
Introduction

     In the automotive industry, zinc coating is used as an ef-
fective technique to prevent advanced high-strength steels
(AHSS) from corrosion (Ref. 1). Generally, automotive steels
are available in two types of zinc coatings, namely galva-
nized and galvannealed. Galvanized steels are produced by
hot dipping into a molten zinc bath and subsequent forma-
tion of uniform coating, whereas galvannealed steels are

produced by a post-hot-dip heat treatment at 450° to 590°C
for a duration of approximately 10 s. This process enables
the diffusion of substrate iron into the coating and forms
thin layers of Fe-Zn intermetallic compounds (Refs. 1, 2).
Despite corrosion protection, zinc coatings on steel are
prone to liquid metal embrittlement (LME) during high-
temperature manufacturing processes such as hot press
forming, hot-dip galvanizing, and resistance spot welding
(RSW) (Refs. 3–6). Zinc-assisted LME is the penetration of
liquid zinc into the steel matrix through grain boundaries of
a susceptible microstructure aided by tensile stress, causing
grain boundary decohesion and cracking in the steel.
Process temperatures higher than the melting point of Zn
(420°C) causes the galvanized coating to melt and serve the
necessary condition of liquid metal availability.
     Resistance spot welding is a fusion welding process used
to join steel sheets in automobile production lines in which
the heat required for melting is produced by passing a high
current through small spots using copper electrodes (Refs.
7–10). In RSW, LME cracks can significantly deteriorate the
spot weldability of Zn-coated AHSS (Refs. 11–16). The zinc
coating in steels melts at a relatively lower temperature
(420°C) to produce liquid zinc at the sheet surface during
RSW. The melting of zinc along with the presence of high
tensile stress generated during the thermomechanical weld-
ing cycle lead to the penetration of liquid zinc into the steel
matrix, causing LME (Refs. 13, 17, 18). As the LME crack
can affect the mechanical performances of the spot welds,
these cracks need to be eliminated.
     Most of the existing literature on Zn-LME is concerned
with ductility loss and crack propagation with a high-
temperature tensile test (HTTT) (Refs. 4, 19, 20). Liquid
metal embrittlement cracking can be studied using HTTT;
however, the presence of water-cooled copper electrodes
makes LME in RSW unique. The copper electrodes are found
to influence LME cracking in several ways, mainly by the
formation of brittle Cu-Zn intermetallic compound due to
the reaction between liquid zinc from the coating and cop-
per from the electrode (Refs. 11, 21). Furthermore, the
geometry of the electrode also influences LME due to the
variation in temperature, stress, and availability of zinc by
manifesting different contact conditions (Refs. 21–24). Con-
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sequently, it is important to consider the presence of the
electrode and the electrode-to-sheet (E/S) interface during
the study of LME.
     Moreover, a review of the available literature suggests
LME cracks are concentrated at specific locations of the
welds. Hence, various classifications of the cracks were pro-
posed based on the crack location; however, these classifica-
tions differed in many ways (Refs. 11, 18, 23, 25). Choi et al.
(Ref. 18) outlined three types of cracks in RSW, whereas
Bhattacharya (Ref. 23) showed four types. On the other
hand, the industrial standard of the American Welding Soci-
ety proposed a grouping of surface cracks, but not LME,
based on the location (Ref. 25). Instead of considering the
reason for crack formation, the impact of surface cracks on
the mechanical properties of the spot welds were considered
as the criterion for the grouping. Additionally, the cracks
formed at the sheet-to-sheet (S/S) interface were not dis-
cussed in these reports. The classification of LME cracks
based on the location is important for carrying out further
investigations on 1) the mechanism of LME cracking, and 2)
the performance of the welds. From the basics of RSW, each
crack location is expected to experience different thermal
and mechanical characteristics due to the difference in the
heating and cooling rates, temperature gradient, contact
pressure, etc. (Ref. 26).
     Subsequently, the study of the different types of LME
cracks will provide information toward formulating the
mechanism of LME during RSW. From the point of view of
weld performance, the impact of LME cracks at various loca-
tions on the joint integrity is expected to be different. The
cracks formed at the center of the weld surface would be less
influential because it is away from the edge of the nugget.
On the other hand, the cracks at the edge of the E/S or S/S
interface would have detrimental effects because they are lo-
cated near the edge of the nugget. Therefore, the safety
standards for the cracks permissible or allowable crack
length for various cracks can be different. Hence, the steel-
makers and automotive manufacturers will be interested to
have a classification of LME cracks to make appropriate 
acceptance standards.

     This paper investigates the formation of LME cracks at
various locations in RSW and proposes a systematic classifi-
cation of LME cracks. An attempt is made to understand the
formation mechanism of LME cracks at various locations
through a detailed characterization of the crack locations us-
ing experimental and simulation techniques. Specifically,
the features of various LME cracks are correlated with the
combination of thermal, mechanical, and metallurgical char-
acteristics of the corresponding crack locations. The new
factors, namely “exposure times” to liquid zinc and tensile
stress, believed to influence LME in RSW are introduced
here to explain the time dependency of LME cracking.

Experimental Procedure

Materials

     The behavior of LME cracking in zinc-coated advanced
high-strength steels was studied using a 1.2-mm-thick gal-
vannealed (GA) complex phase (CP) steel with a chemical com-
position of 0.2 wt-% C, 2.2 wt-% Mn, and 1.0 wt-% Si as well
as mechanical properties of 970 MPa ultimate tensile strength,
370 MPa yield strength, and 16% elongation. Complex phase
steel is developed for automobile parts that require higher
flangeability and yield strength/tensile strength ratio, and it
contains a mixture of ferrite, bainite, martensite, retained
austenite, and precipitates (Ref. 27). The microstructure of the
steel shown in Fig. 1 consists of ferrite, martensite, bainite,
and retained austenite. 

Resistance Spot Welding

     The resistance spot welding of the samples was carried
out using a servo C-type welding gun with a medium fre-
quency direct current power source. A dome-shaped Cu-Cr
electrode with a body diameter of 16 mm, face diameter of 6
mm, and face radius curvature of 50 mm was used for exper-
iments. The welding parameters for the study were chosen
based on the ISO 18278-2:2004 standard and are shown in
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Fig. 1 — Microstructure of the base metal: A — Optical image; B — SEM image (F: ferrite; RA: retained austenite; B: bainite; M:
martensite).
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Table 1. In Table 1, the squeeze time is the time interval be-
tween the application of electrode force and the application
of welding current; the weld time is the time period during
which the welding current is applied to the material through
the electrode; and the hold time is the time during which
the electrode force is provided to the weld after the welding
current ends (Ref. 28). The welding current was varied with
an intention to produce welds with different heat inputs.

Metallographic Studies

     A high-magnification, high-resolution optical microscope
(Olympus BX51M) was used to obtain the images of the
cracks from the cross sections of the resistance spot welds.
Individual crack lengths were measured for each sample and
presented in terms of the total crack length (TCL), the maxi-
mum crack length (MCL), and the average crack length
(ACL). Maximum crack length is used frequently to explain
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Fig. 2 — Cross-sectional image of the weld with welding current: A — 7.5 kA; B — 8.0 kA. Variation of LME cracking with welding
current: C — TCL; D — MCL; E — ACL; F — number of cracks.
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the LME cracking behavior because it provides a direct
measure of the length of the embrittled area from the sur-
face (Ref. 29). The number of cracks and crack orientation
(angle) were also determined to explain characteristics of
the cracks. Crack orientation was measured as the acute an-
gle between the plane of crack propagation and the plane
containing the sheet surface. Microstructural evaluations
were carried out using optical and field emission scanning
electron microscopes (FE-SEM; JEOL JSM-7200F) after
chemical etching with 3% nital solution. The phase fractions
of ferrite in the base metal and the various crack locations in
the weld were measured from the SEM images using the Im-
ageJ software. Thresholding was first performed on the im-
ages using the ImageJ software to differentiate the ferrite
from the other phases, such as bainite and martensite.
Thresholding is a technique of segmentation of an image
into two or more classes of pixels. Then, the area of the seg-
mented ferrite was measured using a tool in ImageJ called
Analyze Particles. An electron probe microanalyzer (FE-

EPMA; JEOL JXA-8530F) was used for the elemental analy-
sis of various LME cracks.

Simulation

     To understand and determine the temperature history and
stress distribution during RSW, a commercial software called
SORPAS® was used. The same welding parameters were pro-
vided as in the experimental procedure. Thermo-Calc®™, a
software package for the calculation of thermodynamic and
phase equilibria, was used to simulate the equilibrium phase
fraction of the given steel at different temperatures.

Results

LME Cracks in GA-CP Steels

     Figure 2A and B shows the cross-sectional images of spot
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Fig. 3 — A — Schematic diagram of the preferred locations of crack formation; B — SEM images of cracks at various 
locations.

Table 1  — Welding Conditions Used to Make Resistance Spot Welds in This Study

Electrode Force (kN)             Squeeze Time (ms)                 Weld Time (s)                       Hold Time (ms)                    Water Flow Rate (L/min)

             4.0                                      1000                                    300                                       300                                               6
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welds with welding currents of 7.5 and 8.0 kA. Several
cracks were observed at different regions of the spot welds,
notably a large crack with a crack length of around 1000 m
at 8.0 kA. A few cracks formed at the weld surface and en-
tered the fusion zone (FZ), whereas a few others formed in
the heat-affected zone (HAZ). Severity of the cracks, in
terms of both number of cracks and crack length, increased
with the welding current, especially above a current of 6.0
kA, as shown in Fig. 2.

LME Cracks at Various Locations

     From Fig. 2, it is difficult to identify a single type of LME
crack because the cracking pattern changed with the heat in-
put. However, precise examinations of various samples re-
vealed the relationship between the crack length, the num-
ber of cracks, and the crack location. For instance, the cracks
in the center of the weld surface were deep, but they were
few, whereas the cracks at the edge of the E/S interface with
an inclined indentation contained a lot of small cracks. To
explain the behavior of LME cracking based on the crack
length, crack number, crack orientation, and crack location,
further observations were made with different welds. 
     It was found that the LME cracks were mainly concen-

trated at four locations, as seen in the cross section of the
welds: at the center of the weld, shoulder of the weld, pe-
riphery of the weld, and S/S interface. The schematic dia-
gram of the locations of crack formation and the SEM im-
ages of LME cracks at various locations are shown in Fig. 3,
where the different locations are designated henceforth as
A, B, C, and D. Location A corresponds to the area that was
in direct contact with the near-flat surface of the dome-
shaped electrode. Location B was formed at the weld surface
where the electrode surface did not initially make direct con-
tact with the sheet; however, at a later stage of welding, the
electrode surface touched the sheet and made a shoulder-
like inclined surface. In previous reports, the cracks formed
at this location were either excluded or considered along
with the cracks formed at the peripheral region (Refs. 18,
23). However, this location exhibited a unique characteristic
in terms of the length, number, and orientation of the
cracks, and hence is considered as a separate group of cracks.
Location C is at the edge of the E/S interface with no contact
with the electrode surface during the entire welding process.
Liquid metal embrittlement cracks were also formed at the
S/S interface (location D) outside the edge of the nugget.
     The formation of various LME cracks with different weld-
ing currents is shown in Fig. 4A. The crack formation at loca-
tion B started at relatively lower welding currents, while the
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Fig. 4 — A — Formation of cracks at various locations with different welding currents (X: no cracking; O: cracking); B — maximum
crack length of LME cracks at various locations; C — number of LME cracks at various locations.
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cracks at the other locations formed only at higher welding
currents. The quantitative characterization of various cracks in
terms of MCL and the number of cracks as functions of weld-
ing current are shown in Fig. 4B and C. Even though the crack
length and the number of cracks increased with the welding
current, significant differences were observed between the lo-
cations. Cracks at locations A and C displayed large crack
lengths in the order of 300 to 1000 m, whereas cracks at B
and D always formed as small cracks with crack lengths rang-
ing from a few micrometers to 100 m. Numerous cracks were
observed at location B and were formed as a series of cracks in
the shoulder region of the electrode indentation. However, the
number of cracks at other locations were relatively low. 
     The crack orientation, which is related to the temperature-
stress field, was measured as the crack angle with respect to
the crack initiating surface — Fig. 5. Cracks in all the welds
with welding currents from 5.0 to 8.0 kA were considered
for the measurement of crack orientation. Substantial dif-
ferences in the crack orientation were observed between the
cracks formed at various locations. It was found that the
cracks at locations A and D propagated nearly perpendicular
to the surface with crack angles of 80 to 90 deg, and the
cracks at C propagated at angles of 45 to 60 deg. In contrast,
the cracks at B did not exhibit any specific direction; they
propagated at angles of 40 to 90 deg. The cracks at locations

C and D exhibited slight deviation from their original orien-
tation upon deep propagation, especially in location C,
where the crack orientation was changed to approximately
80 deg. This could be due to the change in the local tempera-
ture gradient, which determines the magnitude and direc-
tion of thermal stress (Ref. 30).
     It is valuable to note that heat input is an important fac-
tor that affected the features of LME cracks at various loca-
tions. Cracks at A, C, and D were formed only at relatively
higher heat inputs, whereas cracks at B formed at even low
heat inputs. Furthermore, the length of the cracks at A and
C dramatically increased with heat input; however, the
cracks at B and D did not show ample variation in length.
The number of cracks at B significantly increased with the
heat input. This shows the influence of heat input on the
formation of cracks at various locations.

Temperature and Stress Distribution at
Various Locations

     As reported by previous researchers, LME cracks in RSW
are formed because of thermal-mechanical conditions that
prevail during RSW (Refs. 13, 17, 18). As a result, it is im-
portant to investigate the temperature and stress distribu-
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Fig. 5 — Orientation of LME cracks at various locations.
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tion at different crack locations. Figure 6 shows the results
of the thermal-mechanical analysis of the locations of vari-
ous cracks performed using SORPAS for a spot weld with
welding current of 8.0 kA. From each area, one node was se-
lected to illustrate the temperature and stress distribution
of the corresponding area, namely A, B, C, and D. In location
A, LME cracks were normally observed at a distance of at
least 1 mm away from the center of the weld. The elements
within 1-mm distance from the center were not considered
for the analysis. Two nodes were considered from the E/S in-
terface (P1) and the S/S interface (P2) for the comparison 
of thermal-mechanical characteristics of the noncracked 
locations.
     The maximum temperature at location A reached up to
829°C at the end of the weld time (300 ms) with a heating
rate of 2760°C/s. The temperature at this location was rela-
tively low even though it was close to the FZ. Water-cooled
electrodes conducted the heat away and kept the tempera-
ture low. During hold time, the temperature decreased rap-
idly as the current was turned off. During the weld time, the
stress developed at the center was mainly compressive,
while at the end of the weld time or during hold time it
changed completely into tensile and reached a maximum
value of 66 MPa. It is presumed that the LME crack formed
in location A was initiated at the end of the weld time or the

beginning of the hold time, and the major stages of the
crack propagation occurred during the hold time.
     Location B experienced a higher temperature rise than
that of location A. The peak temperature and the stress at
the shoulder area reached approximately 1040°C and 223
MPa, respectively, as shown in Fig. 6, and suddenly dropped
down to 570°C and –100 MPa (compression), when the elec-
trode surface encountered the area at a weld time of about
180 ms. Here, the average heating rate, up to the maximum
temperature, was predicted to be 10,000°C/s.
     Location C experienced high temperature and tensile
stress during welding. This area existed in the gap between
the electrode and the steel sheet, so the inadequate contact
between the water-cooled electrode and the steel sheet
caused insufficient cooling, which interrupted the heat ex-
traction from the sheet, eventually ending up with the accu-
mulation of heat and temperature rise. The peak tempera-
ture and the peak stress at this area approached 1053°C and
290 MPa, respectively, with an average heating rate of
3500°C/s up to the maximum temperature.
     Location D experienced a peak temperature of 1185°C
with a heating rate of 3800°C/s; however, the stresses gener-
ated in this area during the weld time and the beginning of
the hold time were compressive in nature, as shown in Fig.
6. It existed at the S/S interface near the edge of the nugget
(weld interface). In fact, a spectrum of temperature ranging
from melting temperature to room temperature always ex-
isted outside the nugget with a lower temperature gradient.
The temperature gradient was in the horizontal direction as
the heat dissipation from this region was completely
through the less-conductive base metal. 
     The results of temperature and stress distribution analy-
sis at various locations are summarized in Fig. 7, in which
the peak temperature and the peak stress at each element
were plotted against the distance from the center of the
weld (for locations A, B, and C) or the distance from the
edge of the nugget (for location D). Location A exhibited rel-
atively lower temperature and stress because it always re-
mained in contact with the water-cooled electrode. On the
other hand, locations B and C experienced high temperature
and tensile stress owing to the formation of a gap between
the electrode and the steel sheet and subsequent lack of
cooling. On the contrary, location D exhibited high tempera-
ture but low tensile stress because it was close to the edge of
the nugget and far away from the electrode. Thus, it can be
summarized that the difference in temperature and stress
distribution at each location was generated from the differ-
ence in the contact condition between the electrode and the
sheet surface. The temperature and stress distribution at
each location can further be influenced by the heat input
(welding current). Higher heat input (welding current) can
cause higher temperature and tensile stress at A, B, C, and D.
In contrast, stress distribution at location D might be main-
ly influenced by several field variables, such as gap, electrode
tilting, or fixtures (Ref. 31).

Distribution of Zinc

     Electron probe micro-analysis (EPMA) was performed
along the cracks. The results in Fig. 8 reveal all the cracks
contained either zinc or a mixture of zinc and copper. The
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Fig. 6 — A — Positioning of the nodes in various crack loca-
tions for the thermal-mechanical analysis; B — temperature
and stress distribution at various nodes obtained using 
SORPAS.
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zinc content at the root of all the cracks near the surface was
observed to be around 80 at.-% of zinc. The tip of the crack
at location A contained less amount of zinc, around 5 at.-%;
other crack types contained 30–40 at.-% zinc at the crack
tip. It is important to see that the cracks at location A con-
tained a considerable amount of copper also. In location A,
zinc melted and reacted with the solid copper and was
trapped under the near-flat surface of the dome-shaped
electrode and exhibited a high concentration of copper. On
the other hand, the cracks at the other locations were char-
acterized with less or no copper. The amount of copper kept
on decreasing from A to B to C as the contact with the cop-
per electrode was reduced. Location D, without any physical
contact with the copper electrode, encountered a copper-
free region. Zinc deposition was characterized from micro
images and shown in Fig. 9, which was taken from each
cracking area. The amount of zinc in location B was signifi-
cantly less due to the squeeze out of zinc toward the periph-
ery (C) by the action of the electrode during welding. The
melted and squeezed-out zinc from the shoulder area (B) fi-
nally deposited in the peripheral area (C). This zinc pile-up
can potentially provide a surplus amount of liquid zinc dur-
ing the crack formation. It can be summarized that the zinc
and copper present at different locations depended on the
temperature and the contact condition with the electrode,
and the temperature was further controlled by the contact
condition with the electrode and the heat input as observed
in the previous section.

Microstructure at Various Locations

     Figure 10A–D shows the microstructure of various crack
locations. Basically, two inferences can be drawn from the
microstructure: firstly, the peak temperature at the root
(surface) of each crack location; and, secondly, the mi-
crostructural features such as phases at the roots of the
cracks. The phase fractions of ferrite in the base metal and
various crack locations in the weld (8.0 kA) are tabulated in
Table 2.

     The phases adjacent to the cracks can be explained using
the equilibrium phase fraction obtained from the Thermo-
Calc software shown in Fig. 10E. According to Fig. 10, loca-
tion A consisted of ferrite, martensite, and bainite; however,
the fraction of ferrite is less than that of the base metal, as
in Table 2. The presence of martensite indicates the temper-
ature in this region must have risen above the A1 tempera-
ture (685°C, as shown in Fig. 10E), thereby forming austen-
ite, which transformed into martensite on rapid cooling.
Hence, the area consisted of a higher fraction of the marten-
site phase and a lower fraction of the ferrite in comparison
with the base metal. It is also inferred that the peak temper-
ature reached well above 685°C and reached an intercritical
temperature so that the microstructure became ferrite and
austenite. 
     In location B, the amount of ferrite further reduced to a
fraction ranging from 0 to 0.05, indicating that some por-
tion of location B consisted entirely of martensite, but the
other portions contained some amounts of ferrite as well.
However, the peak temperature at all the points in location
B exceeded above A3 (898°C); hence, the microstructure was
supposed to consist of only martensite. The reason for the
presence of untransformed ferrite in location B with peak
temperature above A3 can be the high heating and cooling
rates. The time was not adequate for the diffusion-aided
transformation of ferrite into austenite even though the
temperature exceeded A3. On the other hand, C and D con-
sisted only of the martensite phase. This shows the peak
temperature at these locations must have been greater than
the A3 temperature, indicating that the locations consisted
only of the austenite phase at that temperature, which later
transformed into martensite during cooling. However,
coarser prior austenite grains in D specify that the peak
temperature in this region was higher than that of C. It is
worth noting that the peak temperatures at different loca-
tions inferred from the microstructure are in good agree-
ment with the peak temperatures obtained using SORPAS
simulation of the RSW process.
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Fig. 7 — Peak temperature and peak stress: A — Locations A,
B, and C; B — location D obtained using SORPAS.
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Discussion

Stress Development

     Investigating the development of stress at various crack
locations is important because the tensile stress is a major
factor affecting LME cracking. Different stress states (mag-
nitude and direction) are induced at different crack locations
as a result of thermal-mechanical interactions during RSW.
Owing to the high cooling rate through the electrodes, the
temperature gradient is high, particularly in the vicinity of
the electrodes. Subsequently, large thermal stresses are de-
veloped in the welds during heating and cooling (Ref. 32).
Therefore, thermal-mechanical analysis is performed using
simplified assumptions wherein the development of stress is
qualitatively investigated using the thermal history ob-
tained from the simulation (Refs. 32–34).
     The development of stress in the nodes shown in Fig. 6
can be explained with the help of the schematic diagrams
shown in Fig. 11, wherein the direction and magnitude of
the instantaneous stress are indicated by the direction and
number of arrows. As can be seen, there are various events
and developments of instantaneous and net stresses during
the different stages (squeeze time, weld time, and hold time)
of RSW. To better understand the development of stress, the
nodes are considered in the order of P1 to A, that is, from
the base metal toward the electrode.
     As shown in Figs. 6 and 11, compressive stresses are de-
veloped at the nodes at the E/S interface during the initial
stage of heating during weld time. In P1, compressive stress
was developed and slowly increased during the weld time.
Typically, solid metal is subjected to stresses with nonuni-

form or nonlinear temperature variation (Ref. 35). The tem-
perature of the node increased with the weld time, and re-
sulted in the expansion of the solid metal and subsequent
generation of compressive stress during weld time (Refs. 32,
34). The value of the maximum compressive stress at the
nodes increased while moving from node P1 toward the elec-
trode, and finally reached the value of 240 MPa at node B. In
fact, the temperature, temperature gradient, and mechanical
constraint from the electrode loading at the nodes increased
while moving toward the electrode. Therefore, under high
constraints, the nodes closer to the electrode underwent se-
vere restriction against the thermal expansion; hence, high-
er compressive stresses were developed during heating.
However, during heating, less compressive stress developed
at the nodes away from the electrode because the solid metal
could expand more freely with less constraints. When the
current was shut off (hold time), the heating terminated and
cooling started, which caused the development of tensile
stress in P1 owing to the contraction of the solid metal. The
development of tensile stress as a result of cooling was ob-
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Fig. 8 — Distribution of Zn, Cu, and Fe along the LME cracks: A — Location A; B — location B; C — location C; D — location D.

Table 2 — Fraction of Ferrite in the Microstructure of Base Metal and
Various Crack Locations

                   Location                                  Fraction of Ferrite

                 Base metal                                           0.52

                 Location A                                      0.18 to 0.31

                 Location B                                        0 to 0.05

                 Location C                                             0

                 Location D                                             0
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served in these nodes, and the magnitude of the developed
tensile stress was higher for the nodes closer to the elec-
trode. The cooling rate and constraints were higher for the
nodes closer to the electrode, which resulted in the forma-
tion of tensile stress within a very short period of time.
     Unlike node P1, the compressive stress at nodes C and B
attained the maximum value before the end of the weld
time; then, tensile stresses were induced at the nodes. In ad-
dition to providing a mechanical constraint, the welding
electrodes also act as a massive heat sink that can dissipate
enormous amounts of heat away from the weld. During weld
time, the electrode was pushed into the steel, thus creating
electrode indentation and generating a new thermal contact
between the weld surface and the electrode at the edge of
the E/S interface, which is considered a mechanical collapse
(Ref. 36). The new thermal contact enabled the electrode to
conduct more heat away from the region, which resulted in
an instantaneous temperature drop close to the edge of the
E/S interface. This sudden temperature drop close to the E/S
contact point with a high nonlinear temperature gradient

led to the instantaneous development of tensile stress (Ref.
36). Consequently, the net stress became tensile as the mag-
nitude of tensile stress overcame the magnitude of existing
compressive stress. Tensile stress was induced in node C
during the major portion of hold time, and then slowly de-
creased to relieve all stresses from the solid metal.
     At node B, the development of net tensile stress within the
weld time was observed, as similar to that of node C. However,
the nature of stress at node B changed again as large compres-
sive stress was induced toward the end of the weld time, which
made the net stress compressive — Figs. 6 and 12. At this mo-
ment, the annular region of the electrode came into physical
contact with node B (mechanical collapse) and exerted high
compressive stress. It has been previously confirmed that the
compressive stress at the annular region close to the edge of
the E/S interface is higher than that at the center of the E/S in-
terface (Ref. 37). The stress singularity obtained in the sheet
at the edge of the E/S interface was perceived as the reason for
the particular stress profile of the E/S interface. Compressive
stress developed at the node wherein the mechanical collapse
occurred, whereas tensile stress developed at the node to the
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Fig. 9 — Zinc coating after RSW at: A — Location A; B — loca-
tion B; C — location C; D — location D; E — schematic repre-
sentation of distribution of solid and molten zinc from the
coating during RSW.

Fig. 10 — Microstructure: A — Location A; B — location B; C —
location C; D — location D; E — property diagram of the steel
from Thermo-Calc (F: ferrite; M: martensite; B: bainite). 

A B

C

D

E

A B

C D

E

201952 Murugan.qxp_Layout 1  2/7/20  12:17 PM  Page 84



immediate right of the mechanically collapsed node. There-
fore, the mechanical collapse first created tensile stress and
then compressive stress at location B, while it only produced
tensile stress at location C. During the hold time, tensile stress
was induced owing to the fast cooling of the solid metal. How-
ever, the magnitude of the induced tensile stress during the
hold time was still lower than the magnitude of the previously
induced compressive stress, and this resulted in a net com-
pressive stress — Fig. 11.
     The stress development at locations B and C was visual-
ized with the help of the stress distribution (Fig. 12) at dif-
ferent weld time instants. Four nodes (B1, B2, B3, and B4)

from location B and one node (C) from location C were con-
sidered in this study. Each node (e.g., B2) reached a maxi-
mum tensile stress owing to the temperature drop and non-
linear temperature distribution at the edge of the E/S inter-
face. Then, the nodes underwent an instantaneous extinc-
tion of tensile stress as soon as the surface of the electrode
touched the sheet, that is, when mechanical collapse oc-
curred. Subsequently, the next node (e.g., B3) attained the
maximum stress. This action continued to the following
shoulder points (B4 and so on) until it reached the peripher-
al point (C of location C). Thus, location B formed at the
weld surface where the electrode surface did not initially
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Fig. 11 — Schematic representation of the stress development at various locations during RSW: A — Nodes at the E/S interface; B
— nodes at the S/S interface.
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make direct contact with the sheet. Consequently, a gap de-
veloped between the electrode and the steel sheet, as in the
case of the peripheral area, and led to the increase of ther-
mal stress. However, the gap instantly disappeared when
mechanical collapse occurred, which resulted in the sudden
decrease of tensile stress.
     Node A existed in the electrode indentation region dur-
ing the squeeze time, weld time, and hold time. During the
squeeze time and weld time, the stresses at this node were
compressive in nature, as has been reported by previous
studies (Refs. 18, 36, 38). However, the magnitude of the
compressive stress decreased with the increase of weld time
as the contact area at the E/S interface increased (Ref. 37).
Then, the stress became tensile during the hold time as ten-
sile stress developed in the solid metal owing to the fast
cooling.
     The development of stress at location D (node D) can be
explained in the same manner as that of node P1. During the
weld time, compressive stress developed owing to the heat-
ing and expansion of the solid metal at nodes P2 and D. Ten-
sile stress with lower magnitude than the compressive stress
was induced at node P2 during the hold time as the solid
metal contracted against the constraints and led to the de-
velopment of a net compressive stress. Moreover, higher
tensile stress was induced at D, owing to the solidified
nugget constraints, and resulted in the development of net
tensile stress. However, it has been previously reported that
abnormal process conditions, such as electrode tilting, a gap
between the sheets, and so on, can induce high tensile stress
in the S/S interface (Refs. 12, 31, 39).

     During RSW, stress fields with different directions and
magnitudes develop at various crack locations owing to the oc-
currence of several events — Fig. 11. These events become
more remarkable and the stress field becomes more complex
in the direction toward the electrode (from P1 to A), which il-
lustrates the influence of the electrode on stress development.
The events responsible for the variation in the nature and
magnitude of stresses are 1) heating during weld time, which
induces compressive stresses; 2) sudden temperature drop ow-
ing to the mechanical collapse at the edge of the E/S interface,
which induces tensile stress; 3) electrode loading owing to the
mechanical collapse at the edge of the E/S interface, which in-
duces compressive stresses; and 4) cooling during hold time,
which induces tensile stresses. However, the magnitude of
these stresses is determined by the temperature, heating rate,
cooling rate, temperature gradient, degree of constraints, and
so on. Therefore, it can be concluded that the electrode influ-
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Fig. 12 — Stress developed in locations B and C is visualized
using SORPAS stress field simulation.

Fig. 13 — A — Optical images of small and large LME cracks at
location A; B — EPMA elemental mapping of a large LME
crack at location A, which propagated deep into the FZ.
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ences the stress development in four ways: 1) acts as a me-
chanical constraint against the expansion and contraction of
the solid metal; 2) provides a high cooling rate and, hence, a
high nonlinear temperature gradient at the E/S interface; 3)
induces an instantaneous temperature drop at the edge of E/S
when mechanical collapse occurs; and 4) exerts compressive
stress upon making physical contact with the solid metal.

Thermal-Mechanical-Metallurgical Factors
and Formation of LME Cracks at Various 
Locations: Types of LME Cracks

     The different locations exhibited different crack behavior
(number of cracks, crack length, and crack orientation) and
different thermal-mechanical-metallurgical features. There-
fore, the LME cracks forming at various RSW locations can
be classified according to the crack location as type-A, type-
B, type-C, and type-D cracks. To understand the mechanism
of LME crack formation at various locations, it is important
to investigate the factors affecting LME. The primary influ-
encing factors are the microstructure, temperature, tensile
stress magnitude, and availability of liquid zinc (Refs. 4, 6,
19, 20, 40). The austenite microstructure is reportedly the
most favorable to LME cracking (Ref. 40). Amongst these
factors, the availability of liquid zinc is essentially a function
of temperature. When the temperature rises above the melt-
ing point of the galvannealed coating, liquid zinc is formed.
Galvannealed coating mainly consists of -FeZn10 as well as
thin layers of -Fe3Zn10 and -FeZn13 (Ref. 1). Therefore, the
melting temperature of  (665°C) can be considered as the
melting temperature of the galvannealed coating (Ref. 41).
In this study, the combination of these factors was consid-
ered and correlated with the crack features to clarify the
mechanism of crack formation at various locations. A com-
parison of these factors at various RSW locations with a
welding current of 8.0 kA is presented in Table 3.
     For a given heat input (8.0 kA), the factors affecting LME
did not favor for the formation of large, type-A cracks. This
indicates that other factors/phenomena were responsible
for the abnormal cracking behavior. From the microimages
of type-A cracks shown in Fig. 13A, it is obvious that larger
cracks propagated into the FZ. However, smaller cracks were
terminated before entering the FZ with a relatively smaller
crack length. Therefore, it is concluded that the penetration
of liquid metal and the resultant crack propagation interact-

ed with the FZ, which resulted in the formation of large
cracks. 
     Figure 13B shows the EPMA elemental mapping of a
large crack propagating deep into the FZ. The crack con-
tained a considerable amount of zinc and copper; however,
the amount of zinc and copper continuously declined along
the crack length, particularly inside the FZ. Therefore, it can
be said that the crack propagation was caused entirely by
zinc-assisted LME. The temperature fields at location A at
the end of the weld time (300 ms), and at the hold times of
50 and 100 ms, are shown in Fig. 14. 
     Compared with the LME crack shown in Fig. 13D, it is
clear that, unlike the cracks in other locations, the crack
propagation advanced in the direction parallel to the posi-
tive temperature gradient, that is, from a lower temperature
to a higher temperature, and finally entered the FZ with a
crack orientation of 90 deg to the surface. A high tempera-
ture gradient, which occurred as a result of the continuous
contact with the water-cooled copper electrode, forced the
crack tip to move from a lower temperature to a higher tem-
perature with a high crack propagation rate. Figure 15 pres-
ents a detailed explanation for the formation of such large
cracks. 
     In the HAZ, the liquid metal penetration and crack prop-
agation can be observed through the grain boundary of the
coarse grains, whereas in the FZ, the crack propagation oc-
curs through the solidification grain boundary or solidifica-
tion subgrain boundary — Fig. 15A. The stages of large
crack formation are schematically described in Fig. 15B.
During the weld time, liquid metal is formed at the E/S in-
terface owing to the melting of zinc and its reaction with
copper. Additionally, toward the end of the weld time or dur-
ing the hold time, the liquid metal penetrates the steel along
the grain boundaries to form intergranular cracks under
high temperature and tensile stress. During the solidifica-
tion (hold time) of the molten steel in the FZ, the liquid
metal from the coarse-grained HAZ diffuses into the solidi-
fied FZ. The grain boundaries are continuous across the fu-
sion boundary owing to the epitaxial nucleation and grain
growth inside the FZ (Ref. 42). This creates a natural grain
boundary pipeline from the HAZ into the FZ, which acts as a
channel for the diffusion of liquid metal into the FZ. Addi-
tionally, tensile strain is induced in the fusion boundary and
FZ during solidification, owing to solidification shrinkage
and nonuniform thermal contraction. Consequently, a state
similar to the solidification cracking prevails in the FZ with
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Fig. 14 — Temperature distribution at the center of the weld near the surface along the direction of the temperature gradient
(dT/dx): A — Weld time = 300 ms; B — hold time = 50 ms; C — hold time = 100 ms (WI: weld interface; S/L: solid/liquid interface; FZ:
fusion zone; dT/dX: temperature gradient). 
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a liquid metal film separating the grain boundaries, that is, a
mushy zone (Refs. 42, 43). Therefore, it can be inferred that
the penetration of liquid metal and the interaction of crack
propagation with the weld zone causes the formation of
large-sized LME cracks in the center.
     The results presented in Table 3 suggests type-B and
type-C cracks have similar features because locations B and
C were subjected to high temperature and tensile stress. Fig-
ure 16 shows the cross-sectional SEM images of the type-B
and type-C LME cracks in a weld produced with a welding
current of 8.0 kA. In Fig. 16, it is clear that the crack length
suddenly increased, but the number of cracks decreased
when the crack type changed from B to C. As discussed in
the Stress Development section, the existence of short-lived

moving maxima should be considered to explain the differ-
ence in the formation of type-B and type-C LME cracks. 
     Interestingly, Figs. 12 and 16 are similar. In Fig. 16, nu-
merous short cracks (21–50 m) were formed at location B,
which correspond to the short-lived maxima (B2, B3, and
B4) in Fig. 12. Additionally, the single and large, type-C
crack corresponds to C in Fig. 12. Therefore, it can be said
that the time period during which the location is subjected
to high temperature and tensile stress is an important influ-
encing factor for the formation of LME cracks. The sudden
temperature decrease after the maximum values had been
reached resulted in limited time of exposure to the liquid
zinc and tensile stress. In other words, the tensile stress and
the availability of liquid zinc were interrupted during weld-
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Fig. 15 — The formation of large, type-A LME cracks in the
center of the weld: A — SEM images showing the crack prop-
agation through HAZ and FZ; B — schematic representation
of the stages of crack formation at location A (FZ: fusion
zone; HAZ: heat-affected zone).

A B

Table 3 — Microstructural Observations, Crack Features and Corresponding Temperature, and Stress Regimes for Various LME Crack Types
(A: Austenite; F: Ferrite)

     Location                                                       From OM and SEM Images                                                        From SORPAS Simulation

                                      Maximum Crack           Number of             Microstructure at Peak                  Peak Temperature            Peak Stress-X
                                         Length (m)                 Cracks                         Temperature                                      (C)                              (MPa)

   Location A                        760   60                     7   2                                 A+F                                            829                                66

   Location B                         86  22                     35   5                            A+F or A                                         1071                                267

   Location C                       960   205                    3   2                                   A                                              1053                               290

   Location D                          70  7                        2   1                                    A                                              1185                                37
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ing; hence, the crack propagation ceased at a relatively low
crack length. The same action continued as the electrode in-
dentation increased to produce numerous type-B cracks in
the shoulder region of the weld surface. 
     Therefore, two additional factors must be considered,
namely the time of exposure to liquid zinc (tLZ) and the
time of exposure to tensile stress (tTS), when examining the
LME cracks in the RSW. Here, tLZ primarily indicates the
availability of liquid zinc and the time required for the pene-
tration of zinc, and is defined as the time interval over
which a specific location is exposed to liquid zinc, which in-
creases the location’s temperature higher than the melting
temperature of the GA coating (665°C). Furthermore, tTS is
defined as the time over which a specific location is subject-
ed to tensile stress and indicates the duration of tensile
stress in the initiation and propagation of the LME crack.
     Figure 17 shows the time of exposure to liquid zinc and
the tensile stress for various crack locations. Owing to the
lower values of tLZ and tTS, short type-B cracks were

formed even though the peak temperature and peak stress
were high. In previous reports, type-B cracks were either ex-
cluded or considered along with the cracks forming in the
peripheral region. In this study, type B was considered as a
separate category because it exhibited unique features com-
pared with other crack types. Additionally, the thermal-
mechanical characteristics at this crack location were differ-
ent than those at other locations.
     As presented in Table 2 and Fig. 17, the combination of
all the necessary factors for LME cracking satisfies the crite-
ria for large, type-C cracks in the peripheral area. Similar ob-
servations have been reported by Ashiri et al., and this area
was termed as the supercritical area for LME (Ref. 13). Loca-
tion C was not only subjected to high temperature and ther-
mal stress, but also exhibited higher tLZ and tTS. More-
over, the microstructure consisted only of LME-sensitive
austenite. Thus, it allowed sufficient time for the liquid zinc
to penetrate deep into the steel sheet through the austenite
grain boundaries at higher tensile stress. Additionally, a sig-
nificant amount of zinc was deposited at the root of the
cracks as a result of the melting and squeezing out of zinc
from the shoulder area (location B) during welding, and its
subsequent accumulation in the peripheral (C) area (Fig. 9).
This zinc pile-up could potentially provide a surplus of liquid
zinc during crack formation. Similar to type B, type C was
also strongly influenced by the time of exposure, which il-
lustrates the time dependency of these cracks.
     As shown in Fig. 4, a few short type-D cracks occurred
at the S/S interface only at relatively higher currents (7.5
and 8.0 kA). As presented in Table 3 and Fig. 17, except for
the tensile stress, all other required factors were satisfied
for the LME at location D. A recent report has confirmed
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Fig. 16 — Cross-sectional view of small, type-B LME cracks at location B and a large, type-C LME crack at location C.

Table 4 — Instant of Initiation, Propagation, and Termination of Vari-
ous LME Crack Types (WT: Weld Time; HT: Hold Time; OT: Off Time) 

Type of LME Crack       Initiation            Propagation         Termination

         Type A                WT or HT                   HT                   HT or OT

         Type B                     WT                       WT                      WT

         Type C                     WT                 WT and HT             HT or OT

         Type D                     HT                  HT and OT                  OT

201952 Murugan.qxp_Layout 1  2/7/20  12:17 PM  Page 89



the presence of large tensile stress (approximately 250
MPa) in the HAZ, which exists in the S/S interface during
the hold time of RSW with an electrode tilting of 7 deg
(Ref. 31). This eventually causes the formation of large
LME cracks at the S/S interface. A similar observation was
made by Beal et al. (Ref. 39), who reported that additional
tensile stress was produced at location D by inserting spac-
ers between the sheets during RSW. From these findings, it
can be inferred that abnormal process conditions, such as
electrode tilting, a gap between the sheets, and so on, can
induce severe extrinsic tensile stress in the S/S interface
(Refs. 12, 31, 39). In this study, the cracks formed owing to
the tensile stress arising from any of the above-mentioned
practical instabilities, in addition to the high temperature
and availability of liquid zinc. 
     The investigation of the formation of various LME crack
types revealed that crack initiation, crack propagation, and
crack termination of the various crack types occurred at dif-
ferent instants with respect to the process time, as summa-
rized in Table 4. The process time consisted of the weld time
(WT), hold time (HT), and off time (OT), which is the time
after the removal of the electrode force from the weld. The
initiation and propagation instants of the cracks are very
significant when dealing with the elimination of LME
cracks, which can be suppressed if the initiation and propa-
gation of the crack is eliminated or delayed.
     In conclusion, different types of LME cracks formed at
various locations owing to the synergetic effect of temper-
ature, stress, microstructure, and time of exposure. The
difference in the thermal-mechanical-metallurgical charac-
teristics of the spot welds originated from 1) the nature of
the contact condition between the electrode and the steel
sheet; 2) the heat input (welding current); and 3) the field
variables. Additionally, the time dependency of the LME
cracks was revealed by the relationship between the time
of exposure (tLZ and tTS) and the LME cracks, particular-
ly type-B and type-C cracks. Electrode tilting, the gap be-
tween the sheets, clamping conditions, and so on were the

field variables that can potentially provide extrinsic tensile
stress in the S/S interface. This study highlighted the need
for a detailed investigation into the effect of these field
variables on type-D LME cracking, which will be the sub-
ject of future work.
     Moreover, it is essential to further investigate the im-
pact of various types of LME cracks on the weld joint in-
tegrity. To establish the safety specifications for various
types of cracks, it is required to create various crack types
with different sizes. Because it is difficult to induce a par-
ticular crack type with different sizes, the finite element
method should be used to simulate cracks with different
sizes. Then, failure analysis should be used to correlate the
crack length with the mechanical properties. In the above
mentioned investigations, type-B cracks can be disregarded
because small-sized type-B cracks do not affect the me-
chanical properties of spot welds. 

Conclusion

     Liquid metal embrittlement cracks at various locations
in the Zn-coated CP resistance spot welds were character-
ized. Different types of LME cracks were formed at various
locations owing to the synergetic effect of the thermal-me-
chanical-metallurgical characteristics of the corresponding
locations. Specifically, the difference in temperature, ten-
sile stress, microstructure, and the availability of liquid
zinc at various locations caused the formation of various
types of LME cracks with different characteristics. It is also
revealed that the LME cracking in RSW is strongly influ-
enced by the time of exposure to liquid zinc (tLZ) and the
time of exposure to tensile stress (tTS), which shows the
time dependency of these cracks. 
     The various types of LME cracks are as follows: 
     • Type A: They were formed as large LME cracks (up to
800 m) at the center of the weld surface due to the pene-
tration of liquid zinc and the interaction of the crack with
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Fig. 17 — Time of exposure to: A — Liquid zinc (tLZ); B — tensile stress (tTS).
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the FZ. The FZ, adjacent to the surface, upon solidifica-
tion, allowed the easy penetration and propagation of Zn-
LME cracks through long and continuous solidification
grain boundaries and subgrain boundaries owing to the
tensile strain that originated from solidification shrinkage
and high-temperature gradient. 
     • Type B: A large number of type-B LME cracks were
formed as a series of cracks in the shoulder of the weld sur-
face; however, they were relatively small cracks with crack
lengths ranging from a few micrometers to 100 m. High
tensile stress was induced at location B as a result of the
sudden temperature drop at the edge of the E/S interface
and the nonlinear temperature gradient. However, the ten-
sile stress instantly disappeared as the annular region of
the electrode came in physical contact with the sheet and
exerted high compressive stress. So, the tensile stress and
the source of liquid zinc were interrupted during the weld
time; hence, the crack propagation ceased at a relatively
smaller crack length. The same action continued with in-
creasing electrode indentation to produce numerous type-
B cracks in the shoulder region of the weld surface. More-
over, the microstructure consisting of ferrite also opposed
crack propagations in location B because the ferritic phase
is not favorable for LME cracking.
     • Type C: Large LME cracks (up to 1200 m) were
formed at the periphery of the weld surface. The tempera-
ture drop at the edge of the E/S interface and the nonlin-
ear temperature gradient due to the mechanical collapse
caused the development of tensile stress during weld time
at location C, which continued to exist till the hold time. It
resulted in high values of tensile stress and tTS. Also, loca-
tion C never confronted the electrode and, hence, the tem-
perature kept on increasing till the end of the weld time,
which resulted in high tLZ along with a fully austenite mi-
crostructure. As a result, the liquid zinc had sufficient time
to penetrate deep into the steel sheet through the austen-
ite grain boundaries at a higher tensile stress to create
large LME cracks.
     • Type D: A few short LME cracks (less than 100 m) oc-
curred at the S/S interface outside the nugget only at high-
er heat inputs. The tensile stress induced due to the cool-
ing of the solid metal during hold time was responsible for
the formation of small, type-D LME cracks, although low
in magnitude.
     In conclusion, the nature of the contact condition be-
tween the electrode as well as the steel sheet and the heat
input during welding are the major reasons for the differ-
ence in thermal, mechanical, and metallurgical characteris-
tics of these locations during welding, which caused the
formation of various types of LME cracks in spot welds.
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