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BBepneHue

PaHee [1, 2] B rensix okcurngpara LMpKOHUSA Obinin yCTAHOBIEHbI CTPYKTYPbI, BNn3Kne K >XMOKOK-
pucTannM4eckoMy COCTOSIHUIO. B AMHaMmyecknx ycrnoBusix peoriorvs renemn onpegensiet KMHEeTUKy
dopMMpOBaHMA CTPYKTYPbI NOIMMEPHON reneson Mmatpuubl. B paboTax [3, 4] aBTopamu npu n3y4eHnm
nonHelx peonormdeckux kpuebix (MPK) renen okcurmgpata UMpKOHMSE M HMOBUA Gbln 0BHapyxeH
adhdekT annaTtaHcum [5]. B gaHHOM cnyyae aunaTaHcus Kak SBneHue BblpaxaeTcs B CkaykoobpasHoM
N3MEHEHMN BA3KOCTU M paspbliBE PEOSIOrMYecKon KpuBOW. TepMUH «aunataHcus» Obin BBeAeH Ang
0603Ha4YeHnss ogHOpPoAHON AedopMaunm BCECTOPOHHErO 06 bEMHOMO paclUMPEeHNs KOHLEHTPUPOBaH-
HbIX AMCMEPCHbLIX cucTeM npu casure (shear thickening). Nepexon K COCTOAHUIO AnnaTtaHcUu CBA3aH
C POCTOM CKOpPOCTM CABUra, TO eCTb, 06yCrnoOBIieH NepexoqoM BS3KOrO pexuma TeYeHUst K MHEPLMOH-
Homy. B paboTe [6] gunataHcusa cBs3aHa ¢ HapyLLeHMEM MOCONHOMO ABUXKEHMWS rensi B KOakcuarbHON
nameputenbHon ronoeke npnbopa REOTEST-2.

1. 9KcnepuMeHTanbHble OCOOEHHOCTU refieBoro COCTOsAHUA

AHanuMTM4ecKkMn Nnoaxon K MoOAENUPOBaHUIO SIBIIEHNA CaMOOpraHu3aumnm BO3MOXEH, €CNN y4eCTb
ANNonNb—aunornibHoe B3anMOOENCTBME MNPAKTUYECKM HEMOABWXKHbLIX HaAMOMEKYNspHbIX (parMeHToB
rens (4To B 06LEM—TO HEBEPHO, TaK KaK OHM ABMSIOTCSA XUBYLUMMW, MOCTOSAHHO OOMEHMBaOLWMMUNCS
CO cpenon NonuMepHbIMU oparMeHTammn) C MOHOMOSEKYTSAPHBIMU NIErKO NepemMeLlarwLmMMUca eanHn-
LamMn OKCUrmapaTHOro rens B MUUENSpHOM pactBope. Y4yeT nogobHblX B3auMoOencTBUIA BO3MOXEH
TOMNbKO NPWU ONEPUPOBaHUM BEKTOPHBLIMU BENUYMHAMU. YPaBHEHUS ABUMXKEHUS KONMMOUOHbIX 3apsiKeH-
HbIX 4acTuy B pacTBOpe OOITKHbl 3anucbiBaTbCA MO KpavHeh Mmepe rmapoavHaMU4ecKon CUCTEMOW
anddepeHumansHbix ypaBHeHun [1].

"eneBasi cucteMa OKCUrMapaToB TSKENbIX METAnNoB SABASETCH NynbecupytoLllen (konedaTtensHom)
BO BpPeEMEHM, TO eCcTb Bo3byamnmon [1, 2]. Ansa gaHHowm aBTokonebaTenbHoM cpefnbl (CUCTEMbI) MOXHO
NpeacTaBuTb MO KparHen mepe ABYXMepHoe cnupaneobpasHoe m3obpaxeHne obpasytowmxca npo-
CTPaHCTBEHHbIX KOHPOpMaLMA MakpOMOSeKyn okeurngpara (Tuna okeurngparta UMpKOHUS) B npoLec-
ce 3BosioLMM rensa (camoopraHmnsaunsa HagMonekynspHoix obpasosaHuin [1-3]).

Ha puc. 1—9, npencraBneHbl MOSMHbIE PEOSIOTMYECKNE KPUBbIE OKCUIMAPATHLIX renen Huobus,
UTTpUA, NTTEpbUs, ragonmHms, To ecTb PYHKLMOHANbHbIE 3aBUCUMOCTU CKOPOCTM cagura (y) OT Ha-

npskeHns casura (t), NOnyvYeHHble 3KCNepuMeHTanbLHO no meTogukam [1, 2]. AHanm3 AaHHbIX 3aBu-

CUMOCTEN NO3BOMSET 3aKIOUYUTb, YTO B HEKOTOPOW cpeaHen obnactn HanpskeHun casura obHapyxum-
BaeTca nepuoauyeckun aekT ynpovyHeHus renen UcCnefoBaHHbIX OKCUrMApaToB THXKenbIX
meTannoB. Ha kpuBbix HabnogaeTcst paspbIBHOCTb PyHKUMI ¥ = f(T) B HEKOTOPOM MHTEpBane 3Haye-

HUA HaNpPsKEHWU caBura. ATo N eCTb aheKT AnnaTaHCuMm.
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Puc. 1. NoBepxHOCTb OTKMNMKA NonHom peonormnyeckon kpmeow (MPK) o6pasLoB okcnrngparta UMpkoHus cepum 1
(C = 65,8 mmonb/n), 10°C, oTpaxatoLLas 3aBUCUMOCTb CKOPOCTU Aedopmauinm (y) reneson maTpuubl OT Npuro-
YKEHHOrO KacaTesnibHOro HanpsbkeHus (t) U BpeMeHu akcnoaunumm ()
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Puc. 2. 3aBucumocTb ckopocTu casura (y) OT COBUrOBOro HanpskeHus (t) 4na pasHoro BpeMeHu 3KCnosnumm
okcurngpata umpkoHus. C = 65,8 mmonbs/n, T = 283K



Bpgpekm dunamaHcuu 8 oKcuaudpamHbIX 2e51e8bix cucmemax

60

lgy, ¢!

4_

i M o i

%—' /H\* MWH‘ ,{HHH _H 20 MuH
e *.* N . * S — SN—

4_

E b R
2_

(1)__ *’* HW“ W+/H \H\H/ 40 MuH
:_ I 2 8 I 12 14 I 1|6 1|8 I 2I0 I 2|2 I 2|4
3 H

23 ”H*‘H%H——F—’”H_H

El)1:: . *H ¥ Mﬁ W \H*HH| L S L R — '60 ITHH
i 2 10 12 14 16 18 20 22 24
3 H M

3 HHH/H

_101_: | +W+#ﬁ'/w \H/ | | I80 MUH
4 é 12 1|6 l|8 2I0 2|2 2|4
3_: kel lol H
> N JH-HH il -

El)lzz * HW" w’N w 100 Mun
N 2 g S s 18 20 20 L_ﬁf
34 H———H

2 o //H

(1):: d*\#\+mm*m H 120 mun
! I 2 1() l 1|2 l ll4 I 1]6 1|8 I 2|0 I 2I2 I '52I4H

Puc. 3. 3aBuUcMMOCTb CKOpPOCTU caBura (y) OT CABUIOBOrO HanpsiXeHus (t) Ans pa3HOro BpeMeHm 3KCno3unumm

okcurmgpaTa unpkonus. C = 71,3 mmons/n, T =283 K
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Puc. 4. 3aBncumocTb CKOPOCTU cagura (y) OT COBMIOBOMO HanpsbkeHus (t) Ans pa3HoOro BpeMeHMU 3KCNo3mumum

okcurngpata UTTpus, CUHTe3npoBaHHoro npu pH = 9,7, T= 308 K
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Puc. 5. 3aBucumocTb ckopocTu casura (y) OT COBUrOBOro HanpsixeHus (t) 4na pasHoro BpeMeHu 3KCnosnumm

oKkcurugpaTa UTTpusl, CUHTe3npoBaHHoro npu pH = 7,0, T =293 K.
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Puc. 6. 3aB1cMMOCTb CKOPOCTU cABUra (y) OT CABUMOBOIO HanpsiKeHUst (1) Ans pa3HOro BPEMEHU SKCMO3ULIMK

okcurmagpaTa UTTpus, CUHTEe3npoBaHHoro npy pH = 9,7, T=293 K
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Puc. 7. 3aBncuMocTb CkopocTy caBwra (y) OT COBUIOBOTO HAaNPsXKeHUs (t) ANsi pa3HOro BPEMEHMW 3KCMOo3ULUK

okcurnagpaTta uttepbus, T=313 K
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Puc. 8. 3aBuUcMMOCTb CKOpPOCTU caBura (y) OT CABUIOBOro HanpsiXeHus (t) Ans pa3HOro BpeMeHm 3KCno3uumnm
oKkcurugpaTa ragonuHns, CMHTe3mpoBaHHoro npy pH = 9,7, T =298 K



63 1O.U. Cyxapes, 5.A. Mapkos, B.B. AeduH, N.FO. Cyxapesa

lgy, ¢
— _*_'_'_'_'_'_,_ ", ——
3 - E
2 pe ]
1 ] = 20 MuH
O— 1 U Ll U
0 250 500 750 1000 1250 1500
3 I e TT——
2 r -
17 ! 40 mun
0— T T T T
0 250 500 750 1000 1250 1500
3] e — et
2+ .
1__ ! * I 60 MuH
0_ T T T T
0 250 500 750 1000 1250 1500
31 - —R
21 et "
17~ 80 mMunH
O— 1 T T 1 U T U
0 250 500 750 1000 1250 1500
Zj - I_/_
1 ! I 100 Mun
0— T T T T T T T T T T T T T
0 250 500 750 1000 1250 1500
3]
2] -
q g r/_\_‘_/fﬁu
] 120 MuH
O— T T T T T T T T T T T T T
0 250 500 750 1000 1250 1500
7107, Ta

Puc. 9. 3aBucrmocTb ckopocTu cagura (y) OT CABUIOBOTO HaMPshKeHWs (t) Anst pasHOro BpeEMEHU 3KCNo3nLMK
oKkcurugpaTa HMobusi, cMHTeanpoBaHHoro npu pH = 3,5, T=298 K

OdhekT gunaraHcum obbIMHO paccMaTpMBaETCs B HEMPEPLIBHOM eAMHCTBE C 3hdEKTOM TUKCO-
Tponuun. Mo EcpemoBy [7] TUKCOTPONUS €CTb N30TEPMUYECKOE U NpaKTU4eCkn obpaTnumoe npespatle-
HUe 30Mnb <> renb [8]. BeposaTHO NS OKCUrMAapaTHbIX CUCTEM MEXaHM3M 3TOro nepexoga nentusa-
LMOHHO — MONMMEPU3aLMNOHHBIN, Kak 3TO nokasaHo B [9]. SBNeHnAMU cTapeHusi reneso CUCTeEMbI
B NEPBOM NPUOMMXKEHUN MOXHO nNpeHebpedb. B aTOM npeanonoXxeHmm Hamm 1 paccMaTpuBaeTcs siB-
neHve gunaTaHcun.

2. HekoTopble TeOpeTUKO—3KCNepUMeHTanbHble NpeAcTaBneHus refieBon CUCTEMbI

PaccmoTpuM faHHbIM KBa3MpaBHOBECHLIN Nepexod 30mnb—renb 6onee aetanbHo. KBaHTOBOXMMU-
YyeckMe pacyeTbl NoKasblBalT, YTO MPOLECC Nonumepusaumm rens HOCUMT Nepuogudeckuin, OUCKpeT-
HbI xapaktep [10]. PaccmoTpum HekoTopyto obnacte D reneBow cpenbl, B KOTOPOW OENCTBYET BBE-
OEHHbIN HaMK paHee Anda nNogobHbIX cucTem rnobanvHbli onepatop Jluseranra [11]. Popmy aTomn
obnactn npmubnmxeHHo Gygem cuuTatb Kpyrom. OTa ob6nacTb NMOMeLleHa BO BpallatoLlyoca cpeay
(aHanornyHyo OBWXEHMIO B KOaKCWanbHbIX uMnuHapax). bygem nonaratb, 4TO cpeda BpawaeTtcs
C 4acTOTOW, Hanpumep, BUCKO3MMETpPa q; €CNW BpalleHUe YCTaHOBUBLLEECS, TO €CTb onepaTop

BpalleHunda cpeabl O6yCJ'IaBJ'II/IBaeT nonapusauunio rend

P =Py sin(Qt), Py cos(t),0},

nogl
roe Q :P—O. B aTOM coOTHOLWIEHMM Mbl NpeHebperaeM M3MeHeHNeM YacToTbl OT paauyca; OavH U3
0

LUMNUHAPOB BUCKO3MMETPa HEMOABUXKEH, U YacToTa BpalleHUs MEeHAeTca B 3aBMCMMOCTU OT paccTos-
HMSA 00 LeHTpa uunuHapa.
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Mone cpenpbl BO3gencTByeT Ha obnacte D cneaywowmnm obpasom: E®X :[315, TaK Kak cnegyert
npeHebpeyb TEH30PHLIM XapakTepoM BENUYMHbBI B 1 pa3amepamn obnactu D cuyuTas none cpedpl BO
Bcen D paBHbIM nosnto B LeHTpe obnactn D . To ecTb chakTudeckn npeHebperaem HEOAHOPOOHOCTbIO
nons n pasmepamm obnactu Npu yvyete BO3NENCTBUS cpeabl.

OTtmeTtum, 4to obnacte D BpalwiaeTcs u3—3a nepenaga CKopocTen Ha ee Kpasix. B atom cnyyae
Mbl HEe MOXeM npeHebpeyb pasmepamun obnactu. Belumcnmm 4actoTy aToro BpalleHus. lNyctb paguyc
obnactn D paBeH rp. Toraa B 3aBMCMMOCTW OT pacnonoxeHns D nepenap ckopocten Ha kpasx D

6ynet TakoB: (R +ry) — ®R = ory. 3ameTum, 4yto obnacte D He ByaeT, TeM He MeHee, ABUraTbCs CO
CKOPOCTbIO B TOYHOCTM PaBHOM ®rg, TaK KAk OHAa MOXET «MpocKanb3biBaTb», U B CUITYy 3TOMO0 HEOHX0-
AVMO BBECTU KOIMDMPULIMEHT 1, ONPeaensiowmn Mepy 3Toro «npockanb3biBaHusa»: op = on. OTMeTm
TaKke, 4To obnactb D 6yndeT ABuraTbCA BMECTE CO BCEW CPEdON CO CKOPOCTbIO Vg, rae Vg = oRx,

rae k — 4yneno ot 1 oo 0, KoahMLUMEHT «Npockanb3biBaHWA» 0b6nactu D OTHOCUTENbHO cpeabl Npu
COBMECTHOM [BwXeHun. B cuny atoro BHewHee none Ans Yactvubl 6yaeT Bpawatbcs C 4acToTon
He g, a og(1-«). 3ameTum, yTo K =0 NpPU TONLKO OAMHAKOBOMW BENUYMHE NMOTHOCTU M MONsApU3a-
uun B cpege u B obnactn D .

MycTb B HEKOTOPOW TOYKe O6bemMa rens KOHUEHTPUPYHTCA AUMONM OO HEKOTOPOro KPUTUYECKOro
3HayeHnda NIOTHOCTU. B TOT MOMEHT, Korga OOoCTUraeTcs aTa KpuTuyeckasa BenuyuHa, renesas «Haga-
CTPYKTypa» HauyMHaeT CaMOrnpoM3BOSIbHO pacnagaTbCs BNMOTb A0 UCXOAHOrO 3HaYeHUsl NIIOTHOCTMU,
M 3TOT NpoLEeCcC NOBTOPSAETCS — [0 YCTaHOBMEHUS paBHOBECUS (MW KBa3MpaBHOBECUS), TO eCTb 3a-
BeJOMO npeanosiaraeTcs cywecTtBoOBaHNE CUCTEMbI Janekon OT COCTOAHNA pasHoBecud [1, 2].

Monekynbl rens obnagalT HEeKOTOPbIMW AWMNONbHBIMA MOMEHTaMW, crnefoBaTenbHO, renesas
cpefa nongapusoBaHa. lNMonapmsaunio xapaktepusyemMm HeKOTOpPbIM CpedHUM BEKTOPOM nonsipusaumm
3. U3 cuctembl ypaBHeHun MakcBenna anst cpefbl U3BeCTHO [12], YTO NNOTHOCTb CBA3aHHbLIX 3apsi-

[10B onpefenseTcs cooTHoweHneM: n = div 3. CrnegoBaTenbHo, ypaBHeHre Anddy3nn ¢ KOHLEHTpa-
on -
LUMOHHBbIM n onepaTtopom JlnseraHra nmeet BuA E:DAn+L[n], roe L[n] — nokanbHbIA unu rno-

GanbHbIi onepaTop JluseraHra. [Ons onpeaeneHus KOHUEHTPALMOHHOIO BbIPAXXEHUS B ypaBHEHWe
anddysnm crnegyeTt NoacTaBUTb BblpakeHWe NMOTHOCTU AMMONen Kak AMBEPreHuun nonspusaumu.
B pe3ynbTaTe nonyyaem coOTHOLLIEHWME:

~

|03 o
dw{E—DAJ}_L[de]. (1

Tak kak onepatop JluseraHra nmeet Bua: L[n]=aSgn[n]n, rae Sgn[n]=+1, MOXHO NOMEHSATH
mMecTamu onepaTop JlnseraHra u onepatop AuBepreHunn. B pesdynbTtate nonyynm cnegytowiee cooT-
Howenme: L[div 3] = aSgn[n]n = div(aSgn[n]3)-(3;0V Sgn[n]), a ypasHenme (1) nepenmuetcs Tax:

div {‘Z—‘t’ —DA3 - a.Sgn [n]%} = —div~"a(3;V Sgn[n])

[anee npvHMmaem, 4TO camoopraHu3aums rens NpoucxoanT B Hebonbwon obnactu D, noaTomy
onepatop JlnseraHra MOXHO cumTaTb rnobanbHbIM, @ He nokanbHbIM. CrefoBaTenbHO, BblpaXeHue
Sgn[n] sBnseTcs yHKUMEN TONbKO BPEMEHU, U NpaBas YacTb ypaBHeHus BHyTpu D GyaeTt pasBHa
Hynto. To ecTb OKOHYaTernbHO nonyyaem Ans rnobansHoro onepartopa JluseraHra BHyTpu obnactn D
crnepayiollee COOTHOLLEHME:

%zDA%Hngn[n]ﬁJrrotj. (2)

OTMETUM, YTO B NPaBOii YacTU ypaBHEHUs (2) €CTb POTOP HEKOTOPOrO MPOU3BONLHOTO BeKTOpa J .
OTy BENUYUHY cnieayeT onpefensitb U3 HavasnbHbIX YCIOBUIA UK KanMbpoBKN BEKTOPA Nonsipusaumu.
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B panbHenwem notpebyeTcsa nepenmcaTb cUCTEMy (2) HE B BEKTOPHOM, @ KOOpPAMHATHON dhopMe:

03y =DAJ, +0.Sgn[n]3y +aai

X
aSy—DAS +aSgn[n]3 _%z
ot Y 9 Yooy

roe nonaraem, 4to 3 ={SX, 3y, 0} , J={0,0,J,}=1{0,0, J}

MycTb obnacte D, B KOTOPOW Mbl BBOAMM rnobarnbHbii onepatop Jlu3eraHra, BpawaeTca ¢ Yac-
TOTON ®. B 9TOM Cnyyae COOTHOLLEHNE ANns nonspusaunm npumeT BUA:

8_\s+n (?Jxls =0
ot 3

(3TO CoOTHOLLEHUE cnefyeT HenocpeacTBeHHO M3 ypaBHeHu Makceenna [12]). 3aecbk oo:{O, 0, o)}.

Ecnun yutem, 4to B cpee nNpucyTCTBYIOT AUdY3US U CTPYKTYPHbIE M3MEHEHMS (CaMoopraHm3aums),
Bbl3BaHHblE AecTB1eM onepaTopa JluseraHra, To

03 .3 -
—+n|odx— |=DAJI +L[T]
ot 3
nnn
o3 3 -
X _no—L = DAT, + L[3]+ (ESX )
ot 3
03 3 ~
—Y + no=X =DAZ,, +L[3]+(EJ* ),
ot 3
roe Sz\/fﬁz ; (E'ex )t — NPOM3BOAHAsA MO BPEMEHW BHELLUHEro arekTpuyeckoro nons. Ecnun eeegem

nol
BENIMUMHY Q =——, rae | — AnvHa Aunons, To MOXeM NepenvcaTb CUCTeMY B BUAE:
5

~

~

03y

—-Q3J, =DAT, +L[3] +(EX

ot y X [S]+(Ex™ ) @)
83}/ ~ ~ & ex

7+QJX:DAJ},+L[\5]+(E}, )t-

OnepaTtop 9[5] Ha30BEM OMepaTopoM BpaLLeHUs.

byoem cuntath, UYTO BHELLHAS cpefa, TO €CTb OUCMEPCUOHHAs cpefa, Takke BpallaeTtcd, To
K HEM MOXHO NPUMEHUTb OnepaTop BpaLleHUs: Q[I5], rme P — nonsapusauus cpeabl. MNpeHebperas
oneparopoMm JlnseraHra B cpeae, anddysmen n BHELUHUM MOJSIEM, MOMYYMM, YTO peLleHne cuctemsl (3)
ansa cpegpl 6yget umeTb BUA: P= {PO sin(Qt), Ry cos(Qt), O}. Tak Kak BEKTOpbl Nons 1 nondpusauunn

CBsi3aHbl COOTHOLUeHNeM [3]: EzBP+rotS, TO, ornyckasi BeKTop S, MOXHO cuuMTaTtb, YTO B cpede

BEMNWYMHa BNIEKTPUYECKOTO Monsi pasHa PP, To ecTb BekTop (E% ) = {PyQ cos (Qt), - PyQsin(Qt), 0} .

Takum obpasom, Anga rens, NOMELEHHOro B KOaKCUanbHbI BUCKO3UMETP, NOfy4YaeM CrieayoLLyto
CUCTEMY ypaBHEHWUIA:

~

03y
ot
03
y _ ~ ~ o~ o~
el DAS), +aSgn[n]3), + M43y + M3, + QR cos(Qt).

= DASX + ochn[n]Sx + M1 1SX + M12:§y —QPO sm(Qt)
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KpaeBble ycnosusa Ha rpaHuue obnactm D noctaBum HyneBble, TO €CTb CHUTaAEM, YTO BCE UCTOY-
HWKM N CTOKM pacnosioxeHbl B obnactn D . OBocHoBaHMe Takoro Belbopa crneaytowee: paccmarpmBa-
€M TONMbKO MaKpOMOMEKYMbl rens, KOTopble CTPYKTYPUPYIOTCA onpedeneHHbiM obpasom. Mx umcno
MOXeT YMeHbLUaTbCA UMM YBENMUYMBATBLCA 3a CYET TeX MOSEKys, KoTopble nepexogar B cpedy (Mu-
LeNNSAPHYH0 XNOKOCTb) N BO3BpaLLatoTca obpaTHO. YpaBHeHue Ansi cpeabl obnactn D 3anucbiBaTb
He MMeeT CMbICna, Tak Kak 3T0 — AMPPY3NOHHOE YpaBHEHME, YYMTbIBAKOLLEE 3aKOH COXpPaHEeHWUs
Macchbl, He yuTeHHbIN B (4). Ho, B cuny HebonbLumx pa3amepoB D, 3TO He UMeeT OONbLUOro 3HAYEHKS.

[nsa cuctembl (4) HECNOXHO HaWTK K obLLee peLleHne, HO 4OCTAaTOYHO MOKa OrPaHNYNTLCS Kadve-
CTBEHHbIM paccMmoTpeHuem. lNycTb Ha rpaHuue obnactn D nocTaBneHO Kakoe—To KpaeBoe YCrnoBue,
Hanpumep, ogHopoaHoe ycnoeue [Oupuxne [13]. (OTO COOTBETCTBYET TOMY OOCTOATENBLCTBY, YTO

BMUSIHWE cpefbl YXXe yuTeHo). Toraa ona pasnoxeHuns N0 CO6CTBEHHbIM OYHKLNSIM {unm} onepartopa
Nannaca ans o6bnactm D, cooTBeTCTBYWOLWMX Habopy COBCTBEHHbIX 3HAYeHUNn Ay, UMeeM:

o0 o0

Iy = Zunm(x,y)f,,m(t), 3y = Zunm(x,y)gnm(t), rae fom(t), 9nm(t) nogumnHsilOTCA crieaytowen cuc-
nm nm

TeMe ypaBHEHUN:

afnm _ _xanfnm + aSgn[n]fnm + M,] 1fnm + M129nm - QPO sm(Ql‘)

()
0
—96’;”7 = ~AnmDGnm + . SgN[nlgnm + Matfpm + Maognm + QR cos (Qt).

Myctb A =minA,, . Hac nHTepecyloT TOMbLKO camble ManeHbkne U3 CobCTBEHHbIX 3Ha4YeHWU, Tak

Kak COOTBETCTBYIOLUME MM pelleHuss ByayT ybbiBaTb C HaMMEHbLLUEW CKOPOCTbIO. Toraa, ecnu nona-
raTb, YTO 3HaK y onepaTopa JluseraHra Bce BpeMsi MMHYC, TO aMnnuTyaa ans peweHuin (5) npu cobert-
BEHHOM 3Ha4YeHun L ByaeT onpeaensiTbCs OAHUM U3 COOTHOLLEHWNA:

Q—QO - At+a

(Q-0p)? + (L +0a) (Q-00)? + (L +0a)

npu ycnosuu, 4to Myq+ Moy =0, a BenuuuHa Qg = 2,/My1My5 . 3ameTnm, yto B Kpyre L =0, u, ecnu

yacTotel Q U Qg coBnagaioT, To amnnuTyga konebaHui paBHa 1/o.. Mpu HEGOMNbLUMX 3HAYEHUSIX

3TOW BESNIMYUHBI aMnnTyga MOXET OOCTUraTb 3HAYeHWn B AECATKM U COTHU pa3 npeBbillalolne Te
KpUTUYECKME 3HAYeHUs MMAOTHOCTW, YTO JonyckaeT onepatop JluseraHra, U HacTynaeT pes3oHaHC, TO
ecTb konebaHns NNOTHOCTU M3—3a onepartopa JlvseraHra HaknaablBaOTCA Ha BpaweHus obnactn D,
N OAMH U3 BEKTOPOB Nonisipu3aumm pesko ysenumuneaeTtca. B Takom cnyyae B obnactm D npoucxogat
KayeCTBEHHbIE CTPYKTYPHblE M3MEHEHUSA, TO eCTb CTpPyKTypa obnactu copmumpyeTtcsi oveHb BbICTpO,
a TaK Kak B Hallen Mogenu BbiAENUNN OAHY TONbKO 06nacTb, HAXOOALWYIOCA B TEKYLUEM «MUKe» one-
patopa JlnseraHra, n Tak kKak MakcumyMmbl JlnseraHra oopMmnpyroTCa B BUCKO3UMETPE NOBCEMECTHO, TO
N CTPYKTYPHbIE U3MEHEHWSI NPOU3ONAYT B BUCKO3MMETPE NOBCIOAY.

O ekt annaTaHcMM B OKCUrMapaTHbIX refieBbIX CUCTEMax U onpenenseTcd 3TUM pe3oHaHCOM,
YTO AOCTaTOMHO OTYETNMBO HabnogaeTcs Ha paspbiBHbIX yYacTKax SKCMEepUMEHTarbHbIX KpUBbIX
MPK, puc. 1—9. 311 ngeun oveHb 6M3kM Bo33peHnsaM XoddmaHa [5]. XoTs pasBMBaeMble HaMK BO3-
3peHnst npeacTaBnsoTca 6onee rnybokMMK, Tak Kak AunaTtaHCUsi HanpsiMylo CBS3bIBaeTCA C sBne-
HUSIMU CTPYKTYPUPOBaHUSA rens.

3. O6¢cyxaeHue NOJNyYeHHbIX pe3ynbTaToB

[OunaTtaHTHasa pasopBaHHOCTb kpusown MNPK cBaszaHa npexge Bcero ¢ pasaMmepamu reneBbix nenc-
MekeposB [2].

KpvBble KONMMYECTBEHHOIO COAEPXKaHUSA NeNCMeEKepPOoB (MPOLEHTHOrO COAEPXKaHUA) pasHoro pas-
Mepa, KoTopble Obinn 0BHapyXeHbl HamMK B [2], UMEIT Takke Nepuoanvecknin konebaTenbHbIn Xapak-
Tep npu yBennyeHum caBUroBOro HanpsiKeHus:.
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CpaBHeHMe KpMBbIX MPOLEHTHOrO COAEpXaHus MencMeKkepoB pasmepa (anameTp) 4><1O_6,
8x107%, 12x107® (M) (Mnn «d4 =f(t) », «d8 =f(1)», «d12 =f(1) ») KaK PyHKUNN HANPSPKEHWUA COBK-

ra n kpubix [MPK nokasbiBaeT, 4TO MakCUMyMbl Ha 3TUX KpPMBBLIX COBMagawT. 3aBMCMMOCTb
«d4 =f(t) » nonHocTblo cumbaTHa kpueon MNPK, B To e BpeMsa kpuBasi « d8 =f(1) » Ka4eCTBEHHO Mo-

BTOpsieT kpuByto MPK Tonbko npy manbix 3Ha4YEHUSAX CABUIOBOro HanpsbkeHusa t. Kpmeas « d12 =f(t) »

nonHocTbio aHTubaTHa MNPK Ha BceM nMHTepBane cOBUIrOBbIX HAMPSKEHNN.
BeposTHO, nmes B BUOY NepuoOanYEcKnin xapakTep AaHHbIX 3aBUCMMOCTEW, credyeT nonaratb,

4YTO NencMekepbl pasHbiX AnamMeTpoB (4><10_6, 8x10_6, 12><10_6, M) KOHKypupytoT B rene. lNpu
3TOM NeVCMeKepbl MarbiX AnameTpoB CMOCOOCTBYIOT NEPUOOUYECKOMY CXKaTUIO rens, ero nonmmep-
HOMY CBSI3bIBaHMIO, YNOPSOOYEHUIO U YBENIMYEHUIO CKOPOCTU TedeHus rens. HaobopoT, nercmekepsbl

fonbLoro guameTtpa (12x10‘6 n 6onee, M) NPOBOLUMPYIOT «pacnyxaHue» rens. 3To «pacnyxaHuer
cBUOeTeENbCTBYET O (DOPMUMPOBAHMM aMOP(HOro, HECTPYKTYPMPOBAHHOIO BELLECTBA, YTO CHMKaeT
CKOPOCTb TEYEHUS.

[NCKPETHBIN XapakTep U3MEHEHNSA OMaMETPOB NENCMEKEPOB 0OBACHAET CKa4yKoobpa3HbI Xapak-
Tep U3MeHeHus aHTanbnuu gerngpataumm Ol npyn yBennyeHnn caBMroBoro HamnpsbKeHus.

M3meHeHne napaMeTpoB CUHTE3a, HaNpMMep YBENMYEHWE COBWUIOBOrO HanpshKeHusi, NpuBoOaUT
K CHWKEHWU0 pa3Hoobpasns TMNOB MEWCMEKEPOB M UX CPeAHero AnameTtpa, HO MOCKOMbKy AnameTp
nercCMeKepoB U3MeHSIeTCs OUCKPETHO, TO M3MEHEeHMe napamMeTpoB CUHTEe3a Bbl3blBAET Nepuoanye-
CKUI konebaTenbHbIN XapakTep TePMOrpaBMMETPUYECKMX XapakTEPUCTUK (3HAO— MU 3K30TEPMUYECKNX
achdekToB), a Takke copOUMOHHbIX NapameTpos obpasuyos OL.

B renesow cpege (Hanpumep, okcurnapaTa LMpKOHUS), aBTokonebaTenbHble NpoLecchl BCrneacT-
BME CUN BA3KOCTHOIO TPEHUSI XapaKTepu3yrTcs onpeaeneHHon HeYyCTOMUYMBOCTLIO. [nsi 4OCTaTOYHO
KOHLIEHTPUPOBAaHHbIX refieBblX CUCTEM, Kak nokasaHo B [14], ABe crnvparnbHble BOSHbI OTTaNKMBalTCA
Apyr OT gpyra, ecnv OHM BpaLLalTCs B OOMHAKOBOM HamnpaBfeHUWU, U NPUTArMBatoTCSa (aHHUIMAMpPY-
l0T), €Cnn HanpaBrieHnsa UX BpaLleHUs NPOTUBOMOMOXHbLI. ATO 0BCTOATENBCTBO MO3BONSAET Npeacka-
3aTb cbopmy uryp, o6pasoBaHHbIX CnvpanbHbIMKU BOSTHAMM Ha NIIOCKOCTM (B TOHKOM croe rens), Tak
Kak 3epkanbHas CMMMETPUS MPU pacnonoXeHMU aBTOBOSIH Ha MMOCKOCTU LOIMKHA MPUBECTU K WX
YHUUTOXEHUIO U HAaobopOoT, OTCYTCTBME TaKOBOM MOXET MPUBECTU K OTYETNMBOMY (POPMUPOBAHMIO
HEKOTOPbIX (OPM, KOTOpble ONPeAEenstoTCA XapaKTepoM pacnofoXeHMs1 ChnvparnbHbiX aBTOBOJSIH
B TOHKOM CIrioe rens uiv B TpexmepHom obbeme.

[nana3soH 3apsaoB «rofnoBbi» U «XBOCTay», NpU KOTOPOM obecnevmBaeTcsi 0bpa3oBaHMe cnvpanu,
nmeeT abcontoTHoe 3HadeHune 0,3...0,8 eauHuu 3apsiga anekTpoHa. HeamnmMpuyecknin KBaHTOBO—XU-
MuYeckuin pacyeT [15] cTpykTypbl rmapaTMpOBaHHOIO OKCuaa LMPKOHWS, BbINOMIHEHHbIN HaMu B 6a3u-
ce STO-3G, nokasarn, 4To B eAMHNYHOM pparmeHTe ZrO, -H,O 3apsp kucnopopa (no Mannukeny)
nmeeT 3Ha4veHne —0,386, a 3apsia atoma umMpkoHna coctasnsaeT —0,723, 4To BNoOSHE COOTBETCTBYET
Nosfy4YeHHbIM pesynbTaTam.

B pabote [16] oTmevaeTcs Ha doTorpadumsax nosieneHne uryp B OCHOBHOM UMELLMX OCU NSATO-
ro nopsigka unvM HegopassBUTbIE rPaHM MO OQHOMY UITM HECKOSMBbKUM HanpasneHusM. [ekcaroHanbHoe
(WwecTnyneHHOE) pacnonoXeHne cnupanen Takke XapakTepHO And renesbiX KoHdurypauun. B kon-
NOVAHBLIX reneBbIX CUCTEMAax NPOCTPAHCTBEHHOE pacrosfioKeHue crnuparnbHbiX BOMH onpeaensieTcs
TaKkke U TON OUCNEPCUOHHO—KOMNNONOHOW CPeaon, KOTopas MEXaHNYeCKM pa3odLlaeT BO3HUKLLNE 3a-
KPpYTKM (3dhdpekT aunataHcmm). [Ana KONnouaHbIX CUCTEM, BEPOSTHO, 3TO OCHOBHadA npuymMHa cukca-
LUun reneson cnvpaneobpasHon CTPYKTYpbl, Tak Kak Npu 3TOM B3auMOLENCTBUE MeXAY CnupanbHbIMn
BOMHaMu ObICTPO cnagaeT C yBeNnMYeHNeM JIMHENHOIO PacCTOSHUS.

3aknoyeHue

1. OhbbekT aunaTaHcMm B OKCUIMAPATHLIX refieBbIX cCUCTEMaxX onpeensieTcs pe3oHaHCcoM, npwu
KOTOpoMm KonebaHusi NIIOTHOCTW rens HaknagblBalTCa Ha BpaleHust HekoTtopor obnactm D u oguH
13 BEKTOPOB MONsipusaumn pesko yBenmunBaeTcsa. 310 HabnogaeTca Ha paspbiBHbIX yYacTKax aKcne-
pPUMEHTanNbHbIX KPUBbLIX NMOSTHON PEOSIOrMYECKON KPUBOW.

2. B Ha3BaHHOM obnactu D npu pe3oHaHce NPOUCXOAAT 3HAYMTENbHbIE CTPYKTYpPHblE M3MEHe-
Husa. OunaTaHTHas pasopBaHHOCTbL KpmBon MPK onpepensietca npexage BCero reoMeTpu4eckumm
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pa3mepamu reneBbix nericMekepoB. MNericMekepbl Marbix AUaMeTpoB CNOCOBCTBYOT NeproanyYeckomy
CXaTuio rensi, ero NoriMMepHOMY CBSI3bIBaHMIO, YNOPSA0YEHNIO U YBENUYEHUIO CKOPOCTU TEYEHUS re-

nda. HaobopoT, nencmekepbl 6onbLLOro agnameTpa (12><10‘6 n 6onee, M) NpoBoOLMPYIOT “pacnyxaHme”
rens. ATo «pacnyxaHne» CBUOETENbCTBYET O (POPMUPOBAHUM aMOP(HOro, HECTPYKTYPUPOBAHHOIO
BELLEeCTBA, YTO CHUXXAET CKOPOCTb TEYEHNSI.

3. B konnomaHbix renesBbix CMCTEMax NPOCTPAHCTBEHHOE COXpaHeHWe crnvpaneobpasHbiX rene-
BbIX 3aKPYTOK OMNpefensieTcs AMCNepCMOHHO—KONMOMAHOM CPeaon, KOTopas MeEXaHN4Yecku pasobaeT
BO3HMKLUME 3aKpYyTKM (3chpdekT amnartaHcum). [Onsi KONMnougHbIX CUCTEM, BEPOATHO, 3TO OCHOBHas
npuynHa UKCUPOBaHUS renesor cnupaneobpasHon CTPYKTYpbl, Tak Kak Npu 3TOM CUITOBOE B3aMMO-
OeNcTBMe Mexay cnupanbHbIMW BONTHaMuM ObICTPO cnagaeT C yBENUMYEHNEM NIMHENHOro pasobLyatoLLe-
ro paccTosiHUS.

Pa6oTa BbinonHeHa no rpaHTy MuHuctepctBa obpasoBaHua PP (npoekt Ne T02-09.4—643).
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