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Peghrexmop xocmuueckoeo annapama HaxoOumcs 8 npoyecce IKCIYAmayu 8 PACKPolImOM U CIOHNCEHHOM
NONOJHCEHUU, NOIMOMY AKMYATbHOU 3a0auell SA61semcst paspadomka meH300am4uKkos, onpeoesouux noio-
arcenue peghnexmopa. B pabome npedcmagneno ucciedosanue eMusiHusL SUOPUOHO20 HANOTHUMENS. HA GEUYUNY
KOa(uyuenma meH30pe3UCMUGHOCIY 2UOKO20 MEH30PE3UCIUBHO20 INEMEHMA U3 HAHOKOMAO3UYUOHHO2O
Mamepuana u OnUCaAH MEXHOIOSUUECKULL NPOYECC e20 U320TOGIEHUsL MEMOOOM BAKYYMHOU uH@y3uu. B kauecm-
8¢ 2UOPUOHO2O HANOAHUMENS ObLT UCTIONBb308AH COCMAB, COOEPIHCAUULL FNEKMPONPOBOOIUULE KOMNOHEHM (Ve-
JIepOOHble HaHOMPYOKU) U MEepOblil KOMNOHEHmM (KapoOuo KpemHus), cnocobCmeyiouull pasHOMEPHOMY DAC-
npedenenur0 HanoaHumens 8 noaumepHot mampuye. C nomMowbio pomayuoOHHO20 peomMempa YCmaHo8IeHo Co-
Oepoicanue yenepooHwix Hanompyoox (YHT), npu komopom docmueaemcs npedeivbtbvlll YPo8eHb s3K0Cmu Oisl
NPORUMKYU C8AZYIOUUM CTEKTI08010KHA. OcobeHHoCmU pacnpedeneHus HanoIHUMeNs 8 HAHOKOMNO3UYUOHHOM
mamepuaie uccie008anu CKAHUPYIOWUM dNEKMPOHHIM MUKPOCKonom 8 Kpacrospckom pezuonanshom yenmpe
KouekmusHo2o nowzoeanus OUL] KHI] CO PAH. B xode pabomwsi onpedeneHo GuusiHue cOOepiICaHust euo-
PUOHORO HANOTHUMEIS. HA THEeH30PE3UCIUBHbIE CEOUCTNEA HAHOKOMNOSUYUOHHO20 Mamepuana. MakcumanvHole
SHAYeHUs. KO puyuenma meH30pesucmusHOCMU HAbIOAIUCy HA HAYATbHOM 3MAne UCC1e008anus (pacmsi-
arcenue 0,05 %) — npu pacmaxcenuu na 0,1 mm npu ooweu onune 200 mm y 06paszyoe HAHOKOMNOSUYUOHHOZO
mamepuana ¢ cubpuonvim Hanoanumenem SiC 1, 5 u 10 % — u cocmasnsnu 38, 40 u 40. Kosgguyuenm menzo-
PEUCTMUBHOCTIU 00PA3Y08 HAHOKOMNOZUYUOHHO20 MAMEPUALA C COOEpAHCanHUuem cubpuoroeo nanoanumens SiC
1, 5 u 10 % npu maxcumanvrom pacmsidcernuu (1 %) cocmaensem oxono 19, 21 u 22 coomsemcmeenHo.

Kroueguvle crnosa: nonumepnwiii komnosuyuounwiii mamepuan (IIKM), menzopesucmusHuvlii 0amuux, Ha-
HOKOMNO3UYUOHHBIN MAMeEPUa, MOHUMOPUHZ COCMOSHUL MPAHCHOPMUPYEMbIX KOHCIMPYKYULL, Yeaepoo-
Hble HAHOMPYOKU, Y2NepOOHbIll 8OIOKHUCMBIN HANOIHUMED.
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Part 3. Technological processes and material science

The reflector of spacecraft is in operation in the unfolded and folded position, thus an urgent task is to de-
velop strain gauges that determine the position of the reflector. The paper presents a study of the influence of
hybrid filler on the value of the strain resistance coefficient of a flexible strain-resistive element made of a
nanocomposite material and describes the technological process of its manufacture using the vacuum infusion
method. As hybrid filler, a composition containing an electrically conductive component (carbon nanotubes)
and a solid component (silicon carbide), which promotes uniform distribution of the filler in the polymer ma-
trix, were used. Using a rotational rheometer, the content of the carbon nanotubes (CNTs), at which the limit-
ing level of viscosity for impregnation of glass fiber with a binder is achieved, was determined. The distribu-
tion features of the filler in the nanocomposite material were studied using a scanning electron microscope at
the Krasnoyarsk Regional Centre for Collective Use of the Federal Research Centre KSC SB RAS. In the
course of the work, the influence of the content of hybrid filler on the strain-resistive properties of the nano-
composite material was determined. The maximum values of the strain resistance coefficient were observed at
the initial stage of the study (0.05 % tension): at 0.1 mm tension at a total length of 200 mm _for the samples of
a nanocomposite material with SiC hybrid filler of 1, 5 and 10 % and is 38, 40 and 40. The strain resistance
coefficient of the nanocomposite material samples containing 1, 5 and 10 % SiC hybrid filler at maximum
tensile (1 %) is approximately 19, 21 and 22 respectively.

Keywords: polymer composite material (PCM), strain-sensitive sensor, nanocomposite material,
condition monitoring of transformable structures, carbon nanotubes, carbon fiber filler.

Introduction

Modern trends in the development of space communication, navigation, radiolocation, and astron-
omy systems have led to the need for large-size space deployable antennas. In the course of the devel-
opment of such designs there is an increasing interest in improving the fabrication and stacking of the
radio reflective surface in the transport position of a transformable reflector with different apertures.
When selecting a material for fabricating reflector segments having a flexible surface, composite ma-
terials based on the elastic binder polymethyldisiloxane draw attention. The most important require-
ments are stability of physical and mechanical properties of the material at a large temperature differ-
ence from -150 to +150 °C, optical transparency in any frequency band, and the possibility of elastic
deformation of the material without destruction to ensure the deployment of space antennas.

The data on the condition and position of the reflector is collected by using the sensor systems
mounted on the structural elements. Mechanical loads on the structural elements can be monitored by
strain gauges. In order to measure strain, stress or force with a strain gauge sensor, the phenomenon of
the effect of elastic deformation of a wire or semiconductor rod on the resistance of the sensor material
is used [1]. Generally, conventional strain gauges made of metal foil and semiconductors can only de-
tect low strains due to their limited tensile capability (approximately ~0.07 %) [2]. In order to increase
sensitivity, strain gauges are made of composite materials where the polymer matrix is filled with car-
bon nanotube (CNT) particles, graphene or structural composites of ceramics and metals. This allows
specialists to significantly increase the elasticity coefficient and increase the strain range that can be
measured by the sensor [3].

The introduction of filler into a polymer matrix changes the structure and properties of the material.
Mastering effective methods of CNT introduction into a polymer material and determining the level of
their influence on the quantitative results of the final product, as well as technical charts at the current
moment is a relevant and primary task in the field of modern product development. It is evident that
this technology will find wide application in the production of structures from functional polymethyld-
isiloxane materials [4; 5].

It is known that carbon nanoparticles and nanofibres have a complex of unique physical and chem-
ical properties and are considered to be an ideal reinforcing material for polymers. The multifunctional
CNT filler improves the mechanical properties of the material (stiffness, compressive strength bound-
ary), improves electrical conductivity, increases thermal conductivity, heat resistance and gives nano-
composite materials a new functional ability. Nevertheless, a serious problem in obtaining nanocom-
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posite material is the difficulty of homogeneous distribution of CNTs in the volume of a polymer ma-
trix and providing a stable adhesive bond with it. This problem is caused by the strong van der Waals
interaction of CNTs among themselves and their tendency to aggregation [6].

Currently, the ultrasonic method is mainly used to obtain a stable nanocomposite material with dis-
persed CNTs [7-9]. For effective distribution of particles in the volume of a polymer matrix, it is often
combined with other dispersion methods:

— method including mechanical and ultrasonic dispersion;

— mechanical and ultrasonic dispersion with the addition of solid filler as a grinding agent within
the polymer matrix volume;

— ultrasonic dispersion using a magnetic stirrer.

The sensitivity of nanocomposite materials is influenced by the method of dispersion of filler in the
polymer matrix. This indicates that with the help of this factor it is possible to change physical-
mechanical, thermophysical, optical, electromagnetic and other performance characteristics of a nano-
composite material. Previously, we treated SiC using the technique described in [10]. The treatment of
SiC resulted in the increase of functional groups on the surface of the particles, which contributed to
the enhancement of interfacial interaction between the filler particles and the polymer. A properly se-
lected method of introduction contributes to the uniform distribution of nanotubes throughout the vol-
ume of the polymer matrix, improving their dampening and adhesion and, consequently, improving
the characteristics of the nanocomposite material [11].

The aim of this study is to develop a technology for manufacturing a flexible strain-resistive ele-
ment made of a hybrid composite material for monitoring the state of transformable structures with the
level of the strain resistance coefficient not less than 10.

Over the course of developing the manufacturing technology of flexible strain-resistive element it
is necessary to solve the following tasks:

— development of a technique for the introduction of filler for its uniform distribution in poly-
methyldisiloxane;

— development of nanocomposite material manufacturing technology;

— study of the influence of fillers on the strain resistance coefficient of a nanocomposite material
under tension;

— fabrication of a flexible strain-resistive element based on a nanocomposite material.

The subject of the work is the manufacturing technology of a flexible strain-resistive element made
of nanocomposite material.

Experiment

In this study, the samples of the nanocomposite material consisting of polymethyldisiloxane, T-53
glass fabric, silicon carbide (SiC) fraction F1200 (grain size: 2.5-3.5 um) and Matrix 603 - CNT con-
centrate containing 10 % of CNTs from the total concentrate composition were used. The glass fabric
was pre-treated with the APTES solution in chloroform to provide increased adhesion of polymethyld-
isiloxane to the fibre filler. Matrix filler was introduced into the matrix to give the material electrically
conductive properties. SiC was introduced as a stirring agent (for additional grinding of CNTs
throughout the volume of the binder and preventing their agglomeration). Thus, hybrid filler is a mix-
ture of electrically conductive (CNTs) and grinding agent (SiC). Moreover, the addition of microfiller
(SiC) reduces free space of the binder available to nanofiller (in our case CNTs) to form conductive
networks. In a number of studies, the use of hybrid filler increases the electrical conductivity, as CNTs
cannot diffuse into microfiller, which is a solid particle [12; 13].

In this paper, the technology of introducing fillers into the matrix, which we described earlier [14],
was taken as a basis.

The nanocomposite samples were manufactured using a vacuum infusion method: glass fiber fabric
was impregnated with a mixture consisting of polymethyldisiloxane and hybrid filler in a mould with
subsequent curing in a desiccator at 120 °C for 30 min. Fig. 1 shows the technological scheme of man-
ufacturing a flexible strain-resistive element made of a nanocomposite material.
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Fig. 1. Technological scheme of manufacturing a flexible strain-resistive element made
of a nanocomposite material

The morphological features of the nanocomposite material were visualised at the Krasnoyarsk Re-
gional Collective Use Centre of the Federal Research Centre KSC SB RAS using a high-resolution
scanning electron microscope (SEM).

Fig. 2 shows a micrograph of the SiC filler, Fig. 3 depicts a sample of a nanocomposite material
with hybrid filler.

S I
10,

T
$-5500 3.0kV 0.1mm x5.00k SE 14/11/2022 ' .Oum $-5500 3.0kV 1.6mm x3.00k SE 14/11/2022 .0um

Puc. 2. COM mukpodoTtorpadus Hanonuuresst SiC Puc. 3. COM mukpodoTtorpadus o6pasiia HAHOKOMITO3H-

) ) ) LMOHHOT'O MaTepHaa ¢ FTHOPUIHBIM HAIIOJIHUTEIEM
Fig. 2. SEM micrograph of the SiC filler

Fig. 3. SEM micrograph of the sample of a nanocompo-
site material with hybrid filler

The technology and quality of reinforcing filler impregnation significantly depend on the viscosity
of a polymer binder; therefore, in this work, the influence of the hybrid filler content on the viscosity
of the uncured matrix for nanocomposite material fabrication technology was studied. It is known that
the maximum binder viscosity allowing vacuum infusion is 300 mPaxs [15-17]. The results of deter-
mining the viscosity of the modified polymer matrix and initial polymethyldisiloxane were obtained.
The determination of the dependence of viscosity on shear rate was carried out in the range of rotor
frequency variation from 0.01 to 100 Hz. The samples were tested at a temperature of 25 °C using a
rotary rheometer. It was revealed that at the content of 0.15 % CNTs the ultimate viscosity level (250
mPaxs) possible for binder impregnation of glass fibre by vacuum infusion was reached. Given this,
the content of 0.15 % CNTs in the hybrid filler was used for further work, since the viscosity of the
filled polymer system was 350 mPaxs at a content of 0.2 % CNTs. In the works by I. A. Timoshkin,
the maximum viscosity of the binder, allowing vacuum infusion, which is 300 mPaxs, is given. The
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latter value significantly exceeds the maximum viscosity of the binder and does not allow obtaining a
composite sample with qualitative impregnation [15-17]. The samples of a nanocomposite material
with the following hybrid filler content were obtained:

—CNT 0.15 %, SiC 1 %j;

—CNT 0.15 %, SiC 5 %j;

— CNT 0.15 %, SiC 10 %.

The performance of a strain-resistive element is characterised by the strain resistance
coefficient (K):

AR
R

K==~ 1
AL (1)
L

where R and L are resistance and length of the strain-resistive element in the absence of tension re-
spectively; AR and AL are the changes of resistance and length of the strain-resistive element under
tension.

Fig. 4 shows the dependence of the strain resistance coefficient of the nanocomposite material
samples on tension (up to 2 mm). The samples were composite plates with the size of 200x20 mm and
the thickness 0.3 mm.
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Puc. 4. 3aBucumMocTs k03¢ puIueHTa TeH30pe3ucTUBHOCTY (K) 00pa3oB HAHOKOMIIO3HULIUOHHOTO
Mmarepuana ¢ rubpunsbM HanonHuteneM SiC 1, 5 u 10 % ot pacTsxeHus

Fig. 4. Dependence of the strain reseistance coefficient (C) of the samples of a nanocomposite material
with SiC hybrid filler of 1, 5 and 10 % on tension

The maximum value of the strain resistance coefficient was observed at the initial stage of the study
(0.05 % tension): at 0.1 mm tension at a total length of 200 mm in the samples of the nanocomposite ma-
terial with hybrid filler SiC 1, 5 and 10 % and is 38, 40 and 40 respectively. The strain resistance coeffi-
cient of the nanocomposite material samples with SiC
hybrid filler content of 1, 5 and 10 % at maximum ten-
sion (1 %) is about 19, 21 and 22 respectively.

Fig. 5 shows the obtained flexible strain-resistive
element based on a nanocomposite material with hybrid
filler.

Conclusion Puc. 5. TuOKuii TEH30PE3UCTUBHBIN SJIEMEHT
The technology of manufacturing a flexible strain- 13 HAHOKOMIOSHLMOHHOIO MaTepuaa
resistive element has been developed. The following tasks Fig. 5. Flexible strain-resistive element made

were solved to develop the technology: of a nanocomposite material
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— the method of filler introduction for its uniform distribution in polymethyldisiloxane was devel-
oped;

— the influence of hybrid filler on the strain resistance coefficient of nanocomposite materials was
studied. The highest strain resistance coefficient was recorded for the samples containing 0.15 %
CNT, 5 % SiC and 0.15 % CNT, 10 % SiC and it was 40 and 40 respectively at 0.1 mm tension (0.05
% of the total length of the 200 mm sample).

Bbaaroaapuoctu

Pabora BeIITONTHEHA B paMKaxX TOCYAapcTBEHHOTO 3ajannst MuHoOpHayku Poccruu Ha BBITIONHEHHE
KOJUICKTUBOM Hay4dHOU JabopaTtopuu «MHTeIUIeKTyalbHbIE MaTepPHAIBI U CTPYKTYPhI» TpoekTa «Pa3z-
paboTka MHOTO(QYHKIIMOHATBHBIX WHTEIUIEKTYAIBHBIX MAaTEpPHATIOB U CTPYKTYP Ha OCHOBE MOJU(H-
[UPOBAHHBIX MOJMMEPHBIX KOMIIO3UIIMOHHBIX MAaTEPHAIIOB, CIIOCOOHBIX (DYHKIIMOHUPOBATh B JKCTpE-
ManbHBIX yermoBusax» (Homep Temer FEFE-2020-0015).

Acknowledgment

The work was carried out within the framework of the state assignment of the Ministry of Educa-
tion and Science of Russia for the implementation of the project “Development of multifunctional in-
telligent materials and structures based on modified polymer composite materials capable of function-
ing in extreme conditions” by the team of the scientific laboratory “Intelligent Materials and Struc-
tures” (theme Ne FEFE-2020-0015).

bubauorpaduueckue cCChIKU

1. Xanun M. B., 3aiiues I'. II. 3HamuBanue u paspymieHue MNOJTUMEPHBIX KOMITO3UIIMOHHBIX Ma-
tepuanos. M. : Xumus, 1990. 256 c.

2. XomeB A. B. Tenzope3ucTuBHbIC IJIEHKH U WX MPHUMEHEHHE B JaTuukax nasieHus // Cope-
MEHHas TeXHUKa U TexHosoruu. 2014. Ne 10. C. 59-65.

3. baxxenoB C. JI. MexaHnKa W TEXHOJIOTHS KOMITO3WIIMOHHBIX MaTepuanoB. M. : HMHTemIeKT,
2014. 328 c.

4. bataeB A. A., bataes B. A. Kommosuninonasie MaTepuainsl. M. : YHUBEpCUTETCKas KHUTA ; JIO-
roc, 2006. 400 c.

5. IlepcneKTUBBI UCTIOIB30BaHMSI KPEMHUHOPraHNYECKHUX TOJIMMEPOB P CO3JaHUN COBPEMEHHBIX
MaTepHajoB U MOKPBITHH paznuuHbix HazHaueHwid / U. [1. Kpaes, O. B. Ilonkos, E. M. Illynsaemos u
np. // Tpymet BUAM. 2017. Ne 12 (60). C. 46-60.

6. ComomonoB 0. MeToasl pacyeTa IMIHHIAPUICCKUX 000JI0OUYEK M3 KOMIIO3WIIMOHHBIX MaTepra-
70B. M. : Mup, 2009. 910 c.

7. Matent Ne 2548083 C2 Poccwuiickas @eneparus, MITIK C01B 31/02, B82B 3/00, B82Y 40/00.
Cnoco0 mMomuduImpoBaHusl yriepoJHblx HaHnoMarepuanoB ; Ne 2013128040/05 ; 3assm. 18.06.2013 ;
omry6oit. 10.04.2015 / A. T'. Tkaues, A. B. Menexux, T. I1. [IpstukoBa ; 3assutens OO0 «HanoTexL{enTp».

8. Uepsunckas A. C. Bnusinue ynpTpa3BykoBoi 00pabOTKH Ha AUAIIEKTPUIECKYIO TIPOHUIIAEMOCTh
KOMITO3UTOB Ha OCHOBE BOAoAWCIEpCHOHHOM kpacku 1 MYHT // YrnepoaHsie HAHOCTPYKTYPBI U HX
3NEKTPOMAarHUTHBIE CBOMCTBa : Tp. MatepuanoB 4 Pocc.-benopycc. cemunapa. Tomck : Uzn-so HTJI,
2019. C. 29-32.

9. Muxkuraes A. K., Koznos I'. B. Biusiaue o0paboTku ynbTpa3ByKOM Ha CTPYKTYPY YIJIEPOIHBIX
HaHOTPYOOK B MOJMMEPHBIX HAHOKOMIIO3UTax // @u3nka u Xxumus 00paboTku Matepuanos. 2015. Ne 2.
C. 80-83.

10. A method for modifying the surface of silicon carbide with a controlled number of functional
groups on surface / M. Yu. Flerko, S. Yu. Voronina, D. V. Antishin et al. / Journal of Advanced
Materials and Technologies. 2022. Vol. 7, No. 4. P. 281-289.

11. Hlepsrmes M. A., TuxonoB H. H. Opraamsaius u nIpoeKTHPOBaHUE MPEATPUITHN TIepepadboT-
ku mmactMacc. CII6. : TIpodeccus. 2018. 384 c.

261



Siberian Aerospace Journal. Vol. 25, No. 2

12. Bao H.-D., Guo Z.-X. Effect of electrically inert particulate filler on electrical resistivity of
polymer/multi-walled carbon nanotube composites // Polymer (Guildf). 2008. Vol. 49. P. 3826-3831.

13. Effect interfacial size and multiple interface on electromagnetic shielding of silicon
rubber/carbon nanotube composites with mixing segregated particles / D. Yang, J.-R. Tao, Y. Yang et
al. // Compos. Struct. 2022. Vol. 292, P. 115.

14. Ponp Merolia BBEACHUS YIJIEPOJHBIX HAHOTPYOOK Ha KOA(POUIMEHT TCH30PE3UCTHBHOCTH /
E. B. I'pebennuxor, C. 10. Boponuna, M. M. Cumynun, O. B. Cemenyxa // PelieTHeBCKUE YTCHHUS :
Matepuansl XX VI MexayHap. Hayd. koH}. (09—11 Hos6pst 2022, r. KpacHosipck) : B 2 4. / mop oOm.
pen. FO. 0. Jlorunosa ; Cub. roc. yu-1. 2022. C. 648—650.

15. TepMocToliKue YIIICIIACTHKA C MaTpPHLAMHA Ha OCHOBE CONOJMMEpa OUC-(PTATOHUTPUIIOB U
ouc-0enzonutpuna / M. A. Tumomkun, B. B. Anemkesuy, E. C. AdanacweBa u ap. // Beicokomoneky-
nsapuble coenuHenus. Cepus C. 2020. T. 62, Ne 2. C. 174-185.

16. IMatent Ne 2598608 C2 Poccuiickas Deneparust, MITK C08G 18/08, CO8G 18/66, CO8L 75/04.
[TonmyperaHoBble KOMIIO3UTHI, TOJYYCHHBIE C IOMOLIBIO BaKyyMHO# nH(y3uu ; Ne 2013147457/04 ;
3ase1. 20.03.2012 ; omy6u. 27.09.2016 / V. . 1Ouc ; 3assurens BAUEP MATUPUAJIBCAMEHC
JUICH.

17. arent Ne 2527086 C2 Poccwuiickas @eneparnus, MITK CO8L 63/00. DnokcHIHOE CBA3YIOIIEES IS
MOJIMMEPHBIX KOMIIO3UITMOHHBIX Matepualios ; Ne 2012149800/05 ; zasmi. 22.11.2012 ; omy6i. 27.08.2014
/B. A. Hemro0, U. A. bysiHoB, A. C. bopomynus u ap. ; 3assutens MI'TY um. H. 3. baymana.

References

1. Khanin M. V., Zaitsev G. P. Iznashivanie i razrushenie polimernyh kompozicionnyh materialov
[Wear and destruction of polymer composite materials]. Moscow, Himiya Publ., 1990, 256 p.

2. Khoshev A. V. [Strain-resistive films and their application in pressure sensors]. Sovremennaja
tehnika i tehnologii. 2014. No. 10. P. 59-65 (In Russ.).

3. Bazhenov S. L. Mehanika i tehnologija kompozicionnyh materialov [Mechanics and technology
of composite materials]. Moscow, Intellekt Publ., 2014, 328 p.

4. Bataev A. A., Bataev V. A. Kompozicionnye materialy [Composite materials]. Moscow,
Universitetskaja kniga, Logos Publ., 2006, 400 p.

5. Kraev 1. D., Popkov O. V., Shuldeshov E. M., Sorokin A. E., Jurkov G. Ju. [Prospects for the
use of organosilicon polymers in the creation of modern materials and coatings for various purposes].
Trudy VIAM. 2017, No. 12, P. 46-60 (In Russ.).

6. Solomonov Yu. Metody rascheta cilindricheskih obolochek iz kompozicionnyh materialov
[Methods for calculating cylindrical shells made of composite materials]. Moscow, Fiziko-
matematicheskaja literature Publ., 2009, 910 p.

7. Tkachev A. G., Melezhik A. V., Dyachkova T. P. Sposob modificirovanija uglerodnyh
nanomaterialov [Method for modifying carbon nanomaterials]. Patent RF, No. 2548083, 2013.

8. Chervinskaya A. S. [The influence of ultrasonic treatment on the dielectric constant of
composites based on water-dispersed paint and MWOCNTSs]. Trudy materialov Chetvertogo
Rossiyskogo Belorusskogo seminara “Uglerodnye nanostruktury i ikh elektromagnitnye svoystva”
[Proc. 4th Russian Belarusian Semin. “Carbon nanostructures and their electromagnetic properties”].
Tomsk, 2019, P. 29-32 (In Russ.).

9. Mikitaev A. K., Kozlov G. V. [Effect of ultrasonic treatment on the structure of carbon nanotubes
in polymer nanocomposites]. Fizika i khimiya obrabotki materialov. 2015, No. 2, P. 80-83 (In Russ.).

10. Flerko M. Yu., Voronina S. Yu., Antishin D. V., Shalygina T. A., Semenukha O. V. A method
for modifying the surface of silicon carbide with a controlled number of functional groups on surface.
Journal of Advanced Materials and Technologies. 2022, Vol. 7, No. 4, P. 281-289.

11. Sheryshev M. A., Tikhonov N. N. Organizaciya i proektirovanie predpriyatiy pererabotki
plastmass [Organization and design of plastics processing enterprises]. St.Petersburg, Professiya Publ.,
2018, 384 p.

262



Part 3. Technological processes and material science

12. Bao H.-D., Guo Z.-X. Effect of electrically inert particulate filler on electrical resistivity of
polymer/multi-walled carbon nanotube composites. Polymer (Guildf). 2008, Vol. 49, P. 3826-3831.

13. Yang D., Tao J.-R., Yang Y., He Q.-M., Weng Y.-X., Fei B., Wang M. Effect interfacial size
and multiple interface on electromagnetic shielding of silicon rubber/carbon nanotube composites with
mixing segregated particles. Compos. Struct. 2022, Vol. 292, P. 115.

14. Grebennikov E. V., Voronina S. Yu., Simunin M. M., Semenukha O. V. [The role of the
method of introducing carbon nanotubes on the tensor resistivity coefficient]. Reshetnevskie chteniya :
materialy XXVI Mezhdunar. nauch.-prakt. konf. [Reshetnev readings: materials of the XXVI Intern.
scientific-practical. conf.]. Krasnoyarsk, 2022, No. 1, P. 648—650 (In Russ.).

15. Timoshkin I. A., Aleshkevich, V. V., Afanas'eva E. S., Bulgakov B. A., Babkin A. V., Kepman A.
V., Avdeev V. V. Heat-resistant carbon plastics with matrices based on a copolymer of bis-phthalonitriles
and bis-benzonitrile]. Vysokomolekulyarnye soedineniya. 2020, Vol. 62, No. 2, P. 174-185 (In Russ.).

16. Youns W. 1. Poliuretanovye kompozity, poluchennye s pomoshh'ju vakuumnoj infuzii
[Polyurethane composites obtained using vacuum infusion]. Patent RF, No. 2598608, 2012.

17. Nelyub V. A., Buyanov 1. A., Borodulin A. S., Chudnov 1. V., Aleksandrov 1. A., Muranov A. N.,
Kuznetsova M. N. Jepoksidnoe svjazujushhee dlja polimernyh kompozicionnyh materialov [Epoxy
binder for polymer composite materials]. Patent RF, No. 2527086, 2014.

© Semenukha O. V., Voronina S. Yu., Fesik S. A., 2024

Cemenyxa Oxcana BukTopoBHa — nmxenep-texHonor, AO «HpOopMaIMOHHbIE CIYTHUKOBBIE CHCTEMBbD) UMEHH
akanemuka M. @. PemetHeBay; acnupant, CHOMPCKUIA TOCYJapCTBEHHBIA YHUBEPCHTET HAYKH M TEXHOJOTUI UMEHH
akagemuka M. @. PemerneBa. E-mail: semenukha.cool@mail.ru.

Boponnna Csetiiana FOpbeBHa — KaHIUIAT XUMHYECKUX HAyK, AOLEHT Kadeaphl peCypCHOro HEHTpa KOJUIEK-
THUBHOTO TIOJIb30BaHMs «KocMuueckne anmapaTsl U cHCTeMbl»; CHOMPCKHUI TOCYIapCTBEHHBIN YHUBEPCHTET HAYKH U
TEXHOJIOTHI UMeHH akanemuka M. @. PemerneBa. E-mail: simkina_svetlana@mail.ru.

®ecuk CeMén AsekcaHapoBu4 — cTyleHT; CHOMPCKUI TOCYIapCTBEHHBI YHUBEPCHUTET HAYKW M TEXHOJOTHM
uMmenu akanemuka M. @. PemerneBa. E-mail: semafesik@mail.ru.

Semenukha Oksana Viktorovna — engineering technologist; JSC “Academician M. F. Reshetnev” Information
Satellite Systems”; postgraduate student, Reshetnev Siberian State University of Science and Technology. E-mail:
semenukha.cool@mail.ru.

Voronina Svetlana Yurievna — Cand. Sc., Associate Professor of the Department of the Resource Center for
Collective Use “Spacecraft and Systems”; Reshetnev Siberian State University of Science and Technology. E-mail:
simkina_svetlana@mail.ru.

Fesik Semyon Aleksandrovich — student; Reshetnev Siberian State University of Science and Technology.
E-mail: semafesik@mail.ru.




