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Abstract - Object oriented finite element method (OOFEM) is used to investigate the thermal expansion behavior of SiC 
reinforced Aluminum matrix composites. Two-dimensional (2D) microstructures for composites with 55% and 70% SiC 
volume contents dispersed in aluminum alloy matrix are constructed from the microscopic images of the composite samples. 
The capability of OOFEM, to work through the actual microstructure, is combined with Abaqus, to study the effect of plastic 
deformation on composite behavior. The SiC constituent is assumed to behave as linearly elastic solid, while the aluminum 
constituent is modeled as an elastic–plastic solid with material parameters varying with temperatures. The thermo-elastic 
models of Kerner & Turner are also used to predict the coefficient of thermal expansion (CTE).The CTE of metal-matrix 
composites is significantly influenced by the presence of voids & plastic deformation of matrix. The thermal stresses 
resulting due to the CTE mismatch of constituents of composites are analyzed by plotting the stress contours. 
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I. INTRODUCTION 
 
The study of thermal expansion behavior of particle 
reinforced metal matrix composites (MMCs) is 
relevant to a wide variety of applications since these 
composites are extensively used in P applications 
requiring electronic packaging and thermal 
management. The reinforcement of ceramic particles 
in metal matrix help to tailor the thermo-physical 
properties and provide structural stability at elevated 
temperatures [1 –3].  
 
Different modeling approaches, broadly categorized 
as analytical and numerical models, have been used 
to model the thermal expansion behavior of MMCs. 
The thermo-elastic macroscopic models such as 
Turner [4], Kerner [5] and Schapery [6] have been 
used extensively to explain the thermal expansion 
behavior of composites. These models are based on 
the isostrain conditions throughout the composite. 
The deformation of constituents due to the 
hydrostatic stresses is not considered. The model 
assumes the perfect bonding between the constituents 
[4]. Schapery bounds are derived on effective CTEs 
of isotropic and anisotropic composite materials by 
using the extremum principles of thermo-elasticity 
[6]. The advantage of these models is that effective 
properties of MMCs can be modeled quickly without 
any computational cost. However, it is well 
established that the deformation behavior of MMCs is 
significantly influenced by microstructural 
morphologies: size, orientation and distribution of 
particles, material characteristics and the presence of 
voids [7-11].  
 
Alternatively, different two-dimesional (2D) and 
three-dimensional (3D) finite element models (FEM) 

have been used to model the deformation behavior of 
MMCs. The 3D-FEM considers simpler 
microstructural geometries such as spherical, 
ellipsoidal or sphero-scylineder shaped particles 
distributed in the homogenous matrix [7]. The 
homogenized sample of material is represented 
through a representative volume element (RVE) in 
this approach. However, the real microstructure of 
MMCs is difficult to simulate and the computation 
cost and time increases significantly. One way of 
modeling the real microstructure is to make use of 
scanning electron microscopic (SEM) image for 
microstructure modeling. Object oriented finite 
element method (OOFEM) has been used by 
researcher [12-16]. The limitation of using OOF is 
that only linear elastic analysis can be conducted.  

 
Fig. 1 Flowchart summarizing the methodology used in 
computing thermal expansion coefficient of composites 
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In the present work, the effective CTEs of Al-SiC 
composites are evaluated. The finite element mesh is 
generated through the actual micro-structure of the 
composites, using OOFEM. OOFEM is different 
from other finite element simulation techniques in the 
sense that it works on the actual microstructure, 
through the scanning electron microscopic images of 
the composites. Still, the plastic deformation of metal 
matrix can not be simulated with OOFEM. In order to 
simulate the plastic deformation of metal matrix, the 
meshes of composites are imported into the Abaqus 
software and the elasto-plastic analysis is conducted 
(Fig.1). The results obtained from OOFEM and 
Abaqus are compared with the experimental values of 
CTE. 
 
II. MATERIALS AND METHODS 
 
Al-SiC Composites with different SiC contents (55 
and 70 vol%) reinforced into AlSi7Mg matrix, are 
investigated in the present work using OOFEM. 
Huber et al. has reported the fabrication and 
experimental evaluation of CTE [17] of these 
composites. Composite1 was produced by reinforcing 
55 vol% SiC particles in A356 (AlSi7Mg) by 
centrifugal casting. Composite 2 was produced by 
reinforcing 70 vol% SiC particles in A356 by gas 
pressure infiltration. 
 
2.1 OOFEM Modeling 
The Finite element analysis is performed on the 
optical microscopic images of Aluminum-matrix 
composites using object oriented finite-element 
software (OOF) developed by National Institute of 
Standards and Technology (NIST) [15-16]. Since 
OOF is an image based finite-element technique and 
this way the explicit mathematical definition or the 
unit cell approach of conventional finite element 
techniques can be avoided. The first task while 
working with OOF is to identify the constituents of a 
composite and to create their pixel groups. Pixels 
belonging to these constituents are selected and added 
in their respective pixel groups. Then the material 
properties are added for the constituents(see table 1).  
 
The SiC particles are modeled as linear elastic 
material with Young’s modulus 450 GPa, Poisson’s 
ratio 0.18 and CTE 3.8 ppm/K 
 
Fig. 2 shows the microstructures of both the 
composites. In OOF, Finite element mesh generation 
requires a skeleton of the mesh. The skeleton 
specifies the position and shapes of elements and 
nodes, but the information about finite element 
interpolation function is not stored in it [16]. First, a 
regular array of large elements is imposed on the 
microstructure and then the skeleton is adapted to the 
microstructure using various adaptive tools. Fig. 3 
shows the finite element mesh of the composite 1. A 

total number of 22307 elements were generated and a 
homogeneity index of 96.18% is achieved.  
Once the finite element mesh was generated, 
boundary conditions were assigned to solve for the 
thermal strain and the effective TEC of the 
composites were estimated using OOF2. The 
temperature and displacement fields were selected, 
dirichlet boundary condition were applied and the 
force balance equation was solved using conjugate 
gradient method using a linear driver. The thermal 
strains of composites were measured for the 
initialized temperatures. The average thermal strain 
was measured and the effective CTE was computed 
as:  

퐶푇퐸 =  
∆

  where ∆푇 =  푇 − 푇  
 
Trefis the reference temperature 25°C.  

 
Table 1. Temperature dependence of elastic moduli E (GPa), 

Poisson’s ratio ν and CTE (ppm/K) of Al matrix and AlSi1Mg 
matrix [17] 

 
 AlSi7Mg 
T(°C) E ν CTE 
50 74.4 0.33 21.3 
100 71.2 0.33 22.3 
200 67.3 0.33 24.0 
300 62.7 0.34 26.6 
400 58.4 0.36 26.8 
500 54.4 0.38 24.9 
 

 

 
Fig. 2 Micro-structures generated from OOFEM (a) Composite 

1, containing 55% SiC in AlSi7Mg matrix (b) Composite 2, 
containing 70% SiC in AlSi7Mg matrix 

http://iraj.in


International Journal of Mechanical And Production Engineering, ISSN: 2320-2092,        Volume- 5, Issue-6, Jun.-2017 
http://iraj.in 

Object Oriented Finite Element Analysis of Thermal Expansion Behavior of Metal Matrix Composites 
 

97 

 
Fig. 3 Finite element mesh of composite 1 

 
2.2 Elasto-Plastic analysis of composites 
The expansion behavior of metal matrix composites 
is significantly influenced by the plastic deformation. 
In order to simulate the plastic deformation, the 
Abaqus software is used. The finite element mesh 
generated using OOFEM is imported into the Abaqus 
software. The temperature dependent material 
properties are added. The SiC constituent is assumed 
to behave as linearly elastic solid and the plastic 
deformation is allowed in the metal matrix. The 
stress–strain curve for the A356 matrix can be fitted 
by the modified Hollomon equation from the 
experimental curve 
 

휎 =  퐾 휀 + 휖  
 
Whereσ0 = 0.1997 GPa, K= 4.848 GPa, n=0.1493 
 
In addition, microscopic voids (pores) are observed 
between the particles in the reported microscopic 
images of both composites [17]. Therefore, the 
presence of 2-3 vol.% of microscopic voids in the 
second micro-structure of the composites is adopted. 
The voids were created in the microstructure using 
OOFEM. The pixels were selected, arbitrarily, using 
the brush tool, and added to the void pixel group and 
the material properties were assigned. A plane strain 
formulation, with 4-noded quadrilateral elements with 
reduced integration method, is applied in Abaqus, on 
the imported mesh from OOFEM. The following 
thermal boundary conditions were assigned to the 
mesh of the composite: 
 
III. RESULTS AND DISCUSSIONS 
 
3.1 Computed results of effective CTE by OOFEM 
and analytical models 
Fig. 4 compares the effective CTEs of composite 1 
and composite 2 predicted using thermo-elastic 
models and OOFEM. The experimental results 
reported by Huber et al. has included for comparison. 
The optical micrograph of composite 1 shows SiC 
particles as well as eutectic Si uniformly distributed 
in AlSi7Mg matrix [17]. Therefore a 3 phase 
microstructure of composite 1 was created in 
OOFEM from the microscopic image of this 

composite. The OOFEM prediction for composite 1 
shows good agreement with the experimental results 
up to 2000 C (Fig. 4(a)). In region 1, the CTE 
increases linearly, both for the experimental curve 
and OOFEM. In region 2, the measured CTE curve 
shows a steeper rise. This could be attributed to the 
plastic deformation of the matrix at higher 
temperatures. In region 3, the instantaneous CTE 
decreases according to both, the OOFEM temperature 
range. The predictions using thermo-elastic models 
do not matches, though, it can be observed that 
measured CTE curve remains close to Turner model 
at 500 C and reaches to Kerner model above 3000 C.  
OOFEM predictions for composite 2 shows good 
agreement with measured CTE only below 1000C and 
above 4000C (Fig. 4(b)). In the temperature range of 
1000C to 2500C the slope of the measured CTE curve 
increases very rapidly that can be attributed to the 
reduction in elastic stresses due to a sharp mismatch 
between CTEs of constituents. Secondly, the Young's 
Modulus decreases with temperature rise and 
consequently the yield strength also decreases. Hence 
at higher temperatures plastic deformation causes 
greater elongation. The predictions using both the 
thermo-elastic models of Turner and Kerner is quite 
off the mark for this composite.  
 

(a) 

 
(b) 

Fig. 4 CTEs obtained from thermo-elastic models and OOFEM 
during heating, compared with experimental results of (a) 

Composite 1 (b) Composite 2 
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3.2 Nonlinear analysis of thermal expansion 
behavior 
The thermal expansion analysis of composites 
considering the plastic deformation, is shown in Fig. 
6. The OOFEM results and the experimentally 
measured CTE [17] is also included for comparison. 
Composites without voids shows higher CTE. The 
presence of voids provide space to the expanding 
metal matrix. Therefore, the effective thermal strain 
decreases. The composite 1 with voids, shows a much 
better agreement with the measured CTE (Fig. 5(a)). 
It can be observed that OOFEM predicts much lower 
CTE above 1500C due to the absence of plastic 
deformation in matrix material. In Fig. 5(b), the 
measured CTE shows a steep rise after 1000C. 
OOFEM predicts much lower CTE for the composite 
2 in the range of 1000C to 3500C. The measured CTE 
using Abaqus is in closer agreement with 
experimental values up to 3500C. The sharp decline 
in CTE values after 3500C can be explained on the 
basis of significant void formation and debonding 
between the matrix and the reinforcement. The effect 
of plastic deformation of the matrix part is 
counterbalanced by the presence of voids, that 
provide the space to accommodate the expanding 
matrix and the effective CTE reduces. 
 

 
 

 
Fig. 5. Finite element analysis of composite 1 (with and without 
void) considering the plastic deformation of metal matrix. (a) 

Composite 1 (b) Composite 2 
 
3.3 Effect of CTE mismatch between constituents 
Fig. 6 shows the thermal stresses in composites at 
5000C. The high thermal stresses across SiC 

particulates is due to their high modulus of elasticity. 
The average thermal stress in composite 2 is much 
higher than that of composite 1, due to high volume 
fraction of SiC in composite 2.  The presence of voids 
in composites significantly reduces the average 
thermal stress as it can be observed in Fig 6. The 
presence of voids provide space for expansion and the 
average stress reduces. In the absence of voids, the 
trimodal size particulates form a percolating network 
and the expansion of matrix is restricted due to 
hydrostatic stresses.   
 

 

 

 

 
Fig.6. Distribution of thermal stresses (Von Misses, Gpa) at 
5000C (a) Composite 1 (without void) (b) Composite 1 (with 
voids) (c) Composite 2 (without void) (d) Composite 2 (with 

voids) 
 
CONCLUSIONS 
 
An effort has been made to model the real 
microstructure of particulate composite using 
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OOFEM to evaluate effective coefficient of linear 
thermal expansion of SiC reinforced Aluminum 
matrix composites. The effect of porosity and plastic 
deformation of metal matrix is studied. The capability 
of OOF software is combined with Abaqus to study 
the influences if elasto-plastic deformation of metal 
matrix. 
 
The thermal expansion behavior of composites is 
significantly influenced by the presence of voids and 
the plastic deformation of metal matrix. The 
prediction using OOFEM is in agreement with 
measured CTE in the lower temperature range. In 
region 2 the measured CTE shows a steeper rise due 
to plastic deformation and the predictions using 
OOFEM is implemented in Abaqus software. The 
Abaqus results using the porous microstructure with 
2-3% porosity is in good agreement with measured 
CTE.  
Kerner model over predicts the CTE for all the 
composites. Turner model predictions match with 
measured CTE, only, in the lower temperature range. 
The ability of OOFEM to perform virtual 
experiments on actual microstructures yields better 
results than the analytical thermo-elastic models.  
Limitations in OOFEM, with regard to incorporation 
of plastic deformation of metal matrices, could 
explain the deviation of OOFEM predictions from 
measured CTE.  
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