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B cmamove npedocmaenen cunmes Muo2oc0uHbIx yenepoonvix nanompyoox (MYHT) ¢ me-
ManAu3upoGaAHHON NOBEPXHOCMbIO, KOMOpble DblAU NOIYyUeHbl 071 H MOOUPUKayuu Inacmome-
P08, UCNOTBb3YeMBIX 8 INeKmpoHazpesamenax. Onpedenensl 3nauenus cosuza KP cunmesupoean-
Hoix MYHT, komopuie coomeemcmeoeanu nukam D=1345,2 u G=1577,1 el Cmenens Ooechexm-
Hocmu nosepxnocmu MYHT oyenusanu ¢ nomowyvto omuouwenus D/G u nonyuunu 3nauenue
pasnoe 1,172. Henocpeocmeenno camu MYHT npedcmaenisatiom npomsasiceHnsle HuUneguoHvle 00-
pazoeanus c ouamempom 6 ouanazoue ~ 40-80 nm noxkpoimuix uacmuyamu Fe u onunoii 6onee
20 mkm. H3menenue konuenmpayuu MYHT om 1 00 4 mac.% (c wmazom 1 mac.%) 6 komnozume
HPUBOOUNO K YeTUUEHUI0 MeMREPAmypbl Hazpesa INeKmponazpesamenbHo2o mamepuana c 41 0o
72 °C u nosviuieHur0 unmeHcupuKayuu Hazpeea (6bIX00 HA NUKOBLLIL MEMNEPAMYPHDLIL PEHCUM
00 200 emecmo 400 c). B xo00e npogedennvlx ucciedo06anuii 0110 yCmano61eHo, Yo MAKCUMATb-
Hoe 3nauenue mennonposoonocmu (1) 0,31 Bm/(m-°C), memnepamyponposoonocmu (a) 1,7 m%/c
u anekmponposoonocmu (o) 0,1 Cm umen komnoszum c cooeprycanuem MYHT 4 mac.%.

KiroueBble cj10Ba: KpeMHUHOPTaHUUECKHUH 371aCTOMEDP, KOMIIO3UT, YIJIEpOIHbIC HAHOTPYOKH, HAarpeB, HJeK-
TPOIPOBOAHOCTD, TEILIONPOBOJHOCTD, CAMOPETYIUPOBAHUE
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WITH METALLISED SURFACE: ELECTRICAL AND THERMOPHYSICAL PROPERTIES
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The paper presents the synthesis of multilayer carbon nanotubes (MWCNTS) with a metal-
lised surface, which were obtained for n modification of elastomers used in electric heaters. The
CR shift values of the synthesised MWCNTSs were determined, which corresponded to the peaks
D=1345.2 and G=1577.1 cm™. The degree of defectivity of the MWCNT surface was evaluated us-
ing the D/G ratio and obtained a value of 1.172. The MWCNTSs themselves are extended filamen-
tous formations with a diameter in the range of ~40-80 nm covered with Fe particles and a length
of more than 20 um. Changing the MWCNT concentration from 1 to 4 wt.% (with a step of 1 wt.%)
in the composite led to an increase in the heating temperature of the electric heating material from
41 to 72 °C and to an increase in the heating intensification (reaching the peak temperature mode
up to 200 instead of 400 s). It was found that the maximum value of thermal conductivity (2)
0.31 W/(m-°C), thermal diffusivity (a) 1.7-7 m%s and electrical conductivity (c) 0.1 cm was obtained
with the composite containing 4 wt.% MWCNTSs.
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BBEJEHHUE

[lony4yenne GYHKIMOHAIBHBIX TMOJMMEPHBIX
MaTepUaIOB C IIUPOKUM HaDOPOM CBOMCTB — aKTyallb-
Has 3a/1a4a JUIsl pa3IndHbIX chep KU3HEAeSI TeTbHOCTH
YeJloBeKa: OT OBITOBOW A0 MPOMBIIIICHHOW 00JIacTu
[1]. Hambomee pacmpocTpaHEHHBIM ITOAXOAOM, CBSI-
3aHHBIM C TIONyYEHHEM MOJIUMEPHOTO KOMITO3UTA SB-
JeTcsl BKIIOUEHHE B CTPYKTYpPY IOJIMMEpPHOM Mart-
PUIIBI PA3IUYHBIX MPOBOAALINX YTJIEPOJHBIX HAIOJ-
HUTEJeH, Takux Kak caka, YHT, rpaden, nmn Mera-
JUYECKUX HAHOMPOBOIIOK, YTO ITO3BOJIIET MOBBICHUTH
ANEKTPONPOBOAHOCTH JI0 3HAUYEHHIA, KOTOPbIe HEO0OXO-
JIIMBI B PA3THIHBIX TEXHTYECKUX MTPUIIOKEHUSX B 00J1a-
CTH DJIEKTPOHHMKH W 3HepreTuku [2—4]. CymecTByroT
TaKKe MoJuMepbl obmagatomee dddexroM maMaTH
(hopMBI, T.€. MPUXOAT B IEPBOHAYATHEHOE COCTOSIHHE T10-
cire aeopMaIin, 9To CyIIECTBEHHO PacIIupsieT chepy
WX TIpUMEHEHHUs [5].

Haunbonee mepcrieKTHBHBIM MaTepUalioM, WC-
MOJIE3YEMBIM B KAUE€CTBE HAITOIHUTEIS ISl TIOJTUMEp-
HOW MATpPHIIBI, SBISIFOTCS YTIIEPOAHBIE HAHOTPYOKH
(YHT) [6], uTo cBsizaHO ¢ WX MOP(HOIOTHUECKHUMU U
CTPYKTYpPHBIMHU CBOHCTBamH [7, 8], a Takxke OONBIIOI
yIeIbHOM MIomaabpo noBepxHoctu. YHT mMoxxHO uc-
MOJIb30BaTh KaK OCHOBY (MaTpHIly) AJsl AMCIIEPTUPO-
BaHUS M CTaOMIU3AlMA METAUIMYECKUX HAHOYACTHII
(HY), uto B cBOIO oUepenp MO3BOJIIECT (OPMUPOBATH
ruOpuHbIe, TaK Ha3bIBaeMble METAJUI-YIIIEPOIHBIC
MaTepraibl [9]. MeTami-yriepoHble HATIOTHUTEIHN JIIs
TIOJIMMEPOB TIO3BOJISIIOT PEAT30BaTh HOBBIE (PYHKIIHO-
HaJbHBIE CBOMCTBA, a TaKKe yIMydYIIUTh WX (pu3mue-
CKHE CBOMCTBA KOMIIO3UTOB.

B [10] roBoputcsi 0 moaxonae, CBSI3aHHOM C
(hopMHUpOBaHWEM MHOTOKOMITOHEHTHOM CTPYKTYPHI Ha
ocHoBe HY cepebpa n nonmmmonouHoi kuciaotsl (PLLA)
B 00brHBIX cerperupoBannbix (CS) PLLA/monmu(e-ka-
nponaktoH)/MYHT (PLLA/PCLNT), T1.e. momydeH
MHOTOKOMITOHEHTHBIH HAIMOJIHUTEINb i HOpMHUPOBa-
HUS METaJUITM3MPOBAHHBIX cerpernpoBaHHBIX (IMS)
KoMmo3uToB. B [11] oTMedaeTcs MmeTon mMMOOHITI3a-
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LMK HaHOMATEpPHaJIOB Ha BOJIOKHAX, C MCIIOJIb30Ba-
HueM nporecca CVD 6e3 karanusaropa. JlanHas tex-
HOJIOTHUS TIPEACTABISIETCA TMEPCIEKTUBHON IS TIOTY-
YCHHsI HOBOTO IOKOJICHUS YCTOWYMBBIX U (DYHKITHO-
HaJbHBIX MOJMMEPHBIX KOMIIO3UTOB, KOTOPHIC SIBISI-
FOTCS SKOHOMHYECKH 3D PekTuBHBIMU. B [12] ncmoms-
3yeTcsl 3JeKTpocTaThyeckas camMocOopka MeXAy OT-
pHULIATENFHO 3apsHKCHHOW KOMOMHanuei rpaden-ce-
pebpo (GNs-Ag) ¥ MOJOKHTETHHO 3apsKCHHBIMHU
MVYHT, QyHKIIMOHATN3UPOBAHHBIMH IIETHITPUMETH-
nammonuid 6pomuznom (UTAB) nnst cozmanms Tpex-
MepHoi (3D) CTPYKTYypbl B HOJUBUHWINACH(PTOPUT
(IIBA®). Cepebpo-rpaderoBbic HaHOTUCTEI (AgNP)
PaBHOMEPHO 3arpyxarotcsi Ha rpadeHOBbIC HAHOJU-
ctol (NP), a nucnieprupoBannsie f -MYHT naeiicTByroT
Kak MOCTEHI, coeauastomnie coceqane AgNP u GN, 00-
pasys 6oiee 3¢ (HEKTUBHBIN ITyTh TEILUIONIEPEIaYH, YTO
CIIOCOOCTBYET MOBBIMICHHUIO KO3(h(HUIMEHTa TEIIo-
npoBoxHOCTH (A). B [13] ncmons3oBansl £ -MVYHT, no-
KpBIThIE HAHOYACTHIIAMH 30JI0Ta, MPeIHa3HAYEHHBIX
JUISL YITYYIIEHUST TUAIEKTPUUECKIX CBOMCTB TOJUME-
poB. Hanoxommno3uthbie mienku [1BJID-0butn cunTe-
3upoBaHbl ¢ ucnonb3zoBaHueM f -MYHT gumamerpom
~6-9 HM ¥ JUTHHOW 5 MKM, IEKOPUPOBAHHBIX HAHOYA-
cturiamu 3o101a (Au) pazmepom ~5,4 + 0,9 am. B [14]
HY marneruta pazmepom 10 HM OBLTH OCaKIIEHBI Ha
MVYHT nyreM BBICOKOTEMIIEPATYPHOTO PA3I0KECHUS
in situ TpeAlIecTBEHHUWKA aleTHIalleToHaTa jKele3a
(III) » MYHT B pactBope nonuona. Pazmepamu HY u
IJIOTHOCTHIO UX NOKpbITHs Ha MYHT MoxHO ympas-
JIATh, U3MEHSS1 KOHLIEHTpauuto npekypcopa u MYHT.
Paznuunbie TUIIBI TOJUMEPHBIX MATPHII, Ta-
KUX Kak nonuBuHMIXiopun [15], mommyperan [16],
crIuKOH [17], a Takke MHIPOKOe MHOT0OOpas3ue yrie-
POMHBIX HAHOCTPYKTYP (IUCTIEPCHBINH HATIOTHUTEIND),
MO3BOJISIFOT MOJYYaTh MOJUMEPHBIE KOMIIO3UTBI, KOTO-
pBI€ MOT'YT OBITh UCTIOTB30BAHBI JUIS PEIICHUS ONpe/ie-
JICHHBIX TEXHOJOTHYeCKHX 3a1a4 [18—-21].
DNEKTPOTEXHOJIOTHS SIBIISICTCS HAyYHBIX HAIl-
paBlICHU, B KOTOPOM Ba)KHOE€ 3HAUYEHUE UMEIOT HO-
BBIC MaTepUaJIbI M, B YACTHOCTH MPUMEHSIEMEIE B Kaue-
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CTBE 3JIeKTpoHarpearesneii ¢ apdexrom camoperymnm-
poBanust Temneparypsl [17, 20, 21]. Ilpu 3TOM BO3-
MO>KHO IPUMEHEHHUE 3JIEKTPOTEXHOJIOTUH [Tl [TOTyYe-
Hust MYHT ¢ 3aganHoi MOpdoJioTueit u CTpyKTypoi
¢ momoirsio CBY [21].

ITosTOMYy noOJIydeHHE HOBBIX KOMIIO3ULIUOH-
HBIX MaTepHAJIOB Ha OCHOBE IOJIIMMEPOB, CIIOCOOHBIX
3¢ deKTHBHO PadOTaTh B YCIOBHAX NPOTEKAHUS 3JICK-
TPUYECKOr0 TOKA C AJalTUBHBIM TEIUIOBBIICICHUEM,
MpEJICTaBIISIETCS YPE3BbIUAHO aKTyalbHOU 3a1auei.

Henpb paboThl: yiIy4llIeHHE 3IEKTPO- U TEILIO-
(hu3nUecKnX CBOMCTB KPEMHUIOPTaHUYECKUX 31aCTO-
MepoB ¢ tomonisio MYHT ¢ MeTainmu3upoBaHHOM TT0-
BEpXHOCThIO. JlJIsI peanu3aiuy IMOCTaBJICHHOW IEIn
OBUIN pelIeHb! cieTyIOIHe 3a1aql UCCIeTOBaHNH]:

1. Curares MYHT ¢ meTtammu3npoBaHHON TI0-
BepxHOCThIO MeTogoM CBY.

2. UccnenoBanre MOpQOIOTHIECKUX CBOHCTB
u KP cnextpos, cuntesupoBanusix MYHT ¢ meramu-
3UPOBAHHON OBEPXHOCTBIO.

3. HccnenoBanue 3J€KTPO- M TEILIOPH3HYE-
CKMX CBOWCTB KPEMHHMOPraHHYECKOIO 3IacToMepa
«Cunarepm 8030», conepxkamero MYHT ¢ metamiu-
3UPOBAHHON OBEPXHOCTBIO.

MATEPHAIJIBI U METO/bI

Memoouka uccnedoganusi CmpyKmypHuIx
ceoticmg u mopgonoeuu MYHT

Mopdomnoruto mosepxaoctt MYHT wuccrnemo-
BAIM HA CKAaHHUPYIOIIEM OJJIEKTPOHHOM MHKPOCKOIIC
(COM) «TESCAN LYRA 3» (TESCAN, Yexus) mpu
5 kB. [l u3mepeHus: CeKTpoB KOMOWHAIIMOHHOTO
paccesiHUsI CBETa MCIIONB30BAIM CIIEKTPOMETp Ha 0asze
KOH(OKampHOTO MuKpockora (“Spectra”, NT-MDT SI).
Oo6wexktuB 100x ¢ NA = 0,7, momynpoBOAHUKOBBIH
nazep (A = 532 HM, MOIIHOCTH BO30YXKIEHHUSI OKOJIO
50 MBr).

Cunmesz MYHT memooom-CBY

CBUY-cunte3 MYHT c ncnonb3oBanueM dep-
pouena (CioHioFe) u rpadura ocyiecTBisics B MUK-
poBostHOBO# meun Galanz MOS-2009MW (700 B,
Kurait). [Ipensapurensao pepporieH u rpadut B COOT-
HOLICHWH 5:1 mo/iBepraicsi MEXaHOAKTUBAIIMH B arla-
pare Buxpeoro cios (ABC) B Teuenue 20 ¢ 11 mo-
Jy4eHUs Pa3BUTON OBEPXHOCTH M JIyUIIEr0 KOHTAKTa
CMECH.

Memoouka nonyuenus oopasya snacmomepa c
MYVHT

B kadectBe monmuMmepHON MaTpuLbl ObUT HC-
II0JIB30BaH ACTOMEP — KPEMHUMOPIaHUYECKHUM KOM-
nayan (cwinkoH) «Cumarepm 8030» (mAByxKoMIio-
HeHTHBIH ¢ ¢dazoit A u B, OO0 «2JIEMEHT 14»,

Mocksa, Poccust). Komnonent (A) u MYHT nepeme-
IIMBAJKCh C IIOMOINBI0 MEXaHWYEeCKOH MEIIaIKH
WiseStir HT 120DX (Kopes) mpu 300 0o6/MuH B TeUe-
HUe 5 MuH. B nonydennyto cmech 100aBisid BTOpon
KOMIIOHEHT B — HHUIMUPYIOIKI MOTMMepH3aluio, ¢
MTOCIIEAYIONTNM TIepEMEIINBAaHNEM B TeUeHHE 2 MUH
ipu Temneparype 22 °C. 3atem 00pa3iisl ToMenany B
BaKyyMHBII IKad ¢ 1enbpi0 GOpMUpPOBaHUS HarpeBa-
TETHHOTO AJIEMEHTA B BH/IE TUIOCKUX IUTACTHH C BEPX-
HUM W HIDKHUM DJIEKTPOJIOM U3 aTFOMUHUEBON (POITBTH
(0,01 AZ11 TOCT 745-79).
Memoouxa uccredosanus 31eKmpo- u menio-
nposooHocmu
W3mepeHnst 3aBUCUMOCTH TETLIONPOBOIHOCTH
OoT MaccoBoM koHueHTpauuu MYHT B kommnosure
MIPOM3BOAMIINCE C Tomomeio mpubdopa HMHUC HK
TOCM (Poccust, Tam60B). DneKTpUIecKOe COMPOTHB-
JIeHHE KOMITO3UTOB OTpeesIoch TepaoMMeTpoM E6-
13A (Octonust) u mynstametpom UNI-T UT71E (Ku-
Tait). I3MepeHHble 3HAaUeHUs COTPOTUBICHHS R Tmiepe-
CUMTHIBAIM TI0 M3BECTHON 3aBHCUMOCTH 3JIEKTPOIPO-
BOJTHOCTH 0 OT TEOMETPHUYECKHUX PA3MEPOB KOMITO3HTA!

__h )
1
SR
rae h — TorHa KOMIO3KTa, M; S — IIIOIIA(h KOMIIO-
3uta, M%; R — sekTpuueckoe conpotusiaenue, OM

PE3VIJIbTATBI 1 UX OBCYXIEHUE

o

Mopdomorus, cuaresnpoBanasix CBU meto-
mom MYHT, npencrasnena Ha puc. 1 (a) u (0).

Cormacao puc. 1, MYHT cocrtosiT u3 HUTEBU/-
HBIX CTPYKTYp MOKPBITHIX YacTunamu Fe (Metammmsu-
poBaHHas MOBEpXHOCTH) (puc. 1(a)), ¢ muamerpom,
HaxojsmeMcs: B auanazone ~ 40-80 uMm (puc. 1 (0)).
MVYHT npencrasinsioT coboil HUTEBUAHBIE 00pa3oBa-
Hus ¢ urHOM Oonee 20 MxMm (puc. 1 (a)).

Hnsa cuntesupoBanHslx MYHT 3HaueHus
casura KP (puc. 2a), coorBerctByer nukam D u G
paBHbIx 1345,2 1 1577,1 cm™ cooTBeTcTBeHHO. CTENEHD
ne(heKTHOCTH OLIEHUBAIIM C TIOMOLIBI0 oTHOwEeHus: D/G
Y TIOJTy4YmiIi 3HaueHue paBHoe 1,172. Ha puc. 2 6 moka-
3aH KP cniextp xomnosura. Marencusnas D - monoca Ha
KP cnextpe MYHT cBHOeTEnbCTBYET O BBICOKOM IIIOT-
HOCTH JIe)eKTOB, KOTOpbIe MpUcyTcTBYIOT B MYHT, mo-
JTy4YE€HHBIX MUKPOBOJIHOBBIM U3ITyUYE€HUEM.

JHaMuKa N3MEHEHHsI TEMIIEPATypHBIX PEKH-
MOB KOMIIO3UTOB ¢ KoHueHTpauueit MYHT ot 1 go
4 mac.% mokasaHa Ha puc. 3(a-T).

CornacHo puc. 3 (a-T) 3aBUCUMOCTb BPEMEH-
Has 3aBHCUMOCTb TEMIIEpPaTypbl UMEET HEeIHHEHHBIN
XapaKTep, CBOMCTBEHHBIN ISl 31IEKTpOHArpeBaTeel ¢
3hHEKTOM caMOPETyIMPOBAHUS TEMIIEPATYPHI.
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Puc. 1. Mopdomnorus MYHT (a, 6)
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Puc. 3. lunamuka nzmenenus temneparyp: a — ¢ MYHT-1%; 6 — ¢ MYHT-2%, B — MYHT-3%; r — MYHT-4%
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Tabnuua
DJIEKTPO U Telio(hu3nyecKue CBOHCTBA KOMIIO3HTOB
Maccosas koHneHTpanust MYHT B amactomepe,% 1 2 3 4
TemnonpoBoaHOCTh, A [BT/(M*°C)] 0,1 0,18 0,27 0,31
TeMnepaTyponpoBOJHOCTE, a [M%/c] 1,1e” 12¢7 | 1,57 | 1,7¢”7
DJ1eKTpONnpoOBOAHOCTh, 6 [CM] 0,01 0,03 0,08 0,1

N3menenne xoumnentpanun MYHT ot 1 mo
4 mac.% B 3MaCTUYHOM KOMIIO3UTE, MPUBOJIUT K II0-
BBIIICHUIO WHTCHCU(HKALMN HarpeBa (BBIXOX Ha pe-
xuM ¢ 400 1o 200 ¢) 1 TemnepaTypsI TEIUIOBBIIEICHAN
c 41 mo 72 °C. JlanHOo€ ymyd4mieHHWe OOYCIIOBIEHO B
OobIICH CTETIEHH IEKTPHIECKUM KOHTAKTOM MEKIY
MeTaJuIM4ecKuMu 4dactuuamu Fe, oOpa3oBaHHBIX Ha
noBepxHoctd MYHT. JlanpHelimee yBeauyeHUe 3Ha-
YeHUS] KOHIEHTPALUUN He MPUBOAMIIO K SBHBIM H3Me-
HEHHSIM DJIEKTPOPU3NUECKIX CBOWCTB, a TAKKE BIIH-
AJI0 Ha 3JIACTUYHOCTh M MacCy NOJIMMEPHON MaTPHLIBL.
IIpu 3TOM 3HAaUEHHE MaKCHUMAJIbHOM TEIIONPOBOIHO-
cta (1) 0,31 Bt/(M-°C), TemmepatypoIrpoBoJHOCTH ()
1,77 M%/c u snexrponposoanoctu (6) 0,1 Cm (paccun-
TaHHOU 10 (hopmyre (1)) UMeEN KOMITO3UT ¢ coepKa-
HuemM MVYHT 4 mac.% (ta6m. 1).

Takum 00pa3om, MeTaIUIH3alus TTOBEPXHOCTH
MVYHT no3BosisieT yaydliuTh LENbId psg 3IEKTPO U
TCHJ]O(l)I/I?)I/ILICCKI/IX napamMeTpoB KOMIIO3UTOB, YTO IIO-
JIOKHUTENBHO CKa3bIBACTCS HAa TEMIIEPATypHBIX PEIKH-
Max paboTbl 3JIEKTpOHArpeBaTesneil Ha X OCHOBE.

BBIBOJbI

1. {nsa cunresupoBanHbix MYHT 3Hauenus
casura KP, coorBercTByromux nukam D u G paBHBI
1345,2 u 1577,1 em? coorsercTBenno. CTenens je-
(heKTHOCTH OlEHUBAIIY C TIOMOIIBI0 oTHOIIeHus D/G u
MOJIy4uJid 3HaueHue pasHoe 1,172. HenocpeacTBeHHO
camu MVYHT cocTodtr W3 HUTEBUIHBIX CTPYKTYp, C
nraMeTpoM B nuamnazone ~40-80 HM MOKPBITHIX YaCTH-
namu Fe. MYHT mnpencraBistor co00li HUTEBUIHbBIE
oOpa3oBanus ¢ AIUHOMN Oosee 20 MKM.

2. IlpoBeneHHble HCCIeNOBaHUS TOKa3ajH,
YTO 3HaYeHHE MAaKCHMalbHOW TEILIONMPOBOIHOCTH
(A) 0,31 Bt/(M-°C), u TemIiepatypornpoBOIHOCTH (a)
1,77 m?/c u snextponpooanoctu 0,1 CM umen Kommo-
3uT ¢ cogepxanueM MYHT 4 mac.%.

3. IoBeiieHue koHnentpauuu MYHT npuso-
JUT K WUHTEHCH(HKAIMKA TapamMeTpOB HarpeBa, 4To
TIO3BOJISIET IOBBICUTH TEMITEpaTypy Kommosuta ¢ 41 1o
72 °C 1 yCKOPHTB BBIXOJ] HA pabounii pexxuM. [laHHBII
3¢ ekt mo3BoIAET PEKOMEH0BATH, MOIYYEHHBIE 00-
pasiibl B KaUeCTBE TMOKUX MATEPUAIIOB IS DJIEKTPO-
HarpeBaTeliel ¢ BBICOKON JUHAMUKOMN Harpesa.
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