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Abstract - In the present paper, 3 Dimensional welding simulation was carried out in the FE software 
ANSYS in order to predict temperature, stress, strain and deformation in the joining of similar and 
dissimilar materials. The numerical simulation shows that temperature exceeds well above the melting 
temperature of the substrate material in the welding region. It is found that, higher residual stress is 
distributed in the weld bead area and surrounding heat affected zone. The stress and strain distribution 
patterns in the specimen showed that both tended to concentrate at or near points of application of 
thermal load, and were generally not uniform in these areas. It is also found that Stress and strain were 
concentrated at corners, edges, and other areas of abrupt change in the shape of the specimen and was 
also not uniform where the cross-section of the structure changed suddenly, and had large gradients at 
localized points. The deformation was found maximum at the beginning and the end of welding direction 
(Y-axis) and minimum at the ends of X-axis as they are simply supported in both ends. In addition, 
among the six different cases of similar and dissimilar materials (S40C+S40C, STS304+STS304, 
STS316L+STS316L, S40C+STS304, S40C+STS316L, STS304+STS316L), the minimum temperature was 
found in S40C+STS304 whereas the maximum temperature was S40C+STS316L; the minimum stress 
was found in case of S40C+STS304 and maximum stress was found in S40C+STS316L; the minimum 
strain was found in case of S40C+STS304 and maximum strain was found in STS304+STS304; the 
minimum deformation was found in S40C+S40C and maximum in S40C+STS316L.The prediction show 
qualitative good agreement with the experimental results found in the literature and hence it was 
confirmed that the method of finite elements has proved to be successful for proper design analysis. 
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I. INTRODUCTION 

Welding is a reliable and efficient metal joining process. Many metallic structures in industry are assembled 
through some kind of welding process which is composed of heating, melting and solidification using a heat 
source such as arc, laser, torch or electron beam. The highly localized transient heat and strongly nonlinear 
temperature fields in both heating and cooling processes cause non-uniform thermal expansion and contraction, 
and thus result in plastic deformation in the weld and surrounding areas. As a result, residual stress, strain and 
distortion are permanently produced in the welded structures. High tensile residual stresses are known to 
promote fracture and fatigue, while compressive residual stresses may induce undesired, and often unpredictable, 
global or local buckling during or after the welding. These adversely affect the fabrication, assembly, and 
service life of the structures. Therefore, prediction and control of residual stresses and distortion from the 
welding process are extremely important in industry. In order to better understand the welding process and its 
effects on structures, engineers and researchers around the world, covering a large number of industries, have 
been trying to create algorithms and methodologies to simulate the complete process or just individual phases. 
The distribution of welding residual stress depends on several main factors such as structural dimensions, 
material properties, restraint conditions, heat input, number of weld pass and welding sequence. In many high 
temperature applications, it is necessary to join together components of same or different chemical, physical and 
mechanical properties. Undoubtedly, the joining of dissimilar metals is more challenging due to differences in 
the properties of the base metal welded [1-4]. 
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Over the past 20 years, research has been conducted enabling the use of advanced analytical procedures to 
more accurately simulate the welding process. Due to the complexity of the physical processes involved in 
welding, however, simple mathematical solutions cannot address the practical manufacturing processes. 
Furthermore, it is also impossible for any experimental technique to obtain a complete mapping of the residual 
stress and distortion distribution in a general welded structure. Numerical simulation thus plays an indispensable 
role in the integrity analysis of such welded structure. In principle, a finite element simulation of the welding 
process consists of two main parts: thermal analysis and mechanical stress analysis. In thermal analysis, the 
temperature field is determined as a function of time for each integration point. This temperature time-history is 
used as an input into the thermal stress analysis. Herein, the thermal solution can be sequentially or fully 
coupled with the mechanical solution of the structure. Because the rate of heat generation due to mechanical 
dissipation energy can be neglected in the heat transfer analysis, a sequentially coupled thermal-stress analysis is 
commonly applied for the simulation of a welding process in which a thermal analysis is followed by a stress 
analysis [5-12] 

II. NUMERICAL FEM APPROACH 

A. Theory 

To simulate the gas metal arc welding (GMAW), 3D simulation model has been developed by using a 
commercial finite element modeling computer package ‘ANSYS Version 14.0’. In the thermal analysis, the 
finite element formulation is based on the governing equation for transient nonlinear heat transfer analysis in the 
form, பப୶ ቀk୶ ப୘ப୶ቁ + பப୷ ቀk୷ ப୘ப୷ቁ + பப୸ ቀk୸ ப୘ப୸ቁ + Q = ρC ப୘ப୲ 	      (1) 

where, kx, ky, and kz are the thermal conductivities in the x, y and z directions respectively, T is the temperature, 
Q is the heat generation, ⍴ is the density, C is the specific heat capacity and t is the time. A general solution of 
Eq. (1) is obtained by introducing the following initial and boundary conditions: T(x, y, z, t = 0) = T଴(x, y, z)          (2) ቀk୶ ப୘ப୶ N୶ + k୷ ப୘ப୷ N୷ + k୸ ப୘ப୞ N୸ቁ + qୱ + hୡ(T − T∞) + h୰(T − T୰) = 0	    (3) 

where Nx, Ny, and Nz are the direction cosine of the normal to the boundary, hc and hr are the convection and 
radiation heat transfer coefficients respectively, qs is the boundary heat flux,  Tr denotes the temperature of 
radiation and T∞ represents the surrounding temperature. Radiation heat losses are dominant near the weld and 
can be expressed by the following equation h୰ = 	σεF(Tଶ + T୰ଶ)(T + T୰)         (4) 
where, r = 5.67E-7 J/(m2 K4) is the Stefan–Boltzmann constant, ε is the effective emissivity and F is the 
configuration factor. The numerical simulation of the welding process is performed by applying a distributed 
heat flux to the weld elements. In so doing, the total heat input is given by: Q = η୅ ∗ ቀ ୚∗୍ଵ଴଴଴∗୛౩ቁ          (5) 

where, ηA is welding efficiency, V is welding arc voltage,  I is welding current; V is welding arc voltage; Ws	is 
the arc  welding speed, and Q is the heat input. 

The heat input from weld electrode is modeled by using heat flux as input from electrode to weld surface 
and is depends on the efficiency of arc and welder setting. 

      q = ୟ୕           (6) 

where,  q =heat flux and a is the area of electrode [3-5]. 
The corresponding finite element equations of thermal and mechanical are obtained by choosing a form of 

interpolation function representing the variation of the field variables, namely temperature, T and displacement, 
U, within the corresponding finite elements of the structural model and by applying further the weighted-
residual or vibrational argument to the mathematical models. 	[C]{Ṫ} 	+	[K]{T} 	= 	 {FT}         (7) 

in which,  [C] 	= ׬	 	⍴C[N]୘[N]dV୚                  (8) [K] 	= ׬	 	k[B]୘[B]dV + ׬ 	h୤[N]୘[N]dSୗ୚        (9) [F୘] 	= ׬ 	Q[N]୘dV + ׬ 	h୤ ௥ܶ௘௙[N]୘dSୗ୚         (10) 
where, ρ is the density (kg/m3), c is the specific heat (J/kg. K), k isthe conductivity (W/m. K),hf is the convective 
heat transfer coefficient (W/m2. K), Q is the rate of internal heat generation per unit volume (W/m3), [N] is the 
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matrix of element shape functions, [B] is the matrix of shape functions derivative, and {T} is the vector of nodal 
temperature. 

The results of temperature distribution and history obtained from Eq. (7) are then inserted into the 
mechanical model in the form of thermal load. Incorporating the elasto-plasticity analysis, the mechanical finite 
element equation may be written in the form of incremental as: 	୧ାଵ[Kଵ]	{∆U}−௜ାଵ[Kଶ]	{∆T} = 	 	୧ାଵ{R}−௜{R}       (11) 
in which, [Kଵ] 	= ׬	 	[B]୘[Dୣ୮] + [B]dV୚          (12) [Kଶ] 	= ׬	 	[B]୘ൣC୲୦൧ + [M]dV୚          (13) {R} 	= ׬ 	[N]୘{p}dS + ׬ 	[N]୘{f}dV୚ୗ         (14) [Dୣ୮] = 	 [Dୣ] + [D୮]          (15) 

where, {ΔU} is the incremental of nodal displacement, {ΔT} is the incremental of nodal temperature, [B] is the 
matrix of strain-displacement, [De] is the matrix of elastic stiffness, [Dp] is the matrix of plastic stiffness, [Cth] is 
the matrix of thermal stiffness, [M] is the temperature shape function, {p} is the vector of traction or surface 
force, {f} is the vector of body force, and i is the current step of analysis. 

The vector of nodal displacement at the next step of analysis, i+1{U} could be obtained from: 	୧ାଵ{σ} =	௜	{ σ} + {∆ σ}         (16) {∆σ} = [Dୣ୮][ܤ]{∆ܷ] +  (17)        {ܶ∆}[ܯ][௧௛ܥ]
Commonly, the iterative method of Newton-Raphson is employed in the finite element solver to solve the 

nonlinear equations. From the thermal analysis results, the updated stress and displacement conditions are now 
obtained [6]. 
B. Materials and methods 

The gas metal arc welding (GMAW) is modeled in the present welding simulation. Fig. 1 and 2 shows the 
welding configuration and geometry of the specimen under consideration. As shown in the figure, the moving 
torch is applied on the longitudinal upper edge of the plate of 200 mm long, 70 mm wide and 1.45 mm thick. 
The plate is simply supported at both ends. 

In this study, materials used for the welding simulation were S40C, STS 304 and STS316L with the 
material properties vary according to the temperature history and six cases as shown in Table I (S40C+S40C, 
STS304+STS304, STS316L+STS316L, S40C+STS304, S40C+STS316L, STS304+STS316L) for welding of 
similar and dissimilar metals were considered. Each case contains two parts, A material and B material. A 
material and B material are same for the case of similar material welding process and different for the cases of 
dissimilar material welding process.  

 A thermal analysis of heat conduction was carried out in the first step to obtain temperature distribution 
histories over the structural model. In the thermal analysis, the welding heat input, Q was calculated and the arc 
efficiency, ηA for GMAW was assumed to be 0.80. Also, the values of convective heat transfer coefficient, hf 
was taken as stagnant air-simplified case and reference temperature was taken 22°C. The Table I shows the 
welding parameters for different six cases used in this analysis whereas the Table II show the thermal and 
mechanical properties of the materials. In the next step, a structural analysis was carried out to obtain the 
mechanical response of the structural model, where the temperature history obtained from the first step was 
employed as a thermal load in the analysis. The material model of elasto-plastic based on the Von Mises yield 
criterion and isotropic strain hardening rule was chosen, in which its response over the history was determined 
by the temperature-dependent material properties inputted. The boundary condition or constraint on the 
structural model needs also to be assigned accordingly. 

        
Fig.1. Configuration of the welding specimen.  Fig.2. Geometry of the welding specimen. 
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TABLE I Welding Parameters for different cases 

Cases Material A Material B 
Speed 
(mm/s) 

Current (A) Voltage (V) Heat Flux (W/mm2) 

1 S40C S40C 10 20.1 115.6 0.5311 
2 STS 304 STS 304 10 18.4 120.0 0.5047 
3 STS316L STS316L 10 18.3 117.6 0.4919 
4 S40C STS 304 10 18.9 126.1 0.5448 
5 S40C STS316L 10 19.6 125.4 0.5618 
6 STS304 STS316L 10 18.4 118.7 0.4992 

TABLE II Thermal and mechanical properties of the materials 

Properties 
Materials 

S40C STS304 STS316L 

Density(kg/m3) 7753 7900 8000 
Specific Heat (J/kg-K) 486 477 500 

Thermal Conductivity(w/m0C) 36 
16.2 @ 1000C 
21.5 @ 5000C 

16.3 @ 1000C 
21.4 @ 5000C 

Young Modulus(Gpa) 191.69 161.86 179.14 
Poisson's ratio 0.315 0.384 0.349 
Coefficient of thermal expansion 
(μm/m/°C) 1.1E-6 @ 1000C 

1.72E-6 @-1000C 
1.78E-6 @ 3150C 

1.59E-6 @-1000C 
1.62E-6 @ 3150C 

III. FEM RESULTS 

At first, setup of a thermal analysis was done to determine thermal state in the weld and surrounding 
components. Following this thermal loading was import to setup structural analysis which results in deformation, 
residual stress & strain.  

The fig.4 shows the simulation results of temperature, stress, strain and deformation profile in the joining of 
similar materials for the case of (S40C+S40C). The result shows that temperature exceeds well above the 
melting temperature of the substrate material in the welding region. It is found that the higher residual stress is 
distributed in the weld bead area and surrounding heat affected zone. Both the stress and strain distribution 
patterns in the specimen showed that both tended to concentrate at or near points of application of thermal load, 
and stress & strain fields were generally not uniform in these areas. Stress & strain were concentrated at corners, 
edges, and other areas of abrupt change in the shape of the specimen and was not uniform where the cross-
section of the structure changed suddenly, and had large gradients at localized points. The deformation was 
found maximum at the beginning and the end of welding direction (Y-axis) and minimum at the ends of X-axis 
as they are simply supported in both ends. 

 
Fig.4.Simulation results of temperature, stress, strain and deformation of similar materials (S40C+S40C) 
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For the measurement of temperature, deformation, strain and stress distribution pattern at different 
location, measurement profile 1-2 (90, 0, 0) & (110, 0, 0) was created in X-axis (as shown in fig. 5). The fig. 6 
shows the measurement of temperature, deformation, strain and stress distribution pattern along the profile 1-2 
for the similar welding materials of case S40C+S40C. Since both the materials A and B are same, the 
temperature, stress, strain and deformation distribution profile seems symmetric about Y axis, from the center 
line of the specimen. 

Following the same procedure, the measurement of temperature, deformation, strain and stress 
distribution pattern along the measurement profile 1-2 (90, 0, 0) & (110, 0, 0) was plotted for the case of 
STS304+STS304, STS316L+STS316L, S40C+STS304, S40C+STS316L, STS304+STS316L (as shown in fig. 
7,8,9,10 and 11).  

 
Fig. 5: Measurement profile 1-2 at [(90, 0, 0) & (110, 0, 0)] 
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Fig.6. Temperature, stress, strain and deformation at profile 1-2 (S40C+STS304) 
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a) Simulation results of temperature, stress, strain and deformation  
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b) Temperature, stress, strain and deformation at profile 1-2 

 
Fig.7. Similar materials, Case 2: STS304+STS304 
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a) Simulation results of temperature, stress, strain and deformation  
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b) Temperature, stress, strain and deformation at profile 1-2 

 
Fig.8. Similar materials, Case 3: STS316+STS316L 
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a) Simulation results of temperature, stress, strain and deformation  
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b) Temperature, stress, strain and deformation at profile 1-2 

Fig.9. Dissimilar materials, Case 4:S40C+STS304  
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a)  

b) Simulation results of temperature, stress, strain and deformation  
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d) Temperature, stress, strain and deformation at profile 1-2 

Fig.10. Dissimilar materials, Case 5: S40C+STS316L 
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a) Simulation results of temperature, stress, strain and deformation 
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b) Temperature, stress, strain and deformation at profile 1-2 

Fig.11. Dissimilar materials, Case 6: STS304+STS316L  
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For the comparison of temperature, stress, strain and deformation in different six cases (S40C+S40C, 
STS304+STS304, STS316L+STS316L, S40C+STS304, S40C+STS316L and STS340+STS316L), the 
temperature, stress, strain and deformation were plotted along the profile 1-2 (90, 0, 0) & (110, 0, 0) as shown in 
fig.12,13,14 and 15.  
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Fig.12. Comparison of temperature along the profile 1-2 for the six different cases. 

 
From the fig.12, it is found that, there is almost similarity in temperature distribution pattern in similar 

welding materials of case S40C+S40C, STS304+STS304 and STS316L+STS316L but difference in magnitude 
was observed. Since both the materials A and B are same for the cases S40C+S40C, STS304+STS304 and 
STS316L+STS316L, the temperature distribution profile seems symmetric from the center line of the specimen. 
Similarly, it was found that, there is almost similarity in temperature distribution pattern in dissimilar welding 
material of case S40C+STS316L and STS304+STS316L but huge difference was observed in S40C+STS304. 
Since the S40C+STS316L, S40C+STS316L and STS304+STS316L are the case of dissimilar materials huge 
difference in magnitude of temperature was observed as compare to Material A and Material B.  The maximum 
temperature was found in case S40C+STS316L and minimum in case of S40C+STS304. 

From fig.13, it is found that, there is almost similarity in stress distribution pattern of similar welding 
materials of case S40C+S40C, STS304+STS304 and STS316L+STS316L but difference in magnitude was 
observed. Similarly, it was found that, there is almost similarity in stress distribution pattern of dissimilar 
welding materials of case S40C+STS304 and S40C+STS316L but huge difference was observed in 
STS304+STS316L. Comparing the similar and dissimilar materials welding, massive difference in magnitude 
and pattern was found in stress distribution. It is also found that, the maximum stress was found in case 
S40C+STS316L and minimum in case S40C+STS304. 
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Fig.13. Comparison of stress along the profile 1-2 for the six different cases. 

 
From fig.14, it is found that, there is almost similarity in strain distribution pattern of similar welding 

materials of case S40C+S40C, STS304+STS304 and STS316L+STS316L but difference in magnitude was 
observed. Similarly, it was found that, there is almost similarity in strain distribution pattern of dissimilar 
welding materials of case S40C+STS304 and S40C+STS316L but difference in magnitude was observed. It was 
also found that, the strain distribution pattern in case STS340+STS316L for dissimilar materials seems different 
from the other dissimilar materials cases. Comparing the similar and dissimilar materials welding, massive 
difference in magnitude and pattern was found strain distribution. It is also found that, the maximum strain was 
found in case STS304+STS304 and minimum in case S40C+STS304. 

From fig.15, it is found that, there is almost similarity in deformation in similar welding materials of case 
S40C+S40C, STS304+STS304 and STS316L+STS316L but difference in magnitude was observed. But 
deformation of dissimilar welding materials of case S40C+STS304, S40C+STS316L and STS340+STS316L 
differ to each other’s both in profile and magnitude. Comparing the similar and dissimilar materials welding, 
massive difference in magnitude and pattern in deformation was found. It is also found that, the maximum 
deformation was found in case S40C+STS316L and minimum in S40C+S40C. 

The Table III shows the summary of maximum temperature, stress, strain and deformation along the profile 
1-2 in all the six cases. 
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Fig.14. Comparison of strain along the profile 1-2 for all the cases 
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Fig.15. Comparison of deformation along the profile 1-2 for all the cases 
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TABLE III  Summary of maximum and minimum temperature, stress, strain and deformation in all cases 

 
Cases 

Material
A 

Material 
B 

Temperature 
(°C) 

Deformation 
(mm) 

Strain Stress (MPa) 

Min Max Min Max Min Max Min Max 

1 S40C S40C 1260.5 1313.1 0.0009 0.0028 0.001
0 0.0012 202.99 219.57 

2 STS 304 STS 304 1160.2 1307.9 0.0014 0.0058 0.001
5 0.0017 249.05 266.23 

3 STS316L STS316L 1100.9 1241.6 0.0012 0.0052 0.001
3 0.0015 239.26 255.62 

4 S40C STS 304 879.62 1139.6 0.0015 0.0043 0.000
8 0.0013 133.27 264.46 

5 S40C STS316L 1198.7 1352.8 0.0015 0.0090 0.001
0 0.0016 192.58 321.08 

6 STS304 STS316L 1154.9 1302.3 0.0012 0.0065 0.001
3 0.0017 243.78 287.72 

IV. CONCLUSIONS  

In this study, 3 Dimensional welding simulation was carried out in the FE software ANSYS in order to 
predict temperature, stress, strain and deformation in the joining of similar and dissimilar materials. According 
to the simulated results, some important findings are: 
1) High temperature gradient exist at the weld zone, where melting occurs by arc heating. 
2) Higher stress and strain concentrations are located at the weld zone and surrounding heat affected zone. 
3) The deformation was found maximum in the end of transverse direction and minimum in the end of 

longitudinal direction as they are simply supported in both ends. 
4) Being the dissimilar materials, the case STS304+STS316L has the same temperature distribution pattern, 

deformation, strain and stress profile with as the case of similar materials S40C+S40C, STS304+STS304 
and STS316L+STS316L.  
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