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OBIIAA XAPAKTEPUCTUKA PABOTBI

AKTyaJIbHOCTHL TeMbl auccepranmu. Pannee B HMHctutyTe (Qusuko-
TEXHUYECKUX TMpobiemM U MaTtepuanoBeneHus uM. axagemuka K. KeenOaesa
HanumonanbHoii  akamemun Hayk Keipreisckoit  PecnyOivku — coTpynHHUKamMu
nabopatopun  «llopomkoBele Marepuanbl» ObUIM  pa3pabOTaHbl TEXHOJIOTUHU
IIOJIyYEHHsT HOBBIX KEPAMOKOMITO3MIIMOHHBIX MAaTEpHajioOB HA OCHOBE HUTPHUAA
KPEMHHUSI METOJOM PEAKIHOHHOI'O CHEKAHWS KPEMHMEBBIX H3AEIUN B CpeAe a3oTa
[Keipreiznarent: Makapos B.I1., Kyp6anos K.P. —2009 r.; KeiprennarenT: MakapoB
B.II., Jlacanxy K.A., KacmampiroB H.K. -2015r]. Opnako, ans momdydeHuUs
KOHKPETHOTO HHUTPUJIOKPEMHUEBOIO H3AENMS C ONTHUMAJIbHOM CTPYKTYpOM H C
TpeOyeMbIMH (DYHKIIMOHAJIbHBIMU CBOMCTBAMU HEOOXOJUMO MPOBOJUTH CEPHIO
JOPOTrOCTOAIINX  JKCIIEPUMEHTOB 11 ONPENENICHHUS] ONTUMAJbHBIX PEXKHUMOB
PEaKIIMOHHOT O CUHTE3a HUTPUJA KPEMHHUS.

JIns W3ydeHUs MPOLECCOB, MPOTEKAIOIMIUX IPU PEAKIHMOHHOM CIEKaHUU
KPEMHHMEBBIX H3AEIUI B CpeAe a30Ta W [JIs BBIABICHUS ONTHUMAJIbHBIX YCIOBUU
PEaKIMOHHOTO CIIeKaHUsl, TpeOyeTcs 3HATh: 3aKOHOMEPHOCTH CKOPOCTH MPEeBPAILECHUS
KPUCTAJUIMYECKOTO KPEMHHUSI B HUTPUJ KPEMHHUS; KUHETUKY SBOJIOLUU H3MEHEHUS
OTHOCHUTEJIbBHOM KOHIIEHTpaluMyW a30Ta B IIPOLIECCE PEAKUUOHHOTO CIEKaHUs
NOPUCTOrO0 KPEMHUEBOTO M3JIENNA; a TAaKKE BHEIIHUX PETYyIUPYEMbIX NapamMeTpoB
cnekanus. PemreHve gaHHOM 3ajaud HEBO3MOXXHO 0€3 TEOPETHYECKOTO aHaiu3a |
YUCJIEHHOTO MOJIEJIMPOBAaHMS MPOLECCOB HArpeBa M PEAKIMOHHOTO CHHTE3a
HUTPUAOKPEMHHUEBBIX HU3MIENNNA, KOTOPbIE MO3BOJSIOT CYHIECTBEHHO COKPATUTh WJIU
NOJIHOCTBhIO 3aMEHHUTh CEPHUI0 JOPOrOCTOAIIMX IKCIEPUMEHTOB. B cBsi3u ¢ 3THM, B
HacTosimel pabore Oblma paspaboTaHa (uU3MKO-MaTeMaTHUecKas MOJEIb U
IPOBEACHBl  YKCICHHBIE  pACUEThl PEAKUUOHHOTO  CHEKAaHHS  IMOPOIIKOBOIO
INUIMKEPHOTO KpPEMHHMEBOro wu3zaenus B atmocdepe azota. llpu mopenupoBanuu
PEaKIMOHHOTO a30TUPOBAHUS KPEMHHUS YUYUTHIBAIUCH (U3HUECKHE MPOIECCHl TEIUIO-
U MaccolepeHoca  BeIlecTBa, ra3oJWHAMHKa, a  TakKkKe  TIeTepOoreHHas
KPUCTAJUIOXUMHUYECKas PeaKIusi MEXKIy aTOMaMH KPUCTaJUIMYECKOM PEIIETKU 3€peH
KpEMHHUs M MOHaMM a3oTa. Kak mpoTekaeT mpouecc CUHTE3a HUTpHUAA KpEeMHUs, €€
Hay4YHO€ ITOHMMAaHUE U U3Yy4YECHHUE C MOMOIIBIO MOJEIUPOBAHUSA ABJISIETCS aKTyaJbHOU
KakK C HAy4YHOMU, TaK U C MMPAKTUYECKON CTOPOHBI.

CBsi3b TeMbI JUCCEPTALMHU C KPYNHBIMH HAYYHBIMHU NMPOEKTAMH M HAYYHO-
uccjea0BaTeJbCKIMHI padoTamu. PaboTta HenmocpencTBEeHHO Oa3upoBaiach Ha paHee
MMOJYYEHHBIX 3KCIEPUMEHTAIbHBIX PE3YJIbTAaTaX, MOJYYEHHBIX B HAYYHBIX MPOEKTAX
HUP naGopatopuu mNOpOIMIKOBBIX MaTepuanoB MHCTUTyTa (PU3HKO-TEXHUYECKUX
npobneM u MarepuanoBegaeHus wuMm. akagemuka K. XeenbaeBa HanmonanpHOM
akanemun Hayk Koiproizckoii PecrnyOnuku, BBIMOJHEHHBIX B TeYeHUE psia JeT (C
2010 mo 2015 rr.), yrBepxknaenusix lIpesunuymom HanuonanbHOM akageMuu Hayk



Koipreizckoit Pecniyonuku mo mnpoektam Ne2,3 UOTIIuM HAH KP no nunumn
rocOroxeTa Koipreizckoit Pecriyonuku.

Heano  pabdorbl  sBisieTcss  pa3paboTka  HECTAIIMOHAPHOW  MOJIENH
PEaKLMOHHOTO  a30TUPOBAHMSI  MOPOILIKOBBIX  M3JAEAMM  KpPEeMHHUS  Pa3IM4YHON
KoH(purypauuu B atmocdepe azora. [IpoBeaeHne TeOpeTHUECKUX UCCIEIOBAHUN MO
BBISIBJICHUIO KHUHETUYECKUX 3aKOHOMEPHOCTEH KPHUCTAIDIOXMMUYECKOIO CHHTE3a
HUTpHUJIa KPEMHHUS IMyTEM YMCIEHHBIX pacyeToB. Jljig peanu3anuu MOCTaBJIECHHON
LU B IUCCEPTALIMU PEILIATUCH CIEAYIOUE 3aJaH
1) co3mgatk  (Qu3MKO-MaTeMaTH4YecKyr  Moaenb (OPMM),  OmMCHIBAIOIIYIO
HBOJIIOIMOHHBIE TMPOILIECCHl PEAKIMOHHOTO CHUHTE3a HUTPHUJAa KPEeMHHsS B BHJE
muddepeHnraIbHbIX YPAaBHEHUM MaTeMaTH4eCKON PU3HKHY;

2) TPOBECTH YHUCIICHHBIC PACUYEThl PEAKIIMOHHOTO CHHTE3a HUTPHIA KPEMHHUS IS
pa3IUYHBIX ~ KOHQUrypauuii  u3JeIMd ¢ UCHOJIb30BAHMEM  COOCTBEHHBIX
AKCIIEPUMEHTAIBHBIX JaHHBIX PEAKIIMOHHOTO CIEKaHMUs KpeMHHUs B aTMocdepe a3ora
C MOMOIIIBI0 KoMILTeKcHOM mporpammbl COMSOLmultiphysics -5.3;

3) BBISIBUTH BIMSHHE BHEIIHUX MApPaMETPOB: TEMIEPATYPhl PEAKIIMOHHOTO CICKAHMS,
JaBJICHUS Ta3a B DJEKTPONEYM, a TaKXKe pPa3MEpOB H3JEIUNA Ha SBOJIOIMOHHBIN
IPOLECC PEAaKLUOHHOIO CHEKaHWA W  ONPEIECNUTh ONTHUMAJIBHBIE 3HAYCHUS
JUIMTEIIBHOCTH, CKOPOCTH, MHTEHCUBHOCTH W PAaBHOMEPHOCTH INPOTEKAHUS CHUHTE3a
HUTPUJA KPEMHUS.

Hayynassi HOBH3HA TIOJIYYEHHBIX PpPe3yJbTaTOB  JUCCEPTALHOHHOTO
UCCJIEIOBAHNUS 3aKI0YAECTCS B CIEAYIOLIEM:

1) BoepBbie pa3paborana HectarpoHapHass ®MM peakIMOHHOIO CHHTE3a HHUTPHIA
KpeMHHMsI sl onucaHus TU(p(y3UOHHO-PEAKIIMOHHOTO a30THPOBAHMSI KPEMHMS MpPHU
BBICOKUX TEMIIEpaTypax CIeKaHusl KpEMHHs B aTMOc(epe a30Ta;

2) BIEpBBIC MPOBEICHBI YKHCICHHBIC PACYEThl KWHETHKU MPOIECCa PEaKIMOHHOTO
a30TUPOBAHMSI MOPUCTBIX KPEMHHUEBBIX U3JEIMNA Ppa3IMyHOM KOH(Urypaluuu B
aTMocdepe a30Ta ¢ yueToM KHYICEHOBCKOU nuddy3uu;

3) mpousBeneHa KOMIBIOTEpHAs pealu3alusi Ta30-TBEPAOTEIbHONW peakiuud B
IpoLECCe CIEKaHMUs IMOPOIIKOBOIO KPEMHHUEBOrO H3Jenus B arMmocdepe as3ora C
IIPUMEHEHUEM TaK Ha3bIBAEMOU NPOMEINHCYMOUHOU MOOEU,

4) ompeneneHbl KHHETHYECKHE 3aKOHOMEPHOCTH MPOIECcCa PEaKIMOHHOTO CHHTE3a
HUTpHUJIa KPEMHHMs JJIs TOJICTOCTEHHBIX M TOHKOCTEHHBIX M3Aenuid. OmpeaeseHbl
MOMEHTBI BPEMEHU U MAKCUMAaJIbHbIE 3HAUEHUS TEIJIOBOM SHEPIHH, BBIIEIAIOIIUECS B
IIPOLIECCE FK30TEPMUUYECKON PEaKMU HUTPUAA KPEMHMUS;

5) ompeneneHpl 3HAYCHHS ITUTEIBHOCTH, CKOPOCTH, WHTCHCHUBHOCTH MPOTCKAHHS
PEaKIIMOHHOI0 CHHTE3a HUTpUAA KPEMHHMS Ui 3aJaHHBIX TEMIIEpAaTyp U BpPEMEH
BBIIEPKEK PEAKLMOHHOIO CIIEKaHUsl, OT TEMIIEpaTypbl, U3MEHEHHUI JaBJICHUS a30Ta B
AJIEKTPOIEYH, OT KOH(UTypalllH U Pa3MEpPOB U3JEIHIM.



IIpakTHyeckasi 3 HAUMMOCTH MOJYYE€HHBIX Pe3yJbTATOB.

[lonyueHHble pe3ynbTaThl HMMEIOT MPAKTHUUECKYI0 3HAYMMOCTh B 00JacTH
GU3UKH KOHJEHCHUPOBAHHOTO COCTOSIHUSI W (PU3MYECKOTO MaTepHalOBEJICHUSI.
MogenbHbIe UCCIEA0BAHUS MOTYT OBITh UCIIOJIB30BaHbI B 00pa30BaTEIbHOM Mpoliecce
MarucTpoB M acnupaHTOB B mpoduibHbIX BY3ax mo auciumimHaM — MOPOIIKOBBIC
Marepuainbl W Gu3MKH TBepaoro Tena. llpencraBienHas pabota  sIBIsSETCA
TEOPETUYECKUM  HCCIICIOBAHMEM, TO3BOJISIONIMM B alpuUOpPU  OMNPEIETUTh
ONTUMAJbHBIE TEMIIEPATYPHO-BPEMEHHBIC PEXKHUMBl  PEAKIIMOHHOTO  CIEKaHUs
MOPOIITKOBOTO KpeMHUsi B aTMocdepe a3zora. UuciaeHHbIE pacueThl HaNpaBJICHbl Ha
BBISIBJICHHE Hau0oJiee ONTHUMATbHBIX PEXKUMOB PEAKIMOHHOTO CHHTE3a HUTpHUJA
KpPEMHHS TpU KOTOPOM (OPMHUPYIOTCS 3aJaHHBbIC (PU3MKO-MEXaHUUYECKUX CBOMCTBa
KepaMHKU. Pe3ynbTaThl YHUCICHHBIX PAacue€TOB MO3BOJSIOT CYIIECTBEHHO COKPATUTH
JOPOTOCTOSAIINM IKCIIEPUMEHT IO OMPEICTICHUI0 TEXHOJIOTHYECKOT0 perjaMeHTa JJis
MIOJIHOT'O CUHTE3a HUTPHJIAa KPEMHUS.

OcHOBHBIE M0JI0:KEHHSI TUCCEPTAIMN, BBIHOCUMbIE HA 3aIIUTY:

1. ®usuko-maTeMaTu4eckass MOJIeb, OMMCHIBAIONIAS IMPOIECC PEAKIIMOHHOTO
CIIeKaHUs MOPOIIKOBBIX KPEMHHUEBBIX U3JICJIHI B aTMOC(hepe a3oTa.

2. PesynbTaThl KOMObIOTEpHOUW peanmu3aiun OMM U aHanu3 YHMCICHHBIX
pacyeToB MJisi MOPOIIKOBOTO HMWIMHAPUYECKOTO HM3JEHHUS U APYTUX KOHPUTYparui
(bopm u pasmepoB) wu3genuil. (OCOOCHHOCTH  SBOJIOIMOHHOTO  IMpoIecca
PEaKIIMOHHOTO a30THPOBAaHUS IMOPOLIKOBOTO KPEMHHUEBOIO H3JEIUS IMOPUCTOCTHIO
30% paznuuHOif KOHPUTYpaIuu B aTMocepe a3oTa.

3. Kunernueckue 3aKOHOMEPHOCTH PEAKIIMOHHOTO CUHTE3a HUTPHUAA KPEMHHUS Y
TOHKOCTEHHBIX U TOJICTOCTEHHBIX OPOLIKOBBIX KPEMHUEBBIX U3EIIHIA.

4. 3aKOHOMEpPHOCTM BIIMSIHUSL TEMIIEpAaTypbl PEAKUUOHHOIO  CIIEKaHUs,
JABJICHUS Ta3a B AJIEKTPONEYH, & TAKKE pa3MEpPOB U3IEIUN MO3BOJISIIOIINUE YIPABIATh
IPOLIECCOM PEAKIMOHHOIO CIIEKAaHWS W B anpuoOpu ONPEAENSTh ONTHUMAaIbHbIE
3HAYEHUS JJIUTEIbHOCTH, CKOPOCTHU, UHTEHCUBHOCTU U PaBHOMEPHOCTH MPOTEKAHUS
CUHTE3a HUTPHUIA KPEMHHUS.

JInunblii BKJIAA couckartesisi. ABTOp pabOThI HEMOCPEACTBEHHO MPUHUMAI
COBMECTHOE Yy4yacTHE€ BO BCEX CTaJuAX HAYYHOrO WCCIEIOBAaHUS, HayuHasg C
(bOpMYIHPOBKH TEMBl JUCCEPTAIMOHHON PabOTHI U €€ TUIAaHMPOBAHMS, a TAKXKE B
MMOCTAHOBKE 3aJay KCCJIENOBaHUS JO0 KOMIIBIOTEPHOM peanu3aluMd W aHaiu3a
MOJIYYEHHBIX Ppe3ylbTaToOB. MHTepnpeTalnuio pe3yibTaTOB W HAMKHCAaHUE HAayYHBIX
cTatel OBUTM TPOBEJCHBI COBMECTHO C HAyYHBIM pPyKOBoguTenem M.(.-M.H.,
mpopeccopom H.K. KacmampITOBEIM ¥ CTapmiM HAay9HBIM  COTPYIHUKOM
naboparopuu nopomKoBbix MaTtepuasnoB HMuctutyra ¢uszuku HAH Keipreizckoit
Pecnyomuku x.d.-m.H. H.OK. KaitpbieBbim.

Anpobanun pe3yabTaroB aucceprauuu. OCHOBHBIE peE3yJIbTaThl aBTOP
OIyOJIMKOBAJI B COAaBTOPCTBE B Oosiee 13 HaydHBIX paboTax, B PEIECH3UPYEMBIX



xypHanax Poccuiickoit ®enepanuu, sxoasmue B PUHI] ¢ umMnakT-pakTopom cBbILIE
0,2, a takxke B xypHanax Mucruryra ¢usuku HAH Ksipreisckoit PecnyOnuku u
ApYruX pecnyOJMKaHCKUX HAYYHBIX >KypHajdaX C HEHYJEBbIM HMIIAKT-(PaKTOPOM,
Bxojsmue B PUHIIL

OCHOBHBIE TIOJIOKEHHUS U PE3YJIBTATHI JUCCEPTALMOHHON pabOThl 00CYKIaTUCh
U JOKJIaJIbIBAIKCh (OYHO U 3a04YHO) Ha CJIEAYIOLUIUX MEXTYHAPOIHBIX KOH(EPEHIHUSIX.

Ha XI-MexnaynapoaHoi HAay4YHO-TIPAKTUYECKOU KOH(epeHIuu
«CoBpeMEHHbIE TEHICHIIMN Pa3BUTUS HAYKU U TeXHOJIOrui» T. benropoa, Poccus, 30-
anpens 2016 r. Ha [|I-MexnyHapoHOH Hay4YHO-TIPAKTUYECKOM KoOH(pepeHuH,
nocsinieHHon namsatu C. @. KoBanesckoit (MexayHapo/IHble HAyYHbIE YTEHHS) MO/
narpoHaxkeM EBpormetickoro ¢ponaa nHHOBaImonHoro pasputus (Science LABGroup)
r.Mocksa, Poccus, 19 centsa6ps 2016 r. Ha MexaynapoaHoii HayuyHO# KOH(bepeHIun
«MHpopMallMOHHbIE TEXHOJOTMM W MaTEMaTUYECKOE MOJEIMpPOBAHUE B Hayke,
TEXHHUKE U 00pa3zoBaHuny, ocBsieHHoM akaneMuky HAH Keipreizckoit PecniyOnuku
A. K. KaitnakoBy - r.bumkek, Ksipreizctan - 6-8 okta0ps 2016 r. Ha
MexnyHapoIHOU OTKPBITON HIKOJIe-KOH(pEPEHIINH CTpaH CHI'
«YIbTpamMeNnKo3epHUCTbIE M HAHOCTPYKTYpHble Marepuanb» r. Yda, PecnyOnuka
bamkoprocran, Poccus, 8 okrsops 2017 r. Ha Xl — MexnyHnaponHoil HaydHOM
KoHpepeHuuu «dusuka TBEpAOro Tena», nocBsmEHHOM 20-neturo EBpasmiickoro
HanoHajasrHOrOo yHUBepcuTeta uMm. JILLH. T'ymunesa, r.Acrana, Ka3zaxcran, 26-28
anpens 2017 r.

ITotHOTAa OTpaskeHHus1 Pe3yJbTATOB JUCCEPTANMH B NYOJIHKALMAX.
Matepuanbsl HacToOsIIEH JUCCepTalMM HAIUIM CBOE OTpa)keHue B Oosee 13 craThsx,
onyOJUKOBAaHHBIX B HAYYHBIX PEIICH3UPYEMBIX XKypHanax u cooparkax PIHILI.

Crpyktypa n o0beM aucceprammu. JluccepranvoHHas paboTa COCTOUT M3
BBEJICHMSI, TIOCTAHOBKHU 3aJ]aul MCCIIEJOBAHMsI, 3 IJ1aB, BHIBOJIOB, CIIMCKA JIUTEPATYPHI
u npwioxeHus. OOmuii 00bEM pabotbl coctaBisier 148 crtpanui, Bkiatodas 39
PUCYHKOB, S5 TaOJIHII, CIIHCKA UCTIOIB30BAHHON JTUTEPATyphl U3 83 HAMMEHOBAHUIA.

KPATKOE COAEP KAHUE IUCCEPTALIUN

Bo BBejeHMu 00OCHOBaHA aKTyaJIbHOCTh TEMbl JUCCEPTAIMM, JaHA HaydHas
HOBHM3Ha  paboThl, OOCYXKJE€Ha HaydyHass W  [paKTHYecKas  3HAYUMOCTh
JUCCEPTAIMOHHON PabOThI, CPOPMYITMPOBAHBI OCHOBHBIE MOJIOKEHHUS, BEIHOCUMbIC HA
3aUTY.

B nepBoii ri1aBe NpoBEICH AHATUTHYECKUN aHAJIN3 JINTEPATYPHBIX TAHHBIX KaK
[0 TEOPETUYECKMM, TaK M IO SKCICPUMEHTAIBHBIM AacCIlIeKTaM, CBSI3aHHBIE C
TEeMaTUKOW  HACTOSIIEH JUCCEepTAllMOHHOM paboTel. OmnpeneneHbl OCHOBHBIC
TEXHOJIOTUYECKHE PEXKUMBI U OCOOEHHOCTH mpoliecca (POPMHUPOBAHUS HUTpHUAA
KPEMHHUS B MPOLECCE PEAKIIMOHHOIO CIIEKAHUS KPEeMHUSI B aTMOC(epe YUCTOro a3oTta.



Boinenenbl U 00CY>KJIE€HBI OCHOBHBIE acCMEKThl U (U3UYECKUE SIBJICHUS, UMEIOIINE
MECTO B MpPOLIECCE PEAKUMOHHOTO CIEKaHUs MOPOIIKOBOIrO KpeMHHs B aTtMocdepe
azora. OmnucaHbl OCHOBHBIE 3aKOHOMEPHOCTH (POPMHUPOBAHUS MHKPOCTPYKTYPHI
HUTpUJA KPEMHHUS NIOCJIE PEAKIIMOHHOTIO CHHTE3A.

Kpucramioxumudeckuii CUHTE3 KpPEMHHUS C a30TOM THpeNCTaBisieT coOoM
TETEPOr€HHBI  PEAaKUMOHHBIM  IPOLECC, IPOTEKAIOHUN  MEXAYy  TBEPABIM
KPUCTAJUTMUYCCKUM BEIICCTBOM Si ¥ NpoauPyHAUPYIOIMIMMH aTOMaMH a30Ta B
KPUCTAJNIMYECKYIO PEUIETKY KPEMHHUSA, U B MTOre B MPOJYKTE peakluu oOpazyeTcs
HOBOE KPHCTAJUIMYECKOE coeArHeHNe B Buie SizNa:

3Si+2N2=Si3N4+Q,
rae Q — BblIeNIeHHas TEIJIoTa B pe3ysibTaTe MPOTEKAaHUs PEaKLUu.

Kopotko  mpoananu3upoBaHbl ¥ ONKMCaHbl  BO3MOXHbBIE  (PU3HUKO-
MAaT€MAaTUYECKUE MOJIENIM, OIMCHIBAIOIIME IIPOLIECCHl, MPOTEKAlIUe B Ta30-
TBEPAOTENIBHBIX peakuusix. PaccMaTpuBaroTCs TpU OCHOBHBIX BHJa MOJEJIEH IO ras3o-
TBEPAOTEJIBLHBIM PEAKLIHUSIM: HEOJHOPOAHAS, OMHOPOIHAS U IPOMEKYTOUHASI MOJEIIH.

Ha OCHOBE IPOAHAIIM3UPOBAHHOTO JUTEPATYPHOTO Marepuana
chopMynMpoBaHa I[IOCTAHOBKA 3aJayd KCCIEIOBaHUS — pa3paboTaTth (PU3UKO-
MAaTE€MAaTHYECKYI0 MOJENIb PEAKIUOHHOIO CHUHTE3 HUTPUIA KPEMHHUS M IPOBECTHU
YHUCIICHHBIE pAacueThl Il  Pa3jIMYHbIX (OpM  HU3AENUNA  TpUMEHSEMble B
IPOMBIIIJIEHHOCTH C UCTIOJIB30BAHUEM JTAHHBIX COOCTBEHHBIX IKCTIEPUMEHTOB.

BbiBoabI o mepBoM riase. [IpoaHanu3upoBaH JIUTEpATypHBIM MaTEpUA MO
dbopMUpOBaHUIO HUTPHUAA KpeMHHUS. JleTalbHO pacCMOTPEH MEXaHU3M PEaKIIMOHHOTO
cnekanus. OrnpeneneHbl BIMSHUS JAaBICHHS ra3a B KaMepe W TeMIIepaTypHO-
BPEMEHHBIX BBIJIEPKEK HA PEaKIIMOHHBIN MPOLIECC CIIEKAHUS.

Bo BTopoii riaBe KOpPOTKO oOmMHCaHbl OOBEKT W TPEAMET HCCICIOBAHUSA.
Ob6vexkm uccnedosanus — 3aKOHOMEPHOCTU TU(DPY3MOHHOTO TEII0-MaCCONepeHoca ¢
PEaKIIMOHHBIM CHUHTE30M B MPOLIECCE CIEKAHWUS KPEMHHUEBBIX MOPOIIKOBBIX U3/IEIINM
pa3nTuYHON KOH(PUTypauu B aTMOcepe YUCTOTO a30Ta.

Ilpeomem uccnedoséanua — BIVSHUE BHEIIHUX TNapaMeTpoB W KOH(UTyparuu
u3nenuit (pasmMepsl 1 GopMa) Ha KUHETUKY CUHTE3a HUTPUAA KPEMHHUS.

PaccmarpuBaercst pazpaboTaHHass HAMHU TpexMepHas (pU3MKo-MaTeMaTudecKas
Mozenb (OMM), mno3BonuBIIAA JOCTOBEPHO OMMCATh IMPOLECC PEAKIHOHHOTO
CIIEKaHUS KPUCTAJUIMYECKOTO KPEMHHS B aTMoc(epe a3oTa METOJaMU YHUCIECHHOTO
pemieHust cucteMbl AuddepeHInaIbHbIX YpaBHEHUN, W BBIABUTh KHHETHYECKHUE
3aKOHOMEPHOCTH BBICOKOTEMIIEPATYPHOTO CUHTE3a HUTPUJIA KPEMHMUSL.

[IpencraBnennas ®MM coctout u3 Tpéx auddepeHmanbabpIX ypaBaeHui (1),
(2) u (3), KOTOpBIE pEHIANTKUCH C TOMOIIbIO YACIEHHBIX METOJOB C TPUMEHEHHUEM psijia
npubmmkeHuit u ynpouenuit. [lo cytu ®MM siBnsieTcsi HecTallMOHAPHOM (PU3UKO-
MaTeMaTH4ECKOU MOJIEJIBIO nudPy3uoHHOTO TEIIOMACCOIepeHOca C
OJTHOBPEMEHHBIM PEAKIIMOHHBIM CHUHTE30M KPHCTAJUIMYECKOTO KPEMHHS C a30TOM,



BKJIIOYAIOIIAsi B ceOsl TpU B3aUMOCBSI3aHHBIX MeEXay coO0oi auddepeHunanbHbIX
YpPaBHEHUN:

oT :
(pCp)eﬁE:V(leﬁVT)+Q-Rg, "
on _op
gpa_v(DQﬁVn) 2Rg’ o
df ¢
nSiOE = ‘?’Rg . 3)

rie Dyt - osddexruubiii koopduument muddysun; &,- HOPUCTOCTh MUIMKEPHOTO
uznenus; Cp — ynenabHas TEIIOEMKOCTb MPHU MOCTOSHHOM JABJICHUU; O - TUIOTHOCTb
a3ora, pPs - IUIOTHOCT  KpeMHHS; Ay - dddextuBHb K0P DUIMEHT

TeronpoBogHocTr; Q - Temnora peakiym; f - 00BEMHAS HOJIT HUTPUAA KPEMHUS B

u3zienu; t - Bpemst; 7 - temmepatypa; R, - CKOPOCTh PeakIMOHHOTO MMPEBPAICHHUS.

g

Huddepennmansubie ypaBHeHus (1), (2) u (3) B 4YacTHBIX MPOU3BOIHBIX
SIBJISIIOTCSI  COOTBETCTBEHHO: nepgoe — SBISETCS YpaBHEHUEM TEIUIONPOBOIHOCTH,
KOTOpasi ONMHUCHIBACT paclpeeieHre TeMIepaTypbl B 3aJaHHOW obnactu o0BbEMa
u3zenus U e€ M3MEHEHHE BO BPEMEHHU; 6mopoe - HTO ypPaBHEHHE HEMPEPHIBHOCTHU
NOTOKa Ta3a (a30Ta) B KPEMHHEBOM W3JICIIUU; mpembe- YpaBHEHUE OMHUCHIBAIOIIEE
U3MEHEHHE KOHIICHTPAllMM aTOMOB a30Ta B KPEMHHUEBOM H3JIENIMU B pe3yibTaTe
npolecca a30TUPOBAHUS C 00pa30BaHUEM HUTPHIA KPEMHHUS.

OO6pa3oBaHre 0OBEMHOUN JOJIM HUTPHUAA KPEMHHS B IPOIIECCE PEAKIIMOHHOTO
CHUHTE3a B IUIMKEPHOM H3JEJIMA UM COOTBETCTBEHHO KOHIICHTPALMK aTOMOB a30Ta,
KpPEMHHs, a TakKKe KOHILCHTpAUHWs HUTPUAA KPEMHHUS B U3ACIUU OLIEHUBAJIUCH
COOTHOILICHUAMMU

f:’?’nﬂ n. :Mf n.:(l—f)n. n_:(l_gp)pSiN . )
Ngo . SN 3 Si sio  sio L A; n:_ZRg @)

rae N, Ngy, Ngiy - COOTBETCTBEHHO KOHIEHTPALMS a30Ta, HadaJlbHAsI KOHIICHTPAIWS

dTOMOB KpCMHUA, KOHOCHTPAIWA HUTPHUAA KPCMHUA.

CKOpOCTh KPUCTANIOXUMUYECKOM pEaKluu MEXIY KPEMHHUEM H  a30TOM
omnpeaensiock mo Gopmyre (5):

R,=a,-k-g(f)n. (5)
O yHKIMOHAJIbHAS BEJIMYMHA g(f) SIBJISIETCSI CTETICHHON ()yHKIIUCH
213
g(f)=0-1)"" (6)
Konctanrta ckopocTu peakiuu 3agaetcs no popmyne AppeHuyca:
k =k, -exp| — Ea |, (7)
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VYnaenbHas TOBEPXHOCTh IMOPOIIKOBOTO KPEMHHEBOTO W3JCIHS OLECHUBAJIACH I10
dbopmye:

3(1-¢,)
_ g (8)

a =
S
rg
I'panuyHbie yCa0BHMS 3aJal0TCA II0 BCEHM ITOBEPXHOCTH PACCMATPUBAEMOTO
W3JEIUs B BUJE CIEAYIOIINX BIPAKCHUM:

~44VT =h (T-T,); —DgxVn=h,(n-n,); f=1. (9)

rae Tp, Np, - COOTBETCTBEHHO SIBJISIIOTCS TEMIEPATypoll M KOHIIGHTpAlMe a3ora B
kamepe neun; hr - s>ddexTupnbli Kod3Qduuuent rtermmoorgaun, (Br/m?K); hy -
K03 PUIIMEHT MacCOOTauu Yepe3 MOBEPXHOCTh U3Ienus, (M/C)

HavaabHble ycJIoBHsI 3a/1al0TCs B BUJIe cooTHomeHui (10):

t=0:T(r)=T,; n(r)=n0(r)=kp7°, P, ~107° ITa; f(r)=0. (10)
0

BricokoTemMnepaTypHblii KPUCTAJUIO-XUMUUYECKUM CHUHTE3 HUTpUAA KPEMHUS
Npe/ICTaBIsieT COOOM Tra30-TBEpJOTENIbHYIO PEaKIHIo, MPOTEKaroIas MpaKTHYeCKU
nzorepMuuecku. [Ipu H30TEPMUUYECKUX pEaKIUsAX OIMPaBJAaHO KBA3UCTAIMOHAPHOE
NPUOIMKEHHUE TIPY aHATUTUYSCKUX U YUCIICHHBIX METO/aX pacyéra.

Takoe xBazucTalmoHapHOE MPUOIMHKEHHE TO3BOJIMIIO 3HAYUTENIBHO YIPOCTUTH
YHUCJICHHOC W aHaTUTHUYecKoe pemieHne auddepeHnuanbueix ypaBHenuid (1-3) B
Hacrosmein ®MM. C npyroil CTOpPOHBI, Ml JalbHEHIIEro YIPOIICHUS PELICHUS
ypaBHeHuit (1-3) HamMu [OMOJHUTENBHO OBUIO TIPOBENEHO HM30TEPMUUYECKOE
npubmmwkenre. Hapsny ¢ 3TUM H3BECTHO, YTO y OONBIIMHCTBA Ta30B UM TBEPIBIX
KPUCTATMYECKUX TeNd (U3UKO-XMMHUYECKHUE CBOWCTBA 3aMETHO M3MEHSIOTCS C
NOBBIIIIEHUEM HUX TeMmrepaTypbl. CregoBaTenbHO, HW30TEPMHUYECKOE MPHUOIMKEHHUE
MOXKET ONpEeNeNIEeHHBIM 00pa3oM OUIyTMMO HCKa3UTh pe3yJbTaThl pAcCYeTOB U
NPUBECTH K 3aMETHOM OINMMOKE TOJIbKO B JABYX CIIy4asiX: BO-TIEPBBIX, €CIIU HUMEETCS
CYILIECTBEHHbIE T'PaJUEHThl M3MEHEHHS] TEMIEpPATyphl B MOTOKAax ra3a a3oTa; U BO-
BTOPBIX, €CIIM Pa3Mepbl y CIEKAIOIIMNXCA YaCTUIl MOPOIIMHOK KPEMHUSI U3 KOTOPBIX
COCTOUT M3JIEINEe MMEIOT JOCTATOYHO OOJBIITNE 3HAYeHUsS. J[Js MCKIIOYEHUS TaKUX
OIMOOK M PACXOXkKJICHUIM B YUCICHHBIX pacueTax Ha XapaKTEPHUCTHKH Ta3a (a3oTa)
Ha TBEPIOTENbHYIO0 (ha3y(KpeMHHI)TakKke OBbLIO BHECEHO HAa HHUX MPUOIDKEHHE, B
YaCTHOCTH, Ha Takue (PU3MKO-XMMUUYECKUE CBOMCTBA KaK TEIJIONPOBOIHOCTb,
BSI3KOCTh, TEIUIOEMKOCTh, Kod(pdurmenT auddys3uu, KOHCTAaHTAa CKOPOCTH PEaKIInH,
TEIJIOTAa PEAKIUH U IPYTHE.

B ornuuum oT paHee M3BECTHBIX MOJieNiel B Haile paspaboranHoii ®MM
JOTIOJTHATENIBHO B yd4eT Opanoch Tak Ha3biBaeMas KHyzaceHoBckas auddysus.
KuyncenoBckass aud@y3uss — macconmepeHoc Tra3oB 4epe3 CKBO3HBbIE (OTKPBITHIE
COOOIIAIOIINECS MUKPOKANWJUISIPHBIE TMOPBhI) B TBEPIABIX Tenax. M3BecTHO, 4TO B
HUIMKEPHBIX KPEMHHUEBBIX o00pa3liax mnopucTocTh coctasisier 31-32%, a vy



PEaKLMOHHO-CIIEUEHHBIX O0pa3loB HUTPUJA KPEMHHS IMOPHUCTOCTh HE3HAYMTEIHbHO
yMmeHblaeTcst U cocrapisier~30%. B ciayyae eciau nmopel B o0pasuax Obuid Obl OUYEHb
MaJjbl U UX KOJMYECTBO Majo, TO ATO MPUBEIO Obl K CYHIECTBEHHOMY OTPaHUYEHHUIO
muddy3un raza(azora) B riayob o0bEMa KpuUCTAIIMYECKOro oOpasma kpemHus. M3
MOPOIIKOBOTO MAaTE€pUATIOBEJACHHUSI H3BECTHO, YTO 3aKpbITas HE cooluaroniascs
MOPUCTOCTH B OPOIIKOBBIX MaTepuanax oopasyercs mpu nopuctoctu menee 12 %.

B nauccepraunonHHOi = pa®oTe  YHUCIEHHBIE  pacyeThl  IMPOBEAEHBI  C
WCIIOJb30BAHUEM TaK HA3bIBAEMOM IPOMEKYTOUHOW MOJENIH, IpPUMEHsSIEMas B
Ipoleccax ra3o-TBEpAOTENbHBIX peakuusax. [lo cymecTBy, nmpomexyTodyHas MOJIEIb
paccMaTpUBaET MOPOILIKOBOE MOPHUCTOE TEJIO B BUAE CIEAYIOUIEH YIPOILIEHHOU
MHUKPOCTPYKTYphl. [IOpOIIKOBOE ONBITHOE W3AEIHE COCTOUT U3 COBOKYITHOCTH
IAPOBUAHBIX MUKPO MOPOIIMHOK KpeMHus. Kaxnas oraenbHas mapoBHAHAS MHUKPO
MOPOIIMHKA KPEMHUSI B CBOIO OY€pEAb COCTOUT U3 Oosiee MeTbYalIIuX Cy03epeHHBIX
kpuctayioB. [Ipu mpoBeAeHUM YHCICHHBIX PACUETOB HAMH OBLJIO CHAENIaHO emé
JOTIOTHUTENIbHOE TPUOIMKEHUE, UTO Cy03epHa UMEIOT TOXKE IAPOBUAHYIO (popMmy.

Kommberorepnas peanuzanus OMM  1no3Bonmia  JOCTOBEPHO paccuUTaTh
IPOCTPAHCTBEHHO-BPEMEHHBIE 3aBUCHMOCTH DJBOJIIOLUHA TEMIEPATYPbl W JIPYTHX
napaMeTpoB, a TAKKE U3MEHEHUsI KOHIICHTPAIMK a30Ta BHYTPU 00bEMa KPEMHUEBOTO
IWIMHJIPUYECKOTO U3JIETUsl C PEaKIMOHHBIM O0pa3oBaHUEM HUTPHUIIA KPEMHUS BO
BCEM 00bEME U3EIHS.

BoiBoabl 1o BTOpoii ruaBe. Pa3zpaborana HecTalnMoHapHas — (U3HKO-
MaTeMaTU4ecKass MOJI€NIb, OIKCHIBAIONIAs PEAKIWOHHOE CIIEKAHUE MOPHUCTHIX
MOPOUIKOBBIX KPEMHHUEBBIX M3JEIUN B cpelie YUCTOro azora. OnpeniesieHbl OCHOBHBIE
BBIPQYKEHUSI, TMO3BOJISIONINE BBIYUCIUTH (DUBUKO-XUMHUYECKHUE CBONCTBA U OICHUTH
KOd(h(PUIIMEHTHl SBICHUN TMEpPEeHOCa, BCTYMAIIUX B PEAKIMI0 pPEareHToB B
3aBUCUMOCTH OT TEMIIEPATYPHI, 1aBJICHUS, HIOPUCTOCTH U COCTABA.

B Tperbeii riaBe mpencTaBieHbl pe3yJabTaThl U OOCYXKICHBI YHCICHHBIE
pacueThl peakIMOHHOTO CUHTE3a HUTPUAAa KPEMHUS JJI Pa3IMuHbIX GOpM U pa3MepoB
U3JIeTUi, IPUMEHsIEMbIE B Pa3IMYHbIX cdepax mpombinieHHOcTH. Ha pucynke 3.21
a,0. TMpencTaBieHbl pE3yJNbTaThl YHCICHHBIX PAaCYETOB PEAKLIHOHHOTO CHHTE3a
HUTpUJA KPEMHUS U1 KPEMHUEBOTO U3/eus B (hopMe CIUIONIHOTO MIUHIPA.

JInsi 4YKCIIeHHBIX Pacy€TOB BPEMEHHOW 3aKOH HW3MEHEHHUsI TeMIIepaTypbl
PEaKIMOHHOT 0 a30THPOBAHMS M 3a/1aBA€MOE JIaBJIICHUE a30Ta B KaMepe JJIEKTPOIIeUH,
OBUIH B3STHI U3 COOCTBEHHBIX IKCIIEPUMEHTOB (cM. puc.1.1.).

B HavanbHbIi MOMEHT BpPEMEHHU BBIAEPKKH Mpu padodyell Temieparype
peakunoHHoro cnekanus T=1350°C B xkamepy BaKyyMHOM 3JEKTPONEYM HAIyCKaJCs
a30T W JaBJIEHUME [MOJJEPKUBAIOCHh TMOCTOAHHBIM P=1,5 atm B mponecce
peakunoHHOro cnekanud. Buano, uro npu T=1350°C ¢ TeueHunem Bbluepkku 4 4daca
AKTUBHO MPOTEKAIOT mpoueccel aAuPQy3uu, T.6. aTroMbl a30Ta HHTEHCUBHO
TuOPYyHIUPYIOT B KPUCTAITIMYECKUI KPEMHUN BO BCEX HAMNPABJICHUSAX U B OMBITHOM
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oOpa3iie Bo3pacTaeT KOHILEHTpalus a3ota (cM. puc.3.22), mpuyeM o BceMy o0beMy
KPEMHHUEBOI'O H3JIeNnsd. AHAlW3 KPHUBBIX IIOKA3bIBa€T, YTO B HHTEPBAJC BPECMCHH
BBIZICPIKEK OT 7 710 24 4acOB TEMIIbI PEAaKIIMOHHOI'O0 00pa30BaHUs HUTPUAA KPEMHHUS B
pa3TUYHBIX TOYKAX W3MEIUs HEOJWHAKoBa. Hampumep, B pa3IW4YHBIX TOYKAX
MWIMHAPA B paaualbHOM HAIPaBICHUM OT OOKOBOW IMOBEPXHOCTH MHJIWHApPA K €&
TJIABHOW OCHM HAOJI0JIaeTCs «PACXOXKICHUE» B a30TUPOBAHUHU. DTO OOBSACHACTCS TEM,
YTO y MOBEPXHOCTH 00Opasia a30THPOBAHUE HAYMHACTCS PAHBIINEC M MPOTEKAET UyTh
ObIcTpee, YeM B IICHTPaJIbHBIX OOJACTAX y OCH IIWIMHIpa. VM, HaKoOHEIN, mpoliecc
MIOJTHOTO PEaKIIMOHHOTO a30THPOBAHHUS KPEMHHUEBOTO IMJIMHIpA 3aKaHUYMBACTCS I10
BCceMy oOBeMy TpH BBIJIEpKKe 24 dYaca. B 3TOT MOMEHT BpEeMEHHM MOJSpHAs
KOHIICHTpAIMsI a30Ta MEXKIy OCEBBIM IIEHTPOM M TIOBEPXHOCTBIO ITWJIMHJIpA
CTAHOBUTCS OJIMHAKOBOM.

iz (Mol/m®) i (Molim®)

T T
16| 161

141 141
12F 12r

10 10

— z=h/2, r[R=0
[ — z=h/2, r/iR=025
H| — z=h/2, r/R=0.50
z=h/2,r/R=075
— z=h/2, r/R=1

— z=h/2 (center)

[l — z=1.25%h/2

H| — z=1.5*h/2
z=1.75*h/2

—z=h

o (%] = o @
= =]
T

0 5 10 L) 15 20 0 5 10 - 15 20
a) 0)
Pucynoxk 3.21 - I3mMeHeHHE MOJIIPHOM KOHIIEHTPAIIMK MOJIEKYJT a30Ta OT H30TEPMUIECKON
BPEMEHHOM BBIIEP)KKHU HIHHapudueckoro usnenus (R=0,215 cm, h=4,5 ¢cM) B pa3IM4HbIX TOYKaX

paauanbHOM (2) M akcHalIbHOM (0) OCei MOPOIIKOBOTO MIJIMHIPA.

Ha pucynke 3.22 moka3aHbl KHHETUYECKHE KPHUBBIE UHCICHHBIX PAcYeTOB
U3MEHEHUSI MOJIIPHOM KOHIEHTpAllMM aTOMOB a30Ta B PAJAMAIbHOM U aKCUAIbHOMU
HAIPaBJICHUSX B IWIIMHIIPE. BuiHO, 4TO Hanboee ObICTPHIMU TEMITAMH PEAKIITHOHHOE
a30TUPOBAHME MPOTEKAET y MOBEPXHOCTEH IMIIMHIpA M CaMble HU3KHE CKOPOCTH B
[EHTPAJIBHBIX O00JACTIX KPEMHHUEBOTO MHWIMHApA. YWCIEHHBIE pPACUEThl TaKKe
MOKa3bIBAIOT, 4YTO YK€ Tmpu Temmeparypax cBbime ~1100 °C nabmiomaercs
pPEaKIMOHHOE Aa30TUPOBAHUE KPEMHHUS, HO MPOTEKAET OYEHb MEJIEHHO C HHU3KOU
WHTEHCUBHOCTHI0. C pOCTOM TeMIepaTyphl PEaKIMOHHOTO CIEKAHUS TEMIIbI
a30TUPOBAHMS TOPIIMOHHO BO3PACTAIOT W JIOCTUTAET MAKCHUMAJIbHOTO 3HAYCHUS B
MoMeHT BpemeHu 20 gacoB npu temiepatype 1350°C.

Ha pucynke 3.23 mokazaHa MOHOTOHHAs  KHHETHYECKas  KpUBas
OTHOCUTEIHHOTO YMEHBIIIEHUS TMPOIEHTHOTO COACPKAHUS HCXOIHOTO KOJWYECTBA
KpEMHUS B [UIUHAPE 10 OTHOIICHWI0 K aToMaM KpPEMHHsI BCTYIHBIIUX B
PEaKUHOHHBIN CHHTE3. M3 KpUBOM BUIHO, YTO MpHU BBIAEPXKKE 24 yaca KPEMHHM B
MOJIHOM 00bEME BCTYMAET B KPUCTAILIO-XMMHUYECKYIO PEAKIMI0 C a30TOM, 00pasys
HUTpHUI KpemHus. M3 pucynka 3.240 HamIsIIHO BHWJIHO, YTO B IIEHTPAJIBHOW YaCTH
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LWJIUMHApAa KpPEMHUM B MOMEHT BpeMeHu 18,3 dyaca mOTHOCTBIO e€meé He
npopearnpoBai. JlJIsi NMOJHOTO 3aBEPIICHUS CHHTE3a HUTPHUIA KPEMHHSA IO BCEMY
00BbeMy LWJIMHAPUYECKOTO HU3/ENUs TpeOyeTCsl MPOJ0JKATh PEAKIIMOHHOE CIEKAHMS
B TeueHue 7 dacoB npu Temneparype crnekanus 1350°C ¢ mOCTOSSHHBIM JaBIICHUEM
azora 1,5 atm.

(Al reae (MOIT/S) (dNya/these (Molim®/s)
0 0 :

-0.1r — 1 -01r N, 1
-0.2r 1 -02r 1
-0.31 1 -03f 1
-0.4r 1 -04r 1

05 1 -05¢

-06f {1 -06f
0.7F 1 -07¢
0.8} 1 -08f
'0"? — 2=h/2, rIR=0 ] 'O?j — 2=/2 (center)
41— z=h2, rRr=025 1 g1 —z=125%n2
12F| — z=hi2, rR=0.5 {1 -12p|—z=15%R
130 zohi2, rIR=0.75 1 137 —z=175mn

141 {4
Lel|— 2= iRl | M —aan

-16H 1 1 1 E| -16=

Pucynok 3.22 - DBosronust CKOpocTH peakuuu azotuposanus (R=0,215 cm, h=4,5 cm) B
Pa3IMYHBIX TOUYKaX UMJIMHAPA: @) B paialbHOM HAIPABICHUHU OT OOKOBOM MOBEPXHOCTH K
OCH LIUJIMH/pA, 0) B HANIPaBJICHUU IJIABHOW OCH LUJIMH/IpPA.

MsifNsig (%) NsilNsip at t = 1%3 h
! ‘ I 0.02
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Pucynok 3.23 — OTHOCUTEIIBHOE U3MEHEHHUE
06H1€F0 KOJIMYCCTBA aTOMOB KPEMHU B PI/IcyHOK 3.246 — HpOCTpaHCTBeHHOC
HpoLEHTAaX, HENPOPCarnpoBaBIInX ¢ a30TOM B nepepacrpeiesieHie MOJISIPHOM KOHIIEHTPALIMKU
KPEeMHHEBOM 00pa3iie aTOMOB KPEMHHUS B MOMEHT BpeMeHH 18,3 4.

N3 ananuza KpUBBIX UYHUCIEHHBIX PAaCUE€TOB MOXKHO OJHO3HAYHO YTBEPKIATh,
9TO a30T HaunHaeT AU(Hy3MOHHO MPOHUKATH B KPUCTALTUIECKYIO PEIIETKY Cy03EépeH
KpEMHHUS, MPUYEM [E€PBOHAYAIBHO 3TO IMPOUCXOJUT B OOJACTAX Y MOBEPXHOCTEU
HWIHHAPUYECKOTO M3/ENUsl ¢ MOCTENEHHOM MX TPAHCIIOPTUPOBKOM B LIEHTPAJIbHBIC
BHYTPEHHHE 00JIACTH 1O COOOMIAIONINMCS KaWJUIIPHBIM TOpaM. YHCIEHHBIE PACYETh
PEAKIIMOHHOT O CUHTE3a HUTPUJA KPEMHHUSI MO3BOJISIIOT HAOII0aTh ABUKEHHE (QPOHTA
WHTEHCUBHOTO PEAKIMOHHOTO (OPMHPOBAHUS HHUTPUAA KPEMHUS, KOTOPHIM
nepeMeIaeTcsi ¢ MPUIMOBEPXHOCTHBIX CIIOEB BO BHYTPEHHUE ILIEHTPalibHbIE 00JacTU
W3AEUSL.

Ha pucynke 3.25 mokazaHo pacmpejenieHne TeMIepaTypbl B MOMEHT BPEMEHU
t=18,3 4. mpomecca peakIUOHHOTO a30TUPOBAHUS KPEMHHUS BO BceM o00Obeme
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MOPOIIKOBOTO IMJIMHApPA. YHCIEHHBbIE pacyeThl IOKa3bIBalOT, YTO B HMHTEpBAJe
temrepatyp cnekanus ot 1150°C go 1350°C memyieHHO HaumHaeTcss HAaOIIOJATHCA
pazHuIla B TeMmmeparype (Ha puc. 3.26 - CHUHSIS U 3€JIeHas KPUBBIE) MEXKIY
MOBEPXHOCTHIO HIUIUHAPA U €€ LEHTPAIbHON YacThlO.

IIpu temnepatype 1350°C HaunHas ¢ BpemeH Bolaepxkek 16,5 4. go 21,5 4. 310
pa3HUILIa B TeMIEpaType JOCTUraeT MaKCUMalbHbIX 3HaueHud 8+9°C. DToT Qakr
CBS3BIBAECTCS C JIONMOJIHUTEIBHBIM BBIJICJIICHHEM TEIUIa U3-3a2 SK30TEPMUUYECKON
peakluy CUHTE3a HUTPUJA KPEMHUS.

T(°C) at t=183h
0.02 &

A 13597 13501
1359 1300
1358 12501
1357 12001
1356 11501
1355 11001

1354 1050 F

1353 1000k

1352
950+
V¥ 13519

V\I/x

ano 1 1 1 I
0 5 10 15 20
t(h)

Pucysok 3.25 — IIpocTpaHCTBEHHOE® Pucynok 3.26 — DBosronius TeMIiepaTrypbl Ha

pacrpeiesieHie TeMIIepaTyphl B U3/ICIUU B TMOBEPXHOCTH (3C/ICHHAS KPHBAst) M HA OCH
MOMEHT BpeMerH t= 18,3 u (cuHAA KpHBasl) UJIUHAPUUYECKOTO U3EIIHS:
MaKCHMaJIbHBIN mepemnaj Temmepatypsl (~9°C)

HaOJI0aeTCsl B MOMEHT BpeMeHu t = 18,3 1

Ha pucynke 3.27 COOTBETCTBEHHO IOKa3aHbl PacyeTHbIE KPUBBIE CKOPOCTH
PEaKIIMOHHOTO Aa30TUPOBAHMS M MOIIHOCTH TEIUIOBBIAEIEHUS B LMJIMHIPUYECKOM
oOpasiue. CKOpOCTh PEaklMOHHOTO a30TUPOBAHUS YBEJIWYMBACTCS B HAMPABICHUU OT
MOBEPXHOCTH K BHYTPEHHUM YaCTSIM IMWIMHAPA U JOCTUTAET HAUOOBIINX 3HAUCHHUH B
LEHTPE UUIUHIpAa 3TO OOYCIOBIEHO, BBIJEICHUEM JOMOJIHUTEIBHOTO TEIJIa BO
(bpoHTE PK30TEPMUYECKOIN peaKIuu.

KonnenTtparust azota B 110001 3a1aHHON TOYKE BHYTPU KPEMHHUEBOTO U3IEITHS
ompenensercss JBYyMs NOpPOLECCaMH, a MMEHHO: IIPOLECCOM  PEAKIHMOHHOTO
azoTupoBanuss W IU(PGY3MOHHBIM TEPEHOCOM aTOMOB a30Ta B KPUCTAJUTMYECKUUN
KPEMHHUU C TIOBEPXHOCTHBIX O0JIacTeld BO BHYTPEHHHE OOJACTH IMIIMHIPHUYECCKOTO
W3AEUSL.

B MOMEHT paBeHCTBa CKOPOCTEW 3THX JABYX IPOLECCOB KOHIIEHTpALMsS a30Ta
JNOCTUTAaeT CBOEr0 MHUHUMAJIBHOTO 3HAaueHUs. B IpoMexyTKax BpEMEHH, TJIe
TEeMITepaTypa a30Ta B MEUU MOJJEPKUBACTCS MOCTOSTHHON (Ha puc. 3.21, BBIIECPKKHU B
uHTEepBajgax BpeMeHw (=[2+3]u, [5+6]u, [8+9]4.), CKOpPOCTH PEAKIIMOHHOTO
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a30THPOBAHMS OYCHb HU3Kas. JTO CBS3BIBACTCA C HEAOCTATOYHBIM AH(PPY3HOHHBIM
HACBIIICHHEM KPHUCTAJUIMYECKON PEIIeTKH KPEeMHHS aTOMaMHu a30Ta, 0OYCIOBICHHOE
UKIMYECKUM TOHIKEHHEM JaBJIeHUs azoTa 1o 1,25 aTM B Kamepe medd, KoTopas
Yyepe3 MPOMEKYTOK BPEMEHHM OISATh JTOBOJAUTCS 10 AaBieHus 1,5 atm. Hecmotps Ha
9TO, KOHIIEHTPAIIHsI a30Ta MOHOTOHHO YBETTMYMBAETCSA IO BCEMY CEUCHHUIO U3ICTUS U3-
3a  mpeoOnamaHus  mpouecca  AudPy3MOHHOTO  MaccomepeHoca  a3oTa B
KPUCTAUTMYECKUH KPEMHHUI HAJl PEaKIIMOHHBIM a30THpoBaHueM (cM.puc. 3.22). 13-3a
BBICOKOH TETIOMPOBOJHOCTH HHUTPUAA KPEMHHS pacIpelelieHHe TeMIepaTyphl Mo
BCEMY CEUYCHHMIO oOpa3la SBISETCS MNPAKTHUYECKH OMHOPOAHBIM W  IPOIECC
PEaKIMOHHOTO  a30THPOBAaHUS  OTPAHWYMBACTCS  TOJNBKO UG (HY3UOHHBIM
nepeMelIeHHEeM aTOMOB a30Ta B KPUCTAIUTUISCKUI KPEeMHUH.

dNyo/dt (mol/h) Qreac (W)

0
-0.02F
-0.041
-0.06F
-0.08f

01F
-0.12F
0141
-0.16F
-0.18F

021
-0.22F
-0.24k

T T q 26F

] 24t
227
201
18F
161
14+
121
10F
gt

[ R e
— T

9)
Pucynok 3.27 — BpemeHHbIE 3aBUCIMOCTH CKOPOCTH PEAKIIUU a30TUPOBAHUS KpeMHUS (a) U
MOIIHOCTH TETUTIOBbIIeeHH (0) MpU peakiimOHHOM CIIEKaHWU KPEMHUS B cpefie a30Ta.

Ecim  yanuHUTE  MCXOAHBIA — pa3Mep  UWIMHIPUYECKOTO  HU3AEIUS
npubnu3uTeasHo B 4,44 pasa, T.e. BbIicOTy ImmuHapa g0 h=20 cM mpu ToM ke
3HaueHUM panuyca R=2,15 cM, TO ero yaenabHas MOBEPXHOCTh YMEHbIIUTCS HA 25 %.
Jlist aTOTO Ciydas, 3HauY€HUs PAcueTOB MHTEHCHBHOCTH MOTOKA MuMPyHIUPYIOMUX
aTOMOB a30Ta B KPUCTAUIMYECKUN KPEMHHUU YMEHBIIAIOTCA B COOTBETCTBYIOLIEH
MpONOPUMH MPU TEX K€ 3HAUEHUAX JABJICHHUS a30Ta B Kamepe sJeKkTporieuu. B
pe3ynbTate yBenuueHuss oobema minenus Auddy3MoHHBIN Mpolece a30TUPOBAHUS Y
MOBEPXHOCTH M COOTBETCTBEHHO INPOHMKHOBEHHWE aTOMOB a30Ta B riayOb oObema
W3/1eNns TPUBOAUT K YBEJIMUECHUIO BPEMEHU a30THPOBAHMS Ha 2 yaca 10 CPAaBHEHUIO C
HCXOIHBIMH pa3Mepamu nuauHapa h=4,5cm.

[Ipn 3TOM MakcHUManbHBIA NEPENA] TEMIIEPATYPHI B U31EIIUH, BOSHUKAOIINH 32
CYET BBIJIEICHUS YK30TEPMHUECKOTO TEIIa B IIPOLIECCE PEAKIIMU OCTAECTCS TAKOU Ke U
coctasisieT ~9°C.
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Ha pucynke 3.28 moka3zaHO 3aKOHOMEPHOCTb YMEHBUIEHUS OTHOCHTEIBHOI'O
coJlep KaHUsl HE MPOpearupoBaBUIMX aTOMOB KPEMHHUS C a30TOM B LMJIMHAPUYECKOM
oOpas1ie o paguaibHOMYy (a) U akcualibHOMY (0) HaIMpaBlIEHUSIM B 3aJJaHHBIX TOYKAX
uuiauHAapa. BuaHo, 4To B MHTEpBane BpeMEHM OT1S 1m0 22 4acoB BBIAEPKEK, KOTAa
nocturarorcs Bbicokue Temmeparypbl 1280-1350°C  crekaHusi KOJIMYECTBO HE
MPOpPEarupoBaBIIMX aTOMOB KPEMHHMSI YMEHBIIAIOTCS MOHOTOHHO BO BCEX 3aJaHHBIX
TOYKaxX o0beMa LUIUHApPA. B LEHTpalbHBIX YACTAX IMJIMHIPA TEMIIbl YMEHBIICHUS
OTHOCHUTEIBHOTO KOJMYECTBA HEMPOPEAruPOBABIIETO KPEMHHUS 3aMETHO MEHBIIIE, YEM
B IIPUMOBEPXHOCTHBIX 001ACTIX HUIUHAPA.

NsiNsio NsiMsio
T T

1F —
09t | ool
08} | oal
0.7F i 0.7h
0.6} i 06k
0.5F i 05t
0.4+ — z=h/2, rlR=0 b 0.4+ — z=h/2 (center)
03k| — z=ni2, riR=0.25 i 03k — z=125%2
— z=h/2, r/R=0.50 — z=1.5%2
2=h/2, r/lR=0.75 1 22— z=175%mp2
0.1 | — z=n/2, r/R=1 ] 01r|—z=n

0 0
0 5 10 15 20 0 5 10 15 20

02r

Pucynoxk 3.28 - DBotolus OTHOCUTEIHHON KOHIIEHTPAIIMU HE MIPOPEarupoOBaBIINX aTOMOB
kpemuus B umuHape (R=0,215 cm, h=4,5 cMm) B pa3HBIX TOYKax paanaibHOM (a) U
aKcHaJIbHOM oceli (0).

Takke MNpPEeaCTaBIsIO WHTEPEC U3YUYWUTh BIMSHUE BHEIIHMX IapaMeTpPOB:
TEMIIEpaTypbl CIEKAHWS, JABJICHUS ra3a W pa3MEPOB HU3JENIHS Ha PEaKIMOHHBIN
CUHTE3 HUTPHUIA KPEMHUS.

U Tak, B paboTe mpoBeJEHBI U OMUCAHBI TPEXMEPHBIC YUCICHHBIE PACUEThI JJIs
pAla U3IENUN IPUMEHSAEMBIE B PA3JIMYHBIX OTPACIIAX MPOMBIIUIEHHOCTH, B YACTHOCTH
JUISE TOHKOCTEHHBIX M TOJICTOCTEHHBIX W3ACIUNA pa3IudHOM KOHQPUTYypaluu, B
YaCTHOCTHU: TPYOKH, MPUMEHSEMbIE B KauyeCTBE YEXJIOB TE€pMONap; KOHYCOBUIHOTO
YCEUYEeHHOT'0 CTaKaHa, MPUMEHSIEeMbIN B appuHaKe qparMeTauioB; MACCUBHOTO THTJIA,
KOTOPBIN HCIIOJIb3YETCS U1 BBIpAILUBAHHUS MIOJIYIIPOBOAHUKOBOIO
MOHOKPHUCTAJIIMYECKOTO KpeMHHUs 1o merony Yoxpansckoro Ha KXM3 «Actpay
Ksipreizckoii Pecniy0nuku; MmaccuBHOTO 00JTa, MPUMEHSIEMBII B KQUECTBE KPEIUJICHUS
JDKpPAaHOB B BBICOKOTEMIIEPATYPHBIX JJIEKTPOINEYaX U JPYTHE. B cBa3u ¢
OTPaHMYCHHOCTHIO 00beMa aBTOpedepara MpPUBEAEM KOPOTKO HEKOTOPHIC YHCICHHBIC
pacyeThl 1Ji1 TOHKOCTEHHOW TPYyOKH, NMPUMEHSEMble B METAITYPrUM B KayecTBE
yexsioB Tepmomap. Ha pucynke 3.30 mnpuBeneHsl pe3ynbTaThl TPEXMEPHBIX
YUCJICHHBIX PACUYE€TOB PEAKIMOHHOTO CHEKAHUSA JUISI TOHKOCTEHHOM LWJIMHIAPUYECKON
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TpyOKM TONIIMHOW 3 MM, KOTOpas HCIOJB3YeTCsl B KayeCTBE YEXJIOB TEpMomap.
YucneHHBI aHAIW3 TMOKas3al, YTO B MOMEHT BpPEMEHH PEaKIIMOHHOTO CIEeKaHUs
t=15,4gaca (cMm. puc. 3.30 a) KOJTUYECTBO HEMPOPEATUPOBABIIETO KPEMHUS C a30TOM
cocTaBisierT okojio 28% 1o 00bemMy KpeMHHEBOro m3zaenus. Kpucramtoxumuueckas
peakiusi KpEeMHHUS C a30TOM COMNPOBOXKAAETCS OTOJTHHUTEIBHBIM BBIJCICHUEM
konuyecTBa TemoThl Q. B momenT Bpemenu 14,7 4. (cm. puc. 3.30 0) HaGnrogaercs
MaKCHMaJbHOE BBIJCICHUE Teria OJjaromapsi 3K30TEepPMHUYECKOW peaKIud CHHTE3a
HUTpHJa KpeMHMs H paBHa Q =4,4112x10° Jx. DTOoT (aKkT OJHO3HAYHO
MOJATBEPKAACT, O JABUHOOOPA3HOM MPOTEKAHUN CHHTE3a HUTPHIa KPEMHHUS TPU dTOU
TeMIepaType U B 3TOT MOMEHT BpeMeHH. [Ipu 3Tom TemmepaTypa B mpoliecce CHHTE3a
mo BceMy O00BEeMY TOHKOCTEHHOW NWJIMHIPHUYECKOH TPYOKH pacmpeerncHa
NPaKTUYECKN PaBHOMEpHA, 332 UCKIIOYCHUEM TOPIIEBBIX YaCTEH TTOBEPXHOCTH TPYOKH,
rie Temneparypa Ha ~1°C BbllIe, 4eM B 00beMe H3/IETHsl.

NagiNgio (%)

1
. . - 1.94x107°
0 5 10 15 20 0 5 10 15 20 V¥ 1.94x10

a) 0) B)

Pucynoxk 3.30 - Pe3ynbrarhl UncieHHbIE pacyeTOB AJIsl HUIMHIPUUYECKONH TOHKOCTEHHOU TPYOKHU
COOTBETCTBEHHO C pa3MepaMy BHYTPEHHETO M BHelIHero paaunycoB Ri=1 cm, R2=1,3 cm npu
temmneparype 1280°C B MOMEHT BbIZIEp)KKH 15,4 yaca: a — o01iee KOJIMU4eCTBO HEMPOpEarupoBaBIIINX
aTOMOB KPEMHHS C aTOMaMH a30Ta; 0— KOJIMUYECTBO BbIJENIUBIIErocs Temia Q; B—poCcTpaHCTBEHHOE
nepepacnpezeseHue TeMrepaTypsl o 00beMy TpyOKH.

Od4eBUAHO, ITO CIIEAYET CBA3BIBATH C ABYMs (pakTopaMu, BO—TIEPBBIX OYCHB
BBICOKOM TEIUIOOTAAYEH HUTPUJA KPEMHHUS M, BO-BTOPBIX, 4YacCTb BBIJCICHHOU
TEIUIOTBI BO (POHTE peakiuu HUAeT Kak Ha JanbpHeimme auddy3noHHbIC
IMPOHUKHOBEHUS a30Ta B KPUCTAIUIMUECKUN KPEMHUU C MOCIECAYIOIUM PEAKIIMOHHBIM
o0pa30BaHWEM HOBBIX KPUCTAJJIOB HUTPHJIA KPEMHHS HAa HOBBIX y4acTKaX, /i€ eIlle He
mpopearupoBan KpemHui ¢ azorom. [Ipu paboueit Temneparype cnexanus 1280°C,
HA4YMHAas C BBIJCPKKH 5 4acoB M 110 17,5 4acoB, KOJUYECTBO HEMPOPEArnpPOBABIIETO
KPEMHHUSl yYMEHBIIAETCs OBICTPHIMU TEMIIAaMH — JIABUHOOOpPA3HO, a B HHTEpBaJe
BPEMEHU BbIIAEPKEK 17,5+24 yaca OCTaBIIMKCS KPEMHHM MOCTEIIEHHO MPEBPAIIACTCA
B HUTPHUJ KPEMHUS MO BceMy 00beMy TpyOku. Takum 0Opa3oM, YHCIEHHBIH METO]
pacueta JU(PQGY3MOHHO-PEAKIIMOHHOTO a30TUPOBAHUS KPEMHHUSI C KPHUCTAILIO-
XUMUYECKUM TMPEBpaAlICcHUEM B HUTPHUJ KPEMHHS JISI PA3IMYHBIX TOHKOCTEHHBIX
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m3nennid TomuuHou ot 0,3 1o 0,6 cM pu 3a1aHHOM BPEMEHM MOKAa3bIBAIOT B IIEPBOM
NPUOIMKEHUN CXOXKECTh PE3YIbTATOB C HEOOJBIIMM OTJIIMYHMEM OTHOCHUTEIBHOIO
coJiep KaHMsl OCTATOYHOT'O KPEMHHMSI B U3/I€TTUU HE BCTYNMBIINX B PEAKIIMIO C a30TOM.

BriBoabl 10 TPeThei riase. PacCMOTpeHa KUHETHKA PEAKIIMOHHOIO CIIEKaHUSA
[IApPOBUHOM YacTULBI KpeMHHUsI B cpele a3zoTa. [IpoBefeHbl YUCIEHHBIE PacdeThbl
KMHETUKU PEAKIIMOHHOIO CUHTE3a HUTPUJa KPEMHUS B LIWJIMHIPUYECKOM KPEMHHHU, B
TOHKOCTEHHBIX U TOJICTOCTEHHBIX U3JEIUAX pazauyHoi KoHpurypauuu. C moMoubo
KoMIiekcHOM — mporpammbel - COMSOLmultiphysics-5.3  mposeaeHo  uucieHHOE
pelieHre HecTalMoHapHbIX JuddepeHunanbubix ypaBHeHud ®OMM U BbISBICHBI
3aKOHOMEPHOCTH BJIMSIHUSI BHEIIHUX (PAKTOPOB HA MPOIECC PEAKIMOHHOIO CHHTE3a
HUTPUJA KPEMHHUS.

BbBIBO/IbI

1.Pa3pabotana  (u3uKO-MaTeMaTH4yecKas  MOACIb B BUAC  TPEX
muddepeHnnaabHbIX  YPaBHGHHWH JIOCTOBEPHO  OMMCHIBaroOmmIas  audy3rMoHHO-
PCAKIMOHHBIM CHUHTE3 HUTPHUJA KPEMHHS ITOPOIIKOBBIX KPEMHHUEBBIX H3JICIINN
pasznuuyHoi KoHurypamuu (Gopmsl 1 pazMepoB) B aTMocepe a3ora.

2.IlpoBeneHo mpUOIMKEHHOE aHATUTHYECKOE U  YHCICHHOE pelleHue
HecTallMoHapHBIX auddepeHIanbHbIX ypaBHeHHH OMM ¢ moMOIIbI0 KOMITJIEKCHOM
nporpammel COMSOLmultiphysics -5.3.

3.YcTaHOBIEHO, YTO MEPBOHAYAIBHO CHUHTE3 HUTPHZIAa KPEMHHS TPOUCXOJIUT B
00J1acTAX y MMOBEPXHOCTEH M3 C MOHOTOHHBIM (D)POHTOBBIM IEPEXOJ0M BIUIYOb K
HEHTpY u3aenus. M3yueHbl KMHETUYECKHE 3aKOHOMEPHOCTH PEaKI[MOHHOTO CHUHTE3a
HUTPUJA KPEMHHUS Y TOHKOCTEHHBIX U TOJICTOCTEHHBIX MOPOIIKOBBIX KPEMHHEBBIX
mznenuii. C yBelMYeHHEM MacChl U O0bEMa HU3JIENTUN KUHETHKA PEaKIMOHHOTO
oOpa3oBaHHs HUTpHJAa KPEMHHUS TIPU OJMHAKOBBIX HAYaJIbHBIX  YCJIOBHUSIX
TEMIIEPATYPHOTO PEKMMa PEAKIIMOHHOTO CIEKAHWs M JIaBICHWW Ta3a MPUBOJHUT K
VBEJIMYCHHUIO BPEMEHHU BBIICPKKHA PEAKIIMOHHOTO CIEKAaHUA JO0 OKOHYATEIHbHOTO
dbopMUpOBaHUS HUTPHIA KPEMHHUS.

4. YucneHHBIMM  pacyeTaMH  BBISBICHBI  DBOJIOIMOHHBIE  IPOIIECCHI
1 Hy3MOHHOTO a30TUPOBAHUS U PEAKIIMOHHOTO (POPMUPOBAHUS HUTPHUAA KPEMHUS,
KOTOPBIE XOPOIIIO COTJIACYIOTCS C AKCIIEPUMEHTOM. Y CTaHOBJICHBI 3aKOHOMEPHOCTHU
BIIUSTHUSL TEMIIEPATyphl PEAKIIMOHHOTO CIEKAHWsI, JABJICHHS Ta3a B DJICKTPOICYH, a
TaK)KE€ pPa3MEpPOB W3JACIUN, TO3BOJIIONINE YIPABISITH IMPOIECCOM PEAKIIMOHHOTO
CIIEKaHUs, T.€. B AaNpUOPH OMPENEIATh ONTHMAIbHBIC 3HAYEHUS JJITUTEIBHOCTH,
CKOPOCTH, MHTCHCUBHOCTH ¥ PABHOMEPHOCTH MPOTEKAHMS CHHTE3a HUTPHIa KPEMHHS.

5.Uucnennple pacdeTbl TMOKA3bIBAIOT, YTO HA JUIMTEIHLHOCTH PEAKIIMOHHOTO
CIIEKaHUS 70 OKOHYATEILHOTO CHHTE3a HUTPHUAA KPEMHHS 10 BCEMY 00BbEMY U3IEIHS
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HauOosiee OIIyTHUMO BIHUSIOT Ta0apuThl WIM TOJIIUHA CTEHOK u3Aeius. TemIbl
PEaKIMOHHOTO CHHTE3a HUTPHUAA KPEMHHUS BO BHYTPEHHHUX LIEHTPaJbHBIX 00JIACTIX
MAaCCHBHOTO Tapajuiesienurneaa OTCTal0T OT MPUIOBEPXHOCTHBIX YacTeH M3JeNus Ha
~2+3 yaca.
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Caraes Jlecoexk OppiHraaueBudTHH «KpeMHuilT HUTPUAMH PpeaKkUUsIbIK
OBIIIBIPYYHY MoOAeJANK u3nji100» aereH temaaarnl 01.04.07 — konjaeHcupieHren
adanabiH Gu3MKachl afucTUIH 00HHYA (HU3MKA — MATEeMaTHKa WIMMJAEPUHUH
KAHAUIATHI  WJIMMHIA  JapakachblH  M3JAEHMI  aJlyy Y4YYH  SKa3bUITaH
AUCCEPTANMAIBIK MINMHUH

PE3IOMECH

Tyiynayy ce3aep: peakuusulblKk ObIIbIPYY, KPEMHHUM, a30T, KyMaHJIbIK
JKacajrajap, a3oTTOO MPOLECCH, KPEMHUNIAWH HUTPUAUH CHUHTE3/100, MOJEIIe0,
muddepeHnnanablKk TeHAeMeNep, KaKbIHAATBUITAH YbITapbUIbIII, SCENTOHYH CaHIBIK
BIKMAChl, KHHETHKA, CHUHTE3JO0OHYH ©3reuenykrepy. W3WINeeHYH O0beKTHCH:
KpeMuuiinun ap-kanjaail KoHQUrypausgarsl KyMaiJibIK sKacajirajapblH Ta3a a30TTyH
aTMoc(epacbiHa peakuUsIIbIK ObIIIBIPYY TPOLUECCUHIETH PEAKIUSIIBIK CHHTE3 MEHEH
T Qy3UsIIBIK KBUTYYITYK — Macca Tallyy MpOIeCCUHUH Mblii3aM YeHEMIYYJIYKTOpY.
M3nnpneenyn npeamern: KpeMHUHIUH HUTPUAMH CHUHTE31060HYH KHUHETHKACHIHA
THIIIKBI ~ MapaMeTpJIEpAWH  JKaHa  JKacalrajapAblH  ©JIY6MJOPYHYH  JKaHa
dbopmanapeiabiH TaacupuH u3winee. MmruH makcatbl: Kpemuuiinun ap-kanmgai
KOH(QUTrypauusaaarsl  KyMalJIbIK — JKacajrajapblH  a30TTyH  aTMmocdepacbiHaa
PEaKIUSIIBIK OBIMIBIPYYHYH TYPYKTYY 3MEC MOJEJIUH HUIITen 4biryy. Kpemuuiinus
HUTPUANH KPUCTAIIIXUMUSLIIBIK CUHTE3[00HYH KHUHETUKAJIBIK MBbIii3aM
YEeHEeMAYYJIYKTOPYH aHBIKTOO OOIOHYA TEOPHSUIBIK H3WIOOJOpIY CAHIBIK ICENToop
apKbUlyy Kypry3yy. HM3migee bIKMagapbl: TEOPHSUIBIK >KaHAa MaTEMaTHKaJIbIK
¢usukanpiH, OUPEepeHIHANIBIK  TEHAEMENEep  TEOPUACHIHBIH  BIKMaJIapbIH,
TEHJEMEJIEpAH alMpPOKCUMALUSIIOO KaHa ajapabl UTEPALMSIIBIK YbITapyy bIKMaJIAPbIH
naijanaHyy MEHEH KOJIIOHYI, CaHIbIK JCENTeeNIopAy KYpPry3yy. AJIBIHTaH
HATBHIZKAJIAP KAaHA aJapAblH WIMMHH KaHbUIBITBL: JKoropky rtemmepatypajna
KPEMHUWIM  a30TTyH artMmocdepachiHaa  ObIIBIPYY  yU4ypyHIa, KpPEeMHUNIU
TuPy3uITbIK  a30TTOHY OasHIO00 YYYH KPEMHUUIWH HUTPUIUH PEAKIUSIIBIK
CUHTE3/1060HYH (M3HKA-MaTEMaTUKAIBIK MOJEIH OMPUHYH KOy UINTEN YbITaPbUIIbI.
Kpemuuiinun ap-kangaii KoHQUTypanusaarsl KO360HOKTYY jKacairajapblH a30TTyH
aTMocdepachiHia PEaKIMsUIBIK a30TTOO0 MPOIECCUMHUH KWUHETHKAchiH, KHynceHauk
muhdy3ustHBl 3CKE adyy MEHEH CaHIBIK ACENToeNop OUPHUHYH KONy >KYPTY3YIAY.
KpeMHMiimuH KyMalJIbIK JKacalTallapelH  a30TTYK aTMmocdepana  ObIIIBIPYY
MMPOLECCUHAETN Ta3-KaTyy 3aTThIK PEaKLHSACHl KOMIIBIOTEPIE OPTOMUYYJIYK MOJECIAN
KOJIIOHYY MEHEH MIIKE allbIpbulibl. KpeMHUNUINH HUTPUANH PEAKLIMSIBIK CUHTE3100
MMPOLUECCUHUH KWUHETUKAJIBIK MBbIM3aM YEHEMAYYJIYKTOpY KaJIbIH JKaHa KyKa
KanTajayy >Kacajirajap Y4YYH Xypry3yiay. KpeMHUWIVNH HUTPUINH PEaKUUSIIBIK
CUHTE3/I00HYH KYPYIIYHYH OCpUIITeH TeMIepaTypa *KaHa PEaKIHUsIIBIK OBIIIBIPYYHYH
Y3aKThITBl ~ YYYH, Q30TTyH DJIEKTp MEHIMHAErd OachIMbIHAH  ©3repYYyCYH®,
xKacanralapJblH KOH(QUrypalusiChlHA JKaHa ©JYOMYHe KapaTa Y3aKThITbIHBIH,
BULIaM/IBITBIHBIH )KaHAa MHTEHCUBAYYJIYTYHYH MaaHWJICPU AHBIKTAJI/bI.

Koumonyy 4eiipecy: MmTrH Hatblibkanapbl HUTPUAJUK KEPAMUKAHBI alyy
y4ypyHAa PEaKUUsUIbIK OBIIBIPYYHYH ONTHUMAABIK PEKUMHUH HUIITEN YbITYy YYYH
KEpaMHUKaJIbIK MaTEpUall TaaHyy aliMarblHJa KOJIIOHYJAT.
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PE3IOME
nucceprauuun  CaraeBa JlecOeka OpbiHraauesnya Ha Ttemy: «MogeabHbIe
HCCJIEAOBAHUSA PEAKIMOHHOIO CIICKAHUA HHUTPUAA KPEMHHA» HA COMCKAHHUE
YUYCHOI CTeNmeHH KaHAUAATAa (PU3NKO-MATEMATHYECKHX HAYK MO0 CIeHAJTbHOCTH
01.04.07 puzuka KOHAEHCMPOBAHHOIO COCTOSTHU S

KiroueBble cji0Ba: peaklMOHHOE CIEKAaHWE, KPEMHHUMH, a30T, MOPOIIKOBbHIE
U3JIeNus, TpolecC a30TUPOBAHUS, CUHTE3 HUTPUAA KPEMHHs, MOJIETUPOBAHUE,
muddepeHnnanbHble  ypaBHEHUS, NPUOIMKEHHOE pEIIeHHWe, YHMCIEHHBIA MEeTOJ
pacuera, KHHETHKa, 0COOEHHOCTU CUHTE3a.

O0bexT HCCJIe0OBAHUA — 3aKOHOMEPHOCTH 11 Py3MOHHOTO
TEIJIOMACCONEPEHOCA C PEAKIIMOHHBIM CHHTE30M B IMPOIIECCEe CIEKAaHUS KPEMHUEBBIX
MNOPOIIKOBBIX U3JIEINI pa3InuyHON KOHPUTYpaluu B aTMOC(epe YUCTOro a30Ta.

IIpeamer ucciaenoBaHus — BIMSHUE BHENIHUX MapaMeTpoB M KOH(UTyparuu
u3zenunil (pazmMepsl 1 popMa) Ha KWHETUKY CUHTE3a HUTPUAA KPEeMHHUS.

Hear padorbl — pa3paboTka HECTAIMOHAPHOM MOJEIN PEaAKIIMOHHOTO
CIIEKaHUS MOPOIIKOBBIX M3JIETUN KPEeMHHS pa3IMyHON KOHQUrypamuu B atMmocdepe
azota. [IpoBeneHrne TEOPETUUYECKUX HCCIEAOBAHUNA MO BBISBICHUIO KUHETHYECKUX
3aKOHOMEPHOCTEH KPUCTAUIOXUMHYECKOTO CHUHTE3a HUTPUIA KPEMHHS METOJIOM
YHUCJICHHBIX PACUYETOB.

MeToabl uccjieoOBaHUS — YHUCIEHHBIE pacyeThl C MPUMEHEHUEM METOJI0B
TEOPETUYECKON U MaTeMaTU4YecKoil pusuku, Teopun nuddepeHImalbHbIX YpaBHEHUH
C HCHOJb30BAaHUEM METOAOB aIlPOKCUMALUA YPABHEHHH M WX UTEPAIMOHHOTO
pEIICHHUS.

IlosyyeHHnble pe3yJbTaThl U MX HOBH3HA — BIEpBbIC pa3paboTaHa (U3HUKO-
MaTEeMaTUYeCKass MOJEIb PEAKIMOHHOTO CHHTE3a HUTPUIA KPEMHHUS JJIS ONUCAHUS
1 Hy3MOHHO-PEAKIIMOHHOTO a30THPOBAHUS KPEMHUS MPU BBICOKUX TEMIIEpaTypax
CIeKaHus KpeMHusi B aTMocdepe azota. [IpoBeseHbl YHCICHHBIE pacyeThl KUHETUKH
npolecca PeakimOHHOTO a30TUPOBAHUS MOPUCTHIX KPEMHHUEBBIX U3JIETUN PAa3THUHON
KoH(purypamnuu B atMocepe azora ¢ ydeToM KHyACeHOBCKON nuddysuu. [IpoBenena
KOMITBIOTEPHAsI peaqu3alysl Ia30-TBEPAOTEIBHON pEeaklUd B IPOLEcce CIEKaHUs
MOPOIIKOBOTO KPEMHMEBOIO H37enuss B arMocdepe a3oTa ¢ NPUMEHEHHEM Tak
Ha3bIBAaEMOM MPOMEKYTOUHON Mojienu. OnpeaesneHbl KHHETHYECKUE 3aKOHOMEPHOCTH
IIpolLlecca PEaKIMOHHOIO CHHTE3a HUTPUAA KPEMHUS JUIS TOJICTOCTEHHBIX U
TOHKOCTCHHBIX  W3JeNHii. BBISBICHB  3HAYCHHWS  JUIMTEIBHOCTH, CKOPOCTH,
WHTEHCUBHOCTH TPOTEKAHMSI PEAKIMOHHOTO CHHTE3a HUTPUJA KPEMHHS IS
3aJIaHHBIX TEMIIEPATYP U BPEMEH BBIICP)KEK PEAKIIMOHHOTO CIIEKAaHMsI, OT U3MEHEHHU I
JaBJICHUS a30Ta B JIEKTPONEUH, OT KOHPUTYPALIMU U Pa3MEPOB U3ICIUN.

O06J1acTh MPUMEHEHHUsI — PE3yIbTaThl Pa0OTHI OyIyT MPUMEHATCS B 00JaCcTH
KepaMHUYECKOTO MAaTEepPUANIOBEICHUS TPU pa3pabOTKE ONTUMAIBHBIX PEKUMOB
PEaKIIMOHHOTO CTICKAHUS TPY TTOJTYICHUN HUTPUTHON KEPAMUKH.
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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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