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1. Introduction

Epoxy composite material sare widely used as protective
coatings on the surfaces of metallurgical, machine-building
and instrument-making equipment [1]. These numerous
details operate under the influence of variable temperatures,
stresses and strains. The main shortcoming of the given
coatings is the complexity of the formation of a homogeneous
structure, which leads to the deterioration of the physical
and mechanical properties of coatings, including their adhe-
sive strength [2]. Adhesive interaction between a protective
coating and the surface of a substrate is one of the main fac-
tors that determine durability and working ability of parts
of machinery [3].

Application of active finely dispersed additives makes it
possible to modify the spatial grid of a polymer binder at the
micro structural level in order to improve the mechanical
characteristics. The prospects of obtaining, examining the
properties and utilization of finely dispersed and nanoscale
powders are widely discussed in the world science as their
application will enable significant progress in materials sci-
ence and the physics of solid body [4]. Reducing dimensions
of the powder particles to nano-meters makes it possible to
improve mechanical characteristics of structural materials.

Their use also contributes to a change in the physical prop-
erties of composites [5]:

— lattice parameters;

— electron structure;

— temperature of melting and phase transitions;

— the Debye and Curie temperature;

— the speed of diffusion and chemical reactions.

Small dimensions, chemical and diffusion activity, high
melting temperatures of the particles allow the use of highly
dispersed powders of metals or compounds as a promising
filler for obtaining polymer-composite coatings [6]. Given
this, it is a relevant task to develop epoxy composite pro-
tective coatings that possess high adhesive strength to the
surface of highly dispersed particles.

2. Literature review and problem statement

Polymer composite materials with highly dispersed fill-
ers based on epoxy binders are characterized by high adapt-
ability when applied on the parts with a complex surface
profile. These materials are also distinguished by high
operational characteristics under the influence of aggressive
environments [7], however, due to low impact toughness,




their use is limited. The effectiveness of modification of the
thermoreactive polymers with highly dispersed particles
depends on the following characteristics of filler: the size
and shape of the particles, their volumetric content, particle
distribution by size, uniformity in the distribution of filler
in a polymer matrix [8], which is difficult to achieve when
structuring the epoxy composites under normal conditions.
Due to the high surface energy, highly dispersed particles
have a tendency to the formation of agglomerates and sed-
imentation, which complicates their uniform distribution in
a polymer and reduces mechanical characteristics of poly-
mer-composites. It is related to the processes of selective
adsorption interaction between a polymer matrix and a filler
that leads to instability, changeability in a free state, rapid
oxidation and uneven distribution of finely dispersed parti-
cles in a polymer matrix [9—10].

Among the methods of adjusting the structure and im-
proving the properties of composites, of relevance is the for-
mation of polymer-composite materials under the influence
of external energy fields [11]; however, the patterns of influ-
ence of external factors on the mechanism of structure-for-
mation in composites with highly dispersed and nano-fillers
have not been sufficiently examined. The application of the
given fields leads to a rise in the temperature of a binder,
which significantly reduces its viscosity. Accordingly, a
polymeric composition better fills irregularities and defects
at the surface of particles, which is a necessary condition
for the formation of strong bond between a polymer and a
solid phase [12]. The article has not considered magnetic,
chemical, kinetic and thermodynamic activity of the filler at
external impact, which requires studying the chemical and
physical-mechanical phenomena that occur during forma-
tion of the material. In addition, the rise in temperature leads
to the emergence in a reactive polymer of free functional
groups (hydroxyl, carboxyl, carbonyl), which increases the
number of physical and chemical bonds between them and
the surface of the solid phase. Treating the compositions
with physical fields at the stage of mixing contributes to
the uniform distribution of components in the volume of
composite due to the enhancement of their mobility [13].
Physical fields act at the level of a substructure, they change
a conformational set of molecules, which enables the creation
of optimal spatial grid of the binder. As a result of this, there
occurs the improvement of physical-mechanical and opera-
tional characteristics of composite materials and protective
coatings based on them [14]. That is why there is an unre-
solved issue of examining the influence of physical fields on
the distribution of highly dispersed fillers of various physical
(dia-, para- and ferromagnetic) and chemical nature in an
epoxy matrix. In this case, there is a need for a detailed study
of the processes of distribution of components of an epoxy
composite system and their interaction under the influence
of physical fields at the stage of structuring the composition.

3. The aim and objectives of the study

The goal of present research is to study the processes
of structuring the epoxy composite materials filled with
highly dispersed particles through controlled impact on the
compositions of physical fields. This will improve adhesive
strength, physical-mechanical and operational character-
istics of the modified epoxy composite coatings of optimal
composition.

To accomplish the set goal, the following tasks are to be
solved:

—to determine adhesive strength of the epoxy compos-
ite materials filled with highly dispersed powders without
treatment of the composition;

— to examine the influence of physical fields on adhesive
strength and residual stresses of the epoxy composite mate-
rials filled with highly dispersed powders;

— to analyze the microstructure of epoxy composite ma-
terials filled with highly dispersed powders with treatment
of the composition in physical fields.

4. Procedure of treating the composition and examining
the adhesive strength of epoxy composite coatings

We used the epoxy resin of grade ED-20 (GOST 10587-84)
as a matrix of polymer-composites, which is a liquid reactive
oligomeric product based on diglycidyl ether of diphenyl
propane. Epoxy-dianova resin ED-20 is a viscous liquid
without visible mechanical inclusions, which dissolves in
toluene. When the resin is heated to 873 K and higher, a
small amount of volatile substances is released (epichloro-
hydrin and toluene). Coatings based on the resin ED-20
possess high adhesion to different materials, high hardness,
elasticity, high dielectric properties, resistance to aggressive
environments.

To harden the epoxy compositions, we used polyethylene
polyamine (PEPA) (TU 6-02-594-70), which is a liquid with
low viscosity. The process of structuring envolves a chemical
interaction between the final amine groups of a hardener and
the macro molecules of epoxy resin at room temperature and
lowered temperatures under conditions of elevated humidity.

We exploited powders of different physical and chemical
nature with a dispersion of 0.25-500 pm as additives.

Iron powder of the type PZhR-3 (GOST 9849-86)
contains in its composition not less than 97 % of primary
substance, particle dispersion is 30—50 um.

Carbonyl iron of the type R-20 (GOST 13610-79) is a
finely dispersed powder of pure iron with an average diam-
eter of particles of 2.5—-5 pm. The powder has elevated elec-
trical conductivity, resistance to aggressive environments,
and is also characterized by high plasticity indicastors. It
contains particles of spherical shape with dense structure
free from sharp protrusions.

Zirconium powder of the type PTsrK1 (TU 48-4-234-84)
has an average size of particles of 1-2 pm. Zirconium has a
high corrosion resistance to atmospheric gases, water and
alkilis, it does not react with hydrochloric and sulfuric (con-
centration of up to 50 %) acids, it is plastic and demonstrates
paramagnetic properties.

Fullerene black (TU 2166-004-65523364-2010) is the
fullerene soot, received after the removal of mixtures of
fullerenes by non-polar organic solvents. The powder is not
soluble, total content of fullerenes does not exceed 0.10 %.

Ftoroplast powder of the type 4PN-20 (GOST 10007-80)
is resistant to all acids, solvents, petroleum products, alkalis
in the working range of prolonged operation from —542 K
to +533 K. This powder is resistant to water vapor and cli-
matic impacts. The powder particles have high dielectric and
antifriction properties. The average particle size is 6-20 pm.

Study of adhesive strength of epoxy composite coatings
was conducted by procedure in line with GOST 14760-69.
The procedure is based on measuring the tear resistance of



adhesive joints of the face surfaces of steel rods with conical
projections for the self-centering in grippers of the tensile
testing machine Zwick RSA100 (manufactured in Germa-
ny). The rate of change in loading was 2 mm/min. The front
surface area in the place of glueing the rods was 2 cm?.

The formation of experimental samples implied obtaining
a homogeneous composition, which contained the required
components. Depending on the volume of the samples we
calculated a quantitative content of components in mass parts
per 100 mass fractions of the epoxy resin ED-20. The compo-
sition was formed by introducing the hardener PEPA (12 mass
fractions per 100 mass fractions of ED-20) and the fillers to
the epoxy resin. The composition was mechanically agitated
at each stage to provide high homogeneity of the system. At
the next stage, the composition was exposed to the influence
of physical fields. The formed composition was applied onto a
prepared surface or poured into special moulds. The surface
was pre-treated with an abrasive to achieve the required
roughness and was degreased with a solvent.

Since mechanical properties of the polymer composites
depend on the technology of formation, then so much atten-
tion is paid to studying the influence of external physical
fields on the processes of structuring. For the uniform distri-
bution of a highly dispersed filler in the volume of a polymer
matrix, the compositions, after mechanical agitation, were
treated with ultrasound or in electromagnetic field. The
ultrasound treatment was carried out in a container of labo-
ratory installation (Fig. 1) in the water medium at frequency
20 kHz. The prepared composition in a container the size
6x4 cm was placed at a distance of 10 mm from the source
of ultrasonic waves. Treatment duration made up 5—10 min.

To study the influence of electromagnetic treatment, we
used a laboratory installation that is capable of generating
a high-frequency electromagnetic field (Fig. 2). The treat-
memt was conducted in the air environment. Treatment
duration made up 510 min.

Fig. 1. Schematic of the installation for treating
the composition with ultrasound: 1 — the source of radiation;
2 — medium (water); 3 — container; 4 — composition; 5 — tripod

Fig. 2. Schematic of the installation for treating
the composition in electromagnetic field: 1 — amperemeter;
2 — diode bridge; 3 — compensator; 4 —electromagnet

Hardening of the epoxy composites under normal condi-
tions lasted for 24 hours. Additional thermal treatment was
carried out in a furnace under a stepwise mode: 343 K with
curing for 1 h, 373 K with with curing for 1 h, 403 K with
curing for 4 hours.

The study of the microstructure of epoxy composites
was performed at the raster electronic microscope (EVO 50)
(manufactured by Karl Zeiss, Germany).

Internal strains were determined using the console
method in line with GOST 13036-67 on the laboratory in-
stallation. The method is based on measuring the deviation
from the initial position of the free end of the cantilever
pinned elastic metal plate. Deformation of the plate takes
place under the influence of internal stresses that occur in
coatings.

5. Examining the adhesive strength and microstructure of
epoxy composite materials

It was experimentally determined (Fig. 3) that the
powders of iron PZhR-3 and carbonyl iron P-20 (6—10 mass
fractions) reduce the adhesive strength of epoxy composites
by 1.6—1.7 times. This is due to the formation of insufficient
number of chemical bonds between the macro molecules of
an epoxy polymer matrix and the highly dispersed particles.
Accordingly, in this case, there forms a structure, which is
characterized by a low content of gel fraction (G=91 %).
This structure has a large number of defects (Fig. 4, a, b):

— air cavities (d=50—150 pm);

— agglomerates (d=10—40 um).

Highly dispersed filler
0., MPa & — iron (PZhR-3)
50 [ — carbonyl iron
A — ftoroplast
) — zirconium
40 1 O - fullerene black
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Fig. 3. Dependence of adhesive strength of epoxy
composites on the content and type of
a highly dispersed filler

When using the powders of types PZhR-3 and R-20,
there occurs an increase in the adhesive strength of epoxy
composites by 1.4—2.4 times. This increase takes place in the
case of application of the higher degrees of filling the system
(10-40 mass fractions) compared with a low-filled system
(6—10 mass fractions). An increase in the adhesive strength
is associated with a decrease in the residual stresses in the
material (6,,s=2.5 MPa) by 24 %.

The introduction of ftoroplast powder in the amount of
6 mass fractions into an epoxy polymer matrix leads to an
increase in the adhesive strength by 2.5 times compared
with an unfilled system (c,=17.3 MPa). Ftoroplast pow-
der contributes to the formation of a structure of epoxy
composites with low residual strains (c.s=1.96 MPa), due
to the ability of the system to relax during the process



of structuring. This is possible due to the high plasticity
of the ftoroplast particles and the formation of a struc-
ture with a low content of air inclusions (d=50-100 pm)
(Fig. 4, ¢). It was found that the range of optimal content
of highly dispersed particles of ftoroplast in a matrix is
6—10 mass fractions, at which the adhesive strength of
epoxy composites reaches maximum values. Increasing the
content of powder in the composite to 10—30 mass frac-
tions leads to a smooth reduction in the adhesive strength,
by 3-15 %. At the content of 30—40 mass fractions, there
occurs a sharp reduction in the adhesive strength, by
20-30 %. This is linked to the presence of agglomerates
(d=100-200 pm) and other structural defects (pores of
d=200-300 um) (Fig. 4, d). These defects were formed due
to the uneven distribution of particles of the filler in the
volume of the matrix, the result of which is the incomplete
wetting of highly dispersed particles with the oligomer.

It was established that the introduction of zirconium
powder to an epoxy matrix predetermines a growth in
the adhesive strength by 75 % (5,=30.3 MPa) at the fill-
er content of 6 mass fractions compared to the unfilled
system. Zirconium powder forms strong bonds between a
surface of the filler particles and a polymer matrix with
minimal residual stresses (c;.s=1.48 MPa) in the epoxy
composites without treatment. This is possible due to the
high capacity of the surface of zirconium particles to wet-
ting by the oligomer and the formation of homogeneous
compositions. Increasing the content of zirconium powder
to 40 mass fractions reduces the adhesive strength by
50 % (0,=15.7 MPa). This is mainly due to the emergence
of various defects in the form of air cavities (d=150—
~200 pm) (Fig. 4, ).

Low values of adhesive strength under the condition of
increased content of a filler can be also explained by the in-
creased viscosity of the composition, as a result of which the
complexes of macromolecules do not fully fill the substrate
micro irregularities.

It was establsihed that the introduction of highly dis-
persed powder of fullerene black to an epoxy composite in
the amount of 4—8 mass fractions leads to an increase in the
adhesive strength by 1.5 times. This is due to the formation
of a system with low residual strains (c,.s=1.5 MPa).

The presence of highly dispersed particles in the system
leads to a growth in the cohesive strength of composite mate-
rials due to the particles” ability to interact intensively with
the macro molecules of oligomer. This leads to an increase in
the gel fraction (G=95 %) due to the increasing number of
chemical bonds in the volume of the polymer.

It was found that the epoxy composition (Fig. 5) is
sensitive to the effect of electromagnetic field. The result
is a growth in the adhesive strength of epoxy polymer by
13 % compared with the epoxy polymer with composition
not treated in the physical field. Maximal adhesive strength
(6,=70.6 MPa) is demonstrated by the epoxy composite
materials filled with the powder of fullerene black under
condition of the composition treatment in electromagnetic
field in comparison with similarly treated non-filled epoxy
polymers. The performed treatment predetermines a uni-
form arrangement of macromolecules and supramolecular
oligomer structures at the surface of dispersed particles.
This provides for an increase in the degree of structuring
(G=97 %) in the matrix and a decrease in the residual stress-
es (01es=0.8 MPa).
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Fig. 4. Fractograms of the fracture of epoxy composites
filled with highly dispersed particles: a — iron of the type
PZh-3; b — carbonyl iron; ¢ — ftoroplast (6 mass fractions);
d — ftoroplast (30 mass fractions); e — zirconium, x100
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Fig. 5. Dependence of adhesive strength of the epoxy
composites whose compositions are modified in the
electromagnetic field on the content and type of a highly
dispersed filler

It was established that treating the compositions in the
electromagnetic field leads to a sharp rise, by 3.1-4.2 times,
in the adhesive strength of epoxy composites compared
to the non-filled epoxy polymers. The content of highly
dispersed powders in the given composites is 6—10 mass
fractions. For the epoxy composites with the introduction of
powders of iron of the type PZhR-3 and R-20, there occurs a
growth of the adhesive strength by 5.2—5.6 times compared
to the epoxy composites without treatment. For the compos-



ites with zirconium and ftoroplast powders, there occurs a
growth of the adhesive strength by 1.5—1.8 times compared
to the composites without treatment. Tensile strength of ep-
oxy composites with ftoroplast powder is 63.5 M Pa, of epoxy
composites with zirconium powder is 56.25 M Pa. Treatment
of the compositions with highly dispersed particles in the
electromagnetic field increases the adhesive capacity be-
cause at the surface of the particles the reactive centers are
activated due to the action of an external field. The given
centers in the process of formation of epoxy composites en-
able additional formation of the bonds, which provides for an
overall improvement of the mechanical properties of epoxy
composites.

An analysis of the surface of the adhesive bond revealed
that the epoxy composite materials without the pre-treat-
ment (Fig. 6, @) possess an adhesive character of destruction,
due to a low adhesive capacity of the epoxy composite. The
epoxy composites whose composition was treated in the elec-
tromagnetic field possess a cohesive character of destruction
of the adhesive bond (Fig. 6, b), which indicates an increase
in the adhesive strength of the system. The influence of elec-
tromagnetic waves increases internal energy and entropy of
the system. This leads to the activation of the chains of mac-
romolecules with the formation under the influence of irra-
diation of free radicals with their subsequent recombination
in the process of structuring of the epoxy polymer matrix.

b

Fig. 6. General view of the surface of adhesive bond of
the epoxy composite coatings, filled with highly dispersed
zirconium powder, @ — without treatment, b —treatment of
the compositions in electromagnetic field

The adhesive strength of epoxy polymers after treat-
ing the compositions by ultrasound (Fig.7) grows by

1.7 times compared with the non-treated compositions
(Fig. 3). A growth of the adhesive strength by 1.5 times
occurs after treating the compositions in electromagnetic
field (Fig. 5). The application of ultrasonic treatment en-
sures an improvement of the given characteristics, as a result
of the intensification of interaction among the components
and the reduction in system defectability as a whole. At
the surface of epoxy polymers without treatment we regis-
tered clouding and uniformity of structure (Fig. 8, @). Such
defects were not registered in the case of treating a composi-
tion with ultrasound (Fig. 8, b).
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Fig. 7. Dependence of adhesive strength of the epoxy
composites whose compositions are modified by ultrasound
on the content and type of a highly dispersed filler

Fig. 8. General view of the surface of epoxy polymers:
a — without pre-treatment; b — treating the composition
with ultrasound

The treatment of composition with ultrasound contrib-
utes to a growth by 1.2 times of the adhesive strength of
epoxy composites that contain ftoroplast powder. In the case
of using a powder of carbonyl iron, it increases by 3 times.
In the case of applying the iron powder of type PZhR-3,
the growth is 12.6 times, and using a powder of fullerene
black — 3.6 times. Growth occurs for the systems that con-
tain powders of 6—10 mass fractions in comparison to the
non-filled epoxy polymers. An increase in the strength of
adhesive epoxy composites whose compositions are treated
with ultrasound is due to the improved wetting of the par-
ticles surface with a viscous oligomer. The increase in the
filler content is accompanied by a decline in the adhesive
strength, which is caused by the presence of agglomerates
(d=30-70 um) (Fig. 9, a), which remained in the system and
limit the wetting of the surface of separate particles with an
oligomer. This also increases the stressed state of the system
(0res=1.4-2.4 MPa) due to a low capacity of the segments of
macromolecules to micro dispalcements in the outer surface
layers of the particles. Particles of carbonyl iron are evenly
distributed in the volume of the material without the forma-



tion of agglomerates (Fig. 9, b), indicating the feasibility of
treating the compositions with ultrasound.

Fig. 9. Fractograms of the fracture of epoxy composites
whose compositions are modified by ultrasound and filled
with highly dispersed particles: a — iron of the type PZhR-3;
b — carbonyl iron x100

The fracture surface of epoxy composites is character-
ized by the presence of a small number of air cavities com-
pared with the epoxy composites that were not treated in the
physical field. Treating the compositions with ultrasound
provides for the formation of a more homogeneous struc-
ture of epoxy composites, which is confirmed by obtaining
a monoplanar fracture surface without sharp changes in
the relief. This indicates the formation of the system with a
low stressed state, which is a positive moment for receiving
polymer composites with high mechanical and operational
characteristics.

6. Discussion of results of examining the adhesive
strength of epoxy composites

A special feature when examining adhesion is determin-
ing the influence of electromagnetic field and ultrasound
on the epoxy composites that contain a hardener in the
composition. Previous analogous studies were conducted
disregarding the content of hardener in the formulation of
a composition. Articles [1-6] reported the introduction of
a hardener to the formulation of a viscous composition after
treatment in the physical field. Accordingly, this technology
does not provide for the penetration of macromolecules of a
hardener to the resulting groups of epoxy resin, which are
localized in the narrow-gap sites at the surface of particles of
the filler. Formation of optimal number of physical-chemical
bonds at the surface of particles of the filler is a prerequi-
site for the provision of high adhesive strength of polymer

composites. For a better understanding of the interaction
between the components of the system, it is necessary in the
future to conduct a study into the microstructure of epoxy
composites in the boundary layers at higher magnifications.

Examining the conditions and processes of structuring
at the phase interface is an important aspect for understand-
ing the characteristics of the formation of bonds in polymeric
systems based on thermosets. This will enable obtaning new
polymer composite materials with a set of controlled physi-
cal-mechanical and operational characteristics.

In the future, it is planned to conduct experimental
research using the nanosized particles, which will make
it possible to receive dependences of the influence of the
nature, quantity, particle shape on the mechanical and
thermal-physical characteristics of polymer composites. It
will be possible under condition of the detailed study into
processes of structuring in the boundary layers of the system
“nanodispersed particle — polymer binder”. It is important
to conduct experimental research under different modes of
treatment in physical fields and under condition of the use of
modifiers of a polymeric binder.

7. Conclusions

1. It was established that in the epoxy composites con-
taining iron powders in the amount of 6-10 mass frac-
tions, there occurs a decrease in the adhesive strength by
1.6—1.7 times compared with the non-filled system. This is
due to the complexity of the formation of chemical bonds
at the highly developed particle surface. With an increase
in the content of the given fillers, the adhesive strength in-
creases by 1.4-2.4 times compared with the low-filled system
(6—10 mass fractions). The complexity of the formation of
bonds is compensated for by an increase in the number of
bonds between the total surface of the particles. In the case of
using non-metallic highly dispersed particles in small quanti-
ties, the adhesive strength grows by 27-58 % due to the better
wettability of particles. With a growth in their number, this
characteristic is reduced by 34—40 % due to the emergence of
agglomerates of the particles.

2. We established that treating the compositions in the
electromagnetic field predetermines the growth by 3.1-4.2 ti-
mes of the adhesive strength of epoxy composites compared
to a non-treated system. This applies to epoxy compos-
ites that contain highly dispersed powders of zirconium,
fullerene black and ftoroplast in the amount of 2—6 mass
fractions. This occurs due to the formation of additional
physical-chemical bonds between a polymer matrix and
the surface of particles with high specific energy. In the
case of treatment in the electromagnetic field of the epoxy
compositions filled with iron powders (of the type PZhR-3
or R-20) in the amount of 6-10 mass fractions, it leads to an
increase by 5.2-5.6 times in the adhesive strength of epoxy
composites. This is due to the activation of free radicals of
macro molecules, which intensively interact with hydroxyl
groups at the surface of metal particles, resulting in a sig-
nificant growth of the number of physical-chemical bonds
(G=99.7 %). External physical fields reduce the viscosity of
oligomer and provide for a more uniform distribution of par-
ticles, the result of which is a reduction of the strained state
of the system by 65 %.

3. In the epoxy composites without treatment filled with
the iron powder, there forms the structure characterized by



a large number of defects: air cavities (d=50-150 um) and
agglomerates (d=10—40 pm). This is explained by a high
viscosity of the composition, which limits the wettability
and reduces the adhesive strength. At small number of
ftoroplast particles, there forms the structure with a low
content of air cavities (d=50—100 pm). In the case of growth
of the content of a filler, the agglomerates emerge (d=100—

—200 pm), as well as defects of the structure (air cavities
d=200-300 pm). Applying the treatment of compositions in
physical fields significantly reduces the number of air cavi-
ties, by 5-7 times, their size — by 3—4 times, and prevents the
formation of agglomerates. This is possible by increasing the
mobility of segments of macromolecules and by enhancing
their reactivity.

References

1. Buketov, A. V. Influence of the range of particle sizes of the filler on the adhesion strength and residual stresses in epoxy composites
[Text] / A. V. Buketov, V. M. Krasnen’kyi // Materials Science. — 2013. — Vol. 48, Issue 4. — P. 521-530. doi: 10.1007 /s11003-013-
9533-2

2. Buketov, A. V. Effect of pulsed magnetic field on properties of epoxy nanocomposites [Text] / A. V. Buketov, Yu. A. Karpenko,
0. O. Sapronov, V. O. Skirdenko // Metallurgy. — 2012. — Vol. 51, Issue 3. — P. 385-390.

3. Sapronov, O. Vplyv vmistu i pryrody dribnodyspersnogo napovnyuvacha na mehanichni vlastyvosti i strukturu polimernyh za-
hysnyh pokryttiv [Text] / O. Sapronov, V. Nigalatiy, I. Smyrnov, M. Dolgov // Visnyk HDMA. — 2013. — Issue 2 (9). — P. 228-237.

4. Sapronov, O. O. Doslidzhennya pryrody khimichnykh i fizychnykh zv'yazkiv epoksydnykh nanokompozytiv metodom ICh-,
EPR-spektral'noho analizu ta optychnoyi mikroskopiyi [Text] / O. O. Sapronov // Naukovi notatky. — 2013. — Issue 43. — P. 62—73.

5. Levyts’kyy, V. Doslidzhennya kinetyky tverdinnya epoksykompozytiv pislya ul’trafioletovoho oprominennya [Text] / V. Levyts’-
kyy // Visnyk TDTU. — 2006. — Vol. 11, Issue 2. — P. 132—134.

6. Bilyy, L. Doslidzhennya vplyvu enerhetychnykh poliv na vlastyvosti epoksydnykh kompozytiv [ Text] / L. Bilyy, E. Isayev, V. Leonov
et. al. // Visnyk Ternopil’s’koho natsional’'noho tekhnichnoho universytetu. — 2011. — P. 187-192.

7. Miura, K. Superlubricity of Fullerene Intercalated Graphite Composite [ Text] / K. Miura, D. Tsuda, N. Itamura, N. Sasaki // Japa-
nese Journal of Applied Physics. — 2007. — Vol. 46, 8A. — P. 5269—5274. doi: 10.1143 /jjap.46.5269

8. Potschke, P. Use of carbon nanotube filled polycarbonate in blends with montmorillonite filled polypropylene [Text] / P. Potschke,
B. Kretzschmar, A. Janke // Composites Science and Technology. — 2007. — Vol. 67, Issue 5. — P. 855-860. doi: 10.1016/j.compsci-
tech.2006.02.034

9. Garkusha, O. M. Kineticheskie svoystva kompozitov politetraftorehtilen [Text] / O. M. Garkusha, S. N. Mahno, G. P. Prihod’ko,
Yu. I. Cemencov // Himiya, fizika i tekhnologiya poverhnosti. — 2008. — Issue 14. — P. 140—146.

10.  Usenko, A. A. Teplofizychni vlastyvosti i termodynamika nanokompozytiv na osnovi epoksydnoho polimeru ta karbonanotrubok
[Text] / A. A. Usenko, V. V. Korskanov, V. V. Davydenko et. al. // Polimernyy zhurnal. — 2011. — Issue 4. — P. 328—333.

11. Nizina, T. A. Eksperimental'nye issledovaniya uprugo-prochnostnyh harakteristik ehpoksidnyh kompozitov, modificirovan-
nyh nanochasticami [Text] / T. A. Nizina, P. A. Kislyakov, N. M. Kuznecov // Stroitel’stvo, arhitektura, dizayn. — 2009. —
Issue 1 (5). — P. 23-32.

12. Xu, Y. Thermal behavior of single-walled carbon nanotube polymer—matrix composites [Text] / Y. Xu, G. Ray, B. Abdel-
Magid // Composites Part A: Applied Science and Manufacturing. — 2006. — Vol. 37, Issue 1. — P. 114—121. doi: 10.1016/j.compos-
itesa.2005.04.009

13. Muradyan, V. E. Diehlektricheskie svoystva kompozitov, modificirovannyh uglerodnymi nanostrukturami, v mikrovolnovom
diapazone |Text] / V. E. Muradyan, E. A. Sokolov, S. D. Babenko, A. P. Moravskiy // Zhurn. tekhn. Fiziki. — 2010. — Vol. 80,
Issue 2. — P. 83-87.

14.

Prabhu, T. N. Thermal Degradation of HDPE Short Fibers Reinforced Epoxy Composites [Text]| / T. N. Prabhu // IOSR Journal of
Applied Chemistry. — 2012. — Vol. 2, Issue 1. — P. 39—-44. doi: 10.9790/5736-0213944



