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Abstract. This paper presents a theoretical investiga-
tion in order to obtain new composite and nanocompos-
ite magnetic industrial materials. The effective con-
ductivity and thermal effective conductivity have been
predicted by adding various types and percentages of
conductive particles (Al2O3, MgO, ZnO, Graphite etc.)
to the main matrices of Epoxy, Iron and Silicon for
formulating new composite and nanocomposite indus-
trial materials. The characterization of effective con-
ductivity of new polymeric composites has been inves-
tigated with various applied forces, inclusion types and
their concentrations. In addition, the effect of inclusion
types and their concentrations on the effective thermal
conductivities of thermal interface nanocomposite in-
dustrial materials has been explained and discussed.
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1. Introduction

Percolation theory is a general model for the descrip-
tion of statistical processes and it has become a com-
mon method in the investigations of pre-breakdown
processes in solids. Also, nanoparticle size can for-
mulate new composite and thermal interface nanocom-
posite industrial materials by nanotechnology science
that made huge enhancement in the magnetic prop-
erties of the composite materials which will affect the
performance of the industrial applications. Polymeric
composites made with particles such as conductive, fer-
roelectric or metal particles are some of the impor-
tant engineering materials used for resistors, switching
devices, conducting pastes, components in the xero-

graphic machine and separators in polymer electrolyte
membrane fuel cells. Percolation theory predicts that
various characteristics of a percolating system are re-
lated to the probability of occupation of sites within
the percolation lattice, by power law relations, and that
the exponents of these power relations are universal re-
gardless of the system. The previous work has shown
that percolation theory is an appropriate tool for un-
derstanding finite size effects in 3D cluster films [1], [2],
[3], [4], [5]. The analytical studied models have been
enabled to optimize the structure and arrangement of
the polymeric composite materials. Based on funda-
mental physical principles, it can quantify the effec-
tive conductivity of the suggested polymeric industrial
composites. Such models will enable one to optimize
the structure and arrangement of the material [6], [7].
The electrical characteristics of electrical conductive
adhesives are close to properties of a filler. Metal
particles are widely used as conductive fillers in com-
mon electrical conductive adhesives formulations due
to their lower resistivity and good process. The char-
acteristic of electrical conductivity of a composite by
volume fraction of particles has already been studied
by previous researchers [8], [9], [10], [11], [12]. In fact,
the magnetic or dielectric loss in insulating materials
can be used to dissipate the electromagnetic energy in
the EM-absorbers, and the combination of high elec-
trical conductivity and high permeability is effective
to shield the EM waves. However, the high-content
metal granular composite material may show metallic
electrical conduction due to the percolation effect of
embedded particles [13], [14], [15], [16], [17], [18].

Composite and nanocomposite industrial materials
are being explored as shielding materials for electro-
magnetic compatibility (EMC) and electromagnetic
interference (EMI) applications. In these systems,
in addition to particle/matrix conductivities and vol-
ume loading of the particles in the matrix, the ran-
domness of distribution, polydispersivity as well as in-
terfacial thermal resistance plays a role in determining

c© 2015 ADVANCES IN ELECTRICAL AND ELECTRONIC ENGINEERING 558



ELECTRICAL MATERIALS AND EQUIPMENT VOLUME: 13 | NUMBER: 5 | 2015 | DECEMBER

the effective conductivity of the composite material
[19], [20], [21], [22], [23]. Predictive modelling based
on fundamental physical principles is critical to devel-
oping new TIMs, since it can be used to quantify the
effect of particle volume fractions and arrangements on
the effective thermal conductivity. Such models will en-
able one to optimize the structure and arrangement of
the material [24], [25], [26], [27]. Thermal interface ma-
terials (TIMs) have been widely adopted to minimize
the thermal interface resistance between the rough sur-
faces of heat generating components and the heat dis-
sipation devices. Most of TIMs are made of polymers
with thermally conductive particles distributed inside
to enhance the thermal conductivity. There are vari-
ous kinds of approaches to calculate the effective ther-
mal conductivity of the two-phase composite systems.
The effective thermal conductivity of TIMs is affected
by many factors, such as the thermal conductivity of
filler particles, the thermal conductivity of the matrix,
the volume fraction of filler particles, and the particle
size distribution of filler particles and so on [28], [29],
[30], [31], [32], [33]. For this paper we have used recent
analytical models for estimating effective conductivity
of new suggested polymeric composite industrial mate-
rials that have been enhanced in their characterization
response with respect to particle types and their con-
centrations and so forces applied to these materials.
A detailed analysis of the nanostructure characteris-
tics that influence the effective thermal conductivity
of TIMs is included in the goals of this paper. Thus,
their characterization response with respect to types
and concentrations of selected nanoparticles has been
enhanced.

2. Theoretical Models

2.1. Polymetric Composites

Percolation theory, the objective of which is to charac-
terize the connectivity properties in random geometries
and to explore them with respect to physical processes
consideration, the percolation types is forming contin-
uous network of particles in conductive polymeric com-
posite which is completely satisfied. In the technolog-
ical applications, it can be predicted conductivity of
polymeric composite specimen considering a spherical
particle that subjected in classical mixing rules of par-
ticles with main matrices for determining the effective
conductivity of composites if the inclusion phase is dis-
persed in the matrix phase random distribution [6], it
will be as follows:

σ = σ0 · (x− xc)
t
, (1)

where σ0 is the proportionality constant, x is the vol-
ume concentration of conducting phase, xc is the criti-

cal concentration of conducting phase, t is the exponen-
tial factor for percolation and tunnelling percolation.

Also, there is proposed an applied force on polymeric
composite material that has been used to formulate
theoretical models for predicting an effective conduc-
tivity of polymeric composites; it corresponds to aver-
age sensibility [7].

σ =
h

R ·A
=

4 · h
π ·D2 ·R0 · F−α , (2)

where h is the height of polymeric composite specimen,
D is the diameter of polymeric composite specimen, R0

is the initial resistance of polymeric composite speci-
men, α is the volume of particles inside the matrix.
However, the variation of electric resistance due to me-
chanical load applied on the sample’s special area of
contact between particles increases and cuts the dis-
tances between particles located in parallel rows. So,
Fig. 1 shows a schematic layout of the polymeric com-
posite specimen with different volume fractions of par-
ticles.

Fig. 1: Schematic layout for polymeric composite specimen
with particles [7].

However, the conducting elements are in geometric
contact, the theory predicts that the critical exponent
t is less than two and the process is called percola-
tion; percolation refers to the flow of current through
random resistor networks. When the conducting ele-
ments are not in geometric contact, the inter-particle
tunnelling is dominant. Thus, this research studies the
percolation phenomenon in polymeric composites with
various cost-fewer particles and configuration analyti-
cal model parameters.

2.2. Thermal Interface Materials
(TIM)

This paper also focuses on applied theoretical mod-
els for estimating thermal conductivity of nanocompos-
ite industrial materials consisting of nano-sized nano-
crystalline particles embedded in different matrices.
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Based on the following mathematical model [25], [26],
[27], that has been used for predicting an effective
thermal conductivity of thermal interface materials
nanocomposites; Fig. 2 shows the cylindrical region
between two spherical particles. There is proposed
a point of contact between two particles in a thermal
flux density across the surface of particles in random
arrangement of the matrix.

Thus, there can be predicted thermal conductance
between spherical particles without distortion with re-
spect to the volume fraction of particles in the ma-
trix (Φ), the thermal conductivity of particles (kp),
the thermal conductivity of matrix (km), radii of two
local sphere surfaces (R1 and R2), and factors of the
ability of forming continuous network of fillers in the
matrix (C1, and C2) and via (0:1) as follows [26]:

Keff =

[
5.2933

2·π·kp·R1
+ 1

π·km·aln
(
1+R2

ha

) + 5.2933
2·π·kp·R2

]−1

,

(3)
where

R = α · a, (4a)

a =
2 ·R1 ·R2

R1 +R2
, (4b)

α = 5.0539 · ϕ2 − 7.3994 · ϕ+ 3.203. (4c)

logKeff = ϕ ·C2 · log kp + (1−ϕ) · log(C1 · km). (5)

Fig. 2: Schematic diagram for cylindrical region between two
spherical particles [26].

The effective thermal conductivity Keff of nanopar-
ticles/nonmagnetic matrix composite can then be cal-
culated using the above theories based on their types
and concentrations. Considering, influences of the abil-
ity of forming continuous network of fillers in base
matrices will be completely satisfied, then; the per-
formance of effective thermal conductivities for vari-
ous suggested new magnetic nanocomposites has been
shown in this research.

Tab. 1: Electric and thermal properties of suggested particles
and industrial materials.

Materials
Conductivity

(S·m−1)

Thermal

Conductivity

K (W·(m·K)−1)

Graphite 3 · 105 200

Fe 107 80.2

ZnO 1.69 · 107 21

MgO 108 40

Al2O3 1014 35

Si 1.56 · 10−3 148

Epoxy 10−12 1.04

Glass 10−15 1.2

PTFE 10−16 0.25

3. Suggested Materials

Polymeric composites made a huge enhancement in
the electric, dielectric and electromagnetic properties
which will affect the performance of the industrial ap-
plications at a configuration sample of d = h = 0.01 m.
All selected nanoparticles, in this research, have been
spherically shaped and sized as 10 nm diameter for ev-
ery grain size.

The main electrical and thermal description prop-
erties of the usage of particles have been depicted
in Tab. 1; these particles have been used for en-
hancing electric properties of polymeric composite and
nanocomposite industrial materials.

4. Results and Discussions

This research has used recent theoretical models for
estimating effective conductivity and effective thermal
conductivity of new suggested nanocomposite thermal
interface industrial materials. The following results
have been reported for new suggested composite and
nanocomposite industrial materials that have been en-
hanced in their characterization response with respect
to particle types and their concentrations and so forces
applied to new suggested materials.

4.1. Effect of Percolation
Phenomena in New Polymeric
Composites

Figure 3 shows enhancing the effective conductivity of
Epoxy Polymeric composite materials by adding var-
ious percentages of iron particles in random distribu-
tions to Epoxy composites. However, the effective con-
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ductivity of Iron/Epoxy polymeric composite materials
decreased gradually by increasing the percolation fac-
tor of the polymeric composite materials. As shown
in Fig. 4, Al2O3 particles have higher effectiveness for
increasing the effective conductivity of Epoxy Poly-
meric composite materials than Iron particles. Figure 5
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Fig. 3: Effective conductivity of Iron/Epoxy polymeric compos-
ites.

shows enhancing the effective conductivity of epoxy
polymeric composite materials by adding various per-
centages of (Graphite, SiO2, and MgO) particles in ran-
dom distributions at a certain percolation factor 1.8. It
is cleared that SiO2 particles have increased the effec-
tive conductivity of Epoxy Polymeric composite mate-
rials higher than MgO and Graphite particles.
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Fig. 4: Effective conductivity of Al2O3/Epoxy polymeric com-
posites.

Volume fraction [-]
0.1 0.2 0.4 0.6 0.8 1

E
ffe

ct
iv

e 
co

nd
uc

tiv
ity

 [s
  ·

 m
-1

]*
10

6

10-4

10-2

100

102

104

Graphite/Epoxy Composite
MgO/Epoxy Composite
SiO

2
/Epoxy Composite

Fig. 5: Effective conductivity of Epoxy Polymeric composites.

4.2. Effect of Applied Forces on
Polymeric Composites

Figure 6 shows increasing the effective conductivity
of Epoxy composite materials by adding various per-
centages of SiO2 particles in random distributions,
also; the effective conductivity of SiO2/Epoxy compos-
ite materials increased gradually by increasing applied
force on the composite material specimens. The Effec-
tiveness of applied forces on the effective conductivity
of SiO2/Epoxy composite materials appears whenever
the percentage/s of SiO2 increased in the polymeric
composites.
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Fig. 6: Effective conductivity of SiO2/Epoxy composites.
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4.3. Effect of Nanoparticles on
Magnetic TIMs

Figure 7 shows the effective thermal conductivity of
TIMs iron nanocomposites that increased by adding
various percentages of silicon and graphite in random
distributions.

Volume fraction [-]
0.1 0.2 0.4 0.6 0.8 1

E
ffe

ct
iv

e 
th

er
m

al
 c

on
du

ct
iv

ity
 [W

 ·
 (

m
 ·

 K
)-1

]

0

50

100

150

200

Fe+Si
Fe+Graphite
Fe+Glass
Fe+PTFE

Fig. 7: Effective thermal conductivity of TIMs Iron/Polymer
nanocomposites with various nanoparticles.

It is noticed that the effective thermal conductivity
of TIMs iron nanocomposites decreased by adding vari-
ous percentages of glass and PTFE in random distribu-
tion, but graphite nanoparticles have higher effective-
ness for increasing thermal conductivity of nanocom-
posites in iron matrix with respect to silicon. However,
PTFE has higher effectiveness for decreasing thermal
conductivity of nanocomposites in iron matrix with re-
spect to Glass nanoparticles.

Figure 8 shows the effective thermal conductivity of
TIMs iron nanocomposite that decreased by adding
various percentages of nanoparticles of oxides (Al2O3,
ZnO, MgO) in random distributions to iron matrix ma-
terial. But, MgO nanoparticles have higher ability for
increasing thermal conductivity of nanocomposites in
iron matrix with respects to Al2O3 and ZnO nanopar-
ticles.

4.4. Effect of Nanoparticles on
Polymeric TIMs

Figure 9 shows the effective thermal conductivity
of TIMs Silicon nanocomposite materials that in-
creased by adding various percentages of graphite
nanoparticles in random distributions to iron ma-
trix material. However, the effective thermal con-
ductivity of TIMs Silicon nanocomposite materials
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Fig. 8: Effective thermal conductivity of TIMs Iron/Oxides
nanocomposites with various nanoparticles.

decreased by adding various percentages of Iron
and Graphite nanoparticles in by random distribu-
tions to iron matrix material. It is cleared that
Graphite nanoparticles are more effective for decreas-
ing thermal conductivity of nanocomposites in sil-
icon matrix with respect to Iron nanoparticles.
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Fig. 9: Effective thermal conductivity of TIMs Silicon/Metal
nanocomposites with various nanoparticles.

Figure 10 shows the effective thermal conductivity
of TIMs Silicon nanocomposite materials that de-
creased by adding various percentages of nanoparticles
of oxides (Al2O3, ZnO, MgO) in random distributions
to silicon matrix material. However, MgO nanoparti-
cles are more effective for decreasing thermal conduc-
tivity of nanocomposites in iron matrix with respect to
Al2O3, and ZnO nanoparticles. Figure 11 shows the ef-
fective thermal conductivity of TIMs Epoxy nanocom-
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Fig. 10: Effective thermal conductivity of TIMs Silicon/Oxides
nanocomposites with various nanoparticles.
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Fig. 11: Effective thermal conductivity of TIMs Epoxy/Metal
nanocomposites with various nanoparticles.

posite materials that increased by adding various per-
centages of Aluminum, iron, silicon, graphite, cobalt,
and nickel nanoparticles in random distributions to
Epoxy matrix material. Whatever, iron nanoparticles
are more effective for decreasing thermal conductiv-
ity of nanocomposites in Epoxy matrix with respect
to other nanoparticles. Figure 12 shows the effective
thermal conductivity of TIMs Epoxy nanocomposite
materials that increased by adding various percentages
of nanoparticles of oxides (Al2O3, ZnO, MgO) in ran-
dom distributions to Epoxy matrix material. Note that
MgO nanoparticles are more effective in Epoxy ma-
trix for increasing thermal conductivity of nanocom-
posites with respect to Al2O3, and ZnO nanoparticles.
Figure 13 shows the effective thermal conductivity of
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Fig. 12: Effective thermal conductivity of TIMs Epoxy/Oxide
nanocomposites with various nanoparticles.

TIMs Epoxy nanocomposite materials that increased
by adding various percentages of glass nanoparticles in
random distributions to Epoxy matrix material. How-
ever, the effective thermal conductivity of TIMs Epoxy
nanocomposite materials decreased by adding various
percentages of PTFE nanoparticles in random distri-
butions to Epoxy matrix material.
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Fig. 13: Effective thermal conductivity of Epoxy/Insulator
nanocomposites.

5. Conclusions

Percolation tunnelling factor is an important factor for
indication of the flow of current through random re-
sistor networks, especially the effective conductivity of
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polymeric composites. Compressive forces applied to
the polymeric composite material specimens enhance
the effective conductivity of polymeric composites ma-
terials. The effective conductivity and thermal con-
ductivity of industrial polymeric composite materials
can be controlled by using various conductive types
and percentages of particles in random distributions,
which depends on the types and percentages of cost-
fewer particles. Al2O3 particles are more effective for
increasing effective conductivity of the composite ma-
terials with respect to Iron, SiO2, and MgO particles.

As a predicting guide for industry manufactures,
it can be obvious that graphite nanoparticles are
more effective for decreasing thermal conductivity of
nanocomposites with respect to silicon nanoparticles;
however, MgO nanoparticles are more effective for in-
creasing thermal conductivity of nanocomposites with
respect to Al2O3, and ZnO nanoparticles. For Epoxy
TIMs nanocomposites, it can be obvious that iron
nanoparticles are more effective for decreasing ther-
mal conductivity of nanocomposites with respect to
other studied nanoparticles; however, MgO nanopar-
ticles are more effective for increasing thermal conduc-
tivity of nanocomposites with respect to Al2O3, and
ZnO nanoparticles.
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