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Abstract In this paper, an accurate model for computing

dielectric constant of dielectric nanocomposites is pre-

sented. The effect of interaction zone between the nano-

filler and the resin material is calculated and taken into

consideration in the developed model for polymer and

ceramic resins. Also, the effect of filler volume fraction, filler

dielectric constant and particle shape is studied through the

proposed model. Finally, the validity of the proposed model

for evaluating the dielectric constant of a uniform composite

system of discrete particles dispersed within a matrix is

achieved by comparison with experimental results. The pro-

posed model shows simplicity and gives accurate results as

compared to the other theoretical models.

Keywords Dielectric constant � Interaction zone �
Nanocomposites

Introduction

Nanotechnology caused a breakthrough in material science,

engineering and of course industrial applications. The use

of this technology in enhancing electrical (Zhao and He

2006; Kim et al. 2009; Chen and Chen 2009), mechanical

(Tan and Yang 1998; Awaji et al. 2009) and thermal

properties (Momen and Farzanah 2011; Cherney 2005) of

dielectrics has found a great interest from researchers and

scientists. As the use of this technology with dielectrics is

recent, there are several challenges facing researchers

working in this area. Exact evaluation of the effective

dielectric constant of nanofilled composites is one of these

challenges. Therefore, the exact evaluation of the effective

dielectric constant of nanofilled composites is of high

concern in material science and engineering fields. Many

theoretical approaches were suggested for the computation

of the effective dielectric constant of nanofilled composites

such as Maxwell–Garnett, Bottcher, power-law (PL) and

the interphase power-law (IPL) models (Yoon et al. 2003;

Karkkainen et al. 2000; Birchak et al. 1974; Nelson and

Bartley 1998; Nelson 1983; Priou 1992; Nelson and You

1990; Nelson 2001; Gershon et al. 2001; Brosseau et al.

2001).

In this paper, a simple and accurate model is presented.

The effect of interaction between the nanofiller and the

resin material is computed for polymer and ceramic resins

and taken into consideration. The effect of filler loading,

filler dielectric constant and particle shape is investigated

through the proposed model. Also, the proposed model is

experimentally verified using a wide range of published

results for different base materials and nanofillers. Finally,

the results obtained from the proposed model are compared

to other theoretical models to show the validity of the

proposed model.

Models for effective dielectric constant calculation

There are different models for computing the effective

dielectric constant of dielectric nanocomposites. These

models are summarized in this section.

Maxwell–Garnett (MG) model

In this model, the effective dielectric constant of the

composite (ec) can be computed using Eq. (1). This model
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is based on a mean field approximation of a single spherical

inclusion surrounded by a continuous matrix of polymer

(Yoon et al. 2003).

ec ¼ e2

e1ð1 þ 2u1Þ � 2e2ðu1 � 1Þ
e2ð2 þ u1Þ þ e1ð1 � u1Þ

; ð1Þ

where e1 and e2 are the filler and matrix dielectric con-

stants, respectively. u1 is the filler volume fraction. The use

of MG model with the nanofilled dielectrics did not give

accurate results as it did not take the effect of interaction

zone between the nanofiller and the base material into

consideration. Also, it did not take the effect of particle

shape and orientation into account.

Bottcher Mixture (BM) model

Another mean field theory, known as the Bottcher model,

treats the binary mixture as being composed of repeated

unit cells composed of the matrix phase with spherical

inclusions in the center. According to this model, the

effective dielectric constant of the composite (ec) can be

calculated using Eq. (2).

u1

e1 � ec

e1 þ 2ec

þ 1 � u1ð Þ e2 � ec

e2 þ 2ec

¼ 0: ð2Þ

Similar to MG model, BM model did not give accurate

results for the same reasons mentioned in MG model. To

increase the accuracy, the effect of particle shape and

orientation should be taken into consideration. So, the PL

model was developed to cover this point.

Power-law model

Power-law model relationships have been used in com-

puting the effective dielectric constant of composite

systems (Karkkainen et al. 2000; Birchak et al. 1974;

Nelson and Bartley 1998; Nelson 1983, 2001; Priou

1992; Nelson and You 1990; Gershon et al. 2001;

Brosseau et al. 2001). According to PL model, the

effective dielectric constant of a composite (ec) can be

calculated using Eq. (3).

eb
c ¼ u1e

b
1 þ 1 � u1ð Þeb

2 ; ð3Þ

where b is a dimensionless parameter depending on the

shape and orientation of the filler and can be computed

from Eq. (4) (Todd et al. 2005).

b ¼ 1 � 2
1

1 þ 1:6ða : bÞ þ 0:4ða : bÞ2

" #
; ð4Þ

where a and b are the axial dimensions of the particle.

When a = b this means a spherical particle. At this con-

dition b = 1/3.

More generally, for a composite comprised m number of

mixtures, the PL model can be rewritten as:

eb
c ¼

Xm

1

uie
b
i ; ð5Þ

where ui and ei are the volume fraction and the dielectric

constant of each constituent material, respectively. The

accuracy of this model was found to be higher than the two

above-mentioned models due to the inclusion of particle

shape and orientation. However, this model is not accurate

as the interaction between the nanoparticulate and the base

material was not taken into consideration. This defect was

taken into account in the so-called IPL model.

Interphase power-law model

According to this model, the effective dielectric constant of

a composite (ec) can be calculated as (Todd et al. 2005):

eb
c ¼ u1e

b
1 þ u2e

b
3 þ 1 � u1 � u2ð Þeb

2 ; ð6Þ

where e3 and u2 are the interphase dielectric constant

and the interphase volume fraction, respectively. The

interphase volume fraction depends on the filler volume

fraction as shown in Fig. 1 and can be computed from

Eq. (7) (Todd et al. 2005).

u2 ¼ ku1

1 � u1

1 þ ku1

; ð7Þ

where k is a factor depending on the interphase thickness.

The increase in k means larger thickness and vice versa.

From Fig. 1, the interphase volume fraction increases

from zero, at no filler, to maximum at a certain filler
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volume fraction then decreases until it reaches zero again at

unity filler volume fraction. The reason of this variation comes

from the overlap of interphase zones as shown in Fig. 2.

According to the investigations of Todd et al. (Todd

et al. 2005), the accuracy of this model was found to be

higher than the all above-mentioned models but in fact,

they did not introduce any method for how the interphase

dielectric constant (e3) can be determined for nanocom-

posite materials.

Up to now, there is no introduced technique to predict

the interphase dielectric constant. So, the proposed model

is presented in the current paper to compute the effective

dielectric constant of nanocomposites with prediction of

interphase dielectric constant.

Proposed model

Polymer-dispersant interfaces have been proved by many

researchers (Ozmusul and Picu 2002; Qu and Wong 2002;

Vo and Shi 2002; Todd and Shi 2002; Vo et al. 2001). PL,

Maxwell–Garnett and Bottcher models do not take into

account the effect of these regions which increase the error

between calculated and experimental results. To reduce the

error between the calculated and the experimental results,

the effect of interphase regions should be taken into

account.

But the question here, how can this effect be taken into

account? Consider a single nanoparticle is dispersed into a

matrix as shown in Fig. 3. This nanoparticle consists of

atoms and molecules and may take several shapes. The

most common shape is the spherical shape, but in fact, the

shape may deviate from this shape. But it is still treated as a

spherical one for simplicity. From Fig. 3, a narrow region

around the nanoparticle arises. In this region, the orienta-

tion of matrix molecules may be changed so that air voids

may be formed. Also, this region may contain some mol-

ecules of the non-uniform nanoparticulate. So that, the

interphase region may be treated as three materials they

are, matrix or resin material, air and filler molecules.

Mathematically, the interphase dielectric constant can be

expressed as:

eb
3 ¼ eb

2 þ ua 1 � eb
2

� �
þ uf eb

1 � eb
2

� �
; ð8Þ

where ua and uf are the air volume fraction and the filler

fraction in the interphase zone, respectively.

For polymers, especially those of large molecules, for-

mation of air voids in the interphase region is dominant as

compared to the filler molecules so that, the interphase

region can be assumed to consist of resin material and air

bubbles. So, the interphase dielectric constant can be

assumed to be function of resin and air dielectric constants

only, and the interphase dielectric constant can be com-

puted from:

eb
3 ¼ eb

2 þ ua 1 � eb
2

� �
: ð9Þ

For ceramic and polymers of smaller molecules,

formation of air voids in the interphase region can be

neglected as compared to the filler molecules so that, the

interphase region can be assumed to consist of resin

material and filler molecules. So, the interphase dielectric

constant can be assumed to be function of resin and filler

dielectric constants only, and the interphase dielectric

constant can be computed from:

eb
3 ¼ eb

2 þ uf eb
1 � eb

2

� �
: ð10Þ

According to this interpretation, the variation of

interphase term (u2 e3) with filler volume fraction is

assumed to be as shown in Fig. 4. Also, the effective

dielectric constant of a composite can be calculated from

Eq. (11).

eb
c ¼ u1e

b
1 þ 1 � u1ð Þeb

2 þ u0 eb � eb
2

� �
; ð11Þ

where e is the dielectric constant of air (&1) for polymers

of large molecules or e is the dielectric constant of the filler

for ceramics and polymers of smaller molecules. u0 can be

computed from:

u0 ¼ u1

1 � u1

1 þ u1

: ð12Þ

Filler

Interphase

Fig. 2 Overlap of interphase

zones

Fig. 3 Nanoparticulate dispersed in a resin
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Note For ceramics or polymers of smaller molecules, if

the dielectric constant of the matrix is greater than the

dielectric constant of the filler then e and e2 must be

reversed in the last term of Eq. (11).

By looking at all the pre-mentioned models, MG and

BM models did not take into account either the effect of

interphase zone or the effect of particle shape and orien-

tation. PL model gives a better accuracy than MG and BM

models as it takes into account the effect of particle shape

and orientation although it did not take into account the

effect of interphase zones. IPL model gives a better accu-

racy than MG, BM and PL models as it takes into account

the effect of interphase zones, and particle shape and ori-

entation, but IPL model did not introduce a technique for how

the interphase permittivity can be determined. So, the attempt,

in this paper, is to present a model to compute the dielectric

constant of a nanocomposite with high accuracy taking into

account all the pre-mentioned effects with computing the

interphase dielectric constant as shown from (8).

Model estimations

Using the proposed model, the effect of filler volume

fraction, filler dielectric constant and particle shape is

presented in this section.

Effect of filler volume fraction

Due to the effect of interaction between filler particulates

and the resin material, the proposed model predicts a dis-

tinct non-linearity in the effective dielectric constant as a

function of filler volume fraction. This non-linearity may

come from the non-linear change of interphase volume

fraction. The non-linear change of dielectric constant starts

from the dielectric constant of the resin at zero volume

fraction until it reaches to filler dielectric constant at unity

volume fraction. For ceramic resins, the slope of variation

may be higher than polymer resins. Figures 5 and 6 show

the variation of effective dielectric constant with the filler

volume fraction for polymer and ceramic resins, respec-

tively. From these figures, it can be seen that the variation

is non-linear and the slope of variation for ceramic resins is

higher than polymer resins as predicted before.

Effect of filler dielectric constant

Figure 7 shows the effective dielectric constant variation as

a function of filler volume fraction at different values of

filler dielectric constants. From this figure, it can be seen

that the effective dielectric constant of the composite has a
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large value at large values of filler dielectric constant at the

same volume fraction. This means that a filler of large

dielectric constant should be used when a composite of

large dielectric constant is desired and vice versa. Again,

the change of dielectric constant with the filler volume

fraction is non-linear as discussed before.

Effect of particle shape and orientation

Figure 8 shows the effect of particle shape and orientation

which taken in the proposed model. The dimensionless

parameter b in the modified model represents this action. It

is expected that the effective dielectric constant is large

when b is equal to 1 as it means thin films in parallel, but

when b equal to -1 the composite dielectric constant has

its minimum value at the same loading as it means thin

films in series. With other particle shapes, the composite

dielectric constant lies in between.

Experimental validation

The Proposed model is verified using several reported

experimental sets of data. One such data set was published

by Gershon et al. (2001) which reported the complex per-

mittivity of copper oxide (CuO) filled alumina composites

analyzed at 2.66 GHz. This set of data was also used by

Todd and Shi (2004) to verify their proposed model which

is called the IPL model.

This set of experimental data is used in this paper to

verify the proposed model. Figure 9 shows the validation

using this set of experimental data. From this figure, the

proposed model gives high accuracy and good fitting to the

experimental data.

Another two sets of experimental data published in (Vo

and Shi 2002; Eftekhari et al. 1994; Bae et al. 2000) are

evaluated using the proposed model and used in the current

paper to verify the accuracy of the proposed model as

illustrated in Figs. 10 and 11. From these figures, the

accuracy of the proposed model is high. This high accuracy

comes as the effect of interphase zones and particle shape

are taken into consideration.

Also, another two sets of experimental data are used to

verify the proposed model. One set of these data was

published by Todd et al. (2005). In his research, the barium

titanate was used as a nanofiller and the TMPTA polymer
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as a resin material. Figure 12 shows this set of experi-

mental data and the evaluation of the proposed model. The

other set of experimental data was published by Deka and

Nidhi (2005). In this research, the dielectric constant of

alumina filled polystyrene was reported at 9.68 GHz. This

set of experimental data is used for evaluation of the pro-

posed model as illustrated in Fig. 13.

From all the above results, it can be concluded that the

introduced model has a high accuracy for computing

the dielectric constant of nanocomposites. This model takes

the effect of both interaction zone and the effect of particle

shape into consideration. The interphase dielectric constant

is predicted unlike the IPL model which assumes it.

Comparison with other theoretical models

This section presents a comparison between the proposed

model and other theoretical models. It is well known that

BM model gives results with no large difference as com-

pared to MG model. Also, the IPL model assumes the

interphase dielectric constant (e3) to give a good fitting to

experimental results. So, MG and PL models only are

chosen in this comparison. Figures 14 and 15 show this

comparison. As seen from these figures, the proposed

model gives the best fitting to experimental data which

ensures the ability to use this model for computing the

dielectric constant of nanocomposites.
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Fig. 10 Effective composite dielectric constant as a function of filler

volume fraction and model evaluation—experimental data (Eftekhari

et al. 1994)
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Fig. 11 Effective composite dielectric constant as a function of filler

volume fraction and model evaluation—experimental data (Bae et al. 2000)
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Conclusion

A proposed model for computing the dielectric constant of

nanocomposites has been presented. The effect of filler

volume fraction, filler dielectric constant and particle shape

has been studied through the proposed model. A non-linear

change has been detected due to the non-linear change of

the interphase volume fraction with the filler volume

fraction. Experimental validation of the proposed model

has been carried out and has shown a good accuracy of the

model. Finally, the proposed model has shown a good

accuracy as compared to other theoretical models which

ensures the ability of using this model in dielectric constant

computation of nanofilled composites.
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