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The actual problems of developing nanocomposites using gas discharge plasma in a dielectric system-dielectric-air gap
-dielectric cylinder with a polymer solution are considered. In the conditions of simultaneous action of electric discharge
plasma, temperature and nanoparticle ejection into the polymer solution, immobilization of nanoparticles was carried out. The
effects of the electric discharge plasma process and the filler content (volume fraction) on the thermal conductivity, volt—
ampere characteristics, thermally stimulated depolarization current, as well as electrical and mechanical strength were
investigated. The results of the study indicate that, with increasing filler volume fraction, the thermal conductivity of the
samples also increased. Furthermore, the thermal conductivity, and electrophysical and mechanical properties of the high-
density polyethylene +70% BN composite modified using the electric discharge plasma showed improvement when compared

with that without electric discharge plasma treatment.
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INTRODUCTION

Nowadays, with the increasing use of
microelectronic circuits, overheating of electronic
components has become an important issue. Such
overheating must be distributed efficiently and quickly,
therefore requiring that materials such as packaging
materials, the circuit board, heat exchangers, and
machinery must have good thermal conductivity, in
addition to their traditional physical and mechanical
properties [1-3]. As electronic systems require fast and
efficient signal distribution, these materials should
have high thermal conductivity, high electrical
resistance, and low dielectric permittivity and loss
tangent values [4]. Polymers such as high-density
polyethylene  (HDPE), polypropylene  (PP),
polyvinylidene fluoride (PVDF), and polyvinylchloride
(PVC) are widely used in electronic systems, but their
thermal conductivity and high thermal expansion
coefficient limit their use in many applications. By
addition of fillers to such plastics, their thermal
behavior can be significantly improved. To produce
polymers offering both thermal conductivity and
electrical insulation, various thermally conductive
fillers, such as diamond, boron nitride (BN), aluminum
nitride (AIN), silicon carbide (SiC), and mica, have
been used as doping materials to improve polymer-
based composites [5-9]. The thermal conductivity of
polymer-based composites is influenced by the filler
packing density [10], particle size and size distribution,
[11,12] surface treatment [13], and mixing method
[14]. The degree of surface dispersion of the filler
particles determines their interaction with the polymer,
also determining the thermal conductivity of the
system. Strong surface interaction between polymer
and filler increases the thermal conductivity of the
system while also reducing the interfacial thermal
resistance value under a heat flux. Enhancing the
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thermal conductivity coefficient through an increase of
50% in the volume content of the filler within a
polymer-based composite contributes to the total
thermal conductivity of the composite system. It may
be possible to manufacture suitable thermally
conductive dielectrics by using polymers with metal
nitrides and carbides, which have unique structural,
thermal, electrical, and mechanical properties. This
approach relies on the structural, thermal, and
electrophysical properties of the individual phases at

the interface of the polymer with the metal
nitride/carbide  particles within  such thermally
conductive composites. To date, although these

properties have not been fully investigated either
theoretically or in terms of practical use, they have
contributed to determining the thermal conductivity
mechanism under an electric field. It is necessary to
obtain reliable information regarding the electronic and
electrical features of deep interfacial traps (localization
centers of electric charge carriers) through phase
interfaces in the polymer composite phase. Obtaining
information about the above-mentioned phenomena
could contribute to understanding of the thermal
conductivity through the boundary between the
polymer and the dispersant filler particles. The
structure of the interphase boundary changes the
thermal and dielectric properties of the polymer
composite and improves the material production
technology. Our aim in this work is to study the
thermal, electrophysical, and mechanical properties of
such polymer composites. The main goal is to obtain
new information about the interfacial interactions,
boundary effects, and electrical and electronic
properties at the interfaces at the local level in the Quasi
forbidden band of the polymer phase under electric
discharge plasma treatment. One of the most important
areas of investigation of the interface for both
polycrystalline semiconductors and dispersed polymer
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composites is the volt-ampere characteristics (VACs)
obtained at different temperatures [15-17]. Analysis of
posistors (thermistors) [18] and thermal activation [19]
provides new opportunities to define high thermal and
dielectric properties of the composite. VAC values
thermally stimulated depolarization (TSD) currents,
and thermistor effects allow one to identify thermal
formation features that preserve the mechanical,
electrophysical, and dielectric characteristics of the
polymer + inorganic filler composite in a highly
heterogeneous system. In this study, the heat-transfer
features in the composite including a polymer with
metal nitrides and carbides are defined under an electric
discharge plasma, and a new thermally conductive
composite with high thermal conductivity coefficient,
and electrical and mechanical strength is also
investigated.

MATERIAL AND METHODS

The polymer matrix was chosen based on its
ability to form an interface layer with the inorganic
fillers. The polarity of the polymer matrix and its
preparation significantly affect the physical and
chemical properties of the composite interface.
Nonpolar polymers are characterized by strong
covalent bonding and flexible macromolecules and
have less interaction with the filler surface. Therefore,
the physical structure of the polymer phase in the
polymer + filler composite is not relevant. Polar and
nonpolar polymers play very important roles in the
thermal and electrical properties of composites.
Furthermore, the polar or nonpolar nature of the
polymer molecule allows the appearance of donor—
acceptor bonds on the surface of the dispersed filler
particles. The choice of the organic phase depends on
the thermal conductivity and electronic conditions of its
particle surface, which define the interfacial chemical
bonding. In this study, thermally conductive
composites were made with a structure containing at
least two constituents. One of them is the matrix of a
polymer such as HDPE or PP, while the other is the
semiconductor or dielectric filler, such as aluminum
nitride AIN (100W/mK), aluminum oxide Al.Os
(29W/mK), titanium carbide TiC (29W/m K), titanium
nitride TiN (44 W/m K), boron nitride BN (300 W/m
K), silicon nitride Si3N4 (32W/mK) or titanium
carbonitride TICN (30W/mK). The polymers and fillers
were chosen to improve the electrical, mechanical, and
dielectric properties of the thermally conductive
composites. The processing of the thermally
conductive composites was as follows: 1. For
composites whose powders were not modified by the
electric discharge plasma process: Composites with
20% to 70% filler content were produced in disc and
cylinder form with different dimensions by the hot-
pressing method at high temperature (550K) and
pressure (30MPa to 100MPa) by simultaneously
mixing the polymer and filler with a pressing time of
15 min. The resulting thermally conductive composites
were each polarized using the parameter values Ep
1MV/m to 6 MV/m, Tp 353K to 450K and tp 30min. [20]
2. For composites whose powders were modified by the
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electric discharge plasma process: Firstly, each powder
was exposed to an electric discharge plasma process
(EDPP) before composite formation. The electric
discharge plasma process results in uniform surfaces of
the polymer and filler particles. New thermally
conductive composites were produced by using the
resulting powder phases. Thereafter, these composites
were polarized using the parameter values Ep 1MV/m
to 6 MV/m, Tp 353K to 450K and tp 30min. This
resulted in two types of thermally conductive
composites, i.e., those whose powders had been
modified by an electric discharge plasma process and
those whose powders were unmodified.

RESULTS AND DISCUSSION

The thermal conductivity of the composite results
from a complex energy process occurring during heat
transfer from one filler particle to another through the
dielectric (polymer) interlayer between them. The
interlayer thickness depends directly on the dispersion
and concentration of the inorganic filler. Adhesive,
adsorptive, and cohesive effects at the interface
between the polymer matrix and inorganic filler can
also influence the magnitude of the thermal
conductivity coefficient of both the polymer + nitride
and polymer + carbide composites. [24-26] The
methods required to improve the production processes
for polymer composites have not been fully described.
It is necessary to take into consideration the electronic
state, and the electrical characteristics of the interfaces
between the phases [18,19,27]. Furthermore, TSD
measurements were carried out to define the electronic
interfacial characteristics of the composites. This result
indicates that the polymer phase of the composite
exhibits a wide spectrum of supramolecular formations.
As the distribution of the generated crystalline particles
throughout the phase boundary of the composite cooled
with liquid nitrogen is better, this composite’s thermal
conductivity values are higher than for the others.

The changes in the TSD current of the HDPE +70
vol.% BN composite is shown in fig.1. The HDPE+70
vol.% BN composite was polarized using an electric
field strength En of 3-108106V/m, temperature Tc of
370K, and polarization time tn of 30min. Stabilizing the
charge value allows one to estimate the charge and
electronic state. The interfacial electric properties can
then be defined according to the spectrum. Thus, the
relationship between the thermal conductivity and
specific features of the composites can be predicted.
After application of the electric discharge plasma
process, the spectrum of the HDPE+70-vol.% BN
composite exhibits an increase in both the amplitude
and width compared with its initial state without
electric discharge plasma treatment. This indicates that
the electric discharge plasma process increases the
concentration of the composite charge location center.
The amplitudes of both the first and second TSD peak
currents and thermal conductivity coefficient k of the
composite grow due to the increased concentration of
polar (C-O-C, C=0, and OH) groups in the composite.
The activation energy (Ea) of the charge-trapping
center obtained from the initial slope of the TSD current
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spectra was found to depend on the polarization
conditions and pretreatment applied. It was found that
the Ea value varied from 0.94eV to 1.2eV. The
maximum temperature (Tm) variation, the activation
energy (Eac), and the half-width of the TSD current
peaks depend on both the processing conditions and the
polarization of the composite. Such changes in the
temperature variation of the TSD current peak and
activation energy of charge relaxation verify that the
EDPP pretreatment leads to changes not only in the
chemical structure of the polymer but also in the
formation conditions of its supramolecular structure.
These experimental results indicate that there are strong
relationships among the electronic state of the phase
boundary, the stabilized charge value, the interfacial
interaction, the formation of polar groups, and the
thermal conductivity of the composite after EDPP
pretreatment. In this study, the intensity of the electric
discharge plasma was changed by adjusting the
amplitude of the applied AC (50Hz) voltage. The
discharge power was determined by the current— charge

characteristic of the electric discharge plasma system
(fig. 1).

It is known that the adhesion and mechanical
strength of a composite are directly defined by the
interfacial interactions [29]. Electric discharge plasma

processing, electrothermal polarization,
macromolecule oxidation, and electric charge
accumulation at the interface (fig.2) result in
improvement of such interfacial interactions.

Therefore, the mechanical lifetime under tension
(fig.3). The longer mechanical lifetime increased
interfacial charge volume, posistor peak shift to the
high temperature side and lower resistivity of the
composite testify to an increase in the interfacial
interactions and the formation of highly concentrated
local levels in the quasiforbidden band of the polymer
phase. The modification of the polymer phase of the
composite increased the interfacial interactions. The
thermal conductivity of the modified composite was
considerably greater than that of the unmodified
composite.

Fig. 1. A core proposed for nano structuring of polymer solution. The core consists of a metal - dielectric - gas —
polymer solution - piezoelectric substrate - metal structure:
1-electrodes, 2—dielectric safety washer, 3-dielectric anode, 4-dielectric cathode, 5-insulator, 6-metallic
cylinder, 7-heating element, 8-leading, 9 —limiters of dielectric distance: Tp=383K; tp=0.5 hours.
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Fig. 2. TSD current spectrum for HDPE + 70% BN composite (1) without and (2) with EDPP treatment.
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Fig. 3. Dependence of mechanical life of HDPE +70% BN composite on mechanical voltage (stress) for (1) HDPE
+70% BN composite with EDPP (process time 1h, process voltage 8kV) and (2) HDPE + 70% BN composite

without EDPP.

The modified composites had lower interfacial
potential barriers, which define the electronic states and
interfacial electric properties, compared with the
unmodified composites, due to the formation of highly
concentrated local levels in the quasiforbidden band
during modification. EDPP caused macromolecule
oxidation in the quasiforbidden band of the polymer
phase between dispersant particles. Charge carrier
creation in the direction of the temperature gradient at
a certain local level concentration in the quasiforbidden
band of the polymer phase contributed to transfer of
thermal energy through the interface. The lower bulk
resistance increased thermal conductivity and
stabilized charge value at the interface (fig. 1) indicate
generation of additional local levels in the
quasiforbidden band of the polymer phase. The heat
transfer process in the modified composites was linked
to the combination of both electrons and phonons,
leading to an increase in the thermal conductivity of the
composites.

CONCLUSIONS

The thermal conductivity characteristics of
polymer + metal nitride/carbide composites modified

by electric discharge plasma treatment were studied.
Both sets of fabricated composites, i.e., HDPE+ - TiC,
HDPE+TiN, HDPE+AIN, HDPE+BN and PP+AIN,
with filler content ranging from 0% to 70%, were
measured experimentally, and the results with and
without electric discharge plasma treatment compared.
Electric discharge modification of the polymer phase of
the composites with metal nitrides and carbides
resulted in higher thermal conductivity. The reason for
this increased thermal conductivity of the composites is
due to changes in the physicochemical structure of the
polymer phase under the electric discharge plasma
treatment. The electric discharge plasma process
caused an increase in the interfacial interactions and the
formation of highly concentrated local levels in the
quasiforbidden band of the polymer phase. Charge
carrier creation in the direction of the temperature
gradient at a certain local level concentration in the
quasiforbidden band of the polymer phase contributed
to the transfer of thermal energy through the interface.
These experimental results suggest that the fabricated
HDPE+70% BN composites can find potential
applications in the areas of electronics packaging,
encapsulation, and printed board substrates.
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