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Abstract
Zinc-coated advanced high-strength steels (AHSS) used in the automotive industry are vulnerable to liquid metal embrittlement
(LME) during welding. In this work, a Bcrack index^ is used to link LME crack distributions in resistance spot welds to the weld
performance. Other commonly used LME metrics, such as maximum crack length, are unable to predict an effect on weld
performance. Because both crack size and location have been established as critical characteristics for loss in weld strength, both
of these factors must be taken into account when characterizing LME severity. The crack lengths measured in LME-affected
welds were observed to fit a lognormal distribution; therefore, the lognormal median is used as the parameter to account for crack
size. Long cracks are more likely to adversely impact mechanical performance. Number of cracks can be used to account for the
probability that a crack will be found in a critical location. These parameters are multiplied together and divided by the sheet
thickness to produce the crack index. A large crack indicates that LME cracks in the weld are likely to impact the mechanical
performance of the weld. A simpler version of the crack index may be calculated using the normal median.

Keywords Liquidmetal embrittlement . Advanced high-strength steel . Resistance spot welding .Weld strength . Cracking

1 Introduction

Growing concerns over the impact of fossil fuels on climate
change have led to demand for the production of fuel efficient
vehicles [1–4]. Consequently, this has led to the development
of advanced high-strength steels (AHSS). Parts manufactured
from AHSS can be made using thinner sheets due to their
superior strength, which can reduce vehicle weight, improving
fuel efficiency [5, 6]. These steels are typically coated with
zinc to protect against corrosion.

AHSS are commonly joined using resistance spot welding
(RSW) during automotive manufacturing. In this process, an
electrical current is passed through the sheets of metal and
resistive (Joule) heating causes melting at the interface

between the sheets, which solidifies into a weld nugget [7].
During welding, the zinc coating melts at a temperature
(419 °C) far below the melting point of steel (~ 1500 °C).
Because of this, liquid zinc may penetrate into the grain
boundaries in the heat-affected zone in a process known as
liquid metal embrittlement (LME) [8–11]. LME weakens the
grain boundaries, causing nucleation of surface cracks, which
can propagate as stresses from welding cause the cracks to
open up [8, 12, 13].

The impact of LME cracking on weld mechanical perfor-
mance is currently unclear. A number of studies have indicat-
ed that heat-affected zone cracking, including LME cracking,
does not have a significant effect on tensile or fatigue proper-
ties of resistance spot welds [9, 14–18]. However, several
recent studies have also reported that LME cracks do reduce
weld mechanical performance of RSW joined high-strength
AHSS during tensile lap shear testing, when compared to
welds of uncoated material [19–21]. Choi et al. observed that
spot welds with LME cracks greater than 325 μm in length
demonstrated reduced mechanical performance [19], while
DiGiovanni et al. established that crack location plays a role
in whether an LME crack will impact tensile lap shear strength
in a particular weld [20, 21]. However, no further attempt has
been made at determining a quantitative relationship between

Recommended for publication by Commission III - Resistance Welding,
Solid State Welding, and Allied Joining Process

* E. Wintjes
elwintje@uwaterloo.ca

1 Department of Mechanical and Mechatronics Engineering,
University of Waterloo, 200 University Ave. W., Waterloo, ON N2L
3G1, Canada

Welding in the World (2019) 63:807–814
https://doi.org/10.1007/s40194-019-00712-5

http://crossmark.crossref.org/dialog/?doi=10.1007/s40194-019-00712-5&domain=pdf
http://orcid.org/0000-0001-8627-7489
mailto:elwintje@uwaterloo.ca


weld strength and LME cracking severity. This task is com-
plicated by the fact that no standard method exists to quantify
LME cracking severity in RSW. Methods which have previ-
ously been used include maximum crack length [8, 11, 19, 20,
22, 23], total length of surface cracks [10], total crack surface
area [24], surface cracking ratio [9], number of LME cracks
per weld [23], and mean crack length [12]. None of these
metrics have been linked to weld performance; they only de-
scribe crack size or distribution. The goal of this study is to
establish a metric for LME cracking severity which explains

the effect of LME on lap shear strength in RSW of similar
materials.

2 Materials and methods

Four different grades of hot-dip galvanizedAHSS, chosen due
to industrial interest, were used for this study: DP980,
TRIP690, TRIP1100, and TRIP1200. Their chemical compo-
sitions and sheet thicknesses can be found in Table 1. The

Table 1 Composition and sheet thickness of AHSS

Material Thickness (mm) C (wt%) Mn (wt%) Si (wt%) Al (wt%) Cr (wt%) Mo (wt%) Fe (wt%)

DP980 1.2 0.10 2.1 0.3 0.05 0.2 0.3 Bal.

TRIP690 1.2 0.20 1.7 0.4 1.31 – – Bal.

TRIP1100 1.6 0.20 2.2 1.6 – – – Bal.

TRIP1200 1.6 0.22 2.3 1.7 – 0.1 – Bal.

Fig. 1 Tensile lap shear coupon
geometry

Table 2 Welding parameters used to determine LME susceptibility of AHSS

Material Electrode diameter (mm) Force (kN) Cooling (L/min) Weld time (cy) Expulsion current (kA)

DP980 6 4 4 16 10

TRIP690 6 3.6 4 16 10

TRIP1100 7 5.5 6 12-2-12 10

TRIP1200 7 5.5 6 12-2-12 10.5

Fig. 2 a Selection of cross-
section plane using visible surface
cracks. b Measurement of LME
crack lengths
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sheets were cut into coupons 25 mm× 25 mm for crack anal-
ysis and 25 mm× 100 mm for tensile lap shear testing. The
rolling direction is along the 100 mm length of the coupon. A
schematic of the lap shear tensile coupons is shown in Fig. 1.
All coupons were cleaned with ethanol prior to welding.

Samples were welded using a medium frequency direct
current pedestal welder with class 2, female B-type electrode

caps. The expulsion current, defined as the lowest current at
which expulsion was observed for three consecutive welds,
was determined for each material and is denoted as Imax. For
preliminary testing, each material was welded using a current
10% higher than the expulsion current (denoted as Imax +
10%) to encourage LME cracking. All other welding param-
eters were selected according to AWS D8.9 [25] and are
shown in Table 2. Following preliminary testing, additional
samples were welded with currents between Imax and Imax +
10% in increments of 0.2 kA for TRIP 1100 and TRIP1200 to
vary the amount of LME cracking.Welding currents above the
expulsion current were used because it has been observed that
LME becomes more severe with expulsion [26]. DP980 and
TRIP690 samples were also welded with an alternating cur-
rent pedestal welder, as AC welds display different patterns of
cracking.

For each condition, five samples were welded for crack
analysis. These were cross-sectioned through the most severe

Table 3 Comparison of nugget diameters of welds made with coated vs
uncoated AHSS

Material Nugget diameter (mm)

Uncoated Coated

DP980 6.7 6.6

TRIP690 6.8 6.5

TRIP1100 7.6 7.8

TRIP1200 7.6 7.4

Fig. 3 Micrographs of resistance spot welds of DP980 (a, b), TRIP690 (c, d), TRIP1100 (e, f), and TRIP1200 (g, h) welded at Imax + 10% with LME
cracks circled
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cracks visible on the weld surface (Fig. 2a). The cross sections
were mounted, polished to a 1-μm diamond finish, and etched
with a 5% nital solution. Optical microscope images were
taken of any LME cracks in the cross-sections, which were
measured using the open source software ImageJ, created by
the National Institutes of Health. Cracks were measured with a
straight line from the crack opening to the crack tip, as shown
in Fig. 2b. The metrics used to quantify LME cracking sever-
ity were average number of cracks per weld, arithmetic mean
(mean) crack length, and 95th percentile crack length. 95th
percentile crack length was selected rather than maximum
crack length, which has been used in literature, to prevent
the inclusion of outliers.

For each condition, 10 samples were welded for tensile
testing: five samples with zinc coating and five which had
their coating stripped by pickling in a solution of 20% HCl.
The coated and uncoated materials were confirmed to have
similar nugget diameters to allow a strength comparison be-
tween the two coating conditions (Table 3). The samples were
tensile-tested at a rate of 2 mm/min. The percent difference in
maximum load between the coated and uncoated samples
compared to the weld strength of the uncoated material was
calculated to determine the impact of LME cracking on me-
chanical performance.

To calculate the uncertainty associated with the percent dif-
ference in strength, the uncertainty associated with the strengths
of the coated and uncoated materials was calculated and stan-
dard error propagation techniques were applied as follows:

σ%Diff ¼ %Diffj j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σcoated

Fcoated

� �2

þ σuncoated

Funcoated

� �2
s

ð1Þ

where F represents the peak load measured by the tensile test
and σ represents the standard deviation of the peak load [27].
Ninety-five percent confidence intervals for all mean values
were calculated using the equation

X � 1:96
σ
ffiffiffiffi

N
p ð2Þ

where X is the mean value of the measured quantity, σ is the
standard deviation, and N is the number of measurements.
Confidence intervals on 95th percentile and median values
were estimated using the bootstrap method [28]. The confi-
dence intervals are displayed as error bars on the graphs.

Fig. 4 a Mean crack length, b
Average number of cracks per
weld, and c 95th percentile crack
length in samples of AHSS
welded at Imax + 10%

Fig. 5 Comparison of peak load for coated vs uncoated AHSS welded at
Imax + 10%
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3 Results and discussion

3.1 Crack analysis

Each of the four materials tested displayed a different pattern
of crack susceptibility. Very few cracks were seen in DP980,
and those that were observed were small (Fig. 3a, b). In
TRIP690, a few very large cracks were observed (Fig. 3c)
but not many cracks were seen in general. In TRIP1100, some
very large cracks were observed (Fig. 3e) and many small
cracks were also observed in the weld shoulder (Fig. 3f). For
TRIP1200, a large number of cracks were observed, which
were mostly small and located in the weld shoulder (Fig. 3h).

LME cracking severity has been characterized by the mean
crack length, number of cracks per weld, and 95th percentile
crack length. Due to their large standard deviations, these
quantities fail to capture differences in LME cracking between
different conditions. This is evident when comparing themean
crack lengths for the four materials used in this study welded
at Imax + 10%. In particular, the mean crack length in TRIP690
has such large error bars that there is no clear difference be-
tween it and any of the other materials (Fig. 4a). In addition, if
observing only mean crack length or 95th percentile crack
length, it would be concluded that TRIP1100 is the most sus-
ceptible to LME of the four materials, while number of cracks
would lead to the conclusion that TRIP1200 is the most sus-
ceptible (Fig. 4). This is consistent with what was observed in
the micrographs in Fig. 3; TRIP1100 and TRIP690 displayed
some very large cracks, while TRIP1200 showed a large num-
ber of small cracks. The three cracking metrics do not show
the same trend of cracking susceptibility, which suggests that a
single one of these metrics is not enough to give a complete
picture of LME cracking severity.

3.2 Tensile lap shear testing

Peak loads obtained from tensile-testing the preliminary welds
made using a current of Imax + 10% were compared for welds
in materials that were zinc-coated (LME susceptible) and un-
coated (LME free). The joint strength was reduced for the
coated welds in TRIP1100 and TRIP1200, while LME had
almost no effect on the strengths of joints in DP980 and
TRIP690 (Fig. 5).

None of the standard crack characterization metrics (mean
crack length, number of cracks per weld, 95% percentile crack
length) can explain the trend in decreasing strength. In gener-
al, longer cracks and a larger number of cracks correspond to a
larger decrease in weld strength (Fig. 6); however, there is a
large amount of noise when trend lines are fit to the data. In
addition, crack location has been shown to have an impact on
the weld strength reduction. In a study by DiGiovanni et al., it
was shown that cracks around the periphery of the weld prop-
agate and contribute to the weld fracture path, while those in

Fig. 6 Relationship between amean crack length, b number of cracks per
weld, and c 95th percentile crack length and weld strength loss for
resistance spot welded AHSS
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the center remain unaffected by tensile lap shear testing [20].
The direction of load also determines whether a crack will
have an adverse effect on weld strength [21]. This location
effect cannot be accounted for using a simple metric like mean
crack length or cracks per weld. Even though neither length
nor number can fully predict the loss in strength, both clearly
have an effect on the weld performance.

3.3 Crack population distributions

Mean crack length is a commonly used descriptor of Btypical^
crack size in a population. However, as shown in Fig. 4a, this
may not be an accurate metric for describing crack size, due to
the very large error bars. This is because the use of the mean
crack length to describe cracking assumes that the crack pop-
ulations are normally distributed. When observing the total
population of cracks in a weld, it becomes clear that normality
is not a good assumption for LME crack populations. The
histogram in Fig. 7a shows the actual crack population ob-
served in samples of TRIP1200 welded at Imax + 10%, while

the curve shows an ideal normal distribution for a population
with the same mean, standard deviation, and number of mea-
surements. It is apparent that the normal distribution does not
fit the data. However, when compared with the lognormal
distribution, the fit is much more accurate (Fig. 7b). This in-
dicates that lognormal statistics should be used to describe
LME crack populations.

Using the lognormal mean shows a slight improvement
over the arithmetic mean in describing the cracking popula-
tions, as the error bars are smaller than those for the arithmetic
mean in Fig. 4a. However, a much more significant improve-
ment is seen when the lognormal median is used instead
(Fig. 8). This confirms that the lognormal distribution is better
able to describe the data than the normal distribution and al-
lows conclusions to be made with greater confidence. Plotting
the lognormal median against the weld strength decrease
shows a clearer increasing trend than the lognormal mean
(Fig. 8c) or normal mean and 95th percentile crack length
shown in Fig. 4. However, the lognormal median alone is still
not a good predictor of weld strength loss (Fig. 8d).

Fig. 8 a Lognormal mean and b
lognormal median of samples
welded at Imax + 10%.
Relationship between c
lognormal mean and strength loss
and d lognormal median and
strength loss in resistance spot
welded AHSS

Fig. 7 Histogram of LME cracks
observed in TRIP1200 fitted with
a normal distribution (a) and a
lognormal distribution (b)
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3.4 Crack index

It is clear that both crack length and number of cracks have an
impact on weld strength, although neither can fully describe
weld strength loss on their own. Currently, nomethod exists to
predict the location of LME cracks in a weld; however, as the
number of cracks increases, the probability that a crack will be
located in a critical position also increases. Therefore, multi-
plying lognormal median crack length by the number of
cracks per weld is a way to account for the probability that a
crack will be found in a critical location, while the lognormal
median determines whether this crack is likely to be of suffi-
cient length to cause a loss in strength. It is necessary to take a
probabilistic approach because both crack analysis and tensile
lap shear testing are destructive tests. That is, the weld which
is analyzed for cracks is not the same weld that is tensile-
tested. In addition, the critical crack length for strength loss
will depend on the sheet thickness of the metal. Therefore, a
Bcrack index^ can be calculated:

Crack index ¼ nL
t

ð3Þ

where n is the number of cracks per weld, L is the lognormal
median crack length, and t is the sheet thickness. This may be
thought of physically as a ratio of the total length of cracks in
the cross section to the sheet thickness.

The crack index can be used to accurately assess LME
crack severity in resistance spot welds. Graphing the strength
decrease against the crack index reveals a linear relationship
(Fig. 9). This crack index can be used to predict weld strength
loss because it takes into account both crack length and
location.

The crack index performs well in explaining the strength
loss caused by LME cracks. However, the use of lognormal
statistical analysis may be complicated for those who are un-
familiar with this type of distribution. A comparison of the
normal and lognormal median reveals that the two are very
similar in most cases (Fig. 10a). Therefore, for simplicity, the
crack index was recalculated using the normal median in place
of the lognormal median. The correlation of the new crack
index was still quite strong, with only a decrease of 0.02 in
the R2 value (Fig. 10b). This Bnormal crack index^ is thus a
simpler alternative which still may be used to explain strength
loss in LME susceptible welds.

4 Conclusions

The current work proposes the crack index to quantify LME
cracking severity based on crack length, crack frequency, and
sheet thickness. The crack index was shown to have linear
relationship with the loss in tensile lap shear strength. As such,
it is the first cracking metric that has successfully linked crack
severity to weld performance. The crack index was shown to
quantify differences in cracking populations with more confi-
dence than previously used cracking statistics (mean crack
length, number of cracks, 95th percentile crack length) due
to its lower associated error. The crack index is calculated
using the lognormal median crack length as a metric of crack
size, the number of cracks to account for the effect of crack
location, and the sheet thickness as a normalization factor.

Fig. 10 a Comparison of normal
and lognormal median. b
Relationship between crack index
calculated with normal median
and strength loss

Fig. 9 Relationship between crack index and strength loss for AHSS
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Normal median may be used in place of lognormal median to
simplify the analysis.
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