
Iranian Journal of Materials Science and Engineering, Vol. 20, Number 1, March 2023 

RESEARCH PAPER  
 

1  

3D Coupled Thermal-Electrical-Structural Finite Element Investigation on 
the Effect of Welding Parameters on the Geometry of Nugget Zone and HAZ 
in RSWed TRIP Steel joints 
Ali Ebrahimpour1,*, Amir Mostafapour2, Naeimeh Haghi2 

* aliebrahimpour414@gmail.com 

1 Mianeh Technical and Engineering Faculty, University of Tabriz, Tabriz, Iran 
2 Mechanical Faculty, University of Tabriz, Tabriz, Iran 

Received: July 2022       Revised: March 2023     Accepted: March 2023 
DOI: 10.22068/ijmse.2916  

Abstract: In this research, the effect of resistance spot welding (RSW) parameters including current intensity, 
welding time and welding force (coded by A, B and C) on the radius, thickness and area of the nugget and the radius 
of the heat affected zone(HAZ) of transformed induced plasticity (TRIP) steel joints was investigated by design of 
experiment(DOE) and response surface methology (RSM). A 3D coupled thermal-electrical-structural FEM was 
used to model RSW. To validate the FE model, two TRIP steel sheets were welded experimentally. During welding, 
the temperature was measured and the results were compared with the FE results and a good agreement was 
obtained. The boundaries of the welding zones were determined according to the critical temperatures and the 
responses in all samples were calculated. Using analysis of variance, direct, quadratic and interaction effects of 
parameters on the responses were studied and a mathematical model was obtained for each response. The direct 
linear effect of all parameters on all responses were significant. But among the interaction effects, the effect of B×C 
on the nugget radius, the effect of A×B on the nugget thickness, the effect of A×B on the nugget area and the effects 
of A×B and B×C on the HAZ radius were significant. Also, current intensity had the greatest effect on all responses. 

Keywords: RSW, TRIP steel, Finite element modeling, Response surface methodology, Nugget, HAZ. 

 

1. INTRODUCTION 

The use of advanced high strength steels (AHSS) 
in various industries, especially in the automotive 
industry, due to high strength and reducing the 
final weight of the car and reducing fuel 
consumption, is facing a significant increase. The 
AHSS steels can be summarized as: dual phase 
(DP) steels, transformed induced plasticity 
(TRIP) steels, complex phase (CP) steels and 
martensitic (M) steels [1]. Among AHSS steels, 
TRIP steels are very important due to their 
excellent combination of strength and ductility. 
These steels have various phases in their 
microstructure, including ferrite, bainite, retained 
austenite, and possibly partially martensite [2]. 
In the microstructure of TRIP steel, retained 
austenite is transformed to martensite during 
deformation, which increases the strength and 
ductility of the material [1]. One of the limitations 
for the widespread use of TRIP steel is the 
weldability [3]. 
TRIP steel is most commonly used in sheet form 
in industries such as automotive industry and spot 
joint is usually used to connect the sheets in the 
car body. One of the most common methods for 

spot welding is resistance spot welding (RSW), 
which is widely used in automotive, aerospace, 
railway, etc. industries [4]. RSW is especially 
important in the automotive industry, where 90% 
of car body assembly is done by this method [5]. 
One of the main advantages of RSW is the ability 
to automate. However, in RSW metal undergoes 
in the interaction effect of various phenomena 
such as: electrical, mechanical, thermal, fluid 
flow and metallurgical phenomena. This 
interaction effects of various phenomena makes 
the nature of RSW complicated and as a result, it 
faces many problems in controlling [6]. During 
the RSW process, two metal sheets are pressed 
together by the electrode force and then due to the 
passage of electric current and resistance between 
the two sheets (which is greater than the 
resistance of the sheets and the resistance between 
the sheets and electrodes at the beginning of the 
process [7]) thermal energy is created between 
them. The welding time is very short and the force 
of the electrodes is still applied during the passage 
of current. The amount of energy produced 
between the two sheets is calculated through the 
following equation: 
Q ൌ ׬ Iଶሺtሻ

୲మ
୲భ

Rሺtሻdt,                                          (1) 
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where Q is generated heat during welding in 
Joule, t1 and t2 respectively are the starting and 
finishing time of the current passing, I(t) is the 
current intensity, R(t) is the total resistance 
between two electrodes [8]. The heat generated 
increases the temperature of the contact area 
between the two sheets and causes part of the 
metal to melt. The higher the heat, the more metal 
melts and form the liquid nugget. According to 
Equation 1, the amount of generated heat depends 
on the current intensity, electrical resistance, and 
welding time. The electrical resistance R (t) is a 
variable parameter and is called the dynamic 
resistance, which can almost indicate the 
resistance of the welding load, because the effects 
of other parameters are generally ignored. When 
the amount of molten metal reaches a certain 
level, the delivery of external electrical energy 
ends, then the molten metal solidifies and the 
metal parts are joined together. [4].  
Although tensile-shear strength has traditionally 
been measured for joint quality in RSW, obtaining 
this strength requires a costly, time-consuming 
and destructive test. However, some researchers 
have measured the strength of welding joints to 
assess quality [9-13]. In the meantime, some of 
researchers have studied the tensile-shear strength 
of RSWed TRIP steel joints [14-16]. An 
alternative method to check the quality of the 
RSW joint is to investigate the geometry of the 
nugget zone (NZ) and heat affected zone (HAZ). 
In some previous studies, the effect of parameters 
on the weld zone geometries has been studied 
experimentally. In one of these works, Dickinson 
et al. [7] studied the relationship between RSW 
input parameters and weld phenomena 
considering their effects on dynamic resistance. 
In another study, Akash et al. [17] investigated the 
effect of welding current and welding time on NZ 
size in RSW of steel. In this study, the current 
intensity was in the range of 6 to 11.5 kN and the 
welding time was in the range of 5 to 30 cycles. 
The NZ size was measured using an optical 
microscope and the results were supported  
by diagrams. Finally, appropriate welding 
parameters were advised to the users. Wen et al. 
[18] investigated the effect of current intensity, 
welding time and welding force on the diameter 
of the NZ in RSW of steel. They reported that the 
nugget diameter increases with increasing current 
intensity but decreases as it continues. Also, 
according to the results presented in their study, 

the nugget diameter increases with increasing 
welding time as result of increasing the generated 
heat.  
Conducting experimental studies to investigate 
the effect of RSW parameters on the size of NZ 
and HAZ cannot provide comprehensive 
information over a wider range of parameters due 
to cost, time and difficulty constraints. Therefore, 
many researchers have used numerical and finite 
element methods (FEM) to achieve this goal [5, 
6, 14, 19-21]. Eissazadeh et al. [19] simulated 
RSW of 1008 steel using FEM and investigated 
the effect of welding parameters on the formation 
of the nugget and its thickness. They reported that 
increasing the current intensity increases the 
nugget thickness. In a technical report, Eshraghi 
et al. [20] investigated the effect of welding 
parameters on the geometry of welding areas 
using the FEM in RSW of DP steels. The results 
published in this report indicate that the current 
intensity has the greatest influence on the 
geometry of the weld zone. Zhang et al. [21] 
investigated the effect of electrode force on 
expulsion phenomenon and nugget size in RSW 
of DP steel sheets that have an initial gap before 
joining, using FEM. They report that increasing 
the force of the electrode can prevent an explosion 
and reduce the radius of the nugget.  
As mentioned, RSW is a complex process that is 
affected by various parameters and therefore the 
geometry of the NZ and HAZ is also a function of 
various parameters such as current intensity, 
welding time, welding force, geometry and 
material of the electrode, sheet thickness and 
cooling conditions. Numerous studies have 
reported that the first three parameters (current 
intensity, welding time and welding force) are the 
most important factors influencing the welding 
zones [4]. Careful examination of the effect of 
different parameters on a response requires 
numerous experiments. Therefore, the use of a 
suitable design of experiments (DOE) to reduce 
the number of runs while reducing the probability 
of error has been considered by many studies. 
Response surface methodology (RSM) has been 
used as a DOE method in some RSW related 
researches and has yielded good results [20]. 
By reviewing previous studies, it can be concluded 
that a detailed and comprehensive study of the 
effect of welding parameters on the size of NZ 
and HAZ in the RSW of TRIP steel sheets has not 
been done so far. Therefore, in this study, the 
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effect of current intensity, welding time and 
welding force on the radius, thickness and area of 
the NZ and the radius of the HAZ was performed 
using coupled thermal-electrical-structural finite 
element simulation. For this purpose, a DOE by 
RSM was used and the direct and quadratic effect 
of each parameter and their interaction effect on 
the responses were investigated using analysis of 
variance (ANOVA). 

2. EXPERIMENTAL PROCEDURES 

2.1. Finite element Model 

A 3D coupled thermal-mechanical-electrical 
modeling was used to simulate the RSW process. 
Abaqus 2019 software was used for this purpose. 
Simulation of the RSW process is very complex 
due to the interaction of electrical, thermal, 
metallurgical and mechanical phenomena. Fig. 1 
shows a schematic model of the interaction of 
various phenomena in the RSW process. Two 
methods are typically used for modeling of RSW. 

The first method is weak coupling in which first a 
thermal-electrical analysis is performed and then 
a mechanical analysis is performed considering 
the outputs of the previous analysis. But in the 
second method, which is called strong coupling, 
thermal-electrical and mechanical analyzes are 
performed simultaneously. Abacus can do both 
methods, but we used a strong coupling because 
it models the real welding conditions more 
accurately [20]. 
The model geometry consists of two TRIP steel 
sheets with dimensions of 30 × 100 ×1.2 mm and 
two copper alloy electrodes with tip radius of 3 
mm, which are shown in Fig. 2. Due to symmetry 
and to reduce the solving time, only a quarter of 
the geometry of the parts was modeled. Some 
temperature-dependent properties of sheets given 
to the software are shown in Fig. 3 [3]. The 
Poisson's ratio was considered to be 0.3. the 
thermal and electrical contact conductance of 
sheet/sheet and electrode/sheet and electrical 
conductivity obtained from reference [20]. 

 
Fig. 1. Schematic diagram showing the interaction between various phenomena in the RSW process. 
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Fig. 2. The finite element model geometry and mesh. 

   
Fig. 3. Temperature dependent (a) mechanical properties and (b) physical properties of TRIP steel. 

An 8-node brick, trilinear displacement, electric 
potential and temperature element (which coded 
by Q3D8 in Abaqus) were used for meshing the 
workpieces. As shown in Fig. 2, the size of the 
elements near the contact area is smaller to 

increase the accuracy of the results for 
temperature and other outputs. Mesh analysis was 
used to obtain the appropriate element size. For 
this purpose, by performing several runs and 
comparing the obtained temperatures, the size of 
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the smallest element was selected equal to 0.3 mm 
and the total number of sheet elements was 
24,000. The lower surface of the lower electrode 
is bounded in the Y direction. All surfaces except 
the contact surfaces with the electrodes and the 
contact surface of the two sheets have convective 
heat transfer. The voltage at the lower electrode is 
zero. The initial temperature of the workpiece is 
25°C. The main purpose of this study is to 
investigate the effect of three welding parameters: 
current intensity, welding time and welding force 
on the size of the NZ and HAZ. To determine the 
boundaries of the NZ and HAZ, it is necessary to 
know the liquidous, solidus, Ac1 and Ac3 
temperatures. These temperatures were calculated 
by Termo-Calc software and the values of 
1530˚C, 1480˚C, 836˚C and 705˚C were obtained.  
The total time in RSW process is divided into 4 
parts: (1) the time of applying the compressive 
force of the electrodes on the sheets, (2) The time 
of passage of AC electric current at the same time 
as the compressive force of the electrodes 
continues (this time is called welding time), (3) 
Time to continue the compressive force of the 
electrodes after stopping the electric current 
(forging time) and finally (4) the cooling time. 
The parameter of welding time is the second 
stage, ie the passage time of electric current. Since 
the frequency of electric current in all samples is 
equal to 60 Hz, the welding time in this study is 
presented as the number of cycles. 

2.2. Finite Element Model Validation 

In order to validate the FE model and also the 
microstructural studies of the welding areas, by 
performing an experimental test, two TRIP steel 
sheets with dimensions equal to the dimensions of 
the FE model and the same input parameters were 
welded. In this experimental test, welding 
parameters were set to 8 kA, 20 cycles and 3 kN 
for current intensity, welding time and welding 
forces. For this purpose, a steel with chemical 
composition 0.21 C, 1.5 Si, 1.68 Mn, 0.03 Cr, 
0.016 Al, 0.01 Ni and 0.009 S (wt.%) was 
produced by casting and then hot rolled. Then, a 
steel sheet with a thickness of 1.2 mm was 
obtained by cold rolling. A two-stage heat 
treatment was used to obtain the multiphase 
microstructure of trip steel. The first stage is 
called intercritical annealing (IA), which the 
volume fraction of austenite and ferrite is 
controlled in temperature between Ac1 and Ac3. 

The second stage is performed immediately after 
IA, in which the steel is kept isothermally in the 
temperature range of the bainite transformation, 
which is called the isothermal bainite 
transformation (IBT). At this stage, part of the 
austenite is transformed to bainite and causes the 
stability of the retained austenite [22, 23]. To 
produce TRIP steel, temperatures of 790˚C and 
350˚C were used for stages IA and IBT, 
respectively [14]. Field emission scanning 
electron microscope (FE-SEM) and optical 
microscopy (OM) were used to study the micro 
and macrostructure and X-ray diffraction (XRD) 
method was used to measure the percentage of 
retained austenite. Also, the microhardness of the 
samples was measured by Vickers method under 
the force of 100 g. The sample temperature during 
welding was obtained by connecting a K type 
thermocouple to the bottom surface of the lower 
sheet. 

2.3. Design of Experiments 

After validating the FE model, a three-factor Box-
Behnken design of RSM was used to find the 
relationship between input parameters and 
responses. In this study the input parameters are, 
current intensity, welding time and welding force 
which are coded as A, B and C, respectively. 
Given that each parameter has three levels (-1, 0 
and 1), the number of experiments with full 
factorial design will be 27 runs. By using a Box-
Behnken fractional factorial design, the number 
of experiments was reduced to 15 runs, which can 
still predict the relationship between parameters 
and responses well. Also, the responses are, NZ 
radius, NZ thickness, NZ area and HAZ radius. 
Analysis of variance (ANOVA) technique was 
employed using Minitab software to describe the 
output. The main and interaction effects of 
parameters are considered in ANOVA and the 
significance of their effects on response is 
investigated (for significance the p-value of 
model or its terms must be less than 0.05). 
For correlation of input variables and the 
response, a mathematical model with the ability 
to predict the linear, quadratic, and interaction 
effects of the parameters on the responses was 
designed according to experiments outputs. Using 
RSM, a second-order polynomial mathematical 
model to predict the main, quadratic, and 
interaction effects of inputs on output, can be 
obtained. In this equation the response can  
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be given according to the values of the  
parameters [3]: 

y ൌ β଴ ൅෍β୨x୨

୩

୨ୀଵ

൅෍β୨୨x୨
ଶ

୩

୨ୀଵ

൅෍෍β୧୨x୧x୨

୩

୨ୀଶ୧ழ୨

							ሺ2ሻ 

Where β0 is a constant and βij is called the 
regression coefficient. Also, x refers to any of the 
parameters. According to the data published in the 
previous studies, the RSW parameters must be 
within an acceptable range which is called 
welding lobe [24] to ensure the final quality of the 
weld is appropriate. In the present study, the range 
of parameters was selected considering previous 
experimental studies of AHSS steels [15, 20, 25]. 
This makes it possible to compare the results of 
finite element modeling in this research with the 

results obtained in previous experimental and 
finite element research. The values, ranges and 
levels of parameters are presented in Table 1. 

3. RESULTS AND DISCUSSION 

3.1. Experimental Results and FE Model 
Validation 

Fig. 4 shows the section views of experimentally 
RSWed sample and FE output of case number 13. 
In the experimental sample, NZ and HAZ and 
base metal (BM) are recognizable according to 
their macro appearance. In the FE model, these 
zones are marked according to the temperature 
distribution. There is a very good match between 
the size of these areas.  

Table 1. Real and coded values of parameters and calculated values of responses. 

Run 
number 

A B C 
Current 

(kA) 
Time 

(cycles) 
Force 
(kN) 

Nugget 
Radius 
(mm) 

Nugget 
Thickness 

(mm) 

Nugget 
Area 

(mm^2) 

HAZ 
Radius 
(mm) 

1 -1 -1 0 6 10 3 0.7 0.10 0.22 2.4 
2 1 -1 0 10 10 3 2.5 0.61 4.71 3.1 
3 -1 1 0 6 30 3 1.5 0.20 0.94 2.48 
4 1 1 0 10 30 3 3.41 1.45 15.53 3.87 
5 -1 0 -1 6 20 2 2.07 0.31 1.95 2.78 
6 1 0 -1 10 20 2 3.2 0.97 9.75 3.8 
7 -1 0 1 6 20 4 1.2 0.1 0.37 2.52 
8 1 0 1 10 20 4 3.01 0.59 5.56 3.3 
9 0 -1 -1 8 10 2 2.1 0.58 3.82 2.84 
10 0 1 -1 8 30 2 3.2 1.2 12.06 3.78 
11 0 -1 1 8 10 4 1.8 0.14 0.79 2.54 
12 0 1 1 8 30 4 1.89 0.54 3.20 2.58 
13 0 0 0 8 20 3 3.1 1.01 9.83 3.92 
14 0 0 0 8 20 3 3.1 1.02 9.93 3.91 
15 0 0 0 8 20 3 3.1 1.02 9.93 3.92 

 
Fig. 4. Comparison of weld zone cross section in experimental sample and finite element model (welding 
parameters were set to 8 kA, 20 cycles and 3 kN for current intensity, welding time and welding forces)
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Fig. 5 compares the finite element and 
experimental thermal history of a point on the 
bottom surface of the lower sheet. Despite the 
slight difference, the simulation results are in 
acceptable agreement with the experimental 
results. This small difference is due to the 
complexity of the welding process, which has 
been reported in most studies and its validity has 
been confirmed [26]. On the other hand, the 
maximum temperature obtained in the finite 
element model is about 2500˚C. This value is very 
close to the reported temperatures for AHSS 
steels RSWed under similar conditions [21]. 

 
Fig. 5. Comparison of the thermal history of a point at 

the lower lower surface of the lower sheet in the 
experimental sample and the finite element model 

(welding parameters were set to 8 kA, 20 cycles and 3 
kN for current intensity, welding time and welding 

forces). 

Fig. 6 shows the microstructure of BM, HAZ, and 
NZ. In the BM, ferrite is seen in a completely dark 
color as the field phase. The bainite phase is 

clearly visible with a layered structure consisting 
of bainitic ferrite and retained austenite (A/B in 
Fig. 6(a)). The retained austenite is seen as uncut 
grains with a perfectly smooth and clear surface. 
Unlike austenite, martensite has a rough surface 
that makes it easier to identify; Detection of 
martensite from austenite is possible only through 
the smoothness and roughness of the surface of 
these two phases. Detection of these phases in the 
same type of TRIP steel has been reported in 
previous studies [2, 3, 23, 27]. The percentage of 
retained austenite in the microstructure of BM 
and welding zones are measured by XRD and are 
given in Fig. 7. Fig. 7 also shows the 
microhardness along the horizontal line passing 
through the center of the cross section. According 
to this figure, the percentages of retained austenite 
and microhardness of BM are equal to 12% and 
250 VHN, respectively. According to the 
maximum temperature, the HAZ can be divided 
into at least two subdivided zones. In parts where 
the temperature rises to between Ac1 and Ac3, part 
of the ferrite is transformed to austenite. On the 
other hand, in parts where the temperature exceeds 
Ac3, the whole microstructure is transformed to 
austenite. When austenite cools, it can be converted 
to ferrite, bainite and martensite due to the cooling 
rate. Fig. 6(b) shows the microstructure of HAZ 
where the temperature has risen to a temperature 
between Ac1 and Ac3. The main phases are ferrite 
and martensite, but a small amount of retained 
austenite is also detectable. A decrease in the 
percentage of retained austenite to 7% and an 
increase in the microhardness to about 370 VHN as 
shown in Fig. 7 confirm this observation. 

 
Fig. 6. FE-SEM microstructure of (a) BM, (b) HAZ, and (c) NZ in experimentally welded sample. 
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In the NZ, the temperature is higher than the 
melting point and the material melts. During 
cooling, austenite is formed first and due to the 
cooling rate, which is very high, all the 
microstructure transforms to the martensite. As 
can be seen from Fig. 7, the percentage of retained 
austenite in this zone is zero and the 
microhardness has reached 498 VHN with a sharp 
increase. The all-martensitic microstructure of 
this area can also be seen in Fig. 6(c). 

 
Fig. 7. Microhardness and retained austenite 

percentage in welding zone. 

3.2. ANOVA Results 

Fig. 8 shows temperature distribution in all cases. 
Based on the critical temperatures, NZ and HAZ 
are distinguished by different colors. Based on the 
change in the values of parameters in each case, 
the heat distribution changes and as a result, the 
size of the areas is different. NZ and HAZ sizes 
were measured in each of the cases and the results 
are presented in Table 1.  
It should be noted that in samples 4 and 10, due 
to excessive increase in input heat, the thickness 
of the nugget continues to the outer surface of 
the sheets, and also due to thermal expansion, 
this thickness exceeds the total thickness of the 
sheets. This reduces the quality of the weld and 
leads to the distance of the sheets from each 
other and eventually leads to expulsion. These 
defects have also been reported in previous 
studies [20].  
In factorial DOE, ANOVA is used to determine 
the significance of model and model terms. A 
model or model term is significant when its p-
value is less than 0.05.  
The ANOVA for the responses as influenced by 
the input variables is shown in Tables 2. As can 
be seen from this table, the direct linear and 
quadratic effects of all three parameters (A, B and 

C) on the all responses are significant except the 
quadratic effect of B (B×B) on the nugget 
thickness. Regarding the interaction effects of the 
parameters, the effect of B×C on the nugget 
radius, the effect of A×B on the nugget thickness, 
the effect of A×B on the nugget area and the 
effects of A×B and B×C on the HAZ radius are 
significant.  
For prediction of responses within the design 
space, the mathematical models are given in terms 
of coded factors as:  
Nugget radius (mm)= 3.1000 + 0.8300 A + 
0.3625 B - 0.3350 C - 0.4763 A×A - 0.5963 B×B- 
0.2562 C×C + 0.0275 A×B + 0.1675 A×C - 
0.2525 B×C                                                           (3) 
Nugget thickness (mm)= 1.0167 + 0.3637 A + 
0.2463 B - 0.2100 C - 0.2771 A×A - 0.1521 B×B- 
0.2496 C×C + 0.1875 A×B - 0.0450 A×C - 0.0550 
B×C                                                                   (4) 
Nugget area (mm2)= 9.901 + 4.008 A + 2.774 B 
- 2.207 C - 2.556 A×A -1.994 B×B - 2.936 C×C+ 
2.525 A×B - 0.654 A×C - 1.456 B×C                (5) 
HAZ radius (mm)= 3.9167+ 0.4862 A+ 0.2288 
B- 0.2825 C- 0.3946 A×A- 0.5596 B×B-0.4221 
C×C+ 0.1725 A×B-0.0600 A×C-0.2250 B×C   (6) 

3.3. Model Validation 
To confirm the validity of the proposed model, 
three confirmation welding simulations were 
performed in which the parameters were 
randomly changed in the range of model values. 
The actual results, which were the average of the 
three modeling results for each response, are 
shown in Table 3, along with the predicted values 
and the error percentage calculated in the 
experiments.  
The low percentage of error between the actual 
and predicted values for the answer indicates that 
the proposed model can predict the results with a 
good approximation. 

3.4. Parameters Effect 
As can be seen from Table 2, the direct linear and 
quadratic effects of all three parameters on the 
nugget radius are significant. But only the 
interaction effect of welding time and welding 
force is significant and the current intensity with 
the other two parameters does not cause a 
significant interaction effect. 
Fig. 9(a) represents the direct effect of welding 
parameters on the nugget radius. Increasing the 
welding current from 6 kA to 10 kA creates 
nuggets with a larger radius.
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Fig. 8. Finite element outputs for all cases (the welding parameters values in each case are listed in Table 1)

Although the increasing rate nugget radius is 
much higher in lower current intensity, but as we 
approach 10 kA current, this rate decreases and a 
tendency to stop the larger nugget radius is 
observed. Similar results have been reported in 
previous research [14, 17, 18, 20, 28-30]. Akash 
et al. [17] investigated the effect of current 

intensity and welding time on the nugget size in 
RSW of two steel sheets at constant welding 
force. In this study, the current intensity ranged 
from 6 kA to 11.5 kA and the welding time ranged 
from 10 to 30 cycles. They report that with 
increasing current intensity, the nugget radius 
increases, but at currents above 10 kA, the 
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increase in nugget radius stops due to excessive 
heat rise and return of the electrodes due to thermal 
expansion. Wan et al. [30] established a model to 
explore the effect of welding current on RSW of 
DP steel sheets. They predicted the nugget size by 
FEM and by varying the current intensity in the 

range of 6 kA to 12 kA. The final results showed 
that the nugget size and shape were highly 
dependent on the welding current. Also, the 
expulsion phenomenon was also considered in the 
work. It occurred at 12 kA and unsatisfactory 
partial interfacial failure can be detected. 

 
Fig. 9. Mean effect of parameters on (a) NZ radius, (b) NZ thickness, (c) NZ area, and (d) HAZ radius. 
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Table 2. ANOVA results for all responses. 
 Nugget Radius Nugget Thickness Nugget Area HAZ Radius 

Source F-Value P-Value F-Value P-Value F-Value P-Value F-Value P-Value 
Model 37.79 0 18.4 0.003 19.19 0.002 36.75 0 
Linear 84.99 0 40.53 0.001 40.41 0.001 60.56 0 

A 188.35 0 67.86 0 68.02 0 116.56 0 
B 35.93 0.002 31.1 0.003 32.59 0.002 25.8 0.004 
C 30.68 0.003 22.62 0.005 20.62 0.006 39.34 0.002 

Square 24.16 0.002 11.24 0.012 10.86 0.013 42.78 0.001 
A*A 28.62 0.003 18.17 0.008 12.76 0.016 35.42 0.002 
B*B 44.86 0.001 5.47 0.066 7.76 0.039 71.24 0 
C*C 8.29 0.035 14.75 0.012 16.84 0.009 40.53 0.001 

2-Way 
Interaction 

4.22 0.078 3.44 0.109 6.29 0.038 6.9 0.032 

A*B 0.1 0.761 9.02 0.03 13.49 0.014 7.33 0.042 
A*C 3.84 0.108 0.52 0.503 0.91 0.385 0.89 0.389 
B*C 8.72 0.032 0.78 0.419 4.48 0.088 12.48 0.017 

Lack-of-
Fit 

0.001 790.5 779.25 0.001 995.59 0.001 810.75 0.001 

 R-sq R-sq (adj) R-sq R-sq (adj) R-sq R-sq (adj) R-sq R-sq (adj) 
 98.55% 95.94% 97.07% 91.79% 97.19% 92.12% 98.51% 95.83% 

Table 3. The results of validation for all mathematical models. 

A B C 
Nugget radius (mm) Nugget thickness (mm) 

predicted actual error predicted actual error 
-0.7 0.5 -0.5 2.533388 2.64 4.3% 0.686354 0.7 2.9% 
0.25 -0.25 0.5 2.969063 2.82 4.9% 0.841354 0.89 5.9% 
0.75 0.25 0.25 3.428984 3.52 2.9% 1.140859 1.08 5.7% 

A B C 
Nugget area (mm2) HAZ radius (mm) 

predicted actual error predicted actual error 
-0.7 0.5 -0.5 6.35268 5.8 8.60% 3.368029 3.23 3.80% 
0.25 -0.25 0.5 8.030109 7.88 1.80% 3.684479 3.81 3.60% 
0.75 0.25 0.25 11.56323 1.94 3.20% 3.991641 4.16 4.40% 

 
In fact, when welding current exceeded 10 kA, 
excessive welding current induced a weld 
expulsion and the nugget diameter decreased 
accordingly [18]. Expulsion is a negative 
phenomenon which can seriously affect the weld 
quality during the welding process and a lot of 
previous works concerned it [4]. Expulsion 
occurs when the radius of the nugget is greater 
than the radius of the contact area of the two 
sheets [21]. According to the F-value (in Table 1), 
which indicates the effect of a parameter on the 
response, it can be seen that the current intensity 
has the highest F-value and therefore has the 
greatest effect on the nugget radius that can be 
explained by the generated heat equation 
(Equation 1). 
Increasing the welding time from 10 to 20 cycles 
increases the nugget radius and further increasing 
the welding time from 20 to 30 cycles reduces the 

radius. In fact, the growth of the nugget radius 
continues until the expulsion occurs [26]. In 
samples 4, 6, 10 and 13, where the current 
intensity and welding time are high, the growth of 
the radius has stopped due to the occurrence of the 
expulsion phenomenon. These results have been 
confirmed in previous reports [17]. Dynamic 
resistance and electrode displacement have been 
reported to be two important signals for the weld 
quality. These two signals can provide useful 
information about what is happening inside the 
welding zone. Fig. 10 shows the typical dynamic 
resistance and electrode displacement behavior 
during RSW of carbon steels [31]. At the 
beginning, the amount of dynamic resistance is 
high, which decreases very quickly as soon as 
force squeezes the sheets. Then, with heat 
generation, the temperature and the dynamic 
resistance increase. But as the temperature 
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continues to rise, the metal melts and liquid 
nugget forms. By applying force, the distance 
between the two electrodes is reduced, thus 
reducing the dynamic resistance. If the liquid 
nugget is too large, the solid metal around it 
cannot hold it by welding force, causing the liquid 
to spill and accruing expulsion. On the other hand, 
the initial drop in electrode displacement is due to 
the application of force to the sheets. Then, with 
increasing temperature and thermal expansion, 
the distance between the two electrodes increases 
and decreases after reaching its maximum value 
and after the formation of liquid nuggets. An 
expulsion can also speed up the decline [4]. 
According to the behavior of these two signals 
and especially the dynamic resistance during 
welding, increasing the nugget radius and 
decreasing it after reaching the maximum value is 
explained. 

 
Fig. 10. Theoretical description of the signals, (a) 

Dynamic resistance; (b) Electrode displacement [31]. 

The effect of welding force increasing on the 
nugget radius is the opposite of the effect of 
current intensity. The electrode force changes 
during the welding process. The change in the 
dynamic electrode force is due to thermal 
expansion and the production of the weld zone at 
high temperature, so the dynamic electrode force 
is also important for the nugget size [18]. As the 
force increases, the contact between the two 
sheets increases and the resistance between them 
decreases, which reduces the generated heat and 
thus reduces the expansion of the nugget. 

Electrode force, as an important welding 
parameter, could determine the contact state and 
dynamic resistance between sheets [21, 32]. Tang 
et al. [33] have studied the effect of welding force 
on dynamic and static resistance and have 
reported that with increasing force, the amount of 
these factors decreases and as a result, the 
generated heat also decreases. 
Fig. 11 shows the interaction effect of welding 
parameters on the nugget radius. As mentioned 
earlier, only the interaction effect of welding time 
and welding force on the nugget radius is 
significant. As can be seen from the figure, when 
the welding time is short, the nugget radius 
increases with increasing welding force from 2 to 
3 kN, but then with increasing force from 3 to 4 
kN, the nugget radius decreases sharply. This 
interaction effect in longer welding times is such 
that by increasing the welding force from 2 to 4 
kN, the nugget radius is strictly increasing.  At 
short welding times due to the low softening of 
the steel, very small forces cannot increase the 
contact radius and therefore cannot reduce the 
dynamic resistance. Therefore, by increasing the 
force from 2 to 3 kN during at short welding time, 
temperature and nugget radius increase. On the 
other hand, in long welding times, due to the 
softening of the steel, any increase in force 
reduces the dynamic resistance and nugget radius 
[21]. ANOVA results for nugget thickness are 
shown in Table 2. The direct linear and quadratic 
effect of all parameters on the thickness is 
significant, but among the interaction effects, 
only the interaction effect of current intensity and 
welding time is significant. For nugget thickness, 
current intensity has the greatest effect (according 
to the F-value). Fig. 9(b) shows the direct effect 
of the parameters on the thickness. The effect of 
current intensity on the nugget thickness is similar 
to the effect of this parameter on the nugget 
radius. Increasing the current intensity increases 
the generated heat and as a result the nugget 
thickness increases, but as the current intensity 
approaches 10 kA due to the expulsion 
phenomenon the movement of the nugget towards 
the outer surfaces of the sheets stops. Stopping the 
increase or even decrease in the nugget thickness 
at high current intensities has also been reported 
in previous reports [19]. 
The effect of increasing the welding time on the 
nugget thickness, in contrast to its effect on the 
nugget radius, is always increasing. However, the 
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rate of increase in thickness is faster at shorter 
times than at longer times. Similar behavior has 
been reported in previous studies [19, 34]. In fact, 
increasing the time increases the generated heat 
and thickness. On the other hand, thermal 
expansion also, increases the nugget thickness. 
But in the long welding times, due to the melting 
of the nugget, the rate of increase in thickness 
decreases sharply. According to Fig. 9(b), the 
increase in force initially causes a slight increase 
in the thickness of the nugget, but then causes a 
sharp decrease. At low forces thermal expansion 
increases the thickness of the nugget but a high 
force not only increases the contact surface and 
thus reduces the resistance and generated heat, but 
also compresses the nugget and reduces its 

thickness. The interaction effects of the 
parameters on the nugget thickness are shown in 
Fig. 12, of which only the interaction effect of 
current intensity and welding time is significant. 
At low current intensities, with increasing 
welding time, the thickness first decreases and 
then increases, but with increasing current 
intensity, the effect of increasing welding time is 
strictly upward. In fact, the rate of increase in 
nugget thickness is higher with increasing current 
intensity over long welding time. This shows that 
the effect of simultaneously increasing the time 
and current intensity causes a very large increase 
in the input heat by overcoming problems such as 
expulsions that reduce the thickness, increasing 
the thickness in each case. 

 
Fig. 11. Contour plots showing the interaction effects of parameters on NZ radius. 
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Fig. 12. Contour plots showing the interaction effects of parameters on NZ thickness. 

This can be seen in sample 4, where the current 
intensity and time are 10 kA and 30 cycles, 
respectively, which has the largest nugget 
thickness. 
To obtain the nugget area, the nugget was 
assumed to be an ellipse with a large radius of the 
nugget radius and a small radius of the nugget 
thickness. In fact, the effect of parameters on the 
area is a combination of their effect on the radius 
and thickness of the nugget. According to Table 2, 
the direct and quadratic effect of all parameters on 
the area is significant and the only interaction 
effect that is significant is the effect of current 
intensity and time, although the interaction effect 
of time and force is also significant at level of 0.1 
p-value. As can be seen from Table 2, the current 
intensity has the greatest effect on the area of the 

nugget, which can be justified according to the 
role of this parameter in heat production. What is 
noteworthy is that the interaction effect of current 
intensity and time parameters on the area is more 
pronounced than the effect of interaction effects 
on other responses. Fig. 9(c) shows the direct 
linear effect of the parameters and Fig. 13 shows 
their interaction effects on nugget area. 
According to Table 2, the direct linear and 
quadratic effects of all parameters on the HAZ 
radius are significant. Fig. 9(d) shows the direct 
effect of the parameters on the size of the HAZ 
radius. As can be seen, increasing the current 
intensity and welding time both increase the 
radius, but after reaching a maximum value, they 
reduce it. This trend is also seen in the effect of 
the welding force, with the difference that the 
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radius starts to decrease at small values of force. 
The effect of parameters on the HAZ radius is 
very similar to their effect on the nugget radius. 
The only significant difference in the low forces 
is that the increase in force, although the radius of 
the nugget remains constant, increases the radius 
of the HAZ.  
Fig. 14 shows the interaction effect of the 
parameters on the HAZ radius. The interaction 
effect of current intensity and welding time as 
well as the interaction effect of time and force are 

significant. In short times, increasing the force 
causes the radius to increase first and then 
decreases, but in long times, increasing the force 
causes the radius to decrease continuously.  It 
seems that long times and high forces cause the 
sheets to separate at longer distances and stop the 
progress of the HAZ. In fact, increasing the 
contact area near the tool (due to the compressive 
force of the electrodes) causes the sheets to 
separate at longer distances, which in turn 
prevents heat from spreading. 

 
Fig. 13. Contour plots showing the interaction effects of parameters on NZ area. 

4. CONCLUSIONS 

 The effect of RSW parameters on the size of 
welding zones in TRIP steel joints, was 
investigated by DOE using the RSM and 

applying FE simulation. The input parameters 
were current intensity (A), welding time (B) 
and welding force (C). To validate the finite 
element model, two TRIP steel sheets were 
experimentally welded and the temperature 
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measured during the process was compared 
with the finite element results and a very good 
agreement was obtained. 

 Examination of the microstructure of the weld 
zone in the experimental sample showed that 
two subdivided zone formed during welding: 
NZ and HAZ. Based on the critical 
temperatures, the NZ and HAZ were 
determined in all finite element models, and 
the Nugget radius, Nugget thickness, Nugget 
area, and HAZ radius were calculated. Using 
ANOVA, the direct, quadratic and interaction 
effect of parameters on the responses were 
evaluated and a mathematical model was 
extracted for each response. 

 The direct linear effect of all parameters on all 
responses were significant. But among the 
interaction effects, the effect of B×C on the 
nugget radius, the effect of A×B on the nugget 
thickness, the effect of A×B on the nugget area 
and the effects of A×B and B×C on the HAZ 
radius were significant. 

 Increasing the current intensity increased all 
the responses, but when the its value 
approached 10 kA, the responses decreased, 
which in most cases is related to the 
occurrence of expulsion and to prevent the 
spread of heat. 

 Increasing the welding time continuously 
increased the nugget thickness, but in other 
responses it first increased and then decreased 
the size of the response. 

 The effect of increasing the welding force was 
completely different from the effect of the 
other two parameters. Increasing the force, 
although initially increased the responses 
slightly (except for the nugget radius, which 
remained constant at first), but very soon due 
to increasing the contact surface of the sheets 
and reducing the electrical resistance reduced 
the heat generation and thus reduced the size 
of the zones. 
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