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Investigation of liquid metal embrittlement of a dual phase steel joints

by electro-thermomechanical spot-welding simulation

Abstract

A 3D electro-thermomechanical model is established in order to investigate
liquid metal embrittlement. After calibration to a dual phase steel of the

1000 MPa tensile strength class, it is used to analyse the thermo-mechanical
system of an experimental procedure to enforce liquid metal embrittlement
during resistance spot welding. In this procedure, a tensile stress level is applied
to zinc coated advanced high strength steel samples during welding. Thereby,
liquid metal embrittlement formation is enforced, depending on the applied stress
level and the selected material. The model is suitable to determine and visualise
the corresponding underlying stresses and strains responsible for the occurrence
of liquid metal embrittlement. Simulated local stresses and strains show good

conformity with experimentally observed surface crack locations.

Keywords: RSW, LME, advanced high strength steel, zinc coated steel, testing

method, dual phase steel, cracking, electro-thermomechnical model



Introduction

Over the past 30 years, the use of advanced high strength steels (AHSS) in automotive
production has been constantly rising, while resistance spot welding (RSW) still is the
most common joining process in body-in-white production [1]. AHSS combine good
formability with higher strength levels compared to common steel grades, which allows
the realization of lightweight concepts [2].

Due to the higher strength of these steels, higher restraints are induced along the
process chain, e.g. as a consequence of increased springback after bending [3],
potentially affecting the tendency of these steels to develop surface cracks [4]. Another
aspect, that influences the weldability of AHSS, is the zinc coating, commonly applied
for corrosion protection. Both the presence of zinc and the mechanical load affect the
cracking susceptibility of steels [5], occasionally provoking a phenomenon called liquid
metal embrittlement (LME) [6]. LME is currently observed in the industry during RSW,
and is therefore subject of present research [7]. While LME was observed on some
AHSS grades initially, it is also observed on other steel types, like high-strength low-
alloy steels presently [8]. Investigated for more than 100 years already, LME is not only
limited to welding, but a variety of high temperature processes (e.g. hot forming) [9]. It
can be described as the loss of ductility of an otherwise ductile metal in the presence of
another metal in liquid state [6]. Three main circumstances have been identified to be
necessary for LME crack formation: tensile stresses, a susceptible solid metal, and a
molten metal [6]. The role of compressive stresses, which may increase the LME
susceptibility by promotion of zinc diffusion, is not thoroughly investigated yet [10].

There is a variety of liquid metal/solid metal systems prone to LME, e.g.

Alsotia/ Gatiquia or Cusolia/Hgliquid [11], including the system Steel(Fe)solia/Zniiquid. Auger

and Laurang [12] link the propagation of the brittle crack to the continuous supply with



liquid metal. When no liquid remains to be sucked towards the crack tip by capillary
effects, the brittle crack stops, either completely, or changes to ductile fracture mode
depending on the experimental conditions.

The contact between the solid metal and the liquid metal influences the LME
susceptibility. It is described by the grain boundary energy ygs and interface energy ysL
between solid and liquid. Common grain boundary penetration takes place if
YeB = 2Vsy, (1)
is fulfilled [13].

LME can be enforced by an experimental procedure, during which tensile
stresses are applied to a sample, shaped similar to a typical flat tensile specimen during
welding [7]. To analyse the LME susceptibility of steels, the thermo-mechanical
mechanism within the material is of great interest. However, reliable data is not
accessible with common measuring techniques. Furthermore, a wide range of factors
must be considered, some of which are constantly varying, like electrode wear, ambient
temperature, coating thickness, etc. Finite element simulation provides a powerful tool
to investigate the underlying mechanisms of the thermo-mechanical system, revealing
among others the resulting stresses, strains and temperature fields. Disturbance
variables can be excluded or kept constant.

In the literature, finite element methods have been frequently used to study RSW
processes in great detail [14]. To resolve the inter-dependency of electric flow, thermal
heating and mechanical contacts, nonlinear electro-thermomechanical approaches are
commonly chosen in either 2- or 3-dimensional formulations, depending on the studied
phenomena: Huh et al. [15] present a 3-dimensional thermo-electrical model with
temperature dependent thermophysical, as well as electrical material data, to study the

effect of different electrode shapes on nugget shapes and sizes. Feulvarch et al. [16] use



a 2-dimensional electro-thermomechanical model for a 3-sheet stack up and validate the
nugget shape with cross sections. Wink et al. [17] investigate temperature dependent
material properties such as bulk resistivity and plastic flow behaviour and establish a
numerical RSW model to study softening during welding in press-hardening steels.
Pakkanen et al. [18] develop a 2-dimensional numerical spot welding simulation model
for AHSS and validate it with cross sections as well as drill-hole residual stress
measurements. As LME-cracking occurs not only in the middle plane of the nugget, a 3-
dimensional simulation approach is chosen in this work to resolve temperature and
stress-fields around the weld.

The development of the electrical resistivity during the process is of great
interest to correctly model the heat generation and nugget formation: Babu et al. [19]
present an empirical-analytical model to evaluate temperature- and pressure-dependent
contact resistance and find a high influence of surface roughness. In another
publication, Rogeon et al. [20] show that the contact resistance is also dependent on the
surface condition (coated or uncoated), and provide detailed, temperature-dependent
data. With the higher contact pressures present in a typical spot weld, they also show
that contact resistance remains almost constant over the temperature range in a typical
process. This behaviour is confirmed by Wang et al. [21]: They model the bulk- and
contact resistivity during welding and find a strong decrease in the contact resistivity
upon starting the weld and an almost constant behaviour afterwards. The bulk
resistivity, on the other hand, is observed to increase strongly with rising temperatures
and becomes predominant. The contact resistivity remains constant during the process,
and only changes due to the increasing contact area as the electrodes sink into the
material. The bulk resistivity is implemented in a temperature dependent manner to

account for its strong rise during the process.



Besides the mechanical, thermal and electrical components, phase
transformations play a major role during spot welding: Iyota et al. [22] investigated the
influence of thermal strains and changed material behaviour due to martensitic
transformation in a 2-dimensional electro-thermomechanical spot welding model. They
found a large influence of material transformations on the residual stresses after welding
and observed good agreement between their numerically simulated stresses and x-ray
diffraction measurements.

LME cracking is governed by tensile stresses, susceptible microstructure and
grain boundary penetration by liquid metal alloying elements in steels. For a holistic,
multiscale approach, length scales of nanometers (grain boundaries) as well as
millimetres (external loads and structural model) would have to be considered. This
study focuses on the latter scale, based on the hypothesis that LME susceptibility for a
specific material class can be modelled via a macroscropic model, relying on
temperature, stresses and strains. Grain boundary weakening by liquid zinc is regarded
as a constant boundary condition and not included in the simulation. This approach is

computationally feasible and considered appropriate for industrial use.

Materials and methods

Materials

The framework project of this study includes a variety of AHSS materials of different
strength classes, to evaluate for LME susceptibility. These steels were secured and
characterized by WorldAutoSteel, the global automotive steel producer consortium with
22 member companies. For the calibration of the material model, a dual phase steel of
the strength class 1000 MPa (hereinafter called DP1000) with a yield strength of

750 MPa, and an ultimate tensile strength of 1010 MPa is used as a basis. The sheet



thickness is 1.5 mm. The material is commonly used in car body manufacturing.

Methods

Welding under external load

The welding under external load procedure enforces LME cracking of zinc-coated
AHSS materials by applying a tensile stress field to a sample during spot welding [7],
thereby creating extreme welding conditions. The stress field is induced hydraulically
by a simple experimental setup as shown in Figure 1, and can be adjusted to different
load levels according to the materials’ mechanical properties. The initially applied stress
is not adjusted during welding, but a preloading only. As a result value, the total crack
length on the sample surface is measured optically (by aid of image editing software)
after chemical removal of the zinc layer. The level of tensile stress necessary to
reproducibly provoke LME cracking can be determined by incremental increase of the

applied stress for a testing material, e.g. in 10 % steps of the material’s Rpo.2.

Resistance measurement

The measurements of the contact resistances are performed based on ISO 18594, for
force levels from 1 kN to 5 kN. For each measurement, two steel sheets the size of
100 mm x 50 mm are used to carry out eight measurements in total at distinct spots on
the sheets. A constant current is then applied, and the voltage drop (between the upper
electrode and the additional contacts) is measured, allowing a calculation of the partial
resistance for each stage. Accompanying measurements of the system resistance are
executed before and after each test series along with the periodical polishing and

cleaning of the electrodes.



Validation experiments

Validation experiments are conducted using a servo-mechanical C-type welding gun
and a medium frequency inverter power source, used in constant current regulation. F1-
16-20-5.5 flat type electrode caps according to ISO 5821 [23] are used. A welding
current range (WCR) is determined for the testing material. Two different welding
currents, and two electrode forces are chosen for validation. The welding time is kept
constant at 380 ms, hold and squeeze times at 200 ms each. To measure the thermal
history, a line of three type K thermocouples is micro-welded to the top sheet (see
Figure 2). The thermocouples are located at a distance of approximately 4 mm, 5 mm
and 6 mm to the weld center. Based on an assumed electrode indentation diameter of
7.5 mm, these are the closest possible positions. After welding, a macroscopic top view
image of the sample is used to determine the exact distances of the thermocouples to the
actual weld center. Metallographic cross sections are used for comparing the indentation

depth and weld nugget size/shape.

Numerical Simulation

The numerical simulations of the spot welding process are carried out with the
commercial welding simulation software simufact.welding 7.2. A 3D coupled electro-
thermo-mechanical structural welding simulation model with included phase
transformation is set up in the software to reproduce the spot welding process as closely
as possible. The model consists of 14,556 linear hexahedral elements with a selective
2-fold refinement in the weld zone leading to an edge length of 0.3 mm and a refined
element count of 23,684. A mesh convergence study for 3-fold refinement resulted in
3.1 % change in the peak process temperatures and was discarded due to long

calculation times. On a workstation equipped with two 8-core Intel Xeon E5-2667



CPUs, solving the model with 2-fold refinement took 1.8 h. Initially, the mechanical
model is solved to reproduce the closing of the electrodes and clamping forces. With the
electrode/sheet and sheet/sheet contact areas established, the first electrical increment is
calculated. The analysis comprising of electrical, thermal and mechanical steps in each
increment is weakly coupled, i.e. the thermal increment has no feedback to the electrical
increment and the mechanical increment has no feedback to the thermal increment

within a single time step.

Electrical analysis. The electrical field E is related to the current density J in the

conductor based on Ohm’s law by

J =0k (2)

where o is the conductivity of the conductor. The electrical field strength can be

calculated with the electrical potential V:

E = —grad(V) 3)

With the assumption that there is no additional current source

div(J) =0 4)

The electro-kinetic equation is constituted from equations (1-3)

div(o-grad(V)) =0 (5)

Finally, the heat generation Q due to the current flow is calculated through Joule heating

Q=J*R (6)

With the temperature dependent resistance matrix R. [24]



Thermal analysis. After each electrical increment, a thermal increment for heat transfer

is calculated. The governing heat transfer differential equation is written as: [25]

PCyar ==V q(r 1) +Q(r, 1) ()

Where p is the density, C, is the specific heat capacity, T is the Temperature and t is the
time. The relative reference coordinate is denoted as r, Q is the heat source as

determined from the electrical analysis and q the heat flux vector, expressed as
q = —AVT (®)

With the thermal conductivity A. Convective and radiative boundary conditions are

applied to all free surfaces. The convective heat transfer is written as

Qc = —hA(T; — T3) ()]

h is the convective heat transfer coefficient in W/(m?K), A denotes the convective

surface, T; is the surface temperature and T, the temperature of the surrounding air.

At the clamped boundaries, the sample is in contact with steel surfaces. For these
contacts, a higher heat loss is modelled through an expression like Eq. (8). The
convective heat transfer coefficient is replaced with a contact heat transfer coefficient
with a value of 500 W/(m?K) to simulate the strong, temperature-dependent heat flow

into the metallic parts of the clamping.

According to the temperatures, heating- and cooling rates, the phase distribution is
calculated after the thermal analysis. Above Acs temperature, the material is considered
to be fully austenitic. During cooling, all phases that became austenitic are transformed

into martensite below 500 °C. This simplification is valid due to the large heating and

10



cooling rates in spot welding and was used for instance in [22].

Mechanical analysis. A mechanical increment based on an elasto-plastic formulation is
calculated after each thermal increment. The nonlinear analysis of stresses and
distortions is based on the thermal strains generated through localised expansion and
contraction of the materials. These strains cause local, inhomogeneous elastic and
plastic material behaviour, which, in turn, generates the stresses and distortions. The

mechanical stress equilibrium equation is written as: [25]

V-o=0 (10)

Where o denotes the stress tensor. The mechanical constitutive law can be written as

o=Ceg (11)

E=¢ tepter (12)

C is the stiffness tensor and ¢ is the total-, &, the elastic-, &, the plastic and &7 the
thermal-strain tensor. Temperature dependent values for the mechanical and thermal
parameters k, 4, C,, the elastic modulus E, the yield strength o, and the plastic flow
behaviour have to be defined in the material properties input and are discussed in the
results section. Material plastic- and stress-history is set to zero as the material heats
above solidus temperature (1400 °C) to model stress relaxation due to liquefaction of
the steel.

All process times as well as the clamping boundary conditions are modelled to
match the experiments. The sheets are supported by bearings in the model that prevent
“falling” but allow for in-plane motion as well as detachment. To reduce the model

complexity, some assumptions are made: The material properties are temperature

11



dependent but changes in phase only affect the materials yield strength and plastic flow
behaviour. The density and Poisson’s ratio are constant and the influence of the
mechanical deformations on the temperature field is considered to be negligible. The
weld pool is modelled as a low-stiffness solid and the occurrence of weld pool

dynamics is neglected.

Results

Material parameters

Especially for AHSS that have been introduced recently, temperature dependent
material data for welding simulation are not widely available and their experimental
acquisition is costly and time-consuming. For this publication, the parameters are
acquired from a mixture of literature sources and targeted experiments. The
thermophysical properties of a 600 MPa strength class dual phase steel are determined
experimentally by Schwenk et al. [26], shown in Figure 3. The assumption is made, that
the data remains the same for different strength classes of dual phase steels. The same
assumption is made for the thermomechanical material data, i.e. that the young’s
modulus remains at ~210 GPa at room temperature, and the softening with heat remains
equal. The temperature dependent thermal expansion coefficient remains unchanged.
The simplification is made, that only the yield strength and ultimate tensile strength
must be scaled for different grades of the same material class. The flow behaviour is
also determined by Schwenk for DP600 [27] from room temperature up to 800 °C and
can be scaled to the yield strength of 750 MPa and an ultimate tensile strength of

1010 MPa to mimic the DP1000 steel. This approach is already demonstrated in [18].
To correctly account for compression occurring during spot welding, the data is

extended manually by flow curves with progressively lower flow stresses until solidus

12



temperature. In addition, phase dependent data for plastic flow is necessary for the
austenitic phase in the high temperature range as well as for the martensitic phase
forming during cooling. Both data sets are not readily available for DP1000 steels in the
literature. Therefore, data determined by Wink et al. [17] for austenitic and martensitic
phases of a press-hardening 22MnBS steel are taken. The electrical bulk resistivity is
determined in relation to temperature in the same publication by Wink et al. [17].

The electrical contact resistivity is strongly dependent on steel grades, coatings
and electrode forces [28]. Figure 4 shows the determined values for electrode/sheet and
sheet/sheet resistances for clamping forces between 1 kN and 5 kN. While the contact
resistances change strongly for low force levels, they remain almost constant at the high
forces relevant for RSW and are in a similar range as the values determined in [19], if
the contact area of the electrodes is taken into account. In accordance with the
publication by Rogeon et al. [20], the contact resistance is kept constant over the

temperature.

Model validation

With the simplifications regarding material parameters, a thorough calibration of the
model has to be conducted. The calibration is done in three stages: First temperatures
are measured during welding using thermocouples and compared to experiments for
deviations in peaks and cooling behaviour (see Figure 5). Subsequently, metallographic
cross sections are prepared and the weld nugget size and shape are compared, shown in

Figure 6.

LME investigation

The model is applied to investigate conditions which cause LME cracking, by

simulating the welding under external load procedure. The external tensile stress level

13



necessary to reproducibly enforce LME cracking of the testing material was determined
experimentally to be 60 % of the material’s Rpo.2. Figure 7 shows the typical LME
initiation site of a welding under external load sample in top view. Without externally
applied tensile stresses, i.e. under standard welding conditions, the material does not
exhibit LME. With lower external stress levels, only occasional LME is observed.
Figure 8 shows the simulation model of the welding under external load procedure. For
reduction of calculation time, only the middle part of the tensile sample is modelled. A
welding parameter set is chosen according to [29]: electrode force is 4.5 kN, weld time
380 ms. While the right side of the sample is fixed, a tensile force is applied to the left
side, which results in the uni-axial stress field shown in Figure 8, corresponding to 60 %
of the material’s yield strength. This value is determined experimentally to be required
to reproducibly enforce LME. The simulative replication of the experimentally
determined loadcase is an easy and effective way to determine and visualise local stress

and strain values during the RSW process responsible for LME formation.

Figure 9 shows the effective stress distribution in top view at various time steps
of the welding process in top view. Areas adjacent to the electrode indentation have
been identified experimentally to be the main sites of LME formation, and are therefore
in focus for evaluation of the simulation [10]. Thermally induced tensile stresses mainly
form during cooling due to shrinking of material. After cooling down close to room
temperature, local stress maxima up to approximately 800 MPa are observed. During
heating, in the highly heated/molten area, little to no stresses can be transferred, which
leads to a redistribution of the initial tensile stress field towards the outer areas of the
sample (top left). Excessive tensile stresses are transformed into plastic strain.

Subsequently, necking of the sample is visible at the sample’s outer edges. The

14



significant stress pattern shown in the last frame (bottom right) forms during the cooling
process, after 5 seconds. Values of approximately 800 MPa are reached in areas which
have cooled down near room temperature. The effective stress at the edge of the
electrode indentation (so-called ‘shoulder’, indicated by arrow in Figure 7), where LME
typically occurs as, divides into the three components of the triaxial stress state: radial
stress (ox), circumferential stress (oy) and through thickness tress (c,). During the
simulated procedure, tensile radial and circumferential stresses dominate, as they are
supported by the external force applied. In through thickness direction mainly
compressive stresses, induced by the electrode, are present.

Figure 10 shows the corresponding effective stress fields in cross section view.
The loss of the capability to transfer stresses of the material at high temperatures is
clearly visible (top left and right). Furthermore, the stress maxima after cooling are not
only present on the surface, but reach down circumferentially around the weld nugget

(bottom right).

Figure 11 shows the effective plastic strain which forms during the heating
phase of the welding process in top view. It is calculated by integrating incrementally
the plastic deformation over time. Although the externally applied force lies in the
elastic region initially, the material’s mechanical properties deteriorate with increasing
temperature. This leads to plastic deformation (PD) and displacement towards the side
of the movable clamping. The electrode holds the material underneath it back, while the
external load pulls on the adjacent, weakened material. Therefore, the main plastic
strain is observed left of the electrode. Surface strains mainly form on the side of
applied load, and reach down towards the centre of the weld nugget as can be seen in

the cross-section view in Figure 12. Locally, values of 1.5 are reached.
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Figure 13 shows the resulting effective plastic strain field (left) and the effective stress
field (right) after the welding time at 700 ms, simulated without application of external
load. The plastic strain appears less pronounced; maximum values only reach
approximately 0.5 locally. The effective stress maximum in the weld center is about

400 MPa. Both stress and strain fields appear symmetrical.

Discussion

The approach for calibration and validation of the material model is proven to be valid
for the desired application. FE simulation helps to increase the process understanding of
LME significantly, both by calculating values not measurable with conventional

techniques and visualizing the results.

The simulation provides in-situ temperature, stress and strain values during welding.
These are, amongst other internal/external factors like coating thickness / type [11],
grain boundary diffusivity / solubility, or grain boundary energy — interfacial energy
relation [30], responsible for LME cracking formation. Evaluation of the resulting stress
field shows, that the absolute maximum values on the surface form after significant
cooling time of five seconds. Essential for LME formation however, is the presence of
zinc in liquid state — which occurs roughly between 420°C and 900°C [31]. As shown in
Figure 14, this leads to a critical time range in the simulation between 150 ms and
1800 ms in which the zinc is liquefied on the sample surface.

The maximum stress values on the surface of about 800 MPa (see Figure 8,
bottom right) can therefore be disregarded, as they form after this period. A comparison
between welding with and without external load (see Figure 9 and Figure 13 left)

indicates, that there are higher effective stress values present in the weld center when
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external stresses are applied (at typical LME initiation sites approximately 30 %
higher). Especially radial and circumferential stresses may facilitate the formation of
LME cracks, which are usually arranged in the through-thickness direction. Generally,
tensile stresses are regarded as a prerequisite for LME occurrence [13], but their effect
on the material’s microstructure strongly depends on the local, temperature-dependent
material properties [13]. The temperature field is not homogeneous but exhibits large
gradients and changes in each time increment. Consequently, this prevents an intuitive
evaluation of the simulated stress field. Regarding the PD, the comparison of welding
with and without external stresses (Figure 11 and Figure 13 right) shows a local
increase of PD by about factor three. The plastic strain field is already calculated in
consideration of the temperature-dependency of material properties — it indicates areas,
where stresses exceed the temperature-dependent yield strength of the material. The
main plastic strains occur within the critical time range, and in an area where LME
formation is frequently observed experimentally (see Figure 15). It can therefore be
assumed, that PD in combination with the presence of liquid zinc, increases the LME
susceptibility generally. Locally, PD values of 1 to 1.5 are reached, which are
considered to be critical for LME. Correlation between the PD and the experimentally
observed LME locations is found: Figure 14 (right) shows the simulated areas of high

PD, and an image extracted from computed tomography of an LME afflicted sample.

Conclusions

An electro-thermomechanical simulation model for investigations on LME of dual
phase steels during RSW is established. The validation of the model is successfully
conducted; the simplifications made are found to be suitable to simulate the welding

process.
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The model is applied to investigate the occurrence of LME during RSW.
Temperature, stress and strain fields are simulated successfully. A time range is
deducted, in which LME can occur due to the presence of liquid zinc. Within this time
range, high PD occurs, as the material properties are deteriorated thermally. Global
stress maxima, however, form only after significant cooling time and are therefore
disregarded. For an effective investigation of the LME susceptibility by use of welding
simulation, it is recommended to evaluate the PD rather than effective stresses, as
thereby the temperature dependency of material properties is taken into account.

As experiments show, the tested DP1000 material has to be pre-stressed to at
least 60 % of its Ry0.2 in order to reproducibly enforce the formation of LME during
RSW. Simulation of strain fields during the welding under external load procedure, at
the 60 % Rpo2 load level, reveals high local PD values about 1.5 at the surface,
correlating with experimentally observed crack locations. Evaluation of the simulated
strains during ‘normal’ welding conditions (i.e. without external load) shows, that the
PD here is 2-3 times lower. Under such circumstances, LME, as a result of local strains,
is unlikely to occur — provided, that it is not triggered by other internal or external
factors.

The established model can be used to simulate other welding parameter or
material-thickness combinations, and can be adapted to a wide range of further AHSS
materials. It focuses on the in-situ temperature, stress and strain fields of the RSW
process, which cannot be measured with conventional techniques. The model is set up
on the macroscale, and can therefore not be used to investigate other (especially

chemical or intrinsic) aspects of the LME phenomenon.
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Figures

Figure 1: Experimental setup of welding under external load procedure
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Figure 2: Location of thermocouples for temperature history measurements
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Figure 3: Thermo-physical parameters for DP1000 according to Schwenk [26]
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Figure 7: Top view of spot weld with typical location of LME occurrence
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Figure 8: Simulation model of sample with uniaxial pre-stress
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Figure 9: Effective stress field during welding under external load, top view
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Figure 10: Effective stress field during welding under external load, cross section
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Figure 11: Effective plastic strain field during welding under external load, top view
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Figure 12: Effective plastic strain field during welding under external load, cross section
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Figure 13: Effective plastic strain (left) and effective stress (right) at the end of welding
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