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Abstract
Advanced high-strength steels (AHSS) used in automotive structural components are commonly protected from corrosion using
zinc coatings. However, the steel/zinc system creates the potential for liquid metal embrittlement (LME) during welding.
Although adjustments to the welding process have been studied, the present literature has not examined the use of variable input
currents for LME reduction. In this work, a ramp down welding current showed LME severity decreased by 60% compared to a
standard constant current. Reductions in both crack size and number of cracks were observed for high currents (Imax + 20%). A
numerical model of the resistance spot welding process was constructed, which showedwhenweldingwith a ramp downwelding
current, the electrode-to-sheet interface spends less time at an LME-sensitive temperature compared to the standard welding
current. Furthermore, it avoids a large jump in tensile stress when the electrodes are removed.

Keywords Liquidmetal embrittlement .Resistance spotwelding .Advancedhigh-strength steel .Variable input current . Thermal
modelling . Finite element analysis

1 Introduction

In recent years, environmental concerns about carbon emissions
and fossil fuel usage led to regulations for lower vehicle fuel
consumption, requiring automotive manufacturers to improve
vehicle fuel efficiency to reduce climate change and damage
[1–4]. The industry looks to achieve this by reducing vehicle
weight; however, mechanical performance of the materials and
structures cannot be compromised. This has led to the develop-
ment of advanced high-strength steels (AHSS) which have
higher strength, allowing parts to be made from thinner sheets,
and have been increasingly implemented in automotive body-in-

white structures [5–7]. In addition, AHSS are protected from the
corrosive environment by a zinc coating. A thin layer of zinc
provides cathodic protection to the underlying AHSS substrate.

Themost common joining process associatedwith automo-
tive assembly is resistance spot welding (RSW). RSW func-
tions by passing a high current through a lap joint to generate
heat. Heat is concentrated at the sheet-to-sheet interface, due
to its high contact resistance, and a volume of metal is melted
during the weld time. During the proceeding hold time, the
weld nugget is solidified under the force and cooling of the
electrodes [8, 9]. However, the addition of the zinc coating
adds complexities to the welding process, such as liquid metal
embrittlement (LME) [10, 11]. Zincmelts at 419 °C, far below
the melting point of the steel substrate (~ 1475 °C). During
welding, the liquid zinc penetrates into AHSS grain bound-
aries, which are under tensile stresses from the RSW process;
this allows LME cracks to open and propagate during RSW
[12–14]. Studies have shown LME is innocuous [15, 16];
however, recent work has shown that in extreme cases LME
may lead to a decrease in joint strength [17, 18].

For LME to occur there are three necessary factors that must
be present: liquid zinc in direct contact with solid steel, a suscep-
tible microstructure, and tensile stresses [19, 20]. The point at
which zinc is in a liquid state and tensile stresses are present is
governed by the welding process. Therefore, the welding
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parameters have a large influence on LME crack formation dur-
ing RSW. Previous work carried out by Beal et al. suggested the
modification of the RSW process parameters to avoid activating
LME [14]. However, it is currently unclear which process pa-
rameters lead to severe LME cracking. A recent study by Choi
et al. found that the instant the electrodes are released, large
tensile stress developed due to the sudden change in cooling rate
[21]. Choi et al.’s study implies the management of the cooling
rate discontinuity can result in decreased LME severity. If the
weld surface is much cooler, then the cooling rate will naturally
decrease to a point where the shock from the electrode removal
will not be as drastic.

Several attempts have been made to adjust the welding
schedule to reduce LME severity, including increasing elec-
trode force [22], use of pre-current [19], and using multi-pulse
weld schedules with different lengths [23, 24]. In each of these
studies, changes in the LME crack population were attributed
to changes in the thermal profile at the location of LME
cracks. However, each of these studies used a rectangular
shape or constant input current. Sloped or ramping input cur-
rents have been used in several other applications [25–27] but
have not yet been applied to LME reduction during RSW. The
present study explores the use of a negatively sloped or ramp
down input current to start cooling the weld earlier in the
cycle, mitigating the thermal discontinuity at the electrode
release. This will bring the thermal cycle into an LME free
region without increasing the overall cycle time. The effects
using a standard constant current or a ramp down current on
LME crack severity was compared using a TRIP1100 AHSS

joints. LME cracking in each sample type was quantified and
evaluated, showing major differences. In addition, a finite el-
ement analysis (FEA) model was constructed of the welding
process to understand the contrasts in the temperature and
stress profiles during the welding process.

2 Materials and methods

2.1 Materials

This study was carried out on a transformation induced plas-
ticity steel with a tensile strength of 1100 MPa (TRIP1100).
As the name suggests, during plastic deformation the retained
austenite in the microstructure transforms tomartensite, which
provides excellent strain hardening. The material was donated
by the International Zinc Association, as it is highly suscepti-
ble to LME and is of interest to industry. The chemical com-
position and mechanical properties can be found in Table 1.

2.2 Welding schedules

Resistance spot welding was completed using a trans-gun
direct current spot welding machine mounted on a 6-axis
robot arm. The electrode gun is C type clamp gun with
servo-controlled electrode force and Rexroth welding con-
troller. In the standard condition, a two equal pulse welding
scheme was used as recommended by American Welding
Society D8.9 specification for this material grade [28]. The
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Fig. 1 Current schemes for the
standard and ramp conditions

Table 1 Material examined

Steel Main alloying elements (wt.%)

TRIP1100 C Mn Si Cr Al Mo

0.20 2.17 1.61 0.03 – –

Mechanical properties

Thickness (mm) Yield strength (MPa) Tensile strength (MPa) % elongation Top coating
thickness (g/m2)

Bottom coating
thickness (g/m2)

1.6 861 1100 14.6 58 70
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ramping current condition was designed to give a weld
nugget of the same size. To do this, the input current was
designed to best match the heat input of the standard con-
dition. In order to keep the process heat input the same, the
area under both conditions’ current-time graph was kept
approximately constant. This is shown mathematically in
Eq. 1, which was used to determine the ramp peak current
and the slope of the ramp line.

∫t f0 IS tð Þdt≈∫t f0 IR tð Þdt ð1Þ

where IS is the current of the standard scheme, IR(t) is the
current of the ramping scheme, and tf is the total weld time.
If we assume that IR(tf) = 0, Eq. 1 can be simplified to

∫t0IS tð Þdt≈ 1

2
IRit f

where IRi is the peak current or the current at t = 0. For the
standard case, a current well above the expulsion current
(Imax) for this material grade was selected. Using Imax +
20% (12 kA) will provide the most severe case of LME
and will allow for an obvious study of LME reduction.
Using IS = 12kA and from Fig. 1 and Eq. 1, the ramp down
current was determined and is defined in Eq. 2. With the
current profile of the ramp case determined samples were
welded under both conditions. The entire welding schedule
is summarized in Table 2.

IR ¼ −50:4 tð Þ þ 22 ð2Þ

After welding, the coupons were cross-sectioned along
their width (direction perpendicular to the long axis of the
coupon) using a precision saw, then hot-mounted, ground,
and polished for a mirror finish. The samples were examined
for LME cracks using an optical microscope. Crack depth in
the thickness direction was measured using the ImageJ® soft-
ware and the data was compiled into the lognormal median
crack depth, the mean number of cracks per sample, and the
LME cracking index. The LME cracking index was devel-
oped to holistically quantify LME crack [29]. The LME crack
index is defined in Eq. 3

CI ¼ nL
τ

ð3Þ

where n is the mean number of cracks per samples, L is the
lognormal median crack depth, and τ is the sheet thickness.

2.3 Theoretical model construction

A three-dimensional thermo-mechanical model of the welding
process was made using the Abaqus FEA software. To save
computational power and since the model is of planar sym-
metry, a quarter model was used as shown in Fig. 2. A suitable
mesh size of ~ 2000 hexahedral full integration elements was
used as it gave an optimal balance of accuracy and computa-
tional demands.

2.3.1 Thermal model

The thermal model was constructed in accordance with the
experimental RSW parameters shown in Table 2. A schematic
of the heat input locations is shown in Fig. 2.

Figure 2 shows the three sources of heat generation. These
are the sheet-to-sheet contact resistance heating, modelled as a
surface heat flux (QC1 [W/m2]); the electrode-to-sheet contact
resistance heating, modelled as a surface heat flux (QC2

[W/m2]); and the bulk material heating, which was modelled
as a volumetric heat flux (Qb [W/m3]). The contact resistance
during the RSW process is a complex phenomenon; however,
there are several established mathematical models in the field
[30]. For this study, a popular contact resistance model for
RSW proposed by Greitmann and Rother was employed

Fig. 2 Thermal model set up; locations of heat generation and cooling

Table 2 Welding schedules for
the standard the ramp current
conditions

Welding schedule Welding current (kA) Electrode dia. (mm) Welding
time (ms)

Hold time
(ms)

Force
(kN)

Standard 12 7.0 200–33–200 167 3.5

Ramp Equation 2 7.0 433 167 3.5
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during the thermal calculations [31]. Cooling is also present in
the form of an idealized thermal contact to the water-chilled
electrodes. The model was designed so that at the end of the
weld cycle, the electrodes are removed from contact.
Temperature-dependant material properties were also
accounted for.

2.3.2 Mechanical boundary conditions

The results from the thermal model were transferred to the
thermo-mechanical model, which has the addition of the me-
chanical boundary conditions. The electrodes apply a force
equal to what was used in the experimental work. A mechan-
ical contact condition is applied at the sheet-to-sheet and
electrode-to-sheet interfaces to allow for deformation of the
surfaces in contact. Similar to the thermal model, once the
hold time is complete, the electrode force is deactivated.

3 Results and discussions

3.1 Standard current samples

The results of the standard current showed detrimental
amounts of LME cracking. LME cracks were observed across
the weld surface in both the electrode indent area and in the
weld shoulder. An image showing a typical cross-section of
the standard current type sample is shown in Fig. 3.

It can clearly be seen from Fig. 3 that the standard current is
a case of severe LME cracking. Large LME cracks were ob-
served in several locations. However, to fully quantify LME
severity, the cracks were counted, measured, and are presented
as the crack index, lognormal median crack depth and mean
number of cracks per sample in Table 3 with a 95% confi-
dence interval. The high values for crack depth and number of
cracks results in a high cracking index which indicates poor
weld quality [29]. Aweld with LME cracks this severe is not
acceptable and must be remedied.

However, in order to develop an effective mitigation tech-
nique, the crack development mechanismmust be understood.

The temperature and stress profiles during the welding process
can offer insight into the formation of LME cracks during
welding.

3.2 Thermo-mechanical modelling

The theoretical model results give some understanding of the
thermal and mechanical behaviour of the steel sheets during
the welding process. Before the analysis of the welding cycle,
the nugget predicted by the model was compared to an exper-
imental cross-section. The thermal model results show an ac-
ceptable degree of accuracy in terms of predicting temperature
fields. Figure 4 shows the temperature field at the end of the
weld time. The liquid AHSS steel region is shown in grey,
which matches the shape and size of the experimentally mea-
sured nugget with reasonable accuracy.

The regions where LME is active are of interest when ex-
amining the temperature and stress profiles. The LME active
region has previously been characterized as the area where zinc
is liquid and stresses are tensile [21, 22]. The temperature and
maximum principle stress plots of the centre electrode indent
area for the standard current scheme are shown in Fig. 5, and
the LME active regions have been highlighted on the stress plot.
From the temperature profile, the surface spends most of its
time above the zinc melting temperature. However, during this
time frame, the stresses are mostly compressive. It is well doc-
umented that the stresses during the heating cycle of RSW are
dominated by compression in the electrode indent region [9,
32]; however, tensile stresses are required for LME cracks to
form. Tensile stresses start to build upon cooling, but there is a
clear overlap of liquid zinc and high tensile stresses when the

Fig. 3 Typical weld cross-section
of the standard welding current

Table 3 LME severity metrics for the standard current scheme showing
a large crack index

LME severity Cracking
index

Lognormal
median
crack depth (μm)

Mean number
of cracks

Value 1.74 159.4 17.4

95% confidence interval ± 0.07 ± 3.1 ± 2.5
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electrodes are released (t > 0.6). Therefore, it is thought that the
LME cracks observed in the weld centre area form after the
heating cycle and once the nugget was solidified.

The detected issue with the standard current is a sudden
increase in tensile stresses while still in the LME active region.
Thus, the removal of one or both factors will lead to a decrease
in LME cracking. One approach is to use a negatively sloped
or ramp down current. If cooling starts earlier, the surface
temperature will be below the zincmelting temperature sooner
and the zinc will have solidified by the time the electrodes
release. Furthermore, the reduction in overall heat in the two
sheets upon electrode release will lead to less thermal shock at
the surfaces when the heat sink is removed. The use of a ramp
down current will theoretically result in less tensile stresses
and liquid zinc when the electrodes are released.

To maximize this effect, current was ramped down
through the entirety of the welding cycle. Using the same
model set-up, another simulation was run with a ramp
down current to produce a nugget of a similar size. The
simulation results of the surface temperature and stress
profiles are shown and compared against the standard
current profiles in Fig. 6. The plots show the temperature
and stress metrics for the centre location of the electrode
indent. From the temperature plots, the thermal cycle for
each case is different. The ramp down current case begins
cooling much sooner than the standard current case. This
allows the ramp down current case to spend less time
above the zinc melting temperature, particularly when
the electrodes release. This potentially limits opportunity
for LME cracks to form. However, the ramp down current

reaches a higher peak temperature, early in the welding
cycle.

When examining the corresponding stress plots (Fig. 6), it
is true that the initial peak temperature will not contribute to
LME since the stresses are compressive. In contrast to the
standard constant current, the ramp down current case does
not experience a jump in tensile stress at the instant of elec-
trode release. This is likely due to less heat being conducted
from the thickness centre of the weld to the weld surface,
which is reflected by the lesser increase in temperature at this
point.

In addition to the electrode indent area, the weld
shoulder region is also of interest since LME cracks have
commonly been observed there [33]. The temperature
and stress plots for a location in the shoulder area are
shown in Fig. 7. The LME active regions are highlighted
on the stress plot. Like the electrode indent area, the
ramp down current case reaches a higher peak tempera-
ture, but otherwise, the temperature profiles for both cur-
rent cases follow the same trends in this location. They
are both observed to reach a peak temperature early in
the welding cycle. The shoulder area in both cases is
initially in tension as the electrode pushes into the mate-
rial. Then the area goes into compression as area cools
on contact with the electrode. Towards the end of the
welding cycle, the area is put under tension as the weld
area cools. These results show the major difference be-
tween the two cases regarding shoulder cracks is the
ramp down case spending less time in the LME active
region.

Fig. 5 Temperature and stress
plots for the standard constant
current case on theweld surface in
the electrode indent area

Fig. 4 Comparison of nugget size
between the thermal model and
experimental results for the
standard constant current case
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From the results of the thermo-mechanical model,
there is expected to be a decrease in LME crack severity
in the ramp down current case, particularly for electrode
indent area cracks. The ramp down current case does not
experience the large tensile stress increase in the indented
area when the electrodes are released. However, it is un-
clear whether there wil l be a difference in the

development of LME shoulder cracks. LME shoulder
cracks are expected in both cases, but perhaps less fre-
quent in the ramp down current case due to less time in
the LME active region. To determine if the variable cur-
rent input made a practical difference on LME crack de-
velopment, the experimental ramp down LME evidence
must be examined.

Fig. 6 Temperature and stress
plots for the electrode indent area
of the standard constant current
and ramp down current cases

Fig. 7 Weld shoulder area
temperature and stress plots for
the standard constant current and
ramp down current cases
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3.3 Ramp down current and liquid metal
embrittlement reduction

The results of the different welding schedules yield very sim-
ilar weld geometries. The final weld nugget size is expected to
be similar, since a similar heat input was used for both welding
schedules. Statistical analysis showed there to be no signifi-
cant difference in nugget size between the two sample types
and had a mean nugget size of 7.7 ± 0.4 mm. Despite the
similar final nugget geometry, the two conditions underwent
different heating cycles due to the difference in the input cur-
rent waveform. The current and resistance monitoring from
the welding controller are shown in Fig. 8.

From Fig. 8, the contact resistance decreases and material
bulk resistance dominates much sooner in the ramp schedule
relative to the standard schedule. The first resistance peak after

the inflexion point is labelled as the β peak, which indicates
the start of nugget growth [34]. The ramp down current expe-
riences the β peak much sooner, implying that melting at the
sheet-to-sheet interface happened earlier. Furthermore, the β
peak value is lower when welding with the ramp down sched-
ule compared to the standard constant current schedule. This
is likely due to the use of a higher current at the time the
respective β peak occurs. Overall, there is a much larger heat
build-up in the initial portion of the ramp current case, where-
as for the standard case, heat is generated consistently
throughout the cycle.

A comparison of typical cross-sections for each sample
type and the local cracking index on cross-section regions is
shown in Fig. 9. The figure shows a stark difference in LME
cracking between the ramp down and standard cases. The
ramp down current contains fewer LME cracks, particularly

Fig. 9 Comparison of LME
cracks in welded cross-sections of
standard weld type and ramping
current and a contour map show-
ing the cracking index at different
locations

Fig. 8 Current and resistance
monitoring for standard constant
current welding schedule and
ramp down current schedule
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in the centre. It has been shown from the FEA process model
that the centre weld surface in the ramp down case spends less
time in the LME active region and mitigates the tensile stress-
es upon electrode removal. This results in fewer cracks
forming in this location, which also do not propagate as far
as in the constant current case. It is also interesting to note that
in the standard constant current case, the large cracks propa-
gate into the weld nugget, meaning they grew after the nugget
was solidified. This agrees with the FEA model results which
showed high tensile stresses on the electrode indent surface
after solidification of the nugget. Additionally, shoulder LME
cracks were observed to be less frequent in the ramp down
current case, albeit similar in size in both cases. This is de-
scribed by the model results, which showed the ramp down
current spent less time in the LME region, resulting in less
opportunity for LME cracks to form. However, cracks that
formed experienced similar stress levels and grew similar in
size to the standard case.

In order to fully characterize the LME crack populations, a
full analysis of LME crack metrics was carried out. The results
for ramp current cracking index with a 95% confidence inter-
val are compared against the standard current in Fig. 10.

From the LME crack index shown in Fig. 10, there is clear-
ly a reduction in LME crack severity at Imax + 20%. This is
particularly seen when examining the overall LME cracking
index, where a 60% decrease is observed. Furthermore, for the
lognormal median crack depth and mean number of cracks a
32% and 41% decrease respectively was found. Finally, the
maximum crack depth in the standard case (1319 μm) was
significantly larger compared to the ramp down maximum
crack depth (597 μm). Generally, these results show that
LME is less severe when using a ramp down current as op-
posed to the standard constant input current.

The large reduction in the number of cracks and crack
depth leads to a decrease in overall crack severity since large
cracks are less likely to form in critical locations [18, 29]. The
ramp down methodology was further applied to the Imax heat
input case and showed a similar trend. The cracking index was
reduced 0.39 with a more noticeable reduction in shoulder

crack severity. Therefore, it has been shown that highly
LME susceptible AHSS can be welded with typical heat in-
puts without concern for joint strength loss and severe crack-
ing. The use of a ramp down current shows promising results
and is only one of several approaches to temperature and stress
management for LME mitigation during RSW.

4 Conclusion

The use of a ramp down current led to reduced LME cracking
in the form of decreased lognormal median crack depth
(159.4 μm reduced to 109.0 μm) and fewer average cracks
per sample (17.4 reduced to 10.2). Compared to the standard
constant current scheme, the ramp down current weld sur-
face’s temperature profile spent less time in the liquid zinc
region while under tension leading to less opportunity for
LME cracks to form. In addition, the ramp down current
scheme did not undergo a sudden increase in tensile stresses
at the weld surface when the electrodes were released.
Furthermore, it should be noted that these results are for an
extreme case of heat input (Imax + 20%); when the ramp down
methodology was applied to typical heat inputs (Imax), a sim-
ilar reduction trend was observed. Overall, it was shown that
variable input currents can be utilized for LME reduction dur-
ing RSWand that process temperature and stress management
is an effective technique for LME mitigation.
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