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BBEAEHWE

11 M3roTOBJIEHUSI TEXHUYECKUX W3IEIUIN HC-
TOJIB3YIOT pa3jIMYHble HEOPraHUYECKE MaTepraibl.
Mx npuMeHeHue onpenesieTcss Gu3n4eCKUMU CBOM-
crBamu. OJHON U3 TaKUX XapaKTEPUCTUK SIBIISIETCS
TEeTMJIOEMKOCTb, OCOOEHHO TIpU BKCIUTyaTalluu Me-
TaJIJIOB, CILUIAaBOB, KEPAMUKU U IPYTUX BEIIECTB MpPU
U3MEHSIOIIEMCST TEMTIEPATYPHOM PEXUME.

IMepexonsl MexXay pa3nUYHBIMU COCTOSTHUSIMU B
00J1aCTU U3MEPEeHUIl MOTYT COMPOBOXIATHCS BO3-
HUKHOBEHHEM OCOOEHHOCTel Ha TeMIepaTypHBIX
3aBUCUMOCTSIX TelioeMKocThu. K HMM oOTHoOcSTCS
CKauKu (CTPYKTYpHBIE IIEpeXoabl) Ha Oa3MCHOM JIU-
HUU (TeMIiepaTypHOU 3aBUCMMOCTH JJOKAJbHOM TeI-
JIOEMKOCTH, COCTOSIIUEH M3 BKJIAAOB 2JIEKTPOHHOM U
PEIIeTOYHO! ITOACUCTEM), IIIMPOKUE TT0 TEMIIEpaTy-
pe nuKu (SIMBI) C OKPYTJIOi BepIINHO ((ha30BbIE TIe-
pexonsl I pona) 1 oueHb y3KHe 0 TEMITEpaType MUK
(siMb1) ¢ ocTpoii BepumHoit (da3zoBbie nepexonnl 11
poma). OrcyrcTBHe (ha30BBIX U APYTUX IIEPEXOI0B B
BEIIECTBE B MCCJICOAYEMOM WHTEpBajie TeMIIEpaTyp
MO3BOJISIET BKCIIEpUMEHTATOpaM CIJIaXXWBAaTh JdaH-
HBIC IO TeMIIEpaTypHOil 3aBUCUMOCTH TEIJIOEMKO-
CTU anmnpoKcuMupyommumMu byHkuusamu [1—3], co-
Jep>KallUMHU cllaraeMble C PACXOIUMOCTBIO IIPY TEM-
reparype abCOJIIOTHOTO HYJISI.

CrnenyeT OTMETUTb, YTO KJIACCUYECKME MOIESIU
DiiHiuTeiiHa, [le6as u apyrue He 0OOBACHAIOT POCT
TEMJOEMKOCTH IIPM TOBBIIIEHUN TeMIIEpaTyphl.
Kpowme Toro, mpumMeHsieMbie TEOPETUYECKHUE TOCTPO-
€HMS He OIMMCHIBAIOT OOHOI HeIIpephIBHOM (hYHKIIN -
el TpauK TEMI0EMKOCTHA CUCTEMBI, a TeM 0oJjIee TP
Haymmauu ¢pa3oBbeIX riepexonos [1]. IToaTomy Heo6x0-
MM TEOPETUYECKUI MOAXOn K pacuyeTy TeILUIOEMKO-
CTHU TBepIoro BellecTBa B nuamna3zoHe ot 0 K mo tem-
nepaTyphl IJIaBICHUS.

Llenpio paGoTHI SIBSIETCS BBHIYMCIEHUE TEIIOEM-
KOCTEeUl pa3JIMYHBbIX HEOPraHWYEeCKUX MaTepUaioB B
3aBUCHMMOCTHU OT TeMIlepaTypbl ¢ MCHOJb30BaHUEM
COOTHOIIIEHUI Mojeau AByX(}a3Hol JTOoKaJIbHO-paB-
HoBecHOI o6jactu [4]. C moMoIbio MOIeNI ObLIA
OIMMCaHbl 3KCIEepUMEHTabHbIE MAaCCUBBI JaHHBIX
MoBeIeHUsI 00bEMHO 10U KPpUCTAIIUUEeCKOi (a3bl
OT TeMITePaTypHhI IJIst OOHO- [4, 5] 1 MHOTOCTaINITHOM
[6] xpucTaM3a aMOP(MHBIX CIIAaBOB; TETLIOEM-
KOCTHY MeTaJUIoB [7, 8], CIIOXKHBIX OKCUIOB [9] u Opy-
rux BeuiecTB [8, 9]; KoahGULIMEHTH TEPMUUECKOTO
pacmupenus [7, 8] u T.4.

TEOPETUYECKAA YACTDb

Bpems riepexoma MaKpOCUCTEMBI B COCTOSTHUE TEP-
MOIMHaAMMNYECKOI'O paBHOBECHUA 3HAYUTCIIbHO ITPEBbI-
1IaeT TAKOBOE IJIS1 MaJIOM JIOKAJIbHOI 00JIacTU. DTO
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03HA4YaeT, YTO MaKPOCHUCTEMY MOXKHO allllPOKCUMMU-
pOBaTh COBOKYITHOCTBIO PABHOBECHBIX MOICUCTEM B
cooTtBeTcTBUN ¢ mpuHIMIIOM [lpuroxkwxa [10]. Ipn
TAKOM ITOIXOIE TePMOOUHAMMYECKHE (hYHKIIUM TIOMI-
CHCTEM MOTYT 3aBUCETh HE TOJIBKO OT TeMIiepaTyphl 71
JIaBJIeHUsI P, HO I OT MECTOIOJIOKEHHUS I' TOACUCTEMBI
¥ BpEMEHU 1.

PaccMoTprM B JIOKaJIbHO-pPaBHOBECHOI 001acTv
cocylIiecTBOBaHUe Bo3HuKarolei (1) u ucxonHoit (2)
(a3 c 0OBEMHBIMU IOJISIMU X| = X U X, = 1 — X COOTBET-
cTBeHHO. [Ipeamnonoxum, 4To aJieMeHTHI a3 He B3a-
UMOJIECTBYIOT APYT C APYTOM, TOTJIa UX XUMUYECKUe

noreHuuansl W;(P, T, r, t) paBHBI
ui(P’Tarnt) = MiO(P’T,rat) + kB’]—vlr1 xi(PaTvr,t), (1)

roe W,o(P, T, r, t) — cTaHZAPTHBIE 3HAYEHUS XUMUYE-

CKMX NOTEHLMAJIOB AJIs Kaxaoii u3 das, k, — mocro-
saHHag bombnMmana. 3aBUCHMMOCTb TepMOITMHAMMUYE-
CKHUX BEJIMYMH OT BPEMEHU ! yKa3bIBaeT Ha TO, YTO
MOACUCTEMA HAXOOWUTCS B JIOKAJbHO-PABHOBECHOM
coctossHuu. Eciau BeamunHbI B BeipaxkeHuu (1) Heza-
BUCUMBI OT IPOCTPAHCTBEHHOM KOOPAMHATHI, TO JIO-
KaJIbHO-paBHOBECHAs 06J1aCTh M30TPOITHA.
Oo0bemMHas 10J1s1 HOBO# (pa3bl. DHeprust [166ca enm-
HULIBI 00beMa CUCTEMBI onpenesieTcst (popMymoit

2
&= ;“ixi = 2)
= Uy + Aux + kpT[xInx + (1 — x)In(1 — x)],

3nech AU = [y — WLy MuHUMU3anus pyHkuum (2)
10 MapaMeTpy Mnopsiaka
n=x-x 3

IIPUBOANT K CJ'ICI[YIOH_ICI;'I TeMHepaTypHOﬁ 3aBUCHUMO-
CTH (1)3301301“0 cocTaBa x

x =[1—th(ep/T)]/2. 4

B ciyyae n30XpoOHHOM U M30TPOITHOM JTOKAJIbHO-
paBHOBECHOII oOylacTu aprymeHT ¢yHKuuu (4)

¢ = Al/(2kg) nocne ero pasnoxeHus B psin Teitnopa B
OKPECTHOCTH TEMIIEPATYypPbl paBHbIX cOCTaBOB a3 7,(q)
C COXpaHEHMEM TOJIbKO JTMHEHHOTO YJieHa paBeH

¢ = a@{T(9)/T1-1}, ()

e a(q) = —09/dT — mapameTp MOIENIU, 3aBUCS LU
OT CKOPOCTU HarpeBa (OCcThIBaHUSI) oOpa3slia g. Boine-
JeHue (TIOMIONIEeHNE) TeTlIa MPOITOPIUOHATIBLHO

Tox(T)/0T = Tv(T) = 2a(q)x(1 = )T,(q)/T, (6)
TOrma, coracHo (6), mapamerp
a(q) = 2T (q)v., (7)

3pecb v, = v(T),).
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JloKkaJIbHbIE SHTPONKSA U TEILI0EMKOCTh. DHTPOIIUSI
CHUCTEMBI TIpU (PUKCUPOBAHHOM (DAa30BOM COCTaBE X
3amaeTcs popmyaoii [11]

. =_(8_g) _ My dAW
oT )« oT  dT (3)
— kglxInx + (1 - x)In(l — x)] = 6, + 6,x + G5,

IIe SHTPONMWM YHUCTOM MCXOMHOM MaTPHIILI
G, = =0, /9T, paznuuus ba3 6, = —d(AL)/dT u ux
cMeleHus 653 = —kg[xInx + (1 — x) In(1 — x)].

TemneparypHast 3aBUCMMOCTb TEIIOEMKOCTU CU-
CTeMBI ITpU TTOCTOSTHHOM (pa30BOM COCTaBe X U MOCTO-
STHHOM J1aBjicHUM P orrchIBaeTcs ee 6a3MCHOMN JIMHUEH

C, =T(00,/9T) =T (d0,/0T), + ©)
+ T(96,/0T)_x = kT + kyx

¢ koapdunuenramu k =(dc,/dT) , k, =
=T (00,/0T) W ABIseTCS pasoKeHNEM BETMIMHBI (9)
B pa1 MakiiopeHa 1o temnepatype U pa3zoBoMy CO-
CTaBy C COXpPaHEHMEM JIMHEMHBIX YIEHOB PSia BBULY
JOTIYILIEHUM, TIPUHSTHIX B IpocToi Moaenu [4]. Ilep-
BOE cllaraeMoe B ypaBHeHUU (9) ONMMCHIBAET BKJIAI B
TEIJIOEMKOCTD 3JIEKTPOHHOM, a BTOPOE — PEILIETOY-
HOW TTONCUCTEMBI.

Eciu cuurath koaddULIMEHTHI k; U k, TIOCTOSIH-
HBIMU BEJIMYMHAMM, TO TIOCI€ WHTETPUPOBAHUS WX
oTpeieNIeHNH TTOIy4YnM, 9TO GYHKIIUKN

Wy = Mooy + O (T = T) = 0.5k(T — Tx)z’ (10)

(1)

IJie TAPaMETPHI Ly, Oy, U O,, 3a1al0T 3HAYEHUsI COOT-
BETCTBYIOIMX BEJIMYMH NIPU Temrieparype T, 91ciIo e =
~2.718. OtmeTuM, uro dyHkuuu (10) u (11) He umeroT
0COBEHHOCTEN B OKPECTHOCTU AOCOIIOTHOTO HYJIS.

Au = (0, = k)T, = T) = Iy TIn[T /(eT})],

PE3YJILTATBI U OBCYXIEHHWE

B Ttabn. 1 npuBeneHsI mapamMeTpbl TEOPETUYECKOMN
MOJIeJIU, a Ha puc. 1 —4 — TeMneparypHble 3aBUCUMO-
CTH TEeTUTOEMKOCTEei KapOUI0B, IMIPOCTHIX U CIOKHBIX
OKCHUJIOB, TBEPJBIX PACTBOPOB M aMOP(HBIX CIIJIABOB.

W3 puc. 1—4 BugHO, 9TO mpemiaracMasi MOaellb He
TOJIbKO aJIeKBaTHO OIMMCHLIBAET MOJIydeHHBIC SKCIICPU-
MEHTAaJIbHBIC JTaHHbIC, HO 1 ITO3BOJISIET BBIYUCIIUTH 3HA-
YEHMUSI TETUIOEMKOCTH pa3HOOOPA3HBIX HEOPraHMIECKHUX
BEILIECTB BHE TEMIIEpATypHOIO AMAaria3oHa MCCIeaoBa-
HUSI. DTO OCOOEHHO BaXKHO TP CITMBAHUM SKCIIEPH-
MEHTaJIbHBIX MACCHUBOB JTaHHBIX B HU3KO- M BBICOKO-
TeMrepaTypHBIX MHTepBajiax, T. K. IJIT HUX UCITOJIb3Y-
I0TCS pa3Hble METOIWKH U aIlliapaTrypa U3MepeHUsl.
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TEPEXOB

Ta6mauma 1. HapaMeprI MOIEJIH IJIsI BBIYMCICHUST 0a3MCHBIX JIMHUI TeTJIOEMKOCTEM Pa3IMYHbIX BEICCTB

BemrectBo a(q) T, K ky % 10* ky
Kapoumsl
Al,C, 0.330 456 35 293.2
Be,C 0.682 374 196.5 135
PuC g, 0.780 217 39.4 70
SiC 0.380 547 20 80
VC g6 0.430 355 66 72.4
ZrCy, 0.610 234 39 65.7
TTpocThie oKCcHUIBI
CaO 0.675 190 16 68
CuO 0.720 164 154 57.1
FeO 0.899 95 57 63.7
TiO, 0.770 181 98 83
V,054 0.510 235 460 205.7
ZnO 0.780 176 40 60.7
CnoxHble OKCUABI
HoBiGeOs 0.410 195 500 269
ErBiGeOj 0.491 219 120 288
In,Ge,0, 0.230 456 40 466
YInGe,0, 0.300 322 172 414
DyGaTi,0, 0.700 183 170 348
EuGaTi,0, 0.670 204 290 352
TBepabie pacTBOPLI
GaSe 0.6965 86 321.33 53
InSe 0.659 81 108.29 64.9
TISe 0.6603 57 38.627 65.6
AmopdHbBIe CcIIaBhI
NiyyNbsg 0.400 157 117 40.8
CussZrg; 0.680 92 260 31.6
Ni,B 0.700 149 296 23.3
C,, Ix/(momb K) (a) C,, Ix/(momb K) (6)
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Puc. 1. TemnepaTypHbIe 3aBUCMMOCTH TETUIOEMKOCTeH Kapounos: a — Al4C; (1), Be4C (2), SiC (3); 6 — PuCy g7 (4), VCy g6 (),
ZrC, ( (6) (TpeyrodbHUKHM M KPYXKKHU — JaHHBIE [12], 30eCch 1 fanee CIUIOLIHAS TUHUST — TEOPHS).

HEOPTAHUYECKHWE MATEPHUAJIbI

TOM 59

Ne 4
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Puc. 2. TeMnepaTyprIe 3aBUCUMOCTH TETUIOEMKOCTEM MPOCTBIX OKCUIOB

CaO (6) (xBanpatsl — [13], kpyxku — [14]).

400 800 1200 1600 2000
T,K

:a—TiO, (1), FeO (2), ZnO (3); 6 — CuO (4), V05 (3),
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Puc. 3. IToBeneHne TemuoeMKoCTel CIIOXKHBIX OKCHAIOB ¢ pocToM TeMnepatypsl: a — HoBiGeOs (1), ErBiGeOs (2), Iny,Ge,04 (3);
6 — YInGe, 05 (4), DyGaTi,07 (5), EuGaTi,05 (6) (xkpyxku — [15], kBagpatel — [16], TpeyronbHuku — [17]).
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Puc. 4. TermoeMKOCTH MPU HU3KMX TeMIlepaTypax: a — TBepabix pactBopoB GaSe (/), InSe (2), TISe (3) (TpeyroabHuUKU —
[18]); 6 — amopdHBIx crutaBoB NigyNbsg (4), Cus3Zrgy (5), NipB (6) (xBanpatst — [19], kpyxxu — [20]).
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3AKJIIOYEHHME

[IpyuMeHMOCTh COOTHOLICHUI ITPEII0KEHHOMI
MOMAEIY IS OIMCAHMs TeMIIEPATYPHBIX 3aBUCHMO-
CTell TEMJI0EMKOCTel pa3zHOOOpa3HbIX HeopraHuve-
CKMX MaTepHajaoB IIPU OTCYTCTBUU (ha30BbIX U IPYTUX
MepexolIoB YKa3blBaeT HAa YHUBEPCAJIbHBIM XapakTep
noiaydyeHHBIX (opmyn. Pa3paboTka MmKpocKommye-
CKUX T€OPUI1, UCITOJIb30BaHNE (PeHOMEHOIOTUIECKIX
BBIpaXKEHUI WM co3maHne 0a3bl JaHHBIX I10 TTapaMeT -
paM MOJIeJIN ITO3BOJISAT UCIIOIB30BaTh €€ IJIsSI IIPOBeIe-
HUSI PacUeTOB TEIUIOBBIX CBOMCTB TBEPIbIX BEIICCTB.
IIpocToTa ncnonb3yeMbIx GYHKIINI 3HAYUTETHHO CO-
KpaTuT BPpeMEHHBIE 3aTpaThl IJIsI TEXHUIECKHNX pa3-
paboToK.

CIITMCOK JITUTEPATYPHI

1. Xodakxoeckuii H.JI. O HOBBIX NOJIYSMIIMPUUECKUX
YPaBHEHMUSIX TeMIIepaTypHO 3aBUCUMOCTU TeTIOeM-
KOCTH M OO0BEMHOIO KO3(UIIMEeHTa TEPMUUECKOrO
pacummpeHust muHepanoB // BectH. OH3 PAH. 2012.
T. 4. P. NZ9001.
https://doi.org/10.2205/2012NZ_ASEMPG, 2012

2. Saunders N., Miodownik A.P. CALPHAD (Calculation
of Phase Diagrams): a Comprehensive Guide. V. 1.
Amsterdam: Elsevier, 1998. 479 p.

3. Lukas H.L., Fries S5.G., Sundman B. Computational
Thermodynamics: The Calphad Method. N. Y.: Cam-
bridge University Press, 2007. 313 p.

4. Tepexos C.B. TepmoanuHaMuueckasi MOIEIb pa3MbITO-
ro ¢aszoBoro rmepexoga B METAJIMYECKOM CTEKJIe
FeyoNiyyP4Bg // ®Pusuka u TeXHUKA BHICOKUX JABJIe-
Huii. 2018. T. 28. Ne 1. C. 54—61.

5. Tepexos C.B. Pa3MmbIThiii (pa30BbIil epexon B aMopgd-
HoM crtase FeyyNigyyP4Bg: TepMonnHaMuka un kuHe-
THKa KpucTauusaunu // @usuka u TeXHUKa BHICOKUX
nasiaenuii. 2019. T. 29. No 2. C. 24—39.

6. Tepexoe C.B. MOHO- 1 MyJIbTUCTaAWIAHAS KPUCTAJUIH -
3anust aMmopdHBIX criaBoB // @MM. 2020. T. 121.
Ne 7. C. 731-736.
https://doi.org/10.31857/S0015323020070104

7. Tepexoe C.B. Pa3aMbIThlii (ha30BbIi Mepexoa 1 TEIIo-
€MKOCTbh TBepaoro Tejia // dusrka v TeXHUKa BbICO-
kux gasiaenunii. 2022. T. 32. No 2. C. 36—51.

HEOPTAHUYECKHWE MATEPHUAJIbI

TEPEXOB

8.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

Tepexoe C.B. TennoBble cBolicTBa BellecTBa // ®usn-
Ka U TeXHUKa BbICOKUX nasieHuit. 2022. T. 32. Ne 3.
C.21-34.

Tepexos C.B. TerioBele cBOiiCTBa BellleCTBa B paMKax
Mozenau asyxdasHoit cucremsr // OTT. 2022. T. 64.
Ne 8. C. 1077—1083.
https://doi.org/10.21883/FTT.2022.08.52710.352

Ilpuconcun U. HepaBHOBECHAs CTaTUCTUYECKASI MeXa-
HuKa. M.: Mup, 1964. 314 c.

Ky6o P. TepmonnHamuka. M.: Mup, 1970. 304 c.

bBoneap A.C., Typuanun A.I., @ecenxo B.B. Tepmonn-
HaMMyecKue cBolicTBa KapoumoB. Kues: Hayk. mym-
Ka, 1973. 271 c.

Illeayosk IO.E., Kawnopos JI.4., Maaunun JI.A., Llan-
ko6 B.H. Teruiodusnyeckre CBOMCTBAa KOMIIOHEHTOB
roprounx cuctem: CripaBouHuk / [Ton pen. CunmHa H.A.
M.: HIIO “MuHbpopMaliisi U TEXHUKO-IKOHOMUYE-
ckue uccienoBanus”, 1992. 184 c.

CBoiicTBa OKCHIOB MeTajToB. PexxyuMm moctyma:
http://thermalinfo.ru/svojstva-materialov/oksidy/svo-
jstva-oksidov-metallov.

UHenucosa JI.T., Kapeun F0.D., beroycosa H.B. u dp.
BricokoTeMmniepaTypHast TEII0eMKOCTb M TEpPMOIHA -
mudeckue cBoiictBa HoBiGeOs u ErBiGeOs // Heop-
raH. Matepuaibl. 2018. T. 54. Ne 9. C. 972—976.
https://doi.org/10.1134/S0002337X18090026

JHenucosa JI.T., Kapeun 10.D., Upmioeo JI.A. u dp. Ten-
Jsoemkocthb In,Ge,O; u YInGe,0; B obnactu temmne-
patyp 320—1000 K // Heopran. marepmanbl. 2018.
T.54. Ne 12. C. 1315—1319.
https://doi.org/10.1134/S0002337X18120023

Menucosa JI.T., Moaokees M.C., Kapeun FO.®D. u odp.
CTpyKTypa 1 TEpMOIMHAMWYECKIE CBOIICTBA TUTaAHA-
toB DyGaTi,0; U EuGaTi,0, // HeopraH. marepua-
ael. 2021. T. 57. Ne 7. C. 768—775.
https://doi.org/10.31857,/S0002337X21070058

Hosuuyrxuii J1.A., Koxcesnurxos U.I. Tennnopusmueckue
CBOICTBA MaTepua-jIOB IPU HU3KUX TeMIlepaTypax.
CrpaBouyHuk. M.: MammnHocTpoeHue, 1975. 216 c.

Ilanosa I'X., Coipoix I.D., Xnonkun M. H., Illuxoe A.A.
KosebatenbHble ¥ 3IEKTPOHHBIE CBORCTBA aMOP(MHBIX
cucteM NigyNbsg, Nig,Nbsg u CuzsZrg; (13 usmepeHuit
terutoeMkoctn) // @TT. 2003. T. 45. Ne 4. C. 577—581.

Ilanoea I'X., Xnonkun M.H., Yepnonaexoe H.A., Illu-
k06 A.A. BiusiHue aMmopdu3aliy Ha 3JIEKTPOHHYIO U
KoJIebaTebHYIO TeTutoeMKoCTh citaBa NiyB // ®TT.
2002.T.44. No 7. C. 1168—1173.

TOM 59 Ne 4 2023



