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IIpeonosicena mepmoounamuieckas Mooeib UHMEHCUBHO20 8030eUCmBUs HA 8eulecimso.
Mooenv basupyemcst Ha MEPMOOUHAMULECKOM MOACOeCmEe, KOmopoe ciedyem u3 nep-
6020 3aAKOHA MEPMOOUHAMUKY U 3AKOHA NPeodPA306AHUSL IHEPSUU NO PA3IUYHBIM KAHA-
nam ouccunayuu. s CMAyUuOHAPHO2O COCMOSHUSL NOCMPOEHA 3AMKHYmMAs Cucmemd
MePMOOUHAMUYECKUX NOMEHYUATI08, MeNCOY KOMOPBIMU BLINOHAIOMCS Me HCe COOMHO-
wienusl, 4mo u Ol Pa6HOBECHBIX COCMOSAHULL 8 Kiaccuieckou mepmoounamure. O0vscHe-
Hbl BPUYUHBL YMEHbULEHUS] 6HYMPEHHEN SHEP2UU 8 NPOYECcCe IHEPeMUYECKOU «HAKAUKUY
Mamepuana.

BBenenne

CunbpHOE BO3/EICTBHE HA BEIIECTBO MOJPa3yMEBAET TaKOE BO3JEHCTBUE, MPU
KOTOPOM CYILIECTBEHHBI HEMHEHHbIE APPEKTH U MPOTEKAI0T HEOOpaTHUMBbIE MPO-
LIECChl — IEpPECTPOiiKa BHYTPEHHEH CTPYKTYpbl, aKTUBALUA M POCT AEPEKTHOU
CTPYKTYpbI, pa3pyllieHHe Mmarepuaia u T.a1. Haubornee TUNUYHBIM HpHUMEpPOM
CHJIFHOTO BO3JICHCTBHSI Ha BEUIECTBO MOXET CIYXKHUTh 00pabOTKa METaJUIOB Me-
TOJlaMU MHTEHCUBHOM mnactuuecko nedopmanuu (MITJ]) [1]. B npomecce UITJ]
aKTUBUPYETCS BCS MepapxuuecKasl Lenoyka Je(eKTHON CTPYKTYpbl — TOUEUHBIE
neQeKTbl, OTJCNIbHbIE NUCIOKAIMH, CKOIJICHHS AWCIOKAIUM, JHUCIOKAIMOHHBIC
CTEHKH, OOOpBaHHbIE TI'DAaHUIIbl, BBICOKOYIJIOBBIE T'PAHMIIBI 3€PEH, MHUKPOIOPHI,
MUKPOTPEIIHHBI U T.I. BTOPBIM TUIIMYHBIM IPUMEPOM CHUIJIBHOTO BO3/IECHCTBUS HA
BEILECTBO SIBJISAETCS Pa3pyllICHUE KBa3UXPYIKUX MaTE€pPUaJIOB IO BIMSIHUEM CTa-
TUYECKHUX Harpys3okK [2].

OcHoBHOW (TIEPBBI) 3aKOH TEPMOAMHAMUKH ((aKTHUECKH STO 3aKOH COXpa-
HEHMS SHEPIUN) MOXKHO 3amucaTh B (hopme:
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du = 6a+8qey =008, +T3s", (1)

rne u, 0d, Ofext — IVIOTHOCTH COOTBETCTBEHHO BHYTPEHHEH SHEpruu, paboThl
BHEIIHUX CHJI M TEIUIOTHI, TIOCTYIUBIICH OT BHEIIHUX MUCTOYHUKOB; Gjj, €;; — TE€H-
30pBl COOTBETCTBEHHO HAmpspkeHuit u aedopmanuii; 7, s' — COOTBETCTBEHHO
TEMIIEPATYypa U SHTPONUS TOJIBKO OT BHEIIHUX MUCTOYHUKOB. B ciyyae paBHOBec-
HBIX IIPOLIECCOB INPUPAIICHUS, CTOAIIME B IIPABBIX YacCTAX, SBIIIOTCSA IOJHBIMH

nuddepenuuanamu Se; = de;;, 0s'=0ds=ds, rae s — IWIOTHOCTh TOJHOM SHTPO-

IIHUH.

1. TepmoauHaMu4ecKHe TOXKAECTBA

PaboTy HEOOpaTHMBIX CHII BCETJ]a MOKHO MPEJICTABUTH KaK CYMMY OOpaTUMOi
(unu yrpyroii) 1 HEOOpaTUMOM YacTeid:

_ e n
Gl-jSSij = Gideij + Gl~j68ij . (2)

31ech y4TEHO, 4TO MpHpalleHue YIpyroi 4actu TeH3opa AegopMmanuil sSBisercs
noyiHbIM auddepennmaiom. B cuimy 3akoHa coxpaHEHUs dHEpruu HeoOpaTumas
4acTh pabOTHI 32 CUET BHYTPEHHUX MPOLIECCOB MPEBpAIIAeTCs B Ipyrue Gopmel —
SHEPTHIO (TETUIOTY) BHYTPEHHETO Pa30TrpeBa U SHEPTHIO ASPEKTOB

;0 =T8s"+odh, (3)

Trac s" - OHTPOIIHUA OT BHYTPCHHUX HUCTOYHUKOB; @, i — COOTBETCTBEHHO cpea-

HSSl DHEpPrus M IUIOTHOCTh JedekToB. ComocTaBiisis ciaraemble, Hapamerp ¢
MOKHO Ha3BaTh CTaTUYECKOW TeMIEpaTypoil, a # — CTaTUYECKOW SHTPONHEH, B
OTIIMYME OT OOBIYHOM (AMHAMUYECKOI) TeMIepaTypbl U SHTPOIIMHU, CBSA3aHHOU C
aTOMapHBIM JIBH)KEHUEM.

[Moxacrasnss (3) u (2) B (1), momyyaem TOXKAECTBO

du = c;;dej; + Tds +odh . 4)

2. HepaBHoBecHasi M CTAIIMOHAPHAS TEPMOJAMHAMMKA

CootHouienue (4) cnpaBeIMBO, €ClId MPOIECChl HAKaUKKU U peaKkcaliy pas-
JIEJIEHbl BO BpeMeHU. Eciin OHM MIyT OJHOBPEMEHHO, TO JOIOJHUTEIbHBIM Clla-
raeMbIM HEOOXOJUMO y4ecTh TOT ()aKT, YTO HE BCS SHTPOIUS OT BHYTPEHHUX HUC-
TOYHUKOB yCIEBAET NPUITH K pABHOBECHOMY PacCIIpEIEICHHIO:

du = o;;dej; + Tds' +yds" +odh . (5)

3/1ech MepBbIe JBa ClIaraéMbI€ OMKUCHIBAIOT PABHOBECHBIC MAapaMEeTPhbl CUCTEMBI, a
IOCJIE/IHUE JIBa — HEPABHOBECHBIE, Y =O0u/0s" — HepaBHOBECHAs TeMIieparypa

BCJICJICTBUE HEPABHOMEPHOCTH PACIPEAEIICHUS TEIIa B OKPECTHOCTH BHYTPEHHUX
UCTOYHUKOB 3HTporuu. [lapameTpbl ¢ U /7 B MOMEHT aKTMBHOH TI'eHepauuu Je-
(beKTOB TaKKe cIeayeT CUNTaTh HEPAaBHOBECHBIMHU.
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DHTponus s” W CTaTHYECKash SHTPOMUS /i IBOIIOIIMOHUPYIOT K CBOMM PaBHO-
BECHBIM 3HAUYEHUSIM COIVIACHO YPaBHEHUSIM

8S”

os" _ ou
o Vs 2" Vs Xo

oh (6)

2 u(%-5)-n(o-9
ot Th oh CI=Tr(P—9).
B ypaBHeHusx (6) craiiMOHApHBIMH SBISIIOTCS TOYKH ¥ =0 B ¢ =@ . YpaBHEHUA

(6) mpencraBIAOT CcOO0OM  HEKOTOphIE  0000mIeHUsT  ypaBHeHHs  JlaH-
I[ay—XaJlaTHI/IKOBa, O6BI‘IHO ONpeaAHa3HAYCHHOI'0 JI OIMCAaHUA 3BOJIFOIIMU HCKO-
TOPOTO BHYTpPEHHEro mapameTpa. OTIMYUTENTFHOW OCOOCHHOCTBIO SIBISIETCS TO,
4TO B ypaBHEHHE, OMHCHIBaIOIIEE NE(EKTHYIO MOJCUCTEMY, BBEIEHO HEKOTOPOE
cMelieHue, 01arogapsi KOTOpOMy CTallMOHApPHBIC TOUKHM ypaBHEHUH (6) HE coBMma-
Aar0T € OKCTPEMYMAMH TCPMOAUHAMHUYCCKOI'O ITOTCHIUAJIA U.

[lepBoe ypaBHeHme (6) 3amaeT 3BOJIOIMIO IHTponuU. B aamabarnueckom
HNPUONMKCHUN Y >> Y, SHTPOMNUsA OynaeT ObICTpell MPUHUMATH CTallMOHAPHBIC

3HA4YEeHHs, a MEAJICHHO MEHSIOIIMECs HapyUIeHHOCTh Marepuaia h u ympyras
4yacTh TE€H30pa JAepopMaLuu 8; OyayT Ui Hee YyHpaBJsAIOIUMH MapaMeTpaMH.

Ecii orpaHrunTECS KBaIpaTHYHBIM MTPUOTMKCHIEM
_ " 1 "2 7
u=ug+yoS _EXI(S) +..., (7)
TO CTaI[MOHAPHOE 3HAUYCHUE HEPABHOBECHOW PHTPONHH OYyIET paBHO

st =X (®)

Koa¢ddunuenTsl paznoxeHus y, U ¥; 3aBUCAT OT KOHCTAHT MaTepHaga U
ynpasistomux napamerpos. Kpome Toro, koadduuuent y, omnpenensercs mps-

MOW HaKayKoW Marepuaia 3a CYeT TOM 4YacTH HeoOpaTHMOIl paboThl, KOTOpas
UJET Ha BHYTPEHHUH pazorpeB. Bropoe ypaBHeHue (6) 3a7aeT SBOJIONMIO CTATH-
4yeckoil sHTpornuu. B agmabarnyeckoM NpUOIMKEHHUH OHAa OyAeT 3aBHCETh OT

e "
YHOpaBJIAOOICro nmapamMerpa gij 1 OT CTAIMOHAPHOI'O 3HAYCHUS SHTPOIIUU S .

Taxum 006pa3zom, UIs CTAIMOHAPHOTO peKUMa OyAET CIpaBeIJIUBO COOTHOIIIE-

HUC

ou _
=—=0¢20, 9
Ot oh ¢ ( )

st
T.e. OyAyT CIIpaBeUIMBbI TaKue k€ (POPMYJIbl, KaK U B paBHOBECHOW TEPMOJMHA-
Muke. CrieryeT MOHUMAaTh, YTO CTAlIMOHAPHBIA PEXUM — 3TO OJIMH U3 BHUJIOB paB-
HOBECHOTro cocTossHusl. Heo0X0auMO OTMETUTH, YTO B CTAIIMOHAPHOM COCTOSIHUU
@st > 0, B TO BpeMsl Kak OOBIYHBIE MPOLEAYPHI, UCTIONb3YIOLIHe ypaBHeHHEe JIaH-
nay—XanaTHUKOBA, TPEOYIOT TOCTHXKEHHUS! HYJIEBBIX 3HAUEHUH MapameTpoB, Tep-
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MOJMHAMHUYECKH COTIPSHKEHHBIX BHYTPEHHEMY TapameTpy /. BenndunHa (g B 7TOM
CIyd4ac MOXCT NMOHUMATHCA KaK pcajibHasd (I)I/BI/I‘-IGCKI/I U3McepscMas BCIUMYHUHA —
n30BITOYHAS CpeaHss P)HEprus AedeKTa, a He MPOCTO KaK 000OIIEeHHAs] TEPMO/IH-
HAMUYeCKasl CHa.

3. TepMoaMHAMUKA pa3pyLlIeHUs] KBA3UXPYNKHUX TeJ

PaccMmoTpuM npriio)keHre ONMCAaHHOMW BBILIE TEOPUU K KOHKPETHOMY IPOLIECCY —
pa3pyLICHUIO KBa3UXPYNKUX Tell MO JeHCTBUEM AIUTEIbHBIX Harpy3ok. Ciemnyer
OTMETHTD, YTO B TAKOW IMOCTAHOBKE MOTy4YEHHBIE PE3YJIbTAThl MOTYT OBITh IOJIC3HBI
B MpoOJeMe TOBBIMICHUS YCTOWYMBOCTHA TOPHBIX BBIPAOOTOK YTOJIBHBIX IIAXT [2].
Cosepiuas npeobpazoBanue Jlexanapa HaJl BHyTpEHHEH 3Heprueit mo napam nepe-
MEHHBIX TS U @h, BeIpakeHue 1 auddepennrana cBoOOIHON SHEPTUU B CIIydae
M30TEPMHUECKUX IIPOLIECCOB MOXKHO 3aIMCaTh B BUIE

df = o;,def, — hdo. (10)

PacknagpiBas cBOOOIHYIO SHEPTHIO B psAJl IO €€ apryMEHTaM BILIOTh 10 KyOu-
YEeCKHX CJIaraeMblX, [0JyyaeMm

f(gij"P):fo—%@+%a¢2—%b@3+%k(a§)2 +u(s§.)2 -

_g(pgfi—%X(p(Sfi)z—ﬁ(p(8;)2+e(p28fi+... ) (11)

[TocrostHHAst h( ONMUCHIBAET POCT SHEPTHH MHUKPOTPEIIUHBI 332 CYET «aJcopo-
U» Ha Hel JedekToB Oosee riryOOKOro CTPYKTYpHOTO YpPOBHSI, BO3HHUKAIOIIMX
BCJICJICTBHE HeoOpaTuMon paboThl BHEmHUX cWiI. [locTosiHHAs a XapakTepu3yeT
YMEHBILIEHUE PHEPTUU ( B IMOJE APYrMX MHUKPOTpEluH (B Marepuane, 3ddex-
THBHO OCJA0JICHHOM JAPYTMMH MHUKpoTpemuHamu). [loctossHHass b oTBedaeT 3a
paspylieHue MaTepuana, Ipu KOTOPOM HPOHCXOIAT CYIIECTBEHHOE YBEIMUYCHHE
pa3MepoB 1e(heKTOB 3a CUET MX CIUSHUS M POCT UX KOJIWYEeCTBA. 3HAK MUHYC yKa-
3bIBACT HA TO, YTO DHEPTUs, 3alaceHHas MUKPOTPEIIMHAMH B pE3yJIbTaTe 3TOro,
OKa3bIBACTCSI MOTEPSIHHOM ISl COBEPIICHUS paOOTHI.

I'paduk cBOOOAHON SHEPrHM B JAaHHOM NPUOIMKEHUH IPENCTaBIseT cOo00i
KyOHdecKyIo mapadoiy U CXeMaTHUeCKH MPUBEJeH Ha pUCcyHKe. B o0mem cioydae
BO3MOXHBI JIB€ TJ1aBHbIE (DOPMBI KyOUUdecKoi mapaldoibl — ¢ IByMs SKCTpeMyMa-
MU Ha Tpaduke (KpuBas /) ¥ MOHOTOHHO criafarontuii rpaduk (kpusas 2). Kakoii
U3 JIByX THUIIOB KyOH4yeckoi mapaloibl Oy/leT peaqu30BaH B KOHKPETHOM CiIy4ae,
3aBUCUT OT COOTHOIICHHUS MMapaMeTpOB MaTephalla U OT BEJIMYHHBI U XapakTepa
HAINpPSHKEHHOTO COCTOSIHUS (3HAUEHUS TEH30pa SZ- ).

JleBBIli 3KCTpeMyM CBOOOJHON SHEPruu Ha KpUBOW 2 MpeacTaBisieT coboit
MUHHAMYM, U COOTBETCTBYIOLIEE €My COCTOSIHUE YCTOWYMBO. lIpaBelil aKCTpeMyM
IpeJCcTaBisieT coO0H MaKCUMYyM, U COOTBETCTBYIOLIEE €My COCTOSIHHE SIBJISETCS
HEyCTOWYMBBIM, MPOBOLUPYIOIIMM pa3pylIeHre Marepuana. PasHuia sHepruu B
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2 \ 9TUX JIByX COCTOSIHMSIX IIPEACTaBISAET
g COOOH DHEPreTHYEecKyr UIeNb, WIH
S sHepretTuueckuii 6aprep. Hamuume tako-
© N Ji ro Gapbepa CIyKUT HPEANOCBUIKON IS
&>‘3 JUIMTENbHOM YCTOMYUBOCTH MaTepuaia u
% BBINIOJTHEHHBIX W3 HEro KOHCTPYKILUH.
§ 2 IIpn mepexone marepuasia B HaIpPsKEH-
=~ HO€ COCTOSIHHE, OIHCHIBAEMOE CBOOOJ-

HOU 3Heprueut (kpusas 2), NOTEHIHAIb-

N\ \ HBI Oapbep MCYe3aeT, ¥ MaTepuayl Ha-
Average energy of defects, arb. units XOJHUTCS B COCTOSHHH MeJJIEHHOrO pas-

Puc. 3aBucumocti cBoGOmHOW sHeprum —PYHIICHWA — THIIA KPHUIIA, 9TO HPUBCICT B
OT cpenHeil sHepruum neexros: / — ¢ KOHEYHOM HMTOTE K €r0 MaKpOCKONHYe-

JBYMsI SKCTpeMyMaMu, 2 — HuCTiajaiomas ~ CKOMY  paspyuieHnto. bonee moapo6HO
BOIIPOC U3JI0KEH B cTathbe [3].

B 3akimioueHre oTMETUM TO Ba)KHOE OOCTOSITENILCTBO, UTO BHYTPEHHSSI SHEP-
THsI C pOCTPOM JIe(PEKTHOCTH MOXKET KaK BO3pacTaTh, Tak U yObIBaTh. UTOOBI MO-
HATh 3TO OOCTOSTENBCTBO, MOKHO MPOBECTHU CIEIYIOUINI MBICICHHBIN JKCIIEPH-
MeHT. JlomycTHM, K HEKOTOpOoMY 00pa3ily MPHIIOKEHA BHEIIHsS MOCTOSHHAs Ha-
rpy3ka. [log ee geiicTBueM Haz 0Opas3IioM OyJeT COBEpPIIECHA ONpeesIieHHas pado-
Ta, KOTOpasi YBEIUYUT €r0 BHYTPEHHIOIO SHEPrHI0. DTa dHEprust OyneT akKkymy-
JUpPOBaHA MOJIEM YHPYTHX HANpPsDKEHUH, KOTOphIE YPaBHOBECST BHEIIHIOK Ha-
rpy3ky. Tenepb mpeacTaBuM, 4TO BCIEACTBUE (PIyKTyallud B HEKOTOPBIA MOMEHT
BpeMeHHU B oOpa3iie Bo3HUK AedekT. Ha ero oOpa3oBanue He0OX01uMa JTOTOTHH-
TeNbHAsI DPHEPTrHsi, KOTOPYI0 OH IMO3aUMCTBYET W3 IOJSI YIPYTUX HANPSHKEHUH.
[Tpu >TOM BOKpPYT nedekTa MpOU30MAeT JOKalbHas pa3rpy3Ka Mojs ynpyrux Ha-
npsokeHnid. Kaszanoch, mpu TakoM CIEHApUM BHYTPEHHSS DHEPTusi BOOOIIE HE
JOJIKHA M3MEHHUTHCS — OHA TOJIBKO Tepepaclpeienniach 3a CUueT BHYTPEHHUX
nporieccoB. Ho kpoMe sHEpreTHueckoil COCTaBIAIONIeH MPH 00pa3oBaHuU JedeK-
Ta Ba)KHA €IIe M MPOCTPAaHCTBEHHasl cocTaistomas. Ecnu obpasyercs nedext
0osiee HU3KOHM TUIOTHOCTH, TO CHCTEMa JOJKHA OCBOOOIUTH JJISi HETO JIOTOJIHU-
TeJIbHOE MPOCTPAHCTBO. Pacmupssce mpu 3TOM, OHa OyJeT coBepliaTh padoTy
NPOTHUB BHEUIHEW CHIIbI, U €€ BHYTPEHHss dHeprus OyneT yMeHbmaThes. O0pazHo
BBIpaXasiCh, CUCTEMa JABAX/IbI IUIATUT 32 BOZHUKHOBEHUE JedeKTa: MepBblil pa3 —
HETOCPECTBEHHO 3aUMCTBYS SHEPIHIO Ha co3/laHue Aedekra, BTOpoil pa3 — «Ha-
JIOT» BO BHEIIHIOKO CPENy.

Ecnu o6pasyercst nehekt O6oee BHICOKOH MIOTHOCTH, TO CHCTEMA MO JACHCT-
BHEM BHEIIHEH CHJIbI CTPEMHUTCS 3aHATh OCBOOOJMBIIEECS MPOCTPAHCTBO U HAj
Hell coBepIIaeTcsl JOMOJIHUTENbHAS paboTa, YTO YBEIHMYMBACT €€ BHYTPEHHIONO
SHEPTHIO.
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BriBoabI

Takum oOpazoM, TNpemyioKeHa TEPMOJIWHAMHUYECKash MOJCIh WHTEHCHUBHOTO
BO3/ICUCTBHS Ha BemecTBo. Mojenp 0a3upyercs Ha TePMOAMHAMUYECKOM TOXIe-
CTBE, KOTOPOE CJICyET U3 TIEPBOTO 3aKOHA TEPMOJIMHAMHKHN U 3aKOHA MPeoOpas3o-
BaHUA BHGpFI/II/I 10 paSJII/I‘-IHbIM KaHajilaM AUCCHIIAIINHA. I[JISI CTaLII/IOHapHOFO CO-
CTOSTHUSI TIOCTPOCHA 3aMKHYTasi CHCTEMa TEPMOJIMHAMHYECKUX MMOTEHIINAIOB, Me-
)I(I[y KOTOprMI/I BBIMTOJIHAKOTCA TC K€ COOTHOLICHUA, YTO U IJIA paBHOBeCHBIX CO-
CTOSIHMM B KJIIACCUYECKOU TEPMOIMHAMUKE.
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L.S. Metlov, A.V. Antsyferov

NONEQUILIBRIUM THERMODYNAMICS OF SEVERE INFLUENCES ON
A SUBSTANCE

A thermodynamic model of severe influence on a substance has been proposed. The
model is based on thermodynamic identity which follows from the first law of thermody-
namics and the law of energy transformation by different dissipation channels. A closed
system of thermodynamic potentials, with relationships similar to those for equilibrium
states in classical thermodynamics, has been constructed. Reasons of decrease in the in-
ternal energy during the energy «pumpingy» of the material have been explained.

Fig. Free energy as a function of the average energy of defects: / — with two extreme
points, 2 — descending
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