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ABSTRACT: A three-dimensional micromechanics-based analytical model is developed to study thermo-mechanical properties of 
polymer composites reinforced with randomly distributed silica nanoparticles. Two important factors in nanocomposites modeling using 
micromechanical models are nanoparticle arrangement in matrix and interphase effects. In order to study these cases, representative 
volume element (RVE) of nanocomposites is extended to c×r×h nano-cells in three dimensions and consists of three phases including 
nanoparticles, polymer matrix and interphase between the nanoparticles and matrix. Nanoparticles are surrounded by the interphase in 
all composites. Effects of volume fraction, aspect ratio and size of nanoparticle on the effective thermo-mechanical response of the 
nanocomposite are studied. Also, the effects of polymer matrix properties and interphase including its elastic modulus and thickness are 
theoretically investigated in detail. It is revealed that when nanoparticles are randomly distributed in the matrix and interphase effects 
are considered, the results of present micromechanical model are in very good agreement with experimental data. 
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INTRODUCTION 
    Nanocomposites are a new class of composite materials 
in which the reinforcing phase sizes are in the order of 
nanometer [1-2]. Adding nanofillers to polymers can result 
in significant improvement to mechanical, thermal and 
electrical properties at relatively small volume or weight 
fractions of nanofiller [3-7]. For these reasons, they are 
commonly used in aerospace industry, automobile 
manufacturing and medical devices [8]. Moreover, for 
accurate application and a reliable and optimal design, 
knowing structure-property relationships for 
nanocomposites modeling is very important. It is well-
known that two factors play significant role in 
nanocomposite materials modeling, interphase effects and 
nanofillers distribution [9-13]. The interphase region is a 
unique characteristic of nanocomposites as compared to 
usual composites with micro constituents. This is an area of 
matrix material inclosing the nanofiller that has distinct 
properties from those of the bulk matrix. Also, the number 
density of nanofiller in a polymer matrix is greater than that 
of microscale filler in a polymer matrix which makes filler 
spacing and its arrangement critical factors in composite 
design. Furthermore, in practice, the state of distribution of 
nanofillers in the matrix is random, but in some of 
micromechanical modeling it is assumed to be repeating 
[14-15]. There are many methods such as finite elements 
(FE) and analytical micromechanics models in order to 
predict the overall behavior of usual composites with micro- 
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-scale reinforcement [16-22]. 
    Some of these analytical micromechanics and finite 
elements models were recently utilized to predict the overall 
stiffness of nanocomposites [14-15, 23-27]. Also, in order 
to investigate nanocomposite systems, computational 
modeling techniques based on molecular dynamics 
approaches were used [28-30]. Although, there are some 
studies on stiffness of nanocomposites using both finite 
elements and analytical micromechanics models, the 
general modeling of thermo-mechanical properties of the 
nanocomposites with considering effects of arrangement of 
nanofiller, nanofiller geometry and interphase using a 
micromechanics-based analytical model has not been 
studied in the published literature. 
    In this work, the modified version of Simplified unit cell 
(SUC) micromechanical model [16, 31] is applied to obtain 
thermo-elastic properties of nanocomposites. The most 
important advantages of this new model are its accuracy, 
simplicity, and efficiency. Using the micromechanical 
model, the effects of random nanofiller arrangement, 
nanofiller geometry and interphase on the thermo-
mechanical properties of nanocomposites are studied. The 
geometry of the RVE of SUC model is extended to c×r×h 
nano-cells in three dimensions in order to cover a more 
realistic geometry of the nanocomposites and also to supply 
more accurate approximation of the thermo-elastic 
properties of the nanocomposites. 
    The nanoparticle, interphase and matrix materials are 
supposed to be homogeneous and isotropic too. 
Furthermore, a perfectly bonded interface is assumed 
between the nanoparticle, interphase and matrix. Presented 
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 Nomenclature   
       S Elastic compliance matrice 

LC lengths of the RVE in the x direction (nm)     A Coefficients matrice 
Lr lengths of the RVE in the y direction(nm)      F External load vector (nN) 
Lh lengths of the RVE in the z direction (nm)  Greek Symbols
ai length of each cell in the x direction (nm) σx Local stress in the x direction (nN/nm2) 

bj length of each cell in the y direction (nm)  σy Local stress in the y direction(nN/nm2) 
dk length of each cell in the z direction (nm) σz Local stress in the z direction (nN/nm2) 
a Nanoparticle diameter (nm) v Poisson’s ratio t Interphase thickness (nm) α Coefficients of thermal expansion(10-6/℃) d Nanoparticle length (nm) εy Local strain in the y direction (nm/nm) 
Sx Global stress in the x direction (nN/nm2) εz Local strain in the z direction (nm/nm) 
Sy Global stress in the y direction (nN/nm2) εx Local strain in the x direction (nm/nm) 
SZ Global stress in the z direction (nN/nm2)  Subscripts 
E Elastic modulus (nN/nm2) ijk Index of nanocell 

    ΔT Temperature deviation (℃)   

 
results demonstrate rationally good agreement with those of 
experimental data when nanofillers to be randomly 
distributed in the polymer matrix and interphase effects to 
be considered. 
 
Geometry of RVE 
    Figure 1 describes a model for a nanocomposite material 
consisting of various regions in the form of nanoparticles 
enclosed by interphase and randomly distributed in a 
polymer matrix. Most micromechanical models assume 
regular nanofiller arrangement and rectangular nanofiller 
[14-15, 25]. However, in this study in order to consider 
more realistic nanofiller arrangement and overall behavior 
prediction of the nanocomposite, it is assumed that the 
nanofillers are randomly distributed in the polymer matrix. 
The selected RVE of the nanocomposite consists of c×r×h 
nano-elements in three dimensions with Lh, Lc and Lr as the 
lengths of the RVE in the z, x and y directions, respectively, 
as shown in Figure 1. 
 

 
Fig. 1. RVE in the modified SUC model for nanocomposite materials 

     
    By letting the counters i, j and k for the x, y and z 
directions, respectively, each cell is shown as ijk and the 
length of each cell in the x direction is ai, in the y direction 
is bj and in the z direction is dk. In the selected RVE, t is the 
interphase thickness and t/a donates the effective interphase 
thichness.  

   A nanoparticle cell of the composite RVE that is enclosed 
by the interphase is shown in Figure 2. The length of the 
relevant dimensions of the nano-cell is a, b and d. a=b is 
introduced for square cross section of the cell. d/a denotes 
the nanoparticle aspect ratio.  
 

Fig. 2. Cell including nanoparticle 

 
Micromechanical governing equations 
    According to prior unit cell models [14-17, 25, 31], 
displacement components are supposed to be linear 
functions within each sub-cell. Also, it is necessary to 
assume that the applied normal stresses on the RVE do not 
introduce shear stress within the sub-cells and vice versa.  
The equilibrium conditions between applied global stresses 
(Sl) and local stresses (ߪ௟௜௝௞) within the sub-cell ijk where l 
can be any of x, y and z are: 
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estimated by the SUC and the FE models are in excellent 
agreement and the SUC model requires much less 
computational time than the FE model, one may use the 
presented SUC approach for intuitive predictions of the 
effective properties of these nanocomposites, as displayed 
in Table 2.  
 

Table 2  
Comparison between the results of the SUC model and FEM for 
elastic modulus (GPa) of polyimide nanocomposite reinforced by 

silica nanoparticles. 
 Elastic 

modulus 
Number of 
elements 

Simulation 
time (sec) 

Experiment 
SUC 
FEM 

2.178 
2.174 
2.175 

- 
125000 
497308 

- 
173 
919 

 

CONCLUSION 
    In order to study effects of interphase, nanofiller 
geometry and matrix properties on the response of 
nanocomposites, a three-dimensional micromechanics-
based analytical model was developed. The most important 
advantages of this new model are its accuracy, simplicity, 
and efficiency. The geometry of the new RVE of the 
modified simplified unit cell model was extended to c×r×h 
sub-cells in three dimensions. The interphase was 
introduced as a third phase around the nanoparticles in the 
nanocomposite modeling. Results of the modified version 
of SUC model were compared with experimental data. 
These comparisons demonstrate that the presented model is 
capable of providing precise predictions for the thermo-
elastic properties of nanocomposites. Results show that for 
nanocomposite structures, interphase presents the 
maximum effect for spherical nanoparticles (aspect ratio 
equals to one). For the interphase elastic stiffness a 
threshold value depending on interphase thickness was 
observed. Also, significant improvement in thermo-
mechanical properties was observed with decreasing 
nanoparticle size. 
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