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Abstract. The prediction of stress level during Resistance Spot Welding at high temperature is
very useful to reduce and/or avoid Liquid Metal Embrittlement phenomenon. However, the
experimental estimation of stress level into metal sheets during a Resistance Spot Welding
process is impractical. Therefore, a numerical methodology to predict mechanical stresses,
using more accessible experiments, is proposed in this work.

1 INTRODUCTION

Resistance Spot Welding is the most used process in the assembly of automotive structures.
The body in white, which is the safety structure of a vehicle, is assembled by means up to 6000
spot welds (Figure 1). For some parts of the automotive structure, 3" generation Advanced
High Strength Steels [1, 2] are used in order to improve the safety and reduce the weight and
cost of vehicles.

Resistance Spot Welding process (Figure 2, Figure 3) fastens together metal sheets with two
electrodes applying current. The resistance spot welding process is composed of 3 steps:

- First, the electrodes squeeze the sheets with a pressure around 200 to 600 daN;

- Then, welding current, between 5 to 20 kA, is applied;

- Finally, current application is stopped, and cooling is done under pressure to avoid

expulsion of liquid metal from the nugget and to assure the good welding of sheets.

All these steps are needed to create a robust spot weld. However, during resistance spot
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welding of 3rd generation Advanced High Strength Steel sheets with zinc coating, the Liquid
Metal Embrittlement phenomenon may occur [4, 5]. This phenomenon corresponds to the
penetration of liquid zinc of the coating in the grain boundaries of the steel at high temperature

[6, 7], in a zone under high internal stress. It creates cracks [8] between the Heat Affected Zone
(HAZ) and the base metal (Figure 4).
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Figure 1: Spot welds locations in the body in white Figure 2: Creation of the liquid weld nugget during
of a automotive structure [3] Resistance Spot Welding process
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Figure 3: Schematic representation of the Resistance Spot Welding process [3]
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Figure 4: Observation of Liquid Metal Embrittlement cracks in a Resistance Spot Welded Advanced High
Strength Steel [9]

Several factors act simultaneously to generate Liquid Metal Embrittlement phenomenon
during Resistance Spot Welding: the presence of liquid zinc at the surface of sheet, the wetting
of steel grain boundaries, the duration of welding or the internal stress level higher than a critical
stress value, for example. We decided to focus our work on the internal stresses opening and
propagating cracks because this parameter plays a significant role on Liquid Metal
Embrittlement phenomenon [9 - 16].

The objective of the global work is to predict numerically the location and the intensity of
internal stresses generating Liquid Metal Embrittlement, during the Resistance Spot Welding
of 3" generation of Advanced High Strength Steels (which means estimate internal stresses at
high temperature) and assess the Liquid Metal Embrittlement risk. Such numerical approach
would aim to find the welding parameters reducing these stresses in order to reduce or avoid
the Liquid Metal Embrittlement phenomenon.

For this study, the studied steel belongs to the 3" generation of Advanced High Strength
Steels (Table 1).

Table 1: Properties of the 3rd generation of Advanced High Strength Steel studied

Direction YS (MPa) TS (MPa) TEI%
ISO-RD >850 >1180 > 13

For the numerical simulation, we use two software of ESI Group: Visual-Environment®
software for the multi-physical modelling and Sysweld® software for the multi-physical
numerical calculation. The first step of this work is to create the numerical steel used in
software. All properties of the steel are implemented into a database named a material card.
Then, properties of the material card are assessed and validated comparing experimental and
numerical results of thermo-mechanical tests like dilatometry, high heating rate tensile test or
Resistance Spot Welding. Finally, the validated material card is used in the Resistance Spot
Welding model in order to estimate the position and the intensity of the internal stresses in the
steel sheets; such simulation will allow us to optimize the welding parameters for stress
reduction.

Therefore, the main challenge is to create and validate a reliable material card of the
Advanced High Strength Steel to simulate thermal, mechanical, metallurgical and electrical
coupling in order to implement this card in the Resistance Spot Welding numerical model.
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Eventually, having all properties of steel for each phase on a large temperature range, from the
room temperature to the liquid state, is experimentally and numerically complicated. For
instance, obtaining properties of austenite at temperatures lower than Acl is quite impossible
from an experimental point of view. Thus, these properties are calculated with software thanks
to the chemical composition of the steel but are not directly obtained experimentally.

Phenomena related to microstructure and the Liquid Metal Embrittlement phenomenon itself
as the penetration of liquid zinc at grain boundaries and the zinc coating will not be represented
in the numerical model of the Resistance Spot Welding. We will only focus our work on
welding parameters and the stresses generated during the process.

2 CREATION OF THE NUMERICAL MATERIAL CARD

The creation of the material card is the first and the most important step of this work. Indeed,
if the numerical properties of the steel are different from the real steel properties, numerical
calculation will not be reliable and the internal stresses calculated will be wrong. Therefore, the
creation of a reliable and robust material card is the core of this work in order to predict
precisely the location and the intensity of internal stresses in steel sheets during Resistance Spot
Welding.

2.1 Properties

The numerical material card is a database containing mechanical, thermal, electrical and
metallurgical properties of the studied steel (Figure 5). All these properties vary with
temperature and temperature rate, but also with the metallurgical state of the steel. The
metallurgical dependence of the properties is very important because the base steel is
polyphasic and contains residual austenite.

Mechanical Thermal

* Young's modulus * Density
* Yield stress * Thermal conductivity

« Poisson’s ratio « Enthalpy and/or Specific heat

+ Hardening model 2 Thefmal strains
* Hardening slopes * Melting temperature
* Hardening recovering * Heat Affected Zone temperature

« Transformation plasticity

Material card

Properties

Electrical Metallurgical

* Electrical conductivity * Phase proportions in the base material
* Phase transformation laws:
* Phase transformation rate
* Phase transformation delay

* Beginning and end temperatures of phase transformations (Ms,
Ac1, Ac3, Ar1, Ar3, etc.)

Figure 5: Type of properties implemented into the numerical material card

One issue of the present work is to obtain properties for each phase from the room
temperature to above melting temperature, in order to have a good representation of the
numerical steel during heating and cooling.
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2.2 Focus on metallurgical properties

Several models are needed to integrate and validate physical properties depending on
temperature and heating/cooling rate. Here, we focus particularly on metallurgical properties
which are assessed from experimental dilatometry test with a representative model. We use
experimental data obtained in a dilatometry test performed in ArcelorMittal.

2.2.1 Presentation of dilatometry test

sample thermocouple
Do

Figure 6: Location of the pushrod and the thermocouple measuring dilatation and temperature of a sample
during dilatometry test

Dilatometry test, carried out with a dilatometer Bahr DIL805A, measures the thermal
dilatation of the specimen depending on the temperature. A pushrod and a displacement device
measure the displacement of the free surface and a thermocouple (R-type) measures the
temperature of the sample (Figure 6). For this test, the specimen is heated by induction at 10
°Cl/s from the room temperature to 1250 °C and then quenched at 500 °C/s with cold helium
gaz.

Dilatometry test of AHSS
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Figure 7: Parameters and properties highlighted with an experimental dilatometry curve
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The measured thermal dilatation is plotted versus temperature (Figure 7). This curve allows
to follow the thermal dilatation/contraction of the simple that follows different metallurgical
transformations and to determine characteristic temperatures, such as:

- The thermal dilatation of the base material during heating (dashed red line);

- The thermal dilatation and contraction of austenite during heating and cooling (dashed

blue line);

- The thermal contraction of martensite during cooling (dashed yellow line);

- The characteristic steel temperatures (Acl, Ac3, Ms and Me).

Between these three distinct thermal dilatation or contraction regimes, two phenomena are
highlighted:

- The austenitic transformation characterized by the contraction of the steel specimen

(dashed green ring);

- The martensitic transformation characterized by the dilatation of the specimen (dashed

orange ring).

2.2.2 Metallurgical transformation laws

Characteristic temperatures and metallurgical transformation curves obtained with
dilatometry test are used to calibrate the parameters of metallurgical transformation laws
implemented in the numerical software.

The first law is the Kolmogorov-Johnson-Mehl-Avrami equation (1) [17] and concerns all
diffusive metallurgical transformations during heating and cooling. It calculates the proportion
of the phase created during heating or cooling depending on initial phases presented in the steel,
the temperature and the temperature rate.

P=Px (1 - e_(%)N) (D)

P: Proportion of created phase, t: Time (s), P: Proportion of initial phase, TR: Transformation
delay time (s), N: KIMA’s coefficient

The second law is the Koistinen-Marburger equation (2) [18] and concerns the martensitic
transformation during cooling. It calculates the proportion of martensite created during
quenching depending on proportion of austenite before cooling, the temperature and Martensite
start temperature.

Py =B, * (1 — e-alMs=TD) @)

P.: Proportion of martensite created, Ms: Martensite start temperature (°C), P,: Proportion of
austenite, T: Temperature during cooling (°C), o: KM’s coefficient (°C™?)

3 VALIDATION OF MATERIAL CARD AND NUMERICAL CALCULATIONS

After the creation of the numerical material card, we have to validate its reliability for the
numerical simulation. We performed different experimental tests to measure experimentally
some values and we developed numerical model in order to compare experimental and
numerical results.
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3.1 Validation of thermal/metallurgical coupling

To validate the thermal/metallurgical coupling, the dilatometry test is simulated with the
Sysweld® software (ESI Group), using an adaptive time step. The experimental temperature
cycle is reproduced numerically on a parallelepiped sample with dimensions corresponding to
the experimental one (10x4x1.6 mm?®), and the displacement is calculated at each time step. As
an example, left part of Figure 8 presents the calculation of the temperature map in the specimen
and the right part the displacement of the free surface of the specimen during the temperature
cycle.

Numerical results Numerical results
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Figure 8: Numerical simulation of dilatometry test of an Advanced High Strength Steel at the end of the heating
(Time = 124 s)
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Figure 9: Comparison of experimental (black curve) and numerical (red curve) results of a dilatometry test
(Heating at 10 °C/s from the room temperature to 1250 °C and helium cooling at 500 °C/s)

The simulation takes the metallurgical state of the steel at each temperature (percentage of
phases) into account, but also the changes in volume that occur during phase changes. The
results of the simulation allow to plot the dilatometry curve (thermal dilatation of the free
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surface vs temperature) which can be compared to the experimental one. Figure 9 shows this
comparison after optimization of the metallurgical properties in the numerical material card.
The relative agreement between numerical and experimental curve allows to validate the data
properties used for the thermal dilatation and metallurgical transformation calculations.

3.2 Validation of strong thermal/mechanical/metallurgical/electrical coupling

The second step of this work concerns the optimization of electrical and mechanical
properties of the numerical material card. For this purpose, a hot temperature tensile test at high
heating rate is used. This test is performed on a Gleeble® platform available at ArcelorMittal.
The sample is a tensile test specimen with a reduced section in the gage zone. First, the specimen
is heated by Joule effect at 1000 °C/s from the room temperature to 950 °C. Then, at 950 °C,
the specimen is elongated by 2 mm at 2 mm/s and finally pulsed cold helium cooled. The
thermal control during the test, is performed thanks to a thermocouple placed in the centre of
the gage zone and a force sensor in jaws measures the longitudinal force (Figure 10).

This test is reproduced numerically with the Sysweld® software. The electric properties of
the steel are validated by comparison of the calculated temperature (Figure 11 — top map) with
the experiment value at the centre of the specimen.

Experimental and numerical results of the mechanical test (longitudinal stresses) are in good
agreement after optimization of any mechanical parameters in the material card. We
numerically and experimentally observe, in the gage zone, compressive stresses during the
heating (Figure 11 — bottom map), tensile stresses during the loading, the decrease of the tensile
stresses during the martensitic transformation and, finally, their increase at the end of cooling.
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Figure 10: Location of the sensor force and the
thermocouple measuring force reaction applied and Figure 11: Numerical simulation of a hot tensile test
temperature of a sample during high temperature and  at high temperature rate at 950 °C at the end of tensile
loading rates tensile test test just before final cooling (time = 5.2 s)
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4 APPLICATION TO RESISTANCE SPOT WELDING SIMULATION

The optimized material card is used for the simulation of the resistance spot welding of two
steel sheets. The model allows the simulation of the liquid state of the steel during Resistance
Spot Welding because temperature is higher than the melting temperature during the process.
The liquid/austenic phase change has not been evaluated with the hot temperature tensile test
and dilatometry test simulations. Indeed, the Resistance Spot Welding simulation highlights
that some properties, like thermal conductivity of the liquid phase, have a great impact on the
temperature into the liquid nugget and on the nugget size. Nevertheless, no experimental data
are available for the Advanced High Strength Steel thermal conductivity in the liquid state.

Figure 12 gives the evolution of the local maximum temperature of the steel, versus time,
during the simulation of the Resistance Spot Welding, and the values of the steel thermal
conductivity versus temperature, implemented in the material card. For the first curve of the
thermal conductivity (blue line), the material card considers a constant value for steel thermal
conductivity in the 20°C-1400°C temperature range (this value corresponds to the austenite
value). Thus, when the temperature is above the melting temperature (1400°C), the simulation
still considers the austenite thermal conductivity. As a consequence, the maximum temperature
reaches in the weld nuggets is higher than expected (experimentally, this maximum temperature
is about 2000°C).

Thanks to literature [19], the thermal conductivity of the steel has been extrapolated for
temperature higher than the melting temperature (Red curve in Figure 12). The extrapolated
thermal conductivity value considers the natural convection of liquid steel in the nugget
otherwise this property is not represented by the software.

Using such extrapolation, the new numerical results show a reduction of temperature peak
in the liquid nugget (red curve). Consequently, the extrapolation of thermal conductivity for the
liquid state of the steel creates a more realistic maximum temperature.

Maximum temperature in the nugget

Extrapolation of thermal conductivity of austenite at
liquid state o

; X Tmax = 2200 °C - i\ J

Figure 12: Extrapolation of thermal conductivity of austenite at high temperature and the impact on the
maximum temperature in the liquid nugget
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Another way to see that the natural convection of the liquid steel in the nugget is taken into
account, is the reduction of the nugget size (Figure 13). The left part presents the nugget (in
pink) before the extrapolation of the thermal conductivity and the right part of the picture
presents the nugget size after this extrapolation. One observes the reduction of the nugget size.

Nugget size - Before extrapolation of Nugget size - After extrapolation of
thermal conductivity thermal conductivity

Figure 13: Numerical observation of the reduction of the liquid nugget size thanks to thermal conductivity
calibration

After this last improvement of the material card, the first results of the Resistance Spot
Welding simulation are obtained (Figure 14). These results show the presence of high radial
stresses in the zone where Liquid Metal Embrittlement cracks occur. These preliminary results
are encouraging. Therefore, it is important to improve again the quality of the numerical
properties implemented in the material card in order to create a more reliable model of the
Resistance Spot Welding and to obtain the location and the intensity of the stresses generating
and propagating cracks when Liquid Metal Embrittlement phenomenon occurs during
Resistance Spot Welding.

Numerical results
XX stresses

304.62299

266.54498
228.46698
190.38901
152.31201

2 11423401 g
— 76.15579
— 38.07791

N
|
T

_ 000000 =
_ -38.07791 1 =

-76.15581

| 11423399

-152.31200 —
| -190.38901 E-—~ — e
-228.46700 - L

-266.54501

[

-304.62299

Figure 14: Preliminary results of radial stresses using a developed material card
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12 CONCLUSIONS

The creation of a robust and reliable numerical material card is the first important step for a
reliable simulation of Resistance Spot Welding. Therefore, we set up a methodology to create
and validate the material card and the multi-physical models in the Sysweld® software.

The first step is the characterization of the material properties with experimental tests,
mathematical and empirical models. Then, the validation of the input data is performed through
the comparison of numerical and experimental results based on dedicated tests. The final step
is the validation of the Resistance Spot Welding model comparing numerical and experimental
weld geometry.

The application of this methodology will end to the reliable estimation of the location and
the intensity of stresses as well as temperature during the Resistant Spot Welding process.

Numerical simulation of Resistance Spot Welding process is an efficient tool to estimate
stresses and temperature map during welding. This tool will be used to reduce Liquid Metal
Embrittlement risk decreasing stresses during welding.
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