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MeTonoM MMIIEIAHCHOM CIEKTPOCKOIUM MCCAEA0BaHbl 3JIEKTPODU3INUESCKUE XapaKTEPUCTUKU KOMITO-
3UTHOI'O MaTepuajia Ha OCHOBE CBEPXBLICOKOMOJIEKYJISIPHOTO IMOJIMATUIEHA C OCAXKIEHHBIMU Ha €ro TpaHy-
Jnax HaHovyactuuaMu NiO. DTo Io3BOJMIO U3YUYUTh JIEKTPOTEXHUYECKUE CBOMCTBA aHCAMOJIs1 paBHOMeEP-
HO pachpeieieHHBIX HAHOYACTULl B ITOJJMMEPHOM MaTrpulie. BhIUMCIIeHBI 3HAYEHUS OUBJIEKTPUYECKOM
MPOHULIAEMOCTHU, EMKOCTU, TAHTEHCA YIJIa TU3JIEKTPUIECKUX MOTEPh MOJUMepHOro komno3ura. Ornpene-
JIEHBI YACTOTHBIE 3aBUCUMOCTH aKTUBHOM U peaKTUBHO KOMIIOHEHT KOMILIEKCHOM IIPOBOAUMOCTH. YCTa-
HOBJIEHO IpeobiagaHue MPHIKKOBOIO MeXaHM3Ma MPOBOAUMOCTHA KOMITO3UTa 10 YyacToThl 1 MI1, KoTo-
PBIii 3aTeM CMEHSIETCS pejaKcalMOHHBIM. OOCYXXIaeTCsl CBI3b CTPYKTYPHBIX OCOOEHHOCTEM KOMITO3UTA C

MpolLeccaMu IiepeHoca 3apsiioB.
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BBEAEHWE

Ilpu co3gaHWM MOJUMEPHBIX KOMITO3UIITMOHHBIX
MaTeprajoB NO00aBJIeHWE Pa3IMIHBIX KOMIIOHEHTOB
MO3BOJISIET MPUIATh UM CIleIM(PUUECKUe JIeKTPO-
duznyeckre XapakKTepuCTUKU, TpeOyeMble B IpaK-
TUYECKUX ITpuMeHeHusIx. HanpuMep, nob6asieHue B
MOJIMMEPHYIO MaTPUILy 3JEKTPOIIPOBOASIINX MaTe-
puasioB (MeTajutbl, yrieponHbie HaHOTPpYyOku (YHT)
BBI3BIBAET CYIIECTBEHHOE YBEJIMUCHIE TUAJICKTpUYC-
CKOIl TIPOHMIIAEMOCTH IIPU COXPAaHEHUM HU3KOTO
YPOBHSI IUBJIEKTpUYecKuX rmoreps [ 1]. Kpome Toro, mo-
MUMO 3JIEKTPOTEXHUYECKUX YCTPOMCTB TaKHE ITeTepo-
T€HHBIE CUCTEMbI, B KOTOPBIX Pa3IMYHbIE IO IIPUPOIE
KOMITOHEHTBI CTaOWJIM3UPOBAHLI B OOBbEME ITOJIM-
MEPHOI MaTpUIIbI, MOTYT BBICTYIIaTh MOJIEJIbHBIMU
MaTepuajiaMu B (pyHAAMEHTAIbHBIX UCCIEN0BAHUSX.

JuvsnekTpruueckue xapakTEPUCTUKHU ITOJIMMEPOB
IIpU BBEACHUU B UX CTPYKTYPY pa3IMUHbIX HAaHOYA-
CTULI OBLIN PACCMOTPEHBI JOCTATOYHO MOAPOOHO KaK
TEOPETUUYECKH [2], TaK 1 KCIIEpUMEHTaJIbHO. MOXK-
HO OTMETUTH PabOTHI, B KOTOPHIX UCCJIETOBAHBI KOM-
MO3UTHI C TOJMMEPHOII MaTpulleil co CTAOWIM3UPO-
BaHHBIMHM B 00beMe HaHoJacThLIaMu MeTauioB 1 YHT
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[3, 4]. Pe3aucTuBHO-eMKOCTHBIE CBOIMCTBA B ITOI00-
HBIX CUCTeMaX B 3HAYUTEIHLHOM CTETIEHU OTpenes-
I0TCS JIOKaJbHBIMU MpolieccaMy BOJIM3U BBEIECHHBIX
HEOIMHOPOTHOCTEM, a TAKKe MEXaHU3MaMU TPaHCITOpTa
MEXIy TaKUMU HEOTHOPOTHOCTSIMU. [Iporiecchl, BbI-
3bIBa€MbIC MCMOJb30BAHUEM KOMITIOHEHTOB C OTJIMYa-
TOIIMMUCST 3HAYCHUSIMU TURJICKTPUIECKOM ITpOHMIIAC-
MOCTH W TIPOBOAMMOCTH, XOPOIIIO ONMUCHIBAIOTCS C
npuMeHeHueM Moaean Makcseia—Barnepa [5].

Ucnonb3oBaHue B KadyecTBe HanojgHuTeass YHT
WJIM HAaHOYACTHUL] MeTaJIOB, 00J1adalolX BICOKOM
NPOBOAUMOCTbIO, MOXET MNPUBECTU K MPOTEKAHUIO
TOKa MO BCcel ToMHe 00pa3lia BCJISACTBHE UX HEIO-
CPEICTBEHHOIO KOHTaKTa Apyr ¢ ApyroM. [1pu aTom 06-
pasyeTcsi akTUBHOE COIIPOTUBJIEHUE, KOTOPOE B CBOIO
ouepelb KOJIMYECTBEHHO 3aBUCUT OT KOHLICHTPalUU
HAIlOJIHUTEJISI, CTEeIIEHU €ro NUCHePrUpOBaHUS I10
00BeMy KOMIIO3UTA, TJIOTHOCTU KOHTAKTa YacTHIL
HamoiHuTens u T.1. CamMo 1o cede BBeneHe YHT B
HOoJIMMEpP — CJIOXHAas 3amada, MOCKOJIbKY OHU JIETKO
arJoMepupyroTcs U TPYAHO HOOUTHCS WX OJHOPOI-
HOTO pacHpele/icHUsI B CTPYKType mojmMepa. DTo
BBI3bIBAaE€T HEMpeEICcKa3zyeMoe IOBEACHHE CKBO3HOM
MpOBOANUMOCTHU. B TO ke BpeMsI eMKOCTHOE MOBeIe-
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HUE MaTepualia uMeeT cBou ocobeHHocTu. Ha rpa-
HMLAX BKJIIOYEHUN TMPOUCXOAUT HAKOIUICHUE 3apsi-
JIOB, YTO MCKaXXaeT BHYTPEHHEE JIEKTPUUYECKOE I10JIe
¢ oOpa3oBaHUEM HEepaBHOMEPHOI 0OBEMHOI OIS~
pusanuu. BenenctBue xopolleil cOOCTBEHHOM Ipo-
BOAUMOCTH BKJIIOUEHHWI B IIEPEMEHHOM 3JICKTpUYC-
CKOM II0JIe HAaKOIIJIEHUE U TIepepaciipeesieHUe 3aps-
0B Hamoosee 3(PpPEeKTUBHO IIPOUCXOIIT B 00JIaCTH
HU3KUX YaCTOT, HO B HEKOTOPBIX CIIy4YasiX U BIUIOTh
1o coreH KI1 [6].

HepaBHoBecHoe nepepacripeneaeHne 00beMHBIX
3apsiIoOB IPOUCXOIUT U MPU JTOOABJICHUN B ITOJIMMED
OKCHIOB METAJLJIOB, KOTOPHIE TTPOSIBIISIOT ITOJTYITPOBOI-
HUKOBBIE CBOMCTBA, HO MCCIICAOBAHUIO TAKNX KOMIIO-
3UTOB TOCBSIIIEHO BECbMa OIrpaHUYEHHOE KOJIMYSCTBO
pa6ort [7, 8]. OcOOEHHOCTBIO TAaKX KOMITO3WUTOB STBJISI-
€TCSI CYILIeCTBOBAaHME MPbIKKOBOTO WJIN PeTaKCcalliOH-
HOIo MEXaHW3Ma MPOBOAUMOCTU KaK BHYTPU OKCHII-
HOI1 YaCTHLIbI, TaK U MEXITYy COCETHUMU YaCTULIAMH.

ITpoBeneHHbIE paHee UCCIeNOBaHUS AEKTPOGU-
3UYECKUX XapaKTepUCTUK okcuna meau [9, 10] u ok-
cuma HukKend [11] mokasanm cyiiecTBOBaHWE TTPHIK-
KOBOU WJIU MOJIIPOHHOM IMTPOBOJUMOCTHU C Y4aCTUEM
MOHOB MeTal1a. [ToaToMy mpeacTaBisieTcss UHTepecC-
HBIM OLIEHUTb MMOBEIEHUE HAHOYACTUII OKCUIa HUKE-
JISl B TIOJIMMEPHOM KOMIIO3UTE.

Llenpio HacTosIIIe it paGOTHI SIBIISIETCS YCTAaHOBIIE-
HHUE CBSI3W CTPYKTYPHBIX OCOOEHHOCTEIT KOMIIO3UTa
Ha OCHOBE CTaOUJIM3UPOBAHHBIX B MAaTPULIE CBEPXBbI-
cokoMoJiekyisipHoro noymatuiaeHa (CBMIID) HaHo-
JaCTHIL OKCHIIa HUKEJIS ¢ MEXaHM3MaMU TIepeHoca 3a-
psIIOB.

OKCITEPUMEHTAJIBHAA YACTDb

B pabGote mcciaemoBaHBI MaTepHabl MCXOTHOTO
CBMIID u oOpa3slibl ¢ HAaHECEHHBIMU Ha IMOBEPX-
HOCTb MUKpOTpaHyJl HaHodacTuiamMu NiO ¢ Bpeme-
HeM HampuieHUS 40 MuH. Mcxonapriit CBMITD mipen-
CTaBJISIET COOOM MOPOIIOK C YACTULIAMU HETIPaBUJIb-
Hoii (opmbl pasmepoM 50—150 Mxm. OcCHOBHEIE
mapaMeTphl peXKuMa CUHTe3a HAaHOYACTHIL: TOK TyTO-
Boro paspsiga 90 A, nasneHue B kamepe 60 I1a, coor-
HollleHue cMecu ra3oB Ar/O, = 80/20%.

dopmupoBaHe M OcaxXIeHHE HAHOYACTHUII Ha
MOJIMMEDP NMPOUCXOJUIN B ENUMHOM TEXHOJOTMYECKOM
mukie. ITopomok CBMIID pacrionaraics Ha Bpa-
maroteiics (o = 10 06./MuH) yalle U3 HepxKaBeto-
meit crann nuameTpoM 300 MM B TNIOCKOCTH, JiexKa-
et Ha 100 MM HIDKe TIJIOCKOCTU KaTojAa; pacCTOsSTHUE
OT Kpas yamu 10 Topua karona — 300 mm. TexHomorus
CUHTE3a HAaHOYACTUIl U HAHECEHUs MX Ha MOBEPX-
HOCTb MUKpOTpPaHyJl TojuMmepa Oojiee TMOoapoOHO
onucasa B [12].

COM-n3o0paxeHUsT MOJIydeHbI Ha MHKPOCKOIIE
Hitachi TM-3000. WccinenoBanusi ajeKTpodu3nde-
CKUX CBOICTB BBITIOJHEHbI METOAOM WMIIEJAHCHOM
CIIEKTPOCKOMNUHU € MCIIOJIb30BAaHUEM BEKTOPHOTO aHa-
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DEJOPOB u np.

mm3aropa uerneit ES061B (Agilent Technology) B nua-
nmazoHe yactot oT 100 I' mo 100 MT1. MamepuTtenb-
Ha slYeiika IpeacTapiisiia OO0 MIOCKUI KOHAEHC A~
TOp C IpaUTOBBIMU BJIEKTPOAAMM IS YMEHBIIICHUS
TIeEPEXOTHOTO compoTuBaeHus. O0pa3ubl UMeau pop-
My JMCKa TuamMeTpoMm 16 ¥ TOMIMHOM 1 MM U ObUTH
W3TOTOBJIEHBI METOAOM TOPSTYEro IIPECCOBAaHUS IIPU
nmasiaeHuu 6 MIla u remneparype 160°C.

HenocpeacTBeHHO U3 U3MepeHUit ObLIN Moayve-
HbI 3HaYEeHUsI MOy st uMrieaaHca |Z] u dasel . Jdaree
13 3TUX JAHHBIX PACCUMTHIBAIOTCS JCHCTBUTEIbHAS
Z(f) = |Acosd u MuuMas Z'(f) = |Zlsin KOMITOHEHTBI
WMITeNaHca, a TakKKe MCKOMBIE KOMITOHEHTHI TH3JTeK-
TPUYECKOU MTPOHUIIAEMOCTH 1 YIEJIbHON MPOBOAUMO-
CTH C UCTIOJIb30BaHUEM CIIEAYIOIIUNX (pOpMYT:

' _ Z"((D) gn(w) _ Z'(CO) (1)
oG (Z () oGy (Z ()"
' _ 1 d " _ 1 d
o ((D) = mg, 9 (CO) = Z"—(O))E, 2

rae o — Kpyrosas vyacrora; Cy, d, S — reomerpuye-
cKasi €MKOCTb, TOJIIIIAHA U TUIOIIAAb MJIACTUH U3Me-
PUTEJIbHOM SIYEHKHU.

PE3VJIBTATHI 1 OBCYXIEHUWNE

Ha puc. 1 npencrasieHa MUKpodoTorpadus rpaHyI
CBMIIS ¢ HaHeceHHBIMU Ha MX TTOBEPXHOCTh HAHOUA-
cruaMu NiO 1o TeXHOJIOTHMH, TOAPOOHO OIMCAHHOI B
MpeaIecTBylomx padborax. BumHo, 4To HaHOOUCIIEP-
HBIC YaCTHULHI (CBET/IbIe 001aCTH) pacOpeaeasiIOTCSs
PaBHOMEPHO ITI0 BCE MOBEPXHOCTY MUKPOYACTHILI ITO-
JMMepHBIX TpaHyi. [Tociie 00paboTKM B peaKIIMOHHOM
KaMepe 1 HaHEeCEeHUSI HAaHOYACTULl CTPYKTypa I10JIM-
Mepa He IIpeTeplieBaeT BUAUMbIX n3MeHeHuit. He Ha-
OJ1I0fal0TCSl OIUIABJICHHBIE WJIM IOBPEXIESHHBIE OT
BO3ICUCTBUSI HU3KOTEMITEPATYPHOM IJIa3Mbl MUKPO-
rpaHyabl. OTO CBUAECTEIBCTBYET 00 OTCYTCTBUU -
CTPYKLIMOHHBIX U3BMEHEHU B mojiumepe [13].

Takum 0Opa3oM, MOJTYYSHHBIN KOMIIO3UT MOXK-
HO paccMaTpuBaTh KaK CUCTEMY, COCTOSIIYIO U3 MPO-
CTPAHCTBEHHO pa3ie/icHHbIX HAHOYACTUIL MOJTYITPOBO/I -
Huka NiO B TU3JIEKTpUYECKOIT MaTpULIE HEMOJISIPHOTO
nommepa CBMIID. Ipu 3TOM, IO HAIIMM OLICHKaM,
KOHILIEHTpALMsI HAaHOYACTULL He npeBbiiaeT 1%.

Ha puc. 2 npuBeaeHBI YaCTOTHBIE 3aBUCUMOCTU
NEACTBUTEIIBHON KOMIIOHEHTBHI KOMILIEKCHOM OU-
BJIEKTPUUYECKOI TTPOHUIIAEMOCTH € W TaHTEHca yTJja
IUSJIEKTPUYECKUX TOTEPDL tgd WMCIIOIL30BAHHOIO B
pabore CBMIID n xoMIto3uTa, coaepKaliero HaHO-
HanoiaHuTeab NiO. MoXHO 3aMeTUTh, YTO € HaHO-
KOMITO3MTa HE3HAYUTEAbHO M3MEHSIETCS KakK MpU
cpaBHeHuU ¢ ucxogHbiM CBMIID (€' = 2.3), Tak u ripu
YBEJIMYEHUH YaCTOThI U COCTaBJIsIeT oKoJo 2.4. Takum
o0pa3oM, HAITOJHUTEb MPAKTUYSCKU HE OKa3bIBaeT
BIMSTHUSI Ha 3HAYCHME OUAJIEKTPUYECKOM IPOHUIIAc-
MOCTH BO BCEM paccMaTpHMBaeMOM JIMaIla30HE YacToT.
Ne 2
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Puc. 1. COM-cHumok rpanyn CBMIID ¢ HaHeCeHHBIMU
HaHouacTtuiiamMu NiO (cBeTsibie 06J1acTH).

B cBol0 ouepens pocT AMAIEKTPUUECKHX TOTEPh B KOM-
no3ute, HaunMHatoluiica ¢ 1 MIi1, nmpu HEeM3MeHHOM
3HAYEHUU IUDJIEKTPUIECKON MPOHUIIAEMOCTU, OUYe-
BUIIHO, CBSI3aH C BOBHMKHOBEHUEM MPOBOAMMOCTH,
0OYyCJIOBJIEHHOW HAHOYACTULIAMU OKCHIA HUKEJIS.

Co6cTBeHHOE 3HAYeHME aKTUBHOM KOMIIOHEH-
ThI ,I[I/IQJICKTPI/I‘ICCKOﬁ IIPpOHUIAEMOCTU HAHOIIO-
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pomka NiO coctasisuio 0.75 B 4aCTOTHOM auaria-
30oHe f = 10 Tu—100 MI1 [10]. Takoe moBeaeHuUe
OOBSICHSIETCSI KOJIeOaHUEM JUIIOJE B SJIEKTPUYECKOM
nosne. Takum o6pa3oM, CIeI0BaJIO OKHMIATH OOJIBIIIOTO
BausiHUSA 106aBoK NiO Ha IMAJIEeKTpUYECKe CBOMCTBA
paccMaTprBaeMoOil CUCTEMBI 0 MeXaHU3My MakcBes-
n1a—Barnepa, HanboJiee 4acTO MCIIOJIb3YEMOMY IS
MOJOOHBIX reTepOTeHHBIX cucTeM. OgHAKO, KaK IMpHu-
BEAECHO BbIIIE, UBMEHEHUS IUAJIEKTPUYECKOUN Mpo-
HUIIAEMOCTU OBUIM HE3HAYMTEJIbHBIMU. BeposiTHO,
MpUYMHA 3TOTO B HU3KOM KOHIIEHTpAallMM HaHO4Ya-
CTUII B KOMITO3MTE.

Ha puc. 3 mpuBeneHbI YaCTOTHEIE 3aBUCUMOCTH MO-
nynst umnenadca u ¢asel ¢. JInHeliHOe yMEeHbLIEHUE
Moy |Z ¢ poctoM yactotsl ot ~ 108 Om nipu 100 Iy no
10® Om mpu 100 MI'1 mogumHsSETCS 3aBUCHUMOCTH
1/wC. OtkiioHeHue ¢azoBoro yria ot — 90° roBopur
O TMOSIBJICHMU B JTaHHOM KOMIIO3UTE HE TOJBKO peaK-
TUBHOM, HO U aKTUBHOII KOMIIOHEHTHI TOKa B 00J1a-
CTU BBICOKUX YacCTOT.

I1Ipu 3TOM TIOBeneHUE PEaKTUBHON KOMITOHEHTHI
uMnenanca Z" (puc. 3) moguuHsieTcs 3aKoHy 1/wC, a
3HayeHue eMkocTu C (puc. 4) He U3MEHsIETCs C ya-
CTOTOM M cocTaBisIeT mopsaaok 1.6 m®. OmxHako 00-
HapyXeHo, UTO MOBelIeHUE AEHCTBUTEIbHONM KOMITO-
HEHTBI UMIIeTaHCca, OTBeYalolieil 3a BHyTpeHHee CO-

€
4 - tgd
-4 0.16
[]
. 4 0.14
[ ]
3r 1012
-4 0.10
-4 0.08
2+
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4 0.04
1F
-4 0.02
— -
3 -
a 40
0 1 1 1 1 1 1 —0.02
102 103 104 103 100 107 208 10°
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Puc. 2. Tusnextpudeckast MpoHUIIaeMocTh € rucxonqHoro CBMIID (7), monmuMepHOTo KoMrosuTa (2) U TAHT€HC YIJIa TUJIeKTpUIe-

CKMX ITOTEPb MTOJIMMEPHOTO KOMITO3UTa tgd (3).
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Puc. 3. BemiectBeHHBI KOMIIOHEHT uMIteaaHca Z (), MHUMBII KOMIIOHEHT umnenanca Z"' (2), ¢das3oselii yroa ¢ (3) obpasua

IIOJIMMEPHOI'0O KOMIIO3UTA.

MPOTUBJIEHWE oOpa3lia (a2 COOTBETCTBEHHO, U 3a €ro
MPOBOIMMOCTB) He XapaKTepHo Wit cucteMbl CBMITD
¢ MaJIBIMA HO0OaBKaMW OKCHIA MeTajlla, He TPEBHI-
HIAIOIMMU TIEPKOJISILIMOHHOTO Topora. B obGiiactu
BBICOKHMX 9aCTOT COINIPOTUBIICHUE IIPUHUMAET 3HaYe-
Hus 1—10 kOm.

B cBo10 ouepens pes3koe M3MeHEHHE AKTUBHOI
KOMITOHEHTHI MMIIeaHca Z BBI3BIBACT COOTBETCTBY-
I011lee 3HAYUTEIbHOE BO3pacTaHWe TAaHTeHCa yIJia Iy~
a1eKTpuuecKux norepsb tgd or 0.2 x 1073 no 0.14. Ha
puc. 3 3TOT BKJIAJ OTPaXKaeTcsl Ha U3MeHEeHUU hasbl ¢,
KoTopoe HaunHaeTcs ¢ 1 M.

OCOOEHHOCTBIO HEYIOPSAOYSHHBIX MaTepHUaJIOB
(TIpoBoagIINe MMOJIMMEDPHI, IETUPOBAHHbBIE MOIYIIPO-
BOIHWKHU, U T.JI.), B KOTOPBIX HOCUTEIU 3apsiiOB B
BJIEKTPUYECKOM IT10JIe HEOMHOPOMTHO PaCIIPEASIISIIOT-
cd Mo oObeMy, sIBIIsieTcs 0Opa3oBaHME JIOKATbHBIX
obnacTeit HakorIeHUs 3aps1aoB. OHO MOXET IMPOUC-
XOJIUTh B IPUBJICKTPOAHOM 001aCTU WU BOJIU3U HE-
OMHOPOOHBLIX MO IIPOBOOAMMOCTU CTPYKTyp. Jiis
OIpeAeeHUS] YaCTOTHOM 3aBUCUMOCTU BEIeCTBEH-

HOI1 yacTH mpoBoanMocTH G' () = Re (G) ucnonb3y-
eTcs cienymollee BeipaxkeHue [14]:

3

rae ToKa3aTeslb CTeIEHU 1 OMpeaesieT XapakKTep Me-
xaHn3ma rposoanMocTu. Ilpm n < 1 Hanbonee BeposIT-

o' (m) = Gy,

HEOPTAHUYECKHWE MATEPHUAJIbI

HOI IIPUYMHOMN poCTa IMIPOBOAUMOCTH SIBJISIETCS IIPBIK-
KOBBIII MexaHU3M TepeHoca 3apsina. Ecnu xxe n > 1, To
BO3pacTaHVe MPOBOAUMOCTH C POCTOM YaCTOTHI MOKHO
CBS13aTh C peJIaKCalMOHHBIMU TTpolieccaMu, 00yCJI0B-
JIECHHbIMU AaKTUBHOW COCTAaBISIIOMICH TOJISIpU3alIn-
OHHOTO TOKa. DTO BbI3BAHO OTCTaBaHUEM IO (hase
CMEILEHUS DJIEKTPUYECKUX 3aPSA0B U3 TOJOXEHUS
paBHOBECUS MPU YBEJIUYEHUU YACTOTHI BJIECKTpUYIEC-
CKOTO TIOJISI.

Ha puc. 4 npuBeneHbl 4YaCTOTHBIE 3aBUCHMOCTH
aKTUBHOU (G'), peakTUBHOI (G') KOMIIOHEHT KOM-
TUTEKCHOI IPOBOAMMOCTH U eMKOCTH (C) HAaHOKOMIIO-
s3uta CBMIID/NiO. [TyHKTUpHOI TUHUEH n300paxke-

Ha arrrpoKcumMalysa 3aBUCUMOCTU CO(D” C ITPOU3BOJIb-

HBIM 3HayeHueM koadduumenra C,. Takum o6pazom,
B yacToTHOM auarna3oHe 100 [11—1 MIi1 MoxHo roBo-
PUTh O HESIBHOM TIpeo0JIafaHUM TIPBIKKOBOTO MeXa-
HU3Ma TSI aKTUBHOI KOMITOHEHTHI TTPOBOIMMOCTH,
KOTOpasi OCYIIECTBIISIETCS C y9acTHeM MOHOB Nit.

Hauunas xe ¢ 1 MI'1 mpoBoguMocTh 6oJjiee TO4Y-

HO OIMCHIBAETCA CTENIEHHO 3aBUCUMOCTBIO ' C IO-
KazareneM #n = 1.8 (puc. 4). ®usnyeckue Mpolecchl B
paccMaTpuBaeMOM KOMITO3UTE IMPU TaKUX YCIOBUSIX
MOXHO MpeNCTaBUTh ciaeayroliuM oopazom. C Bo3-
pacTaHWEM YaCTOThI JUIIOJIN, KOTOPHIE, II0-BUAMMO-
My, cymiectByioT B NiO, mockoinpky CBMIID gasis-
Ne 2
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Puc. 4. YacToTHbIC 3aBUCUMOCTHU aKTUBHOI1 (G'), peakTUBHOI (G") KOMIOHEHT KOMILIEKCHOI TPOBOAMMOCTH U eMKOCTb (C)
o6pasla NoJUMEPHOTO KOMIO3UTA (TTyHKTUPHBIMM JTIMHUAMM MOKA3aHa armpokcuManus hyHkuun Cow').

€TCS HeTOJISIPHBIM TIOJIMMEPOM, He YCIIeBalOT Iiepe-
OPHMEHTUPOBATHCS U CIIEAOBATh 32 U3MEHEHUEM TIOJIS.
Takoe oTcTaBaHUe BbIpaxkaeTcsl B MOSIBJICHUU HEKOTO-
poro ¢azoBoro yria ¢ (Kkak BUIHO Ha pUC. 3) U COOT-
BETCTBYIOIIIEM WM3MEHEHWM TAaHTEHCa yIja TUIJIeK-
TPUYECKUX TI0Tephb. B uTOre MpoBOAMMOCTh KOMITO-
3UTa BO3pacTaeT 3a CUET YBEJIUUCHUS BEIIeCTBEHHOMN
COCTaBJISIOIIECH.

AKTHBHAsI CKBO3HAs TPOBOIUMOCTD B TAKMX KOM-
TMO3UTaX OIpeHesIeTCs IMTPOXOXKICHUEM ToKa MEXIY
METULTMYECKMMU B3JIEKTPOIaMU KaK 3a CYeT BHYT-
PEHHUX 3JICKTPOHHBIX TEPEXOIOB MEXIY OIMKaii-
MMM HAaHOYACTUIIAMHM, TaK M 3a CUeT 3JIEKTPOHOB,
HaXOISIIMXCS Ha MOBEPXHOCTH HaHovacTull. OmHa-
KO XapakTep MOBeIeHUs AUAJICKTPUIECKOM ITPOHU-
MaeMOCTH U TIPOBOIMMOCTA B HAHOKOMITO3UTAX Ta-
KOTO TWIIa, BUAUMO, CYIIECTBEHHO 3aBUCHUT OT TeX-
HOJIOTUYECKUX PEXUMOB CHUHTE3a, KOTOphIC elle
MPEICTOUT YCTAHOBHUTD, M KOHIICHTPALIMY BBOIMMBIX
B ITOJIMMEP HAHOYACTUII.

3AKJIITOYEHHME

B paccmarpuBaeMoM KOMITO3UITMOHHOM MaTepu-
ae CBMIIB/HaHo-NiO oTMeueHO HexapaKTepHOe
3HAYUTEIFHOE BO3pacTaHNe aKTUBHOM KOMITOHEHTHI
MMPOBOAMMOCTH C YBEJIMICHUEM YaCTOTHI. YCTaHOB-
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JIEHO, YTO BHEIPSIEMBIE B IIOJIMMEPHYIO MAaTPULLy HAaHO-
YACTULIBI MaJIO BJIUSIOT HA TMPOLIECCHI JIEKTPUUECKOM
TOJISIPU3ALNA, HO TIPUBOIAT K TTOSBJIEHUIO YAaCTOTHO-
3aBMICAMO ITPOBOIVMOCTH B IIIMPOKOM JHAMa30He Ya-
CTOT. DTOT IIPOLIECC COMTPOBOXKAAETCS CYILIECTBEHHBIM
BO3pacTaHUEM AVDJIEKTPUIECKMX TTOTEPD.

OUNHAHCHUPOBAHUWE PAGOTbI

HccrenoBaHue BBIITOJIHEHO 3a cyeT rpaHTta Poccwmii-
ckoro HayyHoro ¢oHna (rmpoekt Ne 20-19-00021).

CIITUCOK JITUTEPATYPBI

1. Mapkesuu U.A., Cearomun I'E., lpokun H.A., Cenio-
mun A.I. DaexTpodusnyeckue Hu MeXaHUuYecKue
CBOIICTBa KOMITO3UTa C TOBBIIIEHHOM ITU3JIEKTpUYIC-
CKOI MPOHUIIAEMOCTbIO HA OCHOBE CBEPXBBICOKOMO-
JISKYJIIPHOTO TOJIMATUJIEHa, MOIUMUIIMPOBAHHOTO
yrieponHbIMU HaHOTpyOKamu // 2KTd. 2020. T. 90.
Beim. 7. C. 1151—-1158.
https://doi.org/10.21883/JTF.2020.07.49450.391-19

2. bBenses b.A., Thopres B.B., Xooenkoe C.A. DbdeKTUB-
Hasl TUAJIeKTpUYecKass MPOHUIIAEMOCTh aHU30TPOII-
HOTO KOMITO3UTa U3 C(hepOUIHBIX YACTUIl B IUIJIEK-
Tpuyeckoit matputie // IMucema B KT®. 2021. T. 47.
Beimn. 23. C. 22-26.
https://doi.org/10.21883/PJTF.2021.23.51779.18984

2023



240

DEJOPOB u np.

. baponun I'C., Byzuux B.M., Muweunxo C.B., 3aspa-

acun /1.0. UccnenoBaHue CTPOEHUSI M CBOICTB MOJIH -
MEPHBIX KOMITO3UTOB Ha OCHOBE MOJIUTETPAhTOPITU-
JIeHa U HaHOYaCTUIl KoOaJibTa, TUTAHA U KpeMHus //
Hx.-dus. xxypH. 2021. T. 94. Bem. 6. C. 1655—1662.

Hrosenko E.C., Mauyii J1.10., Bosuenko JI.JI., Oaeii-
Huxk B.B., Jlayney B.JI., Tpyxanoe A.B. [Iusnektpuue-
CKHE CBOMCTBA KOMITO3UTHBIX MaTepUaJIOB C OPUEHTH-
POBaHHBIMM YIJIEpOIHBIMU HaHOTpYOKamu // HeopraH.
matepuaisbl. 2016. T. 52. Beim. 11. C. 1271—1276.
https://doi.org/10.7868/S0002337X1611018X

Broadband Dielectric Spectroscopy / Eds. Kremer F.,
Schonhals A. N.Y.: Springer, 2003.

Mapkesuu U.A., Jpokun H.A., Cearomun I'E. Uccne-
JIOBaHKWE METOIOM UMIIETaHCHO CIIEKTPOCKOITHU IO~
JIMMEPHOTO KOMITO3UTA C YIIIEPOAHBIMU HAHOTPYOKA-
MM B KOHTaKTe ¢ ayiekTposnTom // KTD. 2019. T. 89.
Boim. 9. C. 1400—1405.
https://doi.org/10.21883/JTF.2019.09.48066.42-19

Vavzymyee A.H., Ywakoe H.M. IlepexonHble mporec-
Chl Ha TPaHM1IE HAHOHATOJTHEHHBI MTOJIU3TUIEH—Me-
Taymndeckuit KoHTakt // Iucema B 2KT®. 2012. T. 38.
Boim. 14. C. 56—63.

. Nemeryuk A.M., Lylina M.M., Retivov V.M., Volkov PA.,

Zhdanovich O.A. Modification of Ultra- High-Molecu-
lar-Weight Polyethylene with Nanoparticles of Titani-
um Subgroup Metal Oxides // Russ. J. Inorg. Chem.
2015. V. 60. P. 1548—1555.
https://doi.org/10.1134/S0036023615120190

Lepeshev A.A., Drokin N.A., Ushakov A.V., Karpov LV,
Fedorov L.Yu., Bachurina E.P. Localization and Trans-

HEOPTAHUYECKHWE MATEPHUAJIbI

10.

11.

12.

13.

14.

fer of Charge Carriers in CuO Nanopowder by Imped-
ance Spectroscopy // J. Mater. Sci.: Mater. Electron.
2018. V. 29. Ne 14. P. 12118—12125.
https://doi.org/10.1007/s10854-018-9319-2

Apbyzosa T.H., Haymoe C.B., Apbyzoe B.JI., llanv-
noe K. B., Epmaxoe A.E., Moicux A.A. [10BepXHOCTHBIN
MarHeTH3M HaHOKPUCTATIMYECKOTO MOHOOKCHIA Me-
mu // OTT. 2003. T. 45. Berm. 2. C. 290—295.

Ushakov A.V., Karpov LV., Zeer G.M., Fedorov L.Yu.,
Demin V.G., Goncharova E.A. Effect of Quenching Rate
on the Crystalline and Impedance Properties of NiO
Nanoparticles // IEEE Trans. Dielectr. Electr. Insul.
2020. V. 27. Ne 5. P. 1486—1491.
https://doi.org/10.1109/TDEI.2020.009110

Kapnoe U.B., Yuakoe A.B., Jlenewes A.A., Dedopos JI. IO.
ITnazsMoxuMmuyecKuii peakTop Ha OCHOBE UMITYJIbCHOTO
JIYTOBOTO pa3psiia HU3KOTO JABJIEHUS [IJIs1 CUHTE3a Ha-
HoroporkoB // KT®. 2017. T. 87. Bemm. 1. C. 140—145.
https://doi.org/10.21883/JTF.2017.01.1851

Dedopoe J1.IO., Kapnoe U.B., Yuaxoe A.B., Jlenewes A.A.,
Hsanenrxo A.A. CTpyKTypHOE COCTOSIHIIE€ CBEPXBBICO-
KOMOJIEKYJISIDHOTO TIOJIMATUIIEHA MPU ONHOCTAAUii-
HOM OCaXXIeHUY HAHOYACTUII U3 TUIa3Mbl TyTOBOTO pa3-
psina // Iucema B KT®. 2017. T. 43. Beim. 21. C. 24—32.
https://doi.org/10.21883/PJTF.2017.21.45158.16747

Opmonm M .A., 3eseun HU.I1. OcoOGeHHOCTH YaCTOTHOM
3aBUCUMOCTH MPOBOIAMMOCTH HEYIOPSIIOYEHHBIX MO~
JIyIIPOBOIHUKOB B 00JIJaCTU CMEHBI MeXaHM3Ma Tepe-
Hoca // ®Pu3uKa U TeXHUKa MOJyIpoBOTHUKOB. 2015.
T. 49. Buimn. 4. C. 449—452.

TOM 59 Ne 2 2023



