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NHTEHCUBHASA KPUOT'EHHASA JIE®@OPMAIUA MEJIN
T. H. Konbskoga, C. 0. Muponos, A. B. Kop3Hukos
Yupeowcoenue Poccutickou Akademuu Hayx Uncmumym Ilpobnem

Cseepxnaacmuunocmu Memannos PAH

Pa3paboTka u mojgyuyeHHe HAaHOMATEPHUAIOB M HAHOKOMIIO3UTOB C 3aJaHHBIMU
(UBUKO-XUMUUYECKUMU CBONCTBAMHU SIBIIIETCS BaXKHOW MPOOJIEMOM COBPEMEHHOTO
maTepuainioBenieHus. [lpuxnanHoit uHTEepec B 3TOM 00OJACTH, B II€JIOM, OOYCIIOBJIECH
IByMsl NpUYMHAMU. BoO-NEpBBIX, BO3MOYKHOCTBIO 3HAYMUTEIBHOTO IOBBIIIEHUS
MIPOYHOCTHBIX XapaKTEPUCTHK MAaTEPUAJIOB MPHU HU3KUX TEMIIEPATypax U INTACTUYECKHUX
(WM 1axke CBEpXIUIACTUYECKUX) MPH MOBBIIIEHHBIX. W, BO-BTOPBIX, C BO3MOXHOCTBIO
3HAUYNUTEIBHOTO  COKpPAlIEHUS HOMEHKIATypbl KOHCTPYKLIHMOHHBIX  MaTEpHUaJIOB.
AKaZieMUYeCKUI K€ HHTEepec OOYCJIOBIEH MNOTEHUUAIBbHON BO3MOMXHOCTBIO ITydlIle
MOHATh (PYHIAMEHTAJIbHBIE CBOMCTBA MATE€pUANIOB, KOTOPbIE MOTYT MPOSBUTHCS IPHU
AKCTpEMallbHBIX Harpy3kax. @DopMUpOBaHHE HAHOKPUCTAJUIMYECKOM CTPYKTYpbl B
Marepuanax, T.e. Marepuanax ¢ pazmepom 3epeH Hmwke 100 HM, [TO3BOJISET HE TOJIBKO B
3-5 pa3 NOBBICUTH MX IPOYHOCTH [l], HO M B HEKOTOPBIX CiIy4asX OJHOBPEMEHHO
MOBBICUTh IIACTUYHOCTH [1-9]. OpHako, HeCMOTpsS Ha psii  AKCIECPHUMEHTOB,
JEMOHCTPUPYIOIIUX MOJOOHBIM 3((eKT, TaHHbIE O MEXaHUYECKUX CBOWCTBAx
HAHOKPUCTANIMYECKUX MATEPHAJIOB BCE €IIE SBIIAIOTCS HEI0CTaTOUYHbIMU. OCOOEHHO
HEOOXOJUMO OTMETHTh OTCYTCTBHE IIOJHOTO TMEPEYHsSI JAHHBIX O MEXaHMUYECKUX
CBOMCTBax TP UCHBITAHUSAX Ha PACTSDKEHHE, MpUYeM O00pa3loB, HMEIOIIUX
CTaHAApPTHBIE NJI TaKOTO POJAa HMCHBITAHUM T€OMETPUYECKHE pa3Mepbl. Mexay Tem
MaclTaOHBIA (PAKTOP MOKET YPE3BBIUANHO CHUIIBHO BIUSTH HA 3HAYEHUSI MEXaHUYECKUX
XapaKTEPUCTHK, CEPHE3HO M3MEHSA MOKAa3aTeNu MPOYHOCTU U Haubosiee CYIIECTBEHHO
mIacTUYHOCTU. Tak, B oOpa3nax ¢ KOPOTKOW paboueil 4acThio HAPSHKEHHOE COCTOSTHUE
TaKoOBO, YTO JAepopMalus y>K€ Ha HAa4aJbHOM JTale MIACTUYECKOI0 TEYEHHUS! CHIIBHO
JoKaln3oBaHa. B pe3ynbTare M3MEHSIOTCSA MO CPAaBHEHUIO C oOpa3laMu ¢ OOBIYHBIMU
F€OMETPUYECKHUMH pa3MepaMH II0KAa3aTeJM pPAaBHOMEPHOM M COCPEINOTOYECHHOMN
nepopmaruu. Tem caMbIM HCKakaeTcs HMHQpoOpMamuss O TOM, 3a CYeT Kakou
COCTABJISIFOLIEN IUIACTUYHOCTH IMPOM3O0ILIO U3MEHEHHE MOKa3aTejeil OTHOCHUTEIBHOIO
YAJIMHEHUS.

[Toxoxxass mpobiieMa BO3HUKAeT IPU HCIBITAHUM TOHKMX 00pa3inoB. B stom
cliydae BaXXHBIM (DaKTOpOM SBJISETCS KOJMYECTBO 3€PEH YKIIAJBIBAIOIIUXCS TIO0
tTonmuHe obOpasna. Hambonee mnepcrekTuBHBIMU criocobamu QopmupoBanuss CMK
CTPYKTYp B Hacrosimiee BpeMmsi sBIsitoTCsA: 1) MeTon KOMMakTUPOBaHUS MOPOIIKOB,
KOTOpbIE, B YAaCTHOCTH, MOTYT OBITb MOABEPTrHYTHl JOMOJHUTEIBHOM 00paboOTKE B
IapoOBbIX MeNbHULAX, 2) Metoa uHTeHcuBHOM mactudeckoit nedopmaruu (UIL) —
Kpydenue noja BbicokuM napiieHueM (KBJI), paBHOkaHallbHOE YIJIOBOE MPECCOBAHUE
(PKY) wumu BcecTOpOHHSII KOBKa MO3BOJISIOT MOJy4aTh OOpas3lbl CYIIECTBEHHO
OOJBIINX pa3MEPOB, HO C pa3MEPOM 3€peH 3HAYUTENhHO npeBbimatomuM 100 am. B 1o
e BpeMsi U MeToJ] KommaktupoBanus, u KBJl mo3BoisioT m3roraBiuBaTh 00pa3ilbl
CPaBHHUTEIIPHO HEOOJBIITNX Pa3MEpPOB ¢ KOPOTKOM 0a30il M HEOONBIIONW TOIIIMHBL. J{Js
ux gaepopmanuu pa3paboTaHbl CHEHHATBHBIE MAIIWHBI I MHUKPOMEXaHUYECKUX
ucnbplTaHuil. B ciaydyae ucmbiTaHus 00pa3lioB ¢ HAHOCTPYKTypo#, momyueHHbIx KBJI,
ux ToJIMHA OO0buHO paBHa 0.1 MM u mpu pasmepe 3epeH 50 HM 1O TOJIIUHE
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yknaneiBaetcs: 2000 3epen. Omnako mukpoctpykrypa mocie KB/ u PKY o6bruno
HEOJHOPOJIHAs ¢ OMMOJIAIBHBIM paclpeieIEHUeM 3epeH U, TAKUM 00pa3oM, B CEUCHUU
oOpaslla MOTyT OKa3aTbCsl 3€pHA 3HAUUTENIHLHO 0OoJiee KPYIHBIX Pa3MepoB.
MexaHnudeckoe TMOBEJEHUE TakuX 00pa3noB OyAeT, OYEeBUAHO, CYIIECTBEHHO
OTJIMYATHCS OT 00PA3IOB C OJHOPOIHOMN CTPYKTYpoil. OOpa3libl, MOJIYyYEHHBIE METOJIOM
KOMITAKTUPOBAHMSI HAHOTIOPOIIIKOB, MOTYT UMETh CYIIECTBEHHO OOJBIIYIO TOMIIUHY [1]
u Oojee OAHOPOAHYIO MHUKPOCTPYKTYpYy. OIHAKO 3arpsi3HEHHE UX MPUMECIMU U
OKHCJIaMHd B TIPOLIECCE MOATOTOBKH o0O0pa3la CyIIECTBEHHO HCKa)XaeT pe3yibTaT
BIIMSIHUAS pa3Mepa 3€peH Ha MeXaHWdyeckoe mnoBeneHue. lloaTtoMy mnomydeHue
MAaCCUBHBIX OECIOPHUCTBIX 00pa3lOB C OJHOPOAHON MHUKPOCTPYKTYpOH U pa3sMepoM
3epeH MeHee 100 HM He NPUBOASIIMM K 3arpsA3HEHUIO NPHUMECSIMU W OKHCIAMU
METO/IOM MPEACTABIISIET COOOM BAXKHYIO U aKTyaJbHYIO 3a]ay4y.

CpaBHHUTENIBHO HEJABHO ISl MOJYYEHUS B METaUIaX C HAHOKPUCTALIMYECKOMN
CTPYKTYpOl OBbUI NpPUMEHEH METOJ KPUOTEHHOW TIPOKATKH, HCHOJb3ysl KOTOPBIN
yAQJIOCh TOJY4YUTh B oOpasnax amoMuHus pasmep 3epeH ~ 100 um [10]. Otor
HKCIIEPUMEHT MPOJAEMOHCTPUPOBAJI, YTO MOAXOJA K HM3MEIbYCHUI0 MHUKPOCTPYKTYPHI B
MeTajjiaX C MCIOJIb30BaHUEM OOJBILION IUIacCTUYECKOW AedopManuy Npu KpUOTEHHBIX
TEMIIEpaTypax MOXKET ObITh BechbMa 3(PQPEKTUBHBIM. [[1s1 M3rOTOBIEHUS MACCHUBHBIX
o6pasnoB u3 meau Mapku M1 (99.9% Cu, 0.005% Fe, 0.005% Pb, 0.002% Sn, 0.002%
Sb, 0.001% Bi, 0.002% As, 0.005 % S, 0.002% Ni, 0.003% Ag, 0.005% Zn, 0.05% O,)
ObUT TpPUMEHEH METOJ] BCECTOPOHHEW KOBKM TIPH TEMIIEpaType >KUIKOTO a3oTa.
[Tonyuenst oOpasipl 50x30x30 MM co cpenHum pasmepoMm 3epeH ~ 50 Hm. OnHako
pacnpeneneHue 3epeH Mo pa3Mepy ObUI0 HEOJHOPOAHBIM, M BCTPEYAIUCHh 3€pHA C
pasmepom 100-150 am. C nensro JambHENIIETO U3MEIBYEHHS pPa3Mepa 3€pHa UCXOIHBIE
oOpasiel (puc. 1a) 6puTM TOABEPrHYTH MTpokatke (50% 00kaTHs) ¢ NpeaBapUTEIIbLHBIM
OXJIQXKJICHUEM BaJIKOB M 0O0pa3LoB J0 TEMIEPATypbl >KUAKOTO a30Ta. DBOJIIOLMS
3epEHHON CTPYKTYpbI OIIpEIesiach BBITSTMBAHUEM 3€PEH B X0/1€ MPOKATKH (puc. 16), a
BKJIaJ] MEXaHUYECKOTO TBOMHUKOBaHMS U (hparMeHTaluu ObUT OUEHb MaJl.

Puc. 1. MUKpOCTPYKTYpa HCXOIHOTO MaTepuaa: EBSD-Kaa), EBSD-kapTa MUKPOCTPYKTYPHI, .
TIOJIYY€HHOU ¢ MPOJIOJBLHOTO CEUEHHsI MPOKATaHHOTO JiHcTa (0).

AHanu3 TEKCTYPHBIX JaHHBIX MTOKa3ajl, YTO OCHOBHBIM MEXAaHU3MOM KPHUOTE€HHOMU
nedopmanuu sBisuiock {111}<110> nucnokammoHHoe ckojbxeHue. IlokazaHo, 4To



KpUOT€HHasl MpOKaTKa IPUBOAUT K CYLIECTBEHHOMY IOBBIIICHUIO MPOYHOCTH U
HEKOTOPOMY CHIXKEHMIO TUIACTUYHOCTH MaTepuana (Tabm.).

Ta0Omuna.
IIpoyHOCTH IlaacTHyHOCTH
Oo6mee
Marepuan Tpenea Mpenex MuxkpoTBepaocTh YIJHUHEHHE 10 Cymuefme B
TeKy4ecTH, NPOYHOCTH, (Hv) A3pVIICHMS. meiike,
co.2 (MIIa) co.2 (MIIa) p py(o/o) ’ (%)
exonupiii Marepua 210 270 1170 48 90
(KpYIIHO3epHUCTbIii)
Kpuorennas
npokaTtka (o0:xxaTue 340 391 1650 25 89
50%)

B pesynpTate BBIMONHEHWS TPOEKTAa BIIEPBHIE TPOBEICHBI HCCICIOBAHUS
MJIACTUYECKOTO TeUEHHUs 00pasioB ¢ HAHOKPHUCTAIUIMIECKON CTPYKTYpPOH ¢ pa3Mepamu,
OOBIYHO HWCIIOJB3YEMBIMH TIPH  HUCIBITAHUM MaTEpPHANIOB C  KPYIMHO3EPHHUCTOMN
CTPYKTYpOW. DTO MO3BOJUIO MOIYYUTh 00Jiee OOBEKTHBHYIO KapTUHY IUIACTUYECKON
nedopman  00pas3lloB M3 MEIW C HAHOKPHUCTAUIMYECKOW CTPYKTYpOH, ee
MEXaHWYCCKUX XapaKTepUCTUK. M3ydeHne pocTta 3epeH, aHaIM3 pacupeaeicHui 3epeH
[0 pasMepaM, a TaKXKe CIEKTpa Pa30pUCHTHPOBOK T'paHUIl 3€pPEH MO3BOJIMIIO CACNIATh
3aKJIFOUYCHUE 00 0COOCHHOCTSX TUIACTUYECKOTO TCUCHHS HAHOKPUCTATHYECKON MEIH.
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SEVERE CRYOGENIC PLASTIC DEFORMATION OF COPPER
T.N. Konkova, S.Yu. Mironov, A.V. Korznikov
Institute for Metal Superplasticity Problem RAS

There i1s currently significant interest in the development of materials with
nanocrystalline (<100 nm) grain structure for structural applications. It is believed that
the dramatic microstructural refinement down to nanocrystalline (NC) range imparts a
considerable increase in their strength by 3-5 times [1]. Furthermore, sometimes
simultaneous increase in ductility is also observed [1-9].

Though superior properties of NC-materials have been already reported in some
studies, their mechanical behavior remains poorly understood in general. This problem
1s mainly associated with the current difficulty to obtain bulk NC-materials. Presently,
the NC-materials are typically produced in relatively small quantities and this seriously
restricts their examination. For example, tensile behavior of the NC-materials is usually
evaluated by using small (non-standard) specimens. It is well accepted that the “scale
effect” may considerably influence the mechanical response of the material. For
example, specific strain fields near specimens shoulder may promote rapid strain
localization in samples with short gauge length thus substantially violating inherent
materials properties. The similar problem may arise during tension of “thin” specimens.
Deformation of grains in a surface layer is believed to be less constrained by their
neighbors as compared to those in a specimen interior. If the number of grains in a cross
section 1s relatively low, the tensile response of such specimen may be not
representative for the bulk material.

The current approaches used to produce the NC-materials can be roughly
classified into two groups: (1) powder metallurgy and (2) severe plastic deformation
(SPD) e.g. via high-pressure torsion (HPT). Other SPD methods including equal
channel angular extrusion (ECAE) or “ab¢” deformation enable to obtain bulk material
but a final grain size is typically significantly large than 100 nm. At the same time,
dimensions of HPT-samples are limited to the size of a small coin. For testing of such
miniature samples, special micromechanical testing machines were developed. For the
typical nanostructured HPT sample with a thickness of ~0.1 mm, about 2000 grains
with the average size of 50 nm may fit the thickness of the sample. Furthermore the
microstructure after HPT is often heterogeneous with a broad grain size distribution.
Mechanical behavior of such samples will differ from the samples with homogeneous
structure. The samples produced by compacting of nanopowders can be essentially
larger [1], their microstructures are more homogeneous, and residual porosity may be
close to zero. However, contamination by impurities and oxides during the sample
production may influence the mechanical behavior. Thus, production of bulk fully dense
samples with grain sizes less than 100 nm and homogeneous microstructure using
processing way that eliminates contamination of material by impurities and oxides is of
a great importance for understanding of deformation behaviour of nanomaterials.

Recently, the method of cryogenic rolling was applied to produce nanocrystalline
structure (with grain size of about 100 nm) in aluminum alloy [10]. However, those
samples were rather thin, and their mechanical properties were evaluated by
nanoindention. The experiment [10] demonstrated efficiency of microstructure



refinement in metals by severe plastic deformation at cryogenic temperatures.
Cryogenic “abc” forging was used to produce of copper bulk samples with dimensions
of 50x30x30 mm and average grain size ~50 nm. But the grain size distribution was
heterogeneous and some grains as large as 100-150 nm were observed. In order to
reduce grain size, initial samples (Fig. 1a) were subjected to cryorolling. The grain
structure evolution was shown to be mainly governed by the geometrical effect of the
imposed strain (Fig. 1b) whereas the contribution of the mechanical twinning and grain
subdivision was found to be not significant.

Fire 1. Microstructure of initial sample: EBSD-map (a), microstruture of rolling plane: EBSD-map (b).

The analysis of the developed texture demonstrated that the plastic flow arises
mainly from conventional {111}<110> slip. The cryogenic rolling was shown to
increase strength and decrease ductility (Tab.) and both effects might be attributed to the
substructure.

Table.
Strength Plasticity
Material Yield stress, Ultimate stress, Microhardness o o
60,2 (MPa) oB, (MPa) (Hv) 3, (%) ¥, (%)

Initial state 210 270 1170 48 90
(coarse-grained)
Cryogenic rolling

(reduction ratio 340 391 1650 25 89

50%)

This is one of the first studies examining systematically the microstructure and
mechanical properties of bulk NC copper produced by the cryogenic SPD. Thus the
Project allows to exclude the scaling factor and understand the features of the plastic
flow of copper with nanocrystalline structure and to obtain its mechanical
characteristics. This experiment will reveal the features of microstructure evolution
during deformation. Analysis of the grain size, evolution of structure morphology, grain
size distributions, grain boundary misorientation distributions allow to define the
features of the plastic flow of nanocrystalline copper.
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