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Abstract. Macroscopic damage models can describe the toughness behavior and formability of
metals in terms of limit strains. However, it requires time-, cost-, and material-intensive calibration.
In this work, a simulation framework is proposed to derive macroscopic damage model parameters
and related properties directly from the microstructure. For this purpose, statistically Representative
Volume Elements of the investigated DP1000 steel were generated utilizing the Python framework
DRAGen. This was based on quantitative characterization of EBSD measurements of the present
microstructure. Mechanical properties were assigned to the geometrical microstructure model by
calibrating a phenomenological Crystal Plasticity model for distinct phases. Martensite cracking was
identified as the predominant damage mechanism. This behavior on the microscale was represented
by an isotropic brittle damage model in DAMASK, using a fracture mechanical literature value as the
critical energy release rate parameter. The presented modeling approach enables stress state-
dependent prediction of macroscopic damage properties out of the present microstructure.

Introduction

Dual Phase (DP) steel offers an excellent combination of high strength and good formability,
which is why this class of Advanced High Strength Steels (AHSS) is highly attractive to the
automotive industry [1,2]. It enables lightweight design in car body construction, one of the main
challenges current car manufacturing faces [3]. Different types of DP steel can be achieved by
tailoring the processing route, which results in different microstructures [4]. The produced
microstructures provoke different macroscopic properties, like strength or damage tolerance, which
are crucial for the design and manufacturing process [5,6]. This is part of the classical forward
consideration of the process — microstructure — property relationship [7].

Macroscopic material properties, such as the toughness of steel, can be described using
macroscopic damage models. These models also enable the prediction of forming limit curves, which
are essential for assessing a material’s formability [8]. However, applying these phenomenological
models in practice is often limited by the significant experimental and numerical effort required to
calibrate their parameters. The Modified Bai-Wierzbicki (MBW) damage model uses limit strains to
separately describe ductile damage initiation and ductile failure based on the stress state, expressed
by the Lode angle parameter and stress triaxiality. To cover a broad range of stress state conditions,
various sample geometries are typically tested in experiments. Additionally, the effects of strain rate
and temperature on material flow must be calibrated. [9,10]

For a backward, reverse engineering approach in microstructure design for tailored materials, it is
essential to predict macroscopic material properties from the current microstructure directly [4,11].
To do this, micromechanical simulations of geometrical microstructure models can be conducted
using Crystal Plasticity (CP) models [12]. Here, a Representative Volume Element (RVE) of the
microstructure is often employed [13,14]. In the past, several RVE generators were developed to
enhance accuracy by accounting for more microstructural features. The recently released Python
framework Discrete RVE Automation and Generation (DRAGen) [15] can generate RVEs with
banded structures, which are often necessary when studying DP steel [16,17]. Additionally, it creates
input files for the simulation framework Diisseldorf Advanced Material Simulation Kit (DAMASK)
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[18]. This framework allows for multi-physics CP simulations in a phase-field approach,
incorporating mechanical, thermal, and damage effects simultaneously and interdependently.

The damage behavior in DP steels has been widely studied in recent years. Tasan et al. [4] reviewed
experimental observations in the literature and summarized that damage typically initiates due to
cracking of martensite, interface decohesion between ferritic and martensitic constituents, or a
combination of both processes. These different damage mechanisms were observed to depend on
microstructural characteristics, like phase fractions, ferrite grain size, or distribution and morphology
of martensite. For DP steels with banded martensitic structures, martensite cracking was found to be
the main damage initiation mechanism [19]. Also, numerical investigations were performed to study
the damage behavior of DP steel micromechanically, considering both mechanisms [11,20-24] or
specifically for the mechanism of interface decohesion [25,26] or martensite cracking [27].

In this paper, we present a workflow to derive macroscopic damage model parameters from the
present microstructure. For this purpose, RVEs were generated with DRAGen based on a quantitative
analysis of Electron Backscatter Diffraction (EBSD) measurements. The phenomenological CP
model in DAMASK was calibrated to assign mechanical properties to the geometrical microstructure
model. Finally, the isotropic brittle damage model implemented in DAMASK was applied to obtain
stress state-dependent predictions of damage on the macroscale due to martensite cracking for a cold-
rolled DP1000.

Microstructure Model

The ferritic-martensitic microstructure of DP1000 was investigated by EBSD measurements on a
metallographically prepared sample of the Normal Direction (ND)-Transverse Direction (TD) plane.
The captured area was about 100 x 100 mm? in size and measured with a step size of 50 nm. These
EBSD data were evaluated quantitatively with the help of the software OIM Analysis 2022 EDAX.
After the predefined Confidence Index standardization, grains were calculated based on a threshold
angle of 5°, and grains smaller than five data points were excluded. Founded on the histogram of
grain-average Image Quality, the ferritic and martensitic phases were distinguished. Through this
separation, the phase ratios were determined by the number of data points per phase.

The grain morphology in the ferritic phase was described by fitted ellipses in terms of the lengths
of major and minor semi-axes. Additionally, the grain’s slope was expressed by the inclination angle
between the ellipse’s major axis and the horizontal axis of the EBSD image. Together with this
geometrical description of the grains, their crystallographic orientation, defined by the Euler angles
©¥1, ¢, and @,, is stored in a .csv file.

A binary image of the EBSD measurements, colored by phase, was processed with functions of
the OpenCV library in Python to describe the geometrical appearance of martensite quantitatively
with ellipses. Large, band-like martensitic structures and smaller martensitic islands were analyzed
individually. In this study, the focus is on larger microstructure volumes instead of a precise spatial
resolution of fine hierarchical substructure constituents of the martensite, like laths or (sub-)blocks
[28]. Those constituents were agglomerated to the quantitatively described martensite islands. The
crystallographic orientation of martensitic constituents was not analyzed, since their orientation was
later assumed to be random due to isotropic mechanical modeling of martensite.

The obtained results of the EBSD analysis are presented in Fig. 1 by Inverse Pole Figure (IPF)
illustrations for the [001] direction. Ferritic grains of the investigated DP1000 steel exhibit an
elongation along the TD. This observation is typical for so-called pancake grain morphology in cold-
rolled materials, leading to the assumption that a similar elongation could be observed along the
Rolling Direction (RD) in the RD-ND plane [29]. This results in an assumed grain morphology, where
two ellipsoid’s axes have a similar length, larger compared to the third ellipsoid’s dimension. The
second IPF depicts pixels assigned to the martensitic phase in black. From this, the phase fraction of
martensite in the investigated DP1000 is determined to be about 28 %. Here, martensitic band-like
formations in TD are visible, and are assumed to be spread in the RD-TD plane accordingly.
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Fig. 1. EBSD analysis of investigated DP1000: a) IPF[001] for the ND-TD plane, and accordingly,
in b) martensite is highlighted in black.

The gathered microstructure data were then used to train a synthetic input data generator for the
following generation of RVEs. The trained generator is built on a Wasserstein Generative Adversarial
Network with Gradient Penalty (WGAN-GP) [30]. It is capable of reproducing the statistical
distribution as well as interdependencies of parameters, which quantitatively describe the investigated
microstructure.

Afterwards, three-dimensional RVEs were generated utilizing DRAGen. Here, the synthetic
microstructural data produced by the trained WGAN-GP were used as input to create ellipsoids
depicting grains within the discretized volume element. For this work, ten statistically equivalent
RVEs of the investigated DP1000 steel were generated. Each one has an edge length of 50 pm with
a resolution of 1.28, resulting in RVEs containing 64 x 64 x 64 voxels. One martensite band was
inserted into each RVE, following the aforementioned quantitative microstructure characterization of
the investigated material.

As an example, one generated RVE of DP1000 is depicted in Fig. 2, showing the grains in
individual colors and the martensitic band horizontally in red.

Fig. 2. Exemplary RVE of the DP1000 generated with DRAGen, color-coded by grains.
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Here, the assumed pancake morphology of the ferrite grains can be observed as well. Most of the
generated RVEs contain a martensite phase fraction of around 30 %, which is higher compared to the
experimental findings. This inaccuracy is caused by the algorithm implemented in DRAGen to create
banded structures, making it more difficult to reach the targeted phase ratios during RVE generation.

Crystal Plasticity

DAMASK was used in this study to assign mechanical properties to the geometrical microstructure
model by employing a phenomenological CP model (phenopowerlaw) for ferrite and the isotropic
CP model for martensite [18]. The model for ferrite relies on anisotropic dislocation reactions and
shearing in specifically activated slip systems, whereas the mechanical behavior of martensite was
modeled to be direction independent. However, this model depicts not only the elastic mechanical
behavior of martensite. Its hardening law, defined by the hardening exponent a and the initial
hardening factor h,, allows the evolution of the resistance to plastic deformation from an initial &, to
a saturated value &,,, analogous to the model used for ferrite. Both models obey a rate dependency
implemented as a power-law relationship with the reference shear rate y, and the rate sensitivity n.

The CP parameter sets for both phases were calibrated separately in this study based on an inverse
procedure. The CP parameters were adjusted iteratively to match the macroscopic flow behavior of
the investigated DP1000, studied in a previous work [31]. The literature suggests more sophisticated
calibration procedures involving micropillar compression tests [32] or nanoindentations [13].
Noteworthy, these approaches also require considerable experimental effort.

Empirical correlations from literature connecting local chemical composition with flow behavior
were used to determine a solely martensitic flow curve. This approach [33] defines the flow properties
of martensitic microstructures as a composition of Peierls stress, strengthening due to carbon located
at interstitial lattice positions, and strengthening due to dislocation effects. Segregation of alloying
elements arising from partitioning and restricted solubility leads to distinct chemical compositions of
ferrite and martensite. In previous studies [13], it was observed that particularly manganese and
carbon accumulate within the martensitic phase of a DP steel. To characterize these local variations
in chemical composition, specifically carbon and manganese content, multiple line scans of Electron
Probe Microanalysis (EPMA) were performed over the microstructure investigated. Also, the global
chemical composition of homogenously distributed alloying elements defining the material’s strength
was examined with the help of Optical Emission Spectroscopy (OES). Flow curve partitioning,
according to the determined phase fractions, was applied to obtain an individual curve for ferrite [34].
The phases’ flow curves, calculated based on chemistry and flow curve partitioning, and the
experimental (total) flow curve of the DP1000 are represented in Fig. 3 as dashed lines.

An RVE comprised of only one martensite grain was loaded with quasi-static, uniaxial tension,
and the homogenized values of equivalent stress over plastic equivalent strain were extracted. The
curve was compared to the martensitic flow curve obtained from the local chemistry, and the CP
parameter set for martensite was adjusted until both curves were in good approximation. Afterwards,
the ten generated RVEs of DP1000 were subjected to the same loading condition as the martensitic
RVE to define the CP parameter set for ferrite in a way that the calculated ferritic flow curve is
represented.

The resulting curves from the RVE simulations are depicted in Fig. 3. The overall mechanical
responses of the RVEs indicate higher equivalent stresses compared to the experimental flow curve,
regardless of the observed scatter. This can be explained by the higher amount of martensite within
the created RVEs in relation to the experimentally determined phase fraction. In general, both
calibrated CP parameter sets describe the mechanical behavior of the individual phases well,
especially at larger strains. The deflections in hardening behavior at small strains can be neglected
because of the study’s focus on the prediction of ductile damage at usually elevated strains. This
results in a sufficient representation of the mechanical properties of DP1000 in micromechanical
simulations utilizing the generated RVEs and the calibrated CP models. Table 1 concludes the
calibrated values for the important CP parameters governing plastic material behavior.
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Table 1. Calibrated CP parameter sets of martensite and ferrite to represent the mechanical

behavior of DP1000.
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Fig. 3. Results of the CP Calibration in terms of equivalent stress over plastic equivalent strain
curves of ten simulated RVEs; comparison with reference (dashed) curves for ferrite and martensite
phases, as well as the overall experimental (total) curve.

Damage Modeling

Scanning Electron Microscopy (SEM) was used to study the damage mechanism of the
investigated DP1000 on the microscale. For this purpose, macroscopically tested samples from a
previous study [31] were metallographically prepared in the vicinity of the fracture surface.
Martensite cracking was determined as the predominant damage mechanism for distinct stress states
at quasi-static conditions. Additionally, only a small number of pores were observed near the fracture
surfaces of the ex-situ investigated samples, indicating rapid ductile damage evolution in DP1000.

In this work, martensite cracking was modeled micromechanically within the DAMASK
framework [18]. Its phase field approach contains implemented damage models to describe damage
initiation and evolution non-locally. The damage field variable ¢ can vary from an undamaged
(¢ = 1) to a fully damaged (¢ = 0) condition. A sharp crack is assumed as a diffuse crack interface
with gradually degrading material properties by introducing a length scale parameter .. The spectral
solver, based on the Fast Fourier Transform (FFT) method, numerically solves the following
differential equation describing damage evolution

He® = fo — Divfy,. (1)

Here, damage viscosity is represented by p,, damage driving force by f, and damage flux by f,,.
Following Griffith’s criterion, brittle damage is created when sufficient energy required to build new
internal surfaces, related to the surface tension G, is provided by the release of stored elastic energy.
So, the damage flux is defined as

f,=—Gl.Vo (2)
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and the damage driving force, derived by minimization of the total free energy density, as
G
fq,=z—(pS:E. 3)

In this model, the damage influence on the stored elastic energy is implemented by a modified
Hooke’s law, with § being the second Piola-Kirchhoff stress tensor, E the elastic Green-Lagrange
strain tensor, and C the elastic stiffness tensor

S =¢?CE. 4)

In this study, the isobrittle damage model [35] implemented in DAMASK was applied to model
damage in martensite. For this purpose, p, = 0.001 and [ = 2 pm was set. The governing model

parameter, critical surface energy, G. was defined as 423 ] m~2. This value was approximated from
literature [36], which reveals the mean fracture toughness of martensite in DP800 with
microcantilever bending tests to J; 20, = 423 ] m~2. This value was adopted and approximated as a
characteristic energy-equivalent damage parameter for martensite in the RVE simulations of this
study, because high experimental effort is required, and more precise data for DP1000 are not
available.

Damage initiation in martensite was assumed in the micromechanical simulations as soon as any
material point assigned to the martensite phase leaves the undamaged state. Typically, multiple
material points reach the damaged state simultaneously within an increment, leading to numerical
instabilities and subsequent loss of convergence under the default solver settings. A detailed study of
crack propagation through the 3D RVE would therefore require significantly increased computational
resources. At this instant, where ¢ < 1, homogenized values in terms of average values over all
material points containing the RVE were calculated for plastic equivalent strain &P, stress triaxiality
n, and Lode angle parameter 8. By doing this homogenization, the results obtained with periodic
RVE:s in virtual experiments were bridged to macroscopic properties. This way, each RVE simulation
results in one data point in the £P-n- O-space representing damage initiation in martensite on the
macroscale.

Distinct prescribed deformation gradient rates were applied to each RVE to obtain stress state-
dependent results. Quasi-static conditions were simulated for Uniaxial, Plane Strain (PS), Equi-
Biaxial (Biaxial), and Non-Equi-Biaxial (NE-Biaxial) tension. Those loading conditions are
illustrated in Fig. 4, which shows a deformed RVE for each stress state, together with the reference
cubic geometry of the RVE as a black wireframe. The deformed RVEs are colored by equivalent
stress (VM stress) values to indicate the stress distribution. Regardless of the stress state, a big range
in stress values can be observed due to the distinct phases of ferrite and martensite. Martensite shows
significantly higher and uniform stress values due to the flat stress-strain curve without hardening,
set during CP calibration (cf. Fig. 3). Since the calibrated CP parameter set of the ferritic phase allows
for strain hardening, the stress distribution follows the most favorable grain orientations for
dislocation slip. These favorable orientations depend on the direction of loading and thus the stress
state.

The ten generated RVEs of DP1000 were subjected to each prescribed stress state to consider the
scatter of damage. The mean damage initiation strain and its standard deviation obtained from these
micromechanical simulations were calculated per stress state. In Fig. 5, the resulting data points are
compared to the macroscopically and experimentally-numerically calibrated MBW damage locus of
the investigated DP1000 derived in a previous study [31]. This ductile failure locus is assumed to be
6-symmetric and can be mathematically described with D; = 0.12, D, = 0.12, D; = 0.18, and
D, = 1.52 by

e? (n,0) = (Dye P — DeP4m) g2 + Dye P, (5)
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Fig. 4. Simulation of an RVE under different stress states due to distinct boundary conditions:
a) uniaxial, b) plane strain, c) equi-biaxial, and d) non-equi biaxial; the black wireframe shows
initial cubic RVE geometry, and the distribution of equivalent stress (vM stress) is illustrated by
color code.

Overall, the micromechanically derived data points are located in the vicinity of the conventionally
calibrated MBW damage locus. Here, a macroscopic MBW ductile failure locus is compared to
derived data points representing ductile damage initiation in martensite. This can be justified, since
damage on the macroscopic scale was modeled in an uncoupled manner due to the observed material
behavior. Additionally, the results of the SEM investigations have shown rapid damage evolution in
the investigated DP1000, resulting in prompt ductile failure after damage initiation. At the edges of
the illustrated §-range, specifically uniaxial and biaxial stress states, the predicted damage strain is
closer to the reference MBW locus compared to predictions at 8 around 0. Even though the reference
values on the MBW locus are located slightly outside the standard deviation range of the predicted
damage strains for most stress states, the results demonstrate the capability of the presented simulation
framework. The reference MBW locus is obtained by fitting the locus to multiple macroscopically
determined supporting points. Therefore, even the reference locus can contain small deflections at
certain stress states. Further, approximations were made when adopting an experimental value of a
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DP800 as the governing CP model parameter G, for DP1000. Noteworthy, in both cases, martensite
cracking was described and investigated. In this study, the robustness of the simulation framework to
predict macroscopic damage properties was evaluated by simulating multiple statistically equivalent
RVEs. However, sensitivity studies on the influence of the key CP model parameter G, could also be
incorporated in the future to demonstrate the model's capabilities and quantify its predictive limits.
For DP steels exhibiting a damage mechanism other than martensite cracking, the suitability of the
applied model is questionable and needs to be investigated. Finally, inaccuracies created in the
microstructure model during RVE generation and following CP calibration are propagated and
influence the predictions.
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Fig. 5.Plastic equivalent strains for damage and their standard deviations derived by RVE
simulations compared with the macroscopic MBW locus in dependence on the stress state.

Summary

This work presents a simulation framework to micromechanically derive macroscopic damage
properties directly from the present microstructure. To do so, RVEs were generated utilizing
DRAGen based on quantitative data gathered from EBSD measurements on DP1000 steel. The
chemical composition was captured to empirically calculate individual flow curves for ferrite and
martensite. CP parameter sets of a phenomenological CP model implemented in DAMASK were
calibrated by inverse, iterative fitting to the flow curves for both phases. The generated RVEs contain
more martensite than targeted, hence the total flow curves of CP simulations are slightly above the
experimental one. The isobrittle damage model implemented in DAMASK was employed to
micromechanically model martensite cracking, which was observed by SEM as the predominant
damage mechanism in the investigated material. An experimentally measured toughness of martensite
was adopted from literature as the model’s governing parameter, the critical surface energy G.. Ten
RVEs were micromechanically simulated under distinct prescribed loading conditions to account for
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scatter and the stress state dependency. The procedure was performed on a DP1000 steel and validated
with existing macroscopically examined damage properties of this material. The predicted damage
strains are close to the reference damage locus described by the MBW model. Considering the
assumptions made for the G, parameter and the deviations resulting from small inaccuracies during
RVE generation and consecutive CP calibration, the proposed simulation framework is capable of
predicting damage properties of DP1000 from its microstructure in good approximation. The
resource-efficient way of determining macroscopic damage properties can also be used in the future
for reverse engineering in material design to optimize microstructures.

Further studies are planned to validate the results based on macroscopic simulations using the
micromechanically calibrated damage parameters of the MBW model. Additionally, studies on the
subsequent damage evolution within the RVE after damage initiation or on incorporating multiple
damage mechanisms simultaneously in micromechanical simulations could give further insights into
the damage behavior, meaningful for optimizing materials by tailoring resistance microstructures.
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