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Hcnonvzoeanue cucmemuvix n00X0008 obecneuugaem cyujecmeeHHoe pa3gumue mpaouyuoHHbIX Memo-
006 Mamepuanosederuss u ux 3ppexmusHoe npumenenue s 00bLEKMO8, UMEIOUWUX CLONCHYIO MHOOMACUMAD-
HYIO CPYKIYPY, 6 MOM Yucie u 015l HAHOCMPYKMYpPHLIX Mamepuanog. Ilokazano npumenenue KOMNIEKCHO2O
QUBUKO-XUMUYECKO20 AHAU3A, MYTbMUDPAKMATLHOZO U ell6Iem-aHaIU3A O KAYeCMEEHHO20 U KOIUYECEEHHO20
ONUCAHUSL CIPYKIYD MAMEPUATOs, NO360JsI0Wee BbIA6UNTL NIOXO PA3IUYUMble OPY2UMU OMOETbHbIMU Memooamu
OMAUYUSL, OYSHUMb CUCTNEMHbLE XAPAKMEPUCTIUKY CIMPYKINYD MAMEPUAos U 0XapaKmepuzosams npoyeccol ca-
Moopeanusayuy 6 cmpykmypax. Paccmompeno 6 conocmagumbix mepmoouHamMuueckux yeaosusx hopmuposanue 6
pedicume 3a0upa CmpyKnyp nO8epPXHOCIU Mpenust Oisk KOMRO3UYUOHHbIX Mamepuanog ¢ 0obaskamu Al,Oz u SC.
Hobaenernue SC no cpasnenuio ¢ Al,Os 6 menviueti mepe cnocobcmayem gpazmenmayuu u ROSLIUUEHUIO YACTONbL
npoyeccos cxeamvisanust u paspwisa. JJobasnenue spaguma k apmuposannomy SC KOMROZUYUOHHOMY MAMEPUATY
nPUBOOUM K YEEIUUEHUIO CIEeNeHU HEPAGHOBECHOCHU TMEPMOOUHAMUYECKUX VCI08UL POPMUPOBAHUSL CIIPYKIYD.
Jlonoanumenvnoe 6gedenue epaguma 8 ewe OOabUEN Ceneny YCUUBAem paziuiue Mexcoy Mamepualamu ¢ 0o-
oasxamu Al,Oz u SC, umo npugodum k Gopmuposaruto Haumenee YROPAOOUEHHBIX CIPYKIMYD NOGEPXHOCU MPEHUS.

Beenenne. CTpyKTyphl U pelibed) TOBEPXHOCTH MaTepHaa, GOpMUPYIOIIKECS B IPOLECCaX TPEHHUSA U U3-
HAIlIMBAHWS, HECYT BAKHYIO MH()OPMAIMIO O MPOUCXOMAIIUX SBICHUIX U ONPEIEIEHHBIM 00pa3oM CBS3aHBI C
TPUOOTEXHUUECKUMHU XapaKTEPUCTHKaMK MOBepXHOcTel uznenus [1; 2]. Tpubonornyeckue MpoIecchl, mpoTe-
KaIOIKeE MTPU TPEHUU U M3HALTMBAHUM MAaTEPHAIIOB, 3aBUCAT OT OOJBIIOTO KOJIMYECTBA TAPAMETPOB, TIO3TOMY HX
aJICKBATHOE OIMCAHKE CBA3AHO C MCIOJIB30BaHHEM CHCTEMHOrO nmoaxoxa [3; 4]. Cpean nanGosnee MepCreKTHB-
HBIX HaNpPaBJICHUH MPUMEHEHHS CUCTEMHOTO MOJAX0/a — MHOTOYPOBHEBBIN (PM3UKO-XUMHUUECKUI aHAIN3, MYJIb-
TU(QpaKTAIbHBIA U BeHBIIET-aHaIM3 [5 — 7], HCHoNb3yrommii KOMIUIEKC cuHepreTrnyeckux [8 — 10], ppaxranbHo-
nadopmannonssix [11 — 13]u Betinernsix [14; 15]npencrapiaenuii.

Bajianc moToKoB B MOBEPXHOCTHOM cJioe MaTepuaa. s uccienoBanus CBOUCTB (YOPMUPYIOIIETOCS
TIOBEPXHOCTHOTO CJIOST MaTephaia M3Ieius, TPEICTaBISONEro co6oil B TPUOOKOHTAKTHBIX MPOIECCax XpyIl-
KYI0, YIIPYTYIO, INIACTUYHYIO, BA3KYIO WIH APYyryio cpexy [16; 17], Heo6XoauMo omucaTh COCTOSHUE MaTepHraa
napameTpaMu, KOTOPbIC TIPY 3HAYNTEIHBIX H3MECHEHUSAX BHEITHUX BO3ICHCTBHI OTPAXAIOT (ha30BbIe TIEPEXOIbI.

JIBmkeHHEe TIOTOKOB BEIECTBA B CPEE MOBEPXHOCTHOTO CIIOS MaTephalia COMPOBOKIACTCS SBICHUCM
BHYTPEHHEr0 TpeHHs. J[MHaMHYeCKne KacaTesIbHbIe Ty U HOPMAIbHbIE G HANPSIKCHHS BHYTPEHHETO TPEHHS B
JBIKYLIENCS cperie onuckiBaloTes Gopmyioit Herotona [18]:

1, ==(w)o,grado,
U XapaKTEepU3yITCs MEPBOM (MM AUHAMHYECKO#) BI3KOCTHIO
n=vp,

rjae V — KHHEMaTHYecKas BSI3KOCTh; p — IUIOTHOCTH cpeapl; gradl =d0/di — rpagMeHT CKOPOCTH IBMIKEHUS

CJIOCB CpCbl 0B HanpaBJICHUHU BHyTpeHHeﬁ HOpMaJIn n x TMOBEPXHOCTHU CJIO4.

Ipu cxxaTHH WITH PACTSDKEHHUH CPEJIbl HAPSAAY C Gy B HATIPABICHUH 1 BO3HUKAIOT HOPMAaJbHBIC HATIPsKe-
HHUS O, BbI3bIBAEMbIC TUHAMUYCCKUM TpeHueM [18]:

0, =—(¢/p)dp/do, =—cdivo,

KOTOPBIC OMUCHIBAIOTCS BTOPOi (M 00BEMHOIT) BSI3KOCThHIO C.
VYeroiunBocTh cocTosiHMiA cpefpl [19] omuchiBaeTCes ypaBHEHHEM OajlaHca BO BPEMEHH T JIOKAIbHOM ILIOT-
HoctH 3HTporuu pe [9; 10]:
d(pe)/ dt + div(ped) + divi, =0'*,

rae K —miotHOCTs NOTOKA 9HTpONUH €; 6* = de / dt — IPOU3BOACTBO SHTPOIHH.
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Hcxons U3 TOro, 4to
0 =rotD*,

rae U* — cOCTaBisOIIas BPAmICHUS B MOTOKAX CPEIbl, ABMIKYIIMXCS CO CKOPOCThIO U, SIBISCTCS PEIICHHUEM

ypaBHEHUs GajlaHca, MOXKHO I OIHMCAHUSA COCTOSHHUM CPENbl MPEIOKUTL TPETHIO (MM POTALMOHHYIO) BA3-
kocTh [19]

= 1A%,

rae V* = (o/0,,)(V/S), B xoTOpOii (0,/0,,) — COOTHOLIEHNE TPAHCIALUMOHHON M POTALMOHHOH COCTABIAIOMIUX
HanpsbKeHHoro coctosHus cpeabl [20]; (V/S) — cooTHOIEHHE TTIABHOIO U JONOJIHUTEILHOTO IBHKEHUH B TPH-
OOKOHTAKTHBIX Tpolieccax. Torma qo0aBoYHbIE KacaTelbHbIe HANIPSDKEHUS To OYIyT MPENCTaBICHBI (POPMYJIIOH:

Tg = —(1/v¥)rott* = —proto* .

PuU3NKO-XUMUYECKUIl AHAIU3 HePaBHOBECHOI TpubocucTembl. CormacHo (GyHIaMEHTATBHON TeopemMe
[puroxuna — [nercaopda [21], npu SBOMOLKUK BO BPEMEHH T K CTAIIMOHAPHOMY COCTOSHHIO TPOM3BOJIBHBIE
CHCTEMBI C HEH3MEHSEMBIMHU 110 BPEMEHH KPACBBIMH YCIOBHSMH BHIIONHSOT: 0 < O — ycIOBHE DBOIIOLMUK;
do” = 0 —ycioBue crammonaprocTi; 30 = 0 —yCII0BHE YCTONYMBOCTH. TO O3HAYAET, YTO C OIPAHUUCHHSIMH 110
npousBocTBy suTporuu do /dt < 0 [21], yparenue I'u66ca K + 17 — @ — C = 0 [22] mo3BonsieT paccMaTpHBath
OTKpBITBIE cucTeMbl. CieZI0BaTeNbHO, B TPUOOKOHTAKTHBIX MMPOIECCaX MPH HEM3MEHHOM YHCIIe KOMITOHEHTOB K
HCTIONIb3YEMBIX BEIIECTB M MOTOKOB // BHOCHMOM SHEPTHH YIPABISTH (GOPMHUPYIOIUMHUCS (azaMu P, COTIIACHO
ypaBHeHHIO [ n00Ca, MO3BOJIIOT cTereHr CBOOOabI C CHCTEMBI.

PaccMoTpuM COTIacHO TTapameTpaM HalpsKEHHOTO COCTOSIHESI TOBEPXHOCTHOTO CIIOST KHHETHKY TPOIIec-
COB TPEHWS M W3HAIIMBAHWS MATEPUAJIOB, IPU BO3PACTAHMU CKOPOCTEHN TJIABHOIO V M JOMOJHHUTEILHOIO S nBHU-
KeHui TpubokoHTakTa (Tadm. 1).

Tabnuma 1

M3MeHeHusT COCTaBIISIFOIITIX Haps’KEHHOI'0 COCTOAAHUSA MaTepualia,
OIMMCBIBAIOIIUX BA3KOCTD, ITPHU YBECINYCHUU CKOPOCTHU TpI/I6OKOHTaKTa

Crazun | I mo | v [ v Vi Vii
Ckopocts v < oy < vy < vy < vy < vy < Ly
vy
o T o T
— Ty
Hanpspxernnoe ¥ | YZ | . yz
COCTOSTHUC Or—> O'Z O'Z 02
Bsi3kocth O0bemHas, ¢ | Poranuonnas, p | Junamuyeckas, n

Ha manoii ckopocTd ABMXXEHHS NPH OOPa30BaHMM OMNEpPEXKaloNeld XPYIKOH TPELIMHBI CKOJIbXEHHS
(cramus |, Tabn. 1) cocrosHue 30HBI (GOpMOOOPa30BAHUS IIPH TPUOOKOHTAKTE ONPENEIAETCS JABICHHEM B Ha-
NPaBJICHUH [JIABHOTO JBIDKEHHS U, CKUMAIOIIUM HAPSDKEHHEM G, IPOIIOPINOHATIBHBIM 00BEMHOIT BA3KOCTH G.
Ecnu 0, npeBbliIacT KPUTHYECKOE 3HAUYEHHE, MPOMCXOIUT Pa3pylIeHne OeperoB TPEIIMHbBI, a 00pa3ylonuecs
YaCTHUIIbI PaCKaJBIBAIOTCS Ha Oonee menkue [23].

B ToM ciiydae, KOT/Za 4acTHULBI Pa3pylICHHUs HE UMEIOT BO3MOXKHOCTH Bpamathes (cramums I, tabdmn. 1),
OHM TIOBBIIIAIOT COCTABIISIONLYIO TPEHUSI CKONBKEHUS Ty, MEXLy OeperaMu TPEIUHBI i KOMIAKTHPYIOTCS CKOII-
neHusiMH. Takas CTPYKTypa ONHCBHIBACTCS COOTHOLICHHEM Ty/G, B KOTOPOM Ty, OIPEJCISCTCS B HANPaBICHAN
TEOMETPHIECKON CYMMBI BEKTOPOB TJIABHOT'O ABIDKEHIUSI M IEPEMEICHHI KOMIIAKTHPYIOIINXCS CKOILIeHuH [23].

B mporecce HapocToOOpa3oBaHMs HA BBICTYIIAX KOHTAKTHPYIOIMX moBepxHocTed (cramus I, Tadn. 1)
(opMHUpOBaHUE BUXPEBBIX JUCCUIIATHBHBIX CTPYKTYP XapaKTePH3YeTcsl COOTHOLICHUEM Gy,/G, [19], B koTOpOM Gy, —
pOTaLMOHHAs, a G, — TPAHCIIILUOHHASL COCTABIIIOIINE HAIPSHKEHHOIO COCTOSHHMS TEPMOAE(HOPMALMOHHOTO IIPO-
necca. IIpu 3ToM poTaIMoHHas COCTaBAIOmAs Gy, = Gy[d, onpenenseTcss B HANpPaBlIeHUN BEKTOPAa MOMEHTa (op-
MOHM3MEHEHHS oBepxHocTH [19].

[nacTuyeckoe TeyeHHe MOBEPXHOCTHBIX CJI0EB 00OpabaThiBaemMoro Marepuana (ctaaus |V, tabn. 1) onucer-
BAeTCs COCTABILAIONICH CIBHTa Ty, XapaKTePU3YIOIIEH HANPsHKEHHOE COCTOSHUE BOJIM3H INIOCKOCTeH capura [24].

O6pa3zoBaHre BUXPEIOJOOHBIX YILIOTHEHHBIX CTPYKTYP, CICAYIOLIMX 3a IUIOCKOCTsIMH caBura (cm. Tabi. 1, V),
BHOBbB OIIPEJIETIACTCS COOTHOLICHHEM Oy,/G, POTALIMOHHON U TPAHCISLHOHHOM COCTaBIAIOMNX TepMoaedopma-
UOHHOTO Tpoiecca [19].

20



OVHIAMEHTAJIbBHBIE HAVKU. Ungopmamuxa MNe 12

Ipy nuKIMYecKuX agnabaTHdeckux casurax (cM. tabm. 1, VI) HanpshkeHHOE COCTOSIHUE Ty /G, OIUCHIBA-
€TCsl COCTABIIIONINMY TePMOILIACTHYECKOTO CIBHTA Ty, H CXKATHA G, [25].

OGpazoBanue KUIKON (Pasbl MEXKY KOHTAKTHPYIOIIUMH MOBEPXHOCTAMHU (cM. Ta0. 1, VII) xapakrepusyercs
TEYEHHEM PAaCIlIaBa MaTepHaa ¢ JMHAMHYECKOH BI3KOCTHIO 1] IPOIOPIMOHANBHOM KacaTeIbHBIM HANPSKEHNSM Ty,
MEKTY YCIAOBHBIMHE CIIOAMHE XKHUIAKOCTH [25].

[poananu3upyeM pe3ysbTaThl H3YYEHUS IIPOLECCOB (GOPMHUPOBAHHS CBOMCTB IOBEPXHOCTHOTO CIIOS Ma-
TepHaia H3AeIHsL.

O6bemHOE (TpexmMepHOe) POPMOM3MEHEHUE U TJIaBHOE JBIKEHHE TPHOOKOHTAKTA V 3aJa€T TEPMOIUHAMH-
4ecKoii cucteMe yethipe crerneHu ceoboasl C = 4 [19]. B npouecce sBomroruu npoucxoaut mepexon npu C = 0B
HOBOE arperatHoe COCTOSHUE — XKUAKOE. PallMOHabHBIE YCIOBHS TPHOOKOHTAKTAa 00SCICUHBAIOT CTAOMITH3AIINIO
OJIHOMEPHOTO (hopMOOOPa30BaHKUsI M ABWKCHHS B TJIABHOM HAIpaBieHuH, ciegosatensio C = 2. TIpu aToM u3Me-
HEHHUS B TPUOOJOTHIECKOW cHcTeMe, 00pa3yoliye AOMONHUTENBHYIO CTeNeHb CBOOOIbI (B TAHHOM Cliydae poTa-
LMOHHYI0), IPUBOJIAT K MOABICHHIO MPEKHUX JIBMKCHUN U CTAOUITH3ALNK HOBBIX MIPU CHI)KCHHHU YHCIIa CTECHEH
cBo6oapl (C=4— C=0umm C=4— C=2)[5].

B TprHOOKOHTAKTHBIX MPOIECCax yYaCTBYIOT JBa KOHTPTENA U OKpyskaromias cpena K = 3. IIporeccsr HoO-
CAT TEPMOMEXaHMYCCKHIA xapakTep 7 = 2.

B xone npupaOoTKHM Ha IOBEPXHOCTAX KOHTPTEN 0OpasyloTCs JIETMPOBAaHHBIE KHCIOPOAOM aMopdHO-
KpHUCTaUINYeCKHe CIutaBsl [26] u komamaecTBo a3 Bo3pacraer 10 @ = 5, 4ro numraet cuctemy CrereHeit cBobo-
161 C = Ou 1emaer 3T0 COCTOSIHUE HEYCTOHYHBBIM.

Ha cTagmy ycTaHOBHBIIETOCS M3HOCA B MpOLECCax TPEHHs 00pa3yeTcs eIUHBIN Ui KOHTPTEN JIETHPO-
BaHHbIA KUCIOPOJOM CILIaB, KOIMYECTBO (a3 cokpamaercs 10 @ = 4 u nosBisietcs creneHb ceoboast C = 1,
00ecrevnBaroIIasl MOCTYMATEILHOS B3aUMHOE MIEPEMEIIICHHE COMPATaeMBbIX TEI.

[pu paspylieHHH TOBEPXHOCTH B MPOLECCaX M3HAIIMBAHHUS 00pa3yeTcs ele oJHa cTeneHb ceoboas C = 2
BCJICACTBHE BPAILCHHS BBIKAIBIBAEMBIX YacTull [27], a yrcio a3 @ = 3 cTaHOBHUTCS PaBHBIM YHCTY KOMIIOHEHTOB.

Takum 00pa3oM, KHHETHKA TPUOOKOHTAKTHBIX MPOLIECCOB XApPAaKTEPU3YETCs LHKINYHOCTHIO COCTOSHHUIM
CTPYKTYp IIOBEPXHOCTHOTO ciiosi Matepuaia (cM. tadim. 1). Ilpu 3ToM CTpyKTYpooOpa3oBaHHE OMUCHIBACTCS MEPEX0-
JOM OOBEMHOI BA3KOCTH CPEZbl G B IMHAMUYECKYIO 1) Yepe3 POTALHOHHYIO L ¢ H3MEHECHHEM YHCJIa CTeNeHel cBo-
005! TEPMOIMHAMHYECKON CHCTEMBI.

MyJabTH(PAKTAILHBIA AHATH3 CTPYKTYP MOBEPXHOCTHOrO cJIosl. [ KONMYECTBEHHOTO ONMCAHUS
CTPYKTYp IIOBEPXHOCTH TPEHUS MPUMEHIACh MHPOPMALMOHHAS HHTEPIpeTaus MyIbTH(pakTansHOTro hopma-
mu3Ma [12; 13]. AnanusupoBaii o0pasiibl JIMTHIX KOMIIO3MIHOHHBIX Marepuanos (KM) Ha 0a3e alfOMUHHEBOIO
cruiaBa AK12 (8 Bec. %: Al —ocHoga, 10...12 Si, 0,02 Cu, 0,35 Fe, 0,06 Zn, 0,08 Ti8(J&),B koTOpHIii BBE-
JCHBI Pa3JIMYHbIC HATIOJIHUTEIN — BEICOKOMOIYJIbHbIE Kepammdeckue dacTuupl SiC (Cpennuit quamerp 030 mxm)
u Al,O3 (0040 mxM), a Taxke gactuis! rpadura (0 < 400MkM) B KauecTBe cyxoi cMmasku [28; 29].

HUcnpiTanus Ha cyxoe TpeHue nmpooauwin Ha ycraHoBke YMT-1 (TOCT23.210-80)10 cxeme 0ceBOro Ha-
IPYXEHUS BTYIOK (Chyap = 28 MM, dy; = 20MM, h = 16 MM) nipu nocTosinHbIX Harpyskax 70, 108u 144H u cxopo-
CTAX CKOJIbXeHUsl, u3MeHseMbIx B npenenax ot 0,2 no 1,85wm/c (300...150006/mun). Konrprena Oblin H3ro-
toBiensl u3 ctanu 40X (HRC > 45) [28; 29].IToBeaeHue npu cyxoMm TpeHuu oOpasnos u3 KM u cmiaBa AK12
OLICHUBAJIM M0 HATPY3KE U CKOPOCTH CKOJIbKCHUS, MPUBOISAIINM K CXBATHIBAHHIO U 3acaanuio. OOpa3usl JOBO-
JUAJIM 10 COCTOsIHMS 3aaupa (Tabi. 2).

Tabnuua 2
CoctaB 00pa310B 1 apaMeTphl 3aAUpa

Ne o HB Ilapamerpsl nepexona B 3aUp
00pasnoB Marpuua Hanommreny (ec. %) kr/Mm? P,H n, o6/mun t, Mun

1 AK12 - 62,4 70 600 11

2 AK12 5 % SiC 71,2 70 1500 1

3 AK12 25%SIC+125%C 76,0 180 1500 1

4 AK12 5 % AbOs 76,3 70 1000 7

5 AK12 2,5 % AJO3+2,5% C 73,6 70 1500 15

CTpyKTypHl TIOBEPXHOCTEN TPEHUS MCCIIEA0BAIN HA pACTPOBOM 2JIEKTPOHHOM MHKpockomne LEO 430i.13
OTCKaHHPOBAHHBIX CHUMKOB pejibeda 3aaupa o0pasnos (puc. 1) BeIpe3ann KBaJpaTHbIE H300paXKEHUs Pa3MEPOM
700 x 700mumkcenel, ot KaXA0ro odpasma mo oJHOMY H300paxkeHnto. Kaxmoe mojaydeHHOe M300pakeHHe B
rpajialiisix Ceporo Mpeodpa3oBbIBANOCH B uepHO-Oenoe. [Ipi 3TOM YepHBIM MTUKCENSIM, COOTBETCTBYIOIIUM Xa-
pakTepHbIM Tepenanam peibeda MoBEPXHOCTH, MPUCBAUBAIN 3HaYeHHE «1»,a OenbiM muKcensM — 3HadeHne «0».
Janee npoBoauiy pa3OHeHHe MMOJYUEHHBIX MATPHIL Ha O0Jiee KpyIHbIe stuekiku ¢ pasmepamu |y x I (k= 2, 4, 5,
7, 10, 14, 20, 25, 28, 35, 50, 70, 100, 140, 1B9) 8 nocrpoeHue sl KAXKIOr0 pa3OHEHUS] XapaKTepUCTHYE-
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CKOU M€epHI B BHJIE PABHOAYEEUHOI0 pacnpenenenus equuuin P (P; = Mi/ZM;, tae M; — KOJIMYECTBO EIMHHII B i-il
KPYITHO# sueiike, 2. M; — obIee KONMUECTBO SAMHHI] B MATPHIIE KPYIHBIX sueek, i = 1, 2, 3, ...N; N = [7004 k]z).

MynbrudpakTanbHbX XapakTepucTHK f(a)-crextpsl 1 Dg-criekTphl pasMepHocTeil PeHbH paccuuThIBaIIM
Juist Habopa BenmunH ( u3 uarepBana [-200; 200]I1ocie pacuera CEKTPhI IPOBEPSUIM HA MOHOTOHHOCTb.

Hawubonee unpopMaTuBHBIE MYJIbTH(OPAKTAIBHBIE XapAKTEPUCTUKU TEPMOIMHAMUYECKUX YCIOBHH (op-
MUPOBaHUs M3ydaeMbIX CIPYKTYp [12]: o6o6wmennsle pa3mepHoctn (3HTpomuu) Pembu Dy, konmuecTBeHHbIE
XapaKTepUCTHKU OtHOpoHOCTH fq 1 ynopsinouennoctu Aq, npusenensl B tabnuie 3. Boicokue 3nauenus Dq
COOTBETCTBYIOT 60JIce HEPABHOBECHBIM YCJIOBUAM (POPMHPOBAHHS CTPYKTYpBbL. UeM Bbilie mokasatens fg, Tem
0osiee PaBHOMEPHO paclpeaeiCHbl AUHUYHBIC 3JICMEHTHI CTPYKTYPBI B OXBATHIBAIOIIEM €€ CBKIMIOBOM IIPO-
CTPaHCTBE TIPH KaHOHMYECKOM BapMaHTe pacueTa. YBenuueHue Aqg I HCCIIETYEMBIX CTPYKTYP MOKa3bIBAET,
YTO MX KOH(UIYPaIUs CTAHOBUTCS 00JICE YIIOPSIOYCHHOM.

Puc. 1. Pensed 3amupa 00pa3noB ¢ HOMEpaMH:
2-5%SiC¢);3-25%SIiC+1,25% @), 4—2,5% AJO;3(8); 5—2,5% AO3+ 2,5 % C §)

Tabmuma 3
OcHOBHBIE MYJIbTH(PAKTATBHBIC XaPAKTEPUCTHKH CTPYKTYP MOBEPXHOCTEH TPEHHUS CIIABOB
B 3aBHCHMOCTH OT JIETHPYIOIIUX JT0OaBOK

Ne o6pasuos 2 3 4 5
Hanonuurenu 5% SiC 25%SiIC+1,25%C 5 %,8% 2,5% AO3+2,5% C

Dogo 1,665 1,953 1,637 1,479

Dooo 0,246 0,020 0,28751 0,293

f200 0,408 0,669 0,31851 0,395

Just KM ¢ mo6aBkamu Al,Os u SiC MOXKHO OTMETUTD, YTO (POPMHUPOBAHKE CTPYKTYP IMOBEPXHOCTH TpE-

HUS B PEKUME 3aJ¥pa MPOTEKaeT B IPUMEPHO OJUHAKOBBIX TEPMOIMHAMHUYECKUX ycioBusax. JlobaBieHune rpa-
¢ura k KM, apmupoBanHomMy SiC, MPHUBOJUT K YBEIWUICHHUIO CTCIICHH HEPABHOBECHOCTH TEPMOIANHAMHUYCCKHUX
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yCIOBUI (GOPMHUPOBaHMS M3Y4aeMOil CTPYKTYpHI, B TO BpeMsl Kak fobaienue rpadura k KM, apmMupoBaHHOMY
Al,Os, npuBOHT K GOJIee paBHOBECHBIMH YCI0BHAM (puc. 2, a, Tabn. 3). B mepBoM ciiydae 3TO CBSI3aHO C TeM,
YTO MEePEXO] B 33AUP MPOUCXOAUT MPU OONBLIMX HArpy3Kax M CKOPOCTIX CKOJIbKeHUs. Bo BTopoM cirydae 3Ha-
YeHHsl Harpy3KH, COOTBETCTBYIOIICH IEpexoay B 3aaup, HE M3MEHACTCS, OHAKO, I0-BUAUMOMY, TpaduT Ipe-
ISATCTBYET CXBATBIBAHHUIO U 00JIETdaeT MPOTEKaHNE IIPOLIECCOB Pa3phiBa aATe3UOHHBIX CBA3EH.
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Puc. 2. 3aBHCHMOCTB 1OKa3aTelss HEPaBHOBECHOCTH YCIOBHI 00pa3zoBaHust cTPyKTYp Dygo 0T Harpysku P,
[pH KOTOPOii MPOMCXOMUT HEPEXO K PSKUMY 3aaupa (a) 1 CBsI3b MOKa3aTenell ynopsigoueHHOCTH Apgo
U OJJHOPOJHOCTH Tr00CTPYKTYp MOBEPXHOCTH TPEHHS C XUMHYECKUM COCTABOM KOMIIO3UTA (6)

HauGounbIias cTeneHs ynopsiioueHHOCTH CTPYKTYp HOBEPXHOCTH TpeHUs xapakrepHa aiusi KM ¢ mobas-
kamu Al,Os. [Ipu 3TOM m06aBiieHre B HUX Tpad)uTa HE MPUBOIUT K 3aMETHBIM U3MEHEHHSIM CTEIIEHH YIOPSI0-
YEHHOCTH, HO BBI3BIBAET HEKOTOPOE YBEIMYEHHE OJHOPOAHOCTH CTPYKTYp. Takum obpasom, mobaska Al,Oz B
HanOOJBICH CTEICHH CIOCOOCTBYET (pparMEeHTAIMU 0YaroB CXBAThIBAHUS U BO3PACTAHUIO YACTOTHI YepeOBa-
HHSL TIPOIIECCOB CXBAThIBAaHHSA M paspbiBa cBsizedl (cM. puc. 1), 4To ¥ IPUBOAUT K 0OPa30BAHUIO TTOBEPXHOCTH
TpeHus ¢ Oojee ynopsaoueHHBIM penbedom. JfobaBneHue rpadura JOHKHO CIIOCOOCTBOBATL Oojiee paBHOMEP-
HOMY NPOTEKaHUIO pacCMaTpHBaeMbIX mporeccoB. Jlobaska SiC mo cpasaenuio ¢ Al,Oz B MeHbIIEH Mepe cro-
COOCTBYET CKJIIOHHOCTH K (pparMeHTalMH U MOBBILIICHUIO YaCTOTHI MPOIIECCOB CXBATHIBAHUS M Pa3pbiBa, a CaMu
MPOLIECCHI MPOTEKAIOT OoJiee paBHOMEPHO Ha MOBEPXHOCTH TpeHwus. JlonosHuTe pHOE BBeieHHe B coctaB KM
rpadura eme B OOJNBIICH CTETICHH YCUIIMBACT 3TO Pa3IMiKe, YTO MPUBOIUT K (OPMHUPOBAHUIO Y TAKUX 00pa3IoB
HaMMEHEE YIOPSIOYCHHBIX U HanOoJee OMHOPOAHBIX CTPYKTYp HMOBEPXHOCTH TPEHUs. B pe3ynbTaTe moianapMmu-
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posannbie 06pasusl KM (puc. 1 u puc. 2, 6), cogepxatune SiC u rpaguT, OTIHYIAIOTCS HAWITYYIIMMH XapaKTe-
PpHUCTHKAaMH 3aJUPOCTONKOCTH.

Takum 00pa3oM, UCIOJIb30BaHKE s apMupoBanus SiC u rpaduTa ¢ HO3UIMH 338 JUPOCTORKOCTH OoJIee
OpeAnoYTUTENBHO, YeM Al,Oz, B TOM YKCIlE M B cOYETaHUU C IpaduTOM, 3a cUeT (HOPMUPOBAHUs OOJIEE OIHO-
POHBIX U MEHEE YIOPSIIOYCHHBIX CTPYKTYP.

BeiiBier-anaau3 peabeda nmoBepxHocTeil TpeHusi. /{7 KOJMUECTBEHHOTO OTMCAHUS pelibeda MmoBepX-
HOCTH TPEHUS MPUMEHSIICA BeliBier-ananus [6; 7; 29; 30].

BeiiBneTHpiil aHanu3 mpencTaBisgeT coboil ocoObI THT JIMHEHHOTO MpeoOpa3oBaHMsI CHTHAJIOB U OTO-
OpakaeMbIX TUMH CUTHaJIaMH (PU3HMUIECKHX JaHHBIX O Ipoleccax U pU3NIecKux cBOHCTBaX MPUPOJHBIX 0OBEKTOB
u cpen. BeiiBierHsle QpyHKIMM 0a3nca MO3BOJSIOT CKOHLEHTPHPOBATH BHUMAHHE HA TEX MJIM MHBIX JIOKAJIBHBIX
0COOEHHOCTSIX aHAJIM3UPYEMBIX IPOLIECCOB, KOTOPbIE HE MOT'YT OBITH BBISIBJIICHBI C IOMOLIBIO TPAJAULINOHHBIX IIpe-
obpasosanuii Oypee u Jlamwiaca [14; 15]. [IpuHuMnHansHOE 3HAYCHHE HMEET BO3MOKHOCTh BEHBIICTOB aHATU3H-
poOBaTh HeCcTallIOHAPHBIE CUTHAJIBI C N3MEHEHUEM KOMIIOHEHTHOTO COJIEPKaHHs BO BDEMEHH WIIH B IIPOCTPAHCTBE.

Pe3ysbratoM BeHBIIET-TIPeOOPa30OBaHUsI OJJHOMEPHOTO YHCIIOBOTO psina (CHrHaNA) SIBISETCS BYMEPHBINA Mac-
cuB 3HaYeHui ko3dduurentos C (a, b). Pacnpenenenne sTux 3HaYeHuii B npocrpancTse (@, b) — BpemeHHol Mac-
11ITad, BpeMEHHast JIOKaM3alust — AaeT nH(opMariiio 00 U3MEHEeHHH BO BPEMEHH OTHOCHUTEIILHOTO BKJIA/[d B CUTHAIIE
BEUBJIETHBIX KOMIIOHEHT pa3Horo Maciiraba. Takoe pacripenesieHue Ha3bIBaeTCs CIEKTPOM KOA(Q(HUIIMEHTOB BeiB-
JeT-TpeoOpa3oBaHysl, MACTIITAOHO-BPEMEHHBIM (4aCTOTHO-BPEMEHHBIM) CIIEKTPOM HITH MIPOCTO BEHBIIET-CIIEKTPOM.

IIpu ananuse curHaioB BeiiBiaeramu detHoro Tuna (MHAT) rapMOHMYECKHM CHTHAIaM OOBIYHO COOT-
BETCTBYIOT SIPKHE T'OPU3OHTAJIBHBIE IOJIOCHI BEHBJIETHBIX CHEKTPOB Ha JOMUHHPYIOIINX YacTOTaX BEHBIIETOB,
COBINAJIAIOLINX C YaCTOTOM I'apMOHMK CHUTHaJIOB. HapylieHus riaJkoCcTH CHIHANOB (DMKCHPYIOTCS BEPTHUKAIIb-
HBIMH [OJIOCAMH, [TUKH B CUTHAJIAX BBIICISIOTCS MAaKCHMyMaMH, a BIAJUHbBI — MUHUMYMaMHU BEHBIIETHBIX KO-
s¢pdunnentos. Beiipnerst HeueTHoro tumna (WAVE) Gonee pe3ko pearupyroT Ha CKauKd U OBICTPBIC H3MEHEHUS
B CHUTHAJIaX, OTMEYas UX MaKCMMyMaMH WM MUHHMyMamH B 3aBUCHMOCTH OT 3Haka auddepeniuanon. Yem
pe3ue BhIpaKEeHbI 0COOCHHOCTH CUTHAJIOB, TEM CHJIbHEE OHM BBIAEISIOTCS Ha CHEKTPOTpaMMax.

st ucxoaHoW nH(OpPMALIUK O CTPYKTypax peibeda HOBEPXHOCTH TPEHHS UCIIOJIb30BATIH MPOPHIOrpaMm-
MbI ¢ Macmradom 10mm = 1mim (puc. 3).

81 al
61 &
4r al
26J 40 60 80 20 40 &0 a

a) 6)

TN

B)

Puc. 3.TIpoduiu aHamM3UpyeMbIX IOBEPXHOCTEH TpeHus [yt 00pa3sios ¢ Homepamu 1(a), 2 (60), 3 ©)

0

JI7st TOCTPOCHHMS IOBEPXHOCTH BEHBIIET CIIEKTPa OBLTH B3ATHI TOYKH MPOMHMIIS 1O MaciITabHO# ceTke, T.c.
¢ maroM 0,1 mxm [29; 30]. U3 monay4eHHOT0 BEKTOpa 3HAYEHHM NPOMHUIIS, IIyTeEM CKaISPHOIO MPOU3BEICHHU,
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pPacCYUTHIBAIUCH KOA(Q(GUIIMESHTH CICKTpa MO CETKEe 3HaueHWi npodumiorpamMmel. lllar nByMepHO# MaTpHIbI
K03 PHUIUEHTOB OpaJIiCs C aHAJIOTHYHBIM IIIATOM, YTO ECTECTBEHHO B CIIyyac aHajim3a npoduis, a He CUrHajIa BO
BpeMeHud. Taioke ObUT pacCYMTAH CIEKTP MOAEIBHOIO <«HUICAIbHOT0» MPOQUIIst Jisi CPaBHEHUSI U 00OCHOBAHUSI
pe3ynbTatoB. C Lenbio MOJy4eHHs! TOJHOW KapTHUHBI Ul BEHBIIET-aHAIN3a B JaHHOM CJlydae MCIOJIb30Baan 00a
tuna BeriBnetoB WAVE u MHAT. TlomydeHHbIe BeWBIIET-CIIEKTPHI PUBEICHBI HA PUCYHKE 4; COOTBETCTBYIO-
IIMe UM KapTHHBI YPOBHEH — Ha pUCYHKe 5.
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Puc. 4.TIoBepXHOCTH BEHBIET-CIIEKTPOB /IS IPOGHIOrpaMM:
¢ 1-ro oopasua — WAVE (a) u MHAT (6); ¢ 2o obpazua — WAVE (g) u MHAT (2);
¢ 3-ro o6pasua — WAVE (0) 1 MHAT (e)
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ul 20 40 &0 20 ul 20 40 =[] 20

0) e)

Puc. 5. KapTuns! muHIN ypoBHEH BEHBIIET-CIICKTPOB YISl IPOQHIOrpaMM:
¢ 1-ro oopasua — WAVE (a) u MHAT (6); ¢ 2-ro o6pasua — WAVE (g) u MHAT (2);
¢ 3ro o6pasa — WAVE (1) 1 MHAT (e)
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Haubonee nH(pOPMATHBHBIMU XapaKTEPUCTUKAMH BEHBIICT-aHAIN3A JJISI KOHKPETHBIX CIIEKTPOB SIBIISIOT-
cs1 xapaktepuctuku o u B [6; 7]. Ecii MaTepuHCKHIA BEHBIET NPEACTABISIET U3 ceOsl BhIAEICHHbIH MUK (T.e. aHa-
JIM3UPYIOTCS PE3KHEe HEPOBHOCTH MPOQHUIIL), TO YEM BEHIIIE 0, TEM OOJIBIIE H3HOC, @ YEM BBIIIE 3, TeM HEpaBHO-
MepHee U3HOC — OoJIbIIne B OTBEYAIOT Pe3Ko u3pe3aHHbIM Hpoduisim. Jlist ciryyasi, KOria MaTepUHCKHUiT BeiBIeT
TpECTaBISIET U3 ceOsl MIOMIAJIKY pa3Mepa HOCUTEIS ¢ PE3KUMH OOPBIBAMHE IO KpasM (T.¢. aHATH3UPYIOTCS POB-
HBIE YYaCTKH NMPOQMIIsL), TPAKTOBKA 0. U B MEHsAETCA: o BeET cebs TakkKe, a B Telephb SBJSETCS MOKa3aTelleM
PaBHOMEPHOCTH: Ye€M BEIIIE B, TEM paBHOMEpPHEE M3HOC — OOJIbIIHE 3 OTBEYAIOT MPO(UISAM C POBHBIMU y4acT-
KaM# U PaBHOMEPHBIM H3HOCOM.

[TonyueHHBIC XapaKTEPUCTHKK BEHBIICT-aHAIN3A O, U [3 IpUBEACHKI B Tabiuie 4; s HATJSIHOTO Mpe.-
CTaBJICHUsI O XapaKTepe M3MEHEHUS BEBIICTHBIX XapaKTEPUCTUK MIOCTPOCHBI AUArpaMMbl «o — B» (puc. 6).

Tabmuma 4
PaCCqHTaHHbIe XapaKTepI/ICTI/IKH on B BeﬁBHeT-CHeKTpOB
XapaKTepUCTUKU Ne obpasnos
BeﬁBHeT-CHeKTpOB 1 2 3
o wave 160,803 192,327 103,084
a mhat 195,728 223,608 123,074
p wave 1,32975 2,29628 1,15961
B mhat 1,95817 3,02989 2,11741
2,5
*
2 2
1,5 +
<>
o <&
1 .
3 1
0,5
[0} T T T T
0 50 100 150 200 250
a)
3,5
34 -
2,5
2 O * 2
o 3
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[0} T T T T
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Puc. 6. « — B» muarpammsl Beiisier-criektpo WAVE (a) 1 MHAT(6)

AHanu3 KapTHH JHHUA YPOBHS (M30JIMHMI) pa3IMIHBIX BEHBICTOB HAa MaJbIX MacmITabax KOOPIHHAT TO-
KasaJ, 4To0 pe3yJsibTaThl 000X MPeoOpa3oBaHUil MPAKTHYECKH COBMAAAIOT, OJHAKO KapTHHA MEHSETCS IS Mac-
mTabO0B, MPEBHIIAIOIINX OCHOBHOW BKJIaa nmpodurorpammel. Tak, mst MHAT-nipeoOpa3oBaHus B IEJIOM Xapak-
TEPHO OYEHb YETKOE MOBTOPEHHE MPOMHUIIS C Y3KO BBIPAKEHHBIM MAKCMMYMOM OCHOBHOTI'O BKJIaJia MPOQIIIs, s
WAVE-npeo6pa3oBanus Mory4aeTcs KapTHHA ¢ Pa3MBITBIM MAaKCUMYMOM U TaK)ke 00Jiee pa3MBITBIM CUTHAJIOM.
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Hcxons w3 MOMYYCHHBIX U30JUHUNA MOXKHO CIICIATh BBIBOJ], YTO IPU HEOOXOIUMOCTH TOHKOTO U3y4YCHHUS
npodus 6onbine noxoiiner MHAT-nipeoOpa3zoBanue, eciiy, HAIPOTHUB, HYXKHO BBISCHUTB OOLIMI XapakTep Mmpo-
¢ums, He oOpainasi BHUIMaHUs Ha MENKHUe JeTalld, TO clieayeT ucnoib3oBath WAVE-npeobpa3oBanue. AHanm3
PACTIONIOKEHHUS TOUEK 3HAUCHUH Ha AuarpaMMe «o, — 3» [T HCCIIe0BaHHBIX 00pa3noB (cM. puc. 6) mokasai, 9to
(hopMa 3aBUCHMOCTH OT MIPUMEHEHHS YETHBIX MM HEUSTHBIX BEHBIETOB MEHSAETCSA HE CHIBHO, a B OOJIBIIEH CTe-
TIEHU 3aBUCHUT OT OPMBI MaTepHHCKOTO BeliBieTa. [Ipu aTom okazamoch, uto MHAT-BeliBneT 6osiee 4yBCTBHU-
teneH, uem WAVE. B vactHoctr, Ha auarpamme s MHAT-BeiiBiiera uetko BuneH «ipoBar» B mist 1-ro 06-
pasia, dyero He BoisiBisieT WAVE-BeliBreT.

3akmouenne. ®opMUpOBaHKE CTPYKTYP MOBEPXHOCTH TPCHHS B PEIKUME 33{Upa MPOTEKACT B MPUOIH3H-
TEJILHO OJIMHAKOBBIX TepMoquHamMudeckux yciaoBusx st Al,Oz u SiC. Jlo6asnenue SiC o cpaBuenuio ¢ Al,O3
B MEHBIIICH Mepe CIOCOOCTBYET (PparMEHTALMU U MOBBIIICHUIO YaCTOTHI IIPOIIECCOB CXBATHIBAHUS M Pa3phIBa, a
MPOIIECCHI 3TH MPOTEKAIOT HAa MOBEPXHOCTHU TPECHHUs O0JIee paBHOMEPHO.

Ho6asnenue rpadura k KM, apmuposantomy SiC, IpHBOAUT K YBEIUYEHHIO CTETIEHH HEPABHOBECHOCTH
TEPMOJIMHAMHUYECKHUX YCIOBHI (popMupoBaHUS CTPYKTYp. [lomonauTtensHOe BBeaeHUe B coctaB KM rpadura B
eme Gonpireit crenenn ycuiamuBaet pasiamane Mexay Al,Oz u SiC, uto mpuBOAUT K (GOPMHPOBAHHIO HAUMEHEE
YIOPSIOYCHHBIX CTPYKTYP OBEPXHOCTH TPECHUS.

[IprMeHeHne KOMIUIEKCHOTO (PU3UKO-XUMHYECKOTO, MyIbTH()PAKTATFHOTO U BEHBIIET-aHAIN3A I Kade-
CTBEHHOTO W KOJMYECTBEHHOTI'O OMMCAHUS CTPYKTYpP MAaTEPHAIOB ITO3BOJISICT BBISIBUTH IUIOXO PA3IUYUMBIC APY-
TUMH OTJENBHBIMHA METOIAMHU OTIIMYUS U OLIEHUTH CHCTEMHBIC XapaKTEPUCTHKH CTPYKTYp MaTepHaliOB, KOIHYE-
CTBCHHO 0XapaKTEPH30BaTh MPOLECCH CAMOOPTaHU3aLUHU B CTPYKTYypax.

Takum 00pa3oM, KCIOJB30BAHUE CHCTEMHBIX MOJXOIOB B MATEPHAJIOBCIACHUU MO3BOJSIECT O00CCICYHTH
CYIICCTBEHHOE Pa3BUTHC TPAJUIMOHHBIX METOAOB U UX 3(PPEKTHBHOE MPUMEHEHUE IS 0O0BEKTOB, MMEIOLIIX
CJIOKHYFO MHOTOMACIITAOHYEO CTPYKTYPY, B TOM YHCIIC U JJIsl HAHOCTPYKTYPHBIX MaTepPHAIIOB.

IIpencraBieHHble MaTEPUAIIbI — PE3YJIbTaT UCCIEIOBAHMUI 110 BBITOIHSIEMbIM COBMECTHBIM POCCHHCKO-0EII0PYCCKUM
npoekTaM (oHIOB (yHAaMeHTaNbHBIX uccnenoBaHuii BPODU Ne T10P-067 u PO 10-08-9001Fen_a «Cuntes
HAaHOCTPYKTYPHBIX JIMa3HbIX U HOJOOHBIX MaTepUajIoB U ONPE/ENCHHE PALMOHATIBHBIX YCIOBUH UX NPUMEHEHHUs Ha
OCHOBE KOMIUIEKCHOTO aHaJM3a U apaMeTpU3aIlii HePaBHOBECHBIX MPOIECCOB (OpMUPOBAHUS (ha3».
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INFORMATION INTERPRETATION OF PHYSICAL AND CHEMICAL ANALYSIS,
MULTIFRACTAL AND WAVELET ANALYSISOF STRUCTURE
AND FRICTION SURFACE RELIEF

A. KOLMAKOQV, A. ZVEREV, M. KHEIFETZ, S. KOUKHTA

Using system approaches provides essential development of traditional methods in materiology and their
effective application for objects with difficult multiscale structure and for nano-structural materials as well. It
shows application of complex physical and chemical analysis, multifractal and wavelet analysis to describe ma-
terial structures in qualitative and quantitative way, which allows revealing the differences poorly distinguished
with other separate methods and estimating system characteristics of material structures and characterizing the
process in self-organizing in structures. Formation by tearing of friction surface structures for composite mate-
rials with additives of Al,O; and SC is described in comparable thermodynamic conditions. Adding SC in com-
parison with Al,O; promotes to a lesser extent fragmentation and increase in frequency of setting and breaking
processes. Adding graphite to reinforced SC composite material results in increase in nonequilibrium of ther-
modynamic condition of structure formation. Additional introduction of graphite in even greater degree
strengthens distinctions between materials with SC and Al,O; additives, which results in formation of the least
ordered structures of friction surface.
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