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Abstract—The effects of different types of welding current and
electrode pressure on tensile shear properties of resistance spot
welding (RSW) of commercial DP600 steel have been investigated
in this study. In tensile shear tests of the welded joints, tensile
shear force and maximum displacement were utilized to
characterize the performance of the welding process. Nugget
diameter has been measured to create a clear definition of RSW
physical properties. Experimental results show that tensile shear
load bearing capacity increases as the electrode pressure
increases. Low current value occurs at low and at high electrode
pressures. During high current value, the material can exhibit
superior mechanical properties. The effect of electrode pressure
on tensile shear load bearing capacity increases as welding
current increases.
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L INTRODUCTION

Global demand for energy saving and increasing concern
for environmental pollution and global warming affect the
scientific community and relevant studies are on the rise. The
improvement of strength, capacity and properties of materials,
most importantly metals, reduces material cross section, the
reduction of part weight and the resultant decrease in fuel
consumption, has made possible to reduce greenhouse gas
emissions. For various functional requirements of current
vehicles, advanced high strength steel is the ideal solution [1].
One of the most important and most valuable properties of
advanced strength steels is the excellent strength-ductility
relationship. DP and the TRIP steels have been developed for
this purpose. DP steels usually have tensile strength of 600-
1200MPa and elongation of 15-25% [2]. DP steels are
absorptive and are endowed with high tensile strength, low
yield strength or tensile strength ratio, perfect formability, and
high tensile energy. These advantages make DP steels
attractive for automotive applications [3]. RSW is the major
joining technique utilized for automobile production and
manufacturing. A common automotive body consists of a broad
number of RSW, between 3000 and 5000 spots [4]. During
RSW, broad changes in the mechanical and metallurgical
properties of the weld metal and the heat affected zone (HAZ)
are taking place. The investigation of these changes is

important and relevant for the safety, protection and strength of
the welded joints [5].

Some studies examined the mechanical properties of RSW
junctions of DP steels. Authors in [6] laid emphasis on the
carbon equivalence which increases the hardness of the weld
zone which in turn forms a very strong correlation between
chemical composition and mechanical properties. Advanced
high strength steel (AHSS), reached much higher tensile
strength than the conventional high strength steel (HSS).
Authors in [7] studied and examined the welding process
design and optimization of RSW parameters. They observed
the tensile strength values which revealed weaker correlation
with higher current. Authors in [8] studied the microstructure
of RSW and the friction stir welded (FSW) with DP600
samples. The results of the RSW HSS showed that the high
strength-weight ratio and its mechanical properties are ideal for
automotive applications. However, it has been noticed that
microstructure changes alongside with RSW affect mechanical
properties with transformations occurring in the base metal
microstructure. Authors in [9] noted that the effect of welding
currents on the capacity of the welding strength lasts longer
than welding time. Authors in [10] observed the effect of the
weld nugget size on the overload fracture mode of the RSW
samples. In [11], a discovery was found about optimal welding
parameters which were selected through the utilization of
Taguchi experimental design method. Authors in [12]
examined, evaluated and studied the transition of the RSW
DP780 steel from the interface-fracture mode to the pullout-
type of the fracture mode in tension and in transverse stress
loading situations. Authors in [13] investigated the effect of
holding time on microstructure, hardness and mechanical
properties for the welded joints with different levels of
thickness. Authors in [14] investigated the effects of multi-
stage tempering process on nugget size, microstructure,
microhardness and tensile fracture behavior of the DP590 steel
with RSW while utilizing finite element models. Authors in
[15] investigated the welded joints of the DP980 steel sheets
and the effects on stiffness properties of the pulsed current.

There are many studies on welding, however they are
typically and usually about welding parameters like weld
current, weld time etc. in relation with the electrode pressure or
force. To the best of our knowledge there hasn’t been any
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research conducted on RSW junctions of the AHSS particularly
in relation to the DP600 sheet steel through the utilization of
different electrode pressures. Regarding advanced automotive
sheet steels, DP600 has a proper place and relevance based on
its properties and low cost when compared to other AHSS. In
this study, RSW process was applied to DP600 at different
welding currents and electrode/weld pressures. Tensile shear
tests were applied to the base material (BM) and the RSW
samples at electrode pressures of 2-6bar at 5kA and 7kA
welding currents. The effects of the different electrode/weld
pressures and welding currents on tensile shear properties of
the DP600 steel were investigated.

II. EXPERIMENTAL PROCEDURE

Commercial DP600 steel is available in sheet metal layers
of 250mm*250mm* Imm. 230VAC heat input, 50Hz frequency
and 2500VA power capacity from the SPECTROLAB model
LAVFAI8A were utilized to determine the chemical
composition of the DP600 steel material. Steel’s chemical
composition is shown in Table I while its microstructure is
shown in Figure 1.

Microstructure view of DP600 steel

Fig. 1.
TABLE L. CHEMICAL COMPOSITION OF DP600 STEEL (%)
Material C Si Mn S Cr Ni
0.077 | 0.253 | 1.86 | 0.006 | 0.177 | 0.012
DP600 Al Ti v Sn Fe
0.127 | 0.002 | 0.004 | 0.006 | 97.472

The samples were designed according to EN ISO 14273
standard for the RSW operation. The RSW samples were cut to
dimensions of 100mm*30mm*1mm through the shearing
process from the 250mm*250mm sheets. The samples were
overlapped for 35mm. With the consequent size of RSW,
overlapped samples were 165mm. RSW was carried out
through the utilization of two different welding currents, SkA
and 7kA, and 5 different electrode pressures of 2-6bar. The AC
machine for the spot welding was equipped with a device for
the pneumatic control of the phase shift of the AC current.
Before their joining, the surface of the test pieces was cleaned
and thereafter the welded utilized conical water-cooled Cu—Cr
alloy electrodes. The diameter of the contact surface of the
electrode was 8mm [16]. The woodworking mould was utilized
to readjust the samples during the welding, to avoid axis
misalignment and to protect and readjust the sparks from
spattering. Three-resistance spot welded samples were created
singularly for each experiment parameter. The water-cooling
system of the electrodes was kept under specific constant water
control because of the excess of the heat input. RSW
parameters utilized in this study are presented in Table II [17,

18]. The time unit is cycle-based (1cycle=0.02s). The RSW
process steps and a sample photograph are shown in Figures 2
and 3 respectively.

TABLE II. WELDING PARAMETERS FOR RSW PROCESSING
Electrode pressure (bar) 2-6
Welding current (kA) 5,7
Electrode tip diameter (mm) 8
Down time (cycle) 15
Squeeze time (cycle) 35
Welding time (cycle) 20
Hold time (cycle) 10
Separation time (cycle) 15
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Fig. 2. RSW process steps
Fig. 3. RSW sample image

Tensile shear test parameters are the SkA and 7kA welding
currents, and 2bar to 6bar electrode pressures. The samples
were tested for each of the experimental parameters and the
arithmetic means of these values were calculated. In addition,
tensile test was applied to the base material for comparison. In
addition to the tensile shear data which has been generally
utilized in the literature, there is now a reference to the parts of
the joining made on the nugget welding profile shown in
Figure 3. In this way, shear data are also considered as stress
data. RSW samples had 1mm thickness, 30mm width and
110mm gauge length. The crosshead speed value utilized for
the tensile shear test was 2mm/min [16].

III.  RESULTS AND DISCUSSION

During tensile shear tests, maximum tensile shear force
value which allows the fracture to occur was evaluated and
examined to assess the tensile shear load bearing capacity
characteristics of the joint [18]. Base material was also
subjected to tensile test. The effects of electrode pressure and
welding current on tensile shear load bearing capacity were
studied. Authors in [17] reported that micro voids of large size
were formed in the low electrode forces of the RSW process. It
was observed that nugget solidifies before electrodes were
moved away from the weld region. Since the weld nugget was
not sufficiently suppressed at relatively lower electrode forces,
shrinkage voids were formed because of the low stress during
this time [17]. In addition to other approaches, and because of
increased electrode progression and cramping as the electrode
force increases, the significant parts of the voids are closed, and
fewer shrinkage voids occur in the welded area. Any increment
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of the welding current provides a capable level of current
efficiency. Hence, the effectiveness of the welding processes
increases [3, 17]. Through this discovery, variations of the
nugget diameter were investigated in the RSW joints which
depended on the welding parameters. The strong relationship
between the increment of maximum tensile shear load bearing
capability and the increment of the area been subjected to
upcoming stress level was caused by the nugget diameter [5].
Obtained results of the tensile shear test are presented in Tables
IIT and IV for samples joined with 7kA and 5kA respectively.

TABLE III. TENSILE SHEAR TEST RESULTS WITH 7kA WELDING CURRENT
Electrode Nugget Tensile shear Maximum

pressure (bar) | diameter (mm) force (kN) displacement (mm)

749 13.1687 5.382

3 7.62 13.8750 6.877

4 7.89 13.9156 6.818

5 7.22 13.4875 7434

6 7.06 12.2219 4.430

Base Material - 19.2125* 13.665

*This is the ultimate tensile force for base material’s condition of unwelded or before welding.
Differentiating from others, it wasn’t spot-welded. It had size of 100*30 and it is one of the
overloaded parts. It was tested in order to evaluate maximum load bearing-capacity.

TABLE IV. TENSILE SHEAR TEST RESULTS WITH SKA WELDING CURRENT
Electrode Nugget Tensile shear Maximum
pressure (bar) | diameter (mm) force (kN) displacement (mm)
2 741 13.5594 7.979
3 7.63 13.6938 7.968
4 7.71 13.7605 7.136
5 791 13.8359 7.953
6 7.15 13.5609 8.097

The maximum tensile shear load bearing capacity of the
samples increased along with electrode pressure until 4bar.
After this pressure level, it showed a high tendency to decrease.
This shows that 4bar pressure is the optimum value for 7kA
RSW. At welding current of 5kA, the maximum tensile shear
load bearing capacity was reached at Sbar, indicating a higher
tendency to decrease afterwards (Table IV). Sensitive values
were taken from the graph (Figure 4), as the event in which the
melt-pressure exceeded 7kA-4bar and SkA-5bar respectively.
In that stage, electrodes undergo a much deeper level of sinking
with excessive pressure and thus nugget thickness is reduced
[17, 19]. The thickness of the RSW nugget-base material had
passed the lateral area, which was also falling at a time. The
lateral area forms a core basis for tensile approach. The
decrease in the lateral area and the decrease in the nugget
thickness coexist [5]. The indentation depth ought not to be
beyond 30% of the sheet thickness [2, 9]. The electrode depth
indentation experimental values were within standard levels.
Nugget formation was strongly examined as dependent on the
material type and welding parameters. The excessive sinking of
the electrodes to the RSW samples causes an increment in the
welding heat input because of the excessive increase of the
indentation-contact. Excessive heat input, strong electrode
contact, and electrode retention could disrupt the nugget
geometry and weld profile. Moreover, the pressure can cause
cracks on the nugget surface and lateral surface areas. In
addition, excessive heat input causes grain growth in the HAZ
and weld metal and causes the strength to decrease [3, 5].
Studies on advanced strength steels show a strong relationship

between nugget size and tensile shear strength [3, 20]. The
mean diameter of the nugget had been measured as been up to
approximately 7mm in [21-24] and it can be used for DP600

steel [4]. These results can be explained by 5 Ji rule (t:
material thickness), which was recommended to be the most
appropriate rule according to Japanese [25] and German [26]
standards. After examination of the results in Tables III and IV,
it was seen that the strength of the DP600 steel increased in
direct proportion to the nugget diameter until an optimum value
and it decreased thereafter [18]. Maximum tensile shear force
values obtained at these different welding currents depended on
the electrode pressure (Figure 4). The 7kA-4bar values of the
RSW were near to ideal. The maximum tensile shear load
bearing capacity value occurred at Sbar electrode pressure in
SkA samples. The effect of the electrode pressure on the tensile
shear force is greater in the 7kA samples. The graph of the SkA
samples is almost horizontal. This shows that the effect and the
sensitivity of the electrode pressure were lower at lower current
values. Because of this, it was asserted that as the current
increases, the effect of the pressure increases. As the electrode
pressure increases, the welding current will have the potential
to decrease.
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Fig. 4. Maximum tensile shear force values obtained

The highest reported tensile shear force values were from
12.5kN to 16.67kN [17], 13.69kN [21], 11.67kN [18], 3.125-
9.75kN [2], and 10-14.7kN[27]. The greatest value of the
tensile shear load bearing capacity was, reported in [17] and the
lowest in [2]. Some of the differences observed between
maximum tensile shear force values can be attributed to
differences in the chemical composition of the steels used,
RSW parameters, and sheet thickness. The tensile shear load
bearing capacity obtained in our study resulted in a category
that could be classified as been close to high values.

IV. CONCLUSIONS

RSW process was applied to the commercial automotive
sheet steel DP600 at different welding currents and
electrode/weld pressures. These tensile shear tests were applied
to the base material and to the RSW samples at electrode
pressures of 2bar to 6bar at 5kA and 7kA welding currents. The
effects on the tensile shear properties of the DP600 steel were
studied and the following results were obtained:

e At lower current values, effect and sensitivity of the
electrode pressure were observed to be less. As the current
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increased, the effect of the pressure increased. As the
electrode pressure increased, the welding current could also
reduce.

Welding parameters and nugget diameter are important
factors that determine the load-bearing capacity of the
overloaded RSW junction samples.

The welding current efficiency had increased up to 4bar at
7kA welding current and up to Sbar at 5 kA welding
current. As the welding current increased, heat input,
nugget diameter, tensile shear force value, and maximum
tensile shear load bearing capacity increased.

The tensile shear load bearing capacity was directly
proportional to the nugget diameter.

Tensile strength of the base material decreased after RSW.
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