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BITMAHWNE PABHOKAHAJIBHOIO YITIOBOI'O NPECCOBAHUA B
OPOBHOM PEXWME HA CTPYKTYPY /1 CBOMCTBA MEAW M06

[oHeLKnn PU3NKO-TEXHNYECKUIN MHCTUTYT uMm. A.A. lanknHa

Cratbs noctynuna B pegakuuio 1 mapta 2017 roga

H3yuenvl nosedenue mamepuana, UsMeHeHUs e20 CMpyKmypHO20 COCMOANUS U C8OUCMEA
npu co8u2o6oil deghopmayuu 8 OpobHoMm pedcume (e < 1) 6 pesyrbmame npumenenus pas-
HOKAHAIbHO20 Yeno8o2o npeccoganus (PKVII). Iloxazano, umo niacmuueckas oeghop-
mayuss PKVII ¢ cymmaprou cmenenvro Xe < 1.6 npusooum K usmenbyeHUr0 3epeHHOl
CMPYKMYpbl U YEEIUYEHUI0 Meepoocmu meou noymu 6 0éa pasa. Ilonyuenvl oannvie o
deopmayuonnoii nopucmocmu meou 8 pesynomame PKYII u nocmpoenwvl cucmoepammoi
pacnpedenenusi HOp HO pasmepam.

KuaroueBble ciaoBa: Menb, paBHOKAHAIBHOE YIJIOBOE IMPECCOBAHHUE, CTPYKTYpa, TBEp-
IIOCTh, IehopMaIOHHAS IOPUCTOCTD, TUIOTHOCTD

BBenenue

O6paboTka METAIJIOB METOJaMH WHTEHCHBHOW IIACTHYECKON nedopmaruu
(UIL[I) sBasieTcst oMHUM U3 HanOoJiee MEePCIIEKTHBHBIX METOJIOB MOTYYCHHS MaTe-
pHAJIOB C BHICOKUMHU (PU3NUYECKUMH U MEXaHHYECKUMHU cBorcTBaMu. Oco0oe BHU-
MaHUe YJeNsIeTcss Bompocam (OpMUPOBAHUS TPOYHOCTHBIX CBOMCTB U BIUSHUS HA
3TH TPOIECCHl PA3IUYHBIX Je(EKTOB KPUCTAIIMUECKOrO CTPOCHHS M pa3Mepa
3epHa. B Hacrosmiee BpeMs y4€HBIMHU CO3Jal0TCSI OCHOBBI JIJISl PAKTHUECKOM pa3-
pabOTKH METOJOB IJIACTUYECKOM nedopMaluu ¢ eNbI0 MOBBIILIEHUS MEXaHU4eC-
KHX CBOMCTB M pecypca JI0JATOBEYHOCTH JJIsl IIUPOKOT0 KPyra MaTepuaioB 3a CYET
CHUKEHUSI MUKPOIIOPUCTOCTH.

XapakTepHbBIMU 0COOCHHOCTSIMH HAHO- U CYOMHKPOCTPYKTYPHBIX MaTepUajoB
SBJIAIOTCSI HAJIMYUE BBHICOKOW IMJIOTHOCTH J1€(hEeKTOB KPUCTAIUIMUECKOTO CTPOCHHS
B 00bEeMe 3epeH U CHIIBHO HEPABHOBECHOE COCTOSIHUE MX IpaHull. B paborax [1,2]
Ui aTTecTanuu Je(eKTHON CTPYKTYpbl MaTepHUasioB, MOJYyYEHHBIX MPHU BO3JEH-
cteun HUII/I, nicnonb30BaHbl ClEUMAIbHBIE METOAbI 3JEKTPOHHO-MHUKPOCKOIIH-
YEeCKOro aHaju3a, ¢ MOMOIIbI0 KOTOPBIX ObUIM M3y4YeHBI CYOMUKPOKPHCTAIIIMYE-
CKUM HUKEJIb M CIIaBbl Ha ocHOBE NizAl.

ABtopamu [3] ucciaenoBana CMK-menp (99.98%), momyueHHass MeToAgamu
PKVII u kpyuenus B HakoBanbHSAX bpumxmena. M3ydeHbl XapakTEpUCTHKHU CyO-
3epEHHON CTPYKTYpPbI, 00bEMa U TPaHUI] 3€pEH, OLIEHEHBI JIOKATbHbIE BHYTPEHHUE
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HaNpsDKCHUS, a TaKkKe MPOBEICHO OOCYKICHHE BO3MOXHBIX MEXaHHU3MOB Iepe-
OpUEHTAIMH KpUCTauTHUecKoi pemeTku B mpouecce WUIT/. HaGmronarorcest Bbico-
KM€ 3HAYEHUsl KPUBU3HBI KPUCTAJUTMYECKON PEIIETKH M TUIOTHOCTH JAMCIIOKALIMM,
YTO CIY>)KUT UCTOYHUKAMHU BBICOKMX BHYTPEHHUX HAINPSIKEHUH U CHOCOOCTBYET
BO3HUKHOBEHHUIO MUKPOIOP U MUKPOTPELIUH B MaTepHalle.

B paGote [4] uzydena sBomonust cTpykrypbl Mmenu (99.8%) npu UIIJl HOBBIM
METOJOM JIMHAMUYECKOTO KaHAJIbHO-YIJIOBOTO MPECCOBAHMS M MCCIEA0BAaHbI Me-
XaHUYECKHE CBOMCTBA IMOJIYYEHHBIX CYOMHKPO- U HaHOKPHCTAJUIMYECKUX CTPYK-
Typ [4]. YcTaHoBieHO, uyTO MpH 2—4-KpaTHOM IIPECCOBAHUU 3€pHA (CyO3epHa) Me-
v n3MenpyaroTes 10 350 nm, npu 3TOM TBEPAOCTh MOBBIMIACTCS B 2—2.2 pa3a, a
IPOYHOCTH — B 1.4 pa3a npu COXpaHEHUH IUIACTUYHOCTH.

B nocneanee Bpems B mpobiieMe MPOYHOCTH CYIIECTBEHHOE 3HaUY€HUE Mpuja-
€TCsl He TOJIBKO CABUTOBOM (JIUCIOKAIIMOHHOMN), HO U POTAIMOHHOHN (JIUCKIMHAIH-
OHHOM) nedopMaluy, TaKKe SBISIOMIEHCS MEXaHU3MOM JIOKAIU3aIK MOBBILICH-
HBIX HampsyKEHUH, paspsiika KOTOPBIX BEIET K 3apOXkACHUIO HECIUIOUIHOCTEH.
XapakTepHbIMH Y4acTKaMH C MOBBIIIEHHBIMU HAMPSDKEHUSAMH MOTYT OBITH TPOM-
HBIC CTBIKH U TPAaHUILBI PparMeHToB (0JI0KOB), TpaHUIIBI 3epeH U T.A. [5].

[IpoYHOCTHBIE aCHEKTHI, CBSI3aHHBIE C HAKOILJIEHUEM, PAa3BUTHUEM M CIHSHUEM
MUKPOHECIIJIOIIHOCTENH, UMEIOT NMPUHIUIHAIBHOE 3HAUEHUE KakK JJI1 CO3JaHMs
(bu3NYECKUX OCHOB pa3pylIeHUs TBEPIBIX T€J, TaK U Ui pa3pabOTKU MpaKTUyec-
KX MyTe MPOrHO3UPOBAHUS U TOBBILLIEHUS UX JOJITOBEUYHOCTH.

ABTOpamu paboThl [6] wWCciemoBaHbI BO3MOXHOCTH 3aJICUUBAHUST MHUKPOJIEC-
(eKTOB MeTOo/aMU MMIYJIbCHBIX TEXHOJIOTUH 00pabOTKM HAaHOCTPYKTYPHBIX Ma-
TEpUAJIOB, B YACTHOCTH JIA3€PHOM yAApHOW BOJHON M MMMYJIbCHBIM TOKOM IpH-
MEHUTENBHO K aJIOMMHHEBBIM M THUTAHOBBIM CILJIaBaM, MOJYYEHHBIM METOJAMHU
NI/, Tak, B HaHOCTPYKTYpHOM craBe Tigg3Nisg7 HaCTymaeT MOYTH IOJHOE
BOCCTAaHOBJIEHUE €T0 IJIOTHOCTH.

MHOro4ncaeHHbIE UCCIIEN0BAHUS 110 U3YUEHUIO CTPYKTYPhl MaTepUaoB, MO-
Beprimmxcs WIIJl, xoHCTaTUpyIOT, 4TO HAOMIOJACTCS CIOKHOE COYETaHHE e-
(EKTHBIX CTPYKTYp Pa3IUYHBIX YpPOBHEW — TOYeudHbIe Ne(EKTHI, AMCIOKAIUH,
IPaHULIbI 3€pEH U TPeXMEpHBIE 1e(hEeKThl KPUCTAIIINUECKON PEIIeTKU B BUAEC MUK-
porop u MukporpeuH. OnHako MHPOPMALUS 3Ta AOBOJIBHO NMPOTUBOPEYMBA U
HEOJHO3HAYHa.

[Ipennonaraercs, 4To HaKOIJICHHE OONBIINX 3HAUYECHUH CyMMapHO# nedopma-
IIUU C MAJIBIMH Pa30BBIMU CTETIEHSAMU BHOCHT MEHbIIIE Ae(POPMAIIMOHHBIX MTOBpe-
XKJICHU, 4eM B CiIydae MpUMEHEHHsI OOJIBIINX Pa30BBIX Ae(opmaliuii, 4To Mo3Bo-
JISIeT TIOBBICUTH MTPOYHOCTHBIE CBOMCTBA MaTepuana. [loaromy Hamu Obliia BeIOpa-
Ha cxema PKVII, no3Bonsiomas nehopMupoBaTh Marepuaia Mpu CIBUTOBOW Jie-
dbopmaruu B ApoOoHOM pexume (e < 1).

Lenp HacTosimiel pa®OThI 3aKiIIOYANach B W3YUYEHUH 3BOJIIOLMU 3€PEHHOM U
nedekTHOM CTpyKTyp (Mukpomop) Menu B pesyibrare nedopmaruu PKVYII B
IPOOHOM PEKMME M BIUSHUS dTHUX CTPYKTYPHBIX XapaKTePUCTHK Ha MEXaHHYeC-
KHe cBoWcTBa Marepuana. [IpoBeneHsl uccienoBanus neGopMarmoOHHON MOpPHC-
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TOCTH, JaHa peajibHas OLIEHKA €€ KOJIMYECTBa U paclpeeieHHs 0 pa3Mepam, 4To
SIBJISIETCS aKTyaJIbHOM 3aJja4ueH.

Pe3ynbratel paboThl BHECYT CBOW BKJIAJ B MOHMMAHHE POJIM TAKUX JACPEKTOB
KPUCTAJUTMYECKON PEIIETKH, KaK MHUKPOIOPHI, B (POPMUPOBAHUU TPOYHOCTHBIX
CBOMCTB MaTe€pHUasoB.

Martepuajabl 1 METObI HCCJI€I0BAHMS

B kauecTBe MCXOMHOTO Marepualia MCTOJIb30BATH MPOMBIILICHHBIE TOpsUe-
IpeccoBaHHbIE PYTKU U3 Oeckuciopoanoil meau mapku M06 (99.99%) nuamer-
pom 50 mm. [IpeaBaputenbayto aeopManroHHy0 00padOTKy UCXOIHOTO MaTe-
puania OCyIIECTBISIN TUAPOIKCTPY3UEH 10 nuamerpa 18 mm, 3aTeM 3aroToBKY
oOTauuBaiu 10 quamerpa 15 mm c nocneaytomum orxurom npu 600°C B Teue-
Hue 2 h. IMomyuennsie o6pasisl uccienoBaiu nocie 8 npoxonoB PKVYII ¢ cym-
MapHoii aedopmarmeit e = 1.6. Hakomenue aedopmanuu oCyImecTBIsIN MO-
BTOpPEHUEM IMKJIOB B MHTepBasie OoT 1 1o 8. Pa3oBas skBuBanieHTHas aedopMaiius
3a OIMH LUKJ npeccoBanus e = 0.2.

Cxema nedopManyiy MoKa3aHa Ha ¢
puc. 1. IlpeccoBanue 3aroToBOK
OCYILECTBIISUIM Ha JIaOOpaTOpHOU yc-
TaHOBKE, CMOHTHPOBAHHOW Ha 0a3ze
TUIPaBIMYECKOrO Tpecca YCUIIUEM
250 tf ¢ ucnonszoBaHueM aehopmu-
pyromnmx OJOKOB ¢ pabounMH KaHa-
namu guamerpoMm 15 mm. [dedopmu-
pyromnuii OJIOK MpeacTaBiseT COOOM
HAa0Op TOJCTOCTEHHBIX IOBOPOTHBIX
BTYJIOK C TEepeceKaloluMucs KaHa-
JaMHU OJIMHAKOBOTO auamerpa. Bryi-
KM pa3MeINIeHbl B KOPITYCHOH 00oiiMe.
VYron nepeceyeHus BTYJIOK B JaHHOM

cayqae ¢ = 160°. TepMuUueCKyI0 00-  pye. 1. Cxema nedopmammonHoii 06padoT-
paboTKy 00pa3sloB MPOBOAUIM B JId-  ky 3aroTOBOK meronoMm PKVII
6oparopuoi meun CHOJI-7.2/1100.

HedekTHyio cTpykTypy (MHKPOHOpPBI, MUKPOTPEIIMHBI), CBOHCTBa 00pa3lioB
B HMCXOJAHOM COCTOSHMM M Tociie JaedopManuy aHAIU3UPOBAIM METOJaMHU
mopoMerprueckux (TBepaomep Bukkepca HV-5) m Bomomerpudeckux (Bechl
SHIMADZU) wuccnenoBanuii, a TakXe PacTPOBOM AJIEKTPOHHOW MHUKPOCKOIUHU
(JEOL JSM-6490). CkanupoBaHHE MMOBEPXHOCTH IONEPEYHOro HUTHU(pa METHBIX
MPYTKOB TUaMeTpoM 14 mm, OpOBOAWIIM C MOMOIIBIO PACTPOBOM SJIEKTPOHHOM
Mukpockonuu B BEC-pexume ¢ marom 1 mm. 3epeHHYI0 CTPYKTypy HCCIEI0Ba-
JI1 METOJIOM ONTHYEeCKON Mukpockonuu (mukpockon ZEISS, Axiovert 40 MAT).
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PesyabTaTsl H 00cyKIeHHE

Ha puc. 2 nokazana MUKpOCTPYKTypa MeIHOTO oOpasma auamerpoMm 14 mm B
ucxomHoM coctosiHuu (rmocne orxura mpu 600°C, 2 h) u mocne 8§ mpoxonoB
PKYVII ¢ makomennoit nedopmarnueii e = 1.6. B uCX0aqHOM COCTOSIHUM CTPYKTY-
pa mpezcTaBiseT co00i peKpUCTaNIM30BaHHbIe 3epHa paszmepoMm ~ 130 um. Ha-
Oyro1aeTcsl CTPYKTypHass HEOJHOPOIHOCTh MO BEJIMYMHE 3€pHA U HAJIMYUE MHO-
JKECTBa IBOMHUKOB OoTxKUTa. TBepaocTh 06pasua no Bukkepcy 630 MPa.

Puc. 2. OnTrueckasi MUKPOCKOIIHS TIONIEPEYHOTO CeUeHUs nMpyTka Meau MO0 nuaMeTpoM
14 mm: a — mocne omxwura (600°C, 2 h); 6 — nocne 8 mpoxomo PKVII (Xe = 1.6)

B npouecce nepopmannu PKVYII nporcxoaut uzmensyeHne CTpyKTypHBIX CO-
CTaBJISIIOIINX, U CTPYKTypa NMpUOOpEeTaeT MENIKO3EpHHUCTOE CTpoeHue. B Hamem
ciydae mocie 8 mpoxonoB nedopmamuu PKVYII (Ze = 1.6) cpenHsis BenmuduHa
3epHa cocTtaBigeT ~ 40 um, a TBepAOCTh yBennuuBaetcs 10 1050 MPa.

Heo6xoauMo OTMETHUTB, YTO B 3BOJIIOLUHU CTPYKTypbl Menu npu PKVII c
JIPOOHBIM PEKUMOM JedopMallii B MEHBIICH CTEMEHW OTMEYAIOTCS OCOOCHHO-
CTH, CBA3aHHBIC C AKTHBM3AlMEH MPOIIECCOB BO3BpATa U PEKPUCTAIUIN3ALIUH, 00Y-
CJIOBJICHHBIE OOJBIIMMU IIACTHYECKUMH JehopMalusiMu U (PAKTOPOM BHEIIHETO
Tpenus. HeOomnpIme pa3oBble HHTEHCUBHOCTH J1e(hOpMAIMK U COOTBETCTBYIOIINN
UM Manbiii 3ddexT paszorpeBa oOpasloB mnpu aedopMmanui HE CIIOCOOCTBYIOT
mporeccaM JMHaAMUYECKOT0 BO3BpaTa U PEKPUCTAIUIN3ALMH, YTO ITO3BOJIUT B IPO-
necce PKVYII momyduTh CyOMUKPOKPUCTALITUIECKYIO CTPYKTYpPY MaTepuana [7].

W3BectHO, uTO 0Opa3zoBaHMe MUKPOAE(PEKTOB B mpolecce aedopmanuu He
TOJIBKO MPUBOJUT K CHHKEHUIO KOHCTPYKIIMOHHON MPOYHOCTU U HAIEKHOCTU Me-
TaJljia, HO ¥ U3MEHSET ero (pM3MYecKue CBOMCTBA, B YACTHOCTH IUIOTHOCTb. B pa-
0ote [6] OBLT OIEHEH BKJIAJl KPUCTAUIMYECKUX ACPEKTOB U HANPSKCHUN B U3Me-
HEHHME IJIOTHOCTH Tpu jAedopmaruu. beuto moka3aHo, 4TO yMEHBLICHHE IUIOT-
HOCTH MarepHajia 3a CYeT YBEJIMYEHHUS IUIOTHOCTH AMCIOKAIM HE MPEBBIIIACT
10° g/cm3, BKJIaJ| B U3MEHEHUE IUIOTHOCTU OT YBEJIMYEHHS KOHIEHTpaluu Ba-
KaHcwHif cocTasyser 10 > g/cm3, OT MUKPOHAMPSKEHUN — 10°° g/cm3. ITosTomy
ObUI cieTlaH BBIBOJI, YTO CYIIECTBEHHOE M3MEHEHHUE INIOTHOCTU MOXET OBITh pe-
3yJIbTAaTOM 00pa30BaHUsI TOJIHLKO MUKPOIIOP U MUKPOTpPEIIHH [6].
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B namem ciydae M3MeHEHHE IUIOTHOCTH MEOU Mocie AeopMaiuu ¢ CyMm-
MapHOU CTEMEHbI0 Xe = 1.6 TI0 OTHOIIEHHUIO K 00pa3Ily MOCIe OTKUTa COCTABISICT
~ 0.1%. IIn0oTHOCTH oONpeAeNnsaM METOJOM T'MIPOCTATUYECKOIO B3BELIMBAHUS.
B ucxomHom coctosiHuu oHa Oblna Ha ypoBHE p = 8.86427 g/cm3. [Mocne nedop-

Mauuu (8 npoxooB PKVYII) mioTtHOCTs yMeHbIMIach 10 p = 8.8556 g/cm3.

MeronoM pacTpoBON DJIEKTPOHHOM MHMKPOCKOIMH IIOJIY4YEHBI JAaHHBIE O Jie-
dbopmarmonHoi mopuctoctu menu B pesynabrare PKYII m moctpoensl ructo-
rpaMMBbl pacrpeneneHuss mop no pasmepam (puc. 3). Pasmeps mop (momans)
OTIpeACISUIN MO0 CHUMKaM IOMEepeyHoro ceueHus npyrka menu M0O6 nuamerpom
14 mm, nony4eHHBIM METOJOM PACTPOBOM 3JIEKTPOHHON MHUKPOCKOIIHMH, UCIIOJIb-
3ysa nporpammy «Image Tool». I'mctorpaMMpl CTpOHMIIA € TTOMOIIIBIO TTPOTPAMMBI
«Craructuka». OOHapyKEeHO, YTO C YBEJIWYCHHEM CTeNeHu aedopmaruu 10
Ye = 1.6 KOJIMYECTBO MHUKPOIOP HE3HAYUTEJIbHO MEHSAETCS MO OTHOIICHUIO K
OTOXKEHHOMY COCTOSIHMIO Marepuana. HaOmiomaioTcss u3MenbuyeHUE 3epeHHOM
CTPYKTYpPBI U POCT TBEPJAOCTH B HECKOJIBKO pa3. A, Kak U3BECTHO, MEJIKO3EPHHC-
Tasi CTPYKTypa U 0OJbIlasi NPOTSHKEHHOCTh TPAHULL 3ePEH CIEPKUBAIOT 00pa3oBa-
HHUE HOBBIX HECIUIOIIHOCTEH M TOPMO3ST Pa3BUTHUE YK€ CYHIECTBYHOIIUX [5].
BonbIIMHCTBO MOP UMEIOT pa3MepPbI AECATHIX U COTHIX J0JIEH MUKpPOHA.
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Puc. 3. ['uctorpamMmbl pacupeneiaeHius MAKPOIIop 0 pasMepaM (TUIOIIaan) IS MEIH
MO00: a — mocie omxura (600°C, 2 h); 6 — nocie 8 mpoxoaor PKVII (Ze = 1.6)

AHanu3 3KCIepUMEHTAIBHBIX JaHHBIX [10Ka3al, 4TO IS MOJTYy4EHUs! CyOMUK-
POKPHUCTAJUINYECKON CTPYKTYpPBI, a CIEA0BATEIbHO, YMEHBIIECHUS J1e(hOpMaIoH-
HOW MOPHUCTOCTU U MOBBILIEHUS MPOYHOCTHBIX CBOMCTB MaTepuasa, HEOOXOJUMO
YBEJIMYMBATH CYMMapHYIO J1e(hOpMaImIo.

BriBoabl

Ha ocHoBaHuMM TpOBENEHHBIX IKCIIEPUMEHTOB HM3y4Y€HA SBOJIOLMS 3€PEHHOMN
CTPYKTYpPbl 1 MEXaHMYECKUX CBOMCTB MEIHBIX 00paslloB MO BIUSHHEM aedop-
Maluu CABUTOM B JIpoOHOM pexume (e < 1). [Tokazano n3menpyeHue 3epeHHOM
CTPYKTYphI U YBEITMUEHUE TBEpAOCTU N0 BuKKepcy B mpoliecce HaKOIUICHHS Je-
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dopmanuu PKVYII. HccnenoBana nedopmanoHHasi IOPUCTOCTE MEAU B Pe3yJib-
tare nedopmarmu PKVII ¢ skBuBanieHTHON pa3oBoil creneHbto e = 0.2 U mo-
CTPOEHBI TUCTOIPaMMBbI paclpeneieHus nop no pasMmepam. CraenaH BBIBOJA O He-
00X0AMMOCTH MPOAOJIKEHHS UCCIIEAOBAHMS TEXHOJIOTHYECKUX YCIOBUN U PEXU-
MoB nporiecca PKVII ¢ nienpro noBblIeHNs] MEXaHUYECKUX CBOICTB MaTepuana 3a
CYET YMEHbIIECHUS Je(OPMALMOHHOM TOPUCTOCTH.
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L.F. Sennikova, V.M. Tkatchenko, V.V. Burkhovetskii, A.P. Borzenko

EFFECT OF EQUAL-CHANNEL ANGULAR PRESSING IN
FRACTIONAL MODE ON THE STRUCTURE AND THE
PROPERTIES OF COPPER M06

The behavior of the material, evolution of the structure state and the properties are stu-
died under shear deformation in fractional mode (e < 1) provided by the equal-channel
angular pressing (ECAP) applied. It is shown that plastic deformation by ECAP charac-
terized by the total degree Xe < 1.6 results in fragmentation of the grain structure and
double hardness of copper. The data about the ECAP-generated deformation porosity of
copper are and histograms of pore size distribution are presented.

Keywords: copper, equal-channel angular pressing, structure, hardness, deformation po-
rosity, density
Fig. 1. Scheme of ECAP deformation of the billet

Fig. 2. Optic microscopy of the cross-section of a copper rod (M06) of 14 mm in diame-
ter: a — after anneal (600°C, 2 h); 6 — after 8 ECAP passes (Ze = 1.6)

Fig. 3. Histograms of size distribution of micropores (by area) in copper M00: a — after
anneal (600°C, 2 h); 6 — after 8 ECAP passes (Ze = 1.6)
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