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CPABHUTEJIbHBIN AHAJIN3 KPEMHUMOPT AHUYECKHNX
3JACTOMEPOB, MOJUPUITUPOBAHHBIX MHOT' OCJIOMHBIMHU
YIVIEPOAHBIMUA HAHOTPYBKAMM, ITIOJIYYEHHBIMHA 110 CBY-
N CVD-TEXHOJIOT A
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Annomayus. B cratbe npeAcTaBieH aHAIN3 KPEMHHHOPTraHUYECKUX 3JIaCTOMEPOB, MOIU(UIIMPOBAHHBIX MHOT'OCIIO H-
HBIMHU YTJIepoJHbIMU HaHOTpYOKamu (MYHT) ¢ MeTannu3upoBaHHON MOBEPXHOCTHIO, KOTOPbIE OBUIN CHUHTE3UPOBAHBI
CBU-meronom, 1 MYHT, nonyyennsivu o CVD-texHoI0THH. AHATM3UPOBAJIOCH BIUSIHAE METAJUIU3AIMU TIOBEPXHO-
ctt MYHT Ha anextpo- u teruodusndeckue napamerpsl. [loiayueHHbIe JaHHBIE TOKa3all TEPMOCTa0HIBHOCTh UCCIIe-
JlyeMbIX 00pa3loB MpH BO3JCHCTBHU IEPEMEHHOIO 3JIEKTPUYECKOTO HAINPSIKEHUs, 00YCIOBICHHYIO YCTOHYHUBOCTHIO
00pa30BaHHOM CTPYKTYPHI K 3JIEKTpUIecKoMy TOKy. ClieayeT OTMETHTb, YTO Ul BceX 0Opas3lloB XapaKTEpHO HATHIHE
s¢derra caMOperyisiiui TEMIEpaTypbl, BHIPA)KCHHOW B CHIKEHHHM MOIIHOCTH TETIOBBIACIEHHS IIPH ITOBHIIICHUN
Temnepatypsl 10 40°C. YCTaHOBIEHO yIydlllEHHE paclpeieleHns TEMIEePaTypHOro MOoJIs Uil HAarpeBaTelIbHOro die-
MEHTa Ha OCHOBE KPEMHHHOPTaHUYECKOTO 3yacTomepa, comepxkamero MYHT ¢ momudukamnmeit moBepxHoctd. s
MVYHT 6e3 Momudukanmu NTOBEpXHOCTH MPH TeMIiepatype okpyxaromeil cpeasl —40°C Ha 50-M muKIIe HarpeBaTeNb-
HBII 3JIEeMEHT paboTai Ha YAEIbHOM AIEKTPHYECKON MOIIHOCTH, paBHOH 1,1 KBT/MZ, a Ha 100-M HuKIIe IPOUCXOAMIIO
yXy/IIeHHEe CTPYKTYPHBIX CBOMCTB NMPOBOASAIIETO HAMIOJHUTENS U, KaK CIeACTBUE, CHIKECHHE YAETIbHON MOITHOCTH 10
0,3 kBr/M%. B 10 *xe Bpemsi Meraunzauud MYHT no3ssosnina NOBBICUTh MOLIHOCTh HAarpeBAaTEIbHOTO JIEMEHTAa Ha
27%, 00yCIIOBICHHOE YBEITMUEHHUEM DJIEKTPONPOBOJTHOCTH BCIEACTBUE OONBIIEH MIONMA METANINIECKOTO KOHTAKTa
Mex Iy otaensHeIMH MYHT, 1 nipu 3TOM CHU3UTH HHTEHCHBHOCTH JIeTpajlalliyl TOKOIIPOBOIAIINX CTPYKTYp mocie 100-
IO IIMKJIA ¥ BBIIIE. TeM caMbIM MOBBICHB TEPMOCTAOMILHOCTH IMOJIMMEPHOT'0 KOMITO3UTAa, pabOTaIOIIEro Ha IepeMEHHOM
aJeKTpruyeckoM HanpsukeHud. [Ipu paBHo#l koHueHTpaunu MYHT B anacromepax, st Mertauin3upoBaHHbix MYHT
HaOJTI0AI0TCS 3HAYUTENHHO JIUIHE 3JIEKTPO- U TETIIO(PH3NIECKIE XapaKeTPUCTHKH, YTO CBSI3aHO C YJIydIIEHHEM Ipo-
L[ECCOB TEIUIONEPEHOCA IPH OJHOBPEMEHHOM YIYUIIEHHH JIEKTPOIPOBOAHOCTH.

Knruessie cnosa: xaranmzaTtop, MHOTOCIIOWHBIE yriiepoaHble HaHOTPYOkH (MYHT), kxpeMHUHOpraHWIeCKHIA 3I1acTO-
Mep, MeTaJUTM3aLusl TIOBEPXHOCTH, TeMneparypHoe noie, CBU-cunre3, CVD-meTon

Hccnedosanue svinoaneno 3a cuem epanma Poccutickoeo nayunoeo ¢onoa Ne 24-29-00855, https:/

rscf.ru/project/24-29-00855/.
© IleromnskoB A.B., Ileroaskos A.B., 3emmosa H.B., Huxymnuu I1.H., 2024

Jna yumuposanusn
CpaBHHUTENBHBIN aHAIM3 KPEeMHHHOPTaHUYECKUX 3JIaCTOMEPOB, MOAW(PHUIMPOBAHHBIX MHOTOCIOWHBIMH YIJIEpO/I-
HBIMH HaHOTpyOkamH, nonydeHHsiMH 0 CBY- u CVD-texHonoruu / leronskoB A.B., llleronskoB A.B., 3emioBa

H.B., Hukynus [1.H. // BectHuk MarauToropckoro rocyjapcTBEHHOro TexHu4deckoro yHuBepcurera uM. I'.J1. Hocosa.
2024. T. 22. Ned. C. 134-143. https://doi.org/10.18503/1995-2732-2024-22-4-134-143

KonrenT nocrynen mon nunensueii Creative Commons Attribution 4.0 License.
By The content is available under Creative Commons Attribution 4.0 License.

134 BecmHuk MI'TY um. M. Hocoea. 2024. T.22. Ne4



https://doi.org/10.18503/1995-2732-2024-22-4-

Lljeconbkos A.B., Lljeconbkoe A.B., 3emyosa H.B., Hukynux [1.H.

COMPARATIVE ANALYSIS OF ORGANOSILICON ELASTOMERS
MODIFIED WITH MULTI-WALLED CARBON NANOTUBES PRODUCED
BY MICROWAVE AND CVD-TECHNOLOGY

Shchegolkov A.V.%, Shchegolkov A.V.?, Zemtsova N.V.}, Nikulin P.N.!

! Tambov State Technical University, Tambov, Russia
2 Moscow Polytechnic University, Moscow, Russia

Abstract. The paper presents an analysis of organosilicon elastomers modified by multi-walled carbon nanotubes
(MWCNTSs) with metallised surface, which were synthesised by microwave, and MWCNTs obtained by CVD-
technology. The effect of the metallisation of the MWCNT surface on the electrical and thermophysical parameters was
analysed. The obtained data showed the thermal stability of the studied samples under the influence of alternating elec-
tric voltage due to the stability of the formed structure to electric current. It should be noted that all samples are charac-
terised by the presence of the effect of temperature self-regulation, expressed in a decrease in the power of heat release
when the temperature rises to 40°C. Improvement of temperature field distribution for heating element on the basis of
organosilicon elastomer containing MWCNTSs with surface modification has been established. For MWCNTSs without
surface modification at ambient temperature -40°C at the 50th cycle the heating element worked at specific electric
power equal to 1.1 kW/m?, and at the 100th cycle there was deterioration of structural properties of conductive filler
and, as a consequence, decrease of specific power to 0.3 kW/m?. At the same time, the metallisation of MWCNTSs al-
lowed to increase the power of the heating element by 27%, caused by the increase of electrical conductivity, due to the
larger area of metallic contact between separate MWCNTS, and at the same time to reduce the intensity of degradation
of conductive structures after the 100th cycle and more, and thus, to increase the thermal stability of the polymer com-
posite operating at alternating electric voltage. At equal concentration of MWCNTSs in elastomers, for metallised
MWCNTs much better electrical and thermophysical characteristics are observed, which is connected with improve-
ment of heat transfer processes with simultaneous improvement of electrical conductivity.

Keywords: catalyst, multi-walled carbon nanotubes (MWCNTS), organosilicon elastomer, surface metallization, tem-
perature field, microwave synthesis, CVD method
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Beenenue BBICOKAsl M3HOCOCTOHKOCTb, MPOCTOTa 0OpabOTKH, THI-
pohoOHOCTh, HEKOTOPBIE M3 HUX OTHECTOWKHE W yJaapo-
MPOYHbIE, YTO MO3BOJIAET HCIOJIb30BaTh UX B MAIIMHO-
CTPOCHHUH H IPYTHX OTPACIAX NMPOMBINIICHHOCTH [2-5].
CuHTe3 pa3IMuHBIX IMOJUMEPOB MOIYYHII LIMPOKOE
pacnpocTpaHeHue, a B HEKOTOPBIX CIy4dasX CHHTETHYe-
CKHE MaTepHalbl CIIOCOOHBI 3aMEHHUTh TPaIUIIMOHHbIE.
OpnHako Bc€ emé CymiecTBYIOT MPOOJEMBbI, CBS3aHHBIE C
9KCIUTyaTaIfield IMOJIMMEpPOB, KOTOpPHIE OOYCIOBICHBI WX
CTPYKTYPHBIMU OCOOSHHOCTSIMU, OIPaHUYHBAIOIMMH HX
npuMmeHeHne. HeBbIcOKHE MEXaHUUECKHEe, TEPMHUUECKHE U
JJIEKTPUYECKHE CBOWCTBA B 3HAUNUTEIHHOW MEpe YMEHb-
MIAIOT MX NPHMEHEHHE B PA3JIMYHBIX TEXHOJIOTHYECKHX
NPWIOKEHUAX. B TO ke BpeMs MoJMMepHble KOMITO3UTHI
00J1a/1a10T YITydIIEHHBIMU CBOWCTBAMHM I10 CPaBHEHHMIO C
oOblYHBIMM  TTONIUMepaMu. Haubonee BocTpeboBaHBI
AIIEKTPONPOBOJISIINE TOJIMMEPHbIE KOMIIO3UTHI C JIHC-
MEPCHBIMH TOKOTIPOBOISIIUMH HamoidHUTeAMu [6]. Tak
Ha3bIBAEMBIC JJICKTPONIPOBOASAIINE KOMIIO3UTHl HMEIOT

Pa3Burue MOTUMEPHBIX TEXHOJIOTMH B Pa3lIUYHBIX
cepax IKH3HENCSTEJFHOCTH 4YEJIOBEKa OIpeJelisieT
cnpoc Ha (yHKIMOHANIBHBIE, YMHBIE, THOKHE, JIETKHE U
noctynHele Matepuans! [1]. K Takum marepuanaMm oTHO-
CAT OpPraHUYECKHE — MOJIUMEpPBI, KOTOPhle UMEIOT CYILe-
CTBEHHBIE IIPEUMYIIECTBA [0 CPABHEHUIO C HEOpPraHUYe-
CKUMH (TpaJULIMOHHBIMH) MaTepHajJaMHd, K KOTOPBIM
OTHOCSTCSI METaJUTBl, KEPaMUKY M UX Tpon3BoHbIe. Cpe-
1 TIOJTMMEPOB BBIACISIOT KOMIIO3HWTHI M IOJIUMEPHI,
MTOJTy9ICHHBIE ITyTEM HAIOJHEHHS TIOMMEPHON MaTPHIIBI
Moaudunmpyromel mo0aBKkoi, KoTopas o0JamaeT oco-
ObIMH (HM3NIECKUMH (MEXaHUYECKUe, FIEKTPHUCUECKUe ’
TEIUIOBBIE) CBOMICTBaMHU, MPHUIAaBasi TEM CaMBIM HOJIHMEPY
HOBBbIE (YHKIMOHAIbHBIE CBOWCTBa. Takue MaTepuasl
UMEIOT IHUPOKUHA cnekTp mnpumeneHus [1]. Ilonumepsr
00aal0T TakuMHM (DYHKIMOHAJIBHBIMU M SKCIUTyaTalld-
OHHBIMHM CBOWCTBaMH, KaK TMOKOCTb, HU3Kas IJIOTHOCTB,
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OOJIBIION MOTEHIMAN npuMeHeHus: [7, 8], B 4aCTHOCTHU B
o0nacTu 3neKTpoHarpeBa ¢ MPUMEHEHHEM dJIeKTpoMare-
pHATOB C HU3KMMHU KOPPO3MOHHBIMU M aHTHCTATHYECKH-
MH CBOMcTBaMH [9].

CMapT-noanMepsl — 3TO MaTepHalIbl, KOTOPBIE UMEIOT
OJTHO WJIM HECKOJIBKO (DYHKIMOHAIBHBIX CBOIMCTB, CIOCOO-
HBIX U3MEHATH CBOE COOCTBEHHOE COCTOSIHHE B PE3y/IbTaTe
N3MEHEHHSI OKPY)KAIOIINX YCIOBHH MM PEXUMOB 3KCILTY-
aTalMy MaTepuaia. JTH MaTepuajbl MPEACTABIIIOT co0O0it
MOJUMEPHBIE KOMIIO3UTBI, IONy4YeHHBIE B pe3yJbTare
CTPYKTYPHOH MOIM(UKALMKA C TOMOLIBIO JHCIEPCHBIX
HanonHurenei [10]. CMmapT-moauMepsl MOTYT COIEpPKAaTh
pa3uyuHbIC HAMOJIHUTENH, HAIPUMEp ONTHYECKOE BOJIOK-
HO, KOTOpO€ TO3BOJIAET KOHTPOJUPOBAaTh H3MEHCHHE
CTPYKTYPHBIX CBOMCTB B IIPOIIECCE MEXAHHIECKOTO BO3-
neiictBua [11]. B xauecTBe MpoBOISAIIMX HANOJIHUTENIEH
HCTIONB3yoTCs yraepomHasie HanoTpyoku (YHT) [12, 13].
INonumepHble KOMIIO3HUTHI, KOTOPBIE COAEPKAT KOMOWHH-
POBaHHbBIE WM THOPHAHBIC TOKONPOBOISIIIE HATIOJIHHUTE-
M MMEIOT MPaKTUYeCKOe 3HAYCHHE, W TEXHOJOTMH HX
MIPUMEHEHHS OTKPBIBAIOT HOBBIC HAIIPABJICHUS B PA3BUTHU
«yMHBIX» MaTepHanos [14].

Brumtouenne nHanouactun (HY) sxenesa (Fe) B cTpyk-
Typy YHT, wucnone3yeMblx B KauecTBe TI'MOPHIHOTO
HanonHutenss CNT@Fe-C, mno3Bonsier 3HAYUTEIBHO
YIUIIUTh 3JIEKTPO- U TEIIO(U3NIECKHE CBOMCTBA MHO-
rux nonumepoB [15]. B [16] npencraBieH MeTron KOH-
nmeHcanuu uHepTHOTO Taza (IGC), mcmomp3yeMbrid s
MOJIyYE€HHUSI MarHUTHBIX HaHokjiactepoB Fe na MYHT B
Ka4yecTBe MOJIOKKH. [l CpaBHEHHS TaKue JKe KJIacTephl
ObUTH HaHECCHbl Ha KpeMHHEBBIE HOAJIOXKKH. B pabote
JUIA OCaKICHUS YacTUI] Fe Ha MOAJIOKKH, BBIPAIICHHBIX
Metozom IGC, Obuta MCHONB30BaHA MPOCTass TEXHHKA
ucnapenus. IIpu 3ToM aBTOpaMu GBLIO YCTAaHOBJIIEHO B3a-
nMmojeiicteue Mexay HaHoxiactepamu Fe m MYHT c
KPEMHHEBBIMU TOJIOKKAMHU W CBSI3aHHBIE C HUM H3Me-
HEHHUsSI XUMHYECKOTO, 3JEKTPOHHOTO M MarHUTHOTO CO-
CTOSTHHH, BBI3BAHHBIX JaHHBIMH HaHOKJIACTEPaMHu.

Hanowactumer okcnga xenesa (Fes0,4) co cpemammu
pasmepamMu 6 U 10 HM OBUIH CHHTE3MPOBAaHBI METOIOM
XAMHUYIECKOTO coocaxkaenus u3 pacteopoB FeCl,-4H,0 u
FeCl;-6H,0. Tlocne vero mx obpabarbiBaiu yibTpa3By-
koM B HNOj;. 3arem oxucnennsie MYHT oGpabatbiBa-
JUCh B pacTBope (Boma/staHon=1:1 mo oObeMy) ams me-
kopupoBaHus. MaccoBoe cozepxkanue Fe3O4 B koMno3u-
Tax cocTaBuio 26,6 u 29,3% st gacTuil pasmepom 6 u
10 HM cootBercTBeHHO [17]. B KadecTBe HamoJHHUTENS
MOTYT OBITh HCIIOJIF30BAaHbI O0JIee CIOKHBIE MaTepHalbl,
COCTOSIIIME M3 HAHOYACTHIl OKCHIaA >Kene3a M cepedpa,
JIEKOPUPOBAaHHBIE AMUHOMOAM(MHUIIMPOBAHHBIMH MHOT'O-
CTEHHBIMHM  YIJIEpOJHbIMH  HaHoTpyOkamm (MVYHT-
NH,/Fe;04,/AgNP) [18].

B [19] paspaborann npocTOii, yHUBEpPCAIBbHBIH H
s¢dextuBHblil Meto GpyHkunonanuzanunu YHT apyrumu
HAaHOYACTUIAMHU  (TIOJYIIPOBOJHUKOBEIMM, 3JEKTpHUE-
CKMMH, OMOHAHOYACTHIIAMH U T.1.) IIyTeM KOBAJICHTHOTO
B3anMoO/IeiicTBUs. B pabote Obuta MpoaeMOHCTPUPOBaHA
o0Imasi METONOJIOTUSI KOBAJICHTHOTO NPHUKPEIUICHUS Ha-

HOYACTHL[ MarHeTHTa K YIJIEpOoAHBIM HaHOTpyOkam. B
[20] YHT c uHKancynupoBaHHBIMM YacTULAMH >Kele3a
(Pod-Fe) ncmonb30Bainch B KauecTBE YETKOOMPEIEIICH-
HOM MoOAenu Al U3Yy4YEHUsl BIIEKTPOHHOI'O B3aUMOACH-
CTBHS MEXIy YIJICPOJHBIMH OOONOYKAaMH M YaCTHLAMH
JKene3a ¢ MOMOUIbI0 CKaHMPYIOIIEW TPaHCMUCCHOHHOM
peHTreHoBcKor MuKpockonud (STXM).

B [21] YHT cuHTe3upoOBaNu B OJMH ATAIl C HCHOJb-
30BaHUEM MOJU(UIMPOBAHHOTO METO/a XUMHYECKOTO
ocaxkaeHust u3 naposoit gaszel (CVD). Ilomydennsie yr-
JIepOAHbIE HAHOTPYOKM MMEIOT MHOTOCTEHHYIO CTPYKTY-
Py, HaroMuHatoIyo 6amMOyk. OHM UMEIOT CpeTHUI aHa-
MeTp 40 HM U BHYTpPEHHHE HOJOCTH AuameTrpoM 20 HM.
MarHuTHble HAHOYACTHLBI MPOYHO IPUKPENIEHBI K
HaHOTPYOKaM W MMEIOT CpemHHMi amamerp 15 HM c 3a-
KpYTIeHHBIMH KpasiMu. CyIIecTByeT Takke METOA IOIIy-
yenust YHT, neKopupoBaHHBIX YacTHIIAMHU JKeJlie3a ¢ I0-
momuisto CBU-cunTesa [22].

Crenyer OTMETHTH, YTO (PU3UKO-XUMHUIECKHE CBOM-
CTBa METAJJI/YIIEPOAHBIX HAHOKOMIO3UTOB OTJIMYAIOTCS
ot Merauindeckux HY u yrinepoaHsIx HaHOMaTEpUAIOB.
B paborax [23, 24] orMeueHa (QU3MKO-XMMHYECKash aK-
TUBHOCTh METaJUI/YIJICPOAHBIX HAHOKOMIIO3UTOB JIJIS
MoJu(UKAIMK MAaTEepUAJIOB, YTO MOXET OBITh CBSI3aHO C
SIBICHUSMH B HaJIMOJIEKYJISIPHON CTPYKType MOJIUMEPOB.

Hawnbosnpmree pacripocTpaHeHHE MOIYIHIN TEXHOJIO-
THM CHHTE3a METal/yIIepOAHBIX HAHOCTPYKTYp, HpH
KOTOPBIX METAJII PAcIoiaraeTcs BO BHYTPEHHEH 1MoJI0CcTh
MVYHT, uto cHmxkaeT 3PPEeKTHBHOCT TAKUX MaTepHa-
JIOB, TaK KakK He 3aJeHCTBYIOTCS (DyHKIMOHAJIBHBIE BO3-
MoxkHoct HY meramna [25, 26]. OnTumalibHbIM Bapu-
AQHTOM SIBJII€TCS HCTIOJB30BAHNE TAKUX TEXHOJIOTHYECKUX
MIPUEMOB CHHTE3a, KOTOPBIE OTKPOIOT BO3MOXKHOCTB pac-
nosiokeHuss HY meramna va nosepxnoctu MYHT, uto
MO3BOJMUT YIAY4YMNATh 3(PPEKTHUBHOCTH TEIUIOOTBOAA B
peXMMax WHTEHCHBHBIX TOKOBBIX HAarpy3ok (mpu Oosee
BBICOKOM 2JIEKTPUYECKOM HANPSXKEHWN) U TIOBBICUTH Me-
xaHndeckyto npoyHoctb MYHT, a Takke chopmupyer
BO3MOXKHOCTH YIIPABJICHHS PACHpeNeNICHNs] MarHUTHBIM
MI0JIEM B Macce KOMITO3UTHOTO HoimMepa (10 MoJIuMepHu-
3aIlHN).

[pu sTom Fe u psax ero okcugHeIX GopM o0MagaroT
MPUHIUNHAATEHBIMA penMyIecTBaMU (pu3uxo-
XUMHYECKIMH XapaKTepUCTUKAaMH) IT0 CPABHEHUIO C JIPY-
THMH METaJUIaMH, CBSI3aHHBIMH C TEPMHUYECKON yCTONUN-
BOCTBIO [27] M MeXaHHMYECKOW MPOYHOCTHIO. B ciryuae
WCII0JIb30BaHUs dJIeKTpoHarpeBarene Ha ocHoee MYHT
KIIFOYEBOE 3HAYEHHE MPHOOpETaeT TepMHUUECKas YCTOW-
YHBOCTh, TAK KaK Ha HaHOYPOBHE HaOirojaercs cyie-
CTBEHHOE MOBBIIICHUE TEMIEpaTyp, CBA3aHHOE C JKOY-
JIEBBIMU TEIUIOBBIACICHUSAMY, a TAKXKE aKTUBHBIM TyHHE-
JUPOBAHUEM 3JIEKTPOHOB.

HccnenoBannsi MeTansl/yriaepoaHbIX U B YaCTHOCTH
JKEJIe30/yTIIepOHBIX HAHOKOMIIO3UTOB IIO3BOJHT cop-
MHpPOBAaTh OCHOBBI Il pa3paOOTKH HMHTEIUIEKTYalbHBIX
MaTepHaJiOB HOBOT'O IOKOJEHHUS, YTO CYIIECTBEHHO II0-
BBICHUT 3((eKTUBHOCTH MPUMEHIEMBIX (PYHKIIHOHAIBHBIX
MOJMMEPHBIX KOMIIO3UTOB B Chepe IEKTPOHArpeBa.
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Lens paboTbl: WcciIenoBaTh IIEKTPOPHU3NUECKUE
CBOMCTBAa KPEMHMHOPraHWYECKOIO 31acTOMEpa, MOAU-
(UIMPOBAHHOTO YTICPOTHBIMI HAHOTPYOKaMH C MeTal-
JIM3UPOBAHHOMN Y HEMETAINIM3UPOBAHHON IIOBEPXHOCTBIO.

3amaun:

1. Tlony4yeHue KOMIIO3UTOB Ha OCHOBE KPEMHHUHMOD-
TaHUYECKHUX DIJIACTOMEPOB, COAEPKAIIMX METAIUIH3HPO-
BaHHbIE U HeMeTamu3upoBanHeie MYHT.

2. HccnenoBaHue 3MEKTPOTEIIOBBIX 3aBUCUMOCTEH
ot cogepxanuss MYHT B nponecce anekTpoHarpesa.

3. HccnenoBaHue TeMIEpaTypHOrO IONSA MOIUMEp-
HBIX KOMMO3UTOB, MoanduuupoBanubix MYHT, a taxxe
MerauupoBanueix MYHT.

4. TlpoBenenue cpaBHuTenbHOro ananuza MYHT c
METaJUVIM3UPOBAHHON M HEMETAJNIM3UPOBAHHOM IIOBEPX-
HOCTBIO, HCIOIB3YyEMBIX B Ka4eCTBE HAIOIHUTENEH Ui
KPEMHHHOPIaHUYECKUX DIIACTOMEPOB.

MaTepI/IaJ'l])I U METOAbI UCCJICAOBAHUA

Cunres MYHT CBUY-meroaom. CBU-cunres
MVYHT c ucnons3oBaruem ¢eppouena (CyoHioFe) u rpa-
¢uTa ocymiecTBISUICS B MHKpPOBOJMHOBOH meun Galanz
MOS-2009MW (700 Br, Kurait). [IpenBapurensro ¢ep-
polieH ¥ rpaduT B COOTHOWIEHNH 5:1 ToaBepraics Mexa-
HOAKTHBAIMK B ammapaTe Buxpesoro ciosg (ABC) B Te-
yeHue 20 ¢ g HONy4eHHUs Pa3BUTON MOBEPXHOCTH U
Jy4miero KoHTakTa cmecu. Jpyrum Bunom MYHT 6butu
CHHTE3MpOBaHHbIe Ha KaTanuzatopax Co-Mo/Al,03-MgO
o CVD-rexnosoruu [28].

Cuntres MYHT CVD-meromom. Jlnsg cuHTE3a
MVYHT 6511 ucnions3zosan CVD-meron (Chemical vapor
deposition (xuMuueckoe ocaxaeHue U3 ra3oBoil (a3br))
[29]. Tporuecc cuntesa MYHT npousBouics B peakTo-
pe nepuonauueckoro aeiictBus B TeueHue 40 MHH IpHU
temieparype 650°C ¢ moMoLIbI0 TPEX pa3HbIX KaTaJUTH-
geckux cucrteM: Co—Mo/Al,O03—MgO (VHT 4); Fe—
Co/2,1Al,03 u Fe-0,7Co0/2,1Al,05. B xauectBe yriepoa-
COJIEPIKAIIETO CBHIPHSI MUCIIOJIB30BAIN NPOINAaH-0yTaHOBYIO
CMECH.

MeToabl HMcc/Ie0BaHUA CTPYKTYpbl U MopdoJio-
ruu. Mopdonoruto nosepxnoctu MYHT wuccienopamu
Ha CKAaHUPYIOIIEM 3JCKTPOHHOM MHKpockore (COM)
«TESCAN LYRA 3» (TESCAN, Yexus) mpu 5 kB. [Jns
N3MEpEeHNs CIeKTPOB KOMOMHAIIMOHHOTO PacCesiHUs CBe-
Ta MCIIOJIBb30BAM CIIEKTPOMETp Ha 0a3e KOH(OKAIBLHOTO
Mmukpockona («Spectran, NT-MDT Sl). O6wsextus 100x ¢
NA = 0,7, momynpoBoxHHKOBBIH Jazep (A = 532 HM,
MOIIHOCTH BO30YkeHus okoyio 50 MBT).

MeTtoanka nmojyyeHusi o6pa3una KpeMHUiOpranm-
yeckoro Jmacromepa ¢ MYHT. B  kayectBe
MOJIMMEPHOM MaTpHULbI ObLI HCTI0JIb30BaH
3JIACTOMEP — KPEMHUHOPraHNYeCKUid KOMITayH (CHITU-
ko) Silagerm 8030 (IBYXKOMITOHEHTHBIN ¢ (azoit A
u B, OO0 «3JIEMEHT 14», Mocksa, Poccus).
Komnonenr A u MVYHT nepeMemmuBanu ¢ NOMOMIBIO
mexanndeckord memanku WiseStir HT 120DX (Kopes)
Ha ckopocTtH 300 06/MuH B Teuenue 5 MuH. B momyden-
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HYIO CMeCh J00aBJIsUIM BTOPOW KOMIIOHEHT B, mHuIMU-
PYIOUIMHA NOIMMEPU3ALHUIO, C MOCIETYIONUM NepeMelIn-
BaHMEM B TeUEHHE 2 MUH IPU KOMHATHOHW TeMIeparype.
3arem 00pa3Ibl MOMEIIAIN B BaKYYMHBIN MIKag ¢ MeIbi0
(opMHpOBaHMS HArpeBaTEIbHOTO 3JEMEHTAa B BHAC
IUIOCKUX IUTACTHH C BEPXHHUM M HIKHUM JJIEKTPOJOM U3
amomuaneBoit Gpossru (0,01 AJ[1 TOCT 745-79).

VYaprpasBykoBoii nucnepratop UP400 St (Hielscher
Ultrasonics GmbH, Bepnun, 'epmanus) Obu1 ncmonb3o-
BaH 1 pacupenencuuss MYHT B kpemHuiiopranude-
ckoM kommayHne Silagerm 8030 B KUAKOM COCTOSHHU C
LENIBI0 YMEHBIIIEHHs KOIUYEeCTBA arJloMepaToB U arpera-
TOB OTAenbHBIX MYHT.

OCHOBHBIE ATaIlbl U3TOTOBICHUS TOJTUMEPHOIO KOM-
MO3UTA:

— IepeMeIINBaHNEe KOMIIOHEHTOB KpeMHHHOpraHnie-
ckoro kommnayuaa A u B B cootHomennu A/B=1/1;

— MaccoBasl KOHLCHTPAIMs PAacCUUTHIBATIACH IO OT-
HOIIECHUIO K Macce KPEeMHHUHOPraHMYECKOTO KOMITayHZa
(A+B);

— MOoJNUMepU3als KpeMHUHOPraHNYEeCKOro KOMIayHa
¢ MVYHT mnpousBogunacek npu Temmepatype 85 + 5°C B
BaKyyMHOM CYIIMIBHON YCTAaHOBKE B TEUECHUE S U.

B aToMm cirydyae pabounii IpOTOTHIT HArpeBaTeIbHOTO
3JIEMEHTa OBbLI M3rOTOBJICH IyTEM MEXaHWYECKOI'0 HaHe-
CCHHUS ITOJMMEPHON MaTpHIBl Ha MOBEPXHOCTH (HOIBIHU-
POBaHHOTO 37eKTpona. Jas KOHTPOJS TOJIIMHBI aKTHB-
HOTO CJIOSI MCIIOJB30BAJINCh METAUIMYECKHE OTpaHUdH-
Tenu. IloydeHHBIN 3IIEKTpOHArpeBaTENbHBIA 3IEMEHT
MOKPBIBAJIM CTEKIIOM Ul PABHOMEPHOTO pacHpe/iesICHHs
MOJIMMEPHOI MaTpHIBI M JUIS JTyYIIEro KOHTAKTa MEXIY
(hONBrUpPOBaHHBIMU JIIEKTPOZAMHU. 3aTeM K (OJIBrupo-
BaHHBIM DJICKTPOJaM HPUCOSAWHSAIM NMpoBoja (IpH IO-
MOIIHM CHEIMaIbHOIN Maiiki), a OTKPHITYI0 MOBEPXHOCTH
AMIOMHUHHUEBOTO D3JIEKTpojAa u3oiupoBanu. Ilutanue wu
PeryIupOBaHNE MOLTHOCTH OCYIIECTBIISIOCH C TIOMOIIBIO
nporpammupyemoro BIT ATN 1351 (OOO «3mnukey, T.
Mocksa, Poccust) ¢ quama3zoHom peryiupoBanus ot 0 1o
300 B B pexxume MyIbCUPYIOLIETo MOTEHIHAIA.

BeckoHTaKTHBIN MeTOA U3MepeHHUsl TeMIEePaTypPbl
NMOJIMMEePHBIX KOMMO3UTOB. BeCKOHTaKTHBIN MeTon U3-
MEpEeHHUSI TeMIIepaTyphl MOJMMEPHBIX KOMIO3HUTOB OCY-
HIECTBIIJICS C MCIONB30BaHHMEM TerutoBu3opa «Tecro-
875-1» u onruueckoit nuu3bl 32x23° (SE & Co. KGaA,
Testo, Jlenuxupx, I'epmanms). TemnepaTypy momumep-
HBIX KOMITO3UTOB H3MEPSUIN IBYXKAaHAJIBHBIM TEPMOMET-
pom «Testo 992» (SE & Co. KGaA, Testo, Lenzkirch,
I'epmaHuns), mpu 3TOM ONpEAETsUIM TeMIIepaTypy IIo-
BEPXHOCTH, U Ha OCHOBaHMHU IOJyYEHHBIX JAHHBIX MPO-
U3BOJIMIM CPABHEHUE C TEMIIEPATYPOH, MOIYUEHHOM Tem-
nosuzopoM. [locine yero nopdupamu koddduueHt n3my-
YEeHUS! MOBEPXHOCTH, MCIOJB3YEMBIH AN AaNbHEHIINX
n3Mepenuit. s anann3a 1 00pabOTKH TEIIOBU3NOHHBIX
CHMMKOB ObuTa HMcnosib3oBaHa mporpamma IRSoft v 5.0
SP1 (SE & Co. KGaA, Testo, Jlenuikupx, I'epmanus).

MeTtoauka HccJeA0BAaHUA 3JIeKTPONPOBOIHOCTH.
DJNEeKTPUIECKOE COMPOTHBICHHE KOMIIO3UTOB ONpEAEs-
J0ck TepaommerpoM E6-13A (DcToHHUS) M MYJIBTHMET-
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pom UNI-T UT71E (Kuraii). V3mepennsie 3HadeHUs
COIPOTHBIICHHST R mepecunThIBaIM 10 M3BECTHOW 3aBU-
CHMOCTH 3JICKTPOIIPOBOAHOCTH G OT I'€OMETPHUYECKHX
pa3MepoB KOMIIO3HTA:

h

775 R @

rae h — tonmmwHa koMmo3uTa, M; S — IUIOIIA/b KOMIIO3H-
Ta, M%; R — 3JIeKTpIUecKoe compoTnBIeHHe, OM.

W3mepeHns 3aBHCHMOCTH  TEIUIONPOBOJHOCTH 3JIa-
ctomepoB ¢ MYHT mpou3BOIuINCh C IOMOIIBIO IPHUOO-
pa MNC HK TO®CM (Poccus, TamboB).

IMonyyennbie pe3yJbTaThl U HX 00CY:KIeHHE

Crpykrypa MYHT u 3jeKTpoTexHHYecKHe Ma-
paMeTpsl 3aactomMepoB. COM-u300pakeHHsT CHUHTE3U-
poBanaeix MYHT no CBY- u CVD-TexHonorun npuse-
neHbl Ha puc. 1. Ha puc. 1, 6 npeacrariena mopdosorus
MVYHT, cunre3supoBaHHBIX Ha Katanuzatopax Co-
Mo/Al,03-MgO. Ananu3 MopdOIOTHH  MONTYyYESHHBIX
MVYHT (pmc. 1, a) mokasbiBaeT, YTO 3TH HAaHOTPYOKH
umeroT nuametp ~ 40-60 M u nokpeIThl Fe. Ha puc. 1, 6
mokazansl MYHT ¢ yninuHEHHBIM HUTEBHIHBIM 00pa3o-

BaHUEM AuaMeTpoM 15-20 HM, utHHOW Ooyiee 2 MKM H
caMOIIpeICTaBICHHOH Mopdoorueii.

Ha pue. 2 nokazano pacnpenereane MYHT mo pas-
MepaMm 0e3 MeTaJuTM3anui U ¢ Merayum3anueii. CormacHo
aHaJM3y JaHHBIX (PHC. 2, a), TOIYYSHHBIX 10 METOAY IH-
HaMm4eckoro paccessHus ceeta, MYHT B nnamazone mo 22
MKM 3aHHMAIOT YacTUIBI pa3MepoM 6,2 MKM, MpHIeM
HanOOJBIIYI0 MHTCHCHBHOCTh JAIOT YaCTUIBI Pa3MEpoOM
2,5 MxM. IIpu stoM 99% HHTEHCUBHOCTH PaCCEIHHOIO
W3JTydeHHs] PETHCTPUPYETCS YacTHLAMH pa3MepoM Jjio 16
MKM, a 90% o01Iel JeTeKTUpYeMOl HHTEHCUBHOCTH TIPHU-
XOAMTCS. HA YacCTUIBI pa3MepoM 10 5,7 MkM. [[na Meran-
mm3upoBaHHeIX MYHT umeer Mecto yBenudeHHas ario-
Mepanust (cM. pHC. 2, a), IPH KOTOPOil HAUOONBIIYIO HH-
TeHCHBHOCTH 99% naroT "yacTuilbl pazmMepoM < 69644 HM,
a gacTuIbl pazmepom < 3815,6 am — 25%.

DJIeKTPo- W TemIo(pu3nYecKHe HCCIeJ0BAHMS
asacromepoB ¢ MYHT. VcnbiTanue 37€KTpPOTEIIOBOM
CTOMKOCTH HAINOJHUTENSI K 3JICKTPUYECKOMY HaIpspKe-
Huto 220 B npoBoAMUIOCh B CPAaBHEHUH C MOJMMEPHBIMU
kommo3utamu, HanojgHeHeiMu MYHT u MYHT ¢ Mme-
tayumzanueii. Ha pue. 3 mokasana TemneparypHasi 3aBH-
CHUMOCTh MOIIHOCTU B quanasoHe oT -40 o 40°C c mo-
BTOPEHHEM LIMKJIOB BKIIIOUCHHS/BBIKIIOUCHHUS, PaBHBIM
50 u 100 1IMKJIOB COOTBECTBEHHO.

Puc. 1. Mopdonorust MYHT: a —cunresuposanusie no CBY-rexHonoruu; 6 — cuaresnpoBanssie CVD-MeTonom

na katanuzaropax Co-Mo/Al,05-MgO

Fig. 1. Morphology of MWCNTS: a is synthesised by microwave technology; 6 is synthesised by CVD method

on Co-Mo/AI203-MgO catalysts
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Puc. 2. Pacnpeneneane MYHT mno pasmepam: a — 6e3 Metaiumzanuu; 0 — ¢ MeTajutM3anuei
Fig. 2. Distribution of MWCNTS by size: a is MWCNTSs without metallization; 6 is MWCNTSs with metallisation
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Puc. 3. YpaenbHast TemioBast MOLIHOCTB: a — OJIMMEPHBIH KoMIo3uT ¢ MYHT; 6 — monmMMepHBIi KOMITO3UT

¢ MeTaiu3upoBanHbiMu MYHT

Fig. 3. Specific heat capacity: a is polymer composite with MWCNTS; 6 is polymer composite with metallised MWCNTS

CortacHo puc. 3, a, MIOBTOPHOE BKJIIOYEHHE/
BeIkitodeHue B TeueHne S50 u 100 UMKIOB MPHUBOAUT K
YXYALICHHIO  CBOMCTB  MOJMMEPHOIO  KOMIIO3MTa C
11 kB1/M? (mpu —40°C) u, KaK CJIEACTBHE, CHIDKCHHIO
mornoctu Jo 0,3 kBT/M? (mpu —40°C) mocne 100 HKIOB
BKJTFOUCHIS/BBIKTIOYCHHSI. B TO ke Bpems moOaBieHIe
MVYHT (puc. 3, 6) mo3BOISET YBETMYUTH MOIITHOCTH HA 1,4
kB1/M? (mpu —40°C) 1 CHU3UTH HHTCHCUBHOCTD JeTPaJallii
TOKOIPOBOAAIIMX CTPyKTyp mocie 100 LUKIOB BKIIOYE-
HUs/BBIKIOUeHIs 10 1,2 KBT/M2. CrnemyeT OTMETUTH, YTO
U BCEX 00pa3lioB XapakTepHO Hannuue 3¢pekra camope-
TYISIIMA TEMIIEPATyPhl, BHIPAXKCHHOW B CHIDKCHHUH MOIIHO-

! 64,7 °C

}(Ml

T

r—

429°C

CTU TCIUIOBBIACICHUA TIPHU TMOBBIMICHHWHW TEMIIEPATyphl 10
+40°C, npu KOTOpOI HarpeBaTellb Ha OCHOBE dJIacTOMEpa
TIOJTHOCTBIO OTKJIFOYAETCs, YTO IPOSIBIISIETCS B CHIDKCHHH
MOTpeONIeHNsT  ANeKTpUdecko  3Heprun. VccrnenoBanue
TEMIIEPaTypHOTO TIONSI TOJIMMEPHBIX KOMIIO3UTOB IIpH
HanpspkeHuu 220 B mpeacrasneno Ha puc. 4. [Ipu sTom
CIIeyeT OTMETHTb, YTO TMHAMHKA U3MEHCHHUS TEMIIepaTyp-
HOTO TOJIS JJISL Pa3iMYHBIX MHTEPBAJIOB BPEMEHH, NPH KO-
TOPBIX TPOMCXO/MIIO TETUIOBBIACNICHIE, COOTBecTBOBaAIA 40,
60 u 80 c mia xommosutoB ¢ MYHT 0e3 metamnuszanmu
(puc. 4, a-B) u ¢ Merammsanueii moepxuoctn MYHT
(puc. 4, r-¢).

m7°C 894°C

255°C

261°C

272 29

(&

Puc. 4. Tepmorpammser 06pa3noB: a — anmactomepsl ¢ MYHT (40 c); 6 — amactomep ¢ MYHT (60 c); B — amactomep
¢ MYHT (80 ¢); r — amactromepst c MYHT (CBY) (40 ¢); 1 — amactomep ¢ MYHT (CBY) (60 c); e — amactomep

¢ MYHT (CBY) (80 c)

Fig. 4. Thermograms of samples: a is elastomers with MWCNTSs (40 s); 6 is elastomer with MWCNTS (60 s);
B is elastomer with MWCNTS (80 s); r is elastomers with MWCNTSs (Microwave) (40 s); x is elastomer with
MWCNTSs (Microwave) (60 s); e is elastomer with MWCNTSs (Microwave) (80 s)
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CornacHo puc. 4, a-B, 11 kommnosura ¢ MYHT  xa-
paKkTepHa JIOKAJIbHAsi HEPaBHOMEPHOCTb pPacCIIpeaeIeHHs
3HAYCHUH TEMIIEPATypHOTO IIOJIsL, KOTOPask CONPOBOKAACT-
Cs1 UI3MEHEHNEM TPaIneHTa TEMIIEpaTyp 10 BCeMy 00bEMY
1, COOTBETCBEHHO, ACTPaAaIel TOKOIPOBOASAIINX CTPYK-
Typ Ha ocHoBe MVYHT. MakcumanbHas Temmeparypa B
9TOM ciTydae JOCTHTajia 3HadeHus 89,2°C, a MUHUMaIbHAS
44,1°C. Ina xommosuta ¢ MYHT Ha puc. 4, r-e mpen-
CTaBJICHO TEMIIEPATypHOE I10JIe C MEHBIINM OTKJIOHEHHEM
Ha MOBEPXHOCTU. DTH HarpeBaTesIbHbIC AJIEMEHTHI UMENN
MaKCUMalbHyl0 Temneparypy 72,9°C (MHUHUMAaJbHYIO
62,3°C). Takum 00pa3oM, HCXOIS M3 MOJYYCHOM TepMO-
rpaMmbl  (cM. puc. 4), Cleayer, 4TO OCYIIECTBICHHUE
YIy4IIEHHOTO TEIUIOOTBOJA B CTPYKTYpe KpeMHHHOpra-
HUYECKOTO 3acToMepa, 3anoaHeHHoro MYHT ¢ meramu-
3MPOBAaHHOHN MOBEPXHOCTHIO, BO3HUKACT U3 CTAOMIN3alNH
TEMIIEPaTYPHOTO PEXUMa U, COOTBETCTBEHHO, YIIy4IICHHS
TEIUIOBOTO IOTOKa. B Tabsmme mnpencTaBicHbl TaHHBIC
CPaBHEHHS 3JIEKTPO- U TEIUTO(YU3NIECKUX CBOMCTB KOMIIO-
3uToB, comepkamux MYHT, koTopbie OBUTH CHHTE3HPO-
Banbl 10 CVD- u CBU-TexHomorum.

Tabnuna. DnekTpo- U Teropu3nuecKre CBoicTBa

KOMITO3UTOB
Table. Electrical and thermophysical properties of
composites

Tun MYHT CvD | CBY
Maccosas koHueHTpauus MYHT 5 5

B asacTomepe, %

TenmonpoBoxHocTh A, B1/(M-°C) 0,19 0,34
TeMIIepaTypoIpOBOIHOCTD @, M/C 1,057 187
DIEKTPONIPOBOJHOCTE G, CM 0,01 0,12

IIpu paBHoil koHueHTpauun MYHT B snactomepax
(5 mac.%), mis merammuzupoBanHbix MYHT HaGmona-
I0TCSI 3HAYUTENBHO JIyYIUE JJIEKTPO- M Terodusnye-
CKHE XapaKTepUCTHKH (CM. Talauuly), 4TO CBA3aHO C
yIy4IlIeHHEeM IIPOIIECCOB TEIUIONEPeHoca 3a CYeT ylyd-
mienust terutonposoanHoctd (¢ 0,19 no 0,34 Bt/(m-°C))
NPU OJHOBPEMEHHOM YJYYLICHHH JJIEKTPONPOBOJIHOCTH
(c 0,01 10 0,12 Cwm).

BoiBoabl

1. ITomy4eHBI MOJIMMEpHBIE KOMIIO3UTHI HAa OCHOBE
KPEMHUHOPTaHNYECKOTO CHIIMKOHA, MOIU(PHUINPOBAHHO-
ro MetamuuiupoBaHHeiMu MYHT. Cnenyer oTmeTwTs,
4TO JyIsl BCeX 00pa3loB XapakTepHO Hamuune 3¢p¢exTa
CaMOpEeTyJISIIMU  TEMIIEPaTypbl, BBIPAKEHHOH B CHIDKE-
HUM MOIIHOCTH TEIUIOBBIJEIICHUS TP MOBBIILICHUN TEM-
nepatypsl 10 +40°C.

2. YCTaHOBJIEHO, 4YTO IIOBTOPHOE BKIIIOUCHHE/
BeIKIIOYeHUe dnactomepa ¢ MYHT wa 50 u 100 mukmoB
MPUBOAMIIO K YXY/IICHUIO CBOMCTB HMPOBOJIAIIETO 3JIACTO-
Mepa OT JOCTYMHOH MomHocTH 1,1 kBr/m? (-40°C) u, xax
CIIIICTBHE, CHIDKEHHIO MorHoctH 10 0,3 kB1/M (-40°C)
mocie 100 muKIoB BKIMIOYEHMS/BBIKIMIOUYeHHS. [Ipyu 3TOoM
nobaska MYHT ¢ metammm3arnuei Mo3BOJSET YBEIHIHUTH
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MOIIHOCT 10 1,4 KBT/M? (27%) 1 cCHU3UTb UHTEHCUBHOCTb
Jierpajallid TOKOMPOBOSIIMX CTPYKTYp nocie 100 nuknos
BKJIFOYEHHS/BBIKITIOYEHHS 10 1,2 kBr/™? npu —40°C, gro
CBSI3aHO C YJTyYIIEHHEM IPOIIECCOB TEILIONEPEHOCA 3a CUET
yiyumenus terwionpooaHocty (¢ 0,19 mo 0,34 Br/(m-°C))
MPH OJTHOBPEMEHHOM YITyqIIEHHH 3JIEKTPOIPOBOJHOCTH (C
0,01 mo 0,12 Cwm).
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