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This paper presents the resistance spot welding process test and numerical simulation analysis of 
medium manganese steel TRIP steel (7MnSteel) and DP590 steel plate. The results show that the failure 
mode is PF-TT failure, and IF and PF-TT are investigated. At the same time, based on the numerical 
simulation under the typical welding parameters, the welding plate has the stress concentration at the 
electrode edge at the beginning of the welding. Along with the welding, there is the stress concentration 
in the heat-affected zone of the medium manganese TRIP steel, which may also be the reason for 
the failure of the joint here. The current density is concentrated at the contact surface between the 
electrode and the weld plate, and the error in the diameter of the nugget measured by simulation and 
experiment is within 7%, which verifies the accuracy and reliability of the model.

Keywords: Resistance spot welding; medium manganese TRIP steel; DP590; numerical 
simulation; failure mode.

1. Introduction
Research information from the World Aluminium 

Association shows that for every 1% reduction in the overall 
vehicle mass, fuel efficiency can be improved by 0.6%-0.8% 
and CO2 emissions can be reduced by 0.45%; for a 100 kg 
reduction in the overall vehicle mass, the fuel consumption 
of the vehicle can be reduced by 0.3-0.6 liters per 100 km1. 
Medium-manganese TRIP steel as the third generation of 
high-strength steel has received much attention due to its 
excellent mechanical properties2-4. The medium manganese 
TRIP steel matrix generally consists of residual austenite with 
face-centered cubic structure and ferrite with body-centered 
cubic structure5-7. The 37% residual austenite in the ferrite 
matrix leads to an ultimate tensile strength of 1193 MPa and 
an excellent elongation of >25%8. Usually a car is spliced 
by 3000-5000 welding joints, and resistance spot welding 
has become one of the main connection technologies in 
automotive manufacturing due to its high productivity, low 
cost, easy welding quality assurance and easy automation, 
with high current, short time, low workpiece deformation and 
stress. Therefore, good resistance spot welding performance 
is the key to the study of medium manganese TRIP steel9-12.

Jia et al.13 of Tsinghua University studied the resistive 
point welding process of cold rolled 0.1C-5Mn with ferric 
matrix and Sub-stable austenitic biphasic organization. 
The nugget size increased with increasing welding heat input, 
but the tensile shear load increased slowly when the welding 
current exceeded a critical value, and two different failure 
modes, IF and PIF, were observed. Park et al.14 compared 
the Microstructure, tensile properties and fracture behavior 

between resistance spot welding of medium manganese TRIP 
steel and resistance spot welding of medium manganese 
steel and DP980 dissimilar steel. It was found that using 
pre-pulse current to increase the width of nugget size is 
unnecessary to improve weldability. Li et al.15 studied the 
welding properties of three resistance spot welding devices 
for medium manganese steel in Fe-7Mn-0.14C, and found that 
adding gasket 3D welding device can significantly improve 
the overall mechanical properties of resistance spot welding 
of medium manganese steel.

The invisibility of the resistance spot welding nugget 
formation and the transient nature of the welding process 
greatly increase the difficulty of experimental studies 
and observations, while the numerical simulation of the 
spot welding process is not limited by the actual welding 
conditions. The finite element model not only saves cost, 
but also easily changes parameters to optimize experimental 
parameter design16-18. Since the initial finite element spot 
welding analysis model established by Nied19 in 1984, 
many finite element models of spot welding have appeared, 
and provide a theoretical basis for practical production20-23. 
Raoelison et al.24, University of Brittany, France, studied 
how to improve the calculation accuracy of resistance spot 
welding of advanced galvanized steel sheets with circular 
tip electrodes. Experimental analysis was performed to 
highlight the considerations required for the numerical 
simulations. Lu et al.25 of Ohio State University established a 
three-dimensional fully coupled electric-thermal-mechanical 
model of aluminum-silicon coating, and found that the nugget 
size and electrode indentation increased with the welding 
current, so the thermal input increased. However, the width *e-mail: zhuzhq01@126.com
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of the heat-affected zone does not change significantly 
with the current. In 2019, Zhou and Yao26 proposed to link 
the numerical simulation and monitoring means, to obtain 
a large amount of weld information, and then combined 
with the numerical simulation methods to establish a set 
of universal mathematical model suitable for a variety 
of welding environments. Therefore, this paper studied 
the resistance spot welding of manganese TRIP steel and 
DP590 steel as the base material, and studied the connection 
problem of lightweight materials by using the combination 
of simulation and experiment.

2. Materials and Methods
The experimental materials are 1.6mm thick medium 

manganese steel (7MnSteel) and 1.2 mm thick DP590 dual-
phase steel. The chemical components of 7MnSteel and 
DP590 are shown in Table 1 and Table 2, respectively.

The influence of the welding current on the welding 
performance was studied when the welding time (300 ms) and 
the electrode pressure (4.5 KN) were unchanged. And also 
combined with numerical simulation research methods 
to observe the temperature field, current field, stress field 
changes in the spot welding process, so as to determine the 
failure mode of the welded joint.

In this test, the size of all spot welding joint tensile shear 
test sample is made according to the Global Welding Test 
Standard Procedure (GWS-5A). The tensile strength and 
failure mode of the test welding joints, lap joint and sample 
size are shown in Figure 1.

3. Experimental Results and Analysis

3.1. Influence of welding current on mechanical 
properties

For tensile test, solder spot failure mode and tensile 
curve are shown in Figure 2. Unlike the nugget diameter, 
which increases with increasing spot current in the absence 
of spatter, the pull shear force of the spot weld joint increases 
significantly when the welding current is between 7.5kA and 
8kA, from 10.35kN to 11.26kN; when the welding current 
is between 8kA and 9.5kA, the pull shear force of the spot 
weld joint remains stable. Pouranvari et al.27 pointed out 
that although the spatter had no significant effect on the 
peak load of spot welding, it reduced the ability of energy 
absorption. Therefore, when the welding current was 9.5kA, 
the tensile shear force of the spot welded joint did not 
decrease significantly.

In conclusion, when the welding time is 300 ms and the 
electrode pressure is 4.5 kN, the optimal welding current 
should be 9 kA. The nugget diameter is 8.53mm, DP590 side 
is 14.33%, 7MnSteel side is 15.27%, and the maximum 
tensile shear is 11.44kN.

3.2. Effects of the welding current on the failure 
mode

There are four fracture failure modes of tensile shear 
of resistance spot weldment: interface failure mode (IF), 
partial interface failure mode (PIF), pull-out failure mode 
(PF) and partial pull-out failure mode (PF-TT)28. When the 
nugget diameter is small, the interface shear stress reaches 
the limit shear stress first, and IF failure occurs; when the 
nugget diameter is greater than the critical diameter, the 
nugget crack expands faster than the interface shear stress 
along the plate thickness. The positive tension reaches the 
limit positive tension first, and the nugget has PF failure29.

Figure 3 shows the Microstructure analysis and fracture 
morphology diagram in the IF failure mode, when the welding 
current is 7.5 kA and the welding time is 300ms under the single 
pulse conditions. As shown in Figure 3a, for the IF failure Table 2. The Chemical Composition Table of DP590 (Wt%)

C Mn Si P S Fe
0.071 1.84 0.43 0.011 0.02 bal.

Table 1. The Chemical Composition Table of 7MnSteel (Wt%).

Mn C Si Cr Al N Pb P S Fe
6.98 0.13 0.22 0.09 0.04 0.0099 0.008 0.006 0.0011 bal.

Figure 1. Mechanical test sample: (a) lap joint; (b) tensile sample size.
Figure 2. Typical load-displacement curves for different welding 
currents.
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mode, because the welding current is too low, the crack first 
expands along the center line of the fusion zone (FZ), leading 
to the separation of the welding plate. The fracture path shown 
by the white dashed line is almost a straight line parallel to 
the loading direction. Significant cracks were observed in the 
heat-affected zone on the 7MnSteel side, about 200 μm to 
1000 μm away from the fusion line, and also cracks along the 
plate thickness in the center of the solder joint, as indicated by 
yellow arrows. This indicates that IF failure at the solder joint 
has cracked HAZ initiation on the 7MnSteel side. Figure 3b 
shows the macroscopic topography diagram of the DP590 side 
solder joint in IF failure mode. Points c, d and e in Figure 3a 
and Figure 3b show the fracture positions of the joint in the 
heat-affected zone, the center line of the nugget and the interior 
of the nugget, respectively. As shown in Figure 3c, The fracture 
mode of the joint in the heat-affected zone is brittle fracture, 
covering the intergranular brittle fracture (red arrow) and the 
transgranular brittle fracture (orange arrow), which does not 
show any characteristics of toughness, which indicates that the 
martensite is brittle in this region, and the secondary crystal 
boundary cracking can be found in the intergranular region. 
As shown in Figure 3d, the fracture surface on the center line of 
the nugget has both brittle and ductile fracture characteristics, 
which is a mixed fracture of intergranular brittle fracture and 

transgranular ductile fracture, because the latter consumes 
more deformation energy than brittle fracture, the binding 
strength of the joint at this position is higher, so the fracture 
surface for PF failure mode of toughness fracture generally 
has better mechanical properties30. As shown in Figure 3e, the 
internal fracture surface of 7MnSteel is a small dimple with a 
size of less than 5μm, and the fracture mode is a dimple-like 
ductile fracture, but the area of the fracture surface is very 
small and has little effect on the binding strength of the whole 
joint. By comparing the fracture mode of points c, d and e, we 
can see that in the IF failure mode, the heat-affected zone of 
the joint is the weakest binding area of the interface, which is 
actually the center line of the nugget, with the highest binding 
strength at the internal fracture surface of 7MnSteel.

EDS surface scan analysis was performed at the crack in 
the heat-affected zone on the side of 7MnSteel in Figure 3a, 
and the results are shown in Figure  4. According to the 
scanning results, we can see that there are a large number of 
C elements and a small amount of Al elements at the crack, 
and the content of Mn elements is reduced at the fracture 
position, which is the main reason for the improvement of 
local hardening and the deterioration of performance and 
cracking.

Figure 3. Microstructure analysis and fracture morphology under IF failure mode: (a) Cross-sectional view of solder joints; (b) Macroscopic 
view of solder joint fracture; (c) c; (d) d; (e) e.
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Figure 5 shows the Microstructure analysis and fracture 
morphology diagram in PF-TT failure mode, and the welding 
time is 300 ms when the welding current is 9 kA in single-
pulse conditions. As shown in Figure 5a, the HAZ on the 
7MnSteel side occurs instead of the base material area, 
and the crack expands into the HAZ on the 7MnSteel plate 
thickness direction or in the spreading nugget line in the plate 
thickness direction. The c and d in Figure 5a and Figure 5b 
are the fracture positions within the joint nugget line and 

area of 7MnSteel, respectively. As shown in Figure 5c, the 
fracture mode of the joint at the nugget line is intergranular 
brittle fracture (red arrow) and piercing brittle fracture (orange 
arrow), and the grain is rock sugar shaped polygon, which 
is one of the reasons for the poor mechanical properties of 
the joint. As shown in Figure 5d and Figure 5e, the internal 
fracture morphology of 7MnSteel heat-affected zone is 
toughness fracture, and a large number of small dimples can 
be observed at the fracture, which indicates that the joint 

Figure 4. Microstructure diagram and EDS element distribution map at cracks in 7MnSteel.

Figure 5. Microstructure analysis and fracture morphology under PF-TT failure mode: (a) Cross-sectional view of solder joints; 
(b) Macroscopic view of solder joint fracture; (c) c; (d) d; (e) e.
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has obvious plastic deformation in the process of tensile 
fracture, and the binding strength of the interface is high.

4. Resistance Spot Welding Numerical 
Simulation
In this paper, the finite element simulation software 

ABAQUS is used to establish a coupled thermal-electrical-force 
model of unequal-thickness 7MnSteel/DP590 dissimilar steel 
spot welded joints. Both the electrode and the workpiece can 
be approximated as symmetric, so only 1/4 model (rotated 
around the axis) is taken for analytical calculations.

4.1. Thermophysical parameters of the material
Using JMatPro software to 7MnSteel and DP590 in the 

finite element simulation of the thermophysical properties 
of the parameters used in the solution, the results are shown 
in Figure 6 and Figure 7, respectively.

4.2. Geometric model and boundary conditions
Figure 8a shows the finite element model of typical 

resistance spot welding under multi-physical field loading. 

For mechanical boundary conditions, it is necessary to set 
the symmetry constraint on the symmetry surface, load on 
the surface of the upper electrode, and the lower electrode is 
fixed in the simulation, that is, the bottom surface of the lower 
electrode is set as the full constraint. For the electrical boundary 
conditions, not only the load current needs to be applied on 
the end surface of the upper electrode, but also the bottom 
surface of the lower electrode needs to be set as the surface 
with potential V=0. For the thermal boundary conditions, the 
initial temperature of electrode and workpiece is equal to the 
ambient temperature; the heat dissipation is divided into air 
heat dissipation on the surface of workpiece and electrode 
and cooling water heat dissipation inside the electrode, and 
the air heat dissipation coefficient is set to 0.0194; the cooling 
water heat dissipation coefficient is set to 3.8.

The grid cells near the three contact areas of electrode-
workpiece and workpiece-workpiece are refined. As shown 
in Figure 8b, the three contact surfaces of the model from top 
to bottom are the contact surface of the upper electrode and 
DP590, the contact surface of DP590 and 7MnSteel, and the 
contact surface of 7MnSteel and the lower electrode. The contact 
properties include three parts: mechanical contact properties 
(introduced in the model simplification), thermal contact 
properties and electrical contact properties. Among them, the 
thermal contact properties include both interfacial thermal 
conductivity and interfacial heat generation. The interfacial heat 
conduction is the heat transfer between the electrode and the 
workpiece and between the workpiece and the workpiece, and 
its heat transfer coefficient is related to the temperature. One of 
the most important parameters is the temperature-dependent 
interfacial contact conductivity. The temperature-dependent 
contact properties are shown in Table 3.

4.3. Numerical simulation results analysis
The experimental results show that most of the parameters 

under the interface failure, in order to study the causes of 
its failure, the experimental interface failure occurred in the 
welding parameters selected for stress field, current field 
and temperature field analysis, the selected parameters are: 
welding current of 7.5kA, welding time of 300ms, electrode 
pressure of 4.5kN.

Figure 8. Resistance spot welding model: (a) multi-physics field 
loading boundary conditions; (b) geometric model and mesh.

Figure 7. Thermophysical performance parameters of DP590 
simulated by JMatPro.

Figure 6. Thermophysical property parameters of 7MnSteel 
simulated by JMatPro.



Liu et al.6 Materials Research

4.3.1. Stress field simulation results analysis
Figure 9a for the beginning of the welding phase t = 

0.5 ms when the stress distribution trend, the weld plate 
in the electrode edge location of the stress concentration, 
which is due to the edge of the end electrode in the electrode 
pressure and the weld plate extrusion process produces 
stress concentration, resulting in excessive local pressure. 
As shown in Figure 9b, when the welding time t = 5 ms, 
DP590 contact surface and upper electrode at the stress 
concentration phenomenon was substantially reduced, but 
7MnSteel in the lower electrode edge periphery, DP590 and 
7MnSteel contact surface in the electrode edge periphery that 
is 7MnSteel heat affected zone at the stress concentration, 
stress concentration phenomenon compared to the initial 
stage of welding more serious, which may also be the reason 
for the failure of the joint here.

4.3.2. Electric field simulation results analysis
Figure 10a shows the distribution of the current field 

during resistance spot welding, the denser the weld line is 
the higher the current density through the area. In Figure 10b 
for the upper electrode and the upper weld plate contact 
surface (І-І), the contact surface between the weld plate (ІІ-
ІІ) and the lower electrode and the lower weld plate contact 
surface (Ш-Ш), (І-І) and (Ш-Ш) contact surface current 
density distribution is similar, reaching a maximum at the 
edge of the electrode, then gradually decreasing from both 
ends to the center and then stabilizing; ІІ-ІІ contact surface 
current density in the middle of the constant, the distribution 
of the current field in the spot welding process is shown in 
Figure 10c, and the trend of current density distribution is 
the same as the theoretical current density distribution in 
Figure 10a and Figure 10b, which verifies the reliability of 
the numerical simulation.

4.3.3. Temperature field simulation results analysis
As shown in Figure 11a, the temperature of the electrode 

and workpiece contact surface and workpiece and workpiece 
contact surface are the first to rise during the energized 
welding stage t = 0.5 ms. Due to the edge effect of the 
current, the current is concentrated in the electrode edge 
area of the electrode-welding plate contact surface, the 
current density is higher, the temperature of the electrode 

edge area relative to the temperature rise in the central 
area is more pronounced. As shown in Figure 11b, in the 
energized welding stage t = 5 ms, the contact resistance with 
the welding process and rapidly decreasing, the workpiece 
internal resistance generated by resistance heat began to 
dominate, coupled with the cooling water in the copper 
electrode water cooling heat dissipation effect, the center 
of the nugget rapidly warming, it can be seen that the radial 
nugget size growth rate is significantly higher than the 
axial, which is due to the water cooling effect, the welding 
process in the axial direction heat dissipation coefficient is 
much greater than the radial, in addition to the radial length 
of the range of contact resistance, so the radial direction of 
the molten nucleus resistance heat is more concentrated, 
the nugget growth rate is faster. As shown in Figure 11c, 
the nugget size grows rapidly during the energized welding 
stage t = 100ms. It can also be seen that the 7MnSteel side 
of the weld plate of the nucleus growth rate is significantly 
greater than the DP590 side of the production rise, this is 
due to 7MnSteel has a higher resistivity and lower thermal 
conductivity compared to DP590, more heat production per 
unit of time, the faster the nugget growth rate. As shown 
in Figure 11d, in the power welding stage t = 300 ms, the 
edge of the nugget region produced a smaller deformation, 
the growth rate of the nugget size compared to the previous 
also slowed down significantly, DP590 side of the nugget 
diameter and 7MnSteel side of the nugget diameter size is 
the same, this is due to the overall temperature of the welded 
joint are in a higher state, the contact resistance with the 
temperature rise and dramatic decrease. In addition, the 
actual workpiece-workpiece contact area gradually becomes 
larger due to the continuous growth of the nugget, and the 
current density decreases. The combined effect of the two 
factors leads to a significant decrease in the growth rate of 
the nugget.

5. Numerical Simulation and Comparison of 
Experimental Results
In the single pulse process, set the welding time of 

300ms, electrode pressure of 4.5 kN, pre-pressure time of 
300 ms, holding time of 40ms, varying the welding machine 
current, comparative study of 7MnSteel/DP590 dissimilar 

Table 3. Contact surface thermoelectric properties and thermal conductivity properties.

Temperature 
(°C)

Electric conductivity ((Ω·m2)-1×109) Thermal conductivity (W/(m2·°C)×105)
Electrode-workpieces Workpieces Electrode-workpieces Workpieces

21 1.75 0.877 560 140
93 1.8 0.9 620 150
204 1.94 0.927 640 150
315 1.96 0.982 680 150
426 2.16 1.08 720 150
538 2.32 1.16 910 160
650 3.19 2.59 1300 160
760 7.35 3.68 3900 160
870 8.57 4.24 4800 160
982 10 5 5000 160
1093 12.2 6.09 5000 160
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Figure 9. Stress field analysis during welding: (a) t=0.5ms; (b) t=5ms.

Figure 10. Current field analysis during welding: (a) current field distribution; (b) current density distribution; (c) ABAQUS simulation 
current density distribution.

Figure 11. Temperature field analysis during welding: (a) t=0.5ms; (b) t=5ms; (c) t=100ms; (d) t=300ms.
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steel resistance spot welding process test and numerical 
simulation of the nugget diameter, the results are shown in 
Table 4. As the simulation does not take into account the 
spatter of the welded joint, when the spatter of the welded 
joint, the experimentally measured nugget diameter rapidly 
decreases, the simulation appears to be a large error. In the 
welding numerical simulation and experimental measurement 
of the nugget diameter error within 7%, verifying the 
accuracy and reliability of the resistance spot welding finite 
element model.

5. Conclusion
This paper studies the influence of welding current 

parameters on the mass and mechanical properties of 
7MnSteel/DP590 points, and analyzes the failure mode of 
the joint. In addition, the spot welding process is numerically 
simulated. The final conclusion is as follows:

(1)	 The optimal welding current parameter was determined 
to be 9kA under a single pulse by the control variable 
method. The diameter of the weld nugget under the 
optimal single pulse process is 8.53 mm, DP590 
side is 14.33%, 7MnSteel side is 15.27%, and the 
maximum tensile shear is 11.44 kN.

(2)	 The welding joint failure mode under single pulse 
process is PF-TT failure; welding current is 8.5 kA, 
welding time is 400 ms, PIF failure when electrode 
pressure is 4.5 kN is used, and the other samples 
are IF failure. When IF fails, the heat-affected 
zone, the center line on the nugget and the internal 
fracture of the nugget are brittle fracture, mixed 
fracture and toughness fracture, respectively. In 
this failure mode, cracks have already appeared in 
the heat-affected zone of the 7MnSteel side, with 
the segregation of C elements and Al elements; the 
other is PF-TT failure, the nugget of the 7MnSteel 
side is stripped out, and the internal fracture at the 
nugget line and the 7MnSteel heat-affected zone are 
brittle fracture and toughness fracture respectively.

(3)	 Through simulation, it is found that the stress 
concentration of the welding plate at the edge of the 
electrode at the beginning stage of welding occurs, 
and the stress concentration appears in the 7MnSteel 
heat-affected zone, which may also be the reason for 
the failure of the joint here. The current density is 
concentrated at the electrode and the welding plate 
contact surface, and the simulated and experimental 

nugget error is within 7%, verifying the accuracy 
and reliability of the model.
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