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ABSTRACT

This study attempted to explain comparatively the plane-bending fatigue behaviors of resis-
tance spot-welded junctions using commercial DP600 and DP1000 automotive steel sheets 
having different strength levels. In addition, the fracture modes of the samples were evalu-
ated and interpreted according to SEM examinations. First, standard junction samples were 
produced via resistance spot welding using two weld currents and three different electrode 
pressures. Microimage analysis and plane-bending fatigue tests were carried out on the sam-
ples. The maximum strain energy hypothesis was applied experimentally to obtain the fatigue 
test load force, and plane-bending fatigue stress values were obtained. Unlike the load/cycle 
graphics generally presented in the literature, Wohler S-N graphics were drawn, making this 
study different from others. The results of this study demonstrated that an increase in welding 
current led to an increment in fatigue strength. A significant relationship was also observed 
between weld nugget attributes and fatigue strength. Moreover, some intriguing results were 
obtained, e.g., the low-cycle fatigue life of the DP600 samples exhibited lower fatigue strength 
than that of the DP1000 samples; however, the high-cycle fatigue life of the DP600 samples 
showed higher fatigue strength than that of the DP1000 samples.
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INTRODUCTION 

Looking over the last forty years, we see that the most 
effective developments in transport have been gained in 
materials. Advanced high-strength steels (AHSSs), partic-
ularly dual-phase steels, have been playing a major and cru-
cial role in terms of improved savings of both life and fuel. 
Because of the effective properties of these steels, today’s 

vehicles are stronger, safer, more economical, and more 
comfortable. Above all, when evaluating all crash condi-
tions, these properties could be said to exhibit better crash-
worthiness, better crash energy absorption, better fatigue 
strength, and low-cycle fatigue [1]. 

Why are dual-phase steels preferred over other AHSSs 
in the automotive industry? The answer to this question is 
that dual-phase steels are economical and have superior 
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properties such as a good strength-ductility relationship, 
formability, etc. [2]. Dual-phase steels, with their advan-
tageous properties, continue to make future advances. 
Currently, dual-phase steels are high- and ultra-high-
strength steels (on a scale of 450‒1200 + MPa) [3,4]. Indeed, 
dual-phase steels have been developed especially for use as 
sheet metal and for automotive applications. Automotive 
body production uses sheet steel. This production’s pre-
ferred welding method is resistance spot welding (RSW) 
[5,6]. This method is favored, particularly in the body con-
struction of automobiles, because it is widely used, fast, and 
appropriate for robotic manufacturing automation.

Furthermore, RSW does not require additional mate-
rials like other welding methods [7–10]. It is common 
knowledge that an automobile body may comprise more 
than 5000 resistance weld spots. Therefore, RSW is a wide-
spread and important welded joining method, especially in 
automotive body production, and thus continues attracting 
researchers’ attention to dual-phase steels [11]. 

Crash performance is among the most important cri-
teria for welded joints and automobile body production 
sheets. Like its other attributes, the fatigue performance 
of dual-phase steel and its resistance spot-welded parts are 
also very important and play a key role in a crash [12–14]. 
The geometry of the nugget is one of the important factors 
having a huge effect on the fatigue performance of resis-
tance spot-welded parts [8,15]. One reason may be the 
notch effect of electrode indentation in the event of a crash. 
The materials’ notch and surface conditions significantly 
affect their mechanical properties, particularly fatigue 
strength [3,16]. Unfortunately, failures may not be entirely 
escapable, especially in manufacturing and RSW [17]. All 
vehicles are exposed to dynamic loads during working and 
service circumstances. As with all areas of weakness, the 
problem of auto-body fatigue performance must be solved 
because it ends in brittle fracture. Therefore, fatigue per-
formance continues to be among the main contemporary 
topics studied worldwide [18].

Today, advanced high-strength steels, particularly 
DP600 and DP1000 steel sheets, are very important materials 
in manufacturing automotive body sheet parts, considering 
the amount used, their strength, and their formability prop-
erties [18]. As mentioned before, the performance under 
dynamic conditions of the auto body joined by welding is 
particularly crucial and needs detailed research [3,7,13]. It 
is very important to provide a new technique that helps to 
solve problems and develop all properties of the materials 
used in the manufacturing of vehicles. Some important lit-
erature based on the work conducted on fatigue properties 
of RSW welded dual-phase steels is discussed here. Soomro 
et al. [19] investigated the effects of double pulse welding 
on the fatigue behavior of DP590 steel resistance spot weld. 
They determined that specimens made via the double pulse 
RSW method had more cycles (about 10-23%) than those 
made via single pulse RSW method. Janardhan et al. [20] 
studied the influence of work hardening on the fatigue 

behavior of RSW welded DP600 steel. They stated that the 
prestraining of DP600 steel sheets has no substantial influ-
ence on the fatigue strength of spot-welds, and the joints 
fail from the interfacial region of HAZ. Kishore et al. [21] 
examined RSW welded DP600 and interstitial free (IF) steel 
fatigue behavior. They obtained that the fatigue specimen 
failed from the HAZ of the IF steel side with transgranu-
lar striations on the fracture surface. Ghanbari et al. [22] 
investigated the effects of RSW parameters on the fatigue 
behavior of ferrite martensite dual-phase steel and hybrid 
joints. The results showed that the effect of electric cur-
rent on the fatigue life of joints is more than that of other 
parameters, and the adhesive on the hybrid joints also sig-
nificantly affects the increase of its fatigue life and fatigue 
strength. Xie et al. [23] carried out fatigue characteristics 
of DP780 steel spot welding joints with different static frac-
ture modes. They found that applied load, microhardness 
gradient in HAZ, and inclined angle on the faying surface 
caused by deformation influence the fatigue life. Ordonez 
et al. [24] studied the overloading effect on the fatigue 
strength in RSW joints of DP980 steel. They observed that 
the stress concentration factor produced by the spot-weld-
ing geometry decreased the fatigue life behavior. Ordonez 
Lara et al. [25] also investigated the fatigue life of RSW 
welded DP590 and DP980 steels. They obtained Wöhler 
curves at a constant load ratio to determine the fatigue life. 
They stated that failures of the joints were initiated in the 
nugget zone. In the open-access literature, the studies on 
RSW junctions of advanced steel have generally focused 
on rotational fatigue testing assisted by tensile-compres-
sion fatigue tests. However, RSW welded specimens are not 
only subject to tensile-compression or rotational fatigues. 
It can also be subject to plain-bending fatigue. Unlike in 
previous investigations, the present study sought to explain 
the plane-bending fatigue behaviors of DP600 and DP1000 
automotive sheet steel by testing resistance spot-welded 
samples using both calculation and experimental methods 
and comparing the results.

Moreover, no study was found in the open-access lit-
erature that compared DP600 and DP1000 steels or cal-
culated the plane-bending fatigue stress and the fatigue 
performance of their RSW weld joints. In addition, fatigue 
results have generally been given as load, and the use of the 
maximum energy hypothesis in stress calculations has not 
been observed. Also, the effects of welding parameters such 
as welding current and welding time on fatigue properties 
were examined, and very few studies were found on the 
effect of electrode pressure. So, this study concentrates on 
the impact of different welding current and electrode pres-
sure parameters of DP600 and DP1000 sheets joining in 
RSW. Hence, the influence of process parameters plays an 
important role in acquiring good-quality welding. Finding 
appropriate welding parameters for RSW is a very complex 
case. A small modification of any parameter affects weld 
quality, which enhances the failure rate. As a result, plain 
bending fatigue behavior was investigated in detail. Welding 
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parameters were optimized in resistance spot welded joints 
of DP steels, and ideal welding parameters were determined 
for a safe and reliable design in this study. 

EXPERIMENTAL METHODS

Materials
Commercial DP600 and DP1000 steel sheets with 

dimensions of 250×250×1mm and 500x500x1.2 mm were 
obtained from TOFAŞ Otomotiv Inc. in Bursa, Türkiye. 
Then, samples with 100x30 mm dimensions were prepared 
by cutting them with guillotine shears. The SPECTROLAB 
LAVFA18A spectrometer with 230VAC heat input, 50Hz 
frequency, and 2500VA power capacity was used to deter-
mine the chemical compositions. Microstructural analysis 
was performed using a Nikon Epiphot 200 optical micro-
scope. Specimens for microstructural analysis were ground 
(polished) with 120, 240, 360, 600, 800, 1000, 1200, 1500, 
and 2000 mesh SiC abrasives, 3 μm and 1 μm diamond 
paste solutions, respectively, and etched in 2% Nital solu-
tion (2% Nitric acid + 98% Methanol). Their chemical com-
positions are given in Table 1, and their microstructures in 
Figure 1. As can be seen, these are classic dual-phase steel 
structures having different ferrite/martensite phase con-
tents. Essentially, this difference also provides the differ-
ence in strength and ductility properties. The ferrite phase 
is light-colored, whereas the martensite particles are dark 
(Figure 1). When Figure 1 is examined, it was observed 
that DP600 steel contains a high amount of ferrite and a 
small amount of martensite. On the contrary, DP1000 steel 
contains a small amount of ferrite and a high amount of 
martensite. 

Resistance Spot Welding
The RSW weld samples were prepared by shearing the 

steel sheets according to EN ISO 14273 standard. The RSW 
application was carried out in the Baykal SPP60 welding 
machine (which is located at Karabuk University) using 
8-mm flat conical tip electrodes. The technical properties 
of the welding machine included a phonematic force appli-
cation, a timer, and changeable weld currents and weld 
pressures, with a capacity of 60kW. A specially prepared 
wood fixture was used during the RSW process to secure 
the overlapped specimens. The welding time unit used was 
the cycle (1 cycle = 0.02 s). The RSW process used in the 
study was carried out with the welding parameters deter-
mined by preliminary experiments. 

Additionally, previous studies were used to determine 
the optimal welding parameters regarding weld quality 
and maximum strength [16,17]. So, resistance spot-welded 
samples were produced by using two different weld cur-
rents (5 kA and 7 kA) and different weld pressures (3-5 
bar) (Table 2). These parameters were the same for both 
DP600 and DP1000 overlapped sample groups. Three 
samples were produced for each parameter. RSW samples 
were 30 mm in width and 165 mm in length (Figure 2). 
Nugget diameter measurements were performed using a 
digital caliper. The nugget diameter is shown schemati-
cally in Figure 3 [10]. Average nugget diameter (da) values 
for different welding parameters were calculated using 
Equation (1)[10,26].

  (1)

Figure 1. Microstructure of base materials (a) DP600, (b) DP1000.

Table 1. Chemical composition of DP600 and DP1000 steels (wt.%)

Material C Si Mn S Cr Ni Al Ti V Fe
DP600 0.077 0.253 1.86 0.006 0.177 0.012 0.127 0.002 0.004 Balance
DP1000 0.136 0.203 1.57 0.003 0.022 0.039 0.044 0.001 0.009 Balance
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Fatigue Test
The plane-bending fatigue test machine was supplied 

by Turkyus Limited Company in Bursa, Türkiye, within 
the scope of the Karabuk University scientific research 
project. The fatigue test machine and schematic test pro-
cedure are shown in Figure 4. Plane-bending fatigue tests 
were performed on overlapping samples joined by RSW 
using two different weld currents and three different weld 
pressures, such as 3, 4, and 5 bars. These parameters and 
the samples used in this study were selected and applied 
according to the highest tensile load-bearing capacity val-
ues cited in our previous study results [7,15]. Plane bend-
ing fatigue tests were performed at different displacement 
amplitude strain values (11, 12, 13, 14, 15, and 16 mm) and 
a constant frequency value (10 Hz) to 3 samples for each 
parameter. The arithmetic average of the results obtained 
for each parameter was taken. Experimentally obtained 
load-cycle values were converted to stress-cycle values by 
performing calculations according to the maximum strain 
energy hypothesis. 

Consequently, fatigue test results could be expressed 

as Wohler S-N (fatigue stress/number of cycles) graph-

ics. Plain bending fatigue test parameters are given in 

Table 3. In addition, weld fracture surfaces were exam-

ined with CARL ZEISS ULTRA PLUS GEMINI FESEM 

device. 

Table 2. RSW welding parameters

Welding current
(kA)

Electrode pressure
(bar)

Downtime
(cycle)

Squeeze time
(cycle)

Welding time 
(cycle)

Holding time 
(cycle)

Separation time
(cycle)

5&7 3&4&5 15 35 20 10 15

Figure 3. Schematic view of nugget diameter [10].

Figure 2. RSW sample.

Table 3. Plain bending fatigue test parameters

Material Welding 
Parameters

Amplitude values 
(mm) 

Frequency 
(Hz)

DP600 5kA-5bar 11-16 10
DP600 7kA-4bar 11-16 10
DP1000 5kA-3bar 11-16 10
DP1000 7kA-3bar 11-16 10
DP600 - 11-16 10
DP1000 - 11-16 10
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RESULTS AND DISCUSSION 

Analysis of Plane-Bending Fatigue Behaviors
The schema in Figure 4b shows the dynamic conditions 

of this study, with P representing the force, L the distance 
between two holding grips, M the moment, and yA the max-
imum point in displacement. The maximum plane-bend-
ing fatigue stresses were calculated using Equations (2)-(8). 
The applied plane-bending force (average force value until 
the sample breaks) was used. As these conditions contin-
ued, maximum plane-bending moments were formed at 
the tips of the samples. These moments were previously 
calculated by multiplying the applied force (F) by the dis-
tance (d) between the force-applying head and force-ap-
plied point (force multiplied by the force arm) (Equation 2) 
[27], and the effect of the formed force on the sample was 
estimated at its mid-point; however, the weight of the sam-
ples was not considered in this calculation. The force arm 
length was calculated as 74 mm with these conditions. The 

plane-bending moments of the samples were calculated 
using Equation (2).

  (2)

Equation (3) shows the samples’ bending moment 
strength. The plane-bending moment (Me) obtained via 
Equation (2) was divided by the bending moment strength 
(W), yielding the bending stress at the investigated points 
(Equation 4) [27].

  
(3)

  (4)

The force (F) on the sample was calculated by using 
the bending stress from Equation (4) and multiplying it by 
the top surface area of the sample. Shear stress was then 
obtained by dividing this force by the vertical cross-sec-
tional area (A) (Equation 5). 

  (5)

The maximum strain energy hypothesis was used to 
find the resultant stress, which is appropriate for ductile 
materials subjected to dynamic force. That is shown in 
Equation (6) [27]. 

  (6)

Using Equation (6) above, the resultant stress was calcu-
lated for two samples of different thickness (t): DP600 (t = 1 
mm) in Equation (7) and DP1000 (t = 1.2 mm) in Equation 
(8), respectively.

  
(7)

  
(8)

The stress, σ-cycle number, and N graphs generated 
based on the stress values calculated using Equations (7) 
and (8) are shown in Figure 5. The fatigue life of the RSW 
samples decreased as the shear component of the loading 
conditions increased due to an increase in amplitude value 
(grip tidal distance)[19,21,28]. So, it was observed that the 
fatigue life of the RSW DP600 and DP1000 steel sheet sam-
ples decreased with the increase of amplitude values from 
11 to 16 mm. 

Figure 4. Fatigue test setup (a) fatigue test machine, (b) 
schematic test procedure.
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It could be understood that the heat input varied 
depending on the welding parameters. As the heat input 
increased, the RSW nugget size also increased. A direct pro-
portional relationship existed between the samples’ nugget 
size, strength, and fatigue life-strength. As the weld nugget 
size increased, the stress concentration factor around the 
notch root decreased [19,29,30]. It was assumed that the 
fatigue performance of the resistance spot-welded samples 
had been mainly affected by their geometry rather than 
their material types or microstructures. Graphics showing 
the nugget size vs. weld parameters are given in Figure 6.

The decrease in the stress concentration factor 
increased the initial fatigue life [18,24,30–33]. In Figure 6, 
the RSW welded DP600 samples had two different weld-
ing parameters: 7 kA- 4 bar-8.06-mm nugget size and 5 
kA-5 bar-7.94-mm nugget size. When considering this, 
the experiment showed that the samples with 7 kA-4 bar-
8.06-mm nugget size parameters demonstrated better 
fatigue strength. For the DP1000 steel, 7 kA-3 bar-9.98-mm 
nugget size welding parameters yielded better fatigue 
strength than 5 kA-3 bar-8.62-mm nugget size parameters. 
It was observed that electrode pressure and welding current 
increased the weld nugget size. However, electrode pres-
sure affected the weld nugget size more than the welding 
current.

While a 1 unit increase in welding current caused a 
0.68 mm increase in weld nugget diameter (between 5kA-3 
bar and 7 kA-3 bar), a 1 unit decrease in electrode pres-
sure caused a 1.24 mm decrease in weld nugget diame-
ter (between 5kA-5bar and 7kA-4 bar). Because with a 
2-unit increase in welding current, the weld nugget size 
was expected to be 9.3 mm, but 8.06 mm was obtained. 
In other words, a 1 unit decrease in electrode pressure 
resulted in a 1.24 mm decrease. In this context, it can be 

said that the effect of electrode pressure on the weld nugget 
size is approximately 82% higher than the welding current. 
Generally, the results obtained in this study have confirmed 
the direct relationship between the weld nugget size and 
fatigue strength. In Figure 5, samples of the same materials 
obtained using different welding parameters show similar 
fatigue behavior for low-cycle fatigue. The fatigue crack 
propagation rate in low-cycle fatigue (at high amplitude 
values) is controlled by the microstructure and strength of 
the base metal. In high-cycle fatigue (at low amplitude val-
ues), the fatigue crack propagation rate is independent of 
the microstructure and strength of the base metal. That is 
attributed to the change in the failure location during cyclic 
loading compared to static loading [20]. Geometric factors 
such as weld nugget size affect the fatigue crack propaga-
tion rate [20,31,34,35]. In high-cycle fatigue, at the param-
eters of 5 kA-5 bar in the DP600 steel, fracture occurred at 
approximately 600,000 cycles, whereas the fatigue limit was 
reached at 7 kA-4 bar.

However, Soomro et al. [19] found that the fatigue limit 
was reached at the parameters of 7.5 kA-4 kN. In addition, 
Janardhan et al. [20] and Kishore et al. [21] stated that the 
fatigue limit was reached at 8 kA-3.8 kN and 7 kA-7.45 kN, 
respectively. When the results are compared, the fatigue 
limit was reached at a lower welding current value in the 
current study. In the DP1000 steel, samples fractured at 
approximately 300,000 cycles for the parameters of 5 kA-3 
bar, whereas at the parameters of 7 kA-3 bar, they fractured 
at approximately 500,000 cycles. However, Ordonez et al. 
[24] obtained that the failure happened about 100,000 cycles 
for RSW DP980 steel. In the current study, it was observed 
that fracture occurred at higher cycles. In this context, a 
contribution to the literature has been made. Also, when 
the results are evaluated in general, there are import-
ant developments, especially for the automotive industry. 
Because the majority of spot weld failures in automobiles 
occur due to cyclic loading in the form of vibrations [19]. 
So, fatigue behavior is one of the important factors in the 
automotive industry, and the results of current studies show 

Figure 6. Nugget sizes obtained at different welding param-
eters.

Figure 5. Fatigue curves of original and RSW DP600 and 
DP1000 samples.
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that it increases the life of the joint. In addition, the results 
of the current study will prepare a framework for future 
studies on plain bending fatigue in terms of the optimiza-
tion of welding parameters.

Figure 5 also shows the comparative fatigue behav-
iors of DP600 (1 mm) and DP1000 (1.2 mm) automotive 
steel sheets. The DP1000 steel with higher tensile strength 
in low-cycle fatigue (at high amplitude values) exhibited 
higher fatigue strength values than the DP600 steel. Because 
DP1000 steel has a more martensitic structure than DP600 
steel. Since the martensite phase is an important factor that 
increases hardness and tensile strength values, higher val-
ues were obtained in low-cycle fatigue. 

On the other hand, in high-cycle fatigue (at low ampli-
tude values), the DP600 steel demonstrated better fatigue 
strength. At approximately 300,000 cycles, the DP1000 steel 
fractured, whereas the fatigue limit had been reached for 
the DP600 steel. DP600 steel contains a higher amount of 
ferrite phase compared to DP1000 steel, which increases 
ductility. So, the ductility of DP600 steel is effective com-
pared to the tensile strength of DP1000 steel [18].

Figure 5 shows that the fatigue limit of the 7 kA-4 bar 
RSW weld sample of the DP600 steel sheet was reached at 
the 508 MPa stress value, whereas the fatigue limit of the 5 
kA-5 bar RSW weld sample of the same steel was reached 
at the 198 MPa. However, the RSW-welded 7 kA-3 bar sam-
ples of DP1000 reached the fatigue limit at a stress value 
of nearly 430 MPa, and the 5 kA-3 bar samples reached 
their fatigue limit at about 389 MPa. All fatigue limits 
for the DP600 and DP1000 base metal automotive steel 
sheets were nearly 716 MPa and 415 MPa, respectively. In 
the DP600, decreases of approximately 29% at the 7 kA-4 
bar parameters and approximately 72% at the 5 kA-5 bar 
parameters were observed in the fatigue strength values of 
the automotive steel sheets after the RSW operation. In the 
DP1000 steel, the samples welded at parameters of 5 kA-3 
bar showed a decrease of about 6% in the fatigue limit com-
pared to that of the base material. Also, high cycle fatigue 
results are given in Table 4. 

According to Holovenko et al. [36], after the RSW 
process, the notch effect caused by the RSW and the het-
erogeneous microstructure formed in the welding regions 

(the base metal, HAZ, and weld metal) could result in the 
reduction of fatigue life. They also reported that for a 1.8 
mm DP1000 steel sheet, the fatigue life was essentially 570 
MPa after RSW welding with parameters of 4 kN electrode 
force, 260 ms weld time, and 10 kA current, and that the 
fatigue life of the RSW junction of the DP1000 steel was 
reduced to 190 MPa. According to Onn et al. [12], the base 
metal fatigue life of a DP600 steel sheet with a 1.2-mm 
thickness had a stress value of nearly 255 MPa. Differences 
among fatigue life values reported by various studies could 
be attributed to several factors, such as the different geome-
try of the nuggets used in the calculation and differences in 
chemical composition of the DP sheet materials. Although 
the tensile properties of commercial DP steel are similar, 
chemicals in steel may differ according to the manufac-
turers and their expertise. Therefore, the fatigue life of the 
same quality of advanced steel could vary worldwide due to 
all the factors mentioned above.

Fatigue Fracture
Fracture takes place in two stages: initial formation and 

propagation of the crack. Metals display different types 
of fracture depending on the type of material, the applied 
load, the state of stress, and temperature. Brittle fracture is 
among the important types of fracture. It is the failure of a 
material with a minimum of plastic deformation. If the bro-
ken pieces of a brittle fracture are fitted together, the orig-
inal shape and dimensions of the specimen are restored. 
A brittle fracture is defined as a fracture that occurs at or 
below the elastic limit of a material.

A fatigue fracture is a fracture that occurs under repeat-
edly applied stresses. It occurs at stresses well under the 
tensile strength of the materials. The tendency of fatigue 
fracture increases with the rise in temperature and a higher 
strain rate. Fatigue fracture occurs because of the micro-
cracks on the surface of the material and results in the for-
mation of dislocations near the surface. The micro-cracks 
act as points of stress concentration. For every cycle of stress 
application, the excessive stress facilitates the propagation 
of the crack. The crack grows slowly in ductile materials, 
and the fracture occurs rapidly. However, the crack grows 
to a critical size in brittle materials and spreads rapidly.

Table 4. High cycle fatigue results

Material Welding 
Parameters

Nugget size 
(mm)

Number of cycles 
to failure

Fatigue limit 
strength (MPa) 

Decrease according to base 
material strength (%)

DP600 5kA-5bar 7.94 600,000 198 72
DP600 7kA-4bar 8.06 Endurance 508 29
DP1000 5kA-3bar 8.62 300,000 389 6
DP1000 7kA-3bar 9.98 500,000 430 -
DP600 - - Endurance 716 -
DP1000 - - 300,000 415 -
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When Figure 7 is examined, during dynamic plane 
bending, a chevron-fracture pattern was observed with 
general fatigue fracture, and explanations have been pre-
sented to understand this pattern. Chevron pattern is an 
important indicator of brittle fracture. The fracture may 
progress within the grain boundary or in the grain via the 
cleavage mechanism. A typical feature of fracture surfaces 
is the V-shaped chevron pattern (Figure 7b). Chevron 
marks indicate the starting point of the crack. The process 
of cleavage fracture consists of three steps in addition to 
nano conditions. First, plastic deformation produces dis-
location pileups. Second, crack initiation occurs (Figure 
7a), and finally, crack propagation leads to failure. A grainy 
or faceted texture, river marking and stress lines (chevron 
notches), and the absence of gross plastic deformation are 
distinct characteristics of brittle fracture surfaces.

In addition, it can be seen in Figure 7 that interfacial 
fracture mode occurred in the sample. The crack propa-
gated through the nugget centerline in this failure mode, 
thus separating the joint into two pieces. The fracture sur-
face of the sample exhibits torn bands (Figure 7c). It is well 
known that torn bands are characteristics of typical cleav-
age fracture [19,21]. The crack initiated from the notch and 
propagated rapidly through the nugget center. The load 
suddenly drops to zero level with little plastic deformation. 

In mechanical fatigue, damage develops due to expo-
sure to cyclic stresses over an extended period. It is worth 
noting that numerous classes of components (e.g., rotating 
equipment and pressure reduction valves) designed for 
alternating mechanical stresses are not usually subject to 
fatigue failure unless damaged by some other mechanism 
(e.g., foreign object impact damage or corrosion). 

 

Figure 7. SEM images of the fracture surfaces.
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According to the open literature, fracture surfaces of 
interracially failed spot welds exhibit mainly cleavage frac-
ture as well as small areas of ductile fracture. That follows 
the common brittle fracture in the hard bainitic/ martensi-
tic microstructures found in the HAZ and weld nuggets of 
relatively high-alloyed DP or TRIP steels [18]. DP600 and 
DP1000 steels mainly contain a ferrite phase and a low pro-
portion of martensite phase. However, after RSW, the weld 
zones mainly contain martensite phase, which causes brit-
tleness. Therefore, brittle fracture mode was observed in all 
RSW samples.

In this fatigue fracture experiment, considering low- 
and high-cycle fatigue loads (Figure 4), very few crack 
nuclei were observed in the DP600 and DP1000 base mate-
rials. That means that the loading amplitude or stress con-
centration was minimal. In contrast, DP600 and DP1000 
steel sheets developed multiple crack nuclei with RSW. 
Similar observations have been reported in the literature 
[17,18]. Ultimately, this was validated by the S-N diagram 
illustrated in Figure 5. 

CONCLUSION 

This study optimized plain bending fatigue behaviors 
with different welding currents and electrode pressure 
parameters. DP600 and DP1000 automotive sheet steels, 
widely used in the automotive industry in recent years to 
lighten vehicle weight, were joined by the resistance spot 
welding method. The following conclusions can be drawn:
• It has been observed that welding parameters, micro-

structure, and nugget diameter are important factors 
affecting bending fatigue behavior.

• Increasing amplitude values from 11 to 16 mm caused 
decreases in the fatigue life of both RSW-welded samples.

• A direct correlation was found between the fatigue 
strength and the weld nugget size. In the DP600 steel, 
fracture occurred at approximately 600,000 cycles, and 
the fatigue limit was reached (at 7.94 mm and 8.06 
mm weld nugget sizes, respectively). In the DP1000 
steel, samples fractured at approximately 300,000 and 
500,000 cycles (at 8.62 mm and 9.98 mm weld nugget 
sizes, respectively).

• Samples of the same group showed similar fatigue 
behavior under low-cycle fatigue. However, under 
high-cycle fatigue, 7 kA-4 bar samples of DP600 steel 
and 7 kA-3 bar samples of DP1000 presented higher 
fatigue strength than the others.

• In contrast to low-cycle fatigue, the DP600 RSW-welded 
steel samples presented better fatigue life behavior in 
high-cycle fatigue than the DP1000 RSW-welded steel 
samples.

• There is a decrease in the bending fatigue strength of 
resistance spot welded samples compared to DP600 and 
DP1000 automotive sheet steels due to the notch effect 
formed in the weld nugget and the microstructure het-
erogeneity between the base metal, HAZ, and weld metal.

• Chevron marks and torn bands, an important indica-
tor of brittle fracture, were observed in all samples in 
low-cycle and high-cycle fatigue.

• Experimental plain bending fatigue studies determined 
optimum welding parameters. To Compare the experi-
mental study, finite element analysis results can be rec-
ommended for further research.
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