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BBE/IEHUE

AKTyajlbHOCTh _padoThl. Kepamuka u3 kapOuga kpemuus SiC yke HECKOJIbKO

MOCHEAHUX  JIECATWIETUH  AKTUBHO  MCIIOJNB3YETCA B  PA3JIUYHBIX  OTPACISIX
NPOMBIIUIEHHOCTH: XUMUYECKON POMBILIUIEHHOCTH, JBUTATEJIECTPOCHUH,
MalIUHOCTPOEHUH, METAJUTYPIHH, SAECPHOM HSHEpreTMKe W Jpyrux oomactsx. Takas
MIMpOKasi TMPUMEHUMOCTh KapOuaa KpeMHHUs  OO0yCJOBJI€EHA  COBOKYHMHOCTBIO
YHUKQJIBHBIX (DU3UUECKUX XapaKTEPUCTHUK, TaKUX Kak BbICOKas TBepaocTh (~30 ['Tla),
BBICOKasi TEPMOCTOMKOCTh (Ha Bo3zayxe g0 temneparyp ~1700°C, Huskui
KOd(PGUIMEHT TEIJIOBOrO0 pacUIupeHus — 4,0-10°° K'l), CTOMKOCTh K XHMHUYECKHU
arpecCHBHBIM CpelaM M K paaualuoHHOMy m3nydeHmio (1o 10'° meiftponos/cm?).
Hanuuue Takux cBOicTB oOecneunBaeT padboTy u3aenuil Ha ocHoBe SiC B JKECTKHUX
cpenax. Kpome Toro, kxapOua KpeMHHs SBISETCS MaTE€pUaOM C BBIIAIOIMIMMUCS
HOJIyTIPOBOJJHUKOBBIMU CBOMCTBaMHU (IUIMpPHUHA 3allpellleHHOW 30HBI ~3 3B, BbICOKas
npoOuBHas HamnpskeHHOCTh 4,0 MB/cM), 4TO 1O3BOJMSIET HCHONB30BAaTH €ro s
W3TOTOBJICHHSI YCTPOMCTB CUJIOBOM 3JIEKTPOHUKH, B TOM YHCIE JUISl AKCILTyaTallud B
AKCTPEMAJIbHBIX YCIOBUSIX.

Oco0Oyr0 BaXXHOCTh MMEET NpobiieMa CHHTE3a YJIbTPAAUCIEPCHOTO KapOuaa
KPEMHHsI, ITIOCKOJIBKY Marepuaibl B JHCIEPrUPOBAHHOM  COCTOSHHHM  MOTYT
JIEMOHCTPUPOBATh  yYHUKaJbHBIE  codeTaHuss cBouctB [l]. M3BectHOo, dTO
HaHOpa3MepHbIe YacTullbl SiC MCIOIB3YIOTCS AJI CO3/IaHUSI HAHOCTPYKTYPUPOBAHHOMN
KEpaMUKHU U B KaYECTBE APMHUPYIOLIET0 MaTeprasa JiJisl MOBBIIIEHUS] H3HOCOCTOMKOCTH,
TBEPJIOCTH, TPOYHOCTH, BA3KOCTU pa3pylICHHWS M YMEHbIICHHUS TpeHus. Takum
o0pa3oM, HCIOJIb30BAHME  YJIBTPAIAUCIEPCHOTO KapOujga KpEeMHHUS  IO3BOJISIET
JOTIOJTHUTENBHO YIJIYYIIUTh CBOWCTBA H3JENUMHA Ha €ro ocHoBe. Otrcroma cieayer
aKTyaJIbHOCTb MPOOJIEMbl CUHTE3a YJIbTPAAUCIIEPCHOTO KapOuia KpEMHUS U MOJTyUYEHUs
Ha €ro OCHOBE HAHOCTPYKTYpUpPOBAaHHOW kepamuku. Hanopasmephsiii SiC BO3MOXKHO

CUHTE3UpPOBaTh IIOCPENCTBOM HECKOJIBKMX METOJOB (CaMOpaclpoCTpaHsOIINICS
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BBICOKOTEMIIEPATYPHBIN CUHTE3, IUIA3MOXUMHUYECKUE METOBI, 30JIb-T€JIb METOA U JIp.).
Ongnako BcCe AT TMPOIECCHl HMMEIT CBOM HEIOCTATKU: HEOOJbIINE OOBEMBI
CUHTE3UPOBAHHOTO MPOJYKTA, HAJIWYUE MPUMECEH, MHOTOCTYIIEHYATOCTh IPOILIECCOB,
BBICOKAsi CTOMMOCTh 000py/I0BaHUS U TPEKYPCOPOB U T. [I.

CornacHo (¢a3zoBoi nuarpamme, KapOUJ KPEMHHUSI MOXET ObIThb CHHTE3UPOBAH
npu Temneparype Oonee 2545440 °C w3 xunkoi Qasel. JlocTHKEeHHE TaKux
TEMIIEpaTyp OCYILIECTBUMO B HHU3KOTEMIIEpaTypHOM mmasme. OpgHuM u3 HauOoliee
3G (HEeKTUBHBIX CMOCOOOB peanu3aliyd SKCTPEMAJbHBIX AHEPreTUYECKUX MapameTpoB,
HEOOXOUMBIX JJI1 COCAMHEHUS aTOMOB KPEMHUS U yTiepoa, IPeICTaBIsIeTCs IpIMOit
mazMoauHamudeckuii cuares (I1J1C) B runepckopoCTHON CTpye KPEMHUM-YTIIEpOIHON
JIEKTpOpa3psAAHON Iuia3Mmbl. ['eHepanys IUIA3MEHHOIO IIOTOKA OCYILECTBIACTCS
IIOCPEACTBOM HMMITYJIbCHOTO CHJIBHOTOYHOIO KOAKCHAJIBHOIO MAarHUTOILIA3MEHHOTO
yckopurens (KMITY) ¢ rpadutoBsiMu sexTpogamu [2].

eanb DﬂﬁOTbl: pa3pa60TI<a HaY9YHO-TCXHUYICCKUX OCHOB CHHTC3a

yIABTPAAUCIEPCHOTO KapOujga KpEeMHHsT B THUIEPCKOPOCTHOM CTpye KpEeMHH-
YIJIEPOIHOM JIEKTPOPA3PSIAHOM T1IIa3MBL.

JInst TOCTHXKEHUS YKa3aHHOMW 1IEJIU BBITIOJHSUIMCH 3a1a4M:

1. Anamu3 mpoOiemMbl CHHTE3a YJIBTPAIUCIEPCHOTO KapOujga KpEeMHHS IO
COBPEMEHHBIM JINTEPATYPHBIM TAHHBIM.

2. Pa3paboTka MeToAa Mmia3MOIMHAMHYECKOTO CUHTE3a Ha OCHOBE UMITYJIbCHOTO
BBICOKOBOJIBTHOTO KOAKCHUAJTbHOTO MAarHUTOIUIA3MEHHOTO YCKOPUTENS C TpadUTOBBIMU
ANEKTPOJAMHU ISl TEHEpallMd UMIYJbCHBIX CBEPX3BYKOBBIX CTPYW KpPEMHUU-
YIJIEPOIHOM JIEKTPOPA3PSIAHOM TIIIa3MBl.

3. UccnenoBanue BIWSHUS YCIOBUM WHHUIIMUPOBAHUS OYrOBOTO paspsia B
YCKOPUTEIBHOM KaHAJIE U SHEPreTUUYECKUX MapaMeTPOB UMITYJILCHOTO AJIEKTPOTTUTAHUS
YCKOpUTENSL Ha IMPOUECC IUIa3MOAMHAMUYECKOTO CHHTE3a M  XapaKTEPUCTUKHU
JHACTIEPCHOTO MPOIYKTA.

4. WccnenoBaHue BIIMSHUS TapaMeTPOB COCTOSIHHS BHEIIHEH Tra3zo00pa3Hon

cpenbl Ha (a30BbIil COCTAaB U UCIIEPCHOCTh CUHTE3UPYEMOTO TTPOTYKTA.



6
5. Tlomyyenue  OOBEMHOrOo  KEepaMHUECKOrO0  MaTepuaja Ha  OCHOBE
CHUHTE3UPYEMOr0 MPOIYKTa U U3YUCHHE ero (PU3UKO-MEXaHMUECKUX CBOMCTB.

CreneHb  pa3pa00TAHHOCTH _TeMbl _ HMCCJIEI0BAHMSA. BOHpOCBI CHHTC3a

yABTPAAUCIEPCHOTO KapOuaa KpPEeMHHUS, MOJYYEHUS BBICOKOIUIOTHOTO OOBEMHOTO
MPOAYKTA U HCCICNOBAaHUS €r0 CBOMCTB IIMPOKO PacCMaTpPUBAIOTCS B COBPEMEHHOM
3apyOeKHONW M OTEUECTBEHHOW JIUTEparype, TIJie OCOOCHHO BBIJCISIOTCS pPalOOThI
L. Cheng, A. Kohyama, R. Naslain, J. Yuan, F. Luo, W. Krenkel, R. Wu, Y.-T. Yu,
B. Matovic, D.-H. Yoon, FO. M. Taupona, P. A. Augpuesckoro, C. A. KykylikuHa,
B. B. Jlyunauna u gp. [lpm 3TOM BOCTpeOOBAHHBIMHU SIBJIAFOTCSI MCCIEIOBAaHUS I10
COBEPIICHCTBOBAHUIO CYIIIECTBYIOUINX TEXHOJIOTUN U CO3JaHUIO HETPUBUAIIBHBIX MyTEH
nonydeHust SiC B MOPOIIKOOOpPa3HOM M OOBEMHOM BHJE, MO pa3pabOTKe METOJOB
MOJTYYEHHUS BEICOKOIJIOTHOM KEPaMUKH C BBIJAIOIIMMUCS (PU3NUECKUMU CBOMCTBAMH.

HavyuHast HOBU3HA

1. Pa3zpabotan MeToA MpsAMOro IJIa3MOJAMHAMUYECKOTO CHHTE3a KapOujaa
KpEMHUSI  Ha  OCHOBE  HMIIYJIbCHOTO  BBICOKOBOJBTHOTO  KOAKCHAIBHOTO
MarHuTOIUIa3MEHHOTO YCKOPUTENS C IpaUTOBBIMH 3JIEKTPOJaMH, 00ecreunBarOIUM
MOJTyYeHHUE B TUIIEPCKOPOCTHOM CTPYeE AIEKTPOPA3PSIIHON TUIa3MBbl YIBTPAIUCIIEPCHOTO
IPOAYKTa C MOHOKPUCTAUIMYECKUM CTPOECHUEM YaCTHL.

2. YcTaHOBJIEHbI OCHOBHBIE 3aKOHOMEPHOCTH BITUSTHUS yCIIOBUI
WHUIIMHPOBAHUS TyrOBOTO pa3psiia B YCKOPUTEIHPHOM KaHale W DHEPreTUYECKHX
napaMeTpoB  MMIIYJIbCHOTO  JJIGKTPONMTAHUA  YCKOpUTENsl ~ Ha  Mpoliecc
TUTa3MOJIMHAMUYECKOTO CHHTe3a KapOuja KpEeMHHUS W XapaKTEePUCTUKH TUCTIEPCHOTO
IPOAYKTA.

3. OmpeneneH xapakTep BIMSHHUS  NapaMeTPOB  COCTOSHUS — BHEIIHEH
razoo0pa3Hoil cpeqpl Ha (Da30BBIM COCTaB, MapaMeTpPbl KPUCTAIMYECKON CTPYKTYpHI,
MOP(QOJIOTUIO U pa3Mepbl YaCTHUIl MOPOIIKAa KapOuaa KpeMHuUs, (OPMHUPYIONTUXCS TIPU
BBICOKOCKOPOCTHOM pachblJICHUH MaTepuasa MIa3MeHHON CTPYH.

4. Tlomyuyena BbicokoruioTHas (p =98,5 %) cyOMUKpOHHas KepamHuKa C
BBICOKUMH  (PU3MKO-MEXaHMYECKMMHM  CBOMCTBAaMH,  OTJIMYAIOUIAsICS  BBICOKOM

TBepaocThio (H = 25,9 I'Tla).
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IIpakTHyeckasi 3HAUUMOCTh PA0OTHI

1. Pazpabotan u 3amaTeHTOBAH CIOCO0 IUIA3MOAMHAMHUYECKOTO CHHTE3a
yJIBTpPaJUCIIEPCHOrO KapOuja KpeMHus, Oazupyoomuiics Ha ucnoias3oBanuu KMIIY c
rpaUTOBBIMH  3EKTPOJAAMU U  TO3BOJSIOUINI MPOBOJUTH SKCIEPUMEHTAIIbHBIC
UCCIJIEJOBaHMsI B 00JIACTAX (PU3UKU BBICOKUX IUIOTHOCTEN SHEPTUU U MOJIyYE€HUS HOBBIX
MaTEpUajIoB B YJIbTPAJAUCIIEPCHOM COCTOSTHUM.

2. OmpeneneHbl ONTUMAalbHBIE NapaMeTPbl SKCHEPUMEHTAIIBHOM CHCTEMBl —
YCIOBUS WHULMHUPOBAHUS JIyroBoro paspsga (UCHOJb30BaHUE TIpaduTU3aLuUY,
COMPOTHUBJIEHUE yIiIepoaHOM nepeMbluku Ry = 8500 OM, COOTHOIIEHHE MPEKYPCOPOB
Si:C=3,0:1), 3HaueHHWsI DHEPreTUYECKUX H KOHCTPYKIMOHHBIX ITapaMETpPOB
(ucrionb3oBaHME  CBOOOJHOTO  MPOCTPAHCTBA  KaMepbl-peakTopa,  3HAYEHHE
BbIJenuBIIekcs sHeprun W = 30 kJ[kx), a Takke mapaMeTpoB BHEILIHEW Ta3000pa3HOiM
cpensl (maBnenue p = 1,5 arm., temneparypa t=75 °C), MO3BOJSIOUIME IOJIYy4aTh
IPOIYKT I1a3MOAMHAMUYECKOT O CUHTE3a C HanOOJIBLIUM BBIXOJIOM
yIBTPAIUCIIEPCHOTO KapOuJa KPEMHUS U BO3MOXKHOCTBIO PEryjupoBaTh (Pa3oBbId U
I'PaHyJIOMETPUYECKUI COCTaB MPOAYKTa CUHTE3A.

3. OmnpeneneHbl peXKUMHbBIE MapaMETpbl U YCIOBHUS HMCKPOBOIO ILIA3MEHHOTO
cnekanus (gasienue p = 60 Mlla, remneparypa T = 1800 °C, ckopoctb HarpeBa AT/At
= 100 K/muH., BpeMst BoiepkKH At = 10 MHH., UCIIOJIb30BaHUE CICKAIOIEH T00aBKH
Al:B:C B cootHomienuu 4:2:2 %), obecneunBaromue mnonydeHue SiC-KepaMuKH C
BBICOKMMH (PU3UKO-MEXaHUUECKUMHU U TETIOPU3NYECKUMU CBOMCTBAMH.

OcHOBHBbIE IOJIOKCHHUHA, BBIHOCUMbIC HA 3aIIIUTY

I. B rumepckopoCTHOM CTpye DJJIEKTPOPA3PSAAHOM ILIa3Mbl, T€HEPUPYEMOU
KOAKCHAJIbHBIM MAarHUTOTNIA3MEHHBIM YCKOPUTETIEM C TPa(pUTOBBIMU DJICKTPOIAMH, TIPU
3aKJaJKe B KaHad (pOpPMHUPOBAHUS IJIA3MEHHON CTPYKTYpPbl MOPOIIKOOOpa3HOW cCMecH
KpPEMHUSI W YriepoJa OCYIIECTBISICTCS NPsIMOM IUIa3MOJMHAMUYECKUM CHHTE3
YIBTPAIUCIIEPCHOTO KyOWUecKoro kapOujga KpeMHHS C MOHOKPUCTAJUTMYECKUM
CTPOEHHUEM YaCTHUI] U C MAKCUMAJIbHBIM BBIXOJ0M TIpu cooTHoenuu Si:C — 3:1.

2. Hcmnonp3oBaHue B KauyecTBE CMOCO0a WHUIMUPOBAHHS TYyrOBOTO paspsiia B

YCKOPUTEJIbHOM KaHajle TpauTU3alMd TOBEPXHOCTH H30JATOpa MPUBOJUT K
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MPEABIOHN3AlMA TIPEKYypCOPOB, O0Jee TMOTHOMY MPOTEKAHUIO IIa3MOXUMUYECKON
peaKIMu U BO3PACTAHUIO COJIEPkKAHUSA KapOuJa KpEeMHHUS B CUHTE3UPYEMOM MPOIYKTE
10 ~99 % npu CONPOTUBIIEHNH pa3pylIaeMon yriepoaHoi nepeMbraku ~8500 Om.

3. Hcnonp3oBaHWe UWMMNAKTHOM W CBOOOJHOW TJIAa3MEHHON CTpyd TIpU
M3MEHEHUH TmnojaBeAeHHo »sHeprun oT ~10,0 x/x no ~30,0 x/[x mno3Bonser
peryaupoBarh dazoBbii u IpaHyJIOMETPUYECKUN COCTaB MPOJYKTa
1a3MoAMHaAMUYecKoro cuuresa: ot ~60 1o ~90 % SiC npu cpenHeM pasmepe YacTHI]
or ~70 HM 10 ~140 HM B ciydae MMIAKTHOM CcTpyud U OT ~65 10 ~95 % SiC npu
cpemHeM pasMepe dacTuil oT ~70 HM 10 ~80 HM B cirydae CBOOOTHOM CTPYH.

4. W3MmeHeHue TapaMETPOB COCTOSIHUSI BHEIIHEM ra3000pa3HON  Ccpebl
(maBnenus B auama3one ot ~0,1 at™ 10 ~5,0 atM u Temreparypsl ot -25 °C mo 75 °C)
MPUBOJUT K U3MEHEHHUIO (Pa30BOr0 COCTaBa, MapaMeTPOB KPUCTATIMYECKON CTPYKTYPHI,
MOP(OJIOTUHM U Pa3MEPOB YACTUIl MOPOIIKA KapOUAa KPEMHHUA, a TaKkKe U3MEHEHHIO
IIMPUHBI 3alIPEUICHHON 30HbI MaTepualia B [uamna3oHe ot ~3,5 3B 1o ~3,8 3B.

5. IlpumeneHue  MeTOoAa  HMCKPOBOTO  IUJIa3MEHHOTO  CHEKAaHWS IS
KOMIAKTUPOBAHUS CUHTE3UPOBAHHOIO MPOAYKTA IPU UCIOJIB30BAHUU CIEKAIOIINX
no6aBok  ALB:C obecneunBaeT TMOJY4YEHUE BBICOKOILUIOTHOM (p =985 %)
cyOMukpoHHO# SiC-KepaMuKH, OTIMYAIOIIecs BbICOKOM TBepaocThio (H = 25,9 I'lla) u
ko3 dunmrerTom TeronpoBogHocTu 6oiee 70 Bt/m-K.

Peanu3zanusi_padorbl. Pe3ynbrarhl auccepTalilMOHHOW pPabOThl MOJTYYEHBI B

pamMKax BBITIOJIHEHHsI paboT 1o rpaHTam Poccuiickoro Hayunoro ¢onma Ne 15-19-00049
(HUP TITY Ne 2.1513.C.2015), ®oHga COmEWUCTBUS  Pa3BUTHIO Malbix  (opMm
NpeAnpuaATidA B Hay4dHO-TexHUYeckod cdepe (mpoektbl Ne 16795 u Ne 17216),
Poccuiickoro ¢onna pynmamentansubix ucciegoBanuii (mpoektsl Ne 09-08-01110 u
Ne 11-08-00608). ITonyuen nateHT «Crocob cHMHTE3a HAHOKPUCTAJUIMYECKOTO KapOuaa

kpeMHus» (2559510 P®. C30B 29/36. 3aasieno 09.04.2014; Omy6:1. 10.08.2015).

JInuHbIi BKJAJ aBTOpPA. ABTOp NMPUHUMAJ aKTHBHOE y4acTHE Ha BCEX JTarax

BBINIOJIHEHUST HAy4yHOH paboThl: 0030p JMTEpaTyphl MO TEMaTUKE, MOCTaHOBKa 3aJlay
UCCJENOBAHUM W MX IMPOBEACHUE C HCIIOJIB30BAHUEM PA3IMYHBIX AHATUTUYECKUX

METOJMK, 00paboTKa U MHTEPIIPETAIUS PE3yJIbTaTOB.
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Anpobauus  padorbl. Pesynbrarthl  nuccepTalMOHHOM — paOOTBl  ObUIH

anpoOUpPOBaHBl B XOJE€ YCTHBIX M CTEHIOBBIX JOKJIAJIOB B paMKax MHOTOYHCICHHBIX
KoH(pepeHuid MexayHapoaHoro, Bcepoccuiickoro u  PermoHanbHOro ypoBHEH:
Bcepoccuiickoit HayuHOl KoOH(pepeHIMH MoJoabix ydeHelx «Hayka. Texnomoruwm.
NunoBamun» (r. HoBocuOupck, 2011 Tr.), HaydyHO-TEXHUYECKMX KOH(EpPEHIIUIX
monoaexu OAO «llentpCubHedrellpoBony» (r. Tomck, 2011, 2012, 2013 rr.), Hay4HO-
TexHnueckux KoHpepeHuusx monoaexku OAO «Tpancuedto» (1. Cankt-IletepOypr,
2012 r.; r. Ya, 2014 r.), Mexaynapognoro konrpecca «Energy Fluxes and Radiation
Effects» (r. Tomck, 2012, 2014, 2016 rr.), MexayHnapoanoit koHpepeHmu «Plasma
technologies of studying, modifying and obtaining of different materials» (r. Kazans,
2012 r.), MexayHapoiHOM KOH(PEPEHIIMH CTYICHTOB, aCTUPAHTOB U MOJIOJIBIX YUEHBIX
«JIomonocoB — 2013» (r. Mocksa, 2013 r.), VI MexnyHapoaHoil koH(pepeHIuu
«Duznueckoe marepuanoBeneHue» (r. Tomparru, 2013 r.), XI Mexnynaponnoii IEEE
Cubupckoit koHbepeHiuu no ynpasienuo u cBszu SIBCON (r. Omck, 2015 r.) u ap.

J0CTOBEPHOCTh _pPE3VJbTATOB JIHCCEPTAIIMOHHOW pabOThl IOATBEPIKIACTCS

UCITOJIb30BAHUEM COBPEMEHHBIX METOJOB MCCIECJOBAHUSA U TOCTATOYHBIM KOJIUYECTBOM
HKCIIEPUMEHTAJIbHBIX JaHHbIX. CpaBHUTENbHBIM aHAM3 PE3YJIbTATOB NPOBOIUICS C
IPUBJICYCHUEM pPE3YyJbTaTOB MHOTOYMCIEHHBIX pabOT MO TEMAaTHKE JUCCepTalUu.
[Tonydyenue, aHalM3 W HHTEPHPETALMS PE3YyJbTaTOB OCHOBAHBI HA HCIOJIb30BAaHUU
TPaJAMLIMOHHBIX METOJOB OOpabOTKM M aHanu3a uWHGOpMAMu U  METOJOB
CTaTUCTUYECKOr0 aHaJIN3a.

Hyoaukanuu. [lo TemaTuke auccepTalMOHHOM paboThl omyOiaukoBaHo 30

pabort, B Tom yucie 10 crateil B xKypHanax, pekomeHaoBaHHbix BAK, 6 myOnukanuii B
3apyOeKHBIX )KypHaJlaX, HHJIEeKcUupyeMbIx 0a3amu gaHHbix Web of Science u Scopus, u

1 naTeHT Ha U300pETECHHUE.
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1. KAPBUJI KPEMHHUS: CTPYKTYPA, CBOMCTBA, TIPUMEHEHUE,
CHUHTE3

1.1. CTpoeHune u CTPyKTypa KapOuaa KpeMHHUS

Kap6un xpemuus (SiC) siBasieTcss €AMHCTBEHHBIM CTaOMJIBHBIM COEJIMHEHHUEM B
cucreme Si-C. Ilpu »3TOM MaTepuany CBOWCTBEHHAa KpUCTALIM3AlMg B BHJIEC
MHOTOYMCJICHHBIX MOAU(MUKAIUNA (TTOTUTUIIOB). SIBJI€HUE MOJUTUNHN3MA ObLIO OTKPBITO
B 1912 r. baymrayspom Ha MOHOKpHUCTaIax KapOuaa kpeMHus [3], paHee MOJIUTUTTU3M
SiC nabmopaancs npodeccopom Dpeiizepom Ha kpuctaiax Adecona [4].

CymiecTBylonMe  SKCHEPUMEHTAJIbHBIE W TEOPETUYECKHE  HMCCIEAOBaHUSA
CBUJICTEIIBCTBYIOT O IIMPOKOM Pa3HOOOpa3uu CTPYKTYp KapOMJAOKPEMHHEBBIX (ha3.
CooOmaercss 0 BO3MOXHOCTU cymiecTtBoBanus okosio 250 ¢opm SiC [5]. Cpemmn
MOJIMTUITHBIX MoJM(pUKanuii kapOua KpeMHUs OOBIYHO BBIACIAIOT ABa Tuma: 1) a-dazy
(a-SiC), mnpencraBisIONlyl0 COOOW COBOKYIHOCTh pPa3IMYHBIX MOAuDUKaIM ¢
rekcaronansHort (2H-SiC, 4H-SiC, 6H-SiC n np.) u poMOO3IpHUUIECKON CTPYKTYypOH
(I5R-SiC, 21R-SiC u ap.); 2) p-dazy (B-SiC), umeronyro KyOU4ecKyr CTpyKTypy (Uiau
3C-SiC) [6]. Cpeau rinaBHBIX pa3aIMuuii MEXIY Pa3HOOOpPA3HBIMU KPUCTAJUIMUECKUMU
MoAU(pUKAIMSIMEI KapOua KpeMHUS BBIICTISIOT TOPSAIOK YepEOBAHUS CIIOEB U TIEPUO/T
WX TMOBTOPSIEMOCTH B HAIPaBJIECHUU KpUCTAIIOTpapuUecKor ocu Z, TUM JIEMEHTapHOU
SYEUKU KpUCTaJLIA, & TAKXKE CTENEHb FeKCaroHaJIbHOCTH.

CTpyKTypHasi €IMHHUIIA BCEX TOJMTUIIOB KapOuaa KPeMHUS — IUIOTHAs YITaKOBKa
Si-C TeTpa’ApoB, B KOTOPBIX aTOM YIJIEpOa OKPYKEH YEThIPbMS aTOMaMu KPEMHUSI, U
o0paTHO, KaXJbli aTOM KPEMHHUS OKPYKEH YETBIPhMsI aTOMaMu yriepoja (PUCyHOK
1.1.1,a) [7]. OTnuyue B CTPOSHUN PA3HBIX IMOJUTUIIOB COCTOUT B CIIOCOOE pa3MelIeHUs
anemeHTapHbix Si-C TerpadapoB (pucyHok 1.1.1,r). Bo3moxHbl J1Ba BapuaHTa HX
ykaaaku: 1) B ciydae KyOudeckod Moaudukanyyd TPOEKIIMU aTOMOB KPEMHUS

HAXOJATCA B TPEX Pa3HBIX MoyoxeHusix A (kpyru), B (kBagpartsl) U C (TpeyroJibHUKH) B
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TpeX TMOCIEAOBAaTEeNbHBIX cyosx (pucyHok 1.1.1,0); 2) B ciaydae TrekcaroHaJIbHOU
MOAU(UKAIIMKA TPOCKIIUS aTOMOB KPEMHHUS B TEPBOM CIIO€ TOXICCTBEHHA MO3WIIUU
aTOMOB KpeMHHUS B TpeTbeM ciioe (pucyHok 1.1.1,B). DieMeHTapHbIe SYEHKH OCHOBHBIX

mMoaudukanmii mokazansl Ha pucynke 1.1.1,r [8].

O>Ow

>

>T>OW>O>TO

@. nepsbiit cnoit kpemuua: A s

@ nepswit cnoit yraepona 4H -
[@ sTopoit choi kpemuma: B ()l'

A\ TPeTvit cnoit kpemuua: C Sl l

% 10H
8) I15R

Pucynok 1.1.1 — OcoOeHHOCTH CTpoeHHs KapOuma KpeMHus: dJaeMeHTapHbld SiC-
Terpa’ap (a), MPOEKIMU AaTOMOB KpeMHHUsT B ciydae Kyoudeckod (0) wu
reKCaroHaJIbHOM (B) MOU(MUKAIUHN, DJIEMEHTAPHBIE STUEUKN OCHOBHBIX IMOJTUTHUIIOB (T)
OcHOBHBIE HCClEIOBaHUS B OOJIAaCTU SIBJICHUS] TOJMUTUIU3MA OTMEYaloT
HEBO3MOKHOCTh TMpejCKa3aHusi (POPMUPOBAHUS B IKCICPUMEHTE TOTO WM WHOTO
MOJIUTUIIA, TIOCKOJIbKY HE OMpEeeeHbl TOYHBIC TPAHUIIBI 00JlaCTel YCTOMYMBOCTH U
ycioBusi oOpaszoBaHusi kaxzgoro nonutuna [9, 10]. Ognako ayist kapOujga KpeMHUS
BO3MO>XHO BBIJICJIUTh HEKOTOPHIE MOTEHUUAIBHBIE YCJIOBUS MOJIYYEHHS Pa3IUUYHBIX
MOJIMTUIIOB: TEMIIEpaTypa, AaBJIeHUE, COCTaB Tra30BOM Cpe/ibl, HAIMUKe puMecen (uinu
JIpyrue HapyiieHusi pocta kpuctauioB) [11]. Takum o00pa3om, CHHTE3 pa3IUUYHBIX
MOJIMTUTIHBIX ~ MoauduKanuii kapOuga KpEeMHHS ONpENeNsieTcs YCIOBUSIMH U
TeXHoJIoruen cuHTte3a. B pabore [12] ycTaHOBIEHO BIMSHUE COACP)KAHUS AITFOMUHUS
Ha TOJUTUTIHYIO Moau(UKaui GopMupymmxcs KpuctamioB SiC: pocT coaepKaHus
ATIOMUHUS TPUBOJUT K TMOCJIEAOBaTeNbHOMY oOpa3oBanuto ¢a3 6H— I5R—4H.
YBenuueHue cojepkanus 6opa Takke MPUBOAUT K MOSBJICHUIO IPYyrod MoaudUKaiuu
kapbuna kpemuus 6H—4H—I5R, a yBenuueHue NaBlICHUS a30Ta MPHU TEMIIEpaType
2270-3000 K ctumynupyet nepexon k kyouueckoit ctpykrype SiC [13]. BeposTHOCTH

BO3HUKHOBEHHUS PA3JIMUHBIX MOAUTUIIOB SiC B MIMPOKOM AHANAa30HE TEMIIEpATyp MNpH
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0e33aTpaBOYHOM CyOIMMaIrMoHHOM pocTe (Merome Jlemm) mokazaHa Ha PHCYHKE
1.1.2 [14]. B paGote [15] onpeneneHa 3aBUCUMOCTb CTPYKTYPbI pacTyILEro NOJIUTHUIIA B
YCIOBHUAX HPSAMOTO OCAXIEHHs MOHOB yriepona u KpemHus ¢ sHeprueir 120 5B nHa
MOJIJIOKKAX OT TeMIepaTyphl MOANOKKH B nuanazoHe ot 900 mo 1510 °C. B pabote [16]
YCTAQHOBJICHA  3aBHUCHUMOCTb  CTPYKTYpPHl HOJHTHUIIA OT pa3Mepa  KIACTEpOB:
IPEINoNI0KeHo, 4YTo kiacTepsl SiC HAHOMETPOBOIO pa3Mepa MpPEeUMYIIECTBEHHO

dbopMupyroTcsa B KyOn4eckoi MoIu(pUKaIINH.

s J&
g
e oy 10 2000 2450 2600 2750 Jedg

.5

Pucynok 1.1.2 — BeposiTHOCTh BOBHUKHOBEHHUS PA3JIMYHBIX MOAUTUIIOB SiC B IIMPOKOM
JMana3oHe TeMIiepaTyp MpHu ucnoyib3oBaHuu meroza Jlemu: I — o0iacTh paBHOBECHBIX
ycioBuid; I — 061acTh HEpaBHOBECHBIX YCIOBUM

[TonuTune! SiC 10 NPUYMHE PA3HOTO KPUCTAJUIMYECKOTO CTPOCHHS OTIMYAKOTCS
CBOMCTBaMH, B TOM YHUCJIE JEKTPOPU3NUECKUMHU, ONITUYECKUMHU U XUMHUYECKUMH, YTO
MOXHO YBUJIeTh W3 TaOauuel 1.1.1, rae comepxarcs puznyeckue mapameTpbl Haubosee
pacrpocTpaHeHHbIX MoauduKkanmii kapobuma kpemaus [8]. M3BecTHO, 4TO KyOMYecKas
momudpukanust 3IC-SiC Oonee crTabwibHa 1O CPaBHEHHIO C Te€KCArOHaJbHBIMU
CTpYKTypamMu (BIUIOTH IO TeMIEpaTyphl meputekTudeckoro paszmoxeHus ~2100 °C),
nosmtun 2H nammenee crabused [17]. Hanuuwe y momutunuyeckux Moauduxaiuit
OTJIMYAIOIINXCS  AJEKTPODU3NYECKUX  CBOMCTB  OOYCIaBJIMBAaE€T  BO3MOXKHOCTH
peanuzanuu Ha ocHoBe SiC rerepoctpyktyp. lllupuna 3anpemenHoit 30ub1 3C-SiC
MOAXOAUT JJISI CO3/aHUSl CHUJIOBBIX YCTPOWMCTB CpeAHEH MOIIMHOCTH, JIPYTUM

SHAYUTCIIbHBIM IIPCUMYIICCTBOM KY6I/I‘-ICCKOI71 (1)331)1 II0 CPaBHCHHUIO C I'CKCArOHAaJIbHBIM
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TIOJINTUTIOM SIBJISIETCS M30Tporus cBoucTB [18]. OgHako B HacTosmiee BpeMs: Haubosee
pa3pabOTaHHBIMU SIBIISTIOTCSI TEXHOJIOTHH, CBSI3aHHBIE C MOJTYYEHWEM W NPUMEHEHUEM
JBYX UIECTUYTOJNBbHBIX CTpyKTYp, O6H- u 4H-SiC, B TO BpeMs Kak MpPUMEHEHUE

KyOMYECKOTO TOJIUTHIIA HECKOJIBKO OTCTAET B TEXHOJIOTHYECKUX pazpadoTkax [18, 19].

Tab6nuua 1.1.1 — [Tapamerps! nonutunos SiC

[TapameTp nonutuna 3C-SiC 2H-SiC 4H-SiC 6H-SiC
CtpyKkTypHas rpynna F43m P63mc P63mc P63mc
I'ekcaronanpHOCTB, % 0 100 50 33
UYepenosanue cioes (pucyHok 1.1.1) ABC AB ABCB ABCACB
g 0,43589 - | 0,30753 - | 0,3070 — 0,3073 —
TTepHoz pemeTky, iy 0,43596 0,30810 0,3081 0,3081
’ c 3 0,5031 — 1,0053 — 1,51092 —
0,5048 1,0080 1,51200
DS a 0,4359 0,3079 0,3073 0,3080
’ c — 0,5053 1,053 1,5117
IL10THOCTS, T/cM’ 3,215 3,219 3,215 3,212
[[Inpuna 3anpemnieHHoM 30HbI, 5B 2,39 3,33 3,26 3,02
HO;IBP_I?KH_(;CTB anexkTpoHoB pu 300 K, <1000 B <850 <450
cM B -C
HOZ,HBI/_II)KH_?CTL neipok mipu 300 K, <40 B <120 <100
cm-B7-C

Ucxons w3 wu3ydeHHbIX ocoOeHHocTe cTpoenus, SiC oOnamgaer CiIoUCTOM
KpUcTaJuInuecko ctpykrypoit [20], koTopas BKIIO4aeT B ceOsl CIOM TpPEX BHJIOB,
OTJIMYAIONIUECS MOPSAIKOM YEepEIOBAHUS aTOMOB B Ipejenax ciosi. B 3aBucumMoctu ot
MOJIUTUIIA MOXET TAaKXKE HU3MEHATHCS TMEPUOJl TPAHCISAUUU CJ0eB (OT JECATKOB
aHrcTpeM J0 JecsaTka HaHOMeTpoB). Ilopsaok uepenoBaHMs CIOEB B 3JIEMEHTApHOMN
AYEeKe W TEePHUOJl TPAHCISALMM OINPEIETSAI0T MaKpPOCKONUYECKHE CBOMCTBA TaKHX
CIOMCTBIX CTPYKTYp [3]. B cumy 3TOoro BakHOW 3ajayeld SBISETCS MOJYYECHHE
Marepualia ¢ 3aJJaHHbIMHA PACIIOJIOKEHHEM CIIOEB U MEPUOAOM TPAHCISALNH, a 3HAUYUT U
OTIPEJICTICHHBIMU TOJIE3HBIMU CBOMCTBAMHU, YTO ONPENEISET aKTyalbHOCTh MPOOJIEMbI
CHUHTE3a HAaHOPA3MEPHBIX OOBEKTOB M HAHOCTPYKTYPUPOBAHHBIX MaTEpPHAJOB, B TOM

YuCie U KapOuaa KpEMHUS.

1.2. CBoiicTBa U NIpUMeHEeHHE KAPOUIa KPEeMHUS

C MoMeHTa epBOro yCrnemHoro CHHTe3a kapouaa KpeMHusl HauboJiee MUPOKO U

AKTUBHO HCIOJB3YIOTCA Cro MCXaHWMYCCKHUC W TCIUIOBLIC cBoiictBa. Hamuuue
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BBIIAIOIIMXCSI CBOMCTB y KapOuga KpEeMHHUS ONpeneNsieTcs BO MHOTOM YCTPOWCTBOM
mosekyibl. Coeuuennio SiC CBOWCTBEHHBI KOBATCHTHAS XUMHYECKas CBSI3b H SpP°
(TeTpasapuueckas) ruOpuan3alys MOJIEKyJbl. Takas CBsSI3b XapaKTEpPU3yeTCs BBICOKOU
MPOYHOCTHIO U HHEPreTHUECKON YCTOMYMBOCTHIO U COMMKACT (PU3NKO-MEXaHUUYECKUE
CBOICTBa KapOuja KpeMHHUS U ajMa3a, UMEIOIIEro aHaJOTMYHYK0 XUMHUYECKYIO CBS3b.
[Tpu sTOM KapOuga KpeMHHs B CPaBHEHHH C aiaMa3oM o0sajgaer Oojiee BBICOKOM
TEMIEPaTypHON CcTaOMIbHOCThIO. (OCHOBHBIE XapaKTEPUCTUKU KapOuga KpeMHUS
npuBeieHbI B Tabmuie 1.2.1.

Tabmuma 1.2.1 — CoiicTBa kapOuna kpemuus mpu 300 K

Enununa [TonuTun kapouma KpeMHUS
Bennunna
U3MEPEHUS 3C-SiC 4H-SiC 6H-SiC
IInoTHOCTE r/em’ 3,210 [21] | 3,211 [21] | 3,210 [22]
mK. Mooca, en. 9,2-9,3 [23]
TeepaocThb
I'Tla 21-37 [16]
[ToBepxHOCTHAs MUKPOTBEPAOCTh KI/MM” 2900-3100 [24, 25]
Monynb 06beMHOTO CKATHUS 10" mun/em? 2,5 [23] 2,2 23] 2,2 [23]
Temnepatypa Jlebas K 1200 [23] | 1300 [23] | 1200 [23]
TemnepaTypa niaBiaeHus K 3103+40 [27]
VnenpHas TEIMIOEMKOCTD JIx/r-°C 0,69 [23]
TennonpoBoAHOCTH Bt/em-°C 3,6 [23] 3,7 [23] 4,9 [23]
TeMIepaTyponpoBOIHOCTh cM/c 1,6 [23] 1,7 [23] 2,2 [23]
JIuHeliHOE TEeIOBOE pacIIupEHUE 10° 1/°C 3,8 [25] - 4,3 [25]

OgHuM U3 BaXXHEWIIMX NPUKIAJHBIX CBOWCTB KapOWAa KpEMHHS SBISETCA
BBICOKAs TBEPJOCTh: MO 3TOMy mnoka3aremo SiC  ycTymaeT TOJbKO —ajiMasy,
KyOndyeckoMy HUTpuay Oopa u kKapoumy Oopa. TBepaocTh kapOupa KpeMHHs TPHU
3aMepe Ha pa3HbIX MIOCKOCTIX cocTaBigeT 21-37 I'Tla m Mao 3aBUCUT OT HAIUYUSA
npuMeceil W THma CTPYKTyphl [28]. bmaromaps BBICOKOW TBEpAOCTH, KapOOPYHI
(Ha3BaHUe, TaHHOE AUYECOHOM; B HACTOsAIIEE BpeMsl TaK HaszbiBaeTCsl TexHU4YecKut SiC)
C MOMEHTA €ro MoJy4YeHUs IHUPOKO MPUMEHSIETCS] B KaueCTBE aOpa3sMBHOIO MaTepHara,
UCIIOJIB3yeMOT0 JJIT O0pabOTKM KepaMUKH, METAJIOB 03 BKJIIOYEHUN IKejesa,

LEMEHTHUPOBAHHBIX KapOWA0B, yyryHa. OTHOcuTenbHas XpynkocTh SiC He MO3BOJISET

UCITIOJIB30BaTh €ro npu nutudoBke cranu. KapOua kpeMHus SBISIETCS OJJHUM U3 CaMBbIX
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HCIOJIB3YEMBIX OpOHECTOMKUX MAaTepPUaoB, HapaBHE c KOPYHIOM.
KapOunokpemHuneBas kepamuka o0iamaeT 3aMeyaTeTbHBIMA TETUIOBBIMUA CBOMCTBAMU
[29, 30], yTo MO3BOJSIET UCIOJIB30BATh SiC NPU MPOU3BOACTBE OrHeymnopos [31, 32],
TEILTIOBBIX JIBUTATEIICH M TEII000OMESHHHKOB [33].

SiC kepamuka, o0aaaroniasi BEICOKOM CTOMKOCTBIO K MEXaHUYECKOMY M3HOCY U
arpecCMBHBIM CpeliaM, TMOJydyuia MIMPOKOE pPacHpoCTpaHEHHUE B Pa3HOOOPA3HBIX
OTpAaCIIX MPOMBIIUICHHOCTH: JIBUTATEIECTPOCHUM (JIOMATKHU, JUCKU TypOHWH, Kamepbl
CropaHusi), XMMUYECKON MPOMBIIIIEHHOCTA U METAJUTYPTUH (TUTJIH, TPYObl U TUTHUKH),
MaITUHOCTPOSHUH (KOJbIIA, INTACTUHBI, BTYJIKH, MOAIIAITHAKY, KJIaaHbl 11 paboThl, B
TOM 4YHUCJE, B arpecCUBHbIX cpenax). KapOuna KpemMHUS NPUHAMICKUT K KIaccy
HanOoJiee XUMHUYECKA CTOMKHX BEIIECTB, IMOCKOJBKY HE pasjiaraercs Jaxe IpH
B3aUMOJICHCTBUU C OOJIBIIMHCTBOM MHUHEPAJIbHBIX KUCJIOT U PacTBOPOB Hienoueit [11].
B tabnune 1.2.2 npuBeaeHbl KOHKPETHBIC MPUIIOKEHUS KapOuia KPEeMHHUSI B KaUeCTBE
pa3IMYHBIX JEeTajel M MCIHOJIb3yeMble B KaXKJIOM KOHKPETHOM ciyyae (usnyeckue
coiictBa [34]. HHrepec Kk pa3Buthio SiC-TEXHOJOTMM HMEETCS B ATOMHOM
MPOMBIIUIEHHOCTU. PaboThl [35-37] mocBsiieHbl HCClIeIOBAaHUIO KapOua KpeMHHUs B
Ka4eCTBE MAaTepHalla, CTOMKOrO K pPaJdalMOHHOMY W3JIYYEHHUIO, KOTOPBIA MOKET
MPUMEHSTHCA ISl 00pabOTKH CTEHOK SIIEPHBIX PEAKTOPOB M MOBEPXHOCTU JTUOKCHIA
ypaHa B BBICOKOTEMIIEPATYPHBIX Ta300XJIaxk1aeMbIX peakTopax (trexnosnorun TRISO), a
TAKXKE JIJI1 U3rOTOBJICHUS PAAUAIIMOHHO-CTOMKUX MTOTYIPOBOAHUKOBBIX JETEKTOPOB.

Co BTOpOi MOJIOBUHBI XX BE€Ka aKTUBHO Pa3BUBAIOTCS HAYYHBIE HAIpaBJICHUS,
MOCBSIIIICHHBIC UCCIICIOBAHUIO DJICKTPOHHBIX CBOMCTB kapouaa kpemuus [38]. SiC cran
M3BECTEH KaK MOJYMPOBOJHUK C YHUKAIBHBIMU XapaKTEPUCTUKAMU, TTPEBOCXOSIIIMMU
OOJBIIMHCTBO TIOMYJISIPHBIX MAaTEPHAIIOB COBPEMEHHOM JJIEKTPOHHOW TEXHHUKU. B
tabnuue 1.2.3 mpuBeNEeHbl MOIYNPOBOJHUKOBBIE XapaKTEPUCTHUKU MOJUTUIOB SiC B

CPaBHEHHMH C KPEMHHEM U HUTpUAOM rayus [39].



16

Tabnuna 1.2.2 — Hexotopsle aetanu u3 SiC ¢ TOUKH 3pEHUs IPEIOCTABIISIEMbIX CBOICTB

= —~ =
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3 =~ = o =2 [¢)
1S (@) = = = =
= o o @ = ~ =
= = = < 5 s o)
= = z =l e =
= o el =
[¢) = < = o
Q = o] = Q
[Tpunoxenus a} a = o =
Eo o = =
= o o
5 3
’ =
=
oo
<
HECYILIMI BUHT CaMOJIETa [ ] o ] [
IapOBOM BEHTHIIb [ ( [ ] [
TOPMO3HOM JAUCK [ [
TpyOa ropenku [  J L o
TUTEIb ( [ [
MOJIINUITHUK CKOJIbXXEHUSA (] o o
MEJTFOUIUI ap [ [ ]
abpa3uBHBIA UHCTPYMEHT [ [
TEMI000MEHHUK o o
HarpeBaTeJIbHbIA 3JIEMEHT [ ] [ o
TETUIOBOM PKpaH [ J [
OTHEIPHUIIAcC [ ] L
(GUIBTP OUUCTKU [ [ ] L L
3alllUTHAS THJIb3a [
paKeTHOE COILIO [ J L
KOJIBIIEBOW YIIJIOTHUTEIb [ [

Ha ocHOBaHMM M3BECTHBIX JIUTEPATYPHBIX JaHHBIX [39, 40], BO3MOKHO BBIIEINUTH
ClIEyIOIMEe TPEeUMYIIEeCTBA KapOuia KpEMHUS KaK MOJIyIPOBOJIHUKOBOIO MaTepuana:
1) mmpokas 3ampenieHHas 30HA, OMNPEAENAIoNIas BBICOKMH ypOBEHb pabounx
temmnepatyp (o 1000 °C) mo cpaBHEHHUIO C TPAJIUIIMOHHBIMHU TOJYIPOBOIHUKOBBIMU
MaTepuaiaMu;

2) BbICOKas NPOOMBHAS HANPSDKEHHOCTb, OMPEACINAIONIAasl YBEJIMYEHHE MOIIHOCTH
YCTPOMCTB Ha OCHOBE KapOu1a KpeMHUS;
3) BBICOKas TEIUIONPOBOAHOCTb, MO3BOJISAIONIASA O0JIETYUTH MPOOJIEMY TETIOOTBOA;

4) BbIcoKas Temneparypa Jlebas, onpenenstonias TEpPMUUYECKYIO CTAOMIBHOCTD.
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Tabnuna 1.2.3 — CpaBHEHHE MOTYIIPOBOAHUKOBBIX CBOMCTB KapOuaa KpeMHHUS C

dHaJIoraMHu
[[upuna Kputnueckas ITonBux- Hpeiidposas Temnepa-
Temnomnpo-
Martep | 3ampereH- HaIpsKEH- HOCTbH CKOPOCTH Typa
BOJHOCTb,
Haj HOM 30HBI, | HOCTBH IPOOOS, | DJIEKTPOHOB, | ASJICKTPOHOB, Jlebast,
5 Br/Mm-K
B MB/cMm cm/B-c cMm/c K
Si 1,12 0,6 1,1 1,0-10 150 640
GaN 3,39 3,3 1,0 2,5-107 130 550
3C-SiC 2,20 2,0 750,0 2,5'107 500 1200
4H-SiC 3,26 3,0 800,0 2,0 107 490 1300
6H-SiC 3,00 3,0 370,0 2,0 107 490 1200

COBOKYITHOCTB MPUBEICHHBIX YHUKAIBHBIX MOJIYIPOBOJHUKOBBIX XapaKTEPUCTUK
MO3BOJISIET U3TOTABJIMBATH CJIEAYIOIINE JIEKTPOHHBIE KOMIOHEHTHI [20]:
1) mpuOOpsl CHUJIOBOM DJIEKTPOHUKH JUJIST  DJICKTPUYECKUX CHUCTEM  BBICOKOTO
Hanpspkenus (~6 kB) u Toka (~5- 10° A/em?);
2) yCTpoHCTBa BBICOKOYACTOTHON MOJYHPOBOJHUKOBON TEXHUKH Mg pabOThl Mpu
BBICOKHX ITOTOKAaX MOITHOCTEH (70 10*Br3a 10! c);
3) yctpoiicTBa U  JaTYUKM  (PUBMYECKUX BEJIUYMH JIJII  UCIOJIL30BaHUSA B
IKCTPEMAJIbHBIX YCIOBUSX: MPHU BBICOKUX Temmeparypax 6omnee 400 °C, paguaiimioHHOM
u3JIydeHus (10 10" HeﬁTPOHOB/CMz), B XMMHUYECKU arpeCCHUBHBIX Cpelax, 4YTO LEHHO
IIPU MCMOJIb30BAHUH B A3POKOCMUYECKOM, aTOMHOM ¥ BOeHHOU cepax [41];
4) pecypcocoOeperarone HU3KoBOJbTHRIC (2—3 B) cBeTOM3IyJaronue CUCTEMBI.
Takum 00pazoM, NepCcreKTUBHOCTh SiC-3JIEKTPOHUKH YPE3BBIYAMHO BBICOKA.
Opnnako JIOJITO€ BpeMsl MTOJTHOLIEHHOE UCIIOJIb30BaHUE 3asIBJICHHBIX
MOJIYITPOBOJTHUKOBBIX ~ CBOMCTB KapOWaa KpEeMHHS U TIOJYyYE€HHUE DJICKTPOHHBIX
YCTPOMCTB € OXHUJAEMbIMU TPEUMYIIECTBAMM Ha €ro OCHOBE OCTaBaJlIOCh
HEBO3MOXKHBIM B CHJIy CIIOKHOCTH OOpaOOTKM ¥ BhIpamuBanus KpuctawioB SiC.
Ceituac kapOWJOKpeMHHUEBasT JICKTPOHUKA Pa3BUBACTCS OT CTAJWU HCCIETOBAHUS K
KoMmmepueckoMy mnpou3BoactBy [40], B Tom uucie B Poccuu [42]. Ucnonb3oBaHue
YKa3aHHBIX CBOMCTB KapOWaa KPEMHHUS OMPENESETCs COBEPIICHCTBOM METOJIOB €ro

noiyudeHust [39], moTomMy co3jgaHuMe M MOUCK HaumboJiee YCIEIIHbIX METOJ0B CHHTE3a
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KapOua KpeMHUs ABIISETCS aKTyalbHOM 3a/adeil. YUuThIBas, 4TO KapOuUJ KpEeMHUS —
3TO MaTepuajl C HaHOPa3MEPHO-3aBUCHUMBIMU (DYHKIMOHAIBHBIMH CBOWCTBaMu [3],

aKTyaJIbHOU SBJISIETCS 3a]a4a Pa3BUTHs CIIOCOOOB MOTyUYeHus yibTpaauciepcHoro SiC.

1.3. MeToabl CHHTe3a KapOuaa KPpeMHUSA

1.3.1 Ucropusi MeTOA0B CHHTE3a M HCCJIeJ0BAaHMI KapOuaa KpeMHUs

Bo3MoxkHOCTE cyliecTBOBaHUS OMHAapHOTO coenuHeHus B cucteme Si-C Oblia
BIIepBbIE BbicKazaHa bepuennycom B 1824 1. [4]. IlonbITKH OCYIIECTBIEHUS CHHTE3a
NOTEHIIMAIBHOIO COEIMHEHHSI KPEMHHS U YIJIEpOAa, KOTOPOro HE CYIIECTBYET B
IpUpoJie B CBOOOJHOM COCTOSIHMM, MpUHaIIexaT ydeHbM Jlecnperdy, MapcaeHy u
Koncony [43]. BriepBble CHHTE3UpPOBATh KapOUJ KPEMHUS yAAIOCh DaABaply A4ecoHy B
1893 r. [44]. B atom xke ronmy AHpu Myaccanom SiC Obul HaifjieH BO (parMeHTax
METeopuTa BHUAE MHUHEpaja, KOTOpbIM ObLI MOIKE Ha3zBaH MyaccaHuToM [45].
JlanbHeilee pa3BuTHE B 00dacTsIX wu3ydeHuss M noiydeHuss SiC  CBSI3aHO C
OOHapy)KCHHMEM MHOTMX (yHAAMEHTaJIbHBIX JJNEKTPOPU3UYECKUX SBICHUM Ha
KapOUJOKpEMHHUEBBIX KpucTamuiax. Tak, SiC IpUMEHsUICS B KaUe€CTBE BBIMPAMIISIOIINX
TBEPAOTEJBHBIX JETEKTOPOB, HMCHOJHSBIIMX POJIb JEMOAYJISATOPOB PaIAOYACTOTHBIX
CUTHAJIOB B MEPBBIX paauonpueMHukax [46]. IlepBbie 3KCEpUMEHTHI MO W3YYECHHIO
CBETOM3Y4YaTEIbHON CITOCOOHOCTH KPUCTAJIIOB OBLIM MPOBEACHBI TaKKE HA MPUMEpE
kapbuaa kpemuusi: B 1907 r. I'. Paynn npoaeMoHCTpupoBai cBeueHrne KpuctamioB SiC
[IPY TPOMYCKAHUHU IO HUM JJIEKTPUUECKOTO TOKa, a B 1923 1. O. JIoceB OTKpHLI HA HUX
SBJICHHE JIOMHHECLHEeHIMH [47-49]. DTo ompenenwyio MHUPOKUNA HMHTEpPEC K Kapoumy
KPEMHHSI IIPU NEPEXOAE OT BAKYYMHOM K IOJYIPOBOJHHKOBOW TEXHUKE BO BTOPOM
nosoBuHe XX Beka. B 1978 r. B JIDTU Obin pa3paboTaH METON BbIpAIIMBAHUS
MOHOKpHUCTAIIOB SiC, MO3BOJSIOIIMNA MOJYYUTh CIUTKH pa3MepaMu J0 HECKOIBKUX
cantumeTpoB [20]. Ilpu 3TOM BCIEICTBUE CIIOKHOCTEH Mpolecca BbIpalllUBaHUS U
o0paboTku kpuctamuioB SiC, a TakkKe CTPEMUTEIBHOTO pPa3BUTHS KPEMHUEBON
MOJTyTIPOBOTHUKOBOM TEXHUKHU UHTEPEC K KapOUIy KPEeMHHUS HECKOJIBKO YMEHBIINIICS K

koHIy XX Beka. CeronHst oOHapyskeHa 11es1asi COBOKYIHOCTh YHUKAJIbHBIX (PU3MUYECKHUX
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xapaktepuctuk SiC [20], 4TO BBI3BAJIO HOBOE pA3BUTUE HAYYHBIX HalpPABIICHHH,
CBSI3aHHBIX C TIOJy4YEHUEM KapOuaa KpeMHHUSI.

Kak wu3BectHOo, Monekynbl SiC 007a7aloT BBICOKOW DJHEpPrued CBs3U. ITO
00yCNaBIMBAET BBICOKYIO TEMIIEpaTypy pOCTa KPUCTANIMYECKOW CTPYKTYyphl (Oonee
2000 °C). Takum oOpa3zoM, JJII COSTMHEHHUS aTOMOB KPEMHUS M yriiepoja TpeOyercs
MPWIOKUTh BBICOKHE HHEPreTUYECKHe MapaMeTphl. Jnarpamma coctosiHul KapOuja
KPEMHHS B 3aBUCUMOCTH OT KOHLEHTpaUuu Yriepoja NIpHUBEIAEHAa Ha PHCYHKE
1.3.1 [27]. JIna nonaydeHus: KapOujga KpeMHHS CYIIECTBYET LENbIA PsJl METOAUK, YacTh

13 KOTOPBIX PAaCCMaTpUBAETCs B HACTOSIIEM 0030peE.
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Pucynok 1.3.1 — Iluarpamma cocrosinuii B cucteme Si-C

1.3.2 Merox AdecoHna

Meron ~ AdecoHa  SBISE€TCA ~ NPOMBIIUIEHHBIM  CHOCOOOM ~ CHHTE3a
kpynHo3epauctoro SiC. Ilpy HanMuuM MHOTOYHMCIEHHBIX pasHoBUAHOCTEH [50-54]
JaHHBIN CIIOCOO CYIIECTBEHHO HE M3MEHMWIICS C MOMEHTA €ro pa3paboTKu D. AuecoHOM,
[To3xe Auecon ocHoBan komnaHuto «The Carborundum Company», rae BHeapu
COOCTBEHHYIO METOAUKY B ITPOU3BOJICTBO.

[Tomyuenue xapOuga KpeMHUSI METOJOM AdYecOHa OCYIIECTBISIETCS B IPOLECCe
cyonmumaruu [44, 34]. OObluHO MJIsI peanu3alldd 3TOr0 Mpollecca MCIOJIb3YeTCs
rpaduToBas 3JIEKTPOIEYb, UCXOAHBIA MaTepual i XMMHUUECKON peakluu COCTaBIsET

CMeCh TMOKCHUA KpeMHHUs (TIECOK) U yriiepojaa (Koke, rpadur):
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Si0, +3C—1020C_, §iC12CO.

[Ipexypcopbl MOMEMAIOTCsI BOKPYT TPadUTOBOIO KEpPHA AJIEKTPOMEUr, KOTOPHIA
HarpeBaeTcsl TOCPENCTBOM 3iekTpudeckoro Toka (mo 100 xA). Ilpum goctmxeHnn
temnepatyp Oonee 2000 °C BOnm3M HarpeBaTenss oOpa3yeTcs KapOuja KpeMHHS,
COJIEp’)KaHUE KOTOPOrO YMEHBINAETCsl TMpU OTAaNieHuH OT KkepHa. l[locnme cuHTe3a
HEOOXOJMMO OTIEIUTh O0pa30BaBIIMICSA KapOWJ KpEMHHUS OT HENpopeardpoBaBIINAX
npekypcopoB. OIMH U3 BO3MOXKHBIX BapHaHTOB Mpou3BojcTBa SiC MeTogoM AuecoHa

NpuBEEH Ha pucyHke 1.3.2 [54].

Bulinenexnue
HenpopearMpoBaBLnX
npoayKToB
k
S0, —»—
CmellMBaHne ' - ]

Kok —— —— | OnekTponeys
Conun —»— L.Iﬁ'lx"l'bl | AyecoHa
Onunkw ——

—
Mpomeiaka TR Bz:;neg:we
B KWCNOTE pouga
' -  KpEMHWA

Mpombieka MarHuTHoEe
L = Cylika
B BOJE oboraweHve

lNoTosar . ‘_@
npogykums SiC

Pucynox 1.3.2 — I[Ipouecc nomxydeHust kapoOopyHaa METOA0M AuecoHa

Cunres SiC MeTo10M AUYeCcOHa OCYIIECTBIISIETCS JOCTATOYHO MPOCTHIM MYTEM, HE
TpeOyeT 3HAYUTEIbHBIX 3aTpaT, JOPOrOCTOSAIIUX IMPEKYPCOPOB M OCOOBIX YCIOBUU
peanu3aiuu, BbIXO IPOJYKTa COCTABIISIET TOHHBL. Bce 3TH npenmyliiecTBa mo3BOJSIOT
HCIIOJIB30BaTh METO A4YecoHa JIsl MPOMBIIIJIEHHOTO MPOU3BOACTBA KapOuaa KPEMHHUSI.

Cpenu HenocTaTKOB MeToAa AuecoHa ciaeayer Bolienuts [20, 53]:
— 3HAYUTENBHOE 3arps3HEHUE KOHEYHOTO MPOAYKTa (pazaMHu HEMpOpearupoBaBIIUX
NEPKYPCOPOB U HEOOXOUMOCTh OYUCTKU (KOTOpast 3a4acTyIO MPOU3BOJUTCS BPYUHYIO);
— CJIOXHOCTh  YyMPAaBICHUS CTPYKTYpOW U  JHUCIEPCHOCTHIO  0OPa3yHOIIMXCS
KPUCTAILJIOB;
—  3arpsA3HEHUE OKPYXKAIOIICH Cpe/ibl yrapHbIM U YIJICKUCIIBIM ra3amMu;

— HEJOJTOBEYHOCTh 3JIEMEHTOB IPaUTOBOM JIEKTPONEUH;
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—  BBICOKAasl IPOJIOJKUTEIBLHOCTD MPOIIECCa MOTYUYEHHUS MPOYKTa (IECSITKUA YaCOB);
— TPYAHOCTH MOJYYECHUS YIbTPAAUCIEPCHOTO MPOAYKTA.

Jlnst wm30aBieHWs OT YKa3aHHBIX HEIOCTAaTKOB TOCTOSHHO —TIPEaJararoTcs
pasnmuuHble ugen. B pabore [54] pekoMeHayeTcs MPOU3BOIUTH IPEIBAPUTEIBHYIO
MEXaHMYECKYI0 aKTUBAIMI0 CMECH HCXOJHBIX MaTepHayioB; KPOME TOTO, BO3MOXKHO
HCIIOJIb30BaTh MHBIE CXEMBI PeaIM3allii OT)KHUTa, HAIIPUMED, IOCPEICTBOM MPUMEHEHHUS
CaJIOYHBIX BaKyyMHBIX Iieueil comnpoTtuBieHus [53]. PaGotel [55-60] mocBsiieHsbI
MOMCKY BO3MOXHBIX YIJIEPOJ- M KPEMHHICOJAEpIKAIUX MPEKYpPCOPOB CHHTE3a, B
Ka4yeCTBE KOTOPBIX MpeJjIaracTcsi UCIOIb30BaTh CTEKJIO0, caxap, OpraHMYeCKUE OTXO/IbI,

PHUCOBYIO LIETYXY U JIp.

1.3.3 Meron Jleau n JIDTHU

B 1955 r. 4. Jlenn Obu1 pa3paOoTaH METOJ CHUHTE3a MOHOKPHUCTAJUITMYECKOIO
KapOuJa KpeMHHUs, KOTOpBIM MO3BOJWJI HCCIEAOBATh MOHOKpHUCTauibl SiC B 4YacTu
IEKTPUYECKUX M ONTUYECKUX XapPAKTEPUCTHK, a TaKK€ H3TOTOBUTH Ha OCHOBE SiC
nepBble MOJTYNPOBOAHMKOBBIE mpubopkl [61]. IlocpenctBom merona Jlemm BO3MOMXKHO
MoJIy4aTh delryidvarble MOHOKpUCTAUIBI O6H-SiC HenmpaBWIBHON IIECTHYTOJIBLHOMN
(bopMBbI MTOCPEICTBOM SIBJIEHUS cyOnumanuu. B mepBoHavyasibHOM BHzie Metoaa Jlemu
MOPOIIOK KapOuaa KpeMHHUsS BO3TOHsuICS B aproHoBoit armocdepe mpu 2500 °C B
rpaduToBoii (popme, KOTOpasi OrpaHMyMBaia pocT Kpucramwia. OrpaHUYeHHOCTb
pasmepa kpuctauioB SiC 3aTpyJHWIA TPUMEHUMOCTH METOJAa B CEPUHHOM
IIPOU3BOJICTBE.

BoisBnenne y SiC yHUKaJIbHBIX MOJYPOBOAHUKOBBIX XapAaKTEPUCTUK MPUBETIO K
HEOOXOAMMOCTA  pa3pabOTKM  HOBBIX  3(P(EKTUBHBIX  CHOCOOOB  MOJYYECHUS
MOHOKPHUCTAIIJIOB KapOuaa kpemHusi. Hanbosnpiiero ycnexa A0CTUIIIA 1Ta0OpaToOpust IO
pykoBoactBoM  mpodeccopoB  TampoBa wu llBetkoBa mipu  JleHuHrpajackom
anekTporexuuueckom wuHCTHTYTe (JIDTU), KOoTOpas B 1978 1. coobOmmna o
BO3MOKHOCTH BBIPAlIUBaHHUS MOHOKPUCTAJUIMYECKUX CIHUTKOB SiC reKkcaroHaJlbHOU
dbopmbl co cpeaqaumu pazmepamu 10 20 mm [62]. [Iporiecc ocymiecTBisuics B BaKyyMe

npu temneparype ~1800 °C u ckopoctu pocra g0 1,6 — 2,0 Mm/4. MeTon BeIpaluBaHus
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00BEMHOTO MOHOKpHCTAJIIA-CIUTKA KapOujga KpemHus B pabore [63] Obul Ha3BaH
«metonom JIDTU».

HNanbHeiimee pazsutue Merona JIDTU no3Bonuiio moiy4uTsh KpUCTaIbl KapOuaa
kpemHusi auamerpom 10 10 cm [20]. Ha nanssiii moment CIIOIITY «JIDTU»
MpeUiaraeT BbIpalleHHble KpucTauibl SiC nuameTpoM 10 75 MM. MOHOKpPHUCTAIIIBI
TaKUX pa3MepoB MPUTOJHBI JJIs CO3/IaHUS Ha MX OCHOBE Pa3HOOOpa3HBIX YCTPOMCTB
MOJIYNPOBOJHUKOBON TEXHUKH, B TOM YHUCJE MPUOOPOB CHIIOBOW AJIEKTPOHUKH. ITO
obecrieunio npumeHeHue metoga JITU B kauecTBe €MHCTBEHHOIO MPOMBIIIUIEHHOTO
cnocoba MPOU3BOJACTBA MOHOKPHUCTAJUTMUECKOTO KapOuga KpemHHs. AOCOIIOTHBIM
JUJEPOM TMPOU3BOACTBA MOHOKPHUCTAJUIMYECKOro KapOujga kpemHust metoaom JIOTU
apisgercs komnanus Cree (CIIA).

Cpenu HEeIOCTaTKOB, MPUCYIIUX B pazHou mepe metoaaM Jlemm u JIDTHU, cnenyer
BBIJICTIUTh TUIOXO YIPABISIEMOE 3apOKIACHUE KPUCTAIUIOB M JEHIAPUTHBIN XapakTep HX
pocTa, KOTOpbIE CIOCOOCTBYIOT BO3HHKHOBEHHIO MHOTOUYUCICHHBIX J1e(PEKTOB U
MUKPOTIOPp B MOHOKpHUCTa/UIaX. OJEKTPUUECKHE U CTPYKTYpPHbIE MapameTphl
KpPHUCTAJUIOB, MOJYYEHHBIX B OJHOM Ipoiiecce, OyAyT B TaKOM CIydae CYHIECTBEHHO
oTInyathbesl. Takxke CYyIIEeCTBYIOT CEpPhe3HbIC MPOOJIeMbl TPU CTAOMIIM3AIUA PEKUMOB
pocTa Mpu BBICOKUX TeMIiepaTrypax cuHTe3a MoHokpuctamioB SiC (1o 2600 °C).

Eme oxnoit BaxkHoi mpobaemoit npu nonydueruun SiC merogaom JIOTU sBnsercs
BJIMSIHUE HA BBIpAIIMBA€Mblii MOHOKPHUCTAJII 3aTPaBKH, JUAMETP KOTOPOW OmpeaenseT
BETMYMHY MOHOKpHCTANIa, TakKUM 00pa3oM, pocT MoHokpuctamia SiC cTporo

OTpaHUYEH.

1.3.4 BoicokoTeMnepaTypHbIii CHHTE3

PazpaboTka BeICOKOTEMIIEpaTypHOTO CHHTE3a ObLIa ocyliecTBieHa B 1970-x IT. B
CCCP [64]. Beigenstor JIBE Pa3HOBUAHOCTH TaKOTo MeTo/1a:
caMopacipocCTpaHstomuiicss BeicokoTemneparypHbiii cunre3 (CBC uwnm SHS — self-
propagating high-temperature synthesis) u cuate3 oobeMHoro ropeaus (VCS — volume
combustion synthesis). OOpa3ipl HarpeBarOTCS OT BHEIIHETO HMCTOYHUKA JIOKAJIBHO

(CBC) mu60 paBHomepHo (VCS), miig Toro 4toObl Ha4aTh 3K30TEPMHUUECKYIO PEAKIIHIO
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COCIMHEHHsS aTOMOB KpeMHus u yriepoaa [65]. Pexum CBC xapakrepusyercs
pPacIpOCTPAaHEHUEM «BOJIHBD) 3K30TEPMHUUECKUX XUMUYECKUX PEAKIUid CUHTE3a CKBO3b
TEeTEPOreHHYIO Cpelly cCMecH IpekypcopoB mpu temmeparype 6oiee 2000 K. Pexum
VCS oTinuaercs paBHOMEPHBIM ITPOXO0KJICHUEM PEAKIUU 10 BCEMY 00BbEMY pPEareHTOB
U HE TMOAXOAWT MJisi pealu3aludyd SK30TePMHUYECKHX pEaKIHMi  BCIEIACTBUE
HE0OXOMMOCTH MPEABAPUTEIILHOTO MOI0TPEeBa MaTepUalIoB Mepel 3aKuranueM [66].

KapOug xpemHUS MeETOA BBICOKOTEMIIEPATYpPHOTO CHHTE3a TOJNYYaOT TIPH
MPOTEKAaHUU XUMHYECKOU PEaKIIUU:

Si+ C = SiC + 73 xJI»x/mMounb.

Takas  peakuusi XapakTEPU3YETCS  YMEPEHHOM  BEIWYMHON  HHTAJBIIUU
oOpa3oBaHUsS TPOJAYKTa M HU3KOM aJuabaTUYeCKON TeMIeparypod TOpEeHHs
T,.= 1860 K. B takoii cucteMe CI0XKHO BBINTOJHUTEL camocTosATeabHbIn CBC, omHako
OompIas 4acTh JOCTYIHOW JUTEpaTypbl paccmaTpuBaeT cuHTe3 SiC, CBsI3aHHBIN
UMEHHO C 3TUM IyTeM. J[Js MOBBIMICHUS PEAKIMOHHON CIOCOOHOCTU TMPEKYpPCOPOB
UCITIOJIB3YIOTCS CIIEAYIOIINE MOAXOAbI:

a) MpeIBapUTENbHBIN MTOJ0TPEB MPEKYPCOPOB;

0) MpUMEHEHUE JOTIOJIHUTEIHHOTO AJIEKTPUUECKOTO TOJIS;
B) XMMUYECKasl aKTUBALIUS CMECH MPEKYPCOPOB;

I') OCYIIIECTBIIEHUE TIPOIIECcCa B BO3AYXe/a30Te;

1) MEXaHW4YecKasi aKTUBAIIHS TPEKYPCOPOB.

Heob6xoaumocTh HCTONB30BaHUSI TOTO WM HMHOTO TIOJAXO0Ja OIpPEAessIeTCs
JKEJTaeMbIMU CBOMCTBaMU MPOJYKTa, HAIPUMEP, YUCTOTOM, paclpeieICHUEM YaCTHUIl O
pasmepam u Mopdosorueit, 00beMOM BbIITyCKa MPOIYKIIMU U CTOMMOCTBIO Tpoliecca.
[Tomyuenune xkapouma kpemuus merogom CBC Bmnepssie Obu10 omucaHo B pabote [67],
I7Ie YKa3blBaJIUCh IyTH ONTHUMM3AIMM CHUHTE3a IyTEM IMPEIBApPUTEIIHLHOTO Harpena
peareHTOB. B  nanbHeillieM HMMEHHO  TMOBBIIIEHWE  TEMIIEPATypbl  TOPEHUS
UCIIOJIB30BAIOCh Ui yBenuueHus d¢dektuBHoctr cuHTe3a SiC. Ilpu 3TOM B
BBICOKOTEMIIEPAaTypHOM CHHTe3e TposBiseTcs ddPekr camoouuIiieHus. bbuio
nokazaHo, 4to 50% METAIIMYECKUX TMPUMECe Ha4dalbHBIX TMPEKYpCOPOB OBLIO

YCTPAHEHO B YCJIOBUSIX BBICOKUX TEMIEPATYpP BOJIHBI TopeHus [68, 69].
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Ba)xHO 3aMeTHUTb, YTO HCIIOIB30BAHUE MPEABAPUTEIBHOIO MOJOIPEBA MO3BOJISIET
OJIHUM IIIaroM NPOU3BOJUTH KepaMuKy. BriepBbie 3TO ObLIO MPOAEMOHCTPUPOBAHO B
pabote [68] mpu mpoBEJACHUU CHUHTE3a MPU BBICOKOM JaBieHUU. Kepamuka, koTopas
OblJIa CHHTE3WPOBaHa B ONITUMAJIBHBIX YCIOBHSX, COACPKUT ~96 % dazbr S-SiC.

Hpyroii cnoco6 Kcnonb30BaHUs MOJI0IPEBa IPHU BHICOKOTEMIIEPATYPHOM CHUHTE3E
3aKJII0YAETCsl B MPOXOXKACHUM TOKA CKBO3b PEAKIIMOHHYIO Cpely. DTOT MOIXOJ ObLI
BIIEPBBIC TpEIOKEH B pabore [68], a 3areM mnOpoaobKeH B padoTax TPyMHIbI
CreiinOepra [70, 71] u Mynupa [72- 75]. B aToM ciiydae Ha epBOM 3Tarie MPOUCXOIUT
IPOCTON MHEPTHBIN MOAOTPEB MPEKYPCOPOB AJIs BO3OYKIACHHS pEaKlUd, B PE3yJIbTaTe
Yero B cpeaHed dYacTh o0pas3ua, B KOTOPOM TEIUIOBbIE IMOTEPU MHHHUMAJbHBI,
npoucxoaut camouHunuupoBanue CBC-peakmuit. OOpazoBanue SiC TPUBOAUT K
PE3KOMY TMOBBIIICHUIO CONMPOTUBIEHUS MaTepuana M, CIEAOBATEIbHO, YMEHBIICHHIO
ToKa. JlampHEHIUil MpOoIeCC MPOUCXOAUT IyTEM CIOHTAHHBIX PEAKIUN MO0 000UM
KoHIIaM oOpa3na. B pesynabrate oOpasyercss crexuomerpuueckas ¢aza [-SiC.
JlnmuTenpHOCTH mponecca cuHre3a 3anumaet ~0,1 c.

CrnenyroumM MOAXOAOM K IMOBBIIIEHUIO PEAKIMOHHON CIIOCOOHOCTH CUCTEMBI
ABJIIETCS XUMUYECKH akTUBUpoBaHHbIM CBC, BiepBble NpeioKeHHbIN B padoTe [76],
rie ucnosb3oBaics nonurerpadropatuiieH (IITDI) (-CF,-CF,-), B kauecTBe 100aBKH.
B pa6ore [77] uccnenyercs peakius npu gobaineHuun KNO;, NaNO;, NH,NO; u
BaNQO;. Omnpeneneno, uyto KNO;3-Si sSBIA€TCS Jy4IIMM KaTaau3aToOpOM, IIPU OTOM
CUHTE3UPYIOTCSl HeOombIe yacTuilsl (~ 1 Mmxm). B pabote [78] ucnons3oBana Gomnee
cnoxkHas nobaska [Mg+(-CF,-CF5-),].

JIOTIOTHUTENBHBIM K  XUMHYECKOH aKTHUBAIlMM  CPEJCTBOM  TIOBBIIICHUS
AKTUBHOCTU CUCTEMBI SIBJISIETCSI OCYILIECTBICHUE peakunu B azote [79] u Bo3ayxe [80],
r7ie IPOTEeKaroT OoJee IK30TEPMHUUECKHUE MO CpaBHEHUIO ¢ Si+C peakluuu COeAMHEHUS
KpeMHUsI U a3oTa U cxkuranust yriepoja [81]. [logxon ¢ mpoBeaeHHWEM peakiuu B
aTMocdepe a30Ta MpUMEHsETCs JIJIs oJTydeHust mopoiikooopazHoro SiC [82-87].

MexaHuueckass akTUBAIlUsl 3aKJIIOYAeTCs B IOBBIIICHHWH  PEAKIIMOHHOU
CIIOCOOHOCTH HWCXOJIHBIX MAaTEpHaJiOB 3a CYET uX o00paboTKM B TUIAaHETAPHBIX

MEJIbHUIIAX U UHBIX YCTPOMCTBax. B pe3ynpTare Takoro mpouecca NpoucxXoasT pa3pbiB
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u nedopmanys KOMIOHEHTOB HCXOJHOM CMECH, YBEIMYMUBACTCA yHeidbHas IJIOMIAIb
MOBEPXHOCTU M YHUYTOXKAETCSl OKcuaHas IuieHka [88]. Kak crnencTBue, ymMeHbIIaeTCs
TEMIIEpPATypa CaMOBOCIUIAMEHEHHUSI CMECH, PACIIUPSAIOTCS MPEAEbl BOCIUIAMEHSIEMOCTH,
OCYILECTBISIETCSl OoJiee TOJHAS PEakiusi, yBEIUYUBACTCS CKOPOCTh (PPOHTA BOJIHBI
ropenus [89-91].

Taxxxe merogom CBC nopourkooOpa3Hblii kKapOuJ KpeMHUSI BO3MOKHO TOJTYYUTh
B XOJI€ pEakUHUid TMOJYyYEHUs KPEMHHUS IOCPEACTBOM BOCCTAHOBJIIEHUS KpPEMHO3EMa
METAJJIOM U TMOCIEAYIOEro COEAUHEHUs KPEMHHsS C yriiepogoM. B xumuueckoii
cucreme [SiO,+Me(Mg,Al)+C] BblIENsIETCS HAMHOI'O OOJIBIIEEe KOJUYECTBO TEIIOTHI
10 CpaBHEHHIO ¢ cuctemont Si+C. B pexuMe Takoro TUIMA CMECU OTHOCUTENBHO JIETKO
Hayath CBC 0e3 HCHoib30BaHUS CIEHUATIBHBIX CPEJICTB MOBBIMICHUS XUMUYECKON
akTUBHOCTH [92-94]. OnHAaKO B JOMOJHEHHE K OCHOBHBIM TBEPABIM MPOIYKTAM MOTYT
OBITH TMOJy4YeHBI JIBEe Jipyrue daswl, T. €. Mg,Si0O, u Si [95, 96], TpyaHoynansembie U3
npoaykTa. [lonHbIi mepexo; KpeMHO3eMa B KapOu KPEMHUS MOXKET ObITh IOCTUTHYT
TOJIBKO TPHU BBICOKOM JABJIEHWU aproHa. Takke MMEIOTCS TPYAHOCTH B YIPAaBIICHUU
MHUKPOCTPYKTYPOIl IPOJIYKTA.

TpaguuroHHO BBIAETAIOT cienyromnme npenmyiiecrsa CBC-merona [46, 94]:

— KOPOTKOE€ BpeMs CHUHTE3a (MOPsAKa HECKOIBKUX MUHYT);

—  MaJible IOTEPU YHEPTHUH;

— MPOCTOTa TEXHOJOTUYECKOro 000PYAOBAHNUS;

— BO3MOXHOCTb CHHTE3a IIPOJYKTa BHICOKOU YUCTOTHI;

—  BO3MOXHOCTb MOJYYEHUS MPOIyKTa HAHOPA3MEPHOU TUCIIEPCHOCTH.

CooTBeTCTBUS COCTaBa M CTPYKTYpPhl IMOJYy4YaeMbIX MPOAYKTOB 3aJaHHBIM
3HAYCHUSAM MOXKHO JIOOMTHCS PAIIMOHATBLHBIM BHIOOPOM COOTHOIIEHUS KOMITOHEHTOB U
pexxuma. bonee cepwe3Hoit mpoOnemort metona CBC sBnsercss cuHTe3 TPOAYKTa,
KOTOPBIM MO AMCHEPCHOCTH Maj0 Y€M OTJIMYAETCS OT TPAAUIMOHHON TEXHOJIOTHUH
noyueHust kapouaa kpemuus. Kpome toro, nporecc CBC (ocoOeHHO nmpu XUMUYECKON
aKTUBAIlMM PEAareHTOB) MOXET TpeOOBaTh MCIOJBb30BAaHUSL JOPOTOCTOSIIETO ChIPBS.
Henoctarkom siByisieTcst mpakTuyecku o0si3aTebHasi HEOOXOIUMOCTh aKTUBAIUNA CMECHU

npu nposeneHun CBC B cucreme Si-C. IIpoBeneHuwe mnpenBapUTENbHBIX CTaIHN



26
MMOATOTOBKHU PCArcHTOB CYHICCTBCHHO YBCIMYNBACT AOIOJHUTCIBHBIC SHECPro3arparbl U
CTOMMOCTL IIpomecca, BpPECMsA CHHTC3d, IIPHUBOAUT K H606XOI[I/IMOCTI/I BBIITOJIHCHU L
HCKOTOPBIX TCXHOJIOTHYCCKUX OCOOCHHOCTEH M pr,HoeMKOﬁ OYHMCTKH KOHCYHOI'O

npoaykra [46].

1.3.5 Il.na3MoXuMHUYeCKHUil CHHTE3

JlaHHBIA METOJ TO3BOJSET TOJy4aTh TOHKOJIWCIIEPCHBIC ITOPOIIKOOOpa3HBIC
MaTepuaabl 3a CYET INMPUMEHECHHUS HHU3KOTEMIIEPATypHOH ILIa3Mbl, F€HEPUPYEMOUl B
MpoIecCe pa3ps0B Pa3HbIX THUIIOB (JyroBOro, TJCIONIETO, BBICOKOYACTOTHOIO).
CBoiicTBA  CHMHTE3UPOBAHHBIX  MPOJIYKTOB  OMNPEIAEIAIOTCS  MHOTOYHUCIECHHBIMU
(dakTOpaMHu: KA4eCTBOM HCXOJHOTO Marepuaja, OCOOCHHOCTIMU KOHKPETHOM
TEXHOJIOTUH W TUIIOM MCIOJIb3yeMOro peaktopa. Vcnonb3oBaHue MmiIa3sMOXUMUYECKUX
METOJIOB MO3BOJISIET MOJy4YaTh YACTHUIBI B BUJE MOHOKPUCTAJIOB pazMmepamu oT 10 1o
200 aM™. ITpouiecchl O0OBIYHO XapaKTePU3YIOTCA BBICOKOH CKOPOCTBIO
3apoJIpIIe00pa30BaHus MPU MAJIOH CKOPOCTH UX POCTA.

ITon BaMAHMEM BBICOKOW TEMIIEpATyphl, KOTOpas JOCTUTAaeTCid B IUIa3ME,
MPEKYpPCOpbl TMEPEXOJAT B HOHU3UPOBAHHOE COCTOSIHUE W B3aUMOJACHCTBYIOT C
BBICOKMMH CKOpPOCTSAMH. [Ipu OXIakKIeHUH U3 KUIAKOU (pa3bl BBIACISIOTCS MPOTYKTHI
cuHTe3a. YmpaBiieHHe (a30BbBIM U TPaHYJIOMETPUUECKUM COCTaBOM, MOpdoorue
YaCTUI[ OCYIIECTBIISIETCS U3MEHEHUEM MECTA U CKOPOCTH MX 3aKajiku [97].

PaGora [98] mocBsmeHa HCCICAOBAHUIO BO3MOXKHOCTH ILIA3MOXHMHUYECKOIO
cuHTe3a HaHonopowkoB SiC 3a cueT BoccTaHoBieHus SiCly BOIOPOAOM B MPUCYTCTBUU
CsH ;4 B TIOTOKE HUBKOTEMIIEpaTypHOU Ar unu N, M1a3Mbl MUKPOBOJIHOBOM YacCTOTHI.
[[na3MeHHBIE TIOTOK MOMKET TE€HEPUPOBATHCS KaK »JJIEKTPOAYTrOBBIM, TaK U
BBICOKOYACTOTHBIM TJIa3MOTPOHOM MoOIIHOCTBIO 5,0-8,5 kBT1. C wncnonas30oBaHrEM
JAaHHOW METOAMKH OBLI CHHTE3UPOBAH MOPOIIOK C coaepxkanueMm pS-SiC mo 80 % u
pasmepamu vacTull 10 150 HM. BbICOKOYaCTOTHBIN IJIa3MOTPOH MO3BOJISET MOIY4YaTh
OoJiee NMCHEPCHBIM TPOAYKT, OJHAKO ¢ MeHbIIUM BbixogoM ¢aszel f-SiC. Tlpu
MCIIOJIb30BaHUU 3JIEKTPOIYTOBOTO MIA3MOTPOHA BO3MOKHO CHHTE3UPOBATh MPOIYKT C

MEHBIIINM COJIEp>KaHHEM IIpUMece, HO OoJiee KpymHbIMU 3epHaMu S-SiC.
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Pa3HOBHIHOCTHIO MIIA3MOXMMHUYECKOTO CHHTE3a SIBISETCS ra30(a3Hblii CUHTE3 C
UCIIOJIb30BAaHUEM Jla3epHOro Harpea peareHToB [97]. IlepCrneKTMBHOCTh TaKOIoO
crocoba CcuHTE3a OOYCJIOBJIEHA €ro HaJAEeKHOCTBIO U SKOHOMUYHOCTBIO, MPOIYKT
MOJIy4aeTCsl HaMMEHee 3arpsA3HEHHbIM, B IIpoOlLlecCCE OOECHeunBaeTCsl KOHTPOJIb 3a
TOMOT'€HHBIM 3apoJibllieo0pa3zoBanueM. Cpelld HUHBIX JOCTOMHCTB METOAA CIEIyeT
BBIJICJIUTh OTCYTCTBHUE IMOBEPXHOCTEH, CMOCOOCTBYIOMIMX T'€TEPOTC€HHOMY 3apO/IbIIlie-
00pa30BaHMIO, BO3MOXXKHOCTH YIPAaBIECHUS MporeccoM. Bo3moxkHOCTh TazodazHoro
CUHTE3a C UCIIOJIb30BAaHUEM JIa3€pHOT0 HArpeBa PeareHTOB ISl HAHOKPUCTALTUYECKUX
nopoikoB Si, SizN, u SiC noapoO6HO nokazaHa B padote [99]. Ilpu nazepHoM cuHTE3E
SiC npumensitorcsi cmecu razos SiH,+CH, nuoo SiH,+C,H,. llupuna pacnpeneiacHus
yacTul] KapOuja kpemHuss — 18-26 HM, cpemnuit pasmep — 21 HM. YBenuueHue
MHTEHCUBHOCTHU JIA3€pPHOTO M3JIYyYEHHUS CHOCOOCTBYET YMEHBUIEHUIO pa3Mepa YacTHI]
[99]. C wucnonp30BaHME JA3€pHOTO CHHTE3a BO3MOXKHO IIOJy4aThb HAHOIOPOIUKH C
Y3KUM pachpelesieHneM dYacTull (daiie Bcero cepuueckoi (opMbl) MO pa3Mepam.
[Ipenmy1iiecTBOM SIBJIIETCS JOCTHIKEHHE BBICOKHMX CKOPOCTEH peaklMil U KOHJEHCAUU
IpOAYKTOB (10 1 MC), a TaKkkKe TOCTATOYHO BBICOKAsl TPOU3BOUTEIBHOCTD.

B kaudecTBe HEOOCTATKOB OOJIBIIMHCTBA IJIA3MOXUMHUYECKUX TEXHUK CHUHTE3a
CJIEYET BBIAEIUTH IIUPOKOE PACIPEAEICHUE YACTHULl MO pazMepaM (0T 5 HM JI0 5 MKM,
32 UCKJIIOYEHHEM JIa3epHOr0 CHHTE3a), a TaKXKe BBICOKOE COJAEpXkKaHHE IMpUMecei B
MOPOIIKE, 0COOEHHO MPHU UCIOJIb30BAHNUHU AYTOBBIX MJIA3MEHHBIX PEAKTOPOB BCIEACTBUE
3arpsi3HEHHSI MPOJYKTAMH 3PO3HH  JJIEKTPOAOB. IlomydeHHBIE IUIA3MOXHUMHYECKUM
CIOCOOOM YacTULbl HMMEIOT OOJBIIYI0 M30BITOYHYIO SHEPIHI0, MOTOMY MOXKET
HAOJIOAAaThCSl HECOOTBETCTBHME HMX XHWMHUYECKOIO COCTaBa PABHOBECHOW (pa30BOM
nuarpamme. [lomydyenue dvactuir TpeOyemMoOW CTEXMOMETPUU TpeOyeT NpUMEHEHUs
JOTIOJTHUTENBHBIX CPEJCTB, HANpPUMEpP, KPATKOBPEMEHHOI'O OTXHUIa MPOAYyKTa B

KOHTpOJIUpyeMoi aTmocdepe.

1.3.6 CVD
[IneHkn TpaguUMOHHO HaHOCATCA MeTtonamu xumuueckoro (CVD) wu

¢uznyeckoro (PVD) ocaxnenuss u3 razooil ¢aszpl. Metogom CVD B03MOXHO
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OCYIIECTBUTh CHHTE3 KPHUCTAJUIOB JOCTATOYHO OOJBIIMX pa3MepoB, OJHAKO B
MHOTOCIIOMHBIX WM  MHOrogasubix CVD-meHkax  ymaercs  MONy4YdTh |
HAHOCTPYKTYpbl. Mcronb30BaHNEe JIa3epHOTO H3IYUYEHHUs CHOCOOCTBYET OOpa30BaHHUIO
HAaHOKPUCTAJUIMYECKUX IUJICHOK, KOrJa TeMIieparypa OCaxJeHus CHmkaeTrcss a0 600-
900 K. OGbruno TeMmepaTypHblii uHTepBan ocaxaeHuss CVD-mnenok cocrasisier 1200-
1400 K, ckopoctb ocaxaenus — 0,03-0,20 mxm/muH [97].

CrexkTp XMMHUYECKHX peakuui, KoTopele npoucxodsaT B xone CVD-mporecca,
MOXXET BKJIIOYaTh B ce€0d TEPMOJU3, TUAPOJIU3, OKHUCIEHHE, BOCCTAHOBJIICHUE,
HUTPOBAaHKE U KapOOHUPOBAHKE, B 3aBUCUMOCTH OT BHA UCITOJIb3YEMBIX MPEKYPCOPOB.
Bo Bpemss »Tux peakiui, Kkorja ra3oo0pasHble BEIIECTBA HAXOJATCS B
HEIMOCPEJICTBEHHON OJM30CTH K TMOJJIONKKE WM CaMOW IMOBEPXHOCTH, OHU MOTYT
a7IcOpOMpPOBAThCS HEMOCPEACTBEHHO Ha YACTUIlAX KaTajau3aTopa WU Ha MOBEPXHOCTH.
[Ipouieccnl auddy3un, a Takke KOHIIEHTpAIUs a7copOaToB (MEPECHIICHUE) TPUBOIUT K
poCTy TBepAOH (ha3bl Ha MOBEPXHOCTU KaTanu3aropa [100].

CVD sBnsiercs olHUM U3 HanOoJiee MOAXOSAIIUX METOJ0B, UCHOJIb3yeMbIX IS
npousBojicTBa SiC B pa3iMyHBIX (POpMax TOHKOIUICHOYHBIX MOPOIIKOB, BOJIOKOH U
HaHocTepxkHel. B pabore [101] menkomucnepcHbiii mopomok SiC ObUT MOJY4YEeH B
cucreme SiH,-C,H, B atmocdepe N,. [Ipu aToM mporcxoauia cieayroas peakius:

2 SiH, () + GH, (r) = 28iC (tB) + 5H, (7).
B pesynprare peakiuu mnpu Mog00pe ONTUMAIBHOTO COOTHOIICHHUS MPEKYpPCOpPOB
(C,H,:SiH, —1,2:1) u remneparype 1100 °C 011 monyden mopomiok SiC, COCTOSIIIMN 13
KBazuchepruuecKux vyacTuil ¢ pazMepamu B auanasone 0,1-0,5 Mxm.

Takxe Bo3moxkeH CVD-nporiecc B aproHoBoi arMmocepe ¢ UCHOJIb30BAHUEM B
kauecTtBe mpekypcopoB CH3SiCl; m H, 6e3 Meraumueckux kKatanuzatopoB [102].
Takum myteM ObUIH MOJTYyYEHbI HAHOMPOBOJIOKH S-SiC JOCTAaTOYHO BHICOKOM YMCTOTHI U
omHOpoaHOro pasmepa okono 70 HM. IlpomcxommBmmii mporecc oOpa3oBaHUS
KpucTaiioB SiC MOXKET OBITh OIMCAH CEPUEH PEaKITHA:

1) CH;SiCl; + H, = CH, + SiClL, + HCI; 2) CH, +SiCl, = SiC + H,.

ABTOpamMu OBUIO BBIIBUHYTO MPEAINOJIOXKEHHE O TOM, YTO IMPUHA W JJIMHA

HAHOIIPOBOJIOK B OCHOBHOM KOHTPOJMPYIOTCS TemrmepaTypoi ocaxaenus. IIpu Gonee
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BBICOKOM TeMIepaType OCaKIeHHUsi Temrmbl pocTa 3epeH SiC cTaHoBATCA OoJjblle, a
pa3Mep KPpUCTAJUIMYECKUX 3€PEH YBEINUNBACTCS.
ITo Texnonorun CVD BO3MOXHO NOJIy4YaTh IJIEHOYHBIE KBa3UKPUCTAJUIMYECKUE U
amMop(HBIC CTPYKTYpBHI, OIHAKO 3aTPYAHCHO TIOJYyYCHHE TIOPOIIKOB C YETKOU
KpUCTaJUTnueckon cTpykTtypoi. Takxe Meton CVD mo3BoJisSIET OCYIIECTBIATh CUHTE3

yactuil SiC cnenuduyeckoit Mopdoaoruu, HanpuMep, HaHOMPOBOJIOK.

1.3.7 30ab-rejn MeTo

307b-TeJIb TEXHOJIOTUH O0BEIUHSIOT TPYIITy METOIMK MOJTYYEHUsI MaTeprasoB, B
TOM YHCJIE HAHOMATE€pPHUaJIOB, OCHOBAHHYIO Ha M3HAYAJIbHOM IOJYYEHUU KOJUIOUIHOTO
pacTBopa (30J11) M MOCIEAYIOIIEM €ro mnepeBoje B renb. [losBieHHE 305b-Telb
npouecca B 70-x rr. XX B. ObUJIO CBA3aHO C PELIEHUEM MPOOJIEMBI MOTYYEHUs, TPEKIE
BCET0, OKCUIHBIX MatepuasioB (Si0,, ALO;, ZrO,, TiO; u Ap.) B TIOTHOW MOHOJIUTHOM
dbopme [103].

Hcnonbs3oBaHne  30Jb-T€b  METOJA  MO3BOJSET  MOJydYaTb  YHUCTHIE
BBICOKOJIUCIIEPCHBIE ~ MaT€pHalbl [PU  MHHUMAJIbHOM  YpOBHE  HHEprosarpar.
CHHTE3UpOBaHHbIE TAKUM O0Pa3oM MPOAYKTHI, B TOM YHUCJE B CHIIy OJIHOPOJHOCTH U
BBICOKMX 3HAYEHUN YJEJIbHOM TMOBEPXHOCTHU, CIIOCOOHBI TMPOSBIATH YHUKAJIbHBIC
dbusnyeckue corictna [104].

307b-T€lIb METOJ BKJIIOYAET B Ce0sl peakUuu TUAPOIN3a U TMOJHUKOHJICHCALUU.
Jns monyuenust SiC B KaduecTBE MpeKypcopa sl peaklUd TUIPOJIA3a UCIIOIb3YETCs
COOTBETCTBYIOIIMNA aJNKOKCU[, pa30aBiiieMblii B Boje. BrocnenctBun 00pa3yroTcs
CWIaHOJbHBIe Tpynnbl (SiOH), KOTOpble KOHJIEHCUPYIOTCA C 00pa3oBaHUEM
CUJIOKCaHOBBIX cBsizent (Si-O-Si). Cunte3 rens H,Si0, B pe3ynbTaTe 3TOrO IMpolecca
IIPUBOJUT K IIOJYYEHUIO JKECTKO CBSA3aHHOW CTPYKTYpPOM B BHUJE TPEXMEPHOM CETH,
COCTOsIIEH U3 CyOMUKPOHHBIX TOp M MOJUMEPHBIX 1eneil. CTpykTypa TBepaou ¢asbl
MOXET BapbUPOBATHCA OT JAUCKPETHBIX KOJUIOWUJIHBIX YaCTHUIl 10 HENPEPHIBHOW 1IN B
Bujae nonuMepHsix cetok [105, 106]. Ilocne ynmameHuss pacTBOPUTENS MOCPEICTBOM
MPOBENICHUSI CYIIKH O0pa3yeTcsi KCeporeiib, YTO COIMPOBOXKIACTCS 3HAYUTEIHbHBIM

COKpallleHHeM | YIUIOTHEHHEM TMpOAYyKTa. OTOT JTam o0pabOTKHM 3aTparuBaeT
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KOHEYHYI0 MHUKPOCTPYKTYpy mpoaykra. C Ipyroil CTOpOHBI, TpeXMEpHasi CEeTKa He
COKpAIaeTcs, KOraa IMPOWCXOAWT YAAICHUE PACTBOPUTENS TMPU CBEPXKPUTHUCCKUX
YCIIOBUSIX, YTO TMPOBOJAMUT K TIOJYYCHHIO OYEHb TMOPUCTOTO MaTephalia HU3KOU
MJIOTHOCTH.

Cpean MeTOJIOB CHHTE€3a HAHOYACTHUIl 30J1b-T€lIb METOJ SBJISETCS OJHUM U3
HanOosee pacrpocTpaHeHHbIX U 3P dekTuBHbIX. B padote [107] coobiaercs o cuHTE3€
[-SiC ¢ pazmepoM kpucTamuToB oT 9 10 53 am. [llupokuit AuanazoH pa3MepoB YaCTHIT
OOBSCHSETCS aBTOPaMU MOJIyYEHUEM YIJIepoa U3 pa3IMUHbIX HCTOYHUKOB.

Marepuanbl, TOJy4YeHHBIE 30Jb-T€Ib METOJO0M, O00JaJal0T JOBOJBHO HHU3KOM
IJIOTHOCTBIO TIO CPAaBHEHHUIO C TPOAYKTAMH JPYTUX METOMOB cuHTe3a. OOpasiibl,
MOJIYYCHHBIE 30JIb-T€JIb METOJOM OYEHb IOPUCTHIE M, CIEAOBATENIbHO, O0JIaJaloT
MEHBIICH IUIOTHOCTBIO OTHOCHTEIBHO Teopermueckoit (3,21 r/em’). B paGore [107]
COOOIIAaeTCs, YTO MaKCHUMallbHas M3MEpPEHHas TUIOTHOCTh OOpPAa3IOB MPU PA3IUUHBIX
peKypcopax KPeMHHs H yrieposa coctasiseT 1,86 r/ev’.

Jist  yinydmieHWst  307b-T€lb  Tpollecca  HEOoOXOIWMO  TOJATrOTaBIIMBATH
BBICOKOPEAKTUBHBIE MPEKYpPCOpPHI, a 3aT€M YMEHBIIUTh COJIEpKaHUE KPEMHUS TpHU
CHIWKCHUH TemriepaTypbl. OIWH W3 TOIXOJ0B K YCKOPEHHIO KapOOTEpMHUYECKOTO
BOCCTAHOBJICHUSI KPEMHE3eMa W YBEJIMYECHHS BBIXOJa MPOJYKTa ObUI OCYIIECTBJICH B
pabore [108], rae kpuctammudyeckuid f-SiC ObLT TIOYYEeH B pe3yJibTaTe MUPOJIM3a MpU
temmneparype okojio 1580 °C B TeueHue 3 4 MpHU UCIHOJIL30BAaHUU KaK IMPEKYpPCOPOB
KPEMHHUS U YTJIEPO/Ia COOTBETCTBEHHO KOJUIOMIHOTO 301151 KpeMmHe3eMa Si0, U caxapo3bl
C,H»0,,. bopnas xucnora H3;BO; B BHII€ BOJHOIO PacTBOpPAa HEMOCPEIACTBEHHO
BBOJMJIaCh B 30Jib. B pesynbraTe ObuIM cHUHTE3upoBaHbl SiC MOPOIIKU C pazMepaMu
3epeH okojio 100 HM B auamerpe, xopoiio crekaembie (87 % OT TeopeTHyecKoin
MJIOTHOCTH) OJarojiaps 1o6aBke oopa.

307b-T€NIb  CHHTE3 SIBJISETCS JIOBOJIBHO JIOPDOTUM  METOJIOM  TOJTYYEHUS
KyOMYeCKOTO KapOuaa KpeMHHs MJisi TPOMBIIIUICHHOTO HCIIOJIb30BAaHUS BCIEICTBUC
NPUMEHEHUST JOPOTOCTOSIIUX TPEKYypCOPOB, TPYMOSMKOW 3aJadeii Takke SBISCTCS
0o0paboTKa >KHJIKHUX pPEareHTOB, a KapOOTEepPMHUYECKOE€ BOCCTAHOBIICHHWE KPEMHHUS

MIPOU3BOJIUTCS TIPU BhICOKOM Temmiepatype (~1600 °C).
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1.4. Pe3yabTaTsl 0030pa JuTepaTtypsbl o cnocodam cunresa SiC

[lo pesynapTaTam 0030pa Ha HACTOAIIMA MOMEHT CYIIECTBYET MHOXECTBO
cnocoboB cuHTe3a Kapbuaa kpemHus. [lomydeHue yiabTpaauCIEPCHBIX MOPOIIKOB
KapOuga KpEeMHHMS  BO3MOXKHO  HECKOJBKUMH  METOJUMKaMH, B  YacCTHOCTH,
BBICOKOTEMIIEPATYPHbIM ~ CHHTE30M,  IUIa3MOXUMHUYECKHMM  METOJOM,  30JIb-T€llb
cnocoboM. OAHAKO CYIIECTBYIOT 3HAYUTENbHBIE TMPOOJIEMBI, HE MO3BOJISIIOIINE
OPUMEHSTh JaHHBIE METOJbl B MPOMBINIJICHHBIX MaciTabaXx W CBsSI3aHHbIE, B
3aBUCUMOCTH OT METOJla CHHTE3a, Yallle BCEro C BBICOKON CTOMMOCTBIO MPEKYPCOPOB,
HHEPro3aTpaTHOCThIO  TEXHOJOTHH, HEIOCTATOYHOM AUCHEPCHOCTHIO, IIUPOKUM
pacupenesieHreM 10 pasMepam, HanudueM Ipumecei. [Iouck n pa3BuThe MHBIX MyTel
CUHTE3a HAHO- WU YJIBTPAAUCIIEPCHOTO KapOuJa KpPEMHHs SBISIOTCS aKTyaJbHbIMHU
HAyYHO-TEXHUYECKUMH 3afadamMu. OJHUM U3 BO3MOXHBIX METOJIOB IOJIYYCHUS
yIBTPAJUCIIEPCHOTO KapOuaa KpeMHHs SBISETCS MPSAMOM JMHAMUYECKUN CHUHTE3 B

TUIIEPCKOPOCTHOM CTPye KPEMHUM-YIIIEPOAHON 3IEKTPOPA3PAIHOM TIa3MBl.



32
2. METOAUKA IMTPOBEJAEHUA DKCIIEPUMEHTAJIBHBIX U
AHAJIMTUYECKHX UCCJEJTOBAHUM

2.1. DKCIepUMEHTAJbHBIH CTEH/ HA OCHOBE €MKOCTHOI'0 HAKOIUTEJISA IHePrUu

OKCHEpUMEHThl [0  CHUHTE3y  YJAbTPAJAMCIEPCHOrO  KapOujga  KpeMHUs
MPOU3BOJIMIIUCH C UCHOJIb30BAHUEM KOAKCHMAJIbHOTO MAarHUTOIJIA3MEHHOTO YCKOPUTES
(KMIITY) u Ha 6a3e 3KCIEepUMEHTAIBHOTO CTEH/Ia C eMKOCTHBIM HAKOMUTEIEM SHEPTHUU.
OKCHepUMEHTAIbHBIN CTEH/ MPEJCTaBIsET COO0N COBOKYIMHOCTh CUCTEM U YCTPOUCTB,
00ecreynBaIMNX 0€30MaCHOE U KOPPEKTHOE MPOBEJAEHUE HKCIIEPUMEHTOB B paMKax
paboT MO CHUHTE3y MOPOIIKOB C BO3MOXKHOCTSMU H3MEHEHUS HKCIIEPUMEHTATbHBIX
napamMeTpoB, U3MEPEHUSI U PETUCTPAIMM OCHOBHBIX (pu3myeckux BenuyuH. OCHOBOMU
METOAUKH TIasmoanHamuueckoro cunteza (I1JC) ynbpTpaauciepCHbIX MOPOIIKOB
ABJISIETCSA MCHOJIb30BAaHUE THUIEPCKOPOCTHON IIIA3MEHHOU CTPYHU KaK CpPEJlbl pealn3alinuu
XUMHUUYECKUX PEaKiuii, TPeOYIOIMUX MJii CBOETO MPOTEKAHUS TMPHUIIOKEHUS BBICOKHX
SHEPreTUUYECKUX mnapamMeTpoB. ['eHepanus T1Ia3MEHHOM CTPYH OCYIIECTBISETCS
IIOCPECTBOM YHHMKAJIBHOTO CHJIBHOTOYHOIO HMITYJIBCHOTO ycrporcrBa — KMIIY.
[IuTanue Takoro ycrpoictBa o0ecrneunBaeTcs renepatopom umiyiabcHoro Toka (I'MT)
— eMKocTHbIM HakonuTenem osHeprun (EHD), cocraBisionuM OCHOBHYIO YacTh
HKCIIEPUMEHTAJILHOTO CTEH/A.

B cocrase s3xcnepuMenTanbHOro crenaa nomumMo EHD BO3MOXKHO BBIAEIUTH €l1e
HECKOJIbKO cucteMm: 1) cucrema 3apsga EHD (cumoBeie  TpanchopMaTopsl,
BBITIPSIMUTENM, TUPUCTOPHBIA PETYyJSITOp, OJOK 3apsaHBIX PE3UCTOPOB, 3aPSIHBIN
KOHTYp), 2) cuctema pazpsaa EHD (Onox ympaBneHuss UTHUTPOHAMHU, UMITYJIbCHBIE
TpaHC(hOPMATOPhl, HWTHUTPOHHBIE PA3PSAHUKH, PA3PSAHBIA  KOHTYp, COOpHBIN
KOJUIEKTOp), 3) cucTeMa yIOpaBieHUS U KOHTPOJs (MyJbT YNpPaBICHUS, MYJIbT
KOHTpOJIs), 4) cucTeMa CHUHXpPOHU3AIUU (TreHepaTop 3aJepKaHHBIX HMITYJIbCOB), J)

CUCTEMa perucrpauuu (Aenurenu HamnpsbkeHus, TpaHcdopmaTopsl Porosckoro,
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udpoBbie ocuuuiorpadsl), 6) cucreMa 3alluThl (3JIEKTPOMArHUTHAas OJOKHPOBKA).
[MpunuunuanpHas cxemMa B3aUMOJCHCTBUSL CHCTEM JKCIIEPUMEHTAIBLHOTO CTEHAA

npuBeAeHa Ha pucyHke 2.1.1.

CHCTEMA
™ paspana EHD
»- CHCTEMA
sapata EH3
Y Y
cHcTeMa EMKOCTHOI
VIPARJIEHHS *™  HAKONHTENb - KMITY
H KOHTPOJTA - FHEPIHH
[
CHCTEMA CHCTCMA
CHHXPOHH3AITHH * perucTpaiin
CHCTEMA 3aIIHThI
Pucynox 2.1.1 — IlpuHnunuanpHas cXeMa B3aUMOJIEMCTBHUS COCTABHBIX CHCTEM

HKCIEPUMEHTAJILHOTO CTEH/IA

EHD nmpeacraBiaser co0oil cuCTEMY BBICOKOBOJIBTHBIX KOHJIEHCATOPOB,
COEJIMHEHHBIX MapajuIeIbHO U Pa0OTAIONIUX B PEKUME 3apsii-pa3psil. BEICOKOBOJIBTHEIE
KOHJICHCATOPbl UMEIOT 3HAYUTENBHYI0 €MKOCTh B yJiape, IOTOMY IPH YCIOBHHM MaJlbIX
3HAQYEHUNW  BHYTPEHHUX  COMPOTUBIICHUH  KOHTYypa  HAKOMUTEIS M LENH
HKCHEPUMEHTAIbHON YCTAHOBKM BO3MOXHO JIOCTUYb HMMITYJIBCHBIX TOKOB IOpPSIKA
coTeH kwioammep. [Ipu 3Tom mapanienbHoe COeAUHEHUE KOHEHCATOPOB HE MO3BOJISIET
IIOJIYYUTh OTHOCUTEIBHO BBICOKOE HampspkeHue Ha Beixoge EHD. Emkoctheie ['UT ¢
OJIHOW CTYINEHBIO, BBINMOJHAIOIIMECS IOCPEACTBOM MapaJIEIBHOIO COEIUHEHUS
KOHJICHCATOpPOB, OTIMYArOTCsI OT MHorocryneHdareix ['MH ¢ mocnegoBarenbHbIM
COEIMHEHUEM KOHJIEHCATOPOB, B utore Juisi EHD BbIXx0oaHOE HaNpsiKEHUE ONpeeseTcs
pabouuM HampsbKeHHeM KoHaeHcaTopos [109].

Hcnonb3oBaHrue B KauecTBE MCTOYHUKA MMITYyJIbCHOTO Toka EHD oOycioieHo
€ro M3BECTHHIMHU MPEUMYIIECTBAMU: 1) BBICOKAs] MOIIHOCTh MMITYJIbCA; 2) HAJIE)KHOCTh
paboThl; 3) mpocToTa yCTpoMcTBa; 4) yAoOCTBO OOCIyXHMBaHUS, 5) Manas BeIUYMHA

BHYTPEHHEr0 aKTHBHOro compotuienus (<107 Owm) u mumyktuBHOCTH (<107 T'H);
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6) kopoTkoe Bpems paspsma (10 — 10° ¢); 7) BOBMOKHOCTb TOCTHMIKEHHS BBICOKOIX
ckopoctn Hapactanus Toka (10 A/c) [110, 111]. Bce 9T mpemmyiectsa
00ecIeynBaloT BBICOKYIO 3D PEKTUBHOCTD Nepeaul HAKOTUIEHHON YHEPTUU B HATPY3KY.
JInst ocylIeCTBICHUSI SKCIIEPUMEHTANIbHBIX HUCCIIeIOBaHUI ucnoJib3oBaics EHD,
MPEACTABIAIONINI cO00M MOAYJIBHOE YCTPOMCTBO B BUE 24 CeKIUM, Kaaas CEKIUs
BKJIIOYaeT B cebst 6 ummynbcHbIX KoHaeHcaTopoB HMC 5-200 emxoctbio 200 MkD.
Taxkum o6pazom, EHD crnocoben oOecrnednTh MaKCHUMAIBHYIO 3apsaHYyI0 JHEPTHIO
We =360 k/Ixx npu makcuManbHoi eMKocTH C = 28,8 MP U MaKCHMaJIbHOM 3apsiiHOM
Hanpsbkenuu U,,, = 5,0 xB. Ha pucynke 2.1.2 u3o0pakeHa NpUHIUNNAIBHAS CXEMa
€MKOCTHOTO Hakomurens 3Hepruu. IlapamnensHo coenuHenHblie koHaeHcaTtopsl Cp, C)
... C, 3apshKaroTCsl OT CETH NEPEMEHHOro TOKa 4epe3 CHIIoBoW TpaHcopmaTtop T u
BBIIpSAMUTENb B. Pa3psj KOHAEHCATOPOB OCYLIECTBISETCS Ha HCIBITYEMbIH OOBEKT
(A0) nm Harpy3ky EHD mocpencTBoM UTHUTPOHHBIX Pa3psAHUKOB (P) ¢ MCKPOBBIM
MPOMEXKYTKOM, Ha KOTOpBIM TOJAeTCs BBHICOKOBOJIBTHBIA HMITYJIbC OT OJIOKa
yhnpaBieHuss UrautpoHamu (BYVH) wuyepe3 wummynbCHBIM Tpancopmatop (MT).
[TocnenoBaTenpbHO ¢ COOTBETCTBYIOIMMH KOHJAEHCATOPAMHU B L€ 3apSAAKHA BKIIFOUECHBI

COIIPOTUBIIEHUSA R}, R; ... R,, KOTOpBIE CIIy>KaT Il OTPaHUYECHUS 3apsTHOTO TOKA.

C 2
U T B .8 =

380/ M“
50 &); i

HO

bYH

Pucynok 2.1.2 — [IpuHIMnmManpHas dJ€KTpUUECKas cXeMa SKCIIEPUMEHTAIIBHOTO CTEHA
Paspsiquuky  BBINONMHSIOT — (PYHKIMIO ~ KOMMYTHPYIOLIETO  YCTpOICTBa,
MIPEAHA3HAYEHHOTO M30JMPOBAaTh HArPy3Ky OT HAKOIMTEIBHOTO JJIEMEHTAa BO BpEMS

3apAAKU  IIOCIICOAHCIO, B HGO6XOI[HMBIﬁ MOMCHT BKJIIOYHUTL C€Io0 Ha HArpy3Ky H
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MPOMYCTUTh Pa3psiAHBIA TOK, HE BHOCS IPU 3TOM HM3MEHEHUS B XapakTep €ero
npoTtekanusi. UTHUTPOHHBIE pa3psAHUKU OOJAJal0T 3HAYUTEIbHBIMUA JIOCTOMHCTBAMU:
OHM MOTyT KoMMmyTHpoBaTh TOKH 10 100-300 kA, MMerOT OOJBIIYyIO MTPOIMYCKHYIO
CIIOCOOHOCTh MO 3apsay, MpoTekarmeMmy B Tmpoiecce kommyranuu (o 100 Ki),
paboTaloT B LIMPOKOM Juana3zoHe Hanpspkenui 70 10 kB, nerko ynpasisitoTcsi, UMEIOT
OOJBIION CPOK CITYKOBI, JOIMYCKAalOT pabOTy B pPEXHUME MOBTOPSIOUIUXCS UMITYJIHCOB,
SIBJISAIOTCS KoMnakTHeIMH [110].

CucremMa peructpanuy Mpyu3BaHa peuiaTh 3aa4y ONPEACIICHUS BEIUYUH TOKOB U
HaIpsSDKEHUH B AKCIIEPUMEHTAJbHOM mpouecce. Jlns W3MepeHuss HampsDKeHUs Ha
anektpoaax KMIIY wucnons3yercs pe3WCTUBHBIA AEIUTENb HAINPSIKEHUS, KOTOPBINA
npeoOpa3yeT BBICOKOBOJBTHBIM CHUTHaJI B  HU3KOBOJIBTHBIA, COBMECTHUMBIM C
AIEKTPOHHBIM HM3MEPUTENbHBIM 000pyn0oBaHueM (LIU(POBBIM ocuuuiorpaom) u,
TakuM 00pa3oM, paclIUpsieT €ero auamna3oH usMmepenus. [lpunmun ero pabGoThI
3aKJIFOYAETCS B CIIEIYIONIEM: JIBA PE3UCTUBHBIX AJIEMEHTA CO 3HAYUTEIbHBIM OTINYUEM
BEJIMYMH CONpPOTUBICHUSI (R;>>R;) COEMUHSIOTCS MOCIEAOBATEIBLHO, U AJIEMEHT R,
UCIIOJIB3YETCsl B KA4eCTBE phluara HU3KOro HampspkeHus. Jluama3oH paboOThl TakHUX
yCTpOMCTB cocTaBisieT n0 2 MB. Ha pucynke 2.1.3 nokazaHa cxema TMOJHOU
U3MEPUTEIBHON CUCTEMBI C PE3UCTUBHBIM JienuTenieM HanpspkeHus. COOTHOILIEHHE

MEXKTy BXOJIHBIM U(f) ¥ BBIXOJHBIM HaIPSHKEHHUEM Uy(t) Oynet umeTsb Bu [112]:

R2 2
uz(t) :ul(t)mzul(t)i (211)
1 2

1

JI71st u3MepeHusi UMITYJIbCHOTO TOKA, IPOTEKAIOIIETO M0 COOPHOMY KOJUIEKTOPY U
anektpogam KMITY mnpumensncs tpanchopmatop, wiam mosic, Porosckoro. On
MpEeACTaBIsAeT COOOM TOPOUAAIBHBIM COJICHOU] 0€3 CepACUHMKA, OXBaThIBAIOIIUN
MPOBOJI OCHOBHOT'O KOHTYpa, MO KOTOPOMY IPOTEKAET HM3MEpsAEMbIM TOK i(f), T. €.
SBJISICTCSI  BO3AYIIHBIM  TpaHcopMaTopoM Toka. [Ilpu TMOMENIEHUH  BOKPYT
TOKOBEAYIIEro MPOBOJHUKA TOPOUIAJIbHON KaTyIlika TpaHcdopmaropa Porosckoro ¢ N
BUTKaMH HWHJYUHUPOBAHHOE HAIpPSIKEHHE U, (f) CBA3AHO C TOKOM i(f) B MPOBOJHUKE

BBIPAKEHUEM:

dE:Mdl

I a (2.1.2)

u(t)=N
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rae M — B3auMHasi HHIYKTUBHOCTb MEXAY U3MEPUTEIBHON KATYIIKOW U IMPOBOJHUKOM,
@ — MarHUTHBIN TIOTOK Y€pe3 CEYeHHEe BUTKA S. 3HAK «MUHYC», KOTOPBIA TOKEH OBITh
B BBIPQXECHUU I10 3aKOHY JJEKTPOMArHUTHOW MHIYKIIMH, HE YUUTBHIBAETCS, ITOCKOJIBKY
TpaHcopmatopsl POroBckoro cHaGkar0TCsi 3HAKOM TOJIIPHOCTH, KOTOPBINA yKa3bIBAET
HaIpaBJICHUE TOKA B NPOBOJHUKE TAK, YTOOBI IMOJIYYUThH IOJOKHUTEIBHOE BBIXOJIHOE
Hanpspkenue. Ha pucyHke 2.1.4 mpuBeneHa mnpocTedmias NPUHIUIMAIBHAS CXema

UCTONb30BaHus Tpanchopmaropa Porosckoro ans uzmepenus Tokos [112, 113].
Ry

(1) -

R, us(1)
ua(t) 000
o R=Z

Pucynok 2.1.3 — Cucrema u3MepeHUsT UMITYJIbCHOIO HAIIPSIKEHHUS C PE3UCTUBHBIM
JICJIUTEIEM HaANpsOKEHUsT U MUGPOBBIM PETUCTPaTOpoM: | — PE3UCTUBHBIA NIETUTEH
HaIpPsDKEHUS, 2 — KOAKCUAJIbHBIA KaOeab BOJTHOBOTO COMPOTHUBICHUS Z, 3 — HU(PPOBOi

ocriuiorpad

i(t)l

YaTATATATAY YaYaYaYavary,
‘:%:"vr Vvivivy o

oo oo

=

Pucynok 2.14 — Cucrema wu3MepeHUs] HUMIYJIbCHOTO TOKa IOCPEICTBOM

(oe)

TpaHnchopmaropa Porosckoro
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HeoOxogumbiM maroM TIpW  HMCMOJb30BaHMHM TpaHchopmaropa Porosckoro
ABJSIETC ~ MHTETPUPOBAHME  MHAYLUPOBAHHOTO  HANpsDKEHUSA  u(f), KOTOpOE
MIPOTIOPLIMOHAJIBHO JIMIITb MPOU3BOAHON ToKa di(t)/dt B uamepsieMoit enu. B maccuBHOM
MHTErpupyronen cxeme RC-KOMIIOHEHT MOJAKIIOYAETCS K U3MEPUTEIBHOM KaTyllKe, a
HalpsoKeHUE  U,(f), TMPONOPLHOHAIBHOE HU3MEPSIEMOMY TOKY, MOJAeTCs Ha
kougeHcatop C. Jlemndupyromuii pesuctop R, mnpeaHazHayeH I MOAABICHUS
BBICOKOYACTOTHBIX KOJEOAaHUU, MPUCYHIUX U3MEPHUTENbHOM Karymike. J[ocTOMHCTBOM
TpaHchopmaropa POroBckoro sBjisieTcst T, YTO OH MO3BOJISIET POU3BOJIUTH U3MEPEHUS
0€e3 KOHTaKTa C LENbI0 BBICOKOTO HANPSDKEHHS M, CIIEJOBATEIbHO, HE OKa3bIBAET
HUKAKOTO BIMSHUSA HA OOBEKT U3MEPEHMUS.

JInst perucTrpali CHUTHAJIOB TOKOB M HAIPSDKEHUM, CHATBIX I10CPEACTBOM
COOTBETCTBEHHO TpaHc(hopmaTopa PoOroBckoro u JaenuTens HaOpsDKEHHS, B

HKCIIEPUMEHTAJILHOM TpoIlecce MPUMEHSIOTCS 1udpoBble ocumwuiorpadgsl Tektronix

TDS2012c.

2.2. MeTtoauka MPOBCACHUSA IKCIICPUMECHTOB 110 IJIASMOAUHAMHYCCKOMY CUHTE3Y

Ha OCHOB€ KOAKCHAJTBbHOI'0O MArHUTOIVIA3BMECHHOI'0 YCKOPUTEJIA

KMIIY otHOcutcst k Kiaccy yckopurtened miuasmbl. Haunbonee mpocTeiM U
MEPBBIM IO BPEMEHU YCKOPUTEJIEM IUIa3Mbl SABJSETCS PEIBLCOTPOH, COCTOSIIHUN W3
AJIIEKTPOAOB B BHJIE JABYX IApaJUICNIBHBIX PEIbC U YCKOPSAIOUIMHN IUIa3My IOCPEICTBOM
COOCTBEHHOT0 MarHuTHOTO Toyig. [lo3mHee crTamu MCHoOJb30BaTh CHUCTEMY JBYX
KOAKCHUAJIbHBIX AJIEKTPOOB, JIMOO MWJIMHAPUYECKUX, JINO0 KoHnYecKkuX. KoakcuanabHbie
UMITYJIbCHBIC YCKOPUTENIH ObLIM pa3paboTanHbl okoyio 1957 1. cpasy B HECKOIBKHX
Ja00paTOPHUSAX U C TEX MOP MIUPOKO UCIIOIB3YIOTCS IS pa3HOOOpa3HbIX 1enei [114].

KMIIY Takxe OTHOCUTCS K Kjaccy Z-nmuHY yCTpoMCTB. «IluHu-3dpdexTy, mmm
«IMMHYEBAHMEY, UCTIOJIB3YETCs B (PU3HKE TUTa3Mbl KaK TEPMUH, 0003HAYAIOMINN CKATUE
MJIa3Mbl MAarHUTHBIM TIOJIEM MPOTEKAIOIIETO MO HEW TOKAa. DTO SBJICHUE MPEACTABISET
co0Oll OaWMH W3 BApPHAHTOB YCWICHHS TEPBUYHOTO CHOCO0a TMOMY4YEHUsS IUIa3Mbl,

OCymICCTBILICMOIO 3a CYCT HOHHM3AIMU W IOCICAYHONICTO OMHUYCCKOIO HarpeBa
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BEIIECTBA TOKOM, MPOTEKAIOIIUM MEXIy aHOJOM M KaToaoMm. Takoil crmoco® Harpepa
IUIa3Mbl OTHOCUTCSI K KaTErOPHUH KYyMYJSITUBHBIX M HMITYJIbCHBIX. B muHY-3dexTe
IJIABHOE JCUCTBYIOIIEE HAyajlo — 3TO IOHACPOMOTOpPHAs CHJIA B3aUMOJCHUCTBUS

MAarHuTHOTO oJist B ¢C MMOPOKIAIIUM €I'0 TOKOM I
dF=jxBdV=IdIxB, (2.1.3)

rne dl — nnuHA SMeMeHTa Toka. VIMEHHO 9Ta CHIa CKHMMAeT M yAEepKHBAET ILIa3My
nuHya. Korna Tok [, mpoTekaeT MexAy ABYMs 3JEKTPOJAMH BIOJIb OCH CUMMETPUU
KaMephl z, a IWIMHAPUYECKAs KOJIOHHA IUIa3Mbl C)KHUMAETCSl OXBAaTHIBAIOIIUMH €€ I10
a3MMyTy MarHUTHBIMH CHJIOBBIMU JIMHUSMU IOJS B, Takas KOHQHUIypanusi yCTaHOBKH
Ha3bIBaeTcs Z-nuHY [115] (pucynok 2.2.1). B pe3ynbpTaTe npoTekanusi OOJIbIIOrO TOKA
BHYTPHM IIJJa3MEHHOIO KaHaJa IPOUCXOAWUT PA30rpPeEB BELIECTBA, JABJICHHE TaM
NOBBIIIAETCA, M Ta30JUHAMUYECKHE CHJIBI CTPEMSTCS pacliupuTh KaHai. [lpu
HEKOTOPOM  HEU3MEHHOM TOKE MOXET YCTaHOBUTHCS  pPAaBHOBECHE  MEXIY
IEKTPOAUHAMUYECKUMHY CHJIAMH, CKUMAIOIIMMH KaHAJI, W Ta30JIWHAMHYECKUMU
CWJIaMH, PACIIUPSAIOIIKUMHU ero. ECiy TOK pe3ko BO3pacTaeT, TO Pe3KO yBEIMYUBAIOTCA
3JIEKTPOJIMHAMUYECKUE CUJIBI, a ra30JMHAMUYECKUE CHJIbI, OOYCIIOBICHHbIE HArPEBOM
rasa, peCTaBISAIOIUM COO0M HHEPLIMOHHBIN MPOLIECC, HE MOTYT BO3pacTH JOCTaTOYHO

ObICTpO. B pe3ynbpTare NpoucxXoauT CkaThe KaHaia — MUHY-3PPeEKT.
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Pucynok 2.2.1 — Knaccuueckuii Z-nuHu
CoBOKymHOCTB TporieccoB, mpotekaronmx B KMIIY kak ocobom Tumne Z-nuH4

YCKOPHUTCIIA, BKIKOYACT B cels cileayromue Ccraaruyi: HadalbHasg CTaaus, CcTaausd



39

JIBUKEHHS] ~ TOKOBO-TJIA3MEHHOM  OOOJIOUKHM,  CTagusi  yAEpKaHWUs,  CTajus
TypOYJI€HTHOCTH M pa3Baja. Ha HayanpHON cTaguu Npu mojade HANpsOKEHUs Ha
MIOBEPXHOCTH M30JITOPA, Pa3AEISAOIEro J3JIEKTPOAbI, MNPOUCXOIUT PACILIABICHUE
IIPEKYPCOPOB, MOHM3alMs Ta3a U IPEKypCOPOB B OTHOCUTEIBHO TOHKOM cioe. B
cllydasiX HENpaBWJIBHO OpPraHM30BaHHOW HAyalbHOM CTAAUM MPOOON MOXKET MOWTU HE
BOJIM3M MOBEPXHOCTU H30JSTOpa W/WIM HEPAaBHOMEPHO, W Torjaa (pUHaIbHBIE
napameTpbl paspsia M IUIa3MEHHOM CTpyd OyInyT HEBBICOKM. [ yiydiueHus
PaBHOMEPHOCTHU ITPOOOS BOZMOKHO IPUMEHEHNE TIPEIBIOHU3ALIUY.

IIo mepe HapacTaHMsi TOKAa IOHAEPOMOTOPHAs CHJIA YBEIWYUBAETCS, TOKOBO-
I1a3MEHHAas 000JI0YKa MBITAETCS CXJIOMHYThCA K OCH, U HAUUHAETCS CTaJHsl ABUKECHUS.
OpHuM W3 BApUAHTOB JIBHKECHHUS SIBIISICTCS MOJEIb «MarHUTHBIM NMOPIIEHb — yJAapHas
BOJIHA», KOIJla TOKOBBIA CJOW JIBHJKETCA HACTOJIBKO OBICTPO, YTO TMEpes HUM
oOpa3yercsi yznapHas BOJIHA, BO (PPOHTE KOTOPOH MPOMCXOAUT MOHM3AIMS BELIECTBA.
[Tocnme cXOXIEHUS TOKOBO-IUIa3MEHHOM OOOJIOUKM K OCH  YCTaHaBJIMBAETCS
PABHOBECHOE COCTOSIHME NMHYA, WIM PEKUAM yAep:KaHusA. B nmampHenmem, Ha CTaauu
TypOYJEHTHOCTH U  pa3Baja, B T[HHYE pPa3BUBAIOTCS  CHAyajla  MAarHUTO-
TUAPOIMHAMUYECKUE HEYCTOMYMBOCTH, a 3aT€M BCTYMAalOT B JeHcTBUE 3(PQPEeKThbI
AJIEKTPOHHOM MAarHUTHOM TMAPOAMHAMUKH, KOTOpPas XapaKTepU3yeTcs: 0OpbIBaMU TOKa
U pa3pblBaMU IUIa3MEHHON 00O0JOYKH, YTO B KOHEYHOM MTOI€ MPUBOAMUT K pazBaily
MJ1a3MEHHOT0 00pa30BaHMUS.

KMIIY BXOauT B KaTeropur Z-MuHY YCTPOMCTB, HA3bIBAEMBIX 3JIEKTPOJHBIMU
UMITYJIbCHBIMA TUIA3MEHHBIMU  YCKOPHUTENSIMH  (TUTa3MEHHBIMHM  IyIIKaMu), padoTa
KOTOPBIX OCHOBaHa Ha TMPOXOXKICHWHM TOKAa Yepe3 IUIasMy, KOTOpash HMEET
HEIOCPEICTBEHHBI KOHTAKT C JJIEKTPOJAMH, MOAKIOYEHHBIMH K HCTOYHHUKY
HanpspkeHus. [IpuMeHeHne MMITYyJIbCHOrO MCTOYHMKA MHUTAHUS IO3BOJISIET IOJIY4YaThb
MaKCHMaJbHBIE PaspsHble TOKH 10 10° A IpH MOLIHOCTH SIEKTPHYECKOTO Paspsiia B
yekoputene 10 10" Br. ITpoomKHTeIbHOCTh 3IEKTPHYECKOTO pa3psiia H3MEHAETCS OT
HECKOJIBKUX MUKPOCEKYHJ 10 COTEH MHUKPOCEKYH/I.

UmnynbcHple mina3MmeHHble yckoputrenu u KMIIY B uactHocTH o00nagaroT

cdicayromuMunu  JOCTOMHCTBAMMU: 1) B JTHUX CHCTEMaxX pCalu3yrOTCd MOIIHOCTHU
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AIEKTPUYECKOTO pa3pslia, HE JOCTHKUMbBIE B CTALIMOHAPHBIX IIJIA3MEHHBIX YCKOPHUTEISX
U IUIa3MOTpOHaX (I KOTOPBIX XapaKTEPHbI JI03BYKOBBIE IUIA3MEHHBIE TEUEHUS U
MEHBIIIME YPOBHU SHTAIBIUHU IJIA3MEHHOW CTPYH U COCPEAOTOYCHHOCTH JHEPTHUH);
2) 6marogapst BBICOKOM MOIIHOCTH paspsiia BO3MOXHO MPOU3BOJIUTH IPOIECC
NPUTOTOBJICHUST paboyero BemiecTBa B Ipoliecce paspsaa; 3) CIOCOOHOCTH
r€HEPUPOBaTh IUIA3MEHHBIE CIYCTKA IO3BOJIAET CO3/1aBaTh CaMOPETYIUPYIOIINECS
IUTa3MEHHbIE KOH(UTYpaIMi C BHICOKMMH 3HAaYeHUsIMH pT-mapameTpoB; 4) mpoOiieMbl
COTJIaCOBaHMS DJIEKTPUYECKUX M MArHUTHBIX MOJel B paboueM 0ObeMe SBIISIOTCS
MEHEE CYLIECTBEHHBIMU, Y€M B ClIy4ae CTAalMOHAPHBIX IUIA3MEHHBIX YCKOPHUTENIEH.
Kpurepuem pazneneHuss UMIYJIbCHBIX U CTAlMOHAPHBIX (MM KBa3UCTAILMOHAPHBIX)
yCKOpUTENen sBIseTcsl BpeMs 7y = [y/v, Tae [y — nauHa yCKOPUTENbHOIO KaHanua, v —
XapakTepHass CKOpocTh Iuia3mbl. IIpu BpemeHnax paspsina, OJM3KHX K T,
OCYILECTBIISICTCS MMITYJIBCHBIA PEXUM; €CIIM JUIMTEIBbHOCTh paspsna >>7;, TO
IIPOUCXOJIUT NEPEXOJ B CTALMOHAPHBIM PEXKUM U yXYIALIACTCS KAa4eCTBO BBIXOALIETO
rmotoka [115].

[Ipumenenue B nanHoi padote umenno KMITY ompenensercs BoilieyKka3aHHBIMU
MIPEUMYLIECTBAMM, 4 TAKXKE CHEHUAIBHBIMM 3ajadaMu. B ILesoM psae UMITyJIbCHBIX
METOJIOB 4acTO OBIBA€T HY)KHO HE TOJIbKO OBICTPO BBECTHU SHEPTHIO B IUIa3My, HO U
MTHOBEHHO CHSTh BO3JCWCTBHE WM OXJaguTh Iua3Mmy. Takas HeoOX0auMOCTb
CyLIECTBYET B Te€X Ipoleccax, TJe LeJbl0 padoThl SBIAETCS MOJyYEHHE
METaCTa0MWIbHBIX COCTOSHUN WM JUCIEPCHBIX MarepuanoB. [lmazmomaumHamMudeckuit
cunte3 (IIZIC) OTHOCHTCS MMEHHO K TaKOW KaTeropuv METOAOB, MOCKOJBbKY B HEM
MPOUCXOJIUT MEPEBOJ] BEUIECTBA, HAXOAUIETOCS B KUJIKO(PA3HOM COCTOSIHUM, B 00JaCTh
pT-napameTpoB, rA€ BO3MOXHO (POPMHUPOBAHHME HOBBIX MATE€PUAIIOB B HAHO- U
MHKPOPa3MEPHOM COCTOSIHUH, a 3aTEM €r0 Pe3K0Oe OXJIAXKICHHUE.

IIpu ocymectBiaenun IIJIC wncrnonb3oBaics WMITYJIbCHBIA  CHIBHOTOYHBIN
KOAaKCHAJIbHBI MarHutoruiazMeHHbii  yckoputenb (KMILY), paspaGoTtanHsiii B
Tomckom  momurtexHudyeckoM  yHuBepcutere  [2].  CymecTtByeT  HECKOJIBKO
cneruuuecknx monupuranuii KMITY, agantupoBaHHBIX A PEIICHUS] KOHKPETHBIX

INPpUKIaJHBIX 3aJa4, B TOM 4YHCJIC TaKHUX, KdaK MCTAHHC MAKPOTCII, II0JIYUCHHC
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YJIBTPAJUCIEPCHBIX MOPOIIKOB pa3inyHbIX MarepuanoB cucrem Ti-N, B-C-N, W-C,
C-N, u 1p., HAHECEHHE MOKPBITUM Ha MHILIEHb. C LENbI0 TIOUCKA PEIICHHs TPOOIEMbI
MOJIYYCHHUS]  YJIBTPAJUCIEPCHOTO TOpOIIKa KapOujga KpEeMHHsI TMPOBEACH IUKII
AKCIEPUMEHTOB 10 pazpadbotke koHCcTpykiuu KMITY, npucnocobiaeHHo 11 penieHus
HEeTpUBHAIBHOM 3amauu. B pabore [116] mnpuBomaTcs HaHHBIE O BO3MOXKHOCTH
MOJYYEHHUS] YIAbTPaguCIIepcHOro npoaykra cucreMbl C-N ¢ nomombio KMITY. Ananus
CUHTE3UPOBAHHOIO TAKUM CIIOCOOOM YJIbTPaJUCIIEPCHOTO MaTepHraia MoKa3ail HaJu4yKe
B IMpoaykre (a3 Ha OCHOBE BoOJIb()pamMa, BO3HUKHOBEHHE KOTOPBHIX CBS3aHO C
AIIEKTPO3PO3UEN MaTepHalia UEHTPAIBHOIO AekTpoaa. IlnoTHeie nmpuMecHble ¢a3bl B
yacTHOCTU KapOuna Boibppama (W,C), HECMOTpsI Ha HE3HAYUTEIHLHOE COJICp’KaHHE B
npoaykre (mopsuaka 2-3% OT Bcell Macchl), 3aTPYAHSIOT MPOBEACHUE aHATUTUUYECKUX
UCCJIEIOBAHUM  MpPOAYKTa  CHHTE€3a, B  YacTHOCTH, JU(QPAKIMOHHBIMU U
SHEProAucHepcuoHHbIMU  MeTonamu  [117]. Hcmonb3oBanue  BOJIb(HPaMOBOTO
HEHTPAIBHOTO DJIEKTPOJia SBJISIETCS CYIIECTBEHHBIM HEIOCTAaTKOM pa3pabaTbiBaeMoi
TexHoinorud Ha ocHoBe KMIIY. TIlostomy 3amaueit mnpu  pa3paboTke
AKCIEPUMEHTAIbHOW  YCTAHOBKH  SIBJISJIOCH  co3faHue  KoHcTpykuuu  KMILY,
MO3BOJISIONIEH TE€HEPUPOBATh YIJIEPOJHYIO IUIA3MEHHYIO CTPYIO, HE 3arpsA3HEHHYIO
METAJIMYECKUMU MIPUMECSIMU, T. €. MaTEPUATIOM LIEHTPAIBHOTO 3JIEKTPO/A.

C uenplo cHHTE3a YJIbTPAAUCIEPCHOTO Mpojaykra cuctembl Si-C paszpaboraHa
OpUTMHAJNbHAS  KOHCTPYKLHMSI  LEHTPAJIbHOTO  3JEKTPOJa  MarHUTOIJIA3MEHHOIO
YCKOpHTENd, TMpuBeIeHHas Ha pucynke 2.2.2. XKecTtko 3akperuieHHas TrpaduroBas
BCTAaBKa MPEIOTBPAILIAET 3JIEKTPOIPO3HI0 METAUIMYECKUX YaCTHUL] METAITMYECKOTO
(ylaryHHOro) xBOocTOBHMKa B Kamepy-peaktop (KP) KMIIY, a cnegoBarenbHO, U B
CUHTE3UPYEMbId TPOAYyKT. B kanam ¢GopMupoBaHusl IUIA3MEHHOM CTPYKTYPHI
3aKJIaJbIBATIUCh UCXOHBIC MPEKypcopbl — cMech Si U C B COOTHOIICHUH, OJIU3KOM K
crexuomerpuyeckoMy, XRD-kapTUHBI KOTOPBIX NpPEACTaBICHbI Ha pUCYHKe 2.2.3.
OO0mmit BuA pa3paOOTaHHOW KOHCTPYKIIMM MAarHUTOIIA3MEHHOTO  YCKOPHUTENS
npuBeleH Ha pucyHke 2.2.4. OnucelBaeMas KOHCTPYKLHS CTajda OCHOBOM IIaTEHTA,
MOJIyYEHHOrO0 TPYNIIOM aBTOPOB, BKIIIOYAOIIEH aBTOpAa JaHHOM JUCCEPTALMOHHOMU

pabotsr [118].
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Pucynok 2.2.2 — KoHCTpyKIMsa y37la LEHTPaJIbHOIO 3JEKTpoaa: 1 — ILEeHTpaabHbIN
METaJUTMYECKUN  DJIEKTPOJ-XBOCTOBUK; 2 — TpaduTOBas BCTaBKAa IICHTPAIBLHOTO
ANEKTPOJIA; 3 — CTEKJIOIIIACTUKOBBINA H30JIATOP; 4 — KaHal (JOpMHUPOBaHUS TIA3MEHHON

CTPYKTYPBI; 5 — 3JIEKTPO/I-CTBOJI
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Pucynok 2.2.3 — XRD-kaptunsl npexkypcopoB: kpemuus (Si) u yranepogaa (gC)
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Pucynok 2.2.4 — VYcrpoiictBo KMITY ¢ rpaduroBeiMu anexkrponamu: 1) XBOCTOBUK
[IEHTPAJIBHOTO JJIEKTPOoJa, 2) TMPOXOAHOW H30JSATOp, 3) OINOPHBIA HM30JATOP,
4) cranbHOM KOpIYyC, S5) CTEKJIOIUIACTHKOBBIM H30J4TOp, 6) rpaduToBas BCTaBKa,
7) KOIIC co cmeceto mpekypcopoB Si+C, 8) CTEKIOIMIACTUKOBBIA BKIIAJIBIIIL,
9) rpadguroBeiii YK, 10) oboiima u3 HepxkaBerowmed cramu, 11) wuHAYKTOD:
11.1) konraktHbie ¢aaHuel, 11.2) conenoun, 11.3) BuTkoBas uzonsnus, 11.4) kopoyc

uHaykTopa, 11.5) xonrtaktHas wmydrta, 12) crspkabie dnaHipl, 13) TokoBemylue

HIIMTHUJIbKH
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CnopoekTupoBaHHasi KOHCTPYKIMSI MarHUTOIUIA3MEHHOTO YCKOpPUTENS HMeEEeT
CIeAYIONINE KOHCTPYKIIMOHHBIE mapamerpbl: jiuHa YK [lyx = 169 MM, nuametp
YCKOPUTENbHOTO KaHana dyxy = 9,5 MM, juiMHa KaHaia (GOpMHPOBAaHUS TJIa3MEHHON
ctpykTypbl (K®IIC) lkppc = 10 mm, nuametrp dionc = 8 mm. Ilapamerpsr KP npu
MCTEYCHUH TUIA3MEHHOTO MTOTOKAa B CBOOOIHOE MTPOCTPAHCTBO COCTABIISUIH [xp = 620 MM,

dgp =210 mMm. Cripo€KTUPOBAHHBIN J1a0OPATOPHBIN CTEH T TPUBEEH Ha pUCyHKe 2.2.5.

_OT,TsOrrrS

Pucynok 2.1.5 — KoHCTpyKIUsl SKCIIEPUMEHTAIbHON YCTAHOBKH MPU UCTEYEHUU

C ucnoap30BaHKEM pa3zpabOTaHHON KOHCTPYKIMU y3Ja HEHTPAIBLHOIO 3JIEKTPOoIa
IIPOBENICHBl JKCIEPUMEHTBI, B PAMKaX KOTOPBIX pEIIAINCh pa3IM4YHbIE 33J1a4u
NoJIydeHus: KpucTtaimmyeckux @a3z cuctembl Si-C. IlepBocTeneHHoi 3amayei
WCCJIEIOBAHMS SIBJISUIOCH IIPOBENCHHE CEPUU TNPEIBAPUTEIBHBIX 3KCIIEPUMEHTOB C
LENBIO JEMOHCTPALINH NPUHIUINATBHOM BO3MOKHOCTH CUHTE3A
HAHOKPHUCTAJUIMYECKOrO KapOuja KpeMHHusd. BaxHyro poip B Ipoleccax YCKOPEHHS
IUIa3Mbl  MMEIOT TaKuWe XapaKTepUCTHKH, Kak (opMa TpPOU3BOJHOM  TOKa,
xapaktepuctuku uzojisaropa (K®IIC), naBneHue u coctaB ra3oBoil aTmocdepsl,
3apsAHbIE HAIpPSKEHUE U DHEPrusi, FeOMETpUs UCTEUYECHMS IJIa3MEHHOW CTpyH U JIp.
[115]. TlosTomMy B paibHEWIIeM BO3HHMKada HEOOXOAMMOCTh W3YYCHUS BIUSHUSA
yYKa3aHHBIX BBIIIE TapaMETPOB Ha MPOLECC U MPOIYKT TUIa3MOJAMHAMUYECKOTO CUHTE3a
JUISL TIONMyYEHUsS! TMOPOIIKOOOpPAa3HOro Marepuaia ¢ TpeOyeMbIMH XapaKTepUCTHKAMU
(¢a3oBBIM cOCTaBOM, TUCHEPCHOCTHIO) 3a CYET BBISBICHMSI ONTHUMAJbHBIX YCIOBHIA

CHHTEC3A.
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2.3. MeToauky NpoBeieHNs] AHAJTUTHYECKUX UCCIeJ0BAHNA MOPOIIKOOOPA3HOT0

NPOAYKTA

[Topomku,  cunresupoBanubie  Mmetogom  IIJIC, wuccnemoBamuch — 6e3
peaBapuTebHON 00pabOTKM C MOMOIIBIO METO/Ia PEHTIEHOBCKON IU(MpaKTOMETpHUH
(X-Ray diffraction — XRD) na nudpakromerpe Shimadzu XRD-7000 (CuKa-
usnyuenue, A = 1,5406 A) co cTynmeHuaThIM ckaHMpOBaHHEM B auanaszoHe 20 = 20° —
80" (ckopoCTh CKaHMpPOBaHUA — 2°/MuH) 10 reomeTpun bparra-bpentano. Oco6eHHOCTD
TaKON reOMETPHH PEHTIC€HOBCKON ChEMKH: OTIMYHBIE PE3yJIbTaThl pa3perieHus, popma
npoduiieid JNHUHMUKA, OOJbBIIAs MPOHHUKAKOIIAS CHOCOOHOCTb, YTO OOYCIIaBIUBAET
BBICOKYIO CTATUCTHKY KPUCTAJIUTOB IOPOIIKOOOpa3HOro oOpasua.

Meton XRD wucnonb3oBasncs juisi aHanu3a (azoBOro M TIPaHyJIOMETPUUYECKOTO
cocTaBa CUHTE3UPOBAaHHBIX IIOPOIIKOBBIX IPOJIYKTOB. Unentudukarms
TUQPAKIUOHHBIX IHKOB MPOBOJAWJIACH C ToMolplo 0a3pl  gaHHbIXx PDF4+.
KonuuectBeHHbI peHTreHOoCTpyKTypHbId aHamu3 (PCA) nudpaknuoHHBIX KapTUH
(XRD-kaptun) ocymectsiisuics nporpaMMubiM naketom Powder Cell 2.4 nns Windows
(PCW 2.4), B ocHOBE KOTOpPOro JIeKUT MeToJ PutBenbna. Pacuer B maHHOM ciyuae
IIPOU3BOAMTCS MIyTEM MHHHMMM3ALMN CyMMBbI B3BEIICHHBIX KBAJIPAaTOB Pa3HULBI MEXKIY
HaOJMI0JaeMO M PacCUUTAaHHOM MHTEHCHUBHOCTBIO Ha KaXXJIOM JdTane Lu(poBoro
pacueta mopomkoBod audpakTorpamMmmbl. Meton PutBenbaa TpeOyeT 3HaHUS
MPUOIU3UTEIIEHON KPUCTAIUTMYECKON CTPYKTYpHI Beex (a3 B cmecu [119].

Jist onleHKH MOpP(OJIOTUM W pa3MEPOB YACTULl CHHTE3MPOBAHHBIX IMOPOILIKOB
UCIOJIb30BAIMCh METOJbL: 1) CKaHUpYIOLIEH 3JIEKTPOHHOM MHMKPOCKOMHUH (Scanning
electron microscopy — SEM) c¢ ucnons3zoBannem Mukpockomnos: Hitachi TM 3000;
Quanta 200 3D wu JEOL JSM 7500FA c¢ mnpucrtaBkaMu 3HEPTOAMCIIEPCHOHHON
cnekTpockonuu (energy-dispersive spectroscopy — EDS); 2) mnpocBeuuBaroiei
ANEKTPOHHOM MHUKpockomuu (transmission electron microscopy — TEM) c
ucrnosb3zoBanueM mukpockorna Phillips CM 12; 3) npocBeunBaromieil 31eKTPOHHON
MUKpockonuu BbIcOKOro paspemieHust (high resolution TEM - HRTEM) c

ucnonp3oBanueM Mukpockomna JEOL JEM 2100F ¢ npucraskoit EDS.
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2.4. MeToauka moJry4eHusi KepaMu4eCKuX 00pa3ioB ¢ NOMOIIbLI0 MeTOa

HCKPOBOI'0 IMJIA3MECHHOI'0 CIICKAHUA

B obOmacti momydeHHs KepaMHUYECKHX OOpas3IoB BBIICISIOTCS CICAYIONINE
HarpaBJyieHus: Oe3HarnopHoe criekanue [120]; ropsuee mpeccoBanue [121]; crnekanue
1oJ1 JaBjieHUuEM rasa [ 122]; ropsdee nzocratuueckoe npeccoBanue [123]; cnexkanue npu
CBEpPXBBICOKOM JnaBiicHnu [124]; wckpoBoe turasmMeHHoe crekanuwe [125]; dmdm-
cnekanue (MraoBeHHoe crnekanue) [126]. Cpeaum Bcex METOAOB KOMITAKTUPOBAHUS
BBIJICISIETCS. METOJT UCKPOBOTO MIA3MEHHOTO CHEKAHUS (B AHIJIOA3BIYHOW JTUTEpaType
HauOosiee HCMoab3yeMbli TepmuH spark plasma sintering — SPS). Dtor merton
XapaKTEepU3yeTcsi OJHOBPEMEHHBIM MPUJIOKEHUEM JABJICHHS M HMMITYJIBCHOTO TOKA.
[IpyHIMOManpHasg cXeMma YCTpOMCTBA M I ocywecTBieHus SPS u  onumcanwme
MeXaHU3Ma CrieKaHus npuBeAeHbl Ha pucyHke 2.4.1. Tok nmpoxonut uepe3 rpaduToBYIO
MaTpHILy (a Takxke yepe3 cam oOpasell B ciiydae MpOBOSAIIUMX MaTepraiioB). cxonHbIi
MOPOILIOK HArpeBaeTcs TMOCPEICTBOM HCKPOBOTO paspsijia MEXAy YacTHIAMH, a
rpaduToBas MaTpuila HArpeBaeTcsi MMIYJIbCHBIM TOKOM, IIO3TOMY IOPOIIOK
HarpeBaeTcsl Kak BHYTPH, TaK U CHapY>KU ISl MPOBOJAIINX MaTEpPUaAoOB, B OTJIUYUE OT
OOBIYHOTO CIIEKAaHUS U TOPSUYET0 MPECCOBAHMS, TJ€ TEIMJIO0 O0ECHEYMBAETCS TOJIBKO
BHEIIHMMU HArpeBaTelIbHBIMUA JJIEMEHTAMH. JTO TIO3BOJSIET OOECIEeYUTh OYeHb
BBICOKYIO CKOPOCTh HarpeBa 0e3 MOBPEXJICHHUS 000py/IoBaHUS W oOpaslia: B TEUCHUE
MUHYT MOKHO TIOJIYYUTh TIOJTHOCTBIO CIIEUEHHBIN 00pa3ell o CPaBHEHUIO ¢ YacaMU WJTU
Jaxe JHSAMU TpU OOBIYHOM CIEKaHUM. B cuily OJHOBPEMEHHOCTH MPUIIOKEHHUS K
oOpa3lly Kak JaBJIeHHs, TaK M TeMIIepaTypbl BO3MOXXHO BBICOKOE YIUIOTHEHUE
MaTepuana mpu 0oJjiee HU3KHX TeMIepaTypax CIEKaHHs CPABHUTEIHLHO CO CIIEKaHHUEM
0e3 JaBlIeHHs, YTO MPUBOAUT K MEHEE MHTEHCHBHOMY pOCTY 3epHa. bosee Hu3Kkue
TEeMIIepaTyphl Tipoliecca U 6ojiee KOPOTKHE BPEMEHA BBIJICPKKH TO3BOJISIIOT 00€CTICUUTh
CIIEKaHUE HAaHOAMCIEPCHBIX MOPOIIKOB JI0 MOYTH TEOPETUUECKUX 3HAUEHUN TJIOTHOCTH
C HaUMEHBIITUM POCTOM 3€pHA U KOMITAKTUPOBATH IIOXO CIIEKaeMbI€ MaT€pHasIbl, B TOM

4yucie, KapOuJ KpeMHUS.



46

K mHacrosmemMy MOMEHTY WMEETCS HECKOJIBKO OOBSICHCHHA MEXaHW3MOB
npoiiecca SPS. OOBIUHO MpONECC CIEKAHUS PA3ICNISIIOT Ha YEThIPE 3Tana: aKTUBALMIO U
OUYHCTKY MOPOIIKa, 00pa30BaHKE U POCT CIIEKAIOIIEro KaHalla, ObICTPOE YIUIOTHEHUE U
VIUIOTHEHWE TpU TutacTudeckor nedopmarmu. [lepBbie nBa 3Tama CTUMYIUPYIOTCS
UCKPOBBIM Pa3psIoM MEXKIY YacTHIAMHU, KOTOPBIA YJalsieT MOBEPXHOCTHBINA OKCHUIl U
HarpeBaeT MOBEPXHOCTH nopoiika. KanaabHbeie 00pa3oBaHusi 00pa3yrloTcsi B pe3yJibTare
MIPOIIECCOB HCIMAapeHus, KoHAeHcauu U auddy3un. TpeTbeMy U 4ETBEPTOMY dTaram
CIIOCOOCTBYET TEKYIIMI 4epe3 KaHall TOK, KOTOPbId HAarpeBaeT Marepuai MO 3aKOHY
Jxoynsa-Jlenna. CKOpoCTh YIJIOTHEHUS MOBBIIAETCS (TPEThsI CTYIIEHb) U YCUJIMBAETCS
TIpY TIPUJIOKESHNUN AaBjeHUS (deTBepThIi mar). CTerneHb yIIOTHEHHs 00pasia 3aBUCHT

OT MPUJIOKEHHBIX K 00pa3ily AaBJeHUs U TeMiiepatypsl [127].
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Pucynok 2.4.1 — IIpuniunuansHas cxema ycTpoicTBa U Mmexanuzma SPS
CunresupoBansnbiii [IJIC mpoayKT ucnons3oBaycs IS MOJYYEHUS KEPAMHUKH C
nomoibio Meroga SPS. Ilpumensinacs cucrema UCKpoBOro miazMeHHoro crnekanus GT
Advances Technologies SPS10-4. [Tony4yeHHbie kepaMmuyeckue oOpas3ibl MOABEPTaTUCh
JIOTIOJTHUTEJILHOW 00paboTKe NIl M3YYEHUS MUKPOCTPYKTYphI moBepxHocTu. CHauana
MIPOU3BOIMIIACHh MITHM(OBKA 00pa3loB (C MCIOIB30BAaHUEM alIMa3HBIX NIIH(OBATLHBIX
nuckoB 54, 18, 6, 3 MKM), a 3aTeM MX MOJIUPOBKA (C UCIIOIH30BAHUEM MOTHPOBATBLHBIX
TkaHe# 6, 3, 1, 0,25 MKM U COOTBETCTBYIOIIMX ajMa3HBbIX CYCIEH3UH U CMa30K) C
MOMOIIbI0 TG OBaTLHO-TIONUPOBaAIbHOTO cTaHka Forcipol 1V. Kak ormedanocs B

0030pe UTEpaTyphl, KapOUJ KpPEeMHHUS SBISETCS YPE3BBIYAMHO CTOMKUM K BHEITHUM
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BO3JICHCTBUSIM ~ MaTepuajoM, IMO3TOMY ObUI TMPOM3BEACH TIIATENbHBIN  0030p
BO3MOXHBIX  METOJOB  TpaBJE€HUS  IMOBEPXHOCTM  oOpa3ma Uil  U3Y4YCHHS
MUKpPOCTPYKTYpbl. B wurore Obul mOAOOpaH CHEAYIOIIMA pPEXUM XUMUYECKOTO
TpaBJIEHUS C UCIIOIB30BAHUEM pacCIIaBOB coseil. [lonmpoBanHbie 00pa3Lbl TpaBUIH B
pacrmuiaBieHHoit conmu KOH-KNQOj; (maccoBoe cootHomenue 50:50) mpu 480 °C B
TeyeHue | MHH B HUKeNEeBOM cTakaHe. [lockoiibKy Tmpolieaypa TpaBlieHUs Tpedyer
NPUCYTCTBHS KUCJIOPOJA I TPABJICHHS, TOATOMY MPOLECC MPOBOAMIICA HA BO3AYXE.
TpaBiieHre TO3BOJIMIIO BBISIBUTH MUKPOCTPYKTYPY MOBEPXHOCTH, B TOM YHUCJIE TPAHULIBI
3€pEH.

[loaroToBIEHHBIE TaKUM OOpa30M KepaMHUYECKHE O0O0pa3lbl MPUTOAHBI ISl HX
JAJbHEUILIETO UCCIEAOBAaHUS, B TOM YHCIIE JI1 U3YYEHUS MUKPOCTPYKTYpPBI MPOTYKTa
METOJIOM CKaHupytoiei Mukpockonuu (Mukpockon Hitachi TM3000), ucciegoBanus
(U3UKO-MEXaHUYECKUX XapaKTEPUCTUK: TBEPIOCTH METOAOM Bukkepca (TBepromep

Galileo Isoscan HV2 OD), mioTHOCTH METO/I0M THAPOCTATHUECKOTO B3BEIIUBAHUS.
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3. HCCJIIEAOBAHMUE BJIUSHUSA YCJOBUM HMHUIINMNUPOBAHMUASA
AYT'OBOI'O PA3PAJIA HA TIPOLHECC U ITPOAYKT
INJIASMOIMHAMHNYECKOI'O CUHTE3A

3.1 IlpyHUMNIHAJIBHAS BO3MOXKHOCTD MOJIyYeHUS KAapOu/1a KpeMHUS B

TMIEPCKOPOCTHOM IJIA3MEHHOH CTpYye

s JEMOHCTpaLUU NPUHIUITHAIBHON BO3MOXHOCTH CUHTE3A
yIBTPaJUCIIEPCHOTO KapOuga KpeMHHUsI B TUIEPCKOPOCTHOM CTpye KpEMHHUM-
YIIEPOIHOM AIIEKTPOpa3psAHON MIIa3Mbl MPOBEIECHA HayalbHas CEPUsl IKCIIEPUMEHTOB
Opu HapaMerpax, TUMWYHBIX [UIsI SKCIEPUMEHTAIBHOM CUCTEMBI C TIpaUTOBBIMU
anekTpogaMu. OCHOBHBIE pe3yJbTaTbl MCCIECIOBAHUN 110 TEMATHKE HACTOSLIETO
paszena sBistoTcs ocHOBOM pabot [128, 129]. CornacHo u3BecTHbIM AaHHbIM [130],
TeMmrepaTrypa JIyroBoro paspsja B YIJIEpoJHONW cucTeMe ¢ TokoMm Oojee 100 kA
cocraBaser mopsaka 10° K, uro ofecreumBaeT Iepexoj CMECEBOrO MaTepHaa
IpeKypcopa B IUIa3MEHHOE COCTOSIHME M NMPOTEKAaHHE Ipolecca IIa3MOXHUMHYECKOTO
cuHTe3a. VcxomHple sHEpreTuyecKkre napameTpbl NMPUHUMAIUCh B BUJAE CIEAYIOIINX
3HAUEHUN: €MKOCTh KOHJAEHcATOpHbIX Oarapeit C= 6,0 M®D, 3apsaHOE HaINpsSIKEHUE
U, = 3,5 xB.

[Ipexypcopamu I1/IC sBasumncs amopdHbIi yriaepos (caxka) 1 MUKpOpa3MepHbIit
MTOPOILIOK KPUCTAIIMYECKOro KpeMHHus. [Ipekypcopsl B MaccoBom cooTHoOmeHuu (Si:C
= 2:1) maccoit ~1,0 r nomemamcs B KOIIC. YkazanHoe cooTHOIICHHE BHIOpaHO KaK
OJIM3KOE K CTEXHMOMETPUYECKOMY sl KapOuaa kpemHusi. TokompoBoAsmias CMECh
IPEKYpPCOPOB OJHOBPEMEHHO BBIMOJHSIA (PYHKIIMIO MEPEMBIYKA MEXAY LIEHTPaIbHbIM
AJIEKTPOJIOM M 3JIEKTPOJIOM-CTBOJIOM, OOecreunBasi HHULMUPOBAHUE TYTOBOTO paspsia
TUIA Z-TIMHY B YCKOPUTEIHLHOM KaHaJe MpY 3aMbIKAaHUU KOHTYpPA AJIEKTPOMUTAHUS.

[Mpsmoit  IIJIC ynpTpamaucmepcHOTO KapOuja KpPEMHHUS peau30BaH TpHU

WMCTEYCHUU TIUIa3MeHHOW cTpyrn B KP, 3alojgHEHHYH0 aproHoM NOpu HOPMAIBHOM
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JIaBIICHUM U KOMHATHOW Temmeparype. [loiydeHHbI UMITylIbC TOKAa JIIUTEILHOCTBHIO
~300 MKC UMEET ClIeTyIOIIHUEe MapaMeTphbl: amIuiuTyaa Toka I, = 101 kA, MakcuManbHOe
HarnpsbkeHue Ha snekrponax KMILY U, = 1,16 kB, moutnocTs paspsaa P, = 115 MBT,
noaseacHHass odHeprua W = 18 k/[x. I[lomydyeHHble OCHMIUIOTPpaMMBI MPOILECCa

MpUBEAEHBI Ha pucyHke 3.1.1.

= YK » U l:l =
1,01 ( =i
0.5 , : : = 50F 5
[} T ! [ ] I P Ll. e IE I RN ! ([}
: : : - . P(t) 10
S{] - & - TER . & E : ..... a 100 B
10012 N ta 1
I,=101 KA’ - L
I, xa ¢ . . - : P, mBr . R L R T
0 100 200 t, MKC 100 200 i, MKC

Pucynok 3.1.1 — TunnyHele ocuryiorpaMmmsel pabodero Toka i(f) 1 HanmpspkeHus u(f) Ha
anektpoaax KMIIY, kpuBbie MOIITHOCTH p(f) U TOABEICHHOW dHEPTUU W(t)

[locne TWOJHOTO  OCaXACHUS  MPOM3BOAWICS COOp  MOPOLIKOOOPA3HOIrO
CUHTE3UPOBaHHOTO npoaykra co cteHoK KP. IIpogykT mmen cepblil BET, €ro macca
cocraBmsuia ~1 1. be3 JomoaHUTENbHOW OOpabOTKH MPOIYKT CHHTE3a HMCCIEIOBAIICS
meronamu  XRD. Ha pucynke 3.1.2,6 npuBeaena tunuuHas XRD-kaptuna
CUHTE3UPOBAHHOTO TOpoIKa. COBOKYIMHOCTh KOTEPEHTHBIX pPe(pIEKCOB MOKAa3bIBaET,
YTO MPOAYKT BKJIOUAET B CeOS HECKOJIBKO KPUCTATMYECKUX (ha3, MPEUMYIIECTBEHHO
oOpazyercsi CTpyKTypa KapOuma kpemHus kyoudeckoil cunronuu p-SiC. Ilatb
OCHOBHBIX BBICOKOMHTEHCHBHBIX MUKOB AW(pPaKTOTpaMMbl Tipu yriax 20 = 36°, 41°,
60°, 71° moryT ObITH MPOUHIAEKCUPOBaHBI HHACKCaMH Mwuiepa kak 111, 200, 220 u
311 pednexcer f-SiC (JCPDS Ne 00-029-1129, nmpoctpancTBenHas rpynna F-43m 216).
Taxke UMEIOTCS TUKH cIabol MHTEHCUBHOCTH TMpu yriax 20 = 29°, 26°, 44°, 47°,
KOTOPbIE MOT'YT OBITh OTHECEHBI K COOTBETCTBYIOIIUM KPUCTALINYECKUM TUIOCKOCTSIM
kyonueckoro kpemuus Si (JCPDS Ne 00-027-1402, npoctpancTBenHas rpymnmna F43/d-
32/m 227) u yraepona C B Bume rpadura (JCPDS 00-041-1487, npocTpaHCcTBEeHHAs
rpynmna P6-3mc 186). Kpome TOro, MOKHO MPEITONIOKUTh HATHYNUE B TIPOTYKTE MHOM,

Hexenu rpadut, yucto yriepoaHou (asel — C (Onions) UK JIYKOBHYHBIX CTPYKTYP
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(JCPDS 00-075-0444, mpoctpanctBennas rpymma R-3m 166), rmaBusiii pedaexc (002)
KOTOPOI MPOSBISET c€0s1 MAKCUMyMOM MHTEHCUBHOCTH Ha Tu(pakTorpaMme ImpH yrie
20 = 29°. Onnako, cornacHo ¢opmyse Jlebas-1llepepa, pacmupenue rpaguToBoro nuka
MOJKET OOBSACHATHCS U BBICOKOM AMCIIEpCHOCTHIO rpadura. [ToToMy B manbHeieM mpu
KOJIMYECTBEHHBIX pacuerax JJid KOPPEKTHOCTH TMOJYyYaeMbIX pe3yJIbTaToOB OyaeT
YUHUTBIBaTbCS TOJIbKO (pa3a rpadura. CpaBHeHue AUPPAKTOTpAaMMBI MPOAYKTA C
TuGpakTOrpaMMON  HUCXOJHOTO KpeMHUsi u yriepona (pucyHok 3.1.2,a) Takxke
NPUBOJUT K BBIBOJY, YTO MUKU CJIa00N MHTEHCUBHOCTU OTHOCATCA K (pazaM KpEeMHHUS U
yriaepoaa, aToMbl KOTOPBIX HE BCTYNWIM B PEAKIUIO COCAMHEHHUS MEXIy COOOoil ¢

oOpa3zoBaHHEM KapOua KpEMHUS.
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20 40 50 60 70 20, rpan
= % . )
- (e
A A

437735 88 H1" 28, max
Pucynok 3.1.2 — XRD-kaptunasl cmecu mnpekypcopoB (a) u mopomika [IJIC (0) u
YBEIMYECHHOE N300paskeHne riaBHoro makcumyma SiC (B)

Bce audpakrorpaMMbl UMEIOT XapaKTepPHBIM MUK HU3KOW MHTEHCUBHOCTU IpPHU
yraax 34° BOMM3M THMKa MakKcUMaibHOW WHTeHCUBHOCTH f-SiC (111), koTOpBId
n3o0paxeH Ha pucyHke 3.1.2,B. Takoii nmuk umeercss Ha XRD-kapTuHax B OOJIBITUHCTBE
WCCIICIOBAHUM 10 cuHTe3y HaHomopomkoB SiC. Cuurtaercda, 4YTO OTOT IHK
CBUJIETEILCTBYET O HATUYUKM B CTPYKType KapOuaa KpeMHHUS TUIOCKUX JEPEKTOB WIIH

2D-nedexToB (Takke Ha3bIBa€MbIX JAePEKTaMHU YKIAJKU M MHUKPOJIBOMHUKAMU —
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stacking faults SF) [131, 132]. CymecTByeT U aJiIbTepHATUBHOE MPEICTABICHUE O TOM,
9TO Cyabblid MUK mpu yrie 260 = 33,5° MokeT yka3plBaTh Ha HEOOJIBIIOE COJCpIKAHUE
reKCaroHaJIbHOTO KapOuja kpeMHus a-SiC B TPOJYKTE, HO B TaKOM CJIy4yae JOJIKEH
HAOMOJaThCSl HA0Op OTpaKEHUM, pACIONOKEHHBIX MPAKTUYECKH CHUMMETPHYHO
OTHOCUTEJIBHO OCHOBHOTO MakcuMyma uHTeHcuBHOCTH f-SiC (111) (20 =33° — 37°) us-
3a XapaKTepHOM MOCJIEA0BATEIbHOCTH OTPAXKEHHUM rekcaroHalibHOM (a3bl. OJHAKO Ha
HacTosAlEel nudpakrorpamme HaOIIOJAeTCS ACUMMETPHSI, TIOATOMY JOMYCTUM BBIBOJ
00 otcyrcTBUM 0-SiC B MPOAYKTE CUHTE3a M HAIMYUU TUIOCKKX JedekToB SF.

Ha ocHoBanuu nudpakrorpamMmbl CHHTE3UPOBAHHOTO MPOIYKTa MPOU3BOAMICS
PCA, ocHOBHBIE pe3yibTaThl KOTOPOro cBefeHbl B Tabmuile 3.1.1. B Tabnuie ykazanbl
pacyeTHble 3HAUEHHUS COJAEPKAHMA M CpEAHHME pa3Mepbl 00JacTel KOTrepeHTHOIO
paccessnusa (OKP) kapObuaa kpemHHsI KyOMYeCKOW CHHTOHUU, KPEMHHUSA U YIJIEpoja, a
TaK)Ke€ COOTBETCTBYIOMIEro (pakTopa moOpoTHOCTH pacyera s = R,,/R,y,, NpHEMIIEMbIE
3HAYEHUsI KOTOPOTO CBUJIETEILCTBYIOT O BEpHOCTU pacyera. Hambonblee comepxanue
B MPOAYKTE CHUHTE3a UMeeT f-pa3za kapOuaa KpeMHHUsS, YTO MOKA3bIBAET aJIeKBATHOCTh
BbIOOPA IKCIIEPUMEHTAIBHBIX apaMETPOB U JOKA3bIBAET UCXOJHOE IMPENAIOJIOKEHUE O
BO3MOYKHOCTH CHHTE3a KapOu/ia KpeMHHUS B TMIIEPCKOPOCTHOM CTpye, F€HepupyeMoin
MarHuTOILNIa3MEHHBIM yckopuTeneMm. CoxaepxaHue yriepoja B IPOAYKTE CHHTE3a
IPEBOCXOIUT COJEPKaHUE KPEMHUS, YTO MOKHO OOBSCHUTH POCTOM Macchl yriepoja B
30HE XMMHUYECKOI peakInu 3a cyeT rpadura, S3poAupyemMoro ¢ nopepxHoctu Y K.

Cyas mo BeIMYMHAM BHYTPEHHHUX YNPYTUX MUKPOUCKaKEHUN Ad/d v 3HaYeHUsIM
NOCTOSIHHOM pEIIeTKHu a, Kapoua kpemHus co cpenHum pasmepom OKP ~60 HMm
XapaKTEepHU3yeTcsl ONPENEICHHbIM YPOBHEM J€()EKTHOCTH CTPYKTYpbl, MOSBICHUE
KOTOPOW 0OBSACHSAETCS AMHAMUYECKUM XapaKTEepOM CHHTE3a.

Ta6munua 3.1.1 — OcHoBHbIe nanasie PCA

Dasa Conepxanne, | Ilapamerp pemerku, A | OKP, | Ad/d- =
% Macc. DKcrl. PDF4+ HM 10° | R,,/Rey
B-SiC 73,0 a=43487 [a=43480 | 610 | 03 |, _, .
a=24295 | a=2,4700 o
8¢ D3 e=67954 | e=67900 | 0 | O7 | Ren =100
cSi 7,7 a=54054 |a=54190| 260 | 34 ’
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Ha pucynke 3.1.3,a mnokazan tunuuHbeiii SEM-cHumok (Quanta 200 3D)
CHUHTE3UPOBAHHOTO TMOPOLIKOOOPA3HOTO TMPOAYKTa, AEMOHCTPUPYIOIIUN CKOIUJICHHE
KPUCTAJUIMYECKUX YacTHIl ¢ pa3mepamu He 6osee 500 HM B (popMe MHOTOIPaHHUKOB U
ux arimomepatoB. [y BeIOpaHHO#N ob6nactu naHHoro SEM-u3o0paskeHus MpOBOIMICS
aneMeHTHbIM aHamu3. Ha pucynke 3.1.3,0 mpenacrtaBieHbl pe3yibTaTbl MPOBEIESHHOIO
neMeHTHoro a”anmsa. CopaepkaHue yriepoja IPaKTHYECKH PaBHO COIEPKAHUIO
KpeMHHUSI (B aTOMHOM COOTHOIICHHH), NPUCYTCTBYET HE3HAUUTENbHBIM H30BITOK
COJEpKaHUs yriepoja, 4To B LIEJIOM COTJIacyeTCsl ¢ BEIMYMHOM OOLIEro colep:KaHus
yriaepoja W KpeMHus 1o pAaHHbiM XRD-aHanu3za, a Takke WX H3HAYAJIbHBIM
CTEXHMOMETPUYECKUM cooTHOomEeHueM. [IpucyrcrBue B npoaykre Ag u Al oObsicHsETCS
COOTBETCTBYIOILIMM HaINbLJICHUEM Ha 0o0pasel [Uisl MOIY4YEeHHs 3JIEKTPOIPOBOISIIETO

CJI041.

v 6 8 KEv
Pucynox 3.1.3. SEM-CHUMOK CHHTE3MpPOBAHHOIO TMOpOWIKAa (a) U pe3yabTaThl

AJIEMEHTHOTO0 aHam3a (0)

Ha pucynkax 3.1.4,a moka3zanbl SEM-uzo6paxenus (JEOL JSM 7500FA)
CHHTE3UPOBAHHOTO TMOPOIIKOOOPAa3HOTO TpOAyKTa. [IpuBeneHHOE CKOIUICHHE B
OCHOBHOM BKJIIOYAET YACTHIIBI B BHUJC MPU3M C OCHOBAaHHUEM B BHJIE TPEYTOJIHLHUKOB
7100 YCEUYEHHBIX TPEYroJbHUKOB. X nuHEWHBIE pa3mMepbl OOBEKTOB TOCTHUTAIOT
500 HM, HO B OCHOBHOM HacTHULbI UMEIOT pazMmepsl 10 ~100 am. CoxepkaHue Takoro
TUTIA YaCTHI] SBJSETCS MPEeoOIaNaroNIiM; OHU HUMEIOT OJIM3KyH0 (HOpMy U MOITOMY
OTHOCSITCSL K OJTHOM M TOM ke Kpuctaumueckoi ¢daze. Ha pucynke 3.1.4,0 npuBeneHo

STEM-u300pakeHre, KOTOpOE BKIIOYAET TUIMYHOE CKOIUJICHHUE YACTHI[ MPOAYKTA.
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Kaptel pacnpeneneHns KpeMHHs M yTiaepoja g yYKa3aHHOIO CKOIUIEHHS, KOTOPbIE
npuBeAeHsl Ha pucyHkax 3.1.4,8 m 3.1.4,r, mosydensl ¢ wucnoias3oBanuemM EDX-
aHaJIn3a. YKa3aHHblE XUMHUECKHUE 3JIEMEHThI UICHTU(ULIUPOBAHBI BO BCEX B YaCTULAX
OCHOBHOT'O THIIA, MO3TOMY 3TH YACTHIIBI, NO-BUAUMOMY, OTHOCATCS K COEIMHEHHIO

KPEMHHUS U yTIIepoia.

Pucynok 3.1.4. SEM-CHUMOK CHHTE3MPOBAHHOTO TpoaykTa (a) u pe3ynabratel EDS-
ananusza: STEM-caumoxk (0); C-xkaptupoBanue (B); Si-kapTupoBanue (T)
BrienpuBeieHHbIE JaHHBIE YAAIOCh MOATBEPAUTH U JIOMOJHUThL Pe3yIbTaTaMu
uccnenoBanuii merogamu TEM, B Tom uncie HRTEM. Ha pucynke 3.1.5 npuBeneHsl
TEM-cHuMKkH npoaykTa cuHTe3a. O030pHbIi cBeTsionoyibHbli TEM-CHUMOK (pHCYHOK
3.1.5,a) nE€MOHCTPUPYET CKOIUICHUE YaCTHUI] CHUHTE3MPOBAHHOTO MPOJYKTa, KOTOPOE
COCTOMT TJaBHBIM 00pa3oM U3 KpUCTaLIOrpapuueckd MNpPaBUILHO O(OPMIECHHBIX
00BEKTOB [, TPEJCTaBIAIONIMX COOOW B TIJIaHE PABHOCTOPOHHUE TPEYTOJBHUKH C
ycedeHHbIMU BepimmHamu. [IpencraBiennas ¢opma oObEeKTOB [ SBIACTCS TUIMUYHOU
JIJIi MOHOKPHCTAJJIOB KapOua KpeMHus Kyondeckoit cunronuu [133]. MakcumanbHbIN
pa3mep kKpuctaioB coctaBisger ~500 HM, a mo TommuHe — ~200 HM. OOBEKTHl [

OKPY>XCHbI MHOTI'OYMCIICHHBIMHU 3HAYUTCIIbHO MCHBIIMMH 110 pPasMEpy 00BEeKTaMHU 2,
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MOP(}OJIOTHIO KOTOPBIX CJOXKHO OXapaKTEpHU30BaTh MPH TAKOM pa3peuieHuH. Takxe
IPOAYKT BKJIIOYAET HEOOJBIIOE KOJIWYECTBO OKPYIJIBIX OOBEKTOB 3 CO CpPEIHUMH
pasmepamu ~25-50 HM. OOBEKTHI TUIOB 2 U 3 MPUHAJIEKAT K KPEMHHUIO U YTIIEPOIY —
HEMPOpPEarupoBaBIIUM MpeKypcopaM cuHTe3a. [lo KapTuHE 37IeKTPOHHOU AUPPAKIIIH
Ha BbligeneHHoM oOmactu (SAED) (pucynok 3.1.5,0), paccumTaHbl 3HAYeHUS
MEXIUJIOCKOCTHBIX PACCTOSHUM U1 YKAa3aHHBIX Ha PHUCYHKE OTPaKEHUU, KOTOpbIE
COBMAJAIOT CO CTAaHAAPTHBIMU JUIsI KapOuga KpeMHUs KyOumdeckod cuHroHuu. Ha
COOTBETCTBYIOIIUX TEMHOIOJIbHBIX MUKPOCHUMKAX (pUCYHKH 3.1.5,B ¥ T) OTYETIMBO
BUJHO CBEUYEHHE OTPAXKAIOMIUX IIJIOCKOCTEH OOBEKTOB [/ B CBETE KOTEPEHTHBIX
pednexkcoB SiC (111) m (222). B cBere 3TUX ke IU(ParMpOBaHHBIX IYYKOB

Ha6J'IIOIIaCTC5I CBCUCHHC CPABHUTCIbHO MCJIKUX YaCTHUII ATOM (1)3351.

Pucynok 3.1.5 — Jlanasie TEM npoaykra cuHTe3a: CBETJIONOJIBHBIM CHUMOK (a), SAED
(6), TEeMHOIIOJILHBIE CHUMKHU (B, T)

Hust  Oonpiiet  yOemuTenbHOCTH — pe3yiabTaToB Ha  3.1.6,a mpuBejaeH
cBeTionoiabHbli TEM-cHUMOK ofHOTO M3 Haubosee KpynHbix o0ObekToB [ 1 SAED,
CHSITas HAa HEM U MpPaKTUYECKH HJeanbHas Mo pacnojoxkeHuto pedaekcoB {111} wu
BEIIMUYMHE MEKIIOCKOCTHBIX paccrosHuit d;;; = 0,251032 am gnsa f-SiC. Takoi ke
OOBEKT B HMHOM pAKypc€ U C SIBHO BBIJCISIONICHCS CHUCTEMOW SKCTUHKIIMOHHBIX
KOHTYpPOB TOKa3aH Ha pucyHke 3.1.6,0. B coBokymHOCTH, MpUBEICHHBIC HA PUCYHKAX
3.1.5 m 3.1.6 paHHBIe OJHO3HAYHO ITOKA3bIBAIOT, YTO OOBEKTHI [ SBJIAIOTCS

MOHOKpHCTAJIJIaMU KyOuueckoro kapouaa kpemuus f-SiC.
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Pucynok 3.1.6 — TEM-caumku MoHokpuctaiioB SiC B npoaykre ITAC (Si:C — 2,5:1):
KPYITHBIH MOHOKpHCTaUT U cHsATas Ha HeM SAED (a), MOHOKpPHUCTAI C CHUCTEMOM
AKCTUHKIIMOHHBIX KOHTYPOB (0)

®opma OOJBIIMHCTBA KPUCTAIIUTOB MPOAYKTa COOTBETCTBYeT popme Bynbda,
TUITMYHOM [T CHMMETpUH 43m Kap6uaa kpemuus S-SiC [134]. Takoi TUII CAMMETPHN
B COBOKYIHOCTH C I'pPaHEUEHTPUPOBAHHOW KPUCTAJUIMYECKOM perieTkor (uHaekc F B
0003HaYE€HUU  MPOCTPAHCTBEHHOW  TPYyNIbI), YTO  COOTBETCTBYET  HOMEpY
MPOCTPAHCTBEHHOM Tpymmbl 216, MOTHOCTHIO OTOXIECTBIIAET T€OMETPUUYECKH KapOuy
KpEMHHUS KyOU4YeCKOM CHHIOHHUH CO CTPYKTYypou caneputa ZnS (LuHKOBast oOOMaHKa), a
TaKKe CTPYKTypod anmasza. OTJIMYalTCAd BCE YKa3aHHBIE CTPYKTYPBlI TOJIBKO
BEITMYMHAMU TIapaMeTpa dJIEMEHTAPHOU SYEHKHU a, U, TAKUM 00pa3oM, YaCTUIIbl JAHHBIX
CTPYKTYP KPUCTAJUTU3YIOTCS B TIOJIHOCTHIO OAMHAKOBBIX (POpMax, KOTOpPbIE CBOIAATCS K
reKcaTeTpadipudeckomMy kiaccy. ba3oBeiMH (opmMamMu TakKuUX KPUCTAIIOB SIBIISIETCS
reKcaTteTpa’p M €ro MpPOU3BOJHBIE — TETpajdaAp, TIeKcadap, POMOOAOIIKAIP,
TPUTOHTPUTETPASIP, TETPArOHTPUTETpa’Ap, Terparekca’ap. Ha pucynke 3.1.7
M300paKeHbl HauboJiee BEPOSITHBIC TEOPETUUECKHe (POPMbI KPUCTAIIOB cdanepuTta (a)
U UX pealibHble MaKpopa3MEepHbIE MOHOKpHUCTaJUIMUeckue aHanoru (0). bonbmias yacte
4acTHUI[ KapOuaa KpeMHHUs BU3YyalbHO OJIM3Ka K yKa3zaHHbIM ¢dopmam. HemsmeHHOCTH
NPUHIUMHAIBHBIX  (OPM  YacCTHI[ pa3HbIX pa3sMEpPoOB BKylle C  HaJudueM
HSKCTUHKIIMOHHBIX KOHTYPOB BIIOJIHE COIJacyeTrcss C HWMEIOIIMMHUCS JaHHBIMH O
MEXaHU3ME POCTa KPUCTAIIIOB Kapouia kpemuus (pucyHnok 3.1.7,8) [135].

OCHOBHBIMH CBUJIETEIHLCTBAMU MOHOKPUCTATTMYHOCTH SiC SBISETCS MOSIBJICHUE
Ha MHOTHX 00BEKTaX KOHTYPOB 3KCTHHKIIUM IO BCEMY TeNy KpUCTasuIa, KaK 3TO BUHO

MPAKTUYECKA Ha BCEX TMPHUBEACHHBIX BbIle TEM-CHHUMKax, CBETJIONOJBHBIX U
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TEMHOIIOJIBHBIX, a TaKKe Hanmuuue nanpHero nopsaka Ha HRTEM-caumkax. Ilpu stom
CHUHTE3UPOBAaHHBIE MOHOKPUCTAILIBI KapOuaa KPEMHHUSI MOTYT UMETh pa3HbIe TaOUTYCHI,

Kak 3TO IMOKa3aHO Ha pucyHke 3.1.8.

Pucynox 3.1.7 — ®opmel kpuctamioB chaneputa u SiC: TeopeTudeckue GopMbl pocTa
KpucTasuioB chanepurta (a), MakpopasMepHble KpucTasuibl cdanepura (6), pocT

KpHUCTaJIOB KapOopyHa (B)

> =7 L35
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Pucynok 3.1.8 — TEM-caumku MmoHokpucTamioB SiC pa3nuyHbIX Gpopm

B ocnoBHOoM, wactunbl SiC B IUlaHE UMEIOT (OpMy pPaBHOCTOPOHHETO
TPEYrOJIbHUKAa C OJWHAKOBO YCEUCHHBIMU BEpPIIMHAMHU C PAa3JIMYHOU CTENEHBIO
yC€YEeHHs, BIUIOTH J0 MNpUOOpeTeHuss (HOpMbI PaBHOCTOPOHHETO IIECTUYTOJIbHUKA.
[losiBnenne Takoro pasHooOpa3usi (GopM MOXKET OOBSCHATHCS, BO-TEPBBIX,
BO3MOXKHOCTBIO ~ TOSABJICHHMSI Takux (opM  BCIEACTBUE OCHOBHOTO  3aKOHA
KpUcCTauiorpaguu — 3aKoHa TMOCTOSHCTBA YIJIOB, COIJACHO KOTOPOMY TaOUTyC
KPHUCTaJIJIa MOYKET MEHATBHCA MPU COXPAHEHWH COOTBETCTBYIOLIMX 3HAYEHUW YIJIOB, a
BO-BTOPBIX, TAaKOE€ SBJICHUE €CTECTBEHHO IS JUHAMUYECKOTO HEPABHOBECHOTO
npoiiecca. bruskue K ykazaHHBIM (OPMBI pOCTa KPUCTAJUTUTOB KapOuga KpEeMHHS
KyOM4EeCKON CMHTOHUH, K KOTOPOW OTHOCUTCS W BhIOpaHHas CTpyKTypHas mojenb SiC,
BBISIBJICHBI B cTaThsax [72, 107, 136, 137].

[To coBokymuoctu TEM-uzoOpakeHuil BHIHO, YTO TOJIIWHA KPUCTAJUIUTOB B

OOJIBIIMHCTBE CIIy4aeB MEHbIIE WX XapaKTepHbIX pa3MepoB B 1uiane D. Ilpu stom
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NPOCIEKUBACTCA TEHACHIUS YBEJIWYEHHs OTHOILEHHS XapakTepHoro pasmepa D k
TOJIIIMHE KPUCTAJUIUTOB A ¢ yBenuuenrem D. Tak npu D okoisio 100 HM 3TO OTHOILLIEHHE
omu3ko k 1, a mpu D okono 1 MkM Moxker gocturath 5 U Oosiee. OcTtaercs HE COBCEM
NOHATHOM MPUYMHA U3MEHEHHUS CTETICHH YCEUEHUS BEPILIUH TPEYTOJIbHUKA (B IIJIaHE).

Ha pucynke 3.1.9,B noka3aH y4yaCTOK 4YacTHLbl C IUIOTHOYIAKOBAHHBIMHU
aromueiMu miockoctamu SiC (111) (d = 2,51 A). Cyna no TEM-cHUMKaM pHUCYHKOB
3.1.9,au 3.1.9,6, yactuis! SiC BkIo4aioT B ceds maockue aedextsl SF, oOHapyKeHHbIe
paHee npu uccienoBanuu MmetogoM XRD. O6pa3oBaHne Takux CTPYKTYpPHBIX J1€(EKTOB

00yCJIOBIICHO HU3KUM YpOBHEM dHEpruu obpazoBanms nedexron [138].

100 Mu

Pucynok 3.1.9 — Pesynsratet TEM mnponykra: a) cBemionosibHbli TEM-cHUMOK U
SAED, 6) remHonoyibHbIi TEM-CHUMOK B CBETE OTpa)KaroIIUX IIJIOCKOCTEN peduiekca
SiC (111), B) MUKpPOCHUMOK BBICOKOT'O pa3peiieHus yyactka yactuupl SiC

Ha pucynke 3.1.10 mpeacraBienst HRTEM-cHuMKk#H (GparMeHTOB KpYIMHOTO
(oxosio 500 M) (a) U cpaBHUTENIBHO Menkux (0) u (B) (okoimo ~50 HM u ~20 HM
COOTBETCTBEHHO) MOHOKPHUCTAIIJIOB, KOTOPhIE paHee ObUIM OTHECEHBI K KyOMYECKOM
daze kapOujga KpeMHHUSA, CyIsd 10 H3MEPEHHBIM BEJIMYMHAM MEKIIJIOCKOCTHBIX
pacctosHuil. /{7151 KpyMHBIX U MEJIKUX YacTHI] (COOTBETCTBYIOUIMX OOBheKTaM Tumna / Ha
NPEAbIIYIIUX MUKPOCHUMKAX) PACCUMTaHbl BETMYUHBI MEKIUIOCKOCTHBIX PACCTOSHUM,
KOTOpbI€ OKa3aJluCh MPUMEPHO OJUHAKOBHIMU — d=~0,251 HM. DToll BenMUUHE
HamOoJiee TOYHO COOTBETCTBYET MEKIIJIOCKOCTHOE PACCTOSHHE B HaIpaBICHUU d;;; =
0,251032 ©uM gns kapObumma kpemHHs Kyowdeckor cuHronuu [139]. Cucrtema
IJIOCKOCTEH H3TOr0 MPEUMYIIECTBEHHOIO HaIpaBlieHUs JaHHOM a3kl  XOpOIIo
pazpemaercss Ha HRTEM-cHumkax, maer cunbHelmuii pediaekc Ha XRD, a

nuparipoBaHHblE Ha HEW MYy4YKH BJIEKTPOHOB JAIOT MEpBOE J1€0a€BCKOE KOJBIIO
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pedpnekcoB Ha Bcex SAED. OtanuurtenbHOM OCOOEHHOCTHIO HAaHOPAa3MEPHBIX U
CyOMHKPOHHBIX KPUCTALIOB [-SiC SBISETCS OTCYTCTBUE YIOPSIOYCHHOW 000I0UKH, HO
UX TIOBEPXHOCTh IOKpPBITA JOCTaTOYHO PABHOMEPHBIM CJOEM TONIMHOM 1+3 HM

IICEBJ0aMOP(HOT0 MaTepHaa.

Pucynok 3.1.10 — HRTEM-cHUMKH KpuCTaIJIOB KapOuga KpemHHs: ¢GparMeHT
KpynHOro MoHokpuctauia (okojo 500 Hm) (a), MOHOKPUCTAIUT pa3MepoM OKosio 50 HM
(0), MmoHOKpUCTAILT pazMepoM okoJio 20 HM (B)

Ha pucynke 3.1.11,a npuBegen HRTEM-CHUMOK TUIIMYHOTO HAaHOPa3MEPHOIO
(1520 HM) 0ObekTa 3 ¢ yHOpsIOYEHHOU CTPYKTYpO#l M 3aMeTHOM orpaHkoi. [Ipsimoe
M3MEPEHUE MEKIUIOCKOCTHOTO PACCTOSIHHUS aaeT cpeaHee 3HadeHue 0,312 HM, 4TO
MPAKTUYECKHA COBITAJIA€T CO CTaHAApTHOW BenwmumHOU d;;; = 0,312866 HM s dasbl
KyOudeckoro kpemuus B HarnpaBieHud [139]. [To coBOKymHOCTH NMPUBENCHHBIX JAHHBIX
00BEKTHl 3 OJHO3HAYHO HJECHTHU(HUIMPYIOTCS KaK HAaHOKPHUCTAUIBI KyOndeckoul (asb
KpEMHUS, HE BCTYIMHUBILETO B COeUHEHHE C yriiepooM. OObeKT 3 HaxoauTcCs Ha OoJee
KPYITHOM 4acTHIle, UMEIOIIEH KPUCTAIUNIMYECKYIO0 000JI0UKY.

Ha cnenytomem HRTEM-caumke (pucynok 3.1.11,0) mokaszana rpymnma Takux
yactull pazmepoM 10+30 HM ¢ XOpOIIO pa3IMYUMBIM JTaIbHUM  TOPSIKOM
KPUCTAJUIMYECKOW cepaleBUHbl. M3MepeHHoe cpeqHee 3HAYeHUE MEXKIIOCKOCTHOTO
paccrosiaust 0,34 HM HanboJiee TOUHO COOTBETCTBYET dyp; = 0,3395 uMm dassl rpadura.
PaccrosiHue Mexmy mIoCKOCTIMU CTPYKTYphl 000souku coctasiset 0,36-0,38 Hwm, T. €.
COOTBETCTBYET BO3MOXKHBIM MEXKCIIOEBbIM PACCTOSHUSIM JTYKOBHYHBIX U TYOYISIPHBIX
yraepoanbix crpyktyp [140]. BepostHo, spoaupoBanHble ¢ 3aekTponoB KMITY
HAHOKPUCTAUIbI rpaduTa SBISAIOTCS  3apOJIbIIIAMH, Ha KOTOPBIX MPOUCXOJUT

(bopMHUpOBaHUE CTPYKTYP, OMU3KUX K TYKOBUYHBIM. B CHITy HEBBICOKOW M MPAKTUUYECKU
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OJIMHAKOBOW TIIOTHOCTA MaTepHayia yYTIEPOIHBIX HAHOCTPYKTYP B OOJBIIMHCTBE
ciydaeB 1o TEM u HRTEM wuzo6paxeHusiM TpyIHO OXapakTepu30BaTh MOPGOIOTHIO
YacTHUI[ B CKOIUICHUAX, KaK 3TO OTMEYaJoCh WM BUAHO Ha pucyHke 3.1.11,B. 3xech
NMoKa3aHa HawbOojee TUMWYHAS KAapTWHA CKOIJICHUS MHOXKECTBA  YIUICPOJIHBIX
HAaHOKPUCTAJIOB BOJIM3U KPYMHBIX yacTull [-SiC, a TakKe JIEKTPOHOTpaMMa BBICOKOTO
pa3pelieHusl Ha BbIJIeJIEHHOW oOmacTu. B oTiamume oT mpuBeneHHbIX Bbimie SAED,
3IeCh OTYETIMBO BBIJEISCTCS TIEPBOE KOJBIIO €3 MHKpOpedIeKcoB, KOTOpOE

cooTBeTCTBYeT cucteme miockocted {002} HaAaHOKPUCTAIMYECKUX YTIEPOIHBbIX (a3

(rpadut, mykoBU4YHBIE CTPYKTYpHI, d = 0,34+0,36 HM).
F 2 6)

Pucynox 3.1.11 — HRTEM-cuumku Hanopa3zmepHbix 00bekToB 2 u 3 B npoaykre [1JIC:
HAaHOKPHUCTAUT KpeMHHs (a); HaHOKpUCTAUT Tpadura B yriepoaHon obosouke (0);
HAHOKPUCTAJIBI YTIEpOAHBIX (a3 (B)

ITo COBOKYMHOCTH 3KCIEPUMEHTAIIbHBIX JAHHBIX, PEJICTABICHHBIX B HACTOSIIEM
paszfene, MOKHO YTBEp)K/IaTh O BO3MOXKHOCTH CHHTE3a KapOuaa KpeMHHUs KyOudecKon
CUHIOHUU B TUIIEPCKOPOCTHOU cTpye Si-C 31EeKTpOpa3psAHON M1a3Mbl, HCTEKAIOIIEH U3
KMILY. B-SiC popmupyercst B Busie MOHOKpUCTAIIIOB pasmepamu oT ~10 g0 500 M ¢
Kpuctayiorpaguueckum odopmieHreMm, OIM3KUM K uAeadbHOMY. B mpomykre
MPUCYTCTBYIOT (ha3bl HEMPOPEATUPOBABIINX MPEKYPCOPOB KPEMHUS U YTIIEpO/Ia B BUJE
YacTUI[ JO HECKOJIbKUX JAECATKOB HM. lIpHcyTCTBHE Takux BEUIECTB B MPOIYKTE
CHUHTE3a SBJISIETCS HEXKEIATeIIbHBIM W  BBIABISIET HEOOXOIUMOCTh IPOBEACHUS
JadbHEUIINX HucclienoBanuii mo ontumusanuu mnpouecca IIIC B cucreme Si-C u

CO3JIaHUIO CPEACTB yIpaBieHus (Pa30BbIM U IPAHYIOMETPUUYECKUM COCTABOM MPOIYKTA.
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3.2. Ucnosib30BaHMe PA3HBIX CIMIOCO00B HHUIMMPOBAHMA MJIA3MEHHOI0 MOTOKA U

UX BJIHMSIHME HA CHHTE3UPYeMbIi MPOIYKT

Cyas no tunmyHOM ocumiuiorpaMMme Toka (pucyHok 3.1.1), cymiecTByer Bpems
npeaslonn3anui [115] — BpeMs ¢ mogauu HanpsKEeHHs 10 BOSHUKHOBEHUS IIA3MEHHON
CTPYH W Hayaja €€ YCKOpPEHHs, BKJIOUYAIOUIEEe, MPEXKIE BCEro, BpPEMs pa3orpena
ucxogHoil cmecu. [lo-BUaMMOMy, Bpemsl MPEABIOHU3ALMH OKa3bIBa€T 3HAUYUTEIILHOE
BIIUsIHKE Ha ()a30BbIA COCTaB KOHEYHOTO MPOJYKTA, MOCKOJIbKY UMEHHO B 3TOT MOMEHT
IPOUCXOAUT Oojee IUIaBHBIM JHMOO0 Oojiee CKauKOOOpas3HbIM MEpexo]l HMCXOJIHBIX
pEareHToB B IUIA3MEHHOE COCTOSIHUE, T. €. 3()(PEeKTUBHOCTH Ipoliecca CUHTE3a JOJKHA
3aBUCETh OT TOI'O, HACKOJBKO HCXOJHBIE NPEKYpCOpPHl «IOArOTOBJIEHB» Ha 3Tale
NpEeAbIOHU3alNN. JTO ONpPEAEIAETCS YCIOBUAMU WHULIMMPOBAHUS AYTrOBOrO pa3psja, B
0COOEHHOCTH CITIOCOOOM MHUIMUPOBAHUS M HAYAJIbHBIM COIIPOTUBICHUEM NEPEMBIUKU.

C uenpto ompeneneHus HauOosee 3DPEKTUBHOrO crocoda HWHUIMUPOBAHUS
nyroBoro paspsga B YK KMIIY B paGore paccMOTpeHBI JBa BapuaHTa UCIOIHEHUS
pa3pyliaemMoil TOKOIPOBOMSAIIEH IMEPEMbIYKH MEXIY TrpadUTOBBIMU IEHTPAIbHBIM
ANEKTPOJOM M TOBEpXHOCThIO YK, mpencraBieHHoie Ha pucyHke 3.2.1: B Buue
YTIEPOIHBIX BOJIOKOH (a), HaTsaruBaeMbiX u3 qHa KOIIC no BHemnHe# KoHycooOpa3Hon
MIOBEPXHOCTH M30JISATOPA — MECTAa COPUKOCHOBEHUS C 3JIEKTPOIOM-CTBOJIOM, U IIyTEM
rpadutnzanmu noBepxHocTH uzosATopa B KOPIIC (6) — HaHEeceHWEM TOHKOrO CIIOs
rpaduTOBOrO a’p030Js Ha BHYTpeHHIOK noBepxHOocTh KDIIC, a Takke mMOBEpXHOCTh

3atokeHHor B KDIIC Si-C cmecn.

@) | ©)

Pucynox 3.2.1 — M3o0paxeHue y3na MEHTPATBLHOTO 3JEKTPOJa MPH HCIOJIb30BAHUU:
a) YIJIeBOJIOKOH; 0) rpadutuzanuu; 1 — [EHTpPaJIbHBIM DJIEKTPOI, 2 — H30JSATOP

HEHTPAJILHOTO 3JIeKTpoja, 3 — rpaduroBas BctaBka, 4 — KOIIC, 5 — rpadurossiit YK
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OKCIEpUMEHTHl C HCMHOJb30BAaHUEM Pa3HBIX CIIOCOOOB  WHHUIIMUPOBAHUS
IUIa3MEHHOM CTPYyW MPOBENEHBI MPU OJWHAKOBBIX HSHEPreTUYECKHX IapaMeTpax u
DKCILIYaTallMOHHBIX YCIOBHAX: €MKOCTh KOHAEHcATOpHBIX Oatapeir C = 6 Mm®D, U,,, =
3,0 kB. IIna3MeHHBI BBICTpPEN MNPOM3BOAWICS B repmMeTuuyHslidi  o0bem  KP,
HAITOJIHEHHBI aprOHOM IMPU HOPMAJIbHBIX ycioBusX. [Ipu nmpoBeaeHUN IKCIIEPUMEHTOB
MpeAnojarajoch, 4To Crocod MHHUIMHPOBAHUS YTOBOTO paspsia OyAeT BIMITh Ha
¢da3oBbIil cocTaB MPOJYKTa CHHTE3a MOCPEICTBOM M3MEHEHHS BPEMEHHU U XapakTepa
nepexoja CMeCH MPEKypcopoB B IUIA3MEHHOE COCTOsIHME. BakHeHIuM TokazartesneM,
MO3BOJIAIOIIMM  MPOCIEAUTh OTY 3aBUCUMOCTb, SBISIETCS, OYEBUAHO, (opma
OCLIIJIJIOTpamMM pabovero TOKa MIa3MEHHOW NMEPEMBIUKU U HAIIPSKEHUS Ha 3JIEKTPOIaX.
Ha pucynkax 3.2.2 u300paxeHbl OCIIIIIIOrPaMMbl pabodero HampsoKeHus u(f) U Toka
i(f) (a u 0), KpuBbIe MOITHOCTH p(f) U TOKa i(f) (B M T) BO BCEX AKCIEPUMEHTAX, Ha
OCHOBAHMM  OCHWIIOTPAMM  pacCUMTaHbl  JKCIIEPUMEHTAJbHBIE  IApaMETPHI,

npuBeIcHHBIC B Tabimie 3.2.1.

U, kB [a)] U, xB ]‘ 6)|
i 2
} g
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40 60 1, MKc
A
ﬁ\_‘_xl_
_\1-\\...—..___‘_
/\-u-""}l
\ /> L7
15 10 15 201 mke
Py T T
3—_7'—~_ " "
o e,
k-\_\x_
—

Pucynox 3.2.2 — Ocummiorpammsel pabodero Hampspkenust u(f) u Toka i(f) (a u 0),
KpUBbIE MOIIHOCTU p(f) ¥ ToKa i(f) (B M T) MpPU HCIOIB30BAHUU YIJIEBOJIOKOH (/) u

rpadutuzanuu (2)
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Tabmumna 3.2.1 — DkcnepuMeHTaJIbHBIE MapaMeTpbl CEPUM SKCIIEPUMEHTOB C Pa3HBIM
cI0co00M MHHUIIMMPOBAHUS TUIA3MEHHON CTPYH: MPU UCIOIB30BAaHUU YTiIeBOJOKOH (1)
U rpaduTrzanuu (2)

Ne | Ry, Om | dt,mc | U,,xB | I, kA | P,,, MBT | W, k][

| | 10 1,55 87,0 165,9 19
2 | 10000 68 1,48 93,4 135,0 17
MowmeHT Bpemenu At gpisieTcss HayanoMm padotel KMIIY. B 3TO0T MOMEHT 1o

3aMKHYTOMY KOHTYpPY, BKIJIIOUYAIOIIEMY KOHJEHCATOpHbIE Oaraped eMKOCTHOTO
HAKOIUTENS SHEPTUH, HEHTPAIBbHBIN 3JIEKTPOJ U 3JIEKTPOI-CTBOJ, HAYMHAET MPOTEKATh
yBeIMUMBaromuiics Bo BpeMeHu Tok i(f). [lo Tabmuue 3.2.1 BUAHO, YTO OCHOBHBIC
HHEPreTUYECKUE MapamMeTpbl HE OTJIMYAKOTCA CYIIECTBEHHO (B CIydae UCIOJIb30BaHUS
rpauTU3alid  MPUCYTCTBYET JaXe HEKOTOPOE  CHIKEHHE  SHEPreTUYECKHX
napamMeTpoB), UTO IIO3BOJIIET CpPaBHUBATh pE3yJbTaThl MPOBEACHHBIX CEpPUU
AKCIEPUMEHTOB. [Ipy HaMMYUK HEKOTOPHIX HE3HAYUTEIBHBIX OTJIMYUM OCHUIIIIOTPaMM
TOKa W HamnpsoKeHUs B paboyeM peXMMe HaOMIOAAlOTCs BaXKHbIE OTJIMYUS B
OCLIIJIJIOTpamMMax B JIOKOMMYTAllMOHHOM IIEPUOJIE.

B cnyuae (1) mpu HCHOJAB30BAaHMM YIJIEBOJOKOH HAYaJbHOE COINPOTHBIICHHE
KOTOPBIX R, coctarisieT nopsaaka 1,0 OM, TOk pa3psia HaUMHAET NPOTEKaTh C MOMEHTA
t = 0 OpunoXeHWsl HaNpsHKEHUs, Kak BUJIHO Ha pucyHke 3.3.2 (kpuBble [). D10
MPUBOJUT K DJIEKTPUUYECKOMY B3pBIBY IMPOBOJHUKOB — YIJIEPOJHBIX BOJIOKOH. Ilox
JICUCTBUEM BO3HMKIIIETO HMMITYyJIbCa MOIIHOCTH, MOKAa3aHHOTO Ha pucyHke 3.3.2.B, T,
npoucxoaut BeIOpoc n3 KOIIC mopoiikooOpa3Hoit Maccel mpekypcopoB Si+C, 4To
YMEHBIIIAET BEPOSTHOCTh UX IMOJIHOW BO3TOHKH B IJIA3MEHHOE COCTOSIHUE U BBICOKO-
3¢ (PeKTUBHOrO MNPOTEKAHHWS B JajbHEHIIeM IIa3MOXUMU4eckoro cunre3a [-SiC.
BepositHass peHOoMeHONornYeckass MOJIedb JJIEKTPUUYECKOTO B3pPbIBA  YIJIEBOJOKOH
npeAcTaBiieHa Ha pucyHke 3.2.3,a. JIMTENbHOCTb BJIEKTPOB3PHIBHOTO HMITYJIbCA
MOIIHOCTH amImuTyoi 10 80 MBT cocrtasnser okono 10 mkc. Tok mocTuraer ypoBHs
B HECKOJIBKO KHUJIOAMIIEP U CHUXKAETCS MpakTUuecku 10 HyJs. [Tocime 3Toro npoucxoaur
MOBTOPHBIN MTPOO0I1 HOHU3UPOBAHHOTO IPOMEKYTKA U (POPMUPOBAHUE JYTOBOM CTaANU
pa3psia C MOBBIIIEHHBIM YPOBHEM MOLIHOCTH Ha HAYaJbHOM 3Tane YCKOpPEHUs

IIJJA3MEHHOM CTPYKTYPBI.
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Pucynok 3.2.3 — ®DeHOMEHOJOTHMYECKHE MOJEIM BO3TOHKH IPEKYPCOPOB B Ciyyae
WHULMAPOBAHUS IUIA3MEHHOTIO TOTOKAa IOCPEACTBOM YIJIEPOJHBIX BOJOKOH (a) H
rpaguTuzanu (0). ITanbl BO3TOHKU MPHU UCIOJb30BAaHUU YIIIEPOAHBIX BOJIOKOH:
1 — ucXoHOE COCTOSIHUE (TOJICThIE IMHUU — YIJIEPOJHBIE BOJIOKHA), 2 — ANEKTPUUYECKUI
B3pBIB BOJIOKOH, 3 — 00pa3oBaHWE IYyroBOTO paspsia U JABWKEHHE 00pa3OBaBIIEHCS
IUTa3MEHHON CTpyHM (TOHKHE YepHbIE JIMHUU C33aJd — TPAHULBI IJIA3MEHHOrO MOTOKa,
TOJICTBIE YEpHbIE JIMHUM — TOJIOBHAs YyJapHas BOJHA). OTalbl BO3TOHKU MpHU
UCIIOJIb30BaHUU rpaduTu3aluu: | — HayalbHOE COCTOSIHUE (TOJCTBIE JIMHUU — CJIOU
rpauTOBOrO a’3po30iisi), 2 — MpOLEcC NPeAblOHU3alUU (TOJCTble M TOHKUE JIMHUU
BHyTpr KO®IIC — kaHanbl NOBBIIEHHON MPOBOJAUMOCTH), 3 — 00pa30BAHUE «TOPSUYUX
TOYEK» (6),,4,) ¥ TETUIOBOM TIPOOOIA

B cnygae (6) npu ucnosib30BaHUU TrpadUTU3ANMKA TTOBEPXHOCTH H30JSTOpA MPU
Ry okosio 10000 OM »31eKTpOB3phIBA HE MPOUCXOAUT M 3HAYUTEIIBHO YBEJIUYMBACTCS
JUIMTEJIBHOCTh NHTEPBaja BPEMEHHU 1O COOTBETCTBYIOILIETO MOMEHTA Af,, KaK 3TO BUIHO
Ha pucyHke 3.2.2 (kpusblie 2). [IpoTekaromine B TeUeHUE 3TOTO IEPUOIa BpeMeHu 10 At,
MPOLIECCHl  XOPOLIO OMHUCHIBAIOTCA TEOPUEH TEMIoBOro Mpo0osi, 0O0yCIOBIEHHOTO
TEIJIOBBIMM MPOLECCAMHU, MPOTEKAIOIMMU B MaTepHalie MPU BO3JIECHCTBHM Ha HETO
ANEKTPUYECKOr0 MOoJs. OTOT BUA Npo0Os MPOUCXOAUT TMPU  TOBBILIEHHOU

IMPOBOAUMOCTH TBCPAbIX IHUIJICKTPHUKOB H OONBIINX JUBJICKTPUICCKUX IIOTCPAX B
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pe3yabpTare MpOTEKaHUsi TOKa BHYTpU audnekTpuka [141]. CocTtaB MeEX3JIEKTPOIHOTO
MPOCTPAHCTBA AJIEKTPUUYECKU HEOJAHOPOAECH, TOCKOIBKY YTIEPOAHBIA CIION NMEPEMBIUKU
U MaTepuai IpeKypcopos, 3akiaasiBaeMbix B KOIIC, o6mnanarot npoBogumMocTsio. [lpu
nojavye HaMNpsLDKEHUST BO3HUKACT MHOXKECTBO JHUCKPETHBIX KaHAJIOB MOBBIIICHHOM
MPOBOJUMOCTH, oOecneunBaromux JIKOylieB pa3orpeB NEpPEeMBIYKM M MacChl
npekypcopoB B KOIIC. DTo npuBoauT K elie 00iblIeMy HapaCTaHUIO TOKA B LIETH, TaK
KaK  CONPOTHUBJIEHUE  MEXKDIJIEKTPOJHOTO  y4acTKa Pe3KO  (IKCIOHEHIMAIBHO)
yMmeHbIaercs. [IpoucxoauT HapylIeHUE TEIUIOBOIO PaBHOBECHS, MPOIECC CTAHOBUTCS
JaBUHOOOPA3HBIM: MPOBOJUMOCTh W TEMIIepaTypa B3aUMHO «PACKauyWBarOT» JPYT
npyra. B urore mpoMCXOIUT NalibHEWIee HapacTaHWE TeIia BIUIOTH 10 MOMEHTA,
KOT/Ia KOJIMYECTBO TEIUIOThI, KOTopoe Bbiaenserca B oObemMe KOIIC 3a cuer
JTUPJIEKTPUUECKUX TOTEPh, MPEBBINIACT KOJWYECTBO TEIIOThI, KOTOPOE CHCTEMa
CrocoOHa paccenBaTh B TEKYIIMX YCIOBUX [142]. DT0O MOMEHT TEIJIOBOTO pa3pyIICHUS
MaTepualjia, HHBIMU CJIOBaMH, BO3HHMKAeT TEIUIOBOW MpobOoi [143] ¢ mociemayronum
dbopMUpOBaHUEM TUIA3MEHHOM CTPYKTYPBI IYTOBOTO pa3psiia.

DeHOMEHOJIOTUYECKAsT KapTUHA pa3BUTHUSL TEIUIOBOTO MpoOOs NpHUBEACHA Ha
pucynke 3.2.3,6. Ha Hell TMHUAMY MTOKa3aHbl MOJI€ TPAaJUeHTa TEMIEPAaTypbl U KaHaJIbl
MOBBIIEHHON MpoBoAMMOCTU. Hanuuue rpaaueHTa temnepaTyp MO TOJIIUHE CMECH B
KO®IIC BeaeT kK HUCKAKEHUIO AJIEKTPUYECKOro Mojsl. B UTOre KaHalbl MOBBIIICHHON
MPOBOJAMMOCTH CJIMBAIOTCS, TOSIBJISIOTCA TaK Ha3bIBaEMbIe «ropsiurie TOUku» («hot
spots») [144]. Kanan temmoBoro npo0osi pa3BUBaeTCsI UMEHHO OT TAaKUX FOPSAYUX TOUEK
K asekTpoaaMm. CBOI0O pojb B TEIJIOBOM MPOOOE MOXKET UrpaTh W MOPUCTOCTH
MOPOIIKOOOPa3HOr0 MaTepuayia, a TaKKe BO3MOXKHOE HaJIM4YMe B HEM MOJIEKYJ
KHCIIopoaa. B mopax BO3HHUKAIOT HAMOONBIINE PETAaKCAIIMOHHBIE TTOTEPU U TUIOTHOCTH
TOKa M BbIIENACTCS OOJbllee KOJUYECTBO TEIJIOTHI, YTO MOKET MPUBOJUTH K
BO3HMKHOBEHUIO HMOHU3AIIMOHHOTO MPOo00sS KaK Pa3HOBUIAHOCTH TEIIOBOTO MPOOOS
[145, 146].

Bpewmst pazBuTus TemnoBoro rnpo0os oeHuBaeTcs no gopmye (3.2.1):

t :L
w O,ZSQYOEZ (321)
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IIpn HanpsKEHHOCTH 3MeKTpuueckoro mons B KOIIC E = 3:10° B/m wu
TEOPETHUYECKHX MapaMeTpax KpeMHHus (yIeldbHas IPOBOXMMOCTh y = 833,3 Om "M,
TemmepaTypHblii  koodduiment a = 1,7-10° K', yrenpHas TemioeMkocTs ¢ =
714 Jix/xrK, miotHocTh p = 2328 KI/M’) pacdeTHOE BPeMs BOSHUKHOBEHHS IPOGOs
COCTaBJIACT 1, = 54,6-10'6 C, 4YTO COMNOCTaBUMO CO BpeMmeHeM Af, = 68 MKC,
ONPENIEIICHHBIM 0 OCHWUIOIPAMMAaM PEAJIBHOTO IPOILECCA. JTO CBUIETEIBCTBYET O
TerioBoM Xxapaktepe npo6oss B K®IIC npum MHMLIMMpPOBAaHWM IYyroBOro paspsaa ¢
MOMOIIBbIO TpadUTU3AIMKU TTOBEPXHOCTH H30JsATOpa B ycloBuax 3amoiaHeHus: KOIIC
cMechio npekypcopoB Si+C. 1Ipu 3TOM NporUCXOAUT HArpeB U NEPEBOJ B IIA3MEHHOE,
XUMHUYECKH AKTUBHOE COCTOSIHHE BCEW MAacChl MOPOLIKOOOpA3HBIX IMPEKYpPCOpPOB 3a
BpeMsl pa3BUTHUS TEIUIOBOTO MPOOOs WM BpeMs MpeabloHu3alui. Bo3HUKHOBEHUE B
JAHHOM CHCTEME 3JIEKTPUUECKOrO0 MpPOo00sS HMCKIOYEHO, MOCKOJIbKY OH BO3HUKAET B
MaTepuajie TOrJa, KOIJa MOJHOCThIO MCKIKYEHBl HE TOJIBKO TEIUIOBBIE IPOLIECCHI B
HEM, HO M YCTpPaHEHbl Takhe MOOOYHBbIC MPUUYMHBI, KaK TMOBEPXHOCTHBIC Pa3psiibl,
MOHM3ALMS BO3AYIIHBIX BKIIOUCHUN B caMOM JIUAJIEKTpUKe [ 147].

[TosryueHHbIe B Mpoliecce SKCIEPUMEHTOB C Pa3HbIM CIIOCOOOM MHULIMHMPOBAHUSA
NOpOIIKOOOpa3Hble MNPOAYKTHI HccienoBanbl metonoM XRD. Ha pucynke 3.2.4
npuBefeHbl B cpaBHeHHMH XRD-kaptunbl. COBOKYMHOCTh KOTE€PEHTHBIX DPEQIIEKCOB
MOKa3bIBACT COAEpkKaHUE B MPOAYKTE CHHTE3a KPUCTAIMYECKHUX (ha3, Habop KOTOPBIX
MOJTHOCTBIO UJICHTHYEH COCTaBy, uaeHTU(ULMpoBaHHOMY B pazaeine 3.1.1. CornacHo
nauueiM PCA mpoaykTtoB (tabnuna 3.2.2), B cinydae rpaduTH3ANUN HUMEET MECTO
3HAUUTEIBLHOE MOBBIIIEHUE cofepkanus (as3el S-SiC npu MUHUMAIBLHOM COJIEpKAHUU
HEIMPOpEearupoBaBIIUX MPEKYPCOPOB. DTO CBSA3AHO C U3MEHEHHMEM XapakTepa mnepuoia
IpeIbIOHU3ALMU: TPOLECC, ONM3KUNH K BIIEKTPOB3PBIBY B Clydae HCIOJb30BaHUS
YIJIEBOJIOKOH, CIOCOOCTBYET pPE3KOMY BBIOpOCY MOPOLIKOOOpa3HOM Macchl B
YCKOPUTENbHBI KaHal M COOTBETCTBEHHO MeHee 3(PPEKTUBHOMY BOBJICUEHUIO
IPEKYypCOPOB B XMMHUYECKYIO pEaKLHI0; B Cllydyae MCIOIb30BaHUs TIpaduTU3aluu
yIaeTcsl YK€ Ha CTaJuu MpeAblOHU3ALUN MPOBECTU AKTHBAILMIO MCXOAHOTO CHIPhS U
0osiee TUIABHO BBECTH €r0 B 30HY XMMHYECKOW peakiuu. Pasnmuuue B cTeneHd BBOAA

MMPEKYpPCOPOB B XUMHNYCCKYIO PCAKIIHIO ITIOATBCPIKAACTCSA MHOTI'OKPATHBIM YMCHBIIICHUEM
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pacuetHoi BennuumHbl OKP kpemHHs B ciiydae HCHOJb30BaHUS rpaduruzamuu. ITO
O3HA4YaeT, YTO NPU NPUMEHEHHUH YTJIIEBOJIOKOH HMCXOIHBIE IPEKYPCOPBI, B YACTHOCTHU
KPEMHUI, YacTUYHO OBLIM BBIOpOIIEHb B YyCKopuTelbHbIM kaHan u3z KOIIC B
pe3yapTaTe HMMIYJIbCa MOIIMHOCTH, IO3TOMY B KOHEYHOM IPOAYKTE IPUCYTCTBYIOT

KPYIIHBIC 9aCTUIIBI HCIIPOPCATUPOBABIICI'O KPCMHHU.
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Pucynok 3.2.4 — XRD-kapTuHbl IPOAYKTOB, CHHTE3UPOBAHHBIX IIPU HCIIOJIb30BaHUU
YIJIEBOJIOKOH U TpaduTU3alun

Ta6numa 3.2.2 — PesynbraTel PCA poiyKTOB CUHTE3a

®dazoBelii coctaB; OKP

Ne | Crtoco0 nHHUIIAAIIAN

Sie S ¢ s= pr/RexP
®,% |50,5(31,7|17,8 | Rp=26,6
1 YIJIEBOJIOKHA Rexp=17,5

OKP,uaMm | 105 | 98 I5 | 5= 1,52
0, % |91,7] 54 |29 | Ry=287

2 rpaduTHzanus R.,=15,1

OKP,um | 63 | 20 | 22 |, = 1,90

Pesynbratel PCA mnoatrBepkmaroTcs aHAIW30M MPEACTABICHHBIX HA PHUCYHKE

3.2.5 SEM u TEM-CHHUMKOB MOpPOIIKOB, CHHTE3UPOBAHHBIX MPH Pa3HBIX CIOCOOAX
nannuupoBanusa. Kak SEM, tak 1 TEM MHKPOCHUMKH AEMOHCTPUPYIOT THIIUYHBIC
KPUCTAJUTMYECKHUE YaCTHUIlbl, KOTOpbIe B OCHOBHOM MMEIOT pa3mepbl He Oosiee 500 HM U
paznmuuuMbie  (OPMBI  MHOTOTPAaHHUKOB. PasHunia Mexay CHUHTE3UPOBAHHBIMU
IPOAYKTaMH 3aKJIOYaeTCs B TOM, YTO MPOAYKT, IOJIYYEHHBI C HCHOJB30BAaHUEM
YTJIEBOJIOKOH, COACPXKUT KpymHbie (> 1 MKM) 00BeKTHl HemnpaBuibHOU ¢opmbl (1).

Takue 00bexkThl (/) wuaeHTUGUUIUPYIOTCA 1O cooTBeTcTBytouuM SAED wu
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TEMHOIIOJIbHBIM CHUMKaM (pUCYHOK 3.2.5,B) Kak KyOndeckuii kpemuuii. [lo-Buaumomy,
OHH MPEACTABIIAIOT co0oif nepopMUPOBAHHBIE YaCTHILbI HCXOJTHOTO
HEHMOHU3UPOBAHHOIO KPEMHHUEBOTO NMPEKypcopa, KOTOpsli Obu1 BbIOpomieH u3 KOIIC
moJl JEHCTBHEM TEHEPUPYEMOr0 UMIyJbca MOINHOCTH. Hapsny ¢ KpymHBIMH

YacTUIIAMU KPEMHUS B MIPOJIYKTE COACPKATCS TUTUUYHBIEC YacTHUIlbl S-SiC (2).

SiC (111)

Pucynok 3.2.5 — Tunuunsie SEM (a, r) TEM (0, B, A, €) n300pa>keHus MPOIYKTOB,
CUHTE3UPOBAHHBIX MPU WHUIMUPOBAHUU pa3psijia MyTeM YTIEPOJIHBIX BOJIOKOH (a-B) U
rpaguTu3auuen (r-e)

Cyns no TEM-cauMkaM Ha pucyHkax 3.2.4, 1, €, IpOAYKT, CHHTE3UPOBAHHBIN C
WCIIOJIb30BaHUEM TpaduTH3aIllii, B OCHOBHOM BKIJIIOYAeT B ce0s dacTHIbl B (opme
YCEUECHHBIX MUPAMUJ C TPEYrOJbHBIM OCHOBaHUEM (2), JTUHEHHBIN pa3Mep KOTOPBIX
cocTaBisieT 10 250 M, TonumHa — 40 80 HM. OTHOPOAHBIN XapaKTEP MUKPOCTPYKTYPbI
obpasma moareepxkaaeT SAED, kotopas umeer Oojiee BBIPAKEHHBIM XapakTep |
BKJIIOYAET B €051 TOJBKO CUCTEMY Je€0aeBCKUX KOJel] KyOUu4ecKkoro Kkapouaa KpeMHus,
HO TMPAKTUYECKU HE COJNCPKUT peIeKCOB, COOTBETCTBYIONINX MHBIM MOOOYHBIM (hazam.

BonpmmnacTBO yacTul (2) uACHTUPUIIMPOBAHBI 110 TEMHOIOJIbHBIM MUKPOCHUMKAM KaK
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Kyonueckuii kapOupn kpemuus [-SiC. KpymHble 4YacTUIBI UCXOAHOTO KPEMHHS B
NpOAYKTE OTCYTCTBYIOT. Kpome TOro, B ciy4yae WHCIOJNB30BaHUS TpaduTH3anuu
YAaCTULBI MPOJAYKTa NOJy4yaroTcs Oojee «O0(OPMIIEHHBIMU» B COOTBETCTBHH C
YCTaHOBJICHHBIMU (DOpMaMu Uil CBOEW CHHTOHMHM, YTO MOAYEPKUBAETCS OTUETIUBBIMU
DKCTUHKIMOHHBIMA KOHTYPaMHU M, IO-BUIAMMOMY, TaK)KE CBS3aHO C IIOATOTOBKOM Ha
dTane NpeIbIOHU3AUH.

Takum o00pazom, U3MEHEHHE Crnocoba WHHUIMUPOBAHHS IUIA3MEHHOW CTpyHU
BJIMSIET, TPEXAE BCEro, Ha BpeMsi OECTOKOBOH maysel Af. B ciiydae MCronb30BaHUS
YIJIEBOJIOKOH HaOJrofaeTcsi mporece, ONM3KUM K 3JEKTPOB3PHIBY NPOBOAHHUKOB C
MOCJIETYIOIIUM YaCTUYHBIM BBIOPOCOM MCXOAHOW MOpoIikooOpa3zHoi maccel u3 KOIIC
B YK, 4TO DOpUBOAWT K HEINOJHOW HMOHM3ALUUU INPEKYpCOPOB W IOHHKEHHOMY
conepxxanuto ¢aszpl [-SiC B cocTaBe NPOAYKTa MPU MPUCYTCTBHHM KPYIHBIX YaCTHII
kpemHus. llpumenenue rpadurTuzaluu NPUBOIUT K YBEIWYEHUIO BpEeMEHU At U
IpeIblOHU3alMN MPEKypCOpOB Ha 3Tane (popMHUpOBaHUS yroBOro paspsaa, Oonee
MOJIHOMY TPOTEKAHHI0 XUMHUYECKOM peakuuu U BO3pacTaHuio conaepxanus f-SiC.
Kpome Toro, cienyer OTMETUTh BBICOKYIO TEXHOJIOTHYHOCTh CIIOCO0a MHULIMUPOBAHUS
¢ rpaduTH3aLMEN TOBEPXHOCTH M30JISITOPA, 0OECIEUNBAIOLIErO IPOCTOTY MOATOTOBKH

YCKOPHUTEIIS U HaJIGKHOCTh €0 pabOThI.
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3.3. BausiHue Ha4YaJIbLHOI0 CONPOTUBJICHHUS pPa3pyLIaeMou yriepoaHoi

MNEPEMBIYKH Ha IMPOUECC U MPOAYKT IJIA3SMOAUHAMHUICCKOTIO CHHTE3Aa

B npouecce mnpoBeneHuss — 3KCIOEPUMEHTOB C  M3MEHEHHMEM  crocoda
WHULIMMPOBAHUS JYyrOBOrO pas3psia BO3HHMKIA 33jlada ONTUMH3ALUU  Ipolecca
npeaploHn3anny. [1o-BUIMMOMY, IITUTEIBHOCTh U XapaKTEP MpoLecca NPEAbIOHN3AUN
JOJDKHBI 3aBHUCETh OT HAYaJIbHOTO CONPOTHUBIECHUSA R; paspylIaeMou yriiepogHoOn
NepEMBIYKH. B CBSI3U C 3THM MPOBENECHBI SKCIIEPUMEHTAIIBHBIE UCCIICOBAHNS BIUSHUS
ATOrO conpoTuBiieHuss Ha xapaktepuctuku I1JIC u ero mpoaykra. Ry, U3MEHSIOCH B
nuamazone ot 80 no 16000 OM myTeM M3MEHEHHMs TOJIIMHBI YIIEPOJIHON MEPEMBIYKH,
HAaHOCHMOM Ha MOBEPXHOCTh U30JISTOPA C MOMOIIBIO IPaUTOBOTO a’po30iis. Bennunna
COMPOTHUBJIEHUS! TOCTOSSHHO KOHTPOJIMPOBANACh B T€UEHUE COOPKU Z-TIMHY YCKOPUTENS
U BCEM YCTAaHOBKM IOCPEACTBOM OMMeTpa. (OCHOBHBIE HCXOJHBIE JIAHHBIE U
HHEPreTUYECKUE MapaMeTpbl IUIa3MEHHBIX BBICTPENOB cBeleHbl B Tabuuue 3.3.1. Bo
BCEX OKCIEPUMEHTaX 3apsaHOe HamnpsukeHue cocrasisno U, = 3,0 xB, emxocts
KOHJeHcaTopHbIX Oarapeit — C = 6,0 m®. BappupoBanue Ha4aJIbHOTO COMPOTUBIICHMUS
YIIEPOJHON TEPEeMBbIYKH JIOCTUTAIOCh MOCPEICTBOM HW3MEHEHHUS TOJIIUHBI CIIOS
rpaduTH3auUu.

Tabmuna 3.3.1 — IlapameTpsl SKCIEPUMEHTOB C Pa3HBIM HAYaJIbHBIM COMPOTUBICHUEM

YTJIEPOAHON NEPEMBIUKH R

Ne 1 2 3 4 5 6 7 8 9
Ro, OM 80 | 100 | 150 | 3000 | 8500 | 10000 | 12000 | 14000 | 16000
At, MKC 494 | 58,0 | 60,0 | 604 | 652 | 68,0 | 688 | 724 | 772
U,, kB 123 | 097 | 0,93 | 1,04 | 144 | 1,48 | 1,03 | 1,12 | 1,02
I, KA 126,5 | 104,6 | 108,1 | 97,5 | 104 | 974 | 96,9 | 979 | 108
P,, MBT 165,9 | 108,8 | 120,90 | 143,6 | 1272 | 164,7 | 101,9 | 1224 | 114

P(5), MBt 32 | 20 | 13 8 7 8 9 10 12
W, kK 175 | 17,0 | 175 | 181 | 168 | 190 | 160 | 189 | 173

Ha pucynkax 3.3.1 u 3.3.2 npuBeneHbl TUNHYHbIE OCHUIIOTpaMMbl u(f), i(f) u
KPUBBIE MOIIHOCTH p(f), COOTBETCTBYIOIIME HEKOTOPHIM XapaKTEPHBIM CIy4asM H
BenuunHaMm R,. B oOmiem, n3menenue R, ci1abo oTpaxaeTcsi Ha OCHOBHBIX MapameTpax
pabotet KMIIY, MmakcuMaibHOM TOKE UMITYJIbCa dJeKTponuTanus I,,, MomHoctu P, u

BEJIMYMHE TMOABEACHHONM K yckoputemto osHeprun W. Opnako HabmomaeTcs
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3aKOHOMEpHasl TEHIEHUUS MOHOTOHHOIO YBEJIWYEHUS MJIUTEIbHOCTH MPEITyrOBOTO
sTama 10 MomeHTa At oT ~50 go ~80 Mkc c yBenudyenuem R;. OOyCIOBIEHO 3TO
CHIDKEHMEM TOKA IIPEJAYTOBOr0O 3TAla IPU IOCTOSHHOM HaNpsDKEHUU UcTouHuKa U,,, 1
3aMeJUIEHHEM IIPOLIecca BO3TOHKH MPEKYPCOPOB U MPEABIOHU3ALMH Pa3psIHOTO IPOMe-

xyTka B KOIIC.

U, xB

40 40

80
I, kA

]

I, kA

Pucynok 3.3.1 — OcunsuiorpamMmmsl paboyero HanpspKeHus u(t) U Toka i(f) mpy BeTMYMHE

MCXOJIHOTO conpoTuBiIeHUs nepembluku Ry =80 Om (1), Ry =100 Om (2),
Ry =8000 Om (3), Ry = 14000 Om (4)

P, MB1| P, MBq]
120 e

30'1 4\ o " o /

: “4
e 2 5
i : \3 WO, 10p <-4
0y 100 200 2300 tvke -5 7 5 10 15 20t mxe
/_/3 . = I_." T_f}i m.__l_ . J T
R 2 4 il I B . 3/
40/ ; 2 20- H\-\‘\
Ll ; e ;;,:'\‘"\
8
80 ) s |
NN s

Pucynok 3.3.2 — KpuBbie MOIIHOCTH p(f) U OCUMIIIOTPAaMMBbI TOKA i(f) IPY BEJIMUUHE
HCXOJIHOTO compoTuBiieHus niepeMbuku Ry = 80 Om (1), Ry = 100 Om (2),
Ry, = 8000 Om (3), Ry = 14000 Om (4)

[Tomyyennsie mopomkooOpasubie TpoaykTel [IJIC wuccrenoBamuchy MeETOI0M
XRD. Ha pucynke 3.3.3 npencraBnensl XRD-kapTUHBI NPOAYKTOB, MOJYYEHHBIX MPH

pPa3sHOM HaYyaJbHOM COIIPOTUBIEHUU yriepogHord nepeMbluku. [lo XRD-kaprunam
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UACHTU(DULIUPYETCS HAIMYUE TPEX OCHOBHBIX IJsi CHUCTeMbl Si-C KPUCTATUTMUECKHUX
da3: kapbuaa kpeMHus Kyondeckoi cuHroHuM SiC, KpeMHHsI KyOU4ecKoi CHHTOHUU Si,
yraepoja B popme rpaduta gC. Ilpu u3MeHeHnn BEIMUUHBI Ry MEHSIETCSI COOTHOIIICHUE
MHTCHCUBHOCTEH OCHOBHBIX KpucTamwmmueckux (a3. Tak, wHambonplias BbICOTa
WHTEHCUBHOCTH TMKOB KapOWJa KpEeMHHsS OTHOCUTEIBHO TMHKOB HWHBIX (a3
3aUKCHpOBaHA B DKCIEPUMEHTE C conpoTuBieHueM Ry, = 8500 OM, HauMeHbIIasi — B

AKCIIEPUMEHTE ¢ conpoTuBiIeHueEM Ry = 80 Om.
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Pucynok 3.3.3 — XRD-kapTusHbl NpOAYKTOB, IOJYYEHHBIX IPHU Pa3HOM BEINYMHE
Ha4yaJbHOTO COMPOTUBJIEHUS YIJIEPOJHON NEPEMBIUKU

Pesyneratet PCA mnpuBeaenst B Tabmuie 3.3.2. Jlns ymoOcTBa aHanmm3a o
BBISIBJICHUS 3aBUCHUMOCTEH, y4eTa BIUSIOIUX (HAKTOPOB Hauboyiee BaKHBIC BEITMUYUHBI
tabmwmi 3.3.1 u 3.3.2 cBegeHsl B enuHbli rpaduk Ha pucyHke 3.3.4. Ha srame pocra R,

10 8500 Om HaOmromaeTcsi MOBBIMICHUE cojiepxkanus ¢asbl f-SiC 10 MaKCUMAJIBHOTO
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ypoBHSI ~99 %. Ilpoucxomut 310 Ha (POHE CHIIKEHHS] CKOPOCTH POCTa MOITHOCTH

Ha4YaJIbHOT'O 3Talla Pa3BUTHA I[yl“OBOfI CTaan U YCKOPCHUS TIJIa3MBI. Ha 10 YKa3bIBaCT

B3aMMHOE pacrojiokeHue KpuBbIX p(f) I, 2 m 3 Ha pucyHke 3.3.2, Ha4aJIO KOTOPBIX

CBCACHO K MOMCHTY At — BO3BHUKHOBCHHUS I[yl“OBOfI cTagur, U1 BCIMYHNHBI MOH.[HOCTGIZ

P(5) B MomeHT BpeMeHH t = 5 Mkc. [lo-BuaumMomy, B paccMaTpUBaeMBbIX YCIOBUIX Ry =

8500 Om sBisieTcss ONTUMalIbHBIM W OOecreurBaeT HauOoJiee TOJHYI BO3TOHKY

IPEKypPCOPOB B IIa3MEHHOE COCTOSIHUE.

Tabmuna 3.4.2 — Pesynbrarel PCA mpoayKTOB, MOJIYYEHHBIX MPU Pa3HON BEIUYMHE

Ha4yaJbHOI'O COIPOTUBIIEHHUS YIJIEPOJHOM NIEPEMBIUKU Ry

®azoBbIii cocta; OKP
Ne | Ry, Om Ryp/Rexy
SiC| Si | C
, % |534[17,8 288 _
1| 8o o Ryp=239
OKP, HM 40 94 10 Rexp - 19,7
©, % |583]13.4283 _
> | 100 o Ryp =245
OKP,um | 37 | 69 | 11 | Rep=19.6
0, % |797] 49 |154 =
3] 150 - Ry =296
OKP,um | 33 | 35 | 9 |Rep=234
0, % [970] 20 | 1,0 _
4 | 3000 - Ry =222
OKP,um | 40 | 20 | 18 | Reyp =204
w, % 98,7 0,8 0,5 _
5 | 8500 . Rp=24,2
OKP,um | 43 | 21 | 21 |[Rep=115
0, % [92,1] 4,0 | 3.9 _
6 | 10000 - Rup =235
OKP,um | 66 | 25 | 17 |Rep =178
w, % 89,4 | 2,1 8,5 _
7 | 12000 - Ry =287
OKP,um | 83 | 20 | 16 | Rep=9.1
0, % |888| 12 |100 _
8 | 14000 - Rup =251
OKP,um | 93 | 25 | 22 | Rep=8.8
0, % |77.8] 85 | 13,7 _
9 | 16000 g Ry =260
OKP,um | 116 | 15 | 12 | Rep =95
Cuamxenue Ry 1o ypoBHsa nopsiaka 100 OM npuBOAUT K MOBBIIIEHUIO CKOPOCTH
pocTa MOIIHOCTM HayaibHOro AJrtama (kpuBas [, 2 Ha

npuOIMKaIOIEerocss K KpuBo 1,

pPUCYHKE

3.3.2),

YTO TPOBOLUPYET 3HAUUTEIBHBIM BBHIOPOC

HEMOHU3UPOBAHHOTO KpEeMHHUS W CHIbKeHue conaepxkanus f-SiC go 50,0-60,0 %
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(tabmuma 3.3.1). C apyroii ctoponsl, moBbimieHue R, mo 1000016000 Om Takxke
COIIPOBOXAAETCS CHIDKEHUEM coaepxanus f-SiC, Ho MeHee 3HauuTenbHbIM. [Ipu sTOM
TaKk K€ TOBBINIAETCS CKOpocTh pocta p(f) (kpuBas 4, pucyHok 3.3.2) wu
COOTBETCTBYIOIIME 3HaueHus P(5). DTu QakThl AaIOT OCHOBAHUS MPEANOJIOXKUTh, YTO
npu Ry nopsaka 10000 OM BO3MOXKHO MEPEKPHITUE MPOBOJSIIETO CIIOSI MEPEMBIYKHU B
K®IIC, B KOTOpOM MPOUCXOAUT HArpeB W  BO3TOHKA TPEKYypCcCOpPOB, C
«IPEXACBPEMEHHBIM» 00pPa30BaHUEM KaHaja BBICOKOW MPOBOJUMOCTH W HAdaliOM
nyroBoit craguu. Ilpu 3TOM HEOOJBIIOE KOJMYECTBO MPEKYPCOPOB TaKkKe OyIeT

BBIHECEHO IIA3MEHHOM CTPYEN B KAMEPY-PEAKTOP.

90

—— P(5)

At

80 Cope
—a- 0(S1C)

70

60 ¢

4

50/ = : 0
80 800 8000 Ry, Owm

Pucynok 3.3.4 — BiusgHue BEIWYMHBI HAYaJIbHOTO CONPOTHUBIICHUS YTIEPOAHOU
MEePEMBIUKH Ha 3HaY€HUE MOIIHOCTH P(5), BpeMs 6eCTOKOBOM May3bl Af U COlepKaHUE
kapouaa kpemuus w(SiC)

Pesynbratel TEM BO MHOTOM MOJTBEPKIAIOT BBIBOABI U3 pe3yibTatoB PCA. Ha
CBETJIONOJbHBIX CHUMKAX, TMOJYYEHHBIX JJI1 MOPOIIKOOOpAa3HbIX MPOAYKTOB U3
HKCIIEPUMEHTOB C MaJbIM CONPOTUBIECHUEM (MPU MUHUMAJIBLHOM CONPOTUBIIEHUH R =
80 OM), BUIHBI pa3HOOOpa3Hbie MO (popMme U pazmepaM yacTuilsl (pucyHok 3.3.5). Ha
TUIIUYHOM CKOIUIEHWH MPHUCYTCTBYIOT TPAJAMIIMOHHBIE JIJISi MOPOILKOB, MOJYYEHHBIX B
OPEIbIIYIIMX 3KCIEPUMEHTaX, YacTUIBl TPEYroJbHOOOpPa3HOM U IIECTUTPAaHHOU
dbopMbI, KOTOpBIC, KaK paHee YCTaHOBJICHO, MpUHAIekKAT ¢aze KapOuma KpeMHHUS
KyOnueckoil cuHronnu. OTpakaromiye MIOCKOCTH HACTOSAIIMX YaCTHULl, KaK OKUJAI0Ch,

CBETATCS HAa TEMHOTOJBHBIX CHHUMKAaX, MOJy4eHHBIX B cBeTe peduekco SiC (111).
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Takux 4acTUL OTHOCHUTEIBHO HEMHOI'O HAa MHKPOCHHMKAaX, KPOME TOrO, OHU HMEIOT
MeHbIe pazmepsl (1o 100 HM). B ckomieHunsIX 4acTuly coAepKaTcs TakKe JOBOJIBHO
KPYIIHBIE OOBEKTHI HCKAXKEHHOW (DOPMBI, 110 pa3MeEpaM B HECKOJIBKO pa3 MPEBbIIIAIONINE
4acTUIbl KapOuaa KpeMHHs (OT HECKOJBKHX COTE€H HM 110 1 MxM). YacTuia JaHHOTO
TUIIA CHATA B YBEJIIMYEHHOM pa3Mepe B CBETIIOM MoJje (pucyHok 3.3.6,a), rie BUAHA €
nepextHoctb. Ha SAED HacToslero CKOIUIEHHS HMEIOTCA SBHbIE PEQIIEKChI
MOHOKPHUCTAJIJIMYECKOTO THIA (IBa MPOTUBOMOJIOKHBIX pediekca) (BCTaBKa K PUCYHKY
3.3.6,a), KOTOpBIE OTHOCATCA K paccMarpuBaemMod dactuue. IIpu chbemMke B TEMHBIX
MOJIIX B CBETE JaHHBIX pe(IEKCOB, KOTOpbIE, KaK BBISICHUIOCH, OTHOCSTCS K (aze
KPEMHHUS, CBETATCS OTPa)KaOIIME IUIOCKOCTU YACTHIIbI, MPUYEM 3aMETHA €€ CHJIbHO

UCKaKEHHAsl CTPYKTypa (pucyHok 3.3.6,0).

SIC (200)

SiC (111)

’ M
SIC (200) Si(1n)
»

.
mz:m‘ .
S

SiC (1

‘
SiC (220)

20()_11.\_1

200 um

Pucynok 3.3.5 — Pesynpratei TEM mnpoaykTa, MONXYy4EeHHOTO NpPH HAUMEHBIIEM

conpotuBieHuu Ry = 80 Om

SIC (200)

a) 2 " si(n Si(lll)

.
29, c
Si220) o .
~
.

SiC (1

200 uMm 2 200 uMm

Pucynok 3.3.6 — Pesynprarei TEM mnponaykra, MOJYYEHHOrO NIPU HAUMEHBIIEM

conpoTtuBiieHun Ry = 80 Om
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[TogoGHBIE MO (hopMe U pa3MepaM YaCTHUIIbI, OTHOCSIITECS K KPEMHHUIO, SIBJISIOTCS
HE YE€M MHBIM, KaK YaCTUIIAMU MCXOJHOTO, 3akiiaabpiBaeMoro B KOIIC kak mpekypcopa,
KPEMHHUS, KOTOPBII HE MpOopearupoBajl ¢ yriepoJioM, a ObLI JUIIb BHIHECEH yIapHOM
BOJIHOM runepckopocTHol ctpyu mia3mel U3 YK B KP. OnHako 3T 4acTUIBl YaCTUYHO
MOJIBEPTIINCH BIMUSIHUIO 3TOM CTPYH, 3TO MPOSIBISIETCS B UX BBICOKOW JEPEKTHOCTH,
KOTOpasi TAK’K€ BO3HUKJIA BCJIEICTBUE IJIUTEILHOTO BO3/IEMCTBUS HA KPUCTAJUIMYECKYIO
CTPYKTYpy Npu 00paboTKe B IIApOBOM MenbHMIIE. 1O, YTO YaCTUIBI HCXOJHOTO
KpPEMHHUSI HE BCTYNWJIM B XUMHUYECKYIO PpEAKIUI0 CHHTE3a, MOXHO OOBSICHUTH
HEJIOCTATOYHBIM BPEMEHEM aKTHBALUM MCXOJHOrO mopoiika. He mpoTuBopeuut 3TuMm
NPEANOJIOKEHNUAM W Malble pa3Mepbl 4YacTUll KapOuaa KpEMHHs: BpeMsl HUX pocTa
Ype3BbIYAiHO OTPAaHUYEHO BBUY HETIOJATOTOBIEHHOCTH IPEKYPCOPOB K CUHTESY.

NHasg curyauus HaOmomaercs B IPOTHUBOIIOJIOXKHOM 1O  MHapaMmerpam
HKCIIEPUMEHTE C HAUOOJBIINM HAYaJbHBIM COMPOTUBICHUEM YIJIEPOJHON MEPEMBIYKU
Ry = 16000 OMm. Ha pucynke 3.3.7 npuBeeHbl MUKPOCHUMKHU MPOIYKTA, MTOTYYEHHOTO
npy Takux  ycinoBusx. CernononsHblii  TEM-cHumok  (pucyHok  3.3.7,a)
JEMOHCTPUPYET CKOIUIEHHE OOBEKTOB, CPEAU KOTOPBIX OJHO3HAYHO MPHUCYTCTBYIOT
yacTUlpl KapOujga kpeMHus pasmepamud 10 200 HM, IJIOCKOCTH KOTOPBIX JarOT
OTpaXeHUs B TeMHbIX MOJsX (pucyHok 3.3.7,0). IloMuMO HUX B TPOIYKTE UMEIOTCS
gacTuIibl Menkor dpakuuu (1o 50 HM), KOTOpPHIE C TOMOIIBIO TEMHOIOJIbHBIX
n300pakeHu WACHTUQUIMPYIOTCS Kak mnpuHamiexamue kpemHutro. Ha SAED
coJiepKaTcsl pedIieKChl TOUYEYHOI'O XapaKTepa, COOTBETCTBYIOLIME MEKIUIOCKOCTHOMY
PacCTOSIHMIO ~ KpEMHHMs,  OJHAKO  HMX  paCIOJIOKEHUE  XapaKTEepHO IS
MOJIMKPUCTAIUIMYECKOTO MPOAYKTa, HEXKEIM MOHOKpHUCTAIa (Kak B MPOIUIOM
DKCIIEPUMEHTE C HAWMEHBIIUM COMPOTHBJICHUEM). Takum oO0pa3oM, KpeMHUU B
NPOJYKTE CHUHTE3a B Cllydae HauOOJBIIEr0 HayajdbHOTO COMPOTUBIIEHUS YIIIEPOIHON
nepembruknn Ry = 16000 OM mpencraBiieH ropaszno Oonee METKUMH YacTUIIAMH T10
CPaBHEHHUIO C MPOIYKTOM, IMOJTYYCHHOM IIPU HAUMEHBIIEM CONPOTUBIEHUH Ry = 80 OmM.
Takast TeHACHIMA OOBSCHSAETCS TEM, YTO YBEJIWYEHHUE HA4YaIbHOTO COMPOTHUBIICHUS
YTIAEPOTHON TIEPEeMBIUKH R, MPUBOIUT K OOJBIIEMY BpeMEHH O€CTOKOBOW May3bl At u

COOTBETCTBEHHO 0oJiee MOJHOW aKTHBALMU MPEKypcopoB, 3anoxkeHHbIX B KDIIC, na
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JTane npeAbloOHu3anuu. B Xoae akTMBanUM W MOCHEAYIOMIETO BO3ACHUCTBUS ILIA3MBbI
MPEKYPCOPBI YCIIEBAOT PACIUIaBUTBHCA, MOTOMY Ta YacTh IPEKYpCOPOB, KOTOpas HE
BCTYIIUJIa B XUMHUYECKYIO Peakiuio, GopMHUpyeTCs U3 KUJIKOPA3HOTO COCTOSHUS B BUJIC
Menkux yactull. OIHAKO MPU ITOM HM3-3a OTHOCHUTEJIBHO BBICOKOTO 3HaueHus P(5),
KOTOPOE€ YKa3blBa€T HaA IIEPEKPBHITHE TMpoBOAAIIEero ciosi nepemblukn B KOIIC,
HEOOJIBIIOEC KOJWYECTBO MPEKYPCOPOB B BHJIE TaKUX MEJIKHUX 4YaCTHUIl BBIHOCHUTCS

IJIA3MEHHOM CTPYEN B KAMEPY-PEAKTOP.

-
i

200 Hm

Pucynok 3.4.7 — Pesynprarel TEM mnpoaykra, NOJIYyYEHHOrO0 IPU HAWUMEHBLIEM
conpoTtuByieHUU Ry = 16000 Om

CrenyeT OTMETHTBb, YTO NPHU PACCMOTPEHUH CTPYKTYPbl MNPOAYKTA C TOYKH
3peHus MPUCYTCTBUS MPEKYpCOPOB B OCHOBHOM YIOMHUHAJCS KpeMHUM. OTta ¢asa
uaeHTUGUIIMPYETCS B TPOAYKTe BceheAcTBue Oombiion Benwmuuabl OKP. Ywucro
YIIEpOJHbIE CTPYKTYpbl ciabo wuaeHTHGuuupyroTcs kak Ha SAED, Tak u Ha
MUKPOCHUMKAX BCJIEICTBHE MAJOro pa3Mepa 4acTuil, (aKTUUECKH MPEICTaBICHHBIX B
Bujie ticeBnoamopduoi dpakmuu. [loromy 0OCTOSTENbHBIA aHATN3 YaCTHI] YTriiepoja
KpaiiHe 3aTpyAHEH, OJTHAKO BBIBOJIBI O BBEICHUM IIPEKYPCOPOB B CHUCTEMY, CIIECJIAHHbBIC

MMOCPCACTBOM U3YUCHHA YACTHULl KPEMHUA, MOT'YT OBITH OTHECEHBI U K yriaeponay.
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Haubonee ycnemHbIM SKCIEPUMEHTOM C TOYKM 3peHHs (a3oBOro cocraBa
NPOJAYKTa SIBIICA SKCHEPHUMEHT, MPOBEIACHHBIM NP HAYaJIbHOM CONPOTUBICHUU
yriepoaHoil nepeMbruku Ry = 8300 Om. Ilo pesynpraram PCA, mpoaykT TaHHOTO
sKcriepuMenTa conepxkut 98,7 % daszpl kapOuga KpemMHHS, YTO TOATBEPKIACTCS
pesynbratramu TEM. Ha pucynke 3.3.8,a mpuBEIeH CBETJIONOJbHBIN MUKPOCHUMOK,
KOTOPBIN COJIEPKUT TMPEUMYIIECTBEHHO YaCTUIIBI KapOuaa KpPEeMHUS, OTpa)karouiue
IJIOCKOCTH KOTOPBIX CBETATCS B COOTBETCTBYIOIIMX TEMHBIX MOJAX (pUCYHOK 3.3.8,0).
[To SAED Ttaxxke upeHTUPUIIUPYETCS TOJNbKO (a3a KapOuma KpeMHHUS KyOU4ecKOM
cuaronnu. Kak mo BuemrHemy Buay, Tak 1 SAED wactuil npumecHsIX a3 He HaiieHo.
Kpome Toro, mponykt siBisiercsi 0ojiee OJHOPOAHBIM M BBIPAKEHHBIM HE TOJBKO IO
KpUCTAJIOrpapuuecKoMy TUITYy YACTHII, HO U 110 TAOUTYCY KPUCTANINYECKUX OOBEKTOB:
B OCHOBHOM COJIEpPXAaTCS TOJBKO YACTULIBI B BHJE TPEYTOJIBHUKOB C YCEYEHHBIMU

BCPIIMHAMH.

2 s
. SiC (220) >
SiC () -

4

200 um

v [ ——)
SiC (200) SiC (222) - :

Pucynok 3.3.8 — PezynbraTel TEM npoaykra, Moay4eHHOTO IPH CONPOTHUBICHUN
Ry =8500 Om

Yactuibl kapOua KpeMHUS TPEUMYILIECTBEHHOTO TUIIA TPUBEJAEHBI HA PUCYHKaX
3.3.9 u 3.3.10. Kak Ha CBETJIONOJBHBIX, TAK U HAa TEMHOIOJbHBIX CHUMKaX XOPOIIIO
IPOSIBIISIETCS] HECKOJIBKO MCKa)KEHHAsi MOHOKPHUCTAJUINYECKask CTPYKTYpa TaKUX YaCTHII,
OUYEBMJIHAS U3 HUCKAKEHHOCTH SKCTUHKIMOHHBIX KOHTYpoB 0O0BekTOB. Emie Oonee
XOpOIIO TPOSBISETCS HCKaKEHHOCTh HA CHUMKAaxX OOKOBOTO BHJIa XapaKTepHOM
gacTulbl (pucyHok 3.3.11,a u 0). 31ech Tak’Ke BO3MOXKHO OLICHUTH U TOJIIUHY YaCTUIIbI

— 30 uM npu nuHelHOM pa3mepe yactuibl 200 HM. B OCHOBHOM 3MIIMPUYECKU
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YCTaHOBJICHHOE OLICHOYHOE COOTHOIIEHHWE TOJIIHWHBI U JMHEHHOrO pasMepa 4acTHI] —
1:9-10. D10 maer BO3MOKHOCTh HAa3bIBaTh YACTULbI KapOUaa KPEMHUS YIUIOIIEHHBIMU

CTPYKTYypamu.

a)

200 rm

Pucynok 3.3.9 — Pesynbratei TEM mnpoaykra, MOJXYYEHHOrO IPU COMPOTUBICHUU

Ry =8500 Om

a) _SIC (200)

SiC (mc

SicC (ZZH) @

SiC (222)

1 00 um 100 uMm

100rm

Pucynok 3.3.10 — Pesynprarel TEM mnpoaykra, MOJy4eHHOTO MPU CONPOTUBICHUH
Ry =38500 Om

OddextuHocth [TC npu compotuBienuu R, = 8500 Om ompenensieTcs Tem,
YTO 3/IeCh JOCTUTAETCS OOJbINAs MO CPABHEHHUIO C SKCIIEPUMEHTOM C CONMPOTHUBICHUEM
Ry = 80 Owm BenuumHa OECTOKOBOW TMay3bl, YTO OOECMEYMBACT TMOJHOIEHHYIO
MOJITOTOBKY MPEKYPCOPOB HA CTAIUU MPEILIOHN3AINH, & TAKXKE OONbINas BEIMINHA 110
CPaBHEHHIO C SKCIEPUMEHTOM C cornpoTuiieHnemM Ry = 16000 OM yclioBHOro BpeMeHU
KBa3UCTAIMOHAPHOTO PEXHMMa, YTO OOYCIaBIMBACT MPAKTUYECKH MOJHOE MPOTEKAHUE

XUMHUUYECKOHN peaklui COCTUHEHUSI aTOMOB KPEMHHUS U yIJiiepoa.
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SiC (200)
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e SiC (222)
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200 um

Pucynok 3.3.11 — Pesynbrarsl TEM nposykTa, HOJIy4EHHOTO IPU CONPOTUBIEHUU R) =
8300 Om

Takum o00pa3oM, B HACTOAILLEM pa3/ele€ HCCIEAOBAHO BIMSHUE BEIUYHHBI
CONPOTHUBJIEHUSI MEXIJIEKTPOJHOTO MPOCTpaHCTBA Ha mnpouecc u npoxaykt I[IC.
BaxnelmMu mokazartensiMu, onpeaeistomumMu (Ga3oBblii COCTaB MPOYKTA, SIBISIOTCS
BpeMsi OeCTOKOBOM Tmay3bl Af U YCJIOBHBIM YpPOBEHb HaudajabHOW MomHOCTH P(5).
MIMeHHO coelMHEHHE 3THX IMOKa3aTesed MO3BOJIMIO OOBSCHUTH pe3yibTaThl aHAIHM3a
NPOAYKTOB, TOJIYYEHHBIX TMPU  pPa3HOM  CONPOTHUBJICHUU  MEXKDIECKTPOIHOTO
npoctpadcTBa. [Ipu 3HaueHusax Ry, = 80 — 8500 OM mposiBiseTcsl BIUSHUE BPEMEHHU
0ecTokoBoM may3sel, a ipu Ry = 8500 — 16000 OM cTaHOBUTCSA 3HAYUMBIM U3MEHEHUE
YPOBHSI HayaJbHOW MOIIHOCTU. JTO MPUBOAUT K TOMY, YTO HamOOJee ONTUMAIBLHOTO
COCTaBa MPOAYKTAa BO3MOXXHO JOCTUYb IIPU CONPOTHUBICHUU MEKIIEKTPOIHOTO

npoctpancTia B npeaenax 5000 — 8500 Owm.
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4. UCCJUIEJOBAHUE BJIMAHUSA DKCIIEPUMEHTAJIBHBIX N
KOHCTPYKIIMOHHBIX MTAPAMETPOB HA ®A30BbII U
T'PAHYJOMETPUYECKHUM COCTAB ITPOJYKTA
HJIASMOANHAMMUYECKOI'O CUHTE3A

4.1. Bansinue cOOTHOLIEHHUS 3aKJIAAbIBaeMbIX B KaHAJ ()OPMUPOBAHUS

IUIA3MEHHOM CTPYKTYPbI IPEKYPCOPOB

IIpouecc IIJIC B memom onpenensercs napameTpaMy JAyrOBOTO paspsiaa MExAy
rpaUTOBBIM  IEHTPAJIBHBIM  DJIGKTPOJOM M  LWJIMHJIPUYECKOM  TMOBEPXHOCTHIO
rpaguroBoro YK, yckopseMoro B KoakCHajabHOW CUCTEME C KOHKPETHOM reoMeTpHeil.
B uaeanu3suMpoBaHHBIX YCIOBHUSIX MAacCOBO€ COOTHOUIEHHE IOPOIIKOOOpPa3HBIX
IPEKYPCOPOB JOJKHO COOTBETCTBOBaTh crexuomerpuu SiC U ObITh paBHBIM Si:C —
2,3:1. OnHako B pealibHBIX yCHOBUAX Kpome 3akinagsiBaeMoro B K®IIC yrimepona B
CUHTE3€ YYaCTBYIOT W AaKTUBHBIM WOHW3UPOBAHHBIM YIVIEPOA, SPOJMPOBAHHBIN C
KOHTaKTHBIX TPa(UTOBBIX TMOBEPXHOCTEH HJIEKTPOJIOB MPU TOPEHUU CHUIBHOTOYHOTO
JyTOBOTO paspsAnia. ITO HEOOXOIMMO YYHUTHIBaTh MpH onTumuzammu mpouecca [1J1C
SiC. Teopetnyecku 5TO yYECTh [Ji PEATBHOTO YCTPOWCTBA HEBO3MOXKHO M3-32
BO3MOYKHOTO BIUSIHUSA OOJIBIIOTO 4ucia (GakTopoB. CrernuanbHble SKCIEPUMEHTHI MO
ONPEIEIECHUIO 3JIEKTPOIPO3UOHHOIO H3HOCA TPaUTOBBIX 3JIEKTPOJOB A JIUIIb
opueHTUpoBOouHble BequuunHbl (0,02 T NpU yKa3aHHBIX BBINIE KOHCTPYKTUBHBIX U
sHepretnyeckux  mapamerpax KMIIY. TIlostomy B paGoTe  TpOBEICHBI
LICJICHANIPABJICHHBIE N7 KOHKPETHBIX ycinoBud uccnenosanua (U, = 3,0xB, C =
6 M®), B paMKax KOTOPBIX MacCOBO€ COOTHOIICHHE MPEeKypcopoB Si:C U3MEHSUIOCH B
3aBEIOMO pacuidpeHHoM auanazoHe ot 1,5:1 go 9,0:1. MaccoBble COOTHOIIECHUS
npekypcopos (Si:C),, nepecuntansl B aroMuble (Si:C),, (Tabnuna 4.1.1). B pe3ynbrare
MPOBEJCHUS SKCIIEPUMEHTOB MOJIYYEHBI MPOAYKThI, KOTOPBIE UCCIEA0BATUCH METOJIOM

XRD. Ha pucynke 4.1.1 npuenensl nonydeHnsle XRD-kaptunel. Ha HUX 3ameTHO
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MaKCHMMYMOB

HUHTCHCHUBHOCTHU B

3aBUCHUMOCTHU

oT

COOTHOIIICHHSI TPEKYyPCOPOB: TPH KPaWHUX COOTHOIICHUSX HAOIIOMAeTCS HU30BITOK

COOTBETCTBYIOILIETO MPEKypcopa B KOHEYHOM mpoaykre. B tabnuie 4.1.1 npuBeneHsl

pesynbTathl PCA.
Tabnuua 4.1.1 — [TapameTpsl IPOBEACHHBIX IKCIIEPUMEHTOB U 1aHHbie PCA
. . B-SiC Si C
Neowert. |- (SE:C)w (5 Car macc.% | macc.% | macc.%
1 1,5:1 0,40:0,60 74,7 4,3 20,9
2 2,3:1 0,50:0,50 86,5 4,6 8,9
3 3,0:1 0,56:0,44 92,8 2,3 4,9
4 9,0:1 0,80:0,20 66,7 31,6 1,7

40 50 20, rpan
Pucynok 4.1.1 — XRD-kapTuHBI NpPOAYKTOB CHHTE3a, IOJIYYEHHBIX IIPU Pa3HOM

[A-SiC,e-C,m-Si|
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b 222

Si:c=23:1 4

s

Si:C = 3,0:1

on N 4 .

m A
Si:C = 9,01 .
el
20 30

A A
L aka
60 70

MacCCOBOM COOTHOIIIEHUHU MpeKypcopoB (Si:C),,

ITo pe3ynbraram PCA mocTpoeHbl 3aBUCUMOCTH COJIEp KaHUs pa3iudHbIX (a3 B

KOHEUYHOM TMPOJYKTE CHUHTE3a OT COOTHOIICHHS MPEKYPCOPOB B HCXOIHOM CMecH,

n3o0paxkeHHple Ha pucyHke 4.1.2. MakcumanabHOE cojepkaHue KapOuaa KpeMHUS

(~93 %) oOHapykeHO B MPOJYKTE C COOTHOIIEHHEM NMpeKypcopoB (Si:C),, = 0,56:0,44, a

He, Kak ciaeaoBano oxuaarh, (Si:C),, = 0,50:0,50, T.e. mpu HEKOTOPOM H3OBITKE

KPEMHUSI.

IIa3MEHHOM IIOTOKE M3-3d JJICKTPOIPO3UHU Fpa(l)I/ITOBOFO YCKOPHUTCIBbHOT'O KaHaJia.

Tak MPOUCXOAUT BCIEACTBUE YBEJIMYEHUS COAEPHKAHHS yIIIEpoaa B
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[IponykTel cuHTe3a npoaHanu3upoBaHbl metogamu TEM. Ha pucynke 4.1.3
npuBeneHbl TEM-CHUMKM MPOAyKTa ¢ U30BITOYHBIM COJIEPKAHUEM YTIIEPOJa B CMECU
npekypcopoB. Ha cBeTosnononbHOM MUKpOCHUMKE (pucyHOK 4.1.3,a) 3aMeTHBI, Kak
MUHHAMYM, TPU TUIA OOBEKTOB, KOTOPbIE TAaK)K€ M300paXKEHbI B YBEJIMUYEHHOM BHJIE Ha
pucynke 4.1.4. Yactuupl tuna [ (pucyHok 4.1.4,a) — TUNUYHBIE MOHOKPHCTAJLIBI
KapOuJia KpeMHHUsI, JAIOIINE 32 CUET COOTBETCTBYIOIUX KPUCTAIIIMUECKUX IIOCKOCTEN
Hanbobiryo Yacth pediexcoB Ha SAED (pucynok 4.1.3,0). ChbemMka B TEMHOM TOJI€
(pucyHok 4.1.3,r), mOIy4eHHOM MpHU CABUIE anepTypHOU Auadparmsl B 00JIaCTh TAKUX

pedIiekcoB, MO3BOJIMIA OAHO3HAYHO UX UJICHTU(PUIIUPOBATH KaK KapOUa KpEMHUSI.

100 § &(SiC).% 5 3 SiC
o(Si).%
0
ol 0©% .
60 | Si:C=3:1
40 |
C Si
20 |
0 — - —
C 0.4 0.5 0.6 0.7 08  Si

Si, o.e. (aT.)—/
Pucynok 4.1.2 — 3aBUCUMOCTH COAEpKaHUsI pa3IMYHBIX (a3 B KOHEYHOM MPOIYKTE

Kpome uactunr f-SiC oOHapyKeHBI YacTUIIBI THUMA 2, KOTOPHIE MPEICTABISIOT
coboit menkue 00bekThl a0 10-20 HM (pucyHok 4.1.4,B). DTu dYacTulbl, Cyasl TIO
COOTBETCTBYIOIIEMY TeMHOMONbHOMY TEM-cHuUMKY (pucyHok 4.1.3,B), mpuHaasiexar
YUCTO YIAEPOAHBIM (pa3zam, B YACTHOCTU TpadUTy, U CUCTEME UX KPUCTAIUTMUECKUX
IJIOCKOCTEW OTBedaeT OJM3KOoe K IEHTPATbHOMY Iy4Ky pa3mbiToe ramo Ha SAED
(pucynok 4.1.3,06). Ha pucynke 4.1.5,a paccMarpuBaeMble YacCTHIIBI HW300pa)K€HbI B
YBEJIMYCHHOM BHJIC: OHM UMEIOT HeompeeIeHHY0 (hopMy U MOPGOJIOTHIO U COOpaHbI B
IJIOTHBIEC aryioMepatbl. COOTBETCTBYIOINIEE TEMHOE T0Jie (PUCYHOK 4.1.5,B) OTHO3HAYHO

UACHTUDUIIMPYET METTKHE YaCTHUIIbI KaK MpuHaiexkanue dase rpadura.
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C (002)

SiC (111)—=5

SiC (200)
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200 uwv

Pucynok 4.1.4 — MUKpOCHUMKH MPOJIYKTa ¢ U30BITKOM yriepoaa

Kpome w™enkux wactury (Omu3kux K aMophHOMY MaTepualy) YIJIepoa
dbopMupyeTCs B BUAC KPYITHBIX KPUCTAUIMYECKUX YacTHIl. Tak, 0OHapy>KEHBI YaCTHIIBI
TUMa 3, KOTOPhIE MPEACTABIAIOT coO00M oOpazoBanus 10 400 HM, OKpY>KEHHBIE TIJIOTHOM
obosoukoit (pucyHok 4.1.4, B). OTHOCHTENBbHAS TOJIIMHA 000JIOYKH MOKET OTINYATHCS
B dYacTuiax Takoro Ttuma. Yactuma ¢ Oojiee ToJCTOM OOOJIOYKOM MpUBEICHA Ha

CBETJIONOJILHOM CHUMKE (pUCYHOK 4.1.6,a). O6on0uka yka3zaHHOro oObeKTa obOjagaeT
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CUCTEMOW HEPOBHBIX IKCTUHKIIMOHHBIX KOHTYPOB, KOTOPBIE TPEKPACHO MOKA3BIBAET €€
Ne(heKTHYIO KPUCTALINIECKYIO CTPYKTYPY, UTO €Iie 0ojiee OTYETINMBO MPOSBISETCS Ha
COOTBETCTBYIOIIUX MHUKPOCHMMKax B TeMHOM moje (pucyHok 4.1.6,6). Kpome Toro,
TEMHOIIOJIbHBIA CHUMOK TIOKa3bIBa€T, YTO TMPH CBEYCHUH OOOJOYKH YaCTHIIHI

IMOJIHOCTBIO OTCYTCTBYCT CBCUCHHC B TCJIC YKA3aHHOT'O 00BeKTA.
SiC (111) <4 C(002)
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Pucynox 4.1.6 — MUKpOCHUMKH MPOJYKTa ¢ U30BITKOM yriepoaa

B npoaykre ¢ H30BITKOM yTIEPOAHOTO MPEKypcopa MPUCYTCTBYET €IIe OJUH BUT
KpYyIHBIX oOOpa3oBaHuii — o00bekThl THUma 4 (pucyHok 4.1.7). DTo KpymHbIE
BBICOKOJIe(PEKTHBIE  OOBEKTHI €  CEKTOPHOM  aHAHACOMOAOOHOW  CTPYKTYpOH.
Kpucrannnueckue MmioCKOCTH CEKTOPOB TAKOTO pPOJa YACTHIIBI CBETSTCS MpPU CABUTE
aneptypHoil auadparmpl B o0nacth pedraekcoB rpadurta (pucynok 4.1.7,6). Ilo-
BHUJIMMOMY, YaCTHIIBI TUTIA 4 SBISIOTCS OoJiee 3aKOHYCHHBIMH M CHOPMHPOBAHHBIMHU

YacTUIIAMU THUMA 3: B TPOIECCe pocTa OOBEKTOB THMA 4 000JI0YKH MTPOPACTAIH BriyOb
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KpUCTAIJIOB, 00pa3ysa cektopa. SAED, Bkirovaromue 4dacTuipl THma 3 U Tuna 4,
CXOJHBI M XapaKTePU3YIOTCS HA0OpOM OTUETIMBBIX KPUCTALUTUYECKUX pPeQIIeKCOB

HapsAy C Tallo, XapaKTEePHBIM JIJISl arJIOMEPATOB ¢ MEJIKON yTiepoHOU PpaKiuei.

C(002)

Pucynok 4.1.7 — MUKpOCHUMKH MPOJYKTa ¢ U30BITKOM yriepoaa

Wnas cutyanus HabM0JaeTcs B IPOAYKTE, MOJYYEHHOM U3 CMECH MTPEKYPCOPOB C
n30bITKOB KpeMHHMs1. Ha pucyHnke 4.1.8 npuBeieHbl MUKPOCHUMKH Takoro npoaykra. Ha
CBETJIONOJLHOM CHHUMKE (pUCYHOK 4.1.8,a) IMpHUBEIEHO CKOIUIEHHWE KPUCTAIMYECKUX
00BEKTOB, KOTOPbIE MOKHO pa3/IeuTh Ha JABEe paziauunbie (ppakuuu. OnHa Qpakius —
yacTullbl THNa / (mo o003HaAYEHUSIM TIPEABIIYIIETO MPOYyKTa), TATUYHBIEC JIsl Kapouaa
KpEMHUS W HUMelue (QOpMbl TPEYrojJbHUKOB, B TOM UYHCJIE C YCEUYEHHBIMU
BEpUIMHAMHU, W UIECTUYTOJbHUKOB. JIMHEIHbIE pa3mepbl YacTUL TakoW (Qpakiuuu
nocturatot 250 uM. Ilo SAED ogno3nauno unentuduiupyrores kak [-SiC.

Pe3ko oTnmuarorcst mo cBoeit ¢opme OT yacTuil KapOujga KpeMHHS OOBEKTHI
JIpYyrol ppakiuu — 3TO OKPYTJble YACTUIbI (MHOTZIa HEMHOI'O OBaJbHBIE) HECKOJIBKO
MeHbIero pazmepa — 10 120 uM. Panee takoro poja gactuilbl ObUTH OTHECEHBI K (hase
KPEMHHS, 3TOT BBIBOJ MOJATBEPAUIICA U B HacToseM ciydae. SAED (pucynok 4.1.8,a)
BKJIIOYAeT B ceOsi 1e0aeBCKUE KOJbIAa, COOTBETCTBYIOIIME HE TOJIBKO KyOHUYECKOMY
KapOuly KpeMHHS, HO U KyOMYECKOMY KPEMHHUIO. DTU KOJIbLIa MPEICTaBISIOT COOOM
COBOKYIMHOCTb MHOTOUHCIIEHHBIX OTAENIbHBIX peduiekcoB. Takol (akT BKyIe ¢ TeM, 4TO
YaCTHI[bl UMEIOT SKCTUHKIIMOHHBIE KOHTYpa, KOTOpPbIE MPOSBIISAIOTCS KaK B CBETIIOM, TaK
MU B TEMHOM IIOJSIX, TOBOPUT O TOM, YTO YaCTULBl KPEMHHS SBISIOTCS

MOHOKpHCTAJIJIaMH. Takue KpHCTalJIbl KpEMHUA ITOABUIINCH B pE3yIbTaTC
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pacIIaBlieHUs] KPEMHHEBOTO TPEKypcopa, KOTOPBIA, OJHAKO, HE MPOpPEarupoBai C

YIIIepoaoMm, ABJIIBIIMMCS B HACTOAIMICM SKCIICPUMCHTC JIMMUTUPYIOIIUM PCArcHTOM.

-

Si(111) < SIiC (111)

|}

Pucynox 4.1.8 — MUKpoCHUMKH MPOIYKTa ¢ U30BITKOM KPEMHUS

[Ipumepbl yacTul KpeMHHUS NpUBEAEHBI Ha pucyHke 4.1.9. 3nece nposiBusercs,
YTO KpeMHUH (opmupyercs B BUIAE YacCTHI], 3HAYUTEIBHO OTIMYAIOUIMXCS IO
pa3mepam: kpynHbie yacTulbl 50-100 HM, METKHE YacTULBI 10 HECKOIbKHUX JECSTKOB
HM. TunnuHas kpynHas yactuna pasmepom ~100 HM npuBeneHa Ha pucyHke 4.1.10.
Kak B cBeTI0OM, Tak ¥ B TEMHOM IIOJISIX, BUJIHA CEKTOPHASI CTPYKTypa JaHHON YacCTHULbL,
YTO 3aMETHO M Ha JPYrMX MUKPOCHHUMKax (KpymHas dactuiia Ha pucyHke 4.1.9,0), uro
yKa3blBa€T Ha BO3MOXKHOE YYacTHE MeXaHHW3Ma JBOWHMKOBAaHUS NpH 00pa3oBaHUU
YacTHUL TAKOTO TUIIA.

Takum oOpa3oM, B HacCTOSIIEM pa3lieJieé YCTAaHOBJIEHO COOTHOILIEHHUE
IPEKYPCOPOB, ONTHMAJIBHOE ISl IOJYYEHUs MNPOAYKTa C BBICOKHM COJEpKaHUEM
Kapouna kpemuust. [IpoayKThl, MOTy4eHHbIE IPU HEKOTOPOM HU30BITKE TOTO WM MHOTO

npekypcopa, cojepxar B cebe (a3bl IpeKypCcoOpoB, KOTOPHIC, OJHAKO, SBISFOTCS
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BTOPUYHBIM MaTepHalioM, OOpa30BaBIIMMCS B pe3yJbTaTe pacijlaBa HCXOJHOTO
Matepuana, 3anoxkeHHoro B KOIIC. C yderoM MONYy4YEHHBIX PE3YJIbTATOB BCE
HOCJIEeYIONIUE SKCIIEPUMEHTHI MPOBEACHBI MPH HMCXOJHOM MacCOBOM COOTHOUICHUU

npexkypcopos — 3,0:1.

SiC (111) Si(111)

Pucynok 4.1.9 — MUKpOCHUMKH NMPOAYKTA ¢ U30BITKOM KPEMHHUS

s o SiC (111) Si (111

A =

4

200 HM

Pucynok 4.1.10 — MUKpOCHHUMKH MTPOJIYKTa C U30BITKOM KPEMHUS
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4.2. BausiHue JHepreTHYecKuX NapaMeTpoB JIEKTPUYECKOro MMIYJIbCa PH

HCTEYEeHHUH IJIa3MeHHOM CTpyu B CBOﬁOIlHOC NMpPpOoCTPAHCTBO

OKCIEpUMEHTAIbHOE HCCIICIOBAHUE BIMSHUS SHEPreTUUYECKUX MapaMeTpOB
UMITYJIbCa DJIEKTPONUTAHUS, a TaKKe HakarumBaemMoil sHeprun We, aMIUIATYbI
UMITyJIbCca TOKa I, Hanps>KeHus Ha ayroBoMm paspsiae U, (B MOMEHT MakCHUMyMa TOKa),
MAaKCHUMaJIbHOM MOIIHOCTH P,, mnoaBeaeHHOM »dHepruu W ©  IIUTENBHOCTH
KBa3UCTALIMOHAPHOTO PEKUMA L, (BPEMSI MEXKTY SKCTPEMyMaMHU MPOU3BOIHON TOKA) BO
BCEX CIIy4asX OCYIIECTBIIIOCH 34 CYET M3MEHEHMA 3apsaHoro Hampsokenusa U, EHO
or 2,0 mo 3,5 kB npu mnocrosHHOi emkoctu C =6 Mm®D. Ilpu 3TOM wuCciaegOBaHUE
TaKOBOTO BJMSHUAS MPOU3BOJUIIOCH MpPU YyuyeTe Buja cTpyhdHoro TtedeHus B KP
(cBOOONHAS CTpysl WM MMIAKTHas CTPYs, B3aUMOJEHUCTBYIOIIAsi C IJIOCKOW MEIHOMU
perpaion).

B Hacrosmem pasgene uccieayercs BIUSHUE SHEPreTUYECKUX IapaMeTpoOB
UMITYJIbCa  DJEKTPONUTAHUST Ha  (Pa3oBbI W TpaHYJIOMETPUUECKHUUA  COCTaB
CUHTE3UPYEMOT0 TIPOJYKTA B YCIOBUAX CBOOOHOIO UCTEUEHHUS TIa3MEHHOTO MOTOKA B
KP. O6bem nmnunapudeckoit repmernynoit KP, 3anmonnenHoi apronom, coctabisut V =
0,0215m’. Ha pucynke 4.2.1 mpuBeNeHB TUIMYHBIE OCIMIIOIPAMMEI HMITYJIbCA
pabouero Toka i(f), HAMPsHDKEHUST Ha DJIEKTPOJAaX YCKOPUTENs u(f), KpUBbIE MOIIHOCTHU
paspsia p(f) U BBIICTSIONICHCS B YCKOPUTEIBHOM KaHayie ’Hepruu w(f) B Tpoliecce
paboter KMITY. IlpoBeneHo deThipe ceprr SKCIEPUMEHTOB MPU PA3HOM HAIPSKECHUU
U,,p; TOCTUTHYTBIE SHEPTETUUECKHUE TTAPAMETPBI, B TOM YMCIIE MAKCMMaJbHbIE pab0OYmnii
ToK I, u pabouee HampsikeHue U, MakcUMajbHas MOIIHOCTH IJIA3MEHHOIO paspsiia
U,, nonsenennass sHeprus W mnpuBenenst B Tabmuie 4.2.1. Cyns mo dopmam
OCLIJIJIOTpamMM, TMpoIecC MPOTeKaeT OJMHAKOBBIM 00pa3oM B JKCIEPUMEHTAX,
OTJINYAIOTCS TOJIBKO YPOBEHb SHEPreTUYECKUX MmapameTpoB. C yBeIMUECHUEM 3apsTHON
OHEPTUY YBEIMYMBACTCS MaKCUMAIBHBIA pab0unii TOK U pabouee HaAPsHKEHHE, a TAKKE
MOIIHOCTh pa3psiga. Takke ¢ pOCTOM JHEPrUU YBEIWYMBACTCS BEJIMYMHA YCIOBHOTO
BPEMEHHU KBA3HCTAMOHAPHOTO PEXUMA, YTO MOXKET OTPa)XaTh Pa3IMyuusl B IMPOIECCE

CHUHTC3a KOHCYHOTI'O IIPOAYKTA.
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Pucynok 4.2.1 — TunuyHble OCHMIUIOIpaMMbl pabouero Toka i(f), HaOpsDKEHHsS Ha

ANEKTPOJAX ycKoputens u(f), KpuBble MOIIHOCTU pa3psana p(f) U NMOABEAECHHON YHEPTUU

w(f) masMeHHoro BbicTpena mpu: a) U,,, = 2,0 kB; 0) U,,, = 2,5 xB; B) U,,, = 3,0 xB;

r) U,y = 3,5 kB

Tabmuma 4.2.1 — DHepreTHUecKue mapameTpbl CEPUH IKCIIEPUMEHTOB C pa3HOUN

BEJIMYMHOM TOJBEACHHON SHEPTUU

Ne sken. | Uy, KB | 1, KA | Uy, kB | Py, MBT | W, ]I | 1,6, MKC
1 3,5 129,0 | 1,54 186,0 28,0 202,4
2 3,0 103,0 | 1,40 146,0 21,0 201,2
3 2,5 86,0 1,26 110,0 16,0 182,0
4 2,0 74,0 | 0,90 62,0 11,0 174,8

B pe3ynbraTe mpoBeNEeHHS HSKCHEPUMEHTOB MOJYYEHBI MNPOAYKTHI, KOTOPBIE

uccienoBamucb MetogoM XRD. Ilomyuennsie XRD-kapTUHBI NpUBEIEHB HA PUCYHKE

4.2.2. Pesynpratel PCA mpoaykToB cuHTe3a npuBeieHbl B Tabmune 4.2.2. [Ipoaykr

COCTOUT M3 TPCX KPUCTANIMYCCKHUX (1)213, COOTBCTCTBYIOIINX CTPYKTYPHBIM MOZICIISM
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Kyonueckoro kapOuaa kpemuusi f-SiC, xybuueckoro kpemuus cSi, rpaputa gC.
VYBenuueHue ypoBHS MOABEICHHON YHEPTHH BJICUET 32 COOON yBETMUCHHUE COICPIKAHUS
B nponaykre (a3l kapOuga kpemHHs. V3BECTHO M OYEBHIHO, YTO NMpPU HEU3MEHHOU
reometpun YK yBelIMYEHHE HHEPreTUYECKUX MapaMeTPOB JIOJKHO BBIPA3UTHCS
NOBBILICHUEM TEMIIEPATYphl 3JIEKTPOPa3psAHON II1a3Mbl, YBEJIMYEHHEM YCKOPEHMS
IUIA3MEHHOM CTPYKTYpbl B YK M yBeIM4YeHHEM HAYaJbHOU CKOPOCTH CTPYH Ha BBIXOJC
n3 YK, 94TO mMpUBOIUT K TOBBIMICHUIO CTETICHW HOHU3AIMH TPEKypCOPOB M Oojiee
IIOJIHOMY TPOTEKAaHHUIO IuIasMoxuMuueckoro cuHresda Si m  C. Ilpakruueckoe
nocTosTHCTBO pasmepoB OKP oOBsicHsETCS NOMUHUPOBAHUEM, B MPOTUBOOOPCTBE C
MOBBIIIAIOMIUMCS  TEIJIOBBIM ~ BO3JECUCTBHEM, (aKkTOpa CKOPOCTH pACHbLICHUS,
OXJIAKICHUSI U KPUCTAUIM3ALUU U3 KuAKON (a3el SiC, ecTeCTBEHHO BO3pacTarouieu ¢
pPOCTOM CKOpPOCTH TOJIOBHOM YJAapHOW BOJIHBI CBOOOJHOW CBEPX3BYKOBOM CTpYyH, C

IIOBCPXHOCTHU KOTOpOﬁ IMPOUCXOIUT PACIIBIJICHUC.

W=28 k/lxx |= §|A-SJL‘_--L‘.I_-Si|?I g = §
S A A g S 4 "4
* . .- " | é
o JL_.)L - £ JL ! L
w=21 )l [
A A
LI 4 = - ) L2
W=16 x/Ix &
) _: _JL___,{ : - l I fl.
W=11xg/x |
J' i1
Y N S S T O S WY
20 30 40 50 60 70 20, rpan
Pucynok 4.2.2 — XRD-kapThHbI IPOAYKTOB CHHTE3a
Tab6nuia 4.2.2 — Jlanasie PCA nipoiyKToB CHHTE3a
daza SiC Si C
W, xJIx % macc. | OKP, um | % macc. | OKP, am | % macc. | OKP, am
1. 28 xJIx 95,1 60 3,1 40 1,8 21
2. 21 x]Jx 92,5 50 5,8 60 1,7 20
3. 16 x]JIx 84,0 55 7,5 33 8,5 19
4. 11 xIx 64,4 55 20,3 70 15,3 17

[TpoaykTel cuHTe3a npoaHanusupoBaHbl mertogamu TEM. Ha pucynke 4.2.3

n3o0paxkenbl TEM-CHUMKM TpOJYyKTa, MOJYYEHHOIO NPU HHU3KOM HHEPreTUYECKOM



91

ypoBae (W = 11 k/lx). Ilo ceernonoasHomMy TEM-cHumMKy (pucyHok 4.3.2,a) B
MPOIYKTE pPa3IUIUMbl HECKOJIbKO (pakmuii oObekToB. Hambosnee BoIIEISAIOTCS
KPUCTAJUIMYECKH O(POpPMIICHHBIE OOBEKTHI [, KOTOpPbHIC SIBISIIOTCS THUIMYHBIMHU JIJIS
kapouaa kpeMHus. OHU MOTYT OBITh M300paK€Hbl Ha MHKPOCHHMKAax KakK B BHUJE
TPEYroJIbHOOOpa3HbIX B IUIaHE (PUCYHOK 4.2.3,B), TaKk U B BUJE JIeKalUX Ha OOKOBBIX
rpasax (pucyHok 4.2.3,a). Takue yacTuIlbl UMEIOT pa3Mepsl 10 ~ 150 HM, OJTHAKO Takue
OHM HEMHOTOYMCIICHHBI. BOJBIIMHCTBO 4YacTHI] KapOuAa KPEMHHUS HMEIOT pa3Mepbl
nopsinka 70 vm. IlpucyrcTBue ¢as3pl kapOuJ KpeMHHS B MPOAYKTE MOATBEPKIACTCS
SAED, rane BbiaensitoTcs Je0aeBCKUE KOJIbI[A JUAMETpPa, COOTBETCTBYIONIIETO
MEXIUIOCKOCTHOMY  paccrosiHuto  f-SiC. Kpome Ttoro, mo SAED omnpeneneHo
OPUCYTCTBHE B NPOAYKTE M HHBIX (pa3: KpEeMHHs, MPEICTAaBICHHOIO B BHJE
HEMHOTOYMCJICHHBIX TOU€uHbIX pediexcoB Si (111), u yraepona, mpeacTaBICHHOTO B
Bujie xapakrepHoro amopguoro raio C (002). Ha ocHOBaHWU BBIBOJIOB MPEIBITYIINX
rmaB o ¢popMe U MOP(OIOrHM YacTUL] HEMPOPEArupoOBABIINX MPEKYPCOPOB, a TaKXKe
aHanM3a  COOTBETCTBYIOUIMX  TEMHONOJBHBIX  CHHUMKOB  MOXXHO  BBIIBUHYTH
IPEIIOJIOKEHNSI OTHOCUTENBHO (Pa30BOM MPUHAIICHKHOCTH (Ppakuuil B HACTOSILEM
MPOAYKTE: KpUCTALINYECKUE O0BEKTHI 2 OKpyIyionh (popMbl cpeaHux pazmepoB (a0 40-
50 uM) npuHagiexar ¢asze kpemHus, a menkue (1o 10-20 uM) amopdomnoaoOHbIE
YaCTULbI 3 HEOIPeIeICHHON (POPMBI SIBJIIOTCS YTIECPOAHBIMU CTPYKTYpaMHu.

[loMmuMo ynoMsiHYTBIX paHee ¢pakuuid /-3 B NOPOAYKTE MNPUCYTCTBYIOT
CpaBHUTENBHO KpymnHBIE (10 S00 HM) U TUIOTHBIE 00pa3oBaHus 4, HE IPOCBEUYNBAEMBIE
AJIEKTPOHHBIM TYYKOM U u300paxkeHHble Ha pucyHke 4.2.4,a. SAED ckoruieHus
(pucynke 4.2.4,0) comepXUT JBa CUMMETPUYHBIX pediiekca, pacnoJ0oKeHHEe KOTOPbIX
OTBEYAET MEXIJIOCKOCTHOMY pPacCTOSHUIO KyOudeckoil (a3pl KpemHHs. Takue
CUMMETPUYHbIE PEQIIEKCH TOBOPSAT O MOHOKPUCTAIUIMYHOCTH pPaccMaTpUBAEMOro
oOpazoBanusi. Ha TemMHONoNbHOM CHUMKE pucyHKe 4.2.4,B, MOJYyYEHHOM IpPU CABHUIE
aneptypHoil auadparmMpl B 00JacTh JAaHHBIX CHMMETPUYHBIX Pe(IEKCOB, CBETATCS
OTpa)karollue MIOCKOCTU JAHHOW YaCTHIIbl, 3aMETHA UCKa)KEHHAs CTPYKTYpa YaCTHULIbI.
Takum 00pa3zom, B MPOIYKTEe CUHTE3a KPEMHUI NPEICTaBICH B BUJE Pa3HBbIX OOBEKTOB.

YacTuiibl HAHOMETPOBOTO MOpPsIKa TUMNa 2 00pa3oBaIUCh U3 KUAKO(Da3HOTO cydOCcTpaTa
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nyTeM OBICTPOM 3aKallki, HE YCIEB BCTYNMUTh B PEAKIUI0 ¢ yrieponoMm. KpymHbie
YacTUllbl 4 MOTYT SIBJISIThCA OCKOJIKAMHU MUKPOHHBIX YaCTHUI] UCXOJHOTO KPEMHHS,
3aKJIa/JIbIBAEMOr0 B KaHall (QOpMUpOBaHUS IUIa3MeHHOW CTpyKTypel. Cyas 1o
MPUCYTCTBUIO B TMPOAYKTE YACTHUI[ HEMPOPEArupPOBABIIUX MPEKYpPCOPOB, YPOBHS
MOJIBEICHHONW SHEPIUM HEIOCTATOYHO KakK JJisi TOTO, YTOOBI MEPEBECTH BCIO MacCy
sasiokeHHbIX B KOIIC mnpekypcopoB (B OCOOCHHOCTH KpEMHHs) B S>KUAKO(A3HBIN
cyOcTpart, Tak U AJisi oOecrieueHus: MPOXOXKIeHUsT O0siee OJTHOM XUMHUYECKON peakiuu

COCAMHCHUA KPCMHUA U YITICPOdd, HAXOAAIIUXCA B }KI/II[KO(i)aBHOM COCTOSHHH.

SiC (311)
SiC (220)
..
-~ Si(111),
‘ C (002)

SiC (111)

Si(111)

SiC (111)

SiC (220)

e ESi(11n
. L

’

200 HM

SiC (311)

Pucynok 4.2.4 — Pezynbratel TEM npoaykra, noaydensoro npu W= 11 x/{x
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Ha pucyake 4.2.5 wu300pakeH TUMUYHBIN CBeTIONONbHBIM TEM-cHUMOK
CKOIUIEHUS YaCTHULl, XapaKTEPHbIA JJI1 HKCIIEPUMEHTOB, MPOBOJAUMBIX MPH IIA3MEHHOM
BBICTpEJIE B CBOOOIHOE IPOCTPAHCTBO IIPU BBICOKOM ypoBHe 3Hepruu (U,,, = 3,5 kB). B
OPOAYKTE JOMUHHUPYIOT KpUCTALIOTpaduuecKd MPaBHIBHO O(GOPMIICHHBIE YaCTHIIBI
pa3MepaMH /10 HECKOJIbKUX COTEH HaHOMETpOB, MpuHaexanme (aze kapOuaa
KpeMHHUs. XapaKTepHbIE YacTHUIbl TPEYroibHOOOpa3HOW (OpMBI MPUCYTCTBYIOT Ha
pucynke 4.2.5,a B 3nauntenbHoM konuuectBe. Ha SAED (pucynok 4.2.5,6) HauGonee
SBHBIMH SIBJISIIOTCS J1Ie0a€BCKUE KOJbIIA, COOTBETCTBYIoIIME (paze kapOuga KpeMHUs
KyOMYECKOIl CHHTOHUH, YTO JIOKA3bIBAET MPEUMYLIECTBEHHOE COJIEP)KAHUE B MPOIAYKTE
stoi  (azel. Ilpum cnaBure aneprypHoil auadparMbl B CTOPOHY PEQIEKCOB,
COOTBETCTBYIOIIUX KyOuueckou ¢asze kapOuja KpemHwus, Ha TemHomnoilbHoM TEM-
cHuMke  (pucyHok  4.2.5,B)  CBETATCA  OTpPaXKaloUMe  IUIOCKOCTH  YacTHIL
MPEUMYIIECTBEHHOTO TUMa. YacTulia aHAJIOTUYHOTO THUIA, HO APYroil, ECTUYTOJIbHOM,
dbopmbl mpuBeneHa Ha pUCYHOK 4.2.6 B CBETJIONOJBHOM (a) U TEMHOIOJIHLHOM
nzo0paxenusx (0). Cienyer Takke 3aMETUTh, YTO B MPOJAYKTE MPAKTUYECKU
OTCYTCTBYIOT YacCTHI[bl, KOTOpbIE BO3MOKHO OTHECTH K (azam mpumeceir, Ha SAED

TaK)K€ OTCYTCTBYIOT COOTBETCTBYIOLIUE PEPIICKCHI.

SiC 111

~
_()()-H.\I { 200 Hm

Pucynok 4.2.5 — Pesynbstatel TEM npoaykra, nosyuensoro npu W= 28 kJx



Pucynok 4.2.6 — Pesynpratel TEM niponykra, nosydernsoro npu W= 28 kJlx

Craructuueckass o0pabOTKa MMEIOIIUXCS MUKPOCHUMKOB TO3BOJIMJIA ITOCTPOUTH
THUCTOTpaMMBbl paclpeesieHusl 4acTull o pa3Mepam (pucyHok 4.2.7). OHu OIu3Ku K
HOPMaJIbHOMY 3aKOHY pacIpelesIeHUs, HE3HAUUTEIbHO OTIMYAIOTCA Mo (opme u
NOKa3bIBAIOT HEOOJIBLIOE YBEJIMYEHHE CPEIHEr0 pa3Mepa, COINOCTaBICHHOTO C
pazmepamu OKP npu W 6onee 20 x/Ix. [Ipu npoBeeHnn 3KCiepuMeHTa ¢ UCTEUEHUEM
IUTA3MEHHOIO NTOTOKAa B CBOOOJAHOE MPOCTPAHCTBO HA pa3Mep YaCTHUL] NPAKTUYECKH HE
BJIMSIET SHEPreTUKa npolecca CUHTe3a (B Auarnas3one sHepruu ot 11 1o 28 kJx).

25T 4
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30 60 100 140 180 220 260 300 340 d.HM

PucyHnok 4.2.7 — Pacnipenenienrie 4acTuI] IPOJyKTOB IO pa3Mepam

[To COBOKYITHOCTH TaHHBIX SKCIIEPUMEHTOB B YCIOBHIX CBOOOIHOM MJIa3MEHHOM
CTPYH, IPU U3MEHEHUH SHEPIETUKH TPOIECCa CUHTE3a 3aMeUYeHbI U3MEHEHUs! (Ha30BOTO
COCTaBa, 3aBUCHUMOCTH JHUCHEPCHOCTH CUHTE3UPOBAHHBIX MPOAYKTOB OT 3HAYEHHUS

HOJIBGJIeHHOf/'I K CUCTEMC DHCPTIUH BBIIBUTH HC Y1aJ10Ch.
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4.3. BausiHue JHepreTHYecKuX NapaMeTpoB dJIEKTPUYECKOr0 UMIYJIbCAa Ha

(pa3oBbIi M rPaHYIOMETPUYECKUI COCTAB NPH BO3ACHCTBUM IVIA3MEHHOH CTPYH HA

Me/IHYI0 Nperpaay

B HacrosmeMm paszgene paccCMOTPEHO BIUSHHE W3MEHEHHSI DHEPreTHYECKHUX
napamMeTpoB Ha a3oBbld U TpaHylomMeTpuueckuil cocraB mnpoaykra I[IJIC mpu
HMCTEUCHUM IJIA3MEHHOTO MOTOKAa Ha MEJHYIO Mperpaay (MMMOakTHash CBEPX3BYKOBas
CTpy$l), PacloJIOKeHHYI0 Ha paccTostHUM [ = 25 MM oT cpe3a YK u nepneHauKkyispHo K
€ro mpoJioabHON ocu. OCHOBHBIE PE3YIBTATHI UCCICIOBAHUIN MO TEMATUKE HACTOSIIETO
pazznena Jiernd B OCHOBY pabor [128, 148]. IlpumeHenwe MeIHOW mMperpassl
OoOyCJIaBIMBAJIOCHh  MPEANONOKEeHHeM O  Oojiee  JJIUTEIBHOM  COXPAaHEHHUH
KBa3UCTAIMOHAPHOTO PEKMMa, B TEUEHUE KOTOPOTO JOJKEH HAOMI0AaThCS POCT YACTHUII
MPOAYKTA CUHTEe3a. VicTeueHue 1m1a3sMeHHOro I0TOKa OCYILECTBISIIOCh B T€PMETUYHBIN
06beM mumHapHaeckoit KP (V= 0,0023 M), 3a[01HEHHO# aproHOM.

Kak ¥ mpu ucTeuyeHuMH IUIa3MEHHON CTpyH B CBOOOJHOE mpocTpaHcTBO KP,
yIIpaBJI€HUE TNOABEICHHOM JSHeprued W B DOKCIIEpUMEHTaX C¢ UMIIAKTHOU
CBEPX3BYKOBOM CTPYE€Hl OCYIIECTBISIOCH IOCPEICTBOM HM3MEHEHHSI  3apsAIHOrO
HanpsokeHus U,,, IpH IOCTOSHCTBE EMKOCTU KOHJeHcaTOpHbIX Oatapeit C = 6 M®. Ha
pucynke 4.3.1 nmpuBeneHbl TUIMUYHBIE OCIMILIOTPAMMBI UMITyJIbca pabouyero Toka i(f),
HaIpsDKEHUS Ha D3JIEKTPOJax YCKopuTens u(t), KpUBbIE MOILIHOCTH paspsana p(f) u
noABe/ieHHON 3Heprun w(f) B mporecce padorsl KMIIY. IlpoBeneHo uerbipe cepuu
OKCIEPUMEHTOB IIpHU pasHoM Hampsukenun EHO U,,,; NOCTUTHYTbIE DHEPreTHYECKHUE
napaMeTphl, B TOM YHCJIE MaKCUMallbHble pabouuii Tok I, u pabouee Hanpsikenue U,
MaKCHUMaJlbHasi MOIIHOCTh IJIa3MeHHOro paspsana U,, mnoaseneHHas 3Heprus W,
npuBenieHbl B Tabuie 4.3.1. Kpome Toro, B Tabiuile npuBeACHbBl 3HAYEHUS BEJIMUUHBI
YCJIIOBHOTO BPEMEHHM KBa3HCTAI[MOHAPHOTO pEXuUMa t,. Bce mpuBemeHHble B TabiuIe
DHEPreTUYECKHUE IMApaMETPbl BO3pPACTAIOT C POCTOM DJHEPIUH, YBEIWYCHUE BEIUYUHBI
YCJIOBHOTO BPEMEHHU KBA3UCTAIMOHAPHOIO PEKHUMA 1, CBUAECTEIBLCTBYET O BEPOSITHOM
MpOTEeKaHUU 0oJiee TMOJHOTO IMpoIlecca CHUHTE3a B Clydae TMOBBIINIEHHOTO 3HAYEHUS

TOJIBEJICHHOW DHEPTUU.
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Tabnmuma 4.3.1 — DHepreTuueckue mNapaMeTpbl CEPUM SKCIEPUMEHTOB C pPa3HOU

BEJINYMHOU MTOJBEICHHONW dJHEPTUU

No sken. | U,,,, kB | I, kA | U,,, kB | P,,, MBT | W, ]Ik | t,,, MKC
1 3,5 111,0 1,8 204,0 30,0 203,6
2 3,0 98,0 1,3 123,0 19,0 202,4
3 2,5 76,0 1,1 76,0 13,0 190,4
4 2,0 65,0 1,0 65,0 10,0 149,2
\ R
U, kB £
1}
S0}
T T e L i
I, kA 1, kA : -
) IlI}U .Ilrl(] l, MKC
50 5 50t 15
P(f) W(t)
10 - {10
100} 100}
115 115
P, MBr{ W, kx P, MB1t W, kllx
U, kB = gy U, kB|
| i I
O/ it B, Ofsriivninivnniviniiing
sof- 50
100 ol 100}
L, kA : Tiaaas I, KA : <
] [0 Z00 T wike 1] 0 2001 vike
5
0\ o0 . %
{10 100 N\ 115
100F Wiy
B pann W, 1/l P, MB W, 1/l

Pucynox 4.3.1 — TunuyHble OCHMIUIOrpaMMbl pabouero Toka i(f), HampsDKCHHS Ha

ANEKTPOJAX ycKoputens u(f), KpuBble MOIIHOCTU pa3psana p(f) U MOABEAECHHON YHEPTrUuu

w(?) nmnasmMeHHoro BeicTpena npu: a) U,,, = 2,0 kB; 6) U,,, = 2,5 kB; B) U,,, = 3,0 xB; 1)

U, = 3,5kB

Ha pucynke 4.3.2 npuBenensl qudpakTorpaMMmbl MPOAYKTOB, B Tabmuie 4.3.2

npenacrasienbl pe3ynbratel PCA. Bee cuHTe3upoBaHHBIE MPOAYKTHI BKIIIOYAIOT B CEOs

TPU KpHUCTATIMYeCKUe (a3bl, COOTBETCTBYIOIIUE PAHEE HUCIOIb3YEMBIM CTPYKTYPHBIM
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MoJIesiM KyOudeckoro kapouaa kpemuus S-SiC, kyouueckoro kpemMHuus ¢Si u rpaduta
gC. C u3MeHeHHeM 53HEpreTHKH mpolecca HaOII0JaeTcs HW3MEHEHHE COOTHOILEHUS

MaKCHUMYMOB MHTCHCUBHOCTEU COOTBCTCTBYIOIINX pe(bJICKCOB Pa3JINYHBIX (1)8,3.

W=30 k/I:x S = g
% - A = = o ]
s — | o " L
! | | _Ii n : _.‘!—
W=19 /I
. A
e A w
W=13 /I
. A
e J X

W=10 g/l:x |&
[ ]

= |
| ]
S LP

.JJ. A4 T

20 30 40 50 60 20, rpan

Pucynok 4.3.2 — XRD-kapTuHbI IPOAYKTOB CHHTE3A

Tabnuna 4.3.2 — Pesynbrarel PCA npoaykToB cuHTE3a

daza SiC Si C
W, k]IK % macc. | OKP, am | % macc. | OKP, um | % macc. | OKP, am
1. 30 x]JIx 90,0 90 3,5 40 6,5 20
2. 19 xkJIx 80,0 75 13,0 65 7,0 35
3. 13 xJIx 73,0 70 19,0 80 8,0 20
4. 10 xIx 60,0 35 24,0 20 16,0 10

Cornacuo pesynbratam PCA (Tabnuna 4.3.2), B KaXI0W CEpUH HKCIEPUMEHTOB
npeuMyIiecTBeHHO oOpaszyercs f-SiC. Poct moaBeneHHoi sHepruu W npuBOAUT K
YBEIMYECHUIO MaccoBOro cojepkanuss SiC W yMEHBIICHUIO KoinyecTBa (a3
MPEKYpPCOPOB — KPEMHHSI U YIJIepoja, T. €. OCYIIecTBiIseTcss Oojiee 3P dEeKTUBHOE
KapOuag000pa3oBaHue BCIEACTBUE Oo0Jee TMMOTHOW WOHU3AIMMH TMPEKYPCOPOB. ITO
MPOUCXOJUT N0 MPUUYUHE POCTAa CKOPOCTH JIBUKEHUSI CTPYU C YBEJIMUYECHHEM TOKa [ 149]
U CJICAYIONIETO 32 HUM TOBBIIICHUS pT-TIapaMeTpoB B TOJOBHOM CKAauyKe YIIJIOTHEHUS
mia3mMenHoi ctpyu B YK. OnmHako, B CpaBHEHHM C Pe3yJIbTaTaMH MPU CBOOOTHOM
ucreueHun u3 YK, 3aMeTHO CyIIEeCTBEHHOE WM3MEHEHHE, BBIPAKEHHOE 3HAUUTEIIbHBIM
CHIDKeHHEeM cojepxaHus ¢a3sl f-SiC Bo BceM auana3oHe wu3MeHeHuss W mnpu

COXpaHEHUM 3aKOHOMepHOCTH pocta nomu f-SiC ¢ yBenuuenuem W. HaumbGonee
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BEPOSITHOM MPUYMHON 3TOr0 SBISIETCS OCaXKJeHUe cuHTe3nupoBaHHoro SiC Ha
MOBEPXHOCTU MEIHOW Mperpaabl BCIEACTBUE OBICTPOro OXJIAXKIAECHUS Ha HAaYaJbHOM
JTare B3auMOJICHCTBUSL.

B tabnuue 4.3.2 npusenensl cpeanne pazmepsl OKP, KoTopbie yBEIHUNBAIOTCS C
pPOCTOM IOJBENCHHOW SHEPTUH. VI3BECTHO, UTO MPHU CBEPX3BYKOBOM B3aUMOJECHCTBHUH Y
MOBEPXHOCTU TMperpajbl (popmMupyercs HHAYUUPOBAHHBIM CKAuOK YIUIOTHEHUS, B
KOTOPOM CKOPOCTh MacCOINEPEHOCa CHUKAETCA 10 JJO3BYKOBOM, BEIPACTAIOT JABJIEHUE U
TeMmriepaTypa BemiecTBa (mpomnopuuoHanbHo W), Kak crnexctBue, 3amemiisercs
TEIUIOOTBOJ] OT MACChl KUAKO(PA3HOTO MPOIYKTa CUHTE3a, MOBBIIIAIOTCS ATUTEIBHOCTD
npolecca KpUCTAJUIM3ALUMU U BPEMSI pOCTa KPUCTAIUIUTOB PACIBUISIEMOT0 MaTepHaa.
OT0 o00ecrneuynBaeT POCT Pa3MEPOB KPHUCTAJUIOB U, COOTBETCTBEHHO, YBEIUYECHUE
cpeanux pazmepoB OKP ¢aswl f-SiC B cpaBHEHHHM C aHAJIOTMYHBIMU BEJIMYMHAMH B
ciiydae cBoOoHOro teueHus. [lpu stom makcumanbabM pazMmepam OKP, nomyyaemsim
npu HauOosbmier W, coorBercTtByeT, cornmacHo PCA, MUHUMAaIbHBIA YpPOBEHB
MUKpoUuCcKaxkeHnit Ad/d n 1eheKTHOCTH KpUCTALITNYECKOU CTpyKTyphl S-SiC.

Ha pucynke 4.3.3 npuBeness! pezynbrarsl TEM HpoaykTa, MOIXYYEHHOTO IPH
MakcumanbHOW mnoaBeaeHHou sHeprum W = 30 k/[x (tabmuua 4.3.1, nosuuus 1).
CBeTJIONOJNIbHBIH  MUKPOCHUMOK (pucyHOK 4.3.3,a) JI€MOHCTPUPYET CKOILJICHUE,
COCTOsIIIIEE U3 TPEX CHIIBHO OTIMYAIOIIMXCS MO pazMepam ¢pakuuii. Hanbonee menkas
(dpakuus COCTOMT W3 YaCTHIl HEOoNpeAeneHHOW (GopMbl ¢ pazmMepamu MmeHee ~20 HM
(pucynok 4.3.3,6). YacTuibl npoMexxyTouHou (¢pakuuu pazmepamu a0 ~200 HM, Kak
BUJIHO Ha pucyHke 4.3.3,0, UMEIOT pa3au4Hyl0 IUIOTHOCTh Ha TEM-u3zo0pakeHuu,
Mopdosnoruto U GopMmbel:  cepuueckue, OrpaHeHHble U Oec(hOpMEHHBIE.
JomuHupytomasi no oobeMy M, BUAMMO, MO Macce KpymHas (Qpakius ¢ pa3Mepamu
BIJIOTH 110 ~1,0 MKM, NpelcTaBlieHa YacTHIAMH C OJM3KUM K «UJ€aTbHOMY»
kpucramiorpadpudeckum odopmiienneMm, cyias no TEM-u3obpaxeHusM Ha PHUCYHKE
4.3.3,8. SAED (pucynok 4.3.4,a) Ha obnactu, BblIeJICHHON Ha pucyHke 4.3.3,a, HOCUT
TOYEUYHO-KOJIBLIEBOM XapakTep, 0OYCIOBICHHBIA OYEHb IIUPOKUM pPACIpPEACICHUEM 10
pa3smepam dacTull. Pa3menieHHbIi psiioM TeMHONoJbHbI TEM-CHUMOK (pUCYHOK

4.3.4,0) ¢pparMeHTa CKOIUICHHSI MOJIy4eH IpPH CMELIEHUHU anepTypHOM nuadparmsl B
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ormeueHHyto Ha SAED oOnacte mepBoro nud@y3moHHOro ramao C OTACIbHBIMH
TOUCYHBIMU pediiekcaMu, T. €. B CBeTe AU(PparupoBaHHBIX MyIKOB Ha miiockocTax (002)
yriepoAaHsix ¢a3z u miockocTsax (111) kpucrammmyeckoro KpeMHus, MPUCYTCTBYIOIINX
(cyns mo XRD) B HeOOJBIIOM KOJIMYECTBE W WMEIOMUX OJIM3KUE 3HAYCHUS
MEXIIJIOCKOCTHBIX PAcCTOSHUI COOTBETCTBEHHO dcpz) = 0,3395 BM u dgi) =
0,312866 uMm. Cynst mo CBETAIIUMCS O00JIaCTSIM Ha ATHUX TEMHOIIOJIBHBIX CHUMKaX,
yraepoaubie a3kl W KPEMHUW TIPENCTaBICHBI B MPOAYKTE HAHOIUCIICPCHBIMU
bpakusamu. [lpuueM B mpoMexyTouHod ¢pakuum ¢ pasmepamu g0 200 HM

HaOJII0/1aeTCsl CBEUEHHE KOHTYPOB B T€JIaX OKPYIJIBIX (hOpM.

Pucynok 4.3.3 — Pezynbratel TEM npoayxkra, noxydensoro npu W= 30 k/{x
Nunekcammst SAED Ha pucynke 4.3.4,a moka3plBaeT HAJIWYUE IPYTUX CIaObIX
OTpakeHUM (a3 ocTaBIIUXCA TMpeKkypcopoB. Hanbonee HWHTEHCHBHBIE TOYCUHbBIC
pedekchl 0THO3HAYHO COOTBETCTBYIOT f-SiC, IpEACTaBICHHON B MPOAYKTE Hauboiee
kpynHoi ¢pakuueir. Ha pucynke 4.3.4,B nmokazana SAED, cHATas Ha rpymnie KpymHbIX
YaCTUIl C XapakTepHouW orpaHkod. Ha pucynke 4.3.4,r mnpencraBieHO THUIUYHOE
teMHonoyibHoe TEM-uzo0pakeHne B cBeTe AU(PPardipoBaHHOTO IyYKa Ha TMaKeTax
mwiockocreir SiC (111), HA KOTOpPOM BHUIHBI SPKO CBETSIIUECS KOHTYPBHI 3THUX
MJIOCKOCTEH, CBUAECTENIbCTBYIOIIME O MOHOKPHUCTAJUIMYECKOW CTPYKTYpE TaKoro THIa

KPYIHBIX U CPETHUX MO pazMepaM 0O0BbEKTOB.
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Pucynok 4.3.4 — Pezynbratel TEM, nonyuennoro rpu W = 30 kJx

B kadecTBeHHOM OTHOWIEHWU (pakuMOHHBIM coctaB mnpoaykra [IJIC He
M3MEHSETCS ¢ yMeHbIeHueM noasoaumoit k KMITY sueprum 1o 19 xJIx u 1o 13 xJIxk,
cynst no TEM-naHHbIM, IPEACTaBIEHHBIM COOTBETCTBEHHO HA PUCYHKE 4.3.5 U pUCYHKE
4.3.6. OngHakKO MOKHO OTMETUTH 3aMETHYIO TEHAEHUMIO YMEHBIIECHHUS KOJIMYECTBA
XOpOIIIO OTPAHEHHBIX YACTHUI[ OYEHb OOJBIIUX pa3MmepoB, Oonee ~200 HM, C
YMEHBIIEHUEM »HHEPreTUKH Mpouecca. Bu3yaabHO OLIEHUBAEMOE YHUCIO YaCTHIL
npoMexxyTouHoit ¢pakiuu (1o 200 HM) ctaHoBuTcs Oosbine. [Ipu sToM 3amMeTHO
YBEJIMYMBACTCS KOJMYECTBO YACTHI] OKpPYyrioil gopmel, kotopsle mMetonoM SAED wu
TEMHOTIOJIbHBIX U300paKeHUIN UICHTU(DULIUPYIOTCS KaK KpUCTAUIUTHI KpeMHusi. SAED
obnmactu mpoaykra cuHTe3a Tpu 19 kJIx (pucyHok 4.3.5) cocTouT U3 SBHO
BBIPDAKEHHBIX  JTUCKPETHBIX  KOJEl, COCTaBJICHHBIX TOYEUHbIMU pediiekcamu
nomuHUpytomen ¢daspl SiC. 910 00yCIOBICHO TEM, YTO TMOJABJISIONIEE OOJBITUHCTBO
yacTuil 3Toi (a3el mMeeT pasmep MeHee ~200 HM M IPOCBEUMBAIOTCS SJICKTPOHHBIM

MyYKOM.
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Pucynok 4.3.6 — Pezynbratel TEM npoaykra, noayuensoro npu W= 13 k/[x
AHaAJOTMYHO MOXHO TpPAaKTOBaTh JaHHbIE Ha puUCyHKEe 4.3.6 1y MOpOJyKTa,

cunre3upoBanHoro npu W = 13 kJIxx. B cocraBe ero oOpasiia ocTaroTcs eIMHUYIHBIC
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OOBEKTHl OOJIBIIIUX pPa3MEpPOB, OKOJIO | MKM, HO pa3Mepbl OOJBIIMHCTBA YACTHII
MPOMEKYTOUYHOM (DpAKIIMU B CPEIHEM CTAHOBSITCA €IIE MEHBIIE, YeM B MPEIbIAYIIEM
ciyqae (W =19 x/Ix). lauasie TEM-uccnenoBanuit Ha pucynke 4.3.7 ajig npoaykTa
cunte3a npu W=10 x/[X IEeMOHCTpUPYIOT PE3KOE HU3MEHEHHE (PPAKIHMOHHOTO U
daszoBoro cocraBa mopoiika. [lo-BuaguMomy, Takoil ypoBEHb HEpPreTHKU Mpolecca
OJIM30K K TOPOTOBOMY B OTHONIEHUM oOecriedeHus pT-nmapamMeTpoB CHHTE3a KapOuja
kpemHusi. KpoMe TOro, B JaHHOM 3KCIEPUMEHTE JOCTUTAETCS MUHUMAJILHOE 3HAYEHUE
BEJIMYMHBI YCJIOBHOTO BPEMEHM KBA3UCTAIMOHAPHOTO pEXKuUMa. ITO OOYCIIaBIMBAET
HEMOJIHOTY mporecca cuHTe3a. Ha cBernononsHoM TEM-cHumke (pucyHok 4.3.7,a)
BUJIHO TOJIABJIAIONIEE MpeodiaJaHue HAHOAMUCIIEPCHON (pakuuu Marepuana B BUIE
KPYIHBIX OKPYTJIBIX OOBEKTOB, CIA00 MPOCBEUYMBAEMBIX AJIEKTPOHHBIM ITYYKOM,
pasMepoM 0koJIo ~100 HM, U O4EHBb KPYIHBIX arperaTtoB, COCTOSIIUX M3 COCAUHECHHBIX
chepouiadbHbIX OOBEKTOB M3 HU3KOIUIOTHOTO Marepuana. OOBEKTHl C MPaBUIBLHOU
orpaHko#, xapaktepHou mig vactuil SiC, B o0pasiie MpUCyTCTBYIOT B OIPaHUYEHHOM
konnuectBe. Ha coorBercTBytomeit SAED (pucynok 4.3.7) HabmogaroTcs OyKBajibHO
enuHUYHble WHTeHCuBHbIE peduiekcel SiC (111), a Tawke (200) u (220). Ha
TeMHONnoJbHbIX TEM-CHHMKax B CBET€ yKa3aHHBIX OTpaxkeHuil (pucyHok 4.3.7,0 u
pucyHok 4.3.7,B) kpoMe miockocteld B kpuctamumrax SiC CpeIHHX Pa3MEPOB SIPKO
BBICBEUMBAIOTCST W KPUCTAUIMTHI 3TOM (a3pl B HAHOIUCIEPCHOM  (Ppakiuu.
[Ipeobnanaronue B 00pasiie OOBEKTHI, OMUCAHHBIC BBIIIE, OCTAIOTCS TEMHBIMH U
MIPEICTABIISAIOT, TIO-BUAUMOMY, TICEBI0aMOpP(HbIE KPEMHU U YTIIEPOJ COOTBETCTBEHHO,
naromue auddys3Heie rano Ha npuBeneHHon SAED.

Cratuctuyeckas 00padoTka 60mb110r0 yncia TEM-CHUMKOB MPOIYKTOB CUHTE3A
TIPH Pa3HBIX BEIMUYMHAX MOIBEICHHON YHEPIHH IPU BBIOOPKax He MeHee 10° 0ObeKToB
MO3BOJIMIJIA TIOCTPOUTH THCTOrpaMMbl AUPHEPEHIINATBHOTO 3aKOHA PACTIPEIETICHUS IO
XapakTepHOMY pazmepy KpuctaiuToB SiC, KOTOpble TpUBEIeHbl Ha pucyHKe 4.3.8. 1x
CPaBHEHHUE IOKAa3bIBAET, YTO IIPU PACCMATPUBAEMOM CXEME BO3JICUCTBUS IJIA3MEHHOU
CTpyd Ha IUIOCKYIO MpEerpaay 3aKkoH paclpeiesieHus OJM30K K HOpMajbHOMY, a
CpPEeIHUI XapaKTepHbIA pa3Mep KPUCTAJUIUTOB yBennuuBaeTcs ot ~60 HM 110 ~140 HM ¢

pOCTOM TOABEACHHOW »HHepruu K yckopurento oT ~10 mo ~30 klx. Ilpu stom
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CYILLECTBEHHO YBEJIMYMUBAETCS YHUCIO YacTull ¢ pazmepamu nopsaka 100 HM BIIIOTH 10

BenuIrHBI 0KOJI0 1 MiM. [Ipu W Gonee 13 k/k 3aKk0oH yBETWYCHHS CPEIHETO pa3Mepa

qacTul HOCHUT IIPAKTHYCCKU JINHEHHBIN XApaKTCpP, KAaK 5TO BHAHO Ha BCTABKC K

pucyHky 4.3.8.

SiC (200)

500 um

SiC (220)

5 002
.\( (200) gL (O

SiC(111)

i

500 um

Pucynok 4.3.7 — Pezynbratel TEM npoaykra, noxydensoro npu W= 10 x/{x
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Pucynoxk 4.3.8 — Pacnpenenenusa no pazMepam 4acTHI] B SKCIIEPUMEHTAX C PA3JTUYHOU

noaseaeHdoun sneprueit (1 — W=30kJ/lx, 2 - W=19 xllx, 3 - W= 13 x/Ix,4 - W=

10 x/Ix), a Tak)Ke 3aBUCHMOCTh CPETHEr0 pa3Mepa YacTHUIl OT BEJIMUYMHBI TTOABEIECHHON

SHEpruu (BCTaBKa K PUCYHKY)
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Ha ocHOBaHum npencTaBleHHBIX B pa3leiie JaHHBIX MOXKHO 3aKIIOYMUTh, YTO
DKCIEPUMEHTAJIBHO YCTAHOBJICHO YBEJIMYEHUE CPEIHErO pasMepa KPUCTAJUIMTOB H
conepxkanus SiC ¢ poctom W B yCIIOBUSX UMITAKTHOM CTPYH. Y BEIUYEHUE CONEPKAHUA
KapOuga KpeMHUS OOBICHSETCS, TMO-BUAUMOMY, pOCTOM pT-mapameTpoB B
WHIYLMPOBAaHHOM OKOJIO MEJHOW Iperpajbl CKauykKe YIJIOTHEHHS C POCTOM CKOPOCTH
BCJIEJCTBUE POCTA NOJBEACHHON 3HEPIUH, a YBEIMYCHHUE PA3MEPOB YAaCTHL] CBSI3aHO C
YBEIIMYEHUEM BPEMEHHM KPUCTAJUIM3ALMM YaCTUL] BCIEACTBHE HAJIMYMS IPETPALBbI,
NO3BOJISAIOILEH CAEPKUBATh PacbUICHHUE IIa3MEHHOTO0 MOTOKa 1o 00bemy KP.

CpaBHEHHE DPE3yJIBTATOB aHAIM3a MPOAYKTOB, MOJYYEHHBIX MPHU CBOOOJHOM H
UMIIaKTHOU cTpye (pucyHOK 4.3.9) mokasano, 4To reoMeTpusi UCTEUECHHSI MJIa3MEHHOTO
noroka u3 YK sBnsercs gaxtopom, ciabo BAMSIOIMM Ha (a3oBbI cocTaB: B 000MX
ciydasx 3a(UKCUpPOBaH pOCT COAEpkKaHUS KapOuja KpPEeMHHUS TMpU YBEIUYECHUU
NOJABENCHHON dHeprun. OQHAKO OHA 3HAYMTENIBHO BIUSAET Ha TPaHyJIOMETPUYECKUI
COCTaB MPOJYKTa CHHTE3a: MPHU MCIOJIb30BAaHUU MMIIAKTHOM CTPYH yIaioch TOOUTHCA
pocTa CpemHero pasMepa YacTHLl IIOCPEACTBOM yBenumdyeHus W, mpu oTCcyTCTBUH
perpajibl BO3MOKHO MOJIy4YaTh MPOAYKT pa3HOTo ()a30BOr0 COCTaBa, HO C MOCTOSIHHBIM

CPEIHUM pa3MEpOM YaCTHIl OCHOBHOM (pa3bl kapOuia KpeMHHUS.

o, %[ [P — & T1OKP, um
80: 190
| 180
60F 470
4 4 SIC A

a0} a sy 60
i e enC) 150

2ol ® x X OKP(SiC) -
I 40
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Pucynox 4.3.9 — 3aBucuMocTH cofepkaHusi @ KapOua KpeMHHs, KPEMHUS U yTIepoia
B MpoaykTe, a Takxke pasmepa OKP kapOuma KpemMHUS OT BEJIMYMHBI MOJABEICHHOU
sHepruu W: 3eneHbIi 1IBET — UCTEUEHUE TIJIA3MEHHOTO MOTOKAa Ha MEIHYIO TMperpamy;

KpaCHBIﬁ OBCT — UICTCUCHUC I1JIa3MCHHOI'O IIOTOKA B CB06OI[HOG IMPOCTPAHCTBO
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4.4. Bausinue 1aBjeHus ra3000pa3Hoii aTMoc(epbl KaMepbI-pPeaKTOPA HA MPOAYKT

NJIAa3SMOAMHAMHAUYECKOI'0 CHHTE3a

[110THOCTH BHEIIHEW MOKOAIIEHCS MHEPTHOM (aproH) ra3oo0pa3HON cperbl, B
KOTOPYIO TMPOUCXOAUT CBOOOJHOE HUCTEUYEHHE IUIA3MEHHOW CTPYU U pacHbLICHUE ee
MaTepuana, sIBISETCS BAKHBIM (PAKTOpPOM, OMPENEISIONIUM TEIIOOTBOI, OXJIaXKICHUE,
KPUCTAJUIM3aLMI0 MaTepuajga M pasMep YacTUll MOopomka. B skcnepumeHTax 1o
UCCJIEIOBAHUIO BIIUSIHUSL TOTO (PaKkToOpa, MIIOTHOCTh aproHa BapbHUpPOBAJach 3a CUET
M3MEHEHHsI HaudalbHOro JnaBiieus py B KP ot 0,1 atm no 5,0 atM npu KOMHATHOM
temriepatype. OcTalnbHble KOHCTPYKIMOHHBIE M DHEPreTUYECKUE IapaMeTpbl
OCTaBaJMCh IOCTOSIHHBIMHU, IIOTOMY 3HAa4€HUs MAaKCUMAaJbHbIX pabouyMx TOKa H
HaIpsDKEHUS. B MPOLIECCE AKCIIEPUMEHTOB OCTABAIMCH MPAKTUYECKH HEW3MEHHBIMH.
MoIHOCTE pa3pslla ¥ IOABEACHHAS SHEPIUs COCTABIUIM B cpexHeM 120 MBT u
30 x/I>k COOTBETCTBEHHO.

B okcnepuMmeHTax ¢ pa3HbIM  JIaBJIEHHEM Tra3000pa3HOM  aTMocQepsl
IPOU3BOAMWIACH  BBICOKOCKOPOCTHAsi ~ BHUJEOCHEMKA, (UKCHUPYIOLIAs  HCTEUCHHE
MJIa3MeHHON cTpyu B razooOpasHyro cpeny KP. Ha pucynke 4.4.1 uzoOpaxeHbl
rpadMKi TOJYyYEHHBIX 3aBUCHUMOCTEH CKOPOCTHM HCTEUYEHMs IUIa3MEHHOIO IMOTOKa OT
paccTosiHus 10 cTBoja. I'padmky MOKa3bIBaIOT, YTO C POCTOM Py CUIIBHO YMEHbILAETCS
HayaJlbHasi CKOPOCTh CTpyH Ha cpe3e YK o(7) u creneHp ee 3aryxaHusi B IPOCTPAHCTBE.
Takum o0OpazomM, 0puU YBEIMYEHUHM py Ha THpolecc (OPMUPOBAHUSA YACTHIIL
CUHTE3UpyeMoil (a3bl BIMSIOT JBa MNPOTHBOOOPCTBYIOIIMX (DAKTOpA: MOBBIIICHHUE
IJIOTHOCTH Cpelbl 00ECHeYrBAeT YCUJIEHHWE TEIUIOOTBO/A, a CHH)XKEHHE CKOPOCTH
YMEHBIIAET HMHTEHCUBHOCTh TEIUIOOTBOJA OT HAHOKAIlEJIb CUHTE3MPOBAHHOIO
MaTepHuaia U CrocoOCTBYET POCTY KPUCTAILIIOB.

[Tomy4yeHHbIE TTPY pa3HOM JABIIEHUU NPOAYKTHI HCCIEAOBAIUCH MeToaoM XRD.
Ha pucynke 4.4.2 npuBenensl XRD-kapTunbl npoaykToB. B coctaB Bcex IMpOIyKTOB
BXOJIUT Ta K€ COBOKYMHOCThH ()a3, YTO U B MPOLUIBIX IKCIEPUMEHTAX, MPOBEACHHBIX

pu HOpMallbHOM AaBieHud. OpgHako mpu 3ToM XRD-kapTUHBI OTIMYAIOTCS MEXKAY
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co00if BBICOTOIl MAaKCMMYMOB HHTEHCHBHOCTH HENPOPEArupoBaBIIMX MPEKYPCOPOB,

0COOEHHO 3HAYNTEILHBI U3MEHEHHS B ClIy4dac C NMOBBINICHHBIM JABJICHHUCM.

uit), Km/c |'
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Pucynok 4.4.1 — CkopoCcTH MCTEUEHUS IUIA3MEHHOIO IMOTOKA V(f) B 3aBUCHUMOCTH OT

PaCCTOAHUA OO0 CTBOJIA [

[A-SiC,e-C,m-Si]

S
N
N

--m 311

C,

——» 200
-—-m 400

Sl

- 311
----p 222

?— m 220

. -0 002
. miil
> > > » 111
> >
|
[ |

3,0 atm

1,5 atm

e )

==
?>
S %—» .%r ‘r\—» —»
L,
-

0,5 atm

A
[ , _J ] ] h A
A

0,1 atm
A

L hd ! il JL Iﬁ u 1 u IA A ]

20 30 40 50 60 70 20, rpan

Pucynok 4.4.2 — XRD-kapTuHbl NpPOAYKTOB CHHTE3a, IOJIYYEHHBIX IIPU Pa3HOM

JaBJIeHUH Ta3000pa3Hoii atmocdepsr KP
Binusinue naBienus Ha ¢a3oBwiii cocTaB nokazaHo B xojae PCA. IlpousBeneHHbII
pacder, pe3yJabTaThl KOTOpOTO TpuBelAeHbl B Tabmuie 4.4.1, moka3bBaer

CYIIIECTBOBAHME TCHICHIIMI BO BIMSHUU AaBieHUs Ha (a3oBelii coctaB u OKP kapOuaa
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kpemuusi. Ha pucynke 4.4.3 npuBezieHbl 3aBUCUMOCTU COJIEPKAHUS Pa3IuYHbIX (a3 oT
BEJIMYMHBI J1aBJICHUs. BUHO, UTO CylllecTBYeT ONTHMaIbHAs BEJIMYMHA JIaBJICHUS P =
1,5 atM, mpu KOTOpOH [OOCTUraeTcss MaKCHMallbHash 4HCTOTa mHpoaykrta — 98,6 %.
CHmxenne 160 ysenudyenue naBieHus KP mpuBOIUT K CHIDKEHHUIO COJEp)KaHUA
KapOuga KpeMHUsI B IPOJYKTE cUHTe3a. [Ipr HU3KOM BHEIIHEM AABJICHHUH P, MOPSAKA
0,1 atm conmepxkaHue kapOujga KpeMHHUS B MpOAYyKTe cHUxaercs 1o ~90 % wuz-3a
IOBBIIEHUSI CKOPOCTH IIa3MEHHOM CTpyn B YK H, COOTBETCTBEHHO, YMEHBLICHUS
AIIEKTPOIPO3UOHHON HApaOOTKU aKTUBHOTO yriiepoaa. Ero HenocTaTok B peakiiMOHHON
30HE€ IMUIa3MEHHOW CTPYHM MNPHUBOJIUT K YBEIWYEHHUIO COJEP>KAHMS HE BCTYIUBIIEIO B
peakluuio KpeMHHS. YBEJIMYEHUE AaBJIeHHS p, Oonee 1,5 aTM Takxke NPUBOIUT K
CHIKEHHIO Bbixona f-SiC. Hambornee BepoATHON NMPUUMHON 3TOrO cleayeT CUUTATh
TOPMOKEHUE TOJIOBHOM YIAPHOW BOJIHBI M PACIIMPEHHUE TPAHMUI] YJIAPHO-BOJIHOBOU
CTPYKTYPBI CBEpPX3BYKOBOIO TeueHusi A0 crTeHku KP, Ha KOTOpOl NpOMCXOIUT
OCaXJECHHE YacTH CHUHTE3UPOBAHHOTO Marepuana. B pesyiabTare B cOOpaHHOM
JUCIIEPCHOM TPOJYKTe HaOoaercs CHWXKeHue coaepkanus p-SiC U yBeIMYEHUE
KOJIMYECTBA YaCTUI[ HPEKypcopoB. VCKIIOUHUTH 3TOT HCKYCCTBEHHBIH (HakTOp, IMO-
BUJIMMOMY, MOXHO yBenudeHuem radbaputon KP.

Tabnuna 4.4.1 — Pesynbrarel PCA npoaykToB cuHTE3a

D, am ®dazoBeli cocTa; OKP
’ SiC Si C
0.1 w, % 88,4 3,8 7,8
’ OKP, am 48 51 16
0.5 w, % 90,4 8,7 0,9
’ OKP, am 48 68 17
L0 w, % 91,2 3.8 5
’ OKP, am 47 86 19
15 w, % 98,6 0,8 0,6
’ OKP, am 43 16 31
3.0 w, % 91,4 3,8 4,8
’ OKP, um 39 16 17
5.0 w, % 68,1 19,5 12,4
’ OKP, am 30 136 11

Taxxke mpu aHamu3e JaHHBIX TaOnUIBl 4.4.1 MOXKHO 3aMETUTh TEHACHIMU B
n3MeHeHnu pazmepa OKP B 3aBUCHMOCTM OT BEJMYMHBI JABJICHHUS Ta3000pa3HOMN

atmochepbl KP. Ilpu yBenuueHum naBiieHUs HaOmrojaeTcs cinaboe YMEHbBIIEHUE
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pazmepa OKP u, KOCBEHHO, 3HaYEHUSI CPENHErO pasMepa KpUCTALIOB. Takoe BIUSHUE
nasyieHust atMmocdepsl KP 00ycioBiieHo TeM, YTO TEMmI000MeH NPOUCXOIUT M0-Pa3HOMY
B 3aBHCHMOCTH OT IUIOTHOCTHU Ia3000pa3HOi Cpe/ibl: YBEINUEHHUE JAaBICHUS IPUBOAUT K
Oosiee MHTEHCUBHOMY OTBOJY TEIJIOBOM »3HEPIUM OT JKUAKO(pA3HOro cyocTpara,
00pa30BaHHOIO IUIA3MEHHBIM IOTOKOM, CJIEOBATEJbHO, COKpAIAETCsl BpeMs
KpUCTAJUIM3alUK yacTull. Takum o0pazoM, 3aKOHOMEPHO, YTO MpHU OOJIBLIEM JaBICHUU

atmocepsl KP 00pa3yrorcs yacTHilbl MEHBIIIETO pa3Mepa.
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Pucynok 4.4.3 — 3aBHCHUMOCTb COJIEp>KaHUS pa3IUYHbIX (a3 B MPOAYKTE CHUHTE3a U
pa3mepa OKP kapOuna kpeMHHs OT BEJIMYMHBI JaBieHus: atMmocdepsl KP

[Mponykter T1JIC, mpoBeneHHOTO MPH YCIOBUSX PA3HOTO JIABJIEHUS aTMOC(hEpPHI
KP, npoanasmsupoBansl Mmerogamu TEM. Ha pucynke 4.4.4 npuBeneHbsl pe3ysbTaThl
MUKpPOCKOIIMU JUIsl IPOJYKTa C MOBBIIMICHHBIM JaBieHueM atMmocdepsl p = 5 atMm. B
COCTaB MPHUBEIECHHOTO CKOIJICHUS BXOAST YACTHIBI Pa3HOrO0 MOP(OIOrHUECcKOro THIa,
KOTOPBIE PA3IMYAIOTCS, B TOM YKCIIE U 10 pa3mepam. Ha cBeTI0monbsHOM MUKPOCHUMKE
(pucyHoK 4.4.4,a) n3obpaxkeHbl yacTUIlbl I pasmepamu okoio 40-50 HM. DTH YacTHIIBI
UMEIOT KPUCTAJUIMUECKYIO CTPYKTYpYy, OJHAKO JaJeKH OT Oosee COBEPLICHHBIX
MHOTOTPAHHBIX CTPYKTYp, KOTOpbIE MNPUBOJUIUCH B MPOLUIBIX 3KCHEPUMEHTaX |
UJCHTUDUIIMPOBAINCH KaK YaCTUIBI KapOWAa KpPEeMHUS KyOWMYECKOW CHHTOHUM, U
HalOMUHAIOT 1apooOpasubie CcTpyKTyphl. SAED ckomnenus (pucyHok 4.4.4,0)
noKasajia, 4YTo MoJaBJisfoniee OONbIIMHCTBO N300PAKEHHBIX YACTUIl OTHOCUTCA K (paze
KapOuga KpeMHHs. YKa3zaHHbIE 4acTULbl [ TakXke, CyAs MO TEMHONOJbHOMY CHUMKY
(pucynok 4.4.4,8), mpuHagiexar (asze kapouaa kpemHus. VctuHHas dopma TaKux

qacTHull CTaHOBUTCs O‘leBHI[HOI;'I N3 aHajln3a TCMHOIIOJIbHBIX H306pa)KeHHﬁ,
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MOJIYYCHHBIX JUISI TTOJAO0HBIX YaCTUIl HECKOJIbKO Oombiero pasmepa (60-70 um). Ha
CBETJIONOJIBHBIX CHUMKaX (pUCYHOK 4.4.5,a) OHM B IUIaHE MNPEACTABISIOT U3 Cce0s
KpYTJble OOBEKTHI, OJJHAKO, Cy/id IO TEMHOIIOJIBHBIM CHUMKaM B cBeTe pediiekcoB SiC
(pucynok 4.4.5,6), 5TH OOBEKTHI HA CaMOM Jelie SBISIOTCS MpHU3MaMH, B OCHOBAaHHUU
KOTOPBIX JIE)KAT MHOTOYTOJIbHUKH (I10-BUAUMOMY, IIECTUYTOJIBHUKH). Takum oOpazom,
OOJBIIMHCTBO YaCTUL] NPOAYKTa, OTHECEHHBIX K SiC, UMEIOT HE OYEHb OTYETIMBO

BBIp2XEHHBIC KPUCTAJUTMYECKUE (DOPMBI, TUTTUYHBIE IJIS1 JAHHOW XUMUYECKOU (Pa3bl.

SiC (200)

Pucynok 4.4.5 — Pezynbsratel TEM nposiykTa, MOJTy4eHHOTO IIPU p = 5 aTM

CTouT OTMETUTH, YTO, IOMUMO YKAa3aHHBIX YacTHI] /, B IPOAYKTE COJIEpKATCA U
YyacTUIbl 2, TpPaJuLMOHHBIE 1O CBOeHd Mopdojorud sl KapOuaa KpeMHUS
(TpeyroJIbHUKM C YCEUYEHHBIMU BEpPIIMHAMH, UIECTUYTOJbHHUKH), B 3HAYUTEIILHO
MeHbIeM konuuectBe. Cyns o pucynkam 4.4.5 u 4.4.6, Takue 4acTHUIIbI, KaK PaBUIIO,
KpyIHEee Mo cBoeMy pasMepy, BILIOTH A0 200 HM. MX KpUCTAUIMYECKHE IUIOCKOCTH
OTpaxaroTcs B CBeTe pe(diekcoB KapOWaa KpeMHUS Ha COOTBETCTBYIOIIUX

TEMHOTIOJIbHBIX CHUMKaX (pucyHok 4.4.6,0).
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SiC (111)

Pucynok 4.4.6 — PesynbraTel TEM npojiykTa, OIy4€HHOTO MPHU p = 5 aTM

KpomMe wyacTui, OCHOBHOIO KPHUCTAJUIMYECKOIO THIIA, OTHeceHHOro K SiC, B
MPOJYKTE MPUCYTCTBYIOT YACTHIIBI, KOTOPbIE MOXHO COOTHECTH C (a3amu
HEIPOpPEarupoBaBIINX MPEKYypcopoB. YacTuupl pazHOro MOpP(OIOTHYECKOTO THUMA
IpUBEICHBI Ha pucyHke 4.4.7. 3mech BUAHO NPUCYTCTBUE KaK 4YacCTHIl, paHEe
oTHeceHHBIX K SiC (Tumsbl / 1 2), Tak ¥ CTPYKTYp MHOTO (Pa30BOTO COCTaBa, CyAs MO UX
Mopdonoruu u pazmepam (tunsl 3, 4 u 5). Yactuupsl 3 Onu3ku K Kpyriod dopme B
IJIaHe, OJAHAKO HX pa3Mmepbl MeHblie vactull tama [ — npo 20-30 uMm. Iloxoxwue

CTPYKTYpbI paHee ObUTH UACHTU(UIIMPOBAHBI KAK YUCTHIM KPEMHUM.

Pucynok 4.4.7 — PezynsraTel TEM npoiykTa, Mogy4eHHOrO IpU p = 5 aTM

@da3oBas NMPUHAMNIECKHOCTh TAKOI'O THUIA YACTHLl YACTUYHO NMOATBEPKAACTCS U B
HacTosieM dkcriepuMmenTe. Ha cBeTiiononsHOM CHUMKE (pUCYHOK 4.4.8,a) mpuBeAcHO
TUIIUYHOE CKOIUICHUE ISl SKCIEPUMEHTA; MPE/ICTABIEHHbIE O0BEKTHI OJJHO3HAYHO HE
COOTBETCTBYIOT ¢dopMe U pa3MepaM  KapOMIOKPEMHHEBBIX  YacTUL.  37€eCh

MNPUCYTCTBYIOT HCMHOT'OYHCJICHHBLIC OOBEKTBI 3, KOTOPBLIC CBCTATCA IIPpU CIABUIC
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aneprypHoii guadparmel B o0Omacte pedaexkcoB kpemums Si(111). Ilpm sTom
OJTHO3HAYHAS UACHTU(HUKAIKS YaCTUI] HEBO3MOXKHA B cruty Hamuuus SAED pednekcos
KPEMHHs M YIJepoja U, camMoe IJIaBHOE, UX Omm3octé Mexnay cobon (dsiiy =
0,312866 HM 1 d¢(02) = 0,339500 HM), 4TO HE MO3BOJISAET IIPEAEIBHO YETKO YCTAHOBUTD
aneptrypHylo auadparmy B cuiiy ee pasmepoB. Ha pucynke 4.4.8, moMHUMO YacTuIl,
OTHECEHHBIX K KPEMHUIO, UMEIOTCS U 00Jiee MeJIKUE YacTUIlbl 4 — pazmMepamu 10 10 HM,
HanoMmuHaromue amoppuyro ¢pakuuto. Bkyne ¢ npucyrctBuem Ha SAED (pucyHOk
4.4.8,a) aMOp(pHOr0o rajo 3TU YaCTHUIl MOKHO HIAECHTU(UIHUPOBATH Kak amMopdHbIN

yriaepoa B Buje rpadura.
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Pucynok 4.4.8 — PezynsraTel TEM npoiykTa, ogydeHHOro IpU p = 5 aTM

Kpome menkux ydactun yriaepoa (opMupyercs B JaHHOM MOPOLIKE U B BHJE
Ooslee KpymHBIX oOpa3oBaHuil ¢ 000J0YKAMHU MU C CEKTOpaMH — OOBEKTHI 5 Ha
CBETJIONOJIbHOM CHUMKE (pUCYHOK 4.4.9,a). Takoro Tuia 4yacTUIbl HAMIEHBI B TPOYKTE
C BBICOKUM COJIEpKaHUEM YTIIepo/ia B CMECH MpeKkypcopoB (cM. pazzaen 4.1). Cbemka
CKOIUIEHMSI, colepkaliero oObeKThl 5, B TeMHOM mnoje (pucyHok 4.4.9,0) Takxke
mokasaja, 4TO JaHHBIE€ YaCTHUIIBI MOTYT OBITh OTHECEHBI K yriepoay. Takke CTOUT
ormetuTh, yTo SAED (BcTraBka kK pucyHKy 4.4.9,a) BKkiIO4aeT B ceOs OTIENbHBIC
pedaekchl, COOTBETCTBYIONIME MEKIUIOCKOCTHOMY PpAaCCTOSHUIO KPUCTAUIMYECKHUX
IJIOCKOCTEH TpaduTa U, TaKUM 00pa3oM, KPymHBIM 00BEKTaM 5, MOMUMO aMOp(hHOTO

rajio, COOTBCTCTBYIOHICTO MCJIIKUM YaCTULIAM.
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C(002)

Pucynok 4.4.9 — PesynpraTtel TEM nipojiykTa, HOJIy4€HHOIO IPU p = 5 aT™M

WNHuble pe3ynbTaTbl MOJYYEHBI Il 00paslioB, MOJYYEHHBIX IMPU HAUMEHBIIEM
napinennn atmocdepst KP. Ha pucynke 4.4.10,a npuBeleH CBETJIONOIbHBIN
MUKPOCHUMOK MPOJYKTa, MOJYYEHHOTO MPU HAUMEHBIIIEM JaBJIeHUH aTMOchephl (p =
0,1 at™m), HAa KOTOPOM M300paKeHBI YacTUIIBI pazmepamu Oosiee 150 HM. bonbIMHCTBO
UCCIICIOBAHHBIX TMOAOOHBIX YaCTHUI[ HMEIOT KPUCTOJUIOTpauyeckn MpaBUILHYIO
dbopmy, xapakTepHyro s KapOujga kpemHus. dazoBas MNPUHAIICKHOCTb YaCTHIIL
MOJATBEPKJEHA ChEMKOM B TEMHBIX TMOJIIX B cBeTe pediiekcoB kapOuna kpemuusi SiC
(111), a taxxke SAED, copaepxalieil oOTIelbHbIE HEMHOTOYHUCICHHBIE pPEIIEKCHI,
XapaKTepHbIC IS YKa3aHHBIX MOHOKPHUCTAILIIOB. YacTuiisl kapOuaa KpeMHHUS OKPY>KEHbI
ropazzo 0oJjiee MEJIKUMH YacTuiaMu pazMepamu 10 30-40 HM, OIU3KUMH K OKPYTJIOM
dopme. Cyas mo mpUCYTCTBUIO B JaHHOM IMponaykre ¢da3 KpeMHHs U yriaepoaa (1o
PCA), nannbie yacTuilpl mpuHAIeKAT (a3zamM HEMpOpearupoBaBIIMX MPEeKypcopoB. B
1EJIOM, IPOJYKT, CUHTE3UPOBAHHBIN Mpu OoJibiiieM faBiieHuu atMocdepsl KP, coctout
U3 OONBIIUX MO pa3MepaM YacTHI[ MO CPABHEHHUIO C MPOJIYKTOM, MOJYyYEHHBIM MpHU
HauOoJbIIEM AaBiieHuu p = 5,0 aTm.

Ha pucynke 4.4.10 npuBenens! pe3ynbrarsl TEM npoaykra, NOJIy4eHHOTO MpPH
ONTUMAJIbBHOM C TOYKM 3peHusi (ha30BOr0 COCTaBa JaBiieHMH. Ha CBETIONOIBHOM
cauuMke (pucyHok 4.4.10,a) ykazaHsl JBa TUMa 4acTull — I U 2, KOTOpbIe OTMEUYAJIUCh
Ipy aHaiu3e MUKPOCHUMKOB Ha pucyHkax 4.4.4 u 4.4.5. O6a Tuma 4YacTHIl
COOTBETCTBYIOT KapOWy KpEeMHHUS, CyAsS IO TEMHOIOJBHBIM CHHUMKaM (PUCYHOK

4.4.11,6). Ilpu stoM Tun yactuu / uMeer Oosiee nMpaBUiIbHbIE (DOPMBI, B TOM YHCIIE U
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IIpU ChEMKE B CBETJIBIX MONAX. bonee kpucrammnyeckn opOpMICHHBIMU U OJIM3KUMH K
TPEYrOJIbHUKAaM B IUTAHE BBIMJISAAT U YacCTHUII TUNA 2. MENKHUX 4acThll pa3MepaMu J0
30-40 HM Ha CHUMKax OOHApYXUTh HE yJaJOCh, YTO TOBOPUT O MPAKTUYECKU MOJTHOM

OTCYTCTBHH B COCTaBE€ MPOJYKTa HEMPOPEATUPOBABIINX IMPEKYPCOPOB.

SiC (111)

Pucynok 4.4.11 — Pesynbratel TEM npoaykra, moiaydeHHoro npu p = 1,5 atm

[lo pe3ynpTaTaM aHainM3a MUKPOCHUMKOB MPOJIYKTOB, MOJIYYEHHBIX IPH Pa3HOM
JaBJICHUU aTMOC(epbl, TOCTPOCHBI TUCTOIPAMMBbI paclpeAesieH!s] YacTHIl TI0 pa3Mepam
(pucynox 4.4.12), BbiOOpka coctaBimsuia okoso 1000 oOwektoB. IlomyueHHbie
TUCTOrPAMMbl OTPA)KAIOT paHee CAEJIaHHbIE NpPEIBAPUTEIbHBIE BBIBOJbLI MO aHAIU3Y
OTZIEJIbHBIX MHUKPOCHUMKOB, a Takxke BbIBOJbI PCA. Od4eBHUIHO, 4YTO BeEIUYMHA
naBieHus: razoo0pazHoi atMocdepsl KP Biuser Ha pa3Mep CHHTE3UMPOBAHHBIX YaCTHUIL
Kapouna kpeMHusi. CHI>KEHUE JaBJIeHHUE MPUBOJIUT K CYKEHHUIO IIUPUHBI THCTOTPaMMBbl
U K CMEILEHHUIO €€ MHUKa B CTOPOHY yMEHbLIeHUus. Takum 0o0pazoMm, cpeaHuil pazmep

qacTul COKpamacTCsa C pOCTOM JAaBJICHMUA.
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IIo pesynpraram aHamu3a OSKCIEPUMEHTOB, IIOJYYEHHBIX IPH HCTECYEHUU
TUIMEPCKOPOCTHON IMIa3MeHHOM cTpyn B atmMocdepy KP pasnoro naBneHusi, OoTME4eHO
BIMSHUE TIOCJIEIHEr0 Kak Ha (Ha3oBblil, Tak W Ha TIPaHyJIOMETPUUECKUN COCTaB
npoaykra. Hanbosnee onTuMaabHBIM BBITJISIAUT UCTIOIB30BAHUE CPETHETO JABICHUS P =
1,5 at™M, npu KOTOpPOM MOJYy4YeH MPOAYKT ¢ 98 %-HbIM coxepkaHueM (¢asbl kapOuaa
KPEMHHUS U CPEIHUM €€ pazMepoM okoJio 60 HM. CHUYKEHUE WUIU MTOBBIICHHUE TABJICHHUS
KP orHOCHTENbHO 3TOM TOYKM MPHUBOJUT K HU3MEHEHHUIO (Ha30BOrO COCTaBa B

OTPHUIIATEIBHYIO CTOPOHY.

25T 4
L | —p=0,1 aTm.
20 | 2 —p=1,5 at™.
“:}1 2 | /1 3 —p=3,0 arm.
@ 15F l 4 — p=5,0 aT™.
sl = =
| — 15
g 1
| | i T
0 1 i A 1 I i 1 L 1 1 I 1 — H &

20 40 60 80 100 120 140 160 180 200 d,nm
Pucynok 4.4.12 — I'ucrorpaMmsl pacnpenesieHHsl 4acTUIl MO pa3MepaM B YETBIPEX

HKCIIEPUMEHTAX C pa3HbIM JaBieHueM atmochepsl KP
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4.5. Bausinue TemnepaTypsl ra3o000pa3Hoii aTMoc(epbl KaMepbI-peakTopa Ha
NPOAYKT IJIA3MOAHMHAMHUYECKOI0 CHHTE3a M UCCIeJ0BaHHe ero

MOJIYNIPOBOHMKOBBIX CBOMCTB

[Ipy MOCTOSIHHBIX MapameTpax IUIa3MOJUHAMUYECKONM CHUCTEMBl U HM3MEHEHUU
HAYaJIbHOW TEMIIepaTyphl ) BHELIHEH ra3000pa3HOl cpelibl JOKHO U3MEHATHCSA BpEMs
COXpPAHEHUS YCIOBHUM B CKauKe YIUIOTHEHHs FOJIOBHOW YJAapHOI BOJIHBI, HEOOXOIUMBIX
JUISl TIPOTEKAHMs TUIa3MOXHUMHUYECKoro cuHre3a SiC, U BpeMs KPUCTALIM3ALMH MpU
BBICOKOCKOPOCTHOM pACIHBUICHUU JKUAKOM (ha3bl CUHTE3MpPOBAHHBIX MaTepuayioB. B
CBSI3M C 3TUM B pabdOTe MPOBEJIEHBI SKCIIEPUMEHTAIbHBIE UCCIIEI0BAHUS BIUSHUSA 3TOTO
¢dakTopa Ha (pa30BBIN COCTAB MOPOLIKOOOPA3HOrO MPOAYKTA CUHTE3a, pa3Mephbl YacTHII-
KpuctaumToB SiC M ero CTpyKTypHbIE ITapaMeTpsl. TeMIiepaTypa fy U3MEHsJIach OT -25
°C no +75 °C npu mpoynx OAMHAKOBBIX M OJU3KUX K ONTHMAJIbHBIM IapaMeTpax
cuctemel [IJIC. IlapameTpsl IpPOBENEHHOW CEPUM SKCHEPUMEHTOB C HW3MEHEHUEM
TeMIlepaTypbl IpuBeAeHbI B Tabmuie 4.5.1. DKcepuMeHThI TPOBOIUIUCH MPU OIU3KHUX
SHEPreTHYECKUX MapaMeTpax (MaKCUMaNbHOU P, 1 cpenuen P, MOIMHOCTAX pa3psa,
3HaUYeHWU BelaenuBLIekcs >3Heprud W), OnMHAKOBBIM ypOBEHb DJHEPreTUKH B
DKCIIEpUMEHTAaXx W OJM3KWME  3HAUYEHHUS  BEJIMYMHBI  YCIOBHOTO  BPEMEHU
KBa3UCTALIMOHAPHOTO peXuMa 1, YKa3blBaeT Ha TO, YTO, CKOpEE BCEro, TeMIiieparypa
razoo0pasznoii arMmocepsl KP cnabo Biaumsier Ha (a3oBbIl cocTaB, MPEXKE BCEro, Ha
comepkanure (a3pl kapOuga KpeMHHUs, HO OKa3blBAaeT CYIIECTBEHHOE BIIUSHHUE Ha
(dbopMHpOBaHKE YACTULl KOHEYHOTO MPOAYKTA, T. €. Ha TUCIEPCHOCTD.

Tabnuua 4.5.1 — [TapameTpsl IPOBEACHHBIX SKCIIEPUMEHTOB

Ne | 19, °C | tues MKC | Lyar, A | Upax, KB | Ppuay, MBT | Py, MBT | W, KJIK
1 -25 183,6 111 0,9 101 59,2 15,5
2 25 184,8 98 1,2 110 52,6 16,2
3 75 182,8 96 0,9 105 53,6 15,8

[Topouiku, cunte3upoBanubie Metoaom IIIC, uccnemoBanmmcy Meromom XRD.
XRD-kapTuHbl MOPOMIKOOOPA3HBIX MPOAYKTOB, CHHTE3UPOBAHHBIX TMPU Pa3HBIX
temriepatypax armochepsl KP, mokazanst Ha pucynke 4.5.1. [dudpakrorpammsl
CUHTE3UPOBAHHBIX MPOJYKTOB TOKa3bIBAIOT IPEUMYIIECTBEHHOE OOpa3oBaHUE

cTpykTyphl -SiC BO Bcex ciydasx. Takke MMEIOTCS MUKW Cl1aboil MHTEHCUBHOCTH,
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cooTBeTcTBYIOMmMMUE npekypcopam Si u C. B tabnure 4.5.2 npuBenens pe3ynbratel PCA
NPOJYKTOB CHHTE3a: PACUETHBIE 3HAYEHUS COJEpKAHUS M 00JlacTell KOT€pEHTHOTO
paccesauss (OKP) p-SiC, Si u C. VYBenu4yeHHbI MaKCUMyM MHTEHCUBHOCTH,
COOTBETCTBYIOIIUN TpyIMIe KpUCTAUIOrpaGUUECKUX TUIOCKOCTEH KapOuaa KpPEeMHHUS C
uHaekcamu Musnepa (111), nmpuBenen Ha pucynke 4.5.2. 13 pucyHka BujHaA pa3Has
IIMPUHA MAaKCUMyMOB HMHTEHCUBHOCTH XRD-KapTWH NpPOAYKTOB, MOJYYEHHBIX MpPH
pa3HbIX TeMmIlepaTypax. B 4YacTHOCTHM, Ha PHUCYHKE YKa3aHO pa3jIduyue B BEJIMYMHE
«THOJIYIIUPUHBD) — IIMPUHBI KA Ha nosioBuHE BbIcOThI FWHM (Full Width at Half
Maximum), KoTopasi B CBOIO OY€pe]b HANpPSIMYIO CBSI3aHA C MHTErPAJIbHOW IMIMPUHON
MaKCMMyMa HWHTEHCUBHOCTH, XapakTepusyioiiei uepe3 ¢opmyny ebas-Illepepa
pasmep OKP, a 3HAYUT M KOCBEHHO CpEIHUN pa3Mep KpuUcTALIUTOB. CpaBHEHHE
pPEe3yJIbTATOB 3KCIEPUMEHTOB C PAa3HBIMH YCIIOBUSIMU IMOKa3bIBaeT, uto BeamunHa OKP
[-SiC yBenmumuuBaercs oT ~30 g0 ~100 HM mpu pocte Temmeparypbl razoo0pa3HOn
cpenbl. [lpu 3TOM HM3MeHEeHUE TeMIiepaTyphl BIUSET U HAa (Pa30BbIil COCTaB MPOTYKTOB
CHUHTE3a, & UIMEHHO Ha COJIEpKaHUE B MPOAYKTE (pa3bl KapOuaa KpEeMHUs, YBEIUUCHUE
KOTOpPOr0 TOBOPUT O BKJIaAe pocrta Temreparypsl cpeasl KP B yBenmdueHue BpeMeEHH,
KOI/Ia COXPAHSIIOTCA BBICOKHE SHEPreTUYECKHe MapaMeTpbl B TOJOBHOM CKauyke

YIUIOTHEHUS MJIA3MEHHOU CTPYH, HE0OX0AUMBbIe /I poTeKanus cunrtesa SiC.

|L—Si('.t-(‘.l—Si

75 °C = = -
" 4 A -
= T 8 =1 4
| . o3 «

LA JK: A" = L ) A

25°C
a A
u A A Jl A
Y Y, T S . N
A
-25°C
[ A
,__LL___-J Iy 1 !J- } A
L—M - | _;__ALM_{
20 30 40 50 60 70 20, rpan

Pucynok 4.5.1 — XRD-kapTuHbI TPOYKTOB
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Baxxnoit ocoGeHHOCThIO MOPOIIKOB SiC, CHHTE3WPOBAHHBIX MPH TMOHMKEHHOM
temneparype fp= -25 °C, ABIAeTCSs HE TOJBKO 3aMETHOE YMEHBIUICHHE pa3MepoB
MOHOKPHUCTAJIJIOB, HO M OILYTHMMOE IIOBBIIIEHUE BHYTPEHHHUX MHUKPOUCKAKECHUN
KpUCTAILTHYeCcKoi pemerkn actun SiC Ad/d ~ 0,8-107 B cpaBHEHNHM C MX IPAKTHYCCKH
OJMHAKOBBIM 3HadeHHeM Ad/d ~ 0,3:107 11 IOpPOMIKOB, CHHTE3UPOBAHHBIX IIPHU
KOMHATHOM M MOBBILIEHHON TemriepaTtype. OO 3TOM CBUAETEIBCTBYET U CYIIECTBEHHOE
YMEHbIIEHHE PACYETHOrO 3HAYEHHs MapameTpa pemeTku a = 4,3566 A oTHOCHTENHLHO
3HAUEHUN M YCJIOBUM KOMHATHOM M TIOBBIIIEHHOM TeMIlepaTypbl, a TaKxKe
OTHOCHTENBHO a = 4,3589 A nanbonee 61m3K0¥ K HUM CTPYKTypHO# Mozenn S-SiC.

Tabmuua 4.5.2 — Pesyneratel PCA nponyktos

Ne g(), Dazosbiid cocras, OKP dcpa dcp(95)7 L(95)7 dnm Wi, dmaxa

- C SiC Sj C HM HM HM HM HM HM
w, % 77,0 11,8 11,2 30-

1| -25 65 64 60 22,0 250
OKP,um | 33 44 15 130
@, % 81,9 8,2 9,8 40-

2 25 90 87 70 19,9 340
OKP,um | 71 68 17 180
w, % 91,2 3,8 5,0 40-

3 75 98 90,5 80 20,1 430
OKP,um | 96 86 19 220

-25°C

Pucynok 4.5.2 — N3o0Opaxenue makcumyma uHteHcuBHocTH (111) SiC XRD-kaptun
MPOYKTOB, TIOJYYCHHBIX TIPU Pa3TUYHBIX Temmneparypax KP

Ha pucynkax 4.5.3,a,0,B moka3aHbl cBeTJonoJjibHble TEM-CHUMKHA TIPOJYKTOB,
MOJIYYeHHBIX TIpu Temriepatype armochepsr KP ¢ = -25, 25 u 75 °C coOTBETCTBEHHO.

HpOI[}II(TLI B OCHOBHOM BKJIIOYalOT B ceOs qacTulbl B BUAC YIUIOIICHHBIC IPU3MbI C
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TPCYTrOJIbHBIM OCHOBAHHCM, KOTOPLIC PAaHCC HCOAHOKPATHO I/II[GHTI/I(i)I/II_II/IpOBaJ'II/ICB KaK

[-SiC. VIx mmpuna coctaiseT A0 250 HM, TomuHa 10 80 HM.

Loa o

500 um 500 um

Pucynok 4.5.3 — Csetniononbable TEM-CHUMKH 151 IPOAYKTOB, MOJTYYEHHBIX MTPU
temmeparype: a) tp =-25 °C, 0) tp, =25 °C,B) tc0 =75 °C

I[Ipu cpaBHenun TEM-CHUMKOB 00pa3loB, MOJXYYEHHBIX MpPHU Pa3HbIX
Temmneparypax (pucyHku 4.5.4,a,0,B), MOXKHO 3aMETUTh, UTO MTPOAYKTHI UMEIOT CXOTHBIN
MOp(}OJIOrMYecKUid COCTaB, OJHAKO YacTHIIbI, MOJIy4€HHbIE IpHU f, = 75 °C, UMEIT
0oJiee YETKYI0 KPUCTAJUIMYECKYI0 OTPaHKy U B OCHOBHOM 0oJiee MpaBUIIbHYIO (opMmy,
COOTBETCTBYIOIIYIO IIPOCTPAaHCTBEHHOM rpytie SiC. BBICOKOHANPSIKEHHOE COCTOSTHUE
KPUCTAJUIMUECKOW CTPYKTYphl wactull SiC, mONydeHHbIX mpu fy = -25 °C,
WUTIOCTPUPYET CPAaBHEHUE CBETIOMOJIBHBIX U TEMHONOJbHBIX TEM-CHUMKOB (pUCYHOK

4.5.4), nony4yeHHBIX B cBeTe pediekcoB (220) u (111).

-
\

| = J =

200 1M

Pucynok 4.5.4 — TEM-cHUMKH NpPOJIYKTOB, MOJYYECHHBIX MPHU Pa3HBIX TEMIIepaTypax
KP:a,6—nmput=-25°C,B,T—1t=25°C

Just ycnoBuil cuHTe3a mnpu fp=-25 °C SKCTUHKIMOHHBIE KOHTYpbl B Telax
KPUCTAJUIUTOB UMEIOT UCKAKEHHBIE OUEPTAaHUS B OTIUYHME OT MPAKTUYECKH UACATBHBIX

reOMCTPHUYCCKUX O‘lepTaHI/Iﬁ KOHTYPOB B TAaKHUX YaCTHULAX, INOJYUYCHHBIX B YCIIOBHAX
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NOBBIIICHHBIX TemmepaTyp. Ilpu 3TomM pasMep dYacTull MPOAYKTa C YyBEJIWYCHHEM
TEMIIEpaTypbl YBEJIMUUBAETCS, MOSABISAIOTCS KpyIHbIe yacTulibl 10 400-500 HM.

Cratuctuueckas o6padoTka aaHHbix TEM mo3Bosuia mocTpoUTh B CpaBHEHUU
pacmpesieieHusl YacTHIl IO pa3MepaM MPOAYKTOB, MOJYyYEHHBIX MPH Pa3IUYHBIX
temmneparypax (pucyHok 4.5.5), BeiOOpka coctaBisuia He MeHee 1000 oowektoB. Ilo
TUCTOrPaMME pacipe/ieNieHUs YacTUIl B Cliydae ¢ MOHMKEHHON TeMIrepaTypor 3aMeTHO
CYIIECTBEHHOE CY)KCHUE pachpejieicHus W OOJbllas BEIUYMHA MaKCUMyMa, T. €.
OOJBIIMHCTBO YaCTHI] HaXOAATCS B OUYEHb Y3KOM JIMANa30HE OTHOCUTEIHHO 3HAUYCHMUS

MaKCUMyMa TMCTOTpaMMBbI d,, = 60 HM.

1-t=-25°C
2-t=25°C
3-t=75°C

0 | IR E—ra—m ) P |
30 60 100 140 180 220 260 300 340 d,nm

Pucynok 4.5.5 — ['uctorpamMmmsl pacrpeeneHus 4acTUIl MPOIYyKTOB 10 pa3Mepam

[Ipu »>TOM MpU CHMXKEHUU TEMIIEpATyphl pacrpejieiieHue 4acTUI[ CMECTUIIOCh B
CTOPOHY YMEHBIIICHUS CpeaHero pasmepa d,, = 65 HM OTHOCHUTEIBHO THCTOTPaMM
IPOIYKTOB ¢ Oosiee BBICOKOM Temmeparypoit (d., = 90 um npu t = 25 °C, d,, = 98 HM
npu ¢t =75 °C), 4TO MOXHO CBSI3aTh C YCJIOBUSIMHU 3aKaJIKH CUHTE3UPYEMOTO MPOAYKTa:
B TOJIOBHOM CKa4Ke YIIJIOTHEHHS IUIA3MEHHOTO MOTOKA, HCTEKAIOIIETo U3 rpauTOBOTO
CTBOJIa YCKOPUTEJIS, U3 KUAKON (ha3bl CHHTE3UPYETCS KapOua KpeMHUs, MOCIIe YeTO OH
pacmbLIsieTcss B oxjdaxkiaeHHoe mpoctpaHcTBo KP, a Takke Ha ee OXJaXICHHYIO
MOBEPXHOCTH, YTO MPUBOAUT K 00Jiee OBICTPON OCTAaHOBKE MpOIlecca KPUCTATUIU3AIUN U
dbopMUpOBaHUs MOPOIIKOOOPA3ZHOTO MPOJYKTA, CIEAO0BATEIbHO, MEHBIIEMY CpPEIHEMY
pa3mepy 4acTul] MpoaykTa cuHTe3a. COOTBETCTBEHHO, JI CiIy4yas C YBEIMYEHUEM
temriepaTypbl atMochepbl KP xapaktepen oOpaTHBINM MPoIIecC: BCISACTBUE YBEINUCHUS

TEMIIEpaTyphbl OKPY’KAIOIIEH Cpelibl MPOUCXOAUT JOMOIHUTENIbHBIN MOJIBOJ SHEPTrUU B
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mpolecce KpUCTALTU3Au ¥ (HOPMUPOBAHMS TPOIYKTA, B PE3yJbTaTe€ YEro BPEMs
3TOTO NMPOLECCA YBETUIUBAETCS, a CPEIHUN d, © MAKCUMAIIBHBIA d,q PA3MEPBI YACTHIL
BO3pacTalOT, YBEJIMUUBACTCS IIUPHUHA pactpeneiaeHus 95 % yvactun Ls). Jons yactuig
Ha MakCcUMyMe pacrnpeneneHust (w,,) Tpu 3TOM OCTaeTCs MPAKTHUYECKU MOCTOSIHHOM B
KOKJIOM Tnpoaykrte. Jlins Bu3yanu3aluu BBISBIEHHBIX B paboTe 3aBUCUMOCTEH

MOCTpOeHBI rpaduku (pUCyHOK 4.5.6).

®, % 1d, um

80 [
180
60 70
40 160
4150

o)
20 140
0 30

Pucynoxk 4.5.6 — 3aBucumoctu conepxkanus pa3 kapouma kpemuust o(SiC), KpeMHUs
@(Si) n yrnepona w(C) B npoaykrax cunteza, OKP SiC, nuxoBoro (d,.) U cpeaHero
(d.y) pazmepoB yacTul oT TeMnepaTypsl atmocdepst KP £

C uenpro omnpeaeneHus MOJIYIMPOBOJAHUKOBBIX xapakTtepucTuk mnpoaykra IIJIC
ObLUTM TIPOBEJCHBI ONTHUYECKUE HCCIEIOBaHMUS OOpa3lOB METOJOM CIEKTPOCKOIUHU
muddy3HOoro oTpaxkeHus. B 4acTHOCTH olleHEeHa MIMPUHA 3aMPEIeHHON 30HbI, KOTOpas
HamOoJiee TMOJIHO XapaKTepU3yeT MOJYIPOBOJHUKOBBIE CBOWCTBA IMOPOLIKOOOPA3HBIX
o0Opa3ioB. BbIOop onTHYECKUX HMCCIEIOBaHUM, B YACTHOCTH HCCIICIOBAHUM CIIEKTPOB
OTPaKECHUSI, ONPENIEIIAECTCS TEM, YTO ONITUYECKUE CBOMCTBA B IIMPOKOM MHTEPBAJIC JIJTUH
BOJIH TECHO CBSI3aHbI C OCOOEHHOCTSIMU 30HHOW CTPYKTYpPbI, KOHIIEHTpALMe HOCUTENEH
3apsiia 1 IpUMeECcel, XapaKTepoM IMPOIECCOB PacCesHHs] HOCHUTENICH 3apsiia U MOTOMY
HaIpPSAMYIO OTPaXKaroT MpoTeKarolue Gu3nyeckue npoueccsl B noiaynpoBoanuke [150].
Kpome Toro, 3TOT MeTO/l HE MPEIbABISIET 0COOBIX TpeOoBaHMM K (popMe U pazmepam
oOpasiia 1 00ecTeurnBaeT JOCTAaTOYHO BBICOKYIO TOYHOCTh u3MepeHuit [151].

[Ipu mpoBeneHUM ONTUYECKUX MCCIIEAOBAaHUN HCIOIB30BAJICS CIIEKTPOGOTOMETP
Cary 100 Scan. 3aBucumoctu kodpdurmenta quddysaoro orpaxerus: R (%) ot JIuHbBI

BOJHBI A TIOJy4Y€Hbl NpU KOMHATHOW Temmeparype B uHtepBanie 200-800 HM u
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n3o0paxkeHbl Ha pucyHke 4.5.7, tne R = I/ly = Ruop/Rocn (Ip — MHTEHCHMBHOCTH
najarolero Ha odpaser cBera, / — MHTEHCUBHOCTh OTPaXEHHOTO OT o0Opasiia cBeta; R,
— OTHOCHUTeNIbHOE MU Py3HOE OTpakeHne OECKOHEUHO TOJICTOr0, HEMPO3PAYHOTO CIOA,
YTO MMEET MECTO ISl MEJKHX IOPOIIKOB MPAKTUYECKH HPHU TOJUIMHE B HECKOJIBKO
MHIUIAMETPOB; R.,5, — TG PYy3HOE OTpakeHre o0pasna; R.., — iuddy3Hoe oTpaxkeHue
CTaHJapTa), WHA4Ye Ha3blBa€Mble CIEKTpaMHU OTpakeHUsd. TakuMm  oOpazom,
OKCIIEPUMEHTAJILHO CHATas 3aBUCUMOCTh R(A) oTpaxaeT I0JII0 OTPaKEHHOTO OT
MMOBEPXHOCTH HAHOKPHUCTAJUIOB TMOpOIIKa cBeTa. MccnenoBaHusi NOpPOBEACHBI AJIS
nopoikooOpa3ueix Marepuanos [1J[C, momyuennsix npu temneparype KP -25 °C u 75
°C, B CBs3M C Haubosee 3HAYUTENIbHBIM OTJIIMYHMEM TPaHYJIOMETPUYECKOrO COCTaBa U
MOp(}OJIOTMM CHUHTE3UPYEMBIX YacTUL[ JAaHHbIX oOpa3uoB. B kadecTtBe cranmapta
U3MEpEHUs ucnodib3oBaics nopoiok MgO (5 % uzydaemoro oopasua + 95 % MgO).

Cyns mo mody4eHHbIM CHEKTpaM, HauOoubllee OTpakKeHHE B 00OMX Ciydasx
HaOmogaeTcss B OOJacTd BUAMMOro u3nydeHus. llpu sToM Kpail onTuyeckoro
NOTJIOIIEHUS B Cllydae MpPOAYKTa, MOJYy4YEHHOro mpu Haubosbiuer temneparype KP,

CMEIIEH OT yJIbTPa(uoIETOBOM K BUIUMOM 00JIaCTH.
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Pucynox 4.5.7 — Cnextpsl auddy3noro otpakenus npoaykros [1J1C
Onpenenenre IMUPUHBI 3aMpPENIEHHON 30HBI OBUIO TMPOUW3BEICHO IO Kparo

OCHOBHOM IIOJIOCHI OHNTHYECKOTO IIOTJIOIICHMUA. I[J'IS[ OTOro IOJYUYCHHBIC CIICKTPbI
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OTpakeHUs TpeoOpa3oBaHbl TMOCPEACTBOM Kiaccudecko ¢yHkuuu ['ypeBuya-
Kyb6enku-Mynka [152, 153] F(R), koTopast uncieHHO paBHA BenU4YMHE KOdhuUImeHTa

norJIonieHus o (0.¢.):

(I'R 6)2
FR)=0=—>2""".
R)=a R

%006p

HenocpencTBeHHpl pacyeT IIMPUHBI 3alpPEIICHHOW 30HBI IIPOU3BOJIMICA IO
rpaduueckoil KpuBoi npousBeneHus ¢pyHkuuu ['ypesnua-KyOenku-MyHKa v 3HEpruu
notoka E = hv, T.e. byukunu [F(R): hv]”? = f{hv), B criy TOro, 9T0 KapOHm KPeMHUS
SBJISIETCA HEMPSAMO30HHBIM MOJYIPOBOJHUKOM U TIOTOMY B CIydae HEMpsSMbIX
nepexofoB  koddduimeHt moriomenus (GoroHa ¢ morionieHueM — (QoHOHa
IIPONIOPLIHOHAIIEH (hv—Eg+Eph)2, rne E,, — oHeprua ¢onona, E, — mmpuHa
3amperennoit 30usI [154, 155]. Kpussie [F(R): hv]" ? st CUHTE3UPOBAHHBIX MOPOIIKOB
npuBeeHbl Ha pucyHke 4.5.8. Cambplil JJIMHHBIA JIMHEWMHBIM Y4YacTOK Kpas IOJIOCHI
MOTJIOIIEHUS SKCTPANIOIUPOBAJICSA HA OCh a0CLKCC, M TOUKA MEPECEUEHUs KacaTeIbHOM C
OCBI0 COOTBETCTBOBAJA INMPHUHE 3ampelieHHod 30HBL Ilpnm sHeprum dorona hv>E,
HAOJIOAeTCsl CUJIBHOE IMOTJIOIIEHHE, OOYCIIOBJIEHHOE IEpPEX0aMHU JIIEKTPOHOB H3
BAJICHTHOM 30HBI B 30HY NpPOBOAMMOCTH. st (OTOHOB ¢ dHepruamu hv<E, Takoe

MOTJIONIEHUE OTCYTCTBYET.

1,0

0,8

[F(R)hv ]’

0.6

20 25 30 35 40 45 50 55 6.0 6.5
hv, 5B

Pucynox 4.5.8 — 3aBucumoctb kod(duimeHta MOTIOMEHUs OT dHepruu (HoToHa B
MOJIYTIPOBOHUKAX C HEMPSIMBIMU TIEPEX0IaMU
B pesynbTaTe paccuMTaHbl 3HAUYEHUS MIUPUHBI 3anpenieHHoN 30Hbl st SiC,

noxydennoro npu temneparype KP -25 °C, E,; = 3,81 5B u nna SiC, nomxydeHHoro npu
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temneparype KP 75 °C, E,, = 3,52 5B. Pa3nuuue B BenmunHe E, HaIpsAMyIO CBA3aHO CO
CPEHUM Pa3MEPOM YaCTHIl NPOIYKTa: YMEHBIICHUE CPEHETO pa3Mepa 4acTull OT d,;
= 98 uM B caydae temneparypel KP 75 °C no d.,; = 65 HM B ciay4ae TeMiepaTypsl
KP -25 °C npuBOAXT K YBEJINYEHUIO HIMPHUHBI 3aPEIIEHHON 30HBI OT Ey = 3,52 3B 1o
E,; = 3,81 5B, 4TO HaXOIUT CBOEC OTPAKEHUE M IOIATBEPXKIECHUE B JUTEPATYPHBIX
JAHHBIX JJI1 CTPYKTYyp pasHoro ¢aszoBoro coctaBa [156, 157, 158]. Kpome Toro,
YBEJIMYCHHUE IIMPHUHBI 3aMPEIICHHON 30HbI MOXKET OBITh CBSI3aHO C POCTOM JIe(hEKTHOCTH
CTPYKTYpBI B CIydae UCIONb30BaHus oxJaxaeHHo KP u co3ganus 6osee TMHAMHYHBIX
YCIOBUHM KPHUCTAJUIM3AIMKA M 3aKaJK{ YacTHUI[ MPOAYKTa, 4TO 0ObscHsIEeTCA dh(heKToM
Bypuureiitna — Mocca [159].

Ilo pe3ynpraraM 3KCIEPUMEHTANBHBIX JAHHBIX IO MCCIEIOBAHUIO ONTHYECKHUX
CBOMCTB CHHTE3MPOBAHHBIX MarepuasioB BHAHO, 4rto IIJIC mo3Bonser mnomyyars
IPOIAYKT € CYIIECTBEHHO OTINYAFOIIMMUCS IOIYIPOBOJHUKOBBIMU XapaKTEPUCTUKAMMU.
VYBenuueHne MMPUHBI 3alpelieHHOW 30HbI C IIOMOIIBIO HCIOJIb30BaHUA OoJiee
JUCIIEPCHOTO MPOAYKTA JlaeT BO3MOXKHOCTh pACIIMpEHUs pabodyux TeMIiepaTyp
HOJIyTIPOBOJIHUKOBBIX YCTPOMCTB Ha 0a3e CHUHTE3UPOBAHHOIO MaTepuana, a TaKkKe
CO3JaHUsl HA €ro OCHOBE YCTPOWCTB HAHOZJEKTPOHUKUA C  YIYUYIIEHHBIMH
DKCIUTyaTallMOHHBIMU CBOWCTBAaMHU: HAHO- W MHKPO-3JIEKTPOMEXAHUYECKUX CHCTEM,
HaHOCEHCOPOB, HAHO- U MUKpope3oHaTtopoB [160, 161].

[Io COBOKYNMHOCTH 3KCHEPUMEHTAIbHBIX PE3YyJbTaTOB, MPUBEACHHBIX B JAHHOM
pazfziesne, 3a cueT U3MEHEHHsS TeMIeparypbl razoo0paszHoi atmocdepsl KP Bo3mMoxHO
obpazoBanue npoaykrta [1JIC ¢ cogepxkanuem SiC 10 90 % maccel, npu 3TOM pasMephl
u cogeprkanue yactul SiC pacTyT Npu yBeIMYeHUU TemiiepaTypbl atMmocdepsl KP. Ota
3aBHUCHUMOCTh OOBSCHSETCS TEM, YTO MPHU YBEIUYECHUH TEMIEpPaTyphbl OKpYy)Karollen
Cpellbl MPOUCXOAUT AOMOJIHUTENbHBIA MOJABOJ SHEPTUU B mpouecce GOpMUPOBAHUSA U
KpUCTAJUIM3alMM  YacTUL MpPOAYKTa, B pe3yJpTaTe 4Yero Bpems Mpolecca
KPUCTAJUIM3aLUHU YBEIMYHUBAETCS, YTO IPSIMO BIMSIET HA POCT CPEIHErO pa3Mepa YacTHUL]
npoaykra. Kpome 3roro, mpoaykrtel, moiydaemble Hpu pasHoi Temneparype KP,

CITOCOOHBI MPOABJIATH 3HAYUTCIIbHO OTJIMYAOOIUCCS MMOJYIIPOBOJIHUKOBBIC CBOMCTBA.
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5. HOJTYYEHUE KEPAMNYECKHUX OBPA3IIOB HA OCHOBE KAPBUJIA
KPEMHUA C IOMOIBbIO METOJA NCKPOBOT O IIVIASMEHHOTI'O
CIIEKAHUA

Hacrosimast riaBa mocBsilieHa HCHOJIB30BAHUIO IMOPOIIKOOOPA3HOTO MPOIYKTa
M1a3MOAMHAMUYECKOTO CHHTE3a [UJIi CO3JlaHMs Ha €ro OCHOBE OOBEMHOTO
KepaMH4ecKoro  maTtepuana.  Pa3HooOpa3Hble  BBIJAIOIIMECS  MEXaHHUYECKHE,
TerIo(U3NIecKue M paauallMOHHbIE CBOMCTBA KapOWaa KPeMHHs yKa3aHbl B TiaBe 1.
Hanuuue y SiC Takux xapakTEepUCTHK JaeT BO3MOKHOCTb UCIIOIB30BAHUS MTOJTYYEHHOTO
O0OBEMHOT0 MPOAYKTa JJIsl Pa3HOOOpa3HbIX NPHIOKEHHH B cdepe aOpa3uBHOro H
apXUOCTPOTO  HMHCTPYMEHTA, XUMHUYECKH, MEXaHUYECKM M  H3HOCOCTOMKHX
KepaMUUYECKUX U3JIETUMN JJI MPUMEHEHUSI B a3POKOCMUYECKON, MAITMHOCTPOUTEIILHON
n artoMHOU otpacisax. C Apyrol CTOPOHBI, BAXKHOCTb ITOJYYEHHS KEPAMUYECKOTO
Matepuana oOyCIaBIMBAETCS TEM, YTO EIMHCTBEHHON BO3MOXKHOCTBIO OIICHUTH
Teropuznueckue xapakrepucTuku npoaykra [1JIC, koTopsie MO3BONAIOT CYAUTH 00
YPOBHE MOIIHOCTH D3JIEKTPOTEXHUYECKUX M3AEMH Ha €ro OCHOBE, SIBJISETCS UX
U3MEepeHHe Ha MpUMepe 00bEMHOI0 MaTepuraa.

OnHako HCClIeI0BAaHUE U HUCIOJIL30BaHMUE CBOMCTB 00beMHOr0 SiC MOXET OBITH
3aTPYJHEHO CJIOKHOCTSIMU TpPU MOJIYYEHHH KepaMudeckux oOpas3uoB. Tak, mporecc
yinoTHeHUsI SiC OYEHb CIIOXKHO OCYIIECTBIISIETCA W3-3a CHJIbHOM KOBAJICHTHOMW CBSI3H,
KOTOpasi SBISICTCS TPENmATCTBUEM i Auddy3ur BakaHCUW W TPUBOAWT K OYCHB
MeJIJIEHHOM camonudhy3un (COOTBETCTBEHHO, HU3KOMY kodhpurmeHTy
camomuddysun) [162]. U3-3a sToro TBepaoda3zHOE YIUIOTHEHHE, KOHTPOJIHPYEMOE
mubdysueit, mis SiC HeocymecTBUMO. Bo Bpemst criekanusi kapOujga KpemHUS
MPEANOYTUTENBHEE MPOUCXOIUT MPOIECC YKPYIHEHUsI, a HE YIUIOTHEHUS, YTO TaKkKe
MPECTaBIsIeT CO00M TPYIHOCTH JJISl TTOJIHOTO YIUIOTHEHUS Matepuana. [IpenMyiiectBo
npolecca YKpYNHEHHs CBsi3aHO ¢ TeM, uTo SiC HMMEeT OTHOCUTENIBHO BBICOKOE

JaBjieHue nmapoB. MeHblIME 3epHa ¢ UX HEOOJIBIIMMU PATUyCaMH KPUBU3HBI UMEIOT
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TEHACHIINIO «HUCTIAPSATHCS» U «KOHJEHCHUPOBATHCS» Ha 0oJiee KPYMHBIX YacTUIAX, YTO
INPUBOJUT K YKPYIHEHUIO MHUKPOCTPYKTYpPbl 0€3 yCTpaHE€HHsI MOpbl. JTO JI€JaeT
mpoliecc CIEeKaHUsi U MEXaHW3M YIUIOTHEHUS KOBAJIEHTHBIX MaTEpHaliOB Hamojolue
KapOuaa KpeMHHS OTIMYHBIM OT MOHHBIX WJIM MeTauindeckux [163].

Yrnoruenue SiC, TakuM 00pa3om, TpeOyeT MPUIOKEHUS BBICOKUX TEMIIEpaTyphl
u nasieHus [164]. Tak, kapOunokpeMHUeBasi KepaMuka C TUIOTHOCTBIO 99,5 % moxker
OBITh MOJTy4YeHa METOI0M Topstuero npeccoBanus npu 2500 °C u 50 k6ap [165]. Ognako
MPUMEHEHUE BBICOKUX TEMIIEPATyp BBI3bIBAET UPE3BBIYAWHBIN POCT 3€pHa BCIIEICTBUE
Oomnee MHTEHCUBHBIX TporeccoB muddy3un u murpanuu [163]. ABnenue pocta 3epHa
KpallHEe HEXEJaTeNbHO, MOCKOJbKY HE MO3BOJIIET COXPAHUTH HAHOCTPYKTYpPY, KpoMe
TOTO, U3BECTHO, YTO TBEPAOCTh U BA3KOCTh Pa3pyILICHHs] YMEHBIIAKOTCS C YBEIINYEHUEM
pa3mepa 3epHa (BioTh A0 10 HM) u3-3a apdexroB Xomna-Ilerua [166 167]. JloOuTthes
NOJTyYEHUS! BBICOKOIUIOTHOM (XOTsl OBl JO 3HAYEHHUS OTHOCUTENbHOHN TIOTHOCTH 80 %)
KapOUJOKPEMHHEBOM KepaMUKH NpU HU3KKUX Temmneparypax crnekanus (1o 1800 °C) 6e3
PUMEHEHUSI OCOOBIX CPEACTB HEBO3MOXKHO. KpoMe Toro, it coxpaHeHus: CTPYKTYpHI f5
KapOua KpeMHHUsT HEOOXOIUMO TNPUMEHSATh OTHOCUTEIBHO HU3KHE TEMIIepaTyphbl
CreKkaHusi BciencTBue (azoBoro mnepexoga a—pf ¢a3 kapOuga KpeMHUS MpU
temriepatypax 7 > 1800 °C [168]. BosamoxkHocTh nepexosa (assl f kapbuia KpeMHUS B
o-(a3y yBEIMUYMBACTCSI HA KOTEPEHTHBIX W HEKOTE€PEHTHBIX T'PaHMIAX JBOMHHMKOBBIX
CTPYKTYp M BOMM3MU nedekToB ykiaanku [164]. Kak mokazaHo B mpeapiaymux pas3iaesiax,
nosyyaemble B [1JIC yacTuipl kapbuga KpeMHUs XapaKTEPU3YIOTCSl HAJUYUEM TaKHUX
nedexktoB yknaaku (SF), 4To MOXeT NpHUBECTH K a—f NEepexoiy MNpHU CHEKaHUIX C
BBICOKOWM  Temmeparypoil. Takum  o0Opa3om, TpeOyeTcs  MPOBECTH  IOUCK
JIOTIOJIHUTEIBHBIX CPEJICTB JJIsl CIIeKaHWsl KapOujaa KpeMHHs U TOJy4YE€HHs Ha €ro
OCHOBE BBICOKOIUIOTHOM kepamuku. Hanboliee mepcrneKTUBHBIM MyTEM ISl TIOJIYYECHUS
HAaHOCTPYKTYPHUPOBAaHHOM KEpPaMHUKH SBISETCS METOJ HMCKPOBOIO IUIA3MEHHOTO
CIEKaHHUsI, CYTh U JIOCTOMHCTBA KOTOPOTO NPUBEACHBI B pazaene 2.4.

B pamkax pemeHus 3amadyd INOJMYy4YEHUS BBICOKOIUIOTHOW M MEJIKO3EPHUCTOMN
KepaMUK{A  MPOBEIEH  LUKI  OKCIEPUMEHTAJbHBIX  pabOT MO  CHEKaHHUIo

nopoiikooOpazHoro mnpoaykra cucteMbl Si-C. B mepBoM LHKJIE SKCIEPUMEHTOB
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MPOLECC CIEKAaHUs OCYIIECTBISUICS 0€3 HCIIONBb30BaHMS CHEKarolmuX a00aBok. Bo-
NEpBBIX, ObUIa TMPOBEACHA CEpUs OKCIEPUMEHTOB (cepust 1) MO MOJydEHHUIO
KepaMHUUYECKUX MaTepHalloB U3 KomMMepueckoro kapouna kpemHust (SiC,). s aToi
IEJIM UCTIONIB30BAJICS MUKPOILITU(IOPOIIOK U3 kapouaa kpemuus F1200 (pasmep 3epHa
3 MKM). DTOT HOPOIIOK MOJIBEPrajicsi U3MEJIbUYCHUIO B IIAPOBOM MEJIbHUIIE B TEUEHHUE O
4acoB IPH KCIOIb30BaHUU MIAPOB U (HOPMBI U3 HUTpUIA KpeMHUsA. B coctaB nmpoaykra
BXOJIUT NMPEUMYIIIECTBEHHO a-(a3a kapouaa kpemuaus (>98 %). Mcrionp3oBanue o-hasbl
KapOuga KpeMHUs SIBISIETCS JOIMYCTUMBIM, MOCKOJIbKY IMPOIIECCHl CIIEKAHMS B CiIydae
UCIIOJIb30BaHUs B KAU€CTBE UCXOHOTO MaTepuaa pa3HbIX MOJUTUITHBIX MOAU(PUKAIIUI
Majo oTmdaroTcs 1o Temmneparyp ~1800 °C [152].

Cnenyroujass cepusi  3KcIepuMeHTOB  (cepus 2) Kacajach  IOJIy4EHHUs
Kepamudeckoro marepuasnia u3 npoxykra IIJIC. [Insg 3ToM 1enu MCHONb30BAINCH
MOPOIIKOOOpa3HbIe MPOAYKTHI ¢ HanboapuM coaepkanueM SiC (>93 %) co cpeanum
pasmepom uactuil ~70 HM. Ha pucyHke 5.1 npuBeneHbl MHUKPOCHHUMKH HCXOJHBIX
MOPOIIKOB JJIsl CIIEKaHUA KEepaMHUYeCKUX OOpa3loB: M3MENbYCHHBIH KOMMEPUECKHIA
nopomok SiC (a) W NPOAYKT IUIa3MojuHamuyeckoro cuuteza (0). Kpome Toro,
OCYLIECTBIISIIACh CEpUsSl SKCIEPUMEHTOB MO TOJYYEHHIO KepaMHUYECKHX 00pa3loB W3
KOMMEpPYECKOTO KapOuaa kpemHuss ¢ jgobaBienueM S5 % mpoxykra [IJIC.
[Tpenmonaranoch, 4TO TaKOW MyThb MOXET OOECHEYUTh 3alOJIHEHHE IO0p MEXKIY
MUKpPOHHBIMH 3€pHAMHU MEJIKOJIMCIIEPCHON (Ppakuuen u, Kak cieAcTBUE, 00Jiee MOITHOE

YIUIOTHEHUE MaTepHUaia.

10 MM

Pucynok 5.1 — MUKPOCHUMKHN MCXOJHBIX MOPOIIKOB: M3MEIbYEHHBII KOMMEPUYECKUI

noporiok SiC () ¥ MPOIYKT TIa3MOAMHAMUYECKOTO cuHTE3a (0)
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JIis  OCYIECTBJICHUS CIIEKaHHWsI BBIOpaH CIEAYIOIIUMH pPEXUM: TeMIleparypa
cnekanus T = 1800 °C, Briaepkka temmepatrypsl At = 10 MuH, ckopocTh HarpeBa A7T/At
= 100 °C/mun, naBnenue p = 60 MIla. JlanHblli pexuM BbIOpaH, HCXOAS U3
JUTEPATYPHBIX JAHHBIX U 33]]a4l OTPAHUYCHHSI pocTa 3epHa. B Tabmurie 5.1 mpuBeaeHsb
napameTpbl pexuMa CIEeKaHUsT M XapaKTEPUCTUKH KOHEYHOTO OOBEMHOTO MPOIYKTa.
3HAaYEHUsT OTHOCUTEIBHOW IUIOTHOCTHM PACCUMTAHbl HMCXOHSl W3 Pa3HbIX 3HAYEHUU
TEOPETUYECKON IUIOTHOCTH JUIS Pa3HBIX HNOJNUTHINYECKHX MOIUPUKAMU SiC: ppeqp(a-
SiC) = 3,210 r/em’, Pmeop(B-SiC) = 3,166 r/cM’. 3aBHCHMOCTH TEMIIEPaTypbl, AaBICHUS U
IUVIOTHOCTH OT BpPEMEHH IPHUBEACHBI HAa pUCYHKe 5.2 (mpumMep Mg Cepuu
sKcriepuMeHToB 1). Kak BUIHO U3 rpauKoB, MPOAYKT crekaincs B TedeHuu 15-20 MuH,
YTO SIBJISIETCS MPEUMYIIECTBOM IO CPABHEHUIO C 4YacaMM WIM Jaxe IJHAMH [pU
0o0brYHOM crnekanuu. Cynsd o KpUBOM IUIOTHOCTH, MPOUECC YIUIOTHEHUS TPOUCXOINI
cra0o. B urore 1ocTUrHyTo 3Ha4eHHe IIOTHOCTH 70 % OT pjeop-

Tabnuna 5.1 — IlapameTpsl epBOro MUKJIA SKCIIEPUMEHTOB

[TapameTpsl ciekanus

Ne|  Tlpexypcopsl QT, D, ATiAt, | town | £5 r/em’ o, Tp e;op. Hep, I'lla
C MIla | K/mMun | MuH
1 SiCrom 2,250 70,0 1,40+0,5
SiCiom:S1Cripasn=
2 0.95:0.05 1800 60 100 10 2,330 73,1 2,20+0,6
3 SiCliasm 2,635 82,4 5,71+£0,3
e T . Milalp. riem’

1800 F 60 12,2

1500 150 12.0

1200} \ | 440 {16
900} N {30 {12

600} ™~ 120 108

300F 110 10.4

0 200 400 600 800 1000 1200 Le

0 10

PucyHok 5.2 — Pexum criekanust: T — TemriepaTypa CeKaHus, p — JaBJICHUE
Ha pucynke 5.3 nmna cpaBHeHuss mnpuBelaeHbl XRD-kKapTHHBI NOJXYYEHHBIX
KepaMUYeCKHX OOpa3loB, MO KOTOPHIM BHUIHO, YTO B IpOLECCE CHEeKaHUs (Pa30BBIX

IIEPCXO0J0B HC IIPOUCXOAUIIO. CpaBHeHI/Ie JaHHBIX J3KCIICPUMCHTOB, IIPUBCIACHHBIX B
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Tabnwuie 5.1, MOKa3bIBAET, YTO UCTIOIB30BAHKUE TOTBKO SiC\ysy IAXKE TIPH OTHOCUTEIIHHO
HU3KOM Temmeparype crnekanus Tsps = 1800 °C oOecreunBaeT moiydeHue Oosee
IUIOTHOM KepaMHMKH ¢ OoJiee BBICOKOM MHKpoTBephocTeto H,, = 5,71+0,3 I'lla, mo
CPaBHEHHUIO C XapaKTepUCTUKAMU KepaMUKH U3 SiCiy.

Ha pucynkax 5.4 npuBeieHbl MUKPOCHUMKH HUTH(OB MOBEPXHOCTH 00pa3ioB. 13
cpaBHeHUs1 SEM-CHUMKOB Ha pucyHKax 5.4 a 1 6 BUJIHO, YTO KEpaMUYECKUN MaTepual
U3 CUHTE3UPOBAHHOTO [-SiC oTinyaercst 0ojiee MEIKO3EPHUCTOM MHUKPOCTPYKTYPOH U
HAJIMYMEM 3HAYUTEIbHO MEHBIIMX MO pa3MepaM mnop. [loBeimienue Tsps KOHEYHO J1aeT
NOBBIIICHHE MEXaHUYECKUX XapAKTEPUCTHK, HO NPHUBOJUT K CYIIECTBEHHOMY POCTY
pa3MepoB  3€pEH  MHUKPOCTPYKTYpBI, CHIKas MPEUMYLIECTBO  HMCIOJb30BaHUS
YJIBTPAJUCIIEPCHOTO  ChIpbs.  llomydeHHOro  pesynapTrara  HEIOCTATOYHO,  4YTO
JEMOHCTPUPYETCS] OTHOCUTEIBHO HM3KMMH BeaumunHamu TBepaoctu (1,4 — 5,7 I'lla).
Pe3ynpTaThl SKCIIEPUMEHTOB MOATBEPAWIA HW3BECTHYIO BO3MOYKHOCTBH ITOBBILICHUS
XapaKTEPUCTUK KEPAMUKH U3 HU3KOJIHUCIIEPCHOTO CBHIPbs, B YACTHOCTU KOMMEPYECKOTO
SiC, nytem BBeAeHHUS HEOOIBIIOrO0 KoJaudecTBa (OKOJIO S5 %) ylbTpaauCIEepCHOrO
nopomika ITJIC, KOTOpeI IpU XOPOLIEM IMEPEMEIINBAHUM 3alOJHSAET NPOCTPAHCTBO
MEXAy KPYHNHBIMM MHKPOHHBIMH YAaCTHIIAMH U OOECIEUMBAET CHU)KEHHUE MOPUCTOCTH

KepaMuk¥ (1. 2, Tabnwuma 5.1).
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Pucynox 5.3 — XRD kepamudeckux o0pasnoB, moiaydeHHbIX Ha OCHOBE SiCioy, SiCrpass,
SiCeontAL(4 %)+B(2 %)+C(2 %), SiCyantAl(4 %)+B2 %)+C(2 %); SiCion — KOMMED-
geckuit opook o-SiC, SiCiasy — f-SiC TIIAC
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Pucynok 5.4 — MuxkpocHUMKH HUIM(OB MOBEPXHOCTH KEpaMHUECKUX 0OpasIioB,
MOJIYYeHHBIX U3 KOMMepUeckoro marepuaina (a) u npoaykra [1JIC (0)

Kak BHIHO U3 MNPUBENEHHBIX BBIIIE PE3YJIBTATOB, MPUMEHEHHE HCKPOBOIO
IJIA3MEHHOTO CIIEKaHUsS caMoO 10 cebe He MOXKET H30aBUTh MPOIECC CIICKaHUS
KapOUJOKPEMHHEBON KEPaMUKH CJIOKHOCTEH, CBS3aHHBIX C KOMIIAKTUPOBAHUEM
MPOIyKTa. 3a/1aua MOyISHUS BRICOKOIUIOTHOTO 0OBEMHOTO MaTepraja B TAKOM CiIydac
MPECTABIISICTCS] HETpuUBHANbHOW. Hambomee ycmemHbIM —TpEncTaBiseTCS IMyTh
BBEJICHUSI B COCTaB MCXOJHOTO MPOAYKTA JIOMOJHUTEIBHBIX CIIEKAIOIUX J100aBOK.
Cpenn Takmx T00ABOK BBIAEIAIOTCS OC30KCHIHBIE M OKCHIHBIC BemiecTBa. [lepBas
TpyIiia BEIIECTB BKJIIOYAET B cebs, mpexzae Bcero, 6op [169], a Takxke cmecu ¢ ero
Birouenuem B-C [170, 171], Al-B-C [172] u np. BxiroueHue 6opa gaxe B KOJTUUISCTBE
0,5-1,0 mac. % cmocoOCTByeT CHWKEHHMIO IOBEPXHOCTHOM OJHEPTUU W DHEPTUU
aKTHUBAIMK TIpoliecca aTOMHOM nuddy3un gacTull kKapouma KpeMHHs, TaKUM 00pa3om,
MaTepHa CriocoOeH criekaTbest 6e3 yuactus xunkon ¢asel [170, 173]. DddexTuBHOCTH
BBEJICHHUSI OOpa TOBBIMIACTCS B MPUCYTCTBUH YTJIEPOJa, MOCKOJIBKY B TaKOM Cydae
obpaszyercs u >kujkas (asza, BbI3bIBaromias ycuieHHyr nuddysuto [163]. Ho u
UCIOJb30BaHue TOJbkO B u C OyneT He A0 KOHIA A(PPEKTUBHBIM JUIsI TaKOIo
aKTUBHPOBAHHOTO TIpollecca CrekaHus. B »ToM ciydae aqtOMUHMA OyNeT SBISTHCS
HamboJiee onTuMalbHOM no0aBkou mius cnekanus SiC [174]. JloGaBneHHe aTFOMHHUS
TaKke CoCOOCTBYET MOBBIIICHUIO BEJIMUMHBI BI3KOCTH paspyiieHus [175].

JloGaBieHne OKCHUAHBIX BEIIECTB TaKXe CIIOCOOCTBYET OoJiee YCHEHIHOMY
MPOTEKAHHUIO TIPOIeCCOB criekaHus. OKCUIHBIE JT00aBKH B Tporiecce XUAKO(a3HOTO

CTMIEKAHMS MEePEXOIAT B OKCUIHBIN pacriaB (4acTo 3BTEKTUYECKOTO COCTaBa), KOTOPHIT



130
CMauMBaeT MOBEPXHOCTh YACTHUIl KapOuaa KpeMHHS U, TAaKUM 00pa3oM, oOecrednBaeT
s dexTuBHOCTH yIutoTHeHUs [176]. BeiOop OKCHIHBIX T00aBOK YPE3BBHIYAIHO IIHPOK,
HO 60J1ee ucIoab3yeMbIMH SBIsIIOTCA AL O3 u Y,05, a Takke ux cMmech [177].

[IpumeHeHrne pa3IUMYHBIX CICKAIOMUX J00aBOK BaXXHO HE TOJBKO IS
OCYUIECTBJICHHUSl IIpoliecca CIEKaHWs, HO M JJs HCIOJb30BaHUA MaTepuaa: B
YaCTHOCTU, MEXaHUYECKHE CBOMCTBA (TBEPJOCTh, POYHOCTh HA U3TKO, Moysb FOHra u
JIp.) [Jig 00Opa3loB ¢ MPUMEHEHUEM CIEKAIOIUX J00ABOK, KaK MpaBUiIO0, BhIIIE, 4eM 0e3
UX HUCIMOJb30BaHUs. Takoe TOBEACHHE OOBICHSIETCS XapaKTEepHOW pa3HUlEH B
MPOYHOCTH CLETIJICHUS 3€PEH U3-3a MPUCYTCTBUS CHEKAOIMX 100aBok [163].

B cooTBeTcTBUM ¢ JUTEpaTypHBIMH JIaHHBIMH OBLI OCYIIECTBJICH IOJ00D
CHeKalIMX JJ00aBoK. Bo BTOpOM 1HKJIE€ OKCIEPUMEHTOB IS  CIEKaHUS
KapOUJIOKPEMHUEBON KEPaMHUKU HCIIOIb30BATUCH JOOABKU OE€30KCHUIHOTO U OKCHUHOTO
tuma: cooTBeTCTBEHHO Al(4 %)+B12 %)+C(2 %) wn ALO;(5,7 %)+Y,05(4,3 %). B
tTabnuie 5.2 TpUBEACHBI PE3YJNbTaThl BTOPOro IHKJIA J3KcriepuMeHToB. Cepuu
AKCIEPUMEHTOB 4 U S5 MNPOBOJIUIUCH C IIEJbI0 BBISIBIICHUS HauOojiee ONTUMAbHON
criekaromie mo6aBku. s storo ucnoiwszoBancs SiCy,,. Hanbonee cyiiecTBeHHBIN
3¢dexT  noBblLIeHUS ~ (DUIUKO-MEXAHMYECKUX  XapakTepucTuk  SiC-KepamMHuKu
JIOCTUTAETCS 32 CUET BBEJICHHS B UCXOAHYIO IIUXTY BBICOKOJMCIEPCHBIX JIETUPYIOMINX
n06aBok Al(4 %)+B(2 %)+C(2 %) (n.n. 4 tabmunsl 5.2). Kepamuka, moiaydaemast mpu
WCIIOJB30BaHUM JaHHOW OE€30KCUAHOW J100aBKH, JEMOHCTpUpOBaia 00Jie€ BBICOKHE
MEXaHUYEeCKHME CBOMCTBA, 4YeM TMIPHU HCIOJIH30BAHUM HauOoJiee PacnpoCTpaHEHHOM
okcuaHou no6aBku AL O5(5,7 %)+Y,05(4,3 %) (m.m. 5 Tabnuisr 5.2).

Tabnuua 5.2 — IlapameTpbl BTOPOTO IUKJIA IKCIIEPUMEHTOB

[TapameTpsl ciekanus p
3 ,

ATIAL, | taws, | p> T/CM % eop. H.,, I'Tla

K/MuH | MuUH

Crexkaronras

Ne | IIpexypcopst no6aka, % T.°C | p, MITa

. Al(4 %)+B(2 %)+
4 SiCion 2. %) 3,03 94,6 |22,8+0,3
1)
5 SiCron ARLO; (5.7 %)+ 2,99 92,3  |11,5+0,3

+Y>,05(4,3 %)

1800 60 100 | 10
SiCrom:SiCrinasu | Al(4 %)+B(2 %)+

=0,80:0,20 C(2 %) 3,06 95,0 [23,4+0,3

1 e s [AIG%)BR %)

C(2 %) 3,12 98,5 |25,9+0,3
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[Tpu cnexanuu nob6aBku Al-B-C, mpeanoioXuTeIbHO, 00€CIIeYNBAIOT MOSBICHHE
KUAKON (a3l B MEK3EPEHHBIX 3a30pax, 00pa30BaHNE MEXK3EPEHHBIX TPAaHUYHBIX CJIOEB
U KoHconuaauio 3epeH SiC, MoAaBisis MPOLECC TEPMUUYECKOM PEKPUCTAJUIM3ALHNHA BO
BceX paccMmaTpuBaeMbix ciydasx. Cmech Al-B-C ucnonb3oBajiach ISl MOJIYYEHUS
kepamuku Ha ocHoBe mnpoxaykra IIJIC (cepus 7). Ha pucynke 5.5 mpuBeneHol B
CPaBHEHUU DPEHTTEHOBCKHE NU(PPAaKTOrpaMMbl KEPAMUUECKUX OOpPA3IOB, MOTYyYEHHBIX
Opu MCHOJb30BaHUM 100aBkM Al-B-C W TOKa3bIBAIOIIME OTCYTCTBUE (Pa30BBIX
nepexonoB. Kpome Toro, ocymiecTBiieHa CcepHsl JKCIEPUMEHTOB IO CHEKAHUIO

KOMMepUecKoro kapouaa kpemuus ¢ gobasiennem 20 % nopomka I[1JIC (oOpa3zer 6).

=[®a-SiC AB-SIC oC mSi]
SiCrun F AI(4%%) e =
HBQY%)HC2%) | S = > =
o
= o & e = & o=t
gl 3 = S8
= . * - »
E =
B -
= =
E STCumn T Al(4%) fi _
+B(2%)+C(2%) N -
. % A T oY |
e N l A o
20 30 40 50 60 70 20, rpan
Pucynok 5.5 — XRD kepamuyeckux o0Opa3loB, TMOJIYYEHHbIX Ha OCHOBE

SiCiontAl(4 %)+B2 %)+C(2 %), SiCruatAl(4 %)+B(2 %)+C(2 %);
SiCyon — KoMMepueckuid mopotok a-SiC, SiCyyasy — f-SiC TIJIC

Ha SEM-caumkax mumudoB 3TuX o0pa3lioB Ha pucyHke 5.6,B U T BUIHO
oOpa3oBaHME HU3KOMOPUCTOM M 0OoJiee MIOTHONM MHMKPOCTPYKTYpPhl KEpaMUKH Kak B
cllydae WCIOJb30BaHUSI HAHOIMCIIEPCHOTO KoMMepueckoro SiC, Tak W B Ciydae
OpUMEHEHUs1 cuHTe3upoBaHHOro SiC KyOudeckoil CcHUHroHHMH. B o0oux ciydasx
pa3Mepsl 3epeH CTPYKTYpPhl KEPaMUKH COTIOCTABUMBI C pa3MepaMHu YaCTHUI] UCXOTHBIX
MIOPOIIIKOB.

[ToaToMy MOXXHO YyTBEpKIaTh, UYTO Haubojiee BBICOKHE XapAaKTEPUCTUKH,
yKa3aHHble B 1.7 Tabmumel 5.2 OOyCIOBIEHBI B OCHOBHOM COXpaHEHHUEM
CyOMUKPOHHOW CTPYKTYpbl Kepamuku. Bxman (akTtopa CyOMHKPOHHOW CTPYKTYPHBI

YBEIMYMBAETCS TMpPU y4eTe TOro, 4TO (QU3MKO-MexaHuyeckue cBoictBa SiC



132
TeKCarOHAIbHOW CHHTOHHH, IO HEKOTOPHIM JIAHHBIM, MOTYT TPEBOCXOJHWTH CBOMCTBA
KyOM4eckoro kapOuja KpeMmHus. [IpoMeXyTOUHBIN pe3ylbTaT MO MEXaHHUYECKUM
CBOMCTBaM 3a(pUMKCHUPOBAH MpPH HCIIOJIB30BAHUM CMECH KOMMEPYECKOTO IMOpOIlIKa U
npoaykrta [IJIC (p = 95 %, H = 23,4 I'Tla). Ilo cOBOKyITHOCTHU IIpEACTaBICHHBIX JaHHBIX
MOCTPOEHA 3aBUCHUMOCTh 3HAYEHHS TBEPAOCTH OOpaslloB OT IUIOTHOCTH, KOTOpas
XOpOIIIO OMUCKHIBAETCS TMHUEN TpeHaa (pucyHok 5.7). Haubomnee BbICOKHE TUIOTHOCTD U
TBEPJOCTh JJOCTUTHYTHI TP Ucob3oBanuy nopomika [1JIC kak ucxomaHoro martepuana
JUISL CTIEKaHUsA. YJIyYIICHHS XapaKTepUCTUK KEPAMHKH BO3MOXHO JOCTHYb MPHU

N00aBICHUH B KPYMTHO3EPHUCTBIA UCXOAHBIN MaTepuan noau npoaykra [1JIC.

Pucynox 5.6 — MukpocTpykTypa 0Opa3ioB, TMOJYyYEHHBIX M3 KOMMEPYECKOTO

Mmatepuana (a) u npoaykra [1JIC (0) nmpu ncronp30BaHnHU criekarorieit fooasku Al-B-C
H.TTla [

25 ¢
20

15 F

0 L 1 L L L L - J
65 70 75 80 85 90 95 p, % Teop

Pucynok 5.7 — 3aBUCHMMOCTH TBEpPAOCTH KEpaMHUYECKUX OOpPA3LOB OT IIOTHOCTH
(Hymeparlus cepuid SKCIEPUMEHTOB 10 Tadaunam 5.1 u 5.2)
B 3akimroueHue NPOBEIEHO MCCIEI0BAHUE TEIUIONPOBOJHOCTH IOJTYYEHHBIX

KepaMUYECKUX 00pa3lloB METOJOM JiazepHOM BchbIku Ha a”anuzarope DLF 1200
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(TA Instruments). Ha pucyake 5.8 wu3o0paxkensl 3Ha4ueHHs Kod(duimeHTta
TEIUIONPOBOJHOCTH KEPAMUUYECKUX MaTepHalOB B TEMIEPAaTypHOM XOJ€ B JUAIa3oHE
1o 800 °C. Jlnsa cpaBHEHUsI TPUBEACHBI 3aBUCUMOCTH JIJIs1 00pa310B, MOJYyUYEHHBIX MPU
WCITOJIb30BAaHUU PA3HOTO poOJa CIHEKAIMMX J00aBok — Oe3okcuaHbix Al-B-C u

OKCUIHBIX Al,O3-Y,0;.

ABr_
MK
70 1 == SI1CHAI-B-C)
60 4 == SiCHALO:-Y:05)
50 4
40 4
30 4
20 4
10 4
0 ! ¥ T T T T T T 1
0 100 200 300 400 500 600 700 800 t.’C
PI/ICYHOK 58 — TeMHepaTypHa;I 3dBUCUMOCTD KO3¢)(I)HHI/ICHT3 TCILIOIIPOBOIHOCTH

MOJIYYEHHBIX KEPAMUYECKUX MATEPHUATIOB C pa3HbIMH CIIEKAIOIIMMHU JOOaBKaMu

[lo mpuBeneHHbIM TrpaduKaM, OYEBUAHO, YTO MCIOIb30BAaHUE OE30KCHIHBIX
CHEKaMMX  J00aBOK  MO3BOJSET  3HAYUTENIBHO  MOBBICUTH  KOA(DPUIIMEHT
TEIJIONPOBOJAHOCTH BO BCEM HMHTEPBAJIE MCCIENYyEMBIX TeMiiepaTyp. B yacTHocTH, npu
temmneparype 27 °C 3adukcupoBansl 3HadeHus A = 73 B1/m-K ns o6pasna ¢ mob6aBkoit
Al-B-C u 4 = 54 Br/m-K nns obpasua ¢ no6aBkoit Al,Os-Y,0;. [lonydyeHHble 3HAYEHUS
COOTBETCTBYIOT H3BECTHBIM JINTEPAaTypHbIM AaHHBIM. SiC HMEET OYEeHb BBICOKHI
TEOPETUUECKUH  KOI(POUIMEHT  TEIUIONPOBOJHOCTH  Aye,p = 490 BT/M'K,  ognako
DKCIEPUMEHTAJIBHO ONpeAeisieMas TEIUIONPOBOAHOCTh MNOJIMKpUCTaLIMUeckon SiC-
KepaMHUK{ CYIIECTBEHHO HHXE, YeM Y MOHOKpHUCTAIIOB KapOuaa kpemHus (30-
270 Bt/m-K) [178, 179]. YMeHblleHue TETUIONPOBOIHOCTH B ciy4dae
HKCIIEPUMEHTAJILHBIX ~ PE3YJIbTATOB  OTHOCUTEJIBHO  TEOPETHYECKUX  BEJIMYMH
00yCIIOBJIEHO MOBBIIEHHBIM paccessHueM (POHOHOB B MOJUKPUCTAIUIMYECKON KepaMuKe
[180]. Ha paccesinue ()OHOHOB B MOJUKPUCTATUIMUECKONW KEPAMUKE BIUSIOT BHYTPEHHUE

CBOMCTBa 3epeH, AeeKThl W Hamuuue 3epHorpanuyHbix ¢as [181, 182]. Tlocnmemnee
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OOCTOATENBCTBO  OOBSACHSAET pa3nuuust B  KOd(D(UIMEHTE  TEmIOoNpOBOJHOCTH
MOJyYeHHOW KEpaMHMKH, TIOCKOJbKY YKa3aHHbIE BHIbI J00aBOK (HOPMHUPYIOT
MEK3EPEHHBIE TPAHUILIBI PA3HBIX TEIIO(U3UYECKUX CBOUCTB.

[Tomyuennbie 3HaYeHUsT KOA(h(UIIMEHTA TEIUIONPOBOAHOCTH TAKXKE MOKa3bIBAIOT
BO3MOKHOCTb HCIIOJIb30BaHHSI CHHTE3UPYEMOIO MaTepHalia 1 CO3JaHUs Ha €ro
OCHOBE IOJIYIIPOBOJHUKOBBIX YCTPOMCTB C BBICOKHM YPOBHEM IIPOIyCKacMOM
MOIIHOCTH W CHJIOBOM MOJYMPOBOAHUKOBOW TEXHMKH MpPHU 0OECTIEYECHHH TPeOyeMoro
ypoBHsI TerooTBoa [183].

[lo pesympraraM LHKJIA 3KCHEPUMEHTAIBHBIX PA0OT MO KOMMIAKTUPOBAHUIO
MaTepuaia Ha OCHOBE KapOuJa KpeMHUS YAAIOCh BBISIBUTh ONTUMAJIBHBIE YCIOBHS IS
NOJy4YEeHUsI  KepaMHUYeCKMX  o0pa3lloB €  BBICOKMMHM  MEXaHUYECKUMH U
TerIoPpu3nyecKuM cBorcTBaMHu. Hambomnee Bhlnaromuecss CBOMCTBAa JAEMOHCTPUPYET
KepamMuKka ¢ J00aBJICHHMEM CIeKaromMx A00aBok coctaBa Al-B-C. Hcnonbp3oBaHue
HAaHOJUCIIEPCHOI'O MPOAYKTAa IIPU KOMIIAKTUPOBAHUU II03BOJISIET  CYIIECTBEHHO
YIIyUIIUTh KOHEYHbIE CBOICTBA 00pa3noB. [lonyuaeMble kepaMuyeckre o0pasibl MOTYT
IIPUMEHATHCA JUIA CO3JaHUs W3HOCOCTOMKHUX, XMMUYECKH U KAPOCTOMKHUX JETaJeH,
UCIIOJB3YEMBIX B  JKCTPEMAJIBHBIX  YCIOBUAX OKCIUIyaTallMHM, [JI1  CO3JAHUsA

AIIEKTPOTEXHUYECKUX YCTPOUCTB, PYHKITMOHUPYIOUIUX B IKCTPEMAIBHBIX YCIOBUSX.
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3AK/IIOYEHUE

B cooTBeTCTBUM C UCXOJIHBIMHU LIEJIBIO U 33J1a4aMU B HACTOSIIEM HCCIEAOBAaHUU
MPOBENICH IHUKJ AKCIIEPUMEHTAIBHBIX Pa0OT MO CUHTE3Y YJIbTPAIUCIIEPCHOTO KapOuaa
KPEMHHUS B TUIIEPCKOPOCTHOM CTPYE KPEMHUU-YTIIEPOAHOUN INEKTPOPAZPAIHOMN IIA3MBI.
B pamkax nmpoBeIEHHBIX UCCIEI0BAHUI NTOTYUYEHBI CIEAYIONIUE PE3YIbTATHI:

1) IlokazaHa BO3MOKHOCTb CHHTE3a YJIBTPAAUCIEPCHOTO KapOuja KpeMHUs
[-SiC ¢ MOHOKpUCTAUIMYECKUM cTpoeHreM dactul Merogom IIJIC Ha ocHoBe
UMITYJIbCHOTO BBICOKOBOJIBTHOTO KOAKCHUAIBbHOTO MArHUTOIUIA3MEHHOIO YCKOPHUTENS C
rpaguTOBBIMH 3JIeKTpoAamMu. CHHTE3UPOBaHHBIE YAaCTULIBI MOTYT MCIIOJIb30BaThCA IS
CO3JaHUsl HAa WX OCHOBE YCTPOMCTB HAHOZJIEKTPOHUKUM C  YIYYLICHHBIMU
DKCIUTyaTallMOHHBIMU CBOMCTBAMM: HAHO- W MHKPOIJIEKTPOMEXAHUYECKHX CHUCTEM,
HAaHOCEHCOPOB, HAHO- U MUKPOPE30HATOPOB.

2) IlpoBeneHO HCCIEAOBAHME BIMSHUSA YCIOBHM HMHHUIMMPOBAHUS JyTOBOIO
paspsa B yCKopuTelbHOM KaHaine Ha mnpouecc u mnpoaykr IIJIC. HauGonee
ONTUMAJbHBIM  CHOCOOOM  WHUIMUPOBAHUS  IJIa3MEHHOW  CTpyHW  SIBIISIETCS
UCIIOJIb30BaHUE rpapUTH3AIIH.

3) Ilomydena skcriepuMEHTalIbHAs 3aBUCUMOCTH (Da30BOro cocTaBa MPOJYKTa
CHUHTE3a OT HayaJbHOI'O COINPOTHUBJIECHUS YIIEPOJHOM NEepeMblYKH. MakchuMalbHOE
coJiepkaHue kapouaa kpeMuus gocturaercs npu Ry = 8500 Owm.

4) OmnpeneneHo  BIWSHUE  TOJBEACHHOM  dSHepruu Ha  (Ga3oBbIl WU
TPaHYJIOMETPUYCCKUNA COCTaB MPOAYKTAa CHHTE3a MPH HMIIAKTHOM H CBOOOJHOMN
mia3MeHHou crpye. HauOonbmiasgs gonsa kapOujga KpEeMHUHM JOCTHraeTcs IMpHu
W=30k/>x mpu HCTEUEHUH IUJIA3MEHHOTO IOTOKa B CBOOOJHOE MPOCTPAHCTBO
KaMepbI-pEeaKTopa.

5) OrmpeneneHo BIUSHUE COOTHOIIEHUS MPEKYPCOpPOB Ha (Pa30BbIM COCTaB

MMpOAYKTa CHUHTC3A. OnTuManbHBIM SBIISIETCS MAacCOBOE COOTHOIICHHE IMPCKYypCOpPOB

Si:C-3,0:1
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6) Ilomyuensl JKCIIEpUMEHTAJIBHBIC 3aBUCUMOCTH ¢azoBoro u
TPaHyJIOMETPUYECKOTO COCTaBa MPOIYKTa OT YCJIOBHM BHEIIHEW Tra3000pa3HON Cpelbl
KP (naBnenust u temmnepatypsl). MakcumanbHoe coaepskanue ¢assl f-SiC qocturaercs
npu nasienuu u temnepatype KP p = 1,5 atm. u t =75 °C coOTBETCTBEHHO.

7) IlokazaHa BO3MOYKHOCTb PETYJIHPOBAHUS MOJYNPOBOJHUKOBBIX CBOMICTB
HAHOPA3MEPHBIX YACTHUI[ CHUHTE3UPOBAHHOTO KapOuga KPEeMHHs 3a CYET H3MEHEHUS
JUCTIEPCHOCTUA U ACPEKTHOCTH KpUCTAIMUECKON cTpykTyphl. lllupuna 3amperieHHoi
30HBI 00PA3IOB JICKUT B AUara3oHe ot ~3,5 1o ~3,8 3B.

8) DKCnepHuMEHTAJIbHO IM0Ka3aHa BO3MOYKHOCTh KOMITAKTUPOBAHMS MPOIYKTa
[T1C MeTo10M UCKPOBOTO IJIA3MEHHOTO CIEKAHMS U MOJTYYEHUs IUNIOTHOW KEpaMUKH (p
= 98,5 %) c BeicoKkoii TBepaocThio (H = 25,9 I'Tla).

9) Omnpenenenbl ONTUMAIBHBIE YCIOBHS MOJIYYEHHUS] KEpaMUUYECKHX 00pa3oB Ha
OCHOBE KapOuja KpeMHHMsI C BBICOKUMH (PU3UKO-MEXaHUYECKUMHU XapPaKTEPUCTUKAMMU:
nasnenue p =60 MIla, Ttemmneparypa T = 1800 °C, ckopoctb HarpeBa AT/At =
100 K/muH., Bpemsi Bbiaepkku At = 10 MUH., UCIIOIB30BaHUE CHEKaroleld J00aBKU
Al:B:C B cootHomeHuu 4:2:2 %).

10) [lokazana »(QPeKTUBHOCTh UCHOJIb30BaHUSI O€30KCUIHBIX J100aBOK Jis
yIIyqIiieHus Terodu3ndeckux cBorcTB crieueHHoro SiC. Jlnia kepamuieckux o0OpasiioB
MOJIy4eHBI 3HaueHus: koddduiuenta TerionpoBogHoctu Oonee 70 Bt/M-K, uro
yOopouaer — npobjieMy — TEMJI00TBOJAa M MO3BOJISIET  MOBBICUTh  MOIIHOCTH

AIEKTPOTEXHUYECKUX YCTPOUCTB.

ABTOp  BbIpaXKaeT MPU3HATEIBHOCTH U  0JaroJlapHOCTh CBOEMY  HAy4YHOMY
pykoBoautento npodeccopy 023 UIID TIIY, a.1.H., c.H.c. CUBKOBY AJIeKCAHIAPY
AHATOJBEBHYY, a TaKkKe KOJUIGKTMBY HaydyHoW rpymnmbl  «JlaGopaTopus
MarHUTOIJIA3MEHHBIX TEXHOJOTHUI» U B 0coOeHHOoCTU JorieHTaM UBamyTenko A.C. u

Paxmatyaanny M.A. 3a okazaHHYIO TOMOIIb U PEKOMEHAAIMH B BHITOJHEHUH PAOOTHI.
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