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1|Introduction    

Controlling of weld profile is a major problem encountered by welding practitioners, as it is influenced by 

factors such as the CTE and TTV in the welded metal. Mild steel plates are frequently used in welding 
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Abstract 

To minimize welding experimental cost, time, and defects and prevent inaccurate results, finite element computational modelling 

and simulation were performed on AISI 1018 mild steel plate, which interacts seamlessly with Tungten Inert Gas (TIG) welding 

sequence due to its low carbon content. Goldak heat source distribution was employed to model the complex phenomena around 

the weld profile, considering convection and radiation heat losses in the thermal cycles to maintain a balance in the temperature 

gradients. The study focused on the heat input variation around the weld profile upper face and parallel plane situated 1.5 mm 

beneath the upper face to demystify the thermal behaviour of Coefficient of Thermal Expansion (CTE) and Transient 

Temperature Variations (TTVs) across the weld profile region. The heat input distributed across the parallel plane exhibited a 

different geometric profile compared to the upper face because heat input at this depth (1.5 mm parallel plane) is influenced by 

heat conducted via the base metal, the presence of any heat sinks or thermal barriers, and thermal conductivity of the base metal. 

The distribution of the heat input was observed to take after the geometric form of Gaussian distribution. Findings from the weld 

profiles revealed that maximum weld temperature of 1391, 1516, 1667, 2200, 2596 and 2834 oC yielded maximum CTE of 1.1e-

014, 1.1e-012, 1.1e-011, 1.1e-009, 1.1e-007 and 1.1e-005 oC-1. From the trend of these values, it was observed that increasing 

weld temperatures obviously led to increasing CTE, which agrees with findings from existing research in this field of study. It was 

also noted that, at each of these CTE values, the corresponding thermal expansion lengths were 0.01, 0.03, 0.05, 0.07, 0.09, and 

0.12 mm, indicating that increasing weld temperatures increased the corresponding CTE, which in turn led to an increase in the 

corresponding length of thermal expansion.   
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  operations, and the effects of these factors on weld profile should be fully understood by welding operators 

in order to ensure good quality welds. CTE relates to the behaviour of a material in terms of expansion or 

contraction in response to temperature, and this behaviour varies depending on the type of material [1], [2]. 

In the case of mild steel plates, the CTE can affect the distortion and residual stress build-ups in the welds, 

which can influence the performance, composition and quality of the welds [3], [4]. Moreover, TTVs in the 

course of welding application can result in rapid heating and cooling of the welded metal, leading to thermal 

gradients that can cause distortion and cracking around the welded region. These temperature variations also 

have the potential to influence the microstructure and mechanical properties of the welds, resulting in weld 

complications such as reduced strength and ductility [5], [6].  

Several studies have been conducted on computational modelling of the TIG weld profile of mild steel. For 

example, Ikpe & Bassey [7] modelled and simulated the transient thermal stress distribution across AISI 1018 

flat plates at distinct welding temperatures using Finite Element Method (FEM). The FEM result for 

thermally-induced stress of 4244.373 was validated against the experimentally determined thermally-induced 

stresses of 4345.894, both at a welding temperature of 680oF. However, at a higher welding temperature of 

9600oF, both FEM and experimental thermally-induced stress of 10786.858 and 12124.269 MPa were 

obtained. There was a correlation between the experimentally induced thermal stress distribution and the 

FEM-induced thermal stress distribution, indicating the efficiency of FEM in computational studies.  

Huang et al. [8] developed thermal elastic-plastic models to determine geometric imperfections using FEM 

and Digital Image Correlation (DIC) for the prediction of transient welding distortion. The numerical results 

and experimental data for both out-of-plane deformation modes and magnitudes of the plate correlated at 

various phases of the welding process. Peak out-of-plane distortion was higher than 4 mm during welding, 

and this can result in instability of arc length and heat input. The relationship between heat input and welding 

distortion was validated through multiple numerical analyses.  

Aissani et al. [9] performed TIG welding using a 3D simulation of 304L steel and an experimental technique. 

The heat source was modelled via a mobile Gaussian surface source with a bi-elliptical shape, which was 

implemented in a three-dimensional finite element model to compute heat flux and temperature fields. The 

relationship between the experimental and numerical thermal cycles shows a significant correlation. The 

conversion of isotherms into microstructural information indicated the size of the fusion zone is four times 

smaller than the Heat Affected Zone (HAZ).  

Bassey et al. [10] employed FEM to computationally model, simulate, and experimentally determine the 

thermo-mechanical transient behaviour of mild steel plate agglutinated by the Gas Tungsten Arc Welding 

(GTAW) technique. The study revealed the correlation between FEM modelled and experimentally 

determined output parameters, as maximum FEM and experimental yield strength values of 478.724 and 

470.713MPa were obtained at welding temperatures of 1391 and 1406oC. The FEM profile model was 

characterized by minimum and maximum welding temperature and yield strength, which revealed that 

maximum temperature and maximum yield strength (tensile) values both occurred around the welded region 

or fusion zone.  

Nezamdost et al. [11] employed Goldak heat source distribution modelling of APIX65 pipeline steel using 

Submerged Arc Welding (SAW). The 2D and 3D finite element models were developed using the solution of 

heat transfer equations in ABAQUS Standard implicit. The obtained results confirmed that the 2D axis-

symmetric model can be effectively employed to simulate the thermal cycles and the welding residual stresses 

for the test steel, since it effectively reduced the time and cost of the FE computation compared to the 3D. 

Also, there was a correlation between the results obtained from the computational models and the 

experimental approach. Despite the several studies conducted on computational modelling of TIG weld 

profile, limited literature exists on the relationship between CTE and TTVs in mild steel plates, which is the 

main focus of this study. 
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2|Finite Element Method  

FEM employs variation techniques from differential calculus to derive a solution by reducing possible error 

functions. The FEM is founded on the Direct Stiffness Method, or Matrix Stiffness Method, which uses the 

concepts of member stiffness to calculate thermal stresses, displacements, member forces, and other 

parameters. To employ FEM in welding processes, a simplified architecture must be modelled with several 

idealized components interconnected by nodes. The physical equations governing the response of the 

idealized structure are deduced from matrix mathematics, utilizing simulations of the constituent 

configurations that contribute to the material's stiffness properties. When using the finite element approach 

for structural mechanics, the following procedures were used: 

I. Subdividing the continuum into a finite number of components with properties such as squares, rectangles, 

triangles, and line segments.  

II. Choosing important locations on the elements to act as nodes for the application of equilibrium and 

compatibility requirements.  

III. Assuming that each element's displacement functions depend on the nodal values in order to determine 

the displacements at each generic point.  

IV. Sufficient connection of the CTE and transient temperature gradient for the welding sequence. 

V. Calculate an element's stiffness and corresponding nodal loads using the flexibility technique or energy 

principles.  

VI. Formulating equilibrium equations in terms of the idealized element for each set of dissipated continuum 

nodes.  

VII. Resolve the nodal displacement equilibrium.  

VIII. Calculate the support reactions at constrained nodes in the event of displacement. 

FEM is generally governed by the notion that the application of boundary conditions such as force, density, 

and displacement exceeding the capacity of a certain body might lead to several scenarios with diverse 

configurations [12], [13]. The heat generated by the arc on the workpiece surface and the transfer of thermal 

energy into the workpiece is essential for effective TIG welding processes. An arc is generated when the 

electrode is directed towards the workpiece, maintaining a small air gap, and this arc is employed to melt and 

fuse the workpiece at elevated temperatures.  

The CAD model seen in Fig. 1 is a mild steel plate developed using SOLIDWORKS Dassault 2021 for 

the investigation, with dimensions of 60 mm in length, 40 mm in breadth, and 10 mm in thickness. The 

simulation was conducted using the Thermal Simulation Program (TSP) within SOLIDWORKS Premium. 

The welding current (Amps), welding voltage (V), gas flow rate (liters/min), welding speed (mm/min), and 

welding temperature (°C) utilized in the analysis were derived from the research conducted by Bassey et al. 

[10], which focused on finite element simulation for the thermo-mechanical transient behaviour of mild steel 

plates joined by the GTAW technique. This study examined AISI 1018 mild steel plate, characterized by the 

mechanical properties and chemical contents detailed in Table 1. Table 2 delineates the specifics of the thermal 

loads employed in the investigation. Table 3 enumerates the specifics of the contacts utilized in the analysis. 

Table 4 presents details of the sensors used in the analysis. Table 5 presents details of the mesh used in the 

study. 
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  Table 1. Properties and composition of AISI 1018 mild steel plate. 

 

 

 

 

 

 

 

Fig. 1. CAD model of mild steel plate. 

Table 2. Details of thermal loads employed in the analysis. 

 

 

 

Mechanical properties  Chemical compositions  

Hardness (Brinell) 126 N/mm2 Carbon 0.14-0.20 % 

Tensile strength (Yield) 370 MPa Iron 98.81-99.26 % 

Ultimate Tensile strength 440.507 MPa Manganese 0.60-0.90 % 

Elastic modulus 205 GPa Phosphorous  0.040 % 

Poisson's ratio 0.290   Sulfur  0.050 % 

Mass density 7.87 g/cc Silicon 0.10 % 

Shear modulus 80mGPa Molybdenum 0.15-0.25 % 

Thermal expansion coefficient 1.5e-005 /Kelvin Silicon 0.020% 

Load Name Load Image Load Details Function Curve 

Temperature-1 

 

Entities: 15 face(s) initial 
temperature: 30oC 

 

Convection-1 

 

Entities: 15 face (s) Convection 
Coefficient: 50 W/(m^2.K) 
Time variation: Off  
Temperature variation: Off  
Bulk ambient temperature: 28 
Kelvin time variation: Off 

 

Heat power-1 

 

Entities: 5 face(s) 
Heat Power Value: 1300 W 
Time variation: on 
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  Table 2. Continued. 

 

Table 3. Details of contact information employed in the analysis. 

 

 

 

 

 

 

 

 

Load Name Load Image Load Details Function Curve 

Heat power-2 Entities: 5 face(s) 
Heat power value: 1300 W 
Time variation: on 

 
Heat power-3 Entities: 5 face(s) 

Heat power value: 1300 W 
Time variation: on 

 
Heat power-4 Entities: 5 face(s) 

Heat power value: 1300 W 
Time variation: on 

 
Heat power-5 

 

Entities: 5 face(s) 
Heat power value: 1300 W 
Time variation: on 

 

Contact Contact Image Contact Properties 

Contact set-1 

 

Type: bonded contact pair  
Entities: 2 face(s) 

Contact set-2 

 

Type: bonded contact pair  
Entities: 6 face(s) 



 Ikpe et al. | Comput. Eng. Technol. Innov. 1(4) (2024) 210-232 

 

215

 

  Table 3. Continued. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Contact Contact Image Contact Properties 

Contact set-3 

 

Type: bonded contact pair  
Entities: 2 face(s) 

Contact set-4 

 

Type: bonded contact pair  
Entities: 6 face(s) 

Contact set-5 

 

Type: bonded contact pair  
Entities: 2 face(s) 

Contact set-6 

 

Type: bonded contact pair  
Entities: 2 face(s) 

Contact set-7 

 

Type: bonded contact pair  
Entities: 2 face(s) 

Contact set-8 

 

Type: bonded contact pair  
Entities: 2 face(s) 

Contact set-9 

 

Type: bonded contact pair  
Entities: 2 face(s) 
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  Table 4. Sensor details employed in the analysis. 

 

  

Sensor Name Location Sensor Details 

Thermal 1 

 

Value: 937.613 Celsius 
Result: thermal 
Component: temperature 
Criterion: model average 
Step criterion: across all steps 
 

Thermal 2 

 

Value: 937.613 Celsius 
Result: thermal 
Component: temperature 
Criterion: model average 
Step criterion: across all steps 
 

Thermal 3 

 

Result: thermal 
Component: temperature 
Criterion: model average  
Step criterion: across all steps 

Thermal 4 

 

Result: thermal 
Component: temperature 
Criterion: model average 
Step Criterion: across all steps 
 

Thermal 5 

 

Value: 5165.18 Celsius  
Result: thermal 
Component: temperature 
Criterion: model average 
Step criterion: across all steps 
 

Thermal 6 

 

Value: 1321.45 Celsius  
Result: thermal 
Component: temperature 
Criterion: model average  
Step criterion: across all steps 
 

Thermal 7 

 

Value: 1321.45 Celsius 
Result: thermal 
Component: temperature 
Criterion: model average  
Step criterion: across all steps 
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  Table 5. Mesh information employed in the analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3|Thermal Equations 

The gross energy input can be measured in two ways: 

For a direct current, heat input (Qn) is calculated as the product of current and voltage at the arc, multiplied 

by the welding duration (t). In the instance of a sinusoidal alternating current, root mean square values of 

voltage and current and the power factor are employed for assessing the arc power. Three input parameters 

constituted the mathematical model for the heat source. The heat produced is described by Eq. (1). 

Mesh Information 

Mesh type Solid mesh 

Mesher used  Curvature based mesh 

Jacobian points 4 Points 

Maximum element size 2.11665 mm 

Minimum element size 0.705542 mm 

Mesh quality High 

Re-mesh failed parts with incompatible mesh Off 

Total nodes 275719 

Total elements 198159 

Maximum aspect ratio 4.4622 

% of elements with an aspect ratio < 3 99.7 

% of elements with aspect ratio > 10 0 

% of distorted elements (Jacobian) 0 

Time to complete mesh (hh:mm: ss)  00:00:27 

Mesh Control Name Mesh Control Image Mesh Control Details 

Control-1 Entities: 7 edge(s), 2 face(s) 
Units: mm 
Size: 0.332403 
Ratio: 1.5 

Control-2 Entities: 6 component(s) 
Units: mm 
Size: 0.664806 
Ratio: 1.5 

Heat Input =
60 × Amps × Volts

1000 × Travel speed (
in
min)

. (1) 
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  To ensure simplicity, it was presumed that all experiments were conducted at an average welding velocity of 

15 inches per minute (0.375 meters per minute). The gas served as a shielding mechanism against 

contaminants and mitigated heat loss; hence, the effectiveness of the process is contingent upon the gas flow 

rate. The gas flow rates were so changed to reflect the efficiency of the operation. Schnick et al. [14] 

asserted that the characteristics and flow rate of the shielding gas can enhance arc efficiency by 5-10%. 

Throughout the experiments, the arc length was preserved; hence, the gas flow rate served as a metric for 

assessing efficiency. The efficiency in question is immediate efficiency. The arc efficiencies were evaluated 

based on the gas flow rate. Standard gas flow rates ranged from 10 to 35 CFH (5 to 17 L/min), with associated 

arc efficiencies detailed in Table 6. 

Table 6. Gas flow rate corresponding to arc efficiencies. 

 

 

 
 

 

 

In structural mechanics, boundary conditions may be kinematic, with displacements specified at the 

conclusion of the simulation, or static, where response and consequent forces are observable throughout the 

simulation's progression. The designated temperature, heat flow, heat flux, or convection can be established 

by entering an initial set of values or process parameters into the computer-aided design program utilized for 

thermal analysis. Initial values may be provided in situations involving time. This study focused on transient 

thermal analysis to ascertain temperature variations and Coefficient of Thermal Expansion (CTE) under time-

varying thermal loads. The welding process is deemed non-linear because of the temperature distribution on 

the material surface. Considering a function U(x, y, z, t) of three spatial variables (x, y, z) and the time variable 

t, the mathematical formulation of the heat equation for the welding condition is given by Eq. (2). 

In the physical condition of temperature variation, U(x, y, z, t) denotes the temperature while α denotes the 

thermal diffusivity. From Fourier’s law, the rate of flow of heat energy per unit area through the surface of 

the workpiece during welding operation is proportional to the negative temperature gradient across its surface, 

given by Eq. (3). 

Where k is the thermal conductivity, and u is the temperature. In the absence of work done, the change in 

the internal energy per unit volume of the material (ΔQ) is proportional to the change in temperature (Δu) 

given by Eq. (4). 

Where cp is the specific heat capacity, and ρ is the mass density of the material. Selecting zero energy at 

absolute zero temperature can be expressed by Eq. (5). 

When work is done in terms of welding operation and heat sources are present, the expression is given by 

Eq. (6). 

Gas Flow Rate (L/min) Arc Efficiency% 

11.98 60% 
13.00 70% 
16.00 80% 
17.02 85% 

∂u

∂t
− α (

∂2u

∂x2
 +
∂2u

∂y2
+
∂2u

∂z2
) = 0. (2) 

q = −k∇u. (3) 

∆Q = cpρ∆u. (4) 

Q = cpρu. (5) 

cpρ∫ [u(ξ, t + ∆t) − u(ξ, t − ∆t)] dξ =  cpρ∫ ∫
∂u

∂τ
dξdτ

x+∆x

x−∆x

t+∆t

t−∆t

x+∆x

x−∆x

. (6) 
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  When no work is done, and there are no heat sources present, the change in internal energy in the interval 

(x−Δx, x+Δx) is accounted for by the flux of heat across the boundaries. Considering Fourier's law, this is 

given by Eq. (7). 

During the welding operation, temperature variation across the workpiece may result in expansion or 

contraction. Therefore, the thermal strain is given by Eq. (8). 

Where,  εth signifies the thermal strain, α signifies the CTE, and ∆T is the temperature variation. The thermal 

effects, as proposed by Hooks law, are given by the relationship in Eq. (9). 

The governing partial differential equation for the transient heat conduction is given by Eq. (10). 

Where x, y, and z represent the Cartesian coordinates, Q is the internal heat generated, ρ is the density, k is 

the thermal conductivity, and CP is the specific heat, are functions of the welding temperature (T). Given by 

Eq. (11), the heat loss by free convection is based on Newton’s law, where the coefficient of convective heat 

transfer is assumed to vary with both temperature and orientation of the boundary. 

Where K represents the thermal conductivity of the material, L is the characteristic length of the mild steel 

plate, Ta is the ambient temperature, and Nu is the Nusselt number given by Eq. (12). 

Where Pr represents the Prandtl number and Gr is the Grashof number, both being functions of ambient air 

properties and temperature differences between the weldment and the environment. Heat loss as a result of 

radiation may be significant when the temperature difference between the weldments and the environment is 

high. This is given by the relation proposed by standard Stefan-Boltzman in Eq. (13). 

Where ε represents the heat emissivity, and σ is the Stephan-Boltzman constant. The total strain within the 

material after the TIG welding operation must satisfy the following compatibility conditions given by Eq. 

(14). 

In the molten pool region of arc welding, the continuity equation for the incompressible fluid is given by Eq. 

(15). 

 

k∫ [
∂u

∂x
(x + ∆x, τ) −

∂u

∂x
(x − ∆x, τ)] dτ = k∫ ∫

∂2u

∂ξ2
dξdr

x+∆x

x−∆x

t+∆t

t−∆t

t+∆t

t−∆t

. (7) 

εth =  α∆T. (8) 

[
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=
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[
 
 
 
 
 
σxx
σyy
σzz
σxy
σxz
σyz]

 
 
 
 
 

 + α∆T 

[
 
 
 
 
 
1
1
1
0
0
0]
 
 
 
 
 

. (9) 

K(T) (∂2T/ ∂x2) + (∂2T/ ∂y2) + (∂2T/ ∂z2) + Q =  ρ(T) CP(T) ) ∂T/ ∂t. (10) 

qc = (K Nu/L)(T − Ta). (11) 

Nu = 5.67 Pr1/3 Gr1/3. (12) 

qr =  ε σ (T
4 − Tα

   4). (13) 

[
∂2εx

 ′

∂y2
+ 
∂2εy

 ′

∂x2
− 
∂2γxy

 ′

∂x ∂y
] + [

∂2εx
 "

∂y2
+ 
∂2εy

 "

∂x2
− 
∂2γxy

 "

∂x∂y
] = 0. (14) 

1

x

∂(xρv)

∂x
+
∂(ρu)

∂z
= 0. (15) 
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  Where ρ is the density of the fluid, v and u are the axial and radial velocity. Considering the axial momentum 

conservation equation, the molten metal in the weld pool and movement of argon shielding gas agrees with 

Eq. (16) and Eq. (17). 

From Eq. (16), the radial momentum conservation equation is given by the mathematical relationships in Eq. 

(17). 

Where P is the pressure and μ the velocity flow of argon shielding gas used for the welding operation, Goldak 

et al. [15] developed a model to characterize the volumetric heat flux exerted on a plate by the welding arc 

heat in operations where the arc's momentum transfer impact on the weld pool is significant. In arc welding, 

precise outcomes are achieved via a power density distribution characterized by ellipsoidal surfaces with 

constant power density, where the power density along radial lines follows a Gaussian distribution. To address 

the disparity between the experimentally measured and predicted temperature gradients in front of and behind 

the arc, two ellipsoidal heat sources were agglutinated, as illustrated in Fig. 2; the anterior portion of the source 

comprises one quadrant of an ellipsoidal source, while the posterior portion consists of a quadrant from 

another ellipsoidal heat source. 

Fig. 2. Double ellipsoidal volumetric heat source. 

The moving heat source was modeled according to the Goldak model. From the Goldak heat source model, 

the volumetric heat flux for a point in the domain Ω is given by Eq. (18) [16]. 

Where rf and rr are the heat input proportions in the front and rear ellipsoid quadrants, 𝚀 is the energy input 

rate from the arc, abcr and cr represent the redii of the flux distribution. Transient heat conduction by the flat 

plate during the welding sequence is expressed by the linear partial differential equation given by Eq. (19):  

 

ρv
∂u

∂x
+ ρu

∂u

∂z
=  −

∂P

∂z
+ 2

∂

∂z
(μ
∂u

∂z
) +

1

x

∂

∂r
 (xμ

∂u

∂x
) +

1

x

∂

∂r
 (xμ

∂v

∂z
) + jxBθ + ρg. (16) 

ρv
∂v

∂x
+ ρu

∂u

∂z
=  −

∂P

∂x
+ μ (2

1

x

∂

∂x
(x
∂v

∂x
) +

∂

∂z
(
∂v

∂z
+
∂u

∂z
) − 2

v

x2
− jzBθ. (17) 

qG(x, y, ξ) =  

{
 
 

 
 6√3Qrf
abcfπ√π

  exp [−3(
x2

a2
+
y2

b2
+
ξ2

cf
2)]  for all (x, y, ξ ≥ 0) ∈ Ω

6√3Qrr
abcrπ√π

  exp [−3(
x2

a2
+
y2

b2
+
ξ2

cf
2)]  for all (x, y, ξ < 0) ∈ Ω

}
 
 

 
 

. (18) 

ρc
∂T

∂t
− k∇2T = q. (19) 
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  Where ρ, k and c denote the mass density, thermal conductivity, and specific heat capacity, and q is the rate 

of internal heat generation, which is considered an applied heat source. However, the natural boundary 

condition for conduction and radiation heat taking place in the welded material during the welding cycle is by 

Eq. (20). 

Where T denotes the temperature variable, q is the heat flux, h is the coefficient of heat conduction, σ is the 

melt pool emissivity, and ε is the Stephan-Boltzmann constant. The basic solution of the heat equation in one 

dimension is given by Green’s function in Eq. (21). 

Where α is the thermal diffusivity given by Eq. (22): 

However, two and three-dimensional Green’s functions are obtained by multiplying one-dimensional Green’s 

functions by the Cartesian co-ordinates, of which the three-dimensional basic solution K(x-x’, y-y’, z-z’, t-t’) 

for the heat equation is given by Green’s function in Eq. (23). 

If only conduction is being considered, the weldment can be modelled by considering insulating boundary 

conditions at every face. In three dimensions, it can be shown, via the Laplace transform method, that the 

Green’s function that describes this, G(x-x’, y-y’, z-z’, t-t’), is given by Eq. (24). 

During welding operation, temperature variation across the workpiece may result in expansion or retraction. 

B, D and L are the spatial extent of the plate in the x, y and z directions, respectively. The thermal reaction 

resulting from solid-to-liquid phase transformation can be due to an increase in specific heat (Cp) input in 

the temperature between solidus and liquidus temperature range. In the welding process, latent heat of fusion 

is released in the phase transformation, thus causing the increase in the enthalpy (h) [17] given by Eq. (25). 

Where the latent heat of fusion is denoted by Lf, ρ is the density, f is the mass proportion of molten metal in 

the weldment, and Cp′ is the increased specific heat. In the welding process, ρ is assumed as constant, and f 

is given by Eq. (26), [18]. 

k
∂T

∂n
− q + h(T − To) + σε(T

4 − To
4) = 0. (20) 

K(x − x′, t − t′) =  
1

√4πα (t−t′)
exp [−

(x−x′)
2

4α (t−t′)
] for all(x − x′, t − t′ ≥ 0) ∈ Ω. (21) 

α =
k

ρcp
. (22) 

K =
1

(4πα(t − t′))
3/2

 exp [−
(x − x′)2 + (y − y′)2 + (z − z′)2

4α(t − t′)
] for all(x − x′, y − y′, z

− z′, t − t′ ≥ 0 ∈ Ω). 

(23) 

G =
1

(4πα(t − t′))
3/2

{
 
 
 
 

 
 
 
 ∑ [exp [−

(2n1B + x − x
′)2

4α(t − t′)
] + exp [−

(2n1B + x + x
′)2

4α(t − t′)
]]

n1=∞

n1=−∞

x∑ [exp [−
(2n2D+ y − y

′)2

4α(t − t′)
] + exp [−

(2n2D+ y + y
′)2

4α(t − t′)
]]

n2=∞

n2=−∞

x∑ [exp [−
(2n3L + z − z

′)2

4α(t − t′)
] + exp [−

(2n3L + z + z
′)2

4α(t − t′)
]]

n3=∞

n3=−∞ }
 
 
 
 

 
 
 
 

. (24) 

h =  ρCpT +  ρLff ρCp
′ T. (25) 
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When the temperature ranges from solidus to liquidus temperature, the equivalent specific heat Cp is deduced 

from Eq. (27). 

Also, if the temperature of the weld pool is above the melting point, the latent heat of evaporation (Le) can 

be considered in the FE model by using the equivalent specific heat Cp given by Eq. (28). 

The distribution of heat across the weld region is characterised by a non-linear flow pattern due to the 

dependence of material thermo-physical properties on the welding temperature. Consequently, the heat 

diffusion equation is given by Eq. (29). 

where ρ(T) is the mass density, c(T) is the specific heat, q is the heat generated per unit volume, Kx(T), Ky(T), 

and Kz(T) are the thermal conductivity coefficients in each direction, T is temperature and t is time. 

Considering that enthalpy is given by Eq. (30), the formulation of enthalpy for heat diffusion is expressed in 

Eq. (31). 

 

 

4|Discussion 

The distribution of heat input across the weld zone plays a crucial role in determining the mechanical 

properties and integrity of the weld. The parameters of the heat distribution, including the depth and size of 

the heat application region, as well as its intensity, were modified to achieve an adequate correlation with the 

thermal information reported by Depradeux [19]. According to this information, the heat that was applied 

was distributed evenly across two planes of the plate: the upper face and the other plane that is parallel to it. 

This study focused on the heat input distribution profile on the upper face of the weld and a parallel plane 

positioned 1.5 mm below the upper face (see Fig. 3 and Fig. 4).  

The upper face of a weld refers to the surface of the weld that is exposed to the heat source during the welding 

process, while the parallel plane located 1.5 mm below the upper face represents a critical region in the weld 

zone where the heat input can have a significant impact on the mechanical properties of the weld. The heat 

input distribution profile on the upper face of a weld is typically characterized by a peak in heat input at the 

centre of the weld, which gradually decreases towards the edges of the weld. This distribution profile is 

influenced by various factors, including the welding parameters (such as welding current, voltage, and travel 

speed), the geometry of the weld joint, and the properties of the base metal. On the other hand, the heat input 

distribution profile on the parallel plane located 1.5 mm underneath the upper face may exhibit a different 

profile pattern compared to the upper face, as clearly seen in Fig. 3 and Fig. 4. This is because the heat input 
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Cp
′  =  Cp  + 
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T
 
T − Ts
TL − Ts

. (27) 

Cp
" = Cp

′ + 
Le   T − Tb
T  Tmax − Tb

. (28) 

ρ(T) c(T)
∂T

∂t
= q +

∂

∂x
(Kx(T)

∂T

∂x
) +

∂

∂y
(Ky(T)

∂T

∂y
) +

∂

∂z
(Kz(T)

∂T

∂z
). (29) 

H = ∫ρ(T) c(T)dT. (30) 

∂H

∂t
= q +

∂
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 (Kx(T)
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  at this depth is influenced by factors such as heat conduction through the base metal, the presence of any 

heat sinks or thermal barriers, and the thermal conductivity of the base metal. It can be observed that the 

distribution of the heat input looks like a Gaussian distribution, as shown in Fig. 3 and Fig. 4.  

Since the welded metal plate had finite dimensions around the edge regions, there was an occurrence of 

intense heat concentration as a result of heat transfer by convection on the edges, which was compared to 

the transfer by conduction in the bulk of the plate [20]. Understanding the heat input distribution profile on 

both the upper face and the parallel plane located 1.5 mm below the upper face is essential for ensuring the 

quality and integrity of a weld. A uniform distribution of heat input across the weld zone can help prevent 

defects such as weld cracking, distortion, and poor mechanical properties. Therefore, it is important for 

welders to carefully control the welding parameters and techniques to achieve a desirable heat input 

distribution profile. 

Fig. 3. Heat input distribution profile on the upper face. 

 

Fig. 4. Heat input distribution profile on the parallel plane at 1.5 mm underneath the upper face. 

 

Weld profile simulation is a crucial aspect of welding processes, as it allows for the prediction and analysis of 

various parameters, such as CTE and TTV in mild steel plates. This plays a vital role in addressing weld 

defects as well as factors that hamper the quality and performance of a welded joint. The CTE of mild steel 

plates can vary depending on the specific composition of the material. This variation in CTE can bring about 

challenges such as residual stresses, distortion, and cracking in the welded joint. To address the 

aforementioned challenges, the weld profile must be simulated in order to predict the variations in transient 

temperature during the welding sequence. Simulation of weld profiles enables welding practitioners to control 

and optimize the welding parameters in order to minimize the effects of CTE around the weld region and 

obtain the required mechanical properties.  
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  The FEM approach was employed in this simulation due to its capacity to model complex physical 

phenomena accurately. The principles behind the computational modelling of weld profiles involve the 

application of mathematical models in representing the thermal variations and material response during the 

welding sequence [21].  

By inputting parameters such as welding voltage, welding current, gas flow rate and material properties, the 

simulation can predict the temperature distribution and resulting weld profile. Heat conduction theory is 

employed in computing the temperature variations within the weld profile model, while thermal expansion 

theory is used for predicting the CTE in relation to the welding temperature across the weld profile model. 

Figs. 5, 7, 9, 11, 13 and 15 represent weld profiles at maximum temperatures of 1391, 1516, 1667, 2200, 2596 

and 2834 oC. However, Fig. 6, 8, 10, 12, 14 and 16 represent weld profiles for CTE at the same maximum 

temperature regeems. It is clearly observed from these profiles that maximum weld temperatures in Figs. 5-15 

yieded corresponding maximum CTE of 1.1e-014, 1.1e-012, 1.1e-011, 1.1e-009, 1.1e-007 and 1.1e-005 oC-1 

as shown in Figs. 6-16. Critically observing the trend of these values, it was deduced that increasing weld 

temperatures can obviously result in increasing CTE. Therefore, the higher the weld temperature, the higher 

the CTE. These agree with the findings of Depradeux [19] and Bezerra et al. [22].  

It should be noted that extremely high welding temperatures can lead to grain growth, phase transformations, 

and the formation of undesirable phases, particularly when the CTE of the welded metal is exceeded, all of 

which can affect the strength and toughness of the weld. By simulating the temperature variations in the weld 

zone using FEM, adequate predictions can be made on the evolution of the microstructure and the welding 

parameters tailored to achieve the desired mechanical properties in the output weld. 

 

Fig. 5. Weld profile at maximum temperature of 1391 oC. 

 

Fig. 6. Weld coefficient of thermal expansion at maximum temperature of 1391 oC. 
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Fig. 7. Weld profile at maximum temperature of 1516 oC. 

Fig. 8. Weld coefficient of thermal expansion at maximum temperature of 1516 oC. 

 

Fig. 9. Weld profile at maximum temperature of 1667 oC. 

Fig. 10. Weld coefficient of thermal expansion at maximum temperature of 1667 oC. 
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Fig. 11. Weld profile at maximum temperature of 2200 oC. 

Fig. 12. Weld coefficient of thermal expansion at maximum temperature of 2200 oC 

Fig. 13. Weld profile at maximum temperature of 2596 oC. 

Fig. 14. Weld coefficient of thermal expansion at maximum temperature of 2596 oC. 

Fig. 15. Weld profile at maximum temperature of 2834 oC. 
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Fig. 16. Weld coefficient of thermal expansion @ max temperature of 2834 oC. 

Dynamic viscosity is an important parameter in the welding field, which directly influences the flow behaviour 

of molten metal during the welding process. When considered in the context of welding, dynamic viscosity is 

the resistance of molten metal to flow during the welding application and is widely influenced by factors such 

as temperature, pressure, and composition [23]. During the welding procedure of a mild steel plate, the 

dynamic viscosity of the molten metal plays a vital role in terms of the weld quality.  

Fig. 17 illustrates the relationship between dynamic viscosity and welding temperature of mild steel plate. 

From the graphical illustration, the dynamic viscosity of the molten metal gradually decreases as the welding 

temperature increases. This is a result of the decrease experienced by the viscosity of the molten metal due to 

a higher temperature gradient, accelerating the melting process and enabling the molten metal to overcome 

the flow resistance to occupy the weld joint. The plot obviously indicates an inverse relationship between the 

two parameters, implying a decrease in the dynamic viscosity of the molten metal when the welding 

temperature increases. This has a significant effect on the welding sequence as it suggests that higher welding 

temperatures can result in improved flow characteristics of the molten metal and possibly standard weld 

quality.  

Therefore, increasing the welding temperature within a specific range can enable welding practitioners to 

improve the flow condition of the molten metal, thereby minimizing the likelihood of welding defects around 

the fusion zones. Understanding the relationship between these two parameters is crucial for achieving the 

desired weld quality. 

Fig. 17. Relationship between dynamic viscosity and welding temperature.  

In the welding context, specific heat relates to the extent of heat input needed to increase the temperature of 

a unit mass of the welded metal by one degree Celsius. Therefore, it plays a vital role in the determination of 

temperature distribution across the weld fusion zones. This is crucial when welding mild steel plates, as 

plotting specific against welding temperature indicates thermal response and variations of the metal during 

the welding sequence. For example, a steep increase in specific heat at higher temperatures may signify the 

beginning of phase transformations or other metallurgical variations that could directly or indirectly influence 

the grain size, phase transformation, microstructure, mechanical properties and compositions of the weld 

[24], [25]. The relationship between these parameters provides valuable insights into the thermal 

characteristics (heat input and energy transfer) of the welded metal during the welding sequence.  
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  Fig. 18 illustrates the relationship between specific heat and welding temperature of mild steel plates. From 

the plot, a higher specific heat value is an indication that more heat input has been introduced to increase the 

temperature of the welded metal due to higher welding temperature, which improves the thermal behaviour 

of the welded material. On the other hand, a lower specific heat value signifies that less amount of heat has 

been introduced to the welding sequence, resulting in a lower welding temperature. In other words, the 

relationship between these parameters illustrates how rapidly the temperature accelerates and how efficiently 

heat is transferred across the welded metal as a result of increasing welding temperature. This, in turn, 

influences the geometry of the HAZ in terms of size and shape, as well as the strength and integrity of the 

weld. Understanding the relationship between these parameters can enable welding practitioners to optimize 

the welding conditions to achieve optimum microstructural changes and better weld quality while minimizing 

the risk of defects such as cracking and distortion. 

Fig. 18. Relationship between specific heat and welding temperature. 

 

Energy consumption is a crucial parameter in welding operations due to its impact on the efficiency and cost-

effectiveness of the welding sequence. During the welding sequence, the temperature plays a major role in 

the determination of the energy consumption. In other words, energy consumption in TIG welding is mainly 

determined by the heat input required to melt the base metal and filler material. The temperature of the 

welding process directly influences the heat input, as higher temperatures require more energy to melt the 

materials [26], [27]. As a result, there is a direct correlation between the welding temperature and the energy 

consumption.  

Fig. 19 shows the relationship between energy consumption and welding temperature of mild steel plates. The 

plot illustrates an increasing trend, as increasing welding temperatures result in increasing energy 

consumption, indicating that higher temperatures require more energy to melt the metal, which ultimately 

results in increased energy consumption. Moreover, the efficiency of the welding process may decrease at 

peak temperatures, further contributing to the increase in energy consumption.  

High energy consumption during TIG welding can result in extreme heat input, which may cause undesirable 

microstructural variations on the fusion and HAZs. This can further cause a reduction of tensile strength and 

ductility of the weld. On the other hand, low energy consumption can lead to insufficient heat input, causing 

incomplete fusion as well as improper weld penetration. This can cause improper bonding between the base 

metal and the filler material, resulting in weak weld joints. It is crucial to achieve a balance between high and 

low energy input during TIG welding of mild steel plates. Therefore, the energy input should be enough to 

obtain optimum temperature for adequate weld bead penetration while avoiding intensive heat input that can 

result in the formation of undesirable microstructures. Optimum energy consumption can be achieved by 

controlling the welding parameters, such as welding current, welding speed, and shielding gas flow rate.  
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Fig. 19. Relationship between energy consumption and welding temperature. 

Mild steel is a commonly used material in welding applications due to its excellent weldability and mechanical 

properties. The thermal conductivity of mild steel is relatively high compared to other materials, which means 

that it can conduct heat efficiently [28]. As the welding temperature increases, the thermal conductivity of the 

material also increases, leading to a more uniform distribution of heat within the material [29]. This can be 

clearly observed in Fig. 20, as it clearly illustrates the relationship between thermal conductivity and welding 

temperature, which the physical mechanisms of heat transfer in the material can describe. At low 

temperatures, heat is primarily transferred through conduction, where the temperature gradient within the 

material drives the movement of heat. As the temperature increases, other modes of heat transfer, such as 

convection and radiation, become more effective, causing thermal variations around the fusion zone and 

HAZ of the weld. During welding sequence, the HAZ of the weld undergoes intense variations in 

microstructure and mechanical properties due to the heat input during welding [30]. A critical assessment of 

the thermal welding parameters such as heat input, welding speed, and preheating temperature can identify 

the temperature range at which the HAZ is formed and as well as its overall impact on the weld quality. 

Thereafter, the welding materials can be adjusted to suit the material’s requirement in order to minimize the 

formation of welding defects such as cracks, porosity, and distortion in the welded joint. 

Fig. 20. Relationship between thermal conductivity and welding temperature. 
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5|Conclusion 

The findings from this study provided valuable insights into the relationship between the CTE and TTVs in 

mild steel plates. Through the use of advanced computational tools, this study simulated and analyzed the 

complex interactions that occur during the welding sequence, leading to a better comprehension of the factors 

that influence weld quality and performance. One of the key findings from this study included the impact of 

CTE on TTVs in the weld profile. It was observed that variations in the CTE can cause non-uniform heating 

and cooling patterns in the weld zone, resulting in the formation of undesirable defects such as porosity and 

cracking. By accurately modelling these thermal effects, this study, through computational modelling 

simulated the weld profiles at different temperature conditions, and the outcomes were reported adequately. 

Furthermore, the findings from these studies have also highlighted the importance of considering the material 

properties of the base metal when preparing the welding sequence. Mild steel, for example, exhibits a specific 

CTE that must be taken into account when predicting temperature variations in the weld zone. By 

incorporating this information into computational models, the weld profile behavior can be predicted 

accurately and informed decisions can be made on the process parameters. Furthermore, this study also 

demonstrated the importance of accurately modelling the heat transfer mechanisms in TIG welding, as small 

variations in temperature can have a significant impact on the final weld quality. By integrating the welding 

parameters (welding current (Amps), welding voltage (V), gas flow rate (litters/min), welding speed (mm/min) 

and welding temperature (oC) and essential boundary conditions into the computational simulations, the 

analysis predicted the formation of key features in the weld profile, such as the heat input distribution profile 

on the upper face and parallel plane located 1.5 mm underneath the upper face, CTE, TTVs, heat-affected 

zone and fusion zone, with a high degree of accuracy. By leveraging the knowledge presented in this study, 

welding practitioners can continue to improve welding sequence and enhance the quality and reliability of 

welded structures. 
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