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Hccneoosano nosedenue nopogulx KAHAIO08 U 3aKPbIMbIX NOP NPU CNEKAHUU HA 8030yXe
U 8 8aKyyme mempacoHaIbHO20 OKCUOA YUPKOHUS, CHOPMUPOBAHHO20 U3 AMOPPHBIX
nopouixos. Onpedenenvl dHepeuy axmusayuy ymenvuiernust 0ovemos domvuux (10-85 nm),
cpeonux (50-65 nm) u manwix (15-25 NM) noposwvix xananos, a maxsice 3aKpblmoix HOp
(15-20 nm) 6 unmepsanax memnepamyp menee axmuerozo (800-950 °C) u unmencueno-
20 (900-1150 «C) cnexanus. Ycmarnosneno, umo ymeuvuienue obvema oopazyos 6 um-
mepeane memnepamyp meHee aKmueHO20 CHeKAHUs ONpeoeisiemcs Cokpawenuem oove-
Ma MAnbIX NOPOBLIX KAHANI08 U 3AKPLIMbIX NOP, d 68 UHMEPBAe UHMEHCUBHO20 CNeKAHUS —
00beM08 8cex CoCmasiAWUX NOPOB020 NPOCMPArHCcmea 6 pasHotl mepe. Iloomeepoicoeno,
umo memnepamypa CHeKaHusi 00 GblCOKOU OMHOCUMENIbHOU WIOMHOCMU U 3AKPbIMOL
nopucmocmu onpeoenaemcsi OUamMempom HaubOILUUX NOPOBbIX KAHALOS.

Karouessble cjioBa: aMOpQHBINA, THAPOKCUIB TUPKOHUS M UTTPHUS, 3aKPHITHIC IOPHI, Ha-
HOPa3MEPHBIH MOPOIIOK, OKCHUJ IUPKOHUS, TIOPOBbIE KaHAJbI, IOPUCTOCTH, IOPOBOE IPO-
CTpPaHCTBO, CIIEKaHHe, CIIPECCOBAHHBIN 00pa3zery

BBenenue

Bricokne Qpu3MKO-XMMHUYECKHE CBOMCTBA KEPAMUUECKHX MaTE€pUaioB Ha OCHOBE
OKCHJIa IIUPKOHUS OOYCIOBHIM UX IIMPOKOE MPUMEHEHHE TP MPOM3BOACTBE H3JIe-
JMi KOHCTPYKIIMOHHOTO M (PYHKIIMOHAJIBHOTO HasHaueHus [1-6]. BBumy Toro, uro
JBIDKYIIEH CHIION CIICKAHUS SBISICTCS YMEHBIIIEHHE M30BITKA IO CBOOOTHOM
MOBEPXHOCTH YacCTHIl [7], mapaMeTpbl CrieKaHus u3/iesuii, CHOPMUPOBAHHBIX U3 TO-
POIIKOB, CYIIIECTBEHHBIM OOpa30M 3aBUCAT HE CTOJILKO OT OOIIeH MOPHCTOCTH,
CKOJIbKO OT KOJMYECTBa, TUAMETPOB, M3BUIIUCTOCTH, (OPMBI U APYTHX XapaKTepu-
CTHK BCEX COBOKYIHOCTEW MOPOBBIX KAaHAJIOB U 3aKPBIThIX MOp. Vcnonb30Banue Ha-
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HOPa3MEPHBIX MOPOIIKOB NP MOJIyYEHUN UCXOJHBIX 3arOTOBOK JIJIsl IIOCIIETYFOILETO
CIICKaHUuA I/ISILGJ'II/Iﬁ SABJIIACTCA OOHUM U3 HYTefI MOBLIIIICHUSI CBOICTB KCpaMUICCKUX
MaTepuasIoB, a TAKKe MO3BOJISIET CHU3UTh 3HEPro3aTparhl Ojaroiapsi MX CHOCOOHO-
CTH K CIIEKaHHUIO Ipu OoJiee HU3KUX Temneparypax. Ha HauampHBIX CTaqusIx Hoiyue-
HMs HaHOpa3MEpHBIE MOPOILKU OKCH/IA LIUPKOHUSI aMOP(HBI C IPUCYILIEH UM MOBBI-
IIEHHOM PEaKLUMOHHON aKTMBHOCTBHIO. O/IHAKO pean30BaTh CIIOCOOHOCTH K CIIEKa-
HUIO M PEAKLIMOHHYIO aKTUBHOCTD HE YIAETCA B IIOJHON MepE, NOCKOJIBbKY UX CKJIOH-
HOCTb K aIJIOMEPALMK BO3PACTAET C YMEHBIIEHUEM pa3Mepa YaCTHIL.

Hanopa3mepHble MOPOIIKK JOBOJIBHO YacTO MMEIOT HECKOJIBKO YpOBHEW opra-
HU3alMU. HalpUMEp, arjloMepaTbl COCTOAT U3 arperaroB, KOTOPbIE, B CBOKO O4Ye-
peib, COCTOST U3 KIEPBUYHBIX YacTUIp [8]. B cBfA3M ¢ 3THM B MOPOIIKE UMEIOTCS
HECKOJIBKO COBOKYITHOCTEW ITOPOBBIX KAHAJIOB. HAIIPUMED, ITOPOBBIE KAHAIIBI MEKIY
«TIEPBUYHBIMU YAaCTHLIAMI», MEXJ1y arperaramm 1 Mexjay ariomeparamu. Mopdo-
JIOTHS ariIoOMCPUPOBAHHLIX IMTOPOIIKOB 3aBUCHUT KaK OT MCTO/1a UX IMOJTYUCHU, TaK U
OT IapaMeTpoB Ipouecca. B pesynpTare pa3smosia MOPOLIKOB M IIPECCOBAHUS U3
HHX 3arOTOBOK YacCTh arjoMeparoB W arperatoB paspymiaercs [9]. [Ipu stom mo-
pucTasi CTPYyKTypa CYILIECTBEHHO M3MeHsieTcsi. Takum o0pa3oM, XapaKTepUCTHUKU
IMOPOBLIX KAHAJIOB U 3aKPLITBIX IIOP 3aBUCAT OT BCet MPEABICTOPUHN TITOJTYUCHUS 3a-
TrOTOBOK. BakHO ompenenuTts BIMAHHE MapaMeTpPOB IOPOBOTO MPOCTPAHCTBA Kak
COBOKYITHOCTH OTKPBLITBHIX IMOPOBBIX KaHAJIOB W 3aKPLITHIX IMOP, AUAMETPHEI, q)opMa,
KOJINYECTBO U JPYTHE XapaKTEPUCTUKH KOTOPBIX OKA3bIBAIOT CYIIECTBEHHOE BIIMS-
HHUEC Ha CIICKAHNEC KCPAMUUYCCKOI'0 MaTCprajia U B KOHCUYHOM HUTOI'C Ha €ro CBOMCTBA.

I{enb paboTHl — UCClIeAOBAaHUE MOBEICHHS OTKPBITHIX IMOPOBBIX KAHAJIOB M 3a-
KPBITBIX MOpP KaK COCTaBJISIFOIIMX IOPOBOIO MPOCTPAHCTBA MPHU CIEKAaHUU 00pas3-
IIOB U3 T€TPAroHAJILHOTO OKCUAA LIUPKOHUS, CPOPMUPOBAHHBIX M3 aMOP(HBIX Ha-
HOpPa3MEPHBIX IOPOIIKOB.

MeToauka IKCIIEPUMEHTA

OO0pa3ipl TeTparoHaIbHOTO TBEPAOTO pacTBOpa OKCH/IA ITMPKOHUS M3TOTOBIICHBI
U3 HAHOPa3MEPHOTO TOPOIIKa aMOP(QHBIX THIPOKCHUAOB LUPKOHUS U UTTPHUS IO
crioco0y [10]. Ocamok rUAPOKCHIOB MOIYYEH COBMECTHBIM OcaxacHueM 25%-bim
THAPOKCHIOM aMMOHHUS M3 cMecH 1 M BOIHBIX pacTBOPOB HUTPATOB IIUPKOHHS H
UTTpUsS TIpA 0OpaTHOM TOPSIKE CMEUICHUS peareHToB. HuTpaT MTTpUs TOTOBWIN
00pabOTKOM a30THOW KUCIOTOH OKCHIA UTTPUS, @ HUTPAT HUPKOHUS — 00pabOTKOM
THIPOKCHIA ITUPKOHUS, MOJYYSHHOTO THAPOIN30M Cyib(ara nupkoHus. Ocamzok
(GUIBTPOBAIM W MPOMBIBATU JUCTUIUTUPOBAHHON BOMON (MM MOCIEIOBATEIBHO
JMCTHTMPOBAHHOMN BOJOH M 3THJIOBBIM criupToM). OCafiok CYIIMIM PU TeMIepa-
type 30-40°C B Teuenue 20-25 h mo obpaszoBanusi kceporens. HanopasmepHbilit
MOPOIIOK THAPOKCHIIOB TIOJTydalld Pa3MOJIOM KCEpOoresisl B IIApOBOM MENBHUIEC B
teuenre 10 h mpu oTHOIICHHH MacChl KCeporessi K Macce cTalbHbIX miapos 1:10.

O6pasus B popme TabneTok auamerpoM 14.5 mm u BeicoTol 2.5 MM rotoBu-
JM Ha TUAPABINYECKOM IPECCE METOJOM OJHOOCHOTO XOJOJHOTO IPECCOBAHUS
npu nasienuu 256 MPa. IIpenBapurensHo ux TepmoobpadarsiBanu nmpu 350°C B
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teyenue 2 h na Bozayxe B meun CYOJI-0.25.1/12-M1 wnu B BakyyMe B He4H
CLIBD 1.2,5/2513. CxopocTr NOAbEMa ¥ CHHKCHUSI TEMIIEPATYPbl OBUTH PaBHBI
U ISl YKa3aHHBIX PEKHUMOB COCTaBISUIM cOOTBeTCTBeHHO 1 mam 2°C/min. OxoH-
JarelbHas TepMooOpaboTKa Ha BO3Ayxe (MM B BaKyyme) MPOXOJAWIa B TCUCHHUEC
1 h mpu mocrosiuHO#N Temmepatype oT 600 mo 1150°C. TMogHuManu U CHUKAIN
TeMIepaTypy co ckopocthio 4°C/min. Hutpatel Opaiu B COOTHOIICHHH, MO3BO-
JSIOIIEM TOJNIYYUTh TETParOHAIBHBIM TBEPABIA PACTBOP OKCHIAA LUPKOHHS C
3.6 mass% oxcuma UTTPHSL.

OOBEeMBbI COBOKYITHOCTEH IMOPOBBIX KaHAJIOB B 00pa3iax OKCHIa IIUPKOHUS OIl-
penensuii 1o yJaJeHUI0 BOIBI U3 HHUX MPH e UcrnapeHuu mo Mmeroauke [11]. 3a
TEOPETHYECKYIO IUIOTHOCTh TETParoHANBHOTO OKCHJA LUPKOHHS TPHHUMAIH
PCHTICHOBCKYIO, PACCYMTAHHYIO MO IMapaMeTpaM KPUCTAJUTUUECKON pemeTku [6].
MeTtomoM BOJHOW MUKHOMETPHU OIPENENSUI MUKHOMETPHYECKYIO IUIOTHOCTb
TepMOOOpabOTaHHBIX 00PA3IOB M3 OKCUAA IMPKOHUS IS MOCIEAYIOIIETO pacye-
Ta 00BEMa 3aKPBITHIX TOP.

MHUKpOCTPYKTYypy 00pa3IoB OKCHIA HHUPKOHUS HMCCIEIOBAIM HAa PAaCTPOBOM
snekTpoHHOM Mukpockore Jeol JSM-840. Ha noBepXHOCTh cKoJia TepMO0Opado-
TaHHBIX 00PA3IOB IyTeM TEPMUYECKOTO UCTIAPEHHSI B BAKyyMe HAaHOCHIIN TOHKHN
CIIOW XpoMa JIJIsl CTOKA DIICKTPOHOB.

JKCNepuMeHTAlbHbIE Pe3yJbTAThI

TepmooOpaboTanHble 00pa3ibl U3 TETPAroHaIbHOIO OKCHJA LIMPKOHUS MTOMeE-
MM B JIOTOK, OTKAYMBAJIU BO3AYX W MPONHUTHIBAIN AUCTHILIMPOBAHHOW BOJOH.
100 3aBHCHMOCTh MacChl CHCTEMBI «00pa-
3ell U3 OKCHIa LUPKOHUS, CIICYCHHBIH

npu 800°C,—Boga» OT BpeMEHHU MpHBe-

neHa Ha puc. 1 (mpombIBKa ocajaka BO-

70#, TepMoOOpabOTKa Ha BO3AYyXE).

Macca cucrembl ¢ TEUEHHEM BPEMEHU

vV yObIBaeT u 4yepe3 2.25 h mocruraer mno-
CTOSIHHOHM BEJIMYHMHBI. 3aBUCHIMOCTh HMe-
3 er dYerhlpe IUHEWHBIX y4vacTtka. [Ips-
MBbI€, TIPOJIOJDKAIOIINE JIMHEHHBIE yYa-
CTKH JI0 TIEPECEUEHHUs C OChIO0 OpJIMHAT,
OTCEKalOT Ha IIOCIEAHEN BEJIMYUHBI

m, %

£ h

Puc. 1. 3aBUCHMOCTb Macchl CHCTEMBI «00-
pasell U3 OKCHIa IUPKOHUS, TEPMOOOPado-
tanHblii mpu 800°C,—Boja» OT BpeMeHH
cymku (temneparypa 40 + 3°C, mpombIBKa
ocajika BOJIOH, TepMOOOpabOTKa Ha BO3MY-

Macc, pasHOCTH KOTOpbIX (M — My),
(m2 — m3) u (M3 — My) YKUCIICHHO PaBHBI
00beMaM COOTBETCTBEHHO OOJBIINX,
CPEIHUX M MAaJbIX MOPOBBIX KaHAJIOB.
Macca cucTeMbl Ha YeTBEPTOM Y4acTKe

Xe); M1 — HavaJbHas Macca CHCTEMBI; My —
Macca TBepIoi (hasbl C 3aKPBITBIMU IOPAMH;
(Mg —my), (M2 —mg) n (M3 — M) — pasxocTn

Macc, YHUCICHHO paBHbIE O0BeMaM O0JTb-
IIUX, CPSTHUX U MaJbIX IMOPOBBIX KAHAJIOB;
I, 11, 11l u IV — nmuHetinpie yyacTku
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OBUIM OTPENENICHbI C WCIOJIb30BAHUEM AHAIOTMYHBIX 3aBHCHMOCTEH Macc ITHX
CHCTEM OT BPEMEHH.

J1Jis1 BOBMOXKHOCTH CPaBHEHHUSI CyMMapHBIX 00beMOB 00pa3IoB, TepMooOpado-
TaHHBIX TIPU Pa3HBIX TEMIIEpaTypax, © 0OBEMOB UMEIOMIUXCS B HUX COBOKYITHO-
CTEl TIOPOBBIX KAHAJIOB M 3aKPHITHIX IOP PacCMATPUBACM B KaXJIOM W3 HHUX paB-
HBIE MacCChl, a 3HAYHT, U PaBHbIE 00bEMBI TBEpIOH (Pa3bl. JlJs KaXka0ro U3 TepMo-
00paboTaHHbIX 00pa3ioB (MPOMBIBKA OCaIKa BOAOH, TepMOOOpaOOTKA Ha BO3Y-
Xe) Bo3bMeM 00beM TBepaoit ¢asbl, paBHbiii 0.977 cm”. [Ipu 3TOM CymMMapHBIi
o0wvem oOpasua, cnedennoro npu 1150°C, pasen 1 cm3. 3aBUCUMOCTH 00BLEMOB
MOPOBBIX KAaHAJIOB, 3aKPHITHIX TOP, TBEPIOH (ha3bl U CyMMapHBIX 00bEMOB 00pa3-
IIOB M3 TETPAroOHAJIBHOTO OKCHJA IIMPKOHUS OT TEMIIEPaTypbl TEPMOOOPAOOTKU
NpUBEIEHBI HA pHUC. 2. AOGCOIOTHAS MOTPEIIHOCTh ONpeNeieHHs 00bEMOB, OTHOP-
MUpOBaHHas K 1 cm’ cyMMapHOTo o0bema obOpa3sia, cocraniser 0.005-0.01 cm’.

OO0pa3zer U3 oKcHIa MUPKOHUS, TIOJIYUYCHHBIH U3 OCallKa, IIPOMBITOTO BOJOH, U
TepMooOpaboTaHHbIil Ha Bo3myxe npu 600°C (puc. 2,a), uMeeT CyMMapHbIid 00b-
em 1.757 Cm3, npeacraBieHabid 0.977 cm™ tBepaoit ¢azer u 0.780 cm® MTOPOBOTO
npoctpancTsa. [lociaeanee cocrout n3 0.151 Cm3 oosemmx, 0.204 Cm3 CpPEeIHHX U
0.132 cm® mansix MOPOBBIX KaHajoB, a Takxke 0.293 cm® 3aKpeITHIX TOp. C BO3-
pactanuem temnepatypbl TepmoodpadboTku ot 600 mo 800°C cymmapHsbiii 00beM
o0pa3ia, mMopoBOTO MPOCTPAHCTBA, CPEIHUX U MAJIBIX MOPOBBIX KAaHAJIOB HE U3Me-
Hsetcs. OgHako o0BEM 3akphITHIX MOp yMeHbinaercs ao 0.207 cm3, a o0BpeMm
0OJBIINX TIOPOBBIX KaHAOB, HA00OPOT, yBenuuuBaeTcs 10 0.253 cm3. OTO CBHU-
JETEIBCTBYET O TOM, YTO YaCTh 3aKPBITHIX ITOP OTKPBLIACK.

C Bo3pactanueM Temriieparypsl Tepmoodpadotku ot 800 mo 950°C (puc. 2,a)
CyMMapHbIi 00beM 00pa3ia, 00beMbl TOPOBOTO MPOCTPAHCTBA, CPEAHUX U MAJIbIX
TIOPOBBIX KaHAJIOB U 3aKPBITHIX TIOP YMEHBIIAIOTCS COOTBETCTBEHHO /10 1.607 cm’
(8 1.12 pasa), 0.63 cm® (1.3), 0.161 cm* (1.38), 0.087 cm® (1.56) u 0.086 cm® (s
2.38 pasza). O0BeM MOPOBOTO MPOCTPAHCTBA HAHUOOJIEE CYIIECTBEHHO COKpaIlaer-
Csl 32 CUET YMEHBIICHUS 00BbeMa 3aKPBITHIX MOP W MAaJbIX TOPOBBIX KaHAJOB.
O0ObeM OOJBIINX MOPOBBIX KaHAIOB HeCKOIbKO (10 0.294 Cmg) YBEITUINBACTCSI.

C noBbllIeHHEM TeMmIepatypsl TepMooopadotku oT 950 mo 1050°C (puc. 2,a)
CyMMapHbIid 00BeM 00pasiia, 00beMbl OPOBOTO MPOCTPAHCTBA, OOJBIINX, CPE-
HHUX U MaJbIX IMOPOBBIX KAHAJIOB U 3aKPBITHIX MOP 3HAYUTEIBHO YMEHBINAIOTCS —
cootBeTcTBeHHO 70 1.211 cm® (8 1.33 pasa), 0.234 cm® (2.69), 0.112 cm® (2.63),
0.054 cm® (2.98), 0.044 cm® (1.98) u 0.024 cm’ (B 3.67 paza). ITopoBoe mpo-
CTPAHCTBO COKPAIACTCS 33 CUET YMEHBIIECHHS 00beMa BCEX €r0 COCTABIISIONIHX.

Janpheiimee mopeimenue Temnepatypsl g0 1100°C npuBoANT K yMEHBIICHHIO
cyMmapHoro oorsema oopasima g0 1.053 cm’ (emre B 1.15 paza), a 06beMa MOPOBOTO
npoctpanctsa — 10 0.076 cm’ (emre B 3.08 paza). OGbeMbI OOBIIHNX, CPEAHUX U Ma-
JIBIX TIOPOBBIX KAQHAJIOB YMEHBILAFOTCS JI0 HYJIsI, @ 00BEM 3aKPBITHIX TIOpP YBEINYHBA-
etcsa g0 0.076 cm’ (B 3.17 paza). B aToM HHTepBaje TEMIEpaTyp MPOUCXOIHT MOCTe-
NICHHBII TIepexo/1 OOJBIINX, CPEHNUX M MAJIBIX IIOPOBBIX KAHAIOB B 3aKPBITHIE TIOPHI.
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Puc. 2. 3aBUCMMOCTH 0OBEMOB MOPOBBIX KAHAJIOB M 3aKPBITHIX MOP B 00pa3iiax u3 OKCUaa
MUPKOHMS OT TEMIIEPATypPhl OKOHYATEIBHOM TepMooOpaboTku (Beimep:kka 1 h): | — 3a-
KpbIThIe TOpEI; || — oTkphITEIE Matble, |1l — cpenane u |V — Gonbivie mopoBele KaHaTbL; V —
1opoBoe mpoctpancTBo; VI — cymmapHblii 00beM (00beMbI TBEpIOit (a3bl i MOPOBOTO MpPo-
crparcTBa). OObeMBI TBEpIOi (as3sl MOCTOSHHBI U paBHBI 0.977 cm” (a); 0.95 cm™ (6) u
0.94 cm® (6) (Ha puc. He mpuBeneHbl). [IpoMbIBKa OcajKa: a, 6 — TUCTUILTHPOBAHHON BO-
JIOH, 6 — BOIOI W STUIIOBBIM CIIMPTOM; MpeIBapUTENbHAsS U OKOHYATENbHAs TepMOooOpa-
0OTKH: a, 6 — Ha BO3IYyXE, 8 — B BAKyyMe

B untepBane temneparyp 1100-1150°C (puc. 2,a) npoucXoAuT IajbHEHIIee
YMEHBIIIEHHE CyMMapHOro o0bemMa oOpasiia u 0ObeMa IMOPOBOTO MPOCTPAHCTBA,
IPE/ICTABICHHOTO TOJBKO 3aKPBITHIMH [TOPAMHU.

O0pa3en u3 okcuaa nupkouus (puc. 2,6), NOTYyUYEHHBIH U3 0CAJIKa, TPOMBITOTO
BOJIOM M STHJIOBBIM CIHPTOM, M TepMooOpaboTaHHbI Ha Bo3ayxe mpu 700°C,
uMeeT cymmapHoMm oowrem 1.483 cm3, KoTopslii mpeacrasineH 0.95 cm® TBEPIOM
dazer u 0.533 cm® mopoBoro mpoctpancTa. [locneanee coctout u3 0.15 cm®
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oompmux, 0.135 Cm3 cpenaux u 0.061 Cm3 MaJIbIX TIOPOBBIX KaHAJIOB, a TaK¥Ke
0.187 cm® 3aKpbITHIX NOp. Bee nmepeunicieHHble 00bEMbI MEHBIIIE, YEM TAaKOBBIE Y
o0pasiia, OJTy4YEHHOTO U3 0CaKa, MPOMBITOTO TOJIBKO BOJIOH (puc. 2,a).

C Bo3pacranueM Temreparypbl Tepmooopadorku ot 700 mo 800°C (puc. 2,6)
CYMMapHbIif 00beM 00pasiia, 00beMbI MOPOBOTO POCTPAHCTBA U MAJIBIX TIOPOBBIX
KaHaJIOB He u3MeHATcsS. Ho 00beM 3akphIThIX mop yMeHbInaercs a0 0.179 Cmg, a
00beM OOJIBIINX W CPEAHUX IMOPOBBIX KaHAJIOB, HA0OOPOT, yBEIMYMBACTCS MO
0.169 n 0.146 Cm3 COOTBETCTBEHHO. DTO CBUACTEIBCTBYET O TOM, UTO, KaK U IS
HPOMBITOTO BOJIOM OCaJKa, YaCTh 3aKPBITHIX IOP OTKPHLIACH.

C Bo3pacranueM Temreparypbl Tepmoobpadorku ot 800 mo 950°C (puc. 2,a)
CyMMapHbIii 00beM 00pa3na, 00beMbl TOPOBOTO MPOCTPAHCTBA, OOJBIINX, Cpel-
HUX W MaJIbIX TIOPOBBIX KAHAJIOB U 3aKPBITHIX TIOP YMEHBIIAIOTCS COOTBETCTBECHHO
1o 1.446 cm’ (8 1.05 pasa), 0.497 cm® (1.13), 0.155 cm® (1.09), 0.136 cm® (1.07),
0.062 cm® (1.11) u 0.156 cm® (B 1.15 paza). O6beM IOPOBOTO MPOCTPAHCTBA HAU-
OoJiee CyIIECTBEHHO COKPATHJICS 33 CUET YMEHBIIEHHS 00beMa 3aKpPBITBIX MOp H
MaJIbIX TIOPOBBIX KaHAJIOB.

C Bo3pacranueM Temreparypsl Tepmooopabotku ot 900 g0 1000°C (puc. 2,6)
CyMMapHBIi 00beM 00pa3ia, 00beMbl TOPOBOTO MPOCTPAHCTBA, OOJIBIIUX M CPE-
HHX TIOPOBBIX KAHAJIOB M 3aKPBITHIX TOP 3HAYMTEIILHO YMEHBIIAIOTCS — COOTBETCT-
BerHo 70 1.272 cm® (8 1.14 pasa), 0.322 cm® (1.54), 0.068 cm® (2.28), 0.081 cm®
(1.68) u 0.104 cm’ (B 1.5 pa3a). YMeHblIeHHEe 00beMa MaJIbIX MOPOBBIX KAHAJIOB
3aukcupoBath He yaanoch (0.069 Cm3). [TopoBo€ MPOCTPAHCTBO COKPATHIIOCH 32
CYET YMEHbIIECHHS 00beMa MOYTH BCEX €r0 COCTABJISIOLIHX.

[ToBermenune Temmneparypsl 10 1100°C npuBOAUT K COKpAIIEHHIO CyMMAapHOTO
obbema obpasma g0 1.044 cm® (emre B 1.22 pasa), a oObeMa MOPOBOTO MPOCTPaH-
crBa — 10 0.094 Cm3 (emre B 3.43 paza). OOBbeMBI OONBIINX, CPEAHUX U MAJIBIX I10-
POBBIX KaHAJIOB PaBHBI HYJIO, 2 00bEM 3aKpPBITBIX IMOP HEMHOT'O YMEHBIIACTCS —
10 0.094 cm™ (B 1.11 pasa). B arom uHTEepBasie TeMmeparyp OOJibILINE, CPEAHUE U
MaJible TTIOPOBBIE KaHAJbI TIOCTEIIEHHO MEPEXOAST B 3aKPHITHIE TIOPHI.

B untepBane temneparyp 1100-1150°C (puc. 2,6) npoucxXoauT AajbHEHIIee
YMEHBILIEHUE CyMMapHOTro oobemMa obpasua 10 1 cm™ u o0bema mopoBoro mpo-
ctpanctsa 10 0.05 Cm3, KOTOPOE MPEACTABIECHO TOJBKO 3aKPHITHIMU TIOPAMH.

OO0pa3zer U3 oOKcHIa MUPKOHUS, TIOJIYUYCHHBIH U3 OCallKa, IIPOMBITOTO BOJOH, U
TepMooOpaboTanHbiii B Bakyyme nipu 700°C (puc. 2,8), uMeeT cyMMapHbIii 00beM
1.419 cm3, npexncrasiennsnii 0.94 cm’ TBepoit daser u 0.479 cm® MIOPOBOTO MPO-
crpanctBa. [locneanee cocrout u3 0.197 cm’ 6ompmmx, 0.076 cm’ CPeIHHX H
0.017 cm® mansix MOPOBBIX KaHAIOB, a Takxke 0.189 cm® 3aKpBITHIX TIOp. Bee me-
peuncieHHble 00beMbI (KpoMe 00beMa OOJBIINX MMOPOBBIX KAHAIOB) MEHBIIIE, YeEM
TaKOBBIC y TEPMOOpPaOOTAaHHBIX HA BO3JyXe OOpAa3IOB, MOJYYCHHBIX M3 OCAJIKa,
MPOMBITOTO KakK BOJI0# (puc. 2,a), TaK ¥ BOAOH U STUIOBBIM criupToM (puc. 2,0).

C Bo3pacranueM Temreparypbl Tepmooodpadotku ot 700 mo 1050°C (puc. 2,6)
CyMMapHbIii 06beM 00pasna, 00beMbl TOPOBOTO MPOCTPAHCTBA U 3aKPBITHIX TOP
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YMEHBIIAIOTCS COOTBETCTBEHHO 10 1.21 cm’ (8 1.17 pasa), 0.27 cm® 1.77) u
0.072 cm® (B 2.63 paza). O0beM MaJbIX TOPOBBIX KAHAIOB YMEHBIIACTCS 10 HYJIS
yxe npu 800°C, a GoabIINX U CPEJHUX MOPOBBIX KaHAJIOB HE n3MeHseTcs. OobeM
HIOPOBOTO MPOCTPAHCTBA COKPAIIACTCS 38 CYET YMCHBUICHUS 00beMa 3aKpBITHIX
NIOP ¥ UCUE3HOBCHHUS MAJIBIX TIOPOBBIX KaHAJIOB.

C noBeiieHueM Temreparypbl Tepmoodpadotku ot 1050 no 1100°C (puc. 2,6)
CyMMapHbIii 00beM 00pasiia, 00BEMbI MOPOBOTO MPOCTPAHCTBA, OOJBIIUX U CPEI-
HHX TIOPOBBIX KAHAJIOB M 3aKPBITHIX TOP 3HAYMTEIILHO YMEHBIIAIOTCS — COOTBETCT-
BerHo 10 1.039 cm® (s 1.16 paza), 0.099 cm® (2.73), 0.038 cm® (3.37), 0.031 cm®
(2.26) u 0.029 cm® (B 2.48 pasza). [TopoBoe MPOCTPAHCTBO COKPAIIAETCS 3a CUET
CYIIECTBEHHOTO YMEHBIICHHsI 00beMa BCEX €ro COCTABIISIOIIUX.

B unrepBane temmeparyp 1100-1150°C (puc. 2,6) mpoMCXOAMT HaibHEHIIee
YMEHBIIIEHHE CyMMapHOro oobema obpasiia (1o 1 cm”) u oobeMa mopoBoOro mpo-
crpancta (1o 0.05 Cm3), MPEACTABICHHOTO TOJIBKO 3aKPBITHIMHU TIOPAMHU.

JInst BBISICHEHUS! CTETICHH BIMSHHS 3aKPBITHIX TI0P, OOJBIIMX, CPEAHUX U MAJIbIX
MOPOBBIX KAaHAJIOB HAa CIEKaHHE TMOCTPOCHBI 3aBUCHMMOCTH Appenuyca (puc. 3,a)
JUIE CYMMapHOro 0o0beMa M TEPEYMCICHHBIX COCTABISIONIMX I[OPOBOIO MpO-
CTpaHCTBa 00pasiia, MOJyYeHHOr0 U3 aMOp(HOro mopoiika (MpoMbIBKa Ocajaka
BOJIOH, TepMOOOpabOTKa Ha BO3AyXe). 3aBUCHUMOCTH Ui CyMMapHOro oObema
UMEET J[Ba JIMHEHHBIX y4acTKa, KOTOPhIE COOTBETCTBYIOT MHTEPBAJIaM TeMIIepa-
Typ uHTeHcuBHOro (950-1150°C, mpsimas 2) u meHee aktuBHOoro (800-950°C,
npsimast 1) criekanus ¢ sueprueit aktuBanuu 37.4 + 0.7 u 7.5 + 0.6 kJ/mol coor-
BETCTBEHHO.

B wuHTepBane TemmepaTryp MeHee aKTHBHOTO CIEKAHHS SHEPIHMU aKTHBAIIUU
yMEHbILIEHHsI 00beMa IOPOBOT0 MpocTpancTBa (puc. 3,a, mpsiMast 3), MajibIX HO-
poBbIX KaHa0B (4) u 3akpbIThiX MOp (5) cocTaBsiOT cooTBeTCTBeHHO 17.5 + 1.4,
33+ 10 u 75 £ 17 kJ/mol. Cnekanue B 3TOM HHTEpBaJE TEMIIEPATYP MPOUCXOIUT
Onarosapsi yMEHbBIICHHIO 00BEMOB MAJTBIX TIOPOBBIX KAHAJIOB U 3aKPBITHIX TOP.

B wuHTepBane TemmepaTyp WMHTCHCHBHOTO CICKAHUS DHEPrHH aKTHBALUH
YMEHBIIIEHHsT 00beMa MOpOBOro mpocrpadcTBa (puc. 3,a, npsMas 6), OONBIIHNX
(7), cpenuux (8) u masbix mopoBsix kaHanoB (9) u 3akpeiThix mop (10) cocrasis-
10T cooTBercTBeHHO 133 + 6, 133 + 10, 140 + 16, 150 + 60 u 150 + 50 kJ/mol.
CrniekaHue MPOMCXOAUT MPU PAaBHOM BKJIAJIC BCEX COCTABIISIOIIMX ITOPOBOTO MPO-
CTpaHCTBA.

Jnst 00pa3ioB, MOJYYEHHBIX U3 OCallKa, MPOMBITOTO BOJIOH U CIIUPTOM, 3aBH-
CHUMOCTB IS CyMMapHOro oobeMa (puc. 3,0) ToKe UMEET JIBa TMHEHHBIX yJacTKa,
KOTOpBIE COOTBETCTBYIOT MHTEpBaiaM TemrepaTtyp uatencuaoro (1000-1150°C,
npsimMast 2) u meHee aktuBHOTro (800—-900°C, mpsimast 1) criekaHus ¢ SHEPrUcH ax-
tuBaruu 29.1 + 2.5 u 4.6 + 0.5 kJ/mol coorBeTcTBEHHO.

B uHTepBane TemmepaTryp MEHee aKTHBHOTO CIIEKAaHHS SHEPIHMU aKTHBAIIUU
yYMEHBILICHHsI 00beMa IOpoBOro npocrpancTa (puc. 3,0, npsiMasi 3) U 3aKPBITHIX
nop (mpsimast 5) cocraBmsor 10.8 + 2.2 u 15.8 + 3.3 kJ/mol coorBercTBEeHHO.
CrnekaHue MPOUCXOAMT OIaroaapsi yMEHbIICHUIO 00bEMOB 3aKPBITHIX TOP.
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B wuHTepBase TemmepaTyp HMHTCHCHBHOTO CICKAHUS DHEPrHHM aKTHBALUH
yYMEHbILICHHUsI 00beMa MOPOBOro MpocTpaHcTBa (puc. 3,6, mpsMas 6) COCTaBISIOT
188 + 21 kJ/mol. Bxiaa coCTaBisOIIMX MOPOBOTO MPOCTPAHCTBA B TOM HHTEP-
BaJIe TEMIIEPATypP OMPEICIUTh HE YAaI0Ch.

Jlnst 0OpasIoB, MOMYYEHHBIX M3 OCajJKa, IPOMBITOTO BOJIOM, U TepMOoOpado-
TAHHOTO B BaKyyMe, 3aBUCHMOCTh JIJISl CYMMapHOTo o0bema (puc. 3,6) TOKe UMe-
eT J1Ba JIMHEWHBIX ydacTka. OHU COOTBETCTBYIOT MHTEpBAJaM TEMIIEpaTyp UHTCH-
cuHoro (1050-1150°C, npsimas 2) u meHee aktuBHOro (700-1050°C, mpsimast 1)
criekaHus ¢ sHepruci aktuBaruu 46 + 18 u 4.0 + 0.3 kJ/mol coorBeTcTBEHHO.

B wuHTEepBane TemIiepaTyp MeHEe aKTHBHOTO CIICKaHHs SHEPIUH aKTHBALUH
YMEHBIIIEHHUsT 00beMa MMOPOBOro MpocTpaHcTBa (puc. 3,6, mpsMas 3), MaJbIX I0-
poBbIX KaHaOB (4) u 3akpeIThIX Op (5) coctasistor 15.0 £ 1.1, 67 £ 7.4 u 23.3
+ 3.1 kd/mol coorBerctBenHO. CriekaHue MPOUCXOIUT OJarogapst YMEHBIICHUIO
00bEMOB MaJIbIX MTOPOBBIX KAHAIOB U 3aKPBITHIX TIOP.
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B wuHTepBane TemmepaTyp WHTEHCHBHOTO CIEKaHUS ODHEPrHH aKTHBALUH
yMeHbIlIeHHs1 00beMa TIOpPOBOro mpocTpancTia (puc. 3,6, nmpsMas 6), 6onbuux (7)
u cpeanux (8) mopoBbix KaHaoB U 3akpbIThIX mop (10) cocTaBisioT cOOTBETCT-
BeHHo 295 + 131, 332 + 218, 244 + 228 u 266 + 245 kJ/mol. Criekanue mponcxo-
JMT TIPU PAaBHOM BKJIQJie MOYTH BCEX COCTABISIOIINX ITOPOBOTO MPOCTPAHCTBA
(kpoMe MasbIX MOPOBBIX KaHAJIOB). Bobline 3HaUYeHHs OMIMOOK MU OIpesese-
HHU DHEPTUil aKTHBAIMU OOYCIOBJICHBI MAllbIM KOJWYECTBOM JAaHHBIX (IO JBE
touku) u y3kuM (50°C) uHTEpBATIOM HHTCHCUBHOTO CIICKAHHSI.

[To maHHBIM >JEKTPOHHON MHKPOCKOIIWH, BCS MOBEPXHOCTH CKOJIa 00pasia Ok-
cuna uupkoHus (puc. 4,a), MOJYYCHHOTO M3 OCaaKa THUAPOKCHUIOB, MPOMBITOTO
BOJIOH, U TepMooOpaboTaHHoro Ha Bozayxe npu 600°C, mpencTaBieHa oBalbHBI-
MU oOpa3oBaHusiMH ¢ pazmepamu 210-240 nm. WHorna nMerorcst 0Opa3oBaHus C
pazmepamu 300-400 nm. Mexay HUMH HaXOJSTCS OBAJbHBIC MOPHI pa3Mepamu
qare Bcero 50—65 nm, 3raunTenbHo pexe — 70-85 nm.

SEI 21kv x20000 1lpm SEI 21kv x19000 1pm

Karagin Mational University % W13 D611 Ho:BT4 B.02.18 Earagin Mational University £z W15 I:611 Bo:BTE  B.02.19

a o

Puc. 4. Mukpodororpaguu TETParoHAILHOTO TBEPAOrO PAacTBOPa OKCHIA LUPKOHHMS,
HOJIyYEHHOTO M3 OCagKa T'MIAPOKCHJIOB, MPOMBITOrO JUCTHIUIMPOBAHHOM BOIOM, M CIie-
yeHHoro Ha Bo3ayxe B Tedenne 1 h mpu 600°C (a) u 1100°C (6). CkaHupyromas 3JeK-
TPOHHAS MHUKPOCKOIIHS, CKOJI

Ckout o6pa3siia okcuia nupkonus (puc. 4,6), repmoodpadorantoro mpu 1100°C
¥ MIMEIOILIETO Ty K€ MPEIBICTOPHIO TTONYYEHHS, IPEICTAaBICH MaJbIMU OBAaJbHBIMH
obpazoBanusiMu auamerpom 220-240 nm, GosbmmmMu 00pa30BaHUSME AUAMETPOM
400-550 NM ¢ OTHOCHUTENHHO POBHBIMH YYaCTKaMH JUaMeTpoM 1-2 Um, KoTopble 3a-
HUMAIOT coOTBeTCTBeHHO 25-35, 45-55 u 15-20% moBepxHocTH. Marepuan comep-
KUT OBaJIbHBIE TOPBI pazMepoM 50-75 nm. KoaudecTBo mop Ha MOBEPXHOCTH CKO-
na B 2.5-3 pasa MeHblile, 4eM y o0pasiia, TepmoodpadoranHoro mpu 600°C (puc. 4,a).

Oo6cyxaenune

B pa6ore [8] mokazaHo, YTO HCMONIB3yeMbIi HAMHU TOPOIIOK THIPOKCHIOB
[IUPKOHMS M UTTPHSL ABJIACTCS HAHOPA3MEPHBIM U MMEET TPU YPOBHS CTPYKTYPHOM
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opraum3anuu: armomepatsl (0.5-1 pm), arperater (200-300 NM) u «mepBUYHbIC
gactuip» (He O6osee 75 nm). [TpuHuMast BO BHUMaHKHE CTPYKTYPHYIO OpraHu3a-
MO TIOPOIIKA THAPOKCUAOB, MOXKHO OJJHO3HAYHO 3aKIFOYUTH, YTO OBAJILHBIE 00-
pa3oBaHUs Ha MOBEPXHOCTH CKoJia oOpasma, TepmooOpadoranHoro mpu 600°C
(puc. 4,a), SIBASFOTCSI MPOU3BOJHBIMHU arperaTtoB MCXOJHOTO MOPOIIKA THAPOKCH-
noB. Paspymienue odpasia mpomnio MeXIy dTHMH TPOU3BOAHBIMU. OOpa3oBaHHs
¢ pazmepamu 0.5-1 M OTCYTCTBYIOT. DTO CBUAETEIBCTBYET O TOM, YTO B PE3yJib-
TaTe MPecCOBaHMS OBLIN pa3pyILICHBI BCE arioMepaTsl, a 00pa3oBaHMs C pa3Mepa-
mu 300-400 nm sBISAIOTCS MPOU3BOIHBIMH MX (QparMeHTOB. [loaToMy Oombinme
(muamerpom 70—85 nm) mopoBbie KaHANbI SBISIOTCS KaHAIAMH MKy IPOHU3BO/I-
HBIMH arperaTtoB BO ()parMeHTax arjioMeparoB IMOPOIIKAa THIAPOKCHIA, CPEIHHE
(mramerpom 50-65 NM) — MeKAy MPOU3BOAHBIMU arperaToB, a Maible (IHaMeT-
pom 15-25 nm) — MexIy «IepBUYHBIMU YaCTUI[AMU» B MIPOU3BOTHBIX arperaTos.
3aKkphIThIC TIOPBI, TI0 BCEH BUAMMOCTH, UMEIOT auametp meree 15-20 nm. OtHo-
CUTENIbHO POBHBIE YYacTKU AuaMmeTpoM 1-2 UM Ha ckome oOpasia, TepMooopado-
tanHoro npu 1100°C (puc. 4,6), SBISAIOTCS, MO-BUAMMOMY, 00JIACTSIMH, CHOPMU-
POBaHHBIMU TIPH CIIEKAHUH HECKOJIBKUX arperaToB U ()parMeHTOB arjloMepaToB.

B unrepane temneparyp ot 600-700 mo 800°C y oOpasioB, mpoIIeanInx
IpEeIBapUTEIBHYIO TEPMOOOPaOOTKY Ha BO3AyXe, HAOIIOMACTCS OTKPBITHE YacTH
3aKkpbIThIX TOp (puc. 2,a,0). DTO BBI3BAHO PACHIMPEHUEM BO3/yXa B 3aKPBITHIX
Hopax MpHU MOBBIIICHUU TeMIepaTypbl. OTKpBITHE YaCcTH 3aKPBITHIX MOp HE Ha-
Omomaercss y 00pasmoB, MPOIIEAIINX MPEIBAPUTEIBHYI0 TEPMOOOPAOOTKY B Ba-
KyyMme (puc. 2,8), Tak Kak OHH HE COJIepKaT BO3IyXa.

B unTepBane temneparyp Menee aktuBHoro crekanus (ot 700-800 mo 950-
1050°C) ymenbmicHHe 00ObeMa 00pa3ila TeTParoHAJILHOrO OKCHAA ITUPKOHHUS
NPOMCXONUT 32 CYET COKpAIIeHHsI 00beMa MaJIbIX TIOPOBBIX KaHAJIOB M 3aKPBITHIX
1op, a B HHTEpBajJe TeMmreparyp HHTeHcuBHOro crekanus (or 950-1050 mo
1100°C) — 3a cuer cokpaiieHus 00beMa BCEX COCTABISIONIMX ITOPOBOTO
IPOCTPAHCTBA HE3aBUCHMO OT IPEIBICTOPHU TIOJTyYSHHUST 00pa3IIoB.

[TpomMBIBKa CIIUPTOM TO3BOJISIET CHU3UTH IPOYHOCTH arjioMEepaToB MOPOIIKA
rUAPOKCHIOB [8] U mpu mpeccoBaHUM MOMYYUTh 00pa3Ibl C MEHBIIUMH CyMMap-
HBIM 00bEMOM, 00bEMOM TIOPOBOTO MPOCTPAHCTBA M €ro cocTaBistomux. [1osTo-
My B HHTEpBajJe TEMIIEpaTyp MEHEEe aKTUBHOTO CIIEKaHHs SHEPIUU aKTHBAIMH
YMEHBIICHUSI CyMMapHOTO 00beMa, TIOPOBOTO MPOCTPAHCTBA M 3aKPHITHIX MOp 00-
pasia, MOoy4YeHHOTO U3 0CaJIKa, IPOMBITOTO CITUPTOM, MEHBILIE TAKOBBIX Y 00pa3-
11a, MOJYYSHHOT0 U3 0CaJIKa, MPOMBITOro Boaoit (puc. 3,6 U a). DHeprun akTUBa-
IIMM COKPAICHUSI CYMMapHOTO 00beMa, IIOPOBOTO MPOCTPAHCTBA U 3aKPBITHIX TIOP
oOpa3sia, TepMOOOPaOOTAHHOTO B BaKyyMe, TaKKe UMEIOT MEHBIINC 3HAUYCHHS,
YeM TaKoBbIe y 00pasiia, TepMoobpaboTanHoro Ha Bo3ayxe (puc. 3,6 u a). B 060-
UX CIIydasx 3TO BBI3BAHO MEHBIINM OOBEMOM MOPOBOTO MPOCTPAHCTBA U 3aKPHI-
TBIX TIOD.

B wuHTepBane TtemmepaTyp HWHTEHCHBHOTO CIEKaHHWS SHEPTHHM aKTHBALUU
YMEHBILICHUS CYMMapHOTO 00beéMa MEHbIIe, a 00beMa MOPOBOrO MPOCTPAHCTBA
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Ooubie y o0pasia, MoJyYeHHOTO U3 0CallKa, MPOMBITOTO CIIUPTOM, YeM y o0pa3-
113, TIOJIYYEHHOTO U3 OCaJKa, MPOMBITOTO BOJION. DHEPIUH aKTUBAIIMU OOJBIIUX,
CPEIHHMX W MaJbIX TIOPOBBIX KAHAIOB M 3aKPHITHIX TOP 00pa3iia, MoJIyueHHOTO M3
ocajika, MPOMBITOTO BOJOM, MMEIOT 3HadeHus B uuTepBane 133-150 kJ/mol. Ta-
KUX JaHHBIX JUIsi 00pasiia, MOJy4eHHOTO M3 OCaJiKa, IPOMBITOTO CITUPTOM, TOITY-
YUTh HE YJIAJIOCh MO MPHUYMHE MAJOr0 KOJIMYECTBA PE3yJIbTaTOB. JHEPTHH aKTH-
BaIlMM YMEHBIIIECHHSI CYMMapHOT0 00beMa, 00beMa TIOPOBOTO MPOCTPAHCTBA U €T0
COCTaBIJIAIONIMX 00pa3ia, TepMooOpadOTaHHOTO B BaKyyMe, ONpEIeNieHbl C He-
yIOBJICTBOPUTEIBHOW TOYHOCTBIO M3-3a y3koro (50°C) uHTepBana Temmeparyp
WHTEHCUBHOTO CTIICKAHUS U MAJIOr0 KOJUYECTBA TaHHBIX.

bnu3kue 3HaYCHUS SHEPTUN aKTUBAIMK OOJIBIINX, CPEIHUX M MAJIBIX TIOPOBBIX
KaHAJIOB M 3aKPBITHIX MMOp 00pasiia, MoJIyYeHHOT0 U3 OCajKa, IPOMBITOrO BOJOH,
00yCIIOBJICHBI CICPKUBAHUEM 3aKPBITHIMH MOPAMH TPOIIEcca CIIEKaHUs M0 TpH-
YMHE TPUCYTCTBUS B HUX Bo3ayxa. [1omoOHBIN 3ddekr orMevancs u B pabore
[12]. [Ipu cnekanuu B Bakyyme (Hampumep, mmuaenn MgAI,O4 [13]) sHeprus
AKTHBAI[MM CIIEKAHUS 3aKPBITBIX MOP HMMEET 3HAYUTEIbHO OOJbIIME 3HAYCHHS
(297 £ 67 kJ/mol).

CrniekaHue JI0 3aKphITOM MOPUCTOCTH 0OPA3IOB TETPAroOHAIHLHOTO OKCHUA IHP-
KoHusi poxoaut npu temmeparype 1100°C (puc. 2) He3aBUCHMO OT BHja IPO-
MBIBKH OCaJIka THAPOKCUIOB (BOMOM MM BOJOW M CIIUPTOM) M YCIOBHI TEPMOOO-
paboTku (Ha BO3IyXe WIIM B BaKyyMe). ITO 00yCIIOBIEHO TeM, uTo auamerp (60—
75 NM) GOJBIIMX MOPOBBIX KAHAJIOB OMPEICIISETCS pa3MepaMy IIPOU3BOIHBIX arpe-
raToB BO ()parMeHTax arioMepaToB MOPOIIKa THAPOKCHIOB. BBuay Toro, 4ro Bce
00pa3ibl TOMYYEHBI MPH OJHUX U TEX K€ MapaMeTpax COBMECTHOTO OCaXKIICHHSI
0CaJIKOB, OHU UMEIOT OJIHU U T€ K€ JTUAMETPhl OOJBIINX MOPOBBIX KaHaIoB. [Ipu
auameTpe 0osbiIMx mopoBbix KaHaaoB 0.8-1 pm [6] crekanue oOpasioB 10 3a-
KpBITOH mopuctocTd mpoxoaut npu temmeparype 1400°C. [Ipu sTom nuameTpbl
MIOPOBBIX KAaHAJIOB OIPEICIISIOTCS pa3MepaMu arjioMepaToB IOPOIINKAa OKCHIA
[IUPKOHKSI W TOPOBBIX KAaHAJIOB MEXKAY HHMMHU. [loyydeHHBIE pe3yabTaThl IMOJI-
TBEPKIAIOT BBIBOJIBI aBTOPOB [7] 0 TOM, 4TO Temmeparypa CrieKaHus, IPH KOTO-
PO TOCTHTACTCS BBICOKAsI OTHOCHTEIbHAS TUIOTHOCTD MTPH 3aKPBHITOM MOPUCTOCTH,
OTIpeNeNIsIeTCsl pa3MepaMu arjioMepaToB U 1MOp, a HE Pa3MEepOM HHIUBUIYATbHBIX
YaCTHUI] HAHOPA3MEPHBIX TOPOIIKOB OKCH/Ia TUTaHA.

Astopsl [1] mpu uccaenOBaHUK CIIEKaHHUs OOpa3IOB U3 HAHOPAa3MEPHBIX MO-
POIIIKOB, MOJIyYEHHBIX METOJOM THAPOTEPMAIBHOIO CHHTE3a, YCTAHOBHJIH, YTO
MOBBIIIEHUE TIOTHOCTH (YMEHbIIIEHHE 00bheMa) MPOMCXOAUT B HHTEPBAIAX TEM-
nepatyp meHee aktuBHOTO (400-900°C) m mntencuHoro (950-1150°C) cmeka-
Hus. [lo JaHHBIM PTYTHOH TOPOMETPHUH, NMPH TOBBIMICHHH TemmepaTypbl ot 400
1o 700°C u no 1000°C cpennuii iuameTp MOPOBBIX KAHAIOB yBEIUYHUBACTCS OT
5-8 no 7-15 nm u mo 15-25 nm coorBercTBeHHO. TeM caMbIM IIOKAa3aHO, 4TO
yMEHbIIICHHE 00beMa 00pasiia B HHTEpBaAJIe MEHEE HHTCHCUBHOTO CIICKAHHUS MPO-
UCXOJIUT 3a CUET CIIEKaHHUs MOPOBBIX KAHAIOB AuaMeTpoM 5—15 nm. Xors arpera-
ThI IOPOIIIKA U TIOPOBBIE KaHAIbl MeKAy HUMU [2] umeroT nuametp 80-100 u 25—
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30 NM coOTBETCTBEHHO, OOpa3ell CHEeKaeTcs 10 3aKPbITOM MOPUCTOCTU TOJBKO
npu 1150°C.

OO0pa3ipl, crpeccoBaHHBbIC M3 MOPOIIKOB, MOMYYCHHBIX U3 Ta30Boil ¢asbl [3],
CIEKAIOTCA 110 3aKpbITOi mopuctoctd npu Temrneparype 1100°C. 3akpbiTbie OpbI
umerot qumetp 10-70 nm (cpeanuit auamerp 60 nm). OOpasiibl, CrIPecCOBaHHbIC
U3 TOPOIIKOB, MOJYYSHHBIX NPH COBMECTHOM OCKICHWU M3 PAacTBOpA &IKOOK-
cHJa HUPKOHHS ¥ HUTPATa UTTPHUS B HU30MPONUIoBoM criupte [4,5], criekarorest 10
3aKkpeITOi mopuctocTH npu Temreparype 1100°C. 3akpbIThie TOPHI UMEIOT AHA-
metp 10-25 nm.

BoiBOABI

VYMeHbIieHHE 00beMa 00paslia TeTparoHaIbHOTO OKCHAA IIUPKOHUS, CHOpMU-
POBaHHOTO M3 aMOP(HBIX HAHOPAa3MEPHBIX TTOPOIIKOB, C BO3PACTAHUEM TEMIIepa-
TYpBI NPOXOJUT B MHTEPBAJaX TEMIIEPATyp MEHEe aKTHBHOTO M MHTCHCHUBHOTO
cnekanus. [Ipu TepmooOpaboTke Ha BO3Ayxe 00pa3lioB, MOITYYEHHBIX U3 MPOMBI-
TOTO JAMCTHJUTMPOBAHHOW BOJOW OCaJIKa THIPOKCHIOB, B MHTEPBAJIaX MHTCHCHUB-
Horo (950-1150°C) crnekanusi ymeHblIeHHE 00beMa oOpasiia OompeaessieTcs Co-
KpalieHueM o0beMa BCEX COCTABISIOLIMX IOPOBOTO MPOCTPAHCTBA: OOJBIIUMH
(70-85 nm), cpearumu (50-65 nm) u mansivu (15-25 NM) nopoBsIME KaHATaMU
¥ 3aKpbITbiME 1Topamu (15-20 nm). YcraHOBICHO CIep)KUBAHUE CIICKAHUS 3aKPbI-
TBIMU TIOpaMH IO TPUYHMHE HAJIWYMs B HUX BO3AyXa. B mHTepBane Temmeparyp
1075-1100°C Gonplume, cpeHUE U Mallble TIOPOBBIE KaHAIbl MEPELUTH B 3aKPhI-
Thie TIOpPBI. B mHTepBane Temmneparyp meHee aktuBHOro (800-950°C) crmekanwust
yMeHbIlIeHHEe 00beMa o0pa3na U 00beMa MOPOBOTO MPOCTPAHCTBA OMPEACISIETCS
COKpalieHueM o0beMa MalbIX TIOPOBBIX KaHAJIOB W 3aKPHITHIX MOp. B mHTEpBane
temneparyp 600-800°C oOwembl 0Opa3iia U MOPOBOTO MPOCTPAHCTBA HE U3MEHU-
JIMCh, HO YaCTh 3aKPBITHIX TIOP OTKPBLIACH.

VY 00pa31oB, NOITY4YEHHBIX U3 MPOMBITOTO AUCTHTUPOBAHHON BOJOW M THIIO-
BBIM CITUPTOM OCaJIKa M TepMOOOpabOTaHHBIX Ha BO3/yXe, B HHTEpPBAJIE TeMIepa-
typ uHTeHcHBHOTrO (1000-1100°C) criekaHusi Bce MOPOBBIC KaHAIBI MEPEILIN B
3aKpBITHIE TIOPHI. Y MEHbIIIEHHE 00beMa oOpasiia U o0bemMa MOPOBOr0 MPOCTpaH-
cTBa B uHTepBasie MeHee aktuBHOro crekanus (800-900°C) ompenensiercs: co-
KpalieHrneM o0beMa TOJIBKO 3aKPBITHIX TIop. B mHTEepBane remmeparyp 700-800°C
TaKKe HaOII0AaeTCsl OTKPBITHE YaCTH 3aKPBITHIX TOP.

TepmooOpaboTka B BaKyyMe OOpasIioB, IMOJYYCHHBIX M3 MPOMBITOTO JTACTHII-
JUPOBAHHOM BOJOW OCa/Ka, MPUBOAUT K YMEHBIICHHIO WHTEpBaja TEMIIEPaTyp
uaTeHCcHBHOTO criekanus 10 1050-1150°C u yBenndYeHW0 MHTEpBaa MEHEE aK-
tuBHOTrO cnekanust 1o 700-1050°C. bonbiime, cpennue u Maible TOPOBBIE KaHa-
JBI TIEPEXOST B 3aKPBIThIE TMOPHI B nHTepBaie temmneparyp 1100 —1150°C. B un-
TepBaJic MEHEE aKTUBHOTO CIIEKaHHs YMEHbIIEHHEe 00beMa oOpasia u o0beMa 1o-
POBOTO MPOCTPAHCTBA OMPEACISACTCS COKpalleHneM 00beMa MallbIX MTOPOBBIX Ka-
HAJIOB U 3aKphIThIX Mop. B untepBane temmneparyp 700-800°C addekt oTkphITHS
3aKPBITHIX TIOP HE HAOIOAETCS TTO0 TPUYMHE OTCYTCTBUS B HUX BO3yXa.
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ITonTBepk1eHO, UTO TeMIlepaTypa CIEKaHusl, IPU KOTOPOI JOCTUTAETCs BBICO-
Kasi OTHOCHUTEJIbHAS IUIOTHOCTh MPH 3aKPbITON MOPUCTOCTH, ONPENEISIETCS pa3Me-
paMH COCTaBIISIOIIUX [OPOBOIO MPOCTPAHCTBA C HAMOONBIINM JHamMeTpoM (B
JAHHOM CJIy4yae JAMaMeTpPOM OOJIbIIMX MOPOBBIX KAHAJOB MEXIY NMPOU3BOJHBIMHU
arperaToB (h)parMeHTOB arJOMepaToB MOPOIIKa aMOP(GHBIX THIPOKCHIOB), a HE
CpEelIoi CIeKaHUs WM KUAKOCThIO, KOTOPOU MPOBOAMIN MPOMBIBKY OCajKa TUi-
POKCHIOB.
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MNMOBEAIHKA NMOPOBUX KAHANIB | BAKPUTUX MOP Mig YAC
CMNIKAHHA TETPATOHAJIIbBHOIO OKCKAY LUWPKOHIKO
3 AMOP®HOI'O NMOPOLWKY

JlocmipkeHo MOBEIHKY OPOBUX KaHAIIB i 3aKPUTHX TOP MiJ] Yac CIHiKaHHS Ha MOBITpi abo y
BaKyyMi TETparoHaJbHOTO OKCHAY IMPKOHI0, CPOpPMOBAHOTO 3 aMOp(HHHUX ITOPOIIKIB.
BusHaueHo eHeprii akTHBallii 3MeHIteHHs 00'emiB Bermkux (70-85 nm), cepennix (50-65 nm) i
mMamux (15-25 nm) mopoBux kaHamiB i 3akputux nop (15-20 nm) B iHTepBanax Temmeparyp
menmn aktuBHOro (800-950°C) it inteHcuBHOro (900-1150°C) cnikanHs. BeraHoBneHo, 1o
3MEHIIEHHS 00’€éMy 3pa3KiB B 1IHTepBali TEeMIEpaTyp MEHII AaKTHBHOTO CIiKaHHS
BH3HAYAETHCS 3MEHINICHHAM 00’ €My MaJIMX IMOPOBHX KAHATIB 1 3aKPUTHX IIOp, a B iIHTEpBaII
IHTEHCHUBHOI'O CIIKaHHS — 00’€MIB yCIX CKJIAJIOBUX TOPOBOTO MPOCTOPY PIBHOK MIpOXO.
[linTBepmKeHo, MO TemIepaTypa CIiKaHHS 10 BHCOKOi BiTHOCHOI TYCTMHH H 3aKpUTOi
TIOPHUCTOCTI BU3HAYAETHCS NiaMEeTPOM HAHOUIBIINX ITOPOBUX KaHAIB.
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KarouoBi cioBa: amopdHUil, TIAPOKCHUAN IHUPKOHIIO ¥ ITpito, 3aKpUTI IOPH, HAHO-
PO3MipHHI MOPOIIOK, OKCHJ LIUPKOHIIO, MTOPOBI KaHAM, TIOPUCTICTh, TIOPOBHUH MPOCTIp,
CIIKaHHS, CIIPeCOBaHUH 3pa3oK.

S.V. Gabelkov, R.V. Tarasov, A.G. Mironova, A.P. Kryshtal

BEHAVIOUR OF PORE CHANNEL AND CLOSED PORES
AT SINTERING OF TETRAGONAL ZIRCONIA PRODUCED
FROM AMORPHOUS POWDER

Behaviour of pore channel and closed pores of tetragonal zirconia produced from amor-
phous powder at sintering on air or in vacuum, was investigated. Activation energies of
volume decrease of big (70-85 nm), middle (50-65 nm) and small (15-25 nm) pore channels
and closed pores within temperature intervals of less active (800-950°C) and intensive
(950-1150°C) sintering were defined. It was established that volume decrease of speci-
mens within the temperature interval of less active sintering depends on the volume re-
duction of small channels and closed pores, and in temperature interval of intensive sin-
tering, the volume reduction of all constituents of pore space occurs in an equal degree. It
was proved, that sintering temperature that gives high density and close porosity depends
on the diameter of the biggest pore channels.

Keywords: amorphous, zirconium and yttrium hydroxide, closed pores, nanosized pow-
der, zirconia, pore channels, porosity, pore space, sintering, pressed specimens

Fig. 1. Dependence of mass of system «specimen made from zirconia, which had heat
treatment at 800°C,—water» from drying time (temperature 40 + 3°C; precipitate was
washed with water, heat treatment on air; my — initial mass of a system; my; — mass of
solid phase with closed pores; (m; — my), (m2 — m3) u (M3 — my) — differences of masses,
which are numerically equal to volumes of big, meddle and small pore channels; I, 11, 11l
and 1V — the first, second, third and fourth sections, accordingly

Fig. 2. Dependence of volumes of pore channels and closed pores in zirconia specimen on
the temperature of final heat treatment (for 1 h); | — closed pores; Il — open small pores, 111 —
middle, IV - big pore channels; V — pore space; VI — total volume (volume of solid phase
and pore space). Volumes of solid phase were constant and equal to 0.977 cm® (a);
0.95 cm” (6) u 0.94 cm™ () (not shown on fig. 2). Precipitate was washed with: a, ¢ —
distilled water, 6 — water and ethyl alcohol; and final heat treatment; @, 6 — on air, ¢ — in
vacuum

Fig. 3. Arrhenius dependence for summary volume (1, 2), volume of pore space (3, 6),
volumes of open big (7), middle (8) and small (4, 9) pore channels and closed pores (5, 10)
in specimen of tetragonal zirconia produced from amorphous powder: A — I, x = I, ¢ -
I, o-1V, o -V, e = VI. Notation is as in fig. 2

Fig. 4. Microphoto of tetragonal solid solution zirconia (scanning electron microscopy,
fracture, sintering on air 1 h 600°C (a) and 1100°C (6), precipitation of hydroxides was
washed with distilled water)
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