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Abstract

Zinc-based surface coatings are widely applied with high-strength steels in automotive industry. Some of these base materials
show an increased brittle cracking risk during loading. It is necessary to examine electrogalvanized and uncoated samples
of a high strength steel susceptible to liquid metal embrittlement during spot welding with applied external load. Therefore,
a newly developed tensile test method with a simultaneously applied spot weld is conducted. A fully coupled 3D electrical,
thermal, metallurgical and mechanical finite element model depicting the resistant spot welding process combined with the
tensile test conducted is mandatory to correct geometric influences of the sample geometry and provides insights into the
sample’s time dependent local loading. With increasing external loads, the morphology of the brittle cracks formed is affected
more than the crack depth. The validated finite element model applies newly developed damage indicators to predict and

explain the liquid metal embrittlement cracking onset and development as well as even ductile failure.

Keywords Resistance spot welding - Finite element simulation - Advanced high-strength steel - Liquid metal
embrittlement - Damage prediction - Tensile resistance spot welding experiment

1 Introduction

Resistance spot welding (RSW) is a critical manufacturing
step for the formation of liquid metal embrittlement (LME)-
induced cracks [1-3]. LME describes the intergranular
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cracking mechanism of an otherwise ductile metal [4-6],
which ultimately leads to the brittle fracture of the mate-
rial. The occurrence of LME mainly depends on the loading
parameters (temperature, plastic strain and rate of loading
[7-10]) as well as on the material aspects, chemical compo-
sition, microstructure [6, 11, 12] and the galvanization pro-
cess [8]. A prominent material class undergoing LME under
certain conditions is galvanized third-generation advanced
high-strength steels providing high ductility with an ultimate
tensile strength (UTS) of 1000 MPa and higher. In the pre-
sent article, an electrogalvanized (EG) and an uncoated (UC)
dual-phase steel with a UTS of 1200 MPa and high ductility
(DP1200HD) are investigated.

Uniaxial and isothermal hot tensile tests provide a sim-
ple and reproducible method to measure the susceptibility
of a base material to LME [4, 13—18]. The susceptibility of
a material to LME and proper welding parameters is meas-
ured during reproducible lab-scale welding experiments.
The benefit of application-oriented laboratory RSW tests
is the investigation of the whole welding system [19-21].
The electrode shape [22, 23], the welding schedule [1,
24-26] and many sorts of system interactions are naturally
respected, while critical welding conditions for LME can
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Table 1 Chemical composition of the DP1200HD

C (%) Si (%) Mn (%) Fe

0.2 1.5 2.5 Balanced

be found [27]. To mimic the conditions during real-world
RSW, it is useful to include lateral mechanical loading
of the welded sheets. To gain deeper insights, Frei et al.
developed a welding test under external load [28, 29],
which includes straining one of the two welded sheets to a
fraction of the yield strength. The drawback of such tech-
nological test is that the local loading and, thus, the root
cause of the effects observed, e.g. LME cracking, remain
unknown. Accompanying finite element modelling of the
RSW experiments as developed by Prabitz et al. [2, 30-32]
allows the evolution of the local physical quantities to be
investigated and provides a solution to this issue. This is
also key to ensure the transferability of the findings under
lab conditions to real-world production.

For the current paper, the test setup for welding under
external load was applied to UC and EG DP1200HD steel
in order to evaluate their susceptibility to LME. Subse-
quently, the experiments were modelled by means of a
novel fully coupled electrical, thermal, metallurgical and
mechanical RSW finite element analysis. In addition,
newly developed experimentally based and not in litera-
ture found plastic and LME damage indicator concepts
were applied to predict embrittlement and predetermine
the onset of cracking for both UC and EG steel. The objec-
tive with this model is to correctly describe and revise the
influence of the sample geometry on the cracking location,
which is necessary to compare this testing method with
other testing methods. In this vein, the RSW tests per-
formed under external load were evaluated, and the RSW
and LME models applied were validated.

2 Methodology
2.1 Experimental

The DP steel investigated had a UTS of 1200 MPa and
a yield stress of 1050 MPa and provided high ductil-
ity with a fracture strain of 14 % (DP1200HD). Experi-
mentally, the UTS was found to exceed 1400 MPa. The
electrogalvanized base material had a bainitic—fer-
ritic microstructure, and the zinc coating layer thick-
ness was about 7 pm. The chemical composition of the
DP1200HD is shown in Table 1. In [30], the interested
reader can find the material data that builds the founda-
tion of this work.

Dog-bone-shaped samples depicted in Fig. 1b and
rectangular samples of dimensions 40 mm by 60 mm,
both with a thickness of 1.6 mm, were arranged in a
2-sheet stack-up and welded together in the setup for
welding under external load; see Fig. la [33]. The UC
samples were machined from the same coil as the EG
samples, albeit before undergoing the electrolytical
zincification process. For welding, a servo-mechanical
welding gun with a C-calliper and constant current con-
trol was used. The electrode geometry F1-16-20-5.5 with
a radiused tip (radius = 50 mm) and a sharp shoulder
widely used in the automotive industry was selected for
the experiment. For further specifications of the CuCrZr
electrodes, see ISO 5821 [34]. The maximum welding
current to produce maximum-sized spot welds was deter-
mined in accordance with SEP 1220-2 [35]. The lower
electrode force was applied as a proactive measure due
to the susceptibility to LME cracks. For this purpose,
the electrode force (3.5 kN), the welding time (380 ms)
and the holding time (300 ms) were fixed, and the cur-
rent was incrementally increased from 3.0 kA by 200
A steps until spatter occurred. Then, the current was
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Fig. 1 a The sample mounted in the welding gear with external load application; b the dog-bone-shaped tensile sample with the applied external

load
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reduced in increments of 100 A until three consecutive
welds remained spatter-free. The current applied during
all welding under external load experiments was 6.5 kA.
The welding current, originally specified for UC steel,
was intentionally applied to EG steel for the purpose of
assessing and comparing the surface influence on weld-
ing outcomes. This crossover approach aims to provide
more insightful and comprehensive findings in under-
standing the surface-dependent dynamics of the weld-
ing process. The prescribed standard electrode force, in
accordance with the SEP guidelines, is established at 4.5
kN. Nevertheless, for the present experiment, a deliber-
ate deviation was made, and the electrode force was cali-
brated to 3.5 kN to align with the specific requirements
of the experimental setup. This adjustment was moti-
vated by insights gained from preceding experiments
conducted by J. Frei [28, 29, 33]. The primary objec-
tive was to facilitate comparability with the outcomes
of these prior investigations.

The external load (red arrow in Fig. 1b) was applied
displacement controlled until it reached a certain fraction
of the yield strength with ascending load increments of
10% yield stress. LR, describes the nominal loading ration

Radiation

External load

Radiation
Interface S/S

Zero potential

Interface E/S

Water cooling

in % of the yield strength, which was applied for 10%,
20%, 30% and 40% load. Tensile loaded RSW tests are
typically ranked by the applied tensile force in % of the
yield strength R ), at room temperature [29]. This quantity
is called the nominal loading ratio LR,,. The UC samples
fractured at 60 % nominal loading ratio LR,, whereas all
but one of the EG samples fractured at 50 % of nominal
loading ratio LR,,.

The displacement was applied prior to welding and
was kept constant throughout the experiment. For each
load increment, ten samples were tested. The highest
load level was determined as the point when three con-
secutive samples broke apart during the welding under
external load experiment. For each load step, a longi-
tudinal micrograph through the centre of the weld spot
(x—y plane Fig. 2a) was prepared to evaluate crack depths
with ImageJ and Fiji [36]. The remaining samples were
dezincified with hydrochloric acid and, together with the
UC samples, subjected to a dye penetration test under
UV light. The length of the digitized surface cracks was
further evaluated in the samples top view of the x—z plane
(see Fig. 2a) and measured with Fiji. The crack lengths
were then averaged.

Temperature [°C]

1879
1500
1377
1254
1131
1008
884.6
761.6
638.5
5154
3924
269.3
146.2
23.16

b)

Fig.2 a The schematic welding model with all boundary conditions and loads applied; b a typical temperature distribution of a spot weld for
10% of the yield stress applied as external load captured at the end of the welding step
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2.2 FEmodelling

The evolution of the local physical quantities during RSW
was modelled by means of a strongly coupled multi-physical
thermal, electrical, mechanical and metallurgical finite ele-
ment model using the commercial software package Abaqus
2019 [37]. A detailed description of the material model
including the complete set of experimentally determined
parameters as well as the contact conditions can be found in
[30] as well as in Table 2.

Phase transformation phenomena and the dependence of
material properties on temperature were taken into account.
For the sake of simplicity and convergence reasons, the
plastic material data were reduced to the parameter set of
the strain rate of 0.1 s~' dominating during RSW [30]. For
meshing, hexahedral Q3D8R and wedge Q3D6R elements
were chosen.

Figure 2a provides an overview of the loads and bound-
ary conditions applied. For numerical efficiency, the
model makes use of a quarter symmetry, and the geometry
is truncated such that only the relevant areas of the dog-
bone-shaped sample near the welding zone are considered.
The load and current density assigned to the top electrode
were chosen according to the process parameters used in
the experiments. Furthermore, the parameters for the con-
vective water cooling were calculated assuming turbulent
flow with a flow rate of 6 I/min and a water temperature of
20 °C. Thermal and electrical contact conditions between
the sheet to sheet (S/S) and the electrode to sheet (E/S)
interface and the conditions for radiation can be found in
a previous publication [30]. The tensile load was applied
in the form of a distributed load in positive x-direction
— see Fig. 2a — acting on the cutting plane of the dog-
bone-shaped sample sufficiently far from the spot weld.
Figure 2b shows a typical temperature distribution after
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Fig.3 Reduction of ductility while comparing the fracture strain
of hot tensile tests for electrogalvanized (EG) (purple, slashed) and
uncoated (UC) steel (black) for a strain rate of 0.1 s~

the welding process. Investigating temperatures provides
insights in critical zones and is mandatory for further
calculations.

2.3 Damage indicator

In order to evaluate the local occurrence of LME, an experi-
mentally based semi-empirical damage indicator D, ,,, was
developed. For this purpose, isothermal hot tensile tests
were carried out on a Gleeble® 3800 for a broad range of
strain rates and temperatures using EG and UC DP1200HD
samples. The edges of the galvanized steel, which was elec-
trogalvanized on both sides, underwent a polishing process
to remove any potential border cracks. Additionally, a
thermocouple was carefully welded to one side of the steel
sheet. It is important to note that this addition did not affect
the liquid metal embrittlement (LME) behaviour observed
in the experiments, as crack initiation was uniformly distrib-
uted across the entire sample. The results revealed a clear

Table 2 Depicting the contact Electrode to sheet contact

Sheet to sheet contact

conditions
T Electrical conductance  Thermal conductance  Electrical conductance  Thermal conductance
°C 1/(mOhm mm?2) mW/(mm? K) 1/(mOhm mm?2) mW/(mm? K)
25 2 100.00 0.08 250.0
250 2.6 500.00 0.08 1000.0
350 2.87 725.81 0.08 1225.8
400 3 632.26 0.082 1338.7
420 36 794.84 0.082 1383.9
500 200 980.65 0.085 1564.5
530 220 1050.32 0.086 1632.3
650 220 1329.03 0.09 1903.2
1250 220 2722.58 0.10 3258.1
1500 220 3303.23 0.20 3822.6
1800 220 4000.00 0.20 45000.
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dependency of LME on zinc availability, temperature, strain
rate and plastic strain. Figure 3 shows the dependency of
the fracture strain on the testing temperature for EG and UC
material and makes the effect of LME clearly visible. The
LME damage indicator Dy, is based on a classical ductile
damage indication which was extended by some LME-spe-
cific expressions. For further details on the damage indica-
tor and for the effect of strain rate on LME, the interested
reader is referred to a previous publication [31]. Galvanized
steel samples, each measuring 20 mm in width, 1.6 mm in
thickness and 45.28 mm in length, were subjected to testing.
The samples were subjected to controlled heating at a rate
of 300 °C/s, maintained at the specified temperature dur-
ing deformation, and subsequently conventionally cooled
in ambient air.

Since the performance of both UC and EG material is
of importance besides the damage indicator for LME D,
[31] in the present paper, a second indicator Dy, for the
damage evolution of the UC material state was developed.
The main structure of this simple, yet sufficiently accurate
damage indicator Dy follows the equations describing
the LME damage indicator, but the fracture strain &, was
adapted to fit the UC material. de,,, describes the plastic
strain increment. The evaluation was carried out for the
predominant strain rate of 0.1 s~'. The governing equa-
tion for damage accumulation can be seen in (1), while the
experimentally based temperature-dependent formulation
of & is, together with the temperature 7 and the corre-
sponding parameters a-e accounting as fit-parameter that
are adopted for the fracture strain, given in (2). Note that
fracture of the sample is preceded by a small amount of
necking. This is disregarded for the determination of &
The damage indicator Dy is thus expected to be slightly
too conservative:

Epy d{:‘pv
DUC=/0 5 €))
g=a-— bT + cT? + dT? — eT*, with )
a=1.01x10"""
b=3.66x10"%
c=5.80x%x10""
d=492x1071
e=612x10"1

The interested reader can find all equations leading to the
damage indicator for EG steel in [31]. There D;,,; equals
Dy, while € given in (3), is different for the LME damage
indicator (A-E were experimentally defined for EG steel,
T} e €quals the minimum temperature for LME occurrence,
and ¢ describes the strain rate):

o = A

T gy e E-Tpe 3
Bt (D Ty - )

3 Results

Tensile loaded RSW tests are typically ranked by the
applied tensile force in % of the yield strength R ,, at room
temperature [29]. This quantity is called the nominal load-
ing ratio LR,,. The UC samples fractured at 60 % nominal
loading ratio LR, whereas all but one of the EG samples
fractured at 50 % of nominal loading ratio LR,,. Hence, a
clear LME effect is seen, but the embrittlement observed
at the sample level is less pronounced in this experimental
setup as compared to isothermal hot tensile tests [31, 33].
Since the sample width of 14 mm is small in the chosen
setup compared to the fusion zone size of about 6 mm
[29], the nominal loading ratio LR, is merely a technologi-
cal quantity. Since LR, depends greatly on geometry, it
may lead to misinterpretations when related to real loading
situations appearing during the welding of components.
The model-based evaluation of the experiment allows for
defining a more general and better comparable loading
quantity, i.e. the geometry-independent nominal loading
ratio LR;, which relates the maximum longitudinal stress
from the sample edge at the length coordinate of the centre
of the spot weld to the yield strength at room tempera-
ture R, ,. The maximum longitudinal stress values were
obtained numerically for the different load levels. In the
current case, the geometry-independent nominal load-
ing ratio LR, is significantly larger than the conventional
measure LR,,.

The quality of most of the UC weld spots turned out to
be good, and only 4 out of 50 samples investigated showed
expulsion between the sheets. In contrast, for the EG sam-
ples, a major fraction of the welds showed expulsion. The
cause was not investigated in this work due focus on LME
but might be dependent on high welding currents. In order
to exclude the effect of expulsions, only the samples with-
out expulsions were cut for micrographs. Note that due
to expulsions, the electrode indentation can increase and
cause higher wear of the electrodes, which may produce
for non-uniform spot welds. While no surface cracks were
found in the UC samples, surface cracks were observed in
the EG samples for all load levels. For weld spots with-
out external load, no LME was found. Only 1 (LR;, = 1)
out of all 36 was found to be crack-free. The cracks are
located inside the electrode indentation and around the
spot weld and can be categorized into four different types
depending on location and morphology. In Fig. 4, these
types are illustrated and numbered from 1 to 4. The most
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Load 1

I )

2 mm

Fig.4 Schematic top view illustration of the four crack types
observed at the spot welds (WS). Positions are indicated in red, while
no crack metrics are shown here

common type is found in the circumference of the weld on
the higher stressed side of the sample, which corresponds
to crack type 1. Type 2 cracks are similar to type 1 but are
found closer to the weld centre and do not grow together
normal angled to the load direction. They are mainly found
at the lowest load level, while type 3 cracks inside the
electrode indentation are exclusively seen only once at the
lowest load level. For LR;, = 1.26, two thirds of the welds
showed type 4 cracks, which can be explained by a transi-
tion from LME cracks to tensile rupture. Type 4 cracks
occur radial to the spot weld and normal to the loading
direction almost in the transversal symmetry plane of the
sample. They are typically not dependent on LME, but
due to the inhomogeneous high temperatures and stresses
around the spot weld, they are seen in this case as tensile
rupture. Hence, the premature failure of the EG material at
50 % yield stress (LR;, = 1.39) emanates from an interac-
tion of LME damage and high plastic deformations. Note
that the load was applied for each sample in the load direc-
tion, as seen in Fig. 4.

At LR;, = 0.87, the dominating crack type is type 2,
whereas only few instances of type 1 are found; see Table 3.
The total number of cracks across all samples is aggregated,

16.00 1400

14.00 1200
E 12.00 £ % % 1000 i
= 10.00 800 =
2 8.00 _qg;
[}
= 6.00 600 5
g 8 400 £
5 4.00 = 3

2.00 200

0.00 -0

0.80 0.90 1.00 1.10 1.20 1.30
LR;,
a Average LME crack length & Crack depth

Fig.5 Comparing the mean surface crack lengths as well as depths
measured in micrographs of crack type 1 for all different load levels
of EG samples

with type 4 cracks being identified on both sides of the weld
spot. For higher loads, type 1 becomes dominant due to the
development of plastic strain next to the RSW induced by
the external load. Some cracks at location 4 can be found at
LR;, = I, but most of these cracks occur at the highest load
level. This is in accordance with the high load in this area
and the induced LME cracks.

Frei et al. [33] published a similar study on spot welding
tests under external loading. They investigated a transfor-
mation-induced plasticity (TRIP) steel, a microalloyed steel
and two complex phase steels. Clearly, this comparably low
strength steels showed less susceptibility to LME compared
to the DP1200HD investigated in this study, where even at
LR;, = 0.87, cracks were found; see Fig. 5. The scatter of
the crack lengths evaluated at different load levels is smaller
than that from the tests of Frei et al. [33], and the crack
lengths increase with higher external loads but show an
anomaly for the lowest load level with highest crack lengths
and depths. The crack length is the most important measure
in terms of further crack extension in, for example, a crash
scenario. In this respect, a very interesting finding is that
type 1 LME crack depths tend to decrease with increasing
loading. The highest crack depth was found at LR;, = 0.87
with 911 pm, while the lowest crack depth was 268 pm at
LR;, = 1.13. A possible explanation lies in the stress redistri-
bution after crack initiation and in the lateral crack extension
potential due to the loading direction.

Table 3 Summary of crack LR

ct2 avg dev ct3 avg dev ct4 avg dev

. w LR, ctl avg dev
count and crack location as a
sum of all samples with the 087 0.1 5 1225 197
according average crack length
and the standard crack length 100 0.2 6 8.73 >.07
deviation in mm 1.13 03 8 10.85 0.81
126 04 9 1242 0.86

8 451 085 1 566 0
401 0.24 3 3.00 1.09
2 412 0.55
11 311 134

ct crack type, avg average crack length, dev standard deviation of crack length
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Van Mises stress [MPa]

1115

1022

929.3
836.6
743.8
651.1
558.4
465.6
3729
280.1
187.4
94.62
1.878

Load

D R— 1

Effective plastic strain [-]

0.6358
0.0350
0.0321
0.0292
0.0263
0.0233
0.0204
0.0175
0.0146
0.0167
0.0088
0.0058
0.0029
0.0000

b)

Fig.6 a Von Mises stress and b effective plastic strain for a sample with an external load of 10 % yield strength (LR;, = 0.87) at the end of the

heating cycle

The results of the fully coupled multi-physical finite ele-
ment model serve as a better interpretation of the experi-
mental findings. First, the local deformation and stress state
are analysed. Figure 6a shows the von Mises stress state and
Fig. 6b the effective plastic strain resulting from a simula-
tion assuming an external load of 10 % yield strength (LR,,
= 0.87) at the end of the heating cycle. Due to symmetry
reasons, only a quarter of the sample is exhibited. The high-
est stresses occur at the long edge of the sample next to the
spot weld. The stress increase is on one side due to the lower
temperature and, hence, higher yield strength compared to
the weld spot region and the other side due to a stress con-
centration stemming from the reduced load bearing capac-
ity in the spot weld region. Hence, the predominant factor
influencing these effects stems primarily from the elevated
temperatures present at the weld spot. This stress concentra-
tion is the reason for the type 4 cracks leading to the final
rupture of the sample. However, in the depicted case of 10
% loading, the highest plastic deformations are situated on
the circumference of the spot weld, with the location of the
maximum strain close to the axis of the sample. This is a
consequence of the externally applied longitudinal load lead-
ing to stresses which are superimposed on the eigenstresses
resulting from the spot welding. This local strain concentra-
tion is the reason for type 1 cracks. Due to the lowest loading
level, this strain concentration is clearly less pronounced
than for other load levels, which explains that for this case,
the mainly eigenstress-driven type 2 cracks also occur.

The damage indicators provide a quantitative picture of
the localization of damage. It is important to mention that
damage is integrated into the model in an uncoupled way.
For the sake of simplicity, the fact that damage may influ-
ence the mechanical material properties such as modulus

of elasticity or yield strength was not considered in this
case. The mechanical damage indicator D~ becomes
higher than 1 after the application of 30 % of the yield
strength (LR;, = 1.13), while the LME damage indicator
D, i already exceeds 1 when applying 10 % of the yield
stress (LR;, = 0.87). A damage value above 1 is seen as
critical damage leading to crack initiation and elongation,
as found in previous experiments [31]. No damage occurs
if Dy equals 0. Due to the simplifications regarding the
fracture strain & mentioned above, the mechanical damage
indicator D~ was expected to be conservative. In Fig. 7,
we compare D; - with Dy, at the in instant Dy, succeeds
critical with the according photographed crack pattern
recorded after welding. Figure 7a shows the LME damage
indicator D, for LR;, = 0.87 at the instant D ;5 exceeds
1, which happens during holding at a holding time of 5.8
ms. The onset of cracking is predicted by the model in the
same position as in the spot weld. An interesting result
is that in the area of crack type 2, both the highest dam-
age value and the largest extension of the critical area are
indicated. This compares well with the occurrence of crack
type 2 especially at this loading level, and it also explains
that the location of this crack type is more central, i.e. in a
smaller radial position of the spot weld compared to crack
type 1. Dy shows no critical values in this configuration.
Figure 7b again shows the LME damage indicator Dy,
which represents well the crack in the experiment for LR;,
= 1.13 at a welding time of 357 ms. The starting loca-
tion of the LME crack is shifted here to be crack type 1,
which is also reflected by the corresponding image of the
dye penetrated surface. At this specific time, D, does not
reach the critical damage level. For LR;, = 1.26 in Fig. 7c,
the LME damage starts at position 1 during the welding
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D uc
holding
5.8 ms

DUC

welding
357 ms

b)

DUC

welding
308 ms

Fig.7 The modelled LME damage indicator (D; ) is compared to
the damage indicator for uncoated material (D) (left) at the time
Dy g first exceeds 1. The corresponding surface pictures (right)
reflect the according cracks after welding. For model a with 10 %
yield stress (LR;, = 0.87, 5.8 ms into holding), the LME damage

at a time of 308 ms. The newly formed cracks at position
4 add to the initial LME cracks but do not cause complete
failure. This cracking location is also seen at higher loads
where the ultimate rupture is a coupled effect of embrit-
tlement and additional plastic deformation. For the differ-
ent loading scenarios, the damage indicator predicts crack
initiation and crack types very well.

4 Conclusion

Based on the welding under external load experiments and
the corresponding finite element modelling of the welding
process, the following conclusions can be drawn:

e The welding under external load experiments are an
appropriate method to compare the susceptibility of
third-generation advanced high-strength steels to liquid
metal embrittlement compared to the according uncov-

@ Springer
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indicator shows as in b with 30 % yield stress (LR;, = 1.13, 357 ms
into welding) the starting location of the crack. ¢ With 40 % yield
stress (LR;, = 1.26, 308 ms into welding), an interaction of LME and
plastic damage occurs. The cracking patterns seen in the model are
reflected by the experiments

ered steel grade. In literature, the comparison between
steel grades was shown successfully by these experi-
ments. However, for the evaluation of local field quanti-
ties and for the purpose of finding their correlation with
realistic loading states in actual welded components,
accompanying finite element simulations are recom-
mended.

e For the dual-phase steel susceptible to liquid metal
embrittlement studied, surface cracks formed in the gal-
vanized state at all tested load levels. Sample fracture
occurred in both the galvanized and uncovered state well
above a geometry standard with corrected geometry.

e In the symmetry cross-section perpendicular to the load-
ing direction of the samples, a specific loading situation
occurred, leading to an influence of plastic damage in
addition to the LME damage. Therefore, an optimized
sample geometry with an increased width might help to
improve the findings.

e The mechanical loading and the predominant strain rate
mainly influence the morphology of the liquid metal
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embrittlement cracks formed and not in that extend their
formation. The prevalence of brittle fracture of galva-
nized steel and, respectively, plastic fracture of uncoated
steel are the main influences on the crack morphology.
A remarkable finding is that with increasing external
load, the length of the type 1 crack also increases, but
the depth most important for the integrity of the joint
decreases. Contrary for the lowest load levels, high crack
lengths and depths were found.

e The finite element model developed predicts the onset of
liquid metal embrittlement cracks and the ductile damage
mechanism very well and provides an explanation of the
mechanical conditions that lead to crack formation. The
evolution of ductile damage is overpredicted due to simpli-
fications in the formulation of the damage indicator which
was, however, not the main focus of the current work.
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