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The work investigated the effect of organic biogenic microdispersed lignocellulosic filler on the physical,
mechanical and thermophysical properties of epoxy composites. Attention is paid to the analysis of structural
and interfacial effects that occur at the micro- and nanolevels and determine the performance characteristics
of materials. The elemental composition of the filler was investigated using X-ray fluorescence analysis,
which enabled the identification of mineral components capable of forming active centers that facilitate in-
terfacial interaction with the epoxy matrix. The organic component of the filler was investigated by gas
chromatography with mass spectrometric detection. At the same time, the presence of fatty acids and their
glycerol esters with polar functional groups capable of participating in intermolecular interactions was re-
vealed. It has been proven that the introduction of a filler with a content of ¢ = 1,0...1,5 wt.% provides an
increase in the destructive stresses during bending, the modulus of elasticity, the impact strength of epoxy
composites, and a complex of thermophysical properties. This is due to the action of various mechanisms, in
particular physical reinforcement and stress relaxation in the polymer volume. The results of comprehensive
studies confirm that the biogenic lignocellulosic filler performs not only the role of a dispersed reinforcing
component, but also the function of a structure-forming element that provides directed control of the prop-
erties of epoxy composites due to nanolevel interfacial interaction. This opens up prospects for creating func-
tional polymer materials with predicted physical, mechanical and thermophysical characteristics.
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1. INTRODUCTION

1.2 Analysis of Recent Research and Publications
1.1 Statement of the Problem

In works [3, 4] it is shown that the introduction of
differently dispersed fillers into the epoxy matrix allows
influencing the physical, mechanical and
thermophysical properties by changing the mechanism
of deformation and fracture of composites due to the
formation of a multilevel polymer structure. The authors

The modern development of transport technology
involves the use of polymer composites with a complex
of enhanced properties, in particular physical,
mechanical and thermophysical. This is due to the use
of such materials in structural elements and transport

parts yvhere varlable. loads, temperatures, and showed [4] that an increase in the bending strength of
aggressive external gnvnronments are present [1'5]j At epoxy composites filled with limestone waste particles
the same time, the disadvantages of polymer composites containing CaCOs (97.12 %), MgO (1 %), SiOs (1.50 %),
include fragility, which affects their service life. Fe203 (0.08 %), Al203 (0.30 %) can be achieved with a
Therefqre, one of the promising ways of purposeﬁ}lly content of 7 mass fraction. At this content, the value of
regulatl.ng the physical, mec.ham.cal and fchermoph.ysmal the bending strength is 65 MPa, while the Shore
pro.pertl.es of Epoxy materlals 18 the. introduction of hardness value (85-88) is affected by a linear increase in
active fillers, in particular those obtained from waste this additive (7-29 wt. %). However, the results of
from the agricultural and food industries. The
implementation of such an approach will ensure the
rational use of secondary raw materials in the creation
of epoxy composites and will allow obtaining new
materials with specified physical, mechanical and
thermophysical characteristics [6-11].

electron microscopy have proven that an increase in the
content of limestone powder leads to the formation of a
sedimentary layer (0.9...1.0 mm), which negatively
affects the performance characteristics of such polymer
composites.

No less effective is the introduction of lignocellulosic
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additives (kenaf, jute, ramie, pineapple fiber, flax, sisal,
etc.) into the polymer binder, which significantly
increase the value of the bending strength and elastic
modulus of polymers [6-14]. At the same time, the
results of the authors' research [10-15] indicate that an
excessive content (more than 10 wt. %) of biogenic
additives leads to agglomeration and local stress
concentrators, which negatively affects the mechanical
and thermophysical characteristics of composites.
Considering the above, it is relevant to search for
alternative functional fillers capable of ensuring the
formation of an ordered polymer structure without
defects in the form of agglomerates, which lead to the
emergence of local stress concentrators in the polymer
volume. At the same time, it is promising to study the
influence of biogenic microdispersed fillers with a
polyfunctional chemical nature and a developed surface,
which combine the ability for active interfacial
interaction with the epoxy matrix.

The aim of the work is to study the nature and
influence of the content of biogenic lignocellulosic filler
on the properties of epoxy composites.

2. MATERIALS AND RESEARCH METHODS

To create epoxy composites and coatings based on
them, the following were used: binder-epoxy oligomer ED-
20 (ISO 18280:2010); hardener-polyethylene polyamine,
PEPA (TU 6-05-241-202-78). In order to improve the
performance characteristics of epoxy composites and
protective coatings, a microdispersed organic biogenic
lignocellulosic filler (OBLF) synthesized by mechanical
grinding and fractionation of coffee industry waste was
used. The average size of the filler particles is 10...20
microns. The filler is characterized by a multicomponent
organic nature, i.e. the presence of a lignocellulosic
component and active functional groups, which
determines its ability to actively interact with the epoxy
oligomer ED-20. Epoxy composites were formed using the
technology described in [6-8].

X-ray fluorescence analysis (XRF). The elemental
composition of the organic biogenic lignocellulosic filler
was determined by the method of X-ray fluorescence
analysis, which is based on the registration of
characteristic X-ray radiation induced by the primary X-
ray excitation of the sample atoms. Qualitative
identification of elements was carried out by the energy
position of the characteristic lines, while their
quantitative content was determined by the intensity of
the corresponding peaks, taking into account matrix
corrections. The relative error in determining the
concentration of elements of average atomic mass did
not exceed +3...5 %, for light elements — +7...10 %,
which is typical for energy-dispersive X-ray fluorescence
analysis in the analysis of biogenic materials. The
repeatability of the results was assessed based on the
results of a series of parallel measurements. The
coefficient of variation of the intensity of the main peaks
did not exceed 5 %. The detection limit of elements
depended on their atomic number and matrix
composition of the sample and was approximately 10-
3...10-2 wt. % for elements with Z > 13. For light
elements, the detection limit was higher, which was
taken into account when interpreting the results.
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Gas chromatography with mass spectrometric
detection (GC-MS). The method is based on the separation
of volatile and semi-volatile organic components in a
chromatographic column with subsequent identification of
compounds by their mass spectra. The reproducibility of
gas chromatographic analysis results was assessed by
repeated measurements. The relative standard deviation
of the areas of the main peaks did not exceed 5 %. Mass
spectrometric identification was considered reliable if the
coincidence coefficient with library spectra was not lower
than 80...90 %. The detection limit of organic components
depended on their volatility and ionization ability and was
approximately 10-6...10->wt. % for typical organic
compounds. The systematic error of quantitative
assessment of the relative content of components was
taken into account when interpreting the results.

The tensile strength and flexural modulus of polymeric
materials were tested according to ASTM D790-03.

The impact strength of polymeric materials was tested
according to ASTM D6110-18.

The Martens heat resistance of polymeric materials
was tested according to ISO 75-2.

The thermal coefficient of linear expansion of
polymeric materials was tested according to ISO 11359-2.

3. DISCUSSION OF RESEARCH RESULTS

Previously, for the correct identification of elements
of different atomic masses of organic biogenic
lignocellulosic filler (OBLF), two X-ray fluorescence
spectra of the sample were obtained, which were
analyzed in two energy ranges, in particular: a wide
range of 0...55keV (Fig. 1) and a narrow range of
0...15 keV (Fig. 2). This is due to the fact that X-ray
fluorescence analysis (XFA) cannot optimally reflect the
entire energy range, since the instrument detector has
different sensitivity to low- and high-energy photons,
which affects the identification of heavy (with atomic
number Z > 30), light (with atomic number Z < 12) and
medium (with atomic number Z = 13-30) elements of the
OBLF. Based on the presented spectra in a wide energy
range, the presence of impurity heavy elements was
detected, while the detailed spectrum in the low-energy
region provided the identification and quantitative
assessment of light and medium elements characteristic
of organic biogenic lignocellulosic filler.

Signal intensity

X-ray photon energy, keV

Fig. 1 — Results of X-ray fluorescence analysis in a wide range
(0...55 keV)
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At the same time, the position of the peaks in the X-
ray fluorescence spectra allowed us to determine the
elemental composition of the eperimental sample, and
their intensity allows us to determine the quantitative
content of the corresponding elements (Table 1). The
presence of medium Ca, K, P, and light Mg elements was
established, which are typical elements for organic
biogenic lignocellulosic materials and are due to the
presence in the structure of the mineral phase of plant
raw materials (calcium, potassium salts, phosphate
complexes). The presence of these elements can affect
the segmental mobility of the epoxy chain.

Signal intensity

[ ] & 1 10 Ei]

X-ray photon energy. keV

Fig. 2 — Results of X-ray fluorescence analysis in a narrow
range (0...15 keV)

Table 1 — Results of the study of organic biogenic
lignocellulosic filler by X-ray fluorescence analysis
Atomic num- Name of the . Concentra-
ber of the el- Intensity .
element tion, %
ement
17 Cl 350528 43.127
20 Ca 25643 18.865
19 K 14111 16.598
16 S 146559 2.561
15 P 54987 1.839
26 Fe 27545 1.363
13 Al 1219 0.311
12 Mg 582 0.302
25 Mn 3491 0.272
29 Cu 7548 0.129
30 Zn 7107 0.092
24 Cr 240 0.032

Additionally, the highest (among the listed elements)
percentage content of chlorine (Cl) was established,
which is — 43.1 %, which belongs to the group of medium
elements. Chlorine does not belong to the structural
element of lignocellulose in the composition of OBLC. It
belongs to the mineral component of biogenic raw
materials and reflects the presence of ionic salts of plant
origin, present mainly in the form of KCI, CaCls, MgCls.
These compounds do not directly participate in the
processes of chemical crosslinking of the epoxy matrix,
but can indirectly affect the interfacial interaction of the
polymer with the filler due to a change in the ionic state
and physicochemical properties of the surface layer of
the polymer. While the presence in lower concentrations
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of iron (Fe), aluminum (Al), magnesium (Mg), which can
act as centers of coordination interaction with -OH and
C=0 groups can provide additional rigidity of the epoxy
chain. No less important is the absence of toxic elements
(Pb, Cd, Hg), which further indicates the environmental
safety of the OBLF. Additionally, gas chromatography
analysis with mass spectrometric detection of organic
biogenic lignocellulosic filler was performed. The
composition of low-molecular organic components
present in its structure was identified, and their relative
content was determined using software (Fig. 3, Table 2).
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Fig. 3 — Chromatogram of organic biogenic lignocellulosic filler
obtained by gas chromatography with mass spectrometric
detection

Chromatogram analysis revealed a spectrum of
peaks in the retention time range of 2.5...22 min, which
indicates a complex multicomponent organic
composition of the filler. According to the results of a
library search using the NIST and MPW5e databases,
the following main compounds were identified. Ethyl
acetate was detected in the area of low retention times
(Ret. time = 2.70 min). It was believed that the presence
of ethyl acetate could be a product of the technological
processing of the raw materials. In the range of 14-
15 min, caffeine (3.88 % of the relative peak area) was
recorded, which is a characteristic marker of the coffee
origin of biogenic raw materials, i.e. coffee production
waste. The dominant component of the organic phase of
the biogenic lignocellulosic filler is palmitic acid
(59.74 %), which together with linoleic (4.15 %) and
stearic acids (3.96 %) forms a fraction of saturated and
unsaturated fatty acids. In addition, glycerol esters of
palmitic acid (over 23 % in total) were found in the
sample, which indicates the presence of lipid and wax
components of biogenic origin.

Based on the analysis of the chromatogram (Fig. 3,
Table 2), it can be stated that fatty acids and their esters
are characterized by long aliphatic chains containing
polar functional groups (-COOH, —COO-), which are
able to participate in the physicochemical interaction
with the epoxy matrix. From a materials science point of
view, these components can perform a dual function.
First of all, they can perform the function of structure-
forming elements of the polymer network, as well as
influence the relaxation processes and redistribution of
residual stresses in the polymer material. Further, the
optimal content of organic biogenic lignocellulosic filler
in the epoxy binder was determined, which affects the
values of physical and mechanical properties. It was
experimentally established (Fig. 4, curve 1) that
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increasing the filler content from g¢g=0.5wt. % to
g =1.0 wt. % provides an increase in the value of the
ultimate bending stresses from o»=63.8 MPa to
ob = 102.8 MPa. A further increase in the filler content
(over 1.0 wt. %) leads to a gradual decrease in the ultimate
bending stresses. At the same time, the comparison of the
results of the study of X-ray fluorescence analysis, GC-MS
and variable dynamics of destructive stresses during
bending allows us to state the combined effect of the
mineral and organic components of the biogenic
lignocellulosic filler. In particular, the identified cations
Ca?, K, Mg? and Fe?* (Table 1) can act as physicochemical
centers of interphase interaction, contributing to the
limitation of the mobility of the main chain and segments
of the epoxy composite.

Table 2 — Results of the study of organic biogenic
lignocellulosic filler by gas chromatography with mass
spectrometric detection

Return | Name of the Com- [:ieiz_ DEE;Z? of
No.| time, |identified com-| pound y
min pound code area, compli-
% ance, %
1 2,70 Ethyl acetate | 141-78- | 4,64 26,92
@P255 6
2 14,37 Caffeine P383 | 58-08-2 | 3,88 96,91
3 15,40 Palmitic acid | 57-10-3 | 59,74 89,38
P639
4 17,06 Linoleic acid | 60-33-3 | 4,15 92,38
@P1785
5 17,26 Stearic acid | 57-11-4 | 3,96 85,11
P806
6 18,46 Glyceride 23470- 2,52 44,73
(glycerol ester) | 00-0
of palmitic
acid @P1096
7 20,20 Palmitic acid | 23470- | 18,64 98,18
glyceride 00-0
@P1096
8 21,77 Glycerol pal- | 23470- | 2,46 48,70
mitic acid es- 00-0
ter @P1096

While fatty acids and their glycerol esters (Fig. 3,
Table 2), due to the presence of polar groups —COOH-
and —COO-, are able to form hydrogen and dipole-dipole
bonds with hydroxyl and epoxy groups of the matrix,
which ensures a uniform distribution of stresses in the
polymer volume.

Ty MPa E, GPa
100.0
3.6 —
85.0 )
SN e, . 3.3
70.0 r %
k 3.0 —|
55.0 i - 1
40.0 § 2 2.7 —
E2 5
[ I N | I B

050 100 150 300 500 g wt%

Fig. 4 — Influence of the content of organic biogenic lignocellu-
losic filler (OBLF) on the physical and mechanical properties of
epoxy composites: 1 — bending failure stress (ov); 2 — bending
modulus of elasticity (¥)

Analysis of the study of the influence of the content
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of organic biogenic lignocellulosic filler on the value of
the elastic modulus (Fig. 4, curve 2). Unlike the
destructive stresses during bending, the elastic modulus
(E) is the maximum value at a slightly higher content of
OBLC. In particular, the maximum value of the elastic
modulus, which is E = 3.7 GPa, was observed when the
additive was introduced at a content of q = 1.5 wt. %.
Similar results of the study indicate a different
mechanism of the filler's influence on the stiffness and
strength of the composite. It was believed that the
increase in the elastic modulus is associated with the
formation of a more rigid polymer structure due to the
physical reinforcement of the epoxy matrix with OBLF
particles, while the maximum strength values are
realized under the condition of an optimal balance
between the stiffness and the ability of the material to
relax stresses, which is consistent with the work [19].

Additionally, it was found that the impact strength
of the composites (Fig. 5, curve 1) increases from
W=17.0 kJ/m2 (unfilled matrix) to W= 16.4 kdJ/m? with
the introduction of OBLF at a content of ¢ = 1.00 wt. %.
It was believed that the increase in impact strength is
explained by the activation of mechanisms of
microplastic deformation and dissipation of impact
energy, due to the presence of lipid components in the
filler structure — palmitic, linoleic, stearic acids and
their esters (Table 2). Long aliphatic chains of these
compounds play the role of plasticizing fragments, which
reduce the degree of crack formation in the polymer
volume by deviating cracks from the basic trajectory of
their propagation.

W, kJ/m?

LK
150— S AN
371.0
13.0
361.0 —
11.0 1
T 3510 —
9.0 <2
20 341.0
| .

T —

0.50 1.00 1.50 3.00 5.00 g, wt%

Fig. 5 — Effect of organic biogenic lignocellulosic filler (OBLF)
content on the impact strength and Martens heat resistance of
epoxy composites: 1 — impact strength (W); 2 — Martens heat
resistance (7)

Further, the influence of the content of organic
biogenic lignocellulosic filler on the values of
thermophysical properties was analyzed, in particular:
Martens heat resistance, thermal coefficient of linear
expansion, glass transition temperature, and shrinkage.

Analysis of the curve of the dependence of the
Martens heat resistance on the content of OBLF (Fig. 5,
curve 2) allowed us to establish the maximum of the
studied property 7'=372...368 K at a close, but
somewhat  higher filler = content, which is
q =1.5...3.0 wt.%. This indicates that at the optimal
filler content, relaxation processes in the epoxy matrix
slow down, and the temperature of the transition to a
highly elastic state shifts to the region of higher values.
While the obtained value of heat resistance
(T'=3854...351 K) at an excess content of OBLF
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(@ =5.0...7.0 wt.%) can be explained by the aggregation
of filler particles and an increase in the proportion of
weakly bound organic components, which leads to the
formation of a defective structure.

For an in-depth analysis of the influence of organic
biogenic lignocellulosic filler on the deformation
behavior of epoxy composites with increasing
temperature, dilatometric studies were conducted
(Fig. 6, Table 3), the results of which yielded
temperature dependences of relative deformation and
determined the thermal coefficient of linear expansion
(TCLE), glass transition temperature, and shrinkage of
composites (Tables 3, 4). Analysis of dilatometric curves
(Fig. 6) allows us to state that the introduction of OBLF
significantly changes the nature of thermal expansion of
the epoxy matrix in the temperature range
AT =303...473 K. For the unfilled matrix, a typical
character of deformation growth for amorphous
polymers was observed with a sharp increase in the
slope of the curve in the region of the glass transition
temperature (7¢). According to the obtained research
results (Table 3), in the temperature range
AT =303...323 K it is shown that the introduction of
OBLF at a content of ¢ =1.0...1.5 wt. % leads to a
significant decrease in the value of the TCLE from
a=2,5010-%to  =1.71...1,66 10-> K- 1.

&%
2,20 ¢
200 |
180 |
160 |
140 |
120 ¢
1,00
080 |
060 |
040 |
020 |
0,00

—_— 0.5 wt% e 10wt% ===30wt% =-= 350wt% —=—70wt%

Fig. 5 — Indicators of dilatometric curves of epoxy composites
depending on the change in the content of biogenic
lignocellulosic filler

Table 3 — Values of the thermal coefficient of linear expansion
of composite materials filled with organic biogenic
lignocellulosic filler

Content Thermal coefficient of linear expansion,
of organic ax10-5 K-1

biogenic
lignocellu- Test temperature ranges, AT, K
losic filler

(OBLF), | 303...323 | 303...373 | 303...423 | 303...473

q, wt. %.

Matrix 2.50 2.74 4.96 9.78
0.5 1.71 2.22 4.94 9.81
1.0 1.66 2.00 3.86 9.87
1.5 1.66 2.00 3.86 9.87
3.0 1.90 2.56 4.96 9.92
5.0 3.39 3.00 5.89 9.99
7.0 1.39 1.87 3.70 9.23
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It was believed that the decrease in the TCLE value
is due to the limitation of the segmental mobility of
epoxy chains in the polymer volume, due to the presence
of polar organic components (fatty acids and their esters)
and mineral ions (Ca%t, Mg?*, Fe?"), which provide
physicochemical interaction between the polymer
ingredients. When analyzing the TCLE value in wider
temperature ranges (AT=303...373 K and
AT = 303...423 K), a similar pattern of change in linear
dimensions was observed. The minimum values of TCLE
(Table 3) are also characteristic of composites with a
content of ¢ = 1.0...1.5 wt. %.

While a further increase in the content of OBLF
(g = 3.0...5.0 wt. %) provides an increase in the value of
TKLE, which is associated with a violation of the
homogeneity of the structure and the appearance of
zones with increased local mobility of polymer chains. It
should be noted that the results of the study correlate
with mechanical tests, where an excess filler content
leads to a decrease in strength characteristics.

It was also established that the glass transition
temperature (7¢) of epoxy composites depends on the
content of OBLC (Table 4). For the epoxy matrix, T¢ is
320 K. The introduction of a filler into the epoxy binder
at a content of ¢ = 1.0...1.5 wt. % provides an increase in
the glass transition temperature to 342.7 K, which
indicates an increase in the effective crosslinking
density and a decrease in the free volume of the polymer
matrix.

Table 4 — Thermophysical properties of composite materials

Organic biogenic lignocellulosic filler
No Characte- (OBLF),
: ristics q, wt.%
Matrix| 0.5 | 1.0 | 1.5 | 3.0 | 5.0 | 7.0
Glass tran-
1 | swon tem- | 300 ) 1390.5342.7|342.7|338.5|331.7|328.1
perature,
T.K
2 ShzlLrﬂf;ng’ 0.35 |0.017]0.017/0.017|0.018[0.018(0.020
, /0

The obtained results are consistent with the
hypothesis of the structure-forming role of organic
components of OBLF [20]. Polar functional groups of
fatty acids and glycerol esters of the filler are
characterized by the ability to intermolecular
interaction with active groups of the epoxy oligomer ED-
20, forming additional physical nodes during polymer
crosslinking. With an increase in the filler content
g =3.0...7.0 wt. %. the glass transition temperature
decreases (to T = 338.5...328.1 K), which indicates the
predominance of the plasticizing effect of the organic
phase over the structure-forming one, as well as the
possible aggregation of filler particles.

Additionally, it is shown (Table 4) that a significant
reduction in shrinkage of epoxy composites filled with
OBLF is due to the implementation of a compensation-
structural mechanism, in which dispersed filler
particles are integrated into the polymer matrix and
limit the development of volumetric deformations
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during polymerization. While the presence of lipid
components in the filler composition ensures relaxation
of residual stresses at the stage of polymer network
formation.

4. CONCLUSIONS

Based on comprehensive research, the following
results were obtained:

1. The complex mineral-organic composition of
biogenic lignocellulosic filler (BLCF) was established by
X-ray fluorescence analysis and gas chromatography
with mass spectrometric detection. It was shown that
BLCF contains cations Ca?*, Kf, Mg2*, Fe3* and organic
components of lipid nature (fatty acids and their glycerol
esters), which determine its functional activity in the
composition of epoxy composites.

2. The optimal content of OBLF in the epoxy binder
was experimentally established, which is
g =1.0...1.5 wt. %, at which an increase in the value of
physical and mechanical characteristics was observed.
In particular, the destructive stresses during bending
increase from op = 48.0 MPa to o» = 102.8 MPa, and the
elastic modulus from E = 2.7 GPa to E = 3.7 GPa, which
indicates effective physical reinforcement of the polymer
matrix and interfacial interaction of the polymer
ingredients.
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CrpyKTypHO-XiMiYHI 0COOJIMBOCTI €IIOKCUIHUX KOMIIO3UTIB, HAIIOBHEHUX 010reHHUM JIirHOIIe-
JIIOJIO3HUM HAMIOBHIOBAYEM, OTPUMAaHUM 3 AarPOIIPOMUCIIOBUX BiX0/iB

A.B. Camponosal, K.O. Hamopa2, JI.O. Canpounosal, K.B. Kupuuenxo!,
B.M. {Airox3, I1.I1. @octux?!, M.M. Banral

1 Xepconcvka OeporcasHa mopcebka axademis, 73000 Xepcon, Yipaina
2 Odecvruil Oeporcasruil azpapruli yrisepcumem, 65012 Ooeca, Yipaina
3 TepHonisbCbKUL HAYK080-00CIOHUL eKcnepmHo-Kpuminanicmuyunut yenmp MBC Vipainu,
46001 Teproninw Yipaina

VY po6oTi IOCITKEHO BILIUB OPTAaHIYHOTO GlOM€HHOr0 MIKPOJHCIEPCHOrO JITHOIIEIIOJI03HOI0 HAIOBHIO-
Bayva Ha (Pi3MKO-MeXaHIUHI Ta TeII0(i3UYHI BJIACTUBOCTI IOKCUIHUX KOMIIO3HUTIB. IIpumiseno yBary aHaaiay
CTPYKTYPHUX 1 MisK(a30BUX edeKTiB, 10 PeaidyloThCA Ha MIKPO- Ta HAHOPIBHAX 1 BUSHAYAIOTH €KCILIyaTa-
IIIMHI XapaKTepUCTUKU MaTepiasis. EjleMeHTHUM CKJTa/ HAIIOBHIOBAYA JIOCIIIIKEHO METOI0M PEHTTeHOQIyo-
PECIIEHTHOTO aHaJIi3y, 10 JI03BOJIUIIO 1TIeHTU(MIKYBATH MiHEepaIbHI KOMIIOHEHTH, 3/1aTHI (POPMyBaTH aKTUBHI
IEeHTPH AK1 3a0e3meuyioTh Miskda30By B3aEMOII 3 eMOKCUIHOI0 MaTpullen. OpraHivyHy CKJIaJI0BY HATIOBHIO-
Bava JOCJIIIKEHO METOJ0M ra3oBoi xpomarorpadii 3 Mac-CIIeKTPOMETPUYHUM JeTeKTyBaHHAM. [Ipu msomy
BUSIBJICHO HASBHICTH SKUPHUX KHUCJIOT Ta IX IVIIIIEPUHOBHUX €CTEPIB 13 IIOJSIPHUMU (YHKI[IOHAIBHUMHA I'PY-
maMu, 3JATHUMH OpaTy y4acThb y MIKMOJIEKYJISpHIi#M B3aemomil. JloBemeHo, 110 BBeJeHHsS HAIIOBHIOBaYa 3a
Bmicry @ = 1,0...1,5 mac.4. 3abe3mevye IiABUANIIEHHI PYHHIBHIX HAIIPYKEeHD IIPU 3THUHAHHI, MOIYJIS IPYKHO-
CTl, YIAPHOI B’SI3KOCT1 eIOKCHIHIUX KOMIIO3UTIB Ta KOMILIEKCY TeILI0(isunuyHmnX BiIacTuBoctei. Ile mos’sa3ano 13
Iielo pI3HUX MEXAaHI3MiB, 30KpeMa (pi3MYHOro apMyBaHHS Ta PeJIaKCallil HAIpYsKeHb B 00 emi moiMepy. OTpu-
MaHi pe3yJIbTaT!u KOMILIEKCHUX JIOCIIPKEeHb II1ITBEP/PKYI0Th, 110 O10TeHHUI JITHOIEII0JI03HIN HATIOBHIOBAY
BUKOHY€ He JIUIIE POJIb AUCIIEPCHOTO apMYyBaJIbHOIO KOMIIOHEHTA, a ¥ (DYHKIII0 CTPYKTYPOYTBOPIOIOUOTO eJIe-
MeHTA, SIKUi 3a0e3Ievye CIIpsIMOBAHe KePYBAHHS BJIACTUBOCTSMU EIIOKCUIHUX KOMIIO3UTIB 38 PaXyHOK HAHO-
piBHeBoI Miskdas3oBoi B3aemomii. [le BigkpuBae mepceKTUBYU CTBOPEHHA (PYHKITIOHAIBHUX IIOJIIMEPHUX MaTe-
plaJiiB i3 IPOTHO30BAHUMHE (PI3UKO-MEXaHIYHUME TA TeIJIOPISHYHUME XaPAKTePUCTUKAMH.

Knrouosi cioBa: Enowcwmmi masoxommoswtw, [lokpwrrs, Bloremnwmit nHamoBmioBay, Emoxcumma cmorna,
T'azoBa xpomarorpadist, Perrrenodiiyopeciientamnit anams, Hamocrpyrrypu, Excrtyararmiita xapakTe prucTHRA.
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