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AHHOTauMsi: PaccMoTpeHbl 0COOEHHOCTH mporecca dKcoamanuu rpagura
B CTEp)KHEBOW OapabaHHOI MENBHHUIIC W YCTAHOBIEHO, YTO MEKIY MEJIOIIAMH CTepPXK-
HSIMH U BHYTPEHHEH IMOBEPXHOCThIO Oapabana oOpasyercs 3a30p M3 H3MEIbUacMbIX
YacTHII, IPUYEM BEIMYMHA JIAHHOTO 3a30pa B Mpolecce dKCHOIUALMU YMEHBILIACTCS.
[IpemnoskeH MexaHU3M Tporecca dKC(HoIuanuy, B COOTBETCTBHH ¢ KOTOPBIM pacciioe-
HUE€ YaCTHI] IPOUCXOJIUT TI0CIIE UX MTPOXOXKICHUE Yepe3 AaHHbIA 3a30p. McxonHbIli no-
poliok rpadura mpeacTaBiICH KaK COBOKYITHOCTh (PPAKIUil C OJUHAKOBBIMU UAIa30-
HaMH pa3MepoB YacTHil. J{Js MOJeTUpOBaHUs MPOIlecca UCTIONB30BaH MaTeMaTHYCCKHMA
ammapar CIy4alHbIX MapKOBCKUX MPOIECCOB, TUCKPETHBIX B IPOCTPAHCTBE U BPEMCHH.
[IpuBeneH mpuMep HCIOIB30BaHUS MOICTH NPU ONPEACICHUN TPaHyJIOMETPUICCKOTO
cocTaBa B IPOIecce IKCPOTHALINH.

BBenenue

I'paden OGmaromapss cBOMM YHHMKAJIbHBIM CBOWCTBAM BCE IIHPE MCHONB3YETCS
B PA3IMYHBIX OTPACIAX MPOMBIIUICHHOCTH. B aHIIIOS3BIYHON JINTEpaType 4acTo Hc-
MOJB3yIOTCA TepMuHBI few-layer graphene (mamocnoiHeii Tpaden) m multilayer
graphene (MHOTOCHOIHEIHA rpaden). B coorserctBuu ¢ 'OCT ISO/TS 80004-4-2016 [1]
yKa3aHHbIE TEPMHUHBI MO)KHO OOBEIMHUTH OJHUM — HAaHOIUIACTUHEI rpadura. HaHnoma-
CTHHA — HAHOOOBEKT, JINHEHHBIE Pa3Mepbl KOTOPOTO MO OJJHOMY M3MEPEHHIO HAaXOISATCS
B HaHO/MAIla30He, a Pa3Mepsl 10 JABYM JPYTUM M3MEPEHUSIM 3HaYUTENbHO Oouibiue [2].
OCHOBHBIE CIIOCOOBI TPOU3BOCTBA rpad)eHa — MeXaHM4eCKuil MeToa SKcdonuanmu [3],
OTTOHKAa XHUIKOH (a3bl [4]; OKHCIMTEIBHO-BOCCTAHOBHUTEILHBIA METOA [5]; Xummde-
CKOE€ OCaxXJIeHHe M3 Ta3oBoil ¢a3sl [6]. Takoe pazHOOOpazue TEXHOIOTHH OOBSICHICTCS
TEM, YTO B 3aBUCHMOCTH OT IPHUMEHEHHUS] HAaHOIUIACTHH, K HUM HPEABSBISIOTCS OIpe-
JIeTICHHBIE TPEOOBaHMUS MO pa3MepaM, YHCITy TPa(EeHOBBIX CIIOEB, IIEKTPOIPOBOAHOCTH
u 1.1. Hanpumep, nmpun moanpunupoBannn O0eToHAa HEOOXOIMMBI HAHOIDIACTHUHBI, CO-
CTOSIINE W3 IATH-CEMH I'pad)eHOBBIX CJIOEB, a MPU MOAMGHLIMPOBAHUM IUIACTHYHBIX
CMa30K HCIOJIB3YIOTCSl HAHOIUIACTHHBI, conepikaiine 20— 25 rpadeHOBBIX CJOEB.
IIpu co3maHuy 3IEKTPOHHBIX YCTPOHCTB B OCHOBHOM HCIIOJIB3YETCSI OJHO- WU JIBYX-
CJIOWHBIN rpadeH ¢ MHUHUMAaIbHBIM 4YuciioM jaedekToB. 2D-rpaden sBusercs ¢yHa-
MEHTAJIBHBIM 3JIEMEHTOM BCEX JPYrux auIOTPOIOB yriepoaa, Bkirouas O-mMepHbIe
(0D) dynnepens, 1-mepubie (1D) yrneponusie Hanotpyoku (YHT) u tpexmepHsiid
(3D) rpadut. Bee 3T ammoTporisl MOXKHO MOIY4UTh, Moanuuupyst rpaden [7]. Kpome
Toro, rpadeH Jerkui, TBEpABIH, NPOYHBIH M JEMOHCTPHPYET HCKIIOYHTEIIbHbIC
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9JIEKTPO- M TEIUIONPOBOAHOCTH, HO IPH 3TOM CaMblil TOHKHH M NPOYHBIA Cpely HaHO-
MaTepHaoB.

Hecmotpsa wHa 1o uyto YHT 1 rpadeH modtu OOMHAKOBBI IO CBOMM CBOWCTBaM,
YHT uMET HEKOTOpbIE CYLECTBEHHbIE HENOCTATKHM C TOUYKHM 3PEHHUS TOKCUYHOCTH
u crouMocTy npoussoncTea. Eciu YHT nonroe Bpems MCIONB3YHOTCS B MEAULIMHE, OHU
MOTYT BBI3BaTh THOEH KJIIETOK YEIOBEUYECKOTO TeIa U BBI3BAaTh OKUCIUTEIBHBINA CTPECC,
3JI0KAYECTBCHHYIO TpaHcpopmanuio, paspymenne JJHK, Bocnanenue erkux, pyoesa-
HHUE KOXH U aApyrux opraHoB [8]. Kpome Toro, paspabotka u cuntes YHT ¢ apyrumu
OPraHn4eCKUMHU U HCOPTaHUYCCKHUMU BEIIECCTBAMU ABJIAIOTCA TPYAOCMKHMMU IIpoLecca-
mu. B otimune ot YHT, rpaden He colepKUT METANTMYECKUX NPUMECEH, YTo JieslaeT
ero Oomee OuocoBMectuMbIM MatepuaioMm, yem YHT [9]. Bonee Toro, rpager MOKHO
CHHTE3MpOBaTh U3 rpadura, KOTOPHII JenieBie, YeM Chipbe (MCTOYHMKHU yIJIepoja, Ta-
kue kak metan) YHT.

Hanormractisbl TpaduTa MUPOKO UCIIONB3YIOTCS TP MOAUGHUIIMPOBAHUH TOIH-
MEpPHBIX KOMIIO3HTHBIX MaTEpPHalIOB. DTH KOMIIO3UTHI HCIOIB3YIOTCSA TPH CO3IAHHUH
cercopoB u Omocencepos [10], cymepkonaencaTopoB [11], cuctem mis moctaBku Jie-
KapcTs [12].

Kak ormeuaiiocs BbllIe, pa3pab0TaHO MHOT'O CHOCOOOB IOJIyYEHHUS] HAHOIUIACTUH
rpaduTa, KaxIblii U3 KOTOPBIX UMEET CBOM IPEHMYIIEeCTBAa U Hexoctatku. OJHUM U3
HauOoJiee MEepPCIEeKTHUBHBIX SIBJISAETCS CrOco0 MOMy4YeHHs HAHOIUIACTHUH rpadura Kui-
Koa3HOW caBUroBOW skcdonmanmeil rpadura. IT0 OOBACHIETCS TEM, YTO JAHHBIN
CIOCO0 IKOJIOTMYECKH 0e30MaceH, MPOCT M JETKO MacIITaOupyeTcs UIsl TPOMBIIUICH-
HOro npumeHeHnsi. OHa U3 TEXHOJIOTHYECKHX CXEM IPOMBIIIIEHHOI'O NPOU3BOJICTBA
HAHOIUTACTHH rpaduTa ¥ MOOU(PHUINPOBAHHS IIACTUYHBIX CMAa30K PacCMOTpEHa B pa-
6ote [13]. YacTp maHHOW CXEMBI MOXKET OBITH UCIIOJNB30BaHa I IPOU3BOICTBA HAHO-
TUTACTHH, WMEIONINX OIPENeICHHBI MUamma3oH pa3MepoB, Ui MOOU(DUIIUPOBAHUS
(hyHKIIMOHATBHBIX M KOHCTPYKIMOHHBIX MaTEPHAJIOB B IEJAX YIYUIICHHUS MX JKCILTya-
TAI[OHHBIX XapaKTePHCTUK. B 3TOM ciIydae cxema COAEP)KUT TPH OCHOBHBIX Yy37a:
MEXaHOAKTUBAIMIO U YAaCTHYHYIO 3Kchonuaiuio rpadura B CTEpP)KHEBON OapabaHHOM
MEJIbHUIIE; OKOHYATEJILHYIO SKC(OJINALNIO B KaCKae POTOPHBIX allapaToB ¢ MOIABHK-
HBIMH JIONIACTSIMH; KJIAaCCU(HUKALMIO HAHOIUIACTUH 1O pasMepam. [l pacuera OCHOB-
HBIX TTapaMETPOB yKa3aHHBIX Y3JI0B HEOOXOIMMO MMETh MaTeMaTHYECKUe MOJIEIH pea-
JM3yeMbIX B HUX IporeccoB. I10ckoibKy 3QQeKTHBHOCTE OKOHYATEIbHOW 3KC(Oona-
MK rpaduTa B pOTOPHBIX allllapatax 3HAYUTEIBHO 3aBHCUT OT pa3MEpPOB HaHOIIIACTHH
mocie oOpaboTKH B CTEp)KHEBOW OapaOaHHOW MENBHUILE, MPEKIE BCETO, HEOOXOIUMO
pa3paboTaTh MATEMaTHIECKYIO MOJIETh JTAHHOTO TIpoIiecca.

O0BbeKT MoeINPOBAHUS

OOBEKT MOAIEIMPOBAHUS — IpoLecC KUIKO(a3HON CABUIOBON dKC(ONIMANY Yac-
UL TpaduTa B CTep)kHEBOM OapabanHON MenbHHLE [14]. Pabounii opraH MenbHHIBI
COCTOWT M3 HEYETHOTo Yrcia 0apabaHOB, pacHONIOKEHHBIX coocHO. bapabaHbl coemu-
HEHBI MEXKOy COO0OH M BpaIIaloTCS TPUBOJIOM C OIWHAKOBOH YIJIOBOH CKOPOCTBIO.
[Topomok kpucTayum4eckoro rpadura U AUCHEPTUPYIONIEH KHIKOCTH B ONpPEAEIICH-
HOM COOTHOIIEHHMH [103aTOpaMu IOAAeTCs BO BHYTpeHHuil Oapaban. IIpu Bpamenun
G6apabaHoB 9acTHIBI rpaduTa CMEMIMBAIOTCS C AWCHEPTHPYIOUICH >KUIKOCTBHIO, pac-
CJIaNBAIOTCsI, U 00pabOTaHHAs CMECh Yepe3 y3€l BBIIPY3KHM BBIXOAWUT M3 MEJIbHUIIBL.
BHyTpu kaxnoro GapabaHa pacroyio)eHbl CTEPIKHHU, COEIMHEHHbIE MEXy cO00i rno-
KUMH CBSI3SIMH. CTEPIKHU MOCTOSIHHO CKOJIB3SIT M0 BHYTPEHHUM MOBEPXHOCTSIM Oapaba-
HOB, M M3 YacTHILbl, KOTOpas IONajaeT B 30HY KOHTAaKTa CTep)KHEeH c OapabaHOM,
3a CYET BO3HHMKAIOUIMX B HEH KacaTeJIbHBIX HallpsHKEHUH 00pasyroTcsi JIBE YacTHIIbI,
TO €CTh peaji3yeTcst MPOLEecC IKCHOINALNH.
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MogpenupoBaHue npouecca

Panee mpeioskeH MexaHU3M MpoLecca paccaOeHHsl OJHON YacTHULbl Ha 1Be [15],
B KOTOPOM IIPE/II0JIaraiach paBHasi BEpOSITHOCTb PACCIIOCHHS OJTHOM YacTHLbl TpaduTa,
conepxarieii N cloeB, Ha IBE C YHCIOM TpaeHOBBIX citoeB oT 1 mo N — 1. Pe3ympTarht
9KCTIIEPUMEHTAIBHBIX MCCIICOBAHUN TTOKA3allH, YTO MOJ] CTEPKHAMHU BCETa HaXOAATCS
YacTHIBI, KOTOPbIE 00pa3yioT 3a30p A MEXIy CTepKHSAMH M BHYTPEHHEH MOBEpPXHO-
CTBIO Bpamaromerocst 0apabana. [laHHBIH (aKkT BHOCHT CYyLIECTBEHHBIC H3MEHEHUS
B MEXaHHU3M TIporiecca paccioeHus [15], MoCKOIpKy 4acTh 4acTHII, TOJIINHA KOTOPBIX
MEHbIIIEe BETMYHMHBI 3a30pa A, B IIporiecce 3KC(oIHaly He ydacTByeT. Takum oOpasom,
B pe3yibrare SKC(OJMalMy M3 YacTUIBl C TOJIIUHOM /i 00pa3yloTcs JIBE YaCTHILIbI
¢ ToyuHaMu A u i — A. YCTaHOBIIGHO TakXke, 4To B Ipolecce IKC(Hoarauy BeIMunHa
YKa3aHHOTO 3a30pa yMEHBIIAeTCs, MO BCEHl BUAUMOCTH, B pe3yJIbTaTe CHIDKEHUS
cpelHel ToNmuHEI Yactull. [ MonenupoBaHus mpoiiecca B padote [15] ucmoins3o-
BajCd MAaT€MaTHYECKHH ammapar CIy4alHbIX MapKOBCKUX IPOLIECCOB, TUCKPETHBIX
B MPOCTPAHCTBE M BPEMEHH. YUHUTHIBAs, YTO YHCIO I'pa)eHOBBIX CIOEB B YacTHIAX
rpaduTa COCTAaBISIET HECKOIBKO THICSY, Pa3MEPHOCTb BEKTOpA COCTOSIHUS CHCTEMBI,
a, CJIEZI0BATEJIbHO, ¥ PA3MEPHOCTh MATPUIIBI NTEPEXOIHBIX BEPOSTHOCTEH OBLUIM OTpoM-
HBI, YTO 3aTPyJHSJIO pacueTsl MO JAaHHOW Mopenu. Pe3ynbTaTsl SKCHEPUMEHTAIBHBIX
UCCJIEJOBAaHUN TOKAa3a/lM, YTO OKOHYATeNbHasl dKc(oiMalys B POTOPHBIX ammaparax
C TOJBW)XKHBIMH JIONACTSIMUA HanOoJiee HHTEHCUBHO peann3yeTcs, KOrja TOJIIMHA Yac-
THUI] B UCXOAHOM cycnien3un MeHee 100 HM. Micxonas U3 3Toro npeanaraeTcs HOBBIA Me-
XaHU3M SKC(oNnanuy rpagura B CTEpKHEBOW MENbHHIIE MPH CIESIYIOMINX JOMYyIEHHU-
SX: TPaHYJIOMETPUYECKHHA COCTaB MCXOJHOTO MaTepuaja, MOCTYHAIOIIEro B CTepXKHe-
BYI0O MENBHHILYy, COCTOMT W3 (pakumii, Kaxaas M3 KOTOPBIX COAEPIKHUT YaCTHIBI
¢ TonmuHoM, kpaTHOM 100 HM; 3a30p A MeXIy CTEPKHSIMH U BHYTPEHHEH MOBEPXHO-
CThI0 OapabaHa 3aBHCHUT OT IPaHYJIOMETPHUYECKOTO COCTaBa CYCHEH3UHU B TEKYLIHH MO-
MEHT; B pe3yJbTaTe PAacCIOCHHUS OJHON YaCTHIBI C TOJIIIMHON /; 00pa3yroTcs Be Jac-

TUIBI ¢ TonmuHamMu A u i; — A. Cxema MexaHu3Ma dKC(OIHaIMK MoKa3aHa Ha puc. 1.

Peanmzaumio npemaraeMoi MOJENIH PacCMOTPHM Ha IPUMEPe CHCTEMBI, COCTOs-
meid u3 10 dpaxmuit. s popMupoBaHUS BEKTOpPa HAYAIBHOTO COCTOSHHUS HCIIONB30-
BaJica cienyrommi npueM. CreslaHo IPEIrooKeHNe, YTO UCXOMHOE PacIpeiesiCHue
YaCTHI II0 YHCIY Ipad)eHOBBIX CIIOEB NOAYMHIETCS HOPMAJbHOMY paclpeneseHHIO,
TO €CTh MaTeMaTH4YeCKH OMHUCHIBAeTCS (DYHKIMEH INIOTHOCTH HOPMAJBHOTO pacmperne-
JICHUA
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Puc. 1. Cxema Mexanu3ma 3xchoauanmu:
1 — obcuaiika 6apabaHa; 2 — CTEPKCEHb; 3 — HICXOHAS YacTUIa; 4 , 5 — 4acTh YaCTHIIbI,
KOTOpasi COOTBETCTBEHHO NPOIIJIa W HE MPOILIa Yepe3 3a30p
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WnTepBan nucnepcHOcTH OT 0 10 Xmax = 4000 croeB pazouBancs Ha n = 10 ¢dpak-
Ui ¢ Jauama3oHoM uwmcen cioeB Bo (pakmmm i =400 ([0...400], [400...800], ...,
[3600...4000]). Cpeanee 3HaueHue u3 kaxzaou ¢pakuuu 200, 600, ..., 3800 moacras-
JSUT0CH B (DYHKIUIO IUIOTHOCTH HOPMAJIBHOTO PACIIPEACIICHHS C ITApaMeTPaMu: CpeIHee
3HaueHue uucia cioeB W =3200 u cpeaHekBagpaTtuyeckoe OTKIOHeHHEe o = 200.
[MonyueHnHoe 3HaueHue f(X) YMHOXKaAJIOCh HA BEJIMYMHY UHTepBana /. Takum oOpazom,
MOJTy4asiach J0JIS YaCTHIl 33aHHON (paKkiMu B COOTBETCTBHU C MPHHSATHIM HOPMAJb-
HBIM pacrp€ACJICHUEM. BeKTOp Ha4vaJIbHOI'O COCTOSAHUS CUCTEMBI UMECT BU]J

S[0]=[000000,008863696822 0,4839414488 0,4983311578 0,008863696822 0]. (2)

OOBIYHO cHCTEMY MPEACTABISIIOT B BUE enu MapKkoBa, KOTOpasi COCTOMT U3 siue-
ek. [{ma paccmarpuBaeMoro mpuMepa 1ernb MapKkoBa Moka3aHa Ha puc. 2. YacTHIEI co
CpeqHel TONIIMHOM HaxonmaTcsl B AeBATH gueiikax. [IpeamonoxuM, 4To 3a30p MEXIy
CTep)KHEM W oOedalikoil OapabaHa paBeH CpeAHEW TOJIIMHE YacCTHIl, HAXOSIIMXCS
B stueiike 8. YacTHIbl, KOTOPBIE HAXOMATCS B YEHKaxX C MEPBOH MO BOCBMYIO, HE OyIyT
y4acTBOBATh B Mpolecce IKCROoMannm, Mo3TOMy Il HUX 3JIEMEHThI MaTPHIBI Iepe-
XOJHBIX BeposATHOCTEeH p(i, i) =1, a ocTampHBIE 3JIEMEHTHI PaBHBI Hym0. V3 Kaxmoit
YaCTHUIIBI TYEHKH 9, 00pa3yIOTCs BE YaCTHIIBI, OJTHA U3 KOTOPHIX MEpelaeT B sueiKy 8§,
a BTOpasd B siueliky 1. Yactuusl u3 sdeiiku 10 nepexonsT B aueiiku 2 u 8.

Cocrosiaue cucremsl S[1] mocne nepBoro nepexoja HaXOAUTCS B pe3yJbTaTe Ie-
PEMHOXKEHHUSI BEKTOpa HadaidbHOTO cocTosHus S[0] Ha MaTpUIly MEePexXOTHBIX COCTOS-
Huit P[1], koTopas npeacrasieHa BeIpakeHHEM (3):

1 0 0 00 0 0 0 0 0
0 1 0 00 0 0 0 0 0
0 0 1 00 0 0 0 0 0
P[l] _ 0 0 0 1 00 0 0 0 0
0 0 0 010 0 0 0 0
0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 1 0 0 0
0,001453488372 0 0 0 0 0 04985465116 0,5 O 0
0 0,01139601140 0 0 0 0 04886039886 0 0,5 0
L 0 0 0,03648648649 0 0 0 0,4635135135 O 0 0,5]
(3)
S[1]= [0,7243185433673 0,1010107900&:73 000 0,886369682252 0,7367135467
0,2491655789 0,443184841 1672 0]. 4)
p(10,8)
w708 ’
1 2 3 4 5 6 7 8 9 10
A + | |
p9,1) p(10,2)

Puc. 2. llens MapkoBa u cxeMa nepexo0B YaCTHII U3 fiYeeK B siYEHKHU

Transactions TSTU. 2024. Tom 30. Ne 1. ISSN 0136-5835. 111



Paccmorpum Gonee moapoOHO ompesesicHHe IEMEHTOB MaTpuilbl p(i, j), TO eCTh
BEPOSATHOCTEH Iepexojia u3 SUeHKH i B TUehKy j, B 0000menHoM Buze. [Io BekTopy co-
CTOSIHHMSL OTIPENENISEM HOMED DJIEMEHTA icp, B KOTOPOM HAXOAATCS YACTHIBI, HMEIOIIHE
CPEJIHION TOJIIMHY /icp JUI BCEX 4YacTHL. B paccMaTpuBaeMoM IIpUMEpE CPEIHIONO
TOJIIIMHY MMEIOT YacTHUIBI B s4eiike Homep 9. OmHMM U3 BapbHPYEMBIX AIIEMEHTOB
TpeUIaraeMoi MOJIENN SIBJISIETCSI BETTHMYMHA 3a30pa A MEXAy CTep)KHEM U BHYTpEHHEH
MOBEPXHOCTHIO OapabaHa. I10CKOJIbKY MaKCHMAJIbHOE YHCJIO YACTHI[ MMEET TOJIIIHHY
hep, TOTMYHO TIPEIIONI0XKHUTH, YTO BEIMYMHA 3a30pa PaBHA /icp WIM HEMHOTO MEHBLIE

naHHOM BenmuuHEL I[Ipeanonoxum, 4ro 3a30p paBeH /ficp= 100 HM, TakuM 00pasoM,
B HAllleM cIy4ae — 3To siueiika HoMmep 8. ITockosbKy TOIIMHA YacTHLl B siuekkax 1, ..., 8
MEHBIIIE WM paBHA BEIWYMHE 3a30pa, TO 3TH YacTHIBI HE OyIyT y4acTBOBAaTh B MpO-
recce dKkcomanuy U UIT HAX BEPOSTHOCTH p(i, i) paBHEI 1. BTopeiM BapprpyeMbiM
3JIEMEHTOM MpEAIaraéMoil MOJAENU SIBIAETCA BEPOSITHOCTh p, HEYYACTHsI OCTaIbHBIX
yacTHIl B Iporecce dkchonnanuy. YncieHHOe 3HaYeHUE NaHHOW BEIMYHMHBI OMpEENs-
€TCsI TIPY UACHTU(HUKAIIMY TapaMeTpOB MOoae/d. YacTHIIbI CO CPEIHEH TOJIIMHOM, paB-
HOW 3a30py, HaXOAATCS B siUCHKE ¢ HOMEPOM i.. B pe3ynprare 3KC(OIHANNN YaCTUIIBI
U3 SYEHKU C HOMEPOM I > i, 00pa3yroTcs JIB€ YacCTHILbl, OJHA U3 KOTOPBIX MEPEXOHUT

B SIUCHKY C HOMEPOM iz, @ BTOpasi — B siUeiKy i — i;. CyMMapHas BepOSITHOCTh Mepexoa
B JIaHHBIE SUCiKK Oy/IeT paBHa eANHHILIE

p(ls lZ) +p(la i— lZ) +P3 = 1 (5)

B pa6ore [14] ycTanoBiIeHO, 9TO (GOpPMY HaHOUYACTHUIIHI rpaduTa MOKHO TIPEICTa-
BUTH B BHJIE TPEXOCHOTO JJUIUTICOMAA C AIUHOHN @, IMUPUHOW b U TONIIHHON A. Mexy
STUMH TapaMeTpaMH UMEeTCsl B3aUMOCBS3b, TO €CTh B IIEPBOM NPHUOIMKCHUN YHCIICH-
HBIC 3HAYCHUS d ¥ b MOXKHO BBIPA3UTh Yepe3 /i ¢ HeKOTOpsIM K03 duitnerrom k. O0beM
4yacTulbl V paBeH

4rabh 3
V=——=kh. 6)
3

OueBHIHO, YTO BEPOSITHOCTH p(i, iz) v p(i, i — i;) COOTHOCSITCS KaK MacChl HIIH OOBEMBI
YacTHL, KOTOPbIE YYacTBYIOT B Ilepexojax. YUUThIBas JaHHbIE OOCTOSTENbCTBA, B 00-
IIEM CITy4ae MOXXHO COCTaBHUTh CJIEYIOIEe PABEHCTBO:

-3

1,1 i
p.(. Z.) - Z 3" Q)
p(lal_lz) (Z_lz)

[Tocne moxcranoBku (7) B (6) 1 peoOpa3OBaHMIA TOTYIHM:

o G-i)’1=p,)
plii=i) = ®)

i +(i—i,)

pli, iz) = 1 —py—p(i, i — iy). ©

OT1enbHO HEO0XOIMMO PAacCMOTPETh CIIydail, Koraa i = miz, TAe M — LEeJI0e YHUCIIO
Ooxpmie 1, MOCKONBKY B 3TOM CIy4Yae 4YacTh YACTHI[ C BEPOSTHOCTBHIO p, OCTAHETCS
B fA4elKe i, a BCE OCTAIbHBIC YACTHUIBI C BEPOSTHOCTBIO p(i, i) =1—p, mepeimyt
B SIYEHKY C HOMEPOM Z.

B pesymnprate skcomManny 9acTH YaCTHIl TpaduTa, pacrpenesieHue YacTHIl 10
s;YeKaM M3MEHWIOCh M f4YeliKa, B KOTOPOW COJIEpPKATCS YaCTUIIbI CPEIHETO pa3Mepa,
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cMmectiiiach BieBO. COCTOSIHUE CHCTEMBbI OIPCALCIIACTCA CICAYIOINUMU PEKYPECHTHBIMU
COOTHOIICHUAMMU:

S(1) = 5(0)x P(1)

S(2)=S(1)xP(2) 10

S(k) = Sk -1)x P(k).

rie S(j) — BEeKTOp COCTOSHMS CHCTEMBI Iocie mepexojna j; P — marpuma nepexoaHbIX
BEPOSITHOCTEH; kK — HOMEp Iepexo/ia, Ha KOTOPOM 3aKaH4YHMBAETCS! ITPOIIECC.

[Mocne xaxmoro mara (mepexoja) onpeessieTcs: HoMep sSYeHKH, B KOTOPOi Haxo-
JIITCSL YacTHIBI CO CPEAHEH TOJNIIMHOM, M Ha3Ha4aeTcs 3a30p, TO €CTh OINpPEAEseTCs
HOMeEp SUEHKH iz Jlaee pacCUNTHIBAIOTCS 3JIEMEHTHI MAaTPHUIIBI IIEPEXOIHBIX BEPOSITHO-
creit (3).

Ha pucynke 3 mnokaszaHbl T'MCTOTPaMMBbl PACHpEAEIEHHs YacTUI] MO sYeHKam
B nporiecce sxkchonuranuu. J{is HarIsAHOCTH U IPOCTOTHI aHAJIU3a THCTOrpaMM U pabo-
Tel Mozenu B3sito n =10 ¢pakumit. MHTEepBa)N pacnpeneseHus: UCXOJHBIX YaCTHIL
0...4000 uMm, pa3zmep kaxmou ¢pakuuu i =400 uM. VcxomHoe pacmpeneicHue Mo
(pakusiM  COOTBETCTBYET IapaMeTpaM IUIOTHOCTH HOPMAJIBHOTO pPaclpeieliCHUs
p=3200 aM, 6 =200 uM. McxoaHblil 3a30p COOTBETCTBYET HOMepY (pakiuuu 8, rie
pa3Mepsl yacTull Haxoasrcsa B auanasoHe 2800...3200 HM, a BepOATHOCTh HEY4aCTHs
yacTuIl B mpornecce dkchommanmm p(e) = 0,5. PacueT mo Moaenu mnpexpamiaercs, Koraa
6ostee 60 % Macchl YaCTHIl OKA3bIBACTCS B EPBOM (PpaKIMK, TO €CTh MMEIOT pa3Mep OT
0 o 400 uM.

%

70 73,68

60

50

40

30,

20. 25,14

10 A

0,07 0,87 0,22

—

1000 2000 3000 4000 Pa3meps! dhpakimii, HM
a)

Puc. 3. I'mcrorpaMmsl pacnpeejeHus YaCTULL 10 siYelikaM B npouecce dkchoanannmn
1nocJie HUKJI0B 00padoTKH (HAYa/10):
a-1
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0)
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Puc. 3. Ilpoaosikenue: 6 —3; 6—6
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%

60 - 66,44

50 ]

40 -

301

20

10 17,16
6,16
3,46 4,67

116 029 g9
1000 2000 3000 4000 Pa3mepsr
2) (bpakumi, HM

%

64,34
601

501

40

25,70
20"

10

732 1 97
—10.51 0,13
1000 2000 3000 4000 Pasmepsl

0) (dhpaxmmii, HM
Puc. 3. Oxonuanme: 2—9; 0 — 13

3 JuarpaMm BUIAHO, YTO CPECAHAA TOMIIMHA YaCTULl YMCHBIIACTCA U TUCTOIpaMMa
CMCIIACTCA BJICBO.
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YucaeHHbIH IKCTIEPUMEHT

[epen unentudukanmeil BapbUpyeMbIX NapaMeTPOB MaTeMaTHYECKOW MOJEIH
11e51ecOo00pa3HO MPOBECTH YMCICHHBIN 3KCIIEPUMEHT B LIENSIX BHISICHEHHUS BIUSTHHS Kax-
JIOTO M3 TapaMeTpoB Ha KMHETHKY Ipolecca skcdonmannu. B mpeanmaraemoil Mojenu
BapbUPYEMBIMH SIBJISIIOTCSI CIEIYIOIIME IapaMeTphl: HeydacTHe YacTHIl B Ipolecce
skchommanmu p(e); BpeMs OTHOTO Tepexona AT, ¢; HCXOTHOE paclpeaeicHne YacTHUll
B CYCIIEH3HH II0 pa3MepaM [l ¥ G; MCXOAHBIN 3a30p MEXAY CTEp)KHSIMH U BHYTpPEHHEH
MOBEPXHOCTBIO OapabaHa, Kak J0Js OT CPEIAHEro pazMmepa dacTull. [IpoBoauTs yncieH-
HBIIl 3KCIIEPUMEHT IO BJIMSIHUIO BPEMEHM OJHOTO IIEPEX0/a HE MMEET CMbICIA, I10-
CKOJIbKY COBEpIIEHHO OYEBUAHO, YEM MEHBINIE BPEMs OJHOIO MEPEXO0d, TEM MEHBIIIE
BpeMsI TIporiecca dKCPOTHAITIH.

B nepeoii cepun uncieHHBIX SKCIEPUMEHTOB HCCIIEI0BAIN BIUsSHUE p(e) Ha KUHe-
THKY TIpOLEcCca U MCIOJIb30BAM CIEAYIOIIUE AaHHbIE: UHTEPBAI PACIPEENICHUs] HC-
xoaHbix yactull 0...4000 HM; UCXOJHOE paclpele/ieHUe M0 (PPAKIUsIM COOTBETCTBYET
napameTpaM IJIOTHOCTH HOpManbHOro pacnpenenenus p = 3000, ¢ =200; 3a30p cooT-
BeTCTByeT HoMepy ¢pakuuu 30, rae cpennee pacupenencuus f[30] =2900...3000 am.
Ha pucynke 4 mokasaHa 3aBHCHMOCTb 4YHCIJIa IIEPEXOA0B k, KOTOpbIE HEOOXOIUMO CO-
BEPUINTH YIS TOTO, 4T00BI Oosiee 60 % Macchl YacTHIl OKA3aINCh B NMEPBOH (paKIuH,
TO ecTb uMmenu pazmep ot 0 1o 100 Hm.

W3 rpaduka BuAHO, 4TO NMpH BO3PACTAHWU P, YBEIMUHMBACTCS BpEMs IIpolecca

skcommanmu U OCOOCHHO CHJIBHO 3TO 3aMETHO IIpH MOBEIICHHH p, Oonee 0,8.
VYuutsiBasg JaHHBIA PE3YJIbTAT, SKCIEPUMEHTAIBHO YCTAHOBIEHO, YTO MAaKCUMAaJlbHOU
ydacTue B Iporecce dKcdonmanni odecrieunBaeTcs py TOJILIUHE cllosi oOpadarbiBae-
MOM CyCHEH3UH, HE MIPEBBIIAIOLIENH 5 MM.

Bo smopoii cepun 4MCIEHHBIX HKCIIEPUMEHTOB HCCIIEIOBAIOCH BIIMSIHUE BEIIH-
YHMHBI 3230pa MEXy CTEp)KHSIMH U BHYTPEHHEH OBepXHOCThIO Oapabana. J{i1st Harssia-
HOCTH, 3a30p OTPENeIsLTH HOMEpOM (paKIu| f,, KoTopas ero oopa3yer. Ha pucynke 5
MOKa3aHbl 3aBUCUMOCTH YHCIIa IEPEX0/I0B JI0 OKOHYAHMS Ipoliecca OT HoMep (hpakLuH,
COOTBETCTBYIOIIEH HayalbHOMY 3a30py fn. Ha rpadmkax BuaHO, 9YTO MHHHUMAaIbHOE
BpeMsi skchonmany HaOMI0JaeTcsi B TOM Cilydyae, KOT/ia 3a30p COCTaBIISIeT PUMEPHO
MOJIOBUHY MaKCHMaJIbHOM TOJIIIMHBI HCXOAHBIX YaCTHILI.
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Puc. 4. 3aBucuMocTb EPEXo10B OT BEPOSITHOCTH HEYYACTHS YACTHIL
B npouecce dkchoananmu p,
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Puc. 5. 3aBucumocTH yncsia nepexoaoB k 10 OKOHYAHUS Mpolecca

oT HOMepa (ppaKUMH, COOTBETCTBYIOIIEH HAYATBLHOMY 3a30pY f;

B mpembeﬁ CEpUHU YUCIICHHBIX OKCIIEPUMCHTOB HCCIIEA0BAJIOCHh BIIMAHUE UCXOMO-

HOTO pacrpeesieHns] YacTHI[ 10 pa3MepaM Ha MPOJOJDKUTENBHOCTH Iporecca 3Kcho-
mmanuu. Ha pucynke 6 mokas3aHbl 3aBUCHIMOCTH MPOJODKUTEIFHOCTH TIporiecca 3KCgo-
JUanuy k OT CpetHero pa3Mepa 4acTHIL B UCXOJHOM cycnen3un |. V3 rpadukoB BUIHO,
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Puc. 6. 3apncuMoCTb NPOAOIKHTEIBHOCTH NIpoLecca IKCHOoIHALUN
0T HAYAJILHOI'0 paclpeesIeHus1 YACTHIL 110 pa3MepaM

YTO C YBEJNMYEHHEM CPEOHETO pa3Mepa YacTHI], BpeMs MpoIecca yBEIWIHBAETCS.
JauHblil (akT TOBOPUT O TOM, YTO JJISI IPUTOTOBIICHUS] NCXOHOM CYCIIEH3UH HEO0XO-
JUMO UCIIOJIB30BAaTh Fpa(bI/IT C MUHUMAJIbHBIM pasMEepoOM HYaCTHII.

[IpennaraeMyro MaTeMaTHYECKYI0 MOJEIb MOXKHO MCIIOJIB30BaTh Ha PAa3HbIX CTa-
Jusx npouecca. Hampumep, cpaBHeHHE pe3ysbTaTOB INPEIBAPUTENBHBIX SKCIEPHUMEH-
TOB C pacyeTaMy IOKa3alli, YTO TpeylaraeMasl MoJeJIb MOKET OBITh MCIIOJIb30BaHa JUIs
oIucaHusl mpoliecca SKc(oIualy B CTEP’KHEBOM OapabaHHO MeNIbHHIE HENPEPHIBHO-
TO MPUHIMIA JICHCTBYSL.

[IpencraBneHre UCXOOHOTO MaTepHalia, MOCTYIAIOIIETO B CTEPIKHEBYIO MEIbHU-
Iy, B BUEC COBOKYIMHOCTH (DpaKIuid, KaxKIasi i3 KOTOPBIX COIEPIKUT YUCIO TpadeHOBBIX
cioeB, kpatHoe 100, TO3BOJMIIO COKPATUTh BpeMs HICHTH()HUKALINN TapaMeTPOB U 00h-
€M pacueToB IO MoJenu OoJiee YeM B JBa pasa.

3aka4uenue

[IpemmokeH HOBBI MeXaHU3M HKC(HOIHANNN IOPOIIKA TpaduTa B CTEPKHEBOU
GapabanHoit MenpHHLE. IlpeacTaBieHue TIpaHyJIOMETPUYECKOTO COCTaBa IOPOIIKA
B BUJIE COBOKYIIHOCTH (hpakimii ¢ GUKCHPOBAHHBIMH JHalla30HAMH U3MEHEHHS TOJIIU-
HBI YaCTHI] IO3BOJIUT 3HAYNTEIBHO COKPATUTh BPeMs HACHTH(UKAIINN TapaMETPOB MO-
JIeNn, BpeMs pacueTa KOHEYHOTO COCTOSHHS CUCTEMBI U AACT BO3MOXHOCTh PACCUUTHI-
BaTh MapaMeTPhbl MOCICAYIONIMX ONepaIyii 00pabOTKH U UCIOJIb30BAHMS HAHOIUIACTHH
rpaduTa JyUis CO3JaHUS HOBBIX (DYHKUMOHAJIBHBIX M KOHCTPYKIIMOHHBIX MaTEpPHUAJIOB.
B pesynbrare mpoBeneHHs YMCICHHBIX SKCIIEPUMEHTOB 1O pa3paboTaHHOM MOJeH
YCTAQHOBJICHO BIIMSIHME OTJIENBHBIX IapaMeTpOB Ha WHTEHCHBHOCTH Iporecca 3Kcho-
JIMalK B CTEP)KHEBOM OapabaHHOW MeJbHUIIE.
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Mathematical Model of the Graphite Exfoliation Process in Bar Drum Mill
S. S. Yu. Aldawood', A. A. Baranov?, V. F. Pershin'
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of Nanoproducts’(2), TSTU, Tambov, Russia

Keywords: graphite; few-layer graphene; multilayer graphene; shear exfoliation;
suspension.

Abstract: The features of the process of graphite exfoliation in a rod drum mill
are considered and it is established that a gap of crushed particles is formed between the
grinding rods and the inner surface of the drum, and the size of this gap decreases
during the exfoliation process. A mechanism for the exfoliation process has been
proposed, according to which the separation of particles occurs after they pass through a
given gap. The original graphite powder is presented as a set of fractions with the same
particle size ranges. To model the process, the mathematical apparatus of random
Markov processes, discrete in space and time, was used. An example of using the model
to determine the particle size distribution during the exfoliation process is given.
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Mathematisches Modell des Peeling-Prozesses von Grafit
in der Stabtrommelmiihle

Zusammenfassung: Die Merkmale des Graphit-Peeling-Prozesses in einer
Stabtrommelmiihle sind betrachtet und es ist festgestellt, dass sich zwischen den Mahlstiben
und der Innenflédche der Trommel ein Spalt aus zerkleinerten Partikeln bildet und die Grofe
dieses Spalts wiahrend des Peeling-Prozesses abnimmt. Es ist ein Mechanismus flir den
Peeling-Prozess vorgeschlagen, bei dem die Trennung der Partikel erfolgt, nachdem sie
diesen Spalt passiert haben. Das urspriingliche Graphitpulver ist als eine Reihe von
Fraktionen mit denselben PartikelgroBenbereichen dargestellt. Zur Modellierung des
Prozesses ist der mathematische Apparat der rdumlich und zeitlich diskreten zufélligen
Markov-Prozesse verwendet. Es ist ein Beispiel fiir die Verwendung des Modells zur
Bestimmung der PartikelgroBenverteilung wihrend des Peeling-Prozesses gegeben.

Modéle mathématique du processus d'exfoliation du graphite
dans le moulin a tambour a tige

Résumé: Sont examinées les caractéristiques du processus d'exfoliation du graphite
dans le moulin a tambour a tige. Est établi qu'un espace entre les tiges de broyage et la
surface interne du tambour est formé a partir des particules broyées, et la valeur de cet
espace diminue lors du processus d'exfoliation. Est proposé le mécanisme du processus
d'exfoliation, selon lequel la stratification des particules se produit aprés leur passage a
travers cet espace. La poudre de graphite brute est représentée comme une collection de
fractions avec des plages de tailles des particules identiques. Pour modéliser le processus,
est utilis¢ un appareil mathématique de processus aléatoires de Markov, discrets dans
l'espace et le temps. Est donné un exemple d'utilisation du modéle lors de la détermination
de la composition granulométrique dans le processus d'exfoliation.

ABTOpBI: Anboagyo Caugp Cyxaun Fcygh — acnmpant xadenps «TexHomormye-
CKHE IPOIIECCHI, anmaparsl U TexHochepHast Oe3onacHocTb»; bapanose Auopeii Anek-
ceeguy — KaHAWAAT TEXHUYECKUX HAyK, JOLEHT Kadeapbl «TexHMKa M TEXHOJIOTHU
MIPOU3BOJICTBA HAHOMIPOAYKTOBY; Ilepuun Baaoumup ®edoposuyr — NOKTOp TEXHUUE-
ckux Hayk, npodeccop xadenpsl «TexHOIOrHYECKHE MPOLECCHI, annapaTbl U TEXHO-
chepnas 0ezomacHoctsy, PI'BOY BO «TI'TY», Tamb0B, Poccus.
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