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ABSTRACT

Purpose: Over the last few years, there has been a growing interest in quantitative representation of heat transfer 
and fluid flow phenomena in weld pools in order to study relationships between the processing variables and 
the quality of the weldment produced and to use this information for the optimization and mobilization of the 
welding process.
Design/methodology/approach: A 2D axisymmetric Finite Element Method (FEM) model has been developed 
to analyze the transient thermal behaviors of Resistance Spot Welding (RSW) process. In this model, the 
temperature dependent material properties, phase change and convectional boundary conditions were taken 
account for the improvement of the calculated accuracy, but the determination of the contact resistance at the 
surface is moderately simplified in order to reduce the calculating time through the analysis.
Findings: The developed model has been employed the thermal history of the whole process (including cooling) 
and temperature distributions for any position in the weldment
Research limitations/implications: Future research in the field of RSW processing could focus on analysis of 
the stress and strain distributions as well as deformation in the weldment.
Originality/value: It can be concluded that the maximum temperature was up to 1346°C, nearly the molten 
point of mild steel, and verified by the observation of the surface of the weldment after welding
Keywords:  Resistance Spot Welding (RSW); Finite Element Method (FEM); Temperature distributions; Heat 
Affected Zone (HAZ); Nugget size

1. Introduction 

RSW process is a joining process for assembling steel sheets, 
while its simulation requires the modeling of complex interactions 
between electrical, thermal, metallurgical and mechanical 
phenomena. Normally, a theoretical model offers a powerful 
alternative to check out the physical concepts of the welding 
process, to estimate the important input parameters and to finally 
calculate the effects of varying any of the parameters. The advent 

of the computer age allowed the gradual introduction of numerical 
techniques for the welding process. Many researches have been 
carried out to model the temperature distributions by means of the 
FEM [1-19]. Over the last few years, many related works have 
been done on the numerical modeling which provides not only the 
most important method for the analysis of RSW process in order 
to deal with nonlinear behaviors and complex boundary 
conditions, but also a powerful tool in studying RSW process  
[2-8]. Nied [2] has developed a FEM model for RSW process to 
analyze the effect of the geometry of electrode on workpiece and 
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to predict the deformation and stresses as a function of 
temperature. However, the developed model was limited elastic 
deformation, and not calculated the contact areas at the electrode-
sheet and faying surface. Furthermore, more sophisticated FEM 
models which considered temperature dependent material 
properties, contact status, phase changing and coupled field 
effects into the simulation of RSW, have been developed [3-6].  

Recently Khan et al. [7] and Richard et al. [9] were employed 
the iterative method to simulate the interaction between coupled 
electrical, thermal and structural fields. The stress field and 
contact status were first obtained from the thermal-mechanical 
analysis, and then the temperature field was obtained from the 
fully coupled thermal-electrical analysis based on the contact area 
at the electrode-sheet and faying surface. The calculated 
temperature distributions were passed back to the thermal-
structural analysis to update the stress field and contact status. 
However, the modeling of transient processes with such a 
methodology using the iterative method would probably require a 
tremendous computing time. Therefore, a relatively simple 
method should be considered to study the large complex structure 
such as automobile body component with thousands of welding 
spots and the minimum lost of accuracy.  

The paper represents a development of a simplified transient 
thermal method not only to predict thermal behavior of RSW 
process, but also to prepare for further stress and strain analysis 
for large complex structure in RSW process. The developed 
model that considered temperature dependent material properties, 
phase change and coupled electrical-thermal field, has been 
simulated in the commercial FEM program, ABAQUS. To reduce 
the computing time and keep the calculation accuracy, the relation 
between temperature field and contact status is simplified. 

2. Development of Mathematical Model 

2.1. Governing equation 

The finite element technique is a numerical method for 
obtaining approximate solutions to a wide variety of engineering 
problems. Sometime it is a good idea to make some simplifying 
assumptions to obtain an analytical solution for a problem, but it 
often leads to serious inaccuracies. The transient thermal analysis 
of the RSW process in this study was modeled as a 2D 
axisymmetric model. Since the model is also mirror symmetric 
about the faying surface, only values of upper half of the model is 
considered and listed as shown in Fig. 1. 

The governing equation for axisymmetric transient thermal 
analysis is given by: 
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Where, vqktTC ,,,,,�  are the density of the material, specific 
heat, temperature, time, thermal conductivity, rate of internal heat 
generation respectively. 

The nonlinear isotropic Fourier heat flux constitutive relation 
is:

Tkq ���  (2) 
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Fig. 1. Analysis model setup for Resistance Spot welding 

2.2. Boundary conditions 

To complete the mathematical description of the problem, the 
following boundary conditions are illustrated in Fig. 2 and 
specified as following: 
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Where, wh , wT , ah , aT  are the convection heat transfer 
coefficient of  cooling water (4.187×104 W/m2·K), temperature of 
the cooling water(10C), convection heat transfer coefficient of 
the ambient air(25 W/m2·K), temperature of the ambient air(21C) 
respectively. 

In modeling RSW process with the complicated 
thermoelectric behavior, several physical phenomena must be 
considered. It is of great importance to define the parameters 
correctly to obtain realistic results. Since electric current has great 
influence on the quality of RSW process, the input current in this 
simulation was 50 Hz sine wave AC current of 12.2KA, applied 
for 0.2s (10 cycles). The current was imposed as an electric load 
on the top surface of upper electrode. To simulate the cooling 
process of the welding, the input current was set to zero after 0.2 
s, up to 0.6 s. The formulation of the current is: 

6.02.0101
2.0)100sin(581

6 ����

�����
� tI

ttI �
                                         (6) 

Both the electrodes and the sheet material have well-defined 
values of electrical resistivity together with other material properties.  

2.  Development of 
Mathematical Model

2.1.  Governing equation

2.2.  Boundary conditions
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However, the contact resistances at the interfaces are not well 
defined [5]. The contact problem is the most difficult so that every 
research of RSW process must be well solved. In addition, the contact 
resistance of the faying surface is a dependent function of load, 
temperature, and average yield strength of two contact materials. As 
the numerical results indicate that the real contact area is only a small 
section of the nominal contact area, the value of the real contact area 
is randomly fluctuating within 20% [20]. This makes it very difficult 
to determine the exact distribution of the contact resistance. Indeed, 
the contact resistance distribution influences the current density 
pattern, which affects the temperature field through Joule heating, 
while the temperature field then affects the mechanical pressure 
distribution through thermal expansion, related to the interface 
resistances. 

To simplify the problem, many researchers take the contact 
resistance as a function of temperature [3,21]. This simplification is 
reasonable since firstly, the load is constant in a specified RSW 
process; secondly, the yield strength of the materials, which 
determines the contact status in the contact area, is essentially 
influenced by temperature. Therefore, a constant contact length was 
adopted in this research. Several structural analyses were performed 
to determine the contact length, using Young’s Modulus and yield 
stress at different temperature. It is obviously that the contact status 
changed abruptly near the contact length of 4mm, and the average 
contact length of 3.9 mm was obtained through further calculating 
according these data. In this simulation, an average value of 35µm
was taken as the contact thickness considering the plastic deformation 
under the applied force. Using the value of contact resistance obtained 
from experiments [21], the ECC (Electric Contact Conductance) of 
faying surface is calculated. 

The contact resistance at the electrode-sheet interface could be 
ignored because experimental measurement has shown it to be very 
low compared with the faying surface contact resistance. Also the 
contact resistance was transformed to ECC parameter and set to a 
very large value, which is equivalent to assuming a very little value of 
resistance at the electrode-sheet interface. It has very little effect on 
nugget formation, but has somewhat effect on the temperature of 
electrode surface. 

During a phase change, the material stores or releases heat 
energy, i.e. latent heat. Therefore, the latent heat is taken account by 
defining the enthalpy of the material as a function of temperature, as 
formulated below: 

TdTCH � �� )(�  (7) 
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Fig. 2. Boundary conditions employed in developed RSW model 

2.3. Numerical procedure 

In order to enhance the accuracy of the calculation in the 
simulated area and to reduce the cost of analysis, grids of 
variable spacing were employed. The developed model was 
meshed using three types of elements, as shown in Fig. 3. The 
solid element was employed to simulate the thermoelectric 
interaction of the sheets and electrodes. The contact pair 
elements were employed to simulate the contact areas. There are 
three contact areas in the model. Contact area 1 and 2 show the 
electrode-workpiece interface and contact area 3 represents the 
faying surface. In order to obtain reliable results, fine meshes 
were generated near these contact areas, while the meshes of 
other areas were relatively coarse. 

In this analysis, all the related values included the dimensions 
were cited from heat transfer and welding handbooks and other 
relative literatures [22]. All the thermal and electric properties of 
both electrode and workpiece, such as thermal conductivity, 
electric resistivity, specific heat, density, latent heat, and solidus 
and liquidus temperature except latent heat and density, were all 
considered as temperature dependent because the materials are 
subjected to a wide range of temperatures. 

Sheets 

Upper electrode 

Lower electrode 

Contact area 1

Contact area 2

Contact area 3

Coarse mesh

Coarse mesh

Fine mesh 

Fig. 3. The mesh generation of the developed model 

3. Results and Discussions
The computational model was employed to simulate the 

RSW process in order to quantitatively understand the effects of 
the process parameters on the heat transfer. The developed 
model defines the temperature of any location in the workpiece 
and electrode distributions as a function of time from the start of 
the RSW process. Temperature versus time predictions at the 
center of the weld nugget as well as the center of the electrode-
sheet interface is shown in Fig. 4. The computed results 
indicated that there is the difference in the temperature scale 
during the RSW process. 

3.  Results and Discussions

2.3.  Numerical procedure
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Fig. 4. Temperature distributions of two point 

Fig. 5 shows typical temperature distribution in the weld-
ment at four different times during the whole RSW process. At 
the start of the welding process, the temperature at the center of 
faying surface has been increased very fast. At the first half of 
the first cycle, this temperature has exceeded 350°C, whereas 
the temperature of the electrode-sheet interface rose slowly. Fig. 
5(a) shows the temperature distribution of the first calculated 
substep. It can be seen that the Joule heat generated along the 
contact line of faying surface due to the contact resistance, 
while the temperature of the electrode-sheet interface was still 
the initial value. 

The highest temperature has been kept at the center of the 
faying surface through out the whole welding process. Melting 
would firstly occur at the faying surface, and then in an increasing 
volume of material about the faying surface. At the second half of 
the sixth cycle, the highest temperature reached 1500°C. We take 
this temperature as the molten point of mild steel, which means 
the nugget start to form at this temperature. The temperature 
distribution of this time was shown in Fig. 5(b). The shape of the 
nugget is a very flat ellipse. 

(a) Temperature distributions of the first calculated substep 

(b) Temperature distributions at the time of nugget starting to  
form 

(c) Temperature distributions at the time of maximum 
 temperature 

(d) Temperature distributions at the end of welding process 

Fig. 5. Temperature distributions at for different times of RSW 
process
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When the temperature has been raised, the nugget kept 
growing. The maximum temperature of nugget center, 2127°C, 
occurred at the first half of the last AC cycle, as shown in Fig. 
5(c), and the nugget geometry have completely formed at this 
time. The temperature at the electrode-sheet interface, increased 
more slowly, and was maximum 1081°C at the end of the 
heating cycle. 

As the electric current ceased at 0.2s, the weldment started to 
cool down. In a very short time, the temperature of the nugget 
center decreased to l500°C, and then kept this temperature for a 
while due to the latent heat of phase change being released. At the 
end of the simulation, the temperature of nugget center was 
1021°C. The temperature at the center of electrode-sheet interface 
has decreased more slowly, and was measured 871°C at the end 
for the temperature distribution at 0.6s as shown in Fig. 5(d).

Fig. 6 illustrates the temperature distribution along the faying 
surface, where the horizontal axis represents the distance from the 
center of the faying surface (i.e. the nugget center). Since 1500°C 
is the molten temperature of the mild steel, firstly it was found the 
point of 1500°C on the curve of temperature distribution, then the 
corresponding point could be determined on the horizontal axis, 
and its horizontal axis value indicated the width of the nugget. 
Using the same method, the height of the nugget can be measured 
from Fig. 7, which shows the temperature distribution along the 
axisymmetric centerline. It is noted from Figs. 6~7 that the nugget 
was measured 6.8mm wide and 0.9mm high. 

Fig. 6. Temperature distributions along the faying surface emplo-
yed to measured the nugget width 

The results also indicate that the temperature distribute near 
the edge of the electrode-sheet contact area is very high compared 
with the center point due to the heat generation at the edge of the 
contact. Fig. 8 represents computed thermal fields at the edge of 
electrode-sheet interface. It can be noted from the figures that the 
maximum temperature was up to 1346°C, nearly the molten point 
of mild steel, and verified by the observation of the surface of the 
weldment after welding. It can be concluded that a maximum 
stress occurred near the edge of electrode tip throughout the 
welding process as the similar researcher carried out [2]. 

Fig. 7. Temperature distributions along the centerline used to the 
nugget height 

Fig. 8. Computed thermal field at the edge of electrode tip

5. Conclusion 
A 2D mathematical model of RSW process has been 

developed to study the transient thermal behavior and to predict 
the temperature distributions as a function of time and location for 
any position in the weldment using the FEM. The model 
considers electric and thermal conduction in the solid, convection 
of cooling water and ambient air, latent heat of fusion due to 
solid-liquid phase change, and material properties as functions of 
temperature. The contact problem is moderately simplified to de-
couple the interaction between thermoelectric and structural field. 
The contact resistance is considered as temperature dependent 
function, and the contact length is assumed to be constant. The 
thermal history of the whole process (including cooling) and 
temperature distributions in the weldment was obtained through 
the analysis. 

4.  Conclusion
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