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ABSTRACT

Resistance spot welded joints of dual-phase steels are subjected to cyclic loads in the automo-
tive industry. So, fatigue behavior in the joints is an important issue to consider. This study fo-
cused on designing a new fatigue model suitable for real conditions not addressed in existing 
literature and optimizing welding parameters for resistance spot welded DP1000 steel. Experi-
mental and numerical analyses were used to evaluate the fatigue and mechanical performance 
of the resistance spot welded joints of DP1000 steel. Resistance spot welding applications were 
performed in different weld currents and constant weld time parameters. The joint samples 
were subjected to optical and scanning electron microscope image analysis and mechanical 
testing for tensile shear, hardness, and fatigue. The numerical analysis also simulated nugget 
formation, tensile shear, fatigue stress formation, and fatigue tests. In addition, fracture pat-
terns of fatigue samples were defined by scanning electron microscope and stereo microscope. 
Also, the fatigue test data were evaluated and modeled as an interpretation of crack initiation 
and propagation. As a result, weld metal hardness values increased by approximately 100-
200 HV compared to the base material at different welding currents. The best load-bearing 
capacity (16.607 kN) and fatigue life performance (900,000 cycles) were obtained at 8 and 9 
kA, respectively. Newly, the fracture occurred at higher cycles in the current study than in the 
literature. A neutral axis line was formed on the fracture surface due to bending, and it was 
very close to the outer surface of the sheet. Chevron traces indicating brittle fracture were 
observed. In addition, experimental and numeric analysis studies were compatible. Fatigue 
behavior is an important factor in the automotive industry. Current studies show that fatigue 
behavior increases joint life.
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INTRODUCTION 

Advanced high-strength steel (AHSS) is an auto body-
in-white material that reduces vehicle weights by 25%. 
For a decrease of 1% in car weight, the fuel consumption 
amount can be reduced by 0.66% in regular performance 
[1,2]. The best-known type of AHSS is dual-phase (DP) 
steel. DP steels have high strength, good ductility, continu-
ous yielding behavior, good corrosion resistance, and satis-
fying press performance [3,4]. As general AHSS, DP sheet 
steels are also produced by a thermal process[5]. Therefore, 
they are susceptible to repeated exposure to heat. However, 
this situation is inevitable for DP steels due to heat forma-
tions in the welding process, particularly Resistance Spot 
Welding (RSW) in the automotive manufacturing system 
[6]. Consequently, it is important to understand and antic-
ipate the thermal process and its effects well to ensure the 
correct product performance [2,7].

Research showed that every welding process might 
show internal defects, cracks, porosity, residual stresses 
[4,8–11], etc., and metallurgical changes that negatively 
affect the fatigue life, strength, and other properties [12,13]. 
As these defects and residual stresses are exposed to repet-
itive loads at service conditions, extra stress concentrations 
may occur at these points. The stress concentration leads 
to an increase in applied stress. So, fatigue cracks appear, 
and with the propagation of the cracks through all parts, 
rupture occurs in the structural parts of the automobile 
[4,14,15]. Kishore et al. [16] stated that unlike tensile–
shear fracture, which started at the location of minimum 
hardness, fatigue crack started at the location of maxi-
mum stress concentration, which experiences both met-
allurgical notches because of a sharp gradient of hardness 
and mechanical notch from the inherent geometry of the 
spot welds. Researchers [17,18] generally have been inter-
ested in the fatigue performance of RSW joints under 
different modes of loads but rarely mixed-mode load-
ing. Akbulut [17] conducted a numerical investigation to 
observe the effects of plate thickness and nugget diameter 
on the fatigue life of tensile shear specimens. He used both 
Morrow’s mean stress and Coffin-Manson approaches in 
the analysis and verified the performance of both meth-
ods using experimental data available in the literature. He 
also determined the elastic and plastic strains required for 
the finite element calculations and obtained a variation in 
fatigue life predictions as a function of selected geome-
try parameters. Several researchers have reported that the 
T-shaped structural parts solution specified for automo-
bile RSW couplings is accurate. As reported by Samadi et 
al.[19], Lee et al. [20], Ouyang et al. [21], Lv et al.[22], and 
Kim et al. [23], joints of T-shaped structural parts can be 
subjected to mixed mode loads, especially in automobiles. 
Samadi et al. [19] evaluated the residual stress and fatigue 
life of T-joints welded with a multi-pass weld in different 
directions. They found that the compressive residual stress 
in the specimen gradually increased from single-pass to 

double-pass and triple-pass welds, and the fatigue life of the 
specimen also gradually improved as the number of passes 
increased. They also found that multi-pass welding in dif-
ferent directions affected the residual stress and fatigue life 
of the material. Lee et al. [20] proposed the 3D FEM fatigue 
analysis method in their study. They carried out three-di-
mensional non-steady heat conduction analysis and ther-
moelastic-plastic analysis to simulate welded pipe members 
and clarified the overall fatigue behaviour of T-type steel 
pipe members under high cycle loading. They reported that 
the proposed 3D fatigue FEM analysis method was useful 
as a numerical tool for calculating the remaining fatigue 
life with crack. Ouyang et al. [21] investigated the static 
three-point bending properties and cyclic bending fatigue 
performance of three-dimensional five-directional braided 
T-beam composite (3D5DBTC) at room temperature and 
recorded the load-displacement hysteresis loop curves 
and stiffness degradation curves to reveal the relationship 
between stiffness degradation and damage evolution. They 
reported that there were three distinct stages corresponding 
to matrix cracking, interface debonding and fibre break-
age, respectively, throughout the fatigue loading, and that 
the matrix cracking and resin-yarn interface debonding 
occurred at the flange, while the fibre breakage occurred 
in the web. Lv et al. [22] provided a method for simulat-
ing high-cycle crack propagation in T-tube joints and com-
pared the results of the simulations with experimental data. 
They found that the surface stress calculated from the tubu-
lar joint models using the coordinate mapping method was 
close to the experimental data and validated the simulation 
method by comparing the crack propagation rate and crack 
growth process between the simulation and experimental 
results. Kim et al. [23] investigated fatigue analysis meth-
ods to account for changes in local stress distribution and 
degradation of the transfer function due to fatigue damage 
in a multi-point spot-welded structure in the time and fre-
quency domains. They reported that the local stress and 
fatigue life change dramatically with the accumulation of 
fatigue damage and that vibration fatigue analysis, which 
considers changes in the response of the spot-welded struc-
ture due to fatigue damage, is the most reasonable approach 
under irregular vibration loading.

As vehicles are subjected to cyclic loading conditions, 
it is necessary to evaluate the performance of the combina-
tions in fatigue conditions. As with all areas of weakness, 
the problem of auto body fatigue must be solved because 
it results in brittle fracture. Therefore, the performance 
of auto bodies joined by welding under dynamic condi-
tions is particularly crucial and requires detailed research.
[16,24,25]. This text discusses some important literature 
based on work conducted on the fatigue properties of RSW-
welded dual-phase steels. Soomro et al. [15] investigated the 
effects of double pulse welding on the fatigue properties of 
RSW DP590 steel. They found that samples produced using 
the double pulse RSW method could withstand more cycles 
(approximately 10-23%) than samples produced using the 
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single pulse RSW method. Kishore et al. [16] examined 
the fatigue behavior of RSW-welded DP600 and interstitial 
free (IF) steel. They found that the fatigue sample failed 
in the HAZ of the IF steel with transgranular striations 
on the fracture surface. Banerjee et al. [18] researched the 
fatigue property of RSW DP590 steel concerning nugget 
size, microstructures, and notch geometry. They reported 
that fatigue life under low load was better in joints with 
smaller nuggets than in larger nuggets. Ordonez et al. [24] 
studied the effect of overloading on the fatigue strength of 
RSW joints made of DP980 steel. They found that the stress 
concentration factor caused by the spot-welding geometry 
decreased the fatigue life. Fujimoto et al [25] studied the 
effect of shot peening on the fatigue strength of RSW joints 
of 980 MPa steel sheets and found that shot peening after 
RSW improved the fatigue strength of the joints (the fatigue 
limit of shot-peened RSW joints increased to approximately 
twice that of non-peened types) and that crack initiation 
and propagation were delayed in the region where com-
pressive residual stress was not imparted by shot peening. 
Janardhan et al. [26] studied how work hardening affects 
the fatigue behavior of RSW DP600 steel. They concluded 
that prestraining DP600 steel sheets does not significantly 
impact the fatigue behavior of spot welds, and combinations 
fail in the interfacial region of the HAZ. Thierry et al. [27] 
performed a fatigue test using Lap-shear and T-peel sam-
ples representing a wide range of steel strengths joined by 
RSW. They found that the crack occurred for high loading 
outside the HAZ, starting in the base material. Ghanbari 
et al. [28] investigated the fatigue behaviour of RSW in 
ferrite-martensite DP steel joints with one and three spot 
welds and hybrid joints using the experimental parameters 
of welding time, electric current intensity and compressive 
force. The experimental design was carried out using the 
Taguchi statistical method. They found that the effect of 
electric current on the fatigue life of the joints was greater 
than other parameters, but its effectiveness decreased as it 
increased, and the adhesive on the hybrid joints also had a 
significant effect on increasing their fatigue life and fatigue 
strength. Xie et al. [29] researched the fracture characteris-
tics, macrostructure, microstructure, microhardness distri-
bution and fatigue morphology of DP780 RSW joints. They 
found that the applied load, the microhardness gradient in 
the HAZ and the tilt angle on the fracture surface caused 
by macrodeformation influenced the low-cycle fatigue life. 
They also found that the applied load was the controlling 
factor in the low-cycle fatigue test. 

Studies on RSW junctions of dual-phase steel in the 
open-access literature have generally focused on rotational 
fatigue testing assisted by tensile-compression fatigue tests. 
However, RSW welded specimens are subject to more than 
just tensile compression or rotational fatigue. They can also 
undergo plain-bending fatigue. Unlike previous studies, this 
study aimed to explain the plane-bending fatigue behavior 
of DP1000 automotive sheet steel with RSW. For the first 
time in the literature, a fatigue model design suitable for 
real conditions has been studied in this research. In addi-
tion, determining the optimum spot welding parameters 
of DP1000 steel sheets with minimum welding problems is 
of practical importance. This study was organized exper-
imentally and theoretically on RSW samples of DP1000 
sheet steel joints with tensile shear and hardness tests. As 
a result of the T-shaped part’s investigations, the stress val-
ues occurring on the piece were examined and simplified to 
an ideal experimental model with similar boundary condi-
tions. Although there are studies on the fatigue properties 
of RSW steels, no study has been found on fatigue fracture 
modeling. This study covers novelties, such as explain-
ing fatigue issues by constructing new graphic modeling. 
Moreover, the fatigue fracture model has been evaluated in 
detail. Data on the fatigue life of the combinations is neces-
sary for modern and reliable design. Results could be used 
to improve the design of automotive components subjected 
to fatigue loading. 

MATERIALS AND METHODS

The development of DP1000 steel aims to apply it to 
structural parts that protect the cabin when the vehicle 
crashes and satisfy the needs of low carbon equivalents 
for RSW for heavy gauges up to 2 mm in the platform[13]. 
DP1000 is AHSS. It is widely used in the automotive indus-
try because of its high strength, energy absorption during 
impact, good formability, and weldability. The DP1000 is 
used in vehicle body, safety parts, and chassis [30]. 230VAC 
heat input, 50Hz frequency, and 2500VA power capacity 
from the SPECTROLAB model LAVFA18A were used to 
determine the chemical composition of the DP1000. The 
chemical composition and microstructure image of com-
mercial DP1000 sheet steel used in the experimental studies 
is given in Table 1. The DP1000 consists of martensitic and 
ferritic phases with ultimate tensile strength of 980 MPa 
and yield strength of 720 MPa[30].

Table 1. DP1000 sheet steel chemical composition (wt. %) with its microstructure
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Samples were prepared 100x30x1.2 mm according to 
EN ISO 14273 standards[31]. Two parts of the samples 
were overlapped and then welded within ISO 5821 stan-
dards (Fig. 1). F-type 6 mm radius electrodes were used. 
The physical and chemical properties of the RSW electrode 
used are given in Table 2. The RSW process was applied at 
a constant 4 kN-3.3 bar electrode pressure for five different 
welding currents (6-7-8-9-10 kA) and 12 cycles of welding 
time (1 cycle=0.02 s). Tensile shear tests were conducted 
on the SHIMADZU AGS-X Universal test machine with a 
100 kN loading capacity using 2 mm.min-1 crosshead speed. 
Three samples were tested for each welding parameter to 
measure the average tensile shear force value. 

For image analysis and hardness tests, the cross-sec-
tions of the RSW specimens were prepared by following 
standard metallographic procedures (grinding-1200 and 

polishing-1μ paste-fabric, then etching using 2% nital solu-
tion). Micro-macro structure image analysis of the samples 
was accomplished using optical, stereo, and scanning elec-
tron (SEM) microscopes. Microhardness measurements 
were performed using a Qness Vickers hardness tester with 
HV 0.3 (Fig. 2). 

Experimental force and stress-cycle curves were ana-
lyzed and obtained by finite element analysis (FEA). 
JmatPro program was used for the material model. Fatigue 
properties were obtained by utilizing the chemical proper-
ties of the material using the JmatPro program. Stress anal-
ysis for modeling was performed and verified with ANSYS 
and Simufact finite element programs. Fatigue analysis was 
performed with ANSYS finite element software (using the 
fatigue module). Forces in amplitude values were obtained 
with ANSYS and Simufact.

Figure 2. Hardness measurement line on the cross-section of RSW specimens.

Table 2. Physical and chemical properties of the RSW electrode used

Alloy Chemical Composition 
Weight %

Electrical 
Conductivity  
m/Ωmm2)

Thermal 
Conductivity 
(W/mK)

Tensile Stress 
(MPa)

Hardness 
(HV 30)

CuCrZr Cr: %0.7-0.12 > 43 320 490 > 160
Zr: %0.06-%0.15
Cu > 95

Figure 1. The overlapped RSW joint (EN ISO 14273 standards - tensile shear and Fatigue test).
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First, the model of a T-shaped automobile structure 
with an RSW joint was subjected to loading in the ANSYS 
environment for analysis. As a result of the analysis per-
formed on the T-shaped part, the stress values on the part 
were examined and simplified to an ideal model that could 
be tested with similar boundary conditions. The created 
model is shown in Figure 3. A sheet of the same material 
of the same thickness was placed between the specimen 
and the jaws to prevent force concentrations in the han-
dles of the fatigue device. The stress and fatigue life values 
obtained from the analysis of the two models were com-
pared. Then, the model was tested experimentally under 
the same boundary conditions, and the experimental and 

simulation values were compared. The fatigue test machine 
is shown in Figure 4. DP1000 steel RSW fatigue samples 
were subjected to dynamic-fatigue loadings at stress ratio 
(R) ~ -0.5, frequency (f) = 10 Hz, and seven (7-1 mm) 
amplitude levels. Three samples were tested for each weld-
ing parameter. The arithmetic mean of the results obtained 
for each parameter was calculated.

RESULTS AND DISCUSSION 

Weld Nugget and Hardness
The change of nugget diameters and heat affected zone 

(HAZ) of RSW samples for the different weld currents (7, 
8, 9, and 10 kA) and the nugget images of the samples (7, 
8, and 9kA) are given in Figure 5. It was observed that the 
melting zone-weld metal was not formed sufficiently at the 
6 kA welding current. The nugget size becomes larger with 
increased welding current[13]. Meanwhile, a 1 unit increase 
in welding current from 7 kA to 9 kA caused an increase of 
0.8, 0,13 mm in nugget diameter. However, when the weld-
ing current increased from 9 to 10 kA, a 0.26 mm decrease 
occurred. When the welding current was increased from 7 
kA to 8 kA and from 8 kA to 9 kA, the nugget diameter 
values ​​increased by approximately 15% and 2%, respec-
tively. However, when it was increased from 9 kA to 10 kA, 
a decrease of roughly 4% was observed. So, the change of 
welding current between 7 kA and 8 kA caused a higher 
increase in nugget diameter. That shows that nugget diam-
eter and HAZ thickness increase with the increase of weld-
ing current, peak at 9kA welding current, and decrease after 
this value. These results could be explained by splashing and 
nugget liquid metal loss due to high weld heat input with 
high weld current. The nugget diameter increased up to a 
definite current value. Still, due to the increased welding 
current and high heat input, the nugget diameter decreased 
with molten metal splashing and increased indentation 
amounts [13,32]. 

The weld microhardness of the RSW samples is given in 
Figure 6. The hardness values of nuggets are much higher 

Figure 3. Model of fatigue analysis in ANSYS environment.

Figure 4. Schematic view of the flexural fatigue test system 
specially designed for this study and test machine image.



Sigma J Eng Nat Sci, Vol. 43, No. 4, pp. 1520−1532, August, 2025 1525

than the base material. The hardness increases in the weld 
metal compared to the base material, which is approxi-
mately 100-200 HV. However, Pakkanen et al. [30] found 
150 HV higher hardness at weld metal than in base mate-
rial. The higher hardenability of base material could inter-
pret these results depending on alloying elements (Table 1.) 
The alloying elements such as silicon and manganese can 
increase the hardenability of weld metal[4].

Moreover, the cooling rate after RSW is considerably 
higher than the critical cooling rate required for martensite for-
mation [33]. Therefore, the heating and cooling cycles produce 

much harder martensite than base material dual-phase steel. 
Badkoobeh et al. [4] stated that the weld metal of all samples 
was composed of a lath martensite structure because of the 
high cooling rate. The base material microstructure of all sam-
ples was made up of ferrite and martensite phases. Pakkanen et 
al. [30] reported similar results in their studies. 

Hardness is developed due to the martensite ratio; the 
temperature gradient between A1(the temperature of the 
austenite-to-pearlite eutectoid transformation) and melt-
ing temperature increases from HAZ to the fusion zone. 
Nikoosohbat et al. [34] explained the significant change in 

Figure 6. Hardness values of samples welded at different parameters belonging to different welding regions.

Figure 5. The graphic of HAZ length and weld nugget diameters of RSW samples vs. weld current with their images (7, 8, 
and 9 kA, respectively).
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hardness values in the joint zones (weld metal, HAZ, and 
base material). They interpreted severe microstructural 
changes in the heat-affected areas due to thermal changes 
in the weld cycle during the RSW process. In the literature, 
there are more examples for weld metal, HAZ, and weld 
materials, respectively, such as 500 HV - 300 HV - DP980 
[35], 375- 315 HV, and 470-325 HV- DP1000 (low alloyed 
and high alloyed) [13]. Also, Chabok et al. [13] obtained 
the weld metal hardness value in the range of 350-450 HV. 
However, this study found weld metal hardness values in the 
range of 325-425 HV. The reason for the differences could 
be interpreted as the differences in the welding parameters 
and the materials used [13]. 

Tensile Shear Testing
Figure 7 shows that the highest load-bearing capacity 

was obtained from 8 kA welding currents. In addition, the 
load-bearing capacity increases by increasing the weld-
ing current, but it peaks at one point and then decreases. 
An increase in tensile shear force is caused by the nugget 
becoming larger. By increasing the nugget size, the bond-
ing area in the interface of two sheets is increased, and the 
strength of the combination improves. So, the tensile shear 
force increased [4]. Chabok et al.[13] observed a gradual 
increase in tensile shear force with increased nugget size. 
In addition, it shows that the load-carrying capacity of the 
9kA sample is high, but it shows early failure and breakage. 
Splashing and this situation may cause some discontinuities.

There are several studies on DP1000 sheet steel in the 
literature. Elitas and Demir [36] reported that the 3 bar - 
7 kA welding current samples showed the highest tensile 
shear load-bearing capacity. On the other hand, the lowest 
one was a 4 bar - 5 kA welding current sample. Therefore, as 
other researchers have pointed out, it is undesirable because 
splashing can reduce the joint’s tensile shear-bearing 

capacity and energy absorption. Chabok et al. [13] obtained 
the maximum tensile shear force values as 23 kN and 15 kN 
for the high and low carbon contents of DP1000, respec-
tively. At this point, the nugget diameter is also stated as 7 
mm. Elitas and Demir [36], who examined weld pressure, 
reported the peak value as approximately 22 kN, depend-
ing on the electrode pressure and welding current value. 
Badkoobeh et al. [4] found the maximum tensile shear 
force values between 10.7 kN-17.2 kN for different Si con-
tent of DP1000. The maximum tensile shear force values ​​of 
the samples obtained at 7, 8 and 9 kA welding currents were 
13.110 kN, 16.607 kN, and 14.706 kN, respectively. There 
are some similarities and differences in the results obtained 
in the literature due to chemical composition, sheet thick-
ness, and RSW welding parameters.

Fatigue Behavior Fracture
The fatigue test results for the RSW weld joints were 

recorded as force-cycle graphics, where the force is the aver-
age force value until the sample breaks. These results were 
used to calculate fatigue stress and draw S-N diagrams. This 
study also showed that these force-cycle diagrams could be 
interpreted to explain the fatigue crack formation. For exam-
ple, Figure 8 shows the force-cycle graphics of the 2 and 6 
mm amplitude of fatigue test results and indicates the model 
developed to interpret the force-cycle diagram to explain 
fatigue crack propagations. This model shows in detail that 
at Stage 1: Fatigue crack initiation and initial growth, Stage 
2: Crack growth along with the sheet thickness, and Stage 3: 
Crack growth across the sheet width (Figure 8c). This figure 
also shows the fatigue fractured sample images.

The mode of fracture propagation seen in Figure 8c is 
defined as Type-2 fracture mode in the literature. Samples 
exhibit partial pull-out type fracture in which some part of the 
nugget is pulled out from the sheet. During the fatigue test, 

Figure 7. Tensile shear test results of the samples.
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the crack started from the root of the notch and then grew a 
short distance throughout the nugget perimeter, i.e., through 
HAZ to weld metal. The crack then propagated in the trans-
verse direction throughout the base material sheet width on 
reaching the surface. The fracture surface shows two different 
regions: (i) the middle area of the nugget, which shows stria-
tions, and (ii) the bottom area, which has a flat surface [15].

The nugget size is significant to the strength of the 
RSW joints [4,37]. The Simufact FEA analysis of bending 

fatigue stress formation in the RSW-joined DP1000 
steel samples is given in Figure 9. The model explained 
above in Figure 8 and the fatigue stress formation analy-
sis results with the Simufact FEA program in Figure 9 are 
compatible. There is a directly proportional relationship 
between fatigue life and nugget size [15,24]. As the nugget 
size increases, the stress concentration factor around the 
notch root decreases, thus causing the fatigue initiation 
life to improve in Stage 1. [24]. 

Figure 9. Analysis of fatigue stresses formation on DP1000 steel samples joined with: (a) 7kA; (b) 8kA; (c) 9kA welding 
current with the Simufact FEA program.

Figure 8. Force-cycle graphs of fatigue tests at (a) 6 mm and (b) 2 mm amplitudes (c) Comparative modeling of the force-cy-
cle graph obtained at 8 kA sample with the breakage stages (2 mm amplitude) and (d) fractured nuggets of the 8kA sample.



Sigma J Eng Nat Sci, Vol. 43, No. 4, pp. 1520−1532, August, 20251528

Figure 9 shows nugget interfaces obtained at the 
Simufact FEA program. As a result, it was observed that 
the stresses started at the nugget root and branched around 
the nugget during loading (also feasible in our modeling in 
Figure 8). As a result of the analysis, it was observed that 
the highest stress occurred at the 8 kA RSW sample. The 
maximum forces were obtained at 1143 N for the 8 and 9 
kA samples and 1141 N for the current in the 7 kA sample. 

The fatigue life of spot welds decreases as the shear 
component of the loading conditions increases due to an 
increase in the amplitude value. However, fracture ten-
dency increases in interface mode[15,16]. It was observed 
that the fatigue life of the RSW DP1000 steel sheet sam-
ples decreased as the amplitude values increased. In the 
fatigue tests, all samples with an amplitude of 1 mm have 
transcended the fatigue limit of 1x106 cycles. Also, sam-
ples welded with different welding currents exhibit similar 
fatigue life in low-cycle fatigue tests. The sheet’s strength is 
more critical than the weld strength in low-cycle fatigue. 
The 8 and 9 kA samples exhibited close to each other in 
all cycles. The best life performance was obtained from 9 
kA welded samples depending on the nugget diameter size. 
As a result of the studies, it is seen that there is a directly 
proportional relationship between the weld diameter and 
fatigue life. These results could be explained by the increase 
in the fatigue life by increasing the weld diameter, reducing 
the stress concentration factor in the weld notch [18].

Fatigue curves created with these data are shown in 
Figure 10 via force-cycle and stroke (amplitude)-cycle. As 
can be seen from the graphics, the sample welded with 9 kA 
showed a slightly higher fatigue strength performance than 
other samples (7 and 8 kA). 

Researchers have investigated the fatigue performance 
of RSW joints under different modes of loads generally 
and mixed-mode loading rarely. As reported by Kim et al. 
[23], joints of T-shaped structural parts can be subjected 

to mixed mode loads, especially in automobiles. For parts 
subjected to mixed mode loads, fatigue damage may occur 
below the regular cycles. The literature reported that the 
notch effect might cause this situation due to RSW and the 
heterogeneous microstructure formed by the weld zones 
(base material, HAZ, and weld metal) [38]. The samples 
obtained at 4 kN constant electrode force and 7, 8, and 
9 kA welding current values ​​were fractured at approxi-
mately 500,000, 700,000, and 900,000 cycles, respectively. 
However, Ordonez et al.[24] found that failure occurred 
after approximately 100,000 cycles for RSW DP980 steel. 
In the current study, fracture was observed to occur at 
higher cycles. In this context, a contribution to the liter-
ature has been made. Additionally, the general evaluation 
of the results reveals significant developments, particu-
larly for the automotive industry. It appears that most spot 
weld fractures in vehicles result from cyclic loading in the 
form of vibrations. [15]. Fatigue behavior is an important 
factor in the automotive industry. Current studies show 
that it increases joint life.

After the fatigue tests, the fracture surfaces of the test 
samples observed in the macro-micro-scale are shown in 
Figure 11 and Figure 12. The branching striations due to 
the excess strain are seen in Figure 11a. Figure 11b shows 
a smoother surface due to the abrasion caused by the low 
strain and the high number of cycles. The neutral axis line 
formed due to the bending of the fractured surface is seen. 
As it moves away from the neutral axis line, tensile or com-
pression stresses increase in the sheet metal section depend-
ing on the bending moment. Since the neutral axis is very 
close to the outer surface of the sheet, the maximum tensile 
stress is realized at the nugget, as shown at the crack initia-
tion point in Figure 11a. The micro image of the weld joint 
area is shown in Figure 12. The crack starts in the welding 
zone and propagates through the sheet, and rupture occurs 
at the sides with the cycles. The rupture zone can be seen in 

Figure 10. Fatigue test results of samples welded with different welding currents (a) Stroke-Cycle, (b) Force-Cycle.
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Figure 12a. Janardhan et al. [26] reported that crack initia-
tion occurs in the base material under cyclic loading from 
the HAZ in the case of tensile shear loading. Also, Thierry et 
al. [27] concluded that the crack occurred for high loading 
outside the HAZ, starting in the base material. In another 
study by Thierry et al. [39], fatigue failure occurred in the 
base material. However, Jamasri et al. [40] found that the 
fatigue cracks started at the nugget crack due to the exces-
sive sheet separation. Then, the crack propagation occurred 
through the thickness of the thinner sheets in the HAZ. In 
experimental studies, it can be said that the exact definition 
of crack initiation can only be obtained differently depend-
ing on the material and weldment parameters [31]. 

The chevron pattern is an important indicator of brittle 
fracture. Fractures may progress within the grain bound-
ary or via the cleavage mechanism within the grain. A typ-
ical feature of fracture surfaces is the V-shaped chevron 
pattern. Figure 12 shows chevron traces caused by crack 
propagation due to cyclic loads. These traces indicate the 
initial crack location. The crack starts from the weld zone 
and propagates along sheet metal. Eventually, the rupture 

occurs. Especially when considering the distances between 
the chevron traces, it was observed that the weld zone was 
at high amplitudes, and the chevron traces in sheet metal 
were observed. Decreasing the amplitude values reduced 
the distance between the two cracks (striation). It has been 
observed that while the chevron trace angles increase in the 
weld zone, the chevron angles and the base material narrow. 
It is thought that this is due to the retardation of crack prop-
agation due to the increased hardness in the weld zone. The 
crack propagation between the grains is expected to cause 
perpendicular stress on the surface. 

Brittle fractures commonly occur in martensitic struc-
tures in relatively high-alloyed DP steels. [41]. The weld 
metal of DP1000 steel primarily consists of the martensite 
phase, which makes it brittle. Therefore, a brittle fracture 
mode was observed in the RSW samples.

CONCLUSION 

This study focused on designing a new fatigue model 
suitable for real conditions, which is not addressed in 

Figure 11. Macro images of damaged surfaces of the 8-kA sample (a) The branching striations, (b) A smoother surface.

Figure 12. SEM images of damaged surfaces of the 8-kA sample; (a) SEM image of the weld zone on the damaged surface; 
(b) SEM image of the area where the rupture occurred on the damaged surface; (c) Image of intergranular fractures on the 
fracture surface of the sample damaged at low amplitude.
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existing literature, and optimizing welding parameters for 
resistance spot welded DP1000 steel. The following conclu-
sions can be drawn:
1.	 As the welding current increased to 9 kA, the nugget 

diameter increased, but at higher values, the nugget 
diameter decreased due to splashing and nugget liquid 
metal loss.

2.	 The martensite phase, which contributes to the hard-
ness, increased significantly in the weld metal compared 
to the base material. So, weld metal hardness values ​​
increased by approximately 100-200 HV compared to 
the base material at different welding currents.

3.	 As the nugget diameter increased, the stress concen-
tration factor decreased. Consequently, it was observed 
that fatigue life increased.

4.	 The maximum tensile shear force value (16.607 kN) and 
the best fatigue life (900,000 cycles) were obtained at 8 
and 9 kA weld samples, respectively. 

5.	 It was recently observed that fractures occurred at 
higher cycle numbers in the current study than in pre-
vious literature.

6.	 The crack starts from the notch’s root and grows a short 
distance along the nugget perimeter. The crack then 
propagated in the transverse direction along the base 
material sheet width on reaching the surface.

7.	 It was observed that the chevron traces caused by 
the crack propagation developed due to cyclic loads 
starting from the crack welding zone and propagat-
ing along with the sheet metal, and finally, a rupture 
occurred. High amplitude values make these traces 
more explicit.

8.	 Fatigue behavior is an important factor in the automo-
tive industry. Current studies show that fatigue behav-
ior increases joint life. Additionally, the results of this 
study will establish a foundation for future research 
on bending fatigue and the optimization of welding 
parameters.
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