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Abstract: Liquid metal embrittlement (LME) cracking is a phenomenon observed during resistance
spot welding (RSW) of zinc—coated advanced high—strength steels (AHSS) in automotive manufac-
turing. In this study, severe cracks are observed at the edge of the sheet under reduced flange widths.
These cracks, traversing the AHSS sheet, culminate at the edge with a width of approximately 1.2 mm.
Through combined numerical and experimental investigations, and material testing, these cracks are
identified and validated as a new type of LME crack. The mechanism behind this crack formation is
attributed to unique geometric conditions that, when compared to center welding, amplify radial
material flow by ninefold to 0.87 mm. The resultant tangential tensile stresses approximate 760 MPa,
which exceed the yield strength of the examined advanced high—strength steel (AHSS) under height-
ened temperature conditions, and when combined with liquid zinc, promote the formation of this
new type of LME crack.

Keywords: Liquid metal embrittlement; crack; advanced high strength steels; resistance spot welding;
simulation; flange width

1. Introduction

Automobile manufacturers prioritize lightweight designs to augment driving safety
and concurrently reduce emissions [1]. Advanced High—Strength Steels (AHSS) are favored
for their optimal balance between elongation and tensile strength, aligning with these
objectives [2]. Zinc coating is utilized as an effective anti—corrosion technique for advanced
high—strength steels (AHSS) [3]. However, during high—temperature manufacturing
processes, especially when the processing temperature exceeds the melting point of zinc
(420 °C), such as hot press forming and resistance spot welding (RSW), steel with zinc
coatings becomes susceptible to liquid metal embrittlement (LME) [4]. A particular concern
is ‘zinc—assisted LME’, where liquid zinc penetrates the steel substrate via the grain
boundaries of a vulnerable microstructure, facilitated by tensile stress. This leads to grain
boundary decohesion and eventual cracking in the steel [5].

In the fabrication of body—in—white (BIW) components, RSW is the preferred method
for joining these steel types [6]. Therefore, the feasibility of joining galvanized AHSS
through RSW determines whether they can be successfully incorporated into automotive
manufacturing [7]. Ashiri et al. [8] pointed out that, compared to conventional steels, the
richer chemical composition and higher strength of AHSS make them more susceptible
to LME. Furthermore, Bhattacharya elaborated on the fundamental conditions for LME
occurrence, emphasizing that materials become susceptible to LME when specific loads or
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stresses and liquid zinc are present simultaneously [9]. Hot tensile tests determined the
critical temperature conditions for LME, revealing that temperatures between 700 °C and
900 °C led to increased LME susceptibility [10]. Nicholas and Old underscored the role of
stress, noting that sheet materials must experience sufficient stress levels to induce minor
plastic deformations [11]. Echoing this, DiGiovanni et al. reported that increasing stress
levels by applying external loads heightens brittleness to LME [12]. Modern finite element
analyses by Jung have shown that tensile stresses generated during the RSW cooling phase
surpass the yield strength, highlighting the clear risk of LME in AHSS [13]. Currently,
beyond examining steel substrates and stress, E1—Sari et al. have investigated the effect of
different AHSS coatings on LME sensitivity. They found that zinc-magnesium coatings
(ZM) had the most substantial influence, followed by galvanized (GI) and galvannealed
(GA). Electrogalvanized (EG) coatings exhibited the least sensitivity to LME [14].

Several studies have explored methods to mitigate LME cracks. DiGiovanni et al.
demonstrated that by utilizing a ramp—down welding current during RSW, the severity of
LME can be mitigated [15]. Song et al. discovered that varying electrode forces can similarly
reduce the occurrence of LME [16]. Delving deeper into the RSW process, Lalachan et al. [17]
pinpointed that escalating the growth rate of electrode cap contact with the sheet can
mitigate LME cracks. Outside of process adjustments, Bohne et al. highlighted that
broadening the working diameter of the electrode cap stands as an effective strategy against
LME [18]. On the materials front, Van der Aa et al. evaluated how high—temperature
cycling could modify the microstructure of zinc—coated AHSS to resist LME [19]. Similarly,
Kim et al. showcased the potential of an x—Fe(Zn)—layer in hindering liquid zinc from
contacting the steel substrate, thereby reducing LME risks [20]. Ghatei—Kalashami et al.
reinforced this observation, noting that sustained, high—intensity tensile stress has the
potential to fracture the x—Fe(Zn,Al)—layer, thereby exacerbating the formation of LME
cracks [21]. Shifting the focus to zinc’s intrinsic effects, Wang et al. [22] conducted hot
tensile tests on both zinc—coated and uncoated steels. Their findings revealed a notable
reduction in plastic deformation for zinc—coated samples, emphasizing the embrittling
influence of liquid zinc.

To ensure the weldability of AHSS components, these parts are designed with broad
flanges. Typically, these range from 16-20 mm in width. This design choice leads to
increased material usage and consequently, added weight to the overall vehicle structure.
Given this, there is a growing emphasis, especially in mass—market steel car bodies, on
reducing the flange width of components to less than 10-12 mm as a weight—reduction
measure. However, with reduced flange widths, there is a risk that spot welds might
be dangerously close to the sheet’s edge, often due to common assembly positioning
errors in production. Thus, a pivotal requirement for realizing these weight—saving
benefits is the capacity to consistently and safely employ effective joining techniques at
these reduced flange widths. Achieving this without compromising joint strength or
excessively increasing the number of spot welds is paramount. This situation underscores
a pressing research imperative in joining technology, with a particular focus on RSW given
its widespread use in automotive body manufacturing [23].

Manzenreiter et al. investigated the influence of the distance between spot welds and
the edges of components on galvanized hot—stamped steel [24]. Their results indicated
that when this distance is reduced below a certain threshold, cracking occurs near the
edge. Owing to the notch effect, these observed cracks cause the component to fail under
lower energy levels during load—bearing assessments. Regrettably, the study did not
provide comprehensive photographic documentation of these cracks, nor did it elucidate or
pinpoint their causative factors. As a result, the precise mechanism triggering these cracks
remains ambiguous.

In response to the aforementioned research gap, the study first identifies the pivotal
flange width at which crack initiation is observed. Employing the hypothetico—deductive
method, it is proposed that such cracks could be categorized as LME cracks. To validate this
hypothesis, an integrative approach is adopted, merging experimental research, material
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testing, and finite element simulations, aiming to determine if these cracks conform to
the recognized conditions for LME occurrence. Subsequently, a detailed analysis of crack
formation is undertaken, exploring the inherent mechanisms involved. In conclusion, the
distinct attributes of these cracks are characterized and detailed.

2. Novelty and Application

Driven by the automotive manufacturing industry’s shift towards reduced flange
widths for lightweight designs, this research identifies significant cracking at the sheet edge
attributed to such reductions. Merging insights from experimental validation and numerical
simulations, the findings confirm that these observed cracks align with the prerequisites
for LME crack formation. The observed brittle fracture cross—section combined with the
penetration of liquid zinc into the steel substrate, designated this as a new type of LME
crack. Unlike conventional LME cracks, which are primarily confined to the electrode
indentation in a ring—like configuration [25], this newly identified type of LME crack is
evident outside the electrode indentation, presenting as an inverted cone that traverses the
AHSS material.

This research emphasizes a critical knowledge gap in LME crack behavior due to
reduced flange widths and underscores the need to refine RSW techniques for compatibility.
By defining this new type of LME crack, a fresh framework for scrutinizing LME cracks
within RSW is established. By uncovering the origins of this particular crack type, the study
broadens understanding of LME behaviors in RSW and charts a course for the development
of mitigation strategies in subsequent applications.

3. Materials and Methods

The experiments detailed in this article employ a dual—phase (DP) steel that is
electro—galvanized (EG) on both surfaces and belongs to a strength class of 1200 MPa.
This material is denoted as DP1200 DH, aligning with CR850Y1180T—DH as referenced
in [26], and serves as the representative AHSS material [27]. Distinctively, the DP1200 DH,
a third —generation AHSS, exhibits superior ductility compared to conventional DP steels
within the same strength bracket. For this research, DP1200 DH is paired with a hot—dip
galvanized (DHG) mild steel (DX56D) [28]. Tables 1 and 2 outline the chemical composition
and mechanical attributes of the materials respectively. The choice of this material pairing
draws inspiration from the insights of Benlatreche et al., aligning with contemporary indus-
trial interests [29]. In the experimental setup, the DP1200 DH sheet is placed on the anodic
side, while the mild steel sheet is on the cathodic side.

Table 1. Chemical composition of the utilized material combination determined by heat analysis
(expressed in weight—%) [27,28].

C Si Mn P Al Cr + Mo Ti B Cu
DP1200 DH 0.23 2.00 29 0.05 0.015-2.0 1.40 0.15 0.005 0.20
DX56D 0.12 0.50 0.6 0.10 — — 0.30 - —

Table 2. Mechanical properties of the utilized material combination determined by tensile test [27,28].

. 0.2% Yield Tensile Strength Total Elongation
Thickness . .
[mm] Strength Ry R min. Agp min.
[MPa] [MPal] [%]
DP1200 DH 1.51 850-1050 1180-1350 13
DX56D 2.00 120-180 260-350 39

The experiments utilized a 1000 Hz medium frequency direct current (DC) in RSW,
executed with a pedestal servo—electric x—type welding gun depicted in Figure 1. The
electrodes were water—cooled at a rate of 4 1/min, and the electrode cap conformed to the
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F1-16—20—50—5.5 specifications as outlined in ISO 5821 [30]. The welding current range

was set according to prevalent industry standards [31]. For this study, assessments were

conducted on test specimens measuring 45 x 45 mm?.

2: Voltage
probe clamp
(Anode)

L] 4: Voltage
] probe clamp
(Cathode)

Figure 1. Experimental setup with multiple measurement devices and sensors.

Table 3 presents the welding parameters. A comparative analysis of spot welds at four
distinct edge distances is conducted. Here, the edge distance is defined as the distance
from the center of the electrode cap to the sheet edge. The electrode force, welding time,
squeeze, and holding time parameters are selected based on [31]. The welding current
used at different edge distances corresponds to the maximum spatter—free welding current
determined at the sample center. Surface views of the spot welds were analyzed for a
comparative evaluation.

Table 3. Welding Parameters.

Electrode Geometry F1-16—20—50—5.5
Electrode force 4.5 kN
Weld current 9.5 kA
Weld time 380 ms
Squeeze/Hold time 300 ms
Edge distance 4 mm, 5 mm, 6 mm, 7 mm
Stack—ups DP1200 DH/mild steel

To examine the zinc coating’s influence on the crack, this study used both galva-
nized and non—galvanized steel sheets with the identical welding parameters. For the
preparation of non—galvanized steel sheets, the zinc coating was removed using a 20%
hydrochloric acid solution. A visual inspection of the sheets was subsequently performed
using an optical microscope, with findings documented photographically. The sample was
cross—sectioned along any visible cracks, and a Scanning Electron Microscope (SEM) was
used to observe the crack’s cross—section, helping determine its fracture characteristics.
Further analysis was carried out using an Energy Dispersive X—ray Spectrometer (EDX)
to ascertain the crack surface’s chemical composition, ultimately confirming whether the
observed crack was indeed an LME crack.

A rigorous validation of the conditions necessary for LME crack occurrence was
achieved using a finite element model developed in Simufact Welding software version
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2020.0.1, as cited in [32]. Cross—sectional and transient temperature measurements, in line
with [33], validated this model using data from the conducted experiments. The DP1000
material dataset, previously validated in [32], was also utilized, adjusted to match the
required Rp2 and Ry, values. The contact resistance applied in the simulation model is
derived from measurements taken on the material stack—up.

The modeled sheets were geometrically consistent with the actual 45 x 45 mm
specimens. Fixed elements at the sheet peripheries were chosen as boundary conditions in
the simulation to match the experimental welding configuration. Two distinct models were
introduced: one representing a weld at the center of a sheet stack and the other simulating
an edge distance of 4 mm (subsequently referred to as “edge welding” within the simulation
framework). These models comprised approximately 19,000 linear hexahedral elements,
with local refinement zones concentrated in the welding region. In the welding zone,
element edge lengths were reduced to as little as 0.26 mm. The computation duration for
these intricate, time—dependent, electro—thermomechanical simulations averaged about 1
h and 15 min.

A twofold refinement in the mesh convergence assessment reduced element lengths
to 0.13 mm, resulting in a 4% variation in peak process temperature. However, this
refinement increased computation times eightfold. A study using a threefold refinement
was not pursued due to the excessive computation durations. Given the negligible accuracy
variation between the base model and its first refinement, the single refinement model was
deemed the most appropriate.

Tangential stresses were extracted from the DP1200 DH sheet’s upper surface, specifi-
cally at a 4 mm distance from the weld center, and were sourced directly from the outermost
edge fiber, which corresponds to the same distance from the weld center.

2

4. Results and Discussion
4.1. Experimental Identification

Figure 2 displays both top and 45° angled views of spot welds over various edge dis-
tances. As the edge distance decreases, there is a notable heat accumulation and significant
bulging deformation visible at the steel sheet edge, as seen in Figure 2B,C. As shown in
Figure 2D, a longitudinal crack became evident when the edge distance is further reduced
to 4 mm. Consequently, an edge distance of 4 mm was chosen for further experimental
investigation in this research.

»

il i)

Figure 2. Comparison of solder joint shapes at different edge distances. (A): Edge distance is 7 mm.
(B): Edge distance is 6 mm. (C): Edge distance is 5 mm. (D): Edge distance is 4 mm.

Figure 3 documents a magnified image of the observed crack, obtained through macro-
scopic observation, at a 4 mm edge distance. The crack, displaying an inverted cone—shape,
is located outside of the electrode’s indentation and is widest at the flange edge, approxi-
mately 1.2 mm. Additionally, the crack permeates the AHSS material, DP1200 DH, leading
to its complete failure at the sheet edge.
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DP1200 DH

Figure 3. Observation of crack morphology at an edge distance of 4 mm.

The primary task for accurately identifying this type of LME crack is to determine
whether the cracking location experiences tensile stress during RSW. This is initially evalu-
ated by observing the deformation (bulging) on the sheet edge. As welding approaches
the sheet edge, less solid metal resists the electrode force, leading to plastic deformation
and the formation of a bulge. When imagining the outermost fiber during this bulging
it can be assumed that because of the ‘stretching’ of the fiber, tensile stresses are present.
This assumption is validated by the numerical simulation shown in Figure 4, taken just
before the sheet edge starts to deform. The maximum tensile stress is observed near the
sheet’s edge. Hence, it is concluded that these cracks satisfy one of the prerequisites for
LME occurrence, which is the presence of tensile stress.

X Stress [MPa]

725
[ 581
437
293
149
5
-139
-283
TV [ -427
-~ Electrode cap -571

- contactarea [ y -715

Figure 4. Top view of the peak tensile stress distribution in the X direction on the AHSS side
(DP1200 DH) during the welding process at 140 ms.

Having confirmed the existence of tensile stresses at the crack locations, it is important
to note that the cracks in this study differ significantly in position and form from traditional
LME cracks. To gain a deeper understanding, this study evaluates whether these cracks
also meet another LME prerequisite: the influence of liquid zinc on their formation. This
was achieved by conducting 20 repeated welding experiments on identical materials with
and without zinc coating, using the same welding parameters. The zinc—free samples were
obtained by removing the zinc coating with 20% hydrochloric acid. Figure 5 presents a
comparative analysis of test results at the 4 mm edge distance, revealing severe cracking in
the zinc—coated steel sheets. In contrast, samples devoid of the zinc coating displayed no



Metals 2023, 13, 1754

7 of 13

evident cracks. These findings indicate that the presence of liquid zinc, rather than tensile
stresses, plays a more pivotal role in this crack formation.

Without zinc coating 4 2t ; With zinc coating

Figure 5. Experimental investigation on the influence of zinc coating on crack formation.

To gain deeper insight into the crack’s fracture mechanism, the fracture surface was
examined using a Scanning Electron Microscope (SEM), as shown in Figure 6. This examina-
tion revealed defining features of a brittle fracture: the surface was luminous, smooth, and
consistent, contrasting starkly with the uneven or elongated appearance typical of ductile
fractures. Upon magnification, the image revealed numerous “groove—like” patterns,
suggestive of swift crack progression during the brittle fracture process. Additionally, the
absence of discernible plastic deformation or necking on this surface further attested to its
brittle nature.

Figure 6. Verification of brittle fracture characteristics of the crack surface through Scanning Electron
Microscope (SEM) analysis.

From the preceding analysis, the zinc coating has been identified as the principal
factor leading to the brittle fracture of the crack. To delve deeper into the role of this zinc
coating in crack formation, this study utilized Energy Dispersive X—ray (EDX) analysis
to examine the chemical composition of the fracture surface. The objective was to discern
the distribution of chemical elements on this fractured area, and subsequently ascertain if
liquid zinc had penetrated into the steel substrate during the welding process. This would
determine if the crack’s formation was influenced by an LME—mechanism.

As shown in Figure 7a, the sample was specifically processed to ensure a perpendicular
scan to the cross—section, aiming to avoid interference from the crack angle during the
EDX analysis. To achieve this, a metallographic cutter was used to cut the sample 0.5 mm
to the right of the crack’s center. This ensured that the left side of the crack, observed
subsequently, remained undamaged during the cut, preserving the accuracy of the EDX
analysis. As shown in Figure 7b, the crack cross—section is clearly visible behind the
cutting surface, confirming that it did not incur any additional damage throughout the
preparation process.
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(a) (b) (c) (d)
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Figure 7. EDX analysis of the penetration of liquid zinc in DP1200 DH during the RSW process.
(a) Mlustration of the sample’s cutting direction and observation surface. (b) Prepared sample
post—processing. (c) Distribution of Fe element. (d) Distribution of Zn element.

The EDX analysis results clearly indicate the distribution of the Fe element across the
sample’s cross—section, including both the steel substrate and the crack fracture surface,
as shown in Figure 7c. In contrast, the Zn element is only observed on the crack fracture
surface, as depicted in Figure 7d. It is important to note the significant non—uniformity
in the distribution of the Zn element on the fracture surface. In a vertical orientation, a
heightened concentration of the Zn element is evident towards the upper—middle section of
the material, proximate to the electrode cap side. This observation supports the assumption
that the zinc coating, located near the electrode cap, melted during the welding process.
This molten zinc then penetrated the steel substrate, leading to its embrittlement. Under
the influence of the previously mentioned tensile stresses acting along the sheet edge, this
embrittlement ultimately led to this crack formation.

4.2. Finite Element Simulation

The experimental investigation confirmed that the observed crack in the iron—zinc
system meets the essential criteria for LME occurrence. These experimental findings, along
with a quantitative analysis of the crack’s formation mechanism, will be further validated
in subsequent welding simulation investigations.

Employing the same methodology as in the experimental analysis, the deformation
at sheet edges is initially quantitatively examined using finite element analysis. This
evaluates the local displacement in the Y—direction at the conclusion of the welding
process, providing insight into material flow dynamics. To ensure a consistent comparison
of ensuing results, designated analysis points (represented by circles) are situated 4 mm
from the welding center in both welding scenarios. These findings are depicted in Figure 8.
In center welding, there is minimal displacement, peaking at 0.11 mm. Conversely, edge
welding registers a considerably elevated maximum displacement of 0.89 mm—almost
ninefold that of center welding. Such a marked difference underscores a pronounced
increase in material flow during edge welding, corroborated by the sheet deformation
observed in the welding simulation. This heightened deformation likely stems from the
reduced volume of solid metal countering the electrode force in edge welding scenarios.

' Y displacement [mm]
0.89
0.80
0.71
0.61
0.52
0.43
0.34
0.25

Figure 8. Y displacement (radial) shown for (a) a weld in the center of a sheet and for (b) edge
welding. The circle marks a 4 mm radius from the spot weld’s center, with the dashed line indicating
the electrode position during welding.
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The stress examination in Figure 4 can be further elaborated by considering the stress
distribution across the cross—section. An investigation time of 140 ms, which coincides
with the peak stress period, was selected before the onset of plastic deformation mitigates
these stresses. As evident from Figure 9b, during edge welding, there is noticeable plastic
displacement in the Y direction. This is driven by pronounced tensile stresses in the
X direction. In contrast, center welding exhibits significantly reduced stresses in the X
direction, leading to a smaller extent of radial displacement.

' ' X normal stress [MPa]

725
OASSSSSSSS ASSSSSSSSNY

591

456

322

Z . 188

0
1 mm

x
®
v

=<
]
| =
How
3

e 3 -618

Figure 9. X normal stress (tangential) shown for (a) a weld in the center of a sheet and for (b) edge
welding during the welding process at 140 ms. The circle marks a 4 mm radius from the spot weld’s
center, with the dashed line indicating the electrode position during welding.

Figure 10 depicts the change in tensile stress state due to material flow during the
welding process at different locations. This is shown by plotting both the temperature and
tensile stresses in the X direction (parallel to the sheet’s edge) for both welding simulations.
The orange box indicates the availability of liquid zinc, representing the period during
which the surface temperature of the sheet exceeds the melting point of zinc at 420 °C.

1400 —= 1000
a —— Temperature -
1200 —— Stress Tensile stress || 750
Zn melting temp reached | 500
) 1000 4 === Zero line of stress
< F250 =
2 800 - @
2 £
g 2
g 600 -
dEJ [
=400 -
200 4 - L
Compressive stress
0 T T T T T T T —1000
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Time(s)
1400 1000
1200 b Tensile stress || 750
__ 1000 300
e 250 =
T 800 g
=] =
Y e ]
g 600 g
£ F-250 &
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200 Zn melting temp reached - L —750
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0 T T T T T T T -1000
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Figure 10. Comparison of stresses in X—direction and temperatures at the selected analysis points
during (a) welding in the center of a sheet and (b) edge welding.
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Regardless of the spot weld’s position during the squeeze time, the stress at the
analyzed area drops to a negative value, indicating a compressive load state due to the
force applied by the electrode. When the spot weld is at the center, the compressive
stress decreases once the welding current is initiated. In contrast, when the spot weld
is at the sheet edge, during the same welding period, the stress rapidly transitions from
approximately —500 MPa to a positive value, reaching around +800 MPa, indicating
a transition to a tensile stress state. These differences are explained by the previously
discussed phenomenon caused by geometric condition changes, causing material to flow
outward at the sheet’s edge and thus generating tensile stress at the deformation zone. By
the 0.2 s mark of the welding process, the tensile stress of the edge welding case gradually
decreases. This stress evolution is due to stress relief through plastic deformation as the
temperature rises, bringing it down to a lower absolute value. During the cooling process,
the stresses in both welding scenarios increase to a positive range (tensile stress) due to
material expansion caused by heat transfer from the welding nugget to the material surface
after the electrode cap leaves the welding position. Summarizing the above analysis, it
is concluded that when welding at the edge, the observed location is subjected to tensile
stress throughout the entire welding process, and its peak value is significantly higher
than the tensile stress generated when welding at the center. Additionally, after 0.25 s, this
tensile stress appears alongside the liquid zinc, combining known influence factors for
LME formation.

The evidence to date confirms that this crack aligns with the fundamental conditions
for LME cracks within the iron—zinc system. However, research by Nicholas and Bhat-
tacharya suggest a more specific condition for LME occurrence during the RSW process:
the tensile stress must surpass the material’s yield strength [9,11]. Additionally, in hot
tensile tests, Béal found LME occurrence only when the tensile stress marginally exceeded
the yield stress [34]. Béal also termed this phenomenon as the “critical stress” essential for
fostering LME at elevated temperatures. In line with these findings, Jung’s finite element
analysis demonstrated that the primary driver for heightened LME susceptibility is the
tensile stress surpassing the yield strength [13].

When applying this LME judgement criterion, it is necessary to study the tensile
stresses in relation to yield strength. Since yield strength is temperature—dependent,
investigating the temperature distribution over time, as shown in Figure 10, is essential.
Figure 10a depicts the highest peak temperature achieved during welding at the center of
a sheet, which is around 800 °C, while Figure 10b shows that edge welding experiences
higher peak temperatures, just below 1200 °C. There is also a slower temperature drop,
as indicated by the larger orange box in Figure 10b, representing the duration when the
temperature exceeds 420 °C. The higher peak temperature indicates that the yield stress is
significantly lower, increasing susceptibility to plastic flow compared to center welding.
This change in yield strength necessitates comparing not just the total tensile stresses but
also analyzing how tensile stress relates to yield strength at elevated temperatures.

Using the known yield strengths at various temperatures, as provided by the material
parameters in [32], a sixth—order polynomial can be derived to describe this behavior:

f(x) =9.949¢71%.x% — 4508711 %% +7.591¢ 8. x* — 5.665¢°-x> 4 0.01672-x* — 1.826-x + 986 (1)

In the simulation, the observed tensile stresses are compared to the temperature—dependent
yield strength. This comparison is achieved by dividing the tensile stress by the yield
strength, calculated for the specific temperatures occurring during the welding simulation.
If the resulting value is equal to or greater than 1, it indicates plastic flow.

Figure 11 presents the outcome of this calculation. It shows the ratio of stress to
yield strength, plotted against temperature for edge welding at the previously mentioned
examination site. During the period when liquid zinc is present, the tensile stress at the
chosen analysis point exceeds the DP1200 DH yield strength at two instances: 0.4 s and
0.7 s, indicative of plastic flow. Having met this final verification condition, the observed
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Temperature(°C)

cracking in this study’s edge welding is identified as a novel category of LME crack specific
to RSW.
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Figure 11. Investigation of occurring tensile stress standardized to the yield strength at the present
temperatures for the edge welding.

5. Conclusions and Outlook

This study explored the DP1200 DH and mild steel stack—up cracking behavior
in resistance spot welding under reduced flange width conditions. Through designed
experiments, SEM and EDX analyses, and finite element simulation, the mechanism of this
cracking behavior was analyzed, leading to the identification of a new type of LME crack.
Based on the results revealed from this study, the following conclusions can be drawn:

1. When the stack—up explored in this study is spot—welded with a flange width less
than or equal to 4 mm, severe edge cracking appears on the AHSS side. The crack radiates
and points toward the edge of the sheet.

2. By examining the influence of the zinc coating on crack formation, it is known that
the occurrence of the crack is due to the presence of the zinc coating, which determines that
the crack does not belong to the category of mechanical cracks.

3. Based on the fracture mode and the penetration of liquid zinc, combined with the
finite element analysis revealing the simultaneous occurrence of liquid zinc and tensile
stress exceeding the yield strength of DP1200 DH, this has been identified as a new LME
crack type in the RSW of galvanized AHSS.

4. Contrasting this with known LME cracks, the tensile stress prompting this new LME
crack primarily arises from significant radial material deformation near the sheet’s edge.

5. Preventing these LME cracks hinges on optimizing either welding parameters or
boundary conditions to minimize tensile stress directed towards the sheet edge.
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