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EXTENSION OF A PHASE TRANSFORMATION MODEL FOR PARTIAL
HARDENING IN HOT STAMPING

The quality of predicted microstructural and mechanical properties in hot stamping simulations relies
considerably on the material model. Many researchers studied the effect of the plastic deformation on the phase
transformation of the most commonly used hot stamping steel 22MnB5, and proved that the deformation applied
at high temperature promotes the formation of ferrite, pearlite and bainite. This behaviour has to be integrated
into materials modelling. In this study, the effect of pre-strain on the phase transformation of the material is
considered. The specimens are heated to austenitization temperature, isothermally deformed at 700°C, and
quenched down to room temperature. The phase fractions and the temperature-dilatation behaviour obtained
from the experiments are used to calibrate the material model. By using the experimental data obtained from
dilatometer testing, the accuracy of the material model is evaluated. Additionally, an attempt to predict
the results between the tested data points by using interpolation was made and compared with the simulation
results.

1. INTRODUCTION

Lightweight components reduce the overall weight of a structure and are a key element
for the automotive industry in achieving CO, emission goals according to current
legislation. The continuously increasing demand for the cost optimization of lightweight
components increases the need for virtual development and testing of new workpiece
designs and process routes [1]. In automotive mass production, hot stamped steel
components provide the best compromise between cost and lightweight performance.
Presently, there are several hot stamping process routes. The direct-hot stamping process
starts with the heating of the blank to austenitization temperature. Then, the material is held
for a certain time in order to achieve a homogeneous austenite microstructure. Next,
the material is transferred and formed in a forming die. At the end of the forming step,
the material is held and quenched in the cooled forming die to obtain the desired
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microstructure and properties. If the cooling rate exceeds the critical cooling rate,
the martensitic transformation occurs which produces the highest strength and lowest
ductility. In some sections that need a higher ductility, e.g. for the purpose of energy
absorption during crash, a cooling rate lower than the critical one is used [2]. Fiiller [3]
explored a concept for a partial hardening zone which is softer than the remainder
of the part. The work indicated that the soft zone could be achieved by controlling
the cooling rate lower than the critical cooling rate of a material. Bruschi et al. [4] and Mori
et al. [5] showed that the control of the phase transformation through the thermal history in
the workpiece during the forming and quenching is a very important factor in the design
of the hot stamping process. The investigation of Rohde et al. [6] also showed that different
phase fraction of ferrite, bainite and martensite are formed dependent on the thermal history
of the workpieces. According to the study by Nikravesh et al. [7] the critical cooling rate
increases from approximately 15°C/s to 60°C/s by inducing deformation. In case of ferrite
and pearlite, it is reported that the deformation of austenite increases the density of ferrite
nucleation sites due to the increase in austenite grain boundary surface and the higher
density of dislocations, which raises the free energy of the austenite and leads to
an increased driving force for the austenite-ferrite transformation. As a result, the fractions
of ferrite and pearlite rise as plastic deformation is increased. The investigation from
Bhadeshia [8] shows that the austenite deformation during the thermo-mechanical
processing of steel accelerates also the rate of the bainitic reaction. Grains and subgrains,
which are affected by the deformation, are suitable nucleation sites also for the bainitic
transformation.

A first model of austenite decomposition for hot stamping has been implemented by
Akerstrom et al. [9]. In this model, the martensite transformation is described as
diffusionless phase transformation according to the equation obtained from Koistinen et al.
[10]. However, the disadvantage of this model is that it cannot accurately approximate
the dependency on supercooling. To improve this, the rate based approach to
the temperature introduced by Lee et al. [11] was implemented by Hippchen et al. [12].
Additionally, they extended the transformation equation by accounting for the effect
of carbonization of the retained austenite by introducing a description of the saturation
of formation of martensite in dependence on the amount of retained austenite at
the martensite start temperature.

Ferrite, pearlite, and bainite transformations, which are diffusion-controlled phase
transformation, can be modeled by the equation from Kirkaldy et al. [13]. According to [9],
the hot stamping process is not a process with a continuous cooling rate. It is necessary to
control the incubation time and the rate of decomposition in dependence of the cooling
conditions. Therefore, they proposed the extrapolation of a material depend phase diagram
from Hultgren et al. [14], and also introduced a grain boundary parameter and specific
transformation Kkinetic parameters. The work from Muszka et al. [15] presented
a microstructure-based numerical model including deformation and further process
parameters. The aim of this study is to establish a model for the press-hardening steel
22MnB5, accounting for the effect of pre-strain on the transformation kinetics. The model
uses dependencies of model parameters on the pre-strain and cooling rate, making use
of the information contained in the experimental data. The experimental results are used to
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calibrate and validate the material model. After the calibration, an attempt to predict
the dilatation curves by interpolating data between two simulation points is made.

2. CHARACTERIZATION

Specimens of 22MnB5 steel with a thickness of 1.5 mm were manufactured for hot
tensile testing. Metallographic analyses were carried out to characterize the as-delivered
conditions. The steel consists of a ferritic-pearlitic microstructure with 72 vol. % (£5%)
ferrite and 28 vol. % (+5%) pearlite.

2.1. HOT TENSILE TESTING

The hot tensile tests were performed on a quenching/deformation dilatometer
DIL805A/D. The gauge length and width were 10 mm and 5 mm, respectively. The rolling
direction coincides with the testing direction.

In the present investigation, the specimens were deformed to different strain levels
with a strain rate of 1 s and quenched down to the room temperature with a defined cooling
rate. Tensile tests were conducted in vacuum of 10~ mbar. Thermocouple type S was spot
welded on the middle position of the gauge length to detect the temperature of the specimen
surface.
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Fig. 1. a) Test conditions for model calibration and b) pre-strain for analyzing the interpolation with the obtained model

The specimens were heated with a heating rate of 5°C /s to the temperature of 950°C
and held for 300 s to obtain a homogeneous microstructure. Then, the temperature was
reduced to 700°C with a cooling rate of —31.5°C/s and the specimens were deformed
isothermally under tension to the defined levels and quenched down with the cooling rate
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—31.5°C /s to room temperature. The critical cooling rate of 22MnB5 is —27°C/s. In order to
ensure the full martensite transformation, the cooling rate is increased from —27°C/s to
—31.5°C/s. The different pre-strains are shown in Fig. 1b. Four tests are used for model
calibration and one test with a pre-strain of 0.05, is used of prove the possibility of a linear
interpolation with the simulation model.

2.2. EXPERIMENTAL RESULT

To evaluate the final microstructure, the specimens for making the microstructure
investigation are cut from the gauge length where the uniform strain distribution can be
obtained. The samples are then mounted, polished and later on etched with Beraha | agent to
reveal the microstructure by using a light optical microscope (LOM). The final phase
fraction of the specimens can be quantitatively evaluated by using the software Atlas. This
software estimates the final phase fraction of the specimens by distinguishing the colour
shades of pictures obtained from LOM. As shown in Fig. 2a, there are 3 main colours which
can be observed in the picture captured by the LOM: black (martensite), brown (bainite),
and white (Ferrite and retained austenite). The software distinguishes these colours, and
qualitatively evaluates the phase fractions in the picture according a colour defined by
a user. In this case the brown colour (bainte) will be replaced by the blue colour as shown
in Fig. 3b. With these investigations, the quantitative phase fractions are determined for
several pre-strains. The microstructure of the specimens after the tests is illustrated
in Fig. 2c-2f.
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Fig. 2. a) Figure obtained from LOM, b) the quantitative microstructure evaluation by Atlas software,
c)-f) microstructure at pre-strains from 0.1-0.4
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Fig. 3. Dilatation of from the experiment

Since the dilatometer provides the dilation curves after testing, the dilations from each
test are converted into strain values and plotted over the temperature as shown in Fig. 3.
Without deformation, it can clearly be seen that the specimen undergoes a martensitic
transformation without signs of ferrite or bainite transformation. When the pre-strain is
applied at the same cooling rate, bainite starts to form. As the deformation increases, more
bainite and ferrite forms and less martensite can be observed from the microstructural
evaluation.

3. MODELLING OF HOT STAMPING SIMULATION

The simulation of the phase transformation is implemented using the simulation
software LS-Dyna. The boundary conditions of the simulation are set up according to
the experiment. The material law number 248 (MAT 248) is employed in order to observe
the forming and phase transformation behaviours of the material.
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In this model, the phase transformation from austenite to ferrite, pearlite, and bainite
can be modeled as diffusion controlled phase transformations, and for the phase
transformation from austenite to martensite, the model employs a diffusionless phase
transformation model. The equations of the model are summarized in Fig. 4 and can be
found in full detail in [16]. During the phase transformation, a volumetric expansion takes
place due to the difference of packing density between the parent and child phase.

The volumetric change (de,) has been implemented in the model using the following
equation [12]

_1 ngipié‘mn | i:y,f,p,b,m (1)

de, = ————
p+dp) iz

where: §,,, is the Kronecker Delta, ¢; is the influence of the phase change in each time step,
(p + dp) is the final density, p; is the phase specific density, and y, f, p, b, and m denote
austenite, ferrite, pearlite, bainite, and martensite respectively.

In order to include the effect of plastic deformation on the phase transformation
in the model activation energy functions were introduced in prior work, cf. Bambach et al.
[17], cf. Fig. 5. The activation energies thus replace the constant values originally foreseen
in the model. In the present work, additional experiments are performed and the model is
extended by making further model parameters dependent on pre-strain. The model is
validated with conditions that were not used for model calibration.
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Fig. 5. Scaling of the activation energies for ferrite-perlite and bainite formation as a function of pre-strain

4. EVALUATION OF ACCURACY OF THE SIMULATION

The dilatation curves and predicted final microstructure are extracted from
the simulation in order to compare them with those from the experiment as demonstrated
in Fig. 6. The dilatation in the simulation is obtained by measuring the distance between
the two nodes from the shoulders of the specimens. In the experiment, the dilatation
of the specimens during the cooling results from 1) the thermal strain as a result of thermal
contraction, and 2) the transformation-induced strain as the phase transformation starts.
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This phenomenon originates from the difference of the packing density between the parent
and product phases.

In order to match the curve between the simulation and experiment, the activation
energy as well as the coefficients of thermal expansion (CTE) of austenite, bainite, and
martensite, and the density difference between the parent and product phases are adjusted.
The comparison between simulation and experiment under all test conditions is shown
in Fig. 6a-6e.
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The result from the comparison indicates that the simulation follows the dilations
obtained from the experiment fairly well. However, there are two regions that show some
discrepancy. The first is the region from the starting temperature of quenching (700°C) until
the bainite start temperature. The results from the simulation of this region are numerically
calculated based on a linear thermal expansion coefficient, which leads to a linear
contraction of the specimen. However, the dilatation curves extracted from the experiments
do not behave in this manner. They tend to become non-linear as deformation is applied.
Another region with discrepancies between model and experiment is the martensite
transformation. The result indicates that the transformation in the experiment requires
a longer time to finish than in the simulation.

a) -x10° b)

52.2 200
wE Interpolation ——a Austenite OE —Martensite
D 2\ p -=-a Bainite E] S = Balnite

= ~-a Martensite|| =45,

é 1.8 4

2 | g ;

516 g 100 Interpolation

¢1.4 =

— o

£ > 50 !
E12 | N £ \,
Q c

)]
S - 0 o
0 0.05 01 0.2 0.3 0.4 0 0.05 0.1 0.2 0.3 0.4
Pre strain [-] Pre strain [-]

Fig. 7. Effect of pre-strain on the a) coefficient of thermal expansion and b) density difference

As the deformation increases from 0.1 to 0.2, the CTE of all phases significantly
decreases until reaching constant values. When considering the density difference, it can be
clearly seen that the pre-strain results in a reduction of the density difference between
martensite and austenite. For the density difference between bainite and austenite, this effect
cannot be observed.

5. INTERPOLATION BETWEEN RESULTS

The rise of deformation tends to increase the amount of ferrite, and bainite, and to
decrease the CTE of all phases as well as the density difference between parent and product
phases. This validity of this assumption will be checked by determining results between
each test point by interpolation. Thus, a linear interpolation between the result at 0.0 and 0.1
was made to approximate the coefficients at a pre-strain 0.05. The reason for
the interpolation between 0.0 and 0.1 that most of the hot stamping parts produced in
the automotive industry do not undergo a large deformation. The interpolation values can be
seen in Fig. 7. The CTE for austenite and martensite can be interpolated directly from
the curves. For bainite, the same value as for the pre-strain of 0.1 is used because the bainite
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starts to form at a pre-strain of 0.1. In order to obtain the value for the density difference
of martensite the value at the pre-strain 0.1 used. Since the bainite does not show any
change in density, a constant value is used. The comparison between the experiment and
the interpolation result is illustrated in Fig. 8.

The result from the comparison reveals that the amount of dilatation due to the phase
transformation of bainite and martensite is relatively well predicted. However,
the interpolation result seems to predict a higher value of the CTE, causing a difference to
the experiment.
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Fig. 8. Comparison between interpolation and the experiment

6. DISCUSSION

The investigation in this study shows that the CTE and the density of austenite changes
as a function of the pre-strain. The CTE of any poly-crystalline metal or alloy is defined by
the thermal expansion of the crystal and the texture. There are two possible effects
of deformation on the CTE. The first is a change in the orientation of the crystals.
The second is the partitioning of carbon between the phases during the phase
transformation. The investigation from [18] indicated that the change in CTE is attributed to
the change in orientation of crystal and also due to closure/opening of micro-cracks. They
also found that the loading direction significantly changes the CTE. In compressing
specimens, the CTE of thermal expansion was increased. On the other hand, the CTE
decreased as a tensile loading was applied. This effect can be clearly seen from
the simulation result. The CTE decreased as a function of pre-strain. In case of the carbon
partitioning, it is reported in Ref. [19] that the CTE reduces as the carbon content increases.

The transformation-induced strain during phase transformation from austenite to
martensite is due to the difference between the volumes between the austenite face-centered
cubic (FCC) and the martensite body-centered tetragonal (BCT) structure. In the other
words, the transformation-induced strain originates from the difference between
the densities of each phase. The density difference is another parameter that has been
adjusted during calibration of the model. It is adjusted to match the amount
of the transformation-induced strain. There are possibly two reasons for the density
difference in this study. Firstly, the work conducted by Loyer et al. [20] showed a change in
density after tensile testing occurred. They suggested that the deformation caused a decrease
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in density which is partly due to dislocations but mainly a consequence of the vacancies
created by dragging of jogs in dislocations. Another possibility is described in Ref. [21].

The phase transformation from austenite to bainite depletes the amount of carbon in
austenite. In the experiments, bainite is formed at temperatures around 500°C which is
the range of the upper bainite phase transformation (550-400°C). In steel with a high carbon
content, the transformation begins with the diffusion-controlled precipitation of cementite.
As a result, the amount of carbon in austenite is significantly reduced. The lack of carbon in
austenite results in a reduction in the relative change in volume during the martensite
transformation. This makes the magnitude of the transformation-induced strain reduce when
the deformation is increased.

7. CONCLUSION

The result from the experiments indicates that the deformation during the austenite
significantly affects the transformations and hence the final properties of the material.
As the pre-strain is increased, more bainite is formed. The effect can be included in
the simulation by introducing a scaled activation energy function which represents
the reduction of the activation energy as a function of pre-strain. After calibrating
the model, some of the material parameters, in this case, CTE and the density of austenite,
bainite, and martensite were also defined as function of pre-strain. It is found that the CTE
and the density of austenite tend to decrease as the pre-strain increases. The plot
of the reduction of CTE and the density change made it possible to predict the resulting
parameter values within the experimental range by linear interpolation. An attempt to
predict the dilatation at the pre-strain of 0.05 was made by interpolating the result between
the pre-strains 0.0 and 0.1. The result shows that the simulation follows the experimental
curves well but also shows some differences. The interpolation seems to predict lower CTE
values for the austenite. However, the amount of the phase transformation induced by
the pre-strain matches well. The results show that it appears to be possible to extend a given
model by accounting for the dependence of model parameters on testing conditions. Using
sufficient experimental data could pave the way to make existing models more accurate.
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