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OBILIAA XAPAKTEPUCTHUKA PABOTHBI

AKTyaJbHOCTh TeMbl auccepranmum. Pannee B UuHcTHTyTe QU3MKH uUM.
akagemuka K. Xeenbaeea HAH KP corpymuukamu naboparopun «IlopormikoBbie
MaTtepuaiby ObuH pa3zpaboTaHbl TE€XHOJIOTHH HOJIYYECHUS HOBBIX
KEpaMOKOMITO3UIIMOHHBIX MaTepHAIOB HAa OCHOBE HUTPHUAA KPEMHHUS METOAOM
PEaKIMOHHOTO CIeKaHusl KpeMHusi ¢ aszoroM [1,2]. OpnHako, mJis MOJy4eHUS
KOHKPETHOTO HUTPUAOKPEMHHMEBOIO M3JEIUS C ONTUMAIBHOM CTPYKTYpOM H C
TpeOyeMbIMU  (PYHKIIMOHAIbHBIMU CBOMCTBAaMU HEOOXOAMMO IPOBOJIUTH CEPUIO
JOPOTOCTOSIIINX IKCIIEPUMEHTOB.

JUisi uM3ydeHUs IPOLECCOB, NPOTEKAKIIMX IMPHU PEAKIUOHHOM CIEKaHHH
IOPOIIKOB KPEMHMSI B Cpele a30Ta M JUIsl BBIABICHUS ONTHMAJIBHBIX YCIOBUH
PEaKIMOHHOIO CIEKaHusl, TpeOyeTcs 3HAaTh: 3aKOHOMEPHOCTU CKOPOCTH NpPEBpAILCHUS
aTOMOB KPEMHUS B HUTPHUJL KPEMHUS; KHHETUKY BOJIIOLNUNA U3MEHEHNS OTHOCUTEIBHON
KOHLIEHTpallMu a30Ta B IMPOILIECCE PEAKIUOHHOIO CHEKAaHUS MOPUCTOTO0 KPEMHHUEBOIO
M3JIENUs; a TAKXKE BHEIIHUX PETyJIHPYEMBIX MMapaMeTpoB CeKaHud. PerieHue maHHOU
3a/layd HEBO3MOXXHO 0€3 TEOPETHUYECKOr0 aHajlM3a W YKCIEHHOTO MOJIEIHPOBAHUS
MPOLIECCOB HArpeBa M peakMOHHOTO CUHTE3a HUTPUJOKPEMHHUEBBIX U3EIHIA, KOTOPBIE
MO3BOJISIIOT ~ CYIIECTBEHHO  COKPATUTh WM  IOJIHOCTBIO  3aMEHHUTh  CEPHIO0
JOPOTOCTOSIIIIMX 3KCHEPUMEHTOB. B cBsizu ¢ 3TuM, B pabore Obuia pazpaboTaHa
(u3MKo-MaTeMaTUYECKass MOJENb M IMPOBEACHbl YMCIEHHBIE PacdeThl PEAKIIMOHHOTO
CIEKaHUsl TOPOIIKOBOTO MEJIKOJUCIEPCHOTO KpeMmHHs B armocepe azora. Ilpu
MOJICJIMPOBAaHUM PEAKIIMOHHOTO a30TUPOBAHUS KPEMHHS YUUTHIBAIUCH (U3NYECKUE
IPOLIECCHI TEIUIO- U MACCONEPEHOCA BEIECTBA, ra30MHAMUKA, & TAK)KE IeTepOreHHas
KPUCTAJUIOXUMHUYECKAsT PEAKLUS MEXIY aTOMaMHM KpPUCTAJUIMYECKOW PEIIETKH 3€peH
KpeMHHUs M HOHaMu a3oTa. Kak mporekaer mpouecc CMHTE3a HUTPUIA KPEMHUS, €€
HAay4yHOE MMOHUMAaHWE U U3YyYEHHE C MOMOILBI0 MOJECIMPOBAHUS SIBISETCS AKTYaJIbHON
KaK C HAyYHOH, TaK U C MPAKTUYECKOW CTOPOHBI.

CBsi3b TeMbl IUCCEPTALMN ¢ KPYNHBIMH HAYYHBIMHU NMPOEKTAMH U HAY4YHO-
HCCJIeI0BaTeIbCKUMH padoTtamu. PaboTa HEMOCPEICTBEHHO BBINOIHSIIACH B TECHOM
cBsa3u ¢ tematukoil HUP nabopatopuun nopomkoBeix MarepuanoB MHcTUTyTa QU3HKK
uMmenn akanemuka K. KeenbaeBa HammonanbHol akagemMun Hayk KbIprbi3ckoid
PecnyOnuku B Teuenue psiaa aet (¢ 2015 mo 2020 rr.), yrBepxkaeHHbIX [Ipe3uanymom
HAH KP, cormacno mmanam HWP Wuctutyra ¢u3ukum mno nuHUM TOCOIOKETa
Ksipreizckoit PecniyOmuku.

O0beKT HCCIeN0BAHMS — 3aKOHOMEPHOCTH UG Y3MOHHOTO  TEILIo-
MacCONEpPEHOca € PEAKUUMOHHBIM CHHTE30M B IIPOLIECCE CIIEKaHUS KPEMHHUEBBIX
MOPOIKOBBIX U3JIETUHN pa3IN4YHON KOHPUTypaluu B aTMoc(hepe YuCToro a3ora.

IIpenmer ucciaenoBaHusi — BIMSHUE BHEUIHUX IMapaMETPOB U KOH(QUTYypaluu
uzzenuit (pasmepsl 1 popma) Ha KWHETUKY CUHTE3a HUTPUIA KPEMHHUSL.

Heanio padoTsl siBisieTCS pa3pabOTKa HECTAIMOHAPHON MOJIETN PEAKIMOHHOTO

a30TUPOBAHUS TMOPOUIKOBBIX M3JAEIMN KpPEMHHUSA pa3IMYHON KOH(Urypauuu B
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atMoctepe aszora. IlpoBeaeHune TEOPETHUECKUX MCCIEAOBAHUNA TIO BBISBICHHIO
KMHETUYECKUX 3aKOHOMEPHOCTEW KPUCTAUIOXMMHUYECKOTO CHHTE3a HUTPUAA KPEMHHS
IIyTEM YHCIEHHBIX pacueToB. Jljid peanu3aluy NMOCTABICHHOW LEIW B AMCCEPTalUU
pelIaIiCh CIEAYIOINE 3aJa4H:

* co3math (QuU3MKO-MaTeMaruyeckyro wmoaens (PMM), omnuckiBarouyro
DBOJIFOLIMOHHBIE IIPOLIECCHI PEAKIMOHHOTO CHUHTE3a HUTpPUAA KPEMHUS B BHJIE
nuQdepeHInaIbHbIX YpaBHEHUN MaTeMaTu4ecKon (PU3HKY;

* IPOBECTU YMCIICHHBIEC PACYETHI PEAKLMOHHOIO CHHTE3a HUTPHUJA KPEMHHUS JUIS
pa3aMuYHBIX ~ KOH(Urypanuil  W3IeIMH  C  HUCHOJB30BaHUEM  COOCTBEHHBIX
AKCIIEPUMEHTAJIBHBIX JAHHBIX PEAKIIMOHHOTO CIIEKaHUs KpeMHHUs B aTMocdepe azoTa ¢
MOMOIIBI0 KoMIuTeKkcHoM rporpammbel COMSOLmultiphysics -5.3;

* BBIIBUTH BJMSHUE BHEIIHMX [apaMeTPOB: TEMIIEPATypbl PEAKIIMOHHOIO
CIEKaHMs, JaBJCHUs Tra3a B DJJEKTPONEYH, a TakKe pa3sMEpoOB M3JAEIUM Ha
ABOJIIOLMOHHBIA TPOLECC PEAKIUOHHOTO CHEKAHWS W ONPENEeIUTh ONTHUMAalbHbIC
3HAYEHUS JUIMTEIbHOCTH, CKOPOCTH, MHTEHCHUBHOCTH U PAaBHOMEPHOCTH IMPOTEKAHUS
CUHTE3a HUTPUAA KPEMHHUS.

Hayynassi  HOBM3HA  NOJIyYeHHBIX  Pe3yJbTATOB  JIUCCEPTALMOHHOIO
UCCJIEIOBAHUS 3aKIIFOYAETCS B CIAEAYIOIIEM:

* BIEpBble pa3paboraHa HectauuoHapHas OMM peakIMOHHOrO CHHTE3a
HUTpUZA KPEMHHUA Uil OnucaHus JAU(PPy3MOHHO-PEAKIMOHHOTO a30THPOBAHUS
KPEMHHUS PU BBICOKUX TEMIIEpaTypax CIeKaHusl KpeMHUs B aTMoc(epe a30Ta;

* BIIEPBBIC NPOBEJCHBI YUCIEHHBIE PACUEThl KNHETHKHM IIPOLIECCAa PEAKIIMOHHOTO
a30TUPOBAHUS TMOPUCTBIX KPEMHUEBBIX HW3ACIUN PpPA3IMYHON KOHPUTYpauuu B
aTMoc(depe a3oTa C yueToM KHYICEHOBCKOU nuddy3uu;

* NIpou3BEeJeHa KOMIIBIOTEpHAsl peanu3alus Ta30-TBEPIOTENbHON peakluu B
Mpoliecce CIEeKaHWsl MOPOIIKOBOTO KPEMHHEBOrO H3Aenus B arMocdepe azora ¢
MIPUMEHEHUEM TaK Ha3bIBAEMOU npomescymouHou Mooenu;

* ONPENIEIICHBl KNHETUYECKUE 3aKOHOMEPHOCTH ITPOLIECCA PEAKIITMOHHOTO CUHTE3a
HUTPHUJIAa KPEMHHS [UIsl TOJCTOCTEHHBIX W TOHKOCTEHHBIX u3aenuil. OnpeneneHbl
MOMEHTBI BPEMEHH M MAKCUMAaJIbHbIE 3HAYEHUS TEIUIOBOM SHEPTUH, BBIACIISIOLIUECS B
IpoLECCe 3K30TEPMUYECKON PEAKLIMK HUTPUAA KDEMHMUS;

* OIIpEJEIIEHbl 3HAYEHUS JJINTEIbHOCTH, CKOPOCTH, NHTEHCUBHOCTH MTPOTEKAHUS
PEAaKIIMOHHOIO CHHTE3a HUTPHUAA KPEMHUS Ui 3aJaHHBIX TEMIIEpaTyp M BPEMEH
BBIIEPKEK PEAKLIMOHHOIO CIIEKaHMs, OT TEMIIEPATypbl, U3MEHEHHI JaBJIEHUS a30Ta B
AIIEKTPOTNEUH, OT KOHPUTYPALUU U pa3MEPOB U3ICIUH.

JlocToBepHoCTh pe3yabTaTOB (OCHOBHBIE PE3YJIbTAThl UYHCICHHBIX PACUYETOB
MOJIYYEHbl C MPUMEHEHUEM METOJIOB TEOPETHYECKON M MaTeMaTH4YecKOW (PU3MKH, C
UCIOJIb30BaHUEM TeopHuH U PEepeHIINaNTbHBIX YPABHEHUH, KOPPEKTHO MOCTABIECHHBIX
3aady M METOAOB allpokcuMauuud AuddepeHuuanbHblX YpaBHEHUHM U UX
UTEPALIMOHHOTO MeTo/a pelieHus. J[0CTOBEpHOCTh pacUETHBIX pPE3YJbTATOB TaKkKe
NOJATBEPKIAAETCS yIOBJIETBOPUTEIBHON CXOAUMOCTbBIO u KOppeTsiLueH,
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COTJIAaCOBAaHHOCTHIO M COBMAJCHHEM, PACUCTHBIX 3HAYEHUW C JAHHBIMH COOCTBEHHBIX
SKCIEPUMEHTOB IO CHUHTE3y HUTpUJa KpemHus. B kadecTBe UHCICHHOU
XapaKTEPUCTHKHU JIOCTOBEPHOCTU PE3YyJIbTAaTOB MCIOJIb30BAIACH BEPOSITHOCTh TOrO, YTO
dakTHuecKash TOTPEIIHOCTh HE BBIXOJUT 3a IMpeAesibl HMHTEPBAIOB, KOTOPHIE
00yCIJIOBIIEHBI BBIUMCIUTENBHON MOTPEUTHOCTHIO.

I[IpakTHYeckasi 3HAYUMOCTDb MOJIy4Y€HHBIX Pe3yJbTATOB.

[Toy4yeHHbIe pe3yabTaThl UMEIOT MPAKTUYECKYIO 3HAYMMOCTh B 00J1aCTH (DU3UKU
KOHJICHCUPOBAHHOIO COCTOSIHUS M (U3MUECKOro MaTepualioBe/eHus. MojelbHbIe
UCCJIEIOBAHUSI MOTYT OBITh MCIIOJIB30BaHbI B 00PA30BATENLHOM MPOIECCE MATUCTPOB U
acriupanToB B npoduibHbix BY3ax mo aucuuMmimHaM —MOpPOIIKOBBIE MaTepHallbl U
¢uszuku TBepmoro Tena. I[lpencraBieHHas paboTa  SBIAETCA  TEOPETUUECKUM
MCCJIEI0BAHUEM, TTO3BOJISIIOLUMM B allpUOPHU ONPENEIUTh ONTUMAJIbHBIE TEMIIEPATYPHO-
BPEMEHHBIE PEXXUMBI PEAKIIMOHHOTO CIIEKaHHUs MOPOIIKOBOrO KpeMHHsS B aTMocdepe
azota. YucneHHbIE pacyeThl HANpaBICHbl HAa BBISBICHHWE HaW0OJIee ONTUMAJbHBIX
PEXKHMMOB PEAKIIMOHHOTO CHHTE3a HUTPHUAA KPEMHHUSI TPU KOTOPOM (PopMHUpYyIOTCS
3a/laHHble  (PUBUKO-MEXAaHMUYECKUX CBOMCTBAa KepaMHKU. Pe3ynbTaThl UYMCICHHBIX
pacyeToB IO3BOJSIIOT CYLIECTBEHHO COKPAaTUTh JOPOTOCTOSAIIMN HKCIIEPUMEHT I10
ONPENEIICHUI0 TEXHOJOTMYECKOIO0 pErjiaMeHTa [iJisi IIOJIHOTO CHUHTE3a HUTpUAa
KPEMHHUSL.

OCHOBHBIE M0JIO2KEHH S JUCCEPTALMH, BBIHOCUMbIE HA 3aLIUTY:

1. ®uszuko-maremMatnyeckass MOJENb, OINKCHIBAIONIAS IPOLECC PEAKIMOHHOTO
CIIEKaHMsI TIOPOIIKOBBIX KPEMHHUEBBIX M3ENNil B aTMOCc(hepe azoTa.

2. Pe3ynbTaThl KOMIBIOTEpHOW peanmu3zanuu OMM u aHaIN3 YHCIEHHBIX
pacueToB i MOPOLIKOBOTO IMWJIMHAPUYECKOTO M3IEHUs U APYTruxX KOH(UTryparui
(bopm u pazmepoB) uzaenuii. OCOOEHHOCTH IBOTIOLMOHHOTO MPOIECCa PEaKIIMOHHOTO
A30TUPOBAHMS TMOPOIIKOBOTO KPEMHHUEBOTO M3JENHs MOpUCTOCThIO 30% pasznuuHou
KOH(purypauuu B armocdepe azora.

3. Kunernueckue 3aKOHOMEPHOCTH PEAKIIMOHHOTO CHHTE3a HUTPUJIA KPEMHUS Y
TOHKOCTEHHBIX U TOJICTOCTEHHBIX MOPOIIKOBBIX KPEMHHUEBBIX WU3/ICIIHI.

4. 3aKOHOMEPHOCTH BJIMSIHUS TEMIIEPaTypbl PEAKIIMOHHOTO CIIEKAHUS, AaBJICHUS
rasza B 3JIEKTPOIICUH, a TAKKE Pa3MEPOB U3JIEIINI MO3BOJIIONIUE YIPABIATH MIPOLIECCOM
PEaKIMOHHOTO CIIEKaHWs ¥ B AalpuOpU ONPEACNSITh ONTUMAJbHbIC 3HAUYCHUS
JUTUTEIBHOCTH, CKOPOCTH, WHTEHCUBHOCTM M PABHOMEPHOCTHM MPOTEKAHHS CHUHTE3a
HUTPHUIA KPEMHHUS.

JInunblii BKJIAA couckaTedasi. ABTOpP pabOThl HEMOCPEICTBEHHO MPUHUMAT
COBMECTHOE YYacTH€ BO BCEX CTaJMSIX HAYYHOrO UCCIEIOBaHUsA, HayuHas C
(bOpMYJIUPOBKU TEMBI JTUCCEPTALIMOHHOM pabOThl M €€ IUIAHUPOBAHUS, a TaKXKe B
NOCTAHOBKE 3a/1ad MCCIEIOBaHUS 10 KOMIIBIOTEPHOW peajau3allud ¢ aHaiu3a
MOJIYYEHHBIX pPe3ynbTaToB. WHTepnperanuio pe3yabTaTOB M HANMMCAHUE HAyYHBIX
crtatell ObUIM TPOBEJAEHHI COBMECTHO C HAy4YHBIM pyKoOBoauTeleM JI.¢.-M.H.,



npodeccopom H.K. KacMaMbITOBBIM U CTapIIUM HAayYHBIM COTPYJHUKOM J1a00OpaTOpUU
nopoikoBbix MatepuanoB Mucturyra pusuku HAH KP k.¢d.-m.1. H. K. KaiipbieBbim.

AnpoGanuu pe3yabraToB aAuccepraumu. OCHOBHBIE peE3ylbTaTbl aBTOP
omyOJIMKOBaJ B COaBTOPCTBE Oojiee 15 HaydHbIX pabOT B pelEH3UPYEMBIX KypHaiIax
BAKa Poccuiickoii ®eaeparuu, B )xypHanax PUHI] ¢ umnakt-pakropom cBeiie 0,2 B
xypHanax Muacturyra ¢usuku HAH KP u pecnyOnukaHCKMX Hay4dHBIX KypHajgax ¢
HEHYJIEBBIM UMITakT-pakTopom, BXoasmue B PUHII,

OcHOBHBIE MOJIOKEHUS U PE3YIIbTaThl TUCCEPTAMOHHON PaOOThI 0OCYKIaTUCh U
JOKJIa/IbIBATTUCH (OYHO M 320YHO) HA CIAEAYIOIIMNX MEXIYHAPOIHBIX KOHPEPECHITUX.

Ha XIlI-MexnyHapoaHo# HaydyHO-TIpaKTHYecKo KoH(pepeHnu «CoBpeMEHHbIE
TEHJICHIIUU Pa3BUTHUS HAYKHU U TEXHOJOTHi» . benropon, Poccus, 30-anpesns 2016 r.

Ha [lI-MexnyHapoqHoil Hay4YHO-TIPAaKTUYECKOM KOH(PEPEHLMH, MOCBSIIICHHON
namatu C. @. Koaneckoil (MexnyHapoJHble Hay4yHbIE YTEHMs) MOJ MaTPOHAKEM
EBpomneiickoro ¢onna maHOBanmmoHHoro passutus (Science LABGroup) r.Mocksa,
Poccusa, 19 centstOps 2016 r. Ha MexnyHapoaHoil HaydyHOM KoH(pepeHUuu
«HpOpMaLIMOHHBIE TEXHOJOTMM M MaTEMaTUYeCKOE MOJIETUPOBAHUE B HAayKe,
TeXHUKEe U oOpa3zoBanum», nocesmieHHon akagemuky HAH KP A. XK. XKaitnakosy, -
r.bumkek, Keipreizcran,- 6-8 okts6ps 2016 r. Ha MexyHapo1HOM OTKPBITOM IKOJIE-
koH¢pepenuuu crpadn CHI' «YbTpamenko3epHUCTbIE U HAHOCTPYKTYPHBIE MaTepUab»
r. Ya, Pecnny6nuka bamkoprocran, Poccus, 8 oktsiops 2017 r.

Ha XIII — Mexnaynaponnoit HayuHoi koHdpepeHnn «Dusuka TBEPAOro Teay,
nocBamEéHHoO  20-netuto  EBpa3uiickoro  HalMOHAIBHOIO  YHUBEPCUTETA WM.
JL.H.I'ymunesa, r.Acrana, Kazaxcran, 26-28 anpens 2017 r.

ITosiHOTA OTpaxkeHUs Pe3yJbTATOB B MyOauKanusax. Matepuanbl HaACTOALICH
JTUCCepTallMM HaIlIM CBOE OTpakeHue B Oosiee 15 cTaThaX, OMyOJIMKOBAHHBIX B
Hay4YHbIX PELEH3UPYEMBIX )KypHasiax U coopHukax PMHII, a Takxe B roloBbIX OTYETAX
HUP naboparopun «IlopomikoBeie matepuansdy 3a 2016-2020rr. B Ud HAH KP.

Ctpykrypa u o0bem auccepramum. JluccepranuonHas padoTa COCTOUT U3
BBEJICHUSI, TOCTAHOBKH 3aJ1a4ul UCCIEAOBaHMs, 3 TJIaB, BBIBOJIOB, CIIUCKA JIUTEPATYPHI U
npwiokenus.  O0muii 00BEM paboThl cocTtaBisier 156 crpanun, Bxmodas 39
PUCYHKOB, S TaOJIHII, CIIHCKA UCTIOIb30BAaHHON JTUTEPATYPHI N3 83 HAMMEHOBAHUH.

KPATKOE COAEPKAHUE JUCCEPTALINA

Bo BBeeHuM 060CHOBaHa aKTyaJbHOCTh TEMbI quccepTaiui. KopoTko onucansl
OOBEKT M MpeAMET HCCIEeNOBaHUs, JlaHa HaydHash HOBHU3HAa paboThl, OOCYXKIeHa
Hay4yHas M MPaKTUYECKash 3HAYMMOCTh AMCCEPTAIIMOHHOW paboThI, CHOPMYIUPOBAHBI
OCHOBHBIC TTOJIOKECHUSI, BHIHOCUMBIC Ha 3aIIHTY.

B nepBoii riiaBe MpoBeCH aHAIUTUYCCKUI aHAHN3 JIUTEPATYPHBIX JAHHBIX KaK
110 TEOPETUYECKUM, TaK M TI0 IKCIIEPUMEHTAIBHBIM aclieKTaM, CBSI3aHHBIE C TEMAaTUKON
HACTOSILEH JHcCepTallMOHHOM paboThl. OmnpeneneHbl OCHOBHBIE TEXHOJOTHYECKHE
PEXKHUMBI U OCOOCHHOCTH TIpoliecca (OPMUPOBAHUS HUTPHIA KPEMHHS B TIpOIECCEe
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PEaKIMOHHOTO CIIEKaHWs KpeMHHUsT B aTtMocdepe 4YHCTOro a3ora. BwigeneHsl u
0OCY>KJIEHbl OCHOBHBIE aCEKThl M (PU3NUECKHE SBICHUS, UMEIOIIUE MECTO B IIPOIECCE
PEaKIMOHHOTO CIEKaHUsl TOPOIIKOBOTO KpeMHHUS B aTtMocdepe azoTa. OmnucaHbl
OCHOBHBIE 3aKOHOMEPHOCTH (POPMHUPOBAHUS MHUKPOCTPYKTYPbl HUTpHUJIAa KPEMHUS
MOCJIE PEAKIIMOHHOTO CUHTE3A.

Kpucramioxumudeckuid CHHTE3 KpEMHHsS C a30TOM IIPEJCTaBIIAeT COOOM
TETEPOrCHHbIA  PEAKIMOHHBIM  MPOUECC,  MNPOTEKAIIMN  MEXAY  TBEPIABIM
KPUCTAUTHYECKAM BemecTBOM Si ¥ npoaudpyHAupyrOMMU aToMaMH  a30Ta B
KPUCTAJUIMYECKYIO PEIIETKY KPEMHHS, U B UTOT€ B MPOJYKTE pPEakiuu oOpaszyeTcs
HOBOE KPHUCTAILTHYECKOE CoeTMHEeHNE B BHIE SizNy:

3Si+2N2:Si3N4+Q,
rae Q — BbleNIeHHAs TEIJIOTa B pe3yabTaTe MPOTEKAHMs PEaKIUu.

KopoTko npoananu3upoBaHbl U OMMCAaHbl BO3MOXHBIE (PU3UKO-MATEMATHUYECKHUE
MOJIEJIH, OMHUCHIBAIOIINE MPOLECCHI, MPOTEKAIOIIUE B Ta30-TBEPIOTENbHBIX PEAKIUAX.
PaccmarpuBaroTcsi TpM OCHOBHBIX BHJA MOJENEN MO ra30-TBEPAOTEIbHBIM PEAKLIUAM:
HEOJHOPOJIHAsA, OTHOPOIHAS U TPOMEKYTOUHAS MOJIEIH.

Ha ocHoOBe nmpoaHaan3upoBaHHOTO JIUTEPATYPHOTO MaTepuaia chopMmyIupoBaHa
MIOCTAHOBKA 3aJlayd UCCJENIOBAaHUS — pa3paboTaTh (U3HKO-MATEMATHYECKYI0 MOJEIb
PEaKIMOHHOTO CHHTE€3 HUTPUJA KPEMHUS M MPOBECTH UHCICHHBIE pPACUETHI IS
paznuYHBIX (HOPM U3JEINN TPUMEHSEMbIE B IMPOMBIIUICHHOCTH C HCIOJIb30BaHHUEM
JTAHHBIX COOCTBEHHBIX IKCIIEPUMEHTOB.

Bo BTOpOIi ri1aBe paccmaTpuBaeTcs pa3padoTaHHAsi HAMU TpexMepHas (PU3UKO-
Marematuyeckas Mojaenab(®@MM), mo3BoJMBIIAsS JOCTOBEPHO OMHUCATh MPOIECC
PEAKIMOHHOTO CHEKAHUsI KPUCTAIMYECKOr0 KPEMHUSI B aTMoc(epe a30Ta METOAAMHU
YUCJIEHHOTO peIlIeHus cuctembl AuddepeHInanbHbIX ypaBHEHUM, U  BBISIBUTH
KHMHETUYECKHE 3aKOHOMEPHOCTH BBICOKOTEMIIEPATYPHOTO CUHTE3a HUTPH1a KPEMHHSI.

[MpencraBnennas ®MM coctout u3 Tpéx muddepeHanbHbIX ypaBHeHH (1),
(2) u (3), KOTOpBIEC pelIATUCh C MOMOIIBIO YUCICHHBIX METOJOB C MPUMEHEHHUEM psijia
npubnuxkeHut U ympoiieHuid. [lo cytu ®MM sBasieTcss HecTarmoHapHOW (HU3HUKO-
MaTeMaTHUYeCcKOi MoJenblo MU Py3MOHHOTO TEMJIOMACCONEePEeH0ca ¢ OTHOBPEMEHHbBIM
PEaKIIMOHHBIM CHHTE30M KPUCTAJUTMYECKOTO KPEMHUS C a30TOM, BKIIOUAIOIIAsi B CeOsI
TPH B3aUMOCBSI3aHHBIX MEXKITy 000 mudPepeHnanbHbIX YpaBHEHUH]:

oT
(pCp)eﬁE=V(/1eﬁVT)+Q-F%’ "
£, 2 —v(D,,Vn)- 2R
ot , (2)
Nsio ﬂ = 3|:%
dt _ 3)



rie Dy - addextuBubii koadduiment auddysun; &£,- HOPUCTOCTH NUIMKEPHOTO
m3nenusi; Cp — yAenbHas TEIIOEMKOCTh MPHU MOCTOSHHOM JAABJIEHHM; O - IIOTHOCTh
a3ora, Ps - IUIOTHOCTH  KPEMHHS;  Agg -  OOQPEKTUBHBIA  KO3(POHUIMEHT
TerIonpoBoaHocTH; Q - TemoTa peaknuu; f - 00bEMHAS MOJSI HUTPUAA KPEMHUS B
m3nenuu; t - Bpemsa; 7 - Temreparypa; F‘% - CKOPOCTb PEAKIIMOHHOTO MPEBPAIICHUSI.

Huddepennmansupie ypaBHeHus (1), (2) um (3) B 4YaCTHBIX MPOU3BOIHBIX
SBJISIIOTCS. COOTBETCTBEHHO: Hepgoe — SIBISIETCS ypaBHEHUEM TEIUIONPOBOJIHOCTH,
KOTOpasi ONHUCBHIBAET paclpejieieHHe TeMIepaTrypbl B 3aJlaHHOW o00yiacTh 00bEMa
u3nenus u e€ W3MEHCHHE BO BPEMEHH, 6Mopoe - ATO YpPaBHEHHE HEMPEPHIBHOCTH
MOTOKa ra3a (a30Ta) B KPEMHHEBOM W3JCTHUH; mpembe- YPAaBHEHHE OIMUCHIBAIOIIEE
M3MCHEHUE KOHIICHTPAIIMA aTOMOB a30Ta B KPEMHHEBOM HW3JCIUHA B PE3yIbTaTe
mpolecca a30TUPOBaHUs ¢ 00pa30BaHUEM HUTPHUIA KPEMHUSI.

OO6pa3zoBanue O0OBEMHON JOJMW HUTPHIA KPEMHHS B TPOIECCE PEAKIIMOHHOTO
CHUHTE3a B INIUKCPHOM H3JCIMH W COOTBETCTBCHHO KOHIICHTPAIIMA aTOMOB a30Ta,
KPEMHHUS, a TaKXe KOHIICHTpalMus HUTPUAA KPEMHHS B H3JCIUU OLEHUBAINCH
COOTHOIICHUSIMHU:

SnSiN n

f :E nSiN :% f’ nSi :(1_ f)nSiO_ nSiO =

(1—5p)/05i

M (4),
rae N, Ngo, Ngy - COOTBETCTBEHHO KOHIEHTPALMA a30Ta, HadajdbHasi KOHIEHTpALs

Na o 1B —2m&

aTOMOB KPEMHHUS, KOHIIEHTPAIIUSI HUTPUJA KPEMHUS.
CKOpOCTh KPUCTAIOXMMHUYECKOM pEaKIMd MEXAy KpPEMHHEM U a30TOM
ornpeaensoch mo gopmyie (5):

R=a -k-g(f)n. 5)

QO yHKIMOHAJIbHAS BEJIMYMHA g(f) ABJISIETCS] CTENIEHHOU (DYHKIIMEH:

o(1)=(1-1)"

KoHcranTa ckOpocTH peakiuu 3aaaercs o ¢popmyse AppeHuyca:

k=k,-exp _Flizfl'

u

Y,Z[CJ'IBHaSI IMOBCPXHOCTL IMOPOIMIKOBOI'O KPCMHHUCBOI'O M3ACIHA OLCHHMBAJIACh IIO

dbopmye:



I'pannyHble yCJI0BHSI 33al0TCSI MO BCEW MOBEPXHOCTH PaccMaTpUBAEMOTO
U3JIeTUS B BUJIE CIICAYIOIINUX BBIPAKCHHM:

VT =h (T -T,); —DyVn=h,(n-n,); f=1. (6)
rae Tp, Np, - COOTBETCTBEHHO SBJISIOTCS TEMIIEpAaTypol W KOHIICHTpAIMCH a3ora B
xkamepe meun; hr - sddexrusnbii KodQPuument Temnooraaun, (Br/m?K); hp-

K02 PUIMEHT MaccoOTaauM Yepe3 MOBEPXHOCTh U3IEIHS, (M/C)
HauajbHble yc10BHSA 33/1a10TCS B BUJE COOTHOIIEHUH (7):
t=0:T(r)=T,; n(r)=ny(r) =kp—°, Po ~10°° I7a; f (r)=0. (7)
TO

BricokoTemnepaTypHblid  KPUCTAUIO-XUMHAYECKUN CHHTE3 HHUTPUJIA KPEMHUSA
MPEACTABISIET COOOM Ta30-TBEPAOTENbHYIO PEaKIMI0, NpOoTeKarouas NpPaKTUYECKU
nzorepMudecku. IIpy H30TEPMHUECKMX pEaKUMSIX ONPABAAHO KBa3UCTAILMOHAPHOE
MPUOJIMKEHUE TTPU AHATUTUYECKHUX U YHCIIEHHBIX METOJaX pacyéTa.

Takoe KBa3zuCTalMOHAPHOE MPUOIMKEHUE TMO3BOJIMIO 3HAYUTEIBHO YIPOCTUTH
YHCICHHOC W aHAIMTHYECKOE pelieHne muddepeHnuansabix ypaBaenuit (1-3) B
Hacrosimed OMM. C napyroil CTOpOHBI, ISl AANbHEWIIErOo YNPOUIEHUS PEIICHUS
ypaBHeHud (1-3) HaMu JIONOJHUTENBHO OBLIO MPOBEACHO H30TEPMUYECKOE
npubmkenue. Hapsimy ¢ 3TUM U3BECTHO, YTO Yy OOJIBIIMHCTBA Ta30B U TBEPIBIX
KPUCTAJUIMUECKUX TeJl (PU3MKO-XUMUYECKHE CBOMCTBA 3aMETHO M3MEHSIOTCS C
NOBBIIIEHHEM MX TeMmieparypbl. CienoBaTelnbHO, H30TEPMHUUYECKOE NPUOIMIKEHUE
MO’KET ONpPEEIIEHHBIM 00pa30M OLIYTUMO MCKa3UTh PE3YJIbTAaThl paCUETOB U MPUBECTU
K 3aMETHOM OIIMOKE TOJIBKO B IBYX CIIy4asiX: BO-NIEPBbIX, €CJIM UMEETCS CYIIECTBEHHBIE
IPaJMEeHThl M3MEHEHMs] TeMIEepaTypbl B MOTOKAaX Tra3a a30Ta; M BO-BTOPBIX, €CIU
pa3Mephl y CHEKAIOIIUXCS YaCTUL] MOPOUTMHOK KPEMHUS U3 KOTOPBIX COCTOUT U3JIEIHE
MMEIOT JOCTaTOYHO OoJiblliie 3HayeHus. [l UCKIIOYeHUs TakuX OIIMOOK H
pPacXOXIEHUH B YMCIEHHBIX pacyeTax Ha XapaKTepUCTUKM Tras3a (a30Ta) U Ha
TBEPJIOTEIbHYIO (a3zy(kpemHuii)Takke OBLJIO BHECEHO Ha HUX NPUONIKEHUE, B
YaCTHOCTH, Ha Takue (PU3UKO-XMMHUECKHE CBOMCTBA KaK TEIJIONPOBOJHOCTD, BA3KOCTD,
TEMJIOEMKOCTh, KO3 duiment nuddys3un, KOHCTaHTa CKOPOCTH PEaKIUH, TEIioTa
peakUuu U Jpyrue.

B omnmuum or paHee M3BECTHBIX MoOjelel B Hamie paspadoranHoit MM
JIOTIOJIHUTEIBHO B y4yeT Opanoch Tak Ha3biBaeMas KuynceHoBckas nuddysus.
KnyzacenoBckast auddys3uss — MaccOmepeHoC ra3oB uepe3 CKBO3HbIE (OTKPBIThIC
COOOIIAIONINECS] MHUKPOKAMWUISPHBIE TOpPbI) B TBEPABIX Tenax. V3BeCTHO, 4TO B
IUIMKEPHBIX KPEMHHUEBBIX 00pa3liax MopucToCcTh coctapisieT 31-32%, a y peakinoHHO-
CIIEYEHHBIX 00pa3I0B HUTPHIA KPEMHUS MOPUCTOCTh HE3HAYUTEIIbHO YMEHBIIAETCS U
coctaBisiet~30%. B ciydae eciu mopbl B oOpasiax ObUIM Obl OYEHb Majbl U HUX
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KOJIMYECTBO MaJIO, TO 3TO MPHUBEJIO OBl K CYIIECTBEHHOMY OTpaHU4eHHI0 Tuddy3un
raza(azora) B IIyOb 00bEMa KpHUCTAUIMYECKOr0 0Opa3na KpemHus. M3 mopomkoBoro
MaTEpUaIOBEICHUs HM3BECTHO, YTO 3aKphiTas HE COOOMIAIOMIAACS MOPUCTOCTh B
MOPONIKOBBIX MaTepraiax o0pa3zyeTcsi pu nmopuctoctu Mmenee 12 %.

B nuccepranmonHoi paboTe YMCIEHHbIE PACUEThl IPOBEICHBI C UCTIOIb30BAHUEM
TaK Ha3bIBAEMOM MPOMEKYTOYHOM MOJEIM, MpUMEHsemMas B Ipolieccax ra3o-
TBEPAOTENbHBIX peakiusix. [lo cyiecTBy, mpomMexyTodHass MOJENIb pacCMaTpPUBAET
MOPOIIKOBOE TMOPUCTOE TEJIO B BUAE CIEAYIOMICH YIPOIIEHHON MHUKPOCTPYKTYPHI.
[TopoikoBoe OIBITHOE W3/EUE COCTOMT M3 COBOKYIHOCTH IIAPOBUIAHBIX MHKPO
MOPOIIMHOK kpeMHus. Kaxknast oTaenpHas mapoBUaHasi MUKPO MOPOIIMHKA KPEMHHUS B
CBOIO O4Yepelb COCTOUT M3 Oojee MenbualinX CyO03epeHHBIX KpucTamwioB. [lpu
MPOBEJCHNUN UHWCJICHHBIX pAacuyeToB HaMH OBLIO CHAETaHO e JOMOJHUTEIHHOE
NpUOIMKEHUE, YTO Cy03epHa UMEIOT TOXKE IapOBUAHYIO (hopMy.

Komnrerorepnas peammzannss OMM  no3Bosmina JOCTOBEPHO  pPaCCUMATATH
MPOCTPAHCTBEHHO-BPEMEHHBIE 3aBHUCHMOCTH 3BOJIOIUU TEMIIEPaTyphl M JIPYTHX
MapaMeTpoB, a TAK)KEe M3MEHEHHS KOHIICHTPAIMH a30Ta BHYTpU 00bEMa KPEMHHEBOTO
HWIMHIPUYECKOTO U3JIENHSI C peaKIIMOHHBIM 00pa30BaHUEM HUTPUJA KPEMHUS BO BCEM
o0BEME U3aenusl.

B Tperbeii riaBe mpeICTaBICHbI pE3yJNbTaThl U OOCYXICHBI UHCIICHHBIC
pacueThl PEaKIMOHHOTO CUHTE3a HUTPUAA KPEMHUS JUIsl pa3IMuHbIX (OPM U pa3MepoB
U3JIeNM, IPUMEHSIEMbIE B Pa3IMUHbIX cepax mpoMelnuieHHocTH. Ha pucynke 1 a,0.
MPEJICTABICHbl PE3yNbTaThl YHCIEHHBIX PAcyeTOB PEAaKIMOHHOTO CHUHTE3a HUTPHUIA
KpEMHUS JIs1 KPEMHHUEBOTO U3/1eHs B (POPME CILTOIIHOTO IMIUHAPA.

e (Molm®) P (Molim®)

— z=h/2 (center)
[ — z=1.25*h2

8
| r/R=0

5

alfl — z=1.542
2

0

8
Bl — z=hr2, r/R=0.25
2l — z=hr2, rR=0.50
2=h/2, IR=075
21| — z=hr2, rR=1

0

z=1.75*h/2
—z=h

0 5 10 o 15 20 0 5 10 s 15 20
a) 0)
Pucynok 1 a,0 - I3mMeHeHne MOJSIpHOM KOHIIEHTPAIIUKA MOJIEKYJT a30Ta OT U30TEPMUUYECKOM
BPEMEHHOW BBIIEPKKH HHIHHAprueckoro usaenus (R=0,215 cm, h=4,5 ¢m) B pa3mu4HbIX TOYKaX
paananbHO(a) 1 akcHalbHOM (0) Oceil MOPOIIKOBOTO IIUITHHIIPA.

JIns 4WCIIEHHBIX pAacdy€TOB BPEMEHHOM 3aKOH WM3MEHEHUS TEMIIEPATYPhI
PEAKLMOHHOTO a30TUPOBAHUS U 33JaBacMO€ JABJICHUE a30Ta B KaMepe JJIEKTPOIEYH,
OBLIN B3ATHI U3 COOCTBEHHBIX SKCIIEPUMEHTOB (CM. B TiaBel, puc.1.1.).

B HavanpHBII MOMEHT BpEeMEHHU BBIJIEPKKHA TMpu paboueil TemmepaType

peakumonHoro cnekanuss T=1350°C B kamepy BaKyyMHOM SJEKTPOIIEYM HAITyCKaJCs
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a30T U JABJICHUE MOJJIEPKUBAIOCH MOCTOSIHHBIM P=1,5 aTMm B mpouecce peakimoHHOTO
crekanua. Bumno, uro npu T=1350°C ¢ TeueHmem BbIIEpKKM 4 Yaca aKTUBHO
MIPOTEKAIOT Mpouecchl AUPQGY3un, T.€. aTOMbI a30Ta UHTEHCHUBHO AUPOYHIUPYIOT B
KPUCTAJUNIMYECKUM KPEMHHUI BO BCEX HAMPABICHUAX M B ONBITHOM 00pasiie BO3pacTaeT
KOHIIEHTpaIus azoTa (cM. puc.2 a,0), mpuyeM 1o BceMy 00beMy KPEMHUEBOTO U3IEIIHUA.
AHaIIN3 KpUBBIX MOKA3bIBAET, UTO B MHTEpPBAJIC BPEMEHHU BBIIEPKEK OT 7 10 24 4yacoB
TEMITbl PEaKIMOHHOTO 00pa30BaHMS HUTPHUAA KPEMHUS B PA3IMUHBIX TOUYKAX W3JENHUS
HeoanHakoBa.HanpuMep, B pa3inuyuHbIX TOYKAX [WIMHAPA B PaJIAAIIBHOM HAIpPaBICHUU
0T OOKOBOM MOBEPXHOCTH IIMJIMHJIPA K €€ TJIaBHOM OCH HAOJI0/IAeTCs «PACX0XKICHHUE» B
a30THPOBAHUHU. DTO OOBSACHSAETCS TEM, YTO y IMOBEPXHOCTH 00paslia a30TUPOBaHHUE
HAYMHAETCS PaHbIIE U MPOTEKAET UyTh OBICTpEE, YeM B LIEHTPAJIBHBIX 00JACTAX Y OCH
nuirHapa. M, HakoHen, mpouecce NoJIHOrO PEAKIMOHHOTO a30TUPOBAHMS KPEMHHUEBOTO
HUJIMHAPA 3aKaHYMBAETCS IO BceMy o0beMy IpH Bblaepxkke 24 yaca. B 3TOT MOMEHT
BPEMEHU MOJISIPHAsI KOHIIEHTpPALKs a30Ta MEXKIY OCEBBIM LEHTPOM U MOBEPXHOCTHIO
HUJIUHAPA CTAHOBUTCS OJIMHAKOBOM.

Ha pucynke 2 a,0 moka3aHbl KHHETHYECKHME KpPHUBBIE YHCIEHHBIX pacyeToOB
U3MEHEHUSI MOJISIPHOM KOHUEHTpPAalUM aTOMOB a30Ta B PaJAHalbHON M aKCHUAJIbHOU
HaIpaBJICHUSIX B MWIMHApE. BuaHo, 4yTo Hambosee ObICTPhIMU TEMITAMH PEAKIIMOHHOE
a30TUPOBAHUE IPOTEKAET Y NOBEPXHOCTEH LWJIMHIpPA U CaMble HU3KHE CKOPOCTH B
IEHTPAJIbHBIX O0JACTAX KPEMHHEBOTO IIMIMHIpAa. YMCIEHHBIE pacyeThl TaKke
MOKa3bIBAIOT, YTO Yyxke npu Temieparypax cBoime ~1100 °C nabmromaercs
PEAaKIIMOHHOE Aa30TUPOBAaHUE KPEMHHSA, HO IPOTEKAET OYEHb MEIJIEHHO C HU3KOH
MHTEHCUBHOCTBIO. C poctoMm Temmeparypbl PEAKUUOHHOTO CHEKAHHUS TEMIIbI
a30THUPOBAHMS TOPLUMOHHO BO3PACTalOT M JOCTUTaeT MAKCUMAaJbHOIO 3HAYECHUS B
MoMeHT Bpemenu 20 yacoB nipu temnepatype 1350°C.

Ha pucynke 3 a,0. moka3aHa MOHOTOHHAasi KUHETUYECKass KpuBas
OTHOCHUTENBHOTO YMEHBIIEHUS TNPOLEHTHOTO COACPKAHUS HCXOAHOTIO KOJIMYECTBA
KpPEMHUS B [IWIMHAPE 1O OTHOIIEHUIO K aTOMaM KPEMHUSI BCTYUBIIIHUX B PEaKIIMOHHBIN
cunTe3. M3 kpuBOM BUIHO, YTO MpU BhIACPKKE 24 yaca KPEeMHH B MOJTHOM oOBbeMe
BCTYIAET B KPUCTAIIO-XUMHUYECKYIO PEAKIIMIO C a30TOM, 00pa3yst HUTpu KpemHus. 13
pucyHka 3 0 HarJIsSIIHO BUJTHO, YTO B IIEHTPAIBLHON YaCTH IIWJIMHIPA KPEMHUI B MOMEHT
BpeMeHu 18,3 daca MOJHOCTHIO €mi€é He mpopearupoBai. [l MOJHOro 3aBepIICHUs
CHUHTE3a HUTPHJIa KPEMHHMsSI [0 BCEMY OOBbEMY LMJIMHAPUYECKOTO W3JEIHs TpeOyeTcs
MPOJOJIKATh PEAKIIMOHHOE CIEKAHUSI B TEUECHHE 7 4acOB MPH TEMIIEPATYPE CIEKAHMS
1350°C ¢ mocTOosSsHHBIM JaBJIEeHHEM a30Ta 1,5 aTm.

N3 ananmn3a KpUBBIX YHUCIEHHBIX PACYETOB MOKHO OJJHO3HAYHO YTBEPKIATh, YTO
a30T HauuMHaeT AUQPQPY3UOHHO MPOHHMKATH B KPHUCTALIMYECKYIO PELIETKY Ccy03€épeH
KPEMHHUS, MPUYEM NEPBOHAUYAIBLHO 3TO MPOMCXOAMT B OOJACTAX Y IMOBEPXHOCTEU
OUIMHAPUYECKOTO HW3JENUsl C MOCTENEHHOM WX TPAHCHOPTUPOBKOM B LIEHTpalbHBIC
BHYTPEHHHE 00JIACTH MO COOOIIAIOUIMMCS KaWJUIIPHBIM [TOPaM.
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(dafdt)reae (molim?ls) (dryg/d)eae (molfm?/s)

0 0
-0.1r N h 0.1F N, 1
-0.21 h 021 1
-0.31 7 0.3F 1

05t 1 o5t
06 1 s

08t {1 o8l
DI — z2=h2, rR=0 1 08| —z=hn2 (conten)
41L|— 2=, rR=025 1 a1b|—z=125%n
12+ | — z=h2, rR=0.5 1 -l2p|—z=15n2
ifii =2, IR=0.75 1 ;%-ij 2=175412
Lel|— 7= R |

_1.6k . . I = -16H L : :
0 5 10 15 20 0 5 10 15 20
n)

t
a) 0)
PucyHnok 2 a,0 -DBomonus CKopocTH peakiuu asotupoBanus (R=0,215 cm, h=4,5 cm) B
Pa3TUYHBIX TOUYKAX HUIUHAPA: a) B pauaIbHOM HAMPABICHUH OT OOKOBOI IOBEPXHOCTH K
OCH IIWINH/pA, 0) B HAIIPaBJICHUH TJIAaBHOW OCH LIWJIUHIPA.

Nsi/Nsip at t = 1§ﬁ3 h
0.02

NsilNsip (%)

90
80
701
60
50
40
301
201

101 1
Y
ok . . \I/'X

Pucynok 3 a,6 - OTHOCHTENEHOE U3MEHEHUE COJIEPKaHUs OOIIEro KOJIM4YeCTBa aTOMOB
KpEMHHUS B MIPOLICHTAX, HETIPOPEArupOBABIINX C a30TOM B KPEMHUEBOM 00pasIie: a)
KUHETUYECKasl KpUBasi OT BPEMECHH BBIJICP)KKH PEAKIIMOHHOTO a30THPOBAHUS; 0)
MIPOCTPAHCTBEHHOE TIepepacIpeiesieHue MOJIIPHOW KOHIIGHTPAIIMH aTOMOB KPEMHUS,
COOTBETCTBYIOILIas MOMEHTY BpeMeHH 18,3 u.

YuclieHHbIE pacyeTbl PEaKUMOHHOTO CHUHTE3a HHUTPUIA KPEMHHUS TO3BOJIAIOT
HaOII01aTh JBMKEHUE (PPOHTA MHTEHCUBHOTO PEAKIIMOHHOTO (POPMHUPOBAHUSI HUTPUJIA
KpPEMHHUS, KOTOpBIN TepEeMEIIaeTCsl C TPUIIOBEPXHOCTHBIX CJIOEB BO BHYTPEHHHUE
LEHTpaJIbHbIE 00JIACTU U3JIEITUSI.

Ha pucynke 4 a,0. mokazaHo pacnpeieJieHue TeMIepaTypbl B MOMEHT BPEMEHH
t=18,3 4. mpolecca peakUUOHHOTO Aa30THPOBAHUS KpPEMHHS BO BCEM 00beMe
MOPOIIKOBOTO UWIMHApPA. YHWCIEHHBIE pacyeThl IOKa3bIBalOT, YTO B HWHTEpBAJe
temriepatyp crekanus ot 1150°C mo 1350°C memneHHO HauyWHAETCS HAOIIOMATHCS
pa3Hunla B Temmeparype (Ha puc. 4 a. - CHHSIS M 3€J€Has KpPHUBBIE) MEXIY
MOBEPXHOCTHIO [IWIMHAPA U €€ LIECHTPAIbHOM YacCThIO.

ITpu temneparype 1350°C naunHasi ¢ BpeMmeH Bbiaepxkek 16,5 4. go 21,5 4. 310
pa3HMIIA B TEMIEPAType JOCTUTACT MaKCUMAalbHBIX 3HaueHuit 8+9°C. DTOoT (akT
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CBA3BIBAETCS C IONOJHUTEIBHBIM BBIICJIICHUEM TEIUIA M3-3a IK30TEPMUUYECKON peakuuu
CUHTE3a HUTPUAA KPEMHHUS.

Ha pucynke 5 a,0 COOTBETCTBEHHO IOKa3aHbl PAacueTHbIE KPUBHIE CKOPOCTH
PEaKIMOHHOTO Aa30TUPOBAHMS U MOUIHOCTH TEIUIOBBLACIEHUS B LUJIMHIPUYECKOM
oOpasue. CKOpOCTh PEaKLMOHHOIO a30THPOBAHMs YBEIMUYMBAETCS B HANPABICHUH OT
HOBEPXHOCTU K BHYTPEHHUM YaCTAM LWIMHIPA U JOCTUTaeT HauOOJbIINX 3HAYCHUN B
LEHTPE LUMWIMHJIPA 3TO 00YCIOBJIEHO, BBIACIEHUEM JOIMOJHUTEIBHOTO TEIUIA BO (PPOHTE
HK30TEPMHUECKOIN pPEaKIINH.

13501
13001

T(°C) at t=183h
0.02 i

A 1359.7
12501

12001
11501

1359
1358

1357

11001 1356
1355
1354
1353

1352
V¥ 13519

10501
1000F
950F
900

_ V.\I_,x

Pucynoxk 4a,6.-Pacnipenenenue temneparypsl Ha HIOBEPXHOCTH U BJOJIb TJIABHOM
OCHULIMJTMHIPUYECKOTO U3JIEIHSB 3aBUCUMOCTH OT BPEMEHH BBIACP)KKU: a) (CUHSS U 3eJIeHas
KpPHUBBIE COOTBETCTBEHHO U3MEHEHUS TEMIIEPATYPHI B LIEHTPE U Ha MIOBEPXHOCTH LIWJIMH]IPA);
0)IIPOCTPaHCTBEHHOE pacIpe/iesIeHue TEMIIEPATyphl B IPOLECCE CUHTE3a B MOMEHT BPEMEHU

t=18,3 u.

KonmnenTtpanus azora B a1000M 3aJJaHHONM TOYKE BHYTPU KPEMHHEBOTO W3JETUS
ompenensiercss ABYMs  IpoLeccaMHM, a HMEHHO: IPOLIECCOM  PEaKIMOHHOTO
a30TUPOBaHUS M JU(PPY3MOHHBIM MEPEHOCOM aTOMOB a30Ta B KPUCTALIUYECKUN
KPEMHHI C TMOBEPXHOCTHBIX 00JIacTeii BO BHYTPEHHHE O0JAaCTH LMUIMHAPUYECKOTO
U3JIETU.

B MOMEHT paBeHCTBa CKOPOCTEH 3THX JBYX IMPOLECCOB KOHIIEHTPALMs a30Ta
JIOCTUTAaeT CBOETO MHHHMAJIbHOTO 3HadeHus (cM. puc. 2.a,0). B mpomexyTkax
BPEMEHH, TJIe€ TeMIepaTypa a30Ta B MEYM IMOJJICPKUBACTCS MOCTOSHHOW (Ha puc. 1,
BBIJICPKKH B UHTEepBaJIaxX BpeMeHu t=[2+3]u, [5+6]4, [8+9]4.), CKOPOCTH PEAKITMOHHOTO
a30TUPOBAHUS OYEHb HU3Kas. JTO CBS3BIBACTCS C HEIOCTATOYHBIM TU(DPY3HOHHBIM
HACBIIIEHUEM KPUCTAJUIMYECKOW PEIIeTKH KPEMHHUS aTOMaMHu a30Ta, O0YCIIOBIEHHOE
[IUKJINYECKUM TIOHW)KCHUEM JIaBJICHUS a3oTa 1o 1,25 atM B kamepe medd, KoTopas
yepe3 MPOMEKYTOK BPEMEHHU OIATh JOBOAUTCS 10 Aasienus 1,5 atm.Hecmotps Ha 3T0,
KOHIIEHTpAIMsl a30Ta MOHOTOHHO YBEJIMYMBAETCS MO BCEMY CEUCHHIO M3JENUs HU3-3a
npeobsananus nporecca Tuddy3noHHOro MaccomepeHoca a3oTa B KPUCTALITHYECKUN
KPEMHHUI HaJ pEaKIMOHHBIM a30THpoBaHuEeM (cm.puc. 2a,0). M3-3a BBICOKOH
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TEIUIONPOBOJHOCTH HUTPUIA KPEMHHS PACIPEICICHUE TEMIIEPATypbl IO BCEMY
CEUYCHHIO OoO0paslia SBISETCS NPAKTUYCCKH OJHOPOIAHBIM U TIPOIECC PEAKITMOHHOTO
a30TUPOBAHMS OTPAHUYUBACTCS TOJBKO TU(PHY3NOHHBIM MIEPEMEIICHIEM aTOMOB a30Ta
B KPUCTAJUIMYECKUNA KPEMHHUM.

dNy,/dt (mol/h) Qreac (W)

26F
241
225
207
181
16|
141
12F
10

-0.021
-0.04r
-0.06
-0.081

S0.1F
-0.121
-0.14r
-0.161
-0.181

02k
-0.22r
-0.24k |

[=
T

0)
Pucynok.5 a,6.- BpemeHHbIe 3aBUCUMOCTH CKOPOCTH PEAKIIMU a30TUPOBAaHUS KpeMHUS (a) U
MOIITHOCTH TETUIOBBIJEICHUS(0) MPU PEaKIIMOHHOM CIIEKaHUU KPEMHUS B CpeJie a30Ta.

Ecnu ynnuHuTh HCXOAHBIN pa3Mep HMIJIMHIPUYECKOTO U3JIeTUs PUOIU3UTEITHHO
B 4,44 pa3za, T.e. BbIcOTY muiuHapa 10 h=20 cM nipu ToMm ke 3Ha4YeHuH paauyca R=2,15
CM, TO €ro0 yJelibHasi MOBEPXHOCTh YMEHbIIUTCS Ha 25 %. [y 3TOro ciaydasi, 3Ha4eHUS
pacyeToB  MHTEHCHUBHOCTH  TOToka  AubyHIUpYyOIMMX  aTOMOB  a30Ta B
KPUCTAUIMYECKAN KPEMHHUM YMEHBIIAIOTCA B COOTBETCTBYIOIIEH IPOIMOPIUUA MPU TEX
K€ 3HAUCHUSX [JaBJICHUS a30Ta B KaMmepe dJeKTporieud. B pesynbrate yBeIUMUEHUs
oO0bemMa wu3nenus ud(Y3MOHHBIA TIPOLIECC a30TUPOBAHUS y TMOBEPXHOCTH U
COOTBETCTBEHHO MPOHUKHOBEHHE aTOMOB a30Ta B IIyOb 00ObeMa U3JENus MPUBOJUT K
YBEJIMUEHUIO BPEMEHU a30TUPOBaHUsA Ha 2 dYaca IO CPaBHEHUIO C HCXOIHBIMU
pasMepamu nuauHapa h=4,5cwM.

[Ipy 5TOM MakCMMAaJIbHBIN TEPEINA TEMIEPATYPHI B U3ACIINH, BOZHUKAIOIIMMN 3a
CYET BBIJICTICHUSI SK30TEPMHUUYECKOTO TeIla B MPOIECCe PEaKIUi OCTACTCS TaKOU ke U
cocrtapisieT ~9°C.

Ha pucynke 6 a,0. moka3zaHO 3aKOHOMEPHOCTh YMEHBIICHHS] OTHOCHUTEIHHOTO
COJIEp’KaHUSl HE MPOPEArupoOBABIIMX ATOMOB KPEMHHS C a30TOM B LIMJIMHAPUYECKOM
oOpasiie o paguaibHOMYy(a) U akcuambHOMY (0) HampaBJICHUSM B 3aJaHHBIX TOYKaX
uuivHapa. BugHo, 4To B MHTEpBanie BpeMeHM OT1S5 10 22 yacoB BBIAEPKEK, KOTaa
nocturaroTesi  Beicokue Temmeparypsl  1280-1350°C  cmekaHuss KOJUYECTBO HE
MPOPEArupoBaBIIMX ATOMOB KPEMHHUSI YMEHBIIAIOTCI MOHOTOHHO BO BCEX 3aJaHHBIX
Touykax oObeMa IWIMHIApPA. B HEHTpadbHBIX YACTAX MHJIMHIPA TEMITBl YMEHBIICHUS
OTHOCHUTEJILHOTO KOJINUECTBAa HEMPOPEArupoBaBIIETO KPEMHUS 3aMETHO MEHBIIIE, YEM B
MPUIIOBEPXHOCTHBIX 00JIACTSIX HWJIMHJPA.
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PucyHnok 6 a,0. - DBOIOIUS OTHOCUTENIBHOM KOHLEHTPALMN HE IPOPEarupoBaBIINX aTOMOB
kpemuus B mwmHape (R=0,215 cMm, h=4,5 cM) B pa3HBIX TOYKaxX paJuaIbHOM (a) ’
aKcHaJIbHOU oceit (0).

Takke MNPENCTABISIO HHTEPEC U3YUYUTh BIUSHHUE BHEUIHUX MapaMETPOB:
TeMIepaTyphl CIIEKaHUs, TaBJICHUS ra3a U pa3MEpOB U3JE/INsS Ha PEAKIMOHHBIN CUHTE3
HUTpuga KpemHus. Ha puc. 7 a-B mpuBefeHbl pe3ysbTaThl UYHUCICHHBIX PacyeTOB
peakmoHHOTO crnekanus npu temneparype T=1320°C B MOMEHT BPEMEHM BBIIEPKKU
18,5 yaca Ha mpuMepe CIUIOIIHOTO MapaUleienuiea ¢ pa3MepaMu: Beicota h= 6 cMm,
mypuHa =4 cM, TomnmHa b=2 cM. BuaHO, 94TO ¢ pOCTOM TeMIepaTyphl PEaKIIMOHHOTO
ciekanusi ¢ 1100°C go 1300°C Temmbl peaklIMOHHOTO a30TUPOBAHMSI BO3PACTaIOT.
Hanpumep, nns napamienenunena TOIIUHON 1 ¢cM Mpu MOCTOSHHOM JaBJICHUH ras3a B
Kamepe peakTopa paBHOM P=1 aTt™m npu temnepatype peakuroHHoro crnekanus 1300°C
MOJIHOE MPEBPAILEHUE KPEMHUS B CPEJI€ a30Ta B HUTPUJ KPEMHHUS 3aKaHUMBAETCS Ha 2
yaca paHbllle IO CpaBHEHHIO C Temmeparypoil crnekanus 1200°C. C yBennueHuem
JaBJICHUA a30Ta B kamepe anekrporeun ot P=0,75 atm go 1,25 aT™M npu noCTOSTHHOM
TeMmneparype peakuuoHHoro cuHTte3a 1200°C  Takke 3aMETHO TMPUBOAUT K
BO3PACTaHUIO BPEMEHHBIX TEMITOB MPEBPAILCHUS KPEMHUSI B HUTPUJT KPEMHUSL.

N3 puc. 7 6 cinenyer, 4TO NMpU YBEJIMUYECHUH JIaBJICHUS a30Ta B kamepe Ha 0,5 atm
Ipy NOCTOAHHOW Temrieparype cnekanus 1200°C m tonmuHe napayuienenumnena 1 cm
OPUBOJUT K COKpAIICHUIO JJIUTEIbHOCTH PEAaKIMOHHOTO CIieKaHus Ha 4 yaca [0
MOJIHOTO (DOPMHUPOBAHUSI HUTPHUA KPEMHUS TI0 BCEMY 00bEeMY TMapajuiesenumnesaa.

Ecnu paccMoTpeTh mpoliecc peaklMOHHOTO a30TUPOBAHUS B 3aBUCUMOCTH OT
BapHalluM TOJIIUHBI Mapayuienenumnena ot 0,5 10 3 cM (cM. puc. 7.B) Ipy MOCTOSHHOM
temmneparype crnekanus 1200°C 1 HeM3MEHHOM JIaBJIEHUU a30Ta B KAMEpe Me4r paBHOM
P=1 atMm, To 17151 TOJTHOTO TIPEBPAIICHUSI KPEMHUSI B HUTPHUI KPEMHHS TI0 BCEMY 00bEMY
napajuiesenuneaa npy ToammHe 3 cM moTpedyercst 6obiiie BpeMeHu Ha 17 9acoB mo
CpPaBHEHHUIO C TOJIIMHON mapauienenunena 0,5 cm. UucieHHble pacyeThl MOKa3bIBAIOT,
YTO Ha JJIUTEIHHOCTh PEAKIIMOHHOTO CIIEKaHUs 10 OKOHYATEJIbHOIO0 CMHTE3a HUTpHUAA
KpEeMHHUS 110 BceMy 00beMy mapajuiesienuie a HauboJiee OLUlyTUMO BIIUSIIOT ra0apuThl
(ToNMImIMHA CTEHOK) u3Aenus. TeMmbl PEeakIMOHHOTO CHUHTE3a HUTPUJIAa KPEMHHUSI BO
BHYTPEHHUX IIEHTPAJIBHBIX OO0JACTAX MACCHBHOIO TMapasuielienuneaa OTCTalT OT
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MIPUIIOBEPXHOCTHBIX YacTeil u3aenus Ha ~2+3 yaca. Temmeparypa B mpoliecce CUHTE3a
HUTpHUJIa KpPEeMHHsS MO 00bEMY Teia mapajuienenurnena (IUisi TaHHBIX pa3MEpOB) He
OJIMHAKOBA: B IIEHTPAJIbHON YacTH Mapajiejenuneaa TemMmneparypa Boie Ha 5-6°C 1o
CpaBHEHHUIO ¢ nepudepuitHBIMU (BEpLIMHBI U pedpa) YacTsIMU Napalijiesienuneaa.

Ne/Ngig (%) p=1lam, d=1cm

NofMy (6] T=1200°C, d=1cm NoMsg (%) p=1am, T=1200°C

— T=1100 degC
—1200

—1300

—p=0.75atm |
—1

— 125

0 2 4 5 8 o 2 4 5 8

i) : th)

a) 0) B)

PucyHok 7a-B.- DBoronus mmporecca a30TUPOBaHUS U3EIIHSI B 3aBUCUMOCTH OT TEMIIEPATYPHI
(a), maBrmeHus a30Ta B 1e4H (0) ¥ OT TOIIIMHBI CTCHOK H3/eus (B).

JUIsL TOJMHOrO MpeBpalieHUs OCTATOYHOTO KPEMHHUS B HUTPUJI KPEMHHS
TpeOyeTcs NOMOJHUTENbHBIA TU((Yy3MOHHBIH MPUTOK aTOMOB a30Ta B LIEHTPAJIbHBIC
4acTM MaccuBHOro wuszaenus. llockosibKy Ttemmeparypa B LEHTPAJbHBIX YacTiaX
MAaCCHUBHBIX M3EIHA B MIPOLECCE PEAKUMOHHOTO a30THPOBAHUSA KPUCTATUIMYECKOIO
kpemHust Bbiie Ha AT=5°+10°C (B 3aBUCHMMOCTM OT pa3Mepa U KOH(pUTrypauuu
U3JIeNusl), YeM Ha nepudepusx U3Ieius, CIeJoBaTeNbHO, KojiebaTenbHas TUHAMUKA
KPUCTAJUIMYECKOW PEIIETKH B LEHTPAIbHBIX YACTAX TOXKE BbIlIE. B CBSA3M ¢ 3TUM HAJ0
noJyiaraTh, 4YTO TMapamMeTpbl KPUCTAJUIMYECKOW PEIIETKH B LEHTPAIbHBIX YaCTSIX
CTaHOBSATCS 00Jiee «PBIXJIION», UTO MPUBOJUT K YMEHBIIEHHUIO TOTEHIIMAJIBHOTO Oaphepa
st iuddy3un aTOMOB a30Ta U CIIOCOOCTBYET 00eryeHHOMY (P PYy3NOHHOMY MOTOKY
aTOMOB a30Ta B KPUCTAJUIMYECKYIO PELIETKY KPEMHHsS B HAIPaBICHUM K LEHTPY
u3Jenus, TIe TeMIeparypa Bbllle, 4yeM Ha ee mnepudepusx. [pyrumu crioBamu,
noyiydaercsi, uro auddy3us HampaBlieHa B 00JaCTh TOBBIIIEHHBIX TPaJMEHTOB
temriepaTypbl. [loBbllleHMEe Temneparypsl B LEHTPAJIbHBIX YacTIX M3JCIHU
CBSI3BIBAETCS C IK30TEPMUYECKUM XapaKTepoM oOpa3oBaHUS HUTPHUJA KPEMHHUS, T.C.
JIOTIOJIHUTENIBHBIM BbIIEJICHUEM TeIlia B (PPOHTOBOM 30HE peaKIMOHHOIO MPEBPaIICHUS
KPEMHHUS B HUTPHUJ KPEMHHs, a MAaCCHBHOCTb 00pa3la 3aMmensisieT OBbICTpPhI OTTOK
Teria B IPOCTPAHCTBO AJIEKTPOIEUH.

N Ttak, B paboTe MpoBeACHBI U OMUCAHBI TPEXMEPHbIE YHCIICHHBIE PacyeThl IS
psaa U3aenuil MpUMEHseMble B Pa3IMYHBIX OTPACISX MPOMBILUIEHHOCTH, B YACTHOCTH
JUISl TOHKOCTEHHBIX M TOJICTOCTEHHBIX W3JAEIUN pPa3iIu4yHOM KOoH(pUrypalnuu, B
YaCTHOCTU: TPYOKH, NMPUMEHSEMble B KadeCTBE YEXJIOB TepMONap; KOHYCOBUAHOIO
YCEUEHHOI'0 CTakaHa, MpUMeHseMbld B ad(puHaKe IparMeTayioB; MACCUBHOTO THUIJIA,
KOTOPBIN UCIIOJIb3YETCS JUISI BBIpAILIMBAHUS NOJIyIIPOBOJHUKOBOI'O
MOHOKPUCTAJTMYECKOT0 KpeMHHsl 1mo meroay Yoxpansckoro Ha KXM3 «Actpa»
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Koipreisckoit Pecniy0nnku; MacCMBHOTO 00iTa, MPUMEHSEMBI B KaUECTBE KPEIUICHUS
DKPaHOB B BBICOKOTEMIIEPATYpHBIX OJJIGKTpONEeYax U JApyTHe. B cBa3u ¢
OTPaHUYEHHOCTHI0 00BbeMa aBTOopedepaTa mpUBeIEeM KOPOTKO HEKOTOPBIE YHUCICHHbBIE
pacueTsl 111 TOHKOCTEHHOW TpyOKH, IPUMEHSIEMbIE B METAJUTPTrUU B KAU€CTBE YEXJIOB
tepmonap. Ha puc. 8.a-B mpuBeneHbl pe3yapTaThl TPEXMEPHBIX YUCIIEHHBIX PacdyeToOB
PEaKIMOHHOIO CIEKAaHUS IS TOHKOCTEHHOW LMJIMHAPUYECKOW TPYOKM TONIIMHON 3
MM, KOTOpas HCHOJb3yeTCd B KAadeCTBE YEXJIOB Tepmonap. YUMCIeHHbIH aHanu3
IoKa3aj, 4YTO B MOMEHT BPEMEHHU peaklUMOHHOro crnekaHus t=15,4gaca (cm. puc. 8.a)
KOJIMYECTBO HEINPOPEArupoBaBILIEIO KPEMHUS C a30TOM COCTaBISET OKoJo 28% 1o
o0beMy KpeMHHEBOro u3nenus. KpucramioxuMmuueckas peakuus KpPEeMHHS C a30TOM
COTIPOBOXAAETCA JOMOJHUTEIBHBIM BBIACIEHUEM KoJM4ecTBa TemioTel Q. B MoMeHT
BpeMeHu 14,7 4. (cM. puc. 8§ 0) HaOmoOAaeTcss MaKCHUMaJIbHOE BBIJEJICHUE Teruia
Omarojaps SK30TEPMHUYECKON peakluyd CHUHTe3a HHUTPUAAa KpeMHUs ©u paBHa Q
=4,4112x10° JIx. DT0oT (akT OJHO3HAYHO MOATBEPKIAET, O JABUHOOOPA3HOM
MPOTEKaHWW CHHTE3a HUTPHUAA KPEMHHUS TMpPH STOW TeMIeparype M B ITOT MOMEHT
BpeMeHu. Ilpu »3TOM Temmeparypa B MpOIECCE CHUHTE3a IO BCEMY O0BEMY
TOHKOCTEHHOW LMJIMHAPUYECKONW TPYOKU pacmpezesieHa IPaKTUUEeCKU paBHOMEpHA, 3a
UCKJIIOYEHHEM TOPLEBBIX YacTel MOBEPXHOCTH TpyOkW, rae Ttemmeparypa Ha ~1°C
BBIIIIE, YEM B 0ObEME H3/ICIIUSL.

Nsi/Nsip at t=15h

el (%) Qreae (W) A 2.47%107
T T 29 : %107 m m x107

245
24
235
23
2.25
22
215
21
2.05

2
NG g 195

¥ 1.94x107

] 5 10 15 20 0 3 10 15 20
tih) t(h)

a) 6) B)

Pucynok 8. Pe3ynbTaThl YMCIEHHBIX PACUETOB AJISl HUIMHIPUYECKON TOHKOCTEHHON TPYOKHU
COOTBETCTBEHHO C pa3MepaMy BHYTPEHHETO U BHellHero paauycoB Ri=1 cm, R2=1,3 cM nipu
temrieparype 1280°C B MOMeHT BbIZIEpKKH 15,4 gaca: a — o01iee KOJTU4eCcTBO
HEeMpopearupoBaBIINX aTOMOB KPEMHHUSI C aTOMaMH a30Ta; O— KOJIMYECTBO BBIJEIUBIIETOCS
teruia Q; B—IIPOCTpaHCTBEHHOE MepepacipeiesieHne TEMIEPATypbl 0 00beMy TPYOKH.

OueBHIHO, 3TO CJENYyET CBS3BIBATH C JBYMS (DaKkTOpamMu, BO—TIEPBBIX OUYECHD
BBICOKOW TEIJIOOT/Iaueid HUTPUJA KPEMHHUS U, BO-BTOPBIX, YACTh BBIJICICHHOW TEIJIOTHI
BO (DpOHTE peaKIyu UIET KaK Ha JanbHeumme nudQpy3noHHbIe TPOHUKHOBEHUS a30Ta B
KPUCTAJUTMYECKU KPEMHUI C TOCIEIYIONUM PEaKIIMOHHBIM O00pa30BaHUEM HOBBIX
KPHUCTAJUIOB HHUTPHUJIA KPEMHHUS Ha HOBBIX YYacTKax, IJie¢ €lIe He MpopearnupoBall
KpeMHHid ¢ a3oToM. l[lpu paGoueili Ttemmeparype cnekanus 1280°C, HaumHas ¢
BBIJICPKKH 5 4YacoB U 70 17,5 4acoB, KOJUYECTBO HEMPOPEArHMPOBABIIETO KPEMHHUS
YMEHBIAETCS OBICTPHIMU TEMIIaMH — JIABUHOOOpa3HO, a B WHTEpBajJe BpPEMEHU
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BbIAIEpKEK 17,5+24 yaca ocTaBUIMIICS KPEMHHI MOCTENEHHO MPEBPAIIAECTCS B HUTPUA
KpEeMHHUSI 10 BceMy 00beMmy TpyOku. Takum oOpa3oM, YHCIEHHBIH METOJA pacyera
1 Gy3nOHHO-PEAKIIMOHHOTO Aa30THPOBAHUSL KPEMHHSI C KPUCTALIO-XHMHUYECKUM
IIPEBPALLECHUEM B HUTPUJ KPEMHHUS IS Pa3JIMYHBIX TOHKOCTEHHBIX M3ACIHNA TONIINHON
or 0,3 mo 0,6 cM mpu 3aJaHHOM BPEMEHM IIOKa3bIBAIOT B IEPBOM MPUOIMKEHUU
CXOXECTh PpE3YyJbTATOB C HEOOJBIIUM OTIMYMEM OTHOCHUTEIBHOIO COJEpPKAHUS
OCTATOYHOT'O KPEMHHUS B U3/I€JIMU HE BCTYIIUBIIUX B PEAKIUIO C a30TOM.

BbIBO/IbI

1.Pa3paboTana bu3nKOo-MaTeMaTHIECKast MOJIEIb B BUJIE TpEX
muddepeHnanbHbIX  YpaBHEHUM  JOCTOBEPHO  OMMCHIBAMOIMIAS  AU(PHY3UOHHO-
PEaKIMOHHBI CHHTE€3 HHUTPUJA KPEMHHS TOPOIIKOBBIX KPEMHHUEBBIX U3JIETUI
paznuyHoil KoHPUryparuu (GopMbl U pa3MepoB) B aTMochepe a3oTa.

2.IlpoBeeHO  MPUONMKEHHOE  AHAJIUTHYECKOE M YHUCJICHHOE  pelieHue
HecTalMoHapHbIX AuddepeHuanbubix ypaBHeHUH OMM ¢ MOMOIIbI0 KOMIUIEKCHOM
nporpammel COMSOLmultiphysics -5.3.

3.YcTaHOBIEHO, YTO MEPBOHAYAIBHO CHHTE3 HUTPUIA KPEMHHS TPOUCXOIUT B
00JIaCTSAX Y TOBEPXHOCTEH M3ACIUA ¢ MOHOTOHHBIM (PPOHTOBBIM IEPEXO0IOM BIIIYOh K
IEHTPY W3aenus. V3ydeHbl KUHETHYCCKHE 3aKOHOMEPHOCTH PEaKIMOHHOTO CHHTE3a
HUTPUJA KPEMHHsI Y TOHKOCTEHHBIX W TOJCTOCTCHHBIX ITOPONTKOBBIX KPEMHHEBBIX
maemuii. C yBeIWYeHHEeM Macchl W O0BEMA U3IEIUA KHUHETUKA PEaKIMOHHOTO
oOpa3oBaHMsl HUTpPUAA KpPEMHHUS TIpH  OJMHAKOBBIX  HAYAJIBHBIX  YCIOBHSIX
TEMIIEPATypHOTO PEKMMa PEAKIMOHHOTO CIIEKAaHWs W JIaBJICHMHM Ta3a MPHUBOJIUT K
YBEJIMUCHUIO BPEMEHU BBIIEPKKA PEAKIIMOHHOTO CIEKaHUs 1O OKOHYATEIBHOTO
dbopMHUpOBaHUS HUTPHUAA KPEMHHUS.

4. YucneHHbIMU pacderamu BBISIBJICHBI HBOJTIOITUOHHBIE IPOIIECChI
muhy3MOHHOTO a30TUPOBAHUSA M PEAKIIMOHHOTO (OPMHUPOBAHUS HHUTPUIA KPEMHHS,
KOTOPBIE XOPOIIO COTJIACYIOTCS C AKCIIEPUMEHTOM. Y CTAaHOBJICHBI 3aKOHOMEPHOCTH
BIUSHUS TEMITepaTypbl PEaKIIMOHHOTO CIICKaHWs, JABJICHHUS Ta3a B JJICKTPOICYH, a
TAaK)KE€ pPa3MEpPOB W3ACIHNA, TO3BOJISIONIUME YIPABIATh TIPOIECCOM PEAKIIMOHHOTO
CIIeKaHWs, T.€. B alpUOPHU OMPEIACTATh ONTHUMAJIbHBIE 3HAYCHUS JUIUTEIHLHOCTH,
CKOPOCTH, MHTEHCUBHOCTH ¥ PABHOMEPHOCTH MPOTEKAHUS CHHTE3a HUTPUIA KPEMHHUS.

5.UucneHHple pacyeThl IOKa3bIBAIOT, YTO HA JIIMTCIBHOCTh PEAKIIMOHHOTO
CIIEKaHMsI 0 OKOHYATCIIBHOTO CHMHTE3a HUTPHUAA KPEMHHUS 0 BCEMY O0BEMY W3IEITHUS
HauOoJsiee OIIYTUMO BIUSAIOT Ta0apUTHI WM TOJNIIUHA CTCHOK U3METus. TeMIbl
PEaKIIMOHHOTO CHHTE3a HUTPUJA KPEMHHUS BO BHYTPEHHHUX IIEHTPAIBHBIX OOJACTIX
MaCCHUBHOTO TapayUieenurneaa OTCTalOT OT MPUIIOBEPXHOCTHBIX YaCTEW W3JEIHs Ha
~2-+3 yaca.
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CaraeB JlecOoexk OpHraimeBudTHH «KpeMHHII HUTPHIMH peaKUHAIbIK
OBIIBIPYYHY MOJEJIUK H3WI1106» NAereH Temaaarsl 01.04.07 — koHaeHCHpPJIeHTeH
abanablH Gu3uKachl agucTHrd 00wHYAa (GuU3MKa — MaTeMAaTHKAa WJIMMACPUHHMH
KAHIMJATBI  WIMMHA  JapasacblH  M3JCHUNI  ajlyy Y4YYH JKa3bLIraH
AUCCEPTAUMAIBIK HINMHUH

PE3IOMECH

TyiyHayy ce3aep: peakuusiblK —ObIIBIPYYy, KpPEMHHH, a30T, KyMauJIbIK
JKacanranap, as3oTTOO0 MNPOLECCH, KPEMHUWIWH HUTPUIWH CHHTE3[00, MOJIEIN00,
auddepeHInanablKk TeHaAeMenep, KaKbIHAAThUITaH YbITapbUIBIII, 3CENTOHYH CaHJBIK
BIKMAacChl, KHHETHKA, CHHTE3/100HYH ©3r0UOIYKTODY.

N3unneenyn o0bextucu: KpeMmHuiiaun ap-kaHjgail KoH(Urypanusaarsl
KyMailJIbIK KacajlrajJapblH Ta3a a30TTYH aTMoc(epachlHa pPEAKIMSUIBIK OBIIIBIPYY
OPOLECCUHJIETH PEaKUUsIbIK CUHTE3 MEHEH U (Py3UIBIK KbUIYYIYyK — Macca Tallyy
IIPOLICCCUHUH MbI3aM YEHEMIYYIYKTOpY.

N3unnpeenyH npeamern: KpeMHMIIMH HUTPUIUMH CUHTE31060HYH KHHETHKAChIHA
THILLIKBI TAPAMETPJIEP/INH JKaHa KacallraJlap/iblH 6JTY6MIOpPYHYH kaHa (opMaIapbIHbIH
TAaCUPHUH U3UJIIIO0.

Nmrun makcarsl: KpemHuiinua ap-kanaail KoH(pUrypauusaarsl KyManbIK
JKacairajapblH a30TTyH arMoc(epacblHaa peakUHsUIbIK ObBIIIBIPYYHYH TYPYKTYY 3MecC
MOJEJIMH MIITeN 4biryy. KpeMHUIIUH HUTPUAMH KPUCTAJUIXUMHUSUIBIK CUHTE3/100HYH
KUHETUKAJIbIK  MbIi3aM  YEHEMAYYJIYKTOPYH  aHBIKTOO  OOIOHYA  TEOPHUSIIBIK
M3UII00JI6pAY CaHABIK ICENTOOP apKbUIYY KYPTY3YY.

N3unpee bIKMajgapbl: TEOPUSUIBIK KaHA MaTE€MaTUKAIbIK  (DU3HKaHBIH,
aupdepeHInanablk  TeHJAEMEeNIep  TEOPHUSCHIHBIH  BIKMajJapblH,  TEHAEMEIepIu
anIpOKCUMALMAIO0 KaHa ajlapAbl WTEPALUsUIbIK YbIApyy BIKMAJIAPBIH IaliJaiaHyy
MEHEH KOJIJIOHYII, CAHJIBIK ICENTOONIOPAY KYPIY3YY.

AJIBIHTAH HATBIMKAJAP ’KaHA AJapAblH MJIMMMH KaHbLIBITBL: JKoropky
TeMIeparypajga KpEeMHUNAM a30TTyH aTtMocdepacblHaa ObIIBIPYYy Y4YypyHIa,
KpeMHUUIU IUPPY3usIbIK  a30TTOHY OasHI00 YYYH KPEMHUUIWH HUTPUIUH
peakuusIbIK CUHTE3/100HYH (U3MKa-MaTeMaTUKaJIbIK MOJEIW OUPUHYHU KOy HUITEI
ypIrapbUiabl. KpeMHUIANH ap-KaHaai KOHPUrypausaarsl Ke3eHOKTYY KacaarajlapbiH
a30TTYH arMoc(epacblHia peakuusIbIK a30TTOO MPOLIECCUHUH KHWHETHUKACBIH,
Kuayncenauk auddy3usiHbl 3CKe alyy MEHEH CaHABIK ACENTeesiop OUPUHYHU KOy
Kypry3yiny. KpemMHuiiana Kkymailnblk skacainrajliapblH a30TTyK atMocdepaa ObIIbIpYyy
NPOLIECCUHJETH Ta3-KaTyy 3aTThIK PEAKUMIChl KOMIIBIOTEPAE OPTOMUYIYK MOJEIIN
KOJIJIOHYY MEHEH MIIKEe alblpbuiabl. KpeMHUNANH HUTPUIUH PEAKLMSUIBIK CUHTE3060
MIPOLIECCUHUH KMHETUKAJIBIK MbI3aM YEHEMAYYIYKTOPY KaJblH jKaHA KyKa KanTalayy
JKacanrajgap YYYH Kypry3yiaay. KpeMHHIIMH HUTPUAMH PEaKUUSIIBIK CUHTE31060HYH
KYPYLIYHYH OepuiIreH TeMreparypa *aHa peaklUsIIbIK ObIIIBIPYYHYH y3aKThIThl YUIYH,
a30TTYH  D3JEKTp  MEIIMHAErM  OachIMbIHAH  ©3repYYCYHe,  >KacairaiapablH
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KOH(UTYypalusIChlHA JKaHA ©JTUYOMYHO KapaTa y3aKThITbIHBIH, BUIAAMJIBITBIHBIH JKaHa
VHTEHCUBIYYJIYTYHYH MAaaHUJIEPU aHBIKTAJIBbI.

Kounonyy weiipecy: MmThH HaThIKanapbl HUTPUIJIWK KEPaMUKaHBI ajlyy
yU4ypyH/a PEAKIMUIBIK OBIBIPYYHYH ONTHUMAJABIK PEKUMUH MIUTEN YbITYY YYYH
KEpaMUKaJIBIK MaTepuaj TaaHyy aiMarbiHia KOJIIOHYJIaT.

PE3IOME
nuccepraunu  CaraeBa Jlecoeka OpbiHraaueBu4a Ha Temy: «MogejabHble
HCCJIeOBAHUS PEAKIHMOHHOI0 CHEeKAHUSA HUTPUAA KPEeMHHS» HA COUCKAHHeE
YUE€HO# CcTenmeHU KaHAMIATa (PU3MKO-MATEeMATHYECKMX HAYK MO CIeNHaJIbLHOCTH
01.04.07 pusuka KOHIEHCMPOBAHHOTO COCTOSIHUS

KiroueBbie cJI0Ba: pEakIMOHHOE CIIEKAHWE, KPEMHMI, a30T, IOPOIIKOBBIC
U3JIENUs, NPOLEcC a30THUPOBAaHUSA, CHUHTE3 HUTPHUIA KPEMHHs, MOJEIUPOBAHHUE,
muddepeHnranbHble  ypaBHEHHUs, MPUOJIMKEHHOE PpEIICHUEe, YHMCIECHHBIA METO]
pacyeTa, KHHETUKA, 0COOEHHOCTH CHHTE3a.

Oo0bexT HCCJICA0BAHMSA - 3aKOHOMEPHOCTH 11 Py3MOHHOTO
TEIJIOMACCOIIEPEHOCAa ¢ PEAKIIMOHHBIM CHUHTE30M B IPOLIECCE CIEKAHHUS KPEMHHUEBBIX
MOPOUIKOBBIX U3/1EJIUI Pa3IUYHON KOH(PUTypaluu B aTMOC(epe YUCTOro a3oTa.

IIpeamer mcciaenoBaHusi — BIMSHUE BHEIIHUX NapamMeTpOB M KOH(pUTypauuu
n3nenui (pasmepsl U GopMa) Ha KHHETHKY CHHTE3a HUTPH1a KPEMHHSL.

Heab padoTsl — pazpaboTka HECTAMOHAPHOW MOJIENIN PEAKLIMOHHOTO CIIEKaHUsI
MOPOILIKOBBIX M3JENUNA KpPeMHMs pa3inyHOM KoH(urypanmuu B aTtmocdepe a3ora.
[IpoBeneHME  TEOPETUYECKHX  HCCIEAOBAHUM IO  BBISBICHUIO  KHMHETHYECKHX
3aKOHOMEPHOCTEN KPHUCTAUIOXUMUYECKOTO CHHTE3a HHUTpPUAA KPEMHHS METOIOM
YUCJICHHBIX PACYETOB.

MeToabl HCCJIeI0BAHMSA — YHCICHHBIE pPACYETHl C NPHUMEHEHHEM METO/0B
TEOPETUYECKON U MaTeMaTH4YeCKOW (PU3HUKH, Teopun U PepeHIInaTbHBIX YPABHEHUM C
MCIIOJIb30BAaHUEM METO/IOB ANMMPOKCUMALIMK YPABHEHUN U UX UTEPALMOHHOTO PELICHUS.

IlonydyeHnHble pe3yabTaThl U MX HOBHM3HA — BIIEpBbIE pa3paboTaHa (HU3UKO-
MaTeMaTU4yecKass MOJIeNIb PEAKIMOHHOTO CHUHTE3a HUTPUJA KPEMHHsS JI1 ONUCAHUs
11 ()y3MOHHO-PEAKIIMOHHOTO a30TUPOBAHUSI KPEMHHS TMPU BBICOKHX TeMIIEpaTypax
CreKkaHus KpeMHusi B atMocepe azora. IIpoBeneHbl UMCIEHHBIE pacyeThl KUHETUKU
npolecca peakMOHHOTO a30THUPOBAHUS MOPUCTBIX KPEMHHUEBBIX W3JEIUN pa3IUUYHON
KoH(urypamuu B atMmocepe a3ora ¢ yueToMm kHyAceHoBckoM muddysun. [IpoBenena
KOMITBIOTEPHAS peaM3alysl Ia30-TBEPIOTENbHOW pEaKkUMH B MPOLECCE CIEKaHUs
MOPOILIKOBOIO KPEMHHEBOTO H3Jenusl B arMmocdepe azoTa ¢ MNPUMEHEHHEM Tak
Ha3bIBAEMOW NPOMEKYTOUHOM Mozenu. OnpeneseHbl KHHETUYECKUE 3aKOHOMEPHOCTH
Ipollecca PEaKIMOHHOIO CHHTE3a HUTPHUIA KPEMHHSI I TOJICTOCTEHHBIX U
TOHKOCTEHHBIX  W3J1eauid. BbIABIEHBI  3HAYE€HHS]  JUIMTEIBHOCTH,  CKOPOCTH,
MHTEHCUBHOCTHU MPOTEKAHUS PEAKIIMOHHOTIO CUHTE3a HUTPHUAA KPEMHHUS JJIs 3aJaHHBIX

22



TEMIIEpATyp U BPEMEH BBIIEPKEK PEAKIMOHHOIO CHEKAHMS, OT U3MEHEHUI JaBIICHUS
a30Ta B 2JIEKTPOIEYH, OT KOH(MUTYpAIH U Pa3MEPOB U3ICITHIA.

O0JgacTh, MpUMeHEeHMsI — PE3yJbTaThl paboThl OyIyT MPUMEHATCA B 00JacTH
KepaMUYECKOTO MaTepuajioBeACHUS TMpU pa3pabOTKe ONTHUMAJIbHBIX PEKUMOB
PEAaKIMOHHOTO CIIEKAaHUSI IPU MOJTYYEHUU HUTPUIHON KEPAMHUKHU.

ABSTRACT
The dissertation of candidate Satayev Lesbek Orngalievich on "Model
studies of the reactionary sintering of silicon nitrid" for the degree in mathematics
and physics 01.04.07 and physics of condensed state as specialization.

Key words: reactionary sintering, silicon, nitrogen, powder products, nitrogen
process, silicon nitride synthesis, modeling, differential equations, approximate
solution, numerical method of calculation, Kinetics, synthesis features.

Object of Research is the regularity of diffusion heat-mass transfer with
reactionary synthesis in the process of sintering silicon powder products of different
configurations in the atmosphere of pure nitrogen.

Subject of the Research is the influence of external parameters and
configuration of products (size and shape) on the kinetics of silicon nitrid synthesis.

The purpose of the work is the development of a non-stationary reactionary
sintering model of silicon powder products of different configurations in the nitrogen
atmosphere. Theoretical studies to identify Kinetic patterns of crystalochemical
synthesis of silicon nitrids by numerical calculations.

Obtained results and thei novelty - for the first time, a physical and
mathematical model of the reactionary synthesis of silicon nitrid is developed to
describe the diffusion-reactionary nitrogenization of silicon at high temperatures of
silicon sintering in the nitrogen atmosphere. Numerical calculations of kinetics of the
process of reactionary nitrogenization of porous silicon products of different
configurations in the nitrogen atmosphere, taking into account knudsen diffusion were
conducted. Computer implementation of the gas-solid reaction in the process of
sintering powdered silicon product in the nitrogen atmosphere using the so-called
intermediate model was carried out. Kinetic patterns of the process of reactionary
synthesis of silicon nitride for thick-walled and thin-walled products have been defined.
The values of duration, speed, intensity of reactionary synthesis of silicon nitride for
specified temperatures and times of reaction sintering exposure, from changes in
nitrogen pressure in the electric furnace, from the configuration and size of the products
have been revealed.

Scope of application - results of the work will be used in the field of ceramic
material science to develop optimal modes of reactionary sintering when obtaining
nitride ceramics.
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