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Avoidance of liquid metal embrittlement during resistance spot

welding by heat input dependent hold time adaption

Liquid metal embrittlement (LME) cracking can occur during resistance spot
welding (RSW) in zinc coated advanced high strength steels (AHSS) for
automotive production. In this study, a methodological variation of hold time is
performed to investigate the process-related crack influence factors. A
combination of numerical and experimental investigations confirms, that the
extent of heat dissipation and re-heating of the sheet surface can be influenced
and thus the degree of crack formation can be controlled in a targeted manner by
the parameterisation of the hold time. The temperature and stress history of
crack-free and crack-afflicted spot welds are analysed and a conclusion on the

borders defining the LME active region is derived.
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Introduction

The consistent implementation of lightweight construction concepts by car
manufacturers enables an increase in driving safety with a simultaneous reduction in
emissions [1]. In this context, modern advanced high-strength steels (AHSS) are
particularly suitable for pursuing lightweight construction strategies, due to their
superior combination of elongation and tensile strength [2]. The most commonly used
method for joining these materials is resistance spot welding (RSW) [3]. Since these
steel grades are usually coated with a zinc layer for corrosion protection, the RSW
process can cause liquid metal embrittlement (LME) cracks [4]. Stress-assisted
penetration of liquefied zinc and solid-state zinc diffusion along the grain boundaries of
the steel leading to a subsequent reduction of its structural cohesion are proposed as the
prevailing mechanisms for the formation of these cracks [5]. As LME cracks can impair

the load-bearing capacity of spots welds if extremely large and deep cracks occur



[6-8], it is important to develop an understanding of the dominant process-related

influencing factors and to develop methods for mitigation and prevention.

A number of studies associate a high heat input with increased crack formation [9-12].
Because in the RSW process the required process heat is generated by Joule heating, an
intensified crack formation is observed when using either an excessive weld time [13]
or a very high welding current close to [14] or slightly above the spatter limit [15]. The
increased occurrence of cracks observed in several studies [16—-18] when welding
dissimilar combinations of AHSS-LME test candidates and conventional steels (higher
thickness or multiple sheets) can also be explained in this context: The dissimilar stack-
ups allow for a higher spatter-free maximum weld current i.e. more heat input compared
to similar AHSS-AHSS combinations and the heat generation is concentrated in the
AHSS joining partner, because of its higher resistivity. In the context of avoiding LME,
limiting the heat input to the amount required to achieve the desired spot diameter and
minimizing the welding process duration are important measures. Ashiri et al. [9]
develop dedicated welding schedules, which they find to be able to prevent the
formation of LME in zinc coated TWIP steels and also allow for a bigger spatter free
maximum nugget diameter. Wintjes et al. [18] also investigate dedicated welding
schedules (i.e. pre-pulses and multi-pulses) and achieve a reduction of the LME severity
by up to 30%. Di Giovanni et al. [15] investigate the effect of linear decreasing weld
current profiles for a high heat input welding scenario. They show that weld current
ramping can mitigate tensile stresses after electrode release inside the indentation and
that the investigated current profile is able to reduce the liquid zinc time for the weld
shoulder region. Both observed effects contribute to a decrease in cracking intensity,

measured via the crack index.



The crack behaviour of AHSS grades with strength in the range of 600 MPa and a mild
steel is investigated by Sigler et al. [10]. They vary the welding current over different
combinations of number of pulses, electrode force and hold time. In this way they
investigate the influence of the hold time in several steps in the range between 2 cycles
(~ 33 ms) and 60 cycles (~1000 ms). By using longer hold time durations they achieve
crack-free welds, while they observe significant crack occurrence within the electrode
impression for welds with short hold time durations. No detailed analysis of the
background is reported.

Kim et al. [12] investigate the influence of hold time by varying its duration in three
stages from 14 to 24 to 34 cycles (567 ms). They find that a variation of the hold time
length leads to a slight change in the crack behaviour.

Choi et al. [6] investigate the effect of three different hold times (20, 300, 1000 ms) for
three distinct weld times (200, 400, 800 ms). They evaluate crack depth and number in
metallographic cross-sections. Both factors increase for a given hold time as the weld
time increases. They observe a reduction of surface cracks within the electrode
indentation for elongated hold times. Surface cracks in HAZ increase for longer weld
times but no clear effect for the variation in hold time is observable for this crack type.
Cracks at the interface between the welded sheets only appear for a combination of
highly increased weld times (800 ms) and very short hold times (20 ms). No further
analysis is performed. Choi et al. [19] focus on the effect of electrode force during
welding. Predominantly surface cracks inside the HAZ are observed. The dominance of
this crack type is explained by the electrode contact situation: Its curved geometry
causes the coincidence of tensile stresses and local temperatures above the zinc melting
point for a longer period (~400 ms) just outside the indentation (i.e. inside the HAZ).

Because most of this period is within the heating phase, the cracks are believed to



initiate during the weld time rather than during cooling. Significant crack growth due to
increased weld time is observed and attributed to a higher liquid zinc contact time.
Therefore, thermal factors are believed to be dominant: It is assumed that cracks initiate
regardless of the electrode force (3, 4 and 5 kN) and that further crack growth is
dependent on the duration of the exposure to liquid zinc.

Choi et al. [11] investigate the impact of hold times on the formation of cracks at the
sheet interface near the spot weld notch. They observe cracks only for short hold times
(< 100 ms), while spot welds generated with hold times > 200 ms are crack free. Their
subsequent FE-Analysis shows larger stresses for welds created with longer hold times
indicating opposite results. They resolve this by identifying the temperature at electrode
lift-off as the most critical factor. A lower temperature limits the amount of freely
available zinc and thus reduces the formation of LME cracks.

This publication takes up the systematic parameter variation in the hold time
investigated in the literature. It shows the influence of the hold time duration on crack
formation by experiments on stack-ups consisting of a variable number of sheets (i.e.
changed stack-up overall thickness) and analyses the underlying effects. Statements on
the time of crack formation are derived and finally, practical guidance is given for

mitigation of LME.

Materials and methods

Materials

Similar to [20] and [21], this study is part of a framework project, which includes a
variety of AHSS materials of different strength classes to evaluate for LME
susceptibility. These steels were anonymously secured and characterized by

WorldAutoSteel, the global automotive steel producer consortium with 22 member



companies. An electrogalvanized (EG) dual phase (DP) steel of the strength class

1200 MPa (hereinafter called DP1200 HD; corresponds to VDA 239-100:
CR850Y1180T-DH) is used as the investigated AHSS-material for the experiments
described in this article. It has a yield strength of 1050 MPa, an ultimate tensile strength
of 1220 MPa, and a sheet thickness of 1.58 mm. The DP1200 HD is combined with a
hot-dip galvanized (HDG) 2.00 mm thick mild steel (hereinafter called mild steel) with
a yield strength of 170 MPa, and an ultimate tensile strength of 310 MPa.

Based on these materials, a two-sheet and a four-sheet stack-up were formed consisting
of the DP1200 HD as top sheet and using the mild steel for all additional layers (Table

1).

Welding equipment and experimental design

The RSW was performed on a servo-electric pedestal x-type welding gun, using

1000 Hz medium frequency direct current (MF-DC). An external weld process recorder
was used to record the welding processes. The electrodes were water cooled by a rate of
4 I/min. Electrode caps of the types A0-16-20-100 (hereinafter called A0-100), as
specified in ISO 5821 were used [22].

This cap type has been chosen based on the results presented in [21] as, it was shown to
allow for crack free RSWs even under adverse welding conditions (i.e. elongated weld
times and high heat input), by reducing the degree of plastic deformation at the
indentation area. This makes it possible to evaluate the influence of temperature on
LME formation widely decoupled from the otherwise excessive plastic deformation
occurring during elongated weld times. The experimental design is shown in Table 1
and is based around the welding conditions identified to typically cause intense LME

formation (e.g. weld times of 1520 ms).



Table 1: Overview of the experimental setup

Electrode geometry A0-100
Electrode force 4.5 kN
Weld current 9.3 kA
Weld time 1520 ms
squeeze time 200 ms
DP1200 HD
DP1200 HD mild steel
Stack-ups . .
mild steel mild steel
mild steel
Hold times 10 ms | 200 ms ‘ 800 ms

RSWs generated by use of two different stack-ups, each welded with three different
hold times are compared.

Throughout all trials, an electrode force of 4.5 kN, a weld time of 1520 ms and a
squeeze time of 200 ms were applied. The maximum spatter free weld current of 9.5 kA
was determined based on common industry standards [23] for the two-sheet stack-up.
To ensure spatter free welds the weld current was set to be 200 A below the maximum
spatter free weld current. The identical weld current was adopted to the four-sheet
stack-up. For the identical parametrisation during current flow, the four-layer stack-up
is expected to generate more Joule heating, based on its higher total resistivity, caused
by the additional steel sheets. All welds made by use of the same stack-up can be
compared based on an identical heat input, since these welding processes only differ in
hold time duration. The investigations were performed on 45 x 45 mm? specimen and

five repetitions were used per factor.

Analysis and measuring methods

For the verification of cracks, the zinc coating was removed around each spot weld after
welding by staining with 20 % hydrochloric acid. A visual inspection followed by a
photographic documentation was subsequently performed. The specimens were cross

sectioned through the middle region of the observed cracks based on the surface crack



appearance. If no cracks were observed in the surface view, the direction was chosen to
be identical to the samples that showed cracks.

For a closer analysis of the stress development and transient temperatures during the
welding processes, a finite element model, established in [20], was used. According to
ISO/TS 18166 [24] the model was validated against experimental cross-sections and
transient temperature measurement. In the prior work, a DP1000 material data set was
validated and the same data set is utilized here with scaled up Rpo.2 and Rm values to
account for the higher strength class of the DP1200 HD. The model has already been
used successfully to predict crack locations during an LME enforcement test [20] and to
explain an electrode geometry variation for LME crack prevention [21]. Comparable to
the experiments presented in this study, the simulations were conducted for the A0-100
electrode geometry and three different hold times. The models comprised 11976 linear
hexahedral elements for the two-sheet setup and 23952 elements for the four sheet
setup. With local refinement in the weld zone and edge lengths of up to 0.2 mm,
calculation times for the nonlinear, transient electro-thermomechanical simulations were
44 min and 108 min for the 2- and 4-sheet welds respectively. To account for the
different materials and contact conditions, reference measurements were conducted for
electrical and thermal contact conductivity. The predicted longitudinal-stresses and
transient temperature developments at the most frequently observed experimental crack

location 2.6 mm from the center of the electrode indentation were extracted.

Results and discussion

Systematic screening of hold time variation for differing stack-ups

Figure 1 shows the results of welds made by systematic studies of two stack-ups and

three different hold times.



A0-100 electrode geometry— 1520 ms weld time
10 ms hold time 200 ms hold time 800 ms hold time

DP1200 HD
Mild steel

DP1200 HD
Mild steel
Mild steel
Mild steel

Figure 1: Weld process results from the three investigated hold times (left to right) and stack-ups (top and bottom)
via surface view and cross-section.

The surface top views and corresponding cross-sections (A) — (C) show the results
obtained for the two-sheet stack-up. (B) is showing a similar state as was investigated in
[21]: Despite of the extremely elongated weld time, in case of a two sheet stack-up, a
hold time of 200 ms results in crack free RSWs. For this stack-up a further increase of
the hold time duration (C) is not necessary but also results in crack free weld joints. A
significant reduction of the hold time to 10 ms (A), however, causes a reproducible
formation of cracks.

The results of the investigations for the four-sheet stack-up are shown in (D) — (F).
Unlike before, the use of a 200 ms long hold time (E) results in significant crack

formation. A further shortening of the hold time to 10 ms (D) causes intensification of



the cracking, while an extension to 800 ms (F) can successfully prevent the formation of

cracks for this four-sheet stack-up.

Crack section P |[VIE crack
outside weld nugget n

DP1200 HD

Mild steel

DP1200 HD

Crack section inside |’ : \ i G - ; Mild steel
. weld nugget ¥

Figure 2: Cross-sectional comparison of weld nugget and crack formation for weld processes (A) and (E).

The cross-sections shown in Figure 2 compare spot welds created with the processes
(A) and (E) and illustrate the diverging nugget dimensions for the two stack-ups. The
added sheets cause an increase in dynamic resistance (Figure 3) for the four sheet stack-
up, leading to an increased heat input by 45 % and a 20 % increased nugget diameter at
the DP1200 HD to mild steel interface. The molten zone is enlarged from 15.7 mm?

(two-layer stack-up) to 50.5 mm? (four-layer stack-up) in cross-section.



10 500

8 400 —
— G
< ~ e
~ 6 300 ¢
= =
g 4 DP1200 HD, 1x Mild steel DP1200 HD, 3x Mild steel: 200 8
»
S 2L
O = Current = Current %
2 = Resistance Resistance 100 o
Generated heat (J): 15,015 Generated heat (J): 21,752
0 L0

0 200 400 600 800 1000 1200 1400 1600

Time (ms)

Figure 3: Weld process recording and calculated generated heat input.

The observed crack position on the circumference is similar in all cases. Cracks close to
the center of the spot welds have not been observed. Figure 2 shows that for both
investigated stack-ups, the cracks extend into the weld nugget. In [15] it is assumed that
such cracks must have grown after nugget solidification. While this most certainly
applies to the crack sections located within the nugget (see Figure 2) — as crack
formation here can only occur during or after solidification of the nugget — further
evidence is needed to prove that this applies to the crack sections located outside the
nugget. The results presented in Figure 1 provide this evidence: The beginning of the
crack formation is shown to take place after the end of the weld time for both
investigated stack-ups, as the variation of the hold time duration is able to allow or
entirely prevent the crack formation. In the following section, the finite element
simulation will be used to analyse the temperature and stress history of the investigated

spot welds to explain the observed behaviour.

Finite element simulation

The local process temperatures and x-stresses were calculated by use of the FE-

simulation for a comparison between the two stack-ups, while considering the three



hold times. The locations correlate to the experimentally cracked spot weld regions
highlighted in Figure 2. Figure 4 and Figure 5 show the corresponding plots for

temperature and longitudinal stress on the sample surface at the crack afflicted region.

1400 s ; -
< Weld time —»} " 1, — ¢ ——Time of electrode release
1200 : E.. :
i
i

1000 i
800 f Ductility Trough E \]_\
w o E ¥Zinc meitingteM
200 i .
] C
o ! .
0 1 2 3 4 5 6
Time (s)

Temperature (°C)

-

800
600

400

200

A
td b b

- Weld time >

200 i
400 B
-600
-800

X-Stress (MPa)
o

800 ms

0 1 2 3 4 5 6
Time (s)

Figure 4: Temperature and x-stress plots for the crack location inside the electrode indent area of the two-sheet
stack-up

All temperature plots show a re-heating at the end of the respective hold time, after
electrode release. As a result of the higher heat generation within the four-sheet stack-
up (Figure 5) the re-heating is more intense. Additionally, the cooling to temperatures
below zinc melting temperature takes a longer period compared to the two-sheet stack-
up. For both stack-ups, the level of the re-increase is significantly lowered for an

increase in hold time duration.
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Figure 5: Temperature and x-stress plots for the crack location inside the electrode indent area of the four-sheet
stack-up

For the weld scenarios (A) and (D) utilizing a 10 ms hold time, an intense reheating of
the considered region to temperatures well above 1000°C can be observed. A
simultaneous formation of tensile stresses is indicated by the x-stress plots. For the weld
scenario (E) with 200 ms hold time, a minor but clear coincidence of temperatures
above 700°C and the formation of tensile stresses can be observed, while for the two-
sheet stack-up (B) the temperature during reheating stays below 700°C.

The plots for the weld scenarios (C) and (F) show the lowest temperatures and x-
stresses for both stack-ups, staying below 700°C during the whole welding process.

In [7,11] the LME active region is characterised by an exceeding of the zinc melting
temperature at 419°C (see Figure 4 and Figure 5) and experimental observations are
based on the hypothesis that from this temperature on, a sufficient supply of liquid zinc
creates the potential for the formation of LME cracks. Results generated in this study

cannot entirely be explained with this definition of the LME active region:



The weld scenario (B) remains above the zinc melting temperature, and thus within the
LME active region, for a significant period (~above 0.5 sec), while simultaneously
experiencing increasing amounts of tensile stress. This definition of the LME active
region cannot explain, why crack free welds are achieved for the welding scenario (B).
In contrast, the temperature and x-stress plots correspond with the experimental results,
when the LME active region is instead characterised by the so called “ductility trough”
(see marker in Figure 4 and Figure 5). In [25] Béal determines this LME active region
for TWIP steels to lie within a temperature range of 700°C to 950°C via hot tensile
tests. This region could be linked to approaching the temperature of 782°C at which the
dissolution of the protective intermetallic Fe-Zn compounds takes place and as a
consequence high liquid zinc reactivity is predicted [26].

The upper limit of the ductility trough is defined similarly in many studies, as it is
assumed to result from the evaporation of the zinc during the comparatively slow hot
tensile test [5]. For the more dynamic RSW, however, the results show that a short but
significant exceedance of the zinc evaporation temperature - see temperature plots for
(A), (D) and (E) - does not lead to the evaporation of sufficient amounts of zinc, so that
LME cracks can still be observed experimentally. As significantly extended welding
processes (~1500 ms) have already been considered here, the relevance of the ductility
trough upper limit for the RSW process can therefore be neglected. The lower limit of
the ductility trough, serving as a marker for the LME active area, on the other hand,
appears to have a high relevance: In this study the weld scenarios (A), (E) and (D)
recreate an exposure to temperatures within the ductility trough and crack afflicted
welds are experimentally observed. In parallel, for weld scenarios staying below this

boundary (B), (C) and (F) experimentally crack free welds are achieved.



Conclusions

This study investigated a method for the controlling of LME during a low strain but

high energy RSW-scenario of zinc coated AHSS grades and analysed the occurring

effects by use of an FE-simulation. The combination of elongated weld time, high weld

current and thick stack-ups cause a high accumulation of thermal energy within the

joining zone, stressing the importance of the cooling capacity for a sufficient energy

dissipation during hold time. The following conclusions can be derived from this study:

1.

For the considered boundary conditions (i.e. A0-100 electrode caps and high
heat input welding process), LME crack formation initiated entirely after the
weld current switch-off (i.e. within or after the hold time).

The formation of LME cracks was caused or inhibited exclusively by selection
of a specific hold time duration.

The hold time duration leading to cracked or crack free spot welds was
dependent on the heat input (stack-up configuration). Higher heat-input welding
scenarios require extended hold times.

LME cracks were only experimentally observed, if exposure to temperatures
within the ductility trough coincided with the presence of tensile stresses,
indicating a sufficient zinc availability only for regions heated significantly
above the zinc melting temperature.

LME free spot welds for an extreme welding scenario (four-sheet stack-up with
excessive energy input) were created by considering electrode geometry and

hold time duration.
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