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1 Introduction 
 
Nowadays the use of lightweight materials in the automobile industries and transportation is 
very important. So using magnesium alloys is rising because of lightweight and high ratio of 
strength to density. Resistance spot welding (RSW) is one of the fastest and oldest metal joining 
methods. RSW of magnesium alloys is widely used in many industrial applications especially 
in the automotive industry. RSW is multi-physics of electro-thermo-mechanical coupled 
phenomenon, and modeling this process can provide a base for more understanding the process 
performance and its results, especially to determine the effect of the process parameters on the 
residual stresses. Munitz et al. [1] were the first researchers that studied the RSW of magnesium 
alloys in (2002) and examined the possibility of RSW on Mg-AZ31 and Mg-AM50 alloys.  
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Sun et al. [2] studied the effects of current and surface quality on the diameter and 
microstructure of the nugget and presented welding current higher than 15 KA is caused to 
appear hot cracking in the HAZ and nugget of magnesium sheets. Liu et al. [3-4] investigated 
the effects of current and surface quality on the RSW nugget and illustrated that by increasing 
the surface quality in the AZ31 sheets, the strength of nugget increases and damage of electrode 
tip face decreases. Shi et al. [5] studied the feasibility of using the cover plate in the RSW of 
mg sheets and revealed this technique can create larger nugget and higher tensile shear strength 
in the relatively low welding current. Hwang et al. [6] investigated the effect of DC and AC 
current sources in the RSW of magnesium alloy and presented DC current can create larger 
nugget with a higher strength than AC current. Afshari et al. [7] presented an approach in 
prediction of failure in resistance spot welded aluminum 6061-T6 and could calculate failure 
load in a quasi-static tensile test. Babu et al. [8] studied the effect of welding parameters on 
microstructure, solidification and nugget ductility of AZ31 alloy and presented the HAZ region 
has a dendritic microstructure and interfacial fracture occurs under the tensile and shear tests. 
Kramar et al. [9] evaluated the RSW of magnesium AZ61 and presented that growth the cracks 
along the grain boundaries is expected but with controlling the welding parameters it can be 
preventable. Min et al. [10] and Manladan et al. [11] investigated the methods for joining 
dissimilar magnesium-steel sheets by RSW and showed two methods of using the cover plate 
and RSW in welding brazing mode can be applicant for this purpose. Chabok et al. [12] studied 
the effect of pulse scheme on the residual stress and mechanical properties of resistance spot 
welded DP1000 steel and revealed double pulse welding (with low welding current) decreases 
mechanical properties of the weld. Afshari et al. [13] predicted residual stresses in RSW of 
aluminium sheets by neural network model and showed neural network model can positively 
predict residual stresses of RSW, also in another study [14] they investigated residual stresses 
in the RSW of AZ61 alloy and presented to reduce the residual stress in the welded zone 
maximum time and force with the minimum welding current are required. Simulation of 
resistance spot welding is an effective method to determine temperature, nugget diameter and 
residual stress at the welded zone. Ranjbar Nodeh et al. [15] Simulated residual stress of RSW 
by using FE modeling and verified by the X-ray method on the steel sheets. Sedighi et al. [16] 
investigated the effect of sheet thickness on residual stresses in RSW of aluminum sheets using 
a finite element model and showed residual stress of RSW increases with increasing the sheet 
thickness but it is controllable with controlling the welding parameters. Mikno and Bartnik [17] 
evaluated heating of electrodes during RSW in FEM calculations, and Mirzaahmadi et al. [18] 
investigated on the effect of material properties in the RSW simulation of magnesium alloy and 
presented thermal conductivity, electrical resistivity, and ECC have a significant effect on the 
nugget size. According to the literature, the residual stresses in the RSW of AZ31 magnesium 
alloys have not been investigated. In this research, the effect of welding parameters on the 
residual stresses in the RSW of AZ31 alloy has been evaluated. To study residual stresses in 
RSW, an electro-thermo-mechanical model was used and validated by using experimental 
results. Also, by using DOE analysis, the influence of welding parameters such as current, 
current time, force, holding time and current source on residual stresses in RSW of AZ31 were 
determined. 
 
2 Materials and Method 
2.1 Design of experiment 
 
Experimental evaluation and simulation of RSW were conducted on the AZ31 sheet of 
magnesium with dimensions of 100mm×30mm×1mm that it is illustrated in figure (1). Tables 
(1) and (2) show mechanical and physical temperature-dependent properties of AZ31 alloy. 
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Figure 1 Geometry and dimensions of samples 

 
 Table 1 Mechanical properties of AZ31 magnesium alloy according to the temperature [19-20] 

Temp. ( ) 25 100 150 200 243 300 400 450  

Young's modulus ( ) 45 45 42.6 39.9 35.3 29.6 24.5 22  

Temp. ( ) 25 100 200 250 300 350 400 450 500 

Yield straight ( ) 154.8 145.9 137 125 122 95.2 68.9 51 38 

Poisson's ratio 0.32 

 Table 2 Physical properties of AZ31 magnesium alloy according to the temperature [19-20] 

Temp. ( ) 25 100 200 300 428 538   

Thermal expansion (10 ) 2.6 2.64 2.7 2.79 2.84 2.89   

Temp. ( ) 25 100 200 300 400 430 500 668 

Thermal conductivity ( / . ) 84.7 90.5 95.8 98.4 104 107 95 137 

Temp. ( ) 25 77 127 227 327 427 527 600 

Electrical resistance ( . . 10 ) 10 11 11.5 13.5 15.2 17 18.7 20 

Temp. ( ) 25 50 100 200 300 350 400  

Specific heat capacity ( / . ) 1050 1100 1130 1170 1240 1290 1330  

Density ( / ) 1770 

Efficacy of each parameter on the residual stresses determined by using design of experiments 
DOE and Full Factorial method in the Minitab software. This method requires using the 
minimum and maximum values of each parameter. To characterize the allowable range of 
current intensity and welding time, a weld lobe which provided by Hwang et al. [6] was utilized. 
In this weld lobe (Figure 2), undersize weld or weld with insufficient strength was the lower 
limiting factor and the upper limiting factor was expulsion. In each section, experiments were 
designed in a way that the nugget always stands in the allowable range and weld be valid (no 
expulsion), and all of them were carried out in 200 Kg/cm2 electrode force. The selected 
parameters are presented in Table (3). 
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2.2 Finite element model and boundary conditions 
 
All boundary conditions of the finite element model including mechanical, electrical and 
thermal conditions have been presented in Figure (3). At the welding cycle, electrical current 
flows from the top surface of the upper electrode and after passing through the top and bottom 
contact areas between the electrode-sheet and sheet–sheet arrives at the lower face of the bottom 
electrode. The water temperature in the electrode channel has been assumed constant at 25oC 
during all cycles of process. The surfaces that are in contact with air have 12 Wm-2K-1 
convection coefficient. Also, room temperature has been assumed at 20oC. In addition, the 
electrode force (P) has applied as a uniform pressure on the upper and lower electrodes. 
To simulation of resistance spot welding process, used a two dimensional electro-thermo-
mechanical coupled finite element model. This model has been created by writing subroutine 
in ANSYS software that utilized a direct couple method for design of this model and full 
Newton-Raphson solution method. 
 

 
Figure 2 Weld lobe for 1 mm AZ31 magnesium sheet [6] 

 

 

 
Figure 3 Boundary conditions of the finite element model 
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Table 3 selected parameters for numerical study 

Experiment No. 
Current 
(KA) 

Current time 
(Cycle) 

Force 
(KN) 

Force time 
(Cycle) 

Current source 

1 13 7 2 6 

AC 

2 14 7 2 6 
3 15 7 2 6 
4 16 7 2 6 
5 17 7 2 6 
6 18 7 2 6 
7 16 4 2 6 
8 16 5 2 6 
9 16 6 2 6 

10 16 8 2 6 
11 16 9 2 6 
12 16 10 2 6 
13 16 7 1 6 
14 16 7 1.5 6 
15 16 7 2.5 6 
16 16 7 3 6 
17 16 7 3.5 6 
18 16 7 4 6 
19 16 7 2 3 
20 16 7 2 4 
21 16 7 2 5 
22 16 7 2 7 
23 16 7 2 8 
24 16 7 2 9 
25 14 7 2 6 

DC 
26 15 7 2 6 
27 16 7 2 6 
28 17 7 2 6 

 
 

Figure 4 Resistance spot welding simulation algorithm 
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In mechanical and electro-thermal models respectively used Plane42 and Plane67 elements. To 
modeling contact in mechanical and electro-thermal models are used Canta171 and Target169 
elements. After investigation of mesh sensitivity on the finite element model, selected 0.2 and 
0.5 mm mesh size for sheets and electrodes and created 2100 elements on the model. Because, 
thermal, electrical and mechanical properties of materials change with temperature changes, 
time of 0.001 Second is considered to refresh and update all of the material properties. The 
simulation algorithm is shown in figure (4). 

 
2.3 Theoretical background  
 
Resistance spot welding is a complex process that involved thermal, electrical, mechanical and 
metallurgical factors. In order to model this process need to extract each phenomenon 
equations. For the simulation, the process is considered to be axisymmetric and the equations 
used in this model are two-dimensional in the cylindrical coordinates. Equation (1) represents 
the governing equation on electrical potential (). In this equation r is radial distance; z is the 
distance along the axis of cylindrical coordinate and  is the electrical conductance. Solving 
the equation presents electrical potential distribution in the model. 

                                             
φ σ φ φ

σ 0
r r r r z z

                   
                                                (1) 

The thermal model includes the dynamic investigation of temperature resulting from the 
changes of electrical current, heat generation and also heat transfer by conduction and 
convection. This model has been expressed by equations (2) and (3) [14]; where q is the 
generated heat as a result of electrical potential and ρ is density of the material. Also, R, C, and 
k are respectively resistance, thermal capacity, and thermal conductance of the sheet which all 
of them are temperature-dependent parameters. In these relations, T and t denote the 
temperature distribution and the time, respectively. 

                                                                    
2φ t

q
R

                                                                 (2) 

                                       
T k T T T

k q ρc
r r r r z z t

                            
                                     (3) 

To calculate the stress and strain in the FE model the following equations have been used. In 
equations (4-6), H is the hardness matrix, ϕ is the displacement vector, f is the force vector, {σ} 
is the stress vector, [D] is an elastic-plastic matrix, {ε} is strain vector, [De] is an elastic matrix 
and {α} is thermal expansion coefficient. 
                                                                 H. f 0                                                                 (4) 

                                                             d σ D d ε C dT                                                    (5) 

                                                      
1e

e
D

c D α σ
T

           
 

                                          (6) 

To define heat transfer by conduction between the contacts surfaces the equation (7) has been 
used where Q is transferred heat between the contacts surfaces, h is thermal contact 
conductance, Tt and Tc are the temperatures at the contact points on the contact and target 
surfaces. 
                                                                 t cQ h T T                                                         (7) 

Equation (8) has been utilized to compute the thermal contact conductance (h). In this equation 
Ks is the harmonic mean thermal conductivity of surface, m is the effective mean absolute 
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asperity slope of the interface, σ is the effective RMS surface roughness of the contacting 
asperities and P and E , respectively, are the electrodes pressure and equivalent elastic modulus 
[21]. 

                                                       0.942
1.25 ( ) smKP

h
mE 

                                                (8) 

The electrical properties of the two contact surfaces have been defined by equation (9) where J 
is electrical current density, ECC is electric contact conductance and Vc and Vt are voltages at 
the contact points on the contact and target surfaces. 
                                                              t cJ ECC V V                                                      (9) 

To define ECC equations (10) and (11) have been used which R is electrical resistance, L is 
elements length, A is the area of the contact zone and Y is the yield stress [22]. 
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                                                        (11) 

Also, the alternative current has been calculated by equation (12) that Im is maximum current 
intensity in Ampere, fr is a frequency in Hertz and t is a time in Second. 

                                                          sin 2 . .mI I fr t                                                        (12) 

3  Results and discussions 
 
To validate the finite element model, the simulation results have been compared with the 
experimental results obtained by Hwang et al. [6] on the AZ31 sheet with 1 mm thickness. The 
experiments performed in 9 Cycle current time, 2000 N electrode force and four levels of 
current, and investigated two DC and AC with 60 Hz frequency current sources. The simulation 
results compared with experimental data only base on nugget diameter because there is no 
information about residual stresses of Magnesium resistance spot welding. As can be observed 
in figure (5), the simulation result has a good agreement with the experimental result.  
In Table (4), the simulation results have compared with experimental data and expressed the 
percentage of errors. 
 
 

 
 

Figure 5 Comparing simulation and experiment nugget shape 
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 Table 4 Comparing simulation and experimental nugget diameter 

Current 
(KA) 

Alternative current (AC) Direct current (DC) 

Simulation (mm) 
Experiment 

(mm) 
Error% 

Simulation 
(mm) 

Experiment 
(mm) 

Error% 

13 3.5 3.6 2.8 3.8 3.9 2.5 

15 3.8 4 5 4.28 4.4 2.7 

17 4.56 4.6 0.8 5.06 5 1.2 

19 5.4 5.8 6.8 5.8 6 3.3 

 Average error (%) 3.8 Average error (%) 2.4 

 

 

 

 
 

Figure 6 Changes of residual stress along (a) nugget radius (r-direction), (b) sheet thickness (z-direction) 
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Figure 7 Stress in the r-direction according to distance from the nugget center 
 

 
Figure 8 Contour of residual stress in the r-direction (nugget radius) after cooling cycle 

 

 
Figure 9 The effect of RSW parameters on the residual stresses 
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This procedure causes to create tensile stress in nugget and compressive stress in base metal 
and sheet surface. Figure (6) illustrated stress changing procedure due to the welding process 
in the nugget center (point 1) and sheet surface (point 2). As be seen in this figure, stress value 
along z-direction is much less than the stress along r direction. Point 1 and point 2 have been 
indicated in figure (3). Investigation of residual stress results indicated the maximum residual 
stress occurs at the nugget center and by moving along nugget radius the residual stresses 
diminish. Figure (7) illustrates changing stress at the nugget center during the process and figure 
(8) shows the distribution of residual stresses at the end of the process. 
According to the design of experiment (DOE), evaluating the effect of RSW parameters on 
residual stresses indicated current time and interaction of current and current time have a great 
influence on the residual stress. Figure (9) shows the effect of different parameters on the 
residual stresses. According to the results, by increasing current or current time, more heat 
generates and the nugget size will enlarge consequently. After separating the electrodes, cooling 
time has been longer because of the higher heat stored in the welding zone. So it causes to create 
lower residual stresses in the specimen. Figure (10) illustrates the effect of welding current and 
time on the residual stresses in the r direction. 
 

 

 

Figure 10 Effect of (a) welding current and (b) current time on the residual stresses  
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Figure 11 Effect of electrode force on residual stress in the r-direction 
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Figure 12 Effect of holding time on residual stresses along the radius 
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According to DOE results can be noted that the interaction of current-time has the most 
effective effect on the residual stresses than current-force, time-force or current-time-force. As 
illustrated in figure (13), the maximum residual stress occurred in the nugget center due to 
simultaneous reduction in the current and current time. Investigation of current source 
demonstrates direct current (DC) always creates less residual stress than alternative current 
(AC). Because of DC generates more heat flux in the welding zone than AC. Consequently, the 
nugget was bigger and longer cooling time needs for reaches to the ambient temperature that 
causes to reduce the residual stresses. Created residual stress at the nugget center (Point 1) by 
using DC and AC current sources is shown in figure (14). 
 

 
Figure 13 Effect of interaction current and current time on the maximum of residual stress 

 
Figure 14 Created residual stress in the r-direction by using both DC and AC current source 
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DOE analysis, the current time and interaction of current-current time have the most effects on 
residual stresses. By increasing current and current time, the residual stresses along the radius 
in both of nugget and sheet surface are reduced. Increasing electrode force causes to increase 
compressive residual stress at the sheet surface but it doesn’t have a significant effect at the 
nugget region. Investigation of current sources indicated that at the same conditions, the direct 
current is better than alternating current because of creation larger nugget with lower residual 
stresses in the welding zone. 
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Nomenclature and Abbreviations 

p Electrode pressure 

r Radial distance 

 Electrical conductance 

ρ Material density 

C Thermal capacity 

T Temperature 

H Hardness matrix 

f Force vector 

[D] Elastic-plastic matrix 

[De] Elastic matrix 

Q Transferred heat between surfaces 

Ks Harmonic mean thermal conductivity 

J Electrical current density 

V Voltages at the contact points 

A Area of the contact zone 

Im Maximum current intensity 

  Electrical potential 

z  Vertical axis of cylindrical coordinate 

q  Generated heat 

R  Electrical resistance 

k  Thermal conductance 

t  Time 

ϕ  Displacement vector 

{σ}  Stress vector 

{ε}  Strain vector 

{α}  Thermal expansion coefficient 

h  Thermal contact conductance 

E   Equivalent elastic modulus 

ECC  Electric contact conductance 

L  Elements length 

Y  Yield stress 

fr  Frequency 

 


