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ABSTRACT
Multi-step resistance spot welding is an

emerging method for the automotive industry that is
distinct from conventional one-step resistance spot
welding. In this study, one- and two-step resistance
spot welding processes were interrogated with respect
to tensile-shear tests, weld nugget sizes, hardness
distributions, microstructures, and failure modes for
different welding parameters. Experimental results
reveal that welding nugget size for two-step
resistance spot welding was larger than that for
one-step resistance spot welding regardless of the
welding current. The tensile shear load capacity and
the fracture energy for two-step resistance spot
welding were better than that for one-step resistance
spot welding at lower welding currents. By
comparison, at higher welding currents, the tensile
shear load capacity and fracture energy were identical
for both welding processes because of softening that
arises from the higher heat input. Analyses of
hardness and microstructure demonstrated that the
weldments softened in the partially melted and
sub-critical heat-affected zones. Failure mode also
depended on the number of pulses that were applied.
This study establishes that two-step resistance spot
welding increases the extent of softening and alters
mechanical properties versus one-step welding due to
the greater heat input in the two-step process,
especially at higher welding currents.
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INTRODUCTION

Advanced high strength steel (AHSS) is an
important material that is used in the automotive
industry to promote efficient energy usage rates and
reduce carbon emissions. AHSSs possess stronger
mechanical properties than conventional steels and
are used in a variety of components in the automotive
body. Dual-phase steel, called DP980, is one type of
AHSS with higher strength, toughness, and rate of
work hardening than conventional high-strength low
alloy (HSLA) steels. Moreover, DP980 is amenable
to various welding techniques. As a result, dual-phase
steel is commonly used in the safety components in
automobiles, such as the A- and B-pillars (Kuziak,
Kawalla, and Waengler, 2008; Li et al., 2015;
Vajragupta et al., 2014; Sirinakorn, Uthaisangsuk,
and Srimanosawapal, 2014). Resistance spot welding
(RSW) is the most common process for automotive
joining because of its stability during welding. Yet,
the properties of the welded metal, such as the
electrical resistivity and the martensite content, can
cause different spot welding performances for AHSS
and HSLA. Some studies report that AHSS has a high
tendency to produce expulsion that decreases the
tensile-shear load and failure energy (Sun, Stephens,
and Khaleel, 2008; Pouranvari et al., 2008).
Expulsions lead to burrs that increase manufacturing
costs, which should be avoided during joining
processes. Furthermore, AHSS tolerates a narrower
range of welding currents versus HSLA, reducing the
welding parameters for this material (Keeler and
Kimchi, 2015). Interfacial failure, which is prohibited
in tensile-shear tests, tends to occur more frequently
in AHSS than in HSLA.

Multi-step resistance spot-welding (RSW) has
emerged as a new joining process for automotive
steels. This process employs a pulsed welding current
such that weldments undergo successive heating and
cooling. Hwang et al. (2011) stated that multi-step
RSW increases the range of the usable welding
currents and reduces the frequency of expulsions.
Moreover, the thermal history of weldments could
impact failure mode. Several studies demonstrated
that spot welding of DP780 and DP980 result in
softening of the heat affected zone, which decreases
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hardness and changes the failure mode (Khan, Kuntz,
and Zhou, 2008; Hernandez, Panda, Kuntz, et al.,
2010). Xia et al. (2008) concluded that softening
increases with the volume fraction of martensite in
the steel. AHSS typically contains martensite to
promote strength. Therefore, considering the effects
of multi-step RSW on the mechanical properties of
AHSS is necessary. This study aims to better
understand the effects of traditional one-step RSW
and two-step RSW on the mechanical properties,
microstructures, and failure modes of DP980.

EXPERIMENTAL PROCEDURES

This study used uncoated dual phase steel
DP980 (1.2 mm thick), the chemical compositions of
which are listed in Table 1. An experiment was
performed to estimate the welding current and
confirm the current range. This experiment used
different weld currents to obtain the corresponding
nugget diameters, and the interval for each weld
current was set as 0.4 kA from the starting weld
current 4.5 kA to the ending weld current 7.7 kA, as
shown in Figure 1. AWS D8.1M was used to
standardize the feasible current for automotive spot
welding. The left limit of the welding nugget size is
415, where t is the sheet thickness in millimeters, at
the minimum current. The use of welding currents
below the minimum current yielded smaller nugget
sizes, resulting in insufficient mechanical properties.
The right limit of the welding current is defined as the
current at which expulsion occurs. The range of
currents for welding was established to be 4.9 to 7.3
KA. The welding time was fixed at 250 ms and three
current values of 5.5, 6.0, and 6.5 kA were used to
evaluate the effects of low to high heat input.

Table 1. Chemical compositions of DP980
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One- or two-step RSW were used as joining
processes, as shown in Figure 2. The two-step RSW
used a preheating current of 6.0 kA, while the
one-step RSW did not. An electrode force of 400 kgf
was applied for both processes, and the squeeze, weld,
and holding times were 1000, 250, and 200 ms,
respectively. A complete list of the welding
parameters is shown in Table 2. An intermediate
frequency direct current (DC) welding machine
(NASTOA CO., LTD., Tokyo, JAPAN) with
Cu-Cr-Zr alloy electrodes was used, and the DC
inverter has the max capacity of 480 kVA and the
rated capacity of 173 kVA. The electrodes had
truncated cone tips with a 6 mm diameter and were
cooled by a continuous circulating flow of water.

(a)

Weld Current (kA)

h1 t h2
Weld Time (ms)

E

Weld Current (kA)
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h1 t1 h2 t2 h3
Weld Time (ms)

Fig. 2. Schematic diagrams of pulse schedules for (a)
one-step (b) two-step RSW processes.

Table 2. Parameters for RSW processes

One-Step Process

F Weld force, kgf 400
Element | C Si Mn P S Fe hl Squeeze time, ms 1000
wit% 0.10 | 0.10 | 1.96 | 0.012 | 0.002 | Bal. t Weld time, ms 250
h2 Holding time, ms 200
o i Weld current, KA 5.5, 6.0, 6.5
Small nugget Acceptable range Expulsion TWO'Step PFOCESS
R * s e y F Weld force, kgf 400
s ' 77 hl Squeeze time, ms 1000
% , ! t1 Preheat weld time, ms 60
3 57 h2 | Holding time, ms 15
z " ool t2 | Weld time, ms 250
- h3 Holding time, ms 200
o = il | Preheat weld current, KA 6
e ® i2 | Weld current, kA 5.5,6.0,6.5

Fig. 1. Plot of nugget diameter versus welding current
range for DP980 materials.

The tensile shear test is a convenient method to
evaluate the loading capacity of weldments and thus

-236-




H.-T. Lee and Y.-C. Chang: Double Pulse Resistance Spot Welding on DP980 Dual Phase Steel.

was used in our study. The dimensions of the test
specimens were 105 mm x 45 mm with an overlap
length of 35 mm, and the schematic is shown in
Figure 3. Tensile shear tests were performed by using
a 100-kN capacity GOTECH AI-7000 material
testing system with a crosshead speed of 5 mm/min.
These tests established the tensile-shear load, while
the fracture energy was calculated from the
stress—strain curve. Hardness measurements were
conducted by using a Vickers hardness tester with a
load of 500 g for 10 s. Microstructures were probed
by using an optical microscope (LEXT OLS 410) and
scanning electron microscope (Zeiss sigma 300) on
samples that were ground, polished, and etched (with
2-percent Nital) following standard metallographic
procedures. Failure mode was analyzed by using an
optical microscope (OLYMPUS DSX 110).

35

'.L.l

. 105 ,

Fig. 3. Schematic diagram of tensile-shear test
samples (unit: mm).

RESULTS AND DISCUSSION

Nugget diameter investigation of the weld
specimen

Figure 4 shows the changes in the weld nugget
diameters of DP980 that result from one-step and
two-step RSW at welding currents of 5.5, 6.0, and 6.5
kA. The nugget diameter increases with higher
welding current for both processes, but the two-step
RSW produces larger nugget diameters than the
one-step RSW.
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Fig. 4. Dependence of DP980 nugget diameter on
weld currents from 5.5 to 6.5 kA for (gray) one-step
and (red) two-step RSW.

The welding current is related to the heat input
by the relationship defined in Joule’s law, which is H
= I2Rt. Here, | refers to the current, R is the resistance,
and t is time. This equation establishes that the heat
input increases with the square of the current, such
that increasing current substantially raises heat input.
Rao et al. (2017) and Lin et al. (2018) showed that
greater heat input during welding promoted the
growth of the nugget diameter. Thus, nugget diameter
increases with welding current. In this study, while
identical welding currents were used for the one-step
and two-step RSW, the additional preheating welding
current used in the two-step RSW provides greater
heat input. This explains the observation of larger
weld nugget diameters for the two-step RSW versus
one-step RSW.

Mechanical properties in the tensile-shear test

Figure 5(a) shows the variation of tensile-shear
load in DP980 prepared by using different welding
currents. The tensile-shear load of materials subjected
to the two-step RSW is higher than those prepared by
the one-step RSW at welding currents of 5.5 and 6.0
kKA. But tensile-shear load is statistically identical
when 6.5 kA welding currents were used. Similarly,
the fracture energies of materials prepared by the
two-step RSW are higher than for those prepared by
the one-step RSW at 5.5 and 6.0 kA, but identical
when 6.5 kA currents were used, as shown in Fig.
5(b).

@ o,

by one-step and two-step RSW, specifically (a)
tensile shear load and (b) fracture energy.

To summarize, higher welding currents
increase nugget diameter due to the greater heat input,
while the increased nugget diameter promotes higher
loading capabilities and fracture energies. Liu et al.
(2012) established a positive linear correlation
between nugget diameter and tensile-shear load.
Pouranvari (2011) also found that the fracture energy
of the weldment increased with the nugget diameter.
These corroborate our observations that materials
prepared by two-step RSW at currents of 5.5 and 6.0
kA have higher tensile-shear loads and higher fracture
energies versus materials prepared by one-step RSW.
However, at a welding current of 6.5 kA, the
tensile-shear load and the fracture energy of the
two-step RSW are identical to that of the one-step
RSW. Although the two-step RSW promotes larger
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nugget diameters, which correlate enhanced
tensile-shear load and the fracture energy, this trend is
observed. Radakovic et al. (2008) utilized finite
element methods to simulate the failure behavior of
resistance spot weldments during tensile-shear tests.
They found that the material strength has strong
correlation with the nugget diameter whatever the
failure mode is. VandenBossche (1977) used
mechanics of materials to derive the expressions for
the equivalent tensile stresses, and the results showed
that the nugget diameter was an important factor in
each failure mode. In other words, there might be
additional factors that can influence the mechanical
properties of welded steels besides the nugget
diameter, which are discussed in the following
sections.

Hardness measurement of the weld specimen

Figure 6 shows the distribution of hardnesses
for weldments prepared by the one- and two-step
RSW. The trend of hardness distribution is nearly
identical for both processes. Specifically, the base
metal (BM) exhibits a hardness of HV320 on average,
while the fusion zone (FZ) has a higher hardness of
approximately HV400. The curve in Figure 6 shows a
characteristic drop in hardness that occurs in the
partially melted zone (PMZ) and the sub-critical heat
affected zone (SCHAZ) of the heat affected zone
(HAZ). Figure 7 displays the microstructure of the
weldment prepared by two-step RSW. The
microstructure can be further classified based on the
extent of the heat input into five zones: the partially
melted zone (PMZ), coarse-grain heat affected zone
(CGHAZ), fine-grain heat affected zone (FGHAZ),
inter-critical heat affected zone (ICHAZ), and the
sub-critical heat affected zone (SCHAZ).
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Fig. 6. Distribution of hardness in weldments
prepared by using weld currents of 6.5 kA and either
(black) one-step and (red) two-step RSW.
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various

shows
macrostructures region in this material specimen.

Fig. 7. Optical image that

Figure 8 shows the hardness of the PMZ, which
is adjacent to the FZ, for the sample that was welded
by using the two-step RSW at 6.5 kA. The
diamond-like indentations indicate the distribution of
hardness from the FZ to the HAZ, including the PMZ.
The PMZ has a relatively lower hardness (HV374)
than the FZ (HV412, HV406, and HV413) and HAZ
(HV401 and HV426). The lower hardness results in
the relatively lower strength of the PMZ. The dashed
line represents PMZ, which was identified by
hardness and microstructure. Figure 9 shows the
hardness of the SCHAZ in materials prepared by one-
and two-step RSW with different weld currents. The
SCHAZ of materials produced by one-step or
two-step RSW at 5.5 and 6.0 kA have statistically
identical hardnesses, whereas two-step RSW
produces SCHAZ with comparatively lower hardness
when using welding currents of 6.5 kA. Namely, the
mechanical properties decline with higher heat input,
i.e. at the 6.5 kA welding current. Mechanical
property measurements reveal two soft regions with
relatively low hardnesses that are located in the HAZ
of the DP980 weldment. Specifically, these regions
are the PMZ in the HAZ that is adjacent to the FZ and
the SCHAZ in the HAZ that is adjacent to the BM.

|g. 8. Distribution of hardness nearby the PMZ for
materials prepared by using a current of 6.5 kA and
two-step RSW.
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Fig. 9. Hardness of the SCHAZ for materials
prepared by using (gray) one-step and (red) two-step
RSW.

The properties and dimensions of the PMZ are
influenced by welding conditions. Chabok et al.
(2018) concluded that two-step RSW has two key
effects on the properties of the PMZ. First, the PMZs
of materials prepared by two-step RSW have lower
densities of high-angle grain boundaries. Second,
higher heat input eliminates the compressive stress
perpendicular to the plane of the crack, which
ultimately reduces residual stress in the PMZ. Huang
et al. (2001) proposed an equation that relates the
dimensions of the PMZ and to the welding conditions,
which showed that a more shallow temperature
gradient results in a wider PMZ. In our study, the
two-step RSW had a greater heat input and yielded a
wider PMZ. By comparison, the one-step RSW had a
narrower PMZ. Thus, materials prepared by two-step
RSW may have weaker resistances to crack
propagation than those prepared by one-step RSW.
Moreover, cracking is more easily triggered in the
PMZ because of the reduced hardness.

The SCHAZ in the HAZ is another soft region
in the DP980 weldment. Zhang et al. (2011) showed
that the strength of the weldment can be improved by
enhancing the tensile and yield stress in the HAZ.
Zhou et al. (2003) used a finite element method to
interrogate the loading behavior of the HAZ, which
revealed that the mechanical properties of the HAZ
had a strong relationship with those of the weldment.
Our results show no obvious differences in the degree
of softening of the SCHAZ in materials prepared by
one- and two-step RSW at currents of 5.5 and 6.0 KA,
as evidenced by the near indistinguishable hardnesses
of these materials. But at welding currents of 6.5 kA,
the hardness of the SCHAZ prepared by two-step
RSW was lower than that of the one-step RSW,
resulting in poorer mechanical properties. Ultimately,
a softer SCHAZ is detrimental to the tensile-shear
strength and facilitates crack formation.

Microstructure investigation of the weld specimen

As discussed above, the regions of the
spot-welded materials can be classified into the BM,
HAZ, and FZ based on the influences of heat. The
complicated thermal history of the HAZ prompted
further subdivision of the HAZ into the CGHAZ,
FGHAZ, ICHAZ, and SCHAZ, as shown in Figure 7.
Figure 10 shows high-magnification optical images of
the microstructures in the various regions. The optical
image of the microstructure in the FZ (Figure 10(a))
reveals epitaxial growth of the solidified grains
towards the weld center and the formation of
martensite, specifically at locations where the
temperature exceeds the liquidus temperature and
subsequently rapidly cools by heat dissipation.
Shrinkage and solidification cracks are the two key
welding defects in the FZ area. Joaquin et al. (2007)
believed that improper welding parameters cause
shrinkages. Ma et al. (2008) discovered that cracks
are caused by volume shrinkage in the weldments of
dual phase steels. Figure 10(b) shows the
microstructure in the PMZ. This region is located at
the junction of FZ and HAZ, and the temperature of
this area passes through the solid-liquid mixing zone
(also called the mushy zone) during the welding
processes. Visualization by the optical microscope
shows whitening in the PMZ. The image in Figure
10(c) depicts the microstructure of the CGHAZ which
experiences a higher temperature region of the
austenite phase above Ac3. Coarse austenite
transforms into martensite after rapid cooling to yield
coarse grains. The FGHAZ experiences temperatures
that are above the Ac3 but slightly lower than those
experienced by the CGHAZ, resulting in finer
austenite grains and subsequent transformation to
finer martensite, as shown in Fig. 10(d). The
microstructure of the ICHAZ originates from
temperatures that reach between Acl and Ac3. The
industrial production of a DP980 is mostly performed
by intercritical annealing and, thus, the ICHAZ
microstructure is similar to the microstructure of the
BM. Figure 10(e) shows the microstructure in the
ICHAZ, which is composed of a mixture of bright
ferrite (F) and gray martensite (M). Figure 10(f)
shows the microstructure in the SCHAZ, which
indicates that the temperature of this region was
below Acl and no phase transformation, but rather a
tempering effect. Therefore, the structure is tempered
martensite with a large quantity of scattered,
precipitated carbides. The base metal does not
experience any heating and the microstructure is
shown in Fig. 10(g). A small number of carbides are
present because the martensite-start (Ms) temperature
of the DP980 is above room temperature and
undergoes self-tempering as the cooling is completed.
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Fig. 10. Optical images that depict various
microstructures at various regions in the material
specimen, specifically the (a) FZ, (b) PMZ, (c)
CGHAZ, (d) FGHAZ, (e) ICHAZ (f) SCHAZ, and (g)
BM.

The PMZ thermal history of DP980 cools
through the two-phase (the liquid phase and the &
ferrite) region. At equilibrium or with very slow
cooling of the alloy through the peritectic temperature,
the liquid phase reacts with the & phase to produce a y
phase. But the rapid solidification in spot welding
processes is a non-equilibrium phenomenon. Zhao et
al. (2018) reported that during spot welding, the
two-phase region would produce segregation because
of the redistribution of solute, resulting in a different
phase composition. The image in Figure 11(a)
captures the microstructure near the PMZ, with the
characteristically white PMZ marked with a dashed
line. An enlarged view of the PMZ is shown in Figure
11(b), which bears the indentation of a microhardness
test. The grain boundary of the PMZ is marked with a
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dashed line. The original hardness of the same crystal
grain is HV387, but the hardness outside of the PMZ
(defined by the dashed line) declined to HV310. The
SEM image in Figure 12 reveals the morphology of
the PMZ, and importantly exhibits the presence of
ferrite, which is gray, located adjacent to the prior
austenite grain boundary (y-GB). Thus, these results
indicate that softer phases may cause a decline in the
hardness of the PMZ. This is corroborated by a study
by Soomro et al. (2019) that reports similar results
after applying double pulse RSW on HSLA, which
formed ferrite on the periphery of the FZ during
two-step RSW.

B = e . by 4y 3

Fig. 11. Microhardness in different zones under
optical microscope from an (a) overall view, (b)
enlarged view of a particular subsection.

Fig. 12. SEM images that depict the microstructure in
the PMZ.

The presence of tempered martensite in the
SCHAZ is thought to be the major cause of decreased
hardness (Hernandez, Panda, Kuntz, et al., 2010;
Hernandez, Panda, Okita, et al., 2010). Thus, the
volume fraction of martensite and the degree of
tempering could promote a softening effect. Khan et
al. (2008) noted that greater volume fractions of
martensite increase the degree of softening. Farabi et
al. (2011) interrogated laser welding of dissimilar
materials between DP600 and DP980 and discovered
that DP980 had greater softening because the
martensite content of DP980 (about 50 volume
percent) was greater than that of DP600 (about 20
volume percent). Pouranvaria et al. (2011) indicated
that greater heat input would raise the degree of
tempering, which would indicate that the two-step
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RSW would have a greater softening effect than the
one-step RSW. Figure 13 presents the microstructure
of the SCHAZ in materials prepared by the two-step
RSW. The structure is composed of ferrite (gray color
in Figure 13) and tempered lath martensite (white
color in Figure 13). A severely tempered structure is
clearly observed and originates from the tempering
effects and subsequent decomposition of martensite.
The image in Figure 13 also indicates the presence of
several continuous carbides and fine carbide
precipitates at the grain boundaries, packet
boundaries, and block boundaries. Some studies
(Pouranvari, Marashi, and Safanama, 2011,
Hernandez, Nayak, and Zhou, 2011) have
demonstrated that rapid cooling of non-isothermal
tempering, which occurs during spot welding, delays
the formation of spheroidized carbides and
recrystallization processes. By comparison, more fine
carbides were precipitated. Biro et al. (2010) also
reported that greater heat inputs cause more severe
decomposition of martensite. Consequently, two-step
RSW increases the heat input and alters the
microstructure of the SCHAZ as compared to
one-step RSW, ultimately resulting in decreased
hardness and tensile-shear strength.

-“' ’_//‘- ¢
Y.

Fig. 13. SEM images of the microstructure in the
SCHAZ.

Failure mode analysis after the tensile-shear test
The failure mode of weldment fracture is
related to heat input. In our study, DP980 exhibited
three distinct types of failure modes. Figure 14(a)
illustrates an interfacial failure (IF) mode in which a
flat fracture surface separates the weld nugget. The
partial thickness-partial pullout (PT-PP) failure mode
results in characteristic visible features on the weld
nugget, which are shown in Figure 14(b). Figure 14(c)
depicts a pullout failure (PF) mode, in which the
fracture occurs at a peripheral position while the weld
nugget remains jointed. A clearer image of PF is
presented in Figure 14(d), which shows a side view
that highlights the torsional features of PF that arise
from tensile shear testing. Figure 15 shows the failure
modes of materials prepared using different currents
by both one- and two-step RSW. Materials prepared

by using a current of 5.5 kA (ref. Figure 15(a), (b))
fail by IF modes, regardless of whether one- and the
two-step  RSW were used. Similarly, materials
prepared by using one-step RSW with a current of 6.0
kA exhibit an IF failure mode, but those prepared at
the same current with two-step RSW fail by PT-PP
mode (ref. Figure 15(c), (d)). Finally, materials
prepared by one-step or two-step RSW at a current of
6.5 KA (ref. Figure 15(e), (f)) fail by PT-PP and PF
modes, respectively.

(d)

1cm
Fig. 14. Optical images of macrostructures that
underwent various failure modes, in particular (a) IF,
(b) PT-PP, (c) PF, and (d) the side view of PF.

Fig. 15. Optical images of macrostructures that
exhibit failure. Images are of materials prepared by
using an (a) 5.5 kA weld current with one-step RSW,
(b) 5.5 kKA weld current with two-step RSW, (c) 6.0
kA weld current with one-step RSW, (d) 6.0 kA weld
current with two-step RSW, (e) 6.5 kA weld current
with one-step RSW, (f) 6.5 kA weld current with
two-step RSW.
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Pouranvaria et al. (2007) noted that weldments
are simultaneously subjected to both shear and
bending forces during tensile shear tests, which
would prompt the weldment to rotate and align with
the direction of applied force. Cracks initiated at the
joint of the two plates that were adjacent to the weld
nugget, due to the concentration of stress by the notch
effect (Pouranvari and Marashi, 2012), as shown in
Figure 15(d). However, the crack with severe necking
began in the SCHAZ during high heat input, as
illustrated in Figure 15(e). According to the
discussion above, the directions of both initiation and
propagation of the crack can be determined. Figure 16
displays a scheme of the failure mode for spot
welding of DP980. At low heat inputs, the weld
nugget is too small to bear shear loading. Therefore,
the concentration of stress causes the crack to start
from the tip and propagate along the welding center,
as shown in Path 1 in Figure 16. As heat input
increases and the weld nugget grows, the weldment
tends to rotate as a result of torque and is subjected to
tensile stress. Hence, cracks would likely propagate
along the PMZ because of lower crack resistance in
this direction, as shown in Path 2 in Figure 16. At
much higher heat inputs, cracking mainly originates
from tensile stress. Cracks initiate and propagate in
the SCHAZ, which is the region with the lowest
hardness in the weldment, as shown in Path 3 in
Figure 16. Sun et al. (2008) demonstrated that PF has
a larger capacity for loading and energy absorption
than IF. In our study, nonetheless, the greater heat
input of the two-step RSW changes the
microstructure of the HAZ and PMZ, causing a
change in the failure mode. Accordingly, at a welding
current of 6.5 kA that provides even higher heat input,
the failure mode is PT-PP for materials prepared by
one-step RSW, but PF in those prepared by two-step
RSW due to softening in the SCHAZ. The change of
the failure mode eventually impacts the tensile shear
loading and energy absorption.

i JE —— \a -
Force e H @;‘ e

Path 2

Crac
nitiation

Path 3
Fig. 16. Schematic illustration of failure modes in
AHSS that occur along different paths.

CONCLUSIONS
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Two-step RSW is an emerging spot welding
process in the automotive industry. Here, we
interrogated in detail the effects of two-step RSW on
the mechanical properties of DP980, which is a
commonly used material for  automotive
manufacturing. Our results support the following key
conclusions:

1. Two-step RSW not only increases the width of
the weld nugget but also influences the extent
of softening. Greater softening may change
mechanical properties, which is demonstrated
by tensile shear tests and the measurements of
fracture energy. The tensile shear load and
fracture energy of materials prepared by using
two-step RSW were better than those of
materials prepared by one-step RSW at weld
currents of 5.5 and 6.0 kA. However, the
tensile shear load and fracture energy of
materials prepared by both RSW processes
were identical at 6.5 kA. The change in the
trend is attributed to softening effects.

2. Softening of the PMZ and SCHAZ are two
mechanisms that influence the tensile-shear
load and fracture energy of weldments.
Softening of the PMZ arises from the presence
of ferrite formed by rapid cooling, while the
softening of the SCHAZ originates from the
tempered martensite that is formed by thermal
effects. For two-step RSW, the size of the PMZ
increases with more shallow temperature
gradients. Moreover, the heat input can also
increase the extent of softening, which induces
further decomposition of the tempered
martensite.

3. In DP980 materials prepared by both one- and
two-step RSW, the failure mode changes with
heat input. For lower heat inputs, the failure
mode is IF and cracks propagate along the
center line of the weld. At higher heat inputs,
fractures occur in the PMZ due to lower
hardness, which leads to PT-PP type failure.
Materials prepared with the largest heat input
show softening in the SCHAZ that result in PF.

4.  Multi-pulse spot welding is a new process for
preparing advanced high strength steel in the
automotive industry. Yet, additional pulses
increase the heat input and change the
microstructure of the material, which can
impact the mechanical properties of the
weldment by softening of the PMZ and
SCHAZ.
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