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PaccMOTpeHBI pe3ynbTaThl IKCHEPHMEHTANBHEIX H TEOPETHYECKHX PaloT MO MCCIENOBAHHIO OCOOEHHOC-
Teil MOJIEKYNIAPHOrO ABUKECHHUA B TOHKMX (IECATKHM-COTHH HAHOMETPOB) IJIEHKAX M MOBEPXHOCTHBIX CIOAX
amopoHeIx noauMepoB. ITokasano, 4TO B CTONB TOHKHX COAX MPOUCXOMUT Pe3KOe (Ha AECATKH, COTHH
rpafycoB) MOHMKCHHE TEMIIEPATYPhI CTEKIOBaHKA. [IpHUHHBI TAKOTO CHILHOIO MOHMXKEHHA TEMIIEpATY-
PBl CTEKIIOBAHHA CBA3aHbI C HAPYLICHHEM KOOMEPATHBHOCTH NMPOLECCA CTEKNOBAHHA H3-3a MPOCTPaHCT-
BEHHBIX OTPAHUYCHHIA AJIA MOJIEKYJIAPHOT'O JIBHXKCHHS OHMEPHBIX LENEH B TEX CTyYasx, KOTAA TOJIIIHHA
IUTEHKHU WIH MOBEPXHOCTHOrO CIIOS MOJIUMEPA AENAIOTC COM3MEPHMBIMH ¢ HEBO3MYIUEHHBIMH pasMepaMu
MakKpoMoneky. [Ipyroi BO3MOXHON NPHYMHON MMOHIDKEHUS TEMIIEPATYPhI CTEKJIOBAHUA B TOHKMX IICH-
Kax 1 MOBEPXHOCTHBIX CJIOAX aMOP(HBIX MOIHMEPOB CYHTAIOT CErPEraniio KOHLEBBIX Py HA MexXa3-
HOIl MOBEPXHOCTH NOJUMEP—BO3AYyX. PacCMOTpEHO BIHAHME MOHIKEHMSA TEMIEPATYPbi CTEKIOBAHUA
aMOp(HbIX MOJIMMEPOB B IOBEPXHOCTHBIX CIOSAX HA MX MEXAHUYECKOE U TEPMOMEXAHHYECKOE MOBEACHHE.

BBEIJEHHE

MornekynspHoe IBIXKECHHE B TBEPABIX MIOTUMEPax
BO MHOTOM ONpefeNseT X BaKHEHIIHE MEXaHHYeC-
Kue cpoiictBa. UMEHHO OCOGEHHOCTAMHM MOJIEKY-
NSPHOTO ABHKECHUS OGYCIIOBJICHBI TAKUE XapaKTe-
PHCTHKH TBEPALIX MOIHUMEPOB, KaK MOAYIb, Mpe-
feN TEeKy4ecTH, MPOYHOCTh, HX CMOCOOHOCTB K
OpPHEHTALHOHHOMY BBITATHBAHHIO, PEIAKCALIHOHHbIE
XapaKTepHCTHKH M MHOTHE Apyrue. Buny 6omnbLioi
HAy4HOl W MPHKIANHOM BAaXXHOCTH 3TOrO BONPOCA
MOJIEKYISAPHOMY JABHKCHHIO B TBEPABIX MOJUMEpax
NOCBALIEHO OFPOMHOE KOMMYECTBO HCCIIEOBAHUM
(cM., HanmpuMep, pa6oThl [1-4]).

J[Ins afeKBATHOro MOHUMaHUA (PUMYECKUX MPO-
LEeCCOB, MPOTEKAIOWHMX NpH AchopMallid U €€ pe-
NaKCal|H, BAKHEMIIee 3HAYEHHE HMEIOT Pe3yibTa-
Thl NPAMBIX HCCIECXOBAHHHA Pa3HOro poja MOJEKY-
NAPHBbIX ABIDKCHHH B nonuMepax. B 3Tod cBsA3n
HECOMHEHHBI HHTEpPEC NPEACTABISIOT paboThl, Ha-
NpPaBACHHbIE HA U3YYCHHE OCOGEHHOCTEH MOJEKY-
JAPHBIX JIBI'DKeHﬂﬁ B TOHKHX IIJICHKAaX H MOBCPXHOCT~

! paGora Bpinonnena npu ¢uHaHcOBO# noaaepxkke Poccuiicko-
ro ¢oHpa dpyHAaMEeHTANBHBIX HCCTIeROBaHMi (Kol npoekTa 02-
03-32492).

E-mail: volynskii@mail.ru (BoabiHckuit Anekcaugp JIbBoBHY).

HBIX CNOSIX aMOP(HLIX MOTHUMEPOB, BHINMOIHEHHBIE
HauuHas ¢ cepenunbl 90-x romos XX Beka. Peus uzet
O TOJILHUHE MUIEHOK U MOMHMEPHBIX CIIOEB B IECATKH-
COTHH HaHOMETpOB. Pa3BuTHE psAfa METOOB HCCe-
JOBaHHUS, MO3BOJNAIOLUIMX HAAEKHO YCTAHOBHTH Xa-
paxkTep MOJEKYJIAPHOro JBWXKEHHSA B CTOJNb TOHKHX
CJIOSIX, MPHBEJIO K OTKPBITHIO LEJOro psAfa yAUBH-
TeNbHbIX 3P (EKTOB.

ITony4eHHbIE PE3yNbTAaThl OKA3aJIHCh CTOJIb HEO-
KUJAHHBI H BaXHBI, YTO AJIA HX y4eTa norpedyerca
nepecMOTpP MHOTHX MPENCTABICHUN O CTPYKType H
CBOMCTBax MONHMEPOB, KOTOPbIE K CETONHSIIHEMY
AHIO Ka3aJIHCh OKOHYATEILHO CIOXUBIINMHUCA H yC-
tosBuMucs. HecMOTpA Ha TO, YTO KOJHYECTBO pa-
60T MO KCCIENOBAHUIO CTPYKTYPhI H CBOMCTB TOHKHX
TUICHOK U MOBEPXHOCTHBIX CIOEB aMOP(HBIX MOJHU-
MEpOB HapacTaeT 1aBUHOOOPA3HO, aHAIH3 MyOIHKa-
UHA yXKe CEerofiHsd MO3BOJAET CHECNATh HEKOTOpbIE
BBIBOJIbI OOILErO XapaKkTepa.

Ilens HacTosmIEro 0630pa — 06001LIEHAE pE3YIIb-
TATOB HMEIOINMXCS IKCIEPHMEHTANBLHBIX H TEOPETH-
YECKUX HCCIIEAOBAHUHA 10 YKa3aHHOMY BONIPOCY. AB-
TOPBI JEJIAIOT TAKXKE MONbITKY BbIABICHUA B3aHMO-
CBA3H MEXHAy INpPEACTaBICHHAMH, pa3BUTBIMH Ha
OCHOBE HOBBIX 3KCHEPHMEHTANBHBIX HAHHBIX, H HeE-
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KOTOPbIMH  MaKPOCKOMHYECKHMH  CBOHCTBAMH
aMOp(HBIX NOTHMEPOB.

NU3MEPEHUWE TEMITIEPATYPbBI
CTEKJIOBAHUA AMOP®HBIX
CTEKJIIOOBPA3HBIX IMTOJIMMEPOB
B TOHKUX ITNIEHKAX WU TOHKHX
[NTOBEPXHOCTHBIX CIIOAX

ITepBoe cucreMaTH4YECKOE HCCIENOBAHHUE, MOCBA-
IIEHHOE NMPEUU3UOHHOMY H3MEPEHHIO TEMIEPATYPhI
cTekJIoBaHus T, B TOHKHX INIEHKAX CTEKI006pa3HO-
ro monnMepa, 6eui0 omny6iukoBaHo B 1994 r. [5].
B aToil paGore 3mnuncoMeTpuyeckd usmepsanu T,
ToHkuX [IC-nneHoK, HaHECEHHBIX HA MACCHBUPOBAH-
HYIO BOZIOPOJIOM KPEMHHEBYIO MONIOXKKY. TONLUHY
ILIeHOK m3MensumH oT 3000 o 100 A. AsTopamu, Bu-
AMMO, BNEpPBbIE, ObLIO MOKA3aHO, YTO, HAYMHAA C
tomupusbl 400 A, Benuynna T, I1C pe3Ko nmoHmKaeT-
Csl IO CPAaBHEHHIO CO 3HaYeHueM T, 6JI0YHOro moau-
mepa. Ipu Tomuune mrenku 100 A 310 cHmkenue
coctaBuio 25 K, 4T0o gajieKo BBIXOAUIO 3a MpeAeiibl
BEJIMYMHbI OLIMOKH ONpeENEICHUsA TEMIICPATYPhI CTEK-
JOBaHMs AVTHIICOMETPUYECKIM MeTofoM. B aToii pa-
Gore M,, IIC cocrasnsna (120-2900) x 10°, B TO Bpe-
M KaK COOTBETCTBYIOIIME pa3Mepb! KiyOka (R, —
CPERHEE pacCTOAHHE MEXKAY KOHLAMH HEBO3MYLIEH-
HOl MaKpOMOJEKyNbl) H3MeHanuch oT 200 fo
1000 A. Bo Bcex ciyuasix He 3aMETHITH 3aBHCHMOCTH
T.or M,,, 1 nONy4YEHHBIE JAHHBIE XOPOLLIO OMHCHIBA-

nuce cootHowernuem T, = To" [1 — (a/h)], toe T -

TeMnepartypa creknosanus I1C B 6noke, & ~ Tonmm-
HA TUIEHKH, @ = 32 A, § = 1.8. B nansHeiiem 6110
OMyOGNMHKOBAHO OOJBIIOE KOJMHYECTBO HCCIENOBa-
HHIl, TOCBAIIEHHbIX JAHHOH TeMaTHKe, H K HACTOA-
IIEMY BPEMEHH MOXKHO MOMBITAThCA Pa3f€IUTh HX HA
HECKOJIBKO 000C00eHHBIX rpynin. B yacTHOCTH, ObI-
1M pa3paGoTaHbl METOAMKH MOTYYCHHUS H HCCIEOBA-
HHSL CBOMCTB TOHKHX IUICHOK MOJHMMEPOB, HAHECEH-
HbIX Ha TBepAble MOANOXKH, CBOGONHBIX TOHKHX
IUIEHOK, 2 TaKXKe CBOMCTB TOHKHMX MOBEPXHOCTHBIX
CNIOEB 6NIOYHBIX MOMMEPOB.

Temnepamypa cmeka06aHUA 8 MOHKUX NACHKAX
CMEKN00OPA3HBIX NOAUMEPOB, HAHECEHHBIX
Ha maepobvte ROOAONKU

[anpHeiilee pa3BUTHE 3TOrO HANPABICHHA CO-
MPOBOXK/JANOCh PACIIMPEHMEM KaK Kpyra MeETO[OB
HCCIIEFOBAHMA, TaK U YHCIA HCCNEAYEMBIX OO0 BEKTOB.
B 6oabmmHcTBE pabOT HCMOIB30BANM TOHKHE TUIEH-
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KH KjaccHueckux amop¢ueix momumepos — IIC,
[IMMA u 1. g. OgHa NOBEpXHOCTh TAKHX IIEHOK
KOHTaKTHPYET C TBEPABIM CYOCTPATOM, a BTOpas 06-
palleHa K BO3IyXy. ABTOPbI LMTHPOBAHHBIX paboT
onpepensinn T, monuMepa B MOBEPXHOCTH pa3fjelna
NONUMEP—BO3AYX.

B pa6oTe [6] anst OUEHKH MOBEPXHOCTHOM T, M3-
MEPAJIH PENAKCAUMIO ABYIY4YENPEIOMICHUSA B YJIbT-
paronkux [IC-nieHkax Ha CTEKIAHHBIX CyGCTpaTax.
IMokaszano, YTO MPH YMEHbLUICHHH TOIIHHBI MIEHKH
ot 10 MM g0 5.8 um T, napaet Ha 15-20°C. B Ton-
cThIX miaeHkax (10 MKM) MONEKyMbI, OJIM3KHE K MO-
BEPXHOCTH NOJUMEP—BO3AYX, PENAKCHPYIOT JErye
(6bIcTpEe), 4eM MOJIEKYIbl, OOpalllcHHbIE K HHTEP-
¢aze. Coyeranue POTOHHOH KOPPENALMOHHON CIie-
KTPOCKONUH C TEXHUKOI KBapUEBbIX BECOB MO3BOJH-
70 aBTopaM pa6oThl [7] uccnenoBaTL AUHAMHUKY pe-
nakcaupy yasTpaToHKux (h < 400 A) TIC-nneHok.
Bbu10 NOKa3aHo, YTO B TAKUX MIIEHKAX T, MOHMXKEHA
6onge yeM Ha 70°C no cpaBHeHuto ¢ 61mokom. U dop-
Ma penaxkcayuoHHOK PYHKUHH, H TEMITIEPATYpHAas 3a-
BHCHMOCTb BPEMEH PelaKcaliuy Bbime T, aHAIOTHY-
HBI TeM, YTO HabmopaloTcs ang 6roynoro IIC, xora
[ UIEHOK YKa3aHHbIE (DYHKLMN CABUHYTBI O TEM-
nepatypHoi mkane Ha ~70°C.

Bauskue no cMmbicay pe3ynbTaThl ObLIM MONyYe-
HbI B pabore [8], B KOTOpOIi ¢ NOMOLIBIO KBapLEBOr0
pe30HaTOpa M3MEPSIH BBICOKOYACTOTHYIO CHBHIO-
BYIO NMOJATIMBOCTH B O4YcHb TOHKHMX (10 u 93 HM)
nienkax I1C Ha kBapueBbIX nopnoxkkax. O6Hapyxe-
HO, YTO C YBEJHYEHHEM TOJLIUHBI IIEHOK Gonee
10 HM B HHX HAOMIONAETCA MOHHKEHME CIBHIOBOM
MOAAaT/IHBOCTH, B TO BpeMs Kak npu Tomuute <10 HM
yBeIH4EeHHE MOJATIHBOCTH COCTaBIAET Goyee yeM
50%. ITonararoT, 4TO 3TO pa3MATYCHUE OOYCIOBIE-
HO P€OMETPHYECCKUMHU OrPaHUYCHHSMH, IPHHYKAAI0-
UMK MOJMMEPHBIC HEMH K MapallioTOMNONOOHBIM
KOH(opMauusm.

BecbMa BaxkHBIM H 3¢h(pEKTHBHBIM OKAa3a/I0Ch HC-
MO/Mb30BaHUE AHHUTH/IAUMH MO3UTPOHOB NS H3yde-
HUA cBOOOAHOrO 06'beMa B TOHKHX IUIEHKax. B pa-
6otax (9, 10] usmepanu BpeMs KU3HH AHHHUTHIA-
UMM TNO3UTPOHOB H [OMIUICPOBCKOE CMELICHHE
AHHUTWIALKOHHOTO n3nydyeHns s [TC-nneuku ¢ uc-
NOJIb30BAHHEM MOHO3HEPreTHYECKOro ciaafo mosu-
TpOHHOI‘O 30HAA. CHJ‘[LHBIC H3MCHCHHUA B CUTHAJIC aH-
HUTWISALMH TO3UTPOHOB HAGMIONAOTCA HA MAJIOM
PacCTOSHHH OT MOBEpPXHOCTH o6pasua (200 A). Op-
MO-NMO3NTPOHHOE BpEMA KU3HU B TOJIUMEPE BO3pac-
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OCOBEHHOCTHU MOJEKYIISIPHOTO JIBMXXEHWSA U CBOMCTB TOHKHMX INIEHOK

TaeT BOMU3H MOBEPXHOCTH, B TO BPEMS KaK €ro MH-
TEHCHBHOCTb MOHUXKACTCA. Pe3yNnbTaThl N0 BpEMEHU
KH3HH MHTEPNPETHPOBAHBI KaK JOKANbHOE pacIlIy-
peHue IbIpoK 00'beMa BOMH3M NOBEPXHOCTH. Pacnpe-
AeneHue cBOOOAHOro 00beMa H ObIPOK BOIM3H MO-
BEPXHOCTH HaiiicHO 00Jjice MPOKHM, YeM B GIIOKE.
ABTopbl pa6ortsl [11] nony4anu s 3MOKCHEHOTO
NoJMMepa CHEKTPbl BPEMEHH KHM3HUA AHHUTWIALMH
no3uTpoHoB ¢ 3Hepruen 0.2-3.0 k3B ¢ nmomoub0
c1aGOMO3UTPOHHOTO IJIEKTPOTEXHHYECKOrO YCTPOii-
ctBa. [lokazaHO, YTO OpmoO-MO3UTPOHHOE BpEMs
JKU3HH B 6JIOKE pacTeT, a BOIU3H NOBEPXHOCTH — NO-
HUXKAETCA. VICMoJIb30BAHHBIH METON JA€T BO3MOX-
HOCTh ONPEJENUTD ROM0 CBOGOIHOro 06'beMa fi mo-
nuMepa ¢ HCMONb30BAaHHEM NMPHHIMIIA TEMIEPATYp-
HO-BpEMEHHOM cynepno3uuuu 1]

fV=fT+(T— Tc)Aa’ (1)

rAe fr — [ons cBOGOAHOro 06'bEMa NPH TEMNEPATYPE
CTEKNOBAaHUA; ACQ — pasHOCTh B KO3 PUUHEHTAX
TEPMUYECKOrO PacIIHPEHUA BbIIIEC U HUKE TEMIIEpa-
TypbI cTeknoBanus, T u T, — TeMnepaTypa 3Kcnepu-
MEHTA H TEMHNEPATypa CTEKIOBAHUSA COOTBETCTBEH-
HO. [TokazaHo, YTO B MPHIOBEPXHOCTHOM CJIOE YBE-
JHYUBAETCA pa3MeEp AbIPOK CBOOORHOTO 06 bEMa U UX
mons B 06beMe (10 4%). [Tonnxenune T, mpu ITOM CO-
crasuio 40°C (¢ 50 no 10°C).

AHanoOruyHOE MOBEACHHE GBLLIO OGHAPYXKEHO H
ansa [I9T® [12], kotopeni B ornuuke ot [IC cnoco-
6¢H K Kpuctanmmsauuu. B atoit pa6oTe anmuncome-
TPHYECKH ONMPERCIIATH TEMIEPATYPY CTEKJIOBAHHS B
ToHkuX cnoax [T3T®. [TokasaHo, yTo TemMnepatypa
creknoBanus [I19T® Takxke CHILHO 3aBHCHT OT €ro
YAANCHHOCTH OT MeEX(]a3HOi MOBEPXHOCTH MOIH-
Mep—Bo3nyx. Hanmpumep, ecnu T, B 6;10Ke cocTasis-
et 71°C, To Ha riy6uHe 25 HM OHa paBHa 65°C, a Ha
ray6une 15 um — 56°C.

Baxnyio na¢opManuio 0 CTpYKType U CBOHCTBAaX
MIOBEPXHOCTHBIX CIIOEB MOMUMEPOB MO3BOMIAIOT MO-
JMYYUTh MHOTOYHCIIEHHbBIE PA3HOBHAHOCTH 30HIOBOM
Mukpockonuu. Tak, B pa6ote [13] npsamo n3mepeno
MOBEPXHOCTHOE MOJIEKYIIAPHOE ABHKEHHE MOHOJIHC-
nepcuoro IIC ¢ moMomibIO TaTEPANLHOrO CHIOBOTO
MHKPOCKOMNA, CKAaHUPYIOILIETO BA3KOYNPYroro MHK-
pockona u aug¢epeHIHATBHON PEHTTEHOBCKOM CIIe-
kTpockonuu. [Ioka3aHo, 4TO B MOBEPXHOCTHOM CJIO€
MOJIEKYJIIPHOE ABIKCHIE 60JIee HHTCHCHBHO, YEM B
6moke. B pa6ore [14] cunoBas MOgyIALHOHHASA CKa-
HHpPYIOIJasd MUKPOCKONMHA M JaTepajbHas CHIOBas

BBICOKOMOIJIEKYJISIPHBIE COEJJMHEHHS  Cepns B

1211

T, K
4001
A AA A
AA
) .
350+ A )
o]
o
Oe
* Al
3001 o2
Ce o3
o}
(o]
[ J
N R s n]

106 107
M,

Puc. 1. 3aBucumocts T, 6nounoro [1C, onpenenen-
Hoit metonom ICK (7); nosepxuocrHoit T, [1C, on-
peneNeHHOol ¢ MOMOIIBIO NaTEpPalbHON CHIIOBON
MMKPOCKOMHH (2) ¥ CKaHMpYyIOLIeil BA3KOyNpyroi
MHKpockomuu (3), ot M, [16].

MHKPOCKOMHUSA KCMOIB30BAHBI NI M3Y4CHUA OBEPX-
HOCTHOTO MOJIEKYJIAPHOrO ABMXKCHUS B MOHOAMC-
nepcioM IIC. CunoBass MORyNALMOHHAA CKAHHPYIO-
At MUKPOCKOMHA NO3BOJISET U3MEPATDH THHAMHYEC-
KHA MOAydb E' H tg@® B MOBEPXHOCTHBIX CJOSX.

IToka3aHo, yTo E' y HOBEPXHOCTH HIXKE, a tgP 60Mb-
1€, Y€M COOTBETCTBYIOLIHE BEIHYMHBI B O/0Ke s
M < 2.6 x 10*. Temneparypa crekinoanus I1C y no-
BEPXHOCTH MOJIMMEP—BO3AYX HHXKE KOMHATHOM TEM-
nepatypbl. CHabHOE NMOHMXKEHHE T, B MOBEPXHOCT-
HoM cnoe TIC 6bino o6HapykeHO Takke B pabote
{15] MmeTOAOM TEMNIEPATYPHO-3aBUCHMON CKaHHPYIO-
el BA3KOynpyroii MuKpockonud. B pa6ore [16]
MoHopucnepcubii I1C u3yyanu ckaHupyiouici BA3-
KOYIPYrod MUKPOCKONHEH W JIATEPAIbHON CHJIOBOM
MHKpockonueii. [lonyyanu pguHAMHYECKHH MO-
pyab E' 1 TaHreHc notephb tg® nopepxuocru I1C pns
MM d¢pakuuii, paabix 10°-107. Ons 610YHBIX 06-
pasuos (puc. 1), cormacio ganusiM [CK, umeeTcs
cnabas 3aBucuMocThb 1, oT MM, onuceiBaemas ¢op-
mynoit Pokca—-®Pnopu (171 T, =T...—K/M,,rtne T,.. -
TEMIIEPATYpa CTEKJIOBaHUA i 6ecKOHeuHoro MM,
K — koncranra nonamepa. U3 puc. 1 cneayer, uro
ISt MOBEPXHOCTHOH T, 3Ta 3aBUCHMOCTb BBIpAXXCHA
HAMHOTO CHUJIbHEE H HE COOTBETCTBYET YPAaBHEHHIO
doxkca-Paopu.
Ne 7
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Ta6émma 1. Temnepatyps! creknosauua [1C- u [IMMA-
¢a3 B 6nok-cononumepe [IC-IIMMA B 3aBHCUMOCTH OT
UX PACCTOAHMA OT MOBEPXHOCTH MiIeHKH [20]

PaccTosHuE OT Temnepatypa creknosanus, K
ITOBCPXHOCTH MJICHKH, HM HC-CbEBa MM A-q)asa
0-2.7 3225+1.5 356.5+2.5
27-53 3325120 356.5+2.5
53-74 339.4+3.0 3625+2.5
Biok 380.5 394.2

Tadmmua 2. Temnepartypsl creknoBanus [1C- u [IMMA-
¢a3 B cumMeTpuuHOM RubnoK-conomumepe ITC-TIMMA
B 3aBHCHMOCTH OT MM kaxgoro u3 6nokos [20]

M, Temneparypa creknopanus, K
KaXJ0ro
u3 67I0KOB I1C-¢a3a IIMMA-¢a3a
13800 Hizke koMHaTHO#M 333530
31800 303.5+£20 348.5+2.5
45500 322515 356.5+25
81600 319515 356.5+2.5

3HaYuTENbHOE MOHUXKEHHE TEMMEPATYpbl CTEK-
JIOBaHUA HaOMIOgaeTca TaKKE B cMecax psaa ¢ppak-
muii [1IC, uMerommx CyIEeCTBEHHO OTIHYAIOILUECT
MM. B pabore [18] noBepxHOCTHOE MOJIEKYNAPHOE

T, K
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Puc. 2, 3asucumocts T, cMmeceit nonu-2,6-guMeTHII-
n-penunenokcuaa (IIPO) ¢ I1C ot TonumHbI 1UTE-
HOK. MaccoBoe copepxkanue [1PO : TIC=7:3 (J),
5:5Q),3:7(3); 4-uucreuit I1C [23].

BBICOKOMOIIEKYIIAPHBIE COEJMHEHUA  Cepus b

BOJILIHCKUN, BAKEEB

paBIDKeHue MoHopucnepcHbix [IC-nneHoK, ux ABOii-
HBIX H TPOHHBIX CMECEH HCCIEAOBAHO C MOMOIIBIO
CKaHUpYIOIWIEH CHN0BOH Mukpockonuu. VI3 mpen-
CTaBIICHHBIX AAaHHBIX CAEAYET, YTO HA MOBEPXHOC-
T 7, NOHUKEHA HIKE KOMHATHOU TeMIEpaTyphl.
OTO MOHIKEHHE OKA3bIBAETCA TeM OOJblle, 4YeM
6onblie 0N HU3KOMOIEKYIAPHOr0 KOMIIOHEHTA.

B cepuu pa6ot [19-22] 6bu1H H3y4EHBI OCOOEHHO-
CTH MOJIEKYJNAPHOIO HABHXKCHHA B CHMMETPHYHBIX
pubnok-conomumepax [IC-TIMMA. B mnpenenax
KaXkJIOro conoiuMepa Monekyaspubie Macenl I[1C u
IMMMA 6b11M OJHHAKOBBI, HO X H3IMEHSIH B IIH-
POKHX Npeaenax s pa3Hbix CONOMUMepoB. B yka-
3aHHBIX pa6oTax MCMOJB30BANH LENbIA KOMIUIEKC
METONOB HCCIENOBAHMA: JIATEPANbHYIO CHIIOBYIO
MHKPOCKONHIO, CKAHUPYIOHIYIO BA3KOYHPYIYIO MUK-
pockonuio, AnPEPepeHUHATBHYIO PEHTICHOBCKYIO
(OTOINEKTPOHHYIO CIHEKTPOCKOMUIO, TEMIEpaTyp-
HO 3aBHCHMYIO PEHTTE€HOBCKYIO (POTONEKTPOHHYIO
cnektpockonuio, [ICK. Beino nokasaHo, 4to B mo-
BEPXHOCTHBIX cnoax Omok-comonmumepa IIC-
IIMMA, kaK # 11 TOMONOJHUMEPOB, MPOHCXOAUT
noHuxkeHue T, 060ux 6J1I0KOB. ITO MOHHKEHUE BECh-
Ma BEJIHKO (MHOTHE JECATKH IPajgycoB) H CHUIbHEH-
MM 06pa3oM CBA3aHO C yAaJeHUEM OGJIOKOB OT MO-
BepXHOCTH (Tab. 1).

BaxHo OTMETUTH, YTO BEIHYUHA TOBEPXHOCTHOMH
T, o6oux OJIOKOB 3aBHCHT Takxke OT oOwein MM
650k-cononumepa. [Ins o6pasuos ¢ M <3.0 X 104 Best
MOBEPXHOCTL NMPH KOMHATHOH TEeMIepaType Haxo-
OUTCSI B Kay4yyKOMOZOOGHOM COCTOSIHHH. Biusxue
MM Ha noBepxHOCTHYIO T, HE CTOJIb CHJIBHO, KaK
BIIHAHUE YIANCHHOCTH OT MEK(a3HOI MOBEPXHOCTH,
HO BNOAHE omyTHMO. [{nd TOMUMHBI MOBEpX-
HOCTHBIX cnoeB 0-2.7 HM 3HaueHus T, npUBEJIEHBI B
Taon. 2.

OdPexT NOHMKEHUS TEMIEPATYPhI CTEKTOBAHUA
B TOHKHX IUIEHKAxX HAOMIOJAeTCA U AJId CMECel COB-
MECTHMbIX noiauMepos. B pa6orte [23] uccnenosana
3aBHCHMOCTD T, OT TOJNLIHMHBI MJIEHOK U COCTaBa COB-
MECTHMBIX CMecell noan-2,6-puMeTmn-1,4-penune-
Hokcupa (IMPO) u [1C. Tonkue NICHKH MOJyYaId
HCMIAPCHHEM U3 PACTBOPA B TOYOJIE HA CHIMKOHO-
BbIH CyGCTpaT U JIHIICOMETPHYECKH U3MEPSIH T,.
IToka3aHo, YTO B TOHKMX NMICHKAX, KaK U B 6JI0YHOM
noIuMepe, cocTaB cMeceit Bauser Ha T, B To xe
BpeMs HaOIoaacTes U NOHKeHue T, ¢ yMEHBILICHH-

€M TOJIIIHNHBI A1 BCEX COCTaBOB (pHC. 2).
2003
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OCOBEHHOCTHU MOJIEKYISIPHOI'O IBUXEHUS U CBOVICTB TOHKUX IUIEHOK

B cnyyae TOHKUX IICHOK, HAXOAALIUXCA HA MOJ-
JIOXKaX, 60JIbIIOE 3HAYCHHE AJIS HHTCHCUBHOCTH HX
MOJIEKYJISIPHOTO ABHKESHUA HMEET MPHPOAa Mex(as-
HOrO KOHTaKTa. Takoe BAHAHHE ObLIO OTYETIHBO
BBISIBIIEHO B pa6oTe [24], B KOTOPOI#i ¢ MOMOILBIO OT-
paskaTelbHONW PEHTTEeHOBCKOH CNEKTPOCKONMHH OI-
pedeisiin MEKTPOHHYIO MNIOTHOCTE B MOBEPXHOCT-
HbIX cnosix ToHKux mieHok I1IC, [IMMA u nonu-4-
sunwnnupuguHa (IIBIT) Ha cy6erparax SiO,. Ton-
IMHY IJIEHOK J€Na/u paBHOl NpuMepHO 4R, rae R, —
paauyc Bpamienus Makpomosnekynbl. [Tokasano, yro
aas T1IC u [IMMA Ha6uiofaeTcsd MOHUXKEHHE 3JIe-
KTPOHHOH TJIOTHOCTH BOJIH3H CBOOOMHOM MOBEPX-
HOCTH MIICHKH, a gis TIBII, Hao6opoT, yBeanueHue.
ABTOpBI HONAraloT, YTO OOHapyXKEHHBIH 3P dEKT
06yCnoBIIEH Pa3THYHOH HHTEHCHBHOCTBIO B3aHMO-
pedctBus ruppodobubix (IIC u [IMMA) u ruapo-
¢unpuoro (IBII) nmonumepoB ¢ MONsApPHOH MOA-
JIOXKKOM.

CyniecTBeHHOE BIUAHHE NPUPOALI MOMIOXKKH HA
MOJIEKYJISIPHYIO OBHXKHOCTh MOTUMEPA B MPUJIETa-
IOLIEM K HEH TOHKOM clioe 6bU10 OGHAPYKEHO B pa-
6ote [25]. B 30l paboTe H3yyau NOABHXKHOCTE Me-
YEHHbIX MO KOHUIAM (PIyOpPECUEHTHBIMH METKAaMH
neneii IIC Ha kBapueBbIx cy6cTpaTax. MertomoM
¢ayopecueHuun u3Mepanu KoadgguuueHt guddy-
3uH MakpoModiekyn D. OGHapyXeHO, YTO NpH TOJ-
IIMHE IISHKH MeHee 1500 A, BeJauunHa D noHu:KaeT-
ci. Kak n B pa6ore [26], 3To nonnxkenue D 00 bACHA-
IOT CHIBbHBIM B3aHMOJEHCTBHEM C CyOCTpaTOM,
OrPaHUYHMBAIOLIHM MOJIEKYISAPHYIO TMOABHKHOCTh
ueneu.

K aHamoruyHoMy BbIBOAly NPHIIIH U aBTOPHI pa-
6078l [27], B KOTOPOIi ¢ NOMOIILIO GPHILTFOIHOBCKO-
[0 CBETOPACCESHUA H JLIHNCOMETPHU U3Mepsinu T, B
Torkux miaeHkax [IC, kak ¢yHKUHIO HX TONIIHHBIL
CpaBHHBaIH pe3yNLTaThI A1 CBOOOMHBIX MICHOK H
IUICHOK Ha mojnoxke SiO,, HMEIOWHNX pa3aHYHbIe
MM. [Ing cBOGOAHBIX MIEHOK pe3koe (6onee yeM Ha
60°C) nagenune T, HaOmopaeTca ¢ TONMUHbI i < R,,.
[na nieHOK HA MOAJIOKKAX TOXE HAOGIIONaNn CHH-
xenne T, Ho TonbKo Ha 4°C. CunbHeilillee BIHIHAE
MOANOXKH Ha KO3(HIHEHT TEPMUIECKOTO PACILH-
peHHA B TOHKMX IJIeHKax AeirepupoBanHoro IIC
MO3BOJINI BBIABHTb METON Heﬁ'rpom{oro pPacCesHUA
[28]. Okasanoch, YTO UMEETCS 3HAYMTENBHBIA Ipa-
AHEHT KO3((PHUIHMEHTA TEPMUYECKOrO pPACIIUPEHUS
pas peiirepupoBannoro IIC no TonudHe MICHKH,
KOTOpbIi B CBOIO OY€peAb 3aBUCUT OT MPHPOAbI
mexkda3Horo kourakra. OOHapyxkeHHbIH 3ddexT

BBICOKOMOJIEKYIIAPHBIE COEMMHEHHUA Cepus B ToMm 45
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aBTOpPbI OO'BACHAIOT B3aMMONCHCTBHEM MOJUMEPA C
MOJIOXKKOM.

HccnegoBanue pemakcauuu ABYJIyuYenpenoMie-
HHS TO3BOJIMJIO OUEHHTh T, B yabTpaToHkHx [1C-
IUIEHKAaX Ha CTEKJISHHBIX cyOcTpaTax [6]. [Tokasauo,
YTO MPH YMECHbIIECHUH TOJNLIHHBI IVIEHKH OT 10 MKM
mo 5.8 um T, magaeT Ha 15-20°. B TONCTBIX IUIEHKAX
(10 MxM) MONEKYNBI, GIM3KHE K IIOBEPXHOCTH MOJIH-
MEp-BO3[lyX, PENAaKCHPYIOT ObICTpEe, YEM MOJIEKY-
I, oOpalleHHbIe K HHTepda3ze. 3HaUYUTENBHBIE OF-
PaHMYEHUS MOJIEKYJISIPHOA MOJBHXKHOCTH B TOHKHX
IMC-nnenkax Ha KPEMHHEBOI MOINOXKKE ObLIH OGHA-
PYXKeHbI 4 B padote [29], HeCMOTPsA HA TO, YTO TO-
IIMHA [JIEHOK OblIa HAMHOIO GOonbllle paguyca Bpa-
meHus Moaekybl. [TonararoT, 4To OGHApYyXKEHHbIC
OrPaHHYEHHUA B MOJIEKYISPHOM MOABHKHOCTH BO3HH-
KaloT U3-32 CHJIbHOTO B3aHMOJACHCTBHSA C MOJIOXK-
Koii. B pa6ore [30] ¢ momoiueio peHTreHoda3oBoro
aHaJIM3a U3MEPSIIH TPAJUEHT IEKTPOHHOR IUIOTHO-
CTH B HAaNpPaBJICHUH, NEPNECHIUKYIAPHOM MIIOCKOCTH
TOHKUX (20-80 HM) IJIEHOK CTepeoperyiasipHoOro
IIMMA Ha xkpeMHHEBOH MOANOKKe. MeToa no3eo-
JIAET OLEHHBATh Clabble (PAYKTYAUHH IUIOTHOCTH.
[Tokasano, yTo Ha HHTEp(a3e HMEESTCH BO3PACTAHHE
IUIOTHOCTH HE3aBHCHMO OT TAKTHYHOCTH MOJMMEpa
H TOMUKHBI IIeHKH. OOHapykeuHblit 3¢ dekT 06D-
SACHAIOT My4IUEH YNaKOBKOH MaKpPOMOJIEKYN Ha rpa-
HHIIE pa3aena Gnaropapa Mexk¢a3HOMY B3aHMOJCH-
CTBHMIO H CEJIEKTMBHOH aficOpOLMH CTEpEOoperysp-
HBIX TMOCIIEAOBATENBHOCTEH.

Apcop6unoHHbie 3¢peKThI Ha FpaHULE pa3fea
(a3, Beaymme K OrpaHMYEHHIO MOJBUKHOCTH MONH-
MEPHBIX Henei, MOTYT ObITh HACTONBKO CHIBHBIMH,
YTO BBI3BIBAIOT AAXKE NOBBIUIEHHE TEMIEPATYPhI
cTekJIOBaHuA nonuMepa. B pa6ore [31] ¢ noMowbio
MOJY/JIMPOBAHHOMH CKaHHpYyloleH auddepeHnnanb-
HOH  KaNOpPHMETPHM HCCICTOBANH  MOBENCHHE
I[IMMA, apcop6upOBaHHOrO Ha KPEMHHEBOU MOJ-
noxke u3 pacrsopa. Ilokasano, yro T, agcopbupo-
BanHoro [IIMMA ysenuuusaerca ot 108°C (T, 6mou-
Horo nonumepa) ao 136°C.

Temnepamypa cmexao6anus
€80600HDBIX MOHKUX NAEHOK
CMeKA006pasHblx HOAUMEPOS

Kak noka3zaHo Bblilie, B3aUMOJCCTBHE NOIUMEPA
C MOAJIOKKOI MOXKET CYLIECTBEHHO BAHUATH Ha XapaK-
TEp MOJIEKY/IAPHOrO ABIKEHHS B TOHKHX MOTHMep-
HBIX IIeHKaX. C UENbIO H3YYEHHs BIIHsAHUA IPHPOAbI
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Puc. 3. 3aBHCHMOCTh TeMIEpaTYPhl CTEKIOBAHUA
I1C cBo6oaHBIX MIEHOK OT UX TONMIMHBE. Moneky-
nspuas mMacca IIC M x 1073 = 116-347 (1), 541 (2),
691 (3), 1250 (4), 2077 (5), 6700 (6) u 9000 (7) [33].
Pa3Hbie cMMBONBI — JaHHbIE, MOJyYE€HHbIE PA3THY-
HbIMH aBTOpaMH. ['OpM3OHTANBHAA NYHKTHPHAS
nmuHus nokaseiBaet T, 6nmounoro I1C.

NOAJOXKKH HA XapaKTep MOJEKYIAPHOTIO JBHXKECHUS
B TOHKHX IIJICHKaX ObLIH pa3paboTaHbl METOTHKH,
NO3BOJAIOLME MONY4YaTh TOHKHE (COTHH AHICTPEM)
IUIEHKH, HE HMEIOILIHE KaKOH-T160 NOAIOKKH, 4 TaK-
Ke MeTOAUKH u3Mepenus B Hux 7 [32]. Takue nneH-
KH MOXHO H3rOTOBHTb ABYMs NyTsAMH. Bo-nepBbix,
MOKHO, MOJIy4YHB IUICHKY HAa MOMJIOXKE, (ProTHpO-
BaTh €€ Ha MOBEPXHOCTD BOAbL. [Tocne aToro nueHky
NOOXBaTHIBAIOT HA OMOPHYIO CETKY. BO-BTOpBIX, Ta-
KYIO IIEHKY MOXKHO CO3[aTh MyTEM HCIIAPECHHA TOH-
KOO CJIOsl pacTBOpa NOJMHMEPa, HAHECEHHOr O Ha Io-
BEPXHOCTb 60JI€€ IVIOTHOH KUAKOCTH, KaK MPAaBHIIO,
Bopbl. ITo cyTH, 3TO METOAMKA MOTyYEHHS OMOPHBIX
MJICHOK-TMIOJVIOXKEK [ TPAaHCMUCCHOHHOH 3JIEeK-
TponHOil Mmkpockonud. Ilociae dopmupoBanus
IUIEHKH HAa MOBEPXHOCTH BOABI €€ NOMELIAIOT B CIe-
IHAJIBLHBIA AepXKaTeNb A U3Y4CHUs CBOMCTB.

ITockoneKy OOABIIMHCTBO HCCIEHOBAHHE “‘CBO-
GOfHBIX” IUIEHOK OBbLIO BBIMOJHEHO NMPU U3YUYCHUH
IIC, akcnepuMeHTanbHbIE [AHHbIE, MOJYYEHHbIE
Ppa3HBIMH HCCIEAOBATENSIMHE, MOXKHO 0006LUHUTE B Of1-
HoM pucyHke [33]. Okasanocs (puc. 3), 4TO NOHIXKe-
Hue T, B 3TOM cly4ae BbIPaXKeHO 3HAYUTEIBHO CHITb-
HEe, YeM AN MIEHOK Ha TBEpAbIX NOoAIoxKKax. bonee
Toro, asxd I[1C saBucumMocTs T, OT TOJIIUMHBI INIEHKH
HE TOJIKO BbIPaXX€HA CHJILHEE, HO H MMEET Ka4yeCT-
BEHHO [pyroil xapakrep. 3TH 3aBUCHMOCTH MOKHO
pasaenuTh Ha Ase rpynnsl. IIpH OTHOCHTENBHO Ma-

BBICOKOMOJEKYIISIPHBIE COETUHEHUA  Cepua b

BOIILIHCKUH, BAKEEB

nbIX 3HaYeHusX MM (o 3.5 x 10°) 3aBucumocts 7T,
OT TOJILMHBI MJICHKH Ka4YECTBEHHO MOXOXA Ha aHa-
JIOTHYHYIO 3aBUCHMOCTD, TONy4YeHHYIO B ciay4ae [1C-
IVIEHOK Ha Mojioxkax. B arom ciayvae T, moHm:xKa-
€TCA MOCTENECHHO, HAYHHAA C TONLIHHBI MIeHOK 500—
700 A, u He 3aBHCHT OT MOneKysApHO# Maccn! T1C.
Opnako npH 6071€€ BbICOKHX 3HAYCHHAX MOJIEKYJIAP-
HbIX Macc I1IC 310 BANAHKE OTYETIHBO BbIABIACTCA.
s xaxnpod MM 3aBucumocts 7, OT TOJNIUMHBI
TUIEHKH NMPHOGPETAET MMHENHBIA XapaKTep M Cylle-
CTBYET HEKOTOPAas TOJIIMHA IUICHKH, HAYHHAsL C KO-
Topoit T, pe3KO MOHKXKAETCA 10 THHCHHOMY 3aKOHY.
IIpu 3ToM yem 6oabiie MM nonnmepa, TeM CHIIbHEE
NOHHXKEHHUE T, C yMEHBIICHHEM TONLIMHBI INIEHKH, &
Hayano noHuxkeHua T, mMpOUCXOOUT MPU MEHbIUEH
TOMIHHE MIEHOK A1 60j1ee BbICOKHX MM.

Taxkum o6Gpa3oM, AnA CBOGORHBIX MJIEHOK, KaK H
O MACHOK Ha MONJIOXKAX, HAGMIONAETCA 3HAYH-
TEIBHOE NOHIKCHHE TEMNEPATYPBI CTEKIOBAHUS MO
CPaBHEHHIO C COOTBETCTBYIOLUCH BEMMYMHON And
OJI0Ka. ITO NMOHHXKEHHIE 3HAYUTENBHO 00Jie€ HHTEH-
CHBHO M CHJbHEHIINM 06pa3om 3aBucHT OT MM no-
nUMepa.

H3ameperue memnepamypbt cmexka06anua
U MOAEKYAAPHOU NOOBUNCHOCU 8 NOBEPXHOCMHBIX
CA0ax OAOYUHBIX CIMEKA000DAZHBIX NOAUMEDOS

PesynbTaThl HCcefoBaHuid, pACCMOTPEHHBIE BbI-
i€, CBHAECTENLCTBYIOT O TOM, YTO TOHKHME IUJICHKH
aMOpP(HBIX MOJUMEPOB (T.€. MOIHMEP B TOHKOM [10-
BEPXHOCTHOM CJI0€) UMEIOT PAf HEOOBIYHbIX
CBOMICTB, Pe3KO OTJIHYHBIX OT COOTBETCTBYIOLIMX
CBOHCTB 60YHBIX MOMHMEPOB. BosHuKaeT BOMNpoOC,
CYyLIECTBYIOT /I AHAJIOTMYHbIE€ CBOWCTBA B TOHKHX
NOBEPXHOCTHBIX CIOAX OMOYHBIX MonuMepoB? s
OTBETa Ha 3TOT BONPOC ObLI BBIMTOJHEH LEMbIH PN
HCCIEAOBAaHUI MO M3YyYEHHIO CBOMCTB MOBEPXHOCT-
HBIX CnOeB aMOP(}hHBIX MONHMEPOB HAHOMETPOBOM
TOMIHHBI. Takue HCCIENOBaHUA METOAMYECKH HeE-
CKOJIbKO OTJIHYAIOTCd OT COOTBETCTBYIOIIMX HCCIE-
JOBaHHH TOHKHX NMAEHOK. OHM OCHOBaHbI [JIABHBIM
06pa3oM Ha MEXaHHYECKOM 3OHZHPOBAHUH NOBEPX-
HocTH GouyHbIx nonmuMmepoB. Haubonee adpdexTus-
HBIMHM 71 3TOM LEIH OKA3aJIACh PA3HOro POJia METO-
[UKA, B OCHOBE KOTOPBIX JIEKHUT IMPHHUMI aTOMHO-
CHJIOBOTO MHKpocKona [14, 34]. lesio B TOM, 4TO Me-
XaHHYECKHI OTKIHK MOBEPXHOCTH NMOJHUMEPA CHIIb-
HeHIUM 06pa30M 3aBHCHT OT ero pU3H4YECKOro co-
CTOSIHHSA.

N7

TOM 45 2003



OCOBEHHOCTH MOJIEKYJIIPHOTO OBUKEHUS U CBOMCTB TOHKHMX IJIEHOK

Ha puc. 4 cxemaTH4YeCKH PEACTaB/IEHAa CATYaLHs,
BO3HHKAIOWIAd NpPd B3aUMOJCHCTBHM HHACHTOPA
(kaHTHJIEBEpA) C MOBEPXHOCTHIO MOJIAMEPA. Y Ka3aH-
HOE pa3IHYyHe MO3BOIAET HE TONBLKO ONPEAEIUTD JIO-
KaJIbHYIO TEMNEPATYPY CTEKIOBaHMs, HO H OLCHUTH
AMHAMHYECKHE MEXaHHYECKHE XapAaKTEPHCTHKH MO-
BEPXHOCTHOI'O CJIOA MOJIMMEPA, Takue Kak E' H tgQ.
O4eBHAHO, YTO, 3HAA 3TH XapaKTEPUCTHKH, MOXKHO
JIETKO ONPEAETUTD, B KAKOM (PU3HIECKOM COCTOSTHHH
HAXOJMTCS MOBEPXHOCTHRIA cnoi monumepa. Mimen-
HO Ha OCHOBAHMHU TaKHMX JaHHbIX B padorax [19, 35]
6b110 OOHAPYKEHO, YTO B TOHKHX MOBEPXHOCTHBIX
cnosix I1C u cononumepa I[IC-IIMMA temnepatypa
CTEKJIOBaHMS MOHUKEHA HA MHOTHE JECATKH rpapgy-
coB. HemaBHO ObLma pa3paboTaHa HOBasi METOTHKA
H3y4YEHHS CBOMCTB MOJMMEPHOI NOBEPXHOCTH, KOTO-
pasi pakTH4IECKH OO BbEAUHACT B ce6e Bce NpeuMyiiie-
CTBa 30HAOBOH MUKPOCKONHK U AHGPepeHUNAIBLHO-
ro TepMHYECKOro aHamusa [36]. B atoit pabore nc-
NOJAB30BAJIM  ATOMHO-CHIIOBOM  MHKPOCKON ¢
TEPMUYECKUM 30HAOM, YTOObI OCYLLIECTBHTD JIOKAJIH-
30BaHHbI TEPMOAHAIN3 H ONPENCIUTh 1, TOHKOrO
MOBEPXHOCTHOIO CJ10% 6JI0YHOro NoaHMMeEpa. AHANH3
NOJy4YaeMbIX MPH 3TOM aTOMHO-CHIIOBBIX H300paKe-
HHI MPHBEJ aBTOPOB K BbIBOAY O TOM, YTO HA MO-
BEPXHOCTH 6JIOYHOro MOMUMEpa HMEETCS CIOM TOJN-
IIMHOWM B HECKOJIBKO HAHOMETPOB, [A€ CHIBLHO MOHH-
keHa T,.

JannHefee COBEPUICHCTBOBAHHE METOAOB MO-
BEPXHOCTHOTO 3OHAMPOBAHUA NMOJKUMEPOB MO3BOJHU-
N0 moNy4YaTh HOBYIO MH(OPMAIMIO O CTPYKTYpE H
CBOICTBaX MOBEPXHOCTHBIX CIIOEB OJIOYHBIX MOJIHME-
pos. Tak, B paGoTe [37] Gbli MPUMEHEH HOBBIM 30H-
ROBBIA METOR H3y4YCHHUA NUHAMHYECKAX CBOMCTB
nonumepoB BOau3u 7. Lleap gocturaercs myrem
BHE/IPCHHUSA B MOBEPXHOCTHBINA CIOM MONMMEPA HAHO-
yactur (1-4 uM) 61aropoaHbix MeTannoB. [Tpu Baky-
YMHOM HaNbUIEHHH Ha TIOBEPXHOCTH CHayana obOpa-
3yIOTCS AUCHEPCHBIE CPEPHYECCKUE YACTHIBI C pas-
MepaMi, 3aBHCAIIMME OT Mapebl MONMUMEP-METAILN H
ycnosuit Hanbutenus [38, 39). C nomouibio MeTORA
PEHTTEHOBCKON (POTOIEKTPOHHON CNIEKTPOCKOMHUH
MOKHO OLEHHBATh TyOHHY NPOHUKHOBEHUSA TaKHX
YacCTHI[ B MOBEPXHOCTHBI cnoit monumepa [40]. dna
IN1C u I1K noka3aHo, YTO MOBEPXHOCTHIi CIOH 3THX
MOJIMMEPOB UMEET MOHUXKEHHYIO T, 10 CPABHEHHIO C
6;0koM. [TonaraioT, 4To MOJNIEKYIIPHOE ABIXKEHHE Y
MOBEPXHOCTH 06JIEr4eHO Omarogaps AOMNOHUTENb-
HBIM CTENECHAM CBOGOTBI.

BBICOKOMOJIEKY/IAPHBIE COEONUHEHHUA  Cepua B
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1 2 3

7

Puc. 4. CxeMaTHueckoe m3o0paxeHHe Kedopma-
IMU MOBEPXHOCTHOrO CJIOS MOJ AEHCTBUEM KAHTH-
JeBepa 30HAOBOrO MHKpOcKomna. ITomiMep Haxo-
JAUTCS B BBICOKOTACTHYECKOM COCTOsTHUH (/), B 06-
JIACTH CTEKNIOBaHMA (2) H B CTEKI00OGpPA3HOM
cocrosanuu (3) [37].

S

K aHanorn4yHbiM BBIBOJAM NMPHXOMAT aBTOPLI pa-
60T [41, 42], B KOTOPBIX C MOMOILBIO AaTOMHOI'O CHJIO-
BOr0 MHKPOCKOMNA HCCNENOBAJIM THHAMHKY B3aHMO-
ACHCTBS HAHOYACTHI THAPOreIA 30J10TA C MOBEPXHO-
creio IIC. ABTOpHI HCHONB30BANM Pa3sMATYEHHOE
COCTOSIHME MOBEPXHOCTHOTO ClOA TNOJUMEpa s
“BCTpaHBaHUA” B HETO KOJVIOMAHBIX YAaCTHI| META~
JIOB C IENbIO MOJIYYEHHSA ABYMEPHBIX HAHOKOMIIO-
3UTOB.

H3yyeHue ocobeHHOCTEH AU PY3un HU3KOMOE-
KYJApHbIX BEIIECTB B OJOYHBIC MOMMMEPHI TAKXKE
JaeT BaXHY0 HHGOpMAaIHIO 006 HX CTPYKTYype, B 4a-
CTHOCTH O CTPYKType NMOBEPXHOCTHBIX cloes. B pa-
6ote [43], no nanHbIM AU y3un, 0GHApy:KEHO NO-
HkeHne T, B MOBEPXHOCTHOM cioe GnouHoro [IC
Ha ~30°C.

ToHkoe CKaHHPOBAHHE CBOMCTB MO riayOHHE ANs
6JI0YHOrO MOJMMEpa NMO3BOJSET CAENATb METON, K+ il-
TpoHHOTO paccesHus [44]. Heirpontoe paccesune
peirepupoBanHoro I1C noka3bIBacT CHIBHYIO 3aBH-
CHMOCTb KO3(P(PHLHEHTOB TEPMHYECKOTO pacHIupe-
HMS OT PACCTOSHHA OT MOBEPXHOCTH B TOHKHX IJICH-
Kax ¥ B MOBEPXHOCTHBIX CNIOAX OIOYHBIX MOTHMEDPOB.
CyuiecTBeHHOE H3MEHEHHE K03(p(HLUHEHTA TEpMU-
yeckoro pacumpenus aius ITC HaGmofanu B TOHKHX
(35-60 uM) crodx.

Baxknbie pe3yabTaThl ObUIH NMOJNYYEHBI B CEPHU
paboT [45—47], B KOTOPBIX M3y4Yald Npouecchl Auc-
¢y3uu MakpoMOJIeKy I yepes (a30ByIO MPaHUIly HH-
xe T,. C 37Ol Ueablo COSAUHSAM NOBEPXHOCTH ITONH-
mepoB (IIC u I1®O) u BhIgepXUBaNU pPa3NUYHBIC
BpPEMEHA B KOHTAKTE NPH Pa3HbIX TEMIIEPATYPAX, HO
BCErJa HIDKE TeMmepaTtypbl creknoBanus. Oka3a-
JI0Ch, YTO B PE3YNLTATE TAKOTO BbIAEPKHBAHUA KaK
MEXly KOHTaKTHPYIOIIMMH NMOBEPXHOCTAMH ONHOM
npupopsl (IIC-TIC u [1®O-T1PO), Tak u npu co3pa-
Huu rerepodasnoro KoHtakra ([IC-IT1PO) Bo3HE-
KaeT agre3us. [IpoyHOCTE aire3MOHHOrO KOHTAaKTa
NpONOpUHOHaIbHA BpeMeHH ¢4, T.e. KOHTpoTHpYeT-
ca pucpdysueii. [TonyyeHHbI pe3yaLTAT OJHO3HAY-
N 7
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HO CBHJIETENBCTBYET O BHICOKOH CErMEHTANILHOI 1O-
ABHKHOCTH B MOJMMEPHBIX MOBEPXHOCTSAX B TEM-
nepaTypHoii OOGNACTH 3HAYHTEIBHO HHXE HX
o6vemuoi T..

[MTogpiTOXMBAas PACCMOTPEHHE HNAHHBIX, ITOCBS-
LIEHHBIX U3Y4YE€HUIO MOJIEKYJIAPHON MONBHKHOCTH H
CBOMCTB TOHKHX (EAMHHMUBI-ACCATKH HAHOMETPOB)
MOBEPXHOCTHBIX CIOEB OJIOYHBIX NMONUMEPOB, MOXK-
HO 3aKJI}OYHTh, YTO, KAK U MU TOHKHUX IJICHOK, Jis
ITHX COCB XapaKTEPHO MHTEHCUBHOE MOJIEKYISp-
HOE JABHKEHHE, Ollarofaps 4YeMy NOBEPXHOCTHbIE
CIOH GIOYHBIX NOJMMEPOB HMEIOT CYIIECTBEHHO GO-
Niee HU3KYIO TEMIEpaTypy CTEKIOBaHMUs, 10 CPaBHe-
Huto ¢ 6;10koM. Bonee Toro, HeKOTOpbIe aBTOpPHI [ 16,
45] monaraiot, YTO BCe CTEKI006Pa3HbIE NMOIHMEPBI
NpH KOMHATHOH TEMNepaType MOKPbIThbI TOH4aM-
IIHM CJIOEM “‘pacCTEKIOBAHHOrO” Kay4yKonopoGHo-
ro MaTepHasa.

O BO3MOXHBIX ITPHYNHAX
NOHWZXEHUWA TEMITEPATYPbI
CTEKJIOBAHUS B TOHKHX TNIEHKAX
H MOBEPXHOCTHBIX CITOSX
AMOP®HBIX ITOJIMMEPOB

Vtak, aHANMH3 MPEACTaBICHHBIX AAHHBIX CBHJE-
TEJBCTBYET O TOM, YTO B CBOGONHBIX TOHKHX IIJICH-
KaXx H 4acTO B TOHKHX IIEHKAaX Ha MOJIOXKKaX, a Tak-
K€ B MMOBEPXHOCTHBIX CIOAX aMOP(QHBIX MOTUMEPOB
HaG/IroaeTCA 3HAYUTENLHOE NOHUXKeHUe T, 1 cylie-
CTBEHHO O0JIer4aeTcs KpynHoOMacIuTabHas MOJEKY-
JApHasA MOJBHXKHOCTHL (C-penakcauus). Ecrecrsen-
HO, 4YTO YCHJINSi MHOIHX YY€HbIX ObLIH HanpaBlieHbl
Ha YCTAHOBJICHHE MEXaHH3Ma YKAa3aHHOTO SIBJICHHA.
HecMoTpsa Ha 3TO, B HacTOsIIEe BPEMS HET €AMHONM
TOYKH 3PEHHS OTHOCHTEJILHO MEXaHM3Ma CTOJIb
CHJIBHOTO MOHUXCHUSA T, B TOHKHX NMOBEPXHOCTHbIX
CIOsIX.

OnuH 13 NOAXONOB K PEUICHHIO YKA3aHHOM 3aja-
4H CBA3aH C PACCMOTPEHHEM OCOOEHHOCTEN NpoLec-
€a CTEK/IOBaHUsA MMOIUMEPA B OTPAaHHYEHHOM 06'bEMeE
(pe4b HOAET O CUTYyalMH, MPH KOTOPOH MOJHMEpPHas
¢asza cronn Mana, YTO BOHHKAIOT 3aTPYAHEHHs IPH
peanu3alul paBHOBECHBIX KOH(opMauui uenei
U3MEHSAETCA XapaKTep KPyMHOMAacmITaGHOro Mole-
KyJsipuoro aeuxkeHust). Kak nssecrso [48], npouecc
CTEKJIOBaHHS OGYCITOBJIIEH KOONEPATHBHBIM BHIOM
MOJIEKYJIAPHOrO ABH2KCHUA, AJIA OCYLICCTBICHHA KO-
TOPOro HeOOXOAHMa JOCTATOYHO MPOTAKEHHAS MO-
numepHas ¢gasa. B pabore [49] MeTopoM reHepauun
BTOPOIl TapMOHHMKH H3MEPSIN MOABUXKHOCTH B MO-

BBICOKOMOIIEKYIAPHBIE COEMUHEHHUSA  Cepra B
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BEPXHOCTHBIX CJIOAX HH3KOMOJIEKYJIAPHBIX CTEKJIO-
o6pasyommx KuakocTeil. beino nokasano, 4ro B
MOBEPXHOCTHBIX CJIOSAX HApPYIIAeTCs KOJUIEKTHBHAS
BHHAMHKA MOJEKYIAPHOro ABH:KEHHs (BO3pacraer
HHTEHCHBHOCTb MOJICKYJISIPHOTO IBHXKECHUS 1O CpaB-
HEHHIO ¢ 6JIOKOM), NPUBOJALLAA K CTEKIO00pa3HOMY
COCTOSHHIO.

3HaunTeIbHOE YBEIMYEHHE HHTEHCHBHOCTH MO-
JIEKYNAPHOrO OBHXKECHHA B MOBEPXHOCTHBIX CJIOSAX
nonuMepa ObLTO MPOAEMOHCTPHPOBAHO B paboTte
[50]. B aToit paGoTe 0COGEHHOCTH MOJIEKYISIPHOIO
aBIkeHus B nonu-4-meruncrupone, [1C n nonu-n-
mpem-GYyTHICTHPONIE UCCNEAOBAIH METONOM PEHT-
reHOBCKOi (PoTO3IeKTPOHHOI# criekTpocKonuu. ITo-
Ka3aHO, YTO MOBEPXHOCTHAs SHEPrUs AKTHBALHH
pudy3uud TBEPAOro MoaMMEpa NpPH KOMHATHOH
remnepatype (92 kJIK/MO/Ib) MHOTO MEHBILE, YEM
aneprus aktTusauuu camogudysnu I1C B pacnnase
NpH CYIIECTBEHHO Gojice BBICOKOH TeMIepaType
170-190°C (167.6 k[Ix/mMons). [Tomarator, 410 mony-
YEeHHbIN Pe3y/bTAT CBHACTECIBCTBYET 00 YMEHbIlE-
HUHM MaciITaba MOJIEKYJIAPHOTO ABHXKEHHH, YTO OT-
pakaeT HapyIIEHHE KONNEKTHBHOH TMHAMHKH NOJIH-
MEpA B MOBEPXHOCTHOM CJI0€ OTHOCHTENILHO GI0Ka.

B cnyuae aMOp(HBIX NOJIMMEPOB 3T KOIEKTUB-
Has THHAMHKA HapYIIAEeTCA NMPU TOMIUHHE MOIUMEp-
HO# a3bl MEHbILIE, YEM CPEAHEKBAAIPATHYHOE pac-
CTOSIHUE MEXK/Y KOHI[AMH ueny. B pesyabTare napa-
€T pa3Mep “pacCTEKIIOBbIBAIOIIErOCs” y4acTKa LEenn
H, KaK CICACTBHE, YMEHBILIAETC TEMIIEPATYpa CTeK-
nosaund. Ha puc. 5 npeacraBneHa 3aBUCHMOCTB TEM-
nepatypbl creknoBaHusd IIC-nneHoK AByX 3HaYeHuid
MM (76.7 x 10* u 22.4 x 10°) ot ux Tomuussl 4 [27].
Ha aToM ke pHCYHKE OTMEYEHBbI COOTBETCTBYIOLIHE
HEBO3MYIICHHBIE Pa3MepPbl KNyOKOB MaKPOMOJIEKY T
pida fanHbix MM. Xopoio BUAHO, 4TO HAYano NOHH-
KeHus T, B ONPENEICHHON CTENEHN KOPPEIUPYET €
HEBO3MYIIICHHBIMH pa3MepaMH KJIyOKOB MaKpOMO-
NEKyJL.

BnusHue npoCTPaHCTBEHHBIX OrpaHMYCHHH Ha
XapakTep MOJEKYISIPHOrO ABHXCHUA MOJTUMEPHBIX
Heneil NOATBEPKAAIOT H HEKOTOPbIE TEOPETHYECKUE
uccnenoBaHus. B pa6ore {51] ¢ ncnonb3oBanueM Mo-
AeNH B3aUMOAEHCTBHA TEOPETHYECKH MTOKA3aHO, YTO
pe3Koe noHmkeHue T, HaOMIOmaeTca B TOM Clydae,
KOI'la TOMIIMHA CBOOORHOM IUICHKH GyJeT MEHbLIE,
YeM pacCTOSTHME MEXKAY KOHIAMU HEBO3MYILEHHOM
genu. [TomaraioT, 4TO HMEHHO 3TO OGCTOATENBCTBO
ABNACTCA HPHYUHONU CHIBHOH 3aBucHMOCTH 7, OT
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MM B TOHKHX HONUMEPHBIX MUIeHKax. [Ipegnonoxe-
HO, YTO CBOOOAHbLIE IeHKH Gonbuieii MM, Bo-nep-
BBIX, HHAYLUHPYIOT [UIOCKOCTHYIO OPHEHTALHUIO MONH-
MEpHBIX Leneii, KOraa X pacCTOSHUE MEXKAY KOHIa-
MH HEBO3MYILEHHOMH LENH CTAHOBHUTCA CPABHUMbIM C
TOJMIUMHOI MJIEHKH ¥, BO-BTOPbIX, MOHMKAIOT KOOIe-
PaTHBHYIO NJIHMHY LEMHBIX CErMEHTOB BOIHM3M IO-
BepxHOCTH. Kak crmencTsue, Macirad IOKaIbHOrO
CErMEHTAJILHOIO JABHXKEHHS MONIEKYIAPHbIX €IHHULL
NOHMXaeTcs BOMM3u MeK(a3sHoi nopepxHocTy. ITo-
HuxkeHue T, B YACTHOCTH, NPUIHUCHIBAIOT YMEHbILIE-
HHUIO BETMYHHBI TApaMeTpa B3aHMONEHCTRBUA B MOJie-
v B3auMogeiicTBud. PacueTt 7, no 3Toil MOJEIH KaeT
Xopouiee COOTBETCTBHE TEOPHH H IKCTIEPHMEHTA.

B pa6ote [52] meTopoM Monre-Kapno uccneno-
BaHa MOJEKY/ISIpHAas NOJBHXXKHOCTh B CBOGORHBIX
MJIEHKaxX B 32aBHCHMOCTH OT HX TOJILHHBI H PACCMOT-
peHbl KOHQOPMALNH MaKPOMOJIEKYT B 3aBHCHMOCTH
OT pacCTOAHUS OT Mexkda3HON MOBEPXHOCTH, a TaK-
Ke paccuuTaH KoauuueHT nuddy3un AN TUHeH-
HBIX H LHKJINYeCcKux MosekyJ. ITokasano, uro T, na-
HaeT ¢ yMEHBIICHHEM TONLIMHBI MICHKU. B atux
IEHKaX KOH(OpMALMH CYyLIECTBEHHO IUIOTHEE
(KOMINaKTHee), YeM AOJIKHbI ObITh MPU raycCOBOM
pacnpeneneHun. [ KonbueBbiX KOH(OpMaLuii Bce
3¢¢eKThI BbIPaKEHBI 3HAYHTENBHO cabee, yeM s
JMHHEHHBIX MONEKYN, XOTSA B 000HX Cly4asdx TEOpHUs
NpeAcKa3bIBaeT CYLIECTBOBAHUE KMAKONOAOOHOro
Me:k(pa3HOTO CNOd, I1ie MOABHKHOCTL 3HAUMTENBHO
BbIlLIE, 4eM B 61oke. K aHa/mOrHYHbIM BLIBOJAM NPH-
XOAT ¥ aBTOPHI TeOpeTH4eCcKOit paboThi [53], B KO-
TOpOil METOJIOM MOJICKYJIAPHON AMHAMHKH MOKa3a-
HO, YTO NOABUXKHOCTH amopdHoro I13 Bo3pacraer, a
UIOTHOCTh YMEHBIIAETCA MPH NPHUOMMKEHHH OT
o6bema K mosepxHocTH. OfHa U3 pa3sHOBHEHOCTEIl
3TO# TOYKH 3PEHHA — BbICKAa3aHHasd B padorax De-
Gennes [54] upess 0 BO3MOKHOCTH CYIIECTBOBAHHS
“CKOJIB3SILEr0” BHAA MOJIEKYISPHOTO ABHKCHHS NMO-
JIMMEPHBIX Lieneii B orpaHM4YeHHbIX o0beMax. Kak
MOKa3bIBAlOT PacyeThi, U B JAHHOM Clly4ae AOJLKHA
MOHUXKATHCA TEMIIEPATYPA CTEKIOBAHHUA, KOIa reo-
METPHYECKHE pa3Mephl MONUMEPHOH (pa3bl CTaHO-
BATCA COM3MEPUMBIMH C HEBO3MYIIEHHBIMH pa3Me-
paMH MaKpOMOJIEKYI.

He MeHee nonymspHOi ABAACTCA TOYKA 3PEHUA,
COTJIACHO KOTOPO# NPHYNHA MOHHKCHUA TEMIIEPATY-
PbI CTEKJIOBaHHS B IOBEPXHOCTHLIX CIOAX — CEerpera-
s B HHX KOHLEBBIX rpynn Makpomosekyn [13-16,
18-22]. Konuenuus cerperaiyn y NOBEPXHOCTH pa3-
fiena KOHUEBBIX rPYINN OCHOBAHA HA TOM, YTO, CO-
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Puc. 5. 3aBUCHMOCTE TEMNEPATYPBLI CTEKIOBAHUS
cBo6opubix IIC-nnenok ¢ M,, = 767 x 10> (1) u

2240 x 10 (2) OT MX TOMILUHBL. HepoaMy1ieHHbIE
pa3Mepsbl Kiy6ka oTMeueHbI crpenkamu [27].

rnacHo teopud Pokca—Paopu [17], KOHUBI Henen
ABJSAIOTCA MO CYHIECTBY MIACTH(HHKATOPOM, MOHH-
xatomwmuM T.. [TonararoT, 4T0O AIMEHHO MOBBIILIEHHAS
0 CPABHEHUIO C 06'bEMOM KOHLEHTPALUA KOHLEBBIX
CPYNII B IOBEPXHOCTHBIX CIIOAX MOJIUMEPOB YBETHYH-
Ba€T B HHX JIOKQJIBHOEC COJIEP>KaHHE CBOOOTHOrO
00'beMa H TEM CaMbIM MOHHKAECT TEMIEPATYPY CTEK-
JoBaHus. [1s MPOBEPKU ITOrO MPEAMONIOKEHUS M-
TOAOM JAHHAMHYECKOH BTOPHYHOH HOH-MacCOBOIl
CMEKTPOCKONUHM Hu3y4anu AciiTrepupoBanHbiii [1C ¢
NPOTOHHPOBAHHBIMH KOHLEBbIMH rpynmamu [13].
JlaHHbIE MO3BONAIOT MONY4YUTh KOHUEHTPALUHOHHbIH
npoduns H-KOHUEBBIX TPyNNn NO HaMpaBiCHUIO,
NEPNEHAUKYISAPHO MOBEPXHOCTH IuieHKH. OOGHapy-
XKEH pocT KoHueHTpauun H-rpynn B noBepxHocTH no
cpaBHEHHIO ¢ D-rpynnamu, 4To NOATBEPXKAAET THITO-
Te3y 00 YBENHYCHHM KOHUCHTPALHMH KOHLEBbIX
IPyNN B MOBEPXHOCTHOM CJIO€ MOJIMMEpA.

Jins BbIACHEHHS MeXaHU3Ma NOHUXKeHUs T, B MO~
BEPXHOCTHBIX CJIOSIX M TOHKHX IVIEHKaX aMOpP(HbBIX
nonuMepoB B pa6ote [55] cuHTE3HpOBaHbI TPH OG-
pasua IIC, umeromue pa3Hbie KOHLEBbIE TPYIIbL:
o6brynbli IIC 1 I1C ¢ koHueBbiMu rpynnamu NH, u
COOH, a Takke 6ONbIIOE KOJHYECTBO MOHONMC-
nepcHeIX (paxuuit Bcex Tpex noaumepos. Bapbupo-
BaHHE NMPHPOJbI KOHUEBBIX rpynn 1 MM ocymecTs-
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JAMA A0S BbIABNCHUA BIUSHHA KOHLEBBIX TPYNN H
KOONEPATUBHOM ANTHHBI CTEKYIOLErOCH 3IEMEHTA
CTPYKTYPbI HAa MOBEPXHOCTHOEC MOHM:KEHHE T..
3HaueHus T, HAXOTUIH C MOMOIIBIO ATOMHO-CHIIO-
BOM MHUKPOCKOINHH H CKAHUPYIOUIEH BAIKOYNPYron
MHKPOCKONHUH, MO3BOJNAIOLICH OMpEeNeniaTh AUHA-
MHYECKHE MEXAHHYECKHE XAPaKTEPUCTHKU B IO-
BEPXHOCTHBIX CJIOSX NOJIUMEPOB. POTOINEKTPOHHOM
PEHTTEHOBCKOH CNEKTPOCKONMEH OLICHHMBAIM KOH-
LICHTPALMIO KOHLEBbIX IPYI y NoBepXHOCTH. [Toka-
3aHO, YTO KakK s 6/I0Ka, TaK M ANA NOBEPXHOCTH
ecThb 2pdeKT noHuwKeHus T, CBA3aHHbIA C H3MEHE-
uueM MM. Ilpu 3ToM BO Bcem unTepBane MM Ha-
OnrofnaeTcsi yMEHBIICHHE MOBEPXHOCTHOW T, mo
cpaBHeHHIO ¢ 6;104HO¥. [ToBepxHocTHAA T, HAYHHAET
MOHMKATHCA MPH MeHbIIHX MM, U B 3aBUCUMOCTH OT
MM noHukaeTcs HHTCHCHBHEE, YeM OnouHas. Uc-
kmouyende cocrapisier [1C ¢ KOHUeBbIME rpynnamMu
COOH, KoTOpbIit He MOKa3bIBAET 3aBUCHMOCTH CHHU-
xkeHnsa T, ot MM, xota 7, B NOBEPXHOCTHOM ClIO€
HMEET MEHBIIEE 3HAUCHUE MO CPABHEHHUIO C GIIOKOM.
Hcnonb3ys NpHHUMN TEMIEPATYPHO-BPEMEHHOM Cy-
nepno3uuuy, onpenaensnn 3¢p@eKTHBHYIO HEPTHIO
aKTHBALMM TOBEPXHOCTHOH O-penakcauuud AH no
yYPaBHEHHUIO

Ina, = AH/R(1/T — 1/T,), Q)

rae a, — ¢akrop capura, T u Ty — TeMnepaTtypa Hime-
PEHHA U NPUBEJCHHS COOTBETCTBEHHO, R — yHHBEp-
canpHad razosas xkoHcTanTa. [TokazaHo, 4To BO Bcex
CIy4yasx IHEPrua aKTHBALMHU (-IEPEXONia B MOBEPX-
HocTH paBHa 230 * 10 kJI3x/Monb, B TO BpeMs Kak st
6/10Ka 3Ta BEJIHYHHA, O pa3HbIM AAHHBIM, COCTaBIA-
et ot 360 go 880 k[Ix/Monb [56]. PesynabraTs! yka-
3aHHOI paGOThI CBHAETENLCTBYIOT TOM, YTO 004 pac-
CMOTpEHHbIE BbiIe PakTOpa MOTYT OKa3bIBaTh BITH-
siHNE Ha noHuxkeHuue 7, Ha MOBEPXHOCTH MONUMEPA.

B 3akatoueHie JaHHOTO pasfiesia HEOOXOOUMO OT-
METHTb, YTO NMPOCTPAHCTBECHHbIE OTPAHHYCHHSA, KO-
TOpPbIC MCNBITHIBAIOT MAKPOMOMEKY/IbI B TOHKHX
TUIEHKAX M MOBEPXHOCTHBIX CNIOAX, OTPAXKAIOTCA HE
TOJIBKO HAa MOJIEKYJISPHOM ABHXKECHUH, OTBETCTBEH-
HOM 3a O-penakcauuio. B pa6ore [57] ¢ moMousio
aHa/Iu3a CnekTpoB QIyopecueHUMH H3yYa d acCoOLH-
aumio mupeHoBbix rpymn B IIJIMC ¢ nupeHOBbIMH
KOHIEBbIMHU rpynnaMu. CeKTphI MO3BONAIOT AaHAJH-
3PIPOBaTb OTHOCHUTEJIbHbIE KOHUCHTPALUHH aACCOLHH-
POBaHHBIX M HECBA3aHHBIX NMHPEHOBBIX rpymn. 3To
OTHOLUCHUE HE 3aBHCUT OT TOILIMHBI MIEHOK pa3Me-
pom 6oiaee 100-200 uM, HO noHmkaeTcs B 40 pa3 npu
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YMEHbIICHHH TOMIUUHBI A0 5 HM. Biuduue TonuuHb!
Ha accouualMio OOBACHAIOT NMPHCYTCTBHEM JABYX
MeK(a3HbIX HIH MOBEPXHOCTHBIX CIIOEB TOJILMHON
~10 HM, KaxKablil U3 KOTOPbIX HMECT PE3KO MOHH-
JKEHHYIO KOHIEHTPALHIO (PH3HYECKHX CIUUBOK OTHO-
CHTENBHO OCTANBLHOM IeHKH. ITonararoT, 4TO NOHH-
SKEHHE aCCOUMALMH IPyNN HMEET T€ XKe NMPUYHUHBI,
YTO H MOHMKCHHE TEMNEPATYPbI CTEKIOBAHUS.

BJIIMAHUE INTOHWXEHHWS TEMITEPATYPBI
CTEKJIOBAHMS B ITIOBEPXHOCTHBIX
CIIOAX CTEKIIOOBPA3HBIX ITOJTMMEPOB
HA UX MAKPOCKOITUYECKHUE CBOUCTBA

ITpuBeaeHHbIE B MPEABIAYILHX pa3fenax pe3ylb-
TaTbl CBUACTENLCTBYET O TOM, YTO MOHIXKEHHE TEM-
nepaTypbl CTEKJIOBAHHA B TOHKHMX IUICHKAax M IoO-
BEPXHOCTHBIX CIIOSX aMOPQHBIX NOIHMEPOB ABNACT-
¢ X (PyHIAMEHTAIBHBIM CBOHCTBOM. OYEBHIHO,
4TO 3Ta OCOOEHHOCTL aMOP(PHBIX MOTMMEPOB HE MO-
3KET HE OTPa3HTbCA Ha HX MAKPOCKONMUYECKHX CBOIi-
CTBax B TEMIEPATyPHOM AHANA30HE HIXKE HX TEMIIE-
paTypbl CTEKJIOBAHUA B TEX CyyasX, KOrja fmo Tem
HJIH UHbIM MPHYHHAM NOJMMEP CONEPXKHMT IPAHUIbI
paspgena. PaccmorpuM Gonee moppoGHO HaubGonee
o6Lue cBoicTBa aMOP(HBIX NOTUMEPOB, HMEIOLLHUX
BBIPAXKEHHYIO Me3K(a3HyIO NOBEPXHOCTD.

Kpetizune

OpHuM 43 HauGonee OGHIMX METOHOB NMpHAAHUS
MOJIUMEPAM BbIPAKECHHON MexK(a3HOH NOBEPXHOCTH
sBaserca kpeisunr [58]. Kpeisuur — ocobas pasHo-
BHUHOCTE HEYNpyroi aedopMauuM TBEPAbIX MOIH-
MEPORB, KOTOpas CONMPOBOXAAeTcs pa3BuTHEM ¢(ub-
PHUIAPHO-TIOPHCTONR CTPYKTYPBI, YTO MPHAAET Jie-
GOpPMHPOBAaHHOMY TOJUMEPY BbICOKHM YPOBEHb
Mexkda3Hoil mosepxHocTH. braropaps aTtomy nonu-
MeEpbl, Ke(POPMHUPOBAHHBIEC 10 MEXaHU3MY KPEH3HH-
ra, CTAaHOBATCA HecneuupHIYCCKUMH MOPUCTbIMU af-
copbeHTaMu [59-61]. Y Kpei30BaHHBIX MOJIHMEPOB
TakKe ObLT OOGHAPYKEH LENbIA Pl HEOOBIYHBIX ISt
CTEKJIOOOpa3HOro cocTosiHus cBoiicTs. OKa3anocs,
YTO KpEeH30BaHHbIC MOMHMEPHI MOKA3bIBAIOT 00JIb-
mre o6paTuMbie fredopMalul KaK HEMOCPENCTBEH-
HO nocie ux pactskenns B AAC [62], Tak n nocne ee
yRaneHus u3 o6bema kpeiisos [63]. Kpei3oBanubie
NOJHMEPHI UMEIOT BECbMa HEOOBIYHbIC (PU3HKO-XH-
mudeckue [47, 64, 65] u MexaHHYECKHE CBOMCTBA
[66]. UmeHHO BBICOKHIl ypOBeHb Meskga3HOil no-
BEPXHOCTH ONpefenseT BeCbMa HEOObIYHbIC MEXAHH-
YeCKHE CBOMCTBA KPEH3OBAHHLIX MOIHMEPOB.
N 7
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Puc. 6. Kpusbie pacTsKEHUA M COKPALIEHHA ¢ MO-
crosHHO# ckopocTeio IIK (/) n nHpusHayaneHOro
kpeiiza B I1IK (2) go Hanpskennst 42 MITa [67].

Brepsbie Ha 3TO OGCTOATENLCTBO OOPATHIIH BHH-
MaHue aBTopbl paborsl [67]. OHu oGHapykuH (puc. 6),
yto Kpei3oBaHHbiil [IK uMeeT BecbMa HHU3KHMH MO-
AyJb YOPYTOCTH, 3@ TAKXKE NOKAa3bIBAET BBICOKYIO 00-
paTHMYIO AeopMalHIo O CPABHEHHIO C HCXOAHBIM
nonumepoM. Takoe MexaHHYECKOE MOBEICHHE aBTO-
pbl pa6oT [68, 69] nonbiTanuch OGBICHATE JCHCTBH-
€M MOBEpPXHOCTHBIX CHl. OHU NMPEANONOXKUIH, YTO
oTnenabHble (PUOPUIIIBI YKOPAYHBAIOTCA, AHAJIOrHY-
HO TOMy, KaK XUAKOCTb COOMpaeTcs B KAVl MOJ
AeiiCTBHEM MOBEPXHOCTHBIX CII, H 6/1arogaps aToMy
OpOUCXONUT Yycaaka CTPYKTYpbl Kpeitza. OpgHako
pacyeThl CBUAETENBECTBYIOT O TOM, YTO MOBEPXHOCT-
HBIX CHJ 32BEOMO HEJOCTATOYHO, YTOOGBLI MpPEOno-
JeTh HpefeNl TEeKy4ecTH noaumepa B Pubpuinzax
Kpeii3a 1 peajJu30BaTh TaKyIO yCaaKy, €ClIH MaTepH-
aJ Kpeii3a HaXOUTCA B CTEKI000Pa3HOM COCTOSTHUY.

Oco60 creayeT OTMETUTh HEOOBIYHOE TEPMOME-
XaHHYECKOE MOBEACHHE KPEH30BaHHbIX MOJHMEPOB
{70]. Ha puc. 7 npeacraBneHbl KpUBbie BOCCTAHOBIIE-
HHUA pa3MepoB npu oTxkure o6pasuor 1K, pacrany-
ThIX TP KOMHATHOM TeMIepaType Ha Bo3fyxe ¢ 06-
pasoBanuneM Iedku (kpusas 4) u B AAC no mexa-
HH3MY KIIACCHYECKOrO Kpefisunra (kpuBas 3), a
Takke [IMMA, nedopMupOBaHHOrO MO MEXaHU3MY
KJIACCHYECKOro Kpeii3unra (kpusas /) 1 OAHOPOTHO
npu 100°C (kpuBas 2). Xopoo BugHo, 4ro I1K, ne-
dopMupoBaHHbIH ¢ 00pa3oBaHuEM IIEHKH, TOKA3bI-
BaeT HE3HAYHTENLHYIO YCaaKy (~12%) HiDKe TeMie-
paTyphbl CTEKJIOBaHHs, HA MEXaHH3ME KOTOPOH MBI
OCTaHOBHMMCA 4yTb HIKe. B OCHOBHOM BoccTaHOBIIe-
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Puc. 7. TemnepaTypHad 3aBUCHMOCTh BOCCTaHOB-
neHus pasmepos ob6pasuos € IIMMA (I, 2) u
IIK (3, 4), neopMHpPOBAHHDBIX B YCAOBHAX OMHOOC-
HOro pactskenus. /, 3 — o6pasusl IMMA u ITK,
meOPMHPOBaHHEIE B H-NIPOMAHONE IO MEXaHU3MY
Kpeiisunra; 2, 4 — o6pasun [IMMA u I1IK, pacra-
HyTble Ha Bo3nyxe (IIMMA npu 100°C, IIK — npu
KOMHATHOH TeMmepartype). BeprukanbHeie IITpH-
XOBbIE JIMHUH OTMEYAIOT TeMIIEPaTypy CTEKIOBa-
i [TIMMA (1) n IIK (II) [86).

HHE pa3MEPOB TAKOro 06pa3una MPOHCXOAMT, KaK U
cleayeT OXMAATh, B 00JaCTH CTEKIOBAHUA MOJHUMe-
pa. B 1o ke BpeMs ycaaka Kpeii3oBaHHOro o6pasua
MORHOCTBIO (Ha 95%) NPOTEKAET HUKE Ero TEMNEPa-
Typsl cTeknoBanus. B cnyvae [IMMA Takske mpak-
THYECKH BCA ycafika Kpeii30BaHHOTr0 06pa3sia ocyie-
CTBIISETCA B TEMNEPATYPHOM HHTEPBANIE HIKE TEM-
nepaTypbl CTEKJIOBaHHd, B TO BpeMs Kak ofpasel,
PACTAHYTBI MO MEXAHH3MY COBHIOBOH TEKYYECTH
npu 100°C, ycaxkuBaeTcss NOTHOCTLIO Npu T, MonM-
Mepa. OTMETHM, YTO MOJNIEKYJISPHOE IBHXKCHHUE, OT-
BETCTBEHHOE 32 HU3KOTEMIEPATYPHOE BOCCTaHOBIIE-
HHE KpPEH30BAaHHBIX MOJHMEPOB, MPOABIACT ceOf B
TEMIIEPATYPHOM HHTepBane 6osee yeM Ha 100°C Hu-
ke T, 6noYHOro nonuMepa.

BaxxHO OTMETHTD elie ORHY OCOGEHHOCTb TEPMO-
MEXAHUYECKOrO NMOBEACHHS KPEH30BaHHBIX MOJIHMe-
pos. Kak cnegyer u3 puc. 7, HU3KOTEMIepaTypHas
ycagka Kpei30BaHHbIX NOMUMEPOB HE HOCHT KOOTe-
PaTHBHOrO, MOPOrOBOro XapakTepa. B To Bpems kak
NOJMMMED, OPUEHTHPOBAHHBII MyTEM Pa3BHTHs M-
KH, CKaYKOOOpa3HO COKpALIacT CBOU pa3Mepsl B y3-
KOM HMHTEpPBAJIC B OKPECTHOCTH TEMIEPATYPbI CTEK-
JIOBAaHHA, yCagKa KPEHi30BaHHOrO NOMUMEPA IUHPOKO
“pa3masaHa” no TemnepaTypHoii mkane (no 100 rpa-
N 7
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Puc. 8. Kpupas ogHoocsoro cxatusa [IMMA npu
KOMHATHOW Temmepatype (/), HH3KOTEeMmepaTyp-
HbI# €; (2) M BBICOKOTEMIEPATYPHBIii €, (3) BKIARLI

B TEPMOCTUMY/IHPOBAHHYIO YCAfKy NpH OTXKUrE
{771.

aycoB u Gonee). BHyTpu 3TOro HHTEpBaja MOXHO
NPEKPATHTH OTKUT B IIOOOM MECTE H OX/IAUTh MO-
aumep [70]. B pesynbraTe Takoi npouenypsl JIErko
MOXeT ObITh 3aduKCHpPOBaHAa J106ast BEIHYMHA
yCaJKH.

Coeuz08asn mexyuecmo

Jpyroii pasHOBHAHOCTBLIO MIACTHYECKOH Aedop-
MallMHi CTEKJII000PA3HBIX NOJUMEPOB ABNAECTCA CIBH-
ropas TEKY4eCTb (BBIHY:KICHHO-2/IACTHYECKAA [ie-
dopmaums). Heo6xoguMo OTMETHTD, YTO N00as He-
ynpyras gegopManys TBEPAOro MOJHMEPA, B TOM
YHCJIE M KPEH3HHT, 10 CBOEH NPHPOJIE ABIFETCS CBH-
rosoi. B manHOM ciiyyae TEpMHHOM “‘CIBHTOBasl Te-
Ky4ecTh” MbI MOAYEPKHBAEM €€ OTIHYHE OT Kpei-
3HHra, KOTOPKIi, KaK ObII0 MMOKa3aHO BBILIE, COMPO-
BOXJACTCA PpPAa3BHTHEM MOPHCTOCTH. ITOT BHA
aedopManul H3YYEH 3HAYHTENBHO IyOXe, 4YeM
KPEH3HHT, BBHY €r0 BaXXHOTO NMPHUKJIAJHOrO 3Haye-
HHA. BeIHyXaeHHas amacTuyecKas aedopManus ne-
KHT B OCHOBE YHHBEPCATILHOrO TEXHONOTHYECKOrO
npHeMa — OPHEHTAUHOHHOIO BBITATMBAHUS MOJIAME-
POB, MO3BOJISIOIIEr0 ONTHMHU3UPOBATHL MEXaHHYEC-
KHE CBOMCTBA BOJIOKOH H ILJICHOK.

TeMm He MeHee B HACTOSLIEE BPEMS CYILIECTBYET
PAN 3KCMEPUMEHTANBHBIX (PAKTOB, HE MOJYYHBIINX
ONHO3HAYHOTO OOBACHeHHA. [eHCTBUTENLHO, Ha
OPOTAKEHUH MHOTHX JIET HCCIENOBATENH HEOQHO-
KpPaTHO OTMEYAJIH HE B MOIHON MEPE NOHATHBIE 0CO-
GEHHOCTH B CBOWCTBaX aMOP(HBIX MOJIMMEPOB B
TEMIEPATYPHOU O0JIACTH 3aBEAOMO HUXKE UX TEM-
nepaTypbl cTekioBaHus. BuguMo, BnepBbie 3TH 0CO-

BbICOKOMOIJIEKYJIAPHBIE COEOTUHEHUS  Cepua B
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6ennocti orMetnn 10.C. Jla3ypkuH B €ro KiIaccuye-
ckoit pa6ore [71] ewse B cepegune XX Beka. On 06-
HApYKHJI, 4YTO B Mpefesiax CTeKJI006pa3HOro
COCTOSIHHA MpH Majbix AeopMaluax (HHXKe npepe-
JIa TEKY4€CTH) BbIABIACTCA HEKHMH BHI MOJEKYJIAP-
HOTO JBIDKEHH:A, KOTOPBIH OH Ha3Ban faedopMalue
ynpyroro nocaepeicrsui. HecMoTps Ha TO, YTO 3TOT
BHJ MOJICKYJIAPHOTO ABHXKCHHUS BbIABIAETCA 3HAYU-
TeNIBHO HUKe TeMmnepaTyphbl crekinoBannd, 10.C. Jla-
3ypKHH TPEANONIOXKHUI, YTO B MEXaHH3MAaX BbIHYX-
AEHHO-3/TaCTHYECKOM JedopMaLut U AedopMaLUei
yOpyroro mocnefeficTBus “HET, MO-BUAMMOMY, pe3-
KOi FpaHHLbI”.

B panbHeiiieM MHOTHE HCCIEAOBATENU OTMEYa-
JIH OCTATOYHO HMHTCHCHBHOE, BHAMMO, KPYMHOMAC-
mwrabHOE, MONIEKYIAPHOE BHKCHHE B NMOJTHMEPAX B
TeMnepaTypHOll 00/aCTH UX CTEKIOOOpa3HOro Co-
CTOSIHUA, T.€. TaM, Ife, COIIACHO CYHIECTBYIOIHM
NPEACTABJICHUAM, 3TOT BHJ MOJIEKYISPHOrO JBICKE-
HuA “3aMopoxkeH”’. Takoro poa MOJIEKYNIApHOE ABH-
KEHHE OTHETIMBO PETHCTPHPYETCA, HAMPUMEp, NPH
H3MEPEHUN BHYTPEHHUX HANPSKEHHIA B poOLecce OT-
JKHUra Ae(POpPMHPOBAHHOTO MOUMEPA C PUKCHPOBAH-
HbiMH pa3mepamu [72] B TemmepatypHoii o6nacTu
HIDKE €ro TEMNEPATYphbl CTEKJIOBAHHUS.

HauGonee nerko u spko KpynsHomaciurabHas Mo-
JeKynsApHas MOABHXKHOCTE B AC(POPMHPOBAHHBIX
CTEKJI000pa3HbIX NMOJHMEPAxX BBIABIACTCA NPH HC-
CIIEIOBAaHHA pellakcauuu AedopManuu B mpouecce
HX HH3KOTEMNEpATYpHOro oTxkura. Beime (puc. 7)
66110 noka3aHo, yro [1K, nogsepruyToiit X0nogHOM
BBITSKKE, IEMOHCTPHPYET YACTHYHYIO YCAfIKY B TEM-
NepaTypHOM MHTEpBajJic HUXKE €ro TeMIEpaTyphl
creknoBanui. Takoe TepMoMexaHMyecKoe NoBefe-
HHE UMeeT OOLLUHUI XapakTep U MPUCYLIEe MPAKTUYeC-
Ku BceM aMopdHbiM nonnMepam. Ha puc. 8 kpusas
opHoocHoro cxatust [IMMA conocraBiieHa ¢ BeJiH-
YHHOH OTHOCHTEJILHOrO BKJAJIa B €r0 TEPMOYCAJKY
HU3KOTEMNEPATYPHOrO (HIKE TEMMEpaTyphbl CTEK-
JIOBaHUA) M BBICOKOTEMIMEpPATYpPHOro (B 001acTH
TEMIEPATYPb! CTEKNOBAHHA) PENAKCALHOHHBIX MPO-
geccoB [73]. B KoHTeKcTe mAHHOro 00630pa BaXKHO
OTMETHTE (PyHAAMEHTANBLHBIHA (PAKT: HU3KOTEMIIEpa-
TypHasi COCTABJAIOWIAA YCAAKU CBA3aHA C TOW 4ac-
ThIO ieOpMaLIN, KOTOPask peau3yeTcs O pefeaa
Tekydectu. [Ipu necopManusax Bhiilie npepena TeKy-
YEeCTH HAKAIIMBACTCA HEympyras aegopmanus, Ko-
TOpasi peJIaKCHPYET NPH OTKHUTE B 06J1aCTH TeMnepa-
Typbi CTEKJIOBaHHS GIIOYHOrO MOTHMEPA.
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OCOBEHHOCTHU MOJIEKYJIIPHOT'O OIBWXXEHUS U CBOMCTB TOHKHUX IUIEHOK

B CBA3d ¢ M3N0XKEHHBIM BbILIE JJIsi NOHMMAHUA
MEXAaHHU3MA OTMEYCHHBIX AHOMAJHH B MEXaHH4YecC-
KOM NOBEACHHH CTEKJI006PA3HBIX TOMHMEPOB pelLia-
IoLee 3HaYEHHE, Ha Halll B3I, HMEET BbIABICHHE
NPUHIHMIHATBHBIX OTINYHA B XapakTepe Ux aedop-
MalMH 0 U MOCKE npefena tekydecru. [lo npepena
TEKY4ECTH — 3TO, Ha NMEPBbIA B3MNIAA, OAHOPOAHAS,
ynpyras u oOpaTuMas fiepopMalis (TaKk Ha3bIBae-
Masi TYKOBCKast 00JIacTh KpHBOM pacTaxeHus). B To
ke BpeMs gedopManys moMMepa Ha 3TOM y4acTKe
HMEET HEKOTOPbIE OCOOEHHOCTH, HE MO3BOJIAIOLIME
CYUTAThb €€ HCTUHHO YNPYTOi 1 ofiHopoxHou. [Ieno B
TOM, HAMPUMEP, YTO, KaK 6bII0 OTMEYEHO BbIIIIE, Ta-
Kag aedopMains MOXKET ObITh 3a(PUKCHPOBaHA II1y-
OGOKHM OXNaXACHHEM MOMUMEPA MOCIE Er0 ONHOOC-
Horo fecpopmupoBauus [73, 74].

OpHoBpeMeHHO (elie OO AOCTIKEHHSA Mpepaena
TekyuyecTu) acdopManua MOIHMEPA CTAHOBHTCS He-
OHOPONHOH MO 00 BEMY H B MOJIMMEPE BO3HUKAIOT
nonockl capura [75-77]. Ilponeccsl 3apoxpeHus u
POCTa NOJIOC CABHTa B NOJUMEPAX NOAPOGHO Hccie-
[OBaHbI Pa3IUYHBIMH METOJAMH; B YACTHOCTH, ObLIO
MOKA3aHO, YTO MOJOCHI CABHMra, MOJOOHO Kpeii3zaM,
cofepKaT OpPHEHTHPOBAHHbIH (UOPHINHIOBAHHBINA
MOJIUMEP, O YEM CBHACTEIBCTBYIOT NPsAMbIE MHKPO-
cKonmuYecKue uccnegopanud [75, 78, 79].

ITpu pedropMmanusax, MpeBbIIIAOIUX MPEAET Te-
Ky4YeCTH, HAYMHACTCA TOTANBHBIA NEPEXOA MONMUME-
pa B OPHEHTHPOBAHHOE COCTOSIHUE, MPHHUMITHAILHO
HUYEM HE OTVIMYAIOIIMIACA OT OPHEHTALHH TONUMEpa
BBILIE €O TEMNEPATYPhl CTEKIOBAHHUS.

JIns agekBaTHOrO NOHMMAHHA AHOMAJIMHA B Mexa-
HUYECKOM H TEPMOMEXAHHYECKOM NMOBEIEHHH CTEK-
1006pa3HbIX MOJUMEPOB, HA HAII B3CJAMN, HEOOXO-
AHM YYET 3TOro (PyHIAMEHTANIBHOTO Pa3iMYHs B Me-
XaHM3Max fedopMauMd NOMMMEPOB OO M MmocCIe
npeaena tekyyectd. Ham kaxercs, yro npusieye-
HHME HOBBIX IKCNIEPHMEHTANBHBIX JAHHBIX MO3BOJISAET
NO-HOBOMY HHTEPNpPETHPOBATh AHOMANIMM MEXaHH-
YECKOro M TEPMOMEXaHHYECKOTO MOBENEHHUSA MOJH-
MEPHBIX CTEKOI.

O mexaHuame HU3KOMEMNEPAMYPHO20
60CCMAHOBAEHUS 0ePOPMUPOBAHHBLX
NOAUMEDHDBIX CMEKOA

Heo6xoauM0O OTMETHTB, YTO BCE pACCMOTPEHHBIE
BbILIC AHOMAJIUM B MEXaHUYECKOM MOBENCHHH CTEK-
J1006pa3HbIX MOJMMEPOB XAaPAKTEPHBI AJIA 3HTPO-
MHAHON yNPYTOCTH, ABJIAIOWICHCA XapaKTePUCTHYEC-
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Puc. 9. TemnepaTypHas 3aBHCHMOCTE OTHOCUTENb-
HOTO H3MEHEHH THHEHHBIX Pa3MEpOB Kpeii3oB (/)
4 HEOPHEHTHPOBAHHBIX YHACTKOB MEXKAY HHUMH (2)
B HaMpaBJIEHHH OCH BBITSKKH I o6pasuos I1K,
pactsmyTbix B AAC. BeprukansHad IITpUXoBas
nuHMsA — TemnepaTypa creknosanui ITK [86].

KHM CBOMCTBOM JIHHHOLEMOYEYHBIX MOJHMEPOB.
JeiicrButensHo, Gonbimme o6GpaThMbie pedopma-
IHH, POCT HAMPAXKEHHA U yCafika NpH HAarpeBaHHH
ABJAIOTCH YHHKANbHBIMH CBOMCTBAMH NOJHMEPOB.
OpHAaKO OTCYTCTBHE AAHHBIX O MPMHLMMIUAJIBHOM
BO3MOXHOCTH KPYMHOMACHITAOHOW MOABUKHOCTH
B MOJIMMEPAX HHXKE TEMIIEPATyPhl CTCKIOBAHHA HE
MO3BOJANO AO HACTOSIIErO BPEMEHH MPHHATH NO-
JIOXKEHHE 00 IHTPONUHHON IPHPOAE OTMECUYCHHBIX
ABNeHUd. B cBA3M ¢ 3TUM HEOOBIYHO GonbLIHE 06-
patuMblie fedopMaLuU KPEH30BAHHBIX ONUMEPOB
OOBACHANH JCHCTBHEM MOBEPXHOCTHbIX cun [62,
68, 69]. Ponb NOBEpPXHOCTHBIX SABJIEHHH B 3THX
npoueccax 6e3ycnoBHO, MPUCYTCTBYET. O6 3TOM, B
YaCTHOCTH, CBHJETEIbLCTBYET IKCHEPHMEHTANBLHO
BbIABACHHOE BIMSHUE MOBEPXHOCTHOM SHEPrUH Ha
MEXaHUYECKOE MOBEJCHUE KPEH3O0BAHHBIX MOJIH-
Mepos [63, 80, 81]. OpHako, KOrAa peyb HAET O
HH3KOTEMIEPATYPHOil ycajke KPEH30BaHHBIX MO-
nuMmepoB B orcytcTBue AAC, TO, HECOMHEHHO,
3aTOT 3¢ geKT MOokeT ObITh Hanbosee ageKBaTHO
OG'BSCHEH C MOMOIILIO HOBBIX AAHHBIX, NPUBEACH-
HBIX BBIIIIC.

Paccmo'rpnM NpAMBIE MUKPOCKONMHYCCKHE OaH-
HblE, MONY4YECHHbIE TPH OTXHUre KpeiH30BaHHBIX 06-
pa3uoB aMop¢HbIX noaumepos. Ha puc. 9 npeacras-
JICHbI 3aBUCHMOCTH OTHOCHTCJ/IBHOIO H3IMCHCHHUA JIH-
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HEHHBIX Pa3sMEPOB KPEH30B U MPOMEXKYTKOB MEXKAY
HHMH OT TEMIIEPATYphl OTXKUIA, MONY4YECHHbIE B Mpsi-
MbIX MHKPOCKOMHYECKHX HCCACHOBAHUAX 00pa3LoB
IIK, pedopmupoBanubix B AAC mo MexaHU3MY
KJIaCCHYECKOro Kped3HHra. XoOpolo BHAHO, YTO
CMBIKaHHE KpacB HHAUBHAYAJIbHBIX KPEH30B MpOMC-
XOOHT NPAKTHYECKH MOJHOCTHIO HIKE TEMIIEPATYDbI
creknoBanus [IK. B To xe Bpemst B HEOPHEHTHPO-
BaHHBIX PparMEHTaX UCXOAHOTO MOJTHMEPA, TOKATH-
30BAHHBIX MEXAY Kpei3aMH, HE TONBKO HE 3aMETHO
KakKou-nu6o ycajku, HO OHM JaxKe HE3HAYHTEILHO
YBEJIHYMBAIOT CBOU Pa3MEPhbI BCICACTBUE TEMIOBOIO
pacliMpesus. AHATOTHYHBIC PE3yAbTATHI ObUIH NO-
JydYeHbl M NPU OTXKUre KpPEH30BaHHBIX OOpa3LOB
IIMMA [82, 83].

B03MOXHOCTE KPyMHOMACIUTAOHOrO HH3KOTEM-
NePaTypHOrO MOJIEKYJIAPHOrO BIKEHHS B Kpei3o-
BaHHOM mojuMepe 6blna moka3aHa B padore [84], B
KOTOPO#i C MOMOIUBIO TEPMHYECKH CTHMYJIHPOBaH-
HOrO TOKA ACTOJAPU3ALMU H3YHAIH MOJIEKYNAPHYIO
MOABUKHOCTL B Kpei3oBaHHbIX H 6/ouHbix [IC u
6pomupoBaHHOM IIC. ABTOpBI OOGHApyXKHIH, 4TO
ANA BbICOKOKpPEH30BaHHbIX 00pa3iOB 3HAYHTENLHO
o6ner4aeTcs AUAIEKTPHYECKMH CHTHAJI NPH TeMIme-
patypax mo4ytH Ha 100°C Hmxe HX TeMnepaTypsl
CTEKJIOBaHHA. YKa3aHHOE OONErYeHHE 3aMETHO
YMEHBIIAETCE MIA KpEeH30BaHHbIX OOpa3LoB, NOj-
BEPrHyThix OTXKHUry Ha 10-20° HHXKE uUX TeMrepary-
pbI CTEKJIOBAHMA, YTO CBHIAETEIBCTBYET O YacCTHY-
HOM 3a/IcYMBaHUH (KOAIECLECHIMN) MeK(A3HbIX rpa-
HMI pa3fena B 3TOM HU3KOTEMNEPATYpPHOR 061aCTH.
OTxur Kpei30BaHHbIX 06pa3LOB Bbillle TEMIIEPATY-
Pbl CTEKJIOBaHHS NPHBOAUT K NOJHOMY 3aJCYMBa-
HHUIO CTpyKTYpbl. HecMOTpst Ha OTCyTCTBHE y aBTO-
poB paboTel [84] COBPEMEHHBIX JAHHBIX O MOJIEKY-
NAPHOH MOABHXKHOCTH B TOHKHX IUICHKAaX, OHH
CBA3aJIM OOHAPYXKEHHOE ABICHHE C 0COOBIMU CBOYCT-
BaMH MOMMEPA BOMN3H CBOGOTHON MOBEPXHOCTH.

ITonyyeHHbiC Pe3yNbTAThI MOXKHO JIETKO OOBAC-
HHTh TOHMIKCHHEM TEMIEPATypPbl CTCKJIOBAHUSA B
BbICOKOAMCIIEPCHOM OpPHEHTHPOBAHHOM MaTepHane
KpEH30B B NIOJTHOM COOTBETCTBHH C PAaCCMOTPEHHBI-
MH B NPEABIAYIMX pa3fesiaXx IKCIePHMEHTANbHBIMH
pe3yJibTaTaMi U JaHHbIME paboTsl [77]. Utak, Hu3-
KOTEMIIEpATyPHAS ycaAKa KPEH30BaHHbBIX CTCKI000-
Pa3HBIX NOJHMEPOB 00YCIOBACHA IHTPONMIAHBIM CO-
KpaleHueM PHOPUI, COCAHHAIOIIMNX Kpas Kpel3o0B,
NpH JOCTHXXEHUH X JTOKANBHOMR TEMNEPATyphI CTEK-
JIOBaHUA.

BBICOKOMOIJIEKYJIAPHBIE COENUHEHHSI Cepus b  Tom 45
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MexaHu3M HH3KOTEMIICPATYpPHOH yCajgKH MOJH-
MEPHBIX CTEKOJ, Ae(POPMHUPOBAHHBIX HUXKE HX TEM-
NEpaTypbl CTEKIOBAHHA B PEKHMME BBIHYXICHHOH
3JACTUYHOCTH, O NOCNEAHETO BPEMEHH HE ONUPAICA
Ha IpsMble MUKPOCKONHYeckHe JaHHbie. UMeHHO Mo
3TOii NMPHYMHE JO HACTOAIIErO BPEMEHH HE CYILECT-
ByeT €JHHOr0 MHEHHS OTHOCHTEJNbLHO MEXaHM3Ma
HH3KOTEMIIEPATYPHOH yCaAKH CTEKJIOOOpa3HbIX MO-
JMMMEpPOB B mpouecce oTkura. Hekotopeie aBTOpbI
[85, 86] cBa3bIBaIOT OCOGEHHOCTH AeopMaLHu MO-
JIUMEPHBIX CTEKOJI C HX CTPYKTYPHOH HEOIHOPOIHO-
CTBIO Ha MHKpOYPOBHE. B ipyrux paGoTax MEXaHH3M
Heynpyroil nedgopManun NOJMMEPHOrO CTEKIIa pac-
CMaTpHBaeTCA Kak npouecc sapoxaenus [87, 88] u
rubenn [8] MHKPOCKOMHYECKHX CABHIOBLIX TPaHC-
¢opmauuii. B HekoTopbix paboTax [89-91] nnacruy-
HOCTb MOJIUMEPOB HIKE UX TEMOEPATYPbI CTEKJIOBA-
HUSL CBA3BIBAIOT C [-MOJEKYIAPHBIM JBHKCHHEM.
MoxHo oTMeTUTh Takxke pabotsl [92, 93], B KoTO-
PBIX NPOLECC MIACTHYECKOMH AedOopMalHK TBEPAOLO
NOJIUMEpPa OMUCBHIBAIOT ¢ HCMOJIB30BAHHEM KOHIET-
LIHH CBOOOIHOro o0bemMa.

B nmocnegHee BpeMs Oblna pa3paboTaHa npsaMas
MHKPOCKOMHYECKas METOAMKA, MO3BOJSAIOIIAS BH3Y-
ANH3UPOBATh CTPYKTYPHBIC NEPECTPOMKH, COMPO-
BOXKJAIOLIHE TEPMOCTHMYJIHPYEMYIO YCafiKy, B TOM
yucle H HE3KOTEMNEPATYPHYIO, A6(DOPMHPOBAHHbIX
noaumepoB [94]. CyTb METOAMKH 3aKMIOYACTCA B
cnenyiomeM. Ha nosepxHocTs aepopMUPOBAHHOTO
MOJHMEPA HAHOCHTCA TOHKOE METAJIMYECKOE IOo-
kpbiTde. [Ipu mocnenyroweM €ro OTKUre U ycaake
BO3HMKAET MHKpOpebed B NOKPBITHH, YTO MO3BO-
NAET NOJNYYaTh BaXKHYIO HHPOPMALMIO O CTPYKTYp-
HbIX MEPECTPOiKaX, COMpPOBOXKAAIOLIUX AedopMa-
LMIO MOTHMEPA-NMOANOXKKH. PaccMOTpUM HEKOTOpBIE
Haubosee XapaKTepHble MPUMEPHI HCIMONB30BAHUA
paspaboranHoil B paGorax (77, 95] MeToguku Ans
H3y4YCHHS MEXaHH3MAa HH3KOTEMIEPATYPHOro BOC-
CTaHOBJICHHA JE(POPMUPOBAHHBIX CTEKIOOOPA3HBIX
noauMepoB. TUNHYHBIE pe3yNbTaThl TAKOrO HCCIe-
moBanud npencrabieHsl Ha puc. 10. Kak B cayyae
[I3TP, Tak u ana [IC npuMeHEeHHas METOAMKA MO3-
BOJISET BBIABUTD CJEyIOUIHE 3aKOHOMEPHOCTH. [Ipu
MasbiX 3Ha4YEeHHAX AedopMaLMH ycafka MOJHMEpa
P OTXKHIe OCYUIECTBAACTCA MyTEM ‘‘BTATHBAHHA™
MOJHMEPA B €r0 MOBEPXHOCTD B MPSIMOMUHEHHBIX 30-
Hax, NEPECEKAIOINX BECh O0pa3el — MOMOocax CABHra
(puc. 10a, 10B). B TO ke Bpems Bce MPOCTPAHCTBO
MEXJY YKa3aHHBIMH MOJOCAMH OCTAETCA INIAAKUM H
HeaeopMHpOBaHHBIM. POCT BeaHYMHBI npepBapu-
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Puc. 10. Ckanunpyrolue 31eKTpoHHbIe MUKpodoTorpaduu o6pasuos [IITP (a, 6) u IIC (8, r), HMEIOIIHX TOHKOE
METAIHYECKOE MOKPBITHE H MPETEPNEBILHX YCAAKY NPH OTKHUI€ HA BEJMYUHY AeOpMaLMK, HE MPEBLILIAIOLIY O
npefeN TEKy4eCTH (a, B) H 3HAYHTENBHO NPEBBILIAIONIYIO peaes Teky4dectH (6, r) [99]. X710 (a), 500 (6), 169 (B)

u 1000 (r).

TeJNbHOI AeopMaunyu NMONUMEPA [0 3HAYCHHIA, Cy-
ILIECTBEHHO MPEBBIMIAIOWNX MPEAEN TEKy4YeCTH, 3a-
METHO H3MEHSET KapTHHY TEPMHYECKOH ycafKu no-
aumepa (puc. 106, 10r). Bca noBepxHOCTH MoMMeEpa
npuoOpeTacT peryisapHbIi MHKpOpenbed), Mexa-
HHU3M 006pa30BaHUsA KOTOPOro ObLI PACCMOTPEH B pa-
60tax [96-98]. BaxkHO OTMETHTB, YTO Ha 3TOM 3Tane
Heynpyras fedopMaiis NoJIuMepa nepecraet ObiTh
JIOKATH30BaHHOH TOJNILKO B mosiocax capura. Ipo-
LEeCC YCafikH, BBIABIACMbIH ¢ MOMOLIbIO HCIOJIB30-
BaHHOM MHKPOCKONMYECKONH METOUKH, BHEIIIHE aHa-

BBICOKOMOJEKYJ/IAPHBIE COEOJUHEHUA Cepua B ToM 45

JIOrH4€EH yCaiKe MOJUMeEPa, Ae(POPMUPOBAHHOIO BbI-
e TeMmepatypel creknoBauus [77]. Hanomuum,
4TO ycaaka MOoJuMepa, Ae(POPMHPOBAHHOTO BbILIE
TEMIEPATYPhI CTEKIOBAHUS, OCYLIECTBIACTCS OHO-
POJIHO, B CBSA3H C YEM NNOBEPXHOCTD MOJMMEpPa NPHOG-
PETAET peryasapHbIi MHKpOpeabed, OTHOPOJHO pac-
npeaeNneHHbI Mo Bceil MOBEPXHOCTH 06pa3ua.

Pe3ynbraThl NpAMBIX MEKPOCKOIIMYECKUX IKCIHe-
PHMEHTOB NO3BOJWIM aBTOpaM pabort [77, 95] cpe-
NaTh BBIBOJ, 4YTO AedOPMALUIO® CTEKI000pa3HOro
NOJMMEPA MOXKHO YCJIOBHO pa3fie/INTh Ha JBa ITana.

N7 2003



1224

OTMeTuM, 4TO KpuBasi OHOOCHOTO CXKaTHA (pacTa-
SKEHHA) CTeK1006pa3Horo noiauMepa (puc. 8), conoc-
TaBJICHHAS C OTHOCHTEIBHBIMH BKJIAlaMH B HU3KO- U
BbICOKOTEMIICPATYPHBIE COCTABIAIOLIME HX TEPMO-
CTHMYJHPYEMOIO BOCCTAHOBJICHHS, OTYETIHBO He-
MOHCTPHPYET 3Ty ABycTagmiiHocTh. Ha nepBoM 3rta-
ne (qo nmpegesna) TEKy4eCTH MPOUCXOMUT NEPEXON No-
JigMepa B  OPHCHTHPDOBAHHOE COCTOSSHHE B
TOHYANIIMX MOBEPXHOCTHBIX CNOAX, JIOKAJIM30BaH-
HBIX B NOJIOCAX COBMra, Pa3ficICHHbIX OJIOKaMH MC-
XOIHOrO, Hepme(hOpMHPOBAHHOrO nomumepa. Hacre
paboTel AepopManyu NpH 3TOM PacXoAyeTcs Ha Co-
3[]aHUE HOBBIX MOBEPXHOCTEN pa3fiena, KOTOphBIE pe-
THCTPHPYIOTCA B BHAe nosoc casura. CornacHo npu-
BECHHBIM BBIILE JAaHHBIM, TEMIEPATYpa CTEKIIOBa-
HUS B MOBEPXHOCTHBIX CJIOSX MOHMXKEHA, YTO
ABNAETCA NMPUYHHOW MOABICHHS HU3KOTEMNEPATYP-
HOI COCTaBJAIOLICH TEPMHYECKOH YCaqKH OPUEHTH-
POBaHHOTO cTeKN006pasHoro nonumepa. Kak B ciy-
yae KpeH3HHra, Tak H NpH Pa3sBHTHH NOJOC CABHra,
yKa3aHHEIE 30HBI MPOHU3BIBAIOT OOBEM MOMUMEPA U
NPHAAIOT B LEJIOM XapaKTePHbIE Ui 3TOr0 OPUEHTH-
POBAHHOTO BBICOKOAUCIIEPCHOI'O MaTEPHAJIa CBOMCT-
Ba. I'naBHbIM (paKTOpPOM, OTBETCTBEHHBIM 32 HU3KO-
TEMIIEPATYPHOE BOCCTAHOBJICHHE OTXKHIA€MbIX OpH-
C€HTHPOBAHHbIX NOMHMEPOB, SBISECTCA NOHMXKEHHE
T, xapaKTEpHOE JIf HX NOBEPXHOCTHBIX cnoes. I1o-
CJIEOBATEIbHOE “‘pacCTEK/IOBbIBAHHE” OPHEHTHPO-
BaHHOTO MaTepHaa, 3aMoHAIOIIETO 30HbI JIOKATH-
30BaHHO¥ AcopManyuy, HHHLHEPYET HTPONUAHYIO
CHIIy, OTBETCTBCHHYIO 3a Ha0/IOacMOe HH3KOTEM-
NEpaTypHOE BOCCTAHOBJCHHE J€(POPMHPOBAHHBIX
CTEKNO00pa3HbIX NOJIUMEPOB.

Ha BTopoM 3Tane (mociie MOCTIDKEHHS Mpefena
TEKYy4eCTH) HAYHHAETCA MPOLECC TOTANBHOrO, 00b-
€MHOr0 Nepexoaa NONUMEPA B OPHEHTHPOBAHHOE CO-
crosinue. [Tpouecc He cONMPOBOXAAETCH 3HAYATENIb-
HBbIMH H3MEHECHHAMH O6'beMa M aHANOrHYeH gedop-
Mauui aMop(¢HOro NoMMepa, HaXOASIICTOCA BbIIIIE
TEMNEPATYpPhbl CTEeKIoBaHUA. EcrecTBeHHO, 4TO U
TepMOycaika 3TOH Mofbl AedpOpMaLiu OCYLIECTBIIA-
eTcs B 06/1aCTH CTEKIIOBAHUS GIOYHOrO MONUMEPA.

BaxkHO# OCOGEHHOCTBIO PACCMOTPEHHBIX BBIILIE
AaHHBIX ABJIAECTCA HE TONBKO CaM (paKT CHIIBHEHIIIEro
MOHIKEHHS TEMNIEPATYPbi CTCK/IOBAHHSA aMOPQHBIX
MOJIMMEPOB B TOHKHX IJICHKAX M MOBEPXHOCTHBIX
cnosax. B Tro BpPEMs KaK NEPEXO0 CTEKIIOBAHHUA pealin-
3yeTcd B OTHOCHTENBLHO Y3KOM TEMIEPATyPHOM HH-
TepBaJie, B TOHKHX [TOBEPXHOCTHBIX CTOSX OH CHJIBHO
PacTSHYT MO TeMnepaTypHo# mkane. B paGore [99]

BbICOKOMOIIEKYJIAPHBIE COEIUHEHUSA  Cepns B

BOJILIHCKUWUM, BAKEEB

HCIIONTBE30BAIA METOA N'€HEPALIUH BTOPOH TapMOHHMKU
A1 U3y4EeHHs PEOPHEHTALIMH HETMHEHHBIX ONTHYEC-
KHX XpOMO(OpPOB H NEPEHOC IHEPTrUH HEH3ITyqaro-
el payopecUEHIHE UIA U3y4YCHUsA TPAHCIALMOH-
HOU Mud@Py3un B TOHKHUX MOTHUMEPHBIX IUICHKAX.
JlucnepcHelii KpacuTens, 6yay4u BBEJCHHBIM B IO-
JuMep (MOIUU300y THIMETAKPUNAT H ETO COMOINME-
pbl), ABageTCs 3(P(PEKTHBHAIM 30HAOM Ha O-peliak-
caiuio. OOHAPYKEHO CYLISCTBEHHOE PaCIIMPECHUE
TEMIIEPATYPHOro HHTEPBAJIA O-peJIAKCALM HaYuHas
€ TOJMIUHUHBI MIEHOK ~150 HM.

PacmupeHue uHTEpBaNa Oi-penakcaliu B TOHKHX
MOJIMMEPHBIX CIOSAX PErHCTPHPOBANH C MOMOILIBIO
auanekTpuyeckux noreps [100]. OcoGenno nudop-
MaTHBHBIM JJIS1 OLEHKH HHTCpBala (-pellakcau B
TOHKHX MONIMMEPHBIX CIOAX OKA3aJICA METOJ aHHU-
THNAUHE NO3UTPOHOB [9]. CunbHble M3MEHEHHSA B
CHUTHAJIE AHHUTWIALMH MO3UTPOHOB HAOIORAFOTCA
HA MAJIOM pacCTOSHUH OT NMOBEPXHOCTH oOpasua
(200 A). Opmo-no3uTpoHHOE BPEMSi KU3HH B MOJTH-
Mepe BO3PAcTaeT BOMU3H NOBEPXHOCTH, 4 M0 HHTEH-
CUBHOCTb YMCHBINAETCA. Pe3ynbTaThl MO BpPEMEHH
SKM3HH HHTEPIPETUPYIOTCA KaK JIOKANBHOE paclld-
peHue abIpoK 00 beMa BOIU3M MOBEPXHOCTH. Pacnpe-
Jenenue cBOGOAHOro o6beMa U IbIPOK BOMM3HU MO-
BEPXHOCTH HaliIcHO 6onee MUPOKUM, YeM B GJIOKE.

HTak, ¢ OfHOM CTOPOHBI, B TOHKHX CJIOSIX IOJTUME-
pOB HAOMIONAETCA CYLIECTBEHHOE PACIIMpPEHHE NO
TEMIEPATYPHOH IIKaNe O-pellakcalui, ¢ ApYyrou
CTOPOHBI, KaK YK€ OTMEYEHO, YCaJiKa CTeKI000pa3-
HOrO monuMepa, AeGOpMHPOBAHHOTO H MO MEXaHU3-
MY KpPEeH3HHTa, 4 10 MEXaHU3MY BbIHYKICHHOM 3j1ac-
THYHOCTH, HEC MPOCTO CABMHYTA B TEMNEPATYPHYIO
00JIaCTh HIKE TEMHEPATyphI cTeknoBanus. s mo-
nuMepa, AePOPMHPOBAHHOIO MO MEXAHH3MY Kpeii-
3MHra, 3Ta ycagka “pa3Ma3aHa” B IIMPOKOM (Ho
100°C u Gonee) TemnepaTypHOM HHTepBaje. B ciy-
yae neOPMHPOBAHHUS MOJUMEPA B PEKHUME BBIHYK-
ACHHOM 3JaCTHYHOCTH HU3KOTEMIIEPATypHas ycaaka
TaK:Ke JIOKAIH30BaHA B IOCTATOYHO LIMPOKOM TEM-
AepaTypHOM MHTEpBale — B 00/1acTu AepopManui 1o
npefena BbIHY>XKACHHOM 3;1acTHYHOCTH (pHC. 7, 8).

MoOXHO NpPEANoONOXKUTh, YTO MEXAHU3M HHM3KO-
TEMIIEPATYPHOR  TEPMOCTUMYIHPYEMOH  ycajKH
aMOpP(HBIX MONMUMEPOB CBA3aH ¢ OCOOCHHOCTAMHE MX
CTPYKTYpbI HIH, 00O/ieeé TOYHO, ¢ OCOOEHHOCTAMH
CTPYKTYPbI, KOTOPYIO NPHOOPETAET NOIUMED B MPO-
ecce ero Heynpyroi gepopmauuu. B HauGonswei
CTENEHHU H3YUYEHEI CETONHA CTPYKTYpPHbIE EPECTPOIi-
N7
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Puc. 11. CxemaTuyeckoe #300paxeHHe CTPYKTYPhI
kpeiiza [101]. Ocb pacTsKeHUA BEPTHKAIBHA.

KH, KOTOpbI€ MPHOGPETAET NOJUMED B MPOLIECCE ETO
nebopMHpPOBaHHS 10 MEXaHU3MY Kpeil3uHra. Xopo-
o u3BecTHO [58, 101], 4To cTpyKTypa Kpeiisa npea-
CTaBNAeT COGOH CHUCTEMY MAPANIECIBHO Pacmono-
SKEHHbIX (PUOPHILIAPHBIX arperaToB OpHEHTHPOBAH-
HbIx Makpomonekyn (puc. 11). Tummuunble
nomnepeyHbie pasMepbl (PUOPHII COCTABIAIOT €H-
HUUBI-AECATKH HAHOMETPOB, T. €. MONMAaAAIOT B Uana-
30H pa3MEpoB, B KOTOPbIX HAOIIOAAIOTCA PaccMOT-
PCHHBIC BbIlLIE aHOMAHH B CBOMCTBAX M, YTO OYEHb
BaXKHO, PE3KOE MOHHXKEHHE TEMIIEPATYPhI CTEKIIOBA-
Hus nonuMmepa. Ha puc. 11 oTyeTnuBo BUAHO, YTO AH-
ameTp GubpuIn B HHIUBHAYATHHOM Kpelize HEOXHO-
poreH. B neHTpaneHOR YyacTu Kaxaoro kpeisa pac-
MOJIOKEH TAaK Ha3bIBaEMbIN MUA pub, T.€. y4acToK, B
KOTOpPOM AHaMeTp (PHOPHIIT UMEET 3HAYHUTENBHOE
(mo 2 pa3) cyxkeHue. ITOT (PAKT CBHAETENBCTBYET O
TOM, YTO TEMIEPATYPA CTEKIOBAHUA KaXKIOH MHIH-
BHAYaIbLHON UOPUNIBI HE ABNAETCS BEIMYHHOM NO-
CTOSIHHOI, MOCKOJIBKY, KaK ObLIO MOKa3aHO B Mpefbl-
RYLHX pa3fenax, HMEETC pe3Kas 3aBHCHMOCTb TEM-
NepaTypbl  CTEKJIOBaHMA OT  IEOMETPHYECKHUX
pa3MepoB noauMepHoii ¢askl. B cBoio ouepens xopo-
LIO U3BECTHO, YTO pa3Mep (AHAMETP) UHAUBHAYAIb-
HbIX (PUOPHUIIT B CTPYKTYPE TAaKKE HEOAUHAKOB [Is
Kpe#30BaHHOro o6pasia B ueioM. O6 3ToM, B 4acT-
HOCTH, CBHAECTENBCTBYET TOT (PaKT, 4TO MAJIOYyIJIO-
BOE€ PEHTIE€HOBCKOE PAaCCEsIHUE OT KpeH30BaHHBIX
o6pa3uoB HOcUT Auddy3HbIA XapakTep, H, CleaoBa-

BBEICOKOMOIJIEKYJIAPHBIE COEDTUHEHHUA  Cepunsa B
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Pnc. 12. 3aBUCHMOCTD CTENEHH BBITAKKH B (pub-
pHIIax OT HIMpPUHBI Kpeiizos B [IBX, nedopmupo-
BaHHOM B 3TaHoJNe [104].

TEJIbHO, OTPEENAEMBIil ITHM METOAOM fHaMeTp ¢u-
Opunn - ycpegHeHHas 3¢eKTHBHAsS BeJIMYAHA
[102].

Jns nonumaHus (PU3HYECKHX MPHYHH CYLLECTBO-
BaHAA PacTAHYTOr0 MHTEpBajla TEPMOCTHMYIHpYE-
MO¥ ycafiki B KpeH30BaHHbIX NOJIHIMEpPax HEOOXOMH-
MO YYECTb €IIE€ OfMH 3KCMEPHMEHTANBLHBIN (haKT.
Heno B TOM, 4TO G1arogapst CTaTHCTH4ECKOH MPUPO-
A€ KpeH3uHra, kak pusnyeckoro spneHus [103], cre-
MEHb BLITAKKH HEOMHAKOBA [/ Pa3lUYHBIX Kpeii-
30B, pa3BHBAIOLLHUXCA B OTHOM H TOM Xe 00pasue npu
ero acdopmauuu B AAC. Ha puc. 12 npeacrasnena
3aBHCHMOCTB CPEAHCH CTEMEHH BBITSKKH MONMUMEpa
B MHIMBHAYANBHBIX KpeW3ax, OnpeAc/lcHHas B Mpd-
MbIX MHKPOCKOMHYECKHX H3MEPEHHAX, OT ILUHPUHBI
aToro kpeisa [104]. Xopowo BUgHO, YTO 4YeM ILupe
KpEi3, T.€. YeM J0/bLIE OH HAXORAUTCS MOJ Harpys-
KOM Ha CTafiuH CBOETO YIIHPEHHUs, TeM GOJbLIe CTe-
NEHb BBITSKKH MONMMepa BHYTpH Hero. [lanHoe 06-
CTOATENLCTBO HMEET BaKHOE MOCHEACTBHE MAJIs
CTPYKTYpel 00pa3uya MOJWMEpa, MOJBEPTHYTOrO
kpeisunry. Kak caenyet u3 puc. 13 [105], B Takom
oGpa3siie MMEET MECTO BECbMAa LIHPOKOE pacnpenee-
HHE 10 CTENEHAM BBITSKKH B Kpeii3ax (B paccMaTpH-
BacMoM cny4dae ot 130 mo 420%). B cBoro ouepenp
CTENEHb BHITSKKH A OTHO3HAYHO CBA3aHA C 06BEM-
HOW poneit pubpunn V;B Kpeiize

A=1/V, 3)

CooTHoieHue (3) 03HaYaeT, YTO O6'bEMHAS KO
BBICOKOAHCIEPCHOrO (PUOPHIIIH30OBAHHOTO NOJIHME-
pa B HHAMBHAYANbHbIX KpEH3aX H3MEHAETCS B [IMPO-
N7
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Puc. 13. TucrorpaMMa pacmpenesieHus CTENEHH
BBITsEKKY [I9T® B kpeii3ax, NOTyYEHHBIX IIPU €T0
PACTSKEHHH B 3TAHOJNE INOJ AEHCTBHEM NMOCTOSH-
Hoit Harpy3ku 16.4 MIIa [105].

KHUX Mpefeiax. 9TO U3MEHEHHE B CBOIO OYepeNb OIl-
penensieT IMMPOKWH [MAana3OH BEJIMYUH YACIbHOH
Me3K(a3HOi MOBEPXHOCTU B HHAUBUYAJIbHBIX KpEii-
3ax, YTO M OOYCJIOBJIMBAET IINPOKOE pacnpefesieHne
MO TEeMIEepaTypaM CTEKJIOBaHHS B KPEH30BaHHBIX
oOpa3suax.

CTpyKkTypHasi HEOZHOPONHOCTb KpPEH30BaHHBIX
006pa3LoB, HCIONIL30BAHHBIX B padoTax [70, 77, 82],
BO MHOIOM 3aBHCUT M OT METONUKHM UX MONYYEHUS.
HanmoMunM, 4yTo Takue oOpa3ubl NOMY4YalOT IMyTEM
pacTskeHus o6pasua nonumepa B xuakoin AAC go
HEOOXOAMMON CTENEHH YAJINHEHHS, MOCIE Yero 00-
pasen ¢ (PUKCHPOBAHHBIMHU pa3MepaMH U3BIIEKAIOT
u3 AAC " ymansroT KUIKHi KOMIIOHEHT 13 00'beMa
KpEH30B MyTeM BBICYIIMBaHUSA B BakyyMe. Kak noka-
3aHO B pabore [62], ynanenue AAC u3 o6'bemMa Kpeii-
3a BBI3bIBACT INIyOOKHE H3MEHEHHS B €T0O CTPYKTYpE
(puc. 14). ITpeacraBieHue O CTPYKType KOHEYHOrO
o6pa3ua, HCIOJIb30BAHHOIO JIsi H3YYEHHsI €rO Tep-
MO3JIaCTHYECKUX CBOYICTB, AaeT puc. 15. PakTnyecku
Ha 3TOM CHUMKE BH3YaJIM3UPOBAH MOMEHT Pa3BUTHS
pepopMaLyl MO MEXaHU3My KJIACCHYECKOrOo Kpew-
3MHra B XXHAKOH cpefie U 3a()UMKCHPOBAHO COCTOSIHUE
[OJIMMEpa B MOMEHT AOCTIKCHHS MM YIJIMHEHUS
100%. Xopowmo BHAHO, 4YTO TaKOH oOpa3sen copep-
>KUT MHOXECTBO 00JacTell MiIacTUYecKu Ae¢OopMu-
pOBaHHOro, (pUOPMITN30BAaHHOIO MaTepuana, co-
AEP3KaLEro MHKPOMYCTOTHI. B TO ke BpeMs HeTpyn-
HO 3aMETHUTb, YTO YaCThb ITHX oOnacrei (Kpeu3oB)
NIEPECEKAET BCE CEYEHHUE MOJNMMEpPA U YBEJIHYUBAET
CBOH pa3Mephbl B HAlpaBJICHUM OCH PacCTsKEHH (CTa-

BBICOKOMOIJIEKYJIAIPHBIE COEMUHEHUA  Cepus b
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)

(a)

()

Puc. 14. CxemaTtuueckoe n300pake€Hue CTPYKTYp-
HBIX NEPECTPOEK, NMPOUCXOAAIIUX B KpeH3ax IpH
yRaJIeHnH U3 UX 00 beMa afcopOLMOHHO-aKTUBHOMN
xupkocTH [58]: a — ucxopHblin o6pasew; 6 — oOpa-
3e1, U3 KOTOPOro aKTUBHAS XKUAKOCTH yAAJIEHa U
(pukcupOBaHHBIX pa3Mepax; B — 06pa3el, penakcu-
PpOBaBLIMI B CBOGOTHOM COCTOSIHHU.

Puc. 15. DnektponHas Mukpodororpacgus o6pas-
na [I93T®, nepopmuposanHoro Ha 100% B H-mipo-
NaHoJIe MPH KOMHATHOM Temmneparype. X480.

pust yluupeHus). JIpyras 4acTs Kpei3oB, XOTS U nepe-
CEKaEeT CEYCHHUE NMONMMEPA, €I HE yCIeNa CyIecT-
BEHHO YBEJIMUYUTH CBOU pa3Mephbl B HANIPABJIECHUU OCH
pacTsIKEHHsI, a €IIe OffHA YaCThb KPEH30B BCE elle
Ne 7
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PacTET B HANPABICHUM, IEPACHAMKYJIIPHOM OCH pac-
TAXKCHUA (CTafiUsI pOCTa KPEH30B), O YEM CBHAETEb-
CTBYET HalMM4He UX OCTphiXx BepuiuH. Kak 6bL10 OT-
MEYEHO BBINIE, KPEH3bl Pa3HOH IMHPHHBI COREPXKAT
OpUCHTUPOBAHHbI (PUOPHIIN30BAHHbIH NOIUMEP,
UMEIOIMI Pa3IHYHYIO CTENEHb BBITSKKH.

[llupusa UHTEpBANA HU3KOTEMIIEPATYPHOrO BOC-
CTAHOBJICHHA OPHEHTHPOBAHHOTO MOJHMEPA MOXKET
YBETHYHBATHCA H BCIEACTBHE SABICHUA APYrod NpH-
ponei. CornacHo teopun [IuMapumno, creneHsb Bbl-
TSXKKH MOJMMEPA TaKXKE BIUIET HA TEMIIEpPATypy
ero creknosanus [106]:

In(T,/T;) = ~(RI2AC,)M,IM (W +2/%-3), (4)

0
rae T, — TeMnepaTypa CTEK/IOBaHHUSI HEOPHEHTHPO-

BaHHOrO MOJuUMeEpa, M. — CpeIHEHUUCICHHOE 3HAYEe-
HHE MOJIEKYJIIPHOTO OTpPe3Ka LEMH MEXAY CIIHBKA-
MH, M, — MOJIEKyIIpHasg Macca 3JIEMEHTapHOrO 3Be-
Ha, A — CTeneHb BBITAKKH, AC, — H3IMEHEHHE
TEIIOEMKOCTH IPH OPHEHTALHH, R — YHHBEpCAIbHAS
ra3oBas KoOHcraHnrta. B HepasHeii pa6ore [107] Takoe
NOHHXKCHUE TeMmepaTtypsl creknoBanus (~10°C)
6put0 mpopemoHcTpupoBano MetogoM [ICK pns
I[I2T®.

Hrak, monumep, nedopMHUPOBaHHBIA B KHAKOM
cpefe MO MEXaHM3My KpPEH3HHIa, XapaKTEpHU3yeTCs
KpaiiHe HEOJHOPOAHOM CTPYKTYPOH M MPEACTABIACT
CcOOOM CNOXHYIO BbICOKORMCIEPCHYIO OPUEHTHPO-
BaHHYIO CHCTEMY, HMEIOILYIO MHOKECTBO 3JIEMEHTOB
CaMbIX pa3HbIX pa3MepoB. HeyauBuTeIbHO O3 TOMY,
4YTO OPHEHTHPOBAHHbIE JJIEMEHTBbI 3TOH CHCTEMBI
MOKa3bIBAIOT Pa3IMYHYIO TEMIEPATypPy CTEKJIOBa-
HUS, YTO M ONPEACIAET INHPOKHA HU3KOTEMIIEPATYP-
Hbli (HHXKE TEMNEpPATypbl CTEKJIOBaHMsS) AHAMA30H
€€ TEPMOCTHMYJIMPOBAHHOMN YCAAKH NPH OTKHUTE.

CymecTBoBaHNE, XOTA H OTPAHHYECHHOTO HHTEP-
Banom fedopMaumii 1o npegena Tekyyecru (puc. 8),
HO JOCTAaTOYHO IIHPOKOTO HH3KOTEMIEPATYPHOrO
AMANa30HA TEPMOCTHMYJIHPYEMOI YCaIKH y MOMHME-
poB, AePOPMHPOBAHHEIX HA PEXXKHMME BBIHY>KACHHOH
3MIACTUYHOCTH, MOXHO OGBICHUTH TEMH KE MPHUN-
HaMH, YTO H B CyYae KpeisuHra. B nmone3y Takoro
MPEeANONOXKCHUS CBUAETENLCTBYET HEOTHOKPATHO
OTMEYAEMOE B IUTEPATYPE MOPPONIOrHIECKOE CXOA-
CTBO MEXAY Kpeil3aMH H NOJIOCAMH CABHTa, B YaCTHO-
CTH, Hanu4ue (pUGPUIIH30BAHHOIO OPHEHTHPOBAH-
HOTO MaTepHaja B MOJNI0cax CABHra e opMHPOBaH-
HBIX nonuMmepoR [75, 78, 79]. Bonee Toro, cXoacTBO
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Puc. 16. TpexMepHasd peKOHCTPYKLMA aTOMHO-CH-
JIOBOr0 HM300paXCHHA MNOBEPXHOCTH oOpa3ua
II3T®, neOopMUPOBAHHOTO B YCIOBUSAX IIOCKOCT-
Horo cxartus. Ifocne HaHeceHHs Ha ero MmoBepx-
HOCTh TOHKOro (10 HM) cmod mnaTuHbl obpaszen
MpeTepnes MIOCKOCTHYIO ycaaky Ha 18% mpu oT-
KHTre.

3THX CHCTEM MOAYECPKHUBAIOT AAHHBIC, MOMYYSHHBIC
AOpH HCCAEJOBAaHUM MEXaHH3Ma TEPMOCTHM! )ye-
MOH yCaikH NOJHMEpPa, Ae(POPMHPOBAHHOIO ¢ KH-
M€ OJHOOCHOro cxkaTHA. Kak ObLIO mOKasaH:  JdIe
(puc. 10), Hu3koremnepaTypHas ycaaka gego:  90-
BAHHOTO MOJMMEPA OCYILECTBAAECTCSA MCKIIOY = . JIb-
HO B Nnojocax cABUra. JlaHHbie AaTOMHO-CHIIOBOH MH-
Kpockonuu (puc. 16) CBUAETENBCTBYIOT O TOM, YTO
BO3HMKAlOWMEe NpH AcPOPMHPOBAHHM U BbIABIAC-
MBI€ TIPH YCaIKe MOJIOChI CABHIa HMEIOT Pa3IHYHYIO
wHupuHy. PaKTHYECKH 3TO O3HAYAET, UTO B fedop-
MHPOBAaHHOM B JJAHHBIX YCIOBHAX MOIHMEPE HMEETCS
Ha6op NoOC CABHUTa MO LIUPHHE, YTO B MONHOM Mepe
AHAJIOrHYHO CHTYalUH, KOTOpas Ha6irofaeTcs B
Kpei3oBaHHbIX oOpasuax [105]. 3to pacmpepene-
HHE, BHAMMO, CBHAECTENLCTBYET O IITHPOKOM pacIpe-
JEJICHUH MO PasMePaM CTPYKTYPHBIX IJIEMEHTOB, 3a-
NOJIHAOILMX MOJIOCHI CABHMra. B cBoro ouepens yka-
3aHHOE OOCTOATENBCTBO, BEPOATHO, H ONpPEeNAcT
IIMPUHY TEMIEPATYPHOTO HHTEPBANa TEPMOCTHMY-
JIUPyEMOii yCafKH.

B 3akmoyeHue HeOOXOAUMO OTMETHTD, YTO B Ha-
croseM 0630pe Mbl OGCYAWIH TONBKO HEGONBILYIO
4aCTh JIATEPATYPHBIX JaHHBIX, KOTOPbIE MOTYT ObITD
NEPECMOTPEHBI C YYETOM HOBBIX PE3YJIbTATOB HCCIIE-
MOBaHHA OCOOCHHOCTE MOJIEKYIAPHOrO ABHXKEHHS B
MOBEPXHOCTHBIX CJIOAX aMOP(HBIX nonuMepos. Oue-
BHAHO, 4YTO nanbueﬁmee Pa3BHTHEC I3TOr0 BAXHOrO
HAY4YHOTO HAMpABJCHUA OTKPBIBAET MEPCIEKTHBHI
CO3MaHUA AficKBAaTHOH TECOpHH, KOTOpasA MO3BOJIHT
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Specific Features of Molecular Motion and Properties
of Thin Films and Surface Layers in Amorphous Polymers
in a Glassy State

A. L. Volynskii and N. F. Bakeev

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

Abstract—Experimental and theoretical data on molecular motion in thin (tens—hundreds of nanometers) films
and surface layers of amorphous polymers are reviewed. In such thin layers, a dramatic depression (by tens—
hundreds degrees) in the glass transition temperature is observed. The reasons for such a depression in the glass
transition temperature are related to violation in the cooperative character of the glass transition process due to
spatial limitations imposed on the molecular motion of polymer chains when the thickness of a polymer film
or a surface layer becomes comparable to the unperturbed dimensions of macromolecules. Another possible
reason for the above depression in the glass transition temperature in thin films and surface layers of amorphous
polymers concerns segregation of end groups at the interfacial polymer—air surface. The effect of depression in
the glass transition temperature in surface layers of amorphous polymers on their mechanical and thermome-
chanical behavior is discussed.
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