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Abstract

A new and robust methodology is presented for the complete computer
simulation of large three-dimensional (3D) microstructures of particle-
reinforced metal matrix composites (PRMMCs), by integrating the boundary
representation scheme, the random cutting algorithm and the random
sequential adsorption algorithm. The methodology allows large realistic
3D microstructure models to be generated that can be used for multi-scale
investigation of PRMMC structure and design. The effect of the simulation
parameters on the simulated microstructure is investigated by applying a
quantitative metallographic analysis of the distribution functions of aspect ratio,
diameter and the area of reinforcements. Simulated large realistic homogenous
3D microstructures of PRMMC are in close agreement with the experimental
microstructures.

Keywords: metal matrix composites, computer simulation, modeling, realistic
microstructure

(Some figures may appear in colour only in the online journal)

1. Introduction

Particle-reinforced metal matrix composites (PRMMCs) are widely used in advanced structure,
energy and information industries due to their distinctive properties, such as high strength, high

0965-0393/14/035010+21$33.00 © 2014 IOP Publishing Ltd  Printed in the UK 1


http://dx.doi.org/10.1088/0965-0393/22/3/035010
mailto: zyma@imr.ac.cn

Modelling Simul. Mater. Sci. Eng. 22 (2014) 035010 X X Zhang et al

stiffness and light weight. These properties result from the multi-scale features and multi-phase
structures of PRMMCs. At the micro-scale (~um scale), PRMMCs are viewed as multi-
phase (i.e. matrix and particles) materials. The types of matrix alloys and particles, the heat
treatment state of the matrix alloy, the content of the particles, etc. control the macroscopic
properties of PRMMCs. At the macro-scale (~mm scale), PRMMCs are viewed as single-
phase (i.e. homogeneous) materials and the macroscopic properties are critical for component
and structure design and analysis.

The multi-scale modeling and simulation of PRMMC:s can take into account the multi-
phase structure and the heterogeneous distribution of physical fields (such as stress field, strain
field and electromagnetic field) at the micro-scale, and can provide an optimized structure
and design of the materials or components before they are fabricated in reality. The two
basic steps involved in multi-scale modeling and simulation of PRMMC:s are (i) construction
of multi-phase microstructures of PRMMCs, and (ii) microstructure-based computation of
macroscopic properties using numerical methods such as finite element (FE) and finite volume
(FV) methods. In these steps, the microstructure model plays a primary role.

The microstructure models may be categorized into idealized models, experimental models
or simulated realistic models. The idealized models assume that the particles have a simplified
shape or are distributed regularly [1-3]. The complex shape or irregular distribution of real
particles in PRMMCs is not considered in the idealized models. The experimental realistic
models usually employ experimental images of PRMMC:s to reconstruct the microstructure.
A two-dimensional (2D) experimentally reconstructed model employs one 2D image, while a
three-dimensional (3D) experimentally reconstructed model requires serial 2D images. The
experimentally reconstructed models can reflect the actual shape, size and distribution of
particles in PRMMCs [4-8]. However, owing to the laborious work, the length of the third
dimension of a 3D reconstructed microstructure is usually smaller than that of the other
two dimensions [5,8-10]. Recently, the x-ray tomography technique has been applied to
reconstruct 3D microstructures of PRMMCs [11-13]. Compared to the method using serial
2D metallographs, the x-ray tomography technique is more efficient and its resolution reaches
1-2 um [14, 15].

Another method for generating a realistic microstructure is the computer modeling and
simulation method. Up to now, numerous computer simulations of PRMMC microstructures
have been reported. The main categories include the random sequential adsorption (RSA)
algorithm [16-21], Monte Carlo procedures [22,23] and volume mesh techniques [24, 25].
However, most of these simulations focused on 2D or 3D idealized microstructures, and did
not compare the simulated results with experimental data.

In this work, a new and robust methodology is proposed for complete computer simulation
of large 3D PRMMC microstructures that can be used for multi-scale investigations of
PRMMC structure and design. Since the simulated microstructure is dependent on the
simulation algorithm, assessments of the effect of each simulation parameter on the simulated
microstructure are crucial. When building the relationship between the algorithm input
parameters and the microstructural attributes, such as aspect ratio, diameter and the area of
particles, a large realistic 3D PRMMC microstructure is simulated.

2. Background of the solid modeling method

Usually, the microstructure-material property simulation chain is as follows: microstructure
model—finite element (FE) or finite volume (FV) mesh—FE/FV modeling/simulation of
material properties. In the chain, the microstructure model needs to capture the main attributes

2



Modelling Simul. Mater. Sci. Eng. 22 (2014) 035010 X X Zhang et al

of the real materials, and then has to be divided into FEs or FVs. A flexible and robust
tetrahedral mesh library TetGen developed in [26] has been adopted to generate the FE/FV
meshes. The main advantage of the tetrahedral mesh is that it can be re-meshed efficiently to
improve the mesh quality in the case of large deformations. The general input data structure
of TetGen is the piecewise linear complexes (PLC) [27] which can approximately represent
any 3D domain by using the set of vertices, segments and facets.

Such a mesh-generation technique requires a compatible solid modeling technique, which
provides the geometrical information, such as vertices, edges and faces, so that the solid
model can be converted to PLC. Several different techniques can be used for creating or
representing solid models. Among them, three prominent solid modeling techniques are the
cell decomposition scheme, the constructive solid geometry (CSG) scheme and the boundary
representation (BREP) scheme.

The cell decomposition scheme divides the object space into unit-sized elements (usually
cubes), and represents shapes as sets of these elements. Interfaces and boundaries of the
cell decomposition model have step profiles, because the minimal resolution is limited by the
size of these unit elements. To obtain a better approximation of interfaces and boundaries, an
additional technique is required; for example, the extended finite element method (XFEM) [28]
or the immersed interface method (IIM) [29]. The geometry model created by the cell
decomposition method can be divided into a regular voxel mesh. Unfortunately, it is not
suitable for free unstructured mesh subdividing.

The CSG scheme creates a complex surface or object by using Boolean operations to
combine the primitives, which are the simplest objects, such as cuboids, cylinders and spheres.
The two main parts of the CSG technique are the primitives, which are described by size
parameters and orientation parameters, and Boolean operations, which indicate how to build
the CSG model from the primitives. The CSG model can be discretized by free unstructured
meshes. However, the fundamental and topological character of the CSG model is that it does
not store the geometrical information explicitly. Therefore, if the CSG model is used for mesh
generation, the geometry information can only be evaluated by additional algorithms.

Unlike the cell decomposition and CSG scheme, the BREP scheme represents shapes
using their limits. A BREP model is described by topology (the structure of the object with
vertices, edges and faces as the main items) and geometry (the form of the object; i.e. points,
curves and surfaces). The BREP technique is particularly suitable for mesh generation using
PLC, because the BREP model explicitly contains the geometry information. Therefore, the
BREP technique is applied as the fundamental technique for computer simulation of PRMMC
microstructure in this study.

The corresponding data structure of the BREP technique that has been well defined
in [30] is used in the present work. The framework of 3D Euclidean space is applied for
the microstructure modeling.

3. 3D microstructure model

To reduce the complexity of the modeling algorithm, yet reproduce the main features of a real
PRMMC microstructure, we simulate the realistic microstructure. Reinforcements, such as
SiC, Al,O3 and B4C particles, are assumed to have convex shapes with planar sides so that they
can be defined as bounded convex polyhedrons rather than real complex shapes. An object-
orientated computer program has been written in C++. The algorithms of the microstructure
generating technique are composed of two parts: (i) the generation of arbitrary polyhedrons;
and (ii) the placement of random polyhedrons at random positions in a representative volume
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element (RVE). Boolean operations are used to generate random polyhedrons, and the RSA
algorithm is applied to locate the polyhedrons randomly within an RVE. The details of the
microstructure generating technique are described in sections 3.1 and 3.2.

3.1. Generation of random polyhedrons

A novel algorithm has been developed to capture the random shapes and sizes of reinforcements
in PRMMC, for modeling a realistic microstructure of PRMMC. Arbitrary convex polyhedrons
are used to represent the random reinforcements in this study. A Boolean-operation-based
technique, called a cutting process, is proposed for generating random convex polyhedrons.

Local Euclidean coordinates are used for the cutting process. An arbitrary convex
polyhedron is generated by using several planes to cut a primitive object. The primary substep
is to generate a primitive object. This should be simple so that it is easy to implement using
the BREP technology, and should have one or several fundamental attribute(s) of the real
reinforcement. According to these conditions, a cuboid that is defined by a triple (A, B, C)
indicating its length A, width B and height C, with its center point located at the origin O
in the local Euclidean coordinates, is applied as the primitive object in this work. It is easy
to use the BREP technique for the computer description of such a cuboid. Furthermore,
a real reinforcement in PRMMC can be classified into sphere-approximated or ellipsoid-
approximated particles, if one considers the minimum convex hull of the reinforcement. A
cuboid also has such an attribute. Its minimum convex hull may be a sphere or an ellipsoid,
depending on whether A = B = C.

In order to form an arbitrary convex polyhedron, the cuboid basis is then cut by several
planes. In the present study, a plane in a 3D local Euclidean coordinate system is defined by
H (P, N), which states a plane H that passes through point P and has an orthogonal direction
equal to V. Point P is simulated at a uniformly distributed random position within the cuboid
for the sake of simplicity. Generally, the direction IN and the vector OP are independent
of each other. In other words, the direction IN can be either parallel to the vector OP or
not. Based on these two relationships between the direction /N and the vector O P, two types
of cutting planes are defined and used in the present work. The first type of plane has only
one governing parameter since the orthogonal direction N is parallel to the vector OP, in
other words, the orthogonal direction of the plane is associated with the position of that plane.
Hence, the first type of plane is called a random position—associated direction-plane (RPADP).
The second type of plane has two governing parameters whereby both the position P and the
orthogonal direction N are simulated as uniformly distributed random variables. Hence, the
second type of plane is called a random position—random direction-plane (RPRDP). Figure 1
illustrates the two cutting processes using RPADP and RPRDP.

The effects of the RPADPs and RPRDPs on the geometry attributes of generated arbitrary
convex polyhedrons are investigated in the present work and discussed in section 5.3. Further
quantitative analysis of the cutting process is necessary to control the size and shape of random
particles. Therefore, two simulation parameters are introduced, based on the simulation
algorithm for generating arbitrary convex polyhedrons. They are as follows. «: original
aspect ratio of the primitive object. It is defined by the following three equations:
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Figure 1. Illustration of cutting process using (a), (b) RPADP; (c), (d) RPRDP.

It can be seen that the definition of « is specialized so that the investigation of the attributes
and performance of the simulation algorithm can be simplified. Note that, if necessary, a more
complex original aspect ratio, where A # B # C is considered, can also be used in this
algorithm.

K: Ratio of RPRDPs. It is defined by

. Number of RPRDPs
" Total number of cutting planes’

“

Once a polyhedron is formed, a filter criterion is applied, to check whether the shape of the
polyhedron is admissible. A so-called minimum edge length criterion is proposed to avoid
a polyhedron with too-small edges. If there is a too-small edge, the corresponding mesh
discretization will be very dense around the edge, which raises the numerical computation cost
directly and may introduce a large numerical error in the material property simulation. Finally,
figure 2 shows the flow chart that summarizes the generation process of arbitrary polyhedrons.

3.2. Placing polyhedrons in random positions

The RSA algorithm is widely used for investigating particle-reinforced composites [17, 18, 21]
or fiber-reinforced composites [20,31-33]. The main idea of the RSA algorithm is to try to
place a particle at a position in a specified volume if the particle satisfies user-defined conditions,
or trying a new position if the particle does not satisfy user-defined conditions.

In the present work, an arbitrary convex polyhedron, generated according to the previous
step, is added to a 3D microstructure box, using the RSA algorithm. Penetration or contact
between any two polyhedrons is not admissible in the present work. Besides, a geometrical
periodicity condition can be employed.
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Figure 2. Flow chart of the generation of random convex polyhedron.

Once a new particle is accepted, the solid volume fraction (SVF) of the added particles
is updated. This sequential adding process repeats until a target SVF (i.e. the volume fraction
of particles in the composite) is satisfied. Figure 3 summarizes the flow chart of the RSA
algorithm used in the present work. All simulations run in a ThinkStation-D20 with 2 Xeon
5690 CPUs (3.47 GHz) and 32 GB memory.

4. Experiments

4.1. 2D experimental image of PRMMC microstructure

2009Al-based composites, reinforced by 20 vol% SiC particles with a nominal mean particle
diameter of 20 um, were used in this study. The composition of the 2009Al alloy is Cu 3.8—
4.2wt%, Mg 1.2-1.6 wt% and the remainder is Al. All the composites were fabricated by
powder metallurgy (PM) and subsequent hot forging. The Al alloy and SiC powders were
blended for 8 h, and then compacted at a pressure of 40 MPa. The compacts were pressed at
a pressure of 50 MPa in a vacuum chamber of 1072 Pa, after being held at 580 °C for 60 min
(see figure 4(a)). The hot pressed billets were forged in an open die, using 200 MPa pressure.
The total deformation ratio was 4 : 1. The microstructures of the forged billets were examined
by optical microscopy (OM, Axiovert 200 MAT). The sampling location for OM is illustrated
in figure 4(b).
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Figure 3. Flow chart of RSA algorithm.

4.2. Simulation of microstructures

The primitive objects are cut by several random planes (RPADPs and RPRDPs). In the
simulation, the total number of random planes N, is empirically set to 10. It should be
noted that a primitive object is cut by the first random plane and then the next random plane
and so on. The cutting process is random, so some random planes may miss the semi-finished
particle and the number of facets of particles is random. The effects of the two simulation
parameters o and K with fixed primitive object size on the shape and size of polyhedrons are
studied to assess the cutting process in this work. The size of the primitive object is defined
by the diameter of the circumscribed sphere of the primitive object. The parameter settings of
a and K are shown in table 1 with the diameter of the circumscribed sphere of the primitive
object being 20 um. All the simulated 3D microstructures have the same size of 450 um. For
each simulation, 2D images are obtained by slicing the 3D microstructures. The planes from
which the images are sliced are parallel to the the YOZ, XOZ or XOY plane (in the following
text the word ‘plane’ is omitted for simplification when mentioning these special planes),
respectively. Simulations 1, 2 and 3 are conducted to explore the microstructure anisotropy,
depending on the « of the primitive object. Therefore, statistical parameters are analyzed in
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Figure 4. Experimental composite material preparation.

Table 1. The simulation set for the assessment of the cutting process.

Simulation « K
1 1.0 06
2 20 06
3 40 0.6
4 1.0 00
5 1.0 05
6 1.0 1.0

w310y yo wondAI(

Figure 5. Slicing (a) a simulated 3D microstructure to obtain (b) a 2D image. The 2D

image is in the plane parallel to YOZ.

planes parallel to YOZ, XOZ and XOY for simulations 1, 2 and 3. Figure 5 illustrates how to
obtain a 2D image in a plane parallel to the YOZ. The quantitative metallographic properties—
i.e. the area, aspect ratio and diameter of particles—are analyzed for both experimental and

simulated microstructure images.
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Figure 6. Numerical convergence of statistical parameters with the number of slices in
simulation 1: (@) mean aspect ratio, (b) mean area and (c) mean diameter. The largest
relative error §, is marked for every parameter.

5. Results and discussions

5.1. The number of 2D images to obtain accurate statistical results

One question about the statistical results is whether they are accurate. To obtain accurate
statistical results, a large sample size is required. Therefore, one can either use a single large
2D image that contains thousands of particles, or use several medium-sized 2D images, with
each of them containing hundreds of particles. The first requires a large 3D microstructure,
which may not be the best choice, owing to expensive computational cost. The second requires
a medium-sized 3D microstructure, and has been chosen for the present work.

According to the definition of « in section 3.1, if o is 1.0 the geometry primitives are
simple cubes that are reformed into random polyhedrons in the cutting process, and then
located randomly in the 3D microstructure box using the RSA algorithm. As a result, the
attributes of the simulated microstructure should be isotropic. Therefore, theoretically, the
statistical parameters in the planes parallel to YOZ, XOZ and XOY should be equal to each
other.

Figure 6 illustrates the convergence of the statistical parameters of simulation 1 as the
number of 2D images increases. Relatively large errors attach to the statistical results in
planes parallel to YOZ, XOZ and XOY when the sections are few. As shown in figure 6(a), the
larger the number of 2D images, the closer the mean aspect ratios in the planes parallel to YOZ,
XOZ and XOY become. When the number of 2D images is equal to, or larger than eight, the
relative difference in the mean aspect ratios in the planes parallel to YOZ, XOZ and XOY can
be ignored. Figures 6(b) and (c¢) show that the number of 2D images to obtain stable values for
both mean area and mean diameter is seven. The stable values for the statistical mean aspect
ratio, area and diameter are 2.03, 124.5 um? and 11.4 pm, respectively.

The largest relative statistical errors attached to the mean aspect ratio, area and diameter are
3.9%,5.0% and 2.6% for 1, 1 and 2 sections, respectively. Therefore, the suitable number of 2D
images for obtaining stable and precise statistical parameters is eight for simulation 1. If eight
is fixed as the number of 2D images for obtaining expected accurate statistical results for all
other simulations, the real statistical results may have small errors, since the 3D microstructure
is simulated via different parameters. Fortunately, this error may be ignored as the largest
statistical error that appears in simulation 1 is 5.0%. In this work, the appropriate number
of 2D images is chosen to be ten to obtain the stable and accurate results for every statistical
parameter of various simulations.
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Figure 7. Histograms showing the aspect ratio distribution of the particles of different
simulations: (a), (b) and (c) are the results with « = 1.0; (d), (e) and (f) the results
with @ = 2.0; (g), (h) and (i) the results with « = 4.0. //YOZ’, ‘//X0OZ’ and ‘//XOY’
mean in the planes parallel to ‘YOZ’, ‘XOZ’ and ‘XOY’, respectively. N, = 10 and
K = 0.6 are applied for all the simulations.

5.2. Effects of the original aspect ratio of the primitive object

Theoretically, according to the definition of « in section 3.1, the attributes of a simulated 3D
microstructure in the planes parallel to YOZ are expected to equal those in the planes parallel
to XOY. Especially if « equals 1.0, the 3D microstructure should be isotropic. Otherwise,
if the rotational degree of freedom (DOF) is not activated in the RSA, the simulated 3D
microstructure should be transversally isotropic. In the present paper, in order to access the
effects of the original aspect ratio the rotation DOF is not applied.

Figures 7(a)—(c) show that the histograms of aspect ratio in all three directions are almost
the same when « equals 1.0, and the aspect ratio of most particles is in the range between 1.0
and 2.0, with the mean aspect ratio being 2.03. When the primitive object shrinks along the X-
and Z-axes and elongates along the Y-axis, « increases. When « is 2.0 (see figures 7(d) and
(f)), in the planes parallel to YOZ and XOY, the frequency of particles with the aspect ratio in
the range between 1.0 and 2.0 increases and that with aspect ratio larger than 2.0 decreases.
As a result, the mean aspect ratio increases from 2.03 to 2.14 in the planes parallel to YOZ,
which agrees approximately with 2.11 in the planes parallel to XOY. As shown in figure 7(e),
when o equals 2.0, the mean aspect ratio in the planes parallel to XOZ is slightly smaller
than that when « is 1.0. These variational trends are enhanced when « is increased to 4.0.
Figures 7(g) and (i) show that, in the planes parallel to YOZ and XOY, the peak frequency of
particles obviously smoothes out between the aspect ratios of 1.0 and 2.0, and increases when
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Figure 8. Histograms showing the area statistics of the particles of different simulations
with the same simulation parameter setting as in figure 7.

the aspect ratio is larger than 2.0. Consequently, the mean aspect ratios increase to 2.38 in the
planes parallel to YOZ and XOY. In contrast, in the planes parallel to XOZ, the peak frequency
of particles between the aspect ratios of 1.0 and 2.0 is enhanced, and the mean aspect ratio
decreases to 1.90, as shown in figure 7(h). These results reveal that as the original aspect ratio
of the primitive object increases, the frequency of particles with large aspect ratios increases
in the planes perpendicular to the shrinking directions of the primitive object (i.e. parallel to
the X- and Z-axes in the present work), whereas it decreases in the planes perpendicular to
the elongated direction of the primitive object (i.e. parallel to the Y-axis).

Figures 8(a)—(c) confirm that the area distributions in all three directions are the same when
o equals 1.0, and that the area of most particles is in the range between 0 and 200.0 zm?. The
frequency of particles decreases continuously with an increase in area. When « increases to
2.0, in the planes parallel to YOZ and XOY, the frequency of particles with areas of 0-200.0 um?
decreases slightly, but it increases a little for areas larger than 200.0 xm?, with the mean area
increasing from ~125.0 to ~140.0 um?. In the planes parallel to XOZ, the frequency of
particles with areas of 0-200.0 .zm? increases obviously, and decreases when the area is larger
than 200.0 um?. Hence, the mean area decreases to 92.7 um? in the planes parallel to XOZ.
When « increases further to 4.0, the variation trends in different directions are enhanced. As a
consequence, the mean area increases to ~154.0 um? in the planes parallel to YOZ and XOY,
whereas it decreases to 75.0 ;m? in the planes parallel to XOZ. From these results, it is revealed
that as the original aspect ratio of primitive objects increases, the frequency of particles with
large areas increases in the planes perpendicular to the shrinking directions of the primitive
object, i.e. parallel to the X — and Z-axes in the present work, whereas it decreases in planes
perpendicular to the elongated direction of the primitive object, i.e. parallel to the Y -axis.
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Table 2. Number of particles of each simulation.

Simulation =~ Number of particles

1 8543
2 8893
3 9747
4 4334
5 7486
6 16390

These variational trends can be explained with help from the definition of o and
equations (1)—(3). The volume of a primitive is assumed to be unitary; i.e.

Ax BxC=1.0. ®)

In order to simplify the explanations, let A and C equal x, then B can be calculated by ox.
It is easy to find that

ax® = 1.0, (6)
then one can easily obtain
S =ax?=a' (7)

This simple function reflects that the side area of the primitive object increases by increasing
the original aspect ratio. If « increases twice—that is, from 1.0 to 2.0, or from 2.0 to 4.0—y
will increase by V2 (i.e. about 1.3) times. The result plotted in figure 8 shows that the area in
the planes parallel to XOY increases by about 1.1 times (i.e. 139.2/125.0 when « increases from
1.0 to 2.0), which reveals that the area increase of the final random polygon, i.e. the section of
polyhedron, is smaller than that of the original side area. This phenomenon corresponds to the
variation of the total number of particles contained in the whole 3D microstructure. Table 2
shows that the number of particles in the simulated 3D microstructure increases with increasing
o, which means that the average volume of each particle decreases when « increases. In other
words, the larger « is, the larger the volume is cut away.

Figure 9 shows that the statistical mean diameter increases in the planes parallel to YOZ
and XOY, and decreases in the planes parallel to XOZ when « increases. This can be understood
easily with the help of the relationship between diameter and area. Generally, the relationship
between the diameter a in the planes parallel to the YOZ and XOY and the area S can be written
as

a oS ®)
According to equation (7), it is easy to get

a o oS, ©)]
Equation (9) indicates that if the model is self-consistent, the mean diameter in planes parallel
to the YOZ and XOY increases with increasing c.
5.3. Effects of the ratio of RPRDPs

Figure 10 illustrates the effects of K on the microstructure attributes. By increasing K from
0 to 1.0, as shown in figures 10(a)—(c), the frequency of particles with large aspect ratios
increases, and the mean aspect ratio increases from 1.68 to 2.21. Figures 10(d)—( f) show that
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Figure 9. Histograms showing the diameter statistics of the particles of different
simulations with the same simulation parameter setting as in figure 7.

the frequency of particles with small areas (or small sizes) clearly increases as K increases,
with the mean area decreasing from 208.5 to 79.6 um?”. It can be seen that both the value
and the pattern of the area distribution are sensitive to K. Figures 10(g)—(i) confirm that the
frequency of particles with small diameters (or small sizes) clearly increases as K increases,
with the mean diameter decreasing from 15.2 to 9.0 um.

An inspection of these results reveals that the microstructure is strongly dependent on K.
According to the definition, the larger K is, the more RPRDPs and fewer RPADPs are used
to cut the primitive object. Therefore, the effects of K are a result of the different effects of
the RPRDPs and the RPADPs. It should be noted that the first kind of plane is a particular
case of the second kind of plane, because the random direction N of the second kind of plane
has an infinitesimal probability of being parallel to the vector O P. In the present work, each
polyhedron is generated by the cutting process with, at most, ten cutting planes. Even if all
the cutting planes are random planes, the probability that the random direction IV is parallel
to the vector O P, which is, at most, 10 times infinitesimal, is still an infinitesimal, and can
be ignored. Hence, these two types of planes do differ. Furthermore, if the distance d (as
shown in figure 1) between the local origin point O(0, 0, 0) and the cutting plane is considered,
the different effects of these two kinds of cutting planes are obvious. It is easy to obtain the
following relationship:

drpaDP 2 dRPRDP, (10)

which suggests that the second kind of plane may cut away more volume of the primitive,
because it is closer to the center of the primitive object. As shown in figure 1, if the two cutting
planes pass through the same position, the RPRDPs are closer to the local origin point than the
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Figure 10. Effects of K on the statistical parameters of slices whose parent RVEs are
generated with N, = 10 and a = 1.0: (a), (b), (c) aspect ratio; (d), (e), (f) diameter;
(g), (h), (i) area.

Table 3. Simulation sets for constructing the 3D realistic microstructure.

Fraction of geometry primitives

Microstructure o K 20um 10um 5S5pum

S1 1.0 06 0900 0.09 0.010
S2 1.0 06 0900 0.080 0.020
S3 1.0 06 0900 0.070 0.030

RPADPs, and the retained shape becomes more elongated. It explains why as K increases,
i.e. the number of the RPRDPs increases, the average particle size decreases, while the aspect
ratio increases.

5.4. Generation of a realistic microstructure

In the present work, two simulation parameters of the cutting process have been investigated.
The simulated results show that both « and K affect the sizes and shapes of the arbitrary convex
polyhedrons. In this part, a realistic PRMMC microstructure is simulated by introducing a
third parameter; i.e. the diameter distribution function of the primitive object.

Three sets of simulation parameters are studied, as summarized in table 3. The preparation
of material for the experiment has been described in section 3.1. In order to obtain the accurate
statistical parameters of the experimental material, the convergence of the statistical parameters
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Figure 12. Comparison between simulated microstructure and experimental

microstructure using statistical histogram of (a), (b), (¢) aspect ratio; (d), (e), (f) area
and (g), (h), (i) diameter. The statistical error d, is marked for every parameter.

of the SiC PRMMC material is investigated, and shown in figure 11.

The plotted results

reveal that five sections are enough to obtain stable and accurate statistical parameters. The
convergence of the statistical parameters is required not only for the experimental material, but
also for the simulations. To be consistent, 10 sections that have been used for all the previously
simulated microstructures are again applied for simulations S1 to S3 and the experiment.

A comparison of the aspect ratio, area and diameter distribution functions between the
simulations and experiment is plotted in figure 12. A statistical error d, is introduced to assess
the accuracy of the simulations. §, is computed by integrating the absolute difference in each
bar of the frequency chart between the simulation and the experiment and then divided by the
number of bars. It can be observed that simulation S2 is the best approximation (figure 12).
In addition, by increasing the content of small primitives, the aspect ratio distribution of
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Table 4. Comparison of mean particle number density between different simulations
and the experiment.

Mean particle number

Microstructure  density (mm™?2) Relative error
Experiment 2141 —
Simulation S1 2014 5.9%
Simulation S2 2173 1.5%
Simulation S3 2277 6.4%

P
- ﬁ.}‘..’,‘ =

V3

-
W LN
c ,f’

Figure 13. Microstructures of a 20 «m 20 vol% SiC,/Al composite: (a) simulated large
3D microstructure which is 450 um? large and has 22075 SiC particles. The simulation
time takes 6699 s in a ThinkStation-D20 with 2 Xeon 5690 CPUs (3.47 GHz) and 32 GB
memory; (b) a 2D image sliced from (a); (c) segmental 2D image of the experimental
microstructure.

simulated particles varies slightly, as shown in figures 12(a)—(c), and the content of small
particles increases, as shown in figures 12(d)—(i).

The aspectratio, area and diameter distribution functions are relative statistical parameters.
The agreement of relative statistical parameters between simulation microstructures and actual
microstructures can still not indicate completely that the simulation microstructures agree with
actual microstructures. An additional absolute statistical parameter is required. In this work,
the mean particle number density (the number of particles contained in a unit area) is adopted.
Table 4 summarizes the mean particle number density of both simulated and experimental
microstructures, and reveals that the particle number density of simulated microstructures can
be controlled by the diameter distribution function. Simulation S2 has the best approximation.

According to both the relative and absolute statistical parameters, simulation S2 is the
best approximation. The simulated S2 microstructure is shown in figure 13. It can be seen
that the 3D realistic microstructure of PRMMC can be generated by controlling the simulation
parameters o, K and the diameter distribution function of the primitive object. The simulated
3D realistic microstructure mimics the aspect ratio, area and diameter distribution functions of
the actual microstructure, as well as the mean particle number density. Since the assessments of
the effect of each simulation parameter on the simulated microstructure are the corresponding
attributes of the algorithm, they can be reused for generating other realistic microstructures.

5.5. Discussion of the PRMMC microstructure model

The present algorithm permits simulations of virtual PRMMC microstructures that have
different volume fractions. For example, figure 14 shows a simulated large virtual 3D
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Figure 14. Simulated large 3D PRMMC microstructure with 15 vol% SiC particles
which has the same SiC particle population as simulation S2.

microstructure, where all simulation parameters, except SVF, have been kept the same as
simulation S2, for the composite reinforced by 15 vol% SiC particles.

In most actual composite manufacturing, the SiC, Al O3, B4C particles are polycrystalline.
The facets of particles are not strict crystal faces, so there is no strict angle relationship between
the facets of particles. In other words, the relationship between any two facets of particles is
random. That is why we use random polyhedron to approximate particles. In real composites,
the shapes of particles have camber concaves. However, the concave shape is not too serious, so
with an admissible approximation, the concave-shaped surfaces are simplified to planar facets.
An issue is that real composites reinforced by different particles may differ in the particle
shape. For example, Al,O3 particles generally have a more spherical shape, while B4C or
SiC particles have a random polyhedral shape with sharp corners. The present microstructure
simulation algorithm shows the ability to generate virtual microstructures with different particle
shapes. It has been revealed that the simulated particle shape can be controlled by changing the
simulation parameter(s) (¢ or/and K'). For example, figure 15 shows that the shape of most of
the particles in simulation S4 is equiaxial polygonal, while the shape of most of the particles in
simulation S6 is elongated polygonal. These virtual microstructures can be integrated in virtual
investigations of PRMMC microstructure and design. If the microstructure-based evaluation
of material properties is different from the specific target properties, modifications can be
conducted in the microstructure simulation, which are then incorporated into the next material
property evaluation. Such an inverse investigation is the core part of the virtual material design,
which cuts down experimental costs such as time, resources and energy.

In the microstructure-based computations of material properties, the microstructure model
must satisfy some quantitative criteria to represent the composite. Usually, the minimum size
of the microstructure model is related closely to the purpose of the simulation in which the
microstructure model is used [34]. Several studies have shown that the minimum sizes of a
2D microstructure model are § = 16 [35], § = 24 [36], § = 50 [34], where the dimensionless
variable § is called the size ratio, and is defined by the side length of the microstructure model L
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Figure 15. 2D microstructures of (a) simulation 4 and (b) simulation 6.

and the radius of reinforcement R using

5= (11)

The minimum size of a 3D microstructure is a more complicated problem. Kanit et al [37]
investigated the size of the microstructure model for 3D random composites. They showed
that the minimum size of the 3D microstructure model depends on the specific values chosen
for the material parameters of the different phases in the simulation. Furthermore, as Gitman
et al [38] showed, the RVE sizes, which are realized in terms of the predicted macroscopic
physical properties via homogenization, are dependent not only on the values of the material
parameters, but also on the types of material behavior considered. The exception is that no
RVE size may exist with the presence of localization deformation [38]. According to these
2D and 3D results, the ability to generate large 3D microstructures is important for the study
of the minimum size problem.

Let us compute the size ratio of the 3D microstructures in figures 13(a) and 14. The side
length of the 3D microstructures is 450 um. The normal mean diameter of particles is 20 pum.
Then the size ratio is computed to be 45 from equation (11).

In order to simulate realistic, high-quality 3D microstructures, reliable experimentally
based data, which results from 3D characterization and quantitative analysis of real
microstructures, is required, and can serve as model parameters to start direct modeling,
or as reference parameters for inverse modeling. However, flexible and robust techniques
for characterizing and quantitatively analyzing the main properties of the reinforcements in a
3D microstructure, such as size (diameter, surface area, volume, etc.), shape (random or not,
isotropic or not, symmetric or not, etc.) and spatial arrangements (periodic or not, cluster or
not, gradient or not, etc.), are still under development.

Recently, Tewari et al [39] proposed a practical technique based on two-point correlation
functions that are governed implicitly by the properties of reinforcements in a 3D material.
They developed a quantitative analysis method for estimating the microstructural attributes,
especially the clustering behavior of particles in PRMMCs. This technique was then integrated
into large realistic 2D microstructure modeling and the medium realistic 3D microstructure
modeling of PRMMCs, respectively, by Singh et al [6] and Mao [8], using a digital image
process-based cell decomposition geometry modeling technique. Chord length distribution
(CLD) reflects the sizes, shapes and spatial arrangements of geometrical particles [40],
and is, therefore, also an important objective measurement for the quality of the generated
microstructure. CLDs can be estimated from small-angle scattering data [41, 42]. This is future
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aim of the model. Once two-point correlation functions or the CLD method are implemented
for the quantitative analysis of the 3D BREP model, it is possible to simulate 3D realistic
material with more complex microstructures, by matching the same estimated properties with
experimental PRMMC microstructures, like the statistically reconstructed 2D microstructure
proposed by Rintoul and Torquato [43].

In this work, traditional 2D quantitative metallographic methods are applied, to estimate
the size and shape of the sections of a 3D material. It is important to recognize that the
microstructure parameters, estimated by 2D sections, may involve errors, especially when the
microstructure has quite complex attributes, such as clustering, directional arrangement and
layer arrangement. Nonetheless, the present work focuses on modeling microstructures using
the BREP technique, to achieve planar approximations of the reinforcement boundaries, and
has modeled the PRMMC microstructures with uniformly distributed particles successfully
by using a cuboid as the primitive object. This 3D model is flexible enough to permit large
simulations with complex attributes. This may be the first contribution that integrates the
BREP technique for the 3D realistic microstructure simulation of PRMMCs. The BREP
technique allows the direct calculation of the surface area of polyhedrons, because all the sides
of polyhedrons are planar, and all the vertices are known. It is useful for understanding the
reinforcement-matrix bonding properties in PRMMC:s.

During the present RSA algorithm, the rotational DOF of geometrical particles is not used.
If the rotational DOF is activated in the RSA, the anisotropy properties of 3D microstructures
generated with o« > 1.0 would be removed. Besides, using or not using the rotational DOF will
have significant effects on the possible microstructures achieved, considering microstructures
where particles are less spherical, or microstructures with maximal possible particle SVFs.
This then, in turn, may influence the global material behavior obtained by the microstructure-
based material property simulations.

6. Conclusions

(1) Anew and robust methodology is developed for computer simulations of large 3D PRMMC
microstructures, that can be used for virtual investigation of PRMMC structure and design.
The size and shape of the reinforcements can be controlled by the simulation parameters
« and K, as well as the diameter distribution function.

(2) By increasing the simulation parameters o and K, the mean aspect ratio of simulated
particles increases, and the mean size of the simulated particles decreases.

(3) The variation of the size of primitive objects has little effect on the aspect ratio of the
simulated particles, but has a significant effect on the size of the simulated particles. The
mean size of the simulated particles decreases with decreasing the size of the primitive
objects.

(4) The methodology can be applied for computer simulations of large 3D realistic
microstructures that mimic the distribution functions of aspect ratio, diameter and area
of reinforcement of real microstructures. The methodology is general, extensible and
applicable for simulating complex PRMMC microstructures.
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