elaborate all the aspects that are aimed at 

research objectives. In Chapter-1, a brief introduction and general background of research 

work are presented. The objectives of research work, brief methodology and layout of the 

thesis are also described in this chapter. 
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Chapter-2 presents a critical literature review on existing work of fusion welding 

process in five significant directions. Firstly, the basic experimental effort on fusion welding 

process is described. The experimental work on the influence of fusion welding process 

variables and welding ambient atmosphere are presented. Furthermore, the influence of 

different oxide fluxes during GTA welding is described. Next, the significant effort on 

transport phenomena based heat transfer and fluid flow analysis in fusion welding process are 

described. The influence of temperature dependent material properties, computational issues 

in numerical and analytical models are critically reviewed. Subsequently, the literature on 

numerical modeling of welding induced distortions and welding residual stresses are 

presented. The formation of keyhole in laser welding and the modeling approach of keyhole 

profile are illustrated. The heat source model is more important for accurate prediction of 

welding thermal cycles and hence the prediction of welding induced distortions and residual 

stresses. A noteworthy effort on the development of various heat source models and their 

advantages and limitations are described. Lastly, the efforts on application of different 

optimization algorithms for prediction of uncertain model parameters are presented. 

In Chapter-3, the mathematical background for the development of conduction heat 

transfer, fluid flow and stress analyses are described. The symmetric nature of solution 

domain and the heat source is taken into consideration. Once the weld bead shapes and 

dimensions are realized from experimental investigation, the Gaussian distributed volumetric 

heat source models such as double ellipsoidal and conical heat source models are applied to 

account for enhanced heat transfer in the growing melt pool. A comprehensive description of 

egg-configuration volumetric heat source model in the frame conduction mode heat transfer is 

illustrated. Next, the theoretical background of thermo-mechanical analysis for predicting the 

welding induced distortions and residual stresses by considering the material behavior as 

elastoplastic is presented. The plasticity is assumed as rate independent and is modeled by 

assuming bi-linear isotropic hardening behavior along with associated flow rule. Finally, the 

mathematical background to estimate the keyhole profile for deep penetration fiber laser 

welding is described. Chapter-3 furthermore illustrates the theoretical basis for the 

optimization algorithms that are used to identify suitable values of unknown or uncertain 

model parameters for an integrated modeling approach. The algorithm of optimization process 

such as parent-centric recombination operated generalized generation gap (PCX-G3) and 

Differential evolution (DE) are illustrated here. The integrated modeling approach where the 

optimization algorithm is used to drive the numerical model for identifying the uncertain 
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model variables such as arc efficiency, effective arc radius, and effective values of material 

properties at high temperature shows a promising direction of research work. 

Chapter-4 presents the detailed experimental methodology performed on fiber laser 

welding and gas tungsten arc (GTA) welding processes. The fiber laser welding was 

performed in two different welding ambient atmospheres i.e. open atmosphere and self-

protective atmosphere of argon with similar processing variables to estimate the characteristic 

difference between them. The GTA welding was performed using a thin layer of three kinds 

oxide fluxes SiO2, TiO2, Al2O3 and mixture of them to investigate the effect of activated flux 

in GTA welding process. The metallographic analysis, weld pool dimensions, weld induced 

distortions and the characteristic difference between the open and self-protective atmosphere 

of argon welds are presented in this chapter. 

In Chapter-5, the results from numerical model are validated with experimentally 

measured values. The influence of heat source model parameters are illustrated for double-

ellipsoidal and newly developed egg-configuration heat source models in the frame of 

conduction mode heat transfer analysis. The egg-configuration heat source model is 

approximately represent the phenomena of real heat source with less number of model 

parameters as compared to existing heat source models in the literature. Therefore, the 

developed heat source model is calibrated for GTA and laser welding processes. Theoretical 

estimation of keyhole profile of fiber laser welding is also analyzed in this chapter. The 

comprehensive model which improves the reliability of heat transfer and fluid flow 

calculations has been developed by integrating the optimization algorithm. The optimization 

modules estimated the uncertain model parameters from a limited volume of experimental 

data. The influence of surface active elements on stainless steel is illustrated in this chapter 

using the transport phenomenon based 3D heat transfer and fluid flow model. Furthermore, 

this chapter presents the esteemed results of distortion and residual stress in fiber laser 

welding from thermo-elasto-plastic model based on finite element method. 

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

work is a contribution towards the growing quantitative knowledge-base in GTA and laser 

welding processes and most intricate phenomena in welding science called ‘heat source 

model’. The recommendations for future work are also indicated in this chapter. 

TH-1439_10610322



 

 

 

 

 

 

 

 

 

Chapter – 2 

 

Literature Survey 

 

 

2.0 General background 

In a typical fusion welding process, the application of an intense heat source melt the 

localized region along with the interface of two or more metallic plates. Subsequent 

solidification of the molten region produces the intended weld joint. Complex phenomena due 

to heating, melting, cooling and solidification inside the weld pool are involved in fusion 

welding process. If it is not controlled appropriately, these may lead to adverse effect on the 

properties of the weld and degrade the material properties in the heat affected zone. The weld 

thermal cycles and molten weld pool behavior have decisive influences on the weld quality. 

Therefore, an accurate analysis of the time-temperature cycles and weld pool behaviors is of 

critical importance for deep insight into weld metallurgy, induced residual stress, distortion of 

the weldment and the process control parameters. 
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The objective of the present work is to understand heat transfer, material flow and 

final distortion in fusion welded structure. To develop physics based model in deep 

penetration GTA and laser welding processes, the analyses of thermo-fluid and thermo-

mechanical behavior are necessary. Present work is dealt with the influence of welding 

ambient atmosphere during fiber laser welding and influence of oxide flux coating during 

GTA welding process. In deep penetration laser welding, the mechanism of heat transport is 

different from conduction mode laser welding process. The presence of keyhole entrains the 

energy transport to form high penetration welding. Hence the estimation of keyhole profile 

from physical mechanism enhances the scope of utilization of heat transfer based numerical 

model. In particular, the research work pursues to quantitatively predict the thermal cycles, 

temperature distribution in the weldment, liquid convection in the weld pool, weld bead shape 

and size, keyhole profile, welding induced distortions and residual stresses. Since the subject 

of heat transfer, fluid flow and mechanical analysis covers a wide range of topics, it is not 

viable to review all the topics in this chapter. Hence, key problems and issues pertinent to the 

subject of this study are selected for review. The aim of this chapter is to look into certain 

extent the experimental investigations on GTA and laser welding processes and the issues 

related to numerical modeling approaches for heat transfer, fluid flow and mechanical 

analysis in fusion welding processes. 

2.1 Laser and GTA welding processes 

Laser welding is a high energy beam process that continues to expand into modern 

industries and new applications because of its many advantages. The laser welding produces 

deep penetration and high aspect ratio (depth-to-width ratio) weld, and a small heat affected 

zone (HAZ) that cools very rapidly and produces very small amount of distortion. The most 

significant difference between traditional electric arc welding and laser beam welding 

processes is in the mode of energy transfer. Unlike electric arc energy transfer, laser energy 

absorption by a material is affected by many factors like the type of the laser, the incident 

power density, and the base metal’s surface condition. Laser beam welding with its precision, 

low heat effected zone and high speed has gained increasing acceptance in the industry. This 

joining process is well suited for high volume automated manufacturing processes. 

Laser welding is a non-contact process that requires an access to the weld zone from 

one side of the parts being welded. The weld is formed as the intense laser light rapidly heats 

the material typically calculated in milliseconds. The flexibility of the laser offers mainly two 
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types of welds: conduction mode and keyhole mode. Figure 2.1 describes the conduction, 

conduction/penetration and keyhole mode laser welds. The main difference between these two 

modes of laser welding process is that the surface of the weld pool remains unbroken during 

conduction mode laser welding and opens up to allow the laser beam to enter the melt pool in 

keyhole mode welding. The transition from the conduction mode to keyhole mode depends on 

the peak laser intensity. Normally if the laser intensity is greater than 10
6
 W.cm

-2
 keyhole 

forms in laser welding. When the laser intensity is less than 10
6
 W.cm

-2
, it is called 

conduction mode laser welding process [69]. Typical input-response model of laser welding 

process is represented schematically by Fig. 2.1. 

 

Figure 2.1: Schematic representation of typical input-response model for laser welding 

process [70]. 

There are several laser sources used for welding purpose. Each type of laser has its 

own advantages and disadvantages and is suited for various applications. CO2 laser is gas 

laser that is based on a carbon dioxide gas mixture with a wavelength of 10.6 micrometers 

[71, 72]. Fiber laser belongs to the solid state laser group. They generate a laser beam which 

is amplified in specially designed glass fiber. With a wavelength of 1.064 micrometers, fiber 

laser produces an extremely small focal diameter and the intensity is up to 100 times higher 

than that of CO2 laser [58, 73, 74]. There are significant differences between Fiber laser and 

Nd:YAG laser (lamp-pumped and diode-pumped) although both operate at approximately 

similar wavelength. Ytterbium Fiber laser uses a telecommunications grade diode to pump an 

optical fiber. It has superior beam quality, stability and higher electrical wall plug energy 

efficiency. Fiber laser is virtually maintenance free, extremely compact and the technology 
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makes it invulnerable to the common misalignment and adjustment problems inherent with 

YAG lasers [58, 73, 74]. Since Nd:YAG laser operates on a wavelength almost ten times less 

than CO2 laser, the absorption coefficient for most of the steels is essentially higher for the 

Nd:YAG laser due to shorter wavelength. Excimer gas laser operates in the UV region which 

produce short pulses (tens of nanoseconds duration) and very high peak powers. Diode laser 

operates  on  a  wavelength  in  the  near  infra-red  region  of  the  spectrum which is an 

advantage as compared to CO2 or Nd:YAG lasers [14, 16, 17, 19, 21, 22, 73, 74]. 

GTA welding uses a permanent, non-consumable tungsten electrode to create an arc to 

the work piece. To prevent electrode degradation, it is shielded by an inert gas. The GTA 

welding process can be done with or without filler material. Figure 2.2 illustrates the typical 

GTA welding process. When thin sheets are welded to close tolerances, filler metal is usually 

not added. When a filler metal is used, it is deposited to the weld pool from a separate rod or 

wire. The term TIG welding (tungsten inert gas welding) is often applied to this process. GTA 

welding is applicable to nearly all metals in a wide range of stock thickness. It can also be 

used for joining various combinations of dissimilar metals. The GTA welding process can be 

operated in various current modes such as direct current (DC) with electrode negative (EN) or 

positive (EP) and alternating current (AC). These different current modes result in various arc 

and hence different weldment characteristics. 

2.1.1 Experimental investigation 

Several researchers have investigated different aspects of the fusion welding processes 

by experiments. The influence of the welding process variables such as welding current and 

voltage; laser power and welding speed have been studied by researchers [58, 59, 73-83]. The 

investigators [84-88] have studied the effect of the surface active elements in the formation of 

weld bead dimensions and behavior of the molten weld pool. It is evident that the type of 

weld pool protection and the shielding media plays an important role in the weld joint quality. 

Very few researchers have studied the influence of the welding ambient atmosphere [71, 89-

92] on weld pool formation and the effect of different shielding media [93-106] on molten 

pool formation. El-Batahgy [75] has conducted a series of experiments to investigate the 

influence of the process variables on different types of austenitic stainless steels during a 

carbon dioxide laser welding process. The microstructure for all laser welds was always 

austenite with very less percentage of ferrite.  The  lower  the  laser  power  and/or  the  higher  

the  welding  speed lead to the  finer  solidification  structure due to low heat input. The 

TH-1439_10610322



13 

 

presence of keyhole formation alters the weld pool characteristics in high power laser welding 

process. Figure 2.3 illustrates the formation of molten weld pool in conduction mode and 

keyhole mode laser welding processes. In-process formation of molten weld pool had 

captured by using high speed charge coupled device (CCD) camera. The significant literatures 

on the influence of welding ambient atmosphere under different shielding media and the 

effect of surface active elements on the formation of weld pool are described in the 

subsequent sections. 

2.1.2 Influence of ambient atmosphere on welding 

Due to high temperature gradient during fusion welding processes, there is the 

possibility of reactions between weld pool and surrounding atmosphere. The expected 

instability in most of the metals in their elemental form occurs during welding since high 

temperature causes them to react with oxygen and nitrogen in air. These elements may 

dissolve in the molten weld pool, becomes part of final weld joint, and initiate the weld 

defects.   

 

Figure 2.2: Schematic representation of gas tungsten arc welding process [69]. 
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Figure 2.3: High speed charge coupled device (CCD) camera pictures of molten weld pools, 

(a) Conduction-mode laser welding and (b) Keyhole-mode laser welding [107]. 

Therefore, most of the welding techniques involve shielding usually in the form of gas or flux 

to eliminate the contact of air with molten weld pool. Several protection techniques such as 

gas, slag, gas and slag, vacuum and self-protection offer different degree of protection for 

molten weld pool from the surrounding atmosphere [10, 96]. Ramazan and Koray [89] studied 

the influence of the welding atmosphere during gas metal arc welding (GMAW) of low 

carbon steel. Figure 2.4 describes microstructure of both classical GMAW and controlled 

atmosphere GMAW weldment [89]. From this figure it can be observed that the 

microstructure of base metal consists of ferrite and pearlite phases. Some deformation bands 

were also detected in the microstructure. It is obvious that columnar grains are formed in weld 

metals and these grains are decorated by grain boundary allotriomorphs. In this study, the 

authors found that in controlled atmosphere of argon toughness of the weld metal is higher 

and mechanical properties of the weldment are better due to less porosity as compared to 

classical GMAW process. 
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Bayram et al. [90] have studied the effect of the welding atmosphere and heat input 

during resistance spot welding of 316L austenitic stainless steel. Tensile shear load bearing 

capacity increases when heat input increases due to the enlargement of the nugget size. The 

occurrence is slightly higher in nitrogen atmosphere as compared to open atmospheric 

condition. Dursun [91] investigated the influence of welding current and the weld atmosphere 

during resistance spot welding of 304L austenitic stainless steel. The author concluded that an 

optimum weld quality was obtained by using 9 kA peak weld current in nitrogen atmosphere. 

Ramirez et al. [94] investigated the influence of welding variable on solidification 

substructure to cause weld metal porosity. The amount of porosity increases with increase of 

nitrogen gas introduced in argon shielding gas atmosphere. Few researchers have also 

explored the influence of the alternate shielding and mixture of them on weld joint quality 

[71, 95, 101, 108]. Kang et al. [101] have conducted the experiments on the effect of argon, 

helium, mixture of argon and helium, and alternate supply of pure argon and helium 

alternatively during GMA welding process. Figure 2.5 demonstrates the weld macroscopic 

views of the cross-section corresponding to the different types of shielding gases and with 

various kinds of gas supply under similar welding conditions [101]. As compared to 

conventional supply of Ar, the case of supplying Ar + 67% He mixture by conventional 

method and supplying alternately Ar and He shows deeper and broader weld penetration. 

Moreover, this study also confirmed that under the similar welding conditions, an alternative 

supply of shielding gas provides lowest degree of weld induced distortion. 

 

Figure 2.4: Microstructure profile of classical GMAW and controlled atmosphere 

GMAW weldment [89]. 
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Dong et al. [71, 108] investigated the nitrogen absorption and desorption during CO2 

laser welding of stainless steel in controlled atmosphere of Ar-N2 mixed gas. The nitrogen 

desorption in the Ar atmosphere was less than arc welding. Figure 2.6 describes the 

experimental weld macrographs of GTA and laser welding process at two different welding 

atmospheres [108]. This figure shows that no porosity has been observed in CO2 laser weld 

metals in nitrogen atmosphere as compared to GTA welding at 40% Ar and 60% N2 

atmosphere. This is because of the existence of monatomic nitrogen in the arc. Ostsemin [92] 

investigated the temperature measurement of the electrode-metal drop during carbon dioxide 

controlled atmosphere of arc welding. It is thus obvious that the shielding media plays a 

significant role in the weld joint quality. However, the degree of protection of weld pool can 

be increased by avoiding poor technique of shielding gas supply. Self-protective atmosphere 

or controlled atmosphere of argon avoids the weld pool reaction with oxygen, nitrogen etc. 

during welding process. This leads to less degree of weld defects such as gas porosity. 

 

Figure 2.5: Weld macrographs variation with type of shielding gas supply and 

different types of gases, (a) Argon supply, (b) Ar+67% of He and (c) Alternative supply of Ar 

and He [101]. 
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Figure 2.6: Weld bead cross section of high-Nitrogen steel (0.32 pct. N), (a) GTA 

welding in 40% Ar and 60% N2 atmosphere and (b) CO2 laser welding in pure N2 atmosphere 

[108]. 

 Gas atoms in laser beam path are ionized and formed weld plasma that consists of 

neutral, excited, and ionized atoms of base metal and shielding gas. Plasma plume absorbs 

some portion of laser beam energy and causes refraction and defocusing of laser beam [107]. 

The shape and size of the keyhole is affected by the presence of shielding gas due to change 

of surface tension of the weld pool, reaction energy by the gas with hot metal and 

modification in plasma-plume formation [109]. In general, Helium is most suitable shielding 

gas for CO2 laser whereas Argon or Nitrogen is appropriate for Nd:YAG laser since high 

ionization potential of He aids to control plasma formation in CO2 laser welding. Argon 

generally favours less plasma formation during welding. However, at high power laser, the 

shielding becomes more critical and affects significantly the weld penetration. Therefore, pure 

argon may be an optimal shielding gas for fiber laser welding since the wave length of fiber 

laser is close to Nd:YAG laser [110, 111]. Hence, present work is motivated to use argon not 

in the form of shielding gas rather to use this gas in a controlled chamber that is called 

protective atmosphere of argon. There is limited study observed in the literature on the effect 

of shielding gas for fiber, disk and diode lasers.  

2.1.3 Influence of surface active elements 

 The heat and fluid flow in molten weld pool can significantly affect temperature 

gradients, cooling rates and solidification structure. The conventional heat transfer and fluid 

flow pattern in fusion welding control the shape of weld pool and depth of penetration. Often, 

the critical variable that controls the molten pool variation is the amount of surface active 

elements present in the weld material. The presence of main minor elements of group VIIB 
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(oxygen, sulfur, selenium and bismuth) may change the weld pool shape and size during gas 

tungsten arc (GTA) welding. The effect of minor elements on weld pool formation is 

generally experimented by three different variants of GTA welding processes [93, 97, 112-

113]. One of the methods is analyzing or varying the chemical components of work piece 

materials. Other promising practices are smearing the oxides and halides on work piece 

surface or using active elements through addition with shielding gas. The weld pool shape and 

size changes significantly by adding these active elements to the material and this can be used 

in a beneficial way to get high penetration welding. In 1980s, Heiple et al. [93, 114-117] was 

first examined systematically the influence of surface active in the formation of weld pool. 

Their study showed that the presence of active elements such as Se, O and S in the weld pool 

altered the surface tension coefficient from negative to positive. Therefore, the direction of 

Maragoni convection reverses from outward to inward and as a result the weld penetration 

increases intensely. 

 Pitscheneder et al. [86] studied the role of sulfur and influence of process variables 

on the temporal evolution of weld pool geometry during multi-kilowatt laser beam welding of 

steels. Though the presence of sulfur can improve weld penetration in many cases, its 

presence in the weld metal does not always result in high aspect ratio. Figure 2.7 shows the 

surface tension and temperature coefficient of surface tension as a function of temperature and 

activity of sulfur for the steel samples containing 20, 40 and 150 ppm sulfur [86]. This figure 

shows that the surface tension of the alloy and temperature coefficient of surface tension are 

strong function of temperature and the sulfur activity. 

 

Figure 2.7: Variation of surface tension of (a) FE-S as a function of sulfur activity and 

temperature and (b) temperature coefficient of surface tension of Fe-S as a function of 

temperature for samples containing 20, 40 and 150 ppm sulfur [86]. 
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Lu et al. [99] studied the weld pool formation at different welding speeds and welding 

currents under the Ar-0.1%CO2 and Ar-0.3%CO2 shielding gases. Figure 2.8 describes the 

weld bead shapes at different welding speeds and welding currents [99]. All the weld bead 

shapes under the Ar-0.1%CO2 are wide and shallow whereas the weld shapes are narrow and 

deep under the Ar-0.3%CO2 since the convection pattern in molten weld pool are different 

under Ar-0.1%CO2 and the Ar-0.3%CO2 shielding gases. 

 

Figure 2.8: Weld bead shapes under Ar-0.1%CO2 and Ar-0.3%CO2, at different (i) welding 

speeds and (ii) welding currents [99]. 

 Zhao et al. [118] studied the influence of surface active element (sulfur) on flow 

pattern in molten pool using a numerical model. Figure 2.9 illustrates the variation of aspect 

ratio (D/W) with sulfur concentration and maximum surface tension temperature at different 

sulfur concentrations. It is obvious from this figure that initially the aspect ratio increases 

sharply and then remains nearly constant. It is also observed from this Fig. 2.9 (b) that as 

sulfur concentration increases, the maximum surface tension temperature increases. The 

maximum surface temperature in the weld increases with sulfur content reaches to a 

maximum value and decreases thereafter.       
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Figure 2.9: (a) Temperature variation with sulfur content in weld metal and (b) influence of 

sulfur content on aspect ratio (D/W) [118]. 

 In weld pool modeling of the fusion welding process, the fluid flow analysis is 

significant along with the conductive heat transfer analysis when material contains surface 

active elements [86, 87, 119]. Sahoo et al. [85] investigated the influence of the surface active 

elements such as oxygen and sulfur in blocking vaporization sites on weld pool surface. The 

presence of oxygen and sulfur in metal leads to increase in metal vaporization rate. This 

phenomenological analysis is not possible within the frame of only heat conduction analysis 

and without consideration of flow dynamics of molten material. Experimental evidence of the 

effects of surface active elements is obvious and this analysis is significant to design the 

process parameters for high penetration GTA welding process [99, 120]. 

 In recent time, the numerical simulation of the fluid flow and heat transfer analysis 

using different shielding gases were studied by several researchers [102-104, 121-124] by 

interacting welding arc model to the work piece surface. This approach essentially eliminates 

the need of heat source model since the temperature distribution of arc can be used to estimate 

heat flux on work piece surface. The arc model might be adjustable with different shielding 

gas environment, welding current, and electrode gap. However, the interface between anode 

and arc column is most important issue to calculate the heat flux [104]. The sensitivity of arc 

model to the change of volume percentage of mixed shielding gas is still unclear. Moreover, 

the interaction of the arc with deformable work piece geometry is another important issue in 

terms of reliable modelling approach and hence a free surface modeling of work piece surface 

under the pressure of arc plasma is necessary. There is a lack of enough research in this 

direction. Alternatively, a straight-forward surface heat flux following Gaussian distribution 

may act as representation of heat source without much error in calculations [37, 39, 42, 125-
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126]. The effective radius of arc is defined by the actual radius on the work-piece surface 

assuming 95 % of heat flux falls within the effective radius.  

 It is thus obvious from literature review that a dedicated surface tension model is 

necessary to take into account the effect of surface active elements for the analysis of flow 

dynamics. Lu et al. [121] and Dong et al. [103, 124] were studied the effect of surface active 

element such as oxygen through the development of sophisticate finite volume based 

numerical model using FLUENT software. The model considers constant material properties 

and the solution domain for fluid flow is considered as whole geometry. It is expected that the 

viscosity is kept very high outside the flow domain to satisfy near solid medium. The effect of 

surface active elements has been incorporated in this model through a surface tension model 

[84] that is a function of solute concentration (i.e. oxygen here) and temperature. However, 

the coefficient of surface tension may go through an inflection point somewhere on the 

surface if the weld pool contains fairly high oxygen concentration. In this situation, the fluid 

flow in weld pool is likely to have more complicated shape as compared to simple 

recirculation [84]. 

2.1.4 Keyhole formation in laser welding 

In high power density welding processes such as laser and electron beam welding, the 

focused beam leads to formation of a keyhole due to capillary action in the melt. The keyhole 

facilitates the beam to enter deep into the work piece and significantly increases the depth of 

penetration with no considerable enlargement of bead width [127]. Hence the keyhole 

formation influences the weld joint quality in a high power density laser welding to extent the 

limit of scanning speed of laser source. The formation of keyhole involves several 

simultaneous physical processes and brings the complexity in physics based numerical model. 

A number of previous works has been performed to understand the physical process involved 

in the formation of keyhole [3-6, 128-131]. Some of the significant literatures are presented in 

this section. 

Andrews [3] derived the keyhole profile by considering the whole of the laser energy 

is used in vaporization of the metal. Kross et al. [4] developed a keyhole model in which non-

equilibrium evaporation from the keyhole surface is considered. Kaplan [5] has estimated the 

keyhole profile using a point-by-point determination of the energy balance at the keyhole 

wall. DebRoy and his co-workers analytically estimated the keyhole profile of different 
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materials during laser welding process [6, 128]. Zhao and DebRoy estimated the keyhole 

profile of laser weldment of aluminium alloy 5182 [6]. From this work it is observed that the 

beam axis intersects the front keyhole wall and the front keyhole wall has a larger angle with 

the beam axis than the rear keyhole wall. Due to the temperature gradient difference near the 

rear and front walls the keyhole shapes becomes asymmetry with respect to beam axis. Figure 

2.10 describes a typical estimated keyhole profile and three-dimensional temperature field for 

high power laser welding process [6]. Cheng et al. [110] considered both the effect of Fresnel 

absorption and inverse bremsstrahlung absorption of plasma on the laser power distribution. 

Laser intensity absorbed on the keyhole wall through Fresnel absorption is hardly uniform 

and distributes mainly on the front wall and the bottom of keyhole wall. Inverse 

bremsstrahlung absorption of keyhole plasma plays a dominant role in absorbing laser power 

compared with Fresnel absorption. Jin et al. [129-130] have measured the actual keyhole size 

using a high speed camera. Eriksson et al. [109] performed experimental measurements of the 

molten metal flow on the keyhole front wall. The flow is highest at the centre of the keyhole 

front. Jandaghi et al. [131] have studied the vaporization rates during pulsed Nd:YAG laser 

welding via the mathematical model of keyhole profile. 

The keyhole dynamics is complex in nature and is very much unlikely to predict the 

stability of keyhole even for stationary laser welding condition [111]. Generally two 

approaches are followed by researchers to analyze the formation of keyhole in laser welding 

process. One approach is the data from experimental measurement confirms the geometric 

shape of the keyhole. Other approach is the prediction of keyhole geometry by physical model 

of energy balance. However, the formation of keyhole profile depends a lot on the equilibrium 

between the pressure induced by surface tension and recoil pressure, fluctuations of the 

surface tension and recoil pressure due to the uneven distribution. 

2.2 Conduction mode heat transfer analysis 

With the application of intense heat on the surface of the work piece the molten zone 

is created and the welding is performed by alloying solidification. Figure 2.11 illustrates the 

schematic representation of the fusion welding process. There exist three distinct regions in 

the weldment, namely, the fusion zone (FZ), the heat affected zone (HAZ) and the base 

material. In fusion welding process, the interaction of the heat source with the base material 

leads to a series of complex physical processes. 
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Figure 2.10: During laser welding of aluminium alloy 5182 of laser power, 2500 W and 

speed, 106 mm s
-1

, (a) estimated keyhole profile along the symmetry plane and (b) three-

dimensional temperature field along with keyhole profile, the temperatures values are in K 

[6]. 

The FZ undergoes melting and solidification. In the molten pool, the liquid metal 

circulates vigorously driven by electromagnetic, surface tension gradient and buoyancy 

forces. It is well known fact that the convective heat flow affects the FZ geometry and the 

temperature distribution in the HAZ. The HAZ, which experiences significant temperature 

changes, may undergo various solid-state transformations. The material region which is not 

affected by welding process is the base material. During fusion welding, the complex physical 

processes take place in a small area, usually of the order of few millimeters. The spatial 

variation of temperature in the weldment is quite high, generally up to several hundreds to 

thousands of degrees. The small welded area where various physical processes occur and the 

high spatial temperature gradients are two characteristics of the welding process.  
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The most instinct phenomenon in conduction mode heat transfer analysis is the 

modeling of heat source. Over the decades, several researchers have proposed various heat 

source models that vary from point, line to distribute over surface or volume. The 

representation of heat source is analogous to type of welding process and final weld pool 

shape and size. Henceforth, this section is focused on various approaches to model heat 

source in weld pool simulation. 

 

Figure 2.11: Schematic representation of conduction mode fusion welding process and 

keyhole mode laser welding process: (a) interaction between the heat source and the base 

material, (b) the transverse section and (c) the transverse section portion of keyhole mode 

laser welding process [10]. 

2.2.1 Heat source models 

The basic idea of the heat source model is the replacement of the physical process 

with an appropriate surface heat flux or volumetric heat generation. In the early 1940s, 

Rosenthal [28, 29] first attempted to estimate thermal history both for stationary and 

continuous arc welding processes analytically. Based on conduction heat transfer and 

considering temperature independent material properties, Rosenthal presented the temperature 

distribution as 
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       (2.1) 

where T is the temperature variable, T0 is the ambient temperature, Q is the heat input, k is the 

thermal conductivity, r is the radial distance from the heat source, ρ is the density, CP is the 

specific heat, Vw is the velocity of the welding heat source and ξ is the moving coordinate in 

the Y-direction. For the linear welding process with moving heat source, the moving 

coordinate (ξ) can be represented as 

                 (2.2) 

where‘t’ is the time variable. However, the author neglected the latent heat of fusion and 

considered the welding heat source as point heat source. The analytical solutions are restricted 

to several number of simplified assumptions, even though, these served as basic reference for 

the estimation of thermal cycles and cooling rates in fusion welding processes. Grong [7] 

transformed the Rosenthal [28, 29] and Rykalin [132] formulae into a dimensionless version. 

Over a wide range of materials and heat input, Christensen et al. [133] confirmed that the 

Rosenthal model are in good agreement with experimental results in dimensionless form. 

However, Eager and Tsai and several other researchers [7, 134] showed that the Rosenthal 

model is not suitable to estimate the temperature in and around the weld joint since these 

models assume that the temperature at the heat source is infinity and material properties are 

insensitive to temperature. However, these analytical models are proved that the predicted 

temperatures away from the center of heat source are in fair agreement with experimental 

results. 

 Jeong et al. [33] presented an analytical solution to calculate the transient temperature 

distribution in fillet arc welds using a bivariate Gaussian distributed heat source model along 

with convective boundary conditions. In this work, the authors transformed the solution of the 

temperature field for a plate of finite thickness to the fillet welds by means of the conformal 

mapping technique. The analytical solution was verified by comparing the predicted results 

with the experimentally measured isotherms of GTA and flux cored arc (FCA) fillet welds. 

The comparative results showed satisfactory accuracy. Kang and Cho [35] also presented an 

analytical solution to predict the transient temperature distribution in fillet arc welding. 

However, the authors included the influence of the molten metal produced from the electrode 

with different arc efficiencies and Gaussian distribution parameters. Figure 2.12 describes the 

variation of isotherms with different process variables, arc efficiencies and distribution 

parameters along with experimental isotherms [35].     

TH-1439_10610322



26 

 

 

Figure 2.12: Temperature distribution corresponding to parameters, (a) arc efficiency=78%, 

current=240 A, voltage=30 V, welding speed=5 mm/s and distance from arc start point=35 

mm and (b) distribution parameter=3.25 mm, current=240 A, voltage=30 V, welding speed=5 

mm/s and distance from arc start point=35mm [35]. 

 Nguyen et al. [36, 135] have developed a closed form analytical solution for a 3-D 

semi-ellipsoid and double ellipsoidal heat source models in a semi-infinite body. The authors 

utilized them for predicting the weld bead geometry and calculation of residual stresses for 

bead-on-plate weld. Kasuya and Shimoda [34] made an effort to estimate the temperature 

distribution with and without considering the latent heat of fusion. It was observed that the 

difference in cooling rates was substantial for an initial time of about 0.15 s. The peak 

temperature was condensed to 1273 K and the estimated cooling rate by both the models 

(with and without latent heat) was almost alike. Guo et al. developed an analytical solution for 

quasi-steady state conduction mode laser welding of thin sheets assuming the work piece as a 

semi-infinite body and constant thermo-physical properties [41]. The phase change influence 

was taken into account in this model with Stefan condition. Karkhin et al. [43] studied the 

influence of latent heat on weld bead dimensions during laser welding of thin sheets of 

aluminum alloys. Kar and Mazumder described a three dimensional heat conduction model to 

analyze laser seam welding of SS304 sheets using analytical model [32]. 

It is obvious that analytical model cannot consider the sensitivity of the material 

properties with temperature and comply with several other assumptions. Since the Rosenthal-

Rykalin formulae cannot produce satisfactory results for temperature distributions in and near 

the weld pool, several researchers have attempted to modify the analytical solutions and tried 

to improve the prediction accuracy. After Pavelic’s attempt in 1969 [24], several researchers 
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started considering the distributed heat source models in heat transfer analysis of fusion 

welding processes. 

 

Figure 2.13: Schematic representation of Gaussian distributed ‘disc’ heat source 

model [24]. 

The most instinct phenomena for numerical solution of temperature distribution and 

velocity field in fusion welding process are the requirement of suitable heat source. The input 

energy to the solution domain is decided by the nature and distribution of heat source model. 

In analytical solution, the researchers have assumed that the welding arc or laser beam can be 

represented as a point, plane or line heat source depending on the dimensionality of the 

problem. But, the actual welding arc or a laser beam is distributed over a finite area rather 

than at a single point or line. Pavelic et al. [24] introduced a distributed heat source i.e. ‘disc’ 

heat source model. This model overcomes the limitations of the analytical methods by 

considers the distributions of the heat energy over a surface area and is more practical 

approach as compared to Rosenthal's point, line, and plane heat source models. However, the 

disc heat source model does not account the digging action of the welding arc or laser beam. 

This type of surface heat source models fails to predict the depth of penetration. Figure 2.13 

represents the Gaussian distributed disc heat source model with different concentration 

coefficients [24]. This distributed heat source model is explored by several researchers [136-

138]. Friedman [136] and Krutz et al. [137] implemented ‘disc’ model in a finite element 
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based heat transfer analysis and achieved considerably better temperature distributions in the 

fusion and heat affected zones than computed with the Rosenthal model. Anderson [138] 

developed a two dimensional finite element model using distributed heat source for the 

prediction of thermal stress in submerged arc welding including the phenomenon of phase 

transformation. 

The ‘disc’ heat source model does not account the digging action of the arc which is 

essential for deep penetration welding processes such as electron beam and laser beam 

processes. To overcome these limitations, Hibbert and Paley [139] used a constant heat 

density distribution over the fusion zone with a finite difference based heat transfer analysis. 

But, the boundary of heat density distribution was not well defined. The researchers 

articulated the volumetric heat source models for fusion welding processes by mapping with 

various geometric shapes. In 1984, Goldak et al. [30] developed distributed heat source such 

as semi- and double ellipsoidal heat source models with Gaussian distribution to account the 

digging action i.e. volumetric heat distribution of the welding arc. Semi-ellipsoidal heat 

source model is suitable when the welding arc is stationary i.e. in case of spot welding 

process. When the welding arc moves with certain velocity the double ellipsoidal heat source 

model fits suitable since the temperature gradient in front and at the trailing edge of the 

molten pool are not similar. Figure 2.14 describes the Gaussian distributed double-ellipsoidal 

heat source model. Wu et al. [140] have developed an efficient heat source model for the 

simulation of keyhole plasma arc welding process by considering the effect of decay of heat 

intensity distribution of the plasma arc along the direction of the work piece thickness to 

configure the keyhole formation. Figure 2.15 (a) and (b) show the conical heat source model 

and modified conical heat source model developed by Wu et al. [140]. 

Recent literature indicates that the researchers have tried to modify the various types 

of heat source models, identification of model parameters and development of composite heat 

source models combining the existed heat source models for various fusion welding 

processes. Wu et al. [142] have implemented a combined heat source model for the simulation 

of keyhole plasma arc welding process. In this model the authors combined the double 

ellipsoidal and cylindrical heat source models to account the configuration of keyhole mode 

plasma arc welding shape. The heat source parameters are estimated through optimization 

techniques using the geometric features of weld. Luo et al. [143] investigated the thermal 

effects of AZ61 magnesium alloy during vacuum electron beam welding using a combined 

heat source model, Gaussian distributed heat flux on top surface and volumetric conical heat 
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source model through thickness of the plate. Li et al. [144] have developed combined heat 

source model during simulation of tandem submerged arc welding (T-SAW) process. In T-

SAW the arc is deflected by the magnetic force in the plane having arc movement and plate 

thickness direction. The proposed heat source model is a combined effect of Gaussian 

distributed surface and double ellipsoidal heat source models taking into account the 

reflection angle. 

Li et al. [145] investigated the heat transfer and fluid flow analysis of plasma arc 

welding process by using a modified heat source model which is composed of a double-

ellipsoidal volumetric heat source at the upper part and a conical volumetric heat source at the 

lower part of the work piece surface by considering the actual configuration of plasma arc 

welds and the key-hole effect of plasma arc welding process. Overall, the recent heat source 

models in fusion welding simulation are the analytically estimated various geometric shapes 

that follow Gaussian distribution. The distributed heat source models are mapped with regular 

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

combinations of these configurations. However, the shape and size of volumetric heat source 

is based on the experimentally measured weld dimensions. The unknown parameters of heat 

source are estimated by using experimental data and multivariate optimization [141]. 

Present work motivates to develop such a volumetric heat source that minimize the 

model parameters, more generalized form in nature and without violating the non-symmetry 

heat density distribution for linear welding process. Presently, different heat source models 

for calculating the temperature fields including weld pool and heat affected zone dimensions 

are widely used under conduction regime. The temperature profile of the weldment is of 

interest if the residual stress and distribution or the structure and properties of welded joint are 

calculated. In that respect, there may be the paramount interest on the development of a 

decent volumetric heat source model that should involve less number of parameters and more 

general in nature. In the present work, an egg-configuration volumetric heat source model is 

proposed to simulate temperature distribution, time temperature history, and cooling rate 

during autogenous fusion welding process. It has been shown that Pavelic et al. [24] ‘disc’ 

heat source, Hibbert and Paley [139] volumetric heat source, Westby's [146] heat source, 

Goldak et al. [30] ellipsoidal heat source models are the special cases of the proposed heat 

source model. 
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Figure 2.14: Schematic illustration of double ellipsoidal heat source model [30]. 

 

Figure 2.15: Schematic representation of (a) conical heat source model and (b) 

modified conical heat source model by Wu et al. [140]. 

2.2.2 Numerical heat transfer model 

The main disadvantage of the analytical modeling approach of fusion welding process 

is the representation of welding arc or laser beam as a point heat source (concentrated) and the 

assumption of temperature independent material properties. Moreover, the analytical models 

could infrequently consider the influence of latent heat of fusion. Furthermore, a semi-infinite 

work piece is necessary to estimate the temperature for the analytical model. In the real 
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condition, the substrates to be welded are always of finite size. One of the initial numerical 

models of laser welding is introduced by Mazumder et al. [147]. Chande et al. enhanced the 

aforementioned model by incorporating the temperature dependent material properties and 

latent heat of fusion via an increased specific heat over temperature range of melting and 

solidification [148]. Several researchers have investigated the quantitative study on deep 

penetration laser welding process by using different heat source models. Frewin and Scott 

presented a three dimensional heat transfer analysis based on finite element method during 

pulsed laser beam welding [37]. The temperature distribution is quite sensitive to the power 

density distribution and absorption coefficient of the laser beam. Zacharia et al. [149] 

investigated the experimental and numerical modelling of Nd:YAG pulsed laser welding 

process of austenitic stainless steel by taking into account the fluid flow in the weld pool and 

the model was used to simulate the cooling rates and thermal cycles. Sudnik et al. [150] 

studied the numerical investigation of the laser beam welding process to measure the weld 

pool geometry. A linear correlation was found between the length and depth of the weld pool 

with varying laser power and constant welding speed assuming a conduction mode process. 

However, the surface of the weld pool remains unbroken during conduction mode laser 

welding and opens up to allow the laser beam to enter the melt pool in keyhole mode welding. 

Jin et al. [151] developed a 3D finite element based thermal model for deep penetration laser 

welding process based on an actual keyhole size. De et al [42] reported a two dimensional 

axisymmetric finite element based heat transfer model during conduction mode laser spot 

welding process. Bag et al. [126] developed a conduction mode heat transfer model during 

laser spot welding using an adaptive volumetric heat source model to predict the weld pool 

dimensions. 

Researchers explored the numerical and experimental investigation on shallow 

penetration gas tungsten arc welding (GTAW) process by utilizing several numerical 

methods. Kim and Na [152] investigated the numerical modelling of heat transfer and fluid 

flow in pulsed current GTA weld pool. Kim and Basu [153] developed an unsteady two 

dimensional axisymmetric model to predict weld bead geometry and velocity profile during 

gas metal arc welding process (GMAW). Fan et al [154] numerically analyzed thermal and 

fluid flow combining buoyancy force, electromagnetic force, surface tension gradient and arc 

drag force for a partially and fully penetrated weld pool in stationary GTAW. Lu et al. [122] 

established an integrated mathematical model to investigate heat transfer and fluid flow in 
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GTAW. Bag et al. [125] developed a 3D quasi-steady state thermal model based on finite 

element method to investigate the weld pool dimensions and thermal cycles. 

The conduction based numerical model attempts to consider Gaussian distributed 

surface heat flux or volumetric heat source. It is realized that the surface heat flux may not be 

sufficient for deep penetration laser welding process. In that case, the volumetric heat source 

is more appropriate and a-priori knowledge of solidified weld dimensions from experiment is 

required. It was conceived that the consideration of a volumetric heat source with less number 

of parameters will be effective in conduction mode heat transfer analysis. However, the 

enhanced heat transfer due to convective flow of material is accounted inherently in transport 

phenomena based heat transfer model. The effort made towards modeling of convective 

transport of heat in fusion welding process is discussed in subsequent sections. 

2.2.3 Cooling rate 

The final weldment quality (mechanical properties and microstructure) in and around 

the fusion zone significantly depend on the time-temperature history, in particular, the cooling 

rate. The finite element based heat transfer and fluid flow process models can be utilized 

further to calculate the cooling rate from the computed transient temperature field in and 

around the fusion zone. Mazumder and Steen have developed a three-dimensional heat 

transfer model for calculating the time-temperature history for a laser seam welding process 

of titanium [147]. In this work, the authors have predicted the cooling rate at three different 

locations: on the weld pool surface, at the bottom surface and at a point 0.275 mm below the 

top surface. The calculated results showed that a rapid initial heating takes place till a peak 

temperature was reached, followed by a rapid cooling (Fig. 2.16). The cooling rate at the 

bottom surface is very low as compared to the same on top surface. 

Paul and DebRoy experimentally measured the dendrite arm spacing in the final weld 

microstructure and correlated to the calculated cooling rates [51]. Cool and Bhadeshia have 

been studied the effect of various alloying elements on the evolution of its microstructure in 

steel as a function of cooling rate [155]. De et al. examined the effect of laser spot welding 

process variables such as laser power and on time, on the time-temperature history, 

microstructure and hardness of low alloy steel weldment [55]. He et al. examined the cooling 

rates during fusion welding of SS 304 sheets using a transient heat transfer and fluid flow 

model based on the solution of the equations of conservation of mass, momentum and energy 

in the weld pool [53]. In this work, the authors reported the calculated thermal cycles at three 
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different monitoring places located in radial (0), axial (90) and at a specified angular (45) 

direction from the weld center. Thermal cycles showed rapid heating till the peak temperature 

was reached, followed by fast cooling as the laser power was switched off. To emphasis the 

severity of cooling rate in laser welding, the same was compared with the cooling rates 

typically observed in conventional GTA welding process. The authors testified the difference 

of cooling rates between laser and GTA welding process and reported as 41,380 K/s for laser 

welding and a value of 250
 
K/s for GTA welding. 

 

Figure 2.16: The time-temperature history for the welding conditions, laser power is 

1.5 kW and welding speed is 7.5 mm/s of 2 mm thick titanium alloy [147]. 

2.3 Transport phenomena in fusion welding 

 The fusion welding process is complex in nature and intricate several physical 

phenomena such as heat transfer, mass transfer, fluid flow, chemical reaction, and phase 

transformation occur simultaneously during the process. The interaction of various 

phenomena as well as a large number of process variables possibly incites to find desired 

weld features by empirical correlations. This approach demands large volume of experimental 

data and might not perform in the finest way when a new set of design variables is of interest. 

Moreover, this approach may not produce all weld attributes influenced by scientific principle 

alone. Quantitative calculation of various aspects in weldment structure is necessary to have 

better understanding of the differential influence of process parameters through fundamental 

study of heat transfer and fluid flow in the fusion welding process. The application of 
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transport theory provides beneficial knowledge about various characteristics of a welded 

structure as well as produces quantitative information of weld pool dimensions and mushy 

zone, temperature and velocity field, and microstructural properties. 

 A number of thermal, microstructural, and mechanical models of the fusion welding 

process have been developed by several researchers from a simplified to more complex nature 

using various numerical methods [2, 30, 37, 140, 156]. DebRoy et al. reported an extensive 

review of the physical processes prevalent in fusion weld pool [1]. In the view of authors, the 

convective flow in molten weld pool would be driven by surface tension, buoyancy and 

electro-magnetic force when electric current is used. Aerodynamic drag forces of the plasma 

jet might be contributed to the convective flow in the weld pool. Buoyancy effects originated 

from the spatial variation of the liquid-metal density mainly because of temperature variation 

and, to a lesser extent, from local composition variations influence the material flow. 

Electromagnetic force in arc welding is a consequence of the interaction between the 

divergent current path in the molten pool and the magnetic field that it generates. In arc 

welding, a high velocity plasma stream imposes on the molten pool. The spatial gradient of 

surface tension acts as a driving force (called Marangoni stress) along the top surface of the 

molten pool. 

 The nature of liquid convection in molten weld pool and the shape of the weld pool 

owing to various driving forces are schematically shown in Fig. 2.17 [7-10, 157]. Because of 

the variations of temperature and composition, the temperature coefficient of surface tension 

may be positive or negative and the shape of the molten weld pool is influenced by the nature 

of surface tension force (Fig. 2. 17 (b) and (c)).  The measurement of liquid flow velocities in 

the small and intensely heated molten weld pool is more difficult than that of temperatures. 

Henceforth, a practical recourse is to use quantitative calculations to gain understanding of the 

phenomena of heat transfer and fluid flow during fusion welding process. 

2.3.1 Experimental measurement 

 A number of investigators worked on establishment of the empirical correlations 

based on experimental results to understand the feasible fusion welding process parameters by 

using sensors data during online monitoring of the process [15, 17, 20, 22-23, 158-161]. In 

fusion welding process, the most comprehensive output is the weld bead dimensions along 

with thermal history that define the mechanical properties of the weld joint. Jou carried out a 
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series of experiments to investigate the interaction and correlations of welding current, 

voltage, welding speed and arc length affecting the formation of weld pool in GTA welding 

process [20]. The author also studied the influence of arc length on arc efficiency and heat 

distribution parameter or effective arc radius which is defined by the radial distance from the 

center of electrode within which 95% of energy is transferred. The heat distribution parameter 

has significant effect on both the shape and the size of molten weld pools. Starling et al. 

utilized a linear regression model to establish a relationship between welding parameters and 

weld dimensions in narrow gap-GTA welding process with magnetic arc oscillation [15]. 

 

Figure 2.17: Various driving forces in molten weld pool and resulted molten material 

convection: (a) electromagnetic force, (b) and (c) surface tension force, (d) buoyancy force 

and (e) arc plasma force [157]. 
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Deutsch et al. investigated the effects of weld speed and focal position on weld bead 

dimensions in laser seam welding of 1.6 mm thick AA5182 aluminum alloy [22]. The authors 

indicated that the changes in the focal positions from the positive to the negative values for a 

constant weld speed could considerably affect the weld bead dimensions. Benyounis et al. 

have studied the combined influence of laser power, welding speed and focal position on weld 

bead dimension of CO2 laser welding of medium carbon steel [23]. The authors showed that 

the laser power and weld speed had greater influence on weld bead width as against the focal 

distance. Tzeng carried out the experiments on pulsed laser seam welding of 0.7 mm 

galvanized steel sheets [17]. In this work, the author specified that the weld speed between 0.9 

to 1.5 mm/s and the mean pulse power in the region of 330 to 390 W could lead to sound 

welds with least amount of porosities. 

Zhang et al. utilized a non-contract seam tracking technology in GMA and GTA 

welding processes [158]. This technology is based on high frequency, high resolution 

ultrasound to achieve high accuracy in weld seam identification. Zhao et al. succeeded an 

automatic control of pulsed GTA welding process with wire filler by recording the image of 

the molten weld pool with an optical sensing method and estimated three-dimensional shape 

parameters of weld pool surface with an image processing algorithm [159]. Ancona et al. 

reported the utilization of an optical inspection system for monitoring manual GTA welding 

process of steel pipes [160]. Weglowski et al. endeavored to monitor weld quality in GTA 

welding using arc light as a signal [161]. Kovacevic et al. monitored the surface weld pool 

geometry by using high shutter speed camera combined with structured light for the laser 

seam weld [162]. 

In the case of laser spot welding, the temporal evolution of temperature field on the 

weld pool surface was studied by Pitscheneder [163] using a high speed thermo-camera. The 

measurement of transient velocity field in molten weld pool was attempted by Matsunawa et 

al. [164] using high speed CCD camera. Dutta et al. followed a combined experimental and 

computational method for the calculation of arc efficiency in GTA welding [165]. Giedt et al. 

reported an average arc efficiency of 80% for welding of 304L stainless steel [166]. 

Christensen et al. [133] also reported arc efficiencies of GTA welding in the range of 21 

48%.  Figure 2.18 describe the welding heat source efficiency for various welding processes 

[10]. A significant amount of research efforts were centered on the finding of values of actual 

absorption coefficient or arc efficiency. However, the reliable value of absorption coefficient 
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is possibly too difficult to obtain in a confident for fusion welding processes. Furthermore, the 

experimental investigations for finding these values are expensive and time-consuming. 

Therefore, a number of researchers have tried to realize the same through analytical and 

numerical process models by integrating with optimization modules. 

 

Figure 2.18: Heat source efficiencies for various welding processes [10]. 

2.3.2 Convective heat transfer in weld pool 

 The temperature distribution and molten material flow in weld pool cannot be 

estimated by conduction heat transfer analysis alone. This is performed by using the transport 

phenomena based heat transfer and fluid flow analysis. However, the physics based process 

models need some model parameters which are uncertain. The evolution of very simplified to 

more sophisticated model is made including the effect of material flow in the process. The 

conduction mode heat transfer analysis is often performed using a dedicated heat source 

model to compensate the effect of actual fluid flow within the weld pool [37, 39, 42, 125, 126, 

167]. This approach primarily helps to reduce the computational time and is important in real 

industrial process design. Additionally, the conduction-based model is also significant in 

calculation of distortion and residual stress where overall temperature distribution in the 

whole geometry is of greater importance than local variation in the weld pool [167-171]. It is 

noteworthy that the heat source model employed for the keyhole mode welding process such 

as high power laser and electron beam welding is different from the conduction mode welding 

process [140]. 
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 The volumetric heat source model is often replaced by real surface heat flux to include 

the effect of dynamics of the molten material during the fusion welding process [49, 52-54, 

56, 60]. However, the flow dynamics play a significant role in quantitative study of weld pool 

shape and size. The material flow is assumed either laminar or turbulent in nature. The flow 

pattern is also influenced by the involved process parameters and subjective to the 

interactions of various physical and metallurgical phenomena occurring during the welding 

process. Till date, there has been no correct systematic specification of welding process 

parameters to decide the nature of flow owing to limitation of experimental measurement. The 

effect of convection within the molten pool and its influence on heat transport are often 

performed by artificially increasing the thermal conductivity and viscosity of molten material. 

This approach has received wide acceptance in the recent past. However, these augmented 

material properties are based on an overall kernel of optimization module to achieve the 

desired experimental results in an inverse manner [53, 54, 60]. Strategically, this approach 

considers the uniform turbulence effect within the weld pool by increasing the value of 

material properties at the melting temperature of an arbitrary fold. This approach eliminates 

the uncertainty in defining the material properties at very high temperature. 

 Alternately, few researchers accomplish material flow considering the effect of 

turbulence and using kinetic energy-based turbulence models. These models are used to 

simulate convective flow of liquid material as well as species concentration distribution 

within the weld pool [49, 52, 56, 103, 121]. However, the k-ε turbulence model increases the 

computational time owing to the solution of additional equations. Moreover, the empirical 

constants involved in k-ε turbulence model are not well defined for liquid material. In weld 

pool modeling of the fusion welding process, the fluid flow analysis is significant along with 

the conductive heat transfer analysis when the material contains surface-active elements [86-

87, 172]. The presence of main minor elements of group VIIB (oxygen, sulfur, selenium, and 

bismuth) may change the weld pool shape and size during gas tungsten arc (GTA) welding. 

The weld pool shape and size change significantly by adding these active elements to the 

material, and this can be used in a beneficial way to get high penetration welding. This 

phenomenological analysis is not possible within the frame of only heat conduction analysis 

and without consideration of flow dynamics of molten material. In recent times, the numerical 

simulation of the fluid flow and heat transfer analysis using different shielding gases have 

been studied by several researchers [102-104, 121-124] by interacting welding arc model to 

the work piece surface. This approach essentially eliminates the need of the heat source model 
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since the temperature distribution of the arc can be used to estimate heat flux on the work 

piece surface. However, the interface between the anode and arc column is the most important 

issue to calculate the heat flux [104]. The sensitivity of the arc model to the change of volume 

percentage of mixed shielding gas is still unclear. Moreover, the interaction of the arc with 

deformable work piece geometry is another important issue in terms of reliable modeling 

approach, and hence a free surface modeling of the work piece surface under the pressure of 

arc plasma is necessary. 

 There is a lack of enough research in this direction. Alternatively, a straightforward 

surface heat flux following Gaussian distribution may act as representation of heat source 

without much error in calculations [37, 39, 42, 125, 126]. It is thus obvious from the literature 

review that a dedicated surface tension model is necessary to take into account the effect of 

surface-active elements that directly influence the flow dynamics. Lu et al. [121] and Dong et 

al. [103, 124] studied the effect of surface-active elements such as oxygen through the 

development of a sophisticated finite volume-based numerical model using FLUENT 

software. The model considers constant material properties, and the solution domain for fluid 

flow is considered as whole geometry. It is expected that the viscosity is kept very high 

outside the flow domain to satisfy near solid medium. The effect of surface-active elements 

has been incorporated in this model through a surface tension model [84] that is a function of 

solute concentration (i.e., oxygen here) and temperature. However, the coefficient of surface 

tension may go through an inflection point somewhere on the surface if the weld pool 

contains fairly high oxygen contents. In this situation, the fluid flow in the weld pool is likely 

to have a more complicated shape as compared to a simple recirculation [84]. 

 In present work, the attention has been focused on numerical simulation of heat and 

fluid flow considering the effect of surface-active elements. Assuming the laminar flow of 

liquid metal, a 3D finite element-based heat transfer and fluid flow model is developed using 

temperature- and composition dependent surface tension coefficients and considering the 

latent heat of melting and solidification along with other temperature-dependent material 

properties. The analysis has been performed using the in-house developed FORTRAN code. 

To estimate the uncertain model parameters such as arc efficiency, effective arc radius, and 

the enhanced material properties at high temperature, an inverse approach is followed by 

integrating differential evolution (DE)-based optimization algorithm with the numerical 

model. 
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2.4 Influence of temperature dependent material properties 

The thermal and mechanical properties of a specific material are greatly sensitive to 

temperature. Most of the analytical models and some of the earlier numerical models also 

neglect the effect of temperature on material properties. Some researchers have investigated 

the influence of the temperature dependent material properties [25, 84, 85, 173-177] in 

thermal and mechanical analysis of fusion welding process. The details on the influence of 

various temperature dependent material properties such as thermal conductivity, density, 

specific heat, yield strength, elastic modulus etc., are reported in the present section. It is 

worth mentioning that the coefficient of surface tension that affects the convective transport 

of heat in molten weld pool depends on temperature along with the properties such as thermal 

conductivity, emissivity and specific heat which influences the temperature distribution of 

solution domain. Sahoo et al. reported an elaborate analysis on fluid flow in molten weld pool 

in the presence of surface active elements by considering the variation of surface tension 

gradient [84, 85]. The authors showed that the surface tension decreased linearly with 

temperature when the sulfur content in the weld pool was negligible. Also it is observed that 

surface tension first increases and then decreases with increase in temperature and likely to 

isolate at higher temperature when the sulfur content in the weld pool is significant. 

Zacharia et al. [25, 173] have studied the influence of temperature dependent material 

properties in the modeling of fusion welding processes (laser and GAT welding processes). 

The calculated depth of penetration had the tendency of deeper when the temperature 

independent surface tension gradient was used [25]. The authors further studied the influence 

of temperature dependent materials properties in modeling of GTA welding process of 304 

stainless steel [173]. In both the cases, the calculated results are compared with the 

experimental results and found the better agreement have been achieved when the temperature 

dependent material properties are used in modeling. Mundra et al. [174] examined the 

influence of the thermo-physical properties such as the viscosity, thermal diffusivities of both 

the solid and liquid, the temperature coefficient of surface tension and energy absorption 

coefficient on the results of heat transfer and fluid flow calculations (depth of penetration and 

diameter of the weld bead, and the weld pool surface velocities and temperature distribution) 

in fusion welding simulation. Figure 2.19 describes the influence of k/CP of solid on weld 

bead dimensions, peak temperature, maximum surface velocity and the Peclet number. In this 

study, the authors found that both the weld width and penetration decreases by increase in the 
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k/Cp value. Moreover, the increase of k/Cp value leads to low peak temperature on the 

surface of the molten weld pool. This is due to the total enthalpy of the pool decreases. 

Nevertheless, the maximum velocity at the weld pool surface is not considerably affected 

because the decreased temperature is convoyed by lower weld bead width, and subsequently, 

the temperature gradient induced Marangoni stress does not change considerably. 

 

Figure 2.19: Effects of k/Cp of solid on: A—diameter; B—depth; C—aspect ratio of 

the weld pool; D—the peak temperature; E—maximum surface velocity; F—the Peclet 

number for heat transfer [174]. 

Little and Kamtekar [175] studied the influence of different thermal conductivity 

values on the computed time-temperature history in the fusion welding of steel. The authors 

found that the transient temperature distribution during fusion welding process significantly 

affects the value of thermal conductivity chosen. A higher value of thermal conductivity leads 

to a lower peak temperature near the welding line. Higher peak temperature achieves in the 

regions away from the weld. It is also showed that a higher value of thermal conductivity 

leads to a more rapid fall in temperature along the weld line. The authors specified that the 

heat exchange between the plate surfaces and the surroundings would have insignificant 

influence on the calculated transient temperatures. Zhu et al. [176] have examined the 
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influence of temperature-dependent material property on the transient temperature during 

simulation of fusion welding of an aluminum plate using three different sets of material 

properties (temperature dependent, at room temperature, and at average values over the entire 

temperature history). The authors found in their work that the temperature dependent thermal 

conductivity has certain effect in thermal simulation, but specific heat and density have 

negligible effect. However, the thermal history is better predictable when the average thermal 

properties are considered. The yield has rich effect whereas thermal expansion coefficient and 

Young’s modulus have little effect on the distortions and residual stresses calculation. 

The aforementioned studies manifest the necessity of amalgamation of temperature 

dependent material properties and it is obvious that the correct representation of material 

properties with temperature sensitivity can significantly influence the worth of the calculated 

results. 

2.5 Thermo-mechanical analysis 

In fusion welding, due to highly localized transient heat input, the welding work piece 

causes thermal expansions and contractions to occur that vary with time and location. The 

stress that appears in hot region near the weld is restrained by cooler region further away. As 

a result, the plastic deformation occurs and leads to residual stress and distortion in the 

weldment that remains after the temperature has returned to ambient level. Welding induced 

distortion can lead to misalignment of structural elements, inability to fit one welded 

subassembly into another, and loss of aesthetics. Thus, distortion can cause serious effects on 

the performance and service of the welded structure. Therefore, the assessment of these weld 

induced distortions and residual stresses have great significance in welding industry. Some of 

the common types of distortions occurred in weld joints are listed in Fig. 2.20 [178]. Changes 

of welding induced residual stress during fusion welding process are the result of welding 

heat source acting on the welded structure. Figure 2.21 describes the changes of temperature 

and resulting stress that occurs during fusion welding process [179]. It is presumed that the 

welding is performed along the X-axis and the moving welding heat source is situated at a 

point O. The stresses and temperature changes are demonstrated at different cross-sections. At 

the cross-section A-A, the thermal stresses are almost zero. Due to existence of molten weld 

pool at cross-section B-B, the stress near the welding heat source is equal to zero. Stresses in 

short distance from fusion welding heat source are compressive, since the expansion of these 

areas is controlled by the surrounding metal where the temperature is lower. As the 
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temperature of these areas is high and the yield strength of the material is low, stresses in 

these areas are as high as the yield strength of the material at corresponding temperature. 

Stress in the area away from the welding line is tensile and is balanced with compressive 

stresses in regions near the welding line. At cross-section C-C, the weld metal and base metal 

areas near the welding line have cooled, they contract and cause tensile stresses in areas near 

to the welding line. As the distance from the welding line increases, the stresses vary to 

compressive and subsequently become tensile in nature. At cross-section D-D, high tensile 

stresses are formed in areas near the welding line whereas compressive stresses are created in 

areas away from the welding line. This is the typical distribution of welding induced residual 

stresses that remain after welding is finished. Present section demonstrates some of the 

significant works on experimental measurement of residual stresses and welding induced 

distortions along with numerical models for stress analysis. 

 

Figure 2.20: Types of welding distortions, (a) Transverse shrinkage, (b) Angular distortion, 

(c) Rotational distortion, (d) Longitudinal shrinkage, (e) Buckling distortion and (f) 

Longitudinal bending distortion [178]. 

2.5.1 Experimental measurement of welding induced distortions 

In fusion welding, plastic thermal strain develops near the weld area owing to heating, 

melting and cooling of the weldment. The plastic strain leads to permanent deformation of the 

welded structure. Measurement of welding-induced distortion is normally accomplished 

during or after the welding and in some cases the actual data are used to predict the accuracy 

of the mathematical model or to establish empirical correlations. In principle, any dimensional 
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measuring instrument can be utilized for measuring the welding induced distortion [180]. For 

example, the angular distortion of a T-joint can be measured easily by a ruler as the welded 

plate is situated on a flat reference plane as shown in Fig. 2.22 (a). In Fig. 2.22 (b) a 

mechanical dial gauge is utilized to quantify the bending distortion continuously as it moves 

across the welded beam. As given in Fig. 2. 22(c), a ruler can also be used to measure the 

continuous angular shrinkage of a panel welded with stiffeners. This type of measurement 

provides the shape of the structure after welding relative to a reference plane. 

 

Figure 2.21: Changes of temperature and stresses during fusion welding [179]. 

2.5.2 Numerical modeling of welding induced distortions and 

residual stresses 

The analytical model to predict weld distortion and residual stresses are based on 

some of the relevant physical processes and primarily suffer severe limitations in handling 

many of the real time features. The analytical model usually assumes constant material 
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properties for computing both temperature and the displacement fields. It is also difficult to 

consider complex geometry and restraints in standard analytical models. 

 

Figure 2.22: Distortion measurement in the post-weld cooled state: (a) angular 

distortion; (b) bending distortion; (c) angular shrinkage of panels welded with stiffeners 

[180]. 

Papazoglou et al. considered the effect of phase transformation in computing residual 

stresses of a typical butt-joint geometry [181]. Based on the calculated temperature history 

and the continuous cooling diagram of material, the authors firstly predicted the expected 

phases in the weld microstructure, and next, attained the phase transformation induced strain 

that also contributed to the total strain. Rybicki et al. suggested a set of empirical formulae to 

calculate the transverse distortion of square box beams in automotive structure [182]. The 

authors proposed from a large volume of experimental measurements that the distortion to be 

a function of the cross-sectional geometry of the beams and heat input. These empirical 

relations are still remaining specific to the type of joints, work piece materials and geometry, 
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and other associated conditions that are embodied in the experimental database. Shiva Prasad 

et al. presented a sequential thermal and mechanical analysis based on FE method during 

fusion welding process by considering the material properties as a function of temperature 

[183]. The authors show that the calculated values of longitudinal and transverse residual 

stresses were tensile near the weld and compressive away from the original weld interface. 

Carmignani et al. [184] have studied the generation of the residual stresses during the 

deep penetration laser welding of the rectangular AISI 304 thick steel sheet which is used in 

ship building industry by using finite element method. Bang et al. reported a three 

dimensional thermal-elastic-plastic stress analysis to calculate welding induced distortion and 

residual stresses in resistance multi-spot welding using temperature dependent mechanical 

properties [185]. In this work, the authors presented both the longitudinal and the transverse 

residual stresses as tensile and was maximum in HAZ. Tsirkas et al. [171] developed a finite 

element model to predict the laser welded panel distortions. This work was achieved by 

performing a nonlinear heat transfer analysis using conical heat source model. The coupled 

thermo-mechanical analysis was performed considering the metallurgical transformations and 

using continuous cooling transformation (CCT) diagram. 

Jung et al. proposed plasticity based distortion analysis (PDA) and established a 

relationship between the plastic strain and angular distortion [186]. In this method, the authors 

first carried out a thermal-elastic-plastic analysis to calculate temperature distribution and 

subsequently the temperature induced plastic strains distribution. The calculated plastic strain 

distribution was mapped into a thermo-elastic analysis by means of the equivalent 

incompatible thermal strains. Six components of cumulative plastic strains were mapped one 

by one into six elastic models by using corresponding temperature fields and six individual 

distortions were determined from the six elastic analyses. Finally, the authors calculated the 

total welding induced distortion by adding individual distortions induced by each cumulative 

plastic strain component. Deng and Murakawa [187] presented a computational procedure to 

calculate the temperature distribution and the residual stresses in multi-pass welds for 

SUS304 stainless steel pipe. In this analysis, the authors developed a finite element based 

uncoupled three dimensional (3D) and two dimensional (2D) axisymmetric thermo-

mechanical models. Based on calculated results the authors recommended that temperature 

distribution and residual stresses of a 2D axisymmetric model are effective to predict the 

transient temperature field and residual stresses, and also the computational time is less for a 

2D axisymmetric model as compared to 3D models. 
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Trivedi et al. [167] performed a transient heat conduction and thermo-mechanical 

analysis using an adaptive heat source for laser spot welding process. In this analysis, weld 

pool dimensions are calculated numerically using an adaptive heat source model considering 

the temperature dependent material properties and latent heat which is influenced during 

melting and solidification of the metal. Spina et al. [188] investigated the efficiency of the 

numerical analysis to predict the temperature profile, mechanical responses induced by the 

laser welding of AA5083 sheets. To investigate this work a three dimensional finite element 

model was developed to predict the temperature distribution and final distortions, and was 

compared with experimentally tested results. In thin plate welded structures, the welding 

distortion occurs due to relatively low stiffness. Deng et al. [189, 190] predicted the welding 

residual stresses and weld distortions in a low carbon steel butt welded joint of 1 mm thick 

plate by using a three dimensional thermo-elastic-plastic finite element based model. The 

experimental results were compared with simulated results. 

Ermantani et al. [177] studied the effect of the thermal conductivity and weld 

efficiency on residual stresses. The longitudinal tensile residual stresses were large at weld 

bead and when the magnitude of the conductivity increased from 30 to 75 W. (mK)
-1

 there 

was a reduction of stress by 15%. Deng [168] reported a reasonable better prediction 

technique for calculating the welding induced distortion and residual stresses of carbon steel 

including the effect of phase transformation.  Ullah et al. [191] presented an analysis of the 

weld-induced residual stresses and distortions in thin-walled cylinders. In this study the weld-

induced residual stresses and distortions were analyzed by a finite element based sequentially 

coupled thermal and mechanical model and calibrated the developed model with 

experimentally evaluated temperature distribution, residual stresses and distortions. 

Asadi et al. [194] analyzed and predicted the residual stresses developed in GMA 

welding by using regression model and compared with experimental results for low carbon 

steel. Andrea et al. [192] presented a three dimensional model using ANSYS for thermo-

mechanical analysis of laser and GTA welding processes. Ameen et al. [193] investigated the 

influence of the butt joint design on thermal stresses in GTA welding process for carbon steel. 

In this work, the butt welding was performed by different V-groove angles and suggested that 

the specimen with less than 6 mm thickness can be welded without edge angle preparation. 

Due to increase the thermal stresses in presence of edge angle, the higher thermal stresses 

distribution was at edge angle 60° and lowest thermal stresses distribution was at 90°. Lacki 
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and Adamus [195] estimated weld pool geometry, transient temperature field, residual 

stresses and distortions in electron beam welding process of 30HGSA steel tube. 

It is thus clear that a rigorous thermo-mechanically analysis will be of significant help 

in understanding the welding induced distortion and residual stresses. The above discussion 

reveals the fact that the initial attempts were empirical and analytical which had significant 

limitations in terms of general use and reliability. The numerical models for calculating the 

welding induced distortion and residual stresses have shown a promise to be able to undertake 

most of realities that are present in real weld design. Two-dimensional numerical models have 

generally assumed plane-strain condition to calculate weld induced distortion and residual 

stresses that may not be appropriate for actual weld joint geometries. An accurate full scale 

three-dimensional thermal-elastic-plastic analysis is of great interest even till date. 

2.6 Parametric optimization in fusion welding 

One of the key problems of numerical modeling is to define the precise values of input 

parameters such as arc efficiency, effective arc radius, effective thermal conductivity, and 

viscosity. These input parameters are typically decided through huge volume of numerical 

trial-and-error exercises. These input parameters are not only temperature dependent but also 

system dependent due to the existence of high fluctuating velocities in small molten weld 

pool. Therefore, the exact value of these input parameters is difficult to ascribe through 

scientific principle alone. To overcome this problem, several researchers make an effort to 

identify the suitable time-averaged value of these uncertain input parameters through inverse 

approach [62, 196-198]. The inverse approach involves the integration of optimization 

algorithms with numerical process models (either transport phenomena based heat transfer 

and fluid flow model or conduction heat transfer analysis alone) to calculate the uncertain 

input parameters using the known experimental data. An initial attempt in this direction was 

reported in 1984 by Katz and Rubinsky [199]. They made an effort to find the transient 

position of the solid-liquid interface during stationary arc welding through a finite element 

based inverse modeling approach. In this effort, the authors utilized the measured temperature 

data from two thermocouples embedded in the solid region at different distances from the 

origin. At each time-step, the error between the calculated and the corresponding 

experimentally measured temperature data were realized and the solid-liquid interface was 

adjusted accordingly to diminish the prediction error. 
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De et al. [60, 62, 200] estimated the uncertain input parameters utilizing the 

experimentally measured weld pool dimensions using the inverse approach. They integrated 

an optimization module with numerical transport phenomena based heat transfer and fluid 

flow model to estimate the unknown parameters in an iterative manner starting from an initial 

guessed values. De and DebRoy [62, 196] evaluated optimized  values  of  uncertain  

parameters  such  as  effective  viscosity,  thermal  conductivity, and absorptivity from a 

limited volume of experimental data during conduction mode laser welding process by 

utilizing  an  gradient based optimization scheme and a numerical heat  transfer  and  fluid  

flow  model.  Bag et al. [197] calculated a set of uncertain model parameters for laser spot 

welding using a gradient based optimization algorithm. Trivedi et al. [198] reported an 

inverse approach to estimate laser absorptivity value using few experimentally measured weld 

pool dimensions. 

 Evolutionary optimization techniques such as genetic algorithm (GA) are proficient 

for finding the global minima by avoiding the local minima. Several researchers successfully 

utilized GA based optimization tools in manufacturing processes, in particular to estimate the 

uncertainty in numerical modeling of welding process. The key elements of GA are shown in 

Fig. 2.23. A GA typically operates through a simple cycle of four stages iteratively, (i) 

creation of a population of strings; (ii) evaluation of each string; (iii) selection of the best 

strings, and (iv) genetic manipulation to create a new population of strings. In recent past, the 

binary string form is further replaced by real number and a wide application of real number 

coded GA are observed in literatures. A brief description of three significant approaches in 

GA and their corresponding applications in enhancing reliability in numerical process models 

of fusion welding process are presented in subsequent sections. Deb et al. reported a review 

on real parameter based genetic algorithms which are usually described by an efficient 

recombination operator to create an offspring [65]. 

 Ono et al. presented a mean centric unimodal normal distribution crossover (UNDX) 

operator that utilizes multiple parents and creates offspring around the center of mass of these 

parents [201]. Figure 2.24 (a) schematically represents three parents and a few offspring 

created by the UNDX operator. Higuchi et al. proposed the mean-centric simplex crossover 

(SPX) operator that allots a uniform probability distribution for generating offspring in a 

bordered search space around the area marked by the parents [202]. 
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Figure 2.23: Key element of genetic algorithm. 

A distinctive feature of the SPX operator as compared to the UNDX operator is that 

the SPX assigns a uniform probability distribution for generating any solution in a restricted 

region. Figure 2.24 (b) shows the density of solutions with three parents for the SPX operator. 

The SPX operator is computationally faster than the UNDX operator. Deb et al. further 

developed a parent-centric simulated binary crossover (SBX) operator that assigns a higher 

probability for an offspring and is closer to the parents. Afterwards, a parent-centric 

recombination (PCX) operator was proposed by using this parent-centric concept and 

modifying the UNDX operator [65]. Figure 2.24 (c) schematically represents the distribution 

of offspring solutions with three parents using PCX operator. 

In addition to the recombination operator, the researchers have also realized the 

requirement of a population alteration model for real parameter optimization algorithm [63, 

202-203]. Generally a minimum generation gap (MGG) has driven well for a host of GA 

schemes [65, 203]. In order to make the MGG model computationally faster, Deb et al. 

further improved a model, a generalized generation gap (G3) model, which substitutes the 

roulette-wheel selection operator of the MGG model with a block selection operator [65]. For 

the real parameter optimization through a number of analytical functions, the G3 model which 

is proposed by Deb and his coworkers is shown to be elite-preserving, a steady-state and 

computationally faster algorithm [65]. The G3 model with the PCX operator has performed 

better than the UNDX operator. The PCX operated G3 algorithm has been utilized for 
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estimating the uncertain parameters in modeling of several fusion welding processes [204-

208]. Mishra et al. presented that multiple sets of process parameters can be realized for a 

target weld geometry by following the similar optimization procedure [204-206]. 

 

Figure 2.24: Recombination operators, (a) UNDX, (b) SPX and (c) PCX [65]. 

Differential evolution (DE) is also one of the most significant population based 

algorithm like GA and similar operators such as crossover, mutation and selection are used. 

The DE is proposed by Storn in 1997 [209-210] and the critical idea behind DE is a scheme 

for generating trial vectors. The basic difference between GA and DE is the fact that while DE 

relies on the mutation, GA relies on the crossover operation. The DE algorithm utilizes 

mutation operation as a search mechanism and the selection operation as direct search to the 

prospective regions in the search space. DE creates new vectors by adding the weighted 

difference between two population members to a third member. If the ensuing vector yields a 

lower objective functional value than a predetermined population member, the newly 

generated vector replaces the vector with which it has been compared. The comparison vector 

may or may not be part of the generation process. Moreover, the best parameter vector is 

estimated for each and every generation with the aim of keep track of the progress that is 

made during the minimization process. DE is useful to many engineering problems in 

different areas including welding process models [66-68, 210-211]. Nandan et al. utilized DE 

optimization tool to estimate the uncertain parameters during modeling of friction stir welding 

process by integrating FE model with optimization tool [68]. 

In numerical modeling of fusion welding process, the input model parameters such as 

arc efficiency, effective thermal conductivity, arc radius and effective viscosity cannot be 

assigned with confidence based on scientific principle alone. But, the parameters like welding 

power, welding speed etc. can be correctly specified. To estimate the correct values of 
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uncertain model parameters, an effort towards integration of suitable optimization tool with 

numerical model is required. Some of the important efforts by several researchers have been 

outlined in this section along with a brief description of the optimization tool. In the present 

work, the author also estimated the uncertain model parameters by integrating the transport 

phenomena based heat transfer and fluid flow model with suitable optimization tool. 

2.7 Summary 

This chapter provides significant efforts towards understanding the effect of ambient 

atmosphere and keyhole formation during fusion welding processes, specifically laser and 

GTA welding processes. The understanding of phenomenological mechanism of heat transfer 

and fluid flow analysis in fusion welding process with an aim to accurately estimate the time-

temperature history and influence of surface active elements during fusion welding processes 

are illustrated in this chapter. The thermo-mechanical modeling of fusion welding process 

along with optimization of uncertain input parameters for the development of reliable 

numerical model are covered here. The literature review on the subject acts as a platform to 

decide the scope of present work. 

2.8 Scope of Present Work 

Based on the survey of existing work in literatures, the objective of the present work is 

outlined as follows. 

 The initial aim of the present work is the development of a conduction mode heat transfer 

model in autogeneous fusion welding process. The most instinct phenomenon of 

conduction mode heat transfer analysis is the model of the heat source. Present work 

introduces a novel concept of ‘egg’ configuration heat source model for simulation of 

fusion welding process. It is proved that the use of such egg-configuration volumetric heat 

source term will enhance the scope of utilization of the conduction heat transfer based 

analysis in fusion welding process. The formation of keyhole is often neglected in 

conduction mode heat transfer analysis for high power density laser welding process. 

There is a scope to estimate the keyhole profile using a mathematical model for deep 

penetration fiber laser welding process. 

 However, only heat conduction analysis might not be sufficient to consider the effect of 

surface-active elements. In the liquid metal flow, the most significant driving force is the 
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surface tension force and it is incorporated through temperature- and concentration-

dependent coefficients of surface tension. It is, therefore, significant to examine the effect 

of oxygen as a surface-active element on the development of weld pool during autogenous 

GTA welding process. In this effect, three dimensional heat transfer and fluid flow model 

is necessary to analyze the effect of flow dynamics during formation of weld pool. 

 The numerical heat transfer and fluid flow model (or only the conduction heat transfer 

models) in fusion welding process often fails to offer the reliable predictions due to 

uncertainty of input variables that are necessary to define preciously for modeling 

calculation. In general, the values of such input parameters are obtained either from past 

experience or through a huge volume of numerical experiments. Such input parameters 

can be realized by integrating the numerical process model within the kernel of 

optimization algorithm. The present work is aimed at finding the input model parameters 

which is necessary in transport phenomena based heat transfer and fluid flow model by 

integrating the numerical model with GA based optimization module. 

 During fusion welding process, thermo-chemical reactions occur between weld pool and 

working atmosphere that severely affects the weld metal properties and weld joint quality. 

Therefore, the welding atmosphere influences notably on the quality of the weld joint. In 

present work, the welding of austenitic stainless steel using a 2 kW ytterbium fiber laser 

under controlled atmosphere of argon as well as in open atmospheric condition are 

investigated. The characteristic difference in terms of weld pool shape and size, and 

quality of joint at various process parameters under controlled atmosphere of argon is 

being compared with that of open atmospheric condition. Also, there is a scope to enhance 

the penetration depth for GTA welding process and the same is achieved by investigating 

the influence of different activating flux during formation of the weld pool. 

 Most of the mechanical models used to calculate distortion and residual stress that relied 

on conduction heat transfer analysis and such analysis are performed with temperature 

independent material properties and practically for bead-on-plate welding. The reliability 

of the calculation of temperature field is the primary motivation of the present work that 

can be used to calculate the distortion and residual stress in fusion welding process in 

accurate manner. Present work is aimed at the prediction of weld induced distortion of 

fiber laser welding process in butt joint configuration. 
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Chapter – 3 

 

Theoretical Background 

 

 

3.0 Introduction 

The fusion welding process involves complex physical phenomena that include heat 

transfer, material flow and distortion in welded structure after solidification. The theoretical 

basis of heat transfer, fluid flow, distortion and residual stress in deep penetration fusion 

welding processes are illustrated in this chapter. A comprehensive numerical heat transfer 

model is developed based on finite element method using Gaussian distributed volumetric 

heat source. One of the most intricate phenomena in the welding science is the model of 'heat 

source'. By addressing the shortcomings and deficiencies of the previous heat source models, 

a new heat source model is developed to simulate temperature distribution in autogenous 

fusion welding process. However, the mechanism of keyhole formation is different from 

conduction mode laser welding and GTA welding processes. Hence a semi-analytical model 

is developed to estimate the keyhole shape and size in deep penetration fiber laser welding 
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process. A well tested thermo-fluid model is also utilized to investigate the influence of 

surface active elements in GTA welding process. Afterwards, a coupled thermo-mechanical 

analysis is performed to estimate the distortion and residual stress of a welded joint.  

One of the sensitive parts of weld pool simulation is to identify the definite set of input 

parameters that can be defined in confidence. In addition to the welding process variables, 

work-piece geometry and material properties, the heat transfer and fluid flow calculations 

require an additional set of model parameters as input which cannot be stated with confidence 

based on the scientific principle alone. The most appropriate values of some of these 

significant uncertain parameters are estimated by integrating a GA (genetic algorithm) based 

global optimization module with the numerical model. A real parameter based genetic 

algorithm, PCX operated G3 model and DE (differential evolution) are used here that 

minimizes the sensitivity of the error in the prediction of weld bead dimensions. These are 

obtained from a few known set of welding experiments and are identified their suitable 

values. The optimized values of these unknown parameters are then used with more reliably 

for the conduction heat transfer and fluid flow calculations at similar welding conditions. 

3.1 Conduction mode heat transfer analysis 

The conduction mode heat transfer analysis is often preferred due to reduced amount 

of computational time, ease of modeling and ease of coupling with stress analysis model. To 

approximate the influence of convective heat transport within weld pool, the volumetric heat 

is often used in conduction based heat transfer model. The thermal conductivity of the molten 

material is increased artificially in several folds to account the enhanced heat transfer due to 

high convective flow of liquid molten metal within the weld pool [167, 212-213]. 

In the present work, the conduction heat transfer, convective heat transfer and thermo-

mechanical models are developed in three-dimensional Cartesian coordinate system. The 

integrated heat transfer and fluid flow process model is developed to investigate the influence 

of surface active elements in linear GTA welding process. Moreover, conduction heat transfer 

based thermo-mechanical model is used to analyze the thermal and mechanical behaviour of 

linear GTA and laser welding processes. It can further be pointed out that a pseudo-steady 

state heat transfer analysis is required for linear welding processes where the heat source 

moves at constant velocity with respect to the work-piece. The mathematical background and 

theoretical formulation to develop both the transient and steady-state heat transfer analysis 
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using volumetric heat source is presented in the following sections. The corresponding 

formulation for the transport phenomena based convective heat transport analysis and thermo-

mechanical analysis are presented subsequently. 

The governing equation and the boundary conditions that are followed for 3D transient 

conduction heat transfer analysis and their discretization using finite element method are 

presented in this chapter. The following assumptions are made for the development of a 

numerical heat transfer model: 

o Due to symmetric nature of the problem, only one-half of the solution geometry is 

considered in present work that effectively reduces the computational time. However, in 

some cases the full plate is considered for thermo-mechanical analysis. 

o The heat input is considered as Gaussian distributed over the double ellipsoidal and 

conical shape. In addition, a new heat source model is developed for the simulation of 

conduction mode fusion welding process and same is used for transient heat transfer 

analysis. 

o Temperature dependent thermal conductivity and specific heat, constant density and 

emissivity are considered for simulation. 

o The initial temperature of the work piece is assumed as 300 K. 

o The convection and radiation heat losses from the surfaces of work piece are taken into 

account by considering ‘lumped’ heat transfer coefficient [30, 37]. 

o To avoid computation complexity for free surface modeling, the top surface of the welded 

sample is considered as flat. 

If Y-axis is considered the moving coordinate axis of laser beam or gas tungsten arc with 

velocity ‘v’, the heat conduction equation can be stated in a Cartesian coordinate system as: 

�� ����
��� + ���

�	� + ���
�
�� + Q
 = ρC� ���

�� − v ��
�	�     (3.1) 

where (x, y, z) is coordinate system attached to the heat source, km is the thermal conductivity 

of the material (W m
-1

 K
-1

) and is given by the following equation to compensate the fluid 

flow of the molten material as 

�� = � ��                    � < ���� + ��                       � ≥ ��             �      (3.2) 

where ko is the thermal conductivity of the material used; �� is the additional value by which 

the convection heat transfer capability is equally considered in the thermal model; Tm is the 
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melting point of the material used. T is the temperature variable (K), Q
  is the rate of heat 

generation per unit volume (W m
-3

), ρ is the density of the material (Kg m
-3

), Cp is the 

specific heat capacity of the material (J kg
-1

 K
-1

), t is time variable (s) and v is the welding 

velocity (m s
-1

). The first three terms on the left side of equation (3.1) refer to the conductive 

heat transfer in x, y and z direction, respectively. The term on the right side of equation (3.1) 

depicts the transient nature of the heat transfer process. 

 Figure 3.1 schematically refers to the solution domain and applied boundary 

conditions on a transverse cross-section of the welding plate. The temperature gradient 

normal to the weld interface is zero. The top surface of the plate is subjected to heat flux 

which is due to welding heat source (laser beam or gas tungsten arc) and rest of the surfaces 

are subjected to convection and radiation heat losses other than weld interface or symmetric 

surface. The natural boundary condition can be represented mathematically as: 

k� ��
�� − q + h(T − T#) + σε(T' − T#') = 0                           (3.3) 

where σ, ε, kn, q, h, and To illustrates Stefan-Boltzmann constant, emissivity, thermal 

conductivity normal to the surface, imposed heat flux onto the surface, convection heat 

transfer coefficient, and ambient temperature respectively. To avoid non-linearity in radiation 

term, a lumped heat transfer coefficient which accommodates both convection and radiation 

heat losses is considered in present work. The lumped heat transfer coefficient is expressed as 

[30, 37] 

h)** = 2.4 × 1001 × ε × T2.32             (3.4) 

where T is temperature (K), heff is lumped heat transfer coefficient and ε is emissivity. 

Therefore, equation (3.3) is modified as 

k�
��
�� − q + h)**(T − T4) = 0              (3.5) 

The initial condition for the transient heat transfer analysis of welding process is stated 

at time t = 0 

T(x, y, z, 0) =  T4         (3.6) 

where To is the initial temperature of the work piece. 
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Figure 3.1: Schematic representation of solution domain along with applied boundary 

3.1.1 Heat source in fusion welding

The distribution of heat flux at the work piece 

described by Gaussian or normal distribution [

may play a significant role for the distribution of energy within the weld pool volume. It is 

common practice to define a volumetric energy distribution that act

only the heat conduction equation by eliminating the effect of more comprehensive fluid flow 

phenomena [30, 214]. Several developments have been achieved to design appropriate heat 

source model from case-to-case basis and type of fusion welding processes. The Gaussian 

distribution of power density is good approximation for most of the fusion welding processes. 

The amount of heat deposition depends on the overall shape and dimensions of 

volume of heat source. Also the defined volume decides the symmetric or non

nature of heat energy with respect to 

 A Gaussian distributed double ellipsoidal heat source has been implemented in 

numerical model [30]. Figure 3

volumetric heat source.  The volumetric heat source actually compensates the effect of liquid 

metal flow within the weld pool [

of the source is a quadrant of one ellipsoid whereas the front half is a quadrant of another 

ellipsoid. The four parameters, a

source model parameters correspond to weld bead dimensions that

knowing the weld dimensions from experimental 
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Schematic representation of solution domain along with applied boundary 

conditions. 

3.1.1 Heat source in fusion welding 

The distribution of heat flux at the work piece surface exposed to a real source can be 

described by Gaussian or normal distribution [24]. However the heat transport by convection 

significant role for the distribution of energy within the weld pool volume. It is 

volumetric energy distribution that acts as a heat source to solve 

heat conduction equation by eliminating the effect of more comprehensive fluid flow 

]. Several developments have been achieved to design appropriate heat 

case basis and type of fusion welding processes. The Gaussian 

distribution of power density is good approximation for most of the fusion welding processes. 

The amount of heat deposition depends on the overall shape and dimensions of 

volume of heat source. Also the defined volume decides the symmetric or non

nature of heat energy with respect to the center of heat source. 

A Gaussian distributed double ellipsoidal heat source has been implemented in 

]. Figure 3.2 (a) schematically illustrates the double ellipsoidal 

volumetric heat source.  The volumetric heat source actually compensates the effect of liquid 

metal flow within the weld pool [30, 140]. It is obvious from Figure 3.2 (a) 

of the source is a quadrant of one ellipsoid whereas the front half is a quadrant of another 

ellipsoid. The four parameters, ar, af, b, c define this heat source model. Physically, these heat 

source model parameters correspond to weld bead dimensions that can be determined by 

knowing the weld dimensions from experimental observation [30]. When 

 

Schematic representation of solution domain along with applied boundary 

surface exposed to a real source can be 

]. However the heat transport by convection 

significant role for the distribution of energy within the weld pool volume. It is a 

as a heat source to solve 

heat conduction equation by eliminating the effect of more comprehensive fluid flow 

]. Several developments have been achieved to design appropriate heat 

case basis and type of fusion welding processes. The Gaussian 

distribution of power density is good approximation for most of the fusion welding processes. 

The amount of heat deposition depends on the overall shape and dimensions of the defined 

volume of heat source. Also the defined volume decides the symmetric or non-symmetric 

A Gaussian distributed double ellipsoidal heat source has been implemented in 

double ellipsoidal 

volumetric heat source.  The volumetric heat source actually compensates the effect of liquid 

.2 (a) that the rear half 

of the source is a quadrant of one ellipsoid whereas the front half is a quadrant of another 

, b, c define this heat source model. Physically, these heat 

can be determined by 

]. When the laser beam 
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and/or arc moves along Y-direction, the power density distribution

can be represented as 

q*(x, y, z, t) = 3×(1):/�×<×*=
>=×?×@×(A)B/� × e0

and  qD(x, y, z, t) = 3×(1):/�×<×*E
>E×?×@×(A)B/�

where ff, fr are the fractions of the heat deposited in front and rear parts of the double 

ellipsoid. ar, af, b, and c are double ellipsoidal heat source parameters

which causes heating and melting of the work piece is expressed as 

Q = ƞ × P      or  Q = ƞ
where P, η, V and I depict the laser power

voltage and current respectively. The sum of the fraction of heat deposition parameter (front 

and rear) satisfies the following equation.

HI + HJ = 2    

Figure 3.2: Representation of heat source model: (a) double 

 In case of controlled atmosphere of argon 

distribution is assumed Gaussian in radial direction and a linear distribution along one axis 

over the volumetric shape of truncate

model. In this heat source model, the volumetric heat source exerted along the plate thickness 

depends on two assumptions: the heat intensity deposited region is minimum at the bottom 
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direction, the power density distribution for front and rear portions

01��/>=�. e01(	)�/?� . e01
�/@�
     (3.7

E
� × e01��/>E� . e01(	)�/?�. e01
�/@�

           (3.8

are the fractions of the heat deposited in front and rear parts of the double 

are double ellipsoidal heat source parameters. The actual heat input 

which causes heating and melting of the work piece is expressed as  

ƞ × V × I      (3.9

the laser power, laser absorption coefficient or efficiency

respectively. The sum of the fraction of heat deposition parameter (front 

and rear) satisfies the following equation. 

      (3.10

Representation of heat source model: (a) double ellipsoid and (b) conical heat 

source. 

controlled atmosphere of argon laser welding simulation, the heat density 

distribution is assumed Gaussian in radial direction and a linear distribution along one axis 

over the volumetric shape of truncated cone. Figure 3.2 (b) represents the conical heat source 

In this heat source model, the volumetric heat source exerted along the plate thickness 

depends on two assumptions: the heat intensity deposited region is minimum at the bottom 

for front and rear portions 

3.7) 

3.8) 

are the fractions of the heat deposited in front and rear parts of the double 

The actual heat input 

3.9) 

or efficiency, welding 

respectively. The sum of the fraction of heat deposition parameter (front 

3.10) 

 

ellipsoid and (b) conical heat 

welding simulation, the heat density 

distribution is assumed Gaussian in radial direction and a linear distribution along one axis 

(b) represents the conical heat source 

In this heat source model, the volumetric heat source exerted along the plate thickness 

depends on two assumptions: the heat intensity deposited region is minimum at the bottom 
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surface and maximum at the top surface of the work piece and the diameter of the heat density 

distribution region is linearly decreased along the thickness direction. At any plane 

perpendicular to the central axis is kept constant. So, this heat source model is the repeated 

addition of a series of Gaussian heat sources with various distribution coefficients and the 

same central maximum values of heat density along thickness of work piece. The heat flux 

distribution at any plane perpendicular to the z-axis can be written as 

MN(O, P) = M�QRexp T− 1×J�
JU�(V)W        (3.11) 

where qmax is the maximum value of the heat intensity, ro is the distribution coefficient and r is 

the radial coordinate. The height of the conical heat source is h is equal to ze- zi; here ze and zi 

are the top and bottom surface z-coordinates respectively. The distribution coefficient ro can 

be expressed as: 

O�(P) = OX − (OX − OY) × VZ0V
VZ0V[

        (3.12) 

When ri is zero, equation (3.12) become as 

  O�(P) = OX − OX × VZ0V
VZ0V[

        (3.13) 

The heat intensity in conical heat source model takes the form 

MN(O, P) = \×]×ƞ×XB
^×(XB02) × 2

(VZ0V[)×(JZ�_JZJ[_J[�) × exp (− 1×J�
JU�

)    (3.14) 

Similarly, when ri is zero, Eq. (3.14) become as given below 

MN(O, P) = \×]×ƞ×XB
^×(XB02) × 2

(VZ0V[)×(JZ�) × exp (− 1×J�
JU�

)     (3.15) 

where P is the laser power (W) and ŋ is the laser absorption coefficient. 

3.1.2 Development of ‘new heat source’ model 

The proposed heat source model in this investigation is an egg-like configuration 

which can be obtained from the modification of ellipsoid shape. In order to present the current 

heat source model, the detailed description of the Pavelic’s [24] and of the Friedman’s [136] 

model are required and explained in Appendix I. 
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Figure 3.3: Comparison of 2D egg shape and ellipse with same semi-axes: ellipse and egg 

shape with m = 0.2. 

The egg-like shape is generally represented by modifying the basic shape of ellipsoid 

through demolition of symmetric profile. This modification is incorporated by using several 

types of equations i.e. linear, quadratic, exponential etc. over basic shape of ellipsoid. Usual 

properties of an egg configuration are symmetry about one axis, smaller at one end, convex 

nature, and have a positive curvature [215, 216]. The three dimensional egg-shape in 

Cartesian coordinate system is defined by modifying the ellipsoidal as 

	�
?� + `��

>� + 
�
@�a × bt(y)c = 1       (3.16) 

where (x, y, z) is a local coordinate system which moves with the heat source along direction 

‘y’. The semi-axes lengths of ellipsoid are a, b, c and the function t(y) decides the shape and 

degree of asymmetry of an egg-curve when the velocity vector of heat source is along ‘y’ 

direction. The definition of equation (3.16) is limited that the heat source moves along a fixed 

direction (here, Y –direction). If the heat source moves along ‘x’ direction, the definition of 

heat source need to be changed according to local coordinate system and the functional form 

of t(y) needs to be changed to t(x). It is noteworthy that several functional form of t(y) is also 

possible [216]. The temperature distribution or fusion zone shape for a moving heat source is 

symmetric with respect to the axis along which the welding torch (normal to work-piece 
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surface) moves with constant velocity. Figure 3.3 depicts the 2D ellipse and egg shape curves 

and comparison between them with same semi axes lengths. It is obvious that the profile of 

egg-curve is non-symmetrical as compared to ellipse and it can be used advantageously for a 

moving heat source case. The Gaussian distribution of the power density in a proposed egg 

shape configuration heat source model with the center at (0, 0, 0) and semi-axes a, b, c 

parallel to coordinate axes x, y, z can be stated as 

q(x, y, z) = qde0ef	�_gh��_i
�j�(	)k       (3.17) 

where qm is the maximum value of the power density at the center of a proposed egg shape 

and A, B, C are the distribution parameters. The parameter t(y) decides the geometric shape of 

egg-like heat source and this function is included within the equations (3.16) and (3.17) since 

the arc or laser moves linearly along Y- direction. Moreover, t(y) actually modifies the 

distribution of volumetric heat flux density. Presently, the functional form is considered as 

 t(y) = 2
d	_d�	�_2          (3.18) 

where the term ‘m’ intuitively decide the shape of egg. It is true that several form of shape 

factor t(y) is possible such as linear, quadratic, exponential etc. The choice of specific 

functional form t(y) is arbitrary that makes easy to apply improper integral for this specific 

problem. The introduction of the term “m” actually generalizes the equation (3.18) rather than 

fixing a numerical value. 

Figure 3.4 describes the sensitivity of the shape of egg with change of “m” value and 

semi-axis length. This sensitivity analysis actually helps to identify the proper value of “m” 

for a specific shape of weld pool. Moreover, the linear term in eq. (3.18) “my” brings the non-

uniformity in power density distribution and dissimilar geometric shape along positive and 

negative y axis. 

Figure 3.4 shows that there is change of egg shape with different values of ‘m’ with 

similar semi-axis length. At m = 0, the equation (3.16) reduces to an ellipse which is a special 

case for stationary hear source. In this study the ‘m’ is considered as constant for all welding 

conditions. The choice of ‘m’ intuitively depends on the best mapping of weld pool shape for 

all experimental conditions. Figures 3.5 (a) and (b) show the shape and size of egg-

configuration heat source model for different experimental conditions depicted in Table 4.15 

(c) corresponding to constant ‘m’ value of 0.2. 
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Figure 3.4: Egg configuration at different values o

axis length: (a) ratio = 1, (b) ratio = 1.5, (c) ratio = 2.0, (d) ratio = 2.5

It is noteworthy that the mapping of the weld pool shape and size are performed on the 

basis of two experimentally measured parameters i.e. width (along X axis) and depth (along Z 

64 

Egg configuration at different values of m and ratio between major and minor 

axis length: (a) ratio = 1, (b) ratio = 1.5, (c) ratio = 2.0, (d) ratio = 2.5 and (e) ratio = 3.0.

It is noteworthy that the mapping of the weld pool shape and size are performed on the 

ured parameters i.e. width (along X axis) and depth (along Z 

 

f m and ratio between major and minor 

and (e) ratio = 3.0. 

It is noteworthy that the mapping of the weld pool shape and size are performed on the 

ured parameters i.e. width (along X axis) and depth (along Z 
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axis) without much information about the length (along Y

experimentally after welding is done. However, the choice of ‘m’ is quite arbitrary which is 

best suited on the basis of sensitivity analys

conditions used in present simulation.

Figure 3.5: 2D Egg configuration for m = 0.2 and ratio = 1.5 (b:a) corresponding to 

experimental data set of Table 

 The maximum heat flux density at the 

of energy over the half volume of egg which is symmetric with respect to x

Therefore, total volumetric energy distributed over th

2Q = l l l q(x, y, z)dxdydzn
0n

n
0n

n
0n
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axis) without much information about the length (along Y-axis) since it is difficult to measure 

experimentally after welding is done. However, the choice of ‘m’ is quite arbitrary which is 

uited on the basis of sensitivity analysis of ‘m’ on egg-shape (Fig. 3.4

conditions used in present simulation. 

 

2D Egg configuration for m = 0.2 and ratio = 1.5 (b:a) corresponding to 

experimental data set of Table 4.15 (c): (a) XY- plane and (b) YZ plane.

The maximum heat flux density at the center (qm) is calculated from the conservation 

of energy over the half volume of egg which is symmetric with respect to x

Therefore, total volumetric energy distributed over the half of egg is expressed as

)dxdydz       

axis) since it is difficult to measure 

experimentally after welding is done. However, the choice of ‘m’ is quite arbitrary which is 

3.4) for all welding 

2D Egg configuration for m = 0.2 and ratio = 1.5 (b:a) corresponding to 

plane and (b) YZ plane. 

) is calculated from the conservation 

of energy over the half volume of egg which is symmetric with respect to x-y plane. 

e half of egg is expressed as 

(3.19) 
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where Q is the net heat input to the solution domain. It is noteworthy that the heat source is 

unbounded in this case and the distribution of heat density dies out from the boundary of 

geometric shape. By integrating equation (3.19), the maximum power density is expressed as 

qd = 'f<×√pqr
A√^(sq_��)         (3.20) 

The total heat input into the system is expressed as 

Q = ηVI      or Q = ηP        (3.21) 

where η is the arc efficiency or laser absorption coefficient. To estimate A, B, C, the semi-

axes of a proposed egg-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 egg-shape. The distribution parameters are 

estimated as (refer appendix I) 

 A ≈ 1
>�  ;  B ≈ 1

?� ;  C ≈ 1
@�                   (3.22) 

Therefore qm can be expressed in terms of a, b, and c as given below 

qd = 13√1<
A√^×>?@(3_d�y�)        (3.23) 

The volumetric distribution of heat intensity in moving coordinate system (x, y, z) within the 

egg-shape is expressed as 

q(x, y, z) = 13√1<
A√^×>?@(3_d�y�) × e0zB{�

|� _}B~�
�� _B��

�� �×} :
�{���{��:��

     (3.24) 

Physically the heat deposition in front and rear part of the egg-shape should not be the same 

due to welding speed in one specific direction. It is also evident from the shape of egg that 

heat deposition in front and rear are different. To take into the effect of uneven heat 

distribution, the heat density distribution inside the front section can be expressed as 

q*(x, y, z) = 13√1<��
A√^×>?@(3_d�y�) × e0zB{�

|� _}B~�
�� _B��

�� �×} :
�{���{��:��

     (3.25) 

where Nf is the fraction that accounts the amount of heat deposited in front portion. In similar 

way Nr accounts the heat deposition in rear part of the arc or laser beam. Therefore, the total 

energy is expressed as

 

Q = ηVI = 2
s (N*Q) + 2

s (NDQ)         (3.26) 

i.e. ND + N* = 2           (3.27) 
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However, the deterministic value of Nr and Nf can be expressed in terms of model parameters 

(m and b) and is shown in Appendix I. Since the model parameter ‘b’ changes according to 

the welding conditions, the values of Nf and Nr changes accordingly and always satisfy the 

relation of equation (3.27). 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. However, the 

semi-ellipsoidal heat source model is generally used for stationary arc or laser where 

symmetrical heat source profile is important with respect to the centre of heat source [30, 42, 

126]. The heat intensity distribution is non-symmetrical with respect to the centre of heat 

source in egg-like shape since the total heat energy (Q) for rear or front part is not 

symmetrical. This is due to fact that the volumetric shape and size with respect to centre of 

heat source is not symmetrical and in this way it is different from semi-ellipsoidal heat source 

model. This fact also provokes to define the fraction of heat deposited in front and rear (Nf 

and Nr) which are considered in equation (3.25). Figure 3.6 describes three dimensional 

asymmetric power density distribution over egg configuration on half of the welding plate. 

It is obvious that all other different heat source models such as disc and ellipsoidal 

[24, 30, 139, 146] are the subsets of proposed egg-shape heat source model. When the heat 

source moves along the y-axis then the heat density distribution inside the front part of the 

proposed egg-shape configuration in a fixed coordinate can be expressed as 

q*(x, y, z, t) = 13×��D�(1)×<×��
A×>?@×��D�(A)×[3_y�d�] × e0zB({��(���))�

|� _}B~�
�� _B��

�� �×} :
�({��(���))���({��(���))��:��

 

           (3.28) 

where v, and τ depict the welding speed, and a lag factor. The lag factor τ is used to define the 

position of heat source at time t = 0 on fixed coordinate system (x, y, z). 

3.1.3 Keyhole mode laser welding 

In this section, the mathematical background of keyhole model in laser welding is 

presented. The keyhole profile can be estimated using a mathematical model that 

contemplates energy balance on liquid-vapor interface where the following assumptions are 

considered: 
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Figure 3.6: Schematic representation of 3D power density distribution over egg shape 

configuration in solution domain. 

o It is assumed that the boiling point of the alloy is equal to the temperature on the keyhole 

wall. Since the keyhole is open to the atmosphere, at this temperature, the summation of 

the equilibrium pressures of all alloying elements is 1 atm. 

o In the direction at right angles to the fiber laser beam axis along horizontal plane, heat 

transfer rate is much larger than those parallel to the laser beam axis. The heat is 

transported mostly along the horizontal plane because the surface temperature on keyhole 

wall is the boiling point of the alloy and the keyhole is oriented almost vertically. 

o The keyhole surface is assumed to be free of oxides and Fresnel absorption coefficient is 

considered to be constant at all locations on the surface. 

For estimating the keyhole geometry, four different groups of input data are required 

such as geometrical parameters, welding process variables, alloying material properties and 

computational model parameters. The output of the model contains the geometry of the 

keyhole profile if a stable keyhole is formed and the profile of keyhole is estimated based on 

point-by-point energy balance on the keyhole wall [5, 6]. 

3.1.3.1 The energy balance on keyhole wall 

Figure 3.7 describes schematically the energy balance at keyhole walls of an infinitely 

small thick zone. A relationship exists between the net absorbed energy flux, Ina-Inv, and the 
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heat flux conducted into the metal, I

heat balance on keyhole wall as gi

(I�> − I��) × sin
Hence the local keyhole wall is estimated as

tan θ = ���
���0���  

where Ina, Inc and Inv depict locally absorbed beam energy, radial heat flux conducted into the 

keyhole wall and evaporative heat flux on the keyhole wall respectively.

Figure 3.7: Schematic representation of energy balance at keyhole walls and the 

relationship between the net absorbed energy flux, I

3.1.3.2 Estimation of 

Inc can be calculated from a two

reference to a linear welding heat source 

I�@(r, ∅) = −Ҡ� ��(D,∅)
�D  

where(r, ∅), Ҡn and T represents location in the plate with line source as the origin, thermal 

conductivity and temperature variable respectively. Two dimensional temperature field can be 
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heat flux conducted into the metal, Inc. The local keyhole wall angle ‘θ’ is calculated by the 

heat balance on keyhole wall as given below 

sinθ =  I�@ × cosθ     

al keyhole wall is estimated as 

       

depict locally absorbed beam energy, radial heat flux conducted into the 

keyhole wall and evaporative heat flux on the keyhole wall respectively. 

Schematic representation of energy balance at keyhole walls and the 

relationship between the net absorbed energy flux, Ia-Iv, and the heat flux conducted into the 

metal, Ic [6]. 

Estimation of Ina, Inv, and Inc 

can be calculated from a two-dimensional temperature field in an infinite plate with 

reference to a linear welding heat source and is given as follows 

       

and T represents location in the plate with line source as the origin, thermal 

conductivity and temperature variable respectively. Two dimensional temperature field can be 

’ is calculated by the 

(3.29) 

(3.30) 

depict locally absorbed beam energy, radial heat flux conducted into the 

 

Schematic representation of energy balance at keyhole walls and the 

, and the heat flux conducted into the 

nsional temperature field in an infinite plate with 

(3.31) 

and T represents location in the plate with line source as the origin, thermal 

conductivity and temperature variable respectively. Two dimensional temperature field can be 
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estimated by considering the conduction of heat from the keyhole wall into the infinite plate 

as [29] 

T(r, ∅) = T> + �"
sAҠ� K4(ᴤr)e0ᴤD∅       (3.32) 

where Ta is ambient temperature, P" is power per unit depth, Ko(ᴤr) is the solution of second 

kind and zero-order modified Bessel function, and ᴤ=v/(2k); here v is welding speed and k is 

thermal diffusivity. Ina accounts absorption during multiple reflections and plasma can be 

calculated from following equation 

I�> = e0¢£(1 − (1 − ŋ)A ('¥)¦ )I4      (3.33) 

where §, l, ŋ, θ and Io represents inverse Bremsstrahlung absorption coefficient of plasma, 

average path of the laser beam in plasma before it reaches the keyhole wall, absorption 

coefficient of work piece, average angle between keyhole wall and initial incident beam axis, 

and local incident beam intensity respectively. Inv on the keyhole wall is represented as 

I�� = ∑ Jª∆Hªdª­2          (3.34) 

where m, ∆Hj and Jj depict total number of alloying elements in alloy, heat of evaporation of 

element ‘j’ and evaporation flux of element ‘j’ respectively. Jj is given by modified Langmuir 

equation as 

Jª = ''.1'
®.¯ aªPª4°±²

�|
         (3.35) 

where aj, ³́�, Mj and Tb represents the activity of element ‘j’, equilibrium vapor pressure of 

element ‘j’ over pure liquid at the boiling point (Tb), molecular weight of element ‘j’ and 

boiling point temperature respectively. Moreover, the equilibrium vapor pressures of the 

various vaporizing species over pure liquid were calculated using relations given below [217-

220] 

logg760 × P¹)º j = 11.5549 − 1.99538 × 10' × 2
�|

− 0.62549 × log(T?) − 2.7182 ×
100\ × T? + 1.9086 × 10021 × T?s       (3.36) 

logg1.013 × 10¯ × P±�º j = −5.58 × 100' × T? − 1.503 × 100' × 2
�|

+ 12.609 (3.37) 

logg1.013 × 10¯ × PiDº j = −13.505 × 101 × 2
�|

+ 33.658 × log(T?) − 9.29 × 1001 × T? +
8.381 × 100® × T?s − 87.077              (3.38) 
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loggP¿Àº j = 6.666 − 20765 × 2
�|

       (3.39) 

where P¹)º , P±�º , PiDº , P¿Àº  and T? depict equilibrium vapor pressures of the Fe, Mn, Cr, Ni and 

boiling point of respective various vaporizing species over pure liquid respectively. 

3.1.4 Finite element discretization 

Eight-noded brick element is used to discretize the solution domain. In the finite 

element model, the boundary conditions are implemented by specifying the value of 

coefficient of heat transfer and the surrounding temperature at the nodes. Assuming the 

Galerkin method of weighted residue technique, the governing equation and the boundary 

conditions are stated as 

[Á]Â�
 Ã + [Ä]b�c = bÅc       (3.40) 

The above equation (3.40) can be written as 

bÆc = bÅc − [Á]Â�
 Ã − [Ä]b�c = 0      (3.41) 

where {R} is the residual vector for all nodes, [K] and [C] are the thermal conductivity matrix 

and the specific heat capacity matrix. �
  is first order temperature derivative with respect to 

time, {T} is the temperature vector and {Q} is the heat flow vector including laser power and 

heat exchange on the boundary. 

The equation (41) is to be solved by an iterative method at each time step for non-

linear analysis and is expressed as below 

�[ÇÈ]
∆É + Ê [ÄË]� b�c(É_∆É) =  �eÇÈk

∆É − (1 − Ê)eÄËk� b�c(É) + Ê bÅc(É0∆É) + (1 − Ê) bÅc(É) 

           (3.42) 

where eÄËk and eÁËk are the thermal conductivity matrix and specific heat matrix at time 

t+θΔt, Δt is the time increment and θ is the weight coefficient (=2/3 in the Galerkin method). 

Thus, equation (3.42) has been reduced to linear form of algebraic equation. Henceforth, it 

can be solved by an iteration method to calculate the temperature at each time step. The above 

equation can be reduced for a specific time step as given below 

[ÄÌ]b�c = bÅÍc         (3.43) 
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where [ÎÌ] is the modified form of conductivity and specific heat capacit

time step and bÏÌc is the modified form of lo

3.1.5 Solution strategy 

Figure 3.8 outlines the overall solution procedure of the conduction heat transfer 

model of fusion welding process considering volumetric heat source. Few of the significant 

steps as are described as follows 

o The CAD model of solution domain 

of elements (SOLID 70) in such a manner that a

and coarser away from the same

simulations that the elements through thickness direction are minimum

o All the process parameters (laser power, welding speed, 

(temperature dependent and independent material properties, initial and boundary 

conditions along with volumetric heat source model, etc.,) are defined next.

o In transient analysis, the total weld time (welding plate length/weldi

into small time steps, and then the heat transfer analysis is implemented for each time step 

explicitly. 

o The output of the model is the thermal cycle and cooling rate

estimated the weld bead shape and dimen

Figure 3.8: Overall procedure followed in conduction 
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is the modified form of conductivity and specific heat capacity matrix

is the modified form of load vector at current time step.  

outlines the overall solution procedure of the conduction heat transfer 

of fusion welding process considering volumetric heat source. Few of the significant 

of solution domain is created first and is discretized into a finite number 

of elements (SOLID 70) in such a manner that a very fine mesh near to the heat source 

and coarser away from the same are followed. Moreover, the meshing is considered in 

simulations that the elements through thickness direction are minimum of 6. 

All the process parameters (laser power, welding speed, etc.,) and model parameters 

(temperature dependent and independent material properties, initial and boundary 

conditions along with volumetric heat source model, etc.,) are defined next. 

In transient analysis, the total weld time (welding plate length/welding speed) is divided 

into small time steps, and then the heat transfer analysis is implemented for each time step 

The output of the model is the thermal cycle and cooling rate. From this results it can be 

weld bead shape and dimensions. 

Overall procedure followed in conduction mode heat transfer analysis.

y matrix at current 

outlines the overall solution procedure of the conduction heat transfer 

of fusion welding process considering volumetric heat source. Few of the significant 

is created first and is discretized into a finite number 

very fine mesh near to the heat source 

. Moreover, the meshing is considered in 

etc.,) and model parameters 

(temperature dependent and independent material properties, initial and boundary 

ng speed) is divided 

into small time steps, and then the heat transfer analysis is implemented for each time step 

rom this results it can be 

 

heat transfer analysis. 
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3.2 Transport phenomena based heat transfer and fluid flow 

Transport phenomena based heat transfer and fluid flow models in fusion welding 

process are always more realistic than conduction mode heat transfer analysis. Such 

convective transport of heat in molten weld pool is driven by the temperature gradient of 

surface tension acting on the top surface of the melt pool, the electromagnetic force and the 

buoyancy force present in the weld pool. Moreover, the weld pool is not symmetric in the 

direction of the movement of the welding heat source in the case of linear welding processes. 

Furthermore, only heat conduction analysis might not be sufficient to consider the effect of 

surface-active elements. In the liquid metal flow, the most significant driving force is the 

surface tension force and it is incorporated through temperature- and concentration-dependent 

coefficients of surface tension. In view of these aspects, a 3D numerical heat transfer model is 

enhanced further combining the convective transport of heat that require the solution of the 

conservation of mass, momentum and energy within the solution domain simultaneously. An 

effort to accomplish the same is aimed at in the present work to examine the influence of 

surface active elements for linear GTA welding process. The corresponding theoretical 

background for a comprehensive 3D transient heat transfer and fluid flow analysis is 

presented in the subsequent sections. 

3.2.1 Governing equations and boundary conditions 

In thermal modelling of the welding process, the principle of conservation of energy is 

maintained. Under a moving coordinate system (assume x, y, z), the general governing 

equation for heat conduction is stated as follows 

∇ ∙ (k ∙ ∇T) + Q
 = ρC� ���
�� + Ò ∙ ∇T − Ó ∙ ∇T�     (3.44) 

where ∇= b �
��   �

�	   �
�
c� represents the gradient operator, Ò = bu  v  wc�, ρ is the density in kg 

m
-3

, Cp is the specific heat in J kg
-1

 K
-1

, V is the welding velocity vector, k is the thermal 

conductivity in W m
-1 

K
-1

, t is the time in s, T is the temperature in K, and Q
  is the rate of 

internal heat generation in W m
-3 

s
-1

. The term corresponding to U in right side of equation 

(3.44) accounts the convective flow of liquid metal. The internal heat generation term is 

neglected here. 
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The heat flux is applied on the top of work piece surface while rest of the surfaces is 

subjected to heat loss owing to convection and radiation. The boundary conditions for energy 

transport in an integrated form is represented as follows 

k� ��
�� − q� + h(T − T4) + σε(T' − T4') = 0      (3.45) 

where n, kn, qs, h,  ε, To and σ indicates the direction normal to the surface, thermal 

conductivity normal to the surface, imposed heat flux onto the surface as a result of external 

heat source, convective heat transfer coefficient, emissivity, ambient temperature and Stefan-

Boltzmann constant, respectively. The first term on the left hand side of equation (3.45) 

represents heat conduction normal to the boundary surface, the second term, qs stands for 

imposed heat flux onto the surface, and the third and fourth terms, respectively, refer to 

convection and radiation heat loss from the surface. To avoid nonlinearity arises due to 

radiation heat loss term (fourth power of temperature), ‘a lumped heat transfer coefficient’ is 

used. It combines the radiation and convective heat losses together and is expressed as 

h)** = 2.4 × 1001 × ε × T2.32   (3.46) 

where heff is the effective heat transfer coefficient in W m
-2

 K
-1

 and T is the temperature in K. 

Therefore, equation (3.45) is modified as 

K� ��
�� − q + h)**(T − T4) = 0       (3.47) 

        The heat energy is assumed to be distributed in a Gaussian manner. On the symmetric 

surface, the temperature gradient normal to the surface is zero. The rest of the work piece 

surfaces are subjected to convection and radiation heat losses. The dragging force exerted on 

the top surface of the weld pool by the arc plasma is usually much smaller in comparison to 

the surface tension driven forces and hence, neglected. The distribution of heat flux on the top 

surface considering Gaussian distribution is mathematically expressed as 

q� = �Ö×Ø�ÙÚ
ADÛ==� × exp }− Ú.��

DÛ==� − Ú.	�
DÛ==� �       (3.48) 

where Pw refers to the power of heat source, ηÜ>Ý is arc efficiency, r)** is the effective radius 

of the heat source, and d is the power density distribution factor of heat source. It is 

noteworthy that the measurement of arc efficiency and effective arc radius is difficult and 

hence assumed as uncertain model parameters. 

The conservation of momentum and mass are expressed mathematically as [221] 
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ρ ��Ò
�� + Ò. ∇Ò� = ∇. σ� + Þ        (3.49) 

∇. Ò = 0          (3.50) 

where σ� is the total stress tensor, ρ is the density of the material, F corresponds to the body 

force vector per unit volume and t is the time variable. The total stress tensor in equation 

(3.51) is expressed using Stoke’s law as [221] 

σ� = μ[(∇Ò) + (∇Ò)�] − Pà        (3.51) 

where P is the pressure, μ is the viscosity of the molten metal and I is the identity matrix. 

From equations (3.49) and (3.51) along with suitable modification due to welding torch 

movement, the momentum conservation equation is modified as 

ρ ��Ò
�� + Ò. ∇Ò� = −∇P + μ∇. [(∇Ò) + (∇Ò)�] + ρÓ. (∇Ò) + Þ� + ρáβ(T − T4) (3.52)  

where P depicts the pressure, μ represents the viscosity of the molten metal, g is acceleration 

due to gravity, β is the coefficient of thermal expansion, T0 is the reference temperature and 

Þ� represents the electromagnetic body force. The last term of equation (3.52) indicates the 

buoyancy force (Boussinesq approximation) distributed over the volume. 

Figure 3.9 schematically presents the boundary conditions applied for the heat transfer 

and fluid flow analysis. Since, the deformation of free surface is small and it requires extra 

computational cost, the free surface of weld pool is assumed as flat. A bead-on-plate joining 

configuration is assumed for numerical simulation. Since the actual solution domain is 

symmetric in nature, half of the domain is considered for analysis to save computational time. 

The heat flux as well as momentum flux normal to symmetric surface is zero. During 

welding, the liquid metal is assumed as isotropic, Newtonian, viscous, and incompressible 

fluid. The flow of liquid metal within the weld pool is assumed as laminar. The solution 

boundaries for both mass and momentum equations are defined by the solid-liquid interface 

and the free surface of the weld pool. It is noteworthy that the solution domain for fluid flow 

analysis is separated from whole geometry which considerably saves computational time 

since fluid flow domain is generally less as compared to whole geometry for thermal analysis. 

In fusion welding process, the body forces are the buoyancy force and electromagnetic force. 

The electromagnetic force is calculated using the following expression 

Þ� = ã × ä                     (3.53) 
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where J is the current density and B is the magnetic flux induced in the work piece due to arc 

current. In present work, the electromagnetic force is included explicitly through the body 

force term defined in momentum equations. Hence it is not necessary to solve electromagnetic 

force equations implicitly with specified boundary conditions. The components of 

electromagnetic force are estimated using a set of analytical expressions for simplicity as [46] 
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where, x, y and z are the distances of any point within the weld pool from the center of the 

welding arc in the respective directions; r is the radial distance of any point within the weld 

pool from the center of the arc; x
emF , y

emF and z
emF  are the components of electromagnetic 

forces respectively in the x-, y- and z- directions; I is the RMS value of the applied welding 

current; reff is the effective radius of the welding arc, tsh is the thickness of the work piece 

being welded and µm is the magnetic permeability of work piece material. 

A no-slip boundary condition for laminar flow at the solid-liquid interface is expressed 

as 

u = 0; v = 0 and w = 0        (3.57) 

A slip boundary condition on the symmetric plane is expressed as  

u = 0; 
��
�� = 0 and  

�å
�� = 0        (3.58) 

The weld pool top surface can be considered as flat with the following boundary conditions 

μ �Ý
�å = fç �è

��
��
��;       μ ��

�å = fç �è
��

��
�	     and  w = 0     (3.59) 

where γ is the temperature-dependent surface tension coefficient and fL is the volume fraction 

of liquid metal along the weld pool top surface. 
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Figure 3.9: Three dimensional solution geometry with applied boundary conditions.

3.2.2 Finite element discretization

The mass, momentum and energy equations along with boundary conditions are 

discretized following Galerkin’s method of weighted residue technique 

using eight nodded isoparametric brick element. 

reduced integration penalty method. In this method the continuity equation is dismissed from 

the solution method by associating the constraint with pressure. This association is 

accomplished by replacing P as follows

P = −λ(∇. Ò$   

where λ is the penalty parameter and is assumed a large number so that it can fascinate the 

continuity equation. Considering the linear elemental interpolation function, the unknown 

variables (velocity and temperature) within the element is expressed in terms o

corresponding nodal variables as

[ ] { }
8

i i

i=1

u= N  u∑ ; [ ] {
8

i i

i=1

v= N  v∑

Performing mathematical treatments, the momentum equations is written in a matrix form as 

eKêk		bUc � bFc    

[M],�CÍ�, [K], and eKík refer to mass, velocity dependent convective transport, viscous diffusion 

and penalty matrix, respectively. The energy equation is similarly represented in matrix form 

as 
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Three dimensional solution geometry with applied boundary conditions.

element discretization 

The mass, momentum and energy equations along with boundary conditions are 

discretized following Galerkin’s method of weighted residue technique [214, 221

using eight nodded isoparametric brick element. The solution procedure confirms to the 

reduced integration penalty method. In this method the continuity equation is dismissed from 

the solution method by associating the constraint with pressure. This association is 

accomplished by replacing P as follows 

       

 is the penalty parameter and is assumed a large number so that it can fascinate the 

continuity equation. Considering the linear elemental interpolation function, the unknown 

variables (velocity and temperature) within the element is expressed in terms o

corresponding nodal variables as 

}i iv= N  v ; [ ] { }
8

i i

i=1

w= N  w∑ ; [ ] { }
8

i i

i=1

T= N  T∑   

Performing mathematical treatments, the momentum equations is written in a matrix form as 

where  eKêk � �M� � �CÍ� � eKík � �K�   

refer to mass, velocity dependent convective transport, viscous diffusion 

and penalty matrix, respectively. The energy equation is similarly represented in matrix form 

 

Three dimensional solution geometry with applied boundary conditions. 

The mass, momentum and energy equations along with boundary conditions are 

[214, 221, 222] and 

ution procedure confirms to the 

reduced integration penalty method. In this method the continuity equation is dismissed from 

the solution method by associating the constraint with pressure. This association is 

(3.60) 

 is the penalty parameter and is assumed a large number so that it can fascinate the 

continuity equation. Considering the linear elemental interpolation function, the unknown 

variables (velocity and temperature) within the element is expressed in terms of the 

(3.61-3.64) 

Performing mathematical treatments, the momentum equations is written in a matrix form as  

(3.65) 

refer to mass, velocity dependent convective transport, viscous diffusion 

and penalty matrix, respectively. The energy equation is similarly represented in matrix form 
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eHêk bTc = bfc          (3.66) 

where eHêk = [HÌ] + [H] + [C� � �S� and bfc � Âf�Ã � bfðc 
�H�, [HÌ], [C] and [S] refer to conductivity, convective, velocity dependent energy transport 

and velocity matrix, respectively. It is noteworthy that the numerical integration of penalty 

matrix in equation (3.65) is performed by reduced integration method (2x2x2 points Gauss 

quadrature method) to avoid over-constraint due to penalty term whereas other terms followed 

3x3x3 points Gauss quadrature method. A frontal solver has been developed to solve the 

linear system of equations. 

3.2.3 Overall flow chart 

Figure 3.10 illustrates the step by step procedure followed in a coupled heat transfer 

and fluid flow analysis. 

o The model starts with the solution of the conservation of energy equation to find the 

temperature field in the work piece by assuming the initial fluid velocity as zero. 

o Define the locality of the solid-liquid interface point by dint of tracing the liquidus 

temperature isotherm. 

o When the weld pool raises in size, solve the conservation of momentum equation to 

calculate the velocity field of molten weld metal. In the conservation of momentum 

equations, the existence of ‘velocity’ in convective term makes the equations solve 

iteratively to find a converged velocity field in successive iteration until it converges. 

o Subsequently solve the conservation of energy equation again, after getting the converge 

solution of velocity field. 

o The solution of the conservation of energy equation by considering the obtained velocity 

field modifies the temperature field. 

o The modified temperature field is compared with the previously calculated temperature 

field. Once discrepancies between these two temperatures are within a specified error 

limit, go to the next time step or load step. 
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Figure 3.10: Transport phenomena based

3.3 Thermo-mechanical analysis

In the present work, a 

welding induced distortions and residual stresses of laser butt joint. The present section 

describes the theoretical background of mechanical analysis
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Transport phenomena based heat transfer and fluid flow analysis flow 

chart. 

mechanical analysis 

In the present work, a thermo-mechanical analysis is also carried out to calculate the 

welding induced distortions and residual stresses of laser butt joint. The present section 

describes the theoretical background of mechanical analysis. It includes the mechanical 

 

heat transfer and fluid flow analysis flow 

also carried out to calculate the 

welding induced distortions and residual stresses of laser butt joint. The present section 

t includes the mechanical 
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boundary conditions along with material model. The nodal temperature values are estimated 

from the conduction heat transfer analysis are integrated as a predefined field. The material 

was assumed to follow an elasto-plastic law with isotropic hardening behaviour (von Mises 

plasticity model). The detailed mathematical background of mechanical analysis is given in 

the subsequent sections. Figure 3.11 shows the elements used in thermal and mechanical 

analysis in the present work. 

3.3.1 Governing equations and boundary conditions 

In the present work, the material response is assumed as thermo-elasto-plastic along 

with temperature dependent mechanical properties. The elasto-plastic analysis is generally 

performed by incremental mode of stress and strain. Rate independent plasticity is considered 

followed by von-Mises criterion, the associated flow rule and bilinear isotropic hardening 

behaviour. In Cartesian coordinate system, the strain-displacement relation can be written as 

[185, 222]
 

ñR = òó
òR  ;  ñô = òN

òô  ;  ñV = òõ
òV        (3.67) 

öRô = òó
òô +  òN

òR ;  öôV = òN
òV +  òõ

òô  ;  öRô = òõ
òR +  òó

òV    (3.68) 

where u, v and w represents displacements in x, y, z directions respectively; εx, εy and εz refer 

to the normal strains in x, y and z directions respectively; and γxy, γyz and γzx represents shear 

strains in xy, yz and zx planes respectively. Assuming the isotropic material, the thermal 

strain remains same in three directions and the increment of the total strain is sum of the 

incremental plastic strain, incremental thermal strain and incremental elastic strain, 

represented as 

b÷ñc = b÷ñÉc + b÷øùc + b÷ñXc       (3.69) 

Following Prandtl-Reuss flow rule and von-Mise’syield criteria, the incremental stress can be 

represented as 

b÷úc = eûXùkb÷ñc − [ûX]büc(∆�)       (3.70) 

where eûXùk = }[ûX] − [ûX] `òI
òýa `òI

òýaþ [ûX] 2
1�_���    (3.71) 

where [D
e
] depict the elasticity matrix which consists of mechanical properties like Young’s 

modulus, E and Poisson’s ratio µ, G is shear modulus and ET is local slope between stress and 
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plastic strain of specified material. The last term of eq

strain which may vary depending upon the special temperature distribution. [D

of elasto-plastic matrix where the first term in eq

material or recovery of elastic response when the material is in plastic zone. The second term 

of the equation (3.71) is due to plastic flow of material which is zero when the material is 

elastic zone only. The evolution of the yield surface are g

present case, von-Mises yield surface is considered and bilinear isotropic hardening rule is 

assumed that may be appropriate for the selected material.

Figure 3.11: (a) Solid 70 for thermal analysis and (b) Solid 45 for 

Figure 3.12: Applied mechanical boundary conditions considered in the present work.

The boundary conditions for the mechanical analysis are depicted in 

corresponding to full geometry.
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specified material. The last term of equation (3.70) represents the thermal 

strain which may vary depending upon the special temperature distribution. [D

plastic matrix where the first term in equation (3.71) is due to elastic res

material or recovery of elastic response when the material is in plastic zone. The second term 

) is due to plastic flow of material which is zero when the material is 

elastic zone only. The evolution of the yield surface are governed by the hardening rule. In 

Mises yield surface is considered and bilinear isotropic hardening rule is 

priate for the selected material. 

(a) Solid 70 for thermal analysis and (b) Solid 45 for mechanical analysis

Applied mechanical boundary conditions considered in the present work.

The boundary conditions for the mechanical analysis are depicted in 

corresponding to full geometry. 

) represents the thermal 

strain which may vary depending upon the special temperature distribution. [Dep] is some sort 

) is due to elastic response of 

material or recovery of elastic response when the material is in plastic zone. The second term 

) is due to plastic flow of material which is zero when the material is 

overned by the hardening rule. In 

Mises yield surface is considered and bilinear isotropic hardening rule is 

 

mechanical analysis [223]. 

 

Applied mechanical boundary conditions considered in the present work. 

The boundary conditions for the mechanical analysis are depicted in Fig. 3.12 
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3.3.2 Material model 

In the present work, the numerical analysis is performed by considering the 

temperature dependent thermal and mechanical properties. An elastic-plastic material model 

is used in the mechanical analysis module. The isotropic hardening rule is selected to consider 

the plasticity in the ANSYS APDL code [223]. The elasticity is defined by Young’s modulus 

and Poisson’s ratio, and the plasticity is defined by yield stress and the elastic-plastic tangent 

modulus. Moreover, the von Mises stress is used to predict yielding of the welded joint. 

3.3.3 Computational aspects 

In the present work, the temperature dependent thermal and mechanical properties are 

used for thermo-mechanical analysis. Thermal properties such as specific heat and thermal 

conductivity are considered temperature dependent and other properties are assumed as 

temperature independent. The latent heat of fusion is considered for the simulation through an 

artificial increase or decrease in the specific heat of the material [167]. After discretization of 

the governing equation along with boundary conditions for heat conduction, the linear system 

of equations for an element is written as 

[C!T$�bTc � �K!T$�bTc � �V!T$�bTc � bQ!T$c     (3.72) 

where [K] refers to the conductivity matrix, [C] is the capacitance or specific heat matrix, {T} 

is nodal temperatures vector, [V] is the velocity matrix due to moving arc and {Q} is the 

nodal heat flow vector. It is noteworthy that the system of equations depicted in equation 

(3.72) is non-linear due to temperature dependent of material properties. 

The material behavior is considered as elasto-plastic in nature. In the present work, the 

influence of micro-structural changes, creep and transformation induced plasticity are not 

considered. The plasticity is assumed as rate independent and is modelled by assuming bi-

linear isotropic hardening behaviour along with associated flow rule. The von-Mises yield 

criteria is followed as 

úQN � °2
s �!ú2 − ús$s � !ús − ú1$s � !ú1 − ú2$s�     (3.73) 

where, ú2, ús, ú1are principal stresses and úQN is the average one dimensional stress. During 

both i.e. thermal and structural analysis a full “Newton-Raphson” iterative solution technique 

is used for obtaining the solution. 
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The simulations (conduction heat transfer and thermos-mechanical analyses) are 

carried out using FE based ANSYS 14.0 software (user defined APDL code). The estimated 

data in the form of nodal temperature are utilized to measure weld bead dimensions. The 

thermal modeling was carried out using Gaussian distributed volumetric heat source models 

(given in section 3.1.1). 

3.3.4 Flow chart for mechanical analysis 

Figure 3.13 shows the step by step procedure (flow chart) followed in a thermo-

mechanical analysis based on finite element method using FE software ANSYS 14.0. Few 

important steps are delineated below. 

o In mechanical analysis, the similar FE model used in thermal analysis is considered other 

than type of element. SOLID 45 element is used which is defined by eight nodes having 

three degrees of freedom at each node, translation in the nodal X, Y, and Z directions. 

o Next, the temperature dependent material properties are defined. 

o The reading of nodal temperatures is considered for overall thermal analysis at different 

time steps. Impose the mechanical boundary conditions. 

o Perform structural analysis and estimate the welding induced distortion and residual 

stresses at different sections of welded geometry. 

3.4 Optimization of unknown model parameters 

The essential requirement for the optimization module is to enhance the reliability and 

robustness of the numerical model. In the present work, the optimization modules are utilized 

to estimate the model uncertain parameters such as efficiency and thermal conductivity at 

high temperature. Two different optimization modules such as GA based PCX operated G3 

model and differential evolution are utilized for two different tasks. 

It is worth mentioning that the GA based PCX-G3 is integrated with the numerical 

heat transfer model to optimize the front and rear length ratio of double-ellipsoidal volumetric 

heat source model. Subsequently, the work has been conducted to optimize the model 

uncertain parameters such as arc efficiency or absorption coefficient, thermal conductivity at 

high temperatures, viscosity etc., by integrating the DE module with numerical conduction 

and convective heat transfer model. Within various schemes of GA, the author has been 

chosen for a real number based GA of PCX-G3 algorithm and differential evolution. 
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Figure 3.13: Overall procedure followed in 

There is no definite scientific cause for the choice of these two particular GA based 

optimization modules in the present work

several past researchers such that these techniqu

iterations to reach an optimum solution as compared to other real number based evolutionary 

algorithms. The basic theoretical background of two optimization modules and 

integration process with numerical mode

In the convective heat transfer analysis, the most important uncertain model 

parameters such as arc efficiency, effective arc radius, enhanced thermal conductivity and 

viscosity are considered. It is obvious that the

effective radius in the numerical model

from the welding heat source. Moreover, the effective radius value is easy to 

confidence in the case of laser welding

optimization procedure starts with the formation of an objective function. In the present work, 
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Overall procedure followed in thermo-mechanical analyses.

no definite scientific cause for the choice of these two particular GA based 

optimization modules in the present work. The author’s selection is motivated by the view of 

these techniques in GA generally needs lesser number of 

to reach an optimum solution as compared to other real number based evolutionary 

algorithms. The basic theoretical background of two optimization modules and 

numerical model is presented briefly in the following sections.

In the convective heat transfer analysis, the most important uncertain model 

parameters such as arc efficiency, effective arc radius, enhanced thermal conductivity and 

obvious that there is a need to use an appropriate value of 

e radius in the numerical model to estimate the actual heat input into the work

from the welding heat source. Moreover, the effective radius value is easy to estimate 

in the case of laser welding whereas it is extremely difficult for arc welding

optimization procedure starts with the formation of an objective function. In the present work, 
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to use an appropriate value of 

work-piece 

estimate with 

for arc welding. The 
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the objective function defines the error between the calculated and the corresponding 

experimental values of one or more dependent variables attained from few numbers of 

observations. 

3.4.1 Optimization using GA based PCX-G3 model 

GA is a random search technique that can find optimum values of a set of unknown 

variables from a large volume of discrete data sets through making a suitable fitness function. 

This fitness function is sensitive to the values of unknown variables. These discrete data sets 

can be binary strings or real numbers, and are mentioned as population. The generation of the 

individual data set (initial population) is done randomly and each data set signifies a potential 

solution. 

The estimation of the ratio of rear and front length of a double ellipsoidal volumetric 

heat source (
f

r

a

a
=χ ) model is performed using real number based PCX-G3 GA as 

optimization tool
34)

. The objective function is defined by the squared error term between 

experimental and calculated weld pool dimensions. It is expressed as 
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where c

ijW  refer to the computed values of weld width (j = 1) and the penetration (j = 2), and 

e

ijW the corresponding measured values at the same welding conditions (i
th

) in a series of ‘m’ 

number of total sample welds,
Lχ and

Uχ are the lower and upper bounds of design variable 

χ . The ratio χ is assumed as a polynomial function of weld velocity and is expressed as 

i
n

i

ivAA ∑
=

+=
1

0χ         (3.75) 

where A is constant, “v” the weld velocity, and n is the degree of polynomial. Here, the 

uncertain parameter χ  is variable in nature and is computed in each sample point of m 

number of total sample welds. Therefore, the coefficients of polynomial are uncertain 

parameters indirectly, if we presume the degree of polynomial. The overall algorithm of PCX 
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operated G3 model to calculate the polynomial coefficients are described briefly step by step 

as follows. 

o Step 1: The initial population is generated randomly for a parent, consists of a set of 

unknown variables, in the present problem, A1, A2 and A3. Here a parent denotes to an 

individual in the current population. The best parent is the individual that has the best 

fitness and provides the minimum value of the objective function (equation 3.74) in the 

total population. 

o Step 2: The best parent is selected from the entire population and two more parents 

randomly selected from the current population. 

o  Step 3: Two new individuals or offspring are generated using a recombination scheme 

(PCX-based G3 model) from above three selected parents. A recombination scheme is a 

technique for generating new offspring from the parents. 

o Step 4: Select the two more new parents randomly from the current population. 

o Step 5: A combined subpopulation is formed with offspring of step 3 and the two 

randomly chosen parents (step 4). 

o Step 6: The objective function for all the observations using newly generated offspring 

(step 5) are evaluated and four individuals are ranked based on the decreasing order of 

their respective objective function values. Then, the last two individuals in the rank are 

used to replace the parents selected in step (2). This replacement confirms that the 

solution will never diverge and it holds the best individual in any generation or iteration. 

In this step, two offspring are also added in the initial population created in step (1) 

through replacing two existing individuals in a random manner. In this manner the initial 

population is enriched with good individuals. 

o Step 7: Steps 2 to 6 are repeated till the required minimum value of objective function is 

achieved or till the convergence criteria is achieved. The steps described above 

corresponding to PCX operated G3 model is shown in Fig. 3.14. 
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Figure 3.14: 

3.4.2 Optimization using Differential Evolution

The DE algorithm which is 

algorithms, proposed by Stor

parameters associated with a reliable heat transfer and fluid flow model

robust stochastic search algorithm capable of handling non

multimodal objective functions.

The material properties are enhanced several times to take into effect of uniform 

turbulence within weld pool [214]

� � b	η r				k μc ; �∗ �
where * indicates the non-dimensional form of the parameters with respect to chosen 

reference value. The objective function,

error between the computed and corresponding measured values of weld dimens

dimensional form as 

O!�$ � 	∑ �}�	�0�	��	Û
�s � }
dÀ­2
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 Working principle of PCX operated G3 model. 

using Differential Evolution 

which is one of the most prominent new generation evolutionary 

algorithms, proposed by Storn and Price [209, 210] is used to estimate the uncertain 

parameters associated with a reliable heat transfer and fluid flow model. DE is a fast and 

lgorithm capable of handling non-differentiable, nonlinear and

multimodal objective functions. 

The material properties are enhanced several times to take into effect of uniform 

[214]. The uncertain parameter set (P) is represent

b	η∗ r∗				k∗ μ∗c     

dimensional form of the parameters with respect to chosen 

reference value. The objective function, O!�$, for the optimization process is defined by the 

between the computed and corresponding measured values of weld dimens

� }
	�0
	�
	Û �s� � ∑ �!WÀ∗ − 1$s � !DÀ∗ − 1$s�dÀ­2   

 

 

one of the most prominent new generation evolutionary 

to estimate the uncertain 

. DE is a fast and 

ntiable, nonlinear and 

The material properties are enhanced several times to take into effect of uniform 

) is represented as 

(3.76) 

dimensional form of the parameters with respect to chosen 

, for the optimization process is defined by the 

between the computed and corresponding measured values of weld dimensions in non-

(3.77) 
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where ‘W’ refers weld width and ‘D’ refers weld penetration, ‘c’ corresponds to computed 

value from numerical model and ‘e’ refers to experimentally measured value at similar 

welding conditions (i
th

) in a series of ‘m’ number of welds. 

DE is a population based algorithm like genetic algorithm (GA) that uses similar kind 

of operators; crossover, mutation and selection. The main difference between GA and DE is 

the mutation scheme that makes DE self-adaptive in nature [210]. The general problem 

formulation using DE [224] in the context of present optimization problem is as follows. The 

algorithm starts with a population of size ‘n’ in 4- dimensional parameter vectors. At a 

generation of ‘G’, each individual (at fixed i) is encoded by real number as 

�À,� � bPÀ,�2 			PÀ,�s 			PÀ,�1 			PÀ,�' c        (3.78) 

where i = 1…..n and 	P2, Ps, P1, P'	corresponds to	η∗, r∗, k∗, μ∗		 respectively. The initial 

population covers the full search space as much as possible by uniformly randomizing 

individuals inside the search space defined by maximum and minimum limit of parameters 

�dÀ� � bPdÀ�2 			PdÀ�s 			PdÀ� 				1 PdÀ�' c;     �d>� � bPd>�2 			Pd>�s 			Pd>� 				1 Pd>�' }  (3.79) 

The initial value of the l
th

 parameter in the j
th

 individual at the generation G = 0 is generated 

by 

Pª,4£ � PdÀ�£ � rad!0,1$. {Pd>�£ − PdÀ�£ }      (3.80) 

where l = 1, 2, 3, 4 and rad (0, 1) symbolizes a uniformly distributed random variable inside 

the range [0, 1]. After the initialization phase, DE performs the mutation operation to produce 

a mutant vector corresponding to each individual in the current population. For every target 

vector Pi, G at the generation G, its affiliated mutant vector is generated as �À,� �
bQÀ,�		2 QÀ,�		s QÀ,�		1 QÀ,�' c . This mutant vector can be developed according to 

�À,�_2 � �D2,� � χ. {�Ds,� − �D1,�}       (3.81) 

with random indexes r1, r2, r3 ∈ {1, 2, ……….., n} which are mutually different.  χ is a real 

and constant factor ∈ [0, 2] which controls the amplification of the differential variation 

{�Ds,� − �D1,�} . Mutant vector obtained in the previous step and target vector under 

consideration are subjected to crossover, to generate trial vector as 

�À,�_2 � bR2À,�_2			RsÀ,�_2				R1À,�_2			R'À,�_2c     (3.82) 

where 
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RªÀ,�_2 � QªÀ,�_2			if	!r!j$ � CR

� PªÀ,�										if	!r!j$ � �Æ

CR corresponds to the crossover constant with 

random number generator with outcome 

subset of {1, 2, 3, 4} that make sure,

selection operation, the objective function value of each trail vector is compared with the 

corresponding target vector in the current population. The selection operation can be 

performed as follows 

�À,� � �À,�							if	!O!�À,�	$ � O

								� �À,�								otherwise 

These three operations (mutation, crossover and selection) were repeated until meeting the 

termination criteria. The details of DE for optimization of uncertain model parameters 

presented above are shown in 

Figure 3.15: Working principle of Differential Evolution (DE) used for optimizing the 

3.4.3 Integrated model

The GA based algorithm involving PCX

numerical models to produce a reliable and robust calculation methodology. The integrated 
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th

 evaluation of a uniform 

random number generator with outcome ∈ [0, 1]; rn(i) is a randomly chosen index and is a 

subset of {1, 2, 3, 4} that make sure,	RÀ,�_2 gets at least one parameter from 

selection operation, the objective function value of each trail vector is compared with the 

corresponding target vector in the current population. The selection operation can be 

O!�À,�$ 
       

These three operations (mutation, crossover and selection) were repeated until meeting the 

The details of DE for optimization of uncertain model parameters 

presented above are shown in Fig. 3.15. 

Working principle of Differential Evolution (DE) used for optimizing the 

uncertain model parameters. 

Integrated model 

based algorithm involving PCX-G3 model and DE are integrated with the

to produce a reliable and robust calculation methodology. The integrated 

 (3.83) 

evaluation of a uniform 

[0, 1]; rn(i) is a randomly chosen index and is a 

ter from QÀ,�_2. In 

selection operation, the objective function value of each trail vector is compared with the 

corresponding target vector in the current population. The selection operation can be 

(3.84) 

These three operations (mutation, crossover and selection) were repeated until meeting the 

The details of DE for optimization of uncertain model parameters 

 

Working principle of Differential Evolution (DE) used for optimizing the 
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Figure 3.16: Overall flow chart of 

models are successfully used in the present work to realize two

appropriate relation between welding velocity and front and rear length ratio of volumetric 

heat source is found out. Secondly, 

parameters (arc efficiency, effective arc radius

are estimated that are important for reliable numerical modeling
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Overall flow chart of integration of optimization modules. 

successfully used in the present work to realize two different aspects. 

appropriate relation between welding velocity and front and rear length ratio of volumetric 

heat source is found out. Secondly, the suitable values of a set of uncertain mo

arc efficiency, effective arc radius, effective thermal conductivity and viscosity

that are important for reliable numerical modeling approach. The overall 

 

 

 Firstly, an 

appropriate relation between welding velocity and front and rear length ratio of volumetric 

model input 

effective thermal conductivity and viscosity) 

The overall 
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procedure of integration of the optimization modules with process model is shown in Fig. 

3.16. 

The integrated model starts with defining the ranges of uncertain model parameters 

and defining all the known required data. Then, randomly generated initial population is 

created within the feasible range of uncertain model parameters. Next, the GA based 

optimization modules (PCX operated G3 model and DE) are used for estimating the uncertain 

model parameters. Finally, the optimum values of uncertain model parameters are selected 

based on minimum objective functional values. 

3.5 Summary 

In the present chapter, the theoretical background of all the aspects of conduction and 

convective heat transfer analysis in GTA and laser welding processes are presented. This 

consist of three dimensional transient state heat transfer analysis using volumetric heat source 

(double ellipsoid, newly developed egg-configuration and conical) models. It also includes 

the transport phenomena based heat transfer and fluid flow analysis of GTA welding process 

and the GA based optimization algorithms (PCX operated G3 model and DE) to estimate the 

optimum values of the uncertain or unknown input model parameters. Moreover, this chapter 

also includes the mathematical background and modeling aspects of thermo-mechanical 

analysis to predict the welding induced distortions and residual stresses of fusion welding 

process. 
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Chapter – 4 

 

Experimental Investigation 

 

 

4.0 Introduction 

A comprehensive experimental study is carried out in the present work to produce a 

reliable database for the elaborate and extensive validations of the computed results from the 

numerical heat transfer, fluid flow and thermo-mechanical models. Subsequently, the welding 

experiments are conducted to investigate the influence of welding atmosphere in deep 

penetration fiber laser welding and the effect of the activating flux in linear GTA welding 

process. Controlled atmosphere of argon and open atmospheric condition are two variants of 

welding atmosphere that are considered for linear fiber laser welding process. The differential 

influence of ambient atmosphere on two grades of stainless steel at two different thicknesses 

values is studied in present work. In linear GTA welding process, the experiments are carried 

out using a thin layer of different activating fluxes to investigate the effect of surface active 

elements aiming to produce deep penetration welded joint. In laser welding process, the initial 
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set of experiments is conducted on SS304 and SS316 to validate the finite element simulation 

of temperature profiles. No additional filler wires are used in either case and hence, they are 

carried out in autogenous mode. However, some of the experimental results are considered 

from independent literatures for validation of computed results of GTA and laser welding 

processes. The fiber laser welding experiments were conducted at Laser Material Processing 

Division, Raja Ramanna Centre for Advanced Technologies (RRCAT), Indore, India. An 

indigenous experimental set up is also developed in the central workshop, Indian Institute of 

Technology Guwahati, India to conduct GTA welding experiments using DCEN mode (Pi 

400 Plasma from Migatronic that can be used for both plasma arc and GTA welding 

processes). In this chapter, a brief outline of all the experimental procedures and detailed 

outcomes of experimental investigations are presented. 

4.1 Fiber laser welding 

The laser welding experiments are carried out using a continuous wave (CW) 2.0 kW 

fiber laser based welding system. The bead-on-plate fiber laser welding was performed to 

examine the influence of welding ambient atmosphere on SS304 and SS316 of 3 mm and 5 

mm thickness plates. The chemical composition of SS 304 and SS 316 used in the 

experiments is described in Tables 4.1 and 4.2 respectively. A mixed mode fiber laser beam 

power which is the mixture of two fundamental modes i.e. 60% of TEM01, and 40 % of 

TEM00 provides a near flat top beam profile is considered as shown in Fig. 4.1 [225-226]. 

The combined intensity profile for a mixed mode laser beam is expressed by the following 

equation 

������ =
�	
�

�
�
�
� [�� + �1 − ���

�
�


�
�
� ]exp [−

�
�


�
�
� ]    (4.1) 

where Pfl, rofl, ay and r depict the fiber laser power on the substrate (W), radius of the Gaussian 

(TEM00) beam component (m), fraction of the lower mode (TEM00) in mixed mode laser 

beam and the distance from the center of the laser beam (m) respectively. The laser welding 

workstation is also equipped with gas on/off mode and laser power on/off mode. Table 4.3 

describes the fiber laser setup characteristics to conduct the experiments. 
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Table 4.1: Chemical composition (weight %) of austenitic stainless steel (SS 304). 

C Si Mn P S Cr Ni Al Co 

0.024 0.59 1.89 0.017 0.011 18.91 8.43 0.011 0.093 

Cu Nb Ti V Pb Sn Fe   

0.478 0.052 0.041 0.045 0.014 0.002 Bal.   

 

Table 4.2: Chemical composition (weight %) of austenitic stainless steel (SS 316). 

C Si Mn P S Cr Mo Ni Al 

0.047 0.5 1.88 0.013 0.01 16.418 2.3 10.615 0.014 

Co Cu Nb Ti V W Fe   

0.091 0.53 0.05 0.043 0.054 0.02 Bal.   

 The welding process parameters for conducting the experiments are considered similar 

for both controlled atmosphere of argon and open atmospheric conditions to determine the 

characteristic difference between them. Table 4.4 and Table 4.5 denote the welding process 

parameters used for present investigations on 5 mm and 3 mm thickness plates. In this 

experimental setup, the laser head is mounted in Z-direction vertically (moveable), whereas 

workstation is CNC controlled and positioned stationary during operation. The welded sample 

was kept normal to the laser beam. Prior to the welding, the work pieces are cleaned with 

acetone. Figures 4.2 (a) and (b) depict the fiber laser welding experimental setup and 

schematic representation of controlled atmosphere setup, respectively. 

Table 4.3: Experimental conditions of fiber laser welding system. 

Mode of laser power Continuous wave 

Laser spot diameter 200 µm 

Beam mode Multi-mode and flat top surface 

Beam angle 90 degrees 

Wavelength 1080 nm 

Shielding gas Argon 

Shielding gas flow rate 10 LPM 

Fiber core diameter 50 µm 

Focal point 0.5 mm below to the top surface for 3 mm plate 

1.0 mm below to the top surface for 5 mm plate 
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Table 4.4: Fiber laser welding process parameters 

open and controlled atmosphere of argon 

Data set Laser power 

(W) 

1 2000 

2 2000 

3 2000 

4 2000 

5 1800 

6 1800 

7 1800 

8 1800 

9 1600 

10 1600 

11 1600 

12 1600 

Figure 4.1: Schematic representation of intensity profiles of two different 

fundamental modes and their mixture.

96 

iber laser welding process parameters on SS304 and SS316 at

open and controlled atmosphere of argon for 5 mm thick plate. 

ower 

 

Welding velocity 

(mm/s) 

Heat input per unit 

length (J/mm) 

 18.33 109.09 

 16.67 120.00 

 15.00 133.33 

 13.33 150.00 

 18.33 98.18 

 16.67 108.00 

 15.00 120.00 

 13.33 135.00 

 18.33 87.27 

 16.67 96.00 

 15.00 106.67 

 13.33 120.00 

 

 

 

Schematic representation of intensity profiles of two different 

fundamental modes and their mixture. 

at 

Heat input per unit 

 

 

Schematic representation of intensity profiles of two different 
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Table 4.5: Fiber laser welding process parameters on SS304 and SS316 at 

open and controlled atmosphere of argon for 

Data set no. 

power

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

Figure 4.2: (a) Fiber laser welding experimental setup. (b) Schematic representation of 

The metallographic analysis of welded samples 

pool shape and dimensions; and to examine the microstructure formation

GTA welding processes. The welded samples were sectioned perpendicular to welding 

direction, polished with different grades of polishing papers (200, 400, 600, 800 and diam

97 

Fiber laser welding process parameters on SS304 and SS316 at 

open and controlled atmosphere of argon for 3 mm thick plate.

Laser 

ower (W) 

Welding 

velocity (mm/s) 

Heat input per unit 

length (J/mm)

1000 18.33 54.56 

1000 16.67 59.99 

1000 15.00 66.67 

1000 13.33 75.02 

900 18.33 49.10 

900 16.67 53.99 

900 15.00 60.00 

900 13.33 67.52 

800 18.33 43.64 

800 16.67 47.99 

800 15.00 53.33 

800 13.33 60.02 

 

 

(a) Fiber laser welding experimental setup. (b) Schematic representation of 

protective atmosphere setup. 

The metallographic analysis of welded samples are performed to measure the weld 

; and to examine the microstructure formation in 

. The welded samples were sectioned perpendicular to welding 

direction, polished with different grades of polishing papers (200, 400, 600, 800 and diam

Fiber laser welding process parameters on SS304 and SS316 at 

mm thick plate. 

Heat input per unit 

length (J/mm) 

 

(a) Fiber laser welding experimental setup. (b) Schematic representation of 

performed to measure the weld 

in both laser and 

. The welded samples were sectioned perpendicular to welding 

direction, polished with different grades of polishing papers (200, 400, 600, 800 and diamond 
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polish) and etched with Villella’s reagent. The etched samples were analyzed on optical 

microscope. The weld pool shape, depth of penetration and bead width are measured for each 

experimental condition. The top surface appearance and top bead profile of the welded plate 

was also studied for both open and self-protective atmosphere of argon. 

4.1.1 Controlled atmosphere of argon 

The influence of welding ambient atmosphere plays a significant role in the weld joint 

quality. Hence, the molten weld pool protection is necessary to prevent the reaction with open 

atmospheric elements such as Oxygen, Nitrogen etc. The role of self-protective atmosphere is 

different from application of shielding gas in laser welding process. In present work, the 

influence of self-protective atmosphere of argon is examined and compared with open 

atmospheric conditions. When a controlled atmosphere of argon welding is performed, five 

axes CNC workstation was kept in glove box as shown in Fig. 4.2 (b). The welding system 

consists of four major subsystems. They are vacuum pump, CNC controller, ytterbium CW 

fiber laser source and CNC workstation in a glove box as shown in Fig. 4.2. The glove box is 

crucial for controlling the atmospheric conditions during laser welding process. High purity 

argon gas filled glove box is used to protect the weldment from the atmosphere. Moisture and 

air particle are the main impurities in atmosphere which influence properties of the weld joint. 

Henceforth, a self-protective fiber laser system was also integrated with moisture and oxygen 

analyzers. The desired purity levels of the glove box are accomplished by purging high purity 

grade argon gas. The purity level within glove box is retained by keeping the differential 

pressure just above the atmospheric pressure. 

Figures 4.3 (a) and (b) show the measured values of weld widths and penetrations 

corresponding to process parameters depicted in Table 4.4 both for SS 304 and SS 316, 

respectively. The heat input per unit length is a signature parameter for the moving heat 

source to describe the effective heat energy that is utilized to melt a specific volume of 

substrate material of unit length. It is obvious from Fig. 4.3 that the weld pool dimensions are 

considerably higher for greater laser power or lower velocity since the energy input per unit 

length is more in both of these cases. Figure 4.4 (a)-(b) describes the experimentally measured 

values of weld bead dimensions corresponding to the data set of Table 4.5 both for SS 304 

and SS 316, respectively. 
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Figure 4.3: Weld bead dimensions of welds in c

to welding conditions given in Table 4.4, 

Figure 4.4: Measured weld bead dimensions corresponding to welding conditions 

given in Table 4.5, 

Overall, the process conditions indicate that the laser power varies from 800 ~ 2000 

W, laser scanning speed 13.33 ~ 18.33 mm/s and 

varies from 43.64 ~ 150.00 J/mm

considered in present work where the inference

imperative to say that with the increase of energy input per unit length, the weld pool 

dimensions increase and this trend is observed in 

The macrographs corresponding to welding conditions described in Table 4.4 are 

represented in Fig. 4.5 for SS304 and Fig

heat input per unit length, the similar 

has been observed. 
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Weld bead dimensions of welds in controlled atmosphere corresponding 

to welding conditions given in Table 4.4, (a) SS 304 and (b) SS 316

Measured weld bead dimensions corresponding to welding conditions 

given in Table 4.5, (a) SS 304 and (b) SS 316 in controlled atmosphere.

process conditions indicate that the laser power varies from 800 ~ 2000 

W, laser scanning speed 13.33 ~ 18.33 mm/s and corresponding energy input per unit length 

~ 150.00 J/mm. It is thus obvious that a wide range of process variables

where the inference may be justifiable in a boarder domain. 

imperative to say that with the increase of energy input per unit length, the weld pool 

dimensions increase and this trend is observed in both the figures 4.3 and 4.4.

The macrographs corresponding to welding conditions described in Table 4.4 are 

for SS304 and Fig. 4.6 for SS 316 respectively. With respect to the 

heat input per unit length, the similar trend (as in figures 4.3 and 4.4) in weld bead dimensions 

 

osphere corresponding 

(a) SS 304 and (b) SS 316. 

 

Measured weld bead dimensions corresponding to welding conditions 

in controlled atmosphere. 

process conditions indicate that the laser power varies from 800 ~ 2000 

corresponding energy input per unit length 

range of process variables are 

may be justifiable in a boarder domain. It is 

imperative to say that with the increase of energy input per unit length, the weld pool 

. 

The macrographs corresponding to welding conditions described in Table 4.4 are 

With respect to the 

in weld bead dimensions 
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Figure 4.5: Controlled atmosphere weld macrographs of 

corresponding to welding conditions (a) data set 1, (b) data set 3, (c) data set 6, (d) data set 9, 

(e) data set 10 and (f) data set 12 

Figure 4.6: Experimental weld macrographs of 5 mm thickness plate in controlled 

atmosphere of argon corresponding to (a) data set 5, (b) data set 6, (c) data set 7, (d) data set 

9, (e) data set 10, (f) data set 11 and (g) data set 12 given in Table 
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Controlled atmosphere weld macrographs of SS 304, 5 mm thickness plate 

corresponding to welding conditions (a) data set 1, (b) data set 3, (c) data set 6, (d) data set 9, 

(e) data set 10 and (f) data set 12 given in Table 4.4. 

Experimental weld macrographs of 5 mm thickness plate in controlled 

atmosphere of argon corresponding to (a) data set 5, (b) data set 6, (c) data set 7, (d) data set 

9, (e) data set 10, (f) data set 11 and (g) data set 12 given in Table 4.4. 

 

thickness plate 

corresponding to welding conditions (a) data set 1, (b) data set 3, (c) data set 6, (d) data set 9, 

 

Experimental weld macrographs of 5 mm thickness plate in controlled 

atmosphere of argon corresponding to (a) data set 5, (b) data set 6, (c) data set 7, (d) data set 
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Figures 4.7 and 4.8 

corresponding to welding conditions given in Table 4.5 for SS 304 and SS 316

The weld bead dimensions are increased with increase of heat input. However, the weld bead 

shape varies for two different materials, 

Figure 4.7: Weld macrographs in protective atmosphere 

thickness plate welds of (a) data set 5, (b) data set 6, (c) data set 7 and 

Figure 4.8: Experimental weld macrographs of 

atmosphere of argon corresponding to (a) data set 1, (b) data set 2, (c) data set 3 and (d) data 

4.1.2 Open atmosphere

Laser welding experiments 

influence of welding ambient atmosphere

process variables (Table 4.4 and 4.5) on SS 304 and SS 316 

plates. In this case, the work

dimensions are depicted from f
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 represent the experimentally measured weld macrographs 

corresponding to welding conditions given in Table 4.5 for SS 304 and SS 316

The weld bead dimensions are increased with increase of heat input. However, the weld bead 

for two different materials, SS 304 and 316. 

macrographs in protective atmosphere corresponding to SS 304, 3 mm 

of (a) data set 5, (b) data set 6, (c) data set 7 and (d) data set 8 given in 

Table 4.5. 

Experimental weld macrographs of SS 316, 3 mm thickness plate in controlled 

atmosphere of argon corresponding to (a) data set 1, (b) data set 2, (c) data set 3 and (d) data 

set 4 given in Table 4.5. 

Open atmosphere 

Laser welding experiments are also conducted in open atmosphere to examine the 

influence of welding ambient atmosphere. The experiments are carried out with similar 

process variables (Table 4.4 and 4.5) on SS 304 and SS 316 for 5 mm and 3 mm thickness 

the work station was not in glove box. The measured weld bead 

from figures 4.9 and 4.10. In case of open atmosphere welding, the 

represent the experimentally measured weld macrographs 

corresponding to welding conditions given in Table 4.5 for SS 304 and SS 316, respectively. 

The weld bead dimensions are increased with increase of heat input. However, the weld bead 

 

corresponding to SS 304, 3 mm 

(d) data set 8 given in 

 

3 mm thickness plate in controlled 

atmosphere of argon corresponding to (a) data set 1, (b) data set 2, (c) data set 3 and (d) data 

also conducted in open atmosphere to examine the 

The experiments are carried out with similar 

5 mm and 3 mm thickness 

The measured weld bead 

In case of open atmosphere welding, the 
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weld bead dimensions as well as the aspect ratio are lesser as compared to the controlled 

atmospheric conditions. 

Figure 4.9: Open atmosphere w

conditions given in Table 4.4, (a) SS 304 and (b) SS 316

Figure 4.10: Measured open atmosphere w

welding conditions given in Table 4.5,

Figures 4.11 and 4.12 show the experimentally 

corresponding to the welding conditions given in Table 4.4 f

respectively. It is noteworthy that the 

laser scanning speed of 15.0 and 13.33 mm/s.  

weld macrographs of SS 304 and SS 316 

case of 5 mm thick material, the weld bead dimension

controlled atmosphere of argon.   
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weld bead dimensions as well as the aspect ratio are lesser as compared to the controlled 

Open atmosphere weld bead dimensions corresponding to welding 

conditions given in Table 4.4, (a) SS 304 and (b) SS 316. 

Measured open atmosphere weld bead dimensions corresponding to 

welding conditions given in Table 4.5, (a) SS 304 and (b) SS 316. 

show the experimentally extracted weld macrographs 

corresponding to the welding conditions given in Table 4.4 for SS 304 and SS 316 

the full penetration is achieved for laser power 2.0 kW at 

laser scanning speed of 15.0 and 13.33 mm/s.  Figures 4.13 and 4.14 signify the measured 

of SS 304 and SS 316 corresponding to welding conditions of Table 4.

the weld bead dimensions and shapes both are varied in open and 

weld bead dimensions as well as the aspect ratio are lesser as compared to the controlled 

 

eld bead dimensions corresponding to welding 

 

eld bead dimensions corresponding to 

weld macrographs 

or SS 304 and SS 316 

for laser power 2.0 kW at 

Figures 4.13 and 4.14 signify the measured 

corresponding to welding conditions of Table 4. In 

are varied in open and 
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It is clearly observed from sections 4.1.1 and 4.1.2 that the welding ambient 

atmosphere is sensitive to the weld bead dimensions and sh

characteristic difference between the controlled and open atmosphere weldin

comprehensively. 

Figure 4.11: Experimental weld macrographs for welds in open atmosphere corresponding to 

welding conditions given in Table 4.4 of 
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It is clearly observed from sections 4.1.1 and 4.1.2 that the welding ambient 

atmosphere is sensitive to the weld bead dimensions and shapes. In the following section, 

istic difference between the controlled and open atmosphere weldin

Experimental weld macrographs for welds in open atmosphere corresponding to 

welding conditions given in Table 4.4 of SS 304, 5 mm thickness plate

It is clearly observed from sections 4.1.1 and 4.1.2 that the welding ambient 

apes. In the following section, the 

istic difference between the controlled and open atmosphere welding is described 

 

Experimental weld macrographs for welds in open atmosphere corresponding to 

5 mm thickness plate. 
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Figure 4.12: Experimental weld macrographs of 

atmospheric conditions corresponding to (a) data set 1, (b) data set 2, (c) data set 3, (d) data 

set 4, (e) data set 9, (f) data set 10, (g) data set 11 and (h) data set 12 given in Table 

Figure 4.13: Weld macrographs corresponding to open atmospheric conditions for (a) data 

set 5, (b) data set 6, (c) data set 7 and (d) data set 8 given in Table 4.5 of SS 304, 3 mm 
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Experimental weld macrographs of SS 316, 5 mm thickness plate in open 

atmospheric conditions corresponding to (a) data set 1, (b) data set 2, (c) data set 3, (d) data 

set 4, (e) data set 9, (f) data set 10, (g) data set 11 and (h) data set 12 given in Table 

corresponding to open atmospheric conditions for (a) data 

set 5, (b) data set 6, (c) data set 7 and (d) data set 8 given in Table 4.5 of SS 304, 3 mm 

thickness plate. 

 

5 mm thickness plate in open 

atmospheric conditions corresponding to (a) data set 1, (b) data set 2, (c) data set 3, (d) data 

set 4, (e) data set 9, (f) data set 10, (g) data set 11 and (h) data set 12 given in Table 4.4. 

 

corresponding to open atmospheric conditions for (a) data 

set 5, (b) data set 6, (c) data set 7 and (d) data set 8 given in Table 4.5 of SS 304, 3 mm 
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Figure 4.14: Experimental weld macrographs of 

atmospheric conditions corresponding to (a) data set 1, (b) data set 2, (c) data set 3, (d) data 

set 4, (e) data set 5, (f) data set 6 and (g) data set 7 and (h) data set 8 given in Table 

4.1.3 Influence of welding 

This section describes

laser welding with reference to 

chemical reactions occur between weld pool and working atmosphere that s

weld metal properties and weld joint quality. Therefore, the welding atmosphere influences 

notably on the quality of the weld joint.

Figure 4.15 represents 

at two different welding atmospheres under similar welding conditions

8) depicted in Table 4.5. The self

penetration and minimum width. This resembles the fact that the presence of argon gas help

to constrict the laser beam and results in more concentrated heat flux. The maximum variation 

of the weld depth of penetration is 29% and weld width is 40%; and the minimum variation of 

the weld bead width is 9% and depth of penetration is 4% between two

Figure 4.15 (c) denotes the aspect ratio which is well
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Experimental weld macrographs of SS 316, 3 mm thickness plate in open 

atmospheric conditions corresponding to (a) data set 1, (b) data set 2, (c) data set 3, (d) data 

set 4, (e) data set 5, (f) data set 6 and (g) data set 7 and (h) data set 8 given in Table 

Influence of welding ambient atmosphere 

This section describes the influence of the welding ambient atmosphere during fiber 

reference to weld dimensions. During fusion welding process, thermo

chemical reactions occur between weld pool and working atmosphere that severely affects the 

weld metal properties and weld joint quality. Therefore, the welding atmosphere influences 

the quality of the weld joint. 

represents the quantitative comparison of weld bead dimensions

welding atmospheres under similar welding conditions (data set 1 to data set 

. The self-protective atmosphere welds attained maximum depth of 

penetration and minimum width. This resembles the fact that the presence of argon gas help

to constrict the laser beam and results in more concentrated heat flux. The maximum variation 

of the weld depth of penetration is 29% and weld width is 40%; and the minimum variation of 

the weld bead width is 9% and depth of penetration is 4% between two welding atmospheres.

aspect ratio which is well-defined by the ratio of weld depth of 

 

3 mm thickness plate in open 

atmospheric conditions corresponding to (a) data set 1, (b) data set 2, (c) data set 3, (d) data 

set 4, (e) data set 5, (f) data set 6 and (g) data set 7 and (h) data set 8 given in Table 4.5. 

the influence of the welding ambient atmosphere during fiber 

During fusion welding process, thermo-

everely affects the 

weld metal properties and weld joint quality. Therefore, the welding atmosphere influences 

dimensions (SS 304) 

(data set 1 to data set 

protective atmosphere welds attained maximum depth of 

penetration and minimum width. This resembles the fact that the presence of argon gas helps 

to constrict the laser beam and results in more concentrated heat flux. The maximum variation 

of the weld depth of penetration is 29% and weld width is 40%; and the minimum variation of 

welding atmospheres. 

defined by the ratio of weld depth of 
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penetration to bead width of a weld joint. The aspect ratio is one of the characteristic 

quantities to specify the efficiency of the joint. T

the welding conditions (data set 1 to data set 8) 

atmosphere, the maximum aspect ratio is achieved 

4.5. However, the minimum is 1.049 corresponding to data set # 5 of Table 

open atmosphere, the minimum aspect ratio is 0.85 and maximum is 1.075 for the data set # 1 

and 5, respectively of Table 4.5

atmosphere of argon welding process is more as compared

Figure 4.15: Comparison of SS 304 

argon: (a) depth of penetration, (b) bead width and (c) aspect ratio

to data set 8 given in Table 4.5

Figure 4.16 describes the comparison of the weld macrographs between open 

atmosphere and a self-protective atmosphere of argon corresponding to welding conditions of 

data set # 1, 2, 3, and 4, respectively given in Table 

observed from this comparison in terms of weld pool size and shape 
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penetration to bead width of a weld joint. The aspect ratio is one of the characteristic 

quantities to specify the efficiency of the joint. The numeric inside the Fig. 4.15 

conditions (data set 1 to data set 8) given in Table 4.5. In case of protective 

aspect ratio is achieved as 1.361 for the data set #4 given in Table 

s 1.049 corresponding to data set # 5 of Table 4.5. In case of the 

open atmosphere, the minimum aspect ratio is 0.85 and maximum is 1.075 for the data set # 1 

4.5. Hence, the aspect ratio attained in a self

e of argon welding process is more as compared to open atmospheric condition.

SS 304 weld dimensions in open and controlled atmosphere of 

argon: (a) depth of penetration, (b) bead width and (c) aspect ratio corresponding to data set 1 

to data set 8 given in Table 4.5. 

the comparison of the weld macrographs between open 

protective atmosphere of argon corresponding to welding conditions of 

respectively given in Table 4.5. The characteristic difference can be 

observed from this comparison in terms of weld pool size and shape at two different welding 

penetration to bead width of a weld joint. The aspect ratio is one of the characteristic 

 (c) depicts 

. In case of protective 

1.361 for the data set #4 given in Table 

. In case of the 

open atmosphere, the minimum aspect ratio is 0.85 and maximum is 1.075 for the data set # 1 

. Hence, the aspect ratio attained in a self-protective 

to open atmospheric condition. 

 

atmosphere of 

corresponding to data set 1 

the comparison of the weld macrographs between open 

protective atmosphere of argon corresponding to welding conditions of 

. The characteristic difference can be 

at two different welding 
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atmospheres. In protective atmosphere, the weld bead shape is conical

in case of open atmospheric condition. 

width is lesser in argon atmosphere as compared to open atmospheric condition with similar 

welding conditions. 

Figure 4.16: Comparison between open and self

macrographs corresponding to 

 The most significant finding in present experimental investigation is the

difference in the appearance of weld bead surface. 

open and a self-protective atmosphere 

# 2, 3 and 8 given in Table 4.5

case of a self-protective atmosphere of argon welds as compared to open atmospheric 

condition. In open atmosphere, air particles such as nitrogen, oxygen, and hydrogen may react 

with molten weld pool. These reactions 

gas pores or pin holes. However, in a self

appearance of weld surface is clean with low degree of surface roughness, and less porosity. 

In open atmosphere welding process, the air particles in their elemental form may go inside 

the molten weld pool at high temperature gradients and during solidification they may try to 

escape from the weld pool. This may also causes the cracking of the weld joint and reduces 
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In protective atmosphere, the weld bead shape is conical whereas 

in case of open atmospheric condition. The weld depth of penetration is higher and weld bead 

width is lesser in argon atmosphere as compared to open atmospheric condition with similar 

Comparison between open and self-protective atmosphere SS 304 

macrographs corresponding to (a) data set 1, (b) data set 2, (c) data set 3 and (d) data set 4 

given in Table 4.5. 

The most significant finding in present experimental investigation is the

difference in the appearance of weld bead surface. Figure 4.17 shows the comparison between 

protective atmosphere of argon corresponding to welding variables of data set 

4.5. It is obvious that more neat and clean surface is observed in 

protective atmosphere of argon welds as compared to open atmospheric 

condition. In open atmosphere, air particles such as nitrogen, oxygen, and hydrogen may react 

with molten weld pool. These reactions are result in high degree of rough surfaces, porosity, 

gas pores or pin holes. However, in a self-protective atmosphere of argon welding, the 

appearance of weld surface is clean with low degree of surface roughness, and less porosity. 

ing process, the air particles in their elemental form may go inside 

the molten weld pool at high temperature gradients and during solidification they may try to 

escape from the weld pool. This may also causes the cracking of the weld joint and reduces 

whereas it is different 

The weld depth of penetration is higher and weld bead 

width is lesser in argon atmosphere as compared to open atmospheric condition with similar 

 

SS 304 weld 

(a) data set 1, (b) data set 2, (c) data set 3 and (d) data set 4 

The most significant finding in present experimental investigation is the noticeable 

shows the comparison between 

of argon corresponding to welding variables of data set 

eat and clean surface is observed in 

protective atmosphere of argon welds as compared to open atmospheric 

condition. In open atmosphere, air particles such as nitrogen, oxygen, and hydrogen may react 

result in high degree of rough surfaces, porosity, 

protective atmosphere of argon welding, the 

appearance of weld surface is clean with low degree of surface roughness, and less porosity. 

ing process, the air particles in their elemental form may go inside 

the molten weld pool at high temperature gradients and during solidification they may try to 

escape from the weld pool. This may also causes the cracking of the weld joint and reduces 
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the weld joint quality. In case of self

particles which exists in atmosphere can be minimized/eliminated using self 

argon. 

Figure 4.17: SS 304 top surface appearance corresponding to welding conditions of (a) data 

set 3, (b) data set 6 and 

Figure 4.18: Weld macrographs corresponding to data set 1 given in Table 

4.4; (a) open atmosphere and (b) controlled 

Figure 4.18 describes the measured weld macrograph

power 2000 W and welding speed, 18.33 mm/s in open and controlled atmosphere of argon 

respectively. It is observed that the weld bead dimensions and aspect ratio is more in case of 

controlled atmosphere corresponding to similar welding conditions. Moreover, the weld bead 

dimensions increases with decreasing the welding speed at constant laser power. Howev
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weld joint quality. In case of self-protective atmosphere, the issues of the reaction with air 

particles which exists in atmosphere can be minimized/eliminated using self -protection by 

surface appearance corresponding to welding conditions of (a) data 

set 3, (b) data set 6 and (c) data set 8 given in Table 4.5. 

 

Weld macrographs corresponding to data set 1 given in Table 

; (a) open atmosphere and (b) controlled atmosphere welding. 

the measured weld macrograph of SS 304 corresponding to laser 

power 2000 W and welding speed, 18.33 mm/s in open and controlled atmosphere of argon 

t is observed that the weld bead dimensions and aspect ratio is more in case of 

corresponding to similar welding conditions. Moreover, the weld bead 

dimensions increases with decreasing the welding speed at constant laser power. Howev

protective atmosphere, the issues of the reaction with air 

protection by 

 

surface appearance corresponding to welding conditions of (a) data 

Weld macrographs corresponding to data set 1 given in Table 

corresponding to laser 

power 2000 W and welding speed, 18.33 mm/s in open and controlled atmosphere of argon 

t is observed that the weld bead dimensions and aspect ratio is more in case of 

corresponding to similar welding conditions. Moreover, the weld bead 

dimensions increases with decreasing the welding speed at constant laser power. However, 
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the weld bead shapes and dimensions of open atmosphere and controlled atmosphere of argon 

welds are not similar in nature

corresponding to SS 316 of laser power 1000 W and laser scan speed 18.33 m

obvious that irrespective of weld material, the weld bead dimensions and aspect ratio is more 

in controlled atmosphere of argon as compared to open atmospheric condition.

represents the top surface appearance of 5 mm thick SS 304 cor

data set 2 given in Table 4.4, respectively. More neat and clean surface is obtained in 

controlled atmosphere of argon welding as compared to open atmospheric condition.

Figure 4.19: Comparison of experimental weld macrographs corresponding to SS 316 

of data set 1 given in Table 

Figure 4.21 describes the quantitative comparison of the weld bead dimensions, depth 

of penetration, bead width and aspect ratio between open and controlled atmosphere of argon 

welds corresponding to SS 304, 5 mm thickness plate 

4 given in Table 4.4. For each data set index/number given in 

dimensions and aspect ratio are more in case of controlled atmosphere of argon as compared 

with open atmosphere welds. This resembles the fact that argon helps to constrict the laser 

beam and results in more concentrated heat flux. The maximum weld b

achieved for the data set 4 given in Table 

ratio of weld depth of penetration to bead width of a weld joint is a characteristic quantity to 

specify the effectiveness of the formed weld j

achieved in controlled atmosphere of argon welding (data set 4 in Table 

minimum is 2.02 (data set 1 in Table 

conditions, the maximum aspect ratio is 
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the weld bead shapes and dimensions of open atmosphere and controlled atmosphere of argon 

in nature. Figure 4.19 refer to the experimental weld macrographs 

corresponding to SS 316 of laser power 1000 W and laser scan speed 18.33 m

obvious that irrespective of weld material, the weld bead dimensions and aspect ratio is more 

in controlled atmosphere of argon as compared to open atmospheric condition.

represents the top surface appearance of 5 mm thick SS 304 corresponding to data set 1 and 

able 4.4, respectively. More neat and clean surface is obtained in 

controlled atmosphere of argon welding as compared to open atmospheric condition.

 

Comparison of experimental weld macrographs corresponding to SS 316 

of data set 1 given in Table 4.5; (a) open atmosphere and (b) controlled atmosphere 

welding. 

describes the quantitative comparison of the weld bead dimensions, depth 

ation, bead width and aspect ratio between open and controlled atmosphere of argon 

SS 304, 5 mm thickness plate welding conditions data set 1 to data set 

. For each data set index/number given in this figure

dimensions and aspect ratio are more in case of controlled atmosphere of argon as compared 

with open atmosphere welds. This resembles the fact that argon helps to constrict the laser 

beam and results in more concentrated heat flux. The maximum weld bead dimensions are 

achieved for the data set 4 given in Table 4.4. The aspect ratio which is well

ratio of weld depth of penetration to bead width of a weld joint is a characteristic quantity to 

specify the effectiveness of the formed weld joint. The maximum aspect ratio, 2.998 is 

achieved in controlled atmosphere of argon welding (data set 4 in Table 4.4

minimum is 2.02 (data set 1 in Table 4.4). In case of the welding in open atmospheric 

conditions, the maximum aspect ratio is 2.8 and the minimum is 1.8 for the data set 4 and 1, 

the weld bead shapes and dimensions of open atmosphere and controlled atmosphere of argon 

to the experimental weld macrographs 

corresponding to SS 316 of laser power 1000 W and laser scan speed 18.33 mm/s. It is 

obvious that irrespective of weld material, the weld bead dimensions and aspect ratio is more 

in controlled atmosphere of argon as compared to open atmospheric condition. Figure 4.20 

responding to data set 1 and 

able 4.4, respectively. More neat and clean surface is obtained in 

controlled atmosphere of argon welding as compared to open atmospheric condition. 

 

Comparison of experimental weld macrographs corresponding to SS 316 

; (a) open atmosphere and (b) controlled atmosphere 

describes the quantitative comparison of the weld bead dimensions, depth 

ation, bead width and aspect ratio between open and controlled atmosphere of argon 

data set 1 to data set 

this figure, weld bead 

dimensions and aspect ratio are more in case of controlled atmosphere of argon as compared 

with open atmosphere welds. This resembles the fact that argon helps to constrict the laser 

ead dimensions are 

. The aspect ratio which is well-defined by the 

ratio of weld depth of penetration to bead width of a weld joint is a characteristic quantity to 

oint. The maximum aspect ratio, 2.998 is 

4.4) whereas the 

). In case of the welding in open atmospheric 

2.8 and the minimum is 1.8 for the data set 4 and 1, 

TH-1439_10610322



respectively (Table 4.4). The aspect ratio achieved in controlled atmosphere of argon welding 

process is more when compared with the process of welding under open atmospheric 

conditions for the similar welding conditions 

 

Figure 4.21: Comparison of weld bead dimensions of open and controlled 

atmosphere welding corresponding to welding conditions given in table 

Figure 4.22 describes the comparison of weld macrographs achieved for 

of 3 mm and 5 mm thickness plate in 

to similar process variables. Though, weld bead dimensions and aspect ratios are more in case 

of controlled atmosphere, the weld macrograph shapes are also not the same. For 3 mm 

 Open atmosphere

(a) 

(b) 

Figure 4.20: Top view appearance comparisons for open and controlled atmosphere welding 

corresponding to (a) data set 1 and (b) data set 2 given in table 
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). The aspect ratio achieved in controlled atmosphere of argon welding 

process is more when compared with the process of welding under open atmospheric 

elding conditions plotted in Fig. 4.21. 

Comparison of weld bead dimensions of open and controlled 

atmosphere welding corresponding to welding conditions given in table 4.4

the comparison of weld macrographs achieved for SS 316 material 

3 mm and 5 mm thickness plate in open and controlled atmosphere of argon corresponding 

to similar process variables. Though, weld bead dimensions and aspect ratios are more in case 

of controlled atmosphere, the weld macrograph shapes are also not the same. For 3 mm 

Open atmosphere            Controlled atmosphere 

 

 

Top view appearance comparisons for open and controlled atmosphere welding 

corresponding to (a) data set 1 and (b) data set 2 given in table 4.4. 

). The aspect ratio achieved in controlled atmosphere of argon welding 

process is more when compared with the process of welding under open atmospheric 

 

Comparison of weld bead dimensions of open and controlled 

4.4. 

SS 316 material 

open and controlled atmosphere of argon corresponding 

to similar process variables. Though, weld bead dimensions and aspect ratios are more in case 

of controlled atmosphere, the weld macrograph shapes are also not the same. For 3 mm 

 

 

 

Top view appearance comparisons for open and controlled atmosphere welding 
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thickness plate, weld macrographs in controlled atmosphere are uneven shaped. However, it is 

also observed that the macrographs for 5 mm thickness plate vary with welding atmosphere at

similar processing variables. 

Figure 4.22: Comparison of weld macrographs made in open and controlled atmosphere 

of argon of SS 316,

The most noteworthy observation in 

bead surface quality. Figure 4.23

comparison of open and controlled atmosphere welding on 3 mm and 5 mm thickness plates 

respectively. It is clearly observed from this figure that better and clean surface is achieved in 

controlled atmosphere due to protection of molten pool. Moreover, the problems of oxygen, 

nitrogen and hydrogen presence in welds can be minimized with controlled atmosphere 

welding.       
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acrographs in controlled atmosphere are uneven shaped. However, it is 

also observed that the macrographs for 5 mm thickness plate vary with welding atmosphere at

Comparison of weld macrographs made in open and controlled atmosphere 

of argon of SS 316, 3 mm and 5 mm thickness plate. 

The most noteworthy observation in for this material is also the appearance of weld 

4.23 (a)-(c) and (d)-(g) represents top view weld bead appearance 

comparison of open and controlled atmosphere welding on 3 mm and 5 mm thickness plates 

respectively. It is clearly observed from this figure that better and clean surface is achieved in 

d atmosphere due to protection of molten pool. Moreover, the problems of oxygen, 

nitrogen and hydrogen presence in welds can be minimized with controlled atmosphere 

acrographs in controlled atmosphere are uneven shaped. However, it is 

also observed that the macrographs for 5 mm thickness plate vary with welding atmosphere at 

 

Comparison of weld macrographs made in open and controlled atmosphere 

the appearance of weld 

(g) represents top view weld bead appearance 

comparison of open and controlled atmosphere welding on 3 mm and 5 mm thickness plates 

respectively. It is clearly observed from this figure that better and clean surface is achieved in 

d atmosphere due to protection of molten pool. Moreover, the problems of oxygen, 

nitrogen and hydrogen presence in welds can be minimized with controlled atmosphere of 
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Figure 4.23: Top view appearance comparison of SS 316 open and controll

welds corresponding to (a) data set 1, (b) data set 2 and (c) data set 3 given in Table 4.5; and 

(d) data set 1, (e) data set 2, (f) data set 3 and (g) data set 

Figure 4.24 depicts the quantitative comparison of 

controlled atmosphere corresponding to welding conditions 

atm., DOPControlled atm., BWOpen atm., BW

penetration in open and controlled atmo

and difference between them respectively. At similar welding process variables, the aspect 

ratio and weld bead dimensions obtained in controlled atmosphere are more as compared to 

open atmosphere. The fact is that argon helps to 

bremsstrahlung effect. 

4.1.4 Distortion in fiber laser butt joint 

The welding experiments are performed to investigate the distortion in square butt 

joint configuration at different welding parameters. These experiments comply with the 

computed results of the developed thermo

terms of average angular distortion in longitudinal direction. The configuration of angular 

distortion is presented in Fig. 4.25. The 2 kW  fiber laser based welding system was used to 

perform welding on SS 304 and SS 316 of 3 mm and 5 mm thickness. High purity argon was 
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Top view appearance comparison of SS 316 open and controlled atmosphere 

welds corresponding to (a) data set 1, (b) data set 2 and (c) data set 3 given in Table 4.5; and 

(d) data set 1, (e) data set 2, (f) data set 3 and (g) data set 4 given in Table 4.4.

the quantitative comparison of weld bead dimensions for 

controlled atmosphere corresponding to welding conditions of Tables 4.4 and 4.5. 

, BWControlled atm. and ‘Difference’ depict the 

penetration in open and controlled atmosphere, bead width in open and controlled atmosphere 

and difference between them respectively. At similar welding process variables, the aspect 

ratio and weld bead dimensions obtained in controlled atmosphere are more as compared to 

argon helps to penetrate the laser into deep due to 

Distortion in fiber laser butt joint  

The welding experiments are performed to investigate the distortion in square butt 

welding parameters. These experiments comply with the 

computed results of the developed thermo-mechanical model. The deflections are measured in 

terms of average angular distortion in longitudinal direction. The configuration of angular 

4.25. The 2 kW  fiber laser based welding system was used to 

perform welding on SS 304 and SS 316 of 3 mm and 5 mm thickness. High purity argon was 

 

ed atmosphere 

welds corresponding to (a) data set 1, (b) data set 2 and (c) data set 3 given in Table 4.5; and 

in Table 4.4. 

weld bead dimensions for open and 

and 4.5. DOPOpen 

the depth of 

sphere, bead width in open and controlled atmosphere 

and difference between them respectively. At similar welding process variables, the aspect 

ratio and weld bead dimensions obtained in controlled atmosphere are more as compared to 

penetrate the laser into deep due to inverse 

The welding experiments are performed to investigate the distortion in square butt 

welding parameters. These experiments comply with the 

mechanical model. The deflections are measured in 

terms of average angular distortion in longitudinal direction. The configuration of angular 

4.25. The 2 kW  fiber laser based welding system was used to 

perform welding on SS 304 and SS 316 of 3 mm and 5 mm thickness. High purity argon was 
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used as shielding gas with flow rate is 10 LPM. 

variables corresponding to 5 mm plate and 3 mm plate butt welding respectively. The other 

process variables are same as given 

 

Figure 4.24: The quantitative comparison of 

open and controlled atmosphere of argon welds along with difference between them

depth of penetration (DOP) and (b) bead width (BW) corresponding to data given in Table 

4.5; and (c) depth of penetration (DOP) and (d) bead width (BW) corresponding to welding 

 

After re-solidification of fusion zone, 

height gauge is used to measure the deflections at various end locations and 

is considered. After measuring the angular deflec

performed to measure the weld macrographs.

 

 

 

 

113 

used as shielding gas with flow rate is 10 LPM. Table 4.6 and 4.7 depict the welding process 

riables corresponding to 5 mm plate and 3 mm plate butt welding respectively. The other 

process variables are same as given in Table 4.3. 

The quantitative comparison of SS 316 weld bead dimensions obtained from 

atmosphere of argon welds along with difference between them

depth of penetration (DOP) and (b) bead width (BW) corresponding to data given in Table 

4.5; and (c) depth of penetration (DOP) and (d) bead width (BW) corresponding to welding 

conditions given in Table 4.4. 

solidification of fusion zone, the deflections are measured for each 

height gauge is used to measure the deflections at various end locations and the 

is considered. After measuring the angular deflections, the metallographic analysis has 

ure the weld macrographs. 

the welding process 

riables corresponding to 5 mm plate and 3 mm plate butt welding respectively. The other 

 

weld bead dimensions obtained from 

atmosphere of argon welds along with difference between them, (a) 

depth of penetration (DOP) and (b) bead width (BW) corresponding to data given in Table 

4.5; and (c) depth of penetration (DOP) and (d) bead width (BW) corresponding to welding 

the deflections are measured for each case. Digital 

the average value 

tions, the metallographic analysis has 
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Table 4.6: Square butt fiber laser welding process parameters for 

SS304 and SS316 stainless steel of 5 mm thick plate under open 

Data set 

no. 

Laser 

power (W) 

1 2000 

2 1800 

3 1800 

4 1600 

 

Table 4.7: Square butt fiber laser welding process parameters for 

SS304 and SS316 stainless steel of 3 mm thick plate

Data 

set no. 

Laser 

power (W)

1 1000 

2 900 

3 900 

4 800 

 

Figure 4.25: Schematic representation of angular distortion measurement

Figure 4.26 represents the experimental

mm thickness plate corresponding to data set 1, 2 and 3 respectively given in Table 

obvious from this figure that the weld bead dimensions decreas
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: Square butt fiber laser welding process parameters for 

SS304 and SS316 stainless steel of 5 mm thick plate under open 

atmosphere. 

 

Welding velocity 

(m/min.) 

Heat input per unit 

length (J/mm) 

0.88 136.36 

0.9 120 

1.028 105.05 

1.06 90.57 

: Square butt fiber laser welding process parameters for 

SS304 and SS316 stainless steel of 3 mm thick plate under open 

atmosphere. 

power (W) 

Welding velocity 

(m/min.) 

Heat input per unit 

length (J/mm) 

0.667 90 

0.72 75 

0.9 60 

1.067 45 

Schematic representation of angular distortion measurement

the experimentally measured weld macrograph of SS 304, 5 

mm thickness plate corresponding to data set 1, 2 and 3 respectively given in Table 

obvious from this figure that the weld bead dimensions decreases as heat input per unit length 

 

Schematic representation of angular distortion measurement. 

weld macrograph of SS 304, 5 

mm thickness plate corresponding to data set 1, 2 and 3 respectively given in Table 4.6. It is 

r unit length 
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decreases. The weld joint profile is almost symmetrical that indicates a

joint. 

Figure 4.26: Weld macrographs of butt joint welds of SS 304, 5 mm thickness plate 

corresponding to (a) data set

Figure 4.27: Butt joint weld macrographs (a) SS 304

in Table 4.7; and (c) SS 316, d

Figures 4.27 (a) – (d) depict the measured square butt weld macrographs of SS 304 

and SS 316, 3 mm and 5 mm thickness respectively. The corresponding welding conditions 
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The weld joint profile is almost symmetrical that indicates a relatively better butt 

Weld macrographs of butt joint welds of SS 304, 5 mm thickness plate 

data set 1, (b) data set 2 and (c) data set 3 given in Table 4.

utt joint weld macrographs (a) SS 304, data set 4, (b) SS 316, 

, data set 1 and (d) SS 316, data set 2 given in Tables 4.6

(d) depict the measured square butt weld macrographs of SS 304 

and SS 316, 3 mm and 5 mm thickness respectively. The corresponding welding conditions 

relatively better butt 

 

Weld macrographs of butt joint welds of SS 304, 5 mm thickness plate 

(c) data set 3 given in Table 4.6. 

 

, data set 1 given 

, data set 2 given in Tables 4.6. 

(d) depict the measured square butt weld macrographs of SS 304 

and SS 316, 3 mm and 5 mm thickness respectively. The corresponding welding conditions 
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are mentioned in this figure. Figures 4.28 and 4.29 describe the measured welding induced 

angular distortions of SS 304 and SS 316

are corresponding to welding conditions given in Tables 4.6 and 4.7.

figures (figures 4.28 and 4.29) that the angular distortion in more w

length is more. For the particular case of 

m/min, the angular distortion is the maximum

when the welds were made with laser power 1600 W

mm thick butt weld joint. Similar trend was followed for 3 mm thickness plate with respect to 

welding heat input per unit length, laser power and laser scan

 

Figure 4.28: Angular distortions of fiber laser butt joint corresponding to SS 304 of thickness 

(a) 5 mm and (b) 3 mm.

Figure 4.29: Welding induced angular distortions of fiber laser butt joint corresponding to SS 

316 of thickness (a) 5 mm and (b) 3 mm.
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Figures 4.28 and 4.29 describe the measured welding induced 

lar distortions of SS 304 and SS 316 plates of square butt joint. These angular distortions 

are corresponding to welding conditions given in Tables 4.6 and 4.7. It is observed from these 

4.28 and 4.29) that the angular distortion in more when the heat input per unit 

. For the particular case of laser power 2000 W and laser scanning 

, the angular distortion is the maximum. The lower angular distortion was observed 

when the welds were made with laser power 1600 W and scanning speed of 1.06 m/min

imilar trend was followed for 3 mm thickness plate with respect to 

welding heat input per unit length, laser power and laser scanning speed. 

Angular distortions of fiber laser butt joint corresponding to SS 304 of thickness 

(a) 5 mm and (b) 3 mm. 

 

ngular distortions of fiber laser butt joint corresponding to SS 

316 of thickness (a) 5 mm and (b) 3 mm. 

Figures 4.28 and 4.29 describe the measured welding induced 

plates of square butt joint. These angular distortions 

It is observed from these 

hen the heat input per unit 

 speed 0.88 

he lower angular distortion was observed 

1.06 m/min for 5 

imilar trend was followed for 3 mm thickness plate with respect to 

 

Angular distortions of fiber laser butt joint corresponding to SS 304 of thickness 

 

ngular distortions of fiber laser butt joint corresponding to SS 
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4.1.5 Microstructure analysis

The microstructure of weldment reveals several facts on weld joint quality and 

consequently the influence of process variables. Hence, an investigation is carried out on the 

influence of ambient atmosphere in welded microstructure of SS 304 and SS 316. Apa

material composition, the thickness of the 

behavior and consequently the solidified structure.

Microstructure of the as

general, the transverse section of 

affected zone is very small. T

focused welding heat source [

formed in any one of the specimens examined. Even though some isolated pores were found 

mostly in open atmosphere weldment, no noticeable inclusions are observed in a controlled 

atmosphere of argon. In both 

nature of the microstructure around the axis of the fiber laser beam due to the solidification of 

weld metal at high cooling rate. 

heat affected zone (HAZ) and fus

kW and laser scanning speed of 18.33 mm/s. 

change in heat input. However, increase in welding speed and/or decrease in laser power 

resulted in a finer solidification structure due to low heat input. A dominant austenitic 

structure with no solidification cracking was obtained for all welds.

 

Figure 4.30: SS 304, 5 mm thickness plate optical microstructure of weldment in open 

atmospheric condition correspond

parent material (PM), (b) heat affected zone (HAZ and (c) fusion zone (FZ).
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Microstructure analysis 

The microstructure of weldment reveals several facts on weld joint quality and 

consequently the influence of process variables. Hence, an investigation is carried out on the 

influence of ambient atmosphere in welded microstructure of SS 304 and SS 316. Apa

the thickness of the work piece greatly influences the solidification 

tly the solidified structure. 

Microstructure of the as-received material (SS 304) is shown in Fig. 4.30 (a).

the transverse section of the weld sample shows that the extension of the heat 

This is the distinctive advantageous effect associated 

focused welding heat source [72]. The microstructure analysis reveals that there

formed in any one of the specimens examined. Even though some isolated pores were found 

mostly in open atmosphere weldment, no noticeable inclusions are observed in a controlled 

atmosphere of argon. In both ambient conditions, the obvious feature is the highly directional 

nature of the microstructure around the axis of the fiber laser beam due to the solidification of 

weld metal at high cooling rate. Figures 4.30 (b) and (c) describe the optical micrographs of 

heat affected zone (HAZ) and fusion zone (FZ) in open atmosphere weld at 

kW and laser scanning speed of 18.33 mm/s. Fusion zone composition was insensitive to 

change in heat input. However, increase in welding speed and/or decrease in laser power 

dification structure due to low heat input. A dominant austenitic 

structure with no solidification cracking was obtained for all welds. 

SS 304, 5 mm thickness plate optical microstructure of weldment in open 

atmospheric condition corresponding to data set 1 given in Table 4.4 at various zones, (a) 

parent material (PM), (b) heat affected zone (HAZ and (c) fusion zone (FZ).

The microstructure of weldment reveals several facts on weld joint quality and 

consequently the influence of process variables. Hence, an investigation is carried out on the 

influence of ambient atmosphere in welded microstructure of SS 304 and SS 316. Apart from 

greatly influences the solidification 

in Fig. 4.30 (a). In 

weld sample shows that the extension of the heat 

his is the distinctive advantageous effect associated with highly 

]. The microstructure analysis reveals that there are no cracks 

formed in any one of the specimens examined. Even though some isolated pores were found 

mostly in open atmosphere weldment, no noticeable inclusions are observed in a controlled 

ature is the highly directional 

nature of the microstructure around the axis of the fiber laser beam due to the solidification of 

describe the optical micrographs of 

at laser power of 2 

Fusion zone composition was insensitive to 

change in heat input. However, increase in welding speed and/or decrease in laser power 

dification structure due to low heat input. A dominant austenitic 

 

SS 304, 5 mm thickness plate optical microstructure of weldment in open 

able 4.4 at various zones, (a) 

parent material (PM), (b) heat affected zone (HAZ and (c) fusion zone (FZ). 
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The weld microstructure in controlled atmosphere of argon (figure 4.31) revels the 

fact that the solidification structure is dendritic containing austenite and a few percent of delta 

ferrite at the dendritic boundaries. Figures 4.31 (a) and (b) illustrate the HAZ and FZ 

micrographs of weld metal in a controlled atmosphere of argon corresponding to laser power 

of 2000 W and laser scan speed of 18.33 mm/s. It is obvious from Figs. 4.31 and 4.32 that 

there is variation of microstructure in open and a controlled atmosphere of argon with similar 

process variables. This difference in the microstructure is may be due to the solidification 

behavior of the weld metal varies for both the atmospheres. In addition to this, the chemical 

reactions between the molten weld pool and surrounding atmosphere may influence the 

formation of microstructure. In controlled atmosphere of argon, the degree of chemical 

reaction with atmospheric elements such as nitrogen, oxygen and hydrogen lead to minimum 

porosity or pin-holes formation. Figures 4.31 (c) and (d) represent the HAZ and FZ optical 

micrographs of weld metal using the laser power is 2000 W and welding speed of 13.33 mm/s 

in a controlled atmosphere of argon. 

It is observed that the influence of the laser welding speed in a controlled atmosphere 

is almost similar as open atmosphere laser welds. However, the microstructures in the both 

welds are not similar. The higher the welding speed, the finer is the dendritic structure. This is 

attributed to an increase in both solidification and cooling rates due to low heat input resulted 

from high welding speed. Concerning the effect of laser power, the higher the laser power, the 

coarser is the dendritic structure due to decreasing cooling rate. However, the effect of laser 

power was relatively less than that of welding speed. The microstructures observed for 

present range of process parameters are always austenite with a few percent of delta-ferrite at 

the dendritic boundaries. Due to fine protection of weld pool in a controlled atmosphere; 

oxide, nitride, porosity and inclusion were formed minimum level in the weld metal. This 

may lead to the high efficiency of the weld joint in controlled atmosphere. 

The microstructure of as-received SS 316 is shown in Fig. 4.32 (a). In general, the 

transverse section of weld sample after fiber laser welding shows that the extension of the 

heat affected zone is very small. No cracks are formed in any one of specimens examined. No 

isolated pores are observed in controlled atmosphere welding, but some isolated pores were 

found in open atmosphere weldment. There are no noticeable inclusions observed in a 

controlled atmosphere welding. Highly directional nature of the microstructure around the 

axis of fiber laser beam due to solidification at high cooling rate is observed. Figures 4.32 (b)-
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(c) and (d)-(e) describes HAZ and FZ of SS 316 optical micrographs corresponding to data set 

#2 and #4 given in Table 4.4, respectively.

Figure 4.31: Microstructure of weldment in controlled atmosphere of argon corresponding to 

(a) data set 1, HAZ, (b) data set 1, FZ, (c) data set 4, HAZ and (d) data 4, FZ given in Table 

Figure 4.33 describes the microstructure of SS 316 welds produced in control

atmosphere corresponding to data set #1, #2 and #4 

microstructure formation in both 

of solidification rate in two atmospheres. Due to controlling/avoiding 

atmosphere particles with molten pool, the porosity or pin

controlled atmosphere. 
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(e) describes HAZ and FZ of SS 316 optical micrographs corresponding to data set 

#2 and #4 given in Table 4.4, respectively. 

Microstructure of weldment in controlled atmosphere of argon corresponding to 

(a) data set 1, HAZ, (b) data set 1, FZ, (c) data set 4, HAZ and (d) data 4, FZ given in Table 

4.4. 

Figure 4.33 describes the microstructure of SS 316 welds produced in control

atmosphere corresponding to data set #1, #2 and #4 of table 4.4. It is obvious that 

microstructure formation in both the environments is certainly not the same due to variation 

of solidification rate in two atmospheres. Due to controlling/avoiding the chemical reaction 

molten pool, the porosity or pin-holes formation is less in 

(e) describes HAZ and FZ of SS 316 optical micrographs corresponding to data set 

 

Microstructure of weldment in controlled atmosphere of argon corresponding to 

(a) data set 1, HAZ, (b) data set 1, FZ, (c) data set 4, HAZ and (d) data 4, FZ given in Table 

Figure 4.33 describes the microstructure of SS 316 welds produced in controlled 

is obvious that the 

is certainly not the same due to variation 

the chemical reaction of 

holes formation is less in 
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Figure 4.32: Optical microstructure of SS 316, 5 mm thickness plate weldment in open 

atmospheric condition, (a) parent material (PM); (b) heat affected zone (HAZ) and (c) fusion 

zone (FZ) corresponding to data set 2; (d) HAZ and (e) FZ corresponding to da set 4 given 
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Optical microstructure of SS 316, 5 mm thickness plate weldment in open 

atmospheric condition, (a) parent material (PM); (b) heat affected zone (HAZ) and (c) fusion 

zone (FZ) corresponding to data set 2; (d) HAZ and (e) FZ corresponding to da set 4 given 

Table 4.4. 

 

Optical microstructure of SS 316, 5 mm thickness plate weldment in open 

atmospheric condition, (a) parent material (PM); (b) heat affected zone (HAZ) and (c) fusion 

zone (FZ) corresponding to data set 2; (d) HAZ and (e) FZ corresponding to da set 4 given in 
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Figure 4.33: Microstructure of controlled atmosphere welds corresponding to (a) HAZ (b) 

FZ corresponding to data set 1; (c) HAZ, (d) FZ corresponding to data set 2; 

4.2 Gas tungsten arc (GTA) welding

The GTA welding are carried 

activating fluxes. A thorough investigation is carried out 

of the surface active elements

SS 316 of 5 mm thickness plate with thin layer of activating fluxes

and mixture of fluxes. The linear GTA welding 

welding current varies from 130

mm/s. The experiments are conducted with heat input per unit length from 90.57 J/mm to 

136.36 J/mm. The primary objective

in linear GTA welding process by adopting simple and tractable approach using surface active 

elements. The GTA welds with and without activating fluxes were conducted using 

power source (Pi 400 Plasma from 

welding processes). The in-house 

time–temperature history is 

illustrated in Fig. 4.35. 
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Microstructure of controlled atmosphere welds corresponding to (a) HAZ (b) 

FZ corresponding to data set 1; (c) HAZ, (d) FZ corresponding to data set 2; (e) HAZ and (f) 

FZ data set 4 given in Table 4.4. 

arc (GTA) welding 

he GTA welding are carried to produce deep penetration welding 

. A thorough investigation is carried out to examine the differential 

of the surface active elements on weld dimensions. A bead-on-plate welding 

SS 316 of 5 mm thickness plate with thin layer of activating fluxes such as TiO

linear GTA welding conditions are furnished in Table 4.8

welding current varies from 130 A to 190 A whereas welding velocity is kept constant as 2.91

. The experiments are conducted with heat input per unit length from 90.57 J/mm to 

objective of this experimental study is to produce deep penetration 

welding process by adopting simple and tractable approach using surface active 

he GTA welds with and without activating fluxes were conducted using 

power source (Pi 400 Plasma from Migatronic that can be used for both plasma arc and GTA 

house developed experimental setup is shown in

is measured using K-type thermocouples at different locations 

 

Microstructure of controlled atmosphere welds corresponding to (a) HAZ (b) 

(e) HAZ and (f) 

to produce deep penetration welding using different 

differential influence 

plate welding is performed on 

TiO2, SiO2, Al2O3 

in Table 4.8. The 

kept constant as 2.91 

. The experiments are conducted with heat input per unit length from 90.57 J/mm to 

produce deep penetration 

welding process by adopting simple and tractable approach using surface active 

he GTA welds with and without activating fluxes were conducted using DCEN 

that can be used for both plasma arc and GTA 

shown in Fig. 4.34. The 

type thermocouples at different locations 
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Table 4.8: GTA welding process parameters with and without flux. 

Data set 

no. 

Current 

(A) 

Welding velocity 

(mm/s) 

Heat input per unit 

length (J/mm) 

1 130 2.91 136.36 

2 160 2.91 120 

3 190 2.91 90.57 

 

 

 

Figure 4.34: In-house developed GTA welding experimental setup along with thermocouples. 

4.2.1 GTA welding using activating flux 

The experiments are conducted using thin layer of activating fluxes such as TiO2, 

SiO2, Al2O3 and mixture of these. Prior to the welding, the surface of each specimen was 

roughly ground with 240 grit (silicon carbide) flexible abrasive paper to remove all impurities 

and was cleaned with acetone. The compounds TiO2, SiO2, Al2O3 supplied in powder form 

are selected as activated flux because their simple composition facilitate the penetration of 

TIG welds. The information regarding these powders is shown in Table 4.9. Before welding 

process, the flux powder was uniformly mixed with acetone to form a paint-like consistency, 

and was subsequently applied with a paintbrush as shown in Fig. 4.36. In the present work, 

the thickness of the flux layer is considered approximately 2 ~ 3 mm. In GTA welding, the 
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welding current and travel speed are the process parameters that are primarily used to 

determine the weld shape. In the present investigation, on

travel speed is kept constant to investigate the influence of activating fluxes.

 

 

Figure 4.35: Schematic representation of thermocouples location on 
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welding current and travel speed are the process parameters that are primarily used to 

determine the weld shape. In the present investigation, only welding current is varied and 

travel speed is kept constant to investigate the influence of activating fluxes. 

Schematic representation of thermocouples location on work piece

welding. 

 

 

 

 

 

 

 

welding current and travel speed are the process parameters that are primarily used to 

ly welding current is varied and 

 

work piece during GTA 
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Table 4.9: Information of flux powders used. 

Flux powder 

 TiO2 powder Al2O3 powder SiO2 powder 

    

Origin Merck Specialities 

Pvt. Ltd. 

Merck Specialities Pvt. 

Ltd. 

Merck Specialities 

Pvt. Ltd. 

Molar mass 79.90 g/mol 101.96 g/mol 60.08 g/mol 

Density 4.2 g/cm
3 

 2.6 g/cm
3
 

Melting point 2128.15 K  1923.15 K 

Boiling point 3245.15 K  2503.15 K 

Calcium (Ca) - Less than or equal to 

0.15% 

- 

Chloride (Cl) - Less than or equal to 

0.05% 

- 

Portion elutable 

with water 

- Less than or equal to 

0.2% 

- 

pH-value (10% 

aqueous 

suspension) 

- 6.8-7.8 - 

Substances 

soluble in water 

Less than or equal to 

0.5% 

- - 

Substances 

soluble in diluted 

hydrochloric acid 

Less than or equal to 

0.5% 

- - 

Sulfate (SO4) Less than or equal to 

0.05% 

- - 

Heavy metals (as 

Pb) 

Less than or equal to 

0.005% 

- - 

Arsenic (As) Less than or equal to 

0.0005% 

- - 

Iron (Fe) Less than or equal to 

0.005% 

- - 
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Figure 4.36: Schematic representation of flux pr

 

Figures 4.37 - 4.39 represents weld 

TiO2, SiO2, and Al2O3 corresponds

4.8. The effect of different activating fluxes leads to various pattern of weld bead 

welding by using TiO2 provides 

to the other two activating flux

shallow penetration weld. The reasons for this patters and weld pool behaviour are explained 

in the subsequent section. 

 

Figure 4.37: GTA Welds macrographs using TiO2 

data set 1 and (b) data set 2 given in Table 4.8.
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Schematic representation of flux preparation and coating.

represents weld macrographs of GTA welding with

corresponds to welding condition of data set 1 and 2

he effect of different activating fluxes leads to various pattern of weld bead 

provides the higher depth of penetration and bead width as compared 

to the other two activating fluxes. Moreover, the experiments by using Al2O

shallow penetration weld. The reasons for this patters and weld pool behaviour are explained 

GTA Welds macrographs using TiO2 activating flux corresponding to 

data set 1 and (b) data set 2 given in Table 4.8. 

 

eparation and coating. 

with activating flux 

2 given in Table 

he effect of different activating fluxes leads to various pattern of weld bead shapes. The 

width as compared 

O3 flux produce a 

shallow penetration weld. The reasons for this patters and weld pool behaviour are explained 

 

corresponding to (a) 
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Figure 4.38: GTA weld macrographs using 

Al2O3 activating flux corresponding to (a) data 

set 1 and (b) data set 2 given in Table 4.8.

4.2.2 GTA welding without any activating flux

The GTA welding experiments are also carried out without

examine the influence of activating fluxes. These experiments are conducted with the 

process variables as given in Table 4.

corresponding to data set 1 and 2 of 

Figure 4.40: Weld macrograph of GTA welds made without any flux corresponding 

to (a) data set 1 and (2) data set 2 given in Table 4.8.
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GTA weld macrographs using 

corresponding to (a) data 

given in Table 4.8. 

Figure 4.39: Experimental GTA weld 

macrographs With SiO2 flux corresponding 

to (a) data set 1 and (b) data set 2 given in 

Table 4.8. 

GTA welding without any activating flux 

The GTA welding experiments are also carried out without any activating flux to 

examine the influence of activating fluxes. These experiments are conducted with the 

process variables as given in Table 4.8. Figures 4.40 (a) and (b) show the weld macrographs 

of Table 4.8. 

Weld macrograph of GTA welds made without any flux corresponding 

to (a) data set 1 and (2) data set 2 given in Table 4.8. 

 

 

Experimental GTA weld 

With SiO2 flux corresponding 

to (a) data set 1 and (b) data set 2 given in 

activating flux to 

examine the influence of activating fluxes. These experiments are conducted with the similar 

(b) show the weld macrographs 

 

Weld macrograph of GTA welds made without any flux corresponding 
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Figure 4.41 depicts the overall comparison of weld depth of penetration and bead 

width of GTA welds made with and without activating flux. The weld bead dimension is 

higher in case of welding using TiO2 activating flux as compared to other activating fluxes. 

Figure 4.41 shows the variation of weld depth of penetration and bead width as a function of 

welding current for welds with and without activating flux. 

 

Figure 4.41: GTA weld bead dimensions using different activating fluxes and without using 

any activating flux. 

4.2.3 Effect of surface active elements 

The literature indicates that the fluid flow direction in the molten pool affects the weld 

morphology [114-117]. A significant factor in driving the direction of fluid flow in molten 

weld pool is the temperature coefficient of surface tension. Figure 4.42 represents the 

morphology of GTA welds corresponding to the welding current of 190 A and travel speed of 

2.91 mm/s. During welding process, it is very difficult to measure the temperature in the 

molten pool because this area is surrounded by hot plasma. Nevertheless, it is well known that 

the temperature gradient always exists on the surface of the GTA weld accompanied by 

higher temperatures in the pool center under the arc and lower temperatures at the molten pool 

edge. 
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Figure 4.42: Comparison of 

corresponding to 

Figure 4.43 illustrates the geometric characteristics of 

without and with TiO2, Al2O3 fluxes. 

achieved using TiO2 flux. The TiO

penetration in 316 stainless steel. 

increased energy density of the welding 

heat energy. Moreover, the energy density is inversely proportional to the duration over which 

the heat source acts on the work piece

increases, the overall heat required per unit length of

improvement of applying an activated flux to conventional 

arc heat necessary to attain a deep

variables, the GTA welding with TiO

with high aspect ratio. However, the shallow penetration and wide bead width welds are 

achieved in GTA welding with Al2O
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Comparison of GTA weld macrographs with and without activating flux 

corresponding to data set 3 given in Table 4.8. 

the geometric characteristics of GTA welds which are

fluxes. A considerable increase in depth of penetration 

he TiO2 flux can help in creating GTA weld with a high 

 A weld with a high aspect ratio is characterized by

welding heat source which yields an adequate concentration of 

, the energy density is inversely proportional to the duration over which 

work piece. When the energy density of the welding heat source 

ed per unit length of the weld deposit decreases. The 

of applying an activated flux to conventional GTA welding is the reduction of 

a deep-penetration weld. With the similar welding 

TA welding with TiO2 activating flux can increase the depth of penetration 

with high aspect ratio. However, the shallow penetration and wide bead width welds are 

O3 flux. 

 

GTA weld macrographs with and without activating flux 

are produced 

depth of penetration is 

weld with a high 

is characterized by an 

an adequate concentration of 

, the energy density is inversely proportional to the duration over which 

heat source 

weld deposit decreases. The critical 

welding is the reduction of 

welding process 

activating flux can increase the depth of penetration 

with high aspect ratio. However, the shallow penetration and wide bead width welds are 
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Figure 4.43: Quantitative comparison of weld bead dimensions and aspect ratio with 

and without flux corresponding to data set 2 given in Table 4.8. 

Figure 4.44 describes the GTA weld macrographs made with different combinations 

of activating fluxes. Figure 4.44 refers to the combined influence of activated flux on weld 

macrographs. The combinations of any activating fluxes used in present investigation provide 

wide bead width and shallow penetration. Hence it is recommended that the use of combined 

activating fluxes is not favorable. 

On the basis of the present results, it is considered that the surface tension gradient 

plays a significant role in increasing the penetration of activated GTA weld joint. As a result 

of the existence of oxygen in the oxide flux, the temperature coefficient of surface tension on 

the molten weld pool changed from the negative to the positive, which initiated centripetal 

Marangoni convection mode. Thus, a constricted anode root was formed and higher current 

density and energy concentration in the arc column further support the centripetal Marangoni 

convection in the molten pool driven by Lorentz force, which in turn brought about a greater 

arc forces acting on the molten pool. Even though further research must clarify the physical 

mechanisms involved in this phenomenon, this study mainly verified the influence of specific 

activated flux on the GTA welds. 

The temperature coefficient of surface tension on the molten weld pool generally 

exhibited a negative value during GTA welding without any flux. If the surface tension in the 

weld pool center is less than the temperature at the pool edge, the surface tension gradient 
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dσ/dT generates centrifugal Marangoni convection in the molten pool as illustrated Fig. 4.45 

(a). In this situation, the flow of the molten on the surface transfers easily from the pool center 

to the edges, yielding a wide and less penetration 

 

Figure 4.44: Combined influence of activating fluxes of corresponding to data set 2 

While GTA welding with TiO2 and 

on the molten pool changed from a negative to a positive value. Henceforth, the surface 

tension at the molten pool center was higher as compared to the pool edge. This phenomenon 

specifies that the surface tension gradient introduces centripetal Marangoni convection in the 

molten pool as shown in Fig. 4.45

transfers from the pool edge to the center, and then downward

demonstrates that this results in a significant

that the Al2O3 flux has a negative effect on the activated GTA weld morphology. Moreover, 

not all oxide fluxes can change the Marangoni convection mode by altering the temper

coefficient of surface tension. The increment of depth of penetration for welds using 

activating flux depends on the composition and purity levels of the used flux.
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/dT generates centrifugal Marangoni convection in the molten pool as illustrated Fig. 4.45 

(a). In this situation, the flow of the molten on the surface transfers easily from the pool center 

to the edges, yielding a wide and less penetration weld. 

Combined influence of activating fluxes of corresponding to data set 2 

given in Table 4.8. 

and SiO2 fluxes, the temperature coefficient of surface tension 

on the molten pool changed from a negative to a positive value. Henceforth, the surface 

tension at the molten pool center was higher as compared to the pool edge. This phenomenon 

ension gradient introduces centripetal Marangoni convection in the 

5 (b). The fluid flow of the molten pool surface simply 

transfers from the pool edge to the center, and then downward direction. Figure 4.4

that this results in a significantly deep penetration welding. Figure 4.44

flux has a negative effect on the activated GTA weld morphology. Moreover, 

not all oxide fluxes can change the Marangoni convection mode by altering the temper

he increment of depth of penetration for welds using 

activating flux depends on the composition and purity levels of the used flux. 

/dT generates centrifugal Marangoni convection in the molten pool as illustrated Fig. 4.45 

(a). In this situation, the flow of the molten on the surface transfers easily from the pool center 

 

Combined influence of activating fluxes of corresponding to data set 2 

, the temperature coefficient of surface tension 

on the molten pool changed from a negative to a positive value. Henceforth, the surface 

tension at the molten pool center was higher as compared to the pool edge. This phenomenon 

ension gradient introduces centripetal Marangoni convection in the 

he fluid flow of the molten pool surface simply 

. Figure 4.45 (b) 

. Figure 4.44 shows 

flux has a negative effect on the activated GTA weld morphology. Moreover, 

not all oxide fluxes can change the Marangoni convection mode by altering the temperature 

he increment of depth of penetration for welds using 
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Figure 4.45: Schematic diagram of Marangoni convection mode (a) centrifugal and 

Figure 4.46 schematically shows the Marangoni convection mode for aluminum oxide 

particles. The GTA welding with Al

center and an aluminum oxide particle

in the molten pool surface simply transfers heat to the pool edge

shallower welds as compared 

related to the thermodynamic stability of aluminum oxide. Accord

diagram [114-117], which plots the Gibbs free energy change in oxidation reaction versus 

temperature, aluminum oxide has a high degree of thermodynamic stability. Since the 
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Schematic diagram of Marangoni convection mode (a) centrifugal and 

(b) centripetal. 

schematically shows the Marangoni convection mode for aluminum oxide 

GTA welding with Al2O3 flux yields a radially outward flow from the pool 

an aluminum oxide particle-free band forms along the pool edge. This flow

in the molten pool surface simply transfers heat to the pool edge and creates 

compared to conventional GTA welding. This phenomenon may be 

related to the thermodynamic stability of aluminum oxide. According to the Ellingham 

], which plots the Gibbs free energy change in oxidation reaction versus 

temperature, aluminum oxide has a high degree of thermodynamic stability. Since the 

 

Schematic diagram of Marangoni convection mode (a) centrifugal and 

schematically shows the Marangoni convection mode for aluminum oxide 

flux yields a radially outward flow from the pool 

edge. This flow pattern 

and creates wider and 

conventional GTA welding. This phenomenon may be 

ing to the Ellingham 

], which plots the Gibbs free energy change in oxidation reaction versus 

temperature, aluminum oxide has a high degree of thermodynamic stability. Since the 
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temperature of the outer region of the arc may be lower than t

the Al2O3 flux, aluminum oxide is particularly difficult to dissolve. Hence, there is no 

lessening in the number of electrons in the cooler outer region of the arc, and no constriction 

of the arc column. This situation causes

along the edge of the molten weld pool, creating residual slag on both sides of the welded 

surface. 

Figure 4.46: Schematic diagram of 

4.2.4 Time-temperature history

The time temperature history during GTA welding with TiO

flux have been measured using K-

point 2, point 3 and point 4) as shown in 

at middle of the work piece length. Figure 4.47 (a)

welding without any flux corresponding to data set 1 and data set 2 

cycles are specified for the thermocouple locations, point 1 and point 2. This 

denotes that the time-temperature history for point 1 and 2 varies due to the distance between 

welding centre line and thermocouple locations. 

line and thermocouple location increases the time temperature 

value. Figure 4.48 depict the time-
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temperature of the outer region of the arc may be lower than the dissociation temperature of 

flux, aluminum oxide is particularly difficult to dissolve. Hence, there is no 

lessening in the number of electrons in the cooler outer region of the arc, and no constriction 

of the arc column. This situation causes an aluminum oxide particle-free band to be formed 

along the edge of the molten weld pool, creating residual slag on both sides of the welded 

 

Schematic diagram of Marangoni convection for aluminum oxide 

particles. 

ture history 

The time temperature history during GTA welding with TiO2 and without activating 

-type thermocouples at four different locations

as shown in Fig. 4.35. However, the thermocouple locations are 

at middle of the work piece length. Figure 4.47 (a)-(b) describes the thermal cycles of GTA 

welding without any flux corresponding to data set 1 and data set 2 of Table 4.8. T

the thermocouple locations, point 1 and point 2. This 

temperature history for point 1 and 2 varies due to the distance between 

welding centre line and thermocouple locations. When the distance between the weld centre 

nd thermocouple location increases the time temperature profile converges to similar 

-temperature history of GTA welding with activating flux 

he dissociation temperature of 

flux, aluminum oxide is particularly difficult to dissolve. Hence, there is no 

lessening in the number of electrons in the cooler outer region of the arc, and no constriction 

free band to be formed 

along the edge of the molten weld pool, creating residual slag on both sides of the welded 

convection for aluminum oxide 

and without activating 

type thermocouples at four different locations (point 1, 

4.35. However, the thermocouple locations are 

(b) describes the thermal cycles of GTA 

The thermal 

the thermocouple locations, point 1 and point 2. This Fig. 4.47 

temperature history for point 1 and 2 varies due to the distance between 

hen the distance between the weld centre 

profile converges to similar 

temperature history of GTA welding with activating flux 
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TiO2 at two different locations, point 1 and point 2, corresponding to data set 

4.8. It is observed from this figure that the thermal cycle for two different locations varies for 

data set 1 whereas it is almost same for 

Figure 4.47: Time-temperature 

flux, (a) data set 1 and (b) data set 2 given in Table 4.8.

 

Figure 4.48: Time-temperature history corresponding to GTA welds with TiO

flux, (a) data set 1 and (b) data set 2 given in Table 4.8.

Figure 4.49 describe the comparis

with activation flux TiO2 and without any activating flux corresponding to data set 3 

4.8 at two different locations, point1 and point 2. 

the flux and without flux condition

from the weld centre line, the time

that GTA welding with TiO2 flux, the temperature coefficient of surface tension on the molten 
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at two different locations, point 1 and point 2, corresponding to data set 

4.8. It is observed from this figure that the thermal cycle for two different locations varies for 

almost same for data set 2. 

temperature history corresponding to GTA welds without any 

flux, (a) data set 1 and (b) data set 2 given in Table 4.8. 

temperature history corresponding to GTA welds with TiO

flux, (a) data set 1 and (b) data set 2 given in Table 4.8. 

describe the comparisons of weld thermal cycles for the welding made 

and without any activating flux corresponding to data set 3 

4.8 at two different locations, point1 and point 2. The thermal cycles at point 1 varies 

condition. When the distance of thermocouple location increases 

the time-temperature history is almost same. This is due to the 

flux, the temperature coefficient of surface tension on the molten 

at two different locations, point 1 and point 2, corresponding to data set 1 and 2 of Table 

4.8. It is observed from this figure that the thermal cycle for two different locations varies for 

 

history corresponding to GTA welds without any activating 

 

temperature history corresponding to GTA welds with TiO2 activating 

ons of weld thermal cycles for the welding made 

and without any activating flux corresponding to data set 3 of Table 

he thermal cycles at point 1 varies for both 

hen the distance of thermocouple location increases 

temperature history is almost same. This is due to the fact 

flux, the temperature coefficient of surface tension on the molten 
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pool changed from a negative to a positive value. Henceforth, the surface tension at the 

molten pool center was higher as compared to 

Figure 4.49: Comparison of thermal 

flux corresponding to data set 3 given in Table 4.8, (a) point 1 and (b) point 2.

4.3 Experimental data from literatures

Some experimental results of linear GTA and laser welding 

from independent literature [120, 227

model and for the calibration of new

measured weld bead dimensions along with process variables

of SS 304 with 3.0 mm thick plate [

increases with weld velocity or heat input per unit length (P/v), where P is weld power (V*I).

Table 4.10: Welding conditions for gas tungsten arc welding experiments of stainless 

Data 

set no. 

Current 

(A) 

Voltage 

(V) velocity (mm/s)

1 150 13.1 

2 140 12.8 

3 150 13.3 

4 180 14.6 

 To analyze the influence of surface active elements, t

integrated numerical model are validated with experimentally measured data reported in 
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pool changed from a negative to a positive value. Henceforth, the surface tension at the 

molten pool center was higher as compared to the pool edge. 

of thermal cycles with activating flux TiO2 and without activating 

flux corresponding to data set 3 given in Table 4.8, (a) point 1 and (b) point 2.

from literatures 

ome experimental results of linear GTA and laser welding processes are 

120, 227-231] for extensive validation of integrated numerical 

calibration of newly developed heat source model. Table 4.10 

measured weld bead dimensions along with process variables for bead-on-plate GTA welding 

of SS 304 with 3.0 mm thick plate [227]. It is obvious from Table 1 that the weld dimensions 

increases with weld velocity or heat input per unit length (P/v), where P is weld power (V*I).

Welding conditions for gas tungsten arc welding experiments of stainless 

steel [227]. 

Welding 

velocity (mm/s) 

Width 

(mm) 

Depth 

(mm) 

Heat input per unit 

length (J/mm)

8.5 3.56 1.03 231.17 

7.3 3.96 1.15 245.48 

5.2 4.31 1.59 383.65 

4 4.92 2.11 657.00 

 

To analyze the influence of surface active elements, the results obtained from the 

are validated with experimentally measured data reported in 

pool changed from a negative to a positive value. Henceforth, the surface tension at the 

 

and without activating 

flux corresponding to data set 3 given in Table 4.8, (a) point 1 and (b) point 2. 

are considered 

] for extensive validation of integrated numerical 

 depicts the 

plate GTA welding 

It is obvious from Table 1 that the weld dimensions 

increases with weld velocity or heat input per unit length (P/v), where P is weld power (V*I). 

Welding conditions for gas tungsten arc welding experiments of stainless 

Heat input per unit 

length (J/mm) 

 

 

 

 

he results obtained from the 

are validated with experimentally measured data reported in the 
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independent literature [120]. The welding experiments were performed on SUS 304 as a bead-

on-plate joint configuration. A mixture of pure argon and oxygen had been used as shielding 

gas with gas flow rate of 10 and 20 L/min, weld current 160 A, welding speed 2 mm/s, 

electrode gap of 3 mm, electrode diameter of 1.6 mm with DCEN polarity. The chemical 

composition of the material used in this study is given in Table 4.11. 

Table 4.11: Chemical composition of SUS 304 stainless steel. 

C Si Mn Ni Cr P S O Fe 

0.06 0.44 0.96 8.19 18.22 0.027 0.001 0.0038 Bal. 

 The oxygen content in the shielding gas and the resulting weld dimensions (width and 

penetration) are presented in Table 4.12. It is observed that the oxygen concentration in the 

final weld joint increases with increase in shielding gas up to a certain limit and remains 

almost constant thereafter. High oxygen concentration in shielding gas lowers the adverse 

effect of surface tension force that is alleviated by almost constant oxygen concentration in 

the final weld joint. It is thus obvious from experimental data that the weld pool shape as well 

as aspect ratio changes even at similar welding conditions. However, the weld penetration as 

well as aspect ratio is the maximum at a specific oxygen concentration in the shielding gas (in 

between 3000 to 5000 ppm oxygen). Afterward, the aspect ratio remains almost constant. The 

nature of convection within the weld pool owing to a difference in surface tension force 

makes a significant contribution to decide the weld pool shape and size. Hence, an effort has 

been made to numerically simulate the weld pool convection as a function of surface active 

elements such as oxygen in the present work. 

Table 4.13 depicts the process variables corresponding to autogenous laser welding 

process. The material used for the investigation was 500 × 125 × 4mm ASTM A131 steel; 

grade DH36. The composition of the same is given in Table 4.14 [228]. 

The experimental results of gas tungsten arc welding process of AZ91 magnesium 

alloy [229] and high-power diode laser welding process of aluminium alloys 5083 and 6082 

[230-231] under conduction regime are considered from independent literature. Table 4.15 

depicts the experimental process variables along with measured weld bead dimensions.  The 

chemical compositions of magnesium alloy and aluminium alloys are given in Table 4.16 

[229, 230-231]. 
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Table 4.12: Approximate values of weld pool dimensions at different oxygen concentration at 

initial gas flow rate (a) 10 L/min, and (b) 20 L/min [120]. 

Oxygen 

content 

in 

shielding 

gas 

(ppm) 

10 L/min  20 L/min 

Oxygen 

content 

in weld 

(ppm) 

Width 

(mm) 

Depth 

(mm) 

Oxygen 

content 

in weld 

(ppm) 

Width 

(mm) 

Depth 

(mm) 

0 25 7.0 1.9 31 6.5 2.2 

1000 35 8.9 1.8 40 9.5 1.6 

2000 67 8.9 1.9 75 7.5 2.3 

3000 132 7.0 3.8 150 6.9 3.6 

4000 182 6.9 3.9 243 7.3 4.0 

5000 229 8.0 3.8 268 7.9 3.6 

6000 225 8.0 3.5 196 8.9 2.3 

7000 214 9.8 1.8 208 9.7 2.0 

8000 207 9.9 1.9 232 9.8 1.9 

9000 207 9.8 2.0 244 9.9 1.6 

10000 213 9.0 1.9 197 9.9 1.5 

Table 4.13: Details of welding processes and parameters [228]. 

Process variables Autogenous laser 

Laser power (kW) 4.50 

Laser spot size (mm) 0.63 

Welding speed (mm/s) 41.7 

Heat input/unit length (W/mm) 108 

Table 4.14: Chemical composition of DH36 steel. 

C Mn Si S P Al Nb V Cu 

0.18 

max 

0.9-1.6 0.1-0.5 0.04 

max 

0.04 

max 

0.015 

max 

0.015-

0.05 

0.05-

0.1 

0.35 

Cr Ni Mo Fe      

0.2 0.4 0.08 Bal.      
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Table 4.15: Welding experimental conditions and non-dimensional heat input index of (a) gas 

tungsten arc welding [229], and (b) laser welding of aluminum alloy 6082 and (c) laser 

welding of aluminum alloy 5083 [230-231]. 

(a) 

Data 

set 

Welding 

current 

(A) 

Welding 

voltage 

(V) 

Welding 

speed ҳ10
-3

 

(m/s) 

Depth of 

penetration 

(mm) 

Bead 

width 

(mm) 

NHI 

1 100 12 3.33 1.17 5.78 6.59 

2 100 12 6.67 0.76 4.8 9.28 

3 200 13 6.67 2.49 8.68 7.13 

4 100 12 13.3 0.31 2.95 1.65 

5 200 13 13.3 1.44 5.92 3.57 

 

 

 

(b) 

Data 

set 

Laser 

power 

(kW) 

Welding 

speed ҳ10
-3

 

(m/s) 

Depth of 

penetration 

(mm) 

Bead width 

(mm) 

NHI 

1 1.5 5 1.93 4.09 31.27 

2 1.5 50 0.71 2.31 3.12 

3 2.0 5 2.38 4.67 41.69 

4 2.0 100 0.8 2.34 2.08 

5 2.5 5 2.72 5.34 52.11 

6 2.5 100 0.84 2.48 2.60 
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(c) 

 

 

Table 4.16: Chemical composition (wt. %) of (a) AZ91 alloy according to ASTM B93-94, (b) 

aluminum alloy 5083-T0 and (c) aluminum alloy 6082-T6. 

(a) 

Al Zn Mn Si 

max 

Fe  

max 

Cu 

max 

Ni 

max 

Others 

each max 

8.5/9.5 0.45/0.9 0.17/0.4 0.05 0.005 0.03 0.002 0.02 

  

(b) 

Si Fe Cu Mn Mg Zn Cr Pb Ti Ga V Al 

0.1 0.3 0.02 0.5 4.22 - 0.08 0.01 0.02 0.01 0.01 94.73 

  

(c) 

Si Fe Cu Mn Mg Zn Cr Pb Ti Ga V Al 

1.03 0.34 0.06 0.57 0.87 0.01 0.01 0.01 0.03 0.01 - 97.04 

  

 In this section, the experimental data that are considered from independent literature 

are reported. These data are useful to validate the developed numerical model of heat transfer 

and material flow. Moreover, the author has conducted GTA welding using in-house 

developed experimental facility at central workshop of IIT Guwahati, India. The laser welding 

Data 

set no. 

Laser 

power 

(kW) 

Welding 

speed ҳ10
-3

 

(m/s) 

Depth of 

penetration 

(mm) 

Bead 

width 

(mm) 

Heat input per 

unit length (J/mm) 

1 2.0 3.33 1.85 4.09 600.60 

2 2.0 5.0 1.20 3.21 400.00 

3 2.5 3.33 2.11 4.67 750.75 

4 2.5 5.0 1.45 3.82 500.00 

5 2.75 3.33 2.29 5.07 825.83 

6 2.75 5.0 1.54 3.89 550 
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experiments are also conducted at Laser Material Processing Division, Raja Ramanna Centre 

for Advanced Technology (RRCAT), Indore, India. 

4.4 Summary 

A detailed experimental investigation is undertaken in the present work to validate the 

integrated modeling approach both for GTA and laser welding processes. The experiments are 

conducted to examine the influence of welding ambient atmosphere during fiber laser welding 

and to study the influence of surface active elements during GTA welding process. The fiber 

laser welding is carried out for wide variation of process variables. Two different types of 

materials i.e., SS 316 and SS 304 are used in the experimental investigation having thickness 

of 3 mm and 5 mm. The macrographs of weld cross section are evaluated first for various 

welding conditions both in GTA and laser welds and then the corresponding weld bead 

dimensions are measured from the macrographs. The thermal cycles are also measured in case 

of GTA welds. The laser power density used in present investigation generally confirm to the 

conduction mode laser welding and keyhole mode laser welding for few cases. The weld bead 

dimensions increase with the heat input per unit length. In fiber laser welding, the weld bead 

dimensions as well as aspect ratio are more in case of controlled atmosphere of argon as 

compared to open atmospheric condition. In GTA welding, the influence of activating flux is 

significant and the weld bead dimensions are more in case of welds with activating fluxes, 

TiO2 and SiO2. The experimentally measured weld bead shapes and dimensions are adapted 

from independent literatures to validate the results obtained from the numerical model 

simulation. 
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Chapter – 5 

 

Results and Discussion 

 

 

5.0 Introduction 

The present chapter consists of the computed temperature and velocity distributions in 

autogenous GTA and laser welding processes. The results include thermal cycles, cooling 

rates, solidification parameters, weld bead shapes and dimensions, keyhole profile, welding 

induced distortions and residual stresses in GTA and laser welding processes. The calculated 

results for finite element model of both the conduction heat transfer and the transport 

phenomena based heat transfer and fluid flow model are validated with corresponding 

experimentally measured values conducted in-house as well as reported in independent 

literatures. Moreover, the computed welding induced distortions are compared with 

corresponding experimental results of fiber laser but joint. 

The necessary model data such as temperature dependent material properties, solution 

domain and computational aspects are presented first. The sensitivity of the calculated values 
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of weld bead dimensions on the unknown model input parameters are presented next. 

Subsequently, the calculations in the direction of estimating the suitable values of these 

unknown model input parameters by using the integrated process models are presented. A 

comparative study among the computed results from different heat source models is included 

to comprehend the suitable heat source model for various welding processes and conditions. 

The novelty and limitations of developed egg-configuration heat source model are presented 

along with conduction heat transfer analysis using the same model. The estimated keyhole 

profiles based on point-by-point energy balance on the keyhole wall are presented next. The 

calculated thermal cycles in and around the fusion zone are utilized to estimate the evolution 

of cooling rate and solidification parameters that are important to compute final 

microstructure and mechanical properties of weld joint. 

The transport phenomena based heat transfer and fluid flow results are presented to 

examine the influence of surface active elements in linear GTA welding process. Finally, the 

welding induced distortions and residual stresses are illustrated to investigate the influence of 

heat source parameters in linear GTA welding process and laser butt joint. 

5.1 Observation from experimental investigation 

The purpose of the numerical model is to represent the physical process as real as 

possible in a mathematical system of equations and solution of the same using various 

techniques. Hence the experimental investigation provides the information about physical 

mechanism of the process that facilitates to improve the phenomenological modeling 

approach. With this objective the detail experimental investigations procedure and the 

observations are reported in chapter 4. The summary of the observations from experimental 

investigation are as follows. 

The depth of penetration in fiber laser welding under controlled atmosphere of argon 

is more as compared to open atmospheric condition whereas the width is more in open 

atmospheric condition. It is obvious from the nature of macrographs that there is sharp 

gradient of fusion zone in case of controlled atmosphere as compared to open atmospheric 

condition. It is also possible to minimize or avoid the chemical reaction of molten weld pool 

with air by using the controlled atmosphere process. The top surface profile and the 

appearance of the controlled atmosphere is better as compared to open atmospheric results. 

The estimated maximum power density of fiber laser for present set of experiments is ~ 
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6.37x10
6
 Wcm

-2
. Therefore, few welding experiments are produced with the formation of 

keyhole. The change of laser welding process parameters influences more on weld penetration 

as compared to weld width. The presence of argon gas in fiber laser welding of controlled 

atmosphere helps to constrict the keyhole plasma and results in more concentrated heat flux. 

In GTA welding process, a significant increase in penetration is achieved in the presence of 

surface active elements of TiO2 flux. However, the shallow penetration and width are 

achieved in GTA welding with Al2O3 flux. 

5.2 Numerical model parameters 

The numerical modeling of conduction heat transfer analysis, transport phenomena 

based heat transfer and fluid flow analysis and thermo-mechanical analysis during fusion 

welding process greatly depends on proper material properties, mesh size and other model 

parameters. A fine mesh will tend to increase the accuracy of results at the expense of 

computational time. However, these conflicting effects can be counterbalanced by selecting 

an optimum mesh size devoid of losing the accuracy of computed results. The present section 

describes the thermal and mechanical properties of austenitic stainless steel and other 

materials considered in the present work. The model geometry, mesh size selection, time step 

and load step selection are also presented in this section. 

5.2.1 Mechanical and thermal properties 

Figures 5.1 (a) to (c) show the temperature dependent thermal properties of SS 304, 

SS316 and ASTM A131 steel: grade DH36 respectively that are used for finite element 

simulation. Table 5.1 describes the temperature independent values of other physical 

properties utilized in the FE model. Figure 5.1(a) shows the temperature dependent material 

properties of austenitic stainless steel, SS 304 [173, 214, 232-233]. For this material, the value 

of the thermal conductivity increases linearly till 1672 K. The thermal conductivity decreases 

at temperature 1672 K to 1727 K and increases linearly thereafter. The value of specific heat 

also increases almost linearly. 

Figures 5.1 (b) and (c) describe the temperature dependent thermal properties of 

austenitic stainless steel, SS 316 and ASTM A131 steel; grade DH36 respectively [192, 234-

236]. For SS 316, the value of thermal conductivity increases linearly up to temperature 

around 1700 K and remain constant after that.  The value of the specific heat also increases 
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linearly up to 1000 K and increases between 

change effect. It reduces to certain value and remains constant thereafter. 

thermal conductivity and specific heat of 

temperature can be seen from Fig. 5.1 (c).

Figure 5.1: Temperature dependent various materials 

present numerical work, (a) austenitic stainless steel, SS 304; (b) austenitic stainless steel, SS 

316 and (c) 
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increases between 1700 K and 1900 K possibly due to phase 

to certain value and remains constant thereafter. The variation

thermal conductivity and specific heat of ASTM A131 steel; grade DH36 with respect to 

5.1 (c). 

 

Temperature dependent various materials thermal properties used in the 

present numerical work, (a) austenitic stainless steel, SS 304; (b) austenitic stainless steel, SS 

316 and (c) DH36 steel. 

possibly due to phase 

variation of 

with respect to 

properties used in the 

present numerical work, (a) austenitic stainless steel, SS 304; (b) austenitic stainless steel, SS 
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Table 5.1: Constant material properties of SS 304, SS 316 and DH-36 steel used in the 

numerical model [173, 192, 214, 232-236]. 

 

Parameter 

Value 
 

    Unit 
SS 304 SS 316 DH-36 

steel 

Density (ρ) 7.2 x 10
3
 7.2 x 10

3
 7860 kg m

-3
 

Molecular viscosity (µ) 6.7 x 10
-3

 6.7 x 10
-3

 6.7 x 10
-3

 kg m
-1

 s
-1

 

Solidus temperature (TS) 1697 1648 1690 K 

Liquidus temperature (TL) 1727 1673 1723 K 

Ambient temperature (T0) 300 300 300 K 

Specific heat (Cp) 711.8 500.0 710.6 J kg
-1

 

Thermal conductivity (ks) 19.26 16.2 21 J s
-1

 m
-1

 K
-1

 

Latent heat (L) 2.47 x 10
5
 3 x 10

5
 2.47 x 10

5
 J kg

-1
 K

-1
 

Temperature coefficient of surface 

tension 






 γ

dT

d
 

-0.43 x 10
-3

 -0.43 x 10
-3

 -0.5 x 10
-3

 N m
-1

 K
-1

 

Magnetic permeability (µm) 1.26 x 10
-6

 1.26 x 10
-6

 1.26 x 10
-6

 N A
-2

 

Coefficient of thermal expansion (β) 1.96 x 10
-5

 1.96 x 10
-5

 1.96 x 10
-5

 K
-1

 

Figures 5.2 (a)-(c) describe temperature dependent density, specific heat and thermal 

conductivity of aluminum alloy 6082, magnesium alloy AZ 91 and aluminum alloy 5083 

respectively [237-240]. Figure 5.2 (b) describes the variation of thermal conductivity and 

specific heat of magnesium alloy AZ 91 with respect to temperature. For this material, the 

thermal conductivity decreases linearly till 800 K and then constant thereafter. Specific heat 

increases linearly and decreases thereafter. However, the specific heat value is constant 

beyond 1600 K. The variation of material properties with respect to the temperature for 

aluminum alloys Al-6082 and Al-5083 is shown in figures 5.2 (a) and (c). The other 

temperature independent material properties of aluminum alloy 6082, magnesium alloy AZ 91 

and aluminum alloy 5083 used in FE calculations is provided in Table 5.2. 

Figure 5.3 (a)-(b) show the temperature dependent mechanical properties of austenitic 

stainless steel, SS 304 and ASTM A131 steel; grade DH36 respectively. The temperature 

dependent yield stress elastic modulus, thermal expansion coefficient and Poisson’s ratio of  
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Figure 5.2: Temperature dependent thermal materials properties used in the present work, (a) 

aluminum alloy 6082, (b) magnesium alloy AZ 91 and (c) aluminum alloy 5083.
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ASTM A131 steel; grade DH36 used in FE model and is given in Fig. 5.3 (b). 

Table 5.2: Temperature independent material properties of AZ 91 Magnesium alloy, 

Aluminum alloy 6082 and Aluminum alloy 5083 used in the computations [237-240]. 

5.2.2 Model geometry 

In the present work, thermo-mechanical analysis is carried out using ANSYS 

Parametric Design Language (APDL). The element SOLID70 is chosen for thermal analysis 

and SOLID45 is used for mechanical analysis. The geometrical size of the welding plate for 

the simulation and experiment is the same. In the present work, non-uniform meshes are used 

and shown in figures 5.4 and 5.5. For bead-on-plate welding, half of the welding plate was 

considered (Fig. 5.4). For some cases of butt joint welding, a full geometry was considered 

(Fig. 5.5) for analysis. The finer mesh is considered near and along the weld centre line to 

assure the accuracy of the simulated results and the mesh size increases for rest of the metal 

plate in order to reduce the computational cost. 

5.2.3 Calibration of numerical model  

The computational cost of finite element based numerical model is approximately 

linearly proportional to the number of elements in the mesh, number of time steps, number of 

non-linear iterations per time step and the time required for each non-linear iteration. 

Physical property AZ91 

Magnesium alloy 

Aluminum 

alloy 5083 

Aluminum 

alloy 6082 

Specific heat at room 

temperature (J/kg K) 

1020 900 894 

Density (kg/m
3
) 1810 2650 2700 

Liquidus temperature (K) 870 843 828 

Solidus temperature (K) 740 796 780 

Thermal efficiency (%) 0.6 0.8 0.8 

Emissivity 0.5 0.12 0.12 

Latent heat of fusion 

(kJ/kg) 

373 397 300 

reff (mm) 2.472 1.02 1.02 
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Therefore, the selection of these parameters, mesh size, number of sub

are significant. The following sections describe the selection methodology for these 

parameters. 

5.2.3.1 Selection of mesh size

The calculated results of thermal cycles, weld bead dimensions, welding induced 

distortions and residual stresses from FE model are sensitive to the element size and the 

distribution of elements within the model 

increases by fine mesh. However, at the same time 

the solution geometry, a trade-off is thus essential to choose on a mixture of non

meshing, a fine mesh in and aro

compromising the accuracy of computed results.

 

Figure 5.3: Temperature dependent mechanical properties of (a) SS 304 and (b) ASTM A131 steel; 
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The calculated results of thermal cycles, weld bead dimensions, welding induced 

distortions and residual stresses from FE model are sensitive to the element size and the 

distribution of elements within the model geometry. The accuracy of computed results 

. However, at the same time it increases the computational time. For 
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meshing, a fine mesh in and around the FZ and coarse mesh away from FZ without 

the accuracy of computed results. 
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Figure 5.4: Half plate FE model 

 

 

Figure 5.5: Full plate FE model with mesh

Figures 5.4 and 5.5 show 

present work. Since the heat source is symmetric in the transverse 

is considered for the analysis. 

welding heat source is calculated 

accurate heat input, the minimum

arc or laser beam [241-242]. 
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alf plate FE model along with mesh for symmetric analysis.

Full plate FE model with mesh for butt joint analysis.

show the typical geometric model with mesh considered in the 

heat source is symmetric in the transverse direction, o

analysis. It is imperative to say that the heat input to the nodes under the 

calculated assuming a Gaussian distribution of energy

minimum number of nodes and elements must be present under the 

]. Goldak [241] suggested a minimum number of four elements 

 

r symmetric analysis. 

 

or butt joint analysis. 

considered in the 

, only half section 

It is imperative to say that the heat input to the nodes under the 

a Gaussian distribution of energy. To accumulate 

number of nodes and elements must be present under the 

] suggested a minimum number of four elements 
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within the welding heat source to capture the surface heat input in the case of linear elements. 

Reddy et al. [242] presented that a minimum of five nodes in depth direction are appropriate 

for capturing the arc heat input for double ellipsoidal heat source model. In the present 

numerical model, the solution geometry is discretized in a manner so that a minimum number 

i.e. six nodes are at least available under the laser beam or arc. 

 The selection of mesh size in the solution domain of fluid flow analysis is more 

intricate than the heat conduction analysis. In general, the smaller size elements are required 

to capture the dynamics of fluid flow. The minimum element size in a fluid zone is estimated 

by Chakraborty et al. [56]. Using an appropriate scaling analysis with regard to the stationary 

molten pool for laminar flow in GTA welding process, they estimated the viscous boundary 

layer thickness ( vδ ) at the top surface [243] 

δ� ≈ �×��×�
∆
×��


���
       (5.1) 

where Us is the characteristic surface velocity, R is the radius of molten pool which is roughly 

equal to reff and ∆T is the characteristic temperature difference between the locations 

corresponding to the bottom of the electrode and phase changing interface which can be 

roughly scaled as L/Cp. Therefore, equation (5.1) can be modified as 

δ� ≈ �×��×��×����
�×��


���
       (5.2) 

 For a typical GTA welding process on SUS 304 stainless steel, having characteristic 

velocity, Us = 2 mm/s and effective arc radius, reff = 1.8 mm, the estimated boundary layer 

thickness is of the order of 0.161×10
-6

 m/s. Similarly, for SS 316 stainless steel having 

characteristic velocity 2.91 mm/s and effective arc radius 1.9 mm, the boundary layer 

thickness of the order of 0.144×10
-6

 m/s.  It is thus obvious that, in principle, a finer mesh (a 

very small element size) in the fluid region is required and it increases the number of 

elements. However, related mesh independence investigations with respect to heat transfer 

and fluid flow analyses in welding reported by independent researchers [54, 56, 244] 

recommends that a finer mesh system does not alter the results noticeably. The minimum size 

of node spacing is followed as 0.37 mm, in fluid flow analysis of GTA welding process [54, 

56, 244]. Hence, the present work has followed similar meshing strategies following the 

guidelines mentioned by earlier researchers [54, 56, 244, 245]. 
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5.2.3.2 Selection of time step and load step 

The transient analysis in numerical modeling of linear GTA and laser welding 

processes are carried out by dividing the total solution time into a large number of time steps. 

The converged solutions of temperature and velocity fields are henceforth attempted in each 

of these small time steps. The total load is divided into number of small increments in the 

quasi-steady state analysis such that the non-linearity arising out of the evolution of 

temperature and velocity variables can be traced till the complete load is applied. In the 

present work, the discretization of temporal variable is followed the Galerkin weighted 

residual method, and is considered to be unconditionally stable [246].  Nevertheless, spurious 

oscillations of the field variable introduces when too large time step used [247]. The time step 

is thus taken by the following limiting case [246] 

∆t� ≤ (∆��)�×�×� 
!        (5.3) 

where ∆t� is critical time step, ∆d# is the minimum distance between the nodes, and k, ρ and 

Cp depicts the thermal conductivity, density and specific heat respectively at room 

temperature. Based on equation (5.3), the critical time steps for minimum nodal distance of 

0.05 mm and 2 mm, are 4 x10
-4

 s and 6 x10
-3

 s respectively. In the present analysis, the time 

step for GTA welding is considered as 10
-3

 s and for laser welding it is taken as 10
-5

 s. 

5.2.4 Non-dimensional heat input index 

In order to realize the influence of the welding heat source parameters and thermo-

physical material properties, an integrated non-dimensional heat input index (NHI) is defined 

for each data set in both GTA and laser welding processes. This NHI is defined by [62] 

N&' =
).+

,-.//
� .0

�� (
12
3)4��         (5.4) 

where P is the arc power (W), η is an arc efficiency or absorption coefficient, effr  is effective 

arc radius (m), v is weld velocity (m s
-1

), ρ is density of the material (kgm
-3

), Cp is the 

specific heat of the material (J kg
-1

 K
-1

), LT  is the liquids temperature of the material, T0 is 

the ambient temperature of the material and L is the latent heat of fusion (J kg
-1

). In equation 

(5.4), the numerator can be assumed as the whole incident welding heat source per unit 

volume. In case of laser welding this welding heat source is a laser power and in case of 
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GTAW it is the multiplication of the welding voltage and current. The denominator 

corresponds to the enthalpy which is needed to heat the unit volume of the material from 

ambient temperature to liquidus temperature. 

Table5.3: Ranges of non-dimensional heat input index for various materials. 

NHI 

Material 

Plate 

thickness Minimum Maximum 

SS 304 3 243.55 418.63 

SS304 5 487.1 837.26 

SS 316 3 269.98 464.05 

SS 316 5 539.95 928.1 

Aluminum alloy 6082 4 75.36 155.58 

Aluminum alloy 5083 3 2.08 52.11 

Magnesium alloy AZ91  15 1.65 9.28 

Table 5.3 depicts the ranges of non-dimension heat input index for different materials 

and welding processes. The magnitude of NHI corresponding to GTA welding of magnesium 

alloy AZ91 varies from 1.65 to 9.28 whereas it is from 2.6 to 52.11 for laser welding of 

Aluminum alloy 5083. In case of fiber laser welding of SS 304, 3 mm plate, the magnitude of 

NHI varies from 243.55 to 418.63 where as it is from 269.98 to 464.05 for laser welding of SS 

316, 3 mm plate.  In case of 5 mm thickness plate SS 304 and SS 316 it varies from 487.1 to 

837.26 and 539.95 to 928.1 respectively. The wide variation of NHI signifies that the selected 

process parameters cover a wide range of welding conditions. 

5.3 Identification of unknown and uncertain model parameters 

The simulation of conduction heat transfer and transport phenomena based heat 

transfer and fluid flow in GTA and laser welding processes demands several input parameters 

such as work piece geometry, welding process variables, experimental setup conditions and 

material properties. Some of these parameters such as solution geometry, process parameters 

like laser beam power, welding speed, welding current and voltage can be straight away 

specified with a reasonable degree of certainty. On the other hand, few of the model 
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parameters cannot be specified certainly with confidence and these parameters are termed as 

unknown parameters in finite element based numerical model. 

During fusion welding, only a portion of energy is transferred from the heat source to 

the work piece material. The amount of energy transferred is significant since it directly 

affects the shape and size of the weld pool, the temperature distribution in the HAZ and 

welding induced distortions. The arc efficiency/absorption coefficient (ŋ) in arc/laser welding 

process defines the actual heat input to the system and finally contributes to the calculations 

of the weld pool dimensions. The arc efficiency mostly depends on work piece surface 

condition, chemical composition of work piece material, the shielding gas environment and 

the instantaneous temperature distribution. The value of ‘ŋ’ is calculated and described for 

several welding processes and conditions [25, 51, 60-62, 196, 204, 205]. However, the 

efficiency varies significantly even for apparently similar welding conditions. Therefore, the 

arc efficiency is considered as unknown model parameter. 

The area on the top surface of work piece come into contact with welding arc is 

represented as effective arc radius (reff) in GTA welding process. In general, the effective arc 

radius depends on electrode shape and size, type of shielding gas used and also on the range 

of operating welding currents and voltages [25, 47, 54]. Moreover, it is difficult to determine 

the actual value of reff with confidence beforehand. Hence, reff is considered as an uncertain 

model input parameter in simulation of GTA welding process. 

Moreover, the effective thermal conductivity (keff) and the effective viscosity (µeff) 

values in molten pool are significant in transport phenomena based modeling, since they 

allow accurate modeling of the high rates of transport of heat and mass in systems with strong 

fluctuating velocities that are inevitable in small weld pools with very strong convection 

currents. The values of effective conductivity and viscosity are properties of the specific 

welding system and not inherent physical properties of the liquid metal [25, 47, 51, 54, 60-62, 

128, 196, 200, 204-205, 208]. Although the values of these variables are often assigned from 

past experience, currently there is no unified basis to accurately prescribe the values of these 

variables based on scientific principles. Hence, in undertaking heat transfer and fluid flow 

simulation of weld pool, the effective thermal conductivity (keff) and effective viscosity (µeff) 

in melt pool are considered as uncertain model input parameters. 

Double-ellipsoidal volumetric heat with Gaussian distribution of heat intensity is one 

of the most popular heat source model used in fusion welding process simulations. However, 
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the major difficulty of this kind of heat source model is to define the parameters before start 

of simulation. It is common practice to define the heat source parameters from experimental 

measurement of weld dimensions for a particular welding condition that meet the demand of 

two parameters i.e. weld width and penetration. Till date, the definition of front and rear 

length of double ellipsoidal is to-some-extent arbitrary in linear welding. Therefore, the ratio 

of rear and front lengths of double ellipsoidal heat source model is assumed by trial-and-error 

method or with past experience [30, 31, 194, 241]. But, this ratio depends on welding speed 

and other process parameters. It is not possible to measure this ratio exactly from weld bead 

dimensions. Therefore, this ratio is considered as uncertain model parameter indirectly to 

estimate the correlation between welding velocity and front and rear length ratio. 

5.3.1 Identification of optimum (ar/af) ratio of double ellipsoidal 

heat source model in linear GTA welding 

The objective here is to determine the uncertain or unknown parameter, ar/af ratio that 

is a function of welding velocity. A 3D conduction heat transfer model is used to originate the 

weld bead dimensions from the known welding conditions. The various combinations of 

unknown parameter, ar/af ratio is assumed. A sensitivity study of the ratio of rear and front 

length of double-ellipsoidal parameter (ar/af) on weld dimensions for data set #4 in Table 4.10 

is depicted in Fig. 5.6 (a). It has been recognized from the observed trend that the weld 

dimensions decrease with increase of ar/af ratio almost in linear way. Actually, high value of 

ar/af ratio promotes to reduce the distributed heat intensity that finally reduces the weld pool 

dimensions. The weld penetration is more sensitive to the change of ar/af ratio as compared to 

weld width. Figure 5.6 (b) shows the variation of weld dimensions with respect to weld 

velocity at two different values of ar/af ratio. The weld dimensions diminish with increase of 

velocity that resembles the fact of reducing heat input per unit length. At low velocity (~ 4 

mm/s), the change in dimensions is more  as compared to higher velocity (~ 7.4 mm/s) due to 

a jump of heat input per unit length. It is noteworthy from Fig. 5.6 (b) that with the increase of 

ar/af ratio, the weld dimensions decreases. Therefore, the sensitivity study depicted in Fig. 5.6 

clearly indicates that the ar/af ratio may not be defined arbitrarily. An organized approach is 

necessary to find the optimum value of ar/af ratio corresponding to a particular welding 

condition. In present work, it is assumed that ar/af changes with weld velocity and a suitable 

trend is adopted that fit best considering the present set of experimental data. 
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Figure 5.6: Sensitivity on weld dimensions: (a) 

and (b) weld velocity for 

The GA based optimization 

transfer model to investigate the optimum trend of a

satisfy the following two constraints: one is a

stationary heat source and ar/a

forms are possible that satisfy these two constraints. However, several trend of a

been tried and concluded that a 

present set of experimental data. The polynomial function is defined by

3

2

210.1 vAvAvA +++=χ

Figure 5.7 (a) describes the initially generated population i.e. the distribution of 

coefficients (A1, A2, A3) to find the best suitable combination of these coeff

minimize the objective function (equation

depicted in Table 5.4. It is obvious from 

distributed over the space and having equal chance to 

Table 

Initial range 

A1 A2 

0.1 x10
-1

 

1.8 x10
-1

 

1x10
-3 

18 x10
-3
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on weld dimensions: (a) (5� 56⁄ ) ratio for data set #4 in 

and (b) weld velocity for 85� 56⁄ 9= 2:1. 

The GA based optimization algorithm, PCX G3 model is integrated with

transfer model to investigate the optimum trend of ar/af ratio. The trend of a

satisfy the following two constraints: one is ar/af =1:1 at velocity v = 0 which resembles with 

/af ratio tends to infinity at very high velocity. Several functional 

forms are possible that satisfy these two constraints. However, several trend of a

been tried and concluded that a third-order polynomial fits best considering the availability of 

experimental data. The polynomial function is defined by 

3
v        

describes the initially generated population i.e. the distribution of 

) to find the best suitable combination of these coeff

minimize the objective function (equation (3.74)). The feasible range of these coefficients is 

is obvious from Fig. 5.7 (a) that the initial population is diversely 

distributed over the space and having equal chance to reach the global optimum condition.

 5.4: Optimum calculation of coefficients. 

Optimum value 

A3 A1 A2 A3 

 

1x10
-3 

10x10
-3

 
1.0x10

-1
 5.48x10

-3
 2.97x10

 

ratio for data set #4 in Table 4.10, 

is integrated with the heat 

The trend of ar/af ratio must 

=1:1 at velocity v = 0 which resembles with 

at very high velocity. Several functional 

forms are possible that satisfy these two constraints. However, several trend of ar/af ratio have 

fits best considering the availability of 

 (5.5) 

describes the initially generated population i.e. the distribution of 

) to find the best suitable combination of these coefficients to 

). The feasible range of these coefficients is 

(a) that the initial population is diversely 

reach the global optimum condition. 

Objective 

function 

  

2.97x10
-3

 1.29x10
-2
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Figure 5.7 (b) shows the objective function space after 90 generations which is 

assumed as optimum condition corresponding to the objective function

Further improvement of objective function in successive generations was not possible. The 

zone marked by enclosed curve (dotted line) in 

0.01. Increasing A2 and decreasing A

and it indicates that there exists several local minimum within the solution space. However, 

the global optimum values of coefficients achieved in this case are 

optimum trend of ar/af ratio as a function o

third order polynomial fit better. 

Figure 5.7: Optimization of unknown coefficients: (a) Initial population, (b) final population 

after 90 generations, and (c) optimum trend of 

5.3.2 Estimation of optimum 

welding 

The objective of the optimization problem here is to determine the optimum values of 

uncertain parameters, ŋ, reff, keff and 

examine the influence of uncertain model parameters on weld bead dimensions. 

approach is followed to calculate four uncertain

data depicted in Table 4.12. The detail flowchart of this approach has been described

chapter 4. Table 5.5 represents the set of uncertain parameter obtained by integrated approach 

using DE. DE starts with generation of initial population within range of specified limit 

depicted in Fig. 5.8. The feasible solution space is created based on the experience gained

from literature related to the process 

influences the overall computational time. Hence, the number of individuals is considered as 

40 (~ 10 times of 4 parameters). The range of these parameters is sel

form depicted in third column of Table 
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the objective function space after 90 generations which is 

assumed as optimum condition corresponding to the objective functional value of 

Further improvement of objective function in successive generations was not possible. The 

zone marked by enclosed curve (dotted line) in Fig. 5.7 (b) indicated the F0 value less than 

and decreasing A1 follow similar trend of F0 value which is less than 0.01 

and it indicates that there exists several local minimum within the solution space. However, 

the global optimum values of coefficients achieved in this case are depicted in Table 

ratio as a function of weld velocity is depicted in Fig. 5.7 

Optimization of unknown coefficients: (a) Initial population, (b) final population 

after 90 generations, and (c) optimum trend of (5� 56⁄ )ratio with respect to weld velocity.

Estimation of optimum ŋ, reff, keff and μ in linear GTA 

The objective of the optimization problem here is to determine the optimum values of 

and μ. First of all, FE based numerical model is used to 

examine the influence of uncertain model parameters on weld bead dimensions. An inverse 

approach is followed to calculate four uncertain model parameters using few experimental 

The detail flowchart of this approach has been described

represents the set of uncertain parameter obtained by integrated approach 

using DE. DE starts with generation of initial population within range of specified limit 

. The feasible solution space is created based on the experience gained

from literature related to the process [39, 60, 125, 214]. The number of initial individuals 

influences the overall computational time. Hence, the number of individuals is considered as 

40 (~ 10 times of 4 parameters). The range of these parameters is selected in non-dimensional 

form depicted in third column of Table 5.5. 

the objective function space after 90 generations which is 

of 1.29×10
-2
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Further improvement of objective function in successive generations was not possible. The 

value less than 

which is less than 0.01 

and it indicates that there exists several local minimum within the solution space. However, 

depicted in Table 5.4. The 

Fig. 5.7 (c) where 
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The objective of the optimization problem here is to determine the optimum values of 

. First of all, FE based numerical model is used to 
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model parameters using few experimental 

The detail flowchart of this approach has been described in 

represents the set of uncertain parameter obtained by integrated approach 

using DE. DE starts with generation of initial population within range of specified limit 

. The feasible solution space is created based on the experience gained 

. The number of initial individuals 

influences the overall computational time. Hence, the number of individuals is considered as 

dimensional 
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Table 5.5: Optimization of uncertain model input parameters. 

Uncertain 

parameters  (P) 

Reference 

value (Pr) 

Non-dimensional 

Range (P
* 

= P/Pr) 

Optimum 

value 

(:;<=∗ ) 

Effective 

values (Peff) 

Arc efficiency (η) 0.40 1.0 ~ 2.0 1.58 0.63 

Arc radius (r) 0.8 mm 1.0 ~ 5.0 2.28 1.82 mm 

Thermal 

conductivity (k) 

24.0 W m
-1

 K
-1

 1.0 ~ 15.0 9.38 225.2 W m
-1

 K
-1

 

Viscosity (μ) 0.01 Kg m
-1 

s
-1

 1.0 ~ 15.0 7.0 0.07 Kg m
-1 

s
-1

 

 

It is observed in Figures 5.8 (a) and (b) that the individuals are distributed diversely 

over the solution space and each individual has equal potential to achieve the optimum value 

after successive evolutions. The minimum value of objective function in initial population is ~ 

0.04 and the maximum value is ~ 0.45. The fourth column of Table 5.5 describes the optimum 

values of uncertain parameter set (:;<=
∗ ) corresponding to the minimum value of objective 

function. The minimum value of objective function is achieved after 47 generations. Further 

improvement of the objective function was not possible in the context of predefine values of 

control parameters (crossover constant, mutation factor and number of initial population). The 

optimum set of parameter has been chosen from a cluster of closely similar values of 

objective function resembles similar range of uncertain parameter sets. However, the 

minimum value of objective function (~ 0.0012) is considered as the best solution for the 

optimization problem. It is noteworthy that the estimation of optimum parameters is 

independent of surface active elements (weight percentage) since a fixed set of optimum 

parameter value has been used for all simulations irrespective of oxygen concentration in the 

process. It is observed from Table 5.5 that the effective values of arc radius, thermal 

conductivity, and viscosity are equivalent to several times enhancement over their reference 

values. The reference value for arc radius is the radius of electrode (~ 0.8 mm), for thermal 

conductivity and viscosity are the numerical values at room temperature i.e. 24 W m
-1

 K
-1

 and 

0.01 Kg m
-1

 s
-1

, respectively. 
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Figure 5.8: Initial population of uncertain parameters within the range depicted in Table 5.5. 

5.4 Conduction mode heat transfer analysis 

The direct measurement of high peak temperature, rapid change of weld thermal cycle 

and resulting thermal distortion and associated stresses are difficult to measure experimentally 

for fusion welding process and hence the contemporary demand of reliable quantative models 

are ever increasing. In the current welding research standpoint, a three dimensional (3D) 

transient non-linear sophisticated numerical model is necessary to investigate the molten pool 

formation and temperature distribution during fusion welding process. The conduction heat 

transfer model based on finite element method is often preferred as compared to convective 

heat transfer analysis since former is more appropriate where fast and repetitive calculation of 

temperature field is of main concern. 

A 3D finite element based conduction heat transfer model using two different types of 

volumetric heat source is developed. The element SOLID 70 which has 8 nodes with 

temperature as degree of freedom is used in heat transfer analysis. The transient temperature 

fields of GTA and laser welding processes were simulated using ANSYS 14.0 [223] with 

APDL subroutine. The temperature dependent thermal conductivity and specific heat are 

considered for the simulation. The material properties used in numerical simulation are 

reported in figures 5.1 to 5.3 and Tables 5.1-5.2. In conduction heat transfer analysis, the 

thermal conductivity of molten material is increased artificially for several folds to account 

the enhanced heat transfer due to high convective flow of liquid molten metal within the weld 

pool. 
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5.4.1 Influence of heat source parameters during linear GTA 

welding 

The sensitivity analysis of double-ellipsoidal heat source parameters shows that the 

ratio of front and rear length ratio has significant effect on weld dimensions as well as thermal 

distortion and residual stress of final weld joint. This problem has been addressed in present 

thesis work where the optimum value of the ratio of front and rear length of double ellipsoidal 

heat source model is designed within the kernel of an integrated optimization algorithm 

(PCX-G3). The ratio is assumed as function of weld velocity and a suitable functional form is 

designed over a range of welding current and velocity. The proposed trend of ratio along with 

optimum values demonstrate fair agreement of experimentally measured weld dimensions for 

linear gas tungsten arc (GTA) welding process. 

Table 4.10 depicts the experimental process variables along with bead width and 

penetration for a bead-on-plate GTA welding on 3 mm thick SS304. It is obvious from Table 

4.10 that the weld dimensions increases with weld velocity or heat input per unit length (P/v), 

where P is weld power (V*I). Inclusion of temperature dependent material properties in 

numerical simulation makes the solution non-linear and computational intensive. Using the 

optimum value of ar/af ratio the numerical analysis has been performed. 

Figure 5.9 shows the three dimensional temperature distribution at three different 

positions (at 4/5.2 s, 14/5.2 s and 24/5.2 s) with velocity of 5.2 mm/s corresponding to 

welding conditions of data set #3 in Table 4.10 using the optimum value of ar/af ratio. In 

figure 5, the region surrounded by the liquids temperature 1700K represents the weld pool, 

and its intercepts along the Z-axis and X-axis depict the weld penetration and the half-width, 

respectively. Figure 5.10 shows the comparison between experimentally measured weld 

macrograph (right side) and computed temperature profile (left side) corresponding to data set 

#3 in Table 4.10. Moreover, Fig. 5.11 depicts the quantitative comparison of experimental and 

computed weld dimensions using the optimum set of ar/af ratio. It is obvious that relatively 

fair agreement of the shape and size of computed temperature profile endorse the correct 

estimation of ar/af ratio in the simulation of linear welding process. 
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Figure 5.9: Three dimensional computed 

condition of data set #3 in 

Since direct estimation of front and rear length of a double ellipsoidal heat source 

model are nearly intractable for fusion welding process, the demand of

models for heat transfer is ever increasing. The present work is a 

direction. 
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computed temperature distribution corresponding to welding 

condition of data set #3 in Table 4.10 at three different locations. 

Since direct estimation of front and rear length of a double ellipsoidal heat source 

model are nearly intractable for fusion welding process, the demand of reliable quantitative 

models for heat transfer is ever increasing. The present work is a contribution in this 

corresponding to welding 

Since direct estimation of front and rear length of a double ellipsoidal heat source 

reliable quantitative 

contribution in this 
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Figure 5.10: Comparison between computed and experimentally measured macrograph 

corresponding to welding condition of data set #3 in 

Figure 5.11: Comparison between computed and experimentally measured weld dimensions 

corresponding to welding conditions g
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Comparison between computed and experimentally measured macrograph 

corresponding to welding condition of data set #3 in Table 4.10.

Comparison between computed and experimentally measured weld dimensions 

corresponding to welding conditions given in Table 4.10. 

 

Comparison between computed and experimentally measured macrograph 

able 4.10. 

 

Comparison between computed and experimentally measured weld dimensions 

TH-1439_10610322



162 

 

5.4.2 Transient heat transfer in fiber laser welding 

The computational exercise with the conduction heat transfer analysis is attempted 

next for linear laser welding process. Typically in the physical modeling of a linear welding 

process, welding heat source generally moves with a constant velocity along the original weld 

joint interface, a moving heat source concept is required to be implemented. This can be done 

in two ways. The first way is that in which it can be considered that the welding heat source 

moves with relative to the work piece and applies the heat input at different positions on the 

work piece (weld line) as a function of time. This approach referred to the Lagrangian. One 

significant disadvantage of this approach is the fact that a large solution domain is necessary 

to map the actual length of the weld joint. On the other hand, a quasi-steady method can be 

followed in which the main consideration is that the work piece is satisfactorily large enough 

and the thermal cycles around the heat source does not necessarily change with time over the 

complete length of the weld joint, apparently except towards the end of the work piece. The 

later method allows the solution domain to be comparatively smaller than the actual weld 

joint dimensions and hence, has mostly been followed in the contemporary computational 

welding research works. 

5.4.2.1 Fiber laser welding of austenitic stainless steel, SS 304 

Figure 5.12 refers to computed 3D transient temperature distribution for data set # 8 in 

Table 4.5 at four different times of 0.54 s, 1.44 s, 2.22 s and 2.88 s, respectively. The red 

color area along X-direction and Z-direction represents the half-weld bead width and depth of 

penetration, respectively. The color bar in this figure actually defines the fusion zone, and 

heat affected zone in terms of corresponding isotherm. It is obvious that with the movement 

of laser the subsequent zone solidifies. 

The development of weld pool is demonstrated in Fig. 5.13 at the initial stage of 

welding. The temperature distribution at four different times of 0.06 s, 0.23 s, 0.38 s, 0.53 s 

and 0.68 s respectively are simulated corresponding to data set 8 given in Table 4.5. It is 

obvious from the figure that temperature field is in transient nature from 0 to 0.53 s, which is 

generally refer as initial transient zone. Figure 5.14 represents the temperature field 

corresponding to quasi-stationary zone at time 1.275 s, 2.026 s, 2.551 s and 3 s respectively. 
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Figure 5.12: 3D transient temperature distribution for open atmospheric welding condition of 

data set 8 given in Table 4.5, 

In this zone the temperature distributions are almost stationary and produce similar type of 

isotherms with the advancement of laser source. Figure 

at the end of welding corresponding to weld time 3.48 s, 3.58 s and 3.

When the heat source reaches towards end of the plate, temperature field varies from one 

location to another. At the transient zone of the specimen, three modes of heat transfer are 

more active. In quasi-stationary zone, heat transfer 

compared to convection and radiation.

Figure 5.16 depicts the comparison of the open atmosphere computed weld bead shape 

(left side) with experimentally measured (right side) weld macrographs for welding process 

parameters corresponding to data set # 3, 6 and 7 respectively given in Table 

agreement between the computed and experimental weld macrographs shows the robustness 

of the developed numerical model. The area surrounded by 1697 K (red in colour) represen

the weld fusion zone. Overall quan

dimensions are described in Fig. 5.17

and experimental weld depth of penetration (DOP) 

data set 8) given in Table 4.5. 
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3D transient temperature distribution for open atmospheric welding condition of 

given in Table 4.5, at (a) 0.54 s, (b) 1.44 s, (c) 2.22 s, (d) 2.88 s and (e) zoomed 

view of (c). 

In this zone the temperature distributions are almost stationary and produce similar type of 

isotherms with the advancement of laser source. Figure 5.15 represents the temperature field 

at the end of welding corresponding to weld time 3.48 s, 3.58 s and 3.676 s, respectively. 

When the heat source reaches towards end of the plate, temperature field varies from one 

location to another. At the transient zone of the specimen, three modes of heat transfer are 

stationary zone, heat transfer is mainly more due to conduction as 

ed to convection and radiation. 

depicts the comparison of the open atmosphere computed weld bead shape 

(left side) with experimentally measured (right side) weld macrographs for welding process 

corresponding to data set # 3, 6 and 7 respectively given in Table 

agreement between the computed and experimental weld macrographs shows the robustness 

of the developed numerical model. The area surrounded by 1697 K (red in colour) represen

the weld fusion zone. Overall quantitative comparisons of estimated and measured weld bead 

Fig. 5.17. Figure 5.17 (a) depicts the comparison of computed 

and experimental weld depth of penetration (DOP) for the welding conditions

 

 

3D transient temperature distribution for open atmospheric welding condition of 

8 s and (e) zoomed 

In this zone the temperature distributions are almost stationary and produce similar type of 

represents the temperature field 

676 s, respectively. 

When the heat source reaches towards end of the plate, temperature field varies from one 

location to another. At the transient zone of the specimen, three modes of heat transfer are 

is mainly more due to conduction as 

depicts the comparison of the open atmosphere computed weld bead shape 

(left side) with experimentally measured (right side) weld macrographs for welding process 

corresponding to data set # 3, 6 and 7 respectively given in Table 4.5. A fair 

agreement between the computed and experimental weld macrographs shows the robustness 

of the developed numerical model. The area surrounded by 1697 K (red in colour) represents 

tative comparisons of estimated and measured weld bead 

(a) depicts the comparison of computed 

ons (data set 1 to 
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Figure 5.13: 2D temperature field corresponding to laser power 900 W and welding speed of 

13.33 mm/s at (a) 0.06 s, (b) 0.23 s, (c) 0.38 s, (d) 0.53 s and (e) 0.68 s.

Figure 5.14: 2D temperature distribution corresponding to laser power 900 W and welding 

speed of 13.33 mm/s at (a) 1.275 s, (b) 2.026 s, (c) 2.551 s and (d) 3 s.
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2D temperature field corresponding to laser power 900 W and welding speed of 

mm/s at (a) 0.06 s, (b) 0.23 s, (c) 0.38 s, (d) 0.53 s and (e) 0.68 s. 

 

2D temperature distribution corresponding to laser power 900 W and welding 

13.33 mm/s at (a) 1.275 s, (b) 2.026 s, (c) 2.551 s and (d) 3 s. 

 

2D temperature field corresponding to laser power 900 W and welding speed of 

 

 

2D temperature distribution corresponding to laser power 900 W and welding 
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Figure 5.15: 2D temperature field corresponding to laser power 900 W and welding speed of 

13.33 mm/s at 

The values in Fig. 5.17

and measured weld pool dimensions. Figure 

experimental bead width and computed values for the 

5.17 (a). The maximum error in case of DOP comparison is 7.46 and minimum is 3.7 for data 

sets 7 and 1 respectively. It 

dimensions is within acceptable limit 

Figure 5.16: Comparison between experimental and computed weld macrographs at open 

atmosphere corresponding to (a) data set 3, (b) data set 6, and (c) data set 7 given in Table 
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2D temperature field corresponding to laser power 900 W and welding speed of 

13.33 mm/s at (a) 3.48 s, (b) 3.58 s and (c) 3.676 s. 

Fig. 5.17 on bars illustrate the percentage error between the computed 

and measured weld pool dimensions. Figure 5.17 (b) describes the comparison of 

experimental bead width and computed values for the same welding conditions given in 

. The maximum error in case of DOP comparison is 7.46 and minimum is 3.7 for data 

sets 7 and 1 respectively. It is obvious that the error percentage in calculation of weld 

dimensions is within acceptable limit of less than 8 %. 

Comparison between experimental and computed weld macrographs at open 

corresponding to (a) data set 3, (b) data set 6, and (c) data set 7 given in Table 

4.5. 

 

2D temperature field corresponding to laser power 900 W and welding speed of 

on bars illustrate the percentage error between the computed 

(b) describes the comparison of 

welding conditions given in Fig. 

. The maximum error in case of DOP comparison is 7.46 and minimum is 3.7 for data 

is obvious that the error percentage in calculation of weld 

 

Comparison between experimental and computed weld macrographs at open 

corresponding to (a) data set 3, (b) data set 6, and (c) data set 7 given in Table 
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Figure 5.17: The quantitative comparison of computed

along with percentage error in open atmosphere welding process corresponding to data

data set 8 of Table 4.5: (a) weld depth of penetration and (b) 

The heat transfer analyses of self

been performed using a conical heat source model. Figure 

the self-protective atmosphere experimentally measured weld macrograph (left side) with 

computed weld bead shape (right side) for welding process variables corresponding to data set 

# 1 and data set # 4 given in Table 

computed weld macrographs has been achieved using a conical heat source model. The area 

surrounded by melting point temperature (red colour) signifies the fusion zone in 

is noteworthy that sharp temperature gradient exists in the formation of fusion zone is case of 

argon shielding gas (macrographs) as compared to open atmosphere. Hence the coni

source model is more appropriate as compared to double

Figure 5.19 describes the overall quan

pool dimensions corresponding to self

data set 8) given in Table 4.5. In Fig. 5.19

between measured and predicted weld bead dimensions. The maximum percentage error 

between computed and measured weld bead penetration is 6.97 

sets 2 and 7 respectively. It is obvious that the error percentage in calculation of weld 

dimensions is less than 7 % in case of self
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The quantitative comparison of computed and predicted weld pool dimensions 

along with percentage error in open atmosphere welding process corresponding to data

: (a) weld depth of penetration and (b) weld bead width.

The heat transfer analyses of self-protective atmosphere of argon fiber laser welding 

been performed using a conical heat source model. Figure 5.18 illustrates the comparison of 

protective atmosphere experimentally measured weld macrograph (left side) with 

side) for welding process variables corresponding to data set 

# 1 and data set # 4 given in Table 4.5. Satisfactory agreement between experimental and 

computed weld macrographs has been achieved using a conical heat source model. The area 

lting point temperature (red colour) signifies the fusion zone in Fig. 5.18

is noteworthy that sharp temperature gradient exists in the formation of fusion zone is case of 

argon shielding gas (macrographs) as compared to open atmosphere. Hence the coni

source model is more appropriate as compared to double-ellipsoidal heat source model. 

describes the overall quantitative comparisons of measured and estimated weld 

pool dimensions corresponding to self-protective atmosphere welding variables (data set 1 to 

Fig. 5.19, the numbers on bars show the percentage error 

between measured and predicted weld bead dimensions. The maximum percentage error 

between computed and measured weld bead penetration is 6.97 and minimum is 3.62 for data 

sets 2 and 7 respectively. It is obvious that the error percentage in calculation of weld 

dimensions is less than 7 % in case of self-protective atmosphere welding. 

 

and predicted weld pool dimensions 

along with percentage error in open atmosphere welding process corresponding to data 1 to 

weld bead width. 

fiber laser welding have 

illustrates the comparison of 

protective atmosphere experimentally measured weld macrograph (left side) with 

side) for welding process variables corresponding to data set 

. Satisfactory agreement between experimental and 

computed weld macrographs has been achieved using a conical heat source model. The area 

Fig. 5.18. It 

is noteworthy that sharp temperature gradient exists in the formation of fusion zone is case of 

argon shielding gas (macrographs) as compared to open atmosphere. Hence the conical heat 

ellipsoidal heat source model. 

tative comparisons of measured and estimated weld 

(data set 1 to 

, the numbers on bars show the percentage error 

between measured and predicted weld bead dimensions. The maximum percentage error 

and minimum is 3.62 for data 

sets 2 and 7 respectively. It is obvious that the error percentage in calculation of weld 
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Figure 5.18: Comparison between experimentally measured and 

at protective atmosphere of argon corresponding to (a) data set 1 and (b) data set 4 given in 

Figure 5.19: Comparison between computed and measured weld pool dimensions 

corresponding to self-protective atmosphere welding variables (data set 1 to data set 8) given 

in Table 4.5: (a) weld penetration and (b) weld width.

In fusion welding processes, the nature of thermal cycle and cooling rate 

affects the microstructure and mechanical properties of the welded joint. Therefore, the 

numerical model is also used further to estimate the thermal cycles and cooling rates 

experienced at a number of representative points within the weld pool and heat affected zone. 

Figure 5.20 depicts the calculated weld thermal cycles corresponding to laser power 900W 
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Comparison between experimentally measured and computed weld macrographs 

at protective atmosphere of argon corresponding to (a) data set 1 and (b) data set 4 given in 

Table 4.5. 

omparison between computed and measured weld pool dimensions 

protective atmosphere welding variables (data set 1 to data set 8) given 

in Table 4.5: (a) weld penetration and (b) weld width. 

In fusion welding processes, the nature of thermal cycle and cooling rate 

re and mechanical properties of the welded joint. Therefore, the 

numerical model is also used further to estimate the thermal cycles and cooling rates 

experienced at a number of representative points within the weld pool and heat affected zone. 

depicts the calculated weld thermal cycles corresponding to laser power 900W 

 

computed weld macrographs 

at protective atmosphere of argon corresponding to (a) data set 1 and (b) data set 4 given in 

 

omparison between computed and measured weld pool dimensions 

protective atmosphere welding variables (data set 1 to data set 8) given 

In fusion welding processes, the nature of thermal cycle and cooling rate greatly 

re and mechanical properties of the welded joint. Therefore, the 

numerical model is also used further to estimate the thermal cycles and cooling rates 

experienced at a number of representative points within the weld pool and heat affected zone. 

depicts the calculated weld thermal cycles corresponding to laser power 900W 
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and welding velocity 13.33 mm/s at six different locations on X

2, 3 and 4 in Fig. 5.20 correspond to weld centre line and at a distance of 0.4 mm,

1.4 mm away from the weld centre line. Also, fixed locations of points 5 and 6 are through 

thickness directions at 0.4 mm and 1.6 mm. It is obvious that the temperature of points 1, 2, 3 

and 4 increases gradually and decreases subsequently. Mor

and the peak temperature magnitude varies from point to point. Also, there is a delay to reach 

peak temperature for fixed points away from welding centre line. Similar trend can be 

observed corresponding to points 5 and 6.

locations, it is noticeable that the peak temperatures are different for open and self

atmosphere welding processes. In case of open atmosphere welding corresponding to point 1 

and 2, the maximum temperature attained are 2299 K and 2066 K; whereas it is 2667 K and 

2278 K for self-protective atmosphere welding process. Furthermore, 

from the welding line experiences less heating and it is expected that there is no significant 

changes in weld joint properties. The numerical model is further utilized and demonstrated 

capability in computing cooling rate (CR).

Figure 5.20: Computed weld thermal cycles corresponding laser power 900 W and welding 

velocity 13.33 mm/s at six different points, for (a) Open atmosphere welding and (b) self

protective atmosphere welding process.

Figure 5.21 describes the peak temperature and cooling rate corresponding to data set 8 

given in Table 4.5 for fixed thermocouple location shown in 

temperature is achieved 2667 K in self

maximum cooling rate for open atmosphere welding process is 305×10

153×10
3
 K/s whereas it is 354×10
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and welding velocity 13.33 mm/s at six different locations on X-Z plane. The located points 1, 

correspond to weld centre line and at a distance of 0.4 mm, 0.9 mm and 

1.4 mm away from the weld centre line. Also, fixed locations of points 5 and 6 are through 

thickness directions at 0.4 mm and 1.6 mm. It is obvious that the temperature of points 1, 2, 3 

and 4 increases gradually and decreases subsequently. Moreover, thermal cycles are 

and the peak temperature magnitude varies from point to point. Also, there is a delay to reach 

peak temperature for fixed points away from welding centre line. Similar trend can be 

observed corresponding to points 5 and 6. With the similar process variables and at same 

t is noticeable that the peak temperatures are different for open and self

atmosphere welding processes. In case of open atmosphere welding corresponding to point 1 

emperature attained are 2299 K and 2066 K; whereas it is 2667 K and 

protective atmosphere welding process. Furthermore, the point which is away 

from the welding line experiences less heating and it is expected that there is no significant 

hanges in weld joint properties. The numerical model is further utilized and demonstrated 

capability in computing cooling rate (CR). 

Computed weld thermal cycles corresponding laser power 900 W and welding 

different points, for (a) Open atmosphere welding and (b) self

protective atmosphere welding process. 

describes the peak temperature and cooling rate corresponding to data set 8 

given in Table 4.5 for fixed thermocouple location shown in Fig. 5.20. The maximum peak 

temperature is achieved 2667 K in self-protective atmosphere welding. The magnitude of the 

maximum cooling rate for open atmosphere welding process is 305×10
3
 K/s and minimum is 

K/s whereas it is 354×10
3
 K/s and 145×10

3
 K/s, respectively for 

Z plane. The located points 1, 

0.9 mm and 

1.4 mm away from the weld centre line. Also, fixed locations of points 5 and 6 are through 

thickness directions at 0.4 mm and 1.6 mm. It is obvious that the temperature of points 1, 2, 3 

eover, thermal cycles are stiffer 

and the peak temperature magnitude varies from point to point. Also, there is a delay to reach 

peak temperature for fixed points away from welding centre line. Similar trend can be 

With the similar process variables and at same 

t is noticeable that the peak temperatures are different for open and self-protective 

atmosphere welding processes. In case of open atmosphere welding corresponding to point 1 

emperature attained are 2299 K and 2066 K; whereas it is 2667 K and 

the point which is away 

from the welding line experiences less heating and it is expected that there is no significant 

hanges in weld joint properties. The numerical model is further utilized and demonstrated its 

 

Computed weld thermal cycles corresponding laser power 900 W and welding 

different points, for (a) Open atmosphere welding and (b) self-

describes the peak temperature and cooling rate corresponding to data set 8 

. The maximum peak 

The magnitude of the 

K/s and minimum is 

espectively for controlled 
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atmospheric condition. Figure 5.21 (a) indicates that the variation of maximum cooling rate 

along weld width (X-direction) is more as compared to thickness (Z) direction. 

 

 

Figure 5.21: Comparison of peak temperatures and maximum cooling rates at different 

locations corresponds to open and self-protective atmosphere of argon welding. 

To investigate the combine influence of process parameters and thermal properties of 

substrate material, the non-dimensional heat input index (as discussed in section 5.2.4) is 

considered. The parameters used to predict NHI are described in Table 4.15. Figure 22 (a) 

describes the variation and nature of non-dimensional heat input index with welding speed 

which is not exactly linear. The wide variation of NHI signifies that the selected process 

parameters cover a wide range of welding conditions. The average values of cooling rates in 

and around the weld pool corresponding to three different transformation temperatures are 

plotted in Fig. 22 (b) with respect to NHI corresponding to data set 4, 5 and 8 given in Table 

4.5. It is evident that that at lower values of NHI, the computed values of cooling rate at higher 

temperature (1698 K) are more than the same at 1497 K and 997 K. Moreover, as the value of 

NHI increases, the values of average cooling rates decrease considerably and become nearly 

same corresponding to temperatures 1698 K, 1497 K and 997 K. At higher values of NHI, the 

weld pool size increases noticeably thereby reducing the value of the average cooling rate. 
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Figure 5.22: (a) Variation of non

velocity and (b) influence of N

 5.4.2.2 Fiber laser welding of austenitic stainless steel, SS 316

The conduction mode heat transfer analysis is also performed for 

on SS 316, 3 mm thickness plate. The temperature dependent material properties (

and other constant material properties (Table 5.

melting and solidification was also incorporated into the material model through increase or 

decrease of specific heat of the material and emissivity is considered as 0.9

 

Figure 5.23 describes the 3D transient temperature distribu

Table 4.5 at three different locations. Figure

temperature distribution at time 0.9 sec., 2.25 sec., and 3.45 sec. The region surrounded by the 

liquidus temperature 1727 K denotes the 

axis, and Y-axis respectively represents the depth of penetration, half bead width and weld 

length. It is also observed from this figure that the temperature distribution is symmetrical 

about the YZ plane; on the other hand, it is asymmetric nature with respect to other planes as 

a result of the laser beam movement along the positive Y
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(a) Variation of non-dimensional heat input index with respect to welding 

velocity and (b) influence of NHI on cooling rate. 

Fiber laser welding of austenitic stainless steel, SS 316 

conduction mode heat transfer analysis is also performed for fiber laser welding 

The temperature dependent material properties (Fig. 5.1 (b)

material properties (Table 5.1) are used in simulation. The latent heat of 

melting and solidification was also incorporated into the material model through increase or 

decrease of specific heat of the material and emissivity is considered as 0.9.  

describes the 3D transient temperature distribution for data set 2 given in 

different locations. Figures 5.23 (a), (b), and (c) respectively, refer to the 

temperature distribution at time 0.9 sec., 2.25 sec., and 3.45 sec. The region surrounded by the 

liquidus temperature 1727 K denotes the weld pool, and its intercepts along the Z

axis respectively represents the depth of penetration, half bead width and weld 

length. It is also observed from this figure that the temperature distribution is symmetrical 

on the other hand, it is asymmetric nature with respect to other planes as 

a result of the laser beam movement along the positive Y-axis. 

 

dimensional heat input index with respect to welding 

fiber laser welding 

Fig. 5.1 (b)) 

latent heat of 

melting and solidification was also incorporated into the material model through increase or 

 

data set 2 given in 

(a), (b), and (c) respectively, refer to the 

temperature distribution at time 0.9 sec., 2.25 sec., and 3.45 sec. The region surrounded by the 

weld pool, and its intercepts along the Z-axis, X-

axis respectively represents the depth of penetration, half bead width and weld 

length. It is also observed from this figure that the temperature distribution is symmetrical 

on the other hand, it is asymmetric nature with respect to other planes as 
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Figure 5.23: Three dimensional transient temperature d

at three different t

Figure 5.24 shows the comparison between the experimentally measured (left side) 

and computed weld macrographs (right side). Moreover

respectively, depict the comparison of the two dimensional transverse cross

experimentally observed weld pool shapes against the calculated weld macrographs for data 

set 2, 6, and 7 given in Table 4.

temperature, 1727 K indicates the weld molten pool and its intercepts along the, X

Z-axis depict, half weld bead width and the weld penetration respectively

clearly show a fair agreement between the actual

corresponding calculated weld shapes and sizes for the similar welding conditions.
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Three dimensional transient temperature distributions for data set 2 in T

at three different times; (a) at time 0.9 s (b) at 2.25 s and (c) at 3.45 s.

the comparison between the experimentally measured (left side) 

and computed weld macrographs (right side). Moreover, figures 5.24 (a), (b), and

respectively, depict the comparison of the two dimensional transverse cross

experimentally observed weld pool shapes against the calculated weld macrographs for data 

able 4.5. Moreover, the area enclosed by the base material liquidus 

temperature, 1727 K indicates the weld molten pool and its intercepts along the, X

axis depict, half weld bead width and the weld penetration respectively. 

clearly show a fair agreement between the actual weld macrographs shape and sizes and 

corresponding calculated weld shapes and sizes for the similar welding conditions.

istributions for data set 2 in Table 4.5 

imes; (a) at time 0.9 s (b) at 2.25 s and (c) at 3.45 s. 

the comparison between the experimentally measured (left side) 

(a), (b), and (c) 

respectively, depict the comparison of the two dimensional transverse cross-section of the 

experimentally observed weld pool shapes against the calculated weld macrographs for data 

base material liquidus 

temperature, 1727 K indicates the weld molten pool and its intercepts along the, X-axis and 

. Figure 5.24 also 

weld macrographs shape and sizes and 

corresponding calculated weld shapes and sizes for the similar welding conditions. 
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Figure 5.24: Comparison of experimental (left hand side) and computed (right hand side) 

transverse cross-section weld macrographs, (a

Moreover, Fig. 5.25 illustrates the measurable comparison of experimental and 

computed weld dimensions for welding conditions data set 

Table 4.5. It may be observed from the results shown in 

power as constant and decreasing the welding velocity, the depth of penetration increases and 

bead width also increases but it is nominal in magnitude. Similarly, when welding v

constant and decreases the laser power, weld penetration decreases and bead width also 

decreases that is substantial in magnitude.

The maximum depth of penetration is 1.64 mm for the data set 3 given in 

and the minimum is 0.6 mm for da

the range of process variables given in 

experimentally measured weld pool dimensions and corresponding calculated weld pool 

dimensions are below 8 percent and this can be realized from 

5.4.2.3 Laser welding of DH 31 steel plate

In present work, a quasi-steady state heat transfer analysis of laser welding process is 

performed first to simulate the temperature distribution within the solution domain. 

5.26 schematically represents one sheet of butt joint geometry to be welded along the 

interface A–B–C–D. The heat source is irradiated on the top surface along the interface say, at 

a point ‘O’ at any time instant. The clamps are placed nearby to E, F, G, H points, 

respectively.  Due to symmetric nature of the problem, half of the work

for analysis. This symmetric profile is obtained with respect to YZ plane since the torch is 

moving along Y-direction and assuming

172 

Comparison of experimental (left hand side) and computed (right hand side) 

section weld macrographs, (a) for data set 2, (b) for data set 6 and (c) for data 

set 8 in Table 4.5. 

illustrates the measurable comparison of experimental and 

computed weld dimensions for welding conditions data set no.’s 1, 3, 5, 7, 9 and 11 given in 

It may be observed from the results shown in Fig. 5.25 that when keeping laser 

power as constant and decreasing the welding velocity, the depth of penetration increases and 

bead width also increases but it is nominal in magnitude. Similarly, when welding v

constant and decreases the laser power, weld penetration decreases and bead width also 

is substantial in magnitude. 

The maximum depth of penetration is 1.64 mm for the data set 3 given in 

0.6 mm for data set 9 given in Table 4.5 is experimentally observed for 

the range of process variables given in Table 4.5. The percentage of error between the 

experimentally measured weld pool dimensions and corresponding calculated weld pool 

dimensions are below 8 percent and this can be realized from Fig. 5.25. 

5.4.2.3 Laser welding of DH 31 steel plate 

steady state heat transfer analysis of laser welding process is 

performed first to simulate the temperature distribution within the solution domain. 

one sheet of butt joint geometry to be welded along the 

D. The heat source is irradiated on the top surface along the interface say, at 

a point ‘O’ at any time instant. The clamps are placed nearby to E, F, G, H points, 

Due to symmetric nature of the problem, half of the work-piece is consi

This symmetric profile is obtained with respect to YZ plane since the torch is 

direction and assuming similar type of material is joining. The 

 

Comparison of experimental (left hand side) and computed (right hand side) 

) for data set 2, (b) for data set 6 and (c) for data 

illustrates the measurable comparison of experimental and 

1, 3, 5, 7, 9 and 11 given in 

that when keeping laser 

power as constant and decreasing the welding velocity, the depth of penetration increases and 

bead width also increases but it is nominal in magnitude. Similarly, when welding velocity is 

constant and decreases the laser power, weld penetration decreases and bead width also 

The maximum depth of penetration is 1.64 mm for the data set 3 given in Table 4.5 

is experimentally observed for 

The percentage of error between the 

experimentally measured weld pool dimensions and corresponding calculated weld pool 

steady state heat transfer analysis of laser welding process is 

performed first to simulate the temperature distribution within the solution domain. Figure 

one sheet of butt joint geometry to be welded along the 

D. The heat source is irradiated on the top surface along the interface say, at 

a point ‘O’ at any time instant. The clamps are placed nearby to E, F, G, H points, 

piece is considered 

This symmetric profile is obtained with respect to YZ plane since the torch is 

The welding 
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conditions are depicted in Table 4.13.

are used as given in Fig. 5.1 (c)

depicted in Table 5.1. 

 

Figure 5.25: Quantitative comparison of calculated and experimental weld dimensions along 

with error between them for welding conditions of data set 1, 3, 5, 7, 9 and 11 given in 

4.5; (a) weld penetration comparisons and (b) weld bead width comparisons.

173 

conditions are depicted in Table 4.13. The temperature dependent thermal material properties 

Fig. 5.1 (c). The constant material properties used in numerical model is 

Quantitative comparison of calculated and experimental weld dimensions along 

with error between them for welding conditions of data set 1, 3, 5, 7, 9 and 11 given in 

; (a) weld penetration comparisons and (b) weld bead width comparisons.

al material properties 

. The constant material properties used in numerical model is 

 

Quantitative comparison of calculated and experimental weld dimensions along 

with error between them for welding conditions of data set 1, 3, 5, 7, 9 and 11 given in Table 

; (a) weld penetration comparisons and (b) weld bead width comparisons. 
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Figure 5.26: Schematic presentation of butt joint geometry

Figure 5.27 depicts the simulated temperature distribution for autogeneous laser 

welding process when the laser is at the middle of the whole work

nature of temperature distribution that the laser is moving at certain speed and is stopped at 

this position. This resembles the quasi

welding process. The red zone in this figure indicates the molten pool size e.g. from the centre

of focused laser, the length along X

direction. The estimated power density is ~ 0.36 x10

conduction mode laser welding where the aspect ratio (W

time-temperature cycle in quasi-steady state analysis is performed by assuming the loading 

period from one edge to the middle of work

switched-off) at the middle position of work

temperature. The loading period depends on the weld velocity and is calculated in present 

case as ~ 2.9 s. 
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Schematic presentation of butt joint geometry. 

depicts the simulated temperature distribution for autogeneous laser 

the laser is at the middle of the whole work-piece. It seems from the 

ion that the laser is moving at certain speed and is stopped at 

this position. This resembles the quasi-steady state nature of heat transfer analysis in fusion 

welding process. The red zone in this figure indicates the molten pool size e.g. from the centre

of focused laser, the length along X- direction is half-width (Ww) and depth (Wp

direction. The estimated power density is ~ 0.36 x10
6
 W/m

2
. Hence it may be assumed as 

conduction mode laser welding where the aspect ratio (Wp/Ww ratio) is around ~ 0.5. The 

steady state analysis is performed by assuming the loading 

period from one edge to the middle of work-piece. The laser beam is stopped (as well as 

off) at the middle position of work-piece and it is allowed to cool to room 

temperature. The loading period depends on the weld velocity and is calculated in present 

 

depicts the simulated temperature distribution for autogeneous laser 

piece. It seems from the 

ion that the laser is moving at certain speed and is stopped at 

steady state nature of heat transfer analysis in fusion 

welding process. The red zone in this figure indicates the molten pool size e.g. from the centre 

p) along Z-

. Hence it may be assumed as 

ratio) is around ~ 0.5. The 

steady state analysis is performed by assuming the loading 

piece. The laser beam is stopped (as well as 

ce and it is allowed to cool to room 

temperature. The loading period depends on the weld velocity and is calculated in present 
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Figure 5.27: Simulated temperature profile of autogeneous laser welding. 

 

 The time temperature history for autogeneous laser welding is depicted in Fig. 5.28. 

The temperature profiles have been calculated along X-direction on the top of work piece at 

various distances from the centre of the heat source. It is obvious that peak temperature 

achieved for laser welding is below 3000 K at the centre very rapidly. During cooling period 

there exists a pleatu region (the part of the work-piece that cross the solidus temperature) 

possibly in between solidus and liquidus temperature due to release of latent heat which 

effectively consider the phase change effect. The cooling period is longer as compared to 

heating period. Figure 5.29 depicts the comparison between experimentally measured peak 

temperatures and computed one at three different welding conditions. In numerical 

simulation, the peak temperature has been considered along the line OP when heat source is 

assumed at the Centre point ‘O’. Due to a concentrated heat source, temperature in the weld 

pool changes rapidly with the distance from the weld center line, i.e. the highest temperature 

is limited to the domain of the heat source with the lower temperature zone fanning out. 

Moreover, the computational model is further utilized to estimate the fusion zone area and 

compared with that of experimental results. The experimentally measured fusion zone area is 

4.1 mm
2
, whereas the calculated fusion zone area is 4.3 mm

2
. The percentage error between 

the computed and experimental fusion zone area is 4.88 %. Henceforth, the computational 

approach followed here is providing relatively fair results.  
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Figure 5.28: Time-temperature history of autogeneous laser welding. 

 

Figure 5.29: Comparison between experimental and numerical model results of thermal 

analysis: peak temperature. 

5.4.2.4 Laser butt joint of SS 304 

The effort on conduction heat transfer analysis based on finite element method has 

been further extended to simulate the fiber laser butt joint welding on SS 304 of 3 mm 
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thickness plate. In this section, the thermal results are presented and the mechanical analysis 

results are given in section 5.6. The conduction heat transfer analysis is performed 

considering two plates with neglecting contact resistance.      

Figure 5.30 shows the three dimensional temperature distribution of the butt welding 

plates when the laser beam passes the position at the coordinate of y = 50 mm (at time 4.498 

s) in the welding direction corresponding to laser power 1000 W and scan speed 0.667 m/min. 

The region surrounded by the liquidus temperature 1727 K (red portion in figure 5.24) 

represents the fusion zone (FZ) and its intercepts along the X-axis and Z-axis represent the 

weld bead width and depth of penetration, respectively. High temperatures are existent at an 

immediate vicinity of the fusion zone, which describes the heat affect zone (HAZ). 

 

Figure 5.30: Three dimensional view of temperature distribution at 4.498 s after beginning of 

welding corresponding to data set #1 in Table 4.7 (red color zone represents fusion zone). 

 Figure 5.31 (a)-(b) illustrates the comparison of experimental and computed weld bead 

dimensions corresponding to welding conditions given in Table 4.7. The depth of penetration 

is more when the welds are made of laser power 1000 W and laser scan speed 0.667 m/min. 

Moreover, when the heat input per unit length decreases the weld bead dimensions are also 

decreases. The maximum percentage error between computed and measured penetration and 

bead width are achieved 7.5 and 5.56. A fair agreement between measured and calculated 

weld bead dimension can be seen from the Fig. 5.31. Furthermore, thermo-mechanical 

analysis has been performed in this work to estimate the welding induced residual stresses and 

distortions (section 5.6). 
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Figure 5.31: Comparison of experimental and calculated weld bead dimensions of fiber 

welding on SS 304, 3mm thickness plate corresponding to welding conditions given in Table 

5.4.3 Heat transfer analysis 

configuration heat source model

The egg-configuration heat source model is developed 

during simulation of linear fusion welding process. 

soundness of the egg-configuration heat source model, two relatively unlike welding 

processes such as linear GTA and laser welding are

welding processes a non-linear three dimensional transient heat transfer model is developed to 

study the validity and flexibility of the proposed heat source model. For the simulation of 

these problems, the symmetric one-

are made in the formation of the finite element modelling: the work piece initial temperature 

is 300 K i.e. no preheating effect. The work piece is fixed while 

attain prescribed relative velocity. The experimental results of gas tungsten arc welding 

process of AZ91 magnesium alloy and high

alloy 5083 and 6082 under conduction regime are considered

welding process parameters along with measured weld dimensions used to validate the 

numerical model. The chemical compositions of magnesium alloy

5083 and 6082 are given in Table 4.16 (a), (b) and (c) respectively

In order to realize the influence of the welding heat source parameters and thermo

physical material properties, an integrated non
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Comparison of experimental and calculated weld bead dimensions of fiber 

welding on SS 304, 3mm thickness plate corresponding to welding conditions given in Table 

4.7. 

transfer analysis using newly developed 

heat source model 

heat source model is developed to reduce the model parameters 

simulation of linear fusion welding process. In order to verify the flexibility and 

configuration heat source model, two relatively unlike welding 

processes such as linear GTA and laser welding are considered for simulation. In both the 

linear three dimensional transient heat transfer model is developed to 

study the validity and flexibility of the proposed heat source model. For the simulation of 

-half of the plate is considered. The following assumptions 

are made in the formation of the finite element modelling: the work piece initial temperature 

is 300 K i.e. no preheating effect. The work piece is fixed while the heat source moves to 

prescribed relative velocity. The experimental results of gas tungsten arc welding 

process of AZ91 magnesium alloy and high-power diode laser welding process of aluminium 

under conduction regime are considered. Table 4.15 (a)-(c) 

welding process parameters along with measured weld dimensions used to validate the 

. The chemical compositions of magnesium alloy AZ 91, aluminium alloy

able 4.16 (a), (b) and (c) respectively.  

the influence of the welding heat source parameters and thermo

physical material properties, an integrated non-dimensional heat input index NHI is defined for 

 

Comparison of experimental and calculated weld bead dimensions of fiber laser 

welding on SS 304, 3mm thickness plate corresponding to welding conditions given in Table 

developed egg-

to reduce the model parameters 

In order to verify the flexibility and 

configuration heat source model, two relatively unlike welding 

considered for simulation. In both the 

linear three dimensional transient heat transfer model is developed to 

study the validity and flexibility of the proposed heat source model. For the simulation of 

half of the plate is considered. The following assumptions 

are made in the formation of the finite element modelling: the work piece initial temperature 

the heat source moves to 

prescribed relative velocity. The experimental results of gas tungsten arc welding 

power diode laser welding process of aluminium 

 shows the 

welding process parameters along with measured weld dimensions used to validate the 

aluminium alloy 

the influence of the welding heat source parameters and thermo-

is defined for 
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each data set in both the welding processes. The parameters used to estimate NHI are 

described in Table 4.15. In equation (5.4), reff value in case of GTAW is considered as 2.5 mm 

[248]. The magnitude of NHI corresponding to GTAW welding varies from 1.65 to 9.28 

(Table 4.15(a)) whereas it is from 2.6 to 52.11 (Table 4.15(c)) for laser welding of aluminum 

alloy 5083. The wide variation of NHI signifies that the selected process parameters cover a 

wide range of welding conditions. 

Table 5.6: List of proposed heat source model parameters for GTA and laser welding 

processes. 

 

Welding 

Process 

 

a 

 

b 

 

c 

 

m 

 

Nf 

 

Nr 

       

GTAW (data 

set #1 in Table 

4.15 (a)) 

2.89 4.34 1.17 0.2 1.25 0.75 

       

Laser (data set 

#5 in Table 

4.15 (c)) 

2.67 4.01 2.72 0.2 1.23 0.77 

 

Figure 5.32 (a)-(c) describe the transient 3D calculated temperature distribution 

corresponding to data set #5 in Table 4.15 (b) at three different locations corresponding to 

weld time 1.502 s, 3.904 s, and 6.907 s, respectively using the proposed heat source model. 

The liquidus temperature of the base material is considered as 828 K. Therefore, the area 

enclosed by the liquidus temperature of the base material depicts the weld fusion zone and its 

intercepts along X-axis and Z-axis denote the half of the weld bead width and depth of 

penetration, respectively. 

Figure 5.33 (a)-(c) describes the comparison between the experimentally measured 

weld pool shapes (left side) and computed weld pool shapes (right side) corresponding to data 

set #1,  #3 and #4 given in Table 4.15 (b) using egg shape heat source model. A fair 

agreement between the computed and corresponding experimental weld macrographs 

indicates the robustness of the proposed ‘egg’ shape heat source model. Figure 5.34 describes 

the quantitative comparison between computed weld pool dimensions and the experimental 

measured weld pool dimensions as given in Table 4.15(b). In Fig.5, DOPE, DOPC, BWE, 

BWC, ERP and ERW depict experimental and computed depth of penetration, experimental 

and computed bead width, percentage error between computed and experimental depth of 

penetration and bead width respectively. 
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Figure 5.32: 3D transient temperature 

distribution for data set 5 given in 

4.15 (b) after (a) 1.502 s, (b) 3.904 s and 

(c) 6.907 s. plate dimensions: 15 mm×30 

mm×4 mm 

 

It is clear from the Fig.5 that the error percentage in calculation of weld bead 

dimensions is within acceptable limit (< 7 %). Moreover, the percentage error between 

computed and experimental depth of penetration is maximum of 6.9 % for data set #4 and is 

minimum of 1.75% for data set #5 given in Table 

between computed and experimental weld bead width is minimum of 2.31 % for data set #6 

and maximum of 5.78 % for data set #3 given in Table 
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3D transient temperature 

distribution for data set 5 given in Table 

after (a) 1.502 s, (b) 3.904 s and 

(c) 6.907 s. plate dimensions: 15 mm×30 

Figure 5.33: Comparison between experimental 

and computed weld macrographs: (a) data set 

#1, (a) data set #3 and (a) data set #4 given in 

Table 4.15 (b). 

 

ig.5 that the error percentage in calculation of weld bead 

dimensions is within acceptable limit (< 7 %). Moreover, the percentage error between 

computed and experimental depth of penetration is maximum of 6.9 % for data set #4 and is 

data set #5 given in Table 4.15 (b). Likewise, the percentage error 

between computed and experimental weld bead width is minimum of 2.31 % for data set #6 

and maximum of 5.78 % for data set #3 given in Table 4.15 (b). 

 

Comparison between experimental 

and computed weld macrographs: (a) data set 

#1, (a) data set #3 and (a) data set #4 given in 

ig.5 that the error percentage in calculation of weld bead 

dimensions is within acceptable limit (< 7 %). Moreover, the percentage error between 

computed and experimental depth of penetration is maximum of 6.9 % for data set #4 and is 

. Likewise, the percentage error 

between computed and experimental weld bead width is minimum of 2.31 % for data set #6 
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Figure 5.34: Quantitative comparison of experimental and computed weld pool dimension 

corresponding to process variable given in Table 

Figure 5.35: Calculated transient temperature field in GTAW weldment corresponding to 

data set #1 in Table 4.15 (a), 
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Quantitative comparison of experimental and computed weld pool dimension 

corresponding to process variable given in Table 4.15 (b). 

 

Calculated transient temperature field in GTAW weldment corresponding to 

(a), (a) using proposed heat source model: (a) at 1.8018 s, (b) at 

3.003 s, and (c) at 4.2042 s. 

 

Quantitative comparison of experimental and computed weld pool dimension 

Calculated transient temperature field in GTAW weldment corresponding to 

sing proposed heat source model: (a) at 1.8018 s, (b) at 
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The proposed model parameters are considered from the experimentally measured 

weld pool dimensions. This approach has been followed by several researchers [30, 42, 125, 

144]. Therefore, in this work, the heat source model parameters were mapped with the actual 

weld pool size. Table 5.6 describes the typical model parameters used for egg configuration 

heat source model. Table 4.15 (a) shows the process parameters of GTAW along with the 

experimentally measured weld pool dimensions. The proposed model is verified for welding 

speeds from 3.33 mm/s to 13.3 mm/s. Figure 5.35 (a)-(c) show the three dimensional 

predicted temperature distribution of GTAW at three different locations (at time t = 1.8018 s, 

3.003 s, and 4.2042 s respectively) corresponding to data set #1 in Table 4.15 (a) using a 

proposed egg configuration heat source model. In Fig. 5.35 (a)-(c), the area enclosed by the 

liquidus temperature of AZ91 magnesium alloy is 870K, depict the fusion zone, and its 

intercepts along the Z-axis and X-axis represents the depth of penetration and half of the bead 

width, respectively. Figure 5.36 (a)-(c) describe the 3D computed temperature distribution for 

laser welding of aluminum alloy 5083 corresponding to data set #1 in Table 4.15 (c) at three 

different positions corresponding to weld time 6/50 s, 14/50 s, and 22/50 s, respectively using 

a proposed heat source model. The liquidus temperature of the aluminium alloy is considered 

as 843 K. Numerical simulation is performed for lower speed of laser welding (5 mm/s) to 

relatively higher speed welding (100 mm/s). In the present work, the simulations are also 

performed using a double ellipsoidal heat source model to understand the perfection of the 

proposed model for linear fusion welding process. Figure 5.37 (a) and (b) show the 

comparison between computed isotherms of two types of heat source model corresponding to 

data set # 5 in Table 4.15 (c). It is observed from this figure that the computed weld 

macrographs are almost similar in shape and size. However, the values of the weld width and 

depth of penetration are not same due to the variation of the lengths in moving direction of 

heat source. Figures 5.38 (a) and (b) depict the overall comparison of weld depth of 

penetration and width using two heat source models along with percentage error 

corresponding to experimental data in Table 4.15 (c). 

Figures 5.39 (a)-(c) depicts the comparison of experimentally measured weld pool 

shapes (left side) and computed weld pool shapes (right side) corresponding to data set #2,  #3 

and #5 of Table 4.15 (c) using a proposed heat source model. Fair agreements between 

calculated and experimental weld bead cross sections indicate the robustness of numerical 

simulation using egg-configuration heat source model. Overall quantitative estimation of weld 

dimensions from numerical model and a comparative study over experimentally measured 
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weld dimensions are illustrated 

model. 

Figure 5.36: Calculated transient temperature field in diode laser weldment corresponding to 

data set #2 in Table 4.15 (c), 

Figure 40 (a) and (b) illustrates the comparison of computed and experimental weld 

pool dimensions for the welding conditions given in table 

and weld bead width respectively. 

between the computed and measured weld pool dimensions. The comparison of weld pool 

dimensions for GTAW indicates fair agreement for a wide range of process parameters (N

1.65 ~ 9.28). Figures 41 (a) and (b) depicts

measured (Table 4.15 (c)) and calculated weld pool dimensions for laser welding over a wide 

range of NHI (2.6 ~ 52.11) for depth of penetration and weld bead width respectively. It

obvious that both the cases, the error percentage in calculation of weld dimensions is within 

acceptable limit (< 8 %). 
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nsions are illustrated in figures 5.40 and 5.41 using the proposed heat source 

 

Calculated transient temperature field in diode laser weldment corresponding to 

(c), (c) using proposed heat source model: (a) at 6/50 s, (b) at 14/50 

s, and (c) at 22/50 s. 

(a) and (b) illustrates the comparison of computed and experimental weld 

pool dimensions for the welding conditions given in table 4.15 (b) for depth of penetration 

and weld bead width respectively. The values in figures on bars illustrate the percentage error 

between the computed and measured weld pool dimensions. The comparison of weld pool 

dimensions for GTAW indicates fair agreement for a wide range of process parameters (N

(a) and (b) depicts the quantitative comparison of the experimentally 

) and calculated weld pool dimensions for laser welding over a wide 

(2.6 ~ 52.11) for depth of penetration and weld bead width respectively. It

obvious that both the cases, the error percentage in calculation of weld dimensions is within 

using the proposed heat source 

Calculated transient temperature field in diode laser weldment corresponding to 

6/50 s, (b) at 14/50 

(a) and (b) illustrates the comparison of computed and experimental weld 

) for depth of penetration 

The values in figures on bars illustrate the percentage error 

between the computed and measured weld pool dimensions. The comparison of weld pool 

dimensions for GTAW indicates fair agreement for a wide range of process parameters (NHI = 

the quantitative comparison of the experimentally 

) and calculated weld pool dimensions for laser welding over a wide 

(2.6 ~ 52.11) for depth of penetration and weld bead width respectively. It is 

obvious that both the cases, the error percentage in calculation of weld dimensions is within 
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Figure 5.37: Comparison between computed weld macrographs using double ellipsoidal (left 

side) and egg-configuration heat source m

Figure 5.38: Comparison between computed weld pool dimensions using double ellipsoidal 

and egg-configuration heat source model corresponding to welding conditions of Table 

(b): (a) depth of penetration 

In welding process, the thermal histories and cooling rates strongly influence the 

microstructure and mechanical properties of the welded joint. 

the cooling in and around the weld zone is useful for unde

kinetics which influences the final microstructure of the joint. To keep the calculations 

simple, the thermodynamics and kinetics of the solidification process are not incorporated and 

the degree of undercooling is assumed ze

184 

Comparison between computed weld macrographs using double ellipsoidal (left 

configuration heat source model (right) for data set 5 of Table 4.15 

Comparison between computed weld pool dimensions using double ellipsoidal 

configuration heat source model corresponding to welding conditions of Table 

): (a) depth of penetration and (b) weld bead width. 

In welding process, the thermal histories and cooling rates strongly influence the 

microstructure and mechanical properties of the welded joint. A quantitative knowledge on 

the cooling in and around the weld zone is useful for understanding phase transformation 

kinetics which influences the final microstructure of the joint. To keep the calculations 

simple, the thermodynamics and kinetics of the solidification process are not incorporated and 

dercooling is assumed zero. 

 

Comparison between computed weld macrographs using double ellipsoidal (left 

4.15 (c). 

 

Comparison between computed weld pool dimensions using double ellipsoidal 

configuration heat source model corresponding to welding conditions of Table 4.15 

In welding process, the thermal histories and cooling rates strongly influence the 

A quantitative knowledge on 

rstanding phase transformation 

kinetics which influences the final microstructure of the joint. To keep the calculations 

simple, the thermodynamics and kinetics of the solidification process are not incorporated and 
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Figure 5.39: Comparison of experimental weld macrograph (left side) with computed thermal 

profile using proposed heat source model corresponding to (a) data set #2, (b) data set #3, and 

Figure 5.40: Comparison between experimentally measured weld dimensions with computed 

dimensions using proposed heat source model during GTAW corresponding to welding 

conditions of Table 4.15 
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Comparison of experimental weld macrograph (left side) with computed thermal 

profile using proposed heat source model corresponding to (a) data set #2, (b) data set #3, and 

(c) result set #5 in Table 4.15 (c). 

Comparison between experimentally measured weld dimensions with computed 

dimensions using proposed heat source model during GTAW corresponding to welding 

4.15 (a): (a) depth of penetration and (b) weld bead width.

Comparison of experimental weld macrograph (left side) with computed thermal 

profile using proposed heat source model corresponding to (a) data set #2, (b) data set #3, and 

 

Comparison between experimentally measured weld dimensions with computed 

dimensions using proposed heat source model during GTAW corresponding to welding 

(a): (a) depth of penetration and (b) weld bead width. 
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Figure 5.41: Comparison between experimentally measured weld dimensions with computed 

dimensions corresponding to welding conditions of Table 

and (b) for weld bead width.

Figures 5.42 (a) and (b) depict the estimated time

corresponding to data set #1 given in Table 

set #2 given in Table 4.15 (c) at four different locations from the weld 

(a), the time-temperature history for fixed locations of points 1, 2, 3 and 4, illustrates the 

temperature variation over time at a distance of 0.5 mm, 1.0 mm, and 4 mm away from the 

weld centre line and before the middle of the work piece. 

the temperature of each point increases gradually and decreases subsequently. The magnitude 

of the peak temperature varies from point to point. There is a delay to attain peak temperature 

for fixed points away from welding centre line. 

thermal cycles of laser welding process at points 1, 2, 3, and 4. The corresponding locations 

of points are indicated in the figure. It is obvious that the peak temperatures are different for 

these two processes. In GTAW, the 

laser welding process. However, the process parameters are not same for both the processes. 

Overall, the time-temperature cycle is stiffer for laser welding and is widen for GTAW 

welding process. The temperature gradient as well as high rate of heating and cooling takes 

place in laser welding as compared to GTAW. 

welding line experiences less heating and it is expected that there is no significant changes in 

properties. The numerical heat transfer model is next utilized to demonstrate its capability in 

computing cooling rate (CR). Figures 5.43 

to time for both GTAW and laser welding processes, respectively corr
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son between experimentally measured weld dimensions with computed 

dimensions corresponding to welding conditions of Table 4.15 (c): (a) for depth of penetration 

and (b) for weld bead width. 

depict the estimated time-temperature history of GTAW 

corresponding to data set #1 given in Table 4.15 (a) and laser welding corresponding to data 

) at four different locations from the weld centre line. In Fig.

temperature history for fixed locations of points 1, 2, 3 and 4, illustrates the 

temperature variation over time at a distance of 0.5 mm, 1.0 mm, and 4 mm away from the 

line and before the middle of the work piece. Figure 5.42 (a) demonstr

the temperature of each point increases gradually and decreases subsequently. The magnitude 

of the peak temperature varies from point to point. There is a delay to attain peak temperature 

for fixed points away from welding centre line. Figure 5.42 (b) describes the calculated 

thermal cycles of laser welding process at points 1, 2, 3, and 4. The corresponding locations 

of points are indicated in the figure. It is obvious that the peak temperatures are different for 

 maximum peak temperature is 940 K whereas 1060 K for 

laser welding process. However, the process parameters are not same for both the processes. 

temperature cycle is stiffer for laser welding and is widen for GTAW 

mperature gradient as well as high rate of heating and cooling takes 

place in laser welding as compared to GTAW. Moreover, the point which is away from the 

welding line experiences less heating and it is expected that there is no significant changes in 

The numerical heat transfer model is next utilized to demonstrate its capability in 

ures 5.43 (a) and (b) illustrate the cooling rate with respect 

to time for both GTAW and laser welding processes, respectively corresponding to the special 

 

son between experimentally measured weld dimensions with computed 

): (a) for depth of penetration 

temperature history of GTAW 

(a) and laser welding corresponding to data 

In Fig. 5.42 

temperature history for fixed locations of points 1, 2, 3 and 4, illustrates the 

temperature variation over time at a distance of 0.5 mm, 1.0 mm, and 4 mm away from the 

(a) demonstrates that 

the temperature of each point increases gradually and decreases subsequently. The magnitude 

of the peak temperature varies from point to point. There is a delay to attain peak temperature 

the calculated 

thermal cycles of laser welding process at points 1, 2, 3, and 4. The corresponding locations 

of points are indicated in the figure. It is obvious that the peak temperatures are different for 

maximum peak temperature is 940 K whereas 1060 K for 

laser welding process. However, the process parameters are not same for both the processes. 

temperature cycle is stiffer for laser welding and is widen for GTAW 

mperature gradient as well as high rate of heating and cooling takes 

Moreover, the point which is away from the 

welding line experiences less heating and it is expected that there is no significant changes in 

The numerical heat transfer model is next utilized to demonstrate its capability in 

the cooling rate with respect 

esponding to the special 
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points indicated in Fig. 5.42. The cooling rate is estimated by the ratio of change in 

temperature with change of time and is defined by 

@A = BC
BD ≈ �C�2CE

D�2 DE
�        (5.6) 

where T2 and T1 are the temperatures corresponding to time t2 and t1 (t2> t1). It is customary to 

note that rate of change of temperature during heating period is also termed as cooling rate. In 

Fig. 5.43 (a), the cooling rate is initially zero since there is little effect of welding heat source 

to develop the temperature or to change the temperature on fixed points. When the heat source 

approaches toward the fixed points, the cooling rate increases gradually to half of the total 

welding time. At the half of the total welding time, cooling rate suddenly becomes zero since 

there is no change in temperature at that time. The cooling rate further increases, attains 

maximum value, and reduces thereafter when the heat source moves away from the fixed 

region. This trend follows for laser welding although the magnitude of the cooling rate is 

different. The magnitude of the maximum cooling rate for GTAW are 603 K/s, 580 K/s, 517 

K/s, and 122 K/s corresponding to points 1, 2, 3, and 4, respectively. In case of laser welding 

(Fig. 5.43 (b)), the cooling rate varies from 11.1 x 10
3
 K/s for point 1 to 0.435 x 10

3
 K/s for 

point 2. Although the distance from the weld centre line is same for both GTAW and laser 

welding, the cooling rate for laser welding experiences wide variation. This signifies that the 

laser welding involves concentrated heat distribution that affects considerably low geometric 

space. Since direct measurement of high peak temperature, rapid change of weld thermal 

cycle and resulting thermal distortion and associated stresses are difficult to measure 

experimentally for fusion welding process, the contemporary demand of reliable quantitative 

models are ever increasing. Present work is an effort to demonstrate heat transfer analysis 

using proposed egg-configuration heat source model for autogenous fusion welding process. 

Further validation of time-temperature history, cooling rate and influence of cooling rate on 

mechanical properties of weld joint are necessary to enhance the reliability of process model 

reported in this work. 

5.4.3.1 Novelty and limitation of egg-configuration heat source model 

The egg-configuration volumetric heat source model is developed and is tested to simulate 

temperature distribution for GTAW and laser welding processes. The developed heat source 

model consists of limited number of model parameters with asymmetric heat density 
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distribution for linear fusion welding process. The effect of welding

is dealt with changes of measurable weld

The heat source model is limited 

however, capable to yield non-uniform volumetric heat in front and rear

egg shape. 

Figure 5.42: Estimated time-temperature history 

in Table 4.15 (a), and (b) diode laser welding corresponding to data set #2 in Table 

Figure 5.43: Estimated of cooling rate for (

corresponding to thermal cycles of 

Overall, from the results it is 

enough to accommodate different type of fusion welding process

heat source parameters are needed to

heat source parameters from the mathematical basis demands an organized
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distribution for linear fusion welding process. The effect of welding speed on volumetric heat 

is dealt with changes of measurable weld dimensions and is adjustable by the parameter

 to equal semi axis length along the welding direction, 

uniform volumetric heat in front and rear parts of the proposed 

temperature history for (a) GTAW corresponding to data set #1 

(a), and (b) diode laser welding corresponding to data set #2 in Table 

Estimated of cooling rate for (a) GTAW and (b) diode laser welding 

corresponding to thermal cycles of Fig. 5.42. 

is revealed that the developed heat source model is

enough to accommodate different type of fusion welding process and hence the casting of the 

heat source parameters are needed to fit for a specific application. However, the estimation of 

parameters from the mathematical basis demands an organized approach using 

speed on volumetric heat 

rameter ‘m’. 

to equal semi axis length along the welding direction, 

parts of the proposed 

 

for (a) GTAW corresponding to data set #1 

(a), and (b) diode laser welding corresponding to data set #2 in Table 4.15 (c). 

 

a) GTAW and (b) diode laser welding 

that the developed heat source model is flexible 

and hence the casting of the 

tion. However, the estimation of 

approach using 
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optimization algorithm which is the future scope of work for further exploration of egg 

configuration heat source model. 

5.4.5 Keyhole formation in laser welding 

The keyhole geometry is estimated from a separate mathematical model, a point-by-

point energy balance on the keyhole wall where the temperature was assumed to be equal to 

the boiling point of the alloy. The mathematical model computes keyhole geometry 

depending on several parameters which include geometrical parameters, material properties 

and welding process variables. The modeling approach of the keyhole is described in chapter 

4. Data utilized for the estimation of the keyhole geometry are listed in Table 5.1. A typical 

calculated keyhole profile is shown in Fig. 5.44 corresponding to laser power 2000 W and 

laser scan speed 18.33 mm/s of SS 316, 5 mm thickness plate in open atmospheric conditions. 

The maximum power density corresponding to laser power 2000 W and other welding 

conditions given in Table 4.6 is 6.37×10
6
 W cm

-2
. Generally, if the maximum power density 

is more than 10
6
 W cm

-2
 then the keyhole may form during welding [69]. Henceforth, the 

welding conditions considered in this section will lead to keyhole formation in welds. 

It is observed from the keyhole profile that the beam axis intersects the front keyhole 

wall. The front keyhole wall has a larger angle with the beam axis than does the rear keyhole 

wall. During welding, the laser beam comes across cold material first and approaches to the 

front keyhole wall. The material near the rear wall has been heated then. Therefore, the heat 

flux into the front wall is higher than that into the rear wall. To facilitate the balance of the 

heat loss, the front wall was more inclined so that more beam energy could be intercepted and 

absorbed. Henceforth, the estimated keyhole geometry was asymmetric with the rear wall 

being steeper than the front wall. Figure 5.45 depict the mapping of keyhole profile with 

experimentally extracted weld macrograph. The keyhole boundary is marked by the yellow 

lines. Figures 5. 45 (a) and (b) are corresponding to welding data set 3 and 4 given in Table 

4.5 of SS 316 fiber laser welds. It is observed from the results that the estimated keyhole 

profile is larger for the low welding speed (13.33 mm/s) as compared to welding speed of 15 

mm/s. 
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Figure 5.44: Estimated keyhole profile for fiber laser welding at 

scanning speed 18.33 mm/s in open atmospheric.

Figure 5.45: Mapping of estimated profile with experimentally obtained SS 316, 5 mm 

thickness plate weld macrograph corresponding to laser power 2000 W and laser scan speed 

(a) 15 mm/s and 
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eyhole profile for fiber laser welding at laser power 2 kW and 

scanning speed 18.33 mm/s in open atmospheric. 

Mapping of estimated profile with experimentally obtained SS 316, 5 mm 

thickness plate weld macrograph corresponding to laser power 2000 W and laser scan speed 

5 mm/s and (b) 13.33 mm/s. 

laser power 2 kW and 

 

Mapping of estimated profile with experimentally obtained SS 316, 5 mm 

thickness plate weld macrograph corresponding to laser power 2000 W and laser scan speed 
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5.5   Heat transfer and fluid flow in GTA welding 

The conduction heat transfer analysis of fusion welding process using volumetric heat 

source model has provided with reasonably accurate weld bead dimensions in linear GTA and 

laser welds corresponding to a number of experimentally measured results. Nevertheless, the 

conduction heat transfer analysis alone is not sufficiently enough of accounting for the 

convective transport of heat that occurs in molten weld pool. Only heat conduction analysis 

might not be sufficient to consider the effect of surface-active elements. In the liquid metal 

flow, the most significant driving force is the surface tension force and it is incorporated 

through temperature- and concentration-dependent coefficients of surface tension. Other 

forces such as buoyancy force due to presence of density differences and electromagnetic 

force due to presence of electric arc also significant. Therefore, it is necessary to perform an 

analysis involving the effect of such driving forces on the convective heat transport in weld 

pool. In such an effort, it is required to solve the conservation of energy, mass and momentum 

equations within the solution domain. Hence an effort is made to examine the influence of 

surface active elements in linear GTA welds using an enhanced transport phenomena based 

heat transfer and fluid flow model based on finite element method. The uncertain model 

parameters for fluid flow analysis are extracted from integrated modeling approach using 

optimization algorithm. It should be point out that in the case convective heat transfer 

analysis; the volumetric heat source model is not required. 

5.5.1 Influence of Oxygen as surface active element 

 The influence of surface-active elements such as Oxygen on linear GTA welds using 

transport phenomena based heat transfer and fluid flow model is presented. To analyze the 

overall performance of the process, an error analysis has been executed on the comparative 

study of calculated and experimental results. The error analysis consists of individual 

component errors and relative reliability of the predicted solution sets.  The estimation of 

most appropriate optimum values of uncertain model parameters in convection based model is 

presented in section 5.3.2. The experimental welding process variables and the corresponding 

measured weld bead dimensions used for the optimization of uncertain parameters are given 

in Table 4.12. In this work, arc efficiency, arc radius, thermal conductivity and viscosity are 

considered as uncertain model input parameters. The optimization method starts with 

randomly generated initial population and each individual consists of four values of uncertain 
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parameters. The feasible range and optimum values of 

Table 5.5. The optimum values attained, of arc efficiency, arc radius, thermal conductivity 

and viscosity are 0.63, 1.83 mm, 225.2 W m

optimum values, a transport phenomenon based 

performed to examine the influence of surface active elements.

integrated numerical model are validated with experimental data 

Numerical simulation of heat transfer and

of 30 mm X 15 mm X 5 mm. To gain in computational time, the solution geometry is shorter 

than the actual work piece dimensions. However, the model has been calibrated accordingly. 

Figure 5.46 depicts the special distribution of temperature and velocity field in quasi

state condition at 20 L/min gas flow rate and 243 ppm oxygen concentration in weld.

Figure 5.46: Three dimensional temperature and velocity distribution in weld pool at gas 

flow rate 20 L/min and oxygen concentration in shielding gas 4000 ppm.

The quasi-steady state resembles the fact that the moving welding torch is stopped at 

the middle of work-piece. Two anti

symmetric plane and the liquid metal flows from outward periphery to the weld centre. T

oxygen concentration in weld (~ 243 ppm) is relatively high and produces positive 

temperature coefficient of surface tension that favours high weld penetration and low weld 

width. The flow reversals occurred at low oxygen concentration owing to negative

tension coefficient. It is thus obvious from analogy that high penetration weld joint is possible 

even in gas tungsten arc welding process. The computed weld dimensions are measured by 

isotherm above solidus temperature (~ 1697 K) and the mushy zo
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and optimum values of uncertain parameters are described in 

. The optimum values attained, of arc efficiency, arc radius, thermal conductivity 

and viscosity are 0.63, 1.83 mm, 225.2 W m
-1

 K
-1

and 0.07 kg m
-1

 s
-1

 respectively. Using these 

optimum values, a transport phenomenon based heat transfer and fluid flow analysis is 

performed to examine the influence of surface active elements. The results obtained from 

integrated numerical model are validated with experimental data given in Table 4.12.

Numerical simulation of heat transfer and fluid flow is performed on plate dimensions 

of 30 mm X 15 mm X 5 mm. To gain in computational time, the solution geometry is shorter 

than the actual work piece dimensions. However, the model has been calibrated accordingly. 

distribution of temperature and velocity field in quasi

state condition at 20 L/min gas flow rate and 243 ppm oxygen concentration in weld.

Three dimensional temperature and velocity distribution in weld pool at gas 

n and oxygen concentration in shielding gas 4000 ppm.

steady state resembles the fact that the moving welding torch is stopped at 

piece. Two anti-clockwise circulation loops are observed on the 

symmetric plane and the liquid metal flows from outward periphery to the weld centre. T

oxygen concentration in weld (~ 243 ppm) is relatively high and produces positive 

temperature coefficient of surface tension that favours high weld penetration and low weld 

width. The flow reversals occurred at low oxygen concentration owing to negative

tension coefficient. It is thus obvious from analogy that high penetration weld joint is possible 

even in gas tungsten arc welding process. The computed weld dimensions are measured by 

isotherm above solidus temperature (~ 1697 K) and the mushy zone is defined by isotherm of 

described in 

. The optimum values attained, of arc efficiency, arc radius, thermal conductivity 

respectively. Using these 

heat transfer and fluid flow analysis is 

he results obtained from 

given in Table 4.12. 

fluid flow is performed on plate dimensions 

of 30 mm X 15 mm X 5 mm. To gain in computational time, the solution geometry is shorter 

than the actual work piece dimensions. However, the model has been calibrated accordingly. 

distribution of temperature and velocity field in quasi-steady 

state condition at 20 L/min gas flow rate and 243 ppm oxygen concentration in weld. 

 

Three dimensional temperature and velocity distribution in weld pool at gas 

n and oxygen concentration in shielding gas 4000 ppm. 

steady state resembles the fact that the moving welding torch is stopped at 

clockwise circulation loops are observed on the 

symmetric plane and the liquid metal flows from outward periphery to the weld centre. The 

oxygen concentration in weld (~ 243 ppm) is relatively high and produces positive 

temperature coefficient of surface tension that favours high weld penetration and low weld 

width. The flow reversals occurred at low oxygen concentration owing to negative surface 

tension coefficient. It is thus obvious from analogy that high penetration weld joint is possible 

even in gas tungsten arc welding process. The computed weld dimensions are measured by 

ne is defined by isotherm of 
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solidus and liquidus temperature (~ 1727 K). The weld dimensions are measured on cross

section along X-Z plane and the molten zone is defined corresponding to solidus isotherm of 

1697 K for stainless steel. The intercepts along

calculated as half-width (W
c
) and penetration (D

computed weld zone and experimentally measured weld macrograph at similar welding 

conditions for two different welding conditions

concentration = 4000 ppm and 

ppm) are illustrated in Fig. 5.47.

 

Figure 5.47: Comparison between numerically obtained macrograph (right) and 

experimentally measured macrograph (left), (a) at gas flow rate 10 L/min and oxygen 

concentration 4000 ppm and (b) at gas flow rate 20 L/min and oxygen concentration of 3000 

The anticlockwise circulation loop favours

positive surface tension coefficient. The convective motion of liquid metal is mainly driven 

by surface tension force whereas the electromagnetic and buoyancy forces influence to a 

lesser extent. The complex nature

circulation loop observed in Fig

bottom of weld joint. However, the influence of this loop is weaker as compared to overall 
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solidus and liquidus temperature (~ 1727 K). The weld dimensions are measured on cross

Z plane and the molten zone is defined corresponding to solidus isotherm of 

1697 K for stainless steel. The intercepts along X-axis and Z-axis by molten zone are 

) and penetration (D
c
), respectively. The comparison between 

computed weld zone and experimentally measured weld macrograph at similar welding 

for two different welding conditions (gas flow rate = 10 L/min and oxygen 

and gas flow rate = 20 L/min and oxygen concentration = 

. 5.47. 

 

Comparison between numerically obtained macrograph (right) and 

sured macrograph (left), (a) at gas flow rate 10 L/min and oxygen 

concentration 4000 ppm and (b) at gas flow rate 20 L/min and oxygen concentration of 3000 

ppm. 

The anticlockwise circulation loop favours high penetration with low width owing to 

positive surface tension coefficient. The convective motion of liquid metal is mainly driven 

by surface tension force whereas the electromagnetic and buoyancy forces influence to a 

lesser extent. The complex nature of resultant driving force also produce a small clockwise 

Fig. 5.47 and this nature of flow try to widen the weld pool at the 

bottom of weld joint. However, the influence of this loop is weaker as compared to overall 

solidus and liquidus temperature (~ 1727 K). The weld dimensions are measured on cross-

Z plane and the molten zone is defined corresponding to solidus isotherm of 

axis by molten zone are 

), respectively. The comparison between 

computed weld zone and experimentally measured weld macrograph at similar welding 

(gas flow rate = 10 L/min and oxygen 

L/min and oxygen concentration = 3000 

Comparison between numerically obtained macrograph (right) and 

sured macrograph (left), (a) at gas flow rate 10 L/min and oxygen 

concentration 4000 ppm and (b) at gas flow rate 20 L/min and oxygen concentration of 3000 

high penetration with low width owing to 

positive surface tension coefficient. The convective motion of liquid metal is mainly driven 

by surface tension force whereas the electromagnetic and buoyancy forces influence to a 

of resultant driving force also produce a small clockwise 

and this nature of flow try to widen the weld pool at the 

bottom of weld joint. However, the influence of this loop is weaker as compared to overall 
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anticlockwise circulation loop. To validate the fluid flow model, an order of magnitude 

analysis of the maximum velocity due to surface tension force is estimated as   

2/12/1

2/1

4/Wy

2/3

ST
664.0

W

dy

dT

T
U

µρ∂

γ∂
≈

=

     (5.7) 

where  
dy

dT
 to the average temperature gradient on the top of weld pool at y = W/4, ρ and µ are 

density and viscosity of liquid material, respectively. The maximum velocity is estimated of 

the order of ~ 180 mm/s corresponding to welding condition depicted in Figure 5.47 (a). The 

magnitude is very closer to numerically calculated maximum velocity. The relative 

importance of heat transport by conduction and convection within the weld pool is well 

prescribed by Peclet number. The estimated Peclet number is well above one for all welding 

conditions and indicates the importance of convective heat transport within weld pool. 

Relatively decent agreement between experimental and simulated results depicted in Figure 

5.47 reflects the effectiveness of numerical model as a consequence of flow dynamics to 

capture the effect of surface active elements in weld pool modelling. 

 

Figure 5.48: Comparison between experimentally measured and numerically calculated weld 

dimensions at gas flow rate 10 L/min for different oxygen concentration in shielding gas: (a) 

weld width, and (b) weld penetration. 

However, high oxygen concentration with shielding gas produces a relatively thick layer of 

oxygen that restricts the movement of liquid metal. It seems that the surface free energy 

between the liquid molten pool and oxide layer reduces with increase of oxygen 

concentration. This phenomenon is simulated assuming weaker surface tension force i.e. in 
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aggregate positive surface tension force with low magnitude. It results in inward flow of 

liquid metal with wide weld pool shape.  

Figures 5.48 and 5.49 describe the comparison between experimental and numerically 

computed weld width and penetration using optimum uncertain parameters depicted in Table 

5.5 at the gas flow rate of 10 L/min and 20 L/min, respectively. Irrespective of the gas flow 

rate, it is clearly observed that the weld penetration increases with oxygen concentration in 

shielding gas up to a certain limit (~ 182 ppm and ~ 243 ppm oxygen in final weld, 

respectively for 10 L/min and 20 L/min gas flow rate). Afterwards the weld penetration 

decreases and diminishes the effect of extra oxygen addition since almost a constant level of 

oxygen (~ 210 – 250 ppm) in weld pool is maintained. This observation accomplishes the fact 

that large amount of oxygen concentration presents in weld may not always favour to obtain 

high penetration or aspect ratio. There exists an optimum quantity of surface active element 

that produces the maximum weld depth for a specific welding condition. Therefore, the 

numerical model can be exploited to take into the effect of oxygen presents in weld pool as 

well as thickness of oxide layer when excess amount of oxygen will be added through 

shielding gas. Figures 5.50 (a) and (b) depict the comparison between the experimental and 

numerically calculated ratio of weld penetration to weld width (D/W ratio) at gas flow rate of 

10 L/min and 20 L/min, respectively. 

 

Figure 5.49: Comparison between experimentally measured and numerically calculated weld 

dimensions at gas flow rate 20 L/min for different oxygen concentration in shielding gas: (a) 

weld width, and (b) weld penetration. 

It is observed that a definite range of oxygen content in the weld joint (130 ~ 250 

ppm), a large D/W ratio (~ 0.5) is obtained both from experimental and numerically evaluated 

results. However, out of this range (oxygen content) the D/W ratio is less than 0.5. It is 
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noteworthy that the oxygen content in the weld and consequent D/W ratio are not sensitive to 

the shielding gas flow rate. 

It is thus obvious from Figs 5.47-5.49 that there is discrepancy in few cases during 

comparison between calculated and experimental results (oxygen concentration 2x10
3
, 6x10

3
, 

7x10
3 

ppm). There is abrupt change of weld dimensions as compared to nearest welding 

conditions which directly influence the surface tension model, i.e., the estimation of 

coefficient of surface tension. 

To analyze the overall performance of the process, an error analysis has been executed 

on the comparative study of calculated and experimental results. The error analysis consists of 

individual component errors and relative reliability of the predicted solution sets. The non-

dimensional predictable errors can be defined as 

EG = (1 − JK

J.);   E� = (1 − LK

L.)       (5.8 and 5.9) 

where ‘c’ and ‘e’ represent the numerically computed and experimentally measured values of 

weld width and penetration. Envisaging the fact that the computational error in either 

numerically calculated weld width or penetration is mutually exclusive and equally important 

for the reliability of the overall prediction, the individual reliabilities are connected to be in 

series, and the overall reliability Rs can be calculated as 

RN = (1 − |EG|) × (1 − |E�|)        (5.10) 

 

Figure 5.50: Comparison between experimentally measured and numerically calculated 

depth/width ratio for different oxygen concentration in shielding gas: (a) at gas flow rate 10 

L/min, and (b) at gas flow rate 20 L/min. 
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Figures 5.51(a) and (b) depict the variation of the error components and overall 

reliability at the gas flow rate of 10 L/min and 20 L/min, respectively. At shielding gas flow 

rate of 10 L/min, the variation of error components is observed as -0.1 ≤ Ew ≤ 0.163 and -

0.667 ≤ Ed ≤ 0.079. The maximum reliability is achieved 0.91 whereas the minimum value is 

0.282 considering the optimum solution set depicted in Table 5.5. In similar way, Fig. 5.31(b) 

shows the ranges of the errors and the overall reliability as -0.087 ≤ Ew ≤ 0.177; -0.562 ≤ Ed ≤ 

0.0125 and 0.391 ≤ Rs ≤ 0.94.  More than 50% data predict the reliability above 0.8 and it 

essentially strengthens the overall quantative prediction by present approach of integrated 

modeling and subsequent error analysis. 

 

Figure 5.51: Evaluation of entity error and overall reliability for all solution sets: (a) at gas 

flow rate 10 L/min, and (b) at gas flow rate 20 L/min. 

Based on obtained results in this section, it is concluded that the DE algorithm assisted 

heat transfer and fluid flow model has been successfully developed and is used in this work to 

estimate the effect of surface active elements e.g. oxygen on weld pool shape and size. 

Moreover, the error analysis along with reliability calculation of predicted results further 

elaborates the scope of process design. 

5.6 Distortion and residual stress analysis 

In the mechanical analysis, the similar finite element model for thermal analysis is 

employed. The only difference is the element type and boundary conditions. The element type 

used in mechanical analysis is SOLID 45 and is defined by eight nodes having three degrees 

of freedom at each node (translations in the nodal x, y, and z directions). The necessary 

boundary conditions are presented at an appropriate place for each case study with the help of 

schematic representation. The procedure followed for the mechanical analysis is presented in 

chapter 3. 
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5.6.1 Influence of heat source parameters

In order to estimate the influence of front

heat source model, thermo-mechanical analysis was 

induced residual stresses, distortions and strains. 

same thermal analysis FE model has been 

conditions. The displacement normal to the weld interface

the weld specimen rigidly clamped on four 

degrees of freedom are zero at these four point

As the front and rear length ratio is not same for all velocities, the heat intensity on 

front and rear lengths also changes that directly impact on the thermal behaviour of the weld 

pool as well as mechanical behaviour of surrounding welded 

illustrate the mechanical behaviour when heat source is at the middle of work

subsequently solidified to ambient temperature. The residual stress, strain, and displacement 

are derived along thickness and width of plate for the rat

corresponding to the welding condition of 

influence of cooling rate on mechanical properties of substrate material is not considered in 

present analysis. 

Figure 5.52: Distribution of residual stress for data set #3 (in 

85� 56⁄ 9ratios of 2:1 and 6:1, respectively.

Figure 5.52 (a) depicts the calculated values of the residual equivalent stresses along 

thickness direction. The maximum value of the residual stress is obtained as 10.7 MPa that is 

reasonable significant with respect to flow stress of the material. There is also significant 

variation of the magnitude of residual equivalent stress (maximum ~ 0.1 MPa i.e. 1 %) at two 
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Influence of heat source parameters 

the influence of front and rear length ratio of double ellipsoidal 

mechanical analysis was also performed and calculated

induced residual stresses, distortions and strains. In the course of mechanical analysis, t

has been used along with mechanical analysis boundary 

isplacement normal to the weld interface i.e. symmetric surface is zero and

he weld specimen rigidly clamped on four corner points and hence all the displacement 

degrees of freedom are zero at these four points. 

As the front and rear length ratio is not same for all velocities, the heat intensity on 

front and rear lengths also changes that directly impact on the thermal behaviour of the weld 

pool as well as mechanical behaviour of surrounding welded zone. Figures 5.5

illustrate the mechanical behaviour when heat source is at the middle of work

subsequently solidified to ambient temperature. The residual stress, strain, and displacement 

are derived along thickness and width of plate for the ratio ar/af of 2:1 and 6:1, respectively 

corresponding to the welding condition of data set #3 in Table 4.10. It is noteworthy

influence of cooling rate on mechanical properties of substrate material is not considered in 

residual stress for data set #3 (in Table 4.10) corresponding to 

9ratios of 2:1 and 6:1, respectively. 

the calculated values of the residual equivalent stresses along 

thickness direction. The maximum value of the residual stress is obtained as 10.7 MPa that is 

reasonable significant with respect to flow stress of the material. There is also significant 

iation of the magnitude of residual equivalent stress (maximum ~ 0.1 MPa i.e. 1 %) at two 

of double ellipsoidal 

performed and calculated welding 

In the course of mechanical analysis, the 

mechanical analysis boundary 

is zero and 

and hence all the displacement 

As the front and rear length ratio is not same for all velocities, the heat intensity on 

front and rear lengths also changes that directly impact on the thermal behaviour of the weld 

es 5.52 to 5.54 

illustrate the mechanical behaviour when heat source is at the middle of work-piece and 

subsequently solidified to ambient temperature. The residual stress, strain, and displacement 

of 2:1 and 6:1, respectively 

is noteworthy that the 

influence of cooling rate on mechanical properties of substrate material is not considered in 

 

) corresponding to 

the calculated values of the residual equivalent stresses along 

thickness direction. The maximum value of the residual stress is obtained as 10.7 MPa that is 

reasonable significant with respect to flow stress of the material. There is also significant 

iation of the magnitude of residual equivalent stress (maximum ~ 0.1 MPa i.e. 1 %) at two 
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different front and rear length ration of heat source model. However, at width direction the 

change of residual stress level is more significant that is at the maximu

Figure 5.53: Distribution

corresponding to 

Figure 5.53 depicts the calculated values of the equivalent plastic strain along the 

thickness and width direction of work

at the ratio of 2:1, the magnitude of the equivalent plastic strain is more as compared to the 

ratio of 6:1. There exists a maximum deviation of equivalent plasti

maximum 19 % variation is observed when there is change of a

However, for both the ratios the magnitude of the plastic equivalent strai

same pattern. 

Figure 5.54: Effective residual displacement for data set #3 (in 

85� 5⁄
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different front and rear length ration of heat source model. However, at width direction the 

change of residual stress level is more significant that is at the maximum 5 MPa i.e. 15 %. 

Distribution equivalent plastic strain for data set #3 (in Table 

corresponding to 85� 56⁄ 9ratios of 2:1 and 6:1, respectively. 

depicts the calculated values of the equivalent plastic strain along the 

ckness and width direction of work-piece, respectively. It is obvious from Fig. 5.53

at the ratio of 2:1, the magnitude of the equivalent plastic strain is more as compared to the 

ratio of 6:1. There exists a maximum deviation of equivalent plastic strain of 0.025 i.e. 

maximum 19 % variation is observed when there is change of ar/af ratio from 2:1 to 6:1. 

However, for both the ratios the magnitude of the plastic equivalent strain varies with the 

residual displacement for data set #3 (in Table 4.10) corresponding to 

8 569ratios are of 2:1 and 6:1, respectively. 

different front and rear length ration of heat source model. However, at width direction the 

m 5 MPa i.e. 15 %.  

 

able 4.10) 

 

depicts the calculated values of the equivalent plastic strain along the 

ous from Fig. 5.53 (a) that 

at the ratio of 2:1, the magnitude of the equivalent plastic strain is more as compared to the 

c strain of 0.025 i.e. 

ratio from 2:1 to 6:1. 

n varies with the 

 

) corresponding to 
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Similarly, Fig. 5.53 (b) depicts the equivalent plastic strain in the direction of the 

width from the centre of the heat source and it is obvious that there is variation of the plastic 

strain in the order of ~0.007 i.e. 7 %. 

Figure 5.54 describes the effective residual displacement that refers to the vector sum 

of the computed displacements in all three normal directions. The maximum value of 

effective residual displacement at the centre of heat source is 0.35 mm and gradually reduces 

to 0.025 mm at the border of weld pool. Again it increases to 0.22 mm within heat affected 

zone. The magnitude of the effective residual displacement is more at ar/af ratio 2:1 as 

compared to the ratio 6:1. Figure 5.54 (b) depicts that the computed effective residual 

displacement along the width of plate that is maximum at the centre and gradually decreases 

away from the centre. However, the maximum difference of displacement magnitude is 

~0.024 mm along depth direction whereas it is ~0.020 mm along width direction. Overall, it is 

observed that the variation of properties is more significant along thickness direction as 

compared to the width of plate. This may be attributed by the fact the heat transfer is more 

turbulent along thickness direction whereas due to large in dimension along weld width, the 

change of temperature distribution is less vibrant. This temperature distribution directly 

affects the mechanical analysis. 

5.6.2 Butt joint in laser welding 

5.6.2.1 Butt joint in fiber laser welding of SS 304 

In order to estimate the welding induced distortions and residual stresses, a thermo-

mechanical analysis has been performed. However, in this work, the full geometry is 

considered for simulations. Figure 5.55 is a schematic representation of the solution domain 

along with mechanical boundary conditions. The point A in Fig. 5.55 is constrained in the X, 

Y and Z directions, and point B is constrained only in the Z-direction. ‘A’ and ‘B’ are the start 

and end points of the weld centerline of the FE model, respectively. The mechanical analysis 

is performed by using the nodal temperature results presented in thermal analysis (section 

5.4.2.4 5). However, the same FE model and mesh used in thermal analysis is employed here. 
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Figure 5.55: Solution domain along with mechanical boundary conditions

Figure 5.56 represents the three dimensional computed longitudinal residual stress 

distribution (SY) corresponding to welding speed of 0.667 m/min. of data set 1 given in Table 

4.7. It is observed that SY is tensile in FZ and HAZ, and this is more as compared to yield 

strength of the parent material 304 stainless steel at room temperature. However, 

compression stress on the weld metal plate away from the weld center line. Moreover, the 

computed maximum tensile stress is 420 MPa at FZ and the minimum compressive stress is 

210 MPa at away from the weld center line.

Figure 5.57 compares th

distribution along welding line 

the top and bottom surface residual stresses, the simulated results of bottom surface along 

welding line is also plotted in this figure. From this figure, it can be seen that the value of 

longitudinal residual stress of both top and bottom surface within the range approximately 

from Y= 20 mm to Y= 85 mm is almost constant, however, the small variation 

with up and down. Moreover, the bottom and top surface longitudinal residual stresses are not 

same. Near the weld end-start location the magnitudes are compressive.

surface residual stress (SX) is more as compared to the resi

surface stresses. Similarly, Fig. 

residual stresses (SY) along welding line 

cases for bottom and too surface stress

bottom surface stresses are almost constant from Y=18 mm to Y= 85 mm. Nevertheless, for 

this range the stresses are varying in case of top surface distribution.
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computed maximum tensile stress is 420 MPa at FZ and the minimum compressive stress is 

210 MPa at away from the weld center line. 
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with up and down. Moreover, the bottom and top surface longitudinal residual stresses are not 
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surface residual stress (SX) is more as compared to the residual stresses obtained from bottom 

Fig. 5.58 describes the comparison of bottom and top surface 

along welding line AB. The similar trend can be observed in both the 

surface stresses. However, in case of SY along welding line, the 

bottom surface stresses are almost constant from Y=18 mm to Y= 85 mm. Nevertheless, for 

this range the stresses are varying in case of top surface distribution. 
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computed maximum tensile stress is 420 MPa at FZ and the minimum compressive stress is 

e bottom and top surface longitudinal residual stresses (SX) 

). To elucidate the difference between 

the top and bottom surface residual stresses, the simulated results of bottom surface along 

line is also plotted in this figure. From this figure, it can be seen that the value of 

longitudinal residual stress of both top and bottom surface within the range approximately 

from Y= 20 mm to Y= 85 mm is almost constant, however, the small variation is observed 

with up and down. Moreover, the bottom and top surface longitudinal residual stresses are not 
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Figure 5.56: Three dimensional longitudina

Figure 5.57: Comparison of top and bottom surface longitudinal residual stress (SX) along 
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Three dimensional longitudinal residual stress distribution (SY) of data set #1 

given in Table 4.7. 

 

 

Comparison of top and bottom surface longitudinal residual stress (SX) along 

welding line. 

 

l residual stress distribution (SY) of data set #1 

Comparison of top and bottom surface longitudinal residual stress (SX) along 
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Figure 5.58: Transverse residual stress (SY) comparison along welding line of bottom and 

top surfaces. 

Figures 5.59, 5.60 and 5.61 illustrate the residual stresses, SX, SY and SZ of both on 

top and bottom surfaces respectively. The magnitude and distribution of transverse and 

longitudinal residual stresses show a significant difference. However, the distribution pattern 

of residual stresses for bottom and top surfaces is same and the magnitude of them is not 

equal. The numerically predicted maximum transverse residual stresses along mid-section CD 

for top and bottom surface are 397 MPa and 379 MPa respectively. This variation in the 

residual stresses between top and bottom surfaces is due to the difference in temperature 

gradient. Moreover, SX along mid-section CD gradually increases from X= 0 to X= 40 mm 

and them decreases up to X = 45 mm. the longitudinal residual stress (SY) along mid-section 

CD is more significant and maximum is achieved at X = 50 mm. The bottom and top surface 

residual stresses distributions along CD (SY) follow same pattern, however, the magnitudes 

are not same. Similarly, the SZ bottom and top surface distribution along mid-section CD can 

be seen in Fig. 5.61. 
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Figure 5.59: Comparison of top and bottom surface longitudinal residual stress (SX) along 

mid-section CD. 

 

Figure 5.60: Top and bottom surface transverse residual (SY) comparison along mid-section 

CD. 

Due to a relatively large out-of-deformation generated after welding, there is a 

difference between the longitudinal stress (SX) of the top surface and that of the bottom 

surface. On the contrary, there is almost no difference between the longitudinal stress of the 

top surface and that of the bottom surface in case of SY. There is also a significant difference 
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between the transverse residual stresses (SZ) of the top surface and that of the bottom surface. 

It is very clear that in the fusion zone and the HAZ the transverse residual stress of the top 

surface is much larger than that of the bottom surface. The difference results from the 

transverse bending deformation. 

 

Figure 5.61: Comparison of top and bottom surface residual stress (SZ) along mid-section 

CD. 

Figures 5.62 and 5.63 illustrates the comparison of bottom and top surface Von Mises 

and plastic equivalent stress distributions along mid-section CD. The numerically computed 

maximum Von Mises and plastic equivalent stresses values along mid-section CD is same, 

360 MPa. However, the Von Mises stress is minimum at the weld start and increases 

gradually from X = 0 to X = 30 mm and then decreases up to X= 40 mm. Then, the stress 

rapidly increases from X= 40 mm to X = 50 mm and reaches to maximum of 306 MPa. 

Similarly, in case of plastic equivalent stress along mid-section CD the value gradually 

increases from X = 0 to X = 40 mm and then suddenly increases up to X = 50 mm (this can be 

seen from Fig. 5.63). However, the magnitudes of top and bottom surface stresses are not 

same. 
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Figure 5.62: Von Mises Stress distribution of top and bottom surface along mid-section CD. 

 

Figure 5.63: Comparison of top and bottom surface plastic equivalent stresses along mid-

section CD. 

Figures 5.64 and 5.65 illustrates the Y-component of displacement and displacement 

vector sum along welding line AB respectively. The maximum and minimum displacement 

vector sums are 1.05 mm and 0.00 mm at welding start and end locations along welding line 

AB. However, the Z-component of displacement is randomly changing from weld start to end 

along welding line AB. 
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Figure 5.64: Y-component of displacement (UY) along welding line AB. 

 

Figure 5.65: Displacement vector sum (USUM) along welding line AB. 

 Figures 5.66 to 5.69 describe the various components of displacements and 

displacement vector sum along mid-section CD. Figure 5.66 shows the comparison of X-

directional displacement distribution of the middle section. Comparing the transverse 

shrinkage of the bottom surface with that of the top surface, it can be observed that the former 

is smaller than the latter. However, the difference is very small. 
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Figure 5.66: X-component of displacement (UX) along mid-section CD. 

 

Figure 5.67: Y-component of displacement (UY) along mid-section CD. 

Figure 5.67 shows the Y-directional displacement distribution of the middle section of 

both top and bottom surfaces. This figure indicates that the UY is almost same for both top 

and bottom surfaces. However, the Z-component of displacement along mid-section CD is not 

same for top, middle and bottom surfaces as shown in Fig. 5.68. Figure 5.69 describes the 

displacement vector sum along mid-section CD of bottom and top surfaces. However, the 

bottom surface welding induced distortion is more as compared to that of top surface 

distortion. 
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Figure 5.68: Z-component of displacement (UZ) along mid-section CD. 

 

Figure 5.69: Displacement vector sum (USUM) along mid-section CD. 

Figure 5.70 shows the longitudinal, transverse, von Mises and equivalent plastic strain 

distributions of the middle section corresponding to data set 2 given in Table 4.7. Based on 

these calculated results (Fig. 5.70), it has been observed that the transverse and longitudinal 

plastic strains are negative and spread narrowly over the fusion zone and its surrounding area. 

However, the von Mises and equivalent plastic strains are positive and having maximum 

values of 0.0185 and 0.0329 respectively. 
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Figure 5.70: Plastic strain distribution of the middle section corresponding to data set #2 

given in Table 4.7. 

Furthermore, the welding deflections are calculated and compared with the measured 

value for similar process variables. For instant, the maximum measured and computed 

welding deflections at both ends of the plate corresponding to data set 2 given in Table 4.7 are 

1.656 mm and 1.53 mm, respectively. The percentage error in calculation of welding 

deflection is within the acceptable limit (< 8 %). 

5.6.2.2 Laser Butt joint on DH 36 steel 

The mechanical analysis is performed of laser butt joint on DH 36 steel plates. The 

three dimensional distribution of equivalent residual strain for autogeneous laser is depicted 

by figures 5.71 and 5.72. The maximum magnitude of residual strain is ~ 0.03 when heat 

source is at the middle of work piece (Fig. 5.71) and is ~ 0.15 when heat source reaches at the 

end of work-piece (Fig. 5.72). Similarly, figures 5.73 and 5.74 indicates the maximum 

distortion for autogeneous laser welding is ~ 0.09 mm when laser travels at the middle of 

work-piece (Fig 5.73) and is ~ 0.3 mm when laser reaches the end of work-piece (Fig. 5.74). 

It is noteworthy that the distortion spans over a narrow zone in autogeneous laser welding 

process.  
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The numerical simulation of autogeneous laser welding process has been performed to 

determine longitudinal residual stresses. Figure 5.75 depicts the longitudinal residual stress 

level on the top surface of work-piece for autogeneous laser. 

 

Figure 5.71: Three dimensional numerical simulation of residual equivalent strain of 

autogeneous laser welding: (a) the welding torch is stopped at middle. 

 

Figure 5.72: Three dimensional numerical simulation of residual equivalent strain of 

autogeneous laser welding: (b) the welding torch cover whole work-piece. 
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The residual stress magnitude is nearly equal to the yield stress of the material. The 

range of stress is narrow for the autogenous laser process and broader for the remaining 

welding processes. 

 

Figure 5.73: Three dimensional numerical simulation of residual equivalent 

displacement of autogeneous laser welding: (a) the welding torch is stopped at middle. 

 

Figure 5.74: Three dimensional numerical simulation of residual equivalent displacement of 

autogeneous laser welding: (b) the welding torch cover whole work-piece. 
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Both width as well as the magnitude of the tensile stress regime for laser welding 

processes is in good agreement with experimental results. 

 

Figure 5.75: Comparison between experimental and numerically calculated 

longitudinal residual stress for autogeneous laser welding process. 

The simulated results in present case is improved and possibly better as compared to 

numerical results depicted in reference [228]. This is due to the fact that the thermal model in 

present case is more phenomenological and possibly better due to implementation of adaptive 

volumetric heat source. In the welded zone a high tensile stress is generated, and then 

decreases to zero, finally becoming compressive away from the welded zone. Due to the self-

equilibrium of the weldment, the tensile and compressive residual stresses exist at the welded 

region and away from the welded zone, respectively. 

Since direct measurement of weld thermal cycle, and resulting thermal distortion and 

residual stresses are expensive for fusion welding processes, the demand of reliable 

quantitative heat transfer models and coupled thermo-mechanical analysis for fusion welding 

process is ever increasing. The present work is a contribution in this direction. Further 

validation of the calculated results of weld pool dimensions and associated thermal distortion 

for different welding conditions are necessary to reliably establish the process model reported 

in this work. 
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5.7 Summary  

The present chapter demonstrates the performance of integrated modeling approach in 

which a GA based optimization algorithm is integrated with numerical model to find out the 

uncertain or unknown model parameters. At first, the conduction heat transfer analysis has 

been performed and integrated this process model with optimization module to estimate the 

front and rear length ratio (ar/af) of double-ellipsoidal heat source model. The sensitivity 

analysis indicates that the weld dimensions decrease with increase in the ar/af ratio almost in 

linear way. However, the depth of penetration is more sensitive to the change of ratio as 

compared to weld width. The ar/af ratio of double-ellipsoidal heat source model is represented 

as a third order polynomial function of weld velocity. The coefficients of this polynomial 

function are estimated by integrated modeling approach using PCX-G3 GA model. 

A new volumetric heat source model called as egg-configuration heat source is 

developed for the simulation of temperature in autogenous fusion welding process. The 

proposed heat source model is presented in generalized form and several other existing heat 

source models are special cases of developed model. This heat source model is having less 

number of model parameters without violating the non-symmetry heat intensity for linear 

fusion welding processes. The egg-configuration heat source model is calibrated with two 

distinct fusion welding processes i.e GTA and laser welding processes. Using this heat source, 

the maximum percentage error between experimentally measured and calculated weld bead 

dimensions is predicted as less than 7%. The magnitude of the maximum cooling rate for 

GTA welding is 603 K/s whereas it is 11.1 x 10
3
 K/s for laser welding process. 

The conduction heat transfer model has been developed for simulation of fiber laser 

welding process of two different grades of stainless steel at two different ambient 

atmospheres. The heat transfer analysis was performed using double ellipsoidal heat source 

model for welding in open atmosphere and using conical heat source model for welding in 

controlled atmosphere of argon. The percentage error between the experimentally measured 

weld pool dimensions and corresponding calculated results are below 8 %. The magnitude of 

the maximum cooling rate for open atmosphere welding process is 305×10
3
 K/s and whereas 

it is 354×10
3
 K/s for controlled atmospheric condition. However, few experimental conditions 

produce keyhole formation in fiber laser welding process. Hence, a semi-analytical approach 

based on point-by-point energy balance is considered to estimate keyhole profile in deep 

penetration fiber laser welding process. 
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To investigate the influence of surface active elements on GTA weld pool formation, a 

transport phenomenon based heat transfer and fluid flow analysis was performed. The 

uncertain model parameters are evaluated by integrated modeling approach using DE module. 

The uncertain parameters for GTA welding is estimated as arc efficiency of 0.63, arc radius of 

1.82 mm, effective thermal conductivity of 225.2 W m
-1

 K
-1

 and viscosity of 0.07 kg m
-1

 s
-1

 

for the welding conditions considered in the present work. It is concluded that a definite range 

of oxygen content in the weld joint (130 ~ 250 ppm), a large depth by width ratio (~ 0.5) is 

obtained both from experimental and numerically evaluated results. More than 50% data 

predict the reliability above 0.8 and it essentially strengthens the overall quantative prediction 

by present approach of integrated modeling and subsequent error analysis. 

Finally, in the course of estimating welding induced distortions and residual stresses, a 

thermo-mechanical analysis was performed using sequentially coupled thermal data (nodal 

temperature) along with mechanical boundary conditions. The residual stress magnitude is 

nearly equal to the yield stress of the material. The numerical process model possibly avoids 

many repetitious experiments.  
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Chapter – 6 

 

Conclusions and Future Scope 

 

 

6.0 Introduction 

One of the desirable objectives of fusion welding process is to produce deep penetration to 

enhance butt weld joint efficiency. The fiber laser generally produces high depth of 

penetration as compared to other type of lasers with proper choice of process parameters. 

Moreover, presence of argon atmosphere in fiber laser welding process enhances the depth of 

penetration as compared to open atmospheric condition. GTA welding is not as much efficient 

like laser welding process to produce high depth of penetration. However, the addition of 

surface active elements to the material during GTA welding process can be used beneficially 

to enhance the penetration depth of welding. Present investigation was motivated in that 

direction and the intuitive processes like GTA and fiber laser welding are analyzed through 
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physical modeling and experimental verification of the same with the aim of generating high 

depth of penetration. 

The phenomenological modeling of a fusion welding process is a complex phenomenon 

that involves a lot of interactive physical phenomena. It is apparent from the literature that the 

modeling of the heat source is an important issue in computation of the temperature 

distribution. The most commonly used heat source model is double-ellipsoidal volumetric 

heat source that are used for moving arc or laser beam welding process. Even though several 

other heat source models are available in literature, they are commonly lacking of well-

defined heat source parameters. There is a trend of estimating the heat source parameters 

and/or other model input parameters by inverse approach. To calculate the unknown 

parameters, the optimization algorithm with the aid of mathematical model has been used in 

several cases. It has been envisaged that temperature distribution also plays an important role 

to influence the mechanical analysis of a welded joint. Due to the non-uniform cooling and 

heating and non-uniform expansion and contraction, residual stresses and weld induced 

distortions occurs in weld zone. These residual stresses and distortions may harm the life of 

the welded joint. Hence, an accurate estimation of residual stresses is necessary and the 

accuracy depends on precise thermal model. 

The fiber laser and GTA welding experiments are carried out to validate the developed 

process model and to investigate the influence of surface active elements. The fiber laser 

experiments are carried out in two different welding ambient atmospheres to study the effect 

of welding ambient atmosphere on weld bead dimensions. The GTA welding experiments are 

also carried out to investigate the influence of activating flux in the formation of weld pool. 

The following conclusions and possible directions of further research work are arrived at on 

the basis of the present work. 

6.1 Conclusions 

The primary deed of the present work lies in the development of an indigenous heat 

conduction model using finite element method that is capable of undertaking 3D transient 

heat transfer for linear welding process. A generalized form of egg-configuration volumetric 

heat source model is developed that is implemented in conduction heat transfer based model.  

Furthermore, the heat conduction model is enhanced to transport phenomena based heat 

transfer and fluid flow model to analyze the influence of surface active elements in GTA 
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welding process. Finally, the finite element based model to predict the weld induced 

distortion and residual stresses are developed for deep penetration fiber laser welding process. 

Moreover, the numerical models are enhanced with two optimization modules, real parameter 

based PCX-G3 based GA and DE module to estimate the uncertain model parameters. 

 The following conclusions are arrived at in the course of studying previous literature, 

developing the computational exercise and conducting the experiments on laser and GTA 

welding processes.  

o The conduction based numerical model attempt to consider Gaussian distributed surface 

heat flux or volumetric heat source. It is realized that the surface heat flux may not be 

sufficient for deep penetration laser welding process. In that case, the volumetric heat 

source is more appropriate and a-priori knowledge of solidified weld dimensions from 

experiment is required. It was conceived that the consideration of a volumetric heat source 

with less number of parameters will be effective in conduction mode heat transfer 

analysis. 

o In numerical modelling of fusion welding process, the input model parameters such as arc 

efficiency, effective thermal conductivity, arc radius and effective viscosity cannot be 

assigned with confidence based on scientific principles alone. But, the parameters like 

welding power, welding speed etc. can be correctly specified. To estimate the correct 

values of uncertain model parameters, an effort towards integration of suitable 

optimization tool with numerical model is required. 

o During fusion welding process, thermo-chemical reactions occur between weld pool and 

working atmosphere that severely affects the weld metal properties and weld joint quality. 

Therefore, the welding atmosphere influences notably on the quality of the weld joint. 

o It is experienced that a rigorous thermo-mechanically analysis will be of significant help 

in understanding the welding induced distortion and residual stresses. The initial attempts 

were empirical and analytical which had significant limitations in terms of general use and 

reliability. The numerical models for calculating the welding induced distortion and 

residual stresses have shown a promise to be able to undertake most of realities that are 

present in real weld design. 

o The quantitative understanding of time-temperature history, velocity fields, keyhole 

formation and welding induced distortions and residual stresses in fusion welding process 

are indispensable to estimate the final weld bead dimensions, resulting microstructure, 

solidification morphology, and mechanical behaviour of the weld joint. 
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o A more practical approach has been adopted to estimate the effect of double-ellipsoidal 

volumetric heat source parameters in thermal and mechanical analysis of linear GTA 

welding process, in particular the effect of front and rear length of the double ellipsoidal 

heat source model on weld pool dimensions, and welding induced distortions and residual 

stresses. However, the other parameters of double ellipsoidal heat source model are 

approximated from the experimentally measured weld bead dimensions. The population-

based method, a parent-centric operated generalized generation gap (PCX-G3) genetic 

algorithm (GA) has been used to find the optimum ratio of front and rear length of double-

ellipsoidal heat source model. 

o The influence of the rear and front length ratio on weld pool dimensions is significant. 

When ar/af ratio increases the weld bead dimensions decrease. There exists a suitable 

functional form of ar/af ratio that varies with welding velocity. A third degree polynomial 

represents better this functional form. The simulated thermal results are well agreed with 

experimentally measured weld dimensions at optimum values of ar/af ratio. The variation 

of calculated values of final residual stress, equivalent plastic strain and residual stress has 

indicated that precise information of front and rear length ration is necessary in Double-

ellipsoidal heat source model. 

o A detailed sensitivity study of the computed weld dimensions on uncertain model input 

parameters such as ar/af ratio, ŋ, reff, keff and μ is carried out. It is comprehended that there 

is a necessity to develop a reference frame to identify their appropriate values to bring the 

reliability in model calculations of heat transfer, material flow and weld induced distortion 

and residual stresses. 

o The optimized values of these unknown model input parameters are successfully achieved 

by intrinsically supporting the process FE model through the real parameter Genetic 

algorithm (PCX operated G3 model) based optimization technique and DE. It is also 

noticed that only a very few sets of experimentally measured weld bead dimensions are 

adequate to act as the reference for such optimization exercise. The reliability and 

robustness of the overall integrated process model is enriched by the assistance of 

optimization module. 

o The integrated model is also developed to the extent that the same can compute 

quantitative information of thermal cycles and cooling rate using the optimum value of 

unknown model parameters. 
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o An egg-configuration volumetric heat source model is developed to simulate temperature, 

time-temperature history, and cooling rate during autogeneous fusion welding process. 

The application of the heat source model is confirmed by three dimensional heat 

conduction analyses for two distinct welding processes (GTA and laser welding). 

o The proposed egg-configuration heat source model consists of limited number of model 

parameters for the simulation of moving heat source problem. The existed heat source 

models such as Pavelic’s disc, Paley and Hibbert volumetric heat source, Westby’s heat 

source model and semi-ellipsoidal heat source models are the special cases of the 

proposed egg-configuration heat source model. It has been revealed that the numerical 

model is also capable of estimating the cooling rate from time temperature history which 

is significant to predict the microstructural properties of weld joint. 

o From this study it is observed that only heat conduction analysis might not be sufficient to 

consider the effect of surface active elements. A three dimensional heat transfer and fluid 

flow model is developed to account the effect of flow dynamics during formation of weld 

pool. The effect of oxygen as surface active element on the development of weld pool 

during autogeneous GTA welding process is studied. In the liquid metal flow, the most 

significant driving force is the surface tension force and it is incorporated through 

temperature and concentration dependent coefficients of surface tension. 

o To estimate the uncertain model parameters such as effective arc radius, arc efficiency and 

material properties at high temperature, DE based optimization algorithm is integrated 

with the developed numerical model. Present work is practically significant to obtain high 

penetration as well as high aspect ratio weld joint in GTA welding. The maximum benefit 

can be obtained with an optimum value of oxygen for a specific welding condition. The 

same has been analysed using developed numerical model. The overall reliability analysis 

of predicted results signifies the robustness of present integrated modelling approach. 

o The investigation is carried out on fiber laser welding of austenitic stainless steel at two 

different atmospheric conditions i.e. self-protective atmosphere of argon and open 

atmosphere. The application of shielding gas is performed in a controlled chamber that 

eliminates the gas flow rate locally around the weld zone. The depth of penetration as well 

as aspect ratio under controlled atmosphere of argon is more when compared with the 

open atmospheric condition. It is also possible to minimize or avoid the chemical reaction 

of molten weld pool with air by using the controlled atmosphere process. The top surface 
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profile and clear appearance of the controlled atmosphere is better as compared to open 

atmospheric results. 

o The presence of inert gas constricts the keyhole plasma and in effect the depth of 

penetration as well as aspect ratio is more as compared to open atmospheric condition. 

The bead width decreases in presence of argon gas. The maximum variation of the weld 

depth of penetration is 29% and weld width is 40% due to presence of argon gas. 

o Double ellipsoidal volumetric heat source model is suitable for open atmosphere condition 

whereas conical heat source model is utilized for self-protective atmosphere of argon 

since the weld pool shape is analogous to stiff temperature gradient. The computed and 

experimentally measured weld macrographs for both atmospheric conditions are in fair 

agreement. The percentage error in calculation of weld dimensions is less than 8 %. The 

computed cooling rate differs considerably between two atmospheric conditions and 

hence the possibility of differences in expected macrostructure. 

o The formation of keyhole entrains the penetration depth of fiber laser welding process. 

The fiber laser welding of SS 316, 5 mm thickness is assumed to form keyhole in present 

set of experimental conditions. The keyhole geometry is calculated by semi-analytical 

mathematical model based on point-by-point energy balance. 

o It is obvious that surface active elements produce high depth of penetration in GTA 

welding. The GTA welding experiments are conducted using thin layer activating fluxes 

of TiO2, SiO2, and Al2O3. The weld bead dimension is higher in case of welding using 

TiO2 activating flux as compared to other activating fluxes. However, the shallow 

penetration and wide bead width are achieved in GTA welding with Al2O3 flux. It is 

concluded that the narrow range of surface active elements acts positively to produce high 

depth in present system of welding process. However, more experimental verification is 

needed in this effect. 

o Finally, the calculation method and quantative knowledge extracted from this research 

work in fusion welding process will expected to serve as a basis for the control of fusion 

welding processes aimed at achieving enhanced reliability. 

6.2 Scope of future work 

Although the efforts towards the development of a new heat source model for the 

simulation of fusion welding processes, conduction heat transfer analysis and a 

comprehensive thermo-fluid model assuming laminar flow of molten metal in the present 
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work is a significant direction to predict weld dimensions and transient thermal cycles in 

fusion welding, it is expected that the consideration of turbulent flow within weld pool may 

influence the shape, size and temperature distribution of weld pool and surrounding area. 

Even though, the developed new heat source model calibrated for two distinct fusion welding 

processes, the calculation of heat source parameters from the mathematical basis demands a 

systematic approach using optimization algorithm which is the future scope of further 

research on egg configuration heat source model.  One of the significant assumptions of the 

present convection heat transfer analysis is flat surface of fusion zone which may not be the 

real case of fusion welding process. The amalgamation of turbulent flow in weld pool along 

with free surface modeling in the present numerical model for finding the influence of surface 

active elements on weld pool formation will be worth attempting to robust modeling 

approach. 

Although the characteristic difference during fiber laser welding of austenitic stainless 

steel between controlled and open atmospheric condition are analyzed in terms weld 

dimensions, preliminary microstructures and top surface appearance, it is expected that the 

consideration of more reactive materials and their quantative formation of porosity analysis is 

the future scope of the research work on controlled atmosphere. The influence of the ratio 

front length to rear length with respect to welding speed has been studied in this work; 

however, this ratio may be affected by the change of power density. Henceforth, the 

estimation of this ratio with respect to both welding speed and power density is the future 

research work in this direction. The weld pool and its surrounding area experience uneven 

thermal expansion and contraction when the heat source moves from one end to other end on 

weld center line, it may lead to dimensional inaccuracy of welded plates and to form residual 

stresses. Though the primary quantitative study of thermo-mechanical analysis has been 

carried out, a further detailed and extensive research of thermo-mechanical analysis, 

specifically the experimental measurement of residual stress is the future research work in this 

direction. The effect of activating flux on formation of weld pool during GTA welding has 

been studied. However, more elaborate study on the effect of several other active elements, 

the application techniques of the active elements on the workpiece and the characterization of 

welded joint are future scope of work. A coupled thermo-mechanical analysis for weld joint 

can serve as an effective a-priori design tool for planning of proper weld schedules to 

minimize the distortion and residual stresses. 
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Appendix I 

In Pavelic’s disc heat source model, the power density distribution in Gaussian manner 

can be articulated as follows 

q(r) = q(o) × exp(−Cr2)          (i) 

where q(r) is the surface heat flux at radius ‘r’ in W/m2, q(o) is the heat flux at the centre of the 

heat source (maximum) in W/m2, r is the radial distance from the centre of the heat source (m), 

and C is the concentration coefficient in m-2. The alternative form of the Pavelic’s disc heat 

source model for moving arc which is recommended by Friedman, Krutz, and Segerlind is 

expressed as  

       q(x, ξ) =
3Q

πc2 × exp{
−3

c2 (x2 + ξ2)        (ii) 

where Q is the energy input rate in W, ‘c’ is the characteristic radius of flux distribution in m. It 

is opportune to fix an (x, y, z) coordinate system in work piece and also a lag factor τ is 

necessary to define the position of the heat source at time t = 0, then the change linking the fixed 

and moving coordinate systems is 

ξ = z + v(τ − t)          (iii) 

where v is the welding velocity in m/s. The Gaussian distribution of the power density in a 

proposed egg shape configuration heat source model with the centre at (0, 0, 0) and semi-axes a, 

b, c parallel to coordinate axes x, y, z can be stated as 

q(x, y, z) = qmexp[−{B𝑦2 + (Ax2 + Cz2). 𝑡(𝑦)}]       (iv) 

where  t(y) =
1

my+m2y2+1
          (v) 

qm is the maximum value of the power density at the centre of a proposed egg 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 egg shape and is expressed as 

2Q = ∫ ∫ ∫ q(x, y, z)dxdydz
∞

−∞

∞

−∞

∞

−∞
        (vi) 
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2Q = 4 ∫ ∫ ∫ qm × exp {− [By2 + (Ax2 + Cz2) × (
1

my + m2y2 + 1
)]} dxdydz

∞

0

∞

0

∞

0

+ 4 ∫ ∫ ∫ qm

∞

0

∞

0

∞

0

× exp {− [By2 + (Ax2 + Cz2) × (
1

−my + m2y2 + 1
)]} dxdydz 

            (vii) 

After simplifying the above equation (vii), the qm can be estimated as given below 

⇒ qm =
4BQ×sqrt(ABC)

π×sqrt (π)[2B+m2]
         (viii) 

To estimate A, B, C, the semi-axes of a proposed egg 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 egg 

shape. In x-direction; 

q(a, 0,0) = qm × exp(−Aa2) = 0.05 × qm       (ix) 

⇒ exp(−Aa2) = 0.05          (x) 

⇒ A ≈
3

a2
           (xi) 

Similarly, 

B ≈
3

b2,  C ≈
3

c2         (xii, xiii) 

Now, substituting A, B, and C values in equation (x), we found the maximum heat density qm as 

⇒ qm = qm =
36Q×sqrt(3)

π×sqrt (π)[6+m2𝑏2]
        (xiv) 

Substituting A, B, C, and qm in equation (iv), the power density distribution in a proposed egg 

shape is expressed as 

q(x, y, z) =
36×sqrt(3)×Q

π×abc×sqrt(π)×[6+𝑏2m2]
× e

−[
3y2

b2 +(
3x2

a2 +
3z2

c2 )×(
1

my+m2y2+1
)]

    (xv) 

The effect of welding speed taking into account, the heat distribution should not be 

symmetrically distributed; it should be asymmetric, ahead of arc and behind it. From the Eq. 

(xviii) it is obvious that, if ‘m’ is equal to zero then the power density becomes equal to power 
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density of semi-ellipsoidal heat source model. The heat source models such as Pavelic’s disc 

source, Paley and Hibbert volume heat source and Westby’s heat source model are special cases 

of semi-ellipsoidal heat source model. The heat density distribution inside the front part and rear 

part of the proposed egg shape configuration can be expressed as 

𝑞𝑓(x, y, z) =
36×sqrt(3)×Q×𝑁𝑓

π×abc×sqrt(π)×[6+𝑏2m2]
× e

−[
3y2

b2 +(
3x2

a2 +
3z2

c2 )×(
1

my+m2y2+1
)]

    (xvi) 

𝑞𝑟(x, y, z) =
36×sqrt(3)×Q×𝑁𝑟

π×abc×sqrt(π)×[6+𝑏2m2]
× e

−[
3y2

b2 +(
3x2

a2 +
3z2

c2 )×(
1

−my+m2y2+1
)]

   (xvii) 

where v, τ, and t depict the welding speed, a lag factor, and time respectively. Here, Nf and Nr 

are the fractions of heat deposited in the front and the rear sections respectively. For the front 

section, the heat deposition is determined as follows 

2 ∫ ∫ ∫ q(x, y, z)dxdydz
∞

0

∞

0

∞

0
=

1

2
(NfQ)       (xviii) 

Solving equation (xviii) for Nf as follows 

2 ∫ ∫ ∫ q(x, y, z)dxdydz

∞

0

∞

0

∞

0

=  
36 × sqrt(3) × Q

π × abc × sqrt(π) × [6 + 𝑏2m2]
× 2

× ∫ ∫ ∫ e
−[

3y2

b2 +(
3x2

a2 +
3z2

c2 )×(
1

my+m2y2+1
)]

∞

0

𝑑𝑥𝑑𝑦𝑑𝑧
∞

0

∞

0

 

            (xix) 

⇒   (
[6×𝑠𝑞𝑟𝑡(𝜋)+2√3×𝑏𝑚+𝑏2𝑚2×𝑠𝑞𝑟𝑡(𝜋)]×𝑄

[2×𝑠𝑞𝑟𝑡(𝜋){6+𝑏2𝑚2}]
)  =

1

2
(NfQ)      (xx) 

    

⇒  𝑁𝑓 =
[6×𝑠𝑞𝑟𝑡(𝜋)+2√3×𝑏𝑚+𝑏2𝑚2×𝑠𝑞𝑟𝑡(𝜋)]

𝑠𝑞𝑟𝑡(𝜋){6+𝑏2𝑚2}
        (xxi)  

Similarly, for the rear section, heat deposition is can be determined as follows 

2 ∫ ∫ ∫ q(x, y, z)dxdydz
∞

0

∞

0

∞

0
=

1

2
(NrQ)       (xxii) 

Solving equation (xxii) for Nr as follows 
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2 ∫ ∫ ∫ q(x, y, z)dxdydz

∞

0

∞

0

∞

0

=  
36 × sqrt(3) × Q

π × abc × sqrt(π) × [6 + 𝑏2m2]
× 2

× ∫ ∫ ∫ e
−[

3y2

b2 +(
3x2

a2 +
3z2

c2 )×(
1

−my+m2y2+1
)]

∞

0

𝑑𝑥𝑑𝑦𝑑𝑧
∞

0

∞

0

 

            (xxiii) 

⇒   (
[6×𝑠𝑞𝑟𝑡(𝜋)−2√3×𝑏𝑚+𝑏2𝑚2×𝑠𝑞𝑟𝑡(𝜋)]×𝑄

[2×𝑠𝑞𝑟𝑡(𝜋){6+𝑏2𝑚2}]
)  =

1

2
(NrQ)      (xxiv) 

           

⇒  𝑁𝑟 =
[6×𝑠𝑞𝑟𝑡(𝜋)−2√3×𝑏𝑚+𝑏2𝑚2×𝑠𝑞𝑟𝑡(𝜋)]

𝑠𝑞𝑟𝑡(𝜋){6+𝑏2𝑚2}
        (xxv)  

Therefore, the sum of the Nf and Nr can be as follows 

⇒   𝑁𝑓 + 𝑁𝑟 =
[6 × 𝑠𝑞𝑟𝑡(𝜋) + 2√3 × 𝑏𝑚 + 𝑏2𝑚2 × 𝑠𝑞𝑟𝑡(𝜋)]

𝑠𝑞𝑟𝑡(𝜋){6 + 𝑏2𝑚2}

+
[6 × 𝑠𝑞𝑟𝑡(𝜋) − 2√3 × 𝑏𝑚 + 𝑏2𝑚2 × 𝑠𝑞𝑟𝑡(𝜋)]

𝑠𝑞𝑟𝑡(𝜋){6 + 𝑏2𝑚2}
 

            (xxvi) 

Nr + Nf = 2           (xxvii) 
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