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The electrical, thermal, and mechanical properties of epoxy composites with different types of carbon
fillers: colloidal graphite (CGr), carbon black (CB), as well as carbon nanotubes (CNTs) and thermally ex-
panded graphite (TEG) have been investigated. Measurements of surface and volume electrical resistivity
of the samples were carried out at room temperature.

It was established that the electrical conductivity of the composites exhibits a percolation behavior and
strongly depends on the morphology and concentration of the fillers. It was shown that composites filled with
carbon black are characterized by electrical resistivity lower by several orders of magnitude compared to compo-
sites with colloidal graphite at the same filler content (10-20 wt. %), which is explained by the formation of a con-
tinuous conductive cluster at lower filler concentrations. The addition of 1-2 wt. % of carbon nanotubes or ther-
mally expanded graphite along with CGr or CB particles reduces the electrical resistivity of the composites by
1-2 orders of magnitude due to a synergistic effect between the particles of the basic carbon filler (CGr or CB) and
the nanoscale fillers during the formation of a continuous electrically conductive cluster.

The incorporation of 10-20 wt. % of carbon black into the epoxy matrix (also in combination with
nanocarbon fillers, CNTs or porous TEG), leads to a significant increase in the electrical conductivity of the
composites. It was shown that, unlike electrical conductivity, the thermal conductivity of epoxy composites
with carbon fillers, colloidal graphite or carbon black, changes slightly and varies within (0.25-
0.55 W/(m-K)) depending on the type and content of the carbon filler.

Load-strain diagrams of carbon-epoxy composite samples under uniaxial compression up to failure
were studied. An increase in the effective Young’s modulus with increasing content of the basic filler (CGr
or CB) and its decrease upon the introduction of nanofillers (CNTs or TEG) were established. The obtained
results indicate the potential of the studied materials with thermal insulation properties for use in func-
tional protective systems.
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1. INTRODUCTION

The incorporation of carbon components into epoxy
resin aims to transform the insulator into a functional
material. The key feature is that the mechanisms of
charge (electron) and heat (phonon) transport differ
significantly, leading to varying efficiencies of the fill-
ers. Electrical conductivity in such composite materials
(CMs) is characterized by a percolation threshold-the
critical filler concentration at which a continuous con-
ductive network is formed. According to research [1],
CMs filled with carbon nanotubes (CNTs) exhibit the
lowest percolation threshold due to their extremely
high aspect ratio (length to diameter). This allows for
the creation of conductive networks at very low concen-
trations. Works [2, 3] show that carbon black requires
higher concentrations to reach the percolation thresh-
old compared to nanotubes, since its particles have a
spherical or agglomerated shape with a lower aspect
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ratio. Authors [4-6] pointed out that the use of reduced
graphene oxide or hybrid structures (graphite-
graphene) allows for high conductivity while maintain-
ing mechanical integrity. Hybrid fillers often exhibit a
synergistic effect, where smaller particles “bridge” the
gaps between larger structures [7-11]. Unlike electrical
conductivity, where a sudden increase (by several or-
ders of magnitude) is possible, thermal conductivity
typically increases gradually. The main obstacle to high
thermal conductivity is phonon scattering at the “filler-
matrix” interface. Authors of the works [12, 13]
Caradonna et al. (2019) emphasize that even at high
carbon content, thermal conductivity is limited by the
quality of dispersion.

As demonstrated in [14], for CMs with hybrid car-
bon fillers (graphene nanoplatelets (GNPs), carbon
nanotubes (CNTs), and carbon black (CB)) in a poly-
propylene matrix, a pronounced synergistic effect is
observed, allowing for targeted control of the fibers’
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mechanical and electrical properties. In particular, it
has been established that combining fillers of different
dimensions (0D/1D/2D) promotes the formation of a
multilevel structural network: CNTs act as conductive
“bridges,” GNPs ensure effective load transfer, and CB
fills the microvoids between larger particles. This
structure ensures improved dispersion of fillers in the
matrix and enhanced interfacial interaction. As a re-
sult, the composites demonstrate increased strength
and elastic modulus, as well as improved electrical
characteristics, including increased charge density and
signal stability. This opens up opportunities for the use
of such materials in sensor systems and energy har-
vesting devices. The authors of [15] investigated the
influence of modifying agents and hybrid conductive
carbon fillers on the properties of butyl rubber compo-
sites, specifically their mechanical, thermomechanical,
and dynamic characteristics, as well as their ability to
undergo re-curing.

The main focus was on the role of interfacial inter-
actions between the matrix and the filler, as well as on
the formation of the conductive network in the compo-
site material.

It was shown that the use of modifying agents im-
proves the dispersion of hybrid fillers and enhances
adhesion at the matrix-filler interface. As a result, an
increase in mechanical strength, elastic modulus, and
stability under dynamic loads is observed. Further-
more, the introduction of hybrid conductive fillers en-
sures the formation of a more efficient percolation
structure, which positively affects the electrical conduc-
tivity of the composites. It has also been established
that such systems exhibit improved thermomechanical
properties. This indicates the potential for using hybrid
carbon systems in the creation of functional composite
materials with tunable properties.

The aim of this work was to determine and conduct
a comparative analysis of the effect of the morphology
of carbon fillers-colloidal graphite (CG) and carbon
black-on the electrical and thermal conductivity as well
as the mechanical properties of epoxy composites. Sig-
nificant attention was also devoted to studying the
effect of adding a small amount (1-2 wt. %) of porous
thermally expanded graphite (TEG) or carbon nano-
tubes to the main filler (CG or CB) on the formation of
the electrophysical, thermophysical, and mechanical
properties of epoxy composites.

2. OBJECTS AND METHODS

To determine the effect of the type of carbon filler in
the composite on its electrical properties, measure-
ments of the surface electrical resistance and volume
resistivity were conducted on samples of epoxy compo-
sites containing colloidal graphite (10-20 wt. %) and
technical graphite (carbon black (CB)) (10-20 wt. %)
with the addition of carbon nanotubes (CNT) or ther-
moexfoliated graphite (TEG) (1-2 wt. %).

Electrical resistance measurements of the samples
were performed using the Hiresta UX MCP-HT800
(a two-probe sensor for high-resistive samples) and the
Loresta GXII MCP-T710 (a four-probe sensor for low-
resistive samples).

Epoxy CM samples were prepared as plates with a
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size of 5.5 x 5.5 mm? and a thickness of 4-4.7 mm to
study their mechanical behavior. The deformation-
loading curves of the CMs during compression were
recorded using an automated system based on serial
IMASH-20-78 equipment [16].

3. DISCUSSION

Table 1 presents the measurement parameters for
the surface and volume electrical resistivity of the
samples, and Fig. 1 shows the bulk electrical resistivity
for all samples as a function of the content and type of
carbon fillers.

Table 1 — Measurement parameters for the surface and vol-
ume electrical resistivity of the samples

Content |h, mm ﬁ’uglsltn; ux | Ohm 'sm |ps, Ohm/sm?
0,

%1*23(5}-/]_04285 1.42 1.09 x 1014 2.1 x 1014 1.1 x 1015
0,

%EG?LZE% 1.49 2.88 x 1014 6.54 x 1014 [2.91 x 1015
0,

’}‘.](E)Gf—]L285 1.65 6.87 x 1013 1.87 x 104 |6.93 x 1014
0,

%.IEZ)(;-]LQSE) 1.59 2.83x 101 14,86 x 101 |2.86 x 1012

As shown in Table 1, the volume electrical resistivi-
ty of the CM with 10 wt. % colloidal graphite (CGr) is
approximately 9.6 x 1012 Q cm, while the surface resis-
tivity is approximately 5.67 x 1012 Q/cm2. For CMs with
10 % CGr + 1 % CNT, a slight decrease in both volume
and surface resistivity is observed. A more significant
decrease in electrical resistance is observed for epoxy
CMs with 10 wt. % CGr and 1 wt. % TEG: the surface
resistance decreases by two orders of magnitude com-
pared to CMs with 10 wt. % CGr, and the volume elec-
trical resistance decreases by nearly one order of mag-
nitude. Increasing the content of CGr to 20 wt. % re-
sults in a reduction in electrical resistance of only a
factor of 2 compared to the 10 wt. % Cg-1.285 compo-
site, while the surface electrical resistance remains
quite high at 9.59 x 1013 Q/cm2. Such high surface elec-
trical resistance of samples with colloidal graphite is
explained by the formation of an epoxy film on the
sample surface during its molding and in the curing
process.

Composites filled with CB have an electrical resis-
tivity several orders of magnitude lower than that of
composites filled with CGr at the same filler concentra-
tions. For example, the volume electrical resistance of a
composite with 10 % CB is 6.07 x 108 Q-cm, and when
1 wt. % CNT or TEG is added, it decreases by approxi-
mately two orders of magnitude.

The lowest volume electrical resistivity was ob-
served for the 20 % CB-L285 sample,
po=3.259 x 102 Qcm. This difference in electrical re-
sistance for epoxy composites with CGr and CB fillers is
explained by the structural and morphological character-
istics of the filler particles, namely the porous structure
of spherical CB particles and their low bulk density
(0.059 g/cm?) compared to colloidal graphite particles
(0.26 g/lcm3). As a result, the packing parameter for the
CB filler is significantly lower than for the CGr filler;
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Fig. 1 — Diagrams of volume electrical resistivity for epoxy
composite samples with different carbon fillers: a) TEG, b)
CGr and CB

that is, the formation of a continuous electrically conduc-
tive cluster of nanoparticles occurs at a significantly
lower content than when colloidal graphite is used as
filler. The addition of a small amount of nanoscale filler
(CNT or porous TEG) along with CGr or CB particles
improves the electrical properties of composites due to
the synergy between the particles of the basic carbon
filler (CGr or CB) and the nanoscale fillers during the
formation of a continuous electrically conductive cluster
and the creation of a large number of connections be-
tween the electrically conductive carbon particles.

3.1 Study of the Thermal Conductivity of Epoxy
Composites with Carbon Fillers

The use of carbon particles as fillers allows, by vary-
ing their type and content in the dielectric polymer
matrix, for the controlled achievement of the required
electrical properties of the composite to ensure high
shielding and absorption properties. Typically, the
introduction of carbon fillers will also lead to an in-
crease in the thermal conductivity of the composite
compared to the unfilled polymer matrix, since carbon
has good thermal properties, which may impair the
thermal insulation properties of the composite.

To determine which of the carbon fillers used is best
suited for creating composites with thermal insulation
properties, studies of the thermal conductivity of the
developed composites were conducted. Thermal conduc-
tivity measurements were performed in the temperature
range of 148-373 K using the method described in [17,
18]. Fig. 2 shows the temperature dependencies for CMs
with different types of carbon fillers depending on the
filler content and their combination with nanocarbon
fillers CNT or TEG at a concentration of 1-2 wt. %.

For epoxy composites containing 10 and 20 wt. %
CGr, the thermal conductivity ranges from 0.2 to
0.3 W/(m'K) and gradually increases with heating.
Adding 1 wt. % CNT to a system containing 10 wt. %
CGr-L285 results in an increase in thermal conductivi-
ty to 0.35 W/(m ‘K) and a decrease in temperature de-
pendence. Adding 1 wt. % TEG to a system containing
10 wt. % CGr-L285 results in a greater increase in
thermal conductivity, up to 0.45 W/(m ‘K), and a non-
monotonic temperature dependence. When the colloidal
graphite content in the composite is increased to
20 wt. %, the temperature dependence of thermal con-
ductivity takes the form of a smoothly rising curve.
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Fig. 2 — Temperature dependence of thermal conductivity for
CMs with CGr (a) and CB (b) as basic filler

A slightly different temperature dependence of
thermal conductivity is observed for the CM sample
containing 10 % CGr and 1 % multi-walled CNTs; the
thermal conductivity is described by a smooth curve.

As can be seen from Fig. 2b, the temperature-
dependent thermal conductivity curves of the CM with
CB for all samples show a gradual increase with rising
temperature. The lowest values of 1 are observed for the
CM 10% CB+1% CNT sample (0.35 W/(m K) at the
maximum temperature, while the highest thermal con-
ductivity values are for CM 10% CB+1 % TEG,
0.44 W/(m K) at a maximum temperature of 373 K.

Fig. 3 shows the comparative diagrams of chang-
es in electrical and thermal conductivity (7 = 298 K)
for CMs with CB and CGr upon the addition of 1 %
CNT and 1 % TEG.

As can be seen from the diagrams, when comparing
the CGr-epoxy resin and CB-epoxy CM systems in terms
of changes in electrical and thermal conductivity, the
following conclusions can be drawn:

1) Incorporating 10-20 wt. % of technical carbon (CB)
(in combination with nanocarbon fillers such as TEG or
CNT) leads to a significant increase in the electrical con-
ductivity of the composite, which provides good shielding
and absorption properties of the composite against mi-
crowave radiation; however, the thermal conductivity of
these composites remains low;
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Fig. 3 — Electrical and thermal conductivity diagrams for
epoxy composites with CB and CGr (a, b) upon addition of 1 %
CNT or 1 % TEG (T =298 K)

2) In a colloidal graphite-epoxy resin system with a
colloidal graphite content of up to 20 wt. %, the elec-
trical conductivity is quite low (10-11—10-10 S/m),
while the changes in thermal conductivity are of the
same order of magnitude as in the case of carbon-
based materials containing CB.

Thus, despite the fact that CM samples made from
CGr and CB differ significantly in terms of electrical
conductivity, they can be used as components of multi-
functional protective materials without compromising
their thermal insulation properties.

3.2 Investigation of the Mechanical Properties of
Composite Materials Under Cyclic Uniaxial
Compression

For the practical application of polymer composites
as constituent layers of a multifunctional shielding
material (MSM) for protection against microwave radi-
ation, their stability under various external factors-
such as fluctuating temperatures and different types of
mechanical loads-is of critical importance. For the
manufactured carbon-epoxy resin composites, a study
was conducted on their mechanical properties (Young’s
modulus, strength) under cyclic uniaxial compression.

The mechanical properties were tested on plate-
shaped specimens with an average size of 5.5 x 5.5 mm
and a thickness of 4-4.7 mm. The CM samples were cycli-
cally compressed to loads of o= 12 MPa (1-3 cycles), then
to loads of 25 MPa (1-3 cycles), and during the seventh
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cycle, the samples were compressed to maximum loads of
omax, at which significant irreversible changes in the
sample’s shape or sample failure had already occurred.
The effective Young's modulus was defined as Ee = of &,
where & is the elastic strain, which is a component of the
total strain of the specimen &otal = &1 + &1 under a load o,
and & is the irreversible (plastic) strain. To determine
the Young’s modulus more accurately, data from the
diagram for the third loading cycle were used, when the
plastic deformation was already minimal, unlike in the
first “load-unload” cycle.

Figs. 4-5 show typical load-strain curves for several
specimens of the studied composites containing different
types of carbon fillers, while Table 2 shows the values of
elastic strain of the specimens and the effective Young’s
modulus Eef, which were obtained from the experimental
load-strain diagrams for all specimens during cyclic com-
pression to loads of 12 MPa and 25 MPa. Fig. 6 presents
comparative diagrams for the effective Young’s modulus
of composites with CGr and CB fillers.

As shown in Table 2, for unfilled epoxy resin, signifi-
cant irreversible deformations (g~ 0.15) are observed
under compression up to 12 MPa for both the first and
second loading cycles, indicating compaction of the spec-
imen, while for the third cycle, the deformation is pre-
dominantly elastic (). Increasing the mechanical load to
25 MPa leads to the occurrence, along with elastic defor-
mation, of additional irreversible plastic deformation for
the first cycle, the magnitude of which decreases during
the second and third loading cycles.

The incorporation of 10 wt.% of CGr (Fig. 4a, b) re-
sults in significantly lower values of both total (gows) and
permanent (&) strains under loads of 12 and 25 MPa and
an increase in the effective Young’s modulus E. com-
pared to the unfilled epoxy resin.

Increasing the content of CGr in the composite to
20 wt. % (Table 2) results in even smaller defor-
mations of the composite specimens compared to L285
epoxy resin and an even higher Young’s modulus.
Such changes in deformation values with an increase
in the CGr content can be explained by a decrease in
the volume of the epoxy matrix, whose contribution is
dominant in the total deformation of the samples &oral.
The increase in the effective Young's modulus (Eep)
under loads up to 25 MPa, compared to E.1 (under
loads up to 12 MPa), indicates further compaction of
the specimens as the loading stress o increases.

3 loading cycles

ch 10CGr-L285 [,;=4.14 mm
2 12 4
. 3 /)2 1
© 10
8 -
6 .
4 -
2 -
0 -
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&
a
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1CNT-L285; (d) — 10CGr-1TEG-L285
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Fig. 5 — Load-strain diagrams for uniaxial repeated loading of
carbon-epoxy composite specimens: (a, b) — 10CB-L285 at
loads of 12 MPa and 25 MPa, respectively; (¢c) — 10CB-1CNT-
1.285; (d) — 10CB-1TEG-L285

Table 2 — Values of elastic strain & and effective modulus
under compressive loads of 12 MPa (c1) and 25 MPa (o)

o1, Eef1, oy, Eep,
Sample |\, |&n MPa [MPa |%” MPa
0.15*  |315*
Epoxy (total)
Lox 1200 0920 | |22 |00s1 |806.0
(eD
9 -
Ilgs/;CGr 12.22 0.0219 5491 [25.27 [0.0240 [1052.9
9, -
igs/; COr-l19 79 [0.0136 [907.4 [25.35 [0.0130 |1950.0
10 % CGr-
1%BHT- |12.93 [0.0309 [401.3 [25.86 |0.0313 |826.2
1285
10 % CGr-
1 %TEG- |12.39 0.0297 |401.2 [25.69 |0.0381 |674.3
1285
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20 % CGr-
2 %TEG-
L1285

12.33 |0.0231 |[534.8 25.26 |0.0274 |(921.9

10 % CB-

1285 12.60

0.0268 |471.6 [25.79 |0.0408 |(632.1

20 % CB-

Lo85 13.20

0.0168 |783.2 25.18 [0.0168 |1498.8

10 % CB-
1 %CNT-
1285

12.35 |0.0201 |606.35 |25.82 |0.0283 |912.7

10 % CB-
1 %TEG-
L1285

12.44 10.0245 |508.2 25.36 [0.0262 |967.9

*The total strain &= g+ &1 of unfilled epoxy resin speci-
mens, with a significant contribution from &..

The introduction of 1 wt. % CNT into the epoxy matrix
along with 10 wt. % CGr (Fig. 4c) changes the deformation
behavior of the CM samples: the total strain (o) re-
mains almost unchanged, but at the same time, the per-
manent deformation & is minimal, i.e., the samples be-
come more elastic, and the effective Young’s modulus
decreases to 400 MPa (under loads up to 12 MPa).

Unlike the CM 10 % CGr — 1 % CNT-L285 specimens,
the addition of 1 wt. % TEG (Fig. 4d) leads to an increase
in specimen deformation (&ow) due to an increase in irre-
versible deformation &, which is associated with the
relatively high porosity of the specimens (P= 0.28) with
the additional porous filler TEG (see Table 1) and, as a
result, compaction of the specimens occurs during the
first loading cycles up to 12 MPa and up to 25 MPa. In
the 20 % CGr - 2 % TEG-L285 composites, the total de-
formation of the specimens (Table 2) increases compared
to the 20 % CGr-L285 control due to the addition of TEG,

1000 q CGr-filled 6 =12MPa
CB-filled e 8
< 800 6 5
a9 — Q =
p s B S
5 6004 - s S
m —
4004
200
L1285 110 10+ 10+ 4 120 20+
10%CGr(or CB) 20%CGr(or CB)
a
20009 [ CGr-filled| ©=25MPa
CB-filled
< 1600 )
g g 5
Z = ]
1200+ S = S
m 3 = S
- N
800 1
4004
L285 t10 10+ 10+ 4 20 20+
10%CGr(or CB) 20%CGr(or CB)
b

Fig. 6 — Young’s modulus of carbon-epoxy composites under
uniaxial compression at loads of 12 MPa (a) and 25 MPa (b)
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but the effect of TEG on irreversible deformation is
smaller compared to the 10 % CGr - 1 % TEG-L285 ma-
trix, since a large volume in the 20 % CGr - 2 % TEG-
1285 sample is occupied by CGr particles and the role of
the epoxy matrix is reduced. Similarly, the Young’s mod-
ulus decreases with the adding 2wt.% TEG,
E.=534.8 MPa (Fig. 6, Table 2).

Similar changes in deformation values and the rela-
tionship between gy and & were observed for CMs with
carbon black as the basic filler, namely a decrease in
deformation as the carbon black content increased from
10 to 20 wt. % (due to a decrease in &) and an increase in
permanent deformation upon the addition of 1 wt. % CNT
or TEG (Fig. 5). In this case, the values of total defor-
mation for samples with carbon black filler are slightly
higher compared to CM with CGr as the basic filler. The
values of the effective Young's modulus for the samples
containing 10 and 20 wt. % CB are lower compared to
those for CM with CGr (10, 20 wt. %) (see Table 2), and
the addition of 1wt.% CNT or TEG together with
10 wt. % CB to the epoxy matrix resulted in a slight in-
crease in the E.s value (see Table 2).

Figs. 7-8 show the results of strength tests on CM
samples when compressed to the maximum stress values
Omax, and Table 3 lists the deformation values at omax.

—a—1-1285; 2 -10CGr
140 7-0—3-20CGr; ——4 - 10CGr-1CNT
E 120 ——5-10CGr-1TEG; —— 6 - 20CGr-2TEG .
S 100
80
60+
404 § £,
204
014
0,0
€
a
© —a—1-1285; 2-10CB
% 100{——3-20CB
N 4-10CB-1CNT &
8 o0l S oRst
801—e— 5 - 10CB-1TEG (5, ,e#®*"
601
40 L
sl
20+ 2o
ol
0,0 0,1 0,2 0,3 0,4
€

Fig. 7— Load-strain curves for uniaxial compression of carbon-
epoxy composite specimens until failure: a — composites with CGr
as the basic filler; b — composites with CB as the basic filler
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Fig. 8 — Strength of carbon-epoxy composite specimens under
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As can be seen from the data presented, no brittle
fracture occurs as such; instead, the specimens simply
flatten, their thickness decreases (by 30 %), and the high-
est compressive strength oc (100-126 MPa) was observed
for CM specimens containing 20 wt. % CGr or CB and
specimens containing 10 wt. % of the basic filler (CGr or
CB) + 1 wt. % CNT.

Table 3 — Compressive strength of carbon-L285 specimens
and relative deformation of the specimens under maximal load

Composite type & at oc o, MPa
Epoxy L285 0.345 87.5
10 % CGr-1.285 0.338 89.9
20 % CGr-L285 0.201 105.8
10 % CGr- 0.402 126.7
1 % CNT-L285

10 % CGr- 0.240 85.0
1 % TEG-L285

20 % CGr- 0.313 100.1
2 % TEG-1.285

10 % CB-1L.285 0.305 60.7
20 % CB-L285 0.310 100.7
10 % CB-1 % CNT- | 0.318 86.0
1285

10 % CB-1 % CNT- | 0.323 60.1
1.285

Such an increase in the strength of samples with
20 wt. % KGr or CB, as well as when 1 wt. % of CNTs was
added, indicates that the presence of a large amount of
these carbon fillers (CGr or CB) and the presence of na-
nosized CNTs contributes to an increase in the material's
ability to resist the applied mechanical load. On the other
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Enexrpuuni, Temiosi Ta MexauivHi BJIaCTUBOCTI KOMIO3UTHUX MaTEPiaIiB 3 ByrjIelleBUMHU
MiKpO- Ta HAHOHAMOBHIOBAYAMU

T.A. JIeun!, JI.JI. Bosuenko?, JI.IO. Mamyii!, I'.B. Caenxol, O.B. iKypasros!, B.M. CaBuenko?,
H.B. Cosa2, 0.0 Ciermiios?

v Kuiscvruti HayionanvHull yHisepcumem imerni Tapaca Illesuenra, gisuurnuil gparxynvmem, 01601 Kuis, YVipaina
2 Kuiscokuil HQUIOHAbHUL YHI8epcumem mexrosio2iii ma ousatiny, 01011 Kuis, Yikpaina

JlocmimreHo eJIeKTPUYHI, TEILIOBl Ta MEXAHIYHI BJIACTUBOCTI €TIOKCHUIHUX KOMIIO3UTIB 13 PISHUMH THIIA-
MU BYIJIEI€BUX HAMOBHIOBAUIB: kosoiguwmii rpadit (KI'p), rexuiuumii Byryens (TB), Byriemesi Hanorpyorn
(BHT) Ta tepmopoarupenwuit rpadit (TPT). BumipoBarnHsa mOBEpXHEBOTO Ta 00 €EMHOTO €JIEKTPOOIIOPY 3pas-

KiB IIPOBOIUJINCE IIPU KIMHATHIN TeMItepaTypi.

BceramositeHo, 110 €JIEKTPOIIPOBIAHICTE KOMIIOSHUTIB Mae MEPKOJIAIIMHIN XapaKTep 1 CyTTEBO 3aJIesKUTh Bif
MOpoJIOTIl Ta KOHIIEHTPAITl HAITOBHIOBAYIB. [lokasaHo, 110 KOMIIO3UTH 3 TEXHIYHUM BYTJIEIIEM XapPaKTePU3YIOTh-
s Ha KIJIbKA TOPSAIKIB HUYKIMM IIATOMUM €JIEKTPUYHNM OIIOPOM TIOPIBHSHO 3 KOMIIO3UTAMK 3 KOJIOLTHAM rpadi-
TOM 3 TAKMM caMuM BMicToM HaroBHIOBaua (10-20 Bar. %), 1110 MOSACHIOEThCA (POPMYBAHHAM 0E3IIEPEePBHOTO TIPO-
BIJJHOTO KJ1acTepa P MEHIIMX KOHIIEHTpAIliAx HamoBHioBada. Jlomasanss 1-2 Bar. % ByIJIeleBUX HAHOTPYOOK
260 TEPMOPOSIIUPEHOTO TPadiTy SHUKYE eJIEKTPUYHIIA OIlp KOMIIOSHUTIB Ha 1-2 TIOPAIKHA 32 PAXyHOK CHHEPreTH-
YHOTO e(peKTy MIK YacTMHKAMU 0a3oBoro Byruieresoro HamosHoBada (CGr abo CB) Ta HaHOpO3MIpHMMY HATIOB-
HIOBaYaMU M1 yac hOpMyBaHHS 0e3epepBHOr0 eJIEKTPOITPOBITHOIO KJIacTepa.

Beenenns B emoxcuay matpuinio 10-20 Bar. % texuivuoro Byrireiio TB (B koMOiHAINT TAKOK 13 HAHOBYTJIE-
nesuvy HanoBaioBadamu TPl a6o BHT) mmpusBouTh 110 CyTTEBOrO 3pOCTAHHS €JIEKTPOIIPOBITHOCTI KOMITO3UTIB.
TlokasaHo, 110 Ha BIJMIHY BIJT €JIE€KTPOITPOBLIHOCTI, TEILIOMPOBIIHICTE EMOKCHIHIX KOMITO3HTIB 13 BYIJIEIIEBUMU
HATIOBHIOBAYAME KOJIOITHUI rpadiT Ta TeXHIYHWN BYIJIeIh 3MIHIOETHCS HE3HAYHO 1 BapiioeThesa B Meskax (0,25—
0,55 Br/(m ‘K)) 3asmesxHo Bl THITY 1 BMICTY BYIJIEIIEBOTO HATIOBHIOBAYA.

TIpoBemeni mocmmKeHHS miarpaM HABAHTAMKEHH:-IedopMAIlil Ipy OJHOBICHOMY CTHCHEHHI 3PasKiB KOMIIO-
3WTIB ByIJIEIlb-€TIOKCUIHA CMOJIA JI0 PyHHYyBaHHA. BeranosseHo spocranHs edeKTrBHOrO Moy s fOura mpu 36i-
JIbIIeHH] BMicTy ocHoBHOro HamosrioBada (KI'p aGo TB) Ta iioro sMeHIIeHHS Ipy BBEIEHHI HAHOHAIIOBHIOBAYIB
TPT" a6o BHT. Otpumani pesysibTaTH CBIIYATEH PO HEPCHEKTUBHICTD BUKOPHUCTAHHS JOC/IKEHINX MaTepiais 3
TeILIOI30/IALIIMHIMEI XapaKTEPUCTUKAMHY Y (DYHKITIOHAJIBHUX 3aXUCHIX CHCTEMAX.

Kmiouosi crmosa: Kommosurai marepiamm, Texuiuuwmit Byrienn, Komoimauit rpadir, Emexrpuunuit omip,

Mopgyss IOura, MexaHivH1 BJ1acTHBOCTI.
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