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Abstract: The application of anti-corrosion coated, high-strength steels in the automotive industry
has increased in recent years. In combination with various zinc-based surface coatings, liquid metal
embrittlement cracking can be observed in some of these materials. A high-quality, crack-free spot-
welded joint is essential to realize the lightweight potential of the materials. In this work, the LME
susceptibility of different coatings, which will be determined by the crack length and the occurrence
rate, will be investigated using a welding under external load setup. The uncoated specimens did not
show any LME. EG, GI and GA showed significantly less LME than ZM coatings. The latter coatings
showed much larger crack lengths than the EG, GI and GA coatings. Furthermore, two mechanisms
regarding the LME occurrence rate were observed: the occurrence of LME in zinc-magnesium
coatings was theorized to be driven by the material properties of the coatings, whereas the occurrence
of LME at EG, GI and GA samples was forced mainly by the application of the external tensile load.
In the experimental setup of this work, the materials were exposed to unusually high mechanical
loads (up to 80% of their yield strength) to evoke LME cracks.

Keywords: resistance spot welding; RSW; advanced high-strength steels; AHSS; liquid metal
embrittlement; LME

1. Introduction

The implementation of lightweight construction concepts is essential for the automo-
tive industry to meet their emission goals and to increase driving safety. Hence, advanced
high-strength steels (AHSS) are widely used in car body manufacturing because they com-
bine superior elongation and a high tensile strength. Hence, the application of AHSS allows
for a reduction in car body mass by downsizing the sheet thickness [1]. For anti-corrosion
purposes, those steels are protected with zinc-based coatings. Resistance spot welding
(RSW) is commonly used to join such steel grades [2]. However, the application of RSW
under certain process conditions can lead to the formation of cracks caused by liquid metal
embrittlement (LME) [3] at different locations within a spot weld joint [4]. LME cracks at
the weld shoulder can be considered as a sign of insufficient weld quality [5]. Further, if
the LME cracks are sufficiently long and oriented across the load path, they can have a
negative impact on the weld tensile shear and impact strength [6].

In general, LME cracking is governed by tensile stresses [7], a susceptible microstruc-
ture and grain boundary penetration by liquid metal alloying elements in steels. The
welding process parameters can have an impact on the occurrence of liquid zinc and the
tensile stresses. Bhattacharya [8] assumes that the formation of LME is caused by the
stress-assisted penetration of the liquified zinc coating along the steel’s grain boundaries,
which successively leads to a subsequent reduction in its structural cohesion. Frei et al. [9]
investigated the influence of industry-relevant parameters on the occurrence of LME. They
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established a 3D electro-thermomechanical model to investigate the underlying stresses
and strains responsible for the occurrence of LME [7]. The authors succeeded in predicting
the time range where liquid zinc and high plastic deformation occur, both of which are
essential for the formation of LME. Bhattacharya et al. [10] performed hot tensile tests
to determine the critical temperature conditions for LME. In the range between 700 °C
and 900 °C, higher temperatures forced more LME. DiGiovanni et al. [11] investigated the
influence of different welding electrode geometries on the severity of the LME cracks. The
authors found out that a radius tip electrode provides less cracking than a truncated cone
shape. Murugan et al. [12] define in their work critical design parameters of the electrode
to suppress LME during RSW.

Kim et al. [13] analyzed the coating microstructure and thermomechanical charac-
teristics at various weld regions. The authors identified an «-Fe (Zn) layer that inhibits
the liquid zinc from contacting the steel substrate. A similar observation regarding x-Fe
(Zn, Al) layers was made by Ghatei Kalashami et al. [14]. Long-duration, high-magnitude
tensile stress can fragment the «-Fe (Zn) layer and enable LME cracking. Hence, the Zn-
coating process has a significant influence on the LME susceptibility [15]. Wang et al. [16]
conducted hot tensile tests on zinc-coated steels and uncoated specimens. They found
out that the zinc-coated steels had a reduced plastic deformation, which reinforced the
occurrence of LME.

Bohne et al. [17] showed, both experimentally and numerically, that larger electrode
tips reduce the indentation depth and the resulting plastic deformation at the indentation
area. Hence, the authors were able to reduce the occurrence of LME through the application
of different electrode caps. Bohne et al. [18] also investigated the effect of the hold time on
the occurrence of LME. The authors showed that an elongated hold time can avoid LME
cracks, which are formed after the weld current switch-off. Ashiri et al. [19] developed a
simulation-based method to control the heating during RSW to obtain LME-free welds.
Choi et al. [20] showed that an elevated electrode force can reduce the LME crack size or
avoid LME cracks on the surface. DiGiovanni et al. [21] concluded that a welding current
ramp down reduced the LME severity by 60% compared to a standard constant current.
Wintjes et al. [22] experimented with two different types of pulsing methods. The authors
found that a pre-pulse before the welding current to remove the zinc coating and pulsing
during the welding current to manage the heat generation could reduce the LME crack
severity. The authors stated that multiple pulse welding schedules may be successfully
used to reduce LME cracking. Song et al. [23] observed a significant influence of expulsion
during RSW on the formation of LME cracks.

Due to the impact that these cracks have on automotive weld quality, finding LME-
resistant welding procedures and low LME susceptible steel grades is a high priority for
steel producers and automotive manufacturers. LME can be enforced by an experimental
procedure, during which tensile stresses are applied to a sample, shaped similarly to a
typical flat tensile specimen during welding [24]. DiGiovanni and Biro [25] compared
different LME test setups and proposed standardizing LME tests. Most research has
focused on the investigation of the underlying effects of LME and avoidance strategies.
Many of the latter are not applicable in an industrial environment due to the specific
boundary conditions of mass production. There are no standardized investigations of
different coatings. In this work, an LME test setup with comparable boundary conditions
is implemented and different coatings are studied with regard to their LME susceptibility.

2. Materials and Methods

In this work, a total of six dual phase (DP) steels of the tensile strength class 800 MPa
(hereinafter called DP800) with different coatings were studied. The coatings were uncoated
(U), electrogalvanized (EG), galvannealed (GA), galvanized (GI) and zinc-magnesium
coatings (ZM1 and ZM2) from two different suppliers. The materials are listed in Table 1.
The sheet thicknesses ranged from 1.0 mm to 1.8 mm and the yield strength ranged from
491 MPa to 538 MPa. All materials were sourced from project partners from industry and
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anonymized. The chemical analysis of the coating was limited to disclosure of the main
components as shown in Table 2 as a requirement for pre-competitiveness.

Table 1. Material overview.

Nr. Material Sheet Thickness in mm Rpo.2 in MPa
1 DP 800 U 1.5 495
2 DP 800 EG 1.0 518
3 DP 800 GA 1.5 518
4 DP 800 GI 1.5 491
5 DP 800 ZM1 1.8 491
6 DP 800 ZM2 1.8 538

Table 2. Chemical components of the coatings. “X”—is in coating.

Nr. Material Zn Fe Al Mg
1 DP 800 U - - - -
2 DP 800 EG X - - -
3 DP 800 GA X X X -
4 DP 800 GI X X X -
5 DP 800 ZM1 X X X X
6 DP 800 ZM2 X X X X

The welding experiments were performed with a servo-electric C-type spot welding
gun, using a 1000 Hz medium frequency DC power source. Electrode caps of
type F1-16-20-5.5, as specified in ISO 5821, were used. To enhance the comparability,
all welding experiments were performed with a fixed electrode force of 4.5 kN and a
squeeze time of 300 ms. The welding current range (WCR) was determined in accordance
with SEP 1220. In the standard, a welding time of 380 ms and a holding time of 300 ms was
proposed for coated steels. The minimum welding current was determined as the current
where at least a minimum spot diameter of four times the square root of the sheet thickness
was reached. The maximum welding current lay 100 A below the expulsion limit.

To evaluate the LME susceptibility of the different materials, welding under external
load setup was used. A specimen was clamped into the setup and a tensile load was
applied hydraulically. The tensile force was adjusted initially. During the application of
the tensile load, the specimen was spot welded with a joining partner. Then, the zinc was
removed from the spot weld using hydrochloric acid and microscopic images were taken to
evaluate the occurrence of LME. The welding under external load test setup was carried out
with a tensile specimen geometry, which was depicted in Figure 1a. To avoid any thermal
effects, the specimens were produced by waterjet cutting. Figure 1c,d show an exemplary
specimen after removing the zinc from the spot weld. The LME cracks are marked yellow
in Figure 1d, and they are typically all located on the electrode indentation shoulder.

Ten samples were tested for every tensile load level, due to the scattering of the LME
occurrence. To ensure uniform electrode wear across all tensile load levels, a randomized
test sequence of the tensile load levels was chosen. The welding trials were performed
with one set of electrode caps per material. To avoid any changes in the electrode caps,
only experiments without expulsion were considered. If any expulsion occurred, then
the electrode caps were changed. For all experiments, only electrode caps with a welding
history of 50 welds at 3 kA for each material were used. The tensile load was calculated
as follows:

Fiensie = Rpo2 - A - P, 1)

where Fiepgile is the applied tensile force, Ry is the yield strength, A denotes the cross-
section area and P represents the tensile load level. The maximum tensile force during the
experiments was 9 kN, which represents a tensile load level of 80%.
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Figure 1. Tensile specimen and experimental setup—(a) specimen geometry, (b) photo of the experi-
mental setup: specimen from (a) is clamped and a tensile load is applied. When the targeted tensile
load is reached, the spot welding is conducted. The white arrow indicates the direction of the applied
tensile load. (c) Specimen with LME cracks (ZM1, current: 7.5 kA, welding time: 380 ms, holding
time: 300 ms, Electrode force: 4.5 kN, tensile load: 7300 N, cumulated crack length: 23.48 mm),
(d) specimen as in (b) with LME cracks marked in yellow.
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As the heat input has an essential influence on the occurrence of LME [26], it needs to
be closely monitored and can be determined directly by the RSW process parameters. To
enhance the comparability of the experimental results, it was necessary to align the heat
input for every test series. Therefore, all the welding experiments were conducted with
the same electrode force (4.5 kN), the same welding time (380 ms) and the same holding
time (300 ms). Due to the different shape of the WCR of the materials, the welding current
was adjusted so that for every material the nugget size was 5 times the square root of the
sheet thickness.

From the welding under external load test setup, two result values could be obtained:
the total LME crack length and the LME occurrence rate.

3. Results and Discussion

Figure 2 shows the different WCRs of the tested materials. All WCRs were larger
than 1 kA, which is usually an important quality specification to ensure a stable process in
industrial production. Due to the different locations of the WCRs, it was difficult to set a
welding current for all materials. Hence, a heat input alignment was necessary.

455 5?0 5?5 6.50 6?5 750 7.;5 8.;0 8.;5

welding current in kA

Figure 2. WCR of all tested materials. Al represents the difference between the maximum and
minimum current.

The heat input is related to the spot diameter in relation to the sheet thickness. Hence,
it was assumed that all spot diameters with a nugget size five times the square root of the
sheet thickness have the same heat input. Table 3 shows the tested materials and their
normalized welding currents, and a diameter over square root of the sheet thickness factor
between 5.0 and 5.3 could be reached.

Table 3. Welding current after heat input alignment.

Nr. Material Sheet Thickness Current in kA Spot ]?iameter Mg
(T) in mm (D) in mm

1 DP 800 U 1.5 6.7 6.2 51
2 DP 800 EG 1.0 6.2 5.0 5
3 DP 800 GA 1.5 6.8 6.3 5.1
4 DP 800 GI 1.5 7.0 6.2 51
5 DP 800 ZM1 1.8 7.5 6.9 51
6 DP 800 ZM2 1.8 7.7 7.0 5.3
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In Figure 3, the LME occurrence rate for the different coatings is depicted in a bar chart.
As expected, the uncoated specimens did not show any cracks, because the occurrence
of LME is directly linked to the availability of liquid zinc. It can be seen that less than
10% of the EG samples showed at least one LME crack. Every fifth GA sample showed an
LME crack, and every fourth GI specimen was affected with LME. Most LME occurred
in the zinc-magnesium samples, where LME was observed in a total of two thirds of the
samples LME. From the LME occurrence rate, a certain LME susceptibility of the different
coatings could be derived: zinc-magnesium coatings in combination with AHSS seemed
to be more vulnerable to LME cracking than the other coatings, such as EG, GA and GL
Bhattacharya [8] came up with a similar ranking of the LME susceptibility of the coatings
studied here from various literature sources.

70

60 -

50 -

40 -

30 1

20 1
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U EG GA Gl ZM1 ZM2
coatings

Figure 3. LME occurrence rate of different coatings over all tested tensile loads.

After calculating the LME occurrence rate for every material, the distribution of all
LME occurrences over the tensile load levels can be studied. Figure 4 shows the LME
occurrence rates of EG, GA and Gl over the applied tensile load levels. The LME occurrence
rates rose continuously with higher tensile load levels. Hence, it can be stated that the LME
occurrence is significantly driven by the applied tensile load. This can be related to the
findings of Bohne et al. [17] and Frei et al. [7]. The authors emphasized that especially high
plastic deformation, which is connected to the high tensile loads, is a major driver of LME
cracking. In particular, EG samples showed only LME at tensile loads higher than 60%,
which is similar to the observations of Frei et al. [9]. The authors used a similar welding
under external load setup. It can be seen that the opportunity for the liquid zinc to penetrate
the steel is different for each tensile load level. For instance, no LME cracks occurred at a
tensile load of 10% in all three coatings. The first LME cracks occurred in GI at a tensile
load of 20%. From 30% to 70%, the number of GI samples with LME increased continuously.
At 80% tensile load, all GI specimens broke during the resistance spot welding due to the
weakening of the mechanical structure of the substrate; therefore, the LME cracks were
not counted due to the lack of comparability. The first LME cracks in the GA specimens
occurred at a tensile load of 30% and increased, similar to GI, continuously until a tensile
load of 70%. From the EG specimens, it can be determined that the liquid zinc of the coating
during the range from 10% to 50% was insufficient to produce any LME cracks. The reason
could be that the mechanical structure was still able to withstand the infiltration of liquid
zinc. From these results, it can be assumed that for the occurrence of LME a certain level of
tensile load and a certain amount of liquid zinc are necessary. More available liquid zinc,
as in the case of GA and GI, causes LME cracks to occur at lower tensile loads.
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Figure 4. LME frequency over tensile load for EG, GA and GI. For each coating and tensile load,
10 samples were tested. At 80%, GI and EG specimens braked completely during the welding process.
These samples were excluded from the analysis due to the lack of comparability.

Figure 5 shows the LME occurrence rate over the tensile load of the different zinc—
magnesium coatings. Both showed a continuously high LME occurrence rate over all
tensile load levels, with no significant rise. Hence, the LME occurrence in zinc-magnesium
coatings appears to be driven by the material characteristics of the coatings. It can be seen
that the first LME cracks had already occurred at 10% tensile load.
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Figure 5. LME frequency over tensile load for ZM1 and ZM2. For each coating and tensile load,
10 samples were tested. At 80%, ZM1 broke completely during the welding process. These samples
were excluded from the analysis due to the lack of comparability.

After evaluating the LME occurrence rate, the crack lengths were studied as the second
part of the LME susceptibility. In Figure 6, the measured crack lengths for each coating
are depicted. In addition, the mean value and range were calculated for each coating and
tensile load level. It can be seen that although the data were highly scattered, the mean
values showed clear trends. Therefore, in Figure 6, the mean values of the measured crack
lengths were plotted over the tensile load levels for each material to compare the different
LME susceptibilities. Both zinc-magnesium coatings showed significant crack lengths over
the tensile load levels. Nevertheless, their behavior differed. ZM1 unveiled a steep rise
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in the crack length from the tensile load of 50%, whereas a continuous crack length over
the tensile load range between 30% and 80% in the ZM2 samples could be observed. GI
showed very small cracks under a tensile load of 50%. At tensile load levels higher than
50%, a steep rise in the crack lengths could be seen, as with ZM1. EG exhibited nearly no
cracks when the applied tensile load was smaller than 60%. Only at a tensile load of 70%
did cracks occur. GA showed no cracks between a 10% and 20% tensile load, and after
30% tensile load constant crack lengths appeared until they rose at a tensile load of 80%.
From Figure 6, the different coatings can be ranked with regard to the crack lengths, which
relate to the LME intensity as follows. If the tensile load was between 10% and 50%, the
largest cracks occurred at the zinc-magnesium coatings, whereas EG, GI and GA inherited
comparably small cracks. A tensile load higher than 50% resulted in a steep rise of the crack
lengths of ZM1 and GI, both reaching their maximum length at a tensile load of 70%. The
crack lengths of EG rose after a tensile load of 60%, whereas GA stayed at the same level.
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Figure 6. Crack lengths, measurements, mean and range for the following materials: (a) DP 800 EG;
(b) DP 800 GA; (c) DP 800 GI; (d) DP 800 ZM1; and (e) DP 800 ZM2. (f) Comparison mean crack
lengths of the tested materials.

The results showed that the coating types had varyingly strong LME susceptibilities,
with EG being the least LME-susceptible coating, followed by GA, then GI and ZM as the
most vulnerable coatings to LME cracks. A similar ordering can be found in reference [8]. It
can be assumed that the different chemical compositions of zinc coatings result in different
potentials for the creation of liquid zinc available (phases, reactions, etc.) for LME cracking
during the RSW process. For instance, coatings such as GA, GI and ZM are composed
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of different phase mixtures of zinc, iron, aluminum and, in the case of ZM, magnesium,
which results in different melting temperatures of the coatings compared with EG [19]. It
can be assumed that the melting temperature of the ZM coating is lower than the melting
temperature of EG because of the high proportions of aluminum and magnesium [19],
and hence this coating is in a liquid state for longer durations than EG during the RSW
process. Hence, the duration for which liquid zinc is available on the substrate is longer,
and the potential for LME cracks to occur is much more pronounced [10] than with EG.
A similar consideration of the time with liquid zinc is provided by Bohne et al. [18]. The
authors investigated the LME susceptibility experimentally. They stated that LME only
occurs when the temperatures during the welding process within the ductility trough
coincide with the presence of tensile stresses, indicating a sufficient zinc availability only
for regions heated significantly above the zinc melting temperature. A wider ductility
trough results in a wider temperature range for LME, and hence the available time for zinc
penetration is expanded, resulting in a larger LME susceptibility. Tolf et al. [27] identified
the aluminum contained in GI coatings as the cause of the formation of an oxide layer with a
low conductivity on the sheet—electrode contact surface, which provokes more LME cracks
by generating higher temperatures during the welding process. It can be assumed that the
findings of Tolf et al. [27] can be transferred to GA and ZM, because both coating types
contain aluminum. Hence, the metallic additives in GA, Gl and ZM cause a longer duration
where liquid zinc is available and generate higher temperatures on the surface during
the welding process, which both promote LME cracking [19]. Based on the results, ZM
coatings seem to be more prone to be affected by these effects than GI. The increased LME
susceptibility of GA compared to GI could be explained by the different production process.
After galvanizing, GA samples undergo an annealing process, which results in a fully
alloyed coating containing Fe-Zn intermetallic compounds [8]. These compounds reduce
the risk of LME by shielding the liquid zinc from the surface of the substrate. External loads
can cause the fragmentation of these Fe-Zn intermetallic compounds; hence, the infiltration
of liquid zinc into the steel is enabled [13]. Therefore, LME cracks occur in GA samples at
higher tensile loads than in GI specimens.

Further, sufficient liquid zinc and a certain mechanical load level is required to provoke
LME cracks during RSW. If more liquid zinc is available and the time of availability is longer,
smaller mechanical loads are necessary for the occurrence of LME and vice versa [28]. The
results show that a coating such as EG, with a short duration of available liquid zinc,
shows LME cracks only after a tensile load of 60%, whereas a coating such as ZM, with
a longer time period of available liquid zinc and additional metallic components such as
iron, aluminum and magnesium causing higher temperatures on the surface [27], shows
LME cracks which are already at a low tensile load level of 10%. In addition, it seems
that the tensile load did not have an influence on the LME cracking in ZM coatings. The
LME occurrence rate and the crack lengths in ZM coating are consistent across all load
levels, and hence the conditions (high temperatures and liquid zinc) in ZM coatings during
the welding process are sufficient to produce LME cracks. On the other hand, the LME
cracking in EG, GA and GI coatings seems to be driven by the tensile load. This means that
the conditions regarding temperature and available liquid zinc in EG, GA and GI coatings
during the welding are insufficient to provoke LME cracking and require a certain external
tensile load level.

4. Conclusions

The welding under external load setup showed an ability to investigate the LME
susceptibility of different coatings. It was possible to quantify the influence on the LME
occurrence of the studied coatings, and it was possible to rank the different coatings in
accordance with the LME crack length and occurrence rate.

In summary, the ZM coatings showed the largest LME susceptibility, followed by GI
and GA coatings. EG was identified as the most LME-resistant coating with regard to
occurrence rate and crack length, due to the shorter period for the availability of liquid
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zinc. GI and GA showed a significantly larger LME susceptibility than EG, because the
additional aluminum content in these coatings resulted in higher temperatures on the
surface and a longer duration with liquid zinc. The three coatings had in common that the
LME occurrence raised with the tensile loads, and hence the LME formation was forced by
the external load. In contrast, the ZM coatings showed a different mechanism regarding
the LME susceptibility. A continuous LME occurrence over the tensile loads was observed,
and hence the LME cracking was driven by the material properties of the coating. For
example, the presence of magnesium in ZM could possibly promote the LME cracking. The
additional metallic components, such as iron and aluminum, resulting in a higher melting
temperature and a larger time period for the availability of liquid zinc, were sufficient to
provoke LME during the welding process with a small tensile load level.
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