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Abstract Resistance spot welding (RSW) is an extensively
used joining method especially in automotive industry. In
this method, Joule heating resulting from electrical cur-
rent application is employed to melt and join sheet metals
by squeezing sheets together with water cooled electrodes.
For steels, due to heating and fast cooling during RSW pro-
cess, martensitic transformation occurs at weld section. A
specified holding time after the current application is used
in RSW so that joint can be cooled by contact between
electrodes and sheets. Therefore, holding time in RSW is
a major factor for cooling behavior and hence, martensi-
tic transformation. In this study, effects of holding time on
mechanical properties and microstructures of RSW joints
were investigated. It was observed that increasing hold-
ing time decreased weld nugget size due to evacuation of
heat from sheets. On the other hand, mechanical properties,
namely tensile-shear strengths and failure energies were
increased by increasing holding time from 1 to 20 cycles for
1.2 mm thick S700MC steel sheets. However, holding time
of 30 cycles had adverse effects on mechanical properties.
These differences were mainly the results of more favorable
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martensitic transformation when holding time of 20 cycles
was employed compared to other cases.
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Introduction

Resistance spot welding (RSW) of steel sheets is a common
procedure in automotive body production due to its flexibil-
ity, ease of automation and efficiency [1]. Due to this reason,
improving mechanical properties of RSW joints is of utmost
importance. During RSW, electrical current flows through
metal work pieces mostly in sheet metal form which are held
together between pressurized and water cooled electrodes.
Generated heat due to current flow melts the metals and cre-
ates coalescence within a small area. Most traditional method
to improve mechanical properties of RSW joints is to optimize
the welding current and time as shown in the work of Aslanlar
et al. [2]. In addition, employing double-pulse current [3] or
post-weld heating [4] can be employed to improve weld qual-
ity. However, these procedures increase required energy input
which introduce additional costs. Microstructure in steels,
more precisely, martensitic transformation can only be con-
trolled by the cooling phase after the actual welding process.
Since electrodes are water cooled and pressed on top of the
welding section, they act as a heat sink and enable quenching
of the molten steel material. Additionally, increasing holding
time does not require additional energy input. Therefore, there
is merit in studying its effect on weld properties. In the work
of Dancette et al. [5], cooling rate of DP590 steel with vary-
ing thicknesses was numerically investigated. In their work,
cooling rate of 240 °C/s during holding time was reduced to
as low as 15 °C/s when electrodes were removed from surface
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for 3.0 mm thick sheet. Such a drastic change in cooling rate
has significant effects on final microstructure of the weld and
can be expected to alter the mechanical properties of the weld.
Hamidinejad et al. [6] conducted a systematic experimental
investigation on the effects of resistance welding parameters
on mechanical joint properties and found that holding time had
anegligible effect on weld properties for dissimilar joining of
interstitial free and bake hardenable galvanized steel sheets.
However, in their work, holding time was selected between
8 and 12 cycles, which is a narrow interval to draw meaning-
ful conclusions from. Anijdan et al. [7] showed that holding
time had considerable impact on weld strength by employing
Taguchi experimental method for DP600-AISI304 resistance
welding. Long et al. [8] investigated the effect of holding time
on weld properties for dissimilar resistance spot welding of
DP590 and low carbon DCO1 steels. They have reported that
nugget hardness increased as holding time increased and a
saturation state was achieved after 30 cycles of holding time.
Additionally, it was shown that interfacial fracture occurred
when less than 5 cycles were used as holding time. However,
in their study only the nugget hardness’ were reported for
different holding times and hardness characteristics around
HAZ were not reported for different holding time schedules.
Kumar et al. [9] employed Taguchi experimental method to
investigate the effects of welding parameters on weld proper-
ties. As a conclusion, they have reported that increasing the
holding time increased weld strength and maximum strength
was achieved using 30 cycles of holding time for AISI304
stainless steel. Milititsky et al. [10] reported that there was not
hold-time sensitivity for hardness distributions for DP600 steel
welds when they compared 5 cycles and 30 cycles of holding
time experiments. However, for dissimilar welding of DP600-
HSLASO steel, increasing the holding time from 5 to 30 cycles,
HAZ hardness was increased for HSLA8O sheet side. In the
work of Jahandideh et al. [11], SAPH440 steel sheets were
resistance spot welded and two holding time values, 5 cycles
and 90 cycles were compared to investigate the failure modes
of specimens. In both cases, specimens fractured in interfa-
cial mode and hold-time sensitivity was assumed to be non-
existent. However, intermediate holding time values were not
investigated. Pouranvari et al. [12] reported that holding time
did not have a significant effect on mechanical properties of
the welds of low carbon St12 steel. Apart from these studies,
holding time was shown to be a major influencing factor for
liquid metal embrittlement cracking behavior during resistance
spot welding of zinc coated steels in the work of Bohne et al.
[13]. They showed that when the heat input was increased,

holding time should be increased as well to avoid liquid metal
embrittlement cracking.

Literature on the effects of holding time on mechanical
properties and microstructures of high strength steel RSW
joints is still to be improved. Therefore, investigation of
mechanical property dependency on holding time for high
strength S7T00MC steel RSW joints was conducted and
reported in the present study. Obtained results were evalu-
ated together with microstructural features and martensitic
transformation behavior.

Experimental Procedure

Material used in this study was a hot-rolled structural high
strength steel sheet S7T00MC made for cold forming with a
thickness of 1.2 mm. Chemical composition of the alloy is
presented in Table 1. ST00MC is in fact a microalloyed steel
with a very low carbon content of 0.078 wt%. The material
owes its high strength to small additions of niobium, vana-
dium and titanium. Moreover, thanks to its high manganese
content with 1.94 wt%, martensitic transformation via rapid
cooling from temperatures above austenite temperature is
expected. Therefore, cooling rate is an important parameter
to control in order to achieve desired weld properties.
Mechanical properties of as-received material are pre-
sented in Table 2. Due to its relatively high strength com-
pared to conventional structural steels, this alloy can be
used in variety of load carrying applications. For specimen
preparation, sheets were cut into pieces with dimensions
105 X 45 mm and resistance spot welded together for tensile-
shear testing. Schematic representation of resistance spot
welding process is shown in Fig. 1a. All welds are generated
according to the guidelines of American Welding Society
[14]. Electrical grid had 50 Hz frequency. Therefore, 1 cycle
corresponds to 20 ms. For all specimens, 10 kA current was
applied for 11 cycles by employing 3.4 kN electrode force.
In order to investigate hold-time sensitivity of welds, vary-
ing holding times were used as part of specimen prepara-
tion. Schematic representation of investigated cases is shown
in Fig. 1b. For all of the cases, 11 tensile specimens were
prepared and 10 were tested until fracture. The remaining

Table 2 Mechanical properties of employed alloy

Yield Strength [MPa] Tensile Strength [MPa] Elongation [%]

792.2 941.2 13.2
T{able 1 Chemical composition C Si Mn Al Nb v Ti Mo Fe
of employed alloy
0.078 0.083 1.94 0.15 0.031 0.087 0.02 0.092 0.168 Balance
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Fig. 2 Geometry of tensile-shear test specimens. Dimension are in
mm

specimen is not tested and is used to extract section of the
weld for metallographic investigations. Tensile-shear test
specimen geometry and loading direction can be seen in
Fig. 2. Tensile-shear tests were performed according to ISO
14273:2016 standard with a constant speed of 10 mm/min.
Tensile-shear strengths (TSS) and failure energies (FE) are
determined form the load displacement results of test and
shown in Fig. 3 schematically. Peak load measured as the
maximum point in the load—displacement diagram repre-
sents the tensile-shear strength. Since tested structure is a
joint with an inhomogeneous geometry rather than a mate-
rial with a constant cross-section, tensile-shear strength is
described as load instead of stress. Failure energy (FE) is
measured as the area under the load—displacement diagram

Tensile-Shear
Strength

Load

Failure Energy

Displacement

Fig. 3 Schematic representation of load—displacement curve in ten-
sile-shear test

up to the peak load and is calculated with the following
equation:

Mnax

FE = ZF(n)[x(n) —x(n— 1], (1)
n=1

where F is the load in N, x is the displacement in mm, 7 is
the sampled data point number and n,,,, is the data point
number at the peak load.

For metallographic investigations and hardness measure-
ments, specimens were sectioned around the center of the
weld using abrasive cutting. Afterwards, grinding was per-
formed on sectioned specimens using sandpapers between
P400 and P2500 grit successively, followed by mirror polish-
ing using 6 and 1 um diamond solutions. In order to reveal
microstructure, 4% nital solution was prepared and speci-
mens were etched via swabbing. Microstructure in nugget
section of prepared samples is investigated using scanning
electron microscopy (Hitachi SU5000). Hardness character-
istics in the cross-section of samples is characterized using
Vickers hardness measurements according to ISO 6507-1
with a load of 500 g and dwell time of 15 s (Future-Tech
FM-700e). All measurements were taken along the nugget
center approximately 0.2 mm above the joint line.

Results

Hold-time sensitivity of RSW joints are generally exam-
ined by inspecting the fracture mode differences after
destructive testing as suggested by American Welding
Society (AWS) Standard. Due to this, fracture modes were
inspected for selected cases in our study. Figure 4 shows
fracture modes of RSW joints with 1, 20 and 30 cycles
of holding time. It can be seen that fracture mode did not
change due to holding time. Therefore, according to AWS
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Fig. 4 Fracture modes after tensile-shear testing for holding time of a 1 cycle b 20 cycles ¢ 30 cycles
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Fig. 5 Obtained tensile-shear strengths and failure energies for dif-
ferent hold-time applications

standard, it is said that this steel is not hold-time sensi-
tive. One major difference that can be seen in Fig. 4 is the
presence of significantly darker color on weld surface for
1 cycle holding time compared to 20 and 30 cycles hold-
ing times. This can be attributed to overheating because
of the insufficient cooling as 1 cycle of holding time was
employed. Since the weld surface was not properly cooled
after the welding operation, heat from molten pool causes
heating on surface.

Mechanical properties of the RSW joints can be more
indicative in terms of weld quality compared to fracture
modes. Figure 5 shows tensile-shear strengths and failure
energies for varying holding times. Both TSS and FE values
showed increasing trend as holding time increases from 1
to 20 cycles. TSS and FE increases of up to 4.3 and 9.7%
were observed, respectively. However, when holding time
was increased to 30 cycles; 3% decrease in TSS and 12.4%
decrease in FE were observed compared to holding time of
20 cycles.
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Figure 6 shows metallographic images of weld section.
Due to symmetry, only half of the weld nuggets were shown.
Nugget size decreased as holding time was increased as
indicated by black arrow. In addition, 1 cycle holding time
resulted in a nugget which extents approximately up to sur-
face of sheet. For 20 and 30 cycles of holding time cases,
nugget penetrations to surface were more limited. Moreover,
nugget geometries changed as holding times were varied
considerably. In Fig. 5d—f, microstructural images of indi-
cated regions were shown. Within nugget, there was highly
martensitic structure for 20 cycle holding time, as expected.
In the regions 3.5 mm away from nugget center, there were
significant differences in microstructures for holding times
of 20 cycles and 30 cycles. In 20 cycles case, considerable
amount of martensite was formed, whereas for 30 cycles,
martensitic transformation was negligible. In addition to
microstructure, hardness measurements were also conducted
in weld section.

Figure 7 shows the hardness distributions of the weld sec-
tion for selected holding times. For all cases, similar hard-
ness distribution behaviors were observed. However, in the
periphery of the welds, namely in the heat affected zones
(HAZs), considerable differences were observed. Compared
to 1 cycle holding time, holding time of 20 cycles resulted
in wider hardened section due to martensitic transformation.
Sudden decrease in hardness approximately at 4.0 mm away
from the weld center was observed for holding time of 20
cycles compared to 3.75 mm for 1 cycle holding time On
the contrary, 30 cycles holding time resulted in hardness
decrease after approximately 3.5 mm away from the weld, a
smaller value than 1 cycle holding time case.

Discussions

Differences in microstructural and mechanical properties
for different holding time applications can be explained by
thermal history differences between welds. During current
application, contact resistance between the two sheets causes
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Fig. 6 Images of weld section.
a—c Nugget macrostructures for
varying hold-times d—f SEM
images of indicated regions
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significant heating and subsequently melting of metals and
a liquid molten pool is formed. Melting of sheets occur at
very early stages of current application, typically at first 2
cycles. After that point, molten pool expands and its tem-
perature reach to considerably higher temperatures than
melting point. It is important to note that, during this phase,
electrodes also act as a heat sink as they are water cooled.
Therefore, during welding, a good portion of excess heat is

evacuated. After current application phase, if electrodes are
removed from sheets instantly or in a very short time, heat
contained within the molten pool is not evacuated through
electrodes. Therefore, this energy is available for heating in
regions adjacent to nugget. This causes nugget to grow even
further by consuming heat available. Accordingly, as seen
in Fig. 6a, nugget size was considerably larger for 1 cycle
holding time compared to 20 and 30 cycles cases in addition
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to the fact that nugget boundary was significantly closer to
surface for 1 cycle holding time compared to other cases.
Excessive heating due to heat transfer from the nugget center
to surface caused surface of the weld of 1 cycle hold-time
to be dark in color.

Increasing holding time from 1 to 20 cycles causes nugget
size to reduce since considerable amount of heat is evacu-
ated through water cooled electrodes for the latter case.
Nevertheless, joint strength and energy absorbing capacity
is increased in the meantime. This result can be attributed
to higher amount of martensitic transformation in HAZ due
to rapid cooling via longer holding time. Since complete
pull-out fracture was observed for all cases as seen in Fig. 4,
HAZ microstructure and strength can be regarded as main
determining factors for mechanical properties of the joints.
Microstructural features indicate that holding time of 20
cycles evacuated a considerable amount of heat. However,
in the meantime, residual heat within the joint after hold-
ing time was enough to increase temperature of HAZ above
austenite temperature followed by sufficiently fast cooling
to form martensite phase within HAZ. This phenomenon
caused higher strength and energy absorption capacity for
welds with holding time of 20 cycles compared to 1 cycle
holding time since for the latter case, residual heat within
the nugget reduces the cooling rate around the HAZ and
thus inhibiting martensite formation compared to 20 cycles
holding time. For holding time of 30 cycles, most of the
heat within nugget is conducted through electrodes. There-
fore, austenitization within HAZ is more limited compared
to other cases. Because of this, martensitic transformation
was considerably inhibited and resulted in a narrower hard-
ened section within weld area compared to other cases as
can be seen in Fig. 7.

Conclusions and Outlook

In this study, hold-time effect of RSW for ST00MC steel
was investigated. Findings of the work presented are
summarized:

e Changing the hold-time was not found to have an effect
on fracture mode and in all cases pull-out fracture were
observed. Therefore, material is not hold-time sensitive
in terms of AWS standard suggestions.

e Despite having same fracture mode for different hold-
time applications, both tensile-shear strengths and fail-
ure energies of joints exhibited considerable differences
as hold-time was changed. Due to this, material can be
classified as hold-time sensitive in terms of mechanical
properties.

e It was shown that by varying hold-time after welding
operation, cooling behavior and hence, martensitic
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transformations of weld region can be altered in a way
that corresponding microstructures yield the optimum
strength and energy absorption capacity levels.

Scope of this study only covers a specific steel alloy for
investigations. However, differences in mechanical prop-
erties due to different hold-time applications are mainly
results from microstructural alterations, more precisely from
martensitic transformation behavior. Therefore, other steel
alloys with different carbon equivalency values compared
to the current alloy are expected to show different behav-
iors. For this reason, future works on different alloys can be
conducted to expand the scope of the current study. Addi-
tionally, sheet thickness effect can also be investigated for
hold-time sensitivity since thickness is a major influencing
factor for heating and cooling phases of welding process.
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