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Abstract

The main objective of this work is to investigate the representativeness of the digital material representation (DMR) models
of ferritic-pearlitic steel generated by the hybrid cellular automata (CA) / Monte Carlo (MC) algorithm. Particular attention is
focused on determining the effect of the size of the digital representation model on its representativeness under deformation
conditions simulated with the finite element (FE) framework. In addition, the effect of periodic and non-periodic boundary
conditions on the deformation behaviour of DMR models is analysed. A dedicated buffer zone approach applied the periodic
boundary conditions on non-periodic finite element models. The results of equivalent stresses and strains and their average

values are used to evaluate the differences between the models’ predictions.
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1. Introduction

The finite element (FE) method is the main tool used
in industry to simulate large-scale forming processes
and generally delivers results that sufficiently cap-
ture the investigated phenomena. The material is
usually considered homogenous in these approach-
es, and the standard stress-strain relationship repli-
cates the hardening behaviour under loading (John-
son, 1983; Zhao, 1997). Such an assumption is
justified as large-scale samples containing billions of
grains are usually considered. Thus, the behaviour
and interaction of individual grains can be neglected
and eventually homogenised into a single flow stress
model (Tori¢ & Burgess, 2016). This general concept
adequately solves problems in bulk metal forming
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during, e.g., rolling, forging or extrusion (Zhang et al.,
2009; Ranjan Yadav et al., 2020; Wang et al., 2021).
However, the rapid development of modern metallic
materials, including new multiphase steel grades, is one
of the major challenges leading to considerable chang-
es in this approach (Radwanski, 2016). In that case, the
role of the underlying microstructure in providing el-
evated exploitation properties of the final products is
undeniable. Therefore, considering such microstructur-
al elements as different grains, phases or defects in an
explicit manner will improve digital engineering tools
and allow for more detailed research to be conducted
on these new materials (Madej et al., 2012). Scientists
can use such micro-scale models, called full-field ones,
to analyse all of the microstructure components that
are often invisible during experimental observations
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of processing or exploitation conditions. It is also pos-
sible to capture local inhomogeneities, which can be
crucial for a better understanding of the macroscopic
behaviour of the final product (Szeliga et al., 2022).
2D microstructure models can easily be developed
based either on direct metallographic analysis or gener-
ated by numerical algorithms (Madej, 2017). However,
when the microstructure of the multiphase materials
is considered, then 2D models may not be enough to
capture local morphological complexities. Then more
complex three-dimensional models have to be used.

Nevertheless, in both cases, the algorithm for
microstructure model generation consists of six basic
steps: 1) digitalisation of the investigated microstruc-
ture morphology, 2) mesh generation, 3) addition of
flow stress models describing behaviours of the partic-
ular grains, 4) diversification in the flow curves to cap-
ture the role of crystallographic orientations of grains,
5) incorporation of boundary conditions, 6) initialisa-
tion of FE simulation.

The main issue in such modelling approaches is
related to the quality of results obtained from full-field
models. The representatives of the full-field model
should always be evaluated. This topic was broadly
presented in works by Szyndler & Madej (2015) and
Szyndler et al. (2016) for a digital material representa-
tion (DMR) model of single-phase material.

Therefore, the present study’s main purpose
is focused on determining the minimum size of the
3D DMR model of two-phase ferritic-pearlitic steel
microstructure, which can be considered representative
of a larger volume of material. A series of compression
channel tests with non-periodic and periodic boundary
conditions was conducted to achieve this end.

2. DMR-based model of
channel die compression

As already mentioned, generating microstructure mor-
phology with its specific features and properties is one
of the most important algorithmic parts of simulations
based on the DMR approach. For this work, 3D dig-
ital microstructure models were generated based on
the hybrid cellular automata (CA) / Monte Carlo (MC)
algorithm developed in (Bogun et al., 2021), discre-
tised with the conforming mesh generator DMRmesh
and finally incorporated into commercial FE software
where material properties and boundary conditions
were assigned.

The commercial finite element program Abaqus
carried out numerical simulations of the compression
test in a channel die with specified deformation condi-

tions. For this investigation, the constitutive equation
was based on the J2 plasticity. The tetrahedral meshes
with a single Gaussian point (C3D4) were used for sim-
ulations. The developed mesh generator algorithm with
the spring smoothing technique (Madej et al., 2021) was
used for discretisation purposes. Five DMR models of
ferritic-pearlitic microstructures with dimensions rang-
ing from 60 pm x 60 um x 60 um to 200 pm % 200 um
x 200 um were finally generated as seen in Fig. 1. In
this case, each subsequent smaller DMR model was ex-
tracted from the larger model directly from its centre. As
a result, the final volume fraction of the pearlite phase
is equal 8.1% for 60 pm x 60 um X 60 um while from
100 pm % 100 um x 100 um DMR model size the vol-
ume fraction matches the experimentally observed val-
ue of approx. 9.8% (+0.3%). These minor deviations are
mainly due to the mesh discretization procedure.

_ 200x200x200um

a)

180x180x180um

Fig. 1. Generated ferritic-pearlitic  DMR models with
dimensions a) 200 pm % 200 pm X% 200 pwm; b) 180 pwm
x 180 um x 180 um; ¢) 140 pym x 140 pm x 140 pum;
d) 100 pm x 100 pum x 100 um; e) 60 um x 60 um x 60 wm

The colours in Figure 1 represent ferrite grains
with different assigned flow curves, while the red co-
lour corresponds to the pearlite islands. The latter fea-
tures are also slightly elongated to match the metallo-
graphic observations. The number of finite elements
increases from 163,000 elements for 60 um x 60 um
x 60 pm to 5,916,000 elements for 200 pm x 200 pm
x 200 pm.

The possibility to assign separate material prop-
erties to the ferrite grains is one of the main advan-
tages of the developed DMR-based FE model. To
capture versatile ferrite grain flow behaviour related
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to different crystallographic orientations, two sets of
grains from the two distinct inverse pole figure loca-
tions [0, 0, 1] and [1, 1, 1] were subjected to a nanoin-
dentation test. The evaluated spread in the flow stress
values between these grains was in the range of £6%.
The investigated material did not show any texture, so
the grain orientation was assumed to be fully random
during the simulation. Therefore, the Hollomon flow
stress model with parameters equal 4 = 320, B = 325
and n = 0.22 was used as the basis for random gener-
ation of other flow stress curves within the identified
range (Fig. 2). The Hollomon model parameters for the
pearlite flow stress model were also identified with the
nanoindentation test. The parameters are as follows:
A =654, B=960 and n = 0.4 and they are the same for
all the pearlite islands.

Besides the influence of the DMR model size on the
obtained results, the role of applied boundary conditions
was also evaluated. In the first case, DMR models with
free edges without any constraints on two sample sides
during channel die deformation were used. In the second
case, periodic boundary conditions between two oppo-

site surfaces of the sample, which is constrained in the
channel die, were applied, as seen in Figure 3.

As can be seen, the lower rigid tool has a U-shape
with a width equal to the simulated DMR edge size
dimension. The length of this tool is four times larger
than the DMR edge size. The upper tool has the same
length and width, but the shape is simple and represent-
ed by an extended plane surface. Fixed boundary con-
ditions fully block the lower tool. The upper tool can
only move in the Y direction to recreate the compres-
sion test conditions. All DMR models were compressed
at room temperature to the same degree of deformation,
equal to 20% of their initial height. The coulomb fric-
tion coefficient was set to 0.1 during the investigation.

Finally, two series of calculations were performed
to investigate the effect of DMR model size on the
stress-strain response. The pearlite phase alignment is
perpendicular to the upper tool displacement direction
in the so-called series 1. In the second case, series 2,
DMR was rotated 90° around the Z-axis to align the
perlite phase parallel to the upper tool displacement di-
rection (Fig. 4).
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Fig. 2. Schematic representation of ferrite grains flow stress curves generated based on the basis of nanoindentation tests
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Fig. 3. Assemblies of the channel test for free surfaces case study (a) and periodic boundary conditions (b) case study
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Deformation along DMR X direction Deformation along DMR Y direction 3. Free Surface

boundary conditions analysis

The obtained results are presented in the form of equiv-
alent stress and strain distribution fields for qualitative
comparisons — Figures 5 and 6, respectively, for se-
ries 1 and series 2. The actual size of the models was
neglected during the visualisation.

In order to allow quantitative analysis of the repre-
sentativeness of the investigated DMR models, extreme
values of stresses and strains were compared. However,
to account for the local inhomogeneities across stress
and strain fields, 5% of the largest and lowest values
were used to calculate the average, as seen in Figure 7.

Rotation

Fig. 4. Two investigated alignments of the DMR models
in the channel die
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Fig. 5. Stress and strain distributions after deformation in  Fig. 6. Stress and strain distributions after deformation in

series 1: a) 60 um x 60 pm x 60 um; b) 100 pm x 100 pm series 2: a) 60 pum x 60 pm x 60 um; b) 100 um x 100 pm

% 100 um; ¢) 140 pm x 140 pm % 140 um; d) 180 pum x 180 um % 100 pm; ¢) 140 pm x 140 um x 140 pm; d) 180 um x 180 pm
% 180 pum; ) 200 um x 200 x 200 um % 180 pm; e) 200 pm x 200 um x 200 pm
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Fig. 7. Average values of the lowest (a) and largest (c) strains and lowest (b) and largest (d) stresses
after the free surfaces channel test case study

Figure 7a and 7c show that there are clear differ-
ences in the DMR prediction models for the 60 pm
x 60 um x 60 um and 100 pm x 100 pm % 100 um
cases studies. In the former case this difference is the
largest and equals to 0.075 for the lowest average strain
and 0.063 for the largest average strain. In the latter
case, differences are at the level of 0.036 and 0.033,
respectively. However, it has to be pointed out that the
60 um x 60 pm x 60 um DMR model is not reliable
for the investigation as it has significantly smaller vol-
ume fraction of pearlite in comparison to other models.
For other DMR models, the identified differences in
the strain values are negligible as they are equal to or
lower than 0.01. A similar observation can be noticed
in the average values of the lowest and largest stresses
presented in Figures 7c and 7d. Differences of stress-
es in the first two case studies are about 16 MPa and
8 MPa for the lowest values while about 17.7 MPa
and 6.8 MPa for the largest values.

In general, it can be seen that the differences be-
tween stresses and strains decrease as the size of DMR
increases. From the average strain distributions, it can
be concluded that the DMR 140 um x 140 um X% 140 pm
can already be considered representative. There is no
significant difference between the strain distributions

after deformation along the X and Y axis. However,
after when stress differences are evaluated then the
threshold DMR model size have to be set at 180 um
x 180 um x 180 um. However, the influence of the free
surfaces during the channel test simulation may locally
exaggerate the stresses and strains.

Therefore, in the next part of the study, results
from simulations with periodic boundary conditions
are presented. With this approach, it will be possible to
analyse the entire microstructure in more detail while
ignoring the influence of free surfaces.

4. Periodic boundary conditions analysis

Usually, to include the periodic boundary conditions
during the DMR-based simulations, the number of
FE nodes on both sides of the DMR has to be qual.
Nodes from one side of the material are then connected
with nodes on the opposite side. That approach can be
used when the microstructure model itself is of a peri-
odic character (Madej et al., 2014).

However, in the current work, due to the na-
ture of the DMR model generation process, the
subsequent microstructures do not have a periodic
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character. The generation of a periodic finite element
mesh on the basis of non-periodic microstructure will
result in numerical errors. Therefore, to directly com-
pare results from the two investigated case studies,
the digital representation of the material was sur-
rounded by a homogeneous buffer zone discretised
using a structural mesh, allowing periodic boundary
conditions. The buffer zone was internally connected
with a DMR mesh by a node-to-node tie connection
and was scaled precisely to increase the overall mod-
el size by 1% in each direction, as seen in Figure 8.
To make the investigation more straightforward, the
procedure for buffer zone generation with the PBC
was implemented as an Abaqus plug-in based on the
Python scripting language. All the other process con-
ditions remain unchanged with respect to the earlier
investigation.
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Fig. 9. Stress and strain distributions after deformation in
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Again, the obtained results are presented in the
form of equivalent stress and strain distribution fields
for qualitative comparisons. They are presented in Fig-
ure 9 and Figure 10, respectively, for series 1 and se-
ries 2. The actual size of the models was also neglected
during the visualisation. Quantitative analysis of the
representativeness of the investigated DMR models is
then shown in Figure 11.
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The stress and strain distributions presented in
Figures 9 and 10 are slightly lower than in the case
without applied PBC (Figs. 5 and 6). The differenc-
es between the average stress and strain values are
also less significant in this case. The differences in
average strains between the X and Y axis compres-
sion are not larger than 0.005, and differences in
average stresses not larger than 2 MPa. However,
the average strain and stress values clearly stabilise
from DMR model with the size of 180 um X 180 pm
x 180 um. Therefore, based on the above analysis,
it can again be concluded that DMR model with di-
mensions 180 ym x 180 pm x 180 um can be con-
sidered as a representative volume element for the
investigated ferritic-pearlitic steel and can be used
as a micro-scale model for the various multiscale
investigations.

5. Conclusions

This paper aimed to determine the representativeness
of the DMR models of ferritic-pearlitic steel generated
by the hybrid CA/MC algorithm. Based on the series of
numerical simulations, the following set of conclusions
can be formulated:

— The differences between stress and strain dis-
tributions decrease as the size of the DMR in-
creases.

— In the case of periodic boundary conditions, the
stress and strain distributions are lower and more
repetitive than in the case study with free bound-
ary conditions.

— When the volume fraction of pearlite in the DMR
model clearly varies from the experimentally ob-
served value, the model cannot be considered rep-
resentative in any case.

— For free boundary conditions, samples deform
in quite a random manner, which can be seen in
stress and strain diagrams and also in equivalent
stress and strain distribution maps.

— There is a possibility to identify the minimum size
of the DMR that has a representative character for
such a complex microstructure. In the investigated
case, the minimum model size is at the level of
180 pm x 180 pm x 180 pm.
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