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This review is intended to analysis of works in field of creating electrically insulating
heat-conductive polyimide composite films based on powders of micro- and nanoparticles
with high dielectric and heat-conductive properties for use as effective thermal interface
materials in various electronic devices in instrument engineering. Particular attention is
paid to studies on the effect of size of nano- and microparticles of inorganic fillers on
heat-conducting, dielectric, and physic-mechanical properties of nanocomposite polyimide
materials. Carried-out analysis of results of works on studying dependence of thermal
conductivity on ratio of micro- and nano-sized particles in mixtures and their amount in
polyimides and on conditions of their polymerization for confirming possibility to increase
values of thermal conductivity of promising polyimide materials from 0.12 W/m-K up to
5-10 W/mK.

Keywords: electrical insulating heat-conductive polyimide composite films, micro- and
nanoparticles, inorganic fillers.

Hopi migxomu 10 CTBOPEHHA IIEPCIIEKTHBHHUX TEILIONPOBITHUX €JIEKTPOi30IAIiifHNX II0-
aiiMiganx HaHOKOMIO3UTHHX MAartepiaxiB. B.M.Bopwos, O.M.JIicmpamenko, M.AIlpouenko,
I.T.Tumuyr, O.B.Kpasuenro, O.B.Ciddia, M.I.Cainvenro, 5.M.Qiukos

Orngan mpucBAYeHO aHANI3y pobiT B 06yacTi CTBOPEHHS €JIeKTPOIZONAITIHHUX TeIsIo-
OPOBiZHNX MOJiIMIZHUX KOMHIOBWIIMHWX NIJNiBOK Ha OCHOBlL mopoinkiB Mikpo i HaHouacTu-
HOK, IIIO0 BOJIOZiIOTH BHCOKUMM [Ji€NeKTPUUYHUMU i TEIJIONPOBIZHUMU BJIACTHUBOCTAMU IS
3aCTOCYBaHHA B AKOCTI edeKTUBHUX TepMoinTepdelicHUX MaTepialiB B Pi3HUX €JEeKTPOHHUIX
IPUCTPOAX B IpuAazobyryBaHHi. OcobauBy yBary mIpupilieHo poGoTaM 3 TOCHigiKeHHS BIIJIU-
BY po3MipiB HaHO 1 MiKPOUACTHHOK HEOPTAHIUHNX HAIIOBHIOBAUIB Ha TeIJIONPOBigHI, miemexT-
puuHi i disuro-mexaniuni BracTuBocTi HaHOKOMIIO3UIIiHMX moaiimizaux marepiamis. Ilpo-
BeJleHO AaHaJi3 pesyabTaTiB pobiT 8 Jockim:KeHHA B3alle’KHOCTL TeImJompoBigHOCTI Bifm
CHiBBiZHOIIEHL MIKPOHHUX 1 HAHOPOSMIpPHUX UYACTMHOK B cyMimax i ix KimbkocTi B mo-
giimimax i Bix ymMoB ix mosimepusariii s migTBepAKeHHSA MOYKJINBOCTI 30iJbIIIeHHS 3HAUEHD
TeIJONPOBiAHOCTI mepcmeKTUBHUX noJdiiMmiguux wmatepianie sBix 0,12 Br/mK 1o
510 Br/m-K.
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1. Introduction

Problem of rejecting heat which is gener-
ating during operating semiconductor de-
vices (for example, integrated circuits, com-
puter components, LED light sources, etc.)
has become dominant in recent years [1, 2].
Released heat must be rejected to surround-
ing space, otherwise, the semiconductor de-
vices overheating, which significantly re-
ducing reliability of their operating. Tradi-
tionally this problem was solved through
using materials with high coefficient of
thermal conductivity (mainly metals, their
alloys, oxides, and nitrides).

In recent years, thermal conductive poly-
mer materials (TCPM) have become an alter-
native to the use of metals and their alloys
as heat-removing elements. However, the
main obstacle, in this case, is low thermal
conductivity of high molecularmaterials.
For most polymeric materials produced by
chemical industry coefficient of thermal
conductivity is (0.1-0.83) W/(m-K). There-
fore, traditional polymeric materials are
heat-insulating materials and are incapable
for heat conducting.Increasing coefficient
of thermal conductivity (A) and coefficient

of thermal diffusivity (o) of polymeric ma-
terials is possible by modifying properties
of basic polymers by injecting micro- , sub-
micro- or nanosized fillers with high ther-
mal conductivity. Powders of metals (Ag, Al,
Cu, Fe, etc.), graphite, nitrides, and metal
oxides are currently using as such fillers [3,
4]. Using TCPM makes it possible to aban-
don using metals at manufacturing heat-dis-
sipative structural elements. Replacing ex-
pensive metals with heat-conducting poly-
mer compositions can significantly reduce
cost of semiconductor devices and units, as
well as significantly reduce their weight [5].
Depending on field of application, TPCM
with high thermal conductivity must have
either good electrical insulating properties
or high electrical conductivity. For exam-
ple, electrical insulating TPCM are using as
elements of heat-conductive substrates and
printed circuit boards under voltage, and
electrically conductive TPCM are using as
elements of devices and unitsneed to be
grounded during operating [6]. Using fillers
in form of various carbon-containing mate-
rials (graphite, carbon black, carbon nano-
tubes) makes it possible to obtain TPCM
with high thermal and electrical conductivi-
ties [7]. On the other hand, filling polymer
matrices with powders of nitrides, carbides
or metal oxides with high coefficient of
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thermal conductivity (AIN, SiC, ZnO, and
SiO,) ensure good dielectric properties of
TPCM along with high thermal conductivity
[8, 9].

Development of promising technologies
for creating polymer-inorganic nanocompo-
site materials is one of the most dynami-
cally developing area of modern materials
science. Replacing of traditional polymer
materials with composites based on the
same polymers filled with various nanopar-
ticles makes it possible to achieve a signifi-
cant increase in the level of material prop-
erties — to increase the mechanical
strength and rigidity of the material, heat
resistance, and improve many other proper-
ties. Heat-conducting polymer composite
materials containing inorganic fillers are
widely using in electrical and heat tech-
niques, electronics. Composite materials, as
a rule, are obtaining by mechanical or ultra-
sonic mixing of a polymer and a filler that
has been pretreated with organic modifying
compounds for impart organophilic proper-
ties to it.

Among polymer composite materials,
polyimide materials, despite the relatively
high cost, occupy one of leading place due
to thermal stability and high strength char-
acteristics, therefore, it can be expected
that development of new composite materi-
als based on polyimide binders will always
arouse tangible scientific and industrial in-
terests. Presently polyimide materials have
wide range of possible applications as mate-
rials that work for a long time in the parts
of machines and devices, as well as insulat-
ing coatings. Polyimide materials can be
used at temperatures (+250-+500)°C (de-
pending on time and on environment), at
cryogenic temperatures, at radiation load
with absorbed doses of 10¢ Mrad and more,
at high mechanical loads and in combination
of these conditions. They are effectively
using in electrical engineering and ra-
dioelectronics, aviation, rocket and space
and other industries because they can sig-
nificantly reduce weight and dimensions of
products, increase their reliability, power
density, and operating temperature. Analy-
sis of scientific and technical data and prac-
tical works on development of heat-resistant
polymer materials, in particular, poly-
imides, showed promising using thermoplas-
tic polyamic acids (PAA) and varnishes, on
basis of which free polyimide (PI) films are
obtaining using monomers of various chemi-
cal structures. However, the ever-growing
requirements to materials lead to necessity
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to increase standard range of available
films and creating new types of polyimide
systems with special properties, including
with high electrical insulating and, at the
same time, heat-conducting characteristics
[10].

Thus, purpose of this work (review) was
searching and analyzing data and results of
theoretical and experimental studies, disser-
tation materials, literature sources, and
patents in field of polyimide nanocomposite
materials, summarizing obtained data and
recommendations for development of prom-
ising heat-conductive electrical insulating
polyimide nanocomposite materials. Espe-
cially practically proven recommendations
for creating composite polyimide films with
significantly increased thermal conductivity
from typical values of 0.12 W/m-K up to
5-10 W/m-K, allowing their using as ther-
mal interfaces in flexible varnished foil
laminates for commutation boards and ca-
bles in various electronic devices,including
detectors of electromagnetic radiation, in
LED light sources and in space and terres-
trial solar batteries for ensuring optimal
thermal conditions.

2. Subject and methods of
research

2.1 Thermally conductive polymer-based
composites

If ability of solids states to conduct heat
is related to their structure, composition
and mainly characterizing by coefficient of
thermal conductivity A (W/m-K), then heat
dissipation occurs at air-solid phase bound-
ary. Laws of heat transfer in so-called natu-
ral convection mode are such that there is a
certain specific limit on the amount of heat
that can be absorbed from unit of heat-
transfer surface by the surrounding air.
This amount of heat is independent of the
thermal conductivity of the heat-releasing
material (wood, metal, plastic or paper). For
cooling in general, this means that increas-
ing coefficient of thermal conductivity
makes sense only until moment when
amount of heat transported through the
body reaches a value that can be maximally
accepted (dissipated) by air at last, limiting
stage. According to calculations, the "effec-
tive” operating value of coefficient of ther-
mal conductivity A, is in range of 5-
10 W/m-K. Further increasing is already
excessive and does not leads to increasing in
heat rejection as a whole. This conclusion is
also confirmed by a series of experiments
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Fig. 1. Influence of thermal conductivity of
the plate material on the unevenness of its
temperature field.

carried out by the American company Cool
Polymers, in which point heat source with
constant power (5 W) was fixed on same
size plates made of materials with different
thermal conductivity (Fig. 1).

Thus, it was confirmed that heat-con-
ducting potential of copper, aluminum and
other high thermal-conducting materials is
using in free cooling mode, at best, only to
one-tenth of its capabilities, and their use is
technically redundant. This is especially ac-
tual for modern smartphones, computers,
lamps, and other consumer devices and mi-
croelectronic devices that are being manu-
factured in millions.

Namely plastic frames, circuit boards
and other numerous parts made of polymers
are essentially unifying, integrating envi-
ronment for interacting heat-generating
radio-electronic and other functional ele-
ments. Mass part of polymers in such prod-
ucts is steadily increasing and, in some
cases, reachingup to 90-95 %. Therefore,
desire of developers to try to use polymers
for cooling electronic devices is under-
standable. However, taking into account
that polymeric materials, including poly-
imides, are typical heat insulators, with co-
efficients of thermal conductivity less then
0.2-0.3 W/m-K, this is the reason why dif-
ference by almost two orders between the
real and requiredthermal conductivity for
the manufacture of cooling devices did not
allow developers to exploit generally recog-
nized economic potential of polymers in
mass production until relatively recently.

Low thermal conductivity of polymers, as
a rule, is explaining by combination of ex-
tremely low ordering of their molecular
structure and weakness of intermolecular
interactions between elements of such struc-
ture. Unlike of low-molecular compounds,
most of which in solid-state form crystal
lattices, in polymers ordered elements —
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crystallites — exist simultaneously with
amorphous regions. Because of this, average
free path of thermal phonons (quasiparticles
— carriers of thermal energy, path length
of which depends on the degree of ordering
of the material) is 3-5 A, which is compara-
ble to interatomic distances. This leads to
low-effective heat transfer in polymers.
Proportion of ordered regions in whole su-
pramolecular structure of a polymer is
called as degree of crystallinity. For the
same polymer, degree of crystallinity can
vary depending on conditions of its produc-
tion (mechanism of polymerization, tem-
perature, pressure, the presence and struc-
ture of the catalyst), and as a result of
physical or chemical effects which changing
structure of already synthesized polymers
— the so-called post-synthetic modifica-
tions. Increasing degree of crystallinity
should elongate path of thermal phonons
and thereby increase thermal conductivity
of a polymer. It is also quite logical to solve
problem of increasing thermal conductivity
of polymers by filling them with heat-con-
ductive materials [2, 11].

High-filled (degree of filling more than
50 % of volumeconcentration) polymer com-
posites are functional materials which, de-
pending on type of fillers used, can combine
high thermal and electrical conductivity,
magnetic properties, stiffness, low shrink-
age and dimensional stability. At the same
time, they can outperform metallic materi-
als in terms of advanced production technol-
ogy, ease of processing and finishing, lower
weight, corrosion resistance, etc. These
qualities can make it possible to use high-
filled composites in practical applications
where metal alloys are traditionally using
(LED devices, reflectors, printed circuit
boards, heat exchangers, radiators, frames,
bearings, etc.).

Schematic representation of dependence
of thermal conductivity of polymer compos-
ites on filler content is shown in Fig. 2.
Unfilled polymers in their natural state are
heat insulators, the thermal conductivity of
which, as mentioned earlier, is 0.1-
0.3 W/m-K. Low and medium filled poly-
mers have the thermal conductivity of 0.3-
2 W/m-K, which is insufficient for effec-
tive heat dissipation required for many
technical applications.

Main difference between low-, medium-,
and high-filled systems is heat transfer
mechanism. In low- and medium-filled sys-
tems, micron-sized fillers do not provide
continuous heat flow paths, so heat transfer
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Fig. 2. Schematic dependence of thermal con-
ductivity of polymer composites on content of
filler.

in such composites is primarily determined
by polymer matrix. In high-filled systems,
particles are bonded to each other, creating
continuous mesh through which heat trans-
fer is carrying-out.

Main idea of effective control of thermo-
physical characteristics of composite mate-
rial at high degrees of filling is to maxi-
mize heat-conducting paths along with
minimizing boundary thermal resistance
"filler-filler” and “filler-matrix™. High-
filled (>50 % volume concentration) poly-
mer composites can have thermal conductiv-
ity up to 32 W/m-K, and, therefore, from
practical point of view,can be effective
heat-conductive materials [2, 12].

2.2 Nanocomposites based on a polymer
matrix and methods of obtaining them

As it was noted above, depth of influence
of filler on properties of material is increas-
ing with increasing in concentration of par-
ticles in the matrix. However, in practice,
these concentrations of nanoparticles can be
varied within fairly narrow ranges: usually
concentrations of nanoparticles injecting
into the polymer is few percent. Due to high
surface activity of nanoparticles, they are
characterized by pronounced tendency to ag-
gregation and agglomeration with forming
clusters, stacks (nanolayers), and bundles
(cylindrical particles) of individual nanopar-
ticles. Creating such aggregates leads to
heterogenization of material structure and
to significant decreasing in effectiveness of
effect of nanofiller on its properties. Ac-
cordingly, the most important stage of any
technology for preparing nanocomposite ma-
terials is process of injectingnanoparticles
of filler into volume of matrix polymer and
their mixing. Task that must be solved
when organizing this process is to ensure
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uniform distribution of the injected
nanoparticles in volume of matrix. Maximal
concentration of the nanofiller, which can
be created in the nanocomposite material
without losing the positive effect, depends
on how successfully this problem is solved.

There are two main mixing mechanisms:
simple and dispersive. Simple mixing is un-
derstood as a process resulting in statisti-
cally random distribution of particles of in-
itial components in volume of mixture with-
out changing their initial sizes. Dispersive
mixing is a mixing process that is accompa-
nied by a changing (decreasing) initial par-
ticle size of components associated with
their fragmentation, destruction of aggre-
gates, deformation and decomposition of
dispersed phase, etc.

Main task of dispersive mixing is to de-
stroy aggregates of solid particles and dis-
tribute them in volume of liquid polymer.

At creating polymer nanocomposites with
ready-made nanofiller following three main
methods are using:

— mixing in solution (for polymers sol-
uble in organic solvents);

— melt mixing (for thermoplastic poly-
mers);

— in-situpolymerization.

It is well known that it is very difficult
sufficiently effectively to disperse nanopar-
ticles (NPs) in a solvent by simple mixing.
Treatment with high-power ultrasound is
quite effective at forming of dispersion of
NPs. Ultrasonic processing is widely using
in dispersing, emulsifying, crushing, and
activation of particles. With help of ultra-
sonic processing, aggregates and coils of
NPs can be effectively destroyed. Studies on
various dispersions of nanoparticle agglom-
erates with different solids content have
demonstrated significant advantages of ul-
trasonic processing over other technologies
such as rotary mixers, piston homogenizers,
ball mills, and colloid mills. For mixing in
solution, polymer matrix must be soluble in
at least one solvent. It is problematic for
many polymers.

Melt mixing is generally applicable and
enough simple method, especially in case of
thermoplastic polymers. During melt mold-
ing process, NPs are mechanically dispersed
in polymer matrix using a mixer with a
high shear force at high temperatures. This
approach is simple and compatible with ex-
isting industrial technologies. Shear forces
destroy NP aggregates and prevent their
formation.
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Disadvantage of this method is that this
method gives dispersion of NPs in polymer
matrix, which is much worse than disper-
sion that can be achieved by mixing in a
solution. In addition, NPs should be smaller
because of high viscosity of composites with
higher content of NPs.

At using the in-situ polymerization
method, NPs are dispersed in monomer with
subsequent polymerization. Moreover,
higher percentage of fillers can be easily
dispersed, and they form a strong interac-
tion with matrix polymer. This method is
used to prepare composites with polymers
that cannot be processed by mixing in solu-
tion or mixing in melt, for example, insol-
uble and thermally unstable polymers [13].

2.3 Materials of micro- and nanoparticle
powders for creating electrically insulating
thermally conductive polymer composite ma-
terials

For increasing thermal conductivity of
polymer materials while maintaining their
necessary properties, including high electri-
cal insulation characteristics, most often at
creating polymer composites and nanocom-
posites, powders of micro and nanoparticles
of following widely known and used in in-
dustrial production of dielectric heat-con-
ducting materials are used,such as BN, AIN,
TiO,, and Al,Og, etc. (Table 1).

The practical possibility of significant in-
creasing thermal conductivity of electrical
insulating polymer composite materials, in-
cluding polyimides, during injecting of di-
electric heat-conducting materials into their
volume as fillers, is confirmed by the exam-
ples below:

— injection of boron nitride (BN) parti-
cles. In [14] thermal conductivity of poly-
mer nanocomposites containing hexagonal
BN (HBN) was studied by theoretical and
experimental methods. With disordered ar-
rangement of 6.3 vol. % HBN increasing in
thermal conductivity was 300 %. In this
case he orientation, functionalization or
coating of these particles with polyimide
(PHBN) contributes to an even greater in-
creasing in thermal conductivity. PCM con-
taining 60 % of PHBN particles have ther-
mal conductivity of 3.3 W/m-K, while with-
out coating 2.6 W/m-K;

— injection of aluminum nitride parti-
cles. In [15] it was reported that the ther-
mal conductivity of epoxy composite mate-
rial containing 50 vol.% untreated alumi-
num nitride (AIN) was 1.25 W/m-K.

— injection of Al,O3 and BN particles. In
[16] results of studies ofinfluence of parti-
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Table 1. Thermal conductivity of fillers

Ne Filler type Coefficient of
thermal
conductivity,
W /medotB% % ApBK
Boron nitride 180
2 Aluminium nitride 285
Aluminium oxide 20

cle size and geometry of mixed fillers of
different compositions on thermal and me-
chanical properties of hybrid composite sys-
tems are presented. Influence of system con-
sisting of polygonal Al,O5 particles and BN
plates on thermal conductivity of polymer
composites has been studied. PCM contain-
ing 30 % hybrid filler Al,bO; + BN (1 um)
had significantly higher thermal conductiv-
ity (0.57 W/m-K) than unfilled one.

— injection of TiO, and BN particles. In
[17] thermophysical properties of polyimide-
based on tricyclodecentetracarboxylic acid
dianhydride and 4,4’-diaminodiphenyl ether
and its film compositions, including those
with particles of boron nitride and titanium
dioxide, were studied. Values of thermal
conductivity for polyimide films with filler
of boron nitride particles and TiO, particles
with particle size of up to 10 um have been
determined. Thermal conductivity of the PI
+ boron nitride films (40 wt%) was
1.24 W/m-K, and thermal conductivity of
the PI + TiO, films was about 1.12 W/m-K.

2.4 Polyimide composite materials and
methods for injecting micro and nanoparti-
cles into a polyimide matrix

Among polymer composite materials,
polyimide materials occupy one of the lead-
ing places due to thermal stability and high
strength indicators. Presently polyimide
materials have a wide range of possible ap-
plications as materials that work for long
time in the units of machines and devices,
as well as insulating coatings at tempera-
tures of 300°C and above. Composite mate-
rials obtained on their basis have following
characteristics: maximal temperature of use
of such materials is comparable to the
analogous characteristics of titanium and
aluminum, they have very high specific
strength (significantly higher than those of
titanium and steel). It is also of industrial
interest that products of complex configura-
tion can be obtained by pressing in mold, as
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result of which costs of machining the re-
sulting products are significantly reduced.
Composite materials based on polyimides
can be used to obtain wide range of prod-
ucts, for example, such as: components of
internal combustion engines using in air-
craft, ship and automotive industries,
blades, self-lubricating bearings used at
high temperatures, heat and sound insulat-
ing panels, fire protection barriers, etc.

However, ever-growing requirements for
materials lead to necessity to enlarge stand-
ard range of manufactured polyimide com-
posite materials and create new types of
polyimide systems with special properties,
including those with high electrical insulat-
ing and heat-conducting properties for elec-
tronic modules and high-power devices.
Therefore, it can be expected that the devel-
opment of new composite materials based on
polyimide binders will always arouse signifi-
cant industrial interest [12].

Till presence based on aromatic poly-
imides, various research groups have devel-
oped several insulating heat-conducting
polyimide composite films with thermo-
physical characteristics that are several
times superior of initial polyimides, includ-
ing development of effective technologies
for their creating using micro- and nanopar-
ticles of various dielectrics with high ther-
mal conductivity as fillers.

In [17] polyimide composite films based
on dianhydridetricyclodecentetracarboxylic
acid and 4,4’-diaminodiphenyl ether, includ-
ing those with boron nitride and titanium
dioxide, were prepared.

Mixed compositions with boron nitride
and titanium dioxide (particle size up to
10 um) were obtained by homogenizing
modifying additives in an amount of 1-
40 wt. % at room temperature for an hour
in solutions of polyimide in N,N’-dimethy-
lacetamide with a concentration of 20 wt.
% . Then, the solutions were cast into films
with thickness of 55-65 pum on glass sub-
strates.

In [18] inorganic fillers TiO, (rutile, par-
ticle size 380—40 nm) and Al,O3 (corundum,
particle size 40—-80 nm) were used to create
film composites based on AD-9103 varnish.
Polyimide film composites were manufac-
tured in three stages:

1) Preparation of compositions with dif-
ferent weight ratios of polymer/filler by
mixing solution of polypyromellitic acid in
dimethylformamide.
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2) Ultrasonic treatment of mixed compo-
sitions on the UZD-3.5 generator for
20 minutes.

3) applying of mixed compositions on
glass substrates and curing according to
chosen temperature regime.

Regimes of curing of mixed compositions
for obtaining film composites were chosen
in accordance with the data for formation
of polyimide films based on AD-9103 var-
nish:

— 80°C — 1 h., 100°C — 1 h., 150°C —
1 h., 200°C — 1 h., 250°C — 1 h., heatin-
gupto 320°C;

— heating rate to chosen temperatures,
5°C/min;

— content of inorganic fillers was 3 and
10 % of the mass.

In [19] objects of study were films based
on rigid-chain polyimides. Polyimide based
on commercially available varnish brand
AD-9103 IC. The filler was a diamond
charge (DC) obtained by detonation synthe-
sis from a mixture of explosives.

For obtaining polyimide composite films,
AD-9103 IC varnish was mixed with DC in
amount of 5 and 10 wt. %. Dispersion of
the mixed compositions was carried out on a
laboratory ultrasonic generator “LUZD-
1.5/1P" for 25 min. Previous experiments
have shown that minimal optimal dispersion
time for mixed compositions with DC is
25 min since a shorter processing time leads
to formation of film with defects formed by
aggregated particles of high-dispersed
filler. Such defects lead to decreasing
strength properties of film samples, and
further increasing dispersion time does not
significantly affect on quality of obtained
films.

For obtaining polyimide composite films
prepared mixtures were applied with an ap-
plicator on glass substrate and then curing
with gradual heating to 300°C at rate of
5°C/min. Thereafter PI films were thermo-
stated at 200°C for 1 hour.

In [20] methods of obtaining nanocompo-
site materials based on polyimide matrixes
and nanoscale fillers are described. As noted
earlier, all methods for preparing nanocom-
posites are ultimately aimed at increasing
uniformity of distribution of nanoparticles
in volume of polymer and, as a result, at
obtaining high-quality nanocomposites with
enlarged range of nanoparticle concentra-
tions that can be injected into the polymer
before the onset of intense aggregation
processes.
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However, in reality for each type of nan-
ofiller, there is a certain limit of such con-
centration, exceeding which does not lead to
further increasing level of material proper-
ties. Main disadvantage of such methods is
fact that they make it possible to prevent
processes of aggregation of nanoparticles
only in rather narrow range of their concen-
trations in nanocomposite material and, as a
consequence, allow achieving very limited
increasing level of material characteristics.
When the upper limit of this range is ex-
ceeded, intensive aggregation processes de-
velop, and, as a consequence, there is sig-
nificant slowdown and cessation of growth
of required characteristics of material, and
in some cases even their decreasing.

In this work is proposed solution aimed
at further enlarging this range of concen-
trations of nanoparticles, injecting of which
into polymer matrices does not lead to de-
velopment of aggregation processes. Techni-
cal task and positive result of the proposed
method is possibility of increasing limiting
concentration of nanoparticles injected into
polymer matrix, namely, into the volume of
polymers belonging to class of aromatic
polyimides, before development of their ag-
glomeration processes and, accordingly, en-
suring an increased level of characteristics
of nanocomposite materials. Specified tech-
nical result is achieving in proposed method
for producing nanocomposite materials
based on polyimide matrices and nanosized
fillers — nanoparticles of at least two
types: nanoparticles of layer geometry, nan-
ofibers, nanotubes, and nanocones/disks,
due to joint or sequential injection of cer-
tain amounts of these nanoparticles into the
volume of matrix polymer. In this case con-
centration of nanoparticles of each type re-
mains enough low so that they remain uni-
formly distributed in volume of polymer
and do not form aggregates. And total con-
centration of nanoparticles is enough high
to provide significant gain in properties of
resulting nanocomposite. In this case, high
technical result is ensuring by injecting two
or more different types of nanoparticles
into matrix polymer. For preparing homoge-
neous dispersions of nanoparticles in sol-
vent before their injecting into polymer so-
lution, ultrasonic dispersion methods are
used. Mixtures of polymer solution and dis-
persion of nanoparticles are homogenized
using mechanical paddle-type agitators for
24 hours at speed of 1000 rpm. Obtained
nanocomposite solution, containing polymer
and several nanoparticles homogeneously
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distributed in it, is usingfor manufacturing
films with improved characteristics. For
this, films cast from nanocomposite solu-
tions onto flat substrates using dies with
adjustable gap are cured for 2 hours at 80
or 90°C, followed by heat treatment in heat-
ing regime up to 250°C at a rate of 3°C/min
or up to 360°C at a rate of 5°C/min, fol-
lowed by holding at this temperature for 30
or 20 minutes, respectively. In this case,
nanoparticles of at least one of types used
can be injected into polymer matrix at stage
of its synthesis (in situ polymerization).
Various types of nanoparticles can be used
for preparing nanocomposite material. Vari-
ous polyimides can be used as polymer ma-
trices at preparation of nanocomposites by
described method, in particular thermoplas-
tic aromatic polyimides containing four or
more aromatic rings in an elementary unit.

As a result of implementation of de-
scribed above technical solutions it is possi-
ble to inject nanoparticles into polymer in
total concentrations exceeding maximal con-
centrations of nanoparticles of one type,
which can be dispersed in polymer before
their intensive aggregation begins. Due to
this, more significant increasing values of
required characteristics of material is
achieving than that realized at injection of
same type nanoparticles in concentration
equal to the sum of concentrations of vari-
ous nanoparticles injected in accordance
with proposed method.

It is known that practically all attempts
to explain flowing of heat flux in polymer
matrix containing heat-conducting particles
are leading to theory of percolation (flow),
according to which the thermal conductivity
depends on volume fraction of the heat-con-
ducting filler. Analysis of literature data on
heat-conducting composites showed that the
most promising is using high-filled PCM
(more than 40-50 %) with high level of
thermal conductivity. Main task in creat-
ing heat-conducting polymer composition is
to ensure continuous chain structure of
heat-conducting filler in polymer matrix,
which makes it possible to obtain CM with
thermal conductivity varying in wide range
— from values typical for dielectrics to val-
ues that allow them to be used as heat-con-
ducting materials. Creating heat-conducting
paths in two-phase system depends on abil-
ity of particles of heat-conducting phase to
create good thermal contact when they come
into contact or approach. Main disadvantage
of such system is that heat-conducting par-
ticles are isolated from each other and,
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thus, do not make the necessary contribu-
tion to through thermal conductivity of
composite, unless, of course, their concen-
tration is very high. At high concentration
of heat-conducting particles (high percola-
tion threshold), mechanical properties of
the composite deteriorate significantly, and
the material becomes hard and brittle.
Therefore, creating composite that combines
good mechanical and heat-conducting prop-
erties is very difficult task [21].

In turn, in [22] it is reported that de-
creasing size of filler particles in composite
material down to nanoscale does not lead to
a significant change in thermal conductivity
compared to prototype materials using mi-
cron filler particles (at close values of the
amount of filler). Decrease size of nanopar-
ticles less than 20 nm leads to significant
decreasing in value of coefficient of thermal
conductivity. In particular, it is reported
that when studying mixture of micron and
nanosized filler particles as filler, thermal
conductivity of composites increases. At the
same time, size of micro- and nanoparticles
of fillersusing in mixture does not effecton
properties of composite as noticeably as
their mass ratio in the mixture. It was
found that ratio of size of microparticles to
size of nanoparticles should not exceed
1000, but also should not be less than 100,
since under these conditions optimal distri-
bution of nanoparticles between microparti-
cles is achieved and sufficient number of
heat-conducting paths are formed; as a re-
sult, the thermal conductivity of the mate-
rial decreasing.

Varying amount of filler in the material
made it possible to establish that high heat-
conducting and dielectric properties are
achieved when content of filler particles in
composite is at least 55 wt. % and increas-
ing with further increasing filler content.
Increasing content of the filler more than
90 wt. % leads to deterioration in deforma-
tion and strength properties (characteristics
of strength and plasticity deteriorate). Mix-
tures of micro and nanopowders such as alu-
minum oxide, aluminum nitride, boron ni-
tride, etc., or their mixtures were used as
dispersed fillers for polymer matrices.
Maximal thermal conductivity at order of
10-12 W/m-K has been observed for ver-
sion of composite material, in which mix-
ture of micro- and nanoparticles of filler
powders with a predominant content of mi-
croparticles was used as a filler. Optimal
variant of total filling polymer matrix pow-
der mixtures was 78-80 %.
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At 80 % composition of powder mixtures
with average particle size up to 10 um and
20 % with an average particle size up to
100 nm, materials had thermal conductivity
up to 5.8 W/m-K, and with composition of
powder mixtures of 20 % with average par-
ticle size up to 10 pum and 80 % with aver-
age particle sizes up to 100 nm, composite
materials (CM) had thermal conductivity up
to 4.8 W/m-K. At 70 % composition of
powder mixtures with average particle size
up to 10 um and 30 % with average parti-
cle size up to 20 nm, CM had thermal con-
ductivity up to 8.5 W/m-K, and with 80 %
mixture of powders with average particle
size up to 10 um and 70 % with average
particle sizes up to 20 nm CM had thermal
conductivity up to 4.1 W/m-K. All obtained
CM samples were good dielectrics with elec-
trical conductivity exceeding 1079-10"
7 Ohm~l.cm™!. Heat-conducting nanocompo-
sites were prepared by mixing polymer and
filler powders with using pretreatment of
fillers with organic modifying compounds to
impart organophilic properties to them.
This approach makes it possible to maxi-
mize the range of concentrations of
nanoparticles, injecting which into polymer
matrices does not lead to development of
aggregation processes.

4. Conclusions

At searching and analyzing scientific and
technical information, wvarious methods of
increasing thermal conductivity of poly-
meric materials, including composite poly-
imide films, were considered. However,
even though main idea of effective control
of thermophysical characteristics of poly-
mer materials at high degrees of filling of
micro- and nanoparticles is to maximize
heat-conducting paths along with minimiz-
ing boundary thermal resistance Tfiller-
filler™ and “filler-matrix™, to solve this
problem in practice turned out to be quite
difficult. This is due, first of all, to fact
that there are not so many filler materials
that have both high thermal conductivity
and high electrical insulating properties. In
addition, cost of micro- and nanodispersed
heat-conductive powders is also quite high,
and methods of their injecting into polymer
matrix, and especially into polyimide ma-
trix, are rather complicated and laborious.

Influence of filler on properties of mate-
rial increasing as concentration of particles
in matrix increasing. However, in practice,
these concentrations can be varied within
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rather narrow limits due to significant de-
creasing quality of manufactured composite
films. This is especially relating to nanopar-
ticles. Accordingly, the most important
stage of any technology for preparing heat-
conducting composite materials is process of
injecting micro- and nanoparticles of filler
into volume of matrix polymer and mixing
them. Main task that must be solved when
organizing this process is to ensure uniform
distribution of the injected particles in the
volume of the matrix. Maximal concentra-
tion of the filler, which can be created in
the composite material without losing posi-
tive effect, depends on how successfully this
problem is solved.

Analysis of available experimental data
from various sources confirms that signifi-
cant practical results have already been
achieved in improving heat-conducting
properties of composite polyimide films. Co-
efficients of thermal conductivity of such
films are in the range from 1.12 to 10-
12 W/m-K.

However, at the same time, industrially
produced heat-conductive electrical insulat-
ing polyimide films, for example, the heat-
conductive film of KYPI-MT type from Chi-
nese company Suzhou Kying industrial ma-
terials Co.ltd., which is supplying to world
market in large amount, has thermal con-
ductivity only 0.43 W/m-K at cost of
260 US dollars per 1 kg [23]. Consequently,
task of creating commercially available low-
cost, but high-quality, heat-conductive poly-
imide composite materials with sufficiently
high thermal conductivity (5-10 W/m-K)
and without deteriorating strength and
plasticity characteristics is currently rele-
vant and technically in demand, which is
engaged by a large number of research
teams around the world.

References

1. Y.Yoo et al., in: Proc. 18th Intern. Conf.
Comp. Mat. Korea, August 21-26, 3 (2011).

2. A Krivatkin, Yu.Saunenko, Semicond. Light.
Technol., 1, 54 (2010).

3. K.C.Yung et al., Polym.Sci.B:Polym. Phys.,
43, 13, 1662 (2007).

4. V.M.Khumalo, J.Karger-Kocsis, R.Thomann,
Express Polym. Lett., 4, 5, 264 (2010).

5. Z.Han, A.Fina, Prog.Polym.Sci., 36, 7, 914
(2011).

6. V.Kosnyrev, Power Electron., 2, 118 (2008).

7. M.Piao et al., Phys.Status Solidi(b)., 250,
12, 2529 (2013).

8. S.M.Lebedev, 0.S.Gefle, A.E.Strizhkov, IEEE
Trans. Dielectr. Electr.Insul., 20, 1, 289
(2013).

Functional materials, 29, 1, 2022



V.M .Borshchov et al. /| New approaches to creating ...

10.

11.
12.
13.
14.

15.

16.

. X.Wang et al., Nanoscale Res.Lett., 7, 662

(2012).

A.S.Egorov et al., Plastic Masses,
(2019).

Yanfei Xu et al., Sci. Adv., ?2?22?? (2018).
L.K. Oliferov, Dis. Ph.D. (2016).

A.S.Egorov, D.is. Ph.D. (2018).

Tabkh Paz Majid et al., Compos. B., 100, 19
(2016).

TengChih-Chun et al., Compos. B, 43, 2, 265
(2012).

E.A.Nikolaeva, A.N.Timofeev, K.V.Mik-
hailovsky, Inform. Techn, Bulletin, 15, 1, 156
(2018)

5-6, 6

Functional materials, 29, 1, 2021

17.

18.
19.

20.
21.
22.
23.

B.A.Zhubanov et al., Chem.J.Kazakhstan, 3,
15 (2014).

K.B.Vernigorov, Abstract. Dis. Ph. D. (2012).
S.V. Kryuchkova et al., Vestn. Moscow Univer.
Ser.2.Chem., 58. 5, 223 (2017).

R.U. Patent 2.636.084 (2017) [in Russian].
S.M.Ryzhova, Dis. Ph.D. (2015).

R.U. Patent 2,600,110 (2016) [in Russian].
Thermally conductive electrical insulating
polyimide film, type KYPI-MT,
http://ru.kying.com // official website (date
of treatment 12/20/2020).

29




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


