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BBEJAEHHUE

HeocnabeBarommii wHTEpeC K OKCHAaM pP— W O-TIEPEeXOAHBIX METAIUIOB Yy
HCcienoBaTeNiell B HaIIeW CTpaHe W 3a PyOEKOM OOBICHSIETCS TEM, UYTO CHUCTEMBI U
MaTepuagbl Ha HMX OCHOBE XapaKTEpU3YIOTCA YHHMKAIbHBIMH  (PU3NYECKUMH,
XUMUYECKUMH, 3JIEKTPUUYECKUMHU, MEXAHMYECKUMHU CBOMCTBaMU. Pa3paboTka HOBBIX
METOJIOB CUHTE3a OKCUAHBIX (YHKIMOHAJIBHBIX MAaTEpUATIOB C 3apaHee 3aJaHHBIMU
CBOMCTBaMHU TpeOyeT 3HAHUI WX TEPMOJMHAMHYECKUX XAPAaKTEPUCTUK. TaKk KaK CHHTE3
Y DKCIUTyaTalusl OKCHIHBIX (PYHKIMOHAJIBHBIX MATEPHUANIOB, KaK MPAaBHJIO, CBS3AHBI C
BBICOKMMHM  TEMIIEpaTypaMH, TO HEOOXOIMMBbI HCCIEAOBAaHUS IPOLECCOB HX
napooOpa3oBaHus ISl ONpPENENIEHUsl COCTaBa Ira3oBoi (has3bl, BEJIMYUH MAPLUUATBHBIX
JaBJICHUN, IOCTPOEHUS p—X ceueHUl monHoil p—T—x (a30BbIX AUarpaMM 3THX CHCTEM.
Kak npasuiio, nono6nyto nHpopmanuio noiryqaroT 3¢pdy3noHHsIM MeTogoM KHyicena ¢
MacC—CHEKTPaIbHbIM aHAJIM30M MPOAYKTOB MCHAPEHHS U METOJaMU XHMHYECKOTO M
P®A ananuzos.

AKTYAJILHOCTH T€MbI

O0bexTamu uccjie0BaHUs HACTOSIIE padoThl ObUIN MATh ABOMHBIX CUCTEM —
A|203—A|N, Aleg—MgO, LizO—T&zO5, ZnO—Nb205, ZnO-PbhO.

B nByxkommnoneHnTHbIX cucteMax Al,O3—AIN, Al,O3—MgO Hanbobuii HaydHbIH
U TIPAKTUYECKUN MHTEPEC MPEJCTABISIOT COSUHEHUSI ¢ KYOMYECKOW CTPYKTYypOH THIa
mmuHen 9AlLO3-5AIN (Alx3027Ns), MgALO4, koTOpBIE XapakTepu3yrTCs HaOOpOM
WHTEPECHBIX XUMHUYECKMX W (PU3UYECKUX CBOMCTB. OTH COCIUHEHHS, HMEIOIINE
KyOMYECKYI0 KPUCTALTUMYECKYIO PEIIETKY, MOTYT HCIOIb30BAThCA IS TOJIYYCHUS
MOJUKPUCTAIIMYECKOTO ONTUYECKH HW30TPOIMHOTO MPO3PAYHOTO [JIi BUIAMMOIO U
yactTuuHO st MK-—um3nydeHuss marepuaiia, KOTOPbIM B COYETAHUH C TEPMHUUYECKOU
CTaOWJIBHOCTBIO U yIAapHON MPOYHOCTHIO MOXKET 3(h(HEKTUBHO HCIOIB30BATHCS,
HarpuMep, NpH 3allUTe JUYHOIO COCTaBa PAa3UYHBIX CHJIOBBIX CTPYKTYp W IS
oOTekaTeleld pakeT, JICTAIIMX Ha HEOONBIION BbICOTEe. braromaps XuMUYecKon
WHEPTHOCTH M HU3KOMY KOA(DPUIMEHTY TEPMHUYECKOTO DPACIIMPEHUS KepaMHUUECKHe
matepuaisl u3 9Al,03-5AIN, MgAIl,O4 MoryT OBITH HMCIIOJIB30BaHbI KaK MAaTPHIIBI IS
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HAaHECEHUs KaTain3aTopoB. HecMoTps Ha MHMPOKHUA HAOOpP BBHICOKUX (PYHKITMOHATHHBIX
CBOMCTB 3TU KEPAMUYECKHE MAaTEpHUalIbl CETOJIHSI HE HAXOAST MIUPOKOro MPUMEHEHUS B
MIPOMBIIIUIEHHOCTH U TeXHHKe. CBsI3aHO 3TO, TJIABHBIM 00pa30M, ¢ JOPOTOCTOSIIIIUMH U
CJIOKHBIMH BBICOKOTEMIIEPATYPHBIMU TEXHOJOTUUYECKUMH TMPOIECCAMU TOJyYEHUS
mmuHene. OgHy U3 NpUYUH MOJOOHOM CHUTyalldd MOKHO OOBSCHUTH OTCYTCTBHEM
HAJCKHBIX TEPMOJMHAMHYECKUX XapaKTEPUCTHUK MPOILIECCOB MapooOpa3oBaHUs B
cucremax Al,O3—AIN, Al;O3—MgO u craHgapTHBIX SHTAIBIHNA 00pa30BaHUS IITHHETH
9A|2035A|N (A|23027N5), MgA|204.

B HacTosimiee BpeMs TaHTaIaThl U HUOOATHI JIUTUSI paCCMaTPUBAIOTCS KaK OJHU U3
CaMbIX MHTEPECHBIX M TNEPCHEKTUBHBIX NOJUPYHKIMOHAIBHBIX MAaTEpUAJIOB B
anektponuke. LiNbOs; u LiTaO3 mnpenctaBisioT HauWOOJBIIUN HMHTEPEC Cpeau
coequHeHM, oOpasyronmxcs B cuctemax LioO—Nby,Os u Li,O-Taz0s. DT cMmenranHbie
OKCHUJIbl SIBJISIIOTCS CETHETORJICKTPUKAMU W 00JIaJlal0T YHUKAJIbHOW KOMOMHAIIMEH
ANEKTPOONTUYECKUX, AKYCTUUYECKUX, IbE30JICKTPUUECKUX, MNUPOIIEKTPUUECKUX U
HEJIMHEUHBIX ONTUYECKUX MTOKa3aTelen, UTo JieJlaeT UX MOAXOAAIMMU MaTepruagaMu JJis
MIPUMEHEHUSI B aKyCTO— M ONTORJIEKTPOHUKE, ONTUKE U Ja3€pHOM TEXHUKE, CHCTeMax
CBsI3U M aBToMaTuku U T. A. Ha ocnoBe LiTaOs3; co3maH u 3amaTeHTOBaH Martepuall
TBEPJIOTO DJIEKTPOJIUTA ISl TUTUH—MOHHBIX Tepe3apsokaeMbix Oarapeil. TantanmaTel u
HuoOatel utus crexuomerpun Li,O:Ta(Nb),0Os=1:3 ncciiej0BaHbl B MEHBIIICH CTEIICHH.
[lepcrieKTHBBI UCTIOIL30BaHUS MOJOOHBIX COEAMHEHUN B KAUYECTBE aHOTHOI'O MaTepuasia
B JIMTHI-MOHHBIX Oarapesx CBA3aHbl C JBYXJJIEKTPOHHBIM Iepexomom M —M3,
Oylarogapsi KOTOPOMY MOKET ObITh JIOCTUTHYTa BBICOKasi eMKOCTh OaTapeu. [lokazaHo,
yTo LiNb3Og siBIsIeTCS (hoTOKATAIM3aTOPOM BOCCTAHOBJICHHSI BOJIBI 10 BOAopoaa B Y D—
U3ITy4YCHUH, a KOMOMHAIMS C TAHTAJIATOM MEIN UMEET aKTHBHOCTh B BHJIMMOM CBETE.
HenaBHO MOSIBUIIOCH COOOIIEHUE, YTO KPUCTAITHYCCKUI rentaTanTanaT Jutus LizTaOe,
COTJIACHO TEOPETHYECKHUM pacyeTaM, JOJDKEH XapaKTepU30BATHCS BBICOKOW JIUTUM—
HOHHON TIPOBOJAMMOCTBIO. YacTo CHHTE3 TaHTAJIATOB JIUTUS B BHUJE OOBEMHBIX
MOHOKPHCTAJIJIOB WJIM TOHKUX IJICHOK COJICP>KUT BEICOKOTEMITEPATYPHYIO CTAINIO0, KOTa

mpolieccaMu CyOJMMMalui YK€ Helb3s NpeHeOperarb, MO3TOMY BeChMa aKTyallbHbI
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WCCIICJIOBAHMSI TPOIIECCOB MmapooOpazoBanus B cucteme Li,O-TaOs. Jlns cozmanus
JUTUN WOHHBIX aKKyMYJSTOPOB C OMPEACICHHBIMUA SJIEKTPUUCCKUMH M €MKOCTHBIMHU
XapaKTepUCTUKaMH Ha  OCHOBE  TAHTAJIATOB  JHUTHS  HEOOXOIWMBI  3HAHUSA
TEPMOIMHAMHYCCKUX XapaKTEPUCTHUK BCEX CMEIITAHHBIX OKCHIOB, 00Pa3yIOIINXCS B 3TON
CUCTEME.

Oxcuapl CBUHIIA W IIMHKA — OJHU M3 OCHOBHBIX KOMIIOHEHTOB MHOTHX CTEKOJI C
pa3TUYHBIMHA CBOMCTBAMHU M HA3HAYCHUEM, ONITHYCCKUE, TEPMUICCKHAC I MEXAaHUICCKUE
XapaKTePUCTUKHN KOTOPBIX CYIIIECTBEHHO 3aBUCST OT UX COCTaBa. B TeueHune IIuTensHOM
BBICOKOTEMIIEPATYPHOM BapKHd CTEKJIa COCTaB IMUXTHI MOXET HEKOHTPOJIUPYEMO
MEHSATHCS HE TOJIBKO 3a CYET Pa3HOH JIETy4eCTH KOMIIOHEHTOB, HO M 32 CYET 00pa30BaHUs
CJIOHBIX OKCHJIOB B Ta30BOH (paze, YTO HEM3OEKHO JIOJDKHO MPUBECTU K U3MEHEHUIO
CBOWMCTB  TMOJy4a€MOro CTekna. B CBA3M ¢ O3TUM  BeCbMa  AKTyaJbHbI
BBICOKOTEMIIEPATYPHBIC HCCIICIOBAHUS COCTaBa HACHIIICHHOTO Tapa HaJ CIOXKHBIMU
OKCHJIHBIMH CHCTEMaMHU |, B YaCTHOCTH, HaJ| cuctemMoit PbO-ZnO0O.

Oxcuapl IMHKA W HUOOWS SIBJISIFOTCS TEPCICKTHBHBIMU KaHJAWIATaAMH IS
npuMeHeHus: B (OTOKaTaIU3e, OHU HMEIOT CXOXKYI0 IMUPUHY 3aMpelieHHON 30HbBI C
OKCHJIOM THTaHa W MOTYT HCIOJb30BAaThCs B KadecTBE (OTOKATANIM3aTOpOB B YD—
Jara3oHe, 0COOCHHO TS peaKIuu oO0eclBeurBaHus U poToIerpagaliuyl KpacuTeaeh u
UHINKATOPOB, UMUTHPYIOIINX CTOYHBIC BOJBI TEKCTHIILHOW MpOMbIIUIEHHOCTH [1,2].
Huo0aTel IIMHKA TaK K€ SABJSIOTCS MEPCICKTUBHBIME MaTepUaIaMH JJIs PUMEHEHHS B
Ka4eCTBE JJIEKTPOJOB B JUTHH—HMOHHBIX akkymyssaropax [3]. Kepamuka Ha ocHOBe
CMEIIIAaHHBIX OKCHIOB, oOpasytomuxcs B cuctreMe ZNO—Nb,Os, OGrmarogaps coueTaHuio
TaKMX CBOWCTB KaK BBICOKAS JUAJICKTpHUYECKas TPOHUIIAEMOCTb, JJICKTPUYCCKas
T0OPOTHOCTD, HU3KHAM TEMIIEPATYPHBIN KodhpurreHT JUAJIEKTPUUYECKOM
MPOHUIIAEMOCTH OOYCIIOBJIMBACT IMPUMEHHMOCTh TaKHX MAaTepHalOB B KadeCTBE
nomnoxkek CBY—mukpocxem, IUAJICKTPUYECKHX PE30HATOPOB ©  (PHIBTPOB B
MHUKPOBOJHOBOM auama3one [4-6]. Kpome Toro, coenuuenus ZnTazOgs, ZnNb,Og u ux
KOMOHWHAITUH MOTYT OBITh HCITOJIh30BaHbI KaK HU3KOBOJIbTHBIE KATO IO TFOMUHUCIICHTHBIE

JIOMUHOQOPHL B JHUCIUIEAX C ABTORJEKTPOHHOM SMHCCHMEN WM BaKyyMHO—
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JTFOMUHHCIEHTHBIX HHAuKatopax [7,8]. LleneHanpaBieHHbI CHHTE3 STUX CMEIIAHHBIX
OKCHJIOB U HCIOJIb30BAHWE UX IPHU BBICOKUX TEMIIEpATypax BO3MOXKEH TOJBKO, €CIU
U3BECTHBI UX TEPMOJIMHAMUYECKUE XAPAKTEPUCTUKHU.

Hean padoThl

[{enpro maHHO# pabOTHI ABISAIACH pa3pabOTKa TEPMOAMHAMUYECKUX OCHOB
IOJIyYEHHUS HOBBIX MaTepHaIOB Ha Oa3e ABYXKOMIOHEHTHBIX cucteM Al,Os—AlN,
Al;,03-MgO, Li,0-Ta,0s, ZnO—Nb,0s, ZnO—PbO ¢ npumenennemM 3¢ ¢hy3noHHOTO

meroaa KaynceHna ¢ Mmacc-CrieKTpaabHBIM aHAJIM30M Ta30BOH (hasbl.

I[JI?I JOCTHKCHUS ITIOCTABJICHHBIX ueneﬁ OBUIH TTOCTABJICHBI U PCUICHBI

CICAYIOIIHC 3ada4uu:

1. Cunresuposansbl coenunenus 9A1,03-5AIN (Alx3027Ns), MgAIL Oy,

M3YYEHBI MPOLIECCHI UX MapOo0Opa30BaAHUS.

2. CKOHCTpyHpOBaHa, coOpaHa M UCII0JIb30BaHA OpUTHHAJIbHASL YCTaHOBKA
JUTsl CUHTE3a Y—(pa3bl OKCOHUTPHU/IA ATIOMUHHUA B YCIOBHUSIX HU3KOIO BaKyyMa

(p> 1I1a), Hammycka MHEPTHOTO ra3a, a3ota npu temmneparype T ~ 2000 K.

3. M3yueHo B3auMOJIEHCTBUE OKCH/Ia M HUTPUIA aJTIOMUHUS B BAKyyMe U TpU

Pa3INYHOM JaBJICHHUHU a30Ta.

4, CdhopMynupoBaHbl OCHOBHBIE TPEOOBAaHHS K METOIUKE TTOTYUCHUS
MIPO3PAYHBIX MaTEPHUATIOB HA OCHOBE OKCOHHUTPHU/IA ATFOMUHUS 1 MarHUEBOH

IITTHCIIN.

5. CunTe3upoBaHbI pa3audHbie coctaBbl cucteM Li,O—Tay0s, ZnO-Nb,Os,
ZnO-PbO. da3oBsIii cocTaB 00pa3IOB MOATBEPIKIATH METOTaAMHU

peHTreHo(ha3oBOro u peHTreHO(PIIYOPECIICHTHOTO aHATU3aAMH.

6. M3ydeHbl mporiecchl MapooOpa3oBaHusl pa3IMYHbIX cOCTaBOB cucteM Li,O—
Ta,0s5, ZnO-Nb;0s, ZnO-PbO, moctpoeHsl P-X cedyeHHss MOJHBIX P-T-X

(1)21301351)( auarpamMm 3THUX CUCTCM.



HavyuHast HOBH3HA

1. YcraHoBieH coctaB HachimeHHoro napa B cucremax Al,Os—AlIN, Al,0;—MgO.
PaccuntaHbl cTaHgapTHBIC SHTAIBINNA 00pa30BaHUS HECTEXHMOMETPHUSCKUX IIMAHETCH
9Al;03-3.3AIN u MgAl;04-0.793Al,03. OmpenencHbl  aOCOJIOTHBIC  BEJIUYMHBI
naplyaIbHBIX JaBJICHWI HACHIIIICHHOTO Mapa Haj (a3amul MIMUHENEH W YCTaHOBICHBI
TEPMHUYECKHUE YCJOBHSI CHHTE3a CTEXHOMETPHUYECKHX (a3 C yAOBICTBOPUTCIHHBIMU
ONTHYECKUMHU XapakTtepuctukamu. CKOHCTpyHpoBaHa, coOpaHa ¥ WCIOJb30BaHa
OpUTHHAJbHAs YCTaHOBKA JUIsl CHHTE3a Y—(]a3bl OKCOHUTPHIA AIFOMHHHS B YCIOBHSIX
HU3KOro Bakyyma (p> 1Ila), Hamycka mHEpPTHOro rasa, azora mpu Temmeparype T ~
2000K. CopmynnpoBaHbl OCHOBHBIE METOIMYECKHE TPEOOBAHUS AJIs MPSIMOIO CUHTE3a
AJIOHa ¢ y1oBneTBOPUTEIbHBIMU ONITHYECKUMHU U MEXAHUUYECKUMU XapaKTEPUCTHUKAMHU.

2. YcraHoBiIeH cocTaB ra3oBoi ¢asel B cuctemax Li,O-Tay0s, ZnO-Nb,Os,
Omnpenenenbl aOCOMIOTHBIE BEJIWYMHBI MApUUAIBHBIX JIaBJICHUM M TIOCTPOEHBI pP—X
CEYEHMs MOJIHBIX p—I—X (a3oBbIX auarpamm 3Tux cuctem. Ilo 2— u 3—My 3akoHam
TEPMOJIUHAMHKHN PACCUYNTAHBI CTAHAAPTHBIC PHTANBINH PsAaa TeTepoda3HbIX PEaKInid U
CTaHIAPTHBIC dHTANbIHMKU oOpasoBaHus TaHTanatoB auTus LizTaOs, LisTaO,, LiTaOs,
LiT&gOg 1 HU00ATOB IIMHKa anszog, Zan206, anNb34087.

3. YcraHOBIICH COCTaB HAChIIEHHOTO mapa B cucteme PbO-ZnO, ompenencHbl
SHTAIBINKN CYOJIMMAIlMK OCHOBHBIX KOMITOHEHTOB Ta3oBOW (ha3bl W CTaHAApPTHBIC
SHTAJILIIUU 00pa30BaHMs TBEepAOro okcuaa cBuHia u mojekyn PbO, (PbO),, (PbO)s,
(PbO),. TlokazaHo, 4TO B PaBHOBECHOM Tape MPUCYTCTBYIOT MOJICKYJIbI CMEIIaHHBIX
okcunoB o601el hopmynsl PbnZnmOnim. 1o 2-My 3aK0HY TEpMOAMHAMUKHN PACCUYUTAHBI
WX CTaHJIaPTHBIC SHTAIBITUU 00pa30BaHUA.

IlpakTnuyeckas 3HAYMMOCTb.

YcTaHOBJIGHHBIE B HACTOAIICH paboTe TEPMOAMHAMUYECKHE W KHHETHUECKHE
XapaKTEPUCTHKHU TPOIECCOB CHHTE3a M MAapo0Opa30oBaHusl MIMUHEICH HEOOXOIUMBI TS
pa3pabOTKM METOAOB TOJYYEHUS OTHUX COCJUHEHHN C  YJIOBJIETBOPUTEIbHBIMU

ONTUYECKUMHU U MEXAaHUUYECKUMHU (YIapOCTOMKHUMU) CBONCTBAMH.



[Tomy4yeHHbIE B pabOTE TEPMOAMHAMUYECKHE XaPAKTEPUCTHUKN TAHTATIATOB JINTHUSA,
HHO0ATOB IIMHKA W MOCTPOCHHBIC P-X cedeHust Ga3oBbix auarpamm Li;O-Ta,0Os, ZnO—
Nb,Os HEoOXOAMMBI MPH  CO3JAHUH  BBICOKOI(DPEKTUBHBIX  OMTOIICKTPOHHBIX
(GYHKIIMOHATBHBIX MATEPUAJIOB, TUAJIEKTPUICCKON KEPAMHUKH C BRICOKUMH (DPU3HUESCKIMHU
U CEHCOPHBIMM XapaKTepUCTUKAMHU. DKCIUTyaTanus (PyHKIIMOHAIBHBIX MaTEpHaJIOB Ha
OCHOBE TAHTAJATOB JIUTHUS K HUOOATOB IIMHKA C COXPAHEHHUEM HMCXOJIHBIX XapaKTEePUCTUK
HEBO3MOJKHA 0€3 3HAHHI OCHOBHBIX TEPMOJINHAMUYICCKUX XapaKTEPUCTHUK cucteM Li,O—
Ta205, ZnO—Nb205.

OmHUMHU U3 OCHOBHBIX KOMITOHEHTOB MHOTHX CTEKOJI C Pa3IMIHBIMH CBOMCTBAMU
SIBJITFOTCSI OKCH[IBI IIMHKA W CBHWHIA. B Te4YeHME MIMTETHHON BBICOKOTEMIIEPATYPHOU
BapKH CTEKJIa COCTAB IIUXThI MOKET MEHATHCS 32 CUET PA3HOMU JIETYYECTH KOMIIOHEHTOB
U 3a cyeT oOpa3oBaHUs CIOXXHBIX OKCHUJIOB B ra3oBOM (paze, 4TO HEU30EKHO TOJKHO
MPUBOJIUTH K U3MEHEHUIO CBOMCTB MOJy4aeMOoro cTekJia. B ¢Bsi3u ¢ 3TUM BeCbMa BasKHBI
C TMPAKTUYECKOM TOYKM 3pPEHHUS BBICOKOTEMIEPATYpHBbIE HCCIEAOBaHUS COCTaBa
HaCBIIIEHHOTO Tlapa Haj cucteMoit PbO-Zn0O.

IloJ10KeHNs1I BLIHOCUMbIE HA 3aLIMTY.

1. Pe3ynbTaThl MacC—CIEKTPAIBLHOIO UCCIICIOBAHUS MPOLIECCOB Mapo0Opa30BaHU
cucrem Al,O3—AIN, Al,03-MgO, onpenenenne coctaBa razoBoil (aspl, aOCOIOTHBIX
BEIIMYMH TAPIUAIBHBIX JaBJICHUHN, OHHTAIBNUN psga TreTepoda3HbIX peakiuid |
obpazoBanus HecTexuomerpuueckux mmnuaeneir 9Al,03-3.3AIN, MgAl,04:0.793Al,03 u
MOCTPOEHUS P—X CEUCHHM YaCTH MOJIHBIX p—X—1 (ha30BbIX AUATrPaMM.

2. Pe3ynbTaThl KWHETHYECKUX MCCIICOBAaHUHN TBep0ha3HON peaKIMu CHUHTEe3a Y-
¢da3sl  oxkconutpuna amomuHus (AJIOHa) nanga  monyuyeHus  marepuana  C
YAOBJIETBOPUTEIBHBIMU ONTUYECKUMHU U MEXAHUYECKUMHU XapaKTEPUCTUKAMM.

3. PesynbTaTh BBICOKOTEMIIEPATyPHBIX MacC—CHEKTPOMETPUUYECKHUX
UCCIICIOBAHUI TEPMOIMHAMUYECKUX XapPaKTEPUCTHK KBa3HMOMHAPHBIX cucTteM Li,O—
Ta,05, ZnO—Nb,0s. Onpenenenue coctaBa ra3oBoii asbl, pacyeT a0COMIOTHBIX BEITUYHH
MAPLUAIBHBIX [ABJIICHUW, AKTUBHOCTEW KOMIIOHEHTOB U IIOCTPOCHUSI pP—X CEUYCHUU

MOJIHBIX p—X—T (ha30BBIX TUATPAMM ITHX CHUCTEM.



4. PacueT cTaHAAPTHBIX PHTAIBNUIN TreTepodasHbIX peakiuil mapooOpa3zoBaHUs
OKCHJIa JINTHSI, TAHTAJIATOB JINTHS, HIOOATOB ITMHKA ¥ 00pa30BaHUs CMEIIAHHBIX OKCHIOB
1o 2—My u 3—My 3aKOHaM TEPMOIUHAMUKH.

5. Pe3ynbTathl Macc—CHeKTpalbHBIX MCCIEIOBAaHUM COCTaBa HACHIIICHHOTO Mapa
Haja cucremort PbO-Zn0O, pacueT cTaHAapTHBIX DHTAIBINN 00pa30BaHUS CMEIIAHHBIX
okcu10B PP,ZNy,On+m B ra3oBoii dase.

MeTo0bl HCCJI€IOBAHUS.

[Ipu BeIMONHEHUH pabOTHl OBUIM MCIIOJB30BaHbI: METOJ BBICOKOTEMIIEPATYPHOU
Macc—cnekTpomerpun (3¢ dy3uonneiii Meton KhHynceHa ¢ Macc—CneKTpalibHbIM
aHaJIM30M ra30Boi (pa3el), peHTreHO0(}a30BbIid U PEHTTEHO(DTYOPECIEHTHBIA aHAU3bI.

JIMYHBINA BKJIAA aBTOPA.

B paGote mpezactaBieHbl pe3yiabTaThl UCCIEIOBAaHUM, BHITIOJHEHHBIE aBTOPOM B
Jaboparopun (PU3NYECKUX METOJOB HCCIEIOBAaHUS CTPOEHUS M TEPMOJAMHAMHUKU
Heopranudeckux coenuHenui B nepuoj; 2014-2024 rr. 3a Bpems yuebsl B MUCuC, B
acupantype u padorsi MOHX PAH wum. H.C. KypnakoBa. ABTOPOM COBMECTHO C
HAyYHBIM PYKOBOAMTENEM ObUIM COOpaHbl, MPOAHATU3UPOBAHBI, CUCTEMATU3UPOBAHBI
JUTEepaTypHbIC JaHHBIE 1O MCCIIEAyeMON HaydHOU Tematuke. Besi skcriepumMeHTabHas
paboTa BBHITIOJIHEHA HEMOCPEICTBEHHO aBTOPOM. AHAJIN3, HHTEPIPETAIIUS MOTYyYSHHBIX
pe3yNbTaToOB, TOATOTOBKA M HAMWCaHWE HAYYHBIX NyOnuKamuii, G(HopMyIupoBKa
OCHOBHBIX BBIBOJIOB BBITIOJNHSUIICH COBMECTHO C HAyYHBIM PYKOBOJUTEIEM H
coaBTOopamu padoT.

CreneHb JOCTOBEPHOCTH Pe3yJbTATOB.

JIOCTOBEpPHOCTh NPEICTABICHHBIX pE3YyJlbTATOB OO0YCJIOBIEHA IPUMEHEHHEM
COBpEMEHHBIX (PM3UKO-XMMHUYECKUX METOJOB HCCIEAOBaHUSA (BBICOKOTEMIEpATypHas
Macc-CIEKTPOMETPHUSI, PEHTTeHO(}A30BbId U PEHTTEHO(ITYOPECIIEHTHBIA aHaIu3bl), a
TaK)K€ COBITAJICHUEM TEPMOJIMHAMHYECKUX XapaKTEPUCTHUK, PACCUUTAHHBIX 10 2-My U 3-
My 3aKOHaM T€PMOJIHHAMMKHU.

Anpooanus padoThl.

PesynbraTel paboThl OBLIN MPEICTABICHBI HA'
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V KondepeHus MOJIoIbIX YYEHBIX MO 001Iel u Heopranndeckor xumun MOHX
PAH, 14-17.04.2015, Mocksa — 2015. C.189-190.

VIl Kondepenius MOI0abIX YYeHBIX 10 0011el 1 Heopranudeckoi xumun MOHX
PAH, 11-14.04.2017, MockBa-2017. C.191-192.

VIl V KoudepeHius MoOJ0AbIX YUCHBIX MO OOIEH W HEOPraHMYECKOW XUMHUU
MOHX PAH 10-13.04.2018, Mocksa — 2018,

Kongepenuus 70-1x et nayku crynentoB HUTY «MUCuCy, 2015, Mocksa-
2015, C.173.

XXI MexnyHapoaHas KOH(pepeHIus o XMMHYECKor TepMoauHaMuke B Poccun
(RCCT-2017), 26-30.06.2017, HoBocubupck, Axagemropook —2017. C.276.

VII Bcepoccuiickasi KOH(pEpEHIHS 10 CTPYKTYpEe U DHEPreTHKE MOJIEKYi»,19-
23.11.2018, MBanoso — 2018. C.23.

Bceepoccuiickas HayyHasi KoHGeEpeHIHUs ¢ MeXAyHapoaHbiM yuactueM «llI
baiikansckuii MmaTepuanoBeqdeckuid popym»,9-15.07.2018, Ynan-Yus — 2018. C.49 —
50.

VIII Mexnynaponnas HayuHast KoH(pepeHIusa «XUMHUecKass TepMOJAMHAMUKA U
kuHEeTHKaY, 28.05-01.06.2018, Treps - 2018. C.106.

XI xoH(epeHIus MOOABIX YUEHBIX MO 001Iel 1 Heopranudeckor xumun MOHX
PAH, Mocksa — 2021, c. 98-99.

1l MexayHoponHas mikosne — KOH(pepeHUuss MOJOAbIX Yy4yeHbIX «Synthesis,
structure and properties of high-entropy materials. Ill International Conference and
School of Young Scientists», Exatepunoypr — 2021.

Bceepoccuiickass HayuHas KoH(epeHUHs € MEXKIyHapoaHbIM ydactueM «IV
baiikansckuii MatepuanoBeaueckuii popym», Yian-Y o — 2022.

Xl ko epeHIus MOJIOIbIX YUEHBIX MO 00111el u Heoprannyeckoi xumun MOHX
PAH, Mocksa — 2023, c. 318.

XV  CuMno3uym C MEXAYHApOOHbIM yuacthueM «TepMoauHamuka U

MartepuanoBenenne», Hopocubupck — 2023, ¢. 120.
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XIV MexnayHaponnasi HayuHas KoH(pepeHIus «XuMHUecKas TepMOJIMHAMUKA U
KUHETUKa», TBeps — 2024.

Iyoaukanuu.

Martepuassl JuccepTauoHHOM paboThl OMyOIuKOBaHbI B 23 paboTax, B TOM YHCTE
B / CTaThsX B PEUEH3UPYEMBIX POCCUMCKUX HAYUYHBIX JKypHAJlaX, MHACKCUPYEMbIX B
0azax manHbIX Scopus, WebofScience u 14 te3mcax mokianoB Ha Bcepoccuiickux u
MexnyHaponubix  KoH(pepennusx. MccrmemoBaHus — TPOBOMWIIMCH B paMKax
['ocynapctBenHoro 3aganus, mpoektoB [Ipesunuyma PAH, PO®U (rpant 16-08-00815
A) u poekta PH® (rpanT 21-13-00086).

. OB30OP JIUTEPATYPbI

JAByxkomnoHeHTHbIe cucTeMbl Al,O3:—AIN, Al,O3—MgO. AJIOH (9AI:03-5AIN),
MAS (MgAl,Oy).

[Tponuto poBHo 60 jner, kak ObuTo MokazaHo [9,10], 4To rekcaroHaaIbLHBIA OKCHI
QIIOMUHUSA MOXET OBITh JONMHMPOBAaH a30TOM C OOpa3oBaHHMEM KyOM4ecKoil (a3bl
mImuHeu npu Temiepatypax Boimie 1600°C. B nuteparype sta (asza noxyyusia Ha3BaHUE
v-AJIOH. bonbmHcTBO (hrzmyeckux U xumuueckux csoiicts AJIOHa conoctaBuMsel co
CBOMCTBaMHU TJIMHO3EMa, HO Onarojaps KyOWUYeCKOW CTPYKType €ro MEeXaHW4YeCKHUe U
ONTUYECKHE CBOMCTBA M30TPOITHBI, OH JIETKO 00padaThIBA€TCA U MOXKET UCIOJIb30BATHCS
B pa3NUYHBIX OOJIACTSIX TEXHUKH, HO HaWOOJBIIUN HMHTEpPEC MNPEACTABISET, Kak
npo3padyHasi OpoHs U oOTeKaTelau ISl pakeT. AHAJOTHMYHBIMHA CBOMCTBaMH 00J1ajaeT
mmuHens [11-16] amomunara maraus MgAILO4 (MAS), koTopast ipeacTaBisier co0oit
CUHTETUYECKUN MaTepuan ¢ KyOMuecKOW KpHUCTa/UIMYEeCKON CTPYKTypoill U oOJajmaet
MPEKPACHBIMU XUMUYECKUMHU, TEPMUUECKUMHU, JUIIEKTPUUECKUMU, MEXaHUYECKUMU U
ONTHYECKUMHU CBOMCTBaMHU. OTu cBoiicTBa neinaror AJIOH m MAS He3aMeHMMBIM
MaTepHayioM I ONTHYECKH MPO3PAYHBIX OKOH, KYMOJOB M OpPOHU, a TakxkKe s
HEKOTOPBIX OTHEYHOPHBIX MpriioxkeHu. OaHaKo, HECMOTPSL HA TO, YTO K HACTOSIIEMY
BPEMEHU OIMYyOJMKOBAHO OOJIBIIOE KOJUYECTBO CTaTe MO CHUHTE3y M HUCCIEIO0BAHMIO
busndeckux u xumudeckux xapaktepuctuk AJIOHa m MAS tepmommnamuka 3THX

CO€,Z[I/IH€HPII>1 A0 CHUX IIOp HE OYCHb XOpOoIIOo H3ydcHA. HNMenHo ¢ 3TuM cCBs3aHa
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A0pPOroBu3Ha U CJIIOKHOCTb CMHTC3a 3THUX CoeHHHeHHﬁ H KaK CJICACTBHUC HCBO3MOXKHOCTD

X I POKOIr0 UCIIOJIb30BAHM.

1.1. Cucrema aJIlOMMHHUH—KHCJIOPO.

B konpeHncupoBanHO# (aze nByxkommnoHeHTHOH cuctembl Al-O mpucyrcTByeT
OJTHO TepMoJMHAMUYecKu ycroitumBoe coenuHenne — Al,Os [17]. (cM. mputokenue 1
puc. 1.1) B npupoae BcTpeyaeTcss TOJbKO TPUTOHAIBHAS O—MOAU(PUKAINSA, KOTOpas 1
SBJISIETCS ©IMHCTBEHHOHW TepMOJAMHAMUYECKH cTabmiabHOM dopmoit Al,Osz. Ilpu
HarpeBaHUM THAPOKCUIOB amoMuHMs B paiioHe 400°C obOpasyercs kyOuueckas y—
dopma. Ilpu 1100—1200°C y—momudukanus HeoOpaTumo mnepexoauT B o—Al,Os.
CyliecTBYIOT TakKe CIEyIolIHe KpucTauinyeckue ¢GOpMbl OKCHIA aTIOMHHHUS:
KyOuueckas nN—dasza, MoHOKIIMHHAS 6—(da3a, rekcaronanbHas y—basza, opropoMOHUecKas
K—paza. OTKpBITBIM OCTa€TCs BOMPOC O CYIIECTBOBAHUM O—(asbl, MoauduKanms

KOTOPOH MOKET OBbITh, KaK T€TparoHajabHasi, TAK U OPTOPOMONYECKASI.

TepMmoguHaMuyeckne XapaKTEPUCTUKH —PA3TUYHBIX  MOAUGUKAIMN  OKCHIA
ATFOMUHUS IOCTATOYHO XOPOIIO ¥ oApoOHO n3yueHs [18-25]. B Tabauie 1 npuBeaeHs
UX OCHOBHBIC TEPMOJIMHAMUYCCKHE XapaKTECPUCTUKN COTJIACHO JIaHHBIM [26].

Tabmuua 1. TepMoguHaMUYECKUE XapaKTEPUCTUKU MOIUDUKAIIUN TTOJYyTOPHOTO

OKCH/Ia aJTFOMHUHHMS, TI0 JaHHBIM CIpaBouHuKa [26].

Monudpukammst | AfH gg15 KJIK/Mob | S%gg.15 I/ (Mob K)
a -1675.7+1.2 50.92+0.08
A -1666.5+4 50.6+4
r -1656.9+6.3 52.3+8
K -1662.3+4 53.6+4

Temnoemkocts  0—Al,O3, mnpuBenennas B paborax [24, 25] mnomyueHa
KaJOpUMETPUYECKUM METOJIOM, paBHa Cp’eg1s = 79.015 bx/moms K. Cormacho

cripaBouHUKY [26] Tyx(Al.O3) = 2327 + 6 K.
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[lepBoe ¢yHmamMeHTaTbHOE HCCIEIOBaHHE Mpollecca MapooOpa3oBaHMs OKCHAA
aMOMUHUS ObLTIO BEIONHEHO B 1951 rony addy3nonasiM metonom Kuyncena [27]. B
CBOel paboTe aBTOPHI MCIOJIL30BAIM 3G (Py3nOHHBIE KaMepbl, U3rOTOBIeHHbIe U3 ZIC,
TaC, Mo, W, Ta u moka3anu, 4To MOJUOACH ¥ BOJb(PpaM UHEPTHHI MO OTHOIIECHUIO K
OKCUJIYy QJIIOMUHHUS TpHU BBICOKMX Temmeparypax. I[lokazaHo, uro mpoiiecc
napooOpa3oBaHus OKCHJA allOMUHUS B HMHTepBaje Temrieparyp 2309-2605 K moxer
OBITH OMMCAaH peaKkIuei

Aleg(;K) = 2A|O(r) + 0.5 02 (11)
SHTANBIHS, KOTOPOH, COTIIACHO AKCIIEPUMEHTATBHBIM TaHHBIM, paBHa ArHC g 15= 1907.9
+ 41.84 xJI)x/Monb. B 3T0M ke paboTe ucciaeoBaH cOCTaB ra30BoM (pa3bl HAJl CUCTEMOM
Al,Os—Al B wuntepBane temmeparyp 14661853 K. B maHHOM ucciieoBaHUH
ucrojb3oBanack 3QQdy3uoHHasT KaMepa, BHIMOJHEHHAS U3 OKCHUJIA aTlOMUHUS. AHaIU3
HKCIIEPUMEHTAJILHBIX JaHHBIX TO3BOJIUI aBTOpaM II0Ka3aTh, YTO B ATHUX YCIOBUAX
COCTOSIHUE PaBHOBECHS JOCTATOYHO XOPOIIIO OMHUCHIBAECTCS reTepodaszHoit peakiuei

A|203(T) + 4A|(r) = 3A|2O(r) (1.2)

[To 3—My 3aKOHY TEPMOJMHAMHKU PACCUUTAHBI IHTAIBIIMA OOpPa30BaHUS IBYX
CYOOKCHJIOB aJlOMUHUS B Ta3oBOM (aze u3 atomoB: AfH%gs15(Al,0) = -1037.63
kJx/Montb 1 AfHC9515(AlO) = -577.39 k/Ix/Mosb. HTEpECHO OTMETHTh, YTO aBTOPBI
JTAHHOTO UCCIIEIOBAHUS YTBEPIKIAIOT, YTO B HACHIIIICHHOM Tape HaJl OKCUJIOM aJTFOMUHUS
OTCYTCTBYIOT Kakue—In00o WHbIe cyOokcuasl kpome ykazannbix AlO, Al,O. Omnaxo,
no3xe Akkepman u TopH [28] nmokasanu, 4To Bce—TaKk UMEET MECTO B3aMMOJCHCTBHUE
OKCHJIa QTFIOMUHUS C BOJb(PPaMOBBIMU U MOJTMOICHOBBIMU STYEHKaMH B TEMITEPATypPHOM
untepBaiie 2300-2600 K u nporecc mapoodpa3zoBaHusi 1OTKEH OBITh ONMUCAH PEAKIIUEH

Al2Osx + ((3-2x)/y) Wir) = 2Al0x(r) +((3-2x)/y)WOy ) (1.3)

[TepBbie Macc—creKTpalibHbIe pa0doThl ObuTM BhIMOHEHBI B [29,30], ucnapenue
OKCHJa ATFOMUHUS TPOBOAIIA U3 BOIH(PAMOBBIX WU MOJHMOAECHOBBIX d()DPYy3HOHHBIX
kamep. B macc-criektpe razoBoit ¢aszer mpu T=2500 K Oblmu 3aperucTpupoBaHbl,
rmaBHbIM oOpaszoMm, nonsl OF, O,", Al*, AlO*, Al,O", Al,O," u, B 3aBHCHMOCTH OT

maTepraia 3h(y3noHHOW KaMepbl, He3HAUYHUTENbHOE KonmdyecTBo nonoB WO, WO;",
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WO;3*, MoO*, MoO;*, MoO;". HccrnenoBanue MpOIECCOB HOHMU3ALUU IO3BOJIUIIO
IO0Ka3aTh, YTO B Ta30BOW (haze MpUCYTCTBYIOT aToMbl U MoJiekynsl O, Al, AlO, Al,O,
Al,O,. TlpuveM, B 3aBUCUMOCTH OT Matepuaia 3(Gdy3noHHON KaMepbl MOJICKYJIIPHBIN
COCTAaB Mapa pa3judYeH, TaK IMPU HCHAPCHUH W3 BOJb(PPAMOBBIX KamMep OCHOBHBIC
KOMITOHEHTHI napa atoMbl O u Al, pu ucnosabp3oBaHuU MOIHOACHOBBIX Kamep — AlO,
Al,O. TepmoaguHaMUYECKHI aHAJIN3 DKCIICPUMEHTAIBHBIX JAHHBIX TIOKa3aJl, 10 MHECHHIO
aBTOPOB, MTPOTEKACT MPAKTUYCCKU HEUTPATHLHO M KOHTPYIHTHO TI0 PEAKITHH

Aleg(T, xK) — 2A|(F) + 3O(F) (14)
Y DHTAJBINA peakimn paBHa ArH%qgg 15 = 3071.7 xIx/Moub. HaiinenHsle B JaHHO# paboTe
aOCOJIIOTHBIC BEJIMYWHBI TMAPIUAIBHBIX JTABICHUH KOMITOHGHTOB Ta30BOM (Da3bl, WX
3aBUCUMOCTh OT TEMIIepaTypbl W W3BECTHBIC JIUTEPATYpPHBIC JaHHBIC TTO3BOJIAIIU
paccuuTaTh CTAHIAPTHBIC SHTAIBITHNA 00pa30BaHMs CYOOKCHIOB aFoMUHHMS (K/J[/MOJIB)
AfH0298,15(A|O) = 870, AfH0298,15(A|20) = -1380, AfH°298_15(AI202) =-3895u 9HCPIruu
atromuzanuu MoJiekyn (k/x/momas) Do°(AlO) = 481.2 + 21.0, D,°(Al,0) = 1025.0 + 29.0,
Do°(Al,Oz) = 1527.2 + 29.0. [Toxoxue pe3ynbTaThl YCTaHOBJICHHI B pabote [31], B
KOTOPO# mccaenoBanach ckopocts ucnapenus Al,Oz, Ga,O3 u In,O3 ¢ moBepXHOCTH €
MTOMOIIFI0 KOMOWHAIIMK TETUIOBU3MOHHOTO M MacC—CIEKTPOMETPUUECKOTO METOJIOB.
[TokazaHo, yTo KOI(PPUITMEHT UCTIAPEHUS I TBEPJOTO OKCHAA amoMuHus o paBeH 0.3,
a Tpolecc mapooOpa3oBaHus paciuiaBa MpOTEKaeT paBHOBECHO (a=1). ABTopamu 3TOM
pabOTBl PAacCUYMTAHBl BEJIWYHMHBI MapIUalbHbIX aaBiieHud moisekyn AlO Al,O nHax
KOHJIEHCUpOBaHHOW U kujkou ¢azamu npu T=2318 K. 3HayeHuss paBHOBECHBIX
CKOpOCTEH HWcHapeHus ObUIM HMCIOJb30BaHbl s pacuyera D°(AlO) = 485.3 + 12.5
k/x/monb, Do°(Al,O) = 1010.9 + 29.0 x/Ix/moib. [TonydeHHbIE BEIMYMHBI XOPOIIO
coryacyrorcs ¢ aanabiMu padot [29, 30]. BecbMa MHTEpECHBIC M BayKHBIC PE3YJIbTAThI
nosiydeHsl B [32]. UTOOBI yCTpaHUTh UMEIOLIUECS PA3HOIJIACHS M SIBHBIC IIPOTHBOPEUHS
B pe3yJibTaTax pa3InIHBIX paboT MO UCCIEAOBAHUIO MPOIECCa MApO0OPa30BaHUS OKCUIA
QTFOMUHUSA, 3TH aBTOPHI B CBOEH MacC-CIEKTPAbHON paboTe HMCMOIB30BAN SYCUKHU
Knyncena, cnenanHple H3 TJIMHO3eMa. Takas TIOCTaHOBKAa OJKCIEPUMEHTa Jaja

BO3MOXHOCTB BBIIIOJTHUTH MUCCJIICIOBAaHMA I10 CY6J'II/IMaI_[I/II/I " UCITaPCHUIO B HCfITpaJILHBIX

15



ycnoBusix. [Ims  ycTpaHeHHs TMPOLIECCOB AMCCOIMATHBHOW HOHHM3AIMM  ChEMKa
MHTEHCUBHOCTEW HWOHHBIX TOKOB Ipou3BoAuiach Ha |-3 5B Beimie mnoreHnuana
nosiejieHusi. [lo aHHBIM aBTOPOB HACBHIINICHHBIA Map HaJ OKCUIOM aJIOMUHUSA B
uaTepBaiie Temneparyp 1900-2600 K cocrout m3 monekyn Al, O, AlO, Al,O, Al,Oy,
AlO,;, mnpuuem coxepxkanue cyOokcumoB Oomee 20%. HMccimenoBanueM psiaa
M30MOJIEKYJIIPHBIX peakifii Mo 2—My 1 3—My 3aKOHAM TePMOJUHAMUKH ObUIH Hall1eHbI
CTaHJapTHBIE YHTATBITHHA 00pa30BaHus OKCU 0B amoMuHMs (k/[>k/Moib) B ra3oBoit ase:
AfH°298,15(A|O) = 711 + 84, (A'gO) = - 138.9 + 12.6, (A'Oz) = -1854 + 12.6,
AtH%9s15(Al0;) = - 475.3 + 8.4. CnemyeT OTMETHTh, YTO TEPMOJIMHAMUYCCKHEC
xapaktepucTiku mMosiekysn AlO, ObuTH HalZIeHBI BiepBbIe. BechMa MHTEPECHO pe3tome
9TO# padoThl [33], B KOTOPOM OTMEUAETCs, UTO JJIS MIOJTHOTO COTJIACOBAHMS PE3YJIbTaTOB
1m0 aOCONMIOTHBIM BEIWYMHAM TMapIHaTbHBIX JAaBICHUHW C pe3yJabTaTaMH paHee
BBITIOJIHEHHBIX UCCJIEIOBAHUM IO TTOTEPE MACChl UCIIAPUBIIIETOCS OKCHJIa AIFOMUHUS U3
riuHo3eMHoM siueiiku KayzaceHna [33] MOKHO MPUHATH CYIICCTBOBAHKE B HACBIIIICHHOM
mape jno 16 % wmomekyn Al,O3. CTOMT OTMETHUTH MAacCC—CIEKTPAIbHYIO padoTy
XunbaeHOpanta [34], MOCBAIIEHHYIO WCCIACIOBAHMIO HACBHIIICHHOTO TMapa MpH
UCIIAPEHUH OKCHUJA AIFOMUHUS U3 BOJIb(PPAMOBON SUEHKH U Ta30BOM (pa3bl IpH HAITYCKe
SO; B kamepy Knynicena, u3rotoBieHHYO U3 IIIMHO3EMa B MUHTEpBaje Temiepatyp 2210—
2240 K. Ilomy4yeHHBIE TakuM OOpa30M OIKCIIEPUMEHTAIbHBIC JIAHHBIE TTO3BOJIUIH
paccuuTaTh SHEPTHM aToMM3aluK cyOokcumaoB amoMuuus (kx/mons): D°(AlO) =
496.2 +10.5, D,°(Al,0) = 1041.8 + 23.4. Xonuu u bepuc [35] mokazaiu cyecTBOBaHHE
B ra3oBoil (aze momekyn AlO,q). DHTanbmuu 0O0pa30BaHUS U DHEPTUM ATOMH3ALUH
npusBereHbl B tabumne 2. IllpuBactaBa u ®apbep [36] paccumranu ko’ HUIUCHTHI
UCTIApEHHS MOJIEKYI, 00pa3yonuxcs npu repmudeckom pasioxennu Al,Os. TTo naHHbIM
uX paboTel 3Ha4eHUs o cocTaBistoT st Alqgy, Oq 1 AlOq) — 0.2, mns AlO) — 0.1, most

Alez(r) — 002, JJIA AlOz(r) — 001
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Tabnuma 2. OuTansnuu 00pa3oBaHUs U SHEPTUU ATOMU3ALIMHU 10 TaHHBIM PabOThI
[35].
Mouekyna AlO Al,O AlO; Al,O, Al;Os

AH%20815 | 653 +10.5 | -554.8+16.7 | -97.1+£25.1 | -409.2 £ 25.1 | -695.4
kJ[>k/MOJIb

D®208.15 510.4+10.5 | 1035.5+16.7 | 921.7 £25.1 | 1560.6 + 25.1 | 2096.2
kJ[>k/MOJIb

Brisog.
TepMoIUHAMUYECKUE XAPAKTEPUCTUKU OKCHJAA ATIOMHUHHUS JTOCTATOYHO XOPOIIIO
n3ydeHbl. Ha OCHOBaHWMM pacCMOTPEHHBIX JAHHBIX HAaMHU OblUIa MPUHSTA CIEIyIOIast

SHTaJbIHS 00pa3zoBanus okcuaa amoMuuus AfH® (0—Al2Os, kp., 298.15 K) = -1675.7 +

1.3 xJI>x/mMo16.[26]

1.2. CucreMa aJIlOMMHHUH—A30T.

HecMmoTpss Ha OosbllIo€ KOJMMYECTBO PaOOT, MOCBSIICHHBIX HCCIEI0BAHUIO
cucteMbl Al-N, cyriecTByeT TosIbKO 0/1HA cTaThs [37] ¢ KaYECTBEHHBIM F'€OMETPHYCCKUM
MpECTaBICHUEM PAaBHOBECHOM (ha30BOM TUarpaMMbl ITOM CUCTEMBI. (CM. MpuIioxKeHue |
puc. 1.2) OHa mody4YeHa C TOMOIIBID TEPMOJAMHAMHYCCKOTO pacueTa W aHajiu3a
9KCICPUMEHTAIbHBIX JaHHBIX [38-43]. TBepapiMu (azamu 3TOM CHUCTEMBI SABJISIOTCS
AJTIOMUHHM, TBEPABIA PACTBOP HA €r0 OCHOBE M I'€KCArOHAJIBHBIM HUTPHUJ ATOMUHUS.
KoopnuHatel 3BTEKTUKHA BONM3W TOYKU TUTaBICHHUS Al U MOHOTEKTHKH BOJIM3M TOYKHU
riaBiaeHus: AIN mpuOIu3UTEeNbHBI U HE3HAYUTENIbHO CMEIIEHBI OT TOYEK IUIaBJICHUS
yuctoro Al u crexuomerpuueckoro AIN. daza METAIIIMYECKOTO aTIOMUHHS CTAOMIBHO
CYIIIECTBYET TOJIbKO TPH OYEHb MAJbIX NaBJCHHUSX (KOHIICEHTpAIUsAX) a30Ta, a MpHU
Oonpmmx namieHusix Ny crabunen mutpun amromuaus AIN Konnentpanuu asora B
QTFOMUHUU, KOTOPBIN HaxonaTcs B paBHOBecuu ¢ AIN u conumycom, HE U3MEPEHBI U HE
u3BecTHbI. boraras Al sxuakas dasa (L1) craOuibHO CyIIecTBYET MPH MaJIbIX TaBICHUAX
N,. DKkcriepuMeHTaIbHBIX JaHHBIX 0 0oratom Al mukBuayce (L1) He cymectByet. CocTaB
sBTeKTHKHU oneHuBaercs kak 1 X 10! ar. % N. Hacwimennsiii azorom pacmias (L1) npu

OYEHb MaJbIX KOHIIEHTpaUMUAX, HaXoAuTcs B paBHOBecuu c¢ AIN oT TemmepaTypsl
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IBTEKTUKU IO TEMIIEpaTypbl MOHOTEKTHUKH, OJHAKO, COCTAaB 3TOH (a3bl HE U3MEPSICS.
[Tpu mu3kux naeneHusix AIN ummeer cTpykrypy tuma Biopuutra hP4. Ilpu BeicOKOM
THIpOCTaTHYeCKOM jaaBicHuu AIN mepexoiuTt kK cTpykrype Tuma chaneputa cF8 [44]
wm K cTpykrype trma NaCl cF8 [45]. [Ipy MOHOTEKTHYECKOUM TeMIieparype HUTPHU/
ATFOMHHHSI MOXKET HAaXOIUThCS B paBHOBecHH ¢ (ha3oii L1 Goraroit amoMuHIEM WIH C
dazoit L2 Goratoit azoTom. TemmnepaTypa miaBieHus Hutpuaa amomunus T = 2800 +
50°C coobmiena B padote [46], B KOTOPOI HCITOIB30BAIOCH BEICOKOE JIABJICHHUE a30Ta JIs
NpeIoTBpalieHus] aucconmanuu obpasna. CremyeT TakkKe MMOAYEPKHYTh, YTO B
HACTOSIIEE BPEMsS HET JKCICPUMEHTAIBHBIX MaHHBIX IS JIMKBHUAyca L2 OT TOYKH
wiaBneHuss AIN 10 TOYKM MOHOTEKTHKH M HEU3BECTHBI COCTaBbI HECMEIIMBAIOIIUXCS
xuakoctedt L1 u L2, cocyiecTByIonux BhIIIE TeMIIepaTypbl MOHOTEKTUKH. B pabotax
[47, 48] roBopuTcs o cuntese a3l AlNg mpu B3anmopericteun NH;z ¢ AIH3 B apuprOM
pactBope u npu peakuuu NaNz ¢ AlCl; B Terparunpodypane. OTmeuaercs, 4To 3TOT
HUTPUJ MOXKET ObITh CTAOMIIbHOM (ha30i KOHJeHCUPOBaHHOU cucTteMbl Al—N.

Hctopusi wuccnemnoBaHusi TEPMOJMHAMUYECKHX  XapaKTEPUCTUK  HUTPUIA
amoMuHus HacuuTbiBaeT moutd 90 ser [49-50]. IlepBble 3HaYCHHS SHTAIBIHH
obpazoBanust AIN cuinbHO pasnuuanuck. Hanpumep, no nanaeiM Monbaerxayap [49],
MCCJIEIOBABIIETO CJI0XKHOE FeTEPOreHHOE PaBHOBECHE

A|203(T) +3 C(T) +N,=2 A|N(T) +3CO (1.5)
ObLT0 TOy4YeHO 3HaueHue -231.8 k/[x/mMoib. PesynpraTe! [50] monydyeHHbIE CKUTaHHEM
cMmecu OcH3orHOM KucaoThl U 24% AIN npusenn k Benuuuue -255.2 kJx/Monb. DTH
pa3nuuus, MO BCEH BUAMMOCTH, OBUIM CBSI3aHBI C YUCTOTOW W TOYHOCTHIO aHAIHM3a
CHUHTE3UpyeMoro mpemapata. JlanbHeimre paOoOThl, BBINOJHEHHBIE Pa3IMYHBIMU
KATOPUMETPUYECKUMH  METOJIaMHU, TO3BOJWIM TOJYyYUTh XOPOIIO COBIAJAIONTNE
pe3ynbTaThl. Tak KHUCIOpOJAHAs KaJOpUMETpHs MpuBena K 3HadyeHuto -316.3 + 1.7
k/Ix/Moutb [52], a kajgopuMeTpHs IPSAMOro a30TUPOBaHUS (HUTPUIAUPOBAHUS) TOPOIIIKA
amoMuHus B 6omoOe -319.9 + 0.8 x/Ix/Mois [51]. B HacTos1iee Bpemst MPUHATO 3HAUYCHHUE
AtHC9g15 = -318.0 £ 2.5 x/I/momab [26]. B pabdote [52], mocBsiieHHOM UCCIIEOBAHUIO

TCPMOINHAMUYICCKUX CBOMCTB HUTpUAA AJIIOMHUHHA, KPOMC CTaHI[apTHOﬁ OHTAJIBIINN
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oOpa3oBaHMsI, MPHUBEAEHBI TAaKXKE €ro TeIJIOeMKOCTh Cpl20s1s = 30.1 JIx/monsK,
sHTpomust S°os15 = 20.1 + 0.2 [Ix/mons'K u TemmeparypHble 3aBHCHUMOCTH
TETUIOEMKOCTH U TEIUIOCOIePIKaHMUS
cp=1.66 x 10°T3 (52.9-67.15 K) (1.6)
cp = 10.98 + 0.80x107°T - 3.58x10°T2 (52.9-296.24 K) (1.7)
Ht-Hogs 15= 10.98T + 0.40x10°3T2+3.58x10°T2-4.510 (399.3-1798.7 K) (18)
OTH pe3yibTaThl OBUIM TOATBEPKICHBI B padoTe Jemumenko [53].

OpHa u3 mepBbIX padoT M0 UCCIISIOBAHUIO CYOIMMAaIMY HUTPUAA ATFOMUHIS ObLIa
BEITIOJTHEHA () (Py3noHHBIM MeTo oM KHy/IceHa ¢ MCTob30BaHueM rpadUTOBOM SIICHKH
[54] B unTepBane temmeparyp 1400-1800 K. Beiio moka3aHo, 4ToO mapooOpa3oBaHue
MPOTEKAET MO peaKkluu

2 A|N(T) =2 Al(r) +N> (19)

Mounekynbl, cojepskaie o0a 3JIeMEeHTa, B HACHIIICHHOM Iape B WU3MEPUMBIX
KOJINYECTBAX I10 JJAHHBIM 3THX aBTOPOB OTCYTCTBYIOT. B padote [55] uccnemnoBanu 3Tot
ke mporecc, HO MetomoM Jlenrmiopa B wumHTepBane 1450-1870 K. Hcmombesys
COOCTBEHHBIE OKCIEPUMEHTAIbHBIE JIaHHBIE TI0 BEJIWYMHAM OOIIEero JaBJICHUS,
pe3yabTaThl, oJdydeHHbIC B [54] u sHTambIMI0 00pa3oBaHus HUTpHUaa amroMuHus -320.0
k/Ix/moutb [54], aBTopsI [55] paccunTanu ko3 GUIIMEHT UCTTAPSHUS HUTPUIA ATIOMUHHMS,
KOTOpBIA okazancs paBHeiM npu T=1590 K a=7.3x10*, npu T=1869 K 0=3.5x1073
[TonyueHHbIE 3HAYEHUS XOPOLIO coracyrores c[56] 0=2.2x103, Dtu pesynsrarsl BechbMa
Ba)KHBI, TAK KaK IMO3BOJISIOT MTPABUILHO CTABUTh U MHTEPIIPETUPOBATH IKCIIEPUMEHTHI T10
MCCJICIOBAaHHIO MPOIIECCOB TApOOOPA30BAHMS CUCTEM, COACPKAIMNUX HUTPHU/I ATFOMUHHUSL.
Becbma unTepecHa pabora [57], B xoTopoit 3¢ dy3uonHEIM MeTogoM KHynceHa w3
rpaUTOBBIX STUEEK UCCIICIOBAH MPOIECC MapooOpa30BaHUs HUTPHUIA ATFOMUHUA. B aTOM
UCCJICIOBAHUM TIOKA3aHO, YTO TPH IMPaBUILHON IMOCTAHOBKE JKCIICPUMEHTA TPOIIECC
CyOIMMaIiu MOYKHO TIPOBECTH PaBHOBECHO, HECMOTPSI HA OYEHb HU3KHUM KOd(PPUImeHT
UCTIApCHHUs W3y4aeMOro BEIIECTBAa. YCTaHOBJACHHas B [57] BenMyMHA CTaHIapPTHOM
SHTANBIUK 00pa3oBaHMs HUTpUAA amroMUHUA AfH°gg15 = -318.4 + 8.8 kJIx/Moib

IMPCKPACHO COIJIaCyCTCs CO 3BHAYCHUSAMMU, Haﬁ,[[eHHBIMI/I KaJIOPUMETPHUICCKHUMHU MCTOJaMHA
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B [51]. B HEKOTOpBIX Cilydasix OIpPEIEeICHUE CTAHIAPTHBIX SHTAJBIIHNA O00pa3OBaHHUS
NPEINOYTUTENbHEE MPOBOJUTH HCCIECJOBAHMEM Ta30BbIX pABHOBECHH, Tak Kak
SHTANBINM, TOJIYYEHHbIE TaKUM CIOCOOOM, TOpa30 MEHee UYBCTBUTEIbHBI K
HEOOJIBIINM KOJIMYECTBAM OKCUIHBIX MPUMECEH 10 CPAaBHEHUIO C KaJOPUMETPUUECKUMU
MeToAaMd. MOXXKHO OTMETHUTh OTHOCHUTEIILHO HEIaBHO BbIIeIIco padory [58] B
KOTOPOI, Ha mpuMepe mporeccos mapoodpazosanus Al,Oz, BN, AIN, SiO, npeanpunsita
MOTIBITKA OOBSICHUTH HU3KKE KOA(P(UIIUCHTHI UCTIapeHUs TBEPABIX BemecTB. [TokazaHo,
YTO JUIsl HUTPUJOB OOpa M aTIOMUHUS OCHOBHOM JIMMUTHPYIOLIEH CTaaueill ucrnapeHus
ABJIAETCSI MOBEPXHOCTHAsE IU(pPy3uss m mapooOpa3zoBaHUE NPOTEKAET MOCIOWHO. B
cllydae OKCHJAa KpEeMHHsS MEMJIEHHOe mnapooOpa3oBaHue (HU3KUKA KOA(PUIMEHT
UCIIapEHUs) CBA3AHO TJIaBHBIM 00pa3oM ¢ pa3pbiBoM cBsizel [SiO4] Ha MOBEPXHOCTH
cybnumara.

BriBog.

TepMmoauHaMuyecKre XapaKTepPUCTUKN HUTPHUAA ATIOMUHUS JOCTATOYHO XOPOIIIO
u3ydeHbl. Ha OcCHOBaHMHM pacCMOTPEHHBIX JAHHBIX MOXHO CKa3aTh, YTO MPOIECC
cyonmumaruu AIN mpoucXoauT KOHTPYIHTHO C MEPEXO70M B ra3oByro (a3y aToMoB
AMIOMUHMAST U MOJIEKYJ a30Ta. Ha OCHOBaHMM pacCMOTPEHHBIX aHHBIX HamMHu Oblia
MPUHSTA CIEIYIoNas YHTAIBINS 00pa3oBaHus HUTpUIa amtoMUHUS AfH %15 = -318.4 £

8.8 xJIx/momb [57].

1.3. Cucrema MarHuii—KuCJIOPOI.

PaBHoBecHas ¢azoBas nuarpamma Mg—O npu pasnenun 0.1 mIla B mHTEepBane
100-50 mop% coAepKUT TOJIBKO JIBE TBEpbIE (ha3bl — KOHEUHBIN TBEPABIA PACTBOP HA
ocHoBe MeTtasuieckoro Maraus (Ty,; = 650 £ 1°C) ¢ oueHb OrpaHUYEHHBIM COCTABOM U
MpPaKTUYECKH CcTexuoMerpuueckuid okcua Marnus MQO (T, = 2827 + 30°C).
KauecTBeHHOE M300pakeHne yacT (a30BOM AuMarpaMMbl IPEACTaBiIcHO B padote [59].
(cm. mpunokenne 1 puc. 1.3) Ilpu BBICOKHMX JdaBICHHUSX KHCIOpOAA M HH3KHX
TeMreparypax ObUT mosydeH nepokcua Maraus MgO; ¢ KyOudeckuil CTpyKTypoH, Iist

KOTOPOI'0 AxaIra3oH CoCTaBa HCU3BCCTCH. Ecth JAaHHBIC, YTO IIPU aHAJIOTUYHBIX YCIIOBUAX
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HoJTydaroT poMoosapuaeckuii cymepokcua Mmaraus MgO,4[60], koTopbIii MOXKHO YCIIOBHO
paccMaTpuBaTh Kak cTaOWibHYIO ¢aszy cuctembl Mg—O, XOTs HET COOTBETCTBYIOIIHMX
TEPMOIMHAMHYCCKHX JaHHBIX, IOATBEPIKIAIOIIMX 3Ty cTaOMIbHOCTD [61, 62]. Husmui
okcux M@0, o cylmecTBOBaHWM KOTOPOT'O TOBOpHTCS B padore [63], He sBisercs
paBHOBeCHOH (hazoii B 00beMHOU (opme, B 3TOH ke padoTe coobiaeTcs 00 amoppHOM
okcuae Mmaruus [63-64]. B 1924 rogy Myc u Ilap[65] meTomom KucaopoaHOM
KaJIODUMETPUU  BIEPBBIC ONPEACTWIN CTAaHIAPTHYIO DHTAIBIHNI0 00pa3oBaHUS
KpUCTaUITHUecKoro okcuaa Maraus AfH gg 15= -318.4 + 8.8 kJ>x/mMoib. Heckonbpko nHas
BeJIMYMHA IOJy4eHa B pabote [66], BBIMONHEHHAs HW3MEPEHHEM TEILIOTHI PEaKIHH
pactBopernsi okcuma B IN pactBope comsiHOM KHCTHOTHI AfH°9g15 = -601.8 + (.2
k/x/Monb. [IpakThuecku aHamorMyHOE 3HAYCHHE YCTAaHOBJIEHO XoyuieeM U Xabepom
[67] meromom ckuraHWs MarHus B KaJOpPHUMETpHUYECKoW OomOe mpH JaBJICHUU
kuciopoga 25 arm  AfH%gg1s = -601.2 £+ 0.5 x/Dx/monb. KoaumdectBo He
IPOpEarupoBaBIlEero MeTaJljia ObLJIO OMPEACIICHO 0 00BEMY BBIJICTUBIIETOCS BOJIOPOA
npu B3aumojeicTBuM octaTka Maraus ¢ HCIl. B Hacrosimee Bpems HMEHHO 3TH JiBa
3HAUCHUS PEKOMEHYIOT BCE CIPABOYHUKH MO TEPMOAMHAMUYECKUM XapaKTEPUCTUKAM
yucThIX BemecTB -601.5 + 0.3 [68] u -601.2 + 0.6 x/[x/mMons [26].

3a mocnexanue 70 JeT MPOBEACHO OOJIBIIOE KOJIMYECTBO HKCIIEPUMEHTATIBHBIX
paboT Mo HCCIIeIOBAaHUIO MPOIIECCOB MapooOpa3oBanus okcuaa maraus. Kak npasuro,
Ipyr 3TOM HCHOJIb30BaIUCh MeToabl Jlenrmiopa, Kuyacena, Kuyacena ¢ macc—
CIIEKTPaTbHBIM aHAJIM30M ra30BoH (ha3bl U MoToKa. B ogHOM 13 nmepBbIx paboT bpesep u
[Toprep [69], ucnomw3ys addy3uonHble sueciiku KHyiaceHa u3 okcuia Oepuinius,
UPKOHMS U Bosb(dpama, nsmepmwin aerydects MgO(y B unTepBane temnepatyp 2020—
2200 K co crekTpoMeTpru4ecKuM aHaIN30M Ta30Boi (pa3bl. BrimogHeHHBIE H3MEpEHUs
OOIIeTo JaBJCHUS TMOKa3aHd, YTO WCTIApECHHE KOHJICHCHPOBAHHOHN (ha3hbl MPOTEKAET B
ocHOBHOM B Buae wmoJiekynl MgO, conmepxanme aromoB O, Mg u monekyn O3
He3HaunTenbHO. JlaBnenue mapa MgO npu 2200 K cocrasnser 3.8x10* arm, a npu
temmneparype 3040.0 = 60.0 K — 1 arm. DHranenus cyonumarnuu MgO 1o T1aHHBIM 3TOM

paboter paBua 774.0 £ 63.0 x/[x/monb, sHeprust arommsainuu 4.7 5B. Onnako,
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NPaKTHYECKH Yepe3 roja 3T aBTopbl [70] BBHIMOIHMIM MacC—CIEKTPOCKOITMYECKOE
UCCIIEIOBaHUE, KOTOPOE MOKAa3aj0, YTO HACHIIIEHHBIM Map HajJ OKCHUIOM MarHus IMpH
1950 K coctout nmpakrudecku u3 aromoB O, Mg u monekyn O,. ConepkaHue MOJIEKYJT
MgO B mape 6o7ee yeM Ha TpH MOPsIIKA MEHbBIIIE ATOMOB MarHus. DHEPTus JUCCOLUAIIUN
MgO, nonydeHHass U3 3TUX JAHHBIX 3HAYUTEJIBHO HMKE, BEJIMYMHBI MPUBEICHHON B
padote [69]. UccnenoBanue AnbTMmana [71], BeimonHeHHOE 3()PY3HOHHBIM METOAOM
KHyjceHa 1 MeTOJIOM TIOTOKA, MPAKTHYECKH ITOJTHOCTHIO TOJITBEPAUIIO JIaHHBIC [72] n
MOKa3aJio, YTO MPOIECC MapooOpa3oBaHMs OKCHAA MArHUs MPOTEKAET KOHTPYIHTHO IO
peaxiuu

MgOw) = Mgy + 0.50; (1.10)
SHTANBINS, KOTOPOH, pacCUMTaHHASI IO 3—My 3aKOHY TepMOJMHAMUKH, paBHa AsH, =
744.8 x/I>)x/Moyb. DKCIIEPUMEHTHI 110 METOJIMKE TIOTOKA C MCIIOJIb30BAaHUEM KHUCIOPOaa
MO3BOJIMJIM PAaCCUUTATh SHTAIbIHUIO cyOonumaruu (k/[k/MoJb) M SHEPru0 aTOMU3AIUH
(x/Ix/momnb) momekynet MgO AgH°, = 661.0, D°% = 334.7. B pabote [73] aBTOpHI,
UCTIONB3YSl METOJWKY TIOTOKA, HCCIEIOBAIM TMPOILECCHl MapooOpa3oBaHUs OKCHIA
marausi. OIHaKO, yUUTHIBAsA, YTO B Ka4€CTBE T'a3a HOCUTEIS MUCIOJIb30BAJICS KUCIOPO/I,
MpaBUWJIbHEE CUMUTATh, YTO HCCIIEIOBAIIM MIPOIIECCH TapooOpazoBanus cuctembl Mg—O,.
B »s1oif cucreme B mHTepBasnie Temmeparyp 1660-2010 K mopoobOpaszoBanue okcuma

MAarHus 1o JaHHBIM aBTOPOB MPOTEKAET NPAKTUYECKU KOHTPYIHTHO 110 PEAKLINHU

MO = MgO(, (1.11)

CornacHO OSKCIEPUMEHTAIBHBIM JaHHBIM TO0 2-My W 3-My 3aKOHaM
TEPMOJWHAMUKHN HAiIEHBbl 3HAUEHHS OJHTAJBIIMK CYyOJMMAalWU OKCHAA MAarHHs
(xJIox/Mob) AsH%9g15 = 596.2 + 14.6 (2—oit 3akoH) u AsH gs15 = 606.7 £ 0.4 (3—uii
3aKOH) M SHeprus aromusainuu 3toi Moyiekysbl D%= 389.1 x/x/monbs. Haubomnee
UHTEPECHBIC U MOJIPOOHBIE UCCIIETOBAHMS MPOIIECCOB MapooOpa30BaHUs OKCHJIa MAarHUs
NPEJICTAaBIICHBI B MacC-CIIEKTpaNIbHBIX pabotax dapbepa [74] u Kasenaca [75, 76]. B [74]
ucnapeane MgO Benu u3 anyH0BBIX 3D Py3noHHBIX Kamep B uHTepBasie 2020-2160 K.

[To maHHBIM ATOM PabOTHI HACKIIICHHBIM TTAP COCTOUT B OCHOBHOM M3 aTOMOB MarHus U
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MOJIEKYJT KHCIIOpOJa, mapiaibHoe naBieHne mosiekyn MgO Gonee ueM Ha MOPSIOK
HIke aToMoB Mg u monekyn kucnopona. IIpomecc mapooOpa3oBaHHs MOKET OBITH
OIKCcaH, INIaBHBIM oOpasomMm, peakiueit (1.10). Ha ocHoBaHMM 3KCIEpHMEHTAIBHBIX
JAHHBIX TI0 2-MYy M 3—My 3aKOHaM TEPMOAMHAMUKH OBLIN PAacCUYUTAHBI CTAHIAPTHHIC
sHTanbnuu peakiui (k/x/monb) AiH%(1.10) =764.0 £ 6.3, AsH%(2.1.3.2) =636.0 + 6.3,
obpazoBanus. OMHOBpEeMEHHO ¢ paboToil [74] BrIMOMHSUIMCH UccieaoBanus [75,76], Ho
npu 6osee HU3KkKUX Temreparypax 1848—1983 K. Tepmonnnamudeckue XxapakKTepUCTHKH,
MOJTyYEHHBIC TUMHU ABYMS TPYIIAaMU MPAKTUYCCKH HICHTUYHBI, HAIPUMEp, COTJIACHO
padotam [75, 76] sntamenusa peakmum (1.10) AH% = 630.3 £ 2.7 x/[x/Moib u
CTaHJIAPTHBIC SHTAILIUN oOpa3oBanus (k/[kx/Monb) AfH% = 33.6 + 2.1 n aTomu3anuu
(x/Ix/monp) D%= 363.5 + 4.2 okcuma MarHuss B Ta30BOM (a3e coBHmAmalT C
aHAJIOTUYHBIMU 3HAYEHUSMH TTPUBEACHHBIME B HccieaoBannn Papodepa ¢ TOYHOCTHIO 70
4.2 xJI>x/Mo1b.

BriBog.

TepmoguHaMuyeckne XapakTepucTUKH okcujma wmaraus MQO  moctatodHo
HAJISKHO ofpeaesieHbl. Ha oCHOBaHWMM PAacCCMOTPEHHBIX JAHHBIX MOKHO MPUHATH, YTO
nporecc mapooOpa3oBaHusl OKCHIa MAarHUs MPOUCXOIUT KOHTPYIHTHO C MEPEXOJOM B
ra3oByio a3y B Buze aroMoB M u mosekyn O,. DHTanbnus odbpazoBanus (kx/mMoib)

ObLTa TPHMHATA Ha OCHOBAaHWM MaHHBIX crpaBodyHHMKa [26] AfH%gs15 = -601.2 £ 0.6

KJ[>K/MOJIb.

1.4. Cucrema Al203—AIN. (y-AJIOH)

Uctopus uccnenoanus cucremsl Al,O3—AlIN 6epet cBoe Havana ¢ pador [77-82],
B KOTOPBIX COOOIIAIOCH O CUHTE3€ «BOCCTAHOBJICHHOM IITTUHENY HA OCHOBE TIIMHO3EMA.
OTO0 coeAWHEHHWE OBLIO TOMYyYEHO BOCCTAHOBIEHHEM OKCHIA QIIOMHHHS CMECHIO
METaJUTMYECKOro afOMUHUS U yriepoaa npu temmneparype 1700°C u, koropomy Obiia
naHa gopmyna Al;O4, moapasymMeBaroias HaJIuunue aTFOMUHHS CO CTCIICHBIO OKHCIICHUS
+2. OmHAKO, MO MPOMIECTBUU 13 JIET BBIMOJHUIN JOMOJHUTEIBHBIC YKCIIEPUMEHTHI U

YCTAHOBHWJIM, YTO B MPOILIECCE BBICOKOTEMIIEPATYPHOTIO CHUHTE3a «BOCCTAHOBIICHHOM
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MITTUHE TPOUCXOIUT YaCTUYHOE HUTPOBAHUE OKCHUIA AJTIOMUHHMSI a30TOM aTMOC(EPHI.
[Ipydyem B 3aBUCUMOCTH OT BPEMEHH CHHTE3a TOJIy9aeTCs WU OJHO(a3HBIN 00pa3ely
HIMUHEIN WK ABYyX(a3Hble 00pa3lbl: IPU MAJIOM BPEMEHH OTXKUTA — IIMUHETb + OKCU/T
QTFOMUHUSA, TIPY JUTUTSIIEHOM BPEMEHU — IIMUHENb + HUTpU amoMuaus. K coxaneHuro,
HE YCTaHOBJICH XMMHUYECKUH COCTaB LIMUHEIH, a YKa3aHO, YTO OH HaxoAuTcs mpu T=
1650 K Mexay OoKCHIOM W HUTPUAOM AFOMUHUS U HAMJIEHbI HEKOTOpbIE (U3UUECKUE
koHcTaHTBl AIN—-Al,Os: kpuctammueckas ctpykrypa Fd3m, Z=8, a=7.940 A; TuioTHOCTB
3.78 rp/cm?; nokasatens npenomnenus 1.80; MmarautHas BocnpuuMunBocTh -0.34%10%rp”
!, Mocnenyromue TpuALATH JE€T OTMEYEHBI MHTEHCHBHBIMHU BBICOKOTEMIICPATYPHBIMH
uccienoBanusiMu  riceBnoonHapaori cuctembl AIN-Al;Os. Jloar m ®ocrtep [11]
MOKa3ajy, 4TO JO0OABJICHHE HUTpUIA aTIOMUHUS K OKCuAy amtomuuus npu T>1800°C
MPUBOJIUT K O0OpPa30BaHUIO CTAOMIBLHON BBICOKOTEMIIEPATYPHOU O—TIIMHO3EMHOU (ha3bl
tuna mmuHeau(y). ABTOpPBI YCTaHOBWIIM, YTO 3Ta (pa3a CYHICCTBYET B CHUCTEME IPH
COJIEp)KaHUM OKcHJla alioMuHusa okoyno 76 mons%. IlepBas ¢aszoBas nuarpamma
nceBaoouHaproit cucreMbl AIN-Al,O; Obuia mpencrariena B 1964 roxy B pabote
Jlexxyca [84], B koTopoii ObLTH HACHTU(DHUIIMPOBAHBI IIeCTh (Pa3. (cM. mputoXkeHue 1 puc.
1.4) ABTOp B CBOEM HCCJICIOBAaHUU OTMETHJI, YTO IpH Temmeparype Hrwke 1600°C
peakius MeXAy OKCHIOM M HUTPUJIOM ATIOMUHHS HE MPOTEKAET W YTO TOJBKO BBIIIE
ATOM TeMIlepaTypbl MOXHO OOHapyX uTh Y—daszy. B wucciemoBaHuu mnokazaHo, 4YTO
00J1aCTh TOMOT€HHOCTH 3TOM (pa3bl, Ha3BaHHasA B utepatype AJIOHowm, pacnonoxena B
obmactu coctaBoB OT 67 1o 84 u ot 50 g0 86 mMonp% Al,O3 ipu 1700°C u 2000°C
COOTBETCTBCHHO. HekOoTOphIe M3MEHEHUs B AMarpaMMmy BHECIHM aBTOpHI padot [83, 85,
86], oHn OOHAPYKWJIM HECKOJBKO TMOJUTHUIIOB (ha3 U J00aBUIM UX K guarpamme. (CM.
npuioxenue 1 puc. 1.5, 1.6) MuTepecHslie pe3ynbraThl moryueHbl Makkosu u Kopounom
B 1979 roay [87] mpu BhICOKOTEMIIEpATYPHOM HCCIICIOBAaHUH YaCTH JUArpaMMbl 00TraToi
TJIMHO3EMOM W JIABJICHWH a30Ta PaBHOM | aT™M OHM MPUIIUIM K BBIBOIY, 4TO Y—(aza
(AJIOH) crabmibna mMexay 60 u 73 moms% Al,O3 B mHTepBanie Temmeparyp 1750—
2000°C. (cm. npunoxkenue 1 puc. 1.7) daza AJIOH, mo—BuauMoMmy, ILIaBUTCS

WHKOHTPYIHTHO Tmpu Temrepatype okono 2050°C, KOTOpoil COOTBETCTBYET
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crexuomerpuueckas ¢opmyina AJIOHa AlxO27Ns (9AI,03-5AIN). B toii xe pabote
OBLIIO MTOKa3aHo, uTo wnuHelb Y—AJIOH MoxeT ObITh cieueHa MouTH A0 TEOPETUYECKON
IJIOTHOCTH U JIEMOHCTPUPYET MPO3PAUYHOCTH B BUAMMOM cBete. B 1983 romy 3Tu aBTOpHI
[88] omyOmukoBamum T—x ¢aszoByro muarpammy cuctembl Al,Os;—AIN yxe BO BceMm
JMana3oHe COCTaBOB MpU JaBiieHWHW a3zoTa 1 atM HMHTepecHble pe3yabTaThl ObLIN
noaydensl B [89] mpu TBepaodasHoM cuHTe3e moynpo3padnoit y—¢asel AJIOHa. (cm.
npuioxenue 1 puc. 1.8) ABropsl ycranoBuiy, uyto npu T=1700°C mupuna ogHopazHon
obonactu AJIOHa npoctupaercs ot 28 1o 32 mons% AIN, a mpu T=1800°C ot 20 no 34
monb% AIN. TTapametp pemerku AJIOHa mensercs ot 7.926 10 7.946 A ¢ yennuenuem
coneprkanus AIN. [Toxoxxue pe3ysbraThl HOJydeHbI B padote [97], B KoTOpoii n3ydanach
meronoM PCA 3aBucumocth mapamerpa pemetku ¢assl y—AJIOHa ot cocrtaBa u
TeMriepaTypbl. Takas MOCTaHOBKAa HCCIEAOBAaHMUS IO3BOJIAJA MOKa3aTh, YTO IIHPUHA
obnactu romorennoctu AJIOHa mensierca ¢ temnepatypoit. [lpu 1850°C e€ rpanutis
HaxojsaTca Mexay 66.0 (mapamerp pemietku 0.7953 um) u 81 monbp% Al,Os (mapamerp
pemetku 0.7932 HM), a ¢ MOHMKEHUEM TEMIIEPATYpPbI MIMPHUHA 00JACTH TOMOT€HHOCTH
yMeHblaercss U npu temneparype Huwke 1640 = 10°C AJIOH yxe He sBusiercs
TEPMOJIMHAMHYECKHU CTAOMIIBHBIM COEIMHEHUEM (pUCYHOK 1). Pe3ynbTaThl 3T0# pabOThI
no KoopAauHataM obOmactu romoreHHoctd AJIOHa Omu3ku c  pesyiabTaTamu

ucciaenoBanuii [84, 89].

[TosiBIeHHE HOBBIX KCIEPUMECHTAIBHBIX JaHHBIX MO MCCIICA0BaHUIO cucTteM Al
Si—O-N, AI-O-N, HOBBIX TEpPMOJAMHAMHYECKUX MOJCIICH, ONMUCBHIBAIOIIMX CTPOCHHE
xuakux (a3 kBazuOuHapHbeix cucteM Al03-SiO,, Al,O3—AIN, mo3BoaWIO MOTYYUTH
HOBBI# BH] (ha3zoBoit auarpammbl Al,Os—AlIN [117] (pucyHOK 2). MOXHO OTMETHTB, YTO
npeacTaBiIeHHbIe Mojean T—x (a30BOM AuarpaMmbl HE TOJBKO XOPOIIO COTJIACyIOTCs
JpyT C IPYroM, HO U C OOJBITMHCTBOM IKCIIEPUMEHTAIBHBIX JaHHBIX. TakuM 00pazom
MOJKHO 3aKJIFOUHTh, YTO H3BECTHBIC HA CETOMHSIIHMNA JIeHb Mojaelu T—X (a3oBbIX

nuarpamMm cucteMbl Al;O3—AIN qocTatogHO MOIPOOHO M HAZIEIKHO OMUCHIBAIOT (PU3UKO—
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XUMHUYECKHE CBOMCTBA ATOM CUCTEMBI, 0COOCHHO B 00JIACTH CYITIECTBOBAHUS TOMOTCHHON

da3sl y—-AJIOHa.
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Pucynok 1. ®a3oBas nuarpamma cuctemsl Al,O3—AIN [97].
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Pucynok 2. ®a3osas nuarpamma cuctembl Al,O3—AIN [117].
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HecMoTpss Ha 3HAYMTENHHOE KOJWYECTBO MYONMKAIUA TIO Y—OKCHHHUTPHUILY
amomunusa (AJIOH), tepmonunamuka AJIOHa Bce ele He O4YeHb XOPOIIO U3YyY€Ha.
[Ipexne Bcero, CymecTBYIOT HEKOTOPbIE pa3HOIIACHS] OTHOCUTENILHO TEMIIEPATYphl, IPU
KoTOpoil MoxeT oOpaszoBaThcss AJIOH, ¢ KMHETMYECKUMHU WM TEPMOJAUHAMUYECKUMU
OTpaHUYCHHUSIMHU CBS3aH HWXHUN TIpeliesl CMHTe3a 3TOro coenuHeHus. CyliecTBYIOT
orpejieieHHbIe MPOOJIEMbl B MHTEPIPETALIMH PE3YyIbTaTOB CUHTE3a U UCCIIEIOBAHUS €TI0
(UBUKO—XUMHUYECKUX CBOMCTB, TaK KaK 3TO COCAMHEHHE HE CTEXHMOMETpuieckoe. B
Tabnuile 3 MPUBECHBI U3BECTHBIC JIMTEPATYPHBIE TAHHBIE M0 YCIOBUAM (TeMIlepaTypa,
coctaB peareHToB) cuHTe3a AJIOHa. M3 »Toil Tabnuiel BUIHO, YTO B OOJIBIIMHCTBE
ciiydaeB I oOpa3oBaHHs HeoOxomauma Temmepatypa Bbime 1500-1700°C. B [89]
ormeuaetcsi, uto npu 1480°C obpasyetcst Tonpko AIN, HO npu Temnepatype 1580°C
obpasytorcst AJIOH u AIN. o nannem [84] u [90] mpu temmneparypax Huxke 1600°C
AJIOH paznaraercst Ha Al,O3 u AIN. Ot paboTs! nokasbiBaroT, uto AJIOH HecTabmieH
npu Temreparype Hmwke 1600°C, npuuem B padote [89] mokazaHo, 4To MKPHHA 00JIACTH
TBEPJIOTO PACTBOpPA C MOHIKEHUEM TEMIIEPATyPhl CTAHOBHUTCS YKe. DTO MOXKET OBITh
OOBSICHEHHEM pa3HHIIBI B TEMIIEpaTypax, HaAWJACHHBIX B Pa3IUYHBIX paboTax, Haydasa
obpazoBanust AJIOHa. PaGoter [91, 92] mocBsiieHb! XMMHUECKOMY OCQXKICHHUIO W3
napoBoil ¢a3zel miaeHok AlyOyN, Ha kpemHuii. B 3TuX myOaukanusx onucaHbl MJICHKH,
coJieprKalllie aTlOMHHUM, KUCIOPOJ M a30T, MOJy4YeHHble npu Temmeparypax 770 u
900°C. B omnpeneneHHOM auamna3oHE COCTABOB IUIEHKH, moiydeHHble npu 900°C,
cornacHo PDA cootBercTBytOoT Y—Al>03, 9TO yKa3bIBaeT Ha BO3MOXHOCTh OOpa30BaHMSI
AJIOHa npu Huskumx temmeparypax. [lo MHEHWIO aBTOPOB, IUICHKH, IOJTYYEHHBIE
KHHCTHYCCKUMHU METOJaMH OCaXACHHUS, HE MOTYT CIY)XHTh J0Ka3aTeIbCTBOM
TEPMOJIMHAMHYECKON CTAaOWJIBHOCTH TPU TaKUX HHU3KHX Temreparypax. HHTepecHO
OTMETHTb, 4TO BO MHOTHX ITyosmkarnusax AJIOH paccmaTpuBaeTcs Kak mpoMeXyTOIHAs
¢aza, BOCCTaHOBJICHUS OKCHA ATFOMUHMS B PUCYTCTBUHU a30Ta U, KOTOPAs KCUE3aeT 10
Mepe MPOTEKaHMsI peaKIu. B BOCCTAHOBUTENIBHBIX YCIOBHUSX KOHEYHBIM MPOTYKTOM
Bcerna sisietcs AIN. Eciu peakius B3aumonericteus Al,O3 ¢ a3oTom mpoBoauTes Ha

BO3IyX€, OKCHUJ aJIOMUHHUSI SBISCTCS PE3yNbTHpYIomieh ¢a3zoi. M3 3Tux pe3ynpTaToB
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CTAHOBHUTCS SICHO, 4TO (IIapLUalbHOE) JABJIEHUE KHCIOPOJA WUIPAET BAXXKHYIO POJb B

oOpazoBanuu (u ctabmibHOCTH) hazer AJIOHa.

Tabnuua 3. MI3BecTHbIE TUTEpaTypHbIe AJaHHbIe 10 cuHTe3y AJIOHa.

YpaBHeHHE Temnepatypa cunresa (°C)
A|2O3(TB)+A|N(TB) — AHOH(TB) >1650°C
A|203(TB)+C(TB)+ Nz(r) — AHOH(TB)‘FCO(F) >1700°C
A|203(TB)+C(TB)+Air — AHOH(TB)‘FCO(F) >1700°C
A|203(TB)+A|(>K)+N2(F) — A.HOH(TB) >1500°C
A|203(TB)+A|(>K)+A“’ — AHOH(TB) >2045°C
A|203(TB)+NH3(F)+H2(F) — >1650°C
AHOH(TB)+H20
Al Air— AJIOHm) ~1500°C
A|C|3(1-)+C02(1-)+NH3(r)+N2(r) — 900°C
AHOH(TB)+CO(F)+Nz(r)'l'HCl(r)
A|203(TB)+BN(TB)+N2(F) — AHOH(TB) >1700°C

[lepBpie TepMOIMHAMUYECCKUE XApaKTEPUCTHKU OKCOHUTPHUIA ATIOMHUHS OBLIH
ormyonukoBanel B padorax Jlopaepa [93] m Kaydpmana [94]. B atux paGorax Obuia
npuHsaTa crexuomerpudeckas ¢opmyiaa AJIOHa Al;OgN. JlopHep ¢ coaBTOopamu,
ucnois3ys AanHbie Jlextoca [84] u sBrexronmnoe pasnoxkenne AJIOHa npu 1600°C Ha
OKCHJ] U HUTPHUJ AJIFOMUHUS, PEICTABUIIN CTaHAApTHYIO dHepruto ['mb6ca odpazoBanus
AJIOHa (/Ix/mMo071b) B BUIe ypaBHCHHS

AGP(Al;OgN) = -5315213.2 + 1054.520T (1.12)
Kaydman [94] omucan cucremy AJIOHa, ucnosb3ys ocHOBHbIE (pa3oBbie MmapaMeTphbI
pelieTku pactBopa u coeawHeHus. OH paccyuWTan CTaHIApTHYI 3Hepruto [ 'nbdOca
peaxtyu (JIx/Momb)
3/17 AlyO3(¢y + 1/17 AIN(ny = 1/17 Al;O9N(sp) (1.13)
rie (C) — dasa kopynaa, (N) —hasa rexcaronaibhas, (SP) —asa mnuHenpHas

A/G®= -515 - 0.259T (1.14)
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CormnacHo THM JaHHEIM, B pabore Bunemca [97] paccuuranu cranmapTHBIE SHEPTHH
['n66ca obpazosanus crexuomerpuaeckoro(Al;O9N) AJIOHa (/Ix/mMoib)
AfG (Al7O9N) = -5356902.8 + 1070.58T (1.15)
AfG (Al7OgN) = -5357102 + 1052.215T (1.16)
Bripaxxenue (1.15) monydeHo mo ckoppekTupoBaHHBIM, a (1.16) mo mepBoHaYaIbHBIM
nanaeiM  Kaydmana [94]. CormacHo pesyiabTaram JlopHepa (3aBucumocts 1.14)
cBobomHas »Heprusi ['mb0ca peakmuu (1.13.) mpu Temmeparypax Beime 1600°C —
oTpullaTenbHass, a npu Temneparypax Hrmke 1600°C — mnonoxurensHad. [lpu
ucnonp3oBanuu naHHeix Kaydmana (3aBucumoctn 1.15 wmnm 1.16) sneprus ['mbG6ca
peakiuu odpazoBanus AJIOHa Bcerna orpuiiatenbHas, 4TO0 HaXOAUTCS B TPOTUBOPEUUU
CO BCEMH JKCIEPUMEHTAIbHBIMU JaHHBIMU. B pabote Buiuiemca BhINOIHEHA OlIEHKA
abcomorHoro 3HadeHus HHTpormu AJIOHa cocraBa Alx3O2/Ns, mpemnokeHHOTO
MaxkKemnu. PacdeTt BBITIONHSIICS 110 YPABHEHHUIO
S°(1/55 Al3027Ns) = S°(1/2AIN) + 9/14[S°(1/5A1,03)- S°(1/2AIN)] + Ser, (1.17)
e Sc—KOHQUTYpallMOHHOE 3HaueHue HHTponuu. KoHurypannoHHoe 3HaueHUE
sHTponuu S¢¢ = RINW Obuto paccumtano, MCXo[s M3 KPUCTAUIMYECKOH CTPYKTYPBI
AJIOHa mmmunensHoro tuna (Fd3m) ¢ BakaHcusaMu B OKTasApuyecKux no3unusx. [pu
uhciae BO3MOXKHBIX KoHurypauuii W=2.07x10"° 3nauenme xondurypaunonnoi
SHTPONUU OKa3anoch PaBHBIM Sci(AlsOxNs) = 197.5 JIx/mons K, a abcomroTHOE
3HAYCHHUE SHTPOIIHMHU C yUETOM JaHHBIX cripaBounuka [26] mpu T = 1873 K paBuo S°(1/55
Aly3027N5) =3045.5 JIxx/mons K. B atoli e paboTe mpuBEIcHBI 3HAYCHHS SHEPTUU

I'n66ca obpazoanmss AJIOHa (J/k/mMonb) W3 OKCHIa M HUTPUAA ATIOMHHHS W W3

JIIEMEHTOB
AGt{(Al23027N5) = 9AGH{Al,03) +5AGH(AIN ) (1.18)
AGt(Al23027N5) = -10241.242 xJIx/moib (pu 1873K)
23Al +13.50; + 2,5N; = Al23027Ns (1.19)
AGt (Al23027N5) = -16467302 + 3324.111 T (1.20)

B paborax [95, 96] mo ganHbIM JlopHepa, HCHONB3YS TEPMOIAMHAMHYCCKOES

KBa3UIApa0OINIECKOE TMPAaBUIO W MOJEIh CYyOperyJspHbIX pPAacTBOPOB, ObUIM
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paccunTanbl dHeprun [ m606ca obpazoBanms y—pa3z AJIOHa, coctaBoB, HAXOASIIUXCS B

paBHOBecuH ¢ AByx¢a3HbiMu oomactamu AIN—AJIOH u Al,Os—AJIOH (tabnwma 4).

Tab6nuua 4. Onenennas 3Heprust [ 166ca AJIOHa no mojienu peryisipHbIX pacTBOPOB.

CocraB T, K AfG® (x I/ MoIb)
Al1502.4No. 2073 -826.4
Al1670201No33 2073 -708.3
Al17202.16No.28 2073 -752.5
Al;76202.286N0.238 1973 -818.4
Al;6902.07No.31 1973 -751.0
Al17202.16No.2s 1973 -778.9
BriBos.

K nHauany Hamux ucclieoBaHUN TepMoJauHaMuueckue xapakrepuctuku AJIOHa
He ObUTH JOCTaTOYHO XOPOIIIO UCCIIeIOBaHbI. B nmuTepatype uMenuch TOIbKO OIEHOYHbIE
JaHHbIE IO CBOOOAHOM »sHeprum ['mbOca oOpazoBanus y—da3z AJIOHa, oTBeuaromime
HEKOTOPBIM COCTaBaM, HAaXOJSAIIMMCSI B pPaBHOBECHMH C JIByX(ha3HbIMU OOJACTSIMHU.
[IpsMBbIX W3MEpEeHUN OCHOBHBIX TEPMOJWHAMHYECKUX XapaKTEPUCTUK, TJIaBHBIM

o0Opazom, nporieccoB nmapooodpazoBanust AJIOHa He mpoBOUIIOCE.

1.5. Cucrema Al,03-MgO.

[TepBas padota mo ucciemoBanuto T—x ¢aszosoi auarpammer Al,03—MgO Obuta
omyonukoBana B 1916 r B [98]. [To naHHBIM aBTOPOB B cHCTEME 00pa3yeTcsi TOJIBKO OJTHO
coenunenue coctaBa MgAIl,O4 ¢ Temmieparypoii mnasienus Ty, = 21354£20°C. Cucrema
xapakrepusyercs AByms sBTekTukamu MgO — 45 Bec.% c TemmepaTypoil IuIaBiIeHUsS
2030£20°C u MgO — 2 Bec. % Tpy =1925°C. OnTruueckue uccie0BaHus MOKa3aau, YTo
MgAI,O, obpasyeT mmpokyoo cepuio TBepAbiX pactBopoB ¢ 0—Al,03, ¢ B—dhopmoit
TBEp/bIC pacTBOPBI He HaOmomatorcs. B padore [99] onmcana auarpamma B o0yactu
coctaBoB MgO — MgAI,;O4. (cm. mpunoxenne 1 puc. 1.9) IIpu koopaunarax MgO — 45

Bec. % mHabmromaercs SBTEKTHMKA ¢ Temmeparypoi maBieHuss 1995°C. Ilo maHHBIM
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aBTOPOB 3TON paboThl Ty, mmuuenn paBHa 2105°C. Ontuueckumu u POA merogamu
YCTaHOBJICHO CYIIECTBOBAHUE IBYX TBEPABIX PAaCTBOPOB — IMEpHUKIa3a W UIMHHEH.
MakcumanbHbIN COCTaB TBEPJOT0 pacTBopa nepukiasza npu T=1995°C pasen 82 Bec. %
MgO, a TtBepmoro pactBopa mmuuHenu 39 Bec. % MgO. DTtu pacTBOpBI JIETKO
(bUKCUpyIOTCS KOJINYECTBEHHO pu TeMIeparypax BBIILIE 1500°C.
BricokoTeMiieparypHas 4acTh HpoTHBomonoxHoi crtoporsl MgAIL,O4—Al,O3 dhas3oBoit
nuarpammsl uecienoBana B padote [100]. (em. mpunoxenwue 1 puc. 1.10) OcHoBHAs 4acTh
pabothl BbinojiHeHAa MeTogoM PDA. da3pl, pacnosiokeHHbIE HUXKE JUHUHM COJUIYCA,
NPEJCTABISAIOT CO0O0W TONBKO MMHHETh Win cMech mmuHenn U 0—AlyOs. Tlpenen
pactBopumoctu Al,O3 B TBEpIBIX pacTBOpax IIMHHENH, ObLT 3aQUKCUPOBAH HA YPOBHE
15 mosie% Al,O3 pu sBTeKTHYECKOM TemriepaTtype 1975°C. DkcnepuMeHTaIbHO Mpeae
pactBopumoctd  MgO B 0-Al,O3 He ObUT ompesaeiieH, HO SKCTPAHOJIAIUCH
HU3KOTeMITepaTypHbIX AaHHbIX [101] aBTOpBI MOKa3ajaM, YTO TPH HSBTECKTHUECKOM
TemrepaType oH He mpeBbimaeT 1 Moas% MgO. Temmneparypsl miaBnenus o—Al,O3
(2045°C) m MgAIl,04(2105+15°C) B Ar, HaitIecHHBIC B paCCMaTPUBACMOM HCCIICIOBAaHUU
coryacytorcs ¢ paboramu [98, 100, 102]. (cm. mpunoxkenune 1 puc. 1.11) [IpakTuyecku
OJTHOBpeMEHHO mosBUINCh JBe padotel [102] m [103], mocsimenHbie momHol T—X
¢a3oBoii quarpamme stol cuctembl. B pabore [102] Bua cucTeMbl ObUT paccuuTaH
MetogoM CALPHAD 10 H3BECTHBIM 3KCHEPUMEHTAIBHBIM JaHHBIM C ITOMOIIBIO
KoMIbIoTepHOU iporpammbl ontumuzaiiiua PARROT. HecMoTps Ha HEKOTOPBIN pazopoc
9KCICPUMEHTAIBHBIX JaHHBIX MO pacTBopuMoctH o—Al,O3; B okcuae MarHus ¥ B
MIMUHEM MOXXHO OTMETHTh XOpOIIee COTrjJacHe ¢ PACUETHBIMH pe3yibTaTaMHu.
«TBepmast» pactBopumocth MgO B y—Al,03 ouens Hu3Kas, okono 0,012 mons% npu
2073 K [104], mosToMy B JTaHHOM HMCCJI€IOBAHUH NP OTIMCAHUK OOIIIel KapTUHBI OHA HE
paccMarpuBanack. JloCcTaTOYHO TMOJHBIA KPUTHYECKUH 0030p JUTEpaTyphl MO
pe3yJbTataM SKCIepUMeHTalbHOro uccienoBanus cucreM MgO-Al,0;, CaO-MgO-—
Al;O3, 1 MgO-Al,03-SiO; npu ob6mem nasiaenun 1 Gap mpuBeneH B padore [105].
ABTOpPBI Ha OCHOBAaHWM HM3BECTHBIX HAa TOT MOMEHT BPEMEHHU JaHHBIX BBITIOJHHUIN

TCPMOANHAMHUYCCKOC MOACINPOBAHUC CI)EBOBI)IX auarpaMMm MU TCPMOJIMHAMHNYCCKHUX
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CBOMCTB oOkcuaHbiXx ((a3. I[lpm ™MomemupoBanuu KUIKUX a3 MCHOJIH30BATACH
Moau(uUIMpoBaHHAs KBasuxummdeckas wmojenb [106-109], koTtopas yduTBIBaeT
KOPOTKOJACUCTBYIONIYIO YHOPSAIOYECHHOCTh OMMKAWIINX cOoceleld KaTHOHOB B MOHHOM
paciuiaBe, a Jiisl OIIMCAHUS TBEPABIX pacTBOPOB Hcmoib3oBaics Mmerox CEF (Compound
Energy Formalism) [110]. (cm. mpunoxenue 1 puc. 1.12) PactBopumocts Al,O3; B
IIMAHETW OblJIa ONTHUMH3UPOBAaHA aBTOpPaMH, TJaBHBIM 00pa3oM, Ha OCHOBAaHHUU
ucciaenoanmii [111] u [112]. B mocneanue roapl BHOBL HAOJIOIAETCS MOBBIIICHHBIN
uHtepec k cucteme MgO—Al;O3, uTo CcBsI3aHO, 1O BCEH BUAMMOCTH, C MEPCICKTUBOM
pa3pabOTKH MPOCTOTO W JICHIEBOTO CHMHTE3a HAa €€ OCHOBE IMPO3PAvyHON, MEXaHUICCKU
MIPOYHON KEPAMHKH TI0 CPABHEHHUIO C MaTEPHUAJIOM Ha OCHOBE OKCOHHUTPHA ATFOMUHUS
[113]. Pabora [113] mocBsiieHa HCCIIEAOBAHUIO M TEPMOIMHAMUYCCKOMY aHAIM3y ITOM
CUCTEMBbl HAa OCHOBE COOCTBEHHBIX JKCICPHUMCHTAIBHBIX W HanOoJiee HaJACKHBIX
JUTEpaTypHbIX HaHHBIX. [locTaHOBKAa paccMarpuBaeMol pabOTHI CBsi3aHAa C TE€M, YTO
MHOTHE JIUTEpaTypHbIe JaHHbIE, KaK pacyeTHble, TaK M OSKCIEPUMEHTAIbHbIC
poTUBOpeYaT ApyT Apyry. Hampumep, repmoannamudeckue orierku [102], [105], [114]
JIOCTATOYHO XOPOIIIO BOCIIPOU3BOAAT TeMIIepaTypy IutaBiacHus mmuHenu [99, 115, 116]
U TeMIieparypy sBTektrueckoit peakiuu L = MgO + Spinel [115,99]. Oanako, HecMOTpst
Ha XOpOIIEe COBMAJCHUE PACCUMTAHHOW TEMIEPATyphl PEAKIMd MEXKIY IIMUHEIbIO,
Al;O3 ¥ KHIKOCTBIO, CYIIECTBYET HECOIIACOBAHHOCTh MEXKIy pacueTaMud W
AKCIEPUMEHTAIBHBIMUA pabOTaMU OTHOCUTEIBHO XapakTepa 3Tou peakiuu. CorjiacHO
9KCHEPUMEHTaIbHBIM JaHHbIM [115,118-122] »Ta peakius XapakTepu3yeTcss Kak
OBTEKTHYECKas, B TO BpeMs KakK II0 pacyeTHHIM JaHHBIM OHA JIOJDKHA OBITh
MEPUTCKTUYCCKON W HAOIOMAThCS] KOHTPYIHTHBIA MUHUMYM IUIABJICHUS IIMTAHEIN B
coctaBax, Oorateix Al;O3. O030p 53KCIEPUMEHTAIbHBIX MAaHHBIX BBISIBHI PSII
HEOTIPEICTICHHOCTEH M TMPOTHBOPCYUH B WUMEIOIIHUXCS DKCIICPUMCHTAIBHBIX JTaHHBIX,
OCOOEHHO B OTHOIICHHWH CTETICHW WHBEPCUU IITTUHEIN U B3aUMOJICHCTBUS KUIKOCTh —
TBEpPJIO€ TEJI0 B OOrarod ImMHO3eMOoM 4dacTu (pa3oBoil aumarpammsbl. [loaTomy 1ienbio
padotel [113] ObuT moMcKk HawOoJiee HAMEKHBIX JTAaHHBIX O CTPOCHUU INIHHEIH,

3daBHUCUMOCTHU CTCIICHU MHBCPCUU OT TCMIICPATYPbI, UCCIICAOBAHUHU IIJIABJICHUSA B OoraTbIx
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Al;O3 cocraBax 1 HCITOJIB30BAHUN 3THUX JAHHBIX JJIS ONTUMH3AIIUN TEPMOINHAMHYSCKAX
napamMeTpoB mmuHENM u mapamerpoB cuctemMbl MgO-Al,Os. [omyueHHas Takum
obpasom B [113] da3oBas nuarpamma u O6oraras TIMHO3EMOM CTOpPOHA cUCTeMbl MgO—
Al;O3 pecraBieHbl Ha pUCyHKaxX 3 U 4 COOTBETCTBEHHO.

HccnenoBanuio TepMOIUHAMUYECKUX XapaKTEPUCTUK MarHWEBOW IINUHENN H
TBEP/BIX PACTBOPOB HA €€ OCHOBE MOCBSAIIECHO OOJIBIIIOE KOJIMYECTBO paboT. [ aBHBIM
o0pa3oM, 3TO CBSI3aHO C TPEOOBAaHUSMHU METATYPIHM, T/I€ LINUHENIN SBISIOTCA
COCTaBHOM 4acThIO IIJIAKOB, MPOU3BOJICTBOM MEXaHUYECKH MPOYHOTO, yIaPOCTONKOTO,
MIPO3PAYHOTO MaTepHalia v MIOHUMaHUEM TeoIornueckux spineHuil. [lnuuenu coctaBHbIe
YaCTH MHOTHX MarMaTHYeCKUX HM MeTaMOp(OHUUECKHX IOpOJ M XapaKTepU3YIOTCS
BBICOKOM CTaOMJIBHOCTBIO B IIIMPOKOM HMHTEpBAJIC JIABJICHUN, TEMIIEpAaTyp U COCTaBOB.
bnarogaps 3TuM CBOWCTBaM M 3aMETHOM PacIIPOCTPAHEHHOCTH, OHU SIBJISIFOTCS] BAKHBIMH
NETPOreHETUYECKUMU WHIMKATOPAMH MU HUCTIOIB3YIOTCA JUIsl KATUOPOBKHU Pa3TUUHBIX
MHUHEPAIbHBIX T€OTEPMOMETPOB U reodapoMeTpoB [123-126]. OnHako HCMONBb30BaHUE
MIMUHENICH Ui 3THX [eledl YacTo  OCJOXHSETCS He TMOJHBIM  3HAHHEM
TEPMOJIMHAMHYECKIUX CBOMCTB WX KOHEYHBIX DPABHOBECHBIX COCTOSIHMM. [ J1aBHBIM
00pa3oM, CBSA3aHO ITO C MPUPOAON CTPOCHHSI IITTHHEIH.
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[MpoctpancTBeHHas rpymnmna mmuHened FA3m. JIBe pasiauuHble TOYCUHBIC TPYIIIIBI
BO3MO>KHBI JUJIS1 IIEPBOHAYAIIBHON JJIEMEHTAPHON SYEUKHU: TOYEHHAsT CUMMETpUS 43M U
3m [119]. Xwumuueckas ¢GopMyia HOPMaJIbHON IIMHHEIM MOXET OBITH OIKMCAHA
dopmyioit AB,O4, tie A(Mg) — nByxBajieHTHbIe, a B(Al) — TpexBaJleHTHBIC KATHOHBI.
Atombl A U B 3aHMMaloT coOTBETCTBEHHO TeTpadapuueckue (T) u oxTa’dapuyeckue
nosunuu (O) B anmemenTapHoi siuetike. Korna T—1mo3uIiny mojJHOCTHIO 3aHATHI aTOMaMH
B, a mecta O 3aHATHI A 1 B B paBHBIX KOJINUECTBAX, IIMUHEID HA3bIBACTCSI HHBEPCHOM.
OtH nBa TUMA ObLTH BriepBbie onmucanbl B [128]. Ilnuuens y1o0HO IpeacTaBasTh 00IIeH
xumuueckoit  popmynoi  (AiBi)[AiB2i]°0s co crenennio unBepcum i. Ilapamerp
WHBEPCHH TOKa3bIBACT M0N0 KATHOHOB B, 3aHMMAIONINX TETPadApHUECKUe YIaCTKH.
[TonHoe TepMOAMHAMUYECKOE OINMUCAHWE INMUHETU OJDKHO COACpPKaTh JIaHHBIE O
3aceneHHOCTH. B cimyqae MgAl;O4 HECKOJIBKO MCCIETOBAHUM CBSI3aHHBIX CO CTETICHBIO
WHBEPCUHU, MOYKHO HAWTH B JIMTEPAType: HEUTPOHHBIC TUPPAKITMOHHBIC YKCIICPUMEHTHI
[Terepcona [129, 121] (¢ ucnonb3oBanueM KomMmepueckoit mmuuenu oT Union Carbide
(UC)), Peadepna [130], O6eptu [131]; PDA skcnepumentsl Anaeposu [132,133];
cnekrpockonus SIMP 2’Al T'o6u [134] u Byna [135]; SIMP Al u 'O nox marugeckum
yrimom Mmutapna [136] w  gp. Ha pucynke 5 mpuBeOcHBI HMEHOIIUECS
AKCIIEPUMEHTAJILHBIC PE3YIIBTATHI TTO 3aBUCHUMOCTH CTETICH HHBEPCHH OT TEMIICPATYPHI.
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MO>XHO BUJETh, UTO HalIEHHBIC 3HAYCHHSI CTETICHH WHBEPCUU UMEIOT OOJIBIION pa3opoc
0 TeMITepaType, KOTOPBIN MOXKET OBITh CBSI3aH KaK C TOYHOCTHIO SKCIIEPUMEHTA, TaK U C
ucropueir uccienyemoro ooOpasna. Kartvonnas kondurypaunms mmuHenw (CTeneHb
WHBEPCUHY) MEHSETCS C TOBBIMICHUEM TEMIIEpaTyphl OT HOPMAJILHOTO PACIPEICICHHS
Mg?*(Al**)O4 B cTopony obpartHoro pacnpenenenus Al13"(Mg?t A13%)0,4 [137]. Us-3a
KMHETHYECKUX (akTopoB rmpoiecc pekoHpurypamuu mnpu temmepatype 700-900°C
IIPOUCXOANT B TeUCHUE HECKOIBbKUX yacoB [138, 129], a npu temmnieparype Hrmke 700°C
NpPaKTUYECKU  OCTaHaBiIWBaeTca. B CBI3M ¢ 3TUM  TIiepecTpoilka  OT
BBICOKOTEMIIEPATYPHOTO K HHU3KOTEMIIEPATYpPHOMY COCTOSIHHIO (PaBHOBECHIO) YaCTO
ObiBaeT HemnosiHOM. SIMP wuccrnenoBaHus 3aceleHHOCTH (MHBEPCUU) KAaTHOHOB
MOKAa3bIBAIOT, YTO, €CJIM IIMHUHE]Ib PABHOBECHA IMPHU BBICOKOW TEeMIIEpaType, a 3aTeM
3akanuBaeTcs 10 temreparypsl, HuxKe 900—-1000°C, oHa He ycnieBaeT mepecTpOUTHCS B
PaBHOBECHOE COCTOSIHME, COOTBETCTBYIOIIEE TEMIIEpaType 3aKallKu M COXpPaHSET
OCTaTOYHOE KOJUYECTBO MHBEPCUOHHOTO COCTOSIHUS, IPUCYTCTBYIOIIETO MPU BBICOKOM
temneparype [139, 140]. DTo 3HAUUTENBHO YCIOKHICT HHTEPIPETAIIUIO TEITIOEMKOCTH
U KaJIOPUMETPUYECKUX H3MepeHuid Terutocoaepkanus  MgAl,O4.  Tlockonmbky
CUHTETHUYECKHUE IITTUHETN HUKOT/1a He OBIBAIOT MIeaTbHO HOPMAJTbHBIMU, TETIJIOEMKOCTH,
u3MepeHHble B nHTepBasie Hu3kux temrepatyp (T<300°C) Ha cMHTeTHYECKOW MITTUHETH
[141] dakTHUeCKH OTHOCSATCS K INMUHEN C HEPABHOBECHON MHBEpCHEH (0eCopsaKoM).
AHanoTUYHAs CHUTyallusl CKJIAJbIBACTCS TIPH HCCICIOBAHUU  TEIUIOCOACPIKAHUS
CUHTETHUYECKUX OOpa3lloB IIMHUHENN, 3aKaJeHHBIX OT BBICOKOW TeMIlepaTyphl 0
temneparypbl Hrke 1000°C [142,143]. B c¢Bs3u ¢ 3TUM K HEKOTOPBIM H3BECTHBIM
JUTEPATYPHBIM JTAHHBIM 10 TEPMOAMHAMUYCCKUM XapakTepructukaM mmuHenn MgAIlL,O,

CJICAYCT OTHOCUTHLCA NOCTATOYHO OCTOPOIKHO.
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A, @ —npupoanbie 06pasLbl ¢ pazIMYHBIM COAEPKAHUEM IPUMECEI;
A _ cunrernueckuii obOpasert, oydeHHbI MeTo0M Beprerst (coctaB MgO-Al03 1:1);
O - cunrernueckuit oOpasel, nonydyeHHblit MeToioM Byna u Baiira;

[ ] - cunrernueckuit o6paser, moiydeHHbit Metogom Beprens (coctaB MgO-Al20z 1:3.5).

OHranenuda, cBoOonHas 3Heprusi ['mb0ca u sHTponus oOpa3oBaHMs IUIMHHEN
amoMuHaTa marHust u3 okcunoB MO, Al,O; Brnepseie Obuia HaiineHa B [144] mpwu
UCCJIEIOBAHUH PABHOBECHS

4MgO(TB) + 2A|()K) = MgA|204 ) T 3Mg(r) (121)
METOJIOM MOTOKA B UHTEpBaje temneparyp 1145-1414 K. ABTopbl mokasaiu, 4To JTaHHOE
paBHOBECHE YCTaHABIMBAETCS MPHU B3aMMOACHCTBUU OKCHAA MArHus C aJTIOMUHUEM,

YUCTOTY KOMIIOHEHTOB KOHTpoJsinpoBanu PDA. TepmonnHamMuyeckue xapakTepUCTUKU
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MITTUHEIN OBLTM PACCUUTAHBI 110 2—MY 3aKOHY TEPMOAMHAMUKHA ¥ TEPMOIUHAMHYCCKIM
XapaKTePUCTHKAM YHUCTBIX OKCHIOB [145]. PaccumranHble TakuM 00pa3oM 3HAUYCHUS
okazamuch crenyrmuMu AiH%gs15 = 4.6 kJk/Moab, AiG°g15 = -7.95 kJk/MOIb,
AtS%08.15 = 42.3 Ix/(Moub-K). Anpr™man [71], UCTIONB3ys 3KCIICPUMEHTAIBHBIC JTaHHBIC
[144] u 3HaueHUs SHTPOMIHI YUCTHIX OKCUAO0B [146] u mmuueau, onpeaenennoi B [141],
paccunTan sHTajdbnuio oOpasoBanus MgAIOs AfH%gs15 = -33.5 + 8.4 k/[)/MoIb.
CoOCTBEHHBIC YKCIIEPUMEHTAIbHBIC IAHHBIC TI0 MCCIICAOBAHNIO UCTIApEeHUs cucTeM Al—
MgO, Al-MgAl;,O,; meromom motoka [140] mpuBenu k 3HadeHuio peakiuu (1.21)
paBHOMY AH%9g.15=548.1 kJ[/M0Ib 1 BETUYMHE CTAaHIAPTHON SHTAIBIINH 00pa30BaHUS
MIMUHETH U3 3J1eMeHTOB AfHCg9g15=-2305.4 kJI[>k/MOJB, YTO COOTBETCTBYET JSHTAIBITUU
oOpa3oBaHuUs U3 OKCUAOB paBHOM -29.3 kJ[>k/MOJIb.

PaGora [141], Bemmemmas 1955 r., sBasercs, MO CYIIECTBY, IEPBBIM
UCCJICIOBAHUEM TIO OIPEICIICHUI0 HU3KOTEMIIEPAaTypHOU TEIJIOEMKOCTH B WHTEpBase
temnepatyp 51-298.15 K u surpormuu mpu 298.15 K. IlInunens MgAl,O4 Obuia
MPUTOTOBJICHA MHOTOKPATHBIM CIICKAHUEM U HW3MEIbUYCHHEM CTEXHOMETPUUYECKON
TOMOTHHE3UPOBAHHOW CMECH THUAPOKCHJIOB aFOMUHUS U MarHusi B Te€UeHUU 15 yacos
pu T=1480-1500°C. AHamM3 MOJTyIEHHOTO COSTMHEHHUS ObLT BBITIOJHEH METO0M PDA,
KOTOpPBIM TOKa3ajJ, YTO PEHTIeHOBCKAas JU(paKIMOHHAS KapTUHA TMOJIHOCTHIO
coryacyerca ¢ gaHHbiMU KaTtajora A.S.T.M. TemnnoeMKoCTh M3Mepsuiach ¢ TTOMOIIBIO
paHee omwucaHHOM ammaparypbl [148]. HalinmeHHas TakuMm 00pa3oM TEIJIOEMKOCTb H
sHTponus npu Temneparype 298.15 K pasubl €% =115.94 kJ{x/Moinb, S°gs15 = 80.58
Jx/mone K. HeoOxomumo erie pa3 OTMETUTh, 4YTO IpHBEACHHBIC B padore [148]
3HAUCHUS TEIMJIOEMKOCTH W JHTPONUH HMCKYCCTBEHHOHW IIMWHEIN MOTYT COJEpXkKaTh
HEKOTOPbIE HEOMPEEICHHOCTHU 0 MPUYHNHAM, YKA3aHHBIM BBIIIIE.

Uccnenoannem OJIC rambBaHUYECKOTO 3JEMEHTA C TBEPABIM JJIEKTPOJIUTOM
MgF [Pt, Oz(r)lMgO|MgF2|MgA|204, Aleg,lOz(r) Pt] pu T=530°C B pabore [149] ObLIa
orpejeseHa CranaapTHas sueprus ['uooca oopazosanus mmuaean MgAI, O, u3 okcraos
AiG%p3k = -10.0 £ 4.2 x/Ix/Monb. OgHako, Kak OTMEYAIOT aBTOPHI paccMaTpUBAEMOM

paboThl, TOYHOCTH OmpeseseHus >Hepruu ['ndOca HeBenuka, TaKk KaK IPH CHHTE3E
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cucrembl MgAILO4 + Al,O3 B munHenu npu T=1973K moriio pacTBOpUTCS 3HAYUTEIEHOE
KOJIMYECTBO OKCH/IA AIFOMUHUS. 3acayKUBaeT BHUMaHus padoTel HaBpoukoit u Knenmsl
[150, 151], B KOTOPBIX METOIOM BBICOKOTEMIIEPATYPHON KAJOPHUMETPHH OIPEICICHBI
TEIJIOTHl PACTBOPEHHUS OKCHJIa MarHUs, 0—TJIMHO3EMa | IIITUHETN B PACTBOPE OKCHIHON
cucrembl 9PD0O:3CdO:4B,0; npu 1450°C. [To HaliaeHHBIM, TAKMM 00pa3oM, TCILIOTAM,
aBTOPBI padOTHI PACCUUTAIIM SHTAIBIINIO 00pa30BaHUs MarHUH—aJIFOMUHUEBOH IIMUHETN
u3 pocThix okcuaoB mpu 971 K AsH%71 = -36.4 + 1.3 xJI>x/mMonb. B aToOM nccnenoBanun
BIIEPBbIE OBLJIO OTMEUYEHO, YTO MPUPOHAS U CUHTETUYECKAs IIMTUHENb JI0JKHBI 3aMETHO
OTIINYATBCS IO CBOMM TEPMOJIMHAMHUYECKHM XapaKTePUCTHUKAM H3-3a HEOOPaTHUMOTO
npouecca nHBepcuu npu temreparypax Huwxke 800°C. [IpakTrndeckn OJHOBPEMEHHO C
pabotoit HaBporkoit ObUIO BBIIOAHCHO ucciaemoBanue [152] mo ompeneneHuUio
cBOOOHOM »Heprun ['n66ca 0OpazoBaHus MarHuil amOMUHUEBON mimuHenu. [Ipu 3Tom
OblJla MCIIOJIb30BAaHA METOJMKA, OCHOBAaHHAs HAa W3YYCHUM paclpeiejieHUsT KaTUOHOB
Co?* m Mg?* mexny cocymectpyromumu mmuHeasmu CoAl,O,~MgAlL O, u dazoii

tBepaoro pactBopa CoO—-MgO npu temneparype 1400°C B COOTBETCTBUHU C peaKliuen

CoAl,O4 + MgO = MgA|204 + CoO (122)
Asropamu [152] monyueHa BenmuunHa paBHas AiG°1673 = -35.1 £+ 1.3 x/Ix/Moinb. OnHaKO
B KoHIle 70—X TOOB BBIILIO JBe paboThl moj pykoBojactBoM Kirenma [153, 154] B
KOTOPBIX IO HECKOJBKO HM3MEHEHHOW Kamopumerpuueckoit meroauke [150] Oblau
U3MEPEHbl DHTAJBIIMM PACTBOPEHUS IINMHWHEIW B pacIulaBe OKCHUIIHOM CHCTEMBbI
2Pb0:B,03 npu Temneparypax 970 u 1173 K B padote [141] u 970 K B padote [154]. B
VCCIIEIOBAHUSX MCIIOJIB30BAJICS JBOWHOM Kajnopumerp Tuna KanbBe ¢ HHUKEIEBBIM
omokom [150]. Takas mocTaHOBKAa OJKCHCPHUMEHTA TIO3BOJWIA HAWTH SHTAIBITHU
obpazosanuss MgAI,O4 (kJIx/Moib) B padote [153] AH 70 = -24.8 + 2.3 u AH%y71 = -
22.3 +2.8. Cnegyer OTMETHUTb, YTO Pa3HHUIIA B IHTAIBIHAX 00pa30BaHUS HE COTIIACYETCS
C UMCIOIIUMUCS JAaHHBIMHU TIO0 TEIJIOCOJICPKAHUIO (TEMIIOEMKOCTSAM). ITO 0OBICHSIETCS
JIOBOJILHO 3HAYHUTEIILHBIMU MOTPEITHOCTSIMU B KaXKJIOM U3 JIBYX OTIEIHHBIX U3MEPEHUIN

npu 970 u 1173 K. B pabore [154] sHTanenus oOpazoBanus mmuHeau paBHa AfHz7o = -
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22.5 + 0.8 xJI»/Moitb, mepecueT 3toro 3HadeHust K T=298.15 K o manusiM [141] u [26]
npuBoauT K BemmuuHe AfH%gg15 = -22.1 kJ/[x/mMonb. CyIiecTBEHHYIO pa3HUIYy B
BEJIMYMHAX SHTANBINKA oOpa3oBaHus mimuHenn B padote [150] u padote [153] aBTOpPHI
OOBSCHAIOT ONIMOKOW B ONpPENENICHWH DSHTAIbIHMHA pacTBopeHus MgO B cucreme
9Pb0:3Cd0:4B,03 mpu T=965 K.

B 1962 rony Anbrman [71] uccrnenys ucnmapeHne okcuaa Maruus 3pQy3HOoHHBIM
MeToaoM KHyncena u3 amyHI0BBIX TUTIICH, 00HAPY KT B3aUMOICHCTBHE OKCHIa MAarHUS
C OKcUJOoM anmoMuHusA. OCHOBHBIMM KOMIIOHEHTaMH Mapora3oBoil ¢a3sl Obu1 Mg. B
pe3ynbTaTe WCCICIOBAaHWNA OBUTM TIOMYYEHBI CICAYIONIME TEeIIOThl 00pa30BaHUS
Maraui—amoMuHueBoi mmuHead (K x/Monb) AfHC; 5; = -2309.57, AtH s oxennos = -33.47
+ 8.37. I'porxem [144] B 1961 wuccrnemoBan B3aUMOJCHCTBHE OKCHIAa MarHus C
METaJUTMYECKUM aJTFOMHHHEM B HUKOIICJIEBBIX THUTJISIX METOJIOM IOTOKA, aBTOpaMH Ha
OCHOBAaHHH UMEIOIINXCS TEPMOJIMHAMHYECKUX JAHHBIX OBLIN PAaCCUMTAHBI CIEAYIOIINE
TEPMOJIMHAMHYCCKHUE ImapaMeTpsl mmuHeIH: AfH%og15 = 19.25 kJI/Moab, AG®g815 = -
7.95 xJIx/mMomb, AS°gg15 = 10,1 sHT. enq. B 1964 romy Anstman [147] mposen
UCClieIoBaHke MeToJoM moToka o0pas3ioB Al-MgAI,Os B My/UIMTOBBIX THUIJISIX |
nonyuun 3HaueHue TemnoThl AfH%gg1s = -29.29 kJ/IK/Monb, coriacyromeecs c
MOJIYYCHHBIM MM paHee 3HaueHueM. MccnenoBaHuMe KUHETHKU HWCIIAPEHUsT MarHUh—
ATFOMHUHUCBON IIMUHEINA MPOBOAMUIOCH B padote [155] myreM ompenencHus cCKOpPOCTH
UCTIApEHUSI C OTKPBITOM IMOBEPXHOCTH B Bakyyme. B pesynbrare TpPOBEICHHBIX
UCCJICIOBAHUM aBTOPBI PabOTHI MPUIIIM K BBIBOJIY, YTO MPOIECC MapooOpa3oBaHUs

IIITMHENN IPOMCXOIUT TI0 CIEAYIOIIEH PeaKIun
MgA|204(TB) = Mg(r)+0.502(r)+A|203(TB). (123)

Ouranenus odopaszoBanuss MgAl,O4 o manubIM 31Ok padothl AfH= -18.4 x/[/mMoib. B
pabote [156] uccrmemoBanoch MCMapeHHe MarHUH—aJTIOMHHHEBOMN IIMHHEIN COCTABOB
MgO-nAl,Os, tne n=1-7. B pabore uCHoab30BaIUCh BOJb(HpamMoBbie 3(hdy3nOHHBIC
SYeHKN W BOJIb(PpaMOBBIC SUYCHKH, TOKPBHITHIC W3HYTPH OKHIOM TOPHSA. ABTOPBHI

paccunTany >Hepruto ['nb06ca 715 pa3IMYHbIX TPAHUYHBIX COCTABOB.
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BriBog.

[Ipomeccsl mapooOpa3oBaHWsS MAarHUEBOW IIMMUHEINW W3Yy4YalduCh B OOJBIIOM
KOJIM4EeCTBE paldOT, OJHAKO C HAIleW TOYKU 3PEHUS HEKOTOPhIE TEPMOJMHAMHYECKUE
XapaKTEPUCTHKU, TaKWe Kak pacyeT akTUBHOCTH MQO BBIMOTHEHBI HEKOPPEKTHO, C
LEIbI0 JIOTIOJIHEHHUSI W3BECTHBIX JAHHBIX [0 TEPMOJAMHAMHUKE NapooOpa3oBaHUsS B

cucreme Al,03—MgO 0bL10 BBIIIOJHEHO HAIIIe HCCIICIOBAHUE.

1.6. Cucrema TAaHTAJI—KHCIOPO/I.

HccnenoBanue Gpa3oBoi TuarpaMMbl CHCTEMbI TIPOBOIMIIOCH B padore [157]. (cwm.
npuioxenne 1 puc. 1.13) TaOs [159] sBiseTcs €IUHCTBEHHBIM COCIHMHECHHUEM,
BBIJICTICHHBIM B YHCTOM BHJIE, OJTHAKO COOOIASTCs eIle M O ClieAyromux okcumax 1ag0
[160], Ta,O [158], Ta,O [161], TaO [158], TaO, [158] npucyTcTBYIONMX B JaHHOMH
cucreme. OJHAKO, ONHCAHHBIC B JINTEPATYpPE METOABI WX CHHTE3a HMCIOT IUIOXYIO
BOCIIPOU3BOAMMOCTb, YTO HE TIO3BOJISIET OJJHO3HAYHO CYIUTh 00 WX CYIIECTBOBaHWU. B
[162-164] 00oOmensl Bce paHHue gaHHBICe 00 3TOi cucreme. [leHTaokcwa TaHTaa
CYIIECTBYeT B JIBYX TOJUMOPOHBIX MOAU(DHUKAIMIX: BBICOKOTEMIICPATypPHOM
poMOuUeckol 3 1 HU3KOTEMIIEpaTypHO MOHOKJIMHHOW o Monupukanuu. TemmnepaTtypa
noaumopduoro npespaiieHus Ta,0s o qanHbM padoT [168,165] 1633 + 10 K, ganHoe
3HaueHue MpuHATO U B [183], oqHako B padoTax [166, 167] yka3aHo 3HayeHue 1593 + 20
K, 9TO HECKOJIBKO HMIKE NMPHHATOTO B CIPABOYHHKAX. DHTAIbIUA oOpa3zoBaHus Ta,0s
UCCJICIOBAJIACH METOJJAMHU KAJIOPHUMETPUH CIKUTAHHS

2Tau)+5/20,) = 2Tay0s) (1.24)

B paboTtax [169-178], a Taxke metomom DJIC B padorax [179-182] (tabmnuia 5).
Pa3Opoc B 3HauYeHMSX, MOJYYCHHBIX METOJOM KaJOPHUMETPUHU CXKUTAHUS, CBSI3aH B
OCHOBHOM C YHCTOTOM HavajbHOTO oOpasia. B cnpaBounuke [183] ykazaHa sHTAIBIHS
obpazoBanus pomoudeckoro TaxOs AfH 9s15 = -2049.0 + 4.0 xJ[>x/Monb. DHTAIBIINS
obpazoBanus AfH%gg15 = -2046.0 + 4.2 x/[x/moub, npunsTta B [26] Ha OCHOBaHHH

KajopuMeTpudeckux u3mepenuit [174, 176], kpome Toro ectb u Apyrue padoTHI,
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npejcTaBiacHHbIC B Tabauile 5. TemmepaTypa miaBjieHus MeHTa0KCHIa TAHTaIa COTJIaCHO
cupaBoyHHKY [26] 2058 + 30 K, mosrydena Ha ocHoBaHuH padoT [165, 182].
Tabmuua 5. DHranbnus o00pa30BaHUS TEHTAOKCHAA TaHTala, IOJyuYCHHAs

Meroaamu kanopumerpun u IIC.

AtHC08 15 KI5/ MOITB Meron Jluteparypa

-1294 Kanopumerpus 169
CKUTAHUS

22086 + 15 Kanopumerpus 170
CKUTAHUS

2010 + 7 Kanopumerpuueckus 171
CKUTAHHS

9033 +2 Kanopumerprnueckus 172
CKUTAHUS

22092 + 7 Kanopumerpus 173
COKUTAHUS

-2045.4 £ 4.5 Kanopumerpust 174
CKUTAHUS

22037+ 6 Kanopumerpus 175
CKUTAHUS

20472+ 1.7 Kanopumerpus 176
CKUTAHUS

-2008.3 +3.3 Kanopumerpus 177
CKUTAHUS

-2043.9 £ 6.3 Kanopumerpus 178
CKUTAHUS

-2041.4 SC 179

-2028.0 2]1C 180

-2041.4 SC 181

-2038.0 2]1C 182

BriepBbie MCmapeHue MEHTAOKCHIA TaHTajda ObLIO HCCIIEOBAHO MacC—
crieKTpoMeTpudeckiuM mMeTogom Murpamom, Yankoi u bepkosuniem [184] B 1957 roay

u3 TaHTanoBbIX kaMmep. CoctaB nmapora3oBoi ¢asbl B unTepBane 2019-2314 K nokazaun,
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910 MOJIeKyJbl 1a0yr u TaO) ABIAIOTCA NPeodIaAaoUMKI HaJl CMEChIO MOPOIIKOB
TayOsq)+Tam). Ucnapenne onuchiBaeTCs CAEAYIOIUMHU PEAKIHSIMHU:
0.4 TaxOs(r) + 0.2 Tayy = TaOyy (1.25)
0.2 TayOs(ry + 0.6 Tayy = TaOyy (1.26)
Pacyer sHTanpnuil peakuuii Mo TPETbEMY 3aKOHY IPUBEI K CIEAYIOIIUM PE3yJbTaTaMm,
st peakiuu (1.25) AH%gg15 = 610.0 x/x/Moab 1 (1.26) AH 9515 = 636.8 x/[»/MOIb.
Taxxe Obia paccunrtana sHeprus aucconuanuu 1a0 807.5 = 83.7 kkan/mons. B 1961
roay Bayrxan [185] mpoBen ncciieioBaHre CUCTEMBI TAHTAI—KUCIOPO] M TIOKA3aJl, YTO
OCHOBHBIM OKCHIOM B TBEPJOM COCTOSIHMU siBNIsieTcsl TapOs, OCTaNbHBIE K€ OKCHIBI,
obpasyromuecs B cucreme 1as0, TasO, Ta,0, sSBasroTCs IPOMEKYTOUHBIME TPOAYKTaMU
okucieHuss Tantanma. B 1965 rony Kpuxopsu wu Kapmenrep [186] macc—
CIIEKTPOMETPUYECKMM METOJIOM B TeMmeparypHoM uHTepBane 1924-2268 K uzmepsum
JaBJICHUE Iapa HaJ TaHTAJIOBOM TNPOBOJIOKOM, obOorameHHol kuciopogoMm. B
naporazoBoii (aze ObutM OOHapykeHbl cienyromue woHbl 1a0" m TaO,", cmenano
MIPENOIOKEHNE, YTO Ta3000pa3HbIe MOJIEKYIIBI 00Pa3yIOTCs MO CIEAYIOMIUM PEAKIUIM
0.6 Taw) + 0.2 TaxOsrs. pp) = TaO(r (1.27)
0.2 Taw) + 0.4 TaxOsrs. pp) = TaOxr (1.28)
Ha ocHOBaHMM NOJIyYE€HHBIX JaHHBIX MO TPEThEMY 3aKOHY TEPMOJMHAMHUKU ObLIA

paCC‘H/ITaHa TCIIJIOTA peaKHI/II/I
Ta(T) + TaOz(F) =2 TaO(r) (129)

paBHass AH%gs15 = 730.1 x/Dx/moms. J[lpomapt [187] B 1976 rTomy mMacc—
CIIEKTPOMETPUYECKHM METOJIOM OIpeNeNni MapluuaibHble aaBieHuss Moiekyn 1aO,
TaOyr) Hajg cMechl0 TaHTaja M MEHTAOKCHJa TaHTajda B TEMIIEPaTypHOM JUana3oHe
18802555 K. Ha ocHOBaHMM 3KCHEPUMEHTAIBHBIX JTaHHBIX MMOJYYEHBI CIEAYIOIINE
3aBHCHUMOCTH TaplUaiIbHBIX AaBieHUd Mosekyd (atm) TaOg) i TemmepaTypHOro
unrepBana 19002115 K

IgP(Ta0) = -(32970 + 385)/T + (8.44 £ 0.9) (1.30)
g 2115-2527 K
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IgP(Ta0) = -(30030 + 200)/T + (7.06 = 0.09); (1.31)
st Mosiekyn 1a0;ry 1880-2115 K
IgP(TaOy) = - (32000 + 300)/T + (8.74 + 0.15) (1.32)
st 2115-2527 K
IgP(Ta0y) = - (28270 + 320)/T + (6.99 £ 0.1) (1.33).
W3BecTHBIE SHTAIBINMK OOpa30BaHUS W SHEPTUU JHUCCOIMAIIMHM TIPEJICTABICHHBI B
Tabnure 6.

Tabnuua 6. DHTansnuu 00pa3zoBaHus MOJIEKYJT OKCUJIOB TaHTalIa B ra3oBoi (asze.

Morekya AsH% (xJI>x/MOJIB) D% (xI>x/Moib) Pabota

TaO 247.0 808.1 +41.9 184
259.6 + 17 760.8 +20.9 186

226.9 £ 12,6 801.8 +£12.6 176

T&Oz(r) -178.4 — 184
-184.2 £ 16.7 1567 + 21 186

-190.1 + 18.8 1465.5+ 18.8 187

BriBos.

TepMmoguHaMuueckre  XapakKTEPUCTHUKHU  TEHTAOKCHIAa  TaHTajla  W3Yy4CHbI
JIOCTAaTOYHO XOpOIIO, B CBOEH paboTe Mbl HMCIOJB30BAIM JIaHHBIE YKa3aHHBIE B

crnipaBounuke [183].

1.7. Cucrema JUTHH—KHUCJIOPO.

B xoHmeHcHpOBaHHOMW (ha3e MBYXKOMIIOHEHTHOW cucTteMbl Li—O mpucyTCTBYIOT
JBa TCPMOAMHAMHYCCKH yCTOMYMBBIX coequneHus — LioO, LiO,. (M. mpunokenue 1
puc. 1.14) Li;O omuceiBaeTCsi KPHCTAUTUYECKON CTPYKTYpOH THIIA aHTU(IIyOPHTA,
npocTpaHcTBeHHOU cTpyKTypbl FM3m [188-190] u mmaBuTcst npu remmeparype 1711+ 5
K [191] naHHBIi pe3ysibTaT MOATBEPXAIOT Oosiee panHHe padoThl [192-194]. Liy0O;
pasnaraercs npu Temnepatype 613 K [195] na Li,O u O,. Temnoemkocts Li,O Obuia
orpe/esieHa KaJOpUMETPUYECKUM METOJOM pPAacTBOPEHHs B Boje B padotax [26,196-

200]. TepmoauHamuueckue xapaktepucTuku Li;O 1ocTaTodHO XOpOIIO M MOAPOOHO
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u3ydeHbl B paborax [26, 196-198, 200], xapakrepuctuku Li,O, m3yyamuch B paborax

[196, 26, 201]. B Tabmume 7 TIPHBEACHBI OCHOBHBIC TEPMOJIHMHAMHUYCCKUE
XapaKTEPUCTHKH OKCHUJIOB JINTHS.
Tabnuma 7. VI3BecTHBIC TEPMOIMHAMHUSCKHAE XapaKTEPUCTHKH OKCHJIOB JINTHUS TI0

JTAHHBIM JINTEPATYPHI.

Coenuuenue AfH 95 15 S JTx/(momb Meron Pabora
kJx/Moib K)

-597.5+1.3 — Kanopumerpuueckuit 199
(pacTBOpEHHUE B BO/JIC)

-597.9+0.3 — Kanopumerpuueckuit 200
(pacTBOpEHUE B BOJIEC)

Li,O -596.5+ 0.7 — Kanopumerpruueckuii 202
(pacTBOpEHUE B BOJIEC)

-598.7 £ 2.1 — OneHka(CrpaBOYHUK) 26

-597.0 26.5 Pacuer CALPHAD 201

— 38.0 Kanopumerpuueckuii 196

Li,O, -605.9 — Kanopumerpuueckuii 203

-632.6 — Kanopumerpuueckuii 204

-632.6 + 8.4 56.5+4.2 | OueHka(crnpaBOYHUK) 26

-644.3 60.8 Pacuér CALPHAD 201

[lepBoe dyHmamMeHTATbHOE HCCIEIOBAaHHME Tpollecca MapooOpa3oBaHMs OKCHAA
auThs ObLTO BhIMOHEHO B 1955 roay Bpesepom u Maprpeiisom [192] mytem u3mepeHus
notepu Beca siueiiku Kuyncena. B cBoeil paboTe aBTOpPBI MCMOIb30BAIU IJIATUHOBBIE
ab(dy3rOHHbIE KaMephl € Pa3IUYHBIMU JAuamMeTpamMu  3(PQPy3HOHHBIX OTBEPCTHUH.
ABTOpamMu ObUTIO BBIJIBUHYTO MPEANONOKEHHE, YTO mapora3oBas ¢aza Haj OKCHIIOM
JUTHSI COCTOUT HE TOJBKO M3 aTOMOB JINTHS W MOJIEKYJ KHCIOpPOJAa, a Takke B HEH
JTOJKHBI TIPHUCYTCTBOBAaTH MOJIeKy/bl aubo Li,O, mubo LiO. B pabore maHbl OICHKH
sHTaNIBINi o0pazoBanust (kK x/Monb) razoobpasusix LioOw u LiOy) >-267.8 m > +16.7,
u sHeprun auccoranuu (kJx/moip) < 828.4 u < 389.1, COOTBETCTBEHHO.

[TlepBoe Macc—CEeKTPOMETPUUECKOE HCCIIEJOBAHHUE Ipoliecca MapooOdpa3oBaHus
oKcuaa JINTUsA Obuto mpoBeaeHo bepkosumem, Yankoit m ap. B 1959 roay [205]
s dy3nonnbM MeTonoM Kuyncena B untepBane temmneparyp 1248-1534 K. B pabote

UCITOJI30BAIMCH IUIATUHOBBIE d(PPy3noHHBIE Kamepbl. B kauecTBe UCXOHBIX PEareHTOB
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aBTOPBI UCIIOJB30BAIM KapOOHAT JIUTHUS C Pa3IMYHbIM coaepxkanueM °Li. ITokasano, uTo
nap Haj OKCHJOM JIUTHs COCTOMT W3 aromoB Li m monekyn LiO, O,, B ombiTax c
0 0 oL 7 0 0

oOpa3snamu, o0oraleHHBIME U30TOroM °Li, B ra3oBoii (haze ObLIM 00HAPYKEHBI TAKKE H
monekynsl LiO. JlaHHOe sBIeHHE MOXET OBITH CBS3aHO C TeM, YTO B 0Opasiax
NPUCYTCTBOBAJIA MPHUMECh OKCHIA HATPHS, YTO 3aTPYAHSUIO OIpENeICHHE COCTaBa
razoBoii (hasel Ha 0o0paslax ¢ HU3KUM cojepskaHueM °Li. DTu aBTOpHI ONpemeIuiIn

SHTAJILIIMK CICAYIOIMNX peaKuHﬁ

LizOpw = LizOg (1.34)
LizOu = 2 Lig + 0.5 Og) (1.35)
LiOg = Lig + 0.5 Ox) (1.36)
LiOg) = Lig + 0.5 O (1.37)

ArH%9515(1.34) = 443.9 xJIxx/Momab, ArH%9g.15(1.35) = 717.6 xIx/Moib, AfH%9515(1.36) =
94.1 x/Ix/moinb, AfH%gs15(1.37) = 341.0 xJI>x/Moutb 1m0 3—My 3akoHy U AH%gg15(1.34) =
484.9 xJIx/monb, AfH%gg15(1.35) = 676.6 x/[>x/Moib 10 2—-My 3aKoHY. PacxoxaeHus B
3HaYeHMsX dHTanbnui peakun (1.34) u (1.35), nomyyeHHsie Mo 2—my u 3—My 3aKOHaM,
npumepHo B 10.5%, aBTOpBI CBSI3BIBAIOT C OOJBIIUM TEMIIEPATYpPHBIM TPAJUCHTOM
BHYTpH Kamepbl. B paboTe mnpenmnodyreHue OTIaHO pacyery Mo 3—My 3aKOHY
tepmoauHamMukd. B 1963 rony Xunpaeuopauar [206] ucciemnoBa npoiecc ncnapeHust
OKCHJIa JIUTHS TOPCHOHHO—A(P( Y3MOHHBIM MeETOJIOM. B paboTe HCMOIb30BaIUCh
IJIATUHOBBIE SYEHKH KyOuuyeckod (opMbl € Pa3au4HON IUIOWAABI0 3P Qdy3UOHHBIX
orBepcTuid. Kaxmas siueiika mmena mo 4 OTBEpCTHs, MO OJHOMY Ha Kaxayw u3 4
BEPTUKAJIBHBIX TIpaHed. B kauecTBe HMCXOJHOrO0 Marepuajia aBTOPhl PabOThl Opayiu
KapOoHat nuTusg. Ha OCHOBaHWU MOJYyYEHHBIX JAHHBIX ObUI ClI€JIaH BBIBOJ O TOM, YTO
napora3zoBasi (ha3a HajJ OKCHIOM JIMTHS COCTOUT B ocHOBHOM u3 Li,O, comepkanue
KoToporo B nape nopsjaka 60 mone%. [Iporecc npaoobpa3zoBaHusi MOKET OBITh OMTUCAH
CJIEAYIOINMU PEAKIUSIMU:
LizO(TB) =2 Li(r) + 0.5 Oz(r) (138)
Li,O@s) = LioOgy (1.39)
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[To 2—my u 3-My 3aKOHaM TEPMOJMHAMUKU paccuuTaHa Teruiota cyomumammu LipOy
AH% = 396.6, AH% = 433.5 + 1.3 k/[»/M0J1b, COOTBETCTBEHHO. ABTOPBI PAOOTHI OT/IAIOT
NPEINOYTEHNE BEIUYMHE TEIUIOTHl CyOIMMaIliy, MOJyYeHHOW Mo 3—My 3aKOHy, Kak
Oonee HamexxHoMy. B ToM ke 1963 romy B [207] mpoBenu ucciemoBaHue Mporiecca
napooOpa3oBaHUs OKCHAA JIMTUS. B paboTe MCIONB30BaliCs BPEMSIPOJCTHBIA Macc—
CTICKTPOMETP, UCIIAPEHHE MPOBOIWIN U3 TUTATUHOBBIX U UPPUIUEBBIX kamep KHyzaceHa.
OOpasipl OKCUAA JIUTUS PA3IUYHOTO M30TOMHOIO COCTaBa ObUIM MOJIYYEHBI aBTOPAMH
MyTeM Ppa3oKEeHHUs KapOOHaTa JUTHUS B BakyyMme Iipu temmeparype 1473-1573K. B
temneparypaoMm muamazoHe 1390-1640K wanm Li;O Obuti 0OHapyKEHBI CIETYOIIUE
aToMbl 1 MoJieKyJiel Li, Oy, Li2O, LiO. [Ipu ucciieqoBanny ncnapeHus OKCHUIA JIATHS U3
UPUIUEBBIX siueek B uHTepBasie Temneparyp 1680—1720K oOHapy eHbI TaKKe MOJIEKYIIbI
Li,O,, HHTEHCUBHOCTh KOTOPBIX cOoCTaBisia nMpuMepHo 0.1 OT MHTEHCUBHOCTH HMOHOB
LiO mpu TO# e Temmeparype. DHTaIbIIMKM OOpa3BOBAHUS, PACCUUTAHHBIC 1O 3—My
3aKOHY TepMoauHaMuku, 1 monekya LioO, LiO, Li,O; pasusr AfH% = -181.2 + 10.5,
66.9 + 20.9, 115.1 + 25.1 k/[x/mMonb, cooTBeTcTBeHHO. B 1972 romy XwibaeHOpaHAT
[208] mpoBen macc—cnekrpanbHoe uccinenaoBanue Li;O u LIAIO, u3 1uiaTHHOBBIX
¢ dy3nonnbIx sueexk Kuyncena. beuto nokaszano, uyto non LiO™ monexymsipabiit LiOy).
ABTOpPOM HAMIEHBI SHTAJIBIINY CJIECIYIOIINX PEAKIUNI:

Li+O,=LiO+0O (1.40)

Li,O+0=2LiO (1.41),
KOTphIe OKa3zauch paBHBI AfHzgg15 = 161.5, AfH29s15 = 163.2 £ 25.1 u A/Hzgs15 = 58.2,
ArHagg.15 = 66.9 + 33.5 kJ[>x/Moub 1ipu pacdeTe 1o 3—My 1 2—My 3aKOHAM COOTBETCTBEHHO.
Taxke B paboTe ObUIM OMpEIEICHBI SHTAJILIUN 00pa30BaHUS MOJCKYISIPHBIX HOHOB
LioO" u LIO" AfH%gg15 = 431.4 + 21.3 u AiH%gs15 = 884.9 + 19.7 KI[)I(/MOJIB,
cootBeTcTBeHHO. Kymo [209] B 1978 romy mpoBen Macc—CHEKTpabHOE HCCIICIOBAHHE
napooOpazoBanus Li;Ons B TemmepatypHom auamnaszone 1300-1700K. B paGore
UCITIOJIB30BAIMCH KaMephl KHyiceHa U3rOTOBJICHHBIC W3 TJIATUHBI, MOJIUOICHA, TaHTajla
u rpadura. [Ipm wuccremoBaHmm cocTaBa ra3oBOW (a3l HaJ OKCHAOM JHUTHS U3

IUTATHHOBOM sIYEHKU B ra30oBoi (haze 0OHAPY)KEHBI CICIYIOIINE aTOMBI M MOJIEKYJIbI: LI,
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Lip, LIO, Li»O, LisO, Li;O,. Ha ocHOBaHMHM 3THX JaHHBIX aBTOpamMH PabOTHI OBLIH
IOJTy4EHBI  CJICIYIOIIME 3aBHCHMOCTH BCIMYMH IapIHaIbHBIX JaBICHUH (aTM)

KOMITOHEHTOB Ta30B0# (a3bl Hax LiyOy:

In pui = -(41.90 + 0.84) 103/T + (16.32 + 0.55), (1.42)
In pLiz = -(61.35 + 6.04) 10T + (20.06 + 3.72), (1.43)
In puio = -(45.74 + 2.66) 103/T + (14.30 + 1.75), (1.44)
In PLizo = ~(47.53 + 0.47) 10T + (19.42 + 0.31), (1.45)
In PLiso = ~(59.42 + 1.67) 10T + (20.89 + 1.05), (1.46)
In PLizoz = -(69.29 + 4.31) 103/T + (25.88 + 2.70) (1.47)

3HaYeHUs] MapPIUATBHOTO JaBICHUS PLizo (aTM) XOpOIIO COTJIACYIOTCS C JTAHHBIMH
XunbaenOpanara u Yanrta [207, 208], omnako B uccienoBannnu bepkosuma [205]
3HaveHue nasicHus B 10 pa3 Hke. B [209] Obun mosy4eHb! SHTambINH 00pa30BaHUs U
sHeprun aucconuanuu (kJbx/Moib) creayrommx Mojekya B razooi ¢ase LIO, LiO,
Li3O, Li,O; paBubie AfH% = 34.7 + 13.8, -177.0 £ 4.6, -202.5 + 23.4, -299.2 + 31.0, D%
= 373.2 £ 13.8, 746.0 + 4.6, 932.6 + 23.4, 1115.0 + 31.0 coorBercTBeHHO. Kpome
UCTIapEHUS OKCUJIA TUTHUSI aBTOPAMU paObOThI TPOBEICHBI UCCIEAOBAHUS B3aUMOICUCTBUS
Li,O ¢ maTepuasiom kamep, H3TOTOBJICHHBIX U3 MOJIMO/ICHA, TaHTala U rpaduTa. B xone
9KCICPUMEHTOB IMOKa3aHO, 4TO NapianbHoe naBieHue Li,O mpu ucmapennn wus3
MOJIMOJICHOBOM W TaHTAJOBOM SYCHKM B BOCEMb pa3 HUKE, YEM IPU HUCIAPEHUH U3
aTuHOBOM. MccnenoBanue ucnaperust LioO ) 13 rpaduToBOii KaMephl MOKa3anio, 4To
B Ta30Boi (aze HAOIIOMANNCH TONBKO aroMapHbid juthii U moJiekyiasl CO u COs,
pUYeM COCTaB mapora3oBoit ¢asel Obu1 cnemyromum: 74.5% CO, 22.0% Li u 3.2% CO,.
B 1979 roay By (Wu) [210] mMacc-cieKTpOMETPHYECKAM METOJOM Ha KBaJPyHOJILHOM
Macc-CIEeKTPOMETPE TPOBEN HCCIACABAHUE OKCHUIA JIUTHUS, UCTOIB3ys 3(DQy3noHHBIC
kamepbl KHynceHa w3 ruraThHbI, MONHMOJEHA W TaHTajda. B KayecTBe HCXOIHOTO
MaTepuaia aBTOpamMH B3AT OKCHUJ JIUTHUS, TPEIBAPUTEIHHO MMPOKAJICHHBIM B BAKYYMHOU
neuu npu temnepatype 873—-973 K B reuenne 6—7 yacoB. B nccienyeMoM okcuie auTus
MPUCYTCTBOBAJIM IPUMECH HATPHUS M KaJIMs, 9TO OBLIO MOATBEPIKICHO B ITOCIICTYIOIMINX

MacCc—CIEeKTPaIbHbIX 3KCliepuMeHTax. B TtemmepatypHoMm nuana3zone 1170-1270 K
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HaOmonanuch curdansl Nat u K, 071Hako CTOUT OTMETHTD, YTO TPU TEMIIEPATyPE BHIIIIE
1270K onu He Obutn 06Hapy:xeHbl. [Ipu Temnepatypax Boime 1370 K peructpupoBanuce
HMOHBI Ha CJIEAYIOMMX MaccoBbIX umuciax 35, 36, 37, 45, 46, 4TO COOTBETCTBYET, IO
yTBepKaeHHI0 aBTOpoB, LisO u LiyO,. beutn HaliIeHBI SHTATBINH CICAYIONINX PEaKITIi:
LioO¢ + Ligry = LisOgy + Lig (1.48)
2Li,0¢ = LizOy + LiO (1.49)
3nadyenus SHTanbnuu peakmuu (1.48), paccumranHble MO 2-My M 3-My 3aKOHaMm
TepMOIUHAMUKH, paBHBI AH% = -147.3+ 44.8 u AH% = -98.6 + 3.2 x/[x/Moib
cootBeTcTBeHHO. [l (1.49) AlH% = 192.9 + 1.7 u A\H% = 180.5 + 6.7 x/I>x/M0J1b 110 2—
My U 3-My 3aKOHY COOTBETCTBEHHO. VICTOB3ysl MONy4YEHHBIE SHTAIBIIMHU PEAKIUH,
aBTOpaMu HalijcHa sHeprusi aromusanuu Mojekyasl LisO D9%(LisO) = 956.9 + 8.4
k/x/monb. [l monekynsl Li;O, aBTOpamm Takke OBUIM pPacCUUTAHBI SHTAIBITHH
peakuii (1.50), (1.51) mo 2-My um 3—My 3aKOoHaM C y4YETOM pPa3IMYHOTO CTPOCHUS
MOJIEKYJIbI
Li20z¢) + Lizq) = 2Li20( (1.50)
Li,Oy + Liyey = LisOy + LiO (1.51)
3navenus suTanbnuu (k/x/monp) peakiuu (1.50) 6e3 yuera cBsizu O—O AH% =-119.12
+ 24.27 n AH% = -215.22 + 3.51, nyist ToM ke peakiuu ToJbko ¢ yuetoM cBsizu O-O
AH% = -119.12 + 2427 u AH% = -155.10 = 2.18 mo 2-my m 3-My 3aKOHY
cootBeTcTBeHHO. Jls1 (1.51) Ge3 yuera cBsizu O—-O AH% = 66.94 + 18.83 u A/H% = -
21.84 + 2.76 xJI>x/Moib, 17151 TOM K€ peakuu ToJIbKO ¢ yueToM cBsizu O—0 AH% = 66.94
+ 18.83 u A\H% = 38.07 £ 1.50 x/I»x/mMonb 110 2-My U 3—-My 3aKOHY COOTBETCTBEHHO.
Hcnone3yst nonydenHbie sHTaNbun peakuii (1.50, 1.51) aBropamu pabOThI HalACHBI
sHeprun atomusanuu mojiekyisl Li;O, D%(Li,O2) = 1167.75 £+ 16.74 u D%(Li.0,) =
114391 + 16.74 x/Ix/monp 6e3 yuera cBsisu O-O u ¢ yderom OTOH CBsI3U
COOTBETCTBEHHO. PeKOMEHJOBaHHOE 3HAa4YCHHE DHEPIMH AaTOMHU3AIMU TOJYyYEHHO C
yuetoM cBsisu O-O B momekyne Li,O,. B 3akmroueHne paccyMTaHbl SHTAIBIIHAN
obpazoBanust mosiekya Li;O, u LisO AH% (Li20;) = -410.0 + 50.2 u AH% (Li30) = -

228.0 = 41.8 xJIx/Mombs coorBercTBeHHO. B 1979 rony Mkema u ap. [211] mposenu
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UCCJICIOBAHNE WCIAPCHUS OKCHAA JINTUS HAa BBICOKOTEMIIEPATYPHOM  Macc-
CIIEKTPOMETPE C CEKTOPHBIM MAarHUTHBIM TIOJIEM, HMCTOJL3YsS KaMephl U3 IUIATHHBI,
HUKEJISA, TaHTajia, HUOOWS W MojuOacHa. PaboThI NPOBOIWIMCH B TEMIIEpATypHOM
nuanaszone 1234—1613K. Ilpu uccienqoBaHuu NpoUECCOB UCHAPEHHs] OKCHAA JUTHUS B
STHX YCJIOBHSIX OCHOBHBIMH KOMIIOHEHTaMHM ra3oBoi (as3el Obuam Li, O,, Li,O. B xome
MPOBEICHHBIX  AKCIICPUMCHTOB  IMOJYYCHBI  CIICIYIONIUE 3aBUCUMOCTH  BCIIMYWH

napuuaabHeIX naBieHui ([1a) KOMIOHEHTOB ra30Boi (a3sl OT TEMITEPATYPHI:

g pLi=-(19.020.21)x103/T+(12.22+0.14), (1.52)
g po2=-(17.80£0.58)x 103/ T+(10.62:£0.38), (1.53)
g PLizo=-(20.10:£0.24)x 103/ T+(12.930.16). (1.54)

[To 2—My 1 3—My 3aKOHaM TepMOJMHAMUKHU aBTOphI [215] paccunTanu sHTANBINN
CHEAYIOIINX PEAKIINH:

Li,O¢s) = 2Li + 0.5 O, (1.55)

Li;O@s) = LioOgy (1.56)

Jlst peakmmm (1.55) 3radenns A/H% =903 £ 14 x/[x/monb u AfH% = 909 + 4 xJ[x/mMo1b,
a mrst peakuu (1.56) AH% =407 £ 5 xJ[x/monb u A\H% = 425 + 3 xJ>x/Monb o 2—My
U 3-My 3aKOHaM COOTBETCTBEHHO. [lomydeHHbIE aBTOpaMH [aHHBIC [TO3BOJIMIU
paccuuTaTh SHTANBINIO oOpa3oBaHus MoJdekynsl LiOq AH% = -168 xJ[x/Moib.
[Tomumo HccnenoBaHusl MCMIApEHHs] OKCUAA JINTUS aBTOPAMM IPOBEICHBI OMBITHI IO
UCCIICIOBAaHUIO B3aUMOJCHCTBHSI KaMep M3 PA3IUYHBIX TYTOIJIABKUX MAaTEpUaJOB C
okcuaoM utusa. Kumypa [212] B 1980 roay mpoBenr Macc—CIEKTpaIbHOE UCCIIEIOBAHKE
MPOIECCOB TMapooOpa3oBaHUsl OKCHIA JUTHUS W3 IUIATHHOBBIX sdeek KHynaceHa B
nuanasone remnepatyp 1225-1507 K. B razooii ¢paze oOHapyKeHbI aTOMbI U MOJIEKYJIbI:
Li, Lip, LiO, Li,O, LiyO,, LisO u O,. Ha ocHOBaHMM MONYYCHHBIX JAHHBIX aBTOPaMU
Hal/ICHbl ypaBHEHUS 3aBHCHMOCTH BEIMYUH TaplUaIbHBIX JaBICHUN KOMIIOHEHTOB

ra3oBoil (a3bl OT TeMIIepaTyphl B IBYX JHAMa30Hax:

lgpLi= (12.4620.27) - (19.50+0.37)10%T, (157)
IgpLio = (11.4620.20) - (21.35+0.27)10%T, (1.58)
lgpLizo = (13.3940.29) - (22.52+0.39)10%/T (1.59)
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npu T=1225-1507K,

lgpLizo = (14.25+0.54) - (27.39+0.76)10%T, (1.60)
lgPLi202 = (10.68£0.29) - (23.21£0.41)10%/T, (1.61)
lgpoz = (10.11+0.22) - (17.85+0.34)10%/T (1.62)

npu T=1329-1507K.

Kpome Toro, aBropamu 3T0ii paboThl pacCUMTaHbI SHTATBINKA 00pa30BaHUS
okcuna utus AfH gg.15 = -592.6 + 8.6 xJ[>k/M0Ib 1 MOJIEKyIT B Ta30BoM (hase, 3HAUCHUS
KOTOPBIX MPEJCTaBICHBI B Ta0uIe 8.

Tabmuua 8. DuTanenuu oOpazoBanus u dHeprun guccoruanuu LiOy, LizO,

Ligo(r), LizOz(r).

Morekya AiH% (xJIx/monp) | D% (x/x/Moub) PaGoThr
- 341.0 [205]
66.9£20.9 338.9 [207]
Lio 69.0+6.3 336.846.3 [208]
) 34.7+13.8 373.2+13.8 [209]
76.848.5 329.148.5 [212]
84.7£20.9 - [213]
- 717.6 [205]
-182.8+10.5 748.8 [207]
-177.0+4.6 746.0+4.6 [209]
Li2O -168 — [211]
-168.1+6.3 717.5+5.0 [214]
-133.1+10.5 698.2+10.5 [212]
-165.7+10.5 — [213]
202.5423 .4 032.6+23.4 [209]
LizO -228.0+41.8 058.1+41.8 [210]
-195.5+48.6 919.6+48.6 [213]
299.2+31.0 1115.0£31.0 [209]
LizOx) -351.5£16.7 1167.3+16.7 [210]
0e3 ydera CBSI3U -240.6+25.1 — [207]
0-0 -222.6+13.0 1034.4+13.0 [212]
-240.8+16.7 - [213]
. yq';g%gm -410.0450.2 1225.9+50.2 [210]
0-0 -275.2423.7 1087.0+23.7 [212]
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BriBog.
EcTp 60mbI110€ KOTMYECTBO pabOT MO UCCIICIOBAHUIO MPOIIECCOB
napooOpa3oBaHMs OKCHJIA INTHS. B KadecTBe STAIOHHBIX HAMH OBLTH BBIOPAHBI paOOTHI

[209-212, 214] kak XOPOIIO COrIaCYIOUIUECS MKy COOON.

1.8 Cucrema Ta2Os—L.i20.

TanTamatel ¥ HHOOATHI JHUTHS SIBISIOTCS OJHUMH W3 CAMbIX HHTEPECHBIX W
MEPCIIEKTUBHBIX MOIU(PYHKIIMOHATBHBIX MaTepuanoB B anekTpoHuke. LiNbO3z u LiTaO3
MIPEICTABIISIIOT HAUOOJBIITUI WHTEPEC CPEIU COCAMHECHHM, 00pa3yIOIIMXCsS B CUCTEMAX
Li,O—Nb;Os u Li,0-Ta;0s. 3Tu cMemanHble OKCHIBI SIBISIOTCS CErHETOAIEKTPUKAMU U
o0NaatoT  YHUKAJbHOM  KOMOWHAIMEW  DJIEKTPOONTHYECKUX,  aKyCTHYECKHUX,
MTbE302JICKTPUICCKUX, MUPOATCKTPHUCCKIX W HEIMHEWHBIX ONTHYECKHUX IOKa3aTelICH,
YTO JIeaeT WX TNOAXONAIIMMU MaTepuajiamMu JJisi TPUMEHEHUsT B aKyCcTo- U
OTITOAJICKTPOHUKE, ONTUKE U Ja3epHOU TEXHUKE, CHCTEMax CBS3M M aBTOMATHUKH W T.]I.
[215-227]. Ha ocHoBe LiTaO3 co3maH 1 3amaTeHTOBaH MaTepHall TBEPIOTO AJICKTPOJINTA
IV JIMTUH—MOHHBIX Tepe3apspkaeMbix Oarapert [228]. TanTtanaThl U HHOOATHI JIUTHS
crexuomerpuu Li;O:Ta(Nb),Os = 1:3 uccienoanbsl B MeHbIIIeH cTeneHH. [lepcrieKTHBBI
UCIIOJIb30BAHUSI TOJIOOHBIX COCIWHEHUN B KAaueCTBE aHOAHOTO Marepuasia B JIMTHUM-
MOHHBIX 0aTapesx CBA3aHbl C JBYXDIEKTPOHHBIM mnepexomoM M —M?3* Guaromaps
KOTOPOMY MOXET OBITh JIOCTUTHYTa BBICOKas eMKocTh Oarapeu [229]. HemaBHO
MOSIBUJIOCH COOOIIEHUE, YTO KpHCTATMYecKuid renrartantanar jutus Li;TaOg [230]
COTJIaCHO TEOPETUYCCKUM pacueTaM JIOJDKCH XapaKTepHU30BaThCS BBICOKOW JIUTHIA-
MOHHOW TMPOBOJMMOCTHIO. YacTo CHHTE3 TaHTAlIaTOB JUTHS B BUJE OOBEMHBIX
MOHOKPHCTAJIJIOB WJIM TOHKHMX IUICHOK [231-234] comepXuT BBICOKOTEMIIEPATYPHYIO
CTaJIMIO0, KOTJIa MPOIlecCaMy CYOIMMAaIiU y)Ke HeJb3sl peHeOperarh, Mo3TOMY BechbMa
aKTyaJbHBI HMCCIICIOBAHUS IMPOIECCOB MapooOpasoBanus B cucteme Li,O—TayOs. s
CO37aHMS JINTUH HWOHHBIX AaKKyMYJIATOPOB C OINPEIACICHHBIMU JJICKTPHUYCCKUMHU H

CMKOCTHBIMHU XapPaKTCPUCTHUKAMHU Ha OCHOBC TAHTAJIATOB JIMTHA HCO6XO)II/IMBI 3HaHUA
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TEPMOJMHAMHUSCKHUX XapaKTEPUCTHK BCEX CMEIIAHHBIX OKCHIOB, 00Pa3yIOIIUXCS B 3TON
CHCTEME.

[TepBoie mompoOHBIE padoTHI MO (hazoBoit guarpamme cucteMbl Li,O—TayOs
npoBeaeHsl Pocom u ap. B 1973-1975 romax [235-237]. (cm. pmimoxkenue 1 puc. 1.15)
Ha ocHOBaHMU MPOBEICHHBIX HCCIEAOBaHUN B quamna3one coctaBoB oT 0 10 70 Moib%
Li,O ObLIO TOKAa3HO, YTO B CHUCTEME CYIIECTBYeT 00JacTh TBEPJOr0 pPacTBOpa,
cojeprKkariast 10 5 Mojb% okcuaa uths, U 1Ba coenuaenus LiTazOg (1:3) T,,=1873K u
LiTaO; (1:1) T,,=1883 + 5K. HawubOGonee moanyioo ¢ha3oByi0 auarpaMmy, o Bcei
BuguMoctd, B 1981 romy mpencraBwian Maprten u Poc [238] (puc. 6). CormacHo
nocienauM padoram [238, 239] B kBazubunapHoi cucteme Li;O-Ta,Os 00pa3yercs nsaTh
cioskHbIX okcumoB LizTaOg (7:1), LisTaOs (5:1), LisTaO4 (3:1), LiTaO3 (1:1) u LiTazOs
(1:3), naxoxasmmecs B paBHoBecuu 10 900°C ¢ mecThio reTeporeHubiMu oomactsamu [Li,O
+ Li;TaOs] (1), [LizTaOg + LisTaOs] (1) u [LisTaOs + LisTaOa4] (111), [LisTaO4 + LiTaO3]
(1V), [LiTaO3 + LiTazOs] (V) u [LiTasOg + L-Tax0s] (V1). Beite 3T0# TemnepaTypbl
coequHenue (5:1) cTaHOBUTCS HEYCTOWUYMBBIM M OCTABIIMECS YETHIPE COCIAMHEHUS
paseneHsl MmAThio TereporeHHbIMU oOmacTsmu [LizTaOs + LisTaO,], [LisTaO, +
LiTaOg], [LiTaOs + LiTazOsg], [LiTasOs + L-TaOs]. Ilpuuem, B TemmepaTypHOM
untepBaie 600-1800°C nabmogaeTcss 3aMeTHass pacTBOpUMOCTh (0 5 monp% Lix0O)
OKCHJIa JUTUS B OKcHAe TaHTajga. HeoOxomumo oTmeTuTh, uTo coenuHeHue (1:1)
XapaKTepU3yeTcs IIMPOKOIH 00J1aCThI0O TOMOTCHHOCTH OT 52 110 48 Mob% Li,0.

PaGoThl 10 W3y4YeHUIO TEPMOJUHAMHYCCKHUX XapaKTEPUCTHK ITOW CHCTEMBI HE
npoBoariUCh. CTaHIapTHAS SHTAIBITNSA 00pPa30BaHMS U3BECTHA TOJBKO JIJISl COSAMHCHUS
LiTaO3 AtH%gg15 = - 1415.9 + 2.3 [240], AfH9s.15 = - 1420.2 + 2.3 [241] x]I:x/MO01b.

BruiBog.

TepMoarHaAMUYECKUE XapaKTEPUCTHKU TAHTAJIATOB JMTHS HE OBUIM JOCTATOYHO
XOpOIII0 HCCIICJIOBaHBl. B ymTeparype HWMENNCh TOJBKO JJaHHBIE 00 JHTAJIBIUH
obopazoBanusi LiTaO;. IIpsAMbIX u3MEpEeHHH OCHOBHBIX  TEPMOJUHAMHUYECCKHX
XapaKTEPUCTHK, TIABHBIM 00pa30M, MPoIeccoB mapoodpazoBanus cuctembl Li;O-Ta,0s

HC IIPOBOAMUIOCE.
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Pucynok 6. ®azoBas nuarpamma cuctemsl Li;O—TayOs.

1.9. Cucrema cBUHEN—KHMCJIOPO/I.

dazoBas auarpamma cuctembl Pb—O m3ywanace B paborax [242-244]. Tlepsas
paboTa 1Mo 3TOM TemaTtuke HpoBoawiack B 1963 romy Baiitom u douwnom [242] npu
nasnenusx ot 0 mo 60000 armocdhep m Temmeparypax ot 100 mo 600°C. Ilo Bceit
BUAMMOCTH, Haubojice moJyiHas ¢a3oBass auarpaMMa mnojydeHa Pucombaom [244]
METOJIOM  TEePMOJMHAMHYECKOTO MOJECIUPOBAHMS Ha OCHOBAaHUU  Pa3ITUYHBIX
TEPMOJMHAMHYECKUX JaHHBIX. (cM. mpuioxkeHue 1 puc. 1.16) Ilo pesympraram 3THX
paboT B cHCTEME CYIIECTBYIOT ciemyromnre okcuabl: P3Oy4, PD12017, PD1201g, PHO, 1
PbO [242-244]. Oxcupn ceunnma |l obOpasyer ae mnonuMopdHbie Moaudukanuu
HU3KOTeMIiepatypuyto 0o—PbO (CBHHIIOBBINH TJI€T WIM KpacHbIi MOHOOKCcHI PD) wu
BbICOKOTeMITepatypHyto —PbO (maccukot mnm sxenteiit MoHookcua Ph). Temmeparypa
da3zoBoro mepexoaa Bapeupyetrcs B mpenenax ot 490 mo 600°C [243]. Temmeparypa

IUTABIICHUS KENTOro okcuaa ceuuma 1159 + 5 K [26, 247]. 3naucHus >HTAILIHH
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obpazoBanusi PbO wnaiinenneie meromamu kamopumerpuu u DJ[C mpencTaBieHb B

tabmurre 9.

Ta6numa 9. DHTanenuu 06pazoBaHUs KeAToro okcuaa ceunia .

AfHC293 15 (k [K/MOJIIB) Mertox Pabora
-217.3+ 0.5 SJIC [245]
-218.0+0.8 [246]
218.0 £ 0.6 INC 26]
-218.0+ 15 Kanopumerpus [248]

pacTBOpPEHUS
PbO(xkenT.) B
pactBopax HNOj3
-218.0+ 0.6 Kamopumerpruaeckwii [249]
(xaropumertp ¢
ropsitueii 30HOM)
2185+08 Kamopumerpruaeckwii [250]
2181405 PUMETP [183]

CocraB razoBoii (as3er Haj cuctemoit Pb—O Ov11 BiepBeie uccienoBan dazepom

[251] B 1929 romy, mMeTomoM MOTOKAa B TemrmepaTypHoMm mauamasone 1023-1173 K,

orpejeeHa Temieparypa kunenus PbO, kotopas okazanack paBHa 1745 K. Puyapacon

[252] meromom KHyncena wu3ydaim HCIAapeHHE OKCHAAa CBHWHIA W3 HPUIUCBBIX

3¢ py3roHHBIX KaMep B auara3one temmnepatyp 1373—1473 K. Xopbe u Kuake [253] B

1959 romy MeTo0M MOTOKA OmpeAen narieHue napa Haa PbO B TemmeparypHom

nuamazone 1198-1326 K, 3aBucuMocTh 0OIIEro AaBiEHUS HACBIIICHHOTO mapa (MM

PT.CT.) OT TeMIIepaTyphl HAJl CUCTEMOW MOKET OBITh ONKCaHa CIEAYIOIUM YpaBHEHUEM:

Ig Posw = -(11583/T) - 2.768 IgT + 18.1343 (1.63).

Knake u Iperep [254] Hatutu TemMrnepaTypHYy O 3aBUCUMOCTD OOIIETO JaBJICHUS

napa Hax PbO, wmcciemys ero mcrmapeHue W3 pOAMEBOro TUIIIA MeToioM KuyceHa,
KOTOpasi UMEeT CIeAYIOUINI BUI:

Ig Posw = -(13858/T) + 11.255 (1.64)

B paborax [252-254], uccnenys ucnapenre PbO, aBropbl pabot mosaraim, 4To B

naporasoBoii (paze MPHUCYTCTBYIOT TOJABKO MoJieKyasl PDO, uro, kak mokasaiu

ﬂaHBHCﬁMHG pa6OTBI, SIBJISIJIOCH  OITMOOYHBIM NpCANOIOKCHUEM W IIPUBOJNIIO K
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HETOYHOCTSIM B ONPEICIICHHH BEJIMYHMHBI JaBiieHUs napa. B 1965 roxy Jposapt [255,
256] u KoJuTern Macc—creKTpoMeTpudeckuM MeToioM B obactu 1000—1150 K u3yunim
ucnapenue PbO, B pabote npumeHsinch 3QPpy3MoHHbBIE KAMEPhl U3 HUKEJIS, IIATHHBI U
OKCHJIa IIMPKOHHUS. YCTaHOBJIEHHO, YTO B Tapora3oBoil (asze MpUCyTCTBOBAIH
cienyromue mosekyisl: PbO, Pb,O, Pb,O,, PbsO,, Pb3Os, PbsO4, PbsOs, PbsO, a Taxke
aToMbl U MOJEKYNbl PDy), Osr). Takum o0Opa3om, aBTOpBI pabOTHI IMOKA3allk, YTO
UCIIapEeHNEe MOHOOKCH/Ia CBUHIIA OMMCHIBACTCS CIACAYIONIMMH PEaKIUsIMU:
nPbO) = PbOmery + 0,5 (n-m) O, (N, m=1-6) (1.65)
PbO) = Pbgy + 0,5 Oy (1.66)
[To 2—my 3aK0HY TEPMOJMHAMHUKHU PACCUYNTAHBI YHTAIBITUHU CICTYIOMINUX PEAKIIHIA:
Pb20,1=2PbO(r), Pb3O31=3PbO), PbsO4sr=4PbO) ArH%gs.15 = 265.3 = 16.7, AiH 0815
=528.9+25.1, A\H%qg.15=845.2 + 41.8 x/I»x/M0JIb COOTBETCTBEHHO, a TAKXKE OIpeIecHa
sreprus auccormaiuu PO D%(PbO) = 369.9 + 5.9 k/)/monbs. Knake u ap. [257] B
cBOe padoTe MPOJOKWIM H3YYEHUE SJKEITOr0 OKCHAA CBHUHLA METOIOM Macc—
cnekTpoMerpun B auamazoHe temmneparyp 838—1018K. ABTOpel ucCnons3oBan
ekTpoxumudeckue suerkn Kuyncena u3 oxcupa 1upkoHus. [lo 3—-My 3akoHy
TEPMOJMHAMUKHN pacCUMTaHa CTaHIApTHAs DHTAJIbIHUS 0Opa30BaHWs KPAaCHOTO OKCHIIA
cBUHIA AfH%gg 15 = -221.2 £ 1.2 JI»x/M0Jb, @ Tak)Ke TOIYYCHA CTAaHAAPTHAS SHTAIBIIHS
obpazoBanust (azel mMaccukora MeTogoM DJIC AfH%gg15 = -218.7 £ 0.8 x/[x/MOmb.
ABTOpBI paboTel [258] poBeny UcCiIeJ0BaHUE KEJITOTO OKCHIIA CBHHIIA U3 IJIATHHOBBIX
sueek Kuyncena mnpu Temmeparype 1020K. B maporazoBoii  (aze Obliu
3apeructpupoBansl Mosiekyssl PbO, Pb,O, Pb,0O,, PbsO,, PbsOs, PbsO4, O, u aTromser Ph.
[Mocnenyromiee n3ydeHue OKCHIa CBUHIA TPOBOIWIOCH B 1997 roay [Tomosuuem [259]
MacC—CIEKTPOMETPUYECKHUM METOJOM B TemmeparypHoMm muanazoHe 890-1100 K wu3
IIaTUHOBBIX 3G (dy3uoHHBIX Kamep. B pabGore [259] paccumrTanbl SHTAIBIUH
00Opa3oBaHHs MOJIEKYJT B ra30Boi (asze obrert popmynsl Pb O, (N=1, 2, 3, 4), a Taxxe
OTpe/IeNieHbl X HEKOTOpPbIE TEPMOJMHAMHUECKHUE XapakTepuctuku. [locneanss padora
10 WCCIIEJOBAaHUIO MCIApEHUs OKCUAa CBUHIA BhimonHeHa KoOeprcom [260] u ero

kouteramu B 2019 rony sddy3uonnsim metonom KHyjaceHa ¢ mMacc—CHEKTpabHBIM
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aHAJM30M Tra30BOH (a3bl M3 UPUINEBON KaMephl B TeMmiepaTypHoMm auamnazone 810-1040
K. B maporasoBoii (haze HaJ OKCHIOM CBHHIIA OBUTH HAiIEHBI TOJIBKO MOJIEKyYbl PhO ),
O; u arombl Pbhyy. IlomydeHHBIH pe3ynbTaT HE COIJIACyeTcs C OOJIBIIMHCTBOM
IIPOBEJICHHBIX paHee UCCIETOBaHUM.

Brisos.

TepMmoguHaMUyecKre XapaKTEpUCTUKH OKCHAA CBHUHIIA HM3YYEHBl JOCTATOYHO
xopotro. OgHako cieayeT oOpaTUTh BHUMaHHME Ha Pa3Huds B COCTaBE Ta30BOM (hasbl
Hag okcunoM cBuHIA (II) B HekoTOphIXx paboTax, YTO MOXKET OBITH CBSI3aHO C

MCTOANYCCKHUMH ommoOKaMu IIpH IIPOBCACHUHN I/ICCHGI[OBaHﬂﬁ.

1.10. CucTeMa HUHK — KHCJIOPOS.

dazoBas T—x quarpamma CHCTEMbI IIMHK—KHUCIOPOJ, TOJydeHHAass HA OCHOBaHHUU
U3BECTHBIX JINTEPATYPHBIX JaHHBIX, MpejcTaBieHa B padore [261]. (cMm. mpunokenue 1
puc. 1.17) B cucreme nmuHK — Kuciaopoj coracHo [261, 265] oO6pasyercst TOJIbKO 1Ba
okcuga ZnO u ZnO,. MoHOOKCHI IMHKA 00JIa/1aeT reKCaroHaIbHOW CTPYKTYPOU THIa
BIOpITUTA MPOCTPAHCTBEHHOM rpymmbl Pbsmc [261, 265], ¢ Temmeparypoii miaBicHHs
2250 + 30 K [262, 266]. 3nauenue TemnoeMKocTH okcuna uHka €°p(298.15 K) = 40.42
JIx/mons K, mpunsToe B cipaBounuke [183], Ha ocHoBaHuu padot [263, 264]. 3HaueHus
CTaHJAAPTHOW  JHTAIbMK  oOpasoBaHuss  ZNO,  MOJydYEeHHBIE  Pa3TMYHBIMHU
KaJIOpPUMETPUUYECKUMH METOJIaMU, TipeJicTaBiieHbl B Tabmuie 10.

[lepBast paboTa Mo MCCIENOBAHUIO MCIAPEHHUs OKCHAA IMHKA ObLTa MpoBeacHa
daiizepoM u ero kosuieramu [251] meTogom nmotoka B 1929 roay. ABTOpHI OJAraiu, 4To
mpoiiecc mapooOpa3oBaHUs COMPOBOXKIAETCSA MEPEXO0JIOM B Ta3oBYIO0 (pa3y MOJIEKYJIbI
Zn0O. CrexyeT OTMETUTh, YTO JIAHHOE TPE/ITOIOKEHUE HE HAWIET MOATBEPKIACHUS B
nocyienyronmx ucciaeaopanusax. B 1968 romy J[lposapt [271] B cBoeit pabote
MIPOAHATIM3UPOBAJTT UMEIOIITUECS TAHHBIE U TIPUIIIE K BBIBOIY, YTO CyOIMMAaIIs OKCHJIA

[IMHKA MPOTEKAET MO CIEAYIONIeH peaKIuu:

ZnO(TB) = Zn(r) + 0.502@). (167)
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Tabnuma 10. 3nauenus cTaHnapTHOM 3HTAIBINHU 00pa3oBanusa Zn0O.

AsH 9315 KJI3K/MOTIB Meton PaGora
-350.5+0.3 Kanopumerpuueckuii, [265, 269]
pactBopenue ZnO B HCI
u HCIO,

-348.1+1.1 Kanopumerpruyeckui, [266, 270]
pactBopenue ZnO B HCI

-3483+1.3 Kanopumerpuueckuii, [267, 271]
pactBopenue ZnO B HCI

-350.1+£1.0 Kanopumerpuueckuii, [268, 272]
pactBopenue ZnO B HCI

-354.7+ 1.0 Kanopumerpuueckuit, [269, 273]

COKATaHUS

-347.7+£1.0 Kanopumerpuueckuii, [270, 274]

pactBopenue ZnO B HCI

Jlpyrue wuccrienoBanus [272] mokaszanu, 9TO OKCHJA IMHKA CYOJUMHPYETCS
KOHTPYIHTHO C TIEPEX0JIOM B Ta30BYIO a3y B Bue aTOMOB ZN 1 Mosiekyn Oy. B 3Toif xe
pabote paccuntaHa sHeprus guccorpammu ZnO < 384.9 k/[x/MoJIb M DHTAIBIIHS
obpazoBanusi ZNO AfH%gg15=-348.1+0.4 k/[)/mMonb. B pabore [273] moka3zaHo, 4TO
cyomumanusa ZnO mpoTekaeT KOHTPYIHTHO C MEPEX0I0OM B Ta30BYIO a3y aToMoOB ZN H
Mosekya Oz, mo peakiuu 1.67. B 3TOM HcclieioBaHNHM UCIIOIb30BaH siueliku KHymcena
U3 OKCHUJa aJIFIOMHHUS U KBapla, C Pa3InYHBIMUA OTHOIICHUSAMHU Sycn/S,p. OOHapyKeHo,
YTO KBapll OKa3bIBA€T BIWSHHE HAa CKOPOCTh MCIAPEHUs OKCHUJIA IMHKA, CHUXKas ee.
HccnenoBanue, npoBeaeHHoe B padote [274] Tak xe mokasaio, uto cyonmumaius ZnO
IMPOUCXOAUT KOHTpydHTHO. [lo amHamormu ¢ pabGotoii [273] aBTOpBI HCIOJIB30BAIH
s dy3roHHBIE KaMephl M3 OKCHJIa AJIFOMUHHUS M KBapila C Pa3IuYHbIM OTHOIICHUEM
Sucn/S»p.  TlonmydeHHBIE JaHHBIE TO3BOJIMIM TOJNYYHTh MpPEICIbHBIC JHEPIHU
nuccormarmu Zn0O < 276.1 k/Ix u Zn,O < 531.37 kJx, 4TO NOATBEPKAAET PE3yIbTaThl,
noaydeHuoie B padore [273]. [lpu ucmapeHnn OKCHAa IIMHKA M3 KBapIEBBIX KaMmep

aBTOpaMu OBLIIO 3aMEUEHO CHM)KECHUE mapuoyaJbHOI'o JaBJICHUSA Zn. DTO II03BOIUIIO
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BBIZIBUHYTH MPEJIOIOKEHUE, YTO TMOBEPXHOCTh ZNO B sSYCiiKe MOKPHIBACTCS TOHKUM
CJIOEM KBaplia, B 3TOM CiIydae JUMUTHUPYIOIICH cTaauel mporecca spisercs auddy3us
1uHKa cKkBO3b SiO;. ABTOpHI paboThl [275], n3ydast TepMUUECKOE Pa3IoKCHHE OKCHIa
IIMHKA MacC—CIEKTPAIBHBIM METOAOM, IMOATBEPAWIN, YTO CyOJIMMAIHs TPOUCXOIUT
KOHTPYSHTHO. B pe3ynbTaTe MOMy4eHBI BBIPKEHHUS IS KOHCTAHTHI PaBHOBECHSI
peaximu (1.67) (atm®?)
lgK, = -(20250/T) + 8.00 (1.68)
Y 3aBUCHMOCTb CTaHIapTHOM sHeprun [ m60ca (k/[/Moib) OT TemMmeparyphl
AG°=387.71-0.153 T (1.69).
lapne wm XwupmBampg [276], wWcciaeays METOJOM BBICOKOTEMIICPATYpHOW Macc—
CIIEKTPOMETPUU MPOIECCHl CyOIUMaIlMK OKCHJIA IIUHKA U3 OKCHJA aJTIOMUHUSA, HAILIU
sHTanmbnuio peakuu  (1.67) AH%ogg1s = 474.8 + 17.0 x/[k/MoJb, SHTaJIBIIHIO
obpazoBauust ZNOy AfH%0815 = -343.6 £ 17 x/[/MOJIb M D2HEPTUIO ATOMH3AIHMU
AaH%9315 = 362.1 kJDx/Moimb. ABTOpPEI pabOThI TaKXKE pPAaCCUUTAIM SHEPIHIO
mucconmaruu ZNOy 280.1 £ 1.4 u 277.6 + 28 x/[x/Monps mo 3—My U 2—My 3aKOHaM
COOTBETCTBEHHO.
BriBos.
Tepmonunamuueckue xapakTtepucTukud okcuaa muHka(ll) uzyuensr xoporno, B
cBoel pabore Mbl mpuHsik 3HaueHue AfH%0815(ZN0w) = -350.6 + 0.3 x/IK/Mob,

yKa3aHHOE B ClipaBOYHUKe [241].

1.11. Cucrema PbO-ZnO.

Oxcupl CBHHIIA M ITMHKA — OJTHA M3 BO3MOKHBIX KOMIIOHEHTOB MHOTHX CTEKOJI C
pa3TUYHBIMHA CBOMCTBAMHU M Ha3HAYEHUEM, ONTHYCCKUE, TEPMUUYCCKUE H MEXAaHUIECKUE
XapaKTePUCTHKU KOTOPBIX CYIIIECTBEHHO 3aBUCAT OT UX cocTaBa [277-279]. B Teuenue
JUTUTEIbHONW  BBICOKOTEMIIEPATYPHOM  BapKM CTEKJIAa COCTaB  IIMHUXThI  MOJXKET
HEKOHTPOJUPYEMO MEHSIThCS HE TOJBKO 3a CUET Pa3HOM JIETYYECTH KOMIIOHEHTOB, HO U
3a cueT 00pa3oBaHMs CIIOKHBIX OKCHIOB B Ta30BOM (haze, 4To HEHU30EKHO TOJKHO

INPUBECTH K HU3MCHCHHIO CBOMCTB mojay4JacMoro CTeKja. B cBsa3u ¢ 3TMM BecbMa
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AKTyaJIbHbI BBICOKOTCMIICPATYPHBLIC HCCICAOBAHUA COCTAaBa HACBINICHHOI'O IIapa HaxA

CJIOKHBIMH OKCUJIHBIMHM CUCTEMAaMHM H, B YaCTHOCTH, HaJ cucteMmort PbO-Zn0O.
2000
TeC
1900

1975 x  Exp. ZnO liquidus [Shevchenko2018]

®  Exp.massicot [Shevchenko2018, Jak1999]
----- Jak1997 model
Present model

PbO-Zn0, in air

1800
1700
1600
1500
1400 Zincite+Liquid
1300
1200
1100

1000

900

800 )
Zincitet+Massicot

mol.% Pb/(Pb+Zn)
0 10 20 30 40 50 60 70 80 90 100

700

Pucynok 7. ®a3oBas muarpamma cucremsl PhO-Zn0 [282, 283].

B nuteparype HeT ynoMuHaHus O NOJHOU P—T—X ¢a3oBoil quarpaMMe CUCTEMBI
PbO-ZnO. locTatouHo XopoIo u3y4eHo Toyibko T—x ceuenue. baynek u Mak—Jlayasn
B 1963 roay [280], mpoBeast uccienosanue cuctembl POO—ZnO MeTo10M TEPMHUUECKOTO
aHalM3a Ha BO3JyXe, MOJYYWIH TEpPBOE [—X CEUEHHUE CHUCTEMBI C TeMIepaTypou
9BTeKTHKH 861 + 2°C u koopaunaroit 11 moias% Zn0. (cm. nputokenue 1 puc. 1.18) Tak
XKe B paboTe TOBOPHUTCA O CYIIECTBOBAHMWU JOCTATOYHO HIMPOKOHM 00JIaCTH TBEPIOTO
pacTBopa OKchaa IMHKAa B okcuue cBuHia. ®umep [281], merogom JITA ompenemnw
TeMIEepaTyphl JUKBUIYCA paciljlaBa OKCHJIa CBUHIIA, cojeprkaiero 10 3.1 monb% okcuaa
IIUHKA, OJTHAKO TIOJY4YEHHBIC PE3YIbTAThl HE COTJIACYIOTCS C MOCIEAYIOIUMA paboTamMH.
Kak [282] (cm. npunoxenune 1 puc. 1.19) B cBoeM HCCIEIOBaHHM IOKa3aj, 4YTO
TEeMIepaTypa dBTEKTUKH HaxoauTcs B mpezaenax ot 850 mo §70°C, uyro cormacyercs ¢
pesynbratamu, noiaydeHHsiME B [280]. Kpome Toro, MeTomaoM 31eKTpOHHO-30HI0BOIO

peHTreHo(pa3oBOoro MUKpoaHaidM3a OOpa3loB, OTOMOKEHHBIX MPH CyOCONHIIYCHBIX
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TEeMIIepaTypax, oOHapyxeHo Haimuue TBepaoro pactsopa ZnO B PbO. Ha ocHoBanumn
MOJyYEHHOW JKCIEPUMEHTATbHON HMH(OpPMAMM M JaHHBIX HCCIEAOBAHUS TPONHOU
cucrembl PhO-ZnO-SiO;, B Auama3oHe COCTAaBOB ¢ HU3KUM COJEpKAHHEM KpeMHe3eMa,
nosiydeHa QasoBas quarpamma, rnpejacrabieHHas B padote [282]. 1o Bceld BUAMMOCTH,
HanOosee mojHas T—X amarpaMmy MojydeHa B pabore [287], rme Ha ocHOBaHHUH
MPOBEJICHHBIX HCCIICIOBAaHUI JTUKBHIyCca CHUCTEMBI B Jauana3oHe Ttemmeparyp 870—
1300°C yrounmmu wmMmerommecs gaHHble [282] (cm. puc. 7). Kak BugHO U3
PacCMOTPEHHBIX HCCIEAOBAHUN B CHCTEME B TBEPJOH (ha3ze OTCYTCTBYIOT CMEIIaHHBIC
OKCH/IBI, CYIIECTBYET TOJIBKO TBEPABIA PACTBOP OKCHA IIMHKA B OKcue cBuHIA. CocTaB
ra3oBoi (a3el HaJl CUCTEMOMU HccienoBaics B padotax Cemennxuna [284], [To qaHHBIM
3TOM pabOThl B HACHIIIEHHOM Iape HaJ CHUCTEMOW TMPUCYTCTBYIOT MOJEKYJIbI,
XapaKkTEepHBIC MJI HACBIIIEHHOTO I1apa YHUCTOTO MOHOOKCHIAa CBHWHIIA. McmapeHue
MPOBOJUIIOCH M3 IUIATUHOBBIX 3((PY3HMOHHBIX Kamep B MHTepBasie Temmeparyp 1080—
1200K. Duransnus cmemenus PbO, mpu cocrae pacmiaBa 10 moss% Zn0O, paHa 2.8 +
5.4 xJI>x/MOIIb.

BriBog.

B nuTepaTtype umMeroTcs JaHHbIE TOIBKO 00 SHTANBITMHM CMEIICHHUS OKCHIA
ceurma (1) mpu cocrase pacriasa 90 mone% PbO. [psMbIX n3MepeHuit OCHOBHBIX
TEPMOIMHAMHYECKUX XapaKTEPUCTHK, TJIABHBIM 00pa3oM, POIIeCCOB MapooOpa3zoBaHus

CUCTCMBI, ITPAKTUYCCKHU, HC IIPOBOINIIOCH.

1.12. CucteMa HUOOMI — KM CJIOPO/I.

B cucreme HMOOMH—KHUCIOPO JIEMEHT HUOOMI MOXKET HAaXOJIUTHCS B YETHIPEX
crenensix okucinenus: 0, 2+, 4+ u 5+. Kak npaBuio, 3Ty 3apsiioBble COCTOSIHUS CBSI3aHbI
¢ dazamu Metammmyeckoro Nb u okcumoB NbO, NbO; u NbyOs.  CroxxHOCTH
paccMaTpUBa€MOM CHUCTEMBI CBSi3aHa C CYHIECTBOBAHUEM pPsiia CTEXHMOMETPUUECKUX M
HECTEXUOMETPUUYECKUX (a3, MHOTUE M3 KOTOPBIX MMEIOT HECKOJIbKO MOJIMMOP(HBIX
dbopM, a HEKOTOpbIe SBISIOTCS MeETacTaOWIbHBIMU. OmpeaeneHHy0 TPYJIHOCTb

MPEACTABISIET CHUHTE3 YHCTBIX U cTexuoMerpuieckux (a3. KoHTpommpoBaTs,
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yCTaHaBIMBATh U ONPEACNATh HEOOJbIINE OTKIOHEHHUS OT CTEXHMOMETPUHM B OKCHJAX
HUOOUS TOBOJIBHO TPYAHO, MOCKOJIBKY CTPYKTypa 3TUX (Da3 MOXKET ObITh UpE3BBIUANHO
CXOXEH, a TOYHOE KOJMYECTBEHHOE OMpEeJeiICHUE KHUCIOpOJa TEXHUUYECKH CIIOXKHAs
3anayva. [lepBble uccnenoBanrs B 00J1aCTH OKCUA0B HUOOMS ObUIH MTpOBEAEHBI bpayspom
B 1940 rony [285], a mepBas daszoBas auarpamma Oblia mpeactaBicHa B 1960 roay B
padote [286]. (cMm. mpunoskenne 1 puc. 1.20) ITocaenyromue uccnemoBanus (Hha3oBoi
JrarpaMMbl MaJIO Ye€M OTJIMYAIIUCH OT paboTsl [286]. OxHa u3 cambIX mociaeHuX pador,
npeacrasieHnas B 2006 roay [287], nokazana Ha puc. 8, COrl1IacHO KOTOPOH B CUCTEME
Nb—O cymiecTByIOT 4eThIpe TepMOauHaMUYecKu ctadbmibHbie ¢as3el (Nb, NbO, NbO; n
Nb,Os) ¢ oueHb y3kuMH OJHO(A3HBIMU TIOJSIMH W TPEHEOPEIKUMO MaJIbIMU
OTKJIOHEHUSIMHM OT TOYHOM cTtexuomerpuu [286, 287]. OmHako ciieayeT yYuThIBATh, YTO
3Ta (a3oBasg AmarpamMma SIBISIETCS HEIMOJIHOM, TOCKOJIBKY OHAa HE OIKCHIBACT
oOpa3oBaHME CTAOMIIBHBIX HECTEXHOMETPUUECKHUX (a3 IpU KOMHATHON TemIepaType U

o0pa3oBaHUE PA3TUYHBIX TOJIUMOPPHBIX HOPM.

21004

Gas
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Nb20s
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Pucynok 8. ®a3oBas nuarpamma cuctembl Nb—O [287].
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Kpome Toro, cormacHo pabGoram [288, 289] cymiecTByOT —CcieayromIue
MeTtactabmnbHbie coeauHeHusT ND12O29 (12:29), Nb2Oss (11:27), Nbs7Os, (47:62),
Nb250s2 (25:62), NDs30132 (53:132).

[TepBas pabora [290] mo ompeAeIeHUI0 CTaHAAPTHON PHTAIBIIHHA OO0pa30BaHUS
Nb,Os 6bu1a BeITOIHEHA B 1907 T METOJIOM KOJIOPUMETPUHN CKUTAHHS METALTHYECKOTO
HUOOUS (KOJIymMOMs) B KHUCIOpOJe W TodydeHo 3HaueHwe -1852.7 x/x/monb. B
NOCJIEYIOUIUE MATHAECAT JIET MOSBUIOCH HECKOJIBKO KAJIOPUMETPUYECKHUX paldoT [291-
296], MOCBAIIEHHBIX 3TOW TeME, PEe3yJbTaThl KOTOPHIX HE COTIIACOBBIBAIUCH JIPYT C
JPYrOM, 9TO MOTJIO OBITH CBSI3aHO KaK C YUCTOTOH HCIOJIBL30BaHHbBIX peareHToB (Nb, O,),
TaK ¥ C HETIOJIHBIM CTOpaHuEM HHOOHS M 00pa30BaHNEM HECTEXHOMETPHUECKUX OKCHIOB
Nb;Os. Omnako B Hayale IIECTHICCATHIX TOJOB, IMPAKTUYECKH OTHOBPEMEHHO
MOSIBWJIMCH  KajopuMmeTpuueckue pabotel [298, 300], mo ompeaeneHu0 BeJIWYUH
CTaHJAPTHBIX JHTAIBNHUK 00pa30BaHMs TEHTAOKCHUIA HHOOUS, 3HAYEHUS KOTOPBIX,
CY4eTOM JIOBEPUTEIbHBIX HHTEPBAJIOB COBMAJAIM JPYr ¢ ApyroM. OKOHYaTeJIbHbIE
pe3yabTaThl KaJOPUMETPUUECKUX UCCIEJOBaHUM mMpeacTtaBieHbl B Tabmume 11.
Temnoemkocts ND,Os cornmacuo cripaBounuky [183] ¢p(298.15) = 131.95 JTx/mounb K u
omuchIBaeTcs cnenyomum ypapaeaneM (Jx/mons K) ¢,°(T)=-22.754 + 648.992 *10° T
+21.868 *10° T2 - 798.742 * 10° T2 + 423.495 * 10° T® - 77.695 * 10'? T*. Baxno
OTMETUTh, YTO TIOCJEJHHWE [Ba 3HAUEHHUS CTAHAAPTHOM DSHTAJIBIHUU OOpa30BaHUS
kpuctaummaeckoro B—Nb,Os BkiIrodeHbl B (yHIAMEHTAJIbHBIC CIPABOYHBIC W3JAHMSI
TKB u [26]. B pa6ore [299], ucmonb3ys kamopumerp Ttuma Tuan—KanbBe, ObLIH
MCCJIEIOBAHBI PEAKIIMU OKHUCIEHHUS Pa3IUYHbIX OKcUI0B HHOOMs npu T = 920 K npu
nasnenun kuciaoponaa 7.0x10*Ila cornacHo peakuuu

NDbOy)+0.5(5-x)Oxy = 0.5Nb2Os 1.70
Takast mocTaHOBKA SKCIIEPUMEHTA TTO3BOJIAJIA ABTOPaM HAWTH CTaHIAPTHHIE SHTAIBITHA
obpazoBanus (K/[»/MOJIb) MATH KPUCTATHYECKUX OKCHI0B HHOOUS AfH 9515(NDO) = -
426.245.1, AfH%9315(NDbO;) = -792.7£4.2, AfH9815(NDO2421) = -930.2+1.4,
AfH®9g 15(NDO32.47) =-942.9 + 0.6, AtH9515(NDO2.4g5) = -945.6 + 0.3.
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Tabnuma 11. CrarnaptHas sHTanbIUs oopasoBanus NDb,Os.

AtH08.15 Meron PaGoTsI

-1835 + 80 Kanopmerpuueckuii [290]
COKMTaHUs

1938 + 9 Kanopmerprnueckuii [291]
COKUTaHHUSI

21904 + 2 Kanopmerprnueckuii [292]
COKUTaHHUSI

1977 +7 Kanopmerpuueckuii [293]
COKMTaHUs

-1980 £3 Kanopmerpuueckuii [294]
-1903 £3 COKUTaHUS

_1918 + 20 Kanopmerprnueckuii [295]
COKMTaHHUSI

21904 + 3 Kanopmerprnueckuii [296]
COKMTaHHUSI

21900 + 7 Kanopmerpruuecknii [297]
COKUTaHHUSI

218979 + 3.0 Kanopmerprnuecknii [298]
COKMTaHHUSI

Hcnaperne Nb,Os wuccrnenoamoch B padorax [300-302]. Ha ocHoBaHuu
NPOBEICHHBIX JKCIIEPUMEHTOB, aBTOPbl padoThl [300] mpuiuin K BBIBOAY, YTO MPH
cyOnuMManuu TeHTaOKcHAa HUoOWA B TemreparypHoM wuHTepBasie 1489-1905 K,
MPOUCXOJIUT €T0 TEPMUYECKas TUCCOIMAIMS U TIPOIIeCC MappoOpa30BaHUus MOXKET ObITh
ONMCAaH CIEAYIOLIEH peaKLINEN:

Nb,Os = 2NbO; + 0.5 O, 1.71
B 1974 [301] roay B pamMkax paOOTHI IO UCCIIEA0BAHHIO (Da30BbIX PABHOBECHI B CHCTEME
Nb—O ObLIO MpoBenEeHO TepMOrpaBUMeETpHuUeckoe uccienoBanue odpasnoB Nb,Os B
temriepatypaom nuarnazone 800-1100°C B BOCCTaHOBHUTENBHONW M OKHCIUTEIBHOU
arMocdepax. beutn 0OHapyKeHbI 1B MPOMEKYTOUHbIE MeTacTabmibHbIe (ha3bl ND12029
u Nb307. Marcyn u ap. [302] B 1983 roay m3yyanum (CyONMMAaInio) MpOIECCHI
napooOpasoBanust Nb,Os, B TemmepaTypHoM guamasone 1726-2271K, wHa

BPEMSIIPOJIETHOM MacC—CHEKTPOMETpE U3 BOJIbPpaMoBbIX situeek KHyncena. ABTropamu
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MOJITBEPIKIEHBI pe3ysibTaThl pa0doThl [300], a Takke MoIyIeHO ypaBHEHHE 3aBHCHMOCTH
napransHoro gaBieHUsT NDOa Ham ND2Os )

log p =-(1.456 +0.088) * 10*/ T + (6.900 + 0.504) 1.72
npu 1726 <T <1767 K.

B raszoBoii ¢ase Hax NEHTAOKCHIOM HHOOMSA 1O gaHHbIM padoTel [302]
npucyTCTBYIOT cienyromme MoJeKyibl NDOory, NDOry 11 Oy OnHaKo, CTOUT 3aMETHUTB,
YTO MO YTBEP>KACHUIO MaTCyu U Jp. OCHOBHBIM KOMIIOHEHTOM T'a30BOM (pa3bl SBISIETCS
NbOyr), TaBeHHS K€ OCTATLHBIX KOMIIOHEHTOB NApOTa30BOi (a3bl ObLIH HIXKE TIpe/ieia
OOHaApPYKCHHSI U HE U3MEPSUIUCH.

BriBos.

TepMmoauHaMUYeCKHE XapaKTEPUCTUKU CUCTEMbI HUOOUI — KUCIIOPOJI JOCTATOYHO
XOpOIIIO HM3y4YeHbl, B CBOEH paboTe, g pacyeToB, MBI HCIIOJIb30BAN 3HAYCHUS
CTaHJAPTHON SHTAIBINU OOpa3zoBaHus meHTaokcuaa HHOOMS AfHC%gg15(ND2Os) = -

1897.0 xJIx/moms [300].

1.13 Cucrema ZnO-Nb2Os

WHTepec k cucTeMaM Ha OCHOBE IUPOKO30HHBIX MOJYIPOBOTHUKOBBIX OKCHJIOB
SnO; (3.54 3B), ZnO (3.37 3B) 00ycI0BIACH UX ONTHYCCKUMH, JIEKTPODUIHUCCKUMH,
KaTaJIMTUYECKUMH, CEHCOPHBIMHA CBOMCTBAMH. DTH COSTUHEHUS MTPUHAIICIKUT K TPYIITIE
npo3payHbIX TpoBosamux okcuaos (Transparent conducting oxides) — TCO. I[Tnenku
TCO npuMeHSAIOTCS B Ka4eCTBE MPO3PAYHBIX KOHTAKTHBIX CIIOEB JJI CBETOIHOJIOB U
COJTHEUHBIX JJIEMEHTOB, JUCIUICEB, HAHOMaTepuaasl Ha ocHoBe ZnO, SnO; obmagaroT
YHUKaJIbHOU CEHCOpPHOU 51 KaTaJIUTHYECKOU AKTUBHOCTBIO, BBICOKOM
(OTOUYBCTBUTENBHOCTRIO K Y®D-U3MyuyeHHIO, HAXOJAT TPUMEHEHHE B KadeCTBE
MOJICBBIX TPAH3UCTOPOB, DMHUCCHUOHHBIX JHUCILICEB, JIFOMHUHECIICHTHBIX MAaTCpUAaJIOB.
Opmnako yucteie ZNO, SNO, UMEIOT TOCTATOYHO OTPAHMYCHHOE MPUMEHEHUE B CBSI3U C
UX BBICOKUM 3JICKTPOCOIIPOTHBIICHHEM, IIOITOMY MPAKTUICCKH BCETIa OHHU JICTUPYIOTCS
nonopubiMu nipumecsimu (Al, Ga, Nb, Ta u ap.). KpoMe noBbIIeHHOTO WHTEpeca K

(GU3MYEeCKUM CBOWCTBAM IIJICHOK W Pa3jIMYHBIX HaHOMarepuajaoB Ha ocHoBe Zn0O,
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normmpoBanHbiXx Ta m Nb [303-311], B mocieaHee Bpemsi OTMEYaeTCs aHAIOTHYHAs
kaptrHa U kK cuctemam ZnO—Ta;0s, ZnO—Nb,Os 00ycoBiieHHast CyIIeCTBOBAaHUEM B HUX
cMeImaHHbIX oKcuaoB ZNTa;0q, ZN3Ta0g, ZNNb,Og, ZN3Nb,Og. Kepamuku Ha ocHOBe
NIEPEYUCIICHHBIX COCIMHEHUI SBISIOTCS NEpCIeKTUBHBIMU MaTepuaitamu B CBU-
anekTpornke. CodeTaHue BHICOKON TUAIEKTPUIECKON MPOHUIIAEMOCTH, SICKTPUUECKOM
JOOPOTHOCTH,  HHU3KOTO  TEMIIEPaTypHOro  Kod(h@dUIMEeHTa  JAUAJICKTPUUYECKOM
NPOHHIIAEMOCTH 00ycioBIHBaeT nmpuMeHUMOCcTh ZN—-Nb-Ta—O kepamuk B kadecTBe
MatepuanoB i nojainoxkek CBU-MHKpocxeM, TUANEKTPUUYECKUX PE30HATOPOB WIU
GMIETPOB B MUKpOBOIHOBOM auamna3zoHe [312—-315]. Coemunenns Zn3Ta,Og, ZnsNb,Og
M UX KOMOMHalMu  MOTYT  OBITh  HWCIHOJB30BAaHBl  KaK  HHU3KOBOJBTHBIC
KaTO/I0JIFIOMUHECLIEHTHBIE TIOMUHO(OPHI B AUCILIESX C aBTOIEKTPOHHON IMUCCUEN WIIH
BaKyyMHO—JTFOMHUHECIICHTHBIX HHAMKaTopax [316-318]. PaszmuuHbIe COCTaBBI CHCTEM
Zn0O-Ta;0Os u  ZnO-NDb;Os wuCMONB3YIOTCS B OPraHMYECKOM TE€TEPOreHHOM |
¢doTokaTanu3e Mpu pas3ioKEHUU TOKCHMYHBIX OPTaHUYECKUX BELIECTB B OKPYKaroIIEH
cpene [319, 320].

dusznueckne U (U3NKO-XMMHUYECKHE CBOMICTBa JHOOOr0 OKCHAHOIO MaTepuania
CHJIBHO 3aBUCAT OT METOJOB M YCIIOBUH MX moirydeHus. CyliecTByeT JBa OCHOBHBIX
NOJIX0Ja K IOJIyYEHHIO OKCHIHBIX MaTepuaioB. llepBblil cBsi3aH ¢ Ta30—(ha3HbBIMU
npoleccamMu, BTOPOMl € HCIONb30BAaHMEM PACTBOPOB. «PacTBOpHBIE» METOIbI, Kak U
razo—{a3Hble, 4acTo CBsI3aHbI ¢ BbICOKUMHU Temmneparypamu (1o 1400°C), Tak kak s
HOJTyYeHUs! HEOOXOUMBIX CBOWCTB MaTepHall, HOJYyYEHHBIN U3 pacTBOpa, MOABEPracTCs
JUTUTEIbHOMY BBICOKOTEMIIEPATypHOMY OTXKUTY. [loaToMy st KOHTpOIUPYEMOTO
CHHTE3a MOJIU(PYHKIIMOHATIBHBIX OKCHIHBIX MAaTepUalOB C 3aJaHHBIM KAaTHOHHBIM U
AHMOHHBIM ~ COCTaBOM  HCKJIIOUYHUTEIBHO  BaXKHBIM  SIBISIETCS ~ 3HAaHHE  HX
TEPMOJMHAMHYECKUX XapPAaKTEPUCTUK M WCCIEAOBAHUSA TEPMOJUHAMHUKH MPOIECCOB
napooOpa3oBanus. HeoOxonmMo MOAYEpKHYTh, YTO OCHOBHOE€ BHUMAHHUE JIOJKHO
YIETATHCS UCCIIEIOBAaHUSAM COCTaBa ra30BoH (ha3bl, ONpeEesIEHNI0 A0COIIOTHBIX BEIMYUH
napuuagbHBIX JTaBJICHUH, TIaBHBIM 00pa3oM, MapiHaJbHOMY MABJICHHIO KHCIOPOJa,

OTIPEJICIICHUIO CTAaHAAPTHBIX SHTAJIBINNA 0Opa30BaHUS CIIOXKHBIX OKCHIOB, IHEPTUI
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['n66ca oOpa3oBaHMs TBEPABIX PaCTBOPOB, MIOCTPOCHUIO p—X, p—]—CEUEHUM MONHBIX p—
T-x ¢a30BbIX nUarpaMM OKCHUIHBIX cucTeM. [0 HacTosImero BpeMEHH JOCTaTOYHO
oIpoOHO uccienoBanbl T—x—ceueHus cucreM ZnO—Tay0s, ZNO-NDb,Os.

B cBsi3u ¢ 3THM ObIIa TOCTaBJICHA 3a7a4a BBITIOJHUTH BBICOKOTEMITEpATYpPHBIC
WCCJICIOBAHMSI TIPOIIECCOB IMapOo00Pa30BaHUsI U TEPMOIUHAMUICCKUX CBOHCTB CHCTEMBI,

ZnO—Nb,0Os5 Bo BceM Marna3oHe COCTaBOB.

1600 ; — — —
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Y (83.5% 473‘?\/
In0 + Lig. . 14 :E-ﬁ
1400 — ]
// _\\/ 370°
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Pucynok 9. ®azoBas quarpamma cucteMbl ZnO—Nb,Os [321].

Nzyuennem (a3oBeix paBHOBecuii B cucteme ZNO—-Nb,Os, 3anuManich B pabotax
[321-323]. Hanbosnee mosHas ¢azoBas AuarpaMMa IojiydeHa B HcciieoBanuu Jlariana B
1972 rony (puc. 9) [321]. CormacHo HUMEIOMMMCS JMUTEPATypPHbIM JIaHHBIM B
kBazuOuHapHoi cucteme ZNO—-Nb,Os obpasyercss Tpu ciokHbIX okcuma ZNzNb,Og,
ZnNDb;Os, ZNn;Nb3sOg7, KOTOpBIE HaxomATCss B paBHOBecwH 10 1085°C ¢ yewlpbMs
rereporeHasiMu obmactsamu: [ZnO + ZngNb,Og], [ZnsNb,Og + ZnNb,Os], [ZNNb,Og +
ZnyNb170s7], [ZNn2Nb170g7 + Nb2Os]. Hmwke temmepatypsr 1085°C cMemiaHHBIA OKCHT
IIMHKa W HUOOUs coctaBa (2:17) HEyCTOWYMB, a OCTaBIIHMECS JBa pa3IeleHbl TPeMs
rereporeHHasiMu o0acTamu: [ZNO + Zn3Nb,Og], [ZnsNb,Os + ZnNb,O¢], [ZnNb,O¢ +

Nb,Os]. Ctout ormeTuTh, uto coeaunenus (3:1) u (1:1) TuaBATCS KOHTPYIHTHO IMPH
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temneparypax 1405 u 1312°C coorBercTBeHHO, a (2:17) HMHKOHIPY?HTHO, C
temneparypoil mneputektuku 1415°C. HuoOar mmuka mnpu Temmeparype 1350°C
npeTepreBacT MoJIMMOpPQHOE MpeBpallicHue, Hu3KoTemiepaTypHas o—daza ZnNb,Og
NepeXoauT B BeIcOKOoTeMIepaTypHyto —ZnNDb,Os.

HccnemoBanue TepMOAMHAMHMKH MapoooOpa3zoBanus cucreMbl ZNO-Nb,Os 1o
HACTOSIIETO BPEMEHH HE MPOBOIUIOCH, OHAKO B padoTe [321] o daszoBoii guarpamme
OTMEUYCHO, UTO NPH HCCIIeOoBaHUU 00pasnoB ¢ coaepkanueMm ZnO Gosbmre 60 Bec. %
HaO0JI0aeTCsl 3HAUUTEIbHBIE TOTEPU OKCHIA IIMHKA, YTO MOXKET CBUJIETEIHLCTBOBATH 00
WHTEHCUBHOM HcrapeHuu ZNO mpy MOBBIIMICHHBIX TEMIIEpaTypax.

BriBos.

B crarbe [321] Gb110 OTMEUEHO, UTO B 00pasiiax ¢ BHICOKUM COJICPIKaHHUEM OKCHIa
IIMHKA TIPU BBICOKUX TEMIIEpaTypax MPOUCXOIUT WHTCHCHBHOE HCIIAPEHUE OHOTO W3
KOMITOHEHTOB, YTO MOYKET HETaTUBHO CKa3aThCsS HA CBOMCTBAX KOHEYHOTO MPOIYKTA.
3HaHUS TEPMOJMHAMUYECKUX XapaKTEPUCTHUK JaHHBIX COCIWHEHUU TO3BOJIST
MPEJIOKUTH TEMIIEPATypPhl CHHTE3a U3/1eTHuil 63 moTepyu B (Pa30BOM COCTaBE, YTO MOXKET
YIIYYIIUTh MPOIIECCHI MOMyUYeHUs (PYHKITMOHAIBHBIX MaTEPUAJIOB C 33JIaHHBIMU (PU3UKO—

XUMHUUYECKUMHU XapaKTEPUCTUKAMMU.
2. JKCNEePpUMEHTAJNBHAS YaCTh.

2.1. Metoa Knyncena

Ha ceronHsAmHuii J€Hb U3BECTHO JOBOJBHO MHOT'O IKCIIEPUMEHTAIBHBIX METO/I0B
OIpEJIEJICHHs] 1aBJICHUsI HACBIIEHHOrO napa. Bce oHU pa3aendroTcss Ha CTaTHYECKUE U
JuHamMuyeckne. K rmepBbIM OTHOCHUTCS UBMEPEHHE NIaBIICHUS, OKa3bIBAEMOE CHUCTEMOM,
HaxXoJsIIencss B 3aMKHYTOM 00bE€ME Ha CTEHKM cocyda MpU MOMOIIM MaHOMETPOB
pasnuyHOro Tumna (pTyTHbie, MeMOpaHHbie). CTaTHYeCKUuEe METO bl 00J1aJal0T TPOCTOTON
U HAJCKHOCTBIO, OJHAKO OIPAaHWYEHBbl BEJIWYMHON HM3MEPAEMOIO0 MHUHHUMAIBHOTO
nasnenus B 102 atm.

OCHOBHBIM OTJIMYHUEM JUHAMUYECKUX METOJIOB SIBJISETCS TO, UTO B CUCTEME, JJIs

HU3MCPCHHA BCIIMYMHBI OJAaBJICHHA HACBIIICHHOI'O IIapa, HGO6XOI[I/IMO IIpOBOAHUTL €TI0
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otOop. Takoil mpouecc NPUBOAUT K CMEUIEHUIO TEPMOJUHAMUYECKOIO PAaBHOBECHS, B
CBSI3M C Y€M, BO3HHKAET HEOOXOIMMOCTh BBIOOpA YCIOBUM, IPH KOTOPBIX MOXKHO OyneT
npeHeOpeyb BO3MYIICHUSIMUA, BHOCUMBIMHU B CUCTEMY.

Oddy3noHHBIIA METOJ OTHOCHUTCS K JUHAMHUYECKHMM MeToaaM. OCHOBHBIM
HEJI0OCTaTKOM, KOTOPOTO SBJIIETCS HATM4YKE 0TOOopa mapa uepe3 3pPpy3noHHOE OTBEPCTHE.
O} dy3uoHHBIN METOT OTHOCUTCS K TMHAMUYECKUM. OCHOBHBIM HEJIOCTATKOM, KOTOPOTO
ABJISIETCA Haiuuue oTOopa mapa uepe3 3ddy3monHoe orBepctue. OAHAKO JaHHAS
METOIHMKA MO3BOJISIET ONPENENIATh AaBieHus Hmwke 107 aTM, a B HEKOTOPBIX CIydasx
HKHMN npenen aexur B uHTepBade 107°-107% atm. B ocHOBe MeToma JIEKHMT
perucrpanus TOTOKAa BEUIECTBA, HCTEKAOWEro u3 3(QQy3noHHOro OTBEPCTHUS WU
YMEHBILIEHUE BECa KaMEpbl C HUCCIIETyEMbIM BEIIECTBOM, HATPETHIM JIO OIpPENEICHHON
temriepaTypbl. Kamepa Knycena npeacrasisieT co00i 3aMKHYThI 00bEM C OTBEPCTUEM,
IUIONIA/Ib KOTOPOTO 3HAYUTEJIBHO MEHbILE MOILIaJAN BHYTPEHHEH MOBEepXHOCTH. Takas
MIOCTaHOBKA 3KCIIEPUMEHTA MTO3BOJISET MPEHEOpEUb NOTOKOM, TOKUAAIOIIUM KaMepy, TakK
KaK OH MPEHEOPHKUMO MaJl, U paCCMaTPUBATh €€ KAK 3aKPbITYI0 CUCTEMY. BrinmoaHeHue
JTAHHOT'O YCIJIOBUSL MO3BOJIIET MONy4uTh ypaBHeHHe ['epua—KHynceHa, oTpakaroiiee
3aBUCUMOCTb JaBJICHHS BHYTPU 3D PY3MOHHON KaMepbl U KOJTMYECTBOM HCHAPUBILIETOCS
BEILIECTBA. Y PaBHEHUE

p[monex/em?c] = Y4 n N(8KT/nm) = ¥4 n \(8RT/xM) (2.1)
20e N — uucno moaexyn 6 Iem®, K — xoncmanma Boavymana, R — ynusepcanvuas 2azosast
nocmosaunasn, 1 — memnepamypa napa, m — macca moaexyn, M — monexynapuwiii gec.
CBS3BIBAET YKCIIO COYJAPEHUN CO CTEHKAMM C KOHLEHTpAalMed U CKOPOCTBHIO MOJIEKYJ
BHYTpH 0o0beMa. {7l TOro 4roObl MpUPaBHATH NOTOK, MOKUAAIOIINI KaMepy U YHCIIO
coyiapeHuil, TpeOyercs co3laTh TaKUe YCJIOBHS, MPU KOTOPHIX BEPOSTHOCTH
BO3BpAILIEHUS MOJIEKYJbl U3 KaHana B 3¢ Py3uoHHYI0 Kamepy Mana. OOpaTHbI MOTOK
MO’KET 00pa30BBIBATHCS 3a CUET CTOJIKHOBEHMSI MOJIEKYJ MEXKIY COOOM M CO CTEHKaMu
s ¢y3uonHoro kanana. Eciu niamHa cBOOOAHOrO mpoOera MoJeKysl A CYIIECTBEHHO
oosbiie quametpa 3G(Py3uOHHOTO OTBEPCTHS, TO MOTOK 3a CUET MEXKMOJICKYJISIPHBIX

coynapenuii mpeneopexxnumMo Man. OCHOBHOUM CIIOKHOCTBIO SIBJISIETCS BO3BPAT MOJIEKYIT
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3a CUeT OTpPaXEHHs OT CTEHOK KaHala, B HWACAJbHOM CJly4yae HYKXHO paboTaTh C
UJeaJbHbBIM OTBEpPCTHEM (OECKOHEUHO TOHKME CTEHKHM). B mpakTHyeckux pacuerax
ucnoap3yercst 3¢QextuBHas 1mioumanab 3P(Py3MOHHOTO OTBEPCTUS S,p, BHOCSIIAIO
MOTIPAaBKy Ha KOHEUHYIO JUTHHY 3¢ () y3HOHHOTO KaHaIa.

[Ipu coOmroaeHnn Bcex yCIOBUN MOKHO MOJIYYUTh YpaBHEHUE

p[Monex/cm?c] = p(2nMRT) /2 (2.2)

20e P — pasrnosecHoe napyuaibHoe 0agienue, ycmanosusuieecs 8 3¢pgy3uonnol kamepe,
M — monkynapnas macca, T — abconrromuas memnepamypa aueuxu.

B3saB nuddepennmansayo GopMy YpaBHEHUS U YMHOKUB 00€ €ro 4acTH Ha Sy,

IIOJIyYUM
1 1
qlMonb] = S,4(2nMR) 2 [ PT zdt (2.3)
[Ipu ycnoBuM MOCTOSIHCTBA JABJICHUSA U TEMIIEPATYpPhI, MoIydaeTcs: ypaBHeHue ['epra—

KHy,Z[CCHa, HCIIOJIB3YIOIICCCA IIpH  pacdCTax  AaBJICHHA  HACBIIOCHHOI'O  IIapa

HWHAWBUAYaAJIbHBIX COGﬂHHCHHﬁI

p = q S3it~L(2nMRT): (2.4)
g(monv) — xonuvecmso Geujecmsa d¢hghynouposasueco 3a epems 1, t((mun) — epems
ucnapenus, S,y — niowadv 3¢gyzunnozo omeepcmus(cm®), T — abconromnas
memnepamypa s4etKu.

Jlns1 cucteM, MMEIOIIKX B IMapora3oBoi (pase 00bIIoi HAOOP MOJICKYJI, YypaBHECHHE

npeoOpa3yeTcsi K BUILY:

q = (3,(2nM;RT}) 2p,)S,ut, (2.5)

e0e Mj — moaexynapuas macca j—oi MOAEKYIbl(2p/MOTb), Sy — NAOWAOL IDPY3UHHO20

omeepcmus(cm®), t — epemsa ucnapenus.
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2.2 Macc—cnekTpajibHble TEPMOJAUHAMUYECKHE UCCIeJOBAHNS NTPH BHICOKUX

TeMIepaTypax

MaCC—CHeKTpOMCTpI/Iﬂ ABJIACTCA OJHHUM nu3 YHUBCPCAJIbHBIX MECTOJ0B
HCCICAOBAHU Fa30(1)3.3HLIX IIpouccCoB B BLICOKOTGMHepaTypHOﬁ XUMUU. I[aHHaSI
MCTOJMKA IMO3BOJIICT OIPCACIIATE MACChl M TUII MOJICKYJI, ITPCACTABJICHHBIX B IIapC HAJl
YUCTBIMH BCIICCTBAMH 1 MHOTI'OKOMITOHCHTHBIMH CUCTEMAaMH, a TAKXKC UCCJICA0OBATh KAaK
MpoHecCCbl HMOHU3AIIMHM W HNX B3dUMOCBA3b C SHGPFHGﬁ, CTpYKTypOﬁ U CBOMCTBaMH
HN3y4aCMbIX HOHOB, MOJICKYJI, TdK MW IIOBCACHUC KOMIIOHCHTOB ra3oBOM CbaBBI Ipu

HN3MCHCHHUHU TCX HWJIM MHBIX IIApaMCTPOB CUCTCMEIL.

g
g
3

TR
QOCO00

Pucynok 10. IlpuHuunuanpHas cxemMa MAacC—CIEKTPAJIBHOIO JKCIEepuMeHta. | —
sabdy3nonnas suelika Knyncena, 2 — HarpeBarenb, 3 — MOHU3AIMOHHAs Kamepa, 4 —
MOHHO—OINTHYECKAsl CHCTEMA, 5 — MacC—aHAIN3aTop, 6 — perucTpupyrouiee yCTponucTBo.
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Coueranue 3p¢py3MOHHON SUEHKH C MAacCC—CIIEKTPOMETPOM, TAET BO3MOXKHOCTH
NPUMEHATH TEPMOJUHAMHUYECKUE COOTHOIICHUS MPHU U3YYCHHUH MHOTOKOMITOHEHTHBIX
CUCTEM U YHCTBIX COEIWHEHUW CO CIIOXHBIM COCTaBOM mapa. B OGoiblinHCTBE
TEPMOJMHAMHUYECKUX HCCIICOBAaHUM aHATU3UPyeMOe BEIECTBO BBOJAAT B 00JacTb
MOHU3allMd B BHUJE MOJIEKYJSIPHOTO Iy4YKa, B CBSI3U C ATUM OOBEKT HCCIICIOBAaHUMN
nomeniaercs B 3pdy3nonnyto ssueiiky Knyzacena, Koropasi B OCJ€EICTBHE HarpeBaeTcs
710 BBICOKHX TeMIIepaTyp 3JCKTPOHHOU OOMOapaAMpOBKON MIIM TOKOM MPSIMOTO HakKaja.
Oddynnupyronuii U3 OTBEpCTUS SYESHKU Tap MOCTYNMAET B 00JIaCTh MOHU3ALUU B BUJIE
MOJIEKYJIsIpHOTO Tiyuka. [loaBrokHasi 3aciioHKa, MO3BOJISAIONIAS MEPEKPHIBATH JOCTYII
MOJIEKYJISIPHOMY TOTOKY B 00JacTh MOHHW3AIllMU, PACIONAraeTcs MEXAy SYCHKON
Knyncena u wuoHuzanmoHHod kamepod. HMoHbl, oOpasymoomuecs m0J JAEWCTBUEM
AIIEKTPOHHOTO yJapa, (QOKYyCHPYIOTCS, YCKOPSIOTCS MOHHO—ONTUYECKOW CHUCTEMOW M
pa3aesoTCs B CEKTOPHOM MArHUTHOM I10JI€ B 3aBUCUMOCTH OT OTHOILIEHUSI MacChl HOHA
K €ro 3apsily, OCJIe Yero NomnajatoT Ha KOJJIEKTOP PETUCTPUPYIOIIEr0 YCTPOrCTBa (puc.
10).

WHTeHCHBHOCTD U3MepsieMoro noHHoro Toka () u maprmansHoe aasnenue (P)
BHYTpH 3(PPy3nOHHON SUEHUKH CBS3aHBI COOTHOIICHUEM:

P =% Ty . = KTI (2.6)
] T g il jt

ede Pj — napyuanvroe oaenenue moaexyn j;

lij u |; — unmencusnocmu uonHoO20 MoKa 1 U3 MOAEKY | U NOIHO20 UOHHO20 MOKA U3
MONEKVI |

K.y — KoHcmanma uyecmeumenvrnocmu npubopa,

Onp— CEYEHUE UOHUZAYUU |—OU MOJIEKYIIbL;

T — memnepamypa siueiixu 6 K.

VYpaBHeHnue 2.6 mO3BOJISET paccuynUTaTh aOCOTIOTHBIE BEIMYMHBI MapIIHAIbHBIX
JABJICHUH 1T0 MHTEHCUBHOCTSIM COOTBETCTBYIOIIMX HOHHBIX TOKOB, €CIIA OyIyT PEIICHBI
MPUHITUITHATBHBIC TTPOOJIEMBI, CBSI3aHHBIE C HHTEPITPETAIIUEH MaCC—CIIEKTPOB:

1. PacmmdpoBka Macc—CIeKTpa — IMOWUCK MOJICKYJISIPHBIX TPEAIICCTBEHHUKOB

Ka)XJI0I'0 MOHA, BBIJCIIEHHE JOJM U3 OOIIeld MHTEHCHBHOCTH MOHHOIO TOKa,
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NPUHAJISKAIIMA ONPEIEICHHON MOJEKyJie, e€Clii OJUH U TOT K€ MOH 00pa3oBaH U3
pa3HBIX KOMIIOHEHTOB ra30BOi (a3sl;

2. OnpeneneHrue KOHCTaHT YYBCTBUTEIBHOCTH KAXKIOM MOJEKYJISAPHOH (POpPMBI
(Ky;

3. Ctabuiu3anus 1 u3MepeHue TeMneparypsl 3G y3HOHHOM STYCHKH.

Pasznuynbple myTH peleHnss OCHOBHBIX 3a1a4 MacC—CIEKTPaIbHOTO SKCTIEPUMEHTA
0OCY>KIAI0TCsl B MHOTOYHCIIEHHBIX pab0oTaX, 03HAKOMHUTHCS C JAHHBIM BOIIPOCOM MOXKHO
B 0030pax [324, 325] u nuTHPOBaHHOMN B HUX JHUTEpaTypeE.

PaccmoTrpuMm Hambosee pacmpoCTpaHEHHBIE METObI ONMPEACICHUS TaBICHUS —
METOJT KaJIMOpPOBKH W TOJHOTO HM30TEPMHUYECKOTO HCIIAPEHUS HABECKH BEIIECTBA.
[lepBbIii 3aKkIr04aeTCsl B UBMEPEHUU MHTEHCUBHOCTEH MOHHBIX TOKOB, MPUHAJJICKAIUX
CTaHJApPTy C M3BECTHBIM JIaBIICHUEM Iapa M HCCIEAYEMOMY BEIIECTBY, 1 OCHOBAaH Ha
MOCTOSTHCTBE I'€OMETPUUYECKUX U (PU3NYECKUX XapaKTEPUCTUK MacC—CIIEKTPOMETpa B

PpaMKax OJHOI'O OIIbITa:

Pi _ viliTigi (2.7)
Pg VsIsTsos .

TJIe MHACKCHI | U S OTHOCATCSI K CTAHAApPTy W HCCIICTYyeMOMY BellecTBY, li — MOHBIM
MOHHBIN TOK C Y4€TOM M30TOITHOTO PACIPECIICHUs, Gi — CEUCHUE HOHHU3AINY aTOMa UITH
MOJICKYJbI, P — naBneHwe mapa, Y — KOI(PQOUIMEHT YMHOXXEHHUS BTOPHUYHOTO
AIIEKTPOHHOT'O YMHOKHUTEIIS JIJIsl HOHa ™.

CeuycHUS WOHM3AIMM MOJICKYJI PACCUYHMTHIBAIOT I10 MPABWIY aJIIUTUBHOCTH,
npemioxeHHoMy CrtuBeHcomM u OtBocoMm [326], M3 aTOMHBIX CEYCHHMI HOHHU3AIUH,
NpUBEJCHHBIX B pabore Mawna [327]. OnHako, mpaBWIIO aiJIMTUBHOCTH BBITTOJIHACTCS HE
BCETJla, IPUYEM DPACCUUTAHHBIE 3HAYCHHUS Gj MOTYT B JIBa—TPHU pa3a OTIUYATHCS OT
UCTHHHBIX [325].

Mero moJHOTO M30TepMHUYECKOro ucnapeHus [325] ocHOBaH Ha MCHOJIb30BAHUH

ypaBHenus ['epiia—Kuyacena st mpoctoro:

T t t
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VI JIJ1S1 CJIO’KHOTO COCTaBa ra30Boi (passi:

T t T t T t
qij = kASaq, ’mfo IAdt + k353¢ ’mfo IBdt + -+ an3(l) /mfo Indt(2.9)

2oe Qi(ep) — Hasecka KOMROHeHma |, uCnapuswe2ocs 3a epems t(mun);
| — uonnwiti mox uonoe A, B, ... n;

k — koogppuyuenm uyecmeumenvnocmu ons uonos A, B, ... n;
S,y — naowads s¢hhyzuonnozo omeepcmus (cm);

M — monexynapuwiti gec monexynvt A, B, ... N (ep/monv);

R — ynusepcanvnas 2azosas nocmosnuas,
t . .
S= , [jdt — Benm4mHa, onpeessieMasi HHTEIPUPOBAHUEM SKCIICPHMCHTAIBHON KPHBOIL

3aBUCUMOCTH HOHHOTO TOKa OT BPEMEHH.

VYpaBHenue 2.8 mo3BOJSET ONpeneanTh 3HaueHue kospduuuenta K;, kotopoe B
MIOCJICJICTBHE TIPUMEHSCTCS JJIs pacyeTa MapliuajibHOTO JaBICHUSI MOJIEKYJ 1o (hopmyJie
2.6.

JlaHHBIE O MOJICKYJIIPHOM COCTaBe Ta30BOM (ha3bl TMO3BOJSIOT PaCCUMTAThH
KOHCTaHTy PaBHOBECHS XMMHYECKOW pPEAKIMH, a 3HAYUT HAUTH TEPMOJIMHAMHYCCKUE
(GYHKIIUU BEIIECTB U UX M3MCHCHHE B Pe3yJIbTaTe B3aMMOJCHCTBHs. BhipakeHue s
KOHCTAHTBI PABHOBECHS XUMHUECKON pPeaKIINH

ITi Pini(l'IpOLLyKTbI peaxkLuu)

Kp = T (2.10)
[ P]. ](cho;u{ble BeIleCTBa)
No3BOJIsIET MO ypaBHeHUIO Bant—I'odda (BTOpoi 3aKOH TEPMOJUHAMUKH pPaCCUUTATh

TCPMOIANHAMHUUCCKHC XaPAKTCPUCTUKHU UCCICAYCMBIX ITPOLCCCOB!

dinK,  AH(T)

ar  R1? (2.11)
00 110 cooTHOoIeHuo [ mooca—I enpmronpia:
—RTanp = AH%(T) — TASO(T) (2.12)

JIaHHBIN METOJ ONIPEACIIEHUS JHTAIBIINY PEAKIIUH YACTO HA3BIBAIOT «PACYETOM I10
BTOPOMY 3aKOHY TEPMOJAUHAMUKI.

Pacder sHTanbnuu peakuuu no ypaBHeHuto ['m66ca—I enbmroniia
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H°(0)

—RTInK, = AH°(T) — AS°(T) = AH°(0) + TA(G® — =) (2.13),

KaK TIPaBUJIO, HA3BIBAIOT «PACUYE€TOM IO TPEThEMY 3aKOHY TEPMOIUHAMUKI).
2.3 Annaparypa

2.3.1. Macc-cnexktpomerp MC 1301

JlanHast pabora BeimosiHeHa Ha npubope MC 1301, npemHa3sHaueHHOM IS
(OU3UKO—XUMUYECKHUX UCCIICTOBAHMNA MPOTICCCOB UCTIAPCHUS TPYTHOICTYINX BEIIECTB.

JlaHHBI Macc-CIEKTPOMETP HMEET CEKTOPHOE MAarHuTHOE II0JIE C  YIJIoM
oTKJIOHeHHS nOHOB 90° [328].

UyBCTBUTEIBHOCTh TIpHOOpa MpU padboTe C BICKTPOMETPUUECKUM YCUITUTEIEM
cocraBmsier 2:10°-2-10% A, mo3BonsromeM HameKHO U3MEPATHh JABJICHUS B
>¢dys3nonnoii kamepe Ha yposHe 1070 atm npm yckopsromeM HanpsokeHun 3 KB.
Paspematomas cnoco6nocts mpudopa ~ 500 Ha ypoBHe 10% BBICOTHI MMKOB B JHANa30HE

u3MepeHuit maccoBbix uncen 2—500.

2.3.2. UOHHBIA UCTOYHUK

Cepuiinbiii macc-ciektpomMerp MC 1301 cHaGxkeH AByMs TUIAMH HOHHBIX
MCTOYHUKOB: OJTUH — JIJIs1 pa0OTHI TIPH SHEPTHUSIX MOHUZUPYIOMINX AeKTpoHoB 20—-100 B,
BTOPOM, HU3KOBOJIBTHBIM — Jisi paboTel mpu 4-25 B, mo3Boisiomuil onpeneisTh

BHCPFI/II/I(HOTCHHI/IaJIBI) IMOABJICHUA MOJICKYJIAPHBIX 1 OCKOJIOYHBIX HOHOB.

2.3.3. Ucnapuren.

B nannoli paboTe HCTOIB30BANIUCH JIBA THIIA UCTIAPUTENCH, HU3KOTEMITEpaTypPHBIH,
NO3BOJISIONIMN HarpeBath 3¢ ¢dy3uoHHyto kamepy 10 1570 K u BeicokoTeMIiepaTypHbIi
— no 3000 K. JIyist 'OCTUPOBKH HMCHApUTETU CHAOKEHBI MEXaHM3MOM IEepEeMEIECHUS
3¢ ()y3HMOHHON SYEHKHU B IBYX B3aUMHO—TIEPIICHAUKYJISIPHBIX HATpaBieHUsIX. OCHOBHBIM
pa3iMyueM B UCMIAPUTEISIX SBJSIETCS CIIOCOO HAarpeBa Kamepbl, B HU3KOTEMIIEPAaTypPHOM
JUISl HarpeBa HCIOJb3YETCS M€Yb CONPOTUBIIEHUS, B BBICOKOTEMIIEPATYPHOM —

AJIEKTPOHHBIN ynap. B pabore ucnonb3oBaiuch oJMHapHbIE 3(PPy3nOHHBIE KaMephl U3
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IJIaTHHBI, OKCHUd HUPKOHUS, BOJ'IB(l)paMa, IMOKPBITOTO UBHYTPHU UPUIUCM. CooTHoIIeHNE

TIOMAAN ucnapenus K miomaan 3pdy3uu 66110 ~ oT 100 10 1000.

2.3.4. U3MepeHuUe TeMIepaTyphbl

Ha HuzkoTemnepaTypHOM UCIHApUTENE TEMIIEPATypy U3MEPSIM IUIATHHA—
IUTATHHAPOIUCBBIMH TepMotiapamu (conepkanne Rh 10%), mpuBapeHHBIMH TOYCUHOM
CBAPKOM HEIMOCPEACTBEHHO K Kamepe. B KauecTBe peructpupyroniero ycTpoucTBa
MCMOJIB30BAJIM TIPOrpaMMHBIN  perynsaTtop Temneparypbl Tepmomat—14E2. JlanHbid
npubop oOecreunBaeT PEeryJIupoBaHHE TEMIEpaTypbl ¢ TOYHOCTHIO £1°C mo 3apanee
3aIaHHOM OIMEpPaTOPOM IIPOrpaMMe.

['panynpoBKy T€pMONaphl BBIIOIHSIIM 110 UCHAPEHUIO CTAHAPTa, B HAILIEM CIIy4ae
KCI u Temmieparype maBienus Ag.

Ha BbIcOKOTEMIIEPAaTYpHOM HCIIApUTENIE TEMIIEPATYPY HU3MEPSIIM ONTHYECKUM
nupomerpoM JOII-66, obecrmeynBaOIMMUM TOYHOCTh HU3MepeHuin +5°. Ilupomerp

rpaJyupoBalid IO TemIeparype miaasiaeHus cepedpa (1234 K).

2.3.5. UHAyKIIHOHHbIE TTEYH.

Kunernueckue wuccieoBaHus CHHTE3a IIMWHEIEH NPOBOJWIM Ha Ie€4ax C
MHIYKIMOHHBIM HarpeBoM: «Kpucramn—3m» n BU-25AB. B kauectBe HarpeBaeMoro
MaTepuaa BeICTynanu TUriu u3 rpadura. [ns ycranoBku BU-25AB namu 0wl cobpan
KBapIICBBI PEAKTOP, CXeMa yCTAHOBKH PEJICTaBlieHa Ha pucyHke 11.

VYcraHoBKa mpenacTaBisieT coOOW MOMENIEHHYI0 B MHAYKTOp (1) KBapueByro
TpYOKY, 3aKpBITYIO C JBYX CTOPOH KpbIIKamu (3), 7 HAIyCKa a30Ta U OTKAYKHU Tas3a
HCIIOJIB30BAJICS TPEXXOA0BOM KpaH (4), IBYXXOJI0BOM KpaH (5) CIyXWJ JJIS HamycKa
aTMoc(epbl WM a30Ta B 00bEM peakTopa Mo OKOHYaHUH dKcrnepuMmeHToB. Obpaszerr (9)
MOMEIIAJICA B YIVIEPOAHBIN TUrenb (12) W oTnensicas OT B3aUMOJEHUCTBUSL C HUM
MOPOIIKOM U TIacTUHaMH U3 Hutpuga 6opa (10,11), Turens uzomupoBayics OT CTEHOK
peakTopa TEIUIOBBIMU SKpaHaMU U3 YIJIEPOIHON TKaHU (6), caM TUTeNlb YCTaHABIUBAJICA
Ha aJyHJIOBBIN JepkaTensb (7) yepe3 Terou30JSIIIMOHHBIN MaTepuan (6), Temneparypa

u3Mepsuiach BojbhpamM—penueBoit Tepmonapoii (8) (BP5/BP20).
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OTKa4Ka | HAaNycCK raza
1

[ — { -

Pucynoxk 11. Cxema kBapiieBoro peakropa Jjisi BBICOKOTEMIIEpAaTypHOTO CUHTE3a
AJIOHa: 1 — unaykTop; 2 — kBapieBas TpyOka; 3 — Kpbllllka peakTopa; 4 — TpyOka ¢
TPEXXO0BBIM KPAHOM JIsl OTKAUKH U HAIycKa rasa; 5 — TpyoOka ¢ IByXX0/IOBBIM KPaHOM
JUTsL Harmycka atMocepsl U raza; 6 — TeIIoBbIe KpaHbl U3 YTIEPOJHOTO MaTepuiia Y pa
TM-4-22; 7 — anyHIOBBIN AepKaTeldb TUTIA, 8 — TepMmomnapa BoJb(ppaM—peHueBas
(BP5/BP20); 9 — obpaszen [Al,O3 + AIN]; 10 — skpanbl u3 HuTpuaa 6opa; 11 — moporok
HUTpUAA 60pa; 12 — yraepoaHblil TUTENb.

2.4. O0pa3upl: cMHTE3 U WIeHTUPUKAIIUS

Jns  cunresa AJIOHa, wMarHueBol IINWHENIM W HU3YYEHUS IMPOLECCOB
napooOpa3oBaHus OKCUAHBIX CUCTEM Hcmonb3oBanu peaktuBbl Al,O3, AIN, MgO, Ta,0s,
Li,COgs, PbO, ZnO xBamudukanuu oc.4. [IpakTuyecku Bce 00pasiibl 11 HCCACTOBAHUS
OKCHJIHBIX cucTeM, kpome cuctembl Li,O—TayOs cocraBa 95 mons% Li,0O, nomyuanu
METOJIOM IPOCTOTO TBEPAO(A3HOr0 CHHTE3a, 3aKIIOYAIOMIECTOCsS B MOATOTOBKE cMecei
HUCXOJIHBIX KOMITOHEHTOB HY)KHOTO COCTaBa, TINATEILHOTO WX TICPEMCIINBAHUS B
abCOIIOTUPOBAHHOM CIIUPTE B aIyHAOBOHM WK siIMOBOM crynke. [lomydeHHble cmecu
OT)KUTAIKCH B INITATUHOBBIX TUTJISIX HA BO3/IyX€ MPH PA3IMUHBIX TEMIIEPATypax B TCUCHUE

60 4. Metogom P®A mnoarBepxkaanyd OKOHYAHUE peaklMu Mexay okcuaamu. CuHTE3
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oopasioB cucreM Al,O3—-AIN u Li,O-Ta;Os cocraBa 95momp% Li,O nposoguiu

HCTIOCPCACTBCHHO B XOA€ SKCIICPUMCHTOB.

3. Pe3yabTaThl U UX 00CYKIEHHE.

MaCC-CHeKTpaHLH])Ie TEPMOANHAMMUYICCKHUE UCCJICT0BAHUA CUCTEM A|203—

AIN, Al,0-MgO, Li,0O-Ta20s, PbO-Zn0O, ZnO-Nb20s.

3.1 Cuctrema Al2O3-AlIN. CuHTe3 M TepMOIHHAMHYECKHE XaPAKTEPUCTHKH

AJIOHa (Oxconntpun amroMmuaust Al23027Ns).

[lenp manHO# WacTu pabOTHI CBsS3aHA C CHHTE30M, HCCIIEIOBAaHHEM IPOIECCOB
napooOpa3zoBanust AJIOHa, onpenenenuem ero TepMOAMHAMUYECKUX XapaKTEPUCTUK U
IIONIBITKOM CUHTE3a IIPO3PAYHON KEPAMUKHU.

Cunmes. B xauecTBe peareHTOB UCI0Ib30BAJIM HAHOPa3MEPHBII OKCUJ aTFOMUHUS
MAapKH 0CY, C YAECIbHOM IUIOMAbIO 25 M?/T, cunre3npoBanublii B UMET PAH u Hutpun
amomuuus gupmbl «Aldrichy ¢ comepxanueM OCHOBHOTO KOoMMOHeHTa > 98% wu
pa3mepom 3epeH ~10 MKm.

Ha nmepBoM 3tane padotsl roroBmwiu 10 T emecu [AlOs-AlIN] cocrasa 35.7 moms%
AIN, xoTopyro 1ajgee roMOTeHU3UPOBAIN B canUpOBOi EMKOCTH B TeUeHHUE 2 4. 3aTeM
u3 atoi cMmecu npu gasieHun 5000 atm mpeccoBanu TabneTku maccou 1.0-1.5 1,
nuametpoM 20 MM, Beicotod 1.5-2.0 mM. IlomydyeHnHble oOpasubpl HOMeENIadu B
UHAYKIMOHHYI0 Tieub «Kpucramn 3M» B rpaduToBOM THUTIIE M HW30JUPOBAIU OT
CONPUKOCHOBEHHUSI C THUTJIEM IMOPOIIKOM HHUTpuaa Oopa. [lepBoHadambHBIA OTKHT
Tabnerok Benu mpu Temmeparype 1950-2050°C u naBnenus azota 1 atm B Teuenue 0.25,
2 u 10 9. Peatrenoda3oBsiii aHAIN3 TOBEPXHOCTH U 00BbeMa 00pa3IioB MOKa3all, 4ToO B
pe3yabTaTe OTHKUTA BO BCEX TPEX JKCIIEPHMEHTaX oOpa3oBaiuch JaBe (aswl (puc. 12):
AJIOH U HUTPUJ ATIOMHUHHUS, IPUYEM COJEp’KaHUE BTOPOIl 3HAYMTENIHLHO BO3pAcTajo C

YBCIIMYCHUEM BPEMCHHA OTIKHIA.
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Pucynokx 12. ®asoBblii coctaB moBepxHOocTH oOpasiia cuctembl Al,O3—AlIN
HadaabHOTO coctaBa 35.7 momb% AIN mpu oTxure ero B TeMiepaTypHOM HWHTEpBaie
1950-2000°C B teuenue 0.25 (B), 2.0 (6) u 10 (a) gacoB B atmMocdepe azora (Pnz =1 aTm).
Crnenyer Takke OTMETUTh, YTO COJIEP)KaHNE HUTPHIA AIFOMUHUS BO BHYTPEHHEH 4acTH
oOpasiia 3HAYMTEIILHO MEHbIIE, YeM Ha ero moBepxHocTH (puc. 13). DTOT pe3ynbTar
MOKET CBHJIETEIICTBOBATh O HU3KOW cKopocTH nuddys3uu azota B ¢aze «AJIoHa».
OTcyTcTBHE B HcclieyeMbIx o0pasiax ¢a3el Al,O3; mo3BosiseT onucath B3aUMOACHCTBHE
OKCHJIa U HUTPHJIA aJTIOMUHHS B aTMOocdepe a3oTa ¢ yueToM (pa3oBoii quarpammer [88,

89] u marepuana TUIJISA CICAYIOIIMMU PEAKIIUIMHU:

Al,O3 + N, = 2AIN +3/20, (42)
C+0;,;=CO0O (4.3)

Takum 00pa3om, B ITHX YCIOBUAX OTKUTA urypaTuBHas Touka cucteMbl Al,O3—
AIN HauansHOro cocrasa 35.7 moib% AIN ciBuraercs B CTOpOHY 00pa3oBaHUs HUTpHUIA

AJIFOMUHUA.
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Pucynox 13. ®a30Bblii cocTaB MOBEpXHOCTH (0) M BHyTpeHHEro oObema (a)
obpasna cucrembl AlOs—AIN HagansHOTO coctaBa 35.7 mons% AIN npu oTxure ero B
temmneparypaoM untepsaiie 1950-2000°C B reuenue 10 yacoB B atmocdepe azota (Pny =

1 at™m).

llapoobpazosanue. Cnenyromyo Cepu0 SKCIIEPUMEHTOB MO OTXKUTY 00pa3lLoB

ATOM CHUCTEMBbI  BBINOJHSJIM HEMOCPEICTBEHHO B XOJ€ MAacC-CHEKTPaIbHOTO
uccinenoBanus. OOpaser; B Buje TabieTku auameTrpoM 10 MM M TONIIMHOW 2 MM
noMeniancs B BoJb(ppamoByto siueliky KHynaceHa ¢ COOTHOIIIEHUEM TIOIIaAN UCTTapeHUS
K miomaau 3¢dy3un ~ 1000 u u3oaupoBacs OT HEMOCPEACTBEHHOTO KOHTaKTa C Hel
mopomkoM HuTpuaa 6opa. OTKUr TaONETOK BEIM B MHTEpBasie Temmeparyp 1660—
1750°C B Teuenue 1, 2, 4, 8, 12 4. OT™METHM, YTO B 3TOM UHTEpBaJIe TEMIIEpATyp CUCTEMA
[Al,O3 + AIN] nauganshHoro cocraBa 35.7 momp% AIN cormacuo [88, 89] momkna
coctosath u3 AByX (a3 — 9Al,03-3.7AIN u AIN. PentrenodaszoBblii aHaau3 mocie
gacoBoro omxkura npu T = 1700°C B Bakyyme (OCTaTOYHOE JIaBJICHHE B Macc-
cnekrpomerpe <1-10° I1a) mokaszan, 4yro TabmeTka mpeacTaBiaseT coboil omHy (asy
AJIOHa.
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Macc-crekTpaibHbIN aHaIu3 ra30Boi (asbl (Tadbmuia 12) CBHAETEIBCTBYET O TOM,
yTo Tmpomecc mapooOpaszoBanus AJIOHa compoBoxmaeTcss cyOnmmmarueii TOJIBKO
HUTPHUIA aTfoMUHUs B BUJie aToMoB Al n Mosekyi Na.

Ta6muma 12. Macc-cniektp razoBoit pazer Anona npu T=1750K.

Hon Al* N,* (CO*)”
OtHOCUTENbHAI 100 4000
WUHTEHCUBHOCTH

*
CyMMapHBIi CHTHAJ, HE pearupyromnii Ha 3aCIIOHKY

CrnenoBarelibHO, B 3TUX YCIOBUSX (PUTypaTHBHAs TOYKA CUCTEMbI HAyaJIbHOTO
coctaBa 35.7 momp% AIN 1momkHa JBUTaThCs B CTOPOHY OKCHIA ATFOMHUHHS.
[ToaTBepskaeHNEM CKa3aHHOMY CITY>KaT Pe3yJIbTaThl IO OTKUTY 00pa3lloB B TEUCHUH 1 U
8 YacoB, KOTOpBIC 1O OKOHYAHWUHU DKCIEPUMEHTOB IO JaHHBIM PEHTIeHO()a30BOTO
aHanuza (puc. 14) cocrosiim u3 nByx ¢az — okcuaa amomunus u AJIOHa coctaBa
9AIl,03-3.3AIN cornacuo [88 89].

Takum o6pazoM, mpouecc napooOpazoBanus AJIOHa B BakyymMe MOXkeT OBITh
MPEACTABIICH B BUJE CIEAYIOMIMNX JIBYX PEAKINi

Aly1 7027N3 7¢m) = Al217x027N3 74 + X Al + x/2 N2 0<x<0.4  (4.4)
A|21,3027N3,3(TB) =9 A|203(TB) + 3.3 Al(r) + 3.3/2 N, (4.5)

Pe3ynbTaThl Macc-CIEKTPANIbHBIX UCCIICIOBAHUHN TaKKe MTOKa3aJiu, YTO B MPOIECCE
napooOpazoBanus AJIOHa HecMOTpss Ha TO, YTO COCTaB KOHJEHCUPOBAHHOU (ha3sbl
3aMETHO MEHSIETCS, BEJIMYUHBI MAPLHAIbHBIX TaBICHUI aTIOMUHUS U, CIIEIOBATEIIBHO,
a30Ta OCTAIOTCS MOCTOSIHHBIMU C TOUHOCTBIO SKCIIEPUMEHTAIBHBIX U3MEPEHUH, TO €CTh
AKTUBHOCTb HUTPHUJA AJTIOMUHHS OCTAETCA MPAKTUYECKU MOCTOSTHHOW. WimmrocTpauueit
ATOMY CIYKHUT puc. 15, Ha KOTOPOM MpHUBEACHBI BPEMEHHBIE U KOHIEHTPALIMOHHbIC
3aBHCHMOCTH HHTEHCUBHOCTH HOHHOTO ToKa Al™ (mapiuanbHoro gasiacHus atomoB Al) B

npoiiecce nmapoodpazosanus cucremsl [Al,O3 + AIN] HavansHOTO cocrasa 35.7 Mmonb%

AIN ripn T = 1930K.
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Pucynox 14. ®a3oBbiii coctaB oopasiia cuctembl Al,O3—AlIN HavansHOTO cocTaBa
35.7 moe% AIN nipu oTxwre ero B remneparypaom uatepsaie 1660—-1750°C B Teuenue
1.0 (6) u 8.0 (a) wacos B Bakyyme (P <1-10°IIa).

DOKcnepuMeHTallbHbIe  pe3ynbTaThl 1o cyonumanuu  AJIOHa mno3Bonuiu
paccuuTaTh aOCONIOTHBIE BETMYMHBI MApIUATbHBIX JABJICHUA aTOMOB aTIOMUHUS Pal >
3.7-10* u monexyn azora P n2 > 1.85:10* arm max o6nacteio [9AI,03-3.3AIN + Al,O3],
no ypaBHeHuto ['epua—KHyacena ¢ yueToM KOHTpYIHTHOTO TTapooOpa30oBaHus HUTPUIA
ATFOMUHUS

Par= Marq:2u-MarRT)Y4 Man-So-t (4.6)

20e Pal — hapyuanibHoe 0asieHue aitoMUHUsL,

Mai(Main) — monspras macca Al(AIN);

Ssp — agppexmusnan nrowaov s¢hghyzuonnozo omeepcmusi;

t — epems cyorumayuu obpasya 6 suoe amomos Al u monexyn Na;
q — koauuecmaso ucnapusuiecocs seugecmaa AlN.
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Pucynok 15. BpeMenHas (KOHIICHTpAIlMOHHAsi) 3aBUCHUMOCTh WHTEHCHUBHOCTHU
ywoHHoro Toka Al" (mapiuanbHOro JaBJiCHUSA) B MpoIecce MapooOpa3oBaHUS CHCTEMBI

Al;O3—-AIN navansaOTO coctaBa 35.7 monbs% AIN ipu T= 1930K.

AkKTUBHOCTH HUTpHUAa antoMuausl B AJIOHe, olieHeHHas 10 COOTHOIIEHUIO

aain = Pai P22 1 par -ponzt? = pait? 1 pPar®’? (4.7),

20e Pa, (Pn2) — napyuanvroe oasnenue amomunus (azoma) nao AJIOHom,
P°al, (P°N2) — napyuanvroe dasnenue anoMunus (A30mMa) HAO YUCTNLIM HUMPUOOM

npejcTaBiieHa B Tabnuile 13.

TQDMOOLIHLIMUUQCKue XApaKkmepucmuKku. 3HaHWE aKTUBHOCTH HUTpUAA AJIFOMHUHHA

U PaBEHCTBA CAMHUIIE aKTHMBHOCTH Okcuaa amomuuus B obmactu [9Al,033.3AIN +
Al;0O3] nano Bo3MOXKHOCTh paccuuTaTh SHepruto ['ndoca odpasosanus AJIOHa coctaBa

Al13027N33 (9AI,05:3.3AIN) u3 naauBHIYanbHBIX coequHeHui [335] (Tadm. 13)

AGolg3o = RTlnaS'SAm = RTIn{pA|3’2 / pOAISIZ}S'S (48)

IIpu pacyere HCHONB30BAICA HWKHHUM IIpelesl 3HAYCHUN DKCIIEPUMEHTAIbHO

HaﬁﬂeHHBIX BCIIMYMUH IMapOHuaJIbHBIX I[aBJ'IeHI/Iﬁ 4ATOMOB AJIFOMUHHA W MOJICKYJI a30Ta.
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Onranenus peakuuu (4.5) AH 1930 = 2114 + 21 x/[x/Monb ObLTa HalijieHa U3 BRIPAKCHUS
(4.10), morydeHHOTO B TIPEITOJIOKCHNHN, YTO Pa3HUIA B U3MECHEHUH YHTPOIUN PEAKITUU
napooOpa3oBaHUs HUTPUIA aTFOMUHUS
AN = Al + 0.5N. (4.9)
u AJIOHa (4.5) ¢ yueTom cTeXuoMeTpuyecKkux Ko3(p(UIIMEHTOB paBHA HYJIIO (Tadiauna
13)
AHC1630(4.5) = 3.3[AH%1030(4.9) + RTIN{pCap°n2>? par-pn2t’?} ] (4.10),

rae AHr(4.9) 3HaueHue SHTATBINK PEaKIMK Mapoo0pa30BaHusl HUTPHUIA ATFOMHHUS 110

peaxiuu (4.9) [46].

B Tabmune 13 npuBeaeHO 3HaUYCHUE SHTANBINN peaknuu (4.5), mepecunTaHHOE K
temmneparype 298.15K, HeoOXoaumMple IS ATOTO 3HAYEHUs TEINIOEMKOCTEH Opanu B
[183], TemmoemkocTh AJIOHa naxoamnu no mnpaBuiy Helimana—Komnma. ITpu pacdere
IIPUHAMAIA HE3ABUCHMOCTh TEIUIOEMKOCTH OT Temreparypsl. [lo HalaeHHOM, TakuM
oOpa3zoM, »HHTaNBNUM peakiuud (4.5) ¥ U3BECTHBIM CTAHAAPTHBIM HHTAIBIIHIM
obpaszoBanus Aly [183], Al:Osqs [183] paccumrtamm craHmapTHBIE DHTAIBINH
obpazoBanust AJIOHa cocraBa 9AIl;033.3AIN u3 seMeHTOB U U3 HUTPHUIA U OKCHA

amoMuHus (Tabmuia 13).

Tabnuma 13. Tepmoanaamuueckue xapakrepuctukn AJIOHa (xJ[>x/Moub)

-AfG°r -AtG®1930 AtH 29815 -AH%98 15
CocraB aaiN u3 u3 AH%qg15(4.5 u3 u3 Pabor
AJIOHa T=1930K | coemuHeHH | 3IEMEHTO ) COE€OUHEHN | DIIEMEHTO Bl
u B H B
9Al,03-3.3AIN 0.83 9.9(1930K) 9878 2079 62 16072 Haru
9AI,03-5AIN - 5.9(1930K) 10051.0 - 337.0 16339.0 [97]
9Al,03-4AIN 5.7(1973K) [95]
9Al,03-3.5AIN 6.9(1973K) [95]
9Al1,03-2.8AIN 3.1(1973K) [95]

[lo HaliieHHBIM TakuM OOpa3oM JHTANbNUU peakiuu (4.5) U BeaUYUHAM
NaplyaJbHbIX JABJICHUM aTOMOB AJIOMHHHMS M MOJIEKYJ a30Ta HalUId YpaBHEHUE
3aBUCUMOCTH OOILIEro JAaBieHHsl (aTM) HACBIIIEHHOTO Mapa OT TeMIlepaTypbl HaJ
00J1aCTBhIO [9A|20333A|N + A|203]

lgp = -22360/T + 8.33 (4.11).
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Tak kax B mporecce uzoTepmudeckoin cyonmmmanuu cuctembl [Al,O3 + AIN] u
U3MCHEHHS €€ COCTaBa BEJIMYMHBI MAPIHUATLHBIX JABICHUN MPAKTHYECKH HE MEHSIOTCS
(puc. 15), MO’XXHO B IEpBOM IIPUOIMIKEHUH MPUHSATH, UTO YpaBHeHUE (4.11) cripaBensiiBo
Uit moboro cocraBa obnactu romoreHHocTH AJIOHa. Dto ypaBHeHME MO3BOJISET
paccuuTaTh BEIMUYMHY OOIIEro AaBiieHHs HachileHHOro mapa Hajg AJIOHom cocraBa
[9AI,O3-5AIN] npu TemmepaTypax cuHTe3a mpo3pauHoir kepamuku 2200-2300K.
YuuTteiBasi KOHTPYIHTHBIA XapakTep MapooOpa30BaHHS HUTPHUIA ATIOMHUHHS, pacder
napuuraibHOro aapjieHus Mojekys azota mpu T = 2200 u T = 2300K npuBen K 3HAYCHUSIM
paBHBIM pn2 = 0.50-1072, pn2= 1.36-10 aT™M COOTBETCTBEHHO.

CrnenoBaTenbHO, A TOMYyYEHHUS MPO3PAYHONH KEepaMHUKH HEOOXOJUMO BECTU
OTKUT CUCTEMBI TIPH JaBJICHUH a30Ta PAaBHOM JABJICHUIO HACBIIIEHHOTO Mapa a30Ta HaJl
cunre3upyembiM AJIOHoM. Ecnm BecTH CHMHTE3 IIpU AABICHUH BBILIE NAPHUAIBHOIO
JIABJICHUS HACBHIIIIEHHOTO Mapa a30Ta, HarpuMep, Haj oopasiom coctara [9Al,O3-5AIN]
npu T = 2250K, To B pe3ynbTaTe OyAeT MOTy4YeH, KaK MOKa3ajau Hallld UCCIICAOBAaHMUS,
Henpo3pavHbIil 1ByXda3ueiii oopaserr [88, 89] cocraBa [9AI,03-5.3AIN + Al,O3-7AIN].

[IpakTyeckn mMojHAas KapTHHA TepMoJIMHaMudeckux xapakrepuctuk AJIOHa
JIOJKHA ObLIa MO3BOJMUTH JIETKO pa3padoTaTh MPOCTYIO U JCIIEBYI0 METOIUKY CHHTE3a
MPO3PAvYHOTO M YyJapocTOolKoro martepuana. OJHaKo, MpPU PEHICHUH OSTOW 3a1a4yu
BO3ZHMKJIM HEOXKHUIAHHBIC TPYAHOPA3pPEIINMbIe, HO HHTEPECHBIE TTPOOIEMBbI, CBI3aHHbBIE,
TJIABHBIM 00pa3oM, C anmapaTypHbIM 0OpMIICHHEM TOTydeHUs] MaTepraa ¢ 3aJaHHbIM
COCTaBOM U CBOWCTBAaMH.

Haubonee 4acTto OKCOHHTPHAHYIO KepaMUKy MOJydaloT B JIBa dTama: CHHTE3
AJIOHa B Buge  0enoro  HEOpO3payHOTO  MOPOAYKTa M JUIMTENIbHBIN
BBICOKOTEMIIEPATYPHBII OTKUT CIPECCOBAHHOIO CHHTE3WPOBAHHOIO COEIWHEHUS [0
MOJTyYeHUs TIPO3PAYHOTO MaTepHuaia.

Bpemst mpoBenenust peakimu obpazoBanus AJIOHa nHa HauanpHOM 3Tame mpu
temrepatype 1923-2073K, corimacHo TuTepaTypHbIM U HAITUM JaHHBIM, HE TIPEBBIIIACT
15-30 muH. [ WCKIIOUEHUS peaKIHWii OKWCICHHWS CHUHTE3, KakK IMpaBWIO, BEAYT B

uHepTHOU aTMocdepe. B kauectBe mpumecu AJIOH mpakTtuuecku Bcerja COMEPKUT S—
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10 Bec% wnutpunga amoMuHus. OOBICHIETCS 3TO BBICOKOM CKOPOCTHIO OOpa3oBaHUs
AJIOHa c TOBBIIIEHHBIM COAEPKAaHWEM OKCHJAa ATOMHUHHUS M HH3KOW CKOPOCTBIO
mudy3un HUTpUIA ATIOMUHKS B 00pa30oBaBLIEMCs ITPOIYKTE:

9A|203(TB) +5 AlN(TB) = A|23-x027N5-X(TB) + XAlN(TB) (412)

Cnenyer OTMETHTb, 4YTO 93Ta peaKius SBISETCS HArjIsgHBIM [PUMEPOM
BBICOKOTEMIIEpATYpHOro 00pa3oBaHusi (C TOYKM 3peHUs (Pa30BbIX JgUArpaMm)
HEpaBHOBECHOU cucteMbl. [loaTomy A mosrydenus ogHO(pa3HOTO 00pa3iia MPUXOAUTCA
3HAUMTEIBHO YBEJINYMBaTh Bpemsi cuHte3a (omxkura) — 10-30 u. OgHako npucyTcTBUE
HUTpUJA ATIOMUHHUS MOXXET OBITh CBS3aHO U C PEAKIHMSIMH BOCCTAHOBJICHHS OKCHIA
amomuauss win  AJIOHa B mpomecce BBICOKOTEMIEPATYpPHOIO CHHTE3d, €CIHU
UCIIOJIB3YIOTCSl, HAIpUMED, YTIEpOAHbIE U BOJIb(ppaMoBbIe HarpeBaTenu. B atom citydae
coctaB cunTesupyemoro AJIOHa Oyer 00e1HEH OKCUAOM alllOMUHUS, U HE UCKITFOUEHO,
4TO B pe3ysibTaTe 00pa3yeTcsi paBHOBeCHas aByxdasHas obmacts [(9-x)AlO3:(5+y)AIN
+ AIN].

PaccMoTpuM pe3ynbTaThl B3aMMOJCHCTBHS HUTPHIA M OKCHAA AITIOMHHHS,
MOJIyYeHHBIC B Halllel paboTe Ha Halllel anmnapaTrype, Ipyu pa3ITudHbIX JaBICHHUIX a30Ta.
Kak ormeuanocs Baie (ctp. 78) omxkur cmecu [Al;Oz + AIN] coctaBa 35.7 monp% AIN
npu temmneparype 1950-2050°C (2223-2323K) wu pnaBiaeHuun aszota 1 aTm
cornpoBoxaaercs oopazoBanueM AJIOHa u HuTpuga anroMUHMS, TO €CTh B MOJOOHBIX
yCIOBUSIX (UTYypaTWBHAsg TOYKA DTOM CHCTEMBI CABHTAeTCS B CTOPOHY HHUTpHUIA
AJIFOMHHMSL, YTO IPUBOJUT K 0Opa30BaHUIO HEMPO3PAYHOIO MaTepuasa.

Ha crnemytommem »sTame  paOOTBl  WCCIENOBAIM  PE3YydbTaThl  MPSIMOTO
B3anmoeicTBrs KoMrnoHeHTOB Al,O3, AIN B yc10BHSIX HU3KOT0 OOIIIEro IaBJICHHS a30Ta
(p<1 ITa) mpu T = 1933-2073K. B uHTEpBaec 3TUX TEMIIEPATYP HAXOISATCS BEITHYHUHBI
oOmero naeneHus HacbimeHHoro napa AJIOHa. Cunte3 AJIOHa ocymectBisuiin B
kBapiieBoM peaktope (puc.12). Peakumonnyio cmech [Al,O3 + AIN] maccoit 3 1p ¢
coaepxkannem Al,O; 64.3 Mons% momernand B candupoByIO CTYIKY W pacTHpald B
abCONIOTHPOBAHHOM CHHPTE B TedeHHH 5 4. Jlanmee 3Ty TOMOT€HH3HPOBAHHYIO CMECh

BBICYIIMBAJIN B T€YEHUH 2 4 B CylmibHOM Hikady npu t = 353-463K. 13 noayyeHHOro
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MOPOIIIKAa TOTOBWIM TaOyieTku guamerpoMm 14 mm m maccoit 0.2-0.3 Tp OIHOOCHBIM
npeccoBanreM Ipu gasieHnu 150 Mlla. [Insg mpoBeneHHsi BBICOKOTEMIEPATYPHOIO
TBEp0(a3HOTr0 CUHTE3a TAOJIETKY B TpaUTOBOM THUTJIEC TIOMEILATU B PEAKTOP, IPU 3TOM
oOpazel] U30JIMPOBAIM OT CTEHOK M JIHA TUTJIS MOPOIIKOM M TUIACTUHAMH U3 HUTpHIA
oopa. ['padguToBbIii THTENH BMECTE C 00pa3I[OM AKPAHUPOBAIMU OT KBApILEBBIX CTEHOK
peaktopa yriepoaHod TkaHbio (Ypan TM—4-22 u Ypan TM-22P). 3arem peaxtop
3aMOJHSIM CYXHM a30TOM M BaKkyyMHpoBaiu 110 nasieHus p < 1 Ila. [lanee ykazanHoe
JABIICHUE TOAJCPKUBAIN «IIOCTOSIHHBIM» OJHOBPEMEHHBIM HAIyCKOM a30Ta H
dbopBakyyMHOM oOTKaukoil atMocdepbl peakTopa. HarpeB yriepogHoOro THUIIIA
OCYILECTBIISUIM C IOMOIIBIO BBICOKOYAaCTOTHOTO MHAYKIMOHHOTO HarpeBarens BU-25AB
«IIpoMUHIYKTOp», TEMIEpaTypy HU3MEpsUIM  BOJIb(PpaM-pEeHHUEBONM  TepMOmapoi
(BP5/BP20). TlomoOHasi KOHCTPYKIMUSI M TIOCTAaHOBKA HSKCIIEPUMEHTa I03BOJIsIA
HarpeBaTh TUTENb ¢ 00pasiioM a0 Temneparypsl 2053K u ynepxuath ee B TeueHue 60
MUHYT 0€3 3aMETHOr0 U3MEHEHMsSI IPOYHOCTH KBapLIEBOT0O peakropa. B tabnuue 14 u Ha
pucyHke 16 mpuBeneHbI pe3yIbTaThl HECKOIBKUX SKCIIEPUMEHTOB.

Tabnuua 14. PesynbpTaThl oTxkuTa 00pas3ioB coctaBa [9Al,O3 + SAIN] pu T =
2053K

Ne Macca Bpewms @da30BhIi COCTaB [ToTepst Mmaccsl
ompiTa | 00pasna, I' | OTXKUTa, MUH MPOAYKTA CUHTE3a oOpasua, %

1 1.72 0 Al,Os3, AIN, AJIOH 0

2 1.72 1 AIN, AJIOH 0

3 1.72 3 AIN, AJIOH 9.3

4 1.72 10 AIN, AJIOH 16.7

5 1.56 13 AIN, AJIOH 20.5

Kak BugHO M3 peHTreHorpamMm u Tadiuibl (Tabnuma 14, pucyHok 16) CKOpocTh
peaknuu HacTOJNbKO BbIcOKa, 4To AJIOH o06pasyercs yxe 3a Bpems moabema
TeMrepaTypel yriaepogHoro Turigs ot 1933 ngo 2053K wu cHmwkenus ee 10
MEePBOHAYAILHOTO 3HAYCHUS 0€3 JIOMOJIHUTEIHHOTO oTkura. CymMMapHOe BpeMs ITUKJIa
cocrapisier He Oosiee 5—10 cexyna. Ilo manHBIM peHTreHO(pa30BOT0 aHAIM3a 00pa3el]

(Tabnuma 14, onbiT 1), MOJyYEHHBIA TaKUM 00pa30M, COCTOMT U3 Tpex ¢a3 — [AlO; +
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+AIN + AJIOH]. Bce ocrampHBIe 00pa3ipl, MOABEPIHYTHIE OTXKHTY (OIMBITHI 2-5),
IIPEICTaBISUIA CO00M cMech Toutbko ABYX (a3 — [AIN + AJIOH]. Kak ormedanocs BhIIe,
B JIUTEpAType MOJ00HBIN COCTAB MPOAYKTOB TBepA0ha3HOM peakiuu (4.12) oObscHsETCS
BBICOKOI CKOpOCThIO oOpa3zoBanusi AJIOHa c¢ 3aBBIIIEHHBIM COAEP)KAaHUEM OKCHJA
amomuans  9Al,03°(5-X)AIN 1Mo cpaBHEHHI0O CO CTEXHOMETPUYECKHM COCTaBOM
9AI,03-5AIN 1 upe3BbIYaliHO HU3KOH CKOPOCTHIO AU( G Y3UH HUTPH/IA aTIOMUHUS B (hase
o0pa3oBaBIIETOCS MPOAYKTa:

9A|203(TB)+5A| N(TB) = A|23-XOZ7N5-X(TB)+XA| N(TB). (413)
[TonobHoe O0OBSICHEHHWE BIOJHE CHOPaBEUIMBO, €CIU B pe3ylbTaTe CHHTE3a U

HCJIMTCIILHOT'O OT’KHUI'a HECT IIOTCPU MACCHI.

/
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Pucynok 16. ®a3zoBblii coctaB oOpasma cuctembl Al,O3—AIN ¢ HayalbHBIM
coaepxanuem Al,O3 64.3 Monb%, oToxokeHHOTro mpu Temmnepatype 2053K u gaBneHuu

p<1 Ila B Teuenwue (a) >0.1, (6) 1, (B) 3, (r) 10, () 13 MuHyT.
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OngHako TIpU  JJIMTETRHOM OTXKHIE CHHTE3 OKCOHHTPUIHON KEpaMUKH,
COMPOBOXKIAMOIIHIACS ToTepeld Macchl (Tabmuia 14), momkeH OBITh ONMUCAH WHBIMHU
peakuusimu. B mamem okcnepumente cuHTe3 AJIOHa mnporekanm B yclIOBHSX
JTUHAMUAYECKOTO BaKyyMHPOBaHUsS (HAIyCK a30Ta C OJHOBPEMEHHOW OTKAYKON) MpH
ocraroyHoM jaaBieHuu P<I1 I[la. Ilpu Takoi NMOCTaHOBKE IKCIEPUMEHTA BCJEICTBHUE
OTHOCUTEIBHOM HE TEPMETHYHOCTH YCTAHOBKM B 30HY pEaKIHH TOCTOSHHO B
HE3HAYUTEIFHOM KOJMYECTBE HaTekaeT armocepa UM  MOJEKYyNIbl KHUCIOpOAa
B3aMMOJICUCTBYIOT C U30BITKOM yTiiepoia (TUTelb, TETUIOU30IUPYIONIas TKaHb), 00pa3ys
CO, KOTOpBI BOCCTAaHABIWBACT OKCHJ AQTIOMUHUS JO0 MeTaia. AJIOMHHHUH, Kak
JIETKOJIETYYU KOMIIOHEHT, MOXET YJaJsAThbCs W3 PEaKIMOHHOM CMECH WIIH, €ClIH
CKOPOCTb O0pa30BaHUsl HUTPHUJA ATIOMUHUS BBIINIE CKOPOCTH UCIAPEHUS aTIOMHHUS,
B3aMMOJICUCTBOBaTh C  a30TOM MW OOpa3oBbIBaTh  JOMOJHUTENBHOE  CBEPX-
CTEXMOMETPUYECKOE  KOJMYECTBO  HUTpUAa  amtoMuHus.  Takum  oOpaszowm,

paCCManI/IBaGMHﬁ IMpoHcCcC MOKCT OBITH MMpCaACTaBJICH CJICAYIOIINMU I‘eTepO(i)a?;HBIMH

pPEaKLUAMU:
Cmy + 0.5 0, = CO, (4.14)
Al,Os01s + 3 CO = 2Al . 1y + 3COy, (4.15)
Al 1y + 0.5 Np = AlNery), (4.16)

9AI,03° SAIN 15 +6XCO+XN2=(9-X) Al;03° SAIN 15+ 2XAlN(15)+6XCO, (4.17)
DTH peakiuy COMPOBOXKIAIOTCS YMEHBIIICHHEM Macchl ucxoaHoi HaBecku [Al,O3 + AIN]
u obpazoanneM asyx(aszuoii cuctemsl [AIN + AJIOH] ¢ AJIOHom, oGoraieHHbIM
HUTPHUIOM aTFOMHUHUSL.

BrInosHEHHBI UK BBICOKOTEMIIEPATYPHBIX HUCCIEIOBAHUN M KPATKUM aHAIINA3
W3BECTHBIX JIUTEPATYPHBIX aHHBIX (0030p auTepatypsl) mo merogam cunte3a AJIOHa,
MO3BOJIWJIN 3aKIIOYUTh, UYTO HAU0O0JIEE MEPCIIEKTUBHBIM C TOUKH 3PEHUS IPOCTOTHI, LICHBI
anmapatypHoro o(opMieHHS W KauecTBa IOJTy4yaeMOW KEepaMUKH SBISETCS METOJ
MPOCTOrO CIEKAHUS CMECH OKCHJIa U HUTpUIA allOMUHHUSA HadyalbHOTO cocraBa 64.3
Mob% AlyOs. Tlpudyem MeTon J0JDKEH OCHOBBIBATHCS Ha JBYX 3Tamax oTxkura. Ha

nepBOM (AOCTaTOYHO OBICTPOM) dTale MPU OTIKUTE MCXOIHON TOMOTEHHU3MPOBAHHOMN
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cmecu [Al,O; + AIN], cnpeccoBannoit mipu maBinennn 40-50 wmlla, B unTepBane
temneparyp 2023-2073K ob6pasyercs Hempospaunbiii  AJIOH. Brtopoii stan
3aKJIIOYAETCSl B MEXaHWYECKOM JUcCHeprupoBaHuu cuHTesupoBaHHoro AJIOHa,
MOCJEAYIONIEM €To peccoBanuu 1pu aasieHuu 150—-200 Mlla u nutenbHOM ClIEKaHUH
npu Temrieparype 2073-2223K 1o nosydeHus Mpo3pavyHoil KepaMUKH TJIOTHOCTBIO ~3.7
r/cm®. TIprueM Iporecchl OTKUra M CHIEKaHUs HEOOXOAUMO IIPOBOAUTH UCKITIOUUTETHHO
B aTtMocdepe a30Ta, JaBJIeHHe KOTOPOro JTOJKHO OBITh PAaBHO BEJIMYUHE MApLIHUAIBLHOTO
nasieHus azorta Hag AJIOHoMm coctaBa Aly3O27Ns.

K coxanenuro, Ham He y1aJI0Ch MTOIY4YUTh ITpo3paunblil oopasen AJIOHa, cBsizano
3TO C OTCYTCTBUEM JIOPOTOCTOSIIETO 000PYAOBAHMS, KOTOPOE TO3BOJISIET MOAIEPKUBATD
B TEUEHHUE JJIUTEIILHOTO MPOMEKYTKAa BPEMEHH MOCTOSHHOE JaBJICHHUE a30Ta U IMOJIHOE
OTCyTCTBUE Kucnopoaa. [IpumensBumiics B paboTe KBapLEBbI PEaKTOpP, IPH BBICOKUX
TEMIEpaTypax HE TePMETHYEH, KHUCIOpOA aTMoc(epbl, KOTOpbIM IONagaeT B HETO,
B3aMMOJECHCTBYET € YIJIEPOJOM THUIVISI M HW3OJSIIMOHHBIM MAaTepUalioM CO3JaeT
BOCCTAaHOBUTENBHYIO aTMochepy HaJ HCCIeAyeMbIM 00pa3ioM, 4YTO, KaK MOKa3aHO
BbIIlIE, TPUBOJUT K M3MEHEHHUIO €r0 COCTaBa M B UTOTE IMOJIyUYEHHIO HEMPO3pPayHOro
AJIOHa. Cnenyet Takke OTMETUTh, YTO MATEPHUAII PEAKTOPA — KBApLl HE YAOBJIETBOPSIET
OCHOBHBIM TPEeOOBAHUSIM CUHTE3a, TaK KaK J1aBJIEHNE HACBILEHHOI0 Mapa KUCJIOpoaa Haj
HUM npu remrepatype cuare3a AJIOHa BennunHa 1ocTaTo4HO O0JIbIIAs, HAPUMED, IPU

T =1973 K p(O;) = 0.2 Ila. Haubonee xopoimii pe3yabTaT, KOTOPBIH yIaJIOCh Ham

MOJIYYUTh, PEJICTABIICH HA pUCYHKE 17.

Pucynok 17 O6pazenr AJIOHa, nonydeHHBI B KBapIleBOM peakTope mociie 3 4

omxkura npu temreparype 1780°C u ocrarounom gaBieHuu azota 275 Ila.
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3.2 Cucrema Al,0:-MgO (Marnuii—aJioMiuHueBasi IIMAHEb)

Hccnenosanue mapoodpasoBanus MgO u cucrembr MgO—Al,O; npoBoaunu B
uHTepBaie temneparyp 1750-2100K. B paGote ucnons3oBaiu BoiabhpaMOBBIE KaMEPHI,
MOKPBITHIE M3HYTPU UPHUAMEM, C OTHONICHUEM IUIOIIAAM UCHapeHus K 3(PGEeKTUBHOMI
wiomanu 3pdy3un ~800. DPdy3noHHBIE SUYCHKH, MOKPHITHIE H3HYTPU HPUIUEM,
U3rOTaBIMBAJINCh HAaMU NIyTeM IUIaBKU Ir BHYTpM Kamepbl B IOJIE TEMIIEpaTyp C
OTpULIATEIBHBIM TPAJUEHTOM TIO BbICOTE. TakuMm 00pa3oM, Kamepa MOKPHIBAIACH
W3HYTPHU BBICOKOTEMIIEPATYPHBIM CILJIABOM, OOOTallIEHHBIM y MMOBEPXHOCTU UPHUIIUEM, C
HU3KOM aKTUBHOCTBIO Boib(ppama. OpHako B JaHHOM CIIy4ae BO3MOYKHO
B3aMMOJICIICTBHE MapoB MeETauIOB ¢ Ir ¢ oOpa3oBaHMEM WHTEPMETAJUIMIOB, YTO
XapakTepHO JUIS METAUIOB IuiatnHOBOM rpymmbl [329-331]. HarpeB 3¢ dy3uoHHBIX
KaMmep NPOBOAWIIN 3JIEKTPOHHBIM y1apoM. Temneparypy KaMepbl U3MEPSIIU ¢ TOYHOCTBEO
10 5K ¢ moMo1Ipko 3TajJOHHOTro onTudeckoro nupomerpa J0II-66, kanrnOpoBaHHOTO MO
TeMIiepaType IUlaBieHUs cepeOpa. l3MepeHuss NPOBOAMIM MNpPU HOHUZUPYIOUIEM
Hanpsbkennu 70 B.

B wMacc-cnektpe razoBoii ¢aser Ham cuctemon Al,Os—MgO, B ykazaHHBIX
TEMIIEPATYPHBIX HHTEPBAJIaX, PETUCTPUPOBAIUCH TOJIBKO HOHBI MQ*, 4TO COOTBETCTBYET
IPUCYTCTBHIO B Hel atomoB Mg, O u monekyn O,. Cnegyer OTMETUTH, 4YTO B
U30TEPMUYECKUX IKCIIEPUMEHTAX ¢ 00pasliamMu, COJIepKAIMMU UHANBUIYAbHYIO a3y
MgO, oTMeUeHO OCTENIEHHOE MaJICHHE HOHHOTO TOKa (MapiuaibHOTo JaBjicHus) Mg* B
~1.5 pasa npu BbIIEpKKE 2—3 4, UTO O3HAYAECT CHM)XEHHWE AaKTUBHOCTH Mg B
a2 y3noHHON KaMepe 3a CueT B3aMMOJCHCTBHUS, TI0 BCe BUAUMOCTH, ¢ Ir. B cBs3u ¢
3TUM JUId OIpeAesieHUus a0COJIOTHOM BEIMYMHBI MaplLHUaJbHOrO JaBieHus Mg
MCITIOJIb30BAJIM 3HAUYEHUSI HOHHOTO TOKA, 3apETUCTPUPOBaHHbIE B Hayase nepBbix 20—30
MUH 3KcriepuMeHTOB. [Ipu mapooOpazoBaHmy reTeporeHHBIX 00pa3IoB (pa3zoBoii obmacTu
(II) m ¢a3sl ynCTON IIMUHEIN CHWKCHHE MOHHOTO Toka Mg' He HaOmonanocs. [Ipu
MOJIHOM HCHAapeHUH HaBECKH JII00Oro HayalbHOTO COCTAaBa HENETYyYHMid OCTaTOK
MPEACTaBIsT cOo00iM mpakThuecku 4YUCThIi AloO3 ¢ HE3HAYUTENBHOW MPUMECHIO

BOJIb(pamaToB Maruus < 5 Moib%. CiaeaoBarenbHo, pu NapooOpa30BaHUK B CUCTEME B
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rasopyto (¢a3zy mnepexoguT Toibko MgO, dYTO COOTBETCTBYET MEpPEMEIEHHIO
burypatuBHON TOUYKU MO (pa30BOMY IPOCTPAHCTBY cucTeMbl B cTopony Al;Os. Torna,
coracHo (a3oBOM JuarpaMMe CHUCTEMBI, IapooOpa3oBaHME IIIUHENN H3HAYAIbHO
CTEXMOMETPUYECKOTO0 COCTaBa MOXKHO omucarh AByMs peakumsmu (4.18, 4.19). Ilpu
npoxoxaeHnn DT o06sacTd TOMOIN€HHOCTM IINMHMHENW KOHJEHCUpOBaHHas (asa

o0oramaercs OKCUIOM AIFOMUHUS 0€3 N3MEHEHUs unciia has:

MgAI;04) = XMy +X202+x(1-22)O+(1- X)MgALLO4- XAl O3 (4.18)
I[lo poctmwxenun DT  JIUHUM  MOHOBApUAHTHOrO  paBHoBecus  (1-
X)MgAI;04-XAl2034 — 0—Al;034) — map u NpOAOIKEHNHU ee ABWKEHUs 1Mo (pazoBoMy
IIPOCTPAHCTBY B KOHICHCHpPOBaHHOW ¢a3ze BbimeaseTcss Bropas (aza o—AlOs,
napooOpa30oBaHNE OMUCHIBACTCS PEAKITHCH:
(1-x)MgAI;04-XAl;03( = (1-X)Mgr+(1-X)zO02+(1- X)(1-22) O+X(0—Al03) ) (4.19)
Jliist onpeiesieHust a0COJTIOTHBIX BEJIMYMH MapIUaTbHBIX TaBJICHUN U TOCTPOCHUS
p—X—cedeHus ¢$a3oBOW aUarpaMMbl HaMH OBLUTH BBIIIOJIHEHBI AKCIIEPUMEHTHI 10
nzorepmuueckoil cyomumanmu npu T = 1900K Tpex u3BecTHbIX HaBeCOK cucteMbl MgO—
Al;03: [MgO-MgAlO4](1), [MgALO4](I1) u [MgAI,04-XAl,03 — a—Al,O3](I11), koTopsie
cooTBeTcTBOBa)IM OpyTTO coctaBam 70, 50, 20, monp% MgO. HeobxoaumMo OTMETHTS,
yT0 coriacHo padote [113] npu temmneparype T = 1900 x=0.793, To ecTh B paBHOBECHUH
C O—OKCHIOM aloMuHUs HaxomuTcs mimuHenab coctaBa MgAILO4-0.793Al1,05. Takas
IIOCTaHOBKA KCIIEPUMEHTA TI03BOJIMIIA 10 ypaBHeHHIO [ 'epia—Kuyacena
Pug = MugQugCrMygRT)Y? [MygoSagt (4.20)
20e Pmg,— napyuaivrHoe 0asieHue MazHusl,
Mwmg(Mmgo) — moaspras macca Mg(MgO),
Sop — appexmusnan nrowaov s¢ghy3uonnozo omeepcmusi,
t — spemsa cyorumayuu obpazya 6 suoe amomos Mg u monexyn Oo,
q — xoauvecmaso ucnapuguwezocs gewpecmsea MgO
paccuuTarh MaplUaIbHOE JABJICHUWE AaTOMAPHOro MarHus Haj cucrtemor mpu 1900K

(trabmuma 15). IMapumaneusie naBnenus Op; u O, He U3MEpsieMble YKCIEPUMEHTAIIBLHO,
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paccuWTany W3 YCIOBUS KOHTPYIHTHOH cyOnmmanmu MgO mno peaknuu (4.21)
(rereporennas obnactu I)

MgO = Mg + XO, + (1-2x)0 (4.21)
wi (4.18) (crexmomeTpuueckas WIMUHENb WIM IIMAHEIb J000T0 cOcTaBa), HO

npoTeKaronei B 3G y3n0HHOM SKCIIEPHMEHTE
Pmg/ Mg *?/[2P 02/[M(02)""% + Pioy/M(0)'*] = 1 (4.22)

U KOHCTAHThI paBHOBECHS peakuuu (4.23), 3HaueHre KOTOPOH B3sun u3 [26]
0.50,=0 (4.23)
Kp(4.23) = p(0)/[p(02)]**, (4.24)

20e p(MQ) — napyuanvroe Oasnenue amomos macHus, usmepsemoe 6 dPQY3uoOHHOM IKCnepumeHme;
p(O2), p(O) — paccuumvisaemvie napyuanrvhvle Oasienus MOLeKyl u amomos kuciopooa, M(MQ),
M(O2), M(O) — monexynsprovie maccol KOMROHEHMO8 2a30601 (hazvl.

Haiinennbie n paccuMTaHHBIE BEIMYMHBI MapiuaibHbIX AaBiaeHud npu T = 1900K
npuBeneHsl B Tabmmie 15. Tak kak pactBopumMocts mmuHenu B MgO mpu T = 1900K ne
npesbimaeT 1 Monb% [113] npuHsuM, 4TO TaBICHUS KOMIIOHGHTOB HACBHIIIIEHHOTO Mapa
Haa 4ucThiM MgO wm Hajg rereporeHHou ¢a3zoBoit odmacteio [MgO—-MgAlO4] (1)
OJIMHAKOBBIE B MIpe/iesiax TOYHOCTH dKCTIepuMeHTa. [lepecuer nmapiuaibHbIX TaBICHUMA K
MUHUMYMY OOIIIETO JAaBJICHUS, T.€. K 3HAUCHUSIM PAaBHOBECHBIX JIaBJICHUM B OTCYTCTBUE
3¢ dy3un U3 KaMepbl, TPOBOIMIIH 10 ypaBHeHUsM (4.23), (4.24), yc0BUIO KOHTPYIHTHOMN

cyOnumanuu okcuaa maraus (4.25)

Pmg/[2P02) + Pioy)] = 1 (4.25)
Y BBIPOKEHHUIO KOHCTAHTHI paBHOBECHs peakiuu (4.26)

MgO = Mg + 0.50, (4.26)

K,(4.26) = PugxP(02)*? (4.27)

Paccuntannbie TakuMm 00pa3oM BETWYUHBI MAPIUATEHBIX JABICHUN TIPUBEICHBI B
tabnuime 15. OTnrune BeNMWYWH MapliUaibHBIX JABICHUN MPU HAJTUYHH U OTCYTCTBUU
ahdy3un mapa U3 Kamepbl HE3HAUUTEIBHO BBHUJY OJIM30CTH MOJEKYJSIPHBIX Mace
KOMITOHEHTOB Ta30Boi (a3wl. Pasnmuuus B oOmMUX MaBIEHUAX COCTABHIIA COTHIC JOJHU

IPOLIEHTA.
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Tabmuma 15. [MaprmansHbie U 0011I€€ TaBICHHUS KOMIIOHEHTOB ra30BoM (has3bl HaJl
CUCTEMOU B yCIOBUAX 3(h(PY3HOHHOTO IKCIIEPUMEHTA U COOTBETCTBYIOIINE MUHUMYMY

ob6mmero gasienusd, 7 = 1900K.

Cocrasn p, I[1a
KOHJICHCUPOBaHHOM Mg O, O Oo01iee
(1)3'3}’1 Pa(b Pmin Pa(b Pmin Pad) Pmin Pad) Pmin
[MgO] 0.20863 | 0.21491 | 0.09861 | 0.09296 | 0.02984 | 0.02897 | 0.33708 | 0.33683
[MgO+MgAI204] 0.20863 | 0.21491 | 0.09861 | 0.09296 | 0.02984 | 0.02897 | 0.33708 | 0.33683
[MgA|204'
-0.793Al1,05+ 0.03237 | 0.03259 | 0.01140 | 0.01125 | 0.01014 | 0.01008 | 0.05392 | 0.05391
+A|203]

Ilpumeuanue. 3nauenus OasneHull npusedeHsvl ¢ U3ObIMOYHBIM KOIUYECMBOM 3HAYAWUX YUPD 01
O0eMOHCMpayuu pasHuysbl OAGIeHUll 6 YCI08UAX IP@Y3UOHHO2O IKCNEPUMEHMA U 6 OMCYMCMmEue
appysuu  uz Kamepwvl, a maxdxce BO3MONCHOCMU pacyema KOHCMAHM PABHOBECUs Pearyutl
napoobpazosanus 8 cucmeme, NOZPEUHOCMb 6 ONpedeieHUU aOCOTIOMHBIX GEeTUUUH NAPYUATLHBIX

oaenernul cocmasasiem ~30%

AKTHBHOCTH KoMIIOHeHTa MgO B mmmuHen, Haxosmieics B paBHOBecun ¢ Al;Os3
(rereporennas obnacth [ll), BeIpaxkaeTcs Kak OTHOIICHHUE MapIUAJIbHBIX JTaBJICHUN HE
U3MEpPSIEMOro TMpH JaHHBIX TeMIepaTypax KOMIIOHEHTa razoBod (a3zet MgO Han
rereporeHHor obnacteio Il u yncteim MgO, KoTOpble MOTYT OBITh BBIPAXKEHBI YEpE3
u3BeCcTHBIC MaBieHus Mg 1 O, 1 KOHCTaHTY PaBHOBECHS PEAKITUU

MgO¢ = Mgy + 0.50, (4.28)

amgo =Pmgo/P°mgo = PmgXPoz?/ Pomgxpoz’” (4.29)
20e a(MgO) — axmusnocmo MgO 6 necmexuomempuuecxou wnuneau, P(MgO), p(Mg),
P(O2) u p°(Mg0O), p°(Mg), p°(02) — napyuanvuvie OasieHUsi KOMIOHEHMOE 2A30801L (a3bl
Hao eemepocennot ooracmoio |l u yucmoim MgO coomeemcmeenHo.

Paccuntannas takum o0pazom akTuBHOCTHE MgO B reTeporenHoit oomactu Il mpu
1900K oxazanack paBHa 0.053 £ 0.012. JlanHoe 3HaueHHE OBLJIO COOTHECEHO C COCTaBOM
HecTeXruoMeTpudeckon mmuaenu 64.2 Monb% AlO3 B COOTBETCTBUU C KOOpJAMHATAMU
(da3oBoi rpaHUIBl 00JIaCTH ToMoreHHOCTH ImuHenu npu 1900K u3 padoter [113].
Peaknuust 06pa3oBaHus HECTEXMOMETPUUYECKON IIMUHEIN JAHHOTO COCTaBa M3 OKCUJIOB
OyZeT UMETh BUJT
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MgO(K) + 1.7930(—A|2O3(K) = MgA|2040793A|203(K) (430)
N3menenue cBoOOmHONW sHepruu ['mOOca 3TOW peakuuu B TETEPOTCHHOW 00JacTh
[tmuaens + a—Al,O3] MokHO BeIpa3uTh yepe3 akTuBHOCTH MgO [335]

A/G(4.30, 1900K) = RT-Inagmgo) = -47 + 3 k/I>x/MoIb.

K coxanenuto, paccuutarh 3HTaNbNIO peakiuu (4.30) TOYHO TOCTATOYHO CIOXKHO, TaK
KaK TPYIHO OILICHUTHh CTENEHb HWHBEPCUHU HCKYCCTBEHHON (CMHTE3UPOBAHHOW HaMM)
mmuHenn. OHaKo, MO0 3HAYEHUIO aOCOIIOTHON DHTPONUU HECTEXMOMETPUUYECKON
mmrHeTd MgAl,O4-0.793A1,05 (MgAIl358606379), paccuMTaHHOW 10 HWHKPUMEHTaM
Kemmm (S°gs.15 = 87.7 u Jlatmmepa S°gg.15=165.1 /[x/Monb-K) 1 U3BECTHBIM BeTUIMHAM
sHTpomHi  S%g315(MQO), S%os15(Al,03) [332, 333, 342] paccumrany H3MEHCHHE
saTporuu peaknun (4.30) AS°qg15 = 8.2 Jx/(monb-K). Ilpu pacuere HCIOIB30BaIN
3HAYCHUE DYHTPOMUU HECTEXHUOMETPHUICCKON MITTHHETN PaBHOE CpeaHeapruPMETHISCKON
BenuuuHe (87.7 + 165.1)/2 = 126.44 JIx/(monw-K), B pabore Takxke NPUHSIIM, YTO
AS®815 = ASP1900. OmmcaHHbIE TPUOIMKEHUS TO3BOJWIM PACCUYUTATh IHTAIBIUIO
obpazoBanust MgAl,04:0.793Al,03 u3 okcu10B, 3HaUEHHUE KOTOPOH OKa3aJl0Ch PAaBHBIM
AH®1900 = - 31 xIx/monb. [lonmydeHHYI0 BEIWYUHY CIEIyEeT paccMaTpuBaTh Kak
JIOBOJILHO TPYOYIO OIICHKY, TJIaBHBIM 00pa3oM H3-3a HEONPEICJICHHOCTH B pacyueTre
a0COJIIOTHOM SHTPONUU HECTEXHMOMETPUUECKOM IITTUHENH, TTI0O9TOMY OHa MIpUBeeHa 0e3
JIOBEPHUTEIBHOIO HHTEpBaa. PaccunTarh adbcomoTHyto sHTponnio MgAl,04-0.793Al,03
MOJKHO, TPHHSB, YTO HM3MeHeHHe dHTponuu peakiuu (4.30) ommchiBaeTCs MOJCIBIO
pEryIsipHOro pacTBopa. B onpeneneHHOM NpuOIMKEHUH 3TOT MOAXO0]] OTIPAB/IaH, TaK KaK
MarHueBas IINHHEIb XapaKTepu3yeTcs IIMPOKOH o0macTeio romoreHHoctu [113].
[Tpoctoii pacueT mpuBen K 3Ha4eHUIO AS%qg15(4.32) = 5.7 x/(Monb-K) n Benuuune
S%o5.15(MgAI,04:0.793Al1,03) = 126.7 Idx/(monb-K). CormacHo mociaeaHel BEIUYHHE,
n3MeHenue sHTponuu peakiuu (4.30) pasHo 8.5 JIx/(monb-K), uro mpu TemmepaTtype
1900 K mo3BosisieT moiay4uTh 3HaueHue dHTaNbIuu paBHOe AH%900 = -47 xJx/Monb +
1900*8.5 Hx/monb = -31 + 14 xJ[x/Monb. OmubOka B 3HAYCHUM SHTAJIBIINU PEaKIUU

(4.30) cBsi3aHa riIaBHBIM 00pPA30M C BEJTUUMHOW SHTPOIIMH 3TOM peakiuu. PaccunTanHbIe

94



HAM{ 3HAYCHUS ODHTAIBIIUU OO0pa30BaHUS HECTEXCOMETPUUYECKON IIMUHEIN ABYMS
pa3HBIMU TNPHUOJIMKEHUSAMH YJIOBJIETBOPUTEIBHO COMNIACYIOTCS JApyr ¢ apyroMm. Ha
OCHOBAaHUHM TIOJYYCHHBIX BEIWYMH JaBJICHHH, a Takke maHHbix [29, 30] mo
napooOpazoBanuio Al;O3 Hamm TIOCTpoeHO pP—X—cedeHue (a3oBOM aUATPAMMBI,
uccieayeMon  kBasuOuMHapHOH cucreMbl (pucyHok 18). Ilpu  mcciemoBaHuu
TEMIIEpaTypHON 3aBUCHUMOCTM TaplMalbHOTO JAaBieHUss Mg Haj oOpasiamuy,
coJiep KalMMu HHAUBUyaTbHYI0 dazy MgO (o6macts 1), OpUT0 3aMEY€HO, YTO HAKIIOH
upsmoii 1gp(Mg) = f(1/T) mocreneHHo MEHSIICS MPH KayKI0OM H3MEPEHUH BO BPEMsI Macc-
CHEKTPaTBbHOTO JKCIepuMeHTa (PUCYHOK 19), 9TO COOTBETCTBOBANO YBEIHMUEHUIO
SHTaNbNUU peakiuu (4.28), paccunTaHHOW MO BTOPOMY 3aKOHY TEPMOJAMHAMUKH.
JlanHO€ sIBJIEHHE, KaK OTMEYAJIOCh BBIIIE, CBSI3aHO C PACTBOPUMOCTBIO MTAPOB MarHusi B
3alUTHOM MOBEPXHOCTH MPUIIMA Ha CT€HKaX 3(Py3moHHOW Kamepnl. TeM He MeHee,
BEJIMYMHA CTaHAApTHOM SHTaIbIuu peakuuu (4.28) (AH°[4.28, T(K)]), paccuntannas mno
NEPBBIM JBYM TEMIEPATYypHbIM 3aBUCUMOCTAM, paBHa 724 + 39 kJlx/mMonb. 21O
3HAYCHUE XOPOIIO COTJIACYETCS KaK C JIPYTMMHU MacC—CIEKTPAIbHBIMU JaHHBIMH [74—
76], Tak ¥ co crnpaBOYHBIMHM BenuyuHaMu [26]. B pesynprare anmpokcMManud U
yCpeIHEeHUs ObLTH TIOTYyYCHBI ypaBHEHHS TEMITEpaTyPHBIX 3aBUCUMOCTEH MapIHaTbHBIX
JIABJICHUW KOMIIOHEHTOB Ta30BOM (ha3pl B (a30BOM 00JACTH CUCTEMBI B YCIOBUSX
ahdy3nonHOrO0 HKcnepuMeHTa (mapruaidbHbie napieHuss O, mw O paccyuTaHbl IO

ONMKMCAHHOMY BBIILIE AITOPUTMY). BeTu4rHbI P B ypaBHEHUAX OTHECEHBI K CTAHAAPTHOMY

nasyienuto 101325 IMa. O6macts [MgO +MgAI,04] 1 (1750-1930 K):

lgp(Mg) = -(25242 + 1315)/T + (7.43 £0.71) (4.31)
Igp(0,) = -(25098 + 1797)/T + (7.01 + 0.80) (4.32)
Igp(0) = (25869 + 735)/T + (6.99 + 0.40) (4.33)
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Pucynok 18. p—X—ceuyenue ¢Ga3oBoii quarpaMMbl kBazuOnHapHoi cucteMbl Al,O3—

MgO mpu 1900 K (rpaHuiisl 00J1aCTH TOMOTE€HHOCTH B3SThI U3 padoThl [113].
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Pucynok 19. TemnepatypHblie 3aBucumocty BenuuuH Igp(MQ), mosnydeHHbIX TIpu
UCCJEIOBAHUM  rereporeHHoil  obmactu |;  1mudpamu  oOo3HaYeHbI  HOMeEpa

AKCTIEPUMEHTOB.
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B aHanornyHBIX OSKCHEpPUMEHTaX, NPOBEICHHBIX C O00pa3laMd CHUCTEMBI,
uMeromumu  (pa3oBeiii coctaB obnactu IIl, m3mMeHenne B HakJIOHE TeMIlepaTypHOMN
3aBUCUMOCTH MapluaibHOro nasieHus Mg He npossisiiocs (puc. 20). OnHako B 3TOH
CepHH IKCIIEPUMEHTOB MCCJIEAOBAIACh HE TeMIIEpaTypHasi 3aBUCUMOCTh MapIHaTbHBIX
nasneHui Han o6nacteio Ill, a 3aBUCMMOCTBH mapIMaNbHBIX JAaBJICHUNW KOMIIOHEHTOB
razoBoii (aszpl OT TemmepaTypbl U cocTaBa (CM. pHC. 3) KOHJCHCHUPOBAHHOH (ha3bl.
OpnHako, pe3yJbTaThl, TOJYYCHHBIE B 3TON CEPUU AKCIIEPUMEHTOB BEChMa TOJIC3HBI, TaK
KaK TO3BOJISIIOT PACCUMTATh AaBICHUE KUCIOPOIa, KOTOPOE HEOOXOIMMO MOIJIEPKUBATh
IPU CHHTE3€¢ WJIM BBICOKOTEMIIEPATYPHOW 00pabOTKE KEpPaMHYECKHUX MaTepHaoB Ha
OCHOBE IITMMHEH AJIs IPEAOTBPAIllEHHUs Tiepexo/ia B ra3oByio ¢hasy MgO u coxpaHeHus

coctaBa. O0sacTh [HecTexuomerpuueckas mmmuHenb+ Al,Os] 11 (1900-2100K):

Igp(Mg) =-(26226 2784)/T +(6.72 £ 1.40) (4.34)
Igp(0y) = -(26185 = 4023)/T + (6.05 + 2.02) (4.35)
Igp(0) = -(26413 = 2011)/T + (6.51 + 1.01) (4.36)
Ig p(Mg)
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Pucynok 20. Temmeparypubie 3aBucumocTu BeimuuH Igp(MQ), monydeHHBIX MpH
uccinenoBannu  obiactu Il [MgO+MgAI,O.]; tmdpamu o0o3HaueHb HOMEpa

AKCIIEPUMEHTOB.
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TepMoauHaMUYECKHE XapaKTEPUCTUKH MArHUEBOM IUIHMHENIN MOKAa3bIBAKOT, YTO
CUHTE3 NPO3PAayHbIX U YAAPOCTOMKUX OOpa3lOB MOXET ObITh 3HAHAYMTENIBHO MPOLIE,
yem cuHTe3 AJIOHa. OcHoBHOe M, mNOXajlyil, €IMHCTBEHHOE TpeOOBaHUE K
BBICOKOTEMIIEPATYPHOMY CHHTE3y KEpaMHUKH, 3TO JaBJICHHE KHCIOPOJa, KOTOpPOe

JOJKHO OBITh HE MEHBIIIE, YeM MapIiHalbHOE JaBacHue Kucaopoaa Haa dazoit MgAILLO,.

3.3 Cucrema LioO-TaxOs

Jlnis onpeneneHusi TEPMOAMHAMUYECKUX XAPAKTEPUCTUK TaHTAJIATOB JUTHUS HAaMU
BBITMIOJTHEHBI BBICOKOTEMIIEpATYpHbIE HMCCIEAOBAHUSA MPOIECCOB MapooOpa3oBaHUs U
TepMOJMHAMHUYECKIX CcBOMCTB cucteMbl Li;O-Ta;Os Bo BceM nuama3oHe COCTAaBOB
3¢ ¢y3uoHHbIM MeTo1oM KHyceHa ¢ Macc-CrieKTpalibHbIM aHAIM30M I'a30BOM (a3bl Ha
npudope MC-1301. B pabGote ncnonb3oBaiu MIATHHOBBIE 3P(y3HOHHBIE KaMEpbI C
OTHOILIEHUWEM IUIOIIAAM HucHapeHus K miomwaan 3¢pdy3un ~ 250, momeiieHHbIE B
BOJIb()paMOBBIN epxkaTenb. HarpeB Bcell KOHCTPYKIMH OCYLIECTBIISIICS 3J€KTPOHHOU
OOMOapAMpOBKOW, TeMmIlepaTypa HM3Mepsiach onTthuueckuMm nupomerpom OII-66 ¢
touHocThi0 +5°C. HccnenoBanue mporecca mapoodpasoanue cuctembl LioO-Ta,Os
npoBoauiu B uHTepBasie Temmeparyp 1570-1860 K. KamubpoBky mnupomerpa
OPOBOAMIM IO TeMIepaType IUIaBiIeHHs cepebpa B CTaHIApTHOM BOIb(PPaMOBOIL
a2 Py3uoHHON Kamepe.

B wmacc—cnekrpe raszosoit ¢asel Ham cucremort Li,O-Ta;Os B ykazaHHOM
TEMIIEPATyPHOM HHTEPBAJIC PETHCTPUPOBAINCH MOHBI Li* U, B peIkUX Cirydasix, HOHBI C
MaccoBbIM 4HciIoM M/z = 23 B cootHOmIeHuH |1i/l23<100. Onpenenuts MOJIEKYISPHBIH
NPE/IIECTBEHHUK 3TUX MOHOB He yaanoch. Monsl Li,O" He ObLIM 3aperecTpupoBaHbI B
MacC-CIEKTpe Ta30BoH (ha3bl CHCTEMBI H3—3a BHICOKOTO PHOOPHOTo GoHa Ha Macce M/z
= 30. IlpucyrcTBHME B HACHIINIEHHOM Iape aTOMOB JUTHS 3aTpyIsSeT TMPOBEACHHE
JUTUTEIBHBIX HKCIIEPUMEHTOB 10 MapooOpa30BaHUIO CUCTEMBI H3—3a €r0 PACTBOPEHUS B
TUTATUHE, UCKAXEHUSI COCTaBa HACBHIIIEHHOTO Tapa W, KaK CJIEICTBUE, HEBO3MOXKHOCTH
UCTIONb30BaHUsI METO/Ia M30TEPMHUUECKOTO HCIIApeHMsI JJIsi OnpeeieHns abCOOTHBIX

BC/IMYMWH ITaplOHaJIbHBIX I[aBHeHI/Iﬁ KOMIIOHCHTOB HACBIIICHHOI'O IIapa. B cBs3u ¢ aTUM
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a0COJTFOTHBIE BEJIMIMHBI ITAPITHAIBHOTO JIABJICHHUS aTOMOB JINTHS HAJl COCTAaBOM 5 MOJIbYo
Ta,O5 u rereporennbiMu oomactsamu [LisTaO, + LiTaOs] (1V), [LiTaOs + LiTasOg] (V),
[LiTazOg + L-Tay0s] (V1) Obutn HaliieHbI 10 HHTEHCUBHOCTSM HOHHOTO TOKa I " B Macc-
CIICKTpPE Ta30BOM (ha3bl B HAYAJILHOUW CTaJMH MapooOpa30oBaHUs IMPU KPATKOBPEMEHHOM
U30TEPMHUCCKON CYOJUMAIIMK 3THUX CHUCTEM M KO3(D(UIIMEHTY 4yBCTBUTEIbHOCTH Kii*
Macc-criekTpometpa. [laHHBIH KOIPPUIIMEHT OB MpEeABApUTEIBHO PACCUUTAH TIO
OKCIIEPUMCHTAIBHBIM JaHHBIM TPHINATAMUHYTHOW cyOimMarmu guctoro Li;O u
U3BECTHBIM €Tr0 TEPMOJAMHAMHUYECKAM XapaKTepUCTHKaM M0 ypaBHeHUI0 4.37
(BeIMYMHAM MapIUATBHBIX JIABJICHUH M CTaHJIAPTHBIM SHTAIBIUAM cyomumarun) [209—
212, 214].

k|_i+ = pLi“LiT (4.37)
2oe Kiit — koagppuyuenm uyscmeumenvrocmu macc-cnekmpomempa no uony Li*; pLi =
3.2-10"* amm (0.24 MM pr.CT.) — napyuanvroe oasnenue Li, natidennoe kax cpednee uz
senuuun, nonyuennvix 6 pabomax [209-212, 214]; 1. = 6.45 B — unmencuenocmo uonnozo
moka aumus; T = 1753 K — memnepamypa usomepmuuecxoii cyonrumayuu.

Haiinennsiii TakuM o6pazom kodpduuuent Kii* okasancs pasupim 2.79-108
atM/B-K (2.12:10®° mm pr. cr./B-K). Ha pucynke 21 npuBeieHa n3oTepma CyOauMaium
cUcTeMbl HadanbHOro cocraBa 70 momp% Li,O. Kak BHIHO M3 3TOro pHUCYHKa
YEeTHIPEX9acoBasi CyOIMMAaIus CHUCTEMBI COTPOBOXKIACTCS IMAICHUEM HHTCHCHUBHOCTH
noHHoro Toka l.i* Gosee yem B mostopa pasa. B cBA3M C 3THM A ONpeeiCHHS
BCJIMYMHBI MApIUAIBHOTO JABJICHUS JUTHS ObLIa WCIOJb30BaHA CPEIHSAS BEIUYMHA
WOHHOTO TOKa, W3MEpeHHasl B mepBblie 30 MUHYT MapooOpa3oBaHUsl CUCTEMBI. Takum
00pa3oM, PACCUMTHIBAIMCH BEIMYWHBI IMAPIHUAIBHBIX JABJICHUH JINTHS HAJ BCEMH
reTeporeHHbIMU 00J1aCTSIMH CHCTEMBI U Haja cocTaBoM 95 moiie% Li,0.

PLi= k|_i+ ||_i+ T, (438)
20e PLi — napyuaivHoe 0asieHue amomos Iumus Hao cemepocenHou ooracmoio; it —
UHMEHCUBHOCMb UOHHO20 MOKA Aumus, 30ech u oaiee pezucmpuposaica 'Li; T —

memnepamypa u30mepmuuec:<0d cy6ﬂuMa14uu cucmemal.
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Pucynox 21. M3MmeHeHWe WHTEHCUBHOCTH WOHHOrOo Toka Li*™ B mporecce
napoo6pazoBanus cucrembl Li,O—-Ta,0Os HauanbHOro cocraBa 70 moap% Li,O npu T =
1753 K. 'opu3oHTaNbHAS YHKTUPHAS JIUHUS — IPUHATOE 3HAYEHUE HOHHOTO TOKa Li* B
TeueHue nepBbix 30 MUHYT MapooOpa30BaHuUs.

Kak roBopuiioch BbIIIE, BIMYMHBI MapIUHalbHBIX maBicHHi moaekyn LiO, O
IKCTICPUMEHTAIIBHO HE ONPEIEIISLTN H3—3a BRICOKOTO MPUOOPHOTO (JOHA HA Maccax ¢ M/z
=30 D um/z = 32 D, a pacCUuTHIBAJIN COTJIACHO PEAKI[UK KOHIPYIHTHOW CyOIUMAIIUN
OKCHZAa JUTUS B YyCIOBHSIX 3(P(Yy3MOHHOTO HSKCIEPUMEHTAa, KOrJa COCTaB

KOHJCHCUPOBAaHHOM  (pa3bl paBEH COCTAaBy TIa30BOr0 IOTOKA, IOKUAAIOIIErO

s dy3roHHYIO Kamepy

(PL/VML) 1 (Poz/NMop) = 4 (4.39)
1 u3BeCcTHOM BenuunHe [209-212, 214] KOHCTaHTBI paBHOBECHS ra30(ha3HoN peakinu
LizO(r) =2 Li(r) +050, (440)

B TaGnune 16 npuBeneHbl pe3yibTaThl ’TUX PACUYETOB BMECTE CO 3HAYCHUSIMU BEJIUYWH

mapnruaJabHbIX HaBHeHHﬁ, IMMOJIYYCHHBIX IIPpH CY6J'II/IMaLII/II/I OKCH/JIa JIUTUSA B 3aMKHYTOM
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o0bemMe, KoOrja BBIIIOJHSETCS  YCIOBHE paBEHCTBA COCTaBOB  Ta30BOH U
KOH/ICHCHPOBAHHOM (a3

PLi/Poz =4 (4.41)
Ha ocHOBaHWY MOTy4EHHBIX PE3YIBTATOB OBLIO MOCTPOCHO P—X CEYEeHHUE MOTHOM P—T—X

dazoBoit uarpammer cuctemsl Li,0O—Ta,0s (puc. 22).

57 LiTaO,  LiTaO,  LiTa,0,
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Pucynok 22. p—x ceuenue ¢a3zoBoii quarpammsl cuctemsl Li,O—Tay0s. T=1753 K.
BeprukanbHasi MyHKTHUpPHAsI JIMHUS COOTBETCTBYET COCTAaBY KOHJIEHCHPOBAHHOW (pa3bl
83.0+1momp% Li20.

HccnenoBanueM TeMIiepaTypHO# 3aBUCUMOCTH HHTEHCUBHOCTH MOHHOTO TOKa Iy ;"
B oOstactu coctaBoB 100-95 monp% Li,O u B unTepBane temmnepatyp 1575-1695K mo
YPaBHEHUIO H300apbl XWMHUYECKOW pEaKIM METOJAOM HAWMMEHBIIUX KBaJApaTOB
paccudTaiM  CTaHAAPTHYIO  DHTAIBIHI0  CyOJIMManWu  aTOMOB  JIUTUS W3
KPUCTAJUTMYECKOTO OKCHJIA JIUTHSA, CPEAHSS BETUYMHA KOTOPOM M3 MATH HE3aBUCHUMBIX
IKCIIepUMEHTOB OKazanack paBHOH AHr(Lir)=340 + 7 x/[x/monb, yro Ha 21 + 12
k/I)k/MOJIb MEHbBIIIE M3BECTHBIX JINTEPATYPHBIX aaHHbIX [209-212, 214]. Ilostomy B
JanbHENIeM, Py ONpPENeIEHUN SHTABINUNA Pa3INMYHbIX TeTepo(da3HbIX peakiuil Mo

BTOPOMY 3aKOHY TCPMOJWHAMUKH 3Ta IMOIMIPpaBKa IIPUHUMAJIACh BO BHUMAaHUC.
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Jlni onpeiesieHust CTaHJapTHBIX SHTANBIINN 00pa30BaHUs TAHTAJIATOB JIUTHUS ObLIH

HaMICHbI SHTAJIBIINH CIACAYIOUINX reTepo(Pa3HbIX PEaKIIHii

Li3TaO4(TB):LiTa03(TB)+2 Li(r)+0.5 O, (4.42)
3LiTa03(TB)=LiT&gOg(TB)+2 Li(r)+0.5 O, (4.43)
LiT&3Og(TB)=1.5 T3.205(TB)+Li(r)+0.25 O, (444)

OnpeneneHue BETUYUH SHTAIBIUN 3THX peakiui (4.42—4.44) GbuUI0 BBINOIHEHO MO 2—
My W 3-My 3aKkoHaM TepMoauHamuku. lIpum onpenenennun no 2-my 3aKOHY
UCCJIEIOBAICh  TeMIEpaTypHble  3aBUCUMOCTH  BEJIMYMH  MPONOPIUOHAIBHBIX
KOHCTAHTaM paBHOBecHWi peakiuid (4.42—4.44), 3anmucaHHBIE B CHJIy KOHTPYIHTHOMN

0 K*(4.42, 4.43)=12°*-T?° u K'(4.44)=1125*- 712
cyonmManuu okcuna yutus, B Buae K (4.42, 4.43)=1-°; u k'(4.44) Li :
(trabmuna 17). (mpuMmepbl TeMIEpaTyPHBIX 3aBUCUMOCTEH B Pas3iUYHBIX (Pa30BbIX
00JIaCTSAX CHCTEMBI IPUBEACHBI B PUIIOKEHUH 2)

Tabnuua 17. CrannaptHbie sHTaNbNNU (KJ>K/MOJB) TeTepodasnbix peakiuit 4.38

—4.40

3HaYCHUS SHTAIBIIUU PEAKIINI
AH(4.42) | AHn(443) | AHn(4.44)
HNurtepBan temneparyp, K
1681-1858 1700-1820 1700-1860
1019 1046 512
919 969 502
946 1016 584
959 1039 499
909 1024 575
— 970 —
— 983 —
— 948 —
— 1029 —
— 088 —
— 1011 -
— 1037 —
CpenHee 3HaUEHUE
950 + 45 | 1016+36 | 53442
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Tabauna 16. BennuuHbl mapiydanbHBIX JaBICHHH (aTM) KOMIIOHEHTOB Ia30Boi (asbl Hax cuctemoit Li,O—Ta,0s, T=1753K

CocraB VeroBie Cpenusis JlaBiieHHEe KOMIIOHEHTOB T1apa O61mee AKTHBHOCTb
KOHJIEHCUPOBAHHOM S — BEJIMYNHA P P p tasnenme | &L a
(I)a?;BI HOHHOT'O TOKA (B) Li Li20 02 Li20 Ta205
| Kuyncen 0.540 32104 249104 | 1.71-10% | 7.4-10%
(L120) SaMKHYTHIH 373104 249104 |09310% |7.1510% |1 0
o0BeM ] ' ] '
. Kuyncen 4.270 2.0910% |0.8510% |1.12:10* | 4.06:10*
(95 monmp% Li,0) 3aMKHYTBIH 5 4-10 085104 | 6.1-10° 3.0-10% 0.34 -
o0BeM ' ' ] '
Kayncen 0.090 6 9 6 6
: ) . 4.41-10 5.53-10 2.34-10 6.75-10
[LisTaO,+ LiTaO3] | 3aMkHyTHIi 5 19-10° 55310° | 5.46-107 5 7310 2.2:10° |0.08
o0BeM ] ' ] ]
Kuynacen 0.031 6 10 6 6
: . . 1.52-10 0.39-10 0.81-10 2.01-10 ]
[LiTaOs+ LiTazOs] | 3amkHyTHI# 0.79-10° 0.39-10%° | 020-10° 0.99-10° 0.16:10° | 0.88
o0BeM ] ' ] ]
Kuyncen 0.011 -6 -10 -6 -6
: . 0.53-10 0.28-10 0.28-10 0.81-10 ]
[LiTasOg+L-Ta,0s] | 3aMkHYTHIH 0.62-10° 0.28-10%° |0 15-10 0.77-10° 0.11-10° |1
Ob6beMm ' ' ' '
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OTHOCHUTENIPHO BBICOKHE OIMMOKA B OMPENENICHWH CTAaHIAPTHBIX DHTAIBINAN
reTepoda3HbIX peaknuid CBSA3aHBI, TJABHBIM 00pa3oM, C OKCICPUMEHTAIbHBIMU
npoOiemMaMu, KOTOpbIe BO3HHUKAIOT MPU HCCIEIOBAHUU IMPOIECCOB MapooOpa3oBaHUs
OKCHJIOB U OKCHJIHBIX CHCTEM, COJIEPKaINX B ra30Boi (pa3ze KpoMe MOJIEKYJ OKCHIOB U
KHCIIOpOJia €I€ M aTOMbl METauioB. EJMHCTBEHHO BO3MOXHBIMH MaTepuaiaMu
3¢ (y3HMOHHBIX KaMep MpHU MOJAOOHBIX BBICOKOTEMIIEPATYPHBIX HCCICIOBAHUSX MOTYT
OBITh TIaTHHA, UpUaui U T.1. OTHAKO 3TH MaTepuajbl, KAk HEOJHOKPATHO OTMEYAJIOCH,
UHTCHCHBHO PAaCTBOPSIIOT METAUIbI ra30Boil (as3el [329-331] u TeM caMbIM, H3MECHSIIOT
3HAUCHUS WX TMapIUaIbHBIX JAaBJICHUNA B TEUCHHWE BCETO BPEMEHU CyOJIMMAIlAH, UYTO
TIPUBOIAT K HEKOHTPOJIUPYESMBIM HUCKOKCHUSM AKCTIEPUMEHTAITLHBIX
TEPMOJIMHAMHYECKUX XapaKTEPUCTUK TMPOIECCOB MAapOooOpa3oBaHUsA. Y MEHBIIUTh
UCKaXEHUS B ONPENCJIICHUM DSHTAIbINUK MmapooOpa3oBaHus, MOAOOHOrO0 poja
HKCIIEPUMEHTAX, BO3MOXKHO TIPM YMEHBIICEHHUH BPEMEHHW B  HCCIEJOBAaHUU
TEMIIEpaTypHON 3aBUCUMOCTH HMHTCHCHUBHOCTH HOHHBIX TOKOB W YacTOM 3aMeHe
TJIATHHOBBIX WUTH UPUAUEBBIX 3 ()Y3HOHHBIX Kamep.

3HaueHUsSI CTaHAAPTHBIX OHTANBIMNA OTUX pEaKluid, TMepeCUYuTaHHBIE K
temriepatype 298.15, npuBenensl B Tabmune 18. [lepecuer sHTaNmbNMN peakiuii (4.42—
4.44) BBIOTHSIICS MO W3BECTHBIM TEIIOEMKOCTSIM C%(Lirs) = 20.79 Jx/(mons K) [26,
342], c°(Ozras) = 29.35 Ix/(momb K) [26, 342], c°(Li2Ox) = 54.09 Idx/(monb K) [26,
342], c®(Taz0srs) = 134.81 1x/(momb K) [26, 342], c°p(LiTaOs,) = 101.25 Tx/(mons K)
[240, 241] ¥ TEIUIOEMKOCTSM CMEIIAHHBIX OKCHIOB, PACCYMTAHHBIM IO TPABHITY
Heiimana—Komma ¢ (LizTaOum) = {c(LiTaOsr) + c%(Li20m)} = 155 Ix/(mons K),
c’p(LiTasOsrs) = {c%(LiTaOsm) + c(Ta20s:)} = 236 [x/(monp K) B mpennonoxenun
WX HE3aBUCHUMOCTHU OT TemrepaTyphl. CTaHJapTHBIE SHTAIBIINHN TeTepoda3HbIX PEAKITUI
(4.42-4.44) Obu pacCUUTAHBI TAKXKE 1O 3—MYy 3aKOHY TepMoauHamuku. [Ipu pacyere
OBLTM  MCTOJIb30BaHbl  AKCICPUMEHTAILHO HaiJIcHHbIe aOCONIOTHBIE BEITMYMHBI
NapIUaIbHBIX TABJICHUH aTOMOB JIUTHSI ¥ MOJIeKyJ kuciopoaa mpu T = 1753 K (tabnuia
16), u3BecTHbIE 3HAYEHUS SHTPONMHUN KOMIOHEHTOB 3THX peakumid npu T = 298.15K

S°(Lirss) = 138.7 Jia/(moms K) [26, 342], S°(Li>0s) = 37.89 Jl/(moms K) [26, 342],
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S%(Oaras) = 205.03 JTx/(momb K) [26,342], S°(Taz0sq) = 143.09 [Ix/(mois K) [26, 342] u
SHTPOTHMH CMEIIAHHBIX OKCHJIOB, PACCUYUTaHHBIE 110 HHKpeMeHTaM Jlatumepa [332, 333,
342] S°(Li3TaO4s;) = 139 JIxk/(mois K), S°(LiTaO;,,) = 94 Ix/(moib K), S°(LiTazOsyy) =
237 JIx/(moms K). HalineHHbIe TakuM 00pa30M CTaHIApTHBIC SHTAIBINY peakiui (4.42—
4.44) oxazanuch paBHbIMU AH®1753(4.42) = 1041 + 44 xJ]x/momnw, A/H®1753(4.43) = 1081
+ 51 xJIx/monb, AH®1753(4.44) = 562 + 38 x/[x/mMons. B Tabmuie 18 npuBeneHb
3HAQUYEHUSl DHTANBNNI, TmepecuuTaHHble K TeMmmeparype 298.15 K. Ommwmbka B
OTpPEEICHUH SHTAJIbIUN N0 3—My 3aKOHY TEPMOJMHAMHKHU CBs3aHA B OCHOBHOM C
TOYHOCTBIO ONpPENENICHNUsS KOHCTAHT pPAaBHOBECHS WM OICHKH HW3MEHEHHUS JHTPOIHUI
rerepodazHbeix peakinuil. TepMoaMHAMUYECKHII aHAIM3 IMOKa3al, 4YTO BKJAJ ITUX
(bakTOpoB MpPUMEPHO paBHO3HAYHBIN. HEKOTOpyI0 HEOIpeneneHHOCTh B OIpEe/ICHHUE
BEJINYMH JHTAJBIMKA 3TUX PEaKUMM, KaK MO0 2-My Tak M MO 3—My 3aKOHAaM, BHOCHUT
3aMeTHas pacTBOPUMOCTh okcua TuTHs (10 5 Mop% Li,O) B okcuie TanTana, Kotopas
HE YYUTHIBAJIACh B HAIIIEM MCCJIEAOBAHUM W HAJIMYUE IUPOKOIM 00JIaCTH TOMOTEHHOCTH
(45-50 momp% Li,O) coenmnaenns LiTaOs. B aroit ke Tabiuie mNpuBEICHBI
PEKOMEHJIOBAaHHBIC 3HAUYCHUS OHHTANbNUN peakuuii (4.42-4.44), monydeHHBIE Kak
cpenHeapu(MEeTHUECKHEe W3 BEJIMYHMH, PACCUMTAHHBIX MO 2-My W 3—My 3aKOHAM
TepMoauHaMHUKU. CBSI3aHO 3TO € TEM, YTO B JJAHHOU IKCIIEPUMEHTAIBLHOU paboTe TpyaHO
OTJIaTh MPEANOYTEHUE KAKOMY—IHMO0 METOAY MPHU ONPEASICHUN 3HAYECHUN HYHTAIBITHM.
CymmMmapHas ormmoKa sl pPeKOMEHI0BAaHHBIX 3HAUCHUH pacCYUTaHa M0 3aKOHY CII0KCHHSI
CIIy4alHbIX BEJIMYHH.

Tabnuma 18. Crannaptaelie sHTaNBNNN (K[ X/MOIB) reTepodasHbix peakunit 4.42—

4.44.

o o AH 9815
Peaxkius AJ? 298.15 AJ? 29%8.15 | pexomennoBaHHOE
2—01 3aKOH | 3—uii 3aKOH
3HAYCHHE
4.42 947 + 45 1038 - 44 993 + 63
4.43 1033 + 36 1098 + 44 1065 + 57
4.44 543 £ 42 571+ 23 557 + 47
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Hcnonp3ys pekoMeHJO0BaHHBIC 3Ha4deHUs SHTanbnui peakuuii (4.40-4.42) wu
W3BECTHBIC JIMTEPATypHBIC JaHHBIE TIO0 CTaHAAPTHBIM DSHTAJBINAM OOpa30BaHUS
AfH®98.15(Ta20s45) = -2047.2 xIx/moub [26, 342], AtH 208.15(Lirs) =160.7 xJx/Momb [26,
342], AH%0815(Li20y) = -598.7 xJx/monb [26, 342], mo 3akony ['ecca paccunranmu
CTaHJApTHBIC SHTAIBIUU OOpa30BaHUS TAHTAJIATOB JHTHS W3 DJIEMEHTOB M IMPOCTHIX
okcu10B (Tabmnuma 19).

Tabnuma 19. DHTanenmmu 00pa3oBaHUs TAHTAIATOB JUTHS, KJ>K/MOJTb.

CoeauHeHMe -AfH%0s 15 -ArH208.15
' (M3 OKCHJIOB)
LisTaO4 2075 + 63 153 + 45
1404 + 57 81 + 40
LiTaOs; 1415.94+2.3 [241] 03.7+1.8 [241]
1420.2+2.3 [240] 97.342.3 [240]
LiTasOg 3466 + 47 96 + 48
Li;TaOg 3383 —

Haiinennas B paboTe BeIMYMHA CTaHIAPTHOM SHTAIBIIMK 00pa30BaHUs TaHTaIATa
auThsa coctaBa l:1 yIOBIETBOPUTENBHO COTJIACYETCS C U3BECTHBIMHU JUTEPATypPHBIMH
JTAHHBIMH, YTO MOKET CIIYKUTb MOJATBEPKICHUEM KOPPEKTHOCTH BBIMOIHEHHBIX HAMHU
UCCJIEIOBAaHUM. 371eCh HEOOXOIUMO OTBETHThH, YTO TOYHOCTh pacueTa CTaHIAPTHBIX
AHTAJBIIUN 00pa30BaHUS TAHTAJIATOB JIMTHUS U3 MPOCTHIX OKCHUJIOB MOJOOHBIM METOJIOM
JIOCTAaTOYHO HU3KAsI. DTO CBSI3aHO C CAMOM METOAUKOM pacuera, rjie onpeaensieMast Mmaias
BeMUMYMHA (PHTAIBNUS OOpPa30BaHUS CMEIIAHHOTO OKCHAA M3 TPOCTHIX OKCHJIOB)
pacCUUTHIBACTCS, Kak anredpanyeckas CcyMMa HECKOJIbKUX OOJIBIINX BETUYUH (3HAYCHUS
CTaHJApTHBIX SHTAJILIUN 00pa3oBaHMs U3 AeMEeHTOB). [loaTOMy pacuer cTaHIapTHBIX
SHTAJBIUA OOpa30BaHUSI TAHTAJIATOB JIUTUS W3 TMPOCTHIX OKCHUIOB OBLI BBIMOJHEH,
UCXO/sl W3 BbIpaXeHUs HHepruu ['nbOca oOpa3oBaHUS XHWMHYECKOTO COCIUHEHUS
(TaHTaANMaTOB JINTHA) M3 KOMIIOHEHTOB (IIPOCTHIX OKCHIOB) [335]

nLiZO =+ MTaOs, = nLiZO-mTaZO5TB (445)
A¢G°r (nLigO-mTazOsTB) = RTIn a”Lizo. amTazos (446)
Y 3HAYCHUI a0COIOTHBIX PHTPONUI KOMIIOHEHTOB peakiuii (4.45). HeoOxomumeble st

pacueToB BEJIMYMHBI AKTHMBHOCTH OKCHJA TaHTaNa Haxomwiu u3 ¢opmyisl (4.46),
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CorJjiaCHO KOTOpOﬁ MOT'YyT OBITH 3amMCaHbI BBIPAXXCHUSA, ITO3BOJLAOIIUE PACCUUTATH
SHAYCHHUS aKTUBHOCTH OKCHJA TaHTaJIa IPAKTUYCCKH BO BCCX I'CTCPOICHHBIX 00J1acTIX

cuctembl Li,O-Ta,Osmpu T = 1753 K.

(aL20%%-ata205°)vi = (AL20%°)vi = (AL20%°-aTa2051°)v (4.47)
(atazo5™°)v = (AL20”°)vi/(aL20™?)v (4.48)
(aL20”*+ara20s°)v = (AL20”* arta205™°) v (4.49)
(ata205>°)iv = (AL20%% aT1a205 ")V / (A120%°) v (4.50)

Paccuutannbie TakuM 00pa3oM 3HAYEHUS] aKTUBHOCTEW OKCHJIa TaHTajla B obyactsax V —
[LiTaOs; + LiTasOg] u IV — [LisTaO4 + LiTaO3] u 3KCcriepuMeHTAIBHO HaWCHHBIC
aKTUBHOCTH OKCHAA TUTH (Tabnuia 16) mo3Bomamim onpeaenuTs CTaHIapTHBIE SHEPTUN
['u60ca TaHTanaToB JAUTHUS. 3HAHUS AOCOJIOTHBIX SHTPOIUNA MPOCTHIX OKCHUJIOB JIUTHS,
TaHTaja W CMEIIaHHBIX, OIEHEHHBIX 1o JlaTmMmepy (CM. BBINIE), add BO3MOKHOCTH
OTIPEJICIUTh SHTAIBIIMY TAHTAJIATOB JINTUS U3 MPOCTHIX OKCUIOB (Tabmuna 19). Omubdka
B OTPEJICIICHUH 3HAUCHUI YHTANBITNM, PACCUUTAHHBIX TAKUM 00pa30M CBsI3aHa, TJIABHBIM
o0pa3oM C OIICHKOH OJHTPONUHU CJIOXKHBIX OKCHJIOB W MPHUHATOM HaMHU YCIIOBUU
HE3aBUCUMOCTH HM3MEHEHMsI DHTPOMHUHU PEAKIMKW OOpa30BaHUS TAaHTANIATOB JIUTHUS W3
MPOCTBIX OKCUIOB OT TeMmreparyphsl. llepecuer 3HaueHU# SHTanbNHUil 0Opa3oBaHUS K
temmneparype 298.15 K BBINONHSICS aHAJOTHUYHO TEpPecUYeTy 3HAYECHUM SHTAJIBITHMA
peakuuii (4.42—4.44).

Tabmuma 20. DHeprun ['m60ca 1 SHTATBIUU 00pa30BaHUS TAHTAJIATOB JUTHS U3

MIPOCTBIX OKCHJIOB, KJ[>K/MOJIB

Coennnenue -AtGP1753 -AfHC 1753 -AtH 29515
LizTaO, 247 + 20 230 + 22 240 + 25
LiTaOs 97 +10 91+12 101 +13
LiTasOg 117+6 111+ 15 121 +£19
LizTaOs 294 263 263

PaccuntanHas JaHHBIM METOJIOM SHTaNbIUs oOpa3zoBanus LiTaOs; u3 mpocThix

OKCHUJOB YAOBJICTBOPHUTCIIbHO COIJIACYCTCs C U3BCCTHBIMU JIMTCPATYPHBIMU JTaHHBIMH,
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YTO  CBHJETEIBCTBYET O  XOpOIIEH  TOYHOCTH  OMNPEACICHHS  3HAYCHUU
TEPMOIMHAMHYCCKON aKTUBHOCTH KOMITOHEHTOB &) 20, aTa205 (Tabmua 16).

BrlnonHeHHbIE UCCIEOBAHUA 1O ONPENENICHUI0 BEIWYMH IMaplUaIbHBIX
JaBJICHUI, aKTUBHOCTE KOMIIOHEHTOB T'a30BOM M KOHJECHCHUPOBAHHOU (Da3 MO3BOJIUIN
OLICHUTh M3MEHEHUs BEIWYMHBI OOILEro JNaBieHUsS B 00JIaCTU COCTaBOB 5—25 Moib%
TayOs (Ha pucyHKe 22 MyHKTUpPHAs JUHUS), IOCTPOUTHh P—X CEYEHUE MOJHOM (a30BOM
nuarpamMmbl B Ut coctaBa 831 momp% LioO paccunTarh BETWYMHBI HapIHaIbHBIX
naBaeHuit Prizo = 0.15-10° atm, Prj = 4.03-10° at™, Poz =2.26:10®° atM U aKTUBHOCTH
OKcUIa JIUTUA a 20 = 6.02-10° npu T= 1753 K. [Ipunsas BoO BHUMAaHUE, YTO aKTHBHOCTh
KOMITOHEHTOB TIPAKTUICCKU HE 3aBUCUT OT TEMITEPATyPhl, MOXKHO 3aITUCATh BHIPAKCHHUS

(aLZOl'S'aTaZOSO'S)IV(1753K)z(aL201'5’aTaZOSO'S)IV(1473K): (aLzol's‘aTazoso's)l|(T14731<) (4.51)

a%°Ta2051) = (20" ata205" ) vi1a73i) | (QL20™?) (147310 (4.52)

U PACCUUTATh ATa205(ll) = 4.8-10°. 3nanue axTHBHOCTEH KOMIOHEeHTOB B o6mactu (1)

aloo(y M Ataos( MO3BOJMIIO JIETKO HaWTH sHepruio ['nubbca oOpa3oBaHus
renTaTaHTansara JuTHs u3 okcuaoB rpu 1473 K (tabumma 20)

3.5 Li,O + 0.5Ta,05 = Li;TaOg (453)

AfGol473K (Li7TaO6, TB) = RTIn a3'5|_i20‘ a°'5Ta205 (454)

[Io wu3BECTHBIM DSHTPOMHUSM OKCHUJIOB JIMTHS, TaHTaJla M PACCUYUTAHHOM TIO
JlatTumepy SHTPONMUU TENTATAHTANATA JINTUS BBHIYUCIWIN CTAaHAAPTHYIO JHTAIBITHIO
oOpa3oBaHMsl W DSHTAJBIHMIO 00pa3oBaHus W3 okcuaoB Li;TaOg (tabmmmer 19, 20).
Hcnonb3oBanne B Hamux pacuerax npasuiia Herimana—Komnma, He mo3BOJIIET ydecTh
3aBUCUMOCTh 3HAUCHHUS DJHTAIBIIMM OOpa30BaHUS TeNTAaTaHTajaTa JIMTHS OT
TEeMITepaTypHhI.

Halinennele B JaHHOM WCCIICIOBAHUU TEPMOJAMHAMUYECKUE XapPaKTEPUCTUKU
TAHTAJIATOB JINTUSl U MIOCTPOCHHOE P—X ceueHue (a3oBoil nuarpammel cuctembl Li,O—
Ta,Os HeoOXoAMMBI TPU  CHUHTE3€  BBHICOKOA(M(OEKTUBHBIX  OMTORJIEKTPOHHBIX
GYHKIMOHATIBHBIX ~ MATEpPHAJIOB,  CO3JaHUS W pa3pabOTKH  JTUTUH—MOHHBIX
aKKyMYJISITOPOB HOBOTO IOKOJCHUS. Hampumep, 3HaHUSA CTaHAAPTHBIX SHTAIBIUN H

sHepruii ['mbOca oOpa3oBaHWs TAHTANIATOB JUTHS TO3BOJIIET CTPOTO OMPEACIIUTH
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ONTUMAaJbHbIE KOHLEHTPALNHU TUTHPYOmUX 100aBoK Nb, Bi, Zr unu Ca nyist yBenudyeHus
noHHOU mpoBoauMocTh LizTaOg. MOXHO Takke OTMETHTH, 4TO (ha3oBasi Auarpamma
Li,O-TayOs 1 TepMOAMHAMUYECKHE XApPAKTCPUCTHKH TAHTAJIATOB JIMTUS SBISIOTCS
HEeo0XouMoii HH(opMaIuel Ipy CHHTE3€ TAHTAJIOCHIMKATHOTO cTekia [235] Ha OCHOBe
TpexKoMroHeHTHOW  cuctembl  Li,O-Tay0s—Si0,,  koTOpoe  XapakTepu3yeTcs
YHUKAJIbHBIMU ONTHYECKUMHU, MEXAaHUYECKUMH, XUMHYECKUMHU CBOWMCTBamMH. TOHKHE
IUIGHKA TaHTanaToB JmTHs, Takue kak LiTaOs, LiTasOg, o0mamaroT WHTEPECHBIMU
(bUBUKO—XMMUYECKUMH CBOMCTBAMM, TIOJIYYEHHE U MCIOJIb30BAHUE KOTOPBIX CBSI3aHBI C
BBICOKMMH TeMIlepaTypaMu. B 3Tux paboTax mepBOCTENEHHOE 3HaYE€HUE MPHUOOPETAIOT
UCCJIEIOBAHMS BBICOKOTEMIIEPATYPHBIX p—X, p—1 (a3oBbIX auarpamm, 0e3 KOTOPBIX
HEBO3MOKHO OYEPTUTH YCIIOBHS BBICOKOTEMIIEPATYPHOIO CHHTE3a U SKCILTyaTalluy 3TUX

(YyHKIHOHATBHBIX MAaTEPHUAJIOB.

3.4 Cucrema PbO-ZnO

HccnenoBanue mporeccoB mapoodpaszoBanus cucreMbl PbO-ZnO nposoaunu B
untepBaie Ttemneparyp 1010-1120K. B pabGore uCnonb30BaIuCh alyH/IOBBIE
3¢ Py3uOHHBIE KAMEPHI C OTHOIIIEHUEM TUIOLIAIU UcTapeHus K miomanu 3¢ dy3uu ~ 200.
Harper mpoOBOAMIM TICUBIO COMNPOTHUBJCHHS, Temreparypy wusmepsin Pt—Pt/Rh
TepMOMapoi, KaTMOPOBAHHOW O TEMIIepaType TUIaBJICHUs cepedpa, W MOAepKUBAIIA
MOCTOSTHHON ¢ TOYHOCTRIO £ 1°C.

Macc—cnekTp ra3oBoii (ha3bl UCCIEAOBAIN TPU HOHUZUPYIOIIEM HATIPSDKEHUH 65—
75 B. B Tabmune 21 mpuBenmeH Macc—crekTp ra3oBoit (asel cuctembr PhO-ZnO
HavaapHOro coctaBa 50 mons% PbO. Ananus macc—crekTpa u uccieqoBaHKe IPOIECCOB
MOHU3AIMKA MOJIEKYJT HACHIIIICHHOTO TIapa MOKa3alid, 4TO B Ta30BOM (a3e Haj CUCTEMOM
KpOME MOJICKYJI OKCHJIa CBHHIIA U ero accoruaroB (PbO),, roe n = 2—4, npucyTcTBYIOT
MOJICKYJIBI CMEIIaHHBIX OKCcHA0B PbZnO,, PbZn,0s, Pb,Zn0Os, PbyZn,O4, PbsZnOy4 u
aTOMBI CBHHIIA. YUYHUTHIBAsA, YTO IMPOIIECC MapooOpa3oBaHMs OKCHIA CBHHIIA MTPOTEKACT

KOHTpY?HTHO [255], B ra30Boil (a3e MPUCYTCTBYIOT €IIe W MOJCKYJbl KHCIOPOJA.
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[Tpuuem, B ycnoBusAx 53(QQPy3MOHHOTO SKCIEPUMEHTA COOTHOIIECHHE MapIUaTbHBIX

JaBJICHUH JOJHKHO OBITH paBHO Ppp/Poz = 5.08.

Tab6nuna 21. "Macc-cniektp razosoii ¢assl cucremsl PhO-Zn0O, T=1110K, U0 =70 B.

Won |“EP;sB OTH. Won |EPpsB Ot
HNHTCHCHUBHOCTD HNHTCHCHUBHOCTDH
. (270) .
Pb 7.4 o0 Pb,Zn0,* | <15 0.7
PbO* 8.8 512723 Pb,Zn,0.," | <14 1.2
PbznO,* | 10 6.6 PbsO, * | 11 11
PbZn,0s*| 10 25 PbsOs * | 9.2 8.9
Pb20+ 8 12 PngnO4+ - 1.1
Pb,Os2* | 14 8.3 Pb,Os | 88 98
Pb,O; * 8 100

*Macc-cnekmp npueeOeH C yuemom u3omonHo2o cocmaea.
“Tounocmo usmepenus snepauii nosgnenus £ 1 3B.
***3Hall€HMﬂ UHMEHCUBHOCMEN UOHHBIX MOKO8, YKA3AHHbIX 6 CKO6KCDC, coomeemcmeyrom HA4dJlbHOMY
nepuody napoobpazosanus cucmemsl PbO-ZnO.

WccnegoBanue MpoOIECCOB HMOHU3AIMK KOMIIOHEHTOB HACBIIIEHHOTO —Tapa
MoKa3ajo, 9To (OpMHUPOBAHUE MACC—CIEKTpa MpoTeKaeT Oe3 3aMeTHOU (hparMeHTaruu
MOJICKYJI, TO €CTh MOJIEKYJsApHbie HOHBI PDZNO, ™ 00pa3oBaHbl TOJBKO W3 MOJIEKYI
PbZnO;,, nousr PbO™ u3 monexyn PhO. OnHako HCKITIOYCHHEM sIBISIOTCS MOHBI PO,
PbsO," oOpa3oBanHbIe NMpHU JUCCOIMATHBHONW HOHW3anuu Mosekya Pb,O ; u PbsOs
COOTBETCTBEHHO, 4YTO JOKa3bIBa€TCSA PABEHCTBOM TaHTEHCOB

YIJIOB  HAaKJIOHA,

MOJTyYEHHBIX 10 TEMIIEPATYPHBIM 3aBUCHMOCTSIM HOHHBIX ToKOB Pb,O*, Pb,O," u Pb3O,",
PbsOs".

DKCHEPUMEHT M0 HM30TEPMHUYCCKON CyOIMMAaIlii HAaBECKH CHUCTEMBbI cocTaBa 50
Motb% ZnO ObUT BBIMOJHEH IS OMNpEIeNeHUs] XapakTepa IMapooOpa3oBaHUs.
[TpoBeneHHBIC U3MEPEHHUS ITOKA3aJIM, YTO MHTCHCUBHOCTH BCEX HOHHBIX TOKOB (Ta0uIa
21), 3a uckimouenuem Pb* u PbO™, ocraBamuch MOCTOSHHBIMHU B TEUECHUE BCETO NIEPHO/Ia
1apooOpa30BaHMs BILIOTH JO IMOJTHOTO X UCUE3HOBEHHS. BBITOIHEHHBIN 110 OKOHYaHUU

skcriepuMenTa POA ananm3 mokaszaj, 4To HEJIeTyuynuid 0CcTaTOK B A (Py3MOHHON Kamepsl

Kuyncena mnpencraBnsier coOoil 4yuCThIM Okcull IMHKA. [lonmydeHHbIE pe3ysbTaThl
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MIOJTHOCTBIO COTJIACYIOTCA ¢ (Pa30BOM IMarpaMMoil M CBUIETENBCTBYIOT O MIOCTOSTHCTBE U
OM30CTH K €IUHUIIE aKTUBHOCTEH OKCHIOB CBUHIA M IIMHKA B TIpollecce CyOIuMaIiuu
cucrembl PhO-ZnO. Ha ocHOBaHUHM BBIIICH3IIOKEHHOI'O, MPOIIECC MapooOpa30BaHMUs

CUCTCMBI MOKHO IIPCACTABHUTH CJIICAYIOITUMU I“GTGPO(baBHBIMI/I PCAKIUAMU:

PbO(TB) = Pb(r) +0.50, (455)
NPBbO ) = (POO)n ry (N=1, 2, 3, 4) (4.56)
NPBO s + MZNO(rs) = PDrZNkOim) ry (N=1, 2, 3; M=1, 2) (4.57)

Pacder aOCONIOTHBIX BEIWYUH NapIUATBHBIX JIaBJICHUN ObLT BBIIOJHEH MO
pEABApPUTENLHON  KaTMOpOBKE MAacC—CIEKTpOMETpa IO HW3BECTHOM  BEJIIMYMHE
napuuaabHoro aasieHus moyiekyn PbO npu 1110 K, npuBenennoii B padote [255] proo
= 6.6 x 10® atM, aTOMHBIM ceuenrsaM noHu3amuu [327], CKOPPEKTUPOBAHHOMY IIPABHILY
aAJAUTUBHOCTA W 3HAYEHUSIM MHTEHCUBHOCTEM HOHHBIX TOKOB MAacC—CIIEKTpa,
MOJIY4YEHHOTO0 B JaHHOW paboTe. PaccumTaHHbIe BEIMYMHBI MApIUATbHBIX JaBICHUN
npuBeAeHb B Tabmuie 22. B cBs3M ¢ TeM, 4TO aKTUBHOCTh OKCHJIa CBUHIIA B CUCTEME
PbO-ZnO mnpakTtudyecku paBHA EIUHHIIC, TO COCTaB Ta30BOW (pa3bl W BEIWUHHBI
napuuaabHbIX aaBieHuit Mojiekylt (PbO), 10KHBI OBITH TAKUMHU K€, KaK ¥ HaJl YUCTHIM
OKCHJIOM CBHHIIa, YTO COTJIacyeTcsi ¢ OOJbIIe YacThl0 HM3BECTHBIX JIMTEPATYPHBIX
nauubeix (Tabmuma 22), 3a UCKIIOYEHHWEM pe3yJbTaTOB HEMABHO BBIMICANICH paOdOTHI
[260], cormacHo KOTOpO# HACHIIIICHHBIN Map HAJ CUCTEMOW COCTOMT M3 aTOMOB CBHHIIA,
MOJICKYJT Kuciiopoia u okcuaa ceunma (11).

[To HaligeHHBIM BeJIMYMHAM TaplUaIbHBIX JaBiIcHUN Han cuctremor PbO-ZnO
paccuMTalld MOJIbHBIA COCTaB METAJIOB B Ta30BOM (pa3e, KOTOPBIM OKa3aycs paBHbIN
n(Pb) = 94.0 moap% Nn(Zn) = 6.0 Mmosik%. Cnenyer OTMETUTh, YTO TOJOOHBIA COCTaB
ra3oBoi (a3pl HEOOXOJAMMO YUYUTHIBATh IMPH BBICOKOTEMIIEPATYpPHOU BapKe CTEKOJ U

nepepadoTKe MUTAKOB B IIBETHON METaJLTyprHUu.
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Tabnuma 22. BennuuHbl mapiyaibHBIX JaBICHUN (aTM) HACBHIIIEHHOTO Tapa Hajl

cucremou mpu 7'=1110 K.

KoMnoneHT KomnoneHnT
. JlaBeHue .
ra3oBoi (a3bl razoBoi (a3bl
8.04 x 10
3.87 x 10 [259]
3.20 x 10° [260]
1.70 x 10°[258]
1.58 x 10®
0.76 x 105[259]
0.67 x 105[260]
3.35 x 107 [258]
6.58 x 10°®
6.08 x 10°[259]
6.34 x 10 [257]
0.59 x 10 [260]
1.19 x 10°[258]
7.40 x 10°[256]
1.73 x 10°
2.67 x 10°[259]
szOz 4.94 x 106 [257] PngnO4 7.10 x 108
1.62 x 10°[258]
1.50 x 10°[256]

JlaBrieHue

Pb szZﬂOg 0.61 x 1077

02 PbZﬂzOg 2.17 % 10'6

PbO PngnzO4 0.10 x 10

8.17 x 10°
2.37 x 105 [259]
PbZnO; 1.21 x 10 Pb,O, 9.47 x 10°[257]
6.31 x 10°[258]
7.90 x 106 [256]

1.52 x 10
3.55 x 106 [258]

HUccnenoBanneM teMnepaTpyHbIX 3aBUCUMOCTEM HMHTEHCHUBHOCTEM OCHOBHBIX

Pb3O3

WOHHBIX TOKOB MacC—CIIEKTpa HachlmeHHoro napa cucremMbl PDO—ZnO (tabnuma 23) B
untepsaie temneparyp 1010-1120 K no ypaBuenusm Knaysuca—Knaneiipona u Bant—
['obda meTomOM HAMMEHBIIUX KBaJIpPaTOB pACCHYTANIM CTAHJIAPTHBIC SHTAIBITHU
peakuuii (4.52), (4.53). [ToydeHblie, TAKMM 00pa30M, 3HAYCHHUS SHTAIBIIUN U 3HAYCHHUS,
nepecuntannpie Kk 1=298.15 K, mnpencraBnennsl B Tabmuie 23, 24. (mpumepsl

TEMIIepaTypPHbIX 3aBUCUMOCTEN PUBEACHBI B IPUIIOKEHUU 2)
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Tabmuma 23. CranpmapTHbie SHTaIBNHH CcyOnumanuu (kJ[>k/MOIb) MONEKyI

OKCH OB CBHHIIA.

ArH®208 15
Peaxius ArT1075 Haum [255] [259] [257] | [258]
JAHHBIC
PbOw=PbOy | 3005 310 L6 | 2805040 |278.145.0 | 2869 | 2862408
2PhOW=(PhO)) | 30646 | 310+8 |313.8545 | 3064487 | 2862 |3104£2.0
3Ph0W=(PhO)sy | 321+10 | 326412 |339.727.0 | 41404218 | — | 324.0:12
APDO=(PbO)sr) | 29648 | 310413 |313.0£10.5 |290.8=18.0 | 271.8 |287.104

[Tepecuer »HTanbnuit peakuuu (4.52) k T = 298.15 K Obl1 BBIMOJHEH IO
W3BECTHBIM TEIUIOEMKOCTSIM TBepaoro okcuaa cBuHna [241] u monekyn (PbO)n,
OLICHEHHBIX W MPHUBEACHHBIX B padote [259]. [Ipu mepecyere sHTAIBINIA TeTePOreHHBIX
peakmmii (4.53) k T = 298.15 K wmcnons30Baiy W3BECTHBIE TEINIOEMKOCTH TBEPIIBIX
OKCHJIOB CBHHIIA, IIMHKAa [241] W OlLIEHCHHBIC HAMH TEIUIOEMKOCTH KOMIUICKCHBIX
MOJIEKYJT OKCUIOB. [Ip1 3TOM NpUHSIIN, YTO TEIUIOEMKOCTh CMEIIAHHOTO OKCHJA PaBHA
TEIUIOEMKOCTH MOJIEKYJIBI OKCHJa CBMHIIA, COJAEPIKAIIET0 TaKoe K€ YHCIO aTOMOB
Metaiia, Hanpumep, Cp(Pb2Zn204) = Cp(Pb4O4).

OHranenuo  peakuuu (4.55) HaxoIWIM HCCIECJOBAaHUEM TEMIApaTypHOM
3apucuMocTH B uHTepBaje 1010-1120 K ee koHCTaHTHI paBHOBECHS, KOTOPAsl, yYUTHIBAS
KOHTPYIHTHBIA XapakTep mapooOpa3oBaHMs OKCHAA CBUHIIA, MOKET OBITH 3allicaHa B
BUJIC

kp(4.4.1) = ppy X PG, = Dy (4.58)
WK Yepe3 MOHHBIHN TOK lpy", COOTBETCTBYIONIMI HOHU3AIWY TOJHKO aTOMOB CBHHIIA
k;(4.4.1) = (I3, T)*® (4.59)
20e Ppp(Po2)—napyuanvroe oasnenue amomos ceuHYa (MOJIEKYIL KUCI0P0Oa) HAO OKCUOOM
ceunya npu memnepamype 1;
lpo *—uoHHbIL MOK, 06pa308aHHbBIL NPU UOHUZAYUU AMOMOE CEUHYA.
Pacuer o ypaBuenuto Baut—I'odpda MeTonoM HauMeHbIINX KBaJAPAaTOB MPUBEI K
3HAYCHHUIO CTAaHJAPTHOM 3HTaibuu peakiuu (4.55) paBaomy AH%r (4.55) = 410 = 7
kJIx/Moib, BenuunHa KoTopou mepecuntanHas Kk 1 = 298.15 K mo manusim [241]

okazanach paBHOU 418 + 7 k/[>K/MOJIb.
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[To HaliIcCHHBIM 3HAYEHUWSAM CTaHAAPTHBIX SHTANbIHMKA peakuuid (4.55)—(4.57),
W3BECTHOM SHTAIBIINK 00pa30BaHUs OKcHa muHKa [241] mo 3akony I'ecca paccunrtanu
PbO(K), (PbO)n(r) 51
KOMIUIEKCHBIX COEJIMHEHWH Ha OCHOBE OKCHIOB CBMHHIA W IUHKA PbnZNnmOm+myr)

(Tabnuma 24, 25).

CTaHOAapPTHBIC OHTAJIBIINH 06p&30BaHI/ISI OKCHMIOB CBHHIA

Tabmuma 24. CrangaptHble »HTaIbNUU peakuuit (4.53) u  oOpaszoBaHus

KOMILJIEKCHEIX OKCHIOB, K/[>K/MOJIb.

Peakiust ArH®1075 ArH98.15 -AtH98.15
PbO(K)+ZnO (K):PbZnOz(r) 293 +4 297+ 6 290 £ 7
PbO(K)+ZZnO (K)=PbZn203(r) 319+9 324+ 11 628 £ 12
2PbO(K)+ZnO (K)=Pb22n03(r) 317+ 19 322+ 21 488 £ 22
2PbO(K)+ZZnO(K)=Pb22n204(r) 28711 292+ 14 883 + 15
3PbO(K) +Zn0O (K):Pbg,ZnO4(r) 3224+ 30 336 + 31 697 + 32

Kak BuaHo wu3 T1abmun 23, 25 mOJIydYeHHBIE HaMH TEPMOJIMHAMHYECCKUE

XapaKTEPUCTHUKA OKCHJIOB CBHHIIA XOPOIIO COTJACylOTCS C  OOJIBIIMHCTBOM
JIMTEPATYyPHBIX JAHHBIX, 32 HCKIIOYCHUEM Pe3yJIbTaTOB, IPUBEACHHBIX B [260], cormacHo
KOTOpOH Ta3oBas ¢aza HaJ JKEITHIM OKCHIOM CBHHIIA COCTOUT W3 aTOMOB CBHHIIA,
MOJICKYJT Kucjaopoaa u okcuaa ceuHima PbO. IMomyueHHble pe3ynbraThl MOTYT OBIThH
CBSI3aHBI TOJIBKO C METOTUKOM MPOBEICHHS SKCTIEPUMEHTAIbHBIX HccinenoBanunii [260]. B
cBoel padoTe, BHIMOJHEHHOU 3 (Py3uoHHBIM MeTo10M KHy/IceHa ¢ MacC—CIEKTPAIbHBIM

aHaJIM30M Ta30BOM (pa3bl, aBTOPHI UCIIOIB30BATIN UPUIMEBYIO suelky KHynceHa.

Tabnmuma 25. CranmapTHbIC SHTAILITUN 00pa30BaHUS OKCHJIOB CBHHIIA.

OKCH i AtH298.15 _ _
HAIllU JIaHHBIC [255] [284] [258] [259] [257]
PbO) -223+6 -219.0 - -220.5+1.5 - -218.7+0.8
PbO(n 87+8 70.5 - 69.6 £4.0 53.5+5 72.37
(PbO)wy | -135+9 1242 | -1262£10.9 | -122.8+4.0 | -143.045 | -137.14
(PbO)3(r) -342 + 14 -317.3 | -335.0+£16.7 | -325.844.0 | -259.5425 -
(PbO)swy | -580+ 14 563.0 | -574.3£25.1 | -579.3+4.0 | -621.0+15 | -591.23

“Paccyumano namu no oannvim pabomu [255].
“Haiioeno 6 pabome [258] memooom JJIC.
“Buauenusn sumanvnuii omnocames x memnepamype 0 K.

besycnoBHO, npuanii HamITy4dIMii Matepuan ssueek KHyJicena npu ucciie1oBaHuu

XUMHWYCCKHN aKTHBHBIX COGI[I/IHCHI/Iﬁ H, B 4aCTHOCTH, OKCHUI0B MCTAIJI0B, HO TOJIBKO B TOM
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cllydae, €CJIM HaChIIICHHBIN Nap HaJl U3y4aeMbIM COETMHEHNEM HE COICPKUT aTOMOB WU
MOJIEKYJI MeTajuia. B mpoTuBHOM citydae mocienHue OyayT pacTBOPSATHCS MPU BHICOKUX
TeMIiepaTypax B martepuaine (Mpuauii, muatuHa) kamep Kuyacena. IToT mporecc, Kak
OTMEYaJIOCh MHOTOKPATHO, MPUBOAMT K 3aMETHBIM HCK)KEHHUSIM COCTaBa HACBIIIEHHOTO
napa [330,331] ¥ TepMOAMHAMHYECKHM XapaKTEPUCTHKAM H3y4aeMbIX COCIUHCHHIA.
Kpowme 3toro, nomo6Hast cuTyaiusi IpuBOJUT K TOMY, UTO MaTepHall SYCHKU HEIb3sl yKe
paccMaTpuBaTh KaK WHIWBHUAYATbHBIA, HHEPTHBIN METaJI, TaK KaK €ro CBOMCTBA MOTYT
OTPENENAThCS XMMHYECKOM AaKTUBHOCTBIO pacTBOpeHHoro wetaa. CorjiacHo
JMTEPaTyPHBIM TaHHBIM HPUINEBAs KaMepa UCTOIh30BalIach aBTOPOM padoThl [260] mst
WCCJICIOBAHMSI PA3ITUYHBIX OKCHJIOB, BKJIIOYAsi OKCUIBI IIETOYHBIX METAJIOB, @ UMEHHO,
okcuaa HaTpus B mHTepBajie Temneparyp 1000—1100 K [344]. IIpu yeM, Ha OCHOBaHHH
naTel myoymkanuu [344] MOXKHO TIPEITOIOKUTD, UuTo uccienoBanre Na;O mpoucxoauino
B TOT ke niepuoz, uto u PbO, u Moriio npeamectBoBatk emy. [Iporiecc mapoodpazoBanust
Na,O mpoTtekaeT ¢ mepexoJ oM B ra3oByro (pa3y aTOMOB HATPHsl U MOJIEKYJI KHCIOPOJa
[334, 336]
NﬁzO(K) =2 Na(r) +0.50,. (460)
Benuka BeposiTHOCTB TOTO, UTO B 3TUX YCIOBHIX HpuAneBas 3¢ dy3noHHas kKamepa
OyZeT cojaepaTh PACTBOPEHHBIM HATPUHN, AKTUBHOCTh KOTOPOTO, YYHUTHIBAsI MACChI
kamepbl U uccnenyemor HaBecku NapO, momkna ObiTh He Bbime 0.001-0.0005. Dto
NPEINOJIOKEHNE coracyercs ¢ pesyiabraramu  pabdor [337, 338], B koTOphIX
UCCJIEIOBAIM  W30MUECTUYECKUM METOJAOM  B3aWMOJACHCTBHE TApOB IMHKA C
METAINTMYECKON TUIATUHOW M 3070TOM. Tak, mpu 4—6-CyTOYHOM B3aUMOJICHCTBUU B
00acTax, 000TaIlEHHBIX MJIATHHON U 30JI0TOM aKTUBHOCTH PaCTBOPEHHOTO LIMHKA TIpU
temneparype 1173 K cocraBmsna az, (Pt) = 0.016 u az (Au) = 0.04. CoriacHo
nuarpamme Dimuarama [340] B uaTepBanie Temmneparyp 273—1800 K naTpuii siBisercs
CHJIbHBIM BOCCTAHOBUTEJIEM B PEAKITUAX C OKCHJIOM CBHHIIA
PbOq + 2Na(lr)w = Pby + NaxOgy), (4.61)
Pacuer snepruu ['n66ca 7ot peakiuu ipu 7= 1110 K u appo = 1, ana=0.001, anao =1,

Ppp= 3.2 x 10°arm npuBoaur K otpunarenbHoMy 3HaueHn0 AGC110=-32.0 kJ[/MOIIb.
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[Monmy4eHHBbII pe3yNbTaT JaeT BIOJIHE pa3yMHOE 00BbsICHEHHE pe3yibTaraM padoTs [260]
— BBICOKO€ COJEpXaHHe aTOMOB CBHUHIA U OTCYTCTBHE IOJUMEPHBIX MOJIEKYT B
HACBIIIEHHOM Tape. IlepBoHauYaNbHO BBICOKME MHTCHCHBHOCTH HMOHHOTO Toka Pb* B
HaIlUX HCclenoBaHusgx (Tabn. 21), mo Bcel BHAMMOCTH, CBS3aHBI C aHAJOTHYHBIMU
PUYUHAMH, COJICP)KaHUEM HE3HAYNTEIILHON MPUMECH OKCHJIa HaTpHs B KEPAMHUUYECKOM
3¢ dy3u0HHON Kamepe, OBICTPOE BRITOPAHUE KOTOPOTO COTIPOBOKIACTCS yCTAHOBICHUEM
pPaBHOBECHOTO TIapa HaJl OKCHUIOM CBUHIIA.

Heo0xomuMo OTMETHTh O HEKOTOPOM pa3IUyuu Mexay paboramu [lomoBuda
[259], Knake [257] ¢ oaHoli cTopoHbl 1 paboramu Cemenuxuna [284, 339], [Iposopra
[255] Ka3enaca [258], naHHOTO MCCIeIOBaHUS C IPYTOd CTOPOHBI, KOTOPOE CBS3AHO C
CoZIepKaHUEM TPUMEPHBIX MoJsiekyn okcuua cBuHiia (PbO)s. ITlepBas rpymma aBTOpoB
[259, 257] cumTtaer, uyTO B Ta30BO# (ha3e OKCHJIA CBHHIIA 3TH MOJEKYJIBl B H3MEPUMBIX
KOJINYECTBAX OTCYTCTBYIOT, @ HOHBI PD30,", Ph3O3" B Macc—cniekTpe 00pa3oBaHbl 3a CUET
JMCCOIMATUBHOW HMOHM3aMu Moyekyn PDsOs. JlaHHBIA BBIBOJ CICIAH NMPU aHAIM3E
SHEPTUH TOSABJICHUS HWOHOB W KPHUBBIX 3(PQGEKTUBHOCTH HOHHU3AIUHU. Mcmonb3ys
AHAJIOTUYHBIA TIOJXOJ W HCCICHys TeMIlepaTypHbIe 3aBHCHMOCTH HHTEHCHUBHOCTEH
OCHOBHBIX HOHOB MacC—CIICKTpPa, aBTOPBI BTOpO# rpymibl [255, 258, 284, 339] u nanHoi
paboTHl MPUILTH K BHIBOMY, YTO B HACHIIICHHOM I1ape OKCHIa CBUHIIA MPUCYTCTBYIOT
TPUMEpPHBIC MOJICKYJbl. B TMMONB3y 3TOTO TPEANONIOKEHUS TOBOPST PE3YJIbTATHI
WCCJICTIOBAHMSI TIPOIIECCOB IMapoo0pa3oBaHus oKcraa cBuHIA. Kak BuIHO U3 Tabnuib! 23
3HAYCHUS SHTAJBIMKA CyOJUMAIUU TPUMEPHBIX MOJICKYJ, PACCUUTAHHBIC MO HMOHHBIM
tokam Pb3O;", Pb3O3*, 3amMeTHO BbIIIe 3HAYEHUH SHTAIBIINU CYOJIUMAIIUN TETPAMEPHBIX
MOJIEKYJI. DTOT Pe3yNbTaT OJHO3HAYHO CBUACTEIHCTBYET O MPUCYTCTBUU B HACHIIIIEHHOM
nape TPUMEPHBIX MOJICKYJ, KOTOPBIM B MAacC—CIIEKTPE COOTBETCTBYIOT, B OCHOBHOM,
nonbl Pb3O,", Pb3Os". Cpoe 3akmiouenuwe aBTophl [259, 257] cnmenanu, mo Bcei
BUJIUMOCTH, OCHOBBIBASICh HA OTHOCHUTEIHHO BBICOKOM 3HAYCHUW YHEPTHH TOSIBICHUS
(9.13B) wmona Pb3O3*, cuuras ero OCKOJOYHBIM HOHOM, OOpa30BaHHOM MIpU

ﬂHCCOHH&TI/IBHOﬁ HOHMU3AIUN TCTPAMCPHBIX MOJICKYII.
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BriepBbie yCTaHOBICHO, YTO B HACHIIIEHHOM Iape JBYXKOMIIOHEHTHON CHCTEMBbI
PbO-ZNnO napsimy ¢ MoJeKyJaMH OKCHIAa CBHHIIA U €r0 acCOIHMATOB IMPHCYTCTBYIOT
MOJIEKYJIBI CMEIIaHHBIX OKCUIOB o01ei hopmynoit PbnZnnOmimm (N =1, 2, 3; m =1,
2). ITo 2—My 3aKOHY TEPMOJMHAMUKH BIIEPBbIC PACCUMTAHBI CTAHIAPTHBIC SHTAIBIHH
00pa3oBaHus MATH CMEMIaHHBIX OKCHIOB PDZNOyry, PDZN;05 ), PD2ZNn0Osry, PD2ZN204(,
PbsZnO,y oxcumoB cBuHma oomeir  ¢opmynoir  (PbO)nr, u  PbOy xopomio

COTJIACYIOIIHECS ¢ OOJIBIIMHCTBOM JINTEPATYPHBIX JaHHBIX.

3.5 Cucrema ZnO-NbOs.

HccnenoBanue mpouecca mapoodpasobanus cuctreMbl ZNO—NDb,Os npoBoauu B
uHTepBaie temmeparyp 1373-1673 K. B pabore uUCMONb30BAINCH KBapIIEBHIE
3¢ Py3uOHHBIE KAMEPHI C OTHOIICHUEM TUIOLIAIU UcTapeHus K miomanu 3¢ dy3uu ~ 100.
HarpeB kamepbl OCYIIECTBISUIM TI€YBIO COMPOTHUBIICHUS, TEMIEPATypy H3MEPSIIU
Pt/Pt(Rh) tepmomnapoii, oTkanmMOpoBaHHOW MO TeMIeparype IUIaBJICHHS cepedpa |
TIOIEP>KMBAIIH € TOUHOCTBIO = 1°C.

Kak otmeuanoch Bbiiie B kBasuOuHapHoi cucreme ZnO—Nb,Os oOpa3yercs Tpu
crokHbIx okenaa: ZnsNb,Osg (3:1), ZnNb,Os (1:1), Zn;NbsyOsr (2:17), Haxoasmumxcs B
paBHoBecuu 10 1085°C ¢ ueThipbMs reTeporeHHbIME obacTsimu: [ZnO+2Zn3Nb,Og] (1),
[Zn3Nby,Og+ZnNDb2O6] (I1), [ZnNbyOs+ZNn2Nb170g7] (1H1), [Zn2Nb170g7+Nb2Os] (1V).
Hwxke temnepatypsl 1085°C coemunenue (2:17) HEyCTOMYMBO, W OCTAaBIIMECS JBa
COCAMHEHUS Pa3JeJCHbl TpeMs TeTeporeHHbiMU obnactamu: [ZnO+ZnsNb,Os] (1),
[Zn3sNb,Og+ZnNb,Og]  (I1), [ZnNNDb,Oe+NDb,Os] (V). HeobxomumMo OTMETHTB, 4YTO
coeaunenus (1:1) u (3:1) mnaBsaTcss KOHTPY HTHO Tpu Temnepatypax 1312°C u 1405°C
COOTBETCTBEHHO, a coeAuHeHue (2:17) MHKOHTPYIHTHO C TeMIEPaTypou MEPUTEKTHKU
1415°C. Ilpu temmneparype 1350°C nHumoOar mmuHka coctaBa (1:1) mnperepreBaer
noauMopdHOe  TpeBpalleHHe —HH3KoTemmepaTypHas Moaudukamus — o-ZNND,Og
NIEPEXOANT B BICOKOTeMIIepaTypHYyI0 3-ZNNDb,Og.

PaGoTel Mo mccienoBaHUI0 TEPMOAMHAMHKHU TapooOpa3oBaHusi cucTeMbl ZnO—

Nb,Os 10 HacToOsIIEro BpeMEHH HE MPOBOAMIMCH, B TO BpeMs KakK MapooOpa3oBaHHUE
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VHIMBUIYAIbHBIX OKCHIOB IMOJPOOHO ONMHCAHO B MHOTOYHCIICHHBIX HCCIICIOBAHUIX
[271-276], [300-302]. CornacHo 3TuM paboTam, Mporecc MmapooOpa3oBaHUs OKCHIIA
IIUHKA TPOTEKAET KOHTPYIHTHO, HACKIIIIEHHBIN TIap COCTOUT B OCHOBHOM U3 aTOMOB ZN U
moutekys Os. [Togo6GHas mpupoaa HACKIIIEHHOTO TTapa, HECMOTPSI Ha CBOIO IIPOCTOTY, KaK
y)K€ OTMEYalioch, JejaeT MpoOJEeMaTHYHBIM HCIOJIh30BAaHUE B MacC—CIEKTPATBHBIX
UCCIICIOBAaHMSIX TUIATHHOBBIX Kamep KHyjceHa u3—3a pacTBOpeHHs B HUX IHMHKA [329—
331]. [Moatomy mporiecc mapooOpa3oBaHUs OKCHIOB M OKCHIHBIX CHCTEM, COJICPIKAIIX
B IIape aTOMBI METaJlla, BCEr/Ia COMPOBOXKIACTCS MOHOTOHHBIM, HEKOHTPOJIUPYEMBIM
YMEHBITICHUEM TapIHATIBHOTO JaBJICHUS METAJIAa M YBEITUUCHUEM JTaBJICHHS KUCIIOPO/IA.
OnHako aHAIM3 JUTEPATYPHBIX NaHHBIX MO (a3oBeiM auarpammam ZnO-SiO,, NbyOs—
Si0;, ZnO-Nb,0s-Si0; [341, 343] mokasai, 4TO IpHU HCCIEAOBAHMHM CHUCTEMBI ZNO—
Nb,Os B unTepBane temmnepatyp 1200-1400 K MoryT OBITh HCIIOIE30BaHBI KBAPIICBHIC
kamepbl Kuysncena. Ilpu coOroeHnn OnpeeieHHbIX YCIOBUN 3KCIIepuMeHTa (Macca
uccieayeMon HaBecku He Oosiee 0.1 T, BpeMs cyOMManuu MeHee 4 9) OKCHJ KpEMHHUSI
MOXXET pacCMaTPUBAaThCSI KaK WHEPTHBIM MaTepHanl OTHOCHTEIBHO HCCICAYyeMOM
CUCTEMBI.

CyOmumarus okcuma mHuoouss Nb,Os B mnTepBanme temneparyp 1100-1400°C
MPOUCXOUT WHKOHTPYIHTHO C TEPEXOJ0M B Tra3oByr0 (a3zy MOJEKysnd KHUCIOpoja U
o0pa30oBaHWEM PA3JIMYHBIX KOHJICHCHPOBAHHBIX OKCHJIOB, COCTaBBl KOTOPBIX II0
pa3nuHbIM JaHHBIM HaxoasaTcs B oomactu Nbi,Oz9 — Nbs3Oi3, [288 ,289, 301]. Bonee
HU3Kas JIETy4eCTh OKCHJA HHUOOWS TIO CPaBHEHHUIO C OKCHJIOM ITMHKA TIO3BOJISIET
paccMaTpuBaTh HM3y4aeMYyH CHCTEMY B TIpollecce MapooOpa3oBaHHS B HHTEpBAJIC
temmnepatyp 1200-1500 K B pamkax 1ByXKOMIOHEHTHON CUCTEMBbI KaK:

Nzno+Nnb20s = 1 (4.62),
rie — Nzno (Nnb2os) MOJTbHAS 10J1s1 OKCHJIA ITMHKA (OKCH/1a HUOOHS ).

B pabGote Oblmu mCClieIOBaHbI MPOIECCHl TAPOOOPa30BaHUs 0OPA3IOB CUCTEMBI
ZnO-Nb,Os cocraBoB 90, 75, 60, 50, 40, 11 mons% ZnO. CunTe3 MEPBBIX YETHIPEX
00pa3IioB MPOBOIMIN OTKUTOM TOMOTCHU3UPOBAHHBIX CMECEH YMCTHIX OKCUIOB HHOOUS

¥ [IMHKA B IJIATUHOBBIX TUTIISIX HA Bo3ayxe mipu T = 1173 K B teuenue 30 4, yuctory u
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¢dazoBbIit COCTaB, KOTOPBIX KOHTPOJUPOBAIIN peHTreHo(ha30BBIM u
pentrerodyopecieHTHRIM aHamm3amMu. OOpaser; coctaBa 11 moms% ZnO momyunnm
HEMOCPEJICTBEHHO B  XOJ€ MAacC—CIEKTPaJbHOTO JOKCIEPUMEHTa OTKUTOM B
abdysnonnort kamepe npu T>1360 K TmiatenbHO TOMOTEHH3WPOBAHHOW CHCTEMBI
ZnNb,0g + Nb20s cocrasa 88.9 monp% Nb,Os.

TpeOGoBanus, npeabsBIsieMble K AKCIEPUMEHTALHON padoTe, BBINOIHIEMOMN C
WCITOJIb30BAaHUEM KBapIEeBBIX A(D(PY3MOHHBIX Kamep, HE IO3BOJWIM HaM METOJIOM
u30TepMuueckoro ucnapeHus [325] B omHOM OMNbITe HANTH BETMYUHBI MAPIHATBHBIX
JaBJICHUH KOMITOHEHTOB ra30BoH (pa3bl HaJ BceMu Gpa30BBIMHU 00J1acTIMH CUCTEMBI ZNO—
Nb,Os. [ToaTOMy HaMH BBIITOJTHEHO TPH H30TEPMHUUCCKHX SKCIIEPUMEHTA 110 YACTHIHOM
cyonumaruu ¢azoseix cuctem (1), (11), (V) npu T=1353 K u derhipe aHAIOTHYHBIX
skcriepuMenTa 1o ¢a3zoBeiM cucreMaM (I-1V) npu T=1443 K. BeinonHeHHas TaKuM
oOpazoM paboTa 1O HCCIEAOBAaHUIO TPOIECCOB CyONIMMAIlMd U 3HAHHE
TEPMOJMHAMHUYCCKUX XAPaKTEPUCTHK OKCHAA IUHKA [271-276] MO3BOIMIN MOKA3aTh,
YTO HACHIIIEHHBIN Tap HaJ CHCTEMOW COCTOMUT TJIABHBIM 00pa30oM M3 aTOMOB IIMHKA U
MoJieKys Kuciopoaa. Omnako B pabote [276] oTmewaercs, 4ro B Ta30BO# (ase
MPUCYTCTBYIOT MOJIEKYJIbI ZNO, mapiuaibHOE JaBICHUE KOTOPHIX MPAKTUYECKH Ha TPU
MopsiJIka HUXKE OCHOBHBIX KOMIIOHEHTOB. PacueT BenWyuH mNapiuaibHBIX JTaBICHUN
aTOMOB ITMHKA U MOJIEKYJI KUCIIOpoa ObUT BBIMOIHEH 10 ypaBHeHUIo ['epria—Kuyncena
U YCIIOBHIO KOHTPYIHTHOW CyOJMMAIlMd OKCHIA ITMHKA B YCJIOBHSAX 3(PQy3noHHOTO
HKCIIEPUMEHTA

(Pzn/ \/MZn)/ (Po2/ \/Moz) =2 (4.63)

B tabmumnax 26. 27 mpuBeneHBI Pe3yNbTaThl dTUX pacueToB. Tam e MpeaCcTaBICHBI

3HAUCHUS BEJIMYMH MMApUUATBHBIX JaBIICHUW MpU CyOJMMalMKM OKCHAA IIMHKA B

3aMKHYTOM O0O0BEMe, KOorja B MpoIlecce MapooOpa30BaHMs BBITOIHACTCS YCIOBUE
PaBEHCTBA COCTABOB I'a30BOM M KOHJICHCHPOBAHHOM (ha3:

Pzn/Poz = 2 (4.64)

[Tpu 3TOM OBLITM MUCIIOJIB30BAHBI PACCUYNTAHHBIC HAMU 3HAYCHHSI KOHCTAHTBI PABHOBECHS

peaKIuu:
119



ZnOy = Zngy + 0.50; (4.65)

10 AKCIIEPUMEHTAILHBIM pe3yibTataM padotThl [276]. [o HaliIeHHBIM TaKuM 00pazoM

BEJIMYMHAM MapIUAIbHBIX JaBICHUNW OBUIO MOCTPOEHO p—X-CEUEHUE MOJIHOM p—T—x
¢dazoBoil tuarpammel cuctemsl (pucyHku 23, 24) npu temneparypax 1353 u 1443 K.

Jliig onpesiesieHus: CTaHIAPTHBIX SHTAJIBIINUN 00pa30BaHUs HUOOATOB LIMHKA ObLIH

PaCCYUTaHbl OHTAJIBIIMU CIICAYIOIINX FeTepO(baBHBIX peaKuHﬁ:

ZnO¢ = Zn(y + 0.50, (4.66)

Zn3Nb;Og(y = ZNNDb2Og () + 2ZN¢y + O (4.67)
ZnNb20s() = Nb2Os( + Zn(ry + 0.50; (4.68)
ZnNDb2Os) =1/17 Zn;Nb34Osr() + 15/17Zn(y + 15/340; (4.69)
Zn;Nb3yOgr(y = 17Nb2Os + 2Zn(y + O, (4.70)

Onpenenenne suTanbnui peaknuii (4.60)—(4.64) ObUTO BBIMOIHEHO 0 2—MY U 3—
My 3akoHaM TepMmoauHamMuku. [Ipu ompeneneHun Mo 2-My 3aKOHY HCCIIEIOBAIH
TEMIIEPATyPHbIC 3aBUCUMOCTH BEJIMYWH, MPOTIOPIIHOHATBHBIX KOHCTAHTaM PaBHOBECHMA
ITUX PEaKIHi, 3aIMCaHHBIC B CHIIy KOHTPYIHTHOW CyOJMMAalMM OKCHAA IIMHKA B BHJIC
k*(4.60, 4.62) = (I2,T)*®°, k*(4.61, 4.64) = (IznT)® u k*(4.63) = (IzT)*3. Pacuer
CTaHJIAPTHBIX SHTAIbINHN peakiuii (4.60)—(4.64) BBINONHIN MO ypaBHEHHIO M300aphl
XUMHUYECKON peakiii METOIOM HAaUMEHBIIIMX KBaJpaToB (Tabyuia 28).

3mecy ciemyer MOAYepKHYTh, YTO TNPUBEACHHBIC 3HAYCHHS SHTAJIBIUN MOTYT
coJlepKaTh OIPEACIICHHYI0 CHCTEMAaTHYECKYI0 OITHOKY, CBS3aHHYIO C OOOTaIleHHUEM
MOBEPXHOCTHOTO CJIOSI UCCTIEAYEMOM CUCTEMBI B IPOIIECCE Mapo00pa30BaHUs HENETYIHM
okcuioM HHoOuss Nb,Os, KOTOpBI MOKET 3aTPyIHATH CyOIUMAIMIO OKcHa IuHKa. He
WCKITFOUYCHO, YTO B ATHUX JKCIEPUMEHTAX MEHTAOKCH HUOOWS OymeT COXpaHSATh CBOM
NIEPBOHAYAIBHBIA CTEXHOMETPUYCCKUN COCTaB, TaK KaK IPOIECC ITapooOpa3oOBaHUs
CHUCTEMBI MPOTEKACT IIPH OTHOCHTEIIBHO BHICOKOM JIaBJICHHH KHCIOpoJa (cMm. Tabm. 26,
27). Tlepecuer sutambnuii peakiuii (4.60)—(4.64) x rtemmneparype 298.15 K Obua
BBIMIOJIHEH MO0 M3BECTHBIM TeruioeMKocTsM: ¢%,(ZNn;) = 20.79 x/(monb-K), ¢°y(Ozr) =
29.35 JIx/(monb-K), ¢, (ZnOy) = 40.25 x/(monb-K) [241, 342], ¢°,(Nb2Os,) = 131.95

JIx/(monb-K) [241, 342] u TemIOeMKOCTSIM CMEMIAHHBIX OKCHIOB, PACCUMTAHHBIM I10
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npaswry Heiimana—Komma: ¢°,(ZnsNbOs) = 253 JIx/(monb-K), ¢’,(ZNNbOg,) = 172

JIx/(moib-K),

c"p(anN b34Og7K)

= 2324 ]Jlx/(momb-K) B TpeANoONIOXKEHUH WX

HC3aBHUCUMOCTHU OT TCMIICPATYPHI. 3HayeHus CTaHAapPTHBIX SHTAJIBIUM 3THUX peaKuHﬁ,

nepecuntannbie kK T = 298.15 K, mpuseaens! B Taduie 29.

Tabnuua 28. CranmapTHbIe HTAIBINU TreTepoda3HbIx peakiui, KJx/Moib

WNuTtepBan temneparyp, K
1223-1398 1230-1363 1240-1340 1353-1443 | 1353-1465
3HaueHUs SHTAIBINNA peakiuil, kJ[>/Mob

AH°1(4.66) AH°1(4.67) AH’1(4.68) AH°1(4.69) | AH1(4.70)
477+ 15 959 + 33 507 + 13 473 + 26 1061 + 18
475+ 12 911 +18 505+ 12 479 + 22 1069 + 12
480 + 20 926 + 36 502 +12 482 + 17 1040 + 15
482 + 15 931+ 30 - 476 £ 25 -
476 £ 14 - - - -
482 £ 11 - - - -

Cpennee 3HaueHUE

479 + 14 932 + 33 504 + 12 478 + 23 1057 £ 19

Tabmuma 29. Crangaptabie SHTambmuu  AH%gg15 TeTepodasHbIX peakiuid

(xI>x/mMoIb), paccuuTaHHBIE 110 2-MY U 3-My 3aKOHAM TEPMOJANHAMUKU

Peakiust 2-3aKOH 3-3aK0H PexomeniopanHoe
3HAYCHUE

4.66 484 + 16 485+ 7 485 +7

4.67 941 + 36 992 + 16 966 + 26

4.68 509 +13 529+ 8 517 £10

4.69 482 + 25 467 + 8 474 + 16

4.70 1062 £ 5 1077 + 16 1069 £ 9
CrannmaptHeie  SHTambnuu rerepodasneix peaknuii  (4.60)—(4.64) Obuu

paccuuTaHbl TaKXe MO 3—My 3aKOHy TepMoAuHaMuku. [Ipu pacyere uCHoOIb30BAIH
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OKCIIEPUMEHTAJILHO HAWJICHHbIE a0CONIOTHBIE BEIMYMHBI MAPIUAATBHBIX JTaBICHUN
aTOMOB ITMHKA W MOJieKys kuciopona mipu T = 1353 K, 1443 K (tabmunesr 26, 27),
W3BECTHBIC 3HAYCHUS DHTPOIHMIA KOMIIOHEHTOB 3THX peakiuii mpu T = 298.15 K: S°(Zn,)
= 160.88 Ix/(mons K) [241, 334], S°(Zn0O,) = 37.89 Jx/(monb K) [38, 39], S°(Oy) =
205.03 Jx/(moms K) [241,334], S°(Nb2Osi) = 137.10 [x/(mons K) [241, 334] u
SHTPOIUHU CMEUIaHHBIX OKCUIOB, PACCUMTAHHBIEC KaK Cpe/lHUE 10 MHKpemeHTaMm Kemnu u
Jlatmmepa [332, 333]: S°(Zn3Nb,Osy) = 274 JTx/(moms K), S°(ZnNb,0gy) = 182 JIx/(Moib
K), S°(Zn;Nb3sOg7i) = 2423 Jlx/(moaw K). Haiinennsie TakuM 00pa3oM CTaHIAPTHBIC
SHTAJIBITUY 3THX peakiuid paBHbL: AH%353x(4.60) = 494 + 20 xIx/mMonb, A/H®353¢(4.61)
=082 + 25 kJIxx/Moib, AfH%1353x(4.62) = 524 + 20 xJIxx/Monb, ArH%1443¢(4.63) = 463 + 20
kJx/Momb, AfH%4431(4.64) = 1067 + 25 xJI>x/Moutb. B Tabmuiie 29 npuBeacHbI 3HAYCHHS
SHTANBNMMI, mNepecurTaHHble K Temneparype 298.15 K. Ommbka B omnpeneneHun
SHTANBNHUN MO 3—My 3aKOHY TEPMOJMHAMHKU CBsi3aHa B OCHOBHOM C TOYHOCTHIO
OTIpEJICICHUs] KOHCTAHT PABHOBECUS U OLICHKM M3MEHEHHUS DHTPOINUN TeTepodaszHbIX
peakuuii. TepMoauHaMUYECKH aHAIU3 NOKAa3all, YTO BKJIAJ 3TUX (PAKTOPOB IPUMEPHO
paBHO3Ha4yHBIM. B 9TOl ke Tabmuile NPUBEICHBI PEKOMCHJIOBAHHBIC 3HAYCHUS
sHTaNbMK peakiuii  (4.60)—(4.64), momydeHHbIE Kak cpeaHeapudMETHUECKUue U3
BEJINYMH, PACCUMTAHHBIX MO 2—MY U 3—MY 3aKOHaM TepMOJANMHAMUKHU. CBS3aHO 3TO C TEM,
YTO B JAHHOM SKCIIEPUMEHTAIILHON pabOTe TPYAHO OTIATh MPEANOYTEHUE KAKOMY—ITHO0
METOAYy MNpH ONpeleNeHUH 3HadeHud oSHTanbnuil. CymmapHas ommOKa st
PEKOMEHIOBAaHHBIX 3HAUYCHUN PACCUMTAHA 10 3aKOHY CJIOKEHUS CITyYalHbIX BEJIMYUH.
Hcnonb3yss peKOMEHI0BaHHbIC 3HA4YeHHs SHTanbnuii peakiuii (4.60)—(4.64) u
W3BECTHBIC JIUTEPATypPHBIC MaHHBIE TI0 CTAHJAPTHBIM DJHTAIBIHIM OOpa30BaHUS:
AfHC95.15(Nb2Os,) = -1897.0 xJIxx/monb [241, 342], AfH%9s15(ZN;) = 130.7 k] I/MOIb
[241, 342] mo 3akony I'ecca paccumTanM CTaHAAPTHBIC OSHTAJBIHH OOpa30BaHUS
HUO0ATOB IMHKA M3 AJIEMEHTOB M MPOCThIX OokcuaoB (Tabn. 30). Halinennas B pabote
BEIIMYMHA CTAaHJAPTHOW DSHTAJIBIUK OOpPa30BaHUS KPHUCTAIMYECKOTO OKCHJA ITMHKA
XOpOIIIO COTJIACYETCS ¢ U3BECTHBIMM JIMTEPATYPHBIMU JTAHHBIMHU, YTO MOXKET CITYXKHUTh

MNOATBCPIKACHHUCM  KOPPCKTHOCTH  BBIIIOJIHCHHBIX  HaMH HCCHCﬂOB&HHﬁ. 3I[eCI)
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HEO0OXOMMO OTMETHTb, YTO OTHOCUTEIbHAS TOYHOCTh pacdyeTa CTaHJAPTHBIX SHTATBITUN
oOpa3oBaHMsI HIOOATOB ITMHKA M3 MPOCTHIX OKCHIOB, UCIIOIB3YSl TEPMOJIUHAMHYCCKUI
UKL, TOCTATOYHO HU3Kas. DTO CBA3aHO C METOAMKOM pacyeTa, B KOTOPOil onpeensiemas
Majasi BeJIMYUHA (PHTAIBIHS 00pa30BaHUsI CMEIIAaHHOTO OKCHJIA U3 MPOCTHIX OKCHUIIOB)
paccuuThIBaeTCs Kak anredpandyeckas CyMMa HECKOJIbKUX OOJIBIIUX BEJIMYMH (3HaYCHUS
CTaHJApPTHBIX SHTAJIBIUN 00pa3oBaHMs U3 3JIEMEHTOB). [loATOMY pacdeT cTaHIapTHBIX
SHTANBINN 00pa3oBaHUsI HUOOATOB ITMHKA U3 MPOCTHIX OKCHIAOB OBLT BBHITIONHEH TAKKe
UCXOJI1 U3 BbIpakeHusi sHepruu ['mb6ca oOpa3zoBaHMs HHMOOATOB LIMHKA M3 MPOCTHIX
okcuioB [335]:
NZnO,+ MNDb,Os= NZNOMND, 05y, (4.71)
AfGOT(nZnOmNbZOg,K) = RTIn(a”Zno X amszo5) (472)
Y 3HAUYCHHI aOCOTIOTHBIX PHTPONUM KOMIOHEHTOB peakiuu (4.71). Heobxoaumblie ajist
pacueToB BEJIMYMHBI AKTUBHOCTH OKCHIa HHOOMS Haxoawiaun u3 Qopmynsl (4.72),
COTJIaCHO KOTOPOM MOTYT OBbITh 3alUCaHbl BBIPAKECHUS, IMO3BOJISIOINIME PACCUUTATH

3HAa4YCHUA aKTUBHOCTH OKCH A HHOOHUS BO BCEX T'CTCPOrCcHHBIX obnactax cucrtemsl ZnO—

NDb2Os npu T = 1353 K

(azno *anb20s)v = (Azno)v =(8zno *ann205)1I (4.73)
(anbzos)11 =(azno)v/ (@zno)u (4.74)
(aSZnO X anp205)1 = (Bnb20s)1= (aSZnO X AND205)11 (4.75)
(anb205)= (8%2n0 X anp20s)1I (4.76)
u 1=1443 K:
(aZZnO ><6117Nb205)|v = (aZZnO)IV z(aZZnO ><aNszos)m (4.77)
(@ Nb205) 11 = (8%zno) v/ (@%zno) i (4.78)
(azno *anb20s) i =(8zno *anb20s)i (4.79)
(anb20s)11 =(azno *anb2os)in/(8zno)n (4.80)

Paccuutannple 3HAUE€HHWSA  AKTUBHOCTHM OKCHJAa HHOOMS B 00JacTIX
[ZnO+Zn3Nb208] (|), [anszog+Zan205] (“), [Zan205 +Zn2Nb17037] (|||) u
AKCTIIEPUMEHTAILHO HalJICHHbIE aKTUBHOCTH OKCHJA LMHKA (Tabiy. 26, 27) mo3Boimiu

OMpeNeNINTh CTaHAApTHBIC dHeprun ' mbOca HMOOATOB ITMHKA, a 3HAHWE AOCOJIFOTHBIX
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SHTPOTHMHA TPOCTBIX OKCUIOB IMHKa [241, 342], nuobus [241, 342] u cMemaHHBIX,
omeHeHHbIXx 1o Kemmum w Jlarmmepy [333, 332] (cm. BhImIE), Aajio BO3MOYKHOCTH
OTIPENCTUTh SHTAIBINH 00pa30BaHUs HUOOATOB IIMHKA M3 MPOCTHIX OKCUAOB (Tabmuia
31). Ommbka B ompeneNeHNH 3HAYCHWH SHTAIBIINNA, PACCUMTAHHBIX TAaKHM 00pa3oM,
CBSI3aHAa C OIICHKOW SHTPONHUHM CMEIIAHHBIX OKCHJOB W TMPHHITHIM HaMH YCIOBHEM
HE3aBHCUMOCTH HM3MEHEHHS SHTPOIMW PEaKIMU O0pa3oBaHHMS HUOOATOB IIMHKA W3
MPOCTBIX OKCUAOB OT TeMmeparypsl. Ilepecuer 3HaueHuM SHTaNbNUl 00pa3oBaHUS K

temriepatype 298.15 K BBINOJNHAIM aHAJOTUYHO TE€pPEecUeTy 3HAUECHUW SHTANbIUN

peaxiuii (4.60)—(4.64).

Ta6nuna 30. CranaapTHbI€ SHTAIBIIUK 00pa30BaHusl HIOOATOB ITMHKA (K/[>K/MOJIb)

CoenuHeHue -AtH%o98 15 -AtH®9g 15 (M3 OKCHJIOB)
Zn3NDb,0g() 2992 + 30 50 + 32
ZnNb,Og(x 2292 + 20 48 £ 21

Zn;NDb340g7x) 33056 + 15 90 +19

Xopolee corjlacue 3Ha4eHU CTaHJapTHBIX AHTAIBIHMK 00pa3oBaHUs HUOOATOB
IIMHKA HAWICHHBIC TPEMs HE3aBHUCHUMBIMH METOJIaMH (pacueT mo 2—omy, 3—eMy 3aKOHaM
TEPMOJIMHAMHUKN U 1O BelnuyuHe sHepruu ['mbbca oOpazoBaHUs) CBUACTEIBLCTBYET O
KOPPEKTHOCTH BBITIOJTHCHHBIX HCCIICOBAHUH 11O OMPECIICHUIO BETUYMH MapIidaIbHbIX

JABJICHUU U aKTUBHOCTEN KOMITIOHEHTOB.

Tabmuma 31. DHeprum ['n66ca u ’HTAIBIMKU 00pa30BaHKMS HUOOATOB ITMHKA W3

MPOCTBIX OKCUIOB (KJ[>K/MOJIB)

AT -AfH 98 15 (13 OKCHIIOB,
CO€)1HH€HI/IC -AfGOMOO At 29815 PEKOMEHJOBAaHHOEC
(3 oxen08) 3HA4YCHUE)
ZnsNb,Oggy 48+8 50+ 9 50 + 20
ZnNDb,O6(g 32+11 33+12 41+15
anNb34087(K) &85+ 11 92+12 91 +15
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Haiinennsie B JaHHOM HKCCJIEIOBAaHUU TEPMOJMHAMUYECKHE XapaKTEPUCTUKU
cucteMbl ZNO—ND,Os MoryT OBITH BeCbMa IOJIC3HBI NMPU CHHTE3C JTUAICKTPUICCKON
KEpaMUKH C BBICOKUMHM (PU3NYECKUMH XapaKTEPUCTUKAMU, KOTOpask MOXKET ObITh
alIbTepHATUBON OoJiee TOpOTroil Ha OCHOBE OKcHIa TaHTana. Kak oTMedanoch BBILIE,
HUOOATHl IIMHKAa XapaKTepU3YyIOTCS BBICOKOM CEHCOPHOW UYYBCTBUTEIBHOCTBHIO K
Bojopony [304], mpuyeM CeNEKTHBHOCTh IO 3TOMY Ta3y CHJIBHO 3aBHUCHT OT
omHodazHocTh, Hanpumep, coequHeHnst ZNNDb,Og, cuHTE3 B SKCIUTYaTaIs KOTOPOTOo ¢
COXpaHEHUEM HCXOJIHBIX XapaKTePUCTUK HEBO3MOXKHA 0€3 3HAHMM OCHOBHBIX

TCPMOANHAMUYICCKUX XAPAKTCPUCTHUK UCIIOJIIB3YEMOI'0 CCHCOpA.
P, Ma ZN ZN
10

1 \

—

20 40 60 80 100
Zn0O % mon. Nb,O, Nb,O,

3,2E-10

Pucynok. 23. P—x ceuenue (azoBoii ruarpammsl mpu T=1353 K.
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P Ma ZN ZN ZN
14
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12
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O T ' ! ' T T M
0 20 40 60 80 100

ZnO % wmon. Nb,O, Nb,O,

Pucynoxk.24. P—x ceuenue azoBoii nuarpammsl ipu T=1443 K
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Tabmuna 26. BenmnmyuHb! maplyuaibHBIX JAaBJICHHH KOMIIOHCHTOB Ta3oBoi (ha3el Hajx cuctemorr ZNO—-Nb,Os, T = 1353 K

JlaBieHrue KOMIIOHEHTOB Iapa, aT™M

AXTHBHOCTH KOMIIOHEHTOB

CocraB
. VYcnoBue OOm1ee naBjeHUE,
KOHICHCHPOBAHHOM
a1 cyOmumanuu AT™m
Pz, Po2 Pzo azno aNb205
Knyncen 1.22x10° [ 0.43x10° | 7.57x10*%0 1.65%x107°
ZnO 3aMkHYTHIH 006eM | 1.08%10° | 0.54x10° | 7.51x1010 1.62x10° 1 0
Kuynacen 1.22x10° | 0.43%x10° | 7.57x101° 1.65%x107°
ZnO+Zn3Nb,0s | 3amkHyTHIi 00BeM | 1.08x10° | 0.54x10° | 7.51x1010 1.62x10° 1 0.016
Kuyncen 7.63x10° | 2.68x10° | 3.73x101° 1.03x10°
Zn3Nb,Og+ZnNb,O¢ | 3amkHYyTEI 00BeM | 6.72x10° | 3.36x10° | 3.71x1010 1.01x10° 0.51 0.12
Kuyncen 1.91x10° [ 0.67x10° | 4.48x10! 2.58x10°%
ZnNb;Oe+Nb,Os | 3amkHyTHI 00BeM | 1.63x10° | 0.82x10° | 4.43x101! 2.45%10° 0.062 1
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Tabmuna 27. BenmnyuHb! mapluaibHBIX JaBICHHH KOMIIOHEHTOB Ta30Boi ¢a3bl Haj cuctemor ZnO—Nb,Os, T = 1443 K

COCTaB Ycnosue I[aBJIeHI/IC KOMIIOHCHTOB IIapa, aTM O6mee AKTHUBHOCTh KOMIIOHEHTOB
KOHI[GH(;I;IE;B&HHOIZ CY6HI/IM3HHH Pzn Poz PZnO ﬂaB;Ifl\I/[{I/IG, a0 ANb2os
. 31:;4&;?:“ 8.05x10° | 2.83x10° | 9.75x10° | 10.90x10° . )
Oion 7.14x10° | 3.57x10° | 9.70x10° | 10.70x10°
. 351\1:51?;:; 8.05x10° | 2.83x10° | 9.75x10° | 10.90x10° . 006
P 7.14x10° | 357x10° | 9.70x10° | 10.70x10°
2 NbsOwt ZINDLO 351\2{31?;:; 5.05x10% | 1.77x10% | 4.84x10° | 6.82x10° 050 015
OB roa 4.46x10° | 2.23x10° | 4.81x10° | 6.69x10°
ZnNb,Og+Zn,Nb3s0; 35;3}?;;3; 138107 ) 049107 ) 0.69x107 | 1.87x107 0.071 0.90
OGion 1.22x10% | 0.61x10% | 0.69x10° | 1.83x10°
. 3553}?;:; 7.69x10° | 2.71x10° | 0.29x10° | 1.04x10° 005 .
Oion 6.87x10°¢ | 3.44x10° | 0.29x10° | 1.03x10®
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4 BLIBOJBI.

1. B o6mactu remnepatyp 1660-2020K ycTaHOBIIEH COCTaB Iapa B CUCTEME
Al;O3-AlIN. Paccuntanbl TepMOIMHAMHYCCKHE XapaKTEPUCTHKN OKCOHUTPHIA
amomuaust coctaBa 9Al1,03-3.3AIN. YcTaHOBIEHBI OCHOBHBIE METOAMYECKHE
TpeboBanwms mis npsmoro cuaTe3a AJIOHa ¢ y1oBiIeTBOpUTETEHBIMU ONITUYECKUMU H
MEXaHUYECKUMHU XapaKTEPUCTHKAMHU.

2. YcraHoBiieHo, 4To Ta3oBas (asza cucreMbl MgO—Al,O3 B uHTEpBae
temnepatyp 1750-2100K Bo Bcem nuamazoHe COCTaBOB, 32 UCKIIOUEHUEM KPAeBOTO
(100 mosie% Al,03), npencrasnena tpeMs kommnoneHntamu — Mg, Oz, O. TTocTpoeHo p—
X—ceuenue (a3oBoii quarpaMmbl cuctemsl mpu 1900K.

3. Paccunrtana crangapTHAs SHTAIBINAS 00pa30BaHUS HECTEXHOMETPUICCKOM
mrmuHeau coctaBa MgAl;040.793Al1,03 13 0KCHIOB 1O TPETHEMY 3aKOHY
TEPMOTMHAMHUKH.

4. IToka3zaHo, 4yTO HachIeHHbIN map B cucteme Li,O—-Ta,Os B nHTEepBae
temriepatyp 1570—-1860K, Ha BceM MPOTSHKEHUH COCTABOB KOHIEHCUPOBaHHOU a3k,
COCTOMT W3 aTOMOB JIMTHsI, MOJICKYJ KUcJIopozaa u okcuaa autus LioO. Paccuntansr
a0COJTIOTHBIE BEJTMYMHBI TAPIHAIBHBIX JIABJICHUN U TTIOCTPOEHO P—X CEUEHHUE MOJTHON p—
X—T ¢azoBoii quarpammsl ipu T=1753K.

5. 1o 2— u 3—My 3aK0HaM TEPMOAUHAMHUKHN PACCUUTAHBI CTAHAAPTHBIE SHTANBIINN
psifa rerepodasHbIX peakinii U CTaHJaPTHBIC SHTAIBIMHE 00pa30BaHUs TAHTAIATOB
mutust LisTaOy, LiTaOs, LiTazOg u3 31eMEHTOB ¥ YUCTHIX OKCHIOB. Mcronb3ys
MOCTPOEHHOE p—X ceueHus (Ha30BOil TUarpaMmbl, OIICHEHbI AKTUBHOCTH KOMIIOHEHTOB
npu T=1473K u cranmapTHas SHTaJIbIUA 00pa3oBaHus renratanTaiara Jutus LizTaOe.

6. B Hackimensom mape cuctembl PhO—ZnO kpome MoKy YUCTBIX OKCUIOB
CBHUHIIA U UX aCCOIMATOB HANJICHBI MOJIEKYJIBI CMEIIaHHBIX OKCHUIOB OO0IIeH popMynon
PbnZNmOp+myn(N=1,2,3; m=1,2). [1o 2—my 3aKOHY TEpMOJUHAMHUKY PACCUUTAHBI ST
CTaHJAPTHBIX SHTAIBIUN TeTepoda3HbIX PeaKIuii 1 00pa30BaHUsI MOJIEKYJ CMEITaHHBIX

OKCHJIOB B ra30BOil (a3se.
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7. OnpenerneHbl BeIMIMHBI TapIuaIbHBIX JaBieHui B cucteme ZNO—Nb,Os B
unTepBaie temneparyp 1373-1673K Bo Bcem muamnazone coctaBoB. [locTpoeHs! p—x
ceUeHUs MojaHOM p—X—T ¢a3oBoil quarpaMmsl rpu temmneparypax 1353 u 1443K.

8. I1o 2— n1 3—my 3aKOHaM TEPMOJAVMHAMUKHU PACCUUTAHBI CTAHAAPTHBIE SHTAJIBIINU
psna rerepodazHbIX peakifili ¥ CTaHIapTHBIE SHTAIBIINU 00pa30BaHMs HIOOATOB IIMHKA

Zn3Nb,Og, ZNNb,Og, ZN:Nb340g7 13 371€MEHTOB M YUCTHIX OKCHUIOB.
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Cucrema ZnO—-Nb,Os
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