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In the present research, a parametric study in Resistance Spot Welding (RSW) of thin AISI
1008 steel sheets is investigated via FEM. All the time steps through the RSW process,
including squeeze time, welding time, holding time and cooling time are taken into account.
First, the effects of various parameters such as electrical current, welding time and electrode
tip diameter are investigated in the nugget geometry. Then, a time history stress diagram
and residual stresses are obtained in RSW weldment. FEM results are validated very well
by some experiments which were performed in two parts of nugget geometry and residual
stresses.
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1.

Introduction

Resistance Spot Welding (RSW) is the process of joining two or more pieces of metal together
by passing electrical current through a relatively small area (spot) while applying pressure for a
given amount of time. This method has been used widely because RSW is faster and easier than
other welding methods and has automation capability. In the car industry, RSW is utilized for
connecting chassis components which are made of thin sheets. Finite Element Method (FEM)
provides a good insight into the RSW formation process. So far, several analytical and numerical
studies have been performed in the field of RSW. One of the first studies on RSW process
was performed by Tsai et al. (1992). They introduced a 2D axisymmetric model to simulate
the RSW process and obtained direct correlations between nugget formation and expansion
displacement of electrodes. Feulvarch et al. (2004) studied thermal-electrical contact conditions
in resistance welding using FEM and derived some results for size of the nugget. Zhang et
al. (2008) utilized FE to predict the nugget development during resistance spot welding of
galvanised sheet steels. They compared the predicted nugget shape and size with experimental
data, and obtained a good agreement. Zhang (2003) introduced a new commercial software for
resistance welding simulation. By introducing a two-dimensional model, Zhigang et al. (2006,
2007) analyzed mechanical and thermal behavior of the RSW process using Ansys software.
They investigated pressure distribution between contact surfaces of the Sheet-Sheet (S/S) and
Electrode-Sheet (E/S) system as well as stress and strain distribution in the workpiece. Eisazadeh
et al. (2010) performed a parametric FE study on the shape and size of the nugget for various
effective parameters. Qiu et al. (2010) studied the effect of electrode force of the RSW process
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on magnesium sheets and showed the importance of the electrode force on the performance of
welding. Hashemi et al. (2012) also studied a two-dimensional numerical model to investigate
the distribution of temperature in RSW. They obtained the effects of welding parameters such
as applied voltage and welding cycle on thermal history of the process. Ma and Murakawa
(2010) focused on the nugget formation processes under different RSW conditions for three
pieces of high strength steel sheets on the real automobile industry. They used the real shape
and size of electrodes and real welding conditions in their FEM model. Also, Lei et al. (2011)
and Shen et al. (2011) offered a FEM analysis to acquire thermal behavior of the RSW for three
sheets. Weld formation and geometry of the nugget were presented in their work. Hassanifard
and Zehsaz (2010) numerically simulated the RSW process of 5083-O aluminum alloy using an
axisymmetric model of electrodes and sheets. Then they employed the strain-based method for
prediction of RSW fatigue life. Eshraghi et al. (2014) introduced a two-dimensional symmetric
model using SysWeld to perform some studies on phase changes in Heat Affected Zone (HAZ).
Wan et al. (2014), both numerically and experimentally, studied the effect of RSW current on
microstructure of the Fusion Zone (FZ) and HAZ. They also examined mechanical performance
of welded joints under tensile-shear tests. Hassanifard and Feyzi (2015) developed an analytical
model based on integral transformations to predict nugget diameters in resistance spot welding of
thick aluminum alloy sheets. Wan et al. (2016) analytically calculated both Electrical Contact
Resistance (ECR) and Thermal Contact Resistance (TCR) of Al to zinc coated steel based
on analytical formulations. Also, they used the improved ECR and TCR to simulate a two-dimensional axisymmetric finite element model with ANSYS commercial software and obtained
a good agreement with experimental results in prediction of the nugget radius.
Due to the coupling of electra thermal and mechanical phenomenon and also nonlinear
nature of the material properties, numerical analysis of resistance welding is a complex process.
However, numerous and valuable works have been done in the field of RSW simulation, there
is lack of studies on the mechanical part containing stresses and mainly residual stresses as
well as parametric investigation on the nugget formation. Therefore, in the present study, first,
a comprehensive parametric investigation has been performed on the effect of various RSW
parameters such as electrical current, welding time and electrode tip diameter on the size and
shape of the nugget. Then, residual stresses of RSW thin steel sheets weldments are obtained
precisely. It is noteworthy that temperature and stress time history diagrams attained from
transient FE simulation results can improve our knowledge about the RSW process.
2.

Materials and methods

A 2D axisymmetric model is established in ANSYS commercial software. The flowchart shown
in Fig. 1 illustrates a step-by-step simulation which is performed in ANSYS Parametric Design
Language (APDL). According to the flowchart, first in the squeeze step, the electrodes hold
the sheets to make a good contact between faying surfaces. Then, by applying the electrical
current in the transient electro-thermal analysis, temperature in the model increases over one
time cycle 0.001 s. In the next block, thermo-mechanical analysis performed by considering the
nodal temperature results from the previous block and also the electrode force. The loops of
electro-thermal and thermo-mechanical analysis are continued until the end of welding time tw .
Inasmuch as AC current which is used for simulation here, the amount of applied current is
updated in every time step. Moreover, because of nonlinear nature of electrodes and sheets
properties, all the electrical, thermal and mechanical properties of both electrodes and sheets are
updated over time. After the welding time, the holding time th is commenced. Here, the electrical
current is removed while the electrode force remains. At the last time step, the workpiece cools
at the room temperature during the cooling time tc (25◦ C). Hereby, the whole RSW process will
be simulated in the field of heat transfer and stress analysis.
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Fig. 1. Step-by-step flowchart of FE simulation of the RSW procedure

Fig. 2. 2D axi-symmetric model of electrodes and sheets

The electrical, thermal and mechanical properties of AISI 1008 steel plates and copper electrodes are strongly temperature dependent and extracted from ASM (ASM Handbook, 1990).
The 2D axisymmetric FE model of RSW consists of two electrodes and two sheets (Fig. 2).
Geometry, loading and boundary conditions are symmetric to the vertical axis. As shown in
this figure, near the contact region, which is subjected to the highest temperature and stress
concentration, smaller elements are used.
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The governing equations of the resistance welding process include electrical, thermal and
mechanical fields. Laplace equation (2.1) indicates the steady-state electric potential field of
sheets and electrodes
∂  ∂ϕ  µ ∂ϕ
∂  ∂ϕ 
µ
+
µ
+
=0
(2.1)
∂r ∂r
∂z ∂z
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where ϕ and µ are respectively electric potential and electrical conductivity, which is inversion
of electrical resistance. Also, r and z are radial and perpendicular axis, respectively. To obtain the temperature distribution in the model, transient heat equation (2.2) must be solved
simultaneously with Laplace equation (2.1)
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where ρ, C, k, T and t are density, specific heat, conductivity, temperature and time, respectively;
and qv is the amount of heat generated per unit volume which is calculated by Joule’s equation
k
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Equations of the mechanical field are derived from the potential energy functional, as follows
Π=
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In which Π, v, ε and σ are potential energy functional, total displacements, strain and stress,
respectively. The first term is related to displacements of the model, and the second term is
related to corresponding boundary conditions of surface forces. Figure 3 shows the boundary
conditions that are applied in the model of electrodes and sheets. The outer surfaces of electrodes
and sheets are chilled by water and air with the welding condition shown in Table 1.

Fig. 3. Boundary conditions

3.

Results and discussion

Table 2 indicates a comparison of various welding parameters that effect the nugget geometry
as well as residual stresses. As shown in Table 2, for examination of the effects of one individual parameter on the weld formation and also residual stresses, changes of one parameter are
investigated while the other parameters supposed to be constant.
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Table 1. Welding conditions

Air
Water

Temperature
[◦ C]
25
25

Convection heat transfer
coefficient [W/(m2 ◦ C]
21
300

Table 2. Comparison of welding parameters
Electrode Sheet thickness Welding cycle (each
Electrode tip
Electrical current
force[N]
[mm]
cycle equals 0.02 s)
diameter [mm]
[kA]
2225
1
10
6
8.5, 9, 9.5, 10, 10.5, 11
2225
1
10
5, 5.5, 6, 6.5, 7, 7.5
9.5
2225
1
8, 9, 10, 11, 12
6
9.5
2225
1
10
6
9.5
The nugget shape is the main output of the electrical-thermal analysis. Due to the elliptical
shape of the nugget, two characteristic dimensions including the diameter and depth of weld
penetration, are used to describe the shape of the nugget. Figure 4 shows the geometry of the
RSW cross section. It is noteworthy that the nugget geometry is reckoned with the FZ, where
temperature reaches the melting temperature of steel (1530◦ C).

Fig. 4. RSW cross section

According to equation (2.3), the amount of heat generated is linearly related with the welding
time. With an increase of heat, the temperature in the HAZ increases and the nugget grows.
Figure 5 presents the temperature distribution on the model of electrodes and sheets. This figure
shows the nugget formation during the welding time. The welding parameters in this simulation
are as follows: electrode diameter 6 mm, electrical current 9 kA and electrode force 2.5 kN.
Figure 6 indicates temperature variation in the radial direction (x axis in Fig. 4); during 8 to
12 cycles (each cycle is 0.02 s). By using this figure, the radius of the nugget can be calculated at
each time cycle. Whereas, the melting temperature of AISI 1008 steel sheet is equal to 1530◦ C.
Then for instance, the nugget radius in 12th cycle is about 2.29 mm.
Figure 7 shows temperature variation of the nugget center from ambient temperature (25◦ C).
Once applying an electrical current in all diagrams, temperature of the nugget center increases
quickly. It is noteworthy that the temperature at the beginning of the RSW increases with a high
speed; then at the melting temperature of the steel sheets (1530◦ C) it remains constant for a
short time during the melting process, and after completion of melting it increases again. It can
be observed from Fig. 7 for larger electrical currents, the rate of temperature rise in the nugget
center is higher. For example, the nugget growth for electrical currents 9 and 11 kA occurs in
the 6th and 11th cycle, respectively.
Figure 8 shows the radius of the nugget over the welding time for different welding currents.
According to Fig. 8, an increase of the welding current causes the nugget to perform rapidly. The
radius of the nugget grows with a high gradient at first and then its growth rate decreases. This is
due to the electrical resistance of sheets. Electrical resistance in the RSW process consists of two
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Fig. 5. Temperature distribution on the electrodes and sheets during welding time: (a) t = 0.1 s,
(b) t = 0.14 s, (c) t = 0.2 s, (d) t = 0.24 s

Fig. 6. Temperature variations in the radial direction

parts: the electrical resistance of metal and the electrical contact resistance. At the beginning of
the welding cycle, the electrical contact resistance is much higher than the base metal resistance.
However, when the two sheets are fused together, this quantity becomes zero and the nugget
growth would be only because of its electrical resistance.
Electrode tip diameter is one of the important effective parameters of the quality of the RSW
process. By increasing the electrode tip diameter, the contact radius through the E/S and S/S
interfaces increases, consequently, significant changes occur in both the nugget shape and the
required time to create the desired connection. The maximum temperature in the nugget center
is an appropriate parameter for a better understanding of nugget formation during welding.
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Fig. 7. Temperature of the nugget center for different electrical currents per time

Fig. 8. Nugget radius versus welding time

Fig. 9. Temperature of the nugget center during welding time for different electrode tip diameters

Figure 9 illustrates the nugget center temperature during welding time considering different
electrode tip diameters. It is shown that nugget formation is delayed by increasing the electrode
tip diameter, and it is because of the generated heat spread over a larger E/S and S/S contact
areas, therefore, the bigger the electrode diameter leads to a slower rate of temperature.
Nugget radius in different electrode tips is depicted in Fig. 10. From this figure, it can be
noticed that by decreasing the diameter of the electrode tip the nugget generates and grows
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more quickly. In other words, the temperature gradient for a smaller electrode tip diameter is
higher.

Fig. 10. Nugget radius for different electrode tip diameter

To evaluate the accuracy of the electrical-thermal analysis results, nugget geometry is experimentally tested for three AISI 1008 steel sheets of 1 mm thickness and compared with the
simulation results. The steel sheet dimensions should be sufficiently larger than the diameter of
the HAZ to satisfy the 2D axisymmetric condition. Chemical compounds of the used samples
and chemical composition of AISI 1008 steel are listed in Table 3. In Table 4, the mechanical
properties of the samples, which are determined through tensile testing, are presented with their
corresponding values given by Wan et al. (2014).
Table 3. Chemical compounds
AISI 1008
Test sample

Fe
Base
Base

C<
0.080
0.071

Mn
0.400
0.319

Si
0.010
0.050

P
0.060
0.063

Al
–
0.042

Table 4. Mechanical properties of sheets

AISI 1008
Test sample

Yield stress
[MPa]

Ultimate stress
[MPa]

Elongation
[%]

240
245

370
380

29
30

A pneumatic spot welding machine equipped with automatic control board for adjusting the
welding time and electric current was utilized to fabricate the samples. The samples were cut
through the nugget cross section and were photographed by a microscope, and then the nugget
radius was measured. Welding parameters of the RSW samples and also calculated FEM and
experimental nugget radii are given in Table 5. The results indicate a good agreement between
the numerical simulation and experimental results.
In this Section, mechanical output of the simulations, including the stresses, are discussed.
The residual stresses in the weldment are the main output of the mechanical analysis. Figure 11
shows the radial, circumferential and von Mises stresses at the center of two faying sheets over
the RSW time steps. As indicated in the figure, both the radial and circumferential stresses are
compressive during squeezing. Then, as the electrodes squeeze the sheets, AC current is applied
over the welding time (0 s≪ 0.2 s). Therefore, the compressive stresses in the nugget center
increase alternatively. Then, at the beginning of the holding time (0.2 s≪ 0.3 s), the current
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Table 5. Nugget radius obtained by FEM solution and experimental results
No.
1
2
3
4

Electrical Electrode Welding Electrode Sheet
FEM
Experimental
Error
current
force
time tip diam. thickness nugget radius nugget radius
[%]
[kA]
[kN]
[cycle]
[mm]
[mm]
[mm]
[mm]
9
2.5
0.24
6
1
2.00
1.95
2.5
9
2.5
0.20
6
1
1.56
1.59
1.8
9
2.5
0.30
6.5
1
2.04
1.99
2.5
9
2.5
0.38
7
1
1.49
1.53
2.6

Fig. 11. Radial, tetrahedral and effective von Mises stresses of the nugget center over time. RSW
parameters: electrode diameter 6 mm, electrical current 9 kA, electrode force 2.5 kN, sheet
thickness 1 mm, welding time 0.2 s and holding time 0.1 s

stops, however, the electrodes hold the workpiece and play an important role in heat conduction
of the sheets or cool them. Therefore, during the holding time, the stresses are increased instantly;
and, compressive stresses are converted to tensile stresses. Finally, at the end of the holding time,
the electrodes release the workpiece to chill in the ambient temperature (> 0.3 s). Accordingly,
through the cooling period, the tensile stresses rise and then relax to their constant value. The
stable magnitude of stresses at the end of the cooling time is considered as the residual stress.
Figures 12 and 13 indicate the radial and circumferential stresses, respectively, at the end of the
welding time, at 20 times magnification. As shown in these figures, at the end of the welding time,
the radial and circumferential stresses in the FZ and HAZ domain are compressive, however,
out of the HAZ domain, tensile stresses are observed.
Through the cooling time, the outer surfaces of the sheets are chilled and condensed by
the air. Therefore, tensile residual stresses are generated in the FZ domain, however, in distant
parts of the HAZ and also in the contact surfaces of the E/S, compressive residual stresses
appear. Figures 14, 15 and 16 show the radial, circumferential and von Mises residual stresses,
respectively, at the end of the cooling time.
Here, the simulation residual stresses are compared with the hole drilling method. Hole drilling is a semi-nondestructive method, and is mainly used for measuring residual stresses through
thickness. To examine reliability of the experimental tests, three same samples of resistance spot
welded sheets were made. To prepare the samples for the drilling test, their surfaces were polished completely by a sanding sheet. Then, strain gauges were glued at the top of the smoothed
surface of the weld center and the drilling process through the thickness was performed in 9 steps
at intervals of 0.1 mm (form 0.1 mm to 0.9 mm of sheet depth). Figure 17 shows the equipment of
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Fig. 12. Radial stresses at the end of the welding time

Fig. 13. Circumferential stresses at the end of the welding time

Fig. 14. Radial stresses at the end of the cooling time
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Fig. 15. Circumferential stresses at the end of the cooling time

Fig. 16. Von Mises stresses at the end of the cooling time

Fig. 17. Hole drilling test of the welded sheets
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the hole drilling strain gauge method for residual stress measurement. Radial and circumferential residual stresses of the FEM and tested samples are shown in Figs. 18 and 19, respectively.
Dashed lines in Figs. 18 and 19 give the average residual stresses of three distinct experimented
samples. It can be seen from these two figures that at a descending rate, the residual stresses
continuously increase from the workpiece surface until the nugget center. Figures 18 and 19
indicate a good agreement between the simulation and experimental results.

Fig. 18. Residual stresses through thickness of the workpiece

Fig. 19. Circumferential stresses through thickness of the workpiece

4.

Conclusions

In this research, a parametric study on RSW is performed to investigate the effects of various
parameters on weldability of AISI 1008 steel sheets. Nugget shape and residual stresses in the
FZ and HAZ domain were calculated numerically by FEM and verified experimentally. Based
on this study, the following can be concluded:
• By increasing the electrode diameter, higher electrical current or more welding time will
be required to make the nugget of the same size.
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• During the welding, all stresses on the weldment are compressive; and this is due to the
high temperature region that is squeezed by electrodes.
• Electrodes have a significant role in the sheets cooling during the holding time, and it
causes a high stress gradient in this region.
• After cooling of the weldment, tensile residual stresses are generated in the FZ and HAZ.
However, in distant parts of the HAZ, and also in the contact surfaces of the E/S, compressive residual stresses are observed.
• Hole drilling is an effective method for estimating the residual stresses through thickness
of the welded sheets.
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