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Abstract  

Finite element modeling and analysis have been 
used to analyze the behavior of particle reinforced 
metal matrix composites for a long while. Up until 
recently, most of this work involved treating particle 
as a sphere embedded in a metallic matrix. It was 
soon realized that these models did not account for 
the microstructural factors that influence the 
mechanical behavior of the composite material. We 
provide examples of the use of two-dimensional (2D) 
and three-dimensional (3D) microstructure-based 
FEM models that accurately predict the properties 
of particle reinforced composite materials. We show 
that 2D models do capture the anisotropy in 
deformation behavior induced by anisotropy in 
particle orientation. The experimentally observed 
dependence of Young’s modulus and tensile strength 
is confirmed by the 2D microstructure-based 
numerical model. The two-dimensional modeling, 
however, has its limitations because one only models 
a two-dimensional section of the real, three-
dimensional object.   For a realistic comparison to 
actual experimental results, one must resort to 
three-dimensional modeling. A serial sectioning 
process can be used to reproduce and visualize the 
3D microstructure of particle reinforced metal 
matrix composites. The 3D microstructure-based 
FEM accurately represents the alignment, aspect 
ratio, and distribution of the particles; and allows 
visualization and simulation of the material 
behavior. 
 
1 Introduction 

Particle reinforced metal matrix composites 
(MMCs) are an important class of composite 
materials [1-3]. They have low density, so they show 
high specific modulus, strength, and fatigue 

resistance, relative to monolithic metals such as 
aluminum or titanium [3, 4]. Conventional analytical 
[5, 6] and numerical techniques [7-9] have been 
developed and employed to understand the 
deformation behavior of particle reinforced 
composites. These methods have shed valuable 
insight into deformation behavior; they also simplify 
the heterogeneous microstructure of multiphase 
materials. These simplifications make modeling and 
analysis more efficient and straightforward, for 
example, by minimizing computing resources. 
Nevertheless, it is axiomatic to materials researchers 
that microstructural complexities such as the 
inhomogeneous spatial distribution of particles, 
irregular morphology of the particles, and anisotropy 
in particle orientation after secondary processing, 
such as extrusion, significantly affect deformation 
behavior. Figure 1 shows examples of SiC particles 
which are commonly incorporated in aluminum. 
Similar situation prevails for WC particles. Clearly, 
these particles are far from being spherical.  Thus, 
while conventional models can provide general 
information of damage, they are unable to accurately 
predict the effective properties and local damage 
characteristics that are inherently dependent on 
microstructure. It follows that an accurate prediction 
of macroscopic deformation behavior and 
understanding of localized damage mechanisms can 
only be accomplished by capturing the 
microstructure of the material as a basis for the 
model. 

 
In this paper we give examples of 2D and 3D 

microstructure-based modeling approaches that 
provide a quantitative understanding of localized 
damage phenomena, as well as excellent correlation 
to macroscopically measured experimental behavior.  
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Figure 1. Examples of ceramic particles used to reinforce 
metal matrix materials. (a) angular SiC (b) rounded SiC 
(courtesy of A. Drake.) 

2 Analytical and Conventional Numerical 
Modeling 

Modeling and prediction of the overall elastic-
plastic response and local damage mechanisms in 
composite materials are of great importance. 
Analytical and empirical models provide an 
effective means of predicting the bounds on 
effective properties of the composite (e.g., Young’s 
modulus) from the known properties of its 
constituents and for simple configurations of the 
phases [5, 6]. Composites such as SiCp/Al generally 
have a distinct anisotropy because of secondary 
processing such as extrusion, rolling, etc. This 
results in a higher modulus along the extrusion axis 
(longitudinal, L) than in the transverse direction (T). 
Bounds based on the models by Hashin-Shtrikman 
(H-S) and Halpin-Tsai (H-T) are unable to capture 
the anisotropy in composite behavior, because the 
microstructure of the composite is not really 
considered. H-S treat the composite as an isotropic 
aggregate and the model is based on variational 
principles of linear elasticity, while H-T is a semi-

empirical approach modified from continuous fibers 
to discontinuous reinforcement. These models, while 
providing bounds on composite behavior, are not 
able to capture the anisotropy in composite behavior, 
because the microstructure of the composite is not 
really considered.  

 
In particulate composite materials, numerical 

modeling is often more effective than analytical 
modeling since these materials lack the structural 
simplicity of continuous fiber composites or 
laminates and hence are not readily amenable to 
closed-form theoretical analyses. Another advantage 
of numerical modeling particulate MMCs is that 
deformation and damage characteristics of the metal 
matrix, particularly on a local scale, can be revealed. 
Numerical modeling of the behavior of composite 
materials has typically been conducted by assuming 
a single fiber, whisker, or particle of simple 
geometry in a unit cell model [7-9]. Modeling of 
damage in MMCs must take into consideration 
fracture of the ceramic reinforcement, void 
nucleation, growth and coalescence of voids within 
the metallic matrix, and/or decohesion and crack 
growth along the particle/matrix interface. Of these 
mechanisms fracture of the reinforcement particles 
is quite important. Particular attention has been 
devoted to the fracture of reinforcing particles in the 
composite. Clearly, other failure mechanisms are 
also important, although a limited number of 
numerical studies have modeled matrix failure and 
interfacial effects [7]. Without invoking a damage 
model that can predict particle fracture during 
loading, the unit-cell models have been employed to 
directly study the effects of particle cracking on 
composite properties. These models represent an 
upper bound for particle damage (or lower bound for 
effective composite strength) wherein all the 
reinforcing particles in the composite are cracked. 
Similar calculations can be made for exploring the 
effects of particle fracture on the plastic response of 
the composite. Ghosh and co-workers [17, 18] 
modeled damage in the composite in 2D by 
approximating the particle morphology as ellipsoids, 
so the deformation assumed a two-dimensional state 
(plane stress, plane strain, or modified plane strain).  
A 3D elastic Voronoi cell approach has also being 
reported, once again using ellipsoid particles [19]. 

 
Another important aspect of the microstructure 

in the composite is the effect of spatial distribution 
of the particles. The link between spatial distribution 
and mechanical behavior has not been modeled 

(a) 

(b) 



 

3  

MICROSTRUCTURE-BASED FINITE ELEMENT MODELING OF 
PARTICLE REINFORCED METAL MATRIX COMPOSITES

extensively [20, 21]. Boselli et al. [20] modeled the 
effect of crack growth using idealized 2D 
microstructures, consisting of circular disks 
embedded in a metal matrix. It was found that 
clustering had a significant effect on the local 
shielding and “anti-shielding” effects at the crack tip. 
Segurado et al. [21] modeled the effect of particle 
clustering on damage in MMCs. The particles, 
modeled as spheres, were incorporated with different 
degrees of clustering (as quantified by a radial 
distribution function.) It was shown that while the 
average stress in the particles did not vary 
significantly with clustering, the standard deviation 
in stress did. Thus, it was shown that for a given far-
field applied stress in highly clustered composites, a 
given particle locally may have a much higher stress 
deviation from the average stress, and be more prone 
to fracture.  

 
3 Microstructure-based Modeling 

3.1 Two-dimensional (2D) models 
We now describe the principles and advantages 

of microstructure-based modeling using two 
examples of high performance particle reinforced 
metal matrix composites: (a) SiC particle reinforced 
Al alloy matrix composites and (b) WC particle 
reinforced Co matrix composites. 

 
3.1.1 SiC particle reinforced Al matrix composites 

 
Actual microstructures, from optical or 

scanning electron microscopy (SEM) can be used as 
direct input to the FEM analysis. Ganesh and 
Chawla [12], for example, investigated the degree of 
orientation anisotropy of SiC particles, for a range of 
reinforcement volume fractions, in extruded SiC 
particle reinforced Al alloy composites. The 
influence of preferred orientation of reinforcement 
particles on tensile behavior was examined by two-
dimensional SEM microstructures incorporated into 
the FEM. The process for conducting the analysis is 
shown in Fig. 2. A representative microstructure  is 
segmented into a black and white image, which is 
further converted into vectorial format. The latter 
format can be input into the FEM software, so the 
model can then be meshed, the boundary conditions 
applied, and simulation conducted. In the work of 
Ganesh and Chawla [12], it was shown that the 
degree of particle orientation anisotropy was 
significant, and had a major effect on the anisotropy 

in tensile behavior, which was captured very well by 
the microstructure-based models. 

 
Let us analyze the stress distribution in the SiC 

particle reinforced Al alloy matrix composite, under 
a uniaxial applied strain of 1%. Chawla et al. [10] 
conducted this particular analysis under linear elastic 
conditions. The classical shear-lag mechanism for 

Segmented Image 

SEM Image 

Vector Image 

FEM Analysis Ux =0 Ux =1.5% 
strain 

100 µm 

Figure 2. Schematic of process for converting 
using microsturcture as a basis for numerical 
simulation (after Ganesh and Chawla [2005].) 
The digital image is segmented, converted to a 
vectorial format, and incorporated into FEM. 
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load transfer in continuous fiber reinforced 
composites is clearly observed, despite the relatively 
low aspect ratio of the particles. Figure 3(a) shows 
the stress within the particle and in the matrix 
immediately adjacent to the particle. Notice that a 
much higher stress is observed in the particle than in 
the matrix. Salient features of the microstructure on 
the stress distribution in the composite can also be 
obtained. Figure 3(b) shows the intensification of 
stress in a clustered particle region. Note that the 
clustered region has a higher stress than the matrix 
region free of particles. Regions where particles 
touch are also sites of high stress concentration, and 
are thus more prone to crack initiation. The 
propensity of particle-to-particle contact also 
increases with volume fraction since the number of 

particles increases and the interparticle spacing 
decreases.  

 
Plasticity of the matrix can also be 

incorporated, see Fig. 4. The microstructure of an 

extruded 2080 Al matrix composite with 20 vol.% 
SiC particles was modeled. Note the preferential 
alignment of the particles along the extrusion axis. 
Here the constitutive law of the matrix was obtained 
from tensile experiments on the unreinforced Al 
alloy [24]. The stress distribution in the particles 
shows that particles with higher aspect ratio, i.e., 
more rectangular particles, are under a higher stress. 
In addition, stress concentrations are present at the 
sharp corners of the particles. As in the elastic case, 
stress concentrations are also observed at the poles 
of reinforcement, parallel to the loading direction. 
The plastic strain in the matrix is quite 
inhomogeneous. It appears to be most predominant 
in particle-free regions, where the matrix is allowed 
to shear. In particle clusters, where the interparticle 
spacing is decreased, the degree of triaxiality, due to 
constraint on the matrix, is increased. Therefore, in 
clustered particle regions the matrix is subjected to a 
higher stress, and very little matrix plasticity. The 

effect of clustering is more explicitly shown in Fig. 
5. Here the degree of particle clustering in an 
Al/SiC/15p was controlled by powder processing the 
composite with two Al-SiC particle size ratios: (a) 
Al/SiC ratio of 6.6 (dAl=33 µm, dSiC=5 µm) and (b) 
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Figure 3. (a) Stress distribution (σxx) in a particle and 
particle/matrix interface of the composite; (b) stress 
map (Chawla et al. [10]). The white line in the stress 
map indicates the line scan over which the stress was 
computed. The particle is under a much higher stress 
than the matrix, indicating load transfer. The analysis 
is linear elastic. 

Figure 4. 2D elastic-plastic microstructure-based model 
of a 2080 Al matrix composite with 20 vol.% SiC 
particles: (a) von Mises stress and (b) equivalent plastic 
strain. The stress distribution in the particles shows that 
particles with higher aspect ratio, i.e., more rectangular 
particles, are under a higher stress. In addition, stress 
concentrations are present at the sharp corners of the 
particles. These high stress concentrations result in 
microplasticity in the matrix. 

(a) 

(b) 
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Al/SiC ratio of 1.4 (dAl=7 µm, dSiC=5 µm). 
Increasing Al/SiC ratio, of course, resulted in a 
greater degree of SiC clustering. In this example, 

one can clearly see that the distribution of plastic 
strain in the composite with homogeneous 
microstructure is much more uniform than in the 
clustered particle composite. 

 
3.1.2 WC/Co Double Cemented Carbides 

 
Tungsten carbide/cobalt (WC/Co) composites, 

commonly known as cemented carbides, are one of 
the most important metal matrix composites used for 
their excellent wear resistance [25]. They are also 
widely used for cutting, machining, and drilling 
purposes. Commonly, these composites consist of 
tungsten carbide particles in cobalt matrix. A novel 
particulate composite metal matrix composite called 
Double Cemented Carbide has been developed [26, 
27]. This material consists of granules of WC/Co 
composite embedded within Co or another metal 
matrix. Thus, it is a kind of “dual” composite with a 
“composite-within-a-composite” structure. This 
concept provides microstructural design variables 
not available in conventional particulate metal 
matrix composites. These additional degrees of 
freedom enable remarkably enhanced combinations 
of properties, such as high toughness and wear 
resistance. Figures 6(a) and (b) show composites 
containing 75 vol.% WC particles in a cobalt matrix 
but with the two different types of structure: (a) 
conventional particulate composite structure with 
homogeneously distributed particles and (b) DCC 
structure. The DCC material has twice the toughness 
and six times the high-stress abrasive wear 
resistance than the conventional material, at the 
same total WC particle volume fraction. These 
improvements in properties result from the 
partitioning of the matrix to produce particle-free 
matrix regions separating the granular regions, 
which have higher particle volume fractions than the 
overall average. These ductile intergranular regions 
enhance fracture resistance with little detriment to 
abrasive wear resistance. 

 
2D FEM simulations on microstructures 

acquired from these composites were used to predict 
the modulus and thermal expansion behavior etc. 
[28]. In conventional cemented carbides, anomalous 
thermal expansion behavior is seen in composites 
with less than 20 vol. % matrix [29, 30]. This would 
appear to be attributable to the strong and stiff 
tungsten carbide network, which hinders the thermal 
expansion of highly constrained small amounts of 
Co. In this region of low cobalt content, it is likely 
that the high thermal expansion coefficient 
component, viz., cobalt does not significantly 
contribute to the overall thermal expansion. Thus, 
the thermal expansion behavior of the composite in 

Figure 5. Effect of particle distribution on 
deformation behavior of SiC particle reinforced 
2080 Al matrix composite: (a) homogeneous 
microstructure and (b) clustered microstructure. 
The distribution of plastic strain in the composite 
with homogeneous microstructure is much more 
uniform than in the clustered particle composite. 

20 µm 

20 µm (a) 

(b) 
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this region is essentially that of pure polycrystalline 
WC. Since WC has a hexagonal structure, CTE of a 
polycrystalline WC is calculated via an orientational 
average of α for the a and c directions.  

 
Young’s modulus of the composites was 

determined in a manner similar to that described in 
the previous section. All SEM images were acquired 
in backscattered electron mode to provide for 
increased contrast between constituent phases. 2D 
elastic FEM analysis was conducted on several 
micrographs from one composite, until the results 
yielded a coefficient of variation below 0.05. In all 
composites, FEM analysis of six micrographs 
provided results, which exhibited a coefficient of 
variation below 0.05. The experimentally 
determined Young’s modulus was compared with 
the elastic modulus bounds given by Hashin and 
Shtrikman [5]. The comparison between 
experimental, theoretical, and computational data is 
shown in Fig. 7. It appears that the 2D 
microstructure-based FEM and experimental results 
show a similar trend in Young’s modulus as a 
function of vol. % matrix Co. The experimental and 

2D FEM results both fall within the Hashin-
Shtrikman bounds for composites with more than 38 
vol. % Co. As the matrix content decreases, both 
FEM and experimental results start to deviate from 
the bounds. It is clear that in this range, the FEM 
better represents the trend in the experimental values 
of Young’s modulus compared to the Hashin-
Shtrikman bounds. This can be attributed to the 
microstructural features accounted for in the model, 
such as contiguity of the WC/Co granules.   

 
A very important aspect of any particulate 

MMCs is the state of stress in as-fabricated state. 
Specifically, in the case of WC/Co composites, 
during cooling from 700 oC to room temperature, 
large thermal stresses develop. Figure 8 shows the 
stress distribution in conventional WC/Co and DCC. 
Note the high magnitude of compressive stress in 
WC, which is beneficial in the sense that in service 
in order to fracture the brittle WC in tension one 
must first overcome the residual compressive stress. 
Note also that the magnitude of compressive stress is 
higher in the WC granules in DCC than in WC 
particle in conventional WC/Co.   
 

3.2 Three-dimensional (3D) Visualization and 
Modeling  

 
While 2D modeling can be used to obtain an 

understanding of deformation, the analysis must be 
carried out in either plane stress (σz = 0) or plane 
strain (εz = 0). This in itself is a simplification of the 

300 µm 

10 µm 

Figure 6. The double cemented (DC) carbide 
microstructure in (b) is envisioned to replace the 
conventionally cemented carbide microstructure in 
(a). Note the difference in magnification. 

(a) 

(b) Figure 7. Experimental and computational results follow 
a similar decreasing trend in Young’s modulus with 
increasing matrix Co content. Object oriented finite 
element (OOF) results provide a better estimation of 
dynamic Young’s modulus than the HS prediction 
(Koopman et al. [28]). 
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three-dimensional (3D) stress state in the actual 
material. In addition, using a 2D microstructure 
inherently implies that the particles are essentially 
modeled as disks. Thus, a 3D analysis is necessary 
to obtain a true picture of the localized and 
macroscopic deformation. The 3D microstructure 
approach has two main components: Visualization 
and FEM modeling. In the next section we discuss 
some approaches to obtain a 3D virtual 
microstructure, while the following section describes 
3D FEM modeling of deformation, using the virtual 
microstructure.  

 
3.2.1 3D Visualization of Microstructures 

 
Techniques to obtain a 3D virtual 

microstructure include x-ray tomography [31, 32] 
and serial sectioning [33-42]. The serial sectioning 
concept involves the acquisition of several 2D 

sections through the thickness of the material, and 
3D reconstruction of the microstructure using the 2D 
information. Serial sectioning has been used to 
visualize 3D object morphologies in a variety of 
fields, such as paleontology [33], biology [34, 35], 
and materials science [36-42]. Traditionally, serial 
sectioning used to consist of laborious, hand-drawn 
tracings of objects in the microstructure. 

 
The evolution of computational capabilities has 

greatly simplified, enhanced the accuracy and 
efficiency of the serial sectioning technique. Indeed, 
computer-aided serial sectioning techniques have 
allowed visualization and study of several material 
systems, including proeutectoid iron alloy [36], Al-
Si [37], Sn-3.5Ag solder [38], and SiC/Al 
composites [13,14,39]. Alkemper and Voorhees [37] 
investigated the morphology of dendrites in 73 wt.% 
Sn-Pb alloys, and quantified the radius of curvature 
of the dendritic morphology. The serial sectioning 

10 µm
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“Intergranular” 
Co 

Co 

x 
y 
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Figure 8. Stress distribution in conventional WC/Co and DCC. Note the high magnitude of compressive 
stress in WC and that the magnitude of compressive stress is higher in the WC granules in DCC than in WC 
particle in conventional WC/Co.   
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approach enabled improved results over 2D models 
by allowing visualization of the complex, 
interconnecting morphology of the microstructure. 
Kral and Spanos [40] and Lanzagorta et al. [41] used 
serial sectioning methods to examine the 
microstructure of Fe1.34C13.1Mn alloy using a 
combination of polishing/etching/SEM imaging. 
These authors used serial sectioning and 
reconstruction techniques to examine the 
morphology of cementite. Li et al. [17], Chawla et al. 
[13,14], and Spowart et al. [39], have all used the 
serial sectioning technique to reconstruct the angular, 
irregularly shaped SiC particles in an Al matrix 
composite. Spowart et al. [39] have also developed a 
fully-automated robotic serial sectioning device that 
was custom-built for 3D characterization of 
advanced microstructures (Robo-Met.3D). The 
machine is capable of automatically performing 

metallographic serial sectioning at unprecedented 
rates and at slice thicknesses between 0.1 and 10 µm. 
Imaging is fully automatic, with the high-resolution 
digital images being combined using custom 
software to produce accurate 3-D datasets of the 
material microstructure in near real-time. In addition, 
chemical etching can be carried out automatically 
which increases the number of material systems that 
can be investigated, e.g. Ni-superalloys and high-
strength titanium alloys. 

 
Figure 9 shows, in a very general manner, the 

steps involved in the serial sectioning process and 
modeling. The first step is to choose a representative 
region of the microstructure. Selection of this region 
of interest is very important, but somewhat 
subjective. It is desirable to obtain a number of 
sections that encompass several SiC particles in a 

Material 
preparation 

Indentation of 
fiducial marks 

Polishing

Imaging

Image 
segmentation 

Reconstruction of
3D microstructure3D visualization

of SiC particles

Figure 9. Flow chart of serial sectioning and 3D virtual microstructure generation process (Chawla et al. [14]). 

Figure 10. Methodology for 3D virtual microstructure-FEM analysis: (a) 3D microstructure reconstruction and 
visualization, (b) finite element mesh, and (c) finite element analysis of deformation. 

Extrusion Axis 

(a) 
(c)(b)
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given volume, to allow entire particles to be 
reconstructed and incorporated in the model. This 
volume is also dependent on the feature size (e.g., 
particle size.) A volume of 100 x 100 x 20 µm3 
yields approximately 100 particles, assuming that 
the SiC particles are approximately ~6-8 µm in 
diameter for a volume fraction of 20 % SiC. This 
volume serves as a starting point for determining a 

“representative” number of particles for the FEM 
simulated response. Chawla et al. [16] have modeled 
the effect of microstructure size in modeling SiC 
particle reinforced Al alloy composite, and shown 
that above a minimum microstructure volume (in 
this case, about 100 particles) the predicted response 
in unchanged. 

 

Figure 11. Comparison between 3D finite element models incorporation (i) actual microstructure and (ii) 
approximation to spherical particles: (a) FEM models, (b) von Mises stress distribution in particles, and (c) plastic 
strain in matrix. Note that the microstructure model exhibits much higher stress in the particles and larger and more 
inhomogeneous plastic strain than the simplified spherical particle model. 

(a) 

y 

x z 

Loading axis 
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Loading axis Loading axis 
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3.2.2 Microstructure-based Finite Element 
Modeling 

 
In this section, we describe a methodology for 

incorporating the 3D virtual microstructure, obtained 
through serial sectioning, into a 3D elastic-plastic 
finite element model. We have used it successfully 
to model the behavior of SiC particle reinforced Al 
matrix composites [13,14]. The refined 3D virtual 
model (after smoothing and refining the objects) is 
exported into pre-processor finite element meshing 
program (Hypermesh, Altair Engineering, Troy, MI) 
and then into a commercial finite element analysis 
program (ABAQUS/CAE Inc., Pawtucket, RI). Ten-
noded, modified quadratic tetrahedral elements are 
typically used in the elastic-plastic analysis of the 
composite, particularly to conform to the irregular 
shape of the particles. Mesh refinement is conducted 
by gradually increasing the number of elements and 
quantifying the overall stress-strain curve, as well as 
local areas where the particles exhibit sharp corners. 
A typical number of elements in the 3D model is 
about 76,000 elements. All FEM analysis is 
conducted on a PC computer. Figure 10 shows a 
typical volumetric mesh of a 50 particle model. 

 
One of the challenges of using a 

microstructure-based approach is that a very large 
number of elements and a very refined mesh are 
required to conform to the heterogeneous nature of 
the microstructure. The larger the degree of 
simplification of the microstructure, of course, the 
more efficient the computation. A highly simplified 
microstructure model, however, will not capture the 
essential features of the microstructure. A 
comparison of the modeled 3D response using the 
actual microstructure versus a simplified 
representation of spherical and ellipsoids particles is 
shown in Fig. 11. The spatial distribution of the 
particles in both models is about the same. Note that 
the angular particles are under a much higher stress 
than the spherical and ellipsoidal particles, 
indicating more load transfer to the angular particles, 
Fig. 11(b). The stress in the spherical particles is 
quite uniform, while that in the angular particles is 
not. The plastic strain contours in the matrix are also 
quite different, Fig. 11(c). Less homogeneous plastic 
strain is observed in the model with angular particles, 
and the plastic strain distribution in the three models 
is very different. This simple comparison shows that 
the microstructure-based model predictions are, 

indeed, quite different from those of simplified 
spherical or ellipsoidal particles. Thus, modeling of 
the material using the actual microstructure is 
extremely important. It should be noted, that, in 
systems where the morphology of the second phase 
is relatively simple, such as spherical voids in cast 
Al [15], approximations to simple shapes can be 
made without sacrificing the accuracy of the model.  

 
The advantage of using a 3D microstructure-

based model is shown by a comparison of the overall 
stress-strain curve of the 3D microstructure 
simulation with experiment, and other unit cell and 
multiparticles simulations, shown in Fig. 12. The 
microstructure-based model predicts the 
experimental behavior quite well. The other models 
are all clustered together, and predict lower 
strengthening than the experiment. More importantly, 
the localized plasticity that results from the sharp 
and angular nature of SiC particles, can only be 
captured in the microstructure-based model. It is 
interesting to note that multiparticle models 
consisting of spheres or ellipsoids do not constitute a 
substantial improvement over unit cell models. The 
predicted Young’s modulus of the composite, once 
again, shows that the microstructure-based model 
prediction is closest to the experiment [42], yielding 
a modulus of 108 GPa, Table I. The rectangular 
prism model prediction is also close to the 
experiment. This can be attributed to the larger 
degree of load transfer to a prismatic particle, 
relative to spherical or ellipsoidal particles. The 
lowest simulated moduli and strength were obtained 
by the unit cell sphere. 

 
Table I. Young’s Modulus Predicted by 

Various Finite Element Models and Comparison to 
Experiment 

Type of Model Young’s Modulus 
(GPa) 

Experiment [42] 107.9 ± 0.7 
3D Microstructure [14] 108 

Unit Cell – Rectangular Prism [14] 107 

Multiparticle – Spheres 106 
Multiparticle – Ellipsoids 106 
Unit Cell – Sphere [14] 100 
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Conclusions 

 
The examples of modeling work on particle 

reinforced metal matrix composites allow us to make 
the following conclusions: 

 
• Analytical models are limited in predicting 

the properties of particle reinforced MMCs because 
they do not account for the microstructural factors 
that influence the mechanical behavior of the 
material. 

 
• 2D microstructure based FEM modeling can 

capture the anisotropy in deformation behavior 
induced by anisotropy in particle orientation. The 
experimental dependence of Young’s modulus and 
tensile strength is confirmed by the 2D 
microstructure-based numerical model. Because of 
the 2D stress state, a realistic comparison to actual 
experimental values is not possible. 

 
• A serial sectioning process can be used to 

reproduce and visualize the 3D microstructure of 
particle reinforced metal matrix composites. The 3D 
microstructure accurately represents the alignment, 
aspect ratio, and distribution of the particles. 

 
• FEM simulation of the uniaxial loading 

behavior of particle reinforced MMCs can be 
conducted on 3D microstructure obtained from serial 

sectioning. When compared to 3D unit cell particles 
(spherical and rectangular prism) and multiparticle 
models of simple shape (spherical or ellipsoidal), the 
3D microstructure-based models are more accurate 
in predicting the local and macroscopic uniaxial 
deformation behavior of the composite. 
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