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BBEJEHUE

CoBpeMeHHBIE  JOCTHKEHUSI  HAyKMH  BO  MHOTOM  BBI3BaHbI
MOTPEOHOCTSMHM ~ PA3BUTHUSI TEXHOJIOTUH, HEOOXOJUMOCTHIO  YIIyUIIICHUS
CBONMCTB CYIIECTBYIOIIMX WU CO3/JaHHUS HOBBIX MAaTE€pUaliOB, B TOM YHUCJIE M
HaHoMarepuanoB. IIporpecc B  co3manum, HampuMmep, METaJIJIOB
OJIHOBPEMEHHO C BBICOKMMH MPOYHOCTHBIMU M IUIACTUYECKUMH CBOMICTB aMH
BO MHOTOM 3aBUCUT OT MOHUMaHUSA (PU3NUYECKUX MPOIECCOB, MP OTEKAOIINX
Mpyu UX TOJy4eHHUH U 00paborke. bosbinoe 3HaueHwe i pa3BUTHUS
TEXHOJIOTUA  HUMEIT  TEOPETHYECKUE  METOAbl | KOMIIBIOTEPHOE
MOJETUPOBaHNE (DUBNYECKUX TPOIECCOB TPU MHTCHCUBHBIX BHEITHUX
BO3J/ICMICTBUSIX HA TBEP JIbIE TEJA.

Baxnyo ponb B (U3MYECKUX TMpoOIEeccax, OTBETCTBEHHBIX 3a
(dhopMHpOBaHUE CBOWCTB MaTEPUANIOB, UTPAIOT CTPYKTYpHBbIE AedekThl. OHu
00pa3yloT MHOTOYPOBHEBYIO CTPYKTYPHYIO OpTaHM3aIlI0 TBEPJOrO TeJa,
HauyuHasg C aTOMapHOTO YPOBHS, HallpUMEp, BAKAHCHUM, aTOMbI 3aMEIICHUS U
BHEJPEHUs, U T.J. M 3aKaHUYMBAs MAKPOCKONMUYECKUM YPOBHEM, TJ€
00pa3yroTcs MUKPOIIOPHl U MUKPOTpeIMHbl. ONucaHue CTONb Pa3IUYHBIX IO
MaciTaby 00BEKTOB TPYJIHO OCYIIECTBUTH B PaMKaX OJHOW KOHIENTYaJIbHOMN
napaaurmbl. [loaTomy mpuxogutcss mpuberaTb K COBOKYIMHOCTH MOJIEIEH,
KOTOpbIe 0a3upyIOTCs Ha YMPOIICHHBIX MOTCHIMATAX B3aUMOJICHCTBUS M,
dboKycupysicb JHIIL Ha HauOoJiee CYIIECTBEHHBIX CTEMEHSIX CBOOOJIBI,
BOCITPOU3BOJIAT HauOoJee BayKHbIe YEPThl U3yUaeMbIX 00beKTOB. HecMoTps Ha
WX TMPOCTOTY, TaKHUE MOJECNIU TO3BOJSIOT OOBSACHUTH JOCTATOYHO CJIOXKHBIC
SBJICHUSI W BHOCAT CYIIECTBEHHBI BKJIaJ B (POPMUPOBAHUE HAYYHBIX
KOHIIEIINH.

OnHoM U3 TakKux MoAaelier sBisieTca HelmHelHaa 1D nenouka. Haunnas
¢ pabor depmu, Ilacra, Ynama [ 1], nomumo ¢yHIaMEHTaIBHON MPOOIEeMbI
«TepMAIIA3alMUN» JTUHAMHYECKUX CHUCTEM, MOJENb HEJIMHEHMHOW LEeNOYKH

HUHTCHCUBHO HCIIOJB3YCTCA JISI HCCICAOBAHUA YCTOﬁqHBOCTH JABMOKCHUSA K
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JJIIMHHOBOJIHOBBIM u KOPOTKOBOJIHOBBIM TCIIJIOBBIM (I)JIYKTyaI_II/ISIM,

MIPOSIBJISIFOIINXCS B CTIEIU(PUUECKOM CIIEKTPE TEIUIOBOTO ITyMa .

B coorBercTBUM C TpEACTaBICHUSIMH KUHETUYECKOW Teopun [2]
CTPYKTYpHasl MEpPEeCTPOMKA TBEPABIX TEJI AKTUBU3UPYETCS BO3JCHCTBUEM
BBICOKOPHEPI€TUUECKHUX TEIUIOBBIX (DIYKTY alliif, KOTOpbIe 0O0pa3yrOT XBOCTHI
TEIUIOBBIX pacnpenencHuil. OHU MOTYT MPUBECTH HE TOIBKO K CABUTY TOUKH
HEPaBHOBECHOTO CTPYKTYPHO-(a30BOro TMepexoia, HO U K TMOSBIICHUIO
KaueCTBEHHO HOBBIX CTPYKTYPHBIX MEepexoa0B [ 3].

Jlist  OONBIIMHCTBA K€ TMPOCTPAHCTBEHHO PACHPECIICHHBIX C UCTEM
HEJIMHEWHAs 1IeTI0YKa OKA3bIBAETCS CIIUILIKOM YIPOIIEHHOW anlpOKCUMAaIUEeH,
U MO3TOMY TIpHOeTaroT K cienyromniemy yposHio 2D u 3D moneneit. Metonamu
MoJieKyJisipHOi nuHaMuku (MJI) MomenupyroTcss KpYIHBIE CTPYKTYpHbIE
nedeKThl TaKue, KaK TUCIOKAIIMK U TPaHUIILI 3epeH B HaHOMaTepu anax [4]. Ux
SHEPTHUs 3aBUCUT OT OOIIETO COCTOSIHUSI CUCTEMbI U MOKET OBbITh Pa3jIMYHOM B
PaBHOBECHOM M HEPABHOBECHOM COCTOSTHUU. DHEpPrusi KPyIMHbIX Je(EeKTOB
MOKET 3aBUCETh TaKXKe OT Cerperainuu Ha HUX Oojiee MENKUX Ne(eKToB, W,
KpOME TOT0, OT Cerperaiii XMuMUUEeCKUX KOMITO HEHTOB U3 00beMHBIX (a3 [5].

Metonamu MJ[ MOKHO OXBaTUTh OTHOCUTEIILHO HEOOJBIIINE IO 00BEMY
MaTepuanbHble 00bekThl (mopsiaka 100-150um). [ng moaenupoBanus Oosee
KPYHHBIX OOBEKTOB HEOOXOJIMMO MPUOETHYTh K JaJIbHEHINEH peayKIuu
onucanus, K (PEHOMEHOJIOTHYECKUM MeTojaM (pu3nueckor KUHETHKHU. Jlis
TaKUX MOJIEJICH MO-TIpeKHEMY BaXKEH ydeT TeIUIoBbIX (iykTyaruil. OgHaKo,
MacmTabd y4YuThIBaeMbIX (UIYKTyalldid MOJKET 3aBHCETh OT CKOPOCTH
MPOTEKaHMsI TPOIECCOB. B wyacTHOCTH, KpymHOMAcIITaOHbIe (IIyKTyaluu
OKa3bIBAIOTCSl CYIIECTBEHHBIMU JJISI OTHOCUTEIBHO MEIJICHHBIX IMPOLECCOB.
JIJisi OBICTPOTIPOTEKAIONIUX TMPOILIECCOB TaKUX, HAMpPUMEP, KaK MHTCHCHB Has
mwiactuueckass  gedopmanus (UILJ) [6], B cucrteme He ycleBaroT
chopMupoBaThCi (DIYKTyallM COOTBETCTBYIOIIETO MacimTaba, W OpU  UX
OMMCAaHUU MOYKHO OTPAHUYUTHCSI TEOPUEUN CPETHETO MOJIS.

[IpocTediuM CTPYKTYPHBIM JA€(PEKTOM MOXKHO CUUTATh BAKAHCUIO.

Yacrto Inpru CTATUCTUYCCKOM W TCPMOAWNHAMHUYCCKOM OIIMCAHUHA BaKaHCHI
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OrPaHUYMBAIOTCS MCHOJIb30BaHUEM KOH(MUTYpallMOHHOW »HTpornuu [ 7] wiau

XUMHYECKOTO TOTeHIMana [8] B JIMHEHHOM MNPUOIMKEHUH Pa3I0KEHUS
BHYTPEHHEW SHEPTUM MO IUIOTHOCTM BAaKAHCUW. OITO OTPaHUYCHHUE
COXpaHAETCS U B KHHETUYECKOM ypaBHeHMU Jlannay -Xamnataukosa [9]. HoBas
dbopMa KUHETHYECKUX YpaBHEHUH CBOOOJAHAs OT JTOTO OrPaHUYEHUS
IIPUBEZICHA B 5-M pasele.

B mactosimield MoHorpaduu MpUBEICHO W3JI0XKEHUE HCCIEIOBAHU I
MPOBEJICHHBIX aBTOPOM C IMPHUBIICYEHUEM METOAOB MOJICKYJISIPHOW JIMHAMUKH ,
(U3MYEeCKOM KUHETUKHM WM HEPABHOBECHOW TEPMOJMHAMHUKHU IO SBOJIOLUU
CTPYKTYPHBIX J1€(PEKTOB TBEPABIX TET B MPOIECCE MHTEHCHBHOT'O BHEIIIHETO
BO3JICHCTBUSI.

Kuura cocroutr w3 BBeleHUs, 0030pa Hay4dHOW JIUTEpaTypHI,
OpPUTMHAJIBHOM  4YacTH, OOIIUX  BBIBOJIOB, CIHCKAa U CIOJb30BaHHBIX

UCTOYHHUKOB. bubnuorpadus conepxxkut 408 HaMMEHOBAHUIA.
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PA3JIET 1

AHAJIN3 ®U3UYECKUX ITPEACTABJIEHUN O MEXAHU3MAX
ITEPECTPOUMKU CTPYKTYPBI U PASPYIIIEHNU TBEPBIX TEJL.

[locne co3pmanust Teopuu IUPaKUUU PEHTTEHOBCKUX JIy4del CTalo
OYEBUJHO, YTO Ui HJACATBHOIO KpUCTaJla OCHOBHOM SIBJISIETCS aroMapHas
kpuctaorpaduueckas ctpyktypa. Opnako eme Japsunom [10] ObL10
3aMEUYEeHO, 4YTO HaOJIIJaeMble HWHTEHCUBHOCTH  JU(paKkuuu  MOKHO
COIJIacoBaTh C TEOPHEH, JMIIb MPUHSAB, YTO KpHCTALIBI COCTOST W3
MHKpOOGIacTeil — 610KkoB pasmepoM mopsiaka 10 - 10 cm [11]. ITo sTomy
noBoay B 30-X rojax MpoILIOro CTOJETHS BO3HUKIIA OOLIMpPHAs AUCKYCCHS, B
KOTOPOW MPUHSUIM yyacThe MHorue yuenble ( bopn, Cmexans, bpaece, Dpudens
u opyeue). Jluckyccus nanga TOTYOK CO3JIAaHUIO TEOPUHU P EaTbHOM CTPYKTYpbI
KpHUCTaJLUIA.

OcHOBa TEOpUUM — TMOHATHE O CTPYKTYpPHOM JAedeKTe (TOYEHHOM,
muHeitHoM u ap. [12]). CrpykrypHble nedexThl 00pa3yroT HepapXUUYECKYIO
OpraHM3alMi0 TBEPJAOro Teja, HaYMHAs C aTOMapHO IO YPOBHSA, HalpuMep,
BAaKaHCUM, AaTOMbl 3aMEIlEeHUss U BHEApPEHWs, M T.J. M 3aKaH4MBas
MakpOCKOIIMYECKMM  YPOBHEM, TIJle  00pa3yloTcsi  MHUKpPOIOpPBI |
MUKPOTPEIIHHBI.

WneanbHast kpuctajuiorpaduyeckass oOpraHu3anus TBEpIOro Tela
peanu3yercs TOJNbKO TMpH aOCONIOTHOM HyJIe TeMIepaTyp, IOCKOJIbKY
TEIUIOBbIE KoJieOaHUsI HApYIIAIOT CTPOTYH) TPAHCISLUOHHYIO CHMMETPHIO.
[loaToMy TemsoBble KoOJI€OaHHS MOMXHO OTHECTH K, TaK Ha3bIBAEMbIM,
JUHAMUYECKUM Jie(peKTaM CTPYKTyphl TBepaoro teia ((hoHOHBI, Opu3ephl,
aKyCTUYEeCKHE U ONTHYECKHUE COJMTOHBI U T.1.). [anee mo uepapx mueckom
HIKaJIe CJIEAYeT PAaCHOJIOKUTh CTPYKTYpHBIE (TOMOJOTHYECKUE) Je(PEeKThI
pa3IMyHOM pa3MEpPHOCTU. OTO HYJIbMEpPHBIE WIM TOYEYHBIE JE(PEKTHI,
OJHOMEpHBbIE WM JIMHEHHBbIE Je(EeKThl, ABYXMEpPHbIE WU IUIAHAPHbBIC

neexThl, TpeXMepHbIe WM 00beMHbIe JedekTsI [ 13].
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Huxanum OpTraHU3allMOHHBIM YPOBHEM B UCPAPXUU Z[e(l)eKTOB TBEPAOTO

TeJla MOXHO CUMTAaTh TEIUIOBOM B TOM KOHTEKCTE, UTO Ha HEro B IMPOLECCE
penakcal yCTPEMIISIFOTCS BCE APYTHE€ OPraHMW30BaHHbBIE MOTOKU 3Hepruu. C
JIPYroil CTOpPOHBI, COTJAaCHO KHUHETHYeCKOM Teopun [2,7,14] TtennoBsie
BBICOKO?HEpreThuec Kue IyKTyalluu MOTYT «BO3BpalllaThy SHEPTUIO Ha Oosiee
BBICOKHE CTPYKTYpHbIE YpOBHU. Ecim Mexay STUMH TEHICHUUSIMU
gocturaercss OanaHc, TO (OpMUpYeTCs PABHOBECHOE WJIM CTAallMOHAPHOE

(HepaBHOBECHOE) CTPYKTYPHOE COCTOSIHUE .

1.1. Tennosoe osuoicenue 6 Kpucmayiax u HejluHe UHBIX yenodkax

1.1.1. @Dononnoe npeocmasnenue OUHAMUKU  KPUCMATLIUYECKOU

peuemku.

B aZII/Ia6aTI/I‘-IeCKOM HpI/I6J'II/I)KeHI/II/I MOTCHIUAJIBHYIO SHCPTUIO TBEPAOTO
TCJIa MOJKHO IPEACTABUTL B BUAC PA3JIOKCHUS 110 MaJIBIM CMCUICHUSAM dTOMOB

u' =R’ —R' OT MOJIOKEHU paBHOBECUs R' B [—M y3ie pemerku [ 15]:

| R P (R -
UC.ul )=U+=A" wlul += A" vl + ..., (1.1)
2 6
roe AL, A" . — KO>pQHUIUEHTHI pa3IoKeHHs. 31eCh I'PEUCCKHE HMHIEKCHI
0003HAYar0T KOMIIOHEHTHI BEKTOPOB, JATHHCKME — HOMEpPa aTOMOB,

YKa3bIBAIOIINE HA WX MO3UIUMU B KPUCTAJUIMYECKOUN PEILIETKE.

TernoBoe ABUKEHHE aTOMOB HE SIBJIIETCS] TIOJIHOCThIO XaOTHUYECKUM, B
HEM MMEETCS 4YacTUYHOE YIopsjaodeHue B  (GopMe  dJIEeMEHTapHbBIX
BO30YXKJCHUM, KOTOpbIE, OJHAKO, MEXaAy Cco00il  B3aUMOJEHCTBYIOT
xaotuyecku [ 16]. Kimaccuueckue ypaBHeHUs ABUKEHUS, cienyromme u3 (1.1) B
TEPMHHAX u. , T.C. HHAUBUIYAJILHBIX CMEIICHUN aTOMOB, MPECTABIISIOT COOOH
CUCTEMY PEKYPPEHTHO 3alCIUIAIONIMXCS YPAaBHEHUW W B TapMOHUYECKOM

NpUOIMIKEHUN UX MOXHO «paclenuThy, npeactaBuB B Buze [ 17,18]:

My, == Ayt s (1.2)
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rjae m macca aromMa.

I/IZIeaJ'H:HaH Koppeisiiuds B ABHJKCHHU ATOMOB JOCTHUTAaCTCA B TOM
CJIydac, €CJIM OHa OXBATBLIBACT BCC IMPOCTPAHCTBO. O6T>CKTOM, peaIn3yromum
TaKOC KOJUICKTUBHOC JOBUXCHHC, ABJISIOTCA OCCKOH €4HO MPOTAKCHHBIC

IUTOCKHE TAPMOHHYECKHE BOJIHBIL
ul =L7;~exp[—i(mt—lgfl)], (1.3)

rae i =i, (w,k) — KOMIUIEKCHas aMILIMTyaa (aMIiMTyaa u ¢asza) BOJHEI, a

JacTOTa ® M BOJIHOBOU BCKTOPD k CBSA3aHBI MCIKIY coboit I[I/ICHCPCI/IOHH()ﬁ
3aBUCUMOCTBIO!
2~ TN~
o 1, =D, (k)i , (1.4)
rac

D, (k)= %Aéﬁ exp(-ik7' ) (1.5)

— IMHAMUYECKAs MAaTpULa; Ay, = AL = Ay .

VYpaBuenue (1.4) sBisieTcsl KOJJICKTUBHBIM TMPEICTABIICHUEM JUHAMUKH
PELIETKH, TJ€ y4YTeHa KOPPEJALUs B IBUKEHUH aTOMOB B CJIEACTBUE CUIILHOU
KYJIOHOBCKOM CBsi3u MexXay Humu. Oba omucaHusi paBHompaBHbl, HO (1.2)
yI0OHO B BBICOKOTEMIIEpATypHOU o0nacTH, Bbllle TemrepaTypsl Heens, rue
npeumyiectsa (1.4) HUBEIUPYIOTCS B pe3yibTaTe CHIDKEHUS KOPPESIUU B
JIBUYKEHUU aTOMOB M3-3a OOJIBIIION J0JIHM BBICOKOYAaCTOTHBIX ()OHOHOB [ 19].

N3 ycnoBust paspermumoct (1.4) cnemyer [ 18]:

Det 78,5 — D,y (k)] =0 (1.6)

[Tome3ysice (1.6), MOKHO MCKITIOYUTH MapaMeTp o W3 PAaCCMOTPEHUS, U
TOTJla B KAauecTBE HE3aBUCUMOTO TMapameTrpa mnpeoOpasoBanus (1.3) Oyxer

(burypupoBaTh TOJBKO BOJHOBOW BEKTOpP 4 (OCHMILISTOPHOE INpEACTaBICHUE

[20]). OGiiee cocTosiHue cUCTeMbl OyIeT HEKOTOPO JIMHEWHONW KOMOUHAIIUEH

k -cocTosuuit [ 18]

= 30y, explF ) 0y, exp(—iEF) (1.7
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rae N — 4YuCIO aToMOB, OOpa3ymIIMX TBEPIOE TENO; 0. =\/mNufj(l€) —

HOpMaJIbHAasA KOOPpAWMHATA KOJUICKTHMBHOI'O AIBHIKCHHA ATOMOB PCHICTKH. Omna

NOAYUHACTCA YPABHCHHUIO TAPMOHHUYCCKOTO OCHUILIIATOPA:

0, +0, =0 (1.8)

1.1.2. Henunetinvie s¢hghexmul 8 Ounamuxe peuiemxu .

Jluneitnas teopus (1.2) — (1.8) He MOXeT OOBSICHUTH MHOTHE
¢uznueckue >3ppexTrl, HaOII0AaEMbIE B TBEPIBIX TeJaX, B TOM YUCIE CaMOro
(akTa yCTAaHOBJIEHUS TEIUIOBOrO paBHOBecHs. dDepMHu MPEArnonox Ui, 4To
HEOOXOAMMBIA S  3TOTO  JHEPreTMYECKUil O0OMEH MeXay MOJaMH
OCYyILECTBIsIeTcd  Onarojapss HEJIMHEWHBIM CBOMCTBAM  KpUCTAJTMUECKOM
pemetkn [1]. s mpoBEepKH THUIIOTE3Bl HCCIEIOBAIaCh pelaKCalus
JUIMHHOBOJIHOBOM MOJBI B LIEMOYKE C KBAJAPaTUYHOW M KyOMUYECKOM
HeJlMHeHHoCThI0. OOHapyKEHHOE MPHU 3TOM SBJICHHE BO3BparTa, Korja IMocie
MHOTOKPAaTHOTO yJBOEHMsI 4YacTOT CHMCTEMa BO3BpAIlAIach K HCXOJHOMY
COCTOSIHUIO C OJHOWM TapMOHMKOM, Ka3aJlOCh, OTBEPraJio caMy HJICI0 TAKOTO
MexaHu3Ma pernakcauuud. Ha camom gene, BO3Bpar CUCTEMBI K HAaYaJIbHOMY
COCTOSIHUIO B IIPEAEIIax KaKJ0r0 TaKOI0 «IIMKJIa» OCYILECTBIIS €TCSI HE COBCEM
TOYHO M B MPOILECCE UIMTEIIBHON 3BOJIOLHUNA CUCTEMA BCE K€ TEPMAIU3YETCS.
Kpome Toro, skcrnepumeHnt mnpoBoauics Ha 1D nemoukax, il KOTOPBIX
OTCYTCTBOBaJIa BO3MO>KHOCTb YTJIOBOIO paccesHuss (POHOHOB, YTO MOTJIO
TaKKe 3aMEUINTh YCTAaHOBJICHHE paBHOBECHOro pacnpezeneHud. llocnennee
MpeanojokeHue OyneT NPOBEPEeHO B YMCICHHOM OJKcnepumeHte Ha 2D
MOJEJISIX B CIIEIYIOIIEM pa3jede.

3a0ycku u Kpyckan noBropuiu sxcniepuMenT PIIY Ha Gosee cioxHOM
HenuHerHoM — ypaBHeHMM — KopreBera—ne-®pusa,  KOTOpoe  sBIIAETCA
JUIMHHOBOJIHOBBIM NIPEJIEJIOM YPABHEHUS JBUKEHUS aKyCTHUYECKON BETBU

¢ononoB, [21]. Mmu ycraHoBieHO, yTO 3P¢eKT Bo3BpaTa 0OECHEUUBAIOT
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COJIMTOHBI, BO3HUKAIOIIIUEC HaA HpOMC)KYTO‘-IHOﬁ CTa B MIPOUCCCC YIBOCHUA

4acToT.

Ilpyroe  TpyaHO  OOBSICHMMOE  sIBIICHHWE, OOHApy>KEHHOE B
KOMIIBIOTEPHBIX SKCIEPUMEHTAX HA HEJIMHEWHBIX [ENOYKaX — OTKIOHEHHE
TEIUIONPOBOAHOCTH OT 3akoHa Dypbe [22-25]. Drta 3amaya SIBASETCS BAXKHOU
eIlie MOTOMY, YTO Ha €€ MpUMeEpe MPEeANPUHUMAIOTCS MOMBITKH «000CHOBATHY
VI BBIBECTH HEOOpAaTUMBbIE 3aKOHBI MaKPOCKOIHWYECKOH HEpaBHOBECHOM
TEPMOJIMHAMUKHU U3 OOPATUMBIX 3aKOHOB MHKPOCKOMUYECKOTO MEXATOMHOTO
B3aUMOJICUCTBUS. TUNMYHAs TOCTAaHOBKAa 3aJayd B OSTOM Ciy4yae — K
HEJIMHEWHOW 1enoyke w3 N 4YacTull 0OpH  HYJIEBOM  TEMIIepaType
MIPUCOEANHSIOTCS IBa TepMocTara ¢ temneparypoit 7; u Ty tak, uro 1; > Ty.
Nunexcpl BHU3Y 0003HAYAIOT HOMEpPA YAaCTHI], K KOTOPBIM MPUCOCTUHSIIOTCS
TEPMOCTATHI.

B uHTErpupyemsix cucTteMax TUIa TAPMOHHYECKOW PEIIETKH, LIETIOYKHU
Tonpl wiu B cuctemMax ONM3KMX K HUM TEMIIEPATYpHBIM TpajueHT He
oOpasyercsi, u 3akoH @Dypbe He  BbIMONHSAETCS  (OECKOHEUHAs
TEIJIONPOBOIHOCTh). OJHAKO, HEUHTETPUPYEMOCTh CHUCTEMBI  SIBISIETCS
HEOOXOJMMBIM, HO HE JOCTAaTOYHBIM  YCJIOBUEM JJIi KOHEYHOCTH
teronpoBogHocT. Ha mpumepe PIIY nenoukm [22,23] m aByXaToMHOU
nenouku Toxapl [26] OBLIO MOKAa3aHO, YTO CYIIECTBOBAHHE TEMIIEPATYpPHOTO
rpaJli€HTa €II€ HE TapaHTUpPYeT  BbINOJHEHUS  3akoHa  Dypse.
HeunrterpupyemMocTh  yKa3aHHBIX CHUCTEM TMPUBOAUT K 00Opa3oBaHUIO
JIMHEWHOTO TEMIIEPaTypHOTO TpaJUeHTa, HO BEIMYMHA TEIUIOBOTO MOTOKA J
OKa3bIBACTCs TPOMOPIMOHANBHOM N, rme mokasarens 0 < a < I, a N —
Oe3pazMepHasi JIMHA LEMHM, B TO BpeMs KakKk OHAa JOJKHA OBITh
npornoprmonansioit - N’ [25], ®  mpH N oo KO3 UIIEHT
TETJIONPOBOTHOCTH OyAET TaK:Ke CTPEMHUTHCS K OECKOHEUHOCTH.

CornacHo [25] ans TOro, 4TOOBI TEIUIOMPOBOJHOCTh MMENIAa KOHEYHOE
3HAUEHWE, B HEJIMHEMHOW I1IETIOYKE JOJKEH CYIIeCTBOBAaTh 3(P(HEKTUBHBIM
MEXaHu3M paccessHus sHeprud. Hampumep, B [27, 28] moka3zaHo, 4TO B

HEJIUHEHHON OETIOYKE C TMCPpUOJUYCCKUM ITOTCHIUAIIOM B3aHMOHeﬁCTBHH
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KOHCYHasg TCIUIOIPOBOAHOCTD obecneunBaeTCs pacCcCuBaHUEM (I)OHOHOB Ha

JIOKAJIM30BaHHBIX HETMHEHHBIX BO30YXJIeHUAX (pOoTOOpH3Eepax).

XOoTst OOBIYHO MOJaraercsi, YTO AHrapMOHWYHOCTb WM HEJIMHEWHOEe
B3aMMOJEHCTBHE MPUBOAUT K PACCEUBAHUIO (DOHOHOB, MEXaHU3M, BEIyIUN K
pacxonuMoctu TeronpoBoaHocty B FPU wmogenu u apyrux momgoOHBIX
HEJIMHEWHBIX IIeTI0YKaX TMOKa JI0 KOHIa He sceH. B pabore [29] moBTOpHO
u3yueHa wmojzenb FPU U ycTaHOBIEHO, 4YTO B BOJIHOBOM «OYyJIbOHE
MIPUCYTCTBYET,  PACHpPOCTPAHSIONIAsCA BIOJIb LENOYKM KOPOTKOBOJIHOBAS
ME30CKOINYECKass MO/, KOTOPYIO aBTOPHI CUUTAIOT NPUYMHON PACXOIUMOCTH

terionpoBoHocTH (Puc. 1.1).

20 40 60 80 100 120 140 160

Puc. 1.1 DBonronus cMmelieHuii 1enovyky u3 64 aToMoB (a) UCXO/HAS 3 aAlKCh,
(0) mocne ¢unbrpamu no merony DAUB20, (B) mocne BbuuTanus u3 (a)

KapTHHKH (0), (T) BpeMEeHHasi 3BOJIIOLIMS JTIOKAJIBHOTO TEIJIOBOIo MoToka [29].

I[J'ISI €C HU3BJICHCHHUA U3 «HIYMOBBIX» IIOMEX ObLIa IIpUMECHCHA

¢unbTpanus no Meroxy mManbix BosiH 20 -ro nopsiaka (DAUB20) [30] (BenbBet
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npoueaypa WIA  METOJ|  CIEKTpaJlbHO -BpeMEeHHOro  aHanmsa). [locne

MPOLEAYPHl BBIYMTAHUS M3 MOJHOTO BOJHOBOIO IIOJISI JUIMHHOBOJIHOBOW
COCTaBJISIONIEH ObUIa MOJTy4eHa ME30CKOMUYECKasi CTPYKTYpa BOJTHOBOT'O MOJIsS
(Puc. 1.1B). MoXHO OTMETUTb, 4YTO JJMHHOBOJHOBAas COCTAaBJISION] asi,
(akTU4eCKH, SIBISIIOTCS COOCTBEHHBIMH MAPa3UTUUYECKUMH KOJICOaHUSIMU
HEJIMHENHOW LIETIOYKM KaK LEJIOM, BBI3BAaHHBIE MOIIHBIM TEIUIOBBIM YIAapOM B
MOMEHT NPUCOEAUHEHMSI TEpMOCTATOB. [I0CKOJIIBKY B Ha4aJbHOM COCTOSIHUU
LENOoYKa HaXOAUTCS IPU HYJIEBOM TeMrepatype, To 11 Hee 00a T epMocTara, U
HarpeBaTellb, M XOJOJWIbHUK SBISIOTCS «TrOpsYMMU». Takue KojebaHus
€CTECTBEHHO HHUBEJIMPOBAJIA TOHKYIO CTPYKTYPY BOJIHOBOTO TOJISI LIEMTOYKH.

OTtdunbTpoBaHHbIE BBICOKOYACTOTHBIE MOJIBI (puc. 1.1B)
pacnpoCTpaHstOTCs TPUOIU3UTENBLHO OJIMHAKOBO B OOOMX HAIPABIICHUSX, YTO
BBI3BIBAET COMHEHHE B MX IPUYACTHOCTH K OJHOHAIIPABIECHHOMY IIEPEHOCY
tera. OO0 3TOM CBHUAETENBCTBYET M HEMOCPEACTBEHHBIN pacyeT TEIIOBOro
notoka (puc. 1.1r). 37mech YeTKO BBIACTSIOTCS JIOKAIW30BAHHBIE BOJIHBI,
KOTOPBIE UMEIOT SICHYIO TEHACHIIMIO K IEPEHOCY TEIIA B OJHOM HAINPABJICHUU.

Eme ogun ¢axT, CBA3aHHBIA C TEIUIONPOBOAHOCTHIO, 3TO aHOMAJIbHO
HU3Kas pelaKcauus TEIJIOBOrO PeXUMa B CBSI3H C IMIPUCOCIUHEHUEM CHCTEMBI,
HaxOoJAUICHCs IMPU HEKOTOPOM TEMIIEpaType CHUCTEMBI, K TEpPMOCTATy C
HyJieBor Ttemneparypou [31-33]. Mexanu3m Takoro 3aMeJyuIeHHs aBTopsl [31-
33] cBA3BIBAIOT C  AKKyMYJSILMEH 3HAYUTENIIBHOM JIOJIM JHEPTUU B
JONTOKHUBYIIUX W MEMJICHHO TNepeABuraromuxcs Opuszepax. Bnauane
TEIUIOOT/Ia4a OCYILECTBIIAETCS 3a CUET OBICTPO MEPEIBUTAIOLINXCS (DOHOHOB.
[lo Mepe TOro, Kak OHU MOKUJAIOT CUCTEMY, SHEPIHUsl (POHOHHOT O JIBUKCHHUS
BHOBb TOMNOJHSIETCA 3a CUET Jerpajallii OpU3epoB, UTO YBEIUYMBAET BPEeMs
TEIJIOBOW PEJIAKCAIIMN CUCTEMBI.

MHorue cBOHCTBa HEJIMHEHHBIX CUCTEM O0YCIIOBIIEHBI CYILIECTBOBAHHEM
JIOKAJIM30BaHHBIX cocTosiHUM [25]. B pesynbTare cinyvaiiHoit komOuHanuu a3
HEKOTOpbIE Tpynmnbl (OHOHOB MOTYT 00pa3oBaTh BBICOKOAMILIUTYIHBIE
(GiykTyalluu € NPOCTPAHCTBEHHOM JIOKaNIM3alMeld TMOpsAAKa IOCTOSHHOU

pemietkn [2]. HenuHEMHOCTh MOXKET 3aMEIJIUTh WX pachaj, MPUBOIS K
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06pa30BaHI/IIO AOJITOKUBYIIIUX COJ'II/ITOHOHOZ[O6HBIX CBSI3aHHBIX COCTOsSHMI. B

OTJIMYME OT COJMTOHOIOJ0OHBIX BO30YKJICHHUI THNA IIEIEBBIX COJUTOHOB B
¢oToHHBIX KpucTayyax [34] u Opu3epoB (WM BHYTPEHHUX JIOKAITM30BAHHBIX
Moxa) [35-39], pacmpocTpaHSIONMXCS C Majod CKOPOCThbIO, TaKOTO COpTa
GiaykTyauuu — SBJSIOTCS  HENMHEHHBIM  00o0OIIeHHeM (OHOHHBIX  MOJ,
AKyCTMYECKUMHU  COJIMTOHAMH,  PACHPOCTPAHSIIOIMIMXCA CO  CKOPOCTBIO
MPEBBIIAIONIEH CKOPOCTh 3BYKA.

Kak wu3BecTHO, HeIWHEHHBbIE BOJHBI O0JAAAIOT  CHOCOOHOCTBHIO
norjouiarh JHEpPrur0 ciabbix BouH. Hampumep, Takas crnocoOHOCTh
MPOSIBIISUIACH MPU B3aMMOJCHCTBUM CUJIBHBIX M cialObix OpusepoB [ 40]. Ha
OIIY—uenoykax aHaJlOTMYHbIM d3(QexT HaOmomgancs s XaoTHYECKUX
Opu3epoB, KOTOpbIE BO3HHUKAIM TpH pacrajne =n -Moisl [41]. Ha nHawampHOM
JTane KOHLIEHTpalUsi SHEPTrMu B OTAEIbHBIX Opu3epax pacTeT 0 Takou
CTENEHU, YTO B HEKOTOPHI MOMEHT BPEMEHHM B IIEMOYKE OCTAETCS TOJ bKO
OlMH Opu3ep C DJHEprueil paBHOM TMOYTH BCEW HHEPruu cucremnl. B
OTCYTCTBUU NHTAIOLIEH €ro «cpeabl (POHOHOB» OH PACHaAaeTcs, MOCIE Yero
CUCTEMA MPUXOJUT K PABHOBECHOMY COCTOSIHUIO.

Heckombko ~ TUIOB  COJMTOHOINOJOOHBIX  BO30YXKAECHUH  ObLIM
OoOHapy>KEeHbl Ha aKyCTHYECKUX LENOY KaX C aHTapMOHUYECKUM MEXY3eJIbHbIM
notreHuuanom. Jto O6pusepsl B OIIY nenoukax ¢ norenuuanom 2—4 [36,39],
KOTOpBIE MPEACTaBISIIOT COOOW MEPUOJUYHBIE BO BPEMEHHM MPOCTPAHCTBEHHO
JIOKQJIIN30BAaHHBIE OJHONAPAMETPUYECKHE MOJBl C 4YacTOTOM B KayecTBE
napamerpa [42]. Oto Temublie conutoHbl B DIIY wnemoukax, KOTOpbIE
MPEICTABIAIOT c000i cOoil (pa3pl B yCTOWUYMBOW MEPUOAMYHON BO BPEMEHU
pacmpeHHo HenuHeWHoW wmone [43,44]. B cBOOOJHBIX MOHOATOMHBIX
AKyCTHMYECKHX LIETIOYKAX C PEAJMCTUUYECKUM MOTeHIMaIoM Jlennapaa -/[»xoHca
win Mop3e Opuzepbl He HaOmoAaduch, 0Ooinee TOro coriacHo [45] ux
CYLIECTBOBAaHME B TaKuX LEMouykax 3ampemieHo. OpHako, NpU HaIUYUU

BHEIIHETO MEPUOANYECKOTO IOl TAKOW 3anpeT cHuMaercs | 46-48].
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Henuneiinbie cBoiicTBa KpHCTﬂJIJIH‘-ICCKOﬁ PCIICTKNU MOTYT YCUIIMBATDH

TEIJIOBbIe UIYKTyaluu B (popMe HETMHEHHBIX BOJIH, OpU3EpOB, aKyCTHUECKUX
COJINTOHOB U JIp., YTO MOXKET CYIIECTBEHHO TOBJIMATH HA MPOLECCHI
CTPYKTYpPHOW TMEpPECTPOMKA M MPOYHOCTHBIE CBOWCTBA TBEPAbIX Tei. Jlms
W3YUYEHHSI 3TOTO BOIPOCAa JOCTATOYHO OrPAHUYHUTBHCS CaMbIM HUKHUM
YPOBHEM  MHUHUMAJIUCTUYECKUX MOJIEIECH — HEIMHEHHOW  LEHOYKOM.
B03M0OXXHOCTh KOHIIEHTpAIuu SHEPruu (QIyKTyaluii B COJMTOHOMNOIOOHBIX
BO30YXKACHUSIX OYyJET PacCMOTPEH METOJlaMU MOJICKYJSPHOW IUHAMHUKUA BO
BTOpOM pazzaene. M3yuenue »storo Bompoca Ha 2D u 3D momensx
KPUCTAIMYECKUX PEHIETOK C TMPUBJICYEHUEM CEPUMHBIX KOMIIBIOTEPOB
COTIPSKEHO € OOJIBITMMU 3aTpaTaMy BBIYUCIUTEIBHBIX PECYPCOB, UTO CBSI3aHO,
KaK C YBEIUYCHHEM Pa3MEPHOCTH, TaK M ¢ Oojiee MEIJICHHON IUHAMHKOU

PCIIaKCAIMOHHLBIX TIPOHCCCOB B 9TOM CJIydac.

1.1.3. Cea3b mennosoco 08udiceHUs C NPOUYHOCIBIO MAMEPUANA .

CornacHO KMHETUYECKUM NPEACTABICHUSAM IEPECTPONKA CTPYKTYpPhl U
pa3pylieHue TBEPAOrO Tella MOJ BHEUIHUM BO3JCHCTBUEM IMPOUCXOIUT B
pe3ysbTaTe pa3pbiBa TEIUIOBBIMU (IIYKTyallUsiIMA 3JIEMEHTAPHBIX CBSI3EH,
BO3HUKHOBEHUSI W HAKOIUICHMSI pa3IMYHOTO poja JaAedexToB. BaxHbiM
SBJISIETCS TO, YTO (PIIYKTyariu JI0 JHKHBI OBITh JOCTATOYHO OOJBIITMMU, TAaK KaK
Maibple  GQIYKTyallud HE TPUBOAAT K HEOOpAaTUMBIM  CTPYKTYpPHBIM
u3MeHeHusM. Jlonsi BBICOKOHEpPreTHUecKuX (uiykTyaruii OyJeT BbIIE B
HEJIMHEWHBIX  KpHUCTaJUlaX, TaK KaK B HUX MOTYT  BO3HUKAaTh
COJIMTOHOIIOI00HBIE BO30YKJIEHHUSI, KOTOPHIE MO CBOEH MPHUPOJIE SIBISIOTCS
BBICOKOSHEPI€TUYECKUMMU.

Pa3pbiB  anemMeHTapHON  CBSI3M  MOXKET OBbITh  MPOMOJICITUPOBAH
OJTHOMEpHOW CTpyHOM wuiam nenoukod (puc. 1.2) [14]. Pa3pwiB nenouku
OCYIIECTBIISIETCSI B TOT MOMEHT, KOTJIa B pe3yJbTaTe TEIUIOBOM (UIyKTyaluu
BJIOJIb HEE TTOOEKUT BOJIHA C aMILIU TyJON OOJIbIIE ONMpPEICICHHON BETUYUHBIL.

HOZIC‘-ICT TaKHX (I)HYKTyaI_II/IfI B  KJIAaCCHUYECKOM TCOpUN  MPOYHOCTH
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OCYHICCTBJIACTCA UCXOAA M3 PABHOBCCHOT'O PACTIPCACICHUA FI/I66C3., KOTOpOC

HE YUUTHIBAET BO3MOYKHOCTHU CIIOHTAHHOT'O BO30YXJIEHUS
BBICOKOAHEPIeTUYECKUX aKyCTHUECKUX COJIUTOHOB.

PaccmoTrpenne cBoiicTB (POHOHOB M BBICOKOIHEPTETUUYECKUX COJMTOHOB
BAXHO U B JIPYrOM OTHOLIEHUH. M3BECTHO, 4TO BOJM3HM TeMIIEpaTypbl
(azoBOrO Mepexosia BO3HUKAIOT KOOMEPATUBHBIE SIBJICHHSI, BBIPAXKAIOIIUECS B
BO3pacTaHue paauyca Koppensuuu. Ha QOHOHHOM s3bIKE 3TO O3HAYaET
reHepaluio JJIMHHOBOJIHOBBIX (DOHOHOB MIJIM CMEIIEHHE MaKCUMyMa CIIEKTpa B
JUIMHHOBOJIHOBYIO 00sacTh. Ecnu paspylieHue TBepaoro Tena noj AeHCTBUEM
HaNpsKEHUI paccMaTpuBaTh Kak (pa3oBblid Epexol, TO (PU3MUECKU CMEIIEHUE
CIEeKTpa B JUIMHHOBOJHOBYIO 0O0JacTh MposiBisieTcss B (opMe 3BYKO BbIX
CUTHAJIOB aKyCTHMYECKOM BSMHCCHUM. MeXaHM3M CMEIEHUs! CHEKTpa MOXKET
UMETh HECKOJIBKO KaHaJIOB Ha MHKPOCKOMMYECKOM, ME30CKOIMHYECKOM H

CTPYKTYPHOM ypOBHsIX [49].

Puc. 1.2 Cxema TepMOQIyKTyallMOHHOTO pacmaja MEXaTOMHBIX CBsI3€d B
HampsHKEHHOM TBEPAOM Telle: a — MCXOJHOE COCTOSIHME CBsi3u; O —
HaMpsKEHHAas CBSI3b B OKUJAHUM (IIYKTyaluu; B — (DIyKTYallMOHHBIN pa3phiB

CBSI3U; T — BHEIILIHSS CUJIa Pa3BUTAET PACCOCIMHEHHbBIE aTOMBI [ 14].
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1.1.4. Memoowvr  monexynapuou  ourHamuku.  KOMIBIOTEpHBII

skcnepuMeHT DIIY [1] mpowsumtocTpupoBan, YTO NPUHIUIIMAIBHO HOBBIC
3HaHUS MOKHO TMOJTYYUTh HE TOJbKO AaHAIUTUYECKUM Ty TEM.

OguuMu U3  TEpBBIX  OOBEKTOB  KCCIEJOBAHHBIX  METOJAMHU
MoJieKyJisipHOM jauHamuku (MJ]) Obutd KjacTepbl aTOMOB aproHa M JPyrUX
uHEepTHHIX razoB [17, 50-54]. BzaumoseiicTBue aTOMOB OJIarOPOJHBIX Ta30B B
KUJKOM U TBEPAOTEIBHOM COCTOSHHM JIOCTATOYHO TOYHO OIUCHIBAETCS

MMapHBIM IMOTCHIHXAJIOM MCKATOMHOT'O B3aHMOHeﬁCTBHH HeHHapn —I[)KOHC&

12 6

U =E|| 2| —of 2] ] . (1.9)

Ty Ty

3necy Ep— dHeprusi CBsi3H, ¥y — PABHOBECHOE PACCTOSHUE JIsI JBYXaTOMHOM

CUCTeMBI, , =[(x,-x }+{ -1, )+ -z ] — PaccTosHne MEXIYy YaCTHIAMH C

HOMEpaMH [ U j, U JEKapTOBBIMU KoopauHaTtamMu X;, Y, Z;, X;, Y, Z,.

C noMompl0  3TOr0  MOTEHIHMAada  OCYILIECTBICHBI  PAacUEThl
TEPMOJIMHAMUYECKUX XapaKTEPUCTUK CPABHUTEIILHO OOJBIINX cuUcTeM (B
HacTosimee BpeMs 1o 1 muH. wactuil) [S53], anpoOupoBaHbl pa3zIudHbIC
CIOCOOBI YUCIICHHBIX PAacYETOB CBOMCTB — TEMIIEpATyphl IuiaBiieHus [55-59],
teroémkoctu [ 60, 61] u ko3 dunuentoB camoauddysuu [52, 54] u T.x1.

CyliecTBylOT W JIpyTH€ LEHTPAIbHO CUMMETPUYHBIC TMOTCHLHAIBl —

YUCTO OTTAJIKMBAIOIIMKM CTEIIEHHOM MOTeHIMal [ 62, 63]

n

U =E|2]|, (1.10)
noreHuain Mopse

U} = E,exp| -2y Doy =2expl -y 2-1] L, (1.11)

ij ij

OTTAJIKUBAIOIIMI noTeHuuan ['aycca

US = Eyexp|-| 2| |, (1.12)

T
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KOTOPBIC TaKXEC JaroT HEIIIIOXOC OIMUCaHUC CTaTUCTHYCCKHUX

3akoHOMepHocTed. Hampumep, uTOOBI MNOMYYUTH YpPaBHEHHE COCTOSIHMS
MIPOCTBIX KUIAKOCTEN JTOCTATOYHO MPOBECTH PACUYETHI C ITUMHU MOTEHUIMATAMHU
Ha MAacCHMBE OJlHA, JBE THICSYM YaCTUL, YTO YK€ MOJ CHIy OOBIYHBIM
(cepuiinbiM) KommbioTepaMm [62]. Bo3MOXHBI Takxke 0oJiee pealuCTUYECKUe
MOTEHUHUANbI, COYETAIOLIME OTTAJKHUBAIOLIYI0 Ya CTh NOTEeHUHala B (opMme
SKCIIOHEHIIMAIIbHOW 3aBHUCHUMOCTH OT PACCTOSHUS W MPUTATHBAIOUIYIO €r0
yacTh B (hopMe CTENEHHOW 3aBHUCUMOCTH (CM. paznen 2). B 1o xe Bpems
3aMEUYEeHO, YTO CTAaTHCTUYECKHE 3aKOHOMEPHOCTU CJIa00 3aBUCAT OT JeTajen
MOTEHIMAIa B3aUMOJCWUCTBUSA, IOSTOMY B OOJBIIMHCTBE TEOPETUUECKHUX
UCCIIEZIOBAHUH TOJIB3YIOTCS HarboJiee MpocTol, creneHHon opmoit Jlennap -
Jlxonca (1.10). TouyHee BCero ULEHTPAJIbHO-CHMMETPUYHbBIE MOTEHIUAIIBI
MOJIXOJAT JIJIsl ONMCAHUs KPUCTAJUIOB OJIarOPOJHBIX Ta30B, HO B MeTaJlIax, e
JCUCTBYIOT HEHAIIPABJICHHBIE CUJIbL, OHU TAaK)X€ MOTYT OBITh HCIIOJIb30BAHBI,

O0COOCHHO, 15 «OJIArOPOAHBIX» METAJUIOB — ME]lb, 30JI0TO U T.]I.

BaxxHoe TpyAHONPEOAONIMMOE OIpaHUYEHUE MOJIEKYJSIPHON JTUHAMUKU
— MacITaOHBIA (paktop. [ake 4uCICHHBIE MOJENU, COCTOSALINE U3 MUJUTMOHA
aTOMOB, B MaKpOCKOITMYECKOM MAacIIT ade MOAETUPYIOT OYE€Hb MaJible 00bEMBI
marepuana, nopsaka 200-300HM B MONEPEYHOM CEUEHUM B MEpECUYETe IS
KyOudeckoro oOpasna. Bo3Hukaer BONpoc O COOTBETCTBUM SIBICHUM
u3ydaemMbix MeTogamu MJ] u uxX peanpHBIX TpoTOTHIOB. M 31€Ch MMeroTCs
TPYJHO YCTPAaHHUMBIE MPOTUBOPEUMSI, KOTOpPHIE MOKA3bIBAIOT OIPEACICHHYIO
OTHOCHUTEIFHOCTh PE3yJITaTOB MOJCTUpOBaHMA ¢ mpuBiedeHuem MJI. Oaun
U3 TaKUX MOMEHTOB CBSI3aH C HEHU30€KHBIM BO3PACTAHHEM TEMIIEPATYPbI
CUCTEMbl B HpOLECCE JOOOr0 HMHTEHCUBHOTO BHEIIHEIO0 MEXaHHYECKOTO
BO3/ICHCTBUS. JleHCTBUTENFHO, BHEMIHSS paboTa MPHUBOJAWT K YBEIHMUYCHUIO
BHYTPEHHEH JHEPTUM CHUCTEMBI, a MPH HATUYUM HEOOPATUMBIX MPOIECCOB
HEKOTOpasi €€ 4YacTh MEpPEeXOJUT B DHEPIUI0 TEIJIOBOro ABMkeHusd. Ecnu
CHUCTEMa H30JIMPOBaHa, TO 3TO YacTb HE MOXET NOKHUHYTh CHCTEMY, 4YTO

MPUBCACT K TOCTOSHHOMY POCTY T CMIICPATYPHI.
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I[J'ISI MOJCIUPOBAHUSA  U30TCPMUUCCKUX  IIPOLCCCOB  pPa3IMdYHbIMHA

crioco0aMu OTOMPAIOT M30BITOK SHEPTUH, MEpeleaeil B TEIUIOBYIO GopMy.
[IpocToii 0oTOOp SHEpruu, HANpPUMEp, NYTEM MNEPUOAUYECKOTO OOHYJICHHS
KUHETUYECKON SHEpPruM, HapyllaeT raMUIbTOHOBOCTh CHUCTEMBI, YTO C TaBUT
MOJI COMHEHHE 3aKOHHOCTh Bceil mpoueaypsl M/ moxaenupoBanus. UtoOb
n30exarp 3toro I'yBepom u Hoy3om Obuta mpeasioskeHa MOJENb, B KOTOPYIO
BBOJSTCSI JONOJHUTENbHBIE OOOOIICHHbIE MEPEMEHHBIE, XapaKTEePHU3YIOIIUe
TEpMOCTaT, M  KOTOpble (OPMaNbHO  TOAUYMHSIOTCS  COOTHOLICHHUSIM
['aMuIbTOHA, TO €CTh, 3aKOH COXPAHEHHsS] SHEPTUU BBIIOJHIETCS B pamMKax
0000menHoil cucrembl. OAMH U3 BapUaHTOB YpPaBHEHUH sl pacUIMPEHHOU

CHUCTEMBI UMeeT BUJ [ 53, 64-67]:

g =2 (1.13a)
m,
v, Py (1.136)
aq, 0
py=> Ph 3Nkt (1.138)
=1 My
P
n=to 1.13r
0 (1.13r)

r1€ g, — KOMIIOHEHTBl KOOpAWHAT 4Yactul, /=12,..,3N TaK, 410 ¢, ,=4X,,
45,=Y,, q5,=Z,, i — HOMEpa 4YacTHll, p, — KOMIIOHEHTBI UMITYJIbCOB YaCTHII,
2U =ZUU , M, p, — 00OOILEHHAs KOOPAMHATA M MMILYJIbC, OIPEIEIAIOLINE

2
COCTOSIHME TepMocTaTa, ( — TapaMmeTrp pa3MepHOCTH SHepruu™(Bpems)”,

XapaKTepI/BYIOH_[I/Iﬁ Cuiy CBA3UM MCKOAY HCCHCI[yeMOﬁ HOI[CI/ICTCMOﬁ u
TCPMOCTATOM.

D PeKTUBHBIN TaMHUIIBTOHHAH PACITUPEHHOW CUCTEMBI UMECT BHI:
3N 2 2
H(p’q,pn,n)=U(q)+zp—’+p—“+3NkT (1.14)
“om, 20

OTcroaa BHIHO, YTO MapaMeTp @ XapakTepu3yeT MHEPIIUIO TEPMOCTaTa,

yeM OOJIbIIE D3TOT nmapameTp, TEM OOJIBIIMM O BEJIWYHMHE TCpMOCTAT

MPUCOCOUHACTCA K CHUCTCMC. IIo OMpCACJICHUIO TCPMOCTAT HOJODKCH HMCTbH



24
OECKOHEUHBbIE pPa3Mepbl, NO3TOMY, YTOOBI TepMocTaT ['yBepa MOr BBINOJIHATH

9Ty pPOJib, BCIIMYNHA O IoKHA OBITH JO0CTAaTO4YHO ooubiIon. TOJBKO B 3TOM

cllydae cucTema He OyJIeT 3aMETHO HU3MEHSTh COCTOSIHHME TE€pPMOCTara, B TO
BpeMsl Kak TepMmocTaT OyneT Oojiee UIMTENbHO BO3JIEHCTBOBATh HA CHUCTEMY
IpU OJHUX M TEX XK€ MepeMeHHBIX cocTosHusA. CymMma B BblpaxkeHuu (13B)
yKa3bIBaeT Ha TO, YTO ACWCTBHUE TEPMOCTaTa «HACTPAUBACTCS» HA CPEIHIOIO
KUHETUYECKYIO SHEPTUIO BCEH CHUCTEMBI.

Crnenyer MomYepKHYTh HEKOTOPYIO YCIOBHOCTb JOCTHUTHYTOI'O TaKUM
MyTeM H30TEePMUYECKOr0 COCTOsIHUA. [10CTOSHCTBO TeMmepaTyphl B TaHHOM
cllydae O3HayaeT, 4YTO B IMPOLECCe C BO3MOXHBIM BBIICICHUEM TeEIia
uccllelyeMasi CcHUcTeMa 3aMKHyTa camMa Ha ce0s, U OHa HE MOXET
paccMaTpHuBaThCsl B paMKax HEKOTOPOTO INI00aJIbHOTO TEIIOBOTO IMpoLecca, B
KOTOPOM OHa YYacTBYeT, KaK YacTb HpPEACTaBUTEIBHOrO oObeMa BCEro
MaTepuana. GakTUYEeCKH, ITO O3HAYACT, YTO MIUIIKUA WINA ACPUIUT SHEPTrUu
TEIUIOBOTO JBUKEHHUA OyIyT HPUHATHI WJIA BOCIOJHEHBI OKpPYKAIOIIUM
00bEMOM, B TO BpeMsi, KaK TaM, B CUJIIy OJIHOPOJHOCTH INI00aJIBHOTO IMpolLiecca,
OyIdyT MpOTEKaTh TaKUE€ € MNPOLECChl C BBIACICHHUEM WM TOTJIOLIEHUE M
teria. [losroMy Takoe NPUCOEAMHEHHWE TEPMOCTAaTa O3HAYAET MTHOBEHHOE
BJIMSTHUE BHEIIHETO 10 OTHOIIEHUIO KO BCEMY MaTepHUay OKPY>KEHHs, TO €CTh
OECKOHEUHYI0 TEeIUIONPOBOAHOCTh MaTepuaia. VMMEHHO, 1Mo 3Toi HpuUyuHe
OCHOBHBIE HMCCJIEIOBaHMsI MO0 MOJIEKYJIIPHOW IHWHAMUKE B HacTosul el padorte
BBIMOJIHEHBl 0€3 MPHUCOEAMHEHUS CHUCTEMBbl K KaKOMYy -TMOO TEpMOCTary.
BoigenuBiiasicst B pe3yibTaTe HEOOPATUMBIX MPOLIECCOB TEIJIOTA OCTaeTCs B

CHUCTCMC U BJIMACT HA UX naﬂbHeﬁmee IIPOTCKAHUC.

1.2. CmpyxkmypHbvie nepecmpouxu Ha amoMapHOM YPOGHe

Haubonee BaXHBIMU ZIC(I)CKT&MI/I ATOMApHOro YypOBHA SABJIAKOTCA

JUCJIOKaIl1H. BHepBBIe ONpCACTABIICHUA O OUCIOKAIIHAX OBLIO BBCACHO

Boabtepoit B 1907r. kak o uucto Tomojorumdeckom Qenomene [68]. Ero
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MMPUMCHCHHUC K OOBACHEHHUIO INIACTHYECKOM ZIC(I)OpMaLII/II/I KpUCTAJLIOB OBLIO

ocymectBieHo OpoBanoM [69], Teitnopom [70] u Ilomsanu [71]. bonbmoit
BKJIaJl B Pa3BUTHE ITOro mpenacraBieHusi BHecnu Dpenkens [72], Broprepc
[73], ®pank u Pun [74], Xupw [75] u T.4. 1Ipy Hanuuum BIUSHUS APYTUX
nedeKToB  JTUCIOKAaUU O€3 COMHEHUS WIrPalT BEAyIIyH pojib B
OCYIIECTBJICHUH TUIACTU4YEeCKOU Nedop Manuu MeTayioB. OCHOBHBIC CBEJICHUS
MO JTUCJIOKAIUSIM MIPUBEICHBI B psiie MoHorpadwuit [12, 76, 77]. BaxHslii sTan
pa3BUTHS NPEACTAaBICHUA O JIMCIOKALMSX CBS3aH C  CO3JIaHUEM
KOHTHHyallbHOW Teopun [78-82]. KoHTuHyanbHOE oOmnucaHue, OJHAKO,
CIPABEIJIUBO TOJIBKO MPU OOJBIINX YJIaJICHUAX OT JUHUU JUCIOKAIIMOHHOTO
sJipa, 4TO HE MO3BOJISIET B paMKax TEOPUU OMHUCHIBATH TAKUE BAXKHBIC SIBJICHUS,
KaKk  B3aUMOJCUCTBUE  JUCIOKAalUA  HA  ONM3KUX  PACCTOSIHUSX,
JMCIIOKAIIMOHHBIE PEaKIuu U T.J. B 3TuX ciydasx HeoOXxoaumo mnpuderarhb
mubo Kk Oojee aneKBaTHOMY (PEHOMEHOJIOTUUECKOMY OIMCaHuIo, JHO0 K
KOMIIBIOTEPHOMY MOJEIMPOBAHUIO.

KonTunyanbHasi Teopusi JUCIOKAlMi KAa4eCTBEHHO, a B HEKOTOPBIX
CIy4yasiX ¥ KOJWYECTBEHHO, OIMKCHIBAECT TIOBEICHUE TBEPABIX TN TOJ
OoNBIIMMHU HaArpy3kamMu. B HacTosiiee BpeMsi TEOpHUsSl JTOCTHUIJIA BBICOKOTO
ypoBHA (opMalin3alii Npyu OMHCAHUM KaK OTICNbHBIX JUcCIoKanuii [ 76, 81,
83-88], Tak m ancamOneit nucinokamuii [ 78-80, 82, 89-92], B Tom uucie B
KOHTEKCTEe ux camoopranuzauuu [93-104]. B Toxke Bpems mpolecchl
POXKJIEHUSI, AHHUTWISIUM U B3aUMHOTO TPEBpAIICHUS JUCIOKAIMKN eIle
HEJIOCTaTOYHO HM3y4eHbl U MOHSTHL (Clab0 M3yuYeHBI BOMPOCHI, CBSI3aHHBIE C
W3MEHEHUEM CTPYKTYPHBIX COCTOSHUM  siiep JUCIOKalUid B MOJISIX
HaMpPsKEHUHM, YCTOWYMBOCTH COCTOSIIIMX U3 JUCIIOKAIMK HEPaBHOBECHBIX
TpaHUIl HAHO3EPEH, BOMPOCHI B3aMMOJCUCTBUS CTPYKTYPHBIX Je(EKTOB C
TEIJIOBBIMU (PITYKTYaILUsIMU U T.JI.

UccnenoBanue  CTPYKTYpPHBIX — TOIOJIOTHYECKHMX  JIe()eKTOB  Ha
OJTHOMEPHBIX HEIWHEHHBIX IIETI0YKaX METOAAMH MOJICKYJSPHOM JUHAMHUKU
HEBO3MOXHO. [loaToMy uis WX uU3yueHUs HEOOXOAUMO TMPUOETHYTH K

CIEeAyIOIIEMY Py MHUHUMalucThuueckux mojeneit 2D u 3D pemerok. B
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TPEXMCPHOM IIPOCTPAHCTBEC IOTH HPOHCCCHBI AOCTATOYHO CJIOXKHBI, IMO3TOMY

MIPEICTABIISIET UHTEPEC B HEKOTOPBIX CIydasiX pacCCMOTPETh UX B YIPOIIICHHOM
JByXMEpPHOM BapuaHte. J[uHamuka auciokainuii B 2D cuctemax B pa3inyuHbIX
nedOpMaIMOHHBIX TPolIeccax paccMaTpUBaaCh BO MHOTHX TEOPETHUYECK UX
pabotax [105-109]. [Ipu 3TOM Takue UCCICAOBAHUS HE CTaBSIT CBOEH LIEJBIO
MOJEIMPOBAaHUE KOHKPETHBIX MAaTE€pUajoB, a JHIIb 3a7ady I[OHSTh
KaueCTBEHHbIE OCOOCHHOCTH TOBE/ICHUS TUCIOKAINI Ha aTOMapHOM YPOBHE.

B pabGore [105] uccienoBaHo MNpPOXOXKICHUE uepe3 MOTCHIMAILHBI i
Oappep aromMa B sjApe ABUXKYIIEHCS OIMHOYHOW 2D nuciokanuu mnpu ee
MEepeMeIlIeHUd Ha OJIHO MEXaTOMHOE pACCTOSHUE B TIOJIE BHEIIHETO
HanpsokeHus. Bennuuna Gapbepa onpesensuiach Mo pa3HOCTH MOTSHIIMATIbHON
SHEPTUU B CEJIOBOM TOUYKE M €€ MHUHHUMAJIbHBIM 3HAYCHHEM IIOCIIe
3amMopaxxuBaHus cucteMbl. KoHurypaiys aToMOB B Ha4aJIbHOM M KOHEUHOM
cocrosiHusx siapa 2D nmucnokaruu (puc. 1 B pabdote [1 05]) umeer dopmy
MIEHTaroHa B OTJIMYKME OT BaKaHCHUU, JUIsl KOTOPOI XapaKTepHa reKcaroHaabHas
dopma. Tlo cytu aena, 310 oHA U3 MOAU(PUKAIUNA CTPYKTYPHOTO COC TOSTHUS
JICIIOKAIIHA, 0 YeM OoJiee o ApoOHO MONIET peub HUXKE.

B pa6ote [108] uccienoBanuck oguHOUYHbBIE U TapHble 2D aucnokarumu,
KOTOpbIE BBOAWIUCH B CUCTEMY YJIAJICHMEM aTOMHBIX PSIJIOB M MOCIEAYIOUIeH
peakcal CHUCTeMbl 4Yepe3 MPOMEXKYTOUHYIO CTaaui0 C YacTuyHou 2D
mucnokarueit. Hanpsokenus, neiicTBytomnue Ha 2D quciokanuu, co3aaBaiuch
BCJIC/ICTBUE HECOOTBETCTBUS pelieTok. B HauambHOM coctosiHuu mapa 2D
JMCIIOKAIMA C TUIOCKOCTSIMU CKOJIBKCHUS TMapajuieIbHBIMU TpaHuIle Obuia
BBe/IeHa "pykaMu" B TIO/JIOKKE HA HEKOTOPOM PACCTOSHUU OT TPAHUIIBI, B T O
BpeMsi KaK SHEPTreTHYEeCKH O00Jiee BBITOJHBIM SIBJISIETCS pa3MEIEHUE TaKUX
JMCIIOKAlM HEMOCPEJCTBEHHO Ha rpanuie (cMm. puc. 3.5 paborsr [108]).
Penakcanus cuctembl 3a cyeT mpsiMoro mepemenieHus 2D gucnokanuii K
TpaHUIIE HEBO3MOXKHA BCJICJICTBUE 3aJaHHOM OpPUEHTAllMM MX TUJIOCKO CTEH
ckoybkeHus. [loaToMy BHawane MpPOTEKAeT peakiusi MEXIy Mapoi
JMCIIOKALMI ¢ TIOBOPOTOM IIJIOCKOCTEHM CKOJIbXKEHUSI, U JIUIIh TOTOM OJIHA U3

HUX BBbIXOJUT Ha TpPaHUILY. 3areM OHHU CHOBa BCTYIIArOT B PCAKUULO,
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BOCCTAaHaBJIMBasA OPHUCHTALIUIO IUIOCKOCTEH  CKOJbKCHUS HapaHHeHBHOﬁ

rpanune. KoHedHO, Takas peakuus OKa3ajach BO3MOXHOW BCIIEJICTBUE
yIa4HOTO BHIOOpa HayajdbHBIX YCIOBUM 3agaun — 2D nuciokauuu B mape
pa3HeceHbl MMEHHO Ha  HEOOXOAMMOE  pacCTOSHUE,  HANpsSKEHUs
HECOOTBETCTBHSI OKA3AJIMCh JTOCTATOYHBIM JUIsl HTHULIMUPOBAHUS 3TUX PEAKLMM
U T.J.

B paGore [108] He aHaIU3UPYIOTCS OCOOCHHOCTH CTPYKTYPHBIX
cocTostHuM 2D nuciokanuii B MpOLECCe ABMKEHUS U PEAKIUN, HO, CYIs IO
IIPUBEJACHHBIM PUCYHKaM, OHH HAXOJATCS B MHOM CTPYKTYPHOM COCTOSIHHH,
yeMm aHanoruunble 2D nucnokamuu B pabore [105]. A uMeHHO, sapo
JUCIOKAlMM HE JIOKaJM30BaHO B (opMe TNeHTaroHa, a paBHOMEPHO
pacnpesieNieH0 BIOJb IIOCKOCTH CKOJbXEHUS. |IpHunMHBI BO3HMKHOBEHMS
Pa3IMYHBIX CTPYKTYPHBIX COCTOSIHMM, HEKOTOPBIE CBSI3aHHBIE C HHUMH
0COOEHHOCTU U 3aKOHOMEPHOCTH, & TaKXKe B03MOJCHble TOCIENCTBUS JUIS
(UMK HAHOMATEPUAJIOB SIBJISIOTCS IMPEIMETOM HCCIEIOBaHMS HACTOSILEH
paboTsI (cM. pazaensl 3.2 u 3.3).

MeTonbl MOJEKYISPHON AVMHAMUKU IO3BOJISIOT in-Sift UCCIEN0BATh U
JPyTHE acCIEeKThl MEPECTPOMKHU CTPYKTYPhl TBEPAOIO TEJIa IPU WHTEHCUBHBIX
BHEUIHMX BO3AeUCTBUsAX. VcTopruuecku nepBbIMU OOBEKTAM U MCCIIEIOBAaHHBIE
Metogamu MJI ObUTM 3ajauu Ha pagUallMOHHOE MOBPEXKACHUE, KOTOpBHIE,
BCJE 3a WCCIEJOBAHMEM TEIUIOBBIX 3¢ (}EKTOB, SBISAIOTCS Haubosee
MPOCTBIMM B IUIaHE TexHuyeckoro ocymectsiaenus [110-114]. Yacro
MPEJCTABIIAET HMHTEPEC HAXOXKICHHE PAaBHOBECHBIX KOH(Hrypanuil aTromoB,
JUISL YETO UCIIOJIb3YETCSl CTATUYECKUI BapUAHT METO0/1a, B KOTOPOM COOCTBEHHO
JUHAMUKA WIPAET TOJBKO BCIIOMOTATENbHYIO pOJIb, KaK PEJIAKCALIMOHHBIN
IpoLEece K HyJIeBbIM Temriepatypam [1 15].

CoBpeMEHHBIE BO3MOYKHOCTH BBIYMCIIMTEIBHON TEXHUKU IO3BOJISIOT
CYLLIECTBEHHO YBEJIMYUTh pa3Mep MCCIENYyEMBbIX METOAOM M/] aTOMapHBIX
cucTeM ¢ umcioM dyactur mopsiaka 10°— 107 [116, 117]. B To xe Bpems,
CUCTEMBl C TAaKMM OIPOMHBIM YHCJIOM YaCTHIl JIMIIAKOTCS TJABHOTO

npenuMynieCTBa YUCJIICHHOTO MOACIIMPOBAHUSA — HATTISITHOCTHU. TCOPCTI/I‘-ICCKI/I B
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TakoM crioco0e OmMcaHMs JOCTYyIHA JAeTajbHeWmas uHpopMaius 000 BcexX

YaCTUIAX CHUCTEM — IMOJIO)KEHHHM YacTHUIll, UX CKOPOCTSAX JIBHXKCHUS, CHJIaxX
JNEUCTBYIOIIMMHU MEXKy JIOOBIMHU IMapaMy 4YacTUIl U T.A. B JIFOOOH MOMEHT
BPEMEHHM, YETO HEJb3s1 CKa3aTh O PEAIbHOM 3KCIIEpUMEHTE. B TO ke Bpems 3ta
uH(popmaIusi ocTaeTcsi OECoIe3HON TaK, KaKk €€ TPYJHO OXBATUTh U C €€
MOMOIIIbIO TPYAHO COCTABUTH LIEJIOCTHYIO KAPTUHY TOTO WJIM UHOTO SIBJICHUS.
@DaKkTUYECKH, TPYJHOCTH  CTOSIUME  3/E€Ch  MEpel  HCCIIEIOBATENIEM
OKa3bIBAIOTCSI HE MEHBIIIUMH, YEM B PEATBHOM 3KCIIEPUMEHTE.

Hekoropsiit  BbIXOA  MOXKET ObITh HalIecH B  NPUMEHCHHUU
CTaTUCTUYECKUX METOJIOB TMPE/ACTaBlIieHUs WHGOPMAIIMKM, HO 3/IeCh TaKkKe
UMEIOTCSI  HeMajble  TPYJIHOCTH, CBS3aHHbIE C  OOOCHOBAHHOCTHIO
MPUMEHUMOCTH  CAMMX  CTAaTUCTHYECKUX METOJOB JUII  KOHKPETHBIX
TMHaMUYecKuX cucteM. [1oaToMy 37eCch HEOOXOIUM HEKOTOPHI KOMITPOMHUCC
B BbIOOpE pa3Mepa CHUCTEMBbI, YTOObI BBIYMCIUTEIBLHYIO SIUEUKY MOYKHO OBLIO
OTOXJECTBUTH C MPEACTABUTEILHBIM 00bEMOM M3y4aeMOTO SIBJICHHUS, U YTOOBI
3a/laya OCTaBajlach Kak MOXKHO 00Jiee MPOCTOM.

Ongna w3 BaxHBIX 3a7a4  (GU3MKKA TBEPJAOTO Teja CBA3aHa C
WCCIIEJOBAHUEM CBOMCTB TBEPJBIX TEJN C MNOMOIIbI0 MHACHTUpoBaHUs [1 18-
121]. WnaeHTOp B 3aBUCUMOCTH OT €ro (opMbl CO3/a€T KOHIEHTPAIHIO
HaMpsKEHUM, KOTOPhIE B JIOCTATOYHO Y3KON 00JIaCTH aKTUBHUPYIOT JIEHCTBUE
pa3IMUHBIX IUIACTUYECKUX MeXxaHu3MoB. [lo pesynpraram oOCTaTOYHBIX
SBJICHUM, TO €CTh, MO (oOpMEe U BEIUYMHE OTMEYaTKa, OIPEACISIOT
CTPYKTYpHbIE OCOOCHHOCTHM TBEPJOTO TeJla M €ro CBOMCTBA, MEXaHU3MBI
iacTuyeckon aepopmanuu. MogenupoBanue weronamu  MJ/] mponecca
HAaHOWHJICHTUPOBAHUS SIBJSICTCS JOCTATOYHO HECIOXKHOM C TEXHUYECKOU
TOYKM 3pEHUsl 3a/Jadeil, K KOTOpOM TMO3TOMY YacTo Npuberaror s
UCCIeI0BaHUsI OCOOCHHOCTEN MUKPOCKOMMYECKUX MPOIECCOB, MPUHUMAIOIINX
ydactve B JOpMUpPOBAHUU OTIIEUATKA.

OnpenensieMass ¢ TOMOIIBIO HAHOMHJECHTHUPOBAHHS MHUKPOTBEPIOCTD
Marepuana, Kak OTHONIEHHWE TNPWIOKEHHOW Harpy3kd K IUIONIaAu

MMOBCPXHOCTH OTIICYATKA, HC UMCECT CIIC YEeTKOM (bH3H‘lCCKOfI HUHTCPIIpCTALINN,
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TaK KaK €€ TpyAHO OJHO3HAYHO CBA34Th C OOAHHUM KaKUM -1100 (I)I/I3I/I‘-ICCKI/IM

npoueccom [120-122]. D10 o00ycioBaeHO cHEUUPUKON HAMPSKEHHOTO
COCTOSIHMSL TOJ HMHJIEHTOPOM — B OOJIACTH OTIEYaTKa HAampsHKeHUs
MPEBOCXOIAT MpeAes TEeKy4eCTH B COTHHU pa3. VIHTEHCHBHOCTh BO3JEHCTBUS
CTOJb BEJIMKAa, 4YTO B 00JacTH UWHACGHTOpa OOHApyXHUBaeTcid Jaxe
(dopmupoBanue amopgHoro cocrosinus [ 123].

OOumMm TpeOoBaHMEM NpU HAHOMHICHTUPOBAHUU sIBIsieTCs Ooiiee
BBICOKasl JKECTKOCTb MarepHaja HHAECHTOpa MO CPaBHEHUIO C JKECTKOCTBHIO
ucciegyeMoro oorekra. C 3Tol 11eNbl0 aTOMHBbIE KOH(PUTYpalUd HHAEHTOpa
IpU MOJEIUPOBAHUM TMpolecca Merogamu M/] BbIOMparoTcs aOCOIIOTHO
KECTKHMH, YTOOBI IOJHOCTHIO UCKIFOYUTD BKJIAJ] ATOMOB MHICHTOPA B OOIIYIO
SHEPTUI0 uccienyemoil cucrembl. B pabote [124] ans M/] monenupoBaHus
cucteMbl GaAs Obl1 BEIOpAH TETParoHaIbHBIH 0Opasel pazmepoM 399.6 A4 -
401.4 A - 139.9 A, uro cocraBuno 100-71-35 snemeHTapHbIX sueek. Kaxmas
AIIEMEHTapHasl sSUYelKa TakKe IMPeACTaBisieT cOOOM TEeTparoHAIbHYIO MPU3MY
wi T'I{K cTpykTypy ¢ pasmepoM cTopoH 3.997 A - 5.653 A - 3.997 A, n
COJCPKUT YEThIpE aToMa TaK, YTO CYMMAapHOE YHCIO aTOMOB COCTaBIISET
noytd MWUIMOH. COOTBETCTBYIOIIAsA €l KyOumdeckasl siueiika MMeeT pasmep
cTopoHbl Kyba J5.6534, a paccrosHme Mexmy OMMKAHIIMMHE COCENAMH
cocrasisier 2.45A, sueiika coepuT 8 aTOMOB.

B 3TOM KOMIBIOTEPHOM IKCIEPUMEHTE CTPOSITCS TUarpaMMbl Harpy3KH -
pa3rpy3KH, Kak 3aBUCUMOCTb MPUJIOKEHHOM CHIIBI K MHJEHTOPY OT BEJTUYHUHBI
nepeMenieHus (BHeApPEHMsI) nocaeHero B TBepaoe Teino. [Ipu MakcuManbHON
riryOMHE TPOHUKHOBEHUS MHJEHTOpa NpuOmM3uTensHo 45 A ocratounas
rryOMHA OTMeYaTKa cocTapisna NpuonusutensHo 23 A. JIUCIOKalMOHHBIH
aHanu3 B paboTe MPOBEAECH BeChbMa MOBEPXHOCTHO HAa YPOBHE BU3yalU3alluU
TPEXMEPHBIX KApTUH W BIIOJHE WUIIOCTPUPYET T€, TPYIHOCTU aHAIN3a
OOJIBILIUX CUCTEM, O KOTOPBIX IIIJIa peYb BbI I1IE.

Te e camble TPYIHOCTH aHajIM3a JUCIOKALMOHHBIX CTPYKTYp Ha

OoJbIIMX cHUCTEMaxX NEeMOHCTpHpyroTcs u B padore [l 25]. 3aech, omHako,
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BBOJIUTCSl TIOJIe3Hast popMyJia, MO KOTOPO ompenensiercss BekTop broprepca

JUTSL K&KJIOTO aTOMa, TaK Ha3bIBAE€MbIil, BEKTOP CKOJIBXKEHUS 5, :
_ 1 & .
=20 -7) (1.16)
N nn J#
rae N,, — 4ucio OmmKaimumx cocefei, 7' — paauyc BEKTOp 10 j-IO aroMma B
CHCTEME KOOPJIHMHAT (-I'0 aTOMa B MCXOIHOM COCTOSHHH, 7; — TO XK€ CaMO€ B

TEKyIIeM COCTOSHMU. Eciu B mpoleaypax BU3yalIU3aluu pe3yJbTaTOB
pacyeToB HCIOJIb30BATH MOMYJIb 3TOTO BEKTOPAa, TO 3TO MO3BOJSET Jydlle
0TOOpa3UTh OCOOEHHOCTH  JUCIOKAIMOHHOM  CTPYKTYPhl U CHCTEMBbI
TJIOCKOCTEN CKOJIBKEHUS.

Cornacho [126] B coBpemenHoM M/ MoaenpoBa HUM MOYKHO BBIIECIUTh
TpU HauOoJee TEepPCHeKTUBHbIE HarpaBieHus. 1) W ccrienoBaHue CBOICTB,
CBSI3aHHBIX C JBWXKEHHEM BHUHTOBbIX pguciokanuid B OLK Meramnax wu
pacIrpoCTpaHEHUE TPEIINH B KPEMHHUEBBIX COCIMHEHUSIX. B KHHUTe 3TOT Bonpoc
He paccmarpuBaercs. 2) HccrnemoBaHue CIOXKHBIX TMPOIECCOB BIAIU OT
MOJIOKEHHUSI  pAaBHOBECHUS  CHUCTEM  —  HAHOWHJICHTHPOBAHUE  TOHKHUX
METAJNIMYECKUX TUICHOK WM Pa3BUTHE IUIACTUYECKUX 30H BOJIU3M BEPIIUH
TpemmH. B kHuUre 3TOMy Bompocy mnocsieH mnoapasaen 3.4. 3) Tonkue
CHEIUAIbHBIE MCCIIEOBAHMS TTOBEJACHUS PA3IMYHBIX CTPYKTY PHBIX Je(EKTOB
B IPEIU3MOHHO KOHTPOJUPYEMBIX YCIOBUSIX HArpy>K€HHUS WM TPaHUYHBIX
YCIOBUMA. DTH  pe3ysbTaTbl BaXKHBI JUIsi  00OCHOBaHUS  Je(EKTHO -
OpPUEHTUPOBAHHBIX KPYMHOMACIITAOHBIX MOJIENe TBepabix Tein. Hampumep,
W3BECTHO BIMsHUE (DOHOHOB Ha PABHOBECHYIO KOHIIEHTPAIMIO BAaKaHCHU M B
TBEpAbIX Tenax (cMm. ctp. 256 [127], a takxke [128]), BAUSHUE CTAaTHUYECKUX
nedeKToB Ha JIOKaJdbHbIE KOJeOaHus Kpucraumueckod pemietku [1 29], a
TaKKe BJIMSHUE KJIacTepooOpa3oBaHMsl Ha reHepanuto akycruueckux [1 30] u
ontuueckux ¢oHoHoB [131]. Bompockl ke oOpaTHOro BIMSHHUSI Mpolecca
2eHepayuu CTPYKTYPHBIX 1e(PEKTOB HA MPOU3BOOCHIBO TEILIA TIPAKTUYCCKU HE
u3yueHsl. B Hactosmelt pabore oHM OyAyT HM3y4eHbl Ha KOHKPETHOM

MOJENbHOM mpumepe (moapaszen 3.5), a pe3yiabTaThl OyayT 4YacTUYHO
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NpPUHATBI  BO  BHUMaHUE TpU  pa3paboTKe CIEAYIOIIETO  psAxa

MUHUMAJIUCTUYECKUX MOJIENICH TBEPbIX Tel ( pa3aensl 4 u 5).

Yacto s WcciaenoBaHUs JIUCTOKAIMOHHBIX CTPYKTYp MPUOETAT K
WCIIOJIb30BAHUIO  YIPOIIEHHbIX 2D Mopeneil. B ogHOM U3  Takux
KOMIIBIOTEPHBIX 3KCIIEPUMEHTOB B MPOILECCE BHEAPEHUSI MHACHTOPA MO KpasiM
OTIEYaTKa MPOMCXOJUII BEIHOC HEKOTOPOMl YacTU aTOMOB B BHJIE «HABAJIOBY,
4yTO HaOMIOAaeTcst U B peanbHoi curyaruu (puc. 1.3) [132]. Kectkuii simuk,
KyJa TOMEIIAeTCsl aTOMAapHas CHUCTEMAa, MOYKET CYIIECTBEHHO MCKa3UTh
nepeMelleHne JUCiIoKaluil B mpenenax obpasua. B pasmene 3.4 Oyayr
MPUBEACHBI PE3YyJbTAaThl MOJACTUPOBAHUS CO CBOOOJAHBIMU OOKOBBIMU
TpaHUIlaMH AByXMepHOTO oOpasima. K Tomy ke B padote [132] He npoBoauTcs
CKOJIbKO-HUOYJIb ~ JICTAJIbHbIN  aHaMU3 (HOPMHUPOBAHUS  JIMCIOKAIITMOHHOU

CTPYKTYPBI B IIPOLIECCE ABMKEHUS UHACHTOPA.

Frmax 0,86 Fmax 0,33 Fmax

Puc. 1.3 Buzyanusaius u3MeHEHUs CTPYKTYpPhl MOJICIIUPYEMOT0 O0BEKTa MpH

NepeMEHHOM Harpy3ke (MeTo KMHeTu4eckon TBeproctu) [132].

B KOMIBIOTEPHOM 3KCIIEPUMEHTE Ha MPOCTPAHCTBEHHBIX MOJEISIX
MoHokpuctaiuia amoMuaug ¢ 500000 n 1372000 aTomMOB npu BAAaBIMBaHUU
cepruyecKuX UHJCHTOPOB C Pa3iIUYHbIMU PAaUy CaMU HAOIOJAOTCS METIU

NpPU3MaTHYECKUX JUCIOKalMil pa3nuuHbix koH@urypauui [133]. Curyauus
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dHaJIOTH4YHasd paCCMOTpeHHOﬁ BbIIIC JII MWHACHTOpAa BO3HHUKACT TIIPpH

UCCIICJIOBAHMHU IUIACTUYECKOM Aedopmaruu BOIM3M BepIIMH TpewmuH. U
TPEIIMHA, W WHACHTOP SBISIOTCS KOHUEHTPATOPAMM Haml PSKEHUM, YTO
00yCaBIMBAET CXOXKECTh IMOBEACHUS TBEPHAbIX TEN B 3TUX JIBYX CIyyasX.
OMHccHsl UCIOKAlMi W3 BEPIIMHBI OCTPOM M 3aTYIUIEHHOW TpPEIIUHbI
HCCIe0Baach € KCHOJb30BAaHMEM METOAa NOrpyxeHHoro aroma [l 34].
YCTaHOBJIIEHO, 4YTO TIO OTHOUIEHUMIO K IIOBEJEHUIO OCTPBIX TPEUIU H
UCCIIEZIOBAHHBIE METAJUIbl Pa30MBAIOTCS Ha JBE IPYMIBl — IUIATHHA U 30JI0TO
ABJISIIOTCS BHYTPEHHE XPYNKUMHU (OCTpasi TpEIIMHA SIBISETCS YCTOMYMBOW U
criocoOHa pacHpOCTPaHATHCS), a HUKENb, Me/b, NAIJIaAUNA U cepedpo BeryT

ce0s MIACTUYCCKHU (OCTpaH TpCUINHA HEC YCTOﬁqHBa " U3J1y 4acT ZII/ICJ'IOKaI_II/II/I).

Tem xe METOJIOM MOTPY>KEHHOTO aToma, HO VIS
MOJINKPUCTAJUIMYECKOTO 0L-’KEJIE€3a, UCCIEN0BAJIOCh TIOBEICHNUE TBEPAOIrO Tela
BOJIM3M BEpUIMHbl TPEHIMHBI, U OTMEYAJIOCh, YTO B €€ OKPECTHOCTH
penaKkcanus HalpsOKEHUM MPOUCXOAWT HE TOJNBKO IIyTEM M3Iy4YEHUs
JMCIIOKAllUM, HO Takxke IMyTeM oOpa3oBaHusi HoBoul (a3l [135]. ABTOpHI
OTMEYAIOT TAKXKE POKICHUE B 00IACTU BEPLIMHBI TPEIIMHBI HOBOTO 3€pHA, UYTO
MIPE/CTABIIIET HECOMHEHHBIM HMHTEPEC C TOYKM 3pEHHS MOHMMaHUS
MEXaHU3MOB, KOTOPBIE ONPENEISIIOT (PparMeHTaLUIO 3€peH P UHTEHCUBHOM
BO3JICHICTBUMU.

BTopbiM BayKHBIM IpoIiecCOM, TPEOYIOIUM YTOUYHEHHS €70 BO3ZMOKHBIX
MEXaHU3MOB, SIBJIIETCS IMPOLECC PEKPUCTAUIM3ALMN TBEPABIX Tel. ['paHMIIbI
3epeH, Kak Je(eKTbl, HMEIOT HEKOTOPYI0 COOCTBEHHYIO HW30BITOUHYIO
SHEpPrulo, KOTOpas B 3aBUCHUMOCTH OT OOILIEro COCTOSIHUS TBEPJOro Tela
MOXET MeHATbcA. llpu oyeHb OOJBIIOM H30BITKE 3HEPIHMM T'PAaHULBI 3€peH
CTAaHOBATCS TUNMYHBIMM HEPAaBHOBECHBIMH OOBEKTaMH, M  CTPEMSTCS
peakcupoBaTh MyTeM coOCTBeHHOW aHHuruisinuu [13 6-138]. YcranosieHo,
4TO SHEprus IPaHULIbI 3aBUCHUT oT yria pazopueHTaLMH
KpUCTaJulorpauyeckux IUIOCKOCTe B cocemHux 3epHax [139-145] wu

ABJICHUM JWjaTallid B HANpPaBICHUM HOPMAJIBHOM K rpaHuue [146].
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MaKCI/IMYM OHCPIuu TpaHULbI MPUXOIUTCA Ha 00J1aCTh YTJIOB IIOpAIKa 30

rpagycoB (cMm. puc. 1 [145]), mis Oojiee BBICOKMX YTJIOB Pa30pUEHTALUU

OHCPIUs I'paHUIbl HAYNHACT Y6BIB3.TB.

C >TUM CBOMCTBOM MOXET OBITH CBSI3aHA OCOOCHHOCTH BHYTpPEHHEH
SHEPTUM B 4YacTU €€ 3aBUCHUMOCTH OT IUIOTHOCTH TpaHUI] 3epeH. Bxian
DHEPTUHU TPAHUI] 3epeH B OOIIYIO0 SHEPTHIO CUCTEMBI MOKHO TPEJCTABUTH B
Buze npousBeneHus U = @h, Toe ¢ — MOBEPXHOCTHAS IUIOTHOCTh SHEPTHU
TpaHMIIBI 3€pHA, /I — 00bEeMHAas TUIOTHOCTh CyMMAapHON MOBEPXHOCTH TPaHMIL
3epeH. B mpomecce nedopmanmu  BCIEACTBUE  HEU30EKHOrO  pocra
pasopHeHTanuu u JpoOieHus 3epeH OyaeT yBeNUYMBAThCA, KaKk ¢, Tak H A,
BCJICJICTBHE YETO BHYTPEHHSSI JHEprusi OyJeT pacTh 3a cueT o0emX STHX
dakTopoB. Korma >xe pasopHeHTamms MEXIy 3€pHaAMH MPUOIU3UTCS K
3HAYEHUSM YTJIOB CHEUUANBHBIX TpaHul, (akrtop /s OyneT mo-mpexHeMy
pactu, a dakrtop ¢ OyneT yMeHbIIaThCs. ECiM MHTEHCHBHOCTH YMEHBIICHUE
(dakTopa ¢ OyIeT MpeBOCXOIUTh UHTEHCUBHOCTH PO CTa (pakropa A, TO oOmias
BHYTPECHHSISI DJHEPrusl 3a CYeT TpaHWI] 3€peH HaYHeT YMEHbBIIATHCA.
CnenoBarenbHO, HA KPUBOW 3aBUCUMOCTH BHYTPEHHEH SHEPTHH OT TNIOTHOCTH
TPaHUII 3€PEH MOSIBUTCS MakCUMyM. Jlake ecm KOHKYpeHIHs 3THX (DaKTOpOB
U HE TMpHUBeneT K (OPMHUPOBAHUIO OTAETH HOTO MakCUMyMa, TO, MO KpanlHEi
Mepe, OHa YMEHBIIUT HAKIOH 3aBUCUMOCTH BHYTPEHHEH OHEPTUU OT
IUIOTHOCTA TpPaHUI] 3€pPEeH, UTO OTPa3UTCs Ha CKOPOCTH KHUHETHKH

CTPYKTYPHBIX IPe0Opa30BaHui.

Crnemyer OTMETUTH, UTO HAJTMYKME MAaKCHUMyMa BHYTPEHHEH SHEPTUU OYCHD
4acTO HMMEET MECTO JUIsi MHOTHX CHUCTEM B 3aBUCHMOCTH OT XapakTepa
MIEPEMEHHON BHYTPEHHETO COCTOSIHUSI cucTeMbl. Hannume wmakcumyma
BHYTPEHHEW »HHepruu oOecrieunBaeT (PeppoMarHUTHOE YIHOPSIOUYCHUE B
MarHuTHBIX Matepuanax (cMm. ctp. 202, 203 B [147], a Takxke ctp. 134 B [148]),
a TaKkKe KHUHETHKY ynopsgoueHuss B cmiaBax Cu-Au [poOu3BOJIBHOM
crexuomerpunt [149, 150]. IIpu ynopsimoueHuu ciuiaBa CUCTEMA CTPEMHTHCS

<<y1>iTPI)) OT MaKCUMyMa, TO CCTb, YMCHLIOUTLCS, HO JTOM TCHACHLINU en
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MMPOTUBOCTOUT POCT BHTPOHHﬁHOFO BKJIaJd, B pC3YyJIbTATC 4YCTO 00e TCHACHIUMU

YPaBHOBEIIIMBAIOTCS B TOUKE MUHHUMYMa CBOOOIHOM sHeprun. «KoHKypeHIUs
3TUX JIBYX (PAaKTOPOB B CBOOOHOM SHEPTUH MPUBOAUT K (Pa30BOMY MEPEXOTy
MOPSAIOK-0ECTIOPSAIOK, OMpEeNIIeT TeMIlepaTypy Iepexoja U CTPYKTYpy

ynopsiioueHHon (aze» (cm. ctp. 113 [151]).

3aMeTI/IM, qTO 6J1aroz[ap51 TaKou KOHKYPCHIIMK CUCTCMA YXOOUT U3
MakKCUMyMa BHYTpeHHefI OHCPIruv, HO HC MOKCT NOCTUTHYTbh €€ MUHUMYMa B
Cui1y TOro, 4ro B 1aHHOM HpI/I6J'II/I)I(eHI/II/I MUHHUMYM BHYTpeHHeﬁ OHCPI'uu Ipu
KOHCYHBIX 3HAQYCHUAX TIIapaMCTpa IMopsaKa OTCYTCTBYCT B IIPUHIUIIC.
HOBTOMY CUCTCMA YPAaBHOBCHIMBACTCA HA CKIIOHC BHYTpeHHeﬁ OHCPIrun
BCJICACTBHUC TOr0, 4TO MHHUMYM CBO6OZIH0171 OHCPIrun B O6H_ICM CJIydyac HC
COBIIAAacT C KaKHM -JIN0O IKCTPEMYMOM BHYTpeHHeﬁ OHCPI'Un. Tem He MCHCEC,
3Hasd paBHOBCCHOC COCTOSSHUC M PABHOBCCHOC 3HAYCHHC BHYTPCHHeﬁ OHCPIUn
H3 yCJIOBUA MHUHHMYyMa CBO6OZIHOﬁ OHCPIruv, MOKHO CTPECMIICHUC CUCTCMBI K
PaBHOBECHOMY COCTOSIHUIO BBIPA3UTL B TCPMHUHAX BHYTpeHHeﬁ OHCPIrun, 49TO

Oyzet crenaHo B 4-M paszerne.

B pe3ynbpTaTe pa3nuyHbBIX BHEIIHUX BO3JEHCTBUI T'PAHUIBI 3€pEH MOTYT
3amacaTb 0osee BBICOKYIO IUIOTHOCTh dHep ruu. [lo nmanasiM ®upcroBa
(moxnan Ha KoH(pepeHuun «Me3acKomMuecKue sBJICHUS B TBEPABIX TEIAX,
Hounenk, 2007) MIOTHOCTb 3HEPIMM BHYTPEHHMX TPAHUIl BO3pPACTaeT B
3aBUCHUMOCTH OT CTENEeHM HX HepaBHOBecHocTu. g amopdHo-
KPUCTAJUIMYECKUX U CIIEUUANbHBIX TpaHull oHa paBHA ), < (0.1 — 0.2)yy, 1ns
YIOPSIIOYEHHBIX TPaHMI] IPOU3BOJIBHONW pPa3OpUEHTAUUU — Vp<yy/3, Ui
HEPaBHOBECHBIX TPAHUI] C Pa3yNOPSJOYECHHONW CTPYKTYpOH, MOJy4EeHHOH B
pe3yipTaTe HU3KOTeMIepaTypHou nedopmanuu — y,— 27y, TI€ Yy — IJIOTHOCTD
SHEpPruu CBOOOIHOM TpaHMIIbI UIs TBEPAOr0 Teja TOro e COCTaBa (CM. TaKkxKe

OTHOCHTEIIBHO JucaoKanui B [152]).

Takum 06pa30M, B ClIydac WU3MCIILYCHUA 3CPCH B PC3YJIbTATC
HMHTCHCHUBHBIX BO3Z[GI>1CTBPII>1 OHCPIUsd IrpaHul] 3¢pCH CYNICCTBCHHO BO3PACTACT,

U OHU CTAHOBATCA NMPUHOUIINAIIBHO HCPABHOBCCHBIMU. Hx PEKPUCTAJUIN 3allUA
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MPOTEKAeT HE MPU BBICOKOW TemrepaTrype 3a cueT ycuieHus AuPQy3uu, Kak

3TO MMEET MECTO IPU OTKUIE, a NPOTEKAET IPU OTHOCUTEIBHO HU3KOU
Temieparype. Bo3HUKaeT BOIIPOC O BO3MOJKHBIX MEXAaHU3MaX IPOTCKAHMS
TaKOW JUHAMMYECKOW PEKPUCTAILIM3ALNN, TO JIM 33 CUET PE3 KOro yCHJICHUS
11 Py3UOHHBIX MTPOLIECCOB, TO JIM 33 CYET PE3KOT0 YBEJIUYEHUS MOABUKHOCTU
CaMUX TIpaHMI[ 3€pEH, B pe3yJbTare 4Yero OHU MOI'YT aAHHUTUIUPOBATH.
OKcnepuMeHTadbHBIMU paboTtamMu M.M. MpinuiseBa nokasaHo, 4TO BTOPOH
CLUEHapUil pa3BUTHS JWHAMHYECKOW PEKPUCTAIUIM3AaLM U BO3MOXKEH. UM
3a(UKCHUPOBaHbl OCTATOYHBIC CIEAbl JIBWXKEHHUS TPAaHHUL, KOTOpPHIE OHH
OCTaBJUIM B TPOLECCE CBOETO JBWKEHUS B BHJIE LENOYEK BAKAHCHU,
IIOJIOKEHUE KOTOPBIX KOJUIMHEAPHO IUIOCKOCTH JABWIKYIIMXCS TIPaHUL] B
MOMEHT X JIOKAJBHOM OCTaHOBKM. HeycTpaHMMBI Ha HACTOSIIMI MO MEHT
HEJOCTaTOK TaKUX HKCIEPUMEHTAIbHBIX HAONIOJEHUH 3aKIIoYaeTcss B
HEBO3MOXHOCTH B CHJIy CKOPOTEUHOCTH IIpolLiecca MpsIMOro HaOJIIOJEHUS in-
Situ JBUXEHHS OSTUX TrpaHull. HEKOTOpbIM BBIXOJOM MOXET OBITh
ucciaenoBaHue Jroro mpouecca wmeromamu  MJI.  PesynbraThl  Takux

KOMIIBIOTEPHBIX KCIIEPUMEHTOB OYyT MpEJICTaBIEHbI B ojpaszzene 3.6.

Tperbst 3amaua, KOTOpas BakHA C TOYKH PACKPBITUS MEXaHU3MOB
MPOLIECCOB PEKPUCTAIUIM3AIMU TIPU OTHOCHUTEILHO HM3KUX TeMIleparypax 3a
CYET TOJIbKO MHTEHCUBHOTO MEXaHMYECKOTO BO3JCWUCTBHS Ha TBEpAOE TEIO —
9TO  PEKPUCTALIM3AIMS 32 CYET TEKCTYPHOrO MEPEOPUEHTUPOBAHUS
HaNpaBJICHUN KPUCTAIIIOTPAPUUECKUX TUIOCKOCTEH. DTOMY CIOCOOCTBYET TO,
4TO JII0OBIE JIBa 3€pHA OAHO(PAZHOTO MOJUKPUCTAIUIMYECKOTO TBEPIOTO Tela
pa3IMYMMBl  MEXKIy COOOM  HMCKIIOYUTENBHO  BCIEACTBHE  Pa3IMYHOMN
OpUEHTAIlMU UX KpucTaiuorpaduueckux oced cummerpuu. Eciau BcneactBue
TEKCTYPUPOBAHUS OPUEHTALUS KPUCTAIUIOTPpAPUUECKUX OCed B COCEIHHUX
3epHaX CTAHOBUTCS WJACHTUYHOM, TO UX MOXHO CUMUTATh OJHHUM 3€PHOM, IPU
TOM OTHaJaeT HEOOXOAUMOCTh B OOBIUHBIX, NU(PDY3UOHHBIX, MEXaHU3MaX

pekpuctaumzanuu. B noapaszaene 3.6 Ay WILTIOCTPALIMKM TaKOH BO3MOXHOCTH
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6YZIYT npCACTaBJICHBI PE3YJIbTATHI CIICOUaJIbHOIO KOMIIBIOTCPHOT'O

OKCIICPUMCHTA.

1.3. Bvicmponpomexaioujue npoyeccvl 8 meepovix menax

Metoapl MONEKYISIPHOM MMHAMHUKH CTPaAalOT OJHHUM CYIIECTBEHHBIM
TPYAHO IMPEOJIOIUMBIM HEJOCTATKOM — MaJIbIM pa3MepOM MPEACTAaBUTEILHOTO
oobeMa. Jlacxke cample OBICTPOJCHCTBYIOIINE CYNEPKOMIBIOTEPHl MOTYT
PAaCcCUHTATh CHCTEMBI, coaepkamue b 10 — 107 aToMoB, uTo cocTaBIIseT B
nepecyeTe Ha pasMmep peanbHoro aroma mnopsiaka 150 -200uM ceuenust 3D
Kkpuctaiia. B To ke BpeMs, MOTPEOHOCTH MPAKTUKU CTaBAT 3ajaud pacuera
0o0pa3loB MAaKpOCKOMMWYECKUX MacmTaboB. /[l OCYIIECTBICHUS TaKHUX
pacdeToB pa3palaThIBACTCs CIASAYIOMIUN P MUHUMAIUCTUYECKUX MOJIENCH,

OCHOBAHHBIX Ha MCTOAAX MAKPOCKOIIMYCCKHUX YaCTHII.

OpHoil W3 3amay, KOTOpas 4YacTO MCCIEAyeTCd METOJIaMH YacTHil,
ABJISIETCA pa3pyllIeHHE TBEPABIX Ten Npu coymapeHusx [153-159]. Ilepsas
MOMNBITKA PAa3BUTh METOJI MAKPOCKOIMYECKUX YaCTHUIl JJI1 PEIICHUS TaKuxX
3a/1a4 ObUIa MpeAnpuHaTa ['puHCIaHOM, KOTOPBIA UCTIOIB30BAJ JJIsl OITUCAHUS
B3aMMOJICUCTBUSL B  MAaKpPOCKOIHMYECKUX  MHOTOYACTUYHBIX  CHUCTEMax
noteHnuan Jlennapa-Jlxonca [153]. [ns ommcaHusi Takux HEOOPATUMBIX
ABJICHUH, KaK IJIACTUYHOCTh M pa3pyllieHue, ObUIO MpeaokeHo o0oOuieHne
METOJa MAaKpPOCKOIHWYECKUX YaCTUIl, KOTOPO€ MPEAIoJiarajo BBEICHUE
BHYTPEHHHUX II€PEMEHHBIX M B3aUMOJCUCTBUE MEXKIAYy MEXaHHUYECKUMH U
TEPMOJIMHAMUYECKUMH  cTeneHsiMu  cBoboasl [160, 161]. Jus wmHOTHX
MIPWIOKEHUHN OOJIbIIIOE 3HAYCHUE MMEET TakKe MOJICTUPOBAHUE COYyAapeHUi
MEHbIIIEH WHTEHCUBHOCTH, KOTOPBIC BaXKHBI C TOUKH 3PEHUS BO30YKIACHUS
UMH yOpYyrux KojieOaHuil, pa3paboTKU CIMOCOOOB PETyJIHPOBAHUS UX
CIIEKTPOB, yueTa HETMHEHHBIX SBJICHUI, U aHaU3a CTPYKTYPHBIX OCIa0JIeHU
B TBepabix Tenmax [162, 163]. YpaBHeHUsT ABMIKEHHSI 4YacTHUI][ B MOAXOJE,

pazBuBaemMoM B [155], umerot BuA:
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. N N
mﬁc :Z(D(rkn)ﬁcn +ZlP(rkn’an);;cn +(§(ﬁc)+u7(ac’§k) (1'17)
n=1 n=1

rae 7, V, — BEKTOPBI IMOJIOKEHHS M CKOPOCTH k-OMl 4YacTuubl, 7, =7, —

n?

Vin| > Vi =|vkn

[lepeoe  cmaraemoe B (1.17) onuchiBaeT  KOHCEpPBATUBHOE
B3aumozeiicTBue yactul. [lonaraercs, 4To B NepBOM NPUOIMKEHUN BKJIAJIOM
HEKOHCEPBAaTUBHOTO B3aMMOJICHCTBHSI U BIMSHMEM BHEIIHHUX IOJIEW, MOXHO
npenedpeub.  LleHTpalibHO -CUMMETPUUHBIM ~ XapakTep  KOHCEPBAaTHUBHOIO
B3aMMOJCHCTBHUSI NPUBOAUT K TOMY, 4YTO 4YacTHULBI OYyAyT CTPEeMUTHCA
ynakoBeiBaTbCsl B ['LIK win I'IlY cTpykTypy, 4TO n€iaer ero HEeNpuroIHbIM
JUIA  ONMCAaHUs M30TPONHBIX TBEpPABIX Tell. Takas «uaeanu3anus»
HEJOMYCTUMa MPH HCCIEIOBAaHMM BOJIHOBBIX 3ajad, MO0 HApYIIUT Jaxe
COOTHOILICHHWE THIIOB BOJIH, KOTOPBIE MOTYT CYIIECTBOBATH B H30TPOIHBIX

TBCPABIX TCJIAX.

Jns pemieHuss TakuxX 3aJad M3BECTEH TAaKXKE MOAXOJ «IOJBUKHBIX
KIIETOYHBbIX aBTOMaToB» [164-167]. TBepmoe Tenmo B 3TOM ciydae
MPE/ICTaBIIsICTCA  aHCcaMOJieM B3aMMOJICHCTBYIOIIUX T0  ONpPENIEICHHBIM
MpaBWIaM KJIETOYHBIX AaBTOMATOB. ABTOMAThl MOJICTUPYIOT peajbHbIE
CTPYKTYpPHBIE 3JIEMEHTBI CpEJibl, HAlpPUMEpP, OTIECIbHBIC 3€ PHA, YaCTHIIbI
MOPOLIKOBOM cMecH U T. A. [164]. Kak u B peabiIylieM cirydae, 31€Ch TaKKe
CYILIECTBYeT MpobOJieMa YMaKOBKM MAaKPOCKOIMMYECKUX YacTHIl, U Kak
CleNICTBUE, MPobOIeMa BOSHUKHOBEHHUS HE CBOMCTBEHHOM M30TPOITHBIM Cpeaam

CUMMETPHH IUIOTHOYIIAKOBAHHBIX KpUCTAIUIOB [168].

[Ipeoonenne yka3aHHOTO HEJAOCTAaTKa aBTOPHI BUJISAT B UCIIOJIb30BAHUU
MHOTOYAaCTHUYHBIX MOTEHIHAIOB [169]. [Ipyroii cnocob mnpemsioxkeH B padoTe
[170]. B moapa3znene 3.8 paccMOTpeH emie OJuH CIoco0, B KOTOPOM CBSI3U
MEXJy YacTHIIaMHU OMpEJEICHbl TaKUM 00pa3oM, 4TOOBI C CaMOTO Hayaa

YAOBJICTBOPUTH YCJIIOBUIO U30TPOITHOCTHU MOJCIIN.
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[IpoGiiema BO30YXJIEHUS MIPU COYNAPEHUAX TBEPABIX TEN YIPYTHX BOJIH

ABJISIETCA BaKHOW BO MHOTUX npuioxkeHusx [162, 171]. Tpyanoctu, kotopsie
MIPUXOJUTCS TIPEOAOJEBATh IIPU YMCIEHHOM MOJEIMPOBAHUU 3TOTO Ipolecca
B CETOYHBIX (KOHEYHO-PAa3HOCTHBIX) M HE CETOYHBIX pacueTax (MEeTOJbl
YacTUll), CBSI3aHBl C BO30YXJEHHEM COOCTBEHHBIX BBICOKOYACTOTHBIX
KoJIeOaHUM CYETHOM peIleTKU WM JIEMEHTAPHBIX CBA3EH MEXAYy 4acTUIaMHU.
Hampumep, paborta [162] mocssileHa cHeUATIbHOMY HCCIEAOBAHUIO TaKUX
«aBTOKOJICOaHMID», KOTOpBIE SIBIISIOTCS MApasUTUYECKUMU U «3a0HBArOT»
TIOJIE3HBI HU3KOYACTOTHBIM CUTHAI.

[IpoGiieMa HACTOJIBKO Cepbe3Hast, YTO B YMCIEHHBIX METOAAaX M30eraroT
MOJIEIMPOBaTh MpOLECC BO30YXKACHHUS YOPYTMX BOJIH, Kak Ipolecca
CoyHapeHuss JBYX TBEPIAbIX Tel. PealbHblli mpouecc «MOAECTUPYETCS»
HEKOTOpPOM 3aJlaHHOM PyKaMu WJIM ONPEICICHHOM W3 SKCIIEPUMEHTAIbHBIX
nanHbIX [172, 173] dyHknueit koopauHaT U BpeMeHU. Takol mpueM HaMHOIO
CHUKAeT BO3MOXHOCTH MOJEJIMPOBAHUS TaK, KaK HE IO3BOJIIET HM3Yy4YWTh
HauboJiee BaXKHYIO 4acTh mpouecca. [Ipy 3ToM yuu THIBA€TCsl TOJIBKO MPSMOE
(GKECTKOE» BO3JCHCTBME HCTOYHMKA HA Cpely, HO HE NPHUHHUMAETCI BO
BHUMaHHUE BO3MOKHOCTh OOpaTHOTO BO3JEHUCTBUS Cpebl HA UCTOYHUK. Takas
«o0paTHast CBA3b» MOXKET MOBIHUATH Ha (POPMUPOBAHUE CIIEKTpA CUTHAJIA TaK,
KaK 3a BpeMs YyJAapHOTO BO3ACWCTBUS YIIpyras BOJIHA MOXET YCHETh
OTPa3UThCs OT OJIMKANIIMX TPaHUL], BEPHYTHCS K UCTOYHUKY, U U3BMEHUTH TEM
caMblM  XapakTep €ro  JaJbHEHIIero  BO3JCHCTBUS  (PE30HAHCHOE
BO30Y’KJICHHE).

Pemenue 3amaum  okazanoch BO3MOXHBIM IIOJYYMTh B  paMKax
MIPEIOKEHHOIO 3J€Ch METOJAa YacTULl, KOTOPBIM C OJHOW CTOPOHBI JAET
NPaBWIbHBIA TNPEIEIbHBIM NEPEXOJ K YPAaBHEHUSM MEXAHMKHU CIUIOIIHBIX
cpel, a C JAyrod CTOPOHBI TIO3BOJISIET OPraHWYECKH HCIIOJIb30BaTh
CTPYKTYpHBIE TPEACTaBICHUA (PU3UKH TBEPIOro Tella, HAaIpUMeEp, 3a CYET
BBEJICHUS CTPYKTYPHBIX OCJIa0JICHUH, TyTEM Yy MEHbLICHHS CUJIOBBIX KOHCTaHT

OTACJIBbHBIX CBsI3EH.
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1.4. Cmpyxmypuvie nepecmpouKu 8 niacmu4yeckux meepobix menax

BBeneHne BHYTpPEHHHX IMEPEMEHHBIX M Y4Y€T B3aMMOJCHCTBUS MEXKIY
MEXaHUYECKUMH U TEPMOJINHAMUYECKIUMH CTETIEHSIMHU CBOOOAbI TUITMYHOE /IS
MUHHUMAJIMCTUYECKUX MOJENIEH NPEAbIAYIIEro psAna SBISETCS JTOCTATOYHO
rpyOobiIM U yciaoBHBIM. C HX MOMOLIBIO TPYAHO ONUCATh TaKUE TOHKHE
ABJICHUS, KakK (a3oBble U CTPYKTYPHO-()a30BbIE MEPEXOJbl, KHUHETUKY
HakomieHus: nedexroB. [loaromy Juis omucaHusi CTPYKTYPHBIX MEPECTPOEK
IUIACTUYECKUX W Pa3pylICHUsT KBa3UXPYNKUX TBEPAbIX Ten  OyayT
pa3paboTaHbl ¥  YCOBEPILIEHCTBOBAHBI ~ MUHUMAJIMCTUYECKHE  MOJEIHU
CIIEIYIOUIETO psaa, OasupyromMecs Ha MPUHIMNAX (PU3NYECKOW KUHETHKH U

HepaBHOBeCHOﬁ TCPMOANHAMUKHN.

[TockonbKy yka3zaHHBIC BBIINIE SBJICHUSI MPOTEKAIOT B MPUHIUIHAILHO
HEPABHOBECHBIX YCIIOBUSAX HHTCHCUBHOTO BHEIIIHETO BO3JICHCTBUS, MO3TOMY
MpeICTaBIIsIeTCA HEOOXOIMMBIM ITPOBECTH aHATIN3 HanboJiee OOITUX METOO0B U
MO/IX0/IOB HEPABHOBECHOM TepMOAMHAMUKH. Bobioe koaudecTBO paboT 1o
HEPaBHOBECHOM TEPMOJIMHAMUKE BBHIMIOJHEHO MEXaHUKAMU U MaTE€MaTUKAMU
[174-184]. CymectByeT Tpu crocoba [174] ydyera nuccunaTuBHBIX 3)PeKToB
— BBEJICHUE BSI3KUX HAIPSKEHUH, 3aBUCAIIUX OT CKOPOCTH JehOpMHUPOBAHUS,
BBEJICHHUE yracaolleld naMaTu, TO €CTh, 3aBUCUMOCTH 3BOJIOLUUA CUCTEMBI OT
ee MpeAbICTOPUU, U BBEJICHUE KOHEUHOTO YHCIIa BHYTPEHHUX IMEPEMEHHBIX
coctosiHusa. Hu oIMH W3 HUX HE SBISETCS TaKUM OOIIMM, YTOOBI MOT
BKJIFOUUTH B CeOsl pyrue CrnocoObl, KaK YacCTHBIA CIy4ail, U KaxJblii UMEeT

CBOIO 00J1aCTh MPUMEHUMOCTH.

1.4.1. Mooenu cucmem ¢ HympeHHUMU NepPEeMEeHHbIMU COCIMOAHU.

I/IZICSI BBCACHUA HOHOHHHTCHBHOﬁ HepeMeHHOﬁ I y4€Ta U3MCHCHUA

BHYTpPEHHEH CTPYyKTyphl Obliia BIEpBbIe NpeaioxkeHa [ap3densaom u Palicom
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B 1928r. L OMPECACJICHUSA NUCIICPCHUUN WU 3aTyXaHUsI 3BYKa B MHOT'OATOMHOM

raze [185]. Ona mosyunna nanpHEHIIee pa3sBUTHE B JPYTUX HMCCICHOBAHMSIIX
toro BpemeHu [186, 187]. B wuyacTtHOCTHM, OHa ObLIa KCHIOJIb30BaHA
ManpensiiraMoM U JIGOHTOBUYEM MpU PEIICHWH AaHAJIOTMYHOW 3aadyul s
wuakocre [188]. JlomonmHeHHOE »3leMEHTaMH palMOHATBHOW MEXaHHUKHU
HaIpaBjICHUE TPUOOPENIO 3aBEPIICHHBIA M JOTUYECKH 3aMKHYTHIH BHUJ B
pabotax Kynemana u ['aptuna [174, 175]. Ocobo crienyet BBIACIUTh paOOThI
Jlannay, KoTopblil pa3BWI OJHO M3 Hambonee (PU3NYECKUX HaIpaBJICHUN
TEOpUU HEPaBHOBECHBIX mpoueccoB [9, 189-191]. Ha ocHoBanum BrepBhIC
BBEJICHHOW MM BHYTPEHHEH IMEepeMEHHOM COCTOsiHUS B (hopMe mapamerpa
nopsifika OblIa OCTpOEHa BCs KaueCTBEHH as Teopus (a3oBbIX NepexojoB. B
COBPEMEHHOM HAayKe OTO HallpaBJICHUE IIOJYyYWIO pa3B UTHE B TEOPUAX
¢azoBbix nozeit [192-199]. B orminune ot Teopun Jlannay napamerp nopsiaka
B HHMX HE OIPENEJEH TaK CTPOro, OJIHAKO, 3TO HE MEHIaeT MOJIy4yaTh
pE3yNbTAThl, KOTOPBIE HEIUIOXO COTJAaCyITCA C IOBEACHHUEM PEATBHBIX

CHUCTCM.

B MeTonax, uCmoNb3yrOMMX MPEJICTaBICHUS BHYTPEHHUX MEPEMEHHBIX
COCTOSIHUSI, TAKUE OCHOBHBbIC MEXaHUYECKHE M TEIUIOBBIC NMEPEMEHHBIE, KaK
TEH30p HANPSKEHUH I, BEKTOP TEIUIOBOIO IOTOKA §, YJAelbHAas CBOOOIHAS
sHeprus [enapMrosblia i, yledbHAash DSHTPONHUS # ONPEHESIoTCS U3
KOHCTUTYIIMOHHBIX YPaBHEHUM, €CIIM W3BECTHHI TaKUE «HE3aBUCHUMBIC)
IIEPEMEHHBIE COCTOSHMS, KaK TeMreparypa O, 1e)opMaluOHHBIA TpagueHT £
(wnu nedopmarius), TemnepaTypHblil rpaaueHT VO u cucrema N HEKOTOPBIX
BHYTPEHHHUX WJIH CKPBITBIX NIEPEMEHHBIX cOocTOsiHuA (o, ..., o). [lomaraercs,

4TO B O6H_ICM BHUIC CKOPOCTb UBMCHCHUA BHYTPCHHUX IICPCMCHHBIX COCTOSHUA

SBJIFOTCS (DYHKIIUSIME BCEX HE3aBUCHMBIX TIEPEMEHHBIX COCTOstHUS [1 74]:
A 3
i, =/, (F0.V0.0,...oy . (1.18)

ODTO cucTeMa KMHETUYECKUX ypaBHeHI/Iﬁ AJIs1T BHYTPCHHUX TICPCMCHHBIX

COCTOAHUA. HPI/I BCEM MHOI‘OO6pa3I/II/I (IJYHKI_II/IOHaJIBHBIX 3aBHCHUMOCTEH OHA
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HOJIKHA YHOOBJICTBOPATH 3dKOHAM COXPAaHCHUS HMITYJIbCA, 3HCPTUHU U T.HO.

Bonpoc o ToM, KakoB BHJI 3TOH CHCTEMBI, U C KAKUMU UMEHHO BHYTPEHHUMU
MPOLIECCAMHU CBSI3BIBAIOTCS BHYTPEHHUE MAPAMETPBI, Al KaXk10i KOHKPETHON
MOJIeNH pentaercs oTAeabHO. OCOOEHHOCTH TEOPUN BHYTPEHHUX MEPEMEHHBIX
COCTOSIHMSI WJUTIOCTPUPYIOTCSI HA MPUMEPE UICATBHOTO rasa, COCTOAIIETO W3
JBYXaTOMHBIX MOJIEKYJ. BHyTpeHHMII mapamMeTp COCTOSIHUSI CHCTEMBI 0 B 3TOM
Cllydae €CTECTBEHHBbIM OOpa30M CBS3BIBAETCS C KOJIEOATETbHOW CTENEHBIO
cBOOOJIbI MOJIEKYJIBI U OTOXKJIECTBISIETCS C €€ BHUOPAlMOHHON 3Heprueil.
OOwras yaenbHasi BHyTPEHHSSI SHEPTUs B 3TOM CiIydyae paBHAa CyMMeE YAEIbH Oif
BHYTPEHHEH SHEPTruu MOCTYINATEIbHOTO JBMKEHUS &4, CO3/IAONICH BHEIIHEE
JIaBJIEHUE, U KOJIeOATENbHON 3HEPTuu € = &4+0. DBOJIIOLUOHHOE YPAaBHEHUE B

3TOM Cllydae MOCTYJUPYETCS B MPOCTEHINEM PEeTaKkCallMOHHOM BapHaHTE (CM.
dbopmyny (14.6) B [174])
a=A40)-B1.0)a , (1.19)

rae A(v, 8) u B(v, )— HEKOTOpbIE KOHCTAHTHI, 3aBUCSIINUE OT YJCIHHOTO

o0beMa v 1 TeMnepatypsl 6.

[TonoxutenbHoe cnmaraemoe B (1.19) ompeaenser MOCTOSIHHBIC
HMCTOYHUKHM BUOPAIIMOHHOW SHEPrUU, KOTOpas 3aMMCTBYETCS U3 pe3epByapa
MOCTYMATEIBLHOTO  JBUXKEHUS ~ MOJIEKYJl  TpU  UX  CTOJKHOBEHUSX,
OTPHILIATEIBHOE CIaracMoe OMHUCHIBAET BO3BpAT SHEPIUU OOPAaTHO B pe3epByap
MOCTyMaTeabHOro JABMkKEeHHUs. CTaluoOHApHBIM 3HAYCHUSM 3BOJIOIMOHHOTO
ypaBHEHHsI COOTBETCTBYET TaKO€ 3HAUYCHHE KoJieOaTeIbHOW IHEpPTuu, KOoria
o0a STHM TOTOKAa YypaBHOBENIMBalTCA. VHTEpeCHO OTMETUTh, YTO B 3TOM
MpOCTEUIIEM CiIyyae B CHJIy TOTO, YTO TIOJIHAS BHYTPEHHSIS DSHEPrus
COXpaHSIETCs, PHEPIusi MOCTYMATEILHOTO ABUXKEHUS H3MEHSIETCS CTPOTO B
npoTuBo(aze ¢ MepeMEeHHON BHYTPEHHETO COCTOSIHUSI U 3TUM, Kak Obl TOXE,

MOTYMHSIETCS HBOJIIOLIMOHH OMY ypaBHeHuto tuna (1.19).

HHTepeCHO Tak)K€ OTMETUTb TOT MOJC3HBIN AL TTOCJICAYOIIUX

00001eHuit (axt, uro obmiast suTponust # (cM. cootHomieHue (14.2) B [174])
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€CThb ~ CyMMa OHTPOIMM  IOCTYIATENbHOro  aBWKeHHs  1,(he,), H

KoyebaTeNbHOM  SHTpONMU 1, (@), 3aBUCSAINEH TOJBLKO OT BHYTPEHHEH

nepemMeHHoW. Takas OJHO3HAYHAs 3aBUCUMOCTb MEXIY BHYTPEHHEU
MEPEMEHHOM M KoyieOaTeNbHOM HHTPONMEN TMO3BOJSET YTBEPXKIaTh, 4YTO
nocienHss OyJeT ONUChIBATHCA KMHETUYECKUM YpaBHEHHEM TaKOIO e THIIA,
HO, MOXET OBITh, C IPYTUMHU 3HAYEHUSIMU KOHCTaHT A(v, 8) u B(v, 6) B (1.19).
OTO 3HAUUT, 4YTO, (PAKTUYECKH, B KAueCTBE HE3aBUCUMOW BHYTpEHHEH
MEPEMEHHOM MOKHO BBIOpaTh HE KosieOaTeNbHYIO SHepruto, kak B [1 74], a
KoJIe0aTeIbHYI0 SHTPOINMIO, YTO BO MHOTHX OTHOILUEHHUSX MOXET OBbITh

YZIO6HCI>1 pu 0606H_ICHI/I$IX COOTHOIIICHUM TCOPUN HCPABHOBCCHLIX ITPOICCCOB.

Kpome Toro, otmMeTum, 4To K0JIeOATENbHYIO CTENEHh CBOOOIBI MOJICKYJT
MOHO paccMaTpuBaTh, KakK IMOACHUCTEMY, TOTPYKEHHYIO B TIOJICUCTEMY
MOCTYTATEIBHOTO JBUKCHUS, UTPAOIIYI0 s KOJeOATeThHOTO JBUXKEHUS
poJib «TepMocTaTtay. B 3ToM ciydae, 1oJl «BHEIIHUM» BO3JIEUCTBHEM TaKOIO
TepMOcTaTa TMOJCUCTEMA, HAXOJSCh B MPOU3BOJIHLHOM HEPABHOBECHOM
COCTOSIHUH, SBOJIOIMOHUPYET K CTAI[MOHAPHOMY (HEPAaBHOBECHOMY Ke)
COCTOSIHHIO, OIPEEIsIEMOr0 paBEHCTBOM HyNw mnpaBoir yactu (1.19).
[TockonbKy B JAHHOM Cllydae peajbHble BHEIIHUE BO3JACHCTBUSI OTCYTCTBYIOT,

TO 3TO KE COCTOSAHUC 6YZICT PAaBHOBECHBIM JIsSI CUCTCMbI B TICJIOM.

B  wmonorpadum [176] wuzmem ¥ OPUHLMIBL  KJIACCHYECKOMH
TEPMOAMHAMUKHU JUIs JIOKAIIbHO -PaBHOBECHBIX U (PIIYKTYAlIMOHHBIX COCTOSIHUIA
C MO3MLIMM BHYTPEHHUX IIEPEMEHHBIX COCTOSHUS MOJYYWIM JaJbHEWIIee
pazBuTue. 31ech  aBTopamMu  Opu  (HOPMYJIHUPOBKE  TEPMOJMHAMUKU
HENPEPBIBHBIX CPEJ BIEPBLIC BBOAUTCS NIOHATHE HEPAGHOBECHOU SHmponuu. B
KHUIE€ TaKkK€ pPacCMOTPEHBI CpeIbl C MHUKPOCTPYKTYpOM M  ciay4yau
MUKPONIOJIIPHBIX ~ Cp€ll, y KOTOPBIX MHKPOCTPYKTY PHBIE  3JIEMEHTHI

HCACTCPMHUHUPYCMEI, HO 06.]'[3.)_'[3.IOT BpaliaTCJIIbHBIMU CTCIICHAMU CBO6OZIBI.

I[J'ISI COTJIaCOBAHUA TCOPUH, 6a31/1py}0meﬁcsl Ha TIPCACTABIICHUAX O

BHYTPCHHUX  TICPCMCHHBLIX  COCTOAHUA Qa;, CO BTOpbIM 3aKOHOM
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TEPMOAMHAMUKH B padote [177] sHTponus pa3lensercss Ha PaBHOBECHYIO U

HepaBHOBeCHYIO yacTu. Cm. dpopmyay (1) B [177] u kommenTapuii k Helt: «The
key revelation in this unification was a kind of canonical representation
starting from the following separation of the entropy function into an
equilibrium and non-equilibrium party. Mcxoms w3 TpebGoBaHus
MaKCUMAaJIbHOCTH 3HTPOIUHU B PABHOBECHOM COCTOSIHUM, HEPAaBHOBECHAs YacTh
SHTPONUU BBHIOMPAETCS B BUAE KBAJAPAaTUYHOW 3aBUCHUMOCTH OT BHYTPEHHHX

TIEPEMEHHBIX COCTOSTHHS:
B, 1 & \
S(x,.0)= Sg(xg)—Eij(ocj) (1.20)
j=1

rje depe3 x, 0003HaYeHa COBOKYITHOCTh PAaBHOBECHBIX TEPMOJMHAMUYECKHUX
BEJIMYMH, BEKTOPOM G — COBOKYITHOCTh BHYTPEHHUX MEPEMEHHBIX COCTOSHMUS,
m; — TEPMOJUHAMUYECKUE UHIYKTHBHOCTH. 31€Ch BHYTPEHHHE IIE€PEMECHHBIE
COCTOSIHMSI HE MMEIOT YEeTKOTO (PU3UYECKOTO ONpEJesICHUs, OHHM He
CBSI3BIBAIOTCSI C KAaKUMHU-JIMOO KOHKPETHBIMH OOBEKTaMU B TBEPIOM TEIE,
HampuMep, ¢ JepeKTamMHu, U HOCAT a0CTpakTHBIM XapakTep. Kpome Toro,
sHTporug B onpeaeneHu (1.20) rmodaabHO BBITYKIA, 0OJIEE TOTO HMEET
MaKCUMyM, YTO BBIPA)KACTCSI B OTCYTCTBMM B HEW CMEIIAHHBIX BKJIAJIOB.
CornacHo nemme Mop3se peasibHble (U3MYECKH OOOCHOBAH Hbl€ BHYTPEHHHUE
MEepEMEHHbIE MOTYT OBbITh MPEOOpPa30BaHbl TAKUM CIIOCOOOM, UTO AJISi HOBBIX
nepeMeHHbIx Oyzaer crnpaBemnuBo mpeactaBieHue (1.20). Tpertuil BakHbIN
MOMEHT 3aKJIIOYAETCS B TOM, YTO Pa3J0KEHHUE DHTPOIMHU OC yIIECTBIIAECTCA B
PaBHOBECHOI TOYKE, B KOTOPOH BCE BHYTPEHHUE MEPEMEHHBIE JTOJIKHBI OBbITH
paBHbIMU Hy0. [Ipn 3TOM Ha caMu nepeMEeHHblIE HUKAKUX OTpaHUYEHUH IO
3HaKy He HaKJIaJbIBA€TCs, 3TO 3HAYUT, YTO YaCTh MEPEMEHHBIX MOTYT OBITh
MOJIO’KUTENIbHBIMU U yOBbIBaTh MPU CTPEMJICHUH K PaBHOBECHOW TOUKE, 4acTb

OTPUIATCIIBHBIMU — W BO3PACTATh IIPU CTPCMIJICHUHU K HEH.

Cootnomenne ['nb0ca B KOHTEKCTE 00OOIIEHHONW TEPMOJWHAMUKHU C

BHYTPEHHUMH IIEPEMEHHBIMU COCTOSIHUSA uMmeeT Buj (cM. (2) B [1 77]):
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du=Tds+1--dé—A-da (1.21)

rA€ u, S — IUIOTHOCTh BHYTPEHHEH SHEPrUM U SHTponuu, 7 — abCOIIOTHAs
Temmeparypa, ¢ M { — TeH30p Ae(OpPMALMM U HANPSKEHUH, A4 — BEKTOP
TEPMOJIMHAMUYECKH COMPSKEHHBIM BEKTOPY BHYTPEHHHX I[apaMeTpoOB a.
[Tonaraercsi, yto AeopManuu Malibl, U MOTOMY TBEPIOE TEIO HAXOAUTCSA B
obnactu ympyrux gedopmanuii. B To ke Bpems, coorHomenue (1.21)
COJIEP>KUT MPUHIUIUATIBHYIO JJOTHYECKYIO «HETOYHOCThY». BIIOJNIHE 04EeBUIHO,
YTO BHYTPEHHSISI DHEPTrUs HUKAKOW (PU3NYECKOH CHUCTEMBI HE MOXET
WU3MEHHUTHCS TOJIBKO 32 CUET BHYTPEHHHUX MPOIIECCOB, OJHAKO, Tojiarast ds=0 u
dé =0, MBI TIOJyyaeM Takoe u3MeHeHue. [lapagokc cBs3aH ¢ Tem, 4TO Jaxe
pu yclaoBUM ds=0 U d&é=0 JONOJHUTEIBHBI MPUTOK (OTTOK) PHEPTrUU B
CHUCTEMY BCE PAaBHO MOXKET OCYHIeCTBISIThCs. Hampumep, npu oOpazoBaHuM
nedekTa SHEprusi MOKET ObITh BHAauaje 3aMMCTBOBAHA M3 TEIUIOBOTO TOJIS B
pe3ysbTare TeroBou quiykryanuu ds<(), a mOTOM BOCIIOJIHEHA U3 TePMOCTaTa
3a cueT TeriooOMeHa ds>(), Tak YTO CyMMapHO€ HU3MEHEHHE OyJeT paBHO
Hym0. B mro0om ciiyyae Takoil «BKJIa[» BHYTPEHHHX IEPEMEHHBIX BO
BHYTPEHHIOIO SHEPTHI0 0ojiee JIOTUYHO 3aIucaTh CO 3HAKOM «IUTIOCY, Kak
4acTh BKJIaJa OT BHEITHUX UCTOYHUKOB, HO 3alMMCAaHHYIO B ()OpME BHYTPEHHHUX
nepeMeHHbIX. bojee moapoOHO 3TOT BoIpoc OYyAET pacCMOTPEH MPH BHIBOC

0a30BOM CUCTEMbl KHHETHYECKUX YpPaBHCH uil B YCTBCPTOM pa3aciic.

Teopuss BHyTpeHHUX IepeMEeHHbIX Obuia mpumeneHa B [177, 178] k
ONKCAHUIO pa3pylleHUs KBa3uxpynkux Tein. B paborte [1 79] ona xe Obuia
MPUMEHEHA K OMMCAaHUI0 KOHEYHOH JedopMaluy MiIacTUYECKUX MaTepu ajioB.
MaxkpOoCKOIIM4ecKoe HEyIpyroe IMOBEICHHE PAaCCMATPUBACTCA KAK PE3yJIbTaT
BHYTpPEHHEH NEepecTporKU COCTAaBIAIOIIMX YacTed TBepaoro tena. Hocurenu
TUTACTUYECKON AepopMaliii He KOHKPETU3UPYIOTCS, HO MPEAINOoaraeTcs, YyTo
3TO MOTYT OBITb, KakK JIUCIIOKAIlMM, TaK W  JBOMHHUKH, 3€PHOTPAHUYHOE
MPOCKaIb3bIBAaHUE U BhI3BAaHHBIC JaBlieHMEM (a3oBble nepexosl. [lomaraercs
TaK)K€, 4YTO BHYTPEHHSS CTPYKTypa MOXET OBbITh OIKcaHa JAUCKPETHOU

CHUCTEMOM CKaJIPHBIX BHYTPCHHUX IICPCMCHHBLIX. ABTOp OTMCYACT, 4TO
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KMHETUYECKUN AacCleKT MpoOJeMbl paccMOTpeH B pabo T€ HEJ0CTATOYHO.

Teopust mpenHazHaueHa, ckopee, IJisi TPyOOrO KAueCTBEHHOTO OIMCAHHUS
HEYIPYTOro IMOBEACHUS IUPOKOTO Kiacca IUIACTUYCCKUX TBEPABIX TEII, YeM

I ACTAJIBHOTO UCCIICAOBAHNA KOHKPCTHBIX MATCPHUAJIOB.

Hcnonb3oBaHue MOHATHS BHYTPEHHUX NEPEMEHHBIX — 3TO OJUH U3
croco0OB yyeTa HEJOKAJIbHOTO XapakTepa TIOBEACHUS PEAIbHbIX CHUCTEM.
Kpome Toro, cymectByer emie ABa crocoda ydyeTa HEJIOKIbHOCTH — 3TO
UCIOJIb30BaHUE MPOCTPAHCTBEHHBIX MHTErPAJIOB U TPAJUEHTOB jAedopmanuu
[180]. PeanbHble TBepble Tela 00JaAal0T CI0XKHON BHYTPEHHEH CTPYKTYpOHd,
XapaKkTepU3yeMble MUKPOCTPYKTYPHBIMHU JI€TAIAMU (3JIEMEHTaMH), pa3Mep
KOTOPBIX MEHSETCS B JMAlla30HE HECKOJbKHUX TMOPSAIKOB BEITUYMHBI.
HekoTopsie U3 3THX neTaneil MOryT ObITh OMUCAHbl TOYHO MPOCTPAHCTBEHHOU
BapHalMen CBOMCTB TBEPAOIo Tella, HO 3TO TPYIHO C/eNia Th OJJHOBPEMEHHO BO
Bcel o0macTu.

Bonbiioe 3HaueHue JUIsl pa3BUTUS HEPABHOBECHOM TEPMOJIMHAMUKU
MMENI0 TepeBoJ ee Ha s3blk Teopun nosst [181-183]. B nokanpHON wmim
CyOCTaHLIMOHATBHOU ~ (OpME  SBOJMIONUS  KaXAOH TEpMOJAMHAMUYECKOU

MEPEMEHHON 4 peryaupyercs NMoJeBbIM ypaBHEHUEM OajaHca:

a)_ g 5o o (1.22)
ot
rac a — YIACJIbHOC 3HAYCHHC HepeMeHHOﬁ A, p — IINIOTHOCTh BCIICCTBA,

J®=pav, — JOKalbHas IUIOTHOCTh IIOTOKA IOJIEBOM IEpeMeHHOW A, v, —

CKOpOCTb T€pEeHOCa BENMYMHbI A (OapulEeHTpUYecKas CKOpOCTb), 0, —
IUDIOTHOCTh ~ BHYTPEHHETO  MCTOYHMKAa  3TOM K€  BenWuMHbL  [[na
COXPAHSIOUIMXCA BEJIMYUH BHYTPEHHHE MCTOYHUKUA OTCYTCTBYHOT 0,=0, I
OCTAJIbHBIX, HAapPUMEP, IJI1 DHTPOIUH, BBIUYUCISAIOTCA W3 IOJTHOW CHUCTEMBI
KOHCTUTYTHBHBIX YypaBHeHUW. B pabGorax u Ilpuroxuna, u [pspmaru
paccMaTpUBarOTCSl MHOTOKOMIIOHEHTHBIE CHUCTEMBI, 4YTO OBUIO BBI3BAHO

HCO6XOZII/IMOCTBIO MOJCIUPOBAHUA HUMHN XUMHUYCCKUX peaKHHﬁ. Ho 1ot xe
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MNPUHOUIT  OIMMCAHUA (HO aHAJOTUM C XHUMHYECKOMU peammeﬁ) MOZKHO

NPUMCHUTDH U K OITMCAHUIO HG(IJCKTHOﬁ CTPYKTYPHEI TBCPAOTO TECJIA.

1.4.2. Kunemuueckuii n00X00 K ONUCAHUIO HEPABHOBECHBIX CUCTEM .

CymectByer OosbLI0E KOJIMYECTBO Croco0oB OMMUCAHUSA
HEPABHOBECHBIX TEPMOJMHAMUUYECKUX CHUCTEM B JIOKAJILHO -paBHOBECHOM
(dhopMyITupOBKE, JOMOTHEHHOW BBEJIEHHEM HOBBIX mapameTpoB [1 84]. 3amgaua
MOJICIMPOBaHUS HAOIOJAeMBbIX MAaKpOSIBJICHUN C Y4Ye€TOM pPa3IU4HBIX
CTPYKTYPHBIX YPOBHEH, CBOAMTCS K BBISCHEHHIO OCOOCHHOCTEW KHUHETUKH
Tux mnapameTpoB. [locTpoeHue KuHeTWYECKUX (YHKIMN SIBISIETCS BaKHOM
CHEIMAIBHON 3aJ1auei, KOTOpasi MOXKET ObITh C(OPMYJIMPOBAHA KaK B paMKax
MEXaHUKU CIUIOIIHOW CpeJibl, TaK U HAa OCHOBE METOJIOB CTATUCTUYECKOM
Mexanuku [184]. OmHuM #3 TakuxX CrocoOOB SBISETCS HCHOJIb30BaHUE
ABOJIIOIMOHHBIX ypaBHEHMN JlaHnay At OomucaHUs KUHETUKU CTPYKTYPHBIX

ne(EeKTOB.

B T0 xe Bpems, u3BecTHOE KHHETHUYECKOe ypaBHeHHe Jlanpay -
XanaTHUKOBA UMEET CYIICCTBEHHBIC OTPAaHUUYCHUS B TJIAHE €ro 00OOIICHUS Ha
MIPOU3BOJIBHBIC THUIIBI CTPYKTYpHBIX AedekToB. Takoe 0000IIeHHEe MOXKHO
OCYIIECTBUTh TOJBKO B TEX CIIy4asiX, KOTJla SHEPIHsl CTPYKTYpPHOTO JedekTa
HE 3aBUCHUT OT €ro IUIOTHOCTH. OTO CBS3HO C TE€M, 4YTO KHUHETUYECKOE
ypaBHeHHe JlaHjay-XalaTHUKOBA 3alMCHIBAETCS B TEPMHUHAX CBOOOHOM
(koHUTYpAITMOHHOM) SHEPrUM, B TO BpeMs, Kak HSBOJIOLHUOHUPYIOIIAS
BEJIMYMHA, IUIOTHOCTh JedeKToB, (0000IIeHHe TMapaMeTpa TMOopsjaKa) He
SBJISIETCS €€ COOCTBEHHBIM apryMEHTOM. JTO OrpaHUYeHUE OyJeT CHSTO B

pazzaene 4.1 1 MpOIEMOHCTPUPOBAHO HA TPUMEPE TEOPUH BAKAHCHIA.

CorinacHo KHHETHYECKUM NpCACTABIICHUAM IMOBCACHUC PCAIBHBIX
TBCPABIX TCJI 3aBUCUT HC TOJIBKO OT CPCIHUX XAPAKTCPUCTHUK TCIUIOBOT'O
JABUXCHHA, HO TAKXKEC OT OTKJIOHEHHUH HUX OT CpCaAHUX 3Ha‘-IeHPII>i, TO €CTbh, OT

¢GiykTyanuii, 0COOEHHO, OT BBICOKOPHEpPTreTHYecKHX Guaykryamuit [2, 14].
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Yuer (I)JIYKTyaI_II/Iﬁ OKas3aJICd HACTOJIbKO BaXXHbBIM, 4YTO HX HCCICIOBAHUC B

HACTOSIIIIEE BpEMS OIPEAEIAET YPOBEHb Pa3BUTUS COBPEMEHHBIM HAYKH B
o0JlacTu  HCCIENOBaHMA  HEPaBHOBECHBbIX  mpoueccoB.  CooTHOLIEHHE
HenuHenHoro otkiavka KaBacaku [200], (uykTyallmOHHO-AMCCUTIATUBHAS
teopema Kanena m Benrona [201-203] u TepMOIMHAMUYECKOE TOMXKACCTBO
Kapsunckoro [204, 205] omnpenensrOT MNOBEACHUE CUCTEM JAJEKUX OT
paBHOBeCHs B YCJOBUSAX BHEIIHEro BozaeiicTBus. Haumbonee spkum
NposiBICHUEM (DIyKTyauuil sBisieTcs aKTUBHO MCCIEIyeMOe B TEUCHHE
nocneanux noutu 100 ner 6poyHoBckoe aBmxkenue [2 06-212], u cBsi3aHHBIE C
HUM, BO3HUKAIOIIKE B Pa3IMYHbIX CHCTEMaXx U Mpoleccax, BJICHUs (QIUKKEp -
myma, [213-215]. Bo MHOrom cOIIacHO CJIOXHMBIIUMCS COBPEMEHHBIM
NPEJICTABICHUSIM  HMEHHO  TEIUIOBble  (PIYKTyallud  MpelonpeiessioT

HepaBHOBeCHBIﬁ XapaKTCp BCCX PCAJIbHBIX (I)I/I3I/I‘-ICCKI/IX IponEeCCOB.

B To xe Bpems, mpobiemMa MepecTpOMKH CTPYKTYpbl TBEPIOro Teja
MMEET JIBa acleKTa — (QIIyKTYallMOHHBIN U CHIIOBOW. DIIyKTyallMOHHBINA aCEeKT
BAKEH B CIIy4ae MEJJIEHHBIX IPOLIECCOB, KOTZAa CUCTEMA MMEET JOCTATOYHO
BPEMEHH, 4YTOOBI JOXAATbCS COOTBETCTBYIOLIET0 MaciiTada TEerIoBON
(GiykTyaluuu, 1 ee pacCMOTPEHUE HEOOXOIUMO BECTH C YYETOM BO3MOXHOCTHU
MIEPEHOPMUPOBKHU MTOCTOSIHHBIX TEOPHUH. B IIPOTHUBOIIOJIOKHOM
ACHUMIITOTHYECKOM TpeJiesie ObICTPBIX WIIM MHTEHCUB HBIX MPOLIECCOB, KOTOPbIE
B OCHOBHOM M pacCMaTpHUBAarOTCS 31ECh, CHCTEMa HE HMMEET JOCTAaTOYHO
BPEMEHH, 4YTOOBI JOXAATbCS COOTBETCTBYIOLIETO MaciiTada TerIoBON
(GiykTyaluuu, U ee pacCMOTPEHHUE, M0 KpailHell Mepe, B IepBOM IPUOIHKEHUU

MOJKHO BCCTH B paMKax TCOPUHN CPCIHCTO I10JI 4.

BHyTpeHHME NpolecChl, TPOTEKAOIINUE B TBEPAOM TEIIE, NPEICTABISAIOT
cOOOM CIIOXKHYIO KapTUHY B3al MHBIX MEPEXOJIOB U MPEBPALLECHUN 3HEPTUU U3
OJHUMX BUJIOB B Jpyrue. @usnueckas NpUpoJa BHYTPEHHUX IPOLECCOB HE
Bcerzia KOHKpeTu3upyrotes [2 16]. Jluccunanus sHepruu ¢ ydactueM 1e(eKToB
B OTJIMYME OT JUCCUIALUY T10 BSI3KUM KaHajaM, UMEIOIUX (PIyKTyalHnOHHYIO

Iprupoay, HOCUT Z[I/IHaMI/I‘-IeCKI/Iﬁ XapaKTCep U COIPOBOXKIAACTCA ICPCXOIHBIMU
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SABJICHUAMUM THUIIA aKYCTquCKOﬁ smuccuu. KunHernueckas 4acThb OHCPIruu,

BO3HHUKIIIasi B MOMEHT 0Opa3oBaHus Je(dexra, cCHauana u3inydaercs B Gopme
HU3KOYACTOTHBIX KOJEOAHUM M BOJIH, KOTOPHIE MOKHO paccMaTpuBaTh, Kak
4acTh OOIIETO perakcalmoHHOro npoiiecca [2 17]. PaccestHue HU3KOYaCTOTHBIX
BOJH Ha PABHOBECHBIX TEIUIOBBIX KOJEOAHMSIX 3aBEpIIaeT MPOIECC
pellakcaluy ¢ ydactueM Jie(eKTHOro KaHana. Tak uM o0pa3oM, B XaOTUUECKYIO
TEIJIOBYIO ()OpMY SHEPTHUS MEPEXOJIUT HE cpa3y, a uepes3 psijl MPOMEKYyTOUHBIX

CTaauil.

1.4.3. Cmamucmuyeckue onucanusi HEpaBHOBECHLIX CUCMEM.

B Teopun HepaBHOBECHBIX SIBJICHUN CYIIECTBYET JBa aJIbTEPHATUBHBIX
noaxona — moaxon ['mbGbOca WM CTAaTUCTUYECKOM MEXAaHWKH, W TOJXO
OWHINTENHA WK CTaTUCTUYeCKoi TepmoauHamuku [2 18]. B moaxone ['mb0ca
MPEANPUHUMACTCS  TIOTBITKA  BBIBECTM  MAKPOCKOMUYECKHE  3aKOHBI
TEPMOJIMHAMUKHU TyTEeM OCPETHEHUS XapaKTEPUCTUK MHUKPOCKOIMYECKOTO
MeXaHU4ecKkoro JBrbkeHus. Cucrema 4acTull (BO3MOXHO, C BHYTPEHHUMU
CTENEHSMU CBOOOJIbI), TTOJYUHSETCS YpaBHEHUSIM JBMKEeHUsI ['amMuibTOHA U
n3o0paxkaercs B (a3oBOM  MPOCTPAHCTBE  KOOPJUHAT -UMITYJIbCOB
qi, - q3NpP1 .-, P3N € pasmepHocTbi0O 6N, rne N — uyucno yactuil. Kaxnas
cucTeMa M300pakaeTcsi Ha HEMl OJHOW TOUYKOHM, KOTOpas IepeMelaercs B
(ha30BOM MPOCTPAHCTBE B COOTBETCTBUU C PEATLHBIM U3MEHEHUEM KOOPJUHAT

" UMITYJIbCOB YaCTHII.

(DOPMaJ'IBHO 00BeM (1)3.30BOF0 MPpOCTpaHCTBA 6CCKOHCLICH, HO pcajibHad
CUCTEMA 3aHUMACT TOJIbBKO YaCTb HCIro — TII0 KOOpJAWMHATaM BCJICACTBUC
HaJIn4usia OTpaHUYIUBAOIIUX COCY n0OB, 110 HUMITYJIbCaM BCJICACTBUC
OIrpaHUYCHHOCTH 3aIlaca €€ 0611_[6171 OHCPIUn (HI/I OJHa YacCTula HC MOXKCT
HUMCTh CKOPOCTHU 60J'II:IHCI71, 4YCM CKOpPOCTH, IIpHU KOTOpOﬁ €C KHMHCTHUYCCKaAs

OHCPIusg MPCBOCXOAUT BCHO OJSHCPIUIO CI/ICTGMBI). B npouecce IBUKCHUA
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KOOPAWHATBI U HMITYJIBCBI U3MCHAKOTCA TaK, YTO 3a BPEMA dt TOJIOXKEHHUE

cUcTeMbl B (a3oBOM  TIPOCTPAHCTBE  HM3MCHHUTCS Ha  BCIUYHUHY
{dqy,....dqs;ndp,, ...,dpsy}, THEe uUcCTONb30BaHAa BEKTOpHAs QopMa 3amucu.
CormacHo  teopeme  JlmyBmmis  o0beM  (a30BOrO0  MPOCTPAHCTBA
dqdq;...dg;ndpdp;...dpsy, TOCTPOEHHOTO Ha MPUPAIICHUSX BCEX KOOPAMHAT
32 OJIMHAKOBBIA MPOMEXKYTOK BPEMCHU, HE MCHSCTCS B IPOIECCE JBUIKCHUS
cuctemsl [219-222]. DTo mojcka3ano Uaek CTaTUCTUYECKOro ancamoss. Eciu
($a30BOEC MPOCTPAHCTBO 3AIMOJIHUTH OOJBIIUM KOJHMYECTBOM OJMHAKOBBIX C
MaKpPOCKOITMYECKOH TOYKH 3pEHUS CHCTEM TaK, 4TOObl WX IUIOTHOCTH B
KOKIOM DJJIEMEHTapHOM O0ObeMe Oblla MPOMOPIUOHAILHOW BEPOSTHOCTH
HAXOXJICHUSI CHUCTEMBI B ITOM COCTOSHHUH, TO 3Ta BEPOSATHOCTH HE OyjaeT

MCHSATBHCH IIPU ABUKCHHUH CUCTEM BJIOJIb UX (1)3.30BBIX TpaeKTOPHﬁ.

Ecau nimotHOCTH BCPOATHOCTU OTIIMYACTCS OT HanOojee B CpOATHOTO
(paBHOBeCHOI‘O nJIn CTaI_[I/IOHapHOFO) 3HA4YCHUA, TO €C IBOJIOLUA K 3TOMY

3HAYEHUIO 3a7aeTcs ypaBHeHueM JInysmis [2 20]
0
—={H.p}. (1.23)

3nech purypubsie ckoOku 310 ckoOku [lyaccona, H — raMiuIbTOHUAH CUCTEMBI.

JUiss  HEpaBHOBECHOTO CiIyuyasi YpaBHEHHUE OIUCHIBAET pPEJIaKCaIUio
CUCTEMbI K PaBHOBECHOMY COCTOSIHHIO, & TAaKK€ €€ PEaKkIUI0 Ha BHEIIHHE
Bo3nelicTBUs. B ciywae paBHOBECHOTO  (CTAI[MOHAPHOTO) COCTOSTHUS
TJIOTHOCTh BEPOSITHOCTH HE 3aBUCHUT SIBHO OT BpemeHH. CkoOka [lyaccona mpu
3TOM oOpariaercsi B HyJib, a MJIOTHOCTh BEPOSATHOCTH CTAHOBUTCS UHTETPAJIOM

JABUXKXCHHA.

Cratuctuueckas ¢pusuka 6a3upyercsi Ha BaXKHOM TUIOTE3€, YTO CPEAHUE
U HauOosiee BEPOSITHBIE COCTOSHHUS COBMAJNAIOT. DTO MO3BOJISIET HAXOAWUTH
peasibHbIe, TO €CTh, HAaNOOJIEe BEPOSITHBIE XaPAKTEPUCTUKU COCTOSIHUS ITyTEM
yCpeAHEHUs1 HaOIoJaeMbIX BETUYMH. Takoe coBHajieHue B OOLIEM clydyae He
oOsi3arenbHO. [lpu  OTCyTCTBUM cUMMeTpuM (PYHKUMM pacrpeneieHus

OTHOCHUTCJIIBHO MAaKCHUMAJIBHOT'O 3HAUYCHUA PA3JINIUC HauOoJee BCPOATHOI'O U
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CpCaOHCTO COCTOSIHUM MOJKET AOCTUTATh NOpPAJKa NIMPUHBI ITUKA. OZIHaKO, I JIL

CTaTUCTUYECKUX CHUCTEM C OTPOMHBIM 4YHuCIOM uyactull [219] BcneactBue
y3KOTO JIeJIbTAa00pPa3HOTO XapakTepa IMUKa TaKoe pas3iuyle CTAaHOBUTCS
npeHeOpexxkuMo ManbiM. CHUTyaluss MOXKET W3MEHUTBhCS B Cllydae MayibIxX
cucteM (Wau OOJIBIIMX CHUCTEM, HO C MajblM KOJIHYECTBOM 3JIEMEHTOB II0
NpUYMHE TOTO, YTO CaMU  JJIEMEHThl MOTYT OBbITh, HampuMep,
ME30CKOMMYECKOro MaciiTada). B aTom ciydyae mupuHa muka MOXKeET ObITh HE
Maioi. Kpome Toro, BennuumHa mnuka OyJeT 3HAYUTENILHO MEHBIIEH, YTO
MOXET TMPUBECTH K CONOCTABUMOCTH €ro C BTOPUYHBIMU IMHKAMH
pacnpe/ieNieHns] BEpOSITHOCTH, KOTOPBIMHU B Clydae OOJIBIIUX CUCTEM MOYKHO

ObUIO MpeHeOpeyb.

1.4.4. Kunemuxa deghexmos npu unmeHcu8HoMm 6030€ticmaUul.

B koHTMHyanpHOUW Teopuu auciokaruit [ 77-85] nedekTHOCTh
MaTepualia OMHUCHIBACTCS TEH30pPOM IUIOTHOCTH JMCIIOKAIMH, BBEICHHOTO
Haem [223], a kuHeTHYECKOE ypaBHEHHME CJIEAYET W3 3aKOHA COXpPaHEHUS
BekTopa broprepca [80]. Dta Teopust Oojiee MNOIXOIUT MJsl ONHUCAHUS
neOpMHUPOBAHUS MOHOKPHUCTAJUIOB TMPH YCJIOBUM, YTO JPYTMMHU BHUIAMU
nedeKTOB MOXKHO MpeHeOpeub. B ciydae MOMUKPUCTAIUIOB OHA IMPUTOJIHA
TOJIBKO JUTIsl ONTUCaHUsl 1e()OPMUPOBAHUS OTICIIBHBIX 3€PEH MPH YCIOBUU, YTO

YHOPYTUC HAIPSAXKCHUSA B IPpCACIaX OTACIIbHBIX 3CPCH N3BCCTHLI.

[Ipy  WHTEHCHBHBIX  BHEIIHMX  BO3JCHCTBUSAX  OJHOBPEMEHHO
aKTUBU3UPYIOTCA HECKOJbKO YypoBHeH aedexrtoB [13, 224-227]. Ilpu
ONKMCAHUA MHOTOYPOBHEBBIX CHCTEM MOXHO IBITaThCA Cpa3y OXBATUTH BCHO
UEPapXUYECKYI0 ULENOYKy Je(PEKTOB WIM IMOCIEA0BATEIbHO, ABUTAsiCh OT
MUKpPOYPOBHSI K MaKpOYPOBHIO WJIM, HA00OpOT, Ha KaXIOM IIare
paccMarpuBasi TOJIBKO OMIDKAHIIMX HEpapXUUECKUX COCEHNeH «CBEpXy» U

«CHU3Y». MaKPOCKOHI/I‘-IeCKI/Ie TCOPUN TIPU3BAHBI OIIMCBIBATH TIOBCIACHUC
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MaTcepualia 49€pe3 MapamMeTpbl TCOPHUU. MI/IKPOCKOHI/I‘-ICCKI/IC TCOPUN HOJIZKHBI

PACKPBIBATE MCXAHU3MBI TOI'O WJIIM MHOTO IIPOHCCCA, U Ha OCHOBAHUU I3TOI'0

BBIYHMCJIATh UJIIH, XOTA 6BI, OIICHUBATDL MapaMCTPbl MAKPOTCOPHHU.

PeanbHple CcUCTEMBI OTKpBITBI JJII BHEIIHETO OKPY)KEHUS,  OHHU
O0OMEHHMBAIOTCSI C BHELIHUM OKPY>KEHHUEM SHEpPrHeil U Maccol, U OTHOCATCS K
KJIacCy HEraMUJbTOHOBBIX cucteM [228,229]. C nmpyroéi CTOpPOHBI, JIFOOYIO
OTKPBITYIO CUCTEMY MOXHO PAacCIIUPUTh A0 3aMKHYTOH CHUCTEMbl, OOBEINHUB
€€ CO BCEMHM BHEIIHMMM TEIaMH, ¢ KOTOPBIMH OHa B3aMMOJE MCTBYET. ODTO
03HAYaeT, YTO BHEIIHUE BO3JCHCTBUSA HAa HEKOTOPYIO BBIICICHHYIO CHCTEMY
MOKHO 3ajJaBaTb HE B NPOM3BOJILHOM Qopme, a B TOH, KOTOpas He

MPOTUBOPEUUT TAKOW PacIIMPEHHON (raMHIIBTOHOBOI) CUCTEME.

OmHOMl M3 TakUMX OTKPBITBIX CHUCTEM SIBISIETCS TBEpAOE TeEJoO,
MOJIBEPTHYTO€ MHTEHCUBHOMY MEXaHMUYECKOMY BO3JAeHCTBUIO. M3BECTHO, 4TO
JUIE  BCEX BAPUAHTOB TAaKOrO BO3JCHCTBUS C YBEJIWYEHHEM CTENEHU
negopMalii  MPOMCXOIUT M3MEIbUYEHUE 3€pPeH  MOJIMKPUCTAIUTUYECKUX
METAUIMYECKUX  Tel  OT  CyOMMKPOCKOIIMYECKOTO  pasMmepa [0
HaHOCKONM4eckoro pazMepa nopsaka 100am [230, 231]. Dddekt nocturaercs
3a CYET MHOTIOLMKIOBOW O0OpaOOTKHM C COXPaHEHHEM IONEPEYHOrO CEUCHMSI
o0pa3LoB Ha KaxzaoMm Lukie. Ilocne kaxaoro Lukia 3epeHHas CTPYKTypa
CTaHOBMTCSl MeJbye, OJHAKO, HauMHAs C HEKOTOPOro IMKJIA, pa3Mep 3epeH
MPAKTUYECKH NEPECTaeT MEHSTHCS, U CUCTEMa JIOCTUTaeT CBOEU IMpeaeiabHOU

CTPYKTYypbI [232, 233].

JIOCTUTHYTH OOJIBIIET0 W3MENbYEHHs] TAaKUMU CHOCOO0aMU TOKa He
ylaeTcsl — MpeAeabHbIA pa3Mep 3epeH MpU pasHbIX coco0aX MEXaHHUYECKOTO
BO3JICHCTBHSI BApbUPYETCSA HE3HAUYUTEIBHO. DKCIEPUMEH TAJILHOE U3YYEHUE U
OLICHKUA PAa3JIMYHBIX MEXaHU3MOB (HOPMHUPOBAHUS MPENEIbHON CTPYKTYpbI
MPOJIMBAET HEKOTOPHI CBET Ha 3Ty MpoOieMy, OJHAKO, HE TO3BOJISIIOT
oXBaTUTh €€ B wHenom [233-237]. IlpocTtoe BapbHpOBaHME SMIMPHUUECKHUX
3aBUCUMOCTEW HE II03BOJSET OTBETUTh HA pAJX IPUHI UITMAIBHO Ba)KHBIX

BOIIPOCOB — MOZKCT JIX CYHICCTBOBATH HC OJHA, 4 HCCKOJIBKO (I/Iepapxnﬂ)
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NPpCACIIbHBIX CTPYKTYpP, WU UYCM IPUHIHUIIHUAIIBHO OTJINYAIOTCA (I)I/I3I/I‘-ICCKI/IC

MEXaHU3Mbl, KOTOPbIE MOTYT UX (DOPMHUPOBATH.

BaxxubIM acnekToM MpoOseMbl SIBISIETCS OIpeNeIeHue TeMIepaTypHOu
3aBHCHMOCTH pa3MepHOro 3(pQexra v yueT BIUSHUS Ha HETrO, BBIIEISIOMIErocs
B mpolecce IepOpMUPOBAHUS, TEIJa, KOTOPOE IMPH BBICOKUX CKOPOCTSX
BO3JICUCTBUSI MOXET OBITh 3HAYUTENBbHBIM. TakK, SKCIEPUMEHTAIbLHBIMU
pabdoramu OTHUHT mnoka3aHo, 4Yro B OO0JACTM HHU3KUX KPHUOTE€HHBIX
TEMIEpaTyp 3HAUUTEILHOTO YMEHBILIEHUS pa3Mepa 3epeH MOKHO JOOUThCS
Ja)ke OOBIYHBIMU METOJIAMHU THAPOIKCTPY3UH, HE Ipubderas K 6osee CI0KHbIM
METOJIaM UHTEHCUBHOTO BO3/1ecTBUA [2 38].

OparmMeHTanysa Marepuaia Mmoj JCUCTBUEM BHEIIHUX HAMNPSHKCHUH, Kak
y’Ke 0TMEYalioCh, MHOTOYPOBHEBBIH mporiecc. Kaxapiit 6osiee HU3KUM ypOBEHB
MOJIFOTaBIMBACT YCJIOBHUS JUIsl (popMHpoBaHUs OOBEKTOB (neeKToB) Ooiee
BBICOKOTO YpPOBHSI U 3BOJIONUS JCPEKTHOW CTPYKTYpbl MPOTEKaeT II0
CUEHapusiM camoopranuzanuu [96, 239-243]. 3aBepmiaroliuM K€ 3TaroM
cCaMOOpraHM3allMil B SBJSIETCS MHTEHCHBHOE (OpMUpOBaHUE HauOosee
KPYHHBIX J€(PEKTOB — pa3BETBICHHOW W OOJbIIEH MO TIJIOMATU CHCTEMBbI
MEK3€pEHHBIX TPAHMII.

OmHoil M3 TpyOHBIX 3a7a4  (U3MKKM TBEPIOTO Teja  SBISETCS
UCCIIEJIOBAHUE U TEOPETUYECKOE OMNMCAHME ABTOKOJIEOATENbHBIX SIBJICHHIA,
(opMUpOBaHKE MPOCTPAHCTBEHHBIX II€ PUOAMUYECKUX CTPYKTYp, a TaKke
ABJIEHUN THNA stick-slip B cMma3kax, rucrepesrca npu (pa3oBbIX Iepexoiax.
Hanpumep, B HekoTOopbIX amop¢HbIX crulaBax HaOmonaercss 3(QexT
aBTOKOJIE0ATEJIbHBIX NEPEX0JI0B MEKIY aMOP(PHBIM U HAHOKPUCTAIUITMYECKUM
COCTOSIHMEM, KOTODPBIM HE HAIllEJl €lIe TEOPETHYECKOIO ONMCAHUS C MO3ULUU
TEOPUU HEPABHOBECHBIX mpoueccoB [244]. [Ins Takux CIJIaBOB XapaKTEPHBIM
SBJISICTCS ~ HAJIMYME  MEPEKPBIBAIOIIMXCA  YyYAaCTKOB  YNPOYHEHUA U
pazynpouHeHusi (puc. 1.4). 3mech y4acTok 6 COOTBETCTBYET YMEHBIIICHUIO
MUKpPOTBEPAOCTH (pa3ylpoYyHEHHUE), a Yy4yacTku 7, 8 ee YBEJIUYEHHUIO

(Ynpo4HEHHE), 4TO CBSI3aHO C MUKPOCTPYKTYPHBIM COCTOSIHMEM cIutaBa. Kak



53
Oyzmer mokazaHo B pasaene 5.1, 3To mpenompenessieT aBTOKOIeOaTeTbHbIN

XapakTep CTPYKTYPHBIX TIEPEXOIOB.

Hlpyroii  mpumep, U3BECTHOE sABJIeHUE  Stick-slip, korma mpu
HENPEPBIBHOH TPOTSDKKE JIBYX TBEPABIX T BIOJIb aTOMAapHOTJIAJIKON
MOBEPXHOCTH BO3HHUKACT PEKUM TPEpHIBUCTOrO0 nBMXeHHs. Ha puc. 1.5
MpUBE/ICHA OKCICPUMCHTAIbHAS KUHCTHYCCKAs KpHUBash CHJIBl TPCHHS,
JEMOHCTPHUPYIOIIas 3aBUCUMOCTh JTOT0 PEKHMMa OT CKOPOCTH TMPOTSDKKU. B
pasaene 5.2 Takas 3aBHCHMOCTH, HapsIy C JAPYTUMHU 3aBUCHUMOCTSAMH, OyJET

IMOJIYyUCHA U3 TeOpeTI/I‘-IeCKOﬁ MOJICIIN.

Hy, MITa
12000

11000

16000
®

9000

8000

7000

6000 1 1 1 1 1 1 1 1 ]
0

Puc. 1.4 3aBucumocts MukpotBepaoctu ciiaBa Ni-Fe-Co-Si-B 0T KoIuyecTBa
MOJIHBIX 00OPOTOB METOJIOM KPY4YeHHUs TOJ JaBjeHUEM B Kamepe bpumxmena
NPy pa3lIMYHBIX Temmeparypax: 1-3 — TEMHONOJIbHBIE 3JIEKTPOHHO -
MHUKPOCKONIMYECKUE HU300paKeHUs CTPYKTyphl, 4 — TOMOreHHas, 5 -—
HErOMOTEHHasi MO/JIbl TUIACTHYECKOr0 TEYeHHsI B aMOp(HBIX cIUlaBax, 6 —
Y4acTOK paszynpouyHeHusi amopdHoii «das3ep», 7, 8§ — ydyacTKH yHpPOYHEHHS

HaHOKpHUCTAIUTMUECKOU «dasbdy [244].
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Puc. 1.5 TouHoe BOCHpPOM3BEICHHE DPEXKHMa TPEHUS U TEeKCaJACKaHOBBIX
wieHok (C;sH3,) mpu 17°C (T<T,) ¢ yBeIMYEHHUEM CKOPOCTH CKOJIbXKEHUS

[245].

1.5. Pa3pywienue K68a3uxpynkux meepowix mei

Cpenn METOZIOB ONMUCAHUS HAKOIJICHUS AE(PEKTOB MOMXKHO BBIACTUTH
METOJbl MCHOJB3YIOMIME TMOHATHE MOBPEXKAAEMOCTH MaTepuana [246-253].
OTO TOHATHE, MO CYTH, AHAJIOTMYHO IOHATHIO BHYTPEHHEW NepeMeHHOU
COCTOSIHMSI B HEPaBHOBECHOH TEpMOJMHAMHUKE WJIM MapaMmerpy Mopsjaka B
Teopuu (a3oBbIX nepexoaoB. C TepMOJIMHAMUYECKON TOYKH 3pPEHUS BCE OHU
MpeaHa3HaueHbl ISl TOKPBITHS AeQUIMTAa MapamMeTpoB HEOOXOAMMBIX IS
OIKCaHUsI HEPAaBHOBECHBIX IpoueccoB. OHU (PEHOMEHOJOTUYECKH OMHUCHIBAIOT
«CKpBITBIE» BHYTPEHHHE NPOIECCHI, KOTOpbIE YBEIUYMBAIOT KOJIUYECTBO
BAPMAHTOB BO3MOKHBIX pelIeHUN. be3 pacKpbITHs BHYTPEHHUX MPOIIECCOB
(m1st HabroAaTeNsl, KOTOPBI HE BUJIUT 3TUX MPOLIECCOB) MOBEIECHUE CUCTEMBI
MPEICTABIACTCA «CIOXKHBIM» M HEOAHO3HAYHBIM. DaKTUYECKH, BBEJICHHUE
TaKUX JIOTIOJHUTENbHBIX MAPAMETPOB 3TO MOMCK OJHO3HAYHOCTU (PU3UUYECKUX
SIBJICHUM ITyTEM PACIIMPEHHS pa3MEPHOCTH IPOCTPAHCTBA.

BriepBbie moOHsATHE TOBpEeXAaeMOCTH ObUIO BBEIEHO B paboTax
KayanoBa u PabotHoBa [246, 247] ans onucaHusl XpyNKOTO pa3pylIeHUs Ipu

MMOJIBYyUCCTU U ZIJII/ITCJIBHOﬁ MMPOYHOCTH. HPI/I OOJIBIITNX HaIIps’KCHUAX B
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pe3ysbTaTe MOJ3y4eCTH MaTepuai pa3pyliacTcsi BA3KO (MO IIACTUYECKOMY,

AUCIIOKAITUOHHOMY MeX&HI/I3MY), pu HEOOIBIINX HaIIPpSKCHUAX XPYIIKO, B
peE3YyJIbTaTC POCTAa MHUKPOTPCIIHH. HPI/I MMOCTOSIHHOM Harpys3kKe¢ YpaBHCHHC

JUITUTEIILHOUM MPOYHOCTH uMeeT Buj (¢ Tp. 433 [247]):

1
T= -,
Anc

(1.24)

rA€ 7 — BpeMs XU3HM 00paslla, oy — WUCTHUHHbIE HampsbkeHus, A, n —
TIOCTOSIHHBIE B CTETIEHHOM 3aBUCUMOCTH CKOPOCTH JiehopMaliiil & OT CPETHUX
HaIPSHKEHUN 0 IPU OCTOSIHHOW TeMIEpaType:
¢=Ac". (1.25)
[locneanee npencrasisger coOOi yNpoOIIEHHOE YPaBHEHUE COCTOSIHUS Ha
CTaJMM YCTAHOBUBIICHCS TMOJ3y4eCTH, TO €CTh, (PAKTUYECKU, HA CTaTUU
CTaI[MOHAPHOTO JeopMUpOBaHUS MpU MTOCTOsIHHOW Temneparype. Ha craguu
HEYCTAHOBUBIIECHCS TMOJ3YYECTH C YYETOM TEMIIEPATypPHOU 3aBUCHUMOCTH

PaGoTtHoB MNPpUBOIUT YPAaBHCHUC COCTOAHUS B BUJIC:

¢.e" =k, exp[—% +G—/:j (1.26)

KOTOpOE, KCTaTH, MPHU IMOCTOSIHHON CKOPOCTH Ne(OPMUPOBAHUS &, = const U

npu o=-I, ¥ ¢ y4eToM, YTO HaKOIUICHHas JehopMaIusl MPOIOPIHOHAIEHA
BPEMCHH ¢! ~¢ TEPEXOAUT B M3BeCTHYIO (opmyny JKypkoBa Ui BpeMeHHU
KU3HHU 00pasiia moJ Harpy3koi [254-256].

HNuTepecHbIM SBISIETCS TAaK)KE TO, YTO TIOHSATHE TOBPEXKICHHOCTH
PaboTHOB MpPUMEHSET TOJBKO NPUMEHUTEIBHO K MHUKPOTPEUIMHAM TPU
XPYMKOM Pa3pyIICHUH B TPOIIECCe TOA3YYECTH, B TO BpeMs, KaK JUCIOKAIIUU
MPH BSI3KOM Pa3pyIICHHH TaKKe SIBIISIOTCS CBOCOOPA3HBIM TOBP CXKICHUCM
MaTepuana. OO0 HMX CXOJHOH pOJIM TaKkKe CBHUACTEIBCTBYET COBIIAJICHHUC
BBIPQXKCHHUM JUII BPEMCHHM KH3HU B 000MX Ciydasx (CpaBHHTE (HOPMYIIBI
(192.2) u cnenyrouryto 3a (196.4) B pabore [24 7]). Kunetndeckoe ypaBHEHHE
JUTSL DBOJTIOLIMY TIOBPEXACHHOCTH ( TTOJI HANIPSDKEHUEM CTPOU TCS M3 TPOCTHIX

IOBPUCTHYCCKUX C006pa)KeHI/II>i 1 MMCCT BUA:
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62—?=\/5a0(’)" (1-0)". (1.27)

AHaJIOTMYHOE BBIPAKEHUE, HO 0e3 KOpHS KBaJpaTHOIO MPHUBEAEHO B padoTe
[247]. TlonsTME MOBPEXACHHOCTU IPUMEHSETCA ISl ONMMCAHUS HE TOJIBKO
neGopMUpPOBaHUS U pa3pyLICHUs] MET AJUIOB, HO U JUIS ONMCAHUS aHAJIOTMYHBIX
MPOLIECCOB B JPYTUX TBEPIBIX Teax, Hampumep, achaibrax U Oetonax [247-
249].

K omnmcanuio paspylieHHs KBa3sUXpPYNKHX TEJI MPUMEHSIOTCS TaKXKe
TEPMOAMHAMHUYECKHE METOJbl, Oepyliue Hauyano or pabor Kynemana wu
laptuna [174-178, 257]. Tak, B pabote Bana [177] TpaauuuoHHbI HabOp

HE3aBUCUMBIX TEPMOJMHAMUYECKMX IEPEMEHHBIX X, =(s,&), Tae s —

IUIOTHOCTb 3HTPONMHU, & § — TEH30p JAe(opmanuu, JONOIHEH BHYTPEHHUMU
MEPEMEHHBIMHU TaK, 4TO OOIIEe COCTOSIHME CHUCTEMbI MOXKHO CHMBOJIMYECKU

3amMcaTh B BHAE MaTpHUbI (5,8 0), B KOTOPOM BEKTOP G. MMEET N KOMIIOHEHT
a = (a,,0,,...0y ), OTBEYAIONIME 33 PA3JIMYHBEIE MOMEHTHI CTATHCTHYECKOIO

pacnpenenenust nedextoB (MukpotpeuiuH). CoorHomenne [ub6ca wum
obob6mmaercs B Buze (1.21). B npunmumne, 3To 10CTaTOYHO pacrpoCTpaHEHHBIM
npueM, KOrja «HU30bITOYHAs» HeoOpaTUMas 4YacTh pabOThl BHEIIHUX CHII
(HarpsKeHUI) cOpachIBaeTCs B JOMOJHUTEIb HbIE CllaracMble (CM. Harpumep,
[258-260]). Takas ¢opma cootHomenuss [ubbca Bieder 3a ¢ 000H
MIPUMEHUMOCTh K HEPaBHOBECHBIM COCTOSIHUSM U IPOIIECCaM BTOPOTO 3aKOHA
tepmoauHamuk B (opme KenbBuna-Ilnanka. Jlnsg omucaHus YHCTO
MEXaHUYEeCKMX CcHUcTeM (B cCily4ae W30TEPMUUYECKUX TIPOIIECCOB) aBTOP
MPOCTHIM TpeoOpa3oBaHueM JlexkaHpa MNEPeXOaUT K CBOOOTHOUM SHEpPrUu
I'enmemromneia @ :

®(T,%,6.)=u—Ts (1.28)
Hanee crtpoutcs auddepeHuanbias ¢dopma A CBOOOJHON SHEPTUU, U
COIPSDKCHHBIC TEPMOJMHAMUYECCKHE TICPEMEHHBIC OIPEICISIIOTCS ITyTeM

¢ depeHunpoBaHusi CBOOOHON SHEPTUU:

s=-2 0 22 4292 (1.29)
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31ech B KauyeCTBE HE3aBUCMMOM TEPMOJIMHAMUYECKOM NEPEMEHHOU

durypupyer MOOJMHBIM  TeH30p  JedopMaldif, KOTOPBIM  BCJEACTBHE
pEJIaKCaIlMOHHBIX TPOILIECCOB HE MOXKET OBITh MOJHOCTHIO BOCCTAHOBJICH.
[TosTOMYy nake B MEXaHWUYECKOM MOHMMAHHHM T0JIe (TIOIHBIX) Aedopmaliuii He
SBJISICTCS MOTCHIMAIBHBIM W TI0 HEMY HENlb3s BOCCTAHOBUTH IMyTEM
mddepeHIpoBaHus HEKOTOPOTO MOTEHIHANa T0JIe HAPS>KEHUH.

Pa3BuTas 3/1ech KMHETHKAa HEPABHOBECHBIX IPOIIECCOB MOMKET OBITh
MpUMEHEHa I ONHUCAaHUS Pa3pyUICHUs KBA3UXPYIKUX TBEPIbIX TeI
pa3IUYHON MPUPOABI — METAJUIbI, KEPAMHUKHU, TOpHBIE Topoabl. Kak yacTHBIN
Clly4ail OHa NpPUMEHEHA JJIsi OMUCAHUSI WU3BECTHOTO SIBJICHUS 30HAJILHOTO
paspyllieHuss TOPHBIX TOPOJ BOKPYI HCKYCCTBEHHBIX TMOJOCTEH (TOPHBIX
BBIPA0OTOK), HAOMIOJAIOIIMXCA Ha 00 IbIMX TryouHax [261]. Jlo sToro 6nu10
MPEITI0KEHO HECKOJIBKO TEOPETUYECKUX OMUCAHUM 3TOTO SIBJICHUS B paMKax
9iucTO  ()EHOMEHOJIOTMUECKOr0  MexaHucTudeckoro mojaxona. IlepBoe
TEOPETUYECKOE OOBICHEHHE TPEJACTAaBUIA CaMH aBTOPbl OTKPBITUS 3TOTO
SIBJICHUSI, KOTOpoe Oa3upyeTcss Ha MOJENU IUIACTHYECKOro Ae(GhOopMHUpPOBAHUS
TBepaoro Ttena [262]. Ilmactuueckass wMonaenb, OJHAKO, HEaJEKBAaTHA
($u3MYeCKUM TpolieccaM, MPOTEKAOIIMM B TBEPABIX TeNlaX, HAXOMAIIUXCS B
HEPABHOBECHBIX YCJIOBUSX MPU JUIUTEILHOM JIEUCTBUM BHEIIHUX CHUJI, TJIOXO
MOAXOAUT JUIs ONUCaHus TreoMmarepuasioB. B mogpazgene 5.6 Oyner
MPEATIOKEHO (DEHOMEHOJIOTHYECKOE OMUCAHUE ATOTO SIBJICHHS, KaK IMpoliecca

CaMOOpTraHn3alil B HCPABHOBCCHBIX YCIIOBHUAX.

1.6. Kpamxkue 6b16000b1

1. B Hacrosiiee BpeMsi HE CYILIECTBYET HCCIECIOBAHHI CHOHTAaHHOTO
(dbopMHpOBaHUS  JIOKAJIM30BAHHBIX  COAUMOHONOOOOHBIX — O0N20NHCUBYUJUX
6030yoicOeHull, TAHAMUKH TIPOLIeCcCa UX pOCTa U MOCIEAYIOMEeH aHHUTWISIIUHA,
CTaTUCTUYECKNX 3aKOHOMEPHOCTEH, a TakyKe€ BO3MOXHOIO BIIUSHUS 3TUX

MMpoueCCOB HA npoHHOCmMb TBCPIABIX TCII.
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2. B Hacrosmee BpeMs B HAay4HOM JIMTEPAaType OTCYTCTBYIOT

UCCIICIOBaHMsI TMHAMUKHU JUCIOKAIIM, B MPOLIECCEe ABUIKEHUS KOTOPBIX MOTYT
MEHSTBCS  CMPYKMYPHble COCMOSIHUSL  ux s0ep, HE paccMaTpUBAJIOCh
BO3MOKHAasl pOJIb MAJIONOJBUKHBIX JAUCIOKAIMN C Y3KUM AMCIOKAIIMOHHBIM
a0poM B (OpPMHUPOBAHMM TpaHMIl HaHO3epeH. BnusHuEe CTPYKTYypHBIX
COCTOSIHUM sJIep AWUCIOKAalMH Ha CBOWCTBA HAHOMATEPUAJIOB — BBICOKYIO
YCMOUYU8oCcmsy TPAHULl HAHO3EPEH M COYETAHHUE BBICOKUX HPOYHOCHBLIX W
naacmu4eckux CBOWCTB TBEPHABIX TEJ, HAXOIAIIMXCA B HAHOKPUCTAUINYECKOM
COCTOSIHMM TaKXe HE YUUTHIBAJIOCh.

3. B mHacrosdmee BpemMs B Hay4HOM JMTEPAaType OTCYTCTBYIOT
UCCIIEJIOBAHUSL CBSI3M TEIUIOBOIO JBUKEHHSI C IapaMeTpaMud WHTEHCHUBHOI'O
BHEIIHETO CUJIOBOI'O BO3AECUCTBUS C TOUKH 3PEHUS BBIJICJICHUSI PaBHOBECHOH U
HEPaBHOBECHOU MTOJICUCTEM. B pamMKax  JIOKQJIbHO -PaBHOBECHOM
TEPMOAMHAMUKHN HE YUYUTHIBAETCS TOT (DAKT, YTO TEIUIOBOE JIBU KEHHE MOXKET
HaXOOUTbCA B  HEPABHOBECHOM  COCMOSHUU  BCIEACTBUE  TI'€HEPALMH
CTPYKTYPHBIX  J€(EKTOB,  CONPOBOXKAAIOIIECECS  M3IYYECHUEM  ITyUYKOB
HU3KOYACTOTHBIX KBAa3MMOHOXPOMATHYECKHX BOJIH (aKyCTHYECKas 3MHUCCHS),
KOTOpblE, Kak cleayer u3 sBieHHd Bo3Bpara Pepmu -Ilacta-Ynama,
CTOXaCTU3UPYIOTCS (PETAKCUPYIOT) TOCTATOUHO MEJUIEHHO.

4. B Hacrosiee BpeMsi B CHIIy CKOPOTEYHOCTH ITPOLIECCA OTCYTCTBYET
BO3MOKHOCTb IPSIMOTO 3KCIEPUMEHTAIILHOTO HAOMIOACHUS in-Situ TBUKCHUS
TPaHUIl 3€pEH B NPOLECCe YAAPHOM peKpUCTAIM3auud. B  Hay4yHOU
JUTEepaType OTCYTCTBYIOT TakXe JAAHHbIE O MOJEIMPOBAHUM TaKUX OBICTPBIX
IBWKCHUW  TpaHULl 3€peH, HampuMmep, ¢ MPHUBJICYECHHEM  METO/0B
MOJIEKYJIIpHOU AMHaMUKHU. KpoMe Toro, B Hay4yHOM JHUTEpaType OTCYTCTBYIOT
WCCJENOBAaHUS METOJAaMU  KOMIIBIOTEPHOIO  MOJEIMPOBAHMS  IIpolecca
PEKpUCTAITU3ALMHU TBEP/ bIX TeJl IPU OTHOCUTEIBHO HU3KUX TEMIIEpaTypax Mo
MEXaHU3MY TEKCTYpHOIO CIMSIHUS 3€peH. B 3TOM KOHTEKCTEe Ba)KHBIM
ABIIIETCS TO, YTO U PEKPUCTALTU3ALMUSA U JPOOJICHHE 3€PEH OCYIIECTBISIOTCS
N0 OJIMHAKOBBIM MEXaHHW3MaM CHJIOBOTO BO3JEHCTBUS, 0€3 ydactus

1 (pdy3MOHHBIX MPOLIECCOB.
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5. Cy1iecTByOIIMEe METObI MAKPOCKOIIMYECKUX YaCcTHIl 00JIaJal0T TEM

HEJOCTaTKOM, YTO C UX MOMOILBIO HENb3sI MOJAEIUPOBATh U30TPOIIHBIE CPEBL,
TaK Kak IMpU LEHTPAJIbHO-CUMMETPUYHOM XapaKTepe B3aMMOJECHCTBHUS
YacTULBl  CTPEMATCA  YHOPSIOYUTHCSA,  OpUOOpeTas  aHU30TPOMHIO
IUIOTHOYTIAKOBAaHHBIX ~ KpPHUCTAIOB.  VICKIIIOYEHHE  COCTaBIIIET  CIOCO0,
npennoxeHHbd A.D. @ununnoseiM 1 B.JI. [TonoBeiM, B KOTOPOM H30TpONMS
MOJIEIM JOCTUTAETCS 3a CUET CIEUMAIBbHOIO MOJ00pa YHPYIHX MOCTOSHHBIX
CUCTEMBI T€KCArOHAJIbHO YIIAKOBAaHHBIX dYacTull. Kpome TOro, HM3BECTHBIE
METOJbl HE IMO3BOJISIIOT YYHUTHIBATh BIMSIHHE CTPYKTYPHBIX OCOOEHHOCTEU
TBEPABIX TeJl (CTPYKTYPHBIX OCIAa0IeHUI) HA TMHAMUKY OBICTPONPOTEKAIOIINX
MIPOLIECCOB, HAaNpuMep, B 3a7aue BO30YXACHUS YNPYTUX BOJH B pe3yJibTaTe
COyJlapeHus IBYX TBEPABIX TEIl.

6. B HacTosiiee Bpemsi HE CyLIECTBYET CHCTEMBlI KUHETMYECKUX YpPaBHEHUU
Ui omucaHus JAe(EeKTOB, 3alMCaHHbIX CHUMMETPUYHO OTHOCUTEIBHO
MCIOJIb30BaHMs CBOOOIHON U BHYTpeHHEH sHepruu. M3BEeCTHOE KHHETHUECKOE
ypaBHeHue  Jlangay-XanaTHUKOBa ~ HEYJOOHO  MPU  HUCCIIEAOBAaHUU
OBICTPONPOTEKAIOIIUX TPOLIECCOB, KOI/a SHEPrHsl CTPYKTYpPHBIX A€(PEKTOB
3aBHCHUT OT IUIOTHOCTH JIE()EKTOB U MOXKET CYIIECTBEHHO MEHATHCS Ha Pa3HBIX
cTamusix Tmpouecca. B 3ToM ciaydae HEOOXOIMMO HCKaTh Jpyrue (QopMbl

KHHCTHYCCKUX ypaBHeHHﬁ.

7. CyllecTByIOIME TEOPETUYECKHE ONMCAaHUs, OCHOBAHHBIE Ha
(¢bopManbHOM  KMHETHUYECKOM  TOAXOAE, HE  OOBICHAIT  (EeHOMEHa
dbopMuUpOBaHUs  MPEAEIbHOIO  pa3Mepa 3epHa NpPU  HUHTEHCHBHBIX
MEXaHWYeCKMX  Bo3leHcTBUsX.  HeOonpmme — BappupoBaHust — BOIW3U
SMIMPUYECKUX 3aBUCUMOCTEN, 3aJI0)KEHHBIX B TaKU€ TEOPHM, HE IMO3BOJISIET
OTBETUTh Ha pAJ NPUHUUIHAIBHO BAXKHBIX BOIPOCOB — MOXET JH
CYLIECTBOBATh HE OJIHA, @ HECKOJBbKO (Mepapxusi) MpeAeiabHbIX CTPYKTYp, U
YeM MPUHLUIMAIBHO OTJIMYAIOTCS (PU3UYECKHE MEXaHU3Mbl, KOTOPbIE MOTYT

ux gopmupoBats. Hanuio aeduuut, XoTe U rpyObIX, HO AOCTaTOYHO OOIIUX
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TCOPCTUUCCKHUX OHI/ICB.HI/Iﬁ, KOTOPBIC I103BOJINIIA OBl OXBaTHUTH HpO6J'ICMy B

LEJIOM, UTHOPUPYS, ObITh MOXKET, Ha MEPBIX TOpaX MHOTHUE €€ JICTalIH.

8. B Hacrosmee BpeMs OTCYTCTBYET TEOPETHUYECKOE OIUCAHHUE C
MO3WLMKA TEOPUH HEPABHOBECHBIX MPOLECCOB M KHUHETUKH CTPYKTYPHBIX
ne@eKToB  aBTOKOJEOATENBbHBIX  NEPEeXOJOB  MEXIy  aMOppHBIM  H
HAaHOKPUCTAJUIMYECKUM  COCTOSIHUEM, a  TakkKe  POACTBEHHBIX UM
aBTOBOJIHOBBIX IIPOLIECCOB (POPMUPOBAHUSL 30HATBHBIX CTPYKTYp BOKPYT
MOJIOCTE B TMAPOCTATHYECKH CKaToM TBepaoM Ttene. Hmeromasacs
niacmuyeckas Mooenb 30HAIBHOTO pa3pyLIeHUs HeaJeKBaTHAa (PU3NYECKUM
IpoueccaM, MPOTEKAIOUIUM B TBEPIBIX TelaX B YCIOBHSIX OOJBIIMX

THUAPOCTATUYCCKUX HaBJ’IeHI/Iﬁ .
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PA3JIEJ 2

OCOBEHHOCTH TEINUIOBOI'O ABMXEHWA
B HEJIMHEWHBIX IIETIOYKAX U 2D PEILIETKAX

Kak ormeuanocb B 0030pe, HEIMHEHHbIE CBONCTBA KPUCTAJUIMYECKOU
PEIIETKM MOTYT CYLIECTBEHHO OTpPa3UTCS Ha XapakTepe TEIUIOBBIX
¢GiaykTyanuii, a UMEHHO, ycuiauBaTh UX. DIyKTyallMu MOTYT MpHOOpETaTh
(¢bopMy HENMHEHHBIX BOJIH, OpU3EpPOB, AKYCTUYECKUX COJUTOHOB M Jp.,
KOTOpbIE MOTYT TMOBJMATH Ha IPOLECCHl CTPYKTYPHOM TIEPECTPOMKH U
IIPOYHOCTHBIE CBOMCTBA TBEPABIX TeJ. AHAIU3 CTAaTUCTUYECKUX CBOWCTB
TEIUIOBBIX (PIyKTyalud MpeanojiaraeT H3y4yeHUe IUTENIbHOM 3BOJIOLUU
HEJIMHENHBIX CHCTEM, YTO TPYAHO OCYIIECTBUTb B TPEXMEPHOM BapUAHTE
3agaun. IlostoMy I aHanm3a 3TOr0 BOIPOCAa BO3HUKIA HEOOXOIUMOCTH
NpUOETHYTh K YNPOILIEHHOW OJHOMEPHOM IMOCTaHOBKE 3aJaud, a UMEHHO, K
MEPBOMY PSITy MUHUMAIMCTUYECKUX MOJieiel B popMe HETMHEWHBIX LIEMOYEK.
OtnenbHbIE BOMPOCHl YCTOMUMBOCTH CUCTEMBI OyIyT PaCCMOTPEHBI TaK)Ke Ha

2D mMopensx.

2.1. Humepnpemayus OUHAMUKU KPUCMALIUYECKOU peuemKy ¢ NO3UYULL

unmepgbepenuuu 60JIHOBbIX NAKemoe

@OHOH B TEOPUM KPUCTAIIMYECKOW PEUIETKA paccMaTpUBAETCS, Kak
HEKOTOPBI pacHpelelIeHHbId B IPOCTPAHCTBE KBAaHT KOJUIEKTHMBHOTO
JBUKEHUSI aTOMOB B (hOpME OTJIENIbHBIX OCTYIIMX WM CTOSYMX TUIOCKUX BOJH .
B TO e Bpems, peaJlbHOE 3HAYEHUE MMEIOT HE OTACIIbHBIE TapMOHMKH, a
rpynnbl (POHOHOB, TaK KaK TOJBKO HAJOXKEHHE OOJBIIOrO MX YHCIA MOXKET
NPUBECTU K peabHO HabmomaeMbiM 3¢ @dekram, BKIOYas HEJIUHEHHBIE
B3aUMOJICUCTBUA U paccesHue. KOJIEKTHBHBIA XapakTep MOXKET TaKxKe
MPUBECTU K KOPPESALUU JIBUKEHHUS PA3JIMYHBIX Tpyni (poHOHOB. JlokaiibHbIe
HanpsDKeHUs, JAeopmanuy, pa3pbiBbl BHYTPEHHUX CBS3€M M mepecTpoiika

CTPYKTYPBI TBCPAOTO TCJIa TAKXKC 06YCJ'IOBJ'ICHBI IrpyHaInoBbIMHA CBOMCTBaMH
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(I)OHOHOB u CJ'IY‘-IB.IZHBIM HaAJIOXKCHUCM HX (1)3.3. CpeZIHI/Ie mapaMCTphbl BOJTHOBBIX

MMakKCTOB — UX I[MHUPHUHA, Y4dCTOTHOC HAIIOJHCHHUC W T.A., OIPCACIIAIOTCA
YCIIOBHAMU TCILJIOBOI'O paBHOBECHU . AMHHHTYHHBIﬁ CIICKTP
I/IHTep(I)epeHI_II/IOHHOFO HaJTOXKCHUA (I)OHOHOB OMpeACIACTCA YUCIIOM (IJOHOHOB
B Pa3IMIHBIX COCTOSHUAX. PaBHOBEeCcHOE paciupCaciICHUC COCTOSIHUM

OIpeeIsAeTCsa CTaTUCTUKON bo3e -ONHITeHA:

1
<nw>: eXp(Bsm)—l’ (21)

rae f=1/kT; k — noctosinHas bonbiimana; 7 — TeMrepaTypa; ¢, = ho — SHEPTHUS
COCTOSIHUS ¢ 4aCTOTOM . Ha mpakTuke u3MepeHusiM Mo iiekaT aMILUIUTYAHbIC
CHEKTPhl CMEIICHWM aTOMOB U JJIsi COIMOCTaBICHUS TEOPETHUECKUX W
OKCIIEPUMEHTAIBHBIX CIEKTPOB MOXHO HCIOJIb30BaTh KJIACCHYECKOE W
KBaHTOBOE OIpe/ieNieHUue YHEPTUur (POHOHOB YACTOTHI (», 3alMCaHHOE B hopMe
[263]:

E :lmmzu2 ,
2

E=ho ((n) %j , (2.2)

rac m — Macca atomMa, U — aMIUIUTyla CMCIICHUA, i — IMOCTOSTHHAA HJ'IaHKa; n—

yuciio GOHOHOB B cocTostHMM @. U3 (2.1) cnexyer, 4ro

() = (LM%D' (2.3)

ma

IInoTHOCTB AMIUIUTYIHOTO CIICKTpa Aa, C Y4CTOM IIJIOTHOCTHU COCTOSIHUM

v(w) Oynet

A, = \/@v(a)) (2.4)

OKCHEPUMEHTAIIbHBIE KPUBBIE aMIUIUTYJAHOIO CIIE KTpa, HApuMep AJs
NaCl nipu 100K (puc. 2.1), onpenensitoTcs METOJAOM PACCESHUSI MEIJICHHBIX
HeHTpoHOB [17]. AHanoruyHas KpuBas Ha puc. 2.2. nocrpoena ansi NaCl nipu
0K ucxons uz monenu nedopmupyeMbix numnonieid [17]. XapakTepHbIM Jyist
TaKoro pojfia KpUBBIX SBIJISIETCSI HAJUYM € HECKOJBKMX MAKCUMYMOB, KOTOPBIE

KBa3HUIICPUOANICCKU MOBTOPAIOTCA B CIICKTpC. O6H_ICHPI/IH$IT3.$I
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HUHTCPpIpCTALIA TAaKUX  CIICKTPOB 6a3preTc;I Ha TPCACTABJICHUAX O

CyYmCCTBOBAHUN B TBEPAOM TCJIC HCCKOJIBKHX OCHHUIIMPYROIIUX IIPOHCCCOB,

(hOpMHpPYIOIUX COOTBETCTBYIOIIMIA MUK KaXXIblii Ha CBOEH COOCTBEHHOM

qacToTe.
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Puc. 2.1 [InoTHOCTP YacTOTHOrO 3amojHEHHUs (a) U CIeKTpa KoseOaHMit

pemierku (0) mist wonHoro kpuctauia Nal mpu 100K (mepectpoenHas 1o

naHHbIM [17]).

B T0 ke Bpems1, BO3MOKHA aJbTEPHATUBHAS MHTEPIPETALUs YKa3aHHBIX
MUKOB, UCXOJS W3 NpPEICTaBICHUN 00 MHTEp(EepPEeHLUH BOJIHOBBIX MAaKETOB,
KaKOBBIMU SIBJSIFOTCS Tpynibl poHOHOB [264]. C 3TON TOUYKM 3peHUs], Kaxaas
rpynna  (OHOHOB  TpEACTaBIseT CcOOOM  HEKOTOPBIM  OrpaHUYEHHON

MPOTAKCHHOCTHU BOJIHOBOM MakKeT CO CIICKTPOM, MMCIOIIUM OJWMH MAKCHUMYM.
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Kak u3BecTHO, uHTEpdepeHus AByX OJMM3KUX MO (opMe BOJIH C ONU3KUMU

CHEKTPaTbHBIMU XapaKTepUCTUKAMU MPOSIBIISIETCS OCHMJIIALUSAMU
aMIUTUTYJHOTO criekTpa [265, 266]. YacToTa ocHMILISALMAN MPONOPIHUOHATIEHA
BPEMEHM 3alla3/IbIBaHUsl HHTEpPepupyrommx BoJH. Torga CHekTpsl A,
npuBeneHHble Ha puc. 2.160 u Ha puc.2.2 ana temneparyp [00K u 0K,
COOTBETCTBEHHO, MOXHO HHTEPHPETUPOBATh, KaK aMIUIUTYAHBIA CIEKTp
uHTep(depeHIMOHHOro curHana. Ero mmupuHa Aw, Hanpumep, mis NaJ
coctaBsier mopsaka 2*10'? paod/c (puc.2.1,6). DTO COOTBETCTBYET IIMPHHE
BOJIHOBOT'O TAKETa BO BPEMEHHOM obnactn AT=2m/Aw nopsnka w10 ’c, win
IIPOCTPAHCTBEHHOW MIMpPUHE BOJIHOBOTO nakera AX=AT'c nopsaka 94A4. 3nech
W Jalee B OTOM  Hoapasziene  Ajisg  NpUOIM3UTEIBHOM  OLICHKH
MPOCTPAHCTBEHHOIO MaclTaba BOJIHOB bIX NMAKETOB CKOPOCTh YIPYTUX BOJH ¢

npunara pasor 3000m/c.

11

58 A

5 N r’/ X

> 5 ¥ ¥ \’\\
<5 / e

3 4 5 6
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£,10" ¢
Puc. 2.2 TI10THOCTB YacTOT 3alIOJTHEHMSI U CIIEKTPA KOJieOaHUH pelieTKu

noHHoro kpuctauia NaCl npu 0K (niepectpoeHHas 1o JaHHem [17]).

Pa3Huna yactor Mexay INIaBHBIMM MakCUMyMaMH B CIEKTPE B 3TOM
ciiy4yae OyJeT MPOIOPIMOHATIBLHOM CpeIHeN 3aJepiKKe MEXTy ONMrKaliluMu
napamMd MHTep(EepUpyOIUX BOJHOBBIX HakeToB. PaccrosiHuMe Mexay
MakCUMyMaMH crnekrpa Aw, paBHo 1.5-1 0"’c”’. Ono ompenenseT BPeMEHHYIO

3aJIepXKKy 7 MEXKJy BOJIHOBBIMU TakeTaMu Topsiika 4.2-10"°c mmm cpenmee
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IIPOCTPAHCTBEHHOE PACCTOSIHUE MEXy HUMU L nopsiaka /264, KOTOpOe JIMILIb

HEMHOTr0 OOJbllIe IIUPUHBI caMoro nakera. Takum oOpa3oMm, mpH yKa3zaHHOU
BhIlie Temrnepatype (/00K) oHU MpaKTUYECKU BIUIOTHYIO MPUMBIKAIOT JIPYT K
IpyTy. 30Ha «YCHOKOEHUS» MEX]y MakeTaMH 3aHUMaeT MaJlblii I POLIEHT B
obmel quHamuke rpynn GoHoHoB. Hecymas yacrora w,, nepuoa 7 v aiavHa
BOJIHBI 4 UMEIOT COOTBETCTBEHHO BEJIMYUHBI Mopsiaka 4.5-1 0120‘1, 1.3-10%c n
404, T.e. B CpeJHEM BOJHOBOM MAaKET COCTOMT NPUOIM3HUTEIBHO U3 JIBYX
MEePUOJIOB (YeThIpex ¢a3).

[IpencraBisier MHTEpPEC CpPaBHUTH XapakTep BOJHOBOIO MOJS MpU
pasubix temmneparypax. s NaCl npu 0K (puc. 2.2) Hecylas 4acToTa w,
IIMpUHA CIIEKTpa M MEPUOJl MOAYJSLMU YacTOTHOTO CHEKTpa (pacCTosHUE
MEXKJy COCETHUMH JIOKATHHBIMHU MUKAMH) JIJIsi HEr0, COOTBETCTBEHHO, PAaBHbI
3-107¢", 2:10%¢" m 0.5-0.75-10"¢”. CooTBerctByIoNIHE IPOCTPAHCTBEHHBIE
xapaktepuctuku A=~6.74, AX=I10A n L=40A. Conocrapisisi, BUIUM, YTO MpHU
HU3KHX TeMIlepaTypax BOJIHOBBIE MAKeThl Ooyiee CxKAThl (IBYX, TpexdasHble
konebanust). Kpome TOro, 30Ha yCHOKOECHHMS 3aHMMAaeT OOJIbLIYIO JONI0 B
o0bemMe Kpuctaiia. B Takoll cuTyanuu BOJHOBBIE MAKEThl XOPOILIO
pa3fensloTcs U MPEACTaBISAIOT  COo0OM  pealbHblE  «3JIEMEHTapHBIE)
BO30YKJICHHS KPUCTANIMYECKON PEIIETKH COJUTOHHOTO THUIIA.

Kak wu3BecTHO, TOUYHBIE COJIMTOHHBIC PEIICHUS, HANpUMEp, B
JMCKPETHBIX LEMOYKaX BO3MOKHBI TOJIBKO JJIsI MOTEHIHAJIOB CIELUATbHOIO
Buja (moreHnuana Toxawl) [267, 268]. B ocraimbHBIX Cily4asX, OYEBUJIHO,
HEJIMHEWHOCTh HE NPUBOAUT K (OPMUPOBAHUIO COJUTOHOB B CTPOIOM
MOHUMAHUU 3TOTO TEPMHHA, KaK OOBEKTOB C OECKOHEYHBIM BpEMEHEM
cyuiectBoBaHusl. OJHAKO HEJNMHEWHbIE CBOMCTBA PEIUETKH JaXe B 3TOM
cllydae CTpeMATCs YAepXaTb BOJIHOBBIE IAKEThl OT pACIUIBIBAHUSA U, IO
KpallHell Mepe, 3HAYUTENIbHO YBEIUYHUTh BpEeMs UX CYIIECTBOBAaHUS B
CpPaBHEHUHU CO CIIlydyallHOW opraHusanuend JuHeHHbIX (oHOHOB. C yueToMm
3TOr0 OHU MOTYT UIpaTh CYIIECTBEHHYIO pPOJb B JIUHAM UKE PELIETKH.
Oco0eHHO BenuKa UX POJib MOXKET ObITh B IPOIECCcax pa3pblBa 3JIE€MEHTAPHBIX

cBs3el, OOpa3oBaHMA BaKaHCHMM M JIPYIMX HapyLIEHUA HICaIbHOCTU
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KPI/ICTaJIJII/I‘leCKOﬁ PCIICTKH, OSBOJHOOUOHHOTO HW3MCHCHUS CTPYKTYPBI H

CBOMCTB TBEPJIBIX TEJ U €T0 Pa3pyIICHHUS MO] HAMPS>KEHUEM.

O0benuHenne (POHOHOB B YCTOWYHMBBIE TPyHIbl B (HOpPME BOJHOBBIX
MAaKeTOB U KOPpEeJsIus WX JBMKCHHS BO3MOXHO TOJBKO B TIpOIECCe
CaMOOpPTaHU3AIMU BCJICACTBUE HETUHEHHOTO B3aMMOJICUCTBUSI MEXKIy HUMH.
C apyro#i cTOpoHBI, Onarofaps TakoMy B3auMOJICUCTBHIO, OOMEHY 3HEprucit
MEXIy pa3IuYHbIMH MoAaMu  (GOPMHUPYETCS PABHOBECHOE  TEIJIOBOE
pacnpeielieHle, MPOUCXOIUT XaoTU3alMsl WIM CTOXAcTH3alusl JBUKEHUS

aTOMOB B KPI/ICTaJIJII/I‘leCKOﬁ PCIICTKE.

2.2. «Cmoxacmuzayus» 60JIH 8 HEUHEUHbLX YeNnouUKax

HenuueltHocTh siBsieTCS HEOOXOUMBIM yCJIOBUEM JIJIsl CTOXACTH 3alliu
BOJIH, B TO K€ BpPeMsl, Kak ObLJIO YKa3aHO BHIIIE, C HETMHEHHOCTHIO CBSI3aHbI U
JIpyTue, NPOTHUBOIOJIOXHO HAIMPABICHHBIE, IPOLECCHl CaMOOPTaHU3AILNH,
KOTJIa 3a CUeT MOJABJICHMS CIIy4YallHBIX CJIA0BIX BOJH WX DSHEPTUS MOXKET
KOHIIEHTPUPOBATHCA B  CHJIBHBIX  COJIMTOHOMOJOOHBIX  BO30YXKI CHUSIX,
yYMEHbIIIasg CTOXaCTUYHOCTh BOJIHOBOTO JIBMKEHUSI B 1ienoMm. MccrenoBaHuto
METOJIOM KOMIMBIOTEPHOTO JKCIEpPUMEHTa OajlaHca JSTUX TEHJEHIMNA Ha
MpUMEpe HENUHEWHBIX /D nenodek M 2D pemeToK MOCBSIIEH HACTOSIINI
pasznen.

YpaBHeHUsT JABUXKEHUS aTOMOB /D uemnoyek W 2D pemieTok,
B3aUMOJICHCTBYIOLIMX C OMOIIBIO IIAPHOTO MEXATOMHOr0 norexnuana Uy,

. 10
mi; =56—2U(ry—) (2.5)

i J#i

HUHTCTPUPYIOTCSA YUCIICHHO C TICPUOANYCCKUMU TpPaHUYHBIMU YCJIOBUAMMU.

3nech = [(x,-x,) +@ -v,} — PacCTOSHHE MKy YaCTULAMH C HOMECPaMH i U

J» W JeKapToBeIMM KoopauHatamu JX;, Y, X, Y. Cymmuposanue
OCYLIECTBIISCTCS I10 BCEM aTOMAaM CUCTEMBL.
[Ipn MHTErpUpOBaHUH UCHIOJIB3YETCS CUMILIEKCHBIN anroput™ Homm b

6-T0 nopsiaka, 4rTo obecrieunBaeT OTHOCUTCJIBHYIO TOYHOCTH BBIIIOJIHCHHU A
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3aKOHa COXPAHEHUs DHEPrUHU MOpsAIKa 10° [269]. Bce BbuucICHHS

OCYILECTBJICHBI JJIsl IBYX THUIOB NOTeHUManoB, — Jlennapa-/[»xonca u Exp-6.
[Tocneqnuii mosydeH Ajsi HEOHA U3 NEPBBIX TPUHIUIIOB [ 270].

Opna u3 ¢popm notennuana Jlennapa-Jl>xonca [271]:

12 6

U =E|| 2| -2 &) |, (2.6)

Ty Ty

TZI€ ¥p — PABHOBECHOE PACCTOSIHUE JUISl IBYXaTOM HOM CHCTEMBI, Uy— DHEPIUs
cBsi3U. 11 IPOCTOTHI BBOJSTCS MPUBEACHHBIE €MHUIIBI JJIUHBI 1 BPEMEHU B
BUIE 7 =r,/r, U T =1/T, COOTBETCTBEHHO. 371ech T =2mt\m/U,(0) — mepuon
MaJIbIX BHOpauuil amMepa, m — Macca 4YacTHL, KOTOpas Jajee IIojaraercs
paBHOW enuHuile. CKOpPOCTh BOJHBI B JIMHEHMHOM TMpejeie Ui LENOYKH, Y
KOTOPOM YYUTBIBAETCS TOJBKO B3aMMOJCHCTBHE MEXKIy OMMKaWIIMMU
coceAMH B HPUBEIEHHOH CHCTEMe eJMHHUI[ paBHA v=~2nr/T =~2n~2.5,

SHEPTUsl CBA3M B JUMepe paBHa E, =2(t/6)’~0.548. BpemeHHoii miar B

YHUCIICHHBIX pacueTax BbiOMpaercs paBHbIM 7=0.005.

Havanbnast koHdurypamus UENOYKM 3a/aeTCsi  SKBUIUCTAHTHBIM
pacnososxenueM atoMoB X" = r,i . HauanbHble 3HAYEHUs CKOPOCTEH 4acTHI

3aJIal0TCs CIIy4yallHBIM MIPOCTPAHCTBEHHBIM pacipeeieHneM B hopme «Oenoro
myma» ¢ amiuiTyaou  4.078. 3HaueHus CKOPOCTH KaXAOW YaCTHIIbI
TEHEPUPYIOTCS  CIlydallHBIM ~ 00pa3oM  CIEUUAIBbHOM  KOMIBbIOTEPHOU
noanporpaMMoil. CpeHsisi SHEpTUs Ha YacTHIly, BHOCUMYIO OEJbIM IIyMOM,
OKa3bIBaeTCs paBHOW 2.6895 NpUBENEHHBIX KOYJIEH, TO €CTh, B 4.9 paza
BBIIIIE DHEPTUU CBSI3U, YTO COOTBETCTBYET JIOCTATOYH O BBICOKOM TEMIIEpaType.
310 crocoOcTByeT caMO(OKYCUPOBKE BOJTHOBBIX IMAKETOB, 1 MOYKET MIPUBECTU
K POCTY OOIIEH J0JH BBICOKOIHEPTETHUECKUX BO30YKICHHH MO CPAaBHEHUIO C
TeopeTuueckuM pacnpeaencHueM ['m66ca [272]. BonHbI ¢ IPpOCTPaHCTBEHHBIM
pa3MepoM MOopsiKa MOCTOSHHOW KPHUCTAJUNIMYECKOM pelIeTKH HaOIroamuch ,
HallpuMep, B  KOMIIBIOTEPHBIX OJKCIEPUMEHTAaxX II0  MOJEIMPOBAHUIO
VMMITYyJIbCHOIO HArpy>X€Hus HEJIWHEWHBIX Lenodek |[273] U TpexXMepHBIX

KPUCTAILITUTOB [ 274].
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B xauecTtBe mpumepa Ha puc. 2.3 IpUBEAECHBI BPEMEHHBIE Pa3BEPTKU

CKOpOCTel KoieOaHuii aTOMOB OJHOMEPHOM pElIeTKH (1IETI0YKH), COCTOSIICH
U3 28 yacTul, Ha pas3IMUHBIX CTaAMSIX pacnaja pacHpOCTPAHSAIOIICHCS B
OTPULIATEIbHOM  HANpaBJICHUM TapMOHUYECKOW BOJIHBI C  3aJaHHBIMU
MEPUOJNYECKUMU T'paHUYHbIMU YycioBusmu [271]. Ilepuox 3arpaBOoYHOMN
BOJIHBI PaBEH Pa3MeEpy CHUCTEMBI, aMIUINTyJa cMelleHnid coctasusier 0.311 ot
MOCTOSTHHOM PEeILeTKH, PaBHOW €IUHUIIC B BBIOPAHHOW CHCTEME €IUHMIL (CM.
BBIILIE), TAK YTO CpeAHss aedopManusi (OTHOLIECHHE aMIUIMTYAbI K YE€TBEPTH
MPOCTPAaHCTBEHHOrO mepuona) paBHa (.0444. HauvanpHas  CKOPOCTb
pacnpoCcTpaHEeHUsl 3aTPaBOYHONM BOJHBI BbhIOMpanach paBHou (.486 B TOH ke
CUCTEME €/IMHUII - 1Al JUCKPETU3ALNHU 10 BPEMEHU B JAHHOM KOMITBIOTEPHOM

sKcniepuMenTe Obul paBeH (). 144, 3anepxkka o ¢ase cocrasisia 0.07.

t, BPEMEHHBIX IIaroB t, BPEeMEHHBIX IIaroB
2750 2950 3150 8250 8450 8650
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Puc. 2.3 BpemenHass pa3BepTka MNpOJOJIbHBIX KOJIEOaHHM IO CKOPOCTSIM
aTOMOB HEJIMHEWHOM LENOYKUA: a — Ha uHTepBane 2750-3300 BpeMEHHBIX
maroB, 6 — Ha uHTEepBaie 8250-88§00 BpeMEHHBIX ILIAroB; BPEMEHHOH Miar
paBeH (0./44 xapakrepHoro BpemeHu (Kaxknpas ropusoHTanmpHas Tpacca
COOTBETCTBYET KOJIEOAHUIO OTAEIBHOIO aromMa, N — HOMEp aToMa B LIENIOUKE)

[271].

[lone ckopocTell dYacTul IIOCJIE pachajga 3aTPaBOYHOM  BOJHBI
MpeacTaBiIsgeT coO00M Habop 0AHOGA3HBIX BOJH, PACHPOCTPAHSIOUIMXCS C

pa3JIPI‘-IHOﬁ CKOPOCTBIO IMPONMOPUHUOHAIIBHBIMA UX aMIINIUTYJC. Camag 6I:ICTpa$I
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BOJIHA UMECT CKOPOCTHb 1 .4, 4YTO 3HAYUTCIIBHO BBLIIIC CKOPOCTHU 3anaB0‘-IHOﬁ

BosHBL. llepecedyenuss nMHUNA OJUMHAKOBOM (Da3bl COOTBETCTBYIOT OOJACTH
B3aMMOJCHCTBYSI HeNMHEeWHbIX BOJH. Ilpm 3TOoM uMmeer mecto 3hPexT
yCKOpeHus Oojiee OBICTpON (MHTEHCHUBHOM) BOJIHBI M 3aMejieHus OoJjiee
MeJIJIeHHOH (cma0oit).

Taxoli crioco6 npecTaBieHus: AMHAMUKH LIETIOYKH TO3BOJISIET I€TAIbHO
YBUJIETh BpPEMEHHbIE OCOOCHHOCTM [JBMKEHMS Ka)XJ0ro aromMa, HO Ha
OrpaHW4eHHOM HuHTepBasie (puc. 2.3). UToObl OXBAaTUTH OOJIBIIYIO BPEMEHHYIO
o0yacTh ciexyeT MpUOErHyTh K OJHOMY M3 CIIOCOOOB CKaTvs MH(OpPMAaIHH,
HIMPOKO MPUMEHSIEMBbIX MpU 00padoTKe OOJBIINX MACCUBOB JAHHBIX. 37ECh
cKaTue MHQOpPMAIMK JTOCTUTAeTCs HAKOIJIEHUEM 3aliCcel 3a ONpelesIeHHOE
KOJIMYECTBO BPEMEHHBIX MIaroB. Ha mpocTpaHCTBEHHO-BPEMEHHOU pa3BepTKeE
B 9TOM ClIy4ae Ka)kias «3alKch» WM TOPU30HTAIbHAs pa3BepTKa SBIIAETCS
HaJIO)KEHHEM Npoduied BOJIH IEMOYKH 3a JIECATh BPEMEHHBIX LIAroB (puc.
2.4). 3ateM OCYLIECTBIIICTCS HAKOIUJICHHE Ha CIEAYIOUIYI0 FOPU30HTAIBHYIO
pa3BepTKy, KOTOpas CMEIIaeTcss OT MpeAblaylle BAOIb BPEMEHHOM
(BepTUKaJIbHOM) OCH HAa HEKOTOPOE TMOCTOSHHOE 3HadeHHe. DPPEeKTUBHBINA
BPEMEHHON IIar MEXJy COCEJHHMMH TOpPU30HTAJIBHBIMU pa3BEepPTKaMU
coctaBisier [,44 BpeMEHHbIX €auHHUI. BpeMeHHOW HWHTEepBaj, KOTOPHIH
OXBaTBIBAIOT 3alliCU Ha puc. 2.4 oka3biBaercs Oosee ueM B /() pa3 Oosblue
BPEMEHHOIO MHTepBajga Ha puc. 2.3. bnaromaps OonblieMy oOXxBaTy
BPEMEHHOI'0 HMHTEpBaja MOXHO ONpEAENUTh, YTO BOJIHOBBIE NakeThl B [D
LENOYKaX JOCTATOYHO JUTUTEIHHOE BPEMsI HE TEPSIOT CBOEH UACHTU(UKALIUY.

[Ipu »3TOM cCinegyer OTMETHTb, 4YTO  pacmajl  3aTPaBOYHOM
CUHYCOMJAJIIbHOM  BOJIHBI,  KOTOPYIO  MOXHO  paccMaTpuBaTh  Kak
HEPaBHOBECHBI MakKeT (OHOHOB, B [JaHHOM Cllydae HE NPUBOAUT K
XA0TH3al[MM BOJHOBOIO MOJISi M K YCTAHOBJICHUIO TEIUIOBOTO paBHOBeC usi. 00
3TOM CBUJETEIBCTBYET U PE3YJIbTAaThl PACUETOB CYMMAapHbBIX KMHETUYECKOU U
MOTEHUUAIBHOW SHEPTrUM CHCTEMbI, KOTOpbIE HE CTPEMSITCS K CBOUM
ACHUMIITOTHYEC KUM 3HAYCHHSM, 8 OCUMJUIMPYIOT B MIPOTUBO(a3e, MPaKTUIECKH,

C TIOCTOSHHOM aMHHHTYHOﬁ B TCYUCHHC BCCI0 BPCMCHHU OXBAYCHHOTO
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KOMIIBIOTCPHBIM ~ OKCIICPUMCHTOM. I[J'ISI 0oJyiee  IIOJHOTO HUCCIICAOBAaHU

CTOXaCTHU3allnun KoJIcOaHMH aTOMOB HEJIMHEHHOM PCIICTKN HCO6XOZ[I/IMO
OXBAaTUTh 3HAYUTEILHO OOJBIIHNI MMPOMCIKYTOK BPCMCHHU. HPI/I 9TOM B CHJIBHO
HEJIUHEHHOM CHCTEME MOTYT HIPOABUTHCA 3JICMCHTBI CaMOOPTaHU3allui, U IIpH
BBICOKHUX TCMIICpATypPaX BO3MOXHA ocolas (bopMa opraHu3alnu TCIIJIOBOT'O

ABUKCHUSA C YHACTHEM COJ'II/ITOHOHOZ[O6HI>IX BO36Y)KZICHI/II7L

Puc. 2.4 JlonroBpemMeHHas 3BOJIIOIUSI CUHYCOUAAIBHON BOJIHBI B HETMHEUHON

nemnouke [271]: a, 6, B, T — CKOPOCTH YaCTHI] B PA3IMYHBIX BPEMEHHBIX OKHAX.

2.3. Conumonnas opeaHusayusl menioeoco O08UIICEHUS. npu 6blCOKUx

memnepamypax u Oae1eHusx

W3 ananusa nuTepaTyphl B INEPBOM pazjienie cleayer, uto 3hdext
CIIOHTAaHHOM KOHIIEHTPALlMU HEPTUU JABWXKYLIUMUCS KHHKaMU B HEJIMHEHHBIX
HEUHTErPUPYEMBIX aKyCTUYECKUX LEMOYKaX C PEAUTUCTUYECKUM MEKaTOMHBIM
MOTECHIMAJIIOM paHee IPAKTUYECKU HE HccienoBancs. Ero wuccienoBanue
MPEJCTABIIAECT ONPEACICHHbI OOIIeHAyYHbI HWHTEpEC C TOY KM 3pEHHS
MTOHUMAaHUSI MEXaHU3MOB IEpEPaCIPENCIICHNAs TEIUIOBOM 3HEPTUU B TBEPIBIX

TCJIaX W OpraHu3anyvu TCIUIOBOTO AOBHIKCHUA B 00BEKTax IIpHU BBICOKUX
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teMriepatypax. DP(dEKT CHOHTAHHOM KOHIEHTPAIUU SHEPTUH MOXKET OBITh

TaK)Ke BaXXEH U1l MOHUMAaHUS IPUPOJIbI IPOYHOCTHBIX CBOMCTB TBEPABIX TEI.
B @IV skcnepumenTtax wuccienoBaics HauOojiee HeOIaronpUsTHBIN
cllydail JUis U3y4eHUs] YCTAHOBJICHUS TEIJIOBOIO PaBHOBECHS, TaK KaK MOTOK
JUIMHHOBOJIHOBBIX ~MOHOXPOMAaTHMYECKHX (OHOHOB TMpPEACTaBIsET COOOM
COCTOSIHME HamOoJiee yAajJeHHOe OT paBHOBECHOro. Bo3HuKaeT BOIpoOC — Kak
OyzeT BecTu ceOsl HeTMHEHAs 1IeTI0UKa, €CIM Ha4YaJIbHOE COCTOSIHUE SIBIISIETCS
HEPaBHOBECHBIM, HO OJIU3KUM K PABHOBECHOMY, HAIIPUMED, «OEblll ULyM».

Bpemennas sBotronus «0enoro mrymay Ajs Hernovku cocrosueit uz 200
YacTULl MpeJCTaBleHa YeTbpbMs rpaduueckumu (parmenramu (Puc. 2.5).
Kaxxapiii pparMeHT cocTouT U3 46 COCTaBHBIX MPOCTPAHCTBEHHBIX MpOoQuien
KUHETUYECKON »Hepruu. B cBOIO ouepenb, KaXKIbli COCTaBHOM MNpOQuUib
oOpa3syercsi rpaHUuecKuM HaJIO)KEHUEM JIECSATH 3JIEMEHTapHbIX NpoQuiIei,
B3ATBHIX Ha MPOMEXKYTKE AECATH BPEMEHHBbIX IaroB. Takoe u3zoOpaxkeHue
MO3BOJISICT YJIYUYIIUTh TPAaCCUPOBAaHME BOJH Ha OOJBIIMX HHTEpBaiIax
BPEMEHU.

Ha  HayampHOM ~ cTaguM  MPOCTPAHCTBEHHOE  PAaCIpeesIeHUe
KMHETUYECKON 2Heprum OJIu3Ko K oaHopomHomy (puc. 2.5a). Tem He meHee,
y)K€ Ha 3TOM CTaJud MOKHO HPOCIEIUTh HEKOTOpbIE MPEANOCHUIKU s
BO3HUKHOBEHHUS BOJIH, JIOKQJIM30BAaHHBIX B 00JaCTH C pa3MepoM IMOpsJKa
NOCTOSTHHOM pemietku. Ha puc.2.50-T BBIICISIOTCS UHTEHCUBHBIC BOJHBI, KaK
B Ipolecce CBOOOJHOTO pACIpOCTpaHEHUs, TaKk U MpPH B3aHUMOICHCTBUU
Mexay coOoi. CKOpOCTH paclpOCTpaHEHUs ITHX BOJIH, OINpPENEICHHbIE I10
HaKJIOHy rojorpadoB, MeHSOTCS OT [0 1o /6 TPUBEACHHBIX CAWHUIL, U
OKa3bIBAIOTCSI MPONOPIHOHAIBHBIMU AMIUTUTYAE BOJIHBI (0Oojee TeMHbIE
MOJIOCH! HAKJIOHEHBI 10/1 MEHBIIUM YIJIOM K TOPU30HTANIU, TO €CTh, YCIEBAIOT
pacnpocTpaHUTbcs Ha  OOJbIllee pPAaCCTOSHUE BAON b  IIETOYKH), UTO

MOATBCPKAACT NPUHAJICIKHOCTD UX K COJ'II/ITOHOHOZIO6HBIM BOJIHaAM.
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i BPCMCHHBIX IIIAI'OB

Puc. 2.5 JlonroBpemeHnHas 3Bosonus ['ayccoBa «besoro myma» [272]: a, 6, B,

I' — pa3JIn4YHbIC BDECMCHHBIC OKHA, N-— HOMCEpa aTOMOB HEJIUHEHHOU OCIIOYKH.

Kazanoce Obl, mns "6enoeco wyma" penakcanus CHCTEMbBI JOJKHA
MIPOU30UTH JOCTATOYHO OBICTpO. Tem He MeHee, u3 BTOporo (¢parmeHTa (puc.
2.56) BUIHO, YTO B MPOLIECCE IBOIOIMH CHCTEMA HE TOJIbKO HE MPUOIMKAETCS
K PaBHOBECHOMY COCTOSIHHIO, HO HA00OpOT YyAAISETCSl OT HEro, MOCKOJIbKY B
Hell (opmupyercsi Oojiee HEO IHOPOAHOE paclpeeieHue IO CKOPOCTIM
gacTull. B 1enodke  BO3HHMKAIOT  BBICOKO aMIUIUTYJHBIE  BOJIHBI,
KOHIIEHTpUpYIOIUE B ce0e B3HAUYUTEIbHYI0 4YacTh OJHEPTUU CUCTEMBI.
[TockonbKy 3aKOH COXpaHEHUSI YHEPTUHU BBIMOIHSAETCS C BHICOKOW TOUHOCTHIO,
TO 3TO MOYKET MMPOU30MTH TOJIBKO 3a CUET I1 epepaclpeieCHUs] SHEPTUU MEXKITY
BOJIHAMH, @ WUMEHHO, OoJyiee CHUJIbHBIE BOJHBI 3aXBaThIBAIOT SHEPTUIO OoJiee

CJ1a0BIX BOJIH.
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OTO SBJICHHE AHAJOTUYHO SIBJICHUIO pacimaga 7T-MOJIbl Ha XaOTHYCCKUC

Opuzepsl [41]. 3amerum, 4YTO mT-MOJa 3TO HAOOP MOHOXPOMATUYECKHX
(DOHOHOB MAaKCHUMAaJIbHO BO3MOKHOM B JMCKPETHOW CHCTEME YacTOThl , H
MO3TOMY OHa IPEJCTABIIAET COOON COCTOsIHME OoJiee yJaleHHOE OT TEIIOBOIO
paBHOBECUs, 4YeM «bOenviti wiym». B mpouecce IUTENbHOM 3BOIIOLUH,
BO3HUKILKE BHAYaJle MOCJIE pacnajia m-MoJibl, OpU3ephl MOJHOCTHIO HCUE3ATOT,
Y CaMOIIPOM3BOJIBLHO cucTeMa ux Oosblie He reHepupyer. [lo-npyromy Bener
ce0s cucrema B HameM ciyyae. Crnenyromue asa ¢parmenrta (puc. 2.5B, I)
MOKa3bIBAIOT, YTO YPOBEHb HEOJHOPOJHOCTH MOJSI CKOPOCTEH MEHSETCS BO
BPEMEHHU, U, TEM HE MEHEE, BO BCEX CIydyasiX OH OCTAETCS 3HAYUTENHHO BBILIE,
YeM B UCXOAHOM COCTOSIHUHU (pHC. 2.5a). DTa HEOJHOPOJHOCTh HE HCYE3aeT
IpU JOJITOBPEMEHHOW HBOMIOUMU cUCTeMbl. COIUTOHOMOAOOHBIE BOJIHBI
SBIISIIOTCS  HEOTHEMJIEMOM 4YacTbl0 TEIJIOBOTO PABHOBECHOTO COCTOSIHMS
CUCTEMBI, U UX poib OyaeT OBICTPO BO3pacTaTh ¢ pOCTOM Temmeparypsl. [lpu
BBICOKUX TEMIIEpaTypax, MOXHO TOBOpUTh 00 0co00il COJUTOHHON
OpraHu3alMi TEIUIOBOTO JBMKEHHUS, KOIJa YaCTULE MOJOOHBIE COJUTOHBI
00pa3yroT ra3 yactui, (opMupysi COOCTBEHHOE paBHOBECHOE PACIIpeieICHHUE.
UroObl MOATBEPAMTH 3TO  3aKIIOYEHHUE, CPaBHUM  «pEaJbHOE»
pacrpesiesieHue SHEPIHH YacTHI] C TEOPETUUYECKUM pacnpenenenueM ['1nb0ca.
Ha puc. 2.6 kpuBble ¢ KpyKOUKaMU COOTBETCTBYIOT «pEAJIbHBIM» JIaHHBIM
YUCIECHHOTO HKCIEPUMEHTA, CIUIOIIHBIE  JIMHUHU COOTBETCTBYIOT
TEOpEeTHUYECKOMY  pacnpeeneHuto. Hucxonsmme KpuBbBIE  ONUCHIBAIOT
pacnpesieJieHle YacTU 1] [0 SHEPrusiM, ONMpeAesieMOe KaK YMCIIO YacTHIL #; C
SHEPIUsAMHU B auamnaszone (i—1)Ae < & < iAe, e [ — HOMEp HMHTEpBaja.
[ar pa36uenus >Heprun Ae BoIOMpaACsS paBHbIM /.6 NPUBEJICHHBIX €IUHUILL.
KpuBble ¢ OOHUM WM HECKOJbKMMH MUKAaMU OIHUCHIBAIOT SHEPTEeTHYECKUN
cnekTp E;, onpeaensieMblid Kak oO1iast SJHEprysl YaCTHLl Ha TOM K€ WHTepBaJe.
I'paduku Ha puc. 2.6, TOCTPOEHBI MO Pe3yJbTaTaM YUCIEHHOTO SKCIEPUMEHTA

MOCPEACTBOM YCpeIHEHUsI MO0 460 BpPEMEHHBIM IlIaramM, U COOTBETCTBYIOT
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dbparmenTtam, mnpuBEACHHBIM Ha puc.2.5. Teoperuueckoe pacHpeses eHue

I'n60ca mIst TUX BEJIWYUH 3aIIUILIEM B BUJE:

n—nexp[ 8’)
i "o K
0

E =¢gn,. (2.7)

1 1 1

100

50

Puc. 2.6 Pacnpenenenne wuactuir mo sHeprusiMm (1) u pacnpezneneHue
CyMMapHOW DSHEpPruM 4YacTHIl, TOMABIIMX B 3aJaHHBIA SHEPTeTUYECKUN
untepBan (2) [272]. Teoperuueckue KkpuBble 3, 4 COOTBETCTBYIOIIHUX
pacnpeieneHnii n300paKeHbl CIUIOMIHBIMU JIMHUSIMU, JISKAIIUMU Hanbosee
OJIM3KO K OJTHOTUITHOW «AKCIEPUMEHTAIbHONW KpuBOi». [lo ropusoHTaiv B
TOM € MaciuTade, 4To U MO BEPTUKAIU OTJIOKEHBI SHEPTUH aTOMOB IIEMIOYKH.

['paduku COOTBETCTBYIOT BPEMEHHBIM OKHAaM, PUBEACHHBIM Ha pucC. 2.5.

HapaMeTpLI pacupcCaciiCHus nyg 0 HaxXOoATCs U3 YCJI0OBUA HOPMHUPOBKH

E N?
0=2 n= (2.8)

CJIEYIOLIETO U3 3aKOHA COXPAHEHUS YaCTULl U SHEPTUU:
N=>n, E=Y¢n,. (2.9)
Pacnpenenenne [ub6ca (2.7) sBusgercs JAByXNapaMEeTPHUUECKUM.

HepBBIﬁ nmapamMeTp np ONpeAcCiICT 4YUCJI0 49aCTHUll C MHHHUMaJIbHOU BHCPFHeﬁ,

BTOpOﬁ nmapameTp 0 wuMeeT CMBICI TCMIICPATYPBI B OHCPIrCTUYCCKOM
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npcACTaBJIICHHUN. TeMnepaTypa 6 MOXET OBITh OIpCJCJICHA, KaK IapaMcCTp,

KOTOpbI B COOTHOIICHHH (2.7) MHUHHUMHU3UPYET OTKJIOHEHHE PeaJbHOTO
pacnpesieNieHsi OT TEOPEeTUYECKOTO. B paBHOBECHOM COCTOSIHUM OHa TaK»Ke
MOXKET OBITh OIpeJeliecHa W3 TEPBOro COOTHOmIeHUs (2.8), Kak CpenHss
SHEPTHUS CUCTEMBI, MPUXOIANIASCSA HA OJHY YaCTHILY.

N3 nepBoro rpaduka BUIAHO, YTO HAUOOJIEE CUIBLHOE OTKJIOHEHHE OT
TEOPETUYECKOTO PAaBHOBECHOTO pacmpeaenenus [nb60ca mmeer MecTto Ha
HavyaJIbHOM cTaauu (puc. 2.6a), Korjaa COCTOSIHUE CUCTeMbl Hanboliee OIM3KO K
COCTOSIHHIO «0enoro mryma». MakCUMyM SHEpPreThye CKOro CIeKkTpa Iio
«peanbHBbIM JaHHBIM» JJIsl 3TOM CTaauu UMeeT OoJiblliee 3HAYCHHE 3a CHET
OoJbIIeH JONMM BKJIAJa HU3KOAHEPTEeTUYECKUX BO30YKIeHUI. YacTuibl c
0OJBIION DHEPrUel B CHUCTEME OTCYTCTBYIOT COBCEM — TOPU30HTAIbHBIN
XBOCT. B mporiecce sBomtonuu «0enoro myma» SHEprus NepeKauuBaeTcsi OT
HU3KOIHEPTeTUYECKUX BO30YKICHUI B BBICOKOIHEPIETHUYECKYIO oOsacth. M3
puc. 2.60 BHJIHO, YTO OCHOBHOM MaKCHUMYM OIYCTHJICS JO TE€OPETUYECKOTO
3HAUEHHUs, B TO >K€ BpeMs TMOSBWIUCH JOMOJTHUTEIbHBIE MAaKCUMYMbI B
BBICOKO?HEpreTuueckon obnactu. B 3Toil obmac T sHepreTuyeckas KpuBas
JISKUT 3aMETHO BbIIIE TeopeTndeckoil. Ha Gosee mo3qHUX CTaiusx SBOIIOLUN
(puc. 2.6B) HaOmromaeTcsi CBOEOOpa3HBIM BO3BpaT, a MMEHHO, peajbHOE
pacmpenienieHre, — MPaKTUYeCKH,  COBMaJaeT C  TEOPETHUYECKUM,  a
JIOTIOJTHUTENIbHBIE MaKCUMyMbl Hcue3atoT. CreayeT OTMETUTh, UTO TaKoe
paBHOBECHE BCE K€ OTJIMYAETCS OT 4uCTO ()OHOHHOTO BapuaHTta [273] Tak, Kak
WHTEHCUBHBIE JIOKAIbHBIC BO30YKJIEHUS MPOJIOIKAIOT CYIIECTBOBAThH JaXkKe B
3TOM citydae (puc. 2.58B).

MOoHO 0XHJaTh, 4YTO, JOCTUTHYB TEIUIOBOTO PaBHOBECHS, CHCTEMa
OyJZIeT OCTaBaThCsl B 3TOM COCTOSSHUM HEOTPAaHMYEHHO J0JITr0. TeM He MeHee,
JaJIbHEWINasE SBOJIONMS CUCTEMBI (CM. puC. 2.6T) TMOKa3bIBaeT, 4TO CO
BpEMEHEM CHCTeMa BO3BpAIlla€TCd K COCTOSHUIO C JOIMOJHUTEIHLHBIMU
nukamu. B TO ke Bpemsi 3TOT BO3BpaT HEJb3sl pacCMaTpUBaTh KaK MPOCTYIO
(biIyKTyaIuio, MOCKOJbKY 4acTOTa BO3BpaTa M BpeMs CYIIECTBOBAHUS STOTO

cocrossHusg okosio 300-500 mnpuBEAECHHBIX €IWHHI] BPEMEHH HAMHOTO



76
MMPCBBIIIACT BCPOATHOCTH €0 BO3HUKHOBCHUS HCXOAA H3 TCOPECTUYCCKOTO

pacrnpeeneHusl.

OTKJIOHEHHEe pPaBHOBECHOro  pacmpeneneHuss oT  ['ubo6c oBckoro
OTMEUAJIOCh paHee IS HEJIUHEUHBIX IIeMOYeK, BO30YXKIAEMBIX PE3KUMU
uMmiyibcamu [273]. Jlns onmucanust MOIU(PUIIMPOBAHHOTO paclpeiefieHus: Mo

OHCPIUsiM B 3TOM CJIyHdac OBLIO BBCJICHO JIBC TCMIICPATYPbI 90 u o BIICPCIU U

no3aau ppoHTa BOJIHBI, COOTBETCTBEHHO [273]:

n, =%(21(90)_;[exp(—v{)—kexp(—vf)], (2.10)

rae vfz(v,.i\@)z/ze,, 9 =0-0,, v; — ckopocTh uacTHI, WIH C yd4eToM

BKJIaaa HOTCHI.IH&JIBHOﬁ OHCPIruu:

2.11)

b

n, = n,exp —;—" ch2e.9
0

rjie 7= nyexp(- 9/ 20,), n,= (27190)1/ > — TOXE caMoe 1) 4TO B BeIpaskeHUH (2.7).
MOHO BHIETh, YTO NpHU 9 > 0 CIPaBEJIUBO HEPABEHCTBO 7 (< n,, TO

€CTh, YMCJIO YaCTHI[ C MHHMMAJIbHOH SHEPruei MEHbIE, YeM B cClydae

pactipenencaus ['m06ca. B Toxke Bpemsi, Ojaromapsi MHOKHU TIIO ch4/2¢g,9

JI0J1S1 BBICOKOOHEPTETUYECKUX YACTHULL BBIIIIE.

N3 puc. 2.6B BUIAHO, YTO «pPEaJbHOE» PacHpEeleIICHHE, BOZHUKAIOIIEE B
CUCTEME, JICWCTBUTEIIBHO MOKET KAa4€CTBEHHO OIMCHIBATHCS BBIPAXKEHHEM
(2.11). Opnako onucaHue JOMOJIHUTENBHBIX IUKOB XapaKTEpHbIX IS
«peasibHOr0» CHEKTpa, Kak Ha puc. 2.60, B 3TOM BBIPAKEHUU OTCYTCTBYIOT.
[losBneHne TMOCHENHUX  SIBISETCS  KAa4eCTBEHHO HOBBIM  CBOMCTBOM

HEJIMHEHHBIX CUCTEM IPH BBICOKUX TEMIIEPATypax .
2.3.1. Mooenv EXP-6.
Monenb Jlennapa-/I>koHca OMMCHIBACT TOBEJCHUE PEATLHBIX aTOMOB C

HOCHTPAJIbHO-CUMMCTPUYIHBIM TTOTCHIUAIIOM B3aHMOHeﬁCTBHH Ka4CCTBCHHO.

Bcerma ocraercs HCKOTOPOC COMHCHHC, HC CBA3AHBI JIK Ha6J'IIOIIaeMI:Ie
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B(IJ(IJCKTBI C 4aCTHBIM BHJIOM IIOTCHIIHMAJIA. HOBTOMY IpCACTaBIIAICT UHTCPCC

MOBTOPUTH KOMITBIOTEPHBIE SKCIIEPUMEHTHI JJIi KOHKPETHOTO COpTa aTOMOB,
BHJI TIOTEHIIMAJIA KOTOPBIX OIpEAeIsieTcs W3 MepBbIX MpuHIUNOB. Haunbonee
MPOCTBIM U YJOOHBIM  MOJCIBHBIM  MaTEpUaoM JUIsi OTOM  UeNH
MPEICTABIISIIOTCST aTOMBI OJ1arOpPOJIHBIX Ta30B, KOTOPHIE K TOMY K€ Haubosee
XOpoIIo uccienoBaHbl. [loTeHIMan MeXYacTUYHOTO B3aUMOACUCTBUS IS
OJ1IaropoJHBIX Ta30B MOXKHO 3anucath B popme Exp-6 [270, 275, 276]:

-6
U;jxp—G :AO eXp _a[i_lj _%[ij (2.12)

7, 6 \7,

rae Ap=35.9335K, a=13.6519 nonyuensl ab-initio nya aumepa Heona [270].
EnvHcTBEHHBI SMIupuueckud mapamerp 7p=3.09/ mnoabupaercs 10
PaBHOBECHOMY MEKaTOMHOMY PacCTOSIHUIO B AUMepe HeoHa [277].

B sTom pasnene ucnonb3yercss cUCTeMa €IMHHUL, B KOTOPOW 3HEprus
u3Mmepsierca B [ Kann], macca B [a.e.m.], a pacCTOSIHHE U3MEPSIETCS B €IUHUIIAX
PaBHOBECHOT'O PacCTOSIHUS 7y. ENMHUIIA BpEMEHH paBHA MEPUOAY JUHEHHBIX
KonebGanuit B rapmonmueckoit Bomue (7,=8.3716-10"°¢). Dto coorBeTcIBYeT
Clly4aro HeoHa ¢ aToMHOM maccol m=20.18a.e.m.. CKOpOCTb M3MEpSAETCS B
eMHHIAX CKOPOCTH 3ByKa v, =12.72[(K/a.e.n)" |

m-mo0a. JIns cOMOCTaBUMOCTU PE3YJIbTATOB PACUYETOB C M3BECTHBIMU
pacueTamu Ui OpU3EepOB B KaueCTBE Hayall bHOTO YCJIOBHS HCIOJIb30BaNaCh
30HOTpaHUYHAasi MOJa C BOJHOBBIM BEKTOPOM Kk=m, KOTOpas 3ajaBajach

HadYaJIbHBIMHM 3HAYCHUAMU CKOpOCTefI qaCTul, paBHbBIMM 110 MOIAYJIIO

[V,|=0,24v, 1 IPOTHBOIONIOXKHBIMH IO 3HAKY JUIS COCEAHHX atoMoB [275]. 3a

CUET TaKUX HAYaJbHBIX YCJIOB M B CUCTEMY BBOAMIIACH dHeprus E=90K/amom.
Ona B ABa pas3a BBIIIE SHEPIMM CBS3M JHMEpa HEOHA, YTO COOTBETCTBYET
JOCTaTOYHO BBICOKOW TeMIlepaType.

Ha BpeMmeHHbIX pa3BepTkax B oOnactu mopsaka <507, m-Mona
paspylaercss BCIEACTBUE HEYCTOMUMBOCTH JBOMHOTO mMepuoia (CM. TakKke

[45]). B nocnenyromiemM IBH)KEHHE aTOMOB CTaHOBHUThCS Bce Oosiee u Oosee
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XaOTHUYCCKUM. OHHOBPCMCHHO C 3TUM MPOTCKAKOT MPOUCCChI, TPUBOIAAIINC K

MPOCTPAHCTBEHHOW KOHIICHTpAIIMU SHEpruu kojebanuil. Haunnas ¢ MmomeHra
BpemeHu ~600T), B 1IeTI0YKE BO3HUKAIOT COJIUTOHBI C JIOK alM3alleil mopsaka
MOCTOSTHHOM pereTku. TakuM 00pa3oM, HHTCHCUBHBIC COJTMTOHBI TOSBIISIOTCS
B LIETIOYKE C PEATUCTHUECKUM MOTEHUIMAIOM Tocie Tepmanu3anuu. Haobopor,
B @I1V uenoukax Opu3epbl BO3HUKAIOT HEMOCPEJICTBEHHO KakK pe3yibTar
pacmaga Tm-MOJbl, @ CUCTEMa TEepMalU3yeTcs Y)Ke IOcle pachaja CamMHX
opuzepoB [41].

DHepreTuyeckue pacrnpeieseHuss aTOMOB IO  JHeprusMm  E(g)
ompefensoTcss  cormacHo  (2.7), Kak TOJIHAs ~DHEPrus aroMOB B
OSHEPreTUYECKOM HHTepBaie (¢, ¢ +dg) (puc. 2.7). Iluk B XBocTe
«OKCTIIEPUMEHTAJILHOTO»  paclpeieieHus  00si3aH  CB OUM  TOSIBICHUEM
BBICOKORHEpreTnyeckoMy coquToHy (puc.2.7a). Ero mnonoxenue Ha
SHEPreTUYECKON IIKae CBUJETENBCTBYET, UYTO SHEPT U, CKOHIICHTPUPOBAaHHAs
B COJIMTOHE, B /5 pa3 BbIlIE€ CpeAHEN PHEPruu aTOMOB B cucteme. B 1enom
OCTajlbHAsl YacTh SHEPTETHUYECKOTO «IKCIIEPUMEH TAJbHOTO» pPaCIpeIeIeHuUs
COBIIAJAET ¢ pacrpenenenuem [ 'udoca.

JUIs  OLIGHKM  CTENCHM  OTKJIOHCHHS  «IKCIICPUMEHTATLHOTO)

pacrpesieieHus 0T THOOCOBCKOTO MOCTPOEHO OTHOINEHHME n,,,, /ng, (Kpubas 4

exper
Ha puc. 2.70). U3 pucyHka BUAHO, 4yTO B OOJIACTH MaKCMMyMa B XBO CTE
«IKCIIEPHMEHTAIBHOIO» paclpeieieHus 3HaueHue n() B =36 pas Goblie
ruO0COBCKOTO, B TO BpeMs Kak i OCTaJbHOM YacTU pacrhpeneicHus
nexper/nGib ~1.

Ha TunuuyHOl KapTMHE COJIMTOHHBIX TPEKOB YETKO BBIACISETCS OJUH
MOIIHBIA conuToH (puc. 2.8a). CKOpoCTh COJIMTOHA, OmpejenseMas Io
HaKJIOHY KpHUBOW MaKCUMyMma SHEpruM Ha rpaduke OT BpPEMEHH, paBHA
v=2.6v;. YUCIICHHBI 3KCIIEPUMEHT MOKA3bIBAET, YTO CKOPOCTH U AMILIUTY/IbI,
HaO0JII0/IaeMbIX COJUTOHOB, CBS3aHbl B3aMMHO OJHO3HA4yHO. ClenoBaTeIbHO,

9TU COJIMTOHBI ABJIAIOTCA OIHOIIAPAMCTPUUCCKHUMMU. Kp0Me TOrO0, OHH



79
OpoxomAT Apyr 4depe3 Apyra 0e3 MNOTCPHU UX HUHIAUBUAYAIBHOCTU HOZIO6HO

COJIMTOHAM B MHTETPUPYEMBIX cUcTeMax (puc. 2. 80).

300 1

& K

Puc. 2.7 Pacnpenenenue aromMoB 1O 3HeprusMm FE(g)=en(g) Ha pas3HbIX
BpEMEHHBIX MHTepBaNax: a — t=149129T,, 6 — t = 113516 — 113527Ty, 1 —
pacrpeseseHie 10 SHEPTUsM, MOTyYEeHHOE U3 YUCIEHHOTO SKCIIEPUMEHTa, 2 —
pacnpenenenre ['mb6ca, muk 3 — MeCTO CHUJIBHOTO KHMHKA B CHEKTpe, 4 —
OTHOILIEHUE <«OAKCIIEPUMEHTAILHOTO» paclpelesieHus] K TEOPETUYECKOMY

Eppor(€)Egu,(€) (paBast  mIkama). YCpeIHEHHE OCYLIECTBISIOCH — Ha

BpeMeHHOM untepBaiie 117, [278].

®dopMy, HAONIOAAEMBIX COJMTOHOB, MOYHO YBHJIETh W3 YBEIUYECHHOTO
¢parmenta (puc. 2.8B). ATOM BHYTPH COJUTOHA JIBUJKETCS B TOM K€
HaIpaBJICHUH, YTO U CaM COJIUTOH U MEPEAACT UMITYJIbC CJI€ AYIOIIEMY COCEMdY.
BuaHo, 4TO CONMUTOH JIOKanM30BaH HE 0OoJiee YeM Ha JBYX y3JaX IETOYKHU
[279]. [IpocTpaHCcTBEeHHBIN MPOGUIL CKOPOCTEH aTOMOB B OOJIACTH COJIMTOHA
umeer QopMy kosokona. CienoBaTeNbHO, CMEIIEHHS aTOMOB B KaXIbId
MOMEHT BpEMEHU UMEIT (POopMy CTyNeHUaTol (PYHKIIMHU, U COJTUTOHBI MOTYT

OBITH I/IZICHTI/I(I)I/II_II/IPOBB.HBI KaK KMHKH.
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Puc. 2.8 IIpocTpaHCTBEHHO-BpPEMEHHBIE PA3BEPTKM CKOPOCTEM aTOMOB: a —
OJIMH CWJIbHBI KHHK, COOTBETCTBYIOIIMU pacmpejieieHut0 Ha puc.2.7a, 0 —
B3aMMOJICHCTBUE JBYX KHHKOB, B — (QopMa JBIXKYIIErocs KHHKAa B
yBeIMUYEHHOM MaciiTabe. ['opu3oHTanbHash OCh YKa3bIBAET MO3UIMU aTOMOB
BJIOJIb LIETIOYKH, BEPTUKAJIbHAS OCh COOTBETCTBYET BPEMEHHU . JHEPIUSl ATOMOB
o00O3HaYeHa  KOPOTKMUMH  BEPTUKAJIbHBIMM  JIMHUSAMH  C  JIJTHHOU
MIPOIOPIIMOHATILHON €€ BelnuuHe (TI0JI0KUTENIbHOE H anpaBlieHue BHU3) [275,

278].

I[J'ISI OIMUCaHuA CPCAHCCTATUCTUYCCKOIO B(b(beKTa KOHICHTpAaIUH

SHEPrUH BOCIIOJIb3YEMCS TapaMEeTPOM, BBEIEHHBIM B padote [ 41]:

c, :NﬁE/{ﬁEj (2.13)

Ecou Bce aroMbl MMEOT OAMHAKOBYIO »Hepruto, To Cp=I, ecnu B
CUCTEME YCTaHOBUJIOCH pactipeaenenue ['m66ca, o Cp=1.75 [41], u, HaKkoHell,
€CJIM BCSl SHEPI'usl CKOHIEHTPUPOBaHa Ha oAHOM y3ie, To Cp=N. I[lapamerp Cy
MOKA3bIBAET CPEIHIO KOHIICHTPALMIO HEPTrUU IO BCEM CYIIECTBYIOLIUM
OJIHOBPEMEHHO COJINTOHAM, HO HUYErO0 HE TOBOPUT OTHOCHUTEIHLHO OOIIETro
yuclia COJUTOHOB W 00 UX WHAMBUAyalbHOM Bkiajne. Ha Bcem

paccmMaTpuBaeMOM  BpPEMEHHOM  uHTepBaie (¢=10°7,) B  mporiecce
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TCpMAJIN3AIUU TTaPaAMETP C() KoJIeOIeTcst BOKPYT CBOCTO CPCAHCTO 3HAYCHUS B

npenenax /.7-3.3, ¥ He BBIXOUT 3a mipeaensl 1.5-4.2 (Puc. 2.9).

3.2

2.81
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1.6 1

x T r T
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Puc. 2.9 DBomtouuss mapameTpa KOHLIEHTPALMU 3HEPTUM OT BpemeHu [275,

278].

W3 3TOrO0 cnemyeT, 4To BEpOSITHOCTH POCTA U paclaja KUHKOB CTATUCTUYECKU
paBHBI, a CHCTEMA, €CIU €€ pa3Mepbl JOCTAaTOYHO BEJIMKH, HAXOAWUTCS B
CBOEOOpPa3HOM PaBHOBECHOM COCTOSIHHH.

Paznuunble rapmonnyeckue coctasiisitonue Cp(?) MOXKHO pa3leliuTh B
CHeKTpaibHOM obnactu (ObicTpoe mpeoOpazoBanue Dypbe, BHIIOIHEHHOE Ha
uHTepBasie  8§/92 BpeMeHHbIX 1maroB). Jlns  monaBieHust  ciaObIX
BBICOKOYACTOTHBIX (QuiykTyauuid Cp(?), BBI3BAHHBIX TEIUIOBBIM JBUKECHHUEM
aTOMOB, HUCXOAHas 3aBuUcUMOCTb Cy(¢) ObLIa CIVIaXK€Ha IO CKOJIb3SILEMY
CpeHEMY HHTEpBaly pa3MepoM 25 BpeMeHHbIX oTcueToB (kpuBas 1, Puc.
2.10).

3HaYUTENbHOE YHCIO MAaKCUMyMOB HaONMIOJaeTcs Ha 4YacToTax

10° =107 (7, )" . OnHaKo, MIMPUHA YTUX MAKCUMYMOB CPaBHMMA C PACCTOSHUEM

MEXJy HUMH, U KKJbIH MaKCUMyM caMm 1o cebe He uMmeeT cMmbicia. Takum
o0pa3oM, MOXHO TOJIbKO OLIEHUTh MAaKCUMAaJIbHYH 4YacTOTy (MHUHUMAJIbLHBIN
nepuoj) JoJiroBpeMeHHbix ocuwuianuit  Cy(z). Jns ynmobcrBa  criiagum

YaCTOTHYIO 3aBUCUMOCTb aMIINIMTYJHOT'O CIICKTpa (Dypbe, HCTI0JIb3Y: Ooublee
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yuciio Touek (50 Touek, kpuBas 2 Ha puc. 2.11). Onpenenum MakCUMaIbHYIO

YaCTOTY KaK YacCTOTY, PU KOTOPOU aMIUTUTYJHBIN CIIEKTP YMEHBIIIAETCS B JIBA
paza. Torna MuHUMaNbHBINA Tiepuo ocuwusiiuil Cy(?) onienuBaetcst ~10007T),
YTO COTrJacyercs CO BPEeMEHaMH KU3HU HauOoJjiee WHTECHCHUBHBIX KHUHKOB,

OMPCACIICHH bIX HCITOCPECACTBCHHO C UCITIOJIb30OBAHUCM TPCKOBBIX 3aIMcei.

0.057]

Amplitude

T T T T T T T I_LE'—'“—!
0 0.001 0.002 0.003 0.004 0.005
-1
f) ( Tﬂ )

Puc. 2.10 Ammnutynueii criektp Cy(?). KpuBas 1 — criaxxuBaHue mo msita

TOYKaM, KpuBas 2 — o S0 Toukam [275, 278].

4000

A
LA
[\

Co

Puc. 2.11 IlnoTHOCTH pacrpenencHusi COCTOSSHUM OT KOHIL EHTPAaLMU SHEPTUN

Co.
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HPCZICTaBJIHeT HUHTCPCC OIPCACIINTL INNIOTHOCTL YHCIIA COCTOSIHUM OT

koHueHTpauu sHeprun Cp (puc. 2.11). MakcumMym IMJIOTHOCTH BEPOSTHOCTH
cocTostHuM npuxoautcss Ha 3HadyeHne (Cp=2. KommuecTBOo cOCTOSIHUM,
COOTBETCTBYIOUIMX pactnpenenenuto ['ndoca npu Cp=1.75 u ydactky c Ooiee
PaBHOMEpPHBIM  pacHpelesieHUeM KOHUEHTpauuu sHeprun  [.75>Cy>1,
HE3HAYUTEIbHO. MOXHO CKa3aTh, YTO OOJIbLIYIO YacTh BPEMEHHU CHUCTEMa
MPOBOJUT B COCTOSIHUU C BBICOKOM KOHLEHTPALIMEN YIHEPTUH.

UucrneHHOE  MOJEIMPOBAaHME  NOKA3bIBA€T, UYTO B  LIEMOYKE
OJTHOBPEMEHHO CYILIECTBYET OOJIbIIOE YUCIO KUHKOB. HekoTopeie u3 HHX
HaxoJATCs B CTaJMU pOCTa, APyTHE B CTaauu pacnana. bonee toro, umerorcs
JOJTOBPEMEHHbIE (PIIYKTyalldd 4YHCIa KUHKOB, KOTOPBIE COIJIACYIOTCS C
GbaykTyanusaMu mapaMeTpa sHepreTudeckor kKouueHtpamuu Cj: yem Oosibliie
BenuunHa Cj, TeM MEHBIIE KUHKOB (TI0/I00HAsi KOppemsiius HabMtoaaeTcs s
aKyCcTUYecKuX wemnouek [272, 276, 278]). Hanpumep, s ciyyasi BHICOKOU
KoHIeHTpauu 3Heprun (Cp=3.7), COOTBETCTBYIOIIETO puc. 2.80, B IIETOYKE
JNBUXKETCSI TOJNBKO OAUMH KHUHK. YHCIIO KHHKOB OCTAae€TCs, MPaKTUYECKH,
HEU3MEHHBIM, KOTJa B IIEMOYKY 3a CUET HayalbHbIX YCIIOBHM BBOJAMUTCS
00JIbIIIee KOJTMYECTBO PHEPTUN E =300- Kawi/amom M E =1000- Kaniy/ amom, B TO

BPCM: KaK KOHIICHTpALUs SHCPTUH B KAXKJIOM KMHKC YBCIINIUBACTCA.

benwviti wiym. Bpliie npu conocTaBieHun Moaenen Jlennapo-/[conca v
Exp-6 B xauecTBe HA4ambHOrO yCJOBHUs 3afaBaics m curdan [41]. ns Hero
CTaJusl XaOTHMYECKOrO JBMIKEHHS aTOMOB HAacTynajla He cpasy, a 4epes
HEKOTOpOE BpeEMs IIOCJE paclaja HAa4aJlbHOM MOJBI, M OCTAETCs BOIPOC
OTHOCHUTEJBHO BIIMSHUSA HAuyalbHBIX YCIOBUH Ha (OpMY BO3HUKAIOIIUX
COJIMTOHOB. [ M3y4eHUs BONpPOCa O XAPAKTEPE TAKOIrO BIIUSHUS B KaueCTBE
HA4aJbHOIO YCJIOBUS ObUT HCIOJIb30BaH Oenblil IIy M, Onaroaapst KOTOpOMY
aTOMBI C CaMOT'0 Hayaja JIBUTaJIuCh Xa0TUYECKH.

IIpn TakoM 3aJaHUMM HA4YaJbHBIX YCJIOBHMM ITPOLIECC IHEPrEeTHUUYECKOU

KOHICHTpAallMK Ha4dYaJICiA Cpa3y KC. K TCOPCTUUCCKOMY pPaCIPCACIICHUTIO
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['u66ca mo suHeprum E(g) cucremMa B 3TOM ciydae npubamxkaercs 3a Oosee

KOPOTKHM TpOoMexyToK mopsiaka ~80T,. Xopollo JTOKaJIU30BaHHbIE KUHKHU
MOSBJISIIOTCA Jinib ¢ MoMeHTa ~400T,. Ix ¢bopma u CBOWCTBAa M€ HTUYHBI
TaKOBBIM ]ISl KHHKOB, BO3HUKAIOLIUX MOCIIE paAcnada m-moobl.

Takum 00pa3zom, mociie TepMaiu3aluu B IIENOYKe HEe3aBUCHMO OT BHJIA
MapHOTO0 TIOTEHIIMAJAa B3aWMOJICHCTBUS M OT XapakTepa HayaJlbHOTO
3aTpaBOYHOrO BO3MYIIEHUs (opMupyercs uepapxus BOJH, HA4YMHAS C
(OHOHOB, U 3aKaHYMBasi HAKOOJIEe CHJIbHBIMHU, XOPOIIO JOKAJIM30BAaHHBIMU U
JONTOXXUBYIIUMU KUHKamH. CiaOble BOJHBI SIBISIOTCS (POHOM, CBOErO pojia
IUTAKOIIEH CpeJoii», C KOTOPOU B3aUMOJICHCTBYIOT CUJIbHBIC KUHKHU. Bpems
OT BPEMEHHM CHWIbHbIE KHUHKU TIOSBJSIOTCA CrnoHTaHHO u3 (ona. Jlo
OMpPEJICICHHOTO BPEMEHU KaXKIbIM OTIENbHBIM KHHK JIEMOHCTPUPYET
TEHJICHITUIO K POCTY, KOTOpasi MOTOM CMEHSIETCSl YCTOMYMBON TEHJCHIUEH K
pacnagy. CymiectBoBaHue aHcamOis TaKMX KHHKOB  TPUBOJUT K
OCHIWJUTHPYIOLIEH BPEMEHHOW 3aBUCHUMOCTU TlapaMeTpa SHEPreTHUUYECKOi
KOHIIEHTPAIlMK, W BCE CBOWCTBA, YCPEAHEHHBIC 3a JIOCTATOYHO OOJBIION
MPOMEKYTOK  BPEMEHU  OKa3bIBalOTCA  yCTOWYMBBIMU.  CyllleCTBEHHBIM
OTJIMYMEM TIOJYYCHHBIX 3/IeCh PE3yJIhTAaTOB KOMIIBIOTEPHOTO MOJICIUPOBAHUS
OT pPE3yJIbTaTOB, TOJYYEHHBIX paHee [2], sABisercs TO, 4yTO (DIYKTyalluw,
ornucanuble CIyIKepOM, CKOPOTE€YHBI, OBICTPO BO3HUKAIOT, U OBICTPO
MCYE3al0T, B TO BpeMs, Kak (IyKTyallu, OIHCAHHBIC 3]IeCh SBIISIOTCS
JONTOXKUBYIIUMHU, YTO 0OJiee BaXXKHO C TOYKH 3PEHUS MPOU3BOJAUMOTO HUMHU

s¢dekTa BIUSHUS Ha MIPOLECCH] IEPECTPONKH CTPYKTYPBI U pa3pyLICHHUS.

2.3.2. Hceneoosanue mexanusma 5671 eHusl.

COBCPIHCHHO O4YCBHUIHO, 4YTO CHJILHBIA KHHK OJHO3HA4YHO CBA3aH C
CWIBHBIM COJNHMIKEHUEM ABYX B3aHMOIIefICTBYIOHIHX aTOMOB B ICIIOYKE
nepcaarommnx HMITYJIbC KHUHKA. HOCKOJIBKy 1810)51 cOJIM)KEHUH aTOMOB HX

IIOTCHIIMAaJIbHAsA OHCPruss  pC3KO BO3pacTacT, TO B 9TOT MOMCHT
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B3aHMOHeﬁCTBHeM 9TUX JIBYX aTOMOB C OCTaJIbHbBIMHU aTOMaMH HTCIIOYKH C

OO0JIBILION CTENEHBI0 TOYHOCTH MOXHO MpeHeOpeyb, U, TAKUM 00pa3oM, 3ajaya
CBOAMTCS K JBYXaTOMHOM WM, B KpallHEM cCily4ae, K TPEXaTOMHOM 3ajaye ,
€Clli CIIy4ailHO OJIHOBPEMEHHO cONMkarTcs Tpu atomMa. B 3Tom kpoercs
MpUYMHA CJ1a00r0 B3aMMOJCHCTBHS KMHKA C JPYTMMH KOJeOaHUSIMU 1IETIOUYKU
Y BO3MOXHOCTB €r0 JUIMTEIBHOIO CyIIeCTBOBaHUS. B mepBom npuOnmxeHuu
KUHK paclpoCTpaHseTcs B ILENouYke, (hakTUYecKH, He 3amedas (POHOHOB U
apyrux Oonee ciaaObIX KUHKOB. VICKIIIOUEHHE COCTaBIISIIOT MajOBEPOSITHBI €
COOBITUSI BCTPEYM KMHKOB C COMOCTAaBHUMBIMU SHEPIHSIMH, KOTOPBIE CIEIYET
paccMmarpuBath 0co00. HalGmronaemoe siBjeHHME NOJKAYKHM W JAUCCUMNALUU
SHEPrUM KUHKA 33 CYET HU3KOIHEpreTHuecKoro (oHa sBiseTcs 3PpQexTom
BTOPOIO MOpPsIAKA MAJIOCTU. B 4aCcTHOCTH, B 3aBUCHMOCTH OT COOT HOLIECHHS
Mexay (a3oi KosebaHusl M BpeMEHEM MOAJIeTa aToMa MepeAaoero UMIYJIbC
(KMHK), KpallHU# 1O XOAy BOJIHBI aTOM IIOCJI€ B3aUMOJEUCTBUS MOKET UMETh
Oosblliee WM MEHbILIEE 3HAUEHHE CKOPOCTH, Y€M HCXOJHBIA aToM J0
B3aUMOJIEUCTBUA. MOKHO MPENOI0KNUTH, YTO B ATOM 3aKJIFOY a€TCS OCHOBHAs
MpUYMHA CIIOHTAHHOIO YCWJIEHUS U OCJIa0JIeHUus KMHKOB B LEMNOYKax MpU
BBICOKMX TEMIIEpaTypax.

JUis BBIICHEHMS STOTO MNMPUHUMIMAIBHOIO BONPOCA IPEACTABIISAET
MHTEPEC MAKCUMAJIBHO YNPOCTUTH YHMCIEHHBIM SKCIIEPUMEHT, OCTABUB JUIS
ATOr0 B LENOYKE Bcero Jumb Tpu atoma [278]. Ilpuuem 1Ba M3 HUX
COBEpIIAIOT  KoJeOaHWsI HEKOTOPOM  aMIUTUTYJIbl BOKPYT  IOJIOKEHUS
paBHOBecHs, MoJenupys (POHOH, a TPETUH HaJleTaeT HAa HHUX C HEKOTOpOU
CKOPOCTBIO, MOJAEIUPYSl CUJIBHBIM KMHK. 3a/1aya 3aKJIF0YaeTCs B ONPEIACICHUN
oOmacTtell ycujieHHsT WM OCJIAOJeHUs I pelaBaeMoro UMIyJjbca B
3aBHCHMOCTH OT MapaMeTpoB 3aJauyd, — AMIUITUTYJbl KOJIeOaHW, CKOPOCTU
HAJICTAIOLIEr0 aTOMa U COOTHOUIEHUS MeXIy (a3oi KojaeOaHHs B PeMEHEM
MIOJUIETa TPETHEro aTOMa.

Ha pucynke 2.12 npuBesneHa oOmias KapTUHA paclpelesieHUs] 3HAKOB

OTHOCHUTEJIBHBIX ~ MpupalieHudt ckopoctu  n=(V.—Vy)/V, orTneraromero
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(paCCCSIHHOI‘O) aToMa B 3aBUCHMOCTH OT CKOPOCTH HAJICTAIOMIETO aTOMa M OT

¢da3pl KoyseOaHus JBYXaTOMHOIO OCLWIIATOpa. 3Aech Vj — HadajbHas
CKOPOCTb TPETBEr0 aroMa, V, — acCUMNTOTHYECKOE 3HAYEHHE CKOPOCTH
MEPBOr0 KpaHEero aroMa IMOCji€ B3aUMOACWUCTBUA. TeMHBIMU TOHAMH Ha
pUCYHKE H300pa)keHbl OOJIACTH, COOTBETCTBYIOLIUE YBEIMYEHUIO CKOPOCTHU
(ycuneHue  KuMHKa), a  CBEMIBIMM  TOHaMH  HepeJaHbl  00JacTH,
COOTBETCTBYIOUINE YMEHBIIEHUIO CKOPOCTU (OcialieHne KUHKA) MpU TaKoM

B3aUMOJICHICTBHH.

27
9_ .

0 1 2 3 456 7 8 9

V3 . Mr/Cr

Puc. 2.12 Jluarpamma paccesiHusi KHHKAa Ha clabOM HEJIMHEWHOM KoJieOaHUU

(a) 1 Ha CUJIBLHOM HeJIMHETHOM KoseOaHuu (0).
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B nauvannHO 103U Hn TpeTI/Iﬁ aTOM pacnojarajicsa Ha pacCTOAIHHU

5.5a,,,c OT LIEHTpPA MacC IBYXaTOMHOI'O OCLWUIATOPA, TIAE gy — AMIUIUTYAA
KojebaHus mnocneaHero. MakcumallbHOe (HadalbHOE) PACCTOSHUE MEXKITY
aTOMaMH, BXOJSIIUX B OCHIIISTOP, COCTABIISIIO Ay =1.02ay anist puc. 2.12.a u
Amax=1.4ay) nnsg puc. 2.12.6, 4TO COOTBETCTBYET CJIA0bIM HEIUHEHHBIM
KoJeOaHUsAM C TEPUOJOM paBHBIM 1,;,=3.65¢, B IEPBOM CIIy4ac U CUIBHBIM
HEJIMHEWMHBIM KoOJIEOAHUSIM C TIEPUOJOM paBHbIM T1,;,,=8.84c, BO BTOpOM
ciydae. [lepuos nmuHeHBIX KOeOaHUM COCTABIISI B 3TOM citydae 1,;,.=3.63c,.
Bpewmst 3amepkku Ajisi TpeTbero aTomMa BBIOMPAIOCh U3 TOTO pacyuera, 4ToObl
PaBHOMEPHO TEPEKPHITh BCe 3HAUCHUS (Pa3 KonebaHus OCHUIUIATOpa 3 a OJUH
nepuoji. Yuciao TOYeK MO BEpTUKAIM paBHO /50, 4TO COOTBETCTBYET UHUCIY
OJTHOAKTHBIX ~ OKCIIEPUMEHTOB TMpPU  Pa3IUYHBIX 3aJepKKaX U  TpH
(bMKCUPOBAHHBIX OCTAJIBHBIX IMapaMeTpax.

[Ipn Manbix 3HAYEHUSAX CKOPOCTH V), TO €CTh B CHUTyallud, KOI/a
SHEPTUs M3Yy4aeMOTO «KHHKa» COMOCTaBUMa C JHEpruei cinadbix (POHOBBIX
«KUHKOBY», 00JIACTh YCHUJICHUSI TAKOTO «KUHKA» y3Kas U 3aHUMAeT MEHBIIYIO
wiom@aab IO CPaBHEHHIO C pa3MmepoM obmactu ocnabnenus. Ecnu
MPEAINOJIOKUTh, YTO B MHOTOATOMHOM IIEMOYKE KOJIeOaHUsI «(OHOHOBY» WIIH
«cnadbIx (POHOBBIX KHMHKOBY» pacHpelieIeHbl B CHCTEME PAaBHOMEPHO, M 4YTO
BEPOSITHOCTh YCWICHUS «KHUHKa» TMPOIMOPIMOHATIbHA pa3Mepy 00JacTu
YCUJICHHUS, TO CIa0bIi «KHMHK» C OOJBIIECH BEPOSATHOCThIO OyIeT OCIa0NIAThCS,
yeMm ycuinuBathbes. OJHAKO MpU 3HAYCHUSIX CKOpocTed V) 3HauyuTEeNbHO
MPEBOCXOMAIIUX CKOPOCTH KoyieOaH it  (JOHA COOTHOIIEHUE Pa3MEpPOB
oOnacteil ycwieHuss U OcCiaOJeHHs YK€ comocTtaBUMoO. Tak, JJisi CKOpPOCTH
Vo=9m,/c, B cnydae ap=1.02 (Puc. 2.12.a) obnacth ¢a3bl, B KOTOPOM KHUHK
yCUJIMBAeTCsl, cocraBisier 46% oT mnepuosa KoieOaHUl JAByXaTOMHOU
cuctembl. Jlns cnywas apy=1.4 (Puc. 2.12.6) ona cocraBusier yxe 63%. U3
3TOr0 TaKXe CleayeT, uTo Oosnee cuibHble (POHOBBIE KojeOaHus OyayT
YCWJIUBATh BBIJICJICHHBIN «CUJIBHBIM KUHK» C OOJBIICH BEPOSTHOCTHIO, YEM

6onee crnadbie (HOHOBBIE KOJICOAHUSI.
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B OeJIOM, MCXAHW3M HAPACTaHUA aMIUIMTYIbl Ha HayaJIbHOM cTaguun

(I)OpMI/IPOBaHI/ISI COJII/ITOHOHOZIO6HOFO BO3MYHIICHHUA MOKHO HPCACTABHUTDH, KaK
CTaTUCTHUYECCKOC YCUJICHHUC CHUI'HaJia CﬂyqaﬁHBIMI/I KOJIEOQHUSIMU.
I[eﬁCTBHTeHBHO, CCJIM B CUCTCMC CIIOHTAHHO BO3HUKHCT HCKOTOpPAd OoJbIast
GiaykTyauus, TO HETUHEHHOCTh, MPEMSTCTBYS PACCESTHUIO SHEpruu, OyIeT
NpoAJICBATh BPCM: €€ JKU3HU. Cﬂy‘laﬁHaH AOIIOJIHUTCJIbHAA TTOJJKaYKa SHCPTUA
eme Oosbllle MNPOAIUT BpeMs KU3HU Takol (IyKTyaluu, a Ciy4aiHoe
OTKaQYMBAHUC OHCPIUHU 6YZ[CT €r0 YMCHBIIATDL. OZIHaKO B CUWIIY TOH Ke
HEJIMHEUHOCTHU BO3paCTaHUC BPCEMCHU JKU3HHU 6YZ[CT 60J'IBI_HI/IM, ycM
COOTBCTCTBYHOIICC YMCHBIICHHUC, CCJIMW BCIIMYHUHBI CKAYKOB OHCPIrUu IIpU
MMOAKAYKC U OTKAYKC PABHBI 110 a0OcoroTHOH BennuuHe. Ecan IIOJIOXUTB, UTO
AKThI IIOAKAYKH1 u oT 60pa OHCPIrun HpI/I6J'II/I3I/IT CJIIbHO PaBHOMCPHO
pacupcacii€Hbl BO BpEMCHH, TO TCHACHIUA K POCTY aMIINIMTYIbI (I)JIYKTyaLII/II/I
Oyner mpeobiagaTh HaJl TEHACHUIMEW €€ YMEHBIICHHWS, 4YTO, OYEBUIHO, U
pPCaIn3yCTCsI Ha HavaJIbHOU craanu (I)OPMI/IPOBaHI/IH COJII/ITOHOHOZ[O6HOFO
BO3MYIICHHUA.
I[eﬁCTBHTeHBHO, IyCcTb BpEMs JKU3HU T 3aBUCUT OT OHCPIUn

¢baykryauuu E Takum oopazom:

t=kE+mE?, (2.14)
rac kum HCKOTOPBIC ITOJIOKHUTCIILHBIC KOB(I)(I)I/II_II/ICHTBI. Torna 3a OJUH aKT
MOJIKAYKW WM 0TOOpa SHEPruu, MpHU KOTOPBIX MOJHAs SHEPrus (PpayKTyauuu
YBCIIMYUTCS WKW YMCHBIIUTHCA HA OJHY U TY’KC BCIIMYUHY AE, BpCMs JKU3HU
CTAHCT paBHbIM

v, =k(E+AE)+m(E+AE)?, (2.15)
TaK 9TO CPpCAHCC BPCMsI KU3HU 6yz[eT paBHO

gt ;“"- —t+m(AE) (2.16)

HCCMOTPH Ha TO, 4YTO 3TOT B(IJ(IJCKT KBaJIPpAaTUIHOT'O ITOPAAKa MAJIOCTH 110

MNPpHUPANICHUIO 3HCPTHUH, OH HUMCCT HAKOIIUTEILHBIN XapaKkTep, U IMO3TOMY B

CpCOAHEM BpPCM:I KU3HU U aMILINTYIa (I)J'IYKTyaI_II/II/I MCIJICHHO BO3p aCTArO0T.
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C TeueHueM BpCMCHU (I)JIYKTyaI_II/IH IIorjomactr 60J'II:IHYIO qacCTb

(OHOBBIX KOJEOAaHMH, W TEHACHLHUS pOCTa CMEHSETCS TEHACHIUEH
YMEHBIIEHUS] aMIUIUTY bl (UIYKTyallMyd BIUIOTH JI0 €€ pacrnajga Ha (POHOBBIE
kosnebanus. OdYeBUIHO, YTO JMHAMUKY pOCTa M CHAJAaHUS aMIUIUTY bl
BBICOKOOHEPTeTUYECKUX  (PIyKTyaumd B 3TOM  KOHTEKCTE  MOYKHO
NpUONHU3UTENILHO OMNKMCATh IO AHAJIOTMM C W3BECTHOW 3aJadyeidl XMIHUK -
xeprBa. llomaras, [uid IPOCTOTBI, YTO CKOPOCTh IPHUPALLEHUS DSHEPIUH
(GiaykTyaluu OpOHNOPLUUOHANbHA IUIOTHOCTH (POHOBBIX KojeOaHuH n, a
IUIOTHOCTh (DOHOBBIX KOJE€OAaHM U yMEHBIIAETCS MO MEpe IMepexoja SHEpruu
YacTU 3TUX KOJICOAHUN B SHEPTUIO (UIYKTyalllH, TO JUIsl HUX MOYKHO 3aIucaTh
IIPOCTENIIYIO CUCTEMY CBSI3aHHBIX YPAaBHEHUI:

on _
ot

o _
ot

sn,

-rE, (2.17)

rac s U r HCKOTOPBIC KOB(I)(I)I/II_II/ICHTBI MMpONOPIMUOHA JIBHOCTH. Cucrema umeeT

NEPpUOANICCKOC PCHICHUC!
E:E0+asin(%j, 2.18)

rae E) — HexoTopas NoporoBasi HauallbHAas dHEPIus, a U T =+/sr — aMILIUTy/a
U TepUoJ OCIMUIAIUN. DU3HYECKUH CMBICI, OYEBHUIHO, HMEIOT TOJIBKO
TIOJIOJKUTEIIbHBIC 3HAUCHHSI DHEPTHH, BCIICJACTBHUEC YETO PEATH3YETCS TOJIBKO
MOJIOBMHA TEPHO/Ia OCIUUIAUN. B 3TOM KOHTEKCTE MONIEepHoa OCIUIIISIIUN
OyJeT TpencTaBisATh COOOM cpeaHee BpeMs KU3HH COJUTOHOIOJ00HOTO

BO30Y KJICHHUS.

2.3.3. 3akon pacnpedenenus wacmuy no SHEPeUsM .

Bo3HUKHOBEHHE THKOB B BBICOKOIHEPTETHUECKOW OOJIACTH CIEKTPa MOXKET
OBITh CBA3aHO CO CMEHOW XapakTepa OSKCIIOHEHIMAJbHOTO  3aKOHa
pacnpenenenust ['160ca (2.7) na crenenno [280]. U3 pacnpenenenus: 4acTuil

no sHeprusiM (puc. 2.13) BUAHO, YTO B BBICOKO3HEpreTH4ecKoi obiactu
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CIICKTpa KpHBas 2, COOTBCTCTBYHOIIAA KOMIIBIOTCPHOMY SKCIICPUMCHTY, JICKUT

BbIIlIE TeopeTuuyeckor kpuBoil 1. B Macmrabe norapudmuueckom mo od6oum
MEPEMEHHBIM OHa B JTOW 00JacTU CHEKTpa COBHAJAeT C MPSIMOH,
COOTBETCTBYIOUIEH CTENEHHOMY 3aKOHY paclpelesieHusi, B3siToMy B (opme

(puc. 2.136):

A
n =k, )", (2.19)
¥ ! AR Y
5 4 J
5
4
=} = 0
So 3
5
1
S 2
2 10
0 500 1000 1500 2 3 2 5 6 7
E, E.K LnE
a §

Puc. 2.13 PacnpeaeneHue yacTHll 1O 3HEPrUsM a) B JIOTapU(PMUUYECKOM
Maciitabe; 0) B JiorapuMUUECKOM MaciiTabe 1mo o0ouM MepeMeHHbIM. 1 —
TeopeTnyueckas kpuas ['1006ca; 2 — pacnpeeneHue, MoC TPOSHHOE O TaHHBIM
KOMIIBIOTEPHOTO 3KCIIEPUMEHTa; 3 — MpsiMas COOTBETCTBYIOIIAS CTETIEHHOMY
3aKOHY paclpejiesieHus; 4 — Touka CMEHbl XapakTepa 3aKOHA pacripeesieHus

[280].

JI71st JaHHOTO KOMITBIOTEPHOTO pacyueTa YHCICHHbBIC 3HAYCHHUS KO PHUIIMEHTOB
CTENIEHHOTO pacrpeieNieHus paBHbl: k=1.77-107, z=3.61.

Cnabble konebaHus (oHa, YAOBJIETBOPSIOMIME HKCHOHEHIUAIBHOMY
pacnpenenenuto ['n66ca (2.7), MOXKHO paccMaTpUBaTh, KaKk PaBHOBECHYIO
MOJICUCTEMY, a COJIMTOHOMOAOOHBIE BO3MYIICHHS, YIOBJICTBOPSIOIINE
CTerieHHOMY pacnpezeneHuto (2.19), COOTBETCTBEHHO, KaK HEPABHOBECHYIO
GIIyKTYyallMOHHYIO TMOJCHUCTEMY TEIUIOBOT'O JBM)KEHHUS aTOMOB HEIMHEHHOMN

uenouku. Kak pacnpenenenue (2.7), Tak u pacnpenenenue (2.19) spusrorcs
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IByXnapaMeTpuyeckuMu. B pacnpenenenuu (2.7) mapamerp ny UMEET CMBICH

Yuciia YaCTHIL C HYJIEBOM sHeprueil, a mapameTp 6 UMeeT CMBICI TEMIIEPaTyphl.
COOTBETCTBEHHO OHU HMMEIOT (PUKCHPOBAaHHBIE Pa3MEPHOCTH uucCHa (WU
IUIOTHOCTH) YacTHIl B Cly4yae 7) U SHEpruu B ciydae 6. B pacnpenenenuun
(2.19) mapaMeTpbl TaKOTO YETKOTO (PU3UYECKOTO CMBICIA HE UMEIOT, K TOMY
e TMapaMmerp z ABIseTCs Oe3pa3MepHbIM, a pa3MEpHOCTh Mapamerpa k
3aBHCHUT OT 3HAYECHHUS Z.

B T10 xe Bpems, B coorHomienue (2.19), He MeHss ero Xxapakrepa,
MOKHO BBECTU  JIONIOJIHUTENIbHBIE  MapaMeTpbl, KOTOpbIE IOMOTAIOT
(uKCcHUpoBaTh Pa3MEPHOCTH BCEX, BXOIIMX B HETO apaMeTp OB, HAIIpUMeEp, B
BUJIE:

(5]
n=n|-—+| , (2.20)
n
IJIe n; U 1] — HEKOTOPbIE HOBBIE MapaMeTpbl ¢ (PUMKCUPOBAHHON Pa3MEPHOCTHIO
yucaa (IJIOTHOCTH) YaCTHUI] U HEPruH, cooTBeTCTBeHHO. CpaBHuBast (2.19) u
(2.20), Mmo>xHO TTapaMeTp k BBIPa3UTh Yepe3 HOBBIE MAPAMETPHI:
k=nm-<, (2.21)

Tenepr mnapameTpy n; MOXXHO NOpHUIATh CMBICH 4ucia (IJIOTHOCTH)
YacTHUI B COCTOSIHUH, B KOTOPOM & =7, a MMapaMeTpy # MOKHO MPUAATH CMbICII
TeMIepaTypbl HEpaBHOBECHOM mojcucteMbl. Mcxoas w3 mpuHuuna, 4ro B
CTallMOHAPHOM COCTOSIHUM TEMIIepaTrypbl 00EuX IMOJCHCTEM JOJKHBI OBITh
pPaBHBIMU U B CHIIy U30BITOYHOCTHU MapamMeTpoB (MX B BelpaxeHuu (2.20) Tpu)
MO>KEM MOJIOKUTh, UTO 77=0).

Pa3z0OuBas sHepreTuyeckuii MHTEpBAJ Ha JIBA MHTEPBAJa OT HYJS 10 & U
OT &. 10 6eckoHeyHOCTH (CM. puc. 2.13a) MokeM cuyuTaTh, 4TO Ha MEPBOM
WHTEepBajJe JEUCTBYET 3aKOH pachpeneneHuss tuna (2.7), a Ha BTOpPOM

uHTepBaie — tumna (2.19):

n, :noexp(—%j 0<g, <eg,

n, = nl(ij g, <g <o (2.22)
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B Touke &i~=¢€; o0a pacupeaciaCHud JOJIKHBI IPUBOJAUTE K OJUHAKOBOMY

pe3yiibTaTy, 49TO H4aCT HOOIIOJIHUTCIBHOC COOTHOIICHUC JJIA YCTAHOBJICHUA

CBSI3U MEXKJly nlapamerpamu pacrtpenenenus [2 80]:

€,
z=—9 (2.23)
ln(g”j
0

I[J'IH ONPCHCIICHUA YCTBIPCX OCTABIIUXCA KOHCTAHT MUMCCTCA BCCIO JIBa
SIBHBIX YCJIOBUA — 3aKOH COXPAHCHHA YaCTUIl U SHCPTUU. KPOMC TOT0, UMCCTCA
ABa HCSBHBIX YCJIOBHA CBA3AHHBIX C TCM, YTO B TCIINIOBOM PABHOBCCHUH MCIKIY
MOoACUCTCMAMU IIPU KAKJIOM 3HAYCHHUU HOHHOﬁ BHYTPCHHeﬁ OHCPI' UMCCTCA
BIIOJIHC OINPCACICHHBIC COOTHOHMICHUA MCKIAY KOJUYCCTBOM 4YaCTULl U
DHEPTUEH, MPUHAICKAIIUX PABHOBECHOW W HEPAaBHOBECHOW IOJICHCTEME.
AHaJ'II/ITI/I‘-IeCKI/I 9TO COOTHOULICHHUC OIPCACIUTL TPYAHO, B TO BPCMs, KaK B
npouecce KOMIBIOTCPHOIO MOJICIUPOBAHUA OHO BCCTIAa MOXKCT 6BITI)
BBIUUCJIICHO.

CJ'ICZ[YCT OTMCTUTH, YTO TCMIICpATypa 9 C YUCTOM CYHICCTBOBAHUA
COJ'H/ITOHOHOZ[O6HBIX BOJIH HE COBIIAAacT CO CpeI[Heﬁ BHCPFHeﬁ BCCﬁ CHUCTCMBI,
npuxoAIieiics Ha oaHy yactuiy. CTporo, oHa paBHa CpEAHEH DHEPIHH,
OHpeHeHeHHOﬁ 10 TOﬁ JaCTU OSHEPIruv M YaCTull, KOTOPBIC IPHHALJICKAT
TOJIBKO paBHOBeCHOﬁ IMOoACUCTEME.

Takum 00pa3zoM, pacmpesesicHHe Yac THI[ 10 YHEPTUSM B HEJIMHECHHBIX
HOCTIOYKAaxX IIpU BBICOKUX TCMIICpATypax MOKHO pa36I/ITb Ha PaBHOBCCHYIO
MOoACUCTEMY HHHeﬁHBIX (bOHOHOB, MOAYUHAIOIMIYIOCA SKCIIOHCHIUAJIBHOMY
3akoHy ['m00ca, W HEPAaBHOBECHYIO TIOJICHCTEMY BBICOKOIHEPTETHUICCKUX
COJ'II/ITOHOHOZ[O6HBIX (bHYKTyaHHﬁ, MNOAYUHAIOMYIO CA  CTCIICHHOMY 3aKOHY.
I[J'IH O6CI/IX IHOACUCTEM MOXKHO BBCCTH IIOHATHUC CHHHOﬁ TCMIICPATYPhI, KaK
HCKOTOPBIX MAPAMCTPOB, 3aJalOUX XapPaKTCp pPaCIpPCACIICHUA B 06OI/IX
CiIy4dasx. IIoka Het OCHOBaHI/Iﬁ OTOXICCTBJTL TCMIICPATYPY HepaBHOBeCHOﬁ
NOACUCTEMBI C TOHATUEM TepMOHHHaMquCKOﬁ TEMIICPATYPHBI, IIOCKOJILKY Ha

ZIaHHBIﬁ MOMCHT HCACHO, KaKUM 0611)3.30M CJICOYCT B 5TOM CJIydac OIPCACIUTD
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OHTPOIINTO HepaBHOBeCHOﬁ IIOACUCTCMBI. CJ'ICZIyeT TaxKoKC IIOMHUTBH, 4YTO

JAHHBIA 3aKOH pacHpelielieHHs] IMOJYyYeH B KOHKPETHOM YHCIEHHOM
AKCIIEPUMEHTE JUII CUCTEMBI OTPAHUYEHHOW 10 pa3Mepy M Ha OrPAaHUYEHHOM
BPEMEHHOM HHTEpBaje. XapakTep pPACIpEACSICHUs] C yBEIMYEHUEM pa3Mmepa
CUCTEMBl MOJKET W3MEHUTBHCA, HaNpuMep, NpPH JOCTATOYHO BBICOKOU
TUIOTHOCTHU COJIMTOHOIOAOOHBIX (PIIyKTyalluid B OOJNBIINX CUCTEMAaX OHH MOTYT
CHOBa 3a CYET CTOJKHOBEHMH MexXay co00M  «BEpHYTbCS» K

SKCIOHEHIMAIBHOMY pactnpeaeneHuto ['uooca.

2.4. Cmoxacmu3zayus 601H 6 HeauHeunou 2D pewemx e

B uccrenoBaHMsIX ~JOUHAMHMKM ~pPEUIETKHM  4acTO NpUOErarwT K
ynpoiueHHbsiM /D moaensam [1, 17, 18, 267, 268]. IIpu 3ToM BaXHO BBIICHUTS,
KaKHe U3 OMUCAaHHBIX BhIIE 3P(HeKTOB 00yCIOBIEHBI OJHOMEPHOCTHIO 3a/1auH,
1 He OyIyT HaOMI0IaThCs WM CUIIBHO U3MEHATCA B ClTydae MoJjiesielt OombIiei
Pa3MEpHOCTH. YBEIMYEHHE PA3MEPHOCTH CHUCTEMBI MOYHO OCYIIECTBUTD,
HanpuMep, J00aBisis cocele K aroMaM HMCXOJHOW (3aTpaBOYHON) LIETIOYKH
Tak, YTOObl OHM 3aMOJIHWIM BCIO IUIOCKOCTh. IIpu 3TOM ycroitunBas
KoH(urypauusa 2D kpuctaiia Oyaer o0nagaTh rekcaroHaJIbHOM CUMMETpUEH.
HauanbHOoe BO30yXJA€HHWE TaKOM pEIIETKH OCYIIECTBUM TaK, YTOObI
MaKCHUMaJIbHO COOTBETCTBOBaTh /[ BapuaHTy, pacCMOTPEHHOMY BBIIIE, TO
ecTb B (opMe IUIOCKMX BOJIH, pPaclpOCTPAHSIOMIUXCS —MapajljIesIbHO
3arpaBoyHOM wenouke. [lonmaras, yto 00BeM TBEpAOrO Tejla COCTOUT W3
(parMeHTOB, 3HEPrOOOMEH MEXIy KOTOPBIMU 3aTpyJIHEH, U MOJENUpyemMas
o0JIacTh COCTaBJIsIET OAMH U3 Takux (ParMeHTOB, 3aJaJlM JKECTKUE
TPaHUYHBIE YCIOBHS /ISl TAKOM MO JIETIM Ha €€ KOHIIAX.

JUis  ucciaenoBaHuii HEMMHEMHONW JUHAMHMKK 2D pemeTkd yao0HO
BBECTH MAPHYK HYMEPALMIO YacTHI. Torjaa MOTEHIMAJIbl B3aUMOACUCTBUS
[281, 282] st oCylIeCTBIEH Msl KOMITbIOTEPHBIX SKCIEPUMEHTOB OyIyT UMETh

Bup [271, 283]:
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12
2r, r

ijmn

U[jmn:%( 5 - 16 J (220)

ijmn

rac

B =, X, )+ @, -1, ) (2.21)

— pAacCTOSIHME MEXKAY 4YacTULIAMUA C HOMEPAMHU I, j U m, n U JAEKAPTOBBIMHU
KoopauHatamMu Xy, Y; u X, Y., IlapHasg Hymepanys IO3BOJISET IPOILE
3a/aTh HauvaldbHyr KoHpurypamuio 2D pemerku. CuiioBas KOHCTaHTa A
ompesieNiaeT NIyOUHY MOTEHIMATbHON siMbl. OHA BBIpAXKaeTCsl Yepe3 PHEPTHUI0
CBSI3U COOTHOILICHHUEM A=12r06Eb. CunoBass KOHCTAaHTa B CBs3aHa C
PaBHOBECHBIM PACCTOSHUEM MEXIy YacTUIlaMu (B JBYXaTOMHOMN MOJIEKYJE)
COOTHOIICHUEM

r=4B . (2.22)

HOTCHI_II/IaJIBHaH OHCPIus KpucTajliia

U = %ZUijmn (2'23)

ijmn

BcenenctBue MOMOTHUTENBHOTO MPUTSDKEHUS Oojiee  yIaJIeHHBIX COCECH,
PaBHOBECHOE pACCTOSHUE B KpUCTAUIE OyJET HECKOJBKO MEHbIE, YeM
onpezensemoe Gopmyioit (2.22). EAMHCTBEHHO YCTOWYMBON pPaBHOBECHOM
KoH(purypamuet 2D kpuctayia Uil 4acTHI[ C IIEHTPAITbHO CUMMETPUYHBIM
B3aMMOJICCTBUEM Oy/eT pelnieTka TeKcaroHaibHOW cummeTpud. HcxomHas

KOH(UTrypaius 3aaBajiach KOOpAUHATAMU YaCTHII
wo_ ;1 .
2 =1 ]_E ,  JUIS YETHBIX I,

X" =nj, JUISl HEUETHBIX I, (2.24)
) _ -
Y;" =091,

9TO COOTBETCTBYET HEMHOT'O PACTSIHYTOMY KpHCTaLTy. [IBHKCHHME KaKIOW

JaCTUIbl OIPCACIIACTCA BO3I[CﬁCTBPICM Ha HCC OKPYXKAIUX 4YaCTUll U

I'pPaHUYHBIMU YCJIOBUAMU. ypaBHeHI/IH JABUXXCHUA UMCIOT BUJ

azfi' E'mn B 1 e
m atz/ =4y rjz {rlz - +f(F.t) . (2.25)
m,n " ijmn ijmn ijmn
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3necs 7, =7, —7,,, ; — PaalyC BEKTOP j-4aCTULBI B CHCTEME KOOPAMHAT

ijmn p
[-4aCTHIIBL, 7 - Macca 4acTulbl, f(F,t) — cydaiiHbii mym. OU3MYECKH LIyM
MOXKET OBbITh CBSI3aH C (IYKTyalUsIMU JBUKCHHSI YacTHUIl, 00YyCIIOBJIE HHBIX
npolieccaMd Ha 0o0Jiee MIyOOKOM CTPYKTYpHOM YpoBHE. B KoMmbroTepHOM
AKCIIEPUMEHTE OH MOXKET OBbITh 3aJaH KakK SIBHO IyTeM BbIOOpa (YHKIHMU
f(7,1), TaK ¥ KOCBEHHO, HAI[PUMEP, BCJIEACTBUE OrPAHMYEHHOCTH Pa3psiIHOM
cetku OBM, ¢ 01HOHM CTOPOHBI, U OTPAaHWY EHHOCTH MPU pacyeTax KOJIUYECTBA
ommkaimmx cocene, ¢ aApyrou. IlepBas mpuynMHa BHOCHUT MOTPEIIHOCTH B
OTIpe/iesieHre KOOPAMHAT YacTHI] mopsiaka 107-10°%, Bropas — mopsaka 5% c
y4eToM TOJIbKO Onvkaimux coceneit, u 0,1% c ydeToMm ciemayromero psaa
coceael u T.1. KommdecTBO cocefel o KpaTyallieMy pacCTOSIHUIO, KOTOPOE
HEOOXO/MMO y4YeCTb, UTOObI JOCTUTHYTh TOYHOCTH COIMOCTaBUMOM C
TOYHOCTBIO PA3pPSIIHON CETKM KOMIIbIOTEpa JOKHO ObITh Topsimka 21.
['panuyHbIC yCIOBHUS 3aJlaHbl KECTKOM (hUKcAIMe MOJMOKEHUM 4YacTull Ha
TPaHUIIAX CUCTEMBI.

CroxacTu3anms peryisipHbIX KojeOaHuit B 2D pemieTkax HMeEeT
HEKOTOpPhIE OCOOEHHOCTH IO CPaBHEHUIO C OJHOMEPHBIM BapUAHTOM. ITa
npoOyieMa BO3HHUKIIA B CBSI3M C TOIBITKOW HAWTH MEXaHU3M YCTaHOBJICHUS
TEIJIOBOTO PaBHOBECHS B J1r00out Ppuznueckoit cucteme [ 1, 284-287]. Kak yxe
OTMEUaJIOCh, B OJIHOMEPHBIX MOJIEISAX MPOIECC PEaKcallii OCIOXKHICTCS
SBJICHMEM «BO3Bpara» [1], KOTOpo€ CTaBUT TMOJI COMHEHHE BO3MOXHOCTb
pacCMOTpEHUsI ~ HETUHEHHOCTHM  Kak  CaMOJOCTAaTOYHOTO  MeEXaHH3Ma
YCTaHOBJICHUS TEIUIOBOTO paBHOBecHsi. BrojiHe BO3MOYKHO, 4YTO MOMUMO HEe
JOJIKHBI CYIIECTBOBaTh M JpPyrue NPUUMHBI U (HAKTOPHI, CYIIECTBEHHO
YCKOPSIOIINE PpeaKcalyio, B YaCTHOCTH Takue (PaKkTOphl, KaK pa3MEPHOCTh
CUCTEMBI, TUI TPAHUYHBIX YCIOBUMU U T.A. J{J1s1 60Jiee BHICOKOM pa3MEpHOCTH, C
OJIHOM CTOPOHBI, YBEIMYUBACTCA YUCIO BAPUAHTOB MOTEPU YCTOWYUBOCTH, C
JPYTOW CTOPOHBI, MOSIBIISIIOTCS HOBBIC TPAHUIIBI, KOTOPBIE TOMOJHUTEIHHO
paccemBarOT PHEPTUI0 UCXOJHOTO BO3MYyIeHUs. OTpakeHHE OT PeryJspHBIX

rpaHul U Judpakius OT YIJIOBBIX OOJacTeidl, U APYyTUX HEOJHOPOJIHOCTEH,
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MOXCT TIPUBCCTH K HpOCTpaHCTBeHHOﬁ cToXaCTHu3allud  Ha4aJlIbHOI'O

BO3MYILICHHUS, YTO, KOHEYHO, €IlI€ HE O3HAYaeT JOCTM)KEHHUS PaBHOBECHOTO
pacnpesiefieHdsl 0 SHeprusiM M uMmItyjbcaM. Hanuuue rpaHuinbl wim Jir00oi
JPYTOil HEOJHOPOIHOCTU MOXKET TaKKE YCUJIUTh BIMSHUE HETMHEHHOCTH , KaK
3a CYET U3MEHEHUSI CUMMETPUHN CUCTEMBI, TaK U 3a CYET KOHUEHTPALlUU Ha HUX
OOJIBIIMX 3HAYEHHUH MOJIS.

Jliis uiccnenoBaHus 3TOM 3a7la4u BbIOpaHa CUCTEMa €IWHUL U3MEPEHUH,
B KOTOpoil ynoOHO Obuto monoxute B=I1, A=I1, m=I. CornacHo (2.20)
«PaBHOBECHOE» PACCTOSIHUE (B AUMEpPE) MPHU TAaKOM BBIOOPE CUCTEMBI €AMHMIL

paBHO rp=I. XapakTepHOe BpeMs IWHAMHKH CHCTEMbI, BBIUHCISIEMOE II0
dopmyne ¢ —( B‘”G/Aj/2 TaKXK BH UHU On TBETCTBYET
opmyne ¢, =m , TaKXKe paBHO EAWHMIIE. O COOTBETCTBYE

XapaKTepHOMY TMEpUOAY JMHEWHbIX KosieOanuii pernetku. Jljis HaOmoaeHui
(a3 koneOaHuil cieqyeT BBECTU Oosiee MENKYIO eIMHUIly. B kauecTBe TakoBoO
BBelieM [lycn.ed. BpeMmeHH, paBHylo Ar=(0.04 XapakTepHOTO BpEeMEHU
(BpeMeHHOI 1mar).

Jlns  ynoGcTBa  COMOCTaBICHHUS C  MPEABIAYIIMMHU  pe3yJibTaTaMu,
MOJIy4EHHBIMM ~ HAa  OJHOMEpHbIX uenoukax [l, 21] paccmorpena
MICEBAOJBYXMEPHAsi MOJIENb, /111 KOTOPOU 3a/1at0TCsl CIIEIMAIbHbIE TPAHUYHbBIC
yCJIOBUS, @ UMEHHO, NEPUOJUYECKHE YCJIOBUs B HampaBiieHud ocu OY, u
KECTKHE ycloBHs BIoib ocu OX. Kpome TOro, HadalbHOE€ BO3MYIIECHHE
BBIOMpPAETCS HE3aBUCUMBIM OT Y KOOpPJWHATHI B BHUJEC HEKOTOPOW CTOSYECH
BIOJb OocM X BOJHBIL, a HE B BHJAE JBHXKYIIEWCS BOIMHBI Kak B [1, 21].
[TocTanoBka 3aiauu B uaeiHoM 1utaHe Onuska OITY sxcnepumenty [1] ¢ Tem
JIOTIOJTHUTENIbHBIM OTJIMYHUEM, UYTO HCIOIb3YETCS PEATUCTUYCCKUN TTOTSHITHAI
B3aUMOJICUCTBUS Mexay uvactuiamu. [lockonbKy, dYTOOBI YIOBJIETBOPUTH
TeKCAaroHaJbHOW CUMMETPUM PEIICTKH, YETHBIC U HEYETHBIC TOPU3OHTATIHHBIC
pAObl 4YacTUL[ CABUHYTHl OTHOCUTEIIBHO Jpyr Jpyra Ha MOJIepuoaa
TOCTOSIHHOM peIIeTKH, TOo, (aKTUYECKH, MPEICNbHBIA MEpexoa K CTPOro
OJTHOMEPHOW 3ajaue HEBO3MOXKEH, M CPAaBHEHUE MOXET OBbITh TOJIBKO

Ka4CCTBCHHBIM.
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BaZ[aZII/IM Ha4aJIbHBIC 3HAYCHUSA CKOpOCTeﬁ BCCX 4YaCTHIL 2D PCIICTKU B

BUJIE:
V. li,j1=Csinlk, 7, j),
xo[‘].] (k.7,/) (2.26)
Vyo[la]]:Oa

rae  Vli,jl,V,eli,j] — KOMIIOHEHTBI CKOPOCTEW  JIBUKEHUS YacTHI,

3aHUMaUX [ ¥ j no3ummu B 2D pemerke, C — ammuryga, k, — x-
KOMIIOHEHTa BOJIHOBOTO Bekropa. llpu k,=0.224 HavanbHOE BO3MYILEHUE
umeer (opMy MONyHepuoaa CToAYeH BOJHBI (NIEpBBIM Kaap Ha puc. 2.14).
DOBOMIONMS HaYaJIbHOIO BO3MYIIEHHUs (2.26) mpejacTaBieHa U300pakKeHUsSMU
CUCTEMBI, BBIBEJICHHBIMU C MHTEpBAJIOM J( BpPEMEHHBIX IIAroB, KpPOMeE
TIOCJICJTHETO - COOTBETCTBYIOIIETO BpeMeHU ¢ = /26() BpeMEHHBIX 1IaroB (puc.
2.14). bonee 3areMHEHHBIE YYacTKM COOTBETCTBYIOT MAaKCHUMAaJbHbIM
3HAYEHHUSIM CKOPOCTeM 4YacTull, HaumOojee CBETJIble - MAKCUMAJIbHBIM IO

a0COJIFOTHOM BEJIUYUHE OTPULATCIIbHBIM 3HAYCHUAM.
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Puc. 2.14 DBosmouusi NOIynepruoaHON CTOsYe BOJHBI (CKOPOCTEN 4YacTull) B
CUCTEME C NEPUOAUYECKUMU yCIOBUSAMHU: 1, 2, ..., 12 — cOCTOSAHMS MOJENIH B

pa3HbIE MOMEHTHI BpeMeHHu [283].



98
KauecTBeHHO XapaKTCp 9BOJOIOHUN CUCTCMBI UMCCT TC KC 0COOCHHOCTH

U TPOTEKAET MO TOMY K€ CLEHApUI0, YTO U B Ciiyyae HelnHeHoul DI1V-
LENOYKU. YK€ Ha HayaJbHOM cTaauu HaOitoJaeTcs yIBOeHHE nepuoaa (Kaap
2). B xaape 4 mpociexuBaroTCs MPU3HAKHU €IIe OJJHOTO YJBOCHHS, XOTS U HE
CTOJIb SIPKO BbIpakeHHOro. Kajp 5 kauecTBEHHO MOBTOPSET Kaap 2 C TEM,
OIHAKO, OTJIMYMEM, YTO HMEET MECTO HEKOTOpPOE PAaCCIOCHHE Kak
yepenoBaHue 0ojiee TEMHBIX U 0OJiee CBETJIBIX TOPU3OHTAIBHBIX IIOJIO C.
Kanpsei 6 1 7 ¢ TeMu ke OrOBOpPKaMH IO CTPYKType OJIM3KU HCXOHOMY Kajpy
1 (mosymepuo i CTOsTYe BOJIHBI), T.€. KAYECTBEHHO JEMOHCTPUPYIOT SIBJIICHUE
BO3BpaTa. B cuily yka3aHHBIX BBIIIE OTIMYUN B MOCTAHOBKE SKCIIEPUMEHTOB
SBJICHHE BO3BpaTa HE HAOMIONAETCS TaK YETKO, KaK 3TO MMEET MECTO B
KJIaCCUYECKUX aKcrepumenTax [ 1, 21] o mpuynHax 4dero emie OyJeT CKa3zaHO
HIKE.

Jlanee xkapThHa MHOTOKpaTHO moBTOpsieTcsi. lIpu sTOomM cTpykTypa
BEPTUKAJBLHBIX ITIOJIOC COXPaHSETCS, YTO CBUICTEILCTBYET OO0 OTCYTCTBUU
MPOCTPAHCTBEHHOW  XAaOTHU3AallMM DSHEPTUU BOJHBI U 00 OTCYTCTBUU
HACTYIUICHUSI TEPMOJMHAMUYECKOTO paBHOBECHS B TOM uucie. TOJbKO IO
HCTEYCHUH TIPOMEKYTKA BpEMEHHU mopsijika ¢ = /26() BpeMEHHbBIX 1aroB (Kajp
12) BO3HHUKAET XaOTUYECKOE UepeIOBaHME TEMHBIX U CBETJIBIX 00JacTei, 4To
MOYKHO TPaKTOBATh KaK Pa3BUTHE MPOCT PAHCTBEHHOM CTOXACTU3AIMU UCXOIHO
PETYJIIPHOTO CUTHAJIA.

OO0 0cOOEHHOCTAX YCTAHOBJICHUSI PAaBHOBECHOT'O COCTOSIHUS B CHCTEME
MOYHO CYJIUTh MO M3MEHEHUIO OCHOBHBIX €€ SHEPreTUYECKUX IMapaMETPOB —
oO11eil, cyMMapHO# M0 BCEM YacTullaM, MOTeHIUaabHo U u kuHeTudeckou 7'
sHepruu (puc.2.15). HayanbHbIil CKauOK KUHETUYECKOW PHEPrUu Ha rpaduke
oTpaxaeT (akT Pe3Koro BKIOUEHHIO Bo3MytieHus (2.22). Ilocne BBeneHus
MOPIMM KUHETUYECKOW DHHEPTHMM CHUCTEMa COBEPIIAET COrJaCOBAHHOE
3aryxaroliee KojaebarenpHoe TBUKEHUE HU3KOM 4acToThl. [IpuOIU3uTENbHO K
KOHI[y TIEpBOr0 TNEPUOJA Ha HEro HAaKIaAbIBAIOTCS BBICOKOYACTOTHBIC

KOJ'IC63.HI/I$I, KOTOpPBIC MOAYJIHUPYROTCA HHU3KOYaCTOTHOM MOI[Oﬁ. Bricokas
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4acToTa KoJicOaHMs OHCPIrun CBUACTCIIBCTBYCT O ABJICHUAX NCPECMCIIMBAHUA,

OHa YKa3bIBACT Ha COINIACOBAHHOCTHL BOJIHOBOTO JBMWXCHHSA, HO YIKC B
3HAYMTEIBHO MEHBIINX 00BbeMax MOACIIN. I[BI/I)KCHI/IC Kak ObI pacimagacTCsa Ha
OTACJIBbHBIC 06J'IaCTI/I, BHYTPU KOTOPBIX HMECT MCCTO CHWJIbHAA JIOKAJIbHAA
Koppeisius B ABMIKCHUHN YaCTUIl, B TO BPECMs, KaK MCIKIY c000i1 3TN 00JacTH
CBSI3aHBI OTHOCHUTEIIBHO cj1a0o. Takoe nepeMCcinBaHnue B IBHKCHHU U aTOMOB
CIIC HC O3HAYACT YCTAHOBJICHHUC IIOJJHOI'O PAaBHOBCCHOTO COCTOSHUS, XOTHA
OHCPICTUUCCKUC  XAPAKTCPUCTUKH  CUCTCMBI KOJICOIIOTCS BOKpYI' TCX
CTAIIMOHAPHBIX 3Ha‘-IeHI/II71, KOTOPBIC OHU HOJI?KHBI HpI/IO6peCTI/I B paBHOBCCHOM
cocTosiHUM. M3 puc. 15T BHIHO, YTO 3a BPEMA KOMIIBFOTCPHO I'O SKCIICPUMCHTA

PaBHOBECHOC COCTOAHUC YCTAHOBUTHLCS HC YCIICBACT.

) 5%

o
10 o

b

W

t, venen.
(T)

Puc. 2.15 PaccesHue nonynepuogHOl CTOSYEH BOJIHBI C TMEPUO AUUECKUMU
IPaHUYHBIMU YCJIOBUSIMU a) MCXOJHOE IoJie, 0) pe3ysNbTHUpYIoLIee IOoJie B)
MPOCTPAaHCTBEHHbIE MPOPuIn X- U Y-KOMIOHEHT CMEIICHUW (Ui YacTULIbI
i=j=14),, T) BpeMeHHas pa3BepTKa MOTEHIMAIbHOH U U KUHETUYECKOU

sHepruu I'u X-,Y-KOMIIOHEHT CKOPOCTEN cMeleHni [283].
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BonnoBoe auxenue 3a nepsbie S00 BpeMeHHBIX MaroB (cM. Kaapsel 1 -

11 Ha puc.2.14) He yTpaTUIIO HEKOTOPO CUMMETPHUH ITUIOCKUX BOJIH, HEB3Upas
Ha MHOTOYHCIIEHHBIE YaCTOTHBIE Mepexobl. OO 3TOM CBHUJIETE JIbCTBYIOT TAKKe
HyJIEBbI€ 3HAYEHHsI Y-KOMIIOHEHT CMEIIEHHH M CKOPOCTeW dacTul (puc.
2.15.B,r). X-KOMIIOHEHTHI CMEIIEHUH YaCTUI[ B CTOSYEH BOJHE HMECIOT
OJIMHAKOBYIO ()OpPMY OTIENILHO Il YETHBIX U OTJIEJIBHO JJISl HE YETHBIX PS/I0B
aTOMOB TNPOHYMEPOBAaHHBIX B Y-HampaBiieHuu (puc. 2.15B), 4TO CBSI3aHO C
HEIKBUBAJIECHTHOCTBIO 3TUX PSIAOB B  TEKCaroHaJIbHOW  PEIIETKE.
[IpocTpaHCcTBEHHAs pa3BEpTKAa COACPKUT XapaKTEPHYIO Ul HEJIMHEHHBIX
BOJIH muyIooOpa3Hylo cTyneHbky (puc. 2.15B). B skcnepumentax 3abycku u
Kpyckana [21] Bcien 3a BO3HMKHOBEHMEM TAKOW CTYNEHBKM MPOUCXOIUT
(¢bopMupOBaHHE ULENOYKA CONUTOHOB. [loATOMYy mpeacTaBi €T HHTEpEC
MPOCIEIUTh U3MEHEHUE OJHOro U3 Mpoduieil Bo BpeMeHu Oosiee MOoapoOHO

(puc.2.16).

40 _v_x' 90 X
h!
60 ‘7’ 110 'X =
‘.
80 130 V
Vi i ; v

Puc.2.16 BpemenHass »5BOJIONUS MPOCTPAHCTBEHHBIX Ppa3BEepPTOK  (yis
HEYeTHOro psija yactuil mojienu) [283]. Lludpsl 0603Ha4a0OT BpeMEHHOM 1I1ar,

IIpHU KOTOPOM B3SIT HpO(I)I/IJ'IB.

W3 puc. 2.16. BuaHO, 4TO npouib BOJHBI, BHaYajle MMEIOLIUN BH]
MOJIyNIEPUOJia CUHYCOMJBI, B IIPOLIECCE 3BOJIIOLIMA CTAaHOBUTCS Kpyde U B

MOMEHTBI BpeMeHH mnopsanka 90-100 ycn. ed. oOpa3yeT XapaKTEpHYIO JUIs
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HEJIMHENHBIX BOJIH CTYNEHbKY (CpaBHUTE ¢ TpauKoOM, MPUBEIACHHBIM B padoTe

[21]). B momenThl Bpemenu mnopsnka [10-130yca.eo. Ha mipoduie BOJIHBI
HAOIOJAIOTCS 3a4aTKU POXKIAIOMIETocsl psjga COJAMTOHOB. OJHAKO OHU H
Janblle OCTAIOTCS B TAaKOM HEPA3BUTOM COCTOSIHUM M IOJI HOLIGHHBIX
COJIMTOHOB HE 00pa3yIoT.

MoOXHO TpPEanoJOXKUTh, YTO TaKO€ JIOCTaTOYHO CYIIECTBEHHOE
pa3nuuue B MOBEACHUU HEJMHEHHBIX BOJH CBSI3aHO C PSIIOM OCOOCHHOCTEM
1D u 2D nocranoBok 3axad. [Ipexne Bcero, B 2D Moaenu paccMaTpUBaIOTCA
CTOSYME BJOJIb X-HAlpaBJICHUs BOJIHBI, @ pEAJbHbI HETOMOJIOrHYECKUN
COJIMTOH JIOJKEH JIBUTaThCsl, IPHUYEM, CO CKOPOCTHIO MPONOPIUOHATIBHON €ro
ammuutyie. Kpome Toro, BCieACTBHE CIBUIAa Ha TMOJIEPUOAA YETHBIX H
HEYETHBIX TOPU3OHTAJIBHBIX PSAJOB YACTHIL, PACIPENEICHUE MO SBISETCS
HEOJHOPOJIHBIM U TMEPUOAUYECKUM BJOJb Y-HampaBlEHUs, YTO 3aTPyAHSET
COIJIACOBAaHHOE JBMKCHHME YACTHI] B COCETHUX PAAAX W MOAABISET CIMIIKOM
ObICTpble M3MEHeHus mnois. Takum o00pa3oM, B Cilydyae KOHEYHBIX B X-
HaNpaBJICHUH PEUIETOK (BapUaHT CTOSYMX BOJH) KapTHHA «B 03BpaTa» TAKXKe
MMEET MECTO, HO Y Hee, BO-TIEPBbIX, OTCYTCTBYET COJUTOHHAs CTaaus W, BO -
BTOpPbIX, OHAa HE MOBTOpPSET B TOYHOCTH HCXOJHOE moyie. B To ke Bpems
HEKOTOpasi KOHLEHTpAIMsl SHEpruu Oiu3Kas K UCXOJAHOMY pPacIpe/eieHUIO
MOJIS UMEET MECTO.

Ha Oomee mno3aHHMX CTagusX TIOBEJEHUE CHUCTEMbl MEHSETCS
KayecTBeHHO. [IpakTHuecku HCYe3al0T OCHWUIIIUM NOTEHUUAIBHON U
KUHETUYECKON SHEpruil, 4TO TOBOPUT O BBICOKOH CTENEHH PaccOriacoBaHUs
IBWKeHUs yacTuil. KpoMe Toro, Y-KOMIIOHEHTa MOJIsl CMEIIEHUS 110 BEIMYHUHE
CTAaHOBUTCSI COMOCTAaBUMOW C X-KOMIIOHEHTOH. DTO CBUIETEILCTBYET O TOM,
YTO NEepeMEIIMBAHUE B JBUKEHHM aTOMOB IPOUCXOJUT HE TOJIBKO B X-
HanpaBJICHUH, HO TakXe B Y-HaIllpaBJICHWH, U BOJHOBOE BUKCHHUE ATOMOB
CUCTEMBI TEpSET CUMMETPHUIO IJIOCKUX BOJIH. IlepBble 3aMeTHBIE OTKIOHEHUS
OT HYJIEBBIX 3HAUYEHUN Y-KOMIIOHEHT CKOpPOCTEH YacTHI] MOSABIISIIOTCA Ha
BpemeHax nopsaka 900 ycn.eo. MOXHO yTBEpXKIaTh, YTO Ha 3TUX BpPEMEHax

CUCTEMaA pCaJIbHO JOCTHUTACT PABHOBCCHOI'O COCTOSAHUS.
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I[J'ISI HUCCIICNOBAHUA IIPOLECCOB CTOXACTHU3allUM U BO3MOKHOCTHU

YCTaHOBJIEHHS JIOKAJbHOIO TEPMOJMHAMUYECKOIO  PAaBHOBECHS BHYTPHU
(u3HYECKO OTIAEILHOCTA YUCIICHHBIN 3KCIEPUMEHT ObUI MOBTOPEH MpPHU TEX
KE TIapaMeTpax, YTO W MNPEIbLAyLUIMi, HO C MXECTKUMHU TI'PaHUYHBIMU
YCIIOBUSIMHU 110 BCEMY BHEIIHEMY INEpUMeETpy pemieTku (puc. 2.17). I'maBHoe
OTJIMYME B ITOM CIIy4yae 3aKJIIOYaeTCs B TOM, YTO 3a CYET JONOJHUTEIbHBIX

OTpa)KeHI/Iﬁ oT BerHeﬁ U HIDKHEH rpaHUuIl MOJCTIN MMPOCTPAHCTBCHHAS U

R i
a_ & 0 fe. o
" ‘_W—

..........................

e

o T N TSN ?

et ‘,_ bt M\%J;v-%w—n—r

o 100 200 300 ¢, yemen.
(1)

Puc. 2.17 Paccesanue nojiyniepuoHON CTOSIYEN BOJIHBI C JKECTKUMHU 0 BCEMY
NEpUMETPY MOJETM TIPAHUYHBIMH YCJIOBMSIMH a) HCXOJHOE Ionie, O)
pe3yJbTUpYIOIIee MOJe, B) MOJNSAPU3ALMOHHAS JIuarpaMma cMmeuleHus (s
yactuupl [=j=14), T)OpoCTpaHCTBEHHble Npopwin X- U Y-KOMIIOHEHT
CMEILEHUI, 1) BpeMEHHas pa3BepTKa NOTeHUUaIbHOM U M KUHETUYECKOH
sHepruil 7' u X-,Y-KOMIIOHEHT CKOPOCTEH CMEIIeHUH (Ui TOW K€ YaCTHUIIbI)

[283].
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OHCPICTUYCCKAd CTOXAaCTU3alHA YCT AHABJIMUBACTCA 3HAYUTCIIBHO 6BICTPCI>1.

[lepBbie ee Mpu3HAKU MPOSIBISIIOTCS YK€ Ha BpeMeHax nopsiaka 300 yexn. eo.
Koneb6anust sHeprum, kKak U B MPEAbIIYIIEM CIydae, UMEIOT HU3KOUYACTOTHYIO
COCTaBJIAIONIYI0 TPUOIU3UTETLHO C TEM K€ TMEePUOJIOM U BpPEMEHEM
3aTyXaHMsl, 3aTO BBICOKOUACTOTHAsl KOMIIOHEHTAa OTCyTCTBYyeT (puc. 2.17nm).
Takum 00pa3om, HAIMYUE PETYJSIPHON TPAHUIIBI MPU PABHBIX BCEX MPOUUX
YCIIOBUM CYIIECTBEHHO COKPATUJIO BpPEMs Mepexoja CUCTEMbl B pPAaBHOBECHOE
coctosiHue. [yt HarysaIHOCTH AMHAMUKU CMEIIeHU Ha puc. 2. 178 npuBeneHa
TaKKe MOJIIPU3AIMOHHAS JrarpaMma.

[Tomumo MPEABITY X pe3ynbTaTOB B BBIYMCITHTEIHHBIX
SKCHEPUMEHTaX  HUCCIeAOBalach  3aBUCHUMOCTh  CKOPOCTH  Ipoliecca
CTOXACTHU3allUU OT JUIMHBI BOJHBI UCXOJHOTO BOo3MyleHus. [lomyueHo, 4To
YMEHBIIICHUEM JJIMHBI BOJIHBI TMPAKTUYECKU MPOMOPIUOHAIBHO MEHSETCS
MepuoJl OCHWUIAUUNA dSHepruu. [Ipu 3HAYUTETHHOM YMEHBIICHUM JITUHBI
BOJIHBI, TaK YTO OHA OKa3bIBAC€TCA COMOCTABUMOW C TEPUOJOM PEIIETKH ,
npsiMasi  TIPOTMOPIIMOHATLHOCTh ~ BCJICACTBUE  TMPOSIBJICHUS  JUCIIEPCUU
HapYIIACTCsl, U BHOBD IMOSBIISIOTCS BHICOKOYACTOTHBIE OCIUJUIAIIMA SHEPTHUU.
3n1ech ciaeayer oOpaTuTh BHUMaHHUE, YTO HEOOXOIUMO OTIMYATh OCIMILISIIUN
SHEPTUU, KOTOPHIE XapPaKTEPU3YIOT CHUCTEMY B IIEJIOM, OT TAaKOBBIX JJIsi
kosnebanuii yactuil. CpeqHuil nepuo/] MOCISAHUX BO BCEX BBIUMCIUTEIIBHBIX
DKCIIEPUMEHTAX HE W3MEHSAETCS U PaBEH XapaKTEePUCTHUUECKOW €IUHULIC
BPEMEHHU T.€. COCTaBIISICT MOpsiKa 25 BPEMEHHBIX I11aroB.

JIisi  cpaBHEHMSI peJlakCalliM PETYJSIPHOIO CUTHala MPEJICTaBIsET
HWHTEPEC COMOCTABUThH €€ C TAKOBOM JUIsl CIIy4ailHOTO CHUTHaja, HO OTJIMYHOTO
oT paBHOBecHOr0. C 3TOH 1eJbI0 B Ka4e€CTBE HAYAJILHOTO BO3MYIICHUS ObLT
WCIIOJIb30BaH HEKOPPEIUPOBAaHHBIN «benbii wiym» (puc. 2.18). Koneunoe u
Ha4yaJIbHOE COCTOSHUSI B 3TOM CJIy4a€ BHEIIHE Maji0 OTIUYAIOTCS MEXIy
coooit (puc. 2.18a, ©6). B TOXe BpeMs MOXHO JIOCTATOYHO YETKO
KOHCTaTUPOBATh, YTO  KOHTPAaCTHOCTb  PaBHOBECHOTO COCTOSIHUS
YMEHBIIIWIACh. DTO, OYEBUIHO, CBSI3aHO C TEM, UTO B «Oeom» 1ryme OoJblive

U MaJIbIC 3HA4YCHHUA I10JIA HpI/I6J'II/I3I/ITeJ'IBHO PaBHOMCPHO TIPCACTABJICHLI B
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O6H_Ieﬁ KapTHHC PACIPCACIICHHA, B TO BPpCMA KaK B paBHOBCCHOM COCTOSHHU

A0JIsI HU3KOAMIUIUTY IHBIX 3HAYCHUH 10JI 3HAYUTEILHO BBIIIIE.

CyIecTBeHHOE OTIIMYKE OT CIIy4Yasi pEryJsipHOTO CUTHANA 3aKITF0YaeTCs
B TOM, YTO BpEMsl pEllaKCallud « 6enio2o» IlIyMa 3HAYUTEIhbHO MeHbIie. [lo
BEJIMUMHE OHO Tmopsiaka Bcero /0 ycn. ed. Kpome Toro, Ha rpadukax sHeprui

OTCYTCTBYIOT KaK HU3KOYACTOTHBIC, TAK H BLICOKOYACTOTHBIC OCHUIIJIATINN.
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Puc.2.18 «Croxactuzanus» Oenoro mryma. OOo3HaueHUss T€ K€, 4TO Ha

puc.2.15 [283].

2.5. Kpamxkue 6b1600b1

1. HCXOZ[H N3 XapaKTCpa aMIUIUTYAHBIX CIICKTPOB KoJieOaHMIl aTOMOB
PCAIBHBIX KPUCTAJUIMYCCKUX TCJI C KBASUIICPUOAHWYCCKU PACIIOJIOKCHHBIMU
IMUKaMH, OIPCACIICHBI CPCAHUC MMAPAMCTPHI BOJIH OBBIX IIAKECTOB, UX IWPHUHA U

HCECYIIHUEC YaCTOTBI, a4 TAKKC IMHUPHUHA 30H YCIIOKOCHUA MCIKIAY BOJIHOBBIMU

MMaKCTaMU IIPU IBYX PA3JINYHBIX TCMIICpATYypPaX.
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2. HpOBeZIeHBI CUCTCMATHYCCKHUC KOMIIBIOTCPHBIC OJSKCIICPUMCHTHI Ha

YIPOILLIEHHBIX MOJESAX aTOMAapHOTO YPOBHs, HA HEJIMHEWHBIX aKyCTHUYECKUX
LEMOYKaxX ¢ peaTMCTHUECKUMHU IOTEHIIMallaMu . BriepBble ycmanogneno, 4ro:
® B TaKMX LENOYKaX IOCie TepMalIn3alliil CIOHTAHHO BO3HUKAIOT

JOTOKUBYILME COIUTOHOIOIOOHBIE (PIIYKTYyaluu;

® @pU  PACHPOCTPAHEHUH  BJOJIb  IIEMOYKH, Takue  (QIIyKTyaluuu
NEPBOHAYAJILHO COOMPAIOT HHEPIrUI0 (POHOBBIX KOJIeOaHMI B mIpoliecce
pocTa, a 3aTeM BO3BpalllaloT €€ Ha3aJ B IPOLECCE paclaja;

® TEHACHIUS HapacTaHUs aMIUTUTYJIbl ~ BBICOKOAHEPreTHYECKUX
(GiykTyanuii UMeeT HETMHEMHYI0 CTaTUCTUYECKYIO IPUPOLY;

® B LIEMIOYKE BCErAa MNPUCYTCTBYET OIPEJEICHHOE KOJMYECTBO TaK Oro
poma  (aykTyauuii, J0Js8 KOTOPBIX pacTeT C  yBEJIMYECHUEM

TEMIEPaTyphl;

® [IpU BBICOKUX TEMIIEPATypax, MOKHO FOBOPUTH 00 0CO00I COMUTO HHOM

OpraHM3alMy TEIIOBOTO IOJIS .

Kpome Toro, B 3THX OJKCHEPUMEHTaX YCTAHOBJICHO OTKJIOHEHHE
PaBHOBECHOTO pACIIPENEICHUs B HEJIMHEHHOW LIETIOYKE TIPU BBICOKUX
TeMIepaTypax OT TEOpeTUYECKOro pacnpeaeneHust [ modca, uTo BeIpakaercs B
BO3HUKHOBEHUH JIOTIOJIHUTEIBHBIX TUKOB B 00JIACTU BBICOKOIHEPTETUYECKOTO
xBocta pacnpenenenus. IlokasaHo, 4ro B 3Toi 00dacTH CHpaBeIMB
CTETICHHOM 3aKOH pachpeiefieHus, a Takke JUIsl KOHKPETHOM MOJ enu
KOMIIBIOTEPHOTO SKCHEPUMEHTa  ONpeAENeHbl  MapaMmeTpbl  3TOTO
pacnpenenenus. Beigenenue o06nacTd  cymiecTBoBaHUA [ 'MOOCOBCKOro u
CTETIEHHOI0 3aKOHOB DPACIIpENIeICHHUs MO3BOJISIET PA3/IeUTh CUCTEMY Ha JBE
MOJICUCTEMbBl — PABHOBECHYI0 U HEpPAaBHOBECHYIO, 4YTO MOXET ObITh
UCIOJBb30BAaHO B CIEAYIOIIUX pas3ienax, Kak OJHO M3 BO3MOXKHBIX
00OCHOBAHMM JUIsl TAKOTO pa3/ieieHUs B PEHOMEHOJOTUYECKUX MOJIEIISX.

3. C uenpt0 OOOCHOBaHMS CTaTHMCTUYECKOM MPHUPOJBI HapacTaHHs
aMIUTUTY 1bI BBICOKOIHEPTETHUECKUX biaykTyanmid, OCYILIECTBJICH

cneunaanmﬁ KOMHBIOTCPHBIﬁ OKCIICPUMCHT Ha TpeX&TOMHOﬁ MOoACIN, OOUH
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U3 aToMOB KOTOpOﬁ JABUXKCTCA C BBICOKOM CKOpPOCTBIO U MOICIIMPYCT

pacrpoCTpaHEHHUE BBICOKOIHEPTeTUUECKON (IyKTyaluu, a JBa JPYrux
MOJIENIUPYIOT caalble (JOHOHHBIE KosleOaHus. Ycmanoeneno, 4to:

® [Py pPaBHOMEPHO pACIpPEICICHHON 3aJep/KKe HaJeTa I0IEro aroma
CYLIECTBYIOT 00JacTH YCWIEHHs M OciaalieHus IepeaBaeMoro
MMITYJIbCA;

® [Py HU3KUX CKOPOCTSIX HAJIETAIOIIEr0 aroMa IMepeaaBacMblii UMITYJIbC
Oyner ¢ Oomblield BEpOSTHOCTBIO YMEHBUIATHCA, TMPU  BBICOKHUX
CKOPOCTSX BEpOSATHOCTH €ro YCWIEHHMs M ociabiieHuss OyayT
COIOCTABUMBI.

3. IlpoBeaeHbl YHUCICHHBIE SKCIEPUMEHTBHl Ha MOJENSAX CJEIyIOIIEro
ypoBHS /D u 2D KpUCTAJUIMYECKUX pEIIeTKaX C LIEJbI0 MPOBEPKU BIUSHUS HA
SIBJIGHUE BO3BPATa Pa3MEPHOCTU CUCTEMBI. Y CTAHOBJIEHO, UTO :

e B Cllyyac KOHEYHBIX B X-HaIpaBJICHUU PEIIETOK (BapHAaHT CTOSYHX
BOJIH) KapTHHA «BO3BpATa» TaKKe MMEET MECTO, HO Y Hee OTCYTCTBYET
COJIMTOHHAs CTaJUsl U OHAa HE MOBTOPSET B TOUHOCTU UCXOHOE TI0JIE;

e Ha OoJiee MO3JHUX CTAAUAX BOJHOBOE JIBUKEHHE aTOMOB CHUCTEMBI
TEpsieT CUMMETPHUIO IUIOCKMX BOJIH, NMPOUCXOJUT MEpPEMEUIMBAaHUE B
JIBUKCHUM AaTOMOB HE TOJIBKO B X-HampaBieHUM, HO TaKxke B Y-
HaIpaBIICHUY;

e B cCIyyae IKECTKMX II0 BCEMY BHEUIHEMY HEpUMETPY pEIIEeTKU
IPaHUYHBIX YCIOBUH 3a CUET JIOTMOJHUTEIbHBIX OTPAKEHUN OT BEpXHEU
W HWKHEM TIpaHuI] MOJETU MPOCTPAHCTBEHHAss M HSHEPreTHYecKas
CTOXACTU3ALIMs yCTaHABIMBACTCS 3HAYUT €JIbHO ObICTpEi;

® B Clly4ae HEKOPPEJIMPOBAHHOTO «OEJIOro IIymMa» BpeMsl pelakcalud Ha
MOPSAJOK-/IBa MEHBIIE BPEMEHHU PEJaKCalli PEryJsipHOTO BO3MYLICHHUS

IIPpHU COMOCTABUMBIX JPYTUX ITAPAMCTpax MOICIIN.
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PA3JIE] 3

CTPYKTVYPHBIE ITEPECTPOMKU HA ATOMAPHOM U
MAKPOCKOITMYECKOM YPOBHE

3.1. Memoo monexynapHou OuHamuru. AmomapHwiil ypoeeHb

B mpeasioymieM pasgene Ha YOPOUIEHHBIX MOJEISX HEIMHEWHBIX
LENOYEeK PACCMOTPEH B OCHOBHOM (DIIYKTYallMOHHBIM aCMEKT CTPYKTYpPHOM
NIEPECTPOMKM TBEpABIX Tell. HemocpencTBeHHOE k€ W3y4eHME Ha TaKUX
OTHOMEPHBIX MOJIENSIX CaMOM CTPYKTYPHOM IEPECTPOMKH, KaK KHHETUKH
TOMOJOTMYECKUX CTPYKTYPHBIX JE(PEKTOB, HEBO3MOXKHO IO OIPEACICHHUIO.
[losTroMy Ui u3y4yeHUsT OCOOEHHOCTEH KUHETHKM Takux Je(eKTOB Ha
aTOMapHOM ypOBHE HEOOXOJUMO MNPUOETHYTh K CIEAYIOLIEMY PpALY
MUHHUMAJIMCTUYECKUX Mogaened 2D u 3D pewerok. B Hacrosmem u
MOCJIEAYIOMIMX Pa3zesiax OCHOBHOE BHHMAHME YAEISAETCS CUIOBOMY aCIEKTY
3TOM MpoOJIeMBl, a TaKke 0OpaTHOMY BIIMSIHUIO CTPYKTYpPHOU MEPECTPOMKH Ha
MPOAYLIMPOBaHKE Temla. YacTh M CCIETOBAaHUN B 3TOM pas3J/ieiie BBIIIOJHEHA Ha
2D n 3D Mopjenax KpUCTaIOB METOJAOM MOJIEKYJISIPHOW JIMHAMHUKU C
WCIIOJIb30BAaHUEM MAPHOTO TOTEHLIMANA M€ )KYaCTUYHOIO B3aUMOJACUCTBUSA

Buaa [288]:

12 6
Iz

0| gl Do (3.1

rijk/mn rijk/mn

=Eb

Uijk/mn

TIE Tijkimn — PACCTOSIHUE MEXKIY 4YacTHLIAMKU C HoMepamu i, j and m, n ¢
JEKapTOBBIMU KoopauHataMHu Xk, Yix, Zijk B Xiwn 5 Yim, Zpm (cM. (2.15)).
Kpatnast Hymepanus uactury yaoOHa Juisi 3aJaHUs HAYaJIbHOTO COCTOSTHUS
JBYMEPHOM WM TPEXMEPHOM PEIIETKM M JaJbHEWIIEr0 KOHTPOJSI €ro
sBomoIuu. HIeKehl § ¥ [ HyMepyIOT aTOMbI B PEIIETKE BJIOJIb HAIPaBICHUS
X,jum—Bnonb Y, k i n— BAOAb Z, COOTBETCTBEHHO. E}, 79— DHEPTUS CBSI3U U
PaBHOBECHOE PACCTOSIHUE MEXKJy 4YacTULAMU JUMEpa, COOTBETCTBEHHO.

YuceHHbie OLCHKHU MOTYT OBITH MNPUBCACHBI K MCIU, IJIA KOTOpOﬁ CJIcayceT
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nonoxute  Ep=0.83- 10",  1y=0.3615-10°m, wu M=1.054-10"xe.

BpeMeHHOM mar BeIOpaH paBHbIM Ar=10"c, nepuon nMHEHHBIX KoxeOaHMil
JIBYXaTOMHOM Mosekys T=3-10"c.

HekoTopeie 00111eMeT010J0OTHYECKHE OCOOCHHOCTH 3SHEPreTHYECKOro
aHanmu3a 2D u 3D KpUCTAJUIMYECKUX PEIIETOK PAacCCMOTPUM Ha KOHKPETHOM
npumepe. Kpucramumr 38x40 aromMoB  pa3memaercs Ha  KECTKOM
HEMOJIBUKHOM OCHOBAaHUHU M3 aTOMOB TOI'O e copTa (CaMblii HUXKHUM psJl HA
puc. 3.1). Takoil ke BEpXHHUI psiJi aTOMOB JBUTA€TCS BHU3 C IOCTOSIHHOM
CKOpOCTBI0 V'=35m/c. BokoBbie rpanu oOpasiia cBo00oaHbL. HavanbHas aToMHas
KOH(UTypalus MNpeJCcTaBlieHa T'eKCArOHAJbHOW PEIIETKONM € paccT OSIHUSMHU
MEXTy Y31aMH PaBHEIME g = 0.99r) = 0.358 107 m. PaccMoTpuM citydaii, st

KOTOPOT'O CKOPOCTH YaCTHUIl B HAYaJIbHOM COCTOAHHU paBHBI HYJIHO.

Puc. 3.1 OnHOOCHOE CKaTHE KECTKUMU IPaHsAMU KPUCTAJLIUTA.

CTpyKTypHble HEOAHOPOAHOCTH TaKue, KaK CBOOOAHbBIC TIpaHMIIBI,
JMCIIOKAIIMH, BAKAHCUU U T.[l., — MIPOSBIISIOTCS B TOM, YTO aTOMbI 00pa3yroline
UX HMEIOT TIOBBIIIEHHYI (M30BITOYHYI0) MOTEHIMAJIbHYIO SHEPTHIO.

Paccmotpum pacnpeneneHue 4acTuly s, MO NOTEHIMAIBHOW SHEPrUU, Kak

COOTHOILIEHH € YHCIa YAaCTHI] TIONABIIKMX B UHTepBan [U,, +dU (1) U, +dUi].

min

U_. — MakCUMaJbHO€ W MHUHHUMAJIBHOE

3Z[CCL dU = (U - Umin )/N > Umax s min

max
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3HA4YCHUC HOTCHHI/IaJIBHOﬁ OHCPIrun dYactul CHUCTCMbI B Z[aHHBIﬁ MOMCHT

BpeMeHH, N — 4HCII0 MHTEPBAJIOB pa30oueHusl, i — HoMep uHTepBaia (puc. 3.2).

B HavanbHOM  COCTOSIHUM ~ MOJABJSIONIEE  YMCIO  YaCTHII
paccmaTpuBaeMol MOJIEIH 00JaJal0T MOTEHIIMAIILHOW SHEprueil OIu3Kol K
MUHUMaJIbHOMY 3HaueHHto (muk O Ha puc. 3.2a). B BBICOKOIHEpreTHUECKOi
YacTW paclpelesieHus HMMeeTcs JBa Yy3KMX Iuka | U 2, KOTopble
COOTBETCTBYIOT aTOMaM IEPBOr0 M BTOPOIrO psiia CBOOOJAHOM IOBEPXHOCTH.
Kpowme Toro, umeercs emie OJUH AOCTATOYHO OOJIBLION MUK 3, MPUMBIKAIOIIHUIMA
K OCHOBHOMY mnHKy 0, KOTOpbIH c(OpMHpOBaH aTOMaMu TPETHETO psiza
cBOOO/IHOM moBepxHOCTU. [l0 MONIOKEHHSIM THKOB MOHO ONPEICIIUTh
cpenHioro sHepruto atoma -0.363m/ o, u -0.566m/ o, 151 IEPBOrO U BTOPOIO
psla, COOTBETCTBEHHO. 31ech I ynoOcTBa npuHsato [/, = 0.3984°107

15
IHC.

1200

30
800

400

0 AA A A 0 A A i
-0.7 -0.6 -0.5 -0.4 -0.7 -0.6 -0.5 -0.4

U, MZ[)Ky U, MI[)Ky

Puc. 3.2 PacnpezneneHue yacTuil MO MOTEHLIMAIbHOM SHEPrHUM B HAYAIBHOM
MOJIOKEHUH: a — B MOJHOM Maciitade; 6 — B yBeIMYeHHOM MaciuTtade. 0 —
aTOMbI B OCHOBHOM COCTOSIHMH, 1, 2, 3 — aTOMBI IEPBOT0, BTOPOTO U TPETHETO
ClIos CBOOOJHOM TOBEPXHOCTH. 3/1€Ch M HIXKE Uil yOOOCTBa BBelEHA

NPUBEJICHHAs €MHUIIA SHEepruM paBHas [/, = 0.3984 -1 0" ITone.

Taxoi XapaKTep pacupCAaCICHUA I10 TeHHHaJILHOfI OHCPIUn IO3BOJIACT
OT(I)I/IJIBTPOBB.TB BBICOKOOHCPTCTHYCCKUC COCTOAHUA CUCTCMbI, U BBIYUCIINTDH

CpeIHHME XapaKTepuCcTHUKH B oObeme. Hampumep, cpenHee 3HadeHue
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MOTEHIMAIBHON 3HEPTUM Ha OJMH aTOM B 00beMe oOpasla 0e3 BKJIaga B 3TO

3HAYEHUE IIPUIIOBEPXHOCTHBIX aTOMOB paBHO -0.7m/orwc,. WM36bITOUHAA
(oHTaNBNMIHASA) YacTh dHEpruu Ha atoM pasHa (.34m/oc, u 0.13m/]xc, nna
aTOMOB MEPBOT'0 U BTOPOTO psiJia CBOOOTHON MOBEPXHOCTH, COOTBETCTBEHHO.
AHanornyHoe pacnpeneneHue Ha /2000 BpeMEHHOM Iare I0Cie
Havajga Je(OpMUPOBAHUS TOKA3bIBAa€T, YTO K 3TOMY MOMEHTY BpPEMEHH
oOpaszenr aehopMHUpOBAJICS YNPYyro, U B HEM HE TMPOU3ONLIO HHUKAKUX
CTPYKTYpHBIX U3MeHeHui (puc. 3.3). TeM He MeHee, cpaBHUBAas puc. 3.3 ¢ puc.
3.2 MOKHO OTMETHTb, YTO MOJOKEHHE BHICOKOIHEPTeTUUECKUX TUKOB / U 2 Ha
10 mpoueHToB cMecTWiIOCh BrpaBo. CpenHee 3HaYeHHE MOTEHLMAIbH OU

SHEPrHH AaTOMOB IIEPBOT0O M BTOPOT'O psijia CBOOOIHOM MOBEPXHOCTU CTAJIO

0 0
200
a 15
2 9]
150 2 1
q 10
100 =
50 4 : k
2 1 HM
A A 0 | L
-0.7 0.6 0.5 0.4 0.7 0.6 0.5 0.4
U, mIIxy U, m/Ixy

Puc. 3.3 Pacnpenenenue yacTuil 0 ypOBHIO MOTEHIIMAIBHON SHEPTUU 4Yepe3
12000 m1aroB nociie Hayaida AepOpMHUPOBAHUS: a — B MOJIHOM MaciiTade; 0 — B
yBeIU4YeHHOM Maciitabe. 0 — aTOMbl B OCHOBHOM COCTOSIHUH, 1, 2 — aTOMBbI
TIEPBOTO M BTOPOTO CJOS CBOOOJHON TMOBEPXHOCTH, 4 — «BO30YXKICHHBIC»

aToMBI B 06beMe Moienu. 3neck 1/ic, = 0.4 107 Jorc.

paBubIM  -0.35m/[orc, u -0.57m/[ocy, dHTaNBIMIIHOE 3HaYeHue 0.31/m/oc, n
0.11m/]oc,, coorBeTcTBeHHO. CpelHee 3HaYCHHE NOTEHIMANBHOM DHEPrUM Ha
aToM B 0o0beMe oOpasma 0Oe3 BKJIaja B 3TO 3HAUEHUE MPUIIOBEPXHOCTHBIX
aToMoB cTano paBHO -0.663m/wc,. Takum oOpa3oM, pabOTa, BBITOJHECHHAS
KECTKMMHU  TpaHsMM, IIOIIIa, [JIABHBIM 00pa3oM, Ha  yBEIMYECHUE

HOTCHHH&HBHOﬁ OHCPIr'MnU aTOMOB HaXOAIMIUXCA B o0BeMeE ATOMAapHOTro
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0611)3.31.[3., B TO BpCM:A KaK IMNOTCHHOHAJIbHAs SHCPIUA INMOBCPXHOCTHBIX dTOMOB

BO3pOCJIa HE3HAYUTENHHO.

Kpome TOro, cCymecTBeHHO W3MEHUIACh CTPYKTypa OCHOBHOTO
HU3KO3HepreTuueckoro nmka (. Ecmu B HenedopMuUpoOBaHHOM 00pasiie
MaKCUMYM MPUXOAUTCS HA MUHUMAJIbHOE 3HAYCHHE TIOTCHIIUATLHON SHEPTUH,
TO B Je(OPMUPOBAHHOM COCTOSTHUM TpadUK UMEET MAKCUMYyM JJisi SHEPTU
aroMoB nopsaaka -0.66m/owc,. Kpome TOro, muk mpuoOpeTaeT H3pe3aHHbIA
XapakTep. DTO CBUACTEILCTBYET O TOM, YTO OCHOBHOE COCTOSTHHE TEpecTaeT
OBITh OAHOPOJHBIM. MOKHO TIOJIOXKUTh, YTO B HEM BO3pacTaeT JOJIA
JNONTOXKUBYIIUX  TEIUIOBBIX  (UIYKTyallud,  KOTOpbIE  MPEAIIECTBYIOT
CTPYKTYPHBIM TI€PECTPOIIKaM MaTepHaia.

Ha navanbHOl cTamuu oOmiasi 3amaceHHass B (opme MOTEHIUATbHOM
SHEPTrUM yHOpyras DJHEPrusi CUCTEMBI pPacTeT ¢ pocToM jaedopmanuu
KBaJIpaTUYHO B COOTBETCTBUU C 3aKOHOM YIIPYTOTo MoBeieHus (KpuBas 2, puc.

3.4a). [losiBnenune

0
0.1
i s
¥} 2
= Ay
=3)
-10
0 0.1 0.2 0 0.1 0.2
t, ne t,Hc
a 0

Puc. 3.4 H3menenume cyMmapHOil 1O BceM aromam BHyTpeHHed (1),
MOTEHIMAILHOM (2) U KUHETUYECKOH (3) PHEPTruu CUCTEMBI () U H OPMAIIBHOTO

HaNpsKEHUs, IEHCTBYIOLIET0 Ha BEPXHIOIO rpaHsb (0).

auciokanuu Ha /2935 BpeMEHHOM Iare, 4TOo COOTBETCTBYET MOMEHTY

BpeMeHu  (.137nHc, TPUBOAUT K  CKauYKOOOpa3HOMY  YMEHBIICHUIO
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MOTEHIMAIbHOM dSHepruu. Ckadok umrcs 10 MoMeHTa BpemeHu (./4uc.

Hauano ckauka CBSI3aHO C IMOSIBJICHUEM AMCIIOKAIMH, & JJIMTEIbHOCTh — C €€
JBU>KCHUEM.

Hedopmarust oOpa3iia aToOMapHbIX pa3MepoB, TAKUM 00pa3oM, COCTOUT
W3 JBYX CTaguid — YIOPYrol CTaJUM HAKOIUICHUS DSHEPrud, U CTaauu
IJJACTUYECKOrO ABWOKEHMs. Jlamee 3TM  cTragud MOTYT 4YepeloBaThCS.
YMeHbIlIeHHe TMOTEHIUMANbHOW (YImpyrod) »HHEpPrud YacTUYHO HJAET Ha
CO3JlaHME JUCTOKAIMid  (PHEprus BHYTPEHHUX  HANPSDKEHUNW  BOKPYT
JMCIIOKAIINii), YACTUYHO Ha YBEJIMYEHHUE HDHEPTrUU TEIUIOBOTO JBH)KCHUS B
MOMEHT 3apOKJACHUS U B MPOLIECCE ABUKEHHUS AUCIOKAIUM, YTO BBIPAXKAETCS
Ha 3ToM rpaduke pa30dpocoM 3HaAUCHUN CaMOl MOTEHIIUATLHON SHEPTHU.

[Tocne 3aBepiieHMs IUIACTUYECKOW CTagWM CHOBA HACTYNAeT CTaAMs
yOpyroro jaeGpopMUpOBaHUs, MOTEHIMAIbHAS SHEPIHsi CHOBAa B CPEAHEM
BO3pAcTaeT TakXke B KBaJpPAaTUYHOW 3aBUCUMOCTH, HO Ooiyiee MeljieHHO. B
MOMEHT BpeMmeHU ()./9xc CHOBa MMEET MECTO CKauyKOOOpa3HOEe yMEHbILIEHUE
MOTEHIUAIBHON HEPTHUH, YTO CBS3aHO C MOSBJICHUEM HOBOM nucnokanuu. Ha
3TOM CTagUuU CKAa4OK HMMEET MEHBIIYI) BEJIMYMHY W JJIMTCS B TEUYCHUE
00JbIIETO TPOMEXKYyTKa BpeMeHU. [IOBTOPHBIA CKAa4YOK MPOUCXOIUT TPU
MEHBIIIEM YPOBHE HAKOIUJICHHOM NOTEHIMAIbHON JHEPTrHH, UYTO CBS3AHO C
aKTUBUPYIOIIEH pOJIbI0 TEIUIOBBIX (IIyKTyaluii, YpOoBEHb KOTOPBIX BBIPOC
IOCJIE NIEPBOr'0 CKAYKa.

Cranuitnblil xapaktep nedopmupoBanusi o0pasiia aTOMapHbIX pa3MepoOB
MPOCIIC)KUBAETCA TAKKE W3 MU3MEHEHHUS JAPYTHMX XaAPAKTEPUCTHUK CHUCTEMbl —
oOmieit BHyTpeHHed (kpuBas 1, puc. 3.4a) u kuHeruueckoil (kpuBas 3)
SHEPTUU CUCTEMbl, HOPMAJIBHOTO HANPSHKEHUS HA JKECTKUX rpansx (puc 3.30),
TEMIEPATYpPHI U T.1I.

MOXHO OTMETUTh, YTO BHYTPEHHSII SHEPIUSl CUCTEMBI BCE BpEMS
TOJIBKO BO3PACTAET, YTO CBSA3AHO C MOCTOSHHO U €€ MOAKAYKOH 3a cueT padoThl
COBEpIIaeMOi KeCcTKUMU rpaHsiMu. OJIHAKO CKOPOCTh MOAKAYKH (HAKJIOH
rpaduka) He OCTAeTCsl MOCTOSIHHOW M 3aBUCUT OT CTaJUIHOCTH Mpoiiecca U OT

XapaKTepa MNPOTCKAIIUX B HEM BHYTPCHHHUX IIPOLICCCOB. Ilocne Kaxxaoro
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CKadKa CKOPOCTb YBCIINYCHUA BHYTPCHHefI OHCPIrun yMCHBIIACTCH. N3 storo

rpaduka TaKXe BHUAHO, YTO TEIUIOBbIE (IYKTyaluu JUIsi KUHETHYECKOH U
MOTEHUIMAIBHON HHEPrHMHM OCYILIECTBISIOTCS CTPOro B NPOTHBO(dA3e, UTO
BBIpa)KaeTcs B OTCYTCTBHM (PIyKTyanuii caMoil BHYTPEHHEH 3HEPIUH.
[TocnenHee 0OCTOATENBCTBO CBA3aHO € XKECTKOCTBIO TI'PAaHEH, B CUIIy 4YEro
yepe3 HUX HE MOTYT IepeaaBarbes (QIyKTyallMu MEeX]ly W3y4aeMol CUCTEeMOU
Y BHEIIHUMU TEJIaMHU.

CraguiiHOCTh J1e(hOpPMUPOBAHUS MPOSBIISIET HEKOTOPbIE OCOOEHHOCTH B
MOBEICHUM HOPMaJbHOTO HampspkeHus (puc 3.30). Yke Ha caMoil mepBoi
yOpyroil cTaguyd HaOMIOJAIOTCS  HEOOJbIIME TEIJIOBble  (UIYKTyalluH,
aMIUTUTYyJla KOTOPBIX YMEHBIIAETCAd MO Mepe YyBeNudeHus (1Mo abCOoIHOTHOU
BEJIMYMHE) BHEIIHEH Harpy3kd. To ecTb, TEIUIOBbIE (UIYKTyaluu IO
HAOpsOKEHUIO  YMEHBINAKOTCS  Mepell KPUTUYECKHMM  COOBbITHEM, a He
BO3pACTaloT, KaK 3TO JOJHKHO ObUIO ObI OBITh B cilyyae (pa30BbIX NEPEXOJIOB.

[lepBast ympyras cragust AeOpMHUpPOBaHUS HAUYMHACTCS MPU HYJEBBIX
HavaJbHBIX CKOPOCTSAX YACTHI, YTO COOTBETCTBYET aOCOJIOTHOMY HYJIIO
temriepatyp. Ilocne mepBoro ckauka temmneparypa nosbimaercs 10 150K u
OCTaeTcsi TOCTOSIHHOM B  TEUEHHE CIEAyIoUle CTaguu  yInpyroro
negopmupoBanus (CM. rpaduKk KUHETUYECKOM 3HEPrud Ha puc. 3.4a), yTo
CBUJETEIbCTBYET OO0 OTCYTCTBUM JMCCUIIATHBHBIX MPOLIECCOB B (opme
IBWKeHus: jucnokauuit. [locme BTOporo ckauka Ttemieparypa MeEAJIEHHO
MOBBIIAETCSA, YTO CBHUJETEIBLCTBYET 00 yOpyroM M  IJIaCTUYECKOM
neGopMUpPOBAHUH HA STOM CTaJIUH, MPOTEKAIOIIEM OJTHOBPEMEHHO.

XapakTep pacHpelesieHus] YacTHll MO NOTEHUMAIbHON SHEPTUM Majo
OTJMYaeTCsl JUId ClIy4aeB JO MW TOCJ€ TMOSIBICHUS  JAMCIOKALIMMA.
CrnenoBaTellbHO, 3TO pPACIpENEICHUE OKa3bIBAIOTCS MaJOMH (POpPMATUBHBIMU
JUISL aHAJIM3a OCHOBHBIX OOBEKTOB HOCHUTENEH IiacTUyeckod aepopmanuud —
IUCIOKALMM, TaK KaK YacTHUIbl, NPUHAJIEKAIIUE PaA3IMYHBIM YacTIM
CUCTEMbI, HO UMEIOIINE OJMHAKOBYIO SHEPIHIO, CIIMBAIOTCA Ha 3TOM rpaduxke.
JUis ux pasgeneHust CleAyeT MOCTPOUTH JABYXMEPHYIO IMPOCTPAHCTBEHHYIO

pa3BepTKy MNOTEHUUANbHOM 3Hepruu (puc. 3.5). 31ech BETUYMHA SHEPTUU
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Ka)I(IIOﬁ JaCTUbI NEpeaacTCA HACBIICHHOCTHIO €€ TOHAJIBHOT'O I/I306pa)KCHI/I$I

— OoJiee CBETJIBIM TOHAM COOTBETCTBYET OOJiee BICOKAsl SHEPIHSL.

W3 pa3BepTKH 4YETKO BUAHBI OOBEKTHl MOBBIIIEHHOH MOTEH HUAIBHOM
SHEPIMM W WX  TPOCTPAHCTBEHHOE  pacnosnoxeHue.  Hapymenne
MIPOCTPAHCTBEHHON KOPPEISILIMU KpUCTAIOTpaduieCcKUX TIOCKOCTEN (JIMHUI)
CBUJETENBCTBYET O TOM, YTO 3TH OOBEKTHl auciokanuu. Kak BUAHO U3
PUCYHKa sipa IUCIOKAMKA MOTYT HaxXOIUThCSA, MO KpaWHEHd Mepe, B JABYX
CTPYKTYPHBIX COCTOSHUSIX — B JIOKQJIM30BAHHOM (y3KHE sifjpa MOpsJKa ABYX
MEXATOMHBIX PAaCCTOSHUI ) U HEJIOKATM30BAaHHOM COCTOSIHUU (LIMPOKHUE sIIpa)

[81].

Puc. 3.5 2D mpocTpaHCTBEHHBIE Pa3BEPTKU OOIICH MOTCHIMAILHON SHEPTHU
CUCTEMBI TIPU OJTHOOCHOM CXKaTHU: a) — €) COOTBETCTBEHHO Jyisa 12935, 12956,
12984, 12998, 13022 wn 13063-x BpemeHHbIX wmaroB: I, 2, 3, 4 Homepa
JMCIIOKAlMA. 371eCh U Jlajee OOJIbIIUM 3HAUEHUSIM TMOTCHIIMAIILHON 3HEpTruu

COOTBCTCTBYIOT 0oJIee CBETIIbIC TOHA
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3.2. Bnusauue uzmeHneHUli CmMpyKmMypHvlX COCMOSAHUL s10ep OUCIOKAYULL

HA UX OUHAMUKY NPU 0OHOOCHOM cocamuu 2D kpucmaniumos.

OavH 13 BaKHEUIIIMX ACTEKTOB KMHETHUKU CTPYKTYPHBIX Je(EKTOB Ha
aTOMapHOM YPOBHE CBSI3aH C MOABMIKHOCTBIO AHCIIOKANUi. [loaBUXKHOCTH
OTJENbHBIX JUCIOKALMN MPEIONPEAEISIETCS CTPYKTYPHBIM COCTOSIHUEM HX
sayiep — JUCIIOKAIMKM ¢ 0oJiee MIMPOKUM JTUCIOKAIIMOHHBIM SIpOM 00Jaja 1T
0oJjiee BRICOKOM MOABMKHOCTHIO [ 81]. C BBICOKOM MOJIBUKHOCTBIO TUCIOKAIIHMA
CBsI3aHa UX CIIOCOOHOCTH MEPECTPauBATHCA U OOBEAUHSITHCS B AEPEKTHI OoJiee
BBICOKMX  CTPYKTYpHBIX  YpOBHEH, Oosiee  HHM3Kas  MOJBUXKHOCTh
MPEAONPENEsAeT BBICOKYI0 YCTOMYMBOCTH OTIENBHBIX JUCIOKAMN U HUX
accoIuanum.

B cnywae aucinokanuii, HaXOJAIIMXCS B JIOKAJIM30BAHHOM COCTOSIHUH,
M30BITOYHBIE ~ 3HAUYEHMS] ~ TNOTCHIMAIBLHONW  SHEPIMM  PaCIpeJICIICHbI
MpUOTU3UTEILHO PAaBHOMEPHO BOKpPYT sjipa AWCIOKalMU, o00pa3ys u3
OKpPY>KaIOLIMX €ro aTOMOB C MOBBIIMICHHOW 3HEPTUEH MATHUYTOJIbHBIN KOHTYP
(puc. 3.5r,1). B cnydae nuciokaiuii, HaXOAAIIMXCS B HEJIOKAIU30BAaHHOM
COCTOSIHUM, U30BITOUYHBIC 3HAUEHUS MOTCHIUATBHONW SHEPTUM PaACHpPEICICHBI
BJIOJIb TUTOCKOCTEHN (JIMHUI) CKOJBXEHUS M 00pa3yloT BHITSHYTHIC JIMHEWHbIC
CTPYKTYpHI (puc. 3.5). B kaxaplii MOMEHT BpEMEHH YacTh JUCIOKAIUA MOKET
HaXOJUTHCS B JIOKAJTU30BAaHHOM COCTOSIHUM, 4YacTh — B HEJIOKAIM30BAHHOM
coctostHuu. KpoMe TOro, AWCIOKaluu B MPOLECCE ABMIKEHUSI MOTYT MEHSATH
CBO€ CTPYKTYPHOE COCTOSIHUE — 4YacTh BpPEMEHU IMPOBOAUTH B OJHOM
CTPYKTYPHOM COCTOSIHUH, YacTh B IPYyroM (Iuciokanus 4, puc. 3.5).

B03MOXXHOCTh W3MEHEHHsSI CTPYKTYPHOTO COCTOSIHUSI JIMCIIOKAllUid B
MpOLIECCe JIBUKEHUSA TMPEIONpEeNensieT HETPUBHAIBHYIO JIMHAMUKY UX
B3auMOJIecTBUsA. Tak, Hampumep, Ha puc. 3.5 guciaokauuu 3 u 4
MEPBOHAYAJIBHO HAXOJATCA B HEJIOKAJIM30BAaHHOM COCTOSIHUM, U B IPOIECCE
JIBXKECHUST “JOJDKHBI BCTPETUTBHCS B TOYKE MEPECEUEHUs UX IIIOCKOCTEH
ckoibxkeHus. OIHAaKo, MOJ ACHMCTBHEM TMOJs AUCIOKAUMU 3 Juciaokauus 4

MCHSCT CTPYKTYPHOC COCTOSAHUC U OCTAHABJIUBACTCA, IIPOITYCKAA OUCJIOKAIIUTO
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3. HOCJ’ICZIHSISI YXOOUT AAJICKO BIICPCH IO HAIIPABJICHUIO CBOCTO JABUIKCHMHA,

MOCJIE YEeTO JUCIOKALUS 4 AETOKaTU3YeTCs, U MPOA0JIKAET CBOU IMyTh.

Jlpyroii mpuMep HETPUBUAIILHOTO MOBEACHUS TUCIOKAIIMi HaOmroaancs
ISl ciiydass OJHOOCHOTO C)KaTHsl JBYXMEPHOTO KPHUCTAUIUTA MSTKHUMHU
TpaHsIMH C TEPUOJMUYECKHMHU TPAaHUYHBIMU YCIOBHSIMH B HAIpPaBICHUH OCH
cxkatus (puc. 3.6). Ha onpeneneHHOM mmiare 3/1eCh BOSHUKAIOT TUCIOKAUU [ U
2 C TepeceKarolMMUCs TUIOCKOCTSIMH CKOJbkeHUs (puc. 3.6a). Bhauane
AUCIOKAUsl 2 JBIDKETCS C Ooliee BBICOKOM CKOPOCTBIO M TEPBOi
npuOIMKaeTCsl K TOYKE MEepPEeceueHusi TIOCKOCTeH CKojbxeHus (puc. 3.60).
Tem cambIM, OHa Kak ObI, «3aMBIKaeT» IUCIOKALHWIO 1, KOTOpask MEPEeXOAuT B
JIOKQTM30BaHHOE CTPYKTYPHOE COCTOSSHUE W TPUOCTAHABIMBAET CBOE
nprokeHne. [locnme Toro, kak Auciokamus 2 yXOAUT JOCTaTOYHO JAIEKO OT
TOYKU TIEPECEUCHUs] TUIOCKOCTEeH CKOJNBKEHHS BIIEpe] MO XOIy JBUKCHUS
(puc. 3.6B) ee xeiicTBue Ha JucCiIOKanuio [ ocinabeBaeT W TMOCIETHSS TOJ
JCUCTBUEM BHEIIHMX HAMpPsHKCHUH CHOBA MEPEXOAUT B JI €JIOKATM30BAaHHOE

COCTOSHUC, BO300HOBIISISI CBOE JABWOKCHUC. HeTpI/IBI/IaJIBHBIM 1 HC OXKMJaHHBIM

Puc. 3.6 OgHoocHOE cxaTue MITKMMH rpaHsamu kpuctammira 30 *3() aToMOB.

MapxkupoBka Takas ke, Kak Ha puc. 3.5.
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ABJIACTCA TOT (I)aKT, YTO B TOT MOMCHT, KOI'’1a JUCJIOKallUsd 1 IIOAXOAUT K TOYKE

MepeceueHusl TUIOCKOCTEN CKOMbxkeHust (puc. 3.6r, 1), AuciIoKaius 2 MEHSET
3HaK CBOErO JBHXKCHUS U 6036paujaemcs K TOUYKE MEPECEUYEHUsl IMIOCKOCTEN
CKOJIbJKEHUSI, i€ 00€ TUCTIOKAIMU BCTYyNaloT B peakiuto (puc 3.57, e).

Ha mepBbIii B3rIs7 Takoe TOBEACHUE CHUCTEMbI TIPEJICTABISETCS
napajokcaibHbIM. JIEMCTBUTENBHO, €CIM B KaKOWM-TO MOMEHT BpPEMEHU
SHEPTreTUYECKU BHITOJHBIM OKA3bIBACTCS COCTOSIHUE C OJIH O JUCIIOKAlUEH, TO
JMCIIOKAIMU JOKHBI UCKATh KpaTyauluil myTh 1J1s Boc coeAuHeHus. OiHaKko
OHO HACTyMHaeT TOJBKO IOCJE psJa HETPUBHAIBHBIX CTaJAUN 3amupaHusl U
OTIHPAHUSI MX B3aUMHOTO JBUXCHHUS C «IEPEKIIOYCHUSIMU» CTPYKTYPHBIX
COCTOSIHUU SIJIEP NUCIOKALINIA .

B 6onb1110M KOTMYECTBE MPOBEIEHHBIX KOMITBIOTEPHBIX SKCIIEPUMEHT OB
JMCIIOKAIIMA  JIEMOHCTPUPOBAJIM CIIOCOOHOCTh MEHSITh CBOE CTPYKTYpPHOE
COCTOSIHUE B Tpoliecc ax Ae(OPMHUPOBAHUS TIO CAMBIM PA3TUYHBIM CXE€MaM (CM.
puc. 5 B [288], a Takxke [289-296]). [Ipuuem, kak mpaBuiio, Mepes] HaYAIOM
WHTEHCUBHOTO JIBMIKEHUS JUCIIOKAIMKM TEPEXOJAT U3 JIOKAIM30BAHHOTO B
JENOKAIM30BAHHOE CTPYKTYPHO € COCTOSTHUE.

Cnemyer OTMETUTH, UYTO pAa3IMYHbIE CTPYKTYpPHBIE COCTOSIHUS SiIEep
JTUCIIOKAIM UCCIEAOBAINCH paHee B aucceprauuu [297], rae Ha 3D Moaensx
BBIICTISIMCh JIUCTIOKAIIMU TUMA 3Be3/bl Wik cemia. OpHako BpeMeHHas
JTMHAMUKa Takux Ae(EeKTOB B 3TOM paboTe HE UCCIIEIOBAIACH.

B 3akitoueHue paccMOTpuUM €1ile OAMH KOMITBIOTEPHBIN SKCIIEPUMEHT
M0 OJHOOCHOMY CXaTuio 2D KpUCTAIUTA JABUXKYIIUMUCS KECTKUMHU
TpaHsAMH, B KOTOPOM HaOIIOJANIach JUCIOKAIMOHHASI PEAKIUs C Pa3BOPOTOM
TJIOCKOCTEN CKOJBXEHHUS Tapbl auciokanui (puc 3.6). B atoii peakuuwu
COXpaHsIETCS HE TOJBKO CyMMAapHbIN (HYJI€BOM) JUCIOKAIIMOHHBIN 3apsij 10 U
MOCJIe PEaKIMi, HO U MOMEHT JIMCJIOKAIIMO HHOTO 3apsifa (PacCTOSIHUE MEXKITY
TJIOCKOCTSIMU CKOJIbXKEHUSs1). Peakiust ocyiecTBiseTcs 3a CYeT IeHepallud B
MOMEHT Tipo6ost Matepuana (puc 3.60) YaCTUYHON AUCIOKAIMK aHATOTUYHO i

HaOmogaemort B [108]. Bo3mMokHO, BapuaHT CHHXPOHHOTO B3aUMOJICHCTBUS
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JTCIIOKAIIMIA C TTOMOIIBIO0 YaCTUYHOU JAUCTOKAIIMU 00YCIOBIIEH UX OJM30CTHIO,

TO €CTh MAJIOCTBIO MOMCH Ta I1apbl JUCJIOKAITMOHHBIX 3apsa10B.

Puc. 3.7 OnHOOCHOE cKaTHE KECTKUMU IPAHSIMHU KpUcTaiuTa /818 aTOMOB.
Bonee TeMHbIE OTTEHKH COOTBETCTBYIOT OOJIbLIIEMY 3HAYEHHIO MOTEHIIMATbHON

OHCPIuu 4aCTHUIl.

3.3. Junamuxa oOucnoxayuii npu cosucogom oegpopmuposanuu 2D

Kpucmajiumoe

Boimie  ObTM  pacCMOTpPEHBl  KOMIBIOTEPHBIE  SKCIIEPUMEHTHI 110
OJTHOOCHOMY J1€()OPMUPOBAHHUIO, TJI€ CIABUTOBBIE HAIpPSDKEHUS O00pas3yroTcs
IIOJ YIJIOM 45 rpaayCcoB K HaIlPaBJICHUIO JEHCTBYIOLIEHN cuie. B To e Bpems ,
B IpobjieMe HaHOMaTepualioB OOJIBIIYIO POJib UIrpaeT mpoctoil casur [2 33].
[ToaTOMY IIpeACTaBIIAET MHTEPEC ITOT CIydal UCCIIEN0BATh OTIEIBHO.

HavanpHOe  cocrosiHME ~ CHCTEMBI  COOTBETCTBYET  UACATIBHOMY
0e31e(peKTHOMY KPHUCTAJUIUTY C TeKCaroHaJbHOM pemeTkoi. B ornuume ot
NPEIbIYIIUX CIIYy4aeB KPHUCTAUIMT TOMELIACTCSI B JKECTKYI0 OOOJIOUKY,
COCTOSIIIYIO U3 aTOMOB TOrO k€ copTa. Obosnouka neopMUpyeTCst «IPOCTHIM
CABUIOM» TakuM O0pa3oM, UTO €€ BEepXHSIS U HIDKHAS T'PaHUIBI
NepeMeNIaoTCs NapajuiebHO CaMUM cebe B MPOTHUBOIOJOKHBIE CTOPOHBI C
MIOCTOSTHHOM CKOPOCTBIO V.

PaccmoTpuM dYeTbIpe cilyyass CHUCTEMbl C OTHOCUTEIBHO OOJbIIEeH U

MEHBIIICH BHCPTI/Ieﬁ CBA3U ATOMOB IIPpU IBYX CKOPOCTAX NCPECMCIICHUA rpaHeﬁ
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obonouku (puc.3.8). BpemenHoit mar BeIOMpaeTcs paBHbIM 3HaueHuto (.18.

Bo Bcex yetbIpex ciyuasix HabmomaeTcst popmupoBanue 00 JacTeit cyo3epeH ¢
Pa3MYHO OPHEHTHUPOBAHHBIMU OCAMU CUMMETpHH. [Ipr 4YeM KOITUYECTBO
obmacteid MeEHbIle, a WX pa3Mep, COOTBETCTBEHHO, OoJblle Mpu Oosee
MEIJICHHOM Ae()OpMUPOBAHUU U TPU OOJNBIIUX DHEPTHUSX CBSI3U. ITO MOXKET
OBITH CBSI3aHO C TEM, YTO MpU OoJiee MeUIEHHOM Jie()0 PMUPOBAHUH CHCTEMA B
OoybllIEH CTENEHM YCHEBAaeT pelakcupoBaTh ¢ (QopmupoBaHueM Ooiee
OJHOPOAHBIX oObOnacTeil. BrusHue CcuUIBHOM CBS3M Ha pasMep 3epHa
OTIpENeNsieTCd eCTECTBE HHBIM CHJIOBBIM YIOPSIOYCHHEM CBOWCTBEHHOMY

JT000MY KpUCTAJLTY.

7E00 T 78O0

Puic. 3.8 DBOIONHS CHCTEM TIpH ¢ cHibHOM (4=0.00021 [owc-m®, cnydau a,6,r)
¥ cnaboii (A=0.000042 Jixc-x®, ciydaii 6) CBA3BIO MPH PATHUHBIX CKOPOCTAX

Via-0.0555m/c; 6,8 -0.0111m/c;T - 0.00222 m/c. CMm. onpenenenus (2.20).

WuTepecHoe siBIeHHE yAaioch HAaOMIOAATh MPHU 3HAYEHMSIX Map aMeTpoB,
COOTBETCTBYIOIIMX pHUC. 3.8T, KOTJa IpH HEKOTOPOU JeopMallid BO3HHUKAET
rpaHula, COCTOSAIIAasl M3 LIETIOYKH Pa3yIUIOTHEHUH BHY TPU KpPUCTAJUIMTA, U
KOTOpasi MOXET CIY>KUTh MOJIeNbI0 TpaHUIlbl HaHO3epHa. B mpouecce
ne(pOopMUPOBaHUsl 3Ta TpaHUIA JBHXKETCS B CTOPOHY CBOOOJHOW TI'paHUILIbI
(puc. 3.9) u BwITecHsieTcss U3 Kpuctayumra. [locne BbITecHeHUs: oOpasyercs
JOCTAaTOYHO OJHOPOJHOE 3€PHO C BBLIEP)KAHHBIMU OCSAMU CHUMMETPHH,
MOBEPHYTHIE HA HEKOTOPBIM Yyrojl OTHOCUTENIBHO UX HANPaBJICHUS B UCXOJAHOM
kpuctajuiure. DaKTUYECKH, MPOM30IIET MOBOPOT KpUCTAIUTa (HE Kak

I_ICJ'IOI‘O) Ha y1<a3aHHBII71 Yroii. Hamuuue Z[BHX(YHICﬁCH I'paHUlbl TTIO3BOJIICT
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TPaKTOBaTh TAaKOM MOBOPOT Kak (ha30BbIN mepexoa Mexay (a3zaMu OJHOU U

TOM JK€ CUMMETPHUHM, HO C pa3IM4YHOW OpHUEHTAIMEHd Oceld CUMMETPUH B

HPOCTPAHCTBE.
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Puc. 3.9 OOpa3oBanue rpaHullbl BHYTPU HaHO3EpHa, Kak (ha30BBIM Mepexo/t

npu aedopManusax IpoCTOro CABUra.

Crnemyer OTMETHUTB, 4TO (popMa pa3yIIoOTHEHHI, 00pa3yOIIUX TPaHHUILY,
UACHTUYHA (DOpME JIOKAM30BAHHBIX JMCIOKAIIMA PACCMOTPEHHBIX BBIIIIC
(cpaBHHTE ¢ 00BEeKTOM 4 Ha puc. 3.5 u oObekToM 2 Ha puc. 3.6). Orcrona
CJIEIyeT, YTO aHAJIOTMYHO TOMY, KaK MajOyIJIOBbIE T'paHUIIbl CyO3epeH Wiu

JUCIIOKAIITMOHHBIEC CTCHKH COCTOAT U3 OOBIYHBIX HHCHOK&HHﬁ, TOYHO TaK¥XeE

HEPABHOBCCHBLIC TI'paHUIbl HAHO3CPCH B JaHHOM IIPUMEPE COCTOAT U3

JTUCIIOKAIUW, HAXOSAIIUXCS B JOKAJIM30BAHHOM COCTOsSIHMU. Mcxons u3 Toro,
YTO JUCIIOKAllMUd B JIOKAJM30BAaHHOM COCTOSIHMM OO0JIaaroT 0ojie € HHU3KOM
MOJBMXHOCTBIO [81], MOXHO OOBACHUTH OAHY M3 MPHUYMUH, IO KOTOPOHU

HaHOMaTCpHaJibl MOT'YT O6J'Ia,Z[aTB OOJHOBPEMCHHO U BBICOKOM MMPOYHOCTBIO U

BBICOKOM  MJIACTUYHOCTBIO. Ecmu CYuuTarb, 4YTO TI'paHHUbl HAHO3CPCH

o0pa3yloTcsi U3 JUCIOKAIMK, HaXOJAIMXCs B Hanbolyiee JOKAIM30BaHHOM
coctosinuu [289, 291-293], To ux HU3Kasg MOABUKHOCTh O0yclaBIuBaeT Ooliee
BBICOKMH TIOPOT IUIACTUYHOCTH WM OoJiee BBICOKYIO MPOYHOCTh. [lo

AOCTHIKCHHHU ITIOpora INIACTHYHOCTH AUCIIOKAIMK IIPHUXOOAT B ABHIKCHUEC H
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BBIJIABJIMBAIOTCA U3 00beMa Ha CBOOOJHYIO TpaHUIly ©O€3 HapylIeHUS

crutontHocty (puc. 3.96-1). B utore kpucraimi u3 HayabHOTO 0€371e(EKTHOTO
coctosinus (puc. 3.9a) mepeen B KOHEYHOE Takxke 0e3le()eKTHOE COCTOSHUE
(puc.3.9e), To ecth, npoaeGopMUpOBAIICS IITACTUIECCKH .

[IpenmoskeHHast cxemMa KOMITBIOTEPHOTO SKCIEPUMEHTa SBISETCS BO
MHOTOM HJICATU3UPOBAHHOM, YTOOBI CIYyKUTh JOKa3aTEIbCTBOM HMMEHHO
TAKOTO MEXaHHW3Ma YNPOYHEHUS W COYETAaHHS BBICOKHX IPOYHOCTHBIX W
IUIACTHYECKUX  CBOWMCTB ~ OOBEMHBIX  HAHOMATEpUATIOB  IOyYSHHBIX
W3BECTHBIMH CIIOCOOaMH MHTEH CUBHOTO BO3ACUCTBUS. B TO k€ Bpemsi, MOXKHO
HATH BIOJHE pealbHble OOBEKTHl, KOTOPBIE MOTYT OBITh OMHCAHBI
JOCTaTOYHO aJeKBaTHO TAaKUMH MOJEISIMH — OTO IIEPOXOBATOCTH
noBepxHocTH. Hampumep, U3BECTHO, YTO HA TTOBEPXHOCTH HKEIE3HOIOPOKHBIX
penbC M KOJeC JIOKOMOTHBAa B TMPOI[ECCe OSKCIUTyaTaluu (QOpMHPYETCs
HaHOCTpyKTypa [298]. Ecnu nMeromuecs Ha HUX IEPOXOBATOCTH B IPOLIECCE
JBYDKEHHST CONPUKACAIOTCA TakK, YTO BEpIIMHA IIEPOXOBATOCTH Kojeca
HAKJIJBIBACTCS HA BEPIIMHY IIEPOXOBATOCTH PENbCca, TO BOSHUKHET peajbHast
cuTyanusi Onm3Kas TOW MOJENBHOW TMOCTAaHOBKE, KOTOpas ONHcaHa B

HaCTOAIICM pa3aciic.

3.4.  Ocobennocmu HeKOmMOpvIX  OUCTOKAYUOHHLIX — peakyuu  npu

80a6IUBAHUU UHOEHMOPA

[IpoGniema BHeApeHHMsI UWHACHTOpAa B TBEPAOE TEJIO HU3y4aercs
JUTUTENIbHOE BpeMsl KaK TEOPETHUYECKHU, TaK U dKclepuMeHTanbHo. Hanmpumep,
B pabore [299] nBukeHHME NPUIMATUYECKON JUCIOKAIMOHHOW TETIIH
TeHepUpYeMOW  KBaJpaTHbIM  HWHICHTOPOM  HCCIEOYETCS  METOAOM
MOJIEKYJIIDHOM JMHAMUKM B TPEXMEPHOM IIOCTAaHOBKE. YKa3aHO, 4YTO
0o0pa30BaHUE UCIOKALMOHHON METIM NPHUBOJUT K €€ BBICOKON HavaabHOU
CKOPOCTH JBWKEHHUSA, 4YTO OOECHeuMBaeT €€ MpOJBHKEHHE Ha OOJbIIOe
paccrosiHue B 00beM Mmarepuana. Bo3MOXKHOCTh BIMAHUS YOBIBaHUS —MOJS

HaHpH)KeHI/Iﬁ HHACHTOpPA BCJICACTBUC TCOMCTPHYCCKOTO PACXOXKICHHUA Ha
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ABUKCHUC NOUCIOKAlIUM HC paCcCMaTpUBaAJIACh. B 10 Xxe BpCMA OTO BJIMSIHUC

MOET 0Ka3aTbCsl HE TPUBHUAIILHBIM.

HccnenoBanuss  BBIIOJHEHBI  HAa  JBYXMEPHBIX — KpUCTAIaX  C
WCIIOJIb30BAHUEM MAPHOTO TMOTEHIMANA MEXYACTUYHOTO B3aMMOJCHCTBUS
(3.1) [300]. B ornuume oT npuMepoB, MPUBEACHHBIX B NMPEABIAYIIEM pa3zede,
paccmatpuBaeTrcst cuctema 40x38 TMOABMKHBIX AaTOMOB IIpU  HYJEBBIX
Ha4YaJIbHBIX 3HAYEHUAX CKopocTe. CUCTeMa YCTaHaBIIMBAJIACh HA IKECTKOE
HEIOJIBM>)KHOE OCHOBaHME. B BepXHEl 4acTH B HEE C IOCTOSTHHOM CKOPOCTBIO I
M/c BAABIUBAJICS KECTKUIM TPEXaTOMHBIN UHIIEHTOP.

MakcumanibHOE ~ J1aBJIEHWE  NpU  BJABIMBAHUM  Pa3BUBAETCA
HEMOCPEACTBEHHO B O0JIaCTM HHJAEHTOpa. BcnencTBue reoMeTpudeckoro
PacXoXACHUSI MHTEHCUBHOCTD €r0 IIPHU YIAAJICHUN OT MHIAEHTOpA MOHMUKAETCS.
Jlucnokanuu, Juisi KOTOPBIX HANpsKEHUE B OKPECTHOCTHM HMHJAEHTOpa ObLIO
JOCTaTOYHBIM, YTOOBI 00ECIIEUUTh UX POKICHHUE U JABM)KEHUE BHYTPb 00beMa,
MO3K€ OKa3bIBAIOTCSA B 00JIACTU MaJIbIX HANPSKEHHM, HETOCTATOUHBIX, YTOObI
obecrnieunTh UX AajbHelmee aBuxkeHre. OHU JOJKHBI OCTaHOBHUTHCS, B TO
BpeMsi KaK HMHJIEHTOP BBOJWUT BCE HOBBIE M HOBBIE JHCIOKALMH, KOTOPBIE
CO3/1al0T BOKPYTr ceOs JOMOJHMUTEIbHBIE MOJS W TOJKAIT 0Oojee crapble

muciiokanuu ganeiie (puc. 3.10a).

a 0 B

Puc. 3.10 Bo3Bpar auciokanuu npaBoro CEMemcTBa IIOCKOCTEN CKOJIbXEHUS
B obnacte uHaeHtopa [300]: a — 10 BO3BpATHOrO JBMIXKEHUS, 0 — B MOMEHT

CTOJIKHOBCHHA OUCJIOKAIIUU C UHACHTOPOM; B — ITOCJIC CTOJIKHOBCHUS.
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IIo MCPC BJABJIMBAHUA HWHIACHTOpA AWUCIOKAIIUN CO6I/IpaIOTC$I BIOJIb

HEOONBIIIOTO KOJMYECTBA TUIOCKOCTEH CKOJIBKEHUS, HAIMPABICHHBIX O]
yrinamMu £6(° OTHOCUTENFHO TOPU30HTAIM B TMpeneNax HIHPUHBI MHISHTOpPA.
[Tpu sToM QopmupyeTcst aBa ceMeicTBa AMCIOKAIMA (CrpaBa W cleBa OT
MHJICHTOPA), KaXK/I0€ U3 KOTOPHIX OTPAHUYMBAET HEKOTOPYIO MOJIOCY, CHKATYIO
M0 CPAaBHEHUIO C OCTATBHBIM 00beMOM Matepuaiia (puc. 3.10a).

[Tpy HaMMYUU CTOMOPOB MUCCUIIATUBHBIE BO3MOXKHOCTH TaKUX KaHAJOB
MCUEPIIBIBAIOTCSI, BOSHUKACT BHEIIHE Mapaj OKCAIbHAs pPEakiys CUCTEMbI Ha
nanbpHelIee BHeApeHHe uHAeHTopa. Camas mocienHsss B TMOPSAKE UX
BO3HHKHOBEHUS JHCIOKALMS PE3KO MEHSET 3HAaK CBOETO JBMIKCHUS M Ha
0OJBIION CKOPOCTH HampasisieTcs K uHAeHTopy (puc. 3.100, B). OnHa
O6omOapIupyeT WHAEHTOP CO CKOpPOCThIO Topsi aka 430m/c. Ins cpaBHEHUs
CKOPOCTH TUCIIOKAIIMM B MOMEHT €€ POXKICHUS JIOCTUTANa 3HAYCHUS TOPSIKa
770m/c.

BcnenctBue »3toro, B 00nmacTé MOJ HWHICHTOPOM PE3KO BO3pacTaeT
CpelHsisi TeMmImeparypa W MaKCUMallbHas KWHETUYeCKas SHEepPrHs YacTHII
BIUIOTH JI0 3HAYCHHI ONM3KUX K TeMIepaTrype IUIaBJICHUs MaTepuaia (puc.
3.11). [IpakTdecku, Bce AUCIOKAINY, HAKOIUICHHBIE BJIOJIb OJHOTO M TOTO K€
CEeMEHCTBA TUIOCKOCTEH CKOJBKEHUS, TAKUM ke 00pa3oM MOKUIAI0T 00beM, U
B OTOM CJIy4ae MbI UMeeM Hanboiee OBICTPYIO M MOJHYIO PEIaKCAlUI0 YacTH
KaK BHEUIHHUX, TaK U BHYTPEHHHUX HampspkeHui. Jlanee mo ToMy ke ClieHapHuio
MPOTEKAIOT PEaKIUK Uil BTOPOro ceMeicTBa muciokanuii. Kpome Toro, stot
e CIICHapHuil TIOBTOPSIETCSA M MPH MOCIEAYIONIeM BHEAPSHUN HHJICHTOPA, YTO
CBHUJICTENILCTBYET O TUITMYHOM XapaKTepe 3TOTO SBICHHUS.

[TpuyrHBI TaKOTO MOBEACHHS AWCIIOKAIMKA JI0 KOHIA HE SICHBI. MOHO
MPEANOI0KUTh, YTO BAXKHYIO POJIb B €0 CYIIECTBOBAaHUU HTPaeT TOT (akT,
YTO TIOJOCHl MAaKCUMAIILHOTO CKaTus 2D pelieTKd, OPHEHTHUPOBAHHBIC IO
yrnamu +60° k ropuzoHTamu (cM. puc. 3.10), mepenBUraroTCsl BMECTE C
uHIeHTOpOoM. OHHU MOCTOSHHO CMEMIAIOTCS K IEHTPATbHOM BEPTHUKAILHON OCH
KPUCTAJINTA TaK, YTO JAWCIIOKAIMM POKJICHHBIC paHee B TpeAeiax 3TUX

II0JIOC, TIO37KC OKAa3bIBAIOTCA BHC HX. Torna Cujia OTTAJIKUBAHUA HWHICHTOPA
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I HUX PE3KO YMCHBIIACTCS, U MOXHO OXHUIAAThb HCKOTOPOI'O BO3BPATHOTO

ABUXKXCHHUSA OTUX Z[HCJIOKB.I.IHIZ. He BKIIAIBIBACTCA B PAMKH 3TOT'O 00BACHEHUSA
TOT (I)aKT, 4TO BO3BpAT HAYUHACTCA HC C CaAMBIX CTAPBIX HHCHOK&HHﬁ, KOTOPBIC
YK€ BBIIUIN 3a IIPCACIIbI ITIOJIOCHI MAKCUMAJIBHOT'O CXKAaTHsA, 4, UMCHHO, C CaMUX
CBCKHUX HHCHOK&HHﬁ, KOTOPBIC KaK pa3 HAXOIATCSA B o0yacTu HeﬁCTBHH ITOM

IIOJIOCHI.

4000 4200 4400
t. HIAr0B

Puc. 3.11 JlokanmpHast cpeansas Ttemneparypa (1) u MakcumanbHas
KUHETUYecKas 3Heprus (2) B OKpPECTHOCTH MHAECHTOpa. MaKCUMyMbl KPUBBIX

COOTBCTCTBYIOT MOMCHTY CTOJIKHOBCHUA OUCIIOKAIIUU C UHACHTOPOM.

Takum obpazom, Ha 2D HaHOpa3MEpHBIX MOJENSAX MeToaom M/[-
MOJICIMPOBAHMs YCTAHOBJICHO SIBJIEHHME BO3BpaTa JUCIOKalMi B 00JacTh
uHAeHTOpa. /luciokanuu BO3BpallatoTCsl B 00JIACTh MHACHTOpA Ha OOJBIION
CKOPOCTH, YTO IIPUBOAMT K JIOKAIBHOMY pa3orpeBy BeEIIECTBA B SAIpE
JUCIIOKALlMM BIUIOTh JIO0 TeMIleparyp OJM3KHX K TeMmIepaType IUIaBJICHUS.
JlokanpHbI pa3zorpeB o0JerdyaeT NEepecTpOlKy CTPYKTypbl MaTepuana B
00JIaCTH MHACHTOPA, U 3a CYET 3TOT0 YCKOPEHHBIM BBIXOJ aTOMOB B 00JacTb
CEYEHHsI pa3pe3a, HaXOIALIEHCS HaJ MHACHTOPOM. YCTaHOBIICHHOE SIBJICHUE
MOKET MPEACTaBUTh HMHTEpPEC Uil TOHUMaHHUs Oco0e HHOCTeH MOBeIeHUs

MaTcpualia ipu HAHOMHIACHTUPOBAHWUN.
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3.5. Junamuuecxoe ¢hopmuposanue pasHO8eCcHOU U HEPABHOBECHOU

noocucmem 8 menio8oM OBUNCEHUU npu cenepayuu OUCJZOKCZI/{UIZ

B sTom noapasznene Ha nmpumepe 3a1add O BAABJIMBAHUM WMHJIEHTOpA B
HAaHOKPUCTAJUIUTA YCTAHABJIMBACTCS B3aUMOCBS3b (PIYKTYallMOHHOTO (CM.
pa3zen 2) W CWIOBOTO acmekTa NpoOJeMbl CTPYKTYPHOM MEpEeCTPOMKH.
CHI0oBOM aceKT CBSI3aH C HEOJHOPOJHBIM HAIPSKEHUEM, BO3HUKAIOIHUM 101
UHACHTOPOM, a (IYKTyallMOHHBI C JMHAMUYECKUMHU MEPEXOIHBIMU
IpoLeccaMu IpU TeHepaluyd TUCIoK anuid. Kpome Toro, 31ech ycTaHOBIIEHA
CBSI3b MEXJYy MHUKPOCKONUYECKUM U (PEHOMEHOJIOTUYECKHM IOAXO0JI0OM K
U3YYEHUIO NPOOJIeMbl, MOCAEAHUNA U3 KOTOPBIX PACCMOTPEH B MOCIEIYIOIIUX

pasaciax.

3.5.1. Mooenuposanue npoyecca unoenmuposanus 3D kpucmaniuma

PaccmoTpum 3ajmady O BIaBIMBaHMM HHJEHTOpa B aToOMapHbid 3D
obpazen (puc.3.12) [301-303]. Uunentop (Tpu BEpXHHX aToMa B CEUYCHHM)
JBUKYTCS C TIOCTOSIHHOM CKOpPOCThIO Sm/c. HYXKHUM psii aTOMOB HETIOABHIKEH.
[leprieHIUKYJIAPHO PHUCYHKY CHCTEMa COJEpKUT [0 pAgoB IUIOCKOCTEH
MaKCUMAaJIbHOM YMaKOBKH, YJIOXKEHHBIX B [ 71V (IBYXCIOHHYIO) CTPYKTYpY.
Bce 60koBbIe rpanu cBoOoaHBL. OOpa3er] COCTOUT U3 aTOMOB MEJIH.

B ompenenenHbie MOMEHTHI BpPEMEHM TMIPU BIABIMBAHUU WHJECHTOpa B
aTOMapHOM 00pa3lie BO3HUKAIOT auciokanuu. O0 uX BOZHUKHOBEHUU MOKHO
CYIUTh MO M3JIOMaM Ha rpaduke mnoysHoi sHepruu (kpusas 1, puc. 3.13) unum
Mo CKaykaMm Ha rpaduke NOTEeHIUaIbHOW »Hepruu (kpuBas 2, puc. 3.13). Ha
sToM ke puc.3.13 mpuBeneH TpaduK CKOPOCTH OAHOW U3 MPOU3BOJIHLHO
BBIOpaHHBIX YAaCTULl CUCTEMBI, (DAKTHYECKH, 3alKMCh TEIUIOBOTO JIBUYKEHHS, B
KOTOpOM yuacTByeT 3Ta udactuna (kpuBas 3). C popmMaibHONM TOUKHU 3pEHUS
OHa NPEICTaBIISIET COOOM CiayyailHBI BBICOKOYACTOTHBIM CHTHAJ, YacToTa
KOTOpOro Onu3ka COOCTBEHHBIM  YacTOTaM  KoOJeOaHUM  OTAEIbHBIX

MEXKaTOMHBIX CBSI3CH. CHCKTP 9TOI'0 CUTHaJIa CHUJIbHO OCHWJIMPYCT BCICACTBUC
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Puc. 3.12 T'eomerpusi KOMIIBIOTEpPHOTO 30 SKCIEPUMEHTAa — TIOJIOKECHHE

atomoB Ha 2900-m BpemeHHOM 11are. Bpemennoii mar pasen /0.6 @c [303].

uHTepdepeHnn OONBIIOTO  KOJIMYECTBA BBICOKOYACTOTHBIX  BOJIHOBBIX
MAKETOB CO CIyYalHBIMH 3aJI€pKKaMU OTHOCUTENBHO JIpyr apyra (obnacts 2
Ha puc. 3.14a.). B o01acTu HU3KUX YaCTOT B HEM BBLACISACTCS MHTEHCUBHBIM
UK 1, KOTOpBIN 3aMETHO HAPYIIAET B CPEIHEM PAaBHOMEPHOE PaCIIpeleieHue
CHEKTpa B YACTOTHOM 00JIaCTH.

MoOXHO TpPEeanoJ0XKUTh, YTO JTOT MUK CBSI3aH C HEKOTOPBIMU
peryJisipHbIMH BOJIHOBBIMU JIBMJKEHUSIMU B cucteMe. [lociie HU3Kk04acTOTHOM
(GuIbTpa METOAOM CKOJIB3SIIET0 CPEAHETO C UHTEPBAIOM ocpeaneHust /00
BPEMEHHBIX IIaroB Oblla TMOJy4YeHAa 3aluCh, Ha KOTOPOW BBIACISIOTCS
HU3KOYACTOTHBIE KoJieOaTenbHble nakeThl (KpuBble 4, 5). UtoObl yoeauTcs B
TOM, YTO OHU CBsi3aHbl C mMUKOoM 1 B crnekrpe (puc.3.14a) 3amuch 4 Obuia
BbIUTEHA W3 OOuIe 3amucu 3 W A pa3HOCTHOM 3alliCH CHOBA BBIYMCIIEH
aMIUIMTYIHbIA  criekTp (puc. 3.140). BumHo, 4TO B COOTBETCTBYIOLIEH
HU3KOYACTOTHOM 00JacTH CIIEKTpa JUIsl pa3HOCTHOW 3aIMCH MUK aHAJOTUYHBIN

1 orcyrcrByer.
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t, ns

Puc. 3.13 BpemenHas pa3BepTka: | — NOIHOW SHEPTUU CHUCTEMBI;, 2 —
CyMMapHOW MOTEHIIMAIILHONW SHEPTUM BCEX YACTHUI[ CUCTEMBI, 3 — CKOPOCTH
MPOU3BOJIBHON 4acTullel; 4, 5 — oTQUIbTpOBaHHAS HU3KOYACTOTHAS 3aMKCh

ckopoctd yactuilsl [301-303].

Vi, um
Vi, um

f,GHz f, GHz

Puc. 3.14 CnexTp 3anucu TerioBOro ABUKEHUS YaCTUIII: @ — IIOJIHOW 3aIlHCH,
0 — pa3HOCTHOM 3amucH; | — HU3KOUACTOTHBIA MUK, 2 — OCHOBHAs 00JIacTh

BBICOKOYACTOTHOTO criekTpa [3 03].

CpaBHI/IBaH KPHUBBLIC 1-5 moxeMm 3aKJIIIOYNTh, YTO Ha4daJio BO36Y)KI[CHI/I$I
HHM3KOYaCTOTHBIX KOJICOaHUI NpuypodC€HO K MOMCHTY I'CHCpallUHh B CUCTCMC

TUCIIOKalMA. OTU KoJieOaHUsI TPEJICTABISIOT COOOWM XOPOIIO HW3BECTHOE
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SABJICHHUC aKYCTI/I‘-IeCKOﬁ OMHCCHUH, 06YCHOBHCHHOﬁ JNHaAaMHUYCCKNMU

sbdexTamMu TIpU POKICHUU U JBUKEHUU auciokaruil. C Ipyroit CTOpOHBI,
OHU TPEICTABISAIOT COOOM HEPAaBHOBECHBIM MOTOK (POHOHOB OINp €ACTICHHON
YacTOThl, AMIUIUTY/Ja KOTOPBIX 3HAYUTENHHO MPEBOCXOAUT AaAMIUIUTYY,
KOTOPYIO JOJDKHO HMMETh TEIUIOBOE PAaBHOBECHOE pACIIPENEICHUE B 3TOU
YaCTOTHOM 00JIaCTH CHEKTpa.

CrnenoBaTellbHO, BOJHOBBIE KOJeOaTelbHblEe MAaKeThl Ha 3amuck 4 u 5
(puc. 3. 13) mpeacrasisieT co60M B YMCTOM BUJIE BbIICJICHHBIC HEPABHOBECHBIC
O0OBEKTHI, @ BCE BMECTE HEPABHOBECHYIO NOJCHCTEMY B TEILJIOBOM JIBUKEHUM.
CoOTBETCTBEHHO PA3HOCTHAsI 3alUCh NPEJCTaBISIET COOOM OOOTalleHHYIO
pPaBHOBECHBIM  TEIUIOBBIM  JIBWJKEHHMEM  MOJCHCTEMY  (paBHOBECHAs
nojicucrema). PacnpocTpaHsisicb, H€paBHOBECHbIE — KoOJIeOAaTeIbHbIE MaKEeTh
paccerBalOTCA Ha CIy4yaillHbIX BBICOKOYACTOTHBIX KOJIEOAHUSIX, B pe3yJibTaTe
Yero 3aTyxaroT BO BpeMeHH. VX 3aTyxaHue cocTaBisieT CyIIHOCTb pelaKcaluu
HEPaBHOBECHOTO COCTOSIHMA. B pesynbrare 3Hepruss HU3KOYACTOTHBIX BOJH
MEPEXOJUT B SHEPTUIO0 PABHOBECHOT'O TEIJIOBOTO JBUKEHMSI, YTO MPHUBOJUT K
POCTY TeMIEPaTyphl U SHTPOIIUU CUCTEMBI.

[losiBneHne  guciioKanmMii B Mpoliecce€  BHEAPEHUS  MHACHTOpa
MOBTOPSIETCS. BO BpeMEHH (CM. MOMEHTHI BpeMeHu ¢ = (.125nc; 0.175nuc;
0.26nc na puc. 3.13), Gnarogapst yemy B OOIIEM I0JIe TEIUIOBOTO JIBHXKCHHUS
BCEr/la NPHUCYTCTBYET HEKOTOpasl J0Jii HU3KOYaCTOTHBIX HEPaBHOBECHBIX
¢onoHoB. C OJHON CTOPOHBI, UX SHEPTUS MOCTOSIHHO IMOMOJHSETCS 3a CYET
TeHepalMy HOBBIX BOJHOBBIX IAKETOB B PE3YJIbTAaTe yKa3aHHBIX IMPOLECCOB
POKACHUS IUCIOKALUM, a C APYTOd CTOPOHBI, 3Ta SHEPTUS MOCTOSHHO YXOIUT
B PaBHOBECHYIO MojcucteMy. Eciu ycpeqHUTh 0 HEKOTOPOMY BPEMEHHOMY
OKHY, cojepxamieMmy /00 BpeMEHHBIX IaroB, KHHETUYECKYIO SHEPTHUI0
PaBHOBECHOM MOJICUCTEMbI, TO MOJYyYUM HEKOTOPBIM aHAJIOr pPaBHOBECHOU
TEeMIepaTyphl WIK TeMIIepaTypbl paBHOBE CHOM mojacucTemsl (kpuas 1, puc.
3.15). Bunno, 4ro ompeneneHHas TakuM 00pa3oM TeMIepaTypa pacTeT IO
Mepe Nepexofa SHEPruud HEPaBHOBECHBIX HHU3KOYACTOTHBIX KojeOaHUN B

OHCPIUIO paBHOBCCHOT'O BHICOKOYACTOTHOT'O JABUKCHUSI.
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B 10 xe Bpemsi, 3anuch 4 Ha puc. 3.13 111 HepaB HOBECHOM MOJICUCTEMBI

OTJINYaCTCA OT pa3HOCTHOI>i 3al1ucu paBHOBeCHOﬁ IIOACUCTEMBI TOJIBKO JIMIIb
Maciirabom JJIMHBI BOJIHBI. HOBTOMy, yCpCOHAA KUHCTUYICCKYIO SHCPTHUIO I10
BPCMCHHOMY OKHY, MOKCT 6BITI:, 60J'II:H_ICMy, UM g Cirydast paBHOBeCHOﬁ
MoACUCTCMBI, B JdHHOM IIpHUMECPE TII0 500 Bp CMCHHBIM IIaraM, MOKHO
IMOJIYIUTDH HeKOTOPBIﬁ a”HaJior HepaBHOBeCHOﬁ TEMIICPATYPhL nii

TEeMIIepaTypbl HEPABHOBECHOM MOACUCTEMBI (KpHBas 2, puc. 3.15).

3

T, arb. units

Puc. 3.15 Bpemennasi pa3BepTka paBHOBECHOU (KpuBasi 1) U HEpaBHOBECHOMU
(xpuBas 2) temneparyp [301, 303]. s comoctaBUMOCTH MaciiTad KpuBou 2

yBenuueH B /() pas.

% 3 r‘pa(bmca BHIHO, UYTO IIPHU TAKOM MHTCPBAJIC OCPCIHCHUSA HA I‘pa(l)I/IKe
CHIC OCTAKOTCA 3HAYUTCIIBHBIC ITYJIbCAIUWU B PACIHPCACICHUA HepaBHOBeCHOﬁ
TCMIICPATYPBI, XOTdA B CPCAHCM €€ YPOBCHb OCTACTCA HpI/I6J'II/I3I/ITeJ'IBHO
MMOCTOAHHBIM, YTO COOTBCTCTBYCT IIOCTOAHCTBY HeﬁCTBYIOHIHX HUCTOYHHUKOB
TCIIJIOBOT'O JABMKCHUSA, B JAHHOM CJIy4dac IMPOMECCOB I'CHCpALIUN U JABUKCHUSA
ZIPICJIOK&I.IHﬁ. Hanuume Takux 3HaUUTENbHBIX HYJ'IBC&I_II/Iﬁ CBA3aHO C TCM, YTO B
pPaMKax OIpaHUYCHHBIX IIO Pa3MCpy MOI[CJ'ICfI KOMIIBIOTCPHOI'O SKCIICPUMCHTA
HC YHacTCiA OXBATHUTH TakoW OO0JIBIION HUHTCPBAJI BPCMCHU, yTOOBI B HEM
MPUCYTCTBOBAJIO OOJIBIIIOE  KOJIMYECTBO QJICMCHTAPHBIX AKTOB POKIACHUA

ZIHCJ'IOK&LIHﬁ. B 10 BpCM: KC BpEMSI, SICHO, YTO Ha PCAJIbHBIX MaTCpualax, I
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KOTOPBIX TaKOC MacIITabHOE OTpaHHUYCHUC OTCYTCTBYCT, TAKOC OCPCAHCHHC

BIIOJIHE MOYKHO OCYILIECTBUTb.

B nenom kapTuHa B3aMMOCBSI3U (DIYKTYallMOHHOT'O U CUJIOBOTO acIeKTa
poOJeMbl BBITTISIAUT cieayromum obpazoM. Ilo mepe BHenpeHuss B oOpazern
MHJCHTOpA 3a CYET BBHINOJIHSAEMOW MM pabOThl NPOMCXOAMUT YBEITUYECHHUE
MOTEHIMAIBHON 1 BHYTPEHHEW SHEPTUH (BO3 pacTarolias 4acTh KpUBBIX 1 1 2).
Jlanee B MOMEHT poxAcHUS auciokaiuu npu ¢ = 0.075nc u Ap.
MOTEHIMAIbHAs SHEpPrusi yMEHbIIaeTcsi ckauykoMm (kpuBas 2). Yacte sToM
SHEPruM UJIET Ha olOecrieueHUue U30BITOYHOW PHEPIHM JUCIOKAUHU (SHEprus
nedexra), a BTopasi 4aCTh JOJDKHA MEepe UTU B SHEPTUIO TEIJIOBOTO JBHXKEHUSI.
Ho B »Hepruro TemnoBOoro ABMXKEHMsI 3Ta 4acTh IEPEXONUT HE cpasy, a
CHauasa u3inydaercs B (popMe HEpaBHOBECHBIX HU3KOYACTOTHBIX KOJICOAHUN U
BOJIH (KpuBble 4, 5), KOTOpbIE B JAHHOM CIIy4ae UIparoT pojib (IyKTyauuin
TEIJIOBOTO JIBUKEHUSI.

TemnepaTypa HepaBHOBECHOH MoJCHCTEMBI (KpuBas 2, puc. 3.15) umeer
CWIbHBIE IyJIbCALIMA. JTO CBA3aHO C TEM, YTO HAa BPEMEHHOM HHTEpBAJE
OCpEeIHEHUs] TEeHEepUpyeTcs HEOONbIIOe KOJMYECTBO JUCIOKAIMi, He
JOCTAaTOYHOE ISl CrJaKMBaHHUA KpuBOM. YUTOOBI yBENIWYUTH KOJMYECTBO
JUCIIOKAMi HEOOXOIMMO YBEIMYUTh BpPEMS OCPEIHEHUS, HO YBEIUYUTh
BpeMsl OCPEJHEHMsI MeIIaeT Majoe ceyeHue oOpasua (MHIEHTOp YCIeeT
MPONTH BCE CEUEHHE KPHUCTAJUIUTA CBEpPXy MOHHU3Y). Pemmth 3Ty 3amauy B
pamkax 3D Mozenu OOJbLIEro pa3Mepa 3aTpyJHHUTEIbHO, TaK KakK JUIsl 3TOrO
MOHAJO0UTCSl CIUIIKOM OoJblnoe BpeMs pacuera. [loaToMy enuHCTBEHHO

MMPUCMIICMBIM BBIXOJIO0M ABJIICTCA PaCCMOTPCTD 3a/1a4y B 2D BapUaHTC.

3.5.2. Mooenuposanue npoyecca unoenmuposanus 2D kpucmaniuma

PaccMmoTpum MozenvpoBaHue mpoliecca UHACHTUPOBaHUST 2D MeIHOTO
Kpucramumra, cocrosiero uz 80x70 aromoB [304]. UnaeHTop (Tpu BEepXHUX
aToMa) JABUXKETCS C MOCTOSHHON CKOpPOCThIO ISm/c (puc. 3.16). Huxuuii psijg

aTOMOB HemnojBUXkeH. Bce GokoBbie rpaHu cBOOOAHBL. OOpaszer; COCTOUT U3
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aToOMOB MCJU, BBaHMOHeﬁCTBYIOHlHX nocpeaAcTBaM IIOTCHIIMAJIa HeHHap/:[—

JlxxoHca.

Kak u B npenpiayieM ciaydyae B onpeesieHHbIe MOMEHThI BPEMEHHU NPU
BJIaBJIMBAaHUM MHJEHTOpPa B aTOMapHOM o00pa3slie BO3HUKAIOT AUCIOKALUU
(puc.3.16), uyto mposBiIAETCSs HU3IOMaMH Ha TpaduKke MOJHOW BHYTpPEHHEU
sHepruu (kpuBas 1, puc.3.17) uam ckaukaMu Ha TpaduKe MOJHOU
MOTCHIIMAIbHON M KWHETHYeCKoW sHepruu (kpuBbie 2 u 3, puc. 3.17).
Buemnsisi paGota, BBINOJIHEHHas B NPOIECCE MHIACHTUPOBAHMUSA, IMOBBIILIACT
YpOBEHb BCEX BHJIOB JHEPruu. BuHIHO, YTO MOTEHLUHUANbHAS SHEPTUs
YMEHBIIIAETCSI CKAYKOM B MOMEHTHI BpeMeHu ¢ = (0.055nc; 0.14nc; 0.24nc;
0.396nc (xpuBass 2, puc. 3.17). Yacte »Hepruum uaeT Ha oOecredyeHue
M30BITOYHON SHEpPruM AMciIoKalmMu (dHeprust nedekra), a ocTaibHas 4acTb

NepeXoauT B TCIUIOTY.

Puc. 3.16 T'eomerpuss xoMmbroTEpHOrO 2D 3KCHEPUMEHTA — TIOJIOKECHHE

aTOMOB B MOMEHT BpeMeHu (0.2 1Hc.

Bpemennbie 3aBucumMocT X- U Y-KOMIOHEHT CKOPOCTH TEIUIOBOTO
JBUKCHUS TTPOU3BOJIHLHO BEIOPAHHOW YaCTHUIIBI B IICHTPE KPUCTALTUTA (KPUBBIC
4, 5, puc. 3.18) MOXHO TpaKTOBaTh, KaK HEKOTOPBIA BBICOKOYACTOTHBIN
CUTHAJI, YacTOoTa KOTOpOro OJM3Ka YacTOoTaM COOCTBEHHBIX JIMHEHHBIX
KojeOaHuil OTJENbHBIX MEKATOMHBIX CBsizeil. Kak u B mpenpiayiiem ciyuae,
CIIEKTP TaKOTO CUTHaJIa CHJILHO ociuuiaupyet (obmacte 1 Ha puc. 3.18a.), a B

00J1aCTH HU3KUX YaCcTOT BBIACIIACTCA WHTEHCUBHBIN MUK 2.
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[Tocnie HU3KOUACTOTHON (HUIBTpAIIMU METOJAOM CKOJIB3SIIIETO CPEIHEro

nmo wuHTepBaly ocpeaHeHuss 100 BpeMEHHBIX IIAroB  BBIIEISIOTCS
HU3KOYACTOTHBIC 3aTyXarolIHe CO BPEMEHEM KoJieOaTelIbHbIe MOJbI (CBETIIbIC
KpuBble Ha ()OHE OCHOBHOTO YEPHOTO CUTHAJIA BHYTPU KpUBBIX 4 U 5, puc.
3.17). B cnekrpe pa3HOCTHOM 3amucU MEXay OOIeil 3anuchto 3 u

HU3KOYACTOTHBIM curHasioM 4 nuk 1 nmponaaaer (puc. 3.18 a).

0.5 ' 1
t, ns

Puc. 3.17 BpemenHnas pa3Beptka: 1-3 — nmogHON BHYTPEHHEH, MOTEHIIMAIBHOM
Y KUHETUYECKOM 3Hepruu cucreMsl; 4, 5 — X- U Y-KOMIIOHEHTa CKOPOCTH
MPOU3BOJIBHOM  YacTULbl B  ULEHTpE MOJAEAM  (CBETIble JMHUM  —
HU3KOYAaCTOTHBIE CKOPOCTH YacCTHUIIbl Mocie (puiabTpanumn); 6 — TemmepaTrypa
PaBHOBECHOM nojcucTeMsl 15 7 — TeMriepaTypa HEPaBHOBECHOW MOJACUCTEMBI
T [301, 304]. Jlna comocraBuMocTH MaciuTab Kpupol 7 ysenuden B 10 pas

(mkana crpaBa).
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Puc. 3.18 Cnekrp 3anucu TEroBOro ABUKEHUS YAaCTHULIBL: & — MOJIHOW 3aIlHCH,
0 — pa3HOCTHOM 3amucH; | — HU3KOUACTOTHBIM MUK, 2 — OCHOBHAas 00JIacTh

BBICOKOYACTOTHOTO criekTpa [304].

Kak u B mpenpiaymiem citydae, Hauyajao HU3KOYACTOTHBIX BO30YXKICHUI
COBMNAJaeT BO BPEMEHH C TeHEpalue AUCIOKalUuid, U OHU MOTYT OBITh
OTOKJIECTBIICHBI C CHUJIbHO HEJIIMHEHMHON akycThueckou smuccueil. C mpyrou
TOYKH 3pEHHS, UX MOXHO paccMaTpuBaTh, KaK HEpPaBHOBECHbIC (DOHOHBI C
aMIUTUTYJaMH, 3HAYUTEILHO MIPEBOCXOISAIIUMU aAMIUTATY IbI
COOTBETCTBYIOIIIETO YAaCTOTHOTO JMama3oHa CIEKTpa, KOTOPBIM JIOJKEH
pean30BaThCsl B TEIJIOBOM PAaBHOBECHM (CpaBHHUTE CIEKTphI Ha puc. 3.18a u
puc. 3.186). Takum 0Opa3oM, HU3KOYACTOTHAs (PUIBTPALUsl U B 3TOM Clyyae
MO3BOJIMJIA Pa3JICNIUTh HEPABHOBECHYIO MOJACHUCTEMY (CBETJbIe KpUBBIC Ha
¢done 4 u 5, puc. 3.17) U paBHOBECHYIO MOJICUCTEMY (Pa3HOCTHAsI 3aIKCh).
AKycTHYeCKHE BOJIHBI ~ HEYNPYro  pAacCEUBAIOTCSI HAa  PAaBHOBECHBIX
BBICOKOYACTOTHBIX ~ KOJEOAHUSIX, B peE3yJbTaTe Yero uX aMmIUIUTyJa
yMEHbBIIIAeTCs. 3aTyXaHUE HTHUX BOJH A3TO U €CTh IMPOIECC pelaKcaluu
HEPaBHOBECHOTO COCTOSIHMSI. B pe3ynbraTe 3HEpPrusi aKyCTUUYECKUX BOJIH
MOCTOSIHHO TIEPEXOJIUT B HPHEPTHUIO PABHOBECHOTO TEIUIOBOTO JABUKCHUS, YTO
MPUBOJUT K MEJJICHHOMY POCTY PaBHOBECHOM TEMIIEPATYPhI U SHTPOITUH.

BcenenctBue  mocTOSHHOM — TeHEpallud — JUCIOKAaIMii B mporiecce

BHCAPCHUA HWHIACHTOpPA HCKOTOpAad H0JIA HHU3KO04Yad CTOTHBIX HCPABHOBCCHBLIX
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BOJIHOBBIX ITAKCTOB BCCrAaa NMPUCYTCTBYCT B 06H_ICM TCIIJIOBOM JIBHKCHHU. C

JIpyrol CTOPOHBI, BCJIEACTBUE PACCESHUS UX DHEPTUs IOCTOSIHHO YXOIAT B
PaBHOBECHYIO TNOJACHCTEMY. B 1aHHOM ciyyae HMMEETCS BO3MOXHOCTb
YCPEIHUTh KBaJpaT CKOPOCTH YaCTUILIBI, TO €C Th, KHHETUYECKYIO IJHEPTUIO, IS
Pa3HOCTHOM 3amucu Mo OOJBIIEMY, YeM B MPEABIAYIIEM CIy4ae, BPEMEHHOMY
OKHY, coaepxkamemy /000 BpeMeHHBbIX IaroB. Takoe 3HAYEHUE HHTEpBaIa
OCpeIHEHUs] BBIOPAHO B CBS3M C TEM, YTO B HEM COACPXKHUTCS mopsiaka 20
MEPHUO/IOB BHICOKOYACTOTHBIX KOJIEeOaHUH, YTO JOCTATOYHO JUIs CTIa’KUBaHUS
CIIy4allHbIX MyJIbCAllMil TEIUIOBOTO ABM)KEeHUA. «PaBHOBecHas Temmeparypa»
(kpuBast 6, puc. 3.17) B 3TOM cnyuyae moyydaercss OoJyiee CriIakKeHHOMN
(cpaBHuTe ¢ KpuBOii 2 Ha puc. 3.15). Kak BUIHO, paBHOBECHAsI «TEMIIEPAT ypa»
Y B JAHHOM IPMMEPE BO3PACTAET M0 MEpE MEPEXOAA IHEPTUHA HEPABHOBECHBIX
HU3KOYACTOTHBIX KOJICOAHUN B SHEPTUI0 PaBHOBECHOTO BBICOKOYACTOTHOTO
JIBUKEHUSI.

[lockonbKy HM3KOYAaCTOTHBIE AKYyCTUYECKHE BOJIHBI OTIMYAKOTCA OT
BBICOKOYACTOTHBIX (DOHOHOB TOJIBKO MAaciiTaboM, TO, MPUMEHSA TaKyl0 e
MPOLEAYPY OCPEIHEHUs], HO MO OOJIbIIEMY BPEMEHHOMY OKHY, COJAEp KaLIEMY
B JaHHOM npumepe 5000 BpeMEHHBIX WIAaroB, YTO HA MOPSJOK BBIIIE, YEM B
MPEABIAYIIEM IIPUMEPE, MOKHO ONPEIEIUTh aHAJIOTMYHYIO NEPEMEHHYIO IS
HEpaBHOBECHOM mojacucTteMbl (kpuBas 7, puc. 3.17). OHa uMeeT CMBbICH
HEPaBHOBECHOW  TeMIlepaTypbl  WJIM  TEMIIEpaTypbl  HEPAaBHOBECHOM
noxacucteMsl.  Ilynpcanum Ha KpUBOM «HEPAaBHOBECHOM TEMIEPATYPBD» IPH
TaKMX BpPEMEHAX OCPEAHEHHUS 3HAUMTEIBHO MEHBILIE, YEM B MPEABLIYIIEM
npUMepe, U 1eJIOM OHAa OCTaeTcsl MPUOMU3UTENbHO nocTtossHHOW. [locneanee
00yCJIOBJIEHO TeM OOCTOATENBCTBOM, YTO B aKyCTHUECKYIO SMUCCHUIO B KaXKIOM
OTICJIbHOM  aKT€ PpOXACHUS W JIBWKEHHUS JUCIOKALMUA  TEePEXOAUT
NpUONIU3UTENIHO OAMHAKOBOE KOJIMYECTBO 3HEpruu. Hannuume jxe HEKOTOpPbIX
IIyJIbCALIMNA CBSI3aHO C OTPAHMYEHHOCTBIO pa3Mepa MOJAEIN M B 3TOM Clydae.
Jis1 peanbHBIX TBEP/BIX T€JT MOKHO B3STh TaKoe OOJIbIIOE BpeMsl YCpEIHEHMS,
YTOOBI MOJIHOCTHIO TOJABUTH CIIy4alHble (IIyKTyaluy, OTHOCSAIIMECS K Malon

oOmnactu MacitaboB. TakuM oOpazom, nudpoBas GuiIbTpaIKs NO3BOIMIA HAM
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pPasacianuTb paBHOBCCHYIO U HCPABHOBCCHYHO KOMITIOHCHTY B MC XOAHBIX TaHHBIX

Y BBIYHCIIUTD UX TEMIIEPATypPHBIE XapaKTEPUCTHUKHU.

O603HaUMM uYepe3 S OHTPONHUIO, HPOU3BENCHHYIO BHYTPEHHUMM
UCTOYHHKAMH, U OyJeM CcuuTaTh, YTO €€ MPOM3BOJACTBO IMPONOPLUOHAIBLHO
MHTEHCUBHOCTH TE€X IIEPEXOJHBIX JUHAMUYECKHMX IIPOLIECCOB, KOT OpBIE

COIIPOBOXKIAOT PA3SMHOKCHUC nucnokamuii. Torma nponuecc Mmpon3BOACTBA

OHTPOIINU MOKHO IIPCACTABUTH cne;[y}omeﬁ MHHHUMAaJUCTUISCKOM CXEMOM :

s ~ -

EZYE(TO_IW_TIS)’ (3.2)
3nece T, — TeMmeparypa BHYTPEHHUX MCTOYHHMKOB IPH POXKICHHU
JIUCIOKAMH Tak, 410 v.7, — MOINHOCTh HCTOYHHMKOB DHTPONMH, T, —

TEMIICPATYpPa BHYTPCHHUX CTOKOB JUCCUIIAIINN HepaBHOBeCHOﬁ TCIIJIOTHI TaK,
qTO W/;fw — MOHIIHOCTb CTOKOB SHTPOIIMU JIJIA HepaBHOBeCHOﬁ IIOACHUCTCMBI.

OHa ke sBISETCA CTAllMOHAPHBIM 3HAYEHHUEM TEMIIEpaTypbl, K KOTOpPOH
CTPEMHTCS CUCTEMA B Ipoliecce cBoer penakcauuu. [lociennee cinaraemoe B
(3.2) saBisieTCsl peNaKCAIlMOHHBIM YJIEHOM, KOTOPBIA OMKUCHIBAECT TMEPEXO]
SHTPONUU W3 HEPABHOBECHOW IMOJCUCTEMbl B PABHOBECHYIO BCIEACTBUE
TIOTJIONICHUS HU3KOYACTOTHBIX KOJeOaHWl TIpU B3aUMOJICHCTBUU UX C
PaBHOBECHBIMHU BBICOKOYACTOTHBIMU KOJICOAHUSIMH.

Takum 00pa3oMm, pacCMOTpEHHUE TEIJIOBOTO JBUKCHHS KaxKJIO0TO
OTJEJIbHOTO aTOMa, KaK HEKOTOPOro CHUrHaja, U o0paboTKa MOCPEICTBOM
unudpoBoil PpuIbTpaIi, B UCXOJHOM CUTHAJIE yIajdoCh BBIICIUTH BOJHOBBIC
O0OBEKTHI PABHOBECHOW W HEPABHOBECHOW MPHUPO/IbI, YTO MO3BOJIIET TOBOPUTH
0 pa30MEHUU CHCTEMbl HAa PABHOBECHYIO W HEPABHOBECHYIO MOJICUCTEMBI.
[Tocnenyromee ycpenHeHNE KUHETUYECKON SHEPIUU, CBSI3AHHOW C KaXKJIOM U3
COCTaBJISIOIIMX, TO3BOJIMJIO BBECTU pa3/ClibHbIC TOHATUS PABHOBECHOM U
HEPAaBHOBECHOM  TEeMNEpaTypbl WM  TEMIIEpAaTypbl PaBHOBECHOW U
HEPABHOBECHOM MOJICUCTEM. ECTECTBEHHO, UTO OMMCAHHYIO BBILIE MPOLUEAYPY
MOHO TPOBECTU OTHOCHUTENIBHO JIF0OOTO JAPYroro aromMa CHCTeMbI, Oosee
TOrO, €CJId €€ IPOBECTH OTHOCUTEIBHO BCEX AaTOMOB CHUCTEM bl, a 3aTeM

O6’[>CZII/IHI/ITB MOJYUYCHHBIC PE3YyJIbTAThl, IIYTCM YCPCOAHCHHUA B TIPCACIAX
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HCKOTOPOTO 06T>CM3., TO MOKHO TTOJIYYHUTH CTATUCTUYCCKHU oonee YCTOfIqHBBIe

3Ha4eHHsI 00OUX BUAOB TeMmmepaTryp. Peanusauus Takod mpoueaypsl TpeOyer
OOJBIIMX BBIYUCIUTENBHBIX PECYpCOB, M 3/IeCh HE pac CMaTpUBAJIACh.
[IpuBeneHHOE 37€Cch pa3OMEHHE TEIUIOBOrO JIBU)KEHUS HAa PABHOBECHYIO U
HEPaBHOBECHYIO COCTABJIAIOIIME OyJIeT UCIONIb30BaHO B paszaene 4.2.2 s
OMKCAaHUS  TEIUVIOBBIX  3(PQEKTOB,  COMPOBOXKIAIOUIMX  HHTEHCUBHOE
MEXaHU4EeCKOE BO3JIEWCTBHE, U B pazfene 5.1 g BbIBOAA KUHE THUECKOIO

YpaBHCHUS B (I)CHOMCHOJIOI‘I/I‘-IeCKOM OIMNCaHMH CMa3KH.

3.6.  Junamuueckas  pexpucmaniiuzayus npu  pacmadceHuu

HaAHO0OBLEKMo8

[lomydyeHue NPUHLMIMAIBHO HOBBIX (DYHKUIMOHAJIBHBIX MaTEpUAJIOB,
oOJIalaloMX  TOBBILIEHHBIMU  CIY>KEOHBIMM M IKCIUIyaTallMOHHBIMU
CBOMCTBAaMH, SIBJIIETCSl aKTyaJIbHOM 3a7auell COBPEMEHHOW (PM3HMKH TBEPAOTO
tena. K TakuM marepuanamM OTHOCSITCS BOJIOKHHCTBIE TOMO - U T€TEPOTCHHBIE
HAaHOCTPYKTYpHbIE MaTepuaibl, MOJTyYCHHbIE B Pe3yJibTaTe MHOTOCTAIUIHON
nakeTHou okcTpy3un [305]. Kak Obulo TpOWIUIIOCTPUPOBAHO paHEE Ha
npUMepe JABYMEPHOM MOJENU JUisi MEIW, B MOJIE€ CABUTOBBIX HANpPSKEHUH
MOTYT TMpoTekaTh mnporecchl ¢parmentauuu [306, 307]. Hecmorpst Ha
OOJIBILIOE  YHUCIIO HCCIAEJOBAaHMHW B  3TOM  HAlpaBiICHUH, OCTAIOTCA
HEU3y4YEHHBIMH MHOTHE BONPOCHL. B 4yacTHOCTH, HE SCHO, MOTYT JIU HapsIy ¢
u3MeIbuYeHueM 3epeH  ((parmMeHranuei) MpoTeKaTh MPOTUBOMOIOKHO
HalpaBJIiCHHbIE TPOLIECCHl YKPYMHEHHsI 3€peH 3a CYeT JMHAMUYEeCKON
peKpUCTAIU3aluu U (POPMHUPOBAHUS TEKCTyphl. He MOXeT jau TeKCTypHOe
oOpa3oBaHHWE 3€peH B  HampaBieHUH JepopMalv  HPUBOIUTH K
(OpPMUPOBAHUIO CBEPXUIMHHBIX 3€PEH C M JCAIbHOM CTPYKTYpOH MOAO0OHOM

CTPYKTYpP€ KPUCTAJUIMYECKUX YCOB.
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3.6.1. [lunamuueckas pekpucmaiiuzayusi no CYeHapuro YOapHulx G0IH

Jlsis mosTyyeHus1 OTBETOB HA MOCTABJICHHBIE BOMPOCHI ObLIN MPOBEACHBI
CHelMaJbHble KOMIIBIOTEPHBIE OSKCIEPUMEHTHL. B3aumonelcTBue Mexmy
aTOMaMd  MeAM  33JaBaJoCh  MApHbIM  EHTPAIbHO -CUMMETPUYHBIM
noreHuuanom B Bujae (2.6) [308]. HauanbHas koudurypamus atomoB [ [[K
pelieTky npuBeaeHa Ha puc. 3.19 a. IlepneHIUKyISpHO TJIOCKOCTH PUCYHKA
3aJlaHbl EPUOJUYECKUE TPAaHUYHbIE YCIOBHS C BEJIMYMHON NEpUoJia PaBHOTO
IBYM aTOMHBIM cJIOSIM. B mjockocTd pucyHKa U300pa)keHa OJHa U3
KpUCTAJUIOrpaUyYeCKX IUIOCKOCTEH, MpOXOoJsias uepe3 KBaJpaTHbIE
ocHoBaHus [ I[K-pemieTku co CTOpPOHOH ao. Bropas mnapamienbHas e
IUIOCKOCTh (OHAa Ha PHCYHKax HE IOKa3aHa) PacoJokKeHa Ha pacCTOSIHUU

aO\/E TaKNM 06pa30M, 4TO €€ BCPHIMHBI TPOCHHUPYIOTCA Ha CCPCANHDLI

KBaJIpaTOB M300paXKCHHOH TUIOCKOCTH. C  TOMOIIBI0  MEPUOTUICCKHIX
TPAaHUYHBIX YCIIOBUM 3TH JIBA CJIOS MIOBTOPSIOTCS TaK, YTO B HAPABJICHUH OCH
Z KOHCTpyHpyeTcsi OCCKOHCUHBIH KpucTayll. Bmomb ocu Y Takke HaJIOKECHBI
MEPUOANYSCKUE TPAaHUYHBIC YCIOBHS, HO C TEPHOAOM, paBHBIM 30
MEXATOMHBIM PACCTOSIHUSIM. bBOKOBBIE TpaHHW MOJIEKYJISPHOTO o0Opasia
cBoOOmHBI. B 1enoM Takas KoH(Hrypaimus B pacHoJIOKCHHH aTOMOB
(aKTUYECKH TPEACTABIACT COOOM HAHOIUICHKY, HO Ka4eCTBCHHBIC BBIBOIBI
MPUMEHUMBI ¥ JUTSI HAHOTIPOBOJIOKH.

JInss MomeIMpoBaHUS BO3MOYKHOW SBOJIIOIMM MAJIOYTJIOBBIX TPaHMUII
BJIOJIb OCH TIPOBOJIOKM BBOJWJIA BEPTUKAIBHYIO JUCIOKAIIMOHHYIO CTCHKY,
KOTOpasi pas3ziensuia ABa OECKOHEUHBIX HAaHO3EpHA CIIpaBa U CIIEBa OT TPAHUIIBI
(puc. 3.19a). Bexrtop broprepca auciokaiuii, BXOJSIIUX B CTEHKY,
TIEPIICHIUKYJIIPSH OOKOBOHM TpaHM TakK, YTO JIMIIHSS TUIOCKOCTh HaIpaBJICHA

BIOJIb OCU KITPOBOJIOKW)).
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Puc. 3.19 Craguu nedopmMupoBaHus TUCIOKALMOHHON CTEHKU: @ — HAYaJIbHOE
COCTOSIHME; 6, 6, & — JBI)KEHHE YJIApHOTO (pOHTa JUHAMHYECKOM

nepekpucramzanuu [308].

Ha omnpenenenHoil craguu pacTsbkeHHs B MPABOM YacTH HAHOIIPOBOJIOKU
BO3HUKAeT 001acTh, CHJIbHOpPA30pUEHTHpOBaHHAsA (40 [/6°) OTHOCHUTENHHO
OCHOBHOM 00JIaCTH U OTJEJICHHAs OT IMOCJIEAHEN TpaHULEH pa3yIuIOTHEHUH (pHC .
3.196). I'panuuia, pazaensromas 3TH 00JacTH, MPEJICTABISIET COOON TUITUYHYIO
BBICOKOYTJIOBYIO HEPaBHOBECHYIO IPaHUILy MEXTy HaHO3epHaMu. OHa IBMXKETCS B
oOpa3sIie crpaBa HajIeBO CO CKOPOCThIO Topsiaka (.4 ckopoctu 3ByKa (puc. 3.19,6)
U 4epe3 HEKOTOpOoe BpeMsl BBIXOAUT Ha CBO OOJHYIO MOBEPXHOCTh. B pe3ynbrare
(dopMupyeTcss OJHOpPOJHAS IO BCEMYy CEUYEHHMIO HAHOIPOBOJIOKH O0JacTh ¢
O/IMHAKOBBIM HAITPaBJIEHUEM KPUCTAILIOTpapHUYECKuX «IuiockocTei» (puc. 3.192).
B wurore ucxomHo nByx3epeHHas crpykrypa (puc. 3.19a) mnpeBpatuiach B
OJTHO3EPEHHYIO CTPYKTY py (puc. 3.192). BO3aMOXKHOCTb CMSIHUSA 3€pEeH B MpOLIecce
neopMUPOBAHUS CTABUT MOJI COMHEHHE TIPABOMEPHOCTH OLIEHKH Pa3MEpOB 3€peH

Y HAHOHUTEMN, UCXO/IS U3 TIPOCTHIX TEOMETPUUECKUX COOOpasKeHUI TTOA00uSI.
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3.6.2. Texcmypnoe crusinue 3eper npu 8bIMALUBAHUU HAHONPOBOJIOK

JU11 MOZIEnMpOBaHHs BO3MOYKHOM HSBOJIFOLIMM BBICOKOYTJIOBBIX T'PAHMIL
paccMaTpuBaii  OGCKOHEYHYK) HAHOIPOBOJIOKY, B KOTOpPOM 3a CHYeT
NEPUOJUYHOCTA TPAaHWYHBIX YCIOBUM 4YepenoBaivch JBa 3epHa [1[K
CTPYKTYPBI, C OCSIMM CUMMETPHUH, IOBEPHYTHIMU OTHOCUTENBHO JIPYT Apyra Ha

90° (puc. 3.20a). B mporecce BBITSITMBaHUS N PU TOCTUKEHUH ONPEAEICHHOTO

YpOBHS pacTsruBaroiieit aepopmanuu
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Puc. 3.20 DBomnonuss HAaHOHUTH, COCTOSIIEH W3 YEPEAYIOIIUXCS 3EpEH,
paslieNeHHbIX BBICOKOYIIOBBIMH 90-rpagycHsiMu rpanunamu [308]:

Ha4aJIbHOC COCTOSAHUC, 0 — MMPOMCIKYTOYHOC, 6 — KOHCHHOC

TO 3€pHO, OCH CHMMETPUHM KOTOPOrO OpPHEHTHPOBAHbl HE ONTHUMAJIBHO
OTHOCHUTEJILHO PaCTATHBAIOIICH CUJIbL, TepseT ycrouuBocTh (puc. 3.200) u
pa3BopayMBaeTcs Ha aTOMapHOM YpPOBHE TakuM o0Opa3oM, YTO €ro OCH
CUMMETPUHU CTAHOBSATCS KOJUIMHEAPHBIMH OCSAM CHMMETPHHM BTOPOTO 3€pHa
(puc. 3.20B). B pe3ynbraTe Takoro TEKCTYPHOIO CIUSHHUS Tepsulach cama
HEOOXO/IMMOCTh  CYIIECTBOBAHUSA  BBICOKOYTJIOBOM (90°) rpaHunbl U

MIPOBOJIOKA, KaK U MPEbIIyIeM IpUMeEpe, B LIEJIOM MpUOoOpeTana CTpyKTypy,
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6J'II/I3KYIO CTPYKTYPC HACAIBHBIX KPUCTAIMYCCKUX YCOB. B 10 Xe BpCM:I

CJIEZTyeT OTMETUTh, YTO ¥ B TOM, U B JIPYTOM IIPUMEPE B KOHCYHOM COCTOSIHUU
UMEIOTCS JIOKAJIbHBIC HECOBEPIICHCTBA B BHUJIC BaKAHCHW WM JUCIOKAIMN (CM.
puc 3.18r) omHakO WX CyMMapHas MOITHOCTh 3HAYUTEIHLHO MCHBIIE
MOIITHOCTH TOTO €AMHCTBEHHOTO Je(heKTa B BUAC BHICOKOYTJIOBON T'DaHMIIBI,
KOTOpHIH ObUT BHaUasie (puc. 3.20s).

Takum 00pa3oM, YCTaHOBJIICHO, YTO TIPH JIOCTATOYHO OOJIBIINAX
C/IBUTOBBIX HAIPSDKCHUSAX MOTYT IMPOTEKAaTh KaK MPOIECChl (pparMEHTAIINH,
TaK ¥ MPOTHUBOIOJOKHBIE UM TIPOIECCHI M HAMHUYECKON PEKPUCTAIUIN3AIINM;
YCTAHOBJICHO, YTO TIPH OOJBIIHMX JeOpMAIUIX MOXKET OCYIIECTBISATHCS
TEKCTypHOE  CJIHSHHE  HaHO3epeH ©  (OpMHUpPOBAHHME  HJICATBHON
KpUCTAJUIOrpauIecKor CTPYKTYpPBl BIIOJIb BCEH JTMHBI HAHOMPOBOJIOKU C
KpUCTAIUIOrpaUIeCKON CTPYKTYpOH, ONHM3KON CTPYKT ype KPUCTAUTHUSCKUX
YCOB.

Cnemyer OTMETHTh, YTO, KaK M B ClIy4ae JPYyIHX pPe3yJbTaToB
MOJTyYEHHBIX B 3TOM pa3jeie, OHH BO MHOTOM HACATM3UPOBaHHBIMH. Bo-
TIEPBBIX, OHHU TIOJTYYCHBI U1 OOBEKTOB CO CBOOOHBIMU OOKOBBIMH TPaHIMH,
BO3HUKAET BOIMPOC HACKOJBKO YACTO TaKas CHUT yaIlusl BCTpedaeTcs B 00bemMax
peaTbHBIX MaTCPUAIOB, HAPUMEP, B OKPECTHOCTH OJIM3KO PACIIOIOKEHHBIX
Mukporop. Hackombko Takoil MEXaHW3M  CHPaBEIJIUB B YCIOBHUSAX
THJIPOCTATHUECKOTO C)KaTUsg B O00bEME pealbHOTO Marepuaja, Korja
OTCYTCTBYIOT CBOOOJHBIC TOBepXxHOCTH © T.n. Ckopee, TOTyYCHHbBIC
pe3yabTaThl CIEAyeT pacCMaTpHBaTh B KaueCTBE IMPEIBAPUTEIBLHONW paboyci
THIIOTE3bl Il €€  JalbHEHIIeH OKCICPUMEHTAIILHOM TPOBEPKU U

HUCCJIETOBAHUHN.

3.7. Memoo «monexynapHou» ounamuxu. Maxkpockonuueckuil yposeHs

PaccMoTpeHHBIE BBIIE METOABl MOJEKYJSPHOM JUHAMUKH HMMEKOT
CYLIECTBEHHOE OrpaHMYEHHE MO MaciuTady paccMaTpuUBaeMbIX cuctem. Jlis

CEPUIHBIX KOMIIBIOTEPOB 3TO CUCTEMBI, BKIIFOUaronue mnopsiaka 20000 atoMoB.
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B cnydae TpexMepHBIX MOJENEH, KOIZAa CpPEIHEE PACCTOSHUE MEXKIY

yacTUllaMH cocTaBisieT nopsaka 0.3 HaHOMeTpa, JIMHEUHBIN pa3Mep CUCTEMBbI
JNOCTYIHOW JJii aHalh3a H3TUMU METOJaMHM cocTaBisieT mnopsaka 80
HaHOMETpoB. [loaToMy Jyisi aHanmu3a OOJIBIIMX CUCTEM MPUMEHSITCS METOJIbI
(makpockonuueckux) 4actuil [153-162]. 3pmecs mnpenaraercs  HOBas
MoauduUKalMsl STOTO METo/a, KOTopasi Oa3upyeTcs Ha Mp €ICTaBICHUU
KOHEYHOPA3HOCTHOTO aHajJora YpaBHEHHM JBUKEHHUS CIUIOIIHOM Cpenbl,
ypaBHeHuil Jlame, B BuAE B3aUMOACHCTBYIOIIMX IIONAPHO YACTHII.
[ToTeHmanpl B3aUMOJICHCTBUSL BEIOpaHbI TaKUM 00pa3oM, YTOObI OOECIECUHTh
MpEACIIbHBIN MEepexo] K CIUIOIIHON cpene. B To ke Bpewms, Takasg MOJIEIb
MO3BOJIIET MOJEIUPOBATH OTHACIBHBIE CBSI3M MEXKIYy YacCTULAMH, YTO
CYILIECTBEHHO PaCHIUpsIET KPYyr BO3MOXKHBIX OOOOIICHHI METO/Aa, Hampumep,
Ha Cclyyall HaJu4usl B CpeJie CTPYKTYPHBIX OCiIabIeHUI, MUKPOTPEILMH, IOp U
TaK JaJjiee, a TAKKe Ha Cllydail HEJIMHEHHBIX CPe/l.

Aneopumm  «MONEKYIAPHOU» OUHAMUKU ON  MaKkpoobvemos. B
WCIIOJIb3YEMOM  3/1€Cb KOHTEKCTE METOAbl MOJICKYJISIPHOW JIUHAMUKHU
MO/IPa3yMEBAIOT MPEICTABIICHUE CPEIbl B BUIE HAOOpa KIIACCUYECKUX YACTHII,
B3aMMOJICUCTBYIOIIUX TMOCPEACTBOM HEKOTOPOTO MOTEHIMANa, U B MPEIEIe
CIUIOILIHBIX CpeJ MPUBOIAIINX K U3BECTHBIM KJIACCUYECKUM ypaBHEHUsIM Jlame
[309]:

2=

pg—t‘jz(mu)gmddivmwﬁ, (3.6)

re p — IUIOTHOCTh CPelbl, A, L — ynpyrue mapamerpsl Jlame, # - BEKTOp
CMEIICHUM YacTull cpeasl, ! — BpemsA. st ero oAHO3HAYHOIO pEIICHUS
HEOOXOAMMO 3aJaTh JONOJHHUTEIbHBIE CBEACHUS O CUCTEME, - HayaJIbHbIE U
rpaHduHble ycnoBusA. Kak mnpaBwiio, HayaJlbHOE YCIOBHE COOTBETCTBYET
MOJTHOMY TOKOIO Cpelbl O MOMEHTa BO30Y>KJIEHHs, U 3aJaHHI0 HEKOTOPOTO
HAYaJbHOIO HMITYyJIbCA B MOMEHT BO30yXA€HUs. ['paHHYHBIE YCIOBUS
MIPEANONIATal0T 3a/JIaHUE TO0JEBOM NEPEMEHHOW Ha BHEWIIHWX TPAaHMILAX, U
YCIJIOBU KOHTAaKTa Ha BHYTPEHHUX T'PAHULAX JIJIs1 KyCOYHO -OJHOPOIHBIX CPEI.

VYpaBuenue (3.6) B KOMIIOHEHTaX UMEET BUJL;
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ox; 0Ox0x, 0x0x, ox; 0x; 0xi

3

2~ 2~ 2~ 2~ 2~ 2 27y
pa X :(MH)[a Y, 0% o', Jw[a L0 xl+8 xlj (3.7)

3aech x,, 0=1,2,3 — KOOpIMHATHI MAaTEPUATBLHON TOYKU B aKTyalbHOU

cCHCTEME KOOpJIMHAT, X, — TO JK€ CaMO€ B OTCUYETHOW CHUCTEME KOOpJAWHAT,
COBIIQJIAIONICH B JaHHOM Cllyyae C JIaDOpaTOPHOM JIEKapTOBOH CHUCTEMOIA

koopauHaT [310]. Mexmy coOoil OHM CBSI3aHBI 3aBUCUMOCTBIO X, = x, +u, .
Breipaxkenust g X, U X, TMOJYYArOTCS IUKIWYECKOM 3aMEHONW KOMIIOHEHT

l1-2-53->1.

Pazobbem  wuccrnemayemblii  00beM  TBEPAOrO  Tela  TPEXMEPHOU
MPOCTPAHCTBEHHOM CETKOM TMapalieIbHO KOOPJIMHATHBIM IIJIOCKOCTSIM C
aroM paBHbIM ay=0. [ m. BenuunHa npoCTpaHCTBEHHOTO I11ara a,) BEIOMpaeTCs
U3 TeX COOOpaKeHMi, YTOOBI HE3aBUCHUMO OT crocoba pa3OueHus Omucarth
mpolecchl ¢ JUIMHOM BOJMHBI 3 M M Oosiee. KoHEYHO-pa3HOCTHBIN aHAIOT
ypaBHenus (3.7) MoxkHo 3anucath B Buze [311, 312]:

VA T i
p 1 _ l“l l+1j/+xllj/ 2x1y/+
T aO

~i+l,j+1,/ ~i+l,j-1,/ ~i-l1,j+1,/
(X, =X ’

~i-1,j-1,/
Xy

Lj,l+1 ~i+l,j,-1 ~i-1,j,/+1 ~i-1,j,0-1
+X, + X g g Y 14+ (3.8)

(~l+1j/ ~llj/ 2~y/ ~lj+1/+~lj1/ 2~y/ ~lj/+1+xlj/1 2~y/)
’

rJic T — BPEMCHHOH Imar, v — KOMIIOHEHTa CKOPOCTH MaTepUaTbHON TOYKH.
BepxHue WHIEKCHI HYMEPYIOT Y3IlIbl MPOCTPAHCTBEHHOM CETKH BJOJb
COOTBETCTBYIOIUX KOOPJMHATHBIX OCEH, HIWKHUE — O0003HAYAIOT THII
JICKapTOBOM KOOpJAWHATHI. BbIpakeHus i1 Av) u  Av) modydarorcs
UKJINYECKONU 3aMEHOM KOMIIOHEHT 1 —>2 —>3—>1.

BBeneMm JokanbHBIE TEPEMEHHBIE U1 KOOPAWHAT 4YaCTULl TaKUM

06pa30M, 4TO B COCTOAHUUN PABHOBCCHUSA 3TU KOOPIAWHATBI ObLIN PaBHBI HYIITO

[313]:

8,00 _ ~itd il il
X =X X" =8,ay,
XO ,0,,0 — ~11 48,1 :)\61[]/ ,
0,086, _ ~ijl+d, il
X7 = =, (3.9

8,,0,,0 ~i+8,j+8,, NI
X0 = Fo 5.5 a,,
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81,08y __ it j. 048y _ ~il
X, =X, X" =9,05a,.

3neck BepxHue uHuekcwl I, J, L mns X!’ o0o3HauaroT HOMEpa coceieit

YacTHIIBl C KOOpAUHATaMH I, j, [ B HampaBjeHuu X, Y, Z KOOpaUHATHBIX Ocei
COOTBETCTBEHHO, HIKHUI MHJEKC 0003HA4YaeT TUIl JIEKAPTOBOM KOOPAMHATHI,

) + — CHMBOIJ, HpI/IHI/IMaIOH_[I/Iﬁ 3HaueHus [ , €CCJIIM COCCOHAA 4YacCTHula

pacIoJIO’KECHa B TIOJIOKHUTCIBHOM HAIIPABJICHUN, U -1 — B OTpUIATCIbHOM
HaIpaBJICHUU. BBIPa)KeHI/ISI L OCTAJIBHBIX  TICPCMCHHBIX  IMOJTy4YacCTCsA

LHUKJINYECKON 3aMEHOM UHACKCOB 1 >2 >3 —>1 U §, -3, >5, >39,.

3amuch UHAMAYECKHX ypaBHeHHWid Jlame B 3THX mMepeMeHHBIX
npuodpeTaet 0ojee MPOCTON U CUMMETPUYHBIN BU:

AV = T (. + “)( ZXEDO’O +l z 28182)(281’82’0 +l z 28163)(38“0’83}4'
8 =tl1 4 8 =t18,%1 4 8 =+138;%1 (3 10)

+’E€ﬁ.p( ZXlsl,o,o n zXlo,sg,o + zXlo,o,ssJ

8, =£1 5,=+1 5y=21
3nech t,, =1/pa; =ta,/M.

JlokanpHbie KOOpauMHATHL (3.9) TpPEenCTaBIAIOT COOOW  <«JITTUHBD)
AJMIEMEHTAPHBIX CBS3eH (MPYKUHOK) MEXIAYy YacTUIIAMH WM KaHOHUYECKHE
KOOPJIMHATHI COCEHUX YaCTHIl, OKPYKAIOIUX JNaHHyto vactuny (i, j, /), a
kodhuimentsl Jlame A+u M g MOXHO TPaKTOBaTh, KaK >KECTKOCTU 3THUX
NpY>XKUHOK. Eciam KecTKOCTH BceX NPYKUHOK OJMHAKOBBIC, TO YpaBHEHUE
newokeHust (3.10), daxTudecku, SBASETCS OJAHUM U3 BHUJOB (I1a0JIOHOB)
KOHEYHOPA3HOCTHOTO aHajora ypaBHeHust Jlame (3.6) s CIuionIHOM
M30TPOINHON cpefbl. Eciu  KeCTKOCTU OTIENbHBIX TMPYKU HOK  3a]1aBaTh
Pa3IMYHBIMU, TO BO3HUKAET BO3MOXKHOCTH MOJEIMPOBATh Pa3IMYHOIO POja
Cpellbl C BHYTPEHHEH CTPYKTYpO, B TOM 4YHCJI€ HECIUIONIHBIE CpPEIbl C
MHUKPOIIOpaMU, MUKPOTPEITUHAMU WX APYTUMHU HEOJAHOPOIHOCTsIMU. Kpome
TOTO, MOSIBJISICTCS BO3MOXKHOCTh MHTEPIIPETUPOBATH MOJTYY a€MbIE PE3yJIbTaThl
C TOYKH 3PEHHSI XOPOIIO pa3pabOTaHHOW TEOPUM MHAMHUKH YaCTHIl, B TOM
YHCJIC HA SI3bIKE TEOPUHU (DOHOHOB, COJTUTOHOB U T.]I.

Cnenyer OTMETUTH, YTO OJM3KUIA B UJCHHOM OTHOIICHUM METOJ

MOABMIKHBIX  KJIETOYHBIX aBTOMaroB [165-168] He mnpegycmarpuBaer
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HPCZICJ'IBHOFO Hepexona K ypaBHeHI/ISIM CHJ'IOIHHOﬁ CPCZIBI, qTo0 33.TPYZ[H$ICT cro

WCIIOJIb30BAaHUE  JUIsl  HWCCJIEAOBAHMs,  HAOpuUMep,  TE€HEpauuu WU
pacnpocTpaHeHus yrnpyrux BojH. Beimenmast B 2007 roay paboTta o METoay
MOJIBM>KHBIX pPelIeTOUHbIX yacTull [ 170] npexycMaTpuBaeT Takoi npeaeinbHbIN
nepexon. OpHako, XOTs Mozenb (POPMAJIBHO U JIONYCKAeT PacCMOTPEHHE
TPEXMEPHBIX 3a/lad, Ha HACTOSALIMHA MOMEHT pa3BUT II0Ka TOJBKO €€
JBYXMEpHBII BapUaHT.

Taxum oOpazom, MIPEI0KEHA Mo Iu(pUKaLIUS METOo/1a
MAaKpOCKOIIMYECKUX YAacCTULl, OCHOBAHHAs Ha 3aMEHE KOHEYHOPAa3HOCTHOM
CXeMBbl ypaBHEHUU Jlame cHCTeMOW 4YacTHIl B3aMMOJACHCTBYIOIIHUX MEXKIY
coOOM TOCPEICTBOM HEJIMHEHHBIX OCIWUIATOPHBIX CBs3ed. 3a cyeT
PETYJIMPOBAaHUS CWJIBl M XapakTepa JSTUX CBSI3€d MOJEIb JIOMYCKaeT
0000111eHHs Ha CIy4Yau CHCTEM C ociabieHHbIMU cBs3siMu. Huxe, 0azupysch
Ha BO3MOKHOCTH BBEJICHHSI OCJIa0JICHHBIX CBSI3€i Ha rpaHUIEe KOHTAKTa, OyJeT
pelmieHa  3ajaya  ynpyroro COyJapeHus  JIByX  TBEpAbIX Tel W

MMPpOaHAIIN3UPOBAHBI BO36Y)KZI3.CMBIC IIpHU 5TOM YIIPYTUC BOJIHBI.

3.8. Mooenuposanue 8030yaicoerUss BOJIH 8 MPEXMEPHOU MOOeNU

Pa3BuTne MHOrMX NpPUKIaJAHBIX MCCIEJOBAaHUM YACTO CHIEPKUBACTCS
OTCYTCTBHUEM SICHOTO (PU3MUECKOTO MOHUMAaHHMSI IIPOIIECCOB COMPOBOKAAIOIINX
BO30Yy>KJeHHE YNpYyrux BoOJH. COINIaCHO W3BECTHBIM DELICHUSM JUHEHMHON
TEOPHUH YIIPYTHUX BOJIH I10JIE TOYEYHOTO MCTOYHHMKA 3a CUET FEOMETPUUYECKOTO
pacxoxieHns yobiBaeT mo 3axony () [171], rae » paccTosHue, HPOXOIUMOE
BOJHOW. OTO aBTOMAaTUYECKM O3HAYAE€T HENPUMEHUMOCTb JIMHEHHOTO
MpUOIHMKEHUS! B HEKOTOPOH OKPECTHOCTH UCTOUHUKA .

C npyroil cTopoHbl B “MOMEHT” KOHTAaKTa IPU COYAAPEHUH TBEPAOTO
TeJa C TBEPAOTEIBHON CPENOM BOJIHA YCIEBAET IPOWTH PACCTOSHUE IMOPAJIKA
uHbl  BoJHBI  (20-30 w™etrpoB). I['panunbsl u apyrue HEOAHOPOIHOCTH
pacrnosioxkeHHble Ha Oosiee OJIM3KOM PAaCCTOSHUU AAIYT OTPAXKEHHsI, KOTOpPbIE

6YZIYT B3aHMOHeﬁCTBOBaTB C HCTOYHHUKOM YIIPYIux KOJ'IC63.HHI>1, HU3MCHAA
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XapakTep 93Toro B3auMopeWcTBusA. Ilpu  ucmonb3oBaHM M  “PYHKIUH

UCTOYHMKA, KOTOpas KECTKO 3aJaeT CUTrHai ‘“‘Tpedyemoil” (GopMmbl, Bce 3TH
ToHKHE 3P (PEeKThl 0TOpPACHIBAIOTCS, YTO CHJIBLHO OOCIHSAET OOIIyI0 KapTHUHY
SIBJICHUSI.

Hcnonb3ys npuseneHHble Boie Gopmyisl (3.8)-(3.10) u cocTaBieHHbIe
0 HHUM MPOTPaMMBbl, PACCMOTPUM HMIYJIbCHOE BO30YyXKJICHHE BOJH B
OIHOPOIHOM TPEXMEPHOM OJOKe TBEpHOro Tema pasmepoM 10x10x10
(puc. 3.21.). UcTounuk 3amaeTcsi HAYaJbHBIM 3HAUY€HHUEM CKOpOCTH V=120
M/c B TOPU30HTAJILHOM HarpaBiieHuu (ocb OX) Ui YaCTHILIbL, PACIIONOKEHHOM
B 1ieHTpe Onoka. Ilapamerpst Jlame cpenwt A=4[11Tla, u=21lla, ee MIOTHOCTb

3
p=2600 ke/m’, COOTBETCTBEHHO, CKOPOCTh MPOJOIbHBIX U MONEPEYHBIX BOJIH

Puc. 3.21 «Pe3koe» B0o30ykaeHue BojH B LeHTpe 10-Tu meTrpoBoro kyba: 1 —
MPOAOJIbHAS BOJIHA, 2 — MONEPEeYHast BOJIHA, 3 —BOJIHBI B 00JIACTH UCTOYHUKA, 4
— KpecTtooOpa3Hasi AMarpaMMa HaIlpaBJIEHHOCTU. bojee TeMHBIM OTTEHKOM
3a/laHbl OOJIbLINE 3HAYEHHUS KMHETHUYECKON sHepruu yactul Moaenu. CeueHue

rnocepeauHe Moaenu npu Z=0.
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V,=1754m/c m Vy=877m/c. 1IpoCTpaHCTBEHHBIM IIAr JMCKPETU3AlMU PAaBEH

ap=0.1m, BpemeHnHoit mar paBeH 7=0.0000Ic. W300paxkeHne Ha PHUCYHKE
COOTBETCTBYET /94-My BpEMEHHOMY LIArYy.

W3 pucyHka BHAHO, 4TO BO30YyKJaeMoe€ TMOJIe UMEET C]epuuecKuii
nepenHuid GPOHT JUIsl MPOJOJBHBIX BOMH | U KpecTooOpa3Hylo auarpammy
HarpaBieHHOCTH 4. 3agHuil (GpPOHT BOJIHBI OTCYTCTBYET U BMECTO ATOrO B
LEHTpe KyOa MMeeT MecTO Hambosiee MHTEHCHBHOE BO30yxkaeHue 3. JlnuHa
BOJIHBI TIOpsiAKa [ M, YTO COOTBETCTBYET JOCTATOYHO BBICOKOYACTOTHOMY
curHainy (okoso 4kri). Takoe pacrpeneneHre BOJTHOBOIO IMOJIA OObSICHIETCS
CHJIbHBIM BO30YJICHUEM COOCTBEHHBIX KOJI€OaHUI PELIETKH YacTul] (aHajiora
(hOHOHOB B KPHUCTAUIMYECKON pEIIeTKE) U MHTCHCUBHBIM JTU((Y3UOHHBIM
Nepen3IyueHUeM BOJIH B OOpaTHOM HalpaBJICHUH.

B TO ke Bpems yacToTa MOJEIMPYEMOI'0 CUTHAIA CIMIIKOM BBICOKas,
M0 CPABHEHUIO C YACTOTAMH, PETHCTPUPYEMBIMU B PEAJbHOM 3KCIIEPUMEHTE
(nopsinxka 3000y [314]). Takoe 3Haue€HUE YAaCTOTHI CBSI3aHO C PE3KOCTHIO
BKJIFOUCHUS BHEIIHEH CHIIbI, KOTOpas, (HaKTHUECKH MpPeACTaBisieT co0oi o-
uMIyJec. BcenencTtBue 3TOro HMHTEHCHBHO BO30YXKIAIOTCS COOCTBEHHBIE
KoueOaHusl OTHENbHBIX CBSA3E€H, KOTOpbIE HKMEIOT YacTOTy  IOpsJIKa

f=V /a,~1Tkly u f=V /a,~8kly. 1lpn miIaBHOM BKJIIOUYCHUU BHEIIHCH
P 0 14 s 0 14 p

CWJIBI, ICWCTBYIOILLEH B HAIIpaBJICHUU X, IO 3aKOHY
V=V Sin(znfot) (3.11)
Ha BpEMEHHOM uHTepBane 7=1/f) npu 3Hauenuu fy=770 [y BICOKOYaCTOTHBIE
KosiebaHusl BO30Y>KIAlOTCSl B MEHbILIEH CTENEHH, a BOJHOBAs KapTHHA MMEET
Oosee perysipHbiid xapakrep (puc. 3. 22). Ha Hell 4eTKo BUIHBI MPOIOJIbHBIC
BOJIHBI (p Tumna) 1, umeronye MakCUMyM B HaIlpaBJICHUW JEHCTBUS CHIIBI, U
MOTIEPEYHbIE BOJIHBI (s TUMNA) 2, UMEIOIIUE MAaKCUMYM B MEPHEHAUKYISIPHOM
HaIlpaBJICHUH.
[IpocTpancTBEHHAs pa3BepTKa CKOPOCTEN YacTHI] BAOJIb HAaNpaBJIeHus X
Mozenu Ha puc. 3.22 npusenena Ha puc. 3. 23. [Ipoduinb npogoabHON BOJHBI

(BomHa 1, puc. 3.23) coxpanui ¢popMy BHEIIHETO BO3IEHCTBUS, TO €CTh UMEET
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dbopMy ABYXIEPUOTHOM CHHYCOWJIBI C JUIMHOW BOJIHBI MPUOIU3UTEIHHO

paBHoit /.7 m. Ilpodunp mnomepeuHoil BoiHbI (BosHAa 2) uMeeT (opmy
KOPOTKOBOJTHOBOT'O CUTHAJIa C JJIMHON BOJHBI nopsaka IM. COOTBETCTBEHHO,
YacTOThl 3TUX BOJH mopsaaka lk[, 4To B 000OMX Cilydasx OTJIMYACTCS OT
4acTOTHI BHENITHEr0 Bo3AeucTBus 770 ['y.

Ha nonHol npocTpaHCTBEHHO-BPEMEHHOM pa3BepTKE MOKHO BBIJCIUTh
npoaonbHble (1) u nonepeunsie (2) BonHbl (puc. 3.24). He B3upas Ha TO, 4TO
X-HampaBiieHHE Ui TONEPEeYHOM BOJHBI SBIISETCS HEOJArOnpUATHBIM II0
IMarpaMMme HamnpaBiIeHHOCTH, BOJM3M HMCTOYHHMKA OHAa HMEET JOCTaTOYHO
OOJBIIYIO aMIUIUTYAY, U TOJBKO MPHU HEKOTOPOM YAAJCHUHM Mopslka 2 -3M

34TyXacT.

Puc. 3.22 «[1naBHoe» B0O30ykaeHHE BOIH B IeHTpe 15-Tu MeTpoBoro kyoa: 1
— IIPOJIOJIbHASL BOJIHA, 2 — TOTNIepEYHast BOJIHA, 3 —BOJIHBI B 00JIACTH UCTOYHUKA.

Ceuenue nocepeune Mozenu npu Z=0.

Oynkuuto tuna (3.11) (dyHKIUS HCTOYHMKA) YacTO MCIOJb3YeT B
YHUCJICHHBIX pacyeTax BOJHOBBIX MOJIEH KOHEYHO -pa3HOCTHBIMU METOJIaMU

[314]. OHa ob6nagaeT CyIIeCTBEHHBIM HEA0CTaTKOM, KOTOPBIN 3aKJIIOYaeTCs B
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KCCTKOM 3aJaHMKU BHCIIHCTO BO3I[CI>1CTBPI$I Ha HU3y4YaCMyIO0 CHUCTCMY. B

peaﬂbHOﬁ cCuTyaliukn MMECT MCECTO 0oJiee CIOKHBIE BSaHMOHeﬁCTBHH, B TOM

YUCJIC Pa3pyHICHHUEC MaTCprajida B MECCTC KOHTAKTA U PC30HAHCHBIC ABJICHUS Ha

Puc. 3.23 IIpoctpaHcTBEeHHas pa3BEepTKAa CKOPOCTEN YACTHUIL OT LEHTPaA MOJEIIH
B X HampaByieHUH, a — X-KOMIIOHEHTa, 0 — Y-KOMIIOHEHTa CKOpOCTH; |- BoJIHA

p TUIIA, 2 — BOJIHA § THUIIA, 3 — 0CcTaTOYHBIE BOJIHBI B 00J1aCTH MCTOYHUKA .

X, m

e
—]
Y

0 1 2 3 4

Puc. 3.24 [IpocTpaHCTBEHHO -BpEMEHHAs pa3BepTKa X KOMIIOHEHTHI CKOPOCTEN
YacTUll BJOJIb HampaBieHus ocu X cHUCTeMbl KoopauHaT (cMm. puc. 3.22) ¢
MONPaBKOI HAa TEOMETPUUECKOE PaCXOXKJIEHUE N0 3aKoHy [/r; 1 — nmpojaosbHas

BOJIHA, 2— IornepcyYHaA BOJIHA.
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BHYTPCHHUX I'paHUIaX U 0CIa0JIECHHBIX KOHTAKTaX, XapaKTCp KOTOPLIX MOXKCT

MEHATBCS B TEUCHHE Tporiecca BO30YKICHUS YIPYTHX BOJH. B KauecTBe
pUMepa pacCMOTPUM BO30YKICHUE YIPYTHX BOJH B PE3YJIbT aTe COYIapeHUS
IBYX TBEPABIX TEJ, OJHO W3 KOTOPHIX MMEET OTHOCHTEIHLHO MAlyl0 MaccCy
(ucrouHuk), a BTOpoe OoJbIIyt0 Maccy (cpeaa). OcCHOBHBIE OCOOEHHOCTH
TaKOTO B3aMMOJICHCTBUS MOYKHO WCCIICZIOBATh HA TPUMEPE COYIApCHUsS IBYX

TBCPABIX TCJI B paMKax OHHOMepHOfI MOJICIIN.

3.9. Mooenuposanue 6030yaicoeHUs BOIH NpuU COYOApeHUU meepovlx mejl

8 PAMKAX 0OHOMEPHOU MOOeNU

[TosmoskuMm, 9TO TENO MaJIOW MAacChl, COCTOSAIIEE U3 TpeX YacTull (Teno 1
Ha puc.3.25), IBUKETCS CO CKOPOCTHIO V, a Teno OOJBINO MaCChl, COCTOSIIIEE
u3 N gactui (Teno 2 Ha puc. 3.25), nokoutcs. YpaBuenue Jlame (3.6) B aToMm

Cllydae YIpOIIaeTcs:

ﬁzux ﬁzux
P-—2=(7¥,-+2H,-)§ , (3.12)

"ot
TO €CTh, MPEACTaBIsIeT COOON BOJHOBOE YpaBHEHHE BOJIH p-Tumna. VHaekc i

MIPUHUMAET 3HaYeHU | uiam 2 1151 COOTBETCTBYIOIIETO TeEA.

V 7
1 E

L:N d 0
Puc. 3.25 Cxema coynapenust AByX TBEPIBIX TeNl: |- HCTOYHUK, 2 — cpena.

KoneuHo-pa3HOCTHBIH aHanor ypaBHeHus (3.12) MOXHO 3amucarbh B

BHUJIC:

J
pAVe JAF A (i i ) (3.13)

T a,
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rac ] — HOMCPp 4YaCTUIIbI, X — KOOpAnHATa €C HICHTpA. Huxnue HHACKCHI AJIA

nmapamMeTpoB Cpc€la 3ACCbh OITYIICHBI. B Takoii moctaHOBKe o00a Tea
npCACTABIIAOT coboit HOCTIOYKKU YaCTUll, CBA3AHHBIC BHYTPHU KaXIOTO0 M3 HHUX
rapMOHHWYCCKUM TIOTCHIHUAJIOM. HPI/I 9TOM 4YaCTHIBI TCJIa I m 2 pu
JIOCTATOYHOM  CONVOKEHMH — TaKKe  B3aMMOJEHCTBYIOT — MEXIy  Co0oii
MMOCPCACTBOM IMOTCHIHAJIA TOT'O KC THIIA. I[.HH Ka)KZIOﬁ HYaCTHUIbI aHAJIOTHYHO
(39) MOXHO BBCCTH B3aMMHBIC KOOPAWHATBI €€ CBA3M C COCCAHHUMH
JaCTUIaMu TaKuc, 4TO B COCTOSAHNHN PABHOBCCUA OHU 6YZIYT PaBHBI HYIITO.
X =x"-x'~a,

. i1 . 3
X/ =x""=x" +aq,

(3.14)

Torna ypasuenue (3.13) 6ynet umets Buj (cpaBau ¢ (3.10)):
AV =1, +2p)(x! + X7 ) (3.15)
3nech t,, =1/pa; —dhHEKTHBHBIIT AT 10 BPEMEHH.

CootB CTCTBCHHO, IIOTCHIMAJIbHAsA OHCPIUA MCIKIY COCCIHUMMU

qaCTHuLaMM .

U3"=(X+2u)@, Uljz(kJrZu)&lsz (3.16)

3.9.1. Bo36yacoenue ynpyeux 6011 8 becCmpyKmypHOU cpede

Utak, nycts ucrounuk (teno 1) u cpena (Teno 2) mpecTaBisitoT co00i
TPEXaTOMHYI0 W MHOTOAaTOMHYIO I1ernouku. (COOTBETCTBEHHO, YIpPyrue
napamMeTpbl UCTOUYHHUKA U €r0 IUIOTHOCTh B 0a30BOM JKCIEPUMEHTE pPABHBI:
Ai=u;=20 I'lla v p;=2600 Kke/m’ , OTKy/la 3Ha4€HHEe CKOPOCTU BOJHEI V),;=4804
m/c. s cpeapl 3TH mapamMeTpbl UMEIOT 3HadYeHUst: A,=u,=20.8 I'lla, p,=2600
ke/m’ u V,2=4900 m/c. B HavalbHOM COCTOSHMM YHIpyras MHOTOAaTOMHas
[[EMOYKa TMOKOUTCS, a TPEXaTOMHAasl JIBUXKETCSA IO HANpaBJICHUIO K HEH co
ckopoctbio 20 wm/c. B pe3ynbraTe COylnapeHHs B MHOTOATOMHOW LIENOYKE

BO30YyXJat0Tcsl ynpyrue BodHbI (puc. 3.26). IIpocTpaHCTBEHHBIN MPOQPUIH
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BOJIHBI TIPEJICTABIISIET COOON MHTEHCUBHBINA OHO(pA3HBIA UMITYJILC B TOJIOBHOM

YacTh BOJIHOBOro rmpouecca (puc. 3.26a). Eciu npuHAT NPOTSHKEHHOCTD
HMITyJIbCa 3a MOJYTIEPHO/I, TO JJIMHA BOJIHBI A OyneT nopsiaka 2 m (HarlOMHUM,
YTO PACCTOSTHUE MEXAY COCEIHMMHU 4YaCTHUIIAMM Ha PHUCYHKE pPaBHO
MPOCTPaHCTBEHHOMY mIary auckperuzanuu 0.1 m). UMnynbe conpoBoxaaeTCs
MPOTSKEHHBIM XBOCTOM KOPOTKHUX BOJH C JUIMHOW BOJHBI nopsiaka (.4-0.6m.
OHU BO3HUKIIM B PE3yJIbTaTe BO30YXKICHUS COOCTBEHHBIX MO TUCKPETHOU
LETIOYKH KaK CIEJICTBUE PE3KOTO “BKIIOYCHUS  BHEIIHEW CHJIBI TIPU
COyJIlape€HUU. DTO BHJHO TaKXe M3 TOr0, YTO YaCTHUIIbl “UCTOYHUKA BOJH

(dparment 3 Ha puc. 3.26a) nociie coyaapeHus KoJeOIoTCs B pa3HbIX (aszax.

2

a — s S

3 5 F7 il
6 i

Ll '.\nnil “ H\| |||| X’M
T T Ls

V, M/c

i‘ 2000 3000 4000
t, OTCUETOB

Puc. 3.26 Bo30yxneHue ynpyrux BOJH MPHU KECTKOM COYIapEeHUU UCTOYHUKA
CO Cpeloil: a — MPOCTPAHCTBEHHBIM NpO(UIb BOJHBL, O — BpPEMEHHBIE
pa3BepTKHU BOJIH. 31ech | — OCHOBHasl BOJIHA, 2 — «XBOCTBD» KojeOaHwuii, 3 —
Kojie0aHus B UCTOYHUKE, 3aITUCU BOJIH HA paccTtosHuax 4 — 0.8M, 5 — 5 m, 6 —

10m,7— 15 mu 8 — 20 m. Bpemennoit mar 7=0.000004 c [312].

Ha BpemMeHHBIX pa3BepTKax MPOCMATPUBAIOTCA TE€ K€ CTaJAUH, HO
clleyroue B 00paTHOM 3epKajbHOM nopsiake. Yacrora konebaHuil 4acTull B
TOJIOBHOM 4YacTW BONHBI paBHA f=V),/A=2.45 kly, 9TO 3HAYUTEIBHO BBILIE
YacTOT KOJICOAHUM PETUCTPUPYEMBIX HKCIEPUMEHTAT bHO B  peajbHBIX
ycnoBusax (100-300 [y). Yactota kojeOGaHM XBOCTOBOM 4YacTH BOJIHOBOTO

Trpoiiecca emie Bole — nopsaka 8-12 xly.
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HpI/I‘-II/IHa HCCOOTBCTCTBU A 3aKIHOYACTCS B TOM, UTO KCCTKOCTHb CBA3U MCIKIY

YacTUIIAMH, TPUHAIICKAITUMHU Pa3HBIM TBEPJBIM TejlaM, BIOpaHA TaKOH JKe,
KaK JKECTKOCTh CBSI3M MEXIy BHYTPEHHHMH YacTHUIlaMH. B TO ke Bpems,
OoJbIlIasi BEJIMYMHA KECTKOCTH CBSI3CH MEXKIy YacTHUI[AMH BHYTPU TBEPIOTO
Tena OOyCIIOBIIEHA WACATbHBIM KOHTAaKTOM MEXKAY HHMH Ha aTOMapHOM
ypoBHe. [lpu coymapeHuu TBepAbIX TeNl U3 -32 HEU30€KHOM IIEPOXOBATOCTH
MOBEPXHOCTH KOHTAKTa MaKPOCKOTIMUYECKUE YaCTHUIIBI HE MOTYT UMETh TaKOTO
UICATBHOTO KOHTakTa. [109TOMYy B3aMMOAEWCTBUS YacTHUI, MPHHAIICKAIINX
pa3HbIM TBEpABIM TEJNaM, Ha TpaHUIIC KOHTAKTa CJCIyeT ONKCHIBATH
3HAYUTEIHHO 00JIee HU3KUMU 3HAYCHHUSIMH YIIPYTUX IMOCTOSIHHBIX, YeM B HYTPH
TBEPBIX TEIL.

YMeHbIIIeHHEe YIPYTHX MOCTOSIHHBIX B 30HE KOHTakta B /00 pa3 npu
BCEX MPOYMX OJMHAKOBBIX TMapaMeTpax 3aJaydl IO3BOJUIIO TOJHOCTHIO
n30aBUTHCS OT BBICOKOYACTOTHBIX COOCTBEHHBIX KOJICOAHUH 3JICMEHTAPHBIX
cBszeld Mexay uvactunamu (Puc. 3.27), o yeM CBHIETENbCTBYET OTCYTCTBHE
BBICOKOYACTOTHOTO «XBOCTa» (BOJHBI 2 Ha puc. 3.26). Kpome Toro, m3-3a
YBEJIIMYCHUS BPEMCHHM KOHTAKTa IIMPHHA OCHOBHOW BOJIHBI YBEJIMYMIACHh B
HECKOJIbKO pa3, U JJMHA BOJHBI cTasia paBHOM /0.8 m (BomHbI 1 Ha puc. 3.26a,
6 u puc. 3.27a, 6).

JIBYDKEHHE YacTUI] B «UCTOYHHUKE» TOCIe coyaapeHus (pparmeHT 3 Ha
puc.3.27a) crajo ©Ooiee COINIACOBAaHHBIM (CpaBHM C aHAJOTUYHBIM
(dbparmenToM Ha puc. 3.26a). Yactora kojiebaHHi YaCTUIl B OCHOBHOI IIEMOYKE
Tenepy paBHa f=V,)/A=454 [y, 410 yXK€ 3HAYNTEIBHO ONMKE K 4acToTaMm,
HaOJTI0JTAC MBIM B pEaIbHBIX YCIOBHUSAX. Y MCHBIIIMB MOYJIA YIIPYTOCTH B MECTE
KOHTAKTa COYJApsIIOIIMUXCS TBEPAbIX TN eule 0oiblie, Harpumep, B 1000 pa3

HOJIyYHMM JUIMHY BOJIHBI, PaBHYIO 32, @ yacToty f=V,»/A=150 I'y (puc. 3.28).
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Puc. 3.27 Bo3OyxneHue ynpyrux BOJH HpHU cJIaboM “pa3pylieHun’: a —
MPOCTPAHCTBEHHBIM NpPO(UIb BOJHBL, O — BpPEMEHHBIE pa3BEPTKU BOJIH.

[TapameTpsl T€ e, uTo u 11 puc. 3.26 [312].

Takum 00pa3oMm, KauecTBO KOHTaKTa MpPHU COYAAPEHUHU TBEPABIX TeI
SIBJISICTCS YIIPABJISAIONIUM MTapaMETPOM, PETYIUPYIOIIUM JJIMHY BO30YKIaeMOi
BOJHBI, U YACTOTY KoJIeOAaHUN dYacTUI] B JTOW BoJHE. ITOT 3(Pdekt
JIOCTUTAETCSl B PE3yJIbTaTe pPEalbHOrO B3aUMOJCUCTBUS TBEPHABIX Tel, 0e3
MPUBJICUCHUS TOHATUS “DYHKIMM HCTOYHHMKA’, KOTOpass HE YYUTHIBACT
0o0paTHOTO BO3JICUCTBUSI Cpe/ibl HA UICTOYHUK yNpyTux kosed anuit. biarogaps
ATOMY OOCTOSITEIBCTBY CTAHOBUTCS BO3MOXHBIM, €CTECTBCHHBIM 00pa3oM,
onucath pe3oHaHCHBIC 3(PPEKTH MpU BO3OYNKICHUM BOJH U BO3HUKHOBEHHE

MHOI‘O(I)BSHBIX OCIIWIJUIMPYIOIIUX BOJIH.

2 g oo

0 2000 3000 4000
t, OTCYETOB

Puc. 3.28 Bo30yxxaeHue ynpyrux BOJIH IPU CUIBHOM ‘‘pa3pylIeHHH’: a —
MPOCTPAHCTBEHHBIH NpO(UIb BOJHBL, O — BpPEMEHHBIE pa3BEPTKU BOJIH.

OcranbHble TapaMeTPhl TAKUE K€, YTO U A puc. 3.26 [312].
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3.9.2. Bo36yascoeHue mMHo2copazHvlx 80JIH

OTMeTHM, 4YTO B PAaCCMOTPEHHBIX BBIIIE MPUMEPAX BOJHBI HMENH
onHo(a3Hbli npoduas (MOJAIUHBL BOJHBI), KOTOPBIA HE MEHSETCS Npu
pacnpocTpaHeHuu. JIMCIIEPCUOHHOE YIIMPEHUE, CBSA3aHHOE C BIUSHUEM
JMCKPETHOCTU MOJENU, MPAKTHYECKH, OTCYTCTBYET, M MO O3TOW NpUUYUHE
MHorogasHasi BoJHa Tak)Ke HE MOKET o0pa3oBaThcs. B To ke Bpems, Jake Ha
HEOOJIBIIUX PACCTOSHUAX MPH BO30YXKJIEHUM BOJIH HCTOYHHUKOM YJIAPHOTO
TAIIAa BO BCEX OKCIEPUMEHTaX BO3HHMKAIOT HWMEHHO MHOrodasHble
ocuwutupytoiue BoJHbl [314]. O6bsacHeHne 3Toro (peHoMeHa TOJIbKO 3a CUeT
UHTEp(EPEHLIMH MHOTOKPAaTHO OTPAKEHHBIX OT PEryJISIPHBIX TIPaHUIl BOJH
ABIIIETCS HEYOEIUTENbHBIM TaK, Kak Ha TaKUX paccT OSHUSX OHU
chopmupoBaThcs He ycneBatoT [ 171].

B 10 ke Bpemsi, Takue BOJIHBI MOTYT C(hOPMUPOBATHCS NMPU HAIWYUU B
TBEP/AbIX TeNaX PE30HAHCHBIX CTPYKTYPHBIX 3JEMEHTOB, HalpuMep, 30H
ocnabieHHoro kourtakta [315]. PaccMoTpum Mozenb TBEpAOro Tela ¢
rpaHuleil ocaabIeHHOro KOHTAaKTa, pacloj0KEHHOTO Ha pacCTOSHUU 1.7 M OT
Hayvasia mojienu (puc.3.29), ynpyrue Moayiu KOToporo B /() pa3 MeHbIIE, YeM
B ocTaibHOM cpene. To ecth, kKodhPUIMEHT ocnabiieHusi, KaKk OTHOIICHHE
MOJIyJIel YIIPYTOCTH B 30HE OCJIAOJIEHUS Az U [iz, U B OCHOBHOM 00BbEME A U U

paBeH:

k=22 =Mz _qg (3.17)
U

Puc. 3.29 Cxema coynapeHusi TBEpAbIX Tel C OCJIa0JIEHHON 30HOM: 1 -
UCTOYHUK, 2 — cpesa, 3 — ocnabiaeHHas 30Ha. (OTHOILIEHUE YNPYTUX MOJIyJiel

B 30HC OCJIa0JICHUS U B OCHOBHOM O0OBbEMeE TBEPOAOIO TeJ'Ia)
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HPI/I TAKOM PACIIOJIOKCHUHU 30HBI B OTJIMYUC OT PAaHCC PACCMOTPCHHBIX

ciy4daeB (puc. 3.27 u puc. 3.28) ynpyrue BoJHbl UMEIOT MHOTO(Da3Hyt0 Gopmy
(puc. 3.30), a ero cnekTp umeer MakcumMym Ha yactore 2/0 [y. Ux MOxHO
CPaBHUTh C THUIMYHBIMU OKCHEPUMEHTAJIbHBIMU 3alUCAMH, HMEIOIIUE
MHOTro¢a3HbIi ocHMUIUpYIomKid XxapakTtep (cM. puc. 37 B [316], a Takxe puc.
61 Tam xe). Bappupys napamerpbl MOJEIH, @ UMEHHO, CTENIEHb OCIA0JICHUs B
UCTOYHMKE W B 30HaX KOHTAKTOB, TMOJIOXEHUS TPaHMI] OCJIA0JIEHHBIX
KOHTAaKTOB U CJIO€B, a TaKK€ BEIMYMHBI YIOPYTMX MOJYyJIeH, MOXKHO
NEPEeKPbITh, NPAKTUUYECKH, BECh JMANa30H CUTHAJIOB, HAOIIOJAEMBIX B

PCAJILHOM SKCIICPUMCHTC.

vV, m/c

0 0.005 0.01 0.015 0.02

Puc. 3.30 MuorodasHnast BojiHa B cpefie ¢ ocliablieHHbIM ciioeM [3 12].

Ha sTtoM mpumepe MOXHO MPOBEPUTH MPEUMYIIECTBO, KOTOPOE AAET
MOJENIMpOBaHue BO30YXKJACHHUS BOJH B paMKax pealbHOro (U3MYECKOro
Mporecca COyAapeHus JIBYX TBEPABIX TEJl MO CPAaBHEHUIO C HUCIOJIb30BAHUEM
¢bynkuuu uctounuka tumna (3.11). [ 3TOro Ba)KHO BBIICHUTH HACKOJIBKO
OTpakeHHbIC OT 30HBI ociabieHust 3 (puc. 3.29) BOJHBI MOTYT MOBJIMSTH Ha
XapakTep COyJapeHusl ABYX TBEPAbIX TeJl, HACKO JHKO MOTYT U3MEHUTH OOIIYIO
nepegaBaeMyr0 nOpu coyaapeHuu sHeprutro. Ha puc. 3.31 npuBeneHbl
pEe3yABTAThl TAKOT'O KOMITBIOTEPHOTO SKCIEPUMEHTA.

Havanbnast ckopocth TBepmoro tenma 1 (cMm. puc. 3.29) 3amaBanach

paBHOU 25m/c. Tlocne coynapeHusi ¢ OeCCTPYKTYpHBIM TBEPABIM TEJIOM 2,
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(ko3 puumeHT ocnabieHuss GopMaTIbHO pPaBeH €IMHUIIE) CKOPOCTh TBEPAOIO

tena 1 nmpu orckoke cocrasisier 20.6 m/c. Jloas nepeJaHHON NP COydapeHUH
KUHETUYECKOH 3Hepruu OyJeT MpUOIU3UTENIBHO MPONOPLUUOHATIbHA BEIMYMHE
~25°-20°=225. Cxopocts 20.6M/c B JaHHOM TpUMepe  SBISETCS
aCUMIITOTHYECKOM [l TBEpAOro TeJda C PpPEeIbHbIM CTPYKTYPHBIM
ocnabiieHreM, KOTa 30Ha yAalsieTcsl Ha 00JIbIIoe pacCTOsIHUE (TIpaBble KOHIIbI

KpuBBIX 1, 2, 4 Ha puc. 3.31 npu 601b1KX 3HaYEHUX d).

25

d, m

Puc. 3.31 3aBUCMMOCTB CKOPOCTH OTCKOKa TBEPAOTrO TEJIA B 3aB UICUMOCTH OT

pPacCTOsAHUA 1O BHYTPCHHeﬁ I'paHUIbI ocia0IeHHs JJIs1 BCJIMYUHBI ociabJieHus

1 — k=0.005; 2, 3 — k,=0.001; 4 — k=0.

N3 pucynka BHIHO, 4TO TpH JIIOOOM PACTIOJIOKEHUU TPAHUIBI U TPU
m000M cTeneHn ocialleHus CKOPOCTh OTCKOKa TBEpAOro Tena 1 Bcerna
MEHbIIIE, YeM CKOPOCTh OTCKOKA B CiIy4ae OECCTPYKTYpPHOIO TBEpJOro Teina 2.
Takum 00pa3om, oTpakeHHasi OT OcJia0JieHHsI 3 BOJIHA YBEIUYHMBAET BpeMs
COyJapeHusi JBYX TBEpIbIX TEJl, B pE3yJbTaTe uero OoJbIlas DHEPrus
ycHeBaeT mepenaThesi OT TBepaoro Tena 1 tBepaomy Teny 2. Hampume p, npu
pacmnoyiokeHUH 30HbI ocinabnenus 3 Ha pacctosaun /0 m B cnydae k,=0.001

CKOPOCTh OTCKOKa paBHA MPHOIM3UTENBbHO 15 wm/c. Torma nonsi mepenaHHOU
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SHepruu Oyaer paBHa 25°—157°=350. Tlo cpaBHEHHEM CcO CIydaeMm

OECCTPYKTYpHOTO Tejia 3Ta jaojist Oyner Oonbuiedt B 1.55 pasa. B apyrux
CIIydasix 3Ta J0JIsI MOKET ObITh ellle OOobILeH.

W3 mnpuBeAEHHBIX pPACUYETOB CJEIYeT, YTO OTpPaKEHHAas OT 30HBI
ocna0seHns BOJIHA HE NMPUBOJAUT K JONOJHUTEILHOMY OTTAJIKMBAaHUIO Tena 1,
a, HaoOOPOT, YMEHBIIAET CTENEHb TAaKOro OTTaJKWBaHUA. W3BeCTHO, 4TO
KO3 (ULMEHT OTpakeHUsl yNpyroil BOJHBI OT CBOOOJHOW TpaHULIbI paBeH —/
[171]. 30Ha ocnabiieHusi UMEET OTPHULATENbHBIN KOI()PUIHUEHT (110 MOIYIIO
MEHBbIINKA eauHUIBI). BoilHa cxatusg oOTpa3uTrcs OT Hee, KaK BOJHA
pacTsKeHHUs, U, IPUS B TOUKY BO30YKJIEHUS, YMEHBIIUT CHITy OTTAJIKUBAHUS
JUIst TBEpI0TO Tena 1.

Takum oOpazom, ompenenss 3KCIEPUMEHTAILHO CTENEHb OCHabIeHUs
Ha KOHTAKT€ COYAAPSIOLIMXCS TNl MOKHO JTIOOUTHCS XOPOIIETO COOTBETCTBUS
YaCTOTHOI'O JMAara3oHa BOJIH, MTOJyYaeMbIX B KOMIIbBIOTEPHOM SKCIIEPUMEHTE U
HaOmoaemMbix peanbHo. [Ipu  peasibHOM BO30YXACHUM YIPYTHMX BOJIH
OOJIBIIYIO POJIb MOTYT UTPaTh CTPYKTYpPHBIE OCIAOJIEHMSI, PACIIONOKEHHbIE Ha
PACCTOSIHUSIX TIOPSIZIKA JJIMHBI BOJHBI, YTO HE YUYUTHIBAIOT TPATUIIMOHHBIC
crocoObl, MCMOJb3YIOMIKUE TNpeAcTaBleHUs] (YyHKUUM HCTOYHUKA. Jlois
TIepeIaHHON TPU COYJAPEHUM SHEPTHUU 3a CUET TakuX d(PQeK TOB MOXKET OBbITh

00JIBIIICH B HECKOJIBKO pa3, YeM I10 OIIEHKaM MPH YIIPOIIEHHOM TOJIXO/IE.

3.10. Kpamxkue 6160061

B nmanHOM paszgene IpeAcTaBICHBl  PE3ybTaThbl  KOMIIBIOTEPHBIX
AKCIIEpUMEHTOB Ha 2D u 3D monensx kpuctautoB [ [{K u I'TI1YV cTpyKTypBI.
1. MeromamMyu MOJIEKYJISIPHOW IUHAMUKHU HOJIYYeHbl JUCIOKALUU C
IIUPOKUMU U y3KUMH JUCIOKALMOHHBIMHU  sIpaMH, COCYILIECTBYIOLIUE
OJHOBPEMEHHO M CHOCOOHBIE M3MEHSTh CBOE COCTOSHHME B IIpolecce

neopmupoBanus. CMEHa COCTOSHUH siiep TPEAONPEACTISICT HeMmpusUaibHyo
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JANHAMUKY ZII/ICJIOKaI_II/Iﬁ, B PEC3yJbTaTC 4YCrO0 OHU 06Hap YXKUBAKOT 3JICMCHTBI

CJI0kHOTO0 noBeeHus. [lokaszano, 4ro:

® OTHOCHUTEIBHO BBICOKAsl YCTOMYMBOCTh «HEPABHOBECHBIX» T'PAHMIL
HAaHO3epEeH MOXeT OBbITh CBsi3aHA C HAJIMYUEM B HUX COCTaBe
MAaJIOMIOABUKHBIX JUCIOKAIUI C Y3KUMH JUCIOKAMOHHBIMU SIIPAMU;

® [IPEIJIOKEHHAsI CXeMa KOMIIBIOTEPHOIO  JKCIEPUMEHTA  BIIOJHE
aJIeKBaTHO ~ MOXET  omucath  AepopMalvio  [IEpPOXOBATOCTEU
HAaHOCKONIMYECKOro MacuTada peaabHbIX OOBEKTOB, HANpUMeEp, Ha
I'PaHUIIE KOHTAKTA KEJIE3HOJAOPOKHBIX PENIBC KOJIECAMU JJOKOMOTHUBA.

2. Ha 2D mopensax MeToAOM MOJEKYJISIPHOU IWHAMUKU OOHAPYIHCEHO
SBJICHUE IMHAMUYECKOT0 BO3BpaTa JAUCIOKALUN B 001aCTh MHACHTOPA.

3. BmnepBble MeTOmamMM MOJEKYJISPHOM JuHaAMUKA Ha 2D u 3D
pelleTKaxX 6bloeeHbl PABHOBECHAsl (BBICOKOYACTOTHAs) M HEPAaBHOBECHAs
(HM3KOYaCTOTHAs1) MOJICUCTEMbl B TEIJIOBOM JBHM)KEHUH, BO3HUKAIOIIUE 32
CYeT JUHAMMYECKUX IEPEXOAHBIX MPOLECCOB NPHU I€HEpAaUWU AUCIOKALWNA B
IIPOLIECCE MHTEHCUBHOTO BHEIIHETO BO3ercTBU. [ 3TOrO0:

e ocylecTBiIeHa LUppoBass (GUIbTpalMs 3aIUCH CKOPOCTH JABMKECHUS
IIPOU3BOJIBHOM YAaCTHUIBI, M BBIJEIEH HHU3KOYACTOTHBIM CHUTHAaJ,
CBA3aHHBIM C  aKyCTUYECKOM OSMHUCCHEW TIpM  BO3HHUKH OBEHUU
JIUCIIOKAIIN;

® BBIYKCIEH AaMIUIMTYJHBIM CHEKTp HHU3KOYAaCTOTHOM M PAa3HOCTHOMU
3aIMCH JIBU)KEHUS YaCTHULbI,

® ONpEIENECHBl  TEMIEPATypHbIE  XapPaKTEPUCTHUKU  OTAEIBHO  JUIA
PaBHOBECHOM Y HEPABHOBECHOM IOJICUCTEMBI.

[loka3aHo, YTO MEXaHU3M pEJAKCALIMM HEPABHOBECHOM ITOJCHCTEMBI M
MIPOU3BOCTBO SHTPONHUU MOTYT OBITh CBSI3aHBI C 3aTYXaHUEM HU3KOYaCTOTHOU
HEPaBHOBECHOW  KOMIIOHEHTHI  TEIUIOBOTO  JBWXKEHUS B  PeE3yJIbTare
HEJIMHEMHOTO B3aMMOJICMCTBHUS C PAaBHOBECHBIMH  BBICOKOYACTOTHBIMU

KOJICOAHUSIMU.
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4, OCYH_ICCTBJ'ICH KOMHBIOTCPHBIﬁ OKCIICPUMCHT TII0 PaACTSKCHHUIO

CUCTEMBI, COCTABJICHHON M3 MEPUOJUYECKH COWICHEHHBIX HaHOKPUCTAIUTOB
C B3aUMHO OPTOTOHAJIBHO OPUEHTUPOBAHHBIMU OCSIMU CHUMMETPUH, U
MOJIy4€HA CTPYKTypa OJIU3Kas UAeaIbHONW CTPYKTYPE KPUCTAJUIMUECKUX YCOB.
5. Pa3paboman HOBBII METOJI MAaKPOCKOTMYECKUX YAaCTHUI[ U Ha €ro
OCHOBE H3YYEHO BIMSHUE CTPYKTYPHBIX oOcjabjieHuil Ha BO30YyXJICHUE
YOPYTUX BOJH MPU cOyTapeHun TBepbix Ten. Ilokazano, 4ro:
® U3MEHSS YpPOBEHb OCJIA0JCHUSI CBS3€H Ha TPaHUIE KOHTAKTa MEXKIY
COYZapSAIOIIUMUCS TeJIaMH, MOXKHO PEryJIMpOBaTh YACTOTHBIN JUana3oH
BO30YXIa€MbIX BOJIH;
e [pupoja MHOro(a3HbIX OCIWUIMPYIOIIUX CHUTHAJIOB MOXET OBITh
CBs3aHa C PE30HAHCHOM KojebaTeIbHOM CcucTeM oif, 00pa30BaHHOM
BHYTPCHHUMH CTPYKTYPHBIMU OCJIa0JICHUSIMU B 0o0Jiee MacCCUBHOM

TBCPAOM TCJIC.
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PA3JIE 4
KUHETUKA CTPYKTYPHBIX JE®EKTOB B METAJIJIAX

B npenpiaymux pazzaenax BOMPOCH MEPECTPOUKU CTPYKTYpPhI TBEPAOTO
Tena ObLUTM PACCMOTPEHBI C MO3UIMI MOJEIUPOBAHUS YKa3aHHBIX MPOIECCOB
METOJ/IOM YacTHI] Ha aTOMapHOM M MakKpockomuueckoM ypoBHe. [lomyueHHbIe
TaM pe3yJbTaThl JAJId OCHOBAHUS ISl pa3pabOTK U HEKOTOPHIX aHATTUTUYECKUX
00001IeHN: C TO3UIUH HEPaBHOBECHOW KHHETUKH, KOTOpbIE OyIyT
paccMOTpeHbl B CIENYIOIMX JBYX pasjaenax. B stom pasnene Ha 0Oaze
CTaTUCTHUYECKUX METOJOB M HEPABHOBECHON TEPMOJIUHAMUKH PACCMOTPEH
clenyronuii 6o1ee MaclITaOHBI YPOBEHbh MHHUMAIHCTH YECKHX MOJEIIEH,
MoJIy4eHa HoBasi popMa KMHETUYECKMX YPAaBHEHHM UM Ha MX OCHOBE M3y4eHA
KMHETHKA TaKuX Je(EeKTOB TBEpPJOro Teja, KaK BaKaHCHM, JUCIOKAIUU U

TPaHUIIBI 3€PEH.

4.1. Hepasnosecnas kunemuka 6aKaHcuti

HOCKOJ’IBKY BaKaHCHHU SBJIAIOTCS HauOoee «MEIKHMY CTPYK TYpHBIM
ZIC(I)CKTOM, (I)aKTI/I‘-IeCKI/I, 4ATOMAapHOTro MacmTa6a, " IMOCKOJIBKY JIAA 3TOI'0O BUIA
ZIC(I)CKTB. XOopomo pPa3BUTBI CTATUCTUYCCKUC MCTOAbI OIMMCAaHUA, TO
NpCACTABIICT UHTCPEC PACCMOTPECTL B IICPBYHO OYCPCIAb KUHCTUKY HMCHHO

storo nedexra [301, 317, 318].

4.1.1. Cmamucmuueckuti 661600 KUHEMUYECKUX Y PABHEHUL 8 MEPMUHAX

CB0000HOU U BHYMPEHHEL dHepeUU

N3 kypca cratuctudeckoit (U3UKU XOPOIIIO U3BECTHO, YTO PABHOBECHOE
COCTOSIHME JiJIsi OOJBIIMX CHUCTEM COBMAJaeT C Haubojiee BEPOSATHBIM

MAaKpOCKOMUYECKUM COCTOSIHUEM CHUCTEMBI [2 19-222]. DT0 ycnoBue MOXKHO
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BbIPA3UTh, KaK JOCTUKCHUC CHCTEMOM MaKCuMyMa (I)YHKI_II/II/I pacupCacaCHud

BepositHocTH [319,320]:
f)=cw exp(—i—(;)J , 4.1)

rae C — HOpMUPOBOYHAsl KOHCTaHTa, U(n) — BHYTPEHHSsL SHEPTUs, 3aBUCSILAs
OT KOJMWYecTBa BakaHcul n, k — mocrosHHas bonbimana, W —
TEPMOJIMHAMMUYECKAsI BEPOATHOCTH bonbumana [ 7,127,321]:

=) (42)
n.

yepe3 Jiorapu(hM KOTOPOH BhIpaxkaeTcsi KOHPHUTYpaI[HOHHAS SHTPOITHS

S =klnw. (4.3)
3nech N — KOJMYECTBO Y3JIOB PEHICTKH 3aHATHIX aToMaMd. OTMETHM cpasy,
YTO KOHGUIYypalMOHHAS OSHTPOMHUSA SBJISIETCS OJHO3HAYHOW  (yHKIHMEH
KOJIMYECTBA BAKAaHCUH M HANPSIMyI0 HE 3aBUCHUT OT JPYIMX IapaMeTpPOB
3aJa4M, B TOM YHCJI€ OT TEMIIEPATyPhI.

[TpeKCIOHeHIIMATBH bl MHOKHTEIb B 4.1) OIMCHIBAET
KOMOWHAIIMOHHYIO, TO €CTh, SHTPONHMUHYI0, YaCTh (DYHKIIUU PacIpeaciIcHHs,
CBSI3aHHYIO C BBIPOXKJICHHEM MAaKPOCOCTOSHUS I0 MHMKPOCOCTOSIHUSM C
JaHHBIM KOJIMYECTBOM BaKaHCHU (CTATHCTHYECKUI BeC). DKCIIOHEHIUATBHBIN
MHOYHUTE/Ib OIMUCHIBACT OIPAHUYMTEIBHYIO YacTh (PYHKIUHM pacrpeiesiCHus,
CBS3aHHYIO C  TPEOJOJICHUEM  TOTCHIMAIBHBIX  0aphepoB  MEXKIY
MHUKPOCOCTOSHHUSIMH.

B kBampaTHuHOM NMPHUONMIKCHUN BBIpaKEHUE JJIsl BHYTPEHHEH SHEPIUU

MOXHO niepenucath B Bujae [301]:
|
U=U0+u0n—5u1n , (4.4)
rae Uy — BHYTpeHHsIsI 2)HEprust 6e3/1e(peKTHOro KpUcTalia, i, i; — HEKOTOphIE

KOHCTaHThL. B JMHENHOM NPUOMMKEHUU TaKOM K€ MOoTeHUuan U =U,+u,n

ob1 BBeneH Openkenem [7, 321]. Kak Bumno wu3 (4.4) B JaHHOM
npubIMKeHuu  rpaduK  BHYTPEHHEM OHEPrud  MPENCTaBIsieT  COOOM

NEPCBCPHYTYIO BepHII/IHOﬁ BBCPX KBaJAPATHYIO Hapa60J1y ¢ MakCMMyMOM B
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HEKOTOpoil Touke (kpuBas 2, puc. 4.1) [3 04]. Takas cuTyanusi ¢ MAKCUMYMOM

BHYTPEHHEH SHEPIUM OYEHb YaCcTO BCTPEUACTCS B (PU3MUYECKUX MPUIIOKCHHSIIX
(cwm., Haripumep, [147-151]).

[TepebpocuB He 3aBUCSIIHUE OT KOJWYECTBA JE(EKTOB 7 BEIUYMHBI B
HECYIIIECTBCHHYIO MOCTOSHHYIO, BbIpakeHue (4.1) MOXHO mepenucaTh B BUJIE

[322]:

2
Un——un
P e ) O B Tl (4.5)
n! kT

Ne HAmax

Puc. 4.1 3aBucumocts KOHPUTYypalmoHHON cBOOOIHOM (1) U BHyTpeHHEeH (2)
SHEPrUM OT YHMClIa BakKaHCUil: 3 — KacaTenpHas K TIpauKy BHYTpPEHHEU
3HEpruu B paBHOBecHOM cocTosinuu [280, 301, 323, 324]. CtpenkamMu yka3aHo

HapaBJICHUC 3BOJIIOLIMN CUCTCMBI K PABHOBCCHOMY COCTOSHUIO.

WJIU B BUJE npousBeaeHus [322]:

1,
n——un

7(n)- cﬂ(n+i)exp _°k—; . 4.6)

Huddepenuupys nociaeaHee COOTHOLICHHUE, TOTYyYUM
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of(n) [ 1 1 1 1 ugmun )\
_C[N+n+ Fot—— T jl:[(n-i-l)exp

on N+n-1 n+2 n+l

1
Ugn——au,

kT

4.7)

WM B 60J1€e KOPOTKOM 3amucu

T[S -5kt @“89)

k 1

r7ie BBEJCHO OoJiee KOpoTKoe o0o3HaueHue [322]:

u=2Y i —un. (4.9)
on

Benuuuna u MMeeT CMBICH 4acTH BHYTPCHHefI OHCPIUn HpHXOZ[}IH.[CﬁCSI
Ha OJHY BAKaHCUIO B TCKYIICM HCPABHOBCCHOM COCTOAHWH, TO CCT b,
(I)aKTI/I‘-IeCKI/I, HMECT CMBICII XUMHNYCCKOI'O ITIOTCHIIMAJIa BAKaHCHUU.

MakcuManbHOE 3HAUCHUE (I)YHKI_II/II/I pacupeaciacHuss MOXKHO HaWTH u3

peICHUA TPAHCHCHACHTHOT'O YPABHCHMUA

N+n n 1

u
L - 4.10
Z:‘k =k kT ( )

N3 TabnuuHbIX 3HAYCHH i YACTUYHBIX CYMM MOXKHO Haiitu [325]:

n

Sl Dtinn+ L, (4.11)

=k 2n
rae D — HekoTopas KOHCTaHTa.
[Moacrasnsist (4.11) B (4.10) mnst ciywass N>>n>>] NONyYUM H3BECTHOE

YPaBHEHHME COCTOSIHUS JJIs1 TBEPAOTO Tena ¢ BakaHcusmu |7, 3211:

n= Nexp(— :_TJ . (4.12)

CoorHomienne (4.12) sBAseTcs  ypaBHEHHEM  COCTOSHUS  JUIs
PAaBHOBECHOT'O Ciyyas, CBS3BIBAIOIEE PABHOBECHOE 3HAYEHHE KOJIMYECTBA
BaKaHCUH C sSHeprueil BakaHcuu W ¢ Temneparypoi. CootHoreHue (4.9)
TaK)K€ UMEET CMBICI YPABHEHUS COCTOSIHMS, HO JUIsl OOILEro HepaBHOBECHOIO
cllydasi, BKJIIOYAIOIIEr0 PaBHOBECHOE COCTOSHUE, KaK 4acTHbIM ciayyail. Oba

YpaBHCHUA HCO6XOZII/IMO paccMaTpuBaTh COBMCCTHO, KaK CUCTCMY ypaBHeHI/Iﬁ
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I OIIPCACIICHUS PAaBHOBCCHBIX 3HAYCHUU OHCPI'U BaKaHCHUU U, 1 KOJIMYCCTBA

BaKaHCUH 71,.

Briie, ypaBHenue coctosius (4.12) mosjy4eHo u3 yciaoBHs MakKCUMyMa
(GyHKIUU pacmpeneneHus] BEpOSITHOCTU. TOT ke pe3ybTaT MOXKHO TMOITYYUTh
UCXOJISl TAaK)Ke U3 MPUHIIMIIA MUHUMYMa CBOOOIHOM sHepruu. JleicTBUTENBHO,
OMKMCAHHYIO BBIIIE TPOLEAYPY MOXKHO CXEMAaTHYECKU H300pa3uTh B BUJC

[319]:

Wexp(_i_g’f)J 5 max, (4.13)

WIH, JIOrapu(GMUpys, B BUJIE:
U)
InW ——~— max, (4.14)
kT

WM, oOpalas 3Hak, ¢ yuetoM omnpesenenus (4.3) nmonyuum [3 19]

U(n)-kTtnW =U -TS,=F, — min , (4.15)
Takum oOpa3zom, 00a TMPUHIKIA, MAKCUMyMa BEpPOSTHOCTM M MUHUMYyMa
CBOOOJIHOM PHEPTUU SKBUBAJICHTHBI B paMKaX MPUMEHUMOCTU TUX MOHATHIA,
B TOM 4YHCJIE TIOHSITHUS Temreparypsl 7, Jisi HepaBHOBECHOU 3amauu. M3 nByx
SHEPTuii, BHYTPEHHEHM U  CBOOOJHOHM, TOJIBKO CBOOOJHAS  DHEPrUs
YIOBJETBOPSET TMPHUHIIMIY MHUHUMAIBLHOCTH B PaBHOBECHOM COCTOSHUU
(xpuBas 1, puc. 4.1). BHyTpeHHss ke SHEPTrUs B paBHOBECHOM COCTOSIHUU HE
MUHUMaJIbHA (KpuBasi 2), W, CJIEIOBATENIbHO, KacaTelibHas K Tpaduky SToi
SHEPTrMU HAKJIOHEHa K OCH 7 TOJ HEKOTOpbIM yriom (mpsimas 3). Tem He
MEHee, CTPEMJICHHE CUCTEMbl K PAaBHOBECHOMY COCTOSTHHUIO MOKHO BBIPA3HUTh
IBYyMsl crioco0aMu, TEPBBIM M3 HUX KIACCUYECKUH B TEPMHUHAX CBOOOHOM
SHEPTUH, KaK CTPEeMIICHHE K MHUHUMYMY CBOOOJHOW SHEPIrUH, KOTOPBI

NPUBOJUT K KUHETHUYECKOMY YypaBHeHHIo ['mH30ypra-Jlannay-XanaTHukoBa

[91:

on oF
on __ Of, 4.16
Pl bt (4.16)

rac y — KUHETHYCCK U KOB(I)(I)I/II_II/ICHT, XapaKTepI/BYIOH_[I/Iﬁ CTCIICHb BA3KOCTH

cuctembl. Cucrema CTPECMUTCA K paBHOBECHOMY COCTOSAHUIO TCM 6BICTPCC, 4cM
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CHJIBHCC OHa OT HCIo OTKJIIOHCHA. CTaI_II/IOHapHaSI TOYKa KHHCTHYCCKOI'O

YpaBHCHUA COBIIAIACT ¢ MUHUMYMOM CBO60).'[HOI71 OHCPI'UH.

B 1O xe BpCM:, 3TOT KC IIPOLECC MOKHO BBIPA3UTbL U B TCPMHHAX
BHYTPCHHeﬁ OHCpPIruv, HO B COOTBCTCTBYIOIICM KHHCTHYCCKOM YPAaBHCHUH
HCO6XOZII/IMO AOIIOJIHUTCJIIBHBIM  CJIaraCMbIM ~ YUCCTb HCMHHUMAJIBHOCTD

BHYTPEHHEW SHEPTHH B paBHOBECHOM cocTosiHuu [318, 323, 326-328]:

on oU
Dy | S 4.1
ﬁt ’Yn(an uej’ ( 7)

r€ Y, — KUHETHMYECKUH KO3(p(UIUEHT, KOTOPbIH, OJHAKO, OTIUYAETCS OT
KHUHETUYECKOTO KO3 (UIIMEHTa Y B MIPEIbIIYILEM BapHaHTe.

Cwmpbicnt ypaBHeHust (4.17) mpo3paueH — cucTtemMa Tak XKe, Kak U B
MPEABIAYIIEM CIy4Yae, CTPEMHUTCS K PaBHOBECHOMY COCTOSIHHMIO, OJIHAKO, B
3TOM COCTOSIHUM 3HaueHue 000OIIEHHON TepMOAMHAMUYECKOW CUJIbI HE paBHA
HYyJIIO, @ PaBHO €€ PAaBHOBECHOMY 3HAYEHUIO U.. [IOJOKHUTENBHBIN 3HAK B
npaBol wacTu ypaBHeHUs (4.17) B3AT U3 COOOpaKEHUU YCTOWYMBOCTH
CTAllMOHAPHOTO PELICHHsI C YYETOM TOTrO OOCTOSITENIbCTBA, YTO BHYTPEHHSS
SHEprusl SABJSETCS BBITYKIONW (yHKUMEN rnmepeMeHHOM n. OTMETUM, 4TO eCid
CHUCTEMa B HAYaJIbHOM COCTOSIHUM HAaxXOJUTCSd B MaKCUMyM€ BHYTPEHHEH
SHEPrUM, TO OHA CTPEMUTCS YMEHBUINTh BHYTPEHHIOIO BSHEPrUi0, HO
YMEHBIIUTh €€ J0 OECKOHEYHOCTH, TO €CTh, pPa3pyLIUTHCS, CHCTEME
MPENATCTBYET SHTPONUNHBIN (PaKTOp, KOTOPHI YpaBHOBECUT CUCTEMY Ha
CKJIOHE BHYTpeHHel sHepruu (puc. 4.1).

O6a Buga kuHeTHYECKUX ypaBHeHUU (4.16) u (4.17) SKBUBAJICHTHBI, U
UCIOJIb30BaHUE TOTO UM JPYIrOro SIBISETCS BONPOCOM YIO0OCTBa. YpaBHEHUE
(4.16) ynoOHO TeM, 4YTO NPUTATMBarollas To4yka (MHUHMMYM CBOOOJHOM
SHEpPruM) SIBISETCS YHUBEpCAIbHOM Uil BceX ycioBuil. B To e Bpems, 3ta
YHUBEPCAILHOCTH, coryiacHo (4.15) F, =U - TS,, cBoautcs kK OajmaHCy MEXITy
BCE TOM K€ BHYTPEHHEH 3Hepruer u >HTPONUNHBIM (pakTopoM. B ypaBHeHuun
(4.17) oHTponuiiHBIM (aKTOp SBHO MCKIIOYEH, OJHAKO, OH HESIBHO

MNPUCYTCTBYCT B HEM 4YCPE3 SHCPTUIO BAKAHCUHU U, IS HAXOKICHUA KOTOpOﬁ
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HEOOXOAMMO pelath cuctemy ypaBHeHui (4.9), (4.12). B ypaBHeHun sxe

coctostHus (4.12) BAMsiHME SHTPONMUHOTO (hakTopa ObBUIO YUTEHO B Ipoliecce
BbIBOIa camoro ypaBHeHusi (4.1)-(4.11). [losTomy, eciau sHeprus BaKaHCUU
W3BECTHA, U HE 00s3aTENIbHO U3 pelleHus cucTemMbl ypaBHeHU (4.9) u (4.12),
a, HampuMep, M3 OSKCIECPUMEHTAJIbHBIX JaHHBIX WIM 3BPUCTUYECKHUX
COOOpakeHUH, TO TMOJIb30BAThCA KUHETUYECKUM YpPaBHEHHEM B TEPMHHAX
BHYTpPEHHEH 3HEPTUU CTAaHOBUTCS MPOILE, a TO3TOMY IPEAIOYTUTEIbHEH.

Emie onuH BakKHBIT MOMEHT, CBSI3aHHBINA C SHTPONUNHBIM (pakTopoMm. B
TepMOAMHAMHUKE TpousBeaeHue 1S , r1me S — oObluHas  (He
KOH(UTYypallMOHHAas1) TEIUIOBasi WM BHOpALMOHHAs B Cllyyae TBEPAOIroO Tela
SHTPOMNHUSA, MPEACTABIAECT COOOM CBA3AHHYIO TEIUIOBBIMH KOJIEOAHUSIMU
sHepruto [216, 329]. B ciayuyae BakaHcuil npousBeAeHUE 1.5, TaKKe CIeayeT
MOHUMATh, KaK CBSI3aHHYIO (TO €CTb, MOTEPSIHHYIO Ui pabOThl) SHEPTHUIO, HO
CBS3aHHYI0 HE TEIUIOBBIMU KojeOaHusiMU, a BakaHcusamu. Ho ckpbiTas
SHEprusi, 3allaceHHas BAKaHCUSIMH, TaKxke, (PAKTUUYECKU, HE MOXKET ObITh
peanm3oBaHa AJIsi COBEpLICHUs] pabOThI, O KpallHEl Mepe, 10 TeX Mop, MoKa
HE MEHAETCs UuX KoiuyecTBo. LVckimoueHue cocTaBiseT wmajasi 4acThb
3alaceHHONW B BAaKaHCHSIX HEPIHM, KOTOPas MPUBOAMT K MEPEHOPMHUPOBKH
yIOPYTrUx TOCTOSHHBIX. llepeHopMUpOBKa MOKET NPUBECTH K TOMY, 4YTO
HEKOTOpass HeOoJIbIIas 4YacTh HSHEPruM MOKET OBITh BO3BpAllleHa IpU
pasrpy3ke. Takum o0Opa3om, ¢ PU3NYECKON TOUKU 3PEHUS CBSI3aHHAsI SHEPTUs
OyaeT mpuOIU3UTENHFHO paBHA CYMMAapHOM 3HEPTUU BaKaHCUH, TO €CTh

TS, ~un. (4.18)

MOo>kHO TIOKa3aTh, YTO B PABHOBECHOM COCTOSIHMM COOTHOIIeHHE (4.18)
BBIMOJIHSIETCA  Haubojiee TOYHO (C  TOYHOCTHIO MPUONMKEHHS TpU
ucnonb3oBanuu (opmynsl Crupnunra [325]). Hampumep, eciu MOJIOKUTS,
YTO B PABHOBECHOM COCTOSIHUM COOTHOILE HUE (4.18) BBINOIHAETCS TOYHO, TO
ecTb, IS, = un, TO U3 3TOTO YCJIOBUA, C YUETOM CBSI3U KOH(PUIYypallMOHHOMN

SHTPOMUU C KOJIMYECTBOM BakaHcuil (4.2), (4.3), cHOBa cliefyeT ypaBHECHHE
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cocrostaus  (4.12). [eiictBurensHo, ¢ mnomomibio (popmynsl  CTupiauHra

cootHoteHus (4.2) u (4.3) MoxxHO nipeoOpazoBaTh K Buay [301]:

S - kn(mﬁ . 1) (4.19)

n

Otkyna nerko mnpu ycinoBun 1S, = wun nonyuuts (4.12). Ilostomy,
JNEUCTBUTENBHO, MOJIHASI SHEPTUS BAKAHCUM un B OKPECTHOCTH PABHOBECHOTO
COCTOSIHMSI TIPEACTaBisieT CcOOOM TIJIaBHYIO YacTh CBSI3aHH OM (BaKaHCHUSMM)
sHepruu. Ho Torna Mbl MOXeM BBECTH HEKOTOPYIO CIIEHUAIbHYIO CBOOOTHYIO
SHEPIruio F, (IJIaBHYIO 4acTh CBOOOMHOM Heprun F,) myTeM npeoOpa3oBaHus
Jlexannapa no nmape nepemenssIx u u n [280,323]:

I?C =U—un (4.20)

WIM C Y4YeTOM OIpejaeieHus BHYTpeHHeW osHepruu (4.4) U ypaBHEHHS

coctostHus (4.9):

F-u, +%un @.21)

o

A

n e u e um.fn

Puc. 4.2 3aBucumocTs CBOOOAHON PHEPTUU OT a) KOJMUYecTBa Je(PeKToB, 0)
sHeprun nedexra [280]. Crpenkamu ykazaHO HaNpaBiICHHUE HBOJIIOIUU

CUCTCMBI K PABHOBCCHOMY COCTOSHMUIO.

To CCTh, MO,III/I(I)I/II_II/IPOBaHHaSI CBO6OZIH3.$I SHEpruss F, B JAHHOM

c

HpI/I6J'II/I)I(eHI/II/I MNpCACTABIIACT coboii Hapa60ﬂy ¢ MUHUMYMOM IIpHU HYJICBOM
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3HAUEHUU TUIOTHOCTH BakaHcuil n=0 (puc. 4.2a), B OTJIMUKE OT KJIACCUYECKOU

CBOOOJHON JHEPruM, I KOTOPOM MHUHHUMYM HAXOAUTCS B TOYke n, #0
(xpuBas 1, puc. 4.1). OTHOCUTENLHO CBOOOJHON DHEPIUU BHIA F. MOKHO TaK

KC, KaK MU OTHOCUTCIBHO BHYTPCHHeﬁ OHCPIuM, 3alCaTb HCKOTOPOC
KHHCTUYCCKOC YPAaBHCHHUC, COTTIACHO KO TOPOMY CHUCTCMaA 6YZICT CTPEMUTHCA K

PaBHOBECHOMY COCTOSAHUIO.

4.1.2. Hosas ¢opma KuHemuueckux ypasHeHull uepe3 «COOCMBEeHHbIE»

apcymenmaol mepmodunamuqecmtx nomeHyuaios

[lon coOCTBEHHBIM apryMEHTOM TEPMOAMHAMUYECKUX MOTEHIUAIOB
OyaeM moJpa3yMeBaTh T€ TEPMOJMHAMUYE CKHE NEpEeMEHHBbIe, KOTOpbIe IS
JAHHOTO TOTEHIMAJIa SIBJISIIOTCA HE3aBUCUMBIMHU. [Icmonbp30BaHHE 3TOTO
TEPMHHA SIBJSIETCS, TIO CYTH, HW30BITOYHBIM, MOCKOJBbKY MOHSITHE apryMeHTa
yK€ TOJpa3yMEBAET €ro HE3aBUCUMOCTb, OJIHAKO, B TOM KOHTEKCTE, B
KOTOPOM OH OYJIeT UCIOJIb30BaThCS, €ro BBEJACHHUE ONPaBAAHO TAKTHUECKUMU
cooOpakeHUsIMH B TIpeleNnax MJaHHOTO pasjaena. Hampumep, BHYTpeHHSS
SHEprusi B KJIACCUYECKOM BapHuaHTe 0e31e()eKTHOrO0 TBEPIOTO Teja SBISEeTCs
dbynkuuer obwema wu suTporuu U=U(V,S), a cBoOogHas sHeprus,
COOTBETCTBEHHO, 00beMa U Temre patypbl F'=F(V,T), NOCKOIbKY OHU CBSI3aHbI
npeodpazoBanuem Jlexannpa F=U-TS. BuyTpeHusist u cBOOOJIHAs 3HEPIUU
MOTYT OBITh BBIPAJKEHBI HE B «CBOMX» MEPEMEHHBIX, HO TOTJa OHU NEePecTaroT

OBITH TCPMOIMHAMHUYCCKUMH IMOTCHIIUAIIAMMU.

B mnamem ciywyae TBepAOro Tena ¢ BaKaHCUSAMH «CO OCTBEHHBIMY
apryMEHTOM BHYTPEHHEW SHEPTUU SBISIETCS KOJMYECTBO BaKaHCHiA, uOO
TOJIBKO I JTOM  TMEPEeMEHHOM  chpaBeuBo  auddepeHIuanbHoe
cooTHomieHue (4.9) nns  BeIUUCHEHHS SHepruu BakaHcuu. CoryiacHo
npeoOpazoBanuto Jlexxangpa (4.20) «COOCTBEHHBIM» apryMEHTOM s

CBO60ZIHOI>1 OHCPIrun ﬁ . AOJIKHa OBITH OHCPIrusd BaKaHCUU, B TO BPEMs, KaK B
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COOTHOILICHUM (421) OHa BbIPpAXXCHA HC B CBOUX COOCTBEHHBIX NEPCMCHHBIX.

UroObl mepedTH K «COOCTBEHHBIM» apryMeHTaM CBOOOJHON »Hepruu F,

c?

BOCIIOJIb3yeMCsl ypaBHEHU eM coctosiHus (4.9) [280, 322]:
F U, +— (uy—u). (4.22)
2u,

CBobOoHast sHEpTUs F,, BBIpAKEHHAs Yyepe3 «COOCTBEHHBII» apryMEHT,

HUMCCT MUHUMYM B TOUYKC U=Uy. HOKa)KeM, 49yTO, KakK (IJYHKI_II/IH OHCPIrun

BaKaHCUM u CBOOOAHAs »HHEpPrust F, SBISIETCA TEPMOAMHAMHYECKUM
noreHuaioM. JleicTBurensHo, mupdepeHimpys F, ¢ y4eTOM ypaBHEHUs

cocrosinus (4.9), nomyuum [322]:

n=- (4.23)

TO C€CTb, BHYTPCHHAS SHCPIUA Uun CBO6OZIH3.$I SHEprusA F, U UX apryMCHTHI

CBSI3aHBI MEXJy co00M Takumu ke AuddepeHIIuaNbHBIMU 3aBUCUMOCTSIMU
(49) u (4.23), xak TepMOAMHAMUYECKHE TMOTCHIMAIBI B PAaBHOBECHOM
TepMoiMHaMuke. B To ke Bpems, u cootHoueHus (4.9) u (4.23) cripaBeyiUBbI
JUIS TIPOU3BOJIBHOTO HEPABHOBECHOTO COCTO SIHHS, IO KpailHeW Mepe, B

HCKOTOPOﬁ OKPCCTHOCTH PABHOBCCHOI'O COCTOAHUS.

BosBpariasich K KJIacCH4eCKOMY ONpEAeNICHUI0 CBOOOIHOM 3Hepruu F,
MO>KEM yTBEPXkJaTh, YTO OHA HE SBJISAETCS TEPMOAMHAMUYECKUM MOTEHIIMAIOM
B IMPHUHIMIIE, TOCKOJbKY BBIpa)KEHA uepe3 MEPEeMEHHYI0 #n, KOTopas He
ABJISIETCSI €€ «COOCTBEHHBIM» apryMeHToM. JleficTBuTensHO, cornacHo (4.2) u
(4.3) KoH(UTypaIMOHHASL SHTPOIUS BBIPAIKAETCS Yepe3 KOJIUUYECTBO BaKaHCUI
n, a corylacHO (4.4) BHYTpEHHsSI SHEprusi, KOTOpas BXOAWUT B OIpE/ACICHUE
cBoOOIHOM 3HEpruu (4.15), Taxxke siBasierca (GyHKUUEH 3Tol nepemMeHHou. To
€CTb, CBOOOJHAs 3HEprusi F,. BhIpaKEHA 4Yepe3 Ty K€ MEPEMEHHYI0, YTO U
CBsI3aHHas ¢ Hero npeobpazoBanuem Jlexanapa (4.15) F. = U-TS,. BHyTpeHHsIs
SHEprusi, YTO MPOTUBOPEUUT oOleMy npuHuMIy. He siBasercs ona Taxke u

SBHOM (YHKIMEW TeMmIepaTyphl, 4TO JOJDKHO ObITh coriacHo (4.15). He
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BBIITOJIHACTCA OJII HEC TAKKEC H I[I/I(I)(I)CPCHI_II/I&HBHOC COOTHOHICHUEC IJIA

noteHnuana tuna (4.23), eciu ee NpeaBapuUTEIbHO BBIPA3UTh 4YEpe3 €€

«COOCTBEHHBIID» apryMEHT.

DBOJIOLMIO CUCTEMBI C BAKAHCUSMHM MOXHO BBIPa3HUTh ¢ yueToM (4.23)

KMHETHUYECKUM ypaBHeHueM Bua [2 80, 322]:

ou GIFL,
= _y u + ne 3
ot ou

(4.24)

I71€ Y, — HEKOTOPBIA HOBBIM KUHETHYECKUU KOA(P(UIMEHT A JAaHHOTO BHJA
KUHETUYECKOI0 YpaBHEHMs. 3HaK «MHHYC» B MpPaBoil yactu ypaBHeHus (4.24)
B3ST U3 COOOpaKEHUI YCTOWYMBOCTHU CTAIIMOHA PHOTO PELICHHSI C YYETOM TOTO

0OCTOSITENbCTBA, YTO CBOOOAHAsA SHEPrusi F, SBIAETCS BOTHYTOW (pyHKUMEH

nepeMeHHoM n. Kak BUIHO, cTallMOHApHON TOUKOW ypaBHeHUs (4.24) sBisercs

HC MHUHHMYM CBO6OZIHOI>1 OHCPIUn F., a TO4YKa, B KOTOpOﬁ TAHI'CHC YTJIa

HaKJIOHA KacaTeabHOU K rpaduKy cBOOOJHON 3Hepruu coriacHo (4.23) paBeH

C INPOTUBOIIOJOKXHBIM 3HAKOM IUIOTHOCTH BakaHCUHl B PaBHOBCCHOM

cocrostHuu 71, (puc.4.20). IlpousBonHast ke OT CBOOOJHOM 3HEpruM F, MO

«YIYXKOMY» apTyYMCHTY 7l B paBHOBCCHOM COCTOSIHUH, CTPOTO I'OBOPsI, HC paBHA

HYJIIO

SV— (4.25)

on

e

Opnaxko, ecnu, cienys [7, 319], ONOXKUTh SHEPTUIO BAKAHCUH BEIUYUHOM,

HE 3aBUCALIEM OT 4YHUCIIA BAaKaHCUM, TO €CTh, MOJIOXKWUTH u;=(0, TO B
PaBHOBECHOM COCTOSIHMU CBOOOJHAs SHEPrust F, OyfeT MMETh MUHHMYM.
MosxHo mokaszatb, uTo B mpeaene u;—( ypaBHeHue (4.24) nepeiiner B

ypaBHeHue ['un30ypra-Jlanmay-XanatHukoBa (4.16). JlelcTBUTENBHO,

coriacHo (4.9) cnpaseuBo [280]

on__1. (4.26)

ou u
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du  duon on oF. on oF. 1 oF 1
_:__:_ul_:_Yu __ne :_Yu - __ne z’Yu ) (4'27)
ot On Ot ot On Ou on u, on u,
OTKYJia CIeAyeT YPaBHEHUE
on  OF
Doy e 4.28
o om (4.28)

rne y=y,/u’. Jna Toro, uroOsl B mpeaene u;—( KUHETHUECKHii

KOd(PUIUEHT y ObUT KOHEYHOW BEIMYMHOM, HEOOXOAUMO, 4TOOBI 7, ObLI

MaJIoil BEITMYUHOU.

Takum oOpa3oM, B Haubosee oOIIEM CiIydae Mbl UMEEM JIBE€ HOBBIC
(OpMbI 3KBUBAJICHTHBIX KHHETHMYECKUX YPAaBHEHUH, OIHO M3 KOTOPBIX
(4.17)  BbIpaxkeHO B TEpPMHUHAaX  BHYTPEHHEH  BHEpPruu,  Kak
TEPMOAMHAMHUYECKOTO NMOTEHIMaNa, a BTopoe (4.24) BeIpa)keHO B TEPMHUHAX

CBO6OZIHOI>1 OHCPIrUn F., KaK TCPMOIUHAMHUYICCKOTO ITIOTCHIIMAJIA TAKIKC.

4.1.3. Dpghexmusnasn «6HympenHAA» U «CB0O0OHAS Y IHEPeUs.

[TockonbKy paBHOBECHBIC 3HAUCHHS MEPEMEHHBIX COCTOSHUSI CUCTEMBI
N, U U, B 3aJIaHHBIX BHEIIHUX YCIIOBUSX MEHSIIOTCS 3HAYUTEIILHO MEJJICHHEE
HEPABHOBECHBIX MapaMeTpOB # U U, TO Mbl HMEEM IOJHOE IMpaBO B
KUHEeTUYeCKux ypaBHeHusx (4.17) u (4.24) BHecTH HX TOJA 3HAK
i depeHpoBaHus. 310 MIPUBEICT K nepeonpeaeIeHUI0

TEPMOAMHAMUYECKUX MMOTEHIIMATIOB BHYTPEHHEN U cBOOOIHOM sHepruu [3 22]:

~

U=U-un, F =F —un,. (4.29)

Torga kuHetnueckue ypaBHeHUs (4.17) u (4.24) HEMHOTO YNPOCTSITCS

[322]

on oU ou oF
L , —— 4.30
o " on o oy (4.30)
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Ecnmu ucxommble noTeHmmansl U ® F,  CBA3aHBI MEXIy COOOM

npeobpasoBanueM Jlexanapa (4.20), To spdexTuBHBIE OTEHIMANL U #u F,

CBsI3aHbI 00JIee CIIOKHBIM NpeoOpazoBaHueM [322]
F =U —un+un,—u,n, (4.31)

KOTOpOE OTjiu4Yaercs OT mpeobpazoBanus Jlexanapa (4.20) xomOuHaiuein

caraeMbIx TMna ckoOku Ilyaccona [un, |=un, —u,n.

CranuoHapHble TOYKM KUHETHMUYECKUX YpaBHEHHHM 11 3(()EeKTUBHBIX
noTeHuanoB (4.30) coBnasaroT ¢ MAKCUMYMOM I YPaBHEHUS, 3aITUCAHHOTO
B TEPMHUHAX «BHYMpeHHel» BSHEPruu, U C MUHUMYMOM Il YpaBHEHHS,
3aIIMCAaHHOTO B TEPMHHAX «C80000HOU» dHeprun. Takum oOpasoM, U — 3TO
HEKOTOPBIN 3(PPEKTUBHBIA NOTEHIHUA « 6HYMpPeHHel» SHEPTUH, Ui KOTOPOro
CTpEMJICHHE K MHHMMYMY OpHUIMHAJIbHOW YacTH BHYTpeHHeH sHeprun U
MOJTHOCTBIO KOMIIEHCHPYETCS POCTOM 3a CuUeT 3HTponuitHoro ¢pakropa. B
YHUCJICHHBIX pacyeTax MCIOJIb30BAHWE KMHETUYECKUX YPaBHEHUH B TEPMHHAX
3¢} (HEKTUBHBIX TOTEHIIMAIOB B CHJIY YHUBEPCAILHOCTU 3KCTPEMAIBHBIX TOYEK
OKa3bIBaeTcs 0osee yA0OHBIM C TOUKU 3pEHUs IPOCTOTHI anroputma. Ilostomy
BCE UMCIICHHBIE pacueThl B HACTOSILEH pabdoTe, BBHIIOJHEHBI C MPUMEHEHHUEM

3TUX 3 (HEKTUBHBIX MOTEHLIUAIOB.

4.1.4. Kunemuka 8axancuii 8 perakxcayuOHHOM NpUOIU*CeHUU

Beolmie kuHeTH4YecKre ypaBHEHUsI ObLIM MPEICTaBIEHbI B caMOi 00LIei
¢dopme. Iyl pemieHusi KOHKPETHBIX 3aJad HEOOXOJMMO 3HATh 3aBUCHMOCTb
TEPMOAMHAMUYECKUX MOTEHUIHUAIOB OT MX «COOCTBEHHBIX» ap TYMEHTOB M OT
BHEUIHMX YTPaBJSIIOMKX MapameTpoB. [lockosibKy omnpeaenaeHue Takou
3aBUCUMOCTH IPEACTaBISIET COO0M OTIAENBHYIO TPYJHOPA3pEIIUMYIO 3ajauy,
TO BO3HHMKAeT HEOOXOJUMOCTh MOMCKa pa3syMHbIX npuOmmkenuid. Haubonee

JaCTO HCIOJB3YIOT TTOJUHOMHUHAJIBHBIC aAIIIPOKCUMAIIUU TI0TC HIIUAJIOB. B
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peiIaKCalHOHHOM HpI/I6J'II/I)KeHI/II/I BHYTPCHHAA OHCPTUA TPCACTABIIACTCA

MOJIMHOMOM BTOpO# cTenenu (4.4).

Buemnue Bo3deicTBHS Ha CUCTeMy yAO0OHO 3a/aBaTh  uepes
3aBHCHUMOCTh  IApaMEeTpPOB  IOJMHOMHUHAJIBHOTO  MPEACTABIECHUS  OT
YIOPaBJSIOMIUX MapaMeTpoOB — TEMIIepaTypbl, HANPSHKEHUA WIM YOPYTHX
neopmaruii. YToObl B KauyecTBE YHPABISAIOLIETO MapaMeTpa HMCIOJIb30BATh
TEeMIEepaTypy, HallpuMep, B M30TEPMHUUYECKHUX YCIOBHSIX, YI0OHO NEpEenTH K

cB0oOOaHOM SHepruu [301]:

F=U-TS. (4.32)

OTMeTuM, 4YTO B TPaBOM YaCTH 3JieCh OOBbIUHAs TeIUIoBas (paBHOBECHAs)
SHTponus S, a He KOH(UTypaIIMOHHAS, POJIb KOTOPOH, C y4€TOM OJHO3HAYHOMU
3apucumoct  (4.2) u (4.3), 3mech UrpaeT KOJIMYECTBO BaKaHCHM 7.

CoOTBETCTBEHHO, U CBOOOHASL SHEPTUSI UMEET TY K€ IPUPOY.

Bynem paccmarpuBarh ynpyrue aehopmManuu e; ¥ TeMneparypy T, Kak

YHOPAaBJOIAC ITapaMCTPbl, 3HAUCHUS KOTOPBIX IIOCTOSHHBI. Torna B
KBaJIpaTUIHOM HpI/I6J'II/I)KeHI/II/I CBO6OZIH ast DQHCPIrusia F nmeer (bOpMaJ'IbHO TOT

K€ BHJI, UYTO U BHYTpeHHss 3Heprus (4.4)
F=U0+u0n—%u1n2, (4.33)

OIHaKO, B 3TOM ciy4dae mnapamerpel Ugp, Uy M U; MOTYT 3aBUCETh OT

TEMIIEPATYPHI:
Uo:%k@;)z+p@;)z+ocT+BTs§, (4.34)

o=y +ge; +7yT . (4.35)

Kunernueckoe ypaBHenue (4.17) Torja MOKHO 3alHcaTh B SIBHOM BHUJIE

[280]:

Z—’Zzyn(uo —uln—ug), (4.36)
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31eCh Uy, — PAaBHOBECHOE 3HAYCHHE DHEPIMM BAKAHCUHU, K KOTOPOMY

CTPEMUTCSI DHEPrUsi BAKAHCUU U3 TPOU3BOJIBHOTO (HEPABHOBECHOTO)
COCTOSIHUS, Upy — BMECTE C KMHETUYECKUM KOA(P(DUIIMEHTOM HUTPaeT poJib
WHTEHCUBHOCTH HCTOYHHUKOB BakaHCHii. BTopoe W mocrnenHee ciiaraembie
(Takke BMECTE€ C KHHETHYECKUM KOA(P(OUIIMEHTOM) HUTPAIOT POJib CTOKOB
BaKaHCHI, ueM OJIM>Ke SHEPrusi BAKAHCUU K PABHOBECHOMY 3HAUEHUIO U UeM
Oosbllle BakaHCHM YK€ BO3HUKJIO, TEM MeEJJIEHHee pacTeT HuX ofiiee
KoinuecTBO. CTalMoHapHasi TOYKa SBJISETCS YCTOMYUBOM, €CIIU MJIOTHOCTh
neeKTOB MPEBBICUT CTAllMOHAPHOE (PAaBHOBECHOE) 3HAauY€HUE, TO
BO3BpaIllalOlasi CWJIa CTaHET OTPUIATENIbHOM, 4YTO TPUBEACT K

YMCHBIICHUIO TIJIOTHOCTH BaKaHCHIA.

TBepable Tena ¢ BaKaHCHSIMM MOTYT CIIy’KUTb MOJEIbHBIM TBEPIBIM
TEJIOM JUI1 BBIBOJA KMHETHMUYECKMX YPAaBHEHHM, IOCKOJBKY Il HHUX YKe
MMEETCS CTAaTHCTUYECKas TEOpHUs, IMO3BOJAIONIAsS B 3aKMHYTOM BHJE
MOJyYUTh ypaBHEHHE cocTosHusA Tuma (4.12). PemieHue mnpakTHUECKUX
3a/lad HE MpeayCcMaTpUBajOCh, XOTS MOJYyYEHHBIE PEUICHUS MOTYT ObITh
TMIOJIE3HBI JUI BBIBOAA ONPENEIIAIOIIMX COOTHOWIEHUH KWHETUKH TOYEYHBIX
nedeKkToB TpH paauarvoHHbIX moBpexaeHusx [330, 331], kuHeTUKH
npuMecedl B aMop(HBIX crilaBax W OMHapHbIX cMmecsax [149-151, 332-334]
WIM Cerperaiuy TOYEYHBIX IpPUMECEd Ha MEXKPUCTAUIMTHBIX U
MexdasHbix rpanuuax [335]. ['naBHbIl MHTEpeC ObUI MOMYYUTHh CHUCTEMY
KMHETHUYECKUX YPaBHEHMI, KOTOPYIO MOKHO PACIPOCTPAHUTh Ha JPYyrue
TUnbl AePeKToB. J(eHCTBUTENBHO, C TOYKA 3pEHHUS TEPMOJAUHAMUKH U
(¢u3nyecKol KUHETHKHM Bc€ JAe(EKTbl, TOUYEUHbIC, TEH30pPHBIC WU
TUTAHApHbIE, UMEIOT OOIIKE CBOMCTBA, BBIPAKEHHBIE B M30BITOUHON HEPTUU
nedexra 1 B uX KoaumuecTBe. [Ipum 3TOM uMeronyecs peajbHble OTIUYMS
NeQeKTOB  pa3lUyHBIX TUIIOB, TEH30pHAs Pa3MEpPHOCTb, CIIOCOOBI
(opMUpOBaHUs, XapaKTep B3aUMOACUCTBUA U T.JI. CTAHOBSITCS BaKHBIMHU Ha
CTaJlu¥ pEIIECHUS KOHKPETHBIX 3aJad, KOTOpble W OyayT paccCMOTpPEHBI B

MoCJICAyrOMuX pasaciax u B CICAYIOIMCM pa3JICiicC.
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[lepBoii Takoi 3amaueld OyJeT KHUHETHUKAa MEXK3EPEHHBIX TIpaHUI] B

MeTajulax Mpyu UHTEHCUBHOM MEXaHW4eCKOM BoszeiicTBuu. Kak cnemyer us
U3JI0’KEHHOTO BBIIIE 3[I€Ch BO3MOXKHBI JIB€ SKBUBAJICHTHBIE (POPMBI
KUHETUYECKUX YpPaBHEHMHA — B TePMHUHaX KOH(UTYpalMOHHOW CBOOOIHO i

SHEpPruu F,

c?

U B TepMuHax BHyTpeHHeW sHeprun U. C ToukH 3peHus

YZIO6CTB3. MMPUMCHCHUA Oonee HpeI[HOI-ITI/ITeJILHOﬁ ABIACTCA (IJOPMa B
TCPpMHUHAX BHYTPCHHeﬁ OHCPIruun, IOCKOJIbKY BBOJ'IIOI_II/IOHI/IPYIOH_[eﬁ
BEJIMYMHOMN B 3TOM CJIy4dac SIBJICTCA KOJIMYCCTBO HUIIH INIOTHOCT b ZIC(I)CKTOB,
BCJIMYMHA, KOTOpad Jydlmic mnoadgacTcss MU3MCPCHUIO. KPOMC TOro,
BHYTPCHHAA SHCPTUA OmKe K NEpBBIM IIPpUHOUIIAM TCPMOAWMHAMUKHU, a4
HUMCHHO, YCpPC3 HCC BBIPAKACTCA HepBI:Iﬁ 3dKOH TCPpMOAMHAMUKHU, U OHa

ABIIACTCA TCPMOANHAMUWYCCKUM aHAJIOTOM I'aMUWJIbTOHWAHA.

B Toxe Bpewmsi, mepBbIe 3a1a4 TOTO IJIaHa, PEIICHHBIC aBTOPOM, ObUTH
paccMOTPeHBl B TEPMHMHAX CBOOOAHOM sHepruum F. [336-338]. UroOnl

MOKa3aTh 3KBUBAJICHTHOCTH O0OMX nmoaxoaoB B CIICAYHOLIEM pas3fciic 3TU

PE3YJIbTATHI 6YZIYT HU3JI0KCHBEI.

4.2. Kunemuka epanuy 3epeH 8 mepmMuHax mMoou@duyuposanHol c80000HOL

IHeEpcUU

[Ipu paccMOTpeHMM KHUHETHKH JePEKTOB C MO3UIUN CBOOOIHOM

SHEpruu F, OCHOBHOM BBOJ'IIOI_II/IOHI/Ipy}OH_[eﬁ HepeMeHHOﬁ, OTHOCHUTCIIBHO

c

KOTOPOM 3alucaHbl KHHETUYECKUE ypaBHEHUs, OyaeT sHeprus aedexra [337-
341]. B kauectBe Aedekra B 3TOM MOJpa3jeie pacCMATPUBAIOTCS TPaHUIIbI
3epeH B MeTajllaX, KOTOpPbIE XapaKTEPU3YIOTCS MOBEPXHOCTHOW IIOTHOCTHIO
SHEPrUM TpPaHUIbBl 3€pHA @ W OOBEMHOM TMJIOTHOCTBIO CyMMapHOMU
MOBEPXHOCTH TpaHULl 3epeH /. PaccMOTpUM KHHETUKY 3THX AE(PEKTOB B
YCIOBUSIX HWHTEHCUBHOTO MEXaHHUYECKOIO BO3JCHUCTBUS TPH MOCTOSHHOU
temnepatrype. B atom ciyuyae yaoOHBIM SBISIETCS UCIIOJIb30BAaHUE CBOOOHOM

sHepruu B Gopme f=u —Ts—@h, f — TJIe TUIOTHOCTh CBOOOAHON SHEPruu TUIA
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F., u — IIIOTHOCTh BHYTPEHHe#H sHeprun U, s — IJIOTHOCTh SHTponuu S, 371ech

u jganee s ynoOcTBa OyayT MCIIOJIB30BATHCSA IUIOTHOCTH SKCTEHCHUBHBIX
MEPEMEHHBIX, O0O3HAUEHHBIX MPOMHUCHBIMU CHMBOJAMH COOTBETCTBYIOIIUX
nepeMeHHbIX. PaccMOTpUM CBOOOAHYIO SHEPTHUIO f B MOJTMHOMUHAIBHOM J0 3-
W cTeneHu NpeACcTaBICHUH MO COOCTBEHHBIM HE3aBUCUMBIM NEpEMEHHBIM 7, ¢
U ynpyroi geopmanuu e [337-341]:

F(p.e8.T )= fo —hyo +%hf¢2—%h2¢3+%k(85)2 +ule; ) -

| (4.37)
- g0, —Ek(p(sf,.)z —H(p(s;)z +e(p28f,. +0c(pT+0cg(stf,....
CoOOTBETCTBYIOIINE YPABHEHUSI COCTOSIHUSI UMEIOT BUJL:
a * * e 1_ e —f e e e
hzézho —h @ +h,0* + gs;, +Ek(8”.)z +u(8,.j)z —2eqe; +al +a,Te; +...,
_ Y ets, +2ue — g 08, R @esd, — 2HQE + 09’5, +aof (4.38)
Gy—g— £;0, +2ue; —g @d; 9e;d, —21noe; +e@ S, +a 0T +..., .
af ;
§s=——=0@+0a, s,
aT (p g(p 1

TAe €, (s J)z — IepPBbI U BTOPOIl MHBApUAHT TEH30pa YNPYrux aehopMaiuii.
BHemnue Bo3aeicTBUS 3aJa10TCSl 3HAYSHUSIMH yIIPYTUX JAepopMaiii u

TeMmreparypbl. B OTCYTCTBHE BHEITHUX BO3JACUCTBUIN KOIDDOUIUCHTHI 4y, h U

h 2 BBIpAXarOT 3aBUCUMOCTH CBO6OZIHOﬁ OHCPIUn KBa3I/IpaBHOBeCHOﬁ
MNOACUCTCMBI OT TIIapaMeTpa @. OcTtanbpHbIe KOB(I)(I)I/II_II/ICHTBI OIINCBIBAIOT
BHCITHHUC MCXAHHUYCCKHUEC, TCMIICPATYPHBIC HJIN CMCUIAHHBIC BO3HCﬁCTBH$I.
OcTaTouHble HaANIPsZKCHUA YUYUTBIBAIOTCS C T OYHOCTBIO OO KBAaAPATUYHBIX
BKJIad0OB. HonaraeTc;I, qTOo BCJICACTBHUC BBICOKOM peirakCalinn B
HepaBHOBeCHOﬁ MNOACUCTCMEC HAIIPAKCHUA, TIPU KOTOPLIX TPOABIIAIOTCA
KY6I/I‘-ICCKI/IC BKJIaJIbl, HC YCICBAIOT PA3BUTHCA. I[J'ISI IPY60ﬁ OLICHKHA
TEMIICPATYPHBIX B(I)(I)CKTOB 3aBUCUMOCTb OT 1 B JAaHHOM BapHaHTC MOICIIN

y4YTeHa TOJIBKO B IMHEWHOM NpuOnmxkeHnu. Broas s pexktuBHbIe mapamMeTpsl
S R ) E
h0=h0+g8,.,.+57» e; ) +ulg; ) +al+a Te;,

h=h +2es; (4.39)
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BBIICJIUM 3aBUCUMOCThH CBOOOHOM SHEPTUM OT apaMmerpa ¢:

1 1
f(s;,(p} fo—ho+=ho > —=h,¢ > +... (4.40)
2 3

Ou3nYecKuid CMBICT BXOIAIMUX B cooTHomeHus (4.37) — (4.40)
KO3 (UIIMEHTOB MOXKHO OMNPEACTUTh HWCXOAS U3 ypaBHeHHs Jlannay -

XaHaTHI/IKOBa, 3allMCaAHHOT'O JIsA CTCIICHHOT O HpeHCTaBJIeHI/ISI B ABHOM BU/IC:
op 2
2oy (1, — o + 1o *). (4.41)

[TonoxxutenbHbie 3HAKU B (4.41) COOTBETCTBYIOT POCTY MOBEPXHOCTHOM
IUIOTHOCTU SHEPruu TpaHul] (HAa EIUHUIYY IUIOIAAH), TO €CTh, CTEHECHH
HEPaBHOBECHOCTH TPAHUIl 3€PEH, OTPULATENBHBIM 3HaK COOTBETCTBYET
YMEHBIICHUIO  CTENIEHH UX  HepaBHOBecHocTH. IlepBoe  ciaraemoe
MPONOPIMOHATBHOE /1) OMUCHIBAET MOCTOSIHHBIE HUCTOYHUKU 3HEPTETUYECKON
HAKaYK{ BHYTPEHHUX TPaHUI], CBS3aHHBIE C BBIXOJOM Ha I'paHUIIbl J1e(hEKTOB
Oosiee TIIyOOKOrO0 CTPYKTYpPHOTO YPOBHS — AMCIOKALMNA WM UX CKOIUICHUH.
[locneaHre NOCTOSHHO BO3HUKAIOT 3a CYET pabOThl BHEIIHUX CHJI Ha
UCTOYHMKAX JuciIoKanui tuna Pupa, nubo B pe3yibTaTe IMCIOKAIMOHHBIX
peakumii. Bropoe crmaraemoe  ONMCBIBAET  NPOLECCHl  YMEHBIICHHUS
(penakcalyu) SHEPrud TPAHUI] 3€peH 3a CUeT CO3/IaHUsl HOBBIX T'PaHUL.
[locnennee cmaraemMoe ONMCBHIBAET HENMHEWHBIM pOCT IapaMerpa ¢ B
pe3yJbTaTe JJaBUHOOOPAa3HOTO BBIX0/1a AUCIOKALMN HA TPAHUILIBI 3€PEH.

B npubmmkeHnn ¢° rpaduk cBOGOIHOM SHEPIUU MPH MOTOKUTETHHOM

3HaKe JIeTepMUHAHTa D =k’ +4h,(h—h,) UMeET aBa SKcTpemyMa (Kpusbie 1, 2

puc. 4.3). Ilpu oTpuuarenbHOM 3HaKe JAETEPMHHAHTa rpaduk CBOOOIHOU
SHEPrUHU HE UMEET FKCTPeMyMOB (KpuBas 3). 3HaK JIETepMUHAHTa 3aBUCHUT OT
COOTHOIICHUs MapamMeTpoB Marepuasia (Ko3(p(UUUEHTHI B  CTENEHHOM
MPEICTABICHUU CBOOOJHOMN 3HEPTUHU), BEITUUMHBI U XapaKTepa HaIPsHKEHHOT O
COCTOSHUS (3HAYEHHS TEH30Pa & ) U TEMIIEPATYPEL.

JUig HavyanbHBIX 3HAYEHUN NApaMETpa ¢ JIEBEE MaKCUMyMa CHCTEMa

HBOJIIOLIMOHUPYET K MHUHUMYMY CBOOOJHOW sHepruu. Ilpu sTtom cpenmss

OHCPIusg U CBA3aHHAA C HCIO INIOTHOCTH I'paHUIL 3CPCH (I/IJ'II/I CPCZIHI/Iﬁ pasMep
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3epHa) CTPEMATCS K HEKOTOPOMY CTallMOHAPHOMY 3HaueHUto (KpuBbie 1, 2 Ha

puc. 43), MOCJIC YCTO 9THU MMapaMETpPhl OCTAOTCA HCU3MCHHBIMU, YTO O3HAYACT

JOCTHKEHUE TPEJEeNTbHON (CTAallMOHAPHOMN) CTPYKTYPHI .

200 0 200
P yer en

600

Puc. 4.3 3aBucuMocTb CBOOOJHOWM PHEPTUU OT MapaMeTpa ¢ MpU BapUalUsIX
napaMeTpoB: 1 — B CTOpPOHY yMeHblIEHHs; 2 — 0a30Bble mapaMeTpbl; 3 — B
CTOPOHY YBEJIMYEHUS; 3HAYCHHSI ¢, (2 COOTBETCTBYIOT MAaKCUMyMy H

MUHUMYMY cBOOO/IHOM 3Heprum [336-341].

C yBenuuenuem ynpyrux aeopmaruii (HamnpspkeHui) kpusble 1, 2 Ha
puc. 4.3 cornacHo 3aBuUcUMOCTSIM (4.26) mepeiayT B KpUBYIO 3, KOTOpasi He
UMEET HKCTPEMyMOB B KOHeuHOM obOmactu. Ilepexoq B 00macTh BBICOKUX
3HAUEHUH MapaMeTrpa ¢, JeXalluxX IpaBee MaKCUMyMa, paBHOCUIICH
(dopMupoBaHuto Oojee MeNKHX 3epeH. PopMallbHO B 3TOM Cilydae TBEpAOe
Teno Oyxer  “dbparMeHTHpOBAThCA  JI0 ATOMApPHBIX  pa3MEPOB, UYTO
PaBHOCUJIBHO JIOCTHXKEHHIO UM aMOp(HOro coctosHus. il OCyIECTBICHUS
TaKOro  pexuma  HeoOXOAMMO  3HAYMUTEIBHO  YBEJIMYUTH  CKOPOCTb
negopmupoBanuss  Matepuana. Ilpu  3ToM  OyAyT  CyIIECTBEHHBIMH
TEIJIOBBIJEJICHNSI, 1 PACCMOTPEHHAs BBIIIE YNPOIIECHHAsT MOJAEIb CTAHOBUTCS
HENPUTOJHOW JUId OMNMCaHus 3Toro mpouecca. Kpome Toro, B obnactu

o 3
BBICOKOM  3SHCPTUH ZIC(IJCKTOB HpI/I6J'II/I)KeHI/Ie Q0 MOXET OKa3bIBaACTCA
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HEOOCTAaTOYHbIM, HCO6XOI[I/IMO YUUTHIBATDH 0oJiee BBICOKHE CTEIICHH @, 4TO

MNPUBCACT K BOZHUKHOBCHUIO JIOIIOJHHUTCIBbHBIX CTAIWMOHAPHBIX COCTOSIHUM B

00J1acTH MaJIoro, HO KOHEYHOI'0 pa3Mepa 3epHa.
4.3. Kunemuka oeghexmog 6 mepmunax 6HympeHHeu sHepeuu

[Ipu paccMOTpeHMM KUHETHKU JA€PEKTOB C TMO3UIMA BHYTPCHHEU
sHepruu U OCHOBHOW 3BOJIONMOHUPYIONIEH MEPEMEHHON, OTHOCUTEIHHO
KOTOpPO# 3alvcaHbl KUHETUYECKUE YpaBHEHHUS, OyJIeT TUIOTHOCTH Je(EeKTOB
[301, 318, 326, 327, 341]. B ycln0BUsIX UHTEHCUBHOT'O BHEIIIHETO BO3JICHCTBUS
TBEpJbIC TEJIa SIBJISIFOTCS OTKPBITHIMU CHUCTEMaMH, B HHUX BO3MOJXKHBIE, TaK
Ha3bIBa€Mble, TIPOLIECCHI  CAMOOPTaHU3AIMU, KOTOPhIE MOTYT HMETh
TUCTEPE3UCHYI0 WM aBTOKoyie0aTelbHYyt0  (opmy.  DHepreTudyeckue
B3aMMOOTHOIIICHUSI ~ OTKPBITOM  CHUCTEMBI C  BHEUIHUM  OKPY>XCHHEM
PETYIUPYIOTCS TEPBBIM 3aKOHOM TEPMOJMHAMUKH. JIaHHBI 3aKOH HE
OTBEYAET 3a MpEBpaIlCHUE YHEPTUU HAa BHYTPEHHUX CTEIMEHSX CBOOOJBI, TO
€CTh, 32 MPOTEKAHUE peJIaKCAIMOHHBIX MpoleccoB. Ecnu B ciydae TBe pabIX
Tl OObEIUHUTH 3aKOH COXPAHECHUSI SHEPTUM JUISl BHEIIHUX U BHYTPEHHHUX
MPOLIECCOB, TO MOHO 3aMucaTh HEKOTOPOE MPUOIMKEHHOE KaueCTBEHHOE

COOTHOIIICHHE, OTPAKAIOMIMKA OalaHC IOTOKOB W TPEBpAIlCHUI SHEPTUU, B
dbopme:

N N
du=cde;+Tds+ Y T,8s,+Y.0dh,, (4.42)
=1 I=1

e

A€ u — IINIOTHOCTD BHYTpeHHefI SHEprun, oj; — TCH30D HaHpH)I(eHI/Iﬁ, € —

TeH30p ynpyrux jaedopmanuii, 7 u s — Temneparypa U IUNIOTHOCTb SHTPOIUU
(paBHOBECHOI), §; — IUIOTHOCTb SHTPONUM, BO3HMKILEH MpPH TEHEpaluu
nepexroB  /-tuma, 1; — BeIMYMHA  Pa3MEPHOCTH  TeMIEpaTypBhl,
XapaKTepU3yollasi MHTEHCUBHOCTh UCTOYHUKOB 3HTPONMM §;-THUIA, ¢, U h, —
SHEprusl ¥ MIOTHOCTh Je(EKTOB /-THUIIA.

[lepBpie 1Ba ciaraeMoro SBJISIETCS OOBEKTAMHM  KJIACCHYECKOMN

paBHOBeCHOﬁ TCPMOAUHAMUKH, IIOCJIC JHUC JBA CJaraCMbIX SBJISICTCA
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00BbEKTaMU HepaBHOBeCHOﬁ TCPMOANUHAMUKMU. HNUx sBHasg 3aBUCUMOCTb OT

BpPEMEHHU 33JaeTcs B JOPME CUCTEMBbI 3B OJIOLMOHHBIX YpaBHeHUN Tuma (4.17)

10 BCCM HCPABHOBCCHBIM ITapaMCTpaM:

0s, ou

Oy (2 _p 4.43
o Ysz(asl /J ( )
oh, Ou

oy _, [Ou_ 4.44
o Yhz(ah/ (P/Ja ( )

TA€ Vg U V5 — KAHETUYECKUE KOI(PPUIIMEHTHI, §; — SHTPOIUS, MPOU3BOIUMAS
MpU reHepamuu aeQexToB [-tuna, 7; — mapameTp pa3MEpHOCTH TEMIIEPaTyphl,
XapaKTepU3YIOIUA HWHTEHCUBHOCTh TMPOU3BOJICTBA SHTpPONUU S5, h; —
TJIOTHOCTH JIe(heKTOB /-Tuna, ¢; — SHeprus AeexTa COOTBETCTBYIOIIETO THUIIA .
3/1ech MepBOE ypaBHEHHE OIMUCHIBAET MEPEXOJIHBIE MPOLIECCHl MPU TeHepaluu
CTPYKTYPHBIX J1e(DEKTOB, U 3alMCaHO HA OCHOBAaHWUU OOOOIIEHUS PE3YJIbTATOB
KOMITBIOTEPHBIX HKCIIEPUMEHTOB, HW3JIOKEHHBIX B pazgene 3.5 B ¢opme
KMHETUYECKOTO YypaBHEHMsI [Uisl Mpou3BojcTBa 3HTpornuu (3.2). Bropoe
YpaBHEHHE OIMCHIBAET HBOJIIONUIO JIE(DEKTHBIX MOJACUCTEM HAa OCHOBAaHUU
0000111eHUsT Pe3yJIbTaTOB MPE/bIIYIIETro 0 Apa3jiena B GopMe KHHETHYECKOTO
ypaBHeHust (4.17). CBsi3b MeXAy TEIUIOBBIMU U ACHEKTHBIMU MOJICUCTEMAMU
OCYIIECTBIISIETCS 33/JaHUEM CMEIIIAHHBIX BKJIAJI0B BO BHYTPEHHIOIO SHEPTHUIO.
3amaBasi 3aBUCHUMOCTh BHYTPEHHEW SHEPIMM OT BCEX HE3aBUCUMBIX
napamMeTpoB 3aJladyd BMECTE C KHUHET MYeCKUMHU KO3 (UIIMEHTaMH, Mbl
onpesieNiieM KOHKPETHYH) MOJIeJb KHUHETHKH CTPYKTYPHBIX Je(EKTOB.
Haubonee yacto s TEpMOAMHAMHYECKMX TMOTEHIIMAJIOB HCHOIb3YIOTCS
MOJIMHOMUHAJIBHBIE TIpe/cTaBiieHuss. DopMaibHO KUHETUYECKUE YpaBHEHUS
(4.43) u (4.44) omnuchBalOT TBEPAOTENbHYIO cucTteMy ¢ N aedeKTHbIMU
nojacucreMamu. B To sxe Bpemsi, B 00111eM BUJIE 3Ta CUCTEMA CIIUIIKOM CJI0KHA
i aHanu3a. [103ToMy UMeeT CMBICI OTPAaHUYUTHCS Pa3yMHBIMH Tpe/eIaMH,
HaIrpuMep, OJTHOBPEMEHHBIM PACCMOTPEHUEM He 0oJiee JIBYX TUIIOB Je(PEKTOB
U CTENEHBIO MOJIMHOMA HE BBINNIE YETB epTOd. B 3TOM cilydae, BHYTPEHHIOIO

OHCPIUIO OIIPCACINUTDb B BUJC:
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1

1 1
u(hlahz ): Uy + Z ((p()mhm _E(plmh:l +§(P2mh; _Z(th:lj"'q)lzhlhz s (445)
m=1,2

TOE uy, @, > ¢, — HEKOTOPBIE KOI(DDHUIMEHTBI, KOTOPHIE 3aBUCAT OT

PaBHOBECHBIX TIEPEMEHHBIX s U &, KaK OT YIpPaBJISIOIINX [1apaMETPOB:

u, =%7\.(8;)z+ u(S;)Z+Bs2 , (4.46)
0 =000+ 2050+ (37 G0, 6 F |- B Bruss. (447)
Py =1, — 26,85 (4.48)

rae ¢, (s ; )2 — MEPBbIA U BTOPOM MHBAPHAHT T EH30pa YNPYrux aehopManuii.

Crnaraemble B KpYIVIBIX CKOOKaxX OIUCBHIBAIOT BKJIAAbl OT KaXJoh
OTJENIbHOM Je(EeKTHOW MOJCHCTEMBI, IOCIEAHEE ClaraéMoe OIHCHIBACT
B3aUMOZEHCTBHE JIe(PEeKTHBIX MOJACUCTEM. 3J€Chb PAacCCMOTPEHa TOJIBKO
CTPYKTYpHasl 4aCTh 3a/1a4H, TEIUIOBbIE SIBICHUS OYyIyT OT AEIBHO PACCMOTPEHBI
B nojpaszene 4.8.

Monens (4.45) Taxxke siBIsieTcsl JocTaToyHO oOmiel. B ee pamkax Oynyt
paccMOTpeHbl elle Oosiee MPOCThle MOJENHU. Bynem cuutarh, 4yTO MOJEINb
SBJISIETCSl OJTHOYPOBHEBOM WJIM JIBYXYpOBHEBOM, €CIIM OHA OIMUCHIBAECT OAMH
WINA JBa BHUJIA CTPYKTYPHBIX Je(eKTa COOTBETCTBEHHO. byaeM cuutaTh, 4TO
MOJieNb SIBISICTCSI OJHOMOJOBOM WM JABYXMOJIOBOM, €CIM MaKCHUMallbHasi
CTENIEHb IMOJIMHOMAa # paBHAa JBYM WU 4eThlpeM. KommuectBo MoJ
orpenesieTcss KOJMYECTBOM YCTOWYMBBIX CTAllMOHAPHBIX pPELIEHUH WiIn
MaKCUMyMOB BHYTPEHHEH 3HEpruum — OoJHa B MPHUOIMIKEHUU KBaJPAaTUYHOTO
MOJIMHOMA, U JIB€ B MPUOIMKEHUU TOJTMHOMA YETBEPTOU CTEECHH.

CooTBeTCTBEHHO, HIKE Oosiee MOAPOOHO OyAyT pPacCMOTPEHBI TaKue
YacTHbIE MOCTAaHOBKM 3aJaud. [/IByXypOBHEBOE OJHOMOJOBOE MPUOIIMKEHHUE
(wmu  mogmenb) — pazgen 4.4 [342], 1BYXMOJOBOE€ OJHOYPOBHEBOE
npubnmxkenue — pazgen 4.5[343], u JABYXYpPOBHEBOE JBYXMOJIOBOE

npubakenue — pazaen 4.6 [344].
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4.4. JlsyxyposHesas 00HOM0008as KUHemuKa oeghekmos

PaccMoTpum mpocTeiiinyto ABYXypOBHEBYIO MOJEIb, YUUTBHIBAIOUIYIO
B3aUMHYI0 KHHETHUKY JUCJIOKAIMM M TpaHULl 3€pEeH IPU HHTEHCHUBHOM
MEXaHU4eCKOM Bo3aeicTBUU. COOTBETCTBYIOIIASI CHCTEMA KHUHETMHCKUX

ypaBHeHuil (4.44) B KBaApaTWUyHOM (OJHOMOJIOBOM) MPHUOIUKEHUU HUMEET

BU:
Oh
Tha ®y (p1h+¢ha
L (4.49)
oh . -~
;75 =0, _(plh +¢h

31ech BCE BEJIMYMHBI, OTHOCSIIMECS K JUCIOKALMSAM, MOMEUYEHBI THIIBIOH .
[locnenHue ciaaraeMble OMMCHIBAIOT B3aMMHOE BIUSHUE Pa3iIMYHBIX YPOBHEM.
[lockonbKy  JUCIOKAlMM  CTPYKTYpHBIM  nedekr  Oosiee  IIyOOKOro
CTPYKTYPHOI'O YPOBHSI, TO UX IOJBUKHOCTb 3HAYUTENBHO BBIIIE ITOJIBUKHOCTH
TpaHUI] 3€pPEeH, U MO3TOMY MOXHO CYMTaTh CHPABEUIMBBIM aqHa0aTHUECKO €

OpUOIMKEHHE 1, <<T,. B 5TOM nNpUOIMKCHUM DPaBHOBECHOE 3HAYECHHE

IINTIOTHOCTHU ZII/ICJIOKaI_II/Iﬁ ONpCACIUTCA U3 YCJIOBUA CTAIUOHAPHOCTH BTOPOIO

ypaBHeHus (4.49):

i = (5, + o). (4.50)

1
DTO CTalMOHApHOE 3HAYEHUE MOXHO HCIOJIb30BaTh, YTOOBI MCKIIIOY UTh
TJIOTHOCTH AUCIIOKAIUH U3 MEepBOTO ypaBHEeHUs (4.49):

ah ~ €j €j
T/,EZ(PO_%h"'g((PO"'d)h):(POf_(Plfh' (451)
1

Otkynma cremyer, 4YTO y4YeT JUCIOKAIMi B aauabaTuyecKoM
MPUOTMIKEHUU TPUBENI TOJBKO K MEPEHOPMHUPOBKE MOCTOSHHBIX Teopuu. C
OJIHOM CTOPOHBI, 3TO MOATBEPKAAET HMCXOJHBIA TE3UC paccma TPUBAEMOIO
31€Ch TMOAXOAa O BO3MOXKHOCTHM YyYe€Ta BIMAHHUS BCEX HIDKEICKAIUX
CTPYKTYPHBIX YpOBHEH depe3 Ko3(pUIIMEHTH Teopuu, a ¢ APYyTrod CTOPOHBI,
TaKkoOW pe3ynbTaT JOCTATOYHO TPUBHAIBHBIA. PaccMoTpuMm creayroumui

YPOBCHb HpI/I6J'II/I)KeHI/I$I, Koraa HCpPaBCHCTBO 1, <<71, HMCCT MCCTO, HO HC

HACTOJIbKO, YTOOBI TpaBas 4acTh BTOpOro ypaBHeHus (4.49) oOpaianach
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CTpOro HYJIHO. HOJIO)I(I/IM, 4YTO OHA paBHA HCKOTOPOﬁ MajioM BEIUYMHE g,

KOTOpas Kak OT T[apameTrpa 3aBHUCHUT OT 4 (KBa3uajauabaTUuecKoe

NpUONIKEHUE):
P, - +0h=¢. (4.52)

Torna, HUHTCTPUPYA BTOPOC YPABHCHUC, B 3TOM CJIy4dac MOJIyuInumM

ﬁ=i8t+~i((§0+¢h). (4.53)

h 1
[Toacrapisist 3TO COOTHOIIEHHE B TiepBoe ypaBHeHHe (4.49) u monaras
€ =¢,+¢h, IOIyIUM

rha—hchogf —(pffh+isot—islht. (4.54)
ot T T

[Monaras popmaneHO h=v/k u t=e¢/V, a Takke ¢ =-—xt,e,V/k, ¢ =—«xV1,e,,
g, =xt1,1. V/kdp, & =-x1,1.V’/p, NOTYyUNM W3BECTHOC KHHETHICCKOE

ypaBHEHUE Ui ONMCaHus (parMeHTAauu TBEPAbIX Tl NpU OOJIBIIKUX
nedopmalsax, MOTyYEeHHOE paHee U3 IBPUCTUUYECKUX cooOpaxkeHui [3 45].
JUJis1 COTIOCTaBUMOCTH MPUBEAEM 3T O YPABHEHUE B PA3BEPHYTOM BUJIE:
L o sete—ve. (4.55)
K de
Crnaraemble ¢ NOJIOKUTEIbHBIMU 3HAKAMHU 3/1€Ch OMHUCHIBAIOT HCTOUHUKU
JUCKIIMHALMI, TO €CTh, (PAKTMYECKH, TPAHUIL], C OTPHUIATEIbHBIM 3HAKOM,
ONKCHIBAIOT CTOKM JUCKIMHALUMWA, TO €CTh, (PAKTUUECKH, MPOIECCHI
aHHUTWISIMK TpaHull. COracHO ypaBHEHUIO 3TH MPOLECCHl UAYT B KaxAbIH
MOMEHT BPEMEHH C OJJHOM U TOM K€ CKOPOCThIO, HO BEJIMUMHA ITONH CKOPOCTH
pacTer ¢ pOCTOM HAaKOIUIGHHOM jaepopManuu e, TO €CTh, BPEMEHH.
dakTHueCKu, B KUHETUYeCKoe ypaBHeHHE (4.5 5) BBeJieHa sIBHAsI 3aBUCUMOCTD
OT BPEMEHHU, TaK Kak 0OlIas HAaKOIUIeHHasl JeopMalusl e MpU MOCTOSHHOM
CKOpOCTU JAe(OopMHUpOBaHMS MPUOIUZUTEIBHO MNPONOPLUOHATIEHA BPEMEHHU .
Takyto SIBHYIO 3aBUCHUMOCTb OT Bp €MEHU B KHHETHUYECKUX YPABHEHUAX MOKHO
BBECTH, HAIpUMEp, Yepe3 3aKOHbI YNPOUYHEHUs (CM. CIEAYIOIIMHA pasjen),
KOTOpbIE B 3(pPexkTuBHONU (hopMEe OTpakaroT BIUSHHE HA 3BOJIOLMIO FPAHUIL
HBOJIIOLIMU J1e(PEeKTOB Oosiee TIIyOOKUMX CTPYKTYPHBIX YPOBHEW, Hampumep,

JTUCIIOKAITHH.
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OtMeTuM, 4TO TIEPBHIC JIBA cllaraeéMbIX B (4.54) U COOTBETCTBYIOIINE UM

MepBbIe JIBa ciaraeMbix B (4.55) uMeIT MPOTUBOIONOXKHBIE 3Haku. [lepBoe
cimaraemoe B (4.55) crmemyer NOHMMAaTh, KaK AHHUTWIALMIO TPaHUII,
MpoTeKaroNe «caMoi 1o cebe» ¢ TMOCTOSHHOM CKOpocThio. Bropoe
cllaraéMoe OIKCHIBAET TEHEPALMIO TPAHUL, IPUYEM CKOPOCTh T€HEPALIMU TEM
BBIIIIE, YeM OoJibliie rpaHul] (Wik (PparMeHTOB) yKe UMEETCS B TBEPJIOM TeJle.
YuuteiBas, 4ro BenuunHa e)~0.2 [345], MOXKHO yTBEpXKAaTh, YTO BKJIAJ
MIEPBBIX JBYX ClaraeMbiX B KUHETUKY (hparMeHTaIuu OyaeT Mai. MakTUYecKH,
OH CBEJIETCS K CABUTY BCEU KMHETUYECKOW KPUBOM Ha BelWuuHy ().2 BOpaBO.
Takum 00pa3om, OCHOBHOW BKJIaJl B KHHETHUKY Ipoliecca OyayT BHOCHUTH
MOCJIEIHUE JIBAa CJIAraeMblX, 3HAKA KOTOPBIX COIVIACYIOTCSA CO 3HaKaMu
COOTBETCTBYIOIIUX cllaraeMbIixX B (4.55).

Takum o00pa3oMm, aHAJIUTUYECKH B paMKax JBYXYpOBHEBOW U
OJTHOMOJIOBOM MOJIeJIM B KBa3MaJAMabaTUYECKOM MNPUOIMKCHUH TOTYYEHO
W3BECTHOE KUHETUYECKOE YypaBHEHHME [345], 4TO MepeKphIBaeT Avana3oH
BO3MOJKHBIX TMPUJIOKEHUN TMOAXO0AA, B TO BpPEeMsl Kak ObLI 3aJIeHCTBOBAH €ro

MPOCTENUIINI BapUaHT.

4.5. Jleyxmo008as 00HOYypo6He8as KUHeMUKa panuy, 3epen

CremneHHoe npCACTaBIICHUC BHYTPCHHeﬁ OHCPIrur B 3TOM HpI/I6J'II/I)KeHI/II/I
HUMCCT BUJ IIOJIMHOMA I-ICTBCIZ)TOIt/i CTCIICHNU OTHOCHUTCIIbHO IINIOTHOCTHU T'PAaHHI]

3epeH A:
1 , 1 ;5 1 4
u=u,+Qh——0h" +—0,hF ——o.h* +... , (4.56)
2 3 4
e ¢,, ¢, ¢,, ¢, — TOJIMHOMUHAIbHBIC KO3(PQPHUIMECHTHI, 3aBHCUMOCTD

KOTOPBIX OT YIpYrux jAedopmanmii MMeeT CIEAYyIOUIMM CTaHIapTHBIA Ui

JAHHOTO ITOJX01a BHI:
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uo =%k(85-)z+u(8§)z,
(p0=(p;+g85+%7T(8;)z+H(8;)z, (4.57)

* e
¢, =0, +eg;,

rae ¢, @ J)z =g ¢, — IIEPBBIA U BTOPOM MHBAPHMAHT TEH30pa AepopMaumii, 4, i
— yOpyrue MOCTOsIHHbIE Oe3l1e(PEeKTHOro Marepuana, g — XapaKTepu3yer
aKTHBAIMIO TIPOM3BOJICTBA TPAHMUIL 3€PEH JEHCTBYIONIMMH HAMPSKEHUSAMHA, A,
I — HU3MEHEHHUs YIPYIHMX MOCTOSHHBIX, OOYCIIOBJICHHBIE CYIECTBOBAaHHEM
TPaHULl 3€peH, e — XapaKTepu3yeT AaHHUTWISALMIO TpPaHML] 3E€pEH,
AKTHBMPOBAHHYIO JACUCTBYIOIMMH HAIIPSKEHUSIMHU.

DBOJIIOIIMOHHOE YpaBHCHUC COOTBCTCTBYHOIICC OTOMY CHIy4Yard MO KHO

3aI1ucaTtb B BUAC

ou
= =v, ((po —Q—@,h+@,h* —@ i’ +) (4.58)

3aBUCUMOCTH BHYTPCHHCIZ OHCPIrvun OT INIOTHOCTU I[e(l)eKTOB IIpHU pa3JIMIHBIX

MIOCTOSIHHBIX ~ 3HAYEHHUAX £ OymayT  00pa3oBbIBaTb  HEKOTOPOE

napamerpuyeckoe cemeiictBo (Puc. 4.4). Ilpu mnocTossHHOM 3HaYEHUU

YIPaBJAIOIIEr0 IapaMeTpa g DBOIIOLUSA CHUCTEMBl K SKCTPEMAJIbHBIM

g
3HAYEHUsIM BHYTPEHHEH SHEpruu OCYLIECTBIAETCS B COOTBETCTBUU C
ornpejiesieHus MU KOHCTaHT (4.57) u ypaBHeHueM (4.58) BI0JIb OTHON U TOM XK€
KpuBoi u3 3toro cemerctea [301, 318, 323, 324, 326, 340]. 9T0 BO3MOXKHO B
IBYX CIy4yasiX, KOTJa MaTepuayl He YNPOYHseTcs U JeQOopMHUpPYETCS C
MOCTOSTHHOM CKOPOCTBIO WJIM YIPOYHSIETCS, HO CKOPOCTb JIe(OPMHUPOBAHUS
MEHSIETCSl COOTBETCTBYIOIIMM 00pa3oM (yMmeHbluaercsi). Eciau  marepuan
yIpouHsieTcsl U JeOPMUPYETCS € MOCTOSH HOM CKOPOCThIO, TO HEBO3MOKHO
OCTaBaThCsl HA OJAHOM M TOM K€ INapaMe TPU3UPOBAHHOM KPHUBOM, W IpoLEcC
HBOJIIOLIMM MaTepHaja Ha pa3HbIX CTaausX OyJeT OMHCHIBATHCSA Pa3IMYHBIMU
KpuBbIMHU. llepexon OoT OmHOM KpUBOW K JPYrol KpMBOW IPHU IOCTOSHHOU

CKOpPOCTH ZIC(I)OPMI/IPOBB.HI/IH 3aJaCTCsd 3aKOHOM VYIIPOYHCHUA MaTcCpualia.
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HOBTOMY CUCTCMY OSBOJIOOMOHHBIX ypaBHeHI/Iﬁ HCO6XOZ[I/IMO JOIIOJIHUTD

COOTHOIICHUECM, CBA3bIBAIOIIINM ynpaBHHIOHII/Iﬁ nmapamMeTp € HOOCTUTHYTBIM

YPOBHCM HCO6PaTI/IMBIX IINTaCTHYCCKHUX IIC(I)OpMaHHﬁ.

Puc. 4.4 I'paduku BHYTpEeHHEH SHEPTUH OT MJIOTHOCTH NE(PEKTOB: KUPHAS
KpHBasi COOTBETCTBYET SBOJIOIHMU MaTepU aia C Y4eTOM YIPOYHCHUS ISt
mapaMeTpoB MoOJEIu: ¢, =2-10"%, g=0.12, A =1000, w=2100, ¢, =1.12-1072,
e=3.6-10", ¢,=225-10%, ¢,=12-10": 1 — cTpykTypHO-(ha30BBIi MEPEXO/I,

2-8 KpUBBIE TIPU PA3JIUYHOM 3HAUECHHUH YIIPABJISAIOLIETO IApaMETpa .

4.5.1. Xapaxmep énusnus na gppacmenmayuro ynpouHeHus Mamepuaia

Bo3bMmeM 3a OCHOBY OOBIYHBIN JJIS1 TIOJMKPHUCTAIUIOB 3aKOH YITPOYHE HUS
Matepuania (3axoH XoJsuta-Ilatua) [346]:

c=0,+AG e, (4.59)

I€ 0 — TEKYLUUH Ipelen TEKYy4eCTH, 0y — Ipeaes TEKy4eCTH B Ha4aJbHOM
coctostHud, G — CIOBUTOBBIM MOIYJdb yHOpPyroctH, A — Ko3(pPUIHEeHT
MPONOPIUOHATBHOCTH, € — TMOJHBIA TeH30p JAedopmanuii, KO TOPBIiH,
MIPaKTUYECKH, TOJHOCTBIO COCTOWUT W3 IUIACTHUYECKOM 4YacTh. [lockonbky B

MPHUHATBIX 3ICCh 0003HaYCHUAX YHOPABJIOIMAM  [TAPpaMETPOM  SBJIACTCA
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ynpyras 4acTb jAe(opmanuu, KOTopas MpONOpLUUOHATIbHA ACUCTBYIOIIEMY

HaIpPsKEHUIO, TO COOTHOIICH He (4.59) MOXKHO TIEpenucaTh B BUJIE:

& =g. +Be’ (4.60)
rae B — ko3punreHT NponopIUuOHATILHOCTUH. DTO COOTHOIICHHUE OIMUCHIBAET
YOPOYHEHHE JJIsi HE CIUIIKOM Oofbiux jaedopManuii. [ns  Gombimx
3HaueHUW JaedopManuil 3TOT 3aKOH JaeT XOThb M MEJUICHHBIH, HO
HEOTPaHUYCHHBIN POCT MPOYHOCTU MaTe€pUaiia, B TO BPEeMsl, KaK JUIsl peabHbIX
MaTepualioB OH BBIXOJUT Ha TMpeJesIbHOE TMOCTOSHHOE 3HadeHue. Jis
KAueCTBEHHOT'O OMHUCAHUS 3aKOHA YIPOUYHEHHUS, KaK MPHU MaJbIX, TaK U TPH
OOJIBIINX TIACTUYECKUX JePOopMaIUsIX eAUHOM (POpMYIIOi BEIpa3uM €ro yepe3
TUNepOOTIMYECKUNA TAHTEHC:

g’ =¢gf +Btanh(as"), (4.61)
re B 1 a — HEeKOTOpbIE SMITUPUUYECKUE TTAPAMETPhI, KOTOPHIE XapaKTepU3yrT
BELIECTBO.

Ycnosue ynpouHeHust matepuana tumna (4.59)-(4.61) urpaet, kak Obl POJb

3BOJJIFOIIMOHHOI'O AaBHECHUA 1A mapaMerpa . OZIHB.KO OHO HE€ CJICAYCT U3
ij >

OOBIYHOM MPOLIEe Ty Pl mudepeHupoBaHus TEPMOJIMHAMUYECKOTO
noTeHluana B (opme BHYTpPEHHEW WM CBOOOJHOW SHEPIHH, U B 3TOM,
Ka)XKeTCs, €CTh HEKOTOpOE MPOTHUBOpeuUre OO0muM hpuHiumnam teopuud. OHO
CBSI3aHO C TE€M, UTO YIIPOYHEHHUE OmpeenseTcs Ne(eKTHOCThI0 MaTepraia H a
JMCIIOKAlIUOHHOM YPOBHE, a OCHOBHBIM H3Yy4YaeMbIM JIe(EeKTOM B OSTOM
OJIHOYPOBHEBOM MPUOJIMIKEHUH , SIBIISIFOTCS TPaHUIIBI 3epeH. [10CKONbKY SIBHBIN
y4eT B paMKaxX OJHOW TEOPUHU JIBYX CYHIECTBEHHO Pa3IUYHBIX CTPYKTYPHBIX
ypOBHeM 3asiaya OoJiee cioxkHasi (OHa paccMoTpeHa B paszjenax 4.4 u 4.6), To
Ha JAHHOM CTaAuM M3Yy4YEeHHs TIpolecca (parMeHTaluu, MPUILIOCH
BOCIIOJIB30BAThCSl «TOTOBBIM» AMIUPUYECKUM (WU CIEIYIONIMM U3 APYrou
TEOPUH YIIPOUHEHHS) COOTHOIIIEHUEM.

OBOJIONMSA CUCTEMBI BO BpPEMEHHM B 3aBUCUMOCTH OT Tnapamerpa B
npuBegeHa Ha puc. 4.5. [Ipu ManbIX 3HAYEHUSX STOTO MapaMeTpa 3BOJIOLUS

CUCTCMbI «3aKaHYHUBACTCs» Ha IICPBOM MAKCHUMYyMC BHYTpeHHeﬁ OHCPI'Un.
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Marepuanbl, KoTOpble c1a00 YHPOYHSIOTCS, HE MOTryT Cc(HOpMHUPOBATH

MEJIKO3EPHUCTON CTPYKTYphl (IIPU YCIIOBUHU, YTO OCTJbHBIE MMapameTpbl
MaTepuana Takue e, Kakue BBIOpaHbl JJIs pacCMaTpUBaeMoOro ciyyas, a
MMEHHO, CYLIECTBYeT MOTCHLUUAIbHBI Oapbep MeXAy MaKCUMyMaMu

BHYTpPEHHEH SHEpTun).

h, yeu en.

0 100 200 300 400
t, yeJL. e

Puc. 4.5 3aBHCHMOCTH DBOJIIONMU IUIOTHOCTH JC(PEKTOB BO BPEMCHH LIS
3HaueHui koddunuenta B: 1 — 0.0001,2 — 0.0003, 3 — 0.0005, 4 — 0.0006, 5
—0.0007, 6 — 0.0008, 7 — 0.0009. 3nayenue ko3pduruenta a=0.00001.

[Ipu OonpmMx 3HAYEHUAX Ko3(uienTa B SBOIIONUS CHUCTEMBI
MIEPEXOAUT HAa BTOPOM MAaKCMMyM BHYTPEHHEHN 3Hepruu. Marepuan, KOTOPbIU
yhnpouHsieTcst  Oojiee  CHJIBHO, COOTBETCTBEHHO, ObICTpee  JOCTHIaeT
NpeaesbHOM (WM  cTauMoHapHOM) cTpyKTypbl. Ilpudyem, yem ObicTpee
yIOPOYHSIETCSl MaTepuas, TeM O0ojieeé MeJIKOe 3€pHO (BBIIIE IUIOTHOCTh
nedexToB) Qopmupyercs B pe3yJbTare HWHTEHCUBHOTO MEXaHHYECKOTO
Bo3zercTBHsl. OJTHAKO, pa3iauy4Ms 3TU HE CTOJIb CYLIECTBEHHBI B ITPOLICHTHOM
OTHOUIEHUWM II0 CPAaBHEHHIO C pa3IMuMsIMH B pa3MeEpax  3€peH,
COOTBETCTBYIOUIMX MEpPBOMY (JIEBbIII MakCUMyM BHYTPEHHEH »JHEpPruu) u
BTOpOMY (MpaBblii MaKCUMyM) CTallMOHAPHOMY COCTOSIHHIO MaTepuala.
Orcroia BakKHBIM BBIBOJ, KOTOPBIM Kade€CTBEHHO COIJIACYETCS C BBIBOAOM

teopun [347, 348], — nmas TOro, 4roObl B OOJBIIEH CTENEHU WU3MEIbUUTH
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MaTtepuall, HeoOX0IMMO TOBBICUTH €r0 COMPOTHUBJICHHUE aedopmaliuu, Oosee

MIPOYHBIN MaTepuall B TO e BpeMsi 00s1ee MEeJIKOo ApOoOUTCS.

3aBUCHUMOCTb XapakTepa 3BOJIIOLUU CTPYKTYpbl MaTepuana OT BTOPOTO
napaMeTpa 3aKoHa YIPOYHEHHs a MpuBeAeHa Ha puc. 4.6 ans ciaydas Majloro
B. OnHa oka3biBaeTcsi MeHee cyliecTBeHHOH. [Ipu OoyblIMX 3HAUYEHUSX ATOrO
napaMeTpa MaTepuan ObICTpee BBIXOJIUT Ha MPEJeSIbHOE 3HAYCHHE TUIOTHOCTH

He(beKTOB, HO BCJIMYHHA 3TOT'O IPCACIIa OAHA U Ta K€ I Pa3HbIX d.

h, yca. en.

0.1

0 50 100 150 200
t, ycui. e

Puc. 4.6 3aBUCHUMOCTH 3BOJIIOIMHU IUIOTHOCTU JAEC(PEKTOB BO BpPEMEHHU JIS

3HayeHuit koapounmenta a: 1 — 0.00001, 2 — 0.00002, 3 — 0.00016. 3naueHue
koa¢ppunuenta B=0.0003.

Kak BumHo U3 pucyHka mepexoJ H3 KPYMHO3EPHHUCTOIO B
MEJIKO3EPHUCTOE COCTOSIHUE OCYILECTBISIETCS JOCTaTOYHO O BICTPO, UTO
OMpaB/IbIBAET  MPUMEHEHHE  TEPMHMHA  WHTEHCUBHBIX  IJIACTUYECKHUX
nedopmanmii, a HE MNPOCTO OOJBIMIMX JedopMalMif, Kak 3TO HHOTIA
npeanaraercst B qureparype. Kpome Toro, u3 Teopuu ciemyeT, 4TO UCXOAHOE
KPYIMHO3EPHUCTOE  COCTOSIHME  TaKKe  SBJSIETCS  IpeleibHOM (Wi
CTAIMOHAPHOMN) CTPYKTYPOM, TaK K€ KaK paHee ObLIO MPUHATO CUUTATH TOJIHKO
MO0 OTHOIICHUIO K KOHEYHOMY COCTOSTHHIO TOcje Bo3AeucTBus . B mpenemax
OObIYHOM (HE WHTEHCUBHOM) TUIACTUYHOCTH MaTepuaid TakkKe HEMHOTO
MOAUUITUPYETCS, €CITU €r0 HaYaJIbHOE COCTOSIHUE OKa3bIBACTCSI OTIIU YHBIM OT

CTAlIUOHAPHOT' O (CM. KpPUBBIC Ha pUC. 4.6 1 HUKHUE YYaCTKU KPUBBIX Ha pUC.
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4.5), HO CKOpOCTh Tporecca OyJeT OTHOCHTEIbHO HE BBICOKOW. [loaTomy

KPYITHO3EPHHUCTOE CTPOCHHE MOXKHO pacCMaTpuBaTh Kak CTAlMOHAPHYIO
CTPYKTYpY, (OPMHPYIOIIYIOCS B TpOIecce OOBIMHOW TUIacTH YHOCTU. CBSI3b
napamerpa s co CpeJHUM pa3MEepOM 3€pEeH 3aBUCUT OT (DPOPMBI MOCIECIHUX.
[Tonmarast s TPOCTOTHI: YTO 3epHAa UMEIOT (popMy KyOa, IUIS OLIEHKH €ro
JUHEMHOTro pa3Mepa / MOIy4YuM NpPOCTOe BbIpakeHue [=3/h. Bcnenctsue
oOpaTHOM 3aBUCUMOCTH d~1/h Mexny pa3MepoM 3epHa d U TUIOTHOCTHIO
nedekToB /i GonbiiomMy pazdpocy pa3mepoB 3epeH Ad OyJIeT COOTBETCTBOBATH

MaJiblit pa30poc IUIOTHOCTH ACEKTOB |[AK|~ Ad/d’, TO eCTb, IPAKTHYCCKU BCE

KPYIHO3EPHUCTbIE MaTepHajibl MOMajalT B 00JacTh JIEBOITO MaKCUMyMa
BHYTpeHHeEM 3Hepruu. KpoMe Toro, 1o 3toi ke Npu4uHE CKOPOCTh 3BOJIIOLIMH
CUCTEMbI K TOYHOMY 3HAYEHHMIO 3TOr0 MakCMMyma OyJeT HE BBICOKON U TeM
MEHbIIIEH, YeM KpynHee HUCXOAHbIM pa3Mmep 3epeH. To ecTb, OObIUHAs
IUTACTUYHOCTH cJ1ab0 MoaupuuupyeT Ae(PEeKTHYI0 MOACUCTEMY (TpaHHUIbI

3epeH), 4TO, PaKTHYECKH, U HAOIIOAAaeTCsI Ha peallbHOM MaTepHae.

4.5.2. Xapaxmep enusnus Ha pacmenmayuro HeoOHOPOOHOCMU YAPY2UX

oeopmayutl

Jlo 3Toro mpenmnonarajgoch, 4yTo Aedopmanys NpoTeKaeT OAHOPOIHO IO
BceMy o0ObeMy TBepAoro Tteia. DakTUYECKH, CYIIECTBYIOT CHOCOOBI
BO3JICUCTBHUSI, KOTOPbIE UMEHHO TaK U ocytiecTBisitores [349, 350]. Ognako, B
9TUX METO/ax TMPOCTPAHCTBEHHAs OJHOPOJHOCTh JOCTUTACTCS 3a CYET
HEOOpaTUMOTO HW3MEHEHUsI CEYeHHUsi o00pasila, 4YTO B KOHEUYHOM HTOTE,
MPUBOJUT K OTPAHUYCHUIO Mpollecca BO BpeMeHU. M3 3Toro cuemyer, 4ro
JOCTHKEHUE CTPOTO CTallMOHAPHOTO COCTOSIHUSA (HEOTPAaHUUYEHHOTO BO
BpEMEHH) B O3TOM clydyae HEeBO3MOXHO. OJHAaKO Ha OrpaHUYEHHOM
MPOMEKYTKE BPEMEHU COCTOSIHHE Je(PEKTHOM MOJCUCTEMBI MOXET OBITh
OJIM3KKM K CTallUOHAPHOMY.

B kmaccuueckux Meromax BO3JIEHCTBHUS Ha TBEpIbIE Tela TaKuX, Kak

paBHOKaHanbHOE yriioBoe (PKY) mpeccoBanue [6, 230-232, 351], BuHTOBaA
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akcTpy3ust [233] u T.4. ceueHue obpasiia B mporecce 00padOTKH HE MEHSETCS.

OnHako, CTallMOHAPHOE COCTOSIHME HE MOJXKET OBITh JIOCTHTHYTO TO JPYTOH
npuuuHe — oOpaser] AepOopMUPYETCS TOIBKO Ha OTPAHWYCH HOM TTPOMEKYTKE
BPEMCHH, TI0Ka OH MPOXOJNUT aKTUBHYIO 30HY. B OocTaibHON 4acTH yCTaHOBKHU
oOpasell HaXOJIUTCS B YIPYTOM (C3KaTOM) COCTOSIHUH, U TIPOCTO MEepeMENacTcs
BJIOJIb OCH YCTAaHOBKWM. B aKkTUBHOW 30HE IuTacTUYecKas JedopMarius,
BO3HUKAOIIAs TI0]T ICHWCTBUEM CaMOCOTIIACOBaH HO C(DOPMHUPOBAHHBIX YIPYTHX
HaNpsOKEHUH, pacrpeselicHa HE paBHOMEPHO, Bo3pacTas OT HyJsA J0
HEKOTOPOTO MaKCHMAaJIbHOTO 3HAUCHUS, M YOBIBas 3aTeéM CHOBAa IO HYJIS
(BepHee, 10 HANPSDKEHUS HIDKE TpeJesia TEKydecTH). Takoe pacmpesesieHue
YIPYTUX HAMPSKCHUA, U COOTBETCTBYIOIIUX UM YIPYTHX AcPopMarivii, iMeeT
XapakTep CTAIlMOHAPHOKW BOJIHBI, Yepe3 KOTOPYIO MOCCIOBATEILHO MPOXOINT
Bech oOpaser. DTy BOJHY MOXKHO CpPaBHUTh TAaKKE C yJapHOW BOJHOM, Yy
KOTOpOW BIepeau (GpoHTa MaTephal HAaXOIUTCS B OAHOM CTPYKTYPHOM
COCTOSIHMM (KPYITHO3EPHUCTOE CTp OCHHE), a TOCJIEC B JIPYrOM CTPYKTYPHOM
COCTOSIHMHA. B Kaxapli MOMEHT ae(OopMHUpOBaHHS MaTepUal CTPEMHUTCS K
CTallHOHAPHOMY  COCTOSHHIO,  KOTOpO€  CaMO  OIpENeNsIeTCs  TeMH
KOHKPETHBIMU BHEITHUMU YIIPABIISIONIUMHU TTapaMeTpaMu, JICHCTBYIONTUMH B
JTaHHBI MOMEHT. [lo3ToMy 3a Bpemsi OJHOTO ITMKJIa OOpPaOOTKH MaTephal He
yCIIEBACT JOCTUTHYTh CBOETO CTAllMOHAPHOTO COCTOSIHUS, COOTBETCTBYIOIIETO
MEJIKO3EpPHUCTOMY CTPOSHUIO (IIPaBbli MAaKCUMyM BHYTPCHHEH SHEpPTHH), a
MPOXOJUT TOJBKO YacTh 3TOro MyTH. [[03TOMY BO3HHMKAeT HEOOXOAMMOCTH
MHOTOKPAaTHOTO TOBTOPEHUS Takoi 00paboTku. 1o 3Tol mpuunHEe BO3HUKACT
HEOOXOJAMMOCTh TaK OOOOIIMTH CHUCTEMY KHHETHUCCKUX YpPaBHCHH, YTOOBI
MO>KHO OBUIO Y4ECTh HEOJAHOPOIHOCTH Iporiecca 1e(hOpMUPOBAHUSI.

Brllie Ha OCHOBaHWW OJHOPOJTHOTO (DYHKIIMOHAIa ObLla pa3BUTA
KayeCTBCHHAss (MUHUMAIMCTUYECKAs) TCOPUS MHTCHCUBHOTO BO3JICHCTBUS Ha
TBEpJAbIC Tela, KOTOpas IMO3BOJISIECT OOBSICHUTH (DOPMUPOBAHUE MPEACTHLHOU
(cTarimoHapHOM) 3€PEHHON CTPYKTYPhl METAZIOB B 3TOM Cliydae C TO3HIIMA
dazoBoro mepexoma mepBoro poxaa. OgHAKO B CHIy OIHOPOJHOCTH

(I)YHKI_II/IOHaJIa HUHTCpIpCTALA 9KCIICPp UMCHTA HOCHJIa KauyeCTBECHHBIN
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MHHHUMAaJIUCTHYSCKUI XapakTep. HCOI[HOPOI[HOCTB MOACIN MOXKET OBITH

yuTeHa ¢ MpUBJIeYeHHEM (YHKIMOHAIA THIA Mapaboindeckoro (GpyHKIUOHAIA
['uu30ypra-Jlanmay. C y4eroM M3J0KEHHOrO, IUJIOTHOCTh BHYTpPEHHEH
sHepruu (4.56), ONyCTUB HECYIIECTBEHHYIO MOCTOSIHHYIO, MOKHO JIOTIOJHMTD

IpaJIMEHTHBIM wieHoM [219, 352]:
u@)zc@%f+¢0h—%%h2+%%h3—%¢me, (4.62)

rae h — IUIOTHOCTh NOLIaJW TPaHUI] 3epeH (CTaTHYecKash 3HTPOIUs), C, @y —
KOHCTAHTbI TEOPUH, 3aBUCSIINE OT HANPSLKEHUH (WU YIpyrux JedopMariuii)
u temneparypsl, k=0, I, 2,... COOTBETCTBYIOIIEE HBOJIOLIUOHHOE YpaBHEHUE
JIETKO TOJyYUTh W3 BapUAlMOHHOTO NpHUHUMIA. MOXHO moyararb, YTO
KO3((QULMEHT ¢ OTBEUAET 32 MAKPOCKOIIMYECKOE NEpEMEIINBAHNE MaTepHuaia
B IIpoliecce (pparMeHTanum.

Ha puc. 4.7 npuBenaeH rpaguk H3MEHEHHS IUIOTHOCTH J€(EKTOB
(TJIOTHOCTH TPaHMI] 3€pPEH) B pe3yJibTaTe MPOXOXKICHUS TPEX aKTUBHBIX 30H.
31ech A1l KOMIIAKTHOTO M300payKeHHs MPOLiecca BMECTO IOCIIEA0BATEIBHOIO
BO BPEMEHHU MPOXOKJICHHSI aKTUBHBIX 30H B Pa3HbIX LMKIAX CMOJECIUPOBAHO
MIPOXOXKACHUE UX B TEYCHUU OJJHOTO IMKJIA TaK, YTO pa3HbIE yYacTK U 0Opasia
MPOXOJAT Yepe3 «CBOW» 30HBI OJTHOBPEMEHHO. V3MeHeHHe ymnpaBisioLIero
napaMeTpa B aKTUBHOW 30HE 3aJaHO B BHUJAE JBUXKYIICHCS C MOCTOSHHON

CKOPOCTBIO «yJAapHON BOJIHBD) :

83 :;
" 14+B(x-v1)

(4.63)
rac A u B — HCKOTOPBIC HOBBIC KOHCTAHTHI, V — CKOpOCTB HpOXO)KZIeHI/IH
0611)3.31.[3. 4YCpe3 aKTUBHYIO 30HY.

HHaCTI/I‘-IeCKOe TCUCHUC BKJIIOYACTCiA, KOI'lad ynpyraﬂ I[e(bOpMaI_II/ISI
HpeBOCXOZ[I/IT Hpeneﬂ TeKy‘-IeCTI/I. Hy.]'IeBbIe 3HAUCHU A I[e(beKTHOCTI/I hZO
COOTBCTCTBYIOT COCTOSSHUIO MATCpHaJIa 0 06pa6OTKI/I — COCTOSSHHRKO C
HaI/I6OJ'Iee KPYHHBIM 3epHOM. Kamz[aﬂ HOCJ'ICI[YIOH.I&SI CTyneHbKa

COOTBCTCTBYCT COCTOAHHIO MaTCpuajia II OCJIC KaXXIO0T0 IHKIIA O6pa6OTKI/I.

BumHo, 4ro Ha KaXJOM TMOCIEAYIOIMIEM IMKJIe OOpaOOTKU JAe(PEKTHOCTH
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BO3pacTacT, OJHAKO, C YBCJIMYCHHEM HOMEpa NMKIa BCEC Ha MCHBIIYIO

BCIIMYNHY, CTPEMACH K HCKOTOPOMY CTAllMOHAPHOMY 3HAYCHUIO.

h , yea. en.

L 1 1 L i
40 60 80 100
X, OpocTpaHCTBEeHHLIX MIaTOB

[=}
[
(=]

Puc. 4.7 Poct nedextHOCTM MeTala A € yBEIMYEHHMEM HOMeEpa LUKJa
MIPOXOKJICHUSI aKTUBHOM 30HBI. 1-5 — 3HAaYEHUs KOHCTaHTBI ¢ B NOPSIKE

BO3paCTaHUA.

BepxHsis KpuBas COOTBETCTBYET HYJEBOMY 3HAYEHHMIO ¢, TO €CTb
oJHOpoAHOM 3amaue. TouHee, 3amaua B cuiy (4.63) ocraercs HEOAHOPOIHOM,
HO HEOJHOPOJHOCTh HE BIMSIET Ha JepOopMalOHHbIE Mpolecchl. M3MeHeHue
Ne(QEeKTHOCTH MaTepuaa IMPOUCXOAUT CKAYKOM 3a BpeMs MPOXOXKACHUS
MaTepuana uepe3 akTUBHYI0 30HY JnedopmupoBanusa. [nsg ynoOcTBa
COIOCTaBJIEHUs] Ha rpaduke HU300p aXKeHbl MOCIEAOBATEIbHbBIE MPOXO0XKICHUS
oOpa3ia uepe3 TpH TaKUe 30HbI, XOTS Ha MPAKTUKE B CHIIy KMHEMaTHYECKHUX
0COOEHHOCTEH Ha KaXXIOM IMKJIE 00pa3el] MOXKET MNOJABEPTrHYThCS TaKou
00pabOTKe TOJBKO OAWMH pa3. YUeT HEOJHOPOJHOCTU MPHU IMOJOKHUTEILHOM
3HaYeHUH c¢>( TNPUBOAUT K YMEHBIIEHUIO BEJIMYMHBI CKAa4KOB MU K
CTJIaXKMBAHUIO MEPEXOAHBIX MPOIIECCOB HA MOMEHT BXOJia U BbIXOJa 00pasia
U3 aKTUBHOM 30HBL. Y MEHBIIEHHUE YPOBHS AEPEKTHOCTU MOKHO CBSI3aTh C TEM,
YTO HEOJHOPOJHOCTh (2 OHa JU((PY3MOHHOTO THUIA) HPUBOJUT K YXOIY

ZIC(I)CKTOB W3 aKTUBHOU 30HBI, YEM OOCTUTACTCA YMCHBIIICHUC B(IJ(IJCKTI/IBHOCTI/I
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KOHIIEHTpaluu HanpspkeHui. [lpu stom mpoucxoaut ¢gopmupoBaHue Oosee

OJTHOPOIHOM B/I0JIb OCH 00pasiia AedeKTHOM! (3epeHHOI) CTPYKTYPHIL.

4.5.3. Ananumuyeckoe pewienue 3a0aqu pazmenmayuyu Memainios

Bollie npuMeHeHHe HEpaBHOBECHOW KHUHETUKU OBbLUIO OrpaHMYE€HHO
YUCJICHHBIM  HWHTETPUPOBAHUEM SBOJIIOLIMOHHBIX ~ YpaBHEHUH, ux
aHAJIMTUYECKUE pelIeHUus XOoTs Obl I M[pOCTeMIIMX CllydaeB He
paccmatpuBasiuch (kpome pasnena 4.4). B To ke BpemMs moiaydeHue
AHAINTUYECKUX PELICHUNA KUHETUYECKMX YPABHEHUH, IO KpalHEW Mepe, B
cilydae MOJMHOMMHAIBHBIX MpeICTaBICHUNA TEPMOAMHAMUYECKUX
MOTEHLIMAJIOB HE SIBJISIETCS CII0KHOM 3a/1a4yeil.

Paccmorpum  HamOosee mpocTod  BapuaHT oOmie  npoOnemsl
MOJICIMPOBaHMs  Ipolecca (parMeHTaluu, Korja U3 BCEX THIIOB
HEPaBHOBECHBIX MapaMETPOB YUUTHIBAETCS TOJBKO OJ MH THUI — TPaHULIbI
3epeH, a U3 PaBHOBECHBIX MapaMeTpPOB TOJIbKO ympyrue jaeopmanuu (Uiu
HanpspkeHus1). [IpencraBieHne BHYTpPEHHEH SHEPTrUM B 3TOM CIIydyae HMEET
Bun (4.56), (4.57), sBHOE BBIpAKEHUE SBOJIOLUOHHOTO ypaBHeHUs (4.58).
DKCTpeMyMbl BHYTPEHHEW SHEPTUU OIPEAESI0TCA U3 PELIeHUs] KyOu4ecKoro
ypaBHEHUS:

?o _(p1h+(P2h2 _(P3h3 =0, (464)
KOTOPO€ MOXET HMETh TPU Pa3IMYHBIX KOpHA h <h, <h,. Kopuu h; u h;

COOTBETCTBYIOT JICBOMY M TMPaBOMY MaKCUMyMaM™m, a /; MHUHUMYMY WIH
SHEpreTUYecKoMy Oapbepy, pa3AeisolieMy YyCT OWYHMBBIC CTallMOHAPHBIC
TOYKH B Makcumymax (cMm. puc. 4.4 u puc. 4.8). Kopau ypaBuenus (4.64) He
COBMNAJIAIOT HU C OJHOW M3 CTAIIMOHAPHBIX TOYEK KMHETHUYECKOTO YpaBHEHUS
(4.58) u3-3a HanM4Msl B HEM CJIara€MOTO, YYUTHIBAIOIIETO CTallMOHAPHOE
3HayeHue @. OAHaKo, Mepeorpeiel eHUEM MOCTOSTHHOM @) Ha HOBOE 3HAUYEHUE
PaBHOE @y-¢ MOKHO JOOUTHCS TAaKOro coBnajeHusi. DakTU4YEeCKH, 3TO O3HAYAET
nepexoj OT BHYTPEeHHEW 3Hepruu K 3(PQPEeKTUBHON «BHYTPEHHEI» SHEPTUU B

COOTBETCTBUM C TpeoOpazoBanueM (4.29) wiu mepexoj; OT KUHETHUYECKOTO
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ypaBHeHus B opme (4.58) k kuHeTuueckoMy ypaBHeHuro B ¢opme (4.30). B

ATOM ciiydae ypaBHeHHE (4.54) MOXKHO 3alucath B IPYTrOM BHUJIE:

Th%Z_(Ps(h_hl)(h_hz)(h_h3)- (4.65)

U, YCII. eI,

Puc. 4.8 [Ipaguku enympenneii sHepeuu npu HOCMOAHHBIX 3HAYEHUSX

e

ynpasisiowje2o napamempa ej;. Cmpeikamu YKA3aubl RYMu  603MONMCHOU

I60J1I0YUU cCUCMEMDBL.

Oto muddepeHImaibHOe YPaBHEHH € C Pa3IEISIONUMUCS TIEPEMEHHBIMU:
dh dt

(h_hl)(h_hz)(h_}%):_;.

N3 Bceit COBOKYITHOCTH peIHeHI/Iﬁ 6YZICM HUHTCPCCOBATHCS TOJIBKO TCMU,

(4.66)

KOTOPBIC OIMUCBLIBAIOT IMEPCXO I U3 OIIHOﬁ YCTOﬁqHBOﬁ CTaHHOHapHOﬁ TOYKHU i
BO BTOPYIO B TOT MOMCHT, KOT'Zla UCYC3AaCT 6apbep, pa3HeHHIOHIHﬁ YCTOﬁqHBBIe
COCTOsIHHUA, TO CCThb, KOTAa BBITIOJHACTCA YCIIOBHC h 1= h 2 (CHHHHHC JICBOT'O
MakCUMyMa U MI/IHI/IMYMa). O6mee PCIICHUC IJId 3TOIr0 Clrydas 6YZICT HUMCTb

BHU:

h+h,—2h, h—h, t 2
| =——(h,-h). 4.67
h—h + n[C(h—hl)j T/’(3 1) ( )
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KOHCTaHTy HUHTCTPUPOBAHUA C ONpCACIINM U3 HAYAJIBHOI'O YCJIOBHU, I10JIarasi,

YTO B HaYaJbHBIM MOMEHT BpeMEHHU ¢=() BBITIOJIHACTCS ycloBUe h=h;+¢, tae €
— HEKOTOpOE Majio€ BO3MYIIEHHE, CMEMIAIoNIEe HAYaIbHOE COCTOSTHUE

CHUCTCMBbI U3 TOYKH HCYCTOI‘/JI‘-H/IBOFO pPaBHOBECHS. Torz[a

i(h3 B - hy—h+e h+h =2k (hy —h, —&)h—h,) (4.68)
T, £ h—h, e(h, —h)

CooTtBeTcTByIOIIAs KUHETUYECKash KpuBas IpuBelAceHa Ha puc. 4.9.

(kpuBast 2), MOCTpOEHHasi MpU 3HAYCHUSIX NapameTpoB h;=h,=0.3, h;=I,
¢=0.1. J]lns cpaBHEHHUS Ha TOM XK€ PUCYHKE IMpHUBEJICHA TeopeTHUIecKas
KMHETUYECKash KpuBas, 3aMMCTBOBaHHAsI U3 paboThl [345] (cM. Tam puc. 8) u
paccuMTaHHas B COOTBETCTBUU C KMHETHMYECKUM YpaBHEHHUEM, 3alMCAHHBIM B

Buze [345]:

%ZK(I—V)(E—EO), (4.69)

Puc. 4.9 Kunemuuecxkue kpuevle gpopmuposanus cmayuoHapHoUu CmpyKmypbi.
1 — Kpusas, nonyyeHHas 6 pamxax OUCKIUHAYUOHHOU moldenu [3 45], 2 — &
paAmMKax HEepPaBHOBECHOLI KUHemUKU, KDY HCOUKAMU 0003HAYeHbl

IKCnepUMeHmalbHvle SHAYEHUAL.

TAC v — J0JI1 OXBAa4YCHHOI'O (I)paFMeHTaHI/Ieﬁ 06T>CM3., HUrpacTt Ty K<€ poJib, 4TO h

B pacCMarpuBacMoM 3ICCh IIOAXOALC, € — (HaKOHHeHHaH) I1aCTHYCCKasa
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neopmariysi, KoTopas UrpaeT 3/eCh poib (PU3NYECKOrO0 BpEeMEHU (MepTBOE

Bpems), e) — mpeenbHas AedopMalusi, Ipu KOTOPOH HAUMHAETCS MPOLECC
¢parmenTanuu. CranMoHapHash TOYKAa YpaBHEHHs V=] CTpPOro IMpHUBs3aHa K
(OpMUPOBAHHUIO TPEJEIILHON CTPYKTYPhl U HE JOMYCKAET IPYrHX pEelIeHuH, U
BO3MOKHOCTH BJIMSIHUSL Ha 3TOT IMPOLIECC APYTUX MEXAHU3MOB peEJIaKCalluu.
ComnocraBieHue 00EHX TEOPETUYECKMX KPUBBIX IOKAa3bIBAET WX HEIUIOX0E
KayeCTBEHHOE COOTBETCTBUE. (151 cpaBHEHUs Ha rpauke TaKkKe HAHECEHBI
SKCIEPUMEHTAIbHbBIE 3HAUYEHUS, 3aMMCTBOBaHHbIE U3 paboThI [345].

B ornnune ot (4.65) xkuHeTnueckoe ypaBHeHHE (4.69) nMeeT TOJIBKO
OJTHO CTAallMOHAPHOE PELICHHE. DBOJIOLUS CUCTEMBI, OJTHAKO, HAYMHAETCS HE B
000 MOMEHT BpPEMEHH, a B CTPOTO OIPEIEICHHBIN, KOTOPBIA ONpeaessieTcs
HavyajJoM  (opmMHpoBaHMS ~ CWJIBHO  pPa30pPUEHTUPOBAHHBIX  T'paHMUII.
MonenupoBanue 10 3TOr0 MOMEHTa BOBCE He IpeaycMmarpuBaerca. B To xe
BpEMsi, MO’KHO CUMTATh, YTO MOJa h=h;, IOTy4YEeHHasl B paMKaX JABYXMOJIOBOU
CUCTEMbl KHMHETHMYECKUMX YpaBHEHUH, OIHUCBHIBAECT, Kak pPa3, 3BOJIOLHUIO

CHUCTCMbI 1O HaydaJla MHTCHCHUB HOM (bpaI‘MeHTaI_II/II/I MaTepuala. Hauano stoi

e
i

CTaJUd COOTBETCTBYET JOCTIIKEHUIO YIPABISIIONIMM TMapaMeTpoOM €
KPUTHUYECKOTO 3HAUCHUS, MPU KOTOPOM h=h;=h,, U NanbHEHIIas 3BOJOLUS
MPOTEKAET CKAYKOOOpa3HO MO clieHapuio (¢a3oBoro mepexona 1-ro poja.
OKCHEpUMEHTAIbHOE  TMOATBEPXKJEHUE  TAaKOro  CIEHapusl  Ipoiiecca
dbparmeHTal MOXHO Haitu B pabore [353], Ha yTo OBUIO OOpalIeHO
BHHMaHUE B padote [244].

B 10 xe BpeMs o0mmuii BUJ KHHETUYECKUX YPaBHEHUM MpeICTaBICHHBIX
3leCh B paMKax JBYXMOJIOBOTO (JIBA MaKCUMyMa BHYTPEHHEWU SHEPTHUH)
OJIHOYpOBHEBOTO TNpuoOmkeHus (4.58) u (4.65) CylIeCTBEHHO OTIUYAETCS OT
KMHETUYECKOTOo ypaBHEeHUs (4.69) [353], paBHO Kak M UX penieHusi (CpaBHUTE
pemienue (4.67) u (4.68) ¢ coorBeTcTBYIOmUM petieHueM (26) B [3 53]). Oto

pecHuc OBLIO HAMU MMOJIY4CHO B ITOApA3aCiic 44 B paMKax JABYXYPOBHCBOI'O

NPUOIHKEHUS.
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HCKOTOPBIM HCOOCTATKOM IIOJIYUCHHOI'O B HACTOAIICM IMMOAPA3ICIIC

pE3yJbTATOB SIBJISICTCS TO, YTO 3aKOHBI YIPOYHEHUS MbI OBLUTH BBIHYKICHBI
BBOJWTH B TCOPHUIO «PyKaMU», 3aMMCTBOBAB UX W3 JPYTHX HCTOYHHKOB. ITO
3aTpy/IHEHHE BO3HUKIO B CBSA3UM C YPE3MEPHBIM YIPOIICHUEM 3a/lauH,
CBSI3aHHBIM C TIONBITKOH OTPAaHUYHUTHCS TOJBKO OJHMM BHUIOM jaedekra —
TpaHUIlaMH 3epeH. B To ke BpeMmsi, AUCIOKAIUU TaKkKe TPAI0T BAXKHYIO POJIb B
ATUX MPOIECCaxX TaK, KaK OHU MPEACTaBIISIOT «CTPOUTEN bHBIM MaTtepuam u
yepe3 YIPOUHEHHE MaTepralia CO3/Ial0T CUIIOBBIC YCIOBUS 711 (DOPMUPOBAHUS
TpaHUIl 3epeH. DTOT HEJAOCTaTOK OyJIEeT YCTPaHEH B CIICAYIOIIEM pas3jelie, Te
OyzeT paccMoTpeHa oOIiasi, IByXMOJIOBasi U JIBYXypOBHEBas Mojelb. byxaer
pPacKphIT (U3MYECKHIA CMBICA W JaHBl YHUCIICHHBIC OIICHKH OCHOBHBIX
napamMeTpoB TEOpHUH, OyJIeT HCCliejoBaHa CTAIUNHOCTH Je(hOPMAIIMOHHOTO
mpoliecca 1 U3 caMoi TeOpUH OTpeIeNICHbI 3aKOHBI YIIPO YHEHUS Ha KaXI0H ee

CTaJIHH.
4.6. /lsyxyposHesas 08yxmo008as KuHemuxa oeghekmos

HPCZICTaBJIeHI/Ie BHYTPCHHeﬁ OHCPIrun B 3TOM HpI/I6J'II/I)KeHI/II/I HUMECT
CTaHHapTHBIﬁ BHU/ I1OJIMHOMA I-ICTBCIZ)TOIt/i CTCIICHHN OTHOCHUTCIIbHO IINIOTHOCTHU

TPaHuUl] 3¢peH /i, ¥ INIOTHOCTH JUCIIOKALUM /ip:

1 1 1
u(hg’hD ): uO + Z ((pOmhm - Eq)lmhli + E(pzmhlil _Z(pfamh:lJ + (pgDhghD s (4'70)

m=g,D
B KOTOpPOM KO3 PUITMEHTHI 3a1at0Tcst popmynamu (4.46)-(4.48).

[loruHOM  dYeTBEpTOW  CTEMEHW B  KPYIJIBIX  CKOOKaxX, MpHU
MOJIOKUTENIBHBIX ~ 3HAYCHHSIX KOA()(DUIIMEHTOB ¢, MOXKET HUMETh JBa
MakcuMyMa (1Be Mojbl). Mopga, KOTOpash OTBEYaeT MEHBIIEMY 3HA4 CHHIO
NePEeKTHOCTH B Cllydae JUCIOKAlMd MOJXKET OIMChIBaTh CIy4YalHOE
(omHOpOIHOE) pacmpenesieHue Auciaokanui. Moja, KoTopas OTBedYaceT
OoyibllieMy 3HAYEHUIO NCPEKTHOCTH, B ITOM CiIy4ac MOXKET OIKMCHIBAThH
JMCTIOKAIIMA OPTaHU30BAHHBIC B SIUCHUCTYIO CTPYKTYpPy. MBI OTrpaHHUUMMCS

CllyyaeM OJHOPOJHOTO paclpeieieHusl JHUCIOKalui, Mmo3ToMy OyaeM
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HpeHe6peraTb CTapuIMH CTCIICHAMMU IIPpU OIMC aHUU IBOJIIOIUAU ZII/ICJIOKaI_II/Iﬁ

6030201/16040:0-
OBOJIOLMOHHBIE ypaBHEHUs (4.44) B 3TOM KOHKPETHOM TMpHUMeEpE

MOXKHO 3aIlluCaThb B A1BHOM BUJC

Oh
ﬁ_tD =Y, ((pOD —Qiphy )9 (471)
Oh
a_tg Zth ((pOg _(plghg +(p2gh§ _(p3gh; )' (4'72)

dusuyeckoe CcolepKaHWEe U OIEHKa HMHTEPBAJIOB  W3MEHEHUS
napaMeTpoB TEOPUH, TO €CTh KOI(P(UIIHMEHTOB IMOJIMHOMA, KOTOPBIM
anMpOKCUMHUPYETCSl BHYTPEHHsISI SHEprusi ObUIO ele Maylo packphito. Jlis
ornpeneneHust Ux (U3NYECKOTo COAEpPKAHUS PAacCMOTPUM BbIpaxkenue (4.47)
MIpU 3HAYEHUU M=, TO €CTh, s ciaydas rpaHuilsl 3epHa (['3). Koaddunment
¢og MOKHO PAacCCMAaTPHUBATh KaK OOILLYIO IOBEPXHOCTHYIO ILIO THOCTh BHEPIHU
perymsipuoit  (6eckoneunoit) [3. ITlo pmawaeim C.A. ®upcroBa mis
XOJOAHOKATaHOW O0OpabOTKM 3Ta BHEPTHUS MOXKET pPaBHATHCS YJIBOCHHOM
SHEpruu CBOOOJHOM IpaHMIIBI U3 TOTO ke Marepuana. Hampumep, s meau
3TO MOXKET COCTaBJISTh NpUOIM3NTensHO 2-2=4 Jlnc/m’. TlepBoe craraeMoe

(p; ¢ B OTOM KOHTCKCTC CCTb cOOCTBEHHAs OHCPIUH I'paHUIIbI 0e3 BKJIaJla APYTUx

¢daxTopoB. Ee cinemyer paccmarpuBarh, Kak XOpOLIO OTPEIAKCHPOBAHHYIO
IpaHULly 3€pHa, TO €CTh, KaK MHUHUMAJIbHO BO3MOKHYIO MOBEPXHOCTHYIO
snepruro 3. [To nanaeim A.C. @upcroBa 3ta 3Heprus coctasuseTr .15 — 0.20
OT SHEPruu CBOOOJHOW MOBEPXHOCTH U3 TOTO ke marepuana. To ecTb ans
MEJII 9Ta SHEPrus OyeT COCTaBISTH MpUOIH3UTeN bHO 0.2-2=0.4 Jic/i".

BKJ'IaZI BTOPOTO cJaracmMoro g, ¢ 5 B I10JI1€ CKHUMAIOIMMUX

THUAPOCTATUYCCKUX HaHpH)KeHI/Iﬁ NPpUBOAUT K CHWXCHUIO SHCPIUU TpPaHUIIbI
3C¢pHa. DT0 mMeeT OOoNbIIOE (I)I/I3I/I‘-ICCKOC 3HAYCHUC, KOTOPOC 3AKIHOYACTCA B
TOM, 4YTO TIpaHUIBl 3CpPCH OSTO PACHPCACICHHBIC BIOJIb HCKOTOPOﬁ
MMOBCPXHOCTHU PAa3YILIOTHCHUS. HNmenno 9TH pas3y INIOTHCHUA JaroT
HauOOJIBIITHI BKJIaJI B SOHCPr MO I'paHUIIBI. Korz[a 3a CUCT BHCIIHCIO JaBJICHUA

00BeM pa3YHHOTHeHHﬁ YMCHBIIACTCS, YMCHBIIACTCA W OHCPIUsd TPAHUIIBI,
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YMCHBIIAOTCA TTOTCHIUAJIIbHBIC 6apbepbl MCIKAY COCCAHUMU YCTOﬁqHBBIMH

COCTOSIHUSIMA, 4YTO TMPUBOJUT K POCTY TOABUKHOCTU TPAHUI] 3EPEH.
AHaJloTHYHAasT 3aKOHOMEPHOCTh XOpPOILIO HM3BECTHA B TEOPUU UCIOKALIMI
[297]. Ecau ynpyras nedopmariusi paBasercs (.2%, 4to juisi MEU OTBEYaeT
YPOBHIO HampspkeHudd npubmusutenbHo 180 Mlla, TO TOCTOSHHYIO

2
g, cmemyer BeIOpaTh B mpenenax 12 Joc/m”. Ilpy TakoM 3Ha4Y€HHU
IOCTOSSHHOM g, YMEHBIIEHME SHEPTUM IPAHULIBI 3€pHA OyJIeT P OUCXOIUTH B

npenenax /0% ot ee 3HAaYCHUS sl OTPETAKCUPOBAHHOM I'PAHULIBL.

Cnaraemble B (4.47) NponOpUMOHATIEHBIE A, M I, IIPU TOM XK€ YPOBHE

ynpyroro aasienust /80 MIla nomxHbl JaBaTh TakOM BKJal, 4TOObI 0OIIas
3¢ (deKkTrBHAs SHEPrusi TPaHUIlbl 3€pHA HE MPEBbILIANA JIBOMHYIO 3HEPrHUIO
cBOGOIHOM rpanuib! (s Mean 4 Joc/v’). DTO HaeT ycIoBHe I BHIOOpa

3HAYCHU NOCTOSHHBIX B IIpeAcaax N ¢ =025 10° ,ZZ:)fc/M2 up, =06 10° ,ZZ:)fc/M2.

Pa3zHuiia B 3HAYEHHUSAX ATHX MOCTOSIHHBIX BbIOpaHa M3 T€X COOOpakKeHUM, 4TO
3¢ (deKThl cABUTa UMEIOT OOJIbIIee 3HAUYECHUE VIS CTPYKTYPHOU MEPECTPOUKH
TBEPAOrO Tea.

Jlpyrue moCTOSIHHbIE BHIOUpAeM U3 Te€X COOOpakKeHUM, 4TOObI 3HAUCHUS
PaBHOBECHBIX (CTAllMOHAPHBIX) 3HAYEHUM IUIOTHOCTH TPaHUL  3€peH
MPUHAJICKAIN UHTEpBalTy, KOTOPHI HaOmronaeTcss B 3KcrepuMmeHrtax. s
TpaHUI] 3€PEH ATO JBa CTAIMOHAPHBIX COCTOSHUS C IUIOTHOCTBIO B OOJIaCTH

1

stl - st2 -1
R =10mm™ W h)* =10MKM~, KOTOPHIM OTBEYAIOT CPEIHHME Pa3MEPhl 3€pPEH

100 mxm n 100HM COOTBETCTBEHHO.

AHAIIOTUYHBIE PACCYXICHHS MOXHO TMOBTOPUTH W JUISL JUCIOKAITHIA.
MuHuMaabHas W30BITOUHAS] JHEPTUsl UCIOKAIMA B OTCYTCTBHH JPYTHX
(baxTOpOB ISl MEIM PABHSIETCS TP HOMU3UTENBHO ¢,, = 5-107° [owc/m [354].

Hcxons W3 BBHINETPUBEICHHOTO aHAW3a, Ui PacueToB OBIJ MPUHST
Takoi Habop mapamMeTpoB U KO3 PPHUIIMEHTOB:

A=p=2.08-10"1a, ¢, =510"°docm’, ¢, =10 ocm, g, =210 Jorcm”,

K, =3.3-10" Mo, e, =610 oiem, oy, = 0.4 oic-ri”, o7, =3-10" o’



202
0, =5.6-10" Motc, @, =3-10% o, g, =12/ Jowem”,  k, =2.5-10° Joreni™,

— 5 a2 -4 ey _1n-16
i, =6-10" owem™, e, =3.6-107" [orem™, ¢, =107° i
Pacuer kuHETMKM CHCTEMBI MPHU ATUX MapaMeTpax U KodhdUIMeHTax

npuBezieH Ha puc. 4.10.

151 .
0151 1

%

hg, hp, arb. units
=
T
|
(-]
Ei_] 5
(=4
4
|

-0.251- B

0 L 1 L 1 L 1 L 1 L L 1 L 1 L 1
] ; ; 10
t,s hg, I/um

a 0
Puc. 4.10 3akonomepHocTH nedekToo0pa3oBaHusi BO Bpems (pparMeHTaruu: a
— KuHeTuKa JedekToB: | — MIOTHOCTh TpaHUIl 3€pPEeH; 2 — IUIOTHOCTH
JMCIIOKalnii; 6 — 3aK0H ynpoyHeHus: 1 — ydacTtok 3akoHa Xoya-Ilerya; 2 —

Y4acCTOK JIMHEHWHOTO 3aKOHA YHOPO YHCHUA

N3 puc. 4.10a BuAHO, 4TO BO BpeMs CTPYKTYpHO ()a30BOro mepexojia
KMHETHKA TPaHWI] 3€PEH M AUCIOKAIUA TECHO CBSI3aHHBI MEXIy COOOH.
CHauana pocT KOJMYECTBA JUCIOKAIMA WHULHUHUPYET P OCT TPAHUI] 3€PEH U
MPOBOIMPYET HAYaAJIO CTPYKTYPHO (azoBoro nepexoaa. Bo Bpems cTpykTypHO
(dazoBoro mepexojia, KOrjaa IJIOTHOCTh JUCIOKAIMM YK€ MOYTH BBIUIA Ha
CTallMOHAPHOE IUIATO, HA00O0POT, POCT TPaHMI] 3€PEH MPOBOLHUP YET POCT
TJIOTHOCTH Juciokanuit. Takum oOpa3oM, JAUCITOKAIMU CIEOM 3a TPaHUIIAMU
3epeH MOBTOPSIOT B 3TOM oOmactu (opMy KpPUBOM CTPYKTYpHO (ha30BOTro
nepexoja, Ho B 0oJiee 0caabIeHHOM CTeneH .

CraguitHocth jaedopManiuu BO BpeMs (parMeHTAIlMH OTPaXKaeTcs
TaKke U B MU3MEHEHUU XapaKTepa 3aKOHa y IIPOYHEHUS HAa PAa3HBIX CTaJUSIX

npouecca. Ha nepBoit craguu (obmacte 1, puc. 4.100) 3aKoH ynpouyHEHUs
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MO>KET OBITh aNMPOKCUMHPOBaH 3akoHOM XoJjuia-Iletua. Ha Oonee mo3nnei

CTaJuu 3aKOH HMMEET BbIICP)KAHHBIA Ha OOJBIIOM YYacTKE JIMHEHHBIN
xapakrep (obmacts 2, puc. 4.100).

Kak wu3BecTHO, ynpodyHEHHE TBEPIAbIX TEN SBISIETCA CIEACTBUEM
YMEHBILICHUS] TOABM)KHOCTH JHMCIOKAIMM 3a CYET TOPMOKEHHUS Ppa3HbIMU
nedexTamu, Tak ke U JTUCIOKALUSIMU W3 MHBIX IUIOCKOCTEN cKoyibkeHus. Ha
JMCIIOKAIIMOHHOM YPOBHE 3aKOH YIPOYHEHHUS OIMCHIBAETCS COOTHOIICHHUEM
Tewnopa [355, 356]:

T =op b\/z , (4.73)
IIe T — HampsDKeHue clBura; o — Ko3(Q(UUUEHT, KOTOpBhIA NpPUHUMAET
3HayeHue u3 uHrepsana 0,2 — 1,0; u — moayns casura; b — Bekrop broprepca;
hp — TJIOTHOCTh JUCIOKAIMKA (3/1€Ch HUCHONb3YeTCs MOAU(DUIKMPOBA HHOE
o0o3HayeHue o0Iee B MHOTOYPOBHEBOM cucteme nedexToB). [laHHBIN 3akoH
MHOTJA 3allUChIBAlOT B (opMe, KOTOpas YUUTHIBAET HEOJHOPOJHOCTh
pacnpenenenust auciokauuii [356]. Jns storo B Beipaxenue (4.73)
no0aBsieTcs elle OJAWH MHOXUTeNb Kekydu 7, KOTOpbIi sBisieTcss OOJIbIINM
JUIsL OTHOPOJIHOTO pacipe IeJICHUs.

VY4er 3TOro MHOXHTENS, OAHAKO, UMEET CMBICI JIMIIb B TOM CilydYae,
Korna kpome /3 W AMCIOKAlMA B TBEPAOM TEJl€ BO3HUKAIOT B CYIIHOCTHU
MIPOMEKYTOUHBIE MEXY HUIMH CTPYKTYpHBbIE Je€(PEKThl — SYEUCTasi CTPYKTypa.
Ho B 3TOM cityuae 6osiee €CTeCTBEHHO Y4eCTh 3TOT YPOBEH b SIBHO, IPUOaBUB
ele OJHO KHHETUYECKOe ypaBHEHHE K paccMmoTpenuto. Ecmm I3
(opMUPYIOTCSL HETIOCPEACTBEHHO 3a CYET BBIXOJIa Ha HMX JUCIOKAalUH, TO B
3TOM CIIy4ae MO>KHO OIPaHMYMTbCA COOTHOWEHHsM (4.73), a 3akoH XoJuia-
[letya Ha 3€pEeHHOM YpOBHE TMOJIYYHUTh, KaK CIEJACTBHE M3 COOTHOLICHUS
(4.73), kKOTOpOE NEHCTBYET HA IUCIOKAMOHHOM ypOBHE.

B paccmarprBaeMOM MOAXOJ€ YIPaBISIIOMIKUM MapaMeTpoM SIBISETCS
ynpyras naedopmaiusi, KoTopas B ciaydyae AeopManuu CIBUTa CBsi3aHA C
HAIPSKEHUEM TPOCTOM 3aBUCHMOCTBIO T=&° TaK, YTO 3aKOH YIPOYHEHHS B

TCPMHUHAX TCOPUHU 6YZICT HUMCTBb BUA:
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e —abyfl, . (4.74)

OTa 3aBUCUMOCTh MOJXKET OBITh HWCIIOJIb30BaHHAS, KaK JOMOJHUTEIIEHOC
OTpaHWYCHUEC K 3alMCAaHHBIM BBINIEC SHEPIETUYCCKUM W KHHETUYCCKUM
COOTHOITICHHSIM.

Mona, KoTOpasi OTBEYaeT MCHbBIIIEMY 3HAYCHHUIO Ne(DEKTHOCTH, B CITydae
I3 omnmchIBacT KpPYyMHO3EPHHUCTYIO CTPYKTYpy, MOJa, KOTOpas OTBEYaeT
OosibllieMy 3HA4YCHHWIO Je()EKTHOCTH, B 3TOM Ciydac OYJCT OIHCHIBAThH
MEJIKO3EPHUCTYIO CTPYKTYpYy. B0O3MOXHOCTH (HhOpMUPOBAaHUS Ppa3HBIX MOJ
OJTHOTO M TOTO ke JedeKTa CBsA3aHAa C MUKPOCKOIWYCCKMMH MEXaHU3MaMH
neopmupoBanus. B ciydae 3epeH OHM MOTYT OBITh CBSI3aHBI C TeM (aKTOM,
YTO YBEIWYCHHUE OOIIel TOBEPXHOCTH /3 HAa HAYaJIbHOW CTAIUM SIBJISCTCS
3p(HEeKTUBHBIM MEXaHU3MOM JUCCHITAIMU JHEPTHH. BKIaJOM TpPOWHBIX
CTHIKOB Ha OTOW CTaIuud MOXHO mpeHeOpeub. CuTyanus CyIIECTBEHHO
WU3MEHAETCS, KOrJa CpeHUN pa3Mep 3epeH ymeHbiaerca 10 /00 um. B atom
cllydae TPOWHBIC CTHIKM MOTYT JlaBaTh 3HAYUTEIbHBIA BKJIAJ B SHEPTECTHUKY
TpaHUI], KOTOpasi MOXET MPHUBECTH K ()OPMHUPOBAHHUIO HOBOTO MaKCHMyMa B
3TOM 00JIacTH.

[TockonmbKy IS KWHETHKH (PparMeHTallid BaKHBI HE aOCOJIIOTHBIC
3HAYCHHSI TIApaMETPOB TEOPUH, a WX COOTH OIICHHUS, TO JUISI YHUCICHHOTO
aHaJIM3a MOYKHO TIPWHATH TaKUe 3HAYCHUS KOO UITUCHTOB:
A=p=2.08-10"11a, 0oy =0.92-10" orc-m”, oo, =0.7-1072 [orcm,
g, =0.12.107 Iowen”, 11, =210 oreni”, e,y =0.36-102 [ore-m, oy, = 2.2 /orc-mi”
2

: ¢;, =0.12-107 Joic-m”, 0, =0.24-10"° [, s, =0.13-10™7 [orc-m,

g, =0.13-10* Jorc-pi”, b, =1.1-107 [Jore- i, i, =2.75-107 Doic-ai”,
e, =0.4-10° Jore-m”’, g, =210 [orc.
Jpyrue Ko>(pGUIHEHTH B BBIPAKEHUSX Ul BHYTPEHHEW SHEpPrUu

CUUTacM POBHBIMH HYIJIIO. BpeMeHHOﬁ mar B YACJICHHBIX pacyYCTax pPaBHSAJICA

© =0.67-10"° ¢, KUHETHYECKUE KOO duumentsl v, =5-10" Jocme, v, =10°oic:

M -C.
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BHCCB moJIaracTcst, 910 CTAlMOHAPHBIC 3HAYCHUA SHCPTUH ZIC(I)CKTOB B

KUHETUYECKOM YypaBHEHUU (4.44) B KOHKPETHOM IMPOLIECCE H3MEHSIOTCS
MEMJIEHHO, ¥ TMOTOMY HX MOXHO OOBEIMHUTh COOTBETCTBEHHO C
KO3 GULIUEHTaMU @gp U @p,. B 3axone ympounenus (4.74) mis pacyeTos
npussITo a=0.1 u b=2.75 nm, 4TO sABNSAETCS OIU3KUM K PEaTbHBIM 3HAUCHUSIM.

Kuneruka mioTHocTH nuciokauuii u /3 B mpouecce (parMeHTaluu
nzobpaxkena Ha puc.4.lla. B ganHom wmojensHOM mpumepe /3 HMEOT
JOCTAaTOYHO PE3KUH Mepexoj] OT HU3KUX 3HAaYeHWH IUJIOTHOCTH B Hadyase

npoiiecca ¢pparMeHTalu K

e [
G =3
e )
G =]
T
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=}
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1
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1
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w

hb, 1/mkm hD, 1/mkm*mkm

(=)

hb, l/mklr(;

a 0
Puc. 4.11. Kuneruka ¢parmeHtanuu: a — TUIOTHOCTH auciokanui (1) u
rpaHull 3epeH (2); 6 — KOppensIMOHHAsI 3aBUCUMOCTh TJIOTHOCTH I CJIIOKAIIUMA

OT INIOTHOCTH I'paHUIl 3CPCH.

BBICIIIM 3HAYEHUSM, YTO OTBEUAET CTPYKTYpHO (pazoBOoMy mepexoy. B To xe
BpeMsl, INIOTHOCTh AMCIIOKAIIUN MPOAOTIKAET PACTH, NAXKE IMOCIE TOCTUKEHUS
TPAaHUIAMHU 3€PEH CTAIMOHAPHOTO 3HAUYCHMUSI.

Jlucnokanuu BBIXOASAT HAa CBOE CTAllMOHAPHOE 3HA4YeHUE no3xe. B
obOnacTtu, rne MIoTHOCTh ['3 u3MeHsieTcs Haubosee OBICTPO, B TOBEICHUU
TUIOTHOCTH JUCIIOKAIMM HAOJIOAaeTCd HEKOTOpPOe IMepecedeHue, KOTOpoe
CBUJIETEIILCTBYET O CYIIECTBEHHOM B3aWMOJICHCTBUU OOOUX BHJIOB /1e(DEKTOB

Mexay co0oil B 3Toi obnactu. OO0 UX B3aUMOJICHCTBUM Ha BCEM MPOTSHKEHUH
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IKCIICPUMCHTA MOJKHO CICJIaTh BBIBOI U3 pI/IC4 N 16, rac 9Tu IBC IICPCMCHHLBIC

M300pakeHbl, Kak QYHKIIUU OJ[HA OT APYTOM.

N3 pucyHka BUIHO, YTO POCT IJIOTHOCTH JUCIOKAIMN HA HAYAJLHOM
JTame WrpaeT pojb CBOEOOpa3HOro «JeToHatopa» mias pocra [3. Ha
MOCJICTHEM JTare, HAMPOTUB, KOJUYECTBO JUCIOKAIIUN MPOJIOJDKAET pPacTH, B
TO K€ BpeMs OJTOT TMPOLECC 3HAYMUTEILHO 3aMeUIsIETCs, O YeM
CBUJIECTENILCTBYET IUJIOTHOCTh CETKU U3 HSKBUIUCTAHTHO CICAYIONIMX BO
BpEMEHU KPYKOUKAMHU.

B pesynbprate ympouHeHust ympyras jaedopmaivs (HampsiKEHHE) He
SIBJISIETCSI TIOCTOSIHHOW B TEYEHUM BCETO MPOIecca, a COMIACHO C 3aKOHOM
(4.74) yBenuuuBaeTcsi o abCOJIIOTHOM BennuuHe. Ee aBosmonus n300pakeHa
Ha puc. 4.12a. 3aBUCUMOCTh OT BpPEMEHHM HMEET BHUJ MOHOTOHHO

HI/ICHaZIaIOH_Ieﬁ KpPIBOﬁ, Ha KOTOpOﬁ , IPAKTUYICCKU, OTCYTCTBYIOT PC3KUC

N n | L L L | n | L | L L
03 03 5 10
t,s hb, 1/mkm

a 0
Puc. 4.12 Kunetuka ¢parmMeHTanuu: a — 3BOJIONMS yIpyroi aegopmamuu; 6 —
3aBHCHUMOCTb YOPYTOH AepopMaliuy OT IUIOTHOCTH I'paHuI] 3epeH: | — obmacThb
neiictBusi 3akoHa Xojuta-Ilerua; 2 — mepexomnas obnacth; 3 — o0nacTh
JNEUCTBUS JIMHEMHOro 3akoHa; 4 — yOPOYHEHUE TIOCie 3aBEpLICHHS

(dbparMeHTaImH.

U3MEHeHus: Wik konebanusi. Kpuas 1o ¢opme TOBTOpPsSET KPUBYIO
3aBUCUMOCTH TUIOTHOCTH Auciiokanui (kpuBasi 1 Ha puc. 4.110) u menjaeHHO

BBIXOJUT HAa CTAIIMOHAPHOC 3HAYCHUC. B 10 *e BpCMs, Ha Hel Ha6J'HOZIaIOTC$I
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cia0ble M3MEHEHHUS HaKJIOHA WMEHHO B 00OJAacTH CTPYKTYpHO (ha3zoBoro

nepexonia, KOTOpbIE OJHAKO € MOTYT HTpaTh 3HAYUTEIBHYIO pOJb B
W3MEHEHHHU 3aKOHA YIIPOYHEHHUSI.

JInst u3ydeHus: 3aKkOHa YIPOYHEHHUSI Ha 36PEHHOM YPOBHE UMEET CMBICI
BBIBECTH TpaUK 3aBHUCUMOCTH yNpyrux aedopmaruii oT wiot HocTH /3, TO
€CTb OT 0OpaTHOM BEJIMYMHBI CpeHEro pa3mepa 3epHa (puc. 4.120). Ha a3roi
3aBUCUMOCTH JIOCTaTOYHO YETKO HAOMIOJAaeTCsl CTaauiHOCTh Tpoliecca
nepopmarmu.  PazHble 4yacTH  KpHBOW  3aBHCUMOCTH  MOTYT  OBIThH
anmpoOKCUMHUPOBAHHBIC Pa3HBIM 3aKOHOM yIpouyHeHus. Ha HauanbHOU cTaguu
(obmacthb 1) 3aKkOH yImpOYHEHUS COBIAAET ¢ 3aKkoHOM Xoiuia -IleTya, eciu ero

BBIPA3UTh Yepe3 yrnpyrue aeGopMaiuu:
g, =¢; —A\/E , (4.75)
IJI€ MOCTOSIHHBIE PaBHBI s;‘) =-0.075 u A=0.119 mm. OTpULIATENbHBIN 3HAK

B3SIT B CBSI3M C TEM, YTO TPU CKATHUH YIpyras achopMarus SBISCTCS
BEJIMYMHONW OTpHIIaTeIbHON. Kak BUIHO W3 PUCYHKA, MUANa30H W3MCHCHHS
ynpyroi aegopmanuu Jexxut B npeaenax (0.1 — 0.5%, uyto u3 yueta 3HaUYCHUS
CIBHTOBOTO MOJYJISl HAaXOJUTCA B 00NacTH 3HAYCHUW YIS PeabHBIX
MaTepHuasoB.

B oOmactu 2, koTopas COOTBETCTBYeT HauOojsiee ObICTpoil ase
(dparMeHTaIK, 3aKOH YIPOYHEHHWS MOXET OBITh  anmpOKCHMHPOBAH
JIMHEWHOW 3aBUCHUMOCTBIO:

e =¢; —Bh,, (4.76)
rJe KOHCTaHTHl paBHAIOTCA ¢ =—027 u B=0.0059 my’. VIMEHHO TaKoif

XapakTep M3MEHEHUs 3aKOHa YIPOYHEHHsS B 3aBUCUMOCTH OT CTajlu U
nedopmaiu oTMevasics B padore [355].

B o6nactu 4 (puc. 56) Mbl uMeeM nocneaepopMaMOHHOE YIIPOUHEHHUE,
TOYHEE MOJKHO CJIeNIaTh BBIBOJ, YTO HaWOOJbIlIEee YMPOYHEHHE MaTepHal
MOJTly4yaeT MMEHHO Ha MOocJeJHed cTaauud (parmMeHTauuu. M3 3Toro MoxHO
cenarh MPaKTUYECKYI0 PEKOMEHIALUI0 — MPOJ0JIKATh HEKOTOpOe BpeMs

MHTCHCHUBHOC BO3Z[CI>1CTBPI€ YKC IMOCJIC TOI'0, KaK HOCTUTHYTO CTAIIMOHAPHOC
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(mpenenpHOE) 3HAUEHHUE CPETHETO pa3Mepa 3epHa. DTOT BBIBOJ JOJIKEH OBITH

TIIATEIbHBIM 00Pa30M MPOBEPEH IKCIEPUMEHTATIBHO C YYETOM TOTO MOMEHTA,
YTO JUIsl pa3HbIX pealbHBIX MAT€PUAIOB 3Ta 00JIACTh MOKET OBITh BBIpA)KEHA C
Pa3HOM CTENEHBIO NPOSABJICHUS, a TAKXKE, KaK YAaCTHUYHBIA CII y4aill, MOXET
OTCYTCTBOBaTh. [10BOPOT KpHBOW YNPOYHEHHUS C BBITHYTOCTHIO BBEPX MEP €1
Y4aCTKOM 4, CBUJIETEIBCTB YET O TOM, YTO HA 3TOM Y4aCTKE 3aKOH YIPOUYHECHUS
MMEET CTENEHHOW BUJ. Takoil xapakTep 3aKOHA YIPOYHEHHUS CO CTENEHbI0 2
OBLT MpeJICKa3aH B TeopeTudeckoit padore [ 374].

B mMonenu umeercs 601b1110M HAOOp MapaMeTpoB, KOTOPbIE OTBEYAIOT 32
pa3HbIe CBOMCTBAa Marepuaia U MPOSIBIICHUS €ro BHYTPEHHEW CTPyKTypbl. Ho
HauOoJiee HWHTEPECHBIMU SBJISIOTCA TMapaMeTphbl, KOTOphIE OTBEY al0T 32
B3aUMOJICHCTBUE JIe(DEeKTHBIX TMOACUCTeM, — [3 W JAUCIOKAIui. OTUMU
napaMeTpamMH  ABISETCS KOI(Q(MUIMEHT @gp, KOTOPBI HEMOCPEICTBEHHO
OTBEYAET 3a TAKOE B3aWMOJICHCTBUE YEpPE3 3aBUCUMOCTh BHYTPEHHEN 3HE Pruu
(4.70), u mapameTpbl o U b, KOTOpbIE BIUSIOT HAa TaKO€ B3aUMOJICHCTBHE
OMOCPEIOBAHO Y€pe3 3aBUCUMOCTh YIPABIAIOMIETO TMapaMeTpy &° OT
TJIOTHOCTH AUCTIOKaIuil 4, (4.74). B mocienHeM citydae BIUSIHUE TUCIIOK allHid
Ha HBoMONUI0 /3 OyJeT OCYyIIECTBIATHCA Jake MPU HYJIEBOM 3HAYCHHUU
Ko3(hduuueHTa ¢,p. KHHETHKa CHCTEMBI B 3TOM Clly4ae OyJeT yNpaBIAThCH
KMHETUKOW JUCIIOKAIUA B COOTBETCTBUU C ypaBHeHueM (4.71). Jlns 6ombimmx
3HAaUEHUW TMapameTpy @gp CTallMOHApHAs TOYKa CMENIaeTcs B 00JacTh
BBICOKOM IIIOTHOCTH AMCIOKAui /p. CMEIIeHHe ATOM TOYKH BIMSET Ha
oOIIMi1 ypOBEHb IUIOTHOCTH IUCIOKAlMA M d4epe3 3aB UCUMOCTh (4.74) Ha
kunetuky /3 (Puc. 4.13).

UeM BbIIIIE YPOBEHb MIOTHOCTH AMCIIOKAIUN, KOTOPBIA JOCTUTAETCS C
BBIXOJIOM Ha CTallMOHAapHbIM pexum (kpuBas 1, puc. 4.13a), Tem Oonee
WHTEHCUBHO TIPOTEKaeT Tpolecc TeHeparmuu [3, W TeM OOJBIIEro
CTaIMOHAPHOTO (MPECIbHOTO0) 3HAYEHUS JJOCTUTAeT IJIOTHOCTh /3 (kpuBas 1,
puc. 4.130). Tlpu AOCTHMIKEHUU HU3IIETO KPUTUYECKOTO 3HAYEHUs MOpOTra

TJIOTHOCTH Jquciokanuii (kpuas 4, puc. 4.13a) renepanus /3 He BBIXOJIUT Ha
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Oosiee BBICOKHMI YPOBEHb M CTPYKTYPHO (Pa30BBIA NEpexoj] HE MPOUCXOIUT

(xpuBass 4, puc. 4.130). Marepuanbl, KOTOpPbIE OIUCHIBAIOTCS TAaKUMHU
napaMeTpaMu, HE CHOCOOHBI (OPMHUPOBATH MEJIKOE 3€pHO BO BpeEMs
MHTEHCUBHOI'O BHEIIHETO0 BO3JAEHCTBUS (HEKOTOPBIE YHMCThIE METaJIbI).
VYrpouHeHue B 3TOM cllydae TOXKe uMeeT Mecto (kpuBas 4, puc. 4.13a), HO oHO
HUKE, YeM B MpeAblaynmx ciydasx (kpusble 1-3, puc. 4.14a). Kpome Toro,
3aKOH YIIPOYHEHHS HE MMEET YETKO BBIPAXKEHHYIO CTaJUil HOCTh U HA BCEM
MHTepBaje NMpUOIMKEHHBbIN K 3akoHy XoJsuia-Iletua (kpuBas 4, puc. 4.140).

CTaZ[I/ISI JIMHEMHOTr 0 3aKOHA YHOPOYHCHUA B 3TOM CJIyda€ COBCEM OTCYTCTBYCT.

()
=

10 B

hb, 1/mkm

hD, 1/mkm*mkm
=

Puc. 4.13 Kuneruka mimotHoctu naucinokauui (a) u I'3 (6) Bo Bpems
¢parmenTarum: 1 — ¢,, =0.92-10°; 2 — ¢,, =0.5-10°; 3 — ¢,, =0.4-10°; 4 —

Gop =0.3-107 .

Takum oOpa3om, mpoTekaHue mpolecca (pparMeHTaluu MO CLEHApUIO
CTPYKTYPHO (ha30BOT0 Nepexoja BO3MOKHO JIMIIb JUIsSl TEX METAJIOB, KOTOpPbIE
crocoOHbI (POPMUPOBATH JIOCTATOYHO BBIC OKYIO CTAllMOHAPHYIO IIOTHOCTH
JUCIIOKAMA. ODTO MOXKET NPOUCXOAUTH Ui METAUIOB WM C BBICOKMM
3HaYeHUEM KOHCTaHThl @pp WU, UCXOAs W3 ypaBHeHus (4.71), ¢ HUBKUM
3HaYeHHEM KOHCTaHTHl ¢;p. KoHCTaHTa ¢gp MMeeT 3HadeHHe HPPEKTUBHOM
SHEPrUM JAUCIOKALNY (Ha €IMHULY €€ JJIMHBI) U, ucxos u3 (4.47), 3aBUCUT OT
ynpyrou nedopManuu M paBHOBECHOM SHTp ONMH. TO €CTh, IUCIOKAlUU C

BBICOKOM EHTaJbIUMHON 5Heprued (riyOoKHe TMOTEHLUUAIbHBIE SMBI B
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MeKaTOMapHOM B3aUMO/ICHCTBUU) CITIOCOOHBI IOCTUTATh 00Jiee MEITKOTO 3epHa

1 3a 06osiee KOPOTKUHM MPOME )KYTOK BPEMEHHU.

5
hb, 1/mkm

a 0

Puc. 4.14 DOBomrouusi ynpoyHeHHs BO BpeMEHHM (a) U CTaAMMHOCTh 3aKOHA
YIPOYHEHUS B 3aBUCUMOCTHU OT IJIOTHOCTHU TpaHuI] 3epeH (0). O6 o3HaueHue te

e, 4To U Ha puc.4.13.

AHajiorn4Hass  3aBUCUMOCTH  HAOMOmaerces W OT  IIOCTOSIHHOM
B3aUMOJEUCTBUA ¢gp (Puc. 4.15, 4.16). UeM Brllle ypoBEeHb B3aUMOJCHCTBHSA
auciokauud v /3, TeM HMHTEHCUBHEE NPOTEKAET, KaK IMPOLECC IeHepaluu

TUCJIOKALIN, TaKk U reHepauuu 1 3.

20 T T

30

) =)
=3 G
—
©
T
w
1

1
hb, 1/mkm
=
T
Il

hD, I/mkm*mkm
= G

w

=]

a 0
Puc. 4.15 KuneTnka rioTHOCTH AUCIOKaLMH () U rpaHull 3epeH (0) Bo BpeMs
pparmentanmu: 1 — ¢,,=0;2 - ¢, =10"; 3 — ¢, =2-10"; 4 — ¢, =5-107".

['padmku OTBEUAIOT Citydaro ¢,, =0.3-107°.
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Jlnst pacueroB ObUIO BBIOpaHO 3HadeHwe mapamerpa @op=0.3-107

KOTOPBI COOTBETCTBYET CIIy4aro 4 B MpEJ BIAYIIHMX pacueTax. IJTOT Cllydau
HauMeHee OJaronpHsTeH sl MPOTEKaHUsl CTPYKTYPHO (a3zoBoro I epexona, u
OH HE IPOUCXOIUT IS HyJIEBOIO 3HAYCHUS MAPaMETPY ¢op (KpHBBIE 1, puC.
4.15). Ho c noBblllIeHWEM 3HAUYE€HUS NapaMeTpa B3aUMOJCHCTBHS CTPYKTYPHO
(azoBbIil epexo] mpoucxoaut (kpusble 2-4, puc. 4.15), HecMOTpsl Ha TO, YTO
caMa 1o cebe IUIOTHOCTb JUCIOKAllUd HE JOCTaTOYHO  BBICOKAS.
B3aumMopeiicTBue TMCIOKALMI U TPaHULl 3€PEH MOAPA3yMEBAET, 4To /3 MOTyT
(dbopMupoBaTBECA 3a CUeT BBIXOJAa Ha HUX JUCIOKaluil, a H amuuue [3
obnervaer ¢opmupoBaHue auciaokauuid. MIMeHHO Takas ,,B3aMOIIOMOIIb”’
aKTUBU3UpPYET OOIIel MpoIecc, YTO U MPUBOJUT K CTPYKTYPHO (ha30BOMY

nepexony.

%o

€5
Ei

_0,50 L | L 1\0 L L
hb, 1/mkm

a 0

Puc. 4.16 DBomrouusi ynpoyHeHHs BO BpeMEHHM (a) U CTAaAMMHOCTh 3aKOHA
YIPOYHEHUS B 3aBUCUMOCTH OT IJIOTH OCTH IpaHull 3epeH (0). Obo3HaueHue te

ke, 4To U Ha puc.4.14

CrammonapHoe (TpeienbHOe) 3HAaYeHHUE MPOYHOCTH MaTepHaia TakKe
CYIIECTBEHHO 3aBUCHT OT YK a3aHHBIX TporieccoB (puc. 4.16a). B 3aBucumoctu
YIPOYHEHUSI OT IUIOTHOCTH TPAHMIl 3€PEH MOSIBIISCTCS JMHEHHBIA Y4YacToK,
KOTOpbI  OTBEYaeT CTagud Haubojee HMHTECHCUBHOTO  IMPOTEKaHUS

¢dbparmentanuu (kpusble 2-4, puc. 4.160, unu obdnacts 3 Ha puc. 4.126). [pu
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BBICOKHX 3HAUYCHHAX KOHCTAHTBI B3aHMOHeﬁCTBHH BO3HHMKACT CIIC OJHa

JTUHEHHAs cTaaus JIehOpPMUPOBAHUS C BBICIIMM 3HAaUYCHUEM KOHCTAHTHI B B
3akoHe (4.76) (kpuBas 4, puc. 4.160, a Takxe ydactok 4 Ha puc. 4.120). Ota
CTaJ¥si MPOMCXOIUT 3a CUET PAa3MHOKEHHUS JAUCIOKAIMIA yKe TMOCIe TOTO, Kak
TUIOTHOCTD TPAHUI] 3ePEH BHIIILIA HA CTAIHOHAPHOE 3HAUCHHE.

BrnwsiHue TEmoBBIX MPOIECCOB MOKHO KAaueCTBEHHO HCCIIEAOBATh W3
3aBUCUMOCTH Ko3(duiiueHra ¢@yp OT paBHOBecHOW »sHTporiuu s (4.47).
CHuXeHHEe OSHTpOnMM (a4 TakXKe TEeMIIepaTypbl) TPHBEAET K POCTY
KOX(pUIMEHTa @op, TO €CTh, K POCTY CTAI[HOHAPHOTO YPOBHS IIOTHOCTH
JMCTIOKAIIMA W B KOHCYHOM HWTOT¢ K CHJIBHOMY HM3MEIIBUCHHIO 3CPCHHOMN
nojcuctemMbl. IMEHHO Takoi xapakTep 3aKOHOMEPHOCTEW HaONI0JaeTcsl MpH
Kpuoaehopmanuu Metauios [238].

Brlie B OCHOBY TeopuH OBLI IMOJIOKEH 3aKOH ympoudHeHus Teinopa
(4.73), (4.74), nelicTByrOImMA Ha JOUCIOKAIlMOHHOM YPOBHE, a 3aKOH
YyIPOYHEHUS] Ha YypPOBHE TPAHUI[ 3€PEH TOIy4aercs, Kak CICACTBHUE
COIJIACOBAaHHOM »3BONIIOLMU 000uMX BHIOB JAedektoB. B 1O xe Bpems,
OYEBHIHO, YTO TPAHUIIBI 3€PEH 32 CUET 3EPHOTPAHMYHOTO TP OCKAIB3bIBAHUS
MOTYT TaKK€ BHOCHTb CaMOCTOSITCIIbHBIA JIOTIOJTHUTCIBHBIA BKIAJ B
yIpOYHEHUE, a TOYHEE B pa3yIlpovyHeHHe, MaTepraia, 0COOEHHO, I PU BHICOKON
ux TioTHOCTU. [loaTomMy 3akoH ympouHeHus B ¢Gopme (4.74) MOXKHO

AOIIOJIHUTH CJIAaraCMbIM, YHYUTBIBAIOIIU M 3TOT BKJIAI:

e =abyhy, —wh,, (4.77)
rie w — Ko3puIMeHt ocnabieHuss 3a CYeT  3€PHOrPAHUYHOIO

MMPOCKAJIb3bIBAHUS. Bnusnue »stoit Z[O63.BKI/I MMPpOUJIIFOCTPUPOBAHO Ha pPHUC.

4.17.
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-0.1

epsij, %

Puc. 4.17 CTaZII/II/I 3dKOHa YIIPOYHCHUA C YUCTOM BKJIaJld IPOCKAJIBL3bIBAHUSA 110

rpanunam 3epeH. O0o3HaueHue Te xe, yTo U Ha puc. 4.12.

BKJ'IaZI IO TrpaHullaM 3CpCH HC TIOBJIMAI Ha 3aKOH Xoja -Iletua
(y‘-IaCTOK 1) TaK, KaK B 00J1aCTH €ro MNPUMCHUMOCTHU TIPpU HU3KOM TUIOTHOCTHU
r'paHul 3C€PCH BKIIAJ MPOCKAJIIB3bIBAHUA 110 I'PaHUIIAM 3CPCH HC BBICOK. B 10
K€ BpPCMs, HAKJIOH JIMHEWHOTO y4daCcTKa 3 YMCHBIIWIJICA 110 CPAaBHCHHUIO C
dHaJIOTUYHBIM CJIydyacMm 0e3 yucTa BKJIaJa 3C PHOTPAHUYHOTO
MNPOCKAJIb3bIBAHUA Ha PHUC. 412, qTo CBHACTCIILCTBYCT O MCHBIICM

YIPOYHEHUH MaTepuaia Ha 3TOU CT aJuH.
4.7. Jlpyeue cayuau 08yxyposHeguix mooenel pazmenmayuu

Brpiie  AByXypOBHEBOE ONHCAHWE MPUMEHSUIOCH Uil M3YYCHHS
COTJIAaCOBAHHOM KHHETHKW JUCIOKAIMi W TpaHul, 3epeH. Hwuxke Oyxer
paccMOTpeHa B3au MHasi KWHETUKA TaKuX Nap Ae(PEeKTOB, KaK IPaHUIIbI 3€PEH U

cy03epeH, TpaHUIbl 36peH 1 MUKPOTPEIIHHBI.

4.7.1. Yuem cybcmpyxmypoi

JIo HacTofIlero BpEeMEHH MOojarajioch, 4YTO TJIABHYIO pOJb B
(OpMUPOBAHMU CBOMCTB HAHOMATEPHAJIOB WIPAET 3€pPEHHas CTPYKTypa, a
BHYTpPU3EpPEHHAsA CTPYKTypa (CyOCTpyKTypa) JMOO OTCYTCTBYET, JHUOO He
urpaer  Oompwmior  ponu. OpHAKO  MOCIEAHHUE  AKCIEPUMEHTAIbHbBIE

HUCCIICNOBAaHUs, IIPOBCACHHBIC MCTOdaMM M0JICBOM HMOHHOM MUKPOCKOIINH,
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IIOKa3aJiki, 4YTO OTO HC TakK. B PE3YIIbTAaTC IMPOBCACHHLIX HCCHCZ{OB&HHﬁ, B

YACTHOCTH, YCTAHOBJIEHO, YTO B HMPUAMM TOCIE HMHTEHCUBHOW 00pabOTKU
dbopmupyercs HK ctpykrypa (pazmep HK =~ 20-30 um), ipu 3ToM B camux HK
MPAKTUYECKU HET ACPEKTOB CTPYKTYpBI, OJHAKO, TOCIE OOJYYCHHs] MOHAMH,
dbopmupyetcst cyonanokpuctamuueckas ( CHK) ctpykrypa (pasmep CHK =~ 3-
5 um) ¢ nedpexramu B tene CHK. CHK ctpykTypa Takxke Obuia OOHapy>KeHa
kak B HK wnukene, tak u HK Menu mocie HMHTEHCUBHOW IUIACTHUYECKOU
nedopmarmu (pazmep CHK = 3-15 um). Ilpu atom B CHK mMeau Habmro1anach
Oosee mMpokas rpaHuyHas oOnacte M ynbTpaaucnepcHole CHK cuiibHee
pa3opueHTHPOBaHbI [358].

Kpome Toro, B mpouecce aegopmMupoBaHusl MPYTKOB METOJAMH PaBHO -
KaHalibHOTO yrioBoro (PKY) mpeccoBanust [359] ycraHOBIEHO, YTO B
MIPOLIECCE BHEIIHEr0 BO3IECHCTBUS MOKET (POPMHUPOBATHCS OoJiee pa3BUTas, TO
ecTb, Oojiee Menkas CyOCTpyKTypa U Oojiee Melka sl CTpyKrypa 3epeH. [lpu
Oosiee HU3KUX TeMIeparypax (popmupyercs 0osiee MeNKoe 3€pHO, HO MEHee
pa3BuTas CyOCTpyKTypa, INpu Ooyiee BBICOKMX TeMmIepaTypax, HaoOopoT,
dbopmupyeTcsi Oojiee KpymHbIE 3€pHa, HO Oojiee pas3BUTas CyOCTPYKTypa.
WHuTepecHO OTMETHTh, 4YTO HMEHHO o00pa3ubl ¢ Oojee  pa3BUTOM
CyOCTpYKTYpOi OOHapy>KMBArOT OOJIBIIYIO CKJIOHHOCTb K CBEPXIUIACTUYECKON
nepopmarmu. OOpasubl ¢ Oojiee MEJIKUM 3€pHOM, B OTIWUYHE OT
OOMIECTIPUHITOIO0 MHEHUS, JEMOHCTPUPYIOT MEHbIIYI0 criocoObHocts k CII/] —
T HUX JeopMalys 10 pa3pylIeHUs OKa3anach HE3HAUYU TEIbHOM.

Brimie  paccMartpuBaiMCh  OJHOYPOBHEBBIE MOJICIM KUHETHKU C
JyaJdbHOM Mapoi TEPMOJMHAMUYECKUX MIEPEMEHHBIX ¢ U /1, XapaKTepU3YIOIINX
COCTOSIHME MEX3EpeHHbIX TIpaHull. Kak cieayer W3 BBIIIECKAa3aHHOIO, B
HEKOTOPBIX CJIyyasX 3TOr0 HE JOCTaTOYHO, YTOOBI IOJHOCTHIO ONUCATh
pealibHyI0 CTPYKTYpY MarepHuaja — HeOOXOJUMO YUYUTHIBATh OJHOBPEMEHHOE
dbopmupoBaHUE CTPYKTYpbl H  CyOCTpyKTypbl. DOpMUpOBaHHE OITUX
nedeKTHBIX 00pa3oBaHUN HAXOJAUTCS B KOHKYPEHTHBIX OTHOIICHMSIX.

I[I/ICCI/IHB.I_[I/ISI BHEIITHEH pa6OTBI, HOCTYHI/IBIHeﬁ B CHUCTCMY, [JOJDDKHA
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PAa3BCTBIATHCA MCKAY YKAa3aHHBIMH TIOJACUCTCMAMMU. I[J'ISI yu€Ta TaKoOTro

Pa3BETBICHUA BBOJMTCS JBE Iapbl NIEPEMEHHBIX, OJJHA U3 KOTOPBIX @ U /g
OTBEYAET MO-TPEKHEMY 32 (POPMUPOBAHUE CTPYKTYPhI MEK3EPEHHBIX TPAHUII,
a BTopas ¢y, W hy — 3a (HOPMHUpPOBAHUE CTPYKTYPhl MEKOIOUHBIX
BHYTPU3EPEHHBIX TPAHULI.

DHeprus, NoJyuYeHHas OT BHEIIHUX UCTOYHUKOB, MOXKET MOUTH JINOO Ha
dbopMHpoBaHUE CTPYKTYphl, JHOO CYOCTpYKTYypbl 3epeH. llpu Hu3Kux
TeMmIiepaTypax OHa HJET B OCHOBHOM Ha (hOpMHPOBAHHE BBICOKOYTJIOBBIX
MEXK3€pEHHBIX TpaHMWIl, TMPU BBICOKUX TeMIeparypax — Ha (OpMHpPOBaHUE
MaJIOyTJIOBBIX ~ BHYTPU3E€pEHHBIX  Trpanul [359-362]. dopmupoBaHue
MpEeNeTbHOTO pa3Mepa 3epHa W OJIOKOB OMpeenseTcs JIUHAMUYECKUM
PaBHOBECHMEM IIPOILIECCOB M3MEJIBYCHUSI CTPYKTYpbl U IIPOLIECCOB €€
pereHepanuu, peKpucTauIn3alun.

B npuOnukeHuu MOIMHOMA TPETEH CTENEHHU IO IapaMeT paM @, U ¢
BHYTPCHHSISI DJHEPTUs SBISETCS (PYHKIMEH YIPaBISIIONIETO IapameTpa —

ynpyroi nedopmanuu:

1 * 1 * *
u(h) uO + Z ( (pm0 m Eq)m]hli _g(pmzh:zJ_i—(pgshghs +(p§vh§h +(pgvhghv29 (4'78)

m=g.s

riue (p;A, (k=1,2,3),(p;,(p§q,(pg;— MOJIMHOMUHAJIbHBIE KO (PUITUEHTHI,

e

3aBUCANIME OT YOPYrOM 4acTd TeH3opa Jedopmanuii e,

Kak OT
yHpaBisIomero mnapamerpa, asanoruyHo (4.57). Cnaraembple B CKOOKax
OIMCBIBAIOT KaXIbIH BUJ Ae(ekTooOpa3oBaHus TaK, €CIIU Obl OHU MPOTEKAIH
HE3aBUCHMO, OCTAJIbHBIC ClIara eMbIe OMHUCHIBAIOT B3aUMOICHCTBHE TE()EKTOB.
Ecnmu cBa3p Mexay mporieccamMu  (OpMHUPOBaHUSI CTPYKTYpbl U

CyOCTPYKTYpPHI IIPEHEOPEKUMO Masla ¢, =0,¢. =0,¢. =0, TO, PaKTHIECKH, B
YOCTPYKTYPBIL 1Ip p g z @

CUCTEME HE3aBHUCHMMO Jpyr OT Jpyra YyCTaHaBIMBAETCS pPAaBHOBECHOE
pacmpenielieHle 3€peHHBIX M CyO3epeHHbIX rpaHull. Eciu cKopocTh
CTPEMJICHUSI K paBHOBECHOMY COCTOSIHUIO ISl CyO3€peH 3HAUUTEIHHO MEHbIIIE
CKOPOCTM  YCTAaHOBJICHMSI PAaBHOBECHOTO COCTOSHHA I IIpolecca

06pa30BaHI/I$I 3CPCHHBIX T'PaHUIl, TO MOXHO JOCTUTHYTH IIPCIC JIbHOM 3epeHH0171
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CTPYKTYpBl METaJljla paHblle, YeM pa30BbeTcs cyO3epeHHas cTpykrypa. Eciu

COOTHOIIICHHE CKOPOCTEH MPOTHBOMOJOKHOE, TO, HA00OpOT, B Mpolecce
nedopmaru  Oyzner chopMUpOBaHAa paHbIle TMpejesibHas CyO3epeHHas
cTpykrypa. JlanpHelee nedopMupoBaHUE B OOOMX CIIy Yasix HE HM3MEHUT
COOTHOIIICHUS CTPYKTYp TaK, KaK B JJOCTUTHYTOM CTAaIllHOHAPHOM COCTOSHUHU
MPOU30MACT CTaOWIM3aIMs YIPaBISIOMICTO IapaMeTrpa WM JaXe ero

YMCHBIICHUC B CJIy49acC CBCPXIIACTUIHOCTH.

4.7.2. YVuem enuanus mukpompewjun

KauecTBeHHOE paccCMOTpCHUC, INpCACTABJICHHO € BHIIIIC, MOXHO
IIPUMCHUTH TaKIKC K (I)OPMI/IPOBaHI/IIO MUKPOTPCHINH B mponecce
HMHTCHCHUBHOI'O BHCIIHCIO BO3Z[efICTBHH. B JaHHOM CJIy4dac ZIC(I)CKTHOCTI:
MaTcepuajla B JIBYXYPOBHCBOM HpI/I6J'II/I)KeHI/II/I 6YZICM OIMUCBIBATH ABYMA
ImapaMu COIIPAKCHHBIX IICPECMCHHBIX @, hg " @, hc. HepBaﬂ mapa OIMChIBAacCT,

KaKk U Tpexne, (GopMupoBaHHE MEX3EPEHHBIX TpaHull (grains), BTOpas —

¢dopmupoBanue  mukporpemiH  (cracks),  MukpoTpemuHsl  Oyaem
paccMarpuBaTb B CKAJIAPHOM MPUOJIMXKEHUH, TOrAa A, — IUIOTHOCTb
MUKPOTPEILMH, ¢, — CpEIHsAs DSHEPrus MHUKPOTPEUIMHbl, MOHOTOHHO

3aBHUCHAIAd OT €€ pa3Mcepa. HPCI[CTB.BJ'ICHI/IC BHYTPCHHeﬁ OHCPIrun IOJIMHOMOM
TpeTbeﬁ CTCIICHU II0 €C apryMCHTaM IJIsd TaKoOM CHCTEMBI MO’KHO 3amucaTh B

BHJIc aHasToruIHOM (4.78) [363]:

u(h) uO + Z ( (pm0 m 2 (pm]hz 3 \ hlilJ_i— (p;chghc + (pgchéh + (pgchghcz > (4'79)

m=g,c

rae ¢, » (k=123),0,,0, ¢, TIOTHHOMUHAIbHBIE  KOI()PULIMEHTHI,

3aBUCALIME OT YINPYrod 4YacTH TeH3opa Jgedopmanuii &), Kak OT

yHpaBisiomero mnapamerpa, asanoruyHo (4.57). Cnaraembple B CKOOKax
OIMCBIBAIOT 00pa30BaHUE TPaHMIl 3€PEH M MUKPOTPEUIMH TakK, €CIi Obl OHU
NPOTEKaIM HE3aBHCHUMO, OCTallbHBIC CllaraéMble OMHCHIBAIOT B3aHMHOE

BIIMSIHUE TIPOLIECCOB AePEKTOOOPa30BaAHUS.
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Ecaun sto BausiHuE HpeHe6pe)KI/IMO MaJjio, TO, (I)aKTI/I‘-IeCKI/I, B CUCTEMC

HE3aBUCHMO JPYyr OT Apyra yCTaHABIMBACTCS PABHOBECHOE pPACIpEICIIiCH Ue
MEX3EPECHHBIX TPAaHUIl W MUKPOTPEIIMH. ECIU CKOpOCTh CTpEeMJICHHS K
PaBHOBECHOMY COCTOSIHMIO JUIS MHUKPOTPCIIWH 3HAYHUTEIBHO MCHBIIE
CKOPOCTH  yCTAaHOBJICHHSI PAaBHOBECHOIO COCTOSHHSI Ui TIpoliecca
00pa30BaHUs MEXK3CPEHHBIX TPAaHUIl, TO MOXKHO JIOCTUTHYTH MPEICIbHOMN
3epCHHOM CTPYKTYphl ~MeTajlla paHbIIe, YeM pa3oBbETCI CHUCTEMa
MukpoTtpemuH. OnHako, JaTbHEHIee YBEIMUCHHE ITUKIOB 00paOOTKH MOXKET
YXYIIIUTh CBOMCTBA MarepHajia. B TPOTHBOIIOJIOKHOM COOTHOIICHUU
CKOPOCTEH TPOILIECCOB METaT pa3pylIUTCs paHblie, 4eM chopmupyercs
Mpe/IeIIbHAS 3ePCHHAS CTP YKTYDA.

Takum 00pa3oM, OJHOBPEMEHHBIH y4YeT JABYX THUIIOB Je(EKTOB
MO3BOJIICT ~ ONMUCATh KOHKYPCHTHYHO KWHETHKY WX HAKOIUICHHS U
B3aMMOJICHCTBHs. PaccMOTpeHHE TakMX IBYX THUIIOB Je(PEKTOB TaKHX, Kak
TPaHUIIBI 3epEH U CY03epeH B 3aBUCMMOCTH OT KOHCTAHT MaTepHajia BBIIBUJIO
BO3MOYKHOCTh CYIIIECTBOBAHUS JIBYX PEKUMOB (hparMeHTAIHH, MTPOTEKAOIITIX
MPEUMYIIIECTBEHHO C H3MEJIbYCHHEM JMO0O0 3epeH, 0o cyO3epeH. Yuer
B3aMMOJCHCTBHST ~ JC(PEKTHBIX  TOJCHCTEM  MOXET  TPHBECTH K
OJTHOBPEMEHHOMY M3MEJIbUCHUIO0, KaK 3epeH, TaK U Cy03epeH.

PaccmoTpenne Takux IByX THIOB A¢(PEKTOB TaKWX, KaK TPAHUIILI 3ePCH
U MHUKPOTPEIIMHBI TaKXe JaeT BO3MOXHOCTh CYIIECTBOBAHHS TaKHX JBYX
pexuMoB. B Tex cimywasx, Korja KOHCTaHThI METAJIJIOB TaKOBBI, YTO PAaHBIIE
pa3BUBAIOTCSA CTPYKTYPHO-(a30BbIe TEPEXOAbl C Y4aCTHEM MHUKPOTPEIIUH,
(dparMeHTaIMsi HE MOXET OBITh peanmu3oBaHa. J[Isg Tex MeTawioB, IS
KOTOPBIX  CIPaBEUIUBBI  MPOTHBOIIOJIOKHBIC  COOTHOIICHHS  KOHCTaHT,
(dbparMeHTaIysi MOKET OBITh pealr30BaHa, HO JAJTbHEUIas POA0IKAIOMIASCS
00paboTKa MOKET TPUBECTH K JIETPaJallid MaTepralia 3a CUeT HAKOTUICHUS U

KOaJICCICHIINN MUKPOTPCII UH.
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4.8. Yuem npedvicmopuu npoyecca 6 KUHeMU4ECKUX YPAGHEHUSIX

[Ipu mnporekaHuum  SBJAEHUA B  MajblX O0bEMax  SBOJIOLUSL
HEpPaBHOBECHBIX  IMAapaMeTpOB  CUCTEMbl  (TUIOTHOCTH  JI€PEKTOB U
HEPaBHOBECHOW  SHTPONMHU) MOXET ObITh  ONUCaHa  OJHOPOJHBIM U
ypaBHeHusimu (4.43) u (4.44). B Oompmmx o0beMax B  YCIOBHSIX
HEOJJTHOPOJIHOTO BHEIIHET0 BO3JAEHCTBHSI X 3BOIIOLMS MOXKET ObITh ONMCAHA B
dbopme HeomHoponHoro ¢yHKIMOoHaNa Tuna (4.62). B oatoit  dopme
YUUTBHIBAETCS  IPAaJUCHTHAas  HEJOKAJIBbHOCTh  (PU3UYECKHX  IMPOLIECCOB
COIPOBOXK/IAIOIIUX SBOJIIOLIMIO HEPABHOBECHBIX mapameTpoB. C npyroi
CTOPOHBL, BO3MOXEH €Ile JApPYyroil TUN NPOCTPAHCTBEHHO -BPEMEHHOU
HEJIOKAIbHOCTH, KOTJa 000OILIeHHas TepMOJMHAMMYECKas cujia (ABMOKYIIAs
CHJIa HBOJIFOLIMOHHOIO MPOLIECCa) 3aBUCUT HE OT COCTOSIHHSI CHCTEMBI, KOTOPOE
OHa MMEET B JAHHOM TOYKE U B JAaHHBII MOMEHT BPEM €HHM, HO OT CPEIHUX
3HAYEHHI 3TUX COCTOSTHUI B HEKOTOPOI MPOCTPAHCTBEHHOMN WJIW/U BPEMEHHOM
oOnactu. DBOJOLIMOHHBIE ypaBHeHUs (4.43) u (4.44) B 3TOM clly4ae MOXKHO
0000IIUTh B CIEAYIONIEM BUJIE

&5 | SR 1 () IO
_— I—ij‘f;(r—r,t—t)Tdtdr -7, (4.80)

ot SUS Vit-T

oh Vot e o noul ),
a—;:y/ ﬁjj‘f,(r—r,t—t)a—h/dtdr -0 . (481)

"1 Vit-T
31ech KaxKblid HepaBHOBeCHBIﬁ mapamMeTp UMECT CBORO o0acThb YCPCAHCHUA

T., V., T,, V,. IIpOoCTpaHCTBEHHOE YCpPEOHEHUE II03BOJIICT BBICTPOUTH

s s

MEPAPXUIO BJIO)KEHHBIX JIPYT B ApYyTa TUMOB AC(PEKTHBIX CTPYKT YP, BPEMEHHOE
OCpeIHEHHE 3aJaeT 3aBUCUMOCTH 3BOJIOLMH CHUCTEMBI OT €€ MPEeABICTOPHH.
JlokansHoe mnpubnmxenue (4.43) u (4.44) nomyudurcs, eciu (YHKUUU
f.G-7-1"), fF-F,t—t) nupencraBifior co0OM INPOM3BENCHUS JENIbTA
Gyukiuii  §(F-7)5(—1) ¢  COOTBETCTBYIOIIMMH  HOPMHPYIOIHMH
MHOXUTEIAMHA. JUI4 mpumepa pacCMOTPUM IPOCTEUINMN Cilydaid OJHOM

nepeMeHHOM ¢ (PyHKIUEH oCpeJHEHHSI TOJIBKO BO BpEMEHHOM 001acTu:
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on (1%  ou .,
E —Y{?t:‘;f(t )a_hdt (pJ, (482)

TaKkow, uto f(')=1, ecnu ¢t>¢'>¢-T, u f(')=0 BHe 3TOro MHTEpBana. Tormaa
JIOTIOJTHUTENIbHBIM YTPABIISIONIUM TTapaMeTpoM OyeT WHTEPBaI OCPETHEHUS
T. Ha puc. 4.18 npuBeneH npumep pacdyera KMHETHYECKMX KPUBBIX JUIS
MOJICIM ¢ TapaMeTpamMu ¢, =¢;+7T(s§)z/2+ﬁ(s;)z, 9, =0.0762 A =1000,
n=2100, @;=0.29, ¢,=0.324, ¢@3=0.12, npu pa3IdYHBIX HHTEpBaAIAX
ocpennenust 7. Homepa KpUBBIX Ha PUCYHKE COOTBETCTBYIOT BO3PACTAHUIO

uHTepBana ocpennenus: 1 — 700, 2 — 3000, 3 — 5000 u 4 — 6500 spemennvix

uacoe.

<
—
<>

'
58]

Puc. 4.18. Ocuuupyronast 3BOJIONUS JIOTHOCTH A€(PEKTOB.

N3 pucynka BUIHO, YTO TpU HEOOJBIIOM HHTEPBAJIE OCPEIHCHUS
(kpuBast 1) cucTeMa MOHOTOHHO CJEAYeT K CBOEMY CTallMOHAPHOMY
coctossHuto. C yBEIMYEHHEM HWHTEpBAJIa OCPEIHEHHUs, KOrja TEKyIlee
3HAYEHUE COCTOSHUSI CUCTEMbI JOCTUraeT CTAlMOHAPHOTO 3HAYEHHS, TEM HE
MEHEee «IaMsTh» O 0oJiee PaHHUX COCTOSHUSIX, JJII KOTOPBIX CTallMOHAPHOE
COCTOSIHME €Ill€ HE JOCTUTHYTO, MPOJOJIKAIOT «TOJKATh» CHUCTEMY B
HaIlpaBJICHUH YBEIUYECHUS 3BOJIIOLIMOHHUPYIOILIETO HEPaBHOBECHOTO

mapameTpa. Korzxa CUCTEMa HOCTHUTHCT COCT OAHH:A, IIPU KOTOPOM CCpPCIHHA
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HUHTCPBAJI OCPCAHCHUA 6YZICT HpI/I6J'II/I3I/ITeJ'IBHO COBIIaJIaTh CO CTAlIMOHAPHBIM

COCTOSIHUEM TPOIIECC YBEIMUYEHUSI HEPABHOBECHOTO MapaMeTpa NPeKpaTUTHCA,
a C YBEIMYECHHEM JIOJIU COCTOSHUM BBIIIE 3TOTO MPEAEIHLHOTO 3HAUYCHUS
CHUCTEMa HAYHET JBOJIIOIIMOHUPOBATH B OOpaTHOM HAIpaBJICHUU, COBEpIIas
3aTyXxarolme KojiebaHusi CBOMCTB. Ecnu mHTEpBan OCpelHEHUs] 3aXBaThIBAET
CJIOXKHYIO 00JIacTh pefibea BHYTPEHHEW YHEPTHHU, TO BO3MOKHO XaOTHUUYECKOE
TOBEJICHUE CUCTEMBbI (KpHBasi 4 Ha PUCYHKE) .

Takoe kaueCTBEHHO HOBOE MOBEJICHUE CUCTEMBI CB 13aHO C U3MEHEHUEM
TUMA  SBOJIOIMOHHOTO  ypaBHeHUs. Eciu  4dumcro  penakcalimoHHOE
ABOJIIOIMOHHOE YpPaBHEHHE MOXHO OTHECTH K Mapa0OJU4YeCKOMY THITY
yYpaBHEHH, Y KOTOPBIX OTCYTCTBYIOT MEPUOTUUECCKUE PEIICHUS, TO YPaBHEHUE
C TaMsATBI0O YK€  SBJISICTCS  YPaBHEHHEM  THUIEPOOIMYECKOTO T HIa.
HeiictButensHo, muddepenuupys (4.82) 1o BpeMeHH B JIMHEHHOM
MPUOTMIKEHUU TIOTYYUM YpaBHEHUE:

o)y o9
_00 | X[ p-122], 4.83
. ot T((pl arJ (4.83)

on_f1au

o T on

KOTOpOE MO BHUAY OJIM3KO K BOJHOBOMY YPaBHEHMIO, KOTOpOE yxke oOianaeT
MEPUOIUNICCKUMU PEILICHUSMH.

B ciyuae, coorBercrBytomero mapamerp am puc. 4.10, miisg uHTEpBana
npeapicTopun  (MHTEpBaNl ocpeaHeHus) (.33 ¢, KOTOPBIA yUYUTHIBAET
MPEABICTOPUIO TOJBLKO TPaHUI] 3€PEH, KHHETUYECKUE KPUBBIC JJIsi TUIOTHOCTHU
TpaHUIl 3€peH W JUCITOKAIMHA TPUHUMAIOT 3aTyXaroIUi OCIMLIUPYIOIIUMA
xapaktep (puc. 4.19a). 3aKoH yNpOYHEHUS] UMEET MOYTH TaKOW BUJ, YTO U B
cinyyae puc. 4.10, 3a UCKITFOUEHUEM TIOCIICIHEW CTaqui, HA KOTOPOW OH UMEET
ocuwuupytonuit - xapakrtep (puc. 4.196). 3pech craguu  yNpOUYHEHUS
MEPUOIUIESCKU U3MEHSIOTCS CTAAUSIMU PA3yIIPOYHEHUSI, YET0 MPUHIIUITHAIEHO

He OBLIO B MPEAbIAYIIEM ClTydae.
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hg, hy, arb. units
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Puc. 4.19. 3akoHomepHOCTH AePeKTOOOpa30BaHus BO BpeMs (parMeHTaluu: a
— KuHeTHka nedekroB: 1, 2 — MIOTHOCTh IpaHull 3epeH; 3, 4 — IJIOTHOCTb
muciokanuii (2 u 4 ¢ yd4eroM NpEeIbICTOPUU TpaHUIl 3epeH); 0 — 3aKoH
YIPOYHEHUsI C YYETOM MpeabicTopuu: 1 — ydactok 3akoHa Xoia-Ilerya; 2 —
YUYaCTOK JIMHEWHOTO 3aKOHa YIPOYHEHHs; 3 - KosieOaTeslbHas 4acThb KpPUBOM

yHpO4YHEHUA-pa3ynpouHenus. Miarepsan ocpeqnenus 0.33 c.

Eciu mpu Tex ke YCIOBUSAX YBEIMUUTh HMHTEPBAJ OCPEIHEHUS, TO
TaK)Ke YBEIMUYUTCS U aMIUIUTYAa OCUWUISIIUM (CpaBHUTE paauyc 3-i cTaauu,
puc. 4.196 u puc. 4.20a). 3airouuTelbHAs CTAgUs YHOPOUYHEHHUS HMEET
XapakTep KosiebaHHs BOKPYT MPUTATHBAIONICH TOYKM — THIA HoOJtoca (CM. B
yBEJIIMYEHHOM MaciuTabe puc. 4.200).

Eciu sBomtonust cucTeMbl 3aBHCUT OJHOBPEMEHHO OT MPEAbLAYIIH X
COCTOSIHMM, Kak TpaHMIl 3€epeH, TaKk M JUCIOKalMil, TO B 3TOM Clydyae
OCUMJUISIMHU CTaHOBATCA eme OonbmmMmu (puc. 4.21a). Ilockonbky Bpems
peslakcaluu JUisl JUCIOKALMK MEHBIIE, TO OCPEIHEHHE OCYLIECTBIIAETCS IO
MEHbIIIEMY BpeMeHHOMY HHTepBaidy. CHauvana HaOMOJaeTcs OCLMIUIALL MU
TUIOTHOCTHU JUCIIOKALIMM, KOTOpbIEe MaJIO BIUSIOT Ha MOBEACHUE IPAHULL 3€PEH,
Jajgee BO BpeMsl CTPYKTYPHO-(a30BOrO IEPEeXoAa BO3HUKAIOT OCLMUISALMU
IUIOTHOCTU TPaHUL[ 3€pEH, KOTOPbIE WHULMUPYIOT KOJEOaHUs IUIOTHOCTH

HHCHOK&HHﬁ. To CCTb, BJIMAAHUC TPpaHUIl 3CPCH Ha 3BOJIIOLWIO OH CJ'IOKaI_II/Iﬁ
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Oosiee CyLIECTBEHHOE, B KpailHEM ciydae, NpuU TeX HapaMeTpax MOJENH,

KOTOPKBIC ObLIN BBI6paHBI I pacyCTOB.

-0.27- -

(]
ij» %

€

-0.28 : i : ‘
he, 1/um

a 0

Puc. 4.20. 3akoH ynmpOYHEHUS-pa3ylNpOYHEHMS] OT BKJIaJa IPEIBICTOPUM 32
cyeT rpaHul] 3epeH: | — ywacTtok 3akoHa Xoia-Ilerya; 2 — ywacTok
JUHEMHOTO 3aKOHa yHOpouHeHus; 3 - KoseOaTenpHas dYacTh 3aKOHA
YIPOYHEHUS-PA3YNPOYHEHUSI B OCHOBHOM 3a CYET IPEABICTOPUM TPaHUL

3epeH. MatepBan ocpennenus .43 c.

Takum 00Opa3oM, BIHSHUE MPEIBICTOPHUA HA SBOJIOLUIO JUCIOKAIHIA
OTpa3wjICsl TOJBKO Ha XapakTepe 3aKoHa YMPOYHEHUS -pa3ylpOUYHCHHs Ha
HAYaJIbHOW CcTaguu Ie(OpMHUPOBaHMA. THINWYHBIN JUIS 3TOW CTaauM 3aKOH
Xoimna-IleTua cMeHWICS OCHMILTUPYIOUIMM ydacTKoM (obsacts 1, puc. 3.80).
Ha ocranmpHOl 4YacTH KpHBOM YNPOYHEHHUS XapakTep €€ TIOBEACHUS,

MMPaKTUICCKU, HC U3MCHUWJICA.

4.9. Ananuz mennogwix 3¢hghexmos npu UHMEHCUBHOM 8030eUCEUL

TCHJ'IOBYIO peirakCalmmo, COIIPOBOK A0 YIOCA reHepauI/Ieﬁ
ZII/ICJ'IOKaI_II/Iﬁ , yaacTcsa MpOACMOHCTPUPOBATH B KOMIIBIOTCPHOM
QKCICPUMCHTC)» IIPU BAABJIIMBAHWW HWHJICHTOPA B 2D n 3D KpUCTAJIIIUT (CM.

pazmen 3.5, a Take [301-304]). Ha »ToM mnpumepe moOKa3bIBaeTCS
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BO3MOJXHOCTb pa3ACjICHUA TCIUIOBOTO  JBMIKCHUSI Ha PAaBHOBCCHYIO H

HEPAaBHOBECHYIO COCTABJIAIOIIME. BOIpoc 10CTaTOUHO HE MIPOCTOU, TOCKOIBKY
SHTpomHUsA, oOO0yagasi CBOMCTBOM  aJJIMTUBHOCTH  OTHOCUTENIBHO JBYX
TE€OMETPUUYECKU pa3JelICHHBIX CHUCTeM, He o0lagaeT TakuM CBOMCTBOM
OTHOCUTENIBHO IIOACUCTEM B pPAaMKax OJHOM cH cTeMbl. M3BecTHOe TOMy
HNOATBEPKJICHUE — napagokc I'mb0ca s cMecu ra3os. B HeKoTOpo#l cTenenn
3TO CBSI3aHO C TEM, YTO B3aUMOJCWCTBUEM IIOJCUCTEM HEJb3Sl IOJHOCTHIO
npeHeOpeub. OHAKO, Ha IPAKTUKE TAKOE Pa3/eIeHUE MOJICUCTEM OYEHb 4acTO
JOITYCKAeTCsl, HaIpPUMEP, PA3LCIICHUE DHTPOIMU OT BHEIIHUX U BHYTPEHHHUX
HMCTOYHMKOB B Teopuu camoopranusauuu [181]. B Hamewm ciywyae Bompoc
pemaeTcs TeM, YTO OTKJIOHEHHE OT PABHOBECHOI'O COCTOSIHUS SIBJISIETCS MaJIbIM
— DOHTpONHUS M3 HEPAaBHOBECHOM IOJACHCTEMBI IIOCT OSHHO YXOJIUT B

PAaBHOBCCHYIO U €€ HC MOKCT HAKOIIUTHCA CIIMIIKOM MHOTO.

20

0214 =
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hy, hy, arb. units
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he, 1/um
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Puc. 4.21. 3akoHomepHoCcTH ePeKkTo0Opa30BaHus BO BpeMs (pparMeHTallu: a
— KuHeTHka nedekroB: 1, 2 — MIOTHOCTH IpaHull 3epeH; 3, 4 — IMJIOTHOCTb
TUCIIOKaluii (2 1 4 ¢ y4eTOM MPeAbICTOPUN TPAHUI] 3€PEH U TUCIIOKAIHil); 6 —
3aKOH YNPOYHEHHUSI C YYETOM MPEABICTOPUU: | — OCHMIUIUPYIOIIUNA y4acTOK; 2
— Y4YacCTOK JIMHEMHOTO 3aKOHA YIPOYHEHHS; 3 - KoJiebaTellbHas 4acTh 3aKOHa
YIOPOUYHEHUS-PA3yIIPOYHEHUSI B OCHOBHOM 3a CYET MPEIbICTOPUU T'PAHUIIL
3epeH. MutepBan ocpennenuss 0.43 ¢ pns rpanun 3epeH u 0.087 ¢ nns

JTUCJIOKAITHH.
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Belimie nporecc ¢parMeHTalMu MOJEIUPOBAJICS 0€3 ydeTa TEIrIOBbIX

abdexToB (B um3oTepMuyeckoM mnpuOmmxkenun). Ha camom niene B
3aBHCUMOCTH OT CKOpPOCTH Tpolecca TeIuioBble 3(P(EeKTbl MOTyT OBITh
3HAYUTEJbHBIMU.

[IpencraBisiss BHYTPEHHIO DHHEPIHMI0 B BHJE psAla IO CTEHEHIM
SHTPONUU 5 , MPOU3BEACHHON B pe3ylibTaTeé HEOOPATUMBIX MPOLECCOB MNpHU

reHepalny CTPYKTYPHBIX A€(PEKTOB,
u=u0+T0§—%T1§2+.... (4.84)

KHHETUYECKOE YypaBHEHUE [UI1 €€ IPOM3BOJACTBA COMIACHO (3.2) MOXKHO

3almcaTth B IBHOM BUJIC :
%:yg(ro—f—m). (4.85)

Kouncranta 7)), Bxomsmas B (4.85), ONHMCHIBAET HCTOYHUK SHTPOMHUU OT
HEOOpaTUMBIX MPOIIECCOB BHYTPHU TBepAOro Tena. CoriacHO BTOPOMY 3aKOHY

TCPMOINHAMUKHN I3TO BCIIMYHMHA BCCTJd HCOTPULATCIIbHAA To >0. Ee mMoxHO

TPaKTOBaTh  KaKk  BEJIMYUHY  Pa3MEPHOCTH  TeMIlepaTypbl,  KOTOpas
XapaKTepu3yeT MHTEHCUBHOCTh MPOM3BOACTBA IHTpONuM . BTopoe crnaraemoe
OMKCHIBAECT pEaKCAIMI0 HHTPONUHU, (HaKTHUECKHU, TMPEBpalleH ue€ €€ B
paBHOBecHy10 (Gopmy. TpeTbe ciaraeMoe OIMCHIBAET CTOK HEPaBHOBECHOM
SHTPOIUU B CBSI3U C MOCTOSHHBIM OTBETBJICHHUEM JHEPTUU Ha JPYTrHe KaHaJIbl
muccunanuu. CramnuoHapHas Touka ypaBHeHus (4.85) Oynmer Torma mpu

3HAYCHHUHU s PAaBHOM

5 = : (4.86)

DTO TO KOJIMYECTBO HpOI/I3BeZIeHHOﬁ OHTPOIINH, KOTOPOC YCIICBACT HAKOIIUTHCA
B CHUCTCMC IPCKIAC, YCM YCTAHOBHTCA OanaHC MCKAY BCCMU IIOTOKaMMU
OHTPOIINH.

I[J'ISI TeHJIOH30JIHp0BaHHOﬁ CHUCTCMBI BBIICIMBIICCCSA BHYTPCHHCC TCILIIO

B pe3yJbTaTe MpPOHM3BOJACTBA DHTPONUHM 5 B MpOIEcce pelakcamud OyaeTr
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NEPEXOJIUTh B PAaBHOBECHYIO (POPMY, UTO NMPHUBEAET K IMOCTOSHHOMY POCTY

TeMneparypsl 7.
WuTerpupys 3BostoLMOHHOE ypaBHeHHE (4.85) ero peuieHue MO>KHO
3amucaTh B IBHOM BHJIE:

E :g;t _(g;t _SO)eXp(_z)(l’YEt)’ (4'87)

r7ie Sg — HauaubHOEe 3HaUeHue dHTponuu. U3 (4.87) BUgHO, UTO €ciu s, <5, , TO

\)

~

SHTponUs OyJeT cO BpeMEHEM BO3pacTaTh, €CIU s, >5,, TO OyaeT yObIBaTh.

PaBHOBecHast ke 3HTpomnus OyJIeT BO BCEX CIy4asiX TOJbKO Bo3pacTaTh. UToObI
yOeauTbcss B 3TOM BBLAEIMM B 3BOJIIOLMOHHOM ypaBHEeHUU (4.85) Ty yacTb
SHTPOIMHU, KOTOPas IEPEXOANT B PABHOBECHYIO TIOJICUCTEMY:
o5,
ot

2y (4.88)

YToOBI MOJIYYUTh CKOPOCTb U3MCHCHUS KOJMYCCTBA HepaBHOBeCHOﬁ

TCIIJIOTHI, CBA3aHHOC C HU3MCHCHHUEM OHTPOIINH Eg HOKI/IZIaIOH_Ieﬁ

HEPaBHOBECHYIO TMOJICUCTEMY, COOTHOIIeHUE (4.88) HEOOXOIUMO YMHOXKHTH

Ha temuneparypy I:

05 0%
—+ =T—===2y,y,;15 . 4.89

Heo0OxoaumMocTh YMHOXKEHUSI, MMEHHO, Ha PAaBHOBECHYIO TEMIIEpaTypy
CBSI3aHa C TEM OOCTOSITEIBCTBOM, YTO IO CaMOMY O IPEAEICHUIO INEepexoia
HEpPaBHOBECHOW TEIUIOTHI B PaBHOBECHYIO (OpPMYy OHHM CTaHOBATCSA
HEpa3IWYUMbl MEXAY €000, M, CIeA0BaTElIbHO, HMMEIOT OJMHAKOBBIC
XapaKTepUCTUKU. B crily 3aKOHa COXpaHEHUs] SHEPTUU TAKOE KE KOJIMUYECTBO

TCTUJIOTHI IMOJIYUYUT PABHOBCCHAA IMOACUCTCMA.:

99 _p9s__0q (4. 90)
ot ot ot

Orcroga UW3MEHEHHWE PAaBHOBECHOM HHTPOMNHUH, COMPOBOXKJIAOIIEE
ABOJIIOIUIO CUCTEMBI, OyAE€T paBHO

0 ~
~ =201 (4.91)
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OTKYHa CJICAYCT, 9YTO PABHOBCCHAA SHTPOIIUA (HpI/I HaJIMYNU HCPABHOBCCHBIX

HpOI_IeCCOB) BCCIrIa BO3paCTacT.

4.9. Kpamxue 66160061

1. B pa3zmene c mpuBieuE€HUEM HIIEMEHTOB CTAaTUCTHUYECKON (U3MKU
nojlyyeHa M OOOCHOBaHa CHUCTEMa KHWHETHYECKHUX YpaBHEHUN B TEPMHHAX
TEPMOAMHAMUYECKUX MOTEHUMAIOB BHYTPEHHEM M MOIM(ULKUPOBAHHOM
CcBOOOJIHOM 3HEPruH, KOTOpas JOMYCKAaeT MOJHOE PEelIeHHe Ui TB €pbIX Tell ¢
BaKaHCUSIMHU, U KOTOpas 0000lIeHa Ha apyrue Tumbl aedexrtoB. B mpouecce
JI0Ka3aTeNbCTBA TOJIYYEHO:

® ypaBHEHHE COCTOSHUS B (popMe MPOU3BOJHON BHYTPEHHEN 3HEPIUU IO
KOJIMYECTBY BaKaHCHM (PHEpPrus WIM XUMHUYECKMH TMOTEHIHUAI
BAKAHCUM) CHPABEUIMBOE JUISI MPOU3BOJIBHOIO  HEPABHOBECHOI'O
COCTOSIHUS;

e [pUOIMKEHHOE pABEHCTBO B PABHOBECHOM COCTOSHUM CBSI3aHHOU
SHEpPruM, BBIPAXKEHHOH B JIBYX (popmax — yepe3 KOHPUTYpaLHOHHYIO
SHTPOIMIO M, KaK CyMMapHasl SHEprus BaKaHCHM M, COOTBETCTBEHHO,
NpUOIMIKEHHOE PABEHCTBO B ATOM COCTOSTHMM CBOOOJ HOW HEPTUU U
MO (PULIPOBAHHON CBOOOTHON SHEPTHUH;

e BBbIpaXEHHUE U1 MOAU(PUIMPOBAHHON CBOOOJHOW 3SHEPrUH, KOTOpas
MPECTaBIIAECT COOON HEPAaBHOBECHBIN TEPMOJIMHAMUYECKUN TOTEHIIUAT;

e BbIpaXeHUs 111 3PPEKTUBHON «BHYTPEHHEI» U «CBOOOIHOW» SHEPTHH,
KOTOpbIE B PAaBHOBECHOM COCTOSHUM NPHHMMAIOT, COOTBETCTBEHHO,
MaKCHUMaJIbHOE€ 1 MUHUMAJIbHOE 3HAYCHHUE.

2. B paMkax ABYXypOBHEBOI'O OJTHOMOJIOBOTO MPHUOIMKEHUS MOTyYeHa
CUCTEMA KHHETHUYECKMX YPABHEHUM [UIsl ONMCAHUS B3aUMHOM KUHETUKU
rpaHul] 3epeH U Auciokanuii. B aguabaTtuueckoM NpHOIMKEHUU IOy YeHA
MIEPEHOPMHUPOBKA NIOCTOSIHHBIX TEOPHH JUIsl OTHOYPOBHEBOUM MOJIENH .

3. B pamkax JBYXMOJOBOI'O OJJHOYPOBHEBOI'O MPUOIMKEHHS TOTYUYEHBI

BBIBOJbI



227
e YycM BBIIIE CIIOCOOHOCTH MeETajlla YOPOUHATBCA, TCM 6LICTpee

dbopmupyeTcss B HeM (pparMeHTUPOBAHHASI MEIKO3EPHUCTAsI CTPYKTypa
1 TeM 0oJiee BBICOKAs TUCIIEPCHOCTh CTPYKTYPhI OyIeT JOCTUTHYTA,
® [IpU HEOJHOPOJAHOM JehOPMHUPOBAHMU yBEIHUYEHUE Je(hEeKTHOCTHU

MeTajyla TMPOUCXOJUT CKAYKOM 3a BpeMsl MPOXOXKJEHHUS €ro uepes

aKTUBHYIO 30HY Jae(QopMUpOBaHUs, MHpU Oojiee BBICOKOW CTENEHU

HEOJIHOPOJIHOCTH BEJIMYMHA CKAYKa YMEHBIIACTCS, a €ro JUIUTEIbHOCTh

YBEIMUMBACTCS, YTO BJe4eT 3a co00Ml  MEHBIIMA  YPOBEHb

(dbparmMeHTaIu CTPyKTYpPHI;

® yMCHBIIICHHE YPOBHS (parMEeHTAllUd TPU MPOXOKICHUH aAKTUBHOUN
30HBI MOKHO CBSI3aTh C T€M, YTO BBICOKOT'PAJIMEHTHASI HEOJHOPOIHOCTh

MIPUBOJUT K 00Jiee OBICTPOMY BBIXOJY AE(PEKTOB U3 aKTUBHOM 30HBI.

4. B 1BYXMOJIOBOM JBYXYPOBHEBOM MPUOMMKEHUH (PparMeHTaIus
METa/NIOB ORUCAHA, KaK CTPYKTYpPHO-(a30BBIA MEPEXOJl MEXKIy IBYyMS
YCTOMYUBBIMU CTAIlMOHAPHBIMHU COCTOSIHUSIMU (Mojamu). [lomydena kpuBas
YOPOYHEHUS, HA KOTOPOHM OTOOpa3UIIUCh BCE BHJIBI 3aK OHOB YIPOYHEHUS —
3akoH Xosuia-IlyTya, TMHENWHBIN 3aKOH, U KBaJPATUYHBIA 3aKOH YIIPOUHEHUS

5. B pamkax JBYXypoBHEBOH (OJHOMOJIOBOM) Mojenu Ae(eKTHOM
CTPYKTYpPBI TBEPJIOTO TeJIa, C YYETOM I'paHUI] 3€pPEH U CyO3epeH noKa3ano, uto
B 3aBUCUMOCTM OT KOHCTAaHT MaTepuaja HMEETCS  BO3MOYXHOCTh
CYILIECTBOBAHUS IBYX  PEKUMOB (dbparmeHTaIuu, MIPOTEKAIOIINX
MPEUMYIIIECTBEHHO C HW3MeJIbYeHHEM JIMOO 3epeH, Jubo cyO3epeH.
OnHOBpEMEHHBIN  yuYeT JBYX THUIOB JE(PEKTOB TO3BOJISIET  OMUCATh
KOHKYPEHTHYI0 KHHETUKY X HAKOILJICHUS! U B3aUMOJICHCTBHUSI.

6. B pamkax JByXypoBHEBOH (OJHOMOJIOBOM) Mojenu Ae(eKTHOM
CTPYKTYpbl TBEPAOrO Te€la, C Yy4eTOM TpaHUI] 3epeH M MHUKPOTPEIINH
NOKA3aHO, 4YTO B 3aBUCHUMOCTH OT KOHCTAHT Marepuaia TakkKe HMEeTCs
BO3MOKHOCTh CYIIIECTBOBAHUS JIBYX pEXKHMOB. B Tex ciywasx, Korua
KOHCTAaHThl METAJJIOB TAaKOBbI, YTO paHbIIEe pPA3BUBAKOTCS CTPYKTYPHO -

(1)3.30BBIC nepexoabl € y4aCTUCM MHKPOTPCIINH, (I)paI‘MeHTaI_II/ISI HE MOXCT
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OBITh pcajin3oBaHa. I[J'IH TEX MCTAJJIOB, I KOTOPBIX CHPABCIJIMBBI

IMPOTUBOIIOJIOKHBIC COOTHOHMICHHA KOHCTAHT, HWHTCHCUBHOC MCXAHUYCCKOC
BO3ZICﬁCTBHC MOJKET OBITh NPpUMCHCHO UJIA HU3MCJIBUCHUA 3CPCH, HO
naaneﬁmee MNPOAOJIZKCHUC TIpoHecCa MOKCT THPUBCECTH K ACTpadallin

MaTcepualia 3a CUCT HAKOIUICHUA U KOAJICCUCHINHA MUKPOTPCIIHH.
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PA3JIE] 5

KUHETUKA CTPYKTYPHBIX IED®EKTOB B TBEP/JIbIX TEJIAX

[Ipenpimymine Tpu paszgena HOCAT B OCHOBHOM METOJOJIOTMYECKUI
XapakTep M MOCBAILLIEHBI pa3paboTKe psAa Mojenel, HauMHas C HEJIMHEHHBIX
uenouek, 2D m 3D Mojened KpUCTAUIMTOB B NEPBBIX JBYX pas3ieiax H
3aBepiias (PEHOMEHOJOTMYECKUMH  MOJENISIMA  CUCTEMbl KHMHETUYECKHX
YPaBHEHMI B NPEIBIAYIIEM pasfeie, I OINHWCAHHUA PA3JIUYHOTO YpPOBHS
CTPYKTYPHBIX HEPECTpPOEK B TBEpIbIX Tenax. B Hacrosimem paszpene OyayT
PacCMOTPEHBI MTPWIOKEHUS MOJYUYEHHBIX TaM KHHETUYECKUX YPAaBHEHHMM JUIS
aHajin3a KOHKPETHBIX (DU3UYECKUX CUCTEM U siBeHWH. ByayT paccMoTpeHsbl
HEPaBHOBECHBIE TPOLECCHL, MNPOTEKAIOIIUE C W3MEHEHHUEM arperarHoro
COCTOSIHMSL B aMOp(HBIX MaTepuanax (aBTOoKojeOaTesIbHbIE MEePEeX0oabl MEXKIY
aMOp(GHBIM 1 HAHOKPUCTAJUIMYECKUM COCTOSTHHUEM ), U B CBEPXTOHKUX CMa3Kax
(cnBuroBoe IMaBiieHue). byner mpoBeneHO cpaBHEHHE C Teopuel (ha30BbIX
NEepexoJ0B (TUCTEPE3UCHBIE SIBIEHUS B )p-¢ (Pa30BBIX IEpEXoiax), a TaKxKe

PACCMOTPCHBI BOIIPOCHI PA3PYHICHUA KBA3UXPYIIKUX TBCPABIX TCII .

5.1. AeémoxonebamenbHvle nepexoobl Mexncoy HAHOKPUCALIUYECKUM U

AMOP@HBIM COCMOAHUEM 8 AMOPOHBIX CNIABAX

B ycrmoBusSX WHTCHCHMBHOTO BHEIIHETO BO3JICHCTBUS B TBEPIBIX TEJIax
BO3MOXXHBI TIPOIECCHI CaMOOPTAHU3AIMH, KOTOPhIE MOTYT IPUHUMATH
THECTEPE3UCHYI0 WM aBTOKoJcOaTebHy0 dopMy. OIHO M3 TaKuX SIBIICHUH,
oOHapy>keHO Ha amopdHoMm cmnaBe Ni-Fe-Co-Si-B 1ipy MOHOTOHHOM
Harpy>)kCHUM B  HAKOBaIbHAX bpmmkmeHa. B obOmactm  OonbIimx,
«MerariacTuueckux», nedopmamuii B amopdHoit ¢aze HaOIIOAATUCH
MIEPUOMYCCKUE OCIMJUIAINY TUIOTHOCTH HAaHOKPUCTAIUTHUYECKOU (haswl [3 64].
ABTOpBI TPAKTOBAIH SIBJICHHE KaK HEKOTOPBIM aBTOKOJIEOATEILHBIN TPOIIECC,

BBI3BAHHBIN KOHKypeHI_[I/Ieﬁ YOPOYHCHUA HW PA3YHPOUYHCHHUA MaATCpHala C
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y4aCTUCM TepMquCKOﬁ dKT UBallMu. B 10 Xe BpCMms, I[e(l)OpMaI_II/ISI B

HAaKOBAJIbHAX bpuikMeHa sBJsieTCS OIHUM U3 BHJIOB HMHTEHCHUBHOTO
MEXaHUYECKOTO BO3JICHCTBUS, U NPOUCXOAAIIUE IPU 3TOM CTPYKTYpHBIE
W3MEHEHUSI MOTYT OBITh ONMMCAaHBI B paMKaxX pa3BUBAEMOTI0 3/I€Ch MOAXO0/aA.

UYroObl pa3zo0paTbCsi B BO3MOXKHBIX MNPUYMHAX aBTOKOJIEOATEIBHOIO
MOBEJICHUS CIUIaBa, OOpaTMM BHUMaHHE Ha HEKOTOpbIE OCOOEHHOCTU €ro
MPOYHOCTHBIX CBOMCTB B 3aBHUCHUMOCTH OT TOr0, B KakOM CTPYKTYpHOM
COCTOSIHUM OH HaxomutTcs. Ha puc. 1.4 mpuBeneHa 3aBUCHUMOCTh
MUKPOTBEPAOCTH CIUIaBa OT KOJIMYECTBa 000pOoTOB B Kamepe bpumxmena. Ha
HavaJbHOW CTaauu Je(OpPMUPOBAHUS, KOrJa CIUIaB €IIe HaXOJUTCS B
aMOp(HOM COCTOSIHMM, C POCTOM yIJjla 3aKpyyUMBaHHUs, TO €CTb, YpPOBHS
nedopmali, MUKpPOTBEPAOCTh €r0 pe3Ko CHIbkaercs (ydacTok 6, puc. 1.4).
Ha sToli ctaguu oH aedpopMupyeTcsi H-TOMOTEHHO ¢ (POPMHUPOBAHUEM TIOJIOC
ckoyibkeHusl (BctaBku 3 u 5). Ha Oonee mozmuedt craauu, Korja MaTepual
NEPEXOUT B HAHOKPUCTAIUIMYECKOE COCTOSIHUE, €T0 MUKPOTBEPAOCTH MOUTH
TakK ke pe3Ko Bo3pactaeT (yuacTku 7, 8). TakuMm oOpa3oM, cIijiaB, HaXOICh B
aMOpHOM  COCTOSHMM Npu  JePOPMUPOBAHUM  pa3ylpoyHseTcs, a
HAHOCTPYKTYPHOM COCTOSIHMM — yripouHsieTcs. [Ipuuem, auana3oH u3MeHeHUs
MHUKPOTBEPAOCTH B 000MX COCTOSIHMSIX MEPEKPBhIBACTCA. ITO CBOMCTBO MOMKET
UrpaTh ONPEACTSIONIYI0 poJib B (OPMHUPOBAHUM  ABTOKOJIEOATEIHLHOTO
MOBEJICHUS] CUCTEMbl U OyJeT 3aJI0)KEHO B KauecTBE JONOJHUTEILHOTO
OIPENIEIISIIOIIETO YPAaBHEHUS ISl ONMCAHUS 3TOTO SIBJICHUS.

Cutyauusi 37ech aHaJOTUYHA TOM, KOTOpas ObLIa OIMCaHa BBIE B
OTHOILIEHUH 3aKOHa YIPOUYHEHHs] METAJUIOB B Mpolecce AePopMUpoBaHus (CM.
paznensl 4.5 u 4.6). Tam ynpouHeHue MeTajjla BO MHOTOM MpeJoIpeesieT
BO3MOXHOCTb €r0 IMepexojla U3 KPYMHO3EPHUCTOTO B MEIKO3EPHHUCTOE
cocrostHre. OHAKO aBTOKOJIEOaTENbHbBIE MEPEX0Abl TaM HE BOSHUKAIOT 110 TOU
MpPUYUHE, YTO BO BTOPOM COCTOSIHMHM, KyJa METaul MONajaeT Iocie
(¢parMeHTalMM, OH HE pa3ylnpouyHsAeTCs TNpU JAIbHEHIIEM Harpy>KeHUH.
NmenHo, 310 u oOyclnaBiIMBaeT NOJOXKUTENbHBIN 3(dekT or 00paboTku

MCTAJZIOB TaKMMH MCTOAAMHU TaK, KaK 6.]'[3.1“0,[[3.[)51 9TOMY CBOﬁCTBy MCTaJllI HE
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TOJIBKO HpH06peTaeT IIOJTOXUTCIIbHBIC CBOﬁCTBa, HO U JJIMTCIIBHO COXPAHAACT

UX B IIPOLIECCE IKCIUTyaTal1K.

B paccmarpuBaeMOoM KE€ 3/€Ch Cllydae 3aKOH YIOPOYHEHUS U
pa3ynpouHeHus: 00a BbIpAaXKEHbl HACTOJIBKO CHJIBHO, YTO MPH YNPOYHEHUU
CBOMCTBA CIIaBa HE TOJIbKO JIOCTUTAIOT 3HAYEHMI, KOTOpbIE OHM UMEIH B
Ha4aJIbHOM COCTOSIHMM, HO JIaXKe MPEBOCXOIAT UX (CM. JIEBBIEC U MPaBbIe KOHILIbI
AKCIEPUMEHTAIbHBIX KpUBBIX Ha puc.l.4). Ilockonbky amopdHbIN Marepuan
SBJIIETCSL MIPOMEXKYTOUHBIM MEXAYy TBEPABIM TEJIOM M KHUAKOCTBIO, TO MpPH
MOBBIIICHUH BHYTPEHHEW 3HEPrUM B PE3yJbTaT€ HHTEHCUBHOTO BHEIIHETO
BO3JICHCTBUSI €r0 COCTOSIHUE €lle OOJbILIE CABUTAETCS B CTOPOHY KHUJKOTO
COCTOSIHMSI, YTO IPUBOANUT K YMEHBLICHHUIO CABUTOBOTO MOJYJISl. Y MEHBILIEHUE
K€ CIBUTOBOIO MOJYJISl SKBUBAJEHTHO DPAa3yNpOYHEHUIO MaTepHaia, uTo U
HaOJI0JaeTCs Ha SKCIEPUMEHTANIBHBIX KPUBBIX (y4acTok 6, puc. 1.4).

BeraBka 3 nHa puc. 1.4 mnokas3piBaeT, 4yTO Ha (UHAIBHOM cTaauu
pa3ynpouHeHuss B amopdHOl Marpuie o0pa3yroTcsl MOJOCHl CKOJIbKEHUS,
KOTOpBIE 3a CYET JIOKAIbHOTO BBIIEICHMS TelJla 3aKpUCTAJUIM30BBIBAIOTCS.
MOo3KHO NpenoNI0kKuTh, UTO JajibHelIee 1eOpMUPOBAHUE CIUIABA IPUBOIUT
K pa3pylICHUIO STUX 3aKPUCTAUIM30BAHHBIX II0JIOC Ha 0Oojee MenKue
(dbparMeHThl pazMepoM nopsiaka 10HM, KOTOpbIE TPUOIU3UTENTEHO PABHOMEPHO
pacnpenensitorcss B amopdHoi Matpuiie (BcraBku 1 u 2 Ha puc. 1.4), oOpazys
HAaHOKPUCTAJIUIMYECKOE COCTOSIHME. TakoM MeXaHu3M IMpsMO CIENyeT U3
OINKCAaHHBIX BBIIIE SKCIEPUMEHTANbHBIX JAHHBIX M BO3MOXKEH, MO KpailHe i
Mepe, Ui IEPBOro IUKJIa aBTOKOJIE0AaTeIbHOI O IpoIecca.

Ha nocnenyrommx mukiaax MEXaHW3M MOXKET MU3MEHUTHCS, HallpuMep,
pPOCT HAHOKPHUCTAUIMYECKOM (a3bl MOXKET OCYIIECTBISATbCS 3a CUET
MU3MEHEHUSl Pa3MEpOB U KOJIMYECTBA HAHOKPUCTAUIMTHBIX BKJIIOYEHUMH, KOIza
«cTapble» HAHOKPUCTAJUIMTUKHA CIIyXaT 3aTpaBOYHBIMU LEHTpaMHU s
o0pa3oBaHusi HAHOCTPYKTYPHOTO cocTosiHus. ABTopwel [2 44, 364] Takxke
OTMEYAIOT  HEIKBUBAJICHTHOCTb MEPBOM M  MOCIEAYIOIIUX  CTaaui

aBTOKOJICOATEILHOTO mponecca.
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5.1.1. [lonunomunansroe npeocmasnenue 8HympenHeti JHepeuu

ABTOKOJIE0aTETBHBIE NEePEXOIbI MEXTY aMop(HbBIM u
HAaHOKPUCTAJUTMYECKUM COCTOSTHUEM MOTYT OBITh ONKCAaHbI B pAMKax TaKOW e
CTaHJAPTHOM  MpOLEIYphl, YTO W  PACCMOTPEHHBIE BBIIE  MOJEIH
iacTuyeckoro nedopmupoBanusa. g 3Toro HeoOXOOUMO  OIpEeneIuTh
OCHOBHOW BHJ Je(eKTa, KOTOpbId HaMOOJee CHIBHO MEHSETCS B IpOLEcce
negopMupoBaHus aMOp(HOTO CIJIaBa. YUUTHIBAsI IPOBEACHHBIN BhIILIE aHAIIN3
HKCHEPUMEHTANbHBIX JaHHBIX, TAaKUM AC(PEKTOM SIBISETCS HAHOKPUCTAJLTUT
pasmepoM [0 Hm, a B KauecTBe Mepbl Je(EeKTHOCTU CIEAYeT NPUHATH
IUIOTHOCTh HAHOKPUCTAJUIUTOB /1, KaK WX KOJIMYECTBO B €IUHMIIE OOBEeMa.
CornacHo craHgapTHOM mporeaype (cM. paszmen 4) B TIpeICTaBICHUU
BHYTPEHHEHN 3HEPruu OTHOCUTEIBHO HEKOTOPOro PePEepEeHTHOTO0 COCTOSHUS B
KayecTBe HE3aBUCHMbBIX IEPEMEHHBIX CIEQYeT YYeCTb JSHTPONUI0 3,
BO3HUKAIOIIYIO 33 CYET JAWHAMUYECKMX MEPEeXOJHBIX MPOLECCOB MpHU

(opMUPOBAHNN HAHOKPUCTAJUIUTOB, U IMJIOTHOCTh HAHOKPUCTAJUIUTOB /i:
~ 1 - 1,1 51 ~
U=u,+t,s _Etls +¢,h _E(Plh +§(p2h +Z(P3h -msSh+... (5.1

TAE Uy, Lo, L1, Po, Q1 P2, P3, M — TOIMHOMUHAIBHBIE KOHCTAHTBHI, 3aBUCSIIIUE OT

HE3aBHCHMBIX IIEPEMEHHBIX § M &, KAK OT YIPABJISIOIIUX [1aPaMETPOB:
. F 1 e e 2 e
U, =u, +5k g; ) +ulg; ) +as” +Pse;

?, =(p;+%7t(s;)z+ﬁ(sfj)z+oc¢s (5.2)

roe e; (sj)z =g;e — HEPBBIM M BTOPOM HMHBAPMAHTHLI YIPYroro TEH30pa

nedopmanmii. Jlanee u, — HECYIIECTBEHHAs KOHCTAaHTA, KOTOPYK MOKHO
MOJIOKUTh PaBHOW HYNIO, A, u — aguabaTUYeCKWe YIpyTHe MOCTOSHHBIC B
pedepentHom coctosiHuM, 0o=Ty/cy, Ty —  Temmeparypa pepepeHTHOTO
COCTOSIHUS, Cy — TEIIOEMKOCTh €IMHUIIBI 00beMa TBepjaoro tena. [anee P=-

on/k, rne — KO3(pPHUIIMEHT TEIUIOBOTO JMHEHHOIO paclIupeHus, k —
2
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ko3P puuueHT oObeMHOro cxkatus. OcranbHble KOIPQOUIMEHTHI SBISIOTCS

0000meHusAsMH  (MPUpPALICHUSAMH) TEPEUYUCICHHBIX BBIIE Ha 00JacThb
M3MEHEHUsl HE3aBUCHUMBIX MEPEMEHHBIX s M /. MakcuMmaibHas ydTeHHas
CTEIEHb MO IJIOTHOCTHU JIe()EeKTOB — YeTBepTas (IBYXMOJIOBOE MPUOINKEHHE),
M0 PpaBHOBECHBIM IapaMeTpaM W HEPABHOBECHOM OSHTPONUU — BTOpas
(mocneqHsst He MOXET OBITh CIUIIKOM OOJIBIION MO MPUYHUHE €€ TOCTOSHHOTO
yX0Jla B PABHOBECHYIO MOJICUCTEMY, CM. pa3feibl 3.5 u 4.8) .

OneHuM Juana3oH W3MEHEHUs BXOJAIIMX B MpEACTaBICHHUE
BHyTpeHHel snepruu (5.1), (5.2) nepemenHbIx U ko3 dunuenTos. [InoTHoCTh
neQeKTOB MpH CPEeOHEM pacCTOSHUM MeXIQy Kpuctaumramu 100 Hwm
cocTapisieT nopsiaka i ~ 107y, DHeprus nedyexta CKabIBaeTCA U3 SHEPTUHM
aTOMOB  KpUCTaJUIMTa  (CpeAHsAs DSHEpPrus  aroMa, [PUHAAIEKALIETO
KPUCTAJUIUTY, MEHbILIE CPEJHEN YHEPIHH aTOMa, NMPUHAJUIeKAIIET0 aMopdHOM
daze) W SHEPruM «rpaHuLbD (CpelaHssl SHEpPrus aroMa BBIIIE, YEM B
amop(dHoii dase).

C yBenuueHueM pa3Mmepa KiacTepa CpenHsisi H30BbITOYHAs SHEeprus,
MPUXOAIIAsicd HAa OOUH aroM, yMeHblaercs [365]. IlpuHumMas 3a cpeaHroro
M30BITOUYHYIO PHEpPrui0 aroma B kiactepe [0% OT sHepruu cyOaumaruu

JKCJIC3a MTOJYYHUM, YTO IMOJIHAA SHEPTUA OJUHOYTHOT'O KPpUCTAJIJIUTA COCTOAIICTO

u3 15000 atomoB paBHa ©, ~ 107" Jouc. Koncrautel A =1.37-10"" [{oxc u

B =2.88-10"" [{oic 0TBEUAIOT 32 yBENMUYEHHE SHEPIUM KPUCTAIUIUTOB 33 CUET
BHEIIIHEIO0 MHTEHCUBHOI'O BO3/ICUCTBUS.

Koncrauta  ¢;=0.4-10"/Jncs’  orBewaer 3a  B3ammojeiicTBHE
KPUCTAJUIUTOB, KOTOPOE NPUBOAUT K YMEHBUICHHIO BHEpruu naedekra.
Koncrautel  ¢,=0.444-10"° JJowcr® m 93=0.164-107" Inc-ss’  ommchiBator
B3aMMOJEHCTBUSL 0osee BBICOKMX MOpsAAKOB. PaccmoTpum mpouecc mpu

MOCTOSSHHOM ~ 3HAQYE€HWW  YOPYrod  rujpocratudeckod  nedopmanuu

e
g; =—0.0002, Jns uMcaeHHOro  SKCIEPUMEHTAa  IIOJOKUM  TaKKe

ky=+0.00001c”, cOOTBETCTBEHHO s YIPOYHEHHS M PasyNpOUHCHHS, a B
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Ka4CCTBC TI'paHUIIBI, pa311emnome171 CMCHY 3HaKa YIIPOYHCHUA, BBI6I/IpaeTC$I

. 1 -3

cpejiHee 3HAYCHHE MEX/Ty MAKCHMaMH BHYTpeHHeit sneprun  h,=0.9-10°" 2.
TunuynHasi 3aBUCUMOCTb BHYTPEHHEH 3HEPTUU OT IUIOTHOCTU Je(EKTOB

h npuBeneHa Ha puc. 5.1, rae Kaxgas KpuBasi COOTBETCTBYET MOCTOSIHHBIM

e

3HAYEHUSAM YIPABIIOIMX IapaMETPOB. YIPABIAIOIIUNM apaMeTp &; B

IITaCTHUYCCKHU ZIC(I)OPMI/IpyeMOM TBCPAOM TCJIC MCHICTCS IPOIIOPLHHUOHAIIBHO

CTCIICHU CI'0 YIIPOYHCHMUA :

d.|lee;
y-y :ks,
dt

(5.3)
rjae ky — K03 (HULKEHT, TOJOXKUTENbHBIN IPU YIPOUHEHUH, U OTPULIATENIbHBIH
npu pasynpouHeHud. OH MOXXeT 3aBHCETh OT Mpolecca, HO JUis

Ka4CCTBCHHOI'O aHaJIM3a I10JIOZKHUM €10 ITIOCTOAHHBIM.

0.8 ) 1
h, 107253

Puc. 5.1 BHyTpeHHsAs SHeprusi INpu pas3IUYHBIX ITOCTOSIHHBIX 3HAYEHMSIX
YIpaBJSAIOUMX MapaMeTpoB. N—oOpa3Hasi KpuBas COEIMHSAET MAaKCUMyMbl U
MUHHUMYMBI Pa3JU4HbIX KPUBBIX. YYAaCTOK | — MeIUIEHHAs! 3BOJIIOLMS 33 CUET
yIPOYHEHUs, y4dacTKu 2, 4 — «ObIcTpas» 5BOJIONUS MPU IOCTOSIHHOM

HaMIpsAKCHUHN, YIACTOK 3 - MCIJICHHAsS 3BOJJIFOIHA 34 CUCT PA3YIIPOYHCHU.
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Ecin B 1eBom MakKCUMyMC Marcpuall B PE3YJIbTATC BHCIIHCTO

BO3JICICTBUS yNPOUHSETCS, @ B IPaBOM pa3ylNpOYHSAETCA, TO B TaKOM
MaTepuane BO3MOXHBI aBTOKojeOaTenbHble mporecchl. [lpexae dem
INPUCTYNUTh K HMX aHAJIMW3Yy HAa OCHOBAaHUM IOJHOM CHCTEMBl ypaBHEHH,
KOoTOpasi OyJeT npuBeJeHa HUXKeE, AaJUM KaueCTBEHHOE OIMCaHHE Mpoliecca,
UCXO/s U3 BUJAA 3aBUCUMOCTH BHYTPEHHEW SHEPTUM OT €€ apryMeHToB. Eciu
CHCTEMa HaXOJUTCS B COCTOSIHUM COOTBETCTBYIOILLEM JIEBOMY MaKCHUMYyMY, TO
B pe3yJIbTaTe YIPOUYHEHUS €€ COCTOSHUE 3BOIIOIMOHUPYET BAOJb JIEBOM BETBU
N-00pa3HOM KpUBOM COEAMHAIOLIEH MaKCUMyMbl TEPMOAMHAMHYECKOTO
MOTEHIMANa MPHU Pa3IUYHbIX YHPABISIONMX NapaMmerpax (crpenka 1, puc.
5.1). Ilpu AOCTMKEHHMH KPHUBOW, UIi KOTOPOWM HcCuUe3aeT Oapbep MEXIy
CTallUOHAPHBIMH  COCTOSIHUSIMH, CHUCTEMa CKaukKooOpa3HO TMepeuseT B
COCTOSIHME, COOTBETCTBYIOIIEE MpaBOMy Makcumymy (ctpenka 2). Korma
cUCTE€Ma MOMAJaeT B COCTOSTHUE, COOTBETCTBYIOLIEE MPABOMY MaKCUMyMYy, TO
B pe3yJIbTaTe pa3yNpOYHEHHUsI €€ COCTOSHUE 3BOJIOLUMOHHUPYET BIIOJb MPABOM
BeTBU N-00pa3HON KpHUBOW, COEAMHAIOMIEH MAaKCUMyMbI, HO Y€ B CTOPOHY
ymenblueHus (ctpenka 3). [lpu gocTrkeHUn KpUBOM, A1 KOTOPOW HCYE3aeT
O0apbep MEXIy CTAlMOHAPHBIMU COCTOSIHUSIMH CHUCTEMa CKayKOOOpa3HO
MepeiieT B COCTOSIHUE, COOTBETCTBYIOIIECE JIEBOMY MakCUMyMy (cTpenka 4).

I[aﬂee MpouEeCC MOBTOPACTCS ICPUOAUICCKU.

5.1.2. AemokonebamenvHble nepexoosl. Mexanuueckas mooens

[IpuMeHuM MpuUBEIEHHBIC BBINIE OOIIME COOTHOIICHHUS ISl ONMUCAHUS
MEPUOJUYECKUX aBTOKOJEOATEIbHBIX TMEPEXOJ0B MEXKIY aMOppHBIM U
HaHOKPUCTAITUYECKUM COCTOSIHUEM, KOTOPBIE HaO0JI0JANIUCh
AKCIIEpUMEHTAIBHO B padore [364]. PaccMoTpuM moKa YHMCTO MEXaHWYECKUU
acmeKkT 3ajauu 0e3 ydeTa TEIUIoBbIX 3(P¢EKToB, a 3aTeM YTOYHUM POJb
TEePMUYECKOW AaKTUBAIlMU. B 3TOM ciydae €IWHCTBEHHOE 3BOJIIOIMOHHOE

ypaBHenue u3 (4.40) MoxkHO 3anucath B Buje (4.54):
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Oh
EZYh((po_(P_(plh_szhz_(p3h3+...) (54)

[Ipu ykazaHHBIX TapaMeTpax HBOJIOLHUSA IUJIOTHOCTU JIe(EKTOB
npoTekaeT nepuoaudecku. Ha (ha30Boil miockocTu ynpasistolero napamerpa
U IJIOTHOCTU JE(PEKTOB MPOIECC UMEET BHUJ T'MCTEPE3UCHON KpUBOW (KpuBas
1, puc. 5.2a). VI3 npon3BOJIILHOrO HAYAJIBHOT'O TIOJI0KEHUS CHCTEMA TIOTAJaeT B
00JIaCTh TUCTEPE3UCHOM METJIU, MOCIIE Yero MUKIMYECKU JIBUKETCS BJIOJIb HEe
M0 YacoBOM CTpeJaKe J0 TeX TNOop, IIOKa OCYIIECTBISETCS BHEIIHEE

BO3JICUCTBHE.

1.05

0.8 0.9 1 0 10 20 30
h, 10253

U L1~ L I

te

a §
Puc. 5.2 DOBomronus aBTokojiebaTeNbHOrO mporecca a — Ha (a3oBo
TJIOCKOCTH YIPABISIONIETO MapaMerpa M IUIOTHOCTU JAePeKToB , 6 — BO
BpeMeHHOM obmactu: 1 — s uncto Mexanudeckou mozaenu; 2 — s=0.05; 3 —

s=0.25.

5.1.3. AemoxonebamenvHvle nepexoovl ¢ Yuemom meniosvix d¢hghexmos

B peanpHBIX cHCTEMax BaKHYIO pOJIb MOYKET WIrparb TEPMHUYECKAs
akTuBauus. M3 BelpakeHus it BHyTpeHHel snepruu (5.1), (5.2) cneayer

o
T:a—Z=as—Bs;+%h, (5.5)

Jns  xkeneza mnpu Temmeparype 360K xo3dpduumentsr o u f
COOTBETCTBEHHO paBHbI 107 K*a’/[oc u 220K, a,=1 0% K-»’. Bnusane

TEMIEpaTypbl y4TeM 4Yepe3 3aKOH YNpOuHEeHHs-pasynpouHenus (5.32) Tak,
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YTOOBl y4ecThb TOT (PaKT, YTO C POCTOM TeMIeEpaTyphl Mpeaesa YNpyroctu

nmanacT, a pa3ynpo4YHCHUC ITPOTCKACT 6I:ICTPCCZ

d 8;8;
— - k, +k,T | (5.6)

JUISL YHCJICHHOTO SKCIIEpUMEHTa mojarainoch k=31 0° c‘l, k, =-3.10°%c 'K’
It ynpousenus u k,=3-10" ¢, k, =—3-10"° ¢’K”' mis pasynpounenms.

VY4yer TeMnepaTypbl NpUBETI K TOMY, YTO aBTOKOJIEOATENbHBIN MpoIece
3aMETHO CMECTWJICS B 001acTh Ooyiee HU3KUX 3HAYCHWH YIIPaBIISIOIIETO
napaMeTpa Wi B o0nacTe 0ojiee HU3KUX YIPYTUX HanpsikeHun (Kpusbie 2, 3,
puc 5.2a). Crporo nepuoJUYECKUM TPOIECC, OJHAKO, CTAHOBUTCS HE C
MEPBOrO, a CO BTOPOro M OoJiee BBICOKUX IMKJIOB, YTO COIJacyercs ¢
OTMEUYEHHBIMH BBIILIE 3aKOHOMEPHOCTSAMHU HA0JII0IaEMbIMH 3KCTIEPUMEHTAIBLHO
[244]. Kpome TOro, aBTOKOJICOaHHS THEPEXOAOB MEXIy aMop(HBIM U
HAaHOKPUCTAJUIMYECKUM COCTOSIHMEM TIpu 0ojiee BBICOKMX TeMIeparypax
MpoTeKaeT ¢ Oosiee BHICOKOW YacTOTou (puc. 5.20), yTO TakkKe OTMEUYaeTCs B
pabote [244].

Takum 00pa3oM, 3HEPreTUYECKH MOJIXO0J MOXHO HPUMEHUTH JUIS
ONKCAHUS ABTOKOJIEOATENBHBIX MEPEXOJ0B W3 HAHOKPHUCTAIMYECKOTO B
amopgHoe COCTOSIHUE u Hao0opoT, KOTOpBIE Ha0JII0TANTHCh
HKCIEPUMEHTAIBHO B Ipolecce AepopMUpoBaHus aMOp(HBIX cruiaBoB Ni-Fe-
Co-Si-B B nHakoBanbHsx bpumxmena [364]. Teopusi mo3BosiieT Ka4YeCTBEHHO
BIIOJIHE aJICKBATHO OIUCAaTh HAOIIOJICHHBIE SKCIIEPUMEHTAIbHO OCHOBHBIE
0COOEHHOCTHU M 3aKOHOM €pPHOCTH 3TOro npouecca. M3 reopuu ciemyer, yto 00
aBTOKOJIE0ATEIbHOM XapakTepe IMpolecca MOXHO CYIUTh HE TOJBKO I10
KOJIEOaHUSIM KOHIIGHTpAllMd HAaHOKPHUCTANIMYECKOM (a3bl, HO Takxke II0
KOJIEOaHUSIM YNIPYTUX HANPsOKEHUN U JpYyTrUX MapameTpoB 3aJauu, YTO MOXKET
3HAYUTEIBHO PACIIMPUTD HAIIX MPEJCTABICHUS O BO3MOXHOCTAX yIPABJICHUS
3TUM IIPOLIECCOM.

Kpome Toro, mis omnucaHusi aBTOKOJEOATEIbHBIX MEPEXOJ0B MEXKIY

HAaHOKPUCTAIUIMICCKUM H aMOP(I)HBIM COCTOSAHHEM B aMOP(prIX cniaBax NVi-
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Fe-Co-Si-B wncnonb3yeTcsi CTaHIApTHOE IOJIMHOMHMHAIBHOE IPEICTABIIE HUE

BHYTPEHHEH SHEPruM Mo IJIOTHOCTH JEPEKTOB U HEPAaBHOBECHOW 3HTPOIIUHU.
OCHOBHBIMH JeeKTaMH B 3THX NEpexoJax SBIISAIOTCS HAHOKPUCTAILIMUECKUE
KjacTepsl pasmMepoM 10HM, KOTOpBIE IEPUOINYECKN TOSIBIISIFOTCS M MCUE3aI0T
B IIpOLECCE MOHOTOHHOIO HarpyxeHusa. HMcxoms w3 KiacTtep HbIX
MPEJCTABIICHUH, JIeIaeTCs OLleHKa KO3 (UIIUEHTOB TEOPHUH.

BaxxHbIM 371€MEHTOM, OTBEYAIOIIMM 32 aBTOKOJeOaTeIbHOE MOBEACHNUE,
ABJISIFOTCS. CMEHA XapakTepa YIPOUYHEHHsS W pPa3ynpOYHEHUS B Pa3HbIX

CTPYKTYPHBIX COCTOSIHUSIX aMOP(HOIO CIuIaBa.

5.2. Aesnenue stick-slip u npockanv3vieéanue 6 c6epXmoHKUX CMA3KAX

C pa3BuTHEM HAHOTEXHOJOTHM B TIOCIEIHEE BpEMsS AaKTHUBHO
HCCIIEAYETCsl TPEHUE ABYX TIJIAJIKUX TBEPABIX MOBEPXHOCTEH MPU HAIUYUU
CMa3Kd MexkJIy HUMHU [366]. DKCepUMEHTAIbHBIE HCCIECIOBAHUS aTOMAPHO
[JIAIKUX TTOBEPXHOCTEMN CIIOMIbI, pa3AClICHHBIX YJIb TPATOHKUM CIIOEM CMAa3KH,
MOKAa3aJ10, YTO MOCJEAHSS TIPU OMPEACICHHBIX YCIOBUSAX MPOSBIISIET CBOMCTBA
TBEPAOr0 Tela, B TOM YHCIIE, NPUCYIIEE CYXOMY TPEHHUIO IPEPHIBUCTOE
neukeHue (stick-slip) [245, 367]. Takoit rpaHUYHBIN peKUM OOBICHSIETCS, KaK
3aTBep/icBaHue,  OOYCIIOBJIEHHOE  CkaTueM  CcTeHOoK.  [locnemyroriee
CKauykooOpa3HOE TIUIaBJICHHE MPOUCXOAUT 3a cueT 3(Pdekra CIBUTOBOTO
riaBiaeHus. J[is OObSCHEHMsI YKa3aHHOTO TOBEJEHUS ObUIM TPEJIOKEHBI
TepMoauHamuueckass [368], mexanuueckue [369-371] u cuHepreTmyeckas
mojenu [372, 373].

OtMeTuM, 4TO MEXay naeGopMUpOBaHHEM CMa3Kh U IUIACTUYECKUM
neOpMUpPOBAHUEM HMMEETCSI MHOTO BaXXHbIX o00mwmx uyept. Cmaszka Ha
HaYaJIbHOW cTaauu TBEPA0(a3HOTO COCTOSHUS, (DAKTHUUECKH, MOJIBEpPraeTcs
WHTEHCUBHBIM  CABUTOBBIM  JedopMaiusM, HaXOJICh MEXKIy JIByMs
TPYIIUMUCS TOBEPXHOCTSIMU TBEPABIX TEJ. ITO NPUBOAUT K U3MEIIBUCHHIO €€

CTPYKTYPBI, CHOCOOCTBYET (POPMHUPOBAHHIO N30BITOYHOTO CBOOOHOTO 00BEMA
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XapaKTCPHOTO KaK JIA KXKUIAKUX, TaK U aMOp(prIX TCJI, TO CCTb, HHUITUUDPYCT

CABHUT'OBOC I1JIaBJICHUEC CMAa3KH.

5.2. 1. Kunemuueckas mooenv

B Tteopun (a3oBbIX mepexooB sl OMHMCAHMS TpOIEcca IUIABJICHUS
BBOJIUTCS MapaMeTp MOPsAKa, KaK OTHOCUTEIIbHOE U3MEHEHHUE 00beMa JKUIKOU
U TBepAoTeNbHOM (ha3bl. [Ipu 3TOM [UIs1 TBEPJOTEIHLHOTO COCTOSIHUSI TTapaMeTp
MOpsAJIKA Kak it 60ee CUMMETPUYHON (a3bl paBeH €IUHUIIES, a IS KUIKOTO
COCTOsIHUA HYJ0. B TO ke Bpemsi cumMMmeTpus cama mo cede He SBIseTcs
(dbyHIaMEHTAIbHBIM 0a30BBIM MapaMeTpoOM (PU3UUYECKON CHUCTEMBI, a SIBISIETCS
JUIIb TPSMBIM CIIEJICTBUEM MHUHUMU3AIUU SHepruu. [losTomy usMmeHeHHe
napameTpa MopsiaKa, BBIOPAHHOE M3 COOOpa)KEHUW CHUMMETPUU, OKa3ajioCh
MIPOTUBOIIOJIOKHBIM pPEaTbHOMY H3MEHEHUIO IHEPTUU CHUCTEMbl — IapaMeTp
TOpSAJIKA PacTeT, KOTJa SHEprusi cucTeMbl yMmeHbinaercs. [1o 3toit mpuunne
0onee yaoOHO BBECTH JIOMOJHHUTEIBHYI0 K HEMY IEPEMEHHYI0, KOTopas
BO3pacTaeT MpH MEepexoJie OT TBEP JOTEIBHOTO K KHUJAKOMY COCTOSIHUIO.

B kauecTBe Takoi Mepbl MOXHO PacCMOTPETh U3OBLITOYHBIA CBOOOIHBIN
00BEM f, KOTOpBIN MPUMEHSETCA JJisi ONUCaHus amMOp(HBIX TBEPABIX Te .
[TockonbKky aMOpHOE COCTOSTHUE 3TO, MO CYTH, 3aMOPOKEHHOE KHUIKOE
COCTOSIHME, TO M30BITOUYHBIM O0BEM  SBISIETCS  HEKOTOPOM  OOIIei
XapaKTePUCTUKON, KaK JKUJKOTO, TaK U aMOpP(HOTO COCTOSHHUS, KaK Mepa
OTKJIOHEHUSI MX O00EUX OT TBEPJOTEIHLHOTO KPUCTAJUIMUECKOTO COCTOSHHSL.
[Ipun sTOM IS KUAKOTO COCTOSIHHUSI 3Ta Mepa OyJeT BbIlIe (HMCKIIIOUYEHUE
COCTaBJIsICT CHCTeMa JIe] -BOJIa).

OcHOBBIBasICh Ha A3TOM, BBEAEM U30BITOUHBINM CBOOOJHBIT 00beM [ B
KauecTBE OJHOT0 M3 0a30BBIX MapaMETPOB, XapaKTEPU3YIOIIETO CMa30YHbIN
CJIOM, a BHYTPEHHIOI DHEPrUI0 TaKOW CHUCTEMbI 3aldiieM B BHJE
CTaHJApTHOTO VISl paCCMAaTPUBAEMOI0O 3/16Ch KHHETUYECKOTO MOJX0/1a B BUJIE

MOJIMHOMUHAJIBHOTO TNipeacTaBienus [3 74, 375]:
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. 1
u=u0+608fi+5k(8§)z+u(8;)z+as2+ﬁssﬁ+
-~ 1 . 1 5 1
+t, s ——tSs +—t,8 ——1,5 +
o2t 3 47 (5.7)

C 2 1 2 1 3 1
SOV w0 f 0 S =

0y f " -
RS
~ ~2 ~ 2 ~3 ~2 r2 ~r3
—mSf+mys f+mysf —mys f—mys fT—msSf,
rae u,, oy, i) MU, G, ﬂ) t()) tla t29 t39 c, (I)o) ¢19 ¢29 ¢39 my, mp, ms, my, ms, Mg —
IIOJIMHOMHWHAJIBHBIC KOB(I)(I)I/IHI/IeHTBI. HPI/ILIGM B CBOIO O4YEPCIb:

ty =ty + XV +X5(0)(85-)z +Xé0)(8;)z +a,s,

(=i X0 (5.8)
0o =, + g8 +%7T(85-)z +H(8;)z TS,

0 =0+ 2ee +2 7 e +iGe; )
0, = ¢; +qe;, (59)

m, =m, +X385+X5(s§)z+X6(s;)z,

e
i 9

m, =m, + X &
my, =m; +Ye!. (5.10)
9BOHIOHI/IOHI/IPYIOH_[I/IMI/I NEpCMCHHBIMA B HaHHOﬁ 3a4a4c 6YZIYT —

cBOOOJIHBIN M30BITOUHBIN 00beM f U HTponus 5. KuHernyeckue ypaBHEHHS

JUIS HUX UMEIOT BUL;

af 2 2 3
—=cVf+0,— + - -
-m5+m,5° +2mS5f —m,5’ -2mS5’ £ —-3m5f7,
T ﬁzt — 45 +1,5° —,5° +
K at 0 1 2 3 (512)

—m f+2m,5f +mf° =3m,S’f-2mSf —m [
3nech A ynoOCTBa 3alUCHU BMECTO KMHETHYECKOTO KOA(pPUIIMEHTA
BBeJIeHa 0OpaTHas el BeJIMYMHA NPONOPLMOHAIbHAsA BPEMEHU perakcanuu. B
BbIpaxkeHHH (5.12) criaraemble ¢ OTpULIATENIbHBIMH 3HAKaMH, OMUCBIBAIOIINE

Y6BIJ'H: HepaBHOBeCHOﬁ OHTPOIIMHU, OHH K€ MABJKIFOTCA HUCTOYHHUKAMU



241
paBHOBeCHOﬁ OHTPOIINU. C YUC€TOM 3TOT'0 paBHOBCCHAS SHTPOIIUA MCHACTCA CO

BPCMCHEM I10 3aKOHY:

s

o - N T
’C~%=Ils +t3s3+m1f+3m4szf+2mssf2+m6f3+falﬁz(?g_1j+ffv';vivT’ (5.13)

r7ie MPEANOCIIEIHEE CllaraéMoe OMKUCHIBAIOT YObLIIb PABHOBECHOM SHTPONUU 32
CYET TEIUIONPOBOAHOCTH M TEIUIOOTAAYW B OKPYJKAaIOILIEe IPOCTPAHCTBO
HOPMAJIbHO IUIOCKOCTH CKOJIBJKEHHUS, II0CJEIHEE CJIaraéMoe OIKCHIBAET
IepepacIpeiesICHUE €€ B TNIOCKOCTH CKOJIbXEHMsI, 1 — TeMIiepaTypa CMasKH,
T, — -TeMmmeparypa TpyWUXCS TBEpPAbIX Tel, Kk — KOIP(UIUEHT
TEMIEPaTypONPOBOJHOCTH, [ — TONIIMHA cMa3ku. Temneparypy 1 Jerko
OIPENIEIUTh Yepe3 PAaBHOBECHYIO SHTPOMHIO 00 BIYHBIM U PepeHITIpOBaHUEM

BHYTPEHHEW dHEPTUH:

ng—u=2ocs2+Bsfi+oct§+oc¢f. (5.14)
s

AHanorn4Ho OMPCACIIAIOTCA YIIPYTUC HAIIPAKCHUA!

c; =a—ug=608ij +2e;0, +2ue; + P55, +

i
Ot

. N 1o
+ (X0, 42X Ve, +2X Ve F - SXOF,

i

(5.15)
+ (g5, +7es, +2us;)f—%@5,.j +Res, +2fie )

1 . e ~
VAT (03, +2X858, +2X 80 Kf + X520, + V5175,
WJIH KpaTKo B BUE 3P (eKkTuBHOro 3akoHa ['yka:

0} =0,8; + A €0, + 2147, (5.16)

i
rac

-, =GO+BSs+X;°>s_%X;°>52+gf_% 12 +%qf3 XG4 XF A, (5.17)

Ay =h+2X0F +Xf—%%f2 —2X.51, (5.18)
1 -
TIPSR G +uf—5uf2—XGSf- (5.19)

[lepBriii U BTOPOI MHBAPUAHT TEH30pa YIPYIrux Aedopmaluii onpeaenuM Kak

g =179 (5.20)

i s
7‘6/7" + Hey
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2
e e_.e 1 T e
(sij)zzsijsﬂ.za — —(8”-)2 , (5.21)
Mg
rac n, 7 — HOPMaJlbHAass MW KaCATCJIbHAA COCTABJIAIONIUC HaHpﬂ)KeHHﬁ,

JCUCTBYIOIIME HAa CMa3Ky CO CTOPOHBI TPYIIHMXCS TOBEpPXHOCTe. B
nc0aCBCKOM TIPUOJIMIKEHUHM CBSI3b MEXAY YNPYTMMU U TUIACTUYCCKUMU
nedopmanusiMu OyeT

&l =—’ (5.22)
[TonHast neopmariusi CMa3Kl OMPEACTUTCS K aK

g, =¢€;+el . (5.23)
Ota nedopmanus 3a4aeT CKOPOCTh JBMIKEHHS BEPXHEro OJIoKa V' COTIacHO
CBSI3U

v =Dé, = D(g; +¢2'), (5.24)
rae D — tommuHa cmaszku. Bpems penakcauuu gedopmanuu B (5.16) Oynaer
3aBUCETh OT COCTOSIHUS CMa3KU:

T, = K(Yo _Ylf)a (5.25)
IJic BBEICHBI TOCTOSIHHBIC )y, v; U KodpduimeHnt K. J[ns TBEpaoTEIbHOTO
coctosiHusl cMa3ku K = K. Jls TBEpIONMOJOOHOTO COCTOSIHUSL 7, BEIHKO, U
nodToMy K Takke BEIUKO, IS JKUAKOMOJOOHOTO COCTOSHHSA 7, Majo, |
nodtoMmy K Taxke mano. Komouuupys (5.22) — (5.25), moayduM BBIpaKeHUs
JUI YIPYTOWM CIBUTOBOM COCTaBJISAIOLLECH:

e

. £ 14
B =T (5.26)
K(yo_y1f) D

DKCIIEPUMEHTAIIBHBIE JAHHBIE OJIHO3HAYHO CBUJAETEIBCTBYIOT O TOM, YTO
BpeMsl pelaKcaliii *KHUJIKOMOJI00HOTO COCTOSHUSL 3HAUYUT €bHO MEHbINe [245,
367]. ®opmyna (5.25) npu K = K,,; y’ke HeceT B ce0e TCHICHIIUN YMEHBIICHUS
BpEMEHHU peJaKcaluyd C IUIaBjIeHueM (MPU  YBEIWYEHUM f), HO Takas
3aBUCUMOCTh CIIpaBeUIMBa TOJILKO Ui TBEPAONOJAOOHOTO COCTOSIHUSI U
BONM3M TOUKM nepexoja [368]. TloaroMy 11t KUIKOTIOIOOHON CMa3KH HY>KHO

nojnarath K = Kj;, < K.
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visc

B cmaszke nomuMo YHOpyrux ij BO3HHUKAIOT TaKXKC H BA3KUC G

HaIIpsKCHUA.
ITonnoe HaIIPAKCHHUC B CJIOC ABJISICTCA CYMMOI71 9TUX JIBYX BKJIAIOB

6, =0;+0," (5.27)

i
Ilonnas cuna TPCHUA ONIPCHACIUTCA CTaHAAPTHBIM 06pa30M:

F=0,4, (5.28)

rac A - IJIomaab KOHTAKTaA. Bsizkue HaMIpsZKCHUA B CJIOC TAIOTCA (I)OPMYHOﬁ

[376]

visc ne V
o, = % , (5.29)
Trac Ner — B(IJ(IJCKTI/IBHB.SI BA3KOCTD, KOTOpasd HaxoauTCsa TOJIBKO

OKCIICPUMCHTAJIBHO U B TPAHUYHOM PCIKUMC

g =&, ), (5.30)

npuyueM st GonpimHCTBA cucteM y=2/3. C yuetom (5.24), (5.29) BbIpakeHue

JUIS BSI3KUX HarpsikeHudt (5.28) 3anuiercs: B BUJIE:

visc __ K y+1
o _(DJ . (5.31)

[Moacrasisst (5.27), (5.31) B (5.28), mosty4yum OKOHYATEILHOE BBIPAXKCHUE IS

CUJIBI TPCHUA:
v+l
F=|oc‘+|— A. 5.32
c J{Dj ( )

KauecTBeHHYI0 KapTHMHY IOBEIEHUS CUCTEMBI MOYKHO YBUJAETHh W3 aHAIM3a
nocnennert Gopmynsl. [Ipyu Manbix CKOpPOCTSX CBUTA CMa3Ka TBEpAONO00Ha,

1 3HAYCHHUC ij BCJIMKO, IIPHU 3TOM CHJIa TPCHUS IIPHUHUMACT CaMOC 0oJIBIIIOE

3HaUCHUE, peanusdyercsa cyxoe TpeHue. [lpu TOBBINIEHUH CKOPOCTHU
peanu3yercs NPEPhIBUCTBIA PEKUM, KOTJa CMa3Ka MEPUOJUUECKU TIJIABUTCS U
3aTBEPACBACT, COOTBETCTBEHHO CWJIA TPEHUS NEPUOJUYECKH H3MEHSETCA 3a
CYET HW3MEHEHHMsI ynpyrux HanpspkeHud. [Ipu manpHeleM MOBBIIEHUU
CKOPOCTH CMa3Ka IUIaBUTCS, U YIIPYTHE CABUTOBBIC HANIPSIKEHUS CYIIECTBEHHO

YMCHBIIAKOTCA, IMPH 3TOM CHJIa TPCHUA PE3KO CHUKACTCA. C ZIaJIBHeﬁHIHM
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YBCJ'II/I‘-ICHI/ICM CKOPOCTI/I 3HAYCHUC F 6YZICT B03paCTaTb 3a CUCT BH3KOI>1

KOMIIOHCHTBI CHJIbI TPCHHMSI, TAK KaK OHAa CTAHOBUTCS OTNpeaeistonieid. Takum
o0pa3oM, CHJia TPEHHUS HMMEET CaMOe MaJloe 3HAYCHHE IPH KPUTHUCCKOM
3HAYEHUH CKOpOCTU V=V, mpu KOTOPOM mcue3aeT stick-slip pexxum U cMaska
CTaHOBHTCS >KUAKOMOM0OHOU. Jlanmee B pasliesie paccMaTpUBaeTCs AUANa30H
CKOpOCTEH MEHbBIIIE WM HEMHOTO OOJbIINE KPUTHYECCKOH, Ha KOTOPOM
OTIPENICIISIFONICH  SIBJIICTCSA  YIpyTas COCTABIIAIONIAS CWJIBI TPEHUS, 4YTO
MO3BOJISICT CYJIUTh O €€ DBOJIIOIUU IO BPEMEHHBIM 3aBUCHUMOCTSM YIPYTHUX

CABHUT'OBBIX HaHpH)KeHHﬁ.

5.2.2. Bausnue ckopocmu

InaBnenue caBurom. Pexum  stick-slip  oObsSICHSIETCS  Kak
MEPUOIMYECKOE 3aTBEpJIEBaHUE, O0YCIOBICHHOE CXKATUEM CTEHOK [245 377].
[Tocnenyromiee mMiaBleHHE MPOUCXOIUT, KOTJA CIBUTOBBIC HANPSIKCHUS
NPEBBIIAIOT KPUTHYECKOE 3HAYeHHWE 3a cueT OJPQeKTa «IIaBICHUS,
BBI3BAHHOTO CIIBUTOM.

CHauana cma3ka TBepaonojoOHa (stick), 3aTeM MNpu NPEBBILIECHUU

HCKOTOPOTO KPHUTHUYCCKOTO 3HAYCHHA YIPYIUX CABUTOBBIX HaHpH)KeHI/Iﬁ G;

OHAa Pe3KO MEePEXOIUT B
KUAKONOI00HY0 (a3y (slip) 3a cyeT pa3ynops0oueHHUs, IIPU STOM BE PXHSAS
MOBEPXHOCTh HEMHOTO TPHUIOJHUMACTCS, TaK KaK MPOUCXOJUT H3MEHEHHUE
oobeMa cMa3kd. B KHMIKOMOZOOHOM COCTOSHUHM cCpa3dy HPOUCXOAUT
penakcamys o, M CMa3ka 3a CYET CIOABIMBaHMs CTCHOK IIOJ JEHCTBHEM
Harpy3Ku CHOBa 3arBepieBaeT (stick). [lamublii mporecc — sBIsieTCS
nepuoandeckuM. OJHO M3 OCHOBHBIX OTJIUYHMNA OT IOBEACHUS OOBEMHBIX

CMa30K B 3TOM MCXaHHU3MC — OTO TO, UTO I[eﬁCTBHe CABHUIT'OBBIX HaHpH)KeHI/Iﬁ

c Z MMPpHUBOAUT HC K YHUCTOMY CIABUI'Y, 4 COIIPOBOXKAACTCA YBCIMYCHUCM o0beMa

CMa3Ku. DTOT (I)aKT COTJIaCyCTCA C pe3yJibTaTaMH, ITOJTYYCHHBIMHA C ITOMOIIBIO
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METOJIOB MOJICKYJIIpHOUM TUuHAMUKHU [378] 1 MOKET OBITh OTPAKEH C MTOMOIIBIO

MoaudumpoBaHus cootTHomeHus (5.20) creayrommum o0pa3om:
& :m, (5.33)
7‘6/7" + Moy

rae BBeleHa Oe3pasMepHas TEH30pHAs IOCTOSAHHas ¢, KOTOpas 3aJaer
CTENeHb JuiaTaluy (PacIIMpeHUe CMa3KH IIPU CIBUIE IOJ JEHCTBHEM o ).
[Tpu 3TOM crieAyeT Takke YyUUThIBaTh, YTO ACUCTBUE CIBUTOBBIX HANPSIKCHHN
NPUBOAUT K POCTY TONMUHBI cMa3kd D. Dusndeckuil CMBICI TEPBOTO
uHBapuanta (5.33) — oTHocUTenbHOE M3MeHeHue oobema oV/Vj, roe oV —
u3MeHeHne oObeMa, a Vy — HavanbHBIH 00BeM 10 JegopMHUpOBaHUS.
OTHOCHUTENbHOE YBEIMYCHHE 00BbeMa 3a CUET YBEIUYEHHs TOJIIIUHBI CMa3KH

D MO’HO BBIPa3UTh TAKKUM 00pa3oMm:

5V _AD_sD

- - 5.34
V, 4D, D, (5-34)

rac A - IIomaab KOHTAKTa. HPI/IpaBHHB BKJIaJT B OTHOCUTCIIbBHOC YBCIIMYCHUC
oobema u3 (5.20) 3a cueT CABUIOBBIX HAIPSDKEHUN U TOCIIEIHEE BBIPaKEHUE,
MOJIYYUM U3MCHCHHUC TOJIIIUHBI CMa3KU B BUIC
(St

D=D————
7\‘6/7" +“Eﬁ"

(5.35)

B nmocnemyromux pacderax TtommmHy D B (5.26) criemyeT 3aMEHUTh
BbIpakeHueM D-+OD. Tenepb MoAenb SIBIASETCS MOJHOM, TaK KaK Hapsay C
TEPMOJIMHAMUYECKUM TUIABJICHUEM YUYUTHIBACT U IJIaBJICHUE cBUTOM. Jlanee B
pamMKax HaCTOAIIETO pasjeia Jyisi MPOCTOTHI PacCMaTPUBAETCS OJHOPOIHBIM
BapuaHT, U B cooTHomneHusx (5.11), (5.13) monmaraerca V> =0.

BcenenctBue Toro, uto Mojzenbh BKIHOYAET BCE BHUJBI  KaHAJOB
TMCCUMAIIMU YHEPTUU OMPECNAIoNiasl CUCTeMa YpaBHEHUH, NpUBEICHHAsS
BBIIIE, MOJYYWIACh JOCTATOYHO CJIOXKHOW U TpoMO3AKoH. OCyIIeCTBUThH
AHAJIUTUYECKUM aHAIM3 TaKOW CHUCTEMbl YpaBHEHUUW JIOCTAaTOYHO TPYIHO,
MO3TOMY €€ aHAJIN3 MIPOBE/ICH Ha OCHOBAHUU CEPUH KOMIIBIOTEPHBIX PACUETOB.
Pe3ynbTaT COBMECTHOTO 4YHCIEHHOTO pemieHus ypaBHeHuit (5.11) — (5.13),

(5.26) mokazan Ha puc. 5.3.
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0.03

Puc. 5.3 3asucumocmo senenmus stick-slip 6 3asucumocmu om 63auUMHOLU
cKkopocmu npomsaxcku meepovix men. llpamas 1 mpaccupyem xapaxmepHvie

MOYKU Ha epagurax a) u ).

[Ipy HyneBOW CKOPOCTH CIBUTOBBIC HANPSKCHUS pPaBHBI HYIIIO,
M30bITOUHBIE 00BeM f ymeHbiaercs (yuyacTok V, Ha puc. 5.3a), cmaska
MOCTENICHHO 3aTBEPJEBACT 3a CYET ClaBiuMBaHUS cTeHOK. Korma cucrema

HAaYWHACT JBUIKCHHUE, TOJ JCHCTBHEM DACTyNIMX HaNpsUKEHHH o) CMasKa

HAaYMHAET ITUTABUTHCS, HM30BITOUHBIA CBOOOJHBIA 00BEM pacTeT (HadaabHas
yacTe y4acTka V). Korma f mocturaer 3HadyeHus f=fj,, CMasKa IIJIaBUTCS
MOJIHOCTBIO (TOUKHU 3 U 4 Ha puc. 5.4), U Tak Kak Bpems penakcauuu B (5.26)
MpU 3TOM CTAHOBUTCS TOpa3/l0 MEHBIIE, HANPSHKECHUS  HAYMHAIOT
peakcupoBaTh, CMaszka MpPU ITOM OMSATh HAUMHAET 3aTBEpCBaTh, TaK KakK B
PaCIUIaBJICHHOM COCTOSIHUM €€ TOJJICPKUBAIOT yNpyrue HanpsbkeHus. Korma
OHa 3aTBEPJIEET MOJIHOCTBIO (f=f;,;, TOUKA 5 Ha puc. 5.4), 3a cUET yBEIUUCHUS
BpeMeHHU perakcanuud B (5.26) mapameTp f CTaHET OMSTh YBEJIMYUBATHCA,

II0Ka HE JOCTHUIHCT 3HA4YCHUA f :fliqa U 1IponecCc HC IOBTOPUTCSA CHOBA.
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CornacHo CKa3aHHOMY YCTaHaBJIMBACTCA Hepnozu/lqecm/n‘/i HpepBIBHCTBIﬁ

(stick-slip) pe>xum m1aBiieHUs/3aTBEPACBaHUS.

0.05

0.75
0.04

0.5

0.02 .| 0.25

001 oz 003
s

Puc. 5.4 3apooicoenue saenrenus stick-slip npu Hebonvwion cropocmu
npomsodicku. 1 — u30bImouHbll  C80O00HBLL 00vem, 2 — cO8ucosbvie
Hanpsicenus, 3, 4 — MOMeHmM NOIHO20 PACHIAGIEHUS CMA3KU U NPAKMUYeCKU
NONIHO20 NAOeHUs COBU206bIX HanpsdceHu npu f=fi,, 5 — Momenm

MAKCUMATIbHO20 «3ameep0e6anuﬂ» CMA3KU.

Crnenyer OTMETUTD, UTO HpU ¥ =V, U30BITOYHBIA CBOOOAHBIN 00BEM MPHU
IUIABJICHUM M TPEBBINICHUM 3HAYEHMSA [=f;, HAYMHACT yMEHBLIAThCA, OH
MPOAOJIKAET YMEHBILATHCS €1le HEKOTOPOE BpeMsl MOCie 3aTBepAECBaHUS (IIPU
f=fs0)) 1 AOCTUTaeT MUHUMYyMa B IPOIECCEe HOBOTO LIMKJIA IJIaBJICHUs (IIpsiMast
1 Ha puc. 5.3, Touku 3 u 4 Ha puc. 5.4 nexaT 3HAUUTENbHO JIEBEE TOUKH 5).
OTO CBA3aHO C TeM, 4YTO /IS YBEIMYeHUs [ HEOOXOAMMO KakKoe-TO
MUHHUMAJILHOE 3HAYCHHUE HANPSIKEHUM, a TaK KaK CKOPOCTh MaJla, TO COIJIaCHO
(5.30) HeoOXoqMMBIA YpPOBEHb HAIPSKEHUNA HE ycneBaeT c(OpMHUPOBATHCA .
[TosTomy mocine 3aTBepeBaHUs N30BITOUHBIN 00 bEM HEKOTOPOE BPEMSI MOXKET
YMEHbIIAThCS, MOKa He OyAeT IOCTUTHYTO COOTBETCTBYIOLIE IO 3HAYCHUS
HanpspokeHuil. Ilpuw moBwlieHMH cKOpocTH A0 3HaueHus V=V, (puc. 5.3)

4acToTa MUKOB sStick-slip yBeIMYMBAETCS 3a CYET TOrO, YTO MPH OOJbIIEM
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SHAYCHUMU CKOPOCTH B CHCTCMC 6BICTpee Pa3BUBAKOTCA  HAIIPSKCHUA,

COOTBETCTBEHHO CMa3Ka ObICTpee IJIAaBUTCA, U 32 OJUH U TOT K€ MPOMEXYTOK
BPEMEHHM CHCTEMa YCIIEBAET COBEPIIUTH OOJIbIIEE KOJIMYECTBO IEPEXOJIOB
TU1aBlieHue-3aTBepaeBanue. C emle OONBIIMM YBEIMYEHHEM CKOpocTu V=V
4acToTa IMKOB CHOBA IMAJAeT. JTO IPOHUCXOJUT 3a CUET TOr0, 4YTO IIPH
OOJIBIIMX CKOPOCTSAX B ypaBHEHUHM (5.26) HampsiKeHHUS PpENaKCUPYIOT K
OoJIblLIEMY CTAllMOHAPHOMY 3HAYEHHUIO, MPU KOTOPOM CMa3zKa MeEIJICHHEH
3arBepaeBacT. Ilpm sTOoM Ha 3aBucuMocTH  Gj(t) BHAHBI  JUIMHHBIE

KUHETUYECKUE YYACTKH o =const . B 5TOM pexuMe IpU NPEBBILEHUU f>fii,

M30BITOUYHBIN CBOOOJHBIM 00bEM ellle HEKOTOpPOE BpeMsl YBEIMUYMBAETCSH, a
3aTeM HauumHaeT yOwiBaTh. [lpu nmanpHeliem pocte ckopoctu casura V=V,
MIPEPBIBUCTBIN PEKUM HMCYUE3aE€T, U YCTAHABJIMBACTCS KUHETHUECKHA PEXKUM
TPEHUS >KUAKONMOAOOHOM CMa3KM €O 3HAYEHHEeM CUJIbl TpeHus Fj. 310
MPOUCXOAUT IMOTOMY, YTO C BEIMUMHOW CKOPOCTU OOJIbIIEe KpUTUYECKOU V>V,

B CMAa3KC BO3HUKAIOT HAIIPAKCHUA © Z , KOTOPBIX JOCTATOYHO IJIA obecricueHus

3HAYEHUS f>f;,, IPU KOTOPOM CMa3Ka HE MOXKET 3aTBEepJeTh. TakuMm o0Opazom,
MIPU YBEJIMYEHUH CKOPOCTU CHayaja 4yacToTa MUKOB stick-slip yBenuuuBaercs,
3aTeéM CHOBAa YMEHBINAETCS 3a CUET TMOSBJICHUS JUIMHHBIX KHUHETHUYECKHUX
Y4aCTKOB, a MPU MPEBBIINICHUH HEKOTOPOTO KPUTUYECKOTO 3HAYCHUS CKOPOCTH
V>V, pexxum stick-slip ncuezaer. OnrcaHHOE OBECHUE XOPOILIO COTIacyeTcst

C SKCIICPUMCHTAJIbHBIMU PC3YJIbTaTaMH, IIOKA3aHHBIMU HA PUC. 1.4.

5.2.3. Bausnue memnepamypul

YJ'IBTpaTOHKI/Ie INICHKHW CMAa3KH INIaBATCA HC TOJIBKO 3a CUCT CABHUI'OBOI'O
IUIaBJICHUA IIPHU IIOBBINICHHUA CKOPOCTH, HO U OOBIYHBIM 06pa30M pu
MOBBIICHUN TCMIICPATYPHI. Kunetnka cKoJbXKEeHHS TOHKOT'O CJI0S CMa3Ku pu
MMOCTOSIHHOM CKOPOCTHU CKOJIBXKCHUA, HO IIPU PA3JIMYHBIX TEMIICpATypaX

IIpUBELICHA Ha pUC. 5.5.
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Puc. 5.5 3aBucumocts siBieHust stick-slip B 3aBUCUMOCTH OT TeMIepaTypbl

npoliecca.

N3 pucyHka BUIHO, YTO MNpPU MalbIX TEMIEPATypax IOBEPXHOCTEMN
tpenus 1,=T,) yactota stick-slip mepexo/I0B BeMKa, U KUHETUYECKUN yUaCTOK

Ha 3aBUCHMOCTHU o (/) HE IPOCIEKUBACTCSA. TO TOBOPUT O TOM, YTO CMa3Ka

Mocjie IUIaBJIEHUsT Ccpa3y HauuHaeT 3arBepaeBaTb. (C  yBEIMYEH UEM
temriepatypsl (7,=T,;) 4acToTa MUKOB CTAHOBUTCS MEHBIIIE, KaK U UX BBICOTA.
YacToTa CTAaHOBUTCSA MEHBIIIE 32 CUET MOSBJICHUS KHHETUYECKOTO YYacTKa, T.€.
CMa3Ka TeIepb 3aTBEPACBACT MEJUICHHEH. A YMEHBIUICHHUE BBICOTHI IHKOB
TOBOPUT 00 YMEHBIICHUHM CTaTU4EeCKOW cuiibl TpeHust F;. C emie OOIbIIUM

yBenmuuenueM  1,=T,, KUHETMYECKMH Y4YaCTOK G =const ~ CTAHOBUTCS

BBIpAXKCHHBIM, T.C. CMa3Ka CYIICCTBYCT KaKOC-TO BPCMA B PACIUIABJICHHOM
COCTOSHHU TIPpU MOCTOSHHBIX HAIIPAKCHUAX, KOTOPBIC YIKC CIIOCOOHBI 3TO

COCTOsIHME TOJIIepkuBaTh. OTHAKO 32 CUET AUCCUIALUK U30BITOYHBIA 00BEM
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yYMEHBIIIAeTCsI, U CMa3Ka BCE K€ 3aTBEpHAeBaeT, peanusyercs stick-slip. lpu

T,=T,; KNHETUYECKUN YYaCTOK CTAHOBUTCS OIPEICISIOIIMM, TaK KaK 3/1€Ch
cMa3Ka OOJBIITMHCTBO BPEMEHM HAXOJUTCS B JKUJKOMOAOOHOM cocTosiHuu. U
HakoHen, npu 71,=7,, cMa3ka OKOHYATEIbHO IUJIABUTCS, W HACTYIAET
KUHETUYECKUN pexuM. BakHO, YTO MpU yBEIMYEHUM TEMIIEPATYpPhl BO BCEM

JMATIa30HE COXPAHSAETCA TCHICHIIMS YMEHbIICHUS Fj.

5.2.4. Brusinue nazpyoicenus

SKCHepI/IMeHTBI o TIpaHUYIHOMY TPCHUIO TIPOBOIATCS IIPU CaAMBIX
PA3JINYHBIX BCIIMYHUHAX HAIPY3KW Ha TPYHMIHUCCA TOBCPXHOCTHU, U YCTAHOBJICHO,
YTO BHCUIHCC NABJICHUC TAKIKC BJIUACT HAa CUCTCMY KPUTUYCCKUM 06pa30M. Ha
puc. 5.6 moka3aHbl BPCMCHHLBIC 3aBUCUMOCTU HaHpH)KeHI/Iﬁ IIpru IMOCTOAHHBIX
SHAYCHUAX TCMIICPATYypbl CUCTCMbBI U CI[BI/IFOBOﬁ CKOpOCTH, HO IIpHU

MOBBIIIICHNH BHEIITHEH Harpy3Ku n.

il

Py

5 - aH

HMH MMH

—_—

0.075

Puc. 5.6 3aBucuMocTb siBNICHUS Stick-slip B 3aBUCIMOCTH OT Harpy>KeHHUs.
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Ha puc. 5.6a 3Hauenue TemmepaTypsl BbIOpaHo Takum, uto 71,<T., u

peanusyercs stick-slip pexxum. BuaHo, 4TO ¢ pocTOM HAarpy3Ku CHUja TPEHHUs
YBEIIMUMBACTCS, TaK KaK pacTyT aMIUIMTyJa stick-slip mepexonoB, a Takxke

3Ha4YCHUA G; , HIPpHU KOTOPBIX HAHHBIC TICPCXOAbI OCYIICCTBIIAIOTCA. Ecan

MOBBICUTH TeMmImepaTypy 1o 3Hauenus 1,>T. (puc. 5.60), To pexum stick-slip
MCYE3aeT, U YCTAHABIIMBAETCS KUHETHY €CKUH PEXHUM KHUIKOCTHOTO TPEHMUS,
IIe C pOCTOM [aBJICHUs CHUJla TPEHHUs Takke Bo3pacTaeT. OmnucaHHBbIE
OCOOEHHOCTM  KAueCTBEHHO  COBMAAAIOT  C  OJKCHEPUMEHTaIbHBIMU
3aBUCUMOCTSIMH, MIOJTYYEeHHBIMU B paboTax [245, 367].

Takum oOpa3oM, Ha 0a3e O0OLIET0 MOAXOAA PACCMOTPEHA MOJETb
CMa3KH, KOTOpasi B OTJIMYME OT HPEIbLIYIIUX MOJENEH YYUTHIBAET BIMSHUE
Bcex (akTopoB 3amau (nedekTHOCTb B (opMe H30BITOYHOIO CBOOOJHOIO
00beMa, paBHOBECHYIO M HEPABHOBECHYIO TEIUIOTY, TEIJIOOOMEH C BHEIIHUMU
TelaMy, BKJIAJ BS3KOTO TpeHus). B cuiy Manoro mopsiika HECKOJ bKHUX
aTOMapHbBIX pa3MepPOB CMAa3KHU B IOMEPEUYHOM CEUEHUH MOJIENH HE YIaloCh
MOJTHOCTBIO OCTaThCs B paMKax (PEHOMEHOJIOTMYECKOM MOJENTH, BO3HMKIIA
HEOOXOAMMOCTh B COOTBETCTBHM C PE3yJbTaTaMy MOJEIHPOBAHHS METOAOM
MOJIEKYJIIpHOW JuHaMuku [378] BBecTH MOAM(PHUKALUIO CBSI3U YIP yTUX
neopmanuii 1 HanpsHDKEHUH, YUYUTHIBAIOIUN HE TOJIBKO YMCTBHIM CIBUT, HO U
CBSI3aHHYIO C HUM OOBEMHYIO JTUIATAHCHIO.

[Ipy yBenMuUEHUM CKOPOCTH CHayaja 4YacToTa IUKOB  Stick-slip
YBEJIIMYMBAETCS, 3aTEM CHOBA YMEHBIIAETCS 3a CUET MOSBJICHUS JITUHHBIX
KUHETUYECKUX YYacTKOB, a IMpPH MPEBBIIIEHUH HEKOTOPOro KPUTUYECKOIO
3HAYEeHMsI CKOPOCTH V>V, cMa3Ka NepexoqUT B PEXKUM TJIAJKOTO CKOJIbKEHUS.

[Ipu manpIX Temmeparypax MOBEPXHOCTEW TpeHus wvactora stick-slip
NEPEXOJI0B BEJIMKA, W KHUHETHYECKUH Yy4acTOK He mpocnexuBaerca. C
YBEJIIMYCHUEM TEMIIEpaTypbl 3a CYET MOSBJICHUS KUHETHYECKOTO YydYacTKa
4acTOTa MUKOB CTAHOBUTCS MEHBIIIE, KAK U X BHICOTA. YMEHBIICHHUE BBICOTHI
MUKOB TOBOPUT 00 YMEHBIIIEHUU CTaTHUECKOM cuiibl TpeHus. C erie 00nbIuM

YBCIIMYCHUCM  TCMIICPATYPhI KUHETHYCCKUU Y4aCTOK TIpU IMOCTOSIHHOM
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SHAYCHUU YIIPYTOI'0 HAIIPSKCHUA CTAHOBUTCSA oonee BbIPa’KCHHBIM. OZIHaKO 3a

CUCT AuccHuIitainumn M30BITOYHEIA 00BEM YMCHbIIACTC, CMA3Ka 3aTBCPACBACT, U

pexuM stick-slip peanusyercs. [lpu Temneparype 7,, KUHETUYECKHM Y4acTOK

CTAaHOBUTCS OIPENENISIOIUM, U CMa3Ka OOJIbIIYIO YaCTh BpEMEHH NpeObIBacT B
KHUIKOMOJ00HOM cocTosiHuM. [lpu eme 6osee BRICOKMX TemIepaTypax cMmasKa
MOJTHOCTBIO MJIaBUTCS .

VYCTaHOBJEHO, YTO BHEIIHEE [aBJICHHE TAaKXKE BIIMAET HAa CHCTEMY
KpuUTHUeCcKUM oOpa3oM. [lpu 3HaueHuMu TemmepaTypbl HUXKE KPUTUYECKOTO,
KOIJla peau3yercsl pexxuM  stick-slip, ¢ pOCTOM Harpy3Ku CpeaHss Cuiia
TpEeHUs YBEIMYUBACTCS, TaK KaK pacTyT aMIUTUTyJa stick-slip mepexoloB, a

TAaKXKC 3HA4YCHUA ij )

IIPU KOTOPBIX JaHHBIE MEPEXObl ocylecTBisA0TCA. [Ipn
TEeMIIepaType BbIIIE KPUTUYECKOM pEeXUM stick-slip ucdesaer, U ¢ pPOCTOM
JABJICHUSl CWJIa TpeHHs Bo3pactaer. OmnucaHHble 0COOEHHOCTH KayeCTBEHHO

COBITAJIAIOT C 9KCIICPUMCHTAJIbHBIMU 3aBUCUMOCTAMU

5.3. Fucmepewcnble A6JIEHUA U cmaéuﬂu;«:auuﬂ 9NCUJIOH quZSbl 6 cniaesax

acejiesa

B ycnoBHsIX WMHTEHCHMBHOTO BHEIIHErO BO3JCWUCTBUS TBEpPIbIE Tea
MOTYT OOHapy»HBaTh HE TOJBKO aBTOKOJIE€OATEIbHOE, HO W THUCTEPE3UCHOE
noBezieHre. OJTHO U3 TaKUX SBJICHUH, — TUCTEPE3UC U OOHAPYKEHHOE aBTOPAMHU
[379] sBneHue crabunuzaruu (a3 BHICOKOTO JIABJICHUS B CIUIaBax Tumna Fe-
Mg, xoTopoe OOHApY>KMBAaeTCS MPHU YBEJIMYECHUU M TMOCICAYIOIIEeM cOpoce
naBiaeHus 10 arMmochepHoro 3HaueHusi. OCOOEHHOCTBIO ATOTO SIBIISAETCS
3aBUCUMOCTbH IIMPUHBI TUCTEPE3NCa OT BEIUYUHBI CPEHETO pa3Mepa 3epHa, a
MMEHHO, C YMEHBIIEHHEM pa3Mepa 3€pHa IIHpPUHA THUCTEepe3uca
yBenuuuBaetrcst (cMm. pucyHok B [380]). Ilpu moctwkeHun paszmepa 3epHa
nopsnka /00 um MIUpUHA TUCTEpE3UCa YBEIUYMBACTCS HACTOJBKO, YTO

HUCTIAJaloasl BETBb YXOIUT B 00JacTh OTpUIATENBbHBIX HaBieHuil [380].
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HOCKOJ’IBKY MOCJICIHNEC HC MOT'YT pCaIn30BaTbHCA 0e3 ClricouaJIbHBIX YCHOBHﬁ,

TO ¢ (paza ocraercs CTaOUIILHOM MPU HO PMAJILHBIX aTMOC(HEPHBIX TaBICHUSX.
DTO sBIEHHWE MOXHO OIHKCAaTh B paMKax IMPEICTABICHHOTO BBHIIIIE

noaxo/a. BHYTpeHHIO SHEPTUIO IS METAJUIMYECKON CUCTEMBI ¢ HEKOTOPHIM

pa3MepoM 3epHa, KOTOPOMY COMOCTaBIsIeTCs Ne(EeKTHOCTh 4, U OOBEMHBIM

conepkanueM ¢ pasbl C, MOKHO 3anucath B Buje [342]:

“=“o(8§ah)+<poC—%<plCz+%%C3—%¢>3C4 (5.36)
rac
— +%7»(85.)z (5.37)
Qo = Oy — g8 —qh (5.38)
¢, = @, +2eg; —Oh (5.39)

BHCCB BBIACJICHA 3aBUCHUMOCTL OT THAPOCTATHYCCKOIO HOaBJICHUA,

e

MIPEJICTABICHHOTO ¢ , U JIeheKTHOCTU MaTepuana s (pasmep 3epeH d<I1/h), kak

OT YIpaBJsSonmMX mnapameTpoB. ['paduku KoHUEHTpaluu & (a3bl B LHKIIE
pocTa ¥ TOCIEAYIOIMIETO CHUXEHHUS TUIPOCTATUYECKOTO JaBJICHUS [0
HYJIEBOTO 3HA4YeHMsI OOHapy>kuBawT rucrepesuc (puc. 5.7) [342, 380]. Ilpu
3TOM OoJiee MEJIKOMY 3epHY (OONbIIUM /) COOTBETCTBYET OoJiee IIUPOKUI
ructepe3uc. MoKHO yTBEpXkIaTh, UTO, €CJIU B3SITh JOCTATOUHO MEIKOE 3€pPHO,
TO KpHUBasi TUCTEPE3NCa HA YYACTKE CHIDKCHHMsI IaBJICHUS BBIMJET 3a MPEIEib
TIOJIOKUTENIbHBIX 3HAYCHUN MJaBiieHUs] (OTPUIATEIbHBIX 3HAYEHUH TEH30pa
negopmanuii € ), U, CI€IOBATEIBHO, € (pa3a B 3TOM ciiydae OyJIeT yCTOMYHBOU
TP HYJIEBBIX 3HAUCHUSX JABJICHMUS.

I'padpuku Ha puc. 5.7 mocTpoeHbl Jyid 3HAYEHUN mnapameTpoB Uo=0;
A=20.8ITla; ¢, =00002; g=7, ¢=0.008; ¢ =1.12-10"; e=3.610"7;
0=1.12-10", ¢,=2.25:10% u ¢3=1.2-107*. JInst BHyTpenHeii kpuoit h=0, mis
BHemIHe KpuBoil A=]. CpaBHHUBas TpauUKH C 3SKCIEPUMEHTAIbHBIMU
TUCTEPE3UCHBIMU KPUBBIMU [380] MOXKHO OTMETUTH XOPOILIEE COBMAJCHHUE UX
dbopMBI, a Takke OJIMHAKOBBbIE 3aKOHOMEPHOCTH W3MEHEHUSI IIUPUHBI

TUCTCPEC3UCa OT CPCAHCTO pasMepa
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C, yen. en.

\
0 0.002 0.004
P, yen. ea.

Puc. 5.7 I'uctepe3ucHble KpUBbIE «KOHLIEHTpauun» e-asel [342].

3epeH. YUHUThIBas, 4TO Mpejjiaraemasi 3/eCh TeOpus HE MpeHa3HayeHa s
onucanus (Ha30BBIX MEPEXOJIOB, KAKOBBIMH SIBIIIIOTCS MPSMOU y-& TIEPEXo]1 U
OoOpaTHBIA &-y TEPEXO], OCYIIECTBIISIEMBbIX B KBa3UPABHOBECHBIX YCIIOBUSAX
(MelUIeHHOe Harpy’keHue), TeM He MeHee, Xopollee coBHajaeHue (OpPMbI
KPUBBIX CBUJICTEIILCTBYET O MPABOMOYHOCTH M TaKOTO IMOJX0Ja K U3YUYEHUIO
3TOTO SIBJICHUSI.

Jliist ynoOcTBa CpaBHEHUS TEOPETUUECKUX TUCTEPE3UCHBIX KPH BBIX (pHC.
5.7) ¢ oskcnepuMeHTanbHbIMU KpuBbiMH [380] B KadecTBe MEpPEeMEHHOU
cocTosiHusl OblTa BhIOpaHa KoHueHTpaius ¢ ¢das3wl (5.36). B To ke Bpewms,
0osiee aJeKBAaTHON MEPEMEHHOW MJIsi OMUCAHUSI TAKUX TEPEXOJIOB SIBISETCS
«M30BITOYHBIN» 00BEM f, KOTOPBIM B JAHHOM ClIy4ae clieAyeT ONpPeaeTuTh, KaK
MpUpalieHue 00beMa CUCTEMBI TIPH £-) MEPEX0/Ie, OTHECCHHBIA K Ha4YaIbHOMY
0o0beMy WM HAaCKOJBKO TEKylllee 3HaueHue oObeMa  TBEpJOro Tela
MPEBOCXOIUT 00beM & ¢a3bl B HAYAIBHOM COCTOSIHUM. JTa BEJIMYMHA
MakcUMalibHa JIJIst v pa3bl U YMEHBIIACTCS 10 3HaUeHUs OJM3KOTO K HYJIIO MpU
nepexojie B ¢ (asy.

KauyecTBeHHass kapTuHa NPOLECCOB, KOTOPHIE COIMPOBOXAAIOT TaKHUE
MEePEXO/Abl, BBINVISIAUT CIEIYIONMM o0Opa3oM. y ¢a3za MpeacTaBiisieT coOoit

Tpexcnoiinyto [I[[K TIOTHOYNAKOBaHHYK CTPYKTypy, a & ¢daza —
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nByxciovnyro  [7IY ~ cTpykTypy, KOTOpas 3a  CYET  3alOJIHEHUs

TETPadIPUUECKUX IyCTOT MMEET OOJbIlIee KOJIMYECTBO COCENIEd BO BTOPOIA
KOOpAMHAUMOHHOM cdepe, kak creactBue Oonee cuibHOe Bau -aep-
BaanbcoBckoe mpuTsbkeHue U OoJbLIyI0 IUIOTHOCTh BelecTBa. [losiBneHue B
000 M3 3TUX CTPYKTYp JHedekToB B ¢GopMe HYaCTHYHBIX TUCIOKAIWH,
KOTOpbIE 00s3aTEJIbHO COMPOBOXKAAIOTCA Je(peKTaMu YHaKOBKH, MOYKHO
paccMarpuBaTh Kak 3apoJbliu JApyroil ¢aszpl. [ledcTBUTENBHO, AEPEKT
YyIAaKOBKM TMpPEACTaBiIsieT CcoOOW JIOKaJbHOE HApyLIEHUE YepeaoB aHMs
3amonHeHust cinoeB. Ecim ucxomgnas ¢aza wumena tpexciounyro [ K
CTPYKTYpY, TO Ne(eKT YNakoBKH OyIET UMETh JBYXCIOHHOE CTPOEHHUE, TO
€CTb, OyJIeT TPEACTABIIATH COOOM AMEMEHT WM 3aponbiil [ /1Y CTpyKTYpbl, U
HAoOOpoT, ecnu ucxoiHas (aza umena AByxcinoiHyto [71V cTpykTypy, TO
neQeKT YMakoBKH OyAeT HUMETh TPEXCIOWHOE CTPOEHUE, TO €CTh, OyJeT
MPEACTaBIATh co00l anmemeHT [ 1[K cTpyktypbl. [lpu yBenuueHWM BHEIIHETO
naBleHus By Qa3e OyIeT pacTd KOJMYECTBO HYACTHUYHBIX JHCIOKALUN U
COIPOBOXAIOIIUX MX 3apojblmied ¢ ¢asbl. [Ipu moctukeHun onpeaeneHHON
IUIOTHOCTU TaKHUX 3apoJbllIed OHM MOTYT CIIMBAThCS, 00pa3ysi OObEeMHBbIE
3apOJIbIIIH € (a3bl ME30CKOIIMYECKOTO YPOBHSI.

[To mepe pocra nedeKTHOCTH MaTepuaja Ha HaYaJIbHOW CTaJuH
HarpyKeHUs BHYTPEHHSS JHEprus Kpucramia OyJaeT BO3pacTaTrb, U Ha ITOM
CTaluu JJIsl ONMCaHUsl MpoLecca BIOJHE MPUEMIIEMO OIKMCAHUE B paMKax
UACOJIOTUM paccMaTpUBaeMoOro 3jech nojaxoja. Ha sToil craguu, ocHOBHas
¢daza — sto ['1/K da3a, a, Bo3HuKarouue B Hel 3apoabiuu [ 11V ¢$a3sl MOXKHO
BIIOJIHE  paccMaTpuBarh, Kak ee  jedektbl. CuTyauus  MeHseTcs
NPUHIMITHATBHBIM 00pa3oM, KOT/ia KOHIIEHTpaIus 00enx (a3 BhIpaBHUBACTCS,
u npubmxkaercs K 50 npoyenmam. B 3TOM ciaydyae Henb3s CKa3aTh KakKylo
a3y MOXXHO CUHTATh OCHOBHOH, a Kakylw ee jaedexrom, Oojee Toro ¢hassl
MOTYT OBITh paclpeaeseHbl HEOJHOPOJAHO — OJHHU 3€pHa MOTYT NEpEedTH K
100% conepxaHuto HOBOM (a3bl, a B APYTHX 3€pHAX €€ KOHIIC HTPAIUsI MOXKET
OBITH OJTM3KOM K HYH0. TO ecTh, (hakTHuecku AePEeKTHOCTh MaTepuala Tenephb

OyZeT HuXKe, a YuCThie (pa3bl, paclpeieieHHbIE MO pa3HbIM 3epHaM, OyayT
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HUMCTb pa3an71 YPOBCHb paBHOBeCHOﬁ IIOTCHII M AaJI bHOU 9HCPIuu,

npuxosauuiics Ha oguH arom. Ilpuyem sHeprus Ha ogud atroMm B [ 11V (a3ze

Oyner Hmwxke. [losToMy Ha HauyaldbHOM CTaaMM UAET HEKOTOPBIM pocT

nedextHoctu I 1[K ¢a3bl B Buae piaykryauuil B opMe 1e(PEKTOB yIaKOBKH.
BHyTpeHHsisi 3Heprus sl ONMCAaHUS 3TOTO  IEpexoja HMEET

CTaHJAPTHBIA BUJ CTENEHHO I'o pa3noxenus [318]:
1 1 1
u=u0+¢0f_5¢1f2+§¢2f3_z¢3f4' (540)

Kosdduumentsl pasnoxkeHus MpH CTapUIMX CTENEHsX Mapamerpa f
OyJeM cuuTaTh KOHCTAaHTAaMH, OCTajJbHBIE 3aBUCST, KaK OT YHPaBJISIOLIMX
apaMeTpoB, OT YNPYrux AedopManuil & U MJIOTHOCTU /1 TPaHUI] 3€pEH:

b0 = by + g€} —qh . (5.41)
0, = ¢, —2ee; —Oh. (5.42)

[lapameTp 7 UMEET TOT e CMBICH, YTO U JJs ciaydas (pparMeHTaluu
MeTaJsioB (pasznen 4), HO 3/IeCh OH, INOCKOJIbKY €ro BEeJIMYMHA B KaXKIOM
OTJEJIbHOM 3KCIIEPUMEHTE HE MEHSETCs, WIpaeT pojib YHPaBISIOLIETO
napamerpa. l['ucrepesucHble KpUBbIE, TIOCTPOEHHBIE TMPH 3HAYCHMSX
napametpos: ¢, =1.24-10°, ¢; =2.06-10", @,=9-10°, &3=12-10°, g=10°, e=-10,
q=41 0, 0=161 0° UMEIOT BUJT BIOKEHHBIX ApyT B Apyra KpuBbIX (puc. 5.8).
bonee menkum 3epHaM (OOJBIIMM 3HAYEHUSIM /1) COOTBETCTBYIOT BHELIHHE
THCTEepEe3UCHbIe KpuBble. boinbline 3HaueHus f (BEpXHAS 4YacTb I'pagpuKOB)
COOTBETCTBYIOT COCTOSIHMIO ) (pa3bl. C pOCTOM BHEIIHETO JABJICHUS B MPaBOM
YyacTu rpaduka 3Haue€HUE MapaMerpa pe3KO YMEHBIIAETCsl, YTO COOTBETCTBYET
(dazoBoMy nepexojry B Oojiee moTHyo ¢ ga3zy. [Ipu cHITHM HAarpy3KU MpoLecce
0o0paTHOTO mepexoaa 3aJep>KUBAETCA M MPOTEKaeT Npu Oojee HUBKUX
naBieHusix. W3 puCyHKa BHAHO, YTO HpPH HEKOTOPOM MAaJOM 3HAaYeHHUH
pasMepa 3epeH TUCTepe3uCHas KpuBas (camasi BHEIIHSsI) TpU O OpaTHOM
NEPEeXoJIe 3aXOJUT B O0JIACTh OTPULATENBH bIX JABJIEHUH. JTO O3HAYaeT, YTO
npu arMocepHOM JaBieHUM ¢ (pa3za HE MOXKET mepelTu oopaTHO B y a3y u

0CTaeTCs yCTOWYMBOM HEOTPAHUYEHHOE BPEMSI.
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Puc. 5.8. I'uctepesucubie KpuBbie y-¢ (Pa30BOT0 Nepexoaa

CpaBHUBasI THCTEPE3UCHBIE KpHBBbIE Ha puC. 5.7 U puc. 5.8, MO XKHO
OTMETUTb, UTO KAYECTBEHHO OHU COTJIACYIOTCS MEXIY COOOM C TeM OTIMYUEM,
YTO BO BTOpPOM ciydae TrpaduKd OKa3aduCh WHBEPTUPOBAHHBIMHU TIO
BEPTUKAIIU. IJTO CBSI3aHO C TeM, 4TO mepeMeHHble C U f SBISIIOTCS B3aHUMHO

JOINIOJIHUTCJIIBHBIMU.

5.4. PaspyuweHue meepovblx mej ¢ MUKPO MpPeuuHamu

B mnocnegHee BpeMsi HEKOTOPOE BHHUMAaHHE YACHSIETCS H3YUYECHHUIO
MOBEJICHUSI TBEPABIX TEN IPU HETHAPOCTATHYECKHUX Harpy3kax [381-384].
M3BecTHO, YTO B KBa3UXPYINKHUX TBEPIAbIX TeJIaxX pejaKcalus CIIBUTOBBIX
HaNpsOKEHU Aake mpu HEOONbIIMX JAepopMalisIX MPOTEKAET MO MeXa HU3MY
HAKOIUICHUS, pOCTa MUKPOTPEIINH, UX JAJIbHEHUIIEro CIUSHUS U BETBJICHUS U,
B KOHEYHOM HWTOTe, paspyleHus teepporo tena [14, 385-388]. Paspymenue
M0 3TOMY MEXaHH3My OCYLIECTBIIIETCS B XPYNKHUX MeETajulaX, CTEKJax,
KepaMHKaXx, TOPHBIX MOPOJAX .

B HacTosiem paszene moBeACHHWE KBA3UXPYNKHX TeJl MPHU BBICOKUX
Harpys3kax (zedopmanusix) pacCMOTPEHO C TMO3UMLMNA  HEpaBHOBECHOM
KUHETUKU, MPUMEHUMOCTh KOTOPOW OrpaHUYMBAETCS IMPOMEKYTOUHBIM
BPEMEHHBIM MacIITaboM, MEHBIIUM HE00X0oAuMoro i auddy3uoHHOTO

3AJICHUBAHUA MUKPOTPCUINH.
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5.4.1. Kunemuxa Muxpompewuno8amocmu K8asuxpynkux meepovlx meJ

Bo3HukHOBEHHE 3apOABIIIEBBIX MUKPOTPEIIUH, KaK U JIFOOOTO JedeKTa,
MpU TeX >K€ OCTAIbHBIX IapaMeTpax 3aJauyd MPUBOIUT K YBEIMYCHHUIO
BHYTPEHHEUW SHepruu TBepaoro teina. B mepBom mnpubnmkenun Oe3 yuera
B3aMMOJICUCTBUS MEXKIY 3apOJIbIIIEBBIMU MUKPOTPEIIMHAMUA OHO OyJeT
MIPOIOPIIMOHATILHO TUIOTHOCTH 3apOJIBIIIEBBIX MUKPOTPEIIMH /1, aHAJIOTUYHO
TOMY, KaK 3TO ObUIO AJis BakaHcuil (cMm. (4.4) B TUHEHHOM NPUOIMKEHUN) .
BcenenctBue nanpHOmENWCTBUSI COOCTBEHHBIX YIPYTHX TOJICH 3apOBIIIEBBIX
MHUKpPOTPEILMH, OHU OYyIyT B3aMMOJICHCTBOBATh MEXAy COOOW Jaxke mpu
Majol mIoTHocTU. M3 3TOro ciemyer, 4ro B MPEACTaBICHUM BHYTPEHHEH
SHEPTUHU CIEAYET OCTaBUTh BKJIAJIbI U 00JIe€ BBICOKUX CTETICHEH 1Mo /.

[InotHOCTE ~ BHYTpEHHEW dHepruu  wu(h,e;) UL  KBa3HXPYIKHX

MaTepuasoB YJ0OHO MPeICTaBUTh B BUAE CyMMbI [389]
u(h,e;) =u,(h)+u,(e;)+u,(he;), (5.40)

B KOTOpOﬁ Pa3aACJICHBI BKIIAAbI

1 1
h)=o¢.h——ah® +—bh* S
u,(h)=0, 2a 4
e 1 e e
ue(sij)zgk(sii)z_i— H(Sij)z+~-~ D (541)

1 A —f.ce
u, (hel)=gh’e +Ek(8§)zh2+u(sij)zh2+...,
OT IUIOTHOCTH 3apOJBIIIEBBIX MUKPOTPEIMH u,(/), YIPYrol 4acTu u,(e;) H
BBIIEJIEHA CMEIIAHHAas YaCTh BHYTPEHHEH sHeprun u, (h,e;). 31eCh @y, a, b, A,

U, & L, & — HeKkoTopsle KoddduimenTsl npeacrapicHus. Kospdumuent ¢,
uMeeT (U3UYECKUM CMBICT HHEPTUM H30JUPOBAHHOW MHKPOTPEIIHUHBI,
KOA(PUIIMEHT a OTBEYAET 32 YMEHBIICHUSI YHEPTUA MUKPOTPEIIUHBI 32 CUET
BIIMSIHUS OCTAJIbHBIX MUKPOTPEUIUH BCiEACTBUE (DPEKTUBHOTO OCIA0ICHUS
UMH yIpyrux Moayiei. HenuHelHble ynpyrue BKJIaIbl HE YUUTHIBAIOTCS, T.K.

nmojrara€rcCia, 4YTo Marcepuall HAYUHACT Pa3pymiatbCda MpCKIC, YEM OHU
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nposBsitcs. [Ipeacrasnenue (5.40) aHamorWYHO TPHUBEIECHHOMY B pPabOTax

[390, 391], ¢ Tem oTiAMYMeM, YTO 3/]I€Ch yuYTE€H JUHEHHBIA MO /A BKJIAA U
omymieH kyOudeckuii. Kpome TOro, OTCyTCTBHE TPaJUEHTHOTO BKJIaJa IO
IJIOTHOCTH ~ MUKPOTPEIMH  Tmpomnoprmonansioro  (VA)’  00ycioBieHo
MpearnoaraeMomn rOMOT€HH3aIeH pacnpeeneHus 3apO/IBIIIEBBIX
MUKPOTPEIIUH.
BuemHuii  ynpaBnsitolmuid - mapaMeTp 3aJauyd  BBIpa)kaeTcs  4epe3
MIPOU3BOIHYIO BHYTPEHHEW YHEPTUU MO MO0
_ou(h,z;)

O,
ik e
Og;;

: (5.42)

YTO TPUBOAUT K 000OIIEHHOMY 3akoHy ['yka ajisi Tena ¢ 3apoJIbIIIEBBIMU
MHUKPOTPEIIMHAMU
Gik=[QH—?Thz)s;—ghzbik+2(u+ﬁh2}; ) (5.43)

3amMeTuM, 4YTO Jaxe B OTCYTCTBHUM MAaKpOCKOIUYECKON nedopmaruu
e;= 0 HaMpSDKCHUE MOXET OBITh HE paBHBIM HYIIO o, =-gh’s, <0. [lpu
BO3HMKHOBEHUM  HOBBIX  MHKPOTPELIMH  TBEPIOE  TEJIO  CTPEMUTCS
pacHIMpuThCA, HO TpU (PUKCUpOBaHHOU nedopmanuu ¢;=0, OHO CO3JacT
JOTIOJTHUTEIIBHOE JTABJICHUE.

Kunernueckoe ypaBHeHue Tuma (4.2) Ha HaYadbHOM CTaauu
pa3pylIeHuss B CIy4dae TBEPIBIX TE€I ¢ MUKPOTPEIIMHAMHM MOXKHO 3alucaTh B
BUJIE:

%:ywﬂm : (5.44)
rae  f(t) - ciaydallHble HCTOYHUKM  OAHOPOAHBIX (UIyKTyauui (Irym).
[TonoxxutenbHbie ciaraemble B mipeactabieHun (5.40), (5.41) orBewaroT 3a
TeHEPAIMI0 MHKpPOTPEIINH, OTPHUIATEN bHBIE CcJaraeMble 3a TIPOLECC WX

3aJICHUBaHUA. HPI/I MOJIOKUTEIILHOM Bapuanuunu BHYTPCHHCﬁ OHCPIUn

8u(h,s§)>0 npeodnaasaloT  MPOLECChl  IeHepalud  MHUKPOTPEIIMH, B

MIPOTHUBOIIOJIOKHOM ClIydae du (h,s : )< 0 — IpoI1eCChl 3aJICYMBAHUS.
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B orcyrctBum myma f(7,£)=0 CTallMOHAPHOE 3HAYEHHME IUIOTHOCTH

ZIC(I)CKTOB MO>KHO HaWTH H3 Bapuanuunu CBO6OZIHOI>1 OHCPIruv IO IINIOTHOCTH

MUKPOTpPEILVH

0y —ah+bh*+2ghs; + L h(eg P+ 2mhles )'=0 . (5.45)
HpeHe6pera;I cJlaracMbIMHU TpeTbefI CTCIICHU MAJIOCTH, MMOJIYUIUM

h=—Po (5.46)

O ..

11

"2

N3 (5.46) BumHO, YTO pPOCT THUAPOCTATUYCCKOTO  JABJICHUS
(oTpHLIaTEIbHBIC HANPSKCHHSI, TaK KaK p=-0;/3) MPUBOAUT K YMCHBIICHUIO
IUIOTHOCTH  MHKPOTPEHIMH, T.6. K  CXJIONBIBAHHIO  3apOJIBIIIECBHIX
MUKPOTpEIUH. Takoe MoBeAeHNE HE MMPOTUBOPEUYHUT OOITUM COOOPAKEHUSIM.

B npenene, py—0, 9To 03HaYaeT HU3KYIO DPHEPTHI0 MUKPOTPEIIUHEI, B
OTPENCIICHUH TUIOTHOCTH MHKPOTPEIIMH HAYWHAIOT WIPaTh POJb BKIIAJIBI
0o0J1ee BBICOKUX CTETICHEH .

a+bh*+2ge +1 (60 )+ 2i(eg )= 0 (5.47)

C yuerom (5.43) B wacTHOM cny4dae o;;=-033=0>0, 0,,=0, xorna
HETUIPOCTATHYHOCTD MPOSIBJIICT CSI MAaKCUMAJIBHO, CleayeT o, =0, o, =2c°,
W JIJIS1 TUIOTHOCTH MUKPOTPEIIHH TOJTy9aeM BBIPAKCHHE

_G
T
h? = H i (5.48)

b+6g 2&7
o

rae Q =3A+2u.
YroObl pemreHne uMeno (U3HYSCKUH CMBICH, a, UMEHHO, OOJIBIINM
HaNpPSOKEHUSIM ~ COOTBETCTBOBAIM ~ OOJIBIIIMA ~ ypOBCHb  PAaBHOB €CHOM

TPCUIMHOBATOCTH, HCO6XOZII/IMO, YTOOBI BBHITIOJIHSIOCH YCIIOBHC

, H[2aﬁ—b—6g2j
a(r)_ H ©) .. (5.49)

d(c?) 2 T2 ?
( ) n’ h+65 oM 2
Q 3

n
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Ecan xecTkocTh MaTcepualia pu HAJIMYUU MUKPOTPCIINH YMCHbIIACTCA

p <0, To ycrnoBue (5.49) BbImoNHsETCA  BCErAa, €CIM  OHAa, HAoOOpOT,
YBEIIMINBACTCS p>0, TO  JOJDKHO  BBINIOJHITHCS ~ HEPABEHCTBO
2ap > u(b+6g2/Q].

PaBHOBecHOE 3HauYeHHE IUIOTHOCTU MUKpOTpemH (cMm. (5.46)-(5.48))
JIOCTUTAETCS B PE3YJIbTATE IBOJIOIUN CUCTEMBI B COOTBETCTBUH C YPAaBHEHUEM
(5.44) u, O MOCTHMXKCHHHM €T0 W B OTCYTCTBHH (DIYKTyaIluii, COXpaHSETCs
HEOTPaHWUYCHHO JoJr0. DIyKTyalii MOTYT CYIISCTBCHHO ITOBJIHMATH Ha
KHUHETUKY pocra MUKPOTPEIUHOBATOCTH. Hampumep, OobIas
MOJIOKUTENbHAA  «aykTyauus»  f(t)=const>>@,>(0, 4r0, (HaKTUUYECKH,
COOTBETCTBYET HMHTCHCHUBHOMY pPa3MHOKCHUIO MHUKPOTPCIIWH, HaNpuMmep, B
pe3ynbTare paauaIiMOHHOTO oOy4deHus , 3a/1acT MOCTOSIHHYIO
MOJIO’KUTEIIBHYIO CKOPOCTh POCTa MHUKPOTPEIIUH, KOTOPhIA HUYEM HEe OyeT

CKOMIICHCHUPOBAH, U MPOUECCC 6YZICT IpOoaOJIKAThCA 0 Pa3pYUICHUA .

5.4.2. Paspywenue K6a3uxpynkux mei ¢ HeCUMMEMPUUHBIX CPeoax

B mpeapiaymiem pasnene paccMOTpEH Ciydaid, Korja B CBOOOIJHOM
SHEPTrUU HE YUMUTHIBAJICS KyOWYECKHW BKJIAJl MO MapaMeTpy Mopsaka. ITo
BO3MOJKHO, €CJIM MaTepuasl MPEJICTaBIseT COOOM KPUCTAUT OINpeAeNIEHHOM
cumMmerpun [219, 392]. B oOmeM ciydae MarepuanioB € H30TPOIHOMN
CTPYKTYpPHOUM oOpraHuzaiel 5To He TaKk, WU HEOOXOAUMO Y4YUTHIBATH
KyOM4eCKHuil BKJIa. JTO YyNPOIIAeT paCCMOTPEHHE 3aJIauM TaK, KaK MO3BOJISIET
OTPAaHUYUTHCSI HETPUBHAIILHBIM CIIy4aeM MOJIMHOMA C MEHbIIEH cTenennto. U3
pacCMOTpEHUsI HCKIIFOYAIOTCS KaKk OECK OHEYHOE BpeMs OXKUJIAHUS, TaK U
MIPOLIECCHI 3apOKACHUS MUKpOTpeluH. CunutaeTcs, YTO B peaJbHOM TBEPIIOM
TeJe YK€ UMEIOTCSI IPUPOJIHBIE OCTa0JIeHUs], H €CIUIONTHOCTU U T.J., KOTOPbhIE
JUIIH AKTUBU3UPYIOTCS BHEIIIHUM MEXaHUYECKUM TTOJIEM.

[170THOCTh CBSI3aHHOM SHEPTUU TBEPAOrO Tela OYIET COCTOSTh U3
TEIJIOBOM 4acTu, paBHOU TS, U SHEPTUU MUKPOTPEIIUH, paBHOUI ¢h. B ciiydae

OJHOI'O THIIAa ZIC(I)CKT& MpCACTaBJICHUC CBO6OI[HOI71 OHCPI'Uh B BUIAC pAda 110 €€
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apryMmeHTaMm MOXHO MpPCACTABUTL B CTAHAAPTHOM BHUJAC AHAJIOTUYHOM

npuBefeHHOMY B mozpasnene 4.2 (dbopmyna (4.33)) [393]. s monenu
KBa3UXPYIKOTO pa3pylICHHUs] OHO OYJIET OTJIMYAThCS TOJBLKO MHTEPIpETAIeh
MOJIMHOMHUHAIBHBIX KO3 durmeHToB. [lo3TOMy TpHBEIEeM 3TO BBIPaKCHHE
3]IECh €Il Pa3:

76,0)=1, —ho¢+%h1¢2‘§h2‘93+%7‘(85)2 walei ) —svei+ (5.50)

L= (e oo 2.0
+Ek(p(s”.)z + u(p(s,.j)z +epE; +....

[lepBoe cnaraemoe f) ectb cCBOOO/IHASI SHEPTUsl HEHArPYKEHHOTO Teja B
OTCYTCTBUE MUKPOTPEIIIHH.

Crnenyroiye TpU CIaraéMbix OIUCHIBAIOT OCOOEHHOCTH 3aBUCHMOCTH
CBOOOJITHOM HSHEPTUM OT MHUKPOTPEHIMHOBATOCTH B OTCYTCTBHE BHEIIIHETO
MeXaHu4eckoro HarpyxeHus. Cnaraemoe /hpp HWMEET CMbICT OOBEMHOMN
IJIOTHOCTH TOBEPXHOCTHOW HSHEPTrUU  MOJHOCTBIO  M30JUPOBAHHBIX U
HEB3aMMOJICUCTBYIOIIUX MEXKIy COO00M MUKpOTpemuH (/4) — WX NOPUPOJHAs
TJIOTHOCTH). KBajipaTnuHoe Mo ¢ ciaraeMoe OMUCHIBACT pa3MEpPHbBIN d(DPEKT,
YUUTBHIBAIOIIUNA TOT (paKT, YTO POCT IHE PTUU MUKPOTPEIIMHBI C YBEIUUYECHUEM
pa3MepoB nocienHent 3ameisgerca. Kyoudeckoe mo ¢ ciaraeMoe y4uThIBaeT
BO3MOJXHOCTb  CIIMSIHHMS  MHUKPOTPEIIUH, KOTrJa  CpedgHss  DHEprusd,
MPUXOJIAIIASICS HAa OJTHY CIMBIIYIOCS MUKPOTPEIIMHY, BO3PACT aeT MPHU 00IIeM
YMEHBIICHUH SHEPTUHU CUCTEMBbI (3HAK «MUHYC» Tipu /1,>0).

Cnaraemble Ael/2 ¥ pe) B (5.50) yuMTBIBAIOT BKJIAJ YIPYTOTO IO

yepe3 MHBAapUaHThl TeH30pa JAedopmanuii B CIUIOIIHOM TBEpAOM Tene (B
OTCYTCTBHE MUKPOTPELIHH).

[locnenyromme  CMEUIaHHBIE ~ ClaraéMble  MMEIOT  JBOMHYIO
MHTEPHpPETalMI0: C  TOYKM  3PEHHMsS]  BIMSHHAA  MHUKPOTPEIIMH  Ha
ne@opMalioHHOEe  MOJ€ M, HAo0OpOT, C TOYKM 3pEHUs  BIUSHUS
neGopMaIMOHHOTO TOJsl Ha MOBEJIEeHUE MHUKpoTpeuuH. Craraemoe —goe;;, C
OJHOW  CTOpPOHBI, YYHUTBHIBAET  pa3pbixjieHHe (yBeIMYEHHEe  00bema)

HCHAI'PY’KCHHOTO Marcpuajia IpU HAIWAYUKU MHUKPOTPCIOWH, a C HPYFOﬁ
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W3MEHEHUE «COOCTBECHHOI OHCPIrun MUKPOTPCIOUH BCJICACTBUC pa60T},1

MCXaHHNYCCKUX CHUIJI.

KyOuueckie CMCLIAHHBIC CIIaracMble Age,/2 M [Qe, OMNUCHIBAIOT

BO3pacTaHMUE WM YMEHBbIIEHHE CBOOOJHON SHEPTHH 3a CUET HECOTIIaCOBaHHOU
negopManui pa3IMYHbIX 3JIEMEHTAapHBIX OOBEMOB, Ui KOTOPOM BEJIWYHHA
CpeIHEN 3HEePrUur MUKPOTPEIIMH ¢ (UM UX CPEAHUN pa3Mep) SIBISIETCS MEpOi
Takoll HecornmacoBaHHoctu. Ilo cyrtu, »3TH cnaraeMple  ONUCHIBAIOT
JIONIOJTHUTENIbHOE B3aMMOJICHCTBUE 3JIEMEHTAapPHBIX OOBEMOB, OJHAKO YHUCTO
(dbopManbHO HMX MOXKHO TpakTOBaTh Kak 3((EKTUBHOE B3aUMOJEHUCTBUE
MUKpOTpelinH.  JlaHHOe  B3aUMOJEHCTBHME  OCYLIECTBISIETCS  4Yepe3
JaBbHOJICHCTBYIOIIEE TIOJIE MaKpocKonmumyeckux aedopmanuii. Cnemyer
OTJIMYaTh TAaKO€ B3aUMOJICHCTBHE OT B3aUMOJEUCTBHUSL 4 epe3 COOCTBEHHOE
negopMaIOHHOE 110JI€ MUKPOTPEIIMH, KOTOPOE YOBIBAET A0 CTATOYHO OBICTPO
[394] m MOXKeT Urparh 3aMETHYIO POJIb TOJIBKO IPU CYIIECTBEHHO BBICOKOU
IUIOTHOCTH MUKpOTpenuH. [lapaMeTpsl A, i B ITOM KOHTEKCTE YYHTHIBAIOT
U3MEHEHUE IHKECTKOCTH Marepuajga 3a CYeT MHUKpPOTPEIIMHOBATOCTH.
OO6cyx1aeMble ciraraéMble MOXHO HHTEPIIPETHPOBATh M KaK BIMSHUE Ha
SHEPrUI0 MUKPOTPEHIMHBI J1e()OPMAIIMOHHOTO TIOJI BCIEJACTBUE TOW K€
HecoIJIacoBaHHOM aedopmanuu. B 3TOM ciyuyae nposBiisieT ce0si He TOJBKO
o0beMHas aedopManusi, HO U CIBUTOBAs.

Hakownen, cnaraemoe eq)2eﬁ OMMUCHIBAET, C OAHOW CTOPOHBI, MEHBIIUA
POCT CTENEHU PA3PBIXJICHUS MaTepuana ¢ POCTOM Pa3MEpOB MUKPOTPEIIH H, C
IpyTroil — BIUSHUE B3aUMOJICHCTBUSI 4epe3 COOCTBEHHOE ae(opM alMOHHOE
noJe.

I'padux cBOOGOMHON HHEpruu B 0OIIEM cliyyae MPEACTaBISIET COOOU
KyOudeckyro mapabonmy (puc. 5.9). HeobGxoaumbiM  ycioBuem — ee
HKCTPEMAJILHOCTH €CTh PaBEHCTBO HYJIIO BCEX €€ YacTHBIX MPOU3BOAHBIX,
OTKyJa CJeIyeT YypaBHEHHWE Ui OIpeJAeJeHUs PaBHOBECHBIX 3HAUCHUUN
CpEIHEN SHEPTUU

(@)= —hy+ho—he’ =0, (5.51)
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peLICHN KOTOPOro UMEHOT B

¢ = —(h —4hh, j (5.52)

371ech EepBbI KOPEHB (; HEYCTOWYUB, BTOPOU yCTOWUYUB @,. KopeHb ¢,
ONpeeNIeT HEKOTOPOE PABHOBECHOE 3HAUYEHHME CPEIHEW  DHEPIuH,
MPUXOAIIECHCS HA OJHY MHUKpOTpeminHy. Eciin 3HaueHHMe cpegHeil sHE pruu
TakoBO, 4YTO @>@;, TO CHCTEMa MEPEXOJUT HAa HHUCMAJAIOUIYI0 BETBb
cBoOOMHOM sHepruu (kpuBas [, puc. 5.9,a), UYTO SKBUBAJICHTHO
MaKpOCKOIIMYECKOMY pPa3pyLIECHHUIO TBEPAOIrO Tela WM, MO KpauHEl Mepe,
NEePEeXoy pa3pylleHUusT Ha CIEOYIOIUH CTPYKTYPHBI ypOBEHb (CIMSHHE
MUKpOTpeliuH). Bpicora  moreHuuanibHOro  Oapbepa,  OTIEISAIOLIETO
YCTOWYMBOE COCTOSIHUE OT HHCIIAJAIOUIEN BETBU, 3 aBHUCUT OT BEJIWMYHHBI
JUCKPUMMHAHTA

D=h’—4h,h,. (5.53)

A\
f AN
-
o\ \ ° N

a 0

Puc. 5.9. Bapuantsl rpa¢ukoB CBOOOAHOM SHEPrHHU: @ — NPHU Pa3TUUHBIX
3Hakax AuckpumuHanta D: [ — D > 0; 2 - D =0; 3 — D <0; 6 — npu

Pa3IMUHbIX 3HAKAX @) [ — 2<0; 2 — 0,=0; 3 — p,>0.

BOnmusu  Touku  @=~(0 MOXHO  OTPAHUYUTHCS  KBaJpPaTUYHBIM
npubnamxkeHueM. Torna Touka @,=(0 pgocturaercs npu Jaedopmaiusx Cpebl,

COOTBCTCTBY IOIIIUX TUAPOCTATHICCKOMY CIKATHUIO
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@ =_M o (5.54)
8

Bropsie npou3BoiHble CBOOOAHON 3HEpruu OyIyT UMETh CKaukKd IpU

nepexojie 4yepe3 Touky ¢ =0:

fq," =a#0 npu €, >—E, (5.55)
g
f<P" =0 HpH g; < _ﬂ ’
g
a TaKxe
for =—g<0 TIDH €, ) , (5.56)
g
f@,a." =0 pu € <_E-
’ g

Bo BTOpoil mpousBogHOW MO AedopManuud CKauyoK OTCYTCTBYET, HO
MMEET MECTO U3JIOM Ha rpauke 3aBUCUMOCTH OT MapaMmerpa ¢.
Bapbupys cBoOOIHYIO 3HEPrUi0 Mo AedOopMalry, MOKHO ONPEICTUTh

ITOJIC MaAKPOCKOIMNYCCKUX HaHpH)KeHI/Iﬁ

0
Gy :%Z[@effsii_g(p)S[j_2Heff8U]’ (5.57)
i
rac
Ao =M 0@,
off _(P (5.58)
Her = M+ RO

Kak BuaHO, ynpyrue Moaysid MEHSIOTCS B 3aBUCMMOCTU OT HAJIU4Us
MUKPOTpPEIIUH B TBEpAOM Tene. [lonoxurenbHple 3HaU€HUs] TapaMeTpoB A U
& (A>0 ¥ &>0) COOTBETCTBYIOT POCTY 3((PEKTHBHOM KECTKOCTH MaTepraa
C POCTOM CpeIHEH SHEPTruu MUKPOTPEIIUH. DTO OyJeT UMETh MECTO, €ClIU B
nporecce nedopmanuy, HEB3Upas Ha pa3pblB YacTH CBs3EH, OCTaBIIUECS
OyayT CIOCOOHBI YyAepXkaThb OMOJIHUTEIbHOE JIEHCTBUE pa3BEPHYBLIMXCS
JJIEMEHTOB, CIOCOOCTBYSl MX Oosiee xecTkod peakuuu. Kpome toro, B
npouecce AeGOpMUPOBaHUS MOXKET MPOU30HTH CXJIONBIBAHUE MUKPOTPEIINH
Y YBEJIIMYEHUE KOHTAKTHOW IMOBEPXHOCTH 3€peH [ 395], uro Taxxke NpuBeneT K

YBCIIMYCHUIO KCCTKOCTHU MaAT CpHrajia. Ecan »T0 HE TaK, TO pPa3pbIB CBsI3ei
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BBI3OBCT IMOHMKCHUC IKCCTKOCTH MaTcpuala, U 6YILYT BBIITOJIHATBCA

HepaBeHCTBA L <0 U w<0.

Takum  oOpa3om, HailleHbl paBHOBECHBbIE 3HAYCHHUS]  SHEPTHUH
MUKPOTPEILIMH, ¥ OIpPENENEeHbl CKAYKH BTOPOH MPOU3BOJHON CBOOOIHOM
SHEPIUHU MIPU NIEPEXOAE YEPE3 HYJIb CPEIHEN DHEPTUH, IPUXOASILIEHCS HA OAHY
MuKpoTpemuHy. [Ipyn HeOONbIINX MEXaHHMYECKUX BO3JACHCTBHUSX CYLIECTBYET
HEKOTOPBI CPEIHUNA pa3Mep MHUKPOTPEIIHMH, OTBEYAIOUIMN PaBHOBECHOMY
coctosiHMIO. lIpH BBICOKMX MEXaHMYECKUX HANpPsKEHUSAX pPaBHOBECHOE
COCTOSIHUE HCYE3aeT, U pPEANU3y €TCd HEPABHOBECHBIM PEXKUM, B KOTOPOM
IIPOUCXOIAT HEOTPAaHUYEHHBIN POCT U CIMSHUE MUKPOTPELINH, IPUBOJAIINX B

KOHCYHOM HUTOTC K MAKPOCKOIINMYCCKOMY PA3PYHICHHUIO TBCPAOTO TECJIA.

5.4.3. ObvscHenue HeKOMOPBIX HAONIOOAEMBIX 3AKOHOMEPHOCMEL

[TonyyeHHsle  BBIIIE  PE3yJbTaThl  MOKHO  MPUMEHUTh  JJIs
WHTEPIIPETALMA HEKOTOPBIX M3BECTHBIX 3aKOHOMEPHOCTEW pa3pyIlICHHS
KBa3UXPYIKHUX TEJI, HAPUMEP, 3aKOHOMEPHOCTH Pa3PYILIECHHS T€OJIOTUYECKUX
CpeJl BOKPYT TEXHOJIOTHYECKUX BBIPAOOTOK B €CTECTBEHHBIX YCIOBUsSX . OqHON
W3 TAKUX 3aKOHOMEPHOCTEW SIBISIETCA CMEHA Xapa KTepa MX YCTOMYHMBOCTH C
yBenuueHueM riyOunbl [396]. Ha manbix riyOMHAX B YCIOBHUSIX HHM3KHUX
TUAPOCTATUYECKUX  JABJICHUM  TOpPHBIE  TMOPOJbI  BOKPYr  TOJIOCTEH
neOpMHUPYIOTCS YIOPYro W HE pa3pyllaloTcs B TEUCHUE JUIUTEIHLHOTO
BpeMeHu. Ha Oonpmmx miyOMHAX HMMEIOT MECTO aHOMalbHO 0O JIbIIHE
Heynpyrue aedopmaiuu (CMEIeHus), KOTOpbIe MPUBOIAT K 3HAYUTEILHOMY
YMEHBILICHUIO CEYEHUS MTOJOCTH.

[TockonbKy TOpHBIE TIOPOABI MPEACTABISIIOT COOOW  TUIIUYHBIC
KBa3UXPYIIKHE TBEPJIbIE T€Jd, KOTOPHIE Pa3pylIAIOTCs 3a CUET HAKOILUICHUS B
HUX TIOJI ICHCTBUEM HAMPSHKEHUNH MHUKPOTP IIUH, TO YCTOMUMBBIE COCTOSIHUS
pacnpeieNieHns MUKPOTPEIUH OyayT 3aaBathest ypaBHeHueM (5.51). Cmena

MCXaHH3Ma YCTOﬁqHBOCTH 6YZICT MNPOUCXOAUTHL IPU BBITOJIHCHUN YCJIOBUA
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pPaBCHCTBA HYJIIO AJUCKPUMHHAHTA J3TOTO0 YpPAaBHCHUA D=0. Ha wManbix

riyouHax, uis Kotopbix D>(), ypaBHeHue (5.51) uMeer pemeHus, OJHO U3
KOTOPBIX YCTOMYMBO, YTO M MPEAONpENesieT JUIMTEIbHYI0 YCTOWYMBOCTH
TOPHBIX TOPOJI B ATUX ycJoBUsAX. Ha Oonbiiux riayOuHax, [uist KoTopsix D<0,
ypaBHeHue (5.51) He HMMeeT pealbHbIX PEUICHWH, YTO W MpeaonpeAcssieT
OBICTPBIM MpOIlECC HAKOIUIEHUS MHUKPOTPELIUH, KOTOPOE COIPOBOXKAAETCS
OOJIBIIMM  YBEJIMYEHUEM O0beMa TBEPAbIX TE€I U UX MOCIEAYIOUIM
pa3pylICHHEM.

Hcxons u3 3Toro ycinoBHsi, MOKHO NMPUOIU3UTENBHO OLIEHUTH TITyOuHY,
HA4MHAasi ¢ KOTOPOU MPOUCXOIUT CMEHA MEXaHu3Ma JIe(hOpMUPOBAHUS UITH, 110
KpailHeli Mepe, NOJYYHUTh JIOTIOJHHUTEIBHOE COOTHOILIEHHE sl OLIEHKU
MapaMeTpoB TEOPUHU IO JAHHBIM HAaTypHbIX HaOmroAeHuii. [lomycTum, 4TO
HKCIEPUMEHTAIBHO YCTaHOBJIEHa [Ty OMHa [, Ha KOTOPO MPOUCXOIUT CMEHa
MEXaHU3Ma yCTOWYMBOCTH, Hampumep, 200 m. CooTBETCTByIOIIEE €U
THIPOCTATHUECKOE JIaBJie HUE COCTaBIISIET yH, a TaHTeHIMAJIbHAasl KOMIIOHEHTa
TEH30pa HaNpsKEHU Ha KOHType BblpaboTku 2yH (rae y=pg, p - MIOTHOCTb
TBEPAOro Teja, paBHas B cpeaHem 2.6/ 0 ke, g - TIOCTOSIHHAsi CWJIbI
Tspkectn). Otcioga o, ~10.4 MIlla. Tlomaras, 4TOo CIBHIOBas KECTKOCTh
TBepaoro tena =30 I'lla, yia cIBUTOBON KOMIIOHEHTHI TEH30pa Aepopmanuu

MoJIy4aeM BEJIMUMHY Topsiaka &=c,/u=0.00035. KBampatr 5Toil BeIUYUHBI

2
ij

UMEET TIOPSAOK BTOPOrO HMHBAapuUaHTa TeH30pa jAeopMmamuii ¢

¢durypupyroiiero B cBo0oaHoH 3Heprun (5.54). M3 ycnoBusi paBeHCTBA HYJIIO
nerepMuHanTa (5.53) MOXXHO 3anucarh:

h? —4h, (b, —0,00035 1 )=0. (5.59)

Takum 00pa3oM, yCTaHOBJCHHAs JOMOJHHUTEIbHAS CBSI3b MEKIY

napamMeTpaMH TEOPUH, HapsAy C MPUBJICYCHUEM PE3yIbTaTOB CIICIHATbHBIX

IKCIICPUMCHTOB, MOKCT OBITH ITOJIC3HOU I TIPAKTUYCCKOT'O aHaJIn3a T'paHUIL

YCTOﬁqHBOCTH TCXHOJIOTHYCCKHUX BBIpa6OTOK .
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5.5. 3omnanvuvie aenenus paspywienuii 60Kpye Noaocmeu 6 noie

Hanps#CeHUut

Btopoe siBineHune, KOTOpoe MOXHO ONMMUCATh C MPUBJICYCHUEM PA3BUTOU
BBIIIE TEOPHUH 3TO U3BECTHOE SBJICHUE 30HAJIBHOIO Pa3pyLICHUsT TBEP AbIX TEJ
BOKpPYI IWJIMHJPUYECKUX TOJOCTEH TMpU OOJBIIUX TUIPOCTATUYECKUX
HanpsokeHusix  [261]  (puc. 5.10). VYcraHoBieHO, 4TO — pa3pyLICHHS
TBEPAOTEIbHBIX T€OJOTUYECKUX CpPEll B OKPECTHOCTHM MYCTOT WU MOJOCTEMN
MMEIOT HEMOHOTOHHBIN M KBA3WUIIEPUOJUYECKUI XapaKTep , KaKk BO BPEMEHH,
TaK U B IIPOCTPAHCTBE.

dopmupoBaHUe MOOOHBIX MEPUOIUYECKUX CTPYKTYP HAOMIOAACTCS U B
npyrux (GU3MYECKUX M XUMHYECKMX cuctemax. Hampumep, aBTOBOJIHBI
benoycoBa-)Kabotunckoro B xumuueckux peakuusx [397, 398], sueliku
bennapa B KOHBEKTMBHOW JUHAMUKE KHUIISIIEH >kuakoc Tu [398], crmoucteie
MIPOMEKYTOUHBIC pacrajiHbie CTPYKTYpBbI B MEePEOXIIAXKICHHBIX
MeTadeckux ctekiax [399] u 1.4, [yig Bcex 3TUX ciaydaeB OOIIUM SIBIISIETCS
CUJIbHOE OTKJIOHEHHE OT paBHOBECHOTO cocTostHust [300].

Pemienrie st 0qHOPOHOM, yIPYTOM M TUAPOCTATUYECKH HATPYKEHH OU
TBEPAOTEIBHON Cpelbl € LWIMHAPUYECKON MOJOCTHIO XOPOIIO HM3BECTHO U

umeet By [300]:

2
G,y =0, (11%} c.=o0, (5.60)
_ R’
oo = F o T e =0 (5.61)
0

TIE Oy, Op, Oz &, Ep & - TVIABHBIE KOMIIOHEHTHI TE€H30Pa HANPSKCHUH M
nedopmalvii B MWIMHAPUYECKON CUCTEME KOOPJUHAT; O - THAPOCTATUUECKOE
HarpsiKeHre Ha OECKOHEUHOCTH; Ly - CIIBUTOBAs )KECTKOCTh CPelibl; R— paauyc
UWIMHAPUIECKOM MOJ0CTH (BBIPAOOTKU); ¥ - paidaibHasi KOMIIOHEHTa panyc -

BEKTOpA TEKYIIEH TOYKH .
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Puc. 5.10 3onanbHOE pa3pylIeHUE TEOJIOTMUECKUX CpeJl Ha OOJbIINX
rIIyOMHaX  BOKPYT  TEXHOJOTHYECKUX  BbIpaboTok, 1  —  dakrop

HEPaBHOBECHOCTH HA HAYAJILHOU CTAIMU, 2 — &y, 3 — &

CYH_[CCTBOBB.HI/IC MMOJIOCTN HApymacT TCPMOJUHAMHNYCCKOC PABHOBCCUC
CpcCabl. Mepoﬁ HCPAaBHOBCCHOCTH MOXCET CIIYKUTb HMHTCHCHUBHOCTD

KacarenpHbIX HanpsokeHuit [401-404]:
n-1e(6. -0 Y+, -0+, 0.} ) 5.62)

Takoli BEIOOp MEpBI HEPABHOBECHOCTH CHCTEMBI YJI00E€H TEM, YTO OHa
paBHa HYJIO B JBYX TNPEICIHbHBIX CIydasX, KOTJa paccMaTpUBaeM bie
BJIEMEHTBI Cpe/ibl HAaXOAATCS B CBOOOJHOM COCTOSIHUM 0,=0,=0,=(, TpH
TIOJTHOM OT/ICJICHUM WX OT CIUIONTHOM Cpe/bl. A Take KOTJa OHU HaXOMSTCS B
TU/IPOCTaTHYECKOM COCTOSHHMU 0,=0,=0,#0 B HEBO3MYILEHHBIX II0JIOCTBIO
obnactsix cpenbl (OECKOHEYHO yAaIEHHBIE YYACTKH).

®dakTOp HEPAaBHOBECHOCTH XapaKTEPH3yeT CKOPOCTh ( MHTEHCUBHOCTBH)
KUHETUKHU pa3pylIeHus TBepAoro teja. OHa TeM BBIIIE, YeM OOJIbIINE CHCTeMa
OTKJIOHEHA OT TUAPOCTATUIECKOTrO COCTOSTHUA. Ha mepBoit craguu penakcanuu

B THUAPOCTATUYCCKHU HaI‘py>KeHH0171 cpeac TMOABJAIOTCA U30JIUPOBAHHLBIC
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MUKPOTPEIIMHBL. DTU CTPYKTYpHbIE Je(PEKThl MEHSIOT (PU3NYECKHE CBOMCTBA

Cpellbl, B TOM YHUCIIe yHpyrue Mojaysid. B mepBoM NpuUOIMKEHUU KUHETHUKY

HAKOIUICHUS] MHUKPOTPEIIUH p,,. M SBOJIOLUIO YOPYIHX MOJYJEH MOXKHO
CUMTATh MPONOPLUUOHATLHON (pakTopy HepaBHOBecHOCTH [401-407]:

Pusec = kp ‘n’,

ho=ho+ [on'de (5.63)

nL=H, +Ikun"dt
0

TA€ p,.c - IWIOTHOCTb MUKDPOTPELIUH; A,, W, YOPyrue nocrosHHsle Jlame B

HAa4yaJIbHOM COCTOSIHMH (B MOMEHT WX J0 IPOBEAEHH BBIPAOOTK W); K, k;, k, —
MaciTabuble KO3(PQPUIMEHTH CKOPOCTH W3MEHEHUs [apaMeTpoB; n —
MOKa3aTellb CTENEHU HEIMHEWHOCTH Mpollecca; ¢ — TeKyIee Bpems.

[Ipu  3HaueHum  n=2  CKOPOCTh  peJaKCalldd  OKa3bIBACTCS
MPOIOPIIMOHATILHOM  3allaCeHHOM B paccMaTpuBaeMON cpejie IUIOTHOCTH
ynpyroi osHepruu. Ilpu n=I/ oHa mpoNOpIMOHATLHA JIEHCTBYIOUIUM
HanpsokeHusiM.  [lokazatenr n  moaOupaeTcss MO JaHHBIM — HATYPHBIX
HaOmoaeHuit. OH MOXET MPUHUMATD JIFOObIE TIOJIOKUTETBHBIC 3HAUCHHUS.

[Moacrasmsist (5.60) B (5.62) momy4yum, 4YTO 10 Hauyajga paspylIeHUI
MPOCTPAHCTBEHHOE  pacmpenesie Hue (pakropa HEPaBHOBECHOCTH  HMMEET
CJEAYIOIINI BUI:

n=2s., (5.64)

r
cM. kpuByro 1 Ha puc. 5.10. HakoruieHne MHUKpOTpeHmIMH B CpeAe Ha 3TOU
CTa/INY MPOTEKAET MOHOTO HHO.

[lo mMepe HakoOmJIEHUS MUKPOTPEIIMH YyNpyrue Moaysu cornacHo (5.60)-
(5.63) u3MEHSIOTCS HEOAMHAKOBO B Pa3HbIX TOUKax cpeabl. [losTtomy, naxe
UCXOJHO OJHOPOJHAas CpeAa B IPOLECCE  SBOMIONUU  CTAHOBHUTCS
HeogHopoaHOM. OnucaHue Takol Cpeapl OCYIIECTBISIETCA CUCTEMOU

ONpEeNIEAIMNX YpaBHEHU HeoaHopoaHbix cpen [401]. Pemenue 3amauu B
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ynpyroit mocraHoBke (5.60), (5.61) npuHuMaeTcss B KayecTBE HAYaJIbHOTO

yCIJIOBUS.
Korma minoTHOCTP MHUKpPOTPEIIMH YBEJIMYUTCS JO  OIPEJCIICHHOTO
3HAUEHHUs, TO PACCTOSIHHME MEXAYy OTIEIbHBIMH  MHUKPOTPEIIUMHAMHU
YMEHBIIIUTCS, YTO MOKET IMPUBECTH K Ppa3pbiBy MEPEMBbIUCK MEXKAY HHUMH.
NuunuupoBanue 3Toro mnporecca NpoucXouT TeM ¢ 0OJIbIIeH BEPOSITHOCTHIO,
YeM BBIII€ IUIOTHOCTh HAKOIUIGHHBIX MHKPOTPEIIMH, W Ye€M BBIIIE CaMHU
NCUCTBYIOIIME HampsbDKeHHWs. B KadecTBE KpuUTepUsl Hayalla CIUSHUS
MHUKPOTPEILIMH MOKHO TPHUHATH YCIOBUE, MPU KOTOPOM KOMOWHAIUS STUX
IByX  (paKTOpOB  JOCTUTaeT  HEKOTOPOTO  KPUTUYECKOTO  3HAYCHUS
(aHAJIOTMYHBINA KPUTEPUM W3 JPYTUX MNPEANOCHUIOK W I JIPYTUX Ielien
paccmatpuBaiics B [408], ctp. 138):
0=mPuc =6, (5.65)
BapuaHToB BeTBIEHUSI TPEIIMH MOXET OBITh JOCTaTOYHO MHOTO. OnuH
W3 HUX, KOTJa TPEHIMHBI HAmNpaBlI€Hbl CTPOTO PAJAUATBLHO K TpaHUIAM
noysioctd. B 3TOM ciywae B cwily 3akinHHMBaroniero 3¢@exra aHOMajIbHO
00JBIIOr0 CMENIeHUs cpeabl OxujaaTh He npuxomautcs. CormacHo (5.62)
MakcuMallbHOe ociabiaeHue (akTopa HEPaBHOBECHOCTH OyJeT B cllydae
TUAPOCTATHYECKOTO cocTosiHus. [loaToMy OyneT peanu3oBaH —ClEHApHid
paspylleHus, KOTOpPbIi MaKCUMaJbHO OBICTPO TPHUBEIET K COCTOSHUIO
onmu3komy ruapocratudeckomy. [Iporiecchl 00pa3oBaHUS MUKPOTPEIIUH TPU
9TOM PE3KO 3aMEISIOTCS W MMH TpPU  HAIMYUKU  MaKpPOCKOMUYECKOTO

paspyleHus Mopoj MOKHO IPeHeOpeYb.

OObeMHas ILIOTHOCTH MMOBCPXHOCTH, 06pa3OBaHHOﬁ npu CIUAHHUHA
MUKPOTPCUINH, 6YZICT nponopunvuoHajibHa HX IMJIOTHOCTM HaAa MOMCHT

pa3pyLICHUS CPEIBL:

ps = a’s : (pMcC )m (5'66)

Ha ydaCTkax ¢ OOJILIIION TUIOTHOCTBIO MUKPOTPCIIUH U 0OIBIINM
YUCJIOM BAPHUAHTOB UX BO3MOKHOI'O COCAMHCHUA CpClla Pa3pymiacTCda Ha Ooiee

Menkue ¢parmentsl. Ha HauanbHOU ctaguu, B cOOTBETCTBUU C (5.60)-(5.64),
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HauOosblIasl  IJIOTHOCTh  MHKPOTpeHmMH  ¢dopMupyercss B o0nacTu

NpUWIETAIONIEH K TpaHUIe TMOJOCTH. B ymaleHHBIX OT TPaHUIBI O0IACTAX
pa3pylleHre cpeapl MPOUCXOAUT Ha Oonee KpymHBIE (parmeHThl. [Iporecc
CIUSTHUSI MUKPOTPEIIMH MPOTEKAET 3HAYMTEILHO OBICTpee, YeM MpOoIecC MX
HakoruieHus. B o6mem cityyae ko3 uiuenT o, OyJeT 3aBUCETh OT XapakTepa
ACUCTBYIOUINX B Cpele YNPYrux HampspkeHwid. s ympomieHus 3mech 3Ta
BEJIMYMHA TIPUHSITA PABHOU MMOCTOSTHH OMY 3HAYEHUIO.

Paspymienune cpempl CyIIECTBEHHO YMEHBIIACT €€ MEXaHWYEeCKUe
XapaKkTepuCTUKU. ODPQPEKTUBHBIE YIPyTrUe MOAYIU sl OBICTpOi cTaauu
paspylieHus (JJaBUHOOOPAa3HOTO BETBJICHUs) TPU OSTOM IO AHAIOTUU C
MEMJICHHOW  cTajued  HakomieHuss — MukpoTrpeumH  (5.63)  Oynyr
MPOMOPLHOHATIBHBl TUIOTHOCTH MHUKPOIIOpP, OOpa30BaBIIMXCS K MOMEHTY

Hauaya pa3pylieHus:

At
A=A, + J'kid) Phrcdt;
0

At
w=p, + [k pledt. (5.67)
0

rae A, f; — 2(QeKTUBHbIE YNpPYrue MOIYJIM Cpelbl K MOMEHTY Havaja
JaBUHOOOPa3HOTO pa3pylieHus; Af — BpeMs JJaBUHOOOPA3HOT'O pa3pylLIeHUs;

KD kY _ yacmTabHblE K
Lk 0> (PUIUEHTH CKOPOCTH M3MEHEHHs YIPYTHX

MOHy.Heﬁ; n,, n, — IIOKa3aTCIn CTCICHU HEJIUHEHHOCTH JIaBI/IH006pa3HOFO
paspylLIEHHUs CPEIbl; ¢ — TEKYILEE BPEMs.

JIaBMHOOOpa3HOE pa3pyLIEHUs CPEabl IPEKPAILAETCs, KOIa MaKCUMYM
00BEMHOM IIJIOTHOCTH MOBCPXHOCTU TPCIOUH JOCTUTACT OIPCIACICHHOT'O
3HA4YCHMUA:

max(p, )>p'™ (5.68)

HPOHI/IKHOBeHI/Ie MHUKPOTPCIIUH B F.HY6I/IHy MacCCHuBa IMPCKPAIIACTCA,

Koraa 00beMHAas TIOTHOCTh MOBCPXHOCTU CTAHOBUTHLCA MeHBmeﬁ, 4€M 3TO

HE00X0IMMO J1 00pa30BaHUsI XOTS ObI OJTHON MaKpOTPEITUHBI:
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[IpuBeieHHBIX BBILLIE COOTHOIICHUH JOCTAaTOYHO sl (POPMYJIUPOBKH
3aMKHYTOM MaTeMaTH4eCKON MOJIENN Mpolecca pa3pylLIeHHs cpeibl B 001acTu
MCKYCCTBEHHOM ITIOJIOCTH B THJPOCTAaTUYECKM HArpy>KeHHOU cpene. Mojenb
MO3BOJISIET OCYIIECTBUTh KOMIIBIOTEPHBIA OSKCHEPUMEHT MPHU Pa3IUYHBIX
MCXOJHBIX JaHHBIX. PaccMOTpUM pe3ynbTaTsl UNCIEHHOTO SKCIIEPUMEHTA MpU
CIEAYIOIINX 3HAYEHUSAX NapaMeTpoB Mojaenu: R=2 wm; o0,=10 ['lla; n=2;
k,=1/la*v’cex; Jy=15.8 I'Mla; 1y, pu=12.1 I'Mla; k;=0; k,~1.6-10" 1/lac;
0,=10"" Tla/m’; «=0.01 ™% k@ =k"= =5310" Bm; n'=n=n,=I,

lim

pg" =0.9-10"1/m; pi™ =3.10"1/m. CornacHo TMepBOr0 KHHETHYECKOTO

ypaBHeHHsT (5.63) cTanMOHApHOW TOYKOM CHCTEMBI OYIET JOCTHXKE HHE
HYJIEBBIX 3HaYCHHUH (pakTopa HEPaBHOBECHOCTH, UTO MOKHO C(HOPMYJIMPOBATb,
KaK HEKOTOPbIM MPUHIMI TuapocTaTu3aiui. OCHOBHBIE U3MEHEHUS YIPYIHX
CBOMCTB Cpelbl B OKPECTHOCTH IIOJIOCTH NPOSBISIOTCS B CYIIECTBEHHOM
YMEHBIIEHUH HMX CABUTOBOro moayis. Ilpu sTom u3MeHeHHEM 00 BEMHOTO
yOpyroro Moayist MOXHO mnpeHeOpeub (k;=(0). PacyeThl BBINOIHEHBI
NPUMEHUTEIBHO K IIWIMHAPUYECKOW TMOJOCTH KPYIJIOro IONEpeYyHOro
CEUEHUsI, YTO TMO3BOJISIET MHTEPHPETHUPOBATh PE3YIbTAThl MPUMEHUTEIBHO K
peabHBIM TEXHOJIOTMYECKUM OOBEKTaM .

Ha puc. 5.11a Ha MOMEHT 00pa30BaHus MOJIOCTH B HANIPSKEHHOW cpejie
IIOKA3aHO NPOCTPAHCTBEHHOE paclpeiesieHue: 1 — yIriIOBBIX HAPIKECHUN 0,; 2
— paauaibHBIX HANpPsDKEHUH 0,5 3 — TEKYIIMX 3HAaYeHUHd NpOU3BEICHUS
(akTOpa HEPaBHOBECHOCTU # HAa IUIOTHOCTh MHUKPOTPELIUH pprc COTIACHO
(5.65); 4 - caBuroBoro Moy u. M3 Hero BUAHO, YTO YIJIOBBIE U paidaibHbIE
HanpskeHus (KpuBble | U 2) B 3TOT MOMEHT COBIAJAOT C PEILICHUEM 33/1a4H B
ynpyroit mnocraHoBke (5.60), B cpene OTCYTCTBYIOT MHKPOTPEUIMHBI U
C/IBUT'OBBIA MOJyJIb UIMEET IMOCTOSIHHOE 3HaY€HHE (COOTBETCTBEHHO MIpsAMBIE 3

u4).
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Puc. 5.11 PacnpeneneHue OCHOBHBIX IapaMETPOB 3aJaud HAa Pa3HbIX CTAIUSIX
KOMIIBIOTEPHOTO ~ JKCIEPUMEHTAa:  HadyalbHOE  pacmpeneneHue (),
HEMOCPEACTBEHHO Iepell oOpa3oBaHMEM IiepBOM 30HBI (0), cpa3y mocie
oOpa3oBaHus nepBoi 30HHI (B), Ha 1700 CyTKM KOMITBIOTEPHOT'O IKC MIEPUMEHTA

(r);1-042-0,3-0,4-u I'papuk 00beMHOTO MOIYNsA A aHAJIOTHYEH

rpaduky u.

Uepes 14 cyrok (puc. 5.116) He U3MEHWINCH pacHpeeICHUsS
C/IBUTOBOTO MOJYJISI, YIJIOBBIX M paJHalibHBIX HampsikeHuil. Bmecre ¢ Tem 3a
3TOT MEPHUOJ BPEMEHHU B OKPY>KaIOILEH Cpe/ie HaKaIuIMBaJIUCh MUKPOTPEIUHBI
(xpuBas 3). 3nauenue 6=n-py.c Ha CBOOOAHON MOBEPXHOCTU MPHUOIUZUIOCH K
kputnueckomy. Ilporecc HakomieHUsT MHUKPOTPEUIMH PaclpOCTPaHUIIC
BIIyOb cpensl mpumepHo Ha 2 m. Ha 15 cymku (puc. 5.11B) mocne
JOCTH)KEHUSI KPUTHYECKOTO 3HAueHusi € MpOM30IUI0 MaKpOCKOIHUYECKOE

paspymienne nopona. Ilpm 3TOM CABUroBBIE MOAyNb BOJM3M KOHTYypa
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BBIpAa0OTKH CYLIECTBEHHO YyMEHbIIWICS (KpuBas 4). OTO TMOBIEKIO U

YMEHbIIEHHE a0COIIOTHOTO 3HAYEHHSI YTII0BOIr0 HanpskeHus (kpuBas 1).

Cpa3zy ke 1mocie MaKpOCKOIMYECKOTO Pa3pyLICHUsT CPelbl B yAaJICHHbBIX
OT pa3pylLICHHbIX YYaCTKOB HAUYMHACTCS HOBBIM MpoOLECC HAKOIUICHUS
MUKpOTpeIinH. B 3Toil 00nactu OH B CHIy MEHbIIEH Pa3sHOCTH KOMIIOHEHT
HanpsOKEHUH M MEHbILIEro 3HayeHusl (¢akTtopa HepaBHOBECHOCTH (5.62)
MPOTEKAaeT HaMHOTO MEJUICHHEE, YEM B IEPBOM CIyyae HEMOCPEACTBEHHO Yy
cB0oOOHOM noBepxHOcTU. Criyets 1700 cymok (puc. 5.111) napamerp 6 cHOBa
npuOIMKaeTcsl K KPUTUYECKOMY 3HaueHuio (kpuBas 3). 3a rpaHuuen
paszieNieHusl CABUTOBBIM MOJyJIb 3aMETHO YMEHbIlaercs (kpuas 4), 4ro,
00yCJIOBJIEHO HE MaKpOCKOMMYECKUM Pa3pyIIEHUEM I OPOJ, a 3aBUCUMOCTBIO
CABUTOBOTO MOMYJS OT IUIOTHOCTH MukpotpemuH (5.63). CymmapHoe
YMEHBIIECHUE CABUTOBOIO MOJYJI Ha CTaJUsIX MAaKpo - U MUKpPOpa3pyLICHUS
(cm. puc.5.11B u 5.11r) okazanoch npuMepHO OAMHAKOBBIM. Ha mpensiyrieit
CTaauu MuUKpopaspyueHus (cMm. puc. 5.110) B cuily Majnoro npomexyTka
BpeMeHH (/5 cymok) Takoro yMEHbBLIEHUS CABHIOBOTO IapamMeTpa He
HaOmoaerca. BTopoil MK JaBUHOOOPA3HOrO pPYILIEHHUS Cpeabl, KOraa
BBITIOJIHUIIOCH ycIioBuUE (5.65), mpousomien Ha /770 cymxu.

Takum 00pa3oM, H3I0KEHHbIE W3 NPEJCTABICHUN HEPaBHOBECH O
KUHETUKH (U3NYECKUE OCHOBBI MEXaHU3Ma IIOJIHEE OTPaKalOT pEabHYIO
KapTUHY 30HAJIBHOTO Pa3pyIICHUsT TBEPABIX TET BOKPYT UUIUHAPUYECKOMN
MOJIOCTU. DTOT MEXaHU3M PACKPBIBAET 3BOJIIOLHIO Pa3pyLICHHs OKPYKAIOIIUX
MopoJl, HauuHash OT MOMEHTa MPOBEACHUA BHIPAOOTKM U 3aKaHUMBas
(dhopMHpOBaHUEM Pa3BUTON 30HATBHOW CTPYKTYpHL [Ipu MpUHATHIX B pacyere
napaMeTpax MOJIEIM U BpPEMEHU 4YHciIeHHOro skcrnepumenta (1770 cytok)
0Ka3aJIOCh BO3MOKHBIM ()OPMHUPOBAHUE TOJIBKO JIBYX MOCJIENOBATEIbHBIX 30H
pa3pylieHuin nopoa BO BMmemaromed tomme. C  TOYKM  3peHus
TEPMOAMHAMUKY MPU OECKOHEYHOM BpPEMEHM HaONIOACHUN cHcTeMa MepeneT

B IJI00aIbHOE PaBHOBECHOC COCTOSSHUC, YCMY 6YI[CT COOTBCTCTBOBATH ITOJIHOC
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«BaTAruBaHHUC)  IIOJIOCTH BBIpa6OTKI/I U YCTAHOBJICHUC  OJHOPOJHOTO

pacrpeesieHus: CBOMCTB.

5.6. Kpamxue 66160001

1. B pamkax HOBOW CHUCTEMbl KWHETHYECKHUX YpPaBHEHHUM OINKCaHBI
aBTOKoJeOaTellbHble  MEpexoJpl B aMOp(QHBIX  CIUIaBaX  MEXAY
HAaHOKPUCTAJUIMYECKUM M aMOp(HBIM cocTossHueM. McXxons M3 KIacTepHBIX
MPEJCTABICHUH, OCYILECTBICHA OIEHKa KO3(PPHUIMEHTOB Teopuu. BakHbIM
cBoiictBoM  amoppuoro crmuaBa  Ni-Co-Fe-Si-B,  oTBewalomuMm  3a
aBTOKOJIeOaTeIbHOE MOBEJACHHE, SABISIOTCS CMEHA XapakTepa YIPOYHEHHUs U
pa3ynpoyHEeHUs] B Pa3HbIX  CTPYKTYPHBIX  COCTOSIHMSX,  KOTOpas
IpeAonpeaesseT IBOIIOLMIO YIPABIAIOLIETO TapaMeTpa.

2. Ha o0a3e o000OIIEHHON CHUCTEMbl KHHETHUYECKHX YpaBHEHHUU
MpeUIoKEeHa HOBas TEPMOJMHAMHUYECKAsT MOJETb CMa3KH, B KOTOPOH YUYTEHO
OoybIIOE KOJIMYECTBO (DAaKTOPOB TaKUX, Kak Je(deKTHOCTb B ¢opMme
N30BITOYHOTO CBOOOAHOTO 00BEMA, TEMJIOTa PABHOBECHOH M HEPABHOBECHOM
MOJICUCTEMBI, TETUIOOOMEH C BHELIIHUMHM TEJIaMHU, BKJIaJ BA3KOTo TpeHus. [Ipu
3TOM MOKa3aHOo, YTo:

® [pU YBEJIUYEHUU CKOPOCTH YacTOTa NMUKOB Stick-slip yBelnYMBaeTcs,
3aTe€M CHOBA YMEHBIIAETCS 3a CUET MOSABJICHUS JJIMHHBIX KUHETUYECKUX

YYaCTKOB, a MpPH TPEBBILIEHUM HEKOTOPOTO KPUTHYECKOTO 3HAYEHUS

cKkopoct V>V, cucreMa IEpeXoAUT K TIAAKOMY CKOJIbXKCHHIO.

OnucaHHOe MOBEJEHHE XOPOIIO COIJIACYETCS C AKCIEPUMEHTATbHBIMU

pe3yJbTaTaMu;

® IpU MaJbIX TEMIIEpPATypax MOBEPXHOCTEH TpeHusi vactorta stick-slip

NEPEX0JI0B BEINKA, U KHHETUYECKUN YYaCTOK HE IMPOCIECKUBACTCS, TO

€cTh, CMa3Ka IIOCJ€ IUIaBIEHUs Cpa3y HaduHaeT 3areepuaeBarb. C

YBEJIMYCHUEM TeMIepaTypbl 3a CUYeT TMOSBICHUA KHUHETHYECKOTO

yyacTKa 4YacTOTa IHUKOB CTAHOBUTCS MEHbIIE, KaK W HUX BBICOTA.

VYMEHbBIIICHHUE BBICOTHI IHUKOB roBOpUT 00 YMCHBIICHUU CTaTUYCCKOU
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CUJIbl  TPCHUS. C CIIc OOJIBIINM YBCIIMYCHUECM  TCMIICPATYPhI

KUHETUYECKUM yYaCTOK MPH T[IOCTOSSHHOM  3HAQYEHUM YIPYTroro

HaMpsKEHUs] CTAaHOBUTCS OoJjiee BbIpakeHHbIM. OjHaKo 3a cuer

JTUCCUMAINU U30BITOUHBIA O0BEM YMEHBINAETCS, U CMa3Kka BCE JKe

3aTBEpJICBACT, U pexuM stick-slip peanmuzyercs. [lpu Ttemmneparype T,;

KUHETUYECKUM yYaCTOK CTAaHOBUTCSA ONPEICISAIOIMIMM, M CMa3Ka

OOJIBIIYI0 YacTh BPEMEHU MPEObIBAECT B KUIAKOMOJIOOHOM COCTOSIHHH.

[Tpwu emie GoJiee BHICOKMX TeMIlepaTypax cMa3Ka MOJIHOCTHIO TIaBUTCS;

® BHCIIIHEE JIABJICHUE TAKXKE BJIMSICT HA CUCTEMY KPUTHUECKUM O0pa3oM.

[Ipu 3HaueHHM TemIepaTypbl HUKE KPUTHUYECKOTO, KOTAA PEanu3yeTcs

pexxuM stick-slip, ¢ pocToOM Harpy3Kku cuiia TPEHUS! YBEIUYMBACTCA, TaK

KaK PacTyT aMIUIUTya Stick-slip mepexoioB, a TaAKKe 3HAYEHUs G, IIPU

KOTOPBIX JaHHBIE MEPEXOIbI OCYLIECTBIISIOTCS .

3. IlocTpoeHbl TUCTEPE3UCHBIE KPUBBIE Y-€ TIEPEX0/Ia B CIIABAX XKeEje3a
IIPY BO3pAaCTaHUU U CHUKEHUM JABJICHUS B 3aBUCHMOCTH OT CPEIHEr0 pa3sMepa
3epeH. [lokasano, uTo:

® C YBEIMYCHUEM IUIOTHOCTH TPAHUIl 3€PEH, TUCTEPE3UCHBIC KPUBBIC
CTaHOBSATCS LIUPE;
® [pU ONPEACIICHHBIX YCJIOBHUSX HUCIHAJAIONIAsl BETBb TMCTEPE3UCHOM

KpUBOM MOET YHUTH B 0OJacTh OTpPULIATEIBHBIX JABJICHUW, YTO

MIPUBOJUT K CTaOMIM3aIUKU & a3bl BHICOKOTO JIaBJICHUSI.

4. IlpennoxkeHa ABYXypOBHEBAsT MOJIEIb Pa3pyLICHUs KBa3UXPYIKHX
TBEPABIX TEJ IO MEXaHW3MY HAaKOIUICHUS MUKPOTPEIIUMH IMOJ ACHCTBUEM
OOJBIINX HAMPSKEHUH W MX TMOCJEAYIONIEro ciausHus. Mojenb npuMeHeHa
JUIs onucaHus (POPMUPOBAHMS 30HAIBHBIX CTPYKTYpP pa3pylIeHUs TBEPAbIX
TeT  BOKPYr LWJIMHIPUYECKUX  TIOJOCTEH B YCJIOBHSX  OOJBIIMX
TUAPOCTATUYECKUX JABJICHUM, a TakkKe Ui OOBSICHEHUS paziiuyuil B
XapakTepe yCTOMYMBOCTH IMOJIOCTEM B TBEPAOM TEJIE€ NMPU HU3KUX U BBICOKUX

THAPOCTATUYCCKUX JTABJICHUAX.
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OBUIME BbIBOJbI

B pesynbrare npoBeneHHBIX aBTOPOM HCCIIEIOBaHUIN M3yYeHa KUHETUKA
CTPYKTYPHBIX JI€(DEKTOB B YCJIOBHSIX WHTEHCHUBHOTO BHEITHETO BO3JICHCTBUA,
pa3BUT psAJl YNPOILIEHHBIX MOJENEH U NPEJIOKEH HOBbI NOOX00 K U3YUECHHIO
npoOiembl.  Mcnonp3oBaHWe MOJEKYJSIPHOM JMHAMUKA UM TPUHIIUIIOB
HEPAaBHOBECHOM  TEPMOJMHAMHUKMA  TMO3BOJIWJIO  YIIyOUTH  MOJIENbHbBIC
MPE/ICTABIICHUsI O TIPolleccax CTPYKTYpPHOM TEPECTPONKH U pa3pylICHUS
TBepAbIx Tel. Ha Ga3e ympoIeHHOW MOJIeNW HHU3IIETO YPOBHS YIIIyOJICHBI
MIPE/ICTABIICHUSI O POJIM TEIUIOBBIX (IYKTyalluii B CTPYKTYPHOU MEpEeCcTpOrKe
TBEPJIbIX TEJL.

UucneHHoe MOJIeTMpPOBAaHUE HA HEJTMHEHHBIX IENoYKaxX MOKa3ajo, 4To
WHTEHCUBHBIE (UIYKTyallud HE TOJBKO MOTYT KpPaTKOBPEMEHHO BO3HHMKATh
BCIIEJICTBUE CITy4YatHOTO coueTaHus (a3 OTAeTbHBIX TEIJIOBBIX KOJCOaHUM, HO
MOTYT 00pa30BBIBaTh JOJTOXKUBYIIUE COJMTOHOMOO00HBIE BO30Y)aeHus. Mx
JIENUCTBUE TIO TPOU3BOJCTBY CTPYKTYPHBIX IMEPECTPOEK MOXKET ObITh Oosee
3¢ PEeKTUBHBIM, KaK 3a c4eT 0o0Jiee BBICOKOM SHEPTUM, TaK 3a cueT OoJbliien
JUINTEILHOCTH ~ Bo3jelicTBUs. Ha 0a3ze MUHUMAIMCTHYECKOW MO JENH
CJIEITyIOIIETO YPOBHS pa3BUTa MOJEIb MaKPOCKOMUYECKUX YaCTHIl, KOTOpas
MpUMEHEHA JUIsl OMHUCAHUS COYJAapeHUsl TBEPIBIX TEJ W BO3HUKAIOUIUX TPU
STOM BOJIHOBBIX MTPOIIECCOB.

Pa3BuThl  Mojenu,  ONHCHIBAIOIIME  KWHETUKY  HWHTEHCHUBHOM
macTuueckon naedopmanuu, siBiaeHust Stick-slip B CBEPXTOHKUX CMa3Kax,
aBTOKOJIeOATENIbHBIE TIEPEXO0Abl MEXKIY aMOP(PHBIM U HAHOKPUCTALTUYECKUM
COCTOSIHMEM B aMOP(HBIX CIlJIaBaX, TUCTEPE3UCHBIC SIBJICHUS B Y -€ TIEPEX0aX,
KMHETUKY pa3pylIeHUs] KBa3UXPYMNKUX MarepuayioB H  (popMuUpoBaHUS
30HAIBHBIX CTPYKTYp Ppa3pylIeHUs TBEPIBIX TEJ BOKPYT HWIUHIPUYECKUX
MOJIOCTEN B YCIOBUSAX OOJIBIIIOTO THAPOCTATUUECKOTO CKATHS.

Kpowme Toro,
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1. B HenuHEHHBIX AKYCTUYCCKUX MCTIOYKaX C PCATUCTUICCKUMHU

MOTEHIMAJIAMU B3aMMOJICHCTBHSI MEXK/ly YaCTULIAMHU yKE TI0CIE TepMaIU3alnun
CHIOHTAaHHO BO3HUKAIOT JOJTOXKHUBYIIUE COJIMTOHOIO JOOHBIE (IIyKTyaluu.
Takue ¢uykTyalyy nepBOHaYaIbHO COOMPAIOT SHEPTUIO (POHOBBIX KOJIEOaHMI
B IIPOLIECCE POCTA, a 3aT€M BO3BpAIAIOT €€ HaszaJ B Ipouecce pacnana. B
LEMOYKE BCErJAa NPUCYTCTBYET  ONPEACIICHHOE  KOJMYECTBO  TAKUX
(GiryKTyanuii, 1075 KOTOPBIX PacTeT ¢ YBEJIMYECHUEM TeMIIepaTypbl, IPUBOAS K
0c000il COJIMTOHHOM OpraHu3alMy TEIJIOBOIO MOJs. YBEIMYEHHUE JI0JU
BBICOKORHEPIeTUYECKUX JOITOKUBYIIUX BO30YKICHUM OyJeT NPUBOIUTH K
YCKOPEHUIO TpoIecca CTPYKTYPHOU MEPECTPOUKHU TBEPABIX TEN, K CHUKECHHUIO
npenena ux JUIMTEIbHON IPOYHOCTH.

2. Meromgamu MosekyJisipHOM auHamukun Ha 2D wm 3D pemerkax
MIOKa3aHO, YTO B IPOLECCE MHTEHCHBHOIO BHEIIHETO BO3JCHUCTBUS 3a CUET
JUHAMUYECKUX MEPEXOJHBIX MPOLECCOB NPHU TEHEPALMM JUCIOKAIMM B
TEIJIOBOM JBUKEHUU MOTYT OBIThH BBIJICJICHBI paBHOBECHAs
(BBICOKOYACTOTHAs1) M HEpPaBHOBE CHasl (HM3KOUYACTOTHAs!) COCTABJISIOIIKE.
Ilyrem ocpenHeHMs] KWHETUYECKOM DJHEPrUMU BBIJCICHHBIX KOMIIOHEHTOB
OIpE/ICJICHa PAaBHOBECHAs M HEPABHOBECHASI TEMIIEpaTypa WM TEMIIEparypa
PaBHOBECHOM W HEPAaBHOBECHOM IMOACUCTEM. MeXaHU3M perakcauuu
HEPaBHOBECHOW TOJCUCTEMBI CBSI3aH C  3aTyXaHUEM HHU3KOYACTOTHOU
KOMIIOHEHTBI ~ TEIUIOBOTO  JABWXKEHUS B PE3yJbTAaT€  HEJIMHEHHOTO
B3aMMOJEHCTBHSI C BHICOKOYACTOTHBIMU KOJICOAHUSIMU .

3. Merogamu MOJEKYJIIPHON JUHAMUKH ITOKa3aHO, YTO MPHU Pa3IUYHBIX
croco0ax HarpyKeHHs METaJUTMYEeCKUX KPUCTAJUIUTOB B OJHOM U TOM K€
o0pasie BO3MOXHO MPUCYTCTBHUE OAHOBPEMEHHO IUCIOKAIMM C IIMPOKUM U
Y3KUM JUCIOKALIMOHHBIM SIAPOM, OONAJaIONIMX Pa3IUYHON IMOJBUIKHOCTBIO.
CMmeHa  COCTOAHMM — sAIep  JOUCIOKAMM B MPOLECCE  HArpyKEHUs
IIPEIONPEACTACT HempuUeUaIbHy0 JUHAMUKY AUCIOKALUN, B Pe3ylbTaTe 4ero
OHU OOHApPYXUBAIOT 3JEMEHTHI CJIOKHOTO MOBEACHHUS, KOTOPOE IMPOSBISAETCS
yepe3 oOpaTHble CBA3M. Kak OAMH M3 BAapHMAHTOB, BBICOKAs YCTOWYHMBOCTH

HCPABHOBCCHBIX T'PaHUIL] HAHO3CPCH MOIKCT OBITH OOBACHEHA HAJIWYHEM B HX
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0oJiee HU3KOM MOIBUKHOCTBIO.

4. Ilpu pacTsiKEHUM CHUCTEMBI, COCTOSILIENH U3 MEPUOJAUYECKH
COUJIEHEHHBIX HAaHOKPUCTAJJTUTOB C B3alMHO OpPTOTOHAJILHO
OPUEHTUPOBAHHBIMU OCSIMH CUMMETPUHU, MOXKET (POPMHUPOBATHCS CTPYKTypa
Onmu3Kasi MICATbHOM CTPYKTYpe KpPUCTAUIMUECKUX YCOB. ApPMHUPOBAH He
TaKUMHU 3JIEMEHTAaMU MOXET OBbITh OJHUM U3 BO3MOMKHBIX MEXaHU3MOB
YIPOUYHEHUS] pEAIbHBIX TBEPIbIX TeN (HAHOMPOBOJOK M HAHOIPOBOJIOYHBIX
KOMIIO3UTOB).

5. IlpeanoxeH HOBBIA METOJ MAaKpPOCKOIMMYECKHUX YaCTUIl U Ha €ro
OCHOBE U3YyYEHO BIMSHHE CTPYKTYPHBIX oOCJa0JleHHid Ha BO30YXICHU €
yIpYTuX BOJIH MPHU COyJapeHUU TBEpPAbIX Tel. V3MeHss ypoBeHb ocnabiaeHHs
CBs3ell Ha TpaHULE KOHTAKTa MEX]Iy COYAApSIOMIMMHCS TelaMH, MOKHO
peryimpoBaTh YaCTOTHBIM JHana3oH BO30ykJIaeMbIX BOJH. [Ipemioxen oauH
UX MEXaHU3MOB (POPMUPOBAHUS MHOTO(A3HBIX OCHMUIMPYIOIIUX CUTHAJIOB 3a
CUET PE30HAHCHOM KoyeOaTeNbHOW CUCTEMBbl, OOpa30BaHHON CBOOOIHOM
MOBEPXHOCTHIO ¥ TPAHULIAMHU OCTa0JIE€HHOTO0 KOHTAKTa BHYTPH CPEJIbL.

6. C npuBII€YCHUEM 3JIEMEHTOB CTaTHUCTUYECKON (PU3UKU Ui MOJENU
TBEP/OTO Tejla ¢ BAKAHCUSMU NOJIy4eHa 1 000CHOBaHA CUCTEMa KUHETH YECKUX
YpaBHEHUIl B TepMUHAX TEPMOAMHAMHUYECKUX IOTCHLIMATIOB BHYTPEHHEH U
MO (ULIIMPOBAHHON CBOOOJHOW SHEPrUM, KoTopas 00o0OIIeHa Ha TBEp.bIC
TeNa U C JPYTMMHU TUIaMH J1€(hEKTOB.

7. B pamkax [ABYXypOBHEBOTO OJHOMOJIOBOTO NPUONMKEHUS TpHU
MOJIEIMPOBAHUU MPOLIECCOB, MPOTE KAIOIIKX NP UHTEHCUBHOM IMJIaCTUYECKOU
neopmaliiu, UCCieJOBaHa B3aMMHAsl KHHETHKA TPaHMIL 3epEH U JTUCIOKAIHA.
B aguaGatudeckoM mpuONIMIKEHUM TMOJy4Y€HA MEPEHOPMHUPOBKA MOCTOSHHBIX
TEOpUU U1 OJHOYPOBHEBOM Mojenu. B 1ByXMOJOBOM JIByXypOBHEBOM
npuOIMKEHUN (PparMeHTalusi METaUIOB OINUCaHa, KaK CTPYKTYpHO-(ha30BbIii
MEepexo]] MEXIy JABYMS YCTOWYMBBIMU CTAlMOHAPHBIMU  COCTOSTHUSIMU

(momamu). [lomydeHa KpuBasi yOpOYHEHHs, Ha KOTOPOM OTOOpPa3mIMCh BCE
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KBaJIpATUYHBIN 3aKOH YIIPOUHEHH 5.

8. B BYXMOJOBOM NpUONMKEHUM H3y4eHBbl aBTOKOJEOATEIbHbIE
MEPEXO0/Ibl, KOTOPbIE MOTYT ObITh IMPUMEHEHbI Ui ONMUCAHHS CTPYKTYPHO -
(a3oBbIX nepexoqoB B amop(HbIx criaBax. s amopgnoro craBa Ni-Co-
Fe-Si-B ocyiiecTBiieHa orieHKa K03 GUIIUEHTOB TEOPUH.

9. IlpemioxkeHa IBYXypOBHEBash KHMHETUYECKash MOJETb pa3pyLICHHS
TBEpPAbIX TeJ, KOTopas MpUMEHEHa /Ui ONHMCAHUS SBJICHUS 30HAIbHON
nesuHterpauuu. [Ipu HeOONBIIMX MEXaHWYECKUX BO3ACUCTBUSAX B CHCTEME
peau3yercss paBHOBECHOE COCTOSHHE, YTO MNPEeAONpeaeisieT JAIUTEIbHYIO
YCTOMYMBOCTH TBEPAOIO Tena K paspyuieHuto. [Ipu OosbmImX HanpsKeHUsX
PaBHOBECHOE COCTOSIHUE HCYE3aeT, U CHCTEMa IMEPEXOJUT B HEPaBHOBECHBIN
pexxuM. Penmakcanusi B 3TOM pPEXHUME COIPOBOXKIACTCS HEOTPAaHUYEHHBIM
pPOCTOM U CIIMSIHUEM MHKPOTPEUIMH, W 3aBEPILAETCS MAaKpPOCKOIMUYECKUM

pa3pylIeHreM TBEpAOTO TeJa.
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