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PA3PABOTKA MATEMATHYECKOHN U KAYECTBEHHOU
KOMIIBIOTEPHOM MOJEJEN MNPOIIECCA ®OPMUPOBAHUS
CTPYKTYPbI KAPEBMJIKPEMHHUEBOH CTEKJIOKEPAMUKH

B crarTi nponoHyrThCS METOOM PO3POOKH MAaTEMaTH4HOI Ta SIKICHOT KOMII'IOTEpHOI MoJeNeil mporecy
(hopMyBaHHSI CTPYKTYpH KapOiIKpeMHI€BOI CKIOKEpaMiKi, OCHOBaHI Ha Mix(asHill B3a€MOIii KOMIIOHEH-
TiB, IO BiOYBAIOTHCS MiJ Yac CHIKaHHS. 3a TOMOMOTOI PO3pPaxyHKIB OTPUMaH| ONTHUMANbHI CITIBBIIHO-
LICHHS CKJIO3B’S13KM Ta IHEPTHOI'O HAIIOBHIOBAaYA B JOCIIAHUX KOMITO3HIIIfX.

In article methods of working out of mathematical and computer models of process of formation of struc-
ture silicon carbide the glass ceramics, based on interphase interaction of components which occur during
sintering are offered. By means of calculations optimum parities of a sheaf and an exicipient in investi-
gated compositions are picked up.

Hcnonp30BaHue CTEKIOOPA3YIOMIMX CUCTEM B Kau€CTBE CBS30K CTEKIJIOKEpa-
MUYECKUX MaTepHUalOB MPUBJIEKACT HCCIENOBATENEH, MPEkIe BCEro, BO3MOXKHO-
CTBhIO BAPhUPOBAHUS B IIMPOKUX MpeAeIaX UX XUMUUYECKUM U (pa30BbIM COCTaBaMHU
U COOTBETCTBEHHO, OKa3bIBaTh BIUSHUE HA TUIOTHOCTb, MOPUCTOCTH, TEPMUUECKOE
pacimupenue u apyrue GyHKIHOHAIBHbBIC CBOMCTBA m3aenuit [1 — 2]. OTMedeHHoe,
B CBOIO OY€pE/ib, 1A€T BO3ZMOKHOCTh MPU MPOCKTUPOBAHUU TAKUX KOMIO3UIIUOH-
HBIX MaTEpHUaJIOB YMPaBISTh (GU3UKO-XUMHUUECKUMH MPOlleccaMu MPOTEKAIOIUMU
Ha MeX(pa3HOU TpaHulle pa3jiesia, OT aKTUBHOTO B3aUMOJECHCTBHS HAMOJHUTENS 10
MOJIHOTO €TI0 OTCYTCTBUSI.

B pabote uccienoBanach BO3MOXHOCTh CMOJEIUPOBaTh Mex(a3zoBoe B3au-
MOJICHCTBHE, TPOUCXOSIIEE B MPOLIECCE CIEKaHUs CTEKIOKEpaMHKHA HAa OCHOBE
KapOuna kpeMHusi. M3ydanuch ABYXKOMIIOHEHTHBIE KOMIIO3UIUMH, BKJIIOYAIOIIUE
TOHKOMOJIOTO€ HATPHH-KAJIbIUH-CHIIMKATHOE CTEKJIO U Topomku SiC pa3iudHbIX
MapokK.

Jlns mpuMepa NPUHUMAEM COCTaB MOPOIIKAa CTEKJIa MOHO(MPAKIIMOHHBIM,
paBHBIM 3HaUeHUIO D5 17151 kKapOuia KpeMHus.

[Ipu 5TOM HE CI0XHO aHATUTUYECKH PACCUUTATh TOJIIWHY IUIEHKU CTEKJIO-
CBSI3KM MOKPBIBAIOIIECH MOBEPXHOCTh YACTUIl KapOuJa KpeMHUS B IUIOTHOCIICYEH-
HBIX MaTepuanax.

Pacuer mpoBogwiM ajis MaTeMaTUYeCKOM MoJelu B BUAE Kyba ¢ pedpom
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1 cM, cocrosiero u3 KapOMAKPEMHHEBON CTEKIOKepaMHKH cocTaBa 53 macc. %
SiC mapku F360 u 47 macc. % crekia.

[IpenmonoxxuM, 9TO B 3TOM MaTepHayie CTEKIOCBSI3Ka HE TOJHKO OOBOJIOKIIA
JacTHIIBl KapOuaa KPEMHHUS, HO U TOJTHOCTHIO 3aMOTHSIA BCE MEK3EPEHHOE TIPO-
CTPAaHCTBO, C Y4€TOM, YTO TEOpeTHUYeCKas O0BbeMHas IUIOTHOCTh CBOOOTHOM YK-
JaK¥ MOHO(PAKIIMOHHBIX MOpomiKoB (1o janHbiM [3]), coctaBiser 63 %, a mo-
PHUCTOCTBH COOTBETCTBEHHO 37 %0.

[IpenBapuTenTbHO MPUHUMAEM CIICTYIOININE YCIOBHBIE 0003HAYCHHS:
- a—pebpo kyda mogensHOro oopasna (1 cm wim 10000 Mkm);
- D - cpennuii nmametp yacTuil kapouaa kpemuus (22.8 mxm i SiC mapku

F360);

- P — oObemMHas 011 YacTHI] CTEKIa U KapOuaa KpeMHus B oopasiie (63 %);

- pk, ps mrotsoctH SiC u crexnocss3knu (3.21 u 2.73 r/cM® COOTBETCTBEH-
HO);

- mk, ms — maccossie g0au SiC u crexnocBszku (0.53 u 0.47 cooTBeTCTBEH-
HO);

- h — TonmmHa cos cMavHMBArOIIEr0 MOBEPXHOCTh YACTHUI[ KapOuga KpeM-
HUS,

- V — oObeMHas J1oJis, 3aHUMaeMas B oopasiie yacturiamu SiC, ¢ ydeToM ux
CMAYMBaHUS OTIPENICTSETCS BEIPAKCHHUEM;

-F
Vo= V=063

- N — pacyeTHOE KOTMYECTBO YACTUI] B 00pasIle ONpeaesaeTCsl BRIpaKECHUEM

v 10000°

4
> m(D+ 2’

- VK — uncras oobemHast moiis, 3anumaeMas 3epHamu SiC B oOpasue Oe3
ydeTa Top, MOXKET OBbITh BBIUHCIICHA U3 COOTHOIICHHUS .

mk

A Vir = 0.49
mhk s
—_— + _—

o g
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Hcxoas u3 paccuntaHHON 00beMHOM f0iu SIC BBIYMCIMM KOJIHYECTBO Yac-

THI] KapOu1a KpEMHHS B MOJEILHOM 00pa3iie, KOTOPOe COCTABUT.

3
Vic- 10000
M= ———

4
—-;’TDS
3

M= 9860518

Jlns ompeneneHus TOJMIIMHBI CI0SI CMAYMBAIOIIETO MOBEPXHOCTh 3€PEH Kap-
Ouga KpeMHHUsS HEOOXOJUMO pEIIUTh HEJIWHEWHOe KyOmueckoe ypaBHeHue. [[ns

ATOrO, KaK M a NPEeIbIIyIIMX PacyeTax BOCIOIb3YEMCS POrpaMMOi MathCad®:

3
¥ 10000
Given Nk = b= Find(h) = (1.1)

1
Eﬁ{m+2ﬁf

W3 mosry4eHHBIX pe3yiabTaTOB CIEAYeT, YTO TOJNIIWHA TUICHKH, CMAadHBalo-
el ToBepXHOCTh KapOmma kpemums Mmapku F360, mocrarouHo-HEeoOXoammas
JUTSL TIOJTYICHUS TUTOTHOW KapOUAKPEMHUEBON CTEKIIOKEPAMUKH COCTABIISIET OKOJIO
1.1 MKM. AHaJOTUYHBIC PACUYETHI, BHIMTOTHEHHBIC JIJIT MaTEPUAIOB C MCIOJIL30Ba-
HUEM Jpyrux Mapok SiC, ToKa3bpIBalOT, YTO C YMCHBIICHHUEM JIHCIIEPCHOCTH
HAIOJIHUTENS TOJIIMHA CMAYUBAOIICH TUICHKUA CTEKJIOCBI3KH TaK K€ YMEHbINACT-
cs (Tabymra).

Tabmuma
PacueTHble 1aHHBIE CTPYKTYPHBIX ITAPAMETPOB IIOTHOM KapOUAKPEMHUEBON CTEKIIOKEPAMHUKHU
Mapxka CpenHuii pazmep Hons SIC, | TommuHa crexnorienkd, | OTHomeHne
SiC 3epeH, Dsg, MKM macce. % h, MM h/Dsg
F360 22.8 53 11 4.8
F600 9.3 50 0.56 6.0
F800 6.5 49 0.42 6.4
F1000 4.5 48 0.31 6.9

JInst TOATBEpXKACHUS TMOJIYYEHHBIX pACUYETHBIX JIaHHBIX OBbUIM TIpOBE-
JICHbl  KOHTPOJIbHBIC HCCIEJAOBaHUS MO MOAOOPY KOJWYECTBA CTEKJIOCBSI3KU B
JAHHBIX MaTepuagax. ¥ CTaHOBJIEHO, YTO MPHU COJEPKAHUU CTEKIIa B MaTepuale 10
44 — 45 macc. % yactuilbl KapOuja KpeMHUS B MPOIIECCE CIEKAHUS MPAKTUUECKU
HE MePEeMEeNIaloTCsl OTHOCUTEIBHO CBOETO MOJIO0KEHHUS, ITOJTYUYEHHOTr0 TTpu (popMOB-
Ke 00pasuoB. Mx crekaHue CBS3aHO JIMIIb C MepepacnpesieIeHUeEM B MaTepuase
CTEKJIOCBSI3KH, KOTOpas MOCje pacIuiaBiieHus 00BosakuBaeT 3epHa SiC, uro moj-
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TBEP>KJIEHO MUHUMAJIBHOW ycaJKol B mporecce TepMoodpadoTku. [Ipu stom oT-
KpbITasi MIOPUCTOCTh CTEKJIOKEPAMHUKHU OCTAETCS JOCTATOUYHO OOJIBIION M JOXOIUT
10 15 %. Ilpu coaepskaHuU CTEKIIOCBI3KH paBHOM Wi Oonee 48 — 52 macc. %, B
3aBUCUMOCTH OT KPYIHOCTU HAIMOJHUTENS, €€ OKa3bIBACTCSl JOCTATOUHO JJISI TIPH-
JaHU MOJIBMXKHOCTH YacTHUIlaM KapOuJia KPEMHUS 3a CUET CKOJIbKEHUSI B paciyiaBe
1o, ACHUCTBUEM MOBEPXHOCTHOTO HATSHKEHUS M MEpPEMENIEHUs TEIJIOBBIX Koyeba-
HU#l B xkuakoctu (OpoyHOoBckuid 3¢ dekr). [Ipu 3TOM B Iporiecce CieKaHusI OTBIT-
HBII MaTepHal XOpOIIO YCaXXUBAETCS, €ro MOPUCTOCTh MPUOTUKAETCS K HYJIEBOH,
a TUIOTHOCTh K TEOPETHUECKOW. ['pyIina OMBITHRIX 00pa3loB BKIFOYAOMUX OT 46
10 47 % CTEeKIOCBA3KU ABJISETCA MEPEXOAHON, T/i€ SPPEKT CKONBKEHUSI YaCTHUIl B
pacIuiaBe MpOosBIISIETCS] TOJIBKO YaCTUYHO.

Hamu Obuta clenaHa MOMBITKA MPEICTABUTh MEXAHU3M CIIEKaHUS KapOuji-
KPEMHUEBON KEPAMUKH B BUJEC KAYECTBEHHOW KOMIbIOTEpHOU Mojaenu. [Ipu pas-
paboTKe 3aJaHusl Ha MPOTPAMMUPOBAHUE OBUIM MPUHATHI CIECAYIOIINE OCHOBHbBIC
MOJIOXKEHUSI ¥ TOMYIIECHUS :

- MOJIEJIb IPEACTABISIET COOOM TJIOCKHI Cpe3 MaTepuana,

- 3epHa Marepualia UMEIT GopMy OJIM3KYIO K IMIapOOOpa3HOH, a Mpu cpese
KpYTJIBIC;

- MOJEIUPYEMbI MaTepuald COCTOUT M3 TPeX OCHOBHBIX (ha3 — kapOuna
KPEMHHS, CTEKJIIOCBS3KH M ra3000pa3HON cocTaBismomel (IopoBoe MPOCTPaHCT-
BO);

- YaCTHUIIbl KapOuaa KpeMHHUs B TPOILIECCE CIEKAHUS HE PACTBOPSIOTCS B
cTeksiodasze, He MEHSIOT POPMY U HE CIIEKAIOTCS MEXKy COOOMH;

- ToCJie mepexoja B BA3KOTEKYy4ee COCTOSHHE CTEKIIOCBSI3Ka paccMaTpUBaET-
Csl KaK COBOKYITHOCTh B3aMMO/ICHICTBYIOIINX 3JIEMEHTAPHBIX TOYEK;

- BO3MOXXHOCTh U HaIpaBJIEHUE NEPEMEIICHUS TOYEK U YaCTHUIl B MOJIENIU OII-
penensieTcs NPUTSHKEHUEM CO CTOPOHBI ONrbKalmux “cocefieil” W UX BHYTpeHHEH
SHEPrUEH.

OO6muit anropuT™M padOThl TPOTrpaMMbl MOXKET OBITH YIPOIIEHHO MPEICTaB-
JIEH B BUJIE CXEMbI ITIOKa3aHHOU Ha puc. 1.

Jlist 06paboTKM mpenoiaraeMoil Moiesin Obllla HalMcaHa CreluaibHas mpo-
rpaMMa KOMIIbIOTepHOro MonenupoBanus "Si-model” na s3eike “Object Pascal”,
KOTOpasi COCTOsIa U3 TPEX OCHOBHBIX OJIOKOB:

- OJIOK TeHepaluu HayalbHOU MOJIeNu;

- pacyeTHBIN OJIOK MOJIETUPOBAHUS U BU3YaJIbHOT'O OTOOPAKEHMUS;

- OJIOK aHaJIM3a KOMIBIOTEPHON MOJIEIH.
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Puc. 1. IlpyHunnuansHas cxema alropuTMa paboTsl IPOTrpaMMbl KOMIIBIOTEPHOTO

MOJCIUPOBAaHUA NPOLICCCa CIICKAHUA Kap6PII[erMHHeBOI>'I CTCKJIOKCpaMUKHN
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B kadecTBe HMCXOTHBIX HaHHBIX ObUT CHOPMHUPOBAH PSII CTAPTOBBIX KOM-
MBIOTEPHBIX MOJEIEH C Pa3sTUYHBIMU 00BEMHBIMU COOTHOIICHUSIMH «CTEKIJIOCBSI3-
Ka — Kapoua KpeMHus ™ », yacth U3 kotopbix — 20 : 80, 35 : 65 u 50 : 50 nokaszana
Ha pucC. 2.

200:80@

350:65@
» L) %
.".'. 3{1
ETE A
32

a ' o 500:50@

6)
Puc. 2. PacmipesienieHrie KOMIIOHEHTOB B CTPYKTYPE OMBITHBIX MATEPUAIOB COTIIACHO
KOMITBIOTEPHBIX MO/JIEIICH MPOI1ecCOB (hOPMHUPOBAHHUSI CTPYKTYPHI
NP CTIEKaHUK KapOMIKPEMHUECBON CTEKIIOKEPAMUKH [TPU PA3THYHOM COOTHOIICHUH
crexocBs3ku ( © ) u kapouga kpemuus (@ ).

a) CTapTOBast MOJIENb; 0) MPOMEKYTOYHOE COCTOSIHUE MOJIEIIH,;

B) MICEBIOCTAOMIIBHOE COCTOSHHIE — 3aBEPIIICHUE CIICKAHHUS.

[IpoBenen pacueT mporecca CHeKaHus, A0 Mepexoaa MOJelel B MCeBAOCTa-
OMJILHOE COCTOSTHHUE, ITPH KOTOPOM IEepEeMEIICHHUEe 3epeH KapOuaa KpeMHHS B pac-
IUTaBe MPAKTHUYSCKU TPEKpamiaeTcs U HaOIIOMA0TCS JIUIIb KOJICOaHHs OTACIbHBIX
«TBEPJBIX» YACTHUI[ Y PABHOBECHBIX TOUECK.

l'a3o00pa3nas Qaza BhITECHSETCS W3 MaTepuaia, a ocTaToyHas IMOpU-
CTOCTh TIPEJCTaBlIcHA HEOOJBITUM KOJUYECTBOM 3aMKHYTBIX ITy3bIpel OKPYTJIOH
dhopmel, puc. 2.

[Tpu aHaNM3e MONYYCHHBIX MOJEJCH XOPOIIO BUAHO, YTO MPH MAJIOM COJAEP-
KaHUH cTekII0(a3sl B MaTepuaie (puc. 2) COOTHOIICHHE «CTEKI0CBs3Ka - SiC» co-
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orBetcTByeT 20 : 80, ee HEMOCTATOYHO JIJISl TIOJTHOTO CIIEKAHUS, TTIOCKOJIBKY HETIOI-
BIDKHBIC YACTHUIIBI KapOw1a KpeMHHSI METIIAI0T UX B3aUMHOMY TTePEMEIIEHUTO.

HavanpHas ctagus crieKaHHMsS MaTepHaja IPOUCXOIUT JIMIIG 3a CYeT 00BOJIa-
kuBaHus yactuil SiC crexiiodasoi.

IIpu 3TOM OCBOOOAMBIIIEECS 3a CUET MEePEeTeKaHUs CTEKI0(a3bl MECTO 3aIoJ-
HSIETCS BO3IYXOM, 00pa3ys pa3BUTYIO MOPUCTOCTh, a CaM MaTepuajl MPaKTHICCKU
HE yCaKUBACTCS.

VYBennueHne KOJN4YeCcTBa CTEKIOCBI3KH 10 35 Macc. % Malio cka3bIBaeTCs Ha
AKTHBHOCTH IIPOIIECCa CIICKaHMUS.

[TepeMenenne yacTuIl KapOouaa KpeMHHS HaOJII0af0TCS JIUIID Ha JTOKAJIbHBIX
ydacTKaX ¢ MOBBINMICHHON KOHIIEHTpAIei cTekiaodassbl.

OO0mas xe MOPUCTOCTh MaTepHalia B TAHHOM CJIy4ae OCTAETCS MPAKTHUECKU
HEU3MEHHOM.

[Ipy MOCTHIKEHHH ONTHMAIBHOTO COJEPIKAHMS CTCKIOCBS3KH YACTHIIBI JIHIC-
mepcHOM (pa3bl CTAHOBSATCS MOJBMXKHBIMH U IIEPEMEIIAIOTCS B HaMOO0JIee SHEPreTH -
YECKU BBITOJTHOE TIOJIOKEHHE C MAKCHMYMOM CTEKJIOpacIuiaBa M CBOOOTHBIX dac-
TUIl BOKPYT, YMEHBINAs OOIIyI0 IOBEPXHOCTHYIO DSHEPTHIO CHUCTEMBI. Bo3myx
MPaKTHYECKH TMOJHOCTHIO BBITECHSSTCS W3 MaTepHajia, a OCTaTOYHAs IMOPHUCTOCTH
MPEJICTABISIET COO0M 3aMKHYTBIC ITyCTOTBI OKPYTIION (hOpMBI (pUC. 2 COOTHOIIICHUE
«creknocssska . SIC» coorBerctBerHo 50 @ 50, mas mapku F600).

Takum 00pazoM, pe3yiabTaThl MPOBEACHHOTO KOMIBIOTEPHOTO MOJEIHNPOBa-
HHUS COBIIQJAI0T C OCHOBHBIMHM BBIBOJIAMH, CICIAHHBIMHU IPH HCCICAOBAHUU IPO-
1ecca CrnekaHus KapOMJIKPEMHHUEBON CTEKIOKEPAMUKH C Pa3IMYHBIM COJICPKAHH-
€M B Hel cTekiocBs3k [1].

[ToaTBepkACHO, TAaKXKE HAIMUYHE MUHHMAJIBLHOI'O COJEPIKAHMS CTCKIOCBSI3KH
JUTSL TIOTYYEeHUS TUIOTHOCTICUCHHOTO MaTepuaia Ha OCHOBE YKa3aHHOW MapKd Kap-
Ouma KpeMHUS B YCIOBUSX HU3KOTEMIEPATYPHOTO CIEKAaHMS, KOTJa OTCYTCTBYET
ero pacTBopeHue, neopManus U B3auMoeicTBre 3epeH SiC Mex 1y coOOM.
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