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Abstract

An X-ray tomography setup is developed in this work in order to charac-
terize liquid metal embrittlement (LME) cracks and internal defects in 3D
in homogeneous advanced high strength steel resistance spot welds, non de-
structively. For the �rst time, the propagation of the LME inner crack could
be monitored in the course of ex situ tensile shear loading. While propagat-
ing in a stable way through the sheet thickness in the vicinity of the weld
nugget, the LME inner crack does not modify the �nal fracture path, all
investigated welds failing at the faying surface (full interfacial failure type).

Keywords: advanced high strength steels, resistance spot welds, type C
LME crack, X-ray tomography, tensile shear

1. Introduction

Over the past decades, advanced high strength steels (AHSS) were devel-
oped for the automotive industry, allowing to achieve tensile strength levels
up to 1500 MPa in the case of steel grades designed for cold forming. Among
these, 3rd generation AHSS (also called TRIP-aided AHSS) use a rather high
alloying element content and contribute to the reduction in weight of car
structures while improving their crashworthiness. Zinc coating is often used
to protect AHSS from external corrosion (Marder [1]).

Resistance spot welding (RSW) is the most used joining process for au-
tomotive structures. However, the combination of high alloying content and
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zinc coating makes it often challenging in the case of AHSS (Beal et al.
[2], Jeon et al. [3]). Indeed, the liquid metal embrittlement (LME) phe-
nomenon may occur due to the low melting point of zinc (420 ◦C) and the
high temperature and stress state arising during the RSW process. In such
case, liquid zinc penetrates in the steel matrix through the grain boundaries
and may induce grain boundary decohesion (LME cracks).

LME cracks were classi�ed into two main categories depending on their
location: outer cracks located at the weld surface and inner cracks located
in the vicinity of the notch tip at the faying surface [4]. This is illustrated
in Figure 1. Note that outer cracks are usually further subdivided into type
A and B cracks depending on their location with respect to the indenta-
tion shoulder of the electrode. Inner cracks correspond to type C in this
classi�cation.

Outer cracks 
(type A)

Outer cracks 
(type B)

Inner cracks 
(type C)

201

96

Figure 1: LME inner cracks and outer cracks according to AWS [4].

The in�uence of LME cracks on the mechanical behavior of AHSS spot
welds is still debated in the literature and hinders the spread of some new
generation AHSS in the automotive industry.

In the case of LME outer cracks, Gaul et al. [5], Brauser et al. [6], Kim
et al. [7] showed that the fatigue life of spot welds was not signi�cantly
a�ected by the presence of the cracks. Choi et al. [8] showed that small LME
outer cracks (< 500microns) in TRIP spot welds would not induce signi�cant
loss of cross tension strength, absorbed energy and fatigue life, while longer
crack could. Similar conclusions were found by DiGiovanni et al. [9] in tensile
shear. Benlatreche et al. [10, 11] showed that LME outer cracks as deep as
half the sheet thickness would not propagate from the surface, neither in
cross tension, tensile shear, nor during fatigue or crash testing.

Until very recently (Siar et al. [12], Kwon et al. [13]), such experimental
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evidence did not exist in the literature in the case of LME inner cracks.
As a matter of fact, their occurrence is rare compared to outer cracks (Siar
et al. [14]) and the monitoring of their evolution during a mechanical test
is di�cult. However, they may be seen as the most dangerous LME cracks
since they appear close to the notch tip at the faying surface between the
two sheets, a well known point of fracture initiation in resistance spot welds
(Bouzekri et al. [15], Dancette et al. [16, 17], Huin et al. [18]).

One of the biggest problems when studying the impact of LME cracks
during mechanical testing concerns the detection and characterization of the
cracks before and during the test. Nowadays, LME cracks characterization is
often made by (destructive) metallographic cross sections in the welds (Ben-
latreche et al. [19]), providing only a partial view of the 3D crack morphol-
ogy. Because the crack depth is usually not uniform through the weld, the
observed severity of the crack depends on the selected cutting plane (DiGio-
vanni et al. [20]). Improper choice of the plane of observation might lead to a
misunderstanding of LME severity. Furthermore as LME is a heterogeneous
and dispersive phenomenon, spot welds obtained under the same welding
conditions may present varying number and size of LME cracks (Benlatreche
et al. [19], Bhattacharya [21], Siar et al. [14]). Therefore, the con�rmation
of the presence and severity of LME cracks in mechanically loaded samples
can only be performed post mortem with the metallography technique. This
prevents a clear description and understanding of the evolution of the critical
LME crack during mechanical loading, as well as of its actual contribution
(or absence of contribution) to the �nal fracture path.

X-ray computed tomography emerged in the last decades as a reference
technique to analyze the failure mechanisms of materials in three dimensions
(3D) (Maire and Withers [22]). As a non destructive technique, it allows for
in situ testing of materials in a wide range of loading conditions (Bu�ere
et al. [23]). Although a few works have initiated very recently the use of
X-ray tomography to quantify the characteristics of LME cracks (Hang et al.
[24]), no study can be found in the literature regarding the use of this non-
destructive technique to monitor the evolution of LME cracks in resistance
spot welds and assess their impact on the weld fracture.

In the present work, we present for the �rst time a detailed analysis of
the 3D evolution of LME inner cracks during the tensile shear testing of spot
welds, imaged by X-ray tomography. This is carried out on homogeneous
resistance spot welds made of a 3rd generation AHSS, using controlled and
severe deterioration of the welding parameters to favor the occurrence of
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LME inner cracks in a reproducible way (Siar et al. [14, 12]). Section 2 in
the following describes the experimental procedure, after which the results
are presented in section 3 and discussed in section 4 before a short summary
of the main �ndings.

2. Materials and methods

2.1. Sample preparation

The material investigated in this study is a carbide free bainite (CFB)
steel (3rd generation AHSS) with the chemical composition detailed in Table
1.

C Si Mn P S Cr Ti B
0.231 1.43 2.08 0.015 0.0006 0.351 0.008 0.0006

Table 1: Chemical composition of the investigated steel grade (wt.%).

All sheets are 1.56mm thick and electro-galvanized with a 7.5 microns
pure Zn layer. This steel exhibits a good combination of strength and ductil-
ity with a yield strength of 1000MPa, a tensile strength of 1200MPa and an
elongation of about 14%. At room temperature, its microstructure is made
of a bainitic matrix containing small quantities of martensite and residual
austenite.

Two-sheet homogeneous resistance spot welding was performed. 150mm×
25mm × 1.56mm coupons were cut from the steel sheet and welded in the
tensile shear con�guration with a 50mm overlap (Figure 2).

TSS

1.56 mm
150 mm

AHS Steel

AHS Steel

25 mm

X

Y

Z

50 mm

Figure 2: Tensile shear con�guration investigated. X − Y plane corresponds to the sheet
plane and Z corresponds to the sheet thickness direction throughout the paper. Load is
applied in the Y direction.
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This homogeneous con�guration, both in terms of steel grade and sheet
thickness, was chosen to quantify the intrinsic behavior of the material with-
out the in�uence of a second sheet (with either di�erent apparent sti�ness or
yield strength depending on steel grade and sheet thickness).

Samples were welded using a 50 Hz AC pedestal resistance spot welding
machine with F1-16-20-50-6 electrodes (ISO5821 [25]). All the welds investi-
gated in this study were produced using speci�c welding parameters, severely
deteriorated compared to ISO standards to promote the occurrence of LME
inner cracks. These were identi�ed in a previous study, i.e. short holding
time, electrode misalignment and maximum welding current intensity (Siar
et al. [14]). The welding parameters used compared to the standard ones
for the present weld con�guration are presented in Table 2. Deviations from
the standard are highlighted in bold. These deteriorated welding conditions
allow to produce systematically one and only LME inner crack in the weld.

Misalignment Welding time Electrode force Holding time Welding current
Inner LME 5◦ 380ms 4.5 kN 20 ms Imax

ISO 0◦ 380ms 4.5 kN 260ms Imax

Table 2: Welding parameters for the occurrence of LME inner cracks compared to ISO-
18278-2 standard.

The particular symmetry of the tensile shear specimen (Figure 2) com-
bined with electrode misalignment and the presence of a single LME inner
crack allows one to distinguish two cases illustrated in �gure 3.a and 3.b:

� Loaded-crack sample (Figure 3.a): the LME inner crack is located on
the side of the sheet that will be directly subjected to the tensile shear
load.

� Unloaded-crack sample (Figure 3.b): the LME inner crack is located
on the loose end of the sheet, opposite to the tensile shear load.

In order to maintain a misalignment of 5◦ between the sheets and the
electrodes during welding (Figure 3), a special sample holder was used (see
also Siar et al. [14]). It introduces a slight asymmetry of mechanical con-
straints in the two sheets, one sheet being clamped while the other is only
guided in the proper direction. As a consequence, the inner LME crack al-
ways appeared in the most constrained sheet. This allowed to anticipate on
which side of the assembly the inner LME crack would appear and position
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Electrodes

5° misalignment

Tensile shear 
load

(a) (b)

LME crack

Figure 3: Two con�gurations of the samples and LME inner crack with respect to load-
ing: a) loaded-crack, b) unloaded-crack. Note that the tensile shear test (schematically
indicated by blue arrows) was performed subsequent to resistance spot welding.

it in the desired loaded or unloaded con�guration during the tensile shear
test. Figure 3 further illustrates that the e�ect of electrode pressure and mis-
alignment produces a bump at the exterior surface of the weld metal, close
to the end of the region in contact with the electrode tip. The LME inner
crack is located in the vicinity of the bottom bump (i.e. the larger one), on
the interior side of the sheet.

2.2. X-ray microtomography

X-ray tomography allows to reconstruct the 3D volume from 2D projec-
tions of the specimen rotating under the x-ray beam. Acquisitions were car-
ried out using a Phoenix X-ray vtome xs laboratory tomograph equipped with
a 160 kV nano-focus tube, a tungsten transmitting target and a 1920× 1536
pixels Varian detector. The device was operated at 140 kV and 80µA cur-
rent, with a 0.3mm copper �lter. The voxel size was set to 7 microns. A
full scan consisted of 1200 projections (0.667 s exposure time, averaging 3
images) recorded under a 360◦ rotation of the specimen. The volumes were
reconstructed by a �ltered back projection Feldkamp-algorithm.

Under these conditions, the transmission was largely su�cient when the
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X-ray beam passed through the 3.12mm thickness of two sheets, but became
very low when the sample was rotated at 90◦ with the 25mm sample width
aligned with the beam axis. These results in reconstructed slices are a little
noisier and blurred compared to an acquisition where the transmission is
constant and su�cient on all projections. However, the volumes obtained
allow to highlight the presence of cracks and pores within the specimens.

The 3D scans were analyzed using the Fiji software (Ferreira and Ras-
band [26]) and segmentation was performed using the seeded region growing
technique. 3D views were obtained with the Paraview software (Squillacote
[27]).

2.3. Ex situ mechanical testing

Mechanical tests were carried out on an Instron 5967 tensile machine. A
30 kN load cell was used and the crosshead displacement was controlled at a
rate of 5mm/min.

Interrupted tensile shear tests were performed on the loaded-crack and
unloaded-crack specimens, until �nal fracture. In the initial state and after
each interruption, the sample was removed from the tensile machine and
a tomography scan was performed to characterize the 3D morphology of
the LME inner crack. This ex situ testing procedure allows to monitor the
evolution of the same crack from the beginning of the test up to �nal fracture.
Three loaded-crack and two unloaded-crack samples were investigated in this
way.

3. Results

3.1. Destructive and non-destructive characterization of spot welds

Figure 4 shows a typical metallographic cross section through the center of
the weld. The welding parameters of Table 2 produce welds with an average
nugget diameter of 7.1mm (standard deviation 0.1mm) measured on the �ve
samples subjected to tomography scanning.

One can observe several defects in the welds, which were systematically
observed in all welds investigated: (i) the center of the weld nugget contains
internal pores resulting from the solidi�cation of the weld pool, (ii) small
LME outer cracks (type A) can be seen at the exterior surfaces of the weld
nugget and (iii) one LME inner crack (type C) is present in the vicinity of
the notch tip, on one side of the weld nugget. Note that the LME inner crack
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1000 µm

LME outer cracks
(type A)

Internal pores

LME inner crack
(type C)

Figure 4: Metallographic cross section.

is always located close to the most pronounced metal bump produced by the
misaligned electrode.

One advantage of X-ray tomography over (destructive) metallographic
cross section is the ability to characterize these defects non-destructively and
in 3D. This is illustrated in Figure 5, showing the 3D reconstruction of the
di�erent types of defects in a resistance spot weld. Figures 5.a-c are 2D slices
in the 3D volume of the weld. The XY plane, passing close to the faying
surface, depicts some of the internal pores in the center of the weld as well
as an overview of the LME inner crack on the bottom side of the image.
The A-A (XZ plane) and B-B (Y Z plane) cross sections depict the extent
of defects in the thickness direction.

Moreover, 3D views of the segmented internal pores, outer cracks and
inner crack are provided in Figures 5.d-f. The color code highlights the num-
ber of 3D disconnected features (labels) in these views, namely 40 internal
pores of varying size, 16 features in the LME outer cracks and 1 LME inner

crack. Note that the segmentation procedure, depending on image resolution
and contrast, may arti�cially separate di�erent parts of a given object. This
seems to be the case for the LME outer cracks, where one could imagine a
continuous network of branching cracks while they appear disconnected in
Figure 5.d. One should note that the volume of Figure 5 was reconstructed
after the �rst load step of the tested sample. In the initial scan of the sample
(before loading), the thin LME inner crack could not be clearly detected
using the present tomography setup (7 microns voxel size), while the slight
opening of the loaded crack at the �rst load step allowed to detect it unam-
biguously.
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Figure 5: Loaded-crack sample at the �rst load step of 17.4 kN, as reconstructed from
X-ray tomography. a-c) Slices in the weld volume and d-f) 3D views of the di�erent types
of defects. XY , XZ and Y Z planes refer to the reference frame depicted in Figure 2.

3.2. Loaded-crack samples

Figure 6 exhibits the evolution of a weld with a loaded crack (Figure 3)
under ex situ loading. All loaded-crack samples investigated in this study
followed a similar sequence of damage evolution, leading to a �nal fracture of
the weld at the faying surface (full interfacial failure), independently of any
of the LME cracks.

Figure 6 focuses on the evolution of the LME inner crack, all other defects
in the weld (internal pores or outer cracks at the exterior surface) remaining
una�ected during loading. XY , XZ and Y Z slices in the 3D volume of
the weld are shown at the four levels of load interruption depicted in the
force-displacement curves of Figure 6.e. Figure 6.f shows a 3D view of the
evolving LME inner crack at the increasing load steps. The opening of the
LME inner crack can be seen in Figures 6.a-d from the XY slices. Lateral
views in the XZ and Y Z slices in Figures 6.c-d illustrate the radial opening
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Figure 6: Loaded-crack sample. a-d) Slices in the tomography volumes at increasing load
levels. e) Interrupted loading curves depicting the increasing load steps, where the curves
are virtually shifted from each other for better readability. f) 3D rendering of the LME
inner crack during loading. Final fracture occurs by full interfacial failure independently
of the observed LME cracks.

and deviation of the crack as it is propagating through the sheet thickness at
the higher load levels. One can also note the global rotation of the weld in
the Y Z slices as a result of the bending moment operating in the tensile shear
specimen, where the load vectors in the two sheets are in opposite directions
and separated by a lever arm corresponding to the sheet thickness. The 3D
view of Figure 6.f gives a closer look at the crack advance through the sheet
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thickness.
The contours of the LME inner crack are further illustrated in Figure 7,

where the crack was projected in the XZ plane for easier representation in
2D.
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Figure 7: Contours of the LME inner crack propagation during loading, projected in the
XZ plane perpendicular to the load direction.

Figures 6.f and 7 show the absence of propagation of the LME crack for
most of the load bearing capacity of the weld. Namely, the crack front did
not advance up to Step II (21.7 kN) while the peak load Fmax of the weld
reached 23.6 kN. Signi�cant propagation of the crack occurred later from
Step III until �nal fracture, where the crack reached the outer surface of
the weld. Nevertheless, limited angular extension of the LME inner crack is
observed in Figures 6.f and 7 from the initial state to �nal fracture. As a
�nal comment regarding this sample, it is important to note that the LME
inner crack did not contribute to the �nal fracture surface of the weld, all
welds in this work failing at the faying surface between the two sheets (full
interfacial failure).

3.3. Unloaded-crack samples

As opposed to the above loaded crack samples, the situation in unloaded-

crack samples is depicted in Figure 8. The spot weld illustrated in Figure 8
contains a deep LME outer crack highlighted in red in the tomography slices.
This particular crack (type A in AWS classi�cation) is almost as deep as the
sheet thickness.

Despite the presence of a (thin) LME inner crack in the loose end of
the sheet in the tensile shear sample, the tomography setup used here did
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Figure 8: Unloaded-crack sample. a-b) Slices in the tomography volumes. c) Interrupted
loading curves depicting the increasing load steps, where the curves are virtually shifted
from each other for better readability. Final fracture occurs by full interfacial failure
independently of the observed LME cracks.

not allow to detect it clearly in any of the four loading steps applied to
the specimen (Figure 8.c). As a matter of fact, contrary to the situation
described in section 3.2, the tensile load here does not contribute to open
the LME inner crack, the latter remaining below the detection threshold
(7 microns voxel size in the present setup).

Figure 8 shows that the huge LME outer crack remains una�ected during
loading and the �nal fracture of the specimen occurs at the faying surface
(full interfacial failure). A similar conclusion applies to the internal pores
and to the LME inner crack that did not open and propagate during the
test.

4. Discussion

Section 3 illustrated the use of X-ray tomography as a non-destructive
means for defect investigation in resistance spot welds. Internal pores and
LME outer cracks could be observed in the welds from the initial state to
the last stage of loading during ex situ tensile tests. Thin LME inner crack
however could only be observed by tomography after some degree of pre-
opening, when located at a position in the weld experiencing the tensile load
directly. The authors emphasize the novelty of the present �ndings, this
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study constituting the �rst one in the literature allowing to characterize and
monitor 3D LME inner cracks in resistance spot welds during mechanical
loading.

The topic of crack detection by X-ray tomography is a well-known prob-
lem in the context of fatigue testing of materials for example. As explained
in Bu�ere et al. [23], usual practice in this context consists in scanning the
fatigue samples in situ under the maximum load, allowing for easier detection
of the thin cracks. Moreover, samples specially designed for in situ testing
in tomography present an optimized geometry: thin enough (i) to allow for
transmission of the X-ray beam at every step of the sample rotation in the
tomograph and (ii) to achieve the highest resolution of the 3D scan.

This illustrates the compromises that have to be met when trying to
characterize real parts such as the resistance spot welds of the present study.
In the present case, the load required to break welds did not allow for in

situ tensile testing, hence requiring to load the welds ex situ. Moreover the
25mm width of the samples could not be further reduced, unless signi�cantly
a�ecting the failure behavior of the tensile shear samples. A perspective in
this context would consist in developing representative small-scale tensile
shear samples of (small) resistance spot welds, which would allow for in situ

tensile testing and easier detection of the di�erent types of defects. This will
be the topic of future work.

Another topic usually raised by such detailed investigation of a limited
number of samples is the representativeness of the results. In the present
work, special care was taken to remain in testing conditions close to the
ones in ref. [12], where much more samples of the same material were tested
and investigated by destructive metallographic cross sections mostly. In this
context, the increased dispersion of mechanical properties measured in Siar
et al. [12] in the presence of LME inner cracks indicates for example that
di�erences in peak load observed on one single weld in Figure 6 (23.6 kN) or
another one in Figure 8 (22.4 kN) is not statistically signi�cant.

Nevertheless, as regards the global mechanical behavior of the welds un-
der the presence of long LME inner cracks, the present study and the one
in Siar et al. [12] reach the same conclusions by complementary means of
investigations:

� LME inner cracks do not propagate unless located at a position in the
tensile shear sample directly subjected to the tensile load.

� When directly subjected to the opening tensile load, the LME inner
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cracks propagate in a stable way through the sheet thickness, which
was characterized in 3D in Figure 6, but seldom a�ect the �nal crack
path leading to the weld fracture.

� Most welds fail by full interfacial failure at the former faying surface,
independently of the LME cracks. In Siar et al. [12], only 3 welds out of
30 containing LME inner cracks showed a �nal fracture path following
the LME crack.

1000 µm (a) 1000 µm (b)

1000 µm (c)
(d)

71
7

Unloaded LME 
crack

Loaded LME 
crack

Figure 9: Metallographic observations of fractured samples: a) free of LME inner crack,
b) with an unloaded LME inner crack, c) with a loaded LME inner crack. d) Top wiew of
the fracture surface of the loaded-crack sample.

Such behavior in tensile shear is further illustrated in Figure 9 by means of
metallographic cross sections obtained on the fractured spot welds of ref. [12].
Note that these welds were loaded to fracture without any interruption of
loading. Figure 9 provides a similar overview of the fracture paths as the ones
detailed in Figures 6 and 8 using the present interrupted X-ray tomography
set-up. Namely, the weld without LME crack (Figure 9.a) shows interfacial
crack propagation, which is also observed in the unloaded-crack sample of
Figure 9.b. The inner LME crack of the latter remains una�ected by the
tensile shear load. This is in contrast with the loaded-crack sample of 9.c
that shows some stable propagation of the LME crack, but does not in�uence
the �nal interfacial fracture path, as situation similar to the one described in
Figure 6 in 3D.

This study provides additional evidence in 3D that the critical driving
force for fracture in these welds remains the singularity of stress state at
the notch tip around the weld nugget. When the critical value of stress
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intensity factor (or toughness of the weld nugget) is reached, the notch tip
crack propagates in an unstable way at the faying surface, leading to the well
known interfacial failure type of resistance spot welds, as opposed to button
pullout [28, 16, 17, 29]. It is worth noting that even when the inner LME
crack is deep and critically loaded, its limited angular extension with respect
to the full perimeter of the weld makes its propagation uncritical and has no
impact on the fracture path nor on the weld �nal failure mode.

Several perspectives could be mentioned in this context in order to tune
or favor one failure type or the other: adjusting the weld size and sample
dimensions (sample width or sheet thickness) or tailoring the gradient of
microstructures from the fusion zone to the base metal and the resulting
local toughness of weld zones (e.g. post-welding heat treatment). Modifying
the geometry of the samples alone, it is for example probable that reducing
the sample width would favor at some point the localization of strain in
the ligament ahead of the LME inner crack in a loaded-crack sample. This
would therefore prevent the occurrence of full interfacial failure and allow
investigating the inner LME crack involvement in the fracture path, when
button pullout or partial interfacial failure modes occur.

5. Conclusion

An experimental procedure was developed to produce AHSS homogeneous
resistance spot welds with signi�cant LME inner cracks and characterize them
in 3D by X-ray tomography. For the �rst time, their evolution was monitored
ex situ in the course of tensile shear loading. The tomography setup allows
to characterize internal pores and LME cracks in the welds with a voxel size
of 7 microns. The thin LME inner cracks could however only be detected in
loaded-crack samples, where the action of the tensile load directly operating
on the crack helps slightly opening the crack lips. The evolution of the
LME inner crack could be characterized in 3D in this case until complete
propagation through the sheet thickness. Nevertheless, the �nal fracture of
the specimens occurred at the faying surface in all welds investigated (full
interfacial failure), independently of any LME crack.
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