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Abstract— TIG welding has been the most widely accepted 

welding processes so far in the industry due to its availability 

and versatility of welding equipment, low-cost equipment 

and excellent quality. Metallurgical changes, residual stress 

and distortions near the weld bead due to localized heating by 

the welding process and subsequent rapid cooling are the 

major problems to be addressed during welding. Defects may 

be on the surface or inside the weld metal. Certain defects like 

cracks are never tolerated but other defects may be acceptable 

within permissible limits. The 3D numerical simulation 

ANSYS code is used to predict cracking tendency in the mild 

steel plate. The thermo-mechanical effect of welding is 

simulated to study the residual stress distribution and the 

cracking tendency. As fusion zone of weld comprise of semi-

solid phase, considering only the thermo-mechanical effect of 

welding is not desirable to predict the cracking tendency in 

the fusion zone as other factors like weld pool flow 

characteristics, the metallurgy of the zone depends. Thus 

cracking tendency in the heat-affected zone is only 

considered for the study. Firstly the thermal distribution 

developed during welding of mild steel plate was modelled 

by three-dimensional thermal model. Secondly, the stress 

distributions arising during the welding of mild steel plate 

was simulated based on simulated thermal distributions. The 

structural analysis gives residual stress and critical strain 

distribution which is further analysed and studied to 

determine the cracking tendency in the heat-affected zone. 
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I. INTRODUCTION 

Welding is a technique used for joining metallic parts usually 

through the application of heat with or without the application 

of pressure and with or without the use of filler material. High 

productivity compared to non-conventional welding methods 

makes TIG welding universally acceptable, and the low 

production cost makes it common and widely used welding 

technique. Limited thickness of welds that can be produced 

in a single pass, wide weld beads and large distortions are the 

major limitations of TIG welding that need to be addressed. 

Like any other techniques, welding also comes up with 

defects in the weldments such as cracks, slag inclusion, 

porosity etc. of these cracks are the most detrimental. High 

residual stress developed in and around the weld region can 

cause brittle fracture, stress corrosion cracking, fatigue 

failure. These strongly affect the safety of the welded 

components. Limitation of non-destructive testing methods 

restricts the experimental optimization of the welding 

parameters. Hence numerical methods have a vital role in the 

determination of the residual stress and distortion in the 

welded components. Numerical simulations have been used 

to understand the effect of different boundary conditions, 

weld parameters and weld processes on thermal, stress 

distribution and distortion on the base material. Researchers 

have developed different moving heat sources according to 

weld bead shape and heat flux distribution. Rosenthal in 1941 

applied Fourier's law to moving heat sources and developed 

a model that can be used to represent as point, line or plane 

sources of heat. Pavelic in 1969 made improvements by 

representing the welding arc as a distributed surface flux. A 

double ellipsoidal model to represent welding heat sources 

was first proposed by Goldak et al. (1984) [1], has been 

widely adopted by researchers. Goldak proposed a non-

axisymmetric heat source distributed in three dimensions to 

better account for the depression of the weld pool surface 

owing to the arc pressure. Sapabathy [2] introduced modified 

double ellipsoidal model with a differential distribution at the 

front and back portion of the arc which is most suitable for 

even vibrating heat sources that can be used for modelling 

any type of welding technique including wave technique. 

Numerical simulation has been an alternative to investigating 

in detail the effects of the arc on the heat input distribution of 

the welded plate since the increase in the computer capacity 

has made it quick and inexpensive in the last years. Teng and 

Chang [1998] reported that the first thermo-mechanical 

model was developed by Friedman [1975] using the FE 

method to calculate temperatures during welding. Sumei Liu 

& Jinxing Sun[3] in their study conducted numerical 

simulation and experimental research on temperature and 

stress fields in TIG welding for a plate of mild steel proved 

that the moving double ellipsoidal heat source models are 

good at welding analysis for steel. Nurul Syahida Mohd 

Nasir, Mohammad Khairul Azhar, et al. (2016) conducted a 

numerical and experimental study to determine the nature of 

residual stress during welding. N.Coniglio and C.E.Cross[4] 

conducted numerous weldability tests to determine the 

critical strain rate upon which solidification crack initiates. 

II. METHODOLOGY 

A coupled 3D finite element thermal-mechanical model was 

constructed in two steps. The software ANSYS APDL was 

used for this purpose. Firstly thermal analysis was done, a 

moving heat source model was made to simulate the welding 

process. The thermal cycle history obtained was applied as a 

predefined field to the mechanical model. 

The assumptions used during the simulations are as follows: 

1) The surface of the mild steel plate is assumed to be flat 

without any surface deformations. 

2) The workpiece is assumed to be symmetric about x-axis. 

3) The temperature depended material properties are 

assumed to vary linearly with temperature. 

4) Ambient temperature and pressure are taken to be 300K 

and 101.325KPa respectively. 
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5) As this study only intend to determine the cracking 

tendency due to the thermo-mechanical effect of 

welding, only the heat-affected zone is considered. 

A. Thermal Analysis 

The 3D finite element model for the analysis is shown in the 

figure below. Due to the symmetry of the analysis, only half 

of the portion is modelled. The model is discretized into a 

finite number of nodes and elements. 20 node solid 90 

thermal elements are used for the thermal analysis. 20 node 

solid 90 thermal element is used as each element in the finite 

element model will have 20 node in them, this gives greater 

approximation and smoother curves are produced. 

 
Fig. 1: Representation of the 20 node solid 90 thermal 

element 

Material properties like density, Young's modulus 

and thermal properties like specific heat, coefficient of 

thermal expansion are given. This defines the material as mild 

steel. Mild steel plate is modelled according to the required 

dimension i.e. 100x50x8mm. Variable meshing is done on the 

plate i.e. coarse meshing done on most of the plate and for a 

detailed analysis, the mesh is refined along an edge along 

which welding is done. The grid convergence or mesh 

convergence analysis is carried out to obtain an optimized 

mesh that gives an accurate result within a reasonable 

computational time. To study the effect of grid size on the 

thermal cycles during the welding, an analysis is carried out 

by varying the number of elements and keeping all other 

welding parameters constant. 

 
Fig. 2: 3D finite element model of the mild steel plate 

The governing equation for the transient heat 

transfer analysis in welding is given by  

(1) 

Where ρ is the density of the materials, c is the 

specific heat capacity, T is the current temperature, q is the 

heat flux vector, Q is the internal heat generation rate, x, y 

and z are the coordinates in the reference system and t is the 

time. 

A heat distribution function will represent the spatial 

distribution of direction and magnitude of heat delivered by 

the welding heat source. According to Goldak’s double 

ellipsoidal distribution model, the heat source can be 

expressed as 

(2) 

The above equation is modified for a heat source 

moving along the x-axis with speed as suggested by Klobcar 

(Klobcar et al., 2004) [4]. In the above equation x, y and z are 

the local coordinates of the double ellipsoid model. ‘f' is the 

fraction of heat deposited in the weld region. V and I are the 

applied voltage and current. The arc efficiency is assumed to 

be 70% for the TIG welding process. The parameters a, b and 

c are related to the characteristics of the welding heat source. 

The parameters of the heat source can be adjusted to create a 

desired melted zone according to the welding conditions. This 

heat distribution function is defined in ANSYS as a 

subroutine. To incorporate the effect of convection and 

radiation losses in the weld pool and base metal a combined 

convective and radiative heat transfer coefficient should be 

defined according to the nature of material and environment. 

Radiation losses are dominating for higher temperatures near 

and in the weld zone, and convection losses for lower 

temperatures away from the weld zone. The combined 

temperature-dependent heat transfer coefficient from Dean 

Deng et al. [3] as in equation [7] is given by  

ℎ= 0.68𝑇×10−8 (𝑊/𝑚𝑚2) 0 < T < 500 °C 

ℎ= (0.231𝑇−82.1) ×10−6 T > 500 °C                               (3) 

Where T is temperature in degree Celsius 

The thermal analysis performed is a transient 

analysis as thermal loads change with time. Goldak’s double 

ellipsoidal heat source model for welding is generated by 

reading the subroutine for equation 5.2. The whole welding 

process takes place for 34 seconds and then the mild steel 

plate is kept for 2 hours for cooling. Thermal distribution 

curves are obtained from this analysis. This analysis is 

performed for weld currents of 160A, 180A, 200A at a 

voltage of 12V and with a welding speed of 3mm/s. 

B. Structural Analysis 

The coupled thermo-mechanical analysis is performed to do 

the structural analysis based on the simulated thermal 

distributions. In structural analysis of thermal elements, 

solid90 gets translated to solid95. Geometrical modelling of 

the mild steel plate is done exactly as in thermal analysis. 

Considering the symmetry only half of the plate is modelled. 

Here fixed constraints are applied to simulate the clamping 

condition. Constraint to the thermal expansion and 

contraction of the mild steel plate during and after the 

welding results in the generation of thermal stress in the plate. 

Loading is done as 44 load steps each obtaining the thermal 
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distribution data from the thermal analysis. The analysis is 

then solved by iteration. This ANSYS has more than 9800 

elements present and each has to be considered for the 

structural analysis. Selecting every each element for the 

check of criticality in their structural property is a tiresome 

procedure. To surpass this an appropriate ANSYS parametric 

design language code is written to extract the elemental 

structural results like stress, strain etc. along with the 

Cartesian coordinates of the centroid of the respective 

element. These structural data namely stress and strain is 

compared with their respective critical value above which 

cracking is likely to occur. A visual basic code was written to 

filter out the structural data based on the critical value. 

Cartesian coordinates that correspond to the centroid of the 

elements that hold remaining structural data is selected for 

generating the 3D scatter plot using Tera plot software. 

III. RESULTS & DISCUSSION 

Transient thermal analysis performed to give the thermal 

distribution occurring during and after the process of welding. 

 
Fig. 3: Temperature profile obtained upon welding at 180A 

From fig.3, we get the temperature profile obtained 

for welding at 180A. The maximum temperature obtained 

was 2150.06°C which is above the melting point of mild steel 

In the fig.4 (a) & (b) the stress variation in the transverse 

direction is plotted during & after the welding respectively 

and both with three different welding currents. In fig.4 (a) 

stress is found to be zero at the origin i.e. the weld pool, this 

is because the stress will not be present in the liquid state of 

the metal. As the distance traverse stress becomes 

compressive in the heat-affected zone. This is because since 

during heating yield strength decreases causing thermal 

expansion in the region but this is resisted by the surrounding 

base metal which is at a lower temperature. Stress magnitude 

increase as the distance again increases to become tensile, this 

happens to keep the balance of equilibrium of the plate. In 

fig.4 (b) stress v/s distance is plotted after the welding process 

is completed and the mild steel plate is cooled to room 

temperature. On cooling, initially at high-temperature 

contraction occurs without much resistance due to low yield 

strength but subsequently shrinkage of metal is resisted as 

metal gains strength owing to the reduction in temperature. 

Therefore, further contraction in shrinking base and weld 

metal is not allowed with a reduction in temperature. This 

behaviour of contraction leaves the metal in the strained 

condition which means that metal which should have 

contracted, is not allowed to do so and this leads to the 

development of the tensile stresses. This tensile stress keeps 

on increasing in magnitude until the room temperature is 

reached. This is evident from the high tensile stress value near 

the weld line in the fig.4 (b). The residual stress along the 

weld is generally tensile while balancing compressive 

residual stress is developed adjacent to the weld in the heat-

affected zone on cooling to the room temperature. 

 
(a) 

 
(b) 

Fig. 4: (a) stress v/s distance plotted to get the variation of 

stress in the transverse direction from weld pool to the 

clamped edge during the process of welding; (b) stress v/s 

distance plotted to get the variation of stress in the 

transverse direction from the weld line to the clamped edge 

after the plate is cooled to the room temperature 

Structural analysis performed based on the thermal 

data from the thermal analysis have the structural data 

required for determining the cracking tendency of the mild 

steel plate during welding. Structural properties like stress 

and strain corresponding to each element in the simulation 

and the respective Cartesian coordinates of the centroid of the 

element are extracted from the analysis. These structural data 

namely stress and strain are compared with their respective 

critical value above which cracking is likely to occur. Thus, 

the whole structural data could be filtered, so that those stress 

or strain value that exceeds the critical value only will remain. 

Cartesian coordinates that correspond to the centroid of the 

elements that hold remaining structural data is selected for 

generating the 3D scatter plot. This scatter plot shows the 

location of elements in the 3D model of the mild steel plate 

in which the structural property has a value above its critical 

value, and here cracking is likely to occur. As the simulation 

is done for different welding current, a set of scatter plots are 

obtained corresponding to the structural property obtained 
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from the simulation.  To understand the temperature region 

where cracks are occurring, a temperature contour plot which 

differentiates between fusion zone and heat-affected zone in 

the depth direction of the mild steel plate is generated and are 

shown in fig.5 & fig.7 

 
(a)                                (b) 

Fig. 5: Temperature contour plot obtained for welding with 

a welding torch of (a) 180A and (b) 200A 

 
(a)                                      (b) 

Fig. 6: After the 2 hours cooling of mild steel plate which 

was TIG welded with a weld torch of 180A at a speed of 

3mm/s, a scatter plot is generated from the coordinates 

obtained from the simulation showing the location of the 

elements in the 3d model for which stresses exceeds a 

critical stress value of 350MPa; (a) 3d cubical 

representation; (b) true scale 

In the fig.6, the scatter plots are generated for the 

probable crack locations in the heat-affected zone based on 

the stress value and the weld fusion zone region is not 

considered. On analysing the above fig.6, the probable crack 

locations for the occurrence of cracks in the heat-affected 

zone are mostly located towards the middle of the plate. On 

using a welding torch of 180A, weld fusion zone is found to 

occur up to a depth of 3mm and the heat-affected zone is 

found to occur from a depth of 3mm to 8mm. Again the 

scatter plots were plotted based on the co-ordinates 

corresponding to elements in the simulation where the strain 

value is above the critical strain value of mild steel plate 

suggested by N.Coniglio (N.Coniglio et al., 2013). After 

2hours of cooling of mild steel plate which was TIG welded 

with a weld torch of 180A at a speed of 3mm/s a scatter plot 

is generated from the coordinates obtained from the 

simulation showing the location of the elements in the 3d 

model for which strain exceeds a critical strain value of 5.9% 

[4]. On analysing these scatter plots, probable locations for 

the occurrence of cracks in the heat-affected zone are mostly 

located towards the middle of the plate. Here the probable 

crack locations are found to be slightly less compared to the 

crack locations in the scatter plot generated based on the 

stress data. From fig.8 probable locations for the occurrence 

of cracks in the heat-affected zone are more densely located 

towards the middle of the plate. The high density of probable 

crack location in the heat moved zone might be due to the 

high current of the weld torch of 200A. As the scatter plots 

were again plotted for the welding with a weld torch of 200A 

based on the co-ordinates obtained from the analysis based on 

the elements having strain above critical strain. The scatter 

plot thus obtained also showed slightly lower density of 

probable crack location as compared as compared to scatter 

plot obtained based on stress data. 

 
Fig. 8: After the 2 hours cooling of mild steel plate which 

was TIG welded with a weld torch of 200A at a speed of 

3mm/s, a scatter plot is generated from the simulation 

showing location of the elements in the 3d model for which 

stresses exceeds a critical stress value of 350MPa; (a) 3d 

cubical representation; (b) true scale 

Similarly this thermo-mechanical analysis 

performed under different weld currents namely 140A, 160A, 

220A and respective scatter plots were generated to 

determine the cracking tendency.  

IV. CONCLUSION      

In this study, only numerical simulation is used to determine 

the cracking tendency in the heat affected zone during the 

tungsten inert gas welding of mild steel plates under different 

weld currents.  

1) Stress distribution and nature of stresses obtained in 

simulation are in good agreement with experimentally 

determined stress distributions occurring during and after 

the welding process [7].  

2) In all the cases, the trend observed is that the probable 

crack locations in the scatter plots are found to increase 

upon increasing the weld current.  

3) Probable crack locations are mostly located around the 

middle of the mild steel plate suggesting that distortions 

are mostly happening in the middle of the plate.  

4) Numerical simulations are always effective in predicting 

the outcome of mechanical process and thus help in 

optimization of process parameters.  
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