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Abstract The crystal plasticity finite element method (CP-
FEM) is used to investigate the influence of microstructure
on the bending behaviour of the heat treatable aluminium
alloy AA7108. The study comprises two materials obtained
from the AA7108 aluminium alloy by different thermo-
mechanical treatments. The first one is an as-cast and homog-
enized material consisting of large grains with random texture,
while the second one is a rolled and recrystallized material
having refined grains with weak deformation texture. The be-
haviour of the two materials in plane-strain bending is inves-
tigated numerically and compared qualitatively to existing
experimental data. The crystallographic texture and grain mor-
phology of the materials are explicitly represented in the finite
element models. The numerical results display a strong effect
of the grain morphology on the bending behaviour, the surface
waviness and the development of shear bands. These results
are consistent with the experimental observations. The simu-
lations further indicate that crystallographic texture affects the
bending behaviour of the rolled and recrystallized material.
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Introduction

Aluminium is used in the automotive industry instead of steel
for an increasing range of components in order to reduce the
vehicle weight and thereby to reduce fuel consumption and
CO2 emissions. Aluminium can be formed into complex
shapes more easily than steel (e.g. by extrusion). However,
substituting aluminium for steel in a car body requires an
appropriate combination of strength and ductility with respect
to safety. To satisfy these needs, the aluminium alloys are
subjected to thermo-mechanical treatments during
manufacturing of components and structures. The thermo-
mechanical processes modify the microstructure of the alloys,
such as crystallographic orientations (texture), grain structure,
precipitates, primary particles, and dislocation densities. The-
se changes in the microstructure strongly influence the me-
chanical properties of the aluminium alloys, including
strength, work-hardening, plastic anisotropy and formability.
To obtain the desired properties, it is therefore crucial to un-
derstand the effects of the thermo-mechanical treatments.

Several systematic experimental studies have been con-
ducted to investigate the influence of the microstructure on
the bending formability of aluminium. Snilsberg et al [21]
investigated the bending properties for different orientations
of the specimen from the rolling direction for four commer-
cially extruded aluminium alloys with respect to texture and
grain structure. Ikawa et al.[9]) studied the influence of crys-
tallographic orientation by using experiments with single crys-
tal specimens. Dao and Li [1] and Westermann et al [26]
revealed the effects of texture, grain morphology and
primary-phase particles on bendability and crack propagation.

Modelling of microstructural effects on formability and
localization phenomena has been enabled thanks to the
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application of the crystal plasticity theory to describe the
large-strain deformation behaviour of metals and alloys. The
microstructural properties have been considered using two
approaches. The first one utilizes Taylor-based models
[10,12,14], while the second one uses crystal plasticity theory
with explicit representation of the microstructure by use of the
finite element method (CP-FEM) [8,17,18,20]. Inal et al [10]
and Kuroda and Tvergaard [12] used a Taylor-based model of
crystal plasticity to predict the effect of texture on the forma-
tion of shear bands. Neale et al [14] investigated the effect of
through-thickness texture gradients. Hu et al [6,8] emphasized
the dominant role of the particles in controlling post-necking
deformation using CP-FEM. It should be mentioned here that
the grain structure cannot be considered in Taylor-based
models. The explicit representation of the microstructure in
CP-FEM promotes the use of this approach to predict locali-
zation phenomena from the microstructural inhomogeneities.
However, there are limitations on the computing time neces-
sary to handle such simulations. The implied restrictions on
the size of the modelled sample prevent the application of this
approach in modelling of materials with refined grains or
particles.

In the present work, CP-FEM is used to investigate the
effect of microstructure on bending behaviour, surface
waviness, and initiation and development of shear bands
for two materials obtained from an AA7108 aluminium
alloy by different thermo-mechanical treatments. While
the as-cast and homogenized material has large grains
and random texture, the rolled and recrystallized material
has finer grains and weak deformation texture. In the
finite element model, the grains are explicitly resolved
with a refined mesh in order to account for stress and
strain gradients with good accuracy.

Experiments

The effects of the microstructure on the bendability and the
crack propagation in AA7108 materials have been investi-
gated by Westermann et al [26] using three-point bending
tests. The microstructure characteristics obtained in that
study were used here as an input for the CP-FEM simula-
tions and are summarized in the following. In the present
work, additional experimental characterizations were per-
formed to investigate the effect of the microstructure on the
surface waviness of the bending specimens after deforma-
tion. These measurements were used for assessment of the
FE model.

Microstructure characteristics

We consider here two of the AA7108 materials studied by
Westermann et al [26]. The two materials were obtained from

a homogenized AA7108 extrusion ingot subjected to different
thermo-mechanical treatments to obtain different microstruc-
tures. The microstructure of the two materials, denoted Bas-
cast and homogenized^ and Brolled and recrystallized^, was
observed by anodizing the samples in a 5 % HBF4 aqueous
solution to reveal the grain structure under polarized light (see
Fig. 1). After solution heat treatment and water quenching,
both materials were artificially aged to an underaged condition
in a two-step artificial heat treatment: 100° C for 5 h followed
by 150° C for 5 h. Large equi-axed grains were found in the
as-cast and homogenized material. Approximately 36 grains
were observed in an area of 1 mm2 (Fig. 1a). The rolled and
recrystallized material exhibits a refined microstructure,
where approximately 1000 grains were observed in an area
of 1 mm2 (Fig. 1b).

The macro-texture of the rolled and recrystallized material
was obtained using the electron back scattered diffraction
(EBSD) technique and is presented in Fig. 2 in the form of
{111} and {001} recalculated pole figures and the orientation
distribution function (ODF). The ODF was calculated by the
EDAX TSL OIM software using a 23 rank harmonic series
expansion and average grain orientation weighted by the grain
size. Figure 2 shows a veryweak texture close to random, with
a maximum intensity of 4.4 in the retained deformation tex-
ture. The volume fraction of typical deformation and recrys-
tallization texture components have been calculated using the
same software (EDAX TSL OIM) and the results are listed in
Table 1. Due to the large grain size in the as-cast and homog-
enized material, the number of grains in the specimen is in-
sufficient for a statistically reliable texture analysis. However,
the texture in this material is assumed to be random in accor-
dance with the work of Engler and Hirsch [2], Hirsch [5] and
Pedersen et al [15].

Mechanical testing

Two types of mechanical tests are important in this work:
tensile tests for calibration of the input parameters used in
the CP-FEM and three-point, plane-strain bending tests used
for qualitative comparisons with the simulated results.

The behaviour of the as-cast and homogenized material is
assumed to be independent of direction, and tensile tests were
carried out in the longitudinal direction of the ingot. The rolled
and recrystallized material was assumed to be anisotropic, and
tensile tests were performed in three directions (0°, 45° and 90°)
with respect to the rolling direction. The procedure for identify-
ing the parameters of the crystal plasticity model based on the
tensile test data is outlined in Section Material model. Plane-
strain three-point bending tests were performed on specimens
with dimensions 50 mm×50 mm×2.96±0.09 mm [26]. The
bending axis was along either the rolling direction (RD) or the
transverse direction (TD) for the rolled and recrystallized mate-
rial. For the as-cast and homogenized material, the bending axis
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was chosen independently of direction. A brief summary of the
most important observations regarding the bendability of the
AA7108 alloy is given in the following.

& The force-displacement curves from the three-point bend-
ing tests (Fig. 3) show that the force level is rather inde-
pendent of the testing direction for the rolled and recrys-
tallized material, while a markedly larger displacement to
failure is achieved when the bending axis is along TD (an
average displacement of 7.9 mm in TD vs. 6.9 mm in RD).

Both the force level and the displacement to failure are
lower for the as-cast and homogenized material.

& The bending angles at fracture are listed in Table 2 along
with the ratio t/R, where t is the thickness and R is the inner
bending radius after unloading. Low values of this ratio
reflect poor bendability. The as-cast and homogenizedma-
terial has the poorest bendability, while the bendability of
the rolled and recrystallized material depends on the ori-
entation of the bending axis: higher bendability is ob-
served when the bending axis is aligned with TD.

Fig. 1 Micrographs illustrating
the microstructure of a) the
as-cast and homogenized material
and b) the rolled and
recrystallized material

Fig. 2 Macro-texture of the
rolled and recrystallized material
represented as a) {001} and
{111} recalculated pole figures
and b) orientation distribution
function (ODF)
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& Figure 4 gives an overview of the crack propagation
through the thickness of the specimen. In the case of the
as-cast and homogenized material (Fig. 4a), the crack path
is partly intercrystalline and partly transcrystalline. When
the bending axis is parallel to RD for the rolled and recrys-
tallized material (Fig. 4b), slant fracture initiates on the
tension side of the sample, and as the crack propagates,
the mode turns into a mixture of intercrystalline and
transcrystalline crack growth, leaving a characteristic zig-
zag pattern. However, with the bending axis parallel to TD
(Fig. 4c), the crack propagates from the tension side of the
sample as transcrystalline, slant fracture.

Surface waviness

An optical imaging technique using confocal white light mi-
croscopy was used to measure the bending profile on the ten-
sile side of the bending specimens. The specimen surface is
illuminated by a white light source and reflects the light which
is projected to the microscope’s photo-detector. The bending
profile of the specimen is then obtained from the height of the
scanned surface points compared to a reference surface. In

Fig. 5, the surface profile is determined for the two materials
in two cross-sections centred on the bending axis. The refer-
ence length of the surface profile is 4 mm where the bending
axis is in the middle of the reference length. The rolled and
recrystallized specimen with the bending axis along TD has
the largest curvature of the bending profile since this combi-
nation of material and orientation gives the best bendability
(Table 2). The as-cast and homogenized specimen has poor
bendability and exhibits a bending profile with small curva-
ture. Based on the bending profiles, it is found that the surface
waviness increases with the grain size of the material. This is
consistent with the experimental observations of Dao and Li
[1] and Stoudt and Ricker [22].

Material model

The microstructure of the AA7108 aluminium alloy is explic-
itly represented in the numerical model using the FE method.
The specimen is discretized into a set of grains and each grain
is again discretised into a set of elements to obtain a good
approximation of the stresses and strains within the grains.
The response of each grain is obtained by a rate-dependent
single crystal plasticity model [19]. The work-hardening is
modelled by the extended Voce rule which is supposed to
capture the yield limit and the shape of the work-hardening
curve of aluminium alloys with good accuracy (Guan et al [4];
Grytten et al [3]; Prakash et al [16]). Only the main parts of the

Fig. 3 Force-displacement curves from the three-point bending tests

Table 1 Surface fraction of typical deformation and recrystallization texture components in the rolled and recrystallized material

Texture component Surface fraction 

Copper: {112}[111] 0.027 

Brass: {011}[211] 0.016 

S: {123}[634]  0.011 

Cube: {100}[001] 0.011 

Goss: {110}[001] 0.007 

Table 2 Measured bending angles and thickness to bending radius
ratios at fracture from three-point plane-strain bending tests

Material Bending
Axis

Average Bending
Angle [°]

Standard
Deviation [°]

t/R [−]

As-cast and
homogenized

– 22 2.5 0.33

Rolled and
recrystallized

// RD 49 2.1 0.97

// TD 61 1.0 1.61
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constitutive model are presented here; for more details the
reader is referred to Saai et al [19].

For each slip system the relation between the resolved
shear stress τα and the shear strain rateγ̇α is defined by

γ̇α ¼ γ̇0j
τα

ταc
j
1
m

sgn ταð Þ ð1Þ

where τc
α is the critical resolved shear stress on system α, and

m and γ̇0 are material constants representing the microscopic

strain-rate sensitivity and the reference shearing rate, respec-
tively. Work-hardening is introduced by making the critical
resolved shear stress a function of the plastic straining

τ̇αc ¼ θ Γð Þ ∑
12

β¼1
qαβjγ̇βj ð2Þ

where θ defines the hardening rate for a given accumulated
plastic strain, qαβ is the latent hardening matrix and the accu-
mulated plastic shear strain Γ is defined by

Fig. 4 Crack propagation in a)
the as-cast and homogenized
material, b) the rolled and
recrystallized material with the
bending axis || RD and c) the
rolled and recrystallized material
with the bending axis || TD

Fig. 5 Bending profile for the
two investigated materials
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Γ̇ ¼ ∑
12

α¼1
jγ̇αj ð3Þ

The work-hardening rate θ is taken as the derivative with
respect to Γ of a master hardening curve in the form

τ c Γð Þ ¼ τ0 þ ∑
N

k¼1
τ k 1−exp −

θk
τ k
Γ

� �� �
ð4Þ

This is inspired by Tomé et al [23] who used a similar
approach. The work-hardening rate θ is then calculated as

θ Γð Þ ¼ dτc Γð Þ
dΓ

¼ ∑
N

k¼1
θkexp −

θk
τk
Γ

� �
ð5Þ

Here τ0 is the initial critical resolved shear stress, assumed
to be the same for all slip systems, while θk and τk are the
initial hardening rate and saturated value of hardening term
k. Two hardening terms are used in this work, i.e. N=2.

The identification of the model parameters for each mate-
rial is done in the optimization tool LS-OPT [13] using a finite
element model of a representative volume element (RVE) of
the material. A periodic RVE composed of 1000 grains is
generated and associated to the crystallographic orientations
representing the macro-texture. Each grain in the RVE is
modelled by one element to reduce the computation time.
True stress-strain curves obtained from the tensile tests in the
three directions with respect to the rolling direction (cf.
Section Mechanical testing) are considered in the calibration
process for the rolled and recrystallized material. As men-
tioned previously, the behaviour of the as-cast and homoge-
nized material is assumed to be independent of direction, and
the true stress-strain in the longitudinal direction of the ingot is
used. The parameter values obtained for the two materials are
given in Table 3. Figure 6 compares the experimental and
numerical true stress-strain curves for the two materials. It is
seen that the anisotropy of the rolled and recrystallized mate-
rial is not entirely captured in the simulations. The reason for
this is that only crystallographic texture contributes to the
anisotropy in the simulations, while in the real material other

microstructural features will play a role as well. In particular,
the constituent particles are aligned in the rolling direction and
may contribute to the mechanical anisotropy.

Finite element modelling of bending

Plane-strain elements were used in the finite element model.
Each grain was represented by a set of elements associated to a
unique initial crystallographic orientation. Four-node square
elements were used and the finite element model of each mi-
crostructure was generated using Voronoi tessellation. The
total number of elements used in each specimen was 54,000.
These elements were divided into 162 sets of elements
(grains) to represent the large grains in the as-cast and homog-
enized material (Fig. 7a). Random orientations were associat-
ed to these grains. For the rolled and recrystallizedmaterial the
mesh was divided into 4500 sets of elements (Fig. 7b), where
each set was associated to one initial crystallographic orienta-
tion from the measured texture for this material.

A plate with unit width, thicknessH=3 mm and length L=
H/2 was modelled by CP-FEM, see Fig. 8. To obtain a pure
bending state in the plate, the vertical edges X=0 and X=L
were given a rotation around the midpoints of each edge with
constant angular speedΦ̇ ¼ 0:23�=sec [12,24]. The boundary
conditions applied to the nodes along these edges are
expressed by:

uxcos � Φ

2

� �
� uy þ y� H

2

� �
sin � Φ

2

� �
¼ 0;

qxsin � Φ
2

� �
þ qycos � Φ

2

� �
¼ 0

ð6Þ

where ux and uy are, respectively, the displacement along the X
and Y axes, y is the Y coordinate of the node, Φ is the bending
angle, qx and qy are in turn the X and Y components of the
traction force normal to the edge (given per current area). The
plus sign in front ofΦ holds for X=L and the minus sign holds
for X=0. The thickness direction of the plate is always along

Table 3 Model parameters for the two materials

Parameter As-cast and homogenized Rolled and recrystallized

γ̇0 s‐1ð Þ 0.001 0.001

m 5×10−3 5×10−3

qαβ 1:0 if α ¼ β 1:4 if α≠β 1:0 if α ¼ β 1:4 if α≠β
τ0(MPa) 136.0 142.9

θ1(MPa) 4.5×106 6.5×105

τ1(MPa) 1.0 1.0

θ2(MPa) 42.5 53.1

τ2(MPa) 2.0×105 8.6×103
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the Y axis, whereas the Z axis represents the bending axis.
These boundary conditions thus represent pure bending.

The FE simulations were performedwith the explicit solver
of LS-DYNA, using mass scaling to reduce the computation
time. It was carefully checked that the dynamic effects were at
all times negligible, so that the simulations could be consid-
ered to be quasi-static.

Results and discussion

The predicted bending moment versus bending angle curves
for the two materials are plotted in Fig. 9. A slight difference
in the bending moment is observed for the two different di-
rections of the rolled and recrystallized material, while the as-

Fig. 6 True stress-true strain curves from CP-FEM and tensile tests for the as-cast and homogenized material, and the rolled and recrystallized material
in three directions with respect to the rolling direction

Fig. 7 Finite element model for a) the as-cast and homogenized material
and b) the rolled and recrystallized material

Fig. 8 Boundary conditions used in the numerical model to represent
plane-strain bending test
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cast and homogenized material exhibits the lowest bending
moment. The bending moment could not be calculated from
measurements made in the three-point bending tests performed
by Westermann et al [26] and we can only make qualitative
comparisons with these experiments. However, the force-
displacement curves from the bending tests show the same
trend with respect to the different materials (see Fig. 3). Similar
force level is observed for the two different directions of the
rolled and recrystallized material, while the as-cast and homog-
enized material exhibits significantly lower force.

Deformed grains with contours of accumulated plastic
strain are represented in Fig. 10 for both materials. In
Fig. 11, the plastic strains at three different bending angles
are extracted for the elements in two sections: the first one is
close to the free surface and the second one is at 0.73mm from
the free surface of the bending specimen. The deformed sec-
tions are presented on the specimen in Fig. 10 as black lines.
Shear bands, here defined as narrow zones of intense plastic
straining, are initiated on both the tension and compression
sides of the sample and propagate inside the grains and along
the grains boundaries. The plastic deformation is self-
organized into crossed shear bands inclined at around 45° to
the free surface of the specimen for the rolled and recrystal-
lized material. These crossed bands are found on the tension
and compression sides (see Fig. 10). The large grain size of the
as-cast and homogenized material leads to the formation of
fewwide shear bands while narrow and denser shear bands are
observed in the rolled and recrystallized material. It is also
found that the spacing between the shear bands in the rolled
and recrystallized material is smaller than for the as-cast and
homogenised material due to the refined size of the grains.
Non-uniform deformation within the shear bands in both ma-
terials is induced by the different orientations between
neighbouring grains (see Fig. 11).

The largest accumulated plastic strains are organized in
shear bands at an earlier stage of deformation, i.e., at a low
value of the bending angle, for the as-cast and homogenized
material (see Fig. 10). This could explain the low bendability
compared to the rolled and recrystallized material, cf. Table 2.
The largest accumulated plastic strains are observed when the
bending axis is along the rolling direction for the rolled and
recrystallized material (see Fig. 10). This anisotropy ensues in
the CP-FEM simulations from the influence of the weak de-
formation texture observed in this material (Table 1). This is
consistent with numerical simulations of strain localization in
textured aluminium materials by Tvergaard and Needleman
[25], Dao and Li [1] and Kuroda and Tvergaard [12].

Figure 12 shows a close-up of the tensile side of the rolled
and recrystallized specimens for the two orientations of the
bending axis. Discontinued shear bands are obtained in the
FE simulations due to the different orientations of
neighbouring grains. Dao and Li [1] showed that a shear band
in an aluminium sheet material could jump over a grain before
continuing further if this grain has non-favourable crystallo-
graphic orientation for deformation. This crystallographic
orientation-dependent deformation is one of the mechanisms
inducing the zigzag shape of the fracture observed in Fig. 4.
The fracture could initiate and develop in a shear band and
then it could change path to follow a crossing shear band
where the grains have favourable orientations for deformation
(Fig. 12). In the simulations, this mechanism is observed for
the rolled and recrystallized material for both bending direc-
tions, i.e. the shear bands develop in the same way. However,
the experimental observations show that the cracks propagate
differently in this material with respect to the orientation of the
bending axis (Fig. 4). This is linked to the non-homogenous
distribution of the primary particles, which are broken up and
aligned with the rolling direction [26]. The position and dis-
tribution of primary particles are known to affect the initiation
and development of shear bands in aluminium alloys [1,6,8].
The influence of the primary particles was not considered in
the present study because this would require a characteristic
element size less than the average size of the primary particles
and thus lead to excessive computation times. Amacro-micro-
multi-level modelling scheme was proposed by Hu et al [7] to
investigate numerically the effect of particle distribution on
wrap-bendability of AA5754 alloys and could be a solution
to overcome this limitation.

In Fig. 13, the predicted maximum value of the accumu-
lated plastic strain in the bending sample is plotted against
the t/R ratio for the two materials, where t is the plate or
sheet thickness and R is the inner bending radius. The

Fig. 9 Bending moment per unit width for the as-cast and homogenized
material, the rolled and recrystallized material with the bending axis || RD,
and the rolled and recrystallized material with bending axis || TD

�Fig. 10 Deformed grains with contours of plastic strain for the as-cast
and homogenized material, the rolled and recrystallized material with the
bending axis || RD, and the rolled and recrystallized material with bending
axis || TD
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marker� indicates the maximum plastic strain correspond-
ing to the t/R value measured at the end of the experimental
bending test. At the same t/R ratio, the highest value of the
accumulated plastic strain is predicted for the as-cast and
homogenized material that exhibits the lowest bendability
(see Table 2). High values of plastic strain are related to
the large grain size in this material. In the case of the rolled
and recrystallized material, the simulations show that the
maximum accumulated plastic strain at the same t/R ratio
is consistently larger when the bending axis is parallel to
RD which corresponds to the direction with the lowest
bendability for this material (see Table 2). It should be noted
here that the simulation with the bending axis parallel to TD

could not be run to the value of t/R giving failure in the
experiments due to numerical instability (at high bending
angle, high pressure is obtained in the elements on the com-
pression side of the specimen due to the refined mesh).

Figure 14 shows the free surfaces of the bending specimens
obtained by CP-FEM at the same bending angle (17°). The
two materials exhibit strong surface waviness on the tensile
and compression sides of the specimen. The numerical model
predicts an increase of the waviness of the profile surface with
an increase in grain size in agreement with the experiments
(see Fig. 5). The shear bands are initiated in the two materials
from some of the local troughs on the free surfaces resulting
from the surface waviness. As mentioned previously, the de-
velopment of shear bands depends on the crystallographic
orientation of the grains and shear bands could be initiated
from grains on the surfaces having favourable crystallographic
orientations for deformation.

Fig. 12 Shear bands
development on the tensile side of
the rolled and recrystallized
material with a) the bending axis ||
RD and b) the bending axis || TD

�Fig. 11 Plastic strains at three different bending angles in two sections:
a) close to the free surface on the tensile side of the specimen and b) at
0.73 mm from this surface
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Concluding remarks

The crystal plasticity finite element method was used to predict
the effects of the microstructure of an AA7108 aluminium alloy

on the bending moment, the surface waviness and the initiation
and development of shear bands during plane-strain bending.
The study comprised two materials obtained from the AA7108
aluminium alloy by different thermo-mechanical treatments.
The as-cast and homogenized material has large grains and
random texture, whereas the rolled and recrystallized material
has finer grains and weak deformation texture.

It was found that early organization of the deformation into
shear bands took place during bending of the as-cast and ho-
mogenized material, leading to higher level of the maximum
plastic strain at given bending radius than for rolled and re-
crystallized material. For the rolled and recrystallized material
the highest level of maximum plastic strain at a given bending
radius was found when the bending axis was along the rolling
direction, as a result of the crystallographic texture of this
material. A high value of the predicted maximum plastic strain
in the numerical simulations was found to correlate with low
bendability in the experiments. The surface waviness predict-
ed by the finite element model increased with the grain size in
good agreement with the experimental observations.

Large shear bands were observed for the as-cast and ho-
mogenized material, which propagated through the grains and
along the grain boundaries. The shear bands were denser in
the rolled and recrystallized material due to the refined grains.

Fig. 14 Free surface of the
specimen on the tensile and
compression sides for the three
considered cases of the bending
test

Fig. 13 Maximum plastic strain in the sample versus thickness to
bending radius ratio for the three cases of bending test considered in
this study. The marker (×) indicates the maximum plastic strain
corresponding to the value measured at the end of the experimental
bending test
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Non-uniform deformations were observed in the shear bands
in both materials and linked to the misorientation between
neighbouring grains. This non-uniform deformation in the
shear bands is one of the mechanisms explaining the zigzag
shape of the crack path observed experimentally. The fracture
could initiate and develop in a shear band and then change
path to follow a crossing shear band where the grains had
more favourable orientations for deformation. In the simula-
tions with CP-FEM, the propagation of shear bands in the
rolled and recrystallized material was not affected by the crys-
tallographic texture. However, experimental observations
showed that cracks propagate differently in this material with
respect to the orientation of the bending axis. This is attributed
to the non-homogenous distribution of the primary particles.
To account for this behaviour in the simulations, the FEmodel
would have to account for the size and distribution of the
primary particles, which play an important role in the crack
propagation.
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