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Paccmompenvl ocobennocmu opmuposanus cmpykmypul u CE0UCME MALoy2iepoou-
cmotl cmanu, nodsepeHymot menioli eunmogou sxcmpysuu (B3). Memodom ougpparyuu
00pAMHOPACCEAHHBIX DNIEKMPOHO8 NOKA3aH0, umo mennas BD manoyenepooucmoii cmanu
NPUBOOUM K YEeIUYEHUIO USOMPONHOCIMU CIMPYKMYPbl, K 3HAYUMETbHOU (ppazmenmayuu
U aKmueayuyu MexaHusmMos NOIUSOHU3AYUY, OUHAMUYECKOU PEeKPUCIALIUZAYUU U 3EPHO-
SPAHUYHOMY NPOCKANL3LIBAHUI). [JaHHble CIMPYKIMYpPHble 0COOEHHOCU NO360UNU NOBbI-
cumb npouHocms mamepuaia 6 1.5 pasa ¢ coxpanenuem 8blcoOK020 YPOSHS NAACTIUYHO-
cmu.

KuaroueBsblie cioBa: nudpaxius 00paTHOPACCETHHBIX AJIEKTPOHOB, CTPYKTYpa, TEKCTYPa,
BBICOKOYTJIOBbIE T'PaHUIbl, BUHTOBas O3KCTPYy3ud, JWHAMHUYECKas pEKpHUCTaLIU3AIKA,
MEXaHUYECKHE CBOMCTBA

Pozensanymo ocodausocmi opmyeanns cmpykmypu ma 1acugocmel Manogyereyesoi
cmani npu menaiti 2eunmosii excmpysii (I'E). Memooom ougparyii 360pomubopo3Cisinux
eeKmpoHie noxkaszano, wo menia I'E manogyeneyesoi cmani npuzgooums 00 30i1bueHHS
i30mponHocmi  cmpykmypu, 3HAuHOI pacmenmayii ma akmueayii Mexawizmie
nonieoHizayii, 00 OUHAMIYHOL peKpucmanizayii ma 3epHOSPAHUUHOL0 NPOCIUZAHHA. J]aHi
CMpPYKMYpHi ocobausocmi 00360aumu nioguwumu miyHicme mamepiany 6 1.5 paszu i3
30epedceHHAM 8UCOKO20 PIBHA NIACMUYHOCHII.

KarouoBi ciaoBa: nudpaxifiss 3BOPOTHBOPO3CISTHUX EICKTPOHIB, CTPYKTYpa, TEKCTYpa,
BHCOKOKYTOBI TpaHHIli, TBUHTOBA EKCTpPYy3isd, AUHAMIYHA PEKpHUCTATI3allisl, MeXaHIIHi
BJIACTHUBOCTI

BBenenne

[TonyyeHne 00BEMHBIX CYOMHMKpPO- M HAHOKPUCTAIUTMYECKUX MaTepHaioB, 00-
JTaJaONINX YHUKAJIBHBIMU SKCIUTyaTallMOHHBIMU M (U3MKO-MEXaHUYECKHUMHU Xa-
pakrepucTukaMu [1-4], cTaHOBHUTCS OHOW M3 BaKHEHIIUX 3a7a4 (U3UKH TBEP-
noro tena. [Ipexnae Bcero, 3To KacaeTcss MaJIOYTIIEPOANCTBIX CTajlel, MUPOKO HC-
NOJIB3YEMBIX IS U3TOTOBJICHUS PA3TUYHBIX U3/ENUI U JAeTaleld B CTPOUTEIBCTBE
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U TMPOMBINUIEHHOCTH. [lepceKTUBHBIMU cpeacTBaMu (POPMUPOBAHUS CyOMUKpPO-
Y HAaHOKPUCTAJNIMYECKUX MaTEpUAIOB HA CErOJHS SIBISIOTCS METO/bl MHTCHCHB-
HOM mactuueckoi aedopmartuu (UI11), B 4aCTHOCTH BHHTOBAs 3KCTpy3ust [5].
[Mpumenenne BO k 00paboTke cTamneil, B OTIIMYNE OT PaBHOKAHAILHOTO YTJIOBOTO
npeccoBanus [4], HOCUT enuHUYHBIA Xapaktep [6]. Panee Obuto mokaszano [7-9],
yTO Temias BO NpUBOIUT K CHUIKEHHUIO TEKCTYPHUPOBAHHOCTH B MONEPEYHOM Ce-
YeHUH, (POPMUPOBAHUIO METIKOIUCIIEPCHON CTPYKTYPBI C IPEUMYILIECTBEHHO PaB-
HOOCHBIMU 3€pHaMH U BBIPaKEHHOW Pa3HO3EPHUCTOCTHIO, OJTHAKO aHU30TPOIHUS
CTPYKTYPBHI B IPOJIOJIBHOM CEUYEHUU HE MCCIIEN0BANIACh.

Llenbto paboTHI ABISIETCS N3YYEHHUE OCOOCHHOCTEH (DOPMHUPOBAHUS CTPYKTYPHI,
TEKCTYpbl U CBOWCTB MasoyriepoaucToit ctanu mapku 20012C B pa3nuyHbIX Ha-
MPABJIEHUSAX OTHOCUTEIBHO OCH JedopMaliuy npu Terioil BO.

MeToauka IKCIIEPUMEHTA

B xagyectBe MaTepuana Jisl HCCIICIOBAHUM HCIIOIB30BATN MaJIOYTIEPOIUCTYIO
craip 200" 2C koHcTpyKIMOHHOTO HasHadeHus (% mo macce: 0.24 C; 1.66 Mn; 1.2
Si; 0.14 Cr; 0.24 Ni; 0.01 Al; 0.06 Cu; 0.04 S; 96.41 Fe), OTOXKCHHYIO TPH
900°C (1 h), momBepruytyto Temioit BD. Meton nedopmaruu BD 3akiarouaercs B
TOM, YTO TIPU3MATHYECKUIN 00pa3ell MPOoJaBINBACTCS YePe3 MATPHILY C BHHTOBBIM
kaHayioM [5]. [Tpu 3ToM pa3mepsl 0Opaslia He U3MEHSIOTCS, YTO MO3BOJIICT HaKa-
IUTMBATh 3HAYUTEIIbHBIC cTeneHu aedopmanuu. BD oCcyIecTBIsIN mpu TeMiepa-
type 3aroroBku 400°C u temnepatype ocHacTku 320°C. [laBneHue npeccoBaHus He
npesbimano 1200 MPa, npunoxxenHoe nporuBoaasienne cocrasisuio 100 MPa.
BennunHa enMHUYHOM cTeNeHn neOopMalliu 3a OJIMH MPOXOJ e ~ 2, a HAKOILJICH-
Has nedopManus 3a Tpu mpoxojaa — e ~ 6. JleranpHoe onmucaHue pexxuMma jaedop-
MUPOBaHUs MPEJICTABICHO B [7].

MexaHn4decKre UCTIBITaHus ObLTM MPOBEACHBI METOAOM OCAJKH. MUKpPOCTPYK-
TYPHBIA aHAJIM3 BBIOJHEH METOJAMHU MPOCBEUYMBAIOIICH 3JICKTPOHHONH MHKPOCKO-
i ([1OM) yriaepoaucThiX peruimK U AU(ppakiiuu 00paTHOPACCESHHBIX 3IEKTPOHOB
(10D). IMoaroroska 06pasios mist JJOD-uccneoBatmii [eTaabHO onucana B [7].

Pe3yabTathl 1 00CyxKaeHHE

AHau3 U3MEHEeHUs CTPYKTYpbI, IPEACTABICHHON Ha puc. 1, moka3bIBaeT, YTo
teriast BO mpuBoIUT K 3HAUMTENBHON (pparMeHTalUU CTPYKTYPHBIX COCTABIISIO-
KX Kak ¢eppura, Tak u nepauta. CpeaHuil pasmep 3epHa (epputa mocie ne-
¢dopmaruu ymenbiaercs or 15 10 5 um. KapTel KOHTpacToOB, MOITy4YeHHbIE METO-
aom 103 (puc. 1,a,6,0), HOATBEPIKAAIOT, YTO MUKPOCTPYKTYpa Mocie Terioi BD
U3MEbYAETCS B HECKOJBKO pa3. IIpu 3ToM Hapsiiy ¢ MEIKMMHU HaOJIOJAI0TCA U
KPYITHbIE PAaBHOOCHBIE 3€pHA KaK B MONEPEYHOM, TaK U B MPOAOIBHOM CEUCHUU.
Hannsie [IOM (puc. 1,6,2,e) mokassiBaioT, uTo Teruias BD MpUBOIUT K CMeHE
Mopdosoruu nepauta. L{eMEeHTUTHBIE IUIACTHMHKM Mociie AeopMaiuu CyuliecT-
BeHHO (pparmeHTHpytorcs (puc. 1,6), u B npogonbpHoM ceueHuu (puc. 1,e) Habdmro-
JlaeTCsl HAMPaBJIEHHOCTh OCTATKOB IUIACTHH BIOJb MOJIOC CKOJIBKEHUS.
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Puc. 1. Mukpoctpykrypa cramu 20I2C: a, 6, 0 — JIOD-kapTbhl KOHTPACTOB; 0, 2, € —
I19M, x5000; a, 6 — ucxomHOE COCTOSAHUE; 8, 2 — Teiast BD, monepeyHoe ceuenue; o, ¢ —
terutas BD, mpojonpHOE ceueHune

KosndecTBeHHBIN aHamM3 pacrpeseieHus (eppUTHBIX 3¢PEH M0 pasMepam,
NpeACTaBICHHbIN Ha (pHUC. 2,a), TIOKa3aJl HAJMYHE 3€PEH IBYX THIIOB — KPYITHBIX
(10-30 um) u menkux (1.5-10 um) B o6orx ceuenusx. [Ipu 3TOM B IPOIOIBHOM Ce-
YEeHHH YUCII0 3epeH, peBocxoasiux 10 um, Gosblire, 4eM B TOMEPEIHOM CEUCHHH.
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Puc. 2. KonmyecTBeHHbIC MaHHBIE CTPYKTypHOro aHanmmsa cranu 2002C: a — gactora
pacripeieNieHrst 3epeH 1Mo pa3MepaM: W — UCXOJHOe COCTosiHNe, © — BD, momepeunoe ce-
geHue, A — BD, mpononsHOE ceuenune; 6 — 9acTora pacupenenenus gpakropa Gopmel N —
HCXOJHOE cocTosHKe, m — BD, nonepeunoe ceuenue, 8 — BJ, nmpojoiasHOE ceueHue; ¢ —
pacrpejielieHHe 3epeH 1Mo pazMepaM B HOPMHPOBAaHHBIX KOOPIUHATAX: M, 0 — UCXOJHOE
COCTOSIHHE, 3€pHA KPYITHBIE W MEJKHE COOTBETCTBEHHO; ®, O — BD, 3epHa KpyIHBIE U
MEJIKHE COOTBETCTBEHHO; & — Paclpe/Ie]ICHHE YIIIOB Pa30PUSHTHPOBOK IPAHUI] 3€PeH: O —

MICXOJTHOE cocTosiHuEe, ® — BD, monepeynoe ceuenue, A — BD, npojgonsHoe ceueHne

Amnanuz ¢akropa GopMBbl TaKkKe MOKa3all, YTO B MPOAOJIBHOM CEYCHHUU IpPEeBaIH-
PYIOT BBITAHYTHIE 3epHA (C hakTopoM (GOPMBI, paBHBIM 2), B TO BpEMS Kak B I10-
IIEPEYHOM CEUEHHU — PaBHOOCHBIC (puc. 2,0). TO CBUACTEIBCTBYET O HEOHO-
POTHOCTH CTPYKTYPHI B OOOMX CEUYCHHSAX OOPa3IOB MalOYTJIEPOAMCTONW CTallH,
NOJBEPrHYTHIX TerIoi BD, koTopas HomKHa cKa3aTbcs HA MEXaHWYECKHX Xapak-
TEPUCTUKAX TIPH JaJbHEHIEH nedopmariiu.

CTaTHCTHYCCKHIA aHAITM3 TAHHBIX 110 pa3Mepam 3epeH aByx rpymi (menee 10 u 60-
aee 10 um) B HOPMUPOBAHHBIX KOOPIMHATAX JACT MPEJICTABICHHE O MEXaHU3Max
(opmupoBaHHs CTPYKTYphI TipH Terwioi BO (puc. 2,6). Bribop Takoro pasnesneHust 3e-
pEH 1o pa3MepaM OOYCIIOBIICH TeM, 4TO IO pe3yibTatam padoTsl [10] mist pasBuThs
MeXaHH3Ma 3epPHOTPAaHUYHOTO MTPOCKATH3bIBaHNST HEOOXOANMBIM KPUTEPUEM SIBIISICTCS
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HaAJIMYME PaBHOOCHBIX 3€peH, He mpeBocxosammx 10 um. 13 puc. 2,6 BUaHO, 4TO B HC-
XOJIHOM COCTOSIHMM KpYITHBIE M MEJIKHE 3epHa UMEIOT cxoxee pacnpenenenue. [locre
nedopmaly B OTIIMYKE OT paclpeieNieHNs] MENIKUX 3ePEeH TaKOBOE UIsl KPYITHBIX 3€-
PCH U3MEHSIETCS CYIIECTBEHHO, TaK KaK BO3PACTALT YENbHAS JOJIS 3ePEH C pasMepoM
MEHBIIIE CPETHEr0, YTO CBUJIETENIHLCTBYET O MPOTEKAOIIEM TIporiecce (pparMeHTaIn
OonpIux 3epeH. Herm3sMeHHOCTh XapakTepUCTHK pacrpeesieHUsI MeJTKUX 3epeH CBUJIE-
TENBCTBYET O 36PHOTPAHUYHOM MPOCKAJIB3bIBAHUH B X0/1€ Terrioi BD.

Ha puc. 2,2 mpeacraBneHo pacripe/ielieHie YIiioB Pa3OpHEHTUPOBOK TPAHUIL 3€PEH,
13 KOTOPOTO BUJIHO, YTO MPH TeIwioi BD, Hapswy ¢ GOopMUpOBaHHEM BBICOKOH YICTb-
HOM IO MaJIOYIJIOBBIX TPaHMIl 3€peH, Takke (POpMHpyeTCsl 3HAUMTENbHAs OIS
OOINBILIEYTIOBBIX TpaHHil. VI3 picyHKa BHIHO, YTO KOJIMYECTBO MOCIESTHUX TP TEIION
BD mpakTrdecku cpaBHIMO C UX JI0JI€H B OTOXOKEHHOM COCTOSIHUM. JTH JaHHBIC CBH-
JICTEITLCTBYIOT 00 aKTUBHBIX TpOIeccax Kak ()parMEHTALUH, TaK M ITOJUTOHHM3AIHH.
Meton 10D mno3BosisieT MPOBECTH KOJMYECTBEHHBIN aHAIN3 PACHpPECSICHUS] PEKPU-
CTAUTM30BaHHBIX 3epeH [7]. Tak, ux ot B HiCXOMHOM cocTosiHuU coctaBisier 30%, a
nocie terwior BD — 7.5% (nonepeunoe ceyenue) u 5% (mpomonbHoe ceuenue). B cu-
Jy TOrO, 4TO Ae(OpPMALIMIO OCYIIECTBIUIM TIPH TEMIIEpAType ropas3o HIKe Mopora
PEKPUCTAIITU3AIMH B CTAIH, HATMYHUE PEKPUCTAIUTM30BAaHHBIX 3€peH Mnocie Terioi BO
CBUJICTEIILCTBYET O MPOTEKAHUH TMHAMHYECKON peKprcTayui3anuin [9].

CoracHo AaHHBIM paboThl [8] Temnas BD mpuBOAMT K CHUKCHUIO MHTCHCHB-
HOCTH TEKCTYPHBIX MAKCUMYMOB U Pa3MBITHIO TEKCTYPHI B MTOTICPEIHOM CCUCHHH.
Pe3ynbTathl uccnenoBaHusl TEKCTYpPUPOBAHHOCTH B MPOJIOJIBHOM CEYEHHMH IOKa-
3anu, 4To Teras BD BbI3bIBaeT CHMKEHHE HHTEHCUBHOCTH TEKCTYPHBIX MUKOB. B
I[EJIOM 3TO MO3BOJIUJIO MPOBECTU PEKOHCTPYKITUIO CTPYKTYPHI B 00BEME U YCTaHO-
BUTh, YTO TIpH TeIuIod BD (opMUPYIOTCS BBITSIHYTBIE MEIKOIUCIICPCHBIC 3€pHA,
pacnonoxeHHbie o1 yriioM 30—60° k ocu 3KCTpy3HUH.

OO6Hapy>XeHHbIE CTPYKTYpPHbIE OCOOEHHOCTH MO3BOJIMIN MOBBICUTH MPOYHOCTH
matepuaia B 1.5 pa3a ¢ coxpaHeHHEM BBICOKOTO YPOBHS IIacTUYHOCTH (puc. 3).
Y CcTaHOBIIEHO, YTO TPU MOCTENYIOImEM Ae(GOpMUPOBAaHIH METOJIOM OCAJIKH BJIOJb
HaNpaBJIEHUS! SKCTPY3UU HAOIIOJaeTcsl TPaJAWLMOHHOE IOBEIEHUE KPUBOW Y-
pPOYHEHHS, B TO BpeMs Kak npu JaedopMaiuu Monepek HampaBlIEHUS SKCTPY3UH
KpHBasi yIIpoYHEeHHs ueT Oosee nojoro (puc. 3, kpuBas 2). OToT (hakT 00yciIoB-
JIeH, BEpOsTHO, mposiBiieHneM 3ddekra baymmHrepa, a Takke 0COOCHHOCTSIMH
CTPYKTYpHI, chopmMupoBanHoii pu BD.
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BriBoabI

B pabore nokasano, uro termias BO npuBoaut k pparMeHTaluu CTPYKTYpPHBIX
COCTaBJIAIOLIMX MaJOYyTJIEpOAUCTON cTtanu: gepputa U nepnura. 3epHa (eppura
nociie aedopmarmu u3Menpuarotes B 3 pasza (¢ 15 1o 5 um) u xapakrepusyroTcs
3HAYUTENbHOHN yIenbHOU f0s1el 60bIeyrIoBbIX TpaHull. CTpyKTypa OTInYaeTcs
Pa3HO3EPHUCTOCTHIO, T.€. HATMYUEM 3€PEH ABYX TUMOB — KpynHbIX (10—-30 um) u
menkux (1.5-10 pum). Tlpu 3TOM HabIrOAAeTCA HEOAHOPOAHOCTH CTPYKTYpBI, B
IPOJOJIBHOM CEYCHHH TPEBATUPYIOT BBITSHYThIC 3¢pHA (C pakTopoM (OPMBHI,
PaBHBIM 2), B TIONIEPEYHOM — PABHOOCHBIC.

[Tokazano, uTo B mporecce aedopmanmu Termion BD crpykrypa manoyriepo-
JUCTOM cTaynu opMHUpyeTcst Mo eHiCTBUEM MOITAHOTO Pa3BUTHs MEXaHHU3MOB
JMHAMUYECKON PEKPUCTAIUIM3AIUN M TIOJIMTOHU3AINH, 3€pHOTPAaHUYHOTO IIPO-
CKaJb3bIBaHMs, (hparMeHTaluu.

VYcTaHOBJICHO, YTO MOBBIIICHUE MPOYHOCTH Marepuana B 1.5 pasa (c coxpane-
HHEM BBICOKOTO YPOBHSI IIACTHYHOCTH) CBSI3aHO CO CTPYKTYPHBIMH OCOOCHHO-
CTSIMH, COPMHUPOBAHHBIMU TeTiIon BO.

ABTOD BBIpaxaet riry0okyto omarogapHocts A.T.H. E.I'. [lammHcko, k.¢.-M.H.
H.H. benoycosy, B.B. bypxoseukomy, @.1. ['na3yHoBy 3a nmomoliub B mpoBeze-
HUH SKCIIEPIMEHTOB M 00CYXKICHUE PEe3yIbTaTOB M OTICIBbHYIO OJIaroapHOCTb —
n.1.H. C.B. Jlo6aTkuHy 3a MpenoCcTaBICHHbIN MaTepHal AJs UCCIICTOBAHUIA.

PaGora BeimonHena npu noxnepxkke rpanta HAH VYkpaunsl s Monoabix
yueHbIX «OcoOeHHOCTH (POPMHUPOBAHUS CyOMUKPOKPHCTAININYECKON CTPYKTYpHI,
TEKCTYpbl U CBOMCTB MAJIOYTJIEPOJNUCTON CTaIH, NOJYyYECHHOW BUHTOBOM IKCTPY-
3uei» Ne 0113U003684.
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A.V. Zavdoveev

FEATURES OF FORMATION OF THE STRUCTURE AND PROPERTIES
OF LOW-CARBON STEEL AFTER WARM TWIST EXTRUSION

The new developing technologies of metal formation based on simple shear are called
severe plastic deformation (SPD). Their advantage is that they allow obtaining materials
with unique complex properties combining high strength and plasticity as distinct from
classical methods of metal forming. Numerous structural studies have been carried out for
SPD-processed materials, such as Al, Ti, Cu and their alloys. Such complex systems as
steels have not been adequately investigated because of labor intensive deformation pro-
cesses. However, the studies are in progress. Due to insufficient knowledge of the struc-
tural changes occurring in low-carbon steels during SPD, there is a need for a more de-
tailed consideration by modern methods. Thus, electron backscattered diffraction is a
relatively new method, which allows a detailed study of the structure of metals. The paper
discusses the characteristics of the formation of structure and texture of low-carbon steel
subjected to warm twist extrusion (TE).

As the SPD, warm TE was applied at the temperature of 400°C. It should be noted that
after warm deformation of low carbon steel, recrystallized ferrite grains are observed in
the material. Qualitative and quantitative analysis of statistics shows effective influence
of the twist extrusion on the structure of steel. Electron backscattering diffraction demon-
strates that the warm TE increases the structure isotropy, results in significant fragmenta-
tion and activation of the mechanisms of dynamic polygonisation and recrystallization,
grain boundary sliding. These structural features have led to hardening of the material in
1.5 times, with maintaining a high level of plasticity.

Keywords: electron backscattering diffraction, structure, texture, high angle boundaries,
twist extrusion, dynamical recrystallization, mechanical properties.

Fig. 1. Microstructure of low-carbon steel 20G2S: «, 6, 0 — EBSD maps of band contrast;
0, 2, e — TEM, x5000; a, 6 — the initial state; 6, 2 — warm TE, cross section; o0, e — warm
TE, longitudinal section

Fig. 2. Data of the structure analysis of low-carbon steel 20G2S: «a — size distribution of
grains: m — initial state, o — TE, cross section, A — TE, longitudinal section; 6 — aspect
ratio of grains: N — initial state, m — TE, cross section, 8 — TE, longitudinal section; ¢ —
size distribution of grains in normalized coordinates: m, o — initial state, big and small
grains accordingly; e, o — TE, big and small grains, respectively; 2 — misorientation angle
distribution of grain boundaries: o — initial state, ® — TE, cross section, A — TE, longitu-
dinal section

Fig. 3. Stress-strain curve for low-carbon steel 20G2S, upsetting tests: 1 — initial state; 2,
3 — TE axis is perpendicular and parallel to the axis of upsetting, respectively
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