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Y4CHblH CeKpeTapb llHCcepTau1101111oro COBCTa 

K311l1Hll3T cjJH3HKO-MaTeMarn4ccKHX 11ayK ~ l'.11. I l n:lllkl/ 11 11 

Olilll,AJJ. XAP AKTEPHCTHKA P AliOThl 

A1nyaJJhHOCTb TCMbI 

CospeMeHHble Tett.11,eHu1-n1 pa3Bl1Tl1ll cj:>11311K11 KOH)],e1-1c11posa1-1Horo cocTOllHl1ll s 

3Ha411TeJlbHOH CTeneHl1 CBll3aHbl c 113yYeH11eM «MllrKl1X sew,eCTB» (s OTeYeCTBeHHOH 

JJ l1TepaType - 'laCTl1LJHO ynopll.11,0'leHHblX cpe.11,), K KOTOpblM OTHOCllT sew,ecrno B 

cocTOllH1111, He onpe.11,eJilleMOM KaK Kp11cTaJIJ1 11JI11 npocTall )1(11.11,KOCTb. XapaKTepHoi1 

yepTOH TaKHX c11CTeM llBJUleTCll HepaBHOBeCl-lblH xapaKTep npo11CXO)],RW,l1X B Hl1X 

npoueccos, 113y'leH11e KOTOpblX npe.11,CTaBJIReT He TOJlbKO TeopeT11'1eCKl1H, HO 11 

npaKTJ1LteCKl1H 11HTepec c TO'IKl1 3peHl1ll B03M0)f(H0CTl1ynpaBJleHl1ll11Ml1 np11 C03)],aHl111 

coe.11,11HeH11i1 c 3a)],aHHbIMl1 csoi1cTBaM11 . Tor.11,a KaK TepM0.11,11HaM11Ka Heo6paT11MbIX 

npoueccos ccj:>opM11posaJJacb KaK cTporall ttayKa ew,e B cepe.11,11He npowJJoro cToJJeT11ll, 

cTaT11cT11YecKaR Teop11ll 1-1axo.11,11TCll B CTa.11,1111 pa3Bl1T11ll. B B11.1l.Y CJJO)f(HOCT11 11 

pa3H006pa311ll peaJibHblX sew,eCTB, :no pa3Bl1Tl1e B HaCTOllw,ee speMll 11)],eT 110 flYTl1 

11CCJle)],OBaHl1ll KOHKpeTHblX Cl1CTeM c ueJJblO fl0Hl1Mal-111ll MexaHl13MOB npo11CXO)],llW,l1X 

s H11x llBJ1eH11i1 . B )],11ccepTa111111 3 Kcnep11MeHTaJibHO 11 TeopeT11YeCK11 113yYalOTCll 

1-1eo6paT11Mhie npo11eccb1 B pacrnopax cj:>yJJJJepe1-1os B )1(11.11,Kocrnx 11 B noJJ11Mepax, a 

TaK)f(e HepaBJ-IOBeCHhlH cj:>a30BbJH nepeX0.11, )K11)],KOCTb - CTeKJJO B ll0Jll1Mepax (.11,anee 

Mbl 11Cfl0Jlb3yeM )],JUI KpaTKOCTl1 o6w,enp11HllTblH TepM11H - CTeKJJOBaH11e). 

B OTJJ11Y11e OT KJJaCC11YecK11x aJIJIOTpo111-1b1x cj:>opM yrnepo.11,a, cpyJIJJepeH xopowo 

paCTBOplleTCll B w11pOKOM KJlacce pa3ll11'11-lblX )1(11)],KOCTeH, np11 3TOM 1-1a6J110.11,aeTCll pll.11, 

11HTepeCHbJX CBOHCTB, 0)],H11M 113 KOTOpblX llBJJlleTCll 06pa30BaH11e KJiacTepoB. 

l1ccJJe)],OBaH11e KJlaCTepHoro COCT0lllll1ll 11 Kl11-leTl1Kl1 ero B031-111KHOBeHl1R, llBJlllllCb 

caMOCTOllTeJibHOH cpyH.11,aMeHTaJibHOH 3a)],a'!eH QJl1311Kl1 KOH)],eHC11pOBaHHbJX cpe.11,, B 

CJJy-Yae pacrnopoB QJYJIJJepeHOB 11MeeT 11 npaKTW!eCKl1H 11HTepec. 01-1 CBll3al-I KaK c 

npo11eAypoi1 0Y11CTKH cjJyJJJJepe1-1os, rnK 11 c MeT0AaM11 noJJr1eH11ll B0.11,HbIX )],11cnepc11i1 

C6o, aKTyanb1-1b1x AJJR 6110Me)],11u111-1b1. B CBll311 co CJIO)f(HOCTbIO llBJieHHR see 60JibWYIO 

aKTYMbHOCTb np1106perneT KOMnJ1eKc1-1oe 11ccJJe.11,osa1-111e pacTsopos cj:>yJJJJepe1-1os. B 
)], l1CCepTau1111 np11MeHlleTCll KaK 1-1a6op B3al1MO)],Ofl0JlHlllOllll1X 3KCnep11MeHTaJlbHblX 

MeT0.11,0B )],Jill 11ccJ1e.11,0BaH11ll CTPYKTYPbI 11 K11HeT11K11 .11,aHHbIX c11cTeM, TaK 11 

TeopeTl1'1eCKl1e fl0.11,XO)],bl, OCHOBaHHblC Ha Kl1HeTl1'1eCKOH Teop1111 HYKJJeau1111 11 pocTa 

KJJacTepos. 

bOJlbWOH 11HTepec Bbl3bIBalOT CTeKJJOll0.11,06HbJC COCTOllHl1ll B flOJI11Mepax. flo 

Mepe np11BJJe'!eH11ll HOBbJX MaTep11anos 11 co 31-1aY11TeJ1bHblM pacw11pe1-111eM )],11ana301-1a 

.11,0CTYflHb!X CKOpOCTeH 113MeHeHHR TeMnepaTypbl (11Jl11 Apyrnx BHCWH11X napaMeTpos) 

MeT0.11,bI np11rOTOBJ1eH11ll 11 np11JIO)f(e1-111i1 cTeKoJI TOJibKO yseJI11'111Ba10TCll. C11JibHall 

3aBl1Cl1MOCTb CBOHCTB KOHC'IHOro COCTOllHl1ll Cl1CTCMbl OT CKOpOCTl1 OXJla)f{)],eHHR, 11 OT 

TepMWICCKOH npe.11,blCTOp1111 B UCJIOM, )],eJiaeT 3a)],aLJY TeOpeT114eCKOro on11caHl1ll 

npo11ecca CTeKJIOBaH11ll oYeHb sa)f(HOH )],Jill npaKT11YecK11x np11Me1-1e1-111i1. CTp11 3TOM, 

XOTll MOJICKYJillpHall CTPYKTypa CTCKJl006pa3ylOllll1X MaTep11anoB 

(H113KOMOJICKYJillpHblX sew,eCTB 11 fl0Jll1Mepos, MeTaJIJll14eCKl1X CTeKOJI 11 .11,pyrnx) 11 B 

)1(11.11,KOM, 11 B TBep.11,0M aMopcj:>HOM COCTOllHl111 Cl1JlbHO pa3Jil14Ha, MHOr0411CJieHHbJe 

1-1a6J110)],eHl1ll CBl1)],eTCJlhCTBYIOT 0 CX0.11,CTBe fl0BC)],CHl1ll rJiaBHb!X MaKpOCKOflH'ICCKHX 
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xapaKTep11cT11K np11 cTeKJJOBaH1111. Dp0Qeccb1 CTCKJ1osatt115I pa:iHbTX c11cTeM L\OJl)KH&l 

OOL\Yl1H51TbC51 o6wei:f Teop1111, no Kpai1Hei1 Mepe, B OTHOWeH1111 npeL1CKa3aH11i1 

::isomou1111 11x MaKpocKon11yecK11x csoi1crn. Pa:is11T11e rnKoi1 o6wei:f Teop1111 

npeL1cTaBJJ5leT co6oi:f sa)KHYIO Ja.[\aYy. B 11acT05lweH L111ccepTau1111 s&momieHbJ 

11CCJle.[\OBaHl151 B OL\HOM 113 HOBblX HanpasJ1eH11i1 K11HeTHYeCKOH Teop1111 CTeKJJOBaHJ151 

- on11catt11e .[\aHHOro 51BJleHl151 B W11p0KOM 11HTepsaJJe CKOpOCTeH 113MeHemrn 

BHewHero napaMeTpa. AKTYMbllOCTb L1airnoro HanpasJJeH115I o6ycnosJJeHa paJBHTHeM 

TexH11YecK11x B03MO)KHOCTei1 L\Irn :>Kcnep11MeHTOB 11 TexHonor11i1. B HaCT051wei:f 

pa6oTe BblTIOJJHeH&I KaK 06w11c 11ccnenosaHl15I KHHeTHKH CTeKJJOBal-/H51 MOlleJJbHOH 

Cl1CTeM&l, TaK H paCCMOTpe11&1 B03M0)KHOCTH MOL1e1111poBaHH5I 3KCnepHMeHTaJJbHb!X 
.[\aHHblX L\1151 CTeKJJOBaHl151 nOJJl1CT11pOJJa. 

B nocnenH11e rOllbl 1-1a6J110.[\aeTC5! 60JJbWOH 111-!Tepec K 11CCJle.[\OBaHl11{) TOHK11X 

nJJeHOK OOJIHMepHblX HaHOKOM00311TOB. 3T11 CHCTeMbl npencTaBJlJ!l{)T co6oi:f 

non11MepHy10 MaTp11uy, B KOTopoi1 L111cneprnposaH&1 1-1aH0YaCT11u&1. MoL111<jrnKau1151 

CTpyKTyp&l MaTp11Ubl nOJl11MCpa 11al-IOYaCTHUaMH np11BOL\11T K 113MeHeHHIO QJH311KO­

X11MHYeCKHX CBOHCTB Cl1CTeM&I, 11 naeT B03M0)KH0CTb OOT11Ml1311pOBaTb ee CBOKCTBa. 

11crnenosaHH51 CTpyKTypHblX oco6eHHOCTeH .[\aHHb!X Cl1CTeM 003BOJl51T B nepcneKTl1Be 

npe.[\JJ0)KJ1Tb 3cpcjJeKTl1Bl-lblC MeTOllbl ynpasne1-11151 11X CBOHCTBaM11, Bb16op 

OOTHMaJJbHbJX KOHUeHTpau11i1 1-1a1-10YaCTHU 11 napaMeTpOB OOJll1Mepos. BamH&JM 

BOnpocoM B 3T11X l1CCJ1e.[\OBa1-11151x H pa:ipa60TKaX 51BJJ51eTC51 L\11CnepcHoe COCT051H11e 

HaHOYaCTHU B noJJ11Mep1-1oi1 MaTp11ue. YnpasneHHe 3T11M COCT0511111eM B 11CXOllHblX L\Jl51 

HaHOKOM003J1TOB paCTBOpax, a TaK)Ke B CaMOH Cl1CTeMe, 51BJJ51eTC51 KJllOYeBblM 

sonpocoM 11,n51 nepcneKT11s11&1x np1111o)Ke1-1Hi1 non11MepH1>1x 1-1a110KoMnoJ11TOB. B 

.[\aHHOH pa6oTe MeTO.[\aM11 1-1ei:fTpOHHOH H pe1-1TreHOBCKOH pe<jJJJeKTOMeTp1111 

l1CCJ1eL1yeTC5I MOlleJJbl-la51 Cl1CTCMa - TOHKHe nneHKH 00Jll1CT11pOJJa, conep)Kaw11e 

<jJynnepeHbl c60 H C10, TO eCTb B KaYecrne 06beKTOB 11cc11enosa1-11151 Bb16paHbl 

paccM0Tpe1-1tt&1e B npeL1&1nyw11x rnasax 11,11cceprnu1111 MaTep11Mbr. CrnHL1apTHa5I 

npouenypa np11rOTOBJ1e111151 HaHOKOMTI0311Ta 11 ero TOHKOH nneHKH 110.[\Bep)KeHa 

BJ1H5IHl110 KJJacTepHoro cocT05l1-11151 <jJyJJJJepeHos Ha CTPYKTYPY nneHKH 11 ee csoi1crna. 

HccneL1osa1-11151 cTpyKTypHoi1 opraHHJau1111 <jJynnepeHoB B nneHKe, L10non1-1e1-1Hb1e 

pe3yJJ&TaTaMl1 HCCJ1e.[\0Ba1-111i:f COCT051HH51 <jJynJJepeHOB pacrnopax (KaK 11CXOL\HOH 

Cl1CTeM&l), 003BOJl511{)T onpeneJJl1Tb xapaKTep 3TOro BJJl151Hl151 H B nepcneKTl1Be 

npeL\JJO)KHT& onTHMaJJ&H&Ie ycnos1151 np11roTosneH115I. 

QeJJH " 33.[\3 '1 11 p300Thl. 11,eJJb pa60Tbi COCT051Jla B KOMnJJeKCHOM 

11ccnenosaH1111 K11HeT11K11 Heo6paT11M&1x npoueccos s pacrnopax <jJy11nepeHos 11 s 

non11Mepax. Dp11 3TOM cTas111111c& cneny10w11e Ja11,aY11 11cc11eL1osa1-111i:f: 

I. 3KcnepHMeHTaJJbHOe HCCJ1e.[\OBaH11e CTpyKTyp&l 11 Kl1HeTHKH arperau1111 

<jJyJJ11epeHOB B paCTBOpax pa3Jll1YHOH TIOJJ51pHOCTH Ha6opoM KOMOJleMeHTapHbl X 
MeTOllOB; 

2. TeopeT11YeCKOe on11caH11e Kl1HeTHKH 

pacrnopax <jJy11JJepe1-1os s pacrnop11TeJJ5IX 

conyTCTBYIOl1111X 3QlQJeKTOB; 

o6pa:iosaHtt51 11 pocTa KJJaCTepos s 

pa3HOH TIOJJ51pHOCTH, a TaK)KC 
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3. 3KCnep11MeHTaJlbHOe HCCJJe.[\OBaHHe 11 MO.[\eJ111poBaHHe KHHeTJ1Kl1 

CTeKJIOBaHH51 llOJl11CT11pOJJa B w11pOKOM .[\11ana:io1-1e CKOpOCTei1 

oxJJa)KL1eH115!!Harpesa1-11151; 

4. 11ccneL10BaH11e CTpyKTyp1-1oi1 opraH11Jau1111 11 L111cnepc1-1oro cocT051Hl151 

<jJyJJJJepeHOB C60/C70 B TOHKHX nneHKax HaHOKOMTI03HTOB Ha OCHOBe nOJIHCT11pona; 

5. TeopeT11YeCKOe l1CCJ1e.[\OBa1-111e K11HeTl1KJ1 CTeKJIOBamrn MO.[\eJlbHOH CHCTeMbl 

B w11pOKOM 11HTepsane CKOpOCTei1 OXJla)K,[\eHl151 11 HarpesaHl151, a TaK)Ke CKOpOCTH 

113MeHeHH51 .[\aBJJeHH51. 

H3yt.ttt3H HOBH3H3. C noMow&IO Ma11oyrnosoro pacceHHHJJ 11 

KOMnneMeHTap1-11>1x MeTOL\OB s&monHeHo 11cc11eL1osa1-111e cTpyKTypbl 11 K111-1eT11K11 

o6pa:ioBaHH51 KJlaCTepOB B pa3JJl1YHh!X 110 CBOHCTBaM paCTBOpax cpyJJJJepeHa C60· 

OnpeL1eJJeHbl K11HeTw1ecK11e K03<jJ<jJ11u11eHT&1 pacTsope1-1115I, poem KnacTepos, 

KOMTIJJeKcoo6pa:iosa1-1115I. DpeL1JJO)KeHb1 TeopeT11YecK11e MOL1eJJ11, on11Cb1Ba10w11e 

Kl1HeTl1KY pocTa KJJacTepos. Bnepsb1e npeL1J10)KeHa TeopeT11YecKa5! MOL\eJJb 

pa:i6asJJe1-1115! nom1p1-1oro pacrnopa BOL\OH, on11cbrna1owa5I noporosb1i1 3cpcpeKT 

yMeH&WeHH51 pa:iMepoB KJlaCTepOB c60· PaCCMOTpe1-1a KJ1HeTYtKa CTeKJJOBal-/1151 

OOJJJ1CTHpOJJa B W11pOKOM 11HTepsaJJe CKOpOCTeH OXJJa)K.[\eHH51, npellJIO)KeHbl TIOL\XOL\bl 

K OTIHCaHHIO .[\aHHblX 3aBHCl1MOCTeH. fl0Ka:ia1-10, YTO TeMnepaTypHble Kp11Bble 

HOpMMH30BaHHOH TennoeMKOCTl1 OOJll1CTHpOJJa B HHTepsaJJe CTeKJIOBaHl151 llJl51 

TIOCT051HHOH CKOpOCTH OXJla)K.[\eHl151 q1i CBOL\51TC51 K npHBe.[\eHHOH 3aBHCl1MOCTl1, eCJJl1 

MaCWTa611posaTb OCH no TIOJJO)KeHl1IO 11 BeJJHL!HHe MaKCHMyMa 3aBl1Cl1MOCTl1 

c;;orm(T). OnpeL1eJJe1-1&1 ycJJOBl151 peaJJ11Jau1111 aHaJJOrHYHOH 3as11c11MOCT11 B 

MOL\eJJbHbIX c11cTeMax. MeTOL1aM11 1-1ei1Tpo1-1Hoi1 11 pe1-1Tre1-1oscKoH pe<jJJJeKTOMeTp1111, 

aTOMHO-Cl1JIOBOH M11KpOCKOTIHl1 BblnOJIHeHbl 11CCJle.[\OBaHH51 TOHKHX nJJeHOK 

HaHOKOMn03HTOB nOJ1l1CTHpOJ1-QJyJJJ1epe11 B Bap11aU1151X nC/C6o, 11,flC/C60, nC/C10, 11 

L1DC/C70. BnepBbie o6Hapy)KeHa 11 11ccJJeL10BaHa CTpyKTypHa51 opraHH3aUH51 

1-1aH0YacT11u B nne1-1Kax rIC/C70 . B paMKax o6wero TeopeTw1ecKoro noL1XOL1a 

HCCJle.[\OBaHa Kl1HeTHKa CTeKJIOBaHl151 Cl1CTeMbl B WHpOKOM HHTepsaJJe CKOpOCTei1 

oxJ1a)K11,e1-11151 11 1-1arpesatt115I o6pa:iua (111-1TepsaJJ cKopocTei1 6011ee I 0 nop51L\KOB). Ha 

6a:ie 0606we1-11-1oro Kp11Tep1151 cTeKJ10BaH115I noJJyYeHo o6wee ypas1-1e1-111e L\Jl51 

3aBJ1CHMOCTH TeMnepaTypbi CTeKJJOBal-11151 OT CKOpOCTH OXJla)K.[\eHl151, cnpaBe.[\Jll1BOe 

.[\Jl51 mo6btX CKOpOcTeH 113MeHeHJ151 TeMnepaTypb! 11 3aKOHOB penaKcau1111 (3aKOH 

AppeH11yca, <l>oren51-<DynbYepa-TaMMa1-1a, 11 npyrne). floJJyYettbT a1-1aJJ11T11YecK11e 

Bb!pa)KeHl151 L\Jl51 3aBl1Cl1MOCTl1 TeMnepaTypHblX rpa1-111u 11 w11p11Hbl 11HTepsaJJa 

CTeKJIOBaHH51 OT CKOpOCTl1 OXJla)K.[\el-/1151 q, BblTIOJJHeHbl YHCJleHHble paCYeTbl. BnepBble 

nonyYeHbl aHaJJHTl1YeCK11e oueHKH llJl51 KOppeJJ51U1111 Me)KLIY TeMnepaTypoi1 

cTeKnosa1-11151 11 w11p111-1oi1 111-1Tepsana cTeKJJosaHH51, nonyYeHo KaYecTse1-11-1oe cornac11e 

c 3Kcnep11MeHTaJJ&H&1M11 L1aHH&1M11. TaK)Ke, sneps1>1e paccMoTpeHo cTeKnosaH11e 

MO.[\eJlbHOH Cl1CTeMbl np11 113MeHeHl111 aJJbTepHaTl1BHOro BHew1-1ero napaMeTpa -

.[\aBJJeHl151 p, B WHpOKOM 11HTepsaJJe CKOpOCTeH 113MeHeHl151 p. 
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IJOJIOIKCHHSI, BblHOCHMhlC Ha 33lQHTY 

1. <l>ynnepeHbI C 60 B cna6on01rnpHb1x pacrnopax 06pa3y1-0T KnacTepbI c 

MHOroypOBHCBOH CTPYKTypoi1 pa3MepaM11 .!lO HCCKOJlbKHX M11KpOMCTpOB nO.!l 

B03.!lCHCTBl1CM CBeTa 11 B np11cyTCTBl1l1 Kl1CJIOPO.!la. 

2. B pacrnope cpynrrepeHOB C 60 B N-MeT11nm1ppon11.!lOHe cKopocTb 06pa30BaH11H 

KOMnJleKCOB cpynnepeH-paCTBOp11TCJib COCTaBJll!CT - 2 ·I 03 c; 06pa30BaH11e 

KOMTIJlCKCOB orpaHl1411BaeT pocT KJlaCTepoB pa3MepaM11 .!lO - 300 HM. 

3. K11HeT11Ka poem KnacTepoB B pacTBopax cpynnepeHOB cpe.!lHei1 nonHpHOCT11 

on11Cb1BaeTCl! MO.!lCJlbl-0 orpaHl14CHHOro pocTa. BBe.!lCHl1e np11BC.!lCHHOH WKaJJbl 

BpeMCHl1 n03BOJll!CT on11caTb cpyHl<l.(1111 pacnpe.!lCJICH11l! KJlaCTepoB no pa3MepaM B 

MO.!lCJibHbIX nonHpHbIX pacrnopax cpynnepeHa cpyHKU11HMl1 J111Cpw11ua-Cne1osa. 

4. rioporOBblH 3cpcpeKT pa3pyweHl1l! KJiaCTepoB np11 pa36aBJ1CHl111 KOJ1JI011.!lHOro 

pacrnopa cpynnepeHOB cpe.!lHCH nOJlllpHOCTl1 BO.!lOH OTil1CbIBaeTCl! npe.!lJ10)KCHHOH 

TeopeT11YecKoi1 MO.!lCJlbl-0, yY11Tb1Ba10wei1 cTeneHHYl-0 1as11c11MOCTb 

pacrnop11MOCT11 KOMnneKCOB C 60 OT .!lOJ111 .!l06asnemwi1 B pacrnop BO.!lbl. 

5. ITp11 cTeKJJOBaH1111 non11cT11pona napaMeTpb1 1aK0Ha penaKcau1111 

(npe.!l3KCnOHCHU11aJlbHblH napaMeTp 11 napaMeTp HC3KCnOHCHU11aJJbHOCT11) 

MOHOTOHHO 3aBl1Cl!T OT CKOpOCTl1 OXJ1a)K)J,CHl1l! B 11HTCpBane CKOpOCTCH 

- to-4-10- 1 K/c. 

6. B TOHKl1X nrreHKax HaHOKOMTI0311TOB non11cT11pon-cpynnepeH C 70 HaHoYaCT11Ubl 

o6pa3y!OT HaCblU(CHHblH CJIOH TOJIU(l1HOH - 1-5 HM y nosepXHOCTl1 KpeMHl1CBOH 

nO.!lJIO)KKl1 (.!l11anaJOH CO.!lCp)KaHl1l! cjlyrrnepeHa 1-5 Mace. % OT nOJ111Mepa). 

7. B w11poKOM 11HTepsane cKopocTei1 oxna)K.!lCH11H/ HarpesaH11l! 1as11c11MOCT11 

TeMnepaTypbl CTCKJIOBaHl1l! 11 rpaH11U 11HTepsana CTCKJlOBaHl1l! 

CTCKJ1006pa3y10weii Cl1CTCMbl Ofll1Cb!BalOTCl! Bblpa)KCHl1l!Ml1, OCHOBaHHblMl1 Ha 

o6o6weHHOM Kp11Tep1111 CTCKJIOBaHl1l! 11 TeMnepaTypHOH 3aBl1C11MOCTl1 BpeMCHl1 

penaKcau1111 . 

8. W11p11Ha 11HTepBana cTeKJIOBaH11H Hen11Hei1Ho B03pacTaeT c ysen11YeH11eM 

TCMnepaTypbl CTCKJlOBaHl1ll, cornacHO Bblpa)KCHl11-0, CO.!lCp)KaU(eMy 

MO.!ll1cP11U11pOBaHHbIH napaMeTp Ml!fKOCTl1 CTCKJ1006pa3y1owero MaTep11ana. 

9. PacCMOTpeHa Kl1HCTl1Ka CTCKJlOBaHl1l! MO.!lCJlbl-IblX Cl1CTCM B w11pOKOM 11HTepBaJie 

cKopocTeii 111MeHeH11H .!laBneH11H (6onee I 0 nopH.!lKOB). Onpe.!leneHa 1as11c11MOCTb 

OCHOBHb!X CBOHCTB Cl1CTCMbl OT )J,aBJ1CHl1l! 11 CKOpOCTl1 113MCHCHl1l! .!laBJ1CHl1l!. 

TeopeTtt'lecicasi H npaKTH'lecicasi QCHHOCTb pa60Tb1. ITpe.!lJlO)KeH Pll.!l 

MO.!lCJlCH B Teop1111 HepaBHOBCCHoro COCTOl!Hl1l! KOH.!lCHC11pOBaHHOro BCU(CCTBa, Ha 

OCllOBe KOTOpblX .uaHO 06bl!CHCHl1e 3Kcnep11MCHTaJlbHblX .uaHHbTX no Kl1HCTl1KC pocTa 

KnacTepos B pacTsopax cpynnepeHoB s )1{11.!lKOCTHX 11 norr11Mepax. PaJBl1TbI acneKTbJ 

Teop1111 .!ll1HaM114CCKOro cjlaJOBoro nepeXO.!la )1{11.!lKOCTb - CTCKJIO B TIOJ111Mepax. 

flpe.ucTaBJJl!CMbJe B .!ll1CCepTau1111 11CCJ1C.!lOBaHl1l! BblflOJIHl!J111Cb H3.!l Cl1CTeMaM11, 

11CflOJlb3YCMbIM11 B TCXHWICCKl1X 11 6110MC.!ll1Ul1HCKl1X o6rracnx, a TaK)KC Ha.!l 

c11cTeMaM11, paccMaTp11saeMbJM11 B KaYeCTBe MO.!lCJlbHbIX .!lJlll pH.!la nepcneKT11BHbIX 

np11no)KeH11ii. ITonyYeHHb1e 3Kcnep11MeHTaJlbHb1e cTpyKTYPHbJe 11 K11HeTw1ecK11e 

.uaHHb!e MOryT 6bITb 11CnOJlb30BaHbl .!lJlll peweHHl! 3a)J,a4 ynpaBJ1CHl1l! .u11cnepc110HHbIM 
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COCTOl!Hl1CM HaH04aCTHU B paCTBOpax 11 TOHKl1X nJieHKaX, a TaK)KC B KaYeCTBC 

6aJOBblX pe3yJibTaTOB np11 11CCJIC.!lOBaHHllX, CBH3aHHblX c Cl1HTC30M HOBblX Cl1CTCM. 

06w11e TeOpeT114CCKl1C pe3yJibTaTbJ MOryT 6bITb 11CTIOJib30BaHbl B KaYecrne OCHOBbl 

.!lJlll OTil1CaHHll Cl1CTCM, TIOJl)"-laCMb!X np11 BbICOK11X CKOpOCTl!X 

Harpesatt1ui/ oxJ1a)K)J,CHl1l!. 

MeTO.!lbl ttccJienosaHHH H o6ocHOBaHHOCTb pe1yJibTaTOB. B pa6oTe 

np11MCH5IJIOCb HCCKOJlbKO 3KCnep11MCHTaJlbHblX 11 TeOpeT114CCKl1X MCTO.UOB 

11CCJJC.!lOBaHl1H. 
B 3Kcnep11MeHTaJibHbIX 11ccne.!lOBaH11Hx, BbmonHeHHbJX B paMKax .u11ccepTau1111, 

11cnOJ1b30BaJ1C51 KOMTIJICKC 113 HCCKOJlbKl1X .!lOTIOJJHl!l-OU(l1X .!lpyr .!lpyra MCTO.!ll1K. I1p11 

'.HOM OCHOBHblMH CTPYKTYPHblMl1 MCTO.UaMH 11CCJIC.!lOBaH11ll 5IBJl511-0TCl! Manoyrnosoe 

pacceHH11e (fnasa 2) 11 pecpneKTOMeTp11H (fnasa 5), KaK Hei1TpOHOB, TaK 11 

peHTreHOBCKoro 111nyYeH11H. oaJOBbIMH ycTaHOBKaM11 )].Jlll pecjlneKTOMeTp1111 5IBJJ5IJ111Cb 

pecpneKTOMeTp B rop1130HTaJJbHOH TIJIOCKOCTl1 0Tpa)KCH11ll o6pa3Ua, f PEI1HC (l1EP-2, 

J1H<l> Ol151l1) 11 peHTreHOBCKHH Empyrean .!lHcppaKTOMeTp B pecpneKTOMeTp11YeCKOH 

MO)].e (J1H<l> Ol15ll1). Manoyrnosoe peHTreHOBCKOe pacceHH11e (MYPP) 6h1no 

BbJTIOJJHeHo Ha nyYKe BioSAXS P 12 c11Hxp0Tp0Ha PETRA lll (HeMeuK11i1 

3JlCKTpOHHblH Cl1HXpOTpOH (DESY), faM6ypr, fepMaH11ll). )],aHHb!C 113MepeHHll 

.!l0TIOJIH5IJll1Cb 11CCJ1C.!lOBaHl1l!M11 c TIOMOLUbIO cneKTp0cpOTOMeTp11H (Y<l>-B11.!l), 

.!ll1HaMl14CCKOrO paccel!Hl1ll CBCTa ()],PC), Macc-cneKTpOCKOfll111 11 aTOMHO-Cl1JIOBOH 

M11KpOCKOfll111. TaKOH KOMTIJlCKCHblH TIO.!lXO)]., BKyne c o6ecneYCHl1CM flOBTOpl!eMOCTl1 

3 KCnepttMCHTaJJbHblX pe3yJlbTaTOB, r103BOJll!eT BbJTIOJIHl!Tb KOMTIJlCKCHOe 

11ccne.!lOBaH11e Kl1HeT11YecK11x npoueccoB 11 CTPYKTYPhI pa3J111YHbIX 06pa1uos. 

)],JIH on11caHl1l! K11HCT11Kl1 arperau1111 HaHOYaCT11U, cpynnepeHOB, B paCTBOpax 

ecTeCTBCHHblM l!BJ15ICTCl! np11MeHeH11e 110.UXO.!la .!lHHaM11Kl1 11011yJll!Ul1H, KOTOpblH B 

paMKaX HaCTOl!U(CH .!ll1CCepTau1111 CBO.UHTCl! K paccMOTpeHl11-0 11 MO.!ll1cp11Kau1111 06w11x 

ypaBHCHl1H K11HCTl14CCKOH Teop1111 HyKneau1111 11 pocTa .!lJlll cPYHKUl111 pacnpe)],eJleHl1ll 

KJJacTepoB no pa3MepaM. KaK n0Ka3b1Ba1-0T 11ccne.!lOBaH11H .!lpyrnx Hay4HbIX rpyn11, 

)J,aHHblH 110)],XO)], MO)KeT np11MCHl!TbCl! .!lJlll on11caHl1l! pocTa KJJaCTepOB np11 

KOH)],CHCau1111 napa, HYKJ1eau1111 np11 pocTe HaHO'IaCT11ll MCTaJIJIOB, Kp11CTaJ1Jll13aU1111 

111 pacnnasos 11n11 cTeKnono)].o6HhIX c11cTeM . PaJB11T11e )],aHHoro nO.!lXO)].a, 

Bb!TIOJIHCHHOe B paMKax .!ll1CCepTau1111, o60CHOBaHO 110JJYYCHHblMl1 pe3yJlbTaTaM11, 

COOTBCTCTBYl-Olil11Ml1 3Kcnep11MCHTaJlbHblM Ha6JlIO.!lCHl1l!M. TeopeTl14CCKl1M MCTO.!lOM 

11CCJIC.!lOBaH11ll K11HCT11Kl1 CTCKJIOBaH11ll KaK o6wero l!BJICHHll CTaJJ pa3Bl1Tb!H Ha 6aJe 

TepMO.!ll1HaM11Kl1 Heo6paTl1MblX npouecCOB nO)],XO)], c 0)],Hl1M CTpyKTYPHbJM 

napaMeTpOM. 3Ta )],OCTaTOYHO o6waH MO.!lCJlb np11MeH11Ma KaK .!lJlll npOCTblX 

)1{11)],KOCTCH, TaK 11 .!lJlll TIOJIHMepOB B paMKaX KBa311peweTO'lHOH MO.!lCJll1. TaKOH 

TIO.!lXO.!l TI0380JllleT KaK aHaJ111Tl14CCKl1, TaK 11 411CJ1CHHO HCCJlC.!lOBaTb 06w11e 

1aKOHOMepHOCT11 cTeKnosaH11H. Mo.!len11posaH11e 3Kcnep11MeHTaJlbHbIX .!laHHbIX 

(TeMnepaTypHb!X 3aBl1Cl1MOCTCH TCTIJ10CMKOCTl1 fl0Jll1Mepa) 8 W11pOKOM 11HTepsane 

CKOpocTeH OXJla)K)J,CHl1l! / HarpesaHl1l! BbJTIOmieHO KaK c np11MCHCHl1CM )],aHHOro 

TIO)],XO.!la, TaK 11 c nOMO!UblO .!lBYX w11pOKO pacnpOCTpaHeHHb!X 8 HaCTOl!U(ee speMH 

MeTO.!lOB on11caH11H K11HeT11YecK11x Kp11sb1x (cpopMaJJH3Mbl KosaKca 11 

l-lapai1attacsaM11). 06oCHOBaHHOCTb 11X np11MCHCH11ll nO.!lTBCp)KJ],aeTCl! KaK 
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60JlbWHHCTBOM ny6J111Kau11i1 B o6JJaCTl1 11CCJJe.uosaHHH CTeKJJOBaHHH pa3Hb1MH 
3KCnep11MeHTaJJhHb1M11 MeTo.uaM, TaK 11 TeopeTH'-leCKHMH pa60TaM11. BbrnOJ1HeHHh1e 
TeopeTH'-leCKHe 11ccne.uosaH11H nposo.u11n11cb s coTpy.uHw1ecTBe c l1HcT11TyToM 
cp113HKH (YH11Bepc11TeT PoCTOKa, PoCTOK, repMaHHH) 11 Jla6oparnp11ei1 TeopeTH'-leCKOH 
cp11311K11 HM. H.H. Eoromo6osa (OY15JJ1, .[J,y6Ha). 

Anpo6aQHH pa60T1>1. Pe3yJ1hTaTb1 .u11cceprnu1111 6b1J111 npe.ucrnsneHbI asTopoM 
Ha 6onee '-leM 30 Me)l{.uyHapo.uHhlX 11 HaUHOHaJJbHblX KOHCjlepeHI.(HHX 11 COBeLI.(aHl1HX, B 
TOM '-IHCJJe: Research Workshop "Nucleation Theory and Applications", JJNR, Dubna, 
Russia (XV, 1-30 April, 2011, XVI, 1-30 April, 2012, XVIII, 12-19 April, 2014, XIX, 
12-16 April, 2015); Lahnwitzseminar on Calorimetry, Rostock, Germany (12th, 10-15 
June, 2012, 13th, l5-20 June, 2014, 14th, 5-10 June, 2016, 15th, 3-8 June, 2018); Vll 
Me)l{.uyHapo.uHaH Hay<1HaH KOHcpepeHUHH «K11tteT11Ka 11 MexaHH3M Kp11cTann113auirn. 
Kp11cTanmnau11H 11 MaTep11anb1 Hosoro noKoJJeHHH» (25-28 ceHrn6pH, 2012, 
l1 BaHOBO ); CoseLI.(aHHe no HCTIOJlb30BaHHIO pacceHHHH HeHTpOHOB B HCCJJe.UOBaHHHX 
KOH.UeHC11pOBaHHOro COCTOHHHH (PHVJKC) (XXJT, 15-20 OKrn6pH, 2012, raT'-IHHa); 
International Conference on Physics and Advanced Materials, Iasi, Romania (22-28 
September, 2014, Alexandru loan Cuza University, Iasi, Romania); International 
Seminar on Neutron Scattering Investigation in Condensed Matter, Poznan, Poland 
(15th 2l-23 May, 2014, 18th 23-25 May, 20l8); III CoseLI.(atIHe no ManoyrnosoMy 
pacceHHHIO HeHTpOHOB, raT'-IHHa, (25 CeHrn6pll, 2015, 28-30 CeHrn6pll, 2016); 
International Conference "Condensed Matter Research at the IBR-2", JTNR, Dubna 
(l2-l 5 October, 2015, 9-12 October, 2017); International Conference "Physics of 
Liquid Matter: Modern Problems", Kyiv, Ukraine, (7th, 27-30 May, 2016, 8th, 18-22 
May, 2018); nepBblH PocCHHCKHH Kpl1CTaJJJ10rpacp11'-leCKHH KOHrpecc, MOCKBa, 
Pocc11H (21-26 HOH6pH, 2016); International Discussion Meeting on Relaxation in 
Complex Systems, Wisla, Poland (23-28 July, 2017); International Conference on 
Physics of Advanced Materials, Heraklion, Crete, Greece (12th, 22-28 September); 
International Seminar on Advanced Calorimetry, Kazan, Russia (2nd, I 0-12 October, 
2018, 3rd, 15-18 October, 2019); International Workshop "Nucleation Theory and 
Applications", Rostock, Germany (19-23 November, 2018); International Conference 
"Advanced Carbon Nanostructures", Saint-Petersburg, Russia ( 1-5 July, 2019); 
International Conference "Advanced Nanomaterials", A veiro, Portugal (17-19 July, 
2019). 

Pe3yJJhTaTbJ pa6oTbI 6blJIH npe.ucTasneHbI Ha ttay'-!HhJX ceM11Hapax B se.uyLI.l11x 
11ccne.uosaTeJ1bCK11x ueHTpax Pocc1111 11 Esponb1, BKJJJO'-lal! 06be.u1111eHHb1H HHCTHTYT 
ll.UepHb!X HCCJJe.uosaHHH (.[J,y611a, PoCCHll); MOCKOBCKHH rocy.uapcTBeHHb!H 
Ytt11sepc11TeT (MocKsa, Pocc11H); J1HcnuyT cp113HKH, YH11sepc11TeT PocToKa (PocToK, 
repMaHHll). Pe3yJJbTaTbl pa60Tbl 6bJJIJ1 npe.ucTaBJJeHbl B paMKax np11rnaweHHOfO 
Hay'-IHOro .llOKJla,lla Ha nporpaMMHOM KOMHTeTe no cpH3HKe KOH,lleHcHpOBaHHOfO 
COCTOl!HHll 06bemrneHHOro HHCTHTyrn ll.UepHblX HCCJJe.uosaHHH (2013, .LJ:y6tta, 
Pocc11H), a TaK)l{e B Ka'-lecrne ttay'-!Horo .uoKna.ua Ha Y'-leHoM CoseTe OY15JJll (2019, 
.[J,y6Ha, Pocc11H). 

Ily6JJHK3QHH. Pe3yJJhTaThr .u11ccepTau1111, npe.uCTaBnHeMhie K 3aLI.lHTe, 
co.uep)l{aTCll B 39 Hay<IHblX CTaTbllX, B TOM '-IHCJle 36 113 HHX ony6nHKOBaHbl B 
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pe1.1eH3HpyeMblX )l{ypHanax, BKJllO'-leHHblX B CHCTeMy UHTHpOBaHHll Web of Science, 3 
CTaTbH ony6nHKOBaHbl B peueH3HpyeMblX HHOCTpaHHbIX 11 Hal.IHOHaJJbHblX )l{ypHanax 
11 Hay'-IHhJX c6opH11Kax. l!eTb1pe ny6n11Ka1.111i1 npe.ucrnBJJlllOT co6oi1 06Jopb1 no 
TeMaTHKe .u11cceprn1.11111. Pe3yJJhTaThJ .u11ccepTau1111 11cnOJ1b3YIOTCH s Kypcax neKu11i1, 
'-IHTaeMbJX asrnpoM MarncTpaM Kacpe.upb1 ttei1Tp0Horpacp1111 MrY HM. M.8. 
JloMottocosa [B.JI. AKceHOB, T.8. Tpon11H, JleK111111 no Teop1111 KOH.UeHc11posaHHoro 
cocTol!HHll, MrY, 2020]. 

JIHlJHhlH BKJJ3JJ; 3BTOpa. 3KcnepHMeHTaJJbHble pe3yJJhTaTbl nony<1eHhl 
aBTOpOM, B OCHOBHOM, JIH'-IHO, a TaKme B Hay'-IHblX KOJJJJeKTHBax np11 ero 
ttenocpe.UCTBeHHOM yLfaCTHH, CTy.UeHTaMH 11 acn11paHTaMH np11 ero 
Henocpe.UCTBeHHOM pyKOBO.UCTBe. AsTopoM ccpopMyn11posaHbl TeMa 11 3a.Ua'-IH 
11ccne.uosatt11i1. Ott npHHHMaJJ aKTHBHOe yYaCTHe B 3Kcnep11MeHTax no MYPP, 
npose.ueHHH 113MepeHHH, HHTepnpeTaUHH nony'-leHHblX .uaHHblX. flpH 
Henocpe.UCTBeHHOM y'-laCTHH asTopa np11rOTOBJ1eHbl o6pa3Ubl TOHKHX nJJeHOK 
nonHMepHb!X HaHOKOMn03HTOB, BblnOJJHeHa o6pa60TKa pecpneKTOMeTpH'-leCKHX 
Kp11Bh!X. flo.u pyKoso.ucrnoM asTopa BhrnOJJHeHbJ Y<l>-811JJ; 11 .[),PC 11ccne.uosaHHll 
KHHeTHKH pacrnopett11H 11 arperau1111 cpynnepettos s pacTsopax. OcHOBHbJe 
TeopeTH'-leCKHe pe3yJJhTaThl, 113JIO)l{eHHble B .u11ccepTau1111, noJJyLfeHhl npH 
Henocpe.ucTBeHHOM yyacnrn asTopa. Ero JJH'-IHbIM BKna.uoM HBJJHeTCH pa3BHTHe 
6aJosoro no.uxo.ua Teop1111 HYKJ1eau1111 11 pocTa KnacTepos .um1 np11JJO)KeH11ll K 
OTIHCaHHIO arperau1111 cpynnepeHOB B pacrnopax 11 conyTCTBYIOLI.lHX 3cpcpeKTOB. 
06LI.(He TeopeTH'-leCKHe HCCJJe.UOBaHHll CTeKJJOB3HHll 11 MO.UeJ111posaH11e KpHBb!X 
KaJJOpHMeTpHH np11 CTeKJIOB3HHH noJJHCTHpona B WHpOKOM HHTepsane CKOpocTeH 
Harpesatt11H/OXJ13)!{.UeHHll BblnOJJHeHbl aBTOpOM JIH'-IHO. 

CTpyKTypa " 06'1>eM JJ;HccepTaQHH • .[J,11cceprn1.111H cocT011T 113 Bse.ue1111H, 6 
mas, 3aKJllO'-leHHll 11 cnHCKa HCnOJJb3YeMblX HCTO'-IHHKOB. TIOJJHb!H 06beM 
.u11ccepTau1111 COCTaBJIHeT 284 CTpaHHUbl, BKJllO'-laeT B ce6H 128 p11cyHKOB, 13 Ta6JJHQ, 
CnHCOK 113 428 6116J111orpacp11'-1eCKHX HCTO'-IHHKOB. 

KPATKOE CO)l,EP"JKAHHE PAI>OTbJ 

Bo Bse.ue111111 06oc110Bh1BaeTcl! aKTyaJJhHOCTb pa6oTbI, ee Hay4ttall HOBH3Ha, 
TeopeTH'-leCKM 11 npaKTH<JecKaH 3H3'-IHMOCTb, cqiopMyJ111poBaHbl ueJJH 11 33.ll3'-IH 
HCCJJe.UOBaHHH. TaKme npe.ucTaBJJeHbl OCHOBHbJe pe3yJJbTaTbl pa60Tbl 11 
ccpopMyn11poBaHbl nOJJO)KeHHll, BbIHOCHMble Ha 33LI.(HTy, KOpOTKO H3JIO)KeHO 
coJJ;ep)l{aHHe .u11cceprn1.11111. 

fnaBa l. Heo6paTHM1>1e npo1..1ecc1>1 B paCTBOpax H3HO'IaCTHLI H B 
noJJHMepax 

B rnase paccMOTpettbI .usa aKTYaJJhHhJX l!BJJeHHH 113 06nacT11 cp11311K11 
KOH.UeHCHpOBaHHOro COCTOHHl1ll - arperaUHll HaHO'-laCTHU B pacrnopax 11 cpa30BblH 
nepexo.u )1{11.llKOCTb-CTeKJJO (cTeKnosa1111e). Xorn cpettoMeHOJJOrH'-leCKOe on11caH11e 
KHHeTHKH .uaHHblX l!BJJeHHH cyLI.(eCTByeT y)l{e 6onee CTa JJeT, B 06011x 3THX BOnpocax 
no-npe)J<JJeMy He pewettbl caMhJe sa)l{HbJe 3a.ua'l11. E>onee Toro, cospeMeHHble 
JJ;OCTH)l{eHHll B o6nacTH 3KCnep11MeHTaJJbHblX HCCJJe.UOBaHHH CTaBl!T nepe.u y'-leHblMH 
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HOBble sorrpoeb1. B eJJy'!ae arperau1111 HaHo•rneT11u 11MeeTe5! 6aJosoe noH11Matt11e 
npOXO.[\Hlll11X npoueeeos, 0.l\HaKo .[\Jl51 KOHKpeTHblX e11eTeM Tpe6y10Te5! .neTaJlbHble 
11eeJJe.nosaH115!, KOTOpble, KaK npaBl1JlO, 11Mel-OT 04eHb nepeneKT11BHble npaKTl1'!eeK11e 
BblXO.[\bl. )J,anee ecj:>opMyJll1pOBaHbl OeHOBHble nOH51Tl151 11 npe.nemBJleHbl KJll-OLJeBble 
.[\Jl51 113JlO)l(eH115! pe3yJJbTaTOB .naHHOH pa60Tbl 3aB11e11MOeTJ1, ypaBHeHl151 11 Bb1pa)l(eH115!. 

A2pe2atfUR 1ta1w1Jacmutf e pacmeopax. B 6l1Hapttoi1 eMee11 Me)l(.ny 
0.[\11HaKOBb!Ml1 Hei1Tpa!lbHblM11 4aeT11uaM11 Beer.na 11MeeT MeeTo 3cpCjJeKT11BHOe 
np11T5!)1(eH11e. flp11 HeKOTOpb1x yenos1151x (Kottue1npaul15! LJaeT11u, TeMnepaTypa, 
.nasJJeH11e, pH paCTBOpa 11 T . .n.) 3TO npl1B0.[\11T K 11X Heo6paT11MOMy en11naHJ11-0 -
arperau1111. CTa.n1111 06paJ0BaH115! 11 poem KJJaeTepos aTOMOB 11 MOJleKyJJ B paeTsopax 
eOOTHOe51Te51 e npoueeeoM HyKrreau1111 11 poem 4aeT11u HOBOH cpa3bJ B 11eXO.[\HblX 
raJoo6pa3Hoi1, )1(11JIKOi1, TBep.noi1 cjiaJax. B HaeT051!llei1 .n11eeeprnu11l1 B KaLJeeTBe 
6aJosoro no.nxo.na 11enoJJb3y1-0Te5! Kl1HeT114eeK11e ypaBHeH115! Teop1111 HYKJJeau1111 11 
poem. 3TO e11eTeMa ypasHeH11i1 JIJJJJ fin,t) - cpyHKu1111 paenpe.neJJeH115! KnaeTepos no 
pa3MepaM B paeTBOpe. flo OI1pe.neJleHl11-0,./(_n,t) - 06beMHa51 KOHL(eHTpau1151 KJJaeTepOB, 
eoeT051lll11X 113 n MOHOMepos (.nanee, «KJlaeTepos, Pa3MepoM n») B MOMeHT speMeH11 t. 
MO)l(HO 3an11eaTb ene.ny1-0lllY1-0 e11eTeMy ypastteH11i1 [I]: 

of(n,t) =we+) f(n-1 t)+ we> f(n+ I t)-at n- 1,n ' n+ l ,n ' 

-w~~~+J(n, t)- w,'.~~-J(n, t), 
(I .1) 

r.ne n> I, a w~;!+ 1 eeTb sep051THOeTb B e.n11H11uy speMeH11 Toro, LITO K KJJaeTepy 

pa3Mepa (n-J) .no6as11Te5! MOHOMep (o.nHa tiaernua Hosoi1 cpa3b1). Ko3cpcp11u11eHTb1 

w~;-1 on11eb1BaJ-OT o6paTHblH npoueee OTeoe.n11HeH115! MOHOMepos OT KJlaeTepa 

pa3MepoM n. 0THOWeH11e 3Tl1X Bep051THOeTei1 113 TepMO.[\l1HaM11LJeeK11x eoo6pa)l(eH11i1 
onpe.neJl51eTe51 pa60TOH no 06pa30BaH111-0 KJJaeTepa B e11eTeMe: 

W(+) llG(n)-llG(n- 1) 

~~;·" = e k
6

T ( 1.2) 
Wn.n I 

Bb1pa)l(eH11e (1.2) enpase.nJJ11Bo .l\JlJI rno6oi1 cjiopMbl noTeHu11ana !1.G(n) - pa60Tb1 no 
o6pa30BaHl11-0 KJJaeTepa, eoeT051!llero 113 n MOHOMepoB B e11eTeMe. KJJaee114eeKoe 
Bb1pa)l(e1rne .l\Jl51 !1.G(n) 3a.naeTe51 mK Ha3hrnaeMoi1 KaneJJbHOH Mo.neJJbl-0 KJJaeTepa: 

!1.G(n) =-nt.µ+ aA, (1.3) 

r.ne A - nJJoma.nb nosepxHoeT11 KJJaeTepa, n - 411eno '!aeT11u (aTOMOB, MOJJeKyn) B 
eoeTaBe KJlaeTepa, (J - nosepXHOeTHOe HaT5!)1(eH11e, 6.µ - pa3HOeTb Xl1M11LleeKoro 
noTeHu11ana 4aeT11u B MaTp11ue 11 B eoeTaBe HOBOH cpa3bl. )J,JJ51 3aBepweHl151 
cj:>opMyn11pOBKl1 Kl1HeT114eeKOH Teop1111 HYKJleau1111 He06X0.[\11MO 3a.naTb Bb1pa)l(eH11e 

.[\JI51 K03cpcj:>l1u11eHTOB w~;+1· BMeeTe e TeM, B np11MeHeH1111 K KOHKpeTHbJM e11eTeMaM, 

B oeo6eHHOeT11 K arperau1111 HaHOLJaeT11u B paeTBOpax, Tpe6y1-0Te5! MOJ111cj:>11Kau1111 
6aJOBOH Teop1111. 

B HaeT051!llei1 .n11eeepTau1111 KaK 3Kenep11MeHTaJlbHO, TaK 11 TeopeT114eeK11 
11eeJJe.[\OBan11eb K11HeT11Ka arperau1111 11 eTpyKTypa KJlaeTepoB B HeeKOJlbK11X pa3Hb!X 
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paeTBOpax yrnepOJIHbJX HaHOLJaeT11u cj:>yJJnepeHOB. W11poK11i1 eneKTp 
3Kenep11MeHTaJlbHblX MeTO.[\OB 11ee;1e.nosaHH5! arperau1111 aTOMOB, MOJleKyJl, 
KOJIJ10 11.[\0B B paeTBOpax o6yeJlOBJleH KaK .n11ana30HOM pa3MepOB 4aeT11u, TaK 11 
Ha6opoM eBOHCTB, KOTOpb1e He06X0.[\11MO onpe.neJl51Tb. MeTO.[\ Manoyrnosoro 
paeee51Hl151 peHTreHOBeKHX Jlyt1ei1/Hei1TpOHOB (MYPP/MYPH) o6JJa.naeT ueJJblM 
p51.l\OM npe11MymeeTB, no3BOJ15151 11eene.nosaTb eTpyKTypy, paenpe.neJJeH11e 4aeT11u no 
pa3MepaM Henoepe.neTBeHHO B paCTBOpe. )J,11ana30H 4yseTB11TeJlbHOeT11 MeTo.na no 
pa3MepaM LJaeTHu eoeTaBJ151eT - 1-100 HM, a 3cpcpeKTl1BHOeTb 113MepeHl1H onpe.neJJHeTe51 
TaK Ha3bJBaeMbJM KOHTpaeTOM (pa3HOeTbl-O nJJOTHOeTH .[\Jll1Hb1 paeee51Hl1H 4aeTl1U 11 
paernop11TeJJ5!), a mK)l(e ypoBHeM HeKorepeHTttoro cpotta OT o6pa3ua. J13MepeH11e 
pa3MepoB LJaeT11u MeTO.[\OM .[\l1HaM11LJeeKoro paeee51Hl151 eBeTa ()),PC) oeHOBaHO Ha 
113Mepettl111 napHOH KOppeJJ51U110HHOH cj:>yHKL.(1111 11HTeHel1BHOeTl1 paeee51HHOro eBeTa. 
TaK11e 113Mepett115! no3BOJJ511-0T orrpe.neJJl1Tb K03cpcp11u11eHT .n11cj:>cpy31111 6poyH0BeK11x 
4aeT11u B paeTBope, 11, eJJe.nosaTeJJbHO, no cpopMyJJe CToKea oueHl1Tb 11x 
rn.npo.n11HaM11'!eeK11i1 pa.n11ye. MeTo.n no3BOJJ51eT perneTp11poBaTb LJaeT11ub1 
pa3MepaMl1 OT HeeKOJlbKJ1X HaHOMeTpOB .no HeeKOJlbK11X M11KpOMeTpOB, 0.[\HaKO, B 
epastteH1111 e MYP 11MeeT p51.ll He.noeTaTKOB, o6yeJJOBJJeHHhJX e11JJbHOH 3as11e11MoeTbI-O 
l1HTeHel1BHOeT11 paeee51HHOI'O eBeTa OT pa.n11yea LJaeT11U (r-6 npOTHB r-4). 

KuHemuKa cmeKJ1oew1uJ1. CTeKJlOBatt11e - .n11HaM11LJeeK11i1 nepexo.n e11eTeMbl 113 
)l(J1.[\KOro TepMO.[\J1HaM11LJeeK11 paBHOBeeHoro B 3aMopo)l(eHHOe TepMO.[\l1HaM11LJeeKJ1 
HepasHoseeHoe (eTeKnoo6pa3Hoe) eoeT05!H11e. B 06naeT11 nepexo.na )1(11.l\KOeTb-eTeKJJO 
.[\Jl51 e11eTeMbl xapaKTepHa He3KenoHeHL(l1aJlbHa51 11 HeJ111HeHHaJ1 peJJaKeau115!. 
He3KenoHeHU11aJJbHOeTb peJiaKeau1111 .noeTaTOLJHO xopowo orr11ebrnaeTe5! 3aKOHOM 

Konbpaywa: p(t)-exp ( -(tfrR)'1), r.ne p(t) - speMeHHM 3as11e11MoeTb HeKoToporo 

esoi1erna p, TR - speMR penaKeau1111, 11 ,BE(O, l] - napaMeTp KoJJbpaywa. 
Hen11HeHHOeTb Bb!pa)l{aeTe51 B 3as11e11MOeT11 TR KaK OT 06bJ4HblX TepMO.[\l1HaM11LJeeKl1X 
napaMeTpOB (TeMnepaTypbl, .nasJJeHl151, eoeTaBa paennasa), TaK 11 OT .[\OI10JlHl1TeJlbHblX 
eTpyKTypttbJX napaMeTpOB eTeKJla (HepaBHOBeeHble napaMeTpbl). 

B pa6oTe [2] ecj:>opMyn11posaH 06ll.(11H Kp11Tep11i1 eTeKJJOBatt115!: 

{~l~lrR}lr-r ~i, (l.4) 
- . 

r.ne T-TeMnepaTypa, a Tg -TeMnepaTypa eTeKJJOBaH115!. I1enoJJb3Y51 eoorneTeTBYl-Ollll1e 
Bb1pa)l(eHl151 .[\Jl51 BpeMeHl1 peJJaKeau1111 3a.[\aHHOH e11eTeMbl, MO)l{HO e nOMOll.(bl-0 
Kp11Tep1151 ( 1.4) nOJJYLJl1Tb aHaJ111Tl14eeK11e Bb1pa)l{eHl151 .[\Jl51 3as11e11MOeT11 
TeMnepaTypbl Tg OT eKopoeT11 OXJla)l{.[\eHl151 11Jll1 Harpesa. 

CymeeTByeT 6oJJr,woe Kon114eerno Bblpa)l(ett11i1 JIJlJI TR, 06JJa.na1-0m11x 
pa3JJl14HOH eTeneHbl-0 06!llHOeTl1 11 npoeTOTbl. 3To, B rrepByl-0 04epe.nb, ypaBHeH11e 
AppeH11yea: 

TA_,(T) = <o exp(RAT} (1.5) 

r.ne To, A - KOHeTaHTbJ MaTep11aJJa (A - 3Hepr115! aKTl1Bau1111 peJJaKeau110HHOro 
npoueeea, To - npe.n3KenoHeHu11anbHb1i1 MHO)l(l1TeJlb), R - yH11sepeaJJbHaJ1 raJOBa51 
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TIOCTO.RHHa.R. BTOpblM no 3Hal!HMOCTl1 MO)f(HO Ha38aTb 3Mn11pw1eCKOe 8blpa)f(eHHe 

<l>oren.R-<l>ynbY.epa-TaMMaHa (<l><l>T): 

rm(T) = r 0 exp( A J (1 6) 
R(T-I'a) . 

f)l,e 88e.D,eH napaMeTp To, COOTBeTCTBYIO!ll11H TeMnepaType, 803Jle KOTOpoii 11MeeT 

MeCTO 6eCKOHeY.HblH pocT 8peMeH11 penaKca111111 (TaK Ha3bIBaeMbJH 

«cynep3KCilOHeHUHaJibHbJH)) pOCT 8peMeHH penaKcau1111). 3H.D,)f(eJIOM npe.D,JIO)f(eHa 

KJ1aCc11CpHKa1111.R CTeKJI006pa3y1om11x MaTepHaJIOB, OCH08aHHaH Ha np11Be.D,eHJ1H 

TeMnepaTypHb1x 3a011c11MocTeii 8H3KOCTH. B0e.D,eH TaK Ha3bJBaeMblH napaMeTp 

«MHrKOCTM» m (fragility index) [3]: 

] dlgrR(T) 

111 = ~ d(lf.) Lr (1.7) 
' 

l:leM 6JIH)f(e 3a011c11MOCTb lgrR 0 06nacT11 Tg (TeMnepaTypa cTeKno0aH11H) K JJ11Hei!Hoii, 

TeM 6onee «CHJlbHblM» ClJ.HTaeTCH MaTep11an - JIOrapmjJM 8H3KOCTH, H, 

COOTBeTCTBeHHO, 0peMH penaKca111111, pa8HOMepHO pacTyT Be3.D,e 8 o6JJaCTJ1 

CTeKJJ08aHHH H BHe ee. HeJJ11HeHHbJe 3aBHCHMOCTH COOT8eTCTBYIOT 6onee «M.RfKJ1M» 

CTeKJJaM, B KOTOpblX OKOJIO Tg 8peM.R peJiaKcauHH 803pacTaeT e!lle 6bJCTpee. 

Dp110e.D,eM e!lle O.D,HO 8b1pa)f(ett11e .D,JIH TR, KOTopoe cne.D,yeT 113 Teop1111 A.D,aMa­
f1166ca [4]: 

TAG = r 0 exp( RTS~ (T) J (1.8) 

r.D,e ro HA - napaMeTpb1 MO.D,en11, a Sc - KOHcjrnrypau11ottHa.R 3HTponHH MaTep11ana. 

.IJ:nH OilHCaHH.R nepexo.D,a )i(J1)l,KOCTb-CTeKJJo He06XO)l,11MO 88eCTH 

.ll,OilOJlHHTeJlbHbJe napaMeTpbl, 0Il11CbJBalO!llHe OTKJlOHe1rne CHCTeMbl OT pa8H08eCH.R. 

3To MO)f(eT 6bJTb KaK CTpyKTypHa.R TeMnepaTypa, 00e.D,eHHa.R TynoM, - Tr, TaK 11 

CTPYKTypHblH napaMeTp KBa311peweT04.HOH MO.D,eJ111 )f(H.D,KOCTH ((CM. rna0y 6) [l]. 
CTpyKTypHa.R TeMnepaTypa COOT8eTCT0yeT TeMnepaType, npH KOTOpoii CHCTeMa 

11MeeT TaKy10 )f(e CTpyKTypy, 4.TO 11 paccMaTpH8aeMoe CTeKJIO, 0.D,HaKo npH 

TeMnepaType Tr OHa HaXO)l,HTCH 8 pa8HOBeCHOM COCTOHHHH. noH.RTHe CTPYKTYPHOH 

TeMnepaTypbl TI03BOJJ.ReT npoCTblM cnoco6oM 8BeCTH HeJTHHeHHbJe aHaJIOI'H )l,Jl.R 

speMeHH penaKcau1111. Hanp11Mep, .D,JJH ypa0HeHHH Appett11yca (I .5) 3an11weM: 

l A A ) 
rh,(T)=r0 exp x-+(1-x)- , (1.9) 

RT RT1 ) 

r.D,e x -napaMeTp HeJIHHeHHOCTH. 

IIepexo.D,.R K on11catt1110 KHHeTHK11 cTeKno0att11.R, MeTo.D, Hapaiiattac0aM11 [5] 
Il0380JI.ReT paCCY.HTb!BaTb 380Jll0l11110 CBOHCTBa CHCTeMbl )l,JlH np011380JlbHOH 

TeMnepaTypHOH 11CTOpHH. 0CHOBHOH pe3yJJbTaT (8 )l,11CKpeTHOM BH.D,e, )],Jill lfHCJieHHblX 
pacYeT08) 3anHCbJBaeTc.R B 8H.D,e: 
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,, l [ ( ,, D.t j JP I ) 
T =T + D.T; I-exp - I - jj' 

f, 11 r-- 1 j ; 'rNM ,j 
( 1.10) 

r.D,e TeMnepaTypHa.R HCTOpHH pa3611Ta Ha MaJihJe HHTep8aJibl (D.T;,D.t;), H 

TTNMJ=TTNM(TJ,T1J), To - HaY.aJJbHa.R TeMnepaTypa CHCTeMbl, a T1,n - 3HaYeHHe 

cTpyKTypttoH: TeMnepaTypi,1 0 KOH11e 0peMeHHoro HHTep0ana M= LP=i Mi . .IJ:attHbJH 

MeTO)l, w11pOKO np11MeH.ReTC.R )l,Jl.R on11caH11.R 3KCnep11MeHTaJibHbJX )l,aHHblX )l,JlH 

pa3JIHYHbJX CTeKnoo6pa3y10lUHX MaTep11ano0. B HaCTO.RlUei1 .D,11cceprnu11 11 

8b!IlOJJHeHbl KaK 06lUHe Teopen1YeCKHe 11CCJie.D,08aHH.R, TaK H MO)l,eJI11po0aH11e 

3KcnepHMeHTaJibHblX .D,aH HbJX - 113MepeHl1H K11HeTl1Kl1 CTeKJI08aHHH IlOJJHCTHpOJia 

MeTO.D,OM .D,HcpcjlepeHUHaJibHOH cKatt11py10!llei1 Kanop11MeTp1111 (.IJ:CK). Co0peMeHHb1e 

KaJIOp11MeTpbl Il0380JIHIOT Bb!IlOJJHHTb H3MepeHl1.R B l1HTep0ane CKOpOCTeH 113MeHeHH.R 

TeMnepaTypbl q OT 10·6 )l,0 106 Kie, YTO Tpe6yeT 11CCJie.D,08alrnH no npo0epKe H 

MO.D,11cjrnKau1111 TeopeT11Y.eCKJ1X MeTO)l,08. 

TaK11M o6pa30M, 0 HaCTOHlUee 0peM.R cyll.leCTsyeT 6onhwoi1 3anpoc Ha 

ynyYwettHoe noH11MaH11e Heo6paT11Mb1x npoueccos 0 on11caHHbIX cJJyYa.Rx. B cnyYae 

arpera111111 HaHOYaCTl1U MO)f(HO 8bI.D,eJJl1Tb Tp11 06nacT11: TepMO)l,11HaMHKa npouecco8, 

K11HeTHKa, a TaK)f(e CTPYKTypa arperau110HHOH cpa3bJ. lfro KacaeTcl! cTeKJJ08aHH.R, 

80Ilp0Chl IlOHl1MaHl1.R ero rrp11pO.D,bl, 8 TOM lfl1CJJe IlOCJie.D,08aTeJJbHOfO on11caHHll 

cjrn311YeCKl1X npouecco0, np11BO.ll,llllll1X K KaYeCTBeHHOMY 113MeHeH11IO peJJaKcau1111 11 

pOCTY 8.R3KOCTH )1(11.ll,KOCTl1, a TaK)f(e K11HeTl1KH nepexo.D,a, OCTalOTC.R 8006ll.le He 

peweHHbJM11. 

rJiaBa 2. HCCJIC.[IOB3HHC arpera1..1uu «l>YJIJiepeHa B paCTBOpax pa3HOM 

noJistpHOCTH MCT0.[13MH HCMTpOHHOro, pe1nreHOBCKOro paccesrnHH H 

KOMnJieMCHTapHblMH MCTO.[laMH 

<l>yJJJJepeHbl cpaBHl1TeJibHO xopowo paCT80p.RlOTCll 8 wHpOKOM KJiacce 

)f(H.[IKOCTei1. B pacrnopax C 60 11 C1o o6Hapy)f(eH p.RLI 11HTepecHbIX 3cjJ¢eKT08, 0 TOM 

lfl1CJie 06pa308a1rne 11 pOCT KJJaCTepo8. )J,11ana30H pa3Mepo8 Ha6JJIO,[laeMblX KJiaCTepo8 

OYeHb w11poK - OT 2 ,[10 500 HM, np11 3TOM arperaTbl MOfYT 6bJTb KaK flJJOTHO 

ynaK00aHHb1M11, TaK 11 cjJpaKTaJibHbJMl1, .LIOBOJJbHO pbIXJ1bJM11, CTPYKTypaM11. B 
HaCTO.RlUeH rnase np11Be)l,eHbJ pe3yJibTaTbl 11CCJJe.D,08aHHH arpera111111 cjlyJJJJepeH08 8 

pa3Hb1X )f(H)l,KOCT.RX. l1cnOJJb308aHHe pa3JJl1YHblX paCTBOp11TeJJeH Il0380Jl11Jl0 8bl.RBl1Tb 

pa3HbJH xapaKTep 83aHMO.D,eHCT811.R, H, KaK CJie.D,CTBl1e, arpera111111 cjJyJJJJepeH08. 

Orrpe.D,en.R1omei1 B .D,aHHOM cnyyae .R8JI.ReTC.R noJJHpHOCTb paCT0op11TeJI.R. 

Azpe2a11im e cJ1a6onOJmp11b1x pacmeopax. l1cCJJe.D,00aH11e K11HeT11K11 

pacrnopeHHH ¢YJJJJepeH08 0 6eH30Jie, TOJJyoJJe 11 cepoyrnepo.D,e MeTO.D,OM 

cneKTpocKon1111 0 ynbTpacp11onero00M 11 011.D,HMOM cneKTpax (Y<l>-811.D,) np11 pa3Hh1x 

ycJJ0811Hx noKa3ano, YTO pocT Km111eHTpau1111 co 0peMeHeM xopowo on11cbrnaeTc.R 

npoCTbIM ypa0HeH11eM Hoi1eca-Y11TH11. Onpe.D,eJJeHbl KOHCTaHTbI pacrnopeH11ll. 

Arpera1111.R B 3Tl1X pacTsopax 3as11c11T OT 0ttewH11x ycJJ0011i1 H 003.D,ettcT011ii. Mo)f(HO 

YTBep)K.D,aTb, YTO 8 IlOJlHOCTblO 1130JIHpOBa~JHOH Cl1CTeMe arpera111111 He 6y.D,eT 

(crn611JJbHbJH MOJJeKyJI.RpHbJH paCT80p). 0.D,HaKo, ecn11 HMeeTC.R .D,OCTyn KHCJIOpo.D,a 11 

c0eTa, TO npo11cxo.D,11T 06pa300aH11e KJJaCTepoB C6olC10. K11HeT11Ka poCTa KJJacTepo0 B 
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cna6onom1pH&1x paCTBopax cjJynnepeHoB 11ccJie,lloBanac& MeTO.llOM .u11ttaM114ecKoro 

pacceHHl1H CBeTa CUPC). B&monHeHa cep11H 113MepeH11ii Ha pacrnopax C 60 B 6eH3one, 

TOJiyone 11 xnop6eH30Jie. fJiaBHOH xapaKTep11CTl1KOH pocTa KJiaCTepoB B paCTBOpe 

llBJilleTCll pocT 11 ,lll1HaM11Ka 113MeHeHl1ll .llBYXBpeMeHHOH KOppeJIHU110HHOH cjJyttKU1111 

pacceHHHOro CBeTa, G(r:)=<I(t)J(t+r:)>. 
no,llfOHKa Kp11BblX Bb!IlOJIHl!JiaCb C nOMOll(blO cpOpMyJihJ: 

G(r:) AL + ~B,e-0•9 '' J (2.1) 

r.uc G(r:)- KoppenHU110HHaH cpyHKUHH 11HTeHCl1BHOCTH paccellHHoro cBeTa, q- BeKTop 
4rrn . (} 

pacceHHl1H (q = Tsm2-), D; - KmcjJcjJ11u11eHThJ .u11cjJcjJy31111, KOTop&1e no cjJopMyJie 

CToKca-3iiHwTeiitta CBll3aH&l c rn.upo.u11HaM11YecK11M11 pa.u11ycaM11 4acT11u. 0TMeT11M, 

l!TO B cnyqae 113yl.faeMblX paCTBOpOB, MQ:)KHO BbJ,lleJIHTb BKna.u B paccel!Hl1e OT .llBYX 

xapaKTepHbJX norryJillU11H KJiacTepoB cjJynnepettoB . Ilo.uroHKa c noMOll(hIO cpopMynh1 

(2.]) Jll1Wb c .llBYMll CJiaraeMblM11 llBJilleTCll ,llOCTaT04HO 3cpcpeKTl1BHOH ,llJlll OTpa)!(eHl1ll 

Kl1HeTJ1Kl1 pocTa KJiaCTepoB B paCTBOpe. 3BOJIIOU11ll r11.upo.u11HaM114eCKl1X pa.u11ycoB 

KJiaCTepOB, 113MepeHHaH MeTO,llOM .[{PC, ,llJill .lIByx paCTBOpOB C60 npe.UCTaBJieHa Ha 

P11c. 1. 

j 

6.0 ~-400 llM 

a 
5.5 

5.0 

~4.5 

~ 
4.0 

3.5 
D 

3.0 "-2~ llM 
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fMaKc-7 .[lH 

11 12 13 14 

4.8 ~ - 120 HM 

6 
4 .6 

4.4 

&'! I D 
.._., 4 .2 

D ~ 
4.0 

D c!'Wci 
oD en 

D 1§1, 3.8 

'tP 
3.6 '-3 5 HM 

10 11 

/ 
# 

f!>laKC- 12 Jl,JI 

12 13 14 

ln(t/c) ln(t/c) 

P11c. I. ,U1rnaM11 Ka pocTa KJiacTepos B cna6onom1pHblX pacrnopax C6o: a - pacrnop B rnnyonc; 

6 - pacrnop B xnop6eH30Jie. 

0TMeTJ1M, 4TO xapaKTep K11HeTl1Kl1 pocTa KJiaCTepOB Ka4eCTBeHHO 0.ll11HaKOBbIH 

BO Bcex Tpex 11ccne.uyeMblX paCTBOpHTeJIHX. IloKaJaHO, 4TO 0.lll1HaKOBblM HBJIHeTCH 11 

xapaKTep npOHBJieHl1H arperau1111 - np11roTOBJieHHblH B TeMHOTe 11 6e3 ,llOCTyrra 

K11cnopo.ua pacrnop noCJie cjJ11n&Tpau1111 co.uep)!(11T JI11Wb MOHOMepbl cjJynJiepeHa. K 
arperau1111 MaKpOMOJieKyJI MO)!(eT np11secn1 JIHWb BHewHee 803,lleHCTBHe, a HMeHHO 

Heo6XO,lll1MO o6ecnetJHTb ,llOCTyn CBeTa 11 Kl1CJIOpo.ua. Ilp11 cna6oM OCBell(eHl111 pOCT 

KJiaCTepOB He Hal.fHHaeTCH, MOJleKyn»pHoe COCTOllHl1e coxpaHHeTCH rrpO,ll0Jl)!(l1TeJlbHOe 

BpeMH. 0.uHaKO, HanpHMep, np11 HaXO)!(,lleHH11 paCTBOpa Ha COJlHe4HOM CBeTe, 

,llOCTaTOllHO KOpOTKOro speMeHHOro 11HTepsana (- 10 Ml1HYT), l!T06bl Ha4aJil1 pacn1 

KJiaCTepbl. Ba)!(Hb!M TaK)!(e HBJlHeTCH cpoK xpaHeHl1ll paCTBOp11TeJlll, KOTOpblH, no­

Bl1Al1MOMy, 3a A0CTaT04HO AJil1TeJibHb!H cpOK HaCblll(aeTCH Kl1CJI0p0AOM, 11, 

B03MO)!(HO, so.uoi1. 
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CTpyKTYPHbJe xapaKTep11CTHKl1 KJiaCTepHoro COCTOHH11H cjlynnepetta B paCTBOpe 

B Tonyone 11ccne.uosan11c& MeTO.lIOM ManoyrnoBoro peHTreHOBCKoro pacceHHHll 

(MYPP) Ha Pl2 BioSAXS KaHane c11HxpoTpOHHoro 11cTOl.fHHKa PETRA Ill 
(EMBL/DESY, fepMaH11H). Pe3yJI&TaT&J 113MepeH11H MYPP Ha pacrnope C 60 B 

TOJiyone npe.ucrnsneHhJ Ha P11c. 2. 

10' 

",,.k, 
0 MYPP JKcnepHMCllT 

-2.8 - - - Manbte l.faCTHUht, Ra 

'

q - - - Kpym1b1e "acntllbl R 
0 ' ' 

, -- ArmpoKCHMai.~aH , 2 ypo01rn 

P11c. 2. '.)Kcnep11MeHTaJibHb1e 

.1J,a1111b1e - HHTe11c11BHOCTb MYPP 
(Ksa.upaTbl) 11a pacrnope C6olC6HsCl-b. 
Cnnow11aH Kp11sall - annpOKCHMal(Hll 

MOJleJibHOM 3aBHCHMOCTblO. 

fly11Krnp11b1e KpHBble - rpaqJHKH 

" 
~ 
0 

~ 

~103 

~-- fHilbC )l,JIH pa.lIHYCOB 1111epl_\HH, 
R g.2 COOTBeTCTBYIOll\HX .lIBYM p3311b!M 

t ypOBllHM pacceHHHll . 
10' 

0.1 -I 
(j , HM 

113 3KCnep11MeHTaJibHblX .uaHHblX xopowo B11AH0, 4TO 11MeeT MeCTO 

.usyxypoBHeBaH CTpyKTypHall opraH113au11H . 06Hapy)!(eHbl MaJlbJe 4aCT11Ubl (paJMep 

- 2 HM), KOTOpble 06be,Q11HeHhl B KpynHbJe KnacTepbl c cppaKTMbHOH pa3MepHOCTblO 

D=2.8. 06a ypoBHH opraH113au1111 cpynnepeHOB xapaKTep113y10TCH 6onbwoi1 

non11.u11cnepcHOCTb10 pacnpe.ueneH11H no pa3MepaM. .[{aHHbJe MYPP 

annpoKCHM11posan11c& s&1pa)!(eH11eM, yY11Tb1Ba10ll(HM BJJl1»H11e ,llByxypoBHesoii 

CTpyKTYPhl Ha pacceHHHe: 
2 1 

J(q) = L 1 - B 
J=I (t+(qR

8
J ) (2.2) 

r.ue q - BeKTOp pacceHHl1H,j- ypoBellb paccellHl1H, R8J-· coOTBeTCTBYI011(11e pa3HbIM 

ypoBHHM pacceHHl1» pa.u11yc&1 11ttepu1111, B - cjJoH (ocTaTo•rnoe tteKorepeHT1-10e 

pacceHH11e) 11 Jj- HeKOTOpble K03cpcp11u11eHTbl, ,llJJll KOTOpblX MO)!(HO 3an11caTb: 

I n (v.2
) 

_!_=-
1
-

1
2- , (2.3) 

12 n2(v2) 
r,Qe nj - o6beMHall KOHUeHTpau11» 4aCT11U Ka)!(,QOrO T11na, VJ - 11X cpe.QHl1H o6beM B 

paCTBOpe. 113 annpoKCJ1Mau1111 )l,aHHblX nonyYeHbl CJJeAylOll(He 3Ha4eH11ll: 

R1=(1.3±0.l) HM .un» MaJibJX YaCTHU 11 Rz=( l6.8±0.2) HM AJJll KpynHblX KJJaCTepoB. 

Azpeza4ua 6 nonap110M pacm6ope C6o/N-MennmnupponuooH (NMll) . B 0Tn11•111e 

OT cna6011on»pH&1x c11cTeM, ,llJIH cneKTpos nornoll(eH11)1 cBeTa pacTsopaM11 C 60/NMIT 
3aKoH 6yrepa-JlaM6epTa-63pa He BbmomrneTCH . Ha cneKTp 11ornoll(eH11H BJ111HeT 

06pa30Batt11e B pacrnope KOMnJJeKcos c nepeHOCOM 3ap».ua Me)!(.llY MoneKynaM11 C 60 11 

pacTBop11TeJIH. TipeAJIO)!(eHa MO,llenh, no3BOJIHIOll(all 113 Y<D-811.u 113MepeH11H 

onpe)l,eJlHTb )).Ba Kl1HeTJ14eCKHX K03cpcjJ11u11eHTa - CKOpOCTb paCTBOpeHHH 11 CKOpOCTb 
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KOMnJJeKcoo6pa30BaHH.R . l1ccJJe.uosaHa HX 3aBHCHMOCTb OT TeMnepaTyphl H CKOpOCTH 
nepeMeWHBaHH.R paCTBOpa. 

K1rneT11Ka arperauHH s noJJ.RpHbJX pacrnopax cpyJJJJepeHos TaJOKe OTJIHYaeTc.R 
OT cJJy'-!a.R cJJa6onoJJ.RpHbIX pacrnopos. EcJJH s nepsb1x npH onpe.ueJJeHHh1x ycJJOBH.RX 
y.uaeTC.R noJJyYHTb ycTOH4HBblH MOJleKyJI.RpHblH pacrnop, TO B noJJ.RpHbTX CHCTeMax 
arpera111rn MeHee ynpaBJJ.ReMa. H11 B O.UHOM H3 npHrOTOBJJeHHhIX pacTsopos 
MOJJeKyJJ.RpHoe cocTO.RHHe C6o s pacTsope coxpaHHTb He Y.UaJJOCb. EoJJee Toro, s YaCTH 
H3 H11X MeTO.[lOM .UPC Cpa3y 6bJJlH o6Hapy)l(eHbl .UOCTaTOYHO KpynHhie KJlaCTepbl 
QJYJJJJepeHa, TO eCTb arperauH.R npoxomrna .UOCTaTOlJHO 6b!CTpO H HaYHHaJJaCb ew,e BO 
speM51 pacrnopemrn . DpHMep nonr1eHHhlX pe3yJlbTaTOB .[lJl.R pacrnopa C6o B NMIJ 
(KOHueHTpaivrn - 1.0 Mrl MJJ) npe,llCTaBJleH Ha PHC. 3. 113 pacnpe.ueJJeHH.R no YHCJJY 
'-laCTHU 811.UHO, YTO B HalJMbHblH MOMeHT speMeHH B paCTBOpe npeBaJJ11py10T MaJJble 
KJlaCTepbl cpyJJJJepeHa (cpe,llH11H pa.UHYC - 2-3 HM), 0.[lHaKO .[la)l(e B '.HOH CHCTeMe H3 
pacnpe.ueJJeHH.R no HHTeHCHBHOCTH BH.UHO, 4TO B paCTBOpe y)l(e eCTb H KpynHble 
arperaThJ (pa.u11yc - 100 HM). 

:::r 
"' t; 
"' :r 

~ 
u 

"' :r 
0 
c: ., 
" :I: ., 
5 
~ 
0. 
c: 
u 

"' c.. 

1 10 100 

10 100 

Rh, HM 

PHc. 3. J BOJllOL!Hll pacnpe,ueneHHll Yacrnu 
no pa3McpaM B pacmope C6olNMIT no ,ua1mb1M 
MCTO,Ua LJ:PC. 

l13MepeHHe CTPYKTYPHh1x xapaKTep11cT11K KJJacTepHoro cocTO.RHH.R cpyJJJJepeHOB 
C6o s pacrnope s NMD BhinOJJHeHo Mero.uoM MYPP TaK)l(e Ha CHHxporpoHHOM 
HCTOYHl1Ke PETRA III (cM. npe.uh1.uyw,11i1 pa3.UeJJ). Pacnpe.ueJJeH11e Yacrnu no 
pa3MepaM noJJyYeHo H3 KpHBhrx MYPP c noMOW,hJO o6parnoro cpyphe­
npeo6pa30BaH11.R (nporpaMMHblH naKeT GNOM, MeTo.u fJJarrepa [6]). Cse)l(11H 
paCTBOp (MeHee l .UH.R nocJJe npHroTOBJleHH.R) co.uep)l(l1T YaCTl1Ubl c U1HpOK11M 
pacnpe.ueJJeHHeM no pa3MepaM, cpe,llHHH pa3Mep KOTOpbIX paseH (7.2±0.2) HM 
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(Rg=(2.8±0.l) HM). 3a nepsy10 He.UeJJJO nocJJe pacrnopeHH.R pa3Mep lJaCTHU 
yseJJ11'-l11saeTC.R no (10.0±0.2) HM. Ha rpeTbel1 He.ueJJe nocJJe np11roTOBJJeH11.R cpe.UHHH 
pa3Mep YacT11u .uocrMraeT (16.8±0.2) HM H .UaJJee, cornacHo .uaHHhlM MYPP, He 
pacTeT. 0TMeTl1M, YTO KpynHhJe arperaTbl (pa.UHYC - 100 HM, P11c. 3), perncTpHpyeMbie 
MeTO.UOM )lPC, HaXO.U.RTC.R 3a npe.ueJJaM11 pa3peweH11.R Mern.ua MYPP. 

rJiaBa 3. TeopCTH'ICCKOC OnHC3HHC KHHCTH'ICCKHX npOQCCCOB B paCTBOpax 

<j>yJIJICpCHOB p33HOH HOJISlpHOCTH 

EaJOBbJM MeTO.UOM .UJJ.R orr11catt11.R arperau1111 YacT11u s .u11ccepTau1111 .RBJJ.ReTc.R 
KHHeTHYeCKa.R Teop11.R HYKJJeau1111 11 pocTa KJJacTepos (fJJ. l, (1.1)-(l.3)). )lJI.R 
.u11cpcpy3110HHo-orpaHHYeHHOro pocTa KJJacTepos cnpase.uJJ11so sh1pa)l(eH11e: 

w,'.~~+ i = 4:rrDcf?on
113

, (3.1) 

r.ue Ro - pa.uMyc O.UHOH MOJJeKyJJbJ cpyJJJJepeHa, D - K03cpcp11u11eHT .u11cpcpy311H C60 s 
pacrnope, c=j( I ,t) - KOHueHrpau11.R MOHOMepos. )lJJ.R on11caH11.R K11HeTHKH arperauM11 
He06XO.[ll1MO ccpopMyJJ11posaTb HalJaJJbHb!e H rpaHHlJHhle ycJJOBl1.R .[lJl.R CJ1CTeMhl 
ypasHeH11i1 (l. l). ITycTb 113HaYaJJhHO s pacrnope KOHueHTpau11H c0 np11cyTcrny10T 
TOJlhKO cso6o.aHbie MOJJeKyJJhl C60 (MOHOMepb1): 

I {
O, n > I, ~ 

((n , t) '"o _ L..nf(n ,t) = c0• 
Co, n - 1, 11 ~ 1 

(3.2) 

Brnpoe Bblp3)!(eH11e B (3.2) Bblpa)l(aeT 3aKOH coxpaHeHH.R MaCCbl H HrpaeT pOJJb 
rpam1YHoro ycJJOBH.R .UJJ.R c11CTeMhJ ypasHe1rni1 ( l. I)-( 1.3). 

Onuca11ue MeOJ/eHH020 pocma KpymtblX KJlGCmepo6 c 60· CcpopMyJJ11poBaHa 
MO.UeJJb .UJJ.R onMcaHH.R KHHeTHKH arperauHH cpyJJJJepeHos C6o s noJJ.RpHbIX 
a30TCO.Uep)l(aIUHX paCTBOpHTeJJ.RX. Mo.uHcp11Kau11.R 6a30BOro no.uxo.ua .[lJl.R r1eTa 
BJlH.RHH.R o6pa30BaHH.R KOMilJleKCOB Ha pocT KJlaCTepos c.ueJJaHa KaYeCTBeHHblM 
o6pa30M. )lm1 3TOro BBO.[l11TC.R .uonOJlH11TeJlbHbJH napaMeTp BpeM.R 
KOMnJleKcoo6pa30BaHH.R T. ITOKa3aHO, YTO orpaHJ1lJeHHe pocTa KJlaCTepos MO)l(HO 
3cpcpeKTHBHO y'-leCTb B Bblpa)l(eH11.RX .[lJl.R sepo.RTHOCTeH poem H yMeHbWeHH.R 

arperarns s pacrnope (w~~+i H w~~{_ 1 ) no cpopMyJJe: 
I 

w'~.~ (t) = w~~l (t)e-~ , (3.3) 

B noJl51pHbJX pacrnopax cpyJJJJepeHa (C60/NMIJ, C60/nHpH.U11H) pa3HhJMH 
HCCJie.uosaTeJJ.RMH (CM. fJJ . 2) Ha6JJJO.[laJJJ1Cb KpynHble KJJaCTephl, pa3MepaMJ1 OT 
100 HM .uo 500 HM [7]. B rrepeclJeTe Ha lJJ1CJJO 4acT11u, ecJIH npe.urroJJO)l(HTh rrJJOTHy10 
ynaKOBKY MaKpOMOJleKyJI B KJJaCTepe, noJJylJaeM n- l 06 .UJI.R 100 HM, n- 4· I 06 .[lJl.R 150 
HM, H n- 107 .UJI.R 200 HM. TaKJ1M o6pa30M, YHCJJeHHhJe pac'-leThl noJJHOH speMeHHOH 
3Bo1110u1111 cpyHKuH11 pacnpe.ueJJeH11.R KJJaCTepos j(R,t) no pa3MepaM s pacrnope 
no.upa3yMeBaJOT peweHHe KaK Ml1HHMYM l 07 KHHeT11YeCKl1X ypasHeHHH Ha 60JJbWOM 
HHTepsaJJe speMeH11, YTO HeB03M0)1(H0 3a pa3yMHOe speM.R .[la)l(e Ha cospeMeHHblX 
BbllJHCJlHTeJJhHblX KJJaCTepax. IJpe,llJJO)l(eH MeTO.[l pacYeTa cpyHKUHH j(R,t) .[lJ].R 
paccMaTp11BaeMOH 3.[leCb MO.[leJJH, B KOTOpOM OTCYTCTBYIOT YKa3aHHble He.[lOCTaTKl1. 
)lJI.R 3TOro npe.UJJO)l(eH MeTO.[l Macwrn611poBaHH.R speMeHHOH WKaJJbJ, nocJJe KOTOporo 
cpe.UHHH pa3Mep yacT11u cso.u11rc.R K «3aKoHy t113», noJJy'-leHHOMY C11e3osh1M [8]. 
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Cpe)lHHH pa)lttyc KJlacTepos s cttcTeMe c cpyttKu11ei1 pacnpe)leneHHll no 

pa3MepaM,j{n,t), pasett: 

n"'"' 113 L f(11,t)R0 (11y) 

(R) n~nmon 

(3.4) I f(n,t)n 
n=nmon 

r.D,e nmax - MaKCHMaJlbHblH pa3Mep YaCTHl( B paCTBOpe, a n 111 ;11 , MHHHMaJlbHblH pa3Mep, 

c KOTOporo HaYHHaeTCll cyMMHposam1e. I1ocne)lHHH HCnOJ1b3YeTCll )lJlll HCKJl!OYeHHll 

BJlHllHHH Ha 3HaYeHH51 (R) paBHOBeCHOH KOHUeHTpal(HH MOHOMepoB, KOTOpaH Bcer)la 

np11cyTCTByeT B pacTBOpe (B HaCTOHmei1 pa6oTe nmin= I 0). AJlbTepHaTHBHO, nmin H nmax 

MOryT orrpe.D,eJll!TbCll npe.D,eJlaMH pa3peweHHH 3KcnepHMeHTaJlbHOro MeTO)la. 

.IJ:n51 pacrnopa C 60/NMI1 113 3Kcnep11MeHTOB HMeeM Ol(eHKY r-2· 103 c, 11, 

CJle)lOBaTeJlbHO, r- 8.6· I 08 
B npHBe)leHHOH BpeMe1rnoi1 WKane (K03cpcpttuHeHT - DcRo). 

.Il:nll nonHoro pacYeTa 3BOJ1!0UHH cpyHKl(tm.f{n,t) )lJlH TaKHX 3HaYeHHH r He06XO)lHMO 

CHaYana HCCJle)lOBaTb MO)leJlbHble CHCTeMbl c MeHbWHMH BpeMeHaMH 

KOMnneKcoo6pa3oBaHHll. BhmontteH&I YHCJieHHhJe pacYeThl j{n,t) )lJlH CJie)ly10mero 

tta6opa JHaYeHHH r: l 04
, 5 ·I 04, 105, 3·105, 5·105. .IJ:aHHoro tta6opa JHaYeHHH 

)lOCTaTOYHO )lJill BblllOJIHeHHll nOJlHOH oueHKH 3BOJ110l(HHj{R,t). 

3aBHCHMOCTH cpe)lHero pa)l11yca YaCTHl( (R), paCCYHTaHHOro no cpopMyne (3.4), 
JlJill pa3HhJX r npe)lcTasneHbI Ha P11c. 4. P11MCKHMH l\HcppaMH 060JHa'-!eHb1 CTa)lHH 

3BOJIIOUHH CHCTeMbl (cTa)lHll HYKJleal(HH, CTa)lHH He3aBHCHMOro pocTa, nepeXO)lHal! 

CTa)lHll, CTa)lHH C03pesaHHll 0CTBaJlh)la). 
35~-----------------~ 

-- r = l04-5·10' 

30 r- -- r =5·105 
M3CWTa6 t' 

25 

~ 20 j_ T .,..,..- I r 
t\ 

~ "f Tll 
,,..----

10 
II 
J 

5 

10' 10' 103 10' 10' 10' 107 

t' , t 

PHc. 4. 3aBHCHMOCTb cpe.11 Hcro 

pa.11Hyca '13CTHI.\ B MO.lleilbl!OM 

pacrnope OT speMe1rn .11m1 pa3HblX 

3H3'1CHHH napaMeTpa Mo.11e1111 T 

(i1rnpHb!e KpHBble), H .llilll CilY'laR 

npHBe.11e1moli WKanbI BpeMeHH I' 

(ny11Krnp11al1 KpHBaR, (3.6)). 

Ha CTaJlHH IV HMeeT MecTo ycTOH'-IHBhJH pocT KpynHhIX arperaTOB. Ha :noif 

CTa)lH:H B TeOpHH HyKneal(HH H pOCTa BblnOJIHlleTCH TaK Ha3blBaeMblH «3aKOH t113» [8]: 

(R3 ) = (R~ 1 )+~DKI, (R)»(R111 ) (3.5) 

r.D,e (Rm) cpe)lHHH pa;lttyc KJiacTepos Ha CTa)lHH Ill, K - napaMeTp 

nponopuHOHaJlbHOCTH. flOKa3aHo, YTO KHHeTHKY pocTa KJiaCTepoB B MO)leJIH c yYeTOM 

KOMnJieKcoo6pa30BaHHll MO)l(HO TaK)l(e CBeCTH K 3aBHCHMOCTH BH)la (3.5), nYTeM 
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Macwrn611posamrn speMeHHOH WKaJlhl c noMOll(hlO napaMeTpa r . .Il:JIH 3Toro HY)l(HO 

BBeCTH npHBe.D,eHHOe BpeMll t' no cpopMyJJe: 

( tr ) I') l'=r 1-e- r ; t=-rlnl ]--:;:-)' t' < r. (3.6) 

BTopoe Bb1pa)l(eH11e B (3.6) - o6parnoe npeo6pa30BaHHe. B npHBe)leHHOH wKane 

speMeHH t' see KpHBbre (R(t')), HeJaBHCHMO OT 3HaYeHHH r, cosna.D,a!OT. EoJJee Toro, 

)lJill )lOCTaTOYHO 60JlbWOro 3HaYeHH51 BpeMeHH t' 6y)leT BblnOJlHHTbCll JaKOH (3.5). 
TaKHM o6pa30M, ecnH B351Th HaYanhH&re CTaJlHH pocTa KnacTepos I-111, a TaK)l(e 

nepexOJlHYIO CTa)lHIO Me)l(JlY Ill H TV HJ YHCJleHHhJX pacYeTOB, 11 )lo6aBHTh 

Bbipa)l(eHHe BH)la (3 .5) )lJIH aHaJJH:THYeCKHX pacYeTOB, MO)l(HO nOJJyYHTb nOJJHYIO 

3BOJJIOL\HIO cpe.D,Hero pa3Mepa YaCTHU B pacrnope. TaK)l(e noKa3aHo, YTO Ha crn.D,HH IV 
cpyHKL\HH pacnpe)leJleHHll KJlaCTepOB no pa3MepaM cosna.D,a!OT c aHaJJHTHYeCKHMH 

cpyttKUHllMH, nonyYeHHhlMH CneJOBbIM . .IJ:1rn HX pacYeTa Heo6xo)lHMO 11cnonh30BaTb 

npHBe)leHHOe BpeMll, a TaK)l(e OT)leJlbHO Bbl4HCJ151Tb KOHUeHTpaUHIO MOHOMepoB B 

CHCTeMe. 

c nOMOlllblO npe)lJlO)l(eHHOro MeTO)la BblnOJlHeHhl paCYeTbl nOJlHOH 3BOJ110l(HJ1 

cpyHKL{H.H pacnpe)leJleHHll j{R,t) )lJlH MO)leJlbHOH CHCTeMbl, no CBOHM CBOHCTBaM 

coorneTcrnyiomei1 pacrnopy C 60/NMf1. PeJynbTaTbJ npe)lcrnsneHbl Ha P11c. 5. 

l'\ I 
6 --1=10' 10 

-- - 1=10: =' 10:~-40 ":111.) 
----··- 1=10 "':;: , I 10 ( 6.5 1.) ., 

:;,: 4 

-0 

~ 
';:::; 2 

,' ~ ~ ~ 6 

~ 
~4 

, , 

Of- '-· C!T-7~.-,-e--c- ' r--'r I O"-~"""":i::..:..~--''--~--'-~-'--._,,_.!..J....__, 

0 2 4 6 8 10 12 14 16 18 0 100 200 300 400 500 

R, llM R, JIM 

PHc. 5. Pacc<1Hrn1111b1e <i>YHKUHH pacnpe.11eJ1e11Hll KnacTepoB C6o no pa3MepaM B MOt1eJ1bHOM 

nonllpllOM pacrnope. a - HaYan&Hbie CTa,!\HH pocTa KJ1acTepoB (BpeMll Me11ee 1 c); 6 - pocT KpynHblX 

KJl3CTepoB, BpeMll :>BOJllOL(HH CHCTeMbl YKa33HO Ha p11cy11Ke. 

flonyYeHHble cpyHKl(H:H pacnpe)leJleHHll co cpe.D,HHM pa3MepoM YaCTHl( -500 HM 

KaYeCTBeHHO COOTBeTCTBYIOT nompHblM paCTBopaM cpynnepeHa C6o, KOTOpble 

HCCJle)lOBaJlHCb B HaCTOllll(eH pa6oTe H B mnepaType. I1oJiyYeHHbJe pe3yJJbTaTbl, 

Hanp11Mep, noJBOJJlllOT nposeCTH pacYeT 3BOJ110l\HH cneKTpos MYPH )lJJH Aa~IHoro 

MO)leJihHOro pacrnopa. Mo)leJl&Hhre pacYeTbl noJBOJJl!IOT Bh16paTh onTH:MMbHOe )lJlll 

Heii.TpOHHblX H peHTreHOBCKHX H3MepeHHH speMll c HaYana 3BOJ1!0UHH KJlaCTepHoro 

COCTOHHHll B CHCTeMe. 

Onucam1e :xjJcpeKma pmpyuteNufl KJ1acmepoe npu pm6aene1mu pacmeopa 
eooou. TionyYeHH&1e B npe)lbIJlymeM pa3)lene pe3yJ1bTaThJ 11cnonhJOBaJJHCb )lanee )lJJll 

TeopernYecKoro on11caHHll o6ttapy)l(ettttoro c noMOll\hlO MYPH B pa6oTe [9] 3cpcpeKTa 

pa3pyweHHll KJJaCTepOB npH pa36asneHHH nOJJllpHoro paCTBOpa BO)lOH . .IJ:aHHblH 
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3cpcpeKT HOCl1T noporOBbJH xapaJCTep 11 npOHCXO.UHT, KOr.D,a .D,OJrn .D,06asneHHOH B 

pacrnop BO.Ubl rrpeBbJUJaer 40%. Pa:3pyUJeH11e KJJacTepos 11po11cxo.D,HT cpll3y nocne 

pll36asneH11J1. 

Bse.D,eM 6e3pll3MepHbIH napaMeTp X, onpe.uenmom11i1 .uomo .uo6aBJJeHHOH BO.D.bJ 

no cpopMyne: 

v 
X = H,O , (3.7) 

Vu,o+ VsoL 

r.D,e V;/20 - o6beM .uo6aBneHHOH BO.D.bl, a VsoL - o6beM 11cxo.D,Horo pacTsopa .uo 

pll36asneH11J1. TaIOIM o6pll3oM, 3Ha4eHHH X JJe)l(aT Ha oTpe3Ke [O, I], r.ue 0 11 I -
npe.D,eJJbHble 3Ha4eHHJI: X=O COOTBeTcrnyeT CJJy4aJO, Kor.ua BO.D,a B paCTBOp He 

.uo6asnJ1nacb; X= 1 - 6ecKoHeLIHO 6oJJbWOMY o6beMy .uo6aBneH HOH BO.Ubl. 

I13MeHeH11e 60JlbWHHCTBa cp11311KO-Xl1Ml14eCK11X napaMeTpOB CHCTeMbl 

MO.D,eJlHpOBaJJOCb Jl11HeHHOH 3aBHCHMOCTblO OT x. ITp11 3TOM, KJIJO'-leBOH .UJlJI MO.D,eJJH 

JIBJIJleTCJI fH!lOTe3a 0 xapaKTepe H3MeHeHHJI c~ npH pll36aBJleHl111, KOTOpaH HOCHT 

HeJJHHeHHblH xapaKTep. <I>ynnepeH - rn.upocpo6Ha» MOJleKyna, o.uHaKo 

npe.D,TIOJlaraeTCH, '!TO nepeso.u cpynnepeHa 113 llOJJllpHoro paCTBOpHTeJJH B BO.UY He 

3KB11saneHTeH pacTsopeHHIO B BO.D,e. B cnyLiae c pacTBOpHTeneM NMIT B BO.D.Y 

nepexo.uHT KOMnJJeKCbl cpynnepeH-paCTBOpHTeJJb, KOTOpble HMeJOT HeHynesy10 

paCTBOp11MOCTb B H20. B paMKax MO.D,eJJH npe.D,nonaraeTca, '!TO KOHUeHTpau11J1 Ceq 

HenpepblBHblM o6pll30M H3MeHJleTc» OT c~¥L np11 X=O .D.O tteKOToporo tteH3BecTHOro 
H 0 

3Ha'-leHHJI Ce~ npH X=l. ,[{nll Bbr6opa 3aBHC11MOCTH 11cnOJJb30BaHbl pe3yJJbTaTbJ 

pa60TbJ [10], B KOTopoi1 on11cbrnaeTcJ1 npHMeHeHHe NMD KaK )l(H.UKOCT11, 

3Ha'!HTeJJbHO yny'-lwa1omei1 pacrnop11MOCTb B BO.D,e Me.D,HUHHCKHX npenapaTOB H 

.D.pyrnx sew,ecTB. Bb1pa)l(eH11e .UJJJI KOHUeHTpau1111, on11cb1Bamwee .uattHoe CBOHCTBO, 

HMeeT BH,U: 

c eq eq MIX ( C/1
2
0 JX 

SOL = SOL (3.8) 
eq c eq 

Benw1111-ia c~~o <c~~L, TaKHM o6pll3oM, J1BJrneTcJ1 napaMeTpoM MO.D,eJJH. 

.D,aJJbHei1w11x ouettoK BBe.D,eM 6e3pll3MepHbJH napaMeTp S = c~¥L / c:~o. 
,[{JJJI 

c llOMOUlblO '!HCJJeHHbTX pacqeTOB ll0Kll3aHo, '!TO B 3aBHCHMOCTH OT CTeneHH 

pll36asJJeHHJI Ha6JJJO.D,aJOTCJI pll3HbJe pe)l(l1Mbl 3BOJllOUHH cpe.D,Hero pll3Mepa '-laCTHU 

(P11c. 6a). Ha4HHaJI c onpe.D,eneHHoro, noporosoro, 3Ha4eHHJI Xe Ha6nm.D,aeTcJ1 

pa:3py11Jett11e KJJacTepos np11 .D,o6asneHHH BO.Ubl (Xe=0.35 Ha P11c. 6). 3Ha4eH11e Xe 
3as11c11T OT napaMeTpa S, 4TO no3BOJJlleT Mo.uen11posaTb 3Kcnep11MeHTaJJbHb1e .uaHHble. 

ITp11LIHHOH Ha6nm.uaeMoro nose.ueHHJI HHTerpanbHblX xapaKTepHCTHK 

KJJaCTepttoro COCTOJIHl1JI, JIBJlJleTCJI H3MeHeHHe no Mepe pll36aBJJeHHJI B3aHMHOf0 

OTHOWeHHJI KOHUeHTpau1111 HaCblUleHHJI B CMeCH paCTBOpHTeJJH 11 KOHUeHTpau1111 

MOHOMepOB f(n=l). B 3aBHCl1MOCTH OT COOTHOUJeHHH napaMCTpOB MO)l(e'f 

cyweCTBOBaTb .u11anll30H 3Ha'!eHHH X, B KOTOpOM peaJJH3yeTCJI COCTOJIHHe CHJlbHOfO 

nepecb111.(ett11J1 pacrnopa (f' (1) » c~1x). B 3TOH o6nacm X HYKJ1em-111J1 11 pocT 

KJJaCTepOB 3aHOBO npoXO.UJIT 4epe3 CBOH Ha'-!aJJbHbie CTa.D,HH, 4TO, CJJe.D,oBaTeJlbHO, 
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II 

rrpHBO.D,11T K cpopM11poBaHHIO HOBOro llHKa B f(R,t). <I>opMHpyeTCH 611MO.D,aJJbHOe 

pacnpe.D,ene~rne (P11c. 66), o6a n11Ka KOTOporo Me.D,neHHO pacTyT co speMeHCM. Dp11 

3TOM, cpe,UHHH pll3Mep KJJaCTepoB, <R>, yMeHbWaeTCJI OTHOCHTeJJbHO ero 3Ha'!eHHJI 

.D,O pll36aBJJeHHJI. 
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P11c. 6. a - 3Bomou11J1 cpem1ero pa;myca KJlacTepoB B pacrnope nocnc pa36asne1111J1 Bonoi1 
JIJlJI pa3Hh!X 3Ha4eHHH napaMnpa X; 6 - pacnpeJ1eJleH11e KJlacTepoB no pa3MepaM,j(R,t), B pacrnope 
JIO (cnnow11aJ1 Kp11BaJ1) 11 nocne (11yHKrnpHaJ1 Kp11saJ1) pa36aBJleH11J1 BOJIOH B o6nacrn noporoBoro 
JcjlcjleKTa. 

3Kcnep11MeHTaJJbHO tta6n10.uaeM0My 3cpqieKTY Ha pacrnopax cpynnepeHa B 

NMIT (pll3pyUJeH11e KnacTepos np11 X-0.4 [9]) coorneTcTByeT 3Ha4emte rrapaMeTpa 

S- l 0 4• ,[{JJJI cpastteHHJI c .D,aHHb1M11 MYPH BblllOJJHeHo Mo.uen11posaH11e KpHBbJX 

3as11c11MOCTH 11HTeHCHBHOCTH pacceHHHJI I OT seKTopa pacceJIHHH q. BbmontteHhl 

pac'-leTbl HHTeHCHBHOCTH J(q,X) B HHTepsane q=O.l-5 HM-1. 113 cpasHeHHJI 

3as11c11MocTei1 ycpe.D,HeHHOH HHTeHCHBHOCTH MYPH OT cTeneHH pll36asnett11J1 .D.Jlll 

3KCnep11MeHTa H MO,UeJlbHblX pac'!eTOB nony'ieHO, '-!TO xapaKTep .D,aHHOH 3aBHCHMOCTH 

Ka'-leCTBeHHO BOC!lpOH3BO.D,HTCJI B paMKax npe,UJIO)l(eHHOH MO.D,eJJH pll36asJJeHHH. 

rnaBa 4. Teopent'ICCKOC Ol1HC31U1C KHHCTHKH CTCKJJOB3HHSI !lOJJHCTHpOJJa 

B mupOKOM HHTCpBaJJe CKOpOCTCH OXJlaJKJ],CllHSI " HarpeBaHHSI 

fnasa llOCBHUleHa TeoperH4eCKOMY HCCJle.D,OBaHHIO H MO,Uen11poBaHHIO 

KHHeTl1Kl1 CTeKJJOBaHHJI llOJJHCTHpona B WHpOKOM HHTepsane CKOpOCTeH OXJJa)l(.D,eHl1JI 

qe (cKopoCTb HarpesaHHH, q1i, llOCTOJIHHa). l13MepeHHJI CTeKJJOBaHHH aTaKTl1'!eCKOfO 

non11cmpona (aDC, mn PS l68N, Mw=270 Kr/MOJJb, Mn=95 KrlMOJJh, npe.D,CTaBJJeH 

BASF) 6hJJll1 BhlllOJJHeHhT MeTO.D.OM ,[{CK B rpynne cjJH3HKH non11Mepos (HHCTHTYT 

<I>113HKH, Ytt11sepc11TeT PocToKa, PocToK, fepMaH11J1) Ha pll3HhlX HHCTpyMeHrnx 

(pll3HbTe CKOpOCTH qh). 
0.D.HH UHKJI COCTOHT 113 .D.BYX H3MepeHHH (P11c. 7), ll0.D,p06HOCTH OllHCaHbl B 

no.D,n11c11 K p11cyHKy. PecpepeHTHOe 113MepeH11e Heo6xo.u11Mo BhmOJJH»Tb .D,JJJI Ka)l(.D,OH 

CKOpOCTl1 C;, llOCKOJlbKY npH Me.D,JJeHHblX CKOpOCTJIX OXJJa)l(.D,eHl1JI B03M0)1(Hbl 

H3MeHeHJrn 3Kcnep11MeHTaJJhHbIX ycnos11i1. B pe3yJJbTaTe H3MepeHHH nonr1ancJ1 

Ha6op KpHBblX HOpM11pOBaHHOH H306apw1eCKOH Te!lJJOeMKOCTH c;orm: 
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c;°'"' (T) = c;xces.. (T) 

cp 
c;1 (T)- c;'"1 (T) 

!:;.CP 
(4.1) 

r 1 
f)J,e /:;.Cp = CP'q - cg -pa3HOCTb Me)l()J,y TennoeMKOCThl-0 )l(J1)J,KOCTl1 11 CTeKJla, 

COOTBeTCTBeHHO. 
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P11c. 7. TcMnepaTyp11b1H npocjrnnb H3Mepe1111i1 

MCTO.llOM .[lCK CTeKnOBaJJHll nonHCTHpona npH 

pa311b1X CKOpOCTJIX oxna)l(JlCHIUI. 06pa3CL\ 

oxnalK,ll3eTCll OT TeMnepaTypbl T>>Tg c O,llHOH 

113 cKopocTeil C1, ... ,CN 110 TeMnepaTypb1 

T < <T s· .[lanee Bbmom1J1eTcll H3Mepe1rne 

TeMncpaTyp11oi1 3aBHCHMOCTH TennoeMKOCTH 

nonHCTHpOJJa 

cpHKCHpOBallllOH 

np11 11arpeaa111111 c 

cKopocTblO H1. 3aTeM 

npOH3BO.llHTCll 11onon1111TenbHOC H3Mepe1111e 

o6pa3L\a, oxna)l(Jle11Horo co CKOpOCTblO Crer npH 

ero 11arpeBaHHH co CKOpOCTblO Href. 

Oonyc1eHbl 3KCnep11MeHTMbHbie )J,aHHbJe )],JUI Me)J,JleHHblX CKOpOCTeH 

HarpesaH1rn/oxna)l()J,eHJ1H. C pOCTOM CKOpOCTl1 OXJla)l()J,eHHH nYIKl1 c;;orm CMeUJ,al-OTCH 

B CTOpOHY Hl13K11X TeMnepaTyp, yMeHbwaeTCH 11X BblCOTa 11 pacTeT w11p11Ha. 06w,11i1 

CAB11r nono)l(eH11i1 MaKCHMYMOB Cp cocrnsm1eT -15 K. Ilo cpasHeH111-0 c MeAneHHbJM 

HarpeBaHHeM, n11K11 c;;orm )J,JlH 6blCTpb1X CKOpOCTeH MeHbWe 11 CMeW,eHhl B CTOpOHy 

BbJCOKl1X TeMnepaTyp, np11 3TOM np11 fl0Bb1WeHl111 CKOpOCTl1 OXJla)l()J,eHHH 

coxpaHHl-OTCH on11caHH&1e s&1we TeH)J,eHu1111. 

06pa60TKa 3KCnep11MeHTMbHblX )J,aHHblX n03BOJll1Jla snepsbie nonyYHTb 

3aBJ1CJ1MOCTb Tg(qc) )J,JIH CTOJ!b w11p0Koro 11HTepsana CKOpOCTei1 OXJla)l()J,eHHH (P11c. 8, 
)J,aHH&1e AOnonHeHbJ Ha6opoM [11]). CooTBeTCTBeHHO, nonyYeHhl yTOYHeHHbJe 

napaMeTpbl 3aKoHa <l><l>T ( 1.6) AJIH non11crnpona. 

400~~~~~~~~~~~~~~~~~~ 

- - n.neparyp11b1H ltCT04HHK (J. Schawe) 

395 
f---o-- -o- JKcnep11MeHT (YH. PocrnKa} 

-- 33KOH <D<DT 
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385 
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" 380 

f... ~ 
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360'-----'---'---'------'--'---'----'---'---'---'----' 
10~ 10·• 10• 10 ' 10" 10'1 10° 101 102 10' 10• 10' 
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P11c. 8. 3aBHCHMOCTb TeMnepaTyph1 

CTCKnOBal·IHll rJOJIHCTHpona Tg OT 

CKOpOCTH oxnalK,[ICllHll q, nonyc1e1111all 

no 11aHHh1M Kanop11MeTp1111. Co6pai101 

n11TepaTyp11b1e 11a111101e, a TaKJKe 

11a1111b1e H3Mepe111111 11a pa3nwn1b1x 

Kanop11MeTpax. Cm1ow11b1e KpHBb1e -

an'npOKCHM3L\Hll ,[13HHblX cjJopMyJJOH 

<!><!>T ( 1.6) c pa31lb1MH napaMeTpaMH. 

06Hapy)l(eHO, YTO 113MepeHHbJe TeMnepaTypHbJe Kp11BbJe TennoeMKOCTl1 

c;;orm(T) B 11HTepsane CTeKJIOBamrn )J,JlH nOCTOHHHOH CKOpOCTl1 HarpeBaHHH qh 
CBO)J,HTCH K np11se)J,eHHOH 3a811Cl1MOCTl1, ec1111 MaCWTa611posaTb OCH no flOJlO)l(eHHl-0 11 

BeJll1411He MaKCHMyMa cpyHKL\1111 c;;orm(T). 3cpcpeKT 11MeeT MeCTO )J,JIH BCeX 

11CCJle)J,yeMblX CKOpOCTei1 HarpesaHHH. BbmOJJHeHO MO)J,en11posaH11e CTeKJIOBaHHH c 

uenbJO HaXO)l()J,eHHH pe)l(HMOB, np11 KOTOpblX pean113yeTCH aHaJIOfl14HOe nose,UeH11e. 

IlOKa3aHO, 4TO )J,JIH scex 11CflOJlb3yeMbl X MO)J,enei1 ,Ual·IHbl H 3cpcpeKT 11MeeT MeCTO JIJ1Wb 

B cna6o HeJ111HeHHbIX Cl1CTeMax (np11 3Ha'leHl1HX napaMeTpa HeJIHHeHHOCTH x, 
6Jll13KHX K 1). 0TKJlOHeHJ1e nose,UeHHH CHCTeMbl OT JIHHei1Horo 3aKOHa penaKcau1111 

11p11BO)J,11T K OTKJIOHeHHl-0 KpHBbIX, COOTBeTCTBYl-OUJ,11X Me)J,JleHHOMY OXJla)l()leHHl-0 

(qc<<q11) OT 06061.1.J,eHHOH 3aBHCHMOCTl1 . 

)],anee, BblnOJIHHJlOCb Henocpe)J,CTBeHHOe MO)J,en11posatt11e KJ1HeTH'leCKl1X 

Kp11Bb!X c;;orm(T). flOKa3aHO, 'lTO npHMOe MO)J,eJJ11pOBaH11e flOJlHOfO Ha6opa KpHBblX 

TennoeMKOCTl1 c nonyYeHHblMl1 napaMeTpaMH <l><l>T npHBO)J,11.T K 60JlbWOMY 

pacxo)l(,UeH111-0 c 3Kcnep11MeHTOM. PacxO)l(,UeH11e TeM 6onbwe, LJeM 6on&we 

OTHOWem1e qhlqc. 3TOT pe3yJlbTaT )J.eMOHCTp11pyeT, 'lTO paccMaTp11saeMbJe MeTO)J,hI, 

ycneWHO OflHCbJBaH OT)J,eJlbHble H3MepeHHH (c O)J,HOH CKOpOCTbl-0 

OXJ1a)l()J,eH11H/HarpesaH11H, np11 qc-qh) )J,JIH pa3Hb!X CTeKnoo6pa3y1ow,11x Cl1CTeM, He 

cnoco6Hbl npaBJ1JlbHO Ofll1CbJBaTb )J,aHHble B w11pOKOM HHTepsane CKOpOCTei1 

H3MeHeHHH BHewttero napaMeTpa, 11 Tpe6y10T Aopa60TK11. B paMKax TeopeTw1ecKoro 

nO)J,XO)J,a K on11caHJ11{) KHHeTHKl1 CTeKJIOBaHHH, OCHOBaHHOro Ha Hepas1rnsec1-1oi1 

TepMO)J,HHaMHKe, rrpe)J,JlO)l(eHO HOBOe Bblpa)l(eHHe )J,JlH speMeH11 penaKcau1111 

cTeKnoo6pa3y1-0w,ei1 c11cTeMh1, )J,a1-0wee nyYw11e pe3yn&TaTbl. 
'~~~~~~~~~~~~~~~ V -1U 

a q>~o. 5 Kie -o- [J.q) 6 
q, 5· 10~ - 2 Kie -o- ln(r/ c) 

OH ~ /' r• 0'\, ,/"°.o ~ 
"> 0.5 ~ \,'o ..0/

0 :S x 0 -19 5 

,a.a "a '\/_ o .• ~ -;,,..,a 'ov 
0 

__ 

0....-.0-

r.:t 

-- 3KcnepnMeHT 
------ Tcopm1 

-1 
-20.0 
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P11c. 9. a - Cpa011e1111e JKcnep11Mc11Tanb1-1b1x 11 MO.llCnbMblX KpHBblX 33BHCHMOCTH 

TennoeMKOCTH non11cn1pona OT TeMneparypbl B HJJTepsane CTCKnOBaHHJI. CnnOLUllblC KpHBblC -

JKcnepHMCHT, np1KTHpHb1e - Monen11posa1111e. 311ac1e1111J1 napaMeTpoB AIR, To 11 x COOTBCTCTBy10T 

Bb1paJKe111110 <!><!>T t1nll 3aBHCHMOCTH Tg(q), 311a4e1111ll napaMeTpoB Imo H fJ H3Me1rn10TCJ111nll KalK.llOH 

CKOpOCTH oxnaJK}.lCHHll 06pa3ua q (6). 

0,UH11M 113 B03M0)1(Hb!X pewe1-111i1 npo6neMbl Ha6J11-0)J,aeMblX paCXO)l()leHY!H 

HBJIHeTCH sapbHpOBaHHe napaMeTpOB MO)J,eJlH )J,JIH Ka)l()J,OfO H3MepeHHH. DOKa3aHO, 

•no sapb11posaH11eM TOJlbKO napaMeTpOB HeJJ11HeHHOCTl1 11 He3KCnOHeHU11MbHOCTl1 (x 
11 /3), on11caTh 3Kcnep11MeHTMbHb1e )J,aH1-1&1e 1-1eso3MO)l(HO. Dp11 3TOM, 113 

n11TepaTypHblX )J,aHHblX cJJeAyeT [ 12], LJTO TaKoro nOAXOAa AOCTaTOYHO AJJH Y3Koro 
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11HTepsana q. nonyYeHO, Y.TO, BBO.IVI 3aBl1Cl1MOCTb npe).l3KCflOHeHl.(11fillbHOrO 

napaMeTpa 3aKoHa penaKcal.(1111, lnr0, 11 napaMeTpa f3 OT cKopocT11 oxna)f().leHJrn, 
B03M0)f(H0 on11caTb nOJJHbltt cneKTp 3KCnep11MeHTfillbHblX ).laHHbJX ).lJIR Me).lJJeHHOro 

ttarpesatt11R o6pa3l(a (q1i=0.5 Kie, P11c. 9a). )J,1rnna30H 113MeHeHJrn 
npe).l3KCnotteH1(11fillbHOro napaMeTpa ).lOCTaTOLJHO Man (OTHOCl1TeJJbHOe 113MetteH11e 

- 5%), a J13MeHeH11e /3 np011CXO).ll1T B w11pOKOM ).l11ana30He 3HaLJeHl1H - /3=0.35-0.6 
(P11c. 96). IlOKa3aHO, Y.TO aHanOrHLIHblH nO).lXO).l B03MO)f(eH 11 ).lJIR on11caHl15I ).laHHblX 

np11 6b1cTpoM oxJ1a)f().leH1111 no1111cT11pona (q1i=5000 Kie). )],a.nee 11ccne).losanacb 

B03MO)f(HOCTb O.llHOBpeMeHttoro on11caH11R 3KCnep11MeHTOB. Xopow11i1 pe3yJJbTaT 

3).lecb nonyYeH np11 on11caH1111 c11cTeMb1 c n0Mowh10 sb1pa)f(e1-11151 .ll1151 speMe1-111 
penaKcal.(1111, npe.llJJO)f(eHttoro Ma3yp111-1b1M: 

{ 
A I l JI r(T,T1 )=r0 exp --+Ql--- , 

T1 - T00 T T1 j (4.2) 

r).le sse).letto ).lOnOJJH11TeJJE.Hoe K Bb1pa)f(eH1110 <t><t>T cnaraeMoe s noKa3aTene 
3KCTIOHeHTbl, KOTOpoe OTJl11YHO OT HYM Jll1Wb np11 OTKJlOHeHl111 CJ1CTeMbl OT 

pas1-1osec11R. )J,ei1cTs11TeJ1b1-10, np11 T=T1 11MeeM: 

r(T,T1 )j _ =r0 exp~-A-}=r-T(T,T1 )j , (4.3) 
T- T1 T-T"' TT/ 

a np11 T:/=Tr 11MeeT MeCTO coYeTa1-111e Bb1pa)f(eH11i1 <t><t>T 11 AppeH11yca. BE.mon1-1etta 
TIO).lfOHKa 3KCnep11MeJ-1Tfillbl-lbJX ).laJ-IHblX B paMKax r11n0Te3b1 0 Jll1HettHO 

113MeHmow11xc51 c TeMnepaTypoi1 napaMeTpe f3 11 3Hepr1111 aKT11Bal.(1111 3aKoHa 
AppeH11yca Q: 

fJ = /30 + ~ _:,0 (T-T;,) , Q = Q0 + ~ -~ (T - T;,) (4.4) 
I 0 I 0 

IloJJyYeHO, YTO ).lJl51 06011x CKOpOCTett HarpeBaJ-11151 q1i, /3113MeH51eTC51 B 11HTepsane - 0.3-
0.8 B ).l11ana30He TeMnepaTyp - 330-390 K, a Q/R - B w11poKOM 11ttTepsane - 10-50 KK 
B ).l11ana3otte TeMnepaTyp 370-460 K. 

rJiaBa 5. fiCCJieJJ.OB3mte CTpyKrypHOH Opr3H1133U.1111 H3HO'l3CT11U. B TOHKl1X 

nJieHK3X H3HOKOMn0311Ta nOJIHCT11pOJI-tl>YJIJiepeH MeTOJl.3Ml1 HeHTpOHl·IOH " 

peHTre110BCKOH petJ>JieKTOMeTp1111 

B ttacT051ll!ei1 rnase np11se).leHbl pe3yJJE.TaTbJ CTPYKTyp11E.1x 11ccne).losaH11i1 
KOMnneKCHott c11CTeMbl -TOHKHX nneHOK non11Mep1-1b1x 1-1aHOKOMno311TOB. B KaYeCTBe 

KOMTIOl-lel-ITOB 06beKTa l1CCJ1e).lOBa1-111i1 MeT0.1.\0M pecpneKTOMeTp1111 B351Tbl MaTep11aJ1hl, 
KOTOpb1e 51BJl51Jll1Cb 06'beKTaM11 11CCJle.llOBaHl1H B npe.llbl.l.\Yilll1X rnasax .1.\11CCepTal.(1111. 
B KaY.ecrne MaTp11UbJ B351T MO.lleJlbHbJH CTeKJJ006pa3ylOll(l1H noJ111Mep nOJJl1CT11pOJJ, a 

B KaYeCTBe Hal10JIHl1TeJ151 11Cl10Jlb30BaHbJ yrnep0.1.\Hble Kan116poBaHJ-1bJe 1-1aHOYaCTl1Uhl 

MaJJhlX pa3Mepos - cpynnepe1-1b1 C 60 11 C 70 . Eonhwoi1 11HTepec K 11cc11e.llOBatt1110 

51BJJeHl1H, np11B0.1.\5lill11X K yny11weHHblM CBOHCTBaM 1-1aHOKOMTI0311TOB, o6ycnOBJJeH 11X 
np11Mettett115IM11 11 nepcneKT11BaM11. Ilp11 3TOM sa)f(HO KOHTpon11posaTE. 11 .llerpa.llau1110 

.llpyrnx Ba)f(HblX CBOHCTB. CTpyKTypHaR opraH113aum1 HaH0 1-IaCTl1U B TIOJll1MepHOH 

MaTp11ue, B o6beMe 11Jll1 orpaH11Y.eHHhJX 113MepeHl151X, 51BJJ51eTCR Ba)f(J-lhlM 
KOMl10HeHTOM 3Tl1X 11CCJle.llOBaHl1H. 
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)J,JJ51 np11roTOBJ1eHl15I nneHKl1 nOJJl1CT11pOJJ 11 cpynnepeH npe.llBap11TeJ1hHO 

pacTsopHn11cb B Tonyone. CHa'-lana c noMOWE.10 MexaH11L1ecKoro nepeMew11satt115I s 
Te11eH11e cyTOK pacrnop51JJC51 1101111crnpon s KOJ1w1ecTse 1 % no Maccosott. .1.\0JJe. )J,anee, 

.ll06asJJ51JJOCh Heo6xo.ll11Moe KOJ111'-!ecrno cpynnepeHa, nocne 11ero pacrnop TaK)f(e 
nepeMew11sanc51 s TeMHOTe ewe CYTKl1. B pe3yJJE.TaTe 6E.1J111 non)"-leHE.1 paCTBOpbJ C 60 

11 C10, CO.llep)f(aw11e cpynnepeH B Konw1ecrne 1, 3 11 5 % OT Macchi no1111cT11pona s 
pacTsope. HaHeceH11e nne1-10K Ha 110.1.\JJO)f(KY 6bmo BhlilOJJHeHo c noMOll(blO cn1111-

KoaTepa (Osilla Ltd., Ben11Ko6p11TaH1151) np11 cKopocrn spaweH115I l10.1.\JJO)f(K11 1000-
4000 06/M11H. B KaYeCTBe no.llJJO)f(eK 11cnonh3osan11ch KpeMtt11esb1e .1.\l1CK11 .lll1aMeTpoM 
B 3 CM 11 TOJlll.(111-fOH 0.5 MM (Crystal Gmbh, repMaJ-111R). 

3Kc11ep11MeHThI no peHTrel-IOBCKOH pecpneKTOMeTp1111 Bblrl0JIH51Jll1Cb Ha 

.ll11cppaKTOMeTpe Empyrean (Malvern PANalytical) s pecpneKTOMeTp11YecKoi1 MO.Iles 
JIH<t>, Ol15U1. )J,n11Ha BOJJHhl 113J1y<-1e1-111R pas1-1a 1.54 A. Ha pe1-1TreHOBCKOM 11n11 

HettTpOHHOM pecjlJleKTOMeTpe npOBO).l51TC51 113MepeHl151 K03cprp11u11eHTa 0Tpa)f(eHl151 B 
3aBl1Cl1MOCTl1 OT q: 

I (q) j 
R(q) = omp / o(q) ' (5.1) 

f.lle foTµ(q)- 11HTeJ-ICl1BHOCTb 3epKaJJhl-IO OTpa)f(eHHOro ny'-!Ka, a fo(q)- 11HTeHCl1Bl-IOCTb 

ny'IKa, na.llaiowero Ha rpa1-111uy pa3.lleJJa. )J,11ana30H 113Mep51eMb1x yrnos pacce51H1151 

Bh1611pancH OT.lleJJE.HO .llJl51 Ka)f(.llOro o6pa3ua (onpe.lleJJ51JJC51 cpottoM, pa3peweH11eM, 

wepoxosaTOCTblO nosepx110CTl1 ). 3Kcnep11MeHTbl 110 HettTpOHHOH pecpneKTOMeTp1111 

npOBO.lll1Jll1Cb Ha speM51npOJJeTHOM pecpneKTOMeTpe rPEHHC (GRAINS - GRAzing 
Incidence Neutron Scattering), peaKTopa l1EP-2M (JIH<t>, OJ1Jll1). 1PEI1HC 51BJJ51eTC51 

l-IOBblM pecpneKTOMeTpOM JJH<t>, 11pe.llHa3Ha'leHHblM B TOM Yl1CJle .1.\JJ51 11CCJle.llOBaHl1H 

)f(l1.llKl1X o6pa3uos. Ha .llaHHOtt ycrnttOBKe, c noMOillhlO HettTpOHOB c .llJll1HHOtt BOJJHbT 

s .lll1ana3otte 0.05-1 HM np11 yrnax na.lle1-111R s 3-25 Mpa.ll pean113osa1-1a B03MO)f(HOCTb 

11CCJle.llOBaHl1H 3epKanhHOro K03cpcp11u11e1-1Ta OTp~eHl151 11 .1.\11cpcpy3HOro pacce51Hl151 

[13] . JllcnonE.30Banc51 1111Tepsan BeKTopos pacce51Hl151 q- 0.01-5 HM.1. Mo.llen11posaH11e 

11 Il0.1.\fOHKa pecpneKTOMeTpw1eCKl1X Kp11BbJX Bblrl0JIHRJll1Ch B nporpaMMl-IOH o60JJ0'-1Ke 
Igor Pro (WaveMetrics) c nOMOillhlO naKeTa Motofit [14]. 

B Ka'-leCTBe npe.llBap11TeJJbHb1X 11ccJJe.llOBaH11i1 BbmonHeHo MO.llem1posa~111e 

Kp11Bh1X HettTpOHHOH pecpneKTOMeTp1111 Ha 11CCJle.llyeMhlX Cl1CTeMaX c nocJ1e.lly10ll!ei1 

rlO.llfOHKOH B MO.lleJJbHO-J-le3aBl1Cl1MOM 11 MO.lleJlhl-I0-3aBl1Cl1MOM nO).lXO.llaX. 

PaccMOTpeHhl 6 pa3JJH4HhJX MO.llenei1 CTPYKTypttoi1 opratt113au11111-1a1-1011acT11u BHYTPl1 
n11e1-1K11, 11 noKa3atto, '-ITO .llJl51 onpe.llene1-11151 Toro, KaKaR opra1-1113au1151 pean1-13yeTCR B 

Cl1CTeMe, He06X0.1.\11MO 11CCJle.llOBaTb nJJel-IKl1 c CO.llep)f(aHl1eM yrnepO.lll-lhlX 
HaJ-10LJaCT11u OT l Mace. % OT no1111cT11pona 11 6onee. 

l13MepeHHble MeTO).lOM peHTrel-IOBCKOH pecp11eKTOMeTp1111 H HettTpOHHOH 
pecjmeKTOMeTp1111 3KCnep11MeHTaJJhHble Kp11BhJe .llJIH TOHKl1X nneHOK Hal-IOK0Mrl0311TOB 
non11cT11pon-cjJynnepeH C 70 s cpasHe1-11111 c 0Tpa)f(e1-111eM OT LIHCToi1 nne1-1K11 

no1111cT11pona npe.llCTasneHhl 1-1a P11c. 10 BMecTe c nonr1eHHOtt no.llro1-1Koi1. 

• 
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PHC. 10. )J,aHHble no peHlTellOBCKOH H 11ei1Tpmmoi1 pecjlneKTOMe1'PHH Ila TOHKOH nne11Ke 

non11CT11pona (Bepx1111e Kp11Bble) 11 TOHKHX nneHK3X H3HOKOMn0311T3 nC/ C70. a - peHTreHOBCK3ll 

pecjlneKTOMeTp11J1 1rn o6p33uax c pa311b1M co,uepJKaHHeM cjlynnepe11a C10. 6 - 11ei1Tpo1111all 

pecjlneKTOMeTp11ll 11a o6pa3uax c I Mace. % C10 pa3Hoi1 TOnLl\HHbl. C11MBOJ1b1 - 3KcnepHMeHTanbHb1e 

,ua1111b1e, cnnow11b1e KpHBbJe - pe3ynbTaTb1 no,uroHKH. Kp11Bb1e nocne,uonaTenbHO CJlBHHYTbl BJlOJlb 

oc11 op,u1111aT ,uene1111eM R 11a I 02. 

)J,JlJI aHaJJH3a pacnpe)J.eJJeHHll HaHo'lacn11..1 s nneHKe 11cnoJJh30BaJIHCb pa3HbJe 

MO)J.eJIH, BKJIJOLiall - O)J.HOpO)J.HbIH CJJOH, CJJOH y rlO)J.JlQ)KKH, CJJOH y nosepxHOCTH 

nneHKH. AHaJJH3 no)J.roHKH )J.aH HbJX c noMOll.(blO naKeTa Motofit noKa3bIBaeT, 'ITO 

xopowei1 cTpyKTYPHOH MO)J.eJJblO 1lJlJI 11ccne)J.yeMbJX o6pa31..lOB llBJJlleTCll Tpexcnoi1Hal! 

MO)J.eJib: nneHKa COCTOHT 113 1lBYX CJJOeB, CO)J.ep)l{all.(HX HaHO'laCTHl..lhl C60/C70 H 

sepxHero pblXJIOro CJJOll nOJJHMepa (c fTJJOTHOCTb!O )J.JlHHbl paccellHHll (IT)J,P) CJlOll 

MeHhWe IT)J,P ITC). Ilp11 3TOM nony'leHo, 'ITO MO)J.eJJb c nnoTHbIM cnoeM MOJJeKyJJ C 60 

HJJH C1o y no)J.JJO)KKH ny'lwe, LieM 1lpyrne omtCbIBaeT see 3Kcnep11MeHTaJJbHbie 

KpHBbJe. )J,JlJI 'iHCTOH )Ke nJJeHKH !lC, HanpOTHB, )J.aHHall MO)J.eJlb rlJlOXO flO)J.fOHlleT 

)J.aHHbie. 
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P11c. l I. npocjmnh fl)J,P TOllKOH 

IUleHKH H3110KOMl103HT3 nc-
cjlynnepe11, COOTBeTCTBYIOll(HH 

no,uro11Ke 3Kc11ep11Me1nanbHbIX 

,uai 111b1 X. BcTaBKa - cxeMaTH4ecKoe 

H306paJKe1111e 3aBHCHMOCTl1 

1136blT04HOH n)J,P, OflHCbJB310ll(eH 

pac11pe,uene1rne Kom1eHTpau1111 

cjlym1epe11a m~yTp11 nne11KH. 

IloJiy'leHHble npOcpHJJH flW OTpa)l{a!OT pacnpe)J.eJJeHHe cpynnepeHOB B 

noJJHMepHOH MaTpHl..le, KaK noKa3aHo Ha P11c. l l 11 scTasKe. Ilony<1eHHb1e s 

pe3yJihTaTe no)J.roHKH napaMeTpb! nneHoK HaHoKoMn03HTa npe)J.cTasneHbJ s Ta6. 1. 
KaK BH)J.HO, TOJlll.(HHa CJJOll, HaCbill.(eHHOro HaHO'iaCTHl..laMH, H3MeHlleTCll B npe)J.enax 

- 1-5 HM KaK )J.Jlll nneHOK ITC-C6o, TaK H 1lJJll nneHOK f1C-C70. ITony<1eHb13Ha411TeJJbHb1e 

BeJJH4HHbl wepoxosaTOCTeH CJJOll, OTpa)l{a!Oll.(He pacnpocTpaHeHHe flJJOTHOro CJlOll 

HaHOl.JaCTHl..l B o6beM nneHKH. MeTO)J.OM ACM nOKa3aHo, 4TO 'laCTh cpynnepeHos s 

nneHKe np11cyTcrnyeT s BH)J.e arperaTos, pa3MepaM11 )J.O 100 HM )J.Jill C 60 11 - I 00-
200 HM llJJll cpynnepeHa C 70 

x (%) h, HM <1, HM 

l% C6o 2.2±0.9 1.2±0.2 
1% C10 1.0±0.7 0.8±0.4 
3% C6o 0.9±0.3 0.4±0.2 
3% C10 4.6±1.2 3.5±1.5 
5% C6o 3.0±0.4 1.5±1.0 
5% C10 3.3±0.5 5.0±2.0 

Ta6. l. fl apaMCTpbl TOHKOro cnoll, 113Cbll.l~e1111oro H3H0'l3CTl1Ll3MH Jlnll flJICllOK 

H3HOKOMll03HTa llOJIHCTHpOJJ-cjlynnepeH, nony4CHllblX MCTOJlOM crnrn-Koanrnra, r,ue x - Mace. % 
cjlynnepe1rn B llJICllKe, h - TOnll(HHa, a - wepoxoBaTOCTb CJIOll, H3CbJll(eIJHOro HaH043CTHU3Ml1. 

rJiaBa 6. 0nHC3HHC KHHCTHKH CTCKJIOB3HHSI C HCU0Jlb3083HHCM O):VIOfO 

napaMeTpa nopH~Ka: 33BHCHMOCTb CBOHCTB CHCTCMbl " napaMeTpOB nepexo)J.a 

OT CKOpOCTH H3MCHCHHSI BHCIDHCfO napaMCTpa 

B HaCTOllll.(eH rnase npe)J.cTasneHo TeopeTH4eCKoe 11ccne)J.osaH11e cTeKJJosaHHll 

MO)J.eJJbHblX CHCTeM c np11MeHeH11eM MeTO)J.a, OCHOBaHHOro Ha TepMO)J.HHaMHKe 

Heo6pantMbIX npOl..leCCOB. 3BOJl!Ol.ll1ll CTpyKTypHoro napaMeTpa np11 noCTOllHHOH 

CKOpOCTH 113MeHeHHll TeMnepaTypbl q=dT/dt onpe)J.eJJlleTCll ypasHeHHeM 811)].a: 

d¢ 
dT 

1 
qr:Ap,T, .t:\ ( ¢-¢eq ), (6.1) 

r)J.e ( - CTPYKTYPHhIH napaMeTp, (eq= (eq(p,7) - ero pasHosecHoe 3HaL1e1me 

( onpe)J.eJJl!eTCll MO)J.eJJbIO c11cTeMb1), rR - speMll penaKCal.lHH, p - )J.asneH11e, T -
TeMnepaTypa. )J,JJll )J.aJlbHeHWHX pac4eTOB BBe)J.eM np11Be)J.eHHYIO TeMnepaTypy 

B=T!Tm (qo=d8/dt), r)J.e Tm -TeMnepaTypa nnasneHHll. 

• 
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P11c. 12. 3aBHCHMOCTL t;=.;(O) 
np11 CTeKJIOBaHHH MO.l\eJlbHOH CHCTeMbl 

.!\Jill pa3Hb!X 3Ha'!eHHH CKOpOCTH 

OXJlalK.11e11m1 (ny11KTHpHbJe KpHBb!e) 11 

ttarpe0a1111~ (cnJIOWHbJe KpHBb1e) B 

.1111ana3011e I 0-7 c· 1 :::: qo:::: 107 c·1• 

CospeMeHHb1e 3KCnepHMeHTMbHble MeTO.Ubl 3Ha4HTeJibHO pacwHp5!10T 

.UHaITa30H CKOpOCTei1 H3MeHeHH5l BHeWHHX napaMeTpOB CHCTeMbl npH nepexo.ue 

)[{H.LlKOCTb- CTeKno. B KanopHMeTpHH 3a C4eT H3MepeHHi1 Ha HecKOJibKHX pa3HbJX 

HHCTpyMeHTax, CKOpOCTb OXJI~.UeHH5!IHarpesaHH5l q,Jqi, H3MeH5leTC5l OT ~ 10-6 Kie .no 

106 Kie (CM. rnasy 4). B OT.UeJlbHblX 3KCnepHMeHTaX B03MO)[{H0 OXJla)[{.[\eHHe 

HaHoo6pa3UOB co CKOpOCTblO B [K/c. TaKHe .UHana30Hbl q n03BOMIOT ITO- HOBOMY 

HCCJle.UOBaTb H3MeHeHHe cpH3H4eCKHX CBOHCTB nony4aeMblX CTeKOJI, a TaK)[{e 

npocne.n11Tb, HMelOT JlH MeCTO Ka4eCTBeHHbie H3MeHeHH5l KHHeTHKH CTeKJlOBaHH5l. 

PacCMOTpeHa MO.UeJlbHa51 CHCTeMa H BblITOJIHeHbl pac4eTbl Kl1HeTHKl1 CTeKJlOBaHH5l , c 

H3MeHeHHeM q Ha 15 nop5!.UKOB. nony4eHHa51 3BOJIIOl(H5l CTPYKTYPHOro rrapaMeTpa 

npH paBHOMepHOM OXJla)[{.ueHHHI HarpesaHHH CHCTeMbl npe.ncTaBJleHa Ha PHC. 12. 
BHAHO, 4TO c nOHH)[{eHHeM CKOpOCTl1113MeHeHH5l TeMnepaTypbl qe TeMrrepaTypa 

cTeKnosaHH5l noHH)[{aeTC5l. TaK)[{e, neTn11 B 3aBHCHMOCTH ( CTaHOB5lTC5l MeHbwe no 

pa3Mepy. MO)[{HO CKa3aTb, LJTO nepexo.u )[{H.UKOCTb-CTeKno np116JIH)[{aeTC5l K 

ynpoll\eHHOi1 MO)J,eJIH nepexo.ua CHMOHa (MrnoseHHbitt nepexoA npH 3a.naHHOi1 

TeMnepaType) [l]. B paMKax .nHcceprnu1111 .neTaJlbHO Hccne.uosaHa 3Ta 3aBHCHMOCTb, 

a TaK)[{e nony4el-l bl 3aBHCHMOCTH xapaKTepHblX CBOHCTB CHCTeMbl - npo113se.ueHHOH 

CHCTeMOH 3HTpOnHH H ee 3aMopo)[{eHHOro 3HaLJeHH5l, TennoeMKOCTH, 

KOHcjmrypau110HHoro ofrbeMa. 

,Qanee, B rnase HCCJJe.uyeTC5l 3aBHCl1MOCTb TeMnepaTypbl CTeKJIOBaHJ15l Tg H 

WHpHHbl HHTepsana CTeKJIOBaHH5l 15Tg OT CKOpOCTH OXJia)[{.ueHH5l q. Orr11pa5!Cb Ha 

060611.\eHHblH KpHTepHi1 CTeKJlOBaHH5l ( 1.4), ccjlopMynHpOBaHbl KpHTepHH .umr 

onpe.ueneHHH rpa1-1Hu HHTepsana cTeKJIOBaHl15l: 

rt >: r, ~ a<+lr,. ::::> {_!_ldrlr •}I "'a<•> « I, 
r dt r-r'" 

- ' 

rt> : r.~a<-> r,. ::::> {~l~lz-.}l,._,.., "'aH »l, 
- ' 

(6.2) 
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r.ue a (+) H a<·>, COOTBeTCTBeHHO, rrapaMeTpbl .umr oueHKH sepxHei1 H HJ1)[{Hei1 rpaHHU 

HHTepsana CTeKJJOBaHJ15l (r;+) H T
9
(-)), Tr - xapaKTepHOe BpeM5l H3MeHeHH5l 

TeMrrepaTypbl npH OXJla)[{.[\eHHH. 

TioJJyl.JeHbl aHanHTl14eCKHe oueHKH .UJJ5! TeMnepaTypbr CTeKJJOBaHH5l H rpaHHU 

HHTepsana CTeKJlOBaHJ15l .UJI5! MO)J,eJJbHblX CHCTeM, speM5l peJiaKCaUHH KOTOpblX 

orrttcbrnaeTC5l cjlopMyJJaMH AppeH11yca (l.5) H <D<l>T (1.6). ,[(JJJJ 3aKoHa AppeHHyca 

rroJJy4eHo: 

I _ -, _ 1 _ [( -c+> )' c > _ f -lnT• -lnq, f<+> -In T• a J-lnq, 
g g 

I - 2 J - - - -, (a<-> J ---=lnl(r<-> ) a <-> -lnq- oT =T<+> _r<-> "'r- 1n -r< ) • ' g g • - g a(+) . 
g 

(6 .3) 

B (6.3) sse)J,eHbl npHse.neHHbre seJIH4HHhr: 

T - h ldTI A, q = kaA 2 dt . (6.4) 

0TMeTHM, 4TO nepsoe 113 ypaBHeHHH (6.3) - 3TO 3MI111p114eCKH flOJlytlel-JHOe 

ypaBHeHHe EapTeHesa [15], KOTOpoe H3Ha4MbHO np11MeH5!JlOCb KO BCeM 

CTeKJI006pa3ylOU\HM CHCTeMaM. 0AHaKo, H3 aHanHTH4eCKHX oueHOK )J,Jl5! <D<l>T, 

noJiy4e1-10: 

I -
f-f =ln~2 -lnq, 

0 

rt 1-rt> = [[rt>Y(a(-))j In f <•> I <•> , 
• a 

(6 .5) 

f f+/_f'o =ln[(i;,<•>)' af•> J-lnq, r:-/-f'o =In [ (ft>)' a <-l ]- In q. 

TaKHM o6pa30M, ycraHosneHo Ka4eCTBeHHOe OTJJ11411e Me)[{.uy nose)J,eHHeM Tg H 

15Tg .UJl5! HCCJle)J,yeMblX MO)J,eJJbHbTX CHCTeM, nony4eHo 0606ll\eH11e .UJJ5! ypas11e1-IH5l 

EapTeHesa. TipH HH3KHX q 06Hapy)[{e1rn ornwme 3asHCHMOCTei1 Tg(q) .UJ15! ypas1-1eHHi1 

AppeHHyca H <D<DT. 3To o6o5lCH5leT OTKJlOHeHH5l OT npe.UCKa3aHHH ypasHeHH5l 

EapTeHesa npH HH3KHX cKopocT5lX oxn~AeHH5l. Pacxo)[{.ueH11e CTaHOBHTC5l 

3Ha4HMblM no Mepe np116JJH)[{eHH5l TeMnepaTypbr cTeKnosaH115l Tg K TeMnepaType 

<l><l>T To, npH KOTOpoi1 HMeeT MeCTO 6b!CTpblH pOCT speMeHJ1 penaKCaUHH. ,[(Jl5l 

MO.UeJJbHblX CHCTeM BbinOJlHeHbT 4HCJleHHbTe pac4eTbl , npose.neHO cpasHeHHe HX 

pe3yJibTaTOB c aHanHTH4eCKHMl1 oueHKaMH. 

.[(onOJJH5leT HCCJJe.uosaHH5!" CTeKJJOBaHH5l npH H3MeHeHHH TeMnepaTypbl 

TeopeTH4eCKOe HCCne.uosaHHe KHHeTHKH CTeKJlOBaHH5l np11 H3MeHeHHH .uasneHH5l 

c11cTeMbT. 3soJJIOUH5! cTpyKTYPHOro napaMeTpa onHcbrnaeTc5l ypasHeHHeM, 

aHanOrH4HblM ypasHeHHIO (6.1), O)J,HaKO c .upyrHM Bblpa)[{eHHeM .LlJlil speMeHH 

peJiaKCaUHH [l 6]: 

r) ( r l p-p0 J I l K,. (p0 ,T)J A(Po) r.(p, =r. p0 , )exp fl( r) , IT( r) ( r) -( --)', 
Po• Po, ar Po, r- r

00 

(6.6) 

r)J,e Kr - H30TepMH4eCKa51 C)[{HMaeMOCTb, a ap - H306ap114eCKHH K03cpcpHUHeHT 

pacwHpeHH5l, Too=Tm12 - TeMnepaTypa Kay3MaHa, T,n=T,n(p) - TeMnepaTypa 
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nnasnemu1, A - napaMe'rp MOJJ,em1. )l,m1 MO)J,eJJbHOH CHCTeMbl BblnOJJHeHhI 4HCJJeHHbJe 

pacLieTbl (PHC. 13). 

AHaJJHTH4eCKJ1 nonyc1eHh1 o6UIHe sb1palKeHHH JJ,JJSI 3asHCHMOCTH JJ,asneHHH 

CTeKJJOBaHHH pg, sepxHei1 H HHlKHei1 rpaHH!I HHTepsana CTeKJJOBaHHH OT CKOpOCTH 

H3MeHeHHH JJ,aBJJeHHH )J,JlH nepexoJJ,a lKH)J,KOCTb-CTeKJJO IIO)J, JJ,aBJJeHHeM. IlonyLieHHble 

pe3yJJbTaTbl aHaJJOrH•IHbl COOTBeTCTBYIOUIHM 3aBHCHMOCTHM )J,JlH CTeKJJOBaHH}[ npH 

H3MeHeHHH TeMnepaTypb1. AttaJJHTHLieCKHe Bb1palKeHHH cpasHHBaJOTCH c 

pe3yJJbTaTaMH 4HCJJeHHbJX pacLieTOB. 

14 

12 

"'' b 10 

-~.(p) 

- - - ~). p nOBblWaeTCO , pa3Hble qp 

-- ~). p noH~>KaeTco , paaHb1e q• 

-~~-----------------

q =1ff5-105 n~- =a p ~. 

10 12 14 16 18 

p,aTM 

P11c. 13. 3aBHCHMOCTb CTpyK'f)'pHoro 

napaMeTpa CHCTeMbl OT J)aBJJeHHll, i;=(,(p), 
npH nepexot1e )l(HJIKOCTb-CTeKJJO Jilli! pa311blX 

311a4ellHH CKOpOCTH H3MeHeHHll t1aBJ1e11Hll B 

HHTepBaJ1e I0"5:SktPl:S l 05 Hale. flyHKTHpHb1e 

KpHBble - pOCT t1aBJ1eHHJ1, COJIOWHble -

yMe11bwe11He Jl3BJICHHll. 

Bo3spaUiaHCb K CTeKJJOBaHHIO np11 OXJJalKJJ,eHHH, B paMKax TeopeTH4eCKOro 

IIOJJ,XOJJ,a, B COOTBe'rCTBHH c 3KCIIepHMeHTaJJbHblMH Ha6JJIOJJ,eHHHMH, nonyLieHO, 4TO 

OCHOBHble rrapaMeTpbI nepexoJJ,a lKH)J,KOCTb-CTeK)lO, - TeMnepaTypa CTeKJJOBaHHH, Tg, 
H WHpHHa HHTepsana CTeKJJOBaHHH, '6Tg, - CHJlhHO 3aBHCHT OT CKOpOCTH 

HarpesaHHH/OxJJalKJJ,eHHH, qc. )l,anee, c IIOMOUih!O 06Uiero KpHTepHH CTeKJJOBaHHH 

(1.4) ttccneJJ,osanacb KoppeJJHIIHH seJJH4HH Tg 11 '6Tg. )l,nsi 3Toro nepem1weM 

BbipalKeHHH (6.2) B CTporoM Bl1JJ,e (BBO)J,HTCH napaMeTpb! c(-) 11 C(+i): 

{_!_ldTlr·}l = < )» 1, {-ldrlr·}l =c(+)« 1. (6.7) 
Tdt M'' Tdt rr<' 

' 
I1HTepsan CTeKJJOBaHHH, TOrJJ,a, onpeJJ,eMeTCH cpopMynoi1: 

rt> _Ti i = dT ~-• __ 8 _ _ _ • __ 8_ . 

I I 
(r< )) r (r<-l)] 

dt l c<+) c<-) J 
(6.8) 

)l,orrycKaH CJJeJJ,y!OUIHe BblpalKeHl1H )J,JIH CBH3H MelKJJ.Y rpaHHIIaMH H WHp11HOH 

11HTepsana CTeKJJOBaHHH: 

8T 8 
y <+) = T +- r<) = T __ g 8T =T(+) -r<-J (6 9) 

8 g 2' g g , g g g ' . 

BblIIOJJHeHbr ai-1an11T11LieCKHe pac•1eTh1, pa3narasi seJJHLIHHY rR(7) s pHJJ. Tei1nopa OKOJJO 

TeMnepaTyphl Tg, 11 ocTasnsisi pa3Hoe KOJJHLiecTso LIJJeHos. HanpHMep, c yLieTOM 

nepsb1x JJ.Byx cnaraeMbJX psiJJ.a, nony•1eHo Bb1palKeH11e: 
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c c\ 

or = r l ~ -c< > J , 
8 8 

( nl"•l (r ) ( c c JJ I+ " g + 
2lge c(+) c() 

(6.10) 

rJJ,e e - 4HCJ10 3i1nepa, H BBeJJ,eH MOJJ,HcjHIUHposaHHblH (0606I1IeHHbIH) napaMeTp 

M}[rKOCTH CTeKJJ006pa3y!OUiero MaTep11ana: 

d lgi7(T) 
(M•) (r ) = rrYrJ I 111,, g g 

d T 
r...,,r, 

dlgr. 
dClrt.r. 

(6.11) 

8 OTJJH4HH OT (1.7), B (6.11) Y4HTbIBaeTCH 3aBHCHMOCTb TeMnepaTypbl 

CTeKJJOBaHHH OT CKOpOCTH OXJJalKJJ,eHHH CHCTeMbl, TO eCTb m~MB) )J,JlH OJJ,HOro H Toro 

lKe MaTep11ana 6yJJ.eT 3as ttceTb OT TeMnepaTypHoi1 11cTopH11 ero nepexoJJ.a. IloKaJaHo, 

'ITO Heo6XO)J, HMO ycIHTb!BaTb cnaraeMbie CJleJJ,yIOUiero nopHJJ,Ka, TOrJJ,a 3aBl1CHMOCTb 

'6Tg OT Tg, onpeJJ.emreTCH ypasHeHtteM: 

(__!J._J2 -(orgJl'+ f.l z'.:;+Z,';jj + 
T T 2 82 I T2 82 I g g __ g_ - TR __ g_~ 

•.(r.) 8T
2 

T-T, 8r.(rg) 8T
2 

T· T, 

c c I l ~----:) 
=0. (6.12) 

I1ccJ1eJJ,osaHo ypasHeHHe (6.12), a TaKlKe ero LiaCTHhTe cny4a11 JJ.JJH sb1palKeHHi1 

JJ.JJH speMeH11 penaKcaIIHH AppeHttyca H ct>ct>T, BblllOJJHeHo cpasHeHHe c 

3KcrrepHMeHTaJJbHbIMH JJ,aHHbIMl1. TaK, JJ.JJH HeCKOJJbKttx c11n11KaTHbix CTeKOJI 

(Li20·2Si02, Na20·2Ca0·3Si02, CaO·Mg0·2Si02, Ba0·2Si02, PbO·Si02, 

2Ba0·Ti02·2Si02.) nonyLieHa JasttCHMOCTb Tg OT napaMeTpa MHrKocrn m,1• TaKlKe, 

paCCMOTpeHa nonyl.!eHHaH MeTO)J,OM )],CK 3aBHC11MOCTb umpHHbl HHTepsana 

CTeKJIOBaHHH OT TeMnepaTyphr CTeKnosaHHH nonHMepa TOP AS® 8007 (ExxonMobil, 

CWA). AHan11T11LieCKHe oueHKH KaLiecrneHHO coorneTCTBYIOT 3Kcnep11MeHTaJJbHblM 

JJ,aHHblM. 

• 
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OCHOBHhIE PE3YJihTAThl PAliOThl 

I. DoKa:mHo, 4TO xapaKTep o6pa3oBaHHH KnacTepos cpynnepeHOB C6o 1111x CTpyKTypa 
KaLieCTBeHHO pa:rn114HbJ B cna6onoMpHbJX 11 nonHpHbJX pacTsop11TeJJHX. Onpe.ueneHbI 
CKOpOCTH paCTBOpeHHH H CKOpOCTb KOMTIJJeKcoo6pa30BaHHH )l,M pa3HblX pacrnopOB 
cpynneperms, a TaJOKe 11x 3as11c11MOCTH OT ycnos11i1 np11roTOBJJeH11R. Bi,montteHbJ 
HCCJJe.UOBaHJ1H KHHeTHKH pocTa KJJaCTepOB cpynnepeHOB. IlOKa3aHO, 4TO B 
cna6onOJJHpHblX pacrnopax B03M0)1(H0 .UJJHTeJJhHOe coxpaHeHHe MOJJeKynHpHOfO 
COCTOHHHH paCTBOpa, eCJJH HCKJJl-04HTb nona.uaHHe KHCJJOpo.ua H llOCJJe.uy1-0111y10 
cpoTOOKc11.uau111-0 qiynnepeHOB B pacrnope. B nonHpHbJX paCTsopax pocT KnacTepos 
npOHCXO.l\HT c MOMeHTa Ha4ana paCTBOpeHHH, OCTaHOBHTb ero aHaJJOI'H4HblM o6pa30M 
HeB03MO)l(H0. 

2. Ilpe.UJJO)l(eHa MO.UeJJb, OTIHCb1BaJ-0111aH Me.uneHHblH pocT KJJaCTepoB cpynnepeHOB 
c60 B no1rnpHblX a30TCO.Uep)l(a11111x paCTBOpHTeJJHX. DOKa3aHO, 4TO nose.uett11e TaKHX 
xapaKTepHCTHK KJJaCTepHOfO COCTOHHJ.151 KaK cpe.UHHH pa.u11yc arperaTOB <R> H 
KOHueHTpauHH MOHOMepOB B paCTBOpe Cmon MO)l(eT 6b1Tb cse.ueHO K «3aKOHY ! 113» B 
np11se.uettttoi1 wKane speMeH11. IloKa3aHo, 4TO Ha speMeHax t>r (r - napaMeTp 
MO)l,en11) cpyHKl.(HH pacnpe.ueneHHH j(R,t) OflHCbJBaFOTCH cpyHKl.(HHMH pacnpe.ueneHJ1H 
Cne3osa, ecn11 paccLIMTbIBaTb cpe.UHHH pa.u11yc YaCTHU B np11se.ueHHOH speMeHHOH 
wKane. B pe3yni,TaTe nony4eHa nonHaH 1somou11H cpyHKUHH pacnpe.ueneHHH 
KJJaCTepoB no pa3MepaM B MO.UeJJbHOH CHCTeMe, c napaMeTpaMH, COOTBeTCTBYl-Oll\HMH 
paCTBopy C6olN-MeTHJlflHppOJJH.l\OH. npe.UJJO)l(eHa MO.UeJJb, onHCbJBaFOUlaH 
noporOBblH ::icpcpeKT pa3pyweHHH KJJacTepoB 11p11 pa36asneHHH llOJJHpHOfO paCTBOpa 
cpynnepeHOB C60 so.uoi1. IloKa3aHo, 4TO cpe.utt11i1 pa3Mep KnacTepos s pacrnope pe3KO 
yMeHbwaeTCH nocne pa36asneH11H np11 onpe.ueneHHbJX 3HaL1e1-111Hx napaMeTpa Mo.uen11 
S 11 cTeneHH pa36asneHHH X, no.upo6Ho 11ccne.uosaHbl nony4eHHbJe 3as11c11MOCTH. 

3. Ilpose.ueH aHaJJJ.13 3KCnep11MeHTaJJbHblX .uaHHbJX - 3aBHCHMOCTH TeMnepaTypbl 
CTeKJJOBaHHH aTaKTH4eCKOfO llOJJl1CTHpona B WHpOKOM HHTepsane CKopocTeH 
OXJJa)l(.ueHHH 11 HarpeBaHHH o6pa3ua (OT qc=5· l o-6 Kie .uo qc=2· 103 Kie .UJJH CKOpOCTeH 
ttarpesatt11H qh=0.5 11 5000 Kie). IloKa3aHo, 4TO TeM1 1epaTypttb1e KpHBbJe 
HOpM11pOBaHHOH TeTIJJOeMKOCTH flOJJHCTHpOJJa C~orm(T) B HHTepsane CTeKJJOBaHHH 

)l,JJH noCTOHHHOH CKOpOCTH HarpesaHHH q1i CBO.l\HTCH K o6o6weHHOH 3aBHC11MOCTH. 
flony4eHO, 4TO )l,JJH HCnOJJb3yeMblX Mo.uenei1 .UJJH on11caHHH KHHeTHKl1 CTeKJJOBaHHH 
.uaHHbJH 3cpcpeKT Bocnpo113BO.l\HTCH .UJJH JJJ1HeHHblX CHCTeM (x----> l ). IlOKa3aHO, 4TO 
paccMaTpHBaeMbJe paHee MO.UeJJH, ycnewHO onMCblBaH OT.UeJlbHble H3MepeHHH (c 
0.1\HOH CKOpOCTbFO OXJla)l(,l\eHHHIHarpesaHHH, np11 qc-;::,qh) .UJJH npOCTblX 
CTeKJJ006pa3y1-011111x CHCTeM, He cnoco6Hhl npaBHJlbHO onHCb!BaTb .uaHHbJe B 
WHpOKOM HHTepsane CKOpOCTeH H3MetteHJ1H BHeWHero napaMeTpa, H Tpe6yFOT 
.uopa6oTK11. B paMKax TeopeTH4eCKoro no.uxo.ua K on11caHHIO KJ1HeTHKH CTeKJJOBaHHH, 
OCHOBaHHOfO Ha HepaBHOBeCHOH TepMO.l\11HaMHKe, npe.UJIO)l(eHO HOBOe Bblpa)l(eHHe 
.UJJH speMeH11 penaKcau1111 cTeKnoo6pa3yJ-Oll.lei1. c11cTeMbJ. TaK)l(e noKa3atto, 4TO, BBOAH 
3aBHCHMOCTb npe.U3KCnOHeHUHaJJbHOf0 napaMeTpa 3aKOHa penaKcau1111, lnro, H 
napaMeTpa He3KCnOHeHu11aJJbHOCTH, /3, OT CKOpOCTH OXJJa)l(,l\eHHR, MO)l(HO 
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Ka4eCTBeHHO on11caTb noJJHblH Ha6op 3KCnep11MeHTaJJbHb!X .uaHHblX OT.UeJJbHO .l\JJH 
Me.uJJeHHOro (qh=0.5 Kie) 11 6h1CTporo (qh=5000 Kie) Harpesatt11H o6pa3ua. 

4. MeTo.UaM11 Hei1TpOHHOH 11 peHuettoBCKOH pecpneKTOMeTp1111 ycTaHosne1-10 
06pa3osatt11e Haci,1111ettHoro cpynnepeHOM C1o cnoH s HaHOKOMn03HTe 
TIOJJHCTHponlC10. TOJJll\HHa o6pa3yeMoro HaH04aCT11UaMH CJJOH HaXO.l\HTCH B 
11HTepsane - J -5 HM, cnoi1 qiynnepettos C70 conocrns11M no Tonm11tte co cnoeM C60 B 
aHaJJOI'H4HblX nneHKax . flp11 3TOM 4aCTb cpynnepeHOB HaXO.UHTCH B nneHKe B cpopMe 
arperaTOB (aHanorn4HO pacrnopaM). 

5. Ilony4eHbl 3as11c11MOCTH cTpyKTypHoro napaMeTpa ( OT np11se.ueHHOH 
TeMnepaTypi,1 e .l\JJH CTeKJJOBaHHH MO.UeJJbHOH CHCTeMbl B WHpOKOM HHTepsane 
CKOpOCTeH OXJJCl)l(,l\eHHH H HarpesaHl1H. IloJJy4eHbl 3aBHCl1MOCTH TenJJOeMKOCTH, 
npOH3Be,l\eHHOH CHCTeMOH 3HTpOnHH H ee npOH3BO.UHOH no B .l\JJH pa3Hb!X CKOpOCTeH 
OXJJa)l(,l\eHHH H HarpesaHHH. Ha 6a3e o6o6!lleHHOro KpHTepHH CTeKJJOBaHHH, BbIBe.ueHO 
06!llee ypaBHe~rne .UJJH 3aBHCHMOCTH TeMnepaTypi,1 CTeKJJOBaHHH OT CKOpOCTH 
OXJJa)l(,l\eHHH, cnpase.umrnoe mm JJF06bJX CKOpOCTeH H3MeHeHHH TeMnepaTypi,1 H 
s1>1pa)l(eH11i1 .UJJH speMeH11 penaKcau1111 (AppeH11yca, <DoreJJH-<DyJJb4epa-TaMMaHa, 11 
.upyrnx). 

6. flony4eHbl aHaJJHTHLJeCKHe Bblpa)l(eHHH .l\JJH 3aBHCHMOCTH rpaHHU H WHpHHbl 
HHTepsana CTeKJJOBaHHH OT CKOpOCTH OXJla)l(,l\eHHH q .UJJH CHCTeM, co speMeHeM 
penaKcau1111, on11ci,rnaeMbIMH ypasHeHMHMH AppeH11yca 11 <DorenH-<Dynb4epa­
TaMMaHa. IloKa3aHo, 4TO peaJJH3yeTCH HeJJ11HeHHaH B03pacTa10111aH 3as11c11MoCTb 
'6Tg1Tg . PaccMoTpeHbl si,1pa)l(eH11H nepsoro 11 BTOporo nopH.UKa T04HOCTH. Bse.ueHo 
nOHHTHe MO)l,11cp11u11poBaHHOro napaMeTpa MHI'KOCTH CTeKnoo6pa3yFO!llero MaTep11ana 
11 nOKa3aHO, 4TO OTHOWeHHe '6Tg1Tg onpe.uenHeTCH ero BeJJH411HOH . ,ll,JJH .usyx 3aKOHOB 
peJJaKcau1111 nonyc1eHbl 3aBHCHMOCTH .uaHHOro OTHOWeHHH OT napaMeTpa MHfKOCTH. 
Cpast1e1me nony4eHHbIX TeopeT114eCKHX 3as11c11MocTei1 c 3Kcnep11MeHTaJJbHblMH 
.uaHHblM .uaeT Ka4eCTBeHHOe cornac11e. 
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