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T.E. KoHcTaHTMHOBaA

3BOMOUMA ONCITOKALIMOHHOW CTPYKTYPbI METANNIMYECKMX
CWUCTEM B YCITOBUAX BbICOKMX OABITEHN

JoHeuknii rnsmko-TeXHNYeCcKUn MHCTUTYT M. A.A. lMankmHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpanHa

Paccmompenvt mexanuzmvi mpanc@opmayuu cmpyKmypuvl Ha MUKpo-, mMe30- U MaKpo-
VPOGHAX NPU UHMEHCUBHBIX OehopMayuax MemaiiuiecKux cucmem Ha npumepe Cniagos
Ha ocHose dicenesa u mumana. Ilokazana céa3v npoyeccos, NPOUCXOOAUWUX HA PAZHBIX
Mmacuwmabuvix yposusax. Haubonee demanvHo onucamvl A61eHUs, OMHOCAWUECS K Me30-
VPOGHIO, GKIOUas Oepopmayuto nymem 006pa308anHus OUNOJILHLIX JIOKANLHBIX U32UOO0S
KpUCMANIUYECKOU peuemKy U pOmayuoHHbX n06opomos. Onucatn psao 603MONACHbIX MO-
Oenell npoyecca (hpazmeHmayuy 3epeH 8 YCl08UAX UHMEHCUBHBIX NAACTNUYECKUX 0edhop-
mayuii. Paccmompeno enusinue 8blcOK020 2UOPOCMAMUYECKO20 OAGleHUsl U GHeUHUX
COBU206bIX HANPAJICEHUN HA npoyeccsl cmpykmypoobpaszosanus. Obcyscoaemces 6onpoc
00 onpedenieHuy mepmuHa <UHMeHCUBHbLe NIACmuYyecKue 0e)opmayuu».

DBOJIONHMS CHCTEMBI €CTh MPOIECC alaNTal[ii BEIIECTBA CHCTEMBI O] BIIHS-
HHMEM BHEIIHUX BO3JICHCTBUI K M3MEHEHHIO BHEIHEH cpenbl. B pesynbrare npu-
TOKa SHEPTUHU MPOUCXOJUT U3MCHEHUE CBOMCTB BemiecTBa. OHUM M3 TaKHX BO3-
NCHCTBUII HAa METAJNTMYECKUE CHCTEMbI SBISICTCS MEXaHHYECKOE BO3JCHCTBHE B
YCJIOBUSIX BBICOKUX JaBJICHUH.

Pa3BuTHe METOIOB MHTEHCHBHOH IUTACTHYECKOW aedopMaliii B TOCICIHUC
TO/IbI PACIIMPHIIO MPOIIECC IBOIIOIMH METAUTHYSCKUX CHCTEM BIUIOTH 70 (OPMHU-
POBaHUsI HAHOCTPYKTYPHOT'O COCTOSIHHS. B 9TOM HampaBlIeHUH MOSIBUIOCH MHOTO
0030pHBIX, dKCIepUMeHTaIbHbIX [1-11] u TeopeTnyeckux pador [12-17], B Tom
YHCIIE C HCIOJIb30BAaHHEM KOMITBIOTEPHOTO MOJCIUPOBAHHS, ABTOPbI KOTOPBIX,
CHCTEMAaTU3UPYs TIOIyYCHHbIC PE3yJbTaThl, MOMOJHSSA M oboramas JApyr apyra,
CO3/aI0T OOIIYI0 KapTHHY HHTEHCUBHOTO Ae(hOPMUPOBaHHUs TBEPAbIX Tel. Tem He
MEHee CJIe/TyeT NMPHU3HATh, YTO CETOJHS eIl HeT o0Imel GU3MIecKoi MOIen 3B0-
JFOLMH BELIECTBA MPH IIIACTHYECKON Ie(OpMaLIUH.

[Toxx 3BOMIONMOHHON MOJEINBIO e(hOPMUPYEMOT0 TBEPIOTO Tesla HEOOXO0IUMO
HOHUMATh COBOKYITHOCTh 3aKOHOMEPHOCTEH M OIHCAaHHE MEXaHW3MOB, KOTOpPBIC
UMEIOT MECTO MpH IuiacTudeckoi aedopmanuu. Takas Mozenb NODKHA MO3BO-
JIUTh OCO3HATh, KaK BEIECTBO M3MEHSIET CBOIO CTPYKTYpY IOJ| BIHMSHHEM BHEII-
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HUX MEXaHMYECKHMX BO3JCHCTBHI Ha BCEX ATamax AePOpPMHUPOBAHUS U HAa BCEX
MacmTaOHBIX YPOBHSAX, a TAK)KE KaK OHO Jerpamupyer Bnocienctsuu. Ho, kpome
9TOTO, TaKasi MOJIETb MOXKET CTaTh OCHOBOM ISl PEIlIeHUs] KOHKPETHBIX TEXHOJIO-
THYECKUX 3aJ1ad, B YaCTHOCTH (POPMHPOBAHUST HAHO3EPEHHOU CTPYKTYPHI.

Yacro gaxxe mpu 04eHb OONBIIUX JAe(POpMAIHSIX U CAMBIX 3aMBICIIOBATHIX KOH-
Gurypanusx neGopMHUPYIONIMX MaTPUI] HAHOCTPYKTYPHOE COCTOSIHUE HE JTOCTH-
raercs. [Ipu 3TOM OuYeHb BaKHOE 3HAYCHHE MMEET COCTOSIHHE MaTepuaia meper
nedopmanuei, MOCKOIbKY JaKe B OJHOM M TOM K€ MaTepHualie NpH JeHCTBHU
TOJILKO OJTHOTO JAMCIOKAIIMOHHOTO MeXaHu3Ma JeopManuy Ha MUKPOYPOBHE MO-
TYT pPEaJHM30BBIBATHCS DPA3UYHbIE MEXaHWU3MBI JeopMalud Ha ME30ypOBHE.
TouHO Tak ke IpH peanu3aliy, HampuMep, pOTAIIMOHHOTO MeXaHu3Ma jaedopma-
IIMF COBCEM HET rapaHTHH, YTO NPU YBEIHUYCHHH CTETICHH JeGopMarui Mbl 00s-
3aTeNIbHO TOJYYUM HAaHOCTPYKTYPHOE COCTOsIHHE. U 3TO CBUAETEIHCTBYET O TOM,
YTO elle He BCe MEXaHU3MBI JAe(OpPMaIMOHHOTO PEOOpa30BaHMsI CTPYKTYPHI BbI-
SICHEHBI, 0COOEHHO MPY MHTEHCUBHBIX TUIACTUYECKUX Je(hOpMaIInsiX.

DBOJIIONIMOHHBIA MTyTh METAUTUYECKUX CHCTEM B YCJIOBUSAX aedopMariid BO
MHOTOM 3aBHCHT OT HPUPOJBI MaTepuaia, CTETICHH MEKATOMHOU CBSI3H, YIIPYTUX
MOJyJIeH, SHEepTUH 1e(DEKTOB YIIaKOBKH, CTCIICHU JICTUPOBAHHMS, HAJTHYUS BTOPBIX
¢a3, crerneHn MeTacTabMILHOCTH UCXOAHBIX (ha3, TeMIepaTyphl, cTerneHu aedop-
MAaIlMH U CXEMbI HAIIPSHKEHHOT'O COCTOSTHUSI.

B mporiecce Toro myTr MaTepuan HEM30€KHO MPOXOTUT Yepe3 dTalbl HAKOM-
JICHUSI HANIPSDKEHUH U pellaKCallii, KOTOPBIE H PEAM3YIOTCS B Pa3IMYHBIX MeXa-
HU3Max jaedopmariu. DBOIOIMOHHOE Pa3BUTHE CUCTEMBI Ompenensercs OanaH-
COM HAaKOIUICHUS HANPsHKCHWH W MX penakcaiuu. Koraa HakoIUIeHHBIe HaIpshKe-
HUSl HE TPEBHINIAIOT KPUTHUECKHE IO Pa3pyIICHUIO, a CUCTEMa HAaXOIUT HOBBIC
MEXaHU3MBI pPelIaKCallid U Pa3BHBACTCS IIUKINYHO, IEMOHCTPUPYS CIIOCOOHOCTH
K CAaMOCOXPAHEHHIO, MBI MOXXEM TMOJIYYUTh CUCTEMY C KOJIOCCAITBHOW JKHUBYYe-
CTBI0, TOA00HO (PaHTACTUIECKOMY TEPMHHATOPY M3 U3BECTHOTO (pUIbMA.

Ecnu sxe pemakcaiiusi He TOTHOCTBHIO JIMKBUIUPYET PE3yIbTaThl Je(OopMaIim,
TO, WAL TIO 3TOMY MYTH, KaK IO JIE3BUIO OpPHUTBBI, MOKHO TPHBECTH MaTepuall K
TpeOyeMOMy CTPYKTYPHOMY H Jake (Pa30BOMY COCTOSHHIO, BKJIIOUAsi HAHOCTPYK-
TypHOE 1 HaHo(da3HOe cocTosiHMs. KcTaTh, 11si BMEIIaTeIhbcTBa B MPOIECCHI PeaK-
calMy OYCHb TMOJIE3HO HE TOJIHKO M3MEHEHHE TeMIIepaTyphl U CKOPOCTH nedopma-
IIVH, HO TaK)kKe MCIOJIh30BAaHUE MPOMEKYTOUHBIX OTXKHIOB. T0, 4TO MBI HaOIIO/1a-
€M, UCCIIeAYsl CTPYKTYPY Ae(OpMUPOBAHHOTO TBEPIOTO Tela, MOX0XKE HA OTACIh-
HBIE KaJIPbI U3 MOJTHOMETPAXHOTO (PHITbMA, OMMCHIBAIONIETO TPYIHYIO, HO OTHIOIh
He 0e3paJ0CTHYIO KU3HB» MaTepHala 1Mo/ BO3ACHCTBUEM BHEIITHUX HAIPYy30K.

B manHOli paboTe Ha OCHOBE aHANIM3a JIUTEPATYPHBIX JAHHBIX H COOCTBEHHBIX
pPE3yNbTAaTOB MpeJyIaracTcsl MPeACTaBUTh, 0003HAYMB OCHOBHBIE MOMEHTHI, 3BO-
JFOIMIO CTPYKTYPBI METAJUIMYECKUX MaTEpUAIIOB Ha IPUMEpPE CIUTABOB Ha OCHOBE
Kene3a M TUTaHa Ipu nedopManuy B yCIOBUSX BBICOKHUX JAaBICHHUN HA MakKpo-,
Me30- U MHKPOYPOBHSX, COCPEIOTOUYNB OCHOBHOE BHHMAaHUE Ha ME30YPOBHEBBIX
npoleccax MmIacTUIecKon aedopMaliiu.
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dakTryecKku mpoIece MIacTUYecKoi edopMaly ¢ caMoro Hayajla u3ydasics
Ha pa3HbIX MAacCIITAOHBIX YPOBHAX, XOTS 3TO W HE OromapuBanoch. Paznenenue
paccMoTpeHHs Tporecca AeopManui Ha orpeeeHHble MacluTaOHble YPOBHHU
JUKTYETCS HE CTOJIBKO MHTYWTHUBHBIM KE€JIAHUEM YIPOCTUTh WIA YKPACUTh OIU-
CaHMe, CKOJIBKO HEOOXOJUMOCTBIO HCIIOJIb30BaTh OIpPEACIIEHHYI0, COOTBETCT-
BYIOIYI0 KaXXJIOMYy MAacIITaOHOMY YPOBHIO TEOPHIO WJIM CUCTEMY B3IJISAOB.
MMeHHO ¢ MO3MLMK CYHIECTBYIOIIMX Ha CETOAHSA IIPEACTABICHHUM O IPOLECCe
IUTACTHUYECKON AedopMaIiy 3BOIIOLMIO CTPYKTYPHBIX M3MEHEHUH cleqyeT pas-
JIeTUTh Ha TPU MAacCIITaOHBIX YPOBHS: Makpo-, Me30- 1 MUKPOYpOBeHb. PaccMoT-
PHUM 3TH YPOBHH HECKOJIBKO MOAPOOHEE.

MakpoypoBeHb IJIACTHUYECKOH edopMmanun

DBoONUS CTPYKTYPHI IeOPMHUPYEMOTO Tejla Ha MaKpOypOBHE W3HAYAIHHO
paccMaTtpuBajach ¢ MO3MIMN MEXaHUKHU CILIOUIHBIX cpea. B paborax B.A. Jluxa-
YeBa TaKoe OMUCAHUE BEJIOCh C YYETOM MEXaHW3MOB jaedopMaiii B HEKOTOPOM
npejacTaButenbHOM o0beme [18]; B paborax B.E. [Tanuna [19] Ha 3T0ii e ocHOBE
BBOJIMJIOCH TIPE/ICTABJICHUE O BOBHUKHOBEHUH CHIILHO BO30Y KIICHHBIX COCTOSTHUM.
OTH TOIX0AbI IOPOIUIH HOBBIC HATIPABIEHUS — MUKPO- U ME30MEXaHUKY, KOTO-
pBI€ IOCTaTOYHO MPOABHHYIIN TMPEACTABICHUE O Pa3BUTHH TIpoliecca ehopMaruu
Ha MaKpOypOBHE C YCTpPEeMJICHHEM K HU3IINM YpoBHsM. VIMEHHO Ha »Tame mepe-
X0Jla OT OJIHOTO YPOBHS K JPYroMy BO3HHMKAE€T MHOTO BOIIPOCOB, CBSI3aHHBIX C
O0BSICHEHUEM CTPYKTYD, TOTYyYaeMBbIX MPU UCCIEIOBAHUU 00Opa3IoOB, MOABEPTHY-
TBIX MHTEHCHBHBIM IUIacCTHYeCKUM aedopmarusiv. [t Takux oOpasloB Xapak-
TEPHBI BOJIHO- ¥ BUXPEOOpa3HbIe KapTHHBI, KOTOPbIC MOAOOHBI TEUCHHUIO BSI3KOM
KHUJIKOCTH, YTO OBUIO IOKA3aHO B JIOKJIaJle aBTOpa JaHHOW CTaThU Ha KOH(pepeH-
1uu 1o (usuke Bbicokux nasienuit B 2006 r. [20].

Jlns mpumepa Ha puc. 1,a mpuBefeHa CTpyKTypa (ONTHYECKass MUKPOCKOIIHS)
TUTaHOBOTO cruiaBa T1-5M0-5V-5Al, moaBeprayToro BUHTOBOW IKCTPY3UU MPH
600°C (1 uukn) [21], Ha3BaHHAs HAMH CTPYKTYpOW THIA «CrareTTu». [Ipu sTom
HAOJI0/TaEMbIC U30THYTHIC TIOJIOCHI SIBJISIFOTCS HE BBITSHYTHIMHU 3€pHaMH, 2 BHOBb
00pa3oBaHHBIMU 00acTMHU. BUI Takol CTPYKTYpBI CBUACTENBCTBYET O BO3MOXK-
HOM BSI3KOM TEUYEHHM MaTepuaia B MakpooObeme obOpasma. Jlyis cpaBHEHHs Ha
puc. 1,6 npencrasien noiaydenusiii Muntonom Ban Jlaiikom [22] cHEMOK Teue-
HUS B TOJICJIOE TYPOYJCHTHOTO MOTPAHUYHOTO CJIOS JKUIKOCTH, BU3yaIM3UPOBAH-
HOTO C TIOMONIBIO BBEJICHHSI B TJIMIICPUH aTFOMHUHHEBBIX YaCTHII.

Ha puc. 2,a nokazana BuxpeoOpasHasi CTpyKTypa (3JeKTpOHHAsST MUKPOCKOITHS),
obpaszosaBiiascs B cwiaBe Fe—17Ni—10W-10Co-1Mo-1Ti [23], mposkcTpyaupo-
BaHHOM NP KOMHATHOM Temreparype co creneHbio nedopmanuu € = 87%. Puc.
2,6 NEeMOHCTpPUPYET Mojo0ue MPUBEICHHON CTPYKTYpPhl KapTHHE JBIDKYIICHCS
XKHUIKOCTU (B ATOM CJTyyae BOJbI C YaCTHIIAMU ATIOMHUHUS) BO BPAIIAIOIIEMCS IU-
JIMHIIPE, HArPETOM IO BHEIIHEH MOBEPXHOCTH U OXJIAXKICHHOM B nieHtpe [22]. Cre-
neHb aehopMalii THAPOIKCTPY3Hel onpeaessuu mo Gopmyie € = (Do — D/Dg) x
x 100%, rne Do u D — cOOTBETCTBEHHO MUCXOAHBII U KOHEUHBIN IUaMETPhl 00pasIia.
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50 pm

a 0

Puc. 1. Ctpykrypa TuTaHoBoro cruiaBa Ti-5Mo0-5V-5Al na nepudepun odpasia mocie
1 nwmkia BuHTOBOM 3KcTpy3un npu 300°C (a) U ee aHANOTHS CO CTPYKTYpPOU MOMACIOS
TypOyJIEHTHOTO norpanuyHoro cios (6) [22]. Busyanuzamus ocyniecTBieHa ¢ MOMOIIBIO
TIOMUHHEBBIX YaCTHUI] B TIIUIICPHHE

a 0

Puc. 2. Crpykrypa criaBa Fe—17Ni-10W-10Co—1Mo-1Ti mocne ruaposketpysuu 87% (a)
U ee moJ00ue ¢ KOHBEKIMEH KUAKOCTH (C ATFOMUHUEBBLIME YaCTUIIAMK) BO BPAIIIAIOLIEM-
Csl LIWIMHJIPE, HArPETOM I10 BHEIIHEN MOBEPXHOCTH M OXJIAXIEHHOM B 1ieHTpe (0) [22]

Bo3M0okHO 7111, 9TOOBI KPUCTALUTMYECKOE TBEPIIOE TEJIO B YCIOBUSX AehopMaIiin
NPOSBISIIO (POPMOM3MEHEHHE, TTOJJOOHOE THAPOANHAMUYECKOMY TEUEHHIO KHUIKOCTH?
I[pexne Bcero cieayer OTMETUT, YTO TPUBEACHHBIe CHUMKH (prc. 1,6 U 2,0) neMoH-
CTPUPYIOT U3BECTHBIN (PAKT O TOM, YTO MPU ABWKESHUH KHUIKOCTU B HEl (DOPMUPYIOT-
cs1 cion. OOpazoBaHue TypOyJIeHTHBIX 3(p(PeKToB 00YCIOBICHO pa3IMIieM CKOPOCTEH
JIBFDKSHUSI CIIOEB JKUIKOCTH, BOSHUKHOBEHHE KOTOPBIX CBS3aHO C PA3IMYHON TeMIiepa-
TYpOU B LIEHTPE W Ha TIepu(epruil U TPEHUEM ITPU KOHTAKTE C TIOBEPXHOCTHIO COCY/IA.
Tedyenue KUIKOCTH OIMMCHIBAETCS M3BECTHBIMHU ypaBHeHHsMU HaBre—CTOKCa, BKITIO-
YaIONIMMH YPaBHEHHS IBIKECHIS, HEPA3pHIBHOCTH U TETIIOPOBOTHOCTH.

AHanM3 CTPYKTYp, MOJNy4aeMbIX B pE3ybTaTe MHTEHCHUBHBIX IUTACTUYECKUX
negopmanuii, Mo3BOJISET MPEANONOKUTh BOZMOKHOCTh CIIONCTOTO TEYEHUS Je-
(GhOpPMUPOBAHHOTO TeJa MPHU BHIMIOTHEHUH YCIOBUS HEPA3PHIBHOCTU MEXIY CIOSI-
mu. [locienHue MOTYT IBHUTAThCS C PA3IUYHON CKOPOCTHIO BBUAY TPEHUS IIO-

10
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BEPXHOCTH 00pa3ia ¢ MaTpuieil (CKOPOCTh y MOBEPXHOCTH MEHBIIE, YEM B IICH-
Tpe), a TaKKe M3-3a TeMIIEpaTypHOro rpajaueHTta (pa3orpeTbiii oOpaseil B MEHee
TEIJION WK XONOJHO# Marpuie). OOpa3oBaHHe BUXpPEl MOXKET BOSHUKHYTH IIPH
CTOJIKHOBEHUH MOTOKOB C Pa3HbIMU CKOPOCTAMHU. Takue BUXPH MOI0OHBI BOJIOBO-
poTam, OHU MoJenupyroTcs kak 3D-o0pa3zoBaHus B BUAE CTOJIOOB WM LIMIMH-
PUYECKUX 00JIaCTel, KOTOPBIE BPAIAIOTCSI, U3THOAIOTCS, OO BEAUHSIIOTCS.

OnucanHoe moo0ue MOXKET OBbITh MOJIE3HBIM JJIi MOJEIIBHOTO OMMCAHUS HH-
TEHCHUBHOMW IJIACTUYECKOHN AedopMariii C HOBOM TOYKU 3PEHHsI, HA4ajl0 KOTOPO-
My TOJIO’KEHO B HEIaBHO TosiBUBILEics padote S.E. Beiirens3umepa [24].

Jns nanpHeiero oOCyKIeHHsI MPOLECCOB, MPOUCXOAAIIUX B Marepuale B
YCIOBHUAX HMHTEHCHUBHBIX IUIACTMYECKUX JAedopMaluii, cieayeT oOpaTUThCS K
HI)KHUM YPOBHSIM PaccMOTpeHHUs aedopMaiiuu.

MuKkpoypoBeHb IJIACTHYECKOH AedopManumn

[Ipexme Bcero ciemayer OTMETHTh, YTO HEOOXOAMMBIM YCIOBHEM OCYIIIECTBIIC-
HUSl UHTCHCUBHBIX TUIACTUYECKUX NehopMaluii SBISIOTCS BBICOKHE THIPOCTATH-
YecKHe NaBJICHUS. BimsHUE BBHICOKHX JaBJICHHUU AETATBHO M3YYEHO HAa MHKPO-
YPOBHE U ONHKCAHO B IMKJIC PadOT, B YaCTHOCTH B [25,26]. DeMeHTapHBIM 00bEK-
TOM TIACTUYHOCTH OOJIBIIMHCTBA KPHCTAJUIOB BBICTYIIAET JMUCIOKAIUS, KOTOpast
XapaKTepU3yeTCs sIAPOM U yIPYTUM ToJieM. B pamkax TuHEHHON TEOpUU yIpyrue
MOJIST TUCIIOKAIMK HE BHOCAT 00ObEMHBIE H3MEHEHUSI B KPUCTAJLI, a CIIEA0BATEIb-
HO, HE Jal0T BKJIaJia B DHTANBIUIO. PaccMOTpeHusi, mpoBeIeHHBIE C YYETOM HEJH-
HEWHBIX YPPEKTOB, MOKA3aIH, YTO YIPYTHE TOJS BBI3BIBAIOT pa3pbixieHue (yBe-
audYeHre oObema) Kpuctauia. Ha OCHOBE TEOPETHYECKHUX HUCCICIOBaHHN yCTa-
HOBJICHO, YTO BBICOKOE JABJIICHUE BEJCT K YBEIMUCHHWIO IIMPUHBI PACIIETUICHUS
siTIep TUCIIOKAIIMIA U TeM CaMbIM YMEHBIIIAeT MOJIBUKHOCTh Auciokarmii. Ha puc. 3

1
CXEMATHUYECKH TIOKA3aHbl CHASYMUE DPACIICTICHUS THMA <KPBIIIa» (E a <1ll> =
= %a(lll} + %a(lll} + %a(lll}) U THIA «3BE3Ia» (%a(lll} = éa<110> +
+% a<101> + %a(Oll} + %a(lll) ). DTO TO3BOJISICT MPEACTaBUTh ce0C BO3ZMOKHBIH

XapakTep yHpyroro moiis siiep AUCIOKAIUil B KpUCTalIOrpaduueckoM OTHOIIe-
HUU TP PaCILIECIIICHUU.

0] »

O——-d/ G>-_G(\

(O

a o

Puc. 3. CxeMbl pacIueruicHust AUCIOKAIIMOHHBIX SIIEp THIA «KPHIma» (a) W THIa «3Be3-
na» (0)

11
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Puc. 4. JlucnokanoHHOE B3anUMO-
JIEHCTBHE B YCJIOBUSIX BBICOKOTO
JIABJICHUS. a — OJIHA AWUCIIOKAIWs, O —
CTEHKA JUCIOKAIUN

a 0

YBenuueHue ynpyrux nojieid B yCJIOBHSX BBICOKMX JTABJICHUN YCHUJIMBAET B3aUMO-
NEUCTBUE MEXIY AUCIOKAIMAMU. YTIPYTHE OIS, CO3/IaBaeMble JUCIIOKAIISIMU, CyM-
MHpYIOTCS, KOMIIEHCHPYs npyr npyra (puc. 4). B pe3ynbrate muciokaiuy o0pa3yroT
CTEHKH, T.C. YIOPSJAOUMBAIOTCS, CHIDKAs OOIIYI0 3HEPruro aeopMUpyeMOro Tena.
DTOT MEXaHM3M TIEPECTPONKH OBLIO TPEUIOKEHO Ha3BaTh OaporoIMronu3arpei [25].
Nmenno Grnaromapsi JTaHHOMY SIBTICHUEO TIpH 1eOpMAIIUU B YCIOBHSX BBICOKOTO TH/-
POCTATUYECKOI'0 JaBJICHHS MOBBIIIAETCS] COBEPILIEHCTBO TYEUCTON CTPYKTYPBI.

Kpowme 3T0T0, paccMoTpeHue BIUSHUS JaBICHUS HA MOABHKHOCTH, Ha TPOIleC-
Chl Pa3MHOXKEHUS, MPEBpALICHHs] U pacnaja IUCIOKaluid B paMKax MOJENH pac-
HIETUICHHBIX SJEP MOKAa3all0, YTO MOCKOIbKY TOJBUKHOCTh JUCIOKAIUN C POCTOM
JTABJICHUS CHUKAETCS, UX Pa3MHOXKEHHE JODKHO BO3PACTaTh.

Crnenyromuit 3¢(HeKT TuapPOCTAaTHUECKOTO JABICHHS 3aKIII0UAETCs B YMEHbIIIe-
HUU JI0JI CTONOPHBIX IUCIOKALUN, HAIMYKE KOTOPBIX B KPUCTAJJIE BEJIET K pa3-
pyuieHuto. JlaBneHue CrocoOCTBYET MPEBPAICHUI0 CTOMOPHOW IHCIOKAIUU B
JIB€ CKOJIb3AIIME AUcIoKauu. PopMUpOBaHUE U paclaj CTONOPHON AUCIOKAIIUN
MIPEICTaBISAETCS CIEAYIOMEH TUCTOKAIIMOHHOM PeaKIueit:

1 1 1 1

§<lll>+§<lﬁ> Ko, (100)—=e >§<111>+§<1H>.

OTH TeopeTHYecKHe MpeICKa3aHus HAIUIM CBOE IOATBEPKICHUE B 3JICKTPOH-
HO-MHKPOCKOITMYECKUX HCCIICAOBAHUAX IMCIOKAIIMOHHONW CTPYKTYPbl MOHOKpH-
CTAJJIOB MOJIMO/ICHA PA3JIMYHON OPHEHTAIUH, MPOACPOPMUPOBAHHBIX HA PA3HYIO
crenenb aedopmanuu mpu armochepnom u Beicokom (10 kbar) nasnenusix [26].

Takum o0Opa3om, aaBieHHe 3)(GEKTHBHO BIHMSCT HA JUCIOKAIMOHHYIO MOJICHC-
TEMy, YCKOpSIsl TIPOIIECCHI €€ MEePECTPONKH, T.€. TPOIECChl HAKOIUICHHs HarpsKe-
HHUH CMEHSIOTCS MPOLECCaMM pPellaKcalliy. YKa3zaHHbIe 3(Q(EKThI ONMpenessitoTes
JBWYKEHHEM OTJICNTbHBIX JUCIOKAIMI M OMUCHIBAIOTCS KIIACCHUYECKOM TEOpUEH JIHC-
JIOKAIMH, TPEATONAraroieil NpsIMOIMHEHHOCTD KPUCTATMYECKUX TIOCKOCTEHH.
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OpHako mpu pa3BUTON IUIACTHUECKON JeopManuu, U TeM Oojiee MpH WHTEH-
CUBHOM, TUIOTHOCTh TUCIIOKALUNA YBEIMYUBACTCSI HACTOJIBKO, YTO HE MPECTaBIIsI-
€TCA BO3MOXHbBIM O6’b$ICH$ITL CTPYKTYPHBIC U3MCHCHUA ABUXKXCHUCM OTACIIBHBIX
nuciokanuid. [1oaToMy Bo3HHMKaeT HEOOXOIUMOCTh MepeXxo/ia Ha HOBBIM YPOBEHB
PaccMOTPEHHSI MPOIIECCOB TUIACTUIECKON JeopMaIii — ME30YPOBEHbD.

Me3oypoBeHb IIACTHYECKOMH 1e(popManuu

Camo moHATHE «ME30YPOBEHb» MOSIBHIIOCH B Havaje 80-X Ir. mpoIwioro cTo-
aetus. 3a pyOexoM cumraeTcs [27], 4TO TEpMUH «ME30CKOMUYECKHIT» ObLT BBE-
nen Ban Kamnenom (Van Kédmpen) B 1981 r. B To BpeMsi kK 5TOMy HOBOMY IOHSI-
tuto npuxoauind maorue. B.E. IManun B 1985 1. [28], 006cykaas kapTuHy uepap-
XHM CTPYKTYPHBIX YPOBHEH IJIaCTUYECKOH nedopMalvy, BBIICIST MPOMEKYTOU-
HBI ypOBEHb, HE Ha3bIBasi €0 ME30CKONMWYECKHM. Kpureprem 3Toro cTpykTyp-
HOTO ypOBHs JedopMalMy OH Mpeajarai CYMTaTh pasMep poTopa POTAlMOHHON
Moabl nedopmanuu. B. Bmagumupor u A. Pomanos B 1986 r. B u3BecTHON MOHO-
rpadun «/[UCKIMHALMU B KPUCTAILIAX» OMPEACTIIN ME30CKOIIMUYECKUI YPOBEHD
JIICIIOKAIIMOHHOM CTPYKTYpBI Kak cooTBeTcTBytonmid Macmtady ot 0.1 1o 3 um
i 06beMy or 10 © 10 10 ~ um”. B 5TOi KHUTEe aBTOPHI, pa3BUBas BHIABHHYTHIE
e Burom, P. XaiipoBbim [30] u B. Jluxauersim [31] npencraBicHus O TUCKIH-
HAIIMH, CBSI3BIBAIOT HOBBIM JEPEKT C ME30CKOIMTUYECKUM YPOBHEM.

B. Pibun B 1986 r. B kaure «bomnbime miactuyeckue aedopmamnuu u paspy-
mieHre MetauioB» [31] mpemnokuin onpeseneHre Me30CKOIMMYECKOTO YPOBHSI
iactTuueckoi nedopmarmu L3 yepes pasmep 3epra D u mucCIIOKaIlMOHHYIO TUIOT-
HOCTB p:

D>>L3>> p—1/2,
MOTYEPKUBASI TEM CaMbIM BaKHOCTh 3HAYCHUS IJIOTHOCTH JUCIIOKAIMIA B Ompeie-
JICHUW MOMEHTa HEOOXOIMMOCTH TIepexo0/ia Ha ME30YPOBEHb.

Ha camom jxe nene BIepBbIC MOHATHE ME30CKOIMMYECKOro MacmTaba u Me30-
CKOIIMYECKOT0 MOAX0Ja K PACCMOTPEHHUIO NIMPOKOTO KpyTa SIBJICHUN BBIABHHYI B
1980 r. B.1. ApxapoB, onmyOIMKOBaBIIMI CBOM MPEICTABICHUS HA 3Ty TeMy B
cobopuuke TpynoB, nocesmieHHOM 100-nmetuio co mus poxaenuss A.U. Modde
[32]. B.1. ApxapoB man ompeaeiieHre Me30YPOBHS HE C MOMOIIbIO JTHHEHHBIX
W 00BbEMHBIX Pa3MEpOB, a ¢ MO3UIUN KAYECTBEHHOHN OIEHKH MPOUCXOISAIINX
B 3TOM Maciitabe sBjaeHui. sl MONHOTH BOCHPUSATHUS TPUBEACM IUTATy U3
yKa3aHHOUW paboThl: «KOJIEKTUBHOCTH 3JIEMEHTAPHBIX AKTOB, (POPMHUPYIOMINX
MHOKECTBO SIBJICHHH B TBEPJBIX TeJaX, MEPEBOIUT MEXaHHU3M ITUX SBICHUHN U3
aTOMHO-MUKPOCKOMMYECKOTO MaciTaba K Me30ocKomuyeckoMmy». B acmekTte
ME30CKOMMYECKOro MacmrTaba B padorax B.M. ApxapoBa paccMOTpeHBI Mpo-
[IECChI OKHUCJICHHS] METAaJUIOB, NMPEIKPUCTAIUIN3AIMOHHBIX SIBICHUNW B aMopd-
HBIX TeJlaxX, pacrnaja TBEPIbIX PACTBOPOB, MAPTCHCUTHBIX MPEBPAIICHUH, MEXK-
KPUCTAJNIMTHONW BHYTPEHHEH ajncopOiuu nmpuMeceil B TBEpPABIX Telax U, B TOM
quciie, TiacTuueckoi nedopmanuu. B ykKa3aHHBIX SIBICHUSX KOJUIGKTHBHOC
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NOBEJCHHE MOTYT HPOSBIATH MPUMECHBIE aTOMBbI, BAKAHCUU, MaTPUYHBIE aTO-
MBI, a TaK)K€ 4acTHUIlbl BbIAenuBIIeiics (aswl. [Ipu nmmactuyeckoit nedopmamnuu
MaTepHaJIOB IO AMCIOKAIMOHHOMY MEXaHHU3MY OIpPEACNSIOIUM MOMEHTOM,
TpeOyIOLIUM Mepexoa K ME30CKOMUYECKOMY MacuTady, sBJISETCS B3aUMOJIEH-
CTBUE JUCIIOKALIUN.

B nacrosiiiee BpeMs Mbl y>ke IOBOJIbHO MHOT'O 3HAEM O ME30CKOIUYECKOM MU-
pe, KOTOPBIM 3aKIIOYEeH MEXIY MaKpo- U MHUKPOCKONHUYECKHM IPOCTPAHCTBEH-
HbIMH Maciitabamu. [IpumepHo 15 net Hazaj nmosiBUIach HOBast OTPACib HAYKH —
Mme3ockonuueckas ¢usuka [27]. Ceiiuac OHa OXBaTHIBACT OYCHb IIMPOKUHA KPyT
SBJICHUH, CBSI3aHHBIX C MOBEJECHHUEM JJIEKTPOHOB, B TOM 4YHCJIE B MPHUCYTCTBUU
KBAaHTOBBIX SIM, C CO3/IaHUEM MCKYCCTBEHHBIX MAaKpPOMOJIEKYJ, C MOJIy4YCHHUEM
CTPYKTYp CBEpXMaJIbIX pa3MEpoOB, C PACIpPOCTPaHEHHEM CBETa B HEYHOPSAIOYEH-
HBIX CpeZax, C BOIPOCAMH CO3JaHHs YCTPOMCTB HA OCHOBE SIBJICHUH CBEPXIPOBO-
TUMOCTH, (POTOHUKH, MAaTHUTOOITHKH.

bnaronapst pa3BUTHIO HOBBIX NPEICTaBICHUI OTBETHl HAa MHOTHE (hyHIaMEH-
TaJIbHBIC BOMPOCHI (B YACTHOCTH, O TOM, KaKUM 00pa3oM JefiCTBHE KBaHTOBBIX
3aKOHOB TPaHC(HOPMUPYETCS NPU MEPEX0/ie B KIACCUUECKUN MAKPOCKOIIMYECKUN
PEXKKM) yKE TIOJTyUCHBI, APYTHE 0XKUIAIOTCS B CKOPOM BPEMEHH.

®dusnka TBEpIOro Tella M cTaTHCTUYecKas (U3MKa UCCIeAyIoT Oombluel ya-
CTBIO CBOMCTBa MaKpOCKOITMYECKUX CHUCTEM, HCIIONB3YS TaK Ha3bIBAEMBIN TEPMO-
JUHAMUYECKUHA Tpezen, Mpeanoiararomui, yto oobeM Q u uncio yactui N B
CHCTEME CTPEMATCS K OCCKOHEYHOCTH MPH MOCTOSHHOM mioTHOCTH N = N/Q. Ta-
KO€ NPUOJIMKEHUE MO3BOJSET HAWTH OOJBIIMHCTBO COOTBETCTBYIOIIMX «O0BEM-
HBIX» XapakTepucTuk. OJHaKO B HEKOTOPBIX CIIydasiX MOBEACHHE CUCTEM OTJIMYa-
€TCcs OT MaKPOCKOITMYECKOTO, JJIsl HUX OKa3bIBAETCSl XapaKTEPHBIM B3aUMOJICHCT-
BHE MEX]ly YaCTULAMHU.

[Tporiecc mo3HaHUST ME30CKOIMMUYECKOTO0 MUPA IUIACTHYECKOM JedopManuu Ha-
qasnicst B 70-X TT. MPOIIIOrO CTOJETHs, IPUYeM HanboJiee HHTEHCHBHO — CO CTO-
POHBI MUKPOCKOIIMH, HAUWHAsi C BBEACHHUS MOHATUS O JUCKIMHALMUAX U POTAIH-
OHHOW MOJIe, a TaKXKe TUCIOKAIMOHHBIX aHCAMOJSIX, YTO CTaJO KOJOCCAIBHBIM
IPOPBIBOM B (PM3HMKE POYHOCTHU M TutacTudHocT [18-33].

Oco6piM MOMEHTOM Ha (OHE pa3BUTHS MPEJICTABICHUN O CTPYKType Jie-
(OopMHUpPOBaHHBIX CIUIABOB OBUIO BhIsABICHUE B cruiaBe Fe—45% Cr [34] nenpe-
PBIBHO H3MEHSIOUIEHCA OpUEHTAUUU KPUCTAJUIMYECKOW pEelIeTKH, (UuKCcupye-
MO€ MO HAJIWYHUIO MPOTSHKEHHOI'O a3MMyTalbHOI'O pa3sMbITUA pediekcoB Ha
mukpoaudpakuax. 3atem B I'I[K-kpucrtamnax [35] u OL[K-crmmaBax HHOOHUS C
JOUCTiepcHbIMU YacTuiaMu [36] Takyke HaiiIeHbl CTPYKTYphI C HEOOBIYAHO BbI-
cokoit (mo 1 rad/um) KpHBHU3HOW KPHUCTAUNIMYECKON pemieTku. bbuia mpemio-
K€Ha MOJIeNIb B BHJE OJHOHAINPABICHHOTO KYIOJIOOOpPAa3HOI'O0 HCKPUBICHUS
mnockocter. [lomyuennsie 3¢ dexThl ObUTM MHTEPNPETUPOBAHBI KAaK IPOSBIIC-
HUE POTALMOHHOW MOJIBI.

Hcenenyss MHOrokoMIOHEHTHBIE cruiaBbl coctaBa Fe—17Ni-10W-10Co-1Mo-1Ti,
a take TI-5AI-5M0-5V-1Cr-1Fe, MbI 00Hapy>KWIH IPUCYTCTBUE 00acTel ¢
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BBICOKOM KPUBHU3HOM KPUCTANIMYECKOW PELIETKU B IIMPOKOM JHAIa30HE CTe-
neHeit pedopmaruii (BIiote 10 87%), KOTOpBIE HE MEPEXOAAT B CTPYKTYPHI C
JIUCKPETHO pPAa30PUEHTUPOBAHHBIMU TPAHHUIIAMHU POTAMOHHOW mpupoasl. Ha
OCHOBE aHaJIM3a YKCIEPUMEHTAIbHbIX JaHHBIX Hamu [37,38] ObuT cienaH BbI-
BOJ O HEOOXOJIMMOCTH BBEACHHS HOBOH MOABI JedopManuu — U3rUOHON, HO-
CUTEJIEM KOTOPOU SBISETCS JIOKAJIbHBIA H3THMO KPUCTAIIIMYECKOW PEIIETKH,
Ha3BaHHBIA NUCIUIaHAIMen. J(ucmianaus B OTIMYME OT JTUHEHHBIX Ne(eKToB
(mucnokanMu W AMCKIMHAIIMHK) SIBJISETCA 00beMHBIM acdhekToM. B paborax
[39,40] moka3zaHo, 4TO JOKaNbHBIE W3rHOBI MMEIOT JMIIOJNBHBIN XapakTep |
ONHUCHIBAIOTCS TEH30pOM u3ruba kpyuenus. llpemsioxena nuciokanmoHHas
Mojiesib HOBOTO MesoaedekTa [41,42], koTopas mpeacTaBiseT JOKaIbHBIA -
MOJIbHBIM M3ru0 KpUCTAINIMYECKOM pelIeTKH KakK pe3yJbTaT o0pa3oBaHUs
MOIIIHBIX JTUIOIBHBIX IHUCIOKAIIMOHHBIX 3apsAa0B, C(POPMHUPOBAHHBIX IITIOCKH-
MU, a TIPU OYCHb BBICOKOW TUIOTHOCTH IUCIOKAIMi (~ 10" Cm_z) — HaKJIOH-
HBIMHU pAlaMH JUCIOKAIMi pa3HOro 3Haka. OCHOBHBIMU NapaMeTpaMH yKa-
3aHHOTO Me3ojedeKTa SBISIOTCS BEIMYMHA UCIOKAIMOHHOTO 3apsna, Jo-
KaJIbHas MJIOTHOCTh AUCIOKAUUM M Tuiedo aumnons. JedekT Tuna «IoKalbHbIN
TUTIONBHBIN M3TM0» XapaKTEepU3yeTcs HEOTHOPOIHBIM paclpeeliCcHHeM Ha-
NpsiKEeHUM, OOYCIOBIEHHBIX H3MEHEHHUEM MEXIIJIOCKOCTHBIX PAcCTOSHUM B
CTOPOHY KaK CXKaTHs, TaK U PACTSIKEHUS.

Hapsiny ¢ xapakTepHbIM TPHU3HAKOM — SKCTHHKIIMOHHBIMU KOHTYPaMH, CXOJs-
IIUMHCS] B TOYKY MPH U3MEHEHUU yTia HakiIoHa (ONbru, — Marepuaisl, aedop-
MUPYIOLIUECS TI0 MEXaHW3My 00pa30BaHUS M B3aUMOJICHCTBUS JIOKAJIBHBIX M3TH-
0OB, IEMOHCTPUPYIOT 3HAYUTEIHHYIO JUCTOPCHIO MEKIUIOCKOCTHBIX PACCTOSHUIMA,
KaK 3TO M0Ka3aHo, Hanpumep, B [43].

[IpennoxxeHHass MOJENb NUCIUIAHAIIMA YCIOBHO BBIACISET JUCIOKAIIMOHHBIC
3apsbl KaK CKOIUIEHHE TMCIIOKALMKA OHOro 3HaKa. B peangbHOCTH e TakuMU 3a-
psAAaMu SBISIOTCS CKOIUICHUS AUCIOKAIUI ¢ M30BITOYHON BBICOKOM MIOTHOCTHIO
JIUCIOKAIIMHA OJTHOTO 3HaKA.

CrnemyeT 0c000 OTMETHUTB, YTO CO3JAHKME YKa3aHHOW MOJENIH MOTPeOOBaIO HC-
M0JIb30BaHUsl OJHOBPEMEHHO MAaKPOCKONUYECKHUX MPEACTABICHUN MEXaHUKH Jie-
dbopMEpyeMOro Tejna ¥ MUKPOCKOITUYECKOM TeopuH Auciaokanuii [41,42].

OcCHOBBIBasICh Ha BBIIIECKA3aHHOM, CYIIECTBYIOUIME MEXaHU3Mbl WU MOJbI
IIaCTUYECKON nedopMariuu, 0OyCIOBICHHBIE NUCIOKAIIMOHHBIMU MPOIECCaMH,
MOJKHO TPEJICTaBUTh B TAOJUIIE, TJIe MUKPOCKOITUIECKOMY YPOBHIO COOTBETCTBY-
€T OJMH TPAHCIIALMOHHBIA MEXaHU3M, & B ME30CKOTMYECKOM MaciiTade padoTaroT
JIBa MEXaHW3Ma. M3THOHBIA W poTanuoHHBIN. [Ipyu 3TOM M3rmOHass mMoja Bceraa
MPEIIIecTBYeT pOTalMOHHOW. JlMama3oH ee paboOThI MO cTeneHu aedopmanuu
MO3KET OBITh Pa3IMYHbIM, YTO ONpEENsieTCS IPUPOION MaTepuaia, MOJIyJIeM yii-
PYrOoCTH U, CIEIOBATEIbHO, CTEMEHBIO KECTKOCTH MEKAaTOMHBIX CBsI3eH, crere-
HBIO TOJBMKHOCTU JUCJIOKALMH, YTO, B CBOIO OYepe/b, OOYCIOBICHO COCTaBOM
CIUIaBa, BUIOM MEXKATOMHOW CBSI3H, TUIIOM KPUCTAJUTMUECKON PEIIeTKH, BIUSIHHU-
€M MPUMECEH.
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Tabnuna
Moabl miIacTu4eckoi negpopmannu
CrpykrypHBIH | Monsl nedop- OCHOBHOU €TUHUYHBIA
PYKIYP bt 1edop OCHOBHBIE TTPOLIECCHI A
YPOBEHb Maruu nedexT
Muxkpockornuue- | Tpancnsinon-| OauHOYHOE JBUXKE- Jucnokanus —
CKHUH HEBIE HUE TUCIOKAIH 3aTOPMOKEHHBIN CIABUT
HWCIUIaHAIUS —
H3ru6usie A i
Me3zockonuye- KomnmexktuBHOE 1BH- | 3aTOPMOXKEHHBIN U3THO
CKHUH sKeHHe QUCIIOKaIui VCKJIMHAIIUSA —
Poranunonusie a I A If
3aTOPMOKEHHBI TOBOPOT

CTpyKTypHl, c(popMUpPOBAHHDbIE B YCJIOBUIX HHTEHCUBHBIX IJIACTHYECKHX
nedopmanuii

Bce BO3MOXHBIE THUNBI JHMCIOKAIMOHHBIX CTPYKTYpP BBICOKOW IIJIOTHOCTH,
dbopMupyeMbie B Mpenenaax UCXOAHOTO 3€pHa MPH MHTEHCUBHBIX MJIACTHYECKHUX
negopManusax, pauuoHaIbHO OOBEAMHUTH B TPH OOJBIINE TPYIIBI:. HEPA3OPUCH-
TUPOBAHHBIE CTPYKTYPbI; CTPYKTYpbl C HENPEPBHIBHBIM W3MEHEHUEM OPUEHTALUU
KpUCTAIOrpauyecKux IJIOCKOCTEH; CTPYKTYpPbl C JAUCKPETHBIM H3MEHEHUEM
OpPHUEHTAIIMH KPUCTALTOTPaPUUECKUX TUIOCKOCTEH.

[IpuMepsbl Takux CTPYKTYyp MoKa3aHbl Ha puc. 5. K Hepa3opueHTUPOBAHHBIM
CJIelyeT OTHECTH CTPYKTYpPhl C XaOTUYECKUM paclpeeseHueM AUCIOKaui U

0.5 um
H 1.5 um

a o

Puc. 5. JlucnokarMoHHBIE CTPYKTYPHI Je-
(hopMHUPOBAHHBIX MAaTEPHAJIOB: @ — CTah Fe—
0.03C, e = 4, Hepa3opHUEHTHPOBAaHHAS Xao-
THYECKasl CTPYKTypa ¢ KIyOKaMu IHCIIOKa-
1mif; 6 — cranb Fe-0.08C, € = 40%, cTpykTy-
pa ¢ SKCTUHKLMOHHBIMU KOHTYPaMH, CBHIE-
TENBCTBYIOIMMH O HEIIPEPHIBHOM H3MEHe-
HUM pasopueHTanmy, ¢ — crajap Fe—0.08C,
€= 40%, ¢parmMeHTHpOBaHHAsI CTPYKTYypa.
M3rubbl LEMEHTUTHBIX IUIACTHH (UepHbIC
1.5 um HPOCIIONKH), TOOOHO perepaM, (PUKCHPYIOT
MPEIIECTBYIONIEe HMCKPUBJICHHE O0JacTei
KPUCTAJJIMYECKOM PelIeTKU

16



du3nKa 4 TeXHHKA BhIcOkuX aasjennii 2009, tom 19, Ne 1

HEPa30pUEHTUPOBaHHbBIC sTYeUCThIE. CTPYKTYphI C HEMPEPHIBHBIM MU3MEHEHHUEM pa-
30pUEHTALMU BBIBISIOTCS MO HAJTUYHIO SKCTUHKLIMOHHBIX KOHTYPOB Ha AJIEKTPOH-
HO-MHUKPOCKOITMYECKOM H300paXCHUH M a3UMYTaJbHON HEMPEPBIBHOCTU pedek-
coB (myr) Ha MUKpPOAUPAKIIMOHHBIX KapTuHAX. CTPYKTYpPhI C JUCKPETHBIM H3Me-
HEHHEM OpPHUCHTAIlMH — IOJIOCOBBIE U (parMeHTupoBaHHbIE. CTPYKTyphI ¢ 000p-
BaHHBIMU I'PaHUIIAMU — 3TO CIIy4ail, KOr/ia OTHOBPEMEHHO padOoTaloT JiBa BEAYIIUX
MeXaHU3Ma WM JIBE MOJIbI IIACTUYECKON JeopMaliu: U3rHOHast M POTAllMOHHAS.

Mogaesn (pparmeHTalUH 3epeH NP HHTEHCUBHOM IJIACTHYECKOM
nedpopmanumn

AKTHBHas pa3pab0TKa METOJIOB WHTEHCHUBHOW IJIACTHYECKON AehopMarvu B
MOCITIEAHUE TOMbI ObUIa MPOIUKTOBAHA MPEkKIE BCETO HEOOXOIMMOCTBIO MMOTyYe-
HUS. HAaHOCTPYKTYPHOTO COCTOSIHHMSI 3a cueT ()parMeHTalMl HCXOIHBIX 3€pEeH.
BonpmmHCTBO paboT B 3TOM HAmpaBiIeHUH OOCYXAaeT siBieHHE (hparMeHTanuu
Kak rnpoiiecc 00pa3oBaHUs JUCKIMHAIMOHHBIX I'PaHUIl B pe3yjbTaTe B3aUMO/Cii-
crBus auciokarwmii [5,11,13-15,32,44-46]. Camo siBjieHue (hparMeHTaIUH BIEp-
BbIC 0XapaKTEepU30BaHO B [32] Kak JOMUHHPYIOIIAs MOJIa 3BOJIOIHH JAe(HEKTHOM
CTPYKTYphI Ha CTaUH PA3BUTOM IMIACTHUYECKOH MedopMaliuy, MPUBOAIIIASL K Op-
raHu3aluy JUCKIMHALMOHHBIX IpaHull. K HacTosmieMmy BpeMeHU BBIABHUHYT P
MoOJIeTIeH, ONpeneSIoNINX BO3MOXKHBIC MyTH 00pa3zoBaHus pparMeHToB. Onuiiem
HEKOTOpPBIE U3 HUX.

[lepBoit mpuBenemM Mmoneib [44], OCHOBaHHYH Ha OOpa30BaHHUU SYCUCTOMN
CTPYKTYpbl U TOCIEAYIOIIEM IMPEBPAIEHUN UCIOKAIIMOHHBIX TPaHMI] SYEEK B
JTUCKIMHAIIMOHHBIE C YMEHBIIEHHEM pa3Mepa S4YeeK 3a CUeT B3aUMOACHCTBHUS
mucknuHanui (puc. 6). [TomoOHbIH X0 MpeacTaBIeHus mpoliecca pparMeHTanuu
UCTIONB3YeTCs U B OoJiee TO3IHUX MOJIEIIX, Hanpumep B [45], HO Oe3 u3MEeHEHUs
pa3mepa (hparMeHTOB IO OTHOIIEHHIO K pa3mepy sueek. B padote [15] ¢ momoribio
KOMIIBIOTEPHOT'O MOJICTUPOBAHMSI [TOKa3aHO, YTO 00pa30BaHUE CTHIKOBBIX JAMCKIIU-
HaIMi BeIET K HapyLICHUIO JJAMUHAPHOI'O MOTOKA JWCIOKAIMI U BOSHUKHOBEHHIO
JIMCIIOKAIIMOHHBIX TpaHull. OO0pa3oBaHNe HOBBIX ()ParMEHTOB 3€PHA MPEACTABISCTCS

) ‘
| 4
2,5.“ > g
$ L
WJ it L"’ﬂ( e .\.l.” Ty
}’ k "i
a o 8

Puc. 6. Cxema 3BOJIONMU CTPYKTYPHI B XOZ¢ MHTEHCHBHOW TIACTUYECKOH nedopmarmn
[44]: a — nucnoxanmoHHBIE TPAHMIBI SYECK; O — MUCKIMHALVOHHBIC T'PAHUIIBI, 8 — pe-
3yJIbTaT B3aUMOJECHCTBUS JUCKIUHALUI
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L L

Puc. 7. ®parmeHranusi npu OOJBIIMX IIACTUYSCKUX Ae(POpPMANUAX TMOJIUKPUCTAIIIOB
[45]: a — ocHOBHOE CKONBKEHHE B 3epHE; 6 — 00pa30BaHME CTHIKOBBIX IUCKIMHAINN U
HECaMOCOTJIACOBAHHOTO PACIPEACICHUS AUCIOKAIMN HA TPAHUIIE; 6 — JCHCTBHE aKKOMO-
JAIIMOHHOTO CKOJIBKEeHUs (TyCTas IITPUXOBKA); 2 — 00pa3oBaHue 0OOPBAHHBIX TPAHHIL —
HaYaJIBHBIN dTanm parMeHTaIy; 0 — GparMeHTHPOBAHHOE 3€PHO

B Mojenu [46] Ha OCHOBE BO3MOKHOCTH IMOSIBJICHHS CTHIKOBBIX JUCIOKAIUH C
Y4E€TOM AaKKOMOJAIIMOHHOTO CKOJIBKEHHSI JUCIOKAUUNA OT TPaHHUI] HCXOJHOTO
3epHa K neHrpy (puc. 7).

BBenenue moHATHS O BBICOKON KPHUBHM3HE KPUCTAIIMYECKOW PEHIETKH MO3BO-
om0 aBropam pabdot [11,47] npeacraBuTh MOAEIb CTPYKTYPHOTO COCTOSIHHS C
KOHTHUHYaJIbHOW TUIOTHOCTBIO JMCKJIMHAIIMHN, BOSHHUKIIIETO B 30HE Pa30pUEHTAINH
KPUCTATMIECKON PEIICTKH KaK pe3yJsIbTaT pellakcaliu ymnpyroi snepruu (puc. 8).

Ha ocuoBe mpemnokennoi B [41,42] AUCIOKAIMOHHOW MOJENH JOKAIHLHOTO
n3ruda rpaHuIbl PparMeHTOB MOTYT 0OpPa30BBIBATHCS ITYTEM IMEPECTPOMKH IHIC-
JIOKAIIMOHHOTO JUMOJS B AUIONb JUCKIMHALUN, POPMHUPYS MPU 3TOM AUCKPETHO
pa3opHEeHTUPOBaHHbBIC 00acTH, T.e. pparmeHTsl (puc. 9) [48]. Ananus BO3MOXK-
HBIX TyTEH pelaKcalyl HAINpPsHKCHHUN, BO3HUKAIOIIUX B 30HE JIOKAJTHHOTO JH-
MOJILHOTO M3TrM0a KPUCTAIIMYECKHUX MIIOCKOCTEH, MO3BOISIET MPEANONI0KUTh, YTO
KpOME JIMCIIOKAIIMOHHOW MEepPecTPONKH B JAMIONb JTUCKIUHAIIMN BO3MOXKHO U 00-
pa3oBaHUE TUCKPETHOU TPAHUIIBI yTEM CKauKOOOPa3HOTO C/IBHTA B HAIIPABICHUHU
MaKCHMaJIbHBIX HaNpsbKeHu#, Hanmpumep o juaun BD (puc. 9,2).

Ha ocHoBe mpeacTtaBieHHil 0 KpUBU3HE KPUCTAIMYECKOW PENIETKHU ClIeTIaHbl
OIICHKH POJIM MacITabHOTO (haKTOpa — OTHOIICHHMS TUIOIIA U TOBEPXHOCTH Oovyara
nedopmaiuu K ero o0bemMy Ipu WHTEHCHBHOMW IUIACTUYECKOW nedopmariuu, 4To
MO3BOJIICT MPOTHO3UPOBATh YMEHBIIICHUE Pa3MepoB (PparMeHTOB, YUUTHIBAS IO-
nepevHoe ceyenue aeopmupyemoro oopasia [49].
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Puc. 8. Mozeab 30HBI C BBICO-

KOM KOHTHUHYaJbHOM IJIOTHO-

CThIO auckiuHaimi [47]: a —
IUIaBHAsE Pa3OpHUEHTALs —pe-

o
HIETKH, 6 — JUCIOKAIIMOHHBIN
\ 3apsfl, @ — JUCKPETHAS pa3opH-
EHTalMs PEIIeTKH; 2 — CTEeHKa
/ ‘ YACTUYHBIX  JUCKIMHANMN —
obopBaHHasi TpaHUIA, 0 — TIO-
2
e
L
1
1
4
L

[oN)

BOPOTHI M KPUBU3HA PEIICTKH; € —
JIMCIIOKAIIMOHHO- TUCKIIMHAIOH-
Hble KOH(PUTYpauu

_|
—44 -4

D

a o 8 2

Puc. 9. CxeMsl TpaHchopManuu JUCIOKAITHOHHOTO AUITONS (a) B TUCKIMHAIIMOHHBIN (6)
Y 30HBI JIOKAJBHOTO JUIOIBHOIO H3rnba KPUCTALIMYECKUX MIocKocTei (6) B hparmen-
THPOBAHHBIE 00J1aCTH KpUCTaIIa (2)

B pa6ote [50] mpemnokeH HECKOIBKO MHOM B3IJISAA HA pa3BUTHE (hparMeHTa-
I[UU, KOTOPBI OCHOBAaH Ha 3aKOHOMEPHOCTSIX (DOPMHUPOBAHHUS MMOJOCOBBIX CTPYK-
Typ. Mexanu3mbl GOpMUPOBAHHUSI TIOJOC CABHUra, OPHEHTUPOBKA IPAHUI] KOTOPHIX
OTIIMYAETCS OT OPUEHTUPOBOK IUIOCKOCTEH JIETKOTO CKOJBXKEHHUs, A0 CUX IOp J0
KOHIIa HE BbIACHEHBI. He Hamen HaydHOTO OOBSICHEHUS M (aKT MONEPEMEHHOTO
M3MEHEHUs 3HaKa yria pa3opUeHTAlUN KPUCTAIUTMUECKHUX TUIOCKOCTEH COCeIHUX
nosioc. ABtopsl [50] mpemnoxuan Mojaenb GOPMUPOBAHUS HAHOCTPYKTYPBI MPH
nehopMaly paBHOKaHAIILHBIM YTJIOBBIM IpeccoBanueM (puc. 10). OxHako Bompoc
0 MEXaHU3Me 00pa30BaHUS MMOJIOC TIEPEOPUEHTAIIMN B 3TOW paboTe He 00Cykmaacs.
WHTtepecHast TpakTOBKa IMOJIOC c/iBHra jaHa B [51], rie Ha oCHOBE ydera COBMeECT-
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HOTO I[€I>'ICTBI/IH ABYX CUCTCM CKOJIBXKCHHA BBICKA3aHO MPCAIIOJIOKCHUEC, YTO IOJIOCA
C/IBUra HauMHAETCS B 00JIACTU MEPECEUEHUs IBYX CHUCTEM CKOJIbKEHHUS, T.€. BO3HU-
KAaeT ME30KOHLICHTPATOp HANpsDKEHUM, Ha3BaHHBIA «KPUCTOHOM» — HOCHUTEIEM
KBaHTOB CMEIICHUI PEIICTKH MPHU CABUTOBOM nedopmanmu. Takoi KOHIIEHTPATOP
CHOCOOCH aKTHBHO MOJISIPU30BaTh Cpeay Ha Me3omaciiTabax, co3aaBas B OKPECT-
HOCTHU MCXOJIHOTO KOHILIEHTpATOpa M30bITOYHBIN AUCIOKALMOHHBINA 3aps]] IPOTHBO-
MIOJIO’KHOTO 3HAKa, 00Pa3yIoIIero ¢ UCXOIHBIM 3apsIOM TUMOIBHYIO TIapy.

ITpass  Ipass

Puc. 10. MukpoctpykrypHas monens [50], moka-
I SPIBAIOLIAS M3MCIBUCHHE 3epHA MOCTIe 1 (a), 2 ()
1 4 (8) LMKIOB PECCOBAHMUS

6

BeiBobl, ciaenanHbie B [48], BO MHOrOM CO3BYYHBI C TPEACTABICHUSAMHU O
(OpMHPOBAHUYU TPAHMII C AUCKPETHOW pa3OpPUCHTAIIEH COMPSATAIONINXCS odJac-
TeU B IJIaHE 06pa3OBaHI/ISI JUTIOJIBHBIX JUCJIOKAIIMOHHBIX 3aps/10B (I/I3JIO)KGHHLIMI/I
paHee B JIaHHOM pasjejie Mpu OOCYXKIeHUH W3rHOHOW Mombl aedopmarmu). B
cllyyae, KOrja JIUCIIOKAIlMOHHBIN TUMOIb MMEET KOH(PUIypaluio IBYX IJIOCKHUX
JIMCIIOKAIIMOHHBIX CKOTUICHHUI pa3HOTO 3HAKa, TM0JIe CMEIICHUH BOKPYT TaKOro 3a-
psiia mPeACTaBISCT MMIMHAPUICCKUN U3ru0 (M0J00HO M30THYTOCTH YCPEIIHIIbI).
CrnenmoBatenbHO, MOXHO MPEICTABUTH, YTO MPU JAePOpPMAIMU BO3HUKAET TEPHO-
JTUYECKOe yIPYyToe Moje CMENIEHUH, KOTOPOe MPU OMPEICIICHHBIX yCIOBUSIX MO-
KET CPEeIaKCHPOBATh B IOJIOCHI CIIBUTA CO 3HAKONIEPEMEHHBIM H3MEHEHUEM OpH-
SHTAIllUN U HEKPUCTAIUIOrpapUUeCKUM HAIPaBICHUEM I'PaHMII.

[Ipu BXOXIeHMU 0Opaslia B MaTPHIly OH OKa3bIBaeTCsl B TIOJIE BO3PACTAIOIINX
rpaJIMeHTHBIX HampsbkeHuil. Ho, kpome Toro, B Marepuane BO3ZHHKAIOT IOIOIHU-
TENTbHBIC HAIPSDKCHUS, CBA3aHHBIE C HEOOXOIMMOCTBIO TIEPEOPHEHTAIIMN PEIICTKH K
ONaronpUsATHOMY PACHOIOKEHHUIO TUIOCKOCTEH JIETKOTO CKOJIBKEHUSI OTHOCHTEIEHO
HAIpaBJICHHUs] BHEIITHETO BO3JEHCTBUS. VIMEHHO 3THUM MpOLIECCOM OOYCIIOBJIEHO 00-
Ppa30oBaHUC JUITOJIbHBIX TUCJIOKAIIMOHHBIX 3apda10B U IMOCICAYOHICTO BOJIHOBOI'O I10-
JIs1 CMEIIEHUH aTOMOB, (POPMHUPYIONIHX U3TUO KPUCTAIUTMIECKHUX TUIOCKOCTEH.
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B HOBBIX MeTOJaX WHTEHCUBHBIX IUIACTUYECKUX JedopMaliuii cxema Hampsi-
’KEHHOTO COCTOSIHHSI TPEAIoIaraeT M3MEHEHHE HalpaBJICHUS] BHEIIHETO BO3/CH-
CTBUS U, B YaCTHOCTH, BBEJICHHE CIBUTOBBIX KOMITIOHEHT. I3MEeHEeHNEe OpUEHTAINH
MJIOCKOCTEH MaKCUMAaJIbHBIX CIIBUTAIOIIMX HAMPSHKCHUM TpeOyeT HOBOH mepeopH-
SHTAIUH TIOCKOCTEH JIETKOTO CKOJIbKEHUS B MaTepUalie ¥ TEM CaMbIM CIIOCOOCT-
BYET U3MEJIBYCHHIO 3€PEH.

Onucansapiit 3QPeKT MOXKHO HAOIIOATh B CTPYKTYPE KEIE€30YTIEePOIUCTOrO
CILJIaBa TP MEepexojie OT OJJHOOCHOTO CKaTHsl K TUApodKcTpy3uu (puc. 11). Ipu
crenienu aedopmanuu 50% B ciaydae 0JHOOCHOTO CKATUSI HAOJIOJAeTCs MOJI0CO-
Bas cTpykrypa (puc. 11,a). Ilpu rugposKcTpy3uu, Koraa odpasel moaBepraeTcs
3HAYUTEIIBHBIM CIBUIOBBIM HANPSHKCHUSAM MPHU BXOXKJICHUU B MATPHILY, TPOUCXO-
auT moBceMecTHas (parmenranus (puc. 11,6). B crmiaBe Fe—17Ni ¢ mmpokum
JIMANa30HOM pean3aiuy U3ruOHON MOIbI IehopMaIiuy IpU TUAPOIKCTPY3UH (g =
= 60%) dukcupyercsi CTpyKTypa ¢ HEMPEPHIBHBIM M3MEHEHHUEM OPHEHTAIIMH KpH-
CTAJUIMYECKON PEHICTKH B Tpezeaax oaHoro 3epHa (puc. 11,6). Jluckpernas paso-
pueHTanus (parMeHTOB MPU TOH K€ CTENEeHH J1e(hOpMAIHU TTOSBISIETCS. TOJIBKO B
Clly4ae pOTAIIMOHHOW KOBKH — 3HAKONEPEMEHHOM YJapHOM HArpy>KeHUH IO ITH-
JMHIPUYECKON TTOBEPXHOCTH 3aroToBKu (puc. 11,2).

lum lum

lum lpum

6 I

Puc. 11. V3MeHeHHE CTPYKTYphI CIUTABOB NPU BKIIOYCHHM CABHTOBBIX HAIPSDKCHUN B
cxeme nedopmammu: a, 6 — Fe—0.35C, € = 50% cooTBETCTBEHHO MPH OJHOOCHOM CHKaTHU
U TUIPOIKCTPY3uH; 8, 2 — Fe—17Ni, ¢ = 60% cOoOTBETCTBEHHO NP THAPOIKCTPY3HU U PO-
TallMOHHOM KOBKE
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B 3aBepriienne 0030pa Mozenei, 00bSICHSIIOMUX IBOMIOLUIO CTPYKTYPBI, UMEET
CMBICIT BEpHYTBCSI K aHAJIOTUH Tpolecca aedopmanuy ¢ THAPOANHAMUYECKAM Te-
yeHHueM. BCIIOMHMM, YTO TEUSHHE KHUIKOCTH MOJCIUPYIOT C IMOMOIIBIO BpaIlaio-
muxcs cronooB. Eciu monockl neopmMarivy npecTaBUTh TakKe B BUE BBITSHY-
TBHIX UWIMHIPHYECKUX 00JIACTEH, OMMCAaHHBIE BBIIIE MPOLECCH OYAyT MPUBOANUTH K
WCKPUBJICHHUIO IIWJIMHAPOB U BO3HHUKHOBEHUIO BUXpEH. XapakTep TCUCHHUS MeTa-
JIMYECKUX MaTepualioB B YCIOBHUSX BBICOKMX JABJICHHNA M OOJBIIUX JAedopMariuii
XOPOIIO BU3YAIM3UPYETCS MPU HAIMYUH BBIACIECHUH BTOPBIX (a3, MoJoO0HO ToMy,
KaK TBEP/IbIC MAPUKHU B KHUIKOCTH ITOMOTAIOT YBUETH CTPYKTYPY €€ TEUCHHUSI.

Ha puc. 12,a BuiHa CIOUCTOCTH IO OPUEHTALIMU NEPBUYHON Ol-(ha3bl B TUAPO-
9KCTPYAUPOBaHHOM ciuiaBe Ti—-5M0-5V-5Al B oTiinune ot Masio opueHTHpOBaH-
HOU TepBUYHOMN o-(ha3bl B UCXOMHOM coctostHuu. Jpyro# npumep (puc. 12,6) —
cranb Fe—0.3% C B nepiuTHOM COCTOSHUM Tocie aedopMmaliiu ciBurom (e = 4),
B CTPYKTYpE KOTOPOH BUAHO HA4YalI0 BUXPEOOPA3HOTO TeUCHHUs Oaaromaps u3ruoy
TUTACTHH IEMEHTHUTA TPU a0COIIFOTHO IJIOCKOH MX (hopMe B MICXOTHOM COCTOSIHUU.
OpHako MHTEHCHBHBIE IUIACTHYECKHE JedopMann, Kak MpaBUiIO, IPOBOJISATCS B
YCIIOBUSIX BBICOKMX JaBJICHUH, OHH TPOUCXOIAT C BBICOKUMH CKOPOCTSMH Je-
¢dopmanmu, 4TO CyHIECTBEHHO M3MEHSET COOTHOIIEHHE BPEMEH HAKOILJICHHS Ha-
NPsOKSHUN U peslakcaluu.

4um 1.5 um

a 9]

Puc. 12. Busyanusanus KapTUH TCUCHUsS MPH HATUYHUH BBIJCICHUN BTOPBIX (a3: a —
Ti-5Mo-5V-5Al, runposkctpysus, € = 30%; 6 — Fe—0.3%C, nehopmarus casurom, e = 4

Hcxons U3 BhIIECKAa3aHHOTO, CTAHOBUTCSI TOHATHBIM, YTO CTENEHb Aedopmanuu
U JIaXXe CKOpOCTh AedopManuy He SIBISIOTCS ONPENeISIoNMMU (HaKTOpaMu B W3-
MenpueHHH 3epHa. HamOonee BakHa cxema aedopmanuy, oOecreunBaromas Kak
MOXHO OOJbllIee KOJUYECTBO U3MEHEHUI HalpaBIeHUH MAKCHMAaJIbHBIX C/IBUTaIO-
IIMX HAIPSDKEHUH, KaK 9TO HUMEET MECTO, HAalpUMep, B BUHTOBO# dKCTpy3uu [52].

CTpykTypHbBIe Ipeodpa3oBanus B nedpopmupoBanHom Ti—Nb-cnnase

Tenepb, 0003HAYHMB MPEICTABICHUS O MPOIECcaX, MPOUCXOMSIIINX HA MAKpPO-,
MHUKpPO- U ME30YPOBHSX, @ TAK)KE MMesl MPEJCTABICHUS O BO3MOXXHBIX MEXaHU3-
Max nedopmanuu, oOecreyuBapIMKMX AcPOpPMAIMI0 Ha KaKJIOM MacIITaOHOM
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YpOBHE, MBI MOKEM IPOAHATIN3UPOBAThH MOTyYaeMble CTPYKTYpHbIE KapTHUHBI Ha
npumepe Ti—-NDb-cruiaBa, 1eopMUPOBAHHOTO METOIOM PAaBHOKAHAIBHOI'O MHOTO-
yrioBoro npeccoBanust (PKMVYII) u runposkctpy3um.

Meron PKMVII u cxema ero BeinosiHeHus onrcanbl B [53]. [IpeaioxkeHHbIi aB-
TOpaMH METO/I TO3BOJISIET B YCIOBHUSIX BBICOKOTO JIABJICHUS IPU KOMHATHBIX TeMIIe-
parypax I0CTUYb OUY€Hb BBICOKUX CTereHel aedopMaliy 3a C4eT MHOTOLIMKIIOBOTO
MIPOMyCKaHusl 0Opas3ia yepe3 3ur3arooopaszHyro MaTpuIly, XapaKTepU3UPYIOLIYIOCs
Tpems yriiamu 01, 02 u 03. Crenens nedopmanmu onpenensercs mo Gopmyre

oo 2ctgo, +ctgo, + ctgo,

V3

B ncxomHOM COCTOSTHHM CIUTaB UMEET CTPYKTYpPY € pa3MepoM 3epHa Mopsii-
ka 1-3 um ¢ HmM3KO0# miaotHOCTRIO auciokanuii 10 —10 " cm ° (puc. 13,a).
[Mocne 12 muknoB PKMVII (puc. 13,0) mI0THOCTh TUCIOKALUN YBEINIHBACTCS
10 10%-10" Cm_z, T.€. 10 BEJIMYMHBI, KOTJAa YK€ BO3MOYKHO B3aUMOJEHUCTBHE
nucinokanuii. OHaKO, HECMOTPS Ha BBICOKYIO CTeneHb aedopmaruu (e = 9.84),

1um 0.5 um

0.5 um

6 I

Puc. 13. Crpykrypa cmiaBa Ti—-40Nb: a — ucxoanoe cocrosiaue; 6 — nocie 12 1ukioB
PKYMII, e = 9.84; ¢ — mocne 24 muknoB PKYMII, e = 19.58; 2 — mukpogudpakuus ae-
(hopmupoBanHoro crutaBa nocie 12 nukinos PKYMIT
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Ha AJIEKTPOHHO-MUKPOCKOMUYECKOM M300paKeHUU B CIUIaBEe HAOIIOJAIOTCS JUIIb
HEYETKO BBIPA)KEHHbIE OOJIBLIOrO pajnyca HEOJHOPOJAHOCTH MOYEPHEHMS], IO Xa-
pakTepy nmoJo0HbIe SKCTUHKIIMOHHBIM KOHTypaM. Ha mukpoaudpakiuuu umeercs
c1abo BBIpAXKEHHOE a3uMyTalbHOE pa3MbITHe peduiekcoB. Ha done Takoit cTpyk-
TypbI U3peKa HabII0JaI0TCS AEMEHThI (hparMEHTUPOBAHUS, T.€. BOSHUKHOBEHUS
001bIIeyTI0BbIX TpaHull. ONUCAaHHYIO CTPYKTYpy HPUHATO Ha3blBaTh JUCIOKa-
[IMOHHO-/TUCKIMHAIIMOHHON, a M0 MEeXaHu3My aedopMaiuu 37ech (PUKCUPYETCs
OJIHOBPEMEHHOE JeicTBUEe M3TMOHOW M poTaunoHHOW Mof. CrienyeTr 3aMeTHTb,
YTO OTCYTCTBHE IOBCEMECTHOrO 00pa3oBaHUs ()pParMEHTOB B JIAHHOM CIIydae He
II03BOJIIET HAAESITHCS HA MOJIy4EHHE OAHOPOJHOIO HAHOCTPYKTYPHOTO COCTOSIHUS
[IPU YBEJIMUYEHUU CTETICHU AePOopMaIiu.

JUis cpaBHEHHS BO3MOYKHOCTHU pEajU3allMid ME30CKOIMYECKUX MEXAHHU3MOB
nedopManuu Oblia MpoBesieHa AedopMaliusi 3TOTO Ke CIUIaBa MyTeM THUIPOIKC-
tpy3un. Crenenp nedopmaimu Obiia HeOOmbION (¢ = 34%), omHaKO M3rUOHAs
MOJla B JaHHOM CITyyae YK€ peajii30Bajiach B MOJHON MEpPE, O YEM CBUIECTENBCT-
BYIOT 3JICKTPOHHO-MHUKPOCKOIHUYECKUE H300pakeHust CTpYKTyphl (puc. 14,a), Ha
KOTOPBIX HAOIIONAIOTCA 3aMKHYThIE SKCTMHKUIHMOHHBIE KOHTYPBI, CBUAETEIHCTBYIO-
II1€ O HETIPEPHIBHOM M3MEHEHUU BEKTOpa pa3OpUEHTHPOBKY, a TaKKe U3peka ¢par-
MeHTBI. Mukponudpakmus (puc. 14,6) NoATBEpKIaeT 3HAUYUTEIHHYIO CTCIICHb pa-
00ThI M3ruOHOTO MexaHu3Ma Jedopmaruu (a3UMyTaIbHOE pa3MbITHE pedIeKkcoB) B
CpaBHEHHH ¢ BapuaHToM aedopmarmu o pexxuMy 12 nukino PKMVII (cm. puc.
13,2). CnenoBaTenbHO, XapaKkTep HAMpsHKEHHOTO COCTOSHUS B o4are aedopMaliiu
IIPU THIIPOIKCTPY3HH sIBIIsieTCS Oonee 3pPEeKTUBHBIM B OTHOIICHUU 00pa30BaHUS
MIOBCEMECTHOT'O UCKPUBJICHUS KPUCTAIIIMUECKUX TUIOCKOCTEH PEILIETKH.

0.5 um

a 9]

Puc. 14. CrnaB Ti—-40Nb nmocne ruaposkctpysuu (¢ = 34%): a — SKCTUHKIIMOHHBIC KOH-
TYpHI U GParMEHTHI B CTPYKTYpE CIUIaBa; 6 — MUKPOIUDPAKIIHAS

VYBenuuenue yucna MukiaoB a0 24 npu PKMVII npuBoguT K oueHb CyIIecT-
BEHHBIM U3MEHEHUSIM CTPYKTYphl. B MaTepuane nmpoucxoauT JUHAMHUYECKas peK-
pucTauIM3aIMsa ¢ 00pa3oBaHUEM OOJBIINX 3€peH, KOTOPBIE B MPOLIECCE MPECCo-
BaHUS MPOJOKAIOT Ae(OpPMUPOBATECS MO M3rHOHOMY Mexanusmy (puc. 14,0).
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OnHOBpPEMEHHO B 3TOM MaTepHalie MPOUCXOIAT (a30BbIe MPEBPAILCHHS, KOTOPBIE
MBI B JAHHOM paboTe He 00cyKaaeM, yAemss Bce BHUMaHUE HBOJIOLMH JAUCIOKa-
LIUOHHOU CTPYKTYPBI.

3aKjao4eHue

AHanM3 MEXaHH3MOB M 3aKOHOMEPHOCTEH NpeoOpa3oBaHMsl IHCIOKAIMOHHOM
CTPYKTYpBbI IPY UHTEHCHUBHBIX IJIACTUUYECKHX JAe(opMaLUsaX MO3BONISET YTBEP)KIATh,
YTO IBOJIIOIMS CTPYKTYPhI HIMEET HE TOJIBKO IIMKIMYCCKHIA [3], HO U criMpaieBUIHBIN
XapakTep: CTPYKTYypHbIE MEXaHH3MbI JIe(pOpMald MOTYT LUKIWYHO MOBTOPSTHCS,
HO K&X/IbI pa3 OHM HPOUCXOAAT B MPEOOpPaKEHHOM MpeabLiyliel nedopmanuent
matepuaine. [locinenHee o4eHb BaXKHO Ui palIOHAJIBHOTO TUIAHUPOBAHUS Mapamer-
POB TEXHOJOIMU IIOJyYEHHs HAHOCTPYKTYpBI, MOCKOJBbKY HCXOJHOE COCTOSIHHE
cruiaBa nepen nedopmanueid MOXKeT ONpeieiiaTh He TOJIBKO CTENEHb Pa3BUTHS JUC-
JIOKalIMOHHBIX MPOLIECCOB, HO 1K€ Y OCHOBHOW MEXaHM3M OCYIIEeCTBICHUS aedop-
MalliH, Kak 3T0 ObLIO IMOKa3aHo, Harpumep, i ciutaBa Ti—5AI-6Mo-5V [23,54].

OBOJIIOLHMS  TUCIOKAIMOHHOM CTPYKTYpPbl NMPU HHTEHCUBHBIX IJIACTUYECKUX
nedopManusax IPOUCXOAUT OJHOBPEMEHHO Ha MUKPO-, ME30- U MaKpOypoBHsX. B
YCIIOBUSIX BBICOKOTO JIaBIIEHUS WHTEHCHBHAs IUIacTHyeckas naedopmanus Ha
MAaKpOYPOBHe INpe/CTaBisAeT co00il BA3KOe TedeHHe Marepuana ¢ Gpopmousme-
HEHUEM 3JIEMEHTOB CTPYKTYpHhI. [Ipy 3TOM A TeueHus: KpUCTAJTUTMUYECKUX TBEP-
IBIX TEJ XapaKTepeH MacCOIlEepeHOoC B BUAE o0Opa3yroIuxcs Mnpu aedopManuu
cioeB 0e3 pasphiBa CIUIOMIHOCTH MEXIY HUMH. VI MMEHHO BBICOKOE JaBJICHHE
€CTh TOT TJIaBHBIN (paKTOP, KOTOPHIA 00ECIeunBaeT KPUCTAJUTy CBOMCTBA, 110100-
HbIE TEKY4YeCTH XKUIKOCTU. [[03TOMY B MOJAX0/I€ K OMMCAHUIO ATOTO TEYEHUS aHa-
JIOTHUS THAPOAMHAMUYCCKOMY TeUeHHUIo [24] kaxkeTcs HanbosIee mepCrneKTHBHOM.

Ha muxpoypoBHe poxxiaeHue, JBUKEHHE U HAKOIUICHHE WHAMBHAYAJIbHBIX
AUCJOKAUMI olecrieunBaeT MOJArOTOBKY MaTepuala K IMpoleccam CIeAyIOLEro
MaciTabHOro YpoBHS. MUKPOYpPOBHEBbIE IPOIIECCHI OMUCHIBAIOTCS B OCHOBHOM
KJIACCUYECKOM TE€OpUEH NUCIOKAIIUM.

Ha mMukpoypoBHE BBICOKOE JaBJICHUE BEAET K YCHICHUIO B3aUMOJCHCTBUSA Me-
Ky JTUCITOKAIMSAMHU ¥ YMEHBIICHHIO JIOH CTOMOPHBIX (BEAYIIUX K Pa3pyIICHUIO)
JMCIIOKaIMi B aHcamoOiie nedekToB, 4ro ObUIO MoKa3aHo B [25] Ha ocHOBe Teopuu
JIUCTIOKAITUH ¢ yueToM 3¢ (HEeKTOB HEITMHEHHOCTH.

CTpyKTypHBIE U3MEHEHHUSI HA Me30YPOBHe 00eCreUNBAIOTCS KOJJIEKTHBHBIM
noBeneHueM JaedexkrToB. OCHOBHBIM YCJIOBHEM Hayalla ME30ypPOBHEBBIX MpOIleC-
COB SIBJISICTCSI B3aMMOJICHCTBUE TUCIIOKANUN, 00YCIIOBJICHHOE BBICOKOW HX ILIOT-
HOCTbHIO, O00ECIeUeHHON MUKPOYpOBHEBBIMH Iporeccamu. llpu 3ToM BepoOsSTHBI
TPU IYTHU AAJIBHEUIIEr0 pa3BUTHUSA AMCIOKALMOHHOM IoOJCHUCTEeMbl. Eciu aucio-
Kallu{ CUJIBHO 3aKpEIUICHbI MPUMECSMHU WIH CTPYKTYpOH Jieca, npeoOpa3oBaHus,
BeaylMe K (hparMeHTaluu, HEBO3MOXHBI — B pe3yJIbTaTe Mbl HMEEM XaoTHUYe-
CKYIO0 MJIM KITyOKOBYIO CTPYKTYpY, a Aajiee MOKET HJATH peKpUcTajuIu3anus 0e3
o0pa3oBaHMsl HAHOCTPYKTYPHl WM paspylieHue. Eciii MIOTHOCTh MUCIOKAlUN
BBICOKA, HO 3HAYMTENIbHAS MX YacTh (BKJIFOUYAsl pOKaAaeMble B mporiecce aedopma-
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IIMM) MOJXKET OBbITh MOJBM)XKHA, B3aUMOJCHCTBUE MEXKIY JUCIOKALUSIMH BEIET K
00pa30BaHUIO MOIIHBIX JAUCIOKAIIMOHHBIX 3aps10B, IPUYEM UMEHHO AUMOIbHBIX,
MOCKOJIBKY 3TOTO TpeOyeT MpUpoaa X OpraHu3alum.

Jlanee pa3BUTHE HAyKH INPUBENIO K NPEACTABICHHUIO O POTAIMOHHOM MEXAaHU3ME
nedopmary, HocUTeIeM KOTOPOro Ha ME30MAcIITaOHOM YPOBHE SIBJISICTCS AUCKIIU-
Haiysl. Jlycnokanyed, Kak M3BECTHO, HAa3bIBACTCS JIMHMS, OTPAaHUYMBAOLIAS YaCTh
IUIOCKOCTH C HE3aBEPIICHHBIM CABUIOM. J[MCKIMHALMA — 3TO TaKKe JIMHEWHBIN Jie-
GexT, T.e. TuHUSA, pa3esionlas ABe 00JacTH ¢ Pa3IMuHbIMU OPUEHTAIUAMH, U3Me-
HUBHIMMUCS CkadkoMm [29]. OmucaHue MoBeACHUs JAUCKIUHAIMN B OOIIEM Cilydae
BEZIETCSI JJIs1 OTHOPOAHOTO M30TPOIHOrO OECCTPYKTYPHOTO KOHTHHYYMa. YUeT Kpu-
CTAUTMYHOCTH Je(hOPMUPYEMOTO Tella B MOACIMPOBAHUU JUCKIMHALMNA TpeOyeT me-
pexosa K YaCTUYHBIM JIMCKIMHALMAM U WX TPEACTABICHUS B BUJE TUIONS AUCIOKA-
LIMOHHBIX CTEHOK. /[MMOJIb KIMHOBBIX ITMCKIMHALMKI ITPOTHBOIOJIOKHOIO 3HaKa MO-
JenupyeTcst MO0 MoyOeCKOHEUHBIMU CTEHKAMH KPAEeBBIX TUCIIOKALUI MPOTHUBOIIO-
JI0>)KHOTO 3HaKa, MO0 00OPBAaHHOM € ABYX CTOPOH CTEHKOM. MIHbIMU croBamu, B MO-
JICIIMPOBAHUM IIPEIIOIAracTCs NPSIMOIMHENHOCTh KPUCTAJUIMYECKUX IIOCKOCTEH.

BBenenue moHATHSA O AMCIUIAHALMK M W3TMOHOM MOJe MIIC0JI0rn4ecKu odora-
IIaeT MPEACTaBICHUsI 0 MeXaHu3Max Jedopmanuu, objieryaeT NOHMMaHUE MeXa-
HHU3Ma 00pa30BaHMs TUCKIUHALIUM, JIelaeT KapTUHY SBOJIOLMHU CTPYKTYpHI edop-
MHUPYEMOTO TeJa JIOTUYHOW W HepaspbhiBHOW. C pocToM cTemneHu aedopmamnuu
MOIIHOCTh IUCJIOKAIIMOHHBIX 3aps0B YBEINYUBAETCS U BMECTE C TEM IIOBBIIIAETCS
CTENEeHb KPUBU3HBI KPUCTAIUTMUECKUX TUIOCKOCTEH, 00ycioBineHHas uMu. Beicokoe
JIaBJICHUE, YCUIMBasi B3aMMOJICHCTBUE MEXTY AMUCIOKALUAMH, pabOTaeT B TOM XKe
HanpasiieHud. Ha 3TOM ypoBHE NMPOMCXOAWUT B3aMMOACHCTBHE MEXAY AMCILIaHA-
LIUSAMHM C AaHHUTWISLMENW OJHUX M YCWJIEHHEM HAIPSDKEHUM B JAPYTHX, T.€. UMEIOT
MECTO KOJUIEKTUBHBIE 3 (EKThI yKke Ha Me30ypoBHE. M BOT Ha 3TOM ypOBHE MOXKET
OCYIIECTBIISATHCS TMepexo]l (CKaYKOM) OT CTPYKTYpPBI C HETIPEPHIBHBIM M3MEHEHHEM
BEKTOpa Pa30pUEHTALMU K JUCKPETHOM pa3oOpHeHTAalluH, T.€. OT U3TMOHOro mexa-
HU3Ma — K pOTallMOHHOMY. B omyinyme oT npenpliyliuX MpeacTaBIeHU Mbl Ipu-
XOAUM K BBIBOJly O TOM, YTO W3TMObl KPUCTANIMYECKUX IUIOCKOCTEH SBISIOTCS
NPUYMHOM, a HE PE3yJIbTaTOM BO3HUKHOBEHUS TUCKPETHBIX POTALUH.

JanbHelas 3BOMIONMS CTPYKTYpPbI 3aKII0YaeTCsa B (pparMeHTAllMU UCXOAHBIX
3epeH. Bbicokoe rupocTaTHueCcKoe JaBICHUE B COUYCTAHUU CO CABUTOM O0YCIIOB-
JUBAET NEPEeXo/l OT IUIABHON K AUCKPETHOM pa3opUEHTALMU U CIIOCOOCTBYET M30-
METPUYHOCTHU (PParMEHTOB.

B urtore Bcero omMcaHHOrO BbIIIE UMEET CMBICI Takke O0OCYIUTh BOIPOC 00
OIpeJIeICHUN TePMUHA «MHTEHCHBHBIC IIacTHdeckue aedopmarum». B sBoio-
uu 1epopMUPYEMOro TBEPJIOTO Tejla KaK CHCTEMbI €CTh ME30CKOMMYECKH Te-
puoj, 1 Kkotoporo coriaacHo B.M. ApxapoBy XapakTepHO KOJIJIEKTUBHOE I1OBE-
JIEHUE €€ DJIEMEHTOB. JlJIs TUCIOKAMOHHOM CHCTEMBI — 3TO JHMCIOKALUH, JUC-
IUTAHALMY, AMCKJIMHALMU. B COOTBETCTBUM C JaHHBIM OIPEIEICHUEM TEPMHH
«UHTEHCUBHBIEC IUIaCTHUECKHE naedopManuu» HE CIEAyeT MEHATb, HYXHO €ro
JIMIIB PacIIUPUTh B CTOPOHY OOJIBIIMX WM Pa3BUTHIX JNedopmanuid. M npu sTom
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CJIeZlyeT Ba)KHBIA BBIBOJI. CBOWCTBa J1e()OPMHUPOBAHHBIX MaTEpPHANIOB OMpEes-
I0TCS TJIABHBIM 00pa3oM Me30YPOBHEBBIMU SIBJICHHUSIMHU B MOBEACHUU JE(PEKTOB B
Ie(OpMHUPYEMBIX KpPUCTAJUIAX, MPOUCXOIAIIMMU B TEUYEHHE IOCTOSHHO JEHCT-
BYIOILIMX IIPOLIECCOB HAKOIUIEHUS HANPSIYKEHUN U UX PEJIaKCALMH.
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T.€. Koncmanmunosa

EBONIOLIA ANCNOKALIMHOI CTPYKTYPU METATNEBUX CUCTEM
B YMOBAX BUCOKUX TUCKIB

PosrnsHyTO MexaHi3Mu TpaHchOpMaLii CTPYKTYpPH Ha MiKpo-, ME€30- 1 MaKpOPIBHSIX MPH
IHTEHCHBHHX IUIACTHYHHUX Ae(popMallisx MeTajleBHX CHCTeM Ha IMPHUKIAJl CIUIaBiB Ha
ocHOBi 3amiza 1 Turany. [loka3aHo 3B'I30K TpOIIECiB, IO BIiTOYBAIOTHCS HA PI3HHUX
MaciiTaOHUX piBHAX. HalOinbll [eTaJbHO ONMCAHO SBHINAG, IO BIAHOCATHCS O
ME30piBHS, BKJIIOYAlOUU JedopMallil0 NUISIXOM YTBOPECHHS JUIOJBHUX JIOKATBHHUX
BUTHHIB KPHUCTAJIIYHOI PENNTKH 1 pPOTAIifHUX MOBOPOTiB. ONHCAaHO PSI MOKIHBHX
MoJIeNieit mporiecy GparMeHTanii 3epeH B yMOBaX IHTCHCUBHHX TUIACTUYHUX Je(QopMaIllii.
Po3riisiHyTO BILIMB BUCOKOTO TiAPOCTATHYHOTO THCKY 1 30BHIIIHIX 3CYBHHX HANpPy>KCHb
Ha TIPOLECH CTPYKTYypOyTBOpeHHS. OOTOBOPIOEThCS MUTAHHS MPO BU3HAYCHHS TEPMiHY
«IHTCHCHBHI IUTACTHYHI AehopMartii».

T.E. Konstantinova

DISLOCATION STRUCTURE EVOLUTION IN METAL SYSTEMS
UNDER HIGH PRESSURE

Mechanisms of structure transformation at micro-, meso- and macrolevels have been con-
sidered for metal systems, such as iron and titanium based alloys, under severe plastic
deformations. Relation between the processes occurring at different scale levels is shown.
Phenomena at the mesolevel including the deformation by formation of dipole local
bends of crystal lattice and rotational turns are described in more detail. A number of pos-
sible models of the grain fragmentation process under severe plastic deformation is de-
scribed. Influence of high hydrostatic pressure and external shearing stresses on structuri-
zation processes has been considered. The question of «severe plastic deformations» term
definition is discussed.

Fig. 1. Structure of titanium alloy Ti-5Mo-5V-5Al at sample periphery past one cycle of
twist extrusion at 300°C (a) and its analogy with structure of sublayer of turbulent bound-
ary layer (6) [22]. Vizualization was by using aluminium particles in glycerol

Fig. 2. Structure of alloy Fe-17Ni-10W-10Co-1Mo-1Ti past 87% hydroextrusion (a)
and its analogy with convection of liquid (with aluminium particles) in rotating cylinder,
heated at the external surface and cooled to the centre (6) [22]
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