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BBenenue

KOHCTpYKIIMOHHBIE KEPAMUYECKUE MaTepHalibl HA OCHOBE JAMOKCHAA LIMPKOHHS
ZrO, MOXHO pa3ieNiuTh Ha JBe rpynibl: 1. Matepuansl TeTparoHaIbHOU MOAUGUKAIIH
— 1-ZrO; (yactuyHasi crabmiIM3alus TUOKCHAA IUPKOHHUA), OOJAJaAIONIe BBICOKUMU
MEXaHUYECKUMH CBOMcTBaMu; 2. Matepuansl KyOumdeckor moaudbukanuu — C-ZrO;
(monmHast crabuiu3anus), 00JiaJaole aHUOHHOM M AJIEKTPOHHOM MPOBOAMMOCTHIO,
MOTYT OBITh HCIIOJIb30BaHBI B BBICOKOTEMIIEPATypHBIX arperatax. llupkoHuesas
KepaMHKa CTajla aKTUBHO INPHUMEHSIETCS B KadeCTBE CTPYKTYPHBIX KOMIIOHEHTOB B
MOCJIETHAE HECKOJIbKO  JecATWIeTHi. Martepuaibl Ha OCHOBE MOHOKIMHHOMN
MOAM(PUKALMH TUOKCH]Ia IUPKOHHUSA 00JIa1al0T HEAOCTATOYHBIM ISl KOHCTPYKIIMOHHBIX
IIPUMEHEHUN YPOBHEM MEXAHUYECKUX CBOMCTB.

JInsi UMPKOHMEBOM KEpaMUKH Ba)KHBIM SBIISIETCSI YCTAHOBJIEHHE B3aUMOCBSI3H
MUKpPOCTPYKTYPBl C OCHOBHBIMM CBOMCTBAaMM MaTe€pualia, HMX KOHTPOJb, YTO
o0ecrieunBaeT TOYHOCTh BOCHPOM3BEIACHHUS pe3yiabTaToB. [lodydeHue 3agaHHbBIX
CTPYKTYp KEpaMHUYECKHX MaTepuajoB 3aBUCUT B OCHOBHOM OT KadecTBa (UHCTOTHI
PEaKTUBOB) U OJHOPOIHOCTH I'PaHyJIOMETPUYECKOT0 COCTaBaA.

OCHOBBI TEXHOJIOTMM BBICOKONIPOYHOM M TPEIIMHOCTOMKOW LMPKOHUEBOU
KOHCTPYKIIMOHHOW KEpaMUKH OBUIM 3aJ0KeHbl B paborax 3apyOexHbix [1, 2] u
OTE€UeCTBEHHBIX [3-5] uccnemoBaTeneil. YcTaHOBIECHBI 3(PGEKTHUBHBIC JIETUPYIOIINE
n00aBKM, CTaOWIM3UPYIOIIME METacTaOMIIbHYI0 TMpU KOMHATHOM TeMIiepaType
TETParoHaJbHYI0 MOAU(PHUKAIUIO, BHISIBIIEHBI MEXaHU3MbI POIIECCOB, OTBETCTBEHHBIX 3a
NOBBIIICHHBIE  MPOYHOCTh M TPELUIMHOCTOMKOCTh  KEPAaMUKH  YaCTHUYHO
CTaOMJIM3UPOBAHHOTO  JAMOKcHAA IUpKOHUSA. CopMynHpoBaHbl TpeOOBaHUS K
MUKPOCTPYKTYpPE JJIs1 JOCTHKEHHSI BBICOKOI'O YPOBHSI MEXaHUYECKHX CBOMCTB.

JI71st TOCTH>KEHUS] MEJIKOKPUCTAIITUYECKON MUKPOCTPYKTYPbI HCXOAHBINA MOPOIIOK
JOJKEH OBITh OJHOPOJIHBIM IO pa3Mepy U (a3zoBOMY COCTaBy, a TaKKe€ aKTUBHBIM K
criekaHuto (aucrepcHocTh, (a3oBblii  coctaB, (¢Gopma wyactui). B wuneane,

HAaHOKPUCTAUTMUECKUH MOPOIIOK 00J1a/1aeT MOTEHIIUATIOM ISl TOCTUKEHUS 00€UX ITUX
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neneil. CylecTByeT HECKOJIBKO METOJOB CHHTE3a HAHOPAa3MEPHOIO IMOPOLIKA.
«MOKpBIi» XUMHUYECKUH METO 00J1aJaeT MPEUMYILECTBOM - IPOCTOTA MIPUTOTOBICHUS
1 GOpMHUPOBAHKE OJTHOPOIHBIX YIBTPAIUCTIEPCHBIX MOPOIIKOB. OTHAKO UCIIOJIb30BAHUE
3TOro IMpollecca B MPOMBIIUIEHHBIX MaciiTadax B HACTOSLIEE BPEMs pPEaTu30BaHO
HejocTaTroyHo. OHOM W3 MpUYMH sBisieTcsl (OPMHUPOBAHUE TBEPJIBIX arjoMepaToB
CUHTE3UpPOBaHHOTO Tmopomika. [IpenoTBpatuth oOpa3oBaHHUE TBEPIBIX AarjioMEpaToB
BO3MOYKHO 32 CYET HCIOJIb30BAHMS KOJUIOMIHBIX CHCTEM, BKJIIOYAs XHUMHUYECKYIO
MOAU(PUKAINIO TTOBEPXHOCTH YACTHIL.

OpHako METAITIOOPTaHMYECKUE KOMILIEKCHI, KOTOPBIE HCMOJIB3YIOTCS B KAU€CTBE
MCXOJIHBIX MAaTE€pHUaJOB JIJIsl TAKUX IIPOLIECCOB, SBIISIOTCS JOPOroCcTOAIMMA. B kauecTBe
aJIbTEPHATUBHOTO TOJAXOJa MOXHO BBIIEIUTh MOAU(DUKAIMIO OOBIYHOIO METOoJa
COOCAXACHUS JUIsl TPOU3BOJACTBA HEATJIOMEPUPOBAHHOIO / €1ab0arJioMepupOBaHHOTO
HaHonopotka. B myOnukamusx [6-10] onucanbl SKCIIEPUMEHTHI, B KOTOPBIX HE CMOTJIU
IOJIYYUTh BBICOKYIO INIOTHOCTh, AaKE€ KOTJAAa HAHOPA3MEpHBIM IOPOLIOK JAUOKCUAA
LHUPKOHUS MMOJABEPTalv CIIEKAaHUIO IIPU aHAJIOTHYHBIX TEMIIEPATYPHBIX IUAMA30HAX, YTO
U JUIS CIIEKAHWsI MUKPOPa3MEPHBIX MOPOIIKOB. DTO, CKOPEE BCETO, CBA3AHO C BBICOKMM
arJIoOMEpUPOBAHHBIM COCTOSSHUEM HAHOIMOPOIIKOB. BO BpeMs ocaxaeHus THIpPOKCUIa
LUPKOHHUSA, KOJUIOMJHBIE YACTHUIIbl CBSI3aHbI MEXAYy COOOM TpeXMEpHO 4Yepe3 OKCO U
THPOKCU-TPYIIIBI, U MOJICKYJIbI BOZIbI OCTAIOTCS 3aXBa4eHHBIMH B resieBoit cetu [11, 12].
B TO Bpems kak MOJEKYJIbl BOJbI UCHIAPSIIOTCSA U3 KaMWILUIApa CTPYKTYPHI TeJisl BO BPEMs
CYLIKH, OH 3aCTaBJIsIeT COCEIHUE YaCTHUIbl OCAKA MOJONTH OJMkKe U3-3a UX BBICOKOIO
MOBEPXHOCTHOTO HATSDKEHUS. OJTO MOXKET ObITh OTBETCTBEHHBIM 3a 00pa30oBaHUE
TBEPJBIX ariioMepaToB.

ABTOpPBI paboThI [ 13] monararoT, 4TO cpefa OCaXKACHUS U CYIIIKa 0CaKa SBIISIOTCS
JIByMsI OCHOBHBIMHU 3TallaMH KOHTPOJI COCTOSIHMS ariioMepauuu. MMy mokazaHo, 4To
3aMeHa BOJbl Ha KHUJIKOCTb ¢ 00Jiee HU3KUM IMOBEPXHOCTHBIM HATSHKEHUEM MOXKET OBITh
ONTUMAJILHOM JIJIsl MOJTYYEHUSI XOPOILIO KOHTPOJIUPYEMOTO MOPOIIIKA C HU3KOM (MATKOI)
arnmomepanueil. B padore [14], mokazaHo, 4TO yCJIOBHSI BBIIAJACHUS OCAJKOB HAMPSMYIO
BIUSIIOT Ha MOP(OJIOTHIO U pa3Mep BHITIABIINX B 0CafoK dacTuil. [Ipu 3TOM mpoMbIBKa

ocaaka sBJIACTCSA CYIICCTBECHHBIM IHAroM M IPOBOJUTCA C LCJIbIO IMOJIYUCHHA OCajKa
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TUJPOKCUJA B 3aBUCHUMOCTH OT MPUPOABI MPEKypcopa, JIMIIEHHOTO HEXeIaTeIbHbIX
AHMOHOB U KaTUOHOB, a TAK)KE OPTaHUYECKUX TPUMECEH.

B paGote [15] mosydeHsl IMIIOTHBIE MaTepualbl KyOMYecKOW MoauduKanuu
(comepxanue oxkcuaa UTTpus 8§ mMoi.%) ¢ Temneparypoit cnekanust 1200-1250 °C. 1o
ObLJIO JIOCTUTHYTO 3a CYET IMOJYYEHHUS MSITKUX CJIa00arperupoBaHHbBIX IOPOIIKOB.
[Topourky mogyyanu XMMUYECKUM METOJOM OCaXKJEHUSI BOJJHOTO PACTBOPA OKCUXJIOpUIA
LIIPKOHMS B BOAHBIM PAcTBOpP aMMMaka. [[ns CHMXKEHMs armoMepanuyd B IPOLECCe
OCXKJEHUS B PACTBOp JA00ABISIM TMOJMUATUJIICHTIIMKOIbL M Cylbdar amMMOHUS.
[Tonyuennsie nmopowmku npokanuBanu npu 800 °C 3 yaca. YaenbHass NOBEPXHOCTb
IIOPOIIKOB ObLa B Ipeaenax 41-43 m?/r. IlpeccoBany 06pasisl B IBE CTAAUU IIPU HU3KOM
JABJICHUH U 3aTEM IIPU BBICOKOM, METOJ0M H30cTaThuuecKoro npeccoBanus P=280 MlIla.
[Tocne cniexkanus (1200-1250 °C) maTepualibl XapaKTepU30BAIUCH INIOTHOW CTPYKTYpPOH
¢ pazmepoM kpuctamuioB 150-220 HM, OTHOCUTENBHOMN MJIOTHOCTHIO Ooiee 95%.

bonee Hu3kasg TeMmieparypa CHEKaHHS JTUOKCUAILMPKOHUEBOM KEpaMUKH,
coaepkaien 3 Mon.% okcuga utrtpus - 1100 °C (94 % oTHOCUTEIBHAS TITIOTHOCTH) ObLIIA
JIOCTUTHYTA B pE3YJIbTATE CUHTE3a C UCIOJIb30BAHUEM 30JIb-TeIb TeXHOI0oTHM [16, 17]. B
KauecTBe IMpeKypcopa JAMOKCHAA LHUPKOHHUS  HCIOJIb30BAIM  OPraHUYECKYIO
UPKOHUICOIEPIKAIIYIO COJIb — HM30MPOMOKCH IUPKOHUS (zirconium isopropoxide).
[Tocne mpokanuBaHusg Noy4eHHOro ocaaka npu 450 °C monyyanu HAaHOMOPOUIOK €
pa3zmepoM 4vacTuil okojio 10 HM (1o pe3ysibTaram MPOCBEUMBAIOIIECH MUKPOCKOIIHH).
Pa3Mep yacTull crieueHHOM KEpaMUKHU COCTABJISIII OKOJIO 85 HM.

BbICOKOAKTUBHBIE K CIIEKAaHUIO MOPOIIKU cheprudecKoi (opMbl ObUIH MOTYUYEHBI
MetonoM nwuponusza [18]. Meron 3akmtoyanics B pACObUICHUH BOJHOTO CHpEs,
COZIEpIKaIller0  PacTBOPbl HUTPATOB IUPKOHUS W  WUTTpUs, TOA JEHCTBUEM
BBICOKOYACTOTHOTO reHepaTopa ultrasonic B Tpyo4artyto neds ¢ Temrepatypoit 600-1100
°C. B pe3ynbTaTe noiay4aiuch chepudecKue mopoIIKh, KOTOPhIE HAUMHAINA YCAXKUBATHCS
npu 450-750 °C. OpnHako OKOHYATENbHOE CHEKaHWe OBLJIO JIOCTUTHYTO TIPHU
OTHOCUTEIIbHO BBICOKHX Temneparypax - 1400 °C, 4Yro CBSI3aHO € HUCXOJHOM

MIOPUCTOCTBIO chepudecknx dactuil. OCOOCHHOCThIO MaTepHalia SIBISETCS COXPaHCHHE



HaHOpa3MepHOCTU Kepamuku (dactuilel 50-200 HM) maxe mocie 00Xura Ha BBICOKYIO
temriepatypy 1400 °C u BbIIepKKOH 5 4acoB.

Hpyrum > PeKkTUBHBIM CHOCOOOM CHUXEHUS TEMIEpaTypbl CIEKaHUS W
NOJYYCHHUST HAaHOPAa3MEPHOW CTPYKTYpHI SIBISIETCS BBeAcHUE 100aBok. B pabore [19]
ObLIH paccMOTPeHbI OKcuabl MeTaiuioB Ba, Bi, Ca, Co, Cu, Fe, Li, Mg, Mn, Ni, Sr, Zn B
koiuuectBe 1, 3 u 5 Mon.% B KaudecTBe crekarouux 100aBok st kepamuku ZrOoy,
comepxamed 8 Mon.% okcuaa UTTpUs. ABTOpPbl MOKa3ald, 4YTO Haubosee
3 PEKTUBHBIMU JT0OABKAMH, CHW)KAIOIIUMH TEMIECPATypy, SBISAIOTCA OKCHIBI (I10
yobeiBanuio): Bi > Li > Fe > Co~ Mn, Ni ~ Zn. [lo6asku Ba, Ca, Cu, Mg, Sr, Hao6opor,
MPETSATCTBOBAIHN CTICKAHUIO KEPaAaMUKH.

[TokazaHo, 4TO /ISl KEPAMUYECKUX MaTepUaJIoB, COJEPKAIUX OKCHI XKere3a [20],
Ha pa3Mep KPHUCTALIOB BIUSET KOJUYECTBO CTAOMIHM3UpYOImIeH moOaBku. Tak, mpu
conepxxanuu 3 Moi.% Y203 pazMep KpUCTaUIOB MpU T0O0ABICHUH OKCHAA Kele3a (110 2
M0:1.%) yBennuuBaiica He3HauuTelbHo ¢ 150 no 180 HM, a mpu conepxanun 8 Moa.%
Y,03 pasmep KpUCTAUIOB 3HAUMTENbHO YyBenuuumBaicsa 10 350-360 mm. OmgHako
TeMIlepaTypa OKOHYATEIHHOTO CIIEKaHUs JI0 TUNIOTHOTO COCTOSIHMS JAHHBIX MaTepUaioB
octaercs aoctato4Ho BbicOkoW - 1400-1500 °C, 49Tto HE mMO3BOJISET IOJYYHTH
BBICOKOTIPOYHBIC MaT€PUAIbl BCIEACTBUE POCTA KPUCTAIIOB.

HecMoTpst Ha MHOXECTBO HCCIEAOBAHUN IO TIOJYYCHHIO KEPaMUYECKUX
MaTepHayioB Ha OCHOBE JMOKCH/IA IIUPKOHMUSI, B INTEPATypPE MPAKTUICCKU OTCYTCTBYIOT
nyOJUKaIMKy 0 KCIOJIB30BaHUIO J00aBOK, 00pasyromux paciuiaBbl. Vcmosb3oBaHue
TaKuX JT00ABOK MOTJIO OBl CIIOCOOCTBOBATH CYIIECTBEHHOMY CHI)KCHHIO TEMITEPATypPhI
CriekaHuss W (POPMHUPOBAHUIO METKOKPUCTAUIMYECKUX WM HAHOKPUCTALTHICCKUX
MatepuanoB. CriekaHhe TaKuX MaTEepPHAIOB MPOXOIUT MO KUAKO(PA3ZHOMY MEXaHU3MY,
TJIABHBIM TIPEUMYIIIECTBOM KOTOPOTO SIBIISICTCS BO3MOKHOCTD CYIIIECTBEHHOT'O CHIYKCHUS
TEeMITepaTyphI.

Lenv pabomur.
Brecenue Bkiaga B TEXHOJOTHIO BBICOKOIIPOYHBIX KEPAMHUYECKUX MaTCPHUATIOB
HAa OCHOBE JMOKCHJAa IIMPKOHHS C TIOHIDKEHHOW TEMIIepaTypod CIEKaHUs W

YCTAHOBJIEHHE 3aKOHOMEpHOCTeH (HOPMHUPOBAHUSI HUX MHUKPOCTPYKTYpPHI, (Ha30BOTO
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COCTaBa U MEXaHUYECKUX CBOWCTB.

Jlnis JoCTHKEHHs YKa3aHHOH 1IeNi B paboTe pelainuch CleayIolie OCHOBHbBIE
3aJlayu:

1. VYcraHoBneHue BAMSHUSA YCIOBH CHHTE3a NOpowKoB ZrO, Merogamu
OCXKJICHUSI U3 BOJHBIX PACTBOPOB COJICH, UCCIIEIOBAHUE BIUSHUS MEXaHOXUMHUYECKOU
aKTHUBAIIMM U TEPMUYECKOTO CTapeHUs Ha (Pa30BbIil COCTaB U AUCHEPCHOCTH NMPOAYKTOB
CUHTE3A.

2. W3ydenuwe mporecca CIEKaHUS MaTepHalioB, COAEPKAIIUX Pa3IUdHOE
KOJIMYECTBO CTAaOUIM3UPYIOLIEH TeTparoHanbHyl0 (asy m00aBKH OKCHIA HUTTPHUS U
JIETKOIIAaBKUX CIEKAIOIIMNX J0OABOK Ha OCHOBE CUJIMKATa HATpus, HHOOATOB IEIOYHBIX
METAJJIOB U KOMILJIEKCHOM JKelne30-cojaepkallell J100aBKd, B IIMPOKOM JIMANa30HEe
TeMIIepaTyp.

3. HccnenmoBaHne  MEXaHMYECKOM  IPOYHOCTM B 3aBUCUMOCTH  OT
MHUKPOCTPYKTYpPBI U (pa30BOr0 coCTaBa, pOPMHUPYEMBIX B MaTepHaiax.

4. 3roTtoBiieHue J1aDOPaTOPHBIX MAPTUIl KEPAMUKH JIsl TPOBENCHUSI UCTIBITAHUIA
in VItro ¢ nenpo MPOTrHO3UPOBAHUS TIOBEACHUSI B OPTaHM3ME YElIOBEKa U TPOBEICHUC
TAKAX UCTIBITAHUM.

Hayunas nHosusna MOTYYEHHBIX PE3YJIBTATOB 3aKJIIOYAETCS B CIAEAYIOIIEM:

1. YcTaHOBIEHO BIMSIHUE TEPMUYECKOTO CTAPEHUS Ha IUCIIEPCHOCTH U (ha30BbIil
cocTaB NOpomKoB ZrOz, MOIMYYEHHBIX OCAXKIECHUEM U3 BOJIHBIX PACTBOPOB. BBIABIEHO,
4YTO B pE3yJIbTaTe CTAPEHHs] PEHTTEHOAMOP(HBIX MOPOIIKOB yJelbHas MOBEPXHOCTb
YBEJIMYMBAECTCS O TpexX M Oosee pa3 MpHU TeMmreparype MpPOKaJuBaHUs B AUana3zoHE
temneparyp 330-450 °C.

2. YcraHOBJIE€Ha BO3MOYKHOCTH 3HAYUTEJIBHOTO ITOBBIIMICHHUS AKTUBHOCTH K
CHEKAaHUIO KEPAMHUYECKHX MaTEpHaJIOB IOCPEACTBOM MEXAHOAKTHUBALMU TOPOILIKOB
(mocne o6paboTku HanboJiee aKTUBHBIM ydacTok criekanus Ha 200 °C Hipke, 4eM y
HE0OpaOOTAHHBIX TIOPOIIIKOB).

3. YcTaHOBIIEHO BAMSIHUE 100aBOK, 0Opa3yloUUX paciyiaB Ha OCHOBE CHUCTEMBbI
Na,O-SiO,, Ha MUKPOCTPYKTYpY U (a30oBbiii coctaB ZrO,-maTepranoB. BeisgBieHO, 4TO

BBeZicHHe J100aBku NaySiOz Mo3BOJISET WHTCHCU(UIIMPOBATH MPOIECC CICKAHUS U
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CHU3UTH TeMriepatypy cnekanus Ha 350-400 °C no 1150 °C.

4. YcTaHOBIIEHO BIMSIHUE 100aBOK, 00pa3yrolIMX paciijiaB Ha OCHOBE HUOOATOB
meno4yHbix MetauioB NaNbOs, LINDOs, Ha MukpocTpykTypy U (a3oBblit coctaB ZrO,-
matepuaioB. [loka3aHo, 4To BBeACHHME TaKUX J00ABOK U JOMOJHUTEIHLHOE BBEACHHE
OKCHJa >Kejie3a TO3BOJISIET WHTEHCU(UIMPOBATH IMPOILECC CHEKaHUSd M TOJYyYUTh
IJIOTHBIE MaTEpHUaJIbl IIPU HU3KUX TemIeparypax crnekanus 1o 1200-1250 °C, uto Huxe

Ha 200-250 °C mo cpaBHEHUIO C MaTepraiaMu 6e3 100aBOK.

IIpakmuueckas 3nauumocms pabOTHI COCTOUT B CIIEAYIOIIEM:

1. OmpeneneHbl ycaOBUSI CHHTE3a METOJIOM COOCAXACHHUS C MPUMEHEHUEM
MOJIMAKPUIIAMH/IA, TTO3BOJISIOLIEIO MMOJIYy4YaTh MaJOAarperupOBAHHBIE HAHOAUCIEPCHBIE
nopomku ZrO; (3 Moi.% Y>03) ¢ BBICOKOH yAeNbHON OBEPXHOCTIO 50-160 M2/r. D10
MO3BOJIMJIO CHU3HUTH TEMIIEpPATypy CHEKaHUsl Kepamuueckux martepuaioB no 1400 °C.
Matepuan xapakrtepusyercst 100 %-HbIM copepkaHueM TeTparoHanbHoOU (azel ZrO»,
pazmepom kpuctaioB 50-150 am, npounocTeio npu u3rude g0 800 MlTa.

2. Pa3zpaboTaH HOBBIN KepaMU4ecKuil Marepuand Ha ocHoBe ZrOz ¢ HU3KOMN
temnepatrypoit cnekanusi 1150-1250 °C, conepxaniuii cTaOMIM3UPYIONIYIO 100aBKy 3
Moi.% Y03 u crekaromyio g06aBky 5 macc.% Na,SiOz. Marepuan xapakTepu3yeTcs
OJIHOPOJHOM TIJIOTHOM MHMKPOCTPYKTYpol ¢ pasmepom kpuctamioB 100-200 Hw,
MPOYHOCTHIO ITpH u3ruode 10 635 MIla nocne ooxura mpu 1200-1250 °C.

3. Pa3paboran HOBBII KepaMuUdecKUid Marepuand Ha ocHoBe ZrQ; ¢ HHU3KOMN
temmnepatrypoit cnekanusi 1200-1250 °C, conmepxanuii cTabMIM3UPYIONTYIO 100aBKYy 9
Moi.% Y203 wu cmnekaromme mo6aBkum LiNbOs; w  okcum kenmeza. Martepuan
XapaKTEepU3yeTCs OJHOPOAHOM IUIOTHOM MHUKPOCTPYKTYPOH € Pa3sMepoOM KPHUCTAILIOB
100-200 uMm, npounocTsio nipu uszruode 10 380 MIla mocne ob6xwura mpu 1250 °C.

4. WzrotoBneHbl 1abopaTopHble MAapTHH KEPAMUYECKUX OOpas3ioB Ha OCHOBE
JMOKCUJIA IIUPKOHUS, COACPKAIINX T00aBKM CHJIMKaTa HaTpusl M Huobara Hatpus. [1o
JaHHBIM OMOJIOTHYECKMX HCIBITAHUK IN VItr0 mMaTepuaibl NMEpCIeKTHBHBI B KaueCTBE

HUMIIJIAHTATOB AJIA 3aMCIICHUA I[e(beKTOB KOCTHOM TKaHHU.
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Ha 3awumy evinocumcsa:

1. BausHue nosMakpuiaMuja, KapOOHAaTa aMMOHHS, OPraHUYECKOW Cpeibl
CUHTE3a B IIPOLIECCE COOCAKICHUS U MEXaHOAKTUBALIWH, PETISITCTBYIOIINX arjioMepalnun
YaCTHUIL MOPOIIIKA.

2. Biustnue ycnoBUM cTapeHUs W TOCHeayroleld TepMUYecKor oO0paboTKu
CUHTE3UPOBAHHBIX MOPOIIKOBBIX MaTepuasnioB ZrO, Ha (a30Bblii CcOCTaB, CTENEHb
3aKPUCTAIUIM30BAHHOCTH U JUCIIEPCHOCTD ITOIYy4aeMOro IPOIyKTa.

3. 3akoHOMepHOCTH (OPMHUPOBAHUS MUKPOCTPYKTYPBI U CBOMCTB MPHU CIIEKaHUU
matepuanoB ZrO, ¢ mo0aBKkamMH CHJIMKaTa HATpHUs U HHOOATOB IIETOYHBIX METAJIOB;
COCTaBbl KEPAMHUYECKHX MAaTEpPHAIOB C TOHMKEHHON TeMIepaTypod oOXura o

BBICOKOITJIOTHOT'O COCTOSAHUA.

Anpobayus pabomui:

Marepuaibl AUCCepTAMOHHON PabOThI J0JI0KEHBI Ha KOH(PEPEHIIHIX:

1. CmupuoB B.B. KpsuioB A.U., CmupnoB C.B., Aaronoa O.C., T'onbnoepr
M.A., bapuno C.M. XwuakodasHoe crekaHuss MaTepuaIoB Ha OCHOBE JTUOKCH]Y
UPKOHMUS, COACPKAIUX OKcuA amtoMmuHus // Te3. noki. Beepoccuiickoro coBemiaHus
«buomarepuansl B MenunuHe», MockBa, UMET PAH, 11 nexa6ps 2015 r., C. 89-90;

2. KpreuioB A.U., CmuproB B.B., Muxaiinuna H.A., Cmupaos C.B., AHTOHOBa
O.C., bapunoB C.M. TexHOnOruss KOMIO3WLIHUOHHBIX MAaTEPHUAIIOB MEIULMUHCKOTO
Ha3HaueHuss Ha ocHoBe ZrO; // Bcepoccuiickoe coBemnianue «buomarepuansl B
meauuuHey. 18 nexabps 2017 r. / IIporpamMma coBenianust U COOPHUK TE3UCOB JOKIIAIOB.
— M.: UMET PAH. 2017. C.45;

3. CmupnoB B.B., CmupnoB C.B., KpsutoB A.H., O6onkuna T.O., AHTOHOBA
O.C., bapunoB C.M. Kepamuueckne KOHCTPYKLUMOHHBIE MaTepuaabl C HU3KOU
TEeMIIepaTypoil CrieKaHus Ha OCHOBE JMOKCHIA IupKoHus // Becepoccuiickoe coBernanme
«buomarepuans B Menununaey». 18 nekabps 2017 r. / [Iporpamma coBenanusi © COOPHUK
Te3ucoB gokianoB. — M.: UMET PAH. 2017. C.56;

4. CmupnoB C.B., CmupuoB B.B., Aatonosa O.C., Kpsutop A.H., O6onkuHa

T.O., JIeicenkoB A.C., bapunoB C.M. HMccnenoBanue HU3KOTEMIIEPATYPHOTO CIEKAHUS
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OannenenToBol Kepamuku // Becepoccuiickoe coBemmanne «bnomarepranbl B METUITUHEY.
18 mexabpst 2017 r. / [IporpaMmma coBemanus U COOPHUK Te3UCOB MokIanoB. — M.: UMET
PAH. 2017. C.57;

5. CmupnoB C.B. HccrnenoBanusi kepaMHUUECKHX MAaTEpUAIOB Ha OCHOBE
JTMOKCHUIA IIUPKOHUS, COJIEpIKAIe MHOTOKOMITOHCHTHBIC OKCHIHbBIe 10o0aBku Li, Na, K,
Nb // TpeTrii MeXIMCUUILIMHAPHBIA MOJIOACIKHBIA HAyYHBIH (HOPYM ¢ MEXKTYHAPOTHBIM
yaactueM «HoBbie matepuansy. Mocksa. 21-24 nHosi0pst 2017r. / COOpHUK MaTepHaIoB.
— M: O0OO «byku Beau», 2017 r., c. 445;

6. CmupaoB C.B. HccnenoBanue criekaHUsl KEpaMUYECKUX 00pa3lioB HA OCHOBE
JTUOKCHUIA IUPKOHUSI, COJIEpP)KAIMX MHOTOKOMIIOHEHTHBIE OKCHUJHBIE J00aBKH //
Coopuuk Te3ucoB nokianoB XIV Poccuiickoil exeromHod KOH(PEpEeHIMH MOJIOJIbIX
Hay4YHBIX COTPYAHUKOB U acCUPaHTOB « DU3MKO-XUMUSI U TEXHOJIOTHSI HEOPTaHUYECKUX
marepuasiopy. M: UMET PAH. 2017. C. 214;

7. CmupnoB B.B., CmupnoB C.B., KpsutoB A.W., O6onkuna T.O., AHTOHOBA
O.C., bapunoB C.M. Kepamuueckne KOHCTPYKLUMOHHBIE MaTepuaiabl C HU3KOU
TEeMIlepaTypoll CrieKaHusl Ha OCHOBE JMOKCHIA IUpKoHus // Beepoccuiickoe coBeranue
«buomarepuansl B MenuuuHe». 18 nekadbps 2017 r. / [Iporpamma coBelianusi 1 COOPHUK
te3ucoB gokianoB. — M.: UMET PAH. 2017. C.56;

8. Cmupror C.B., CmupnoB B.B., AuronoBa O.C., KpsuioB A.W., O6onkuHa
T.0., JIeicenkoB A.C., bapunoB C.M. HMccnenoBanne HU3KOTEMIIEPATYPHOTO CIIEKAHUS
OannenentoBoi kepaMuku // Becepoccuiickoe coBemanue «brnoMarepraibl B METUIIHHE.
18 nexabps 2017 r. / IIporpaMmma coBemianusi U COOPHUK TE€3UCOB JOKIaa0B. — M.: UMET
PAH. 2017. C.57,

9. T'ompndepr, M. A., O6onkuna, T. O., Cmupnos, B. B., Kpsuos, A. .,
Cwmupnos, C. B., Anronoa, O. C., bapunos, C. M. Cnekanue KepaMHKHA Ha OCHOBE
CUCTEMBI JUOKCHUJ] NUPKOHUS-OKCUJT AIFOMUHUS, COJEpKaIeld OKCUabpl MeTaiuioB // B
kaure: Xumus, ¢pusnka, ouosorus: mytu uaTerparuu COOpHHUK TE3WCOB NOKIAI0B VI
Hay4YHOUW MOJIOZekKHOM 1IKoIbI-KoHbepenuuu. 2018. C. 27-27;

10. O6onkuna T.0O., CmupnoB B.B., KpsuioB A.U., Cmupnos C.B., I'onpabepr

M.A., AuronoBa O.C., TutoB I./1., bapunos C.M. CpoiicTBa K€paMHUKH Ha OCHOBE
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CUCTEMbI JUOKCH]I LIUPKOHUS - OKCHUJ aJIOMHHHUS, coiepxaiiei okcun xeneza // VI
KOH(EpEeHIIU MOJIOJIBIX YUEHBIX M0 001mei 1 Heopranudeckon xumun. 2018. C. 69-70;

11. C. B. Cmupsos, T. O. O6onkuna, M. A. TI'onea6epr, O. C. AaToHoga, /. JI.
TutoB «Pa3paboTka u uccnea0BaHUs KOMIIO3UIMOHHBIX COCTABOB IMOJIMMEP-KEepaMHKa
11 3D medatm meromom crepeostorpadhun» XIII MexpernoHaipHas Hay4dHO-
TeXHUYECKass KOH(PEPEHIMS MOJOJBIX YYEHBIX, CIELUUATUCTOB U CTyAeHToB BY3oB
«HayuHo-npakTryeckue npoodaemMbl B 00JaCTH XUMUHU U XUMHUECKUX TEXHOJIOTUI» ¢ 17
no 19 ampens 2019 rona, r. Anarutel.,, Tpyasl Kosbckoro nHayunoro nenrpa PAH.
Xumus u matepuanoseaenue. Boimyck 3.- C.329-330;

12. Cmupnos B.B., Cmupuos C. B., Mamotun K.B., [Ipouenko I1.B., O6onkuna
T.O., Autonona O.C., ['onpn6epr M.A, Kouanos I'.I1, Xaiipyrnunosa J[.P «Pa3paboTka
TEXHOJIOTUM KEpPaMHUYECKMX MAaTe€puajoB Ha OCHOBE TpUKalbLiMi(ocdaTa, TUOKCHIA
LIUPKOHUS C TNPUMEHEHHEM  CBETOOTBEPKIAIOIIUXCSA  MOIUMEPOB».  IIATHIA
MEXIUCUUIUIMHAPDHOM HaydyHOM (opyMe ¢ MexXIyHapoaHbIM yudactueM «HoBbie
MaTepHuaibl U MepcueKTUBHbIE TeXHOoJorum» ¢ 30 okTsa0ps no 1 HosiOps 2019 rona B T.
Mocksa, Coopauk Matepuanon 2019;

13. CmupnoB C.B. «Pazpabortka TtexHosmoruu 3D mnedaTd KepaMUYECKHUX
MaTepuasioB MetroaoM IudpoBoit ob6padoTku cBetay. XVI Poccuiickas exeromHas
KOH(epeHIIMs MOJIOJBIX HAYUYHBIX COTPYJHUKOB M acnupaHToB ¢ 1 mo 4 oktsOps 2019
roja B r. Mocksa/ Coopuuk matepuano. — M:MIMET PAH, 2019, 164-165 c.

PaboTa BeImonHeHa B coorBetrcTBrM ¢ TwiaHoM HUP UnctutyTa Metamtypruu u
MarepuanoBeneHuss uM. A.A. baiikoBa Poccuiickoii akageMuM HayK; MOJJIEpKaHa
rpantamu PODU:

1. I'pant «Y.M.H.U.K.» 8040T'Y/2015

2. Ne 16-38-00686 mon_a «CuHTE3 U CBOWCTBAa KEPAMUYECKHUX MaTEpHUaJiOB Ha
OCHOBE JTMOKCHJA HUPKOHUS C HU3KOW TEMIIEPATYpPOil CIIEKAaHUS. »;

3. Nol14-08-00575 «3akoHOMEpHOCTH (POPMUPOBAHUSI CTPYKTYpPhl U CBOWCTB

KOHCTPYKIIMOHHOM OHOKEpaMUKH Ha OCHOBE CHCTEMBbI THUJPOKCHANATUT- JTHUOKCH]
HUPKOHUS,;

4. Nel8-29-11053 «Pa3Butue (PU3MKO-XMMHUYECKUX OCHOB HOBBIX METOOB
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MOJIyY€HUs HOBBIX KEPAMHUUYECKMX MATEPHUATIOB HA OCHOBE JUOKCHJIA LIUPKOHUS U Ha
ocHOBe (poc(haToB KaIBIHS JI1 METUITUHBI ¢ TPUMEHEHUEM aJTUTHBHBIX TEXHOJIOTHI;

5. Ctuniennus Ipesunenta PO CI1-3724.2018.4 na 2018-2020 rr. «Pa3paboTtka,
CUHTE3 M MCCIENOBAHME HOBBIX BBICOKONPOYHBIX MAaTEPUAJIOB HA OCHOBE JIHOKCHUIA
LUUPKOHHMS C HU3KOM TEMIIEPATypPOU CHEKAHUS JIsl CTOMATOJIOTUI.

OcHoBHOE cojiepkaHre pabOThI U3JI0KEHO B 15 HaydHbIX paboTax (5 maTeHTOB),
10 U3 KOTOpPBIX - B CHOUCKE >KypHAJIOB, peKoMeH10BaHHbIX BAK, nepeBoaHble BEpcHH
cTarell )KypHaJIOB MHJCKCUPYIOTCs B 6a3ax Scopus, Web of Science.

ABTOp nuccepTauu BbIpAKaeT TIIyOOKYHO OJaroJapHOCTh 3a PYKOBOJACTBO
paboToi Wi.-KOpp., Ipod., 3aciaykeHHoMmy aesTento Hayku P® Ceprero MupoHoBuuy
bapunoBy, Bcem corpyanukam gabopatopuun Ne20 u ocobenno — k.1.H. B.B. CmupHOBY;
3a OpPraHU3alHUIo0 NPOBEICHUS UCCIIETOBAHUN METOJIOM MPOCBEUYMBAIOIIEH AJIEKTPOHHOU
MUKPOCKOIIMU U 00CYXJeHUE pe3ysbTatoB akajgemuky HesneBy B.M.; 3a npoBeneHue
pentreHoda3zonoro ananusa K.¢-m.H. JL.U. [lIBopueBoit, k.T.H. B.I1. CupoTHHKHUHY, K.T.H.
A.A. KonoBanoBy; 3a nposeaenue /JITA ananusa, npoBeeHME UCIIBITAHUM HA IIPOYHOCTD
k.T.H. A.C. baukuny, HWK-cnekrpockonnu ¢ H3MEpPEHHE YACIbHON IUIOIIAIN
noBepxHocTH K.T.H. C.B. KyneBy, Tepmuueckux uccnenoBanuit (aunaromerpus, JICK,
TT) k.1.1. JI.JI. TuTOBY, 32 MOCTAaHOBKY M IIPOBEACHUE UCIIBITAHMI IN VItr0 cOTpyIHHKAM
@I'Y MOCKOBCKHI HAy4YHO-HUCCIIEIOBATEIIbCKU OHKOJIOTMYECKHIT MHCTUTYT UM ILA.
I'epuena npod., a.6.H. H.C. Cepreesoii, k.6.H. N.K. CBupugonoii, k.0.H. B.A.

Kupcanogoii, C.A. AxmenoBoii, ammuauctparuu UMET PAH 3a noanepxky padoTHI.
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1 AHaauTn4yeckuii 0030p JUTEPATYPHI

1.1 Kepaanecmle MaTEpHUAJIbI HA OCHOBE NHOKCHU/IA IUPKOHUSA

Huoxcua nupkonust ZrO, BXOAUT B cOCTaB MUHepasia HUPKOH (ZrSi04), KOTOphIi
ObLT M3BECTEH C JIpEBHUX BpeMeH. HaszBaHue meramia, IUPKOHUS, TPOUCXOIUT OT
apa0ckoro 3aproH (30JIOTUCTHIN I[BET), KOTOPBIA B CBOIO OYEPEh MPOUCXOAUT OT JABYX
nepcuackux ciaoB Zar (3010t0) u Gun (uBet). Auokcua Meramia (ZrOz) ObUT OTKPBIT B
1789 rony Hemenkum xummukoMm MaptraoM I 'enprxom KitarpoTom B MpOAYKTE peakuuu,
MOJIYYEHHOM I0CJI€ HAarPEBaHUs HEKOTOPBIX MUHEPAJIOB, U IOJITO€ BPEMS HCIOJIb30BAJICS
C OKCHJAMHU PEAKO3EMEIbHBIX 3JEMEHTOB KakK MUTMEHT JUIsl KepaMuku. B Hacrosiee
BpeMsI HU3KOKAUYECTBEHHBIA TUOKCHUJ IUPKOHUS MCIOJL3YETCs] B KayecTBe abpas3upa.
JInokcu IMPKOHUS 3aHUMAET YHUKAJIBHOE MECTO CPEIN OKCUIHOM KepaMuKH OJ1aroiaps
CBOMM  TIPEBOCXOJIHBIM  MEXAaHWYECKUM  CBOMCTBaM.  3HAYUTEIBHBIH  00BEM
HCCJIEIOBATENLCKUX paboT ObUT MPOBEJEH C MOMEHTa OTKpHITHS B cepeauHe 1970-x
rOJIOB TpaHC(POPMAIIMOHHOTO TpeBpalleHus auokcuaa mupkonust [21]. OcHoBHOE
NPUMEHEHUE MaTepHaloOB HAa OCHOBE JMOKCHJA LUPKOHUS CBA3AHO C COYETAHUEM
YHUKAJIBHBIX CBOMCTB — BBICOKass MpoYHOCTh mpu usrude mo 800-1000 MIla u
TpemuHocToikocTh 10 10-12 MITa*mY? [22, 23], XuMHuueckas CTOMKOCTb K pa3InuHbIM
arpeccuBHbIM cpenam. [loaToMy marepuanbl HalIM MPUMEHEHUE MJI1 U3rOTOBJICHUS
neTaneil, paboTalIUX B arpecCUBHBIX Cpelax, KaK H3HOCOCTOWKHE W TPOYHBIE
Matepuabl (MOAMIMITHUKY, TTOMOJIBHBIE Tela, KepaMUiyecKkue (GUIIbepbl, U3HOCOCTOUKHUE
KEpaMUYECKHE COIUIAa M JIETAJIM, HCMOJb3yeMble NPU TPAHCHOPTUPOBKE MOPOI B
rOpHOI0OBIBAIONIEH MPOMBIIUIEHHOCTH). Bbicokas Temmneparypa IjiaBieHUs] TUOKCUIA
uupkoHust (okono 2700 °C) u ero Huzkas TemionpoBoguMocTs (3,2 B1/(M*K) npu
1200 °C) mo3BOJIAT HIMPOKO HCMOJb30BaTh Marepualbl B KAa4eCTBE OTHEYNOpPOB B
BBICOKOTEMIIEPATYPHBIX MT€Uax ¢ OKUCIUTEIBHOMN Cpe1oi 005Kura, B KaUeCTBE 3alIUTHOTO

OTHEYIIOPHOTO TMOKPBITHUS ISl KOCMUYECKHX amnmnapaToB (OrHEYNOPHBIE JIETKOBECHI).
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Koppo3nonHas u XuMuueckass CTOMKOCTh K METAJUTMYECKHUM paciuiaBaM IO3BOJIST
WCIIOJIP30BaTh €T0 B KA4eCTBE THIJICH B METAUTYPTHYECKOW MPOMBIITUICHHOCTH,
KepaMHUUYECKHUX BTYJIOK JUIsl IBUTAaTeIel BHYTPEHHEro cropanus. BeicokoTemneparypHas
MOHHAs MPOBOJUMOCTb JIEJIAeT KEPAMUKY U3 TUOKCHA IIMPKOHUS TPUTOJHON B KAUSCTBE
TBEPJBIX JJEKTPOJIMTOB B TOIUIMBHBIX 3JIEMEHTaX, a TAKXKe JJIsi MCHOJb30BAHUS Kak
HarpeBaTeNIbHbIA 3JIEMEHT C BO3MOKHOCTBHIO paOOThI MPHU BBHICOKUX TEMIIEpaTypax B
okucnutenbHou cpene npu 2000 — 2200 °C.

JIMoKCu I TUPKOHUS TaK)Ke MPEICTABIISIET O0JIBIION HHTEPEC KaK OMOJIOTMUECKU
Mateprai [24]. OTo BbI3BaHO YHUKAJIHHBIM COYCTAaHHEM TAaKHWX CBOWMCTB, KaK XOpoIIas
XUMUYECKass W OMOJIOTHMYECKass WHEPTHOCTh, BBICOKAs MEXaHWYECKas IMPOYHOCTh U
ylapHas BSI3KOCTb B coueTraHud ¢ moayiem HOnra (225 I'Tla) OnuskuMm K cruiaBam
HepkaBeromeld cramu [25]. HccnenoBanmss B 007acTH JAMOKCHAA ITUPKOHHS Kak
OuomMarepuana ObUIM Hayarhl emie B KoHie 60-x roxo. Ilepas crtaThs o0
OMOMEIMIIMHCKOM TPUMEHEHUH JTMOKCHUJIA IUPKOHUS B KAa4ECTBE MMILJIAHTATOB ObLIa
oryosmkoBaHa XenMepoM u Jlpuckemtem B 1969 roay [26].

B Hacrosiee BpeMs OAHUM U3 OCHOBHBIX MPUMEHEHUN AMOKCHAA IUPKOHUS
SBJISIETCA W3TOTOBJICHHE IIAPOBBIX TOJOBOK JJIsI 3aMEHBI Ta300€IPEHHOI0 CYCTaBa,
niepBasi MyOJIMKaIMs B 3TOM HarmpaBieHuu Obuta caenana Kpucrenom B 1988 roay [27].
HccnenoBanust B maHHOW 00jacTu ObLIO c(POKYyCHMpOBAHBI Ha KEpaMHUKE U3 JTUOKCHIA
UPKOHMS, CTAaOWJIM3UPOBAHHOW OKCHJAOM HUTTPUS (YaCTUYHO-CTAOUIIU3UPOBAHHON),
XapaKTepU3yIOLIEnCs MEJIKO3EPHUCTON MHUKPOCTPYKTYPOU TETPArOHAIBHON
moaudukammu (YPSZ). B Hactosmiee BpeMs kepamuka Y PSZ mupoko HCTIONB3YeTCs s
KOMMEpPYECKOTO TIPUMCHEHHS B KA4eCTBE WMMIUIAHTOB BEIYIIMMH MHPOBBIMHU
npousBoauTeNsAaMH, Hanrpumep, Kyocera (Anonus), Ceraver (Opanrus), Xylon (CLLIA) u
np. HemaBHee BHeapeHHWE KepaMUKH HA OCHOBE JHUOKCHIA ITUPKOHUS B Ka4deCTBE
YKPEIUISIONUX CTOMATOJIOTHUYECKMX MaTepHaioB (BKJIAOK, HAKJIAJO0K, OOJHUIIOBOK,
KOPOHOK) [28] BhI3BaJIO 3HAYUTEIBHBI HHTEPEC B CTOMATOJIOTMIECKOM COOOIIECTBE. ITO
CBSI3aHO C BO3MOYXHOCTHIO YMEHBIITUTH TOJIIIMHY UMIUTAHTATOB 33 CUET YBEIMYCHHS UX
MPOYHOCTH, YTO MMEET TEPBOCTEIICHHOE JCTETUYECKOE 3HAYCHHE B OPTOIETUYCCKOMN

CTOMATOJIOT'HH.

16



HecMoTpss Ha TO, 9TO MHOTHE THIMBI IMUPKOHUUCOACPKANIUX KEPAMUUICCKUX
CHCTEM B HACTOSIIIIEE BPEMsI TOCTYITHBI [29], TONHKO TPH UCIIOIB3YIOTCS Ha CETOTHATITHUI
JIeHb B CTOMATOJIOTMH. OJTO JIETUPOBAaHHbIE KaTMOHOM WuTTpus (3 Moi.%)
TETparoHadbHBIA AWOKcHI Iupkonus - 3YPSZ, katmonom wmarnuss - MgPSZ u
KOMIIO3UTHI C OKCUIIOM aJltoMUHUA — Z TA.

Mukpoctpyktypa kepamuku 3YPSZ misi cTOMaToOJOTMYECKOTO MPUMEHEHHUS
COCTOWT M3 MEIKHX PaBHOOCHBIX 3epeH (B auamerpe 0,2 - 0,5 MKM B 3aBUCHMOCTH OT
TEeMIlepaTyphbl cHekaHus). MexaHW4YecKrue CBOWMCTBA HAMHOTO BBINIE, YEM Yy JAPYTHUX
JOCTYITHBIX CTOMATOJIOTUYECKHX MaTepuasioB (mpoyHocTh Ha n3rud 8§00-1000 MIla u
BA3KOCTh pa3pylleHus B auanaszone 6-8MPa*m°) [30].

JIOTIOTHUTENBHOE BBEJICHHUE OKCHUJA ATIOMUHUS TPUBOAUT K YIPOUYHEHUIO
matepuaia (ZTA) [31]. Matepuansl Al,O3-ZrO; npeacTaBisioT 3HAaUNTEIbHBIA HHTEPEC
KaK TEpCIeKTUBHBIN Ouomarepuas. M3BecTeH KOMMEpUECKHl CTOMATOJIOTHYECKUI
MaTepuaj Ha ocHOBe okcuja adromunus In-Ceram® Zirconia® (VidentTM, Brea, CA),
KOTOPBIN copepkut 33 00.% auokcuaa HUpKOHUS, CTAOMIIM3UPOBAHHOTO OKCHIOM LIEpUs
12 mon.% (12CePSZ). Beuio mokasano, uro kepamuka CePSZ obGiamaet OoJiblieid
CTaOMIBHOCTHIO M YCTOMYMBOCTHIO K ICTpaalliyl IPH HU3KHUX TeMIlepaTtypax, yeM Y PSZ
B @HAJIOTHYHBIX YCIIOBHUSIX TCPMOLMKIUPOBaHMS WK cTapeHus [29].

3HAUUTENFHOE KOJIMYECTBO UCCIIENIOBAHUNM OBUIO TIOCBSIIIICHO YaCTUYHOU
CTa0MIM3aluu OKCUAOM MarHus - MgPSZ. Opnako »TH martepuanbl HE MOTYYUIIU
IIMPOKOTO PACIPOCTPAHEHHUSI B OCHOBHOM 0JIaroaps HaIM4IuIo MMOPUCTOCTH, CBI3aHHOM
c OosbmuM pazmepoM 3epHa (30—60 MKM), KOTOPBIH MOXET MPUBOJUTH K U3HOCY B
pe3yJabTaTe BhIKOJIA KPUCTAIJIOB IIPU MexaHudeckoil oopadotke [25]. KomuectBo MgO
B COCTaBE KOMMEPUYECKUX MaTepraaoB 00bIYHO Kojeomercs oT 8 10 10 mon.%. s Mg-
PSZ B nomonHeHune Kk BbIcOKOM Temmeparype crnekanus (Mexay 1680 u 1800 °C),
HEOOXOIMMBIM SIBJISIETCSI KOHTPOJIh PEKUMA OXJIXKICHUSI, 0COOCHHO Ha CTANH CTAPCHUS
(Bo3moskHOTO Tiepexona t-ZrO; B m-ZrO, npu temneparype okoso 1100 °C) [32, 33].

Hpyrum MEePCTIICKTHBHBIM HaIpaBJICHUEM SBIICTCS pa3zpaboTka
CTEKJIOKEPAMUYECKUX MaTEpPHANIOB JJii CTOMATOJIOTHMH. OJTH MaTepuaibl 00JaJaroT

PAAOM IMOJOXUTCIBHBIX XapaKTCPUCTHK — XOpomiasa CBCTOIIPOITYCKACMOCTb OM3Kas K
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€CTECTBEHHON KOCTHOW TKaHW 3y0a, a Takke Oojee ONM3KMMH 3HAYCHUSIMH MOJIYJIS
YOPYTrOCTH K KOCTHOM TKaHU MO CPABHEHHUIO C KEPAMUYECKUMU MaTepUaJaMyd Ha OCHOBE
JMOKCUJA IUPKOHUS U KOopyHJa. OJHAKO 3TH MaTepHallbl XapaKTepus3yloTcs Oolee
HHA3KOU MPOYHOCTHIO U XUMUUYECKOW CTOMKOCTBIO. J[JTs1 MOBBIIEHUS 3TUX XapaKTEPUCTUK
BeIyTCsl pa3pabOTKU HOBBIX MaTEPHUANIOB, CPEIU KOTOPHIX BBIACISIOTCS KOMITO3UTHI
CTEKJIOKEpaMUKa — TUOKCH]I IUPKOHUS.

Otmeuaercs [34], uto BBeaeHue ZrO; B KauecTBE JOOABKHU SIBISIETCS XOPOIIO
U3BECTHOM CTpaTeruedl TOBBIMICHUS TBEPAOCTH U  BSI3KOCTH pa3pyllieHHUs B
CTEKJIOKEpAaMUYECKUX KOoMIo3uTax. Pomb YSZ B ynyulleHUMM BSI3KOCTHBIX CBOMCTB
KEpaMUKH 3a CUET SIBJICHUS TpaHC(HOPMAIIMOHHOTO YIIPOUHEHHS OYEBUIHA. Y IyUIICHUS
MPOYHOCTH Ha U3TUO, TPEIIMHOCTONKOCTH U TBEPIOCTH HAOIIOAAINCH B CTEKIIOKEPAMUKE
Ha ocHoBe cio bl (Si0; — Al,O3 — MgO — K0 — B,03 — FeO — P,0s) ¢ 15 mac.% YPSZ
U anatutoBoil kepamuku ¢ 10 mac.% YPSZ c ucnonbp3zoBanueM 0JHOOCHOTO MTPECCOBAHUS
[35, 36]. Beenenue 30 macc.% HaHOMOPOIITKA TUOKCH/IA IIUPKOHUS B CTEKJIOMaTepHUall Ha
ocHoBe cucrtembl MgF, — Al,O3 — B,03 — P,0s — MgO — SiO; — K;O mno3Bossier
3HAYUTEIHHO YBEIUUUTH BA3KOCTh Pa3pyLICHUs ITPU MEXAHUUECKUX Harpy3kax (u3rude)
[37]. TloBbleHwe yaapHOH BSI3KOCTH IPH BJABJIMBAHWK HAOJIOMAIOCh B allaTUTOBBIX
OonocTekax, coaepikanmx auokcua mupkonus YPSZ B kommdectse 20 macc.% [38].
beuto mokasano [39], uro crekiokepamuka ZrO; — SiO; u3 30,35 u 40 mon.% ZrOy,
MOJTyYEHHAas! 30J1b-T€JIb METOJAaMHU, UMEET JOCTATOYHBIN KO3(PQUIIMEHT MPOMyCKaHUs,
MOJYJIb YNPYTOCTH, TBEPAOCTh M BS3KOCTh pa3pylIC€HUs NpPU BIABIMBAHUU. Takxke
coobmaeTcs, uTo 5 MacC.% anaTUT-BOJJIACTAHUTOBOM CTEKIIOKepaMuKH ¢ t-Zr0; numeroT
JYUIIyI0 TMPOYHOCTh HA W3THO, BI3KOCTh Pa3pylICHUS W MUKPOTBEPAOCTh MPHU

MOBBIIIICHUH TEMIIEpaTypbl ¥ BpeMeHU TepMooodpadoTku [40].
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1.2 OcHoBHBIE (aKTOPBI, BIAUSIONIHE HA CTPYKTYPY U (a30Bblii cOCTAB THOKCHIA

HMUPKOHUA

JIMOKCHU ITUPKOHKS — TYTOINIABKOE COCTUHEHUE C MPEUMYIIECTBEHHO MOHHOM
MEKaTOMHOM CBA3bI0. MIMeeT o0nacTh romoreHHocTH 63,0 — 66,66 aTOMHBIX J10JIeH, %o
(23,0 — 25,96 maccoBbIx moieit, %) MO COACpKAHUIO KHCIIOPOAa, KaK MPEACTaBICHO Ha
puc. 1. Jna ZrO, cymecTByeT 3 OCHOBHBIX KPHUCTAUIMUYECKUX MOIUDUKAIINH:
MOHOKJIMHHAS, TeTparoHainbHas u kyoudeckas (puc. 3). Temneparypa Ms nomumopdHo-

O MPEBpAIICHUS t — M 3aBUCHT OT psijia pakTopos [41-43].
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Puc. 1. Jluarpamma coctostHusi cuctembl ZI—ZrO,, trne P-TerparoHanbHas

cuaronus ZrO,, a-kyouueckas cunronus ZrO, [44].
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Puc. 2. — Kpucramnnueckas ctpykrypa ZrO,, rae KpacHbIM 0003HaY€HBI NOHBI

Zr*4; 6enpiv nonsl O 2. Cepast 00/1aCTh — JIEMEHTApHAA SYelika. DIIeMEHTapHas suehKa

COOTBETCTBYeT KyOmueckoit moaupukanuu ZrO; (ctpykrypa Tuma ¢mooputr — CaFy)
[50].

(a) (b) ()

Puc. 3. ITonmumophusm TUOKCHIA IIUPKOHMS, & — KyOrueckas Moaudukarus, b —

TeTparoHajibHasi, C — MoHOKMHHAas [50].

beutn  oOHapykeHbl Japyrue ¢asbl, CBS3aHHBIE C YCIOBHSAMH TIOJyYCHUS:
TEMIIEpaTypa, JOaBJICHUE. YCTAHOBJCHO, YTO B CHHTE3UPOBAHHBIX ITOPOIIKOBBIX
Martepuaax, TepMooOpaboTaHHbIX TpU HU3KOU TemmepaType 500-600 °C, obGpazyercs
TeTparoHajgbHass ¢aza ¢ OpPTOPOMOMYECKON CTPYKTypoil (opropomOuyeckas 1) ¢

IJIOTHOCTEIO 6,09 T/cM®, KOTOpYIO TakkKe Ha3bIBAIOT ICEBAOKyOMueckoil (tabm. 1).
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Jannas Qasa mnpu TMOBBIIIEHUH TEMIEpPaTyphl MEPEXOAUT B  MOHOKIMHHYIO
monupukammio. Ilpu nmanpHelmeM HarpeBaHuu  o0OpasyeTcs —«KJIacCHYecKas»
TeTparoHajgbHas Momu(UKalus ¢ IUIOTHOCTBIO 6,10 r/cM®, M yKe HpH BBICOKHX
Temrneparypax obpasyerca Kyouueckas Moaudukanus. MoXHO OTMETHTh TaKXke, 4TO B
clTydae BBIJICPKKH TIOPOIIKA C OPTOPOMOUYIECKON CTPYKTYpO#i | Tpu BEICOKOM J1aBIICHUH,
oOpa3zyercsi emie onaHa MeractabwibHas ¢aza - opropomOuueckas |l ¢ BwIcOkoi
IUIOTHOCTEIO 6,80 r/cM®, KOTOpas TaKKe MEPEXOAUT B MOHOKIMHHYIO DM HATPEBAHHU,

Kak u opropomoOuueckas | [45].

Tabmuna 1. [InoTHOCTH pa3muYHBIX MOTUMOPGHBIX cocTosiHU ZrO; [46].

®da3za [L1oTHOCTS, T/CM®
MoHOKIMHHAS 5,56
Opropombuueckas | 6,09
TerparonanbHas 6,10
KyOuueckas 6,20
Optopombuueckas 11 6,80

Kyb6uueckas dasza crabunbHas ot 2370 °C no temmeparypsl IUIaBiIeHUs, Oblia
oOHapy>keHa npu npoBeaeHuu POA npu Beicokux temmneparypax Cmutom n KnaiiHom
[47]. OHa uMeeT KPUCTAJUIMYECKYIO CTPYKTYpPY THMa (IFOOPHTA, B KOTOPOM KaKIblit
aTOM LUPKOHUSI KOOPJAUHUPYETCS BOCEMbBIO PABHOOTCTOAIIMMU aTOMaMH KUCJIOpOJa, U
KOKIBI aTOM KHCIOpOAa TETPadIpUYeCKd KOOPAHUHHUPYETCS YEThIPbMSI aTOMaMu
nupkoHus. TerparonansHas (aza crabunpna mexay 1100 °C u 2370 °C. B atoii daze
aTOM LIUPKOHUS OKPYKEH BOCEMbIO aTOMaMHM KUCJIOPOAa, YeThIpe Ha paccTossHuu 0,2455
HM, a ocTalbHble 4YeThlpe Ha paccrosaun 00,2065 ©HM. MoHokinuHHas ¢da3a
TepmoauHamuuecku crabmibHa A0 1100 °C. OCHOBHBIMH OCOOEHHOCTSIMU CTPYKTYpbI
ABJISIIOTCS (a) CEMUKpaTHasi KOOpAWHAIUS Zr ¢ IUana3oHOM JIJIMH U YIJIOB CBsi3eH, (0)
CJION TPEYTOJIbBHO CKOOPAMHUPOBAaHHBIX OI-Zr u TeTpasapHyecKu KOOPAUHUPOBAHHBIX

atomoB OII-Zr, (c) aToMbI Zr pacnoyioXXeHbl B CI0SIX, NapauieabHbIX iockocTsM (100),
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pazneneHnbix aromamu OI-Oll ¢ o6enx cTopon (d), kora aToMbl Zr pa3aesieHbl aTOMaMu
OI Ha Gosbiree paccrosiHue, yeM aromamu OII [48].

®da3zoBasg HeCTaOMILHOCTH KyOuuecko momudukanuu ZrO, o0ycIoBiIeHa TeM,
YTO OTHOIIEHHE UOHHBIX paanycoB (0,58) B 3TOM OKCHJIe UMEET HAMMEHBIIEE 3HAUCHUE
[0 CPAaBHEHUIO C OTUM OTHOIIEHUEM I BCEX JPYTMX M3BECTHBIX OKCHJIOB,
KPUCTAJUTM3YIOMINXCS B CTPYKTYpeE (uiroopuTa, U 0JIM3K0 K rpaHndHOMY 3Hauenuto (0,7),
COOTBETCTBYIOIIEMY YCTOWYMBOCTH TakuX CTPYKTyp. [lomumopdHbie mpeBpaiieHus: B
ZrO, 00yciOBIIEHbl CTAOMIM3AIUEH SJIEKTPOHHOM MOJACUCTEMBI U YBEIIMYEHUEM JOJU
KOBAJICHTHON COCTaBIISIIOIICH MEXATOMHOM CBS3M C TEPEXOJ0M OT KyOMYecKo K
TETparoHaJIbHOM U Jjajniee K MOHOKIMHHON Mo pukanuu ZrO,. Kpome Toro, ormeuaercs
[45], 4To mpu HarpeBaHWUM MPOUCXOJUT OOpa3oBaHHE BaKAHCHW MO KHUCIOPOIY
BCJIEZICTBUE YACTHUYHOTO PA3JIOKEHUs AUOKCUAA LHHUPKOHUA. [Ipu 3TOM KOHUEHTparus
BAaKaHCHUH pacTeT C MEPEeXOJ0M OT TeTparoHajibHOW (a3bl K Kyouueckoi. [logoOGHOrO
apdekra cTaOuiauzanuy, HaOpUMeEp, TETPAaroHaJbHOW (ha3bl MOXKHO JOCTHYb IIpU
HarpeBaHUM B Bakyyme, rae auccouuanusi ZrO; ¢ BBIIEICHUEM KHUCIOPOJa M Kak
CJIEJICTBUE, 00Opa30BaHNE BAKAaHCHUM 10 KUCIOPOLy OyAeT MPOXOauTh IpU 0oJjiee HU3KUX
TEeMIIEpaTypax, 4eM npu oopadoTke Ha Bo3myxe [49].

IIpeBpamienrie t — m B ZrO; — MapTEHCHUTHOrO THUMNA. XapaKTEpHOW €ro
OCOOCHHOCTBIO ~ SIBJISIETCSI  YHUKAJIBbHOE  COOTBETCTBUE  MapaMeTpPOB  PEILETKU
TEeTparoHaJbHON W MOHOKJIMHHOM (pa3, 00yCIIOBIMBAIOIIEE TTOJOKUTEIIbHBIN 00 bEMHBIM
nunaTaioHHbId A dexT npespaimenus 3 — 4% U BeTUYUHY CIBUTOBOM JedopMaliuu,
npuMepHo, 10 %.

[Ipu oxnaxaenun HenerupoBaHHOTO t—ZrO, mpeBpalieHne MPOUCXOTUT TPHU
temriepatypax Beime 1100 °C. TemneparypHbie 005acCTH TPSIMOTO M OOpPaTHOTO
NepPEeX0A0B MPU OXJIAXKICHUU U HArPEBE HE COBIAAIOT, YTO MPOSIBISETCS B TUCTEPE3UCE
JTUIATOMETPUYECKUX KpUBBIX. Temneparypa Ms MapTEHCUTHOTO MPEBPALLEHUS 3aBUCUT
OT MHOTHX (PM3UKO—XUMHUYECKUX U CTPYKTYPHBIX (pakTopoB. JBIKyIlIas cuia mporecca,
TO €CTh PA3HOCTh CBOOOAHBIX AHEPTUN NOTUMOPPHBIX MoauuKauii ZrOz, 3aBUCUT OT
COJIEp>KaHUsl BTOPOrO KOMIIOHEHTa B OOJACTH KOHIIEHTpaIuii oOpa3oBaHUs TBEPHbIX

pactBopoB. Takume okcuaesl, kak MgO, CaO u Y03, a Takke MHOTHE OKCHJIbI
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PEAKO3EMENbHBIX  AJIEMEHTOB, HWMEIOT 3HAYMTEIBbHYI0 pacTBOpUMOCTh B ZrO;
KyOM4ecKoil Moau(pUKAIIK, CTAOMITH3UPYIOT ATy (ha3y OTHOCUTEIHHO MTPEBPAIICHHS B t—
ZrO, 1 MOTyT CYIIECTBEHHO CHIKaTh Temmeparypy Ms — mepexona. Crabuiuzaius
oOyCIIOBJIeHa W3MEHEHUEM YHEPTUHU SJICKTPOHHOU TOJCUCTEMBI 32 CUYET KHUCIOPOIHBIX
BaKaHCUM, BO3HUKAIONIMX IPU BBEICHUU CTAOMIM3UPYIOMMX A00aBOK. CXeMaTHYHO

oOpa3oBaHU€ BaKaHCUH U300pakeHO Ha puc. 4.

o
© z*
© o

Bakancua no
Kucnopoay

Y,0

CrabunnusnpoBaHHbIn ZrO2,
Kybuyeckas cTpykTypa chrnroopurta

Puc. 4 Cxema pacTBOpeHMsI OKCHAA UTTPUS B PELIETKE NMOKCUIA LIUPKOHUS C

oOpa3oBaHKEeM BakaHCHUH 1o kuciopoy [50].

Biusinue ctabunusupyroieit 100aBKU OKCHAa UTTPUS XOPOIIO MTPOCICKUBACTCS
Py PacCMOTPEHUHM auarpamMMmbl coctosiuus (puc. 5). M3 mumarpamMmbl BHIHO, YTO
dbopmupoBanne m-ZrO; 6e3 mobaBku Y03 HauWHAETCSs TPH TEMIIEpaTypax BBIIIE
419 °C, a t-ZrO; mpu Ttemneparype okoio 1000 °C. Ilpu sTOoM BBeneHue
cTabunusupyromeid A00aBKM MNPUBOIUT K yBenuueHuto copaepxkanus t-ZrO,. Ilpu
noBbIIIeHNU cojiepkanust 10 3,0-3,2 mMon.% Y203 nmpoucxoaut oOpa3oBaHUE TOJIBKO
TeTparoHajabHOUM (a3el nmpu Temrepatype Boie 600 °C, a npu conepkanuu Beime 6,0
Moi.% Y203 oOpa3yercst cMech TeTparoHalbHOW M 0oJiee BBICOKOTEMIIEPATYpPHOM
KyOnueckoil ga3pl. MOXKHO Tak:ke OTMETHTh 0O0pa3oBaHUE XUMHUYECKOTO COEAMHEHUS

MEXKIY OKCHAaMH IUpKOHUS ©  UTTpUs  (Zr3Y40;12), HaOMIOAArOmErocs IMpH
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KOHIIEHTpaUsAX okcuaa uTtpus oonee 17,5 mon.%.
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Puc. 5 Inarpamma coctosiaus ZrO,-Y 703

OcoOwiii uHTEpec mpeacTaBiser (opMupoBanve (a3oBoro cocraBa Ipu
MPOKAJIMBAHUU CUHTE3UPOBAHHOTO MOPOIIKA. DTOT MNPOLECC BaKEH C TEXHOJIOTUYECKON
TOYKU 3peHus, korjaa s popMupoBanusi oOpas3oB (AeTajeii) He0OX0IUMO MOTYUYUTh
TpeOyeMyo MOAM(PUKALNIO, T.K. MOCIEAYIOLUE NPU HArpeBaHUU (Pa30BbIE MEPEXOJIbI
MOTYT MPUBOJIUTH K MOTEPE LEIOCTHOCTH U3JEIUN BCIEACTBUE W3MEHEHHS IJIOTHOCTH
oOpasyroniuxcst BeIcokoTemnepaTypHbix ¢as. [loatoMy xenaTenbHO, YTOOBI UCXOIHBIE
MPECC-TIOPOIIKH COJIEP KA HAaOOJIbIIIEe KOJIMUECTBO MPOYHON TeTparoHajabHOU ¢asbl,
KOJIMYECTBO KOTOPOHM 3aBUCHUT B MEPBYIO OUEpEb OT pa3Mepa YacTHUI] U KOJUYECTBA
cTabunusupyroiiei n1oo6asku. s marepuanoB ZrO; MOXKHO MOJYYUTh TETParoHaJIbHBIN

OpoIIoK 0e3 100aBKH, eciu pa3Mep yactuil MeHbIe 100 aM (puc. 6).
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Puc. 6 Biusnue pasmepa 3epeH ZrO, Ha conepkanue t-ZrO; B MOPOIIKOBBIX

MmaTepuaiax [49].

B pa6otax [51-53] 6s110 uccienoBado Biusiaue Y203 B koaudectse 0, 0,5, 1,0 u
1,5 mon.% Ha pa3oByr0 yCTONYMBOCTH MOPOLIKOBBIX MaTEPUATIOB B 3aBUCUMOCTH OT
TEeMIEpaTypbl MpokKanuBaHuA. VcciaegoBaHus NTPOBOAMINCH, HAa HAHOAUCIEPCHBIX
MOPOIIIKAX ¢ pa3MepoM dacTuil 8-13 HM, TOJyUYeHHBIX XUMUYECKUMHA MeToAamMu. beimu
BBISIBJIEHBI 00sactu  (ha30BOro rmepexoja MOHOKIMHHOM Mojaudukanum (cMech
TETPAaroHaJIbHON W MOHOKJIMHHOM) B TeTparoHajibHy0. [lokazaHo, 4TO [ MOPOIIKOB
pa3mepsl yactul 15, 30, 51, u 71 HM ABASAIOTCS KPUTHUECKUMU (HUKE JAHHBIX pa3MEPOB
oOpa3yeTcsi TeTparoHaJbHas MoauduKaus, TMpU KOMHATHOM TeMmIeparype),
cooTBeTcTBeHHO i MatepuanoB 0YSZ, 0.5YSZ, 1.0YSZ, 1.5YSZ. B cnpeccoBaHHBIX
oOpasnax kputudeckuii pazmep owu1 6osbie: 70, 100, u 155 um n1s1 0.5YSZ, 1.0YSZ, u
1.5YSZ, cOOTBETCTBEHHO.

BaxkHpIM Takke SBISETCS CTAOMIM3AIMS CIIEUEHHOW JHOKCUAIIUMPKOHUEBOM

KepaMuKH, Pa3oBbIi COCTaB KOTOPOM 3aBUCUT OT pa3Mepa KpUCTALIOB (puc. 7).
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U COJIEpKaHUs CTAOMIM3UPYIOLIEi 100aBKH.

[TokazaHo, 4TO cMelIeHHe TpaHUIbl (PA30BOTO paBHOBECHUS HAIPaBICHO B

CTOPOHY YMEHBIICHUS TEMIEPATYpbl C YMEHBIICHUEM pPa3MEPOB KPUCTALIOB U
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yBEJIMYEHUEM cTabunmsupytromeit 1o0aBku (puc. §). ITo IPUBOAUT K MPEANOTI0KEHUIO
BO3MOXXKHOCTH CHWKEHHsSI KoiudectBa Y03 Tpu CHeKkaHuu Ha OoJjee HU3KUE

TCMIICPATYPHI B CBA3U C MCHBIIIUM PasMCpPOM KPHUCTAJIJIOB.

1.2.1 TpanchopmanoHHOe yIIPOUYHEHUE THOKCHIA HMPKOHUS

JIMOKCHTITUPKOHUEBBIE MaTepUabl UMEIOT BBICOKHE 3HAYCHUS
TpemuHocToiikocTd 10 20 MIla*mY? (Tabn. 2) m 3aHUMAIOT BaKHOE MECTO Cpeau
KepaMUUYECKNX W KOMIIO3WIIMOHHBIX MAaTEpHUajiOB C BBICOKMMH MEXaHHYCCKUMU
XapaKTEePUCTUKAMU: MUKPOTPEIIMHOBATON  CTPYKTYpOH, JTUCIEPCHOYIMPOUYHEHHBIE

YaCTHIIAMUA METAJJIOB, HUTEBUIHBIMUA KPUCTAJUIAMH U BOJIOKHaMU [54].

Tabi.2 Ilokazarenn TpeHlHHOCTOﬁKOCTH IJIA pa3HbIX MaTCPUAJIOB.

Marepuans TpemnuHOoCTONKOCTh [Tpumepsr maTepuaion
(MITa*mY2)

TpanchopmannoHHO- =20 ZrO; (MgO)
YIPOYHEHHBIE HfO,
KEpaMHUYECKHE MaTEPHAIIbI
Komrmosursl c =10 Al,Os/ZrO,
MUKPOTPEIIMHOBATON SizN4/SIC
CTPYKTYpOW SiC/TiB;
Kepamuueckue =25 AlL,O5/Al
KOMITO3HUTHI. KEpaMHKa — Al,O3/Ni
MeTamt (KEpMeThI) WC/Co
Kepamuueckue =15 SizN4/SiC
MaTepHalIbl, COJIepPIKAIINe SizN4/SizN4
HUTEBHIHBIC KPUCTAILIBI Al,Os3/SiC
IUTACTHUHBI
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[Iponomxenue TaOIUIIbL. . .
Marepuanst TpemnuHOCTONKOCTh [Tpumepsr maTepruaion
(MHa*M”Z)
Kepamuueckue >30 CAS?/SIC
MaTepHasbl, COIEPKAIKE LASP/SiC
BOJIOKHA Al,Os/SiC
SIiC/SiC
SiC/C
Al;O3/Al,04
KanpnuiaIFoMOCHIIMKaTHAS CTEKJIOKEPaAMHKA.
b TuTHitanioMOCHINKAaTHAS CTEKIOKEPAMHUKA.

CxeMaTnyHO pacnpoCTpaHEHUE TPELIUMHBI U300pakeHo Ha puc. 9, U3 KOToporo
BUJIHO, 4YTO C VYBEJIUYCHHEM 30Hbl JIUCCUMAIMA DSHEPTUU MPOUCXOIUT POCT

TpGMHHOCTOﬁKOCTH AK]C B TUOKCHUIIHNPKOHHNCBLIX MATCpHUAJIAX.

3. ofpasoBanqan TpaHcGOpMALNDHHER 30HE

. 1. >

TREUMHE —m— 1 :

Jh

(1-v)

3 acumnToTa = 0225 f

J

-l—ﬁa—-l-l

|

2. 4acTWyHo npeolpazoBadHan soHa

INEMEHT COBHIa

1. nepegHAA 30Ha
TpaHchopmMaLnm

—

Kpai TPewuHsl .
rMOpOCTATUYECKHI SNEMEHT

] 5
Aalh

Puc. 9 Cxemarnyeckoe u300pa’keHHE 30HBI TpPaHC(HOPMAIUU TPU PA3BUTHH

TpemmuHsI [55,56].
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Conep:xkanue Y203, Mol %
Puc. 10 3aBUCMMOCTP BEJIWYMHBI TPEIIMHOCTOMKOCTH OT KOJWYECTBA

cTabuu3upyromen n1o6aBku Y,0s.

N3  3aBucumoctu (puc. 10) BuAHO, YTO ONTUMAJIbHOE KOJIHYECTBO
TeTparoHajdbHOW (a3bl, UCXOAs] W3 3HAYCHUN TPEUIUMHOCTOMKOCTHU, COJEPKHUTCS B

Marepuaax, CoaepKanmx oT 2-X 10 3-X MoJL.% OKCUIa UTTPUS.

1.2.2 YacTHYHO CTAOMJIN3UPOBAHHBIN TMOKCH/I IIUPKOHMS

CTaOuIbHOCTh METACTAaOMIIBHON TETparoHaIbHOM (ha3bl UTPAET KPUTUUYECKYIO
poJib B TpaHC(OPMAITMOHHOM yIpouHeHUH. [Ipu 3TOM pasmep, 3apsia U KOHIICHTpAIUs
KaTHOHOB JICTUPYIOIIUX MPUMECEH BIUSIOT Ha cTa0uIn3anuio. beiiio ormedeHo [57], 9to
TETParoHaJbHOCTh JJIEMEHTAPHOU SIYEHKU c/a, TIPU TMOMOIIM JIETUPYIOMMX J100aBOK

MOXET 3HAYUTCIIbHO HU3MCHATHCA U, TaKHUM O6p8_30M, BJIUATH Ha CTa6I/IHI/ISaHHIO
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TeTparoHadbHOW (pa3pl. CMelieHne aHMOHOB KHCJIOPOJa C WX UACAThHBIX TO3UIUN B
CTPYKTYpe (II0OpUTA BIUSET Ha CTAOMIIBHOCTD, BBI3bIBAsI H3MEHEHHE KPUCTAITHIECKON
CTpYKTYypbl. OlleHKa CTaOUIBHOCTH BBICOKOTEMIEPATYPHBIX (a3 TUOKCHUIA ITUPKOHUS
KaKk C TEPMOAMHAMHYECKOW, TaK M C KHHETHYECKOW cTopoHbl omucana [58]. C
TEPMOJIMHAMHYECKOM  TOYKM  3pEHUs]  TeTparoHaibHass  (a3za MOXKET ObITh
CTaOMJIM3UpPOBaHA C J00ABIEHUEM JOCTAaTOYHOIO KOJUYECTBA CTAOMIIM3UPYIOIIUX
JETUPYIOIIUX TpPHUMECe, TOCKOJIbKY €€ CBOOOJHas »JHEPrusi YMEHBIIACTCA C
YBEIMYECHHEM COJepKaHus Jerupyomieil npumecd. OpHako TepMOJAMHAMUYECKU
MeTacTaOuibHbIe (Pa3bl (t- win c-ZrO,) Takke MOTYT COXPaHSATHCA MPU KOMHATHOM
TEMIEpaType, €CIU SHEPTUU HEJJOCTATOUHO IS TIPEOI0ICHUS YJHEPTeTHYECKOTo Oaphepa
axtuBaruu rpespanienus AG (dhazoBoro nepexosa). Kunernueckas ctaOUabHOCTH (Pa3bl
BOXHA JUIA CTAaOWIM3AIMH TETPArOHAILHOTO JHOKCHAA IUPKOHUS B CIHCYCHHBIX
MaTepuanax. bbuto mpennonoxkeHo [59], yTo KUCIOPOIHBIE BAaKAHCUM TAK)XE HUTPAIOT
BKHYIO POJIb B CTAOMJIM3AIMU TeTparoHalbHON (a3bl. OCHOBBIBAsICh HA 0003HAYECHUU

Kprorepa-Bunka peaknuu — aedektooOpazoBaHus IS JUOKCHJA  ITUPKOHUS,

JISTHPOBAHHOI'O UTTPUEM, MOXKHO 3alucaTh B BUIC Y,0; Zr—oizy’Zr +30F+V," , roe 2Y',,
O3HayaeT, YTO aTOM Y 3aHMMAaeT y4yacTOK pelieTku ZI, 30 0003Ha4aeT aToM KUCIOpoa,
3aHMMAIOIIMN HOPMAJbHBIA Y3€N pEHIeTKH, W V,’ BBIpAXaeT BaKaHCHUIO B Y3
KHUCTIOPOTHOM PEIIETKH. Y BeTMUeHNE KOHIIEHTPAINY BaKaHCUH KHCIIOPO/Ia YBETUYNBACT
oecriopsimok B cucteme ZrO; — Y03 u TakuM 00pa3oM, yBEIMUYUBAET CTaOWUIILHOCTH
TeTparoHanbHOU (a3bl. beimm paccMoTpeHsl MexaHn3Mbl ctabmmm3anuu (assl t-ZrO; B
HaHOKpucTayumyeckoM (<100 um), cyomukpornHom (0,1-1 mMM) U KpYyNMHO3EpHUCTOM
(>0,1 mm) rpanyaupoBanHoM ZrO; [59]. MexaHndeckre MOJEIH, OCHOBAHHBIC Ha
MOBEPXHOCTHOM AHEPruu, SHEpPruu AepopManuu, neeKTax pemerkd U T.J., ObLIN
paccMOTpeHbI npu aHanu3e (azoBoii crabmibHOCTU t-Zr07. UHTEpecHbIM HAOII0IeHHEM
OBUIO TO, YTO TeHEpanus U30BITOYHBIX BaKaHCHUW MOHOB KHCIOPO/AA B TIEPBYIO OYepeIb
OTBETCTBEHHa 3a crabunuzanuio t-ZrO, 1pu  KOMHATHOM  TeMmmepaTrype B
HAaHOKPHUCTAUTNYECKUX MaTepruanax ZrOs,.

Yro kacaercs a3 ekra pa3mepa 3epeH, TO MIUPOKO PACIPOCTPAHEHO MHEHHUE, YTO
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TETParoHaJIbHBIA JTUOKCH ITUPKOHHUS MOXKET OBITh CTaOMIM3UPOBAH MPU KOMHATHOMN
TEeMIIepaType TOJBKO B TOM Ciyd4ae, eciiu pasMep 3epeH t-ZrO, B MHKPOCTPYKTYype
HAXOJIUTCS B TUANA30HE KPUTUYECKUX PA3MEPOB.

[Ipeamnonoxxuny, dYro CyMECTBYeT KPUTHYCCKUWA JUana3oH  Pa3MepoB,
HE3aBUCUMO OT TemIiepaTypbl (ha30BOro mnepexona, B Mpeaenax KOTOPOro YaCTHUIIbI
OCTAaBIIIETOCS] TETPArOHAIBHOTO JUOKCHJIA IIMPKOHUS HE MOTYT TpaHC(HOpMUpPOBATHCS
MoJ1 ICKCTBUEM IpIIOKeHHOU dHepruu [59, 60]. 3To paccyxmeHne moapazyMeBaeT, 94To
CYLIECTBYeT HWXHSs TpaHuna d, HIKe KOTOpOM  dYacTHIla HE  MOXET
TpaHchopMupoBaThcsa. Bepxusis rpanmma d mpenctaBiser coOOil TIpedel, BBIIIE
KOTOPOTO YaCTHUIIBI CAMOTIPOM3BOJILHO TIPEeBpaIIaroTcs B m-ZrO; BO BpeMs OXJTKICHUS
OT TEMIIEPATyPbl CIIEKaHUS, YTO MOKET MPUBECTH K YXYAIIEHUIO MEXaHUUYECKUX CBOMCTB,
B YaCTHOCTH, TPEIIMHOCTONKOCTH. Y CTAHOBJICHO, YTO TUAITa30H KPUTHICCKUX PA3MEPOB,
Harpumep, st kKomro3uToB CaO — ZrO; u Al,O3 — ZrO; , coctaBnset 6295 um u 0,38—
0,45 MM cooTBeTCcTBEeHHO [59, 61].

N3BecTHO, YTO TPOYHOCTh W BS3KOCTh PA3PYHICHUS KOHCTPYKIIMOHHOM
KEpaMUKH CHJIbHO 3aBUCAT OT pa3Mepa YacTull, XMMHYECKOTO0 COCTaBa HCXOIHOTO
MOPOIITKA ¥ TTapaMETPOB CITCKAHUSI.

[Iporuiecc cnekanust u 0OpabOTKM KEPaMUKH Ha OCHOBE JHOKCHUJIA ITUPKOHMS
paccMmoTpeH B pabdote [62]. Kak npaBuio, kepamuka Y-UCIL] MoxeT OBITh MOJTHOCTHIO
yIuIoTHEHa myTeMm cnekanus npu temreparype 1400-1600 °C B teuenue 1-2 4 Ha
BO3Nlyxe. Bpemsi u TemriepaTypa CrleKaHus JODKHBI ObITh ONTUMHU3UPOBAHBI, YTOOBI
OTPaHUYHUTHh POCT 3€PHA, T.€. JKEJIATEIhHO IMOIYYUTh pa3Mep 3€pHa B KPUTHUYCCKOM
nuamnaszone. st kepamuku 3Y-UCI] pa3mep 3epHa A0JKeH cOCcTaBisTh 0,8 MKM, UTOOBI
MO/IJICP>)KUBATh MOJIHOCTBIO TETparoHaJIbHYIO MUKPOCTPYKTYPY. brino
npoaemMoncTpupoBano [63], uro npu 1550 °C 3Y-UCI] cnekaercs 10 0osiee BHICOKUX
riotHOCTEH B N2 (10 99% OTHOCUTENBHOM MIIOTHOCTH ), 4eM B atMochepe O, (MakcuMym
94%), B To Bpemsa kak npu 1400 °C ymiotnenne B Oy nyuiie (10 96%), yem B Ny
(makcumyM 94%). Paznuune B TOBEACHUM OOBSACHAETCS CTPYKTYpoil nedexToB u
pactBopuMocThio Ny B Martpuiie ZrO,. Y-UCI] taxxe ObuM CIIEYEHBI 0 BBICOKOU

IJIOTHOCTH MeToAoM ropsiuero mnpeccoBanust (1400-1500 °C B teuenue 1 waca moj
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BaKyyMOM). Y COBEpPIIEHCTBOBAHHBIE METO/bl YIUIOTHEHUS, TAKME KaK MUKPOBOJHOBOE
(MBC) cnekanue u uckpooe miazmenHoe cnekanue (MIIC), no3Bonmim noayduts Y-
UCIL[ ¢ 6onee TOHKOW MHUKPOCTPYKTYpPOM W YIy4YIlIEHHBIMU CBOMCTBaMU Tpu Ooiiee
HU3KUX TEMIepaTypax CrekaHus 3a 0oyiee KOpoTKoe BpeMs. B pesynbrare npuMeHeHus
KoMOuHUpoBaHHOTO criekanuss MBC coBMECTHO ¢ TpaJIMIIMOHHBIM CIIEKaHHUEM B TeYax ¢
SiC marpeBatenssMu OBLIM TMOJYYEHBI TUIOTHBIE CTPYKTYPBHI IIPH TEeMIEpaType OKOJIO
1400 °C B Tteuwenune 15-20 mun. Ucnonb3oBanne UIIC ocobeHHO akTyalbHO IS
MIPOU3BOJICTBA HAHOCTPYKTYPUPOBAHHOW KepaMuKH: IUIOTHas kepamuka Y-UCI[ c
pasmepamu 3epeH ~100 HM ObuTa MOTydeHa Mocye CeKaHus Ipy Temreparypax Ha 100—
200 °C Hmxe, yeM OOBIYHBIE METOJMBI CIIEKaHUA, U 3a 00Jiee KOPOTKOE BpeMs (~5 MHH)
[64].

[lo MexaHWYecKHMM CBOMCTBAM, B YAaCTHOCTHM COYETAHUIO MPOYHOCTH U
tpemuHocToiikoct, Y-UCL| mnpeBocxoautr o0yl JpPYryl0 KOHCTPYKIIMOHHYIO

KepaMuky (puc. 11).
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JUISL pa3HbIX MaTepUAIIOB.
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[To pa3HbIM JIUTEPATYPHBIM JAHHBIM MOKA3aTEJIH TPEIIMHOCTOUKOCTA KEPAMUKHU

Y-UCII moryT BappUpOBaTHCS C U3BMEHEHHUEM pa3Mepa 3epHa (puc. 12).
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Puc. 12. Iloka3zarenu TpEmMUHOCTOMKOCTH B 3aBUCUMOCTH OT pa3Mepa 3epeH 10
pa3HbBIM JUTEpaTypHbIM JaHHBIM, Tae 2Y-UCL] — kepamuka ZrO; ¢ 2 mon.% Y03, 3Y-

YCII — kepamuka ZrO; ¢ 3 moin.% Y203) [65].

TBepnocte mo Bukkepcy o00buHO HaxomuTcs B auanazoHe 11-13 ITla,
MIPOYHOCTh TPH TpexToueyHoM u3ruoe B amanazone 1300-1500 MIla mocme T'MII
(ropstuee u3octatuyeckoe mpeccoBanue) (1400 °C/150 MIla) ans o6paszuos UCII,
cTaOmian3upoBaHHbiXx 2—3 Moid. % Y203 [66]. Beicokue 3nauenus 1700 MIla Obutn
noaydensl 1 3Y-UCL, npeaaputenbHo criedeHHoro npu 1250 °C 1 moaBepruyTOro
Boznericteuio gasienus [ I npu 1500 °C/150 MIlIa B Teuenue 0,5 yaca. U3 nurepaTypbl
M3BECTHBI JaHHBIE [0 TPEIIMHOCTOMKOCTH, KOTOPBIE BapbUpyIoTcs oT 2 10 20 MITa*mY?,
B OCHOBHOM 3aBHCAT OT MWCXOJHOTO TIOPOIlKa, MapaMeTpoB CIHEKaHUus U
MUKPOCTPYKTYPHBIX ITIEPEMEHHBIX (IOPUCTOCTh, pazMep U popma KpUCTALIOB, (ha30BOTO
cocrtaBa). B gomonmHenue k 3TuM (pakTopaM M3MEpEeHHas TPEHIMHOCTONKOCTh TaKKe
3aBUCUT OT METOJIOB MCIBITAaHWN, KOTOpbIE OOBIYHO MOKHO KJacCHU(UIIMPOBATh Ha
METO/bl C JJIMHHBIMU U KOPOTKUMHU TpPEIIMHAMHU. METOIbl ¢ JIIMHHBIMH TPEITUHAMU
BKJIFOYAIOT B ce0st oOpazerr (opMbl Mapajviesenumneaa ¢ OMHUM V-00pa3HbIM HaJIpPE30M.
MeToabl

C KOPOTKMMH TpC€HIMHAMM BKIIOYAOT MU3MCPCHUC [JIMHbBI TPCHIMHBI
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(paauanpHas/CpeiHss) BOKPYT OTIEYaTKa MUPAMUbI P U3MEPEHUU MUKPOTBEPIOCTH

(MeTOI[ BI[aBJ'II/IBaHI/IH), N3 KOTOPBIX PACCUUTHIBAIOT C HCIIOJb30BAHUCM H3BCCTHBIX

dbopmyi [65, 66].

1.3 OcoGennocTu opMoBaHMS HAHOAUCIIEPCHBIX MOPOLIKOB

JUIsL 1mony4deHusT KEepaMHUYECKHX MaTepUalioB, CIEKAIOIIUXCA IPU HU3KON
TEMIEpaType, 003aTEbHBIM YCIOBHEM SIBJISETCS MCIIOJIIB30BAHME HAHOAMCIEPCHBIX
ITOPOIIKOB, XapaKTEPU3YIOIIMNXCS BBICOKOM AaKTHMBHOCTBIO K cClekaHuwo. llonstue
«HAHOKPUCTAJUIMYECKAs» KepaMUKa MOKHO OTHECTH K KE€paMHKE C pa3MepaMH 3€peH
menee 100 ©HM. MoTtuBamms I W3yYEHUS HAHOKPUCTAIUIMYECKOW KEPAMHUKH
3aKJII0YAETCsl B YHUKAJIBbHBIX CBOMCTBAX, KOTOPbIMU OHa oOsanaer. [lo Mepe Toro kak
pa3Mep 3€pHa CTAHOBHUTCS MEHbIIE, Ha TPaHMUILIAX 3€pPEH HaxOJIUTCs Ooblias IO
aToMOB (IIpu pa3Mepe 3epHa 6 HM MOYTH MOJOBHMHA aTOMOB OYyJEeT HAaXOAUThCS Ha
rpaHulax 3epeH), TaKuM 00pa3oM, CBOWCTBA HAHOKPUCTAINIMYECKOW KEpaMHUKU 4acTo
ONpENEIATCA I'paHulaMu 3epeH. Hanpumep, HaHOKpUCTAIUIMYECKas KEPAMUKA MOXKET
neopMHUpPOBATHCS TUUIACTUYECKM IYyTEM CKOJIBLKEHHSI [0 TpaHHIlaM 3€peH. JTa
«CBepXIUIacTHUECKast jAegopMmarus» pe3Ko KOHTPACTUPYET C OOBIYHBIM XPYIKUM
IIOBE/ICHUEM, CBOVCTBEHHBIM TPaaULIMOHHON KepaMUKe. Kpome TOTO,
HAaHOKPDUCTAJUIMYECKAsl KEpaMHMKa MOXKET HMMEThb HHU3KYI0 TEILIONPOBOJHOCT.
TennonpoBOAHOCTh MPSIMO MPOIMOPLMOHANIBHA CpeIHEH JJIMHE CBOOOJHOro IMpodera
(hOHOHOB, OOBIYHO ATa CpeAHss JJIMHA CBOOOJHOrO mpoOera orpaHuyeHa COOBITUSIMU
paccessHusl (OHOHOB M COCTaBIIsIeT TOPSAJKAa HECKOJIbKUX HaHoMeTpoB. [lpu
HAaHOKPHUCTAJUIMYECKUX pa3Mepax 3€peH pacCTOSHUE MEXKAY TpaHHUIAMU 3€pEH
NpUOJINKAETCS K HAHOMETPOBOMY MacIiTaly, v, ClIeJOBaTEIbHO, TPAHUIIBI 3€PEH TAKXKE
MOTYT BHOCUTH 3HAUMTEIbHBIA BKJIQJ B TMpoIecC paccesHus. Takum o00pa3om,
HAHOKPHUCTAJUIMYECKass  KEepaMMKa  MOXKET  SBIATBCS  LEHHBIM  MaTepHajoM,

HCIIOJIb3YCMbIM B Ka4YCCTBC TCIIIIONU30JIAIMOHHOI'O IIOKPBITHA. HcnbiTanus
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MUKPOTBEPAOCTH 10 BUKKEpCy MoKa3anu, 4TO HAHOKPUCTAIIMYECKAsT KEpAMHUKa UMEET
MEHBIIIYI0 MHUKPOTBEPJIOCTh IO CPAaBHEHHUIO C KPYMHO3EPHUCTOM KEepaMUKOW mpu
KOMHATHOM TeMmIlepaType M TIOATOMY HMMEET TEHICHLUHID K HAUMEHBIIEMY
PaCTPECKUBAHUIO - TTOBBIIICHUIO BA3KOCTH Pa3pyIICHUSI.

HecsTunerus uccineaoBaHuii no GopMHUPOBAHUIO 00PA3I0B KEPAMHUKHU MOKA3aIH,
YTO OJHOPOAHOCTh YIIAKOBKHM YaCTHIl B TPECCOBKE OKA3bIBACT BIIUSIHUE HA YIUIOTHEHUE
BO BpeMs cnekaHusa. OmHopogHoe (OpMOBaHHE HAHOKPUCTALINYECKUX IOPOIITKOB
SBJISIETCSI CJOKHOM TEXHOJIOTMYECKOW 3ajaveil, Tak KaK Hu3-3a CBOEro HeOOJBIIOro
pa3sMepa HaHOKPHUCTAJUIMYECKUE YAaCTUIBI BEChbMa UYYBCTBUTEIbHBI K OOpPa30BaHUIO
MEKYaCTUYHBIX CBsi3el Ban-nep-Baanbca [67] BO BIaXXHOM WM CyXOM cOCTOsIHUM. Jaxke
€CJIM 3TH CBSI3M HE 00pa3yloTCs BO BpeMs CUHTE3a, puTskeHue Ban-nep-Baanbca moxeT
MPUBECTH K TOMY, UTO YAaCTHUIIHI MTOPOIIIKA COCTUHITCS BMECTE B arjioMepaThl BO BpeMs
00pabOTKH, CYIIKU WM XpaHEHH. Y IUIOTHEHUE 3TUX (PPaKTaIonoJOOHBIX arJoMepaToB
3aTeM MPUBOAUT K 00pa30BaHUIO HEOJHOPOJHON CTPYKTYPHI YIIaKOBKU YaCTHI] BHYTPH
IIPECCOBKM M HHU3KOM IJIOTHOCTM 00Opasla (3a MCKIIOYEHHEM CIy4aeB, KOIrJa camu
arioMepatrbl OYeHb TIUIOTHBIC). JIeWCTBUTENBbHO, IUIOXO€ YIUIOTHEHHE O00pasiioB,
COCTOSIIIINX U3 HAHOKPUCTAJUIMUECKUX YAaCTHUIl, BO MHOTUX CJIy4asX MOXXHO OOBSICHUTH
YPOBHEM arjioMeparu, IpUCyTCTBYIOIIEM B UCXOJIHOM MOPOIIIKE.

CymiecTByIOT cepbe3HbIe MPOOIEMBI CO CKATHEM HAHOKPUCTAILTUYECKUX YACTHII,
KOTOPBIC HEJb351 OTHECTH K aryioMepanviv. OJTHON U3 HUX SBJISIETCS] O0JIBIIIOE KOJIMYECTBO
TOYEUYHBIX KOHTAKTOB MEXJy YaCTHIIAMHU B €AMHUILY 00beMa B HAHOKPUCTALTUYECKOM
MOPOIIIKE 110 CPABHEHUIO C MOPOIIKOM C YaCTUIIAMU MUKPOMETPOBOI0 pazmepa. Kaxaplii
U3 OTUX TOYEYHBIX KOHTAKTOB MPEJCTABISICT COOOM HCTOYHUK COMPOTHUBIICHUS
MPECCOBAHMUS TOCPEJCTBOM TPEHMsI MPU YIUIOTHEHUWU TOPOIIKA, M, TaKUM 00pa3om,
oOmiasi cujia TPEeHUsT NpPU YIUIOTHEHUH MOXKET ObITh HaMHOTO OOJbINe ISt
HAHOKPHUCTAJUTMYECKOTO MOPOIITKA, YeM ISl TTOPOIITKA, COCTOSAIIETO U3 00JIee KPYIMHBIX
yactull. CieaoBaTenbHO, MJI1 JJaHHOTO MaTepuaja HalpsKeHHE BO BpeMs YIJIOTHEHHS
MMEET TEHJICHIIUIO K MEHBIIIEMY CKOJIBKCHHUIO YaCTHI] U UX TIEPETPYNITUPOBKE, YEM ISt
oObrqHOTO TOopomiKa. [IpuMeHeHne Oojee BBICOKUX HAMPSHKEHUNW MOXKET 3aCTaBHUThH

HAHOYACTHUIIBI CKOJIB3UTh JIPYTr 3a JIpYyrom, oOpaszys Oojee IMIOTHYIO YHaKOBKY. JTO
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MOJKET TPHUBOJUTH B IMPECCOBKE €IIe A0 O0XHra K BO3HUKHOBEHHUIO OOJbIINX
OCTaTOYHBIX HAMPSHKEHUH, KOTOPhIE MOTYT BBI3BaTh Pa3pyIlICHHE KEPAMUKH BO BpEMs
nociuenyromnieil  odbpaborke wiaum  crnekaHus. [Ipy JOCTMDKEHMHM — YIUTOTHEHUS
HAaHOKPHUCTAJUTMYECKUE YACTULBI 00pa3yroTCs KOMIIAKTHI, MPO3payHbIe ISl BUIUMOTO
cera [68]. DTa mpo3pavyHOCTh BO3HUKAET HECMOTPS HAa TOT ()aKT, UTO CYIIECTBYET MHOTO
BHYTPEHHUX TIOBEPXHOCTEH (TFpaHMIIBl IOpP, TPaHUIBl YACTHUI), AOCTYINHBIX IS
paccessHus ~ cBera.  [Ipo3padyHOCTP  MOXXHO  OOBSCHUTH  MacmTaboM  3THX
HEOJHOPOJHOCTEN: UX pa3mep U pacctosiHue <100 HM, B TO BpeMsl KaK BUAUMBIE JJTMHBI
BoJIH cBeta HaumHaroTcs npu 400 uM. IIpospaunocts npeccoBok ZrO; MOXKET OBITH
MOJIE3HA JIJI1 KOHTPOJISL M Ka4eCTBA HAHOKPUCTAIUIMYECKHUX MTPECCOBOK.

Opnot u3 mpoOneMm, KoTopas OOCyXaajach B JUTEpaType, SBISETCA pPOJb
MOBEPXHOCTHBIX a1COPOATOB B OTPAHUYEHUU INIOTHOCTH MTpecCOBKU. I10CKOIbKY pazmep
YaCTUIl HAHOKPUCTAJIIMYECKOTO MOPOIIKA HACTOJIBKO Majl, MOBEPXHOCTHBIN
aJCOpOUpYIONUI  CIIOM  TONIIMHOW TMOpPSAKAa HECKOJBKUX HAHOMETPOB MOXKET
MPEACTABIATH OOJBIIYI0 OOBEMHYIO JOJIIO MOPOIIKA, MOMAJIEKAIIETO YINIOTHEHUIO. JTO
MOXET TPUBECTH K 3HAYUTEIbHOMY CHWKEHHIO IUIOTHOCTH YIAKOBKH YaCTHII.
WuTepecHbl  NaHHBIE, KOTOpbIE YKa3plBAlOT HAa TO, YTO ajcopbaTel Ha
HAHOKPUCTAJUIMYECKUX  KEpaMHYECKUX  4YacTHUIIAX HE BCerga OTrPaHUYMBAIOT
s dexTUBHOCTH yrnakoBku. Hampumep, yrjaoTHEHHE O4Y€Hb CJIa00 arjioMepupOBaHHOTO
nopomka ZrO; ¢ 3 mMon.% Y203 pasmMepoMm 15 HM mocie IIATENBHOTO BO3ICHCTBUS
BJI&YKHOT'O BO3JyXa HE MPHUBEJIO K TOMY, YTO IJIOTHOCTh IMPECCOBKU CTaja HHXKE, YEM
IJIOTHOCTh TPECCOBOK, JOCTUTHYTass ¢ pa3mepom uactun 0,3 mxm. HenaBhnee
UCCJIEIOBAHUE, B KOTOPOM M3MEPSUIOCh KOJIMYECTBO IOBEPXHOCTHOIO ajcopoOara,
MPUCYTCTBYIOIIETO B OTKPBITHIX HAHOKPUCTATUIMYECKHX KEPAMHUYECKUX MOPOLIKAX,
TI0KA3aJ10, YTO OHO JOBOJHEHO HU3KOE - OKOJO 1-2 MJI aIcopOMpoBaHHOrO raza Ha 1 m?
IUIONIA/IM TIOBEPXHOCTH MOPOIIKA. DTO MPUOIU3UTENHFHO COOTBETCTBYET MEHEE ueM 2
MOHOCIIOSIM ajicopOaTa, Mpejmnosarasi, 4To THUIUYHBIA ajcopOaT 3aHUMaeT IJIOMIAIh
nosepxnocty 0,04 Mm% Taxke OTMEYanoCh, YTO YILTPAIMCIEPCHBIE KEPAMMUECKHE
MOPOIIIKHY, KaK MpaBUjIo, 00JIaaay MOBEPXHOCTHRIME ajcopbaramu B 10 pa3 meHsIle,

€M  YVIBTPATOHKHUC MCTAJUIMYCCKHUE IMOPOIIKHM, H3-3a ITOHMIKCHHOI'O  YPOBH:A
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XeMOCOPOIMH MMOBEPXHOCTH B CIIy4yae KEPAMUKH.

K ocHOBHBIM MeTO/aM MOJIy4€HHs HAHOMOPOIIKOB KepaMuku ZrO; MOXXHO B
NEpPBYI0 O4Yepelb OTHECTH XUMHUYECKOE OCaXKJICHHUE, IUIa3MOXUMHUYECKUN U
KpUOXUMHUYECKU. OHAKO B KAKJIOM METOJIE€ MOTYT CYIIECTBEHHO MEHSTHCS YCIOBHS
cunteza (pH, Temneparypa, naBieHue, razoBas cpeia), NPUMEHSTbCA pPa3IM4HbIC
UCXOJIHBIE TIPEKYPCOPHI, BBOJUTHCA JIOMOJHUTENBHO 100aBKH, CHIDKAIOIIUE arperaiuio,
MOJKET MCIOJIb30BAThCS PA3TUYHOE 000PYA0BaHNE — MEUIAIKH, XUMUYECKHE PEaKTOPHI.
[Tonyyaembie MOPOMIKK 00JaAAIOT PA3TUYHBIMU XapPAKTEPUCTUKAMH HIIA «KA4€CTBOM)
MOJIy4aeMOro MpPOAYKTa, a MMEHHO: pa3MEp YacCTHIl, CTEIEHb arperanuy MOpOIlKa,
(a30BbIi COCTaB U OJHOPOAHOCTb PaCIpeeICHUs SJIEMEHTOB.

Hwke nmpuBeieHpl KOHKPETHBIE METObI CHHTE3a HAHOAMCIIEPCHBIX MIOPOIIKOB €
LEIbI0 TOJYYEHUS] HUBKOTEMIIEPATYPHBIX KEPAMHYECKMX MAaTEepHaJIOB Ha OCHOBE

AUOKCHa HUPKOHMA.

1.4 CuHTe3 HAHOAUCIEPCHBIX MOPOUIKOB

1.4.1 OcaxkaeHne U3 pacCTBOPOB U 30JIb-TeJIb MeTO/l

Opnum u3 HamboJiee M3BECTHBIX METOJIOB BEJICHUS CHUHTE3a HAHOIOPOIIKOB
SIBIIICTCS 30JIb-T€JIb METO/I, ONTMCAHHBIA BO MHOTHX pabotax [69, 70].

B pabGore [71] mnopomokx ZrO; ObUT CHUHTE3UPOBAH C MCIOJIb30BAaHUEM
ZrO(NO3),*8H,0. [l  mMOHWXKEHUS — arperalMd Opd  CHHTE3e  JI00aBIIsUIH
MOJIMATUJICHTJIUKOJIb C pa3HOM MoieKy isipHoi Maccoit (I121°2000/1131'400) B MmaccoBoM
COOTHOIICHHH K OOIeMy KoJM4decTBy mopomka = 1,5 macc. % mo oOpazoBanHus
OJIHOPOJTHOTO pacTBOpa. 3aTeM MCXOAHBIA PACTBOP IO KariaM 100aBisui K 2,5 mace.%
pacTBOPY THAPOKCHIA aMMOHHMS TIPU HEMTPEPHIBHOM WHTEHCUBHOM TIEPEMEIINBAHUH TTPH

KOMHaTHOU Temmneparype 10 3HaueHust pH ~ 10. [TomydeHHbI THAPOTeNb BbIACPKUBAIICS
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B TeueHHe |5 4 mpu KOMHATHOHN TeMIiieparype ¢ MOCHeAyrolel ¢uibTpanue u
MHOTOKPAaTHOM MPOMBIBKON JEMOHU3UPOBAHHOW BOJOM U aOCOIIOTHBIM 3TaHOJIOM IS
yaaneHuss CBOOOJHOW BOJBI, cojepskamieiics B ruaporene. [lomydeHHBIN renb
JTUCTIEPTHPOBAIN YJIBTPA3BYKOM U 3aTeM oOpabaTbiBanu B aBTokjiaBe npu 260 °C B
teueHue 1 4 nmpu 10 MIla, ¢ HayanbHbIM gaBieHueMm azota 1,5 Mlla. IloxydeHHbIN
MOPOIIOK UMeEN pa3Mep YacTull oT 2 — 2,5 HM. [IpUroToBiieHHBIN MOPOLIOK MOABEPTaAIU
OJTHOOCHOMY TipeccoBanuio mnpu paBiaeHuu 500 Mlla. [lnornas kepammka Obiia
nonyuyeHa npu remneparype 1100 °C, ¢ pazmepom kpuctamioB 300 HM ¥ OTHOCUTEIBHON
IUIOTHOCTHIO 96-99%.

Jpyroit METOJT OCaXKJICHHS U3 PACTBOpA C MOJYYEHUEM T'elisd C UCIOIb30BaHUEM
OpPTraHUYECKUX COEAUHEHNN - «AIIKOKCHIHBII» METOJT U aHAJIOTUYHBIN C UCIIOJIb30BaHUEM
HEOPTraHMYECKUX COCTUHCHUH - «XJIOPHIHBINY [72]:

Ob6a wmeroma moapazymMeBaId THUAPOJIU3 Pa3z0aBICHHOTO pacTBOpa CMeCU
npekypcopoB ZrO; u Y,03 B U30BITKE THAPOIU3YIOMIETO areHTa. J{JIs «aJIKOKCHITHOTOY
METOJIa MCMOJIb30BAIU CBEKEIMPUTOTOBICHHBIN ZI-aMUIOKCU]T (AMUIIOKCU]T ITUPKOHUS
JeTKo oOpa3yeTcss MpH JIEUCTBUHM aMIJIOBOTO CIHUPTAa HA TETPAXJIOPHUI IUPKOHHS B
NPUCYTCTBUM ammuaka) [73]. T'maposn3 mpoBOIWIM B JHUCIEPCHOHHOM TYpOMHHOM
peakrtope [74]. Ilocne ruaponnsa rejib MPOMBIBAIH BOJOW SIS yaJIC€HUSI OPTaHUYECKUX
pacTBopuTenieil. 3ateM BOJHBINA Telb OTQUIBTPOBHIBAIUM W TOJBEpPrajii MOMOIY B
ATaHoJE. 3areM Treib TPWKAbl MPOMBIBAICS HW30BITKOM 3TaHOJA, YTOOBI YJaluTh
cBoOoanyto Bomy m3 renus [74]. Tlpexypcopsl mns Broporo crmocoba - ZrCly u YCls,
koTopeie Obutn pactBopensl B HCl (0,4M). PacTBOop M3 cMecH TpeKypcopoB ObLI
MeJIJIEHHO J00aBjieH K M30BITKY 25% pacTBopa amMMmuaka. ITOT METOJ| Ha3bIBaeTCs
«xaopuaHbsIM». Bo BpeMs ruaponu3a pH ocraBasics Ha ypoBHe 11 nim 6omee. [Iporeaypy
TUAPOJIU3a W TPOMBIBKM MPOBOJUIM B TOM K€ PEAKTOpE, KOTOPBIM OMHCAH st
QIKOKCUIHOTO crocoba. [IpomMbIBKa MOMYYEHHOTO M3 XJIOPHA Teisl BOJIOW JODKHA
BBHITIOJIHATHCSI OYEHb TINATEIHLHO, YTOOBI YIAIUTh XJIOPHABI U3 pacTBopa. [lo atoit
NpUYMHE Teb MPOMBIBAIA MPUMEPHO BOCEMb pa3 B PACTBOpPE C IOCTEINEHHO
YMEHBIIAIOUIMMCS] KOJIMYECTBOM aMMHUaKa. 3aTe€M Tellb TPUKIbl MIPOMBIBATIN CHUPTOM

TSl yAaueHus: CBOOOTHOM BOJIBI TAKUM K€ 00pa3oM, Kak OMHUCAHO IS «aJIKOKCHIHOTOY
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metoga. OO6a renst (IPOU3BOAHBIE «AIKOKCHAA» M «XJIOPHAa») OTQHILTPOBAJIH,
BBICYILINIM Ha Bo3ayxe B TeueHue 16 vacos (390 K), moasepriau cyxomy nomoiy (B
IUTACTUKOBOM KOHTEiHepe ¢ Te(IOHOBBIMHU ILIapukamu) U npokamwi npu 820 K B
Te€4YeHHe 2 4, MOCJI€ YETO OHU BHICOXJIM U ObLIIM CHOBA MOABEPKEHBI CYyXOMY TTOMOITY.
Takum o0pa3zom, yJibTpagucHepCHble Kepamuyeckue mnopomku  ZrOy,
aerupoBaHHble Y703, NOTyYaIn ABYMS pa3InuYHbIMU CIIOCOOAMU OCaXI€HUS U3 BOJHOTO
refisi: TUJIPOIM30M aTKOKCH0B METAIOB M XJIOPpHUI0B MeTaioB. O6a MOpoLIKa UMEIOT
pa3Mep yactull quameTpom 8 HM. Kepamuueckue mOpoOLIKY, NOTYyYEHHbIE THIPOIN30M
AJIKOKCHJIOB METAJUUIOB, COCTOSIT M3 MOPHUCTHIX arfloMepaToB HEMPaBUJIBHON (OPMBI C
nuameTpoM 18 HM. buMopanpHOE pacnpeneneHue nop nmo pasMepam B KOMIIAKTHOM
aJIKOKCHJIE Tocie n3octatuueckoro npeccoanus npu 400 MIla oObsicHseTcss HanuUMeM
THX TOPUCTBIX arperatoB. Kepamudeckue TMOPOIIKH, TONYYSHHBIE THUAPOIU30M
pacTBopa XJIOpuAa MeTajula, HOJy4YUIUCh OoJiee MIIOTHBIE, COCTOSUIM U3 00Jiee MPOYHBIX
araoMepaToB Oosiee npaBUiIbHON (Gopmbl. B 3THX mopolikax CTpyKTypa arperatoB He
HaOmroaercsi. OTO TOATBEPXKIACTCS HATUYMEM TOJIBKO OJHOTO THIA IOp TOCie
n3zoctaruueckoro npeccopanus npu 400 MIla, cxoncTBoMm 1o pazMepaMm KpUCTAJLIOB.
Arniomepatbl B MOPOIIKaX, MOJYYEHHBIX W3 XJOPUAOB U aITKOKCHIOB JIOCTaTOYHO
XpYyIKUE, 4TOOBI MOJIHOCTHIO Pa3pyIIMThCS BO BpPEMs MPECCOBAHMSI Mepe]] CIIEKaHUEM.
Muxkpoctpykrypa nopomka ZrO;, CHHTE3MpPOBAaHHOIO W3 XJOPUAOB, MMeeT Ooiiee
WHTCHCUBHOE CIIEKaHWE TPU HU3KUX TeMIlepaTypax IO CPaBHEHHIO C MOPOIIKOM
aJIkoKcuJa. ['maponn3 M NpoMbIBKAa B CHUJIBHBIX OCHOBHBIX YCIOBHUSIX MPHUBOIAT K
MOJyYEHHUIO0 TIOPOIIKA, KOTOPBIH HWMeeT OoJjiee HHM3KYIO0 CTENEHb arperaiud, 4YeM

ruapoJin3 B HeﬁTpaHBHBIX HJIM KUCJIBIX YCJIOBHX.

1.4.2 'maporepMaibHbI METO

['uppoTepManbHblii CUHTE3 UMEET OOJIBIION MOTEHIWaN I TOJy4YeHUS

JTUOKCUJA IUPKOHMS, CTaOWIM3upoBaHHOTO okcugom wuttpus (Y-ZrOy), mnpu
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TeMIiepaType, OJIM3KON K KOMHATHOU. Y CioBHs 00paboTku kepamuku Y -ZrO;, BKItouas
MPOIIECCHl  CHMHTE3a TOpOIKa, (OPMOBAHUS W CIECKAHUS, JOJDKHBI TINATEIHLHO
KOHTPOJIUPOBATHCS [IJISl JIOCTHIKEHHS >KEJaeMbIX CBONCTB. OueHb Ba)KHO MOJIYYUTh
MEJIKOAUCTIEPCHBIA TOPOIIOK € Y3KUM HMHTEPBAJIOM PACHPEICICHUS YacTHUI[ II0
pa3mepam, 4TOObl UMETh BBICOKYIO aKTUBHOCTh K CIIEKAHUIO JJISl MOJMYYEHUS TUIOTHOU
KepaMUKH TpU MaKCHUMalbHO HU3KOM Temmepatype. Ilpouecc coocaxaeHuss u
MIPOKATMBAHUS SIBJISICTCS MPE0OIIaTAIONINM TPATUITMOHHBIM TEXHOJIOTHIECKUM METOJIOM,
UCIIOJIb3YEMbIM B TPOMBIIUIEHHOCTH IS TOJYYEHUs JUOKCUIA IUPKOHUS.
['mnpoTepManbHbIl CHHTE3, OJTHAKO, SIBIIIETCS 00JIee MPUBJICKATEIHLHBIM IMPOIIECCOM JIJIS
CHUHTE3a TOPOIIKOB CYOMHUKPOHHOTO M HAaHOMETPOBOTO pa3Mepa H3-3a MEHBIIETO
KOJIMYEeCTBAa MOOOYHBIX TMPOAYKTOB B MpoOIecce CUHTe3a. [ MIpoTepMaibHbIM CHHTE3
nopomka ZrO; BKIIOYAET TMPOLECC HAYAIbHOTO COOCAXKICHUS, aAHAJIOTMYHBIN
OMKMCAHHOMY BBIIIE, C MOCIEAYIOMIEH TUAPOTEPMATbHON 00paOOTKOM JJIsi MOTyUEHUS
0€3BOHOTO KpUCTAJUTMYECKOTO mopoiika. [Toporok 3ateM QUIbTPYIOT, MPOMBIBAIOT U
cymart. [IpokanuBanme MOPONTKOB HE TpeOyeTcsl. XapaKTepUCTUKH MTOPOIITKA, BKITFOYAsI
pa3Mep KpUCTaJUIUTOB, KPUCTAJUTMUECKYIO a3y, paclpeeieHHe YaCTHUIl II0 pa3Mepam u
CTCTICHb arperamuy, 3aBHCAT OT YCIOBHA CHHTE3a, Takux Kak pH pacTtBopa,
KOHIICHTpAIUsl MOHOB, TEMIIEpaTypa U BpeMs PEaKIIUH.

CuHTE€3 TIOPOIIKOB  MPOUCXOAWJI C  HCIOJB30BAHUEM  IMPEKYpPCOPOB
mupkonuaxjopuaa  (ZrOCIl,*8H,0) u  (Y(NO3)3*6H0). Cunte3 mnpoBoauics ¢
UCIIOJIb30BAaHUEM TpPEX THUIOB MaTOYHbIX pacTBopoB mpu 100 °C. Dto ObLTH: ()
coocakieHHbIe THIpoKcHaHbIe cycrieH3uu Zr(OH)4, conepxkarme 6 moi.% Y (OH); mpu
pH 9,5 u 13,9; (6) mexannueckue cmecu cycriensuit Y(OH)sz u Zr(OH)s npu pH 13,9; (B)
cycnensuu Y (OH)s npu pH 13,9. Y(OH)3 u Zr(OH)4 66Ut coocaxxaeHbl u3 cMecu 94 Mt
0,1 M pactBopa ZrOCl, u 6 mu 0,1 M pactBopa Y(NOs3); nyrem no6asieaus 10M
pactBopa KOH no moctmxkenust pH 9,5 (o6pazen YZ10) u no pH 13,9 (obpazen; YZ14).
Ananornyno, mexanndeckne cmecd Y(OH)s u Zr(OH)s roToBUiIM myTeM OCaxKICHUS
Kaxaoro rugapokcuaa otaenbHo npu pH 13,9 ¢ mocimenyroomuMm nepeMemmBaHuEM
cycrien3uii (oOpazenr MYZ14) B obbemHoM cootHommeHuu 94% ZrO; u 6% Y,0s.

Cycnensuio Y(OH)s rorosmmm u3 0,1 M pacrBopa Y(NOs)s, no6asisst 10M pactsop
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KOH o noctmxenus pH 13,9 (o6pazen; Y14). [Ins kaxaoit 00paboTKK MUCTIOIB30BAIN
cycrien3uto oobemoM 50 M mpu Temmeparype okoisio 100 °C (temmeparypa KUTIECHU),
py pa3IudyHOM BpeMmeHu kumnenus. Hanpumep, oopazeny YZ14-2A cuHTE3UpOBAIU U3
coocaxaeHHou cycnieH3uu 94% ZrO; u 6% Y03 npu pH 13,5 u remnepatype 100 °C B
teuenue 2 4. Cycnensuro rotoBwm u3 cmecu 0,1M pactBopa ZrOCl, u 0,1M
Y(NO3)3*5H,0 (pH~2,8) myrem noGamnenuss 10M KOH. VYcnoBusi u pe3ysbTarhl

AKCIIEPUMEHTA JJIs JTyUIIUX 00pa3lioB MPHUBEACHBI B Ta0IHIIE 2.

Tabnuna 2. DkcrepuMeHTaIbHbIE YCIOBUS A1 00pa310B, CHHTE3UPOBAHHBIX

ruapoTCpMalibHbIM MCTOJOM.

[Lnomane
Bpewms . Cpenuuii
yACITbHON
Oo6pa3ery PactBop pH | T,°C | peakimuu, pasmep
TOBEPXHO-
qac JaCTHIl, HM
ctu, M2/t
Mexanunueckoe
CMEIIICHHE
MY Z14-2 13,9 | 100 2 140 7
Zr(OH)4 u
Y (OH);
0,AIM ZrOCl;-
YZ14-0.5 |0,1M Y(NOg3)s- [ 13,9 | 100 0,5 220 5
10M KOH
0,IM ZrOCl,-
YZ14-1 0,1M Y(NOs3);- | 13,9 | 100 1 180 6
10M KOH
0,IM ZrOCl,-
YZ14-24 0,IM Y(NOs3);- | 13,9 | 100 24 170 6
10M KOH

Hcnonb3yst TEOpETHUECKYI0 pPacTBOPUMOCTh cooTBeTcTBytomux Zr(OH)s u
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Y (OH)3 1751 OleHKH CHHTETHYECKUX HCCIIEIOBAHNHN, KPUCTALTU3AIMS U3 COOCAKICHHBIX
THUAPOKCUAOB UTTPUS U LUPKOHUS B Y 203-ZrO, ipu 100 °C 6bL1a poieMOHCTPUPOBaHA
B TEUEHHE pPA3JIMYHOrO BpeMeHU peakuuu. CHHTE3 B CHUJIBHOUIEIOYHBIX YCIOBHUAX
(pH~14) npuBoauT K 0Opa30BaHUIO OYEHb MEJKUX YacTul] pasmepoM ~ 10 HM cC
II0maabio moBepxHoctTu 170-220 mM%/r. Jlaxe npu 25 °C B CHIILHOIIETOYHOM PAaCTBOPE
HaOJIIoAaeTCsl KPUCTAIUIM3alMsl 10 aHTUAPHUIA, YTO yKas3biBaeT Ha To, 4To Y 203-ZrO;

SIBIIICTCS] TSPMOJIMHAMUYICCKU CTaOMIbHOM (a3oit mpu 25 °C [75].

1.4.3 Ili1azsMoXuMHUYeCKNA MeTO/

Kak npaBuiio, paccMaTpuBaeMble CriocoObl MOTYyYEHUS YaCTHIL] TETPAroHaIbHOrO
JMOKCUJA [IUPKOHMS IEPBOHAYATILHO TPEOYIOT UCIOIB30BAHMS METOIA COOCAKICHUS U3
pacTBopa, C MOCIEAYIOIIEW NPOKAJIKOW B I€YM, IPOLECCOM, KOTOPBIM NPUBOIHUT K
CIEKAHHUIO Y POCTY HaHOYACTHLl. UTOOBI HUCKIIOUUTh HEOOXOIUMOCTh MPUMEHEHHS KaK
JETUPYIOLUX IIPUMECEH, TaK U MPOKAJIKH, Il CHHTE3a TE€TParoHaJbHbIX HAHOYACTHUIL
JMOKCHJIa IMPKOHUS OB MCIOJB30BaH METO/ OJHOCTAUITHOIO CUHTE3a - UMITYJIbCHAs
mia3mMa B okuakoctu [76-80]. MwmmynbcHas 11a3Ma  BO3HUKAeT W3-3a  MPOOOs
MEX3JIEKTPOJHOTO MPOCTPAHCTBA MPU OOJIBIION Pa3HOCTH MOTEHIIMAJIOB MEXAY JABYMS
ANEKTPOJAMU. DTa SHEPrUusi MOKET UCHApPSTh, IUIABUTh U aKTUBUPOBATh MHOTHE BHJIbI
METaJUIOB, YTO TO3BOJISIET WM B3aMMOJEHCTBOBAaTH C KUAKOCTAMHU. Koportkas
JUIMTEJIBHOCTh UMITYJIbCHOW IIJIa3MbI - OKOJIO HECKOJIBKMX MHMKPOCEKYH]II B CHCTEME -
BBIICIISIET MAJIO TEIJIa, YTO MPUBOAUT K OOPA30BAHMIO HAHOYACTHUI MEHBIIIETO pa3Mepa;
TaK)Ke PaCTBOP OXJIAXKIACT METaCTaOUIIbHYIO (ha3y HaHOYACTHII.

Ha puc. 13 mokazaHa cxema UMITyJIbCHOM IUIa3Mbl B JKUJIKOW CHUCTEME C
rpa@uKoOM JJIUTEIBHOCTH OAHOTO UMITYJIbCA M JKMJIKOCTH, MOJIYYEHHOU B pE3ysbTaTe

CHHTC3a I1JIa3MBbI.
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Puc. 13. Cxema yCTaHOBKM UMITYJIbCHOM TUIa3Mbl B )KUJKOM cUCTEME C rpaduKoM
JUINTEIBHOCTU OJTHOTO MMITYJIbCA U KHUAKOCTHU MOCJIE€ CUHTE3a IJIa3Mbl C BbIIEPKKOU 12
., [76].

Pe3ynbTaThl pEeHTreHOCTPYKTYpHOTO aHalu3a OCajlka IOKa3bIBAIOT HATHUNE
MOHOKJIMHHOW U TeTparoHajbHOW (a3pl. CHEKTpbl KOMOMHALIMOHHOTO pacCesHUs
HAHOYACTHII U3 BEpXHEH yacTH 00pasiia TakyKe MOATBEPANIIH, YTO MPUCYTCTBYET YHCTas
TeTparoHajgbHas (aza IHOKCUAA IMPKOHUS, MOJydyeHHash HMITYJbCHOM IUIa3MOM B
pacTtBope amMuaka. TakuM o0pa3oM, MOJyYEHHBIN pa3Mep YacTUIl MEHee 5 HM o0JieryaeT
CTaOWIM3aIMI0 TeTparoHaabHoU (asel. [lmomans noBepxHocty yactuil (merox BOT)
coctasnsia 108,15 M?/r. DT0 COOTBETCTBYET HEGOIBIIOMY pa3MePy YaCTHIL U BBICOKOM
MOBEPXHOCTHOM JHEPTHU, KOTOpas CTAOMIM3HPYET MeTacTaOmibHylo (asy IuoKcuaa
IUPKOHUS 0€3 J00aBIeHNs CTAOMIH3UPYIOMNX J0OABOK.

[lopomiky, TmMOMy4YeHHbIE JAHHBIM  METOJOM, O0O0JaJaloT MOTEHIUAIOM

(OTOKATAIUTUUECKOTO  PAa3NIOKEHUsST YUCTOM BOABI W (HOTOKATAIMUTHYECKOTO
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BOCCTAHOBJICHHMsI  JAMOKcuaa  yriepona. 110, — caMmblii  pacmpocTpaHEHHBIN
doTokaTanu3aTop, UCIONb3yeMblii B Hacrosiiee Bpems. Cam mo cebe oH paboTaeT
TOJIKO B YJIBTPa(HOIETOBOM CBETE M3-3a CBOEH 3aIlpeIlleHHON 30HbI, OTPAaHUYNBAsL €T0
UCIIOJB30BaHUE TOJNBKO A0 4% mocrynaromieil conHeuHoi sHepruu. 43% Bceit
COJIHEYHOM dHEPruu — 3TO BUAUMBIN cBeT. [103TOMY, BBICOKOE NOTJIOIIEHUE BUIUMOTO
ceeta t-ZrO, 0o0pa3loB CBHUIETENBCTBYET OO0 MX MOTEHLMAJIbHOM HCIIOJIIB30BAHUU B
KayecTBE (OTOKATAIUTUYECKOTO MaTepuana, B TOM 4YHClIe, U B KayecTBe

@OTOHHHHI/IaTOpa B 00J1aCTH BUIMMOI'O CBCTA.

1.4.4 KpuoxuMu4ecKkui MeTo]

B nmanHoM Mmetone [81] remp (ocaxaeHHBIC MOPOIIKU) TOCTE (QHIBTPOBAHHS
3aMopakuBaeTcs npu Temieparype -25 °C B Tedenue 24 4. Ilocie oxnaxaeHus: ObUIH
MOJIYYE€HbI KCEPOTeNId C PEHTreHOAMOP(HON CTPYKTYpOil. BOJIBIIMHCTBO ariiomMmepaToB B
COCTaBe KCeporeis, 1o JaHHbIM CEIMMEHTAllMOHHOTO aHaiau3a, uMenu pazmep 100-200
HM, 3T0 B 8-10 pa3 MeHblIe pa3Mepa araomMepaToB B reje, HE MNOABEPIHYTOM
KPHUOXUMHUYECKOMY BO3JICUCTBUIO.

[Ipy  3aMOpakMBaHHWM  COOCAKICHHBIX  T'MAPOKCHIOB  Iuddy3noHHas
MOJBM)XKHOCTh YAacCTHUI] OTPaHUYE€HA B COOTBETCTBUU C ypaBHEHHEM AppeHuyca, uTo
IPUBOJUT K OCJIA0JICHUIO MEXMOJIEKYJISIPHOTO B3aUMOJICHCTBUS YacThll ocaaka. Boga
ObUla yAajieHa U3 3aMOPOXKEHHOIo Ocajka cyOinManued. DTO TMO3BOJIWIO YIAJIUTh
pPacTBOPUTENTb, U KaK CIIEJICTBHE, M30€XaTh €ro IUIABJIEHUS U COXPAHUTh OAHOPOJIHOCTh
pacnpeieNieHus KOMIIOHEHTOB B BhIMNaBIeM B ocanok npoaykre. Kpusas [ITA (puc. 156),
XapakTepusyrouas TEpMOJIM3 KCeporens mnociie 3amopaxuBaHusa npu —25 °C, He
MPOSIBIISIET SHAOTEPMUYECKUX 3PPEKTOB, COOTBETCTBYIOIIUX MPOLECCaM JAETUIPATALINH;
TO €CTh yAaJieHHe OONbIIeH YacTu ajcopOUpPOBAHHOW W KPUCTAJUTM3AIMOHHOW BOJIBI
MPOUCXOJUT BO BpeMs 3aMmep3aHusi ocaaka. [loTeps Beca ucciemyemoro oOpasua

cocraBisier Bcero 10%. CormacHo JTA, 3aduKCHpOBAHO CHIDKEHHE TEMIIEpPaTyphI
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KpUCTaJUTM3AIUU MeTacTabuinbHOM (pas3el c-ZrO; (435 °C — 400 °C), uro, Mo-BUANMOMY,
CBSI3aHO C TE€M, YTO 3aMOpaXMBAHHE OCaJKa TO3BOJISIET COXPAaHUTh HAHOPA3MEPHBIC
YaCTHIIbl U MOBBICUTH PEAKIIMOHHYIO CIIOCOOHOCTH Kceporens. Cpeanuit pa3mep 3epHa
TBepaoro pactBopa t-Zr0O; B obpasiax cocraBisieT 5—7 HM. [lanpHeilee nOBbIICHNE
temrepatypbl 10 600 °C mpuBoguT Kk oOpazoBanuio t-ZrO, (puc. 14) co cpennum
pasmepom dyactuilr 8—10 aHM. [lpu TepmooOpaboTke B mHTepBaje Temmeparyp 700—
1350 °C coxpansercs oaHo(}a3HBI XapakTep TETParoHaJIbHOM CTPYKTYyphl B
CUHTE3UPOBAHHBIX MOPOIITKAX.
L

® c"-Zr'[)2
[ | .-‘-Z]f)2

k’\" 4

-.-z’ﬁhﬁ_,j\._;\.‘ |
../-’/ | W 2

i I i 1 i

20 30 40 50 60 20, rpax

Puc. 14. IlocnenoBarensHOCTh Tiporiecca obpaszoBanus t-ZrO, B oOpasiax mpu

pasnuuHo# Temiieparype oopadotku (°C): 25 (1), 250 (2), 400 (3), 600 (4).
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Puc. 15. Pe3ynbTaTbhl TEPMHUYECKOTO aHamu3a, TA€ a — JI0 3aMOpaKUBaHMS,

0 — mociie 3amopaxuBaHud rpu -25 °C B TeueHue 24 4acos.

JlaHHBI METOJI MPUTOTOBJIEHUS HAHOKPUCTAJUIMYECKOTO CTAOMIM3UPOBAHHOTO
nopomika ZrO, MOXET NPUMEHATBCS B BOCCTAaHOBUTEIBHOM cToMarojoruu. OH
o0OecreynBaeT CHHTE3 XHMMHYECKHM YHCTBIX HAHOMOPOIIKOB, HE TpeOyeT HOpOrux

PEareHToB U CJIO0KHOTO BHICOKOTEMIIEPATYPHOTO 00OPYI0BAHHSL.

1.5 KuHeTHKAa npolecca cCieKaHusl KepaMU4eCKUX MaTepUAaJioB

DEHOMEHOJIOTUYECKHE TIPEACTABICHHUSI O CIICKAaHWW Ha OTACIBHBIX CTaIUsIX
noApoOHO omnucaHbl B pabore [82]. Ha HavanpHO#M 1 MPOMEKYTOUYHON CTAJIMM CIICKaHUS
HaOJIFOacTCs MPUTICKaHUE W YIDIOTHCHHUE, Ha 3aKIIOYUTEIbHOW — yJaJeHUE 3aKPBITHIX
nop. Ilpumekanue I peaNbHBIX MEIKOJIWCIIEPCHBIX TIOPOIIKOB IPAKTHYCCKH HE
MOJ/IJIACTCS MPSMBIM HAOJIOCHUSAM; Ha 3aKITIOYUTEIHLHOW CTAUU SBJICHUS YCIOKHEHBI
pekpucTaum3aned M KoajecrneHrueir mop. IlosTromMy Ha TpakTHKE CIEKaHUE

pacCMaTpuBaOT KaK YIINIOTHCHUC, IIOJIb3YACHh TCM, UYTO KpUBAd YCAJIKH B IIPHUHIUIIC
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OTpakaeT TMOYTH BCE JJIEMEHTApHBIE MPOLECCHl, MPEIACTABIAIOIINE HHTEPEC s
uccienosarens [22, 82, 139].

Hcxons u3 TeoOpeTUYECKUX MPEACTABICHUA U Pe3yIbTaTOB MOJIEIbHBIX OIBITOB,
KUHETUKY H30TE€PMUYECKOTO YIUIOTHEHHSI OOBIYHO OTHCHIBAIOT BHIPAKCHUEM:

Al/l = K-1™ 1)

K =K, exp(-Q/(R-T)), (2)

rne Al/l — otHOcuTeNBHAS ycanka; T — BpeMsl; M — XapaKTepu3yeT MEXaHU3M
yIioTHeHus; Q — 3Heprus akTuBauu; R — ra3oBast IOCTOSIHHAS.

Koncranta ckopoctn K skcnoHeHnmambHO pacrer ¢ temneparypou T wu
YUHUTBIBAET NOBEPXHOCTHOE HATSLKEHUE, pa3Mep yacTull, KodhuiueHt audpdy3un u ap.
BenmuuHbL. [1pu moctpoenuu rpadukos Ig(Al/l) — 1gt 0ObIYHO MOTYYaIOT IPSIMBIC JIMHUH,
TAHTEHC yTJia HaKJIOHa KOTOPBIX K ocH abciuce naet BenunuuHy M. [Ipu m paBHo const B
OIpPE/IEICHHOM HHTEpBAaJIE TEMIEPATyp JUIsl Pa3MYHbIX €€ 3HAUYC€HUM B YKa3aHHBIX
KOOpAMHATAX TaKasl CBA3b ANNPOKCUMHUPYETCSI KaK CEMEWCTBO MapaljIe/IbHbIX NPSMBbIX,
paccTosiHuEe MEXKIY KOTOPBIMU OTMPEAEISAETCS 3aBUCUMOCTBIO YCAJAKH OT TEMIIEPaTypHhI.
Kaptuna Hapymiaercs npu HM3MEHEHMHM MeXaHU3Ma ycaaku (T.e. (opMmalibHO IpU

N3MCHCHHNHU BCIIMYHHBI m) .
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Puc. 16. Bug kpuBoif M30TEpPMUYECKON KUHETHUKUA YCAJKH B JIOTapU(DMHUUECKHUX
[e]
KOOpJIMHATAaX MPHU CIIEKaHUU Kepamudeckoro obpasma mpu 1550 °C.
3aBUCUMOCTh CKOPOCTH YCAJKH OT TEMIIepaTyphl XapaKTepU3yeTcsl BEIIMUUHON
KOKYIICHCS DHEPruu aKTUBAIMU. OKCIIOHCHIMATBHBIN BUA (QYHKIIMH TIO3BOJISET

ONPENEIUTh 3Ty BEJIMYMHY KAaK YAaCTHYK IIPOM3BOJHYIO CKOpPOCTH IIpolecca Io
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TEeMITepaType MPHU MOCTOSTHHOM CTPYKTYPHOM COCTOSIHUU 00pasma. [l ee onpeneneHus
HEOOXOJMMBI JTaHHBIC TI0 yCaJKe MPHU Pa3IMYHBIX Temreparypax. [Ipum HensmMeHHOM
MeXaHHu3Me Tporecca (MCXOAs U3 CTETIEHHOTO BHJAa KHHETUKH IIPU M PaBHO const) B
xoopauHarax In[d(Al/l)/dt] — 1/T momxHbBI HAOIFOAATHCS MPAMOJIUHEHHBIC 3aBUCUMOCTH
(puc. 17) [83-86]. Tanrenc yria HakjOHAa OPSIMON MPOMOPIHOHAICH KaXYIICHCS
DHEPrUM aKTHUBAIUM, KaK BHUJHO Ha pUCYHKE 17; CKOpPOCTh yCaJKH B35iTa B BUJC
MPOTIOPITMOHATIEHON €1 BETUYHHBI — OOPATHOTO 3HAYCHUSI TEMIIEPATYPhl JTOCTHKCHUS

JTAHHOW YCAIKH.

In((d(L/Lo)/dt), munr!

1T, K!

Puc. 17 3aBUCHMOCTb CKOPOCTU YCAJKU OT TEMIIEPATYPHI.

Teopernyeckuii aHamu3 CIEKaHUS MPEIOIAraeT, YTO HadaJlbHAs €r0 CTausl He
COIPOBOXAAETCA POCTOM 3epeH. OHAKO 3TOT0 HE HAOIIOJACTCS B JIEHCTBUTEILHOCTH,
MTOCKOJIPKY BBICOKOJIMCIIEPCHBIE TTOPOIIKY MMOKA3BIBAIOT YBEIUUYCHUE PA3MEPOB YACTHI]
y)Ke TIpU TaKuX TeMIlepaTypax, Korja crekaHue ux He Habmomaercs. [lpu uzydenun
CIIEKaHWsI OOHApPYXXEHO TaKXe, UYTO KHHETHKA YCaakhu OOpa3loB W3 YACTHII
NPUOIM3UTENIBHO OJMHAKOBOTO pa3Mepa B CHJIBHOM Mepe 3aBHCHT OT HX (OPMBI,
COCTOSIHUS TIOBEPXHOCTH | AedekTHocTH [87, 88].

[Ipenyraraembie pa3MUIHBIME aBTOPAMU KHUHETUYCCKHC YpaBHCHHS (HaWEHHBIC
OMIIUPUYECKU WM BBIBEJICHHBIE M3 TEOPETUYECKUX TIPEJICTABICHUNA O CIIEKAHUN)
BKJTFOYAIOT BEJIMYHMHBI JTUHCHHOW MM OOBEMHOHN YCaIKH WM HEKOTOpPHIC MapameTphbl
VIUIOTHEHHUS, KOTOpPbIE TMPEACTABISIOT CO0OM pa3IMYHOTO pPOJia COOTHOIIEHUS
IJIOTHOCTEN CHIpIIA, CIEUYEHHOTO MaTepuania U MoHOKpuctauia. OHU HE OTBEYAIOT
MOBEJCHUIO PCAIBHBIX CHCTEM. TpPYIHOCTH OITMCAHWUS OJHHM MAaTeMaTHYCCKUM

BBIpAKCHHUCM IIpoHccCa CIICKaHWA CBA3aHbl CO CJIOXKHBIM XapaKTCpOM H3MCHCHUA
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MOPOIIKOB M CMEHOM (U3NYECKUX MEXaHU3MOB MaccomepeHoca. Haiitu TtouHOe
MaTeMaTHYeCKOe BhIpAXKEHHE B OOIIEM ClTydae He MPEACTABISAETCS BO3MOKHBIM.

B nutepatype MOKHO HaWTH pa3IUYHbIC KHHETUYCCKHE 3aBUCHUMOCTH YCAIKU
OpU CIEKaHWM METAJUIMYeCKuX TmopowmkoB. Ilokazano, dro Haumbonee YacTo
yrmoTpeOsieMble TPU aHAM3€ KPHUBBIX MPOCTHIC CTENEHHBIC WIIM KCTIOHEHITHAIBHBIC
(GYHKITUY TS YIUTOTHEHUS BO BPEMEHU OTBEYAIOT AKCIIEPUMEHTAIBHBIM JTAHHBIM TOJIBKO
B y3KOM HHTEpBaJe H3MEHEHMs MEPEMEHHBIX MapaMeTpoB (BpeMs, TeMIepaTrypa).
AHanu3 YIUIOTHCHHUS peallbHBIX IOPOIIKOB, mpoBeacHHbI B.A. MBencenom [89, 90],

IMOKa3bIBACT, YTO CTCIICHHBIC 3aBUCUMOCTHU YIUIOTHCHUS BO BPEMCHHU BU/IA:

V=V, (1 -B1), (3)
wm v = v (1-kt"), (4)
wm V =V, (kt+l) 7, (5)

rl€ V — OTHOCUTEJIbHBIH 00BEM MOp; V 4, — OTHOCUTENBHBIM 00bEM MOp B
HauyaJbHBIH MOMEHT, T— BpeMs; B, N, K — KOHCTaHThl TNPHUTOJHBI JIHIIb IS
NPUOJIMKEHHOM OLIEHKH X0/1a MpoIlecca B KOPOTKUX OTPE3Kax BPEMEHHU.

W3 ypaBHeHuil 3 u 4 cienyer, 4To 4epe3 HEKOTOPBIM MPOMEXYTOK BPEMEHHU
(mopsiaka 10 yacoB) Bce MOPHI TOKHBI UCYE3HYTh, UYETO HUKOT/Ia HE HAOIIOAAaeTCs Ha
OmbITe. YpaBHEHHE 5 00JIee TOYHO OMHUCHIBAET MPOIIECC, OJTHAKO MIPHU OOJBIITUX BPEMEHAX
OHO JA€T MOIPEIIHOCTH.

Hpyrue BuIbl (PYHKIMOHAIBHBIX 3aBHCHUMOCTEW (HAmpuMep, JUHEHHas CBS3b
IUIOTHOCTHU U Jorapudma BpeMeHH, SKCIIOHEHIIUAIbHAs U APYTue 3aBUCUMOCTH) TAKXKE
HE BCErJa COOTBETCTBYIOT IKCIEPUMEHTAILHBIM JAHHBIM U, KaK MPaBUJIO, HE OTBEYAIOT
HAaYaJIbHbIM M KOHEYHBIM YCJOBHUSIM NPOTEKaHWs mpouecca (KOHEYHOCTh CKOPOCTH
CHEKaHHWs B HAYAJIbHBIA NIEPHOJ, OrPAHUYECHHOE BO3pAaCTAaHUE IUIOTHOCTH IIPH
OECKOHEUYHO OOJIBIIMX BpEMEHAX U T.1.).

Ha ocHOBaHMM TINATENBHOIO PACCMOTPEHUS M aHAIW3a pe3ysbTaroB B.A.
MBeHCEHOM cenaH BbIBOJ, 4YTO B HAWIYYIIEM COOTBETCTBUHU C 3KCIIEPUMEHTOM
HAXOJIUTCS BBIPAKEHUE:

dv/(vdt) = —q(vivy)™, (6)

I1€ V — OTHOCUTENbHBIA O0BEM TNOp; Vy — OTHOCUTENIbHBIH O0BEM TOp B
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HaYaJIbHBIA MOMEHT; T — BpeMs; = dv/(vydT) IMEeeT CMBICII CKOPOCTH OTHOCHUTEILHOTO
COKpallleHHs o0beMa IOp B Hayajle M30TEPMHUECKOro Ipolecca; m = const.
WHTEerpupoBaHue 3TOT0 BBIPAXKEHUS JACT:

V=V, (@mT+ 1) (7)

OTKJIOHEHHUE OT paccMaTpUBAEMOM 3aBUCUMOCTH I METAJUIOB HAOIIOAAETCS B
TeX Clydyasix, Korja UCMOIb3YIOTCS MOPOILIKH, OKA3bIBAIOLINE PACUIMPEHUE B 0OKUTE
BCJICICTBUE XMMHMYECKUX TMPEBpAllleHUH B MaTepuaie WIM KOrjJa MPOUCXOIUT
«3axJIOTBIBAHUE» B IOpax pa3IUYHbIX Ta30B, a TaKXKe IPU PE3KO AHU30TPOIIHBIX
kpuctaiax. OTKIOHeHHS HaOII0AA0TCs TakkKe MpH (a30BbIX MEpPexXoaax B Mpollecce
CTICKaHUSI.

B cootBercTBuM ¢ npexacrasienusMu b. S. Iluneca B Hauane crekaHus ycajaka
BO BPEMEHH t JOIKHA PACTU IPUMEPHO JMHEHHO, a 3aTeM IPOHOPUUOHAILHO tY2, uTo
HKCIEPUMEHTAIBHO HAOII0JaIU Ul KOPYH/A.

[Ipy mnpoBeaeHUM SKCIEPUMEHTOB B HEOONBIIOM HMHTEpPBajie H3MEHEHUS
NEPEMEHHBIX YaCTO HAOIIOAAIOT CTENEHHOM XapakTep yCaJlIKi BO BPEMEHHU:

y =AT, (8)

r7ie y — OTHOCHTEIbHAS ycaaka; A, N — SMOUPUUYECKHE KOHCTAHTHI.

BenuunHa A 3aBUCUT OT TeMIiepaTyphl U BKIIOYAET XapaKTEPUCTUKU 00pasiia; N
OOBIYHO MOKa3bIBAET MEXaHU3M Ipolecca. [lockonbKy A ¥ N U3MEHSAIOTCS B 3aBUCUMOCTH
OT CMEHBl MEXaHW3MOB, TO HAOJIOJAaeMble Ha OMNBITE WX 3HAYCHUS SBISIOTCS
CPEIHEB3BEIICHHBIMUA JIJIS HECKOJIbKMX 3JEMEHTApPHBIX IPOLECCOB, MPOTEKAIOIINX
oJIHOBpeMeHHO. KpomMe Toro, 3T0 BbIpaK€HHUE UMEET PsiJl HEAOCTATKOB, PACCMOTPEHHBIX
Bbiie. Tem He MeHee, BCIEACTBUE MPOCTOTHI 0OPAOOTKU M MHTEPHpPETALMH JAHHBIX
HKCIIEPUMEHTATOPhI Yallle BCEr0 MOJb3YIOTCS UMEHHO 3THUM YpPaBHEHHUEM, MOCKOJIbKY
pe3yJIbTaThl CPABHUTEIILHO KPATKOBPEMEHHBIX OTBITOB B KoopauHatax g y—Ig T o0br4nO
JeKaT Ha MPSAMOM IMHUM C OJTHUM WJIM HECKOJIbKUMU Meperudamu.

Benuunna N B peanbHBIX ClIydasx U3MEHSETCA B IIMPOKUX npezenax ot 1 (1 gaxe
BBIIIIC) HA PAHHUX CTaAMSIX CIEKaHus A0 3HadeHWi meHnee 0,1 Tpu BBHICOKHX CTETCHSX
ymioTHeHus. OHa OmpeaenseTcss MEXaHW3MOM IIEpeHOcCa MacChl U CTPYKTYPHBIM

COCTOSIHUEM IIOPOILIKOBOTO Tena. Mcxons M3 TeopeTHYecKUX COOOpaKeHWH, OOBIYHO
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CUMTAIOT, YTO JIJISl YCAJAKH, KOHTPOJIUPyeMon o0beMHOU Au(dy3ueil, BeTuunHa N JeKUT
okono 1/2, a muddys3uerr mo rpaHuniam 3epeH — okono 1/3. OmHako ATU 3HAYCHUS
HOJTYYEHBI TOJIBKO I MoZieTiell. B ciryuae criekanus peaqbHbIX IOPOIIKOB Habt0jaeMast
BEJIMYMHA N U3MEHSCTCS BCIICACTBHE BIUSHUS (POPMBI YACTUIl U PACTIPEICIICHUS UX TIO
pazMepaM, MUTpAllMM TPaHUIl 3€pEeH U HMX POCTa, NPUCYTCTBUS HEPABHOBECHBIX U
CTPYKTYpPHBIX N1eekToB U T.1. OmnpeneneHHy0 poiib 3/1€Ch TAK)Ke UIPaOT MPOLIECCHI
yCaJIK, BBI3BAHHBIC YCUITHSIMU, BOSHUKAIOIIUMU IPU HEOTHOPOTHOM CHKATHH ChIpIIA.
[To BenMYMHE SHEPTHM AKTHBALMU CYIAT O MEXaHU3ME CIEKaHUs; OOBIYHO ee
CPaBHMBAIOT CO 3HAYCHHUSAMHU, TOJYYCHHBIMU MJIsi JAPYTUX MPOLECCOB (MON3YUYECTh,
T Qy3us, ICKTPONPOBOAHOCTh U T.I.). [IOHATHE «IHEPTHS AKTHBAIIMUA CIICKAHUS)
SBIISICTCA  YCJIOBHBIM, TIOCKOJIbKY 3/IeCh HAOJIONAeTCS HECKOJBKO AIIEMEHTAPHBIX
npoueccoB. [loaToMy 4acto ToBOpPAT 00 3((PEKTUBHBIX, KAXKYIIUXCS BEIMYHUHAX.
TpynHocTH B ee OLIEHKE CBS3aHBI C T€M, YTO NPU CHEKaHWU MapauIeIbHO MPOTEKAIOT
HAKJIaJbIBAIONINECS HAa HEr0 CTPYKTypHbIE HW3MEHEHHs. 3aTeM, OYEeHb BBICOKHE
HavaJbHBIE CKOPOCTH TPOIECcca 3aTPYAHSIIOT TOYHOE ONpEAeIEHUE CKOPOCTH B HYJIEBOU
MOMEHT HM30TEPMUYECKON BBIICPKKH. Kpome TOro, mNpakTUYECKH HEBO3MOXKHO
OCYIIECTBUTh CIEKAaHHE B CTPOTO HM30TEPMHUUYECKHX YCIOBHUAX, TaK KaK CHJIbI
MOBEPXHOCTHOTO HATSDKEHHS JEHCTBYIOT W BO BpeMsl HarpeBa 10 HEOOXOIUMOM

temmepaTypsl [91].

1.6 OcobeHHOCTH cieKAHUS 110 TBEPAO(DPAZHOMY M KHIAKO(PA3ZHOMY MeXaHU3MaM

KOHHGHHI/IH pa3BUTHUA TCXHOJIOTHH COBPCMCHHBIX KOHCTPYKINHOHHBIX
KCPAaMHUUYCCKUX MATCPHAJIOB HaIlpaBJICHA Ha IMOBBINICHHUC MCEXAaHHYCCKHX CBOMCTB.
IToBbINICHME IMPOYHOCTH, U3HOCOCTOMKOCTH U TpeH_II/IHOCTOI\/’IKOCTI/I ITIO3BOJIUT IIOBBICHUTH
HaJCKHOCTD I/ISI[CJ'II/Iﬁ Hn HUX CpPOK CJ]y}K6LI. HOBTOMy OCHOBHBIC HCCJIICOAOBAaHHA IIO
pa3pa60TI<e HOBBIX COCTAaBOB MATCPHUAIOB HAIIPaBJICHLEI Ha CO3AAHHUC OAHOPOIHBIX

MEJKOKPUCTAJUIMYECKUX M HAHOKPUCTAUIMYECKUX CTPYKTYp. OITO JIOCTUTaeTCA
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pPa3TUYHBIMHA METOJIAMH, CPEIU KOTOPHIX MOXKHO BBIICITUTH TEXHOJIOTHH KEPAMUUYECKUX
MaTepUaioB, TMO3BOJISIIONINE CHU3UTh TEMIIEPATYpy CIEKaHUs M 3a CYET 3TOro
MHTUOMPOBATH POCT KPUCTAIIIOB C OAHOBPEMEHHBIM JJOCTHIKEHUEM BBICOKOM MJIOTHOCTH
KEpaMUKH.

JIist co3iaHusi MEJKOKPUCTAJUTMYECKOM KepaMHUKU C pa3MEpOM YacTHI] OKOJIO
HECKOJBKMX MKM, WM HAHOKPUCTANIMYECKON TUIOTHOM KepamMHuKd, HE0OXOIUMO
BEITIOJIHUTH JIBA OCHOBHBIX YCJIOBHSI — WCIIOJIb30BAaTh HAHOIOPOIIKH W TIPH CIICKAaHUH
MaKCUMaJbHO CHU3UTh COOMpATENbHYI0 pEKpUCTAUIM3AlUI0  (CHU3UTH  POCT
KpuctamioB). JIpyrum oOsi3aTenpbHBIM TpeOoBaHMEeM K Marepuanam u3 ZrQ; sBiseTcs
HEOOXOMMOCTH MOTYYSHHSI TeTparoHanbHON Moaudukaimu (t-Zr0;), kotopas obmagaet
BBICOKMMU MEXaHUYECKUMHU CBOMCTBAMHU (IIPOYHOCTHIO U TPEIIMHOCTONKOCTHIO).

J17151 5TOro MPUMEHSIOT CHEIMaIbHbIEe CTAOMIU3UPYIOIIME TETPArOHAIBHYIO (pa3y
100aBKH, K KOTOPBIM OTHOCSITCS IEJI0YHO3EMETbHBIE OKCH/IBI IBYXBAJIEHTHBIX METAIJIOB
— Ca, Mg, Ba, a Tax:ke HEKOTOpPbIE OKCUJIBI PEIKO3EMETBHBIX METAJIIOB — 3TO B OCHOBHOM
Y, Yb u Ce [22]. Cnekanue mMoAgoOHBIX MaTepHaIOB MPOXOIUT IO TBEPI0(Ha30BOMY
MeXaHu3My npu Bbicokux TemrmepaTtypax (1450-1750 °C), 4yro mpuUBOAUT K POCTY
KPUCTAUIOB M COOTBETCTBYIONIEMY TAJEHUI0O TPOYHOCTH. JlOCTHYD IUIOTHOTO
MEJKOKPUCTAJUIMYECKOTO COCTOSIHUS TIPU COXPAaHEHUH HMCXOMHOTO (ha30BOr0 COCTaBa
BO3MOXKHO TIPU HCMOJB30BAHUHM TOPSYErO0 WM HW30CTAaTUYECKOTO IPECCOBAHUS
(TO3BOJIIET CHHM3UTH TEMIIEPATypy CHEKAHWS) WIA SJIESKTPOMCKPOBOTO CIEKAHUS
(TIO3BOJISIET PE3KO COKPATUTH BpEMs CIICKaHU).

CrekaHue Mo «KJIACCUYECKOW» TEXHOJIOTMU O€3 JaBJICHUS HaHOAUCIEPCHBIX
KepaMHUUYECKHUX TOPOIIKOB J0 TIOJHOM TMJIOTHOCTH YacTO COMPOBOXKIACTCS YCHIICHHBIM
pocToM 3epHa, 0cobeHHO Ha 3akimountenbHoil ctaauu (I1I) cnexanus. Ita npobrema,
KOTOpasi u3ydajach KaK TEOPETUYECKH, TaK M SKCIEPUMEHTAJIbHO, MPEACTaBISETCS
OCHOBHOW TMPUYMHONW TOTEPU HAHOKPUCTAIUIMYECKOTO XapakTepa KepaMHUYeCKOTo
KOMITaKTa M, CJIEIO0BAaTENbHO, MOTEPU €r0 OCOOBIX CBOMCTB. POCT 3epHa BO Bpems
YIUTOTHEHUS MOYKET OBITH ITOAABIICH, €CJIH MPUIIOKUTH COOTBETCTBYIOIIYIO CHITY, TO €CTh
BO Bpemsi ropsiuero npeccoBanus (I'TI) mnm ropsuero M30CcTaTUYECKOTO MPECCOBAHUS

(I'Utl). IIpumenenue I'UIl i nonaydeHHs MOIUMKPUCTAILUIMYECKOHM KEpaMUKH
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TETPAaroHaJbHOTO JMOKCHIA UUPKOHMS cTabunmm3upoBaHHOro Y03 omucaHo B
cienytonux paborax [92-95]. Ilpm sToM Mg JOCTHXKCHHS HAHOKPUCTALTHYCCKUX
CTPYKTYp KEpaMUKH B KayeCTBE HCXOJHOIO MarTepuaia HCHOJb3YIOT B OCHOBHOM
HAHOJMCIIEPCHBIC TTOPOIIKH, MTOJTyYEHHBIE BIAYKHBIM XUMHUYECKUM ocakaeHneM [ 96-99].
B pa6ore [100] mompoOHO wucclenOBaHO BIMSHUE PEKUMOB CIICGKaHUS Ha
MUKPOCTPYKTYpY H (a3oBbiii coctaB ZrO,, comepxaiiero 3 moir% Y203, CrieueHHbIe
MaTepuanbpl 0e3 TPWIOKEHUS JaBicHUS (TPEeIBapUTEIBHBIM  OO0XKHUT) HMETU
OTHOCUTENIBHYIO TWIOTHOCTE 71-72% mnpu 1100 °C, 71-73% npu 1200 °C u 72-75 npu
1300 °C (puc. 18). 3aTem npeaBapuTeIbHO 000K KeHHBIE 00pa3ibl moaseprammch [ UIT
(150 MlIla). HanGomnee mioTHBIE 00pa3Ibl C OTHOCUTEILHOM TIOTHOCTRIO 98,5-100 %
OBLIIM MOJTyYeHbI TOJBKO Mpu HU3kuX Temrepatypax ['UIT 1100 °C. Takxke 3To kacaeTcs
U pa3dMepa 4acTull, KOTOpbIe ObUTM HAaMMEHbIIUMU 22-24 HM MOciie MpeABapUTEILHOTO
ooxwura npu 1100 °C u nocnexyromero I'NIT npu 1350 °C. IlogobHoe ymioTHEeHUE
XapaKTEPHO JJII MEJIKOKPUCTAJUTMYECKUX MaTeprajoB ¢ pazmepoM kpucrtamioB 150-300

HM H CIICUEHHBIX TP HU3KHUX Temieparypax 1200-1300 °C [101, 102].
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Puc. 18 Biusnue npeaBapuTebHOr0 00ura (a) 1 OKOHYATEIILHOTO CIIEKaHUS

(6) Ha MIIOTHOCTH KEPAMUKH.

[To pesynbraram padotsl [100] ObLH caemaHbl CIEAYIONIME BHIBOABL: a) pa3Mep

3¢pHa B 3aBUCHUMOCTH OT KOHEYHOM OTHOCHUTEIBbHON INIOTHOCTH IIpHU  Pa3JINYHbIX
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temriepatypax [ 'UII, pazmep 3epHa npu MOBBIIIEHHOM YIZIOTHEHHH 00pa3lloB BO BpeMs
nporecca ['UIT;, 6) oOwbemHas momst TeTparoHaIbHOW (t) a3kl yMmeHbIaach C
YBEIIMYCHUEM  TEMIIEPATypbl  IMPEABAPUTEIBHOTO  CIICKaHHWsS. OJTH  PE3YJIbTaThI
MOKa3bIBAIOT, YTO pa3Mep 3€pHa M IUIOTHOCTh 00paslia OKa3bIBAIOT CYIECTBEHHOE
BIIMSHUE Ha CTaOWJIBHOCTH TETparoHaimbHOW (a3pl. Uem Mernpue pa3smep 3epHa, TeM
OBICTpee MPOMCXOMUT TMpolecc yruioTHeHus Bo Bpems ['MII m3-3a momydectu 1o
rpanwuie 3epeH (puc. 18, 19). Bomee BbICOKHE TUIOTHOCTH Marepuanga COOTBETCTBYIOT
00J1ee BRICOKUM YIIPYTUM OTPaHUYCHHSM TeTparoHaIBHBIX 3epEH, YTO, B CBOIO OYepE/b,
nenaeT ux 0ojiee yCTOMYMBBIMA K MapTEHCUTHOMY TETParoHAIbHO-MOHOKIUHHOMY
dazoBomy nipeBparnieruto 103, 104]. Takum o6pazom, 6oree TUIOTHBIE 00pa3Ibl CBSI3aHbBI

c 0OoJjiee MEIKHM pasMCpOM 3CPpHA U 0oJsiee BBICOKHUM COACPKAHUCM TCTpaFOHaHBHOﬁ

Gba3zbl.
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Puc. 19 Bausiaue TemmepaTypsl CIIeKaHHs Ha pa3Mep 3epHa (a), 3aBUCHMOCTh

pa3Mepa 3epHa OT OTHOCHUTEIIbHOM TUIOTHOCTH M TeMIIepaTypbl criekanus (0).

Otmeuanock, uro npumeHenue [Tl mmu T'MIT (maBnenue 100-200 Mlla npu
temrepatype 1300-1500 °C) mo3BosisieT mofydath u3zenusi Bbicokoi mpounoctu 1000-
1500 MITa npu uzrute [105-107]

Opnako I'TT u I'MII TpeOyroT UCIIONB30BaHUS JOPOTOCTOSIIETO 000PYI0BAHNUS,
YTO TPUBOJMUT K CYIIECTBEHHOMY YBEJIMYEHUIO CTOMMOCTH KOHEYHOM MPOIYKIIUH.

Kpome Toro, Ha PoccuiickoM pBhIHKE OTCYTCTBYET OTE€UECTBEHHOE OOOpYyAOBaHUE,
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MO3BOJISIIOLLEE TPOBOJUTH BBICOKOTEMIIEPATypHOE IpeccoBaHue o0pa3oB. I[loaTomy
aKTyaJbHBIM SIBJIIETCSl TOUCK JAPYTHX PEHICHUN MOJYy4YeHUsI HU3KOTEMIIEpaTypHBIX
KepaMUUYECKUX MaTEepPHAJIOB, XapaKTEPU3YIOMINXCS MEJIKOKPUCTAJUTMUYECKOU CTPYKTYpOi
Y BBICOKMMU MEXaHUYECKUMU CBOMCTBAMH.

B nocneanee BpeMst NOSIBUIUCH UCCIIE0OBAHMS, HAITPABJICHHBIE HA KOMILJIEKCHOE
BBEJICHHE J00ABOK — BMeCTe C J00aBKaMHU-CTaOMIN3aTOpaMH BBOJST OKCHJIHBIE
n00aBKH, TTOHIDKAIOIINE TeMIlepaTypy criekanus Mmarepuania [108-113]. [leticTBue Takux
100aBOK OCHOBAaHO HAa BHEJIPEHUHU B PEIIETKY KaTHOHOB OTJIMYHOW BAJIEHTHOCTH WIIU
KaTUOHOB ¢ OONbIIMM WK MeHbImM paguycoMm (Co?*, Ni%*, Fe¥*, Li*, Bi®*, Zn?*, Mn#*,
Mn*, Ga**, Gd*") no cpaBHenmio ¢ xatmonom Zr*'. B pesymbrare BBEIEHHS TaKUX
n00aBOK B pEIIETKE KPUCTAJUIMUECKOTO0 MaTepualia MOSBISIOTCS MHOTOYHCICHHbBIE
ne(eKThl, CIocOOCTBYIOIIME WHTEHCH(UKanuu crnekanus. OpHako TeMmIiepaTrypa
OKOHYATEIbHOTO CIEKAHUS JI0 IUIOTHOTO COCTOSHUSI JaHHBIX MATEpHAIOB OCTAETCs
noctaTouHo BbicOokoi 1400-1500 °C, uro HE MO3BOJSET MOJYYUTh BBICOKOIIPOYHBIE
MaTepHalbl BCIEACTBUE POCTa KPUCTAIIIOB.

N3BecTHBl, Hampumep, Marepuanbl, crekaromuecs npu 1100-1145 °C no
OTHOCHTENbHOU Mm1oTHOCTH 95-99,1%, u pasmepom kpuctamios 100-200 um [114, 115].
Hwuszkaa temneparypa CliekaHus U JOCTHXKEHHUE BBICOKOM OTHOCHUTEIBHOW IJIOTHOCTH
ABJISIETCA  CIEACTBHEM MCIOJIB30BAHUS HAHOAUCIIEPCHBIX TMOPONIKOB C BBICOKOM
IJIOWAABI0 yAedbHOM noBepxHocTH 90-123 M2/r, a TakKe NPUMEHEHMS BHICOKHUX

I[aBJ'IeHI/Iﬁ IIpHU U30CTATHYCCKOM IIPECCOBAHUMU.
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Puc. 20 KpuBble nunatoMeTpuu ¢ MOMPABKOW Ha TEIIOBOE PACUIUPEHUE IS

nopoikoB 8YSZ, nerupoBadHbiX ¢ 1, 3 1 5 moin. % criekaromei 100aBKu.

B pabote [116] npuBoauTCcs cpaBHEHHE U3MEHEHUSI OTHOCUTEILHOM TUIOTHOCTH
Kepamuku Ha ocHoBe ZrO;, comepxamieit 8 mon. % Y,0; (8YSZ) B 3aBuCcHMOCTH OT
comepkanusi  mo06aBok (puc. 20). HccmemoBaHus TOKasaiM, 4YTO HamOoJee
3¢ (HEeKTUBHBIMU JT0OABKAMH JUIsI CIIEKaHHsSI KEPaMHUKH Ha OCHOBE JHOKCHIA ITUPKOHUS
(8YSZ) sBnstores cnenyromue B mopsijake Bospactanus: Mg, Ni, Zn, Mn, Co, Li, Fe, and
Bi. Kak BumHO U3 rpadukoB, akTUBHas ycanka HaunHaeTcs npu 900-1200 °C, npu sTom
MJIOTHOCTICYEHHBIC MaTepHalibl rmoixy4atorcs Tojibko mpu 1450-1500 °C. MoxHO Takxke
BBIJICIIUTH T00aBKH, HHTHOUPYIOIIIHE TIPOIIECC CIIeKaHus B opsake Bo3pactanus: Ca, Cu,
Sr, Ba, umucteiii 6e3 mob6aBok - 8YSZ. Beenenue katuoHoB Ba m Sr mpuBoauT K
obOpazoBanmio coeauHenuit BaZrOs; [117, 118] um SrZrOs; [119, 120], xotopsie
MPETNATCTBYIOT CIIEKaHWIO MarepuajioB. Tak, JIsa mMartepuajoB, cojepkamux Ba, mis
MOJIYYeHHS TUIOTHOM CTPYKTYpbl TpebyeTcst He Mmenee 10 vacos mipu 1700 °C u 1500 °C,
COOTBETCTBCHHO, JUIsI MaTepuajoB, cojaepkammx Sr. JlefictBue Bi mpuBomut k
necrabuwmmzauun ZrOz, 310 cBsizaHo ¢ TeM, uTto Mexay ZrO; u Bi,Os; oOpasyercs
KuakodasHas dBTEKTHKA, B PE3yJIbTaTe MPOUCXOIUT u3BieueHue Y03 U3 CTPYKTYpHI
kpuctaioB ZrO,. Ilpu sTom MuHHUMabHOE KoJnmuecTBO Y203, HeoOXomumoe s
crabunmzaruu 8 Moi.%.

Beenenne katmona CuU mnpuBOaUT Takke K paecradbwmmsaruu ZrO,; mpu
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HEOONbIUX KOHIEeHTparusax 1-3 mon. %. OmgHako mpu KOHIEHTpamuu 5 Moi%
Hao0opoT, obpazyercs C-ZrO; u CuO. IToxoxum obpazom Bimsietr U NiO: ipu 5 mon.%
obpasyercs C-ZrO; u NiO. [ToapoOHble Hccaea0BaHUs ISl KEPAMHUECKUX MaTepUajIOB,
conepxkanmmx 2 U 3 moi. % Y203, mo Bmusauio CuO (Cu,0) B kommuectse 0,3 u 0,8
M0J1.%, OBUIM TpOBeAeHb B padorax [121, 122], koTopble MOKa3ajad, 4TO MpH
JOCTKEHUH Temnepatrypbl okojio 1130 °C, mpoucxoauT peakiys Ha rpaHullaX 3epeH
mexay CuO u Y203, ZrO; ¢ ¢popmupoBanuem 3BTekTuku [123]. B pesynbprarte mocie
OXJIQXJICHHS, BCJICICTBUE JECTAOMIN3AIMK TeTparoHaibHou (a3bl, oopazyercs M-ZrOs.
Binusitnue katuona Co B Buje okcuaa Cosz0s B konmuuectse 0,5 — 4 moi1.% npencraBieHo
B pabore [124]. ABTopbl mokasanu, uyTto Hambomnee sddexTnBHa mo6aBka 1 Mo0:m.%,
MO3BOJIAIOIIASA CHU3UTH TeMiieparypy cnekanus Ha 110 °C no 1330 °C, o cpaBHEHUIO C
YUCTHIM MaTepuaioM — Temieparypa crnekanus 1440 °C.

JleiicTBue 100aBKM MPUBOJIUT K CHUKEHHUIO MPOBOJUMOCTH MaTepUaoB. ITO
KOCBEHHO CBHJICTEJILCTBYET 00 00pa3oBaHMM BaKaHCHM IO KAaTHOHY MPHU BHEJIPEHUU
katnoHa CO B pemerky ZrO,. Takum o0pa3om, MOXKHO CAeNaTh 3aKIIOYEHHUE, UYTO
CIIEKaHHE HJET IO TBEepA0(Pa30BOMY MEXaHU3My, M 0Opasyroluecs BaKaHCHH TI0
KAaTHOHY CIOCOOCTBYIOT MHTEHCU(UKAIIUHN CIIEKAHUS.

Crnekanue KepaMU4YecKoro Marepuaia Ha ocHoBe ZrO;, cTaOUuIM3UPOBaAaHHOTO
Y03, comepsxkarniero Gd,Os, mpoBoaunu B auama3one temmeparyp 1400-1500 °C [125].
BBenenue okcuma ragofuHUS MPUBOAUT K CHUKCHHUIO MPOBOJUMOCTH MaTEPHIIA, YTO
OOBSCHSJIOCH aBTOPaMH OOJIBIIION Maccoi KaTHOHOB TanonuHus. [Ipu 3ToM oT™Meuanach
WHTEeHCHU(UKAIUS CIEKaHWsI MaTepuaja, YTO MOXKET OBITh CBSI3aHO C 0Opa30oBaHHEM
nedextoB B pe3yibrare pactBopeHus Gd,O3; B kpuctammnueckoi pemetke ZrO,.

B pa6ore [126] uccnenoBanoce Bausaue MnO; B kommuectBe ot 0,1 10 1,0
mon. % Ha cnekanue ZrO; (3 momn. % Y203). Bricokas minotHocTh ~96% Oblna
nocturayTa npu temrepatype 1350 °C, mpu 1450 °C maTepuaibl TOJTHOCTHIO CIICKIIUCH.
Haubonbiire MmexaHu4eckre cBOMCcTBa ObUIM JOCTUTHYTHI ocie cnekanus - Kic ot 4,8
MITa*mY? npu 1400 °C mo 7,1 MITa*my;, npu 1500 °C, mukpoTtsepaocts Gonee 13 T'Tla
10 CpaBHEHHIO ¢ MaTepuanom 6e3 nodasku 9,7 I'Tla (1250 °C).

Brenenne Fe;O3 npuBoAUT K YMEHBIICHUIO 00BEMa 3JIEMEHTaApPHOU SIYEMKU, YTO
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CBA3BIBAIOT ¢ 3amerneHueM Zr'" ma Fe3* [127-129], 1.k. nonnslii paguyc Fe3* (0,67 am)
HAMHOTO MEHbIIE, 4eM HOHHBIA pamuyc Zr** (0,82 um). B pabore [130] 6buio
OOHapy>KEHO, 4TO 00BbEM dJIEMEHTAPHOU silueKH HeMHOTO yBenuuuics st 0,5 mon.%
JIETUPOBAaHHOTO kene3oM 3YSZ no cpaBHeHUIO ¢ HenernpoBaHHOM 3YSZ. Ilpu Oonee
BBICOKUX KOHIeHTpanusx xene3a (1,0-2,0 Moi1.%) o0beM siemMeHTapHON sUelKi CHOBa
YMEHBIIWICS. ABTOPBI ITPeIIoI0kKuIH, uTo 10 0,5 Mon.% nona Fe®* moryt pactBopsrhcs
B pEILIETKE JAUOKCHJA IUPKOHMS, B TO BpeMs Kak Mpu 00Jiee BBICOKMX KOHIIEHTpAIUIX
JKenes3o 3amenaeT nod Zr**. Kpome Toro, 0xuaercs BAUsSHUE JETHPYIOIIEH IPUMECH Ha
M3MEHEHHE TMOJIBMXKHOCTH TPAHUIl 3€PEH, UYTO CYIIECTBEHHO BJIMSIET HAa POCT 3€pPEH B
npouecce criekanus. [1ogBoas UTOr, 3aHATOE MOJIOKECHUE MOHA Fe3* B peuetke YSZ
3aBUCUT OT ¢a3pl YSZ UM KOHIICHTPAIIMM BaKaHCUW KHUCIOpOAa TMPU KOMHATHOM
TeMmreparype, 4To, Kak 0KUAAeTCs, Oy/IeT KpUTHYECKUM (PaKTOPOM JJIsl YIJIOTHEHUS U
pocTa 3epHa BO BpeMsi criekanus. beuio mokazano [131], yto BBeneHue crnocoOCTByeT
CIIEKaHUI0 KepaMHUKH 10 IIOTHOro cocrosinus npu 1400 °C B TeueHne 2 4acoB Ha
BO3/yXE.

NureHcudukaiys criekaHust IPOUCXOJIUT B PE3yJIbTaTe N€PEKTHON CTPYKTYPHI,

YTO OIIMCBIBACTCA IMMPOTCKAHUEM CIICAYIOIINX peaKuHﬁ:

Zr 0
Fe,05 —S 2Fe'y, + 302 + V' (9)
Zro
2Fe,05 — 3Fe'y, + 60X + Fe!" (10)

Nzyueno musaue mo6aBku Nby,Os Ha kepamuky ZrO; CcTaOMIH3WPOBAHHYIO
Y203. Bputo oT™MeueHo, uTo okcua Huoous (V), IpUBOIUT K JIeCTAOMIM3aNKA KEPAMHUKH
IIPU TTOBBIIEHNN TEMIEPATyphl criekanus B uHtepBasie 1450-1650 °C. B To ke Bpems
no6asnerre NbyOs crmocoOCTBYyeT YMEHBIICHHIO pa3Mepa KpUCTAIIOB. {15 kepamMuku
coctaBa 89,25 mon.% ZrO;, 5,75 mon.% Y203, 5 mon.% Nb;Os mpodHocTh Ha
TpeXxToueuHbIi u3rud coorBercTBoBaia 525 Mlla, a TpemmHocToMKOCTh 6,2 MIla*m*?
nocyie crekanus 5 yacoB npu temmeparype 1550 °C. Jlns moBbllieHUs moka3atess
TPEUTIMHOCTOMKOCTU OBUIO PEIICHO MOHU3UTHh KOJIMYEeCTBO BBoAMMOTO NbyOs mo 1,5

M0J1.%, UTO TIO3BOJIMJIO TOBBICHTE K. 10 13 MITa*m2 [132].

Takum 00pa3om, MOKHO CleaaTh 3aKiIoueHue 0 ToM, uto modasku Mg, Ni, Zn,
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Mn, Co, Li, Fe, Bi, npuBoasIT K yBeaudeHnto mpoBoauMocTr ZrO; KepaMUKH BCIICICTBUE
oOpa3oBaHMsI BaKaHCHUH MO KHCJIOPOIY, YTO MOXET CHOCOOCTBOBATH CTAOHMIM3ALUU
TeTparoHajabHOU (ha3bl U CHIKEHUIO TEMIIEpaTyphl cliekaHusi. BaxkHO Takke OTMETHUTb,
YTO 111 OOJBIIMHCTBA J0OABOK, MEXaHU3M OOpa30BaHUs BAKAHCHI MMEET Pa3InyHYIo
UHTEepHpeTanuo. BeaeacTBue yero HeoOX0AUMO MPOBEACHUE JOMOIHUTENBHBIX Oosee
TOYHBIX HCCIIEIOBAaHUM.

JlpyruM  BaXHBIM  aKTyaJdbHbIM  HANpaBJICHUEM  SIBIACTCS  IOJIY4YCHHE
KepaMHUUYECKHX MaTepuaoB Ha ocHOBe ZrOy, crieKaroumxcsi Ha HU3KYI0 TeMIEpaTypy B
pesynpTaTe XkujakodasHoro crekanusa. Kepamuka u3 CcTaOMIM3HUPOBAHHOTO HUTTPHEM
TeTparoHajbHOTO nuokcuaa uupkonus: (Y-TZP) Obuta crieueHa myTtem *KuJako@a3HOTO
CIIEKaHUsI TPU HU3KUX TEMIIepaTypax ¢ UCIOJIb30BaHHEM OMOCTEKIa B KaueCTBE 100aBKH
st cnekanud. Kepamuka ZrO; — OMOCTEKIIO Obljla IPUTOTOBJIEHA ITyTEM CMEIIMBAHUS
ZrO,, crabunuzupoBaHHoro 3% wmoi. Y203, U pa3snuyHbIX KOJUYECTB OMOCTEKIa Ha
ocHoBe cuctembl CaO — P,0s — MgO — SiO; [133]. Cmecu mpeccoBaid OAHOOCHBIM
XOJIOJHBIM IIPECCOBAHUEM M criekanu Ha Bozayxe npu 1200 u 1300 °C B Teuenune 120
muH. Kepamuka, cnedennas npu 1300 °C u npurotoBieHHas poOaBieHueM 3%
OMocTeKsa, MoKa3aja HauBhICHIyI0 mpouHocTh 435 MlIla, tBepmocts 1170 HV u

Y2 3ty pesynbTaThl CBA3aHBI C HU3KUM COJEPKaHUEM

TPENMHOCTONKOCTh 6,3 MIla*m
MOHOKJIMHHOU ()a3bl, BEICOKOW OTHOCUTEILHON TUIOTHOCTHIO U HAJTUYMEM OCTATOYHOTO
TEIUIOBOTO HAIPSKEHMS, BO3ZHUKAIOWIETO Mexay marpuued ZrOp; v rpaHuLEd 3epeH
OunocTekIia, CoCOOCTBYIOMIETO aKTUBAIIUY MEXaHU3MOB YIIPOYCHHUSI.

Camwxenne temrnepatypsl criekanus 10 1400 °C ObUTO JOCTUTHYTO AJIS MYJUTHT-
[IUPKOHUEBOTO KOMIIO3UTAa, B KOTOPBIN A00ABISUIM 100ABKY - OKCHJ AUCTpo3us A0 4,5
Mout. %. [134] Oxcun qucnpo3usi crocoOCTBYET YIUIOTHEHUIO BCIEACTBUE 00pa30BaHUS
xuakoi (aszel mpu 1375 °C, B pe3ynbTare B3aUMOJCHCTBUS MEXKIY KOMIIOHEHTaMHU.
Taxke Dy,O3; mpuBoAWT K CTaOWIM3AIMU TETPArOHAIBHOTO TUOKCHIA NUPKOHUS W
MOBBIIICHUIO BSI3KOCTH CTEKJIO(ha3bl, YTO MPUBOIUT K pEJaKCAllMM HAMPSHKEHUNH U
CHIPKAeT PUCK 00pa3oBaHMs TpeUMHbl. MUHHUMaNbHAs TeMIepaTypa CHeKaHUus

matepuana opuia okosio 1400 °C, nanbosnbiias npounocts 330 MIla npu nzrude. Taxxe

MaTeprall XapaKTepU30BaJICs BBICOKOW IMPOYHOCTBIO MTPU MOBBIIIEHHBIX TEMIIEPATYpax —
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10 300 MITa mpu 1250 °C, uro ObUIO CBSI3aHO C HATHMYUEM BA3KOU CTEKIO(Aa3Hl.

Camxenne Temneparypsl ciekanus 3Y-TZP go 1300-1450 °C Obu10 TOCTUTHYTO
nobasienuem CAS-ctexina (CaO-Al,03-SiO;) [135]. PesynbraThl 3KCIieprMEHTa
nokasaiy, yto npu 1 macc. % nodaBku CAS u cnekanuu npu 1400 °C npoyHoCTh Ha
nu3rud coctasisier 950+40 MIla. Pazmep 3epHa kepamMuku cocTaBiisisi okoio 0,2 MKM, 4TO
SBJISIIOCH OCHOBHOW MPUYMHON BBHICOKOM MPOYHOCTH MaTepHaia.

Huzkas temmneparypa cnekanus 1425-1450 °C 6bu1a JOCTUTHYTA Ha MaTepUaiax
cucteMbl Zr0,-Al,03-Si02-MgO [136]. CHmkenune TeMrepaTypbl ClICKaHHSI TIPOUCXOUT
B pe3yJbTaTe OEHCTBUS >KUIKON (a3bl, 0Opasyromieiicss mpu B3auMOJACUCTBUNA MEXKITY

KOMIIOHCHTAMHU KCPaMHUKHU.

1.7 BbiBOABI 110 JIUTEPATYPHOMY 0030pPy

[ToBpIlIEHNE MEXAHUYECKUX CBOMCTB KEPAMHUKH HA OCHOBE JTUOKCHAA IUPKOHHUS
MO3BOJIUT PACHIUPUTH €€ NMPUMEHEHHE B Pa3IMYHBIX OOJACTSAX MAIIUHOCTPOCHHUS, a
TaK)K€ B MEIMIMHE, HAIlpUMEP, B KaUE€CTBE NMPOUYHBIX KOHCTPYKLMMU I 3aMELICHUS
KOCTHBIX J€()EKTOB U CTOMATOJIOTUYECKUX UMIUIAHTATOB. DTO BO3MOXHO JIOCTUYD 3a
CUET BBEJCHHS CTAOUIM3HUPYIONIUX T00ABOK M HCIIOJIH30BAHUS HAHOIMOPOIIKOB, YTO
MO3BOJIUT CHU3UTh TEMIIEPATypy CIIEKAHUSI KEPAMUKH U TTOJTYYUTh MaTepHuabl ¢ 0oJee
MEJKOKPUCTAUIMYECKOH  CTPYKTYypoll ¢ mpeoOiafaHueM  TeTparoHaJIbHOU
Moaudukamnuu. [I[pumeHeHre HOBBIX 100aBOK, CHUKAIOITUX TEMIIEpaTypy CIIEKaHUs 3a
cyerT 0Opa3oBaHMsS HU3KOTEMIEPATYPHBIX paCIIaBOB, JIOJDKHO CIOCOOCTBOBATh
YMEHBIUICHUIO pa3Mepa KPUCTAJUIOB B CIEYEHHOW Kepamuke. M3 paccMOTpeHHBIX
METOJIOB CUHTE3a HAHOAMCIIEPCHBIX MTOPOIIKOB CJIEAYET BBIACIUTh XUMUYECKUN METO/T
COOCAXICHUS COJIEH, KOTOPBIA Hallle]d HauOoJee HMMPOKOe MPUMEHEHUe Ojaromaps
CBOCH BBICOKOW TMPOU3BOAMUTEILHOCTH, TMPOCTOTE OOOPYIOBaHUSA, a TaKKe
BO3MO>KHOCTH PETYJIMPOBAHMS pa3Mepa YacTUL] B porecce noiaydeHus. OnHako cpenu

OYCBU/IHBIX MPCHUMYIICCTB OTOro MCETOAa C€CTb MW HCAOCTATOK — HCAOCTATOYHO
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MCCIIEIOBAHO BIUSIHUE MTPOIIECCOB CTAPEHUS B MPOLIECCE CYIIKH U MPOKAIKHA MOPOIIKOB
Ha (a3oBbIi cocTaB W gucHepcHOCTh. [loaToMy HEOOXOAMMO MpoBeIeHUE
UCCJIEIOBAHMS TI0 M3YYEHHUIO MPOIECCOB CTAPEHUSI C IMO3UIIMM BIUSHUA CTEIECHU
KPUCTAUIMYHOCTA  MOPOIIKOB W JUCHEPCHOCTH HA  MPOILECChl  CIEKAHUS.
[lenecoobpa3Ho u3yueHrue 0COOEHHOCTEW KUHETUKH CIIEKaHUs, JAJI1 4ero He0OX0IMMO
MPOBEICHUE TUIATOMETPUUYECKOTO UCCIEAOBAHUS YCAJIKM MaTEpHAIIOB, OMpeIeICHUS
SHEPruM aKTUBAIIMM CIEKAHUS B 3aBUCUMOCTU OT MPEABAPUTEIHLHON MOJATOTOBKH U
JUCIIEPCHOCTHU TTOPOIIKOB.

[ToctaHOBKa WCCIEAOBATEILCKOM pPabOTHI B 3TOM OO0NACTH TIPENCTABIACTCS

aKTyaJibHON U 000CHOBaHHOM.
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2. MarepuaJibl 1 MeTOIbI HCCJIEI0BAHUS

2.1 MarepuaJjbl U TexHoJ0rus kKepamuku ZrO;

2.1.1 CuHTe3 MOPOLIKOB

[Topormkn AMOKCHAA IUPKOHHS TMONMyYaIM DPAa3IUYHBIMA MeTojaMu. B Bume
MIPEKYPCOPOB UCIOJIB30BAIM HEOPTraHMYECKUE COJIM OKCUXJIopuia nupkonus (1 meton),
OKCUHUTpaTa HupkoHus (2 Meroa). CUHTE3bI MPOBOAIA B BOJHOU Cpejie, B KaueCTBE
OCaQIUTEJsI UCTIOB30BAIM PAcTBOpP amMMmuaka. OcaxkaeHue MPOBOIUIN MPU Pa3TUUHBIX
3HaueHusx pH, kotoperiit BapeupoBanu ot 6 10 14. J[1 MoOBBIIEHUST JUCTIEPCHOCTH B
pacTBOp aMMMakKa J100aBisiIuM opraHuudeckui monumep (meton 1). Taxxke mpoBoawmiu
CUHTE3 B HEBOJIHOM cpezie (MeTo1 3), Iie UCIOIb30BAJIA B KAUE€CTBE OCAIUTEIISI KapOOoHAT
aMMOHWUSI.

[TonydeHHBIM TO Ppa3HBIM TEXHOJOTUSIM OCAJ0K (PUIBTPOBAJIM HA BOPOHKE
broxnepa ¢ uCHoOJb30BaHMEM BaKyyMHOM YCTAaHOBKH, CHAa0XEHHOW IJIAaCTUHYATO—
POTOPHBIM BaKyyMHBIM HacocoMm Siemens D-91056 Erlangen, npombiBajin B 3THI0BOM
cupTe, TOBTOPHO (uibTpoBaiu u cymmiau npu 40°C B cymmmipaoM mikagy [IC-80-01

CIIY. BoicynieHHBIN MOPOIIOK TPOTHPAIIA Yepe3 KAIPOHOBOE CUTO C pa3MEpPOM SUECUKHU

200 MKM.

2.1.2 MexaHOaKTHBALMs MOPOIIKOB

MexanoxuMuueckyo aktuBanuio (MA) npoBoauiv B IIaHETapHOUN MenbHULE. B
TeioHOBBIE OapabaHbl MTOMEIATN KEPAMUYECKUE MOPOIIKU U TUOKCUAIIUPKOHHUEBBIC

MTOMOJIbHBIE T€JIa B MACCOBOM COOTHOIIIEHUH IMOPOIITOK/TIOMOIbHBIE Tea Kak 1/5-10. MA
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MIPOBOAMIIM B CPEJIE 3TAHOJIa IPU CKOPOCTH BpaieHus 215 06/mMun 15-67 MuHyT.

2.1.3 TepmooOpaboTKa NOPOIIKOB

TepmMo0oOpabOTKy MOPOIIKA MPOBOAMIN B My(EIIbHOM €YU MIPU TEMIIEpaType OT
300 mo 900 °C nHa BO3myxe C BBIJACPKKOW B TedeHHe 60 MHUHYT C IENBIO CHHTE3a
3aJ]aHHOTO ()a30BOr0 COCTaBa KOMITO3UIIMOHHOTO MaTepuaia, a TaKXkKe yJaJICHUs JIETKO

JICTYyUYUX KOMIIOHCHTOB — BOJbI, 3THJIOBOI'O CIIUPTA, IIPOAYKTOB ITHPOJIN3a OPTaAaHUYCCKUX

COECINHECHUN.

2.1.4 BBeneHue cneKaux 1002BOK

JloGaBKM BBOAWJIM Y€pe3 BOJHBIC PACTBOPHI, COAEPIKAIIME PACTBOPUMBIE COJIH
COOTBETCTBYIOIIMX METaIOB. [lepeMernBanme MPOBOIMIN B CTEKIISTHHBIX XUMHUYIECKIX
CTakaHax MpH MOCTOSHHOM IepeMENINBaHUM HA IEKTPOIUIUTKE 10 TMOJHOI0 UCTapeHuUs
xuakon ¢asel. [lociae 3TOro mopomnky NpoTupain yepe3 KampoHOBOE CUTO C pa3MepoM

suerkn 200-470 MKM.

2.1.5 IlpeccoBanue

IIpeccoBanue TmopolliKa TMPOU3BOAWIMA TPU TOMOIIM Mpecca PYYHOIo
ruapaBiaudeckoro Mapku [IPT" mpu maBnennn 100 MIla B cTanpHOI mpecc-hopme miis

noJiydeHus: 00Opas3IoB B BUJIE MapauiesenuneaoB ¢ pasmepamu hxbxl = 4x4x30 mm.
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2.1.6 Cnekaunue

CrpeccoBaHHble 00pa3lbl B BUJE MapaUIeIeNUIEOB MOBEPrall TEPMUIECKON
00paboTke B My(enbHOW, CUIUTOBOM WM XPOMHUTJIAHTAHOBOM 3JEKTPUUECKON IME4H
COIIPOTHUBIIEHUS CO CKOpOCThIo HarpeBa 10 °C/MuH 10 3aaHHON TemrepaTyphl. 3aTeM
IPOU3BOAWIN HM30TEPMUYECKYIO BbLIEPXKKY. OXxjaxaeHue o0pas3loB IPOBOAUIM B
BBIKJTFOYEHHBIX I€4ax /10 KOMHATHON TemmepaTypsl. JIMHEiHy0 ycaaky omnpenessuiu

MOCPEACTBOM U3MEPEHHSI IMHEHHBIX pa3MepOB 00pasIioB J0 U MOCIE CIIEKAHMUS.

2.2 MeToabl HCCJI€I0BAHUSA

2.2.1 PentreHoBcKuii (pa3oBblii aHAIU3

Pentrenorpaduueckue uccien0BaHus MPOBOIUIIN HA ATTOHCKOM JU(pakTOMETpE
«SHIMADZU-6000» u na otedectBeHHOM nudpaktomerpe «udpeir 401».
«SHIMADZU-6000» paboTaeT B pexxumMe Ha oTpakenue (reometpust bperra-bpenrano)
¢ ucrions3oBadneM Cu K, n3nydenus (niuna Bonasl A=1,54183 A, Huxeneslit punsTp).
[TapameTpsl paboTHI TeHepaTopa: yckopsitoriee HanpsbkeHue 30 kB, Tok TpyOku 25 MA.
Hcnonb30Banuch e Ha NEPBUYHOM ITyUYKe — 2 MM, Ha OTpax€eHHOM — 0,25 mM, 1menu
Connepa ¢ pacxoAuMOCThIO 2.5° Ha MEPBUYHOM M OTpPaXEHHOM Iydykax. CbeMmKy
MPOBOJIWIIM B aJTFOMUHUEBBIX KIOBETaX. Perucrpalius Beiach B HEMPEPHIBHOM PEKHUME Ha
unTepBaie yrioB 20=10-56° ¢ marom mo 20 0,02° mpu skcno3uiuu B touke 0,6 c.
Hudpakromerp «Iudpeit 401» paboTaeT aHAIOTHYHO MO PEHTTEHOONTUYECKON CXeMe
(bparra - bpenrtano, [lebas — Illeppepa), Omaromaps HENOABUAKHOMY H30THYTO-
MO3UIIMOHHOMY JETEKTOPY, CHHMaeT Ccpa3y Bech HEOOXOIuMMbI auana3zon 20=43° c
ucnonb3zoBanueM Cr K, msnyuenus (mimHa BoiHBI A=2,29092 A), 4yro 3HAuUMTENHHO

COKpalllaeT BpeMsi ChbeMKH U cocTaBisieT 1-3 muu/00pazen. Takum oOpazom, mocie
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CHUHTE3a OBLJIO 11eIec000pa3HO MPOBOAUTH KAYECTBEHHYIO MPOBEPKY MOpoIKa. Beumy
ayuariero paspenieHus: cbeMku, «<SHIMADZU-6000» ucnonb30Baics Ha OKOHYATSIIBHOM
ATane A MoJIy4eHus: AUPPaKTorpaMM KepaMUKH ¢ 00jiee BBICOKUM Pa3pellieHUEM.

Jlig KadecTBEHHOTO (Pa30BOr0 aHalIM3a HCIOJb30BaId JaHHBbIE KapTOTEKU

JSPDS.

2.2.2 Onpenesienne yaejJbHOI MOBEPXHOCTH MOPOLIKA

N3mepenue y1eapHoM Iomaan HOBEPXHOCTH UCXOJHOTO MTOPOIIKA 10 CIEKAHUS

U TI0CJIE€ CIEKaHUsl KePaMHMKH MPOBOJWIM METOJOM HHU3KOTEMIEPAaTypHOU ajcopOuuu
a3zota bpyHuayspa-Ommera-Tamiepa (BOT) va npubope Tristar Micromeretics. Cuctema
ABTOCOpPO BBINOJIHAET MPEABAPUTEIBbHYI0 O0paO0OTKY JaHHBIX, MOJYYEHHBIX MpPHU
u3MepeHur oObeMa W JaBJICHUs, U MpPEICTaBIseT pe3yJbTaTbl B BUJEC IJIOLIAAU
noBepxHocTu 1o bOT. DToT MeToa Hanboliee MUPOKO UCTIONIB3YETCS ISl ONPEIEICHUS
IUTOINAM MTOBEPXHOCTH TBEPBIX MAaTCPUAIOB M OCHOBaH Ha ypaBHeHuu bOT [137]:

1/W(Po/P)-1 = 1/W,C + (C-1)P/WnCPq (11)

rae W — macca rasa, aicopOupoBaHHOTO NMPU OTHOCUTEIHLHOM JIaBJICHUH;

P/Po — OTHOCHUTEIBLHOE [1aBIICHUE,

W — Macca aacop0ara.

[Tapamerp C sBnsgercs moctosHHOW Meroga BOT M oTHOcUTCS K SHEpPruu
azcopOLUKU MEPBOrO CIIOs, CIEI0BATENIbHO, BEJIMYMHA HTOrO MapaMeTpa yKa3blBaeT Ha

BEJIMUMHY B3aUMO/JICHCTBUS aJIcOpOCHTa U ajicopOara.

2.2.3 lny1atoMeTpu4ecKoe UCCIeI0BaAHNe

JInmaToMeTpUYeCKUi aHAIU3 3aKJI0YacTCsl B OIPEAECICHUU WU3MEHEHHUMN JJIMHBI

o0pa3lioB MpU HArpeBe M OXJAKICHUU WM TPU H30TEPMHUUYECKON BBIJIEPIKKE.
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Uccnenoanne mpoBomwm Ha mguinatomerpe DIL 402C 7G (Netzsch, I'epmanus) c
TEPMOZJIEMEHTOM U3 KapOuaa KpeMHus. KOHTposp u peructpanust GyHKUUN JTMHEHHON
YCaJIK1 OT TEMIIEPATYPbI IPOUCXOAUT Mpu omou IBM. OOpazen nmpeacTaBisii U3 cedst
UWIMHAP JUaMeTpoM 7,8 MM U 1iuHOM 3,5 Mm. Harpes ocyiiecTBisiIcs B JUana3oHe OT
KOMHATHOM TeMIlepaTrypbl 1O TEMIIEpaTypbl BBIAEPKKH CO CKOpocThio 5-20°/MuH,
BbIiepkKa 30 MuH. McnbITyeMblil 00pa3eln NoMeand B TOPU30HTAIIBHBIA KOPYH/IOBBIN
JepKaTenab,  OCHALICHHBIM  KOPYHIOBBIM  TOJIKATEIEM  C  BBICOKOTOYHBIM
npeoOpazoBareneM cMmenieHus (auana3oH uzMepenust 5000 mMxm). Jlns Oonee TouHOM
perucTpauuyd TeMIeparypsl TepMmomnapa (riatuHoBas Tun B) Haxoawiach B
HEIMOCPEICTBEHHON ONM30CTH OT oOpasua. HarpeBaHnue nmpoBOAWIM 0 TEMIIEpaTyphl
BBIIEPKKH, 3aT€M OXJIaXKJIalIHU JO KOMHATHON TemmepaTypsl co ckopocThio 20 °C/MUH.
WcnbiTanne npoBOAWIN MIPH pa3HbIX cKopocTsax Harpesa 5, 10 u 20 °/mun. Ilpu sTom,
0c000€e BHUMaHHUE ObLIO YAEJIEHO MOJYYEHHIO 00pa3lioB, INIOTHOCTh KOTOPBIX JTOJKHA
OTIMYaThCsl He Oosee yeM Ha 1%. DTo gocturanoch 3a cuer (OpPMOBAHUS MPU OJHOM
JABICHUM W OJMHAKOBOM Macce oOpasuoB ¢ TouyHocThio g0 0,001 r. KonTposb

OCYHICCTBJLAJIN 110 MAaCCC OT(i)OpMOBaHHOI“O o6pa3ua H €TI0 BBICOTC.

2.2.4 PacTpoBasi JIEKTPOHHASI MUKPOCKONUS

DJIEKTPOHHOMHUKPOCKOIIMYECKUE HCCIIEIOBAHUSI MAaTE€pUaOB MPOBOAWIN MPH
MOMOIIIA PacTpoBOro sJjekTpoHHoro Mmukpockomna Tescan VEGA II. HMccienoBanus
pacTpoBOil ANEKTPOHHON MuKpockonuu (POM) mpoBoawin B peXuMe BTOPUYHBIX
AIEKTPOHOB TMpU yckopswounieM HanpsokeHun 20 kB u yBenmuenun no 75000%.
(XapakTepucTukd TpUOOpa: HMCTOYHUK DJIEKTPOHOB  BOJB(PAMOBBIM  KaToj C
TEPMOIJIEKTPOHHOM AMUCCUEN; pa3pellieHne B pexkuMe Bbicokoro Bakyyma (SE) 3,0 am
npu 30 kB, B pexxume nepemenHoro Bakyyma (BSE) 3,5 um nipu 30 kB; yBenuuenue
HernpeprsiBHOE OT 4% 10 300 000%; yckopsitoiiee Hampsbkenne oT 200 B o 30 kB (¢

maroMm 10B); Tok mydka 37€KTpOHOB OT 1 MA 10 2 MKA; JE€TEKTOpbl BTOPUYHBIX

66



anexkTpoHoB (SE), orpaxkenHbix 35ekTpoHOB (BSE); snepromucnepcuonssiii INCA
Energy.)

JIJist yMEHbIIIEHUs AJIEKTPUUECKOro 3apsijia, oOpasyrollerocss Ha o0pasle mpu ero
CKAaHUPOBAHUU MYYKOM 3JIEKTPOHOB C BHICOKOM PHEpPTUEH, Ha MOBEPXHOCTh KEPAMHKU
HAHOCWJIM TOKOMPOBOJSIIEE TOKpbITHUE. MeToJ] HaHEeCeHHs - MAarHeTPOHHOE

pacmblUieHHe; Marepuan MOKpPhITHS - 3050To; yctaHoBka QIS0R ES (QUORUM

TECHNOLGIES).

2.2.5 IlpocBeunBaomas 3JIeKTPOHHASI MUKPOCKOINNS BHICOKOT0 pa3penieHus

(I19M BP)

OKCIIEpUMEHTBl 10 MPOCBEUUBAIONICH 3JIEKTpOHHOM Mukpockonuu ([19M)
NpoOBOAWIM B BOpPOHEKCKOM TOCYyIapCTBEHHOM TEXHUYECKOM YHUBEPCUTETE Ha
npocBeunBaromnieM 3nekTpoHHoM MuKpockore TITAN 80-300. O6paszusr mns [19M
roroBunu Ha npubope Helios DualBeam NanoLab 6001 (FEI) ¢ ucnonb3oBanuem
dokycupoBanHoro uoHHoro mydka (FIB) Ga®. Cpe3bl roTOBWIH IO CJCIYHOIIEMY
anroputMy: 1) Ha BBIOpaHHBIA Y4aCTOK TMOCPEACTBOM T'a30MHIKEKIIMOHHOW CHUCTEMBbI
(GIS) HanOCHIM 3amUTHEIH ci1oit (~1,5x3x16 MkM®) U3 yriuepona v IIaTHHEL, 2) ¢ 06eHX
CTOPOH OT 3aLIMTHOTO cj0s mpu nomomu FIB Ha mnomanu ~8x16 MKkM? pacHbLIsIn
Matepuan oOpasiia Ha rayouHy ~4 Mkm; 3) co3fgaHHyIO jJamenb ¢ nomombio FIB
MoJIpe3aii MO TMEPUMETPY M M3BJICKAIM Jlamenb; 4) ¢ momomibio GIS mpukpenisau
JaMellb K MEIHOW DJIEKTPOHHO-MHKPOCKOMUYECKON CceTKe (MUKPOCKOMMYECKUM

nepkaTens odpasia).

2.2.6 OnpenesieHne NPOYHOCTH NMPHU U3rude KePaMUKHU

OO6pa3ibl B BUE CIICUCHHBIX MapaJlIeenuIIeIOB MOABEPTraJid UCTIBITAHUSIM Ha 3-
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TOUEYHBIA M3ru0 Ha yctaHoBKe Instron 5581 c »kecTkoil cucTtemMol HarpyXeHus, Mpu
ckopoctu aehopmupoBanus 0,5 mm/muH, cormacHo ctanaaptam, ASTM C1161 u DIN
51110.

HcenplTanus npoBOAWIM IIPU KOMHATHOW TEMIIEPATYPE NPU PACCTOSHUM MEXKIY
BHEIIHMMH OIIOpaMHU HArpy’kKarolero ycrporcrsa 8 MM. IlorpemHocTs u3MepeHus

Harpy3ku He npesbimana 0,1 %. [IpoyHocTh paccuuThIBaIU 1O POpMYyIIE:

o = 3/2 PL/bh?, (12)
IJI€ Oysr — MIPOYHOCTH Mpu u3ruode, Mlla;

P — pazpymaromas Harpyska, H;

L — paccrosiHue Mexay onopaMu, MM;

b — mmpuHa 06pasua, Mm;

h — BeIcOTa 0Opasia, MM.

2.2.7 UcubiTanus in Vvitro

DkcrepuMeHThl  IN Vitro  BeimosHeHBI B DY  «MOCKOBCKHI  Hay4dHO-
UCCIIEIOBATEIILCKUN OHKOJIOTHYeCKU MHCTUTYT UM [ A. ['eprieHa». DKcrepuMeHTHI in
VItro 1o oIeHKe OCTPOi MUTOTOKCHYHOCTH MaTEPUAIIOB M IMHAMUKNA HApaCTaHUS Ha HUX
KJICTOK BBIMTOJTHEHBI TIPU TIOMOIH KYJTUBHUPOBAHUS KJIETOK OCTEOCAPKOMBI YEIIOBEKa
MG-63 B BHITSDKKaX M3 00pa3IlOB MAaT€pUasOB, MOJYYCHHBIX U3 KOJJICKIIMA THUIOBBIX
KJIETOYHBIX KyJIbTYp Meauko-renernueckoro HayyHoro uenrpa PAMH, r. Mockaa.

JI1st GMOJIOTMYECKUX HCIIBITAHUN 00pa3libl TOTOBWJIM B BHJIE TPAaHYJ pa3MepoM
300-800 mxM. Ha mepBoM 3Tane mpoBOIMIM UCCIIETIOBAHUS HA OCTPYIO IUTOTOKCHYHOCTh
Ha BBITSDKKE M3 BOJHOTO PacTBOpa, COJIEP)KAINETO COOTBETCTBYIOIINK KEpaMHYCCKUI
nopo1iok. Ha BTopoM 3Tare mpoBOIUIN NCCISA0OBAHKIE IIUTOCOBMECTUMOCTH Ha KIIETKAX
ocTeocapkoMbl yenoBeka MG-63, KOTOpYHO OIEHHUBAIM MO WM3MEHEHHIO ONTHYECKOU

IUIOTHOCTU ~ pacTBOpa,  COJEpIKAIIero  JKMBbIE  KJIETKM  dernoBeka  MG-63.
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KynstusupoBanre MG-63 Ha ONMBITHBIX 00pa3iiax MaTepUaIoB MPOU3BOININA B TCUCHUE
1,4 u 6 cyToK.

JIns  onpesencHWss IUTOTOKCUYHOCTH  MaTE€PHAJIOB  PACCUMUTBHIBAIM  ITYJI
YKH3HECIIOCOOHBIX KICTOK Yepe3 24 yaca HHKYOaIluu ¢ HUMH 110 (hopMyJie:

I[DKK= OlIlomert/OllkonTtp *100% (13)

riae [DKK — myin xu3HeCcrnoCOOHBIX KIICTOK;

OIl — onTrueckas INIOTHOCTH pacTBOpa popmasana.

2.3 O0padoTKa IKCIIEPUMEHTAJIBHBIX JAHHBIX

2.3.1 Onpeneﬂe}me IHEPTUMA aKTUBAIIMU CIICKAHUA

Pacuer sHeprum akTUBAaNMM CHEKAHWS TPOBOIWIM HAa OCHOBAaHWUHM JaHHBIX
JTUIATOMETPUYECKUX HCIBITAHUN IO METOAMKe, ommcaHHoi B padore [138, 139]. Ha
OCHOBAHHH TTOTYYCHHBIX JAHHBIX TUJIATOMETPUN CTPOUIIN KPUBBIC 3aBUCUMOCTH yCAIKH
AL/Ly ot temneparypsl (T), rme AL/Lo — oTtHOocuTenbHas nuHeitHas ycaaka, Lo —
HavaybHas JyinHa oOpasia, T — u3MepeHnHas remmneparypa, 1o — HadaiabHasi TeMIepaTypa.
3aTeM CTpOWIM KpuBbIe 3aBUCUMOCTU cKopocTH ycaaku d(dL/Lo)/dt oT Temmeparypsl
(T, °C). 1o Bumy KpUBBIX BEIOMPATU MPAMbBIEC YYACTKH — OT Hauajga UHTEHCUBHOM yCaIKU
710 JOCTIKEHUS Ha BRIOPAHHOM Y4aCTKE MaKCUMaJIBHOW CKOPOCTH. BRIOpaHHBINH y4acTOK
JISWIIA Ha paBHBIE JIECATh OTPE3KOB, COOTBETCTBEHHO JJI Pa3HBIX CKOPOCTEH Harpena.
Touku coorBeTcTBOBaIN Nel-10%, Ne2-20%, Ne3- 30%, Ned4- 40%, u 1.1. 10 Ne10-100%.
Ha >Tux npsMbIx B KaueCcTBe aHAJTU3UPOBAHHBIX ToUeK ObLTM BeIOpaHs! 10, 20, 30 1 40%.
[Ipy 5TOM yYUTBIBAJIOCH, YTO OOIIasl ycajka B HHTEpBaJie OT Havalla MWHTECHCUBHOUN
ycaaku 10 Touku «40%» He npesbimaet 4% ot obient ycagaku AL/Ly Ha BceM quana3oHe
cnekanus oopasia. Ha ocHoBaHMM BRIOpaHHBIX TOUEK OBLTH OIPEACIICHBI JIMHAHA TPEHIA

B CIIEYIOLIUX OCSIX KOOP/IUHAT:
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In[TC(dp/dT)]-1/T, tme T — rekymass Ttemneparypa, K, C — ckopocTb
HarpeBa °C/muH, dp/dT- n3MeHeHHe MIOTHOCTH OT M3MEHEHHUs TeMmieparypbl. Pacuer
WU3MEHEHHS TUIOTHOCTH TIPOU3BOISAT 10 popMyJie:

3
1

ps = [%] Pg (14)

Py — TUWIOTHOCTh UCXOJHOTO CHIpLIA, 0. — TEPMUUECKUN K03(pULmeHT TuHerHOro
pacmpenuss (TKJIP). TKJIP o0pas3noB ompenensuii Ha dTamax OXJIAXIACHUS
nunaromerpudeckoro ananusa [138]. Cpennee 3HaueHHEe o ONPEEISUIA MO KPUBBIM
OXJKIACHHUsT 00pa3loB (T.e. MOCIE WX CIEKaHWs MPH HArpeBaHWU C Pa3TMYHBIMU
CKOPOCTSIMH).

Ouepruro akTuBanuu (Q) onpeaesnsuId Mo TAaHTeHCY YIIIOB (0) HAKJIOHA KPUBBIX:

Qu=R*tga (15)

Kaxyuryrocst sSHEpruio aKTUBAIIUHN OTPEEIISIIN M0 TAHT€HCY YTJIOB HAKJIOHA IS
BbIOpaHHbIX Touek 10, 20, 30 u 40 % B cucreme koopaunart In[T(d(AL/Lo)/dT)]- /T, roe
d(AL/Lo)/dT — mnpowsBomHas W3MEHEHHs YyCaAKd MaTepuala OT HW3MEHCHUs
TEMIIepaTyphbl, T.C. IPOU3BOIHAS OT CKOPOCTH ycaaku obopasma [139].

nQx=R*tga (16)

r7e N - TOPSAOK PEaKkIuu CIEKaHWs, ONpeaessifonmii mpouecc auddysnu mpu
CTIEKaHUU.

N3 cpaBHEeHMS ypaBHeHUs 15 u 16 onpenensiu n:

n=Qu/Qx (17)
2.3.2 PacueT OTKpPBITOIi IOPUCTOCTH KEPAMUKHU

PacueT OTKpBITOM MOPUCTOCTH TMPOBOAWIN METOAOM THAPOCTATHYCCKOTO
B3BEIIMBaHUS 110 HOpMYJIE:

1= [(mo — ml)/( my; — ml)]><100%, (18)

riae [1 — oTHocuTenbHas OTKpPBITast MOPUCTOCTH 00pasia, %;
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Mo — Macca cyxoro oopasiia, T;
M; — Macca 00pasiia, HaChIIIIEHHOTO KUIKOCTHIO, T;

M, — Macca 06pa3ua, HaCbIICHHOI'O ) KNJKOCTHIO M B3BCIICHHOI'O B X KUJIKOCTH, T.
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3. Pe3yabrarhl HCC/Ie10BAHUIA M UX 00CYKIEeHUE

HccnenoBanus mo criekaronuM 100aBKaM ITPOBOIUIINCH B IBA ATara;

— Ilonyuenue wmatepuanioB Ha ocHoBe ZrOj, cmekarommxcs 10 IUIOTHOTO
COCTOSIHUS, COICPIKAIINX T0OABKY CHIIMKATa HATPHS;

— Ilonyuenue wmatepuanioB Ha ocHoBe ZrOj, crekarommxcs 10 IUIOTHOTO
COCTOSIHHSI, COJIepKaIInX 100aBKH HHOOATOB Iienounbix MeTaiioB (Li, Na, K).

Ha nmepBom 3Tame ncciaeaoBaHuil HCOIB30BAN TTOPOIIOK U3 YACTOTO JUOKCHAA
UPKOHUS, CTAOUITU3UPOBAHHOTO PA3JIMYHBIM KOJMYECTBOM JI00aBKU OKCUJA UTTPUS, B
cMecHu ¢ 100aBKoW cuiMkaTta HaTpus. B xome pa®oTel Oblia pazpaboTaHa TEXHOJIOTHS
CHUHTE3a HAHOPA3MEPHBIX MOPOIIKOB, UCCIEAOBAHO BIUSHNAE TEPMHUIECCKOTO CTApEHUS Ha
IUIOIIAh YACIBbHON MOBEPXHOCTH YKCTOTO IMOPOIIKA, pa3paboTaHbl U CUHTE3UPOBAHbI
JI00aBKH.

Ha BTOpOM 3Tarne uccienoBanuii UCMOJIb30BAINCH CHHTE3UPOBAHHBIE MOPOIIKH
JMOKCUJIA ITUPKOHUS, CTAOMIM3UPOBAHHOTO Y03 (MOMyYeH MO TEXHOJOTHUHU IMEPBOTO
sTana paloThl). BbUIM CHHTE3WpPOBaHbl JOOABKM Ha OCHOBE HHUOOATOB IIEIOYHBIX
metauioB (Li, Na, K). Kak BUAHO W3 auarpamMM COCTOSHUS, JTaHHBIC JOOABKH UMEIOT
HU3KYIO0 TeMIIEpaTypy IUIaBJICHUS, YTO MHTCHCU(UIIUPYET MPOIECC CIeKaHus. Takxke
OBLJIO MCCIIE0OBAHO BIUSHUE YHCTOTO OKCH/Ia HUOOUS Ha CIIeKaHHe CTaOUIM3UPOBAHHOMN
kepamuku ZrO,. MccnenoBano BIUsHUE AOTOTHUTEIBHOTO BBEACHHS OKCUIOB KeJie3a 1
HUKEJs, CocoO0CTBYOMMX AedexkTooOpasoBanrio. Ha 0OCHOBaHMM TUIATOMETPUUYECKUX
UCCJIEIOBAHMM ObliIa pacCUMTaHa SHEPTHs aKTUBAIIMH MPOIIEcCca CTICKaHNA.

JIust Bcex CHEYeHHBIX OOpaslloB OmpeaeiieHa JWHEHHas ycaaka, OTKPBITAs
MOPHUCTOCTh, TPOBEICHBI MEXaHWYECKUE HCIBITAaHUS Ha TPOYHOCTh NMPU H3THOE U
TPEIMIMHOCTONKOCTh, PEHTreHO(A30BBIN aHamu3, a TaKKe H3y4eHa MHUKPOCTPYKTypa
MOJIYYCHHBIX KEPaMUYCCKHUX OO0pa3IOB M BIMSHHEC MEXaHOXMMHYCCKOW aKTHBAIUH.
Takum oOpa3oM, B X0/I¢ BBITIOJIHCHHS TIOCTABICHHOM 3a1aui ObLTH pa3paOd0TaHbl OCHOBBI
TEXHOJIOTUM CO3/IaHUS KEPAaMHUYECKUX MarepuajaoB Ha ocHoBe ZrO; ¢ moOaBieHuEM

KOMIUIEKCHBIX J100aBOK, IMO3BOJISIONIMX CHU3UTH TEMIEpaTypy CHEKaHusi oOpasIloB,
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o0aaroIuX HyJI€BOM OTKPBITON MOPUCTOCTHIO, 10 1150 °C.

3.1 HOﬂyqune H HCCJIICA0BaAHUE HaHOKpI/ICTaJIJII/I‘leCKOﬁ KE€paMHUKH HaA OCHOBE

AHOKCHIA UPKOHMS

3.1.1 TexHosiornyeckasi cxeMa MoJay4eHHus KEPAMUKHU

st monmyuenust kepamuku u3 ZrO, ucnosnb3zoBanuck conu ZrOCly-8H,0 nmubo
ZrO(NOs3); u YCl3-6H,0, a Taxoke NH,OH (BomHbIN pacTBOp) B Ka4eCTBE OCATUTEII,
an00 kapOOHAT aMMOHHUS, B CIy4Yae BEJICHUS CUHTE3a B HEOPTaHMUYECKOU cpefe. 3aaada
3aKJII0Yaiach B BBINOJHEHWU CTPOTOWM  TOCIEIOBATENBHOCTA TEXHOJIOTHYECKUX
Omeparuii:

Omneparmus 1. [IpurotoBienne HaBecok mpekypcopoB kepamuku: ZrOCl-8H,0,
YCl3-6H,0, mnommakpunamuna, NH4sOH (Bomublii pacTtBop). Bs3BemmBanue Ha
TEXHMYECKHUX Becax ¢ TOUHOCThIO 110 0,01 .

Oneparus 2. (cmemenue) Pactopenue coseit ZrOCl,-8H,0, YClz-6H,0 B Boze
JI0 TIOJyYEHHsI TIPO3PAvyHOTO PacTBOpA. 3aTeM IMOJIYYEHHBIE PACTBOPHI CMENIUBAIU U
noOapisii B BoaHbIM pacTBop ocaautens (NHiOH), copepsxamuii opraHudyeckui
HarnoJHUTeNb. [lepemenBanue KOMIIOHEHTOB OCYIIECTBIISUIM B TUIACTUKOBOM CTAaKaHE
BPYYHYIO JI0 TIOTY4YEeHHsI TyCTOM cBeTson cMecu ¢ pH = 7-8.

Omnepanus 3. (cymka) IlomydeHHass cMech IoMelajgach B CYIIMJIBHBIA IIKad
mapku [1IC-80-1 mpu Temneparype 60 °C u ocraBanach Tam J0 MOJTHOTO BBICHIXaHUS,
KOTOPO€ KOHTPOJIUPOBAIIM 10 BHEITHEMY BHAY U U3MEHEHHUIO TOTEPU MACCHI IIPH CYIIIKE.

Omneparust 4.  (TepmMooOpaboTka) BpICYIIEHHBI MOPOIIOK  TMMOJABEPTaJICs
TepmooOpadoTke npu Temneparype 600 °C. 3arem MNOPOIIOK MNPOTHPATIU Yepe3
KalpoOHOBOE CUTO ¢ pa3zMepoM siueiiku 470 MrMm.

Onepanus 5. (Mexanoaktuanus) [lomydeHHBIN MOPOIIOK MOABEPraid IOMOIY B
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wiaHeTapuor menpHUIE MII/4-1 B Gapabanax u3 (ropomiacta co ckopocTeio 215
00/MuH 67 MHH.

Oneparust 6. (moBTOpHAs TepMooOpadoTka) Ilocie momona ocraeTcsl MPUMECh
TedI0Ha, OT KOTOPOIl HEOOXOIMMO M30aBUTHCS myTeM TepmooopadoTku T=500 °C.

Omnepanus 7. (bopmoBanue) IIpokaneHHbI OPOIIOK (OPMOBAIM HA PYUYHOM
ruapaBiandeckoM npecce mapku [IPIT — 257 B dopme mapaienenuneoB, pasMepoM
4x4x30 MM, ipu naenenun 100 MITa.

Onepanust 8. (crekanue) [lomydeHHbie 00pasiibl CHEKald B KaMEpPHOW Me4H
cornporuBiieauss Mapku CHOJI-12/16-M2 (XpoMHT—TaHTaHOBBIC HarpeBaTelii) B
atMocepe BO3ayXa /10 TeMIEpaTypbl BBIAEPKKH, HarpeB co ckopocthio 10 °C/MuH,
3aTeM HW30TepMHUYecKas BblIepkKa 2 4yaca. OxyaxiaeHue oO0pas3IoB MPOBOIUIU B
BBIKJIFOUCHHOM T€YH 10 KOMHATHOM TEMIIEPATYPHI.

Omneparust 9. Tlocne cnekaHusi TPOBOJWIM Pa3IMYHBIE HCCIEIOBAHUSA
(MUKpPOCTPYKTYpBI, YACIbHON TUIOMIAAN MOBEPXHOCTH, JTUHEHHON yCaJKH, OTKPBITOU
MOPUCTOCTH, PEHTreHO(A30BOr0 aHajlu3a), a TakKe MEXaHWYECKHE HCIbITaHUS
(onpeziesieHre IPOYHOCTH TIPH U3rHOeE).

JlaHHas cxeMa UCIOIb30BANIACH JIJIsl MPUTOTOBJIEHUS 00pa3oB U3 opoiika ZrO;

C Pa3IUYHBIM KOJIUYSCTBOM CTaOUIM3UpYIoIieit 1o0aBku Y 20s.

3.1.2 CuHTe3 HAHOMOPOLIKOB HA 0cHOBE ZrO>

TOM-u300pakenuss mopomkoB ZrO,, MOMydYeHHBIX KaK U3 OKCUXJIOPHIA, TaK U
13 OKCHHUTpATa LHUPKOHMS, TpeicTaBiieHbl Ha puc. 21. Ilopomku, momydeHHBIC W3
XJIOPUJIOB, COCTOSUTH U3 O0Jiee KPYITHBIX, HO PBIXJIBIX arperatoB. [Tocie momora peIxjibie
arperatbl ObUIM YaCTUYHO pa3OUTHI, MPU DTOM OHU CTaIM Oo0Jiee TUIOTHBIMH.
HccnenoBanusi CrEKaHUsl TMOJTYYEHHBIX MATEpPHUANIOB TOKa3aJM, YTO HU3MEJIbUYCHHBIC
MOPOIIKH, MOJYyYCHHBIE W3 XJOPUIOB, 00Jiee aKTUBHBIE — CIEKAJIUCh MPU MEHBIINX

TeMriepaTypax (00pa3ibl XapakTEePU30BaIUCh OOJbINeH IMIOTHOCTHIO). [losToMy B
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I[aHBHGfIHIeM B pa60Te HCIIOJB30BaIM 0OoJiee AaKTHBHBIE K CIIEKAaHHIO IOPOIIKH,

CUHTC3UPOBAHHBIC U3 OKCHUXJIOpHUAA HUPKOHUS.

Puc. 21. TOM-u3o00pakenusi mopomkoB ZrO,, momydeHHBIX: (a) U3 HUTPATOB
IUPKOHMS, (0) XJIOpUIOB MUPKOHUS Oe3 mmomMosa U (B) XJopuaoB nupkoHus ¢ ITAM u

MA. YBeanuenue 80000x.

3.1.3 UccaenoBanue BJAUSIHUA COJIEPKAHNS KOJIHYECTBA CTA0OMIH3MPYIOLIEi

no6aBku Y203 Ha mpouece cneKaHus M NJI0IIAAb y/IeJbHOH MOBEPXHOCTH

B xonme manHOW pabOThI MPOBOAMIIOCH HCCIICAOBAaHUE TpoIlecca CIICKaHUS

kepamuku ZrQOz, CTaOWIM3UPOBAHHOW Pa3NTUYHBIM KoJuuecTBOM Y203 (1-3 moi.%)

(puc. 22).
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Puc. 22 KpuBble ycaaku KepamMHKH, COJEpXKallle pa3HOE KOJIUYECTBO

cTabmIM3upyroilen n106aBku, creueHusie mpu 1450 °C.

Peaknusi nedexrooOpazoBaHMsl MPOMCXOAUT C TOSIBICHUEM BaKaHCUWA IO

KUCJIOPOJTY, YTO HHTCHCUDHUIIUPYET MPOIIECC CIICKAHMS:
Y03 —» 2Y'z+ Vo +30% (19)
HHOH.[&I[B YI[CHBHOI)'I MOBCPXHOCTH ITOPOIIKOB, COJACPKAIIUX PA3IHMIHOC KOJIHNYCCTBO

crabunmsupyromeit 106asku Y,03, Bapsuposanack ot 36,4 1o 52,2 m?/r (puc. 23).

°0 52,2 50
50
_ 40 36,4
=30
520
N
10
O B B B
0 2 3

Conepxanne Y,04, Moitb. %
Puc. 23 [lmomaaer yaeiabHON MOBEPXHOCTU MOPOIIKOB ZrO;, B 3aBUCUMOCTH OT

coaepkanus Y20s.
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3.1.4 Bausinue TepMHUYECKOro cTapeHusi Ha (pa30BbIii COCTAB U JUCIIEPCHOCTH

o0pa3uos

B paboTe npoBoauiIKch UCCIeI0BaHUS IO TEPMUUYECKOMY CTAPEHUIO MOPOIIKOB
ripu 330 °C u 400 °C B Teuenue ot 1 1o 100 wacos. IIpu crapennu npu 330 °C B nepBbie
yacel, 0 JJaHHBIM P®A, umeeTcss OCTaTOYHOE MPUCYTCTBUE MPOIYKTOB PEAKIUU B
MOPOINIKAX — XJIOPHIa aMMOHHMS. DTO MOATBEPKIaeTcs (puc. 24) HAIMYUEM XapaKTEPHBIX
st NH4Cl ocHoBHBIX TiikoB B oOmact 20 — 23 ° u 33°. KomuuectBo NH4Cl pesko
CHW)KAeTCs K S5 4YacaM BBIICPKKU M 3aTeM NPH YBEJIUYEHUU BPEMEHH CTapeHHUs
MOJTHOCTBIO MCUE3AET, YTO CBA3aHO C HU3KOU TEMIIEPATYPOU PA3JIOKEHUS JAHHOU COJIA —
okono 180 °C. Kak wm cnemoBano OXuAaTh, B IPOLECCE TEPMUUYECKOTO CTapEeHUs
MPOUCXOUT TOCTENEHHAsl KpUCTAJUIM3alsd aMophHOTO OcajKka, YTO BBIpaXKaeTcs B
o0pa3oBaHMM W YBEJIWYEHUHM HWHTEHCUBHOCTU Tajo B obOmactu 20 — 30° uyrto
cooTBeTCcTBYeT oOOpazoBaHuio 1—Zr0O;. Crapenue mnpu 400 °C mnpoxomuno Oosee
uHTeHcuBHO (puc. 25). K 100 cyrkam chopmupoBaics 0ojiee 3aKpUCTAIITU30BAHHbBIN
nopotok ZrO,, uTo BeIpaxkaeTcs B GopMupoBaHuH 00Jiee HHTEHCUBHOTO MTUKa B 00JaCTH

yraa 30° (2@) BmecTo rajo, HaOIOJAEMOTO JJI MOPOIIKa, TEPMOOOPaOOTAaHHOTO MPHU

330 °C.
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Puc. 24. TudpaxTorpaMma MopomKoB, TepMuuecku coctapeHHbIX mpu 330 °C
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Puc. 25 JudpakrorpamMmma mopouikoB, TepMudecku coctapeHHbix mpu 400 °C

Kpome Toro, B obsactu 52° (20) mipu 400 °C npoucxoaut popMUpoBaHUE rajo,
XapaKTEPHOTO TS TeTparoHajabHOM Moau(uKamu. BaxkHO TakKe OTMETUTh OTCYTCTBUE

NH4Cl B marepuane yxe B mepBbIE Yachl TEpPMOOOPAOOTKH, UTO OOBSICHSETCS Oojee
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BBICOKOW TeMIieparypo. B pesymbrare crapeHMss OHCHEPCHOCTh IMOPOIIKOB
yBenuuusaercs ot 41 1o 161 Mm%/t (puc. 26).

180 -
160 -
140 -
120 -
100 -
80 -
60 -
40 -
20 -

0

Syn, m2/r

1 5 20 50 100
Bpems ctapeHus, yac

Puc. 26 Bausiaue Bpemenu crapenus npu 400 °C Ha yAenbHYIO TOBEPXHOCTb.

OTO SIBIEHHE MOXKHO OOBSICHUTH KpUCTAIIM3alued aMOp(QHBIX YacTUI[ C
oOpa3oBaHME€M W3 HHX Oo0Jee MEJIKUX HaHOJUCIEPCHBIX KPUCTAUIOB, UTO
nojaTBepxkaaeTcss pesynbratamu POA  (puc. 25). Pacuersl pasmepa KpUCTaJLIOB
npou3Bo N 110 opmysie [140]:

d=6/(p'Sy), (20)

riae d — pa3Mep KpHCTaIOB, HM;

P — INIOTHOCTb, I/cM>;

Sy~ yIeIbHas OBEPXHOCTh, M2/T.,

KOTOPBIE MOKa3aJid, YTO pa3Mep yMeHbIaucs ¢ 25 ais 1-x cyTok A0 6 HM mJid
100-b1x CcyTOK.

Takum o00pa3oM, B pe3yibTaTe TEPMHUECKOTO CTApEHHs] OBLIM IOJIyYEHBI
HAHOJIMCIIEPCHBIE TIOPOLIKHU C BEICOKOH YIETbHON MOBEPXHOCTEIO — 160 M/T 1 pazMepoM

YaCTHUI[ OKOJIO 6 HM.
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3.1.5 UccaeqoBaHue BJOUSIHUSI MEXaHOAKTHBAIIUM HA MPOIECC CIEKAHUS, IUIONIAIb
yeJLHOM MOBEPXHOCTH U (Pa30BbIid COCTAB 00Pa3LOB HA OCHOBE TUOKCH/IA

HMPKOHUS

MexanoaktuBanuio (MA) MOpPOIIKOB NPOBOJAWJIM TOCJIE TEPMUYECKOTO
CTapeHUs B IUIAHETAPHOW MENBHULIE B CPEI€ ITAHOJIA IapaMu U3 JUOKCUIA IUPKOHHUS B
TeyeHue 67 MUHYT co cKopocThio 215 06/muH. Ilocne moMosna nmopouku (GuiasTpoBalin
Ha BOPOHKE broxHepa, CyImIM U npeccoBaIu Ha TUAPOCTATUYECKOM IIPECCE B CTAIILHOU
npecc—dopme nipu nasnenun 100 MIa.

UccnenoBanus POA, nudpakrorpaMmbl KOTOPOTO MPEACTABICHBI Ha pHC. 27,
NOKa3aJd, 4YTO Tocie mpoBeAeHUss MA  MOpOIIKM  CTaHOBWIHMCH  OoJjiee

3aKpUCTATININ30BAHHBIMH.

160 160
— Ges MA — Gea MA

—— nocne MA —— nocne MA

1“4 g 14| O

120 4 120 A

100 - 100

&80 80

60 60

MHTEHCUBHOCTD, y.€.
MHTEHCHBHOCTB, y.e.

40 4 40 4

20 4 20 4

25 30 35 40 45 50 25 30 35 40 45 50
2 theta 2 theta

Puc. 27 Bmusane MA Ha ¢a3oBblii cOCTaB MOPOIIKOB IMOCJE TEPMHUUECKOTO

crapenust: a) npu 330 °C u 6) npu 400 °C B Teuenue 100 yacos.

DTO BBIPAXAJIOCh B YMEHBILIEHUU IIMPUHBI OCHOBHOT'O MHKa B 00iacTu yria 20
— 30°, a TakKe B YBEJIMYEHUU €r0 MHTEHCHUBHOCTH, YTO OCOOEHHO BBIPAKEHO IS
noporikoB nocsie craperus npu 330 °C (puc. 27a). M3meHeHus Ha PEeHTTEHOTpaMMax
Jutst mopouikoB mnocie crapenust Ha 400 °C menee 3ametHbl (puc. 276). Habmonaercs

HE3HAUUTEITHFHOE YyBEJIMYEeHHE OCHOBHOTO muka t—ZrO; u ¢opMupoBaHue Imieda B
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obnacTu yrioB 20 — 32 - 33°.

C uenwro uccnenoBaHus BiIusHUI MA Ha crnekaHue oOpa3LoB IPOBOJUIIN
TUIaTOMETpUYEeCcKre HccienoBanusa. Kak mokazanu JuiaTOMETPUYECKUE HCIBITaHUS,
oOpasmbl mociie MA MMEIOT OOJBITYI0 CKOPOCTh YCaakd. Tak, MOpoIKku mocie MA
MMEIOT UHTEHCUBHYIO ycasiky B unreppaie 900 — 1300 °C, a nopomiku 6e3 MA umeror
WHTEHCUBHYIO ycajaky B Oonbiiem uHTepBaie 800 — 1500 °C. Dto moaTBepkaaeT

OOJIBIIYI0 aKTUBHOCTH K CIIEKAHUIO TTOPOIITKOB, MPOIIeIIHX oneparuio MA (puc. 28).
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Puc. 28 Brnusaue MmexaHoakTUBalMK Ha mporiece ycaaku mpu 1450 °C.

Criekanue

3.1.6 Pacuer 3Hepruu aKTUBALUH CIIEKAHUS

MaTepuaioB

IIPOBOUIIN
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MaTepuayoB, B TOM YHCIIC 32 CYET OICHKHM AaKTHBHOCTH MX K criekaHuio. OmHuM u3
BaKHBIX TTOKa3aTeNiell aKkTUBHOCTHU K CTICKAHUIO ITOPOIITKOB SBIISICTCS YHEPTHS aKTHUBAITUH
CIIEKaHUsI KepaMUYECKUX MaTepuaioB. J[Jis pacyeTa sHEpTruu aKTUBAIMU HUCTIOIh30BaIU
HECKOJIbKO Ham0oJiee MHTEPECHBIX MaTepualioB — MEPBbIA KePaMHUECKUU MOPOIIIOK,
MOJIYYCHHBI B MPOILIECCE XUMHUYECKOTO OCAXKIEHUS C MCHOJb30BaHHEM KapOoHaTa
amMmonus - CK-2, xapakrepusyromuiicst Hu3Kol temneparypoit cnekanust — 1330 °C, u
BTOPOW Marepuasi, MOJTYYCHHBIM TaKXKE XHUMHYECCKUM METOJIOM C HCIOJIb30BaHHUEM
JIOTIOJTHUTENIbHOM TEXHOJOTHUYECKOU onepanuu — MA.

Pacuer oHeprum aKkTHBAlMW pPACCUUTHIBAIM 10 JAHHBIM JTHJIATOMETPUUYECKHUX
WCCJICIOBaHU 00pa3IoB, mpomenmux ycanky npu 5, 10 u 20 °C/mun (puc. 29) no

1350 °C.

N P O F DN W
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E“ —5 °C/mun
= 10 °C/min
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L ) 20 °C/min
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Q
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™
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0 200 400 600 800 1000 1200
Temneparypa, °C

Puc. 29 3aBucuMOoCTh M3MEHEHHMSI ITTUHBI OT TEMIIEPATYPHI IIPU Pa3HBIX

CKOPOCTSIX Harpena.

Ha ocHoBanuu OKCIICPUMCHTAJIbHBIX AOAdHHBIX OBLIH IIOCTPOCHBI KPHUBBIC B

CHUCTEME KOOpJMHAT U3MEHEHHUSI CKOPOCTH ycaaKku oT Temmepatypsl (puc. 30)
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Puc. 30 U3menenue ckopocTy ycaJKu PH pa3HbIX CKOPOCTSX HArpena.

B cootBercTBUM ¢ paboramu [141, 142] Obur BBIOpAHBI SKCIEPUMEHTATbHBIC
TOYKM Ha Tpaduke OT Hayajia MHTEHCHUBHOW YCaaku (OTMEYEHO OKPYKHOCTHIO) JI0
HauOobIIel ckopocTd ycanku. OTMedanochk Takke [143], 4To moayduTh JOCTOBEPHBIC
JJaHHBIC BO3MOXKHO TOJIBKO HAa paHHUX dTalax crekaHus — He Oosee 4% oOT Hayana
aKTUBHOTO CIIEKaHUs (B HAIlIEM CITydae TOYKa MEePECEUCHHsI, OTMEUEHHAsl OKPYKHOCTHIO
Ha rpaduke). OTpesku ObUTH paszesieHsl Ha paBHbIe 10 yacteid. [lepBbie ueThIpe yyacTka,
OmKalIme K MECTy IepeceueHus] KpuBbIX, cooTBeTcTBeHHO 10, 20, 30, 1 40 % miuHbI
UCCIICyeMOr0 OTpe3Ka ObUIM OTMEueHbI Toukamu 1, 2, 3, 4 (puc. 31). Ha ocHoBaHuu

ATUX TOYEK ObLIM MOCTPOEHBI CIEAYIOIINE KPUBBIE.
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y =-21,376x + 20,332

2,2
E 2 —e—5 °C/mun
2
© 18 y = 28 417%+ 21,672 10 °C/mun
O 16 20 °C/
— MUH
= 14

12 y = -27,171x + 24,653

1
0,82 0,84 0,86 0,88

Temneparypa, 1000/T, K

Puc. 31 Vccnenyemble OTpe3KH y4yacTKa MHTEHCUBHOTO CIEKAaHUS MPH Pa3HBIX

CKOpPOCTAX HaArpcBa.

[To BBIOpaHHBIM TOYKaM IIOCTPOCHBI TpadUKH B CICAYIOUIMX CHCTEMax
KOOPJAMHAT: TEePBbI B 3aBUCUMOCTH OT yiuioTHeHus - In(T*C*(dp/dT)) - 1000/T, K,
MO3BOJISIONINN pacCYNTaTh HCTUHHYIO 3HEpruto aktuBanuu Q, = R*tg (puc. 31); BTOpoii:
B 3aBUCHUMOCTH OT ckopoctu ycaaku - In(T(dL/Lo)/dT)) - 1000/T, K, mo3Bosstomnuii
paccuuTaTh KaXyIIyocs SHepruto aktuBaruu Q, = R*tg (puc. 32).

5,50
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w
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3,00
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Temneparypa, 1000/T, K

Puc. 32 [lnarpamMmma nuHUM TpeHIa 11 pacdeTa TAHTEHCA yriia HaKJIOHA.
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Pe3ynbprarel pacuera nmokazanu:
- st Qy IS pa3HbIX CKOPOCTEH yCaJKH COCTaBJIsIIA
177, 194 u 226 x/Ix/mon — cpennee 3nauenue 200 k/x/mour;
- s Qy JUIs pa3HbIX CKOpOCTel ycaaku coctaBisiia 219, 250, 332 x/[x/mMon — cpennee
3HaueHue 267 kJx/ Mol

Takum 00pa3oM, CTEIIEHHOH MOKa3aTeNb ypaBHeHus criekanus N = 200/267=0,74.
N3BecTHO, uTO Mpu N=1 cniekaHWe MPOXOJUT MO MEXAHU3MY BSI3KOTO TEUYCHHS, a MPHU
n=0,4-0,5 cnekanue omnpenensercs oobeMHoN nuddysueil. 3HaueHune, MOTyYeHHOE U3
pacyeToB, COOTBETCTBYET IIPOXOKICHUIO CIIEKAaHUSI COBMECTHO IO BSI3KOMY TEUCHHUIO U

MexaHU3My 00beMHOMN Tu(dy3un.

3.1.7 MUKpOCTPYKTYpAa Clie4eHHOI KepaMUKHU

Ha ocHOBaHMHM MpeapIAyIIMX HCCICIOBAaHMKA OblIa IOJIydeHAa M CIIeYCHa MapTHS
o0Opa3ioB. B pesynbrare HCIONB30BaHUS HAHOIUCIICPCHBIX AKTHBHBIX C CIEKaHHUIO
MOPOIIKOB MOJTy4YeH TUIOTHBIN MaTepuan ZrO;, conepxkamuii 3 Moi.% Y203 ¢ pazmepom
kpuctaiioB 100-200 um (puc. 33) u ocHoBHOU ¢a3zoit t-ZrO, (puc. 34) npu TemnepaType

criekanus 1420 °C.

Puc. 33 MukpoctpykTrypa cnedenHoi kepamuku ZrO; ¢ 3 momn.% Y;0s.
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Puc. 34 Tudpakrorpamma crieueHHnoit kepamuku Ha 1420 °C u 1330 °C.

JlaHHBIM MaTepHall XapaKTepU30BaJICAd BRICOKOM MPOYHOCTHIO npu u3rude a0 800

MIla u oTCyTCTBHEM OTKPBITON TOPUCTOCTH.

3.2 Ho.ﬂyquue H HCCJICaJ0BaAaHUE HI/I3KOTeMﬂepaTypHOI7[ KEepaMHKHN HA OCHOBE

JAUOKCHIA HUPKOHUS (CTIEKAHHE ¢ yYaCTHEM KHIKOH (a3bi)

3.2.1 TlosiyueHne HU3KOTEMIIEPATYPHBIX MAaTEPUAJIOB 32 cueT BBeJeHHs 100aBOK,

oOpa3yrommx pacinjiaBbl

[IpoBoaniInCh UCCIIEIOBaHUs 10 MOJYYCHUIO HU3KOTEMIIEPATYPHON KEPAMUKHU
nuokcuaa uupkonusd. [1o pesynprataM QunaTOMETPUYECKUX UCCIEIOBAHUN TTPOBOIUIIN
OTpabOTKy PEKUMOB CTeKaHus. B kadecTBe M0OABKM HCIIOIH30BAIM COCTAB Ha OCHOBE
CUJIMKATa HATPHUs C TeMIleparypou miasieHus okoso 1170 °C, mo guarpaMme COCTOSTHUS

(puc. 35). Jlo6aBKy BBOJAMIM B IPOKAJIEHHBIN MOPOIIOK B KoJInyecTBe 5 macc.%.
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Puc. 35 Jlnarpamma cocrostaus Na O — SiO; [144].

[Tocne BBemeHust 100aBKM TIOPOIIKKM CyHIWwiM W (GOpPMOBAIM B BUJE
napasuienenuneaoB. [losydennbie 00pasiipl CIEKAId B CHJIMTOBOM MeUH Ha BO3yX€ MPU
temrepatypax 1150 °C, 1250 °C, 1330 °C. B pe3synbpTaTe criekaHus ObUIH MOJTyYEHbI
IJIOTHBIE 00pasllbl C OTKPBITOM MOPUCTOCTBIO MEHEE OJHOro ImpoieHTa. OOpa3ibl
XapaKTepU30BAJIUCh MEJIKOKPHUCTAIITHICCKON CTPYKTYpoit (puc. 36).

[Ipu cnexkannn Ha Temmeparypy 1150 °C maTtepuayibl mogydusuch Hauboliee
MEJIKOKPHUCTAJUIMYECKUMH ¢ pazMepaMu KpuctamuioB okoyio 100 um. [Ipu moBbiieHnn
TEeMIIepaTyphbl HAOTIOAACTCSI MHTEHCUBHBINA pocT KpuctamwioB a0 200 — 250 u 300 — 400
oM npu 1250 °C u 1400 °C, coorBerctBeHHO. HecMoTpss Ha HaHOAMCIEPCHYIO
CTPYKTYpYy, TOJIyde€HHbIE 0O0pa3llbl UMEJM HEBBICOKYHO TpouHOocTh — 260 MIla npu

1150 °C u 230 MIla nipu 1400 °C (puc. 37).
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e

Puc. 36 MukpocTpykTypa ciedeHHbIX 00pasios nocie: a) 1150 °C, 6)1250 °C,
B) 1350 °C.

o

1150 °C 1400 °C
Temneparypa criekaHus

ITIpounocTs pu
n3ruoe, Mma
N
~
o

Puc. 37 Bausiaue Temneparypbl Ha MPOYHOCTH CIICYCHHON KEPAMUKH.

Hu3zkne  MexaHWYecKHe  TOKa3aTeM  MOXHO  OOBSCHUTH  HaJUIHEM
HU3KOTIPOYHOU MOHOKITMHHOW MOAM(PUKAIINH, KOJTUIECTBO KOTOPOH YBEITMIMUBACTCS TIO
Mepe pocta Temneparypsl. Tak, ipu 1150 °C m—ZrO; konudecTBo cocTaBisieT okoyo S50
MacCCOBBIX J0J1ei, %, a mpu 1400 °C yBenuuuBaercs 10 70 maccoBbix noieit, % (puc. 38).

C uenbto crabunuzanuu (yMeHbIlleHus konndectBa M—Zr0O,), konudectBo Y203
ObUIO yBEIMYEHO A0 3—X MOJbHBIX Aojei, %. B pesynabrate maHHble MaTepuaibl
collepkany OoJplliee KOJMMYECTBO TeTparoHanmbHOU ¢asel (puc. 39). IlpounocTts
Matepuana Bospocia 1o 610 Mlla npu usrube, a tpemmHoctoiikocth (Kic) mocturia
3Hauennii 8,1 MITa-mM*2.

Marepuan xapakTepu3yeTcsi OJHOPOAHONW OECIOPUCTON MHUKPOCTPYKTYpPOH CO

cpenauM pazmepom kpucrtamioB 100-200 am (puc. 40).
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Puc. 38 IudpakrorpaMmsl criedeHHBIX 00pa3oB, coaepxkamux 2 Moi.% Y20s.

1250 °C

OTHOcUTENbHAast UHTEHCUBHOCTD, y.e.

2 TeTa

Puc. 39 {udpakrorpaMmsl criedeHHBIX 00pa3oB, cogepxkamux 3 Moi.% Y20s.

Puc. 40 MukpocTpyKTypa Clie4eHHBIX 00pa3iioB, coaepxamux Y203 3 MOTBHBIX
noneit, %, roe a— 1200 °C, 6 — 1250 °C.
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Takum 006pa3om, B pe3ysibTaTe MPUMEHEHUsS TEXHOJIOTHIECKUX onepanuii MA u
TEPMUUYECKOTO CTapE€HUSI MOPOIIKOB, BBEJICHUS B KEPaMHKy J100aBOK, 00Opa3yrolIux
pacruiaB, OBUIM TOJyYEHBl BBICOKOMPOYHBIE HAHOKPUCTAJUIMUECKHE KepaMUYeCKue
MaTepHalibl ¢ NpouHOCTHI0 550 MIla, TpemmuocToiikocThio 8,1 MIla-MY? u pasmepom

KpUCTaII0B 0K0J10 200 HM.

3.2.2 UccaenoBanue pacnpeaejeHus ;KuaKo (pa3bl 0 rPAaHUIIAM KPUCTAJJIOB IPH
MOMOIIY MPOCBEYHBAIOIIEH 3JIeKTPOHHOI MUKPOCKOIUHU BHICOKOTO pa3pemeHus

(I1M BP)

JUist ompeneneHus pacnpeneiaeHuss 100aBKHM B MEXK3EPEHHOM NPOCTPAHCTBE
MPUMEHSIJICSA METOJ] Z-KOHTPACTa C MCIOJIb30BaHUEM 2-X PeKUMOB [145].

JIBa maHHBIX pexuma uzobpaxeHus B [IOM oTnuyaroTcs MpOTHUBOIOIOKHBIM
koHTpacToM. Ha puc. 41 moka3aHbl COOTBETCTBYIOIIME H300pakeHus. Perucrpanus
nzobpakenuss Obuta B pexkume CIIOM ¢ wucrounukom ADIl (FEG STEM) wu

BBICOKOYTJIOBBIM TeMHOMOJIbHBIM KpyroBeiM (HAADF) nerekropom [146, 147].
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Puc. 41 Z-xkoutpact. WM300pakeHne KepaMHKH, TJl€é a — CbEMKa C
UCIoJIb30BaHuEeM cBetsiononbHOro (BF) nerexropa mis marepuanoB 6e3 nob6aBku, 6 —
CheMKa ¢ ucnoiib3oBaHueM TemHomnoiapHoro (HAADF) merektopa mis maTepuaiioB 6e3
no0aBKkM, B — CBhEMKa C UCIOJIb30BaHMEM cBeTjonoiasHoro (BF) merextopa mmns
MaTepHaIOB ¢ JOOABKOW, T — CheMKa C UCHOJb30BaHUeM TeMHomosibHoro (HAADF)

JETEKTOpa JIJIsl MaTEPHAJIOB C JOOABKOM.

B nanHOM ciyuae m3o0OpakeHue GpopMupyercs HEKOTepEeHTHBIMU dJICKTPOHAMH,
B OTJIMYME OT TeX HM300pa)XKCHUH, KOTOPHIC IMOJYYAIOTCS METOAOM IPOCBEUMBAIOIICH
3JIEKTPOHHOM MUKPOCKOIIMH BBICOKOTO pa3peuieHus, noaroMy uarepnperannss HAADF-
M300paKkeHHs JOBOJBHO TpocTa. Eciu oOpazen; paBHOMEPHOU TOJIIWHBI, TO MOXHO
OTIPENIeUTh TMPHUCYTCTBHE TSDKEIBIX JJIEMEHTOB IO 0O0Jiee CBETIOMY KOHTpAacTy Ha
M300paKEHUH.

Takum o6pazoMm, B oOpasmax, coiepXalux >KUAKYI (a3y, NPUCYTCTBYET

TU(PPaKIMOHHBIA KOHTPACT, TOMUMO KPUCTALIOB KepaMuku Zr(Oz, B MEX3EpPEHHOM
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MPOCTPAHCTBE OOHApyKeHa BTopas (asza, COCTOsIIasi W3 JIETKUX JJIEMEHTOB, YTO

CBUJETENBCTBYET O PACHPEAECICHUH T00aBKH.

3.3 UccaenoBanms 1 CBOMCTBA KEPAMHUKHU HA OCHOBE JINOKCHIA IMPKOHHUS C
HCIOJIb30BaAHHEM KUAKO(PA3000pa3y0InX 100aBOK HIO0ATOB IIEJT0YHBIX

METAJLJIOB

3.3.1 UccaenoBanue Biausinust Nb2Os Ha cTpyKTYpYy M cnekanue KepamMuku ZrO»

Ha 2-oM sTane pa®oThl MPOBOAMIIN UCCIEN0BAHNE TOOABOK HA OCHOBE HUOOATOB
IIEJIOYHBIX METAJJIOB. Takke MpOBOIWIN UCCIEIOBAHUS 1O BIUSHHUIO OKCHla HUOOUS.
Oxkcug HUOOUMS MOJydaid METOJAOM OKMCJIEHHsT HHoOusi Ha Bo3ayxe npu T=600 °C.
BBenenne no0aBku B Kepamuueckwil moporok ZrO; mpoBOAWICS NpU MOMOIIH
IUTAHETapHOM MEJBbHUII MEXaHUYECKMM CMEIIEHHEM B cpene sTaHoja. M3 auarpamm
COCTOSIHHSI BUJTHO, YTO OKCHJ HUOOMS MPUBOANT K JIECTAOMITU3AIINN TUOKCUIA ITUPKOHUS
— IPOUCXOAUT 00pa30BaHUE MPEUMYILECTBEHHO MOHOKIMHHON Moaudukanuu. Takxke B
pesynbrare B3aumozeicTBus ZrO, um NbyOs mpoucxomut oOpa3zoBaHue HHUOOATOB

IIUPKOHHUS pa3Horo coctara (puc. 42) [148].
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Puc. 42 Tnarpamma coctosiaust ZrO2-Nb,Os, rie a = opropomouueckuii Nb,Os SS;
B = monokuHHBIH Nb,Os SS; € = opropomouueckuit Nb,Os Ss; v = ZrgNb,O17 SS; 0

= MOHOKJIMHHBIN ZrO> SS.
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Y crmedyeHHBIX 00pasmoB, COACPXKAIMUX OKCHA HHOOHWS, HaOIIOJaeTCs
obpazoBanue HOBOH (pa3bl ZIgNb,O17 mo rpanumam 3eper ZrOy, IpensTCTBYIOMICH pocTy
kpuctaiioB. Pasmep 3epen ZrO; mocie BBeaeHus NbpOs cHmkaercs ¢ 6 10 2 MKM

(puc. 43).

Puc. 43 Muxkpoctpykrypa crneuenHoi kepamuku npu T = 1550 °C, rne a, B —

ZrO;, ¢ 3 moi. % Y203; 6,7 — ZrO;, ¢ 3 moir. % Y203 u 5 mon. % Nb,O:s.
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3.3.2 CuHTe3 M BBeleHHe MHOTOKOMIIOHEHTHBIX 100aBOK, 00pa3yl0lIUX PacljiaB

HA OCHOBE HHM00aTOB IIeJOYHBIX MeTaLI0B. UcciienoBanue c[)azosoro cocraBa

3a OCHOBY HCCJIEIOBaHUM OBLITNM BBIOpaHbI J0OABKH Ha 6a3e HMOOATOB IIEJIOYHBIX
METaJUIOB — JIUTHS, HATpUs W Kanws. JluTepaTypHbId TMOWCK HE Jajd PEe3yiIbTaTOB O
BIIMSTHUM OKCHJIa HUOOUS Ha CTPYKTYPY JUOKCHJIa IIMPKOHUS, IO3TOMY MCIOJIH30BAJIUCH
JarpaMMbl COCTOSIHMSI JIBOMHBIX CHCTEM, a Takke TMPOBOJUINCH HCCISIOBAHUS
IUIaBJICHUS MOJYy4YaeMbIX COEAMHEHHMH (kKoMro3unmii). B kauecTtBe n00aBOK ObLIM
BBIOpaHbI COCTaBbl, OOpa3yroIue pacruiaBbl. HMOOATHI MIETOYHBIX METAJIOB MMEIOT
HU3KYyI0 Temneparypy miasieHus: LiINbOz - 1270 °C, NaNbOs - 1446 °C, KNbO3 -

1039 °C, o6nacThb MIaBIeHUS MOJTyYEHHBIX JOOABOK BBIICIICHA KpacHBIM (puc. 44)
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Hwrob6aTpl mienoYHbIx METauIoB MOJTy4Yaldd B COOTBETCTBHU C peaknuen 21, B
cieayoonieil mnociuenoBarenbHOocTH: 1. CMelieHne KOMIIOHEHTOB, 2. IlmaBieHue B
KOPYHJIOBBIX TUTIISIX 10 TemiiepaTypbl 900-1000 °C B neun, ppurroBaHre Ha KBAPIEBYIO
MO/JIOKKY, U3MenbueHne GputTel. Takum oOpa3oM, OBUIM  TONMYYeHBI KAk
WHMBUTyalIbHbIe HUOOATHI IIEIOYHBIX METAILJIOB, TAK U UX CMECH.

Nb,Os + 2MOH => 2MNbO; + H,0 (21)

I'me M — Li, Na, K.

Jlo0aBKM BBOAWIM B MOPOIIOK AUOKCH]IA IUPKOHUS TTOCPEICTBOM CMEIICHUS B
iaHeTapHor MenbpHUIle. KonmmdecTBo mo6aBok BappupoBamu oT 0,5 go 5 macc.%.
Cwmenrenne TpoBOAWIIM B CPENI€ 3TaHOJA, BOABI WM aneToHa B teueHue 15, 30 u 45
MUHYT. [IpeccoBanue mpoBOAWJIM Ha TruApaBiandyeckoM mpecce. [IpeccoBanu B Buje
o0pa3ioB 40x3x3 MM B cTaJIbHBIX Ipecc-hopMax. JlaBiaeHne mpeccoBaHMsI BApbUPOBAIIU
or 50 mo 200 Mlla. [Ins moBBIMIEHHUS] OJHOPOJHOCTH IPEcCyeMoro o0pasiia, Takxke
npoBoMiIN (popMoBaHME OOpa3lOB Ha THAPOCTaTE B JATEKCHBIX (opmax B cpefe
OpraHUYECcKOro mMacia.

Kak mokazanu wuccienoBaHusS MHUKPOCTPYKTYpbl — 00pasioB, Haumbosee
OJIHOPOJIHBIE MaTepualibl ObUIM IMOJYyYEHBbl MPU CMEIICHUU TMOpPOIIKa W J00aBKU B
teuenue 30-45 munyt u npu hopmosaruu nipu 100 MIla (ruapaBnuyeckuii mpecc) Uiu

HCIIOJIB30BAHHUH THAPOCTATHYCCKOI'O IIPCCCOBAHU.

3.3.3 UcciienoBanme cieKaHUs CHHTE3UPOBAHHBIX 00pa310B, COAePKAIIUX
MHOT'OKOMIIOHEHTHBbIE 1002aBKHM HA OCHOBE HH00ATOB IEJTOYHBIX METAJIJIOB.
IIpoBeneHue (MJIATOMETPHYECKUX UCIIBITAHUM, pEHTTeHO(a30BbIX UCCICA0BAHMM,

aHAJIU3 MUKPOCTPYKTYPbI

B cunresupoBansbiii  moporok ZrO;, comepkammii pazIudHOE KOJUYECTBO
ctabunusupyromen no6aBku — Y03 - 3, 6 u 9 wmon%, BBOAWIM J00AaBKY

COOTBETCTBYIOIIETO HHOOATA MIEIOYHOT'0 METaJlIa B KOJIMUECTBE 710 5 Macc.%.
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Kak moxazanu uccrienoBaHusi, BBEJCHHE HHOOATOB MPUBOAMIO K YBEIHUEHHUIO

TEMIIEpaTypbl CIEKaHUS MO CPAaBHEHUIO C MaTepualaMH, COAEPKAIIUMHU CHIMKAThI
HIeJIOYHBIX MeTaiuioB. Hanbomnee BRICOKYIO TeMIepaTypy ClIEKaHHsI UMENIA MaTepHabl C
KNbO3;. D10 o0O0BscHsETCS MeXaHU3MOM JEHCTBHUS KaluiicojepiKkamiei 100aBKH,
KOTOPBIN MOYHO MPEICTaBUThH B COOTBETCTBUU CO CIAEAYIOIMIMMH YPAaBHEHUSIMU PEAKITHil:
2KNbO3 + ZI‘Oz — KzZI’O3+Nb205 (22)
C TMOCIEIYIOIIMM pPaclajoM [HUPKOHATOB Kajus, ypaBHeHHE peakiuu (23), ¢
oOpa3zoBaHueM HenpouyHoro m-ZrO; u okcuaa Kaiaus, KOTOPBIA UCTIApSETCS.
KszO} — ZI'02 + KzOT (23)
B pe3ynbrare neicTBHs KalukconepkKalmx 100aBOK 00pa3yroTCsl OKCUIbI KPEMHUS U
HUOOUS, HMEIOLIUE 3HAYUTEIbHO OoJiee BBICOKME TEMIEPATyphl IUIABIEHUS II0
CPAaBHEHUIO C HHUO0ATOM Kajusi, U KakK CIEICTBHUE, 3TO MNPUBOAUT K MOBBILICHUIO
TeMIiepaTypsl criekanus kepamuku 10 1550 - 1580 °C. Ha Gonee BBICOKYIO TEMIIEpATypy
(1350-1500 °C) cnekanuce TakXe Marepuabl, coaepIKaiiie 100aBKU Ha OCHOBE HHOOaTa
HaTpUs U JIUTUSI. ITO CBA3AHO C 00Jiee BHICOKOM TeMmepaTrypoil 00pa3oBaHUs pacIjiaBoOB
Huo6ara yutus (1257 °C) u auobara Harpus. (1420 °C) nmo cpaBHEHUIO ¢ CUIMKATaMHU
aHAJOTMYHBIX METAJIIOB.

[Tony4yeHHble KepaMHUECKHE MaTEpHUalibl, COJIECpKalMe HUOOATHI MICIIOYHBIX
MmeTauioB Li u Na B xonuuectBe 5 macc.% u 9 Mon.% Y,0s3, criekaiauch 10 IJIOTHOTO
COCTOSIHMSI NpH HU3KHX Temneparypax cnekanusa 1400 °C. Marepuansl
XapaKTepU30BAINCH OTHOPOAHON CTPYKTYpOU € pazMepoM KpuctamioB oT 0,2-1,5 Mkwm.
Marepuanel, cogepxaniue n106aBky NaNbOs, cnekanuce nipu 1500 °C u umenu Oosee
KPYMHOKPHUCTAINIMYECKYIO CTPYKTYpPY MO CPAaBHEHHMIO C MaTepUalaMH, COAEpKaUMU
n06aBky LiNbO;. MoxHO BBIIEHUTH 2 Ppakiuu KpucTawioB: Menkyo (0,2-0,3 Mkm) u
kpynHyto (1-5 mxm) (puc. 45). IlpouHocTh MaTepuaioB, COAEPKAUIUX HUOOATHI JTUTUS,
coctanisuia 10 525 MlIla mpu cniekanuu Ha 1350-1400 °C, a mpoyHOCTh HUOOATA HATPUS

10 385-435 MIlIa npu criekanuu Ha 1500 °C.
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Puc. 45 MuxkpocTtpykTypa kepamuueckux o0pasios, cnedeHHbix mpu 1400 °C u 1500 °C,
rJie Marepuaibl cojaepKaT J00aBKH, Ha OCHOBe (a) HuoOara juTHs, Ha OcHOBE (O)

HUO0OATa HATPHSI.

P®A mokazan, 4ro Marepuaibl, COAEpXkaIlue HUOOAT JUTHSA, COCTOSUIA B
OCHOBHOM H3 TETparoHaJbHOM (a3pl, 00JIajaroeld BBICOKOM MPOYHOCTHIO IO
CpaBHEHHWIO C MOHOKJIMHHOW. B ciydae HmobGara xanus ocHOBHas (pa3a — KyOMUECKUU
JTUOKCHJ] ITUPKOHMS, a HHOOaTa HATPUS — CMECh MOHOKJIIMHHOW W KyOwmdeckoul (a3

(puc. 46).
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Puc. 46 JludpakrorpaMMbl KepamuKH, COIEpKalier Kuaxkoha3zoo0pas3yrolime

100aBKM HUOOATOB IIEJTOYHBIX METAIIIOB.
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JlunatroMeTpudecKkue HCCICIOBAaHUS TIOKa3alu BIMSHUE M00aBOK Ha TpoIecc
cnekaHus. Marepuanbl, cojepxkamme —100aBKy, XapaKTepu3OoBajHch  Oosee
WHTEHCUBHBIM criekaHueM. W cnekanuch B 0osiee Y3KOM HHTEpBaje TeMIIEpaTyp.
Haunnyumme mokazatenu ObUIM y MaTEPHAIIOB, COACpKANUX J00aBKy HHOOATa JTUTHS,

T.K. €r0 TeMIlepaTypa IIaBJICHHs HIKE, 4eM Yy HuobOarta Hatpus (puc. 47).
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Puc. 47 3menenue qiinHbl o0Opasia B 3aBUCUMOCTH OT TEMIIEPATYpPhI, sl KEPAMUKH,

coJieprKaIien Kuakodazooopaszyromme J00aBKd HI00ATOB MIEIOYHBIX METaJIOB.
Tak, oOpa3ipl Kepamuiku, conepikamue ao6aBky LINDO;, mMenu wHTepBan

HanboJiee aKTUBHOTO criekaHus npu Temmeparype oT 600 o 1145 °C, NaNbO3; — ot 1000

10 1184 °C, KNbOs; — ot 1000 g0 1194 °C, konTposib — ot 1075 1o 1215 °C (puc. 48).
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Puc. 48 CkopocThb ycanku KEpaMHKH, COAEpIKaIied KXuakoha3zo000pa3yrolme

I[06aBKI/I HHO0ATOB MCJIOYHBIX MCTAJJIOB.

3.3.4 UccienoBanue BIUSIHUSA 100aBOK, HHTEHCU(PMIHUPYIOLIHUX NPOLECC CTIEKAHUS

nyTeEM OﬁpaBOBaHI/Iﬁ Ile(l)eKTOB B KpHCTﬂJ’lJ’IH‘ICCKOfI PeIICTKE

[TpoBoauIMCh MCCIEAOBAHUS BIMSHUS KOMIUIEKCOB J100aBOK cucteM Nb,Os -
Na;O - Fe;0s3, Nb,Os - NaO - NiO, Nb,Os - LioO - Fe,0O3, Nb,Os - Li;O — NiO,
WHTEHCU(DUIIMPYIONTUX TIPOIleCC CHEKaHWs IMyTeM o0pa3oBaHus JAePEKTOB B
KpUCTa/UTMUeCcKol pemieTke. [lo pe3ynpraTaM MOPUCTOCTH W MPOYHOCTH HAWUTYUIITHE
nokasarenu ObuUIM y Kepamuku coctaBa ZrO; - Y03 - Nb,Os - Li;O - Fe;,O3 mpu
temriepatype crekanus 1300 °C (tabma. 3). Pazmep kpuctamioB Bapsupyercs ot 0,2 10 2

MKM (puc. 49).
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Puc. 49 POM-u3o0paxkeHus: MUKPOCTPYKTYphl KepamMuku ¢ 9 mon. % Y203

conepskarieit modaBku LINbO3 u Fe;0s3, a - 1300 °C, 6 - 1400 °C.

Tabnuna 3. Pe3ynbrarsl U3MEpeHUd OTKPHITON TOPUCTOCTH U POYHOCTH IS

Kepamuku, cneueHHou npu 1300 °C.

JHlobaBka B ZrO; (9%
Y205)

OTtkpeITas

OPUCTOCTb, %o

[IpouHOCTS, MIIa

(TpeXTOYCUHBIN U3THO)

YucTelit 20,28 145
NDb,Os - Na,O - Fe;O3 5,64 249
Nb,Os - Na,O - NiO 3,47 256
NDb2Os - Li2O - Fe;0s 0,70 331
Nb,Os - Li,O - NiO 0,32 338

JIyist yMeHbIlleHUs pa3Mepa KPUCTAIOB OBLJIO PEIICHO MOHU3UTHh KOJUYECTBO
crabmmupyromei 106aBku (Y203) m0 3 moit. %, a Takke, Ha OCHOBAaHHUH TPEABITYIIIHX

JAHHBIX, HWCIOJB30BaTh B KadecTBe kuakodazoodpasyromieir m00aBku LINDOs;.

Kepamuka cniekanach J10 miaoTHOro coctostHus yxe ot 1200 °C (tab:. 4).
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Tabnuna 4. Pe3ynbTaThl U3MEpEeHUI OTKPHITON MOPUCTOCTH U MIPOYHOCTH, JIJIS

KepaMmuku, cieueHHoi mpu 1200 °C.

Jlo6aBka B ZrO; (3% Y203) | OTKpbITast MOPUCTOCTh, % | [IpouHOCTD, Mlla
(TpexToueyHsblil U3ruod)

YucTelil 11,35 71

NDb,Os - Li2O - Fe;03 0,26 321

Nb2Os - Li,O - NiO 7,27 24

CrieueHHast KepaMuKka 00J1agana OJHOPOJTHON MHKPOCTPYKTYpPOH ¢ pa3zMepoM 10

100 1M (1200 °C), 100-200 1M (1250 °C) (puc. 50).

Puc. 50 POM-u3o0paxeHuss MUKPOCTPYKTYphl Kepamuku ¢ 3 Moia. % Y20s,

conepskareit modaBku LINDO3z u Fe;0s3, a - 1200 °C, 6 - 1250 °C.

I[lo pesynbraram P®OA Obulo OOHApYyKEHO 3HAUUTENIBHOE KOJIUYECTBO
MOHOKJIMHHOU (Da3el y MaTepuasioB ¢ joOaBkamMu. TakuMm oOpa3oM, JaHHBIE HOOaBKHU
NOMHMMO BHECEHUS ACPEKTOB, AECTAOMIM3UPYIOT KepaMuKy (puc. 51). [ns ymyumenus

MIPOYHOCTHBIX CBOMCTB HEOOXOUMO 0OJIbIIIEE KOJUYECTBO CTAOUIIM3UPYIONICH J0OABKH
Y,0s3.
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Puc. 51 ludpakrorpamMmmer kepamuku coctaBa ZrO; - Y203 - Nb2Os - LiO - Fe,0s,

MIPY Pa3IMYHON TeMIEpaType.

Hcxons n3 rpaduKoB M3MEHEHHs JJIMHBI M CKOPOCTH YCaJIKH, MOYKHO CJeNIaTh
BBIBOJI, YTO HanOOJIee MHTEHCUBHBIM CIICKaHHeM oOJaana kepamuka coctaBa ND2Os -
Li,0 - Fe;03 (CK2411F3), conepxaimas 3 moi. % Y203, 10 oTHOMIEHHIO K yrcTomMy ZrO;
(CK-23). Takum oOpa3om, JOMOITHUTEIHLHOE BBEICHUE OKCHJIA XKeJle3a U OKCUIA HUKEIIS
MO3BOJIMIJIO 3HAYUTENFHO CHU3UTH Temmeparypy crekanus go 1200 — 1250 °C. Ilpu
OCTBHIBAaHMM HAOJIOIaeTCA TMEepexol B MOHOKIMHHYIO ¢a3y TMpH OYCHb HHUBKHUX
temneparypax (380 °C). Tak kak maTepuan HaHOKPHUCTAUIMYECKUM, TaHHBIA MPOLECC
uMeeT (PEHOMEHAIbHBIM XapakTep, MOCKOJIbKY CTPYKTypa KepamHKu 0e3 J00aBKU
NepexoauT B MOHOKIMHHYI0 (a3zy mpu 1050-1150 °C (pumc. 52, 53), uTo TaKxke

noaTeepxaaeTcs POA.
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Puc. 53 CkopocTh ycaaku KepaMUKH, cojepkaliei xuakodazoodpazyromnme 100aBKU
HUO0ATOB MIETIOYHBIX METAIIOB M OKCUIOB, 0Opaszyromux nedextsl, rae CK-2 — ZrO; -
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Y203, CK?2411F3 - ZI’Oz - Y203 -Nb205 - leo - Fezog,, CK24175N3 - ZI’OZ - Y203 -
Nb,Os - Li,O - NiO.

3.4 Pe3ynbTaThl OMOUCHILITAHMI in Vitro

C sr1oil Henpto ObuIa MOATOTOBJIEHA ONBITHAs MapTus 0Opa3LoB, MOKa3aBIIUX
HauOO0JIbIINE TPOYHOCTHBIE 3HAUEHUS U CIIEKAIOIIUXCS TPU HU3KUX TemnepaTypax. beuin
BbIOpaHbl MaTepHalibl C J00aBKOM CHiIMKaTa HAaTpus U HuoOaTa HaTpus. Takxke s

CPaBHEHHS UCCIICIOBAIIA YHCTHIN 0e3 100aBoK MaTepuai (Tadi. 5).

Tab6m. 5 CoctaB 00pa3ioB

I/ | Cocras O6o3Hauenne | OcHoBHas | PacmmdpoBka Macca, r
daza

1 Uuctsiii ZrO; 4 ZrO, 100% ZrO, 1,8

2 ZrO,+Na,SiOs3 4ysS ZrO, ZrO,+5% Na,SiO3 2,9

3 ZrO,+NaNbO; UN ZrO, Zr0,+5%NaNbO3 2,2

J11st GMOTOTUYeCKUX UCTIBITAHUN 00pa3Iiibl TOTOBUIIU B BUJIE TpaHys pazmepom 300
-800 mxmM. Ha mepBoM 3Tane npoBOAWIA UCCIEAOBAHUS HA OCTPYIO IMTOTOKCUYHOCTD Ha
BBITSDKKE M3 BOJHOTO pacTtBopa. B Tabn. 6 mpuBeneHsl AaHHBIE CTaTHCTUYECKOM
00pabOTKH MOTYYEHHBIX MPU KyJIHbTUBUPOBAHUU KJIETOK OCTEOCapKOMbI uenoBeka MG-

63 B BBITSDKKAX U3 00pa3lioB MaTEpPUAJIOB.
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Tabn. 6 lnnekc TOKCUYHOCTH A7t 00pa3I0B KEPAMUKH.

Craructryeckast 00paboTKa JaHHBIX
/s Matepuartet pH Benwuuna ontryeckoi Wnneke
(kepamMuKa) | BBITSDKKH | ILIOTHOCTH pacTBopa (popmasana, | TOKCHIHOCTH
(MTT-tect, ycm.en., M+o) (1Y), (%)
OTpull. KOHTPOJIb 7,5
0,542+0,021 100
(TTIPC)
[Tomox. KOHTPOJIb 7,5
0,050+0,002 9,2
(ITIPC ¢ JIMCO-20%)
1 Yucreiii ZrO; 1,7 0,447+0,029* 82,5
2 | ZrO,+Na;SiO3 7,8 0,512+0,016 94,5
3 | ZrO,+NaNbO; 7,8 0,435+0,024* 80,3

- CTaTUCTUYCCKHU AOCTOBCPHAA pa3dHULIa C OTPHUILl. KOHTPOJIEM <0,05).
’
HCCJ’ICI[OB&HI/IH IMoKa3aJii OTCYTCTBHC TOKCUYIHOCTH.

Ha BTOpOM 3Tame NMpoOBOIWIN HCCICTOBAaHUE IUTOCOBMECTUMOCTH Ha KIIETKaX
octeocapkombl 4enoBeka MG-63, KOTOPYIO OLIEHMBAIM MO HU3MEHEHHUIO ONTHYECKOU
IUIOTHOCTH PAacTBOpa, COJACPIKAILNEro JKHMBBIE KiIeTkH deinoBeka MG-63 (tadm. 7).
Bennuuna ontuyeckoi mioTHocTH pactBopa ¢popmazana (MTT-tect, ycn.en.) u IDKK (B
%, OTHOCHUTEIILHO KOHTPOJIS) MPU KYJILTUBUPOBAHUU KJIETOK OCTEOCAPKOMBI YEJIOBEKa

MG-63 Ha monucTupeHe (KOHTPOJIb) M MaTeprajjax B TUHAMHUKE.
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Tabu. 7 Pe3ynbrarhl UCCIeNOBaHUNM IUTOTOKCUIHOCTH

[1/u | CocTaB OnTtuyeckas IUIOTHOCTH pacTtBopa ¢opmazana u I[DKK
MATCPHAOB octeocapkoMbl yesnoBeka MG-63 nipu KyIbTUBHPOBAaHUH HX Ha
MOJIMCTUPEHE U MaTepuaiax B JIMHAMHKE
Icyt 4 cyt 6 cyT
Kontpoib 0,517+0,003 0,782+0,007 1,057+0,041
(Homicritper) 100,0% 100,0% 100,0%
1 ZrO; 0,517+0,002 0,864+0,003* 1,064+0,043
100,0% 110,5% 100,7%
2 ZrO,+Na,SiO; | 0,516+0,010 0,901+0,005* 1,054+0,037
99,8% 115,2% 99,7%
3 ZrO,+NaNbO; | 0,512+0,013 0,837+0,021 1,057%0,049
99,0% 107,0% 100,0%

*- CTaTUCTUYECKU JOCTOBEpHas pazHuila ¢ kKoutpoieM (p <0,05).

KynstuBupoBanue MG-63 Ha ONBITHBIX 00pas3ax MaTepuagoB MPOU3BOJIUIN B
TeueHue 1, 4 u 6 CyToK, pe3yyibTaThl MpeAcTaBieHbl B Tabu. 7. [lokazaHo, 4TO Kak B
KOHTpoJie (KJIETKM OCTEOCAPKOMBI  YEJOBEKAa Ha  KYJbTYpPaJIbHOM  IUIACTHKE
MOJINCTUPEHE), TAK U B OMBITE HA OOJBITUHCTBE 00PA3IIOB KEPAMUKHU MOMYJISIIHS KIETOK
B JUHAMUKE HAOJIOJACHUS PABHOMEPHO HapacTajia B TMepBbie 4 CyTOK, 3aTeM
HE3HAYUTEIBHO CHMXanachk. lloilydeHHbIE NaHHBIE CBUAETEIBCTBYIOT O HAJIUYUU Y
OOJILIIMHCTBA  HCCIICIOBAHHBIX  00pa3lioB CBOICTB

YMCEPCHHBIX MAaTpUKCHBIX

MOBEPXHOCTH.

PazpaboTannbsie coCTaBbl TPOJEMOHCTPUPOBAIH ITUTOCOBMECTUMOCTH, T.€.
OTCYTCTBUE TOKCUYHOCTH M HAJIUYME YMEPEHHBIX MATPUKCHBIX CBOWCTB MOBEPXHOCTH,

00€eCIeYnBaIOIINX PeaIU3aIUIo MPOJu(EepaTUBHOIO MOTEHIIMANIA KIIETOK OCTEOCAPKOMBI
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Opy KyJIbTUBUPOBaHUHM IN VItro go 6 cyrtok. Takum oOpa3oM, NpeIcTaBIseTCs
1eJIecO00pa3HbIM MPOBEJCHNUE NAIBHEHIINX MEIUKO-OMOIOTHYSCKUX TOKIMHUYIECKUX
UCCIICIOBaHUI  00pa3loB KepaMHKH, a WMEHHO, UX OHOCOBMECTHMOCTH W

OCTEOILIACTUYECKUX CBOMCTB iN VIVO.

BuiBOABI

1. YcTaHOBIEHO, UTO IPOBE/IEHUE OCAXKICHUS B PUCYTCTBUU BOJOPACTBOPUMOTO
NoJIMMepa - MoJUMaKpuiamMuaa U J100aBKM KapOOHAaTa aMMOHMS IO3BOJSET MOIYy4YaTh
MEHEE arperupoBaHHBIC W JUCIEPCHBIE MOPOIIKH JIWOKCHIA LUPKOHUS C YAEIBbHON
IIOBEPXHOCTBIO 10 51 M?/T.

2. YCTaHOBJIEHO BIUSHUE TEPMHUYECKOTO CTapEHUsl Ha JIUCIIEPCHOCTh U (ha30BbIN
coctaB nopouikoB ZrO;. BrIsABieHO, 4yTO B pe3yinbTaTe crapeHus B TedyeHue 100 gacos,
yIenbHAas IOBEPXHOCTh yBenamuuBaercs ¢ 50 go 160 M%r npum Temmeparype
npokanuBanus 450 °C.

3. BhbiABIEHO, YTO MNPOBEACHHE MEXAHOAKTHBAIIMM TMOPOIIKOB CIIOCOOCTBYET
NOBBIIICHUIO WX AaKTUBHOCTHM K CIEKaHUIO. OTO BBIPAXKAETCS B YBEJIUYEHUU
MHTEHCUBHOCTU Yycaaku B auama3zoHe temmneparyp 1000-1250 °C u ymeHblIeHUH
temneparypbl crekanus a0 1400 °C, yro Hmxe Ha 100-150 °C mo cpaBHEHHIO C
KepaMukoii 6e3 MA.

4. BeblgBiIeHO, YTO BBeJIEHUE J00AaBKM CHUJIMKaTa HaTpUs IO3BOJISIET
MHTEHCU(UIIMPOBATH MPOIECC CINEKaHUs U CHU3UTH TemIepaTypy cnekanus ao 1150-
1200 °C. IlomyuyeHHble MaTepUaldbl XapaKTEPU30BAIUCH IUIOTHOM OJHOPOJIHOMU
CTPYKTypol ¢ pa3mepom KpuctauioB 50-200 HM W BBICOKMM COJEpPKAHHEM
TeTparoHajabHOM (a3bl. [I[poyHOCTh MaTepuaaoB JAOCTUTANIa BHICOKUX 3HaueHur — 600-
620 MIla npu n3rube mpu HU3KKUX TemiiepaTypax cnekanus 1200 °C.

5. YcraHoBeHO BIUSHUE N00aBOK, 0Opa3yloIIMX paciiaB Ha OCHOBE HHOOATOB

menourbix MetamutoB LINDO3, NaNbO3;, KNbOs, Ha MUKpOCTPYKTYpY | (ha30BbIi COCTAB
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matepuanoB ZrO;, comepxkammx Y;03. [Tokazano, uro LINDO; B Gombieil crerneHu
CIIOCOOCTBYET CIEKAaHWIO MaTepuaja, MOTYYEHUIO IIOTHOW CTPYKTYPBI NMPU HU3KHUX
TeMriepaTtypax oOxwura. JlomomHuTenbHOE BBEACHUE OKCHAA >Kelie3a I03BOJISIET
WHTEHCU(DUITMPOBATH MIPOIIECC CIICKAHUS U TTOJYIUTh TUIOTHBIE MaTEPHUAIIbl TMPU HUZKUX
temriepatypax crnekanus 10 1200-1250 °C, yto nuxe Ha 200-250 °C no cpaBHEHHUIO ¢
MaTepuaiamu 0e3 100aBOK.

6. BpIsBIEHO, YTO BBEACHHE OKCHIa HUOOWS CrmocoOCTByeT (OPMHUPOBAHUIO
MEJIKOKPUCTAUNIMYECKONH KepaMUKH (pa3Mep KpUCTalIoB J10 2 MKM) Ha ocHOBe ZrO; npu
BBICOKHX TemrepaTypax crekanus — 1550 °C.

7. Ilo paHHBIM DKCHEPHMEHTOB N VItr0, TpPOBEJACHHBIX HAa MaTepHalax,
coJiep Kalux J00aBKM CHIIMKaTa HATpUs W HUOOATa HATPHSs, BBISIBJICHO OTCYTCTBHE
TOKCUYHOCTH JJI1 KJIETOK. Marepualnbl MOAJNEPKUBAIOT are3uto, Mposudeparuo u
pacriacTeiBaHhe KJIETOK. Pa3paboTaHHble MaTepuaibl IMEPCHEKTHUBHBI B KaueCTBE

UMIIJIAHTAaTOB AJIA 3aMCIICHUA ,ZIG(i)GKTOB KOCTHOM TKaHHM.
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Ipuiaoxenue

CrOucok MaTeHToOB U KPATKOE ONMHUCAHUE:

1. ITatent Ne 2 570 694 Kepamuueckuil maTepuan C HHU3KOH TeMIepaTypou
CIIEKaHUsI Ha OCHOBE KyOunueckoro auokcuaa iupkonus // Cmupaos B.B., Cmupnos C.B.,
KpeuioB A.U., bapunos C.M. (MMET PAH) - 2014150462/03, 3assn. 15.12.2014.
Ony0m. 10.12.2015. Broa. Ne 34. [Tarent Bomen B «100 nyumux nzodperennii Poccumn»
3a 2015 r.

Pedepar:

N300pereHue OTHOCUTCSA K 00JIACTH MOJIYYEHHs] BBICOKOIUIOTHOM KEpaMHKHU Ha
OCHOBE KyOWYECKOro NHMOKCHAA LUPKOHUS U MOXKET OBbITh MCIOJb30BAaHO B KaueCTBE
M3HOCOCTOMKHUX M3JENHM, a TaKKe B KauecTBe TBEPAOro 3ekrponuta. Kepamuueckuit
MaTepuaj Ha OCHOBE KyOMYECKOIro JUOKCH 1A IUPKOHHUS, CTAOUIN3UPOBAHHOTO 8 MOIL.%
OKCUJAa HWTTPHUS, COJAEPKUT A00aBKYy CHJIIMKAaTa HaTpusi B KojauyecTBe 2-5 wmacc.%.
TexHuyeckuii pe3ynbTaT U300pETEHUs] - TOJYYEHHUE MaTepualia TOBBIIICHHOU
MIPOYHOCTH, CIEKAIOLIETOCs 10 MUIOTHOTO COCTOSIHUA MpU HU3KoW Temmneparype 1130-
1150°C. IlonydeHHblii MaTepuang XapakKTEpU3YETCS OTHOPOJHOM CTPYKTYpOM C
OTKpBITOW mopuctocthio MeHee 1%, pasmepom kpuctaiioB 80-120 HM U BBICOKUMU
MEXaHUYECKMMHU XapaKTepUCTUKAMU: MPOYHOCThIO mpu u3rude He menee 300 MIla u
TPEIMHOCTOMKOCTHIO He MeHee 6,0 MITaxmY/2,

2. IMatent Ne 2 572 101 RU Kepamuueckuit Matepuai ¢ HU3KOM TeMIiepaTypoit
CIIEKaHMsI HA OCHOBE JMOKCHAA LIUPKOHMS TETparoHaJibHOW Moy dukanuu // bapuHoB
C.M., Auronosa O.C., Cmupnos B.B., Cmupnos C.B., KpsuioB A.U., ApcentbeBa M.I1L.
3asBka: 2014153390/03, Omy6:1. 27.12.2015.

Pedepar:

N300perenue OTHOCUTCSA K 00JIACTH MOJIYYCHHs] BBICOKOTUIOTHOM KEpaMHKH Ha
OCHOBE TETParoHaJIbHOTO JUOKCU/A LIMPKOHUS. PazpaboTaHHble MaTepuaibl MOTYT OBITh

HCIIOJIBb30BaHbl JJIA ITOJIYUCHUSA U3HOCOCTOMKUX HSHCHHﬁ, PEKYIECTO HMHCTPYMCHTA,
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KepaMUYECKUX TMOIIUITHAKOB, MEIUIIMHCKIX HEPE30pOUPYyEeMbIX HMIUIAHTATOB.
Kepamuueckuii Matepuan Ha OCHOBE AMOKCUAA LUPKOHUS, CTaOMIM3UPOBAHHOrO 3
MOJI.% OKCHJIa UTTPUS, COJIEPKUT JI00aBKY CHUIIMKATa HATPHs B KoiudecTBe 2-5 macc.%.
TexHuyeckuit pe3ynpTaT U300peTEHUS - YBEJIMYEHUE NPOYHOCTH MaTepuana,
CIIEKAIOIEeroCsl JI0 IUIOTHOTO COCTOSIHUS Tpu Hu3koi Temreparype 1130-1150°C.
[lonyyeHHBId MaTepuan XapaKTEPHU3YETCSd HAHOKPUCTAILUIMYECKOW CTPYKTYpPOU,
nopuctocteto MeHee 0,01% © BBICOKMMM MEXAaHMYECKHMMH XapaKTEPUCTUKAMM:
MIPOYHOCTHIO TIpH M3rnde He meHee 350 MIIa.

3. ITatent Ne 2 665 734 RU Kepamuueckuii MmaTepuan ¢ HU3KOH TeMIepaTypoi
CIIEKaHUsl Ha OCHOBE JHUOKCHUAA IUPKOHUS TeTparoHajabHON moaudukanuu. CMUPHOB
B.B., Cmupnos C.B., O6onkuna T.O., AatonoBa O.C., Kouanos I'.I1., bapuaor C.M.
3asBka: 2017139279, Ony6a. 04.09.2018.

Pedepar:

N300peTeHne OTHOCUTCS K 00JIaCTH MOJTYy4YeHUs BBICOKOIJIOTHOM KepaMUKH Ha
OCHOBE TETPAaroHaAJIbHOTO JUOKCUIA UPKOHUS. TEeXHUUECKHUI pe3ybTaT n300peTeHUS -
YBEIIMYEHUE TPOYHOCTH MATEPUATIOB, CIEKAIOMIMXCS A0 IUIOTHOTO COCTOSIHUS MpPH
Huzkon Ttemmeparype 1300-1350°C. Kepamuueckuit maTepuan COAEPXKHUT T00aBKY
HUOOaTa nUTHUA B KoduuecTBe 2-5 macc.%, 00pa3yrollylo HH3KOTEMIIepaTypHBIN
paciuias. [losmydeHHbINM MaTepran XapakTepU3yeTcsi HAHOKPUCTAIUIMYECKOU CTPYKTYpOU
U BBICOKUMH MEXAHUYECKUMH XapaKTEPUCTUKAMU: MPOYHOCTHIO MIPU U3THOE HE MEHEee
500 MIla. Pa3paGoranHbie MaTepuaabl MOTYT OBITH HCIIOJIB30BAHBI JIJISI TIOJYyUCHHUS
W3HOCOCTOMKUX W3JEIUN, PEXKYIIEro WHCTPYMEHTa, KEPAMHUYECKUX MOAIMIUITHUKOB,
MEJIUIIMHCKUX HEPE30pOUPYEMBbIX UMITJIAHTATOB.

4. TTatent Ne 2 675 391 RU Kepamuueckuit Matepuai ¢ HU3KON TeMIiepaTypoi
CIIEKaHUsl Ha OCHOBE JHMOKCHAA IIUPKOHHUS TeTparoHajabHON moaudukanuu. CMUPHOB
B.B., Cmupnos C.B., O6onkuna T.O., AaronoBa O.C., Kouyanos I'.Il., bapunos C.M.
3asBka: 2017138448, Ony6a. 19.12.2018.

Pedepar:

N300peTeHne OTHOCUTCS K 00JIaCTH MOJy4YeHUs BBICOKOIIJIOTHON KepaMUKH Ha

OCHOBEC TCTPAroHaJIbHOI'O AMOKCH A IUPKOHUA U MOXKET OBITh MCIIOJIB30BAHO B KAYECTBE

126



M3HOCOCTOMKHUX H3ACNHHI, PEXKYIIEro MHCTPYMEHTA, KEPaMUUYECKUX MOIIIUIHUKOB, a
TaKk)Ke€ MMIUIAHTATOB JJIsi 3aMEIIeHHUs KOCTHBIX AedekToB. Kepamumueckuii matepuan
MOJIYYarOT U3 IUXTHI, coepxalieit macc.% 2-5 cunukara Hatpus, 0,5-2 okcuia xenesa
u 93-97,5 TeTparoHaJbHOTO AMOKCHAA IHUPKOHUSA, CTAOWIM3HUPOBAHHOTO OKCHIIOM
uttpus. [lonydeHHbI MaTepuan XxapakTepu3yeTcss HAHOKPUCTATUIMUECKOU CTPYKTYPOi €
pazmepom kpuctaiioB 50-100 HM, OTKpBITOM OpUCTOCTHIO HE 6oiee 0,01% u BeiIcOKUMU
MEXaHUYECKUMHU XapaKTepUCTUKAMH: MPOYHOCThIO Ipu m3rude He meHee 400 Mlla.
TexHuueckuil pe3yibTaT HW300pETEHUs - YBEJIWYEHHWE TMPOYHOCTH MaTEPHUAIIOB,
CIIEKAIOIUXCA JI0 TJIOTHOTO COCTOSIHUS MpU HU3KOM Temmeparype 1250 °C, uto ctano
BO3MOYKHBIM B pe€3yJIbTaT€ COBMECTHOTO MCIOJIb30BaHUS JTOOABOK CHUJIMKATA HATpUS U
OKCHJA JKeJe3a.

5. [Marent Ne 2 710 341 RU Kepamuueckuii MaTepuall ¢ HU3KOM TeMIepaTypoi
CIIEKaHUsI HAa OCHOBE CHCTEMBI JHMOKCHJA LUHUPKOHMS - OKCHUIA ATIOMHHHUS - OKCHJIA
kpemuuss CmupnoB B.B, O6onkuna T.O., CmupnoB C.B., l'onpaoepr M.A., bapunon
C.M. 3asgBka: 2019107659, Ony6:x. 25.12.2019

Pedepar:

N300peTeHne OTHOCUTCS K O0JACTH MOJYYEHHUs BBICOKOIJIOTHOM KEpaMUKH Ha
ocHoBe ZrO2-Al;03-SiO,. Pa3paboranHble MaTepraibl MOTYT ObITh MCIOJIB30BAHBI IS
MOJIYYEHHUS OTHEYIIOPHBIX W3JEJIHI, BBICOKOTEMIIEPATYPHBIX JETaNE€H MAIIMH U MIEYHOTO
obopynoBanusi. Kepamuueckuii Marepuajl UMEET CIEAYIOIUNA XUMHUYECKUN COCTaB,
macc.%: Al,O3 53-61, ZrO,, crabunusupoBannbiii Y,03, 26-36, SiO, 6-16, MnO 1-5.
Marepuan cnekaercs 40 INIOTHOTO COCTOSIHUA TTpU HU3KoW Ttemmneparype 1250-1350°C,
YTO CTajJ0 BO3MOXHBIM B pe€3yJbTaTe MCIOJb30BAHMS JT00ABKM OKCHJA MapraHua.
[Tomy4yeHHBIN MaTEpUall XapaKTEPU3YETCsl MEIIKOKPUCTATUIMYECKON CTPYKTYPOU, HU3KOU
MOPUCTOCTHI0O U BBICOKUMU MEXaHMUYECKMMH XapaKTEPUCTUKAMHU - MPOYHOCTHIO MpHU

n3rube ot 270 MIla no 420 MIIa nmpu 1250°C u 1350°C, cOOTBETCTBEHHO.
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