
ISSN 0367-3294 POCC~MCKAA AKAAEMMR HAYK 

c .-neTep6ypr
·rWltQlii~ls/fttl <HA 



11 

CDM3MKa reepnoro rena, 2015, TOM 57, eutt . 5 

HeM30Te p M M"Ie CKa R HYKlle a l.\MR B TBepAoM pacraope CuCI B crexne: 
HYKneal.\MR npn Henpe p blBHOM OXna>KAeHMM raepnoro pacraopa 

© 8 ./11. neMMaH, n.M. Bence, 8.M. MaKcMMoB, O.IO.,l1epKa4eBa, A.n. AWKanyHMH 

CaHKT-neTep6yprCKlIIJII rocYAapCTBeHHblJII TeXHonor1ll4eCKlIIJII YHlIIBepClIITeT pacrurensuax nonlllMepOB, 
Oaakr-Flerepoypr, POCClIIR 

E-mail: leiman@inbox.ru 

(Iloctynune: 8 PeAaKL/IIIIO 30 OKTR6pR 2014 r.) 

I1 3)"1eHbI n p oueccu HyKJIeaIl,IDl B TBepLlOM pa CTBope CuC! B CTeKJIe B yCJIOBIDIX nenpepunnoro OXJIaJK.l\CHliH 

OT 700 LlO 500° e. 8 HCCJIeLlOBaHHbIX pexonrax OXJIaJK.lleHHH He3aBHCHMO OT CKOpOCTH OXJIaJK.l\eHIDI o6pa3YJOTcH 

n na pacnpenenenaa HaHO'l aCTHl\ CuC! B 06JIaCTll paAnyCOB 8- 20 H 2 .5 - 3.5 nm rrpll OTCYTCTBllll '1aCTHl\ C 

npoMeJKYTO'lHbIMH panaycaxm. Ilpa MOLleJIllpOBaHllH np ou ecca HYKJIeaIl,IDl B YCJIOBllHX nenpepsmnoro OXJIaJK.l\eHIDI 

TBepLlOrO pa crsopa BbIHBJIeHbI uexoropsre oco6eHHoCTH KHHeTHKH 06pa30BaHIDI nsyx pacnpenenenan HaHO'laCTHl\, 

3Ha'lllTeJIbHO pa3JI""aJOl.IlHXCH no paaaepan. YCTaHOBJIeHO, 'ITO npn OnpeLleJIeHHbIX yCJIOBHHX B03MOlKHO <popMllpO­

nana e onuoro unrpoxoro pacnpeneneana (CllJIbHO nepespusaiouurxca pacnpeneneaaa) . Iloxasana POJIb ll3MeHeHIDI 

Kp HTll'leCKOrO paAHyca npll Hell30TepMHlJeCKOH (oXJIaJK.lleHHe paCTBopa) HYKJIeal\Hll B npol\ecce <popMllpOBaHHH 

naoanoro pacnpeneneans. 

B [lO,l1J. 1l0CJIC nposeneaas HYKJIcaUIiH npa OXJIaJK.l\CHHll 

ofipaaua H3MCPHJIHCh cnexrpsr l}>YHAaMCHTaJIhHOrO nom a­

CyruCCTByCT MHO)l(CCTBO npoueccos B npnpone HJIH npax­ mCHIiH HaHOKpliCTaJIJIOB (HK) CuCI II llCCJICAOBaJIaCb KH­

TH'-1CCKOH ACHTCJIbHOCrn, B KOTOphIX npOHCXOAIIT nenpepsm­ neraxa ax llJIaBJICHHH MCTOAOM 3KCIITOHHO-TCpMIf'lCCKOro 

HOC OXJIa)I(ACHHC paCllJIaBOB HJIIi ropasnrx 113ACJIIiH. Ilpn aaanasa PTA). MCToAIiKa 3TA npCACTaBJICHa B [10]. 

:n OM MOryr BhmCJIHThCH xacrmrsr HOBOH l}>a3hI pa3JIH'lHOrO BmKHO orsrenrrs, 'ITO MCTOA 3TA n03BOJIHCT C 6 0JIhIIIHM 

paauepa H COCTaBa. llpOUCCCbI BhIACJICHHH HOBOH l}>a3hI Pa3PCIIICHIlCM OnpCACJIHTh TpaHcl}>opMaUllIO paCnpCLleJICHHH 

B TBCp AhIX pacrsopax npn nerrpepsmao H3MCHHIOmCHCH no panaycasr l}>a3hI CuCI B CTCKJIC npu YCJIO)f(HCHHOM 

TCMnCpaTypc (Har p CBC llJIH OXJImKp,CHHH), T. C. HCH30TCp­ orzcare. 
MH'ICCKaH HYKJIcaUllH, npCACTaBJIHIOT C060H Ba)l(HYIO II 

HCAOCTaTO'lHO H3Y'!CHHYIO np06JIcM)'. 

B 60JIhWHHCTBC pa60T no TCOpHH HYKJIcaUHH npouccc 2. 3KcnepUMeHTanbHbie pesynsraru 
06pa30BaHHH HOBoH l}>a3hI paccssarpaaaerca npa CTaUH­

llpCABaplITeJIhHhIC OnhIThI noxasana, 'ITO npa 3KcnOHCH­onapnsrx yCJIOBHHX [1-3] . 3KcnCpliMCHTaJIhHhIC HCCJICAO­
UllaJIbHOM naACHHIl TCMncpaTYPhI HYKJIcaUIiH OT 700 KBaHHH KllHCTHKH HyKJICaUHH aa MOACJIhHhIX pacrsopax 
500° C aa 6 h B CTCKJIC ofipasyerca OAHO pacnpeneneaaenpOBOAllJIHCh TaK)l(C npa CTaUHoHapHoH TCMncparypc [4 -9] 
'1aCTIlU CuCI C 60JIhIllilM CPCAHIlM panaycov. 1l03ToM)' WIllHJIH npa CKa'IKC TCMncparyphI [10,11 ]. Ilpa HCH30TCpMH'IC­
nOJIY'IcHIiH 60JICC CJIO)l(HOrO pacnpCAeJICHIiH '1aCTIfI.l CuCI CKHX yCJIOBHHX H3MCHCHHC ncpCCMmCHIiH H KpHTH'lCCKOrO 
6hIJIa BhI6paHa l}>YHKUIiH C 3aMCAJICHMCM 3KcnOHCHUllaJIb­panayca 06yCJIOBJICHO Ka K nponeccaxra HYKJICaUHH, TaK 
noro cnana resmeparypsr B 3aBliCHMOCTil OT BpCMCHH I, H H3MCHCHHCM TCMncparypM, 'ITO n03BOJIHeT ynpaBJIHTh 
COCTOHmaH 113 nnyx 3KCnOHCHT: npOUCCCOM pOCTa HOBOH l}>a3hI, a TaK)I(C nOJIY'!aTh HOBhIC
 

AaHHhIe AJIH pa3BHTliH TCOpHH HYKJIcaUHll. B pa60TC [10]
 
6hIJIO nOKa3aHO, 'ITO CKa'lOK KplITH'lCCKOrO pannyca AJIH T(0e) = 140cxp ( -~) + 60cxp ( - 3 

fT)+ 500, ( I)
 

HaHOpaCnJIaBa CuCI B CTCKJIC npn CKaqKC 'rexmeparypsr
 
HYKJIcaUHH OT 500 AO 650°C npHBOAIiT K paCTBOpCHIlIO xa­ rLlC T - nOCTOHHHaH OXJIa)I(ACHllH.
 

CTH saponsnnen l}>a3hI CuCI B 06pa3Uc. B [11] yCTaHOBJICHO, 113MCHHH T , MO)I(HO MCHHTh CKOpOCTh crrana TCMIICpa­


'ITO npn OTpHuaTCJIhHOM CKa'IKC TCMncpaTYPhI B npouecce rypM npn HYKJIcaUllIl. Ofintee BpCMH HYKJIcaUllIf BO BCCX
 

HyKJICaUllH (OT 700 AO 500°e) B03MO)I(H0 06pa30BaHHc cJIY'IaHX COCTaBJIHJIO 6 h.
 
nsyx paCnpCACJICHH H HaHO'IaCTHU CuCI B CTCKJIC, 3Ha'lH­ Ofipaseu CTCKJIa C paCTBopCHHhIMIl KOMnOHCHTaMIf CuCI
 

TCJIhHO pa3JIllQaIOmJIXCH no CpCAHHM paaxrepan. nOMCmaJICH aa 3 S B 06JIaCTh C TCMncpaTYPoH TI = 700°C,
 

U,CJIh aacroauiea pa60ThI - HCCJICAOBaHHC npouecca 3aTCM TCMncpaTYPa B nC'I1i YMcHhWaJIaCh B COOTBCTCTBHll 

HYKJIcaUHH rnepnoro pacrsopa CuCI B CTCKJIC B yCJIOBH­ C (1) B TC'ICHIiC 6 h. 1l0CJIC sroro ofipaseu BhIfilfMaJICH 

HX HcnpcpMBHoro OXJIa)I(ACHMH C pa3JIH'IHOH CKOpOCThIO 113 nexa H npoasaonarracs 113MCPCHIiH napauerpon ofipa­

(HCH30 TCp MH'ICCKaH HYKJIcaUHH) . 30BaBIllllXCH HK CuC\. OnTH'lCCKIiC cneicrpu nornourenaa 

B Ka'lCCTBC MOACJIhHOrO rsepnoro pacrsopa HCnOJlh30­ 1I3MCPHJIliCh npa 80 K, a nJIaBJICHMC II KPliCTaJIJIlf3aUlf1i qa­

BaJICH pacTBop CuCI B CTCKJIC roro )I(C COCTaBa, 'ITO H CTIlU CuCI llCCJICAOBaJIliCh MCTOAOM 3TA. 3KcncplfMcfITbI 
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PMC. 1. Cnexrpu nornourenaa HK CuCI B ofipaanax CTeKJIa 

nocne HYKJIeawm npa nenpepunuov OXJIIDKJ{eHHH C paamrs ­
HblM BpeMeHeM T. Illrpaxaser OTMeqeHbI 06J1aCTH 3HeprHH Z1,2­
Ii Zy3KCHTOHOB }lJUI pacnpenenemra D 1 Ii D2. 

6bUIH nposeneasr aa 'rpex ofipasuax CTeKJIa npa T = 9, 30 

H 50min. 

Ha pac. 1 noxasansr cnexrpsr nornonrenas ofipasuos no­

cne H)'KJIeaUHll npa scex CKOpOCTHX OXJIaJK)J.eHilH. Bo scex 
rrpencraanemrsrx cnexrpax Ha6J1IOJJ.aIOTcH JJ.Be napsr nonoc 
rrornomeaaa Z1,2- a Z3-3KCHTOHOB [12], npacyunre JJ.ByM 

pacnpenerrenaau HK CuC! C pa3J1HlJHhiM CpeJ],HilM paJJ.ilY­

COM R. COrJlaCHO 3cPcPeKTY paasrepaoro KBaHTOBaHilH [13], 
3KCHTOHHhie nonocu nOrJlOmeHHH npa YBeJIHlJeHHH cpenae­
ro paznryca HK CuC! CMemalOTCH K MeHhlllHM eaepraasr 

A 
(2)Eex = E= + R2' 

rne Eoo H A - COOTBeTCTBBeHHO 3HeprHH 3KCHTOHa JJ.JIH 

06beMHOrO KpilCTaJIJIa H napaxrerp pa3MepHoro KBaHTOBa­

HHH }J.JIH ZI,2- il Z3-3KCHTOHOB. Torna nonoc u rrorrrouteaaa 
2 1,2- il Z3-3KCHTOHOB B 06J1aCTHX saeprna 3.28 H 3.22eV 

COOTBeTCTBeHHO (orsresensr aa pnc, 1) OTHOCHTCH K pac­

npeJJ.eJleHHHM D 1 C 60JlhlllHM cpeJJ.HHM PaJJ.ilYCOM H K CuC! 

(OKOJlO 8-20 nm), a norrocu nornourenaa ZI.2- H Z3-3KCil­

TOHOB npa saeprasx 3.33 il 3.25 eV COOTBeTCTBeHHO - K 

pacrrpenenemonr D2 C MaJIhlM cpernnoa PaJJ.nyCOM HK CuC! 

(OKOJlO 2 ,5 -3.5 nm). 

B ofipasuax, nony-reansrx npa T = 30 il 50 m in (xpa­
ssre 2 il 3), B cnexrpax nornomeaaa Ha6J11OJJ.aIOTcH 06a pac­
npenenenaa D 1 H D2 C cytuecraeaao paansnra cpenmean 
paJJ.nycaMll, np~eM JJ.OJIH pacnpeaeneaas D2, norrysarorna­
HCH npa npOXOJK)J.eHHil HH3KHX 'resmeparyp (600- 500 ° C), 

ysrensuraerca no Mepe 3aMeJJ.JleHilH OXJIaJK)J.eHilH. YMeHh­

lIIaeTCH TaK)I(e ofiutee nornoutenae ofipasnos, qTO CBH3aHO 

C YMeHhllleHHeM KOJlHlJeCTBa cPa3hl CuCI, sunenaameacs 
B CTeKJIe. I1Pil T = 9 min, KaK nOKa3aHO JJ.aJIee, 'raioxe 

o6pa3YJOTcH JJ.Ba pacnpeneneaas, HO OHil Bil3YaJIhHO cnaoo 
npOHBJlHIOTCH na cnetcrpax nornoutenna. 3T0 ofiycnoaneuo 
OTHOCHTeJIhHO MaJIhlM 06beMoM BhI}J.eJIilBllleHCSI cPa3hl B 

nepaoxs pacnpeneneaaa. 

<P1tI31t1Ka rsepnoro rena, 2015, TOM 57, aun, 5 

3HaqilTeJIhHhiH CJJ.Bilr C pOCTOM T nOJlmKeHHSI norrocsr 

nornontenna Z3-3KCilTOHOB (OT 3.227 JJ.O 3.217 eV) }J.JIH 

pacnpenenenns D 1 (xpnaue 1-3) csanerenscrayer 06 

yaenaxeana cpeaaero pannyca (OT 8 JJ.O 20 nm) HK CuC! 

B ofipasuax npa 3aMeJJ.JleHilil npoxoxciemta 06J1aCTil TeMTIe­

paryp 700-600°C. 

):(JIH HaXOJK)J.eHilH pacnpeaeneaas lJaCTilU CuC! no pas­
MepaM (pacnpenerremra D 1 il D2) 3TH )l(e oopasusr 6hlJlil 

ilCCJleJJ.OBaHhl MeToJJ.oM 3TA [10] . B xasecrse rrpuuepa 
aa pac . 2 noxaaana xpaaaa TIJlaBJleHHH-KpilCTaJIJlil3aUHil 

(il3MeHeHHH K03cPcPHuueHTa nOrJIOmeHHH K(Eo ) [10] HaHO­

qaCTHU CuC! npa rrarpese H OXJIaJK)J.eHHil oopaaua) JJ.JlH 

T = 50 min. Ha ysacrxe narpesa XOpOIliO 3aMeTHhi JJ.Be 

cryneasxn YMeHhllleHilH K(Eo), ofiycrronnenuste nnannena­
eM HK CuC! il3 pacnpenenenaa D2 (B 06J1aCTil 300°C) 

il Dl (B 06J1aCTil 380°C). Ilpa YMeHhllleHilil resmepa'rypsr 
ofipasua Ha6J1IOJJ.aIOTcSI ysacrxa pOCTa K(Eo ), ooycnoanea­
asre KPilCTaJIJIil3auueH HaHOpaCTIJIaBOB CuC! il3 pacnpene­
JleHilH Dl (npa 310°C) il D2 (npn 200°C). IIo cpasnenmo 
co cnexrpasra nOrJlOmeHHH, noxasaaasnra na pHC. 1, MeTOJJ. 

3TA JJ.aeT 60Jlee qeTKOe pa3JJ.eJleHile B nJlaBJleHilil H Kpil ­

CTaJIJlH3aUilil MeJK)J.y pacnpenenerramra D 1 il D2 (puc. 2) . 

Ha puc. 3 npasenenu xpansre HHTeHCilBHOCTil TIJlaBJleHHH 

dK/dT B TOqKe Eo JJ.JlH HK CuC! B ofipasuax CTeKJIa 

nocne nyxneauan npa OXJIaJK)J.eHilil JJ.JlH pasnux T . l.{acTilUhI 

B pacnpenenenan D2 C MaJIhlMil HK CuC! TIJlaBHTCH B 

06J1aCTil TeMTIeparyp 280-290°C. 

MaKCilMYMhl TIJlaBJleHilH pacnpeneneuaa D 1 C 60JlhlllilMll 

HK CuC! B 06J1aCTil TeMneparyp 360-380°C casaraiorca 
B 06J1aCTh 60Jlee BhlCOKilX TeMneparyp (rrpaaas qaCTh 

pac, 3) npa 3aMeJJ.JleHilil OXJIaJK)J.eHilH npil HyKJIeaUilH, 'ITO 
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PMC. 2. 113MeHeHlle K03<p<pliUHeHTa nornoutenaa K(Eo ) npa 
saepraa <pOTOHOB Eo = 3.254 eV B otipasue CTeKJIa npH JlHHefuIoM 
narpene H OXJIIDKJ{eHllH (nosasauu crpenxaan) co CKOpOCTbIO 

5 Klmin. Ofipaseu npenaaptrrerrsao npomen ODKHr B peaoeae 
OXJIIDKJ{eHllSI OT 700 no 500°C B 'rexemre 6h C T = 50 min. 

0603HaqeHbI COOTBeTCTBYIOIUHe 06J1aCTH 'resmepa'ryp TIJlaBJleHHH 

(melt.) Ii KpliCTaJIJlH3aUHH (cryst.) sacrmr CuCI B pacrrpenenean­
SIX DI H D2. 
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PHC . 3. KPIfBblC IIHTCHCIfBHOCTIi TIJlaBJlCHIfH H K CuCl B ofipaauax 

CTCKJla nOCJlC H)'KJleaUHH npa OXJlalKllCHHH WlH pasnux T . 
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PHC. 4. PacnpCUCJlCHHC no paznrycaxr o6bcMa <pa3bl CuCl B 

ofipasuax CTeKJIa f v(r) nocrre nyxneauaa npu OXJlalKllCHIfU UJlH 

paaasrx T . 

CBUilCTCJlbC'rBYCT 0 pOCTC CPCilHCro pailHyca B pacnpenene­
HHHX D!. 

A JUI nOJl)"lcHHH f y(r) - paCnpCilCJlCHUH no panaycau 
'laCTHU 06bcMa epa3bl CuC!, KaK U B [10,11], UCnOJIb30­

aarnrcs 3KcncpHMCHTallbHbIC KpHBbIC HHTCHCUBHOCTII nnaa­

JlCHHSI HK CuC! - KpUBbIC dKfd'T ( p a c . 3), a TaK)I(C 

COOTHOillCHIiC nns 3aBliCliMOCTU TCMncparypbI nnaBJICHIISI 

HK CuC! OT pamryca 'laCTIiUbI 

(3) 

rne 'rcxmeparypa n.lIaB.lICHUH Too MUKpOKpUCTaJIJIOB CuCI 

II napauerp a nonyseau 1I3 3KcncpUMCHTallbHbIX nan­

HbIX [6,8] . 

Ha puc. 4 npnaenenu COOTBCTCTBYlOmlic KpUBbIC p ac ­

npCilCJlCHUH no parmycasr 06bcMa epa3bI C uC! - f v (r). 
CpCilHUC PaAlIYCbI nna paCnpCilCJICHUH D2 (MaJIbIC HK 

CuC!) H3MCHSIIOTCH B npenenax 2 .9-3 .2 n m , a KOHucHTpa­

UUH 'laCTIiU yxrensuraercs npu 3aMCnJICHl:!u OXJIa)\(JlC HIISI 

otipasua CTCKJIa. Ilpn 3TOM, pacnpenenenne D2 6.JIII3KO 

K rayccoBy, a ero nonyuiapaaa (J (CPCilHCKBaA p aTH'lHOC 

OTK.lIOHCHUC) MallO MCHHCTCSI H COCTaBJISICT 0.30, 0.36 

U O.44nm. 

PacnpCnC.lICHUSI Dl (fionsum e HK CuCI), ofipasyiouureca 
npa OXJIa)\(JlCHUH OT 700 no 600°C, HCCIIMMCTPH'lHbI (IIX 

MO)l(HO ynOB.lICTBOpUTC.lIbHO armposcanapoaars rayccosoa 
KpliBOit C pasnoa .lICBOit H npasoa nonyurapuaoa). I1x na­
pavcrpsr cymcCTBcHHO 3aBHCSlT OT CKOpOCTII OXJIaJK!lCHlIlI. 

AJIH T = 9 min (xpus as I na pac. 4) MaKcuMYM pac­
npcaeneaua D 1 HaXOilHTCH npn R = 8 nm, a 3Ha'iCHII1I 

nesoa U npaaon nonyutapnuu p ac n p CilC.lICHUH COCTaBJllllOT 

(Jl = 0.6 nm II (J2 = 0.3 nm. AmI T = 30 min (xpunaa 2 
na puc. 4) R = 16nm, a (Jl = 2 .8nm U (J2 = 0 .9nm.)],.rIli 

T = 50 min (KpHBaH 3 na pnc. 4) R = 19nm, a (Jl = 5 .5nm 

H (J2 = 3 nm. 

TaKHM 06pa30M, npn HCH30TCpMU'lCCKOii uyxrreauun B 

YC.lIOBHSlX OXJIa)\(JlCHHSI 'rnepnoro pacrsopa CuCI B CTCKJle 

06pa3yIOTcH nsa pacnpenenenaa 'laCTHU CuC!, npll'lCM 

3aMCn.lICHHC OXJIa)\(JlCHHH npnaomrr K 3Ha'lUTC.lIbHOMY poery 

cpenacro pamryca 60JIbIllHX HaHOKpHCTaJIJIOB, oopasyio­
mlIXCH npa npOXO)\(JlCHUH BbICOKUX 'rexmeparyp, YBCJIII­

'lCHUIO ax KOHUCHTPaUIiH U 3Ha'lUTCJlbHOMY yumpemno 
paCnpCilCJlCHUH no pamrycav. DOKa HC ynanocs nony-nrn, 
nenpepuenoe pacnpeneneuae HK B nuanasoae 3-20nm. 

DPH BCCX T Ha6JIIOilaCTCSI OTCYTCTBHC · H.lIU O'lCHb Ma­

nas KOHliCHTPaUHH HK CuC! B 06JIaCTH npoueacyrosnsx 
panaycon 4 -8 nm. DOIIhITKH nOJlY'lHTb IllHpOKOC OUHo­

POilHOC p acnpCilCJICHUC nYTcM YC.lIO)l(HCHUSI KpI1Boii cnana 
TCMncparypbl HC npHBC.lIH noxa K ycncxy, XOTH nmpnna 
p ac n p Cn CJICHHSI D ! (60JIbillUC 'laCTHUbI CuC!) MO)l(CT 6bITb 

ilOBO.lIbHO 3Ha'lIITCJlbHoti 

3.	 ~~cneHHoe MOAen~poBaH~e 

HYKJ1ea4~~ np~ oXna>KAeH~~ 

raepnoro pacrsopa 

3 Kcn c p HM CHTallbHOC H3y'lCHHC npouecca HyKJICaUIIII npn 
HcnpcpbIBHOM OXJIa)\(JlCHHH TBCPilOro paeraopa B onpe­

ilCJlCHHOii MCpC OrpaHH'lCHO BC.lICilCTBHC Hc06xOUHMOCTII 

npOBCilCHUH fionsuioro KOJIH'lCCTBa H3MCpCHHii. 003roMY 

6bI.lIO npOBCilCHO 'lHCJICHHOC MOilCJIl1pOBaHHC npouecca 

HYKJIcaUIIH npn OXJIa)\(JlCHHH pacrsopa. OHO n03BOJUlCT B 

60JICC mapoxax npenenax, 'lCM B 3KcncpHMCHTC, MCHHTb 

yCJIOBHH HYKJIcaUHH H cymcCTBCHHO ilOnO.lIHSlCT pesynstaru 

3KcnCpHMCHTa. 

Ilpouecc HYKJICaUHH B TBCpilOM pacrsope onpenenaer­

CSI K03epepHUHCHTOM ilHepepY3HH, ncpCCbIlllCHHCM pacrsopa 

H KpHTH'lCCKHM paAHyCOM saponuuren. Ilpa H30rCpMII'Ie­

CKoii	 HYKJIcaUIiU K03epepHUHCHT nHepepy3lIH 06bI'lHO MOlKHO 

C'lHTaTb n OCTOHHHbIM , ncpCCbImCHHC MOHOTOHHO y6blBaer 

1I3-3a YMCHbIllCHHSI KOHUCHTpaUHII pacrsopa, a KPHTI-I'ICCKIIH 

panayc MOHOTOHHO paCTCT. 3TO npanomrr B nesoropuii 

MOMCHT BpC MCHII K npCKpamCHHIO 06pa30BaHHH HOBbiX 

aaponsnuea. 
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PMC. 5. Pacserasre pacnpenenerma 06beMa <jJa3bI CuC! no 

panaycav '1aCTIUl f v(r ) B npouecce H)'KJIeaUHH npn aenpepuanov 
OXJlIDKJJ:eHHH paCTBopa OT 700 no 500

0 
C (KpHBble 1-15) B 

COOTBeTCTBHH C COOTHOlIleHHeM (!) npH T = 9 min. Kpnnsre 
npHBOWITClI C nOCTOllHHbIM lIIarOM no 'rexmeparype. 

HCIf30TCpMIf'lCCKaH HYKncaUIfH npIf aenpepusno« oxrra­
)l{JJ.CHIfIf nporexaer snaxarensao CnO)l(HCC. K03<pqmuHcHT 

UH<P<PY3HIf If nepecsnneane B TBCPUbIX pacrsopax CHnbHO 

3aBHCHT OT TCMncparypbI. B 06ruCM crryxae 3TO npHBOUHT 

K HCMOHOTOHHOMy If3MCHCHIfIO nepecsnnemoi pacrsopa H 

KpHTH'ICCKOro pamryca aaponsnuea, B pesynsrare CKOpOCTb 

06pa30BaHIfH qaCTIfU HOBOH <pa3bI MCHHCTCH CnO)l(HblM 06­

pa30M B 3aBIfCHMOCTH OT CKOpOCTH oxna)I{JJ.CHHH If napaver­
pOB paCTBopa: 06pa30BaHHC HOBbIX YCTOH'lIfBbIX 3apOUbIWCH 

MO)l(CT npexpautarsca, a 3aTCM CHOBa B0306HOBnHTbCH. 

OOCKonbKY xapaKTCpHCTHKH ucrronssyeaoro B sxcne­
pHMCHTC MoucnbHoro pacrsopa H3yqCHbI HCUOCTaTOqHO, 

npa MouenHpOBaHIfH CTaBHnaCb sanaxa norryxeaaa TonbKO 

Ka'lCCTBCHHoro cornacas C 3KcrrcpHMCHTOM. 

qHcncHHOC Mo.rr.enIfpOBaHHC npo uecca HYJ<ncaUHH npn 
nenpepsranou oxna)I{JJ.CHIfH 'raepnoro pacr sopa CuCI B 

CTCKnC 6bInO nposeneno nyrexi pCWCHHH KHHCTH'ICCKOrO 

ypaBHcHHH HYKncaUHH MCTO.rr.OM, nonpooao H3nO)l(CHHbiM 

paHCC B [9] . B pafiorax [10,IIJ 3TOT MCTO.rr. 6bill npHMCHCH 

K eTyIIcH'IaToMy orscary, rrorryxeao YJ:\0BnCTBopHTcnbHoc 

cornacae C 3KCrrCpHMCHTanbHbIMIf pC3YnbTaTaMH. 

Ha pHC. 5 B KaqCCTBC npasrepa npnaenemr pesyrrsr ar sr 
pacsera <PYHKUHH pacnpenenenna 06bcMa <pa3bl CuCl rro 

paznrycav 'IaCTHU f v(r) umI T = 9 min. Hyxoro nOHIfMaTb, 

'ITO 3TO 3Ha'lCHIfC ycnoBHo, TaK KaK B .rr.CHCTBHTCnbHOCTIf 

nporexanne nponeccos HYKncaQIfIf onpenenaerca TaK)I(C 

K03<P<PIfUIfCHTOM UIf<P<PY3IfIf If cro 3aBIfCIfMOCTbIO OT TCM­

neparypa, Pacsersr npOBOUHnIfCb nns MoucnIf pacTBopa, 

6nIf3KOH K Mo.rr.cnIf [10,11]. 

113 pHC. 5 BMHO, 'ITO nannaa MOUCnb xopomo nocnpous­
BOUHT OCHOBHblC OC06CHHOCTIf peaynsraros, Ha6nIOuaCMbIX 

B 3KcncpIfMcHTC: aCHMMcTpHIO pacnpenenenas fionsmax 
aaaoxpacrannos (pacnpeneneaae D 1), ManyIO rrmpHH)' H 

CHMMCTpH'IHOCTb pacrrpcucncHHH Manwx HaHoKpHcTannoB 

<D1/I31/1Ka r sepnoro rena, 2015, TOM 57, asm. 5 

(pacnpenenenae D2 ) H qCTKOC pasneneaae 3TIfX pacnpene­

nCHHH. 

113 pac. 5 cnenyer, 'ITO caasana BblpaCTaIOT 60JIbWIfC 

'1aCTHUbl CuCI If3 pacnpeneneaas D 1 ( Kp HBbIC 1-15), 
3aTCM HaqHHaH C KpHBOH 12 06pa3yIOTcH H pacryr sa­

CTIfUbI H3 pacnpenenenas D2. Ilpa 3TOM POCT pacnpezie­
JICHHH D 1 rrpoUOJI)I(aCTcH. KOHucHTpauHH 'IaCTIfu pacrer 
3aMCTHO 6blCTpCC B pacrrpCUCJICHHH D2. 3TO xopouro BHUHO 

H3 KpHBOH 3aBHCHMOCTH KOHucHTpauIfH 'IaCTIfu CuCI OT 

BpCMCHH B npouecce HYJ<ncaUHH npa oxna)I{JJ.CHIfH pacTBopa 

(pac. ti). 
Ha pHC. 6 noxasaau pOCT KOHUCHTpaUHH 'IaCTliU CuCI H 

113MCHCHIfC KpHTIf'lCCKOrO paUHyca 06pa30BaHIfH yCTOH'IH­

BbIX 3apOUblWCH uanopacnrrasa CuC!. CTpCJIKOH rrOKa3aHO 

aasano pOCTa sacrnu UJIH pacrrpCUCJICHHH D2. Y)I(C se­
pC3 3 min npexpauiaerca 06pa30BaHHc HOBbIX saponsuuen 
(npexpamaercs pOCT N, Ha'IanbHbIH yxacros KpHBOH 1 
na pac, 6 ) If3-3a pC3KOro pOCTa KPHTHqCCKOrO pamryca 

(Ha'IanbHbIH ysacrox KpHBOii 2 na pHC. 6 ). OOCJIC 

25 min HYKncaUIfIf HaqHHaCTCH 6 bl CTPblH pOCT HOBblX aa­
POUblWCH CuCI UJIH pacrrpCUCJICHIfH D2 (HOBbI H POCT N), 
'ITO rrpOIfCXOUHT npn YMCHbWCHHll KpHTH'ICCKOrO panayca 
UO 0 .66 nm. 3TO rrpOH30WJIO npa CHH)I(CHHIf 'rexmeparypst 
UO 532°e. Ha l30min, (npa KpHTH'ICCKOM pamryce 0.7 nm) 

06pa30BaHHc HOBbIX saponsnuen CHOBa npexpauiaercn. Bee 
3TO BpeMH POCT pacrrpCUCJICHHH D 1 na pac. 5 npoacxomrr 
sa C'ICT YBCJIH'IeHHH pasxrepa 'IaCTHU, BXOUHruHX B uaHHOC 

pacnpeneneane, rrpIf'leM HX KOHUCHTpaUIfH MHoro MeHbwe 

(N = 0.4), 'ICM B crryxae D2 (N = 12) (CM. pHC. 6 ). 

OpoTcKaHIfc npoueccoB HCH30TCpMIf'leCKOH HYKJIeaUIfH 

rer 

npH oxna)I{JJ.eHIfH cyrueCTBeHHO 3aBHCHT OT napaMeTpoB 

rsepnoro pacrsopa. Pacsersr KHHCTIfKH HYKJIeaUHH npo­
BO.rr.HnHCb ana pasaux MOueJICH pacrsopa. B nepson MO­

nemr yCJIOBHOe nepecsnneane npa 700°C (sees CuCI 

B MOHoMcpax) pasno 2.5 If YBcnH'IIfBaeTClI no 7 .5 npa 
500°e. K03<P<PHQIfCHT UH<P<PY3HIf npll 3TOM yxiensuraerca 
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PMC. 6. M3MeHeHHe KOHueHTpaUHlI KJlaCTepOB CuCl (1) H 

KpHTH'IeCKoro paaayca (2) BO BpeMlI HyKJIeaUHH rrpn oxnaacneuaa 
pacrnopa C T = 9 min . CTpeJIKOH OTMe:qeHO aasano pOCTa :qaCTHU 

JJ:JI1I pacnpeaenenas D2 (25 min). 
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PMC. 7. Pacseraoe pacnpeneneaae no pannycasr 'laCTIiI..\ 06beMa 
<\Ja3bl CuC! npa OXJIalKtJ.eHHll ofipaaua OT 700 tJ,0 500°C (KP"­
aue 1-11) B yCJIOBIDlX 06paJOBaHillI aenpepsrsaoro pacnpenene­
HlliI. BTOpaH MOtJ,eJIb pacrnopa, r = 12 min. 
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PMC. 8. 113MeHeHHe xomrearpamra KJIaCTepOB CuC! " xpartrse­
cxoro panayca BO BpeMH HYKJIeauu" npa OXJIalKtJ.eHH" pacrsopa 
ans aropon MOtJ,eJI", r = 12 min. Orueseao nasano pOCTa 'laCTllU 
llJIlI pacnpenenenas D2 " KOHeu otipaaonanns HOBbIX aapomrmea. 

B 2000 pas. ,I:Vrn BTOPOM MOtJ,eJIH yCJIOBHOe nepecuutenne 
YBeJIHqHBaeTCH 01' 2.2 )),0 9.0, a K03<pqmUHeHT )),H<P<PY3HH 
YMeHbIIIaeTCH B 1300 paa np a O)),lIHaKOBbIX 3HaqeHHHX 
)l,JIH 700° C. 

Ha pHC. 7 noxasaaa KHHeTHKa 06pa30BaHHH pacnpene ­
JIeHHH HaHOqaCTHU CuCI )l,JIH BTOPOM Mo)),eJIH npa oxna­
)l(JleHHH no 3aKoHY (1) C r = 12 min. B 3TOM crrysae 
06pa3YIOTcH pacnpeneneaaa C 6JIH3KHMH cpe)),HHMH pa­
)),uyCaMH (npaKTlf1-IeCKH aenpepsmuoe pacnpenenenae no 
panaycasr 'laCTHIJ, <pa3b1 CuCl) . .IJ:0 KpHBOM 5 B pacnpene­
JIeHHH fv(r) BTOpOM nHK OTcYTCTByeT, OHO npocro HMeeT 
)l,JIHHHbIM ,,xBOC't' B CTOpOHY 60JIbIIIHX PatJ.HyCOB. 3a nepssre 
3 min OXJIa)l(JleHHH 01' 700 )),0 665 DC ofipasyerca pacnpe­
)),eJIeHHe D 1 'laCTHU CuCI co cpe)),HHM PatJ.uyCOM 4 nrn 
(KpHBaH 1). 3aTeM qaCTHUbI B pacnpeneneaaa D l 6blCTpO 

paCTYT B pasuepax. 06pa30BaHHe HOBblX 3apo)),bIIIIeM B:n oll 
MO)),eJIH He npCKpaIUaeTCH, OHO TOJIbKO 3aMC)l,JIHeTCH. Ilocne 
11 min npa 602°C nasnaaer <pOpMHpoBaTbcH sropon IlllK 

pacnpc)),CJICHHH HaH01.{aCTHU CuCI (KpHBaH 5) co cpellHHM 
PatJ.HyCOM 2.5 nrn. .IJ:aJIee 6blCTpO pacrer qHCJIO 1.{aCTHQ B 

pacnpenenenmr D2 (xpasue 5-11) npn HC3Ha'lHTeJIbHOM 
pOCTC cpeaaero pannyca ()),O 2.9 nrn). 

Ha pHC. 8 noxasana KHHCTHKa H3MCHCHHH xomrearpauaa 
KJIaCTCpOB N H KpHTH'lCCKOro pamryca r cr npa OXJIalKtJ.eHHH 
pacrsopa )l,JIH 3TOro cnyqaH. 06pa30BaHHc saponsnuea B 

pacnpeneneaaa Dl He ycnesaer 3aKOHquTbCH, KaK na 15-1l 
MHHYTe Ha1.{HHaeTCH ycxopennsra pOCT HOBbIX aaponsanes 
B pacnpenenenaa D2 (OTCYTCTByeT nnaro ua Ha'laJIbHOM 
ysaerxe KpHBOM N(t». Ilpn 3TOM KpHTHqeCKHll pannyc 
r cr =0.73nm. 

B 3TOM MO)),eJIH KpHTH1.{eCKHM pannyc MOHOTOHHO y6blBa­
er )),0 50-M MHHYTbl OXJIa)l(JlCHHH (resmeparypa 520D e), a 
3aTCM paCTeT. 06pa30BaHHC HOBbIX 3apO)),blIIIeM (pOCT KOH­
ueHTpaUHH HaHOqaCTHU) npexpamaerca na 100-M MHHYIe 
rrpn resmeparype 505°C. 

4. 3aKm0"4eHUe 

B pafiorax [10,11] uayxeaa HYKJIeaUHH B yCJIOBHHX ckas­
xa 'resmeparyp. Ilpn nOJIO)l(HTCJIbHOM CKa1.lKC reuneparypa 
Ha6JIIO)),acTcH 1.{aCTHqHOe pacrsopenae HaHO'IaCTHU HOBoll 
<pa3b1 npH yCKopeHHoM pocre OCTaBIIIHXCH sacrau, ITPIl 
oTpHuaTeJIbHOM CKa'lKC TeMTIeparypbl B03MO)l(HO ofipasoaa­
HHe nsoaaoro pacnpeneneaas sacrau HOBOM <pa3b1 C cyme­
CTBeHHO pa3HbIMH cpe)),HHMH panaycaxm. 06a 3m HBJleHIIll 
06yCJIOBJIeHbi H3MeHCHHeM nepeCbIIIICHHH H KpHTH'leCKOrO 
pamryca npa cxasxe TCMTICpaTYPbl HYKJIeaUHH. 

B peansasrx yCJIOBHHX OXJIa)l(JlCHHC neranea HJIH saro­
TOBOK npOHCXO)),HT nenpepsmno C 60JIbilieM HJIH MeHblllell 
CKOpOCTblO. B HaCTOHil..\eM pafiore aa npasrepe MOneJlbHO­
ro rsepnoro pacrsopa nOKa3aHO, 'ITO B 3aBHCHMocru OT 
xapaKTepHCTHK TBep)),oro paCTBopa H KpHBOif OXJIalKtJ.eHIIll 
M0rYT <pOpMHpOBaTbCH pa3JIH'lHbIC pacnpenenenas 'laCTHQ 
HOBOM <pa3bI: O)),HHapHOC pacnpenenenne; nsa nenepespusa­
IOIUHXCH pacnpeneneans C paansnr cpertmn« PatJ.HYCOM 'la­
CTHU; CHJIbHO nepCKpbIBaIOIUeeCH )),BOMHoe pacnpeneneane 
3aMe)),JIeHHe OXJIa)l(JlCHHH TBep)),bIX paCTBopOB yaenaxaeaer 
cpennaa pannyc pacnpeneneaaa 60JIbIIIHX aaaosacrau II 
cJIa60 BJIHHeT aa CpC)l,HHM parnryc pacnpenenenna MaJJblX 
HaHOqaCTHU, JIHIIIb YMCHbIIIaH HX KOHIJ,eHTpaumo. C no­
MOIUbIO quCJIeHHOrO MO)),CJIHpOBaHHH nOKa3aHO, KaK J13Me­
HeHHe KpHTHqeCKOrO panayca B npouecce HeH30TepMJI'le· 
CKOM HYKJIeaUHH BJIHHeT aa CKOpOCTb 06pa30BaHHH HOBbIX 
saponsnuea H <pOpMy )),BOMHoro pacnpC)),CJICHHH. Xapaxrep 
<popMHpyeMbIX pacnpenenemra onpenenaerca HC TOJlbKO 
CKOpOCTbIO OXJIa)l(JlCHHH, HO H 3aBHCHMOCTbIO K03<p<!mUHeH­
ra )),H<P<PY3HH H ncpCCblIUeHHH 01' 'resrneparypu. 

PC3YJIbTaTbi UHKJIa ny6JIHKaUHif, BKJII01.{aIOIUerO HaCTOR­
IUYIO paoory H [10,11], n03BOJIHT nyqIIIC nOHHTb npoueccs, 
npoacxonaume npa orsorre H 3aKaJIKC cJIa60 JICmpOBaHHbJX 
MaTepHaJIOB. 

CDIil31ilKa r aepaoro leila, 2015, 10M 57, Bbln.5 
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