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For epoxy polymer compositions, the influence of the duration of treatment with
electromagnetic ultra-high-frequency radiation on the amount of released thermal energy
is determined in the article. The optimum duration of exposure of the epoxypolymer
compositions in the electromagnetic field at the first stage and the temperature to which
it is necessary to cool the composition to obtain the optimum amount of thermal energy
have been determined. The dynamics of temperature change in time on the surface of the
compositions was investigated depending on the volume of the samples, their shape and
the duration of processing. Fractograms of destruction of epoxy polymers structured by
cyclic processing under the action of microwave electromagnetic radiation have been
investigated. The expediency of using a cyclic mode of treatment of the compositions in
an electromagnetic field to intensify the structuring process of epoxy polymers is shown.

Keywords: electromagnetic field, thermal energy, epoxy polymer composition, fracture
planes, cleavage lines.

IMukaiyHe CTPYKTYpYBaHHSI €NOKCHIIOJiMEpiB IiJ BIJIMBOM €JE€KTPOMArHITHOIO BM-
npominwBannas HBY pgianasomy. B.II.Kawuuyvkuil, II.I1.Casuyx, B.M.Maneuys, O.J1.Cadosa,
O.I.I'yaail

Busunaueno BIJIMEB TPUBAJIOCTLI O0POOKM E€IIOKCHUIOJNIMEPHUX KOMIIOSUIIN IIijg Ii€i0 eleKT-
POMArHiTHOrO HAJABHCOKOYACTOTHOI'O BUIPOMIHIOBAHHSA HA BeJUYUHY reHeparii Temaopoi
ereprii. BusHaueHo onTHMAJBHY TPUBAJIICTD BUTPHUMKU E€IOKCHUIIOJIMEPHHX KOMIIOSUIIIA Ha
HepIIOMY eTallli B eJIeKTPOMATHITHOMY IIOJi Ta TeMIeparypy, A0 AKOI HeoOXiTHO 0XOoJIoguTU
KOMIIOBHIIiIO JJI OTPUMAHHA ONTHUMAJbHOI KijdbKocTi TemnoBoi eHeprii. Hocaimxeno gunami-
Ky SMiHM TeMIlepaTypu y 4Yaci Ha NIOBEpPXHI KOMNIOSMILiI sajeHO Bixg o6’emy spaskis, ix
dopmu Ta TpusBasocti o6pobrku. MocaimmeHo ¢parTorpaMu 3JIaMy €IOKCHUIIOJNiMepiB, AKi
CTPYKTYPOBAHI 3a IIMKJIIYHUM PeKUMOM OOPOOKH IIiJ BHJIMBOM €JI€KTPOMArHiTHOI'O BHUIIPOMI-
HIOBAHHS HAJIBHCOKOUYACTOTHOrO miamal3oHy. IlokasaHo mOIigbHIiCTH 3aCTOCYBAHHSA IIUKJIIUHO-
ro pexumMy OOpOOKM KOMIIOBUIIN B e€JIleKTPOMArHITHOMY II0Ji Jisd iHTeHcum(iramii mpoiiecy
CTPYKTYPYBaHHSA EIIOKCHUIIOJiMepiB.

OmnpegeneHo BAUSHUE IIPOAOJKUTEILHOCTH 00PabOTKI SIOKCUIIOJMMEPHBIX KOMIIO3UILAMA
monx pgeiicrBueM aaexkTpomarHuTHoro CBY wusiayuenms Ha BeIHMUYHHY IeHEPAIlMU TEILJIOBOM
saeprun. OmpemesneHa ONTHUMAJLHASA I[IPOJOJIKUATEIbHOCTh BBIAEPIKKHN SIOKCHUIIOJAMEDPHBIX
KOMIIOSHIIMM Ha II€PBOM JTalle B DJIEKTPOMATHHTHOM II0Ji€ H TeMIeparypy, A0 KOTOpoil
HeOOXOMMMO OXJAAUTh KOMIIOSUIIAIO [IJA IIOJYYCHUA OITUMAJIBHOTO KOJUYECTBA TEILIOBOI
sHepruu. HMccaemoBaHa AUHAMHKA M3MEHEHHS TEMIIEPATYPLI BO BPEMEHM HA IIOBEPXHOCTH
KOMIIOSUIIMHM B 3aBHCHUMOCTU OT o0beMa 00pasiioB, ux (POPMBI U IPOAOIIKUTEIBLHOCTH 00pa-
G6orru. Uccaemopamo gpaxTorpamMbl M3JI0Ma JIOKCUIIOJINMEPOB, KOTOPBIE CTPYKTYPHUPOBAHEI
0 IUKJUYECKOMY PeKHUMY O0paboTKM II0J BO3AEeHCTBUEM 3SJIEKTPOMATHUTHOI'O HIIYUYEHUSA
CBY gumanasoua. [lokasaHa menecoo0pasHOCTh IPUMEHEHN IIUKJINYECKOTo pexxuma obpabor-
KJ KOMIIO3UIIUI B 9JIEKTPOMATHUTHOM II0JI€ JJIS HHTeHCU(DUKAIINY [IPOIlecca CTPYKTYPUPOBA-
HUA 9IIOKCUIIOJNMEPOB.
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1. Introduction

Currently, methods of modifying the
structure of thermoreactoplasts at the stage
of molding by the inoculation of monomers
or under the external influence of vibra-
tions of the ultrasonic frequency range, vi-
bration treatment, infrared radiation, etc.
have become widespread [1]. However, these
types of chemical and physical modifica-
tions, to a certain extent contributing to
the improvement of the physicochemical
properties of polymeric materials, are ex-
pensive and not sufficiently technological,
and in some cases are harmful to the human
body, which limits their widespread use in
industrial production [2—5]. Therefore, it is
very effective and promising in this direc-
tion to use electromagnetic radiation of the
ultrahigh frequency (microwave) range to
modify the structure and intensify the proc-
esses of structuring polymer materials,
which has a number of advantages over the
use of other physical fields. Intensification
of energy exchange in a substance by con-
verting the radiation energy into the kinetic
energy of molecular vibrations provides uni-
form processing of the substance in full;
high stability of the energy flow is ensured
due to the absence of inertia and there is no
need to use additional components to trans-
form the structure of the substance [6, 7].

Microwave treatment in an electromag-
netic field (EMF) should be considered as an
alternative technology for thermal treat-
ment of polymers based on epoxy oligomers
[8]- Unlike traditional heating methods used
in the synthesis of these polymers, micro-
wave treatment in EMF provides a fast po-
lymerization process, which allows you to
get high productivity, shorten the produc-
tion cycle of products and eliminate the use
of catalysts [9].

In particular, the authors of [10] estab-
lished the possibility of the influence of
electromagnetic radiation of the microwave
range on the process of curing thermoset-
ting polymers. It was found that there is an
improvement in the physical and mechanical
properties of the reactants. The result is
polymers with high rigidity of macro-
molecular chains, which are of great practi-
cal importance as heat-resistant materials
that do not lose their physical and chemical
properties under the influence of high tem-
peratures (over 350°C).

In [11, 12], the theoretical concepts of
the expediency and effectiveness of the use
of microwave radiation for structuring
polymers and improving their operational
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characteristics were investigated. It was
found that when structuring the polymer
with a specific energy of microwave radia-
tion in the range of 102.5-205.8 kJ/kg and
the processing time is not more than 8 min,
the strength of the insulating material in-
creases by 2 times, water absorption is re-
duced by 2.5 times, the three-dimensional
electrical resistance increases and the glass
transition temperature increases by 3-7°C.
According [18], the explanation of the
mechanism of structuring the polymers
under the influence of microwave radiation
can be found in the polarization effects,
their specific properties in the range of
ultra high frequencies. Due to this effect,
under the influence of external microwave
radiation, conformational transformations
occur in the macromolecules of the polymer
without compromising the integrity of the
chemical bonds. Under the influence of mi-
crowave radiation, the molecular packing
density of the cross-domain regions
changes, resulting in a change in opera-
tional properties. Consequently, high-fre-
quency electromagnetic fields are ideally
suited for structuring reactive plastics. In [14,
15] the technology of rapid processing of poly-
mers in EMF microwave radiation was used to
initiate and accelerate chemical reaction kinet-
ics of reactions, diffusion behavior change and
creating gradients in polymer layers.
However, in [16, 17] it was shown that,
despite the large number of scientific publi-
cations in domestic and foreign publications
on the use of technologies of structuring
reactants in EMF, there are still unresolved
theoretical and practical questions. There-
fore, studies of the effect of microwave ra-
diation on the structure and physical and
mechanical properties of thermosetting mate-
rials are relevant for the creation of more
efficient methods and modes of structuring;
this will allow for energy efficient processing
to improve the physical, mechanical and op-
erational characteristics of polymer materials.

2. Experimental

The starting material for the formation
of epoxypolymers was epoxy-dianon resin
brand ED-20, which is a highly viscous
transparent liquid. The mass fraction of
epoxy groups is 20.0-22.5 %, volatile sub-
stances — 0.2-0.8 %. For curing of epoxy
polymer coatings, polyethylenepolyamine —
PEPA was used, which is intended for struc-
turing epoxy resins at room and lower tem-
peratures in conditions of high humidity.
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The epoxy resin samples were formed to
obtain a homogeneous mass of the required
components. The components were mixed at
a low speed of rotation of the mixer blades
in the prepared vessel for 2-8 min to en-
sure a high homogeneity of the system. The
resulting composition was poured into dis-
posable forms and placed in the installation
chamber for treatment with microwave elec-
tromagnetic radiation. The duration of the
treatment of the composition and the modes
of structuring the epoxy polymers were set
according to the study plan. The samples
were cooled in air at room temperature.

The step-by-step heat treatment of the
epoxy polymers was carried out after hold-
ing the samples for 24 h under normal con-
ditions in the following mode: 1 h at 50°C, 1 h
at 100°C and 4 h at 140°C. The reduced heat
treatment of epoxy polymers was carried out
after treatment in the electromagnetic field in
the following mode: 0.5 h at 50°C, 0.5 h at
100°C and 2 h at 140°C.

The compressive strength was measured
according to GOST 4651-82. Samples in the
form of cylinders with a diameter of
10+0.5 mm and a height of 15 mm were
subjected to compression with a speed of
convergence of the planes of 2 mm/min. Im-
pact toughness was determined according to
GOST 4647-80. Samples of rectangular
shape with a square cross section of
10x10 mm?2 and a length of 60 mm were
subjected to dynamic loading on a pendulum
net with a charging angle of 160°. The tem-
perature was measured by a contactless in-
frared thermometer at a distance of
10-15 mm from the test surface. The struc-
ture of the epoxy composite material was
studied using an electron microscope EVO 50.

3. Results and discussion

Structuring of epoxy polymers occurs
due to the formation of chemical bonds be-
tween segments of macromolecules of epoxy
resin and a hardener; the process takes a
long time to complete. To intensify the
structuring process of epoxy polymers, a
system with additional energy is required,
in particular, the energy of physical fields.
However, intensive structuring causes the
formation of local bonds, which leads to an
increase in residual stresses and the appear-
ance of structural defects. To optimize the
process of structuring epoxy polymers, the
system with sufficient energy is needed,
that can initiate the chemical reaction of
bonding between system components and
provide a uniform distribution of chemical
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bonds over the polymer volume. When
epoxy-polymer compositions are processed
by ultra-high-frequency radiation in an elec-
tromagnetic field, thermal energy is gener-
ated due to vibrations of segments of epoxy
resin and polyethylene polyamine macromole-
cules. The peculiarity of this treatment is that
electromagnetic waves are able to penetrate the
epoxy polymer composition and initiate the
structuring process simultaneously in all
micro-volumes of the system. With convection
heating, the outer layers first receive thermal
energy, and then, due to thermal conductivity,
energy enters the bulk of the composition. Ac-
cordingly, the outer layers form primary
chemical bonds, the concentration of which is
higher than that of the central zone.

The processing of epoxypolymer composi-
tions in EMF requires, first of all, the de-
termination of the exposure time, which en-
sures an increase of thermal energy. Meas-
urement of the surface temperature of the
epoxypolymer composition after exposure in
the EMF allows us to determine the amount
of thermal energy generated in the sample
volume as a result of oscillations of the
atoms of epoxy resin and polyethylene-
polyamine macromolecules under the influ-
ence of electromagnetic radiation. It has
been experimentally found that the treat-
ment of epoxypolymer compositions for
more than 40 sec leads to a sharp increase
in thermal energy, which causes the release
of volatile substances and intensifies the
process of structuring the porous structure.

Exposure of epoxy polymer compositions
in the form of cylinders with a volume of
0.4 cm3 in the EMF for 40 sec leads to an
increase in the temperature on the surface
of the samples (48-50°C); however, inten-
sive structuring does not occur, because at
room temperature, due to the large surface
area and temperature gradient, the samples
begin to rapidly lose heat (Fig. 1). To avoid
this, the specimens can be placed in a
thermostat or thermal chamber with a tem-
perature not lower than 50°C. However, this
requires additional equipment and increases
the duration of the technological process,
which causes additional costs.

The exposure of the samples in the EMF
for 10 sec, 20 sec and 30 sec leads to their
heating (23-35°C), after which there is a uni-
form cooling of the composition. After 5 min,
the epoxy polymer compositions were cooled
to a temperature of 22-24°C without solidifi-
cation. It is obvious that the thermal energy
was not enough to initiate the structuring
process of the epoxy polymer composition.

Functional materials, 27, 4, 2020
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Fig. 1. Dynamics of temperature change ver-

sus treatment time on the surface of cylindri-

cal epoxy polymer samples exposed to EMF.

After exposure to EMF for 10 s at room
temperature in air, the cooling rate of cy-
lindrical samples is 0.4 deg/min. (Fig. 2),
and for samples after exposure for 20 s, it
increases 2.5 times (v = 1 deg/min). This in-
crease in cooling rate is associated with the
higher temperature gradient (At = 17°C) on
the surface of the sample exposed for 20 s
and the air temperature compared to the
temperature gradient (At = 5°C) for the
samples exposed for 10 s. The cooling
rate of cylindrical specimens exposed in
EMF for 30 s was 1.8 deg/min; and for
specimens with the exposure time of 40 s
the cooling rate was 2.8 deg/min. The cool-
ing rate of the samples with the exposure
time of 30 s increases 1.8 times compared
to the samples exposed in EMF for 20 s.
The subsequent increase in the cooling rate
is registered for the samples exposed in
EMF for 40 s, which is 1.5 times higher
than for the samples exposed for 30 s. Note
that the increase in cooling rate is slower
for compositions that have a longer EMF
exposure compared to ones with shorter ex-
posure time. This is due to the slowdown in
the growth rate of the structure of the com-
position, which determines the thermal con-
ductivity of the epoxy polymer, since the
small volume samples generate a small
amount of thermal energy, and also due to
the high simple surface, the generated heat
energy is exhausted.

It was of interest to investigate the in-
tensity of thermal energy generation and
the cooling rate for 25x25%x25 mm cubic
samples (V =15.5 ¢cm3), which differed
from the previous ones in shape and volume
(Fig. 3). It was found that exposure of the
samples to EMF leads to the generation of a
larger amount of thermal energy, since the
measured temperature of 34°C was 10°C
higher than the temperature of the cylindri-

Functional materials, 27, 4, 2020

o

1

Rate of cooling, deg/min
o

A

%
3 4

Duration of processing, sec

Fig. 2. Cooling rate of the sample surface
depending on the exposure time in EMF: I —
10 sec; 2 — 20s; 3 — 80 s; 4 — 40 s.
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Fig. 3. Dynamics of temperature change on

the surface of cubic epoxypolymer samples

(V =15.5 cm®), depending on the exposure
time in EMF.

cal samples exposed for 10 sec. The expo-
sure of cubic samples for 20 sec and 30 sec
resulted in an increase in surface tempera-
ture up to 44°C and 54°C, which is higher
by 15°C and 20°C, respectively, compared to
cylindrical specimens with similar expo-
sures. A temperature increase of 30°C oc-
curs for cubic specimens compared to cylin-
drical specimens with exposure to EMF for
40 sec, which is due to the larger volume of
the composition and the larger number of
macromolecules whose groups of atoms are
able to generate more thermal energy dur-
ing oscillation.

After removing the cubic samples from
the chamber for processing in EMF for the
first two minutes at room temperature, an
increase in the surface temperature by 2°C
to 12°C was observed, and then the compo-
sition was cooled. The rise in temperature is
the result of a flattening of the temperature
gradient caused by the low thermal conduc-
tivity of the epoxy resin composition. The
rate of the temperature increase was
0.4 deg/min for the compositions exposed
to EMF for 10 s and 1.2 deg/min for the
compositions after exposure for 20 s, i.e.
3 times higher (Fig. 4). The highest rate of
the temperature rise was registered for the
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Fig. 4. The dependences of the rate of change of
temperature on the surface of the samples from
the exposure of the composition in the EMF: 1
— 108, 2 —20s; 3 — 30 s; 4 — 40 s.

compositions after exposure to EMF for
30 s, which is 2.2 times higher than the
rate for the compositions after exposure for
20 s. For compositions after exposure for
40 sec, the rate of the temperature increase
was 1.2 deg/min; this is due to intensive
structuring, as a result of which the ther-
mal conductivity increases and the tempera-
ture gradient quickly levels out. After the
first two minutes of being in normal condi-
tions, the samples begin to cool. The cooling
rate of the samples exposed to EMF for 10 s
was 0.6 deg/min, and for the compositions
exposed for 20 s, this value was
0.8 deg/min. Exposing the compositions to
EMF for 30 s and 40 s resulted in a cooling
rate of up to 1.4 deg/min, however, this
rate is stabilized for the compositions after
their exposure to EMF for 40 sec, which is
related to the processes of structuring the
composition. It is obvious that increasing
the thermal conductivity of the composition
indicates an increase in the volume of the
structured part of the epoxy polymer.

Since increasing the duration of exposure
of the epoxy compositions to EMF leads to a
sharp increase in thermal energy within the
sample volume, but does not provide a uni-
form structuring of the system or leads to
the formation of defects in the structure,
cycling the compositions would provide alter-
nate exposure of the composition in the EMF
under normal conditions without the influ-
ence of electromagnetic radiation. This would
ensure the uniformity of chemical bonds in
the polymer network and would not allow a
sharp increase in thermal energy.

It is important to determine the optimal
cooling time after exposure to EMF in order
to reach a certain temperature, which will
ensure the loss of excess heat, but retain
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Fig. 5. Time dynamics of temperature changes
on the surface of cubic epoxypolymer samples
(V = 15.5 ¢m®), which were processed in EMF
for 30 s, cooled to a predetermined tempera-
ture and re-processed in EMF for 40 s.

some of the heat required to ensure a uni-
form structuring of epoxy polymers.

When the composition is exposed to EMF
for 30 s, cooled to a temperature of 25°C
and then exposed to EMF for 40 s, the tem-
perature of the composition increases to
60°C. When holding the samples without
exposure to electromagnetic radiation at
room temperature, an unexpected increase
in the temperature of the composition to
94°C within 4 min is possible (Fig. 5). After
the first stage of EMF treatment, when the
composition is cooled to 35°C and then ex-
posed to EMF for 40 s, the sample tempera-
ture rises to 70°C and then to 110°C. It was
found that cooling the composition to a
temperature of 45°C after the first stage of
processing and subsequent processing in
EMF for 40 s leads to heating of the compo-
sition to a temperature of 80°C, followed by
an increase in temperature to 130°C.

Since the treatment cycle (treatment in
EMF for 30 s + holding without treatment
+ treatment in EMF for 40 s) did not ensure
the transition of the epoxy composition to the
solid state, the treatment cycle was repeated;
after that the content of the gel fraction of
epoxy polymers was 70-75 %.

The microstructure of epoxy polymers
was studied on samples structured accord-
ing to the following treatment modes
(Table): I mode (step heat treatment), II
mode (basic treatment in EMF), III mode
(basic treatment in EMF and reduced heat
treatment), IV mode (basic and additional
processing in EMF). The classic technology of
structuring the epoxy polymers is stepwise
heat treatment in the following mode (mode I):
1 h at 50°C, 1 h at 100°C, 4 h at 140°C. This
mode provides the best mechanical charac-
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teristics due to the completed structuring
and formation of a homogeneous structure,
but the process is long (6 h).

Basic processing in EMF (mode II) can
intensively transform the composition from
a viscous state to a solid, but does not pro-
vide the maximum values of the mechanical
characteristics of epoxy polymers due to the
incomplete structuring processes.

Combined treatment (mode III) (main
treatment in EMF and short-term heat
treatment (0.5 h at 50°C, 0.5 h at 100°C,
2 h at 140°C) allows you to reduce the du-
ration of the technological process and in-
crease the impact strength of the material
by 4.3 times compared to step heat treat-
ment. An alternative to the combined proc-
essing is a cyclic processing (IV mode),
which consists of basic and additional proc-
essing of epoxy polymers in the EMF. Addi-
tional processing consists in eyclic exposure
of epoxy polymer samples to electromag-
netic radiation for 30 min (10 min at each
stage) with cooling the samples for 5 min.
As a result of the cyclic EMF treatment, the
structuring duration is reduced by 38 times
compared to the combined mode III. The
cyclic treatment provides a 10 % increase
in the compressive strength (85 MPa) and a
38 % increase in the toughness (8.4 kJ/m?2)
of the epoxy polymers due to the formation
of a high structured homogeneous system
with low stress.

On the surface of epoxy polymers struc-
tured by the step-by-step heat treatment
(Fig. 6, a), a large number of small cleavage
lines with a length of 0.1-0.2 mm are pre-
sent. The cleavage lines have an elongated
arcuate shape and are deepened with their
apex inside the polymer. Because the initia-
tion and propagation of cracks in the epoxy
polymers occurs in places with a small num-
ber of chemical bonds or the presence of a
stress state, the small cleavage lines indi-
cate a high degree of structuring and homo-
geneity of the epoxypolymer mesh. The
quality of these epoxy polymers is due to

Table. Modes of structuring the epoxy

polymers
Mode Structuring modes
number

1 Step-by-step heat treatment

2 30 s + cool + 40 s + cool + 30 s + cool
+ 40 s+ cool + 40 s

3 30 s + cool + 40 s + cool + 30 s + cool
+ 40 s + cool + 40 s + cool + reduced

heat treatment

Functional materials, 27, 4, 2020

the long-term step-by-step heat treatment,
which ensures a high content of gel fraction
in the system and a uniform arrangement of
chemical bonds in the polymer bulk.

EMF processing in the basic mode leads
to the appearance of long unidirectional
chipping lines with a length of 1-2 mm on
the fracture surfaces, as well as a small
number of small chipping lines with a
length of 0.1-0.2 mm, which branch off
from the long lines (Fig. 6, b). The presence
of a small number of small cleavage lines
indicates a low degree of structuring of the
epoxy polymer. Additionally, the lack of
chemical bonding causes the formation and
propagation of trunk cracks that can move
with less energy than microcracks. Highly
structured microcracks can appear in defec-
tive areas and not propagate over long dis-
tances due to the large number of chemical
bonds, the destruction of which requires addi-
tional energy. However, the uneven distribu-
tion of individual planes containing a branched
network of short cleavage lines indicates the
formation of an inhomogeneous structure with
a large number of local zones with high stress
state, and therefore the epoxy polymer has low
impact strength (0.6 kJ/m?).

On the surface of the fracture of the
epoxy polymer, structured according to the
combined treatment mode (the basic treat-
ment mode in the EMF and short heat treat-
ment), there are small lines of cleavage
within one plane (Fig. 6, c¢). In this case,
the structuring under electromagnetic ra-
diation consists in the formation of primary
chemical nodes uniformly located in the
polymer epoxy polymer network due to the
synchronous generation of thermal energy
under the influence of EMF. As a result, under
dynamic loading of the epoxy polymer, one
fracture plane appears, indicating the forma-
tion of a system with a low stress state. Sub-
sequent shortening of heat treatment leads to
the formation of new chemical bonds, resulting
in the appearance of small unidirectional lines
of cleavage on the fracture surface due to the
heat flow from the surface layers to the inner
ones. These small cleavage lines are evenly
spaced, since additional chemical bonds oc-
curred within the supramolecular formations.

Additional treatment of epoxy polymers in
the EMF after the main treatment (Fig. 6, d)
causes the deformation of pores, which are
air inclusions. The additional treatment
generates thermal energy in the epoxy poly-
mer, which softens the inadequately struc-
tured epoxy polymer mesh and deforms
pores to form ovals. The ovals are oriented
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WD=14.0mm
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Fig. 6. Fractograms of fracture of epoxy polymers structured by different modes: a) — step heat
treatment; b) — the main processing in the EMF; c¢) — processing in EMF and reduced heat
treatment; d) — basic and additional processing in EMF.

in one direction, which is characteristic of
pores located near the outer surface of the
specimen. This is due to the temperature
gradient: the temperature of the sample
center is higher than that of the outer sur-
face of the sample. The fracture planes,
which are bounded by 0.8-1.5 mm long
chipping lines, have a curved surface and a
small area, indicating an increase in the
toughness of the epoxy polymer.

The curved surface of the fracture planes
indicates that significant mechanical energy
is required for crack propagation, since the
additional EMF treatment causes secondary
structuring of epoxy polymers. This is due
to the formation of new chemical bonds be-
tween the epoxy groups of the epoxy macro-
molecules, which did not participate in the
formation of the polymer network, and the
reactive groups of the macromolecules of
the hardener, which were activated by electro-
magnetic radiation. Secondary structuring leads
to the formation of local zones of epoxypolymer
mesh with a high density of chemical bonds. At
the boundaries of the local areas, the chemical
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bond density is lower because the chemical
reaction is complicated by the large distance
between the reactive component groups.

4. Conclusions

It is established that in the first stage,
the optimum exposure duration of the
epoxy compositions in the electromagnetic
field is 30 s, which allows the system to
generate enough heat due to oscillations of
atomic groups of macromolecules. After this
exposure to EMF, a temperature of 35°C is
registered on the surface of the cylindrical
specimens and the surface of the cubic
specimens has a temperature of 55°C; this
indicates that a larger system generates
more heat. It is determined that the tem-
perature rise above 60°C leads to intensive
structuring and formation of the system
with high stress state.

It is established that the rate of tempera-
ture change on the surface of epoxypolymer
compositions increases with the duration of
sample exposure to EMF, since the amplitude
of atomic vibrations under the action of elec-

Functional materials, 27, 4, 2020
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tromagnetic radiation increases and stabi-
lizes at the stage of formation of primary
chemical bonds between reaction groups.

It is found that the epoxy polymer compo-
sitions after the first stage of exposure to
EMF for 30 s should be cooled to an optimum
temperature of 25—30°C. The cooling provides
removal of part of the thermal energy, the
excess of which negatively affects the forma-
tion of a homogeneous structure of the poly-
mer network. The optimum temperature pro-
vides the amount of thermal energy required
to form uniformly distributed chemical bonds
in the volume of the epoxy polymer.

The fracture surfaces of epoxypolymer
specimens structured by cyclic processing in
EMF were found to be curvilinear and
bounded by short chipping lines. This indi-
cates the formation of local zones with a high
degree of structuring of the system; this is
associated with the secondary structuring and
increasing the number of chemical bonds
under the influence of additional processing
in the EMF. The cyclic electromagnetic proc-
essing in EMF leads to an increase in the
impact strength of epoxy polymers by 38 %
due to the formation of a homogeneous struc-
ture with a low stress state. An increase in
the compression strength by 10 % indicates
an increase in the degree of structuring of
epoxy polymers, since secondary structuring
provides an increase in the number of
chemical bonds.
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