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O0 3¢ ¢ekTHBHOCTH KPHOTECHHOM JedopManuy 1Jis1 H3MeJIbYeHHsI MUKPOCTPYKTYPbI MeAH
T. H. Konskosa!, C. FO. Muponos'~, A. B. Kop3uuxos'
IVypeacoenue Poccuiickoii  axademuu nayk HMucmumym Ipobnem Ceepxniacmuyunocmu
Memannos PAH, 450001, Y¢a, yn. Xanmypuna, 39, Poccus
2Vuueepcumem Toxoxy, [Henapmamenm O6pabomxu Mamepuanos, Buvicwas Ilxona
Hnocenepos, 980-8579, Cenoaii, Apamaxu-aza-Aoba, 6-6-02, Anonus
YK 669.3:539.89:539.25
[IpoBeeHO CpaBHUTEIBHOE UCCIIEIOBAHUE MUKPOCTPYKTYP, CPOPMUPOBABIINXCS B TEXHUUYECKU
YUCTOW MEIM TOCJEe OJIMHAKOBBIX Jedopmaiuii Ipu KOMHATHON TeMmIeparype U TemIeparype
KHUJIKOTO a30Ta. Y CTaHOBJICHO, YTO MPH OTHOCUTEIHHO HEOOIBIINX TUIACTHYECKUX J1e(hOpMaIHiIX
(ocamka, ¢ ~1.0) kpuoreHHas TemIepaTypa CHOCOOCTBYET aKTHBH3AIlMH MEXaHUYECKOTO
JTBOMHUKOBAHWS ¥  HECKOJbKO HWHTCHCHHIHpYeT Tmpouecc (HOPMHPOBAHHS — TPAHMUII
neOPMAITMOHHOTO TPOMCXOXKIeHU. [Ipy WCHoMb30BaHMU k€ OOJIBIIUX TUTACTUYCCKUX
neopmanuii (CABUT 1O BHICOKHM JaBlieHHEM, € ~8.4) 3(pPeKT KpHOreHHOTO HArpy>KEHUS TPH
W3MENIbYCHUH MUKPOCTPYKTYPBI OU€Hb MaJl.

Kurouesblie cioBa: Kpuorennas nedopmanus; Menb; V3menbueHre MUKPOCTPYKTYpBI;
Muxkpoctpykrypa; Tekctypa

Keywords: Cryogenic deformation, Copper, Microstructure refinement, Microstructure,
Texture

1. BBenenmue

WNHTepec Kk KpHOTEHHBIM JaedopManusiM, KOTOPHIM HaOMI0aeTcs B MOCIEAHEE BpEMS B
MatepuanoBeneHun [1-7], oOycioBiaeH, B OCHOBHOM, HAJIECKI0M Ha CYIIECTBEHHOE TMOBBIIICHHE
sbpdextuBHOCTH  AedOpPMAMOHHONW  OOpabOTKM  JJIg  TIONY4YeHUsT  CyOMHKpO- |
Hanokpucraumueckux (CMK u HK) wmarepuanos. Ilpeamomaraercsi, 9ro O4YeHb HHU3KHE

TEMIIepaTypbl nedopmanuu JTOJIKHBI MIOJaBUTh IIPOLIECCHI JUHAMHAYECKOTO



BO3BPATa/pEeKPUCTAIUIN3ALUHN, TOBBICUTh  IUIOTHOCTh  JUCIOKAIMH W CTUMYJIHUPOBAThH
MEXaHHYECKOE JIBOMHUKOBaHHE (Jake B KyOMUECKHX MeTaliax [5, 6]), yCKOpUB, TEM CaMbIM,
U3MEIbYEHHUE 36PEHHON CTPYKTYpPHI.

Crnenyer OTMETHTh, OJHAKO, YTO TOHMKEHHE TEMIIEPaTypsl AedopManuu MOKET
3aTPYAHUTh TEPMOAKTUBUPOBAHHOE IONIEPEYHOE CKOJIbKEHHUE JUCIOKAIMN U, TaKUM 00pas3om,
3aMeTUTh (POPMHUPOBAHKE TPAHUIL 1e(OPMAIIMOHHOTO POUCX0XkKAeHUs. HekoTophie KOCBEHHBIE
npu3Hakd dToro 3¢dexra oTMeueHbl B jmTepaType. Hampumep, B pabote [8] oOHapykeHO
orcyrctBue III cragmm pedopManioHHOTO YHNpOYHEHHs (XapakTepu3ymouleiics o0pa3oBaHUEM
AYEUCTOM CTPYKTYpbl) IpPU KPUOI€HHOM pacTsbkeHun weau. C  fpyroid CTOpOHBI, IpU
KPUOTCHHOM TPOKAaTKe AIOMUHUS 3a(QHUKCHpPOBaHO (OPMHUpPOBaHHE “‘TeKCTypwl JaTyHu [1],
KOTOpass B KyOMYEeCKMX MeETajulax 4YacTO AacCOLMUPYETCS C I[OJAaBJICHHUEM IONEPEYHOro
CKOJIb)KEHUs. B 3TOH CBS3M pajuKalbHOE IOHM)KEHUE TeMIepaTypsl JAedopManuu yxKe He
NPECTABISIETCS OJHO3HAYHO IOJIOKUTEIFHBIM C TOYKM 3peHus (opmupoBanuss CMK u HK
CTPYKTYP.

XOoTs mpu UCCIEAOBAHUU MaTEpUajoB, Je(POPMUPOBAHHBIX MPHU TEMIEPAType >KUJKOTO
a3oTa WIM Tenus, OObBI[MHO M OTMEYaeTcs CYIIECTBEHHOE H3MelbYeHue 3epeH [1-6],
(¢ (PEKTUBHOCTh KPHOTEHHON AedopMaliKi 1O CPaBHEHWIO, HANpuUMeEp, C aHAJIOTUYHOU
nedopmarmelt mpu KOMHATHOW TeMIEpaType He BCerja O4YeBUIHA. B CBs3M ¢ 3TUM, B JaHHOM
pabore Oblia MOCTaBl€HA 3aJaya MPOBEACHHUS CPAaBHUTEIBHOTO aHalM3a MUKPOCTPYKTYD,
c(OpMHUPOBABIIKXCS IOCJIE OJMHAKOBBIX JedopManuil MpH KOMHATHOW TemIepaTrype u
TEeMIEpaType KHUAKOro a30Ta.

2. MarepuaJj 4 METOAUKA IKCIIEPUMEHTA

B kauecTBe MaTepuana ucciae0BaHus UCIOIb30BaIach TexHUUecku yuctas (99.9%) menn

mapku MI1. TlocraBieHHBI TOpsiYEKaTaHbIl MPYTOK ObUI MOABEPrHYT MpeABAapUTEIHLHON

WHTEHCUBHOW TuTacThueckou “abc” medopmanmm B mHTepBasie Temmneparyp 500-300°C [9]. B
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pesyibTare 00paboTKM B Marepuane chopMHpoBaiach MPUOIU3UTEIFHO PAaBHOOCHAS 3€peHHast
MHUKPOCTPYKTYpPa CO CPETHUM pa3zMepoM 3epeH ~1.7 MKM, gonel 00JbIIeyrIoBbIX TpaHuil ~59%
u crnaboit kpuctamorpaduueckoit Tekctypoit kyoa. [lomydeHHoe cocTosiHue OBLIO MPUHATO 32
HCXOJHOE.

Jlis BBISIBIIGHUS! BIMSIHUSL KPHUOTEHHOW TEMIIEpaTypbl Ha CTPYKTypooOpa3oBaHUE MpHU
OTHOCHUTEJIbHO HEOOJBIIUX CTENeHAX aedopMalu Marepuan OblT HOJABEPrHYT OJHOOCHOM
ocajake mpumepHo Ha 65% mno Beicote (e ~1.0) Ha Bo3ayxe M B cpele KUAKOTO a3ora (B
CTIENNAaNbHO CKOHCTPYHPOBAHHOM ImTamIie). IIpim3MaTideckue oOpasisl pasMepamMu 6x5x5 My
OBUIH BBIPE3aHbl U3 UCXOAHBIX MOKOBOK U OCAXXEHBI HA YHHBEPCAILHOW UCIIBITATEILHON MalIuHe
“Schenck” npu moCTOSIHHO#N CKOPOCTH IBMKEHUS TPaBepChl 1 MM/MHUH.

Jns ouenku s¢ddexra HU3KUX TeMmIeparyp Hpu OoabuuX TUIACTHYECKUX AedopMarusax
MaTepHai OblI MMOJBEPTHYT CIABUTY IIOJ BBICOKMM JaBJICHHEM IPU KOMHATHOW TeMIEpaType U B
KPUOTEHHBIX ychoBusx. O0pa3ipl B popme nuckoB quameTpoM 10 MM U HAYaJIBHON TOJIIMHOHN 2
MM ObUTH J1e()OpPMHUPOBAHBI HAa YHHUBEPCAJIBHON HCHbITaTeNnbHOM Mammue “Schenck” mpwu
npunoxxedHoM nasiaenun 4.5 I'Tla'. Jlepopmanus Bxmouana B ce6s 20 MOC/IeT0BATETbHBIX
MOBOPOTOB HAKOBAJIBHH TO- W MPOTHB YacOBOW CTpeiku Ha yroi 45° u ocymecTBisuiach 0e3
OOKOBOM MOIEPKKK 00pa3IOB (MPEMATCTBYIONIEH BHITEKAHUIO MaTepHalia U3-1oJl HAKOBAJICH); B
pe3ynapTare ToNmMHA O00pa3moB ymeHpmmiack A0 ~100 mxm. McTuHHas HakoIrUIeHHAs

nedopmarus 6b11a orieHeHa o Gopmyie [10]:

e=In 1+(¢XRJ +1n(h—°j (1)
h h

rie (@ - yroi moBopota, R - pamuyc o0pasua, /1 - KoHeuHas TONUMHA o0pasua u , - HavyajibHas

TommuHa obpasna. Ha cepenune paauyca uctuHHas nedopmanus cocraBuia e ~8.4. Bo Bcex

! Ilaunblit skcriepuMenT 6bLT BhITIONHEH B Forshungszentrum Karlsruhe, r. Kapncpys, I'epmanus.



ciydasx gedopmarusi MpoBoAMIachk B BO3IYHIHON atMocdepe; st oOecriedeHnss KPHOTeHHBIX
YCIIOBHI HarpyeHus oOpasiipl, a Takke OOWKH OXJaKIAATUCh B CPE/IC KUAKOTO a30Ta B TEUCHUE
20 mMuH mepen HarpyxeHuem. TeopeTHUecKHe OIEHKH IOKa3alid, YTO HarpeB OOpas3loB H
HAKOBAJICH Tepe]l HayaloM JedopMalnuy B pe3yilbTaTe €CTECTBEHHOW KOHBEKIMH HA BO3IYXE
cocrabisii Bcero 6°C u 3°C coorBercTBeHHO. COrIacHO pacueTaM HarpeB HaKOBaJEH Ha BO3JyXe
3a Bpemst HarpyxeHus (~ 8 MwuH) coctaBuia Bcero okoio 37°C wum, TakuM 00pas3om,
IPEIoIaraeTcs, YTO KPHOT€HHBIE YCIOBUS 1ehopMaIiiy ObLIH, B IIETIOM, 00ECIICUEHBI.

MUKpOCTPYKTYpHBIE  MCCIEIOBAaHUS OCAXEHHBIX OOpasLOB  OCYIIECTBISUINCH B
LEHTPaJbHOW YacTU NPOAOJIBHOIO ceueHusd. B ciydae caBura mnoJ BBICOKUM JaBJIEHHEM
MHUKpPOCTPYKTYpa M3y4dajach B IUIOCKOCTH CIBUTa IPUMEPHO Ha CEPEIUHE paauyca 3aroTOBKH.
MUKpOCTpYKTYpHBI ~ aHANU3 MPOBOJAMJICS METOJAaMHU  IPOCBEYMBAIOIIEH  3JIEKTPOHHOMN
mukpockoru  (IIDM) u meromom aHanm3a KapTUH AuQpakuud  00paTHO-pacCesHHBIX
aektpoHoB (EBSD). OOpasubl misi MHKPOCTPYKTYPHBIX —HCCIICIOBAaHUH  IMOJBEPTaINChH
Ipe/BapUTEIbHOMY IIIM(OBAaHUIO HA a0pa3suBHOM Oymare M aJMa3HOM MacTe U OKOHYATENIbHOU
anekTponoiaupoBke. B ciayuae EBSD o6pasusl snextpomnonupoBaiiick B 70% pacTBOpe
oprodochopnoit kucnotel H3PO4 B nmuctumimpoBaHHOW BOJE NMPU KOMHATHOW Temmeparype u
HarnpsbkeHun 5 B. B cnydae [I19M anexTponuT mpenctasiisii coboi 7% pacTBOp TOM ke caMoit
KHCJIOTHI, a IPUJIOKEHHOE HaIlpshKeHHE cocTaBisuio 4 B.

Jns [I9M uccnenoBanuil ObUIM HcmONb30BaHbl Mukpockomns! Philips CM30 u JEM-
2000EX, paGotaromue mipu yckopsroniem HampsbkeHuu 300 kB u 160 kB cooTBeTCTBEHHO.
EBSD-ananu3 HOpoBOAWics IpH IOMOIIM IIporpamMMHoro ob6ecneuenus TSL OIM™,
YCTaHOBJIEHHOTO HAa CKaHHPYIOIIEM 3JEKTPOHHOM MHKpPOCKOIIE ¢ moJyieBbIM KaronoMm Hitachi S-
4300SE. beumm momyuensl EBSD kaptei, cocrosmme uz ~ 100000 - 500000 nmkcenend wu
coJiepiKallie OT HECKOJIbKHUX COTEH N0 MOJIyTopa JEecSITKOB Thicsiu 3epeH. Lllar ckanmpoBanus

(pa3mep mmKcensi) BapbupoBayicss oT 25 no 250 HM. B mensax MUHMMH3AIUUA OMIMOKK KaXkKaas
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AJIEKTPOHOI'PaMMa aBTOMAaTHUYECKHU MHIULMpOBanach o cemu Kuxkyuu-nmuHusaM. Jlons ycneniHo
MHAMLIMPOBAHHBIX 3JIEKTpOHOrpamMMm cocTaBisuia oT 99.5% nmo 99.9% ot ux oOuiero uwmcia.
Cpenusiss  BenmuMuMHA KOX(PPHUIMEHTa, XapaKTEPU3YIOLWIETO KOPPEKTHOCTh WHAWLUPOBAHHS
AJIEKTPOHOTpaMMBI (Tak HasbiBaeMmblid, “confidential index”, CI [11]) BappupoBamach s
pasnuuneix EBSD kapr or 0.14 nmo 0.36. Jlnsa cpaBHEHHs, CUMTAETCs, YTO €CIU OTOT
koopduuueHt mnpesbimaer BenuunHy 0.1, TO I0NS  KOPPEKTHO  HMHAMLIMPOBAHHBIX
anekTpoHorpamm coctasisieT 95% [11]. C uenbio nzbaBieHus OT COMHUTEIBHBIX PE3YyIbTaTOB
EBSD panHble OBUTM TMOABEPTHYTHI aBTOMATHYECKON KOPPEKTHPOBKE: BCE MEJKHE 3EpHA,
COCTOSIIIIME U3 TPEX U MEHee MUKcesied, OblIM aBTomMaruyecku yaaineHsl ¢ EBSD kapr, kak He
BHyIIaromue aoBepus. [Ipy BBIUHCICHHHM Pa3OPHEHTUPOBKUA M3 BCEX KPHUCTALIOTpaduyecKu
HKBUBAJICHTHBIX €€ OINUCAHUN HCIOJIb30BAIOCH OMNMCAHME C MHUHHUMAaJbHBIM yrjioM. Bauay
JKCIepUMEHTaIbHOW morpemHocth EBSD  Meroma Bce  MalloyrioBble  TpaHHLBI  C
Pa30pUEHTUPOBKON MeHee 2° ObLIIM MCKIIIOUEHBI U3 paccMOTpeHus. B kauecTBe kputepus Mano-
u OonpieyrioBeix rpaHun (MY u BYIT coOTBETCTBEHHO) MCIONB30BaNaCh Pa30PUEHTHPOBKA
15°. Pa3zmep CTpYKTYpHBIX 2JIEMEHTOB (3€peH/Cy03epeH) Onpenessiicss METOIOM CEKYIIUX.

C nenplo MOIy4YeHUs AOIMOJHUTENbHONM HMH(OpPMALUKd O MUKPOCTPYKTYpE OBbUIM TaKke
IPOBEJCHBl M3MEPEHHs] MUKPOTBEPIOCTH IO Bukkepcy. DKCHEpUMEHT OCYLIECTBISUICA MPH
KOMHATHOW TemIepaType 1 BBIOJIHAJICS Ipu Harpy3ke 50 r u Beiaepxkke 10 c.

HeoOxoaumMo moguepkHyTh, YTO Me€Ib, IOJBEPrHyTas OOJbIION JedopMalu Mpu
KPUOTE€HHOW TemIepaType, MOXXET ObITh CKJIOHHAa K YaCTUYHOM pEeKpUCTaUIM3alluK MpU
JUTUTEIHPHOM XPaHeHWHM TIPH KOMHATHOW Temmeparype [12-15]. B cBsizu ¢ 3TUM, NJIUTETHHOCTH
HAXO0XJICHHS MaTepuaja Ha BO3/yXe MOXKET ObITh BaXHOW MPH HHTEPHPETALUU CTPYKTYPHI U
cBOMcTB. Bpemsi mpeObiBaHHS KPHOT€HHO Ne(hOpPMUPOBAHHBIX 00pa3lloB, UCIOJIb30BAaHHBIX B
MPEJICTaBJICHHOM DJKCIEpUMEHTEe, IpPH KOMHATHOM TeMIeparype Imepel HCCleI0BaHuEM

CTPYKTYpbI U CBOMCTB MpUBEIEHO B Ta0I. 1.



3. Pe3yabTaThl H 00CyXKIeHUE

3.1. Mukpomeepoocmp

Bnusiaue temnepaTypsl AeopManui Ha MHUKPOTBEPAOCTH MpeacTaBieHo Ha puc. 1. Bo
BCEX CIIydasiX HM3MEPEHHsT MHUKPOTBEPIOCTH IMPOBOJMINCH Yepe3 BCE ceueHue o0pas3loB — B
paaualbHOM HANpaBJIICHUHM B ciaydae ocaaku (puc. la) U BAOIL quaMerpa Mociie CIBHUTra IO
BBICOKMM JaBieHueM (puc. 10). Kak ciemyer u3 pHCYHKOB, pacnpeeleHHEe MHKPOTBEPIOCTH
SBJISICTCS BEChbMa HEOJIHOPOJHBIM, UYTO, CKOPEE BCETO, CBA3aHO CO CHEIHU(PHUECKUM XapaKTepoOM
MaKpPOCKOIMYECKOTO TNIACTHYECKOTO TEUSHHS ITPH UCTIONB30BAHHBIX CXEMaX HarpyKCHHUS.

B ciydae ocanku (puc. 1a) kproreHHO 1ehOpMHUPOBAHHBIN MaTepHall, KaKk U OKUAAIOCH,
JIEMOHCTPHUPYET OoJiee BBICOKHI YpOBEHB MPOYHOCTH B 30HE COCPEAOTOUYCHHOH aedopmariu
(uenTtpanpHas 30Ha oOpasma). llocme caBura mOX  BBHICOKMM — JaBJIEHUEM, OJIHAKO,
MHUKPOTBEPJOCTh Ha nepudepuitHoi (Hanbosee neOpMUPOBAHHOI) YacTH 00OOMX 00pas3IoB
aBysieTcst conoctaBuMoi (puc. 10). Mcxoas u3 3TOro MOKHO MPEAMNOIOXKUTh, YTO TMOHMKCHHE
Temneparypsl 10 -196°C He NOBIUAIO CYILIECTBEHHO Ha U3MEIbYEHUE 3€PEHHON CTPYKTYpHI IIPU
00JIBIION MIIACTUYECKON JedopMaiiu.

3.2. Mopgonozus mukpocmpykmypul u pazmep 3epen

@®parmeHTsl BbIcOKopaspemaromux EBSD kapT MHUKpOCTPYKTYp BCEX HMCCIEI0BaHHBIX
cocTosiHUN mnpuBeneHbl Ha puc. 2. Ha stux kaprax MVYID' o0o3HaueHbl TOHKMMHU CEpPBIMH
muHAAMH, a BYT — ToncTeiMu TeMHBIME THHUAME. CTaTHCTUYECKHE TaHHBIE O pa3Mepax 3epeH,
nosydeHHsie ¢ moiHbix EBSD kapt (comepsxkamux ot ~ 700 mo ~ 1200 3epeH), moka3zaHbl Ha PUC.
3 u B Tabm. 2.

MUKpoOCTpyKTypa OCaK€HHBIX 00pa3ioB (puc. 2a, 0) xapakTepusyercs ImpeolriaTaHuemM
3€peH, CIUTIOCHYTHIX B HATPABJICHUHU C)KATUS M BBITSHYTHIX B PaHabHOM HampaBieHUH. JlaHHas
MOPQOIIOTHSI CTPYKTYPBI, CKOpEe BCETo, CBA3aHA C TEOMETPHUECKUM CILUTIOIIUBAHHEM MCXOTHBIX

3epeH B XOJI¢ OCaJKU. BHYTpH 3epeH MMeEeT MEeCTO OBOJIbHO pa3BHTas CHCTEMa CyOTpaHWII,
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OpPUEHTUPOBAHHBIX PEUMYILECTBEHHO NEPIEHAUKYIIAPHO OCU Ckatus. Ciaenyer OTMETUTh, YTO
CpeaHuii pa3Mep cyO3epeH B KpUOT€HHO JeOPMHUPOBAHHOM MaTepHalie HECKOJIBKO MEHBIIE, YeM
B oOpasiie mocje KOMHATHOW nedopmaruu (Tadi. 2) U 3TO, BO3MOXKHO, CBHJCTEIHCTBYET O
HEKOTOpO  WMHTeHCHU(UKAauK  mpouecca  (HopMUpOBaHHS  TIpaHUIl  1ePOPMALMOHHOTO
IIPOUCXOXKICHUS.

[TpumeuaTelbHON OCOOCHHOCTHIO MHUKPOCTPYKTYPBI MOCIE KPUOTEHHOW nedopManuu
TAKXKE SBIACTCS HAJIMYUE MHUKPOABOWHHMKOB. JlaHHBIA pe3ysbTaT BIIOJHE COOTHOCUTCS C
AKTUBU3AIMEH MEXaHUYECKOTO JIBOMHUKOBAHUS MPH KPUOTEHHOH aedopMaivi, OTMEYEHHOTO B
auteparype [5, 6]. Pazamepbl MUKpOABOMHUKOB cOCTAaBISIIOT ~ 0.1 - 0.3 MKM, ¥ MPUCYTCTBUE UX
CYLIECTBEHHOW (pakiuu B KPUOTEHHO JAeQOPMHPOBAHHOM MaTepuane o0yciaaBiIMBacT
HECKOJIBKO MEHBIIMKA CpemHui pasmep 3epeH (Tabi. 2) U HEKOTOpble pa3iudus B
pactipeneNieHusIX 3epeH 1o pasmepam (puc. 3a, 6). Bipouem, kak BBITEKAET U3 PHC. 3B, YACIbHBIN
00BEM MUKPOJBOMHUKOB OYEHb MaJl.

MUuKpOCTpYyKTYpBI, CPOPMUPOBABIINECS B PE3Y/IbTaTe€ CABUIA MOJI BHICOKUM JABICHHUEM,
KaK I[pU KOMHATHOW TeMmiieparype (puc. 2B), TaK M B KPHOICHHBIX YCIOBHSX (puc. 2T) B
3HAUUTENBHON Mepe MOJ00HbI ApyT Apyry. B o6oux ciydasx B MUKPOCTPYKTYpe npeoOiaiaroT
MIPUMEPHO PaBHOOCHBIE 3€pHA CO CpeaHUM pazmepoM ~ 0.3 Mkm (Tabi. 2) U OYEHb CXOXKHUMHU
pacripeieieHusiMu 10 pazmepam (puc. 3r, 1) u mo Iwiom@anasMm cedenuit (puc. 3e). B oboux
COCTOSIHUSIX 3TH 3€pHa cojepkaT JOCTaTOYHO pPa3BUTYIO CYOCTpyKTypy (puc. 2B, T), XOTH
KPUOTE€HHO Je(QOpMHUPOBAaHHBIA MaTepHall U XapaKTePU3yeTCs HECKOJIbKO MEHBIIUM CPEeIHUM
pasmepom cy03epeH (Tabin. 2). CiaemayeT Takke OTMETUTh HaJU4HE B 00CMX MUKPOCTPYKTypax
OTJIENIbHBIX OTHOCHUTENBHO KPYMHBIX (~ 1 MKM) 3epeH, MpakTH4ecku He conepkaumx MVYT
(mpumepsl 00BEIeHBI Ha puC. 2B, T).

Cymmupysl BbIIIECKa3aHHOE, MOYKHO 3aKJIIOYHMTh, YTO IMOHMKEHHE TEeMIlepaTypbl A0 -

196°C criocoOCcTByeT HEKOTOPON MHTEHCU(UKALMK MPOIECCOB M3MEIbUEHUS MUKPOCTPYKTYPbI
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pU OTHOCHUTENBHO HebOonbmux aedopmanusax (ocanka, € ~ 1.0), HO HE UTpaeT CyIIEeCTBEHHOM
POJH IpH OONBIINX TUIACTHYECKUX AeopMarusax (CIBUT MO/ BBICOKHM JaBlIeHUEM, € ~ 8.4).

3.3. Tonkasa cmpykmypa

Turmmnunasie [I9M ¢dororpaduu MUKPOCTPYKTYp OCaKEHHBIX OOpa3lOB NPUBEACHBI Ha
puc. 4; Ha BceX CHUMKaX OCh CKaTus BepTukainbHas. Kak cinenyer u3 comnocraBnenus puc. 4a-0 u
puc. 4r-1, KpUOT€HHO Ne(hOPMHUPOBAHHBIM MaTepuan OTIMYACTCA HAJTMYUEM Y3KHUX KOHTYPOB
OKCTUHKLIMM, CBUJETEIIbCTBYIOIIMX O CYIIECTBEHHBIX BHYTPEHHUX HANpsSOKEHUSIX W,
CJIEI0BATEIIbHO, BBICOKOM TEH30pHOM IUIOTHOCTH AMcioKanuil. 1lo cpaBHEHMIO ¢ KOMHATHOMN
nedopmarueit (puc. 4B) CTpyKTypa IMOCiie KPHOTCHHON OCaIKH XapaKTepU3yeTCs TakkKe U Oosee
BBICOKOM CKaJSpHOM IUIOTHOCTHIO JAMCIOKalMi (puc. 4€); TUIUYHBIM JHUCIOKAIlMOHHBIM
oOpa3oBaHHEM SBISAIOTCA HE ceTku (puc. 4B), a XKrytsl M KiyOku (puc. 4e). B kauectBe
XapaKTepHOM 4YepThl MUKPOCTPYKTYpPhl MOXKHO TakXe OTMETHTb MEXaHUYECKHE JBOMHHUKHU
(IpuMep MpeAIoIaraeMoro JBOHHIUKOBOI0” HaKeTa BhIAEIEeH Ha pHC. 41).

C napyroil cTopoHbl, IOCJIE€ CIBUTra IOJ BBICOKMM JaBJIEHHEM TOHKAasl CTPYKTypa 00OMX
00pa3ioB B 3HAYMTENIbHON Mepe moao0Ha apyr Apyry (puc. 5). IHTepecHO OTMETUTh, YTO B
o0oux ciydasx, Ha (OHE CHIBHO HAKJIEITAHHOW MUKPOCTPYKTYpPHI BBIIEISIOTCS OT/IEJIbHbBIE
3epHa, TMPAKTUYECKH HE COJAEpXKallUe JUCIOKAlMi U  MPOU3BOJAIIME  BIIEYAaTIIEHUE
PEKpUCTATUTM30BaHHBIX (MTpUMEPHI 0003HAUEHBI CTPEJIKaMHU Ha PHC. 5); UX MPOUCXOXKJECHUE HE
BITOJIHE TIOHSITHO.

3.4. Cnexmp pazopueHmupoeok

CnekTpsl pa3opUEHTUPOBOK, IMOJYy4YE€HHBbIE C BbICOKOpazpematrommx EBSD kapr,
CyMMHpOBaHbI Ha puc. 6 U B Tabn. 3. Crenyer mMoA4epKHYTh, YTO PACIpPEAETICHHUs TPAHULL TIO
yriam pa3opUEeHTHUPOBKH, MMOKa3aHHbIE HAa pUC. 6, TIOCTPOEHBI B HE COBCEM OOBIUHON cucTeme

KOOD/IMHAT: yJeNbHas IPOTSKEHHOCTh TIpaHMIl (MKM™') — yroia pa3opHeHTHPOBKU (Ipaj);

2 PacmupoBKa 571€KTPOHOrPAMM HeE TTPOBOIHIIACE.
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yAelbHAsT MPOTSKEHHOCTh BBIYMCIIIACH KaK CyMMapHas UIMHA TPaHULl B TOM WJIM HHOM
MHTEpBaje yrioB pazopueHTHpoBkU Ha EBSD kapte, orHecennas k miomiaau EBSD kaptei. Kak
OyzeT moka3aHO HIDKE, MCIIOJIb30BAaHHE MOJO00HONW METPUKU MO3BOJSET IMOJYyYUTh HEKOTOPYIO
JIOTIOJTHUTEIBHYIO HH(POPMAIUIO O TpoIIeccax U3MENbYSHUs MUKPOCTPYKTYPHI.

Ha puc. 6 BuaHO, 4TO yaenbHas NPOTHKEHHOCTh MYI B KpHOT€HHO Je(OpMUPOBAaHHOM
Mmarepuaie OoJibllle, YeM B COOTBETCTBYIOIIMX CTPYKTypax IOCJIE€ KOMHATHOW Jedopmanuu.
JlaHHBI pe3ynbTaT KOppENIHpPyeT C MEHBIIMM pa3MepoMm cyO3epeH (Tabi. 2) W Takke
CBHUJICTEJILCTBYET B TOJB3Y MPEAIONOKEHUSI 00 MHTEHCH(HKAIUU Tporecca (pOPMHPOBAHUS
rpaHuIl 1e(hOPMAIIMOHHOTO MPOUCXOXKICHHS B KPUOTEHHBIX YCIoBHAX. OO 3TOM Takke KOCBEHHO
TFOBOPUT M HECKOJBKO OOJBIIMHA cpeaHuil yron pasopueHTHpoBKH MVYI' B cTpykTypax mocie
KpuoreHHo pnedopmanuu (tabn. 3), XOTSs UM BBISIBICHHAs pasHULA SIBISETCd BeCbMa
MaJ03HAYUTEIHHOU U HaX0AUTCs B mpenenax norpemHoctd EBSD metona (~ 2°).

KproreHHo ocak€HHBI MaTepuall XapaKTepU3yeTCsl IMOBBILIEHHOW J0JEH ABOMHUKOBBIX
paszopueHTanuii (Tabn. 3), oOyciaBimBarOmMX MUK Bo3le 60° Ha pacrpeneleHUH TPaHUIl 10
yrilaM pa3opUeHTUPOBKH (puc. 6a). DTOT pe3ynbTaT OTpPaKaeT 3HAYUTENbHYI0 (paKIIHIO
MUKpPOJIBOMHUKOB B JAaHHOW MHUKPOCTPYKTYpE€ M XOpOILIO COOTHOCHUTCS C JHUTEpPaTypHBIMU
JaHHBIMH, OTMEYAIOUIMMM AaKTHUBU3ALMI0O MEXaHHUYECKOro JBOMHMKOBAHHS B MEAM IpHU
KpuoreHHoi nedopmaruu [5, 6]. Caegyer OTMETUTH, BIPOYEM, YTO OOIIas JOJsI JBOWHUKOBBIX
TpaHMI] JOBOJBHO Majia — Bcero okoio 4% (tabn. 3); 3TO MO3BOJISET MPEATNOJIOXKHUTH, YTO
MEXaHUYECKOE JIBOMHUKOBAHUE BPS JIM UIPajio KIKOYEBYIO POJIb B 3BOJIOIUHM CTPYKTYphl. C
YBEJIMYEHUEM CTENEHH HAKOIUICHHOM nedopmanuu (CIBHUT MOJ] BHICOKUM JaBJIEHHEM, € ~ 8.4)
JI0JIsl TBOMHUKOBBIX I'PAaHUIl B KPHOTEHHO J1e(OpMHUPOBAHHOM MarepHaiie yMeHbInaercs 10 2%
(tabmn. 3), uro 6mm3ko k ypoBHIO pona B I'LIK merammax [16]. Ckopee Bcero, 3T0 O3Ha4aeT
MOCTENIEHHOE I0/IaBJIEHHE MEXaHMYECKOro JABOWHUKOBAHUSA C pPa3BUTHEM JedopMaiuu, 4TO

ABJICTCA JOBOJIBHO XOPOIIO M3BECTHBIM SABJICHHUEM.
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B orToil cBsA3M HE cOBceM TMOHSATHA TIOBBIINICHHAs JOJs JBOWHHUKOB B 00Opasiie,
MOJBEPTHYTOM CIBUTY I10J BBICOKMM JaBJICHHEM IpU KOMHATHOH Temmeparype (Tabn. 3, puc.
60). O0BsicHeHHEe ATOro JIFOOONBITHOTO (DEHOMEHA BBIXOJHUT 32 PAMKH JAHHOW CTaThH, U 3]1ECh
aBTOPBI TOJIBKO MOTYT TIPEAINOJIOKUTh, YTO OH, BO3MOXKHO, CBSi3aH C Je(QOpPMaLUOHHBIM
pasorpeBoM o0Opasiia U CONMYTCTBYIOUIMM MPOTEKAaHUEM JUHAMHUYECKONW pekpucTaumzanuu. Kak
u3BectHo, murpanuss bYID' (mampumep, B xone pexpuctamimzanuu) B ['IIK meramnax moxer
NPUBOAUTH K MOSBIICHUIO JBOMHUKOB OTxkHTra [16,17], 4To U MOTJIO OTPa3uUThCA HA CIEKTpE
pa3opueHTUPOBOK (Tabdi. 3, puc. 60).

3.5. Texcmypa

TekcrypHbie gaHHBIC, TONTydeHHBIE ¢ Oonpmux EBSD kapt (comepamux OT OJHOTO J0
MOJIyTOpa JECATKOB THICSAY 3€pEH), MOKa3aHbl Ha puc. 7. B cimydae ocaaku (puc. 7a-B) TeKcTypa
NpeCTaBICHa B BUJIE OOPAaTHBIX IMOJIOCHBIX (PUTYp [UIS OCH CXKaTHs, a B Clydae CABHIa IOJ
BBICOKMM JaBjieHHEM (puc. 7r-€) — B BUJe NpsIMbIX nostocHbIX ¢puryp (IIID) {111} B cucreme
koopauHat: Hanpasienue capura (HC) — nanpasnenune Hopmanu k ruiockoctu casura (HH). s
CpPaBHEHMsI Ha pUC. 7 TaKKe NMPUBEIACHBI COOTBETCTBYIOIIME 3TAJOHBI TEKCTYpP: TEOPETHUUYECKU
paccunTaHHble 1o Mojenu Telnopa u 3akca TEKCTypbl MeAH, 1e(OpPMHUPOBAHHOM CHKATHEM B
ycioBusX XojonHoi nedopmanuu [18] (puc. 7a), a Takke KOMIIOHEHTHI UICAIBHBIX TEKCTYP
casura [19] (puc. 7r).

Kak cnenyer u3 puc. 7, KpuoreHHO JehOPMHUPOBAHHBIA MaTepHall XapaKTepU3yeTCs
CPaBHUTEIBHO 00Jiee CHUIIBHOM TEKCTYpOH, XOTA 3TOT 3((EKT U yMEHBIIAETCS C HAKOIUIEHUEM
nedopmaruu ot ocanku (e ~ 1.0) k caBury mon BeICOKMM naaBieHueM (e ~ 8.4). [lomoOHbrit
pe3ynbpTaT OBLT TMOMYYEeH W HAa YUCTOM alOMHHUU [1], TIe OH OBUT MHTEPIPETHPOBAH Kak
CIIEICTBME HCYE3HOBEHHUS IOJOC CABUTa/cOpoca (pa3MbIBAIOLIUX TEKCTYpy) C TMOHUKEHHEM
Temneparypsl gepopmanuu. Cieayer OTMETUTh, BOPOUYEM, UYTO ITOT d(PPEKT MOXKET ObITh TaKkKe

CBs3aH U C MOAABJICHUEM ITOIICPEYHOI'0 CKOJIBXKCHHUA, TAK KaK YMCHBIICHUEC YK CJia HeﬁCTBYIOHIHX
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CHUCTEM CKOJbKEHHS (WIM AaKTHUBHOCTH HEKOTOPBIX M3 HHX) MOXET CII0COOCTBOBATH
WHTEHCU(PHUKAIIUH Tporiecca GOPMUPOBAHUS TEKCTYPHI.

W3 comocTaBiieHusl 3TaJOHOB TEKCTYpP C AKCIIEPUMEHTAIBHBIMU JAHHBIMH Ha pHUC. 7a-B
BBITEKAET, YTO IJJACTMUECKOE TEUEHUE MEIM B XOJE€ KPUOI€HHON OCaIKH ObLIO OJMKE K CXeMe
3akca, a mpu KOMHATHOU TeMmreparype — k cxeme Teinopa. [lannablii (hakT MOXKET Takke OBbITh
TPakTOBaH B IIOJb3y THIOTE3bl O IOJABJICHUU IIONEPEYHOrO0 CKOJIBXKEHUS B KPUOTCHHBIX
ycioBusiX. B 3Toil CBSI3U MOXHO JONMYCTHTb, YTO BBISBICHHAs AaKTHUBU3allUs IIpolecca
¢dopmupoBaHus TpaHULl AeHOPMAIMOHHOTO TPOUCXOXKIEHHS IMPH KPHOTCHHOW TemIeparype
(trabm. 2, puc. 6) BO3MOXHO OOyCIIaBIMBAaeTCs Oojiee BBICOKUM YPOBHEM BHYTPEHHHUX
HaIPSKEHUN.

C npyroii CTOpOHBI, TEKCTYpPbI, COPMHUPOBABIIMECS B MaTepHalie IOCIE CIBUTA O]
BBICOKMM JaBJICHHEM - KaK I[P KOMHATHOW TemmepaType (puc. 71), Tak U B KPHOT'€HHBIX
yCIIOoBHX (pUC. 7€) - B 3HAUMUTEIBHON Mepe MOoJ00HBI Ipyr apyry. B oboux ciaydasx Tekctypa
MOXET OBbITh oOmnucaHa B paMkax cynepno3umud <110> m {111} 4YacTHYHBIX aKCHAIBHBIX
TEKCTYPHBIX KOMIOHEHT (puc. 7r). Cienyer NoJ4epKHYTh, YTO HJI€aIbHbIE TEKCTYPHI Ha pUcC. 7T
OBLIIM BBIUKCIIEHBI UCX0s U3 Mojenu Teinopa [19]. Takum oOpa3om, MOHMKEHHE TEMIIEPATyphl
no -196°C He mNOBIUAIO TPUHIMIIMAILHO Ha TUIACTUYECKOE TEUYEHHE Ha dTare OOJbIINX
MJIACTHYECKUX JeopMalinii, KOTOpOE OCYIIECTBISIOCH 1Mo cxeme Teitnopa.

4. BoiBOaBI

Ha »srame oTtHOcHUTEeNnbHO HEOONBIIMX IUIACTUYECKMX Aedopmanuii (ocamka, € ~ 1.0)
KPUOTEHHBIE TEMIEPATYPbI CIIOCOOCTBYIOT MHTEHCU(DUKAIIMK MPOILIECCOB U3METbUEHHUS 3€PEH 3a
CYeT aKTHUBM3AI[MM MPOIIECCOB MEXaHMUYECKOTO JBOWHHMKOBAaHHSA W (OPMUPOBAHUS TPAHMUIL
JTUCIIOKALlMOHHOTO  MPOUCXOXKAEHUs. B ycrnoBusiX TmoAaBiieHUs TEPMOAKTHBHPOBAHHOIO
MOTIEPEYHOTO CKOJIBKEHUS JUCIOKAMK mocineaauid d3(h@eKT, mo Bce BUAMMOCTH, CBS3aH C

OoJiee BHICOKMM ypOBHEM BHYTPEHHUX HampspDKeHUW. B amamazone ke OOJIBIINX TIACTHYECKUX
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negopmanuii (CABUI TOJ BBICOKHM JaBiieHHEM, € ~ 8.4) 3((deKkT KpUOreHHOrO Harpy>KeHHs

O4YCHb Mal.

ABTOpbl mpu3HarenpHel K.T.H. [aneey P.M. u x.T.H. Bammaxmeropy O.P. 3a
IpeoCTaBlIeHNE UCXOIHOTO MaTepuaa Julsl ucciaenoBanuii. Kpome Toro, aBTOphI TaKkkKe XOTEIH
061 mobnaronaputs Forshungszentrum Karlsruhe (I'epmanust) B nuue npodeccopa H.-J. Fecht,
Dr. Julia Ivanisenko u Kurmanaeva Lilia 3a npexgoctaBneHHOe 000pyA0BaHUE ISl SKCIIEPUMEHTA

10 CABUTY IIOJI BBICOKUM JiaBJIeHHEM U TloMolllb B [I9M aHanu3e MUKPOCTPYKTYpBI.
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Puc. 1. BousiHue temnepaTypsl aeopManuu Ha HMOCIEAYIONIYI0 MUKPOTBEPIOCTh

IIpY KOMHATHOM Temriepatype: (a) ocajika, (0) CIBHUI IO/l BBICOKUM JIaBJICHUEM.
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Puc. 2. ®parmenTsl Beicokopazpemamnmx EBSD kapT MUKpPOCTPYKTYphI MOCHE
nedbopmaruy Ipu KOMHATHOU TeMriepatype (a, B) ¥ B KpUOTEHHBIX YCIOBUSX (O, T).

BYI' — TOJICTBIMH TEMHBIMHA

b

muHusMU. Ctpenkd 0003HAYarOT MpUMEpbl JIBOWHHMKOB; Ha PHUCYHKax (B) U (T)

MYVYT o00o3HaueHbl TOHKUMHU CEPBIMH JIMHUSIMHU

BBIJICJICHBI 3€pHA, HE COJEpKaIUe CyOCTPYKTYPHI.

HC -

paauaibHOE HAMpaBIICHUE,

PH —

— HaIIpaBJICHHUC OCAalKH,

Ipumeuanune: HO

HanpasiieHue casura, HH — HanpaBieHne Hopmaiu K IJIOCKOCTH CABUTA.
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Pasmep 3epeH B HanpaeneHUU cABUra Pasmep 3epeH B pagnanbHOM HanpasneHn
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Puc. 3. Bmusnue temmnepaTypsl AedopManud Ha pPACIpPENeTIeHHUs 3€peH M0

pasMepam | 10 TUTOMIAsAM: Ocajika (a-B), CABUT MOJI BBICOKUM JaBJICHUEM (T-€).
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Puc. 4. IIDM ¢dororpadun MUKPOCTPYKTYpHI mocie nedopMannuy OCaakoii: (a-B)
Mpu KOMHATHOM Temrieparype, (r-€) B XuAKOM a3ore. HampaBnenue ocaaku

BepTuKaibHOE. Ha puc. (1) BblAeNEeH peAnogaraeMblid akeT IBOMHUKOB.
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Puc. 5. II9M dortorpadhun MUKpOCTPYKTYpHI Mociie AedopMaIiui CABUTOM IO
BBICOKMM JaBJ€HUEM: (a) IpH KOMHATHOM Temmeparype, (0) B KpHUOT€HHBIX

YCIIOBHAX. CTpeJ'IKaMI/I YKa3aHbl ITPUMCPBI 3CPCH, CBO60)_IHI>IX oT I[HCJ'IOKaHI/II‘/JI.
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Puc. 6. Bnusinue temnepatypsl neopMaluy Ha pacnpeeiaeHle IPaHull o yriam

Pa30pPUEHTUPOBKU: OCajKa (a), CIBUT IO BEICOKUM JiaBieHueM (0).
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T=-196°C
HH

‘ ' {111}

HC

Puc. 7. Bnusiaue Temnepatypsl JedopMaIiui Ha TEKCTYpY: ocaaka (a-B), CABUT MO
BBICOKUM JaBieHueM (r-e¢). [Ipumeuanue: HC — nanpasnenwe ciasura, HH —

HaIIpaBJICHUC HOPpMAJIX K IINIOCKOCTH CABHIA.
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Bpewms nipeObiBaHus pu KOMHATHON TeMIIepaType rnepes
O6paszen HCCJICIOBAHUEM CTPYKTYPHI U CBOMCTB
MUKpPOTBEPAOCTH [1OM EBSD
Ocanka mpu 15 mun
20°C 1 neun 2 Mecd1ia
Ocanka npu 15 mun
196°C 1 neun 2 Mecd1ia
CaBur noj
BPICOKHM 15 mun 30 MuHyT 2 HeneIu
JABJICHUEM TIPH
20°C
CaBur noj
BBICOKHM 15 Mmun 30 MuHyT 2 Henenu
JABJICHUEM TIPU
-196°C

Ta6auma 1. Bpemsi npeObiBanus aehOpMHUPOBAHHBIX O0pPa3IOB MPU KOMHATHOM

TCMIICPATYpPC IICPCa UCCICAOBAHUCM CTPYKTYPBI U CBOMCTB.

Temmeparypa | Cpennuii pasMep 3epeH, MKM Cpemuuii pasuep cydseper,
AedopmarH IIpononeubii  Ilonepeunsiii | Ilpononessnii  [lonepeunsiit
Ocanka

T=20°C 0.9 0.8 0.5 0.5

T=-196°C 0.8 0.7 0.4 0.3
CnBur noJ1 BBICOKUM JaBJICHUEM

T=20°C 0.3 0.3 0.2 0.2

T=-196°C 0.3 0.3 0.2 0.1

Ta6nuna 2. BrnusHue temneparypbl nedopmaliuu Ha CpeJHUN pa3Mep 3€peH |

cy03epeH.
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Temneparypa Cpennuii yrou Hons
Pa30pPUEHTUPOBKH Hons BYT', % JIBOMHUKOBBIX
Acdopmann MYVT, rpan rpanuln 23, %
Ocanka
T=20°C 5.2 46 2.9
T=-196°C 53 35 4.2
CnBur moj BHICOKUM JaBJICHUEM
T=20°C 5.6 55 3.9
T=-196°C 5.7 38 2.0

Tadamma 3. Brausaue Ttemmeparypsl jaedopManvd Ha CpeAHUM  yroJa

pazopuentupoBku MVYT', nomo bBYI' u conepxaHre NBOMHUKOBBIX TPAHUII.
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