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MetomoM nojMMepu3anuu in situ MmojydeHbl KOMITIO3UTHI ¢ coiepXXaHueM rpacdeHOBOIO HAIlOJHUTEIIS B
o6pasnax ot 0.014 go 0.05 mac. %. ViccnenoBaHo BIUSHHUE CBEPXHU3KOTO colepkKaHMs TpacdeHa Ha KOM-
IUIEKC M3HOCOCTOMKUX M TPUOOJIOTUUECKUX XapaKTePUCTUK CUHTE3UPOBAHHBIX KOMIIO3UTOB Ha OCHOBE
CBEPXBBICOKOMOJIEKYJISIPHOTO TIOJIMATUIIeHa. [IpoBeneHo ucciaenoBaHue M3HOCOCTOMKOCTH CUHTE3UPO-
BaHHbBIX MaTePUAJIOB ITPU BLICOKOCKOPOCTHOM BO3[E€MCTBUY BOAHO-TIECYAHOI CYCIIEH3UU, U3HOCA B PEXKU-
Me MUKpOpe3aHus, GPUKIIMOHHON U3HOCOCTOMKOCTH. Takke HalineHbI 3HaYeHUS KO3 GUIIMeHTa TPEHMS
no cranu. BeeneHue rpacdeHa B MaTpUIly CBEPXBBICOKOMOJEKYJsIpHOTO [1D mMpuBOOUT K YBEIUUECHUIO
CTOMKOCTH K a0pa3sMBHOMY U3HOCY B pEXXKMME MUKPOPE3aHMSI, a TAKXKE K YBETUISHUIO CTOMKOCTH K U3HOCY
NP BO3ACHCTBUY BOIHO-TIECUYAHOM CYCIIeH3UU (M3HOC 10 CBOOOTHOMY abpa3uBy).
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BBEAJEHUWE

CBepXBBICOKOMOJIEKY/ISIPHBIN MOJIUATUIICH SIBJISI-
€TCsI MaTepuaJioM, KOTOPBIIA 00J1aJaeT KOMILUIEKCOM
VHUKAJIbHBIX (PUNKO-MEXaHUYECKUX U W3HOCO-
cToiikux cBoicTB. IlommMep codyeraeT B cebGe BBICO-
K1€ M3HOCOCTOMKOCTb MPU Pa3HBbIX BUAAX BO3IEHi-
CTBUSI, COTIPOTUBJICHUE YIAPHBIM Harpy3skam, B TOM
4Yuclie ¥ IpYU OTpULIATeIbHBIX TeMIIEpaTypax, pagra-
IIMOHHYIO U XUMUYECKYIO CTOMKOCTh, aHTHUAATre3M-
OHHBbIE CBOICTBa, a Takke HU3KUU Ko3(DPULIMEHT
TPEHUS CKOJIbXeHUI. Matepuana UMeeT CIIOCOOHOCTh
COXPaHSTh OOJILIIIMHCTBO CBOMX KAYECTB B IIMPOKOM
WHTEpBAJIE TeMIepaTyp. DTO OIpeaesisieT BO3MOX-
HOCTb IpUMEHEHHUS CBepXMoIeKyiasipHoro 1D B akc-
TpeMaJIbHBIX YCJIOBHUSIX IKCIUTyaTalluyd B Pa3IMIHBIX
OTpacJIsIX MpOMbIILJIeHHOCTH [1—5].

BBeneHue B MOJUMMEPHYIO MaTpUIly (YHKIIMO-
HaJbHBIX HEOPraHUYECKUX HATIOJTHUTEIEI TTO3BOJIS -
eT 3HAUUTEJIbHO MOBBICUTh HEKOTOPbIE BAXKHbBIE DKC-
TUTyaTallMOHHBIC XapaKTePUCTUKU CBEPXMOJIEKYJISIP-
Horo [139, HarpuMep U3HOCOCTONKOCTD, JKECTKOCTh,
MMPOYHOCTb, TEIUIOCTOMKOCTh, CHU3UTh Tra30MpPOHU-
1IaEMOCTh U TOPIOYECTh, a TakXke MpPUIATh HOBBIE
¢GyHKIMOHAIIbHBIE CBOIicTBa. Bonbllloe KoImuecTBO
paboT MOCBSIIEHO YIYYIIEHUI0 HM3HOCOCTOMKOCTHU

cBepxMoeKyisipHoro I1D myreM BBeIeHUST B €ro
MaTpUILy pa3InyHbIX QYHKIMOHATbHBIX HATTOJTHUTE-
JIeii, TaKUX KaK Kapoun KpeMHus [6, 7], LMpKOHMIA
[8, 9], mucynbdun monubaeHa [ 10—13], 6a3anmbToBOE
BOJIOKHO [14], Bomutactonur [15], kaomuu [16, 17],
tanbk [18, 19], aspocun [20], cTekJIOBOJIOKHO [21,
22]. CTouT OTMETUTH, YTO OCOOBIM MHTEPECOM Y MC-
cliefoBaTesieil MoJb3yIOTCS MaTepualibl C YIJIepO.-
HBIMM (DYHKILMOHAJIbHBIMU HAMOJHUTEISIMU pas-
JIMYHOI mpupoabl: rpadur [23], yriaepoaHoe BOJTOK-
HO [24, 25], yrneponHble HAHOTPYOKH [26, 27], oKCUn
rpadeHa [28—30]. K coxaneHnio, OOJBIIMHCTBO aB-
TOPOB HE TIPUBOJIUT CPABHUTEJILHYIO OLIEHKY U3HO-
COCTOMKOCTHM IMOJIy4aeMbIX KOMITO3ULIMOHHBIX MaTe-
pUaJIOB B 3aBUCUMMOCTU OT PA3HOIo BUAa BO3IEH-
CTBUsI Ha oOpa3slibl. Takasi KOMIIJIEKCHasl OlIeHKa
BaxkHa, TTOCKOJIbKY IMPU HEKOTOPBIX peXrmax 3KC-
IUlyaTalluu M3IeJus 13 cBepxMmoJiekynsipHoro [1D
MOJABEPKEHBI Cpa3y HECKOJbKHWM TUIIaM U3HOCA.
ITpuyeM M3BECTHO, YTO M3HOCOCTOMKOCTb OIHUX WU
TeX XKe KOMIIO3UTOB MPU pa3HbIX MeXaHW3Max U3HOCa
MOXET cyliecTBeHHO pasmmuathbes [31]. Ilpencras-
JISIETCS, UTO BHIOPAHHBIN B KaUeCTBE apMUPYIOIIETO
HaIoJIHUTENSI TpadeH MpPU BbICBOOOXIEHUU B 30HE
TpeHUus OyAeT WUrparb pojb TBEPAOH CMa3Ku, 4UTO
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BIMAHUE CBEPXHU3KOI'O COOAEPXAHUA T'PAOEHA

JOJDKHO TIOJIOXKUTEIBHO CKa3aThCsl Ha M3HOCOCTOM-
KOCTU MaTepuaja.

PaBHOMEpHOCTh pacrpeneieHus apMUPYIOIIETO
HaIlOJIHUTESI B TOJMMEPHON MaTpulle OKa3bIBaeT
3HAYUTEJIbHOE BIMSHUE HAa TPUOOJIOTrMIEeCKe CBOM-
CTBa U M3HOCOCTOMKOCTh KOMMO3UIIMOHHBIX MaTe-
pMajoB IIpU pa3HbIX BUOAX Bo3aeucTBus. s moy-
YeHUsSI KOMIIO3UMIIMOHHBLIX MaTepHalioB HAa OCHOBE
cBepxMoIeKyJIsipHoro I1D B o0CHOBHOM MCITOJIBL3YIOT-
csl pasjnyHble MOIUGUKALIMM METOola CyXOro cme-
IIIEHMSI TIOPOIIKOB CBepxMoieKyssipHoro 1D ¢ Harol-
HUTEeNnsIMU pasHoii nmpuponsl [10, 14, 15, 18]. Menee
pacrnpoCcTpaHeHHBIM METOA — CUHTE3 KOMITIO3UTOB B
cpene pactBoputens [6, 20, 32]. [TonydeHHEBIe Tiepe-
YUCJIIEHHBIMU METOJaMU KOMIIO3UIIMOHHBIE MAaTEPU-
aJibl UMEIOT CErPErMpOBaHHYIO CTPYKTYPY, B KOTOPOii
YaCTULILI HAIIOJHUTES “OIlyIpuUBaIOT’ YaCTUIIbI
cBepxMoeKyisipHoro I19, a Mexxny yacTuiiaMu Ha-
TOJTHUTEJISI MU CBEPXMOJIEKYJIsipHOTO 1D HeT xumuye-
CKOTO B3anMMOJEicTBUs. B cBSI3M ¢ 3TMM 4YacTUIIBI
HamoJHUTEJISI arjioOMepPUpYIOTCS, 4YTO IIPUBOIMUT K
CHUXXEHUIO (PU3MKO-MEeXaHUYECKUX CBOMCTB U U3HO-
COCTOMKOCTH MaTepualia.

st co3naHusi KOMITO3UTOB Ha OCHOBE CBEPXMO-
JekyssipHoro 1D ¢ paBHOMEPHBIM pacIipeneIecHueM
HATIOJHUTENSI B TIOJIMMEPHOM MaTpuile Hauboliee
3 HEeKTUBHBIM SBISIETCSI METOJ TTOJUMEPU3auOH-
HOTO HAITOJTHEHMS, COIJIACHO KOTOPOMY KOMITO3M-
LIMOHHBII MaTepuraJl TOJIyJaloT HATIPSIMYIO B peaKTo-
pe. CyTb JaHHOTO METO/1a 3aKJIl0UYaeTCsl B HAHECEHU U
Ha TTOBEPXHOCTDb HATTOJTHUTENSI M aKTUBAIIMK Ha Hel
MeETaJIJIOPraHn4ecKoro Kartajmsaropa Ha ocHose TiCly
u/vnu VCl,. [1pu nonumMepusauniu MOHOMepPa MoJu-
MEp CHHTE3HMpYyeTCs] HEeMOCPEICTBEHHO Ha KaxKmoit
YacTHIIE HATIOJIHUTEJISI B BUIEC CTUIONITHOTO TTOJIMMEP-
HOTO MOKPBITUSI PEryJUpyeMoii TOMIIMHBL. B utore
MOJIy4aeTcsl KOMITO3ULIMOHHbIIT MaTepuaj, B KOTO-
pPOM BCE YacTHIbl HAIlOJHUTEJSI PaBHOMEPHO IIO-
KPBITHI CJIOEM CBepxMoJiekyJisipHoro I19. C npume-
HEHVeM MeToa MOJIMMEPU3aLIMOHHOTO HATTOJTHEH U S
ObUTM pa3paboTaHBl KOMITO3UIIOHHBIE MaTepIUTBI Ha
OCHOBE CBepxMOJIeKyJsipHOro 11D u HamoaHuTenei
pasHoro tvmna [ 16, 33—36], B TOM 4ncie ¥ C HATIOJTHU -
TeJISIMU HAaHOMETPOBOTO Auarna3oHa [33—36].

PaHee ObLIO TTOKAa3aHO MOJIOXKUTEIBHOE BIIUSTHUE
CBEXHM3KOI KOHLIEHTpaLuM rpadeHa Ha KOMILIEKC
(U3NKO-MEXaHUYECKUX XapaKTePUCTUK MPU paCTIKe-
Hun. HamnydimmmMm okasanca o6pasen ¢ 0.026 mac. %
rpadeHa, ero NpoYHOCTh cocTasisuia 69 MIla, uro
SIBJISIETCS] 3HAUUTEIbHOM XapaKTEPUCTUKOM JJI1 KOM-
MO3UTOB HA OCHOBE MoJuoieHOB. Takue BbICOKIE
dU3NKO-MeXaHUUEeCKUE XapaKTePUCTUKU  JTOJHBI
CMOCOOCTBOBATh  YJAYUYIIIEHHOMY COIPOTUBJICHUIO
CUHTE3UPOBAHHBIX KOMIMO3UIMOHHBIX MaTepUalioB
pasIUYHBIM BUIaM M3HOcA. B ¢BSI3U ¢ 3TUM 1ieJib Ha-
crosiiieit paboThl — UCCeNOBaHUE BJIMSIHUSI CBEX-
HU3KMX KOHLIEHTpALIMii TpadeHa Ha KOMILUIEKC U3HO-
COCTOMKMX Y TPUOOJIOTMYSCKUX XapaKTepuCTuK. Js
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MOJIyYEHUSI KOMIIO3UTOB C MAaKCHUMAaJbHO YIIydlle-
HBIM KOMIUIEKCOM MU3HOCOCTOMKUX XapaKTEPUCTUK U
GoJiee paBHOMEPHBIM pacrnpencicHueM HaIlOJHUTE-
JISI B MaTPUIIe CBEPXMOJIEKYIISIpHOTO 13D OBIT BEIOpaH
METOJ TIOJMMEPU3aLMOHHOTO HAaMoJHEeHUsI. bbuin
MPUTOTOBJIEHBI KOMITO3UThI ¢ OOBEMHBIM COIEPKAHU-
eM rpadena ot 0.0065 mo 0.023% (0.014—0.05 mac. %).
B maHHOIM cTaThe MPUBOASITCS PE3yIbTaThl UCCIACHO-
BaHUsI TPUOOJOTMYECKUX CBOICTB, a TaKXKe MCCIe-
JIOBHHE M3HOCOCTOMKOCTA CUHTE3UPOBAHHBIX KOMITO-
3UTOB TIPY Pa3JIMUHBIX BUAAX BO3ACHCTBUS Ha 0Opas-
Lbl: GPUKLIMOHHBIA M3HOC IO CTaju, abpa3uBHbII
U3HOC TI0 HaXIa4yHOUM OymMare, M3HOC TPU BHICOKO-
CKOPOCTHOM BO3IECHCTBUU BOJHO-IECYAHOMU CyC-
MEH3UU.

OKCITEPUMEHTAJIbBHAA YACTDb

B kayectBe HAIOJHUTENSI TIPUMEHSIJIM HaHOYA-
cTUlBl TpadeHa, KOTOphIE IIONYYaIM CIAeAyIOIIUM
oOpa3oM: BOOHYIO OUCHEPCUIO OKcHuaa rpadeHa
(npenoctapieHa kommaHueil “Graphene Technolo-
gy”, Poccusi; moapoOHbIit aHaIU3 MpUBEIEeH B paboTe
[37]) ¢ xoHUEeHTpaumeit 12 Mr/mMi, cpegHUM pa3Me-
pom gactull 10—20 MxM, ToammHoM yactuil 0.7 HM u
cootHoureHueM C : O = 2.12 3aMopaXXuBajau B XU~
KOM a30Te B BUJE IIAPUKOB AUAMETPOM 2—3 MM IIy-
TeM TIpUKanbIBaHUSI U3 MEIULIMHCKOTO IIpuIa. 3a-
MOPOXEHHbII 00pa3el] TMOPUILHO CYIIWIN, IIOCTIe
Yero NoJIy9eHHBIN a3poreiib 13 OKcuaa rpadeHa mom-
Beprajy BOCCTaHOBJIEHUIO B BakyyMe npu 450°C B
TedeHue 2 4. B aToMm mponecce oOpa3oBalics BoccTa-
HOBJICHHBI OKCHI rpadeHa, KOTOPHI SIBIISIETCS rpa-
¢eHOM, MMEIIIMM CTPYKTYypHbIE N1e(DEKThl U OCTa-
TOUHBIE KUCJIOPOACOAepXKaIlle IpyInbl Ha 0a3alib-
Hoit mmrockoct [38]. OOpasenr asporens wu3
BOCCTaHOBJIEHHOIO OKcHa rpadeHa uMen yaeJabHyo
MOBEPXHOCTH 215 M2/T 1 cootHowenue C : O = 11.8.
JaHHBII a3poresib B JaJIbHENIIIeM UCITOJIb30BaIU IS
CHHTE3a KOMITO3UTOB.

KoMmo3uThel Ha 0CHOBE CBEpXMOJIEKYJIsIpHOTO I1D
¥ rpadeHa moJryJajar METOIO0M ITOINMEePHU3aLIOHHO -
To HaroJIHEHUs (TToJIMMepu3aliu in situ). Metoguka
CMHTe3a onucaHa B padote [33]. s ucciaenoBaHust
MEXaHMYECKNX CBOMCTB MOJYYMIN CEPHIO 00pa3oB
CO CBEPXHU3KHUM coiep:xkaHueM rpadena ot 0.0065
10 0.023 06. % (0.014—0.05 mac. %). MoneKyIsIpHYyIO
Maccy IOIMMEPHOM MAaTpMIbl IJISI BCEX COCTAaBOB
KOMITO3UIIMOHHOTO MaTepraja OLlEHUBaJIU Ha OCHO-
BaHUM XapaKTepPUCTUICCKOI BI3KOCTHU pacTBOpa I10-
ymMepa 1o popmyite Mapronuca

]1.49

Mw =5.37x10* x[n (1)

Bs3kocTh MOIMMEPOB onpeaessiiv B JeKaJIMHE B
cpelle MHEPTHOIrO ra3a ¢ MOMOIIbIO BHMCKO3UMETpa
Yo66enone. Ha ocHOBe TOJNIydeHHBIX pe3yJIbTaTOB
CTPOUJIU KOHIIEHTpaIlMOHHbIE 3aBUCUMOCTU BSI3KO-
CTM pacTBOpa IMoJuMepa U HaXOIWIu 3HAaYeHHEe Xa-
Ne 3

TOM 65 2023



232

paKTCpHCTH‘ICCKOfI BsI3KOoCcTH. MM HNCCICOJOBAHHDBIX

00pa3LoB Jiexxana B auanasoHe (3.8—4.3) x 10° r/mMonb
[33, 39].

OO0pa3libl TUIACTUH ISl UCClIeNOBaHUN TTOJydaiu
METOIIOM TOPSYETO MPECCOBAHMS TTOPOITKOB CHHTE-
3UPOBAHHBIX KOMITO3UTOB B TIpecc-hopMe 3aKPhITO-
ro Tuma Ha rnpecce mapku Carver. O6pa3siibl Tpecco-
Basii ripu Temiieparype 180 = 3°C B teueHue 20 MUH.
HasneHue npeccopanus coctasusuio 10 MITa/cm? u
COXPAaHSIOCH TIPU OXJIAXKIEHUU 0Opa3IIoB 10 TeMITe-
patypsl 20°C. Ckopoctb oxnaxaeHus ~10 rpaa/MuH.

KoadduimeHT TpeHnsa 1 M3HOCOCTOMKOCTh IIpU
TPEHUU T10 HEpKaBelollleit CTajlu oTpeAesisijii Ha Ma-
mHe TpeHus: T-01M (MHCTUTYT YyCTOMYUBBIX TeX-
Hojioruii, Ilonpma) mo cxeme “manen—auck” B pe-
KM€ CYXOTO TPEHHUSI CKOJbXEHHUSI IOCPEICTBOM
BpailieHusi oopasia co ckopoctbio 300 06/mMuH [40].
Hcronb3oBaim oOpa3ubl paguycoM 5 MM W TOJIIIM-
Hoit 4 MM. BpeMs ncnibITaHUS KaxKIoro oopasiia co-
CTaBJIsUI0 8 U Mpu Harpy3ke Ha oopaszen 50 H u nua-
MeTpe (GPUKIMOHHOM HOPOXKM Ha METAJUIMYECKOM
KoHTpTene 50 MM. MeTaindeckoe KOHTPTEIO UMe-
JIo 8-i1 KJlacC YMCTOTHI IIOBEPXHOCTU. TeMIieparypa
oOpa3slia mocjie McIbiTaHus He mnpesbimana 70°C.
N3HoC 1 KO3 PUIIMEHT TpEeHUST PaCCUYUTHIBAIU U3
ISITU U3MEPEeHUI, oOpa3el] B3BEIBaIU A0 U MOCIIe
n3MEpeHMs ero KoahDUIIMEeHTA TPEHUS ; TOTePs Beca
clIy:kuJia Mepoii nzHoca. CpegHsis olmbKa nsMepe-
Huit 11%.

M3HOCOCTOMKOCTh HEeMOTU(MUIIUPOBAHHOTO CBEPX-
MoJieKyJisipHoro 1D M KOMMIO3UTOB Ha €ro OCHOBE
IpU BBICOKOCKOPOCTHOM BO3IACHCTBUM BOTHO-IIEC-
YaHBIX CyCIleH3ni Haxommiam cortacHo ISO 15527.
OO0pa3sLbl IS UCHbITaHUsS pa3MepoM 80 X 22 X 6 MM
BbIpE3aJii U3 3apaHee CIIPECCOBAHHBIX IMJIACTUH TOJI-
IMHOM 6 MM. B KauecTBe abpa3mBHOrO MaTepHaia
HCITOJIb30BAJIM MOJIOTHII KBapLIEBhIl TTECOK C pa3Mme-
poM rpanyn 0.8—2.0 Mmm. MaccoBoe COOTHOILIEHUE
abpasuBa 1 Bonbl paBHO 3 : 2. CKOpOCTh BpallleHUS
obpasia B BoIHO-TecuaHoit cycrieHsuu 1200 06/MuH,
BpEeMSI UCITBITAHUS 3 4.

MN3HOCOCTOMKOCTE TIpM TPEHUM II0 HaXITAYHOM
oymare onpenensuin Ha rpudope GT-7012-D B cooT-
BercTBuM ¢ [OCT 11012. O6pa3iubl HIMHAPUIECKOM
¢dopMbl 1aMeTpoM 16 MM BbIpe3ayii U3 IMPEeCCOBaH-
HBIX TJTACTUH TOJIIMHOM 6 MM. MICTIBITAHUST TPOBO-
aunv o HaxmadHoi 6ymare KK511X P60 ¢ pasme-
poM abpas3uBHBIX 4acTull 250—397 MKM mpu mpu-
xkuMmHoM ycunuu 10 H. Bo Bpemsi ucnbiTaHusi
oOpa3zell Bpalllajicsi BOKPYT CBOE OCH U CMeIajics Ha
HOBYIO TIOBEPXHOCTb HaXKIa4HOI OyMaru, JJIMHa my-
™™ cocTtaBiisia 40 M. YToObI M36eXKaTh 3acajlBaHUS
Y CHIDKEHUSI peKyIeii CITIOCOOHOCTH HaxKIav4HOi Oy-
Maru 1mocJjie Kaxkaoro u3MepeHUs ee OUUIIaIn MyTeM
MPOXOXAEHUsI 00pas3iia BAKYyMHOI pEe3UHBI, OCTaB-
IIMecs YaCTUIILI M3HOCA Ha HaXTadHoii Oymare ymoa-
JISTA  TIOJIMTIPOITMIIEHOBOM 1IIIeTKO#. 3a pe3ynabTar
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3ABOJOTHOB u np.

MPUHUMAJIN CpelHee 3HAYEeHUE U3 IeCSATU MCITbITa-
HUI1 oOpa3sia.

PE3VJIBTATBI 1 X OBCYXIEHHWE

3aBUCUMOCTb U3HOCOCTOMKOCTH KOMITO3UTOB TIpU
BO3JCUCTBUM BOMHO-IIECYAHOI CYCIIEH3UM IIpell-
craBieHa Ha puc. 1. [Iis1 cpaBHeHUS TakKe TIpUBEIS-
Hbl PEe3YJbTaThl OLIEHKU M3HOCOCTOMKOCTH YUCThIX
KOMMEPYECKHMX MapoK cBepxmoJieKyisipHoro I1D co
cxoxeit MM: GUR 4120 — 4.5 x 10° r/monb, Lupolen
UHM — 5 X 10° r/Mo/b, a TAKXKE PE3Y/IbTaThl, UCIIbI-
TaHUilT HeMOoIU(UIMPOBAHHOIO CBEPXMOJCKYIISIP-
Horo I19 (cBepxMmonekynsapHbIii I1D 4ncThIit), moay-
YEHHOTO Ha aHaJOTMYHBIX KaTaJIUTUYECKUX KOM-
Iuiekcax. Pe3yabraThl MOKa3bIBAIOT, UTO BKIIIOYCHUE
apMUPYIONIET0 HAIIOJHUTENISI B CHUHTE3MPOBAaHHEIC
KOMMO3UIMOHHBIE MaTepualibl 3HAUUTEIBHO YBEJIU-
Y1BaeT UX N3HOCOCTOMKOCTD IO TaHHOMY BUIY BO3-
IeicTBUs Ha oOpasubl. IloTepss Macchl IIpu M3HOCE
HeMOIM(PULIMPOBAHHOIO CBEPXMOJIeKyIsIpHoro 1139,
CUHTE3UPOBAHHOIO Ha KAaTaJIMTUYECKOM CHCTEME,
AHAJIOTMYHON NPUMEHSIEMOM ST MOJYIECHUST KOM-
Mo3uToB, coctaBuia 0.745 r, B To BpeMsI Kak IoTepsi
MacChl KOMIO3UIIMOHHOTO MaTepuaja Ha OCHOBE
cBepxMoltekyssipHoro 19, conepxkaiero 0.014 mac. %
rpaceHa, paBHa 0.340 r. JlanbHeiilnee yBeIudyeHUE
comepxkaHus rpapeHa B KOMIIO3UTE IIPUBOOUT K He-
3HAYUTEIBbHOMY YXYAILIEHUIO N3HOCcOoCcToMKOoCTH. I1o-
Tepst Macchl obpasia, cogepxaero 0.05 mac. % rpa-
¢ena, cocraBuia 0.410 r. [To-BuaumMomMy, HeKOTOpoe
CHM>KEHME M3HOCOCTOMKOCTH IIPU YBEJIMYECHUM CO-
JIepxaHus rpageHa B o0pa3iax CBsI3aHO C OCOOEHHO-
CTSIMM METOJIa McclienoBaHus. [1pu TaHHOM THIIE U3-
HOCa MccienyeMbIii oOpasel IMTOCTOSTHHO “Oombap-
JIMpyeTcs’” yacTUllaMM MecKa B XaOTUYHOM TIOpSIIIKeE.
IIpy moOBBIICHMM KOHLICHTPALIMM apMUPYIOIIETO
KOMIIOHEHTa B MaTpuIle MOJIMMepa BO3pacTaeT Be-
POSITHOCTh €ro “BbIOMBaHUS” W3 TIOJUMEPHON
MaTpUIbI.

B T0 Xe BpemMs 00pa3mbl IIpU BOITHO-TIECYAHOM
U3HOCE TOJABEPraloTCsl MOCTOSTHHOMY CXKHMalolle-
pacTaruBampllemMy BosaeiicTuio. IIpy TakoM BO3-
JIeiCTBUM BCE CUHTE3UPOBAHHBIC KOMITO3UTHI TTOKA-
3aJI1 IPaKTUYECKHU JIBYKPaTHOE YBEJIMUEHUE NU3HOCO-
CTOMKOCTU MO CPABHEHUIO C HEHAIOJTHEHHBIMU 00-
pasamMu cBepxMoseKkysipHoro I139. TMoreps maccer
IS 00pas3lioB HEHAITOJHEHHOTO CBEPXMOJIEKYJISIP-
Horo momuatuiaeHa GUR 4120, Lupolen UHM u
COOCTBEHHOTO YMCTOIO CBEpXMOJIEKyasspHoro I[1D
cocraBuia 0.65, 0.68, 0.74 r COOTBETCTBEHHO, YTO CY-
IIECTBEHHO BHIIIE 3HAYEHUI MONMYYEHHBIX HaMU
KOMITO3MIIMOHHBIX MaTepuajioB. PaHee ObIO ycTa-
HOBJICHO, UYTO BBeAeHMEe TpadeHOBBIX YACTULL B MaT-
pULLy CBEpXMOJIEKyIsipHOro I1D nmpuBoauT K Bo3pac-
TaHUIO TIpeleia MPOYHOCTU MPU pa3pbiBe CUHTE3U-
pOBaHHBIX KOMITO3UTOB Ha 30% Mo cpaBHEHUIO C
HEHAIOJIHEHHBIM cBepxMoekysapHbeiM [13. Ilo
BCel BUIMMOCTH, YBEJIMYEHHAasl pa3pbiBHAsl IPOY-
Ne 3
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Am, T
0.8

233

0.745

Puc. 1. CpaBHUTEIbHAS N3HOCOCTONKOCTh KOMITO3UIIMOHHBIX MATEPHAJIOB ITPY BO3IEHCTBUM BBICOKOCKOPOCTHOM BOTHO-TIEC-
4yaHOI cycrieH3uH. 31mech U Ha puc. 2 u 3: 1 — cBepxmoekyspHbiil [1D—rpaden 0.014 mac. %; 2 — cBepxMoOIeKyIsIpHBbIi [1D—
rpaden 0.026 mac. %; 3 — cBepxmouekysapHbiii [1D—rpaden 0.05 mac. %; 4 — Lupolen UHM; 5 — Gur 4120; 6 — qucThlii
CcBepXMOJIEKYJISIpHBINA [1D. I[BeTHBIE PUCYHKH MOXHO TIOCMOTPETD B 3JIEKTPOHHO BEPCHUU.

Am, MT
250

200 184
150

100 -

50

191

Puc. 2. CpaBHUTEIbHASE U3HOCOCTOMKOCTh KOMITO3UILIMOHHBIX MaTepUAJIOB ITPU M3HOCE MO HaXKAa4yHOM Gymare.

HOCTB TTO3BOJISIET KOMIO3uTaM OoJjiee 3¢pHEeKTUBHO
COIIPOTUBJISITECS M3HOCY C IIOCTOSIHHBIMU CXKIMAalO-
IIe-pacTATUBAIOIIMMUI HATPy3KaMU.

IToMMO WM3HOCOCTOMKOCTH NIpU BO3ICHCTBUM
BOIHO-TIECYAHOI CYyCIIEH3UM BaXKHOE 3HaUYEHE ME-
€T CITOCOOHOCTb KOMITO3UTA MPOTUBOCTOSTH U3HOCY
B pexxnmMe Mukpopesanusd. Ha puc. 2 orobGpazkeHbI
pe3yabTaThl MCCIeNOBaHUS M3HOCA MO HaXIA4yHOM
OyMare CMHTE3MPOBAHHBIX KOMIIO3UTOB C COIepKa-
HueM rpadenossix yactull ot 0.014 go 0.05 mac. %,
HeMoIu(GULIMPOBAHHOIO CBEpXMOJIeKyJsipHoro 139,
a Takke KOMMEPUYECKMX MapOK CBEPXMOJICKYJISIPHO-
ro IID. YcranosieHO, 4YTO BBedeHHE TI'padeHOBOIro
HAITOJIHUTEJISI B MAaTPUILy CBEPXMOJIeKYJIsipHOro 11D
YIIy4IllaeT CTOMKOCTh MaTepUajoB K U3HOCY B PEXKM-
Me MuKpopedaHus. Tak, CpemHsisi moTeps MacChl He-
MOIU(PUILIMPOBAHHOIO CBepXMOJieKyjsspHoro I1D B
XO[e UCIIBITaHUs cocTaBuia 191 Mr, B TO BpeMs Kak
aHAJIOTMYHBII MOKa3aTesib IS KOMITO3UIITMOHHOTO

BbICOKOMOJIEKVJIAPHBIE COEAMHEHMUA. Cepus A

MaTtepuana ¢ comepxaHuem rpadena 0.05 mac. %
cHmuswicsd 1o 154 mr. Kak nu3BecTHO, yriepoaHble Ha-
TMOJTHUTENU SIBJISIIOTCSI TBEPIAOW CMa3Kol B pa3finy-
HbIX Tpubocucremax. IIpu ucrupanum obpasia Ha-
XKIagyHoli OymMaroi Ha ee 3epHax 00Opa3yeTcsi TOHKas
IJIeHKa 13 rpadeHOBBIX YacTUIl, KOTOpas CIOCO0-
CTByeT Oosee “mansimeMy”’ IIepeIBMXKECHUIO aOpa-
3UBHBIX 3€PEH IO MaTpulle KoMIo3uTa. B maHHoM
cJygae HaIlOJIHUTENIb paboTaeT KakK TBepaas cMa3Ka.
M3-3a mpocKayib3biBaHUsI aOpa3uBHBIX 3€PEH B MaT-
pulie KOMITo3UTa HabJrogaeTcsl IMpsiMasi KOHLIEHTpa-
IIMOHHASI 3aBUCUMOCTh M3HOCOCTOMKOCTHU OT KOJIMJe-
CTBa BBEJIEHHOTO rpad)eHa: 4eM BbIllle KOHIICHTPAIIHS
rpadeHOBBIX YACTHUII, TEM Jy4llle KOMITO3ULIMOHHBI
Marepuaj IMpoTUBOCTOMT m3Hocy. Kpome Toro, Ha-
MOJHUTEh YIy4IIaeT MUKPOTBEPIAOCTh ITOJIMITHIIC-
HOBOI MaTpUlibl, TIPEISITCTBYS YINIYOJICHUIO PEXy-
X 3epeH HaXHayHoii OyMaru B MCIHBITHIBa€MBIi
Ne 3
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0.172

0.168

0.164

0.160

0.156

Am, x10* 1

3ABOJIOTHOB u ap.

(@)
0.171

(©)

4.30 4.40

Puc. 3. 3aBucumoctb KoadduireHTa TpeHus: K OT KOHIIEHTpAauK TpacdeHa B CHHTE3UPOBAHHBIX KOMITO3UTaX CBEPXMOJIEKY-
sspHoro I13 (a) 1 KOHIEHTPAIIMOHHASI 3aBUCMMOCTb U3HOCOCTOMKOCTA CHHTE3UPOBAHHBIX KOMITO3UTOB CBEPXMOJIEKYJISIPHO -

ro 1D nipu TperHuu no cranu (0).

oOpaselr, 4To TaKxKe CITIOCOOCTBYET CHIKEHHIO M3HO-
ca B peXrMe MUKpPOPE3aHUsl.

Ha puc. 3 mpencraBiieHBI pe3yabTaThl TPUOOJIOTH-
YECKUX UCCIeI0BAaHNIN CUHTE3UPOBAHHBIX KOMITO3U-
TOB, a TaKXXe HEMOIU(PUIIMPOBAHHOTO U KOMMepUe-
cKoro cBepxMoseKkysipHoro I1D rmpu TpeHnm mmo cra-
Ju. bbuUlo mokasaHo, 4To BBedeHUE rpadeHa B
MaTpuily cBepxMoieKyisipHoro I1D mpusBomur K
YXYIOLIEHUIO CTOMKOCTU K U3HOCY 110 CTaJIM U POCTY
KoaddunmenTta tpeHust. [lorepst Mmacchl oopasiia He-
MOIU(pUIMPOBAHHOIO CBEPXMOJEKYIsapHoro I1D
Tocje UCHBITaHUS cocTaBmia 315 MKT, ero Koadpu-
mueHT Tpenust paseH 0.160. [Tpu BBegenuu 0.014 mac.
% rpadeHa B MaTpULLy CBepxMoJieKysipHoro I19 no-
BBINITACTCS TTOKa3aTenb n3Hoca g0 370 MKT M yBeJIn-
yuBaeTcs KoaddurmeHT Tperust no 0.166. JambpHeii-
11Iee MOBBIIIIEHYE CONEePKaHUS rpaUTOBBIX YACTHUIL B
KOMITIO3UTE CIPCOOCTBYET eIle OOJbIIEeMYy YXYIIIe-
HUIO U3HOCOCTOMKOCTU U YBEJIMYEHUIO KO3 DUIIN-
eHTa TpeHus. Tak, kommnosur ¢ 0.05 mac. % rpacdena
nzHocwiIcsa Ha 340 MKT, 4To Ha 36% BHIIIE YKUCTOIO

BBICOKOMOIJIEKVJIAPHBIE COEAUHEHMUA. Cepus A

cBepxMoeKysipHoro I1D u mokasan HamOONIbIINI
ko3pdunmeHt TpeHus pasHbi 0.171. BeposTHo,
CBEpPXHU3KME KOHIIEHTpaluu rpadeHa B KOMIIO3U-
LUOHHBIX MaTepuajiax, UCCIeAyeMbIX B paMKax JaH-
HOIi pabOTHI, HE TTO3BOJISIFOT 00Pa30BBIBATh YCTONY M-
BYIO IIJICHKY IIepeHOCca Ha TpaHUlIe pa3neiaoB (a3 Me-
TaJJI—KOMITO3UT. [1pu oTaeneHnn IIeHKH IepeHoca
OT TeJI Ha TpaHulle TPUOOCOIpsIKeHUsT rpadeHOBbIE
YacTULbl OyAyT IOIIOJHUTEIBHBIM abpa3uBoM. Yem
OourbIlle KOHIICHTpa1us rpadeHa B MaTpUIIE, TEM BhI-
1lIe KOHIIEHTpaIUsI TPETUYHOTIO abpa3uBa Ha TpaHu-
1Ie TPEHUS CKOJILXEHUSI, a YBeJIMYeHNEe KOHLICHTpa-
UMY TPETUYHOTO abpa3rBa HAIIPSIMYIO BIIMSIET HA U3-
HOCOCTOMKOCTh CUCTeMBbI. [lo-BUAMMOMY, B 3TOM
cllydae IpOSIBIISICTCS TaK Ha3bIBa€MBblil TPEXTEIbHBIIA
u3Hoc [41]. OmHako s MOATBEPXKASHUS HAHHOTO
MPEAnoaoXeHus: TpeOyeTcss MpoBeASHUE TOTOTHU-
TeJIbHBIX UCCIICAOBAaHMIA.

I1pu cpaBHEeHUM MTOJYYEHHBIX IPU UCCJIENOBAHUM
mokaszareyieii M3HOcCa II0 CcTaid U KoahUIreHTa
TPEHUS KOMIO3ULMOHHBIX MAaTEPUAJIOB HAa OCHOBE
Ne 3
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rpadeHa, HeMOAUGUIIMPOBAHHOIO CBEPXMOJIEKY-
JasspHoro I1D u komMmMmepyeckoro oopasia CBepxXMoJie-
kyJsipHoro I1® GUR 4120 obHapyxeHO, 4TO Mpo-
MBIIIJIEHHBIN 00pa3nell cBepXMOoJIeKyaspHoro [1D
MMEeT HECKOJbKO 0oJiee BBICOKMIT KO3(PIUIIMEHT
TPEHUSI, TIPU 3TOM €ro M3HOCOCTOMKOCTD ITO CTaIu
3HAYUTEJIBHO YCTYIIAeT YMCTOMY CBEPXMOJIEKYIISIP-
Homy I1D, cuHTe3MpoOBaHHOMY B HacTosIIIeit padoTe.
W3 naHHBIX, IIPEAOCTaBIICHHBIX KOMIIAaHUEH-TIPOM3-
poautenem Mmartepuaia GUR 4120, m3BecTHO, 4TO
JaHHBIM MaTepHuajl COIECPXKUT B CBOEM COCTaBe IPO-
LICCCUHTOBEIC T00OABKM Ha OCHOBE CTeapaTOB METall-
JIOB, a TaKKe MPOCTPAHCTBEHHO-3aTPyIHEHHBIE (e-
HOJIBI B KayeCcTBe TepMocTaOuam3aTopoB. BmustHue
3TUX N100ABOK MPU TPEHUM II0 CTAI paHee U3ydaiu
HEIOCTATOYHO, XOTS U MOXKHO CIEIATh MPEAITOIOXKe-
H1Ee 00 UX OTPULIATEJILHOM BIIMSIHUM HA U3HOCOCTOM -
KOCTb KOMMEPYECKOI'O CBEPXMOJIEKYIsIpHoro I19.

HMcxonst u3 momy4eHHbIX JAHHBIX MOXHO CeiaTh
BBIBOJI, UTO BBEICHUE CBEPXHU3KUX KOHIICHTpPALUIA
rpacdeHa B MaTpulLy cBepxMoJjieKysipHoro 1D meto-
JIOM TIOJIMMEPU3ALIMOHHOTO HAIIOJIHEHUS TTO3BOJISIET
MOJIYYUTh MaTepUaJbl C YIYYILIEHHBIMU OKAa3aTeJIsI-
MU U3HOCOCTOMKOCTH ITO CTaJIU IIPU COXPAHEHUHU KO-
a¢dueHTa TpEeHUS Ha ypPOBHE KOMMEPYECKOTO
cBepxmoJiekyisipHoro I119.

SAKIIIOYEHUE

CornacHo pesysibTaTaM HCCJIEI0BaHUsI U3HOCO-
CTOMKOCTH CHHTE3UPOBAHHBIX KOMIIO3MIITMOHHBIX
MaTepuajgoB METOIOM TOJIMMEPU3AlIMOHHOTO Ha-
MOJIHEHUS IPY CBEPXHU3KOU KOHIIEHTpaIuu rpade-
Ha ¥ pa3JIMYHOM BUJIe BO3MEMCTBUS HA HUX, YCTAHOB-
JICHO, 4TO BBEICHHE MaJIOTO KOJIMYECTBA apMUPYIO-
IIETO HAIOJIHUTESI CIIOCOOCTBYET 3HAUYUTEIbHOMY
TTOBBIIIIEHNI0O M3HOCOCTOMKOCTH MaTepHuajoB IIpH
BBICOKOCKOPOCTHOM BO3IEUCTBUU BOOHO-TIECUAHON
CYCIIEH3UM, a TAKXXKe B peXXMMe MUKpope3aHusi. Mo-
Iudukaums ceepxMmoiaeKyiasapHoro I19 rpadeHOBBEIM
HAITOJTHUTEJIEM TIPUBOIUT K HEKOTOPOMY CHIKEHUTO
CTOMKOCTU K U3HOCY IO CTaJM U MOBBIILIEHUIO KO3~
dueHTa TpeHMsI, BEpOATHO, U3-3a SIBJICHUS TPEX-
TeJILHOTO M3HOCA. B TO ke BpeMsi CHHTe3MpPOBaHHBIH
KOMITO3UIIMOHHBIN MaTepuaa C coaepXaHUeM rpa-
dena 0.026 mac. % HEMOHCTPHUPYET CYIIIECTBEHHO
6oJiee BHICOKYIO U3HOCOCTOMKOCTD T10 CTaJIN U TIECKY
OTHOCHUTEILHO KOMMEPYECKUX MapOK CBEPXMOJIEKY-
snsipHoro 119, npuyeM Koa(pGUILIMEHT TpeHUS ITaH-
HOTO oOpa3slia NMPakKTUYEeCKU paBeH aHAJIOTUYHOMY
nokazaremo w1t mMatepuana GUR 4120. ITpu npo-
MBIIIJTICHHOM 3KCIUTyaTallii Ha KOMIIO3WIIMOHHBIE
MaTepuaIbl OMHOBPEMEHHO Y ITOCTOSTHHO NEeCTBYIOT
HECKOJIbKO BUAOB M3HOca. MMeHHO MmoaToMmy Mpu
pa3paboTKe KOMIO3UIIMOHHBIX MaTepUaioB HEOOX0-
IMMO UCCIIeA0BAaTh MX Ha IPOTUBOMIECHCTBHE pa3HBIM
MexaHM3MaM u3Hoca. Takue ucciieoBaHus moMora-
10T BBIOpAaTh MaTepyall ¢ HAMJTy4Iel KOMIUIEKCHOMN
M3HOCOYCTOMYUBOCTbHIO.

BbICOKOMOJIEKVJIAPHBIE COEAMHEHMUA. Cepus A
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