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B padbome npueooamca pezynvmamosl uccied06anusn 31eKmMPOnPoEOOAUUX XapaKmepu-
CIUK U KOMRJIEKCa Yu3uKo-MexXanuuecKux c60olcme HAHOKOMNO3UMOG Ha OCHO6e zpaduma, uiu-
POK020 HAOOpa nonuoaehuHOE — NOJUIMUNCHA HUSKOUW NIOMHOCMU, NOJUIMUIEHA 6bICOKOU
HOMHOCIU, U30MAKMUYECKO20 NOJUNPORUICHA, PAHOOM CONOJIUMEPA ROTURPORUIERA, OI0K-
COnoOAUMEPA NPORUIEHA C IMUTIEHOM, COROTIUMEPA IMUTIEHA C 26KCEHOM U CONOIUMEPA IMUIEHA
¢ Oymenom-1. [{na paccmampugaemvix HAHOKOMNO3UMOB HA OCHOGE NOAUOIEPUHOE onpedeieHbl
ONMUMANbHBlEe KOHYCHMPAyuY 2paduma, npu KOmMopvix 00CMU2AIOMCcA MAKCUMANIbHbIE 3HAYe-
Hus 21eKmponposoonocmu, ¢ npedenax 10°-10° (Om-m)™. laemca nodpoénoe onucanue mexa-
HU3MA MYHHEIbHOU U INEKMPOHHOU I/IEKMPONPOCOOHOCU 8 PACCMAMPUBACMBIX HAHOKOMNO3U-
max. Pazpabomanst mepmonnacmuunsie snacmomeput (TI13) na ocnose nonuoneunos u 3mu-
JIeH-RPORUIEH-0UEH06020 KAYUyKa. B mupokom Konyenmpayuonnom ouanazone onpeoenenst 3a-
KOHOMEPHOCIMU U3MEHEHUA IJ1eKMPONPOBOOHOCHMU HAHOKOMHO3UMOE HA OCHOGE MEPMON/a-
CIUYHBIX I1ACIMOMEPOE U HAHOOUChepPCcHo20 paguma. Ilpu uccnedosanuu uzuko-mexanuue-
cKkux ceoiicmeé nanoxomnozumoe TII dviau onpedenenvt pazpywiarouiee Hanpaicenue, npeoen
meKyuecmu npu pacmsaijiceHuu, OmHoCumenvHoe yoaunenue, npoUHoCmy Ha u3zub, menaocmoi-
Kocmby, nokazamens mexkyuyecmu pacniaea u mooyas IOunza. Yemanoenena 3akonomeprnocmo u3-
MEHEeHUA 3a8UCUMOCIU «HanpsiceHue-oeopmayusy ona TIID 6 3asucumocmu om cooepircanus
IMUNEH-NPONUIEH-OUEH068020 KayuyKka. Memooamu depusamozpaguu, penmeenghpazoeozo u SEM
AHANU3086, 31EKMPOHHOI MUKPOCKORUYU RPOGEOEHbl UCCE006AHUA NO OYEHKE CIPYKMYPHBIX 0CO-
Oennocmeil HAHOKOMNO3UNO6 MEPMONAACHUYHBIX INACIMOMEPOE 6 3A8UCUMOCHU O COOMHO-
WieHUA UCNONb3YEMBIX KOMNOHEHMO6 cmecu. [Ina Ha2nA0Ho UHmMepnpemayuy nPUEOOUmCs cxe-
MamuuecKoe uzodpasicenue npoueccos, NPOMEKAUWUX 6 MEHCPHa3HOU 001acmu mepmoniacmuy-
HBIX 371acmomepos. Memooom penzenaz08020 aHanu3a NOKA3aHa 3aKOHOMEPHOCIb U3MEHEHUA
cmenenu Kpucmauiu4HOCmu mepmMonIacmuiHblX 31ACHOMEPOE 6 3A6UCUMOCINU OM COOepica-
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HUs Kayuyka u zpatj)uma. Ilokazana RPUHUURUATTIbBHAA 603MOMNCHOCHb NOJIYUCHUA 2UOKUX IN1eK-
mponpoeooﬂmux mamepuailos ¢ 3apanee 3A0AHHBIMU CEOUICIEAMU nymem pecyiupoeanui coom-
HOWEHUsl KOMROHERmMOo6 6 cocnmaee mepmoniacCmudlblx 371aCmomepoe.

KiroueBbie c10Ba: 3JIEKTPOIIPOBOJIHOCTb, pa3pyIIaAIOIIee HANPSKCHUE, IIPOYHOCTh Ha U3THO, TEPMO-
TUTACTUYHBIN 371acTOMEp, HHBEPCHS (a3, TEIIOCTOWKOCTb, MOKA3aTellb TCKYYECTH paciljiaBa, STUIICH-TIPOTIHJIICH-
TMNEHOBBIN 31acToMep, noauoieuHbI, MexKda3Has 001acTh
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The paper presents the results of a study of the electrical conductive characteristics and a
complex of physical-mechanical properties of graphite-based nanocomposites, a wide range of pol-
yolefins - low-density polyethylene, high-density polyethylene, isotactic polypropylene, random co-
polymer of polypropylene, block copolymer of propylene with ethylene, ethylene/hexene copolymer
and ethylene/butene-1 copolymer. For the considered nanocomposites based on polyolefins, the
optimal concentrations of graphite were determined, at which the maximum values of electrical
conductivity are achieved, within the range of 10°-10~ (2m)~. A detailed description of the mech-
anism of tunneling and electronic electrical conductivity in the nanocomposites under considera-
tion is given. Thermoplastic elastomers (TPE) based on polyolefins and ethylene-propylene-diene
rubber have been developed. In a wide concentration range, the regularities of changes in the elec-
trical conductivity of nanocomposites based on thermoplastic elastomers and nanodispersed graph-
ite have been determined. When studying the physical-mechanical properties of TPE nanocompo-
sites, the tensile strength, yield strength, elongation at break, bending strength, Vicat softening
temperature, melt flow rate, and Young's modulus were determined. The regularity of the change
in the dependence "'stress-strain* for TPE depending on the content of ethylene-propylene-diene
rubber has been established. Using the methods of derivatography, X-ray phase and SEM analyses,
and electron microscopy, studies were carried out to assess the structural features of nanocompo-
sites of thermoplastic elastomers depending on the ratio of the mixture components used. For visual
interpretation, a schematic representation of the processes occurring in the interfacial region of
thermoplastic elastomers is given. The method of X-ray phase analysis shows the regularity of the
change in the degree of crystallinity of thermoplastic elastomers depending on the content of rubber
and graphite. The principal possibility of obtaining flexible electrically conductive materials with
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predetermined properties by controlling the ratio of components in the composition of thermo-
plastic elastomers is shown.

Keywords: electrical conductivity, tensile strength, bending strength, thermoplastic elastomer, phase
inversion, Vicat softening temperature, melt flow rate, ethylene propylene diene elastomer, polyolefins, interfa-
cial region
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Despite numerous studies carried out in the
world in the direction of obtaining and investigating
electrically conductive polymer composites, there are
still open problems to establish the influence of the
type of polymer matrix, crystallinity degree, fineness
of the filler, and compatibility of the mixed compo-
nents of the mixture on the mechanism of their electri-
cal conductivity. The lack of consistency in the study
of this problem and the establishment of a relationship
with the structural features of the polymer matrix and
filler does not allow today to make comprehensively
justified predictions for the development of electrically
conductive composites with predetermined electrical
characteristics. The ongoing dispute between scientists
on the issue of choosing nanodispersed particles or
technical carbon nanotubes has also not yet given an
unambiguous answer: what is better? An analysis of
the state of the problem in this area allows us to con-
clude that the lack of an effective industrial technology
for the production of graphene and carbon nanotubes
and, accordingly, their high cost today do not allow us
to draw any far-reaching conclusions about the pro-
spects for their wide practical use in the near future. At
the same time, the manufacturability of the production
process of graphite nanoparticles of various grades has
significantly expanded research on its use as the main
component in the production of electrically conductive
materials.

Undoubtedly, the use of nanoparticles as a
filler in a polymer matrix was the beginning of a revo-
lutionary approach to the development of a theoretical
base or scientific foundations for the process of electri-
cal conductivity in segregated polymer composites [1, 2].
The study of the problem of segregation in electrically
conductive polymer nanocomposites opens up new
possibilities for a complete interpretation of the behav-
ior of nanoparticles during the formation of electronic
or tunneling conductivity. The existence of the above
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unsolved problems creates certain difficulties for the
development of a unified integral theory on the mech-
anism of electrical conductivity in inhomogeneous pol-
ymer systems [3, 4].

Research on the development and study of
elastic electrically conductive nanocomposites based
on thermoplastic elastomers is very limited [5, 6].
Thermoplastic elastomers, unlike rubber, are distin-
guished by a unigue combination of physical-mechan-
ical properties, elasticity, and manufacturability of pro-
cessing into various types of structural products by in-
jection molding and extrusion [7, 8]. Therefore, it was
believed that research on the development of electri-
cally conductive thermoplastic elastomers would sig-
nificantly affect the production of new types of con-
ductors, semiconductors and antistatic agents intended
for use in various areas of the electronics industry.

In this regard, taking into account the high de-
mand of the industry for the development of new types
of electrically conductive materials, the purpose of the
ongoing research was to study the problem of obtaining
graphite-containing nanocomposites based on a wide
range of polyolefins and thermoplastic elastomers.

EXPERIMENTAL PART

Materials

In this work, various types of polyolefins were
used as a polymer matrix (Table 1). High density pol-
yethylene (HDPE) grade PETILEN YY 1668 (UV)
(PETKIM, Turkey), low density polyethylene (LDPE)
brand 108-14, with an average molecular weight of
125000 ("SOCAR-POLYMER", Sumgayit, Azerbai-
jan), isotactic polypropylene (PP) brand HP500M
(firm, SOCAR-POLYMER, Sumgayit, Azerbaijan),
ethylene/1-hexene copolymer (EHC) grade PE6438R
and ethylene/butylene copolymer (EBC) (PJSC, Nizh-
nekamsneftekhim Nizhnekamsk, Russia), random poly-
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propylene copolymer (RPP) is a thermoplastic random
copolymer of ethylene with propylene grade RP2400
(ATEX, Moscow, Russia) and block copolymer of eth-
ylene with propylene (BEP) brand HB240P (YUSIDIJI,
Korea).

N.T. Kakhramanov et al.

Synthetic ethylene-propylene-diene rubber grade
CKDIIT-40 (EPDM) (PJSC Nizhnekamskneftekhim,
Nizhnekamsk, Russia) with a Mooney viscosity of 37-
43. Soot-filled EPDM has a tensile strength of 18.0 MPa,
elongation at break of 350%.

Table 1
Physical-mechanical properties of the original polyolefins
Tabauya 1. Pu3uko-MexaHMYecKHe CBOHCTBA HCXOAHBIX M0JH01e(UHOB
Tensile | Bending . . V'Cf’?t Melting .
Polyolefins | strength, | strength Elongation | Density, | softening |temperature, MFR', Crystallinity
' ' |at break, %| kg/m® |temperature, °C g/10min | degree, %
MPa MPa oC

HDPE 31.3 344 435 965 139 145 5.6 82
LDPE 9.6 16.2 360 923 85 101 7.8 59
PP 33.0 85.0 30 903 160 169 3.6 65
EHC 37.4 42.2 810 932 115 122 5.1 75
RPP 28.5 30.4 600 904 131 145 1.78 62
EBC 27.1 29.7 880 942 116 128 4.6 71
BEP 25.6 26.5 200 900 148 155 2.9 66

Compatibilizers — (PE-g-MA) Exxelor PE1040
maleic anhydride functionalized high density polyeth-
ylene (ExxonMobil Chemical, Houston, TX, USA,
MFR=52¢/10min) designed to improve the compati-
bility of graphite with all types of polyethylene. Maleic
anhydride-functionalized polypropylene (PP-g-MA)
Exxelor PO1020 (Vanderbilt Chemicals, LLC, USA,
MFR = 48g/10min) designed to improve the compati-
bility of carbon fillers with polypropylene and random
polypropylene copolymer. The degree of maleic anhy-
dride grafting in both compatibilizers is 0.5-0.6 wt %.

Graphite (Gr) (Sverdlovsk region, Rezh, Rus-
sia) — one of the allotropic modifications of carbon, has
a layered structure. The layers of the crystal lattice, be-
ing parallel to each other, form a number of structural
modifications, with symmetry from hexagonal system
to trigonal. The layers are slightly wavy, almost flat,
and consist of hexagonal layers of carbon atoms.
Graphite grade I'C-2 with a particle size of 25-45 nm
was used as the object of study.

Calcium stearate (CS) (Kalpataru Organics
Pvt.Ltd. India). In order to improve processability, it
acts as a lubricant for composite materials and uniform
dispersion of the filler in the polymer matrix. Intro-
duced into the composition of the polymer composite
in an amount of 0.5-1.0 wt %

Aluminum powder (Al) (m-tec Powder GmbH,
Germany) with a particle size of 80-95 nm was used as
a metal filler. The main purpose of which in filled com-
posites of polyolefins with graphite is to improve their
thermal conductivity and adhesion to a metal surface.

The curing agent — sulfur (CAS 7704-34-9,
Kaspiigaz LLC, Russia) is a chemical element with
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atomic number 16. Elemental sulfur is a bright yellow
crystalline solid at room temperature. Under normal
conditions, sulfur atoms form cyclic eight-atom mole-
cules with the chemical formula Sg. Used as a cross-
linking agent for polymer blends.

Polymer mixtures based on polyolefins and
graphite were obtained as follows: Polyolefins were
melted on a laboratory twin-screw extruder (SJZS-
10A, China) in the temperature range of 140-180 °C,
with the simultaneous incorporation of 2.0 wt % of a
compatibilizer and various Gr concentrations (from 3.0
to 20 wt %).

In the process of obtaining thermoplastic elas-
tomers based on HDPE and EPDM, the rubber concen-
tration was varied in the range from 10 to 70 wt %. The
maximum Gr concentration in all samples was 30 wt %.

Tensile strength, yield strength, and elongation
at break of polymer composites were determined in ac-
cordance with GOST 11262-80 (ASTM D638). The
stretching speed of the samples on the tensile testing
machine is 50 mm/min. The test results were processed
statistically according to GOST 14359-69.

Young's modulus in tension was determined in
accordance with GOST 9550-81(ASTM D638) at a
strain rate of 1%/min, loading was carried out to an
elongation at breal of 0.5%. This method was used to
determine the effect of the elastomeric component on
the nature of the change in the elastic properties of TPE.

The bending strength was evaluated according
to GOST 4648-2014 (ISO 178:2010). Use samples
with a thickness of 5.0 mm and a width of 10 mm.
Measuring speed 30 mm/min. To determine each indi-
cator of strength characteristics, 5 samples were tested.
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Used to determine the effect of the content of EPDM
on the bending strength.

The melt flow rate (MFR) of polymeric mate-
rials was determined on a capillary rheometer brand
MELT FLOW TESTER, CEAST MF50 (INSTRON,
Italy) at a temperature of 190 °C and a load of 5 kg.
The relative error of the experiment is 5%. The use
of this method of analysis made it possible to control
the melt flow of TPE nanocomposites, especially af-
ter the incorporation of a filler and subsequent sulfur
vulcanization.

Combined thermal analysis was carried out on
a STA 6000 synchronous thermal analyzer (Perkin
Elmer) in a temperature range of 20-750 °C in a nitro-
gen atmosphere. Samples of polymers weighing 9-12 mg
were heated in a nitrogen atmosphere at a rate of
25 °C/min. This method makes it possible to determine
such thermophysical characteristics as the temperature
range of melting and thermal destruction.

Vicat softening temperature was determined in
accordance with GOST 15088-2014 (ISO 306:2004).

The electrical conductivity of the composites
was determined in accordance with GOST 20214-74.
The pressing of polymer samples for testing was car-
ried out at a temperature of 160 °C for 4-6 min until a
film 150 pm thick was obtained. Measurement of vol-
umetric electrical resistance (for further calculation of
specific volumetric resistance p and specific volumet-
ric electrical conductivity o) at direct current was car-
ried out using an E6-13A teraohmmeter (OPF ME-
TROTEKS). The thickness of the samples was meas-
ured with an 3B-2 optical meter. The processing of
experimental data was carried out using Microsoft Ex-
cel 2016.

The electron microscope images were taken
with a Leo 912 AB Omega transmission microscope.
This method of analysis makes it possible to visually
trace the nature of the change in the supramolecular
structure of the sample depending on the type and con-
centration of the filler.

The degree of crystallinity of the composites
was determined from X-ray diffraction patterns ob-
tained on a Miniflex 600 powder X-ray diffraction de-
vice (Rigaku).

The particle size of graphite was determined on
a laser diffraction analyzer model Mastersizer-3000
(Malvern). The method is based on the measurement of
the angular dependence of the scattered light intensity
during the passage of a laser beam through a dispersed
sample. The range of particle size determination is
0.01-3000 um.

When studying the peel resistance in the adhe-
sive-substrate system, the test was carried out in such
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a way that the thickness of the plate of the polymer
material was in the range of 1.6-1.8 mm. Corrugated
aluminum foil was used as a substrate. The test was
carried out on a tensile testing machine designed for
testing plastics for tensile strength. To do this, the test
fixture was installed in the lower clamp of the testing
machine, the free end of the foil was fixed in the upper
clamp. During the movement of the movable traverse,
the foil was pulled from the surface of the polymer
plate at a constant speed of 100 mm/min. The load was
fixed on a section of the sample with a length of at
least 115 mm.

RESULTS AND ITS DISCUSSION

Interest in the study of materials using graphite
was due to several specific reasons. They concluded
that graphite-containing nanocomposites, due to their
layered structure, are characterized by both high elec-
trical conductivity and wear resistance while maintain-
ing a satisfactory level of MFR of the samples [9-11].

For a comparative assessment of the proper-
ties, a wide range of polyolefin dielectrics was used as
a polymer matrix: HDPE, LDPE, PP, EHC, RPP, and
BEP, as well as thermoplastic elastomers based on PO
and EPDM. The electrical conductivity of these poly-
olefins is 10 (Qm)™. The task of the study was to ob-
tain electrically conductive materials — conductors and
semiconductors based on the above dielectrics. It is
quite obvious that to solve this problem it was neces-
sary to use additional components that would increase
their electrical conductivity. In this case, such a solid
component with electrical conductivity is graphite. In
this work, preference was given to graphite, which, as
is known, in addition to high electrical conductivity,
imparted wear resistance and good melt fluidity to the
polymer matrix [12].

Graphite nanoparticles form aggregates of nat-
ural origin in the form of layered structures based on
graphene [13]. In the process of mixing graphite in the
melt mode with polyolefins, the resulting thermome-
chanical stresses contribute to the intercalation of
macrochains of the polymer matrix into the interlayer
space, followed by exfoliation, i.e., the separation of
the outer layers of graphite — graphene [14]. This is ex-
plained by the fact that the layers of graphene in graph-
ite are held together by weak van der Waals forces,
which allow them to be easily separated from each
other during thermomechanical action. Carbon has
four free electrons. However, only three of the four
electrons are involved in a covalent bond, so each car-
bon atom is only bonded to three carbons. The fourth
electron migrates freely in the plane, making the graph-
ite electrically conductive in a direction parallel to the
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plane. The electrical conductivity of graphite in the di-
rection perpendicular to the plane of the layer, on the
contrary, is hundreds of times less. The electrical con-
ductivity of graphite is anisotropic, which depends on
the direction within the graphite itself. It conducts elec-
tric current well in the direction parallel to the basal
plane [15-17].

Fig. 1(a, b) shows the electrical conductivity of
nanocomposites based on a number of polyolefins and
graphite grade I'C-2. As can be seen from Fig. 1a, re-
gardless of the type of polymer matrix, an increase in
the electrical conductivity of all nanocomposites is ob-
served with an increase in the graphite content. In this
case, depending on the type of non-compatibilized pol-
yolefin, the maximum value of electrical conductivity
is achieved in the concentration range of 10-20 wt%
and is equal to 10210 (Qm)*. From a comparative
analysis of the curves in this figure, it can be seen that
the compatibilized with PE-g-MA and PP-g-MA nano-
composites (Fig. 1b) have relatively high electrical
conductivity values than non-compatibilized ones
(Fig. 1a). PE-g-MA was introduced into HDPE, EHC,
and LDPE in an amount of 2.0 wt. %, and PP-g-MA in
an amount of 2.0 wt. % included in the PP, RPP, and
BEP. For example, in non-compatibilized hanocompo-
sites, the maximum electrical conductivity of samples
based on PP, RPP, and BEP was achieved at 20 wt%,
LDPE — 15 wt%, EHC — 12 wt%, HDPE — 10 wt%
graphite content. In compatibilized nanocomposites,
the maximum electrical conductivity of polyolefins is
distributed as follows: HDPE —5.0 wt%; EHC — 7.0 wt%;
LDPE — 13 wt% and PP, RPP, BEP at 15 wt% content
of graphite. It follows from the data obtained in these
figures that the compatibilizer has a positive effect on
the electrical conductivity of nanocomposites based on
polyolefins and graphite. A situation is created when
the accumulation of polar groups in the interspherulite
space contributes not only to improving the compati-
bility of the mixed components of the mixture, but also
to a significant increase in the adhesion of polar PE-g-
MA macrochains on the developed specific surface area
of nanoparticles [18]. According to the data in Fig. 1,
HDPE nanocomposites have relatively better electrical
conductivity. This fact is interpreted by the fact that
during cooling and crystallization, growing crystalline
formations of polyethylene displace graphite nanopar-
ticles and PE-g-MA macrochain units containing polar
groups of maleic anhydride into the interspherulitic
amorphous region. According to this theory, the con-
centration of nanoparticles in the interspherulite space
is several times higher than the average concentration
over the entire volume of the polymer matrix. If the
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original HDPE has a degree of crystallinity equal to
82%, then this means that the bulk of the nanoparticles
will be concentrated in the amorphous phase, which is
only 18%. The data obtained allow us to assert that
when 5.0 wt % of graphite is introduced into the poly-
mer volume, its concentration in the amorphous (in-
terspherolitic) region will increase by a factor of five
and will be approximately 25 wt %. This is a vivid ex-
ample of the segregation theory of the redistribution of
nanoparticles in nanocomposites. Concentrating in the
interspherolitic region, there comes a moment when
graphite nanoparticles form a chain electrically con-
ductive structure. Thus, in the supramolecular structure
of the HDPE nanocomposite, double segregation oc-
curs, consisting at the first stage in the separation into
a crystalline and amorphous region, and the second
stage in the redistribution and migration of nanoparti-
cles into the interspherulitic amorphous space. In other
words, the crystalline region, being a dielectric, re-
mains free of nanoparticles, while the interspherolitic
region, on the contrary, turns into a dense electrically
conductive layer [19-20, 22].

It should also be taken into account that there
is a distinction between tunneling and electronic con-
duction. Tunneling conduction predominates predomi-
nantly at low concentrations of graphite, which results
in the formation of a dielectric nanolayer between na-
noparticles. As the graphite content increases, this
layer gradually becomes thinner, which affects the in-
crease in the electrical conductivity of the nanocompo-
site. And, finally, when the interspherulite layer is sat-
urated with graphite, the nanoparticles begin to directly
contact each other, thereby promoting electronic con-
ductivity. According to the curves shown in Fig. 1, the
increase in electrical conductivity with increasing
graphite content corresponds to tunneling conductiv-
ity. After reaching the maximum and constancy of the
electrical conductivity in nanocomposites, there comes
a moment when tunneling conductivity in the in-
terspherolitic region changes to mixed and then to elec-
tronic conductivity. Mixed electrical conductivity cor-
responds to the state when, in the interspherolitic re-
gion of nanocomposites, the charge transfer process
simultaneously occurs not only due to direct contact
between conducting particles, but also due to electron
tunneling through the dielectric interlayers of the pol-
ymer [12]. It should also be taken into account that in
the process of direct contact of nanoparticles, in any
case, between them there is a layer of a polymer matrix
with a thickness of 1-3 nm, which leads to electronic
conductivity. The proof of this is the results of the
study shown in Fig. 1, according to which the electrical
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conductivity of the samples does not exceed 102 (Qm)?,
while the value of this indicator for pure graphite is
10% (Qm)™.

The effect of improving the electrically con-
ductive properties of nanocomposites is manifested in
the fact that in all samples the maximum electrical con-
ductivity is achieved at a relatively low content of
graphite nanoparticles [12, 23]. This circumstance is of
fundamental importance, since the lower the concen-
tration of the filler at which percolation occurs, the
greater the probability of maintaining at a high level
such fundamental properties of nanocomposites as
elongation at break, strength, and MFR, which are di-
rectly related to the technological features of their pro-
cessing by injection molding and extrusion. From a
comparative analysis of the results obtained, it can be
argued that, in general, the use of graphite as a filler
makes it possible to obtain electrically conductive
nanocomposites of various classes: conductors, semi-
conductors, and antistatics.

When studying the structure and properties of
nanocomposites by derivatography, it is necessary to
have sufficiently complete information regarding their
melting point and thermal degradation. For example,
Fig. 2 shows a DSC analysis of a HDPE* nanocompo-
site with 10 wt % graphite. As can be seen from this
figure, the endothermic melting peak of the sample oc-
curs at 150 °C, and the exothermic oxidation is rec-
orded at 492 °C. Similarly, DSC analysis was carried
out for all other samples of graphite-containing nano-
composites. More detailed results of derivatographic
analysis are presented in Table 2.
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Table 2

Results of derivatographic analysis of HDPE nanocomposites depending on graphite content
Taﬁﬂuua 2. PeByJIBTaTBI z[epnBaTorpa(bnqecxoro aHaJan3a Hanokommno3utoB IIDBII B 3aBucuMoCTH OT CoAepiKaHus

rpagura
- - =
Craphie Co\?\fteg/zm HDPE™, Tm, °C | AHm, J/g | Thg, °C | Melting interval, °C | AHg, J/g | Tmax DTA°C |Amygo %
HDPE* 145 177 435 66 512 494 -
5 149 189 432 59 493 491 4.69
10 150 175 417 59 369 492 10.34
15 149 175 435 60 418 491 15.43
20 143 166 427 59 394 494 18.33

Analyzing the data given in this Table, it can
be established that the introduction of graphite into the
composition of HDPE* in an amount of 5.0 wt% con-
tributes to an increase in the melting point of the nano-
composite from 145 to 149 °C. A further increase in
the content of graphite has practically no effect on the
increase in the value of this indicator. The main differ-
ences are manifested in the HDPE* + 20 wt% graphite
nanocomposite. In particular, it was shown that the
melting point in this sample decreases from 149 °C to
143 °C, i.e. lower than that of the original HDPE. Such
a noticeable decrease in the melting temperature in a
nanocomposite with a 20 wt% graphite content indi-
cates complex physical and physicochemical processes
occurring in its supramolecular structure. It can be as-
sumed that at such a high concentration of graphite in
the melt, the high-molecular part of the polymer matrix
is primarily adsorbed on the developed graphite sur-
face, forming heterogeneous crystallization centers.

Thus, as a result of the selective selection
(sorption) of high molecular weight fractions of
HDPE* on the surface of nanoparticles, relatively
lower molecular weight fractions remain out of contact
with the solid surface. There is reason to believe that it
is precisely because of this circumstance that the de-
crease in the melting temperature of a highly filled
nanocomposite can be associated with the melting tem-
perature of relatively low molecular weight HDPE
fractions. And, finally, the second version of the de-
crease in the melting temperature may be due to the
fact that at high concentrations of graphite nanoparti-
cles, the mechanism of formation of crystalline for-
mations changes significantly. And, indeed, according
to the data presented by us in [24], at a 20 wt% content
of graphite nanoparticles in HDPE*, the mechanism
of growth of crystalline formations from a three-di-
mensional spherulite changes to a two-dimensional
disc-shaped with the continuous formation of crystal-
lization centers.

In the literature, the problem of obtaining elec-
trically conductive nanocomposites based on ther-
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moplastic elastomers has received very little atten-
tion [25-28]. This circumstance is explained by the fact
that polymer mixtures based on thermoplastic polyole-
fins and synthetic rubbers are, as a rule, technologically
incompatible, creating certain difficulties associated
with ensuring their uniform mutual dispersion in the
composition. But, as shown above, an effective method
to improve the compatibility of a thermoplastic with an
elastomer and a filler is the use of compatibilizers based
on PE-g-MA and PP-g-MA in an amount of 2.0 wt. %.
For this purpose, for example, we used EPDM as an
elastomeric component, and HDPE as a thermoplastic
and graphite as a filler. The choice of elastomer was
due to the fact that polyolefins and elastomer are non-
polar polymers. This fact made it possible to achieve
better compatibility and mutual dispersibility of the
components in the polymer mixture. However, the in-
troduction of polar graphite into the composition of a
non-polar polymer mixture again necessitates the use
of a PE-g-MA compatibilizer. In this regard, it seemed
interesting to study the concentration dependence of
the electrical conductivity of nanocomposites of thermo-
plastic elastomers on the ratio of mixture components.

Fig. 3 shows the data on the effect of the
HDPE/EPDM ratio and graphite content from 3.0 to
30 wt. % on the electrical conductivity of nanocompo-
sites in polymer blends (30 wt %). The concentration
of EPDM in HDPE was: 10; 30; 40; 50; 70%wt. It is
quite clear that an increase in the concentration of the
elastomeric component in the composition of HDPE
will have a noticeable effect on a decrease in the degree
of crystallinity of the polymer matrix. A similar regu-
larity in the decrease in the degree of crystallinity of
the polymer matrix will contribute to a decrease in the
electrical conductivity of nanocomposites.

As can be seen from Fig. 3, as the concentra-
tion of the elastomeric component increases, a notice-
able decrease in the electrical conductivity of the nano-
composites is observed. In a composition containing
10 wt% EPDM in HDPE, the electrical conductivity
reaches its maximum [102 (Qm)] at 15 wt% graphite
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content. With the introduction of 30 wt% of EPDM, the
electrical conductivity noticeably decreases and reaches
its maximum of 10 (Qm)* at 25 wt% graphite content.
In a composition with an elastomer concentration of
more than 30 wt%, phase inversion occurs when the
dispersed phase becomes a dispersed medium and vice
versa. This is confirmed by curves 4-6, which have a
slightly different pattern of change. Moreover, at a con-
centration of EPDM over 30 wt %, the maximum elec-
trical conductivity at a 30 wt % graphite content becomes
lower and fluctuates in the range 10°-107(Qm)™. This
circumstance is due to the fact that as the concentration
of EPDM increases from 10 to 70 wt%, a sharp de-
crease in the degree of crystallinity of nanocomposites
in the polymer mixture is observed. Using HDPE as an
example, the effect of EPDM on the degree of crystal-
linity in nanocomposites occurs in the following se-
quence: (original HDPE) - 82%, (HDPE +
+ 10wt%EPDM) — 70%, (HDPE + 30Wt%EPDM) —
— 54%, (HDPE + 40wt%EPDM) — 43%, (HDPE +
+ 50wt%EPDM) — 35% and (HDPE + 70Wt%EPDM) —
—18%. It becomes obvious that the lower the degree of
crystallinity in the polymer mixture, the lower the
probability of formation of a chain electrically conduc-
tive structure in the amorphous phase. The results of
the study are in good agreement with the data shown in
Fig. 3.
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Fig. 3. The effect of graphite concentration on the electrical Fig.
3. The effect of graphite concentration on the electrical conductiv-
ity of HDPE + EPDM polymer blends compatibilized with 2.0 wt.

% PE-g-MA: 1- HDPE; 2— HDPE+10 wt % EPDM;
3- HDPE+30 wt % EPDM; 4— HDPE+40 wt % EPDM,;

5—- HDPE+50 wt % EPDM; 6— HDPE+70 wt % EPDM
Puc. 3. BiusHIe KOHIEHTpaiu rpaduTa Ha SIEKTPOIPOBOI-
HOCTb KOMIaTnOmIm3upoBaHHbIx 2.0%mMacc. [IDMA nonumep-
HeIX cMeceit [IDBII+CKOIIT: 1- [I3BII; 2- IT9BII+10%Macc.
CKDOIIT; 3-I19BI1+30%mMacc. CKOIIT;
4-TI3BII+40%macc. CKOIIT; 5- [I3BI1+50%macc. CKOIIT;
6- TI9BI1+70%macc. CKOIIT
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Table 3 presents the results of a study of the
selective effect of graphite concentration on the regu-
larity of changes in the electrical conductivity of nano-
composites for a wide range of maleated polyolefins.
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In this case, for HDPE, LDPE, EHC and EHB, 2.0 wt.
% PE-g-MA was used as a compatibilizer, and for PP,
RPP and BEP, 2.0 wt. % PP-g-MA was used as a com-
patibilizer. Analyzing the data given in this table, it can
be replaced that, regardless of the type of polyolefin,
the introduction of graphite leads to a significant
change in the electrical conductivity of nanocompo-
sites. For a comparative assessment, the concentration
of EPDM for each polyolefin was standard and
amounted to a value equal to 30 wt %. The aim of the
study was to study the effect of graphite concentration
on the electrical conductivity of various types of ther-
moplastic elastomers. Table 3 discusses the regularity
of changes in the electrical conductivity of nanocom-
posites based on polyolefins. As can be seen from this
table, even the introduction of 30 wt % of graphite into
the composition of a polymer mixture based on a num-
ber of polyolefins at best promotes electrical conduc-
tivity at the level of 103-10 (Qm). And this is quite
understandable, since with an increase in the content of
the elastomeric component to 30 wt %, the degree of
crystallinity of nanocomposites based on the consid-
ered polyolefins decreases. It should be noted that re-
gardless of the type of polymer matrix, the introduction
of 20-30 wt% of graphite contributes to the production
of semiconductors with electrical conductivity in the
range of 10-%-10* (Qm)™. Samples of nanocomposites
containing 10-15 wt % are also characterized by semi-
conductor properties, in which the electrical conduc-
tivity varies within 10°-10° (Qm)*. At 5.0 wt% con-
tent of graphite in the composition of thermoplastic
elastomers, the value of electrical conductivity corre-
sponds to antistatic agents.

For a comprehensive interpretation of the pro-
cesses occurring in nanocomposites, it was considered
necessary to consider in detail the main physical-me-
chanical properties of compatibilized thermoplastic
elastomers based on polyolefins and EPDM, shown in
Table 4. The concentration of EPDM in a mixture with
thermoplastic polyolefins varied from 0 to 50 wt%.
From a comparative analysis of the data in Table 4, it
can be established that with an increase in the content
of the elastomeric component, there is a general trend
towards a decrease in all strength indicators and Vicat
softening temperature of the polymer mixture.

At the same time, the MFR of the samples
changes somewhat according to a different pattern. In-
itially, with an increase in the concentration of EPDM,
it increases and then decreases, which, apparently, can
be associated with an increase in the viscosity of the
melt. A decrease in Young's modulus indicates a de-
crease in the elastic component of tensile strength. For
a number of samples at 40 and 50 wt % EPDM content,
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the value of Young's modulus is not determined, which
indicates the absence of Hooke's elastic deformation
region. Consequently, the decrease in strength proper-
ties: tensile strength, yield strength, bending strength
and Young's modulus is associated with amorphization
of the supramolecular structure of semicrystalline pol-
yolefins and a decrease in their degree of crystallinity.
At the same time, attention should be paid to the nature
of the change in the tensile strength and yield strength.
As can be seen from this table, in all considered poly-
olefins at a certain content of EPDM, the values of the
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tensile strength and the yield strength are the same. In
particular, for HDPE, EHC and EBC, the coincidence
of these indicators occurs at 30 wt % content of EPDM,
for LDPE — at 20 wt %, for PP, RPP and BEP — at 40
wt %. The equality of the yield strength and tensile
strength is evidence of phase inversion, according to
which the dispersed phase becomes a dispersed me-
dium and vice versa. This state is characterized by the
formation of thermoplastic elastomers, which exhibit
the properties of rubber.

Table 3

The effect of graphite concentration on the change in the electrical conductivity of thermoplastic elastomers based
on maleized LDPE*, PP*, RPP*, BEP*, EHC*, EBC* and EPDM
Taﬁﬂuua 3. Baiusinue KOHIECHTPpauuun rpadnna HAa UBMCHEHHUE IJICKTPONMPOBOIHOCTH TEPMOIVIACTUYHBIX 3J1aCTOME-
PoOB Ha ocHOBe MajeuHusnpoBanubix IIDHIT*, ITIT*, PIIIT*, BOII*, COI'*, COb* u CKIOIT

Ne Nanocomposite composition, polyolefins + EPDM + graphite, wt %  |Electrical conductivity, (Qm)*
1 LDPE* + 30EPDM:

2 5.0 graphite 1.4-10
3 10 graphite 3.2:108
4 15 graphite 2.4-10®
5 20 graphite 5.0-10°
6 30 graphite 4.5-10*
7 PP* + 30EPDM:

8 5.0 graphite 1.1-10°%0
9 10 graphite 3.8:10°
10 15 graphite 8.2-10°
11 20 graphite 6.2-10*
12 30 graphite 2.1-10°%
13 RPP* + 30EPDM:

14 5.0 graphite 3.7-1010
15 10 graphite 4.4-107
16 15 graphite 2.9-10°
17 20 graphite 7.5-10°°
18 30 graphite 8.2:10*
19 BEP* + 30EPDM:

20 5.0 graphite 1.5-10°
21 10 graphite 4.2-107
22 15 graphite 7.9-10°8
23 20 graphite 8.610°
24 30 graphite 2.1-10°3
25 EHC* + 30EPDM:

26 5.0 graphite 2.8-10°
27 10 graphite 3.1-10°®
28 15 graphite 7.6-10°
29 20 graphite 4.2-10*
30 30 graphite 5.2:10°
31 EBC* + 30EPDM:

32 5.0 graphite 3.9-10°
33 10 graphite 1.1-10®
34 15 graphite 2.0-10°
35 20 graphite 4.7-10*
36 30 graphite 7.5-103

Note: LDPE*, PP*, RPP*, BEP*, EHC*, EBC* — compatibilizer maleated polyolefins
[Ipumeyanue: LDPE*, PP*, RPP*, BEP*, EHC*, EBC* — xoMnaTnuOuin3aTop MaJeHHUPOBAHHBIC TOIHOICHUHBI
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Table 4

Table 4. Physical-mechanical properties of TPE based on a mixture of polyolefins + EPDM + PE-g-MA (PP-g-MA)
Tabauya 4. ®uzuko-mexanudeckue cpoiicrea TIID na ocHoBe cMecu monoaepunoB+CKIIMTHIIMA (IITIMA)

The content of EPDM-40| Tensile | Yield . Ultlm_ate Vicat sof- | Young's
i . Elongation| bending | MFR, :

Ne in the composition strength, | strength, at break, % strength, |g/10min tening tem- | modulus,

of polyolefins, wt % MPa MPa ' MPa ' ‘| perature,°C| MPa
1 HDPE 31.3 29.4 435 344 5.6 139 1150
2 HDPE + 10DM +2 C; 29.9 27.5 435 33.8 7.0 138 821
3 HDPE + 20DM +2 C; 23.0 22.3 450 29.4 5.6 133 436
4 | HDPE +30DM +2 C; 19.1 19.1 525 26.3 4.7 129 150
5 HDPE + 40DM +2 C; 14.5 14.5 430 20.8 4.0 118 85
6 HDPE + 50DM + 2 C; 12.4 12.4 375 17.4 3.2 111 -
7 LDPE 9.6 9.0 360 16.2 7.8 85 209
8 LDPE + 10DM + 2 C; 8.8 8.1 370 15.0 8.1 83 178
9 LDPE + 20DM +2 C: 6.1 6.1 360 11.9 7.2 77 94
10 | LDPE +30DM +2C; 5.3 53 360 9.3 5.8 71 43
11 | LDPE +40DM + 2 C; 4.2 4.2 335 7.2 3.1 67 -
12 | LDPE +50DM + 2 C; 3.6 3.6 275 4.8 3.0 62 -
13 PP 33.0 34.6 30 85.0 5.4 160 1424
14 PP + 10DM + 2 C; 315 32.2 45 86.8 4.3 158 1142
15 PP +20DM + 2 C, 27.9 28.4 60 715 35 152 655
16 PP +30DM + 2 C, 215 22.0 70 47.6 2.9 137 287
17 PP + 40DM + 2 C: 17.3 17.3 65 39.3 2.3 129 108
18 PP + 50DM + 2 C, 13.2 13.2 55 33.1 2.0 121 -
19 EHC 37.4 35.8 810 42.2 7.4 115 1234
20 EHC + 10CK +2 C; 34.0 35.9 810 40.8 6.3 113 866
21 EHC + 20DM + 2 C; 29.4 30.6 790 37.5 5.3 109 475
22 | EHC +30DM +2C: 235 23.5 790 31.1 35 103 185
23 EHC + 40DM + 2 C; 18.2 18.2 570 24.9 2.7 98 99
24 EHC + 50DM + 2 C; 155 15.5 465 19.7 2.2 95 -
25 EBC 27.1 28.4 880 38.2 6.2 113 1115
26 EBC + 10DM + 2 C; 25.2 27.8 845 37.6 7.1 112 829
27 EBC + 20DM + 2 C; 20.6 21.5 755 34.4 4.7 108 434
28 EBC + 30DM +2 C: 16.8 16.8 740 27.5 3.6 103 168
29 EBC + 40DM + 2 C; 13.4 13.4 730 19.9 2.9 99 75
30 EBC + 50DM + 2 C; 10.2 10.2 650 15.8 2.2 92 -
31 RPP 28.5 26.4 600 30.4 3.7 131 802
32 RPP + 10DM + 2 C; 26.4 23.3 600 28.6 3.0 127 464
33 RPP + 20DM + 2 C, 23.0 215 640 24.9 25 122 215
34 RPP + 30DM + 2 C; 17.9 16.9 685 21.2 2.0 116 107
35 RPP + 40DM +2 C2 14.1 14.1 545 18.4 1.4 112 70
36 RPP + 50DM + 2 C; 10.8 10.8 350 13.9 1.6 105 -
37 BEP 25.6 26.9 200 26.5 49 148 712
38 BEP + 10DM +2 C; 23.9 24.7 220 25.5 4.0 145 486
39 BEP + 20DM + 2 C; 20.7 21.9 245 22.0 3.3 140 196
40 BEP + 30DM + 2 C; 16.1 17.0 250 18.3 2.6 135 107
41 BEP + 40DM + 2 C> 125 15 205 14.2 2.0 129 65
42 BEP + 50DM + 2 C; 9.9 9.9 165 11.3 1.6 120 -

Note: DM- EPDM: C1 — PE-g-MA,; C2 — PP-g-MA
[Ipumeuanue: DM- EPDM: C1 — PE-g-MA; C2 — PP-g-MA

To confirm our arguments regarding the phase
inversion in the polyolefin + EPDM polymer mixture,
we carried out studies aimed at studying the defor-
mation of thermoplastic elastomer nanocomposites
from shear stress during uniaxial tension. The results
of studying the deformation curves are shown in Fig. 4.
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As can be seen from this figure, with an increase in the
content of EPDM in the composition of HDPE, the
shear stress decreases. In the original HDPE and the
sample with 10 wt% EPDM, one can still notice the
elastic component at the minimum values of elonga-
tion. At 30 wt % content of EPDM in HDPE and above,
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the elastic component is replaced by an S-shaped curve
characteristic of thermoplastic elastomers with rubber
properties. It should be noted that as the content of the
elastomeric component in the composition increases,
we actually obtain compositions with different degrees
of crystallinity, which, as noted above, plays a signifi-
cant role in changing the electrical conductivity of
nanocomposites.

Table 5 shows the results of a study of the in-
fluence of the content of synthetic rubber grade EPDM
on the physical-mechanical properties of sulfur-cured
electrically conductive TPE nanocomposites. In [21],
we showed that Al nanoparticles have a significant ef-
fect on the increase in the peel resistance of nanocom-
posites to aluminum and copper foil. The latter circum-
stance is due to an increase in the adhesive contact be-
tween the macrochains of the modified polyolefin on
the developed surface of the nanoparticles. The use of
Al nanoparticles in the composition of the TPE nano-
composite significantly enhances the affinity of the
polymer matrix for aluminum foil. As regards the elec-
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trical conductivity of nanocomposites, the graphite na-
noparticles play the main role in increasing this index
[12, 22].

0

0 100 200 300 400 500
£, %
Fig. 4. The influence of EPDM content on “stress-strain” curves
for compatibilized 2.0 wt. % PE-g-MA polymer mixtures based
on HDPE + EPDM: 1- original HDPE; 2- 10; 3- 20; 4- 30; 5- 40;
6- 50, wt % EPDM
Puc. 4. Bausaue conepxanus CKOIIT Ha kpuBbIE 3aBUCUMOCTH
«HarnpspKeHre-ae(opMaIysD) I KOMIATHOMIN3HPOBAHHBIX
2.0%macc. IIDMA monuMepHBIX cMecel Ha OCHOBE

TIDBII+CKOIIT: 1- ucxoausrii [19BIT; 2- 10; 3- 20; 4- 30; 5- 40;
6- 50, %macc. CKOIIT

Table 5

Physical-mechanical and physical-chemical properties of sulfur-cured multifunctional electrically conductive TPE
nanocomposites based on maleated PO, EPDM, Gr, Al and calcium stearate
Tabnuya 5. PU3nKo-MexaHnyecKue U GU3NKO-XHMHYECKHe CBOHCTBA BYJIKAHN30BAHHBIX cepoil MHOTO(yHKIMO-
HAJIBHBIX YJIeKTPONPoBOAsuIuX HaHoKoM03uToB TIID Ha ocHoBe MmasiemuusupoBanubix IO, CKOIIT, I'p, Al u
cTeapara Kajabluus

. Coefficient . .
Electrical Peel | Tensile | Bending

- . .. | of thermal . MFR
Composition of nanoelastoplastics, wt % | conductivity conductiv- resistance,[strength,| strength, 10min
o, Qtmt ity, W/m-K g/cm MPa MPa |9 '

HDPE+30EPDM+2C+20Gr+1Al+1CS+3S | 6.8-10° 35 41 25.4 31.2 3.7

LDPE+20EPDM+2C;+20Gr+1AI+1CS+3S | 4.4-10°% 35 40 124 15.1 5.3

PP+40EPDM+2C,+20Gr+1Al+1CS+3S 1.2-10% 3.6 42 27.0 44.6 2.9

EHC+30EPDM+2C1+20Gr+1Al+1CS+3S 5.7-10°% 35 39 28.2 40.3 4.0

RPP+40EPDM+2C,+20Gr+1Al+1CS+3S 2.1-10°3 3.4 35 24.0 30.2 3.6

BEP+40EPDM+2C,+20Gr+1Al+1CS+3S 1.7-10°% 35 38 21.3 23.4 2.8

Note: Gr— graphite; Ci— PE-g-MA; C>— PP-g-MA; Al- aluminum; CS— calcium stearate; S— sulfur
ITpumeuanue: Gr— rpadput; Ci— I13-r-MA; Co— IIIT-r-MA; Al- amomunnii; CS— creapar kanbius; S— cepa

The introduction of 20 wt% graphite and
higher nanoparticles promotes the formation of TPE
nanocomposites and the formation of chain electronic
conductivity, in which the electrical conductivity is on
average 10 (Qm)™. There is reason to believe that dur-
ing the cooling of samples, crystallization, and growth
of spherulite formations from the melt, graphite nano-
particles are displaced into the interspherulitic amor-
phous region of the nanocomposite. As a result, graph-
ite nanoparticles accumulate in the form of chains
around the spherulite formations, which predetermine
the high electrical conductivity of the nanocomposite.
However, as the content of the amorphous component
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in the HDPE composition increases and, accordingly,
the degree of crystallinity of the nanocomposite de-
creases, a relatively larger amount of graphite nanopar-
ticles is required to fill the amorphous space and form
a chain structure for tunneling or electronic conduc-
tion. At the same time, it should be borne in mind that,
unlike conventional dispersed fillers, nanoparticles are
50-60 times smaller in size.

In this connection, to achieve the desired effect
in changing the properties in quantitative terms of na-
noparticles, much less is required. Actually, this fact is
one of the important advantages of nanocomposites
over conventional filled polymer systems. To confirm
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the above, Table 6 provides data on the content of vinyl
groups in the composition of some polyolefins based
on 1000 C. Therefore, the structure of TPE after sulfur
vulcanization will resemble a mixture of relatively
tightly cross-linked elastomers in a matrix of weakly
cross-linked thermoplastic polyolefin.

And, indeed, according to the data of Table 5,
with an increase in the sulfur content, the sharpest de-
crease in the value of MFR occurs in those samples in
which the proportion of elastomer in the composition
of the elastomer is 30-40 wt%. It should be noted that,
ultimately, the fundamental technological characteris-
tic of TPE is the MFR, which characterizes its ability
to be processed by injection molding or extrusion.
Therefore, when choosing the formulation of vulcani-
zates, first of all, it is necessary to take into account the
technological features of their processing. So, for ex-
ample, TPE vulcanizates can have high physical-me-
chanical properties and, at the same time, low MFR
values, which make it difficult to process them on
standard equipment. Difficulties are manifested in the
fact that, due to the crosslinking, the TPE vulcanizate

is characterized by a relatively high melt viscosity, as
a result of which, simultaneously with a sharp increase
in the casting pressure, the load on the screw increases
significantly in the material cylinder. In this regard, in
order to reduce the viscosity of the melt, it becomes
necessary to increase the temperature of the melt of the
cross-linked TPE in the material cylinder. Together, all
these factors can lead to an unjustified increase in en-
ergy costs. Therefore, when choosing the optimal con-
centration of the mixture components, we generally fo-
cused on maintaining the value of the MFR of vulcan-
izates at a level not lower than 1.0 g/10 min.

For greater clarity, we show in Fig. 5 a sche-
matic representation of the processes occurring in the
interfacial region of TPE nanocomposites. As can be
seen from this figure, with an increase in the content of
the elastomeric component in TPE, the interfacial re-
gion expands, as a result of which processes are ob-
served that contribute to the disruption of the chain
structure of nanoparticles, followed by a decrease in
the tunneling electrical conductivity of nanocomposites.

Table 6

Vinyl groups in HDPE and LDPE
Tabnuya 6. Bunnabapie rpynnsl B II9BIT u ITHIT

Polyolefins Terminal vinyl groups Vinylidene groups Trans-vinyl groups,
per 1000 C atoms, % per 1000 C atoms, % per 1000 C atoms, %
HDPE 17 71 12
LDPE 43 32 25

I II

- v

Fig. 5. Schematic representation of the redistribution of graphite nanoparticles and an elastomer component (EPDM) in the interfacial
region of TPE. 1- crystalline region, 2- nanoparticles, 3- interfacial region, 4- crosslinked elastomer. The content of the elastomeric
component: |- polyolefin nanocomposite without elastomer; I1- TPE nanocomposite with 10-20 wt % elastomer content; 1l — TPE nano-
composite with 30-40 wt % elastomer content; V- nanocomposite with 50 wt % elastomer content
Puc. 5. Cxematnueckoe H300pakeHHE MepepacpeeeHist HaHOUacTHIl rpaduTa u anactomepHoro kommnonenta (CKOIIT) B mexdas-
Hou obmactu TIID. 1- kpucTammnueckas 001acTh, 2- HAHOYACTHIIBI, 3- Mekda3Has 0071acTh, 4- cUIMTHIN 3mactomMep. Coaepkanue dna-
CTOMEPHOr'0 KOMITOHEHTa: [- HaHoKoMmo3uT nosrosneduHa 6e3 anactomepa; 11- HanHokommnosut TIID ¢ 10 -20%Macc. comep>kaHUeM d1acTo-
mepa; 11 — manokommosut TIID ¢ 30-40%macc. coneprkanue mactomepa; [V- Hanokommosut ¢ 50%Macc. comepkaHAeM 31acToMepa

As can be seen from Fig. 5, the elastomers in
the TPE composition are a kind of "islands"” in the in-
terfacial region of crystalline polyolefin. We do not ex-
clude the possibility that during the mixing of the mix-
ture components in the elastomeric phase, some of the
nanoparticles will be occluded in the composition of
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the vulcanizates. The other part of the nanoparticles,
apparently, will be distributed in the interspherolitic re-
gion to create electrically conductive chains or clus-
ters. Such a redistribution of nanoparticles in the com-
position of TPE will certainly affect the overall de-
crease in the electrical conductivity of TPE. Therefore,
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to ensure the required level of electrical conductivity
in TPE, it will be necessary to introduce a significantly
larger amount of nanofiller. It should also be taken into
account that an increase in the elastomer content in the
polyolefin composition will contribute to a gradual de-
crease in the role of “through chains” in the formation
of the strength characteristics and plasticity of TPE
nanocomposites. In this case, phase inversion will lead
to a transition from plastic to highly elastic defor-
mation, which is characteristic of rubber.

CONCLUSIONS

Thus, based on the foregoing, it can be argued
that the electrical conductivity of nanocomposites
based on a wide range of polyolefins and graphite has
been studied. It is shown that the compatibilizer, the
type of polyolefin, and the degree of crystallinity of the
polymer matrix have a significant effect on the concen-
tration dependence of the electrical conductivity of
graphite-containing nanocomposites. The possibility
of obtaining flexible electrically conductive graphite-
containing nanocomposites of thermoplastic elasto-
mers based on a mixture of polyolefin and EPDM has
been considered for the first time. A stress — strain
curve was constructed for nanocomposites based on
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HDPE + EPDM. An increase in the content of the elas-
tomeric component leads to the formation of an S-
shaped dependence characteristic of rubber. It is shown
that with an increase in the elastomeric component, a
noticeable decrease in the electrical conductivity of
TPE nanocomposites is observed.

The simultaneous use of graphite, aluminum,
and calcium stearate nanoparticles in the composition
of vulcanized TPE made it possible to obtain multi-
functional electrically conductive nanocomposites
characterized by high strength characteristics, thermal
conductivity, heat resistance, and adhesive strength to
an aluminum substrate while maintaining the MFR val-
ues within the limits sufficient for their processing by
injection molding.

Electrically conductive TPE nanocomposites
of a segregated structure can be used in the electronics
industry as photovoltaic generators, batteries, organic
solar cells, LEDs, flexible and transparent displays,
electromagnetic screens, etc.
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