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Abstract
In this paper, a new simulation technique which can include microstructural inhomogeneity of
particulate reinforced composites is proposed to accurately study deformation pattern and damage
mechanism in these composites. Three dimensional microstructures constructed from XCT images
incorporated into finite element modeling codes with minimal approximation to capture the effects
of cluster size, local volume fraction of particles in the cluster and the distance between clusters
as relevant statistical quantities describing the microstructural inhomogeneity of particulate
reinforced composites. A quantitative parameter as degree of clustering is defined to consider
particle clustering effect. The results indicate that the damage growth rate of composite with higher
degree of clustering is significantly higher than those composites with lower degree of clustering.
It is found that for region with higher degree of clustering and bigger size of clusters, the von Mises
stress is higher at the same loading condition and the growth rate of plastic flow is considerably
1

higher than the other region with lower degree of clustering. Moreover, the dislocation description
of deformation in two-phase materials rationalize particle clustering effect on the yield behavior
of the particulate reinforced composites and the flow stress in these composites. The macroscopic
stresses that lead to the initial yielding in the matrix decrease when clusters closely proximate with
bigger size and higher degree of clustering.

Keywords: A. Particle-reinforcement, B. Plastic deformation, C. Finite element analysis (FEA),
D. Non-destructive testing

1. Introduction
A thorough understanding of how a heterogeneous material’s microstructure affects its
macroscopic properties is of great importance in design and development of high performance
heterogeneous materials. This is particularly challenging given the multiphase and heterogeneous
nature of most high-performance composites. Modeling and prediction of the overall elastic–
plastic response and local damage mechanisms in heterogeneous materials, in particular particlereinforced composites, is a very complex problem. Various theoretical and numerical methods are
proposed to clarify the relationship of the microstructure and the macroscopic property, of which
the finite element (FE) analysis is an important effective method [1-6]. The FE analysis primarily
requires the development of methods to automatically generate geometrical or mesh models to
actually take into account complex microstructures of heterogeneous materials. However, due to
the very irregular shape and complex distribution of phases, the incorporation of the information
about microstructures into the models is one of the challenges in computational mechanics [7].
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Finite element method (FEM)-based models are often applied to the so called representative
volume element (RVE), thus assuming that the microstructure of the composite can be reproduced
by assembling a large number of such elements. However, this can be a serious limitation when
dealing with complex and highly heterogeneous composites microstructures, such as randomly
dispersed particulate systems. Therefore, an approach able to consider the actual microstructure of
the composite is useful in order to accurately predict the overall properties. The RVE models have
been developed from the simplest two dimensional (2D) versions, which assume rather specific
shape and distribution of phases, to complex three dimensional (3D) models, which take into
account most characteristics of the real shape and distribution of material components [8-12].
Recent developments in high-resolution 3D imaging techniques, such as focus ion beam
(FIB)/scanning electron microscopy (SEM) or X-ray computed tomography (XCT) launched a
larger interest in performing 3D simulations on the actual microstructure of different materials
[13-22]. The combination of XCT and image analysis proved to be a powerful tool to characterize
heterogeneous material’s microstructure in 3D, providing information that cannot be obtained with
traditional 2D microscopy techniques. XCT has been used as a basis for obtaining
microstructurally realistic FE models. XCT has ability to detect the internal structure as small as
1 µm, which provides a feasible method to build models based on actual microstructure [23-32].
These models considering the inherent morphology, clustering and arrangement of phases, with
minimal microstructural approximations, are frequently adopted to analyze the macroscopic
behaviors of heterogeneous materials.
Chawla and co-workers [33] have shown that 3D microstructures constructed from serial
sectioning can be incorporated into commercial FEM codes to model the deformation behavior of
composites. Maire et al [34] discussed different possible methods for using tomography results as
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inputs for numerical models, especially FE meshes. They classified three different ways to produce
meshes reflecting the actual architecture of a cellular material: meshes generated from a Voroni
description of microstructure, voxel/element meshes, and tetrahedral meshes of the actual shape
of the cellular architecture. Yu et al [35] proposed a method to identify micro scale fiber bundle
configuration of a needle-punched carbon-carbon composite through micro-CT image processing.
Then a FE model is built and used to predict mechanical properties and simulate progressive
damage of this composite. Li et al [36] used both the micro-CT observations and FE analyses to
investigate the impact shear damage mechanisms and energy absorption of the 3D braided
composite.
It has been shown that the mechanical behavior and properties of particulate reinforced composites
are highly dependent on the real microstructure of the composite and particle distribution and
volume fraction. In most particulate reinforced composites, the particles are not uniformly
distributed. Instead, these materials contain local regions where the particles are clustered. It is
well established experimentally that damage nucleation in polymer- and metal-matrix composites
occurs in regions of the microstructure that contain high local volume fraction of reinforcements
[37-41]. Thus, the accurate simulation of deformation and damage initiation in composites requires
new simulation techniques which can include inhomogeneous reinforcement distributions.
In this study, the effects of clustering and critical microstructural characteristics of particulate
reinforced composite on deformation pattern and damage mechanism have been investigated using
3D FE modeling. Quantitative analysis of the critical characteristics with regard to the effect of
particle clustering have been obtained using XCT data in the first part of this study [42]. The
relevant statistical quantities describing the microstructural inhomogeneity of particulate
reinforced composites (Ni60Nb40/Mg) have been used as input for FE modeling with minimal
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microstructural approximation. The proposed new simulation technique can include
microstructural inhomogeneity of particulate reinforced composites to accurately study
deformation pattern and damage mechanism in these composites using XCT data incorporated into
FE models. Moreover, particle-clustering effect on yield behavior and flow stress of these
composites has been qualitatively studied using dislocation description of deformation in twophase materials.
2. Materials and methods
2.1. Materials

Amorphous alloy powder with composition Ni60Nb40 (at. %) was prepared by mechanically
alloying powder mixtures of elemental Ni and Nb metals. The powder mixture was milled at room
temperature in air for 87 h, using a Retsch PM400 planetary ball mill with a ball-to-powder ratio
of 3:1 and milling speed of 200 rpm. To produce Mg-composites, elemental Mg-powder (99.6%
purity) was blended with volume fraction 5% of Ni60Nb40 powder for a duration of 1 h and
consolidated at room temperature at 450 MPa for 1 min. The compacted cylindrical billets of 36
mm diameter were microwave sintered at 100% power level for 12.5 min so as to achieve a
temperature of 5500C (based on prior calibration). The sintered billets were soaked at 400 0C for 1
h, and hot extruded at 3500C to produce rods of 8 mm diameter. Rods extruded at 750 psi and 600
psi were used for further analysis.
2.2. Microstructural characteristics using X-ray microtomography

In order to understand the mechanical behavior of particulate reinforced composites, it is important
to investigate the size, morphological characteristics, and distribution of inclusions in the material.
If a group of reinforcement particles is closely packed such that the mechanical properties of the
material near the particle group differ from the surroundings, the particle group is referred to as a
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“cluster” [6]. In the following, XCT imaging is used to provide a precise picture of the
microstructural heterogeneity and clustering in these composites.
For high-resolution XCT imaging a cylindrical (diameter ≈ 1 mm, height ≈ 1 mm) region was
selected from the rod sample. According to the measuring procedure introduced in [42], the sample
was imaged using Xradia MicroXCT-400 tomograph (Zeiss Xradia, Concord, California, USA)
with 0.59 µm pixel size. The X-ray tube voltage and power were 40 kV and 4 W, respectively, and
a 0.37 mm glass filter was applied. Total of 1800 projection images over 360 degrees of rotation
were acquired with 50 s exposure time per angular position. The projection images were
reconstructed using utility software provided by the manufacturer of the tomograph, resulting in a
3D volume image where the pixel values are roughly proportional to the local X-ray attenuation
coefficient [43]. In order to characterize the clustering based on the reconstructed images, the
reinforcement regions shown in the image (Fig. 1a) must be classified into individual particles and
clusters. Comparison of the reconstructed images to, e.g., scanning electron microscope images of
similar clustered material (Fig. 1b) suggests that the resolution of the reconstructed images is not
high enough to fully differentiate individual particles inside particle clusters, but individual
clusters are easily differentiated from each other [42]. The clusters are shown in the images as
large connected reinforcement regions with varying X-ray attenuation coefficient. As the images
show the individual particles inside the clusters mostly connected to each other, geometrical
conditions like distance of individual particles are not effective for classification purposes. Instead,
a condition based on the local X-ray attenuation coefficients inside each reinforcement region was
used, as described below.
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a

b

Fig. 1. (a) Slice through a high-resolution XCT image of the sample extruded at 600 psi and (b) SEM image with
internal inhomogeneous distribution for similar sample.

To facilitate the classification, the reinforcement regions were segmented using the Phansalkar
method [43]. The segmented regions were classified into clustered and individual particles based
on observation that a cluster consisting of multiple smaller particles has many local X-ray
attenuation coefficient maxima inside it, each of the maxima roughly originating from a single
reinforcement particle inside the cluster. The count of local maxima was determined for each
particle and reinforcement regions with more than three maxima were classified as clusters. All
other particles were classified as individual reinforcement particles. This classification process
resulted in a visually plausible result as shown in Fig.2a-b for two specimens chosen from different
rods extruded at 600 psi and 750 psi, respectively.
The amount of clustering can be naturally expressed by dividing the total volume of particles 𝑉
into two parts 𝑉 and 𝑉

where 𝑉 is the volume of clustered particles, 𝑉

is the volume of

individual particles, and 𝑉 = 𝑉 + 𝑉 . The degree of particle clustering in particulate reinforced
composites quantitatively describe as follows:
𝜁=

𝑉
𝑉

(1)

where 𝜁 is the volume ratio of clustered particles over the total particles in the matrix.
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For a composite, the volume fraction of particles 𝑓 is deﬁned by:
𝑓 =

𝑉
𝑉

(2)

Where 𝑉 is volume of composite. Denote 𝑓 as volume fraction of particles agglomerated in the
cluster regions and 𝑓

volume fraction of individual particles in the matrix. We can give the

relationships of 𝑓 , 𝑓 and 𝑓
𝑓 =

𝑉
= 𝑓 𝜁, 𝑓
𝑉

=

versus the degree of clustering, 𝜁, as below:

𝑉
= 𝑓 (1 − 𝜁)
𝑉

(3)

Two types of 5 vol. % Ni60Nb40/Mg composites with different microstructure and degree of particle
clustering were studied in this work to highlight the capability of the proposed new simulation
technique which can include microstructural inhomogeneity of particulate reinforced composites.
Based on the proposed definition, the clustering parameter,𝜁 are respectively 0.9 and 0.51 for these
composites. This means that for composite extruded at lower extrusion pressure, around 90% of
the particles are agglomerated in the clustered regions and 10% of particles are uniformly dispersed
in the matrix. While for composite extruded at higher extrusion pressure, around 51% of the
particles are clustered and 49% of particles are found as individual particles in the matrix.
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b

a

Fig. 2. 3D visualizations of different types of composite microstructure extruded at (a) 750 psi and (b) 600 psi,
respectively. Red and purple colors correspond to clustered and individual particles, respectively.

2.3. Microstructure-based ﬁnite element modeling

In order to make the model closer to reality, 3D RVE should be generated on the basis of real
microstructure of the samples. It is necessary to find first the cluster spatial coordinates that
describe the real spatial distribution of clusters in the matrix. Firstly, the bounding sphere for each
cluster, i.e. the smallest sphere that contains all the cluster pixels, was determined using Welzl
method [45] that calculates the optimal bounding sphere of a set of points in linear time using a
randomized linear programming type algorithm. Thus, the spatial coordinates of clusters are
determined in the samples based on the center coordinates of the bounding sphere for each cluster.
Secondly, the equivalent spherical diameter, 𝑑

(Fig. 3), was determined, which equals the

diameter of sphere having the same volume of individual cluster, 𝑉 , as described in Eq. (2).
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𝑑

6
=( 𝑉 )
𝜋

(2)

𝑉 is determined as total count of pixels for each individual cluster.

Fig. 3. Bounding sphere diameter (𝑑

) and equivalent spherical diameter of cluster (𝑑 ).

Figure 4a-b shows the normal and log- normal probability distribution of the equivalent spherical
diameter and bounding sphere diameter for sample extruded at different extrusion pressure. The
equivalent spherical diameter distribution has closely the same bounding sphere diameter
distribution. However, the differences between the equivalent spherical diameter and bounding
sphere diameter for sample extruded at higher pressure with lower concentration of cluster regions
are higher. It should be noted that the diameter of the bounding sphere for each cluster describes
the maximum extension of the cluster; therefore, these results reveal clusters have different
morphology related to various extrusion pressure. This is correlated with results obtained in
previous study using X-ray nanotomography that suggested there may be two types of clusters in
the present composites; relatively spherical ones for sample extruded at lower pressure and more
ellipsoidal ones for sample extruded at higher pressure [42].
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b

Probability

Probability

a

Fig. 4. (a) Normal, and (b) log- normal probability distribution of the equivalent spherical diameter and bounding
sphere diameter for sample extruded at 750 psi and 600 psi.

In Fig. 5a-b, the equivalent spherical diameter, 𝑑 , is compared to the bounding sphere diameter
for sample extruded at 600 psi and 750 psi, respectively. The comparison reveals an approximately
linear behavior, but exhibits enhanced scatter in larger cluster sizes. For further modeling and
analyses in this study, the equivalent spherical diameter, 𝑑 , was employed due to the
proportionality of 𝑑

and the bounding sphere diameter, which leads to acceptable results for

statistical examination and modeling. These microstructural data sets can be incorporated into FE
models to predict the onset of local damage mechanisms and the deformation pattern of particulate
reinforced composites.
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Fig. 5. The equivalent spherical diameter, 𝑑 , over the bounding sphere diameter for sample extruded at
(a) 600 psi and (b) 750 psi.

On the basis of bounding spheres and equivalent diameter of clusters, two RVEs representing
clusters in 3D microstructure of Fig. 2a-b were constructed as depicted in Fig. 6 a-b. Two subRVEs have been extracted from the whole RVE for composites with different extrusion pressure.
These typical RVEs are chosen from the center of the whole RVE. The selected RVEs contain the
equivalent clusters while in order to define RVEs based on the real microstructure of the
composites in each case the individual particles should be added to the RVEs. This addition of
individual particles to each RVE occurred based on the value of proposed clustering parameter, 𝜁,
and 𝑓 , as presented in section 2.2. Thus, Fig. 6c-d shows the finite element RVEs generated for
3D microstructure of Fig. 2a-b on the basis of real microstructure of particulate reinforced
composite with minimal microstructural approximation. This approach is applicable for different
type of particulate reinforced composite materials. In this paper, two types of 5 vol. % Ni 60Nb40/Mg
composites with different microstructure and degree of particle clustering were studied to highlight
the capability of the proposed new simulation technique which can include microstructural
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inhomogeneity of particulate reinforced composites using XCT data as input for FE modeling with
minimal microstructural approximation.
The material properties of the composite constituents are presented in Table 1. The Young’s
modulus of the Ni60Nb40 amorphous particles is measured by nanoindentation method. In the
composite medium, the matrix undergoes elastic-plastic deformation and the reinforcement
deforms elastically. Mg matrix and the Ni60Nb40 amorphous particles are considered to behave as
elasto-plastic and elastic-perfectly plastic materials, respectively. The multi-linear isotropic
hardening Mises plasticity law is used for the plastic behavior of the model.
Material

E(GPa)



YS (MPa)

Pure Mg

42.29  0.93

0.35

80  9

Ni60Nb40

150  7

0.3

-

Table 1. Material parameter of the composite constituents

A free mesh containing 3D 8 node solid element and suitable for modelling irregular meshes was
used in this study to have an accurate model of microstructure. Symmetric boundary conditions
are applied on three faces while constraint equation is applied to the nodes on the other two faces
to have equal displacements in the Y and Z directions at all nodes and fixed in the other directions.
The loading is applied in various steps in the form of displacement type on the right side of the
model (displacement control solution). Loading steps strategy is a requirement to control the
numerical convergence of nonlinear elastic–plastic solution.
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b

a

d

c

Fig. 6. RVEs generated for 3D microstructure of (a) composite extruded at 750 psi and (b) composite extruded at
600psi on the basis of real microstructure and bounding spheres and equivalent diameter of clusters. (c) and (d) sub
RVEs from the center of the whole RVE for each composite.

3. Results and discussion
3.1. Particle clustering effect on plastic deformation

Figure 7a-b shows the equivalent plastic strain in the matrix at final loading step for typical RVEs
presented in Fig. 6c-d, respectively. To obtain more information about particle clustering effect on
plastic deformation under loading, the evolution of equivalent plastic strain, 𝜀 , at different strain
14

state for composites extruded at different extrusion pressure with various degree of particle
clustering is depicted in Fig. 8a-b. It can be seen that the particle clustering influences the damage
behavior of composites. These histograms are obtained from plastic strain in the elements of the
models. The in-situ growth behavior of equivalent plastic strains are depicted in Fig. 9a-d. It is
found the damage growth rate of composite with higher degree of clustering is significantly higher
than the other case with lower degree of clustering as shown in Fig. 9d. Moreover, the distribution
of the equivalent plastic strain in the elements in the matrix, for strain state 0.1, is plotted in
Fig. 10 for composites extruded at 600 psi and 750 psi, respectively. This distribution for
composite with higher degree of particle clustering shows a correspondingly higher fraction of
elements with lower plastic strain than the other composite with lower degree of particle clustering.
The plastic deformation is constrained in the matrix regions between clusters. This distribution
illustrates particle clustering has a considerable influence on the plastic flow on the matrix. It
should be noted that in-situ growth behavior of equivalent plastic strains and histogram of the
evolution of equivalent plastic strain provide more detailed information that cannot be reached by
general distribution of equivalent plastic strain presented in Fig 7a-b.
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a

b

Figure 7. Equivalent plastic strain in the matrix for composite with different degree of clustering (a) 𝜁 = 0.9 and (b)
𝜁 = 0.51.
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a

b

Fig. 8. The evolution of equivalent plastic strain at different strain state for composites extruded at (a) 600 psi and
(b) 750 psi.
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3.2. Particle clustering effect on flow stress and damage initiation

In two phased material such composites (or alloys), one component (often dispersed as particles
in composites) deform less than the other, or not equal at all, so the gradients of deformation form
with a wavelength equal to the spacing between the phases or particles. Such composites (or alloys)
are plastically non-homogeneous, because gradients of plastic deformation are imposed by the
microstructure. When a plastic crystal is deformed, dislocations are generated, move, and are
stored; this storage causes the material to work-harden. Dislocations become stored for two main
reasons: they accumulate by trapping each other, or they are required for the compatible
deformation of various parts of the crystal constrained within its surroundings. The dislocations
that are mutually trapped are referred to as statistically stored dislocations [46] and, as yet, there
is no simple argument to estimate their density, 𝜌 . The dislocations that are stored due to
incompatibility in deformation are called geometrically necessary dislocations (GND), 𝜌

. The

statistically stored dislocations is a characteristic of material, that is, of the crystal structure, shear
modulus, stacking-fault energy, etc. The GND is a characteristic of the microstructure, that is, the
geometric arrangement and size of phases or particles. We use the concept of GND to rationalize
particle clustering effect on the yield behavior of the particulate reinforced composites and the
flow stress in these composites.
Strengthening of reinforcement particles on yield strength (𝜎
to: (i) Orowan strengthening (Δ𝜎

) of particulate matrix arises due

), the stress increase needed to move a dislocation through

an array of impeding particles, (ii) stress contribution due to statistically stored dislocations
introduced by the thermal expansion mismatch between the matrix and reinforcement (Δ𝜎

) and

(iii) generation of GND to accommodate the plastic deformation mismatch between the matrix and
particles (Δ𝜎

) [47-51]. In this study, the stress contribution due to statistically stored
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dislocations introduced by the thermal expansion mismatch between the matrix and reinforcement
is neglected. The strength of a reinforced matrix is given by [47,50-51],
𝜎

=𝜎

where 𝜎

(2)

+ Δ𝜎
and 𝜎

are the yield strength of reinforced and unreinforced matrices, respectively.

Δ𝜎 represents increment in yields of reinforced matrix and is estimated as follows:
Δ𝜎 =

Δ𝜎

(3)

+ Δ𝜎

, can be estimated using the following equation [51],

Δ𝜎
Δ𝜎

=

(4)

𝛽𝜇 𝑏
𝜆

where 𝛽 is a constant, 𝜇 , 𝑏 are the shear modulus of metal matrix and its Burgers vector. 𝜆 is
the interparticle spacing of the second phase particles, which is given by
𝜆 = 𝐷(𝜋/6𝑓)

(5)

/

where 𝑓 and 𝐷 are the volume fraction and the diameter of the second phase, cluster, respectively.
Δ𝜎
Δ𝜎

is calculated using the following equation [52],
= 𝛼𝜇 𝑏

(6)

𝜌

where 𝛼 is a geometric factor and the density of GNDs can be estimated by [53]
𝜌

≈

(7)

8𝛾
𝑏 𝜆

with 𝛾 the local shear strain in the matrix.
When the particles agglomerate in clusters, the diameter of the second phase increases. Thus, the
effects of aggregation of particles as clusters on the strength of a reinforced matrix and the
composite can be correlated with the decrease in the extent of Orowan and GND strengthening
with increasing the cluster size as a second phase in the matrix. The results of tensile property
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measurements conducted on the 5 vol. % Ni60Nb40/Mg composites extruded at different extrusion
pressures under tensile loading are listed in Table 2. Experimental findings show that there is a
strong relationship between strength of composite and the local volume fraction and distribution
of the reinforcement particles [54]. These results are in good agreement with the dislocation
description of deformation in two-phase materials rationalizing particle clustering effect on the
strength and yield behavior of the particulate reinforced composites. Hence, the conclusion from
this section can be a valuable result for researchers in material and manufacturing to optimize
mechanical properties of composites based on the knowledge of the relationship between the
microstructure and the macroscopic response.
Material

Specimen
code

Tensile
Strength
(MPa)
109

Elongation
(%)

Reduction
of Area (%)

600 psi

0.2%Offset
Yield Strength
(MPa)
84

1.6

1

750 psi

174

208

1.6

1.5

5. vol%

Table 2. Results of room temperature tensile testing [54]

The first part of this study reveals that the critical characteristics with regard to the effect of particle
clustering are cluster size, local volume fraction of particles in the cluster and the distance between
clusters [42].When multiple clustered reinforcement regions are in close proximity, they behave
as a large single cluster. Thus, it is important to elucidate the effects of the proximity of clusters
on the local damage initiation and flow stress of particulate reinforced composites. To study the
effects of particle clustering on the yield behavior of the particulate reinforced composites and the
flow stress of the matrix in these composites, the sub-RVE has been extracted from the whole RVE
for composite extruded at 600 psi with the highest degree of clustering (𝜁 = 1) as depicted in Fig.
11. This sub-RVE was chosen since the effects of the cluster size and proximity of clusters clearly
were illustrated.
21

Fig. 11. Sub RVE with the highest degree of clustering extracted from composite extruded at 600 psi.

The macroscopic stresses that lead to the initial yielding in the matrix are obtained for sub-RVEs
chosen from specimen extruded at 750 psi, and 600 psi with different degree of clustering based
on this FEM simulation, and they are presented in Table 3.
Specimen

Macroscopic stress leading to yielding

750 psi

81.7 MPa

600 psi

72.6 MPa

600 psi, (𝜁 = 1)

61.5 MPa

Table 3. Macroscopic stresses which lead to the initial yielding in the matrix

Figure 12a-c shows the von Mises stress distribution in the matrix at strain state 0.009 in the
beginning of loading step and near to the initial yielding in the matrix for typical RVEs presented
in Fig. 6c-d and Fig. 11, respectively. In this case, the frequency distribution of von Mises stress
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in the matrix is depicted in Fig. 13. This figure highlight the effects of particle clustering and
cluster size on the distribution of von Mises stress. It can be seen there is a uniform distribution in
the case that degree of clustering and cluster size are lower as shown for composite extruded at
750 psi. In this case, around 95% of von Mises stress distributed in the interval between 70 and 80
MPa; however, for two other cases with higher degree of clustering and bigger cluster size there
is not a uniform distribution. The macroscopic von Mises equivalent stress is plotted versus the
non-dimensional loading time in Fig. 14. It is found that for region with higher degree of clustering
and bigger size of clusters, the von Mises stress is higher at the same loading condition and the
growth rate of von Mises stress is considerably higher than the other region with lower degree of
clustering. The von Mises stress expresses the degree of easiness for plastic deformation. This
figure implies that plastic flow on the matrix occurs earlier and easier in the case that clusters
closely proximate with bigger size and higher degree of clustering.
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a

b

c

Fig. 12. Von Mises stress distribution in the matrix for composite extruded at 600 psi with different degree of
clustering (a) 𝜁 = 1 and (b) 𝜁 = 0.9 and (c) for composite extruded at 750 psi with 𝜁 = 0.51.
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Fig. 13. Frequency distribution of von Mises stress in the matrix.

Fig. 14. The macroscopic Von Mises equivalent stress versus the non-dimensional loading time.

Moreover, the hydrostatic stress distribution of sub-RVE extracted from the composite extruded
at 600 psi with the highest degree of clustering (𝜁 = 1) is depicted in Fig. 15. It can be seen that
the peak values of hydrostatic stress which are important factor for debonding and void formation
happen in clusters and regions that clusters are in close proximity. As depicted in Fig. 12, the
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plastic flow is prohibited in these regions and consequently by correlation with hydrostatic stress
there is a great tendency towards debonding and crack initiation failure mode. It is worth to note
that high level of clustering may cause some bonding problems. The clustered regions can be
potential sites for void nucleation, which gives rise to earlier commencement of failure. However,
this aspect should be investigated in more detail and thus the effect of clustering and critical
microstructural characteristics of particulate reinforced composite on interface debonding and void
formation will be further investigated in the following part of this study.

Fig. 15. The hydrostatic stress distribution of sub-RVE with the highest degree of clustering (𝜁 = 1) for composite
extruded at 600 psi.
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4. Conclusions
In this study, the effects of clustering and critical microstructural characteristics of particulate
reinforced composite on deformation pattern and damage mechanism have been investigated using
3D FE modeling. 3D microstructures constructed from XCT images incorporated into FEM codes
with minimal approximation to capture the effects of cluster size, local volume fraction of particles
in the cluster and the distance between clusters as relevant statistical quantities describing the
microstructural inhomogeneity of particulate reinforced composites (Ni 60Nb40/Mg). A quantitative
parameter as degree of clustering is defined to consider particle clustering effect. The results
indicate that the damage growth rate of composite with higher degree of clustering is significantly
higher than those composites with lower degree of clustering. The in-situ growth behavior of
equivalent plastic strains as a new approach provides more detailed information about particle
clustering effect on plastic deformation. The dislocation description of deformation in two-phase
materials rationalize particle clustering effect on the yield behavior of the particulate reinforced
composites and the flow stress in these composites. Results show the macroscopic stresses that
lead to the initial yielding in the matrix decrease when clusters closely proximate with bigger size
and higher degree of clustering. It is found that for region with higher degree of clustering and
bigger size of clusters, the von Mises stress is higher at the same loading condition and the growth
rate of von Mises stress is considerably higher than the other region with lower degree of
clustering. The regions that clusters located in close proximity are potential sites for debonding
and void formation since the hydrostatic stress have peak values and the plastic flow is constrained
there.
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