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A HE NOPA JIn BEPHYTbCH K T, TAMMAHA?
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Ha ocHoBe aHanm3a MHOrO4YMCIEHHBIX
9KCMEPUMEHTaNbHbIX AHHbIX MOKA3aHO,
4TO OOLLENPVHATas CEroaHsa TEMIe-
partypa cTeknoBaHusi T, TakoBOM He
apnseTcs. OHa BO3HUKIIA B pe3ysnibraTte
3amMmMcTBOBaHUS y . TammaHa 0603Have-
HUsA Ty, COOTBETCTBYIOLLErO TEMMEpaType
npeBpaLLeHnst BA3KOTEKYYEN XNAKOCTN
B TBEPAO0E XPYNKOe CTEKI0006pa3Hoe
COCTOSIHUE, 1 UCMOJIb30BAHUS Er0 BME-
cT0 0603HayeHus T,,. MocnegHee cooT-
BeTcTBOBano y I. TammaHa remnepartype
n3rmnba Ha 3aBUCMMOCTHU «CBONCTBO—
Temnepatypa» Ans CTEKN000pasyoLLero
BELLECTBA, PACMOJIOKEHHOM Bhile Ty
TammaHa. Ha ocHOBaHUM NpUMeHeHns
NoJIMMEPHO—NOMMOP(ONIHBIX Npes-
CTaBJIEHWI O CTPOEHMM CTEKN006Pa-
3yl0LLEero BeLecTsa packpbita Gusmnko—
XMMMYECKas CYLLHOCTb TEMMEePaTypbl
narnba T,, (0OLenpuHATON ceroaHs Tg),
ABNAIOLLLENCS TEMMNEPATYPON peBepca
HanpaB/ieHNsi B3aMMOMNpPeBpaLLEeHNS Ha-
HOMpParMeHTOB CTPYKTYPbI (MOAMMopdo-
MA0B) BbICOKO— Y HU3KOTEMMNEPATYPHOM
noANMOpP®HbLIX MoANDUKaLMA, COCyLLLE-
CTBYIOLLIMX B CTEK/I006PA3YIOLLEM BELLE-
cTBe. OTKpbITUE B NOCNEAHME AECATUNE-
TN NpeasHaoTepMmnyeckoro agpdekTa,
pacnosioXeHHoro, kak n Ty Tammana,
HVXXe 00LenpuHATON Ty, NoATBEPXAAET
WCTUHHOCTbL Ty TaMMaHa, xapaktepuaye-
MO YBENMYEHVNEM YAENbHOW TEMNI0EMKO-
CTW HarpeBaemoro crekna.

KnioueBbie cnoBa: Temneparypa
CTEeKI0BaHus, TeMneparypa narmba sa-
BYICUMOCTW «CBOMICTBO—TEMMNepaTypa»,
npeasHpoTepMmuyecknin adekT, npes-
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Bsenenne

Temmneparypa crexyoBanusa Ty
B CTeKJI000pa3yIollleM BeIlecTBe U
ee IIOJIO}KEeHMe Ha KPUBOII 3aBUCK-
MOCTM «CBOMCTBO—TeMIIEpATypa»
— OJHa M3 BasKHEMIINX U B TO Ke
BpeMs OiHA U3 CaMbIX 3aIlyTaHHBIX
Ipo0JieM B TEOPUM U ITPAKTUKE CTe-
KJoBaHUA [1].

IlepBBIM Cepbel3HBIM MCCIIENO-
BareseM Ty ObLi, mo—Buaumomy, I'y-
craB Tammas (1926) [2, 3]. TammaH He
IIPMMEHAJ TepMIHA «TeMIlepaTypa
crersoBanus». Ero onpenenennus T,
cyenyoIe:

— TeMIepaTypa Iepexona me-
peoxJiaskgeHHOl BA3KOTeKyuell
JKUIKOCTY B XPYIIKOE COCTOSAHIUIE
(oH Ha3BIBAJI BTO COCTOAHME CTEKJIO-
00pa3HbIM);

— TeMIlepaTypa 3aTBepAeBaHuA
CTeKJIa.

JleHnHckue ropbi, MockBa, 119234, Poccus

Taknwm o6paszom, Ty, o Tammany,
— TeMIlepaTypa Ilepexoia BA3KOTe-
Kyu4ell 3KIUIKOCTY B TBEPZOE XPYIIKOe
CTeKJI000pa3Hoe COCTOSHIIE.

«Celtyac TPyAHO yCTaHOBUTD, —
nuret O. B. Masypus [4, C. 24], kTo
[IePBLI, UCIIOJIb30BAB IPEAJIOKEH-
up1it Tammanom cumsoa Ty, BJIOMKNI B
HETO COBEPIIIEHHO HOBOE COZIEPIKaHME.
Ho aro HoBOE Onpeenenue Ty moary-
YNJI0 caMoe IIMPOKOe IPU3HAHUE, a
0 TaMMAHOBCKOM YJK€ IIOYTYU HUKTO
He BCIOMMHAeT (eAMHCTBEHHOE, IT0-
JKaJIy¥l, MICKJIIOUEH)e — BY30BCKUN
yueOHUK [5]».

OnHyM 13 aBTOPOB HOBOTO CO-
IepskaHusa obo3HaUeHUA Ty Kak
TeMIepaTypbl CTEKJIOBAHUA ObLI,
10 MHEHUIO aBTOpPOB paboTsl [6],
O. Lindig [7]. On ucnoaszosaxn T,
Iy 0003HAYEHUA TeMIepaTyphl
BHYTPM MHTEpBaJia CTEKJOBAaHUAA,
COOTBETCTBYIOIIEN IIepecedeHnI0
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KacaTeJbHBIX HA 3aBUCUMOCTU «CBOMCTBO—TeEMIIE-
paTtypa».

VImeroTcAa TakyKe U pyTrMe TOYKY 3PEHUS HA Me-
CTOIIOJIOKeHVIe ¥ (PUBMKO—XVIMIUYECKII CMBICJ TEMIIe-
parypsl creknosanus Ty Tak, A. Buntep—Kaisiin [8, 9]
TEeMIIEPATY POl CTEKJIOBAHNA Ha3bIBAET HAUAJIO MHTEP-
BaJia crekJoBanud, a J. E. Shelby [10] — xoHell aToro
uHTepBaJa. Kakasa u3 3TUX ToUeK 3peHud (BKJI0Yad U
To4Ky 3peHnsa Tammana) Hanbosee o0 bekTMBHA? OTBe-
Ty Ha 3TOT BOIIPOC ITOCBAIIIeHa faHHaA paboTa.

XapakTepucTHUIeCKIe TeEMIIEPATYPbI
¥l NTHTEPBAJI IpeBpaIieHns (CTEKJIOBaHN )
Tammana. «Onposep:xkenne» Tammana

T'ycraB TammaHn BBeJI B oOpallieHNe Takxe 0003Ha-
genne Ty, (Ty(T)), KOTOPOE COOTBETCTEBOBAJIO TeMIIepa-
Type neperuba Ha KPMBOJL «CBOVICTBO — TeMIIEpaTypa»
OXJIaKJaeMOro paciaBa (MHAEKC «W» OT HeM. windung
— u3rud). Temneparypa T, y Tammana pacrosnoskeHa He-
ckoJbKO HMKe Ty, OH He BBIABUII (PU3UKO—XVIMIYECKOM
IIPUYVHBI BOSHMKHOBEHUA ITepernda KpyuBoii «CBOVICTBO
— TeMIeparypa». IT0, I0O—BUANMOMY, U fABJAeTCA (Ha-
pany ¢ 6amsocThio noosKenus remuneparyp Ty, u Ty)
IJIABHOJ IIPMYMHON 3aMeHbI BIIOCJIEZICTBIY 0003HA4YeHNA
Ty, ua Ty

Ha puc. 1 gasb! gBa npuMepa MOJOKEHN S BeJININH
Ty n Ty, nyis crek1000pasHbIX casmuyHa u Opyunsa [3].

Kpowme Toro, I Tamman naeT onpeniesieHne TeMIie-
paTypsl T — TeMnepaTypsl, IpM KOTOPOI MOABJIAIOTCA
IIepBbIe IPU3HAKY KUJKOTO COCTOAHNMA, HAUMHAIOT TH-
HYTbCHA IIepBbIe HUTH [3].

Mesxny remneparypamu Tg u Tt 1e9KUT «MHTEPBAJ
IIpeBpallleHNA» Wi «repexona» (puc. 2) [3]. I. Tamman He
BBOJVT TEPMIH «MHTEPBAJI CTEKJIOBAHMA», XOTSA O4EBU/ I~
HO, YTO €CJIM CTeKJI000pas3yoLnii MaTepmaJsl OXJIarKaa-
eTcs, TO, KOHEYHO, TOT MHTEPBAJ MOKeT ObITh Ha3BaH
«VHTEPBaJI CTEKJIOBAHMA» — VHTEPBAJI, B KOTOPOM CO-
BepIIaeTCA IPOLIeCC CTEKJIOBAHNA, UTO ¥ OBIJIO IPUHATO
B JlaJIbHEIIIEM HayYHBIM coo0IiecTBOM [4, C. 24].

Boamorkno, I TammaH onacaJicss TOro, 4TO IIOCJE
BBEJIEHV S TEPMMHA «MHTEPBaJI CTEKJIOBAHNA» HE00X0-
JVIMO BBECTM UM T€PMMH «TeMIlepaTypa CTEKJIOBAHUSI».
A 35ecb BO3HMKAET BOIIPOC: KAKYI0 MMEHHO TeMIlepa-
TYpy B 9TOM MHTepBaJe Ha3blBaTh TEMIIEPATYPOIL CTe-
KJIOBaHMA (HAYaJIbHYIO, KOHEUHYIO, cepeIuHHYI0)? Benp
(haxruueckn modas Temneparypa B untepsaje Tr—T,
ABJIAETCA TEMIIepaTypoii KaKoi—TO 4acTy IIpolecca
crekJsoBaHNA. He npenBuest i oH CO31aHNSA Ty TAHNUITEI
B DTOM Borrpoce?

Koneunyo TeMnepaTrypy IIpolecca IpeBpalleHns
SKUIKOCTY B cTekJo I. TaMMaH Ha3bIBaeT Tg (naOEKc «g»
ot HeM. glas — cTekJo). IloaTOMYy JIOTMYHO BTY TeMIle-
paTypy Ha3bIBaTh TaKiKe TEMIIEPATY POl CTEKJIOBAHNA,
€CTEeCTBEHHO, BO n30erKaHye Iy TaHuIIbl, 100aBIAsa a-
vmimio Tammana (Tyr)).

Bounbioe Bunmanme I Tamman yuessaeT M3MeHEHUIO
hbM3MYEeCKMX CBOVICTB B TEMIIEPATYPHOM MHTEPBAJIE Pa3-

MATYEeHNA CTEKJIA VJIN, KaK ceifdac IIPUHATO F'OBOPUTD, B
uHTepBaJe CTeKJI0BaHUA Tr—Tg(1). OT! U3MEeHEeHNs TPy~
BeJIeHBI Ha puc. 2 [3], B KOTOPOM BITOCJIEACTBUM aBTOP pa-
6otsl [5] M. B. ApraMoHOBa, ITOJTHOCTBIO pPa3AeJIdIoniasa
B3wIAAb! [ TaMMaHa, 0TMeTNIIA ITPUXOBBIMY JIMHUAMMA
¥ PUMCKUMY IuippaMy 00JacTy, BlieJIeHHbIe TaMMa-
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Puc. 1. 3aBncMMoOCTN «CBOMCTBO—TEMMNEPATypa» ANs CTEKIO-
obpasylownx canuuuHa (a) n bpyumHa (6):

E — nnanexTpuyeckas nocTosiHHas; V — yaenbHbli 06bem;
n — KOSPPULMEHT NPenomMeHuns.
MyHKTUP — nonoxeHune Temnepatypbl T [3]

Fig. 1. Dependence «property—temperature» for glass-forming
salicin (a) and brucin (6): E is the dielectric constant; Vis the
specific volume; n is the refractive index.

The dotted line is the temperature position T, [3]

P

T, T, T; T

Puc. 2. TemnepaTypHble 3aBUCUMOCTU GU3NYECKNX CBOCTB
B MHTEpBase pa3msaryeHus [3, 5]

Fig. 2. Temperature dependences of physical properties in the
softening interval [3, 5]
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HoMm: I — crexio (mpn T < Ty); II — BA3KOTEKyUee coO-
crosume (Tg <T < Ty); III — sxuarocts (T > Ty). Kpome
TOro, oHa BHecJsa obosznauenns Ty u Ty, mpuBOAMMBIE
I TammanoM B TekcTe ero MoHOrpadun [3].

CaoiicTBa CTEKOJI II0 XapaKTepy M3MeHEeHN s B MH-
TepBaJie pa3mArdenud (cTexksgoBanud) . Tamman geana
Ha Tpy rpynnsl. K mepBoii rpymnne oTHOCATCA CBOMCTBA
P, xapakTepusyomye (QyHKIMIO COCTOAHNS BEILECTB
(BryTpeHHAsA s3Heprua E, MonbHEBI 00beM V, BHTAIBIINA
H, saTponusa S) 1 KMHETUUECKNE CBOMCTBA (BA3KOCTD 1| U
yIleJIbHOE COIIpOTMBJIIeHME P). B mHTEpBase crexkIoBaHNA
KpMBas 3aBUCYMOCTH «CBOVICTBO—TEMIIEPATYPA» IMEET
3aKpyIJeHHbIl neperud (cMm. puc. 2, kpusas 1), cooT-
BETCTBYIOIMI HanboJee pe3KOMY M3MEHEHUIO CBOJICTB
rrepBoii rpynnsl KpuBas 2 xapakTepusyeT TeMIleparyp-
HYIO 3aBYICVMOCTB CBOJVICTB BTOPOJ I'PYIIIIBI (CM. pUC. 2).
CaoiicTBa BTOPOJ IPpyHIIbl (KOS MUIIMEHTH! TepMIIde-
CKOTO PacIINpPeHNsa — JIMHENHBIN 11 00'bEeMHBI, TeI1JI0-
€MKOCTb) IIPEJICTABJIAIT c000i1 IIEPBYIO IIPON3BOAHY IO
1o remneparype dP/dT ot cBolicTB niepBoii rpynsl. V3
puc. 2 BUAHO, YTO B MHTEPBAJe CTEKJIOBAHNA IlepBad
nponsBogHasa dP/dT umeet TouKy nepernba mpu TeM-
neparype T. TpeTba rpymiia BKJIOYaeT CBOMCTBA (Te-
IIJIOIIPOBOJHOCTD, AVBJIEKTPUYECKIIE [TI0TEPHU), KOTOPbIE
ABJIAIOTCA BTOPBIMM IIPOM3BOAHBIMMN IIO TeMIlepaType
OoT (pyHKIMII cocToAHMA (cM. puc. 2, KpuBasd 3). Temme-
paTypHas 3aBucuMocTb d2P/d2T umeeT MaKCUMyM MJIN
MUHUMYM B Touke T,

Temmneparypa T\,r)y HaxoguTea Boie Tyt «<B 00-
JIACTM BBICOKOBA3KOTO cocToAHuA» [3, C. 25] m cooT-
BETCTByeT BA3KocTu N = 3 - 1013 myas; Tg(t) ABISAETCSA
IpaHNLEN MeXIY sKUAKUM (BA3KOTEKYYMM) U TBEPABIM
COCTOSHVIEM.

Corsacuo I. Tammany [3, C. 37, 49], mpu Temmiepaty-
pe, OTBeYaIoIel Hadary pasMArdenus (1. e. npn Tyr)),
KOTZja HauMHaeTcs ObICTpoe BO3pacTa e TEIJIOEMKOCTY,
JIOJI’KHO HACTYIIUTDb MOJIEKYJIAPHOE IBUKEHME, KOTOPOE
TpebyeT 3aTpaThel SHEPTMN. B MHTepBaJje pa3MATrdeHnsa
MOJXKET ITPOMBONTY pas3benVHEeHVEe MOJIEKYJ APYT OT
JpyTa, CBA3aHHOE C 3aTPATON HOBOTO KOJIMYECTBA SHEP-
run. CieioBaresibHo, Tgr) CBA3aHA C BHAOTEPMUIECKUM
3 perTOoM.

Kaxk ysxe Oblyo ckaszaHo BbIIIe, (DAKTUYECKHU
O. Lindig [7] «ontpoBepr» TamMMaHa: aHHYJIMPOBaJ TaM-
maHoBckue Ty u Ty, u nocsenHon0 obosuauna kak Ty
Taxkum 00pas3oM, OH BOJIBHO MJIV HEBOJIBHO COKPATUJI
MHTEePBaJ CTEKJIOBAHNMA NIPUMEPHO BIIBOE, OTPE3aB OT
Hero HauboJiee BBICOKOBABKYIO 4acThb. [IpuumHOil Ta-
KOJi «<HOBallMM» SABUJIOCH, II0O—BUAVMOMY, OTCYTCTBIE Y
I TammaHa 00'bACHEHNA (PUBUKO—XUMIYECKOT0 CMbBICJIA
repern0a Ha 3aBMCHMOCTY «CBOMICTBO—TEMIIEpATYPa»
u oTHOcuTesnbHaA 6sm30cTh Ty, u Tyr). Taxum obpasom,
O. Lindig darTn4eckn o6beanant rammatosckue Ty u
T,,, B3AB y IePBOII Ha3BaHME ¥ 0003HAUEHNE, & Y BTOPOIL
— MECTO ee TeMIIEPATyPHOTO ITOJIOKEHN .

Bripouewm, u 110 O. Lindig o6o3nauenne Ty npumens-
JI BMECTO TeMIepaTypbl eperuba Ty,(r) aBTOPEI paboT
[11, 12].

PDakTHI M JOBOABI
B IIOJIb3Y TOYKMU 3peHus: Tammana

VI Bce ke IOJIHOCTBIO J1e3aBYMPOBATH IIO3UIINIO
I Tammana, cBaA3aHHYIO € €10 Tgir) 11 Ty (1), HE yIAIOCH.

B 1933 r. I1. II. Kobexko [13] Ob11 OJIM30K K TaHHBIM
T Tammana. B wactuocty, II. IT. KobGeko roBopm o0 Bepx-
ueM (Tt) u amskneM (Tg) npesenax MHTEPBasa pasMsr-
4YeHMs U HasblBaJ Ty TeMIepaTypoil 3aCTeKJIOBaHNU.
Brrie 3T0i TeMnepaTypbl IPOUCXOAUT yBeJUUYeHNe
TEIJIOEMKOCTH, CBA3AHHOE C IIOIJIOIeHeM obaBod-
HOTO KOJIMYEeCTBa TEILIa, «MAYIEro Ha pas3MArdeHue
KOMIIJIEKCOB>.

Bcenen 3a I Tammanowm J. E. Shelby [10] ontpenensaer
T, xax TemepaTypy, Ipy KOTOPOIi IepeoxJaskIieHHa A
SKUJIKOCTD IIEPEXOANUT B TBEPZOE COCTOSHYIE VIV (HAIIPO-
TUB) IIPM KOTOPOI TBEPZOE TEJIO IIEPEXOAUT B BA3KOTE-
Ky4ee COCTOSHIE.

Ha ocHoBaHMM paccMOTpPEHUSA MHOTOYMUCIIEHHBIX
SKCIIepVMEHTAJNbHBIX AaHHBIX A. Bunrep-Kiaiiu
cesiasia 3aKJIOUeHue, 9To B obsacty Baskocty 1016—
10 ITa - ¢ KpMBaA BABKOCTY IIPETEPIIEBAET MU3JIOM, CO-
OTBETCTBYIOLINI IIEPEX0AY BABKOTEKYUEN KUIKOCTA
B TBepaoe coctodnue [8, 9]. OHa arkTuueckn onpene-
JIMJIa BABKOCTDb CTEKJIO00pas3yIolero BelecTsa Ipn
Ty(r) [3] m BBIABMAIA, 4TO «0OMaCTh TpaHChOPMALIMN»,
T. €. TAMMAaHOBCKUI «<MHTEPBAJI Pa3MATIEHNUA», NI CO-
BpEMEHHBIII <THTepPBaJI CTEKJIOBAHNA», JIEIKUT B IIpejie-
snax 107—10*I1a - c. ABTops! paboTsl [14] mpuBOAAT 115
3TOro nHTepBaJa saadenusa 1019—10 I1a - ¢, pabors [15]
— 108—10% IIa - ¢, . e. 1pu Tg(1) BABKOCTD COCTABJIAECT
~10%—10' ITa - c.

BsaskocTb, XapaKkTepHas JJid cepenyuHbl 00JIacTu
TpaHcopManyy (CTEKJIOBAaHNA), II0 TaHHBIM paboTeI [9],
cocrasJset 1012 I1a - ¢, uTo 6sm3Ko K garaeM [ TaMMaHa
1151 Tyyr) (3 - 1012 ITa - ¢) [3]. S0 elrfe pas3 mogTBEPIKAAET
HEIIPaBOMEPHOCTH 3aMeHbI Ty (1) Ha Ty

ITouytu coenanaer ¢ Ty, u «coBpeMeHHasa» Ty, XapaK-
Tepusyemas BA3KocThio ~1012—13 ITa - ¢ [16, 17], T e. oHa
TaK’Ke PacIloJioKeHa B CepeJiViHe MHTePBaJa pa3MArde-
HUA (cTekJoBaHMA). UTOOBI BA3KOTEKYYad SKUJIKOCTD C
Bs13K0CTHIO 1012 I1a - ¢ 3aCTEKII0BAIIACh, HYYKHO JIOTIOJH-
TeJIbHOE OXJIasKJeHNe U yBeJndeHne BA3KOCTY Ha ~2—3
mopAnka BeanunHbl. OTCIOfA TaKKe CJeLyeT BbIBOZ,
4TO «coBpeMeHHasa» Ty [16, 17] Ha camoM neJie TaKOBOIA
He ABJISETCH, & JeMiICTBUTEJbHON TEMIIEpaTy POt 3acTe-
KJIOBaHN A, TEMIIEPATyPOJi ITpeBPallleH) A BABKOTEKydeil
YKMIKOCTY B CTEKJIO00PA3HOE COCTOAHNE, ABNACTCA Ty(T),
xXapaxrepusyemasi BA3K0ocTbio ~1014—101 I1a - c.

Ob6osznauenmue Ty (ze o I Tammany) u ero pacrnd-
POBKa — TeMIlepaTypa CTEKJIOBaHUA, 3APaBCTBYIOT I
CETOJIH, BBI3BIBAA IIPOTVBOPEUNA C 00 bEKTVIBHBIMI DKC-
[IepYMeHTaJbHbIMY JaHHBbIMU. [JIaBHOE 13 BTUX IPOTHU-
BOpEYMIi TO, YTO IIPOLIECC CTEKJIOBAHA IIPOJOJIMKAETCA
M HUOKe DTOV «TeMITepaTyphl CTEKJIOBaHKA». BoJee Toro,
npu 5T0¥ Ty 3aKaHIMBAETCA «TIEPBUYHOE» M HAUMHACTCA
«BTOPUYHOE» CTEKJIOBaHMe [4], TeMIIepaTypa OKOHYaHA
KOTOPOTO He BblsABJIeHA. KpoMme Toro, yTBeprKaaeTcs, 4To
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mxe Ty HaxoanTeA CTEKJO [16], T. €. mosry4aeTcs, 4To
[PV BTOPUYHOM CTEKJIOBAHNY IIPOJOJISKAETCA IIPOLiect
CTEKJIOBaHMA He BABKOTEKyUel skugrocTy, Kak y I Tam-
MaHa [3], a mpoliecc CTEKJIOBAaHNSA CTEKJA, CTPYKTypa
KOTOPOT0 3aMOPOKEHA, T. €. He 3aBUCUT OT TEMIIEPATYPEI
u He MeHdAeTcda Bo Bpemenu [4, C. 20]. Takum obpaszom,
IIPMHMMAasA BO BHYMAaHNE IIepedlCIeHHbIe TPOTUBO-
pednsi, OUE€BUHO, 9TO HOBOBBeeHHAA Ty HE SABJIAETCA
TEMIIEPATY PO CTEKJIOBAHNA.

BriAgABJIEHHBIE IPOTUBOPEYNA MIOJIHOCTBIO yCTpa-
HSAIOTCS, eCyu B KauecTBe Ty IPUHATH TaAMMaHOBCKYIO
TeMIIepaTypy IPeBPallleHNA BA3KOTEKYYeN KUTKOCTH
B TBEPZOE XPYIIKOE CTEKJI000pasHoe cocTosAHme [3].

A. A. AnreH [18] mpaKTUYeCKM IOJIHOCTBIO COTJIACEH
¢ I TammanoMm no obey:xgaemomy Bompocy. OH cUnTaEeT,
YTO HUSKHEN rpaHutieli 00JacTy pa3MArd4eHNs CTeKIa B
YCJIOBMAX HATPEBaHNUA CJIELYET CUUTATh TEMIIEPATYPY
HayaJia uc4Ye3HOBeHMsA xpynkoctu T,. Bepxneil rpa-
HUIIEN CYMTAIOT TEMIIEPATYPY, IIPY KOTOPOJi MCUe3a0T
IIocJiefHME NIPU3HAKM TBEPJZIOTO COCTOSHUA, HAIIPUMED
OCTaTO4YHAsA CIIOCOOHOCTH K 0OpaTHBIM AeopMalyiaM
IIpM MaJIbIX HarpysKax (TeMueparypa Texkydectu Ty).

Otanmune ot I TamMmaHa 37€ch TOJBKO B TOM, YTO
BMeCTO Ty(1)OH ynoTpebiiseT cobcTBeHHOE 0003HaYeHNe
T}.. VI e1te B TOM, 9YTO TAMMAaHOBCKYIO TeMmuepatypy T,
IIPY KOTOPOI! MIOABJIAIOTCSA IIEPBBIE IPUBHAKN JKIUIAKOTO
COCTOSIHUSA, OH 3aMeHAEeT Ha TEMIIEPATYPY, IIPU KOTOPOii
JICYe3aloT MIoCcJIeJHE ITPU3HAKY TBEPLOTr0 COCTOAHMSA.

Toury 3perus I. Tammana Ha npolecc pa3MmArye-
HIA CTEKJIa BECbMa apryMEeHTPOBAHHO IO JEPIKIBAET
C. B. Hemuiios [15, 19] (X0TA HY’KHO OTMETUTH, UTO B
LHUTUPYEMBIX paboTax oH He ceblnaercs Ha I Tammana).
IIpu HarpeBaHNUM cTekJsa B 00JIACTM TeMIIEPATYp, IPU
KOTOPBIX BA3KOCTb cocTasyseT 101 I1a - ¢ u meHbIe, B
cTekJe HaburogaeTcsa CyLIeCTBEHHOe MU3MeHeHye: IIpo-
MICXOIUT pe3Koe BO3pacTaHye TeIJIOEMKOCTH U Ko3d-
u1eHTa TEPMUYECKOTO PACIIVPEHNA, YBEJININBAETC
MHTEHCUBHOCTb KOJIe0aTeJIbHbIX ABMYKEHMIT 11 CBOOOI-
HBIII 00'beM, HEOOXOMMBII AJIs IePEMEIEHN aTOMOB,
a cBoOOZIHAA DHEPIUA aKTUBAIMY BA3SKOr0 TEUEHMU A E; ,
TpebyeMas A1 IlepeMellle ) aTOMOB, yMeHblaeTc. Vl,
Haob0pOT, TPy IIepexoie OT BASKOTEKYYEero COCTOAHUA B
TBepJ0e cTekJI006pasHoe E; BO3pacTaeT. SHaUeHue Ef]
npu Baskoctu 101 Ila - ¢ y IpoCTEIX BelecTB IpubIm-

$KaeTCsA K DHEPTUY pa3pbiBa XUMUYECKIX CBA3EI, KOTO-
pble 00pas3yioT cTekJI000pas3Hblil Kapkac (tabs. 1) [19].

Takum 00paz3oM, MOYKHO CHEJIATh BBIBOJ, UTO IIPK
HarpeBaHuu crekya npu ssaskoctu 101 Ila - ¢ crekoo-
OpasHblil KapKac II0JydYaeT JONOJHUTEJbHOE KOoJde-
cTBO Tera (9HZ03(EKT) 1 HAUMHAET Pas3pyllIaThbCs
— CTerJIo pasMmArdaercs. IIpy oxJaskIeHNN BA3SKOTE-
Kyd4ero BEIIECTBa IIPU 3TOM BA3KOCTY Pa30pBaHHbIE
XMMMUYECKIE CBA3Y BOCCTAHABINBAIOTCA 1 00pasyercsa
TBEPJI0e XPYIIKOE CTEKJIO, XapaKTepu3yeMoe B MOMEHT
obpas3oBaHMA (KAK ¥ B MOMEHT pas3pyllIeHNsa KapKaca)
TeMIepaTypoii cTekJI0Bauusd Tyr).

Ha puc. 3 mprBeseHa TeMiepaTypHas 3aBUCUMOCTb
BABKOCTU CTeKJa coctaBa Na,O+CaO+6SiO, [15]. IIpnu
HUBKUX TEMIIEPATypPax [0 PasdMArdeHus BA3KOCTb Me-
HAeTCA He3HAUUTeJbHO (yuacTok ab). Haubosee peskoe
[ajieHye BABKOCTH IIPY HAaTPeBaHUY IIPOMCXOANUT B 00-
sacty (101°—108) £ 1 Ia - ¢ (ygacTok be), 3aTeM Kpy TH3HA
JIVIHUM yMeHbltaeTcd (yaacTok cde). O6sacTb BABKOCTY
101°—108 ITa'c XxapaKTepusyeT «MHTEPBAJ Pa3MAr-
YeHNA» CTEKJA B TEPMMHOJIOTMN, COXPAaHUBIIE cA co
Bpemenu I TammaHa, UaM «<MHTEPBAJI CTEKJIOBAHUA» B
COBPEMEHHOJ TEPMMHOJIOT L.

Pan uccnenosareselt, npu3HaBIIKX HOBYIO T, pac-
TIOJIOXKEHHY0 Ha MecTe Ty(r), He MOTYT BBIATM M3—TIOf

T,°C
0 100 200 400 800 1200

lgm, Ma-c)

1 | | | | | |

30 20 10
1/T104 K

Puc. 3. TemnepaTypHas 3aBMCMMOCTb BA3KOCTY CTeK/a cocTaBa
Na,0-Ca0-6Si0, [15]

Fig. 3. Temperature dependence of the glass viscosity of the
composition Na,0+Ca0+6Si0, [15]

Tabmuia 1

3HayeHue CBOOOAHBIX JHEPIUIT AKTUBALUN BA3KOT0 TEYEHILA E; Ipu mepexoje B XpynKoe COCTOSTHUE
B COMOCTABJIEHUN € SHEPTUAMI XUMIIECKUX cBsA3ei Eq NI NpoCTHIX CTEKO0J B KKaJ/MoJb [19]
[The value of the free activation energies of the viscous flow E," upon transition to a fragile state in
comparison with the energies of the E4 chemical bonds for simple glasses in kcal/mole [19]]

Bermtectso
ITapamerp GeSey .
Se ASzSg AS2Se3 (BKCTpaH.) SIOZ G'eOz Ber
En, KKaJI/MOJIb 3l1+1 47+1 45+ 2 52+1 114+ 10 7314 55+ 3
Ey, kxaJs/mMoJb 41 61 43+3 52+3 110+5 82+3 89+1
A%E4 24,5 23 45 0 2.5 11 38
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BimaHuA ugeiil I TammaHa, Kacaommmuxes IpeijosKeH-
HOVt UM Ty(7). He uCKIIOUEHO, 4TO KTO—TO U3 ITUX UC-
cJjenoBaTeJseil He ObIJI 3HAKOM C KOHIIEIIen Ty(t), HO
IIOJTy YE€HHBIE BKCIIEPYIMEHTAJIbHbIE IJaHHBIE IIPVBEJIN VX
K BBIBOZIAM, aHAJIOTVYHBIM TaMMaHOBCKVIM.

B pab6ore [20] B. B. T'ony6xoB mccyenoBaJ oco-
OeHHOCTY CTPYKTYpPBI CTeKJ000pasytomero B,O; 1 ee
M3MeHEeH)A IIyTeM U3YyUeHNs TeMIepaTypPHbIX U Bpe-
MEHHBIX 3aBUCUMOCTE}i MHTEHCUBHOCTY PACCeAHUA
PEHTreHOBCKUX Jiyuelt nox majbiMu yraamu (PMY).
Kaxk crenyer n3 puc. 4 [20], MHTEHCUBHOCTD PacCeaHNA
oz yraiom 400" oOpasios ByO; yMeHbIIaeTCs JMHEHO
IIpy OHVKeHNY TeMiiepatypsl 110 250 °C, «He 3ameyasn»
HaXOJSALLYIOCA BbIILIe 9TOl Temrneparypsl Ty. B ciyuae
«cyxoro» (6e3 npumecu H,0) obpasua B nHTEpBaJe
Temneparyp 240—260 °C nponcxoauT nsrubd KpmuBoit
3aBMCYMOCTY MHTEHCUBHOCTY OT TEMIIEPATYPHI, T. €. 10
Temnepatypsl ~250 °C «obpasel ocTaeTca B COCTOAHNUN
IIepeoxJIasKIeHHOI KuarocTt». Hyuke 5T0M TeMnepa-
TYpPBI CTPYKTYpPa 3aMOpaskUBaeTcs, JOCTUrasa 0coDOro
COCTOAHMNA, IIPY KOTOPOM CTPYKTYPHBIE IIEPECTPONKNI
HEeBO3MOKHBL. TeMnepaTypy, Ipu KOTOPOJi JOCTUTraeTCs
9TO COCTOsSAHME, 0003HAYAIOT KaK T},

IIpu yBesmnyeHun comepskaHusA BOJbI B CTEKJO-
obpazyromiem ByO; oHOBpeMeHHO ¢ nonmxenneM T, Ha-
OsrronaeTcs v oHVKeHNe T\, TaK ITO JJ1A BceX 00pasIioB
BoInoJHsAeTcsa npaeuio Ty — Ty = 50 °C. «B unrepsaie
T, £10 °C mpoucxXoAuT Iepexof OT COCTOSHUA Iepe-
OXJIAYKIEHHOM KIUIAKOCTY K HOBOMY COCTOSIHIIO, KOTO-
poe MOYKHO Ha3BaTb TBEPABIM MJIM CTEKJIO00Pa3HBIM B
TIOJIHOM CMBICJIE BTOTO cJioBa» [20].

Kax snece ne Beomunts I Tammana, Ty KOTOPOro
— TeMIlepaTypa IIpeBpalleHN s BABKOTEKY el sKIIK0-
CTM B TBEPJIOE XPYIIKOE CTEKJI000pa3HOe cocTosAHMeE [3].
VI mHaxopures oHa Takke HIKe Ty, IPUHSATON, BOIPEKU
Tammany, u 3amMeHuBIIeN ero Ty r), PACIOJOKEHHYIO
B 00J1aCcTM BABKOTEKYYeEl KUIAKOCTI. TakuM o0pas3oM,
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Puc. 4. 3aBMCUMOCTY MHTEHCUBHOCTY MasoyriioBOro PacCesHUs
| oT TemnepaTypsbl Ans «cyxmx» (otcytctene H,O) o6pasuos
B,03 B cOCTOSHMM paBHOBECUS NMpu yrinax paccesHus 4007 (1)
n 40’ (2) [20]

Fig. 4. Dependences of the intensity of small-angle scattering / on
temperature for «dry» (absence of H,0) samples of B,Og in an
equilibrium state at scattering angles 400’ (7) and 40’ (2) [20]

dartuaeckn T, B. B. Tomy6rosa — sro anasnor Ty,
IIOJIHOCTBIO ITOATBEPIKAAOIINI 000CHOBAHHOCTD IIPM-
MEHEHIA II0CJIeTHET.

Crenannble B pabdote [20] BEIBOABI ObLIN HO3AHEE
pacmnpocTpaHeHbl HA HAaTpueBobopaTHble [21] 1 HaTpue-
BoOOpOCKUIIMKATHBIE [22] cTeKJIa.

Taxk, J. E. Shelby cunTaJs, 4To TeMnepaTypHBII
MHTEPBAJ MEXAY IIpefesaMy, OOUH U3 KOTOPBIX CO-
OTBETCTBYET DHTAJbIINY PaBHOBECHO XMAKOCTH, a
JPYTOJl — BDHTAJbINM BelleCcTBA B 3aMOPOYKEHHOM
TBEPAOM COCTOSHMM, Ha3bIBaeTcA 00JIaCThIO IIepexosa
B cTerJ000pasnoe cocrosuue [10]. Ero onpenenenne Ty
MOYTH MAEHTUYHO onpeenennio Tyt — Temneparype
Ilepexozia B cTeKJI000pa3Hoe COCTOSHYIE IV, HAIIPOTUB,
TeMIIepaType, Ipu KOTOPOI TBEPAOE TEJIO IIEPEXOIUT B
BA3KOYIIPYTO€ COCTOAHMLE.

ObsacTb cTekgoobpaszoBanna y M. A. Popescu [23]
pacrmosiosxkeHa Mex Iy TeMneparypoit Ty, pasnessomen
SKUJIKOE U IIJIACTIHECKOe COCTOsAHMe, 1 T — TeMnepary-
POV BUTPU(PUKAINH, TPY KOTOPOM CTEKJIO CTAHOBUTCSA
TBepAbIM 1 XpynKuM (solidandfragile). ObmacTb cTeKI0-
BaHuaA y M. A. Popescu nmpakTudecky aHaJIOTM4Ha 00J1a-
ctu pasmardenusa y I Tammana [3], a ero remmneparypa
T\ nnenTr4Ha 110 PU3NIECKOMY CMBICITY Tg(1).

PopmabHO IPU3HAJIN HOBOBBEJIEHHYI0 T 11 aBTO-
pbI pabotsl [6], HO, Kak u B pabore [23], pasmecTuan ee
B cepenuHe obnactu crexsosanua T, — T,. 3gecs T, —
HaMeHBINas TeMIIepPaTypa PaBHOBECHON KUIKOCTH;
T}, — TeMIepaTypa, Ipy KOTOPOI YKUIKOCTb CTAHOBUTCSA
TBEPABIM CTEKJIOM, T. €. PAKTUUECKY ITOBTOpseTCs Pop-
myaupoBka I TamMMaHa 0 TeMIepaType IpeBpallleHns
BABKOTEKYUel KUIKOCTY B TBEPJIOE XPYIIKOE CTEKJIO-
00pa3Hoe COCTOSHNE.

Jaunsie pabor [5, 6, 9, 15, 18, 19, 21—23] HeorpoBep-
SKVIMO JOKa3bIBAIOT ICTYHHOCTD TEMIIEPATY PbI CTEKJIO-
BaHUsA Ty(7) U HEIPABOMEPHOCTD 3aMeHbI Ty, ) Ha T

IHommme pHo—moaNMOpPIONTHOE CTPOEHIIE
CTEKJI000pa3yIoIIero BeliecTsa
¥ IPUPOJA Mepernda Ha 3aBUCUMOCTI
«CBOIICTBO—TeMIIEpATypa»

AHHYJIMPOBaHNE TAMMaHOBCKMUX MOHATUI Ty 1
Ty n 3ameHa Ty, ) Ha Ty He BLI3BAJIN CEPHESHOTO CO-
IIPOTUBJIEHNA HAYYHOTO COODOIIECTBA 110 IPUYMHE OT-
CcyTCTBUA MHPOPMAUUY 0 (PUBUKO—XVIMIYIECKO IpK-
pozne nepernba ripu T, Ha 3aBUCUMOCTH «TEMIIepaTypa—
CBOMCTBO» 0XJIAYKJJAEMOT0 PACILIIaBa. ITOT BOIIPOC ObLI
pelileH ToJbKO B KoHLE 1990—x — nHauyaJse 2000—x ronos
B paMKaXx KOHLENUY ITOJIMMEPHO—TIOJIMMOP(ONIHOTO
CTpoeHUs cTekJoobpasyollero Bemiectsa [24—26],
OJIHOBPEMEHHO 0Obljla ITOKa3aHa HeIpaBOMEPHOCTD 3a-
MeHsbl Ty Ha T

Huske npuBeieHBl HEKOTOpPBIE IIOJOMKEHNA JaHHOM
KOHI[EITINH, & TaK)Ke aHaIn3 (PU3VKO—XUMIIECKO Tpy-
POOBI yKa3aHHOrO Ieperuoa.

IIporecc o6pas3oBaHMsA CTEKIO00PA3HOTO BEIIIECTBA
— BTO IIPOIECC BO3HNKHOBEHNA, B3aVIMOIIPEBPAIIeHN A
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M CONOJIMMEePM3anuy HaHO(PPAarMeHTOB CTPYKTY PBI
Pas3JIMYHBIX IIOJMMOPQHBIX MOAMMUKALNI (II0JIMMOP-
(pOMI0B) IPOCTHIX M/MUJIN CJIOKHBIX KPUCTAIINIECKUX
BEIIECTB B HEYIIOPAIOYEHHYIO (Ha YPOBHE JaJIbHETO yIIO-
PANOYEHN ) IOJIMMEPHO—TIONMOP(ONITHYIO CTPYKTYPY
(ceTry, KIIyOOK 1[eII0Y€eK, JIEHT U T. [I.) CTEKJIA.

ITonumopdona — pparMeHT KpUCTAJIINIECKON
CTPYKTYPBbI, COCTOALLNI 13 I'PYIIIbI aTOMOB, COEIVIHEH-
HBIX MeX Iy co00Ji XMMIYeCKMMY CBA3AMM II0 ITPaBIUJIAM
CTEPEOMETPUYECKOr0 YIOPALOYEH) A, CBOJICTBEHHOTO
OIHOV U3 KPUCTAJIINYIECKNUX ITOJIVMMOP(HBIX MOAIPU-
karuit (IIM) BemecTBa, 1 He 00J1a JAIOIMIT TPAHCIIALI-
OHHOJI CMMMeTpueil Kpucrasia. B nmonumopdonse Her
JIaJIbHETO IIOPAAKA Jaske MMUHMMAJIBHON IIPOTAKEHHO-
CTHU: IBYX COCEACTBYIOIIVX DIIEMEHTAPHBIX J4YeeK CTPYK-
TYPBI BEIIIECTBA, CIIOCOOHBIX B3aVIMOTPAHCINPOBATHCH.

CTpyKTypa 1 CBOJICTBA CTeKJa OIpenesaoTCs
KOHIIEHTPAIVIOHHBIM COOTHOIIIEHVEM IOJIMMOP(ONI0B
(RCII) pasauusbix [IM, npucymyuM JaHHOMY CTEKJIY
M 3aBUCALIMM OT COCTOSHMA MCXOJHOTO BeIecTBa,
YCJIOBUIZ ITOJIYYeHUA ¥ 00pabOTKM CTeKJI000pas3yoIero
MaTepraJa.

Basxreimmm hakTOpOM, BIAMAOIINM Ha IIPOIEct
CTEeKJIOBaHNUA, ABJIAETCA CTPYKTYPa CTEKJI000pa3yole-
I'0 BEIlleCTBa U B IIEPBYI0 OYePEIb CTPYKTYPa KUIKOCTH
(pacnaBa), KOTOpas B IIpoliecce OXJasIeHN A IIpeBpa-
LIaeTCA B CTEKJIO.

CorslacHo pabore [27], pacmyiaB cejleHa HECKOJIBKO
BbIIIIe TeMIlepaTy pbl iasyennsd (217 °C) compepsxut 40 %
MOHOMepa Seg (B B e HAHO(PPArMeHTOB (TosmMopgon-
JIOB)) MOHOKJIMHHOM HU3K0oTeMIeparypHoit IIM (HTIIM),
a mpu 427 °C — 25 %. OcraJyibHOE IPUXOIUTCH Ha IeK-
caroHaJIbHyI0 BbIcOKOoTeMnepaTypryio IIM (BTIIM),
IIyTeM IJIaBJIEHMA KOTOPOIi 1 06pas3yeTcs pacIiias.

Hamuyane HanOPparMeHTOB CTPYKTYPBI (II0JIVIMOP-
¢onmos) BTIIM nu HTIIM xoHcTaTHpyeTCA AJs paciia-

Ba cepel [16] u SiO, [28], Ha ocHOBe aHaM3a, IPOBEIEH-
Horo B pabore [29], a Takske naa HyO [30] 1 BeCl, [31] Ha
OCHOBE aHaJM3a, IPOBeIeHHOro B pabore [32, 33].

IIpm oxJyaskaeHNy CTeKJI000pas3yrommii pacmias,
cocrosamuit u3 noaumopdgongos BTIIM n HTIIM, npo-
XOJVT II0CJIeIOBaTeJbHO 00J1acTh cTadbmiabHocTy BTIIM
(o Temneparypsl nuaBjerua T, Oo TeMIepaTypsbl
npeBpaterna Ty, BTIIM <> HTIIM) u 3atem obJsacTb
crabumnbrocTy HTIIM T, —Ty1) (puc. 5) [25]. B nepsoit
00J1acTy IIPOXOAVT IIPOLIECC COIIOJIMMEPU3AIN [T0JIV-
mopdonzos BTIIM 1 HTIIM 1 ogHOBpeMEeHHO IIporiece
nenonuMepusanuy noaumopdonnos HTIIM u npe-
BpateHne ux B noaumopdgonasr BTIIM. B pesynbrare
pacrer KCII BTIIM : HTIIM, onpenensioliee HaKJIOH
KPMBOII Ha 3aBJCUMOCTH «CBOJICTBO—TeMIIEpaTypa».

T'pannna obsacreil cTabMIBHOCTY KPUCTAJIIN-
gyeckux BTIIM n HTIIM xapakTepusyerca TeMIle-
partypoit T, ¥ IIOPOrOBOJ BHTAJBIINEN ITPEeBpAalleHN
BTIIM <> HTIIM H,, [25]. Ina cTera000pas3yoiiero
paciiaBa TaksKe XapaKTepHBI IIOPOTOBbIe DHTAJb-
M ¥ TEMIIEPATypa IpeBpalleHNsd I0JIMMOP(ONI0B
BTIIM <> HTTIM. IIpu nepecedenuu 3Toy TeMIIEpaTy pbl
paciaB IpM OXJIAXKIEHNUN IoNagaeT B 00JacTe cTa-
ousbHOCTU osuMoppontoB HTIIM u HecTabusbHOCTHU
nosimmopdongos BTIIM. B aToT MoMeHT coBepIiaeTcs
peBepc HaIpaBJeHMA B3aVIMOIIPEBPAIIEHN A I0JIMMOP-
donpnor BTIIM <> HTIIM. Teneps conosmMepusanms
paciiaBa COIPOBOXKIAETCH PA3JIOKEHVIEM IIOJVIMOP-
donnor BTIIM u npeBpallieHreM X B IOJIUMOPQONIbI
HTIIM. Ywmensbitaetrca KCITI BTIIM : HTIIM, HakJoH
KPVBOJ Ha 3aBUCUMOCTM «CBOJICTBO—TeMIIepaTypa»
ucneITbIBaeT neperud [25]. Temnepatypy aToro nepe-
ruba I Tamman [3] 0603naums Kak Ty,r). [locaenyromnue
uccJeoBaTeNy, B yacTHocTH [7, 11, 12], oTOpocnim Tem-
[epaTypy CTeKJIOBaHUsA Ty(r) 1 IOCTABUIIN €r0 CUMBOJ Ty
BMecTO Ty,(r), CO3/IaB B 00JIACTY MCCIeN0BAHNA CTEKJIO-
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Puc. 5. O606LeHHas cxema penakCaLunoHHbIX MPOLLECCOB B KOHAEHCUMPOBAHHOM CTekN006pasyoLLem BeLectse [25]
Fig. 5. General scheme of relaxation processes in a condensed glass—forming substance [25]
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BaHMA KOHLENTYAJbHBI apTedakT, O0jee I0JIOBUHbI
CTOJIETVIS TOPMOSSAIINIL DTY MCCIIeTOBAHMA.

Mpeb! HazeeMcsd, 4TO B peldyJsbTaTe aHAJIM3a IIe-
pedncaeHHBIX BhIlle paboT, a TakKe mocJse paboT
M. B. Apramonosoii [5], M. A. Popescu [23], L. Landa n
Ip. [6] m cepum pabor B. C. Munaesa [24, 26, 33, 34], ro-
BOPANIUX B IoJIb3y Touky 3peHud I. Tammana, a Takoke
JIaHHOV pabOThI, PACKPBIBAIOIIEN (PUBMKO—XVIMIUECKII
cMbICJI Iepernba Ha KPMUBOJL 3aBUCYMOCTH «CBOMICTBA—
TeMIlepaTypar, 3TOT apTedakT OyneT 3a0bIT HAYYHBIM
coobwectBoM, a remneparype neperuba (T, Ty) Ha 3a-
BJICMIMOCTH «CBOJICTBa—TeMIIepaTypa» OyIeT IpucBoe-
HO obozHauenue Ty,_ c,, CMMBOJIM3UPYIOIIEE IVOHEPHYIO
pouib I. TamMMaHa B yCTaHOBJIEHUM DTOTO ITeperubda 1 ero
PUBMKO—XUMUYECKOI TPUPOJBL.

Temmneparypa Ty, nu Ty,_yey, OIIpesessieTcst 00bra-
HO Ity TeM nuddepeHIalbHO—TepMIUeCcKOoro aHaamsa
(ATA) nan nudpcpepeHINaIbHON CKAHNPYIOIE KaJo-
pumetpun (JICR), gaiie Bcero mmpu HarpeBaHNY 00pas1ia.
Ilockosibky B HarpeBaeMoM CTEKJE, KpoMe IToJIMMopdo-
unoB HTIIM, conepsxarcsa nosmmopdgonas: BTTIM, 06-
Jagaonye OOoJIbIel SHTAJIBIINE, TO DHTAJIBIINA CTEKIIA
Bcerpa Oouibirie sHTAJMBIIMM KpucTajmdeckorn HTIIM.
ITosTomy noporosoro 3HaueHns Hiy, DHTAJIBIINA CTEKJIA
JIOCTUTAeT IIpM MEHbIIIEH TeMIepaType, 4eM KpucTaJ-
sudeckaa HTIIM (taba. 2) [34].

Taxkum 06pas3oM, Kak ysKe 0TMedaJioch B padbore [35],
MESKIY KPUCTAJIINYECKNM, SKVUKVM U CTEKJI000pa3HbIM
COCTOSIHMAMM OCYIIIECTBJIAETCA IreHeTUIeCKad B3aIMO-
cBa3b. Temneparypa B3anmonpesparesnsa BTIIM <
HTIIM B kpucrtannuudeckoM Belectse (T,.) TeCHO CBs-
3aHa C TeMIIepaTypoil peBepca HallpaBJIEHNA B3aMMO-
IIpeBpallleHNd MoJaMMopdonioB pas3ianyHabix IIM B BbI-
COKOBABKOM cTekJoobpasytoreM BemecTBe Ty _oo(Tyw)
U ABJIAETCA ee IpenTedeli (precursor).

Huxe Temneparyps! Ty _pey IIPOJOJIZKAETCA COIIO-
JIIMepU3alys CTeKJI000pas3yolerocs paciasa 1 pe-
Bpatenne noaumopgongos BTIIM — HTIIM, Brniots
10 Ty(r), (BA3KOCTL M ~ 1013—15 ITa - ¢), mpu KoTOPOIT pPac-
IIJIaB IIpEBpAllaeTCA B TBEPAOE U XPYIIKOE CTEKII000pa-
3yolllee BellecTso [3, 9, 13].

T, Tammana 1 npeadHaOTepMUIecKmii acphperT

Kaxk ysxe 6b1510 ckazano Boiie, I Tammas [3] u gpy-
rve aBTopkI [8, 9, 15] Habsroma v mpy HarpeBaHUY CTEKJIA
pu Tyr) (M = 10" IIa - ), pacriosnosxenHoit Hyxe Ty (r)
(«coBpemenHoii» Ty), pe3Koe BO3paCTaHNe TEIIOEMKOCTA
¥ I3MeHeHe PAJLa APYTUX CBOJCTB CTeKJI000pasyrole-
'O BEIIECTBa.

OTU ABJIEHNA XapaKTEePHBI U AJIA OTKPBITOro B §0—x
rofiax IIPOIILJIOTO CTOJIETHA B CTERJIE TPedHA0d(deKTa
(mpensHIOTEPMBIL, SHAOTEPMIYECKOI0 IPeAINKa, Cyo—
Ty—muka unm «reHeBoro» nuka [36, 37, 38], Haxonsme-
rocd 1o auHbIM [38], Ha 10—70 °C HMKe TeMIIepaTyPhI
«coBpeMeHHOI» Ty, T. €. Ty,

Hanuume B crekse npensunoadderTa emie pas
IIOATBEPKIAET TOT (PAKT, YTO MCTUHHONM TEMIIePaTy POt

CTEKJIOBAHMA — TeMIIepaTypPoil B3ayMOIIpeBPaIlleHN A
CTeKJI000pasyoleil sKIMIKOCTY U CTEKJIA — ABJIAETCA
uMeHHO Temneparypa Ty Ilpu nHarpesanun crexsa
IpensHI03(P(PEKT IPeIIecTBYeT 3K30TePMUUECKOMY
3¢ perTy (npeBparuenue nogumopdonaos BTIIM B ro-
gumopcponasr HTTIM) u mocnegyromemy sHO03(PQEeRTy
npespartennd noanmopgonnos HTIIM — BTIIM npn
remneparype Ty_rey (Tw(t), Mau «coBpemennas» T,) B
cTeKJI000pas3yoIeM BelecTse (cM. puc. b) [25].

IIpensunoscp et Habaogaacsa B crerye ByO;
[36], cTermoobpasyromux cucremax Ge—Se, As—Se,
Ge—As—Se [38], a Takeke 1m0 JaHHLIM [39], B MeTa M-
YeCKUX, CUJIMKATHBIX, (POC(PATHBIX CTEKJAX U CTEKJIO-
0bpasHoii BoJie.

Aptops! paboTsl [36], omHMMK 13 ITEPBBIX O00HA-
PYSKUBIINE MPEAIHAOTEPMUYUECKUI UK, IPOBEJN
SKCIEPVMEHTHI 110 CKAHUPYIOIEN KaJoOpUMeTPUN
HarpeBaeMbIX 00pasIoB cTekJooOpasyomero ByOs,
[IpeBapUTEJILHO OTOKIKEHHBIX B T€UeHEe PA3JIMIHbBIX
orpeskos Bpemenn HmKe Ty = 583 K: 1 4, 3 4, 10 4,
30 4. Orexur npoBoxuay npu temueparype Ty =
460 K (puc. 6). Ilpu oTsxure MeHee 2 4, HaIpMUMep MIpuU
tore = 1 9, HAOJIIOZAJICA MK TEIJIOEMKOCTH 00pas-

Tabmania 2

Obmenpunarasn cerogua Ty (mam Ty,_yoy) 1 Tty [34]
[Generally accepted Ty (or Ty_rey) and Ty, [34]]

Beme- Ty o
ctBo | (i Tyy_pey), °C Ty, °C
GeS, 495 497
Kpucrannmmsanusa ns creria
GeSe, 370 HTIIM — 325, BTITM — 425
P4Se4 180 192
As,Ss 175 175—180
P,0O4 380 > 378 (akTMBHAA CTAMA)
150 -
=
X100
= T.= 460 K
o
&
b
50 |-
''''''' 3 4 0y

1 A)
500 600
Temnepartypa, K
Puc. 6. 3aBucrmocTu Tennoemkoctn AC, ctekna B,O3 0T BpemeHu
oTxwura t, npyu Temnepatype otxura T, = 460 K [36]

Fig. 6. Dependences of the heat capacity AC,, of glass B,O3 on the
annealing time ta at the annealing temperature T, = 460 K [36]
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na ACp, IOABJIAIIMIACA BOJIM3Y TEMIIEPATY PbI OTIKNATA
T, = 460 K u ucuesarommit auoxe Ty IIpn oTsrure npu
torse = 1 9 Ipen—T —TUK yBeIMIMBAETCs, U Ha HErO Ha-
KJIaIbIBaeTCA SHIOTepMudecKuii uk T, yBeIMunBao-
LMiicA ¢ yBeJMueHreM BpeMeHy oTsxnra. Kak ysxe Ob1y10
CKa3aHO BbIIIe [25], BTOT MK OTpasKaeT IIPoIece Ipe-
BpAllleHN s HAKOIJIEHHBIX B Pe3yJIbTaTe OTKITa II0JIV-
mopconzos HTTIM B nosmmopdonas: BTTIM, obsanato-
1ime GOJIbIIIEl! TEIOEMKOCThI0. UeM JoJiblile UAET OT-
skur crekgia mpu T, = 460 K (3 4, 10 4, 30 u), Tem Goibiiiee
rosmaecTBo nosmmopdongos HTIIM nakanimBaeTcd B
crekJie. VI cOOTBETCTBEHHO, TeM 00JIbIlIee KOJINYIECTBO
TeIlJIa MOIVIOIAETCH P IPOXOXKAEHNM TEMIIEPATY PbI
«coBpeMeHHOI» Ty, unm temneparypsl pesepca Ty _rey
[25], mommmmopdonmos HTIIM <» BTIIM.

Pocr TenmoeMKoOCTH 3[eCh aHAJIOTMYEH POCTY Te-
IIJIOEMKOCTY CeJIEHA IIPY YBEJIWYEHUM €0 BBIIEPIKKU
HocJie CUHTe3a pu Temneparype ke Ty B sKcriepu-
meHTe R. B. Stephens [40], B koTopoM, B COOTBETCTBUMA C
KOHI[EIIIMeT] TOJVIMEPHO—TIOIVIMOP(OMIHOTO CTPOEHM A
CTEeKJIa, TAKKe IIPOTEKAET IIPeBpallieHye I0IMMOpPdon-
oB HTIIM (MOHOKJIMHHAA MOAM(PUKALNA) B IIOJIMMOP-
dongsr BTIIM (rekcaronaspHaa Moguduranmusa) [41].

Ha puc. 7 [38] morasanb! pe3yJIbTaTbl MOLYJIMPOBAaH-
HoVi dpdpepeHIMaIIbHOM CKAaHMPYIOIIEN KaJIoOpUMeTPUN
(MJICR) o0pasiia XaJbKOTeHUTHOTO CTeKJIa ASsy 5Seqs 5,
cTapeBIIero (IocJie 3aKaJKy B BOAY) B TeueHue 8 jieT u
OOHOBJIEHHOTO ITyTeM HarpeBaHus Bbiite Ty 1 ocyienyro-
II[ET0 OXJIAKIEHN .

Crapesmmii 8 set obpasel] XxapakTepusyeTcs DH-
JOTEPMUYECKUM IIpeannKoM ¢ MakcumymoMm ~120 °C, ¢
[IOCTIEIYIOMYIM HK30TEPMUUECKUM IIMKOM C MaKCUMY-
moM ~145 °C n suporepmmndecknM UKOM Tg(Ty ey IPU
171 °C). ABTopn! paboThI [38] OTHOCAT NOABJIEHNE DHJO-
TePMMYECKOr0 MKa K YIIJIOTHEHNIO BJIACTUYHOM JacTu
CeTKI CTeKJIa B IIpoliecce IOJTOCPOYHOrO CTapeHns, a
npen—T,—3K30TepMy — K HaHOMacIITabHOMY (pa3oBoMy
pasesIeHNIo B CTEKJIE.

C TOYKM 3peHMs KOHLENNMM II0JIMMEPHO—IIOJNN-
MOP(OMIHOTO CTPOEHNMA CTEKIIA DHAOTEPMIUECKNIL TNK
(urcupyer npoueccsl, cBA3aHHbIE C Tg(r), IPU KOTOPOI
HabJIIofjaeTcA yCuJIeHNe MOJIEKYJIAPHOTO OBMUIKEHNUA,
pasbenyHeHNe YacTy MOJIEKYJI IPYT OT ApyTa U yBeJu-
JeHMe TeIlJIOeEMKOCTH [3].

B pabore [42] mpuBeneH paAx KpuTepues, 00ycIaB-
JIMBAIOIINX TOABJIEHNE U TIOBeJleHne npen—T —TnKa.
ABTop pabotsl [42] He 00BACHAET PUBMKO—XUMIUIECKON
CYLIHOCTY MeXaHM3Ma JIEVICTBUA IIepeyCIeHHbIX KPH-
TepueB. Hyuke MBI IlepeunciseM HEKOTOPBIE U3 3TUX
KpUTEPMEB U B CKOOKaX IIOKAa3bIBAEM C IIO3UIINI KOH-
LIEILNY [T0JIMEPHO—TIONVMOP(OMTHOTO CTPOEHMA CTe-
KJIOO0Pa3yIOIIero BelllecTBa IIPUUNHBI BOSHMKAIOIINX B
CTeKJIe SBJIEHNII B pe3yJIbTaTe yKa3aHHbIX B KPUTEPUAX
IEeCTBUINA:

a) aJaa HabOJoIeHnAa Hpe/IL—Tg—HI/IKa HeoOxommum
OTKUT CTeKJa (B pe3yJsibTaTe OTKUIa CTeKJa HUIKe
Ty (Ty, Ty-rev) MPOTEKAET BK30TEPMUUIECKAS PEAKLINS
npespalrenusa noanmopdonnos BTIIM — HTIIM, ko-

TOpas IPU OTCYTCTBUM OTKNUTA HENTPAJIM3YET Ipel—
Ty—sun03ddexT);

0) yBeJnueHNe BPEMEHN OTIKUTA tr, IPU PUK-
CUPOBaHHOI TeMIlepaType OTsRUra Ty, YBEeJINdMBaeT
BBICOTY, 00J1aCTh 1 TeMmneparypy npei-T,—uKa (dem
OoJbllle BpeMA OTIKNTa, TEM MEHBIIIe OCTAaeTCs IT0JIV-
moponzioB BTIIM, HelTpaauayoIMX IpM Harpese
npen—Te—adderT ceomm sK30npeBpalienuem HmKe Ty
B ntosinmopcpon sl HTIIM);

B) noBbltieHne T, TP (PUKCUPOBAHHOM &, YBE-
JIMYMBAET BBICOTY U1 Pa3dMephl npesi—T,—TiiKa (4eM BbIle
TeMIlepaTypa OTsKUra, TEM aKTUBHEE IPOTEKAET HIKe
Ty npesparenne nommopdongos BTIIM — HTIIM) n
TeM MeHbIIIe B CTeKJIe ocTaeTcs nosmmMopdonnos BTIIM,
KOTOPBIE B IIPOIlecce IOCJIEYIOIIEr0 HarpeBaHA U pa3-
MATYeHUs CTeKJIa, IPOTEKAIOIIero ¢ S3HA03((eKToM,
HEeJTPaInN3yIoT ero SK30TEPMMUUECKON peakiyeii npe-
Bpamenns BTIIM — HTIIM);

T) CTEKJIO He KpHUCTaJIN3yeTcs ObIcTpo B obstacTu
npen—T,—TuKa (314eCh BCIEACTENE HUBKOM TEMIIEPATY PbI
CJIMIITKOM MeJJIEHHO MJET IIPOLECC ITPEeBPAleHIA IOV~
mopdonzos BTIIM — HTIIM, mpuBoaAIMii B KOHEYHOM
urore K kpucrasiysanyy HTIIM);

1) npen—T,—TMK OTCYyTCTBYeT, ecaiu obpaser bosee
gem Ha 0,2 % 3axkpucTanmsosaH (Hmxe Ty B cTEK e 3a-
KpucTaJn3oBanel nosaumopdonaer HTIIM, koTopble
IIpK [IOCJIEAYIOIEM HarpeBaHUM CTEKJa MHUIMUPYIOT
IIPOIIeCC NaJIbHENIIIETr0 IPEeBPAIIeHNA IOIMOP (O I0B
BTIIM — HTIIM, KOTOpbIil IPOTEKAET C BK309(PPEK-
TOM, HETPaJIM3yIIUM IIpeasHn03(eKT pasMmarde-
HUA CTEKJIA).

o o
s 0,10 by
X 10,14 L
= =
€0,08 012 g
< 10,10 ¥
= =
20,06 40,08 2
= =
S0.04] 1006 §
[ i =
c - 0,04 ¢
= \ -
s 0,02+ sub-T, /) 40,02 s
) 0
o oF - ‘ o
S W non-rev. - -0,02%
Q exotherm @
[0 ()]
o 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 %
60 100 140 180 T

Temnepartypa, °C

Puc. 7. MopynupoBsaHHasa anddepeHumanbHas ckaHmpyoowas
KanopumeTpus ctekna Aszz sSegs 5, CTapeBsLLEro B nabopa-
TOPHBIX YCIOBUAX B TedeHune 8 net (1) u nocne o6HOBNEHMUS
(2) nytem Harpesa BbliLLe Ty C NOCNEAYIOWUM OXNaXAeHNEM
[38]:

«rev» — PeBepPCUBHbLIN TEMNNOBOM NOTOK; «NON—rev» — He-
PeBEepPCUBHLIN TEMNIOBOMN NOTOK; «SUb—Ty» — npea— Tg;
«exoterma» — ak3oTepMuyecknii apdekT; «endo» — 3HA0-
TepMuyecknin apdexkT

Fig. 7. Modulated differential scanning calorimetry of Asz75Segs 5
glass, aged in the laboratory for 8 years (7) and after renewal
(2) by heating above T followed by cooling [38]:
«rev» — reversible heat flow; «<non-rev» — non-reversible
heat flow; «<sub-T,» is pre-Tg; «<exoterma» — exothermic
effect; «endo» — endothermic effect
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[Ipen—Ty—sr30Tepma (pre-T exotherm) cazana
C 3aKaJIKOJ CTEKJa C COXpaHeHMEeM B HeM DO0JIbIIIOro
koandectBa noaumopdonnos BTIIM, crabuabHbIX
TOJIBKO BbIlIE O0LIENPUHATON (HeTaMMaHOBCKOI) Ty
IIpu mMenseHHOM Harpese B IIpollecCe CKAaHMPOBAHUA
ST HOJVMOPONILI IIPEBPAIIAIOTCA B IOJIMOP( O LI
cTabMIbHOI 37ech HUBKOTEMIIEPATYPHOI ITOJIMMOPd-
HOI MOIMU(PUKAIINN C BbIAEJIEHEM U30BITOYHOTO TEILIa
(ox308(hpekT). B mocTaToyHO MeJIEHHO 0XJIaKIaeMOM
«0OHOBJIEHHOM» CTeKJie OOJIbIIaA YacThb OJIMMOPon-
o BTIIM npeBpamtatoresa B nosnmopdonas: HTITM
B IIpoIiecce MeJJIEHHOTO OXJIAMKIEHUd, Y I09TOMY IIPU
CKaHMPOBAHMM TEILJIO IPAKTUYECKY He BbIJEJIAETCH —
9K309(P(PEKT OTCYTCTBYET.

Kaxk BupgnHo 13 puc. 6 [36] u puc. 7 [38] B 3aBuCHMOCTH
OT yCJIOBUII M3TOTOBJIEHNA 00pasIIoB CTEKJIA (CKOPOCTH
3aKaJIK!, TEMIIEPATYPbL ¥ BDEMEHM OTKNUTa, CKOPOCTH
CKaHNPOBaHNA Ipy HarpeBauuy) Ha kpuBoii JICK crersa
MOTYT HaOJIOaThCA CIenyome dpPeKThL:

— BCe TP XapaKTepucTudeckux sddekrra (mpeq—
Ty—supnorepma, npen-T,—sk3orepma un T,—sHOOTEPMA
(cm. puc. 7, KpuBas, COOTBETCTBYIOIAA 06pasily rnocie
cTapeHud (IIocJe 3aKaJIKM B BOLY) B TeueHue 8 JeT);

— ZIBa TIePBBIX U3 HUX (CM. puc. 6, KpuBasd, COOTBET-
CTBYIOII[AS OTSKUTY B TeUeHMe 3 1),

— ToJIbKO npen—T —vunorepma (cM. puc. 6, Kpusas,
COOTBETCTBYIOIAA OTKUTY B TedeHne 1 1);

—ToJsbKO Ty—dHAOTEpMA, & TOuHee Ty, _.,—dHI0TepMa
— BHJOTepMa IIpeBpallenusa noaumopgongos HTIIM B
nosimmopdonaer BTIIM, xapakTepusyomasa «00HOB-
JIEHHOE» CTEKJIO, T. €. CTEKJIO, HarpeToe Boliile Ty(Ty_rey)
U 3aTeM OXJIasKAEeHHOE HiKe npei—T, (CM. puc. 7, Kpusad,
COOTBeTCTBYOIIaA 00pasily, 0OHOBJIEHHOMY IIyTeM Ha-
rpeBaHus Boillle Ty U TIOCTEAYIOMIET0 OXJIAKICHIUA).

3akJjrodenne

Ilokasano, uto Tgr) — TeMmeparypa mepexoza
BABKOTEKYUell sKUIKOCTY B TBEPAOE XPYIIKOE CTEKJIO-
obpasHoe cocTosHKe. B mpoliecce HarpeBaHMA CTEKJa
[IpK 9TOV TEMITEPATYPE HAUMHAaeTCA ObICTPOE Bo3pacTa-
HMe yIeJbHOI TertoeMkocTy. Temneparypa Ty Tammana
— TeMIlepaTypa, Ipy KOTOPOH B CTEKJE IOABJIAITCA
[IepBble TPU3HAKN YKUIKOr0 cocTostHuA. Mexay Temie-
parypamu Ty u Ty y I TaMmana HaXOANTCA «<MHTEPBAJ
IIpeBpallleHNA» U «IIepexoa». B mocTTaMMaHOBCKMIL
[IepyoJ STOT MHTEPBAJ IIOJy4nJ Ha3BaHMe «0DJIacTb
TpaHcdopmaIn (CTEKJIOBAHUA)» U, II0 yCPETHEHHBIM
JaHHBIM, HAXOOUTCA B Ipemesaax Baskoctu 107 10—
104415 ITa - c. Takum 06pasom, Tyt) XapaKTepusyeTcs
BaABKOCTDIO ~1014—15 [1a - c. [IpuBeIeHbI JOMTOHNTEILHBIE
daxThl, noaTBepKAatone npaBory I. Tammana.

Kpome Toro, I TammaH BBeJs U TeMIIepaTypy
T, — TeMmmepaTypy neperuda KpUBOil 3aBUCUMOCTU
«CBOJMICTBO—TEMIIEPATypa», XapaKTepnu3yeMyIo Bsa3-
KocTbI0 3 - 10'2 I1a - c. Besmanna T, Beitue, ueM Ty, 1
OJIM3Ka K TEMIIEPATYPe «CepeayHbI 001acTy Tpancdop-
Marun», aesxaei mpu ~1012 Ila - c.

K cepennne XX Bexa Tyt U Ty, r) Ob1711 320BITEL, &
oboznauenue Ty 3aMeHNIIO Ty, (1), IPEACTABJICHHYIO KaK
TeMIIepaTypy BHYTPU MHTEPBaJa CTEKJIOBAHMA, COOT-
BETCTBYIOIIYIO ITIepecedeHNI0 KacaTeJIbHbIX Ha 3aBUCH-
MOCTM «CBOJMCTBO—TeMIepaTypa». HoBas «coBpemeH-
Has» Ty XapakTepusyeTcs BASKOCTBIO ~10'2 IIa - ¢, uTO
Ha JIBa—TPMU [IOPs/IKa MEHBIIIe BA3KOCTYU IIPU Tg(r).

Pap uccnenoBaresneit popmMasbHO TPMU3HAET HOBO-
BBeZleHHYI0 Ty, HO (pMKCUPYeT, KpOMEe Hee, PacIosio-
’KEHHYIO HIKe TeMIIepaTypy IpeBpallieHnsa BA3KOTe-
Kydell }KMIKOCTI B TBEPJZ0e XPYIIKOe CTEKJI000pasHoe
COCTOSIHIIE.

Haunnas ¢ 80— ro1oB mpoIIsIoro CTOJIE T AKTYBHO
MICCIIeIyeTCs TaK Ha3bIBaeMblil ITpeiaH0a(deKT (Ipe-
BHZIOTEPMA, B3HA0TEPMUIECKNIL TPeANNK, Cy0—T,—TNK),
pacnonosxkenHb Ha 10—70 °C HM2Ke «coBpeMeHHOM» Ty,
T. €. B 00actu Ty(r), ¥ IO CBOEI (PUBUKO—XUMUYECKOI
nmpupoze (yBeaudeHNe TeIJOEMKOCTY HarpeBaeMOoro
CTEKJIa), UAEHTUYIHBIN Ty(1).
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Abstract. Based on the analysis of numerous experimental data shows
that the generally accepted today, the glass transition temperature Ty
is not. It was the result of borrowing from tammana symbol T, is meant
the temperature of viscous flow liquid transformation into solid brittle
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glassy state, and use it together symbol T,,, means the temperature
tammana bend on the dependence of the «property-temperature»
glass—forming substances above T, of tammana. On the basis of the
application of polymer—polymorphing representations of the structure
of glass—forming substances are disclosed physico—chemical nature
of the temperature curve T, (conventional Segodnya), which is the
temperature of the reverse direction interconversion of nanofragments
patterns (polymorphical) high and low temperature polymorphs that
coexist in the vitreous substance. The discovery in recent decades
prezentatsionnogo effect located as tammana T, is below the stand-
ard Ty, T4 confirms the truth of tammana characterized by increased
specific heat of the heated glass.

Keywords: glass transition temperature, the temperature curve ac-
cording to the «property—temperature», prebendaries effect, Predict-
TimeSeries effect
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