G0
DG
Universityof S22

Strathclyde
Glasgow

Strathprints Institutional Repository

Konkova, Tatyana and Mironov, S. and Korznikov, A. (2011) OueHka
3(pheKTUBHOCTUN KPpMOreHHOW agechopmauumu ans namenbyeHus
MUKPOCTPYKTYPbI KpynHo3epHuctoii megu. Deformation and Fracture of
materials (10). pp. 6-16. ISSN 1814-4632 ,

This version is available at http://strathprints.strath.ac.uk/58570/

Strathprints is designed to allow users to access the research output of the University of
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights
for the papers on this site are retained by the individual authors and/or other copyright owners.
Please check the manuscript for details of any other licences that may have been applied. You
may not engage in further distribution of the material for any profitmaking activities or any
commercial gain. You may freely distribute both the url (http:/strathprints.strath.ac.uk/) and the
content of this paper for research or private study, educational, or not-for-profit purposes without
prior permission or charge.

Any correspondence concerning this service should be sent to Strathprints administrator:

strathprints@strath.ac.uk


http://strathprints.strath.ac.uk/
mailto:strathprints@strath.ac.uk

YK 669.3:539.89:539.25

Ouenka 3¢ppeKTUBHOCTH KPUOTEHHOM AedopMalui sl M3MeJIbYeHH s

MHUKPOCTPYKTYPbI KPYITHO3EPHHUCTON Mean

T. H. Konbkosa'*, C. 0. Muponos’ 2, A. B. Kop3uukos'
MucturyT npobieM cepxiactuunocT MetaioB PAH, 2. Veha, 450001, Poccus

>Vuusepcurer Toxoky, 2. Cenoail, Anonus

N3yueno BiusiHUE KPUOTEHHBIX YCIOBHUH JAe(POpMaIIMK HA U3MEIBYCHUE CTPYKTYPHBIX COCTABJISIFOLIIUX
MeH ¢ UCXOTHOU KpymHO3epHUCTOH (~100 MKM) CTpYyKTypoil. Y cTaHOBIIEHO, YTO AeopMalius npu
KPUOTEHHOM TeMIlepaType HHTEHCUPUIUPYET Mpoliecc GOpMUPOBAHUS TPAHULL AEPOPMAIITOHHOTO
MIPOUCXOKICHUS M AKTUBU3UPYET MEXaHUYECKOE ABOMHUKOBAHME, OJJHAKO HE IMMO3BOJISIET MOJTy4YaTh
HaHOKPHUCTAJUTMUYECKHE CTPYKTYPHI.

KuroueBble cjioBa: kproreHHas 1edopManius, Me/ib, MUKPOCTPYKTYpa, TEKCTypa

1. Beegenue

B Hacrosiiee Bpemsi HabI0Aa€eTCs MOBBIIEHHOE BHUMAaHUE K JeopMalisaM Ipu
OYEHb HU3KUX a0COJIIOTHBIX TEMIIEpATypax — K TaK Ha3bIBAE€MbIM KPUOTE€HHBIM
nedopmanusm [1-7]. Ilpennonaraercs, yto AepOpMHUPOBAHUE MTPU TEMIEPATYPAX KHUJIKOTO
a30Ta WX Teliis MOAABUT NPOLECChl JTMHAMUYECKOTO BO3BpaTa/peKpUCTAIIIN3ALINH,
ITO3BOJIUT IOBBICUTH IJIOTHOCTh JUCIIOKALANA, CTUMYJIUPYET MEXAHUUECKOE
JIBOMHUKOBAHUE U, TAKUM 00pa3oM, YCKOPUT U3MEIIBUCHUE 3€PEHHON CTPYKTYphl. B
HEKOTOPBIX cTaThsiX [1, 3—7] kpuoreHHyto aehopMaIrio paccCMaTpruBaIOT JJaXKe B KaUeCTBE
MPOCTOM U ACIIEBOM TEXHOJIOTHH JIJIS MOTY4YeHUSI OOBEMHBIX HAHOKPUCTALITUIECKUX

MaTepuaoB.
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B pa6ote [8] onenuBaiu 3pheKTUBHOCTh KPUOTCHHOM J1ehopMaIiiy MeIu JjIs
M3MEJIBYCHUS 3epEeH MyTeM CPaBHEHHSI MUKPOCTPYKTYP, POPMHUPYIOIIHUXCS MOCTE
OJIMHAKOBBIX CTENeHel aedopMaliiy P KOMHATHOW ¥ KPUOTEHHOU TeMIlepaType.
[TokazaHo, 4YTO IPU OTHOCUTEIHHO HEOOJBIINX MJIACTUYECKUX AedopManusx (ocaika, e
~1,0) KpHOTEeHHBIE YCIOBUS ACHUCTBUTENHHO CITIOCOOCTBYIOT HEKOTOPOM MHTEHCU(PUKAIIH
nporiieccoB popMupoBaHus rpaHul] Ae(hOpMaAIMOHHOTO MPOUCXOKACHUS U aKTUBALIUU
MeXaHWYeCKoro ABoMHUKoBaHMs. OgHaKo 3(pPeKT okaszaycs ropas3io HUKeE, YeM
oXujanoch. bonee Toro, oH CTaHOBUJICS MPAKTUYECKH HE3AMETHBIM MPU OU€Hb OOJBIITUX
nedhopmanusx (CABUT MO BBICOKUM JiaBlieHueM, e ~8,4). B rienom 3¢ heKTUBHOCTh
KPUOTEHHBIX JleopManuil 111 U3MENIbYE€HHUS] MUKPOCTPYKTYPbl MEAM ObLTa MPU3HAHA HE
OUYEHb BBICOKOU.

CrnenyeTr OTMETUTD, YTO B YHOMSIHYTOM paboTe JJ1sl SKCIEPUMEHTOB HCIIOJIb30BAJICS
OTHOCHUTEJIBHO MEJIKO3EPHUCTBIN HCXOAHBIA MaTepra cO CPEIHUM Pa3MEpPOM 3EPEH
~1,7 mxMm. Kak n3BecTHO, MEXaHUUECKOE IBOMHUKOBAHUE U (PparMeHTaLUS
MUKPOCTPYKTYPBI IIOIABIIAIOTCS C YMEHbIIEHHEM pa3MepoB 3epeH [9, 10]. Takum oOpazom,
HE UCKJIIOYEHO, UTO criennduueckas (MEIKO3epHHUCTAasl) MPUpoa MaTepralia He MO3BOIMIIa
MOJTHOCTBIO PACKPBITh MOTEHILIMA KPUOTEHHBIX JAehopMaliuii.

B cBs13u ¢ 3TUM C 11e51bI0 YTOUHEHUS 3P PEKTUBHOCTU KPUOTEHHBIX 1ePopMaluii st
M3MEIIbUEHHUS 3€PEH B MEJIM B HACTOSIIIEH paboTe UCIIOIb30BaH KPYIMHO3EepHUCTHIH (~100
MKM) UCXOAHBIA MaTepual. JlJis MUKPOCTPYKTYPHBIX UCCIIEIOBAHUIN MTPUBJIEUEH METO]
aBTOMAaTHUYECKOTO aHalln3a KapTuH qudpakiuun oopaTHo-paccesHHbIX 3ekTpoHoB (EBSD).
[Ipennonaranock, 4TO BO3MOXKHOCTb MOJIyYE€HHUS Pa3HOOOPA3HOM U CTaTUCTHUECKU
3HAYUMOM MH(pOpMaLIMK 0 MaTepuaie (pa3Mepe 3epeH, CIEKTPE pa30PUEHTUPOBOK I'PAHUIL
3€peH U TEKCType), cBoricTBeHHass EBSD, mo3BoNUT nojiHee 0XapakTepu3oBaTh
HCCIIeyeMbI€ CTPYKTYPBI M TAKUM 00pa3oM aJIeKBaTHO OIICHUTH A (PEKTUBHOCTD

KpUOTEHHOU AedopmaIuu.



2. MaTepuaJ 1 METOAMKA IKCIIEPUMEHTA

B xauecTBe MaTepuana ucciae0BaHus UCIOJIb30BaIaCh TeXHUUECKU yncTas (99,9%)
meas Mapku M1. B cocrosiHum noctaBku Matepuai NpecTaBisil cO00M ropsiuekaTaHblid
MPYTOK CO CPEIHUM pazMepoM 3epeH ~100 MKM.

Jlns BoisiBieHus 3 PexTa KpHOreHHOM TeMIiepaTypbl MaTepuai OblUT MOIBEPTHYT
OJIHOOCHOM ocajke npuMepHo Ha 60% 1o BBICOTE Ha BO3/IyX€E U B CIIEIIUATIBHO
CKOHCTPYHPOBAaHHOM IITaMII€ B CPEE KUAKOro azoTa. C 3TON LENbI0 U3 HCXOAHOTO
MpyTKa OBLIM BBIPE3aHbl MPU3MAaTHUYECKHE 00pasiibl pa3MepaMu Sx5x6 MM U OCa)KEeHBI Ha
YHUBEpCaAIbHOU HCTbITaTENbHOU MammHe Schenck rnmpu nocTossHHON CKOPOCTH JBUKEHUS
TpaBepchl 1 MM/MUH.

MUKpOCTPYKTYpHBIE HCCIEA0BaHUS A€(POPMUPOBAHHBIX 00PA3I0B OCYIIECTBISUIUCH
B LEHTPAIbHOW YaCTH MPOJOJBHOTO CEYEHUS U IPOBOAWINCH METOJAMHU IPOCBEUNBAIOIICH
35IeKTpOHHOM MuKpockonuu (II9M) n meTo oM aHann3a KapTUH JUPPAKIIUE 0OpaTHO
paccesiHHbIX 31eKTpoHOB (EBSD). O0Opa3iubl Aj11 MUKPOCTPYKTYPHBIX HaOIIOEHUI
NOJIBEpPTajiv MPeBapUTEIbHOMY IITM(POBAHHIO Ha a0pa3uBHONW OyMare v aJMa3HOi macre
1 OKOHYaTEeNbHOM 3ekTponorpoBke. B ciydyae EBSD 00pasiibl a5iekTponoivpoBaiiy B
70%-10M pacTtBOpe opTodhochopHoit kucioTel H3;PO4 B nucTUIIIMpPOBAHHON BOJIE TIPU
KOMHATHOU TeMmIiiepatype 1 HanpsikeHun 5 B. B cinyuae [I9M siekTpoauT npeacTaBisiia
co00¥ 7%-HbIi pacTBOP TOH K€ CaMOM KUCIIOTBI, a MPUIIOKEHHOE HAIIPSKEHUE
cocrasisuio 4 B.

s TI9OM uccnenoBanuii ncnoias3oBad Mukpockon JEM-2000EX, paGoTarommmii
pu yckopstomem HanpsbkeHnn 160 kB. EBSD-ananu3 ocyniecTBisiia py MoMoum
nporpammuoro obecnedenns TSL OIM™, ycranosnenHoro Ha ckanupyromem
AJIEKTPOHHOM MUKpPOCKOTIE ¢ TosieBbIM katooM Hitachi S-4300SE. B o6uieit cinoxxHoCTH
ob110 oTcHATO 16 EBSD Kkaprt, coctosmux u3 ~200 000-550 000 nukceneii. Llar
CKaHHUpOBaHUs (pa3Mep MUKces) BapbupoBaiu ¢ 50 HM 10 1 MkM. B 11em1s1x MUHUMU3aIun

OIIIMOKU KaxxJas 3JICKTpOHOIrpaMMa aBTOMATHUYCCKHU MHANIKUPOBAJIACh 110 CEMU KI/IKy‘H/I—



TuHUSIM. J[071s yCnemHo MHAMIMPOBAHHBIX JJIEKTPOHOrpaMM coctasisiia 99,6-99,9% ot
ux oburero uncna. CpeqHss BennunHa K03 PHUIHeHTa, XapakTepu3yomuero KOppeKTHOCTh
UHAUIIUPOBAHUS dJIEKTpOHOTpamM (Tak HazbiBaeMblit Confidence Index, CI[11])
BapbsupoBasiach s paznuunabix EBSD kaprt ¢ 0,22 no 0,56. (st cpaBHeHuUs: cuuTaeTcs,
YTO €CJIM ATOT K03 duireHt npessimaet 0,1, To 107151 KOPPEKTHO UHIUITUPOBAHHBIX
anekTpoHorpamm coctasisieT 95% [11].) C uenbto n30aBiieHUs OT COMHUTEIBHBIX
pe3ynbraTtoB EBSD nanHbie ObutH IOABEPTHYTHI aBTOMATHYECKOW KOPPEKTUPOBKE: BCE
MEJIKHE 3€pHa, COCTOSIIUE U3 TPEX U MEHEee MUKCeel, ObLITH aBTOMAaTUYECKHU yJIaJICHBI C
EBSD kapt, kak He BHymIatomue 1osepus. [Ipyu BeIYMCIEHUN pa3oOpHUEHTUPOBKH U3 BCEX
KpUCTAJUIOrpa(QUUECKU IKBUBAJICHTHBIX €€ OMMCAaHUN UCIIOJIb30BAIN OMKUCAHUE C
MHUHHUMAaJbHBIM yTIIOM. BBUY 3KcriepuMenTanbHo# norpemHoctd EBSD-metona Bee
MaJIOyTJIOBBIE TPAHUILIBI C PA30PUEHTUPOBKOM MeHee 2° ObLIN UCKIIOYEHBI U3
paccMmoTtpeHnusi. B kaduectBe kputepust mano- u 0osbiieyrioBeix rpanul (MYT u BYT
COOTBETCTBEHHO) MCIOIb30BAIN PA30PUEHTUPOBKY 15°. Pasmep CTpyKTypHBIX 3JIEMEHTOB
(3epeH/cy03epeH) onpeaessiiin METOA0M CEKYIIUX.

J7ist moTy4yeHus JOMOTHUTEIHLHOM HHPOPMAIIUK O MUKPOCTPYKTYpPE ObLTH
IIPOBE/ICHBI U3MEPEHNS MUKPOTBEPAOCTH 110 BUKKepCy. DKCIIEPUMEHT OCYLIECTBIISIIN IIPH
KOMHATHOM Temneparype 1 BeinoiaHsuin Ha npudope Akashi MVK-H1 npu narpyske 50 r u
BbIIIEpKKE 10 C.

Crnenyer OTMETUTh, YTO ME/b, IOJBEPTHYTAsE OOJIBILINM IJIACTUYECKUM
nedopmanusaM Kak npu KpuoreHHou [ 12—15], Tak u npu koMHaTHOU TemriepaTtype [7, 16-
17], MmoxeT OBITh CKJIOHHA K YACTUYHOW PEKPUCTAILTU3AINH MPU TTPOIOJKATETEHOM
XpaHEHHH Ha BO3ayxe. B 3TOM CBSI3U JUIUTENbHOCTh HAXOXKACHUS MaTepHralia mpu
KOMHATHOHM TeMIIEpaType MOKET OBITh BAXKHOW TIPH MHTEPIIPETAIIUU €TI0 CTPYKTYPHI U
CBOMCTB. BpeMs npeObiBaHMs Ha BO3AyXe 00pa3lioB, NOABEPTHYTHIM JehopMaliu Mpu
20 °C u —196 °C, nepen nposenenuem EBSD ananuza coctasuio 1,5 mec., nepen [I19M

UCCIIEIOBAHUSIMU — | JIEHb U U3BMEPEHUEM MUKPOTBEPAOCTH — 15 MUH.



3. PesyabTaThl M 00CyKICHUE

3. 1. Mexanuueckoe noseoenue

JlnarpaMMbl ocasiki 00pas3ioB, Ae(OpPMUPOBAHHBIX ITPH KOMHATHOM TeMIiepaType u
B CpeJie )KHJIKOTO a30Ta, IPUBEACHHI Ha puc. 1, a. Bce neopmanionsbie KpuBbie
XapaKTEPU3YIOTCS PE3KUM 3ariOOM BBEpX Ha (MHAIBLHOM CTaIuU HATPYKEHUS,
COOTBETCTBYIOIIEH 00pa30BaHUIO TaK Ha3bIBaeMOi 004ku. Ha aTame oTHOCUTENBHO
OJIHOPOJTHOTO TUTACTUYECKOIO TeUEHUSs sl KpUOTEHHOM tepopMaiium XxapakTepHO
MOBBILIEHHOE AE(POPMAIIIOHHOE YIPOUHEHHUE.

MuKpoTBEpAOCTh, UBMEPEHHAS B LICHTPAJIBHOMN YacTu Ae()OpMHUPOBAHHBIX
oOpa31oB, npuBeAeHa Ha puc. 1, 6. Kak u oxunanock, KpporeHHO-AepOpMUPOBAHHBIN
Marepuai JIeMOHCTPUPYET 0osiee BBICOKHI YPOBEHb IPOYHOCTH NMPU KOMHATHON

TeMIepaType.

3.2. Obwue menoeHuuU 6 280110UUU 3eDEHHOU CIMPYVKMYDbl

0630puBIe EBSD-KapThI, HILTIOCTPUPYIOIITUE PACTIPEEICHUE 3€PEHHOM CTPYKTYPHI
10 BBICOTE OCAKEHHBIX 00Pa3Il0B, MPUBEACHBI HA pUC. 2 (Ha KapTax 0003HAUYEHBI TOJIBKO
BVYT'). B 06oux cityyasix MUKpPOCTPYKTYpa SIBJISIETCSI BEChMa HEOJHOPOIHOM 0 CEYEHUIO
o0pasioB, oToOpakas cielupUIECKUl XapaKkTep MIACTUYECKOTO TEUSHHs Mpu ocaake. B
BEPXHEW U HM)KHEN 4aCTU PUCYHKOB, COOTBETCTBYIOIIMX 3aCTOMHBIM 30HaM IIPU
00pa3oBaHUM «OOUYKHY, BBISBIISIOTCS] OCTATKH UCXOJHOW 36pPEHHOM CTPYKTYPBhI, COCTOSIIEH
W3 KPYIIHBIX 3€PEH U JIBOMHUKOB OTXKUra. bivke K HEHTPY UCXOIHBIE 3€pHA U IBOMHUKU
CYILECTBEHHO CIUTIOLUIMBAIOTCS B COOTBETCTBUHM € reomeTpueit aedopmaru. Kpome sroro,
CTPYKTYpa 3aMETHO YCIIOKHSIETCS, TIOSIBIISIFOTCS TPU3HAKN ()OPMHUPOBAHUS HOBBIX MEITKHX
3epeH (WK rpaHull 1e(OPMaIMOHHOTO MPOUCXOXKACHUS). DTOT MPOIIECC MPOTEKAET

HEOJHOPOJIHO, U €r0 HHTEHCUBHOCTh CYLIECTBEHHO BapbUpPYeETCs OT 3epHa K 3epHy. M3



00eux CTPYKTYp OBICTPO UCUE3aI0T UCXOIHbIE IBOMHUKU OTXKUTA; MOYKHO MTPEATNOJIOKHUTD,
9TO OHU ()PArMEHTHPYIOTCS B MIEPBYIO OUYEPE/Ib.

W3 conocTaBneHust CTpyKTYp, MPUBEICHHBIX HAa pUC. 2, CIEAYET, YTO MPOoLece
U3MEIIbYEHUSI MUKPOCTPYKTYPBI pa3BUBaeTcs 00Jiee MHTEHCUBHO MPU KPUOTEHHOMN
nedopmanuu. Bripouem, HepocTaTouHOE paspernienne npeactaBieHHbx EBSD kapT (mar

CKaHUPOBAHHA 1 MKM) HC ITO3BOJIICT CACJIATH OAHO3HAYHOC 3aKJIIIOYCHHUC Ha OTOT CUCT.

3.3. Ocobennocmu Moporo2uu MUKDOCmMPYKmMYpbl

®parmentsl EBSD-kapT, Moiny4YeHHbIX C Iarom ckanupoBanus 0,5 MKM ¢
LEHTpaJIbHbIX (Haubosee 1eopMUPOBAHHBIX) 00JIaCTEN OCAKEHHBIX 00Pa3IIOB,
npuBeieHbl Ha puc. 3. Ha atux kaprax MY 0603HaueHb TOHKUMU CEPBHIMU JTUHUSMH, a
BYT — TosncThiMU TEMHBIMU JTUHUAMU. J[J11 000MX UCCIIEIOBAHHBIX COCTOSIHUM XapaKTepHa
pa3BuTas cucTeMa cyoOrpaHuI] B Teje 3epeH. B o0oux ciyyasx miotHocts MY B cpegnem
MOBBIIIAETCS OT IIEHTPA 3€PEH K UX IpaHuiiaM. MOKHO TaKKe OTMETUTH C1a0yIo
TEHJEHUMIO BhIpaBHUBaHUSA MY npuMepHO mapauieIbHO NPOIOIBHON OCH CIUTIOIIEHHBIX
3epeH. HekoTopbie cerMeHThl CyOrpaHul] HAKOTHIIA Pa30PUEHTUPOBKY CBbIIIE 15°,
MPEBPaTUBIIUCH TakuM 00pa3oM B BYT (mpumepsl oka3aHbl CTPEIKaMH ); B KPUOTEHHO-
nedopMUpOBaHHOM 00pasiie 3TOT A(HPEKT NpeCTaBISIETCS HECKOJIBKO 00Jiee IpKO
BBIPAKEHHBIM.

JI1st 06erX MUKPOCTPYKTYP TUIIHMYHO HAJIMYUE 3HAYUTEIBHOU (paKiiuu
OTHOCUTEJILHO MEJIKMX 3€peH CI0KHOHM (opmbl. O4eHb 4acTO pa30pUEHTUPOBKA HA UX
rpa"uiax ommska Kk 60°<111>, XxoTts, Kak paBuI0, HAXOAUTCS BHE MHTEpBajia bpenmona
st £3. MOXHO TIOMYCTUTh, YTO 3TO (PparMEHTUPOBAHHBIC OCTATKH IBOWHUKOB — KaK
HCXOJHBIX TBOMHUKOB OTKUTA, TAK U MEXaHUYECKUX, «Pa3PYILICHHBIX» B X0OJI€
nedopmanuu. [lo-puaumomy, 3ghexT aehopMalMOHHOTO «pa3pyIICHUs» TBOMHUKOB
BIiepBbIe ObLT onucan B padore [18]. Kak Obut0 yOemuTenpHO Moka3aHo, pa3BopoT

KPUCTAJUIMYECKOW PEIIETKH KaK JIBOMHUKOB, TAK U MATPHUILIbI B XOJI€ TPOAOJLKAIOIIEH



IIacTUYecKon aedopmaliii NpUBOIUT K OTKJIOHEHUIO PA30PUEHTUPOBKU Ha JTBOMHUKOBBIX
IPaHULAX OT TOYHO JBOMHUKOBOI'O CONPSKEHUS U UX MTOCIEAYIOIIEMY IOCTENEHHOMY
MPEBpAILCHUIO B IPOU3BOJIbHBIEC (HEe 23) BYT'; 1BOMHHUKN COOTBETCTBEHHO
TpaHCPOPMHUPYIOTCS B OOBIYHBIC 3€pHA.

B HEkoTOpBIX caydasx, BOPOYEM, JBOMHUKH MTOJTHOCTHIO OKAMIIEHBI TPAHULIAMU C
Pa30PUEHTUPOBKOM, OJM3KON K HIeadbHON X3 (HEKOTOphIE MPUMEPHI BbIJICICHBI Ha
puc. 3, 6). 910 MOTYT OBITh KaK CBEXHUE JBOMHHUKH, TTOSIBUBIIUECS HA TTO3HUX dTarax
naepopMaIim, Tak U ABOMHUKH OTKUTa, CPOPMHUPOBABIINECS YKe MMOCe AePOopMaIiu B
XOJI€ BBIAEPKKHM 00pa3LioB pyu KOMHATHOU Temnepatype nepen EBSD-uccienoBanuem.

CornacHo TaHHBIM [5, 6], MEXaHUYECKHUE IBOMHUKH, 00OPa3yIOIIUECs B X0/I€
KPUOTEHHOH JiehopMaIii, MOTYT UMETh OY€Hb UCTIEPCHBIE pazmepsl — MmeHee 100 HM.
Jlist ux BeIsiBNeHus mocpenctsoM EBSD HeoOxoaum mar ckaHupoBaHUs, TOpas3ao
MEHBIIINHI, YEM UCIIOJIB30BAJICS MPH MOJYYEHUHN KApT, IPUBEICHHBIX HA pUC. 3.

®parmenTsl Beicokopazpemaromux EBSD-kapT, nomydeHHbIX ¢ marom 50 HM,
npuBeaeHbl Ha puc. 4. Kak u B penpayniem ciydae, MY 0003Hau€HbI TOHKUMU CEPBIMU
nuHUsAMH, a BYT' — ToncTteiMu TeMHBIMU TUHUSMUA. [[pMepbl JBOWHMKOB HA 3TUX KapTax
nmokaszaHsl cTpenkamu. [1o100HbIe TBOMHUKN OBLIN BBISIBIIEHBI B 000MX MCCIEAOBAHHBIX
COCTOSIHUSIX, OJTHAKO UX (hpaklys B KPUOTEHHO-1e(POPMUPOBAHHOM MaTepuase Obuia
BBIILIE.

B xadecTBe 10MOHUTENEHON OCOOEHHOCTH MUKPOCTPYKTYPHI, BBISIBISIEMOM Ha
puc. 4, cienyeT TakkKe OTMETUTh TEHICHLIUIO BRIPABHUBAHUS CyOrpaHuI] CO CIeAaMU
MJI0CKOCTeH cKombxkeHus {111}, 0003HaYEHHBIX TyHKTUPHBIMU JTMHUSIMU Ha KapTax.
Januslii peHoMeH 10BoJIbHO Xopoio onucan s 'IIK-meTannos, npokataHHbIX pu
KOMHaTHOU Temriepatype [19]. B koHTeKkcTe npeacTaBIeHHON paboThl 3TOT PE3yIbTaT
MOJKET KOCBEHHO CBUJIETEIILCTBOBATD, YTO U B YCIIOBUSIX KPUOT€HHOTO HATPYKECHUS

OCHOBHOM CHUCTEMOM CKOJIbKEeHUS sBisutack {111}1<110>.



CyMMupyst pe3yJbTaThl IBYX NPEAbLAYIIUX Pa3/ie OB MOKHO 3aKJIIOUHUTh, YTO B
1[EJIOM HBOJIIOLIMS 3€PEHHON CTPYKTYPBI B XOJI€ KPUOTEHHOM OCAJKU MPEJICTaBIsIa COO0M
r€OMETPUYECKOE CIUTIONIMBAHUE UCXOHBIX 3€PEH U ABOMHUKOB OTXKUTa, BHYTPU KOTOPBIX

HMCJIN MCCTO @paFMCHTaHI/IH u HBOﬁHHKOBaHHC.

3.4. Pazmepul 3epen/cyo3epen

MuxkpocTpyKTypbl, CGOPMUPOBABIIKECS B IICHTPATBHON YacTH 000MX 00pas3IloB,
SBIISIIOTCS TOBOJIBHO CIOXHBIMUA. OHHU COCTOST U3 OYEHb KPYMHBIX (IO HECKOJIBKUX COTEH
MUKPOH) CIUTIOILIEHHBIX UCXOIHBIX 3€peH (CM. pucC. 2), GparMEHTUPOBAHHBIX OCTATKOB
MCXOJIHBIX TBOMHUKOB (CM. pHC. 3), a TaK)XE YIbTPAIUCIEPCHBIX JBOITHUKOB
nepopmanun/oTxkura (cM. puc. 4). BHyTpu 3epeH U IBOHHUKOB UMEET MECTO pa3BUTas
CcyOCTpYKTypa, IPUYEM HEKOTOPBIE CETMEHTHI CYOTpaHUIl YK€ HaKOMMIIA OOJIbIIEYTIOBYIO
pa3opueHTUPOBKY (puc. 3, 4). KonnuecTBeHHBIN aHATU3 CTOJb T€TEPOTreHHON
MUKPOCTPYKTYpPBI IIPEJICTABISAET COOO0M JTOBOJIBHO CIIOKHYIO 3a7auy. /st onenku
pa3MepOB CIUTIOCHYTBIX UCXOAHBIX 3€pEH HEOOXOAUMO UCCIET0BAHNE MUKPOCTPYKTYPhI
[P OTHOCUTEJBHO MaJbIX yBeIn4YeHusX; B ciiydae EBSD 3T0 03HauaeT 0THOCUTEIBHO
OOJBITION mIar ckaHupoBaHus (puc. 2, 3). s ydyeTa ke yiIbTpaMeIKO3epHUCTHIX
JIBOMHUKOB (pHC. 4) HYHbI OOJbIINE YBEIUUECHUS (MJIM MaJiblid ar ckanuposanus). [Ipu
3TOM HAJI0 UMETh B BUJly, YTO MCCIIeyeMasl IUIOAdb MOKET LEIMKOM HaXOAUTHCS BHYTPH
OJIHOTO KPYITHOT'O UCXOAHOTO 3€pHA, U MOJIYYEHHBIE PE3ybTaThl BPS JIU Oy1yT
CTaTUCTUYECKH IIPEICTABUTEIIBHBIMU ISl BCE MUKPOCTPYKTYPBI B LIETIOM.

B kauecTBe KOMIPOMHUCCHOIO PEIIEHUS] B HACTOALIEH paboTe pa3Mephl 3€peH B
000HuX HCCIENOBAaHHBIX COCTOSIHUSX OMPEEIsIN cpa3y Mo AByM pazinyHbiM EBSD-
KapTam — MOJyYEeHHBIM Kak ¢ maroM ckanupoBanus 0,5 MM (puc. 3), Tak u 0,05 Mxkm
(puc. 4); pazmepsl ke cyd3epeH oneHuBaiu npu nomoinud EBSD-kapT, CHATBIX ¢ 11arom
ckanupoBanus 0,1 u 0,05 mxm. BaxxHo oTMETUTB, YTO Ha pUC. 3 U 4 IPUBEAEHBI TOJIBKO

dbparmentsl EBSD-kapT, a cratuctuueckue JaHHbIE O pa3Mepax 3epeH/cy03epeH



BBIBOJIMJIMCH C MOJIHBIX KapT. [lomyyeHHble pe3yabTaThl IPUBEIEHBI HAa pyc. 5 U B Ta0. 1.
Hu oquH 13 HUX MO OTAEIBHOCTH HE OMUCKHIBAET Pa3MEPHI SJIEMEHTOB MUKPOCTPYKTYPHI
MCYEPNBIBAIOIIE, OJJHAKO B COBOKYITHOCTH OHH MO3BOJISIFOT COCTABUTh OTHOCHUTEIIBHO
aJIEKBaTHOE MIPEACTABIECHUE O JUCIIEPCHOCTU MUKPOCTPYKTYPHI.

CtpykTypa KpHOreHHO-e(hOPMUPOBAHHOTO 00pa3Ia XapaKTepru3yeTcss MPUMEPHO
BJIBO€ MEHBIINUM CPEIHUM pa3MepoM 3epeH U cy03epeH (Tabi1. 1), a eHTPhI TSHKECTH
pacIpeeneHni 3epeH Mo pasMepam JOBOJIBHO CYIIECTBEHHO CMEIEHBI BIEBO I10
CPaBHEHUIO C MUKPOCTPYKTYpOil, cpopMUpOBaBILICICS TPU KOMHATHOM TeMIiepaType
(puc. 5, a, 6, 2, 0). OTO KOCBEHHO CBUJIETEIBCTBYET O O0JIe€ MHTEHCUBHOM (hOPMHUPOBAHUU
rpa”ull AeOpMallMOHHOIO MPOUCXO0XKICHUS KaK BCJIEACTBUE TBOMHUKOBAHMS, TaK U B
pe3ynbTate 0osiee ObICTPOro Habopa Pa3OPUECHTUPOBKH HA JIMCIOKAIMOHHBIX TPAaHHUIIAX.
NubiMu crioBamu, aedopmanys npu KpUOTEHHON TeMrepaType JOBOJIBHO 3aMETHO
YCKOPSET MPOILeCcC U3MENbUEHUSI 36pPEHHOM CTPYKTYphL. [Ipu 3TOM cieayeT OTMETUTh, UTo,
XOTS MOJAJIbHBIEC pa3Mephl 3epeH MoryT gocturath 0,1 MM (puc. 5, 2, 0), yAeIbHbIN
00bEM 3epeH BeIMUMHON MeHee 1| MKM BeChMa He3HauuTeleH (puc. 5, 6, e). Takum
o0pa3oM, KpUOTEHHAsI 0Cajika caMa 1o cebe He MO3BOJIsIeT ((OPMHUPOBATH PEATHHYIO
CyOMUKPOKPUCTAIUTMYECKYIO (TeM 00Jiee HAHOKPUCTAJUTMUECKYI0) CTPYKTYPY.

JlaHHBII BBIBOJ IPOTUBOPEUUT JAHHBIM padoT [5, 6], B KOTOPHIX OTMEYAIOCH
(dhopMHUpOBaHNE HAHOKPUCTATUIMUECKUX CTPYKTYP B X0OJIe KpUOTCHHON POKaTKU Meau. B
ATOM CBSI3U CIEAYET OTMETUTh, YTO TaKKUE BBIBOJIbI OBLIIN C/EIaHbl, BO-TIEPBBIX, IS CIydas
HCXOJHOTO KPYITHO3EPHUCTOTO COCTOSIHUSI MEJIU, BO-BTOPBIX, B KAUYECTBE METO/AA
HcCIIeIOBaHMS UCTIONb30BasIcs [IOM, T. e. pe3yapTaThl 0a3UpoOBaIMCh Ha TOPa3I0 Xy/en
CTaTHUCTHUKE, YEM JaHHbIE, IPUBECHHbBIC B 3TOM cTaThe. Kpome Toro, B 3TUX paboTax He

OBLIIO POBECHO pa3/ieJICHUs HAa U3MEPsAEMbIC 3epHa U Cy03epHa.

3.5. IIOM ananus




Tunuunsie [1I9M ¢ororpaduu MUKpOCTPYKTYp nocie aedopmaiui Ipu KOMHATHOM
Y KpUOTE€HHOM TeMIlepaType NpUBEAEHBI Ha puC. 6. Bo Bcex cilydasx HalpaBjI€HUE OCAIKH
napajiesIbHO BEpTUKAJIbHOM KpOMKeE Kazapa. Kak ciietyeT u3 CHUMKOB, CIEJIaHHBIX ITPU
OTHOCHUTEIHHO HEOObIINX (0030pHBIX) yBeIUUYeHUAX (puc. 6, a, 2), B 000ux
HCCJIEIOBAaHHBIX CIy4YasXx UMEN0 MEeCTO (POPMHUPOBAHUE MTOJTOCOBOU CTPYKTYPHI,
OpPUEHTUPOBAHHON IPUMEPHO NEPHEHAUKYIISIPHO OCH CHKATHUS. DTO B LIEJIOM COTJIACYETCS C
pesynbratramu EBSD-ananuza, Tak:ke BbISIBUBIIMM TEHACHIMIO BhIpaBHUBaHUA MY T
BJ10JIb [TPOJIOJILHOM OCH CIUTIOIICHHBIX UCXOIHBIX 3epeH (cM. puc. 3). Cpennuit
MOMEPEYHbIN pa3Mep («TOJIINHAY) MOJI0C B MaTepuase rnocie epopManuu npu
KOMHATHOM Temneparype coctapiser ~0,4 MkM (puc. 6, a), TOrjia Kak B KpUOT€HHO-
OCaKeHHOM Marepuaiie — npuMmepHo 0,2 MM (puc. 6, 2). ITO CYIIECTBEHHO MEHBIIIE, YeEM
cpeaHui pa3Mmep cy03epeH, onpeeeHHbIN Ha OCHOBaHUM pe3ysibTatoB EBSD-ananuza
(tabm. 2). JlanHOE pacx0XkIeHHE, BEPOSTHO, CBSI3aHO CO 3HAUUTENbHON (pakuueid MVYT,
MMEIOIIHNX PA30PUCHTUPOBKY MeHbIIe 2° U, TAKUM 00pa3oM, «HeBUIuMbIxX» 1iis EBSD.
OTnMYUTENBEHON 0COOEHHOCThEO MUKPOCTPYKTYPBI ITOCJIE KPHOT€HHOU ehopManuu
SBJISICTCS 3HAYUTENbHAS (PaKIMs JBOMHUKOB; PUMEP ABOMHUKOBOTO MTAKeTa MPUBEICH
Ha puc. 6, 0 (pacmudpoBKka 3EKTpOHOTpamMM He TpoBoAMIach). Kak mpaBuio, ABOMHUKH
SIBJISIIOTCS] OUCHB Y3KUMU (~50 HM) U coJiepKaT 3HAUUTEIbHOE KOJIMUeCTBO aedekToB. [1o-
BUIMMOMY, 3T IBOUHUKH SIBJSFOTCS MEXaHUUYECKUMH, a HE IBOWHUKAMH OTKUTA.

CrtpykTypa, npuBeAeHHas Ha puc. 6, O, BIIOJIHE MOXET ObITh HHTEPHPETUPOBAHA KaK
HAaHOKPUCTAJUINYECKAsL. DTOT MIPUMEDP, 10 MHEHUIO aBTOPOB, WILTIOCTPUPYET CIOKHOCTh
aJIeKBaTHOM MHTEPIPETALUA MUKPOCTPYKTYpbI nocpeactsoM [IOM. Hapsny ¢ Beicokoi
paspeniaronieil CnocoOHOCThIO ITOMY METO/ly CBOMCTBEHHA TAK)K€ BEChbMa OrpaHUYECHHAS
IJIOIIAb UCCIIEI0OBAHNS. DTO HAJ0 YUUTHIBATH IIPU aTTECTALMU HEOTHOPOIHOM
MUKPOCTPYKTYPHI (SIBIIAIONICICS XapaKTepHO# A Oonbiux nedopmanuii). B aToii cBsi3u
EBSD npencrasisiercst 60jiee 00bEKTUBHBIM METOJIOM ISl K3BMEPEHUST Pa3MEPOB 3€PEH B

CUIIbHOIe(DOPMUPOBAHHBIX CTPYKTYpaX.
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JlucrnokanmonHas cyOCTpyKTypa BHYTPH TOJI0C, CHOPMUPOBABIIUXCS B XOJI€
nedopmanyy mpyu KOMHATHON TeMIIEpaType, B HEKOTOPOM MPHUOIUKEHUN MOKET OBIThH
OTHMCaHa B paMKax SYEHUCTON CTPYKTYpHI (puc. 6, 6). Hanbonee THIUYHBIM
JUCIIOKAITMOHHBIM 00pa30BaHUEM SIBIISIETCS ceTKa (puc. 6, ), INIOTHOCTh CBOOOIHBIX
JUCIIOKAINI BHYTPH STYEEK OTHOCUTEIILHO HU3Kas. B KpnoreHHo-aehopMHUpOBAHHOM
oOpasiie MpOoCTPAaHCTBEHHOE PACIIPEICIICHUE TUCIOKAIMIA MTPEICTABIISICTCS 3HAYUTEITHHO
MEHEe OpraHW30BaHHBIM, U HAaN0OJIee TUIMTMIHBIMHU TIPU ITOM SBIISTFOTCS JUCIIOKAIIHOHHBIE
KITYOKH 1 KTYTHI (pHUC. 6, €); TUNIOTHOCTh AUCIOKAIIUN OTHOCUTEIHHO BBICOKas. Bo3MoOXKHO,
YTO pa3auyMsl B AUCIOKAIMOHHON CYOCTPYKTYpe ONpeeistoT 0ojiee BEICOKOE

nedopMallIOHHOE YIIPOYHEHHE B XOJE€ OCAJKH B JKUJKOM a3ote (cM. puc. 1, a).

3.6. Cnexmp pa3opueHmupo8oK epaHul 3epen

CriekTpbl pa30pUEHTUPOBOK UCCIIEIOBAHHBIX COCTOSTHUN IPUBEAECHBI HA PUC. 7 U B
Tabs. 2. [l XapakTepUCTUKN MaJIOYTJIOBOM YacCTH CIIEKTPa, a TAKXKE AJIs ONpEeAeSICHUS
yaenbHoi goau BYT Obun ucnons3oBanbl EBSD-kapThl, CHATHIE € IIATOM CKaHUPOBAHMS
0,1 u 0,05 mxm (puc. 7, a, Tabm. 2). JIns aHanu3a O0JBIIEYTIIOBBIX Pa30PUEHTUPOBOK
(BKITIOUAs TBOMHUKOBBIE) UCTIONb30BaM JanHbie EBSD, mony4yennsie ¢ marom
ckanupoBanus 0,5 u 0,05 mxm (puc. 7, 6, Tad:m. 2). CieayeT OTMETUTD, YTO paclpeeeHuUs
I'PaHMIL 110 YIJIaM Pa30pUEHTUPOBKHU, IPUBEAECHHBIE HA PUC. 7, TOCTPOEHBI B HE COBCEM
OOBIYHOM CHCTEME KOOPAMHAT: y/e/IbHas IPOTSKEHHOCTh TPAHUILL (MKM ') — yrod
Pa30pUEHTUPOBKH (Ipaf); yAeabHas IPOTSHKEHHOCTh BBIYUCIISIACH KaK CyMMapHasi J1JInHa
IpaHuI] B TOM WUJIM UHOM MHTEpBAJIE YIIIOB pazopueHTanuu Ha EBSD-kapte, oTHECEHHas K
riomaau kapThl. Kak OyeT nokaszaHo ganee, UCMOJIb30BaHUE MTOJ00OHON METPUKH
MO3BOJIAET MOJYYUTh HEKOTOPYIO JOTIOJHUTEIbHYIO HH()OPMALIHNIO 00 HHTEHCUBHOCTH
MPOLIECCOB U3METBUYECHHSI MUKPOCTPYKTYPHI.

Kak cnenyer u3 puc. 7, a, ynenbHas NpoTsSKEHHOCT MY1' B KpHOT€HHO-

nehopMHUPOBAaHHOM MaTepHaiie 0oJIbIle, YeM B CTPYKType mocie aedgopmanuu mipu 20 °C.

11



DTOT pe3yabTaT KOPPEIUPYeT ¢ MEHBIITUM pa3MepoM cy03epeH (cM. Tabil. 1) u Takxke
CBUJIETEIBCTBYET 00 MHTECHCU(HUKAIINY TpoIiecca GOPMHUPOBAHUS TPAHMII
ne(hOpMaIIMIOHHOTO IMTPOUCXOXKICHUS B KPUOTEHHBIX ycioBUsIX. ClieICTBUEM 3TOTO

s dexTa sBISETCA TaKKe MOBBIIEHHAs NPOTsxKeHHOCTh BY' B nuHTEpBasne yrios
pa3opueHTUpPOBKHU ~15-25° (puc. 7, 0).

K xapakrepHoif 0cOOEHHOCTH OOJBIIEYTIOBOM YAaCTH CIEKTPa pa30pPUEHTUPOBOK
KPHUOT€HHO-OCa)KEHHOI'0 00pa3a OTHOCUTCS SIPKO BBIPAKEHHBI MaKCUMYM B paiioHe 60°
(puc. 7, 6). DTOT pe3ynbTaT OTPAKAET 3HAUUTEIBHYIO (PPAKIIMIO0 MUKPOJABOMHHUKOB B
JAHHOW MUKPOCTPYKTYpe (CM. puc. 4, 6) 1 XOpOIIO COOTHOCUTCS C JIUTEPATYPHBIMU
JTAHHBIMU, OTMEUAIOIIMMHU aKTUBU3AIIUI0 MEXaHUYECKOTO JBOMHUKOBAHUS MPU
KpUOTeHHOU fedopmaniuu menu [5, 6]. CrnenyeT OTMETUTbh, YTO IBOMHUKOBBIN MUK HA
puc. 7, 6 sIBASIETCS JOBOJIBHO IIMPOKUM, a JI0JIsl TPAHUL] C pa30PUEHTUPOBKOM B IIpeenax
nHTepBasia bpenaona nisa £3 goosibHO Mana (cM. Tabi. 2). Ckopee Bcero, 3T0
CBUJIETENBCTBYET O TOM, YTO OOJIBIIMHCTBO JBOMHUKOB, COCTABIISIIOLIMX MUK Ha puc. 7, 0,
OBLIIO pa3pyIlIeHO B X0/ MIPOI0JDKAIOIIEHCS KpUOTeHHOM fedopmaliim, Kak 00CyK1aa0Ch
BbIlIe. IHBIMU CJIOBaMU, IBOMHUKOBAaHUE UMEIO MECTO MMEHHO B X0j1€ epopmanuu, T. €.
OBLIO MEXaHUYECKHUM.

HecMoTpst Ha HIHTEHCUBHOE JIBOWHUKOBAHUE M aKTUBU3AIUIO TIpollecca Habopa
pazopUeHTaIMU Ha rpaHuiax a1e(opMalmOHHOTO MPOUCXOXKACHHUS, KPUOTEHHO-
nehOpMHUPOBAHHBIN MaTepHUAIl XapaKTepU3yeTcs OTHOCUTENBHO HU3KOM noneit bYT,
KOTOpasi BIOJIHE COITOCTABHMAa C COCTOSIHUEM, OCAXKEHHBIM P KOMHATHOM TeEMIIepaType
(cm. Tab. 2). C yueToMm e 3HAaUMTEJIbHOM J0JIU TPaHULl C pa30PUEHTUPOBKOM HIDKE 2°
(xak 00cy>kaanoch Boilie) peanbHas ppakius bYI' B MEKpOCTpyKType mpeacTaBisieTcs

COBCEM HEOOJIBIIION.

3.7. Texcmypa
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Tekcrypa, chopmupoBaBIIasicss B UEHTPAIbHON YacTh 000UX 00pa3loB,
MpeJICTaBICHa B BUJIE OOPATHBIX MOJIIOCHBIX (DUTYp 7Sl HApaBIeHUs C)KaTus Ha puc. 8, a,
0. TexcTypHble JaHHbIE ObUIM MTOJIy4eHbI ¢ 0030pHBIX EBSD KapT, CHATHIX ¢ m1arom
ckaHupoBaHusa 1 MkM (cM. puc. 2). I cpaBHeHHS Ha puUc. 8, 6 TIPUBEACHBI TEOPETUUECKH
paccunTaHHbie o MozensiM Teitnmopa u 3akca TEKCTyphl MeH, 1e(hOPMUPOBAHHON
CKaTHEM B YCIIOBUSIX X0y01HOM Aedopmaruu [20].

N3 conocTaBneHus 3KCIEPUMEHTAIBHBIX JAHHBIX (pUC. 8, @, 6) C ATAJIOHAMU
TEKCTYp (puc. 8, 8) clieyeT, YTO IIIACTUYECKOE TEUCHUE B X0JI€ OCAJIKU KaK Mpu
KOMHATHOM, TaK ¥ MPU KPUOT€HHON TeMmIrepaType OJImke K cxeMe 3aKca, HeXKelll K CXeMe
Telinopa. lannbiii a3 ek, ckopee Bcero, CBsi3aH ¢ KPYMHO3EPHUCTON MTPUPOIOH
UCIOJIb30BaHHOr0 Matepuaia. [Ipobiema obecnieueHrss COBMECTHOCTH JiehopManiuu
CMEXHBIX 3€peH (SBJIAIOIIAsACS OCHOBOM cxeMbl Teilopa) BakHa JUIIb B IPUTPAHUYHBIX
palioHax, KOTOpbIE, BEPOATHO, MPECTABIISIOT COOOM JTUIIh HE3HAYUTEIbHYIO YaCTh
yJIeIbHOr0 00beMa UCCIIEOBAHHBIX IPy003epHUCTBIX MaTepuaioB. C Apyroil CTOpOHSHI,
IJIACTUYECKOE TEYEHHUE B TEJE 3€PEH (COCTABISAIOIIET0 OCHOBY YAEIBHOIO 00beMa
Marepuaia) KOHTPOJUPYETCs COOCTBEHHOM KpUCTauiorpadhuuecKoi OpUueHTaluen 3epeH,
4TO, MO-BUAUMOMY, U 0OYCIIOBIMBAET NMPEo0IalaHue CXeMbl 3aKca.

[IpuHuunuansHOE MOA00HUE TEKCTYP, CPOPMUPOBABIIUXCS B 000MX UCCIEIOBAHHBIX
COCTOSIHHSX, TO3BOJISIET 3aKJIFOUNTh, YTO OCHOBHBIM MEXAHU3MOM ITACTUYECKOTO TEUECHUS
MIPU KPUOTEHHOM Temneparype ObUIo0 0OBIYHOE JUCIOKAIIMOHHOE CKOIBKEHHUE
{111}<110>.

B kauecTBe 0COOEHHOCTH KPUOTE€HHO-1€(hOPMHUPOBAHHOTO COCTOSTHUSI MOYKHO
OTMETHUTb HECKOJIBKO 00JIee OCTPYIO TEKCTYpY (CM. puc. &, a, 6). lanusbiii apdexr
BO3MOYKHO CBSI3aH C 3aTPYAHEHUEM TEPMOAKTUBUPOBAHHOTO MOMEPEYHOTO CKOJIbKEHUS
JUCIIOKAIMI MpU KPUOTE€HHOW TeMIlepaType, Tak KaK yMEHbIICHUE YHCia AeCTBYIOIIMX
CUCTEM CKOJIbKEHHS (MJIM aKTUBHOCTH HEKOTOPBIX M3 HUX) MOXET CIIOCOOCTBOBATH

uHTeHcu(uKaIuu npoiecca GopMupoBaHus TEKCTYphl. JJaHHOE TTPEANOI0KEHNE
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COTJIaCy€eTCsl C OTCYTCTBUEM PA3BUTOM STUEUCTOU CYOCTPYKTYpPhI B KPUOT€HHO-

nehopMHPOBAHHOM MaTepHale.

4. 3aki049enne

Jlepopmarust Meny pu KpUOTEHHOM TeMIIepaType CrocOOCTBYET CYIIECTBEHHON
MHTEHCU(DPUKAIIMY U3MENIBYEHUS 3€PEH 3a CUET aKTUBU3ALMU MEXAHUYECKOTO
JIBOMHHUKOBAHHUS, a TAKXKE MPOLIECCOB (POPMUPOBAHUS TPAHUI] TUCIOKAIIMOHHOTO
npoucxoxaeHus. OnHako c(hopMHUpPOBaHHAs 3€pEHHAs CTPYKTypa BECbMa HEOJHOPOIHA, U
yJIeJdbHBIA 00BEM 3€pEH BETUUUHON MeHee | MKM 10BoJIbHO Mall. Takum 00pasom,
KpUOT€HHAs 0CaJIKa SIBJISIETCS HEAOCTaTOYHO 3P (HEKTUBHOM 111 (POPMUPOBAHUS

HaHOKpHCTaJIHH‘{GCKOﬁ CTPYKTYPBI B MCIHU.

Aemopul npusnamenvhvl npogheccopy I'. A. Canuwgesy 3a uoero npoekma no uzyyeHuro
KPUO2EHHBIX Oedhopmayuii Meou, 8 pamKax Komopozo 0vllia 8bINOIHeHA OaHHAs paboma.
OHnu makoice ouensb npuzHamenvhsvl Kano. mexu. Hayk P. M. I'aneegy u kano. mexu. Hayk
O. P. Banuaxmemogy 3a npedocmasienue UCX0OH020 Mamepuand 01s Ucciedo8aHull, d

makoice M. U. Hazumosy 3a nomowb 6 s3kcnepumenme no ocaoke 00pas3yos.
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1. Cpeanne pa3mepnl 3epeH U cyO3epeH (mo 1anabiM EBSD-

aHaJIn3a)
Temneparypa, °C
IHapamerp
20 -196
Cpennuii pazmep 3epeH, MKM*:
B HaIlpaBJICHUU OCAJKH 9,5/7,0 4,4/3,3
B ITONIEPEYHOM HaIIpaBJICHUU 16,2/8,0 7,2/3,4
Cpennuii pazmep cyd3epeH, MKM**:
B HaIlpaBJICHUU OCAJIKH 1,1/1,7 0,5/1,2
B ITONIEPEYHOM HaIIpaBJICHUU 1,3/1,8 0,7/0,9

*B yncnurene — npu mare ckauupoBanus 0,5 MKM, B 3HaMeHaTele —
mipu 0,05 MKM.
**B yncnurene — npu mare ckanupoBanus 0,1 MM,

B 3HameHatene — npu 0,05 MxmM.

2. Copep:xkanne 00JIbIIEYIJIOBBIX M JIBOMHMKOBBIX

rpannn (mo JanubiM EBSD-ananmn3za)

Temmnepatypa, °C
20 -196

ITapamerp

Jlonst nBOWHUKOBBIX Tpanu £3, %* | 0,5/1,5 | 3,7/5,8

Josns 6obIIeyraoBeIX rpanuil, %** | 19/12 17/18

*B npenenax uatepBasia bpengona. B uncnurene — npu mare
ckanupoBaHus 0,5 MmxM, B 3Hamenarene — rnpu 0,05 Mxm.
**B umcnurtene — mpu Imare ckaHupoanus 0,1 MkM, B

3HameHatesne — npu 0,05 Mxm.
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Puc. 1. Mexanndeckoe moBeIcHUE MEIN:
a — neopMaliMoOHHBIE TUarpaMMBbl MIPU CXKATUH; O — paclpeieICHUe MUKPOTBEPIOCTHU B
IIEHTPaJIbHOM YacTh 00pa3ioB, Ae(hOPMUPOBAHHBIX IIPH KOMHATHON U KPUOTEHHOMN

TeMIeparype
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Ocbk oca i EBSD kapra

Puc. 2. VI3MeHeHne MUKPOCTPYKTYPHI 110 BEICOTE 00pa3IOB MEIH, OCAKCHHBIX TPH

KOMHaTHOH (a) 1 kpuoreHHoii (6) remmneparype; EBSD-kapThl (1ar ckanupoBaHus

1 MKM), MOKa3aHbI TOJBKO OOJBIIEYTIOBbIE TPAHUIIBI
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Puc. 3. MukpocTpykTypa B IIeHTpe 00pa3iioB, OCAKEHHBIX P KOMHATHOMH (a) U TIpH
KpuoreHHou (0) remnepatype; pparmentsl EBSD-kapt (miar ckanupoBanus 0,5 MKM)
MYVT 0603Ha4eHBI TOHKUMH cepbIMU JTUHUSIMHU, BY T — TomcteiMu TemabiMu tuHUSIMEA, HO

— HarpaBiyieHue ocaaku, [IH — monepeynoe nHanpaBneHne, cTpeakaMy NOKa3aHbl IBOMHUKH
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Puc. 4. MukpocTpykTypa B LIeHTpe 00pa3ioB, OCa)KEHHbBIX TPU KOMHATHOM (a) 1
KpuoreHHo# (6) remnepatype; pparmentsl EBSD-kapt (mar ckanupoanus 0,05 Mkm),
MYHKTUPHbIE TUHUM COOTBETCTBYIOT cliefiaM miiockocter {111}, cTpeiakaMu nokazaHsbl

JIBOMHUKH
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Puc. 5. Pacnipenenenus 3epeH no pazMepam U IJIONIAAA CEUEHUN, IMOJYYEHHBIE IIPH 1Iare

EBSD-ckanupoBanus 0,5 MM (a—6) u 0,05 MM (e—e)
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Puc. 6. Tonkas ctpykTypa nocie nedopmaiuu npu KOMHATHOW (@—6) U TIPU KPUOTECHHOM

(e—e) Temniepatype. HampaBneHnue ocaaku BEpTUKAIBHOE
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Puc. 7. Pacipenenenus rpaHull 1O yrilaM pa3oOpUEHTUPOBKH:
@ — MaJIOYyIJIOBbIe rpaHuLIbl (ar ckanupoBanus 0,1 MKM); 6 — O0JIbILIECYTIOBBIE TPAHULIBI

(mar ckanupoBanus 0,5 MKM)
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Puc. 8. OOpaTHbIe MONOCHBIE (PUTYPHI ISl HAPABIICHUS CKATHUSA:

a, 6 — ocagka TNpU KOMHATHOM M KPUOTEHHON TEeMIEepaType COOTBETCTBEHHO; 6 —

TEOPETUYECKHU pacCUMTaHHas TEKCTypa Jia cxembl Teinopa u 3akca [20]
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