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Abstract
To improve automotive fuel economy, automobile manufacturers are minimizing the weight of the body-in-white. To do this,
they are adopting new 3rd generation advanced high strength steels that have excellent strength and ductility. However, these
steels are also prone to liquid metal embrittlement (LME) cracking; intergranular cracks caused by molten zinc, from the
galvanized coating, penetrating the steel substrate during the resistance spot welding (RSW) process. These cracks are not
acceptable to automobile manufacturers as it is unknown how LME cracks affect joint strength during weld service. To decrease
LME cracking, extensive research into understanding its governing metallurgy, optimizing welding parameters, and comparing
the LME sensitivity of multiple grades has been done. Most of this work was done using hot-tension testing or RSW testing.
However, as there is no standard methodology for these tests, producing results that were difficult to compare. This review
examined test methodologies for hot-tension and RSW testing LME severity. It was determined that the usefulness of LME
testing could be improved if test methods reflected the temperature and stress-state of the welding process, facilitated compar-
isons between tests, and quantified results were reported. Recommendations are provided to improve hot-tension and RSW tests
to meet these goals.

Keywords Resistance spot welding (RSW) . Liquid metal embrittlement (LME) . Hot-tension testing, test methods

1 Introduction

To minimize the impact of vehicle CO2 emissions on the
environment, there is a need to improve vehicle fuel economy
[1]. This can be effectively done by light weighting vehicles,
where it has been shown that 100 kg of vehicle mass requires a
fuel consumption of 0.15 L/100 km [2], therefore, weight
reduction is a significant part of plans to improve vehicle fuel
economy [3]. However, reducing vehicle weight without
sacrificing passenger safety requires the use of materials with
higher specific strength. Although this may be accomplished
using low density materials such as aluminium, magnesium,

or carbon fibre materials, use of higher strength steels are
more economical [4]. To fulfil this need, many types of steels
have been developed [5]. However, it has been seen that when
these steels are spot welded, surface cracks are formed. These
cracks are due to heat from the welding process melting the
zinc coating used for corrosion resistance, which in-turn flows
into steel grain boundaries at the substrate surface, causing a
brittle intergranular cracking phenomenon called liquid metal
embrittlement (LME) [6].

LME cracking in automotive steels occurs when liquid zinc
comes in contact with a susceptible microstructure in the pres-
ence of tensile stresses. This has been noted in resistance spot
welds (RSW) made in new high strength/high ductility ad-
vanced high strength steels (3G AHSS) such as quench and
partition (Q&P) steels [7, 8], or medium Mn (MedMn) trans-
formation induced placidity (TRIP) steels [9–12], particularly
when welds are made with high heat input at or near the
expulsion current [13, 14]. LME cracking is typically found
in three locations of the welds: near the weld centre or indent,
around the weld periphery or shoulder, and at the edge of the
weld nugget in the sheet interface or the notch [10, 15]. The
formation of LME cracking at the weld shoulder is of major
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concern to automotive assemblers, as this is deemed non-
compliant by weld quality standards [16] and has been shown
to affect weld tensile shear and impact strength, if cracks are
sufficiently long and oriented across the load path [17–19].
Due to the impact that these cracks have on automotive weld
quality, finding LME resistant welding procedures and low
LME susceptible steel grades is a high priority for automotive
manufacturers.

As the formation of LME cracks is limiting the use 3G
AHSS for RSW applications, there is a large research effort
into understanding and controlling LME. This is divided up
into four main thrusts: understanding the role of grain charac-
teristics [20], alloying [9, 21, 22] and coating transformations
[23–25] on LME, understanding the role of welding parame-
ters [14, 26–28] on LME, understanding the role of joint con-
struction and industrial variability [17, 29] on LME, and final-
ly comparing the LME susceptibility of various materials
when RSW [9, 13, 21, 30]. This research is being pursued
through various experimental means, where steels are subject-
ed to either hot-tension testing (heating to a set temperature
and then pulled in tension) or welding using RSW. After test-
ing, cracks are compared using various metrics and conclu-
sions are drawn along the narrow scope of the individual
study.

Although the literature studying LME susceptibility is of
high quality and brings insight to the understanding of how
individual factors contribute to LME, the factors that contrib-
ute to LME are vast. Changing weld process parameters can
affect both the temperature and stress fields during the
welding process, both of which are known to affect LME.
As well, steel is alloyed with at least 7 common elements
(C, Mn, Si, Cr, Mo, Nb, Ti), not to mention impurities like S
and P or residual elements like Ni, Cu, and Sn, all of which
may affect LME response to welding. Lastly, there is the in-
fluence of base material microstructure, which although is
often noted in studies, its influence on LME has never been
directly tested. With this wide array of variables, it is impos-
sible to test all factors in one study to understand both indi-
vidual effects and possible interactions. Therefore, the only
way to get deep insight into the LME phenomenon, and which
materials are most suited for producing crack-free welds, is by
comparing the results frommultiple studies. Currently, studies
may only be compared in a qualitative fashion as there is little
alignment on testing methodology for either hot-tension or
weld testing. This results in the same problem as expressed
by Segal’s Law “Aman with a watch knows what time it is. A
man with two watches is never sure”. If the welding commu-
nity is carrying out LME tests using different metrics, how can
we compare the LME susceptibility of materials tested from
different studies, how canwe knowwhich factors advance and
retard LME cracking during RSW in a manufacturing envi-
ronment? The present review examines the methodologies
used to test LME in the literature. It first examines what

researchers wished to learn from their various experiments;
then, it examines the hot-tension testing and RSW methodol-
ogies used to understand LME. From this examination, guide-
lines are presented to improve testing, and specific recommen-
dations are made to standardize hot-tension and RSW tests to
the presented guidelines. Although there is some examination
of general tests that are done to understand LME metallurgy,
process optimization, and the effects of manufacturing issues
(i.e. sheet gaps, and electrode misalignment), the focus of this
study will be on tests carried out to determine and rank the
LME susceptibility of materials. To be of most use, the results
from these tests need to be comparable across multiple studies
to understand the relative LME susceptibility of examined
materials. Therefore, standardization will most improve the
usefulness of this type of work. However, some aspect of
the testing guidelines from of this review may also be applied
more broadly to other LME testing, to broadly standardize
how LME is tested and measured.

2 Purpose of LME tests

As discussed previously, there are four basic inquires being
done to understand LME and decrease LME during
manufacturing. These are the investigation of: LME metallur-
gy, optimization of the welding process, determining how
joint stack-up and other manufacturing issues affect welding,
and lastly, LME susceptibility testing. Due to the nature of
each type of study, tests have been used differently for each
investigation. However, regardless of the nature of the study,
it always must be asked whether the experimental procedures
used in the present studies are similar enough to the welding
process to generate results are applicable to cracking seen
during automotive production. To facilitate discussion of
how test parameters affect observations and results, the
reviewed LME tests have been divided into two categories,
namely material-related and manufacturing-related (including
process optimization) tests.

2.1 Material-related LME testing

Understanding the metallurgy governing LME is the broadest
area of LME studies. This research investigates the role of
alloying additions (predominately Si), the movement of zinc
during the LME process and the role of grain boundary char-
acteristics. Only the first two will be described below, as there
are few studies understanding the role of grain boundary char-
acteristics on LME, and the experimental techniques used in
these studies are relatively similar.

Work done investigating the role of alloying was carried
out in two different ways. Tumuluru [9] compared the LME
susceptibility of three steels using hot-tension testing and
RSW (the specifics of these tests will be discussed in
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Section 3), whereas Hong et al. [22] furnace heat-treated their
samples. Although both sets of researchers came to the same
conclusions, increasing Si content in steel increases its suscep-
tibility to LME, the studies came to the conclusions through
different means, and found that the role of Si in suppressing
LME was due to different mechanisms. Tumuluru showed
that increasing steel Si content decreased the fraction of low
angle grain boundaries, which is known to suppress LME
during RSW testing [20] (see Fig. 1), whereas Hong et al.
showed that increasing steel Si content suppressed the forma-
tion of zinc-rich α-Fe (see Fig. 2), which acts as a barrier to
zinc penetration. It should be noted that the heat treatments
used by Hong et al. were orders of magnitude longer than the
233 ms welding time used by Tumuluru [9], so it cannot be
definitively concluded that the increased LME sensitivity of
the high Si steels during welding observed by Tumuluru was
due to the lack of a zinc-rich α-Fe barrier, as there may not
have been sufficient time to form this barrier in any of the
tested steels. Instead, the increased LME susceptibility of the
1.4 wt.% Si observed by Tumuluru was most likely due to the
identified suppression of low angle grain boundaries, or alter-
natively, grain boundary embrittlement, which Si is known to
cause [31].

Work was also done to understand how zinc flows during
LME cracking. Kang et al. [23] analysed the elemental distri-
bution in LME cracks induced during hot-tension tests to un-
derstand the zinc transport mechanisms responsible for feed-
ing LME cracks. They found that the zinc content near the
crack opening was 70–84wt.% zinc (remainder Fe) (see Fig. 3
a and b), indicating that it was liquid during hot-tension testing
at 850 °C. However, zinc was also found along the grain
boundary beyond the crack root, here the zinc content was
only 16 wt.%. This low zinc content indicated that zinc grain
boundary diffusion occurred beyond the crack root. However,
due to the low heating rate used in the experiment (10 °C/s),
the zinc dissolved the edges of the crack, it could not be
determined if the initial grain boundary transport of zinc

occurred as a liquid phase along the grain boundary and grain
boundary diffusion occurred afterwards, or if grain boundary
diffusion occurred first from the surface, then liquation of the
grain boundary occurred near the crack opening as a result of
increasing zinc content. Although both models proposed by
the authors are plausible, they are mutually exclusive expla-
nations of zinc transport during LME. This work was repeated
by Razmpoosh et al. [32] who found similar elemental profiles
in LME cracks created by laser welding TWIP steels under a
pre-applied tension. In that work, heating occurredmuchmore
rapidly, so the LME crack had a clear brittle appearance (see
Fig. 3 c and d), which could not have been caused by the
infiltration of a liquid iron-zinc alloy down the grain bound-
ary. Therefore, Razmpoosh et al. was able to show that zinc
penetration in LME first occurs by grain boundary diffusion;
then, liquid zinc fills the crack after it opens.

The above work described grain boundary zinc transport
during LME, but the supply of zinc is also important. Kang
et al. [33] used a hot-tension tests and furnace heat-treating
experiments to show that when zinc coated 22MnB5 was
heated to 900 °C, at a slow heating rate (5 °C/s), and subjected
to tension, a zinc-rich α-Fe layer that forms between the steel
substrate and the zinc coating inhibited zinc flow, which
protected the underlaying steel from LME cracking (see
Fig. 4). However, LME was present at lower heat-treating
temperatures (600 °C and 700 °C), where the protective
zinc-rich α-Fe layer could not grow. When this work was
repeated using faster heating rates (500 °C/s) by Murugan
et al. [25], it was seen that time was required to grow a suffi-
cient zinc-richα-Fe layer to inhibit LME.When samples were
held at 850 °C for 1 s and 50 s after heating, they exhibited
LME cracking, whereas the sample held for 100 s did not (see
Fig. 5).

When conducting experiments to understand the under-
lying mechanisms controlling the LME process, hot-tension
testing can be a very flexible tool for conducting experi-
ments. Both thermal cycles and stresses can be tailored to

Fig. 1 Grain misorientation in the
weld zones of materials made
with various base material Si
contents [9]. This image is from
the Welding Journal Research
Supplement Effect of silicon and
retained austenite on the liquid
metal embrittlement cracking
behavior of GEN3 and high-
strength automotive steels by M.
Tumuluru in the Dec 2019 issue is
being republished with permis-
sion of the American Welding
Society (AWS)

867Weld World (2021) 65:865–884



measure the reaction kinetics and stress-response to define
the metallurgical characteristics needed to gain deep under-
standing. However, the above examples also show that con-
clusions from these tests must be viewed in the context of

the experimental parameters, which can highly influence
results and conclusions. Therefore, when carrying out fun-
damental studies to understand the phenomena observed
during the welding process, care must be taken to ensure

Fig. 2 Zinc-steel substrate
interface after heat treatment of
zinc-coated steels containing be-
tween 0 and 1.5 wt.% Si at 800 °C
for between 60 and 300 s [22]

Fig. 3 SEMmicrograph of LME crack made with a heating rate of 10 °C/
s and hot-tension testing a as seen using backscatter electron imaging, b
revealing the local zinc content as measured by electron probe

microanalysis [23], and one made by laser welding with applied tension
as analysed using c electron backscatter detection image quality map and
d the associated elemental analysis [32]
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that the experimental parameters used approximate those
during welding.

2.2 Optimizing the welding process

As the purpose of research into understanding LME is to re-
duce LME occurrence during assembly welding, it should not
be surprising that much work has been done to optimize the
welding process to minimize LME. The majority of this work
has been done using resistance spot welding tests on simpli-
fied production joints. Generally, the joints were construction
of two similar materials. The work can be generally grouped
into two types. First there are statistically designed experi-
ments where researchers changed many typical parameters,
and secondly there were studies where only one parameter
was changed. Most of the work was only internally consistent
within the examined study, so it is difficult to compare the
results from multiple studies. Some of these studies will be
discussed below with the emphasis being on the welding prac-
tices and how successfully they were maintained during the
study to understand the tested parameters. The studies present-
ed below should not be considered an extensive review of this
area; they were chosen to highlight issues that will be
discussed in Section 3.

The use standard statistical design of experiment methods
to test the LME response to welding parameters was used in
two studies [7, 14]. Both experiments were setup using a stan-
dard two-sheet similar material joint. These studies found that
LME severity increased with increasing current and weld
time, and decreased with increasing force, and slightly de-
creased with increasing hold time (see Fig. 6. Although these

studies did not provide much evidence for the mechanisms
responsible for the observed LME behaviour, these results
matched other tests. It was shown that increasing welding
current and time increased both the temperature and strain in
the area surrounding the weld, increasing the severity of the
factors causing LME [28]. Increasing electrode force im-
proved thermal contact with between the electrode and the
work piece, which served to minimize the sheet temperature
and minimized LME [10]. It should be noted that stress did
increase with increased electrode force; however, it seems that
material temperature had a larger influence of LME in this
case. Finally, increasing hold time decreased LME, as it
allowed the sheet surface to cool before electrode extraction;
this had two effects. First it reduced the temperature of the
indent while the electrode was contact with the material.
Secondly, it promoted heat transfer, limiting the tensile forces
that occurred after electrode retraction from the material sur-
face. Otherwise, increasing hold time ensured that when the
weld surface experienced tension on electrode retraction, sur-
face temperature was near or below the zinc melting temper-
ature and tensile stresses were limited [11].

Research methods to investigate specific welding parame-
ters such as current pulsing [14, 26, 34, 35], electrode geom-
etry [27, 28, 36], and electrode force [10, 17] need to be
designed carefully due to the interlinked nature of spot
welding parameters. Changing pulsing for example can
change heat generation leading to a change in overall heat
input, which from Fig. 6 has been shown to affect LME.
Therefore, it is unknown whether change in observed LME
behaviour is due to change in heat input or pulsing. Similar
correlation issues may also be seen when testing electrode

Fig. 4 LME cracks induced in 22MnB5 after samples were heated to a 500 °C, b 600 °C, c 700 °C, and d 900 °C at 5 °C/s held for 5 min and pulled to
40% elongation [33]

Fig. 5 LME cracks induced in MedMn TRIP steel after samples were heated to 850 °C at 500 °C/s and held for a 1 s, b 50 s, and c 100 s and pulled to
40% elongation [25]
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geometry and electrode force, which affect the nature of the
current density through the joint and the electrode/sheet con-
tact at the joint surface. For example, to understand how cur-
rent pulsing changes heat distribution through the weld cycle,
Ashiri et al. [35] showed that if a two-pulse weld is used,
instead of a single pulse weld, LME cracking can be delayed.
This increased weld current range as well as increasing the
critical nugget diameter for LME formation from 5.24 to
5.74 mm (see Fig. 7). This study focused on using pulsing
to extend the current range between the minimum current
needed to form the minimum weld size and the maximum
current before expulsion or LME occurred. From this study
it was unclear how pulsing suppressed LME or what the in-
teraction between pulsing and nugget size was. Research by
Wintjes et al. [26] held nugget size constant while changing
pulsing conditions. This work showed that varying pulsing
conditions has a complex relationship with the factors that
are responsible for LME. It was shown that when a short pulse

was followed by a long pulse, there is little zinc alloying with
the Fe substrate, so it is easy for zinc to flow into cracks
causing LME. When a long pulse followed by a short pulse
was used, the substrate overheats, causing electrode collapse
with its associated tensile stresses, leading to LME. However,
two equal pulses balance these factors showing the minimum
LME cracking. Similarly, when the effect of electrode force
on LME was tested, it was seen that increasing electrode force
without increasing current would decrease nugget size [17]
due to decreased contact resistance. However, if welding cur-
rent is increased along with force, the effects of force and heat
input may be decoupled, clearly showing that LME decreases
with increasing electrode force [10].

Further to the studies discussed above, the role of electrode
geometry on LME severity has also been investigated. These
studies showed that the relationship between electrode geom-
etry was complicated, where LME severity decreased as elec-
trode face diameter [27, 28] and face radius [27] increased,

Fig. 6 Influence of standard
welding parameters on observed
LME severity in welds in
TRIP690 as a function of welding
force, current, weld time and hold
time [14]

Fig. 7 Proposed welding schedule to reduce LME a where the weld is
heated with a long low current pulse and the nugget is grown by
increasing weld current with a shorter pulse. When welded with b a

single weld current welds have a narrow current range, but using the c
pulsed schedule current range is widened, however nugget diameter is
reduced [35]
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and as electrode geometry changed from truncated cone (most
severe LME) to ball nosed to radiused electrodes (least severe
LME) [27, 28, 36], due to how these electrode geometries
affect the temperature and stress field during welding.
Although, it is important to understand the role electrode ge-
ometry on LME to optimize the welding process, it is difficult
to quantify the role of electrode geometry on LMEwhen com-
paring results from tests conducted with different electrodes.

As previously stated, tests to optimize welding parameters
are difficult to standardize because optimization work leads to
use of non-standard parameters. However, due to the interac-
tions between the factors responsible for LME cracking, it is
easy to design tests where changes to tested factors affect the
LME response due to unintentional changes in secondary fac-
tors (such as heat input). Therefore, when conducting optimi-
zation work, researchers must take care when designing ex-
periments to ensure that major factors responsible for LME are
held constant throughout the experiment. Only by doing this
can a deep analysis of experimental result be done, improving
production welding methodologies.

2.3 Manufacturing-related LME testing

Due to manufacturing issues (i.e. joint gaps, electrode misalign-
ment) during vehicle assembly, it is known there will sometimes
be part fit-up issues during welding. With the increased yield
strength of 3G AHSS, these issues can be larger due to larger
increased material springback [37]. The misalignment will cause
gaps, angular offsets, and electrodemisalignment duringwelding
[29, 37]. During the welding process, this will change the stress
experienced by the joint as more force is used to close these gaps
[37] and change the temperature distribution as the contact be-
tween the electrode and workpiece changes. Both the increased
stress and change in temperature distribution will affect LME,
which is important to quantify. Similar to tests on process opti-
mization, work on manufacturing issues is difficult to standard-
ize. These tests, and associated results, are very particular to each
individual joint. It should be noted, work has been done to un-
derstand how industrial variability affects LME response. Gaul
et al. [29] investigated the effects of angular misalignment and
eccentric cooling, and Meschut et al. [17] investigated how elec-
trode alignment, and gap affected LME response. Both of these
studies showed that the appearance of LME resulting from these
factors was similar to LME cracks seen when material was
stressed before welding (see Fig. 8). Although these tests were
able to measure how industrial variability affected LME, these
studies could not separate the effects from increased stresses due
to non-ideal joint construction, and changes in process parame-
ters needed to produce satisfactory welds. For example, when
welding a joint with a gap, increased force is needed to close the
gap [37]. It is unknown how increasing force, which decreases
LME severity (see Fig. 6) was counteracted by the increased
stress in the welded sheet, due to the sheet stretching necessary

to close the gap, resulted in the observed LME. It is clear that
much care is needed to design controlled experiments to examine
how the above manufacturing issues affect LME without con-
founding the results with changes in LME response due to the
parameter changes needed to produce quality welds.

2.4 Material LME susceptibility testing

The last major classification of LME testing is ranking the LME
sensitivity of materials. This type of testing is of major use to
automotive companies as it allows them to compare the welding
performance of new materials to those that are already in-use
with known weldability. These results can therefore be used by
automotive companies to make decision about which materials
may be for automotive construction, and for steelmakers to guide
their steel design decisions. Due to impact of this type of work,
and the need to run this work in a standardized fashion, the
typical tests for this work will be examined in depth in Section 3.

3 LME testing variations

Currently, LME testing has not been included in any of the
North American [38] or European [39, 40] standards on ma-
terial weldability. However, there have been some efforts
within private companies, such as GM [41], to develop inter-
nal testing standards. Even without public standard tests, re-
search has been done to compare the LME susceptibility of
various steel grades. These weldability tests have typically
been done using one of two methods. Either materials are
tested using hot-tension testing, typically done using a
Gleeble® thermo-mechanical tester (although there are some
exceptions where custom machines were used [42, 43]), or by
resistance welding a standard joint, which is then inspected for
LME damage. The philosophy behind both approaches is
slightly different. In tests involving hot-tension testing, sam-
ples are typical subjected to a thermal cycle approximating the
weld cycle and loaded while held at an elevated temperature.
LME susceptibility is determined by either LME observations
from the materials surface or changes in tensile properties.
Spot weld testing is done by producing welds using extreme
conditions that are known to cause cracking, then LME sus-
ceptibility is determined by measuring the resulting cracks.
Further details about how various studies are conducted and
assessed may be found in the sections below.

3.1 Hot-tension testing

3.1.1 Hot-tension testing test procedures

Due to the flexibility and control of hot-tension testing, it is
a popular method for examining LME susceptibility. Hot-
tension testing allows samples to be heated to a precise
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temperature to determine temperature dependant properties
without needing to know the interplay between stresses and
thermal history that happen during welding. Stresses can be
applied directly so mechanical properties at failure can be
known as opposed to weld tests, where stresses result from
differences in thermal expansion throughout the sample
[11, 36].

With direct control over the temperature and loading of the
sample, there has been much variation in testing parameters
chosen by various research groups. From the tests reported in
literature ranking the LME susceptibility of various materials,
the following variations have been noted: samples have been
tested with a zinc coating on either one or both sides, testing
has been done in both air and inert atmosphere (Ar), heating
rates have varied from 10 to 1000 °C/s, the delay between
when the testing temperature is reached and application of
force ranged between 0 and 300 s (stabilization time), and
strain rates have varied between 0.0013 and 25 1/s (see
Table 1).

When the mechanical results from hot-tension testing
with different parameters are compared, it may be seen that

the hot ductility of zinc coated steels decreased (higher LME
severity) with increased heating rate, and decreased (lower
LME severity) with increased stabilization time and strain
rate, as may be seen from the greater difference between the
ductility of coated and uncoated test coupons (see Fig. 9).
The observed changes in hot-tension behaviour are due to
how each parameter affects time at temperature. As seen in
Section 2.1 these conditions can have a large effect on the
metallurgical transformations that occur between the coating
and the steel substrate, which affect the LME behaviour.
Excluding stabilization time, it may be seen that heating
and strain rate can significantly affect the time for iron-
zinc interdiffusion. When heating to 800 °C, a susceptible
temperature in most studies [9, 49, 54, 55], it may be seen
that increasing heating rate from 100 °C/s to 500 °C/s will
decrease the time a sample spends above 500 °C before it is
strained from 3 s to 0.6 s (see Fig. 10). Sample loading also
provides time for diffusion to occur. In samples heated at
500 °C/s, the sample temperature is above 500 °C for 1.6 s
when strained to 10% (a typical LME susceptible failure
strain) at a strain rate of 0.1 1/s, whereas it is only warmer

Fig. 8 Results of spot welding
LME tests to show a baseline
LME response of DP1200 as well
has how LME is affected by b
lateral electrode offset, c angular
electrode offset and d gap
between the welded sheets [17]
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than 500 °C for 0.61 s when strained at 10 1/s. It should be
noted though, that previous work shows there is not a sig-
nificant impact of iron-zinc diffusion when samples are held
at temperature for up to 50 s [25] (see Fig. 5). Furthermore,
it has been see that Q&P is strain rate sensitive, where elon-
gation decreases with increasing strain rates from 0.1 1/s to
1.0 1/s [56] when strained at temperatures up to 180 °C. The
strain rate sensitivity is shown in Fig. 9c where the ductility
dip widens as strain rate increases. Therefore, when design-
ing hot tension parameters, both metallurgical processes
(iron-zinc diffusion) and strain rate dependencies of the ma-
terial must be considered when designing parameters. There
is much less data available to understand how the number of
zinc coated sides on a coupon affects LME results. If the
coupon is coated on both sides, it stands to reason that two
LME cracks will form from either edge. These cracks will
grow until there is sufficient stress for fast fracture to occur
through the uncracked region of the sample. So how the

number of coated sides will affect test results depends on
the difference between stress concentration factor of a
single-sided and a double-sided crack. According to
Schijve [57], the difference is less than 2% for a double-
side crack where each crack has extended less than 15% of
the thickness of the sheet. Therefore, it is believed that a
coupon coated with zinc on both sides will result in two
LME cracks growing from either edge. It will result in ap-
proximately the same mechanical response as a coupon coat-
ed with zinc on one side. However, it should be noted that
the post-failure analysis of a single-side coated sheet may be
easier as the LME crack will be longer. Finally, on atmo-
sphere, it is undisputed that testing in air will oxidize the
zinc. It is strongly believed that LME during welding occurs
in the presence of air, as LME on the weld shoulder is not
covered by the electrode, and LME in the electrode indent
occurs after electrode retraction [11], however, Beal [52]
showed that atmosphere does not affect hot-tension results.

Table 1 Thermo-mechanical
testing parameters to test for
material LME susceptibility and
influence of coating
transformation on LME
progression

Author Heating
rate (°C/
s)

Stabilization
time (s)

Strain rate
(1/s)

Number of
zinc coated
faces

Atmosphere Maximum
strain

Bhattacharya [44] 1000 0.5 15 Unknown Unknown Failure

Bhattacharya [45] 1000 0.5 15 Unknown Unknown Failure

He [46] 1000 0.5 0.1 1 Air Failure

Murugan, Kim, Kim,
Wan, Lee, Jeon,
Park [47]

500 1–100 1.2 Unknown Unknown 40%

Ponder, Ramirez,
Ghassemi-Armaki
[48]

500 0.005 5–500 2 Ar Failure

Tumuluru [9] 350 1 5 Unknown Air Failure

Massie [49] 200 0 0.3 1 Unknown Failure

Kim, Kang, Kim [50] 4–100 1 0.1 Unknown Unknown 40%

Kang, Hong, Kim,
Kim [51]

100 0 0.001–0.1 Unknown Unknown 40%

Beal [52] 80 10–300 0.0013–1.3 1 Air and Ar Failure

Jung, Woo, Suh,
Kim [53]

20 0 0.01–1 Unknown Unknown 40%

Kang, Cho, Lee, De
Cooman [23]

10 30 0.5 Unknown Air 40%

Fig. 9 Effect of changes to a heating rate [50], b stabilization time [54], and c strain rate [54] on hot-tension mechanical properties
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Due to the effect of heating on iron-zinc diffusion, zinc
availability for LME [25], and the strain rate sensitivity of
Q&P steels [56], it is believed the testing variations noted in
Table 1 will affect LME testing results. For the reasons stated
in Section 2.1, to be relevant, test parameters used for hot-
tension testing must be similar to those experienced during
welding. Modelling from a previous LME study [36] showed
that the weld shoulder experiencing LME had a heating rate of
3800 °C/s, followed by a delay of 0.3 s between the time the
peak temperature was reached and electrode collapse, when
the area showing LME (the shoulder), experienced a strain

rate of 0.25 1/s. Although this represents one set of experimen-
tal conditions, it is believed that most welding conditions will
not vary radically from those above. If the testing conditions
shown on Table 1 are plotted against the above welding con-
ditions, it may be seen that the vast majority of the tests either
had much slower heating rates or much longer stabilization
times than found in RSW (see Fig. 11). Therefore, it is expect-
ed that different LME severity measurements may result if the
hot-tension testing parameters used for these tests were more
reflective of the temperature-stress history experienced during
RSW. It is expected that using the test methods described in

Fig. 10 Variation in the length of
time a Gleeble specimen is above
500 °C during an 800 °C LME
test done with various heating and
strain rates

Fig. 11 Heating rates and
stabilization time that LME
Gleeble testing has been carried
out at
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Table 1 there was more time for iron-zinc diffusion to form
either a zinc-rich α-Fe that would block zinc flow required for
LME, or zinc liquation on grain boundaries. This is demon-
strated by the observed zinc-rich α-Fe layer seen at the zinc
coating/substrate interface when the strain rate used for hot-
tension testing was slowed from 10−1 to 10−3 1/s in a recent
study by Kang et al. [51]. Likewise, the maximum stabiliza-
tion time used should ensure stable test conditions but be short
enough to prevent iron-zinc interactions that are not seen in
RSW. To determine the maximum stabilization time, it is not
sufficient to limit processing time to less than 50 s as would be
assumed from Fig. 5, as Murugan et al. [25] also showed that
LME sensitivity increased when the test sample was held at
temperatures between 1 and 50 s (see Fig. 12). It is assumed
that the increase with LME sensitivity was due to zinc liqua-
tion of the grain boundaries (see Fig. 3), which was caused by
grain boundary diffusion of zinc. To prevent liquation, the
stabilization time must be limited to 1.5 s, as it take about
3.2 s for grain boundary diffusion of zinc [58] to result in a
liquation concentration of zinc (89 at% at 900 °C) 5 μm from
the sheet surface (half of the typical minimum accepted crack
length [35]), and about 1.5 s is needed to strain samples to
10% at 0.1 1/s. Consideration of the above led to the recom-
mended hot-tension testing parameters of a heating rate of
500–5000 °C/s, a maximum stabilization time of less than
1.5 s and a strain rate between 0.1 and 1.0 1/s. The recom-
mended parameters are shown as a green box in Fig. 11.

3.1.2 Failure metrics

Hot-tension testing is evaluated using both semi-quantitative
and quantitative methods. To evaluate the results semi-quan-
titatively, samples are examined for cracking after they have
been strained to a set elongation. LME susceptibility is deter-
mined by the observed cracking severity [23]. Although this is

effective, this technique can only discriminate between sam-
ples in rough gradations. More commonly, LME evaluation is
carried out by comparing the stress-strain response of the zinc-
coated and uncoatedmaterials (zinc-coatedmaterials that have
been stripped of the coating) during hot-tension testing (see
Fig. 13). Often, the strength and elongation values of the zinc
coated results are normalized against those of the bare material
to calculate a relative or absolute decrease in ductility or
strength (see Fig. 9c). However, to do this, the failure point
of the test must be clear. Determination of the yield strength
and ultimate tensile strength are straight-forward, however,
there is not an obvious choice for determination of the failure
elongation. There are four possible elongation values to use:
elongation at peak load [9, 25], total elongation, the elonga-
tion showing the steepest drop in stress-strain curve (lowest
derivative of stress with respect to elongation), and the elon-
gation when the load drops to half the value of the peak load
[48]. From these four metrics, it is believed that total elonga-
tion may be disregarded because it captures elongation asso-
ciated with areas of the sample cracked due to LME and areas
cracked due to fast fracture. Furthermore, total elongation is
inconsistent. From the data of three replicate tests taken from a
previous study [59], it was seen that total elongation varied
between 4.2 and 7.9%, whereas the elongation at peak stress
varied between 0.76 and 1.21%, and the elongation of the
steepest stress drop varied 1.21–2.68% (see Fig. 14).
Although elongation at peak stress shows the narrowest range,
consideration must be given to what these values represent
within the context of the test. It is believed that, similar to
the decrease in engineering stress measured at the point of
strain localization during tensile testing, the peak stress during
hot-tension testing represents the point of crack initiation and
local straining, when the sample cross-section begins to de-
crease. It is suspected that the strain at the steepest drop during

Fig. 12 Elongation of hot-tension tests (LME sensitivity) of samples that
were heated to 850 °C and held for various stabilization times (stated hold
time above) [25]

Fig. 13 Comparison between the flow curves of zinc coated (EG) and
bare materials subjected to hot-tension testing at 800 °C [54]
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hot-tension testing represents the transition between LME
crack growth and failure due to fast fracture. Using the elon-
gation measured when the load drops to half the peak value
differs from the previous two methods as it is unknown what
the physical meaning of this load is. However, it should be
mentioned that the range of elongations was 2.32–3.26% (see
Fig. 14), which is similar to elongation ranges for the other
two failure elongation methods used. Unfortunately, there is
no data to back-up any of the proposed hypotheses, as all
testing was either done to 40% elongation or to failure (see
Table 1). To definitively show which metric is most useful as
an elongation value, interrupted hot-tension tests need to be
done to determine the state of LME at the discussed elonga-
tion values.

3.2 Spot welding tests

On the surface, most spot welding test method used to deter-
mine LME susceptibility are very similar to each other. Joints
are constructed and welded using typical production parame-
ters. After welding, the resultant cracks are measured and the
results from the various materials are compared. Although
these tests are seaming very similar, the detailed parameters
are quite different, which makes results from various studies
impossible to compare with certainty.

3.2.1 Spot welding test variations

In general, the parameters for most RSW tests are based in
either publicly accessible standards for material approval such
as SEP1220-2 [39], ISO 18272 [40], or AWS D8.9 [38]; how-
ever, there are also examples in the literature where
company’s internal welding standards were used [15]. These
standards offer the basis for selecting the parameters of weld
time, and force, which both have a large influence on LME
cracking (see Fig. 6), as well as electrode face diameter, which

also influences LME [27, 28]. However, here the similarities
end. To produce measurable differences in LME crack re-
sponse from tested materials, joints must be welded using
welding parameters that produce severe LME. Without severe
parameters, cracks may form in only highly LME sensitive
materials. Typically, this is done by one of two methods.
Either welds are made at, or above, the expulsion current
[13, 21, 29, 30, 35, 41, 60], or welds are made using a dissim-
ilar sheet joint where the tested material is welded to a lower
strength steel [17, 30]. It should be noted though, some tests
have used alternate methodologies (see Table 2). LME re-
sponse becomes more severe with increasing current, as this
will increase weld temperature, which will increase both the
time that weld is at crack susceptible temperatures, between
600 and 950 °C [33, 50, 53, 55, 63], and increase stress [64].
Although, the mechanism by which welding a dissimilar joint
configuration increases LME severity is unknown. It is possi-
ble that that differences in the thermal expansion coefficients
of the high strength and plain carbon steels [65] increase ten-
sile stresses in the radial direction from the weld, as the welded
materials do not expand uniformly. However, even with the
differences between welding procedures, most tests were car-
ried out using domed electrodes (see Table 2). This could be
because domed electrodes have been noted to increased LME
severity compared to flat electrodes [27, 28, 36], or it could be
that this electrode geometry is of interest to industry.

As noted above, different philosophies were used when
selecting welding parameters for the various LME welding
tests. When the tests were compared it was seen that there
was no relation between the heat input (approximate combi-
nation of welding time and current) of the various tests (see
Fig. 15). As already discussed, this means that some of the
tests would be done with very high LME susceptible param-
eters (high current and weld time) and some with low LME
susceptible parameters (low current and weld time). Although,
it is acknowledged that thicker materials need to be welded

Fig. 14 Mechanical response of a Gleeble LME hot-tension test shown as a a standard engineering stress-engineering strain curve and b a curve graphing
the derivative of engineering stress with respect to strain against strain. Adapted from [59]
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with more heat to increase weld size, if there was a single
philosophy used to test all samples, then it would be expected
that welds of increasing thickness would be welded with in-
creasing welding time and current, which is not the case. The

scatter in the testing parameters means that results may only
be compared within tests. Much of the differences between
tests may be due to how welding current was chosen. Some
studies chose welding current in relation to the expulsion cur-
rent, some chose it in relation to nugget size, and some chose
maximum current where cracking was not observed (see
Table 2). It is thought that choosing the current with respect
to expulsion and maximum crack-free current leads the ob-
served variation in parameters. The expulsion current is a
function of material strength as well as thermal properties, as
it is the current at which the material is not longer capable of
containing the ferrostatic pressure of the nugget. It stands to
reason that steels with greater high temperature flow stress can
contain larger nuggets [66], and therefore the LME testing
conditions would have higher heat input. Selecting the test
current by determining the maximum crack-free current will
likewise confound the results with other material issues such
as resistivity (a function of material composition [67]) and
material strength which affects interfacial resistance. Of the
three methods to determine testing current, use of nugget size
will best ensure that all welds in various materials are made
with approximately equivalent heat input. Although, it is

Table 2 Welding parameters and LME severity metrics used in past studies

Author Procedure Welding electrodes Welding current LME severity metric

Meschut, Böhne, Rethmeier,
Biegler, Frei [17]

SEP1220-2 [39] F1-16-20-50-5.5 [62]
(dome 5.5 mm flat)

Imax—400 A Maximum crack depth
(X-ray)

Benlatreche, Dupuy,
Ghassemi-Armaki,
Lucchini [61]

SEP1220-2 [39] in a dissimilar
joint with DP980 or mild
steel

F1-1-8 mm [62] (dome
8 mm flat)

Imax Maximum crack length
(cross-section)

Sierlinger, Gruber [21] SEP1220-2 [39] with 3-similar
sheet joint

F1-16-20-50-6 [62] (dome
6 mm flat)

Imax Maximum crack length
(cross-section)

Hong, Kang, Kim, Kim [22] ISO 18278-2 [40] F1-16-20-50-6 [62] (dome
6 mm flat)

5.9 kA (Imax—500 A for
1.5 Si material)

Crack frequency, maximum
crack length

Wintjes, DiGiovanni, He,
Biro, Zhou [13]

AWS D8.9 [38] Domed electrodes (6 mm
or 7 mm flat)

Imax + 10% Cracking index (combined
crack length and frequency)

Tolf, Hedegård, Melander
[15]

Scania production schedule ISO 5821 [62]: Cap B
16/6.7 (truncated cone
6.7 mm flat)

Imax—700 A Surface crack length

Tumuluru [9] No standard given (3.6 kN
force, 14 cyc weld time)

Double dome (6.09 mm
flat)

Current to produce nugget
of 6√t (below expulsion)

Crack frequency, maximum
crack length, cumulative
crack length

Ashiri, Shamanian,
Salimijazi, Haque, Bae,
Ji, Chin, Park [35]

No standard given (2.6 kN
force, 266.7 ms single pulse
weld time)

Dome electrodes (6 mm
flat)

Standard current range Maximum crack
length/crack-free current
range

Gaul, Brauser, Weber,
Rethmeier [29]

No standard given (4.5 kN
force, 1000–1800 ms weld
time)

Unknown Imax and current to produce
nugget of 5√t (below
expulsion)

% of cracked welds

Sigler, Schroth, Yang,
Gayden, Jiang, Sang,
Morin [60]

No standard given (4.3 kN
force, 12 or 7 + 7 + 7 cyc
weld time)

MWZ-6006 dome
(4.8 mm flat)

Imax or greater Maximum crack-free current
range

Karagoulis [41] 2.6 kN, 11–67 ms pulses Dome electrodes (6 mm
flat)

4 kA to testing current Maximum crack length
(cross-section)

Karagoulis [41] 4.0 kN, 8–130 ms pulses Dome electrodes (6 mm
flat)

5 kA to testing current Maximum crack length
(cross-section)

Fig. 15 Relation of welding parameters used from various past studies on
LME sensitivity testing
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acknowledged, that heat capacity is also a function of material
composition, which will change how much heat is needed to
make a particular sized weld from one alloy to another.
However, it is suspected that changes in necessary heat input
due to heat capacity would result in a smaller change in
material-to-material heat input than any of the other methods
to determine welding current. However, even if a single phi-
losophy is not used to choose welding current, data may still
be compared between tests if a point-of-comparison is used to
relate the results of one test to another. This would be a com-
mon material tested in both studies. Inclusion of such a mate-
rial would allow the data from one data set to be compared to
another, by enabling a conversion factor to be calculated.

3.2.2 Modified welding tests

Although most tests used to compare the LME susceptibility of
various materials were done with very typical welding param-
eters (see Table 2), there are two notable exceptions, these are:
tests done while the welding coupon was loaded externally [68,
69], and tests using a series of increasing current pulses [41].
Both tests are interesting as neither relate directly to the
manufacturing environment. However, each may be used for
a purpose. Welding using an applied load has been seen to
create LME cracks in the same matter as welding with a gap,
welding using a three-sheet joint, and welding an AHSS sheet
to a thick sheet of mild steel (see Fig. 16). Due to the similarities
in cracking results, welding using an applied load may allow
the effect of these manufacturing factors on stress to be quanti-
fied. Welding with increasing current pulses may be likewise

useful. This welding schedule will promote cracking in both the
welder shoulder by promoting electrode collapse [36] and the
weld indent by increasing temperature in the weld before elec-
trode retraction [11]. Use of these extreme parameters could be
used to determine the crack susceptibility of very low suscepti-
ble materials (i.e. low carbon and high strength low alloy
steels). By investigating the crack susceptibility of these low
susceptible materials, the influence of aggravating factors such
as gaps, electrode misalignment, and material thickness can be
quantified without creating excessive numbers of cracks.

3.2.3 LME cracking metrics

In spot welding LME susceptibility tests, the procedure used to
measure LME cracking is as important as the welding proce-
dure. As seen in Section 3.1.2, the characterization metric can
affect the LME severity ranking. In general, three types of mea-
surement techniques have been used in past studies. These are
quantitative metrics, semi-quantitative metrics, and pass/fail
metrics. Quantitative and semi-quantitative metrics focus on
measurable aspects of the crack. Typically cracking is judged
on: average crack depth [13, 17], maximum crack depth [9, 21,
22, 30], cumulative crack length [9, 15], crack frequency
(cracks per weld) [9, 13, 22], crack distribution [70], percentage
of welds exhibiting cracking [29] or some combination these [9,
13, 22]. Due to the high variability associated with crack length
and frequency measurements [13], some researchers use LME
metrics to divide materials into broad categories (i.e. low, me-
dium, high LME susceptibility) [21, 30]. Although the use of
semi-quantitative results can be used to broadly determine the

Fig. 16 LME test welds made using in a a DP1200/mild steel configura-
tion under normal conditions, b DP1000/DP1000 configuration under
applied load, c DP1200/mild steel configuration made with gap, d

DP1200/mild steel/mild steel configuration, e a DP1000/1 mm mild steel
configuration and f) a DP1000/2 mm mild steel configuration [17]
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LME response of materials, it is not fine enough to be used to
determine how small changes in alloy composition affect LME
characteristics. It should also be noted that most studies do not
report how LME cracks are measured, perpendicular to the
material surface, the straight-line distance from the crack open-
ing to its root, or the distance following the crack. This subtlety
also affects reported crack depth, especially for cracks that meet
the sheet surface at shallow angles or exhibit many changes in
direction.

There are two issues with the use of crack measurements to
classify LME severity. First, measurement of cracks assumes
that crack dimensions are linked to changes in mechanical
properties, which is the purpose welds serve. Secondly, the
vast majority of crack dimensions are measured from the weld
cross-section. This has the obvious issue that only a small
fraction of the total cracks within a weld are revealed. To
address the first issue, it has been shown that longer cracks
will degrade weld strength more than shorter cracks [18, 71],
However, the cracks must be located across the load path of
the weld to have a large effect on strength. Otherwise, long
cracks are a necessary, but not a sufficient requirement for
weld strength degradation. Even though the use of cracking
dimensions and distribution as an LME severity metric is
widespread, there has been little work done to determine if

the metric is meaningful. As the purpose of a weld is to pro-
vide a structural joint, it is thought that LME cracking severity
should be judged in terms of how it degrades weld strength.
Most work investigating LME cracking have not shown a
correlation between cracking metrics and mechanical proper-
ties. In fact, the two most common metrics (maximum crack
length and crack frequency) were seen to poorly correlate to
strength degradation or had too much variability for strong
conclusions to be made (see Fig. 17 a and b). This being said,
it was also shown that the average (geometric mean) crack
length and crack frequency could be combined and normal-
ized by sheet thickness to develop a metric (cracking index or
CI) that correlated well to strength degradation (see Fig. 17c)
[13]. Even though cracking metrics can be correlated to weld
properties, it is still acknowledged that crack distribution is
generally measured from a weld cross-section. How well
cracks revealed from an individual cross-section represent
the entirety of a weld’s crack distribution, is still a matter of
study, and will not be pursued in this work. However, work
has been done to characterize the total number of cracks
existing in a particular weld using X-ray computed tomogra-
phy (CT) scans [17, 28]. This work showed that all cracks,
open at both exterior and interfacial surfaces, may be mea-
sured and represented (see Fig. 18). Thus, full knowledge of

Fig. 17 Relation between a maximum (95th percentile) crack length, b crack frequency (cracks per weld), and c cracking index and degradation of
tensile shear strength for various welds exhibiting LME [13]

Fig. 18 Representation of location and depth of LME cracks surrounding a weld as measured using X-ray CT-scan [17]
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the crack distribution may be gained with respect to the direc-
tion of the applied load. This full weld crack distribution has
been shown to qualitatively correlate to static and impact weld
strength [17].

The final metric used to evaluate LME severity is based on
a pass/fail standard. It should be noted that this was only seen
in one test [41]. This evaluation is based on quantitative eval-
uations similar to the studies discussed above. In this case,
Karagoulis [41] divided the weld into several regions (indent,
notch, inner and outer shoulder) and developed a maximum
acceptable crack dimension for each of these regions, depend-
ing on the current a weld was made at. If the cracks found in a
particular area of the weld exceed the acceptable limits, the
material is deemed to fail. Although within the context of the
current review, this test is classified as having a pass/fail cri-
terion; it is based on the same metrics as used for the quanti-
tative evaluations above. Pass/fail criteria offers very little
insight to how subtle changes to material characteristics im-
prove LME performance; however, it is able to provide un-
ambiguous insights to manufacturers about which materials
are suitable for production.

4 General guidelines for testing methodology

4.1 General guidelines on LME test development

The present review showed that there is much LME testing
research being carried out. The work that is being done fulfils
multiple purposes from understanding the mechanism respon-
sible for LME, to optimizing the welding process to reduce
LME, to understanding how the LME susceptibility of various
materials compare to each other. However, due to the varia-
tions in how these tests have been run, it is very difficult to
compare results to each other. In some cases, changes in meth-
odology produced contradicting conclusions between studies.
Therefore, experimental methodologies should be designed
with the following objectives in mind.

1. Testing procedures need to reflective of the final applica-
tion.

The goal of the cited LME studies was to determine
materials capable of making sound welds in a production
environment. To understand and decrease cracking during
welding, the used experimental parameters must be appli-
cable to the thermal cycle and stress states experienced in
welding. If experimental parameters differ too far from
those experienced during welding, generated results are
not applicable to welding applications. This also applies
to other applications where LME is seen, such as hot
stamping where materials experience much slower
heating rates and much longer stabilization times than
experienced in welding [72]. By matching the

experimental procedures to the final application, the final
results will be most predictive of welding performance
metallurgical processes during testing and the final appli-
cation will be similar.

2. Results from multiple tests must be comparable.
As a large amount of LME testing is required to fully

understand how the welding process, material composi-
tion, and steel mechanical properties affect LME, multiple
tests are needed to fully explore these issues. Therefore,
results from multiple tests must be able comparable to
reduce to overall work required. This requires general
agreement on basic hot-tension and welding parameters
so that the temperature history and stress state within the
samples tested in multiple labs are similar. As well, ap-
propriate metrics should be chosen to design tests so that
unaccounted for material properties do not confound with
variables being investigated.

3. Results must be quantified and related to properties of
interest.

If the purpose of eliminating LME cracks fromwelds is
to ensure that welds in automotive assembly can safely
join parts even under severe loading (i.e. crash), LME
severity must be judged on mechanical strength. To eval-
uate welds based on crack geometry or distribution (crack
depth or frequency), then these factors must be shown to
relate to weld mechanical properties. Furthermore, with
the current state of understanding of LME process and
governing metallurgy, little further advancement that
can be made using semi-quantitative measures.

4.2 Further work needed to develop standards

To implement the above recommendations into hot-tension
and RSW testing, further work will be needed to understand
appropriate testing parameters.

4.2.1 Hot-tension testing

Of the two most popular testing methods hot-tension testing is
by far the most flexible, as such, there has been large varia-
tions in test methods used by researchers. To make testing
more consistent and applicable to the welding environment,
the following should be implemented.

Hot-tension testing parameters should have a heating rate
between 500 and 5000 °C/s, have a stabilization time at peak
temperature before straining of no more than 1.5 s, and have a
strain rate ranging from 0.1 to 1.0 1/s (green square in Fig. 11).
These parameters are similar to those experienced by the weld
in LME cracking situations. As well, these parameters will
ensure that grain boundary liquation due to grain boundary
diffusion of zinc will not occur and materials will not exhibit
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strain rate sensitivity when pulled at excessively high strain
rates.

Further understanding of the measurements must be done.
It must be understood how the elongation at the peak strength
and at the steepest decrease in stress relate to LME cracking in
the hot-tension coupon as well as the temperature and stress
state of areas of the weld exhibiting LME initiation and
growth.

4.2.2 Resistance spot welding testing

RSW testing is very applicable to assembly welding. In gen-
eral, most testing is already based on industrial standards,
which offer a generic set of guidelines that are similar to pa-
rameters used in many automotive assembly operations.
Furthermore, most welds are being made at or near expulsion,
which is also very similar to industrial practices. However,
currently there is no standard practice as to what welding
current should be selected to conduct tests. This means that
materials are being welded at various heat inputs, which is
known to impact LME cracking. Furthermore, welding cur-
rent is typically being chosen relative to the expulsion current.
As this is a function of welding current, time and material
strength, this also adds an inherent variability to heat input
used for LME testing. It is thought that using nugget diameter
to define welding current, as was done by Tumuluru [9], is
better practice, as nugget diameter is less influenced by other
variables. To ensure that welding occurs near the expulsion
current, the nugget diameter may be chosen so that it is at, or
slightly above, that of the electrode face (which is generally a
function of sheet thickness [38–40]). To further enable com-
parison between tests made using different welding parame-
ters, a common material should be included in test data. This
material should be a high strength commodity steel such as a
zinc-coated 22MnB5.

To quantify LME cracking severity and relate cracking to
mechanical properties, further work must be done to confirm
that the quantifiable metrics, like the cracking index, are gen-
erally applicable to all steels. Furthermore, the relation be-
tween cracking severity and mechanical properties must be
extended to cross-tension and KS-II [73] geometries.

Work must also be done to understand how manufacturing
issues such as gap, electrode misalignment, and welding joints
constructed of multiple or dissimilar sheets affect stress during
welding. This may be done by comparing the LME resulting
from these setup conditions to cracking resulting from welds
made under an external applied load. Although it is acknowl-
edged that this simplified approach may neglect changes to
temperature distribution and current density, it may be a useful
tool to generalize the problem. By this simplification, it may
be understood how each of these situations increase the stress
on the joint and be used to design standards to define

maximum allowable out-of-specification joint setup to avoid
LME cracking in particular joints.

5 Conclusion

Automotive companies are trying to incorporate stronger 3G
AHSS into their designs. However, adoption of these steels is
being slowed by the tendency of 3G AHSS to exhibit LME
cracks when spot welded during automotive assembly. There
has beenmuch work to understand the mechanisms governing
LME cracking, optimizing welding parameters to minimize
LME cracking, and compare the crack sensitivity of various
3G AHSS steel designs. Most of this work has been done
using either hot-tension or resistance spot welding tests.
However, methodologies to carry out these tests have not been
standardized. This resulted in much work being done using a
large variety of parameters so that results from various studies
cannot be readily compared, and comparison of results can
draw contradictory conclusions. Sometimes, the chosen pa-
rameters do not reflect the thermal and stress cycles that occur
during automotive assembly spot welding. A review of the
testing methodologies used by various studies was completed,
from which it was proposed that spot welding testing may be
unified by the following three guidelines:

1. Testing procedures need to reflective of the final spot
welding application.

2. Results from multiple tests must be comparable.
3. Results must be quantified and related to properties of

interest.

To fulfil these guidelines, it is proposed that future hot-
tension testing be done at a heating rate between 500 and
5000 °C/s, have a stabilization time of no more than 1.5 s,
and elongated using a strain rate ranging from 0.1 to 1.0 1/s. To
understand the appropriate end of test elongation measure-
ment, further work must be done to understand how the elon-
gation at the peak strength and at the steepest stress decrease
relate to LME crack initiation and growth during hot-tension
testing, as well as how the stress state at these elongation
values relate to the temperature and stress experienced by
the weld during LME cracking.

The welding current during RSW testing of LME sensitiv-
ity must be chosen using a standard nugget diameter. Using
nugget diameter to determine weld current will standardize
heat input between materials, as it will minimize how much
material properties (i.e. strength) affects the testing current.
The nugget diameter chosen should be at, or slightly above,
the face diameter of the welding electrode. This will ensure
that welding is still done at, or slightly above, the expulsion
current and the resulting welding parameters will be sensitive
to LME cracking. A standard steel sample, such as zinc-coated
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22MnB5, should be included in future tests. This would give a
point-of-reference to compare the LME sensitive of steels
measured from multiple research labs. Further work must be
done to develop quantifiable LMEmetrics that relate cracking
severity to mechanical properties. It must be shown that they
are applicable to all steels and relations must be made between
the cracking metric and joint strength in tensile shear, and
cross-tension fracture modes in both static and crash loading.
Also, research must be done to determine how factors such as
weld gap, electrode alignment and dissimilar sheet joints af-
fect stress during welding that leads to LME.

Adoption of these recommendations into the future tests
and standards will improve the usefulness of generated results.
It will ensure that the test methods will relate to welding con-
ditions used in the production environment. Furthermore, it
will improve the comparability of results generated from mul-
tiple studies. Going forward, even if we continue to wear
multiple watches, we will at least know how the time on one
watch compares to another.
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