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ITpoBenen aHanu3 0cOGEHHOCTEN (PH3UKO-MEXaHHYECKHX U (PH3NKO-XMMHYECKHX CBOWCTB HefedopMupo-
BaHHBIX U OIBEPTHYTHIX MEXAHWYECKOI fieopManuu HOMUMEPHBIX cTeKo. [TofpoGHO paccMOTpeH Kpyr
ABJICHUI, MMEIOLUX MECTO HA MEPBLIX Tanax gedropManyuu (K0 U B OONACTH MPEAENIA TEKYIECTH), TAKHX
KaK POCT HANPSKEHIH MPH H30METPHIECKOM Harpese, GOMbIIEe HH3KOTEMIIEPATYPHbIE yCaaku nedopmu-
POBaHHBIX MONUMEPOB, HAKOIUIEHHE BHYTpeHHell aHepru W T.A. Oco0oe BHUMAaHME YAENECHO aHAIHU3Y
CTPYKTYPHBIX MEPECTPOEK, CONPOBOXKAAOIINX HEYNPYTYIO AeOPMALHMIO HOJHMMEPHBIX CTEKOIL.

BBEJEHUWE

CtpykTypa, CBOMCTBA H MEXaHH3M JedopManuu
CTEKI006pa3HbIX MOMUMEPOB Ha MPOTSIKEHUM MHO-
TUX JIET SIBISIIOTCA MPEAMETOM BCECTOPOHHHX HCCIe-
moBaHmii. HayuHbie MaTepuaibl, KacalolHecs 0cCo-
OGEHHOCTEN CTEKJI000pa3HOrO COCTOSIHIS aMOP(HBIX
MOJIMMEPOB, CTONb OOBEMHBI, YTO ABTOPHI HU B KOCH
Mepe HE MPETEHAYIOT Ha IMOJIHOE OCBEILLECHHE 3ITOMH
TEMBI B paMKax ofHoro o63opa. Llear nanHoi ny6-
JMHMKALMH — PacCMOTPETh HAKOMMBILMECH K HACTOS-
LIEMy BPEMEHH 3KCIEPHMEHTANbHbIE JaHHbIE OO
AHOMAJIbHOM (PU3UKO-XHUMHYECKOM H (PU3HKO-MExa-
HUYECKOM ITOBEAECHUH CTEKJIOO0Pa3HbIX NOMUMEPOB.
Oco60oe BHHMaHHE B 0030pe YAEICHO aHAMU3y
CTPYKTYPHO-MEXAHUYECKOIO MOBEJEHHs CTEKJI000-
pa3HbIX NOJUMEPOB B 00IaCTH MaJbIX AedopMariuii
(no ¥ B 001acTH npefeia TEKy4YeCTH).

HHTtepec k npobneMe U3ydeHHs CTEKJI000pa3HO-
ro COCTOSHHSA NMOJUMEPOB OOYCIOBIEH MO KpaiiHEen
Mepe AByMsi 06cTosiTeNbCcTBaMU. Bo-nepBbix, HUpo-
KOE€ MPAKTUYECKOE HCNOIb30BaHHE CTEKI000pa3-
HBIX OIMMEPOB NPEAyCMAaTPHBAET BO3MOXHO 6ojiee
rny6oKoe MOHHMMAHHE UX MEXaHHMYECKOTrO MNOBeje-
HuA. Bo-BTOpEIX, HekOTOpbIe (PyHEAMEHTANLHBIE
CBOICTBA CTEKJIOOOpA3HBIX MOJUMEPOB HMEIOT psif
HE BIIOJIHE MOHATHIX A0 HACTOSAILIEr0 BPEMEHH OCO-
GeHHOCTETI.

I Pa6ora seinonnena npu ¢uHaHcoBoiIl noppep:kke Poccuiicko-
ro ¢ouna ¢pyHraMEHTANBHBIX HCCIENOBAHAIN (KO/Ibl MPOEKTOB
02-03-32492 1 03-03-32748).

E-mail: volynskii@mail.ru (Boasiackuii Anekcanap JIbBoBHY).

B cBOO 04epeab TakOro poga 0COGEHHOCTH MOXK-
HO pa3fic/IATh Ha JIB€ COCTABJISIOMME: 1) CylECTBYET
HEKHMil BHJ] KDPYNMHOMACHITaGHOro MOJIEKYISPHOrO
ABIDKCHUS B TEMIIEPATYPHOM AMANa30HE HIDKE TEM-
NepaTypbli CTEKJIOBaHHA aMOP(HBIX MOTHMEPOB, KO-
TOpPBIA OTBETCTBEH 3a NMPOLECCHI HX (PU3MYECKOro
crapenus; 2) MexaHmdeckas gedopMauus NpHAAET
CTEKJIOOOpa3HbIM MOJUMEPAM LEBbIA Psii CBOHCTB
o61Iero xapakTepa, He MOJIyYMBIINX JO HACTOSIIETO
BPEMEHHU OJHO3HAYHOTO OO bACHEHMS.

B 3Toi1 cBA3M KPaTKO pacCMOTPHUM CYIUECTBYIO-
1€ TaHHbIE OTHOCUTEJIBHO OCOOCHHOCTEN hu3mye-
CKOr'0 CTapeHHs CTEKI000pa3HbIX MOJIMMEPOB H BO-
npoca BIUSAHHUSA MEXaHHYECKOHM pAedopManuu Ha
CTPYKTYPY H CBOHCTBA CTEKI000PA3HbIX MOTUMEPOB.

CTPYKTYPHAS HEOJHOPOJHOCTD
U HEPABHOBECHOE COCTOSIHUE
AMOP®HbBIX CTEKJIOOBPA3HbIX
[TOINMEPOB

[TepBbie uccaenoBaHus 3TOH NPOGIEMBI OTHOCAT-
cst K cepeauHe XX Beka U CBA3aHbI C HIMCHEM OCHOBA-
Tenst nonumepuoii Hayku B CCCP - akapemmka
B.A. Kapruna [1]. Ha ocHOBaHuM psifa 3KCriepuMeEH-
TaNbHBIX AAHHBIX, OXBAaThIBAIOILMX IIMPOKHI KpyT
SIBJICHUI MOJIUMEPHOH XUMHM U ¢u3uku, uM ObUIa
BBIIBUHYTA NPHHIOUNMHANBHASA KOHIENUHUA, COrTACHO
KOTOpOii aMOp(HbIE OJUMEPHI CIEAYET PACCMATPH-
BaTh KaK B ONPEJECNEHHON CTENEHU YHOPSANOUYECHHbIE
MOJIEKYIIPHbIE CHCTEMBI.
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Puc. 1. KpuBnie pacTsoKeHHAs CTEKI000pa3HOro
M3T® npu xoMHaTHOIT TeMnepatype. Bpems Hus-
koTemmepatypuoro otxura 0.16 (1), 1.5 (2),
16.6 (3), 166.6 (4) u 1166.6 4 (5) [5]. T = 60°C.

CornacHO  COBpEMEHHbIM  IPE/ICTABIICHUSM,
aMop(HbIE MOJTUMEPBI ABISAIOTCA CTPYKTYPHO HEON-
HOPOJHBIMH TBEPHABIMU TEJaMH ¢ pasMEpPaMH HEOM-
HOPOJTHOCTE! NMOPSAAKA ENUHUL-IECATKOB aHICTPEM
[1-3]. CtpykTypHasi HEOJHOPOJHOCTEL MO CYTH U
O3HA4yaeT HATM4YHE HEKOH yNOpSAOYECHHOM CTPYKTY-
pbl. OgHAKO HEOAHOPOIHOCTH CTPYKTYphbl aMopdg-
HBIX TIOIMMEPOB HOCHUT HE (pa30Bblid, a IyKTyauu-
OHHbIA, HEPABHOBECHBII xapakTep [4, 5], uTro co3na-
€T 3HAYHTEJbHbIC 3KCHEPHUMEHTANbHBIE TPYAHOCTH
MpH YCTAaHOBJICHUU MEXaHH3Ma CTPYKTYPHBIX Iepe-
cTpoek B aMop¢HbIX noanMepax. IIpuumMHBI 3THX
TPYAHOCTEH KPOIOTCSI B HEBO3MOXKHOCTH MCIIONb30-
BaHHUSA XOPOLIO pa3paGoTaHHbIX CTPYKTYPHBIX METO-
OB HCCIIEOBAHUSA, OCHOBAHHbIX Ha (pa30BOM KOH-
TpacTe M3y4aeMbIX OOGBEKTOB (PEHTTEHO(pA30BbIA
aHanu3, 3neKkTpoHorpadmsa). HeopHokpaTHeie 10-
NbITKH [6, 7] HCnonb30BaHus NPSMBIX MUKPOCKOIIH-
YECKHUX METOOB IS pELIEHUs yKa3aHHOM 3a/{ay HE
MO3BOJIMIM CO3/IaTh YHHBEPCAIBHYIO MOJIENIb CTPYK-
Typbl aMOP(HbIX MOJUMEPOB U MEXAHH3MA HX [i€-
¢opManuu ¢ y4eTOM CTPYKTYPHOI HEOMHOPOXHOCTH.

TeMm He MeHee OTMEUEHHAas BBILIE HEPABHOBEC-
HOCTb CTPYKTYPBI JIETKO BbISBISETCA MPH HCCIERO-
BaHUU BIHSHUSA HHU3KOTemmepaTypHoro (Huxke T)
OTXKHIa Ha MEXAHHYECKHE M TeIIO(MU3HIECKHE
CBOIICTBa aMOP(HBIX CTEKJIOOOPAa3HBIX MMOJTUMEPOB.

Ha puc. 1 mpencTaBneHbl KPUBbIE PACTSXKEHUS
amop¢uoro IT3TP, mopBeprHyTOro OTKHUIY INpHU
60°C B Te4CHHE PA3IUYHbIX NPOMEKYTKOB BPDEMEHHU
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Puc. 2. Kpussbie [ICK 3akaneHHoro (/) # OTOXXKeH-
soro mpu 60°C TIC B Teyenne 0.2 (2), 1 (3), 10 (4),
90 (5) u 170 4 (6) [8].

[5]. OT™MeTnM, 4TO yKa3zaHHAs TEMIIEPATYPa OTKUTA
JIEKUT HAMHOTO HIDKE TEMIIEPATypbl CTEKJIOBaHMs
[I3T® (75-78°C). HuskoreMnepaTypHBIA OTXKUT
NPUBOJUT K 3HAYMTENBHOMY POCTY MOAYJIS U NpeEfe-
JIa TEKY4YECTH CTEKI000Pa3HOro NOMNMeEpa. YKa3aH-
HbI€ M3MEHEHHUS! B MEXaHHYECKHUX CBOMCTBAax B MPO-
necce (PU3MYECKOro CTapEHHs OJUMEPA CONMPOBOXK-
HalOTCA TaKXKe CYLIECTBEHHbIM H3MEHEHHEM €ro
Ternogu3nmyeckux cBoiicts. O6 3TOM OAHO3HAYHO
ceupgeTenscTByioT Januble [JCK. Ha puc. 2 npusese-
Hbl TUNHYHbIE AaHHble Takoro popa. OTyeTnIHBO
BUJHO, YTO IO MEPE OTXKHUra BOZHUKAET U JENAETCI
Bce Oonee MHTCHCUBHBIM SHOOTCPMHMYECKHMA MUK B
o6yacTi TeMnepaTypnl CTeKnoBaHus. O6GCTOATENb-
HBIA aHATH3 BIMSHUSA QU3HYECKOTO CTAPEHHS MOJH-
MepHbIX cTekon Ha 3pomiomuio J[ICK-repMorpamMm
maH B kHure [8].

BO3HUKHOBEHUE HEPABHOBECHOM CTPYKTYpbI MO-
JIMMEPHOTO CTEKJIA U €r0 PEJIAKCALUIO B YCIOBHAX
HU3KOTEMIIEPATYPHOrO OTKUTA OOBIYHO CBA3BIBAIOT
C 9BOJTIOL{EH CBOOOTHOr0 00 beMa IIPH NMEPEXOJiE NMO-
AUMepa M3 BBICOKO3JACTHYECKOrO COCTOSHUA B
CTEeKNo00pa3Hoe. YMEHbLIEHHE AONHM CBOOOTHOIO
06beMa MpH OXJIAXKAECHHH KaydyKONOKOOHOro NoJu-
Mepa COOTBETCTBYET PABHOBECHBIM YCIOBHUSIM TOJb-
KO BJIajId OT €ro TeMIepaTypbi cTekiaoBanus. [Ipu
NpUOMMKEHUM K TeMIEepaType CTEKJIOBaHHMs Bs3-
KOCTb NOJIMMEPA HAYHHAET CTPEMHTENBHO YBEIUYH-
BaThCH, B PE3YJbTATE YEr0 CTPYKTYpPa MOJIMMEPa, Xa-
pakTepHasi AN KayyyKOMOJOOHOTO COCTOSIHUS,
“BMOpaKMBacTCA” MPH NEPEXOAC MONMMEpa B CTEK-
Ne 7
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noo6pasHoe cocrosuue IIpouece ¢pusmyeckoro cra-
PEHUS SABIAETCA CAMONIPON3BOJILHBIM IEPEXOJOM I10-
JIUMEPHOTO CTEKJIA K COCTOSHAIO TEPMOIMHAMMYEC-
KOTO paBHOBECHS. DBOJIOLMA CBOOOJHOrO 0O0beMa
HrpaeT IIaBHYIO POJIb B porecce (PU3MYECKOro CTa-
peHus. Ha ocHOBe 3TOH KapTHHBI ObIIO MPEAIOXKEHO
HECKOJIBKO Mofeei [9—11] ans onucaHus MexaHu3-
Ma JaHHOrO sBIeHUA. Bce OHH OCHOBaHBI Ha IKCIIE-
PUMEHTANIBHOM (PaKTe, NO3BOJSIOIIEM (PUIHUECKOE
CTapeHHe pasfeNnTh Ha JBE COCTABISIOLINE: TEPMH-
YEeCKM aKTHBHUPYEMBbIi BKJIAJ], OMUCHIBAEMBbIil ypaB-
HEHHEM AppeHdyca, U MPOLECC, ABIKYLICH CHION
KOTOPOTrO ABNAETCSA N30BITOK CBOOOAHOIO 00bEMA B
cHCTEMeE, ONpENeNSIOMUN YIaIeHHOCTb CHCTEMBI OT
TEPMOJHHAMHYECKOrO paBHOBecHs. [Ipyrumu ciioBa-
MH, Tpolecc (PU3HIYECKOro CTapeHus NOMUMeEpa 3a-
BUCHT, BO-TIEPBbIX, OT HEKOTOPOr'O BH/Ia MOJIEKYJISAP-
HOTO JIBIKEHHS B TEMIIEPATYPHBIX PAMKax CTEKJIO-
00pa3HOro COCTOSIHUS M, BO-BTOPbBIX, OT MHUIPALMU
cBo6ogHOro 06eMa. HecMoTps Ha GOJibILIOE KOJH-
YECTBO HCCIENOBAHMIL, MOCBSILEHHBIX BBISCHEHHIO
MexaHn3Ma (PU3NYECKOrO CTAPEHHU, IIONHAS SICHOCTh
B 9TOM BOMPOCE HE JOCTHUTHYTA O HACTOSIILETO Bpe-
MeHu. [IpuBeneM pe3ysbTaThl HECKONBKUX HCCIENO-
BaHH, BLITIOMHEHHBIX B TOcnefHue rofsl. B paGore
[12] MeTOTOM aHHUTHISLMY MO3UTPOHOB U3MEHEHHE
csoboninoro o6bema B [1K u3yyeno npu Tpex remme-
parypax crapenus: 25, 100 n 128°C. Bo Bcex cnyyasix
oIpeAeiCHbI 3aBUCUMOCTH YMEHBLIEHUS] CBOGOTHOTO
o06beMa OT MPOROKHUTENBHOCTH cTapeHus. Ilomy-
YeHHbIE Pe3y/IbTaThl HHTEPIPETHPOBAHbI KaK MOHHU-
sKE€HHE YHUCIa AbIPOK CBOOOIHOro 00bEMA B MPOLIEC-
ce crapeHus. Pe3ynbTaTbl XOpOIIO COOTBETCTBYIOT
Mopenu cBo6oaHoro o6seMa Crpynka [9].

[IpsiMO NMPOTHBOMOJIOKHBIE PE3YNbTAaThl ObLIH
nony4eHsl B pabote [13]. B Helt Takke METOAOM aH-
HUTHJISIUHE [O3UTPOHOB MCCIEAOBAHO CONEpKaHHE
csoGomHoro o6nveMa B [I9T® u psaae poacTBEHHBIX
nonuMepoB. O6HapyKEHO, YTO 3 PEKT pusnIecKo-
rO CTapeHUs NpH OTXKHUTe HIDKE T, BO BCEX CNTyyasix
BBISIBJISIETCA IOCTATOYHO OTUYeTnuBO. Tem He MeHee,
CBOOOAHBIN O0BEM NIPH ITOM HE H3MEHSETCH.

Bonee cnoxuas kapTUHA (PU3HIECKOrO CTAPEHUA
oGHapyxkeHa B pa6oTe [14] npu uccaegoBaHuM Npo-
ueccoB ¢usuueckoro crapenus B [1K. C nomoisio
HHIEHTAIMOHHOH TeXHuKH B KomOuHauuu ¢ [JCK
384 (e} HU3YYCHO HU3MECHECHUE MOAYIs, KECTKOCTH H
nonsyuyectu [IK Bo BpeMst ero crapeHusi pu KOM-
HATHOM U MpH MOBbIIIEHHOH TeMnepaTtype. [Toka3a-

HO cxaqKoo6pa3H0e HM3MCHCHHUE KaK MOAYJI YIIPYro-.
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ct, Tak U xkectkocru IIK mocne mpubmusuTensHO
ONMHAKOBOIrO BPEMEHHU CTAapeHHs NPH Pa3TUIHBIX
Temneparypax. [Ipexamonaraior, 4to CBOOOTHbIM
00'bEM HUMEET HEKUI IPAJUEHT MO O0BEMY NMOJIUME-
pa, pacnpepenstach B IIK ¢ 6onbiueii KOHUEHTpaUe
U(uH) GOJIBIIMM pa3MEPOM AbIPOK OJIKE K OBEPX-
HOCTH, 4eM B Onoke. Kak crnefacrteue, ymioTHEHHE
IIK npu oTKure nponCcXORUT HEOGHOPOTHO C Gonee
3HAYHTEJIbHBIM MOHIDKEHHEM CBOOOMHOro 00LEMA B
0061acTsX, MPUIIETAIOLMX K TOBEPXHOCTH NONHMEDPA,
M MEHBIIHNM HJIM BOBCE 0€3 ero H3MeHeHHus B OJIOKe.
ConocraBieHue JaHHbIX MEXAHUYECKHUX HCILITAHUI
u [ICK noka3aino, 4To MeXJy H3MEHECHHEM MEXaHU-
YEeCKHX CBOKCTB IOJIMMEPA B MPOLIECCE OTKUTA H CO-
OTBETCTBYIOILLICH 3BONIOLHCH SHTANBINH HET MpS-
MO# (JIHHEHHOI) CBA3H. ITO HAGIIOlEHUE HAXOMUTCS
B XOpOIIEM COOTBETCTBUH C pe3yNbTaTaMH paboThI
[15]. IlonaraioT, YTO H3MEHEHHS B MEXaHHMYECKHX
CBOIICTBAaX U SHTAJBINH B NPOLIECCE CTAPEHUS CBsI3a-
HBbI C pa3HbIMH Npu4ynHaMu. M3MeHeHue MexaHuvec-
KHX CBOMCTB O0YCIIOBIIEHO yMEHBILICHHEM CBOGOIHO-
ro o6’beMa noauMepa MpH OTXKUTE, B TO BpeMs Kak
CIBUT NOJIOXKEHUA M BENIMYHHA SHTOTEPMUYECKOrO
JCK-nuka onpenensioTcs BEIUYHHON BHYTPEHHEN
3HEpruu NOoNMUMeEpa.

B pa6ote [16] uccaemoBanu OCOOCHHOCTH MpO-
[[ECCOB PEOPHEHTALMH MOJEKYIAPHBIX 30HAOB B Ma-
Tputie IIC B mpouecce ero ¢puU3NYECKOro CTapeHUs.
ITony4yeHHble pe3yabTaThl aBTOPbI CMOTJIH OOBSC-
HUTB, TOJBKO MPEATIONOKHB, YTO IPOLIECC CTAPEHUS
HEOTHOPOJEH: B KAKUX-TO MHKPOOOJIACTAX MOINME-
pa OH MPOUCXONUT 3HAYUTENBLHO OBICTpPEE, YeEM B

ApYTHX.

Heo6xoguMo Takke OTMETHTh TOUKY 3peHust (8],
COIJIACHO KOTOpPOH OTBETCTBEHHbIM 3a HalOmrofae-
Mbie 3¢ ¢eKThl (PU3MYECKOTO CTAPEHHS IOJIUMEP-
HBIX CTEKOJ SIBJSETCA [-MOJEKYISPHOE ABHUXKEHHUE.
YkaxkeM, 4To B-penakcauus UMeeT, MOFOOHO O-pe-
JIaKCaliH, CETMEHTANIbHOE MPOUCXOXKIEHUE, HO 3TO
HEKOOMNEPATHBHOE [IBUXKEHUE CETMEHTA, KOTOPOE B
clTy4ae 3aCTEKJIOBaHHOTO TeJa MOXET pealu30BaTh-
C B MECTaX HEIUIOTHO!N MONEKYJSAPHOH YNMaKOBKH
(cBobopHOro o6'beMa). Hapymenue koonepaTusHOC-
TH MOJIEKYIAPHOTO ABHXKCHUS NPEyCMaTPUBAET HE-
KYIO CTPYKTYPHYIO HEOTHOPOAHOCTH CTEKIOOOpa3-
Horo nonumepa. IlocnegHee o3HavaeTr, 4YTO MOJH-
MEpHOE CTEKJIO UMeeT HEOHOPOAHYIO CTPYKTYpY. B
HEKOTOPBIX OONACTAX CTPYKTYpa CTEKIO0Opa3sHOro
MoJIUMEPA TAaKOBA, YTO B HUX HApYILLAETCs Koonepa-
THBHOCTb KPYNHOMACIUTAaOHOTO MOJIEKYISIPHOTO
2005
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nBrKeHHS. VIMEHHO MO3TOMY BbISBIAETCA MOJIEKY-
NSPHOE [BIKCHHE B TEMIIEPATYPHBIX O0JACTAX HH-
ke Temreparypsl crekinoBanus [8). IMoapiToxusas
CKa3aHHOE BblIllle, MOXHO 3aKJIOYHTh, YTO CTEKIIO-
o6pasHble MOJMMEPH! ABIAIOTCI TEPMOJUHAMUYCC-
KH HEpaBHOBECHBIMH CHCTeMaMH. Benefcrue aToro
IJISL HUX XapaKTepHbI MPOLECCHI CTPYKTYPHBIX Mepe-
CTpPOEK B TEMIIEPATYPHBIX PAMKAX CTEKJIO00pPa3HOTO
COCTOSIHMS, ONpEfieNIIEMbIX KaK (u3sHyeckoe cTape-
HHe NOoJUMEpHbIX cTekoi. HecMoTps Ha MHOro4HC-
JIEHHbIE UCCIENOBaHusA, (PU3NYECKHE NPUYUHBI CTa-
PEHHSI HE IOJHOCTBHIO OHATHI IO CHX MOP, ¥ UX HE00-
XOJUMO YYHMTHIBaTh NPH AHAJIHM3€ MOJEKYISPHbIX
TIPOLIECCOB, CONMPOBOXAAIOIIMX HEYNPYrywo fecop-
MAIMIO MOJMMEPHBIX CTEKOI.

BIUSIHUE
MEXAHHUYECKOI'O BO3IEVICTBUS
HA CTPYKTYPY M CBOUCTBA
CTEKJIOOBPA3HBIX ITOTMMEPOB

Boneume geopMaliuu CTEKIO00pa3HbIX MOIHU-
MepoB, Ha3BaHHbIE JIa3ypKUHBIM BbIHYKAECHHO-3/1a-
cTrueckumu gedopMaisimu [17], ABASAOTCA UX YHU-
KaJbHBIM CBOIMCTBOM U IPUBOJST, 11O CYILIECTBY, K TO-
TAJbLHOMY MEPEXOfly NONMMEPA B OPUEHTUPOBAHHOE
cocrosinue. Peanusanus Takoil fedpopMalyy JEXKUT
B OCHOBE (PYHIAMEHTANBHOIO TEXHOJOIHYECKOTO
NpueMa, HalPaBIEHHOrO Ha ONTHMH3aLMIO (U3NKO-
MEXaHHYECKUX CBOWCTB MOJHUMEPHBIX IJIEHOK H BO-
JIOKOH — OPHEHTAIIOHHOT O BRITArMBaHus. B ycinoBu-
SIX OJHOOCHOT'O PacTsDKEHU Takas JedopManust Ma-
KPOCKOMUYECKH NPOSBIAETCA B BO3HHKHOBEHHU H
passuTuu B [eOPMHPYEMOM MOJHUMEPE LICHKH.
[Tpouecc XOMONHOM BBITSKKH CTEeKJI000pa3HbBIX MO-
JIMMEPOB XOPOLIO ONUCAH U MPOAaHAN3UPOBaH B 00-
croaTenbHbix MoHorpadumsix [17-19]. ITo aToit npu-
yyHEe Mbl He OyeM MOAPOOGHO OCTAHABIMBATHLCA HA
MEXaHH3ME 3TOro siBNeHusA. B JaHHO# paboTe Mbl 10-
APOGHO KOCHEMCS MIPOLIECCOB, MPEALUECTBYIOLIUX TO-
TaJbHOMY MEPEXOly NOJIUMEPA B OPUEHTHPOBAHHOE
COCTOSIHHE, TAKXKE XOPOIIO U3YYEHHBIX, HO MIOHATBIX
B 3HAYUTEIBHO MEHbIIIEH CTEMIEHU.

OKa3BIBAETCA, YTO TOTANLHOMY IEPEXOAY B OPH-
EHTHPOBAHHOE COCTOSIHHE MyTEM Pa3BUTHS IUEHKH
NpENIIECTBYET P “‘TIOATOTOBHTENBHBIX  MpPOLEC-
COB. YKa3aHHbIE MPOLECCHI HMEIOT MECTO B 00IACTH
MaJbix fedopmanmil Ha TaK Ha3bIBAEMOM I'YKOBCKOM
y4acTKe KPHUBOU PaCTSDKEHHS (CXKaTHs) CTEKI000-
Pa3sHOro MOMHMEPA U B OGIACTH MPEEIa TEKYYECTH.
Jla3ypkuH OTME4all, YTO B TEMIEPATYPHOH 06/IacTH

BBICOKOMOIEKYIISIPHBIE COETUHEHHUA  Cepua C
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Puc. 3. Kpusbie penakcamun Hanpsikenus [IMMA
B CcTeKJIo00pa3HoM cocroaHuu. Temmeparypa uc-
neiranus 18 (1), 25 (2), 40 (3), 54 4), 71 5) u
83°C (6). HauanbHoe Hanpsokenue ~0.5 oT npenena
Tekyuects [17].

CTEKJI00Opa3HOro COCTOSIHUS U MpH AeopManmsix
HIDKE Mpejiesia TEKyYeCTH CYIECTBYIOT “‘CpaBHH-
TeJIbHO OBbICTPbIE PEIAKCALMOHHBIE MPOUECCHL. DTH
meopMaLUH TIOCTE PA3TPy3KH HETPEPLIBHO YObIBa-
IOT U B KOHIIE KOHIIOB OOpalaloTCs B HYJIb 32 CPaB-
HHUTENBLHO HEGONBIIOE BpeMsi 6€3 HarpeBaHus BbIILIE
T.” [17]. Onucanuble sIBJCHUs OH Ha3Bal Aedopma-
nueit ynpyroro nociaeneiictpus. OCHOBHbIE 0COGEH-
HOCTH TaKoil fepopMalii XOPOLIO U3BECTHBI, XOTS
H HE B NOJIHO# Mepe 00BbACHEHBI IO HACTOSLIETO Bpe-
MeHHU. DTO0, BO-MEePBbIX, 3PPEKT BIUAHUSA CKOPOCTH
nedopMHPOBAHHS UM YACTOTHI HATPYXKEHHUS HA MO-
AyJb YOPYrOCTH H MEXaHHMJYECKHE MOTepu. Xopouo
u3BeCTHO [20, 21], YTO CKOPOCTh HArPYKECHHUS MOJH-
Mepa CUNbHEAIMM 00pa30M BIHSAET HA €ro Havajb-
HbI MOJYJIb, YTO HE XapAaKTEPHO Il HCTHHHO YMpY-
roro MoBeJeHUsI TBEPABIX TEJL.

BO-BTOpbIX, BECbMa HEOOBIYHOM KAXeTCs CyIle-
CTBEHHAasl peNaKcalys HANPSDKEHUH B CTEKII000pas-
HOM NOJIMMEPE Ha TaK Ha3bIBA€MOM ['YKOBCKOM y4a-
CTKe KpuBO¥ pacTsokenms (cxkatus). Ha puc. 3 npen-
CTaBlieHa Cepusi TaKHMX KpPMBBIX peJlaKcaluu
HAMPSKEHUS CTEKI000Pa3HOro IIMMA [17]. Xopo-
IO BHHO, YTO CTEKIOOOPa3Hblii NOTUMED AEMOHCT-
PUPYET B 3THX YCIOBHSX MEXaHUYECKOE IMMOBEJCHHE,
COBEPLICHHO HE XapaKTEPHOE [N yIpyroro, rykoB-
ckoro Teepporo tena. OTMETHM, YTO peNlakCauus
HANPSKEHUS MPOSBIAETCS U B CUIIOBBIX U B TEMITEpa-
TYPHBIX cepusx HKe T 1 HUXKe Npefieia TeKY4eCTH.
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Puc. 4. KpuBrie H30METPH1ECKOro HarpeBaHus 06-
pasuos [IMMA, recpopmupoBanusix 5o A = 1.5 (1),
2.5(2),3.25 (3) u 3.9 (4) mpu 105°C [22].

B-tpeTnux, JIazypkun o6Hapyxmi [17], 4To B Ha-
NPSKEHHOM CTEKI006pa3HOM MONUMEPE HA TaK Ha-
3bIBAEMOM T'YKOBCKOM Y4YaCTKE€ BO3HHKAET CHIILHOE
HJIII, koTopoe pemakCHpyeT BO BpeMEHH. 3HaKH
HJIII Bcerma oqMHAKOBBI y OMUMEPA, MOJBEPTHYTO-
ro fe¢opMaluy YNpyroro MOCKEACHCTBHS U BbIHYX-
ACHHO-3JIACTHYECKOM 1ehOpMaLyH, T.€. y NONUMepa,
OPHEHTHPOBAHHOIO “B WIEHKY”. B TO Xe BpeMs 3HaK
JJIIT pns ynpyroit medopManyu He COBMAAET €O
3HakoM [IJIIT, koTopslit nonmaMep NpuoGpeTaeT B pe-
3ylbTaTe €r0 MOJIEKYIAPHON opueHTauu. Ha ocHo-
BaHUH 3TOro JlasypkuH AeaeT BBIBOA, YTO MEXAY
AeopManueii ynpyroro nocneeiiCTBus U BbIHYX-
[EHHOM 3N1aCTHYECKOM le(hopMaLiieil HET PUHLMIIH-
anpHOM pa3Hulbl. O6a Buxa feopMaLiu CBsA3aHbI C
KPYMHOMACIITAOHBIMH CTPYKTYPHBIMH TEPECTPO¥i-
KaMH, O0yCIOBICHHBIMH KOH(POPMALMOHHBIMY IIpe-
BPAICHUSMH B MOJIUMEPHBIX ILIEMsX.

Ha ocHoBanum mnomyyenusix gaHubix Jlasypkuu
AeNaeT BBIBOJ O TOM, YTO, BO-NEPBLIX, B MpeEHeaax
CTEKJIOOGPA3HOro COCTOSHUA  Ae(POPMHUPOBAHHBII
aMOp¢HbIA MoNMUMEp O6GNANaET HEKOH MOJEKYJISp-
HO# MOABIZKHOCTBIO, H, BO-BTOPBIX, UTO “06a BHja
RecopMaluM — BbIHYKACHHO-3/TaCTHYECKAs U YIIpy-
ro€ NOCHENENCTBUE HOCIAT OPHEHTALMOHHBIN XapaK-
Tep. OHM CBsA3aHBI C MEPErPYNINUPOBKAMH MOJIEKY-
JSAPHBIX UENCH, NOPUBOIALMMA K BO3HUKHOBEHHIO
NPEHMYIIECTBEHHOM OPUEHTALMH . DTU PE3ybLTAThI

BBICOKOMOIJIEKYJIAPHBIE COEMUHEHUA  Cepusa C

BOJIBIHCKUI, BAKEEB

HE MOJIyYHIIH TOT[{a UCYEPNBIBAIOMIEr0 OO BICHEHH S,
NOCKOJNBKY CYHTANIOCh, YTO B MpEAENaX CTEKJIO006-
Pa3sHOro COCTOSIHMSI KPYIHOMACIITAGHOE MOJNEKY-
JAPHOE IBHXKEHUE ““3aMOPOKEHO” U Kakue-aub0 ca-
MONPOHU3BOJIEHO HAYIHE MOJIEKYJISIPHbIE TPOLECCHI
Ha 3TOM YPOBHE HEBO3MOKHBI.

B nanbHeriem Gl OGHAPYKEH €1Le LEebli psy
ABJICHUMA, CBHUACTEIBCTBYIOIMX O BO3MOXHOCTH
KPYIMHOMACIUTaGHOTO IBUKEHHUS B aMOP(HBIX MOJIH-
Mepax HIKE€ HMX TEMIIEPATYphl crekyioBaHus. K Ta-
KHM 3KCIIEPUMEHTAIBHBIM HAGMIOE HUSIM OTHOCHTCS
POCT HampsDKCHHs NPH M30METPHYECKOM HarpeBa-
HUH 1€(DOPMUPOBAHHOTO CTEKIIO0GPA3HOrO MOMHME-
pa. OxaseiBaeTcs [22, 23], yTO npu HarpeBaHHH BbI-
TSHYTOrO OGpasia B M3OMETPHYECKUX YCIOBHSX B
HeM HaOJTIOaeTCA YBEIHYCHNE HanpsDKeHns. Baxuo
OTMETHTB, YTO PETUCTPALHS HANMPSIKEHUS HAYMHACT-
Csl 3a[{0JIr0 IO TEMIIEPATYPbI CTEKIOBAHHS MOJIIME-
pa. [TonyyeHHBIi pe3yIbTaT CBHAETENLCTBYET O BO3-
MOXKHOCTH KPYNHOMACIITAGHOTO MOJEKYISPHOrO
ABIDKCHHS B MPENEIaX CTEKIO0OPA3HOro COCTOSHMS
amop¢HbIx momuMepoB. [IpuMep Takoro MexaHmue-
CKOro MOBeJEHHs NMpEACTaBIeH Ha puc. 4. Xopomo
BHIHO, YTO fiehopmMupoBaHHBIi momumep (ITMMA)
OOHApYyXKUBAET CYLIECTBEHHBIA POCT HANPSIKEHHUS B
00JIaCTH TEMIIEPATYP, 3HAYUTEJILHO MEHBIIUX €ro
TeMrnepaTtypel crekyoBanus (115°C).

Elue HarmsimHee BO3MOXHOCTD KpynHOMacrat-
HOTO MOJIEKY/ISIPHOTO [IBIXKEHMS BBISBISETCA NpH
H3y4EHHH TEPMOCTHMYIMPOBAHHOW ycagku Hedop-
MHPOBAHHBIX CTEKJIOOOPa3HbIX NOMMMEPOB. B MHO-
TOYHUCJICHHBIX paboTax ObLIO YCTAHOBJIEHO, YTO Jie-
(pOpMHPOBAHHBIA CTEKTOOOPA3HbIl MONHUMEP BOC-
CTAaHABJIMBAET CBOM PAa3sMEPbI NMPU OTKUIE BECHMA
cBoeobpa3no. Takoro poma TepMocTUMyIHpyeMas
ycafgka (pHc. 5) IMEET JIB€ COCTABJISIOLIKE.

Bo-nepsrix, 4acTh ocTaTouHOM fedopmalum pe-
JTAKCHPYET MPH OTXKUIE B TEMIIEPATYPHOM MHTEPBA-
Jie HUXKE TeMIEPATyphl CTEKNOBAaHUs MOIHMEpA M,
BO-BTOPBIX, CYLIECTBYET BKJIA/l B TEPMOCTHUMYIHPYE-
MO€ BOCCTAHOBJICHHE NOUMEPA, KOTOPbIil peJaKCH-
pyeT B 061acTH €ro TeMIepaTypbl CTeKIOBaHud. B
LUTHPYEMBIX 3[€Ch pab0oTax ObLI TaKXKe CAeNIaH Pl
BaXKHEWIIMX HAOMIONEHHII U, B YaCTHOCTH, MOKA3aHO,
YTO HU3KOTEMNEPATYPHAs COCTABJISAIONIAs peaKca-
LUHM OCTAaTOYHOM JiepopMaLuu CBA3aHa ¢ geopMu-
poBaHueM nonauMepa Ao aecopManuii, He MPeBbilla-
IOLMX €T0 NpeAes TeKydecTd (puc. 5) [24].
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Ecnu nomamep aeOpMUPYIOT HIDKE €ro npeaena
TEKY4eCTH, OH BOCCTAHABJIMBAET CBOM Pa3Mephl MOJI-
HOCTBIO B TEMIIEPATYPHOM HHTEPBAJE HHXE TEM-
nepaTypbl crekinoBanus. ITpu ysemumaenun geop-
MAaIUH O 3HAa4YE€HU, IPEBBIMIAIOIIHX TIPEIE] TEKY-
YecTH, B TMOJNUMEpPE HAYHHAET HAKANIMBATHLCA
BBICOKOTEMIIEPATypHas COCTaBJAOLIAA €ro Tep-
MOCTHMYIHPYEMOH yCalKH, T.C. Ta 4acCTb YCaiKH,
KOTOpas peNakCHpyeT B OONACTH TEMIEPATYypbI
CTEKIIOBAHHUA MOJUMEpA. l'Ipn 3TOM HHU3KOTCMIIC-
paTypHBIl BKJIa B BOCCTAHOBJIEHHE Pa3MEPOB 00-
pasia He HCYEe3a€eT, a NPOCTO NEPECTAET U3MEHATHCS
IO BCJIHYIHUHE.

Ecnu pedopmaiuio noamMepa MpOBECTH BbILLE
TEMIIEPATypPhl CTEKIOBaHMsA, TO HU3KOTEMIIEpaATyp-
HBII BKJIAJi B TEPMOCTUMYJIMPOBAHHOE BOCCTAHOBJIC-
HHE OCTATOYHOM ePOpMALUH HCYE3AET NONHOCThIO,
M BCA yCajka NMpOUCXOMHUT B OONACTH CTEKJIOBAHHS
nonumepa [24, 25].

IMocne geopMupoBaHUs MOMMMEPA CYIIECTBYET
yacTh gedopMalii, KOTopas peJaKCUpPYeT NPH TeM-
nepaType 9KCIEPUMEHTA Cpa3y Ke MOCe CHATUSA Ha-
rpy3ki. OKa3anoce, 4TO ITOT BKJIAJ B TEPMOCTUMY-
AMpyeMoe BOCCTAHOBJIEHHME pa3MepoB oOpasiua Mo-
KeT ObITh 3a()UKCHPOBAH I'IyOGOKUM OXNaXKICHHEM
nonuMepa B Ae(pOPMUPOBAHHOM COCTOsTHEH [24-26].
ITocne CHATHs Harpy3Kd M OTXKHTa Takoro obpasua
3Ta 4YaCTh OCTAaTOYHOH JedopMaLUH peTaKCHPYET
NPH OTKUTE B TEMIIEPATYPHOM O0IaCTH HIKE TEMITE-
patypbl faedopmanmu. ITocnenuuit pesynbraT eme
pa3 nogYepKHUBAET BbICKa3aHHOE paHee [17] npeamo-
JIO3KEHHE O TOM, YTO KepopMaLUsA CTEKIO00Pa3HOTrO
NoJIMMEPa Ha TaK Ha3bIBAEMOM I'yKOBCKOM Y4acCTKe
HE SIBJIAETCSA HCTHHHO YIPYroi (06paTUMOM).

Elie OfHUM 3KCTIEpUMEHTANBHBIM (DaKTOM, Tpe-
OyroUMM OOBACHEHHS B KOHTEKCTE NPUBEICHHBIX
BbILIIE JAHHBIX, IBISETCI aHOMAJIBHO OO0JIbILIAs BEIH-
YMHA BHYTPEHHEN SHEPIHM, KOTOPYIO 3amacaeT CTeK-
N00Gpa3HbIil MOMMMEP HA NEPBBIX 3Tanax nedopMu-
poBaHust (0 4 B 00/IaCTH Npefesa TEKy4ecTH). AB-
Topbl paGoTel [27] HamIM, YTO pasauyHe B
SHTANBLNMAX AePOPMUPOBAHHBIX U HemedopMupo-
BaHHbIX [1K, I1D u ITIT nopsaka HECKOMBKUX KO-
yJIel Ha rpaMM.

B paGore [28] meropoM [ICK 6bu10 mokasaHo,
yro [IBX, mepopMuIpOBaHHbBIA HIDKE TEMIEPATYPBI
CTEKJIOBAHUS, COACPKUT 3HAUYUTENLHBIE KOJUYECTBA
BHYTPEHHEH 3HEpruy. ABTOPbI JEAI0T BaXHOE HA-
6MIOACHME, YTO 3aNaCCHHAsk YHEPrusi HAYMHAET BbI-

BBICOKOMOIJIEKYJIIPHBIE COEIUHEHUSA  Cepna C
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Puc. 5. Kpusas ogsoocHoro cxatus [IMMA npu
KOMHATHOU Temmepatype (I), HU3KOTEMIEPATyp-
HBIA (2) H BBICOKOTEMIEPATYPHBI (3) BKIafgbl B
TEPMOCTHUMYJIMPOBAHHYIO YCAKY MpH OTXHUre [24].

cBOGOXKIATHLCA B Ipouecce oTkura Ha 30—40°C Himke
T.. Ons I1IC 1 HEKOTOPBIX €rO COMOIMMEPOB C MOMH-
METaKPHJIOBOW KHCIOTOM B paboTe (8] 6buto 06Ha-
PYX€eHO, 9TO 00pasipl, Aeopmuposannbie Ha 40%,
TaKKe 3aMacaloT BHYTPEHHIOI0 aHeprio (6.3 [Ix/r),
U36BITOK KOTOPOI1 CBSI3aH € OC/IaGIeHHEM MEXMOJIe-
KyJISIPHOrO B3aUMOMCHCTBHSA B NOJIHMMEPE, O0YCIOB-
JIEHHBIM €ro Heynpyroi aedopmanuen.

Bnusuue pedopManmm Ha TEMIOQU3IMYECKHE
CBOIICTBa CTEKJIOOOPA3HOro NOJIMMEPA MPOABIACTCS
cneuugudeckuM 06pasoM. [leopMHpPOBaHHBINA MO-
JIIMEP CONEPXKUT IHPOKHIL 3K30TepMuryeckmit [ICK-
KK, PACIIOJIOKEHHBIH HIDKE TEMIIEPATYphbl CTEKIO-
Banus (puc. 6). Beiie GbII0O OTMEYEHO, YTO HEMRE-
¢dopMupoBaHHBbIil MOMEMEpP NPU PU3HIECKOM CTape-
HHM “TIpUOOpeTacT” 3HTOTEPMUYECKHUN IHK.

BaxXHO OTMETUTH BOJIIOLHMIO YKa3aHHBIX MHKOB
NpH HU3KOTeMIlepaTypHOM oTxkure. Oka3biBaeTcs,
YTO 3K30TEPMHUYECKUIT MUK (KPUBBIE /-3) MOCTENEH-
HO YMEHBILUAETCS B IPOLECCE HU3KOTEMIIEPATYPHOrO
OTKWTA M MCYe3aeT BOBce (KpuBbie 4-7) npu 6oJb-
UIMX BPEeMEHAaX OTKHra. B To Xke BpeMs HOTEPMH-
YyeCKHMIl MUK, OTBETCTBEHHDIH 3a PU3MUECKOE CTape-
HHE CTEKJIO000pa3HOro NOoMUMeEpPa, pacTeT C yBenu4e-
HHEM BpeMeHH OTkuTa. [IpyrumMu cioBaMu, XOTs IIpU
OTXKWIre UJET CAaMOMPOU3BOJIBHBINA MPOLECC, COMPO-
BOXJAIOLIMIACA YMEHBIIEHUEM CBOOOJHOM IHEPrHU
CUCTEMBI, (PU3MUECKOE CTAPEHHE U peakcauus
CTPYKTYpbl [e(POPMUPOBAHHOIO CTEKIOOOPa3HOro
NOMMMEPA COMPOBOXKAAIOTCS TEMNOBbIME 3¢ peKkTa-
MH TpPOTHBOIMOJOXHBIX 3HAKOB. bonee Toro, u3
cpaBHeHUs puC. 2 U 6 cefyeT, YTO 062 OTMEYCHHbIE
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Puc. 6. [ICK-kpuseie IIC, necopMupoBaHHOro B
YCIOBHAX OHOOCHOTO ckaTuid Ha 30% (1) u nocne
9Toro oroxkeHnoro npu 70°C B reuenne 0.003 (2),
0.08 (3), 1.5(4),6 (5), 11 (6) u 50 4 (7) [8].

BbIlIE TEeMNO(U3HYECKHE MPOUECCHI KaK Obl “HE
3aMey4aloT”’ APYr Apyra U SBOMIOLUOHUPYIOT HE3a-
BHCHMO.

B MHOrO4MCIEHHBIX TEPMOIMHAMHYECKUX HCCIIE-
ROBaHUAX C MOMOILBIO Ne(POPMALMOHHO KalOpUMe-
TpUM MokasaHo [28-31], yro miracrmueckas gedop-
Mauus MOJMMMEPHDIX CTEKOJ NPUHLHMNHANLHO OTJIH-
4aeTCA OT COOTBETCTBYIOLIETO MPOIIECCa, HMEIOIIETO
MECTO B HU3KOMOJIEKYIISIPHBIX TBEPAbIX Tenax. Oka-
3bIBA€TCs, YTO 3HAUMTENBHASA 4aCTh paboThI Aedop-
Manuu (TIaBHBIM 00pa3oM 10 U B OOJIACTH Tpefena
TEKYYECTH) HaKaMJIUBAECTCA NOJTHMMEPOM, a He MPeo6-
pasyeTcd B Temno (puc. 7) [29].

MoxHO npeanonoKuTh, YTO OTMEYEHHBIE BbILIE
OCOGEHHOCTH CTPYKTYPHO-MEXaHHYECKOrO H TEILTO-
(pU3AYECKOrO MOBEIEHHS B3aUMOCBSI3aHbI U SIBJISIOT-
Csl POSIBJIEHHEM OJIHOTO OOLIETO MEXaHH3Ma peJlak-
cauu €()OPMHUPOBAHHOTO CTEKIIOOGPA3HOrO MOJH-
Mepa Npu TEMIIEPATYPHO-CHIOBOM BO3/ICHCTBHIH.

st 06 BACHEHHS BCEX OCOGEHHOCTEH CTPYKTYp-
HO-MEXaHUYECKOr0 MOBEACHUS CTEKJI000Pa3HbIX MO-
JIUMEPOB MNPEIOKEHO HECKOIBKO MEXaHM3MOB. B
KayeCTBE NEPBOro U3 MOAXOOB MOKHO PACCMOTPETH
CepHIO paboT MO U3YYEHUIO TEPMOCTUMYIUPOBAHHO-
rO BOCCTAHOBJICHHs €()OPMHPOBAHHBIX MOJIHMEDP-
HbIX cTeKon [24, 25, 32, 33]. B atux paboTax aHoma-

BBICOKOMOIJIEKYJIAPHBIE COEMUHEHHUSA  Cepus C
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Puc. 7. 3aBucumocts Temnotsl (/), MexaHHYEC-
KOit paGoThI (2) ¥ 3aMaCeHHON BHYTPEHHEI 3HEP-
rud (3) oT BeNHUYHHBI Ke(OPMALHUHK OTHOOCHOTO
cxartus [IC npu 30°C u ckopoctu gedopmanuu
5 x 102 mun! [29].

JIHM B MEXAHUYECKOM MOBEICHUH MOJMMMEPHBIX CTe-
KON CBA3LIBAIOT C HX MCXONHOH CTPYKTYPHOI
HEOHOPOMHOCTBIO. [Ipeanonaraercs, 4ro MexaHu3M
BBICOKOTEMIIEPATYPHOIO BOCCTAHOBJICHHSI CBSI3aH C
SHTPONMIAHOM pellaKcauueii BO3GY>KTEHHBIX BbITSHY-
ThIX MAKPOMOJIEKYISIPHBIX KITyOKOB H IEPEXOAOM HX
B HCXOJTHOE COCTOSIHHE 3a CUET pPa3MOPaKUBAHMS
CErMEHTAJILHOW TMOABIKHOCTH npu T, monaumepa.
HupiMu cnoBamu, npu T, HaGIOKaeTCsI BOCCTAHOB-
JIeHHEe OPHEHTHPOBaHHOTO nouMepa. [pupony Hus-
KOTEMIIEPATYPHOH KOMIIOHEHTBI BOCCTAHOBJIECHHS
CBA3BIBAJIM ¢ KOH(POPMALMOHHBIMU NEPECTPOHKAMH
MaKpOMOJIEKYJI, CTUMYJIHPOBAHHBIMH COBMECTHBIM
BO3[ICHCTBHEM TEMIIEPATYPhI H 3allaCEHHbIX B NPO-
uecce neOPMHUPOBAHUS BHYTPEHHHX HAMPSKEHHUIM
[24, 25, 32, 33].

I[To ananormu ¢ TepMHHOM “BBIHYKIEHHO-3JIACTH-
yeckas aedopManys” 3TO SIBICHHE HA3BalH “Bbl-
HYKX[IEHHO-3JIAaCTHYECKO# peyakcalueii”’, nogpasy-
MeBasi OOLIHOCTh MEXaHHU3MOB JAC(OPMHUPOBAHUS U
MOCEQYIOLIETO BOCCTAHOBACHUS e(POPMHPOBAHHO-
ro MoJIMMEpPa, 3aKJII0YAoLIyIoCs B TOM, 4TO fedop-
MHPOBaHHE MOMMMEPa AKTHBUPOBAHO BHELITHUM MPU-
JIOKEHHBIM HANPSKEHHEM, 3 BOCCTAHOBJICHUE — BHY-
TpeHHMMH Hanpsckenusamu. ITosguee [34, 35] B
paMKax JaHHOM MOJENU ObLIO NMPEANONOXKEHO, YTO
HU3KOTEMINIEPATYPHAas pelakcalys aedopMHpPOBaH-
HOrO MOJMMEPHOTO CTEK/Ia 00YCIIOBIIEHA FETEPOTEH-
HOCTBIO CTPYKTYPbI HCXOAHBIX IMOTMMEPHbBIX CTEKOI,
a MEXaHU3M JAHHOTO SIBIICHUS CBSI3aH C IOCIEN0BA-
TEJIbHBIM PACCTEKJIOBLIBAHMEM JIOKAJIBHBIX CTPYK-
N7
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TYPHBIX O0JacTell IPU MOBLILICHUH TEMIIEPATYPHI,
HaboOp KOTOpBIX HUMEETCA B HCXOAHOM HefeOpMHU-
POBaHHOM MOJIAMEPE.

I'naBHBIMH OCOGEHHOCTSIMH 3TOTrO NOAXOAA SB-
JSIFOTCS MPEANONOKEHHE 00 SHTPONUIHON NPUPOAE
Ha0M101a€MOro MOJIEKYJISIPHOTO BHXKEHUSI, OTBET-
CTBEHHOT'O 3a aHOMAJMU B HHU3KOTEMIEPATYPHOM
BOCCTAHOBJIEHHM OCTaTOYHOMH fiepopMalyu CTEKIIO-
06pa3HBIX MOJUMEPOB, U NPEANOIOKEHUE O TOM,
YTO yKa3aHHbIC aHOMAJIMHU 3aJI0KEHbI B CAaMOM MpPH-
poAe HCXOAHOrO MOJNMMEPHOrO CTEKJa, UMEIOIEro
FETEPOreHHYI0 CTPYKTYpy 4 HaGop TemmepaTtyp
CTEKJIOBAHUS.

OTMeTHM, YTO B paMKax JaHHOH MofeNIn Haubo-
jiee JUCKYCCHOHHBIM SIBJISIETCA MOJIOXKEHHE O TOM,
YTO HUCXORHBIN HemeOpPMUPOBAHHBIA MOJHMED CO-
AEPKAT 00JACTH, OTIMYAIOIIHECS IO TEMIIEPATYpPaM
CTEKJIOBAHUA. JTO MOJIOXKEHHE POTHBOPEYUT MHO-
TOYHCIIEHHBIM IKCNIEPHMEHTAIBHbIM JAHHBIM, B KO-
TOPBIX NPH H3MEPEHUN TEMIEPATYPhbl CTEKIOBAHUS
aMOpdHBIX MOJMMEPOB Pa3NUIHbBIMH METONAMH Pe-
THCTPUPYETCS. NUIL OHA TEMIIEPATypa CTEKJIOBa-
HUSL.

Hpyroii noxxon mis OOBICHEHHS TEX K€ CTPYK-
TYPHO-MEXAHUYECKUX OCOOEHHOCTEH MOIMMEPHOIO
CTeKIIa U3JIOKeH B paborax [29-31]. B ocHoBe Mofte-
JIY JIEXKUT KOHLEMNLHs, B KOTOPOH BCS HEyNpyras fe-
c¢opManys U CTALMOHAPHOE IIACTHYECKOE TCUECHUE
MPOUCXOAT HE B HCXOMHOIL, a B HACBILUEHHON MeEJ-
KOMACIITaOHbIMM  TJIACTHYECKMMH  CIBMIOBBIMH
TpaHcopMauusaMu CTPYKType nonumepa. Takas
CTPYKTypa SBIAEeTCS BO30y>KAEHHOH M MeETacTa-
omwnipHOH. O6pa3oBaHHE IUIACTHYECKHX CIBHIOBBIX
TpaHcopMaLuii HAYUHAETCS C CaMbIX PaHHHX CTa-
Auii HArPyKEHUS M BBIXOJUT HA CTALHOHAPHbLIN pe-
SKUM TIPH HEBBICOKHUX Aedopmanmsix (20-35%). I1na-
CTHYECKHE C/IBUTOBbI€ TpaHc(oOpMaLuu SIBISIOTCA
[JIABHBIM HCTOYHHMKOM MaKpOocCKomu4eckou aecdop-
Manuu. KondopMaluuoHHbIE MEPECTPOMKH B LEMAX
npu T < T, He upyT NpAMO NOA ACHCTBUEM HATIPsIKe-
HUSI, 2 ABJIAIOTCA MPOAYKTAMH MMOEN MITaCTHYECKUX
caBUroBbix TpaHcopmauuit. [Tnacruyeckue cauro-
Bble TpaHcopMaluu — He KOH(OpPMaLUOHHEIE, Ge-
306'bEMHBIE CIBHTOBbIE OOPa30BaHUs, OKPY:KEHHbIE
yIpyruMU MONSIMH HanpsokeHuil. Best 3anacaemast 06-
pa3LoM npu gedopManuu 3HEPrus COCPEJOTOUEHA B
atux nonsx. IIpouecchl penakcauuu, pU3HIECKOro
CTapeHus U MOJIEKYJIAPHAsl MOABIDKHOCTL B iephop-
MHPYEMOM CTEKJIE TECHO CBSI3aHbI C POXKACHHEM U

BBICOKOMOIJIEKYJISIPHBIE COEMUHEHHA  Cepus C

rubenbio IIACTHYECKHX COBHUTOBBIX TpaHcgopMa-
mmit. [eperoc Macce! nipu epOPMHUPOBAHUM CTEKIIA
OCYLLUECTBIIIETCS HE CETMEHTAJILHBIMU [[BIKEHHUAMH,
a MEJKOMACIUTAOHbIMU JBICKEHHSIMH Y-, B- H, BO3-
MOXKHO, O-THIIOB.

OcHOBHBIE OCOOEHHOCTH 3TOTO MOXONA CIECAYIO-
[ye: NOJOXEHUE O TOM, YTO BCE aHOMAJIUU B CTPYK-
TyPHO-MEXaHHYECKOM MOBEJACHNU NOMMEPHBIX CTE-
KOl OOYyCIOBNE€HbI CTPYKTYPHbIMH H3MEHECHHSIMH,
KOTOpBIE [TOJIUMEP MPUOOPETAET B POLIECCE €ro He-
ynpyroii aecopMaiyy; OTBETCTBEHHBIMH 32 HH3KO- |
TEMIIEPATYPHOE BOCCTAHOBJIEHHE Je(POPMHUPOBAH-
HBIX MOJIHMEPHBIX CTEKOJN SBJIFIOTCSI HEKHE CTPYyK-
TYpHBIE MEPEXOAbl B CABUTOBBIX TpaHC(OpMALMSIX,
HE CBSI3aHHbIE C SHTPOMUIHOH YIPYrOCTHIO MaKpO-
MOJEKYIL.

HepmocraTkoM gaHHOrO MoAxofa CAEAYEeT CUUTATh
MOJIOXKEHHE O TOM, YTO 32 OOPATHMOCTB OOJBILOM
pedopmamuid B fe(OPMUPOBAHHOM MOJHUMEPE OT-
BETCTBEHHbI HEKHE 3JHEPreTH4ECKUE MNepexofbl B
INIACTHYECKUX COBUTOBBIX TpaHCGOpMALMIX U YIIpY-
rue MEXaHWYeCKHe HANPSDKEHUS BOKPYT HHX. B To
K€ BpEMSA CErofjHd HE BbI3bIBAET COMHEHHHA TOT
¢akr, yro Gonpinne 06paTHMbIE AePOPMALIMKI — ITO
NPUBUJIETHS MOJIMMEPHBIX TEJ, ¥ IPHPOAA TAKOM yTI-
PYrocTH 00YC/IOBJICHA SHTPONUAHBIM COKPALLICHUEM
NOJMMEPHBIX Leneil MPH HUX nepexofe B Hauboiee
BEpOSITHOE cocTrosiHue [36].

B HekoTOphIx padoTax [8, 37, 38] monaraior, uro
MIACTUYHOCTDL MOJIAMEPOB HIDKE MX TEMIIEPATYPhI
CTEKJIOBaHHS OOYCNOBJCHA [-MONEKYNSPHBLIM JBH-
KCHHUCM.

MoxHOo ynoMsiHyTh Takke pabotsi [39, 40], B ko-
TOPBIX MPOLIECC IIACTHYECKOM iepOpMaLX TBEPAO-
ro MOJMMEpPA OMKCHIBAIOT C HCIOAb30BAHUEM KOH-
LIEHIMHA CBOOOTHOro 00 beMa.

OTMeTHM, YTO BO BCEX LIMTHPOBAHHDIX BBIIIE pa-
60Tax MExaHHM3M IUTACTHYECKOH Aedopmaluu pac-
CMaTpPUBAETCA HA MHUKPOCKOINHMYECKOM, CYyOMOJIEKY-
JsipHOM ypoBHe. [IpefnonaraeTcs, 4To BO BCEX CIIy-
yagx IacTHyeckas AedopMauus JelOKaln30OBaHa
no 00bEMY MOMHUMEPA, a €€ INEMEHTAPHDIH aKT MPO-
HCXOIUT B 00 bEMAX Pa3MEPOM AE€CATKU-COTHHU aHICT-
pem.

B 3akiroueHHe JaHHOrO pasfgeia HEeOOGXORUMO
MOJYEPKHYTh, YTO BCE PACCMOTPEHHBIE BHIIIE AHO-
MaJIMH B MEXaHUYECKOM MOBECHHY HaOIIOIAFOTCS B
ob6nactu Manbix gedopmanuii. [leAcTBUTENBHO, OT-
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Puc. 8. KpuBrbie 0ofHOOCHOro cxkartus mpu 293 K
NMMMA (/) u TIMMA, CLUMTOr0 AMMETAKPUIATOM
ITHNEHOIMKONA (2—4) U TPHITHICHI THKONbAUMET-
akpunatoM (2'-4"). KoHIEHTpaluu CIIMBAIOUIErO
arenra 2.5 (2, 2"); 52 (3,3) u 11.2 mon. % (4, 4")
[25].

KpbITas JIa3ypkuHbiM AeopMaLusi yIpyroro nocie-
NEUCTBUS HMEET MECTO B oOnacru pedopMaumii, He
NPEBBILIAOIMIMX NMpefen TeKydecTd. s 3Toro ke
uHTEpBaNa AedopMalUil XapaKTEPHO HAKOIUICHHE
HU3KOTEMIIEPATYPHOU COCTAaBJISIIONIEN YyCagKH fe-
¢opmuposannoro noaumepa. OCHOBHasA 4YacTh Ha-
KOIUICHHMs] BHYTPECHHEH 3HEPIUMH TaK¥Ke BbICBOOOXK-
maeTcs B oOsactu Maibix gedopMaliii, He MPEBbI-
AIOIMX Mpefie]l TEKY4eCTH [Ae(POpMHUPYEMOro
noiaumepa (puc. 5 u 7).

Bosnee Toro, MexaHu3M HEymnpyroi gedopmanuu
CTEKJIOO0pA3HOro NOMMEPA Ha 3TOM JTarle CylIeCT-
BEHHO OTJIHNYAETCS OT COOTBETCTBYIOILIETO MEXAHM3-
Ma B 061acTH BBICOKHX fiehopManmii (061aCTh cniaga
HaANPSKEHHsE U 00JIacTh IIATO HA KPUBOH pacTsiKe-
Hus (ckatust)). O6 3TOM, B YaCTHOCTH CBHAETEBCT-
BYIOT AaHHBIE paboThI [25], B KOTOPOIi HCCIENOBaHbI
MexaHmuyeckue cporicrBa IIMMA B ycimoBusiXx OffHO-
OCHOrO CKaTHs MPH KOMHATHOM Temmneparype. Ilo-
Ay4yeHHbIe O0pas3ipl CHIMBAIH Pa3NUYHbIM KOJIHYE-
CTBOM JHMETaKpUIaTa ITWICHIJHKONA. BBegeHue
CINMBAIOIIErO areHTa CHILHEHIIINM 06pa30M CKA3bl-
BaeTCA Ha MEXAHUYECKOM NOBENECHHH MONUMEPHBIX
CETOK, HAXOJSIIIKUXCHA B BBICOKO3JIACTHYECKOM COCTO-
SIHHH, YTO B IMOJIHON MEPE COOTBETCTBYET IONOXKEHU-

BBICOKOMOIJIEKYIISIPHBIE COEOUHEHUA  Cepua C

BOJIBIHCKUM, BAKEEB

SIM CTaTHCTHYECKOU TEOPHH BbICOKO3JACTHYHOCTH
[36]. Kak cnenyeT u3 puc. 8, HHXKE TeMIEpPATypbl
CTEKJIOBAaHHS CHTyalUus KapAMHAJIBHO HU3MEHSETCS.
Paznuuue B cTeneHH CLIMBAHUS OTPAXKAeTCs Ha Me-
XQHHYECKOM TIOBEJIEHUH MOJIMMEPA TOJIBKO IPH Jie-
copmManmsix, npeBbIIAIOIKX AeOPMALHIO MPENeIa
TekydyecTd. Jlo mpefena TEKYyYeCTH MEXaHHMYECKHe
CBOICTBA MOJIMMEPa BOOOLIE HE 3aBUCAT OT HAJIHYUS
WIIH OTCYTCTBUS CETKH KOBAJICHTHBIX cBsiseil. ITpen-
CTaBJICHHBIA PE3yNbTAT NMPSAMO CBHAETEIBLCTBYET O
TOM, YTO /IO ¥ NTOCJIE Npefiesia TEKY4ECTH MEXaHU3MBbI
mpedopmanpy CTEKNOO0PA3HOrO MOJANMEpa CYIECT-
BEHHO Pa3U4HBbI.

MMPOCTPAHCTBEHHAZ
HEOJHOPOJHOCTb JE®OPMALIMHN
IMOJINMEPHBIX CTEKOJI

PaccMOTpEHHbIE 3KCNIEPUMEHTANBHBIE [JAHHBIE
CTaBAT HECKOJBKO BaXKHBIX BONPOCOB. Bo-nepBbix, ¢
YeM CBsI3aHbl aHOMAJIMA B MEXaHMYECKOM M TeIlIO-
¢HU3UYECKOM MOBEACHUU CTEKJIOO0pa3HbIX MOJMME-
poB? Bo-BTOpBIX, CBSI3aHA JIM U KAKUM OOPa3oM HC-
XOfHasd HEONHOPOMHAs NaOHIbHAs CTPYKTypa CTEK-
n000pa3HOro moJuMepa C €ro aHOMANWsIMH B
MEXAaHUYECKOM H TEIUTOPH3NYECKOM NOBEACHIH?

HanomuuM, 4TO yka3aHHbIEe OCOOEHHOCTH MEXa-
HHYECKOro M TEIIO(U3NYECKOTO MOBEACHUS CTEK-
J1006pa3HbIX MOJHUMEPOB BBIABASIOTCS [MIaBHBIM 00-
pa3oM npH ux e OpMUPOBAHHH 0 HEBBICOKHX CTE-
MEHER YITUHEHUS.

Insg o6bACHEHHST OTMEYEHHBIX SBJICHHH UMEETCS
pAf anbTepHaTHBHBIX Mofenei. CocyliecTBoBaHuE
YKa3aHHBIX TOYEK 3PEHUSA CBA3aHO C TEM, YTO BCE
OHHU OINHPAIOTCA HA HaHHbIE, MOJYYECHHBIE C MTOMO-
L0 HEMPSAMBIX 3KCHEPHUMEHTANBHBIX METOHOB.
JeficTBUTENBHO, CAMH IO ce6e TEPMOUHAMUYECKUE,
KHHETHYECKHE, (PU3UKO-MEXaHHUYECKUE U APYTHE Me-
TObI HCCIIENOBAHUA HE JAIOT NMPAMOIl HHPOpMaLHH
O MeXaHu3Me H3y4daeMbIx sBieHuil. Bo Bcex oTMme-
YEHHBIX BBILUE CAYYasx AN CO3JaHusA pealbHOl ¢u-
3UYECKON KApPTHHbI HEOOXOMUMO MPHUBICYCHUE HE-
KHX MOAENBHBIX PEACTABICHIH, KOTOPhIE HEN30EX-
HO HECYT B CBOCH OCHOBE TE& MIH WHBIE
npepnonoxeHus. OYeBUAHO, YTO OTBET Ha MOCTaB-
JIEHHBIE BOIPOCHI MOXKET OBITh HAlJICH B TOM ClIy4ae,
€CH YHAcTCs MONYYHTh NpsIMyI0 HH(pOpMamuio o
CTPYKTYPHbIX [I€pECTPOHKaX, CONPOBOXKAAOIIMNX HE-
ynpyryo nedopMaliio CTEKJIIOOOPa3HOro MOJHUME-
pa. B 3Toii CBA3U HEOOXOAUMO PAcCMOTPETH UMEFO-
N7
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IIHECS CTPYKTYPHbIE 3KCHEPHUMEHTAJIbHbIE JaHHEIE,
KACaloLMeCcss OTMEYEHHBIX BhIIIE OCOOGEHHOCTEM
CTYKTYPHO-MEXaHIYECKOTrO MOBEACHUS IIOJIMMEPHBIX
CTEKOUL

IlepBoe, 4TO ClefyeT OTMETHTD — 3TO IIPUHIUIIH-
aNbHOE Pa3NuYue B IPOLECCaX, IPOUCXONAIINX B JIe-
¢opMupoBaHHOM H HEREeGHOPMUPOBAHHOM MONTHMED-
HOM CTEKJIE B MPOLECCE HU3KOTEMIIEPATYPHOrO OT-
KHra. KpOMC PaCcCMOTPCHHOIO BBILIE Pa3IHYHs B
TeITOgU3N4YECKOM NOBEICHUN (Cp. pHC. 2 H 6) cyle-
CTBYET €HI€ ONHO NPUHIUNUAAIBHOE PA3JTHIHE. HCHO
B TOM, 4TO IIPOLECCCHI Cl)I/I?:I/I'-IeCKOI‘O CTapCHU I1OJIH-
MEPHBIX CTEKOJI IPOTEKAIOT OTHOBPEMEHHO BO BCEM
o06beMe crexiooOpasHoro nonumepa. Habmiopae-
MO€ NPH 3TOM H3MEHEHHE CTPYKTYPhbl H CBOKCTB NO-
MMMEpa TaKXKE OTHOCHUTCA KO BCEM 3IJIEMEHTaM €ro
o6beMa (Tak HasbiBaeMas ap(PUHHOCTh CBOJICTB).

B TO ke BpeMst MHOTOYHUCIICHHBIMH IIPIMbIMH MH-
KPOCKONHUYECKAMHM HAOMIOJCHUAMH YCTAHOBJIEHO,
YTO Heynpyrasi gedopMaLus CTCKJIOOGPa3HOro Io-
JMMEpa BCETAAa OCYLIECTBISETCS HEOMHOPOJHO MO
ero o0seMy. AG¢PUHHOCTD ABISETCS XapaKTEPHOH
st AepopMHPOBaHES aMOP(HBIX TOMMMEPOB, HAXO0-
ASIIIXCA B BBICOKOJIACTHYECKOM COCTOSIHIH (B TEMIIE-
PpaTypHOI1 O6/IaCTH BhILIIE COOTBETCTBYIOLLEH TEMIIEpa-
Typbl crekyoBaHmsi). CTeknooOpasHbIM MOMUMEpPaM
CBOMCTBCHHA SIPKO BbIpPaXX€HHAasi HEONHOPOJHOCTH
pedopmanyu no 06beMy. OHa OTYETIIMBO MPOSBIA-
eTcst XOTs Obl B TOM, YTO B YCIOBHSIX OJHOOCHOIO
pacTsLKEeHHs B IOIMMEPE BO3HUKAET IIeiKa. OHako
CTPYKTypHasi HEOMHOPOAHOCTL AePOpMaLMK HAaG0-
JaeTcs U A0 BOZHUKHOBEHNUS IIEHKH npH fedopMany-
SIX, HE PEBBIMIAIONIMX MPeAe TEKY4ECTU MOMUMEpa,
T.€. TaM, [IE IMEIOT MECTO BCE OTMEYEHHBIE BhIIIIE
aHOMAaJIMU B CBOMCTBAX.

HeogHopoaHOCTH MNIAacTHYECKOH aedopMaluu
CTEKJI000pa3HOro NOJUMEPA, HaNpHUMeEp, JIETKO BbI-
SIBJIIIOTCSL B O0NacTu AedopMalyii, HE NPEBbILIAIO-
IMX npepen Tekydyectu. B pa6ore [41] 6110 O6HA-
pyxkeHo, uto npu 3—5%-xoi BbiTskKe I1C u [IBA B
TeMIepaTypHoM guana3one Ha 10-20°C Hmxe cooT-
BETCTBYIOLIMX TEMIEPATYP CTCKIOBAaHUSA BO3HUKAET
HHTEHCHBHOE U dy3HOE PEHTreHOBCKOE paccesi-
Hue. ITomy4yeHHBIH pe3yNbTaT OFHO3HAYHO CBHAC-
TEJNCTBYET O TOM, YTO B 3THX YCIOBUSIX HA TaK Ha-
3bIBAEMOM TI'YKOBCKOM y4YacTKE KPHBOH pacTsKEHUs
MPOHCXOAUT HEKOE HAapYILIEHUE CIUIOIIHOCTH CTEKJIO-
00pa3HOro MOJUMEPA H BO3HUKHOBEHHE IOBEPXHOC-
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Puc. 9. CeeroBai Mmukpodortorpadus obGpasua
I[I9T®, gepopMUPOBAHHOrO NPH KOMHATHOH TEM-
nepatype ¢ o6pa3osanneM mieiku. Cnpasa yvac-
TOK 00pa3sua, Nepeleiiero B WenKy, Ciaepa — He-
nedopMupoBaHHBIi y4acTok obpasua. Pororpa-
¢us caenaHa B CKPELEHHBIX MONApounax [55].

Teu pa3fgeiia, KOTOpPbIC U SIBJIAIOTCI HCTOYHUKOM Ma-
JIOYTJIOBOr'O PEHTT€HOBCKOI'O PACCCAHIA.

JTasypkus [17], BUgUMO, EPBLIM OTMEYAJ, YTO B
ob6nacTu mpepeiia TEKy4ecTu aedopManus NoauMe-
pa esIaeTcsl HEOTHOPOTHOM 1Mo 00'beMy. B nonumepe
BO3HHKAET CHCTEMA HEOHOPOJHOCTEI, IETKO PETUC-
TPHPYEMBIX C NMOMOLIBLIO CBETOBOrO MHKPOCKOMA H
fake HEBOOPYKEHHBIM I1a30M. JTH HEOJHOPOTHOC-
TH MPEACTABISAIOT COO0M MPSMOJMHEHHBIE JTHHUM,
nepeceKaromue noiuMep noy yriaom 45°-55° no or-
HOLLIEHHUIO K OCH pacTsokeHust. [To aHamoruu ¢ HU3Ko-
MOJIEKYJIAPHbIMA TBEPAbIMH Tenamu JlasypkuH Ha-
3bIBAET HX MOJOCAMH COBUTA U OTMEYAET, YTO [N UX
BO3HMKHOBEHHUSA HEOOXOAMMO HAIMYHE MUKPOCKOITH-
YECKHX HEONHOPOJHOCTEH — KOHLUEHTPATOPOB Ha-
NPSKEHHS.

YKa3aHHbIE MOJOCHI CABHIA JETKO BBISBISETCS
[P PAMOM MHUKPOCKONMYECKOM uccnegoBannu. Ha
puc. 9 mpepcTaBieHa CBETOBasi MHKpodgororpadust
obpasna [I9TP, gedopMUpPOBaHHOrO NpU KOMHAT-
HOUl TeMmmepaType ¢ oOpa3oBanueM weiku. U3 pu-
CYHKA CIIEIyeT, YTO Ta 4YacTh 00pa3lia, KoTopas eLe
He Mepelia B OPHEHTHPOBAHHOE COCTOSHHE (B IICH-
Ky), IPOHH3aHa [I0JI0CaMH CABHIa. Marepuan leikn
Ha MEPBbIN B3INIAR TaKUX MOJNOC HE CONEPXKUT. TeM
HE MeHee 3TOT MaTepual “MOMHHUT’, UYTO MEPEXOX B
LICHKY OCYIIECTBIACTCA MOJHMEPOM, COREPKALIUM
2005
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Puc. 10. CseroBas mukpodrororpadus oGpasua
M3T®, nedpopMHPOBAHHOTO OPH KOMHATHOM TEM-
nepaType B YCIOBHAX JEHCTBUA MOCTOAHHOM Ha-
rpy3ku ~0.7 OT mpenena TEKy4eCTH B TeueHue 2 4
[551.

3oub1 caBura. Ecinu mweiiky [T3T® o6paboraTs pac-
TBOPHUTENIEM, B KOTOPOM NOJIHMeEP HabyxaeT, TO B pe-
3yJIbTaTe BHI3BAHHON Takoil 0OpabOTKOMH ycagku B
MaTepuale BOZHHKAET CHCTEMA CABUroB [42].

Ha puc. 10 npusepeHa cBeTOBasi MEKpOdOTOrpa-
¢us obpasua creknoobpassHoro I[I3TP, Beimep-
3KQHHOTO IIPU MOCTOSIHHOM pACTATMBAIOIICH Ha-
rpy3kKe, cocrapismomeii 0.6 OT npefena TeKy4eCTH.
Xopouo BUIHO, YTO B [IOJHMEPE BO3HUKAIOT HeE-
ogHopogHocTd. Hapsagy ¢ cucremoil monoc caBura,
OPHEHTHPOBAHHBIX MOJ YIIoM ~45° 110 OTHOIIECHHIO
K PacTsIHBaOLIEMy HANPAKCHHUIO, B NIOJIMMEPE BUA-
HbI H IpyrHe 30HbI IUTACTHYECKN OPUEHTUPOBAHHOTO
NONMHUMEPA, PACHPOCTPAHSIOIIKECS NMEPNECHAUKYJISAP-
HO OCH PaCTSATHBAIOLIETO HANPsKEHUS. ITO TAK Ha-
3bIBa€MbIE Kpei3bl. OT 30H CABHIa HX, KAK H3BECTHO
[43], oTHyaeT He TOJBKO HANpaBJIECHHE PacHpPOCT-
paHEHUs, HO U HAJIMYUE B UX CTPYKTYpPE MHKPOIMYyC-
TOT.

Hrak, gedopMaiys cTekI000pa3HOro NoIuMepa
AaKe Ha IEPBbIX ITANAX €€ PA3BUTUA OCYILECTBIISACT-
s KpaiiHe HeOJHOpOAHO. B HEM BO3HHKAIOT XOpOLIO
BBIPAKEHHBIC AUCKPETHBIE 30HBI IMUIACTHYECKH J€-
¢OpMHUPOBAHHOTO MONHMMEPAa — IOJOCHI CABHIA MU
Kpei3bl. PazyMHO npefnoaoXuTh, 4TO BCE OTMEYEH-
HbIC BBILIC AaHOMAJIMH B MEXaHUYECKOM U Teriogpu-
3UYECKOM MOBEJECHUH CTEKJIO00pa3HbIX MOMUMEPOB,

BBICOKOMOIJIEKYJIAPHBIE COEODUHEHHA  Cepusa C
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NOfIBEPrHYThIX HATPYXKECHUIO HA TaK Ha3bIBAEMOM I'y-
KOBCKOM y4aCTK€ KPHBOH PACTSDKCHHS (CXKATHA) U B
00aCTH Npefea TEKy4YECTH NOIMMEPA, CBA3aHbI CO
CTPYKTYPHBIMH IIEPECTPOAKAMH MONIMMEPA Ha 3TOM
aTamne ero 1eOpMHPOBAHHS.

JIns ycraHOB/IEHUS yKa3aHHOM B3aMMOCBSI3H pe-
mIaollee 3HAYECHHE HMEIOT MPSMBbIE CTPYKTYpPHbIE
HCCIENOBaHMsl MexaHu3Ma Aegopmanuu. B padore
[43] 6B1110 MOKA3aHO, YTO B3aMMOCBSI3b JIETKO BbISIB-
JISeTCA NPU NPAMOM CTPYKTYPHOM HCCIEOBAHHH
KpEU3HHIa IIOJMMEPOB B KUJKUX Cpefax.

B cnydae caBHroBOM (BBIHYKIEHHO-3JIACTHYEC-
Ko#) aedpopMaliy TakkKe BOZHUKAIOT U Pa3BUBAIOT-
Cs1 30HBI IUNTACTHYECKH Ae(POPMHPOBAHHOTO MOJIUME-
pa (1oJ10c cABHUra), KOTOpbIE JIETKO PErHCTPUPYIOTCS
NpAMBIMH CTPYKTYPHBIMH MeTOAaMH (pHC. 9 u 10).

CTPYKTYPHBIE OCOBEHHOCTHU
COBUI'OBOU TEKYYECTU
CTEKJIOOBPA3HBIX IMTOJINMEPOB

B ycnoBHsix OMHOOCHOTO CXKaTHsl, PH KOTOPBIX
ObUIM BbISBICHBI MHOTME AHOMAJIMU B MEXaHUYec-
KOM MOBEIEHMH CTEKJIOOOpa3HbIX NMOJUMEPOB [24,
25, 29-35], pa3BuTHe MONIOC CABUTa HaGMIONATh 3HA-
YUTENBHO TPYAHEE, TAK KAaK IPUIMHAPUYECKHA 06pa-
3en| nocie gedpopmalu npuodperaer 604ko00pas-
Hy10 (pOpMy, B CBSI3H C YEM PETUCTpALs UHIUBHIY-
aNnbHBIX MOJIOC CABUTA B HEM CTAaHOBUTCA KpaiiHe
3aTPyAHUTEBHOIL.

TeMm He MeHee HCMONB30BAHHE XOPOLIO U3BECT-
HBIX METOAMK MpENapUpOBaHUs 0Opa3ioB Aid Nps-
MOr0 MHKPOCKOIHYECKOTO HCCIEJOBaHHS MO3BOMNS-
€T pEelMTh yKa3aHHylo mpoGsemy. Tak, B pabore
[44] pemanu MuUKpOcpe3kl ¢ 06pa3LOB psifla CTEKIIO-
006pa3sHbIX NOMMMEPOB, AE(POPMHPOBAHHBIX B YCIO-
BHSIX OJJTHOOCHOIO C:KAaTHA, U HCCIIEXOBAJIH UX B TIOJIsA-
pU3aLHOHHOM CBETOBOM MHKpockorne. Oka3anocsk,
4TO Ae(POPMHUPOBAHHBIA CTEKIO0OPa3HbIi MOIHMED
(IIC, IIK, TI9T®, IIMMA npu -130°C) comepsxur
HIPSIMOJIMHEHHBIE MONOChI HIMPHUHOI ~1 MKM, 06maja-
IOLIME CUJBHBIM JIBYJy4YENPEIOMIIEHHEM U pa3fie-
JEHHBIE O6JIOKaMH HCXOTHOTO Hefle(pOPMHPOBAHHOTO
MaTepuana. [Ipyrumu croBamMu, NOJIUMEP B 3TUX YC-
NOBUSIX AeOpMHpYyeTCSs IYyTEM pa3BUTHS MOJOC
CABHIa, CONPOBOXJAIOUIMXCA CKOJbXKEHHEM BOJb
HHUX GJIOKOB HEOPHEHTHPOBAHHOro Marepuaina. Io-
Jy4EHHBbI pe3yabTaT OfHO3HAYHO CBHAETEILCTBYET
O TOM, YTO OTMEYECHHbBIE AaHOMAJIUN B MEXAHUYECKOM
U TEMNO(MU3NIECKOM IMOBEACHUN Ae(OPMUPOBAH-
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HBIX CTEKJIOOOPa3HBIX IOJHMMEPOB CBA3aHbI C MPO-
[eCCaMH, IPOUCXOAIIMMH B 30HAX MIACTHYECKH Jie-
¢opmupoBaHHOro nojmMepa (Kpedsax U IOIOCax
caBUra). OTO AOCTATOYHO OYEBHJHO, MOCKOJBKY
610K HeflePOpPMUPOBAHHOTO NOJIUMEPA, Pa3feyicH-
HBI€E MTOJIOCAMH CABUTa, HHYEM HE OTIMYAIOTCS OT UC-
XOJIHOTO MOJIUMEPA, T.€. OHH HE COAEPXKAT U30OBbITKA
BHYTPEHHEH HEPIUM, HE MOKA3bIBAIOT HU3KOTEMIIE-
paTypHOM YCAJKH HITH KaKMX-THG0 APYTUX aHOMAJHI
B (pU3HKO-MEXAaHUYECKOM MOBEICHUH.

BaxXHO OTMETHTH HECOMHEHHOE CXOJICTBO MHHUIIU-
UPOBAHHA U Pa3BUTHA KPEH30B C COOTBETCTBYIOIIMM
MPOLIECCOM BO3HUKHOBEHHS H Pa3BUTHS [OJIOC CABHU-
ra. B yacTHOCTH, KaK OKa3aHo B pabore [44], no Me-
pe pocra aedopMalHMU KOJHYECTBO MONOC CABUTA
BO3pacTaeT. AHAJOTHYHBIM O00pa30OM MPOUCXONHUT U
HAKOILUICHHE KPei30B MpPU YBENTHYECHUH aedopma-
M. [IaHHbIE IO HAKOIIEHHIO KPEH30B ObLIM MOy~
YeHbl B MPSAMBIX MHKPOCKONHYECKHX IKCIECPHUMCH-
Tax, TaK KaK PErUCTPaLs Kpei30B 3HAYUTENBHO 00-
JIer4aeTcs MPUCYTCTBUEM B HX CTPYKTYPE PEaIbHbIX
MuKponycrtoT [43].

CylecTByeT elle OfHa CTPYKTypHas pa3HOBHUA-
HOCTb HEOTHOPONHOH JedopManuu CTEKI000pas-
HbIX MOJMMEPOB. 3Ta Pa3sHOBHIHOCTL MONyYH/Ia Ha-
3panue mudpy3HbIX 30H capura. Takue 30HBI MpeN-
CTaBIIIIOT COOOH  MHMKPOCKOIMYECKHE  CBHIH,
OO0 beIUHEHHBIE B IIHPOKHE 30HBI, CMOCOGHBIE pac-
MPOCTPAHATLECA KaK €AMHOE LIENOE Ha BCE CeveHHe
o6pa3ua no Mepe passuTus gedopMailud. YBeaude-
HHE CKOPOCTH feopMali 1 CHIDKEHHE TEMIIEPATY-
pbI aepOpMUPOBaHUS CIOCOOCTBYIOT MEPEXOAY OT
passuTus geOpMalH MO MEXaHH3My POCTa Aud-
(py3HbBIX 30H CABUTA K Pa3BUTHIO Ae(hOpMALHH Iy TEM
pOCTa MHAMBUAYAJILHBIX MOJIOC CABHra. Y CTAHOBJE-
HO, YTO COBUTOBBIE MOJIOCHI JIErYe BO3HHKAKOT B OTO-
SKOKEHHBIX M MEJICHHO OXJIaKIEHHBIX 00pa3lax, 4eM
B 3aKaJIeHHBIX [44].

B nmanbHefieM G110 IPOBEAEHO GOMBIIOE KOJIH-
YECTBO HCCIENOBAaHUI, MOCBAIICHHBIX Pa3THYHbIM
aCleKTaM BO3HHMKHOBEHMS, PA3BUTHA U CTPYKTYPhI
noJyioc casura B noauMmepax. O6pa3oBaHue TOJCTBIX
KpymHbIX monoc casura (0.1-0.6 MM) H3yyeHO B AeTa-
msix [45]. Okazanock, YTO UMEIOTCA ABE CTAIUE 3TOrO
npoiiecca. Ha nepBoil cTaguu MakeT TOHKUX IMOJIOC
(0.01-1 MKM) BO3HMKAET HA KOHUEHTPATOPE HAMps-
JKEHHsI, TAKOM, HalpUMEP, KaK OTBEPCTHE B INOJH-
MEpHOI1 IUTacTHHE. DTH TOHKHE IOJIOCH PacTyT €O
ckopocthio niopsaka 80 mm/c. IToce Toro Kak maker
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MOJIOC JOCTHTaeT O0KOBOM NMOBEPXHOCTH, HAYHHAET-
Csl BTOpasi CTafusl Mpolecca. ITo KpynHomaciuTal-
HBI CIBHI NMAKETa MOJIOC A0 00pa3oBaHUsl TOJCTOH
CIBHTOBOM IOJIOCHI U MOBEPXHOCTHOH CTYNEHBKH.
CKOpOCTb pacipOCTPAHEHHs TAKOH CTYIIEHBKH OKO-
10 5 MM/c. OTMETHM, YTO ABYXCTYNEHYATOE pa3BU-
THE MOJIOC CABUTa OYEHb MOXOXKE Ha Pa3BUTHE Kpeu-
30B. [IefCTBUTEILHO, Pa3BUTHE KPEH30B MOKHO pas3-
JEIHUTh HAa JBAa 3TANA: Pa3BUTHE KPEHW30B, KOTOPOE
TIPOROJIKAETCA JO NMEPECEUYEHHUS MMH [ONMEPEYHOro
cedeHus NOMMMEPA, U YIIUpeHHe Kpefi3oB [43].

Kak 6b110 OTMEYEHO BbillIe, CKOPOCTh PacnpocT-
paHEeHHs TONCTHIX CABUTOBBIX NMOIOC OYEHb BEJIMKA,
nopspka 10 cM/c. DTO menaeT TPYAHLIM H3MEPEHHE
ee TeMrepaTypHON H(WIM) CHIOBOM 3aBHCHMOCTH.
Opnaxo Kramer [46] caenan HekoTOpbie HaOmIofE-
HMsL 33 POCTOM MAKETa TOHKMX IOJOC B CABUIOBOM
3oHe I1C, MOCKOMbKY 30HA JBHXKETCS 3HAYUTEIIHHO
mementee (10-°-10-3 cm/c). [yTeM usMepeHust TeM-
MIEPaTypPHOI U CHJIOBOM 3aBHCHMOCTH 3TOH CKOPOCTH
OH TIOJIYYHMII SHTANBIHIO aKTUBaIMK ~273 K]IX/MOnb
H aKTHBALMOHHBI 06BbeM 2300 + 500 A3. Mocnenussa
BeIM4YMHA ObLIa HafileHa ONMU3KOUW COOTBETCTBYIO-
LIMM BEIMYMHAM, MOJYYEHHBIM IPU HCCICHOBaHHU
AuHAMKUKE Heynpyroi aedopmamuu 6mounoro I1C
(2650 A%) [47]. BonblIne BETMYMHBI AKTHBALMOHHBIX
00'bEMOB CBHAETEJILCTBYIOT O TOM, YTO POCT TOHKHX
CHBHUIOBBIX MOJIOC WJIH CABHTOBBIX 30H — KOOIl€pa-
THBHBIH OpOLECC, BKIFOYAIOLIMI MHOTO MOJIEKYJISAP-
HBIX CETMEHTOB.

Baxnoe HaGmIofeHue caenaHo B pabore [48].
BBuIO MOKa3aHO MOJHOE 3aJieuuBaHue (pejiakcanus)
CIBUTOBBIX TOJOC, KOTAa o0pa3el; HarpeBaJu Bhille
T,. Ilpu U30TEPMHUUYECKOM OTKHUre OOpasloB, IOA-
BEPrHYTHIX CABUTOBOI1 nepopManuu [49], oOHapyxke-
Ha ec MOCTENEHHas pejlakcauysi BO BpEMEeHH. YKa-
3aHHBIA MPOLECC CNEAYEeT KHHETUYECKOMY 3aKOHY
BTOPOrO NOpPsAfKA. ApPEHUYCOBCKHI rpaduK CKOpo-
CTH 3TOro MPOIECCa MO3BOMSIET BbIYUCIMTE IHTANb-
muro aktusauuu s IIC (672 kIIx/Mons). HaifigeH-
HOE 3HAYEHHE HAXOUTCSA B XOPOLLEM COOTBETCTBUH C
BesuyuHOi 739 K/I:K/MOJb, NONYYEHHOM NPH H3yYe-
HUM KUHETUKH penakcauun 6noyHoro I1C [50]. IroT
pEe3yNbTaT NO3BOMSIET MPEANONOXHUTh, YTO B OCHOBE
BOCCTAHOBJICHHSI OCTATOYHOM fepopMaliu 6J104HO-
ro peopMHpPOBAHHOrO MOJIUMEPA U MPH 3aN€yuBa-
HHUH TI0JIOC CABUTA MPH OTXKUIE JIEKAT OfHU U T€ XK€

MOJIEKYIAPHBIC NPOLECCHI.
Ne 7
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Belimie MBI OTMEYANH, YTO NPH MIACTHYECKOH 1€~

¢dhopmanum cTeKI006pa3HOrO MOMUMEpPa MOCTEMHMI
3aMacacT 3HAYMTENBHOE KOJIHMYECTBO BHYTpPEHHEH
aHeprud. IlocKoOnBKy HakoIUIEHHE BHYTpEHHE
9HEPTHH NPOMCXOINUT IIaBHBIM O0Pa30oM Ha Havallb-
HBIX 3Tanax fe¢opMHUpPOBaHUs CTEKJIO00PA3HOTO MOo-
JMUMEPA, JIOTHYHO NPENINONOKUT, YTO YKa3aHHbIM
MPOLECC TaKKe 06YCNOBIEH BOSHUKHOBEHHEM H pas3-
BHTHEM B IOJIUMEpE ITOJIOC CABUTA.

B o630pe [51] npuBefeHbI pe3ynbTaThl IKCHEPH-
MEHTOB I10 U3MEPEHHIO 3aNIaCEHHO YHEPTHH B MOJIO-
cax casura. bioku ITC 6b1mu BbIpe3aHbl U3 TOJICTOR
IUVIACTHHBI M OTOXCKEHBI B TedyeHue 20 4 mpu 115°
(T, =101°C), mocne yero oxaaKAeHbI 1O KOMHATHON
TeMnepaTypbl. O6pasibl C OTBEPCTUEM ObLIH CXKATHI
ISl OTYYEHHsI TOJNCTHIX CABUTOBBIX MOJIOC, HCXO/Is-
IUX OT OTBepcTud. Ecnm cxkaTue He 6bLIO OCTAHOB-
JIEHO BOBpEMs, pa3pyLICHHE HMEJIO MECTO BIOJb
rpaHUIbl MEXKAY CABHTOBOM MONOCOM U HegeopMu-
posanHoO# MaTpuuei. [Tocne pa3pyuienus marepuan
CABHUTOBOM IOJIOCHI JIETKO OTAENAETCS MAHLUETOM OT
MexdasHoi rpanuupl. [Janee marepuan caBurosoi
noaocel Obln ucciaegoBan metomoM JCK. Okasa-
JIOCh, YTO HMEHHO MATEPHAJI TIOJIOCHI CIBHIa cofep-
KUT GONBIIOE KOMMYECTBO BHYTPEHHE! SHEPIUH, B
TO BpEMsi KaK MAaTEpHal, PaclONOXKEHHbIA MEXIY
NONOCaMH CABHra, OKa3bIBaeTCs HexeOpMHPOBAH-
HbIM M IIO3TOMY HE COIEpXKAIIUM BHYTPEHHEH SHEp-
TUH.

JInst NOHUMAaHuS SIBJCHHM, TPOUCXOSLIX MPH He-
ynpyroi geopMalii, BaskHeillee 3HaYeHHE UMEET
CTPyKTypa moiioc capura. Ciegyer OTMETHTb, YTO
NOJIOCHI CABHUTa, BO3HHKAIOIIUE B MOTUMEPAX, NPHUH-
IMNAANBHO OTIMYAIOTCA OT MOJIOC CABUTA, peain3y-
IOIIUXCS. B HU3KOMOJIEKYISIDHBIX TBEPABIX TeJsax.
OkassbiBaeTcs [51, 52], 4TO mMOI0CHI 06JaXAKOT CIOXK-
HOI CTPYKTYpo#. OHM HAaIOJHEHBI BHICOKOHCIIEPC-
HbIM OPUEHTHPOBAaHHBIM (PUOPUIIIU30BAHHBIM MaTe-
pHaIoM, B IIOJIHOM MEPE aHATIOTHYHBIM COOTBETCTBY-
IOIEMy  MaTepHaly, 3alloJNHAIMIEMY O00beM
Kpen30B.

9TO BaxKHOE CXOACTBO MOATBEPKAAETCS MPSMBbI-
MH MUKPOCKONIHYECKUMH HaOmoneHusiMu. Korga Ma-
TepHual, COREeP:KaLUi MOJIOChI CABUTa, MOJBEPracTCsa
HEOOMBIIOMY PAaCTSKEHHIO, MOCICAHUE PacKphiBa-
10TCs1, OOHaXKas KpeiizonofoOHyo cTpyKTypy. Cxon-
CTBO CO CTPYKTYpOMi Kpeli3a CTONb Pa3UTENbHO, YTO
TakKHe PACKPBITBIE MONOCHI CABHUra ObLIH Ha3BaHbI
“cIBUTOBOMONIOCHBIMA Kpei3amu” [51]. Hekotopoe
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MOp(OJOrHYECKOE OTINYHE “‘CABHTOBONOJIOCHOTO
Kpei3a” OT KJIaCCHYECKOTo Kpeii3a COCTOMT B TOM,
YTO (PHOPUILIIBLI B €r0 CTPYKTYPE OKAa3bIBAIOTCA Ha-
KJIOHEHHBIMH 110 OTHOILEHUIO K IUIOCKOCTH Kpei3a
(puc. 11a). Ha puc. 116 npexncrasnena MEKpogOTO-
rpadus CTPYKTyphI MaTEepHalIa MOJIOCHI CABUTA, MO-
Jy4eHHOH npu pa3pyueHuu oopasua [1C, ony6auko-
BaHHas B pabore [51]. Xopowio BHIHO, YTO TaKOMH
MaTepHa MOCTPOEH U3 MApaJIENbHO PACIONOKEH-
HBIX IIACTHH, OOPa30BAHHBIX CIUMIIAMUCS (PUOPHII-
namu. Ha puc. 11B npuBenena mukpodororpacpust
CTPYKTYpbI MaTepuaina kpeiiza B [I9T®. ItoT cum-
MOK ObI MOJY4EH NPH OCYIIECTBICHUH XPYHKOrO
CKona KpeisosaHgoro obpasua [I13T®. B orimuune
OT CKOJIOB, NPUMEHSIOLIMXCS P TPAAULMOHHOM HC-
CIIEJOBAHUH CTPYKTYPBI Kpeir30B [43], B JTaHHOM city-
4ae CKOJI OCYIIECTBIISIA NEPIIEHANKYIISPHO OCH pac-
TSOKEHHA nojuMepa (BAONb CTeHKM Kpeiiza). Ilpu
3TOM TPELIMHA PAaCHPOCTPAHAETCA BOJIb I'PAHHLbI
MEXKAY CTEHKOH Kpeli3a U ero puOpmIIN30BaHHBIM
MaTepHAJIOM, MO3BOJISI B3IMISTHYTh Ha HEro cOOKY (co
CTOpPOHBI CTEHKHU Kpeiiza). Kak ciaegyer u3 cpaBHe-
Hus puc. 11a, 116 u 118, MaTepuan kpeiiza u MaTepu-
aJl NoJIOCh! C/IBUTA 00J1aJal0T MOPA3UTENLHBIM MOp-
¢onoruyeckum cxopctBoM. ITonoxkeHne o ToOM, YTO
U Kpei3bl U MOJOCHI CABHIa COAEPKAT OPUEHTHPO-
BaHHbIN (PUOPUIIH30BaHHBINA MOJIHUMEp, MOATBEPXK-
AAIOT TakXKe MpsAMble MUKPOCKONHYECKHE HCCIENO-
Bauus [51, 52].

CyliecTByeT npocrasi BO3MOXHOCTb IPOJAEMOH-
CTPUPOBATh, KaK B OJIHHX H TE€X XK€ YCJIOBHSX MOJIHU-
Mep fepopMHpYETCa THO0 MO MEXaHH3MY KpEeld3HuH-
ra, 160 nmyreMm pasBuTHsa nonoc casura [43]. Ilpu
pacTsokeHuu MaccuBHBIX 00pa3ioB [I9T® B AAC Ha
UX MOBEPXHOCTH 3apOXAAIOTCA KPEH3bl, KOTOpPbie
HAYHHAIOT paclpOCTpaHsIThCI B IIyOHHY oOpasua.
EcTecTBEHHO, 4TO IO MEPE HX POCTA YBEIHMYUBAECTCS
THAPOMHAMHYECKOE CONMPOTHBIECHAE MOTOKY KHJI-
KOCTH K HX BEPIUHHE. B KOHIIE KOHIIOB HACTYINAET CU-
Tyauusi, KOra KuaKOCTb He MOXKET 3(h(PEKTUBHO U B
JOCTAaTOYHOM KOJNHYECTBE MOCTYNATh K MECTAM OpPH-
€HTALIMOHHOTO NPEBPALICHUS NMOTUMEPa (BEpILIMTHAM
Kpei3oB). IToCKONbKY ANl pa3BUTUS KPelH30B HEOO-
xogumo npucyrcteie AAC B MecTax aKTHBHOM Jie-
¢opmanun, nonumep “U3dHpacT”’ aJbTCPHATHBHBIN
NyTb pa3BHTHA Ae¢opMaliH — O MEXaHU3MY pOCTa
HOJIOC CABUTA.

HIMeHHO Takas cuTyauusi OTOOpakeHa Ha puc. 12.
Ha 3ToM pucyHKe mpefcTaBiieHa CBETOBas MHKPO-
¢otorpacus ToHkoro cpesa obpasua [IITP Tosn-
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Puc. 11. Dnextponnsie Mukpodororpaduu CTpyKTyphbl nonocel capura INC, nogseprayToit cnaGoMy pacrsike-
Huro [51] (a), puGpunnApHOi CTPYKTYPBI TOM XK€ MOJIOCHI CABUTA MOCKE €€ paspyuieHus (6) u puOpunnapHon
cTpykTypsl kpeitza B [I9T®, necdopmuposannoro 8 AAC (B).

wEHOo 0.7 MM, PacTAHYTOrO [IPH KOMHATHOM TEMIIE-
patype Ha 50% co ckopocrteio ~100%/mMuH B cpene
H-rekcaHona (puc. 12a). Xopouo BUHO, YTO B ITHX
YCIIOBUSIX KpEW3bl HE CMOTJIH NEPECEYb BCE CCUCHHE
MOJIUMEPA, YTOObI Hayanach CTagus UX YIIMPDECHMS.
Tem He MeHee MONUMEP B €ro CepALEBHHE MPOROI-
KaeT ne)OPMHPOBATBHCA IMyTEM Ppa3BUTHA IOJIOC
caBura, KOTopblii He TpeOyer npucyrcrBusi AAC.
IMpu OGonbureM yBennueHun MuKpodoTorpadui
(puc. 126) MOXKHO OTMETHTBL HEKOTOPHIE BaXKHBIE
0COGEHHOCTH 3TOr0 BHAA AedopMaluH OJHUMEPA.
Bo-nepBbix, MOMOCHI CABUTA OTIUYHO BHIHBI B CBE-
TOBOM MHUKPOCKOIE, CBHIETENLCTBYS O HATMYMH XO-
pOLIO BBIPAXKEHHBIX PAHHI, pasfena. Bo-BTOpBIX,
MOJIOCHI CABUTA CTapTYIOT U3 BEPLIMH MPOPOCIIMX
Kpei30B; 9TO CBHAETENbLCTBYET O TOM, YTO UMEHHO
OCTpbIC BEpIIMHbI KPEH30B CIyXKaT 3apOAbilliaMu

18 BBICOKOMOJEKYIIAPHBIE COEMUHEHHUA  Cepusa C

nmojoc casura. TakuMm 0Opa3oM, NMPENCTABICHHBIE
JaHHbBIE elle pa3 YKa3bIBAIOT HA TO, YTO MPOLIECC 3a-
POSKIEHHS NOJIOC CAABUTA HMEET ONPEAEIEHHOE CXONI-
CTBO C MpOLECCOM 3apOKAeHHUs Kpei3oB. B o6oux
Clyyasix Ay pOKAEHUS 30HbI JIOKATU3OBAHHOM Je-
¢dopManun HeoOXOogUMa Kakas-mudo HEOFHOPOA-
HOCTB (3apOfbliill, KOHLEHTPATOP HANPSKCHUS) B Ma-
TepHae.

U, HakOHel], B TPETHHX, B CKPEIIEHHBIX NOISAPOHU-
max (puc. 12B) oryeTnuBo BugHO cunbHoe JJIII B no-
JIocax CHOBMTa, CBUETEILCTBYIOLEE O TOM, YTO OHHU
3aMoNHeHbl OPHEHTHPOBAHHBIM nonauMepoM. Hanu-
Yie OPHEHTHPOBAHHOI'O MaTEpPHAJa B IONOCAX CABM-
ra eMOHCTPHPYIOT TaKKe JaHHble pabor [53, 54], B
KOTOPbIX HE TOJNILKO PErHCTPUPOBAIH OPUCHTALUIO
MOJIMMEPA B MTOJIOCAX CABUTa, HO U U3MEPSIIH CTENEHD
€ro OpHEeHTALUH.
N 7
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Puc. 12. CseTtoBrie MukpodoTorpacuu cpe3or o6pasua [IITP Tomumuoii 0.7 MM, TOABEPrHYTOro OXHOOCHOMY
pacrsikeHuio B H-rekcaHone Ha 50% co ckopocreio 100%/MuH nIpH KOMHATHOI TemiiepaTtype (a), HeHTpanbHas
4acTh 3TOro o6pasua npu 6onblIeM yBenudeHuu (6) U TO ke B CKpelLeHHBIX nonspounax (B) [55]. [oscHenus B

TEKCTE.

BecbpMa BaxkeH BONPOC O CTPYKTYpe H CBOMCTBaxX
NoJUMEPa, JIOKATM30BAaHHOrO B JIMHUAX caBura. He-
OHOKPAaTHO OTMEYANoCh, YTO OPHEHTHPOBAHHBII
MaTepHas, 3alOJHSIOIMIA 30HbI CBUra, HMEET
MEHBIIYIO [IOTHOCTh, Y€M OKPYXKAIOLHIl HX Hefe-
¢opmupoBaHHbIil monuMep. [IpsaMbIM NOATBEpKIE-
HHEM 3TOrO SBISETCA CYLIECTBEHHOE YCKOPCHHE
nuddy3nu MetaHosna B monocel casura [IMMA [51].

PesynbTaThl npoBegeHHOTO B padote [55] akcne-
PUMEHTA TaK3Ke MOKa3allH, YTO INIOTHOCTh MATEPHA-
na B nonocax casura [19T® noHmkeHa mo cpasHe-
HHIO C OKPYXKaIOIHM Ol04HbIM NoJuMepoM. B aroit
paboTe MIEHKY, HMEIOIIYI0 CTPYKTYpPY, aHaJIOrudy-
HYIO IIPEACTABJICHHON Ha pucC. 12, noMelanu B Kaye-
cTBe MeMOpaHbI B JHANH3HYIO AYEHKY, KaMephbl KO-
TOpPO OBUIH 3aMOIHEHEI BOHBIM pacTBopoM NaCl ¢
opHoi cropoHbl U AgNO; — ¢ apyroii. Panee 6b110
nokasaHo [56], 4To eciu Kpei3bl NPOHU3BIBAIOT MO-

BBICOKOMOIJIEKYIIAPHBIE COEOUHEHUS  Cepus C

JIUMEPHYIO IIEHKY OT OfHOM CTOPOHBI 10 APYIOM,
pactBopbl NaCl u AgNO;, nudppyHaupys HaBcTpedy
APYT OPYTY, BCTPEYAOTCA B HX 00BbEME H 00pa3yIoT
kpucramibl AgCl, KOoTopbI€ JIErKO OOHAPYKHBAIOTCA
€ NOMOILIBIO 3JIEKTPOHHOTO MUKpockona. Kak BuaHO
Ha puc. 12, nua MaccusHoil miueHky [19T®, pedop-
mupoBaHHOi B AAC, xapakTepHa HEOObIYHas ClO-
ucrasi crpykrypa. Kpeii3bl, cogepxaiuue peaabHbie
MHUKPOMNYCTOTHI, HE MEPECEKAIOT BCE CECUYECHUE MONH-
Mepa, OCTaBJIsIs B CEpALEBUHE IIEHKH CIIOH MOJHMe-
pa, He 3aTPOHYTHIN Kpeii3aMH, HO POHU3aHHBIA MO-
nocamu casura. Ha puc. 13 npeacrapiieHa 31eKTpOH-
Hasi MukpodoTorpadus 3Toro ke obpasua [13TP
nocne o6padotku pacrsopamu NaCl u AgNO;. Xo-
pOILIO BHAHO, YTO B PE3YJNbTATE OIHCAHHOH BhILIE
npouenypbl Kpuctamibl AgCl pgeficTBUTENBHO OT-
KJIagbIBAIOTCA B 00'bEMe KPEH30B, UTO yKa3bIBaET Ha
CKBO3HOE NpoHuKHOBeHUE pacTBOPOB NaCl u AgNO;
yepes mireHky [19T®. Bonee Toro, u3 puc. 13 cneny-
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eT, uro Kpuctauibl AgCl OTKIIagbIBAIOTCS HE TOJIBKO
B MUKPOIYCTOTaX KPE30B, HO M B MOJOCAX CABHIA,
OTYETAMBO UX KOHTpacTupys. [TonyyeHHbI pe3yib-
TaT O{HO3HAYHO CBHIETEIBCTBYET O TOM, YTO MOJIO-
ChI C/IBUTA, €CJIH M HE COEP3KAT pealbHbIX MHKPOIY-
CTOT, AIMEIOT CTOJIb HEBBICOKYIO MIOTHOCTD, UTO IIO
HEM, KaK 110 KaHaJaM, MoxeT audyHaupoBaTh HU3-
KOMOJIEKYJISIPHASL KAJKOCTD.

HUTtak, MOKHO 3aKJIIOYHTB, YTO Heynpyras gedop-
Mauys CTEKJIOOOpa3HOro NoAMMEpa pPa3BHBACTCH
KpaiiHe HEOTHOPOJHO, JOKAJIU3YsICh B 3aBUCHMOCTH
OT BHEIIHHX YCJIOBHH B IIOJIOCAX CIBATA WJIM KPEM3ax.
B o6oux cny4asix B 3TUX 30HAX COAEPKUTCA OPHEH-
THPOBAHHBI (PUOPUIITM3OBAHHBINA NOJUMED U MPHU-
CYTCTBYIOT BEIpaKE€HHbIE TPAaHMIIbI pa3fieiia.

BU3YAIIU3ALUA CTPYKTYPHBIX
[MEPECTPOEK, COITPOBOXIOAIOIIMNX
JE®OPMALIMIO U YCAJIKY
CTEKJIOOBPA3HBIX ITOJIMMEPOB

Kak 6bIJIO OTMEUYEHO BBIIIE, B HACTOSALIEE BPEMsI
CYIIECTBYET HECKOJIBKO TOYEK 3PEHHUS HA MEXaHH3M
Heynpyroii gedopMamuu 4 TEPMOCTHUMYJIHPYEMOM
ycagku AeOPMHUPOBAHHBIX MOJIMMEPHBIX CTEKOJ.
[TpuyrHa 3TOrO — OTCYTCTBHE NPAMBIX 3KCIIEPUMEH-
TANbHBIX [AHHbIX, PAaCKpBIBAIOIMX MEXAaHM3M Ha-
6ofaeMbIX ABJIEHUA. B 3TO# CBA3M Ype3BBIYAUHO
aKTYaIbHBIMH SIBJISIFOTCS MOMBITKH CO3TaHUS HOBBIX
METOJOB HCCJICJOBAHUSA, KOTOpBIE JAIOT BO3MOXK-
HOCTb MOJYYUTh NPAMYI0 HH(OPMALIHIO O CTPYKTYP-
HBIX MEPECTPOMKAX, CONPOBOXAAIOIINX HEYNPYTYIO
pedopMalMIO CTEKI000PAa3HOro MoIMMeEpa.

B HepaBHUX pabotax [55, 57-59] Gbina paspabo-
TaHa NpsiMasi MUKPOCKOMHMYECKask METOUKA, ITO3BO-
NSIOLIasi BO MHOTOM PEIINTD YKa3aHHYIO IpoGemy.
B camoM oOiieM BHAE METOAMKA BH3yaJIM3aLlUU
CTPYKTYPHBIX IEPECTPOEK OCHOBAHA HA OTHOM M3 Ha-
ubonee pyHRAMEHTANBHBIX CBOUCTB TBEPABIX TEJ.
Bce TBepable TENa M3MEHSIOT IUIOLIaib CBOEH IIO-
BEPXHOCTH TpH JedopmupoBanuu. B To BpeMst Kak
00'beM TEJIa MOXKET OCTaBaThCS MOCTOSHHBIM, ILIO-
IaJib €r0 MOBEPXHOCTH MPAaKTHYECKU 6ce20a H3MeE-
HAeTCd. 3HAK TAKOro W3MEHEHMs MOXKET ObITh pas-
JIMYEH: OBEPXHOCTh YBEJIMUYUBAETCA MPH PaCTsKe-
HUM (OGHOOCHOM H IUIOCKOCTHOM) U YMEHDLILIACTCH

TIpH ycafike.

PaspaGoTaHHass METOMKA BU3yaqH3aLUN CTPYK-
TYpPHBIX NMEPECTPOEK OCHOBaHA HMMEHHO Ha 3ITOM
cBoiicTBe moauMepoB. [l ee HCMoAb30BaHUSA HEOO-

BbICOKOMOJIEKYJIIPHBIE COEOIUHEHUSA  Cepus C
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Puc. 13. DnextponHas MuKpogoTorpadus HU3KO-
TeMmepatypHoro ckoia oopasua II3T® Tomum-
Hoit 0.7 MM, IOABEPrHYTOTO OXHOOCHOMY PacTsCKe-
HUIO B H-rekcaHone Ha 50%. Ilocne pedopmanmu
o6pa3sel; HCMONB30BAIM B KadecTBE MeMOpaHBI B
MHAIM3HOM Aueiike, cogepxkalieil BOGHbIE PacTBO-
pbi NaCl u AgNO; [55]. ITosichenus B TEKCTE.

XOAUMO MPOBOAHUTH AeOpMUpOBaHUE OOpasla Ta-
KUM 06pa30oM, YTOOb! Obljla BOSMOXHOCTh OCYILIECT-
BUTh HAMPABJIIEHHOE H PEryIHPYEMOE H3MEHEHHE
IJIOIAIK €TO TOBEPXHOCTH. ['MaBHasi OCOGEHHOCTD
“mpUroTOBNEHUS” 00pa3LOB, MPUTOMHBLIX A HC-
MOJB30BAHUSA YKA3aHHOH METOAMKH BH3yanH3aluu
CTPYKTYPHBIX IEPECTPOEK, COCTOHT B crefyromem. B
pa6oTtax [29-35] oTHOOCHOMY CXKATHIO MOABEPraIu
IMTHHAPUYECKUI o0pasell NOoJIuMeEpPa B YCIOBHSX,
KOI/Ia HMEJIO MECTO KECTKOE CUCILIEHHE NOIMMEpa
CO CXXMMAIOILIEN TIOBEPXHOCTBIO, B PE3yJIbTAaTE 4Ero
OH mpuHHMan G6oukooOpasHyro ¢opmy. Ilponecc
BOCCTaHOBJICHHs (POPMBI TaKOro oOpasta U3y4yaroT
NyTeM U3MEPEHUS 3aBUCHMOCTH €T0 BbICOTBI OT TEM-
nepatypsl oTxura. [lepopmauus noaumepa, mosgo-
ASIOUAs MOMYyYUTh 00pasubl 1is IPAMOrO MHMKpO-
CKOMHMYECKOrO HCCIENOBAHUSA, OCYILIECTBIAETCA B YC-
JIOBUSIX, KOTa OH MMEET BO3MOKHOCTb CBOOONHO
NPOCKANb3bIBATh OTHOCHUTENBHO CXKHMAKOLMX IO-
BepxHOCTEN. B faHHOM Clly4ae YMEHBIIAETCA BLICOTA
obpasia 3a CYET yBeAM4YECHH IUIOLIA/IH €ro NMOBEPX-
HOCTH, COIPHKACAIOUICHCA CO CXKHUMAKOIIMMH IO-
BepXHOCTAMH. MIMEHHO 3TH MOBEPXHOCTH OOpasua
H3MEHSIOT CBOIO IUTOLIANB B IpoLiecce ero aegopma-
uun win ycagku (puc. 14). OueBHAHO, yBETHYEHHE
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Puc. 14. CxemaTtnueckoe H300pakeHHe OHOOCHO-
ro CXaTusi MojNuMepa B YCIOBMSAX, KOTAA €ro mo-
BEPXHOCTh HMEET XKECTKOE CLEIIEHHE CO C:KUMAIO-
el MOBEPXHOCTHIO U KOTa 3Ta MOBEPXHOCTh CBO-
GoaHo cKoNb3uT npu cxkatuu [57].

IVIOLIAM MOBEPXHOCTH O3HAYAET BBIHOC YacCTH IO-
JINIMEPA, HAXOUBLIETOCs B OO'beMeE, Ha NIOBEPXHOCTD
npu JeOpMHPOBAHAM WIH, HA06OPOT, YMEHbILIEHUE
IUIOLIAU MOBEPXHOCTH NPU €r0 YCaKE CBHAETEIb-
CTBYET O NMEPEHOCE MONMMEPA C IOBEPXHOCTH B 00Bb-
eM. BenuunHy u3MeHEHHs] MIOIIAAH NOBEPXHOCTH
JIETKO ONpENeNATh, H3MEPSIA AHAMETp o0pasia 0 u
nocine ero aedopManuu (ycagku).

Ecnu nepen neopmanueii (ycagkor) Ha yka3aH-
HYIO IOBEPXHOCTb HAHECTU TOHKOE TBEPAOE NMOKPHI-
THE, TO IPHU €ro nocuexymouei aedopmanuu (ycag-
K€), OHO OyAEeT OTpaKaTh CTPYKTYPHbIE NEPECTPON-
KH, MpouCXofsuue B AedOpMHpPYEMO MOMIOXKKE.
Mexanusm pedopManuu (ycafku) NOANOXKKH OINpe-
AENAET XapaKkTep NOBEPXHOCTHOIO CTPYKTYpooOpa-
30BaHUs NMOKPbITHA. B CBOIO o4epeAb MOBEPXHOCT-
HOE CTPYKTYpOOOpa3OBaHHE IOKPBITHA COHCPXKHUT
uHopMaluio 0 MexaHH3Me JedopMaLyH NoIuMepa.
PenbnedroobpaszoBaHne B MOKPHLITHH MOXET OBbITH
JIETKO HCCJIEOBAHO MPSMBIMH MHKPOCKOIMYECKUMH
HaOmogeHusiMu. CxeMaTH4YECKH TOATOTOBKa o0pa3ua
AJIL TAKOTO UCCAEAOBAHUSA MIPENCTaBICHA Ha puC. 15.

PaccMOTpeHHBIE  BBILIE  IKCIEPUMEHTANIBHBIC
JAHHBIE CBUAETEILCTBYIOT O TOM, YTO HA MEPBBIX
aTanax AedOpMHPOBAHUS CTEKIOOOPA3HOro MOJH-
Mepa MPOUCXOAUT PA3BUTHE IOJOC CABUra, B KOTO-
PBIX COOCTBEHHO U COCPEJXOTOYEHA BCS €r0 HEYNpY-
ras pecopmaumsi. Ha 3To yKa3bIBalOT pe3yabTaThl
OpSAMBIX MHUKPOCKONMUYECKHX HabmrofgeHuil (44, 51].
Meskny nosocaMu CABHTA JIOKANU30BaHBI OJIOKH He-
Ae(OPMHUPOBAHHOrO GIOYHOro mojumepa. Yro ka-

BBICOKOMOJIEKYJIAPHBIE COETUHEHHUA  Cepus C
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Puc. 15. CxeMa IKCIEpHMEHTA [0 BH3YAIM3ALUK
CTPYKTYPHBIX NEPECTPOEK MPH TEPMOCTHMYIHPO-
BaHHOM ycafike MmoJuMepa, Ae()OPMHPOBAHHOIO B
YCIOBHAX OFHOOCHOTO cKaTHA [57]. I — ogHOOCHOE
cKaTue, 2 — HaHeCeHHe MOKPBITUA, 3 — oTKur (ycaa-
Ka).

CaeTCsi MEXaHHU3Ma TEPMOCTHMYIHPOBAHHOM YCaKU
neOpMHPOBAHHBIX CTEKIOOOpA3HbIX MOMUMEPOB,
TO 10 Hayana pa6or [55, 57-59] o cTpyKTypHBIX me-
pecTporKax, CONpPOBOXAAIOIMX JAaHHBIA MPOLECC,
HUYETO HE OBLIO U3BECTHO.

[IpuBenennas B paborax [55, 57-59] Meromuka
NO3BOJIMJIA NOJTYYUTh BaXKHYIO HH(OPMALIHIO B MEp-
BYIO OYEpEAbL MMEHHO O MEXAaHH3ME ycaaku aedop-
MHPOBAHHBIX CTEKNI000pa3Hbix nmomumMepos. O6pas-
UBI IS 3TOrO UCCNEOBAHHS TOTOBIIH IIyTEM OHO-
OCHOrO CXaTus C MOCHEAYIOIIUM HAHECEHUEM
MOKPBITHA TAKUM 00pa30M, KaK OMMCAHO Bbile. 3a-
TEM HUX MOJBEPrajid OTKHUIY U PETHCTPUPOBAIH MPO-
HCXOQSILEE BOCCTAHOBJIEHHE Pa3MEPOB.

PaccMoTpuM  mipoliecC  TEpPMOCTHMYJIHPYEMOM
ycagku Byx oGpasuos [I9T®, ogun u3 xoTophIX
6b11 1ec)OPMHPOBAH B YCIOBUAX OJHOOCHOTO CXKa-
THs BBILIE TEMIIEPATyphl CTEK/IOBAHUS MOIHMEPA
(100°C), a BTOpOIi — HIZKE (IPU KOMHATHOM TEMIIEpa-
Type). B ocranbHOM 06a o6pa3na oGpabaTsiBaiu
HAEHTHYHO. OTMETHM, YTO, HECMOTPSI HA TO, YTO 062
MOIY4YEHHBIX 00pa3a ObUIH OTOXKEHb! O OHON U
Toi ke Temnepatypsl (105°C), nyTd, KOTOpBIE OHU
NIPEONOJIEBAIOT NPU NEPEXOAE K CBOMM HAYaIbHBIM
pa3MepaM, ObLIH CYILECTBEHHO pa3nauyHbl. Kak cie-
ayeT u3 puc. 16, obpasen, geopMUPOBAHHBIA NPU
100°C, BoccTaHaBIUBaeT CBOM pa3sMepbl B 06JaCTH
TeMnepaTtypbi creknoBanus [I3T®. B To ke Bpems
IM3T®, nepopMupoBaHHbIii IPU KOMHATHOM TeMIIE-
paType, BOCCTaHABJIMBAET CBOM pa3MepPhbI MPaKTHYe-
CKHM MMOJIHOCTLIO B TEMIIEPATYPHOM AHANa30HE HIKE
TEMIIEPATYpPhbl CTEKIOBAaHUSA. AHAIOTHYHOE TOBefie-
HUE IEMOHCTPUPYET U APYroi aMOpHbIA NOTUMED —
IIC [58]. Yka3aHHOe TepMOMEXAaHHUYECKOE MOBENE-
HHE MONMMEPA HAXOMUTCS B MOJIHOM COOTBETCTBUH C
pe3yibTaTaMH HCCICAOBaHHUI, IPHBEACHHBIMHA B pa-
6orax [24, 25, 29-35].
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Puc. 16. 3aBHCUMOCTh BOCCTAHOBIEHHUSA HCXOMHBIX
pa3mepos npu otxkure obpasugos [I3T®, nedop-
MHPOBAHHBIX B YCJIOBHAX OHOOCHOTO CXKATHA, MPH
100°C (/) u mpu koMHaTHOM Temmnepatype (2) [55].

Ha puc. 17 npeacrasneHs! e MHKpogoTorpa-
¢uu, NoNyYeHHbIEC MO OMHUCAHHON BBIIIE METOHUKE
NMpU HCCIENOBAHUM MEXAHHW3MAa TEPMOCTHUMYJHPO-
BaHHOH ycafiki Ae(OpPMHPOBAHHOTO aMOp¢HOro
I[I9T®. Ha 3TOM pHCYHKE MPUBEACHbI JaHHBIC IS
aByx o6pasuos [I9T®, nperepneBimiux ycagky npu
OTKWre NPUMEPHO HAa OJHY M TYyXKE BEIUUYMHY (22—

1349

24%). Kak ObIIO OTMEUYEHO BbIIIE, EAUHCTBEHHOE
pasnnure Mexay obpasuamMu a 4 6 3aKJIFOYAETCA B
TOM, YTO OiMH U3 HHX ObLI Ae(POPMHPOBAH BbILIC
Temriepatypsl creknosanus (100°C), a gpyroit — npu
KOMHaTHOM TemmepaTtype. Heob6xogumMo OTMETHTB,
YTO IIPH yCagKe B NPOLIECCE OTKUTA B OTCYTCTBHE MO-
KPBITHs1 IOBEPXHOCTH Ac(POPMUPOBAHHBIX O6Pa3LOB
OCTaBaJIach INIAAKOI Ha BCEX €€ 3Tanax He3aBUCHMO
OT TEMIIEPATYPhI NPEBAPUTENBLHOM AehopmaLuu.

VIMeHHO HanYHe NOKPBITHA MO3BOJISIET BBISBUTH
M OXapaKTEPH3OBATH CTPYKTYPHBIE MNEPECTPOUKH
[IOJIMMEPa B NpoLecce ero repMuyecko ycapku. Ha-
MOMHHMM, 4YTO NpH TEPMOCTHMYJIUPYEMOH ycagke B
MPOLIECCE OTKUIra YMEHBINAETCS MIIOMAAh MOBEPX-
HOCTH, Ha KOTOPYI0 HAaHECEHO METAIIHYECKOE MO-
KpbITHE. MHBIME CTOBaMH, YaCTh MOJIUMEPA, HAXO[ S~
LIErOCs Ha YKa3aHHOH NOBEPXHOCTH, [udPyHAUpYyET
B ero o6beM. O4YeBHAHO, YTO MOKPHITHE HE MOXKET
“mocnenoBaTh” 3a 3TUM “TIOBEPXHOCTHBIM ™ MOJHUME-
poM. B pesynbraTe yMEHBIICHUSA IUIOLIAAN MOBEPX-
HOCTHU TIPOUCXOfIHT CXKaTHe MOKpHITHA U Onaromapsa
xopolueid Mex@a3HOd aAre3sud €ro BTATHBAHUE B
00'bEM NOIUMEPA, YTO B CBOIO OYEPENL CIIOCOOCTBY-
eT penbed0o0pa3oBaHUIO MOBEPXHOCTH, HA KOTO-
PYIO HaHECEHO METAILITHYECKOE NOKPBITHE.

PaccmoTpnM nofgpobHee, K KaKUM NOCTIENCTBUSM
NPUBOAMT peaKLys MOKPHITHS NMPH CKATHH MOTMME-
pa-TOANOXKKY, Ne(POPMUPOBAHHOTO BBIIE U HIDKE
ero TeMneparypsi crekinoBanus. M3 puc. 17a sugHo,

|

5.
2\ )

e

»R

Puc. 17. Dnexktponnbie Mukpodgotorpacdpuu o6pasuos [I3TP, nedopMupoBaHHBIX B YCIOBHAX OMHOOCHOTO CXKa-
iz, npu 100°C (a) u npu koMHaTHO# Temnepartype (6). ITocne aegopManiu Ha MOBEPXHOCTE 00pa3L0B ObLIH HA-
HeceHbl ToHKHE (10 HM) CI0M NIaTHHBI H OHM ObUIM MORBEPrHyTRI OTXKHUrY npu 105°C [57].
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Puc. 18. TpexmepHOoe aTOMHO-CHIIOBOE H306pakeHue noBepxHocTH oopasua II3TP, neopmupoBaHHOTO B yC-
JOBHAX INIOCKOCTHOTO CKAaTHA (MOCTIe HAHECEHHS HA €r0 NOBEPXHOCTh TOHKOro (10 HM) o4 MIaTHHBI o6paser
MpeTepne IIOCKOCTHYIO yCafKy Ha 18% npu oTxkure) (a); 6 — H300pakeHUue OTACNBHOM NOMIOCHI CABHUIa; B — CO-

OTBeTCTBYIOWIad npodunorpamma [55].

YTO ycajika mojuMepa, Ae(OpMHPOBAHHOTO BbILIE
TEMIEPATYPhbl CTEKIOBAHUS, NPHAAET IIATUHOBOMY
MNOKPBITHIO PETYJISIPHBINA U IPKO BbIPAasKECHHBIH MUK-
popennsed. ITponecc BOSHUKHOBEHUS H Pa3BUTH Ta-
KOro popa penbega SBIsSeTCs, O CYLIECTBY, OCOGBIM
BHIOM NOTEPH MEXAHHYECKOH YCTOMYMBOCTH KECT-
KOTO MOKPBITHs [PH €r0 NIOCKOCTHOM CXKATHH Ha
HOJATIMBOM OCHOBaHuM. [Togpo6Hee MexaHU3M 3TO-
ro siBJeHus1 ObII paccMOTpeH B paborax [57-59]. He
OCTAHABJIMBASCh MOAPOOGHO HAa OCOOEHHOCTAX BO3-
HUKHOBEHHsI MHKpopenbeda, OTMETUM, YTO OH OJI-
HOPOJHO pacnpefelieH o Becell MOBEPXHOCTH 00pas3-
1[a, YTO CBHAETEJILCTBYET 00 OOLIEH OTHOPOIHOCTH
INIOCKOCTHO¥ Jie(popMaLiiK H COOTBETCTBEHHO yCaf-
ku [I9T®, umeromieii MeCcTO BbILLIE €rO TEMIEPATY-
pbI creknoBanu. [TocnegHee focTaTOYHO OYEBHIHO,
MIOCKONbKY OMHOPOAHOCTH (adppunHOCTD) repopma-
LM SBIAETCA HEOTHEMIIEMBIM CBOMCTBOM Kay4yyKo-
NOROOHBIX NOJUMEPOB [36].

PaccmoTpum Teneps, KakiuM 06pa3oM pearupyet
HaHECEHHOE METAJUIMYECKOe MMOKPBITHE Ha MIOCKO-
ctHyto ycagky [I9T®, pmepopmmupoBaHHOro HmKe
TeMNepatypbl cTekioBaHusa. Kak ciepyer u3 puc.
176, TepMocTHMynHpyeMas ycajgka MOJHMEpa CO-

BBICOKOMOIJIEKYIISAPHBIE COEODHHEHHUA  Cepua C

MPOBOXKAAETCA KapAHHAIBHO HHLIMH CTPYKTYPHbIMU
nepecTpoiikaMu B IOBEPXHOCTHOM CJIO€, YEM YCaiKa
nonuMepa, KepOpPMHPOBAHHOIO BBIIIE €TO TEMIIEPa-
Typbl creknoBaHus. [Ipu aTol TeMnepaType oTKura
BCSl MOBEPXHOCThL 00pa3siia MOKPLIBAETCS MPAMONH-
HEHHBIMU MOJIOCAMH, KOTOPBIE MOA Pa3IHYHbIMA yT-
JIaMH IEPECEKAIOT BCIO €r0 MOBEPXHOCTD U APYT APY-
ra. Mix monepeyHblie pasMepbl HE OJUHAKOBBI, TaK
YTO UMEETCS BEChbMa HIMPOKOE paclpefiesieHue no-
noc no mupuHe. [laHHbIe aTOMHOM CHIOBOM MHKPO-
ckonuu (puc. 18a) moka3bpIBalOT, YTO MONOCHI SBIIS-
I0TCA yriyOeHUsIMU B IOBEPXHOCTH MOJHMMEpa pas-
auyHol wupHHbl. [lockoneky oOGHapyXeHHBbIE
MOJIOCHI MEPECEKAIOT BCIO UCCIEAOBAHHYIO MOBEPX-
HOCTb 00pa3loB, MOXHO MPEAINONOXKUTh, YTO OHHU
NepeceKkaroT U BCe CeYeHHe AepOpPMHUPOBAHHOTO MO-
nuMepa. XOpoIlo BUAHO, YTO YEM LIKPE 3TH NONOCHI,
TEM IJ1y6:Ke OHH MPOHHKAIOT B MOBEPXHOCTH MOJIH-
Mepa, 1 Ha060poT. IMEHHO B 9THX MPIMOIUHEHHBIX
KaHanax (puc. 186) monumep BTATUBaeTCA U3 MO-
BEPXHOCTH B 00 BEM.

YcnoBus 3KCHEPUMEHTAa TAKOBBI, YTO B OOOMX
cny4asix (BbIIIE W HIXKE TEMIIEPATYPhI CTEKJIOBAHUS)
B pe3ynbTaTe IIOCKOCTHOIO PACTSIKEHUS MOBEPX-
N 7

ToM 47 2005



CTPYKTYPHBIE ACIHEKThI HEYTIPYTOM TE®OPMALIUU

HOCTb TOJIUMEPA YBEJIMYUBAET CBOH pa3Mephl. Pocr
MUIOLA/IA TIOBEPXHOCTH HEM30EXKHO CONMPOBOXIAET-
csi “BBIHOCOM™” Ha IIOBEPXHOCTh MaTepHala U3 rayon-
HbI (00 beMa) nonuMepa. IlomyyeHHble pe3ynbTaThi
NOATBEPXKAAIOT XOPOUIO U3BECTHBIE NPENCTABICHUS
O TOM, YTO BBbILIE TEMIEPATYPBI CTEKIOBAaHUS TaH-
HBII1 POLIECC MPOUCXOTUT OXHOPONHO (adhpunHO) Mo
BCell MOBEPXHOCTH, KAaK NpH JeGOpPMUPOBAHUH KHJI-
koro tena. Cnenuduka moauMepa o CPaBHEHHUIO C
HU3KOMOJIEKYJISIPHOH KUAKOCTBIO 3aK/IIOYaeTCad B
HAHHOM CIIy4ae B TOM, YTO B HEM BO3HHKAET IJIOCKO-
CTHasl OpUEHTALs], KOTOpasi, O4EBHIHO, OTBETCTBECH-
Ha 3a HaGoaeMy1o MOCIENYIOIIY O TEPMOYCAJIKYy.

B npotiecce ycagku BOCCTAaHOBJICHHE MPEKHEN HC-
XOJHO! TMOBEPXHOCTH TAKKE MPOHCXOMHT OFHOPOA-
HO, B pe3yJIbTaTe Yero HaHECEHHOE MOKPBITHE TAKXKE
ONHOPOMHO CXKHMAETCs MO Bceil ee momanu. Adg-
cunHOCTL AeopMaLMU KaydyKONOJOOGHOrO NONH-
Mepa — OJHO M3 [VIaBHBIX YCJIOBUI CTATHCTHYECKOU
TeopHu BICOKO3IacTHYHOCTH [36]. IMEHHO o 3TOM
npuyuHe HabiofaeTcs o6pa3oBaHME OJHOPOJXHOIO
penbeda (puc. 17a), nogpOGHO ONMHMCAHHOrO BbIIIIE
[60-62].

ITpu mI0cKOCTHOM feopMaLH CTEKIO00pa3HO-
ro moJMMepa NMPHPOCT IUIOIIAJU NOBEPXHOCTH OCY-
LeCTBIsIeTCs HeogHopoaHO. IIpupoct nokanu3oBax
B AMCKPETHBIX 30HaX HEYNpyroi aedopMauuy — mno-
JIOCax CHBUra, COfEpXKAIIMX OPUEHTHPOBAHHBIN Ma-
Tepuan. [JaHHbIi MPOoLeCC NPOUCXOAUT MyTEM NPOpa-
CTaHUA U NMOCIEAYIOUIETO YLIMPEHUS MONOC CABHUIra
MogOGHO TOMY, KaK 3TO, BUUMO, HMEET MECTO IPU
o6pa3oBaHMU U pa3BUTHH Kpei3oB [43]. YkasanHoe
CXOJCTBO NOYEPKUBAIOT PE3YNbLTAThi MPAMBIX MHUK-
POCKONMYECKUX HAOIIONEHUH, COTJIACHO KOTOPbIM
KaK Mpy pa3BUTHH NOJOC cABHra [51], Tak u npu pas-
BHTHH Kpei3oB [43], npouecc aedopMHpOBaHHst CO-
MPOBOXKAACTCS POCTOM YHCHIA 30H JTOKAJNIU3OBAHHOM
Heynpyroi xegopManuy nojuMepa (Monoc CABUra u
Kpeii3oB). B pe3ynbrare Ha nmepBbIx 3Tanax gedop-
MHUPOBaHUS B O00UX CIIy4asix 00pa3yeTcsd MaTepHUall,
MpeCTaBNsIomui cO60i HEOPHEHTUPOBaHHbIE 6J10-
KU [TOJIUMEPA, pa3feJICHHbIE Y3KUMH 30HaMH, COTEp-
SKAIIUMH BbICOKO OPHEHTHPOBAHHBIH HOJMMEP H OT-
HeJIEHHBIMH OT 3THX 6JIOKOB XOPOILO ChOpMUPOBaH-
HBIMH IIOBEPXHOCTSMU pa3feia.

OGpatHbIil npolecc TepMoycaku redopmupo-
BAaHHOT'O HIDKE TEMINIEPATYPhI CTEKJIOBAHUS IIOJTUME-
pa Takxke MPOTEKAET HEOTHOPOJHO, NOCKONBKY OT-
BETCTBEHHBIM 3a 00PAaTHMOCTB ic(pOpMALUHK ABIAET-

BBICOKOMOJIEKYJIIPHBIE COEJUHEHHA  Cepus C
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Csl ODUEHTHPOBAHHBIY NONUMED, TOKATHU30BAHHBII B
nonocax caura. [laHHbI€, NONYYEHHBIE C TOMOLIBIO
HOBOIl MHKPOCKONMUYECKOH MeToauku (paboTsl [55,
57-59] u puc. 176), npsaMo NOKa3bIBaIOT, YTO yCaAKa
HOJIMMEPA MPOUCXOIUT B IEPBYIO OYEPEND B MOJIOCAX
CTIBUTA, O YEM CBUJETENBCTBYET BTATHBAHUE ITOKPhI-
THA B 00bEM NOJIUMEPa B 30HAX CABHra (IIPAMOJIH-
HeliHble TuHM Ha puc. 18). [Ipyrumu cioBamu, nepe-
HOC MaTepHala U3 NIOBEPXHOCTU B 0O0BEM B IIPOLIECCE
ycaiku ocyliecTBasercs ero augdysueii B nosocax
CHBUIa, O KOTOPBIX MPEKPAcHO “NOMHHUT” aedopMu-
POBaHHBIA MOJIMMED.

HanbHelmee pa3BUTHE YKa3aHHOH METONMKU
MO3BOJIWIO MOJNYYUTH BasKHbIE JAHHBIE O CTPYKTYp-
HbIX MIEPECTPOAKAX MOJIMMEPA HA Pa3IMYHbIX 3TANax
ero pedopmupoBaHus. PaspaboraHHas MeTOAHMKA
[55, 57-59] no3BoseT NPOCIEAUTh 32 CTPYKTYPHBI-
MH [EepeCcTpOdKaMH, COMPOBOXKIAOIIMMHA YCaAKy B
pasHoi1 creneHu e opMIpOBaHHOro nonumepa. Tu-
MUYHbIE PE3yJIbTAaThl TAKOrO MCCIECAOBAHMSA Mpef-
craBnensl Ha puc. 19. [Ipun ManbIx BenMYUHAX Je-
dopmanun (~2%) ycagka NoiIuMepa INPH OTKHUIE
OCYILECTBIISETCA NyTeM “BTATHBAHUS” B MOBEPX-
HOCTb B MPAMOJIMHEHHBIX 30HAX, MEPECEKAIOLINX
Bechb oOpasel] — nojocax capura. B To xxe Bpems Bce
MPOCTPAHCTBO MEXKAY YKa3aHHBIMHU NOJOCaMU OCTa-
eTcs rinagkuM U HepedopmupoBaHHBIM (puc. 19a).
PocT npepgBapuTenbHO# AedopMalu noauMepa Jo
GOJIBIINX 3HAUCHHI (4.2%) 3aMETHO U3MEHSAET Kap-
THHY TEPMMYECKOH ycajiku noiumepa (puc. 196).
KpoMe monoc cpsura HaOmogaeTcs oOpa3oBaHUE
“MOpIIMH’ Ha IOBEPXHOCTH 00pa3La MEXAY MoJoca-
M casura. JlanmpHeillliee yBEJWYCHHE MNpenBapu-
TenbHOH fedpopMmanuu (9.3%) Bce HHTEHCUBHEE BO-
BJIEKAET B TEPMHUYECKYIO YCaIKy NOTHMEpPa MaTepH-
aj, JIOKAJIM30BAHHBIA MeXAy MNOJMOCaMu CABHTA
(puc. 198). U, HakoHel], IpH BbICOKUX 3HAYECHUSX OfI-
HOOCHOTO CXKATHsA, 3aBE€OMO NPEBBILIAIOMIUX TIpe-
AeJI TEKYy4EeCTH MTOMMEPA, BCS €I0 MOBEPXHOCTD MPHU-
obOpeTaeT perynspHbiii Mukpopenbed (puc. 19r).
Tem He MeHee Ha (POHE 3TOro MHKpopenbeda obpa-
30BaBIIMECS HA TIO3(HUX 3TANax yCcagKy B BU3yaIU3H-
POBaHHOM KapTUHE AeopMallul NPUCYTCTBYIOT MO-
sockl capura. U3 puc. 19r caegyert, 4TO XOTA 3TH MO-
JIOCHI ““HANOJIHEHBI” CKJIA{KaMHM, OHH COXPAaHAIOT
CBOIO HHIUBHAYAIBHOCTD U IPAMONHHEHHYO hopMmy.

Cknaguatbiii pesbed), TOKANM3IOBAHHBIN MEXKAY
HOJIOCAMH C[IBUTa, BECbMA HAIOMUHAET MHKPOpPEJb-
ed, MexaHH3M 06pa30BaHUsl KOTOPOro ObLI paccMo-
TpeH patee (puc. 17a u padotsl [60-62]). OTOT penb-
Ne 7
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Puc. 19. Dnexrponnnie Mukpogororpacuu o6pasuos [13TP, noxBeprHyThix 10 pa3nu4HbIX AedopMaiuii OfHO-
OCHOMY C:KATHIO MPH KOMHATHOH TEMIIEPATYpE H MpETEpHEeBLIMX YCafKy B pe3yabrare orxkura npu 80°C Ha

2.1 (a), 4.2 (6),9.3 (B) u 14.6% (r) [58].

e, BBIABISEMBIH C IOMOILBIO HCNIOJIb30BAHHOM M-
KPOCKONUYECKOH METOAMKH, BHCIIHE aHAJOTHYCH
penbedy, BO3HUKAIOIEMY NPH yCafike MOJNUMEpPA,
Ae(POPMUPOBAHHOTO BbIIIIE TEMIIEPATYPhI CTEKJIOBa-
Hud (puc. 17a). HanoMHuM, 4TO ycaaka moamMepa,
AaecOpMHUPOBAHHOIO BBILIE TEMIIEPATYPbI CTEKIIOBA-
HUS, OCYIIECTBIACTCA OFHOPOIHO, B CBSI3H C YEM IIO-
BEPXHOCTB MOJIMMEPA IPHOOPETAET PETYISIPHbIH MHU-
Kpopenbed), OMHOPOAHO pacClpeAcsICHHBIA MO BCei
HOBEPXHOCTH 00pa3ua.

W3 puc. 198, 191 cneayeT, 4yTo Ha POHE MHKpOpeE-
nbeda, CBA3aHHOTO C TOTAJIBHOU OPUEHTALMEN IOIH-
Mepa, OTYETIHBO BHAHBLI MOJOCHI CABHIA, BO3HUK-
LIXE Ha IEPBOM 3Tane ero aeopmuposanud. [Ipyru-
MH CIIOBaMH, B Hayale fe()OpMUPOBAHHS NOJIMMEpa
(mo m B oGyacTh mpefena TEKyYeCTH) IMPOUCXOIUT
pasButue noxoc casura. B o6paTtHOM mponecce —
TEPMOCTHMYJIUPOBAHHOH ycajKe MpHU OTKHUTE BbILIE
TeMNEPATypbl CTEKJIOBAaHUSI CHayajia HMEET MECTO
ycajika MoJIMMEpPA B MOJOCAX CABHUIA, & YXKE MOTOM

BBICOKOMOIJIEKYJIAPHBIE COEJUHEHUA  Cepusa C

HAYMHAETC yCafika OCHOBHOH MAacChl OPHEHTHPO-
BaHHOro nonumepa. [IpuBefieHHbIE NPAMbIE MHKPO-
CKOMUYECKHE JaHHBIE MO3BOJIAIOT YTBEPKAATH, UTO
OPHECHTHPOBAHHBIH MaTepHall, JOKAIN30BaHHbIA B
NOJIOCax CBHra, OTBETCTBEH 332 HU3KOTEMIIEpaTyp-
HOe (HIDKE TEMIEpATyphbl CTEKJIOBAHHS) BOCCTAHOB-
JICHHE OPHEHTHUPOBAHHBIX CTEKJIOOOPA3HbIX IMONH-
MepoB. O4eBHUAHO, YTO HU3KOTEMIIEPATYPHAs ycagKa
00yCITOBJICHA MOJIEKYISIPHBIMU TPOLECCAaMH, IPOUC-
XOMSLIYMMH B IOJIOCaX CIBHTA.

[MpuBenieHHbIE BBILIE CTPYKTYPHbIE AAaHHBIE IIO
H3Y4YEHHIO MEXAHH3MAa TEPMOCTUMYJIHPYEMOH ycaj-
KM CTEKJI000pa3HOro mnojuMepa HOCAT oOwWui xa-
pakrep. AHAJOrH4YHbIE PE3YyJIbTAThI ObLIU MOJyYe-
Hbl M MPH HCCIEAOBAHHHM TEPMOCTHMYJIHPOBAHHOM
ycagku necdopMmupoBaHHbix obpasior I1IC. B atom
Clly4ae 3KCTIEPUMEHT ObLJI NPOBENEH HECKOIBKO HA-
ye. Bee o6pasupl 6b11H feOpMHPOBaHbI 10 OTHOM
creneHu cxatua (~25%), a pa3nuyHas BENMYMHA
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Puc. 20. Dnekrponnsie Mukpodororpaduu o6pasuos I[1C, nonsepruyToix fedopMalui OFHOOCHOTO CXKATHA Ha
~25% 1pu KOMHATHOM TEMIEpAType U NpeTepreBLUMx ycanky Ha 1.7 (a), 7.5 (6), 11 (B) u 25% (r, ) B pe3ynbTaTe

otxura npu 70, 80, 85 u 90°C coorseTcTBeHHO [58].

yCaKH AOCTHIAIach IIyTEM BapbUPOBAHHUS TEMIIEpaA-
TypbI oTXWUra (puc. 16).

Oka3anock, YTO NyTh, C NOMOLIBLIO KOTOPOrO JI0-
CTHUraeTCs Ta WIH HHAsI CTENEHb YCAKU, HE CKa3bIBa-
€TCs pellaoIuM 00pa3oM Ha CTPYKTYPHBIX Iepe-
crpoiikax nonuMepa. Tak, NpH OTHOCHTEIBLHO HHU3-
Kol Temmneparype otxkura 70°C ycanka o6pasua [1C
mana (1.7%), a NOBEpXHOCTh €ro NOKPbIBAETCs CET-
KO noJjoc capura (puc. 20a). YBennyeHue TeMIepa-
TypbI oTkura o 80°C (puc. 206) npuBOAUT K ycafke

BBICOKOMOIJIEKYITSIPHBIE COEOUHEHUA  Cepasa C

7.5%. ITonocel caBUra AenaloTcs penbedgHee, H HX
IUIOTHOCTH Bo3pacraeT. Otxur o6pasuos I1C nmpu
85°C yBenM4MBaeT YCagKy RO 3HA4YEHHil Aecpopma-
LMK, IPUMEPHO COOTBETCTBYIOIHX MPENEINY TEKy4e-
cti (11%). JaHHBIA IpOLECC CONPOBOKAAETCS MOAB-
JICHHEM MHKpopenbeda MEXAy MOJIOCAaMH CBUTA
(puc. 20B). 11, HaKOHEL,, OTKUT B OOIACTH CTEKIIOBA-
Hud (90°C) peanusyeT ycajKy, 3aMETHO NMPEBbILIal0-
LIYI0 Tpefesl TEKYYECTU NOJIUMEPA, U NPUBOJUT K
TOTANBLHON yCaike BCErO Ae(OpMUPOBAHHOIO MaTe-
puana. Xopoiluo BHAHO, YTO IIPH 3TOM COXPaHAIOTCS
N 7
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Puc. 21. CxemaTnuyeckoe n3o0paxeHnue o0pa3LoB
A HCNBITAHUI HA OOHOOCHOC CXKaTue, UCnoJib30-
BaHHbIX B pa6otax [29-35] (a) u [59] (6). )

MOJIOCHI CI[BUTa, BOHUKIIUE HA PaHHHX CTagUsAX Je-
¢popmarmu (ycagku) noaumepa (puc. 20r). Ilpu 60msb-
IHX YBEJIHYCHUSAX OTYETIIMBO BUHO, YTO B MPOLECC
yCalKdi BOBJIEYEHA BCS MOBEPXHOCTh IMOJHMEpa
(puc. 20n). Bonee TOro, MOXKHO OTMETHTL HECOMHEH-
HOE CXOJICTBO penbeda, peau3yeMoro npH TEPMOCTH-
mympyemoii yeapke IIC u IT9T® (puc. 191 u 207), yro
YKa3bIBACT Ha OOIIHOCTb HAGIIOZAEMBIX SB/ICHMIL.

Utak, mony4yeHHble JaHHBbIE CBHAETEIBLCTBYIOT O
TOM, YTO CTEKJIOOOpa3HbIi ONHMeEp AeopMUpPYET-
¢ kax ObI B iBa 3Tana. Ha nepsoM aTtane (mo npefe-
Jla TEeKy4YecTH) Heympyras aedopmais NoJHuMepa
JIOKAJH30BaHa B [TOJIOCAX CABHIA, KOTOPbIE pa3feris-
10T GJIOKM HEOPUEHTHPOBAHHOrO HMCXOAHOrO NOJH-
Mepa.

Ha BTopoMm 3Tane (06,1aCThb IJIATO HA KPUBOH pac-
TSOKEHHSI WM CKATUS) MPOUCXOJUT TOTANbHBIA Te-
PEXOR MOJIMMEPa B OPUEHTHPOBAHHOE COCTOSIHHE.
OueHb BaHO OTMETHTD, YTO, COrTTaCHO NPSMBIM MH-
Kpockonmu4yeckuMm HabmiogeHusm (puc. 20r), 3apo-
AUBIUMECS HAa MEPBOM 3Tame Ae¢OpMalMu MONOCHI
CABHUTa BKJIIOYAIOTCA B OPUEHTHPOBAHHYIO CTPYKTY-
py nosiuMepa, KOTOpast peaiu3yeTcs Ha BTOPOM 3Ta-
ne pedopmupoBanus. BriroueHne NpoucXoguT Ta-
KHM 00pa3oM, UTO MOJOCHI CABHUIA COXPAHAIOT CBOKO
HHAUBHAYAIBHOCTD U KOMILJIEKC CBOMCTB.

HecMOTps Ha OTMEUYEHHYIO BBILIE OOIIHOCTH B
MeXaHu3Max Heynpyrod pedopManud pa3IHYHbIX
CTEKJIOOOpa3HbIX MOMUMEPOB, CYLIIECTBYIOT OINpELe-
JIEHHbIE Pa3JIMYKsA B METOAAX NOLy4eHHUs 00pa3LOB B
HKaHHOU paboTe U MHOTOYHCIIEHHBIX HCCIECNOBAHUSX,

BBICOKOMOIJIEKY/IAPHBIE COEIUHEHUS  Cepua C
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BBIMIOMIHEHHBIX paHee [29-35]. O6bruHO necpopma-
MO NOJMMEPOB B YCIOBUSAX ONHOOCHOIO CXKATHS
MPOBOJIAT NPH KCNOIb30BAHUM LFUTHHAPHYECKUX 00~
pasuoB. B pesynrTare Takoi geopManuy noauMep
npuoGpeTaeT 604ko06pasHyo ¢opmy. OGpaTHbIH
NPOIIECC TEPMOCTHUMYTHPOBAHHOIO BOCCTAHOBJICHHS
pa3sMEpOB U3Y4alOT MyTeM H3MEPEHUs BbICOTHI Jie-
¢hopMHUpPOBaHHBIX OGPA3LOB B MPOIECCE OTKUTA.

PaccMOTpeHHbBIE BbINIE JaHHBIE O CTPYKTYPHBIX
MEPECTPOHKAaX, CONIPOBOKAAIOIIMX yCaAKy e opMu-
POBAHHLBIX CTEKIOOOpa3HbIX NIOJIUMEPOB, ObLIH TO-
Ny4eHBbI HECKONBbKO uHaue [55, 57-59]. Hanomuum,
YTO OHOOCHOE C3KAaTHE B 3THX IKCIIEPHIMEHTAX OCY-
LIECTBIANOCh B YCIOBHIX CBOOOJHOIO CKOJIbXKCHUS
MOBEPXHOCTEH 00pa3LUOB, CONPHKACAIOUIUXCS CO
CXKHMAIOIIMMH MOBEPXHOCTSIMH. B pesynbraTe Ta-
KOJi poLeAypbl MOArOTOBKH 00pa3lia MOCIeNHU He
MPUHUMAJ XapakTepHON O004Yk006pa3Hoil (POpPMbI
[24, 25, 29-35]. Yka3aHHOE CKOJIbXKEHHE TOCTHra-
JIOCh C MOMOILBIO MIACTHYHBIX NMPOKJIAJOK (METAJ-
JIMYECKUX WM MOJHMEPHBIX), Pa3soOLIAIOMIMX CXKU-
MaroLHe NOBEPXHOCTH H HCCIIEyEMbIE IOBEPXHOCTH
06pa3noB. OYeBHIHO, YTO B TAKUX YCIOBHUSX JIETKO
AROCTHrA€TCsI HEOOXORUMAs CTENEHB CKATUSA MTOJIME-
pa, OMHAKO HE YNaeTcs MOJNYYUTh KPUBYIO €TI0 OFHO-
OCHOI'0 C:KaTHsl, TOCKOJIbKY MEXAHUYECKUI OTKIIMK B
TaHHOM CIIy4ae CBSi3aH KaK HEMOCPENCTBEHHO C MO-
JIUMEPOM, TaK U C MATEPUATIOM NMPOKIAAOK. ITO 06-
CTOATENLCTBO HECKOJIBKO 3aTPyAHACT HHTEpPNpPETA-
MO pe3yJLTaTOB, OCOOEHHO B TE€X CIyyasx, KOrfa,
HanpuMep, AEIAI0TCA MONBITKU BbISIBUTH Pa3/IUYHs B
CTPYKTYPHBIX NEPECTpOiKax MOoJuMepa MpHU €ro je-
¢opMUpOBaHHM O H MOCNE Mpefena TEKy4eCTH, U,
YTO BaXKHO, 3aTPYAHSIET COMOCTABJICHUE pE3yJIbTa-
TOB, NOJIYYEHHbIX Pa3TUYHBIMA ABTOPaMH.

s npeofoneHus yKa3aHHOTO 3aTPy/AHEHHS B pa-
6ore [59] 6bL1a pazpaGoTaHa HOBass METOTHKA H3Y-
YEHHUs CTPYKTYPHBIX MEPECTPOEK AePOPMUPYEMOTO
nonuMmepa. Kak u B paborax [29-35], o6pasen ans
UCTIBITaHUA MPEACTARISII CO00M LumuHAp. OaHaKo B
OT/IMYHE OT OOBIYHO HCHONb3YyEMbIX MOHOJIMTHBIX
00pa3sloB yKa3aHHBIH HUIHHAP ObLT COOpaH U3 AHC-
KOB TONIMHOM ~1 MM (puc. 21). ITocne gepopMmanuu
TaKOH 00pasel MOXKHO ObLIO pa3o0paTh Ha OTHEb-
HBIE 3IEMEHTBI H HCCIEAOBATH C MIOMOLIBIO OMHUCAH-
HOH BBILIE MPSIMOIl MHUKPOCKONMHYECKOH METOTUKH.
PaKTHYECKH 3TO METOA CTPYKTYpHOH ToMorpaduu
noJuMepa.
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Puc. 22. 3aBUCHMOCTH BEJIMYHHBI AiepopMaLiuu Of-
HOOCHOrO Ccxkatus OTHeNbHbIX cnoeB IIMMA (na-
YaJibHAs TOJIMHA KAaxXaoro 1 MM) OT MX MOJIOXe-
HMS [0 OTHOIIEHHIO K CXKUMAIOLIEH TOBEPXHOCTH.
O06111ad BeTMYHHA OFHOOCHOIO C:KATHA MHOTOCIIOIi-
Horo o6pasua 30% [59].

HedopMupoBaHUE yKa3aHHBIX 0Opa3LOB BbIABH-
N0 ABa OOCTOATENHCTBA, MO3BONISIOIIMX I10JIAraTh,
YTO fAaHHasi TOMOrpadguyeckas NpoLeaypa HE BHO-
CHT Cepbe3HbIX H3MEHEHHUI B MEXaHU3M JiehopMaLiiu
nonuMepa B 1eIoM. Bo-nepBoIx, NOJ JEHCTBHEM OfI-
HOOCHOTO CKaTHsi MHOTOCIOHHBIA OOpasel, CTpyK-
Typa KOTOPOrO IpeAcTaBiieHa Ha puc. 21, nedopmu-
PYeTCs KaK €HHOE LIENIOE, B PE3YIbTATE 4ErO MPOUC-
XOTHUT H3MEHEHHUE €r0 (POpMBI OT HHIIMHAPUYECKOM K
604YK000pa3HOM, B IIOIHOM COOTBETCTBHMM C H3MEHE-
HueM ¢opMbl, HaGMIOAaBIIMMCA B paGoTax [29-35]
npu gepOpMHPOBAHHN MOHONMTHOrO o6pasua. Bo-
BTOPBIX, KPUBAsT OHOOCHOT'O C:KATHsI MHOTOCJIOHHO-
ro o6pasiia B MOJHOH MEpPE COOTBETCTBYET KPHUBOH
OTHOOCHOTO CXKATHUSI MOHOJIUTHOTO MOJIMMEpPA.

Pa3paGoTaHHbIil COCO0 JAaET BO3MOXKHOCTD TO-
JIYYUTH HOBYIO BA*KHYIO MH(OpPMaLHMIO O feopMu-
pyeMOM HONUMEpE, AHAJIOTHYHYI0 HH(GOPMAIIMH, KO-
TOPYIO OOBIYHO OGECIEUYHBAET METOJ TOMOrpacduu.
Ha puc. 22 npepcraBieHa 3aBUCHMOCTh BETHYHHBI
nedopMaLuH KaxkOro U3 CIOEB MOIUMEPA B 3aBUCH-
MOCTH OT MX MecTa (yaJ€HHOCTH) [0 OTHOLIEHUIO K
cxkumMaroleil mosepxHoctd. [Ipusenennbie akcnepu-
MEHTAJIbHbIE TaHHbIE CBUAETEILCTBYIOT O TOM, YTO
nonumep, KeOPMHUPOBAHHBIA B YCIOBHSX ORHOOC-
HOrO CKaTusi, ABJISIETCA BECbMAa HEOTHOPOAHBIM IO
crpykrype. JleicTBurenrHo, obpasen, [IMMA, ne-
(pOpMHPOBaHHBI B YCIOBUAX OTHOOCHOIO CXKATHS

BBICOKOMOIJIEKYJIAPHBIE COEMUHEHUS  Cepua C
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Puc. 23. 3aBucuMOCTb aGCOMIOTHOTO H3MEHEHUS
BBICOTBI OTAENbHBIX cloeB IIMMA nocne gedop-
MHMPOBAaHHs MHOTOCNOHOro obpasna Ha 30% npu
KOMHaTHO# Temneparype. HoMepa y kpusbix cooT-
BETCTBYIOT MOJIOKEHHIO KaXKAOr0 C104 [0 OTHOIIIE-
HHMIO K CXKHMAOLLEil MOBEpXHOCTH. BepTHKaIbHOM
NUHUENH OTMEYeHa TEMIEpaTypa CTEKJIOBaHHUS
IIMMA [59].

Ha 30%, comepKUT y4aCTKH, CYIIECTBEHHO OTIMYal0-
HIgeCss IPYr OT Apyra No BENHYMHE Ae(POpMALMH.
[TepBblie TPH—YETHIPE CIOS, MPUIETAIOLIME K CKUMa-
IOLMM MOBEPXHOCTSM, MPAKTHYECKH HE COEPKAT
ocTaTouHoil gedopmanuu. B To ke BpeMs B LEHT-
paNbHOI YacTH, 0Opa30BaBLICHCS B PE3YILTATE CKa-
s “O0uKkHu”, medopMalys NOMUMEPA MPEBLIIIAET
70%.

IMpemnosxkeHHass METOAUKA MO3BONISET HCCIENO-
BAThb TEPMOCTHMYJIHPOBAHHOE BOCCTAHOBJICHHE pas3-
MEpOB KaXIOro U3 CJIOEB, COCTABISIOLMX “O0UKy”.
Ha puc. 23 3Tu faHHbIE NPENCTABICHBI B BUEC 3aBH-
CUMOCTH aGCOIIOTHOTO U3MEHEHHS BBICOTBI KaXK[O-
O U3 CJIOEB OT TEMIIEPATYPhI OTKUTA. XOPOILIO BUAHO,
YTO B 3aBUCHMOCTU OT MECTOMOJIOKEHUS KaxKIOro
citosi HaGMIoJaeTCd TP BHIA TEPMOMEXaHUYECKOrO
noseneHust. Cion 1-3 OTHOCHTENBHO UX TIOJIOXKECHUS
OT C:KMMAIOIEH MOBEPXHOCTH, OYEHb MAJIO H3MEHS-
IOT CBOH pa3Mepsl B npolecce oTxkura. Mx repmome-
XaHHYECKOE NMOBEJICHUE MPAKTHYECKU HE OTIHYAETCA
oT ucxogHoro HegedopmuposanHoro [IMMA (Hu-
SKHSASE KPUBasi), B CBA3H C YEM OHH HE ObLIIU IIPUBENIE-
HbI Ha puc. 23. Cnoii 4 0OHAPYKUBAET XOPOIUO BhIpa-
KEHHYIO HH3KOTEMIIEPATYPHYIO COCTABJISIOLIYIO
TEPMOCTHMYJIHPOBAHHOTO BOCCTAHOBJIEHUS pa3Me-
POB, KOTOpasi MOSBISETCA C TEMIEPATYPhI OTKHUTA
~50-55°C. FIMeHHO ¢ Tako# TeMrepaTypbl HaYMHA-
€TCst BOCCTAHOBJICHHE pa3MEPOB H BCeX APYrux ¢par-
N7

ToM 47 2005



1356
(a) HM
12000
8000
HM
s

T T
12000 8000

©)

Puc. 24. ATOMHO-CHNOBBIE U300pakKeHUA OTHEND-
HBIX CJI0€B, MONyUYEHHBIX MOCe AeopMaLUH MHO-
rocnoiiHoro o6pasua IIMMA Ha 30%. Ha otnens-
HbI€ CIOM HAHOCHJIM TOHKOe (15 HM) mIaTHHOBOE
nokpeitTne u orxkuranud mpu 130°C. Benuwuuna
ycapku 1.7 (a), 20.8 (6) u 45% (B) [59]."

MEHTOB MHOrOCJIOAHOro o6pasua. bonee toro, y 06-
Pa3LoB 5-9 BO3HHUKAET U IENAETCs Bee Goliee 3HAYMMOI
BBICOKOTEMIIEpATypHast (B OOMacTd TeMmepaTypbl
creknoBaHusa [IIMMA) cocrapasioiast TEpMOCTHMY-
JMHPOBAHHOTO BOCCTAaHOBIIEHUS pa3MepoB. C yBenu-
YEHHEM pPACCTOSIHHUA OT AHA “O04YKH” 3TOT BKJAL B
TEPMOCTHMYJIHUPYEMYIO YCAAKY HENPEPBIBHO BO3pac-
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TaeT U MOCTENEHHO HAYMHAET MPEBBIATH MO aGCo-
JIOTHOMH BEJIMYMHE HU3KOTEMIIEPATYPHYIO COCTABIIS-

IOILYIO.

Hrak, nunuHApUYecKMii oOpa3el; nonuMepa, Ko-
TOPBIA OGBIYHO HCNOJNBL3YIOT B IKCIEPUMEHTAX MO
OJJHOOCHOMY CXKATHIO MOJUMEPOB, AedOpMUPYETCH
BECbMa HeofgHopoaHo. BHyTpH o6pasia, nogsepruy-
TOrO OHOOCHOMY C2KATHIO, UIMEIOTCS 30HBI, lehop-
MHpPOBAHHBIE B pa3anyHOi creneHu. Kak crepyer u3
puc. 23, 3TH CJIOH HE TOJBKO PAa3IMYaIOTCs 110 BENH-
4yiHE AepopMaLlK, HO H NO-Pa3HOMY pearnpyioT Ha
MocJeNyoLiee HAarPEBAaHUE B IKCIEPUMEHTAX IO OT-
KUTY.

IIpeumyiiecTBa TOMOTrpapMUECKOro MOAXoa He
HCYEPNBIBAIOTCS NOTYYSHUEM HOBOI HH(OpMALHH O
MEXaHUYECKOM M TEPMOMEXAHMYECKOM OTKIIHKE
u3yyaeMbix cucreM. CoueraHue ToMorpacduyeckoro
Nofixofa ¢ pa3pabOTaHHOH paHee METOXUKON BHU3ya-
NH3aLMU CTPYKTYPHBIX NepecTpoek [55, 57-59] nos-
BOJIFET “3aryIsiHYTh” B 00beM ehopMUpPyEMOro no-
aumepa. JIelcTBATENBHO, mocie AeOpMHUPOBAHUSA
MHOTOCIIOHHOTO 00pa3lja MOCHEHHUI MOXKET ObITh
pa3o0paH Ha COCTaBISIOIIME €ro 3nmeMeHThl. [lo-
BEPXHOCTH KaxKAOro H3 3JEMEHTOB MOKHO JIEKOpH-
pOBaTh MYTEM HAHECEHHSI 3KECTKOrO MOKPBITHS U HUC-
CEOBaTh MPSIMBIM MHKPOCKONUYECKHM METOJOM
MOCJIE€ OTXKUTA U CBI3aHHOU C HUM YCaJ{KH.

Takue 3KCNEpHUMEHTbI ObLIH BBHINONHEHBI, U UX
pe3yabTaThl NPEACTABACHBI HAa pHC. 24. BugHo, 4To
cnoii 3, OTHOCHTENBHO OJU3KO PACIONIOKEHHBIH K
CXKUMAIOILEHd MMOBEPXHOCTH, HMEET HEGOJBIIYIO e-
¢hopMaLHIO ¥ COOTBETCTBEHHO MATyIO CTEIEHD yCaf-
k# (1.7%). Ycagka Takoro o6pasua mpoTekaer my-
TEM BTATHBaHHs NIOJIUMEPA, PACHOJIOXKEHHOTO Ha €r0
MOBEPXHOCTH, B 00'bEM B YETKO BbIPAXKEHHBIX MOJO-
cax cABHMra. YBenmueHHe fedopMauyd, a ClaegoBa-
TENBHO, U YCakH, R0 20.8% (cnoi 5) npuBOTUT K BO-
BJIEYEHHIO B MPOIIECC TEPMOCTUMYIHPOBAHHOTO BOC-
CTaHOBJIIEHHA oOpasuma, a Takxke MaTepuana,
PAaCIOIOXKEHHOTO MEXKAY MOJIOCaMH caBuUTa (puc. 246).
Ha aToM pucyHke BUIHA HaYalbHas CTaJHs TAKOTO
BOBJICYECHHS], B CBSI3H C YEM BO3HHKAIOLIHIL penbed
BBITJISAAUT HECOBEPLUCHHBIM H MAJI0 PEryJspHBIM.
YBenu4yeHHE CTEeNeHH CXKAaTHs HOKpeITHA A0 45%
(cnoit 7) cOmpoOBOXKAAETCA BO3HMKHOBEHHEM Ha-
CTOJIBKO PETYJISIPHOrO U COBEPIIEHHOTO MUKPOPETb-
eda, 4YTO €ro TPyaHO OTIUYHTH OT MHKpoOpenbeda,
peanu3yIouerocs NpH ycagke monuMepa, gedopmi-
POBaHHOrO BBILIE TEMIIEPATYPhbl CTEKIOBaHHS (Cp.
N7
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puc. 17a u 248). PasuTeIbHOE CXONCTBO ITHX PUCYH-
KOB CBHIETENLCTBYET O YPE3BBIYAHHOH GIU30CTH,
ecid He 00 HEISHTUYHOCTH MEXaHU3MOB BO3HUKHOBE-
HUS YKa3aHHbIX MAKpopenbedos. [Tpu 6onbimx ae-
dopMaimsax ' ycafka CTEKJIOOOpa3HOro MoJamMepa
OCYUIECTBIIAETCA TAKUM XK€ 00pa3oM, Kak H ycajka
nonuMepa, JepopMIPOBAHHOIO BhILIE €TI0 TEMIIEPA-
TypbI CTeKIIOBaHus. ['71aBHOI OCOGEHHOCTBIO TAKOM
nedopMaluu SBISETCA €€ OFHOPORHOCTh (addun-
HOCTB). HeyaAMBHTENLHO, YTO BOBJICYEHHE TNTABHOM
MacChl MOJIUMEPA B TEPMOCTHMYJIHMPYEMYIO YCANKy
OCYIIECTBIISIETCA B OOJIACTH €ro TEMIEPATYPbI CTEK-
JIOBAHMA.

CTPYKTYPA UCXOOHOI'O
CTEKJIOOBPA3HOI'O IMOJIMMEPA
" EE BIIMSAHHUE HA MEXAHU3M
INIACTUYECKOU JEPOPMAIINU

Htak, Mbl paccCMOTpENH [BE IPYMNIbl NPoGieMm,
CBA3aHHBIX C OCOOEHHOCTSIMH MOJIEKYJISAPHOTO HABH-
KEHHs B CTEKJIOO0pa3HbIX nmoauMepax. Bo-nepBbix,
3TO HEKUI BUJ HU3KOTEMIEPATYPHOro (HIXKE COOT-
BETCTBYIOLIEH TEMIIEPATYPbI CTEKJIOBAHHS) MOJIEKY-
JSIPHOTO ABIDKCHHS, KOTOPbIA HAGMIOAETCA B HCXON-

' HBIX CTeKJI00Gpa3HbIx nonmuMmepax. OH ABJISeTCS OT-
BETCTBEHHBIM 3a npouecc (PU3NYECKOr0 CTapeHHUst
MoUMEPHBbIX cTekon [8]. Bo-BTOPhIX, MONEKYISAP-
HbIE JBICKEHMSA, MPOUCXOAAINE B AeopMUpOBaH-
HOM MOJUMEePHOM MaTepuane. OHu 00yCIOBIHBAIOT
KOMILIEKC (PH3NKO-MEXAHHYECKHUX CBOHCTB, NOPOG-
HO PacCMOTPEHHBIX BbILIE: AE(OPMALMIO YIIPYTOro
nocneneictsus [17], pocT HANPSKEHUI NPY H30OMET-
pUYeCcKOM HarpeBaHud [22, 23], HU3KOTEMIIEpATYp-
HbIE€ yCafiku fe(pOpMUPOBaHHBIX MOMUMEPHBIX CTE-
koI [24, 25] u T.7.

Bo3sHukaeT Bompoc, KakiuM o06pa3oM CBsi3aHbl (M
CBSI3aHbI JIM) MEXKJY COOOM 3TH BUABI MOJIEKYISPHO-
ro aBuKeHusA? SIBNAIOTCA MU CTPYKTypa W CBOMCTBA
HCXOJIHOTO MOJIMEPa OTBETCTBEHHBIMH 33 HaOmIoKa-
eMmble aHoOManuu (U3MKO-MEXAHUYECKOTO MOBENE-
HUS 1e(OPMHPOBAHHBIX CTEKOJ WIH OHH CBA3aHBI C
HEKHUMU CTPYKTYPHbIMH 00pa30BaHHUsAMM, BOSHHKAIO-
L[MMH HETOCPEACTBEHHO B MPOLIECCE HEYNPYToOM Je-
¢dopmarun nonumepa?

K HacrosiieMy BpeMeHH COCYILIECTBYIOT 00€ TOY-
KU 3PEHILI: YacTh HCCIECAOBATENCH CBA3BIBAIOT BCE
aHoManuu B PH3HKO-MEXAHHYECKOM MOBEACHUH TO-
JUMEPHBIX CTEKON C MX HCXOHOM CTPYKTYpoii [24,
25, 32-35], a 4acTb — C BO3HHKHOBEHHEM HEKHX
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OTtHocurenbHas gedopmanys

Puc. 25. KpuBasa pactsokenus (/) ¥ COOTBETCTBYIO-
e Mexauuveckue norepu (2) B IIK npu xomuaT-
Hoit TemMnepatype. ITocne focTHXEHNA YITTHHEHHA,
COOTBETCTBYIOILETO TOYKE A, HA KPUBOH pacTsKe-
HUs HAMpsDKEeHUe GbUIO YMEHBIIEHO 0 HyJIs, U 00-
pasel HAXOTIWICA B 9TOM COCTOSHHE B Te4eHHE 1 4.
Tlocne “otmpixa” pactskeHue ObLIO MPOAOJLKEHO

(631

CTPYKTYpP HEMOCPEACTBEHHO B mpouecce aedopma-
umm [29-31].

[{ng oOTBeTa HA MOCTABICHHBIE BOMPOCHI PACCMOT-
pHUM pe3yIbTaThl HEKOTOPBIX UCCIEROBAHHIA, B KOTO-
PBIX I U3y4EHUsI MEXaHH3Ma AeOpMaliui UCIIOJb-
3YIOT COYETAaHHE HECKOJBKHX 3KCIEPUMEHTAIBHBIX
MeTooB. Tak, B pa6ore [63] u3y4yanu HEynNpyry:o fie-
¢opMauuio I1K B yCioBmsIX OFHOOCHOIO pacTsDKe-
HUS M OJHOBPEMEHHO C 3THM H3MEPSUIH MPOUECCHI
BHyTpeHHero TpeHmst. Ha puc. 25 conocrasnena fae-
¢dopmaumonHo-npouynoctHas kpusas 1K ¢ coorseT-
CTBYIOLIMMY MEXaHWYECKHMHU MOTEPSIMH, H3MEpsie-
MBIMH [AapANIEIbHO C OFHOOCHBIM PACTSAKEHUEM C
MTOCTOSIHHON CKOpOcThIO. BuaHO, UTO CHavana (10
NPUIOXKEHUST MEXAHUYECKOrO HANpsDKEHHsT), KaK H
CeAyeT OKUAATH JISA MOMUMEPHOrO CTEKJIA, MOTEPH
HeBenukd. [locne npuoxeHus: Harpy3KH H 3a[{0/Iro
0 TIpefieNia TeKy4eCcTH (HauuHas ¢ yIIuHEHH ~2%)
B MIOJIUMEPE BO3HHUKAET HEKas HoBas “¢pa3a”, UMeEro-
[asi 3HAYHTEJLHO OOJIBIIYIO MOAATIUBOCTD U COOT-
BETCTBEHHO O0JbIIHE MeXaHHYECKHE noTepu. Konu-
4ecTBO 3TOH “¢a3bl” HENMPEPBHIBHO YBEJIHYHBAETCH,
TMOCKOJBKY HAaOMIOJaeTCsl HENIPEPBIBHBIA POCT BHYT-
PEHHEro TPeHHs, KOTOPbIN AOCTATOYHO PE3KO Mpe-
KpalaeTcs Mocjie JOCTIDKEHHA Mpefiesia TEKy4EeCTH.
Hansueiuas nedopManus noauMepa (Ha ydacTke,
rae IPONCXOAUT Pa3BUTHUE LICHKH) HE CONPOBOXKAA-
eTCs YBEIMYEHHEM MEXaHHYECKUX MOTEPh, HO U HE
MPOUCXOAUT UX 3AMETHOTO CHUXKCHUA. Ecnu Ha 3TOM
Ne 7
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y4acCTKe KPHBOM PACTSKEHHs OCTAHOBUTB Jie(hopMu-
pOBaHME MOIUMEPA, TO HAPAJLIECIBHO C peflakcalueii
HanpsoKEHUs HAOJIIOAAETCs JOCTAaTOYHO PE3KMIA Criaj
MEXAHUYECKHX NTOTEPh. ITOT Pe3yNbTAT OQHO3HAYHO
CBHIETEJILCTBYET O pejlakcaliul (3aJICYNBAHUE) HO-
BOH “¢ha3bl”, BOSHUKILEH NpH KepOpMUPOBAHUM TIO-
nuMmepa. Bo3oGHOBIEHHE Ae(OPMALMH BHOBb PE3KO
YBEIMYMBAET YPOBEHb MEXAaHMYECKHX NOTEPb, YTO
YKa3bIBA€T Ha “pEaHMMALIUIO” OTPENaKCHPOBABILHUX
00J1acTEH C NMOBHIIIEHHBIM YPOBHEM MEXaHHYECKHX
MOTEPD UM O BO3HUKHOBEHUH HOBBIX 00aCTed, HO B
TOM K€ KOJHMYECTBE, YTO U B HCXOJHOM COCTOSIHHH,
peanu3yroweMCcs IIPU JOCTIDKEHHHU MOJMMEPOM Mpe-
AeJla TEKY4ECTH.

PaccMOTpEHHbBIE JaHHBIE OTYETIHBO KOppENHpy-
0T C PE3YIBTATAMH NPSIMBIX TEPMOTHHAMIYECKHX HC-
CIENOBAHMI, BBINOIHEHHBIX C IOMOIIBIO AeopMaru-
oHHOU KanopumeTpuu [29-31]. B 3Tux ucciaegosanu-
fX OBLIO NMOKA3aHO, YTO HAKOIUIEHHE BHYTPEHHEN
3HEpruu fepOpMUPYEMBIM MOTHMEPOM TaKXKe MpO-
HCXOOHUT TOJILKO 0 AOCTHXKECHUH AcOpMaLuid, MpH-
MEPHO COOTBETCTBYIOILUX IPEMENy TEKy4YeCTH, IO-
Cll€ YETO NMEPECTAET CYIECTBEHHO H3MEHATRCA. Bax-
HO OTMETHTD, YTO AAHHBIE PUC. 25 KOPPEIUPYIOT U C
pe3ynbTaTaMu HCCIENOBAHUN TEPMOCTUMYIHPYEMO-
r0 BOCCTaHOBJICHHSI Pa3MepOB Re(OPMHPOBAHHBIX
NOMMMEPHBIX CTEKOJ. [IeHCTBHTENBHO, CpaBHEHHE
puc. 25 1 5 CBUIETENBLCTBYET O TOM, YTO HH3KOTEM-
nepaTypHasi COCTaBJAIOLIass TEPMOCTUMYITHPYEMOro
BOCCTAHOBIICHHSI PEANH3YETCA TOJNBKO HO MOCTHKE-
HHS OpeJieNa TEKYUYECTH, T.€. KaK pa3 TaM, IJie BO3HU-
KaIOT M pacTyT MOTEPU Ha BHYTPEHHEE TpEHHE fe-
¢opmupyemoro nonumepa. Kak Tonbko gocruraercs
npefes TEKYYECTH, NPEKPaLaeTCs POCT MEXaHHYEC-
KHX MOTEPD (PHUC. 25) U MEPECTAET YBEIUYHBATHCS
HU3KOTEMIIEPATYPHBIH BKJIAaJ B TEPMOCTHMYJIHpYE-
MO€ BOCCTaHOBJEHHE 1e(hOPMHUPOBAHHOTO MOTUMEP-
HOro crekina (puc. 5).

IIpuBencHHBIE BBIIE IKCHECPHMEHTANBHBIE pe-
3yAbTAThl YKa3bIBaIOT HA TO, YTO IIPH HEYNPYTO#i Jie-
¢opMaLy MOJUMEPHOTO CTEK/IA B HEM BO3HHKAET
Hekasi BTopas “¢a3sa”, HMEMILas CYIECTBEHHO OT-
JINYAIOLIAECS CBOUCTBA. DTa “a3a” BOZHUKAET €llle
Ha TaK Ha3bIBACMOM TIYKOBCKOM YYaCTKE KPHBOM
PacTsKEHUs, U €€ KOMMYECTBO HEMPEPBIBHO BO3pac-
TaeT BILNIOTh JO AOCTIDKEHHS MONIMMEPOM mpejesa
TeKyuecTH. Kak TONBKO JOCTHUTaeTcs mpefes Teky-
YECTH, T.€. HANIPSDKEHHE B MOJUMEPE MEPECTAET YBe-
JWYMBATECS, ‘‘3alpefe/IUBAcTCd’ M KOJHYECTBO

poxkparoleiicss HoBo “a3bl” U OTHOBPEMEHHO Npe-
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KpaIl[aeTCs POCT 3aacaeéMOii BHYTPEHHEN IHEPrUm.
CrepoBaTensHo, e(POPMUPOBAHHOE CTEKIO HMEET
HHYIO CTPYKTYPY, YEM UCXOAHOE, U MOXKHO CYHTATh,
YTO MCXOJIHAsl HEPABHOBECHAS CTPYKTYPA HE SBJIACT-
Cs1 OTBETCTBEHHOMH 32 (PU3MKO-XHMHIYECKHE U (PHu3u-
KO-MEXaHHYECKHE aHOMAJIHH, KOTOpbIE NEMOHCTPH-
pyeT ne¢OpMUPOBAaHHOE NTOJIMMEPHOE CTEKITO.

Beie Gb110 MOKa3aHO, YTO AedopManys MOJH-
MEPHOrO CTEKa B 00JaCTH NpeAeiia TEKY4ECTH CO-
[IPOBOXKAAETCA Pa3sBUTHEM IIPSIMO PETUCTPHPYEMBIX
30H IVIACTHYECKH AeHOPMUPYEMOro NONUMEPA — MO-
JI0C CABUTA. DTH NMOJOCHI CABUTA COAEPKAT OPHEHTH-
pOBaHHbIi (PUOPUITH30BAHHBIH MOIMMED, KOTOPbIi
M OTBEYAET 3a aHOMAIHM (PU3MKO-MEXAHUYECKOTO
MOBEECHN NOMUMEPHbIX CTeKoI. ITogpobHee mexa-
HU3M fedopMamyu U ycaaku aeOpMHPOBaHHOTO
MOTMMEPHOrO CTEKNA OYIET pacCMOTPEH HILKE.

JInd oTBeTa Ha BTOPOH BONPOC O B3aMMOCBSI3U
CTPYKTYPBI U CBOKCTB HCXOTHOTO U e OPMUPOBaH-
HOrO CTEK/I000pa3HOro MoJimMepa HeOoOXORUMO Ha-
IIOMHHUTB €I OfJHO BaXKHOE OOCTOATENBCTBO. [leno B
TOM, YTO MOJIEKYNSIPHbIE MPOLIECCHI, OTBETCTBECHHBIE
3a (PU3MIECKOE CTapEHHE MOJTMMEPHOrO CTEKIIA, pa3-
BHBAIOTCsA OJHOBPEMEHHO BO BCEM OOGBEME CTEKJIO-
00pa3HOro MoJUMeEpa, T.€. 3TH MPOLECChl MPOTEKa-
10T appunHO.

B TO Xe BpeMsi BaXXHO OTMETHUTH, UTO AcopMa-
LHs IOMUMEPHBIX CTEKOJ SIBISIETCS NPUHLIUNHAATBHO
He ofHOpopHOM. Kak ObL710 TOKa3aHO BhILIE, IIACTH-
yeckas fedopMalus MONMMEPHBIX CTEKON JOKAJH-
30BaHa B 0COOBIX 30HaXx ([IOJIOCax CABHra, Kpei3ax).
Bce anomanun B pU3HKO-XUMHYECKOM H (PU3HKO-Me-
XaHA4YECKOM MNoBefieHnH AeOpPMHPOBAHHbIX MOJIHU-
MEPHBIX CTEKOJ OOYCIOBIEHBI MPOLECCaMH, NPOTe-
KaOIIUMHU UMEHHO B 3THX OCOOBIX 30HAX JIOKAIH3a-
uuM Heynpyroil aedopmauuu. CreayeT OTMETHTD,
YTO 30HBI 3aPOXKAAIOTCA M PACTYT HEMOCPEACTBEHHO
B CTEKJIOOOpa3HO#l MaTpHlle, KOTOpPOH MNpHCYLIH
npoueccel pusnyeckoro crapenus. [Ipoueccsr uHu-
LMMPOBAHHUS H POCTa KaK KPEH30B, TaK H MOJIOC CABH-
ra XOpOILIO H3y4Y€HbI U OXapaKTepHu3oBaHbl. B yacr-
HOCTH, ObLI1O Moka3aHo [43] , 4To oba BHAa TAKOrO
poaa oOpa30BaHUil pa3BHBAIOTCA B MOJHMMEPE MOX
ACHCTBHEM MEXaHUYECKOTO HAMpSDKEHHUS MPSMOIIH-
HefiHo. OHH Kak Obl “He 3aMEYar0T”’, YTO caMa MOJH-
MEpHas MaTpHLIa, B KOTOPOM OHHM PacTyT, CTPYKTY-
pupoBaHa. bonee Toro, kak Kpeii3bl, Tak U CIBUIO-
BbIE TMOJIOCHI MpPH CBOEM pocTe Kak Obl ‘“‘He
3aMedqaroT’ H 60Jiee cepbe3HbIX MPensaTcTBUil. XOpo-
2005
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IO U3BECTHO, YTO 00a BuAa 00pa30BaHull NPIMONU-
HEHHO pacnpOCTPAHSIIOTC U B 60jiee CTPYKTYPHpPO-
BaHHBIX CPEfaX — KPHCTAUIMYECKHX MONUAMEPAX, B
KOTOPBIX KaK Kpel3bl [52], Tak u casury [51] pactyT
NpsIMOJIMHEIHO, MepeceKasi Bce ceueHue oopasia.

YuutsiBas adp¢puHHOCTH npouecca PU3MIECKOro
CTapeHus, MOXHO IOIBITaThCA OLEHUTH pa3Mep
06 bEMOB, B KOTOPBIX OHH Mpoucxofaar. OueBHgHO,
YTO 3TH OOBEMBI COM3MEPHMBI C Pa3MEPOM JbIPOK
CBOOOAHOTO OO0'bEMA, ONPEACHAEMbIX METOAOM aH-
HUTUIALUH NIO3UTPOHOB. KoNMH4ecTBO TakuX ABIPOK
COCTaBIISET BeIUYMHY nopsipka (1-2) x 101 em™ a ux
pa3mep ~2 A [64]. ITockonbKy yKa3zaHHBIE POLECCHI
IIPOHCXOfAT BO BCEM OObEME MOJIUMEPA, MOHITHO,
YTO YHCIO TAKUX 30H BECbMA BENHKO U COU3ZMEPHUMO
C YHCIIOM MaKpPOMOJIEKYJNI B EJUHUYHOM 0ObEME MO-
JauMepa.

B TO ke BpeMs 4YHCIO 30H JIOKAJIN30BaHHOM fe-
¢opManu (ONOC CABHTA H KPEH30B) OTHOCUTEIBLHO
HEBEJHKO. ITO YHCIO JIETKO MOARAETCS OLECHKE C MO-
MOILIBIO MPSIMOTO MHKPOCKOIIUYECKOTO IKCIIEPUMEH-
Ta M 3aBUCUT OT BEJMYHHBI HanpsDKeHus, gedopma-
UM, TeMIepaTypskl 4 T.4. [43]. Yucno 30H Heynpyroi
nedopMalMi HECONIOCTABAMO C KOJMYECTBOM MUK-
POHEOTHOPOIHOCTEH, XapaKTEPHbIX [N CTPYKTYPbI
aMopHbIX noauMepoB. MHbIME cllOBaMH, BO3HUK-
HOBEHHE WM PAa3BHTHE yKa3aHHBIX 30H IUIACTHYECKH
neOpMUPOBAHHOTO MOJNKUMEPA HE CBA3AHO MPSIMO C
€ro BHYTPEHHEH CTPYKTYPHOU HEONHOPOFHOCTHIO.
Cronp HEGOBILOE YUCIIO 3aPOKAAIOLIMXCA KpeH30B
WM TIONOC CABHUTA CBSI3aHO C HEKMMH CIYyYaiHbIMU
HECOBEPIIEHCTBAMHU CTPYKTYphl (fePpeKTaMH, KOH-
LEHTPaTOPaMHU HAMPSDKEHUs), MPUCYIIMMU peabHO-
My NOMAMEPY W PpAa3IMYAIOIUMHUCI HO CTENCHH
“ONmacHOCTH” ¢ TOYKH 3PEHUS MHULMHPOBAHUA 30H
miacTuieckoi gedopmauun (43].

ITogeiTOXKMBasg MaTepHal, U3JOXKEHHBIA B JaH-
HOM pasfielie, MOXHO 3aK/IIOYUTh, YTO (PU3UKO-XU-
MUYecKue U (PHU3UKO-MEXAaHHYECKUE AHOMATHHU HC-
XOMIHBIX U JeOPMHUPOBAHHBIX NOIUMEPHBIX CTEKOJ,
BHJIMMO, OOYCJIOBJIEHBI NPUHLUHUIUAIBLHO Pa3HBIMH
[IPOLIECCAMH, OTIPEACIIAEMbIMU Pa3NMYHbIMI BUJAMH
MOJIEKYISPHOIO ABICKEHMA. B nepBoM ciryuae mone-
KYJIIPHOE [IBIDKEHHE HMEET MECTO BO BCeM oObeme
[moJiuMepa, NMPUBOAS K Nepexony B 6ojiee paBHOBEC-
HOE CTPYKTYpHO-¢uznueckoe cocrosiHue. Bo BTO-
POM Clly4ae OHO JJOKAIM30BaHO B OCOOBIX 30HaX (IMO-
Jlocax ¢ABura u kpemsax). Ero peanu3zaiua npusogut
K IOJIHOMY BOCCTAaHOBJIEHHUIO HCXOTHOM CTPYKTYPbI U
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' CBOMCTB CTEKJIO06Pa3HOro NOMMMEPA U MIOTHOMY 3a-
NeYHBaHUIO O6JacTel MITACTUYECKH Ae(POPMHPOBaH-
HOTO IMoMuMepa.

MEXAHU3M JE®OPMAILIMU
U TEPMOCTUMYIIMPOBAHHOI'O
BOCCTAHOBIJIEHHU
IMOJIMMEPHBIX CTEKOII

JaHHBIE NPAMBIX CTPYKTYPHBIX HCCIEROBAHUI,
U3JIOKCHHBIE B MPEABIAYIIMX pa3feax, MO3BOIAIT
MO-HOBOMY B3IJISHYTb Ha MEXaHH3M JedopMauun
NOJIMMEPHBIX cTeKOI. [l afeKBaTHOrO NMOHUMAaHHSA
9KCHNEPHUMEHTANBHbIX JAHHBIX HEOOXOIUMO BEPHYTh-
¢ K paCCMOTPEHHIO JIPyroro BUAA IIaCTUYECKOM ie-
¢opMalyu NOTMMEPOB — KPEH3MHIa, KOTOPBIH ObLI
nogpoGHo paccMoTpeH B MoHorpadum [43]. Xors
MEXAY KpeH3UHIOM H 06pa30BaHUEM NONOC CABUTA
HET NMPUHIUNHANBHON pa3HUIbI, MONyYECHHE NpH-
MBIX JaHHBIX O MEXaHH3ME KpEH3uHra Kak pusm-
YECKOro SBJICHHA CyIIECTBEHHO oO6iaerdyeHo. Ilo-
crefpHee OOCTOATENBCTBO CBA3aHO C TEM, YTO B
CTPYKType Kpeii3a COIepKaTCd MEUKPOIYCTOTbI, 1103-
BOJIFIOLIUE UCTIONB30BATh /ISl €T0 U3YYEHUS pa3Hbie
BHJIbl MEKPOCKOIIHH 1 MAJIOYTTIOBOI'O PEHTT€HOBCKO-
IO paccesiHust.

MHOro4ncneHHbI€ IKCIEPUMEHTANIBHBIE IaHHBIE,
KACaoIHeCss aHOMAJIbHOIO MOBEEHUsT KPEH30BaH-
HBIX MONMUMEPOB, YAAIOCh HEIIPOTUBOPEUUBO OOBSC-
HHTH, UCHONb3Yst IBE BaXKHbIE OCOOEHHOCTH, COIPO-
BOXKJIAIOLIME HX Heynpyryro gedopmanuio. Bo-nep-
BbIX, 3TO 3KCIIEPHMEHTAJILHO YCTAHOBJICHHBIN (PaKT,
4yTO Heynpyras fedopMalys CTEKI000pa3sHOro Io-
JMMepa M0 MEXaHU3My KpEd3HHIa CONPOBOXKAAETCS
€ro AMCIEPrHPOBAaHHEM HAa MENbYaHILHME arperaThbl
OpHEHTHPOBAHHBIX MAaKpPOMOJIEKYNl — (DUOPHILIBI,
HUMEIOIIHE pa3Mephl OT EAUHULL A0 AECATKOB HAHOME-
TpoB. Takoro popa ¢uOpHIIU3aLMA NOJUMEPA
O03HAYaEeT, MO CYILIECTBY, IEPEBOJ €r0 B HEKHI MO-
BEPXHOCTHBIH COM, MOCKOJBKY, KaK ObLIO OTME-
YyeHo BbilIe [65], puOpunnspHbIi arperat Makpo-
MOJIEKYT COI€PXKUT BCET'O HECKONBKO JECSITKOB MaK-
poMonekyn. Bo-BTOpbIX, B  MHOTOYHCICHHBIX
HCCIEOBAHMAX, BHINIONMHEHHBIX B MOCIEAHUE TOIBI,
YCTaHOBJICHO, YTO NOJHUMEPBI B TOHKHX INIEHKaX H
NOBEPXHOCTHBIX CIOSX UIMEIOT OCOOBIE CBOMCTBA U, B
JaCTHOCTH, CYIIIECTBEHHO MOHIDKEHHYIO TEMIepaTy-
py creknoBaHus [66—68]. PaKTHYECKU TONBKO 3TH
ABe (PyHAAMEHTANbHBIE OCOOEHHOCTH AedopMalu
CTEKJIOOOpAa3HBIX NONUMEPOB MNO3BOJIUIH OOBSC-
HHUTh BECh KOMIUIEKC aHOMANHUi B (PU3UKO-MEXaHU-
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Puc. 26. CxeMaTuueckoe H300paxkeHHe CTPYKTYPhI
Kpeii3a (a) u mosockl casura (6) [52].

YECKHX M (PU3MKO-XMMHYECKUX CBOHCTBaX KpEM3o-
BaHHBIX NMONMUMEPOB.

Kak 6bII0 OTMEYEHO BbIlIIE, KPEH3UHT SBIACTCS
JHIIL OXHOM U3 Pa3HOBHHOCTEH Heymnpyroi aedop-
MalUy CTEKIO000pa3HbIX MOIUMEPOB. [Ipyras Takast
Pa3HOBHAHOCTb — PACCMOTPEHHAA BbIlli€ BEIHYKICH-
Hasi BBICOKO3JIACTUYHOCTb, MJIH CABHIOBast TEKY-
4yecTb. Baxk#Ho OTMETUTB, YTO MEXAY ITHMHU BUAAMH
MUIACTHYECKON AedopMalMi HET NPHHLMIHANBHOU
pa3Hunbl. Kak ciBuroBas TeKy4ecTb, Tak H KPEH3UHT
ABJSIOTCA TEPMOAKTHBUPOBAHHBIMH MpoOLECCaMU
ITACTHYECKON AeopMaLii, MPHUBOASIIIMMHE K JHUC-
NEeprupoBaHHIO MONMMepa Ha pUOPUIISPHBIE arpe-
raTbl MaKpoMOINiekyJ. B nmureparype HEOIHOKPATHO
MONYEPKHUBANIOCH IPUHLMITHATBLHOE CXOICTBO MEXKAY
HAaHHBIMM BHIAMH ITACTUYECKOH eOpMalMi CTEK-
noo6pasHoro nonumepa. Ha puc. 26 cxematuyecku
NpEeACTaBlIEHa CTPYKTYpa 30H Heymnpyroi aeopma-
LI [IOJIMMEPA B CIy4yae Kpei3uHra u casura. Bugxo,
YTO HMEET MECTO HECOMHEHHOE MOP(ONIOrH4YECKOe
CXOICTBO Kpei30B U moJioc capura [52]. YkazaHnHoe
CXOfICTBO MO3BOJIAET HCMOIB30BAThH PAa3BUTHII paHee
CTPYKTYPHBIA MOAXON AJIsl ONUCAHUSL KPEU3UHIa KaK
¢usnyeckoro sIBICHUSI U AN PacCCMOTPEHUS MeEXa-
HU3MAa CABUTOBOM TEKYYECTHU.

B 3TOIi CBA3H BakHO OTMETHTb TaKXKE CYILIECT-
BEHHOC OT/IMYHE MEXKIY CHBHTOBOH TEKYyYECThIO H
KpEH3UHIOM, KOTOPOE BBISBISETCA NPH pacCMOTpe-
HUU CTPYKTYPHBIX JAHHbBIX, OCBSILLECHHBIX 0OOUM BU-
gaM Iuacruyeckoi pedopmaiuu noaumepo. Ha
puc. 27 npuBeeHbI KPUBBIE BOCCTAHOBIICHUS pa3Me-
poB mpu orxkure o6pasuos IIK, pacTaHyThix npu
KOMHATHO¥ TeMIIepaType Ha BO3Ayxe ¢ 00pa3OBaHU-
eM weiiku (kpusas 4) u B AAC no MexaHu3My KJac-
CHYECKOro Kpeii3unra (KpuBas 3), a takke [IMMA,
Ae(pOpMHPOBAHHOTO MO MEXAaHH3MY KJIACCHYECKOTO
KpeiizuHra (kpusas /) u ogHopopHo npu 100°C (kpu-
Bas 2). Xopoiuo BupHo, yto [1K, nedpopmupoBaHHbIi
¢ 06pa30BaHUEM ILEHKH, IOKA3bIBACT HE3HAYUTENb-
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Puc. 27. TemnepatypHas 3aBUCHMOCTb BOCCTAHOB-
sneHus pa3mepoB obpasuos € [IMMA (I, 2) u IIK
3, 4), neropMHPOBAHHBIX B YCIOBHUSIX OAHOOCHOTO
pactsokennd. [, 3 — ob6pasust [IMMA u IIK, ne-
(OopMHPOBAHHBIE B H-MPONAHOJNE MO MEXAHHU3MY
Kpeii3unra; 2, 4 — o6pasupt [IMMA u IIK, pacrs-
HyThbie Ha Bo3ayxe (IIMMA npu 100°C, IIK — npu
KOMHATHOH TeMmnepatype). BepTukanbHbie mrpu-
XOBBI€ JIHHUM OTMEYAIOT TEMIIEPATYPY CTEKIOBA-
uusa ITK (I) u TIMMA (1) [43].

HYIO ycaaky (~12%) HiDbKe TeMImepaTypbl CTEKJIOBa-
HHUSA. ITO TEPMOMEXAHUYECKOE MOBEJEHHE HAXOMUT-
Csl B IOJIHOM COOTBETCTBHH C JAaHHBIMH, IEMOHCTPH-
pYIOLMMH [IBAa BKJaia B TEPMOCTHMYJIUPYEMYIO
ycagky Ae(OpMHPOBAHHOTO CTEKIOOOpPAa3HOro Mo-
numepa [43]. B OCHOBHOM BOCCTaHOBJICHHE pa3Me-
pPOB Takoro obpasua NpPOHCXOAMT, KaK U CIEAyeT
OXHAAThb, B 00JIaCTH CTEKJIOBaHUA noiaumepa. B Tto
3Ke BpeMs ycaKa KpeH30BaHHOTO o0pasiia MOJHO-
cTbio (Ha 95%) NpOTEKaeT HIKE €ro TEMIICPATYPhI
crekiyoBanus. B cnyyae [IMMA Ttakske npakTuyec-
KU BCsl yCaJIKa KpeM30BaHHOro 06pasiia OCYIECTBIIs-
eTcsl B TEMIIEPATYPHOM HHTEPBAJIE HILKE TEMIIEPATYy-
PBI CTEKJIOBAHUS, B TO BpeMs Kak 00pa3el, pacTaHy-
TBII NO MEXaHU3My CABHTOBOH TEKY4YECTH MpPH
100°C, ycaxuBaeTcs MOMHOCTBIO MpH T, momuMepa.
OTMeTHM, YTO MOJIEKYISPHOE [JBIKEHHE, OTBETCT-
BEHHOE 3a HHU3KOTEMIIEPATYPHOE BOCCTAHOBJICHHE
KPEHU30RAHHBIX MOJIUMEPOB, MPOSABIAET CEOA B TEM-
nepaTypHoM HHTepBaie 6onee yem Ha 100°C Hike
T, 6n04HOrO MoJUMepa.

B NpAMbIX MHKPOCKOIMUYECKUX IKCIIEPUMEHTAX
MOKa3aHO, YTO HU3KOTEMIIEPATYpHAsK ycagka Kpeu-
30BaHHbIX MOJHUMEPOB CBS3aHA CO CTPYKTYPHBIMH
nMepecTpoiikaMu, NPOUCXOASAIIUME B 00 bEME Kpei-
308B. Ha puc. 28 npefcrasiieHsl 3aBUCHMOCTH OTHOCH-
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TENBHOTO U3MEHEHHS TUHEHHBIX Pa3MEPOB KPEH30B
U TIPOMEKYTKOB MEXKY HHMH OT TEMIIEPATYphI OT-
KHUra, MOMYYECHHbIE B NPSMBIX MUKPOCKONMHYECKUX
uccaenoanusax oo6pasuos I1K, fe¢opMupoBaHHBIX B
AAC no MexaHW3My KIIACCHYECKOrO KPEI3HHTa.
BugHO, YTO CMBIKaHHWE KpPAeB WHAUBHAYAJIBHBIX
erﬁ3OB NPOUCXOAUT IPAKTHYECKHU NMOJTHOCTHIO HU-
ke Temneparypbl crekioBanud [1K. B To ke Bpemst
B HCOPUEHTUPOBAHHBIX (pparmen'rax HCXOOHOTrO Nno-
JIAMepa, JIOKAJIU30BaHHBIX MeEXAy Kpeii3amu, He
TOJIBKO HE 3aMETHO KaKOM-TU0O0 yCafiki, HO OHU Aa-
K€ HE3HAYMTCJ/IBHO YBCIUYMBAKOT CBOH pPa3MEphl
BCJIE[ACTBUE TCIIOBOI'O paClIUpPECHUsA. AHaTOruyHbIe
pe3yALTaThl ObLIH MOMTYYEHBI U IPH OTKUTE KPEeH30-
BaHHbIX 00pa3ioB [IMMA [43].

Ipu kpeiizuare B AAC cBoGofHAs IOBEPXHOCTD
¢ubpunIN30BaHHOTO MaTepHaja KpeH3OB pa3BHBa-
€TCs B IIMPOKOM JHANA30HE CTEMEHEH PaCTSKEHUS
nosnuMepa. B ciyyae cABHTrOBOH TEKYy4ECTH MPOLECC
HMeeT MECTO TOJILKO B 00/1acTH Manbix fedopMma-
U — 10 B B OKPECTHOCTH npegena tekydectu. He-
YAUBUTEILHO MO3TOMY, YTO, HalpHUMEpP, aHOMAJb-
Hble HU3KOTEMIIEPATYPHbIE YCaIKi MPHU OTKHUIre Ha-
GMIoal0TCA ISl KPEH30BaHHBIX MOIMMEPOB BO BCEM
auanasoHe gedopmanyu (puc. 27), a 11 IOIUMEPOB,
e OopMHpPOBaHHBIX 110 MEXAHU3MY CABHTOBOH TEKY-
YECTH, TOJIBKO B Oo6aacTu AedopManuii JO npegena
TEKY4eCTH (pHC. 5).

JIns mOHHMAHUS MEXaHH3Ma IUIACTHYECKOH Jde-
dopMaluK CTEKIIO06pa3HBIX MOJUMEPOB HEOOXOIH-
MO TaKXe NMPOaHAIN3UPOBATDL JaHHBIE, KACAIOLIUECS
3HEPreTHYECKOro 6anaHca ykasaHHOro mpouecca. B
OOCTOSATENLHBIX TEPMOAHHAMUYECKUX UCCIENOBAHH-
AX HEOJHOKPATHO ObLIO NMOKa3aHO, YTO HA PaHHUX
aTanax (10 U B 0OJIaCTH Npefea TeKy4ecTH) aedgop-
MHPOBaHUs CTEKJIOOOPA3HBIX MNOJUMEPOB MPOUCXO-
OUT HaKOIUIEHHE 3HAYHTEJILHOH BHYTPEHHEH 3HEp-
I'MU HE BIOJHE MOHATHOU MpHPOAbI. ITOT 3¢hdekT
NIPOSIBNSAETCS, B YACTHOCTH, B OOHApyKHMBAEMOM Me-
togom [CK yBenuyeHHH 3HTAnbnuu AedopMupo-
BaHHOTO cTekJIo0Opa3Horo nonuMepa [8], a Takke
NPSIMO PETUCTPHUPYETCS C MOMOLIBIO fe(POPMALUOH-
Hoil kanopumerpuu [29-31]. Hapexnas perucrpa-
s 3¢ deKkTa HaKOIUIEHUs] BHYTPEHHEH SHEPIUH IO-
JIUMEPOM caMa IO ce6e HE JaeT OTBETA Ha BONPOC, 3a
CYET KAaKoro (pakTopa M3MEHSETCS SHEPreTHYECKOe
COCTOSIHHE TIOJUMEDPA NIPU Ae(POPMUPOBAHUHN. ABTO-
pel MoHorpacguu [8] paccMaTpHBalOT HM3MEHEHUE
MEXMOJIEKYISIPHOTO B3auMOJENCTBHA NpH Aedop-

19 BBICOKOMOIJIEKYJIAPHBIE COEAUHEHUSA  Cepua C
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Puc. 28. TemneparypHas 3aBUCMMOCTh OTHOCH-
TENBHOTO M3MEHEHHA JIMHEHHBIX pa3sMepoB Kpei-
30B (/) M HEODHEHTUPOBAHHBIX YYACTKOB MEXKTY
HUMHU (2) B HANPABJICHUH OCH BBITSIKKH JJIA 00pa3-
uoB IIK, pacrsnyTeix B H-nponaHose. llITpuxoBas
nuHus — Temneparypa crekinosanus [1K [43].

MHUPOBAHHH [MONUMEPAa B KadeCTBE pELIAIOIIETO
BKJIaia B U3MEHEHHE €TO BHYTPEHHEH 3HEPrHH.

B cBere 06CyxnaeMOil aHAIIOTHH MEXAY Kpeu-
3MHCOM M CABUT'OBOH TEKYYECTBIO BaKHO OLECHUTH
MPVHIFHATBHYIO BO3MOXKHOCTh HAKONJIECHUS BHYT-
peHHell aHepruu aedOopMUPYEMBIM MOMHUMEPOM 3a
CYET yBEJMYECHUS] er0 MOBEPXHOCTHOW 3Heprud. B
3TOU CBA3U HEOOXOOHUMO OTMETHUTH JBE NPUHLMUMU-
anbHble 0COOCHHOCTH AechopMalH CTEKI000pa3-
HBIX NOJIUMepPOB. Bo-nepBbix, HAKOIJIEHHE BHYTPEH-
Heil SHEprHM Ha HAYalbHBIX 3TANax IUIACTHYECKOH
nedopMaLMH  XapaKTEPHO HCKIIOYUTENBLHO s
CTEKI000pa3HbiXx NoMuMeEPOB. B ciiyyae Heynpyroro
e opMHpPOBaHHS HI3KOMOJIEKYISIPHBIX KPUCTALIN-
YeCKHX TeJl Ha MEPBOM 3Tamne Bca pabora aedopma-
LU MOJHOCTHIO PacCEMBAETCA B BHAE TEMNOTHI [31].
Bo-BTOpBIX, CTPyKTypa MOJOC CABHMra, pa3BHBAIO-
IIUXCSL B MOJMMEpPax, MPHHIHUIHUAIBHO OTIMYAETCS
OT CTPYKTYphl NOJOC CABHra, HaOMIOMAlONIMXCA B
HU3KOMOJIEKYJISIPHbIX TBEpAbIXx Tenax. [lomocer
CIBHTa B IIOJMMEPAX 3aMOJHEHB! (PUOPUIIU3OBAH-
HbIM OPHEHTHPOBAHHBIM ITOMMEPOM [51].

Bo3HuukaeT BONpoc, MOKeT U HAaKOIUIEHUE CTONb
3HAYHUTENBHOIO KOJIUYECTBA BHYTPEHHEH 3HEpPrHU
npu ae¢opMHPOBAHNM MONMMEpPA ObITh CBA3aHO C
pa3BUTHEM MOBEPXHOCTEHN pa3sfena, XapaKTEPHbIM
st monoc casura? JIns 3TOM Lenu BOCIOMb3yeMCs
UMEIOLIUMHCA IKCHCPUMEHTANbHBIMUA JaHHBIMHU OT-
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HOCHTENIBHO CTPYKTypbl mosoc cpeura. CormacHo
NpHUBEJCHHBIM TaHHBIM [51], momock! casura 3amnon-
HeHb! (PUOPWINH30BAHHBIM MMONMMEPHBIM MaTepHa-
JIOM. Y YHTBIBas MOCIIEHEE OOCTOATENLCTBO, B pab0o-
Te [69] 6buTa cuenaHa OLEeHKA BETMYHUHbI BHYTPEH-
Hell  9HEprHd, KOTOPYI0O TMOJIHMEP  MOXKET
HAKaIUIMBATh HA IIEPBBIX 3TaNax HEynpyroi aedop-
MaLuH. YKa3aHHas OLEHKa ObLla IIPOBEJEHa C yue-
TOM COBPEMEHHBIX NMPEJCTABIICHUH O CTPYKTypE MO-
JIOC CABUTA B CTEKIO00Pa3HbIX MONIMMEPAX.

JonycTuM, 4TO BeNMMYUHA Heynmpyrou fedgopma-
UM nojaumepa pasHa €. [Ipegnonoxum, 4To Ha nep-
BBIX 3Tamnax Ae¢opMUpOBaHHs BCs AcopMaLus Co-
CPEeAOTOYEHA B IONIOCAX CABHUra. Takoe NONOKEHUE B
NOJIHOM MEPE COOTBETCTBYET MHOTOUUCIEHHBIM 3KC-
NEPUMEHTANBHBIM AaHHBIM, COTIACHO KOTOPLIM Jie-
¢hopMHPOBaHHBIN NPHMEPHO [0 Mpefesa TEKYYECTH
MONIVMEP MpPENCTABsIET COO0M CHCTEMY MOJIOC CABH-
ra, pasfgejcHHbIX OIOKamMH HEAE(POPMHPOBAHHOIO
nonumepa [44]. IlycTh cTeneHpb BbITSKKH NMOIHMEpa
BHYTPH TIOJIOC CABUTa COCTaBisieT A, HetpyaHo mo-
Ka3aTh, YTO TOIVAa YAENBHBIH OOBEM MOJUMEPHOTO
MaTepHaJa B nonocax casura V; (06beM NOJTUMEPHO-
ro MaTepualia B 30HaX CBHUIa, OTHECCHHBIN K 00be-
My Hefle(popMUPOBAHHOTO NMOMUMEPA) PABEH

V,=¢/A,— 1 (1)

CorjacHO HMEKIUMCS 3KCMEPUMEHTATBHBIM
HaHHBIM [44, 51, 55], nonuMep, 3aMOJHSIOLMIA 30HBI
caBHra, pa3buBaeTCs Ha CHCTEMY (PHOPHILI JHAMET-
poM Dq,. B atom ciiydae o61uasi miomaab NOBEPXHO-
CTHU NOJUMEPA B 30HAX CABUIra

Wnnu ¢ yueTom ypaBHeHus (1)
Sp =4e/(As— 1)Dy, 2)

[TonyyeHHOE COOTHOLLIEHHE MO3BOJAET OUEHHUTH
BEJIMYMHY MOBEPXHOCTHOW 3Hepruu U, 3amacaemoit
CTEKJIOO0pa3HBIM MOJMHMEPOM B MPOLECCE €rO Jie-
¢opMupoBaHH HA MEPBOM 3Tame, KOIrfa Heynpyras
mecdopMalsi OCYLLECTBISETCA TJIAaBHBIM 0O0pa3oM
IIyTEM Pa3BUTHA 30H CABHTA (IO M B 06JaCTH IpEena
TEKYYECTH):

rae 'Y - yI[eJIBHaﬂ HOBerHOCTHaﬂ :-)Heprm[ NnoJimMeEpa.

BenuuuHa yeabHO MOBEPXHOCTHOM YHEPTHHU A
Hauboliee pacnpoOCTPaHEHHBIX CTEKJIOO0Pa3HbIX IO-

BBICOKOMOJIEKYNIAPHBIE COEMUHEHHUA  Cepus C
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JUMEpOB, Takux, Hanpumep, kak IIC, II9Td,
[IMMA, coctasasiet 0.04-0.05 [x/m2. ITpumem cre-
MEHb BBITSDKKH MOJUMEPA B 30HAX CABHTAa PaBHOM
ABYM. OTa BEJIMYMHA COOTBETCTBYET U3BECTHBIM IKC-
NEPUMEHTAILHBIM JAHHBIM IO NPAMOMY ONpeAeie-
HUIO CTENCHH BBITSDKKU MMOJMMEpPA B NOJIOCAX CABHTa
(8]. Tunmuueiit guameTp ¢$uGpunn Dy, B monocax
ciBura U Kpeisax pasen 1076 oM [43].

Ecnu caBurosylo aedopmanuio nojuMepa € npu-
HATb paBHO# 10% (npuMepHOe 3HaueHue pedopma-
IMH [pefeNia TEKY4YeCTH GOJIBIIMHCTBA CTEKI000-
pa3HbIX MOJIMMEPOB), TO AJIS IUIOLIAAH MOBEPXHOCTH
¢uOpIIIH30BaHHOrO MaTEpHAa B MOJOCAX CABHra
nonyuuM ~40 M?*/cM3, a COOTBETCTBYIOLIAS €11 BEJH-
YHHA NOBEPXHOCTHOM 3Heprun — 1.6-2.0 [Ix/cM3. Ot-
METHM, YTO BEJMYMHA BHYTPEHHEH 3HEPrUM, HaKam-
JIUBAaEMOY MOJUMEPOM JIO Tpefesia TEKy4YeCTH, CO-
CTaBNISIET, COIJIACHO MAHHBIM JAe(POPMALUOHHOU
KanopumeTpud [29-31], Benuuuny 2-3 Ix/cM> ast
Takux noauMepos, kak I1C, ITK, [IMMA. Benaunna
HaAKaIUIMBaeMOM MOMIMMEPOM Ha MEPBbIX ITanax fe-
(GOpMHPOBAHHA BHYTPEHHEW IHEPIUH, OIpEAesie-
mas metogoM JICK, Takxke HaXOgMTCS B Mpemesiax
2-3 Ix/cm? [8]. Bonee Toro, B paGore [51] Goiia u3-
MepeHa U36bITOYHAS BHYTPEHHSA SHEPTUs MaTepHa-
na nonockl casura. OKa3bIBAETCs, YTO CYHIECTBYET
MpOCTasi BO3MOXKHOCTb OTAEIUTh MATEPHAJ, HAMOJ-
wsirowmii monocy capura I[1C, U u3sMepuTh METOIOM
JCK ero 3anaceHHyI0 3Hepruro. EcTecTBeHHO, 4TO B

‘ YUCTOM BHIE I3TOT MATEpPHAJT COACPKUT IHAYUTEIIb-

HO OGonbwmii U36bITOK (B 2-3 pa3a) BHyTpEeHHel
sHeprui. [locnennnii pe3yapTaT ewie pa3 CBHAETENb-
CTBYET O TOM, YTO H3MECHECHUE BHYTPEHHEN IHEPruu
MOJIEMeEpa NpH ero AeOpPMUPOBAHHU HIDKE TEMIIC-
paTypbl CTEKJIOBAaHUSI MOXET ObITh OOYCIOBJIEHO
BO3HHKHOBEHHEM BbICOKORHCIIEPCHOIO (PUOPUIIH-
30BaHHOT'O MaTepHaa B OJIOCaX CABUIa U, KaK Clefl-
CTBHE, MOSABICHUEM B MOIUMepe N30bITKA IIOBEPXHO-
creii pasgena.

TTony4yeHHBbI# pe3yabTaT, HECMOTPS Ha rpyboCcTh
OLIEHOK, MO3BOJISIET CAENaTh OO0CHOBAHHOE MPEANO-
JIOKEHHeE O CYIIIECTBOBAHHUH €ILE OHOr0, KPOME YIO-
MSIHYTBIX Bbillie (paKTOpOB (M3MEHEHHUA KOH(OpMa-
LU Lieneil, T.e. BHYTPUMONEKYJISPHOH 3HEPIrUU 3a
cuer T-G-nepexofoB, U3MEHEHHUS MOJIEKYISIPHOH
YIOAKOBKH M 3HEPrHH MEXMOJIEKYJSPHOTO B3aUMO-
MEWCTBHS, UCKAXKEHUSI BAJICHTHBIX YIVIOB U CBS3EH,
pa3pbiBa XMMHYECKHMX CBA3€il), OTBETCTBEHHBIX 3a
HAKOIUICHHE BHYTPEHHEH SHEPruM MOJMMEpPOM Ha
nepBeIX 3Tanax ero pedopmupoBanua. Hapspy c
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BO3MOKHBIMH JpYTUMHU (DU3MYECKMMH NPUYHHAMHA
I3MEHEHHsI 3HEPTETUYECKOr0 COCTOSHUSA MOJIuMepa
npu iepOpMHPOBAHNU, OTMEYEHHBIMHU BBILIE, H30bI-
TOYHAasi BHYTPCHHAA JHCPTUA MOXKET OBIThH CBsI3aHA C
pa3BHTHEM U36bITKA MOBEPXHOCTEM pasfaena. bonee
TOrO, 3TOT BKJIaJl BO BHYTPEHHIOIO JHEPIUIO fedop-
MHPOBAHHOT'O MOJUMEPA MOXET ObITh CTONDb BEIHUK,
YTO MOJHOCTHIO 0GECNECUNBAET BEIUYNHY IKCIIEPH-
MEHTAJIBHO H3MEPAEMOH BHYTPEHHEH JHEPruM, Ha-
KaIUTHBAEMOM J1e(DOPMHUPYEMBIM NOTTMMEPOM.

ITpepnaraeMslit MEXaHU3M HAKOIUICHHUS BHYTPEH-
HEl YHEPrUH HE MPOTHBOPEUUT MHOTOYUCIEHHBLIM
3KCMEPUMEHTANBHBIM JAHHbIM, IOJYYEHHBIM MPHU
U3YYEHUH SBJIECHHH, COMPOBOXAAIOIMX HEYNPYLYIO
nedopMaLHio CTEKIO06pa3HbIX nonuMepos. B yact-
HOCTH, B pabore [8] couetanneM metonos UK-crek-
tpockonuu u [JCK 6b110 NoKa3aHO, YTO U3MCHEHHE
pa3MepoB INpH OTXKUTE 1e(POPMUPOBAHHOIO B CTEK-
J00GPa3HOM COCTOSHHUHM MOJHUMEpPa OTYETIHBO KOp-
peNpYeT C H3MEHEHUEM €r0 BHYTPEHHEH 3HEPTHH, A
TaKXe, YTO O4Y€Hb Ba>KHO, COIPOBOXKIAETCA BOCCTa-
HOBJICHHMEM HApPYUICHHBbIX IPH Je(OPMHUPOBAHUH
MEKMOIIEKYNSAPHbIX B3auMopeiicTeui. KMcnons3osa-
HHE pa3BUTHIX BbILE MPENCTABICHUA I03BOJSET
nerko o6 bACHUTH HaGmonaeMblii apexT. [leiicTeu-
TENbHO, Pa3BUTHE B GIIOYHOM MOIHMEpPE Mexdas-
HBIX TPAHHUIL (MOJIOC CABHUTIa C X BbICOKONUCTIEPCHOM
BHYTPEHHEH CTPYKTYpPOIi) JOMKHO COIPOBOXAATHCA
pa3pbIBOM MEXMONEKYNSPHBIX CBA3CH H, CIEfOBa-
TEJIbHO, YMEHBIICHHEM HHTEHCHBHOCTH MEXKMOJIEKY-
NApHBIX B3auMopgedcTeuil. OGpaTHBIH npouece (Tep-
MOCTUMYJ/IHpYyeMasi ycaika JedOpMHPOBAHHOTO IIO-
JauMepa), NPUBOMSILHIL K BOCCTAHOBICHHIO HCXOTHOM
CTPYKTYPHI, AOIKEH CONMPOBOXAATHLCA BOCCTAHOBJIE-
HHEM HapyLIeHHbIX NMpuU AedopMalMU NOJUMEPA
MEKMOJIEKYJIISPHbIX CBA3€H H, ECTECTBEHHO, BOCCTa-
HOBJIEHHMEM MEXMOJIEKYJISIPHOTO B3aUMOJECHCTBHA,
XapaKTEePHOTO [l KCXOAHOTO nonuMepa. OueBUAHO,
YTO MPH ITOM HEM3GEKHO 3aJIEYHBAIOTCA M BCE BHY-
TPEHHUE MOBEPXHOCTH pa3fiesia, XapaKTEPHbIE s
MOJIOC C/IBHTA.

B mnosnb3y npegoXeHHOrO MEXaHHM3Ma CBHJE-
TEJNbCTBYIOT U JaHHBbIC, ONMYOIUKOBAaHHBIE B paboTe
[8], rme HE3KOTEMNEpaTypHOE (TIpH OTKUTE HUXKE T,)
BOCCTAHOBJIEHHE TeOMETPUYECKUX Pa3MepPOB fedop-
MHPOBaHHBIX [OJMMEPHBIX CTEKOJ CBA3BIBAIOT C
NpOSIBIEHHEM KPYITHOMACIITaGHOrO [B-MONeKyJIsp-
HOTO ABMKeHUs1, COrflaCHO HHTEPNPETALMH aBTOPOB,
3TOT BHJ MOJEKYJSPHOIO [BIXKECHHUS €CThb JIOKAJib-
HOE MPOsIBJICHUE CETMEHTAIBHOIO ABHXKEHHSA B MCC-
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Tax MOBEILIEHHOr0 cBOOOHOro 06 bema. OT riiaBHO-
ro O-peIaKCalMOHHOTO MEPEX0a JaHHbIH B MOJIE-
KYJISIDHOTO JIBIDKCHHSI OTJIUYAETCS OTCYTCTBUEM
KOOTIEpaTHBHOCTH.

Haumnnas ¢ cepegunbt 90-x rogoB XX Beka 6b1710
BBIMIOJTHEHO OOJBIIOE YHCIO padOT, MOCBSLUICHHBIX
OCOGEHHOCTSIM MOJIEKYJISIPHOTO ABIKECHHUSI B TOHKHX
(BEeCATKU—COTHU HAHOMETPOB) IIIEHKAX U ITOBEPXHO-
CTHBIX COsIX aMOp¢HBIX noauMepoB [66—68]. brLio
MOKAa3aHO, 4YTO B CTOJIb TOHKHUX CJIOSIX NPOUCXOIUT
pe3koe (Ha JecATKH, COTHH IpajycoB) NOHIKEHHE
TeMmepaTypsbl creknoBaHus. [IpU4uHbI TAKOTO CHITL-
HOT'O MOHIDKECHHUS TEMIIEPATYPbl CTEKIIOBAHUS CBA3a-
HbI, B YACTHOCTH, C HApYyLICHUEM KOONEPATUBHOCTH
mpotiecca CTEKIOBAaHUS U3-3a NPOCTPAHCTBEHHBIX OF-
PaHUYECHHI AT ABIDKEHUS MOJTUMEPHBIX LENEH B TEX
cny4asix, KOrja TOJNIU{HA MUICHKH HIH IOBEPXHOCT-
HOrO CJOS MONHMEpPA JENAal0TCd COM3MEPHUMBIMH C
HEBO3MYILEHHBIMH pa3MepamMu MakpoMoneky. Kak
BHHO, 3TH Pe3yJbTaThbl MPEKPACHO COrNACylOTCs C
UUTHPYEMBIMH BbIIIE pabOTaMH, MOCBALICHHBIMH
BBISICHEHHIO MEXaHH3Ma [3-MONEKYISPHOrO ABHIKE-
HUS B IONMUMepax. bonee TOro, HIMEHHO CTOJIb CHJIb-
HOE CHHIKEHHE TEMIIEPATYpPhl CTEKJIOBAHU B TOHKUX
MOBEPXHOCTHBIX CIIOSIX aMOP(HBIX NOIUMEPOB IM03-
BOJISIET HENPOTHBOPEYUBO OOBSICHUTL M MEXAHH3IM
HU3KOTEMIIEPATYPHOTO BOCCTAHOBJICHUA Ae(OpPMH-
POBaHHBIX NOMUMEPHBIX cTeKOI [55].

EcTecTBEHHO, YTO OTKUI NOJHMEpA, COfEepKa-
IHETO MOJIOCHI CABHIA, a CIIEAOBATENBLHO, H H30BITOK
BHYTpPEHHEH 3HEPru, HOJIKECH COMPOBOXAATRCSA K-
30TEepMHYECKUM (PEPEKTOM, MOCKONBLKY BO3HUKHO-
BEHHE MOBEPXHOCTH B CHCTEME BCErfa TEPMOJHHA-
MHUYECKH HEBBIFOHO, U OOpaTHbBIH MPOLECC — CIMsA-
HUHE TMOBEpPXHOCTEH  pasfgena BCErga  HAET
CaMOMPOU3BOJIbHO. BHIUMO, IMEHHO 3TOT 3K30TEp-
muueckuil 3¢ ekt u Habmogaetcs Ha [JCK-repmo-
rpaMMax npu oTkure geopMUPOBAHHBIX CTEKJIO000-
pa3Hbix noauMepoB. Ha puc. 6 npencraBneHb! f1aH-
seie [ICK, (no pa6orte [8]) anst cTekI006pa3HOro
I1C, pepopMupOBaHHOrO CXKATHEM H IIOABEPrHYTOr0
OCJIe 3TOr0 HU3KOTEMIIepaTypHoMy oTxury (70°C)
B TE€UYCHHE PA3IUYHBIX IPOMEKYTKOB BpEMEHH. XO-
POLLIO BHHO, YTO 3K30TEPMIYECKHI MUK (KpuBbIe /-3)
MOCTEMEHHO YMEHBIIAETCA B IIPOLIECCE HU3KOTEMIIE-
PATYPHOIO OTKHUra U HCYE3AET COBCEM (KPHUBBIE 4-7)
npu GOJNBIIKMX BpEMEHAX OTXKUra, YTO CBHACTENLCT-
BYET O 3aJICYHBAHHU MEXK(a3HbIX TPAHHUL] B CTPYKTY-
pe moisoc cpBura. BO3HUKHOBEHHE 3HAOTEPMUYEC-
KOr'O IHKa B 00J1aCTU CTEKJIOBaHMsI GJIOYHOTO MOJH-
N 7
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Mepa B Mpoilecce OTXKUra (KpuBbie 5—7) CBA3aHO C
(H3MYECKUM CTAPEHHEM CTEKJIOOOPA3HBIX MOJIHMe-
POB M OTHOCHUTCS, BUAMMO, K TOH 4acTH MOJHMEpA,
KOTOpas JOKaJM30BaHA MEXAY MOJIOCAaMM CHBHIa.
BaxHO OTMETHTE, YTO ONHOBPEMEHHO C pellaKcaly-
- eit ak3oTepmurdeckoro [ICK-nuka npu TakoM OTKu-
re NPOUCXONUT HU3KOTEMIIEPATYPHAast ycafika aedop-
MHPOBAHHOTO MOJHUMEpA.

O¢dekTHBHOE 3aNeUNBAHUE (CIMHUSAHUE, KOAJEC-
LCHUUSA) MOBEPXHOCTEH Pa3feiia BO3MOKHO TOJBKO
TOrga, Korjga nojuMep HaXOgUuTCA B BbICOKOANACTH-
YeCKOM (Kay4dyKOmomoOHOM) cocrostHun. B aTom
clly4yae MpOLECC YMEHBILICHUS MOBEPXHOCTH IPOUC-
XO[UT C BBICOKOM CKOPOCTBIO. B KauecTBe npumepa
TAaKOro NpoLECcCa MOXKHO NPUBECTH ILUKJIAYECKYIO
mecdopMaLuio pe3rHbI. XOpOLIO U3BECTHO, YTO YKa-
3aHHBIN POLIECC MOXKET OBITh OCYILIECTBJIEH C OUYEHb
GOJIBIIUMH CKOPOCTSIMH M, TEM HE MEHEE, B KaXKIOM
IMKJIE PACTSDKCHUA MOBEPXHOCTh PE3UHBI YBEIUYH-
Ba€TCs, a B KAXK/JAOM LIUKJIE YCAAKU COKpaIaeTcs (3a-
JICUMBAETCH).

Ons noHnMaHuAa HaGMIOXAEMBIX SIBIEHMI BasKHO
yUUTBIBATh, YTO TEMIEPATYpa CTEKJIOBAHUA TOJH-
Mepa B TOHKHX MOBEPXHOCTHBIX CJIOSIX HE TOJIBKO
CHJIBHO MOHMXKaeTcsa [66—68], HO H, YTO OYEHDL BaXK-
HO, HMHTEPBAJ CTEKIOBAHUS PE3KO PACIUUPSETCS B
CTOPOHY HH3KHX TEMIEPATYP (HIKE COOTBETCTBYIO-
el TeMNepaTypbl CTEKIOBaHHS MOJUMEpPA B Lie-
J10M). B TO BpeMs Kak B O1I0YHOM NOJIUMEPE CTEKIIO-
BaHHE PEANU3yETCS B OTHOCUTENLHO Y3KOM TEMIIe-
paTypHOM HHTEpBaie [8], B TOHKHX MOBEPXHOCTHBIX
CIIOAX 3TOT MEPEXOJ] CHIBHO PACTSHYT MO TEMIIEpa-
TypHOH LIKAJE. '

IIpUyuHBI TAKOrO SBJIEHUA JIETKO MOXKHO OOBsIC-
HHTb [10 AHAJIOTHH C TEM, KaK 3TO OBLIO CAENAHO NpH
HHTEPNPETALNH HU3KOTEMIIEPATYPHOTO BOCCTaHOB-
JleHHsT KpEeH30BaHHBIX MOnuMepoB. Pa3putue mno-
BEPXHOCTeH pa3fena npu AeopMHPOBAHUH CTEKIIO-
00pa3HbIX MONIMMEPOB CONPOBOKAAECTCS BO3HHKHO-
BEHHEM B 00'beMe NonumMepa (¢pakiyu MatepHana,
HMEIOLIECTO MOHIKEHHYIO U “pa3sMBITYI0” TeMIepa-
Typy CTeKIOBaHuA. YacTh 3TOro MaTepuana UMeeT
TEMIIEPATYpPy CTEKJIOBaHUSA AaxkKe HUXKE TeMIEpaTy-
PBbI 3KCHIEPUMEHTA, BCIIEACTBHE YEr0 OHA PEIaKCHPY-
€T Cpa3y e NOoCie CHATHA Harpy3ku [24, 25]. Tem ne
MEHee yKa3aHHasl 4acTb AedopMaiui MOKeT ObITh
3a¢UKCHPOBaHa ITyOOKHM OXJIaxaeHUEM fedopMu-
pPOBaHHOTO MOJHMEPA, MOCKOJBKY OHA HE SBISECTCA
HCTHHHO ynpyroi. MejneHHoe HarpeBaHue riayooko

BBICOKOMOIJIEKYJIAAPHBIE COEIUHEHHNS  Cepua C

BOJIBIHCKUH, BAKEEB

OXNaXKAEHHOrO e OpMHPOBAHHOI'O MOJIUMEPA NMPH-
BOJUT K MOCTENEHHOMY PacCTEKJIOBBIBAHHIO OPUEH-
THPOBAHHOTO BBICOKORUCIIEPCHOTO MaTepHana Mo
Mepe XOCTIDKEHUSI UM €ro COOCTBEHHOM JTOKAIBHOMN
TeMrnepaTtypbl crekioBanmsi. Kak ciepcraue, nmeer
MecTO OOWIasi NOCTeNEHHAasi HU3KOTEMIICpATypHas
yCcajika, UMEIOLIasl SHTPONUIHYIO MPUPOAY, TaK KaK
MOJIOCHI CABUTA, HANIOMHEHHBIE BHICOKOJUCTIEPCHBIM
OpUEHTHPOBAHHBIM MATEPHANIOM, MEPECEKAIOT BCE
nonepe4yHoe cevyeHuwe noxumepa (55, 57-59]. Yka-
3aHHOE PaCCTEKJIOBbIBAaHUE O0ECIIEUNBAET HE TOJIb-
KO HH3KOTEMIIEPATYPHYIO YCaiky Ae¢OpMHpPOBaH-
HOTO MOJIMMEPA, HO H NOCTENEHHOE 3ajicYMBaHHE
BO3HHKIIIMX Ha TEPBbIX 3Tamax Ae(OpMHUPOBAHUSA
MOBEPXHOCTEN pa3fena, XapaKTEPHbIX IJIsI CTPYKTY-
pul nosioc casura. Ilpu HOCTICKEHMH TeMIIEpaTyphl
CTEKJIOBaHHS! OJIOYHOTO NOJTUMEPA MPOUCXOTHUT €ro
oflasi pasopHEHTALYs, 3aJiCYMBaHIE BCEX IMOBEPX-
HOCTEH pa3fiena, B pe3ylbTaTe Yero NoJMMep NOIHO-
CTBIO BOCCTAHAB/IMBAET MCXONHYIO CTPYKTYpy H
cBoiicTBa [17].

KomnekcHoe paccMOTpeHHE CTPYKTYPHbIX Ie-
pPECTPOEK MOJUMEPA B COBOKYIHOCTH C JAHHBIMH,
CBUJICTENLCTBYIOIIUMA O HAKOIUVIEHHMHM BHYTPEHHEH
3HEPI'HUH, NO3BOJIAET NPEATIOXKHUTL CIECAYIOLIYIO Kap-
TUHY Heynpyrou aedopMalyil H TEPMOCTHMYJIHpPYeE-
Moii ycapku. [Jedopmamusi cTexioo6pa3HOro NONH-
MEpa Ha HaYaJIbHBIX 3Tanax (o U B 00JIacTH Mpepena
TEKY4YECTH) PEANU3YET CTPYKTYPY, IOCTPOECHHYIO U3
ABYX B3aHMOCBSI3aHHbIX KOMIIOHEHTOB: M3 4YacTH
OPUEHTHPOBAHHOIO MOJUMEPA, JOKAIU3IOBAHHOIO B
NoJIOCax CABHUra, U OJIOKOB HeAe(POPMHPOBAHHOrO
NOJIMMEPa, PACHOIOXKEHHOTO Mexkay HUMH. Kak Obl-
JIO TIOKA3aHO BBILIE, MOJOCHI CABUTA B MOJMMEpPAx
007ajlalOT  BBICOKOAMCNEPCHOH  (PHOPHIISAPHOR
cTpyKTypoit. CrieffoBaTeNbHO, UX pa3BUTHE MO CYIIe-
CTBY ABJISETCS BBEJEHHEM B 00’ bEM NOIMMEPA 3HAYH-
TENBHOTO KOJMYECTBA NMOBEPXHOCTEN pasfena. ATy
yacTb Ae¢OPMHUPOBAHHOTO MOJUMEPA MOXKHO Ha-
3BaTh MOBEPXHOCTHOH COCTABIISIIOMICH €ro CTPyKTY-
pbl. BosHukHOBeHHE U pa3BUTHE MEX(a3HbIX rpa-
HUIL[ B CTPYKTYpE MONOC CABHIA, BUAHMO, SBISIOTCA
BaXKHbIM BKJIaJIOM B HAaKOIJIEHUE MOMHUMEPOM BHYT-
pEHHEN SHEPrum.

Kak ObUTO OTMEYEHO BBILIE, HA NEPBBIX 3Tamax
NOJHMEpP, PACIOJIOXKEHHBIA MEXKAY NOJOCAMHU C/BU-
ra, sIBIAETC Hee(POPMUPOBAHHBLIM H IIO CTPYKType
H CBOVICTBaM HUYEM HE OTVIHYAETCS OT UCXOIHOTO He-
OPUEHTHPOBAHHOrO MNojuMepa. JlanpHeimas He-
ynpyras gecdopmanus (o6aacTh miaTo Ha gegopma-
N7
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LHOHHO-MPOYHOCTHBIX KPHBbIX) NPUBOMUT K MOJE-
KyJNpHOW  opueHTauuu  OJIOKOB  IOJHMEpa,
PaCIONOKEHHBIX MEXAYy mosiocamu casura. OpueH-
Tapys 3TOU YaCTH MONUMEPa NPOUCXoxuT 6e3 o6pa-
30BaHHSA HOBBIX NOBEPXHOCTEH pa3fena, B CBS3HU C
YeM HaKOIUICHHS BHYTPEHHEH 3HEpruM Ha JAHHOM
aTamne feopMHpOBaHUs IPAKTHYECKN HE Habroxa-
ercs. Ha3oBeM 3Ty 4acTh OpUEHTUPOBAHHOI'O MOJH-
Mepa OOBEMHOH COCTABIAIOWICH €ro CTPYKTYPhI.
BaxkHO OTMETHUTbH, UTO BO3HHUKIIIHE HAa HEPBLIX 3Ta-
nax gedopMalyy NOJUMEPA MOJOCHI CABUIa BKIIIO-
YaloTca B CTPYKTYpPy NOJUMEpA H AaXe MOCHE €ro
MOJIHOTO NEPEXOfia B OPUEHTUPOBAHHOE COCTOSHHE
COXpaHAIOT CBOIO HMHAMBHAYAalbHOCTh M CBOMCTBA

[58].

OTKUT ABYXKOMITOHEHTHOI CHCTEMBI, BO3HHKAIO-
HIel MpH HeYNnpyroii feopMaLiy CTEKI000pa3HOro
MOJIUMEPA, COMPOBOXKAAETCA CIECAYIOLMMH CTPYK-
TypHbIMH nepectpoiikamu. Harpesanme pecgopmu-
POBaHHOrO MOJHMEPA B TEMIIEPATYPHOH OOGJIacTH
HIDKE €ro TEMIEPATYypPbl CTEKJIOBAHUS BBHI3BIBACT
ycajKy MaTepHajia B MOJOCAX CABUra (MOBEPXHOCT-
HOH COCTaBJAIOLIEH), KOTOPBIA HMEET CHIDKEHHYIO
TEMIIEPATypy CTEKIOBaHMS B IIMPOKOM TEMIIEPATYp-
HOM Jiiana3oHe (HU3KOTEMIIEPATYPHBII BKIIAJ B TEP-
MOCTHMYJIHPOBaHHOE BOccTraHoBieHue). Kak ¢usn-
YECKOE SIBIECHHE 3Ta YacCTh TEPMOCTHUMYJIHPYEMOM
ycagku e(pOpMHPOBAaHHOTO MOJHMEpA CBA3aHA HE
TOJIBKO € SHTPONUHHBIM COKPAILCHHEM OPHUEHTHPO-
BaHHOIO MaTEPHAINA, 3aNOJHSIOLIETO NOJOCHI CIBUTA
U AMEIOLIETO MOHIKEHHYI0 TEMIIEPATypy CTEKIOBA-
HISI, HO TaKXK€ CONPOBOXMAETCA 3alCYUBAHHEM
Me:K(a3HBIX TPaHHUL] B CTPYKTypeE NONOC caBMra. s
npolrecca 3a/eYMBaHUs IPAHUL] pa3fie/ia IPU OTKUre
TAKOW CHCTEMbI XapaKTEPHBI 3K30TCPMUYECKHUI (-
¢ekT ¥ nosHasA penaakcauus HaKOIIEHHOH BHYTPEH-
HEH IHEPrHH.

JlanpHeiliee HarpeBaHUE MOMUMEPA MPHBOAMT K
pellakcal OCHOBHOM YacTH OpPUEHTHPOBAHHOIO
nojauMepa (06 bEMHON COCTABIAIOLICH), KOTOpPasi, 1O
CYTH, HE OTIIMYAETCS OT YCaAKH OJIOYHOTO KaydyKo-
MOfOOHOr0 NOJMMEPA U MIO3TOMY NMPOUCXOJUT B 00-
JIACTH €r0 TEMIEPATYPHI CTEKIIOBAHUA (BBICOKOTEM-
mepaTypHblil BKJIaA B TEPMOCTUMYJIHPOBAHHOE BOC-
CTAHOBJICHHE).

ABTOpBI BBIPaXKaIOT HCKPEHHIOK MPU3HATENb-
HocTh B.A. KaGanoBy u 3.®. OneiiHuky 3a mIOKO-
TBOPHbBIE JUCKYCCUH U LICHHbIC 3aMEYaHHs.
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Structural Aspects of Inelastic Strain in Glassy Polymers

A. L. Volynskii and N. F. Bakeev

Faculty of Chemistry, Moscow State University,
Leninskie gory, Moscow, 119992 Russia

Abstract—The specific behavior of mechanical and physicochemical properties of undeformed polymer glass-
es and those subjected to mechanical deformation was analyzed. The range of phenomena observed in the first
steps of deformation (before and at the yield point), such as a growth in stress upon isometric heating, strong
low-temperature shrinkage of strained polymers, buildup of internal energy, etc., are discussed in detail. Partic-
ular attention is given to analysis of structural rearrangements that accompany inelastic deformation of polymer

glasses:
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