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Abstract

In this study, DP600/DP1000 and DP600/DP1200 resistance spot
welding processes were performed. Welding applications were carried
out at 7 kA constant welding current and 5 different electrode pressures
(2, 3, 4, 5 and 6 Bar). The study focused on microstructural analysis,
microhardness and tensile-shear testing. It was found that the welds
consisted of 3 distinct regions. The microstructure differed between the
regions. The volume fraction of martensite increased in the weld metal.
As the electrode pressure decreased, the tensile-shear force increased
for both joint types. The failures occurred on the DP600 side. The pull-
out type failure occurred in all joints. Hardness values increased from
base metal to weld metal in all parameters.

Keywords: Resistance spot welding, Microstructure, Tensile-shear
force, Pull-out type failure, Microhardness
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Bu ¢alismada, DP600/DP1000 ve DP600/DP1200 nokta diren¢ kaynak
islemleri gergeklestirilmistir. Kaynak uygulamalart 7 kA sabit kaynak
akimi ve 5 farkli elektrot basincinda (2, 3, 4, 5 ve 6 Bar)
gerceklestirilmistir. Calisma mikroyapisal analiz, mikrosertlik ve
cekme-makaslama  testlerine odaklanmigstir. Kaynaklarin 3 farkl
bdlgeden olustugu tespit edilmistir. Mikroyapi, bolgeler arasinda
farklilik géstermistir. Kaynak metalinde martenzit hacim orani
artmigtir. Elektrot basinct azaldikca cekme-makaslama kuvveti her iki
baglanti tipi icin de artmistir. Kirtlmalar, DP600 tarafinda meydana
gelmistir. Diigme tipi kirilma tiim baglantilarda meydana gelmistir.
Sertlik degerleri tiim parametrelerde esas metalden kaynak metaline
dogru artmigtir.

Anahtar kelimeler: Nokta diren¢ kaynagy, Mikroyapi, Cekme-
makaslama kuvveti, Diigme tipi kirllma, Mikrosertlik

1 Introduction

Advanced High Strength Steels (AHSS) are preferred in the
automotive industry due to their benefits such as weight
reduction, and cost savings [1], [2]. Not only do AHSS allow
vehicles to be made lighter than other steels, but they also have
tensile strengths in excess of 600 MPa. The tensile strength of
high strength steels (HSS) varies between 400-440 MPa. AHSS
have a higher yield strength and a high strain energy absorption
capacity. AHSS therefore reduce the weight of the vehicle
without reducing its strength and can absorb similar or higher
levels of impact energy [3].

Dual-phase (DP) steels, a type of AHSS, are preferred in the
automotive industry due to their combination of high strength
and ductility and good formability. DP steels are produced from
high-strength, low-alloy steels by a critical anneal-quench heat
treatment. Although there are microstructures such as small
amounts of retained austenite, pearlite, and bainite, the DP
expression is due to the ferrite and martensite phases that form
the microstructure [4].

The toughness of DP steels is related to the volume ratio of the
martensite phase and the ductility is related to the volume ratio
of the ferrite phase. The ability to obtain the desired mechanical
properties by adjusting the phase volume ratios according to
the Lever rule is an important advantage of DP steels. In
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addition to the chemical composition, it is also very important
to determine the production conditions and heat treatment
steps in order to achieve ideal DP steel properties [4].

DP steels can be joined by various methods. However,
Resistance Spot Welding (RSW) is the preferred method for
joining body panels [3], [5]. RSW is preferred because it is
economical and does not consume filler material when joining
steel sheets [6], [7]. Compared to other welding methods, RSW
is most suitable for automation and sustainable engineering [8].
RSW is widely used in the automotive industry [9], [10], [11].
3000-6000 spots are needed to complete the car bodies
[6],[12],[13]. Tensile shear testing (TST) is generally the
preferred mechanical test for evaluating the strength of joints
[14], [15]. In RSW, the microstructure changes with the high
heat input and subsequent rapid cooling. Variations in
microstructure are an important factor affecting tensile shear
strength (TSS). Itis therefore very important to understand and
characterize the RSW in order to use DP steels successfully. As
mentioned above, the structural performance of the vehicles
depends on the structural adequacy of the joints [16]. The
studies carried out to investigate the RSW of DP steels are
summarized as follows:

Aydin [17] investigated the microstructure and the mechanical
properties of dissimilar joints between DP600 and DP1000
steel sheets using different welding currents (WC). He reported
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that the WC significantly affected the microstructure-
mechanical properties of the joints, and all the joints exhibited
the pull-out failure (PF) mode under TST. Aydin et al.[18]
carried out the characterization of the weld zone of automotive
sheets of different thicknesses (DP600 and DP800) joined by
RSW. They found that the TSS and cross-tensile strength
increased in parallel with the increase in WC. Zhang et al. [19]
carried out RSW processes to investigate the changes in the
mechanical properties of DP780/DP600 materials. It was found
that two different failure modes were observed during TST,
namely interface (IF) and PF, and the weld metal (WM) size
played a dominant role in the failure modes in the joints. Khan
et al. [20] performed RSW joints on different material
combinations of HSLA350/DP600. They found that the
performance of dissimilar combinations was different from
that of similar combinations. Yuan et al. [12] performed RSW
joints of DP600/DC54D. It was found that as the WC, welding
time (WT) and electrode pressure (EP) increased, the TSS value
first increased and then decreased. The maximum value (6.59
kN) was obtained at 9 kA-14 cycle-2.6 kN welding parameters.
The IF mode was observed due to the small weld nugget (WN)
diameter. It was found that PF occurred along the DC54D steel
where plastic deformation occurred due to abnormal grain
growth in the heat affected zone (HAZ)/base metal (BM)
interface region. The DP600/A5052/DP600 RSW combination
was realized by Li et al. [21]. The maximum value (10.796 kN)
was obtained in 14 cycles of WT. They found that failures
occurred at the DP600/A5052 interfaces in the TST due to the
FezAls and acicular FesAli3 brittle phases.

A review of the literature shows that there are limited studies
on RSW joints of different materials. In addition, while there are
studies on the effect of WT, and WC parameters on the
microstructure and tensile properties of RSW joints, it is
observed that EP is addressed in a limited number of studies.
Therefore, this study focuses on the effect of EP. It is important
to subject different materials to the RSW process in order to
combine their superior properties, particularly in terms of
strength, and ductility. In the automotive industry, different
materials are combined. Therefore, the current study aims to
contribute to the industry. In addition, no studies on
DP600/DP1000 and DP600/DP1200 RSW combinations were
found in the literature. Therefore, it is expected to fill the gap in
the literature on this subject.

2 Experimental studies

2.1 Material

The DP600, DP1000 and DP1200 steels were supplied in 500
mm x 500 mm dimensions. The sheet thickness of the DP600
and DP1200 steels is 1 mm, while the thickness of the DP1000
steel is 1.2 mm. For the RSW process, the steel sheets were cut
to 100 mm x 30 mm using the Guillotine Shear. The chemical

compositions of the steels were determined by spectral
analysis (Table 1).

2.2 RSW process

DP600/DP1000 and DP600/DP1200 joints were obtained
using 8 mm tip diameter electrodes at a constant WC of 7 kKA. To
evaluate the effect of EP, experiments were carried out at 5
different EPs. For microstructural analysis and TST, 4
specimens were prepared at all EPs. RSW processes were
carried out using a Baykal Brand SPP60 type RSW machine. In
addition, wooden fixtures were used to keep the specimens
stable during the RSW process (Figure 1). The different
DP600/DP1000 and DP600/DP1200 joints obtained after RSW
are shown in Figure 2.

Figure 1. Experimental set-up a) RSW machine b) Electrodes
c) Wooden fixture [6].
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Figure 2. RSW joints.

Table 1. Chemical composition of DP steels (wt%).

Steel C Mn Si Cr Ni Al Fe
DP600 0.077 186 0253 0.177 0.012 0.127 Balance
DP1000 0.136 1.57 0.203 0.022 0.039 0.044 Balance
DP1200 0.078 1.67 0.190 0.026 0.040 0.044 Balance
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2.3 Metallography

In order to examine the microstructure of the DP600/DP1000
and DP600/DP1200 RSW joints, specimens were cut from the
centre of the WN using a precision cutting device. Initial
grinding was carried out using 120, 220, 360, 600, 800, 1000,
1200, 1500 and 2000 mesh sandpaper. Polishing operations
were carried out by using 3 micron and 1 micron diamond
solutions. The polished specimens were etched progressively
for 2 seconds in 2% Nital (2% Nitric acid + 98% Methanol)
solution. The BM, HAZ and WM microstructures were analyzed
by Optical Microscopy.

2.4 WN diameter measurement

WN diameter measurements of samples obtained at different
EPs were performed using a digital caliper. A schematic
representation of the WN diameter is shown in Figure 3.

Y
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Figure 3. Schematic illustration of WN diameter.

The average WN diameter (da) for different EPs was calculated
using Equation 1 [6]. The effect of WN diameter on tensile shear
force (TSF) values was investigated.

dg >
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2.5 TST and failure surface inspection

TSTs were performed at a crosshead speed of 2 mm/min. Tests
were performed on 3 specimens for each parameter. TST was
performed on a Shimadzu AG-IC 100kN tensile compression
testing machine. Different failure modes resulting from TST
were captured as macro images using a camera. In addition,
detailed microstructural images of the failure surfaces were
examined using a ZEISS brand Supra 40 VP model scanning
electron microscope (SEM).

2.6 Microhardness test

Microhardness tests were carried out using a Vickers micro
hardness tester (Shimadzu) by applying a load of HV 0.5 for 10
s in parallel to the BM, HAZ, and WM axes.

3 Experimental results

3.1 Microstructure

Figure 4 shows an example of the macrostructure weld profile
of a DP600/DP1200 RSW sample welded at 7 kA-5 bar. BM,
HAZ, and WM optical microscope images of the DP600/DP1000
and DP600/DP1200 joints obtained by the RSW method at 7 kKA
and 5 bar are shown in Figure 5 and Figure 6, respectively. In
addition, WM SEM images of the DP600/DP1000 and
DP600/DP1200 joints obtained using the same parameters are
shown in Figure 7. Figure 7 shows that the structure consists
mainly of the martensite phase.

In the RSW process, as the specimens are subjected to high
temperatures and then rapidly cooled, microstructural changes
occur. Three different microstructural regions (WM, HAZ, and
BM) are observed in RSW joints [19], [21], [22]. When Figure 5
and Figure 6 are evaluated together, the BM microstructure of
DP steels consists mainly of ferrite phase and contains small
amounts of martensite particles. Similarly, it has been reported
that the microstructure of BM is ferrite with a small amount of
martensite distributed along the ferrite grain boundary[12],
[21]. There is a reduction in the ferrite phase in WM compared
to BM. This is because there is an increase in the amount of
ferrite dissolved in the austenite phase. A transformation from
austenite phase to martensite phase occurs due to rapid cooling
[22], [23]. Thus, the martensite volume fraction increased from
BM to WM in all EPs. It has been reported that the martensite
volume fraction increases in the order of BM, HAZ, and WM[19].
Khan et al. [20] found that the WM of the dissimilar weld
(DP600/HSLA350) was predominantly martensitic with some
bainite. Li etal. [21] reported that the microstructure of the WM
was lath martensite for the DP600 side. In addition, Yuan et al.
[12] expressed that the microstructure in the WM was full lath
martensite due to the high cooling rate.

3.2 WN diameter

When reviewing the studies on joining DP steels using the RSW
method, it was found that there is a direct relationship between
the WN diameter and the TSS [6], [24]. According to Dancette
etal.[25], alarge WN diameter indicates a high loading capacity.

In general, IF occurs because increasing EP causes a decrease in
WN diameter. Since static electrical resistance is essentially
overcome by EP, EP is an important factor controlling WN
formation [26].

The increase in EP reduces the electrical resistance and
therefore the heat generated at the sheet/sheet contact surface.
As a result, the heat input is lower, resulting in a smaller WN
diameter [27]. However, Yuan et al. [12] found that the EP was
beneficial for increasing the WN.

WN diameter measurements were carried out on 3 specimens
for each parameter. It is observed that the WN diameter values
of the DP600/DP1000 and DP600/DP1200 joints obtained at
different EPs decrease with increasing EP (Figure 8). Therefore,
the results obtained are compatible with the literature.
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Figure 5. Optical microscope images of RSW DP600/DP1000 Figure 6. Optical microscope images of RSW DP600/DP1200
joints a) Profile image b) DP600 BM c) DP600 HAZ joints a) Profile image b) DP600 BM ¢) DP600 HAZ
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Flgure 7. WM SEM images of RSW ]omts a) DP600/DP1000
b) DP600/DP1200.

= DP600/DP1000 min = DP600/DP1000 median = DP600/DP1000 max

DP600/DP1200 min M DP600/DP1200 median M DP600/DP1200 max

14

10 _
8 fs
6 i
4 |
2 b
0
2 3 S 6

Weld Nugget Diameter (mm)

Electrode Pressure (Bar)

Figure 8. WN diameter values obtained at different EPs.

3.3 Tensile shear properties

Welds in the vehicle structures are subjected to both shear and
tensile loading [5], [6], [28]. TST mainly refers to shear loading
[29], [30]. WN diameter is a critical parameter affecting the TSS
properties of RSW combinations [3], [27], [31]. As the WN
diameter increases, the stress concentration factor around the
notch root decreases, thus increasing the TSS [5], [24]. Looking
at Figure 9, as the EP increases, the electrical resistance
decreases, so the heat input decreases, and cannot melt the
contact surface completely, instead the WN size decreases. As a
result, the TSF values decreased for both types of joint. These

results can also be interpreted in two ways. Firstly, a slightly
inhomogeneous distribution of EP appeared around the spot
weld during RSW [32]. Secondly, the loading capacity was
reduced by oversized indentation[33]. The WN diameter and
TSF values showed a linear relationship.

In addition, Ma et al. [2] found that the welds made with the
lower EP had a greater number of micro-voids than those made
with the higher EP. In the case of a lower EP, the WN may not
be compressed enough to solidify before the electrodes are
removed from the weld area, which can cause micro voids to
form. Therefore, at values below 2 bar EP, micro-void formation
can be observed which is detrimental to the TSF. However, at
the EP values used in the current study, no micro-void
formation occurred.

® DP600/DP1000 min
DP600/DP1200 min

® DP600/DP1000 median ™ DP600/DP1000 max
M DP600/DP1200 median W DP600/DP1200 max

Electrode Pressure (Bar)

Figure 9. TSF values obtained at different EPs.

Tensile Shear Force (kN)

Due to the very high heat input, expulsion occurs in the RSW.
Expulsion is a condition that negatively affects the quality of the
joint [22], [34]. At low EP, the contact resistance was so high
that the metal on the contact surface melted considerably due
to the high input, while the plastic ring was too weak to contain
the molten metal. So, at low EP, expulsion occurred. At high EP,
the molten zone was crushed, and the plastic ring was unable
to restrict the occurrence of expulsion[12]. Although the
highest TSF values were obtained at 7kA WC-2 bar EP for both
types of joint, expulsion did occur (Figure 10). Khan et al. [20]
observed expulsmn at around 7-9 kA WC values.

Figure 10. Expulsion images obtained at 2 bar EP for different
joint types a) DP600/DP1000, b) DP600/DP1200.

3.4 Failure analysis

As aresult of TST, IF and PF occur. To ensure RSW reliability in
the industry, IF should be avoided. PF can be achieved by
adjusting the process parameters. PF is desired for optimum
structural performance [6]. This is because IF has a lower load
carrying capacity than the PF [35].

As a result of the TST of the DP600/DP1000 and
DP600/DP1200 RSW joints obtained at different EPs, the PF,
which is preferred in terms of optimum structural
performance, was observed in all specimens (Figure 11). Yuan
et al. [12] and Zhang et al. [19] observed two different failure
modes during TST of the joints: IF and PF. However, Lietal. [21]




observed only the IF mode during the TST of the joints. In all

the joints, the failures occurred on the DP600 side, which has

the lower strength value. Photographs of the failure surfaces

are shown in Figure 11. However, Zhang et al. [19] found that

for the DP780/DP600 RSW joints of similar thickness, the

failure was initiated from the DP780 side.
(a) ) E (b)
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Figure 11. PF

images obtained by TST a) D60-DP1000,
b) DP600-DP1200.

3

Knowledge of the failure mechanism is necessary to evaluate
RSW joints. The failure mode affects the shape of the tail in
tensile curves. In PF mode, the maximum point relates to the
constriction of the nugget circumference[6], [36]. As a result of
SEM analysis of the failure surfaces, dimples were observed
indicating ductile failure (Figure 12b, Figure 13b). As PF
occurred in all specimens, the failure surfaces of
DP600/DP1000 and DP600/DP1200 joints obtained at 3 bar
pressure were examined. SEM images showing crack initiation
and dimples for the DP600/DP1000 and DP600/DP1200
combinations are shown in Figure 12 and Figure 13,
respectively. Judging from Figure 12 and Figure 13, the driving
force of PF is the tensile stress at the WM environment.
Extensive plastic deformation and obvious necking occurred at
the HAZ/BM interface because the HAZ/BM interface is weak at
the joint. The grain orientation of the HAZ was obviously
changed in contrast to that of the BM, and abnormally grown
grains were found at the HAZ/BM interface. The abnormally
grown grains led to the deterioration of mechanical properties,
so that PF occurred along the weak HAZ/BM interface[12], [19].

Dimples

Figure 12. SEM images of DP600/DP1000 failure surfaces
a) Crack initiation, b) Dimples.

Crack initiation

Figure 13. SEM images of DP600/DP1200 failure surfaces
a) Crack initiation, b) Dimples.
3.5 Microhardness

The microhardness results obtained at different welding
parameters are shown in Figure 14. The microhardness results
were in agreement with the TSF values. The highest
microhardness values were obtained at 7kA WC-2 bar EP for
both types of joints. As can be seen, the hardness of WM
increased after RSW. The hardness values increase from BM to
WM due to the high heat input in the RSW process [6].
Martensitic transformation is a hardening and strengthening
mechanism in steel. Strong and hard martensite is a good
resistance barrier against movement and dislocation slip in the
DP structure. During the RSW process, the very rapid heating
and cooling cycle precipitates austenite into martensite
transformation. In RSW, the WM cools from the austenite
phase; the HAZ also cools due to the austenite and therefore
these regions have higher hardness than the BM [22]. Similarly,
Khan et al. [20] and Li et al. [21] reported that the higher
hardness in the WM was due to martensite formation. Thus, the
hardness values in all parameters increased from BM to WM.
Zhang et al. [19] and Li et al. [21]reported that the hardness in
the WM was significantly higher than that of the BM.

Yuan etal. [12] and Zhang et al. [19] found the average hardness
values of WM on the DP600 side to be 315 HV and 361 HV
respectively. However, in this study, the hardness values of WM
on the DP600 side were found to be between 350-410 HV.
Similarly, Li et al. [21] found the hardness values of WM on the
DP600 side to be between 350-400 HV.




800
700
600
500
400
300
200
100

Hardness (HV 0.5)

(b)
800
700
600
500
400
300
200
100

Hardness (HV 0.5)

=@==2 bar =@=3 bar 4 bar 5 bar =®=6 bar
BM | HAZ ! WM | HAZ | BM
L
| H ' ]
= 1 1 1 1
s i 1 i ‘
: Rttt |
F ! 0 X
i :
1 1 1 1
1 1 1 1
I i DP600:4mm  mEpiDP1000 :
i H i i
" 1 " i 3 1 i L i 1 i i 1 i i
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Hardness points
w=@==2 bar 3 bar 4 bar 5 bar ==@=6 bar
1
BM | HAZ | WM | HAZ | BM
] H ' i
= 1 1 1 1
: [ :
| ' ' M.
\ i - §
| | .
1 e 1
1 1 1
! i ]
j i !
L q i i
! :
| ' DP600:4mm  mmp:DP1200 |
] H ‘ |

i 2 3 4 5 6 7T B 9
Hardness points

10 11 12 13 14 15

Figure 14. Microhardness values obtained at different EPs

a) DP600/DP1000, b) DP600/DP1200.

4 Conclusions

The conclusions can be expressed as follows:

1.

After the RSW  process, three different
microstructural regions, namely BM, HAZ, and WV,
were observed in the welded joints.

It was observed that the BM microstructure of DP
steels consisted predominantly of ferrite phase and a
small amount of martensite phase. From BM to WM,
the ferrite phase decreased, and the martensite phase
increased due to the high temperature and
subsequent rapid cooling.

EP was an important factor in controlling WN
formation. As EP increased, the heat input at the
sheet/sheet contact surface decreased. As a result, the
WN diameter values decreased.

As the WN diameter increased, the TSF value
increased. Therefore, the WN diameter values, and the
TSF values showed a linear relationship. As EP
increased, TSF decreased.

Although the highest TSF values were obtained at 2
bar EP for both types of joint, expulsion occurred due
to excessive heat input. The expulsion negatively
affected the quality of the weld.

The PF, which is preferred for optimum structural
performance, was observed and failures occurred on
the DP600 side, which has the lower strength value in
all joints. Dimples indicating ductile failure were also
observed.

Hardness values increased with increasing amount of
martensite in the WM compared to the BM.
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