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Abstract: In the automotive production line, a single pair of electrodes is employed to produce
hundreds of consecutive welds before undergoing dressing or replacement. In consecutive resistance
spot welding (RSW) involving Zn-coated steels, the electrodes undergo metallurgical degradation,
characterized by Cu-Zn alloying, which impacts the susceptibility to liquid metal embrittlement
(LME) cracking. In the present investigation, the possibility of LME crack formation in uncoated TRIP
steel joints during consecutive RSW (involving 400 welds in galvannealed and uncoated TRIP steels)
was investigated. The results have shown that different Cu-Zn phases were formed on the electrode
surface because of its contamination with Zn from the galvannealed coating. Therefore, during the
welding of the uncoated TRIP steel, the heat generated at the electrode/sheet interface would result
in the melting of the Cu-Zn phases, thereby exposing the uncoated steel surface to molten Zn and Cu,
leading to LME cracking. The cracks exhibited a maximum length of approximately 30 µm at Location
A (weld center) and 50 µm at Location B (shoulder of the weld). The occurrence and characteristics of
the cracks differed depending on the location as the number of welds increased due to the variation
in Zn content. Type A cracks did not form when the number of welds was less than 280. Several
cracks with a total length of approximately 30 µm were suddenly formed between 280 and 400 welds.
On the other hand, type B cracks began to appear after 40 welds. However, the number and size of
these exhibited inconsistency as the number of welds increased. Overall, the results have shown that
small LME cracks can form even in uncoated steels during consecutive welding of Zn-coated and
uncoated steel joints.

Keywords: liquid metal embrittlement; TRIP steels; resistance spot welding; consecutive welding

1. Introduction

In recent years, addressing the reduction of CO2 emissions through manufacturing
lightweight and eco-friendly vehicles has become a concerning issue in the automobile
industry [1,2]. Furthermore, enhancing the rigidity of the vehicle bodies to ensure passenger
safety remains a key priority. To meet these requirements, the utilization of advanced high-
strength steels (AHSSs) is increasing. These steels offer high strength and are engineered
with improved formability, enabling the fabrication of vehicle structures using thinner
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sheets [3–5]. Transformation-induced plasticity (TRIP) steels, in particular, provide an
outstanding combination of strength and ductility, making them an attractive material for
producing lighter and more crash-resistant vehicles [6,7]. This remarkable combination of
strength and ductility is primarily attributed to the presence of retained austenite. During
deformation, this retained austenite undergoes an austenite-to-martensite transformation,
resulting in substantial work hardening and an increase in both uniform elongation and
strength [8,9].

To protect the car body against corrosion, zinc-based coatings are usually applied on
the surface of the automotive steel sheets [10,11]. However, during the RSW, which is widely
employed in the automotive assembly, the presence of zinc coatings can introduce the risk
of Zn-assisted liquid metal embrittlement (LME) cracking, which can cause brittle failure
in an ordinarily ductile material. Consequently, numerous studies have been devoted to
understanding and mitigating LME cracks in the RSW of Zn-coated AHSSs [8,12–15]. The
occurrence of LME cracking depends on material-related factors, such as the composition
and microstructure of the material and the properties of the Zn-based coating layer [16].
However, it has been shown that the formation and severity of LME cracks are strongly
influenced by process parameters and factors that affect the thermal–mechanical conditions
that the material is subjected to during the welding process, such as the heat input, electrode
geometry, and misalignments between the electrode and the workpiece [14,16,17]. For
example, Jin et al. [14] investigated the effect of process parameters on LME crack sensitivity
during the RSW of Zn-coated AHSS. They observed that in joints with equivalent nugget
diameters, a higher sensitivity to LME occurred in cases where high welding current
and short welding times were used compared to those with low welding current and
longer welding times. This is because the high current and short time combination led to
faster weld nugget growth, which in turn rapidly elevated the surface temperature. This
temperature increase, coupled with the subsequent cooling from the electrode, contributed
to the heightened LME sensitivity. DiGiovanni et al. [17] demonstrated that the geometry
of the electrode plays a pivotal role in determining both the severity of LME and the
distribution of crack locations. Specifically, they found that a radius-tip electrode resulted
in minimal cracking, whereas an electrode with a truncated cone shape exhibited severe
LME, particularly in the shoulder region. DiGiovanni et al. [18] also showed that electrode
misalignment also plays a role in the LME severity. It has been observed that as the angle
of electrode misalignment increases, the severity of LME also increases. Additionally, it
was concluded that electrode misalignment leads to the deformation of the workpiece,
which in turn results in external mechanical stress. Murugan et al. [19] demonstrated
that the radius-type electrode exhibited lower sensitivity to LME than the dome-type
electrode in RSW of Zn coated steels. They also showed that the radius of curvature is
the most crucial design parameter of the electrode that governs LME cracking. As the
radius of curvature increased, the current density decreased, and the contact area at the
electrode/sheet interface increased. These resulted in lower temperatures and reduced
thermal stress, ultimately leading to a decreased tendency for LME formation.

In the actual automobile production line, various combinations of materials are contin-
uously welded by an automated robot equipped with a pair of electrodes. The electrodes
are employed to create hundreds of welds before they are either dressed or replaced. [6].
As a result, the electrodes undergo various types of modifications (including both geo-
metrical and metallurgical changes), which can significantly affect the thermal-mechanical
conditions at the electrode-sheet interface [6,20]. Kaisar et al. [6] investigated the effect of
electrode degradation on LME cracking in consecutive RSW of galvannealed TRIP steel
by producing 400 consecutive welds. The electrode underwent geometrical degradation,
specifically an increase in the radius of curvature and face diameter. As the number of welds
increased, the radius of curvature also increased, which led to an expanded electrode-sheet
contact area. Consequently, the current density at the electrode-sheet interface decreased,
and there was an increase in heat dissipation through the electrode. This combination
resulted in a decrease in temperature and thermal stress at the electrode-sheet interface.
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The severity of LME cracking decreased with consecutive welding. Furthermore, it was
observed that the electrode underwent metallurgical degradation, leading to the formation
of a Cu-Zn-Fe layer on the electrode surface. This was found to have some impact on the
occurrence of LME cracking.

The RSW of coated and uncoated steels using different pairs of electrodes in the actual
automobile production line would be challenging and time consuming, thereby increasing
the production cost. Therefore, the same pair of electrodes can be used to make hundreds
of welds in coated and uncoated steels being dressed or changed. Since it has been shown
that the electrodes would be contaminated with Zn during the consecutive welding of the
Zn-coated steels [6], there is a possibility that the Zn in the contaminated electrodes can
lead to the formation of liquid Zn and thus LME cracking in the uncoated steel joints in the
consecutive welding. However, to the authors knowledge, this has never been investigated.
Therefore, to address this concern, the possibility of the formation of LME cracks even in
uncoated steel joints during consecutive RSW involving coated and uncoated TRIP steels
was investigated in the present study. Consecutive RSW involving 400 welds of both coated
and uncoated TRIP steels was conducted. The occurrence or absence of LME cracks in the
uncoated steel joints was investigated.

2. Materials and Methods

The base material (BM) used was an uncoated TRIP steel with a thickness of 1.2 mm.
The chemical composition and mechanical properties are shown in Table 1. The microstruc-
ture of the BM consisted of ferrite (F), martensite (M), bainite (B), and retained austenite
(RA), as shown in Figure 1.

Table 1. Chemical composition and mechanical properties of the base metal [6].

Chemical Composition (wt. %) Mechanical Properties

Fe C Si Mn Ultimate tensile
strength (MPa)

Yield strength
(MPa)

Elongation
(%)

Bal. 0.2 1.5 2.4 980 625 21
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Figure 1. Microstructure of the base metal.

The welding process was conducted using an MFDC inverter servo C-type RSW
machine. The electrode used was a dome-type Cu-Cr electrode with a tip diameter of
6 mm (ISO F1-16-20-40-6) electrode. The welding conditions used are shown in Table 2. To
stabilize the electrode and enhance reproducibility, 20 welds were initially produced using
the as-received electrode at a welding current that was 1.0 kA lower than the experimental
welding current, as previously described in [6,21]. This step was taken before implementing
the experimental welding schedule, which is illustrated in Figure 2. The galvannealed TRIP
steel (coating thickness of ~6 µm) was employed to induce electrode degradation [6]. It
has the same thickness, composition, and mechanical properties as the uncoated BM. In all
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cases, a thicker low carbon steel sheet (1.6 mm) was used as the bottom sheet to enable the
use of the high welding current without expulsion [6].

Table 2. Welding conditions used for the consecutive welding (* 1 cycle = 16.67 ms).

Electrode
Force (kN)

Welding
Current (kA)

Time (Cycle *)

Squeeze Weld Hold

4 9 45 30 5
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Figure 2. Sequence used in the consecutive welding of the galvannealed and uncoated TRIP steels.

As illustrated in Figure 2, the experimental schedule involved performing 39 consec-
utive welds on the galvannealed TRIP steel, followed by the subsequent 1 weld on the
uncoated TRIP steel. This sequence was repeated until a total of 400 consecutive welds
were produced. The welding parameters used are shown in Table 2. After welding, the
uncoated TRIP steel welds (40th, 80th, . . . and 400th welds) were analyzed to determine the
presence or absence of LME cracks. The samples were cut through the center of the welds,
then mounted, ground, and polished using standard procedure for metallographic sample
preparation. The analysis of the LME cracks was conducted using scanning electron mi-
croscopy (SEM) as well as electron backscattered diffraction (EBSD) in a 200 FEG (C-Nano)
system at the Converging Materials Core Facility, Dong-Eui University, Republic of Korea.

3. Results and Discussion
3.1. LME Cracks in the Uncoated TRIP Steel Joints

The typical macrostructures of the uncoated TRIP steel joints are shown in Figure 3.
As mentioned in Section 2, a thicker low carbon steel sheet (1.6 mm) was used as the bottom
sheet to enable the use the use of high welding current without expulsion. Therefore, the
top sheet in Figure 3 is the uncoated TRIP steel, while the bottom sheet is the low carbon
steel. Referring to Figure 3a, the first weld made on the uncoated TRIP steel (40th weld in
the consecutive welding) exhibited a nugget diameter of about 6.9 mm. The nugget size
decreased slightly with increasing number of welds, which can be attributed to the reduced
current density caused by the geometrical degradation of the electrodes [6].

As illustrated in Figure 4, the locations where LME cracks commonly form in RSW
are typically divided into three: Location A, Location B, and Location C [6]. Location A,
which is at the center of the weld, corresponds to the region that is in direct contact with
the electrode. In Location B (situated at the shoulder of the weld), direct contact is not
established between the electrode surface and the sheet surface at the initial stage. However,
as the welding progresses, the electrode surface eventually touches the sheet, forming a
shoulder-like inclined surface [22]. Location C (periphery of the weld) exists at the edge of
the electrode/sheet interface. This location does not come into contact with the electrode
throughout the welding process. The LME cracks in these specific locations have been
categorized as type A, type B, and type C cracks.
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In the current investigation, very small cracks were observed in Locations A and B
on the surface of the uncoated TRIP steel joints, depending on the weld number during
the consecutive welding, as discussed in Section 3.3. However, no cracks were observed in
Location C in all the joints, regardless of the weld number. Figure 4b show typical SEM
images of the cross-section of the joints, with the cracks in locations A and B, respectively.
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An EDS elemental analysis was conducted to confirm whether these are LME cracks. As
shown in Figures 5 and 6, the EDS elemental mapping results indicate the presence of Zn
in the cracks. As shown in Figures 5 and 6, besides the presence of the Zn element, Cu, also
known as embrittler [23], was detected in both the type A and type B cracks. However,
Zn was observed both on the surface of the sheet and within the cracks, whereas Cu was
primarily observed inside the crack. The presence of both Zn and Cu inside cracks indicates
that they are LME cracks. The possible formation mechanism is discussed in Section 3.2.
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EBSD analysis was conducted to characterize these cracks further, as shown in Figure 7.
The typical LME crack in the coated steel joint was also analyzed for comparison. Referring
to Figure 7, it can be observed that the cracks in the uncoated steel joints (indicated by the
black dotted line in Figure 6a,b) have a length of about 10–15 µm, which is much lower
than that of the cracks in the coated steel joints (about 46 µm, Figure 7c). Nevertheless,
they exhibit similar characteristics. It is well known that liquid metal penetration occurs
along high angle grain boundaries (HAGBs) (misorientation angles above 15◦) due to
their higher grain boundary energy [24]. Therefore, the misorientation angle across the
cracks was obtained, as shown in Figure 7c,d. All the misorientation angles are above 15º,
which indicates HAGBs. Furthermore, among the HAGBs, LME cracks predominantly
propagate along the prior austenite grain boundaries (PAGBs) [12], which typically exhibit
a misorientation angle in the range of 20–50◦ [25]. Referring to Figure 7c,d, it is evident
that the misorientation angles for the cracks observed in the uncoated steel joints mostly
fall within this range. However, some of them exceeded the range. The kernel average
misorientation (KAM) map was also obtained to understand the local misorientation and
plastic strain further. As shown in Figure 8, there is a relatively uniform distribution of
KAM values across all the locations, without any regions displaying high KAM values.
This suggests that the grains near the cracks did not undergo any plastic deformation,
indicating a complete brittle fracture.
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3.2. Formation Mechanism of the LME Cracks in the Uncoated TRIP Steel Joint

In the preceding section, the cracks formed in the uncoated steel joints during the
consecutive welding (involving both coated and uncoated steels) were identified as LME
cracks. In this section, the mechanism for the formation of these cracks is discussed.

As illustrated in Figure 1, in the present investigation, the welding sequence involved
making 39 welds in the galvannealed steel followed by 1 weld in the uncoated steel until
400 welds were made. During the consecutive welding of galvannealed TRIP steel, owing
to the heat generated at the electrode/sheet (E/S) interface, the Zn-Fe alloy coating would
melt and react with the Cu electrode, thereby contaminating the electrode surface. To
investigate this phenomenon, EDS analysis was conducted on the surface and cross-section
of the electrode. The analysis was conducted after making the 400th weld, as it would be
challenging to analyze the electrode surface after each weld. The results, shown in Figures 9
and 10, clearly indicate the presence of mostly Zn and some Fe on the electrode surface,
confirming the contamination of the electrode surface. Kaisar et al. [6] conducted a detailed
analysis of the phases formed on the electrode surface during the consecutive welding
of the galvannealed TRIP steel and showed that the Zn from the electrode would react
with Cu to form various types of Cu-Zn phases (α-CuZn, β-CuZn, and γ-CuZn phases)
depending on the location, temperature, and exposure time between the molten Zn and the
Cu electrode. Therefore, during the welding of the uncoated steel in consecutive welding,
these Cu-Zn phases may melt, also depending on the temperature at the electrode/sheet
(E/S) interface.

Therefore, SORPAS ® software (V 14.8) was used to obtain the temperature distribution
in the uncoated steel joint. However, it should be noted the current density and, conse-
quently, temperature distribution may vary as the number of welds increases due to the
geometrical degradation of the electrode [6]. Nevertheless, the results (Figures 11 and 12)
provide a general idea of the temperature range in different joint areas. It can be seen
that the peak temperature near the E/S interface falls within the range of approximately
900–1200 ◦C. Referring to Figure 12, as the welding current was applied, the temperature
increased rapidly at the initial stage. Then, it increased at a significantly lower rate until



Metals 2023, 13, 1826 9 of 14

the end of the welding time. The temperature experienced a sudden drop during the hold
time when the welding current was switched off. However, it increased again due to the
withdrawal of the water-cooled electrodes from the sheet surfaces. The peak temperature
reached at points 1 and 2 was 904 and 1128 ◦C, respectively. Therefore, some of the Cu-Zn
phases on the electrode surface would melt (melting points of α-CuZn, β-CuZn, and γ-Cu-
Zn are 1085, 903, and 835 ◦C, respectively [26]), thereby exposing the uncoated steel surface
to liquid Zn and Cu. This would lead to LME cracking under the generated stress.
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As shown in Figure 11, heat is generated in the system during the welding process,
with melting occurring at the faying interface due to the highest heat generation. However,
the sheet surface near the E/S interface experiences a significantly lower temperature rise.
Consequently, it experiences a nonlinear thermal gradient, leading to the development of
tensile stress in this region. The availability of liquid Zn and Cu would then trigger the
LME cracking under the generated stress. Despite the extensive research conducted on
LME over the years, a universally accepted mechanism remains elusive [23]. Nevertheless,
it has been attributed mainly to stress-assisted Zn diffusion along the grain boundary at the
crack tip, which reduces the surface energy of the grain boundary, leading to the decohesion
of atoms at the grain boundary. This process may lead to the crack reopening, allowing
fresh liquid embrittler to infiltrate, thus reinitiating the mechanism and extending the crack
further [23,27].

3.3. Statistics of the LME Cracks in the Consecutive Welding

The LME cracks (type A and type B) formed in the uncoated steel joints were analyzed
as a function of the number of welds in the consecutive welding. Three welds were analyzed
per condition, and the average values for the number of cracks, total crack depth, and
maximum crack depth were determined. These results are presented in Figure 13a–c. It is
observed that the timing of crack formation in the consecutive welding varied depending
on the specific location within the joint. It appears that type A cracks did not occur when
the number of welds was less than 280. However, once the number of welds reached 280 or
more, several cracks with a total length of approximately 30 µm were formed. In contrast,
type B cracks began to appear after 40 welds. However, it was noted that the number
and size of these cracks exhibited inconsistency as the number of welds increased. The
variations in formation timing and characteristics between the types A and B cracks can be
attributed to differences in stress levels in location and variations in the Zn content present
on the electrode surface.
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Due to the difficulty in analyzing the electrode surface during consecutive welding, the
degree of alloying of the electrode was indirectly assessed by determining the Zn content
on the surface of the joints [28]. Figure 14 shows the variation in Zn content in different
locations on the surface of the uncoated TRIP steel welds as the number of welds increased.
In Location A, it was observed that there was little or no detectable Zn on the surface
when the number of welds was less than 280. However, beyond this point, the Zn content
increased significantly. This finding is consistent with the analysis presented in Figure 13,
which demonstrates that type A cracks began to occur when the number of welds reached
280 or more. It appears that the Zn and Cu content in the center of the electrode was not
sufficient to trigger LME cracks before 280 welds. However, it is inferred that the threshold
level for Zn-Cu alloying was surpassed after 280 welds, because of continuous alloying.
In Location B, approximately 15 wt. % Zn was detected on the surface after 40 welds, and
the Zn content displayed fluctuations as the number of welds increased. This observation
aligns with the timing and characteristics of the type B LME cracks. In Location C, despite
the presence of a Zn content similar to that of Location B, LME did not occur. This is
because there is no contact between the electrode and the sheet in this location, leading to a
much lower stress level.
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different locations and (b) Zn content with increasing number of welds.

4. Conclusions

Consecutive resistance spot welding was conducted to produce 400 consecutive welds
in galvannealed and uncoated TRIP steels using the same pair of electrodes. The possibility
of LME crack formation in the uncoated steel joints was investigated at regular intervals.
The following key conclusions were drawn:

(1) Small cracks were observed at the surface of the uncoated steel joints with a maximum
length of about 30 µm and 50 µm in Location A (weld center) and Location B (shoulder
of the weld), respectively, which were confirmed to be LME cracks.

(2) During the consecutive welding, the electrode experienced metallurgical degradation
or contamination with Zn (formation of different Cu-Zn phases) from the galvan-
nealed steel. When welding the uncoated steel, owing to the heat generation at the
electrode/sheet interface, the Cu-Zn phases melted, exposing the uncoated steel
surface to liquid Zn and Cu, leading to LME cracking.

(3) The occurrence and characteristics of the crack formation differed for each location as
the number of welds increased due to the variation in Zn content. Type A cracks did
not form when the number of welds was less than 280. However, several cracks with
a total length of approximately 30 µm were formed between 280 and 400 welds. On
the other hand, type B cracks began to appear after 40 welds. However, the number
and size of these exhibited inconsistency as the number of welds increased.
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