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ABSTRACT 

In this study, a micromechanics model has been proposed for predicting the effects of particle size and 
aggregation on elastic properties of nanocomposites, and the interphase between the particle and matrix is 
also taken into account.  Inherent characteristics of nanoparticle, such as small size and high surface area 
ratio, make nanoparticle in a state of unstable energy and easy to agglomerate in matrix.  The analytical 
expressions for the effective elastic modulus of nanocomposites are derived, which can consider the effect 
of particle agglomeration.  The dispersion state or degree of agglomeration of nanoparticle and the 
thickness and stiffness of interphase are known to have a significant influence on nanocomposites.  The 
results show that the increase of particle radius and agglomeration volume fractions reduces the elastic 
stiffness of nanocomposites.  Moreover, the composite reinforcement can be improved by increases of 
interphase thickness and stiffness. 
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1.  INTRODUCTION 

Recently, nanostructured materials have gained sig-
nificant importance from a technological point of view 
for the wide range of engineering applications that require 
high levels of structural performance and multi-functionality.  
Existence of an interfacial region between the particle 
and matrix has been posited and demonstrated in the 
work [1].  A major problem in the use of nanoparticles 
is that they are highly agglomerated and if used directly 
in a bulk composite, they often lose their high surface 
area due to grain growth or unavailability of high surface 
area [2]. 

To-date, many mechanics models have been devel-
oped to predict the effect of particle agglomeration on 
nanocomposites.  Wang et al. [3] present a two-scale 
model which accounts for the effect of degree of ag-
glomeration of graphene on the percolation threshold and 
electrical conductivity of graphene-based polymer 
nanocomposites.  Barai and Weng [4] developed a 
two-scale micromechanical model to analyze the effect 
of CNT agglomeration and interface condition on the 
plastic strength of CNT/metal composites.  Pan and 
Bian [5] proposed a micromechanical model to analyze 
the effect of CNT agglomeration on the effective elastic 
modulus of CNT/polymer composites, in which two ag-
gregation parameters are introduced based on a combina-
tion of the self-consistent scheme and the Mori–Tanaka 
method.  Hedia et al. [6] analyzed the influence of sin-

gle wall carbon nanotube agglomeration on the effective 
stiffness using an Eshelby inclusion model.  Shadafza 
and Saleh [7] offered a meso-scale numerical model to 
investigate the effects of random distribution of aggre-
gated particles and steel fibers on the elastic modulus of 
steel fiber reinforced concrete.  Ji et al. [8] investigated 
the stiffening effect of graphene sheets dispersed in 
polymer nanocomposites using the Mori–Tanaka micro-
mechanics method.  In addition, they analyze several 
critical physical mechanisms that may affect the rein-
forcing effects.  Jarali et al. [9, 10] investigated the ef-
fect of agglomeration on the effective elastic modulus of 
CNT polymer nanocomposites. 

Nanocomposites attract rapidly growing interest due 
to a very broad range of their current and projected ap-
plications.  Based on the micromechanics method, Pan 
et al. [11] noted that the effective elastic modulus of 
CNT reinforced composites is very sensitive to the wav-
iness and the agglomeration.  Bian et al. [12] proposed 
a constitutive model of SiC/Al composites (aluminum 
alloy) to describe the evolution of interfacial debonding 
damage between particles and matrix.  Eshelby’s equiv-
alent inclusion method and self-consistent method have 
been extended to three-phase composites, and the effec-
tive elastic modulus of SiC/Al composites is predicted.  
Boutaleb et al. [13] proposed a micromechanical model 
to predict the yield stress of polymer-based 
nanocomposites filled with spherical nanoparticles.  
The key role of particle size and features of inhomoge-
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neous interphase on the overall initial yield surface of 
nanocomposites is theoretically studied.  Xu et al. [14] 
devised a general micromechanical framework to predict 
the effective elastic moduli of particle-reinforced com-
posites containing ellipsoidal nano- or micro-particles 
with varying interface properties.  

Hevdari-Meybodi et al. [15] presented experimental 
and numerical investigations of the elastic modulus of 
polymers reinforced with nanoclay.  Tornabene et al. 
[16] investigated the effect of Carbon Nanotube (CNT) 
agglomeration on the free vibrations of laminated com-
posite doubly-curved shells and panels reinforced by 
CNTs.  Richter et al. [17] studied the effect of agglom-
eration in multi-walled carbon nanotube-polycarbonate 
melts based on experimental and theoretical methods.  
Gong et al. [18] investigated the effect of carbon nano-
tube (CNT) agglomeration on the electrical conductivity 
of CNT-polymer composites by experimental characteri-
zation and theoretical modeling.  Narh et al. [19] stud-
ied the effects of agglomerated versus deagglomerated 
multiwalled carbon nanotubes on the thermal and me-
chanical characteristics of polyethylene oxide. 

Dorigato et al. [20] concluded that primary nanopar-
ticle aggregation rather than polymer–nanoparticle 
interaction at the interface is mainly responsible for the 
observed reinforcement effect.  Moradi-Dastjerdi et al. 
[21] observed that kind of distributions, aggregation or 
even randomly orientations of CNTs has significant 
effect on the effective stiffness and frequency parameter.  
Karevan et al. [22] researched the effect of filler content 
(wt%) and the presence of interphase and agglomerates 
on the effective Young’s modulus of polypropylene based 
nanocomposites reinforced with exfoliated graphite 
nanoplatelets and carbon nanotubes.  The Halpin-Tsai 
micromechanical model is modified to account for the 
effect of interphase and filler agglomeration, and the 
predictions for the effective modulus of the composites 
are compared to the experimental data.  The formation, 
morphology and mechanical properties of Ti void com-
posites were studied, and the microstructure of initial 
ribbon and composites was investigated.  As a result, 
the hardness of composites increases with an increase in 
volume fraction of reinforcements [23-25].  Shi et al. 
[26] analyzed the influence of nanotube agglomeration 
on the effective stiffness according to the Mori–Tanaka 
method.  Zare [27] applied the shear yield strength of 
polymer particulate nanocomposites to study the aggre-
gation/agglomeration phenomena in nanocomposites.  
As compared with previous works, the present paper 
focuses on the influence of interphase on properties for 
three phase composites. 

We analyze the effect of particle agglomeration on 
the effective elastic properties of particle reinforced 
nanocomposites.  The Mori–Tanaka approach and Reuss 
theory have been extended in the present investigation, 
and a new micromechanics model which includes three 
phase materials has been proposed.  The analytical 
expressions are derived for studying the effect of disper-
sion state or degree of agglomeration of nanoparticle, and 
the thickness and stiffness of interphase are included in 
predictions.  Here, the region with particle agglomeration 
is assumed to be spherical in shape and is considered as 

an inclusion.  The particles encapsulated by an inter-
phase are treated as a system.  Moreover, the elastic 
property of overall composite is determined by Reuss 
theory whereas elastic property of agglomeration parti-
cles and randomly dispersive particles are determined by 
Mori–Tanaka approach. 

2.  THEORETICAL MODEL AND 
AGGLOMERATION VOLUME FRACTIONS 

The high relative surface area of nanoparticles often 
promotes aggregation or agglomeration at higher particle 
volume fractions.  Based on the experimental results 
[17] and micrograph images as shown in Fig. 1, the 
appearance of nanoparticle agglomerated is quite con-
spicuous.  In this paper, we propose a micromechanical 
method to estimate the effective elastic properties of 
composites comprising spherical particles surrounded by 
mechanically distinct interphases, explicitly in terms of 
the elastic properties and physical dimensions of the 
composite.  The typical morphology of agglomerated 
nanoparticle is shown in Fig. 2.  It can be seen from Fig. 1 
that the spatial distribution of particles in the matrix is 
nonuniform such that some local regions have a higher 
concentration of particles and the rest regions have a 
lower concentration of particles than the average volume 
fraction in the composites.  These regions with concen-
trated particles are assumed to be spherical in shape and 
are considered as inclusions, as shown in Fig. 2.  In 
general, the particles in the matrix could be agglomerated  

 
 

 

Fig. 1  TEM images of nanoparticle agglomeration. 

50 nm
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Fig. 2 A microstructure model of the nanocomposite 
with particle agglomeration. 

 
 
 
either in "chain type" or in "particle type".  The present 
paper mainly investigates the degree of particle agglom-
erations, and focuses on the influence of volume fraction 
variations of agglomerated particles on composite prop-
erties.  The theoretical derivation results do not relate to 
the particle agglomeration types, and there are no effects 
of different kinds of chain type or particle type. 

The particle–interphase regions are represented as 
core–shell structures embedded in the matrix.  The 
interphase is defined as a zone of matrix surrounding the 
particle with different chemical and mechanical proper-
ties from matrix and particles.  All interfaces between 
particles and the surrounding matrix are assumed to be 
perfectly bonded and in nm-scale thickness.  It is noted 
that the elastic properties of the interphase zone vary 
through its thickness.  In the proposed effective model 
of the three-phase composite, however, the interphase 
zone is assumed to be a uniform layer for the simplicity 
and its elastic moduli are finity.  Karevan et al. [22] 
studied on the properties of nanocomposites experimen-
tally, and the interphase characteristics such as width and 
stiffness of the composites were determined using the 
phase images of atomic force microscopy (AFM).  In 
general, the interphase thickness is less than the particle 
diameter, and depends on the properties of matrix and 
particles, and also the melting technique. 

According to the present model, the representative 
volume element (RVE) can be divided into the following 
three parts: 

 p I mV V V V    (1) 

where V is the representative volume element, the sub-
scripts p, I and m denote particle, interphase and matrix, 
respectively. 

From Eq. (1), the volume fraction of three parts are 
given by 

 1p I m
p I m

V V V
f f f

V V V
       (2) 

where fi (i = p, I, m) is the volume fractions of the parti-
cle, interphase and matrix, respectively.  The adopted 
composite system consists of three phases of particle, 
interphase and matrix between them.  The volume frac-
tion fI of interphase is related to that of particle fp 

by 

 
3

1 1I p

t
f f

r

      
   

 (3) 

here r and t are particle radius and interphase thickness, 
respectively.  The evolution of interphase content can 
be expressed in terms of the surrounded particles.  As 
shown in Fig. 2, the total volume Vp of the particles in 
the RVE is divided into two parts as follows, 

 a b
p p pV V V   (4) 

where a
pV  and b

pV  denote the volumes of particles 

dispersed in the inclusions (agglomerated regions) and in 
the original matrix. 

In the same way, the volume of interphase can be 
denoted as following: 

 a b
I I IV V V   (5) 

where a
IV  and b

IV  denote the volumes of interphase 

dispersed in the inclusions (agglomerated regions) and in 
the original matrix. 

In order to facilitate analysis, we introduce the 
agglomeration parameter ξ 

 aV

V
   (6) 

here Va is the total volume of agglomerated regions.  
The parameter ξ denotes the volume fraction of the 
particle agglomerated regions with respect to the total 
volume V of the RVE.  The agglomeration volume 
fraction for the total volume Vp of particles is defined as 

 
a b
p p a b

p p
p p

V V

V V
     (7) 

where a
p  is the volume ratio of particles that are dis-

persed in agglomerated regions with respect to the total 

volume of particles, and 1b a
p p    is the volume 

fraction of the particles with randomly dispersed in the 
original matrix. 

In the same way, the volume fraction for the agglom-
eration of the total volume VI of interphase can be 
denoted as following: 

 1
a b

a bI I
I I

I I

V V

V V
      (8) 

where a
I  is the agglomeration volume fraction of the 

interphase concentrated in the spherical inclusions, and
b
I  is the volume fraction of the interphase with 

randomly dispersed in the original matrix. 
The effective property relations of particle reinforced 

nonacomposites can be obtained using micromechanics 
methods and based on Eqs. (1)-(8).  Moreover, the 
effect of particle radius and interphase thickness is 
considered by simplifying the volume fraction relations 
for the agglomeration nanoparticle. 

Agglomerated
Particles

LI

La

Lm

Lp

Interphase

Matrix

Particle
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3.  MICROMECHANICAL METHOD AND 
COMPOSITES PROPERTY 

The effective elastic moduli of hybrid inclusions and 
matrix can be calculated by different micromechanics 
methods.  To consider a two-phase transversely isotropic 
material and spheroid inclusions, The Mori-Tanaka 
method gives explicit expressions for the overall moduli 
of the composites.  The effective elastic tensor of the 
composite based on the Mori-Tanaka theory can be writ-
ten as 

 
1

0 0
1 0

{( ) } { }
N N

r r r r r
r r

c c


 

 
    

 
 L L L L A A  (9) 

where the boldface letters represent tensors, curly brack-
ets {•} represent an average over all possible orientations.  
L denotes the stiffness tensor of composite material 
which is assumed to be composed of a matrix (r = 0).  
The volume fraction of the rth phase is denoted by cr.  
The expression of tensor Ar is 

 -1 1
0 0[ ]r r

  r S （ ）A I L L L  (10) 

where I denotes the four order symmetric unit tensor, the 
superscript -1 represents inversion.  Ar 

 is the strain 
concentration tensor and Sr is the Eshelby tensor corre-
sponding to the rth phase, respectively. 

For a two-phase composite material, Eq. (9) adopts a 
simple form 

 1
0 1 1 0 1 1{( ) }[ { }]c c c    1 0L L L L A I A  (11) 

 -1 1
1 0 1 0[ ( )]  A I SL L L  (12) 

When the spheroids are randomly oriented, the com-
posite material exhibits isotropy.  In this case, the overall 
stiffness tensor L in Eq. (11) degenerates into a fourth- 
order isotropic tensor which can be written as 

 3 2 (3 ,2 )K G K GJ KL = =  (13) 

where K and G are the effective bulk and shear modulus 
of composites, and J and K are two fourth-order projec-
tion tensors. 

Substituting Eqs. (12) and (13) into Eq. (11), the bulk 
and shear modulus of composites can be obtain as follow: 

 1 1 0
0

0 1 1 0

)
1

(1 )( )

c K K
K K

K c K K
 

     

（
 (14) 

 1 1 0
0

0 1 1 0

( )
1

(1- )( )

c G G
G G

G c G G
 

    
 (15) 

with 0

0

1 1

3 1








 and 0

0

2 4 5

15 1








 

here c1 is volume fraction of inclusions, K1 and G1 are 
bulk and shear modulus of inclusions, K0 and G0 are bulk 

and shear modulus of matrix, 0 0
0

0 0

3( 2 )

2(3 )

K G

K G
 




 is the 

Poisson’s ratio of the matrix. 
As shown in Fig. 2, the signs Lp, LI, Lm and La are the 

elastic tensors of original matrix, randomly oriented par-
ticles and agglomerated particles, respectively.  In the 
present study, the particles encapsulated by an interphase 
can be defined as a system and the elastic property is 
denoted by LIP.  In the agglomerated regions, for the 
particle-interphase system, the volume fraction of parti-
cle can be derived by Eqs. (1)-(8), and written as follow: 

 
a a a
p p p p p

a a a a a a
p I p p I I p p I I

V V f

V V V V f f

 
   

 
  

 (16) 

In the same way, the volume fraction of randomly 
dispersed particles in the original matrix can be denoted 
as: 

 
(1 )

(1 ) (1 )

b b a
p p p p p

b b b b a a
p I p p I I p p I I

V V f

V V V V f f

 
   


 

    
 (17) 

According to the above analysis, using Eqs. (14)-(17), 
the bulk and shear modulus of particle-interphase system 
can be obtained 

 
( )

1
( )

a
p p p I

Ipa I a
I I I I p I

f K K
K K

K f K K


 

       
 (18) 

 
( )

1
( )

a
p p p I

Ipa I a
I I I I p I

f G G
G G

G f G G


 

       
 (19) 

 
(1 )( )

1
(1 )( )

a
p p p I

Ipb I a
I I I I p I

f K K
K K

K f K K


 

         
 (20) 

 
(1 )( )

1
(1 )( )

a
p p p I

Ipb I a
I I I I p I

f G G
G G

G f G G


 

         
 (21) 

with 
1 1

3 1
I

I
I








, 

2 4 5

15 1
I

I
I








 

here νI is the Poisson’s ratio of interphase.  Kp and Gp 
are bulk and shear modulus of particle, KI and GI are 
bulk and shear modulus of interphase.  KIpa and GIpa are 
bulk and shear modulus of particle-interphase system in 
the agglomerated regions.  KIpa and GIpa are bulk and 
shear modulus of particle-interphase system randomly 
dispersed in the original matrix. 

The entire composite consisting of two groups is 
illustrated in Fig. 3.  In the first group, the randomly 
dispersed particles embedded in original matrix to form 
a new matrix with the elastic stiffness Lb are referred to 
Fig. 3(a).  In the second group, the spherical inclusions 
(particle agglomerated regions) are distributed in new 
matrix and finally form the composite materials, as 
shown in Fig. 3(b).  The elastic tensor of composites is L. 

The volume fractions of particle-interphase system in 
the spherical inclusions with respect to the total volume 
of agglomerated regions can be derived by Eqs. (1)-(8) 
and expressed as follow 

 
a a a a
p I p p I I

a

V V f f

V

 


 
  (22) 
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Fig. 3 The entire composite composed of two groups.  
(a) Randomly dispered particles embedded in 
the original matrix to form a new matrix.  (b) 
Spherical inclusions distributed in a new matrix 
to form composites. 

 
 
In the same way, the volume fractions of particle- 

interphase system in the original matrix with respect to 
the total volume of no agglomerated regions, as shown in 
Fig. 3(a), can be obtained 

 
(1 ) (1 )

1 1

b b b b a a
p I p p I I p p I I

a

V V f f f f

V V

   
 

    
 

  
 (23) 

For the particle-interphase system, through a simple 

calculation, we have a a
p I  . 

Substituting Eqs. (22) and (23) into Eqs. (14) and (15), 
the bulk and shear modulus of spherical inclusions and 
new matrix can be obtained, respectively, 

( )( )
1

( )( )

a a
p p I I Ipa m

a m a a
m m p p I I Ipa m

f f K K
K K

K f f K K

 
   

          
 (24) 

( )( )
1

( )( )

a a
p p I I Ipa m

a m a a
m m p p I I Ipa m

f f G G
G G

G f f G G

 
   

          
 (25) 

(1 ) (1 ) ( )
1

1 (1 ) (1 ) ( )

b

a a
p p I I Ipb m

m a a
m m p p I I Ipb m

K

f f K K
K

K f f K K

 

   



        
          

  (26) 

(1 ) (1 ) ( )
1

1 (1 ) (1 ) ( )

b

a a
p p I I Ipb m

m a a
m m p p I I Ipb m

G

f f G G
G

G f f G G

 

   



        
          

  (27) 

with 
1 1

3 1
m

m
m








, 

2 4 5

15 1
m

m
m








  

where νm is the Poisson’s ratio of original matrix.  Km 
and Gm are bulk and shear modulus of original matrix, Ka 
and Ga are bulk and shear modulus of spherical inclu-
sions.  Kb and Gb are bulk and shear modulus of new 
matrix. 

For the composites composed of spherical inclusions 
and new matrix, as shown in Fig. 3, based on Reuss the-
ory, the overall effective modulus L of composite can be 
written as follow: 

 
1 1

a bL L L

 
   (28) 

By Eq. (28), the bulk and shear modulus of composite 
are obtained as follow: 

 
1 1

a bK K K

 
   (29) 

 
1 1

a bG G G

 
   (30) 

where K and G are bulk and shear modulus of composite, 
respectively. 

4.  RESULTS AND DISCUSSION 

The derivations presented are adopted to evaluate the 
effective elastic properties of three phase nanocomposites.  
In this section, the elastic modulus of particle reinforced 
nanocomposites is first predicted, and then we examine 
the effect of particle size and interphase stiffness on 
composites system.  The material properties used in the 
computation are from the work [12], and the numerical 
results are illustrated in Figs. 4-8, respectively.  The 
elastic modulus and Poisson's ratio of matrix, particle 
and interphase are Em = 70 GPa, Ep = 427 GPa, EI = 250 
GPa, νm = νI = 0.33, νp = 0.17. 

Figure 4 presents a comparison between results 
obtained and the work by Karevan et al. [22] and the 
experimental data at different level of agglomeration 

when 1a
p  .  The material constants of composites 

are assumed to be same as the study [22].  The results 
show that the effective Young’s modulus increases with 
the increase of agglomeration parameter ξ.  The reason 
is that the agglomerated regions contain more matrix 
materials with increasing ξ at a given concentration of 
particles, and the particles are agglomerated loosely.  So, 
with the decrease in ξ, the agglomeration degree of parti-
cles is more severe.  Thus, the agglomerated regions, 
i.e., spherical inclusions have a reinforcing effect for the 
composites.  It can be seen from Fig. 4 that the results 
obtained from the present method (agglomerate state of 
ξ = 0.3) are closer to the experimental data.  However, 
the work by Karevan et al. [22] is higher than the present 
analysis when ξ = 0.1.  The reason for this difference 
may be due to that the Young’s modulus of composites is 
calculated by Reuss theory in this paper, while Karevan 
et al. [22] adopted the Halpin-Tsai equation.  This 
comparison reflects an inevitability of influence of 
particles agglomerated on the composites. 

Figure 5 shows the effect of parameter a
p  for different 

volume fraction with ξ = 0.2.  The value of t = 5 nm and 
r = 30 nm are used in Fig. 5.  It can be seen that the 

+ ⇨

+ ⇨
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Lb

Lb
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Fig. 4 Variation of effective Young’s modulus with 
volume fractions of particles at different level of 
agglomeration. 

 
 

 

Fig. 6 The Poisson’s ratio changed with volume frac-
tion of particles. 

 

 

Fig. 5 Effect of parameter a
p  with ξ = 0.2 for differ-

ent volume fractions. 

 
 

 

Fig. 7 Effect of particles size with fp = 0.05 at different 
agglomeration levels. 

 
 

effective modulus decreases with increasing agglomera-

tion parameter a
p , and it increases with the increasing 

particle volume fractions.  The reason could be that with 

the increase of a
p , the spherical inclusion regions con-

tains more agglomerated particles, in which the particles 
are agglomerated closely.  That is, the agglomerated 
particles would have a lower stiffness than the overall 
composites. 

The influence of particle agglomeration with 1a
p   

on Poisson’s ratio for different volume fractions is given 
in Fig. 6.  The values of t and r are assumed as t = 5 nm, 
r = 30 nm in Fig. 6.  As shown in Fig. 6, the Poisson’s 
ratio decreases with the increase of particle volume frac-
tions and agglomeration parameter ξ.  Moreover, when 
ξ > 0.6, the Poisson’s ratio of composite decreases dras-
tically with the increase of agglomeration parameter.  
However, when ξ < 0.6, the variation of Poisson’s ratio 
obtained is insignificant. 

The effect of particle size on the effective modulus at 

different level of agglomeration is plotted in Fig. 7.  

The values of fp = 0.05 and 1.0a
p   are used in Fig. 7.  

It can be concluded that the increase in particle radius 
decreases the effective Young’s modulus of composites.  
That is, for a given interphase thickness t = 5 nm, an 
increase in particle radius r leads to a rapidly decrease in 
t/r ratio.  Therefore, the composite reinforcement 
increases with thickening of interphase. 

For the nanometer-sized reinforcement, it has been 
shown that the molecular structure of the matrix is 
significantly perturbed at the interface of reinforcement/ 
matrix, and this perturbed region is on a length scale that 
is the same at that of the nanometer-sized reinforcement 
[28].  To avoid this defect of the conventional micro-
mechanical method and to capture the effects of nanoscale 
on the overall properties of composites with nanoparticles, 
an interphase phase wrapping nanoparticle is introduced. 

In the present investigation, the effects of nanoparticle 
size (radius r) and interphase stiffness on the composites 
system are evaluated based on the present three phase 
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Fig. 8 The effective modulus changed with particle 
volume fraction at different interphase thickness. 

 

 
model, which is shown in Fig. 7.  The higher relative 
surface area of nanoparticles often promotes the aggre-
gation or agglomeration at higher particle volume frac-
tions.  The size effect of the nanoparticle in the compo-
site is also investigated by the virtue of its higher relative 
surface area.  When the sizes of nanoparticles are very 
small, the relative surface areas of the nanoparticles 
would be very larger as compared with those obtained 
from the conventional particle reinforced composites, 
especially in the scale of nano-size.  Obviously, the 
higher relative surface area of the nanoparticles has a 
main contribution to the elastomeric properties of 
nanoscale particle reinforced composite. 

The material properties of the interphase have been 
discussed in Fig. 8 in the present paper.  Figure 8 
depicts results of effective Young’s modulus versus 
interphase thickness based on the present approach.  
The agglomeration parameters used in Fig. 8 are ξ = 0.5 

and 0.8a
p   and the value of r = 50 nm.  It is found 

from Fig. 8 that if the interphase and particles are stiffer 
than the matrix, the effective Young’s modulus increases 
with the increase of interphase thickness and particle 
volume fraction.  However, when the interphase and 
particles are softer than the matrix, it decreases.  So, we 
note that in actual nanocomposites, the relative contribu-
tions of stiffness and thickness of the interphase depend 
on particle and matrix material properties. 

5.  CONCLUSIONS 

In this paper, a micromechanics model has been pro-
posed to predict the elastic property of composites and 
the effect of particle agglomeration on nanocomposites is 
investigated.  The interphase layer between the matrix 
and particles is incorporated into this model.  The present 
approach analyzes the effect of dispersion state or degree 
of agglomeration of particle on nanocomposites.  The 
effect of interphase thickness and stiffness and particle 
size on the composites system is also evaluated. 

The analysis results show that the particle agglomera-
tion has a critical effect on the effective elastic properties 
of nanocomposites.  The agglomeration of particle in 
matrix reduces the overall stiffness of composites.  The 
increase of particle radius reduces the effective modulus 
of composites, and the increase of interphase thickness 
and stiffness can enhance the stiffness of composites.  
The present predicted results for the effective material 
properties of particle reinforced nanocomposites have a 
good agreement with the available theory and experi-
mental data. 
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