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Pabota BhimosiHeHa mpu (GpUHAHCOBOIT
nopnepxxke PH® (rpant Ne 20-79-
10094,  https://rscf.ru/project/20-79-
10094/). Pabora BBIIOIHEHA C HC-
nons30BaHHeM obopynoBanus lentpa
KOJUIEKTUBHOTO TONIB30BaHus « TexHo-
noruu u Marepuanst HUY» benl'V.

AHHOTANUSA

BBenenne. Huskuii mpenen TeKydecTH ayCTCHHTHBIX HEPIKaBEIONMIUX CTaleH sBisieTcs (pakTopoM, 3HAYUTENHHO
OrpaHUYMBAIONINM UX SKCILTyaTallHOHHBIE BO3MOXKHOCTH. B cBOIO 0uepenn, (hopMUpOBaHHE T€TEPOTeHHON CTPYKTY-
PBI IPEACTaBISIET COOOIT IIePCIIeKTHBHBIM METON JOCTIDKEHHS CHHEPIHH MEeXaHHIeCKUX CBOUCTB. IIpu aToM addexk-
THBHBIM CIIOCOOOM HOIy4eHHUsI 00BbEMHOI FeTepOreHHOH CTPYKTYPBI CIIY>KUT XOJIOHAs paJuanbHas KoBKka. OqHAKO
Ha JJaHHBI MOMEHT Ipuposa dpdeKTa yTydmeHns MeXaHHIeCKIX CBOICTB MaTepHala ¢ FeTepOreHHOH CTPYKTypoH,
c(hopMUPOBAHHOH B ITPOLIECCE XOJIOAHOM painanbHON KOBKH, H3yueHa ciabo. Lleas padorsl. Vicciaenosars BiausHuEe
TeTepOreHHON CTPYKTYpHI, HOMY4YeHHOH IpH Ae(opMalIOHHO-TEPMHUIECKONl 00paboTKe, Ha MEXaHUYECKUE CBOM-
CTBa ayCTeHUTHOI Hepxkasetoei cranu 08X 17H13M2T. Metoauku uccienoBanus. VicnbiTaHus Ha OHOOCHOE
pacTsbkeHHe 00pa3loB, IOIYyYCHHBIX XOIOJHOW paaualbHOH KOBKOH C IOCHemylomel TepMooOpaboTKoH HpH
600...700 °C, mpoBOIMINCE C UCIIONB30BAHUEM HCIIBITATENIbHON MaIIiHBI Instron 5882 mpu koMHAaTHOH TeMIiepary-
pe co ckopocthio aedopmaruu 1,15 107 ¢ Jlns u3MepeHust yJUIMHEHUsI B MIPOIecce UCTBITAHUI MPUMEHsIAach
cucremMa Bu3yanbHOro koHTpons VIC-3D. Tonkas cTpykTypa Oblia nccieqoBaHa Ha mepopHpOBaHHEIX (OIbrax
JHaMeTPoM 3 MM C HCIOIb30BaHHEM dIEKTPOHHOTO IpocBednBatomero Mukpockona JEOL JEM-2100 npu yckops-
routeM Hanpspkenun 200 kB. Pe3yabrarsl u 06cy:xaenue. [TokazaHo, yto nmocne aehopManuoHHO-TEPMUUECKON
00paboTKH B LIEHTPE NPYTKa MOTy4YeHa ABOHHUKOBO-MAaTPHYHAs CTPYKTypa ayCTEHHTa, a Ha KPalo — YIBTPAMENKo-
3epHHCTAs C eAMHUYHBIME PEKPHCTAIN30BAHHBIMH 3¢PHAMH ayCTEHHUTA Pa3MepOM IPUMEPHO | MKM. YcTaHOBIEHO,
4TO B IEHTpe MpyTKa (GopMHUpyeTcs OBYXKOMIOHEHTHAs aKCHalbHas TeKcTypa aycreHuTta <001>/<111>, xotopas
TparcpOpMEpYETCS B TEKCTypy caBura B/B 1o HanmpaBleHHIO K MOBEPXHOCTH MpyTKa. ONpeeneHo, 9to GopMu-

pOBaHHE FeTePOreHHOH CTPYKTYPhI IIPUBOAHIIO K IOMOIHUTEILHOMY YIIPOUHEHHIO 3a CUET OOPAaTHBIX HANPSIKCHHUI.
OO6HapyxeHo, uTo nocse Tepmoodpadorku npu 700 °C obpasert ¢ reTeporeHHoN CTPYKTypoit 00J1a1a HanOoIbIIM
peziesioM TeKyuecTH, paBHbiM 1054 Mlla, npu oTHOCHTEnbHOM yanuHeHuH 16 %. Takum obpazom, aepopManoH-
HO-TepMHUYecKast 00paboTka MOXET OBITh MEPCIEKTUBHBIM METOJIOM IIONYYCHHsI KPYIHOrabapuUTHBIX IPYTKOBBIX
3aroTOBOK M3 ayCTeHUTHOW Heprkasetoeit cranu 08X17H13M2T ¢ BBICOKMMHM XapaKTEpPUCTUKAMU MEXaHUYECKUX
CBOWCTB.

[ uuTHpoBaHus: BiusHIE TeTepOreHHON CTPYKTYpHI, CHOPMUPOBAHHON Je(OpMAMOHHO-TEPMUIECKOH 00pabOTKOM, HA MEXaHUUECKOE
TIOBE/ICHNE ayCTeHUTHOU Hepxkasetomeii craiu / P.C. Yepaudenko, /1.O. [Tanos, C.B. Haymos, E.A. Kynpssues, ['A. Canumes, A.C. [lepues //
O06paboTka MeTaIIoB (TEXHOIOTHUS, 000pynoBaHue, MHCTPYMEHTHI). — 2025. — T. 27, Ne 2. — C. 189-205. — DOI: 10.17212/1994-6309-2025-

27.2-189-205.
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MarepuasioB [1, 2]. OCHOBHBIM HEHOCTATKOM, KO-
TOPBIM OrpaHUYMBAET 001aCTh MIPUMEHEHUSI CTaIEH
JTAHHOTO KJIacca, SBIISIFOTCS TOHMKEHHbBIE IPOY-
HOCTHbIE XapaKTEPUCTUKH, a UMEHHO HHU3KOE 3Ha-
yeHue mnpexaena tekyudectu [3]. B cBoro ouepens,
TPaIUIIOHHBIE METOBI TIOBBIIICHUS TPOYHOCTHBIX
XapaKTePUCTUK, KaK MPaBUIIO, MPUBOIAT K 3HAYH-
TEJIEHOMY CHWKCHHUIO YPOBHS BSA3KOCTH U TUTACTHY-
HOCTH [4—6]. B yacTHOCTH, 00pabOTKa ayCTEHUTHOMN
HeprkaBeroler ctanu mapku AISI 304 mytem xomon-
HOM TIPOKAaTKX MPUBOAUT K MOBBIIICHUIO 3HAYCHUI
npezena TeKydecTu oosee yeM B JBa paza (¢ 640 no
1450 MIla). IIpu sToM QuUKCHpYETCS KPUTHIECKOE
MOHW)KEHUE OTHOCHUTEIBHOIO y/uiHeHus 1o 1 %
[7]. B nanHOM ciyuyae M3MEHEHHE MEXaHWYECKHUX
CBOWCTB 00YCIIOBIICHO HE TOIBKO JIe(hOPMAIIMOHHBIM
YIPOYHEHUEM, HO U (POPMHPOBAHUEM MApPTCHCUTA
nedopmaruu (o). CornmacHo padote [6], MApTEHCUT
nedopmaruu (0'/€) MOKET OBITH MECTOM 3apPOXKJIe-
HUS M PacIpOCTPaHEHUsI TPEIINH, TOCKOJIBKY SIBIIS-
eTCs XPYIKUM TPOIYKTOM (ha30BOTO MPEBpAILCHHUS,
YTO BBI3BIBACT CHIDKCHHE YAapHOH BS3KOCTH M TLIa-
CTUYHOCTU OJJHOBPEMEHHO C POCTOM IIPOYHOCTHBIX
xapaktepucTtuk [8]. [Ipu 3TOM TpemmnHa MOKeT pac-
MPOCTPAHATHCS KaK B CAMOM MapTEHCHUTE, TaK U IO
rpaHulle pasfiella MapTEHCUTHBIX U ayCTEHUTHBIX
y4acTKoB [9].

HccnenoBanus MOCIENHUX JIET MOKa3ald, 4TO
MIOBBIIIEHUE TPOYHOCTHBIX CBOWCTB 0€3 IOTepH
TUTACTUYHOCTH B ayCTEHUTHBIX CTAJIAX BO3MOXKHO
3a cueT (OPMHUPOBAHUS TETEPOTECHHBIX CTPYKTYP
[9-15]. [loxn reTreporeHHOil MOHUMAIOT CTPYKTYPY,
KOTOpasi COCTOUT U3 CTPYKTYPHBIX AJIEMEHTOB pas-
JUYHOTO pa3Mepa WM HPUPOIbI, YTO OKa3bIBAET
CYILLIECTBEHHOE BIUSHUE HAa MEXaHUYECKUE CBOM-
cTBa Marepuana [16]. K Takum cTpykTypam Mox-
HO OTHECTH T€TEPOTe€HHYIO JIAMEJIbHYIO CTPYKTYpPY
[17], rpaguenTHYIO CTPYKTYpY [18], OMMOnmansHyr0
CcTpyKTypy u Ap. Tak, B pabore [17] nokazaHo, 4ro
00pa31ipl TUTaHA C TETEPOTreHHOM JJaMeNIbHOM CTPyK-
TypoH, cHOPMUPOBAHHOM B MPOIIECCE ACUMMETPHY-
HOM MPOKATKU U MOCJIETYIOIIET0 pEKPUCTAIIIN3ALU-
OHHOTO OT)KHTa, 00JaIal0T MPOYHOCTHIO HA YPOBHE
00pa3LoB ¢ yasrpamenko3depHuctoil (YM3) crpyk-
TYpOH M IJIACTUYHOCTHIO KaK y MaTepuania ¢ KpyI-
HO3epHUCTON cTpykTypoil. OOpasusl cramm AISI
304 c rpagueHTHON CTPYKTYpOM, cocrosiied u3
[EHTPAIBHOTO CJIOSI ¢ MUKPOJBOMHHMKAMU BHYTPH
¥ HAHOJIBOWHUKAMH B ITOIIOBEPXHOCTHBIX CIIOSIX,
obnagarot npenenaoM tekydectu 820 MIla u paBHO-
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MepHBIM yminHeHueM 53 % [18], a oOpa3iubl Takoi
CTaJIM C OJTHOPOJHOM CTPYKTYpOH JEMOHCTPUPYIOT
npenen tekydectu 268 MIla u paBHOMepHOE yIIn-
HeHue 63 %.

W3BecTHBI pabOTBL, B KOTOPBIX COOOIIaeTcs
0 TIOJYYEHHUH T'€TEPOr€HHBIX CTPYKTYP B IPYTKOBBIX
3aroTOBKAaX METOJIOM XOJIOAHOW paguaibHONW KOBKH
(XPK) [10, 19-22]. Tak, B pabdote [21] moka3aHo,
yto XPK npytkoB u3 cranu mapku AISI 316 ¢ go-
0aBlIeHHEM THTaHa JI0 CTENEHHU JehOopMalnH, paB-
HOU 95 %, MpUBOAUT K (HOPMHUPOBAHUIO TETEPOTECH-
HOM CTPYKTYpbl B MOINEpYEHHOM cedeHUU. CTOUT
OTMETUTh, YTO YBEJIMUYEHUE CTENeHH AedopManun
¢ 40 1o 80 % BKJIIOUUTENIHHO OKA3bIBAET IMOJIOKH-
TeNbHBIA APPEKT HAa IPOUYHOCTHBIE XaPAKTEPUCTU-
KU JaHHOTO Marepuaja, a UMEHHO HaOIrogaeTcs
NOBBILICHUE IOKa3aTesiel Mpefesia TeKyyecTHd Ha
15 %. Ilpm 3TOM XapaKTepUCTUKH IUIACTHUYHO-
CTU COXpaHSIIOTCA Ha mpexxkHeM ypoBHe. C apy-
rofi cTopoHsl, B pabore [22] cooOimmaercs, 4TO
neopmarimonHas o06paboTka HepKaBerolen ay-
cTeHuTHOM ctanmm MetogqoM XPK B coderaHum ¢
HU3KOTEMIIEpaTypHOl TepMuyeckoil o0paboTKOI
npu 400...600 °C BbI3bIBa€T 3HAUYUTEIBHBIN MpH-
poct 3HadueHui mnpenena Tekydectu (¢ 1077 mo
1310 MIIa). Hapsay ¢ atum HaOnroaercst yBeau-
YEHUE YPOBHS OTHOCUTENIBHOIO YIJIUHEHUs ¢ 9 1o
11 %. CtoUT OTMETHTH, YTO TOCIE MPOBEICHUS
HU3KOTEMIIEpAaTypHOU TepMUUYECKOW 00paboTKu
CTPYKTYpHasi reTepOreHHOCTh coxpaHsercs. He-
CMOTpS Ha HaJIM4YMe paboT 0 POPMHUPOBAHHUH TeTe-
porenHsix ctpykryp npu XPK, mpupona sddexra
YAY4YIIEHUS MEXaHUYECKUX CBOMCTB MOJYyUYEHHBIX
TeTEPOreHHBIX MAaTEPUAJIOB HE SICHA.

Ilenvio Oannoit padbomer SBIAETCS N3y4YCHHUE
BIIUSAHUS TEKCTYPHOM W CTPYKTYPHOM HEOIHO-
poaHocTH, noiaydeHHoil B xoae XPK w mocnenmy-
IOLIEH TepMHuUecKkoil 00paboTKM, Ha MexXaHHWye-
CKHME CBOMCTBA ayCTECHUTHOW HEPIKaBEIOLIECH CTaln
08X17H13M2T. Jlns moCTHIKEHHS MMOCTaBICHHOU
[eNIM B XOJI€ MCCIIeN0BaHus ObU C(HOpPMYITHUpOBa-
HBI CJIEAYIOIIUE 3a0ayu:

— OIpe/eNIeHIE BIMSIHUS UCTIONB3yeMO edop-
MAITMOHHO-TEPMHYECKON 00paboTKH Ha (OopMUPO-
BaHHUE CTPYKTYPHOM M TEKCTYPHON HEOJHOPOIHO-
CTH B IIONIEPEYHOM CEUEHUU MPYTKA;

— ONIPE/IEIICHNE BIUSHUS OJTYyYEHHO! B XOZI€ Jie-
(dopMaoHHOM 00paOOTKHU reTepOreHHOM CTPYKTY-
pBl HA MEXaHUUYECKHE CBOICTBA UCCIETYEMOIo Ma-
Tepuana.



MATERIAL SCIENCE

MeToanka uccjie1oBaHui

B kauecTtBe 00BEKTa MCCIIEOOBAHWN B HAaHHOM
pabote Obula BHIOpaHAa ayCTEHUTHAs HEPKaBEIO-
mas cranp 08X17HI3M2T. Xumuueckuit cocraB
UCCIIETyeMOU CTaly BKIIIOYANI B celsi clemyronme
anemeHThI (Bec. %): 0,08 % C, 16,4 % Cr, 12,3 %
Ni, 2,18 % Mo, 1,28 % Mn, 0,42 % Si, 0,2 % Ti,
octansHoe Fe. Mcxomuplii mpyTOK ObUT MOMy4YeH
XPK no crenenu nedopmanuu 95 % ot HavaibHON
IUIOIIA/IA TONEPEYHOr0 CEYEHMSI C HCIIOJIb30BaHU-
€M KOBOYHOW MAaIIMHBI C pajHalibHO-TIepeMeIIaro-
mmmucs 6oiikamu. [Ipoiiecc xomoaHoON paguaibHON
KOBKH ITPOBOJWIICS B CIEAYIOIIEM PEXKUME: 4aCTOTa
yaapoB coctasisiia 1000 ya/MuH, Ipu 3TOM CTalb-
Has 3ar0TOBKA I10/1aBAJIaCh B PaJHAIBHO-KOBOYHYIO
MAaIIMHY O CKOpocThio 180 MM/MUH IpU CKOPOCTH
BpallleHUsI 3aroTOBKU 25 00/mMuH. J{ns mpemorBpa-
IIIEHUs TIEPErpeBa 3arOTOBKU B ITPOLIECCE XOJIOAHOMN
paauanbHOM KOBKH 0OpabaThiBaeMbI MPYTOK OX-
JaXaalcs 3a c4eT BHEIHeH nmoaayu Boabl. CocTos-
Hue npytka nociie XPK 1o 95 % 6b110 npuHsTO 32
ucxoxHoe. Jlanee XolonHOKOBaHasl CTajbHas 3aro-
TOBKA IMOJ[BEpraJiach TepMudeckoii oopadotke (TO)
npu temneparypax 600 °C (XPK 95 % + TO 600 °C)
u 700 °C (XPK 95 % + TO 700 °C) c nocnenyto-
IIUM OXJIQXICHUEM Ha BO3ayXxe. Bpems BbIIEpKKU
COCTAaBJISJIO 2 yaca.

st uccaenoBaHuid TOHKOW CTPYKTYpPBI Ha TIPO-
CBEUYMBAIOIIEM D3JIEKTPOHHOM MHKpockore ([IDM)
JEOL JEM-2100 wucnonp30BaJvCh MEXaHUYECKHU
yToHeHHbIe 10 100...150 MKM U 2JIEeKTPOIUTHYECKU
neppopupoBaHHbIC CTaNbHBIE AUCKH TUAMETPOM
npumepHo 3 MM. C 1eIbI0 TOATBEPKACHUS CTPYK-
TYpPHOM HEOAHOPOAHOCTH 3aroToBku s [IOM-
UCCJIEIOBAaHUN OBLIM BBIpE3aHbl B IONEPEUHOM
CEUEHUHU M3 IIEHTpPa U Kpas HCCIETYyEeMOIo CTajlb-
Horo mpyTka. IlepdopupoBanne MpoOBOAMIOCH Ha
ycranoBke TenuPol-5 ¢ mpuMeHeHneM 3reKTpou-
Ta, cocrosiero u3 10 % xmopuoit kucnotel u 90 %
YKCYCHOM KHMCIJIOTBL. YCKOPSIOILEe HAPsHKEHHUE MPU
[I9M-ucciienoBaHMM TOHKOW CTPYKTYPbI COCTaBIISI-
10 200 xB.

HcnbiTanus Ha OJHOOCHOE PACTSHKEHUE CTallb-
HBIX 00pa3noB ObUIM MPOBEJAEHBI MPH KOMHATHOMN
TeMIIEpaType Ha UCHBITaTeIbHOM MamuHe [nstron
5882. CkopocTth aedopmaiiiu B X0OA€ UCIBITAHUI
cocraBimsima 1,15-107 ¢!, Jlna Gosmee TOUHOroO
ompeneseHus cTeneHu aAedopMamuu Obliia UCTIONb-
30BaHa cucreMa BusyanbHOro koHrposs VIC-3D.
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[Tocnenyromast oOpaboTKa MOTYUYEHHBIX TAaHHBIX
MIPOBOJIMJIACH C TIOMOIIBIO TPOTPAMMHOTO O0ecTe-
yeHust VIC-2D. Jlng onpeneneHuss MEXaHUUECKUX
CBOMCTB pa3IMYHBIX 00JIacTeil 00pa3Ibl OBLIN BbI-
pe3ansl u3 neHTpa (oopaszen «L» — meHTp) u kpas
npyTka (o6pasen «K» — kpait). s onpenenenus
MEXaHMYEeCKUX CBOMCTB 00Opa3la C TreTeporeH-
HOHM CTPYKTYpO#l OBbLI BbIpE3aH IUIOCKUN 00pasery
BIOJbh BCETo auameTpa mpyTka (oOpazem «I» —
C T€TEPOTreHHOM CTPYKTYypoOii), MIMPHUHA KOTOPOTO
COOTBETCTBOBaJIa JAMaMeTpy mnpyTka. Cxema BHI-
pe3ku mpejacTaBieHa Ha puc. 1. Jlnuna paboueit
YacTH CTaJBHBIX 00pa3loB HA pacTsHKeHHE Oblia
paccuutana cornmacHo 'OCT 1497-23 ucxons u3
COOTHOIICHHS

ly =5,65F , (1)
e [, — nna pabodei wactu obpasua, F, — mwio-
maae nonepednoro ceueHus. s ynobcrsa uaeH-
TudUKanuu 00pa3IoB B CIyYae MOCIEeIYIOIIeH Tep-
MUYECKOH 00pabOTKH K COOTBETCTBYIOIICH OyKBe,
OTIpeIeTIoNIeii 00macTh BEIpE3KH o0pasia, 100aB-
JSieTCs YuCIio, 0003HauYaloiee TeMneparypy OTKu-
ra (manpumep, «K600» — obpaserr, BeIpe3aHHbIH U3
Kpasi TpyTKa, TMOABEPTHYTOrO MOCIEAYIOIEeH Tep-
mugeckoit oopadorke mpu 600 °C), a s nedopmu-
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Puc. 1. Cxema BbIpe3kH M pa3Mepbl 00pa3IioB Ha

OJTHOOCHOE PAaCTSHKEHHE JUISl LIEHTPaJbHOW YacTH

npyTka (o6pazen «L» — neHTp), HOAMOBEPXHOCT-

Horo ciios (oOpaser; «K» — kpait), a Takxe 00pasia,

BKITIOUAIOIIETO BCE CTPYKTYpHBIE 30HBI (0Opaselr

«I'» — ¢ reTeporeHHoi cTpyKTYypOit). Pazmeps! yka-
3aHbI B MM

Fig. 1. Uniaxial tensile specimen cutting scheme

and dimensions (mm) for: central rod portion (“Z{”

— center), subsurface layer (“K” — edge), and the
entire structural zone (“/”” — heterogeneous)
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pPOBaHHOTO 00pa3na OyleT MPUIKCHIBATHCA YHUCIIO
95, obo3Hauaromiee creneHb aedopManuu (Harpu-
Mmep, «K95» — obpazel, BeIpe3aHHbIN U3 Kpast IPYT-
Ka, noaseprayroro XPK).

Jns ompeneneHuss ypoBHS OOpaTHBIX Hamps-
KEHUU B KaXXJ0M 00JIACTH MPOBOIVIIN UCIIHITAHUS
«Harpyska — pa3rpy3ka» Ha COOTBETCTBYIOIIUX 00-
pa3lax B YCIOBHUSAX PAaBHOMEPHOM MJIACTHUYECKOMN
nedopmaruu mipu € = 2—5 %. PacdeTsl BBIMOTHS-
JIU COTJIACHO METOJIMKE, MPEJCTaBIEHHON B pado-
tax [17, 23]. Pa3mepsl u koHPUrypaius oopa3non
OBLIIM aHAJIOTUYHBI 00pa3iiaM Ha OTHOOCHOE PacTsi-
xenue (puc. 1). O6pa3isl UCTIBITATIA B COCTOSTHUN
nocie XPK 10 95 % c mocnexytomei TepMudeckoi
o6pabotkoit mpu 700 °C B TeUEHWH ABYX YacOB.
B xone ucnbiTanuii OBLIN MOTYyYeHBl KPUBBIE «HA-
npsiKeHue — 1epopMalus ¢ MEeTIAIMU TUCTepe3nca
(puc. 2). YpoBeHb 00paTHBIX HAMIPSHKEHUH OTIpeie-
JISTY TI0 caenytomen popmyne [17, 23]:

OBPABOTKA METAJIJIOB

0, + O

__r u
op = Ik, @)
r1e 6, — obparnbie Hanpsokenus (MIla); o — nanps-
JKEHUsl TeYEeHUs! NpU MoBTOpHOW Harpyske (MlIla);
G, — HanpshKEHMs TedeHus npu pasrpyske (Mlla).
HampsixkeHust TedeHus Ipu IOBTOPHOM HAarpyske
U pasrpysKe ONPENEIUIMCH T10 METISAM TUCTEPE3HU-
Ca CONIaCHO CXeMe, INPOJEMOHCTPUPOBAHHOW Ha

puc. 2.

[ETH I
- 1200 -
= 1000 4
Y 800 A
= 600 4
o
S 400 -
=~ 200 4
ifl "| T ] T 1
3 32 34 36 38 4

Hedopsanms, %

Puc. 2. Cxema ompeneneHus ypoBHsI Hamps-
JKEHMH TEYEHHMs IpU pasrpyske (G,) M ypoBHs
HaIIPSKEHUH P IOBTOPHOM Harpyske (o)

Fig. 2. Schematic showing the method for deter-
mining the yield stress at unloading (o) and the
stress at reloading (o))
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Pe3yabTarbl U MX 00CYyKICHUE

CTpykTypa ULEHTpaJbHOM  4YacTH  IpyTKa
(puc. 3, a), nonsepruyroro XPK no 95 %, cocrour
U3 JJOMEHOB B (popMe MapajuienorpaMmoB (OTMeye-
HBI KENTHIM MYHKTUPOM), 00Opa30BaHHBIX MEXaHU-
YeCKUMM JBOWHUKAMH pPa3lWYHbIX cUcTeM. BHy-
TPU TMONOOHBIX CTPYKTYpPHBIX 3JIEMEHTOB MOXKHO
HaOMI0AaTh JTUCIIOKAlIMOHHbIE SUEHKU (OTMEYEHBI
3eJIeHbIM IyHKTHpPOM). B cBoro ouepenb, CTpyKTy-
pa MOIMOBEPXHOCTHOTO ¢j0s (puUcC. 3, 6) sABIsAETCS
yabTpaMenko3epauctoil (YM3). Ilpu stom pas-
Mep CTPYKTYPHBIX 3JI€MEHTOB LIEHTPaJIbHON YacTH
(700 £ 490 um) (puc. 3, a) 3HaUUTENHHO MPEBBIIIA-
€T pa3Mephl AIIEMEHTOB, (POPMHUPYIOLIUX CTPYKTYPY
noanosepxHoctHoro cios (100 £ 50 am) (puc. 3, 6).

B pesymprare mnocienyroomen TEPMHYECKON
obpabotku npu 600 °C mo BceMy MONEPEUHOMY
CEUEHHMIO MpPYyTKa AaKTHBHUPYIOTCS MPOLECCH IO-
JMTOHU3AIMHM, YTO BBI3BIBAIO JOMNOJHHUTEIBHOE
JMCTIEPTUPOBaHNUE CTPYKTYpPbI IO IpUUUHE PopMu-
pPOBaHMs JUCIOKALMOHHBIX CTEHOK (puc. 4, a u 0).
Tepmuueckast o6padorka npu 700 °C conpoBoxaa-
eTcsi 00pa3oBaHMEM 3apofbllIell peKpUCTaIIN3a-
M1 B CHJILHOAEC(POPMUPOBAHHBIX MOAOBEPXHOCT-
HBIX cJ0sX (pUc. 4, 2) U IPOIOHKEHUEM ITPOLIECCOB
nepepacnpeaeneHus AUCIOKaluil B IEHTPe MpyTKa.
B pesynbrare 3TOro B CTpyKType LIEHTpaJIbHOW ya-
CTH NIpyTKa (POPMUPYIOTCS YUACTKH C MMOHUKEHHOM
IUIOTHOCTBIO 1€(DEKTOB — «OUHUIIEHHbIE MUKPOOOH-
embD» (puc. 4, ). OHAKO CTPYKTYpHAask HEOAHOPO/-
HOCTB 10 CEYEHHIO COXPAHSAETCs, HOCKOJIbKY MOJTY-
yeHHas B xoae XPK cTpykrypa o6nanaer BbICOKOM
TepMUYeckoi crabmibHOCThIO. [TonpobHee 3BoIIIO-
st CTpyKTyphl B npouecce XPK u nocnenyromux
OTXHIOB PAacCMOTpeHa B Oojiee paHHUX padoTrax
[21, 22].

Ha puc. 5 npuBenens! kapTsl KOHTpacTa JIMHUN
Kukyuwu (puc. 5, a, ¥ a,), KapThl HAKOIIIEHHBIX MH-
kpouckaxenuii (KAM-kapter) (puc. 5, 6, u 0,),
TEKCTYPHBIE KapThl (PHC. 5, 6, U 6,), a TAKKE Npsi-
Mble (puc. 5, 2, u 2,) U obpatHble (pHc. 5,0, ¥ 0,)
HOJIIOCHBIE (PUTYpBI, TOTYUYEHHbIE MTOCJIE HCIONb-
30BaHHBIX pexumMoB JITO. CTouT OTMETUTH, YTO
JUIS LIEHTpa NpyTKa KapThl KOHTpacTa auHuil Ku-
Kyuu (puc. 5, a,) u KAM-kaprsI (puc. 5, 6,) 6onee
kayectBeHHble. XPK 1o 95 % npuBonut kK Hako-
IUIEHHUIO BBICOKOTO YPOBHS MHUKPOMCKa)KEHUH Kak
B IIEHTPE, TAaK ¥ Ha Kparo NpyTKa (puc. 5, 6, u 0,).
[Ipu4yem B MOANOBEPXHOCTHOM cloe (puc. 5, 0,)
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XPK 95%

Puc. 3. Tonkas crpykrypa HeHTpa (a) U HOAMOBEPXHOCTHOTO ¢J0s (6) CTalbHOIO MpYyTKa,
noasepraytoro XPK 95 %

Fig. 3. Fine structure of the center (a) and subsurface layer (6) of a steel rod subjected
to 95 % CRF

XPK + TO 600°C

8 2

Puc. 4. Tonkas cTpykTypa 1ieHTpa (@, 8) U IOAOBEPXHOCTHOTO CJI05 (6, &) CTAIBHOTO MPYT-
Ka, IIOJIBEPTHYTOro TepMuyeckoii oopadorke npu 600 °C (s, ) u 700 °C (0, e)

Fig. 4. Fine structure of the center (a, 6) and subsurface layer (6, 2) of a steel rod subjected
to annealing at 600 °C (a, 6) and 700 °C (s, 2)
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Kapts! koHTpacra

maani Knkgyan ' “RApTH

XPK 95%

15 MEM +%
— A

TexcTypHBIE KapThl

MATEPUAJIOBEJEHUE

Hpﬂ MBIC IMOJTHOCHBIC
(urype:

OparHblie NOTKCHBIE
thrrypei

111
‘ 15.000
BT
so0ma
2054
1719
1.000
0582

&
001
0
111
15.000
B727
5078
2954
1719
1000
0382
0o 101
03

Puc. 5. Kaptel konTpacra munuii Kukyuu (a,, a,); KAM-kaptel (6, 0,); TEKCTypHBIE KapThl (6,, 6,); IPIMBIE
(e,> 2,) u oOparHbIe (0,, 0,) MOIKOCHBIE (PUIypHI CTATLHOTO NPYTKa, noasepruyToro XPK 95 %

Fig. 5. Kikuchi line contrast maps (a,, a,), KAM maps (6,, 0,), crystal direction maps (s,, 6,), direct (2, 2,)
and inverse (9,, 9,) pole figures of the steel rod subjected to 95 % CRF

YPOBEHb MHKPOHMCKKEHUU Oo0Jiee BBICOKHH, YeM
B LIEHTpE TIpyTKa (pHC. 5, 6,). Kpome Toro, B ieHTpe
npyTka (GopMHPYETCsl OocTpasi IBYXKOMITOHEHTHAs
akcuanbHas Tekctypa <001>/<111> (puc. 5, 6, u 2)).
B cBoro ouepenp, Ul OANIOBEPXHOCTHOTO CJIOS Xa-
pakTepHa BBIpaKEHHas CIABUTOBas Tekctypa B/ B

(puc. 5, 2,) [24-26]. IToMUMO 3TOTO, COIIACHO TEK-
CTYpHBIM KapTaMm (puc. 5, 6, ¥ 6,), B IIOIIEPEIHOM CE-
YEeHHUH TPYTKa [0 HANPABJICHUIO OT LIEHTPa K Kparo
HaOJTIOaeTCsl CHIDKEHHE OObEMHOM JT0JIN 3epeH 00e-
UX OPHEHTHPOBOK, a UIMEHHO OT IIEHTpa K IIOJIIO-
BepXHOCTHOMY cioto jaonsg <001>-opueHTupoBaH-
HBIX 3€pEH yMeHblIaeTcs ¢ 38 10 5 % npu CHUKEHUU
JI0JIM 3€peH ¢ opueHTHpoBkoi <111> ¢ 50 1o 30 %.
[Mocnenyromiass Tepmuyeckass oOpaboTka B HH-
tepBasie Temneparyp 600...700 °C ymydinaeT kaye-
CTBO KapT KoHTpacTa JuHui Kukyuu (puc. 6, a, u a,)
u KAM-kapr (puc. 6, 6, u 6,) 11 Beex 00nacTen.
OnHako ypoBEHb MHMKPOMCKaXEHHUH OCTAeTCs BbI-
COKHMM IO BCEMY CEUCHHMIO MPYTKa C XapaKTEePHbIM
€ro yBEJIMYEHHWEM IO HANpaBICHUIO OT ILIEHTpPa
K Kpato (puc. 6, 6, u 6,). [Ipu 5TOM CTaHOBHTCS O4E-
BUHO, YTO HAaWOOJNBIINHA YpPOBEHb MHKPOHCKa)Ke-
HUM (QuKcupyercs BIOJIb TPAHHUL 3€PEH M MEXaHU-
YEeCKMX JIBOMHMKOB, TOTJa KaK B TeJEe 3€peH ITOT
HoKa3arelb MUHHMaNeH (puc. 6, 6, u 6,). Kpome
TOrO, B TMOAMOBEPXHOCTHOM cjoe HaOomaeTcs
(dbopMHpOBaHUE HOBBIX OOJIACTEH MaJoro pasMepa
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0€3 MUKpOMCKaKeHud (puc. 6, a, u 0,, yKazaHo
OenbIMU CTpenkaMu). B 1ieHTpe mpyTka coxpass-
€TCs JBYXKOMIIOHCHTHAsl aKCHajbHas TEKCTypa
<001>/<111> (puc. 6, 2, u 2,), a B NOANOBEPXHOCT-
HOM CJIO€ — C/IBUTOBasi TekcTypa B/B (puc. 6,2,u2,).

[lo HampaBieHHIO OT LEHTpa K Kpar oObeMHas
noJisi 3epeH ¢ opueHTHpoBkod <001> cHumxkaetcs
¢ 37 no 4,4 %, a nonst 3epeH C OPUEHTUPOBKOI
<111>—c 48 1o 31 % (puc. 6, 6, u 6,).

AHaln3 TNOJYYEHHBIX JAHHBIX IIOKa3al, 4TO
B pesynbrare ucnonsyemou JTO B momepeu-
HOM CEUEHUH TNpPYTKa (OPMUPYETCS BBIpAKECHHAS
CTPYKTYpHasT M TEKCTypHas HEOIHOPOAHOCTD.
BeposiTHO, naHHOE SBIEHHE CBS3aHO C HEOM-
HOPOAHBIM HANpSKEHHBIM COCTOSIHUEM IIPYyTKa
B nnponiecce XPK [21]. IIpu 3TOM B IeHTpE npyTKa
NENCTBYIOT YMEPEHHBIE DPACTITUBAIOLIUE HAIps-
JKEHUS, a B NNOANIOBEPXHOCTHBIX CJIOSX — BBICOKHE
CKUMAIOIIME HAIIPSHKECHUS.

Taxkoe HEOHOPOIHOE HAIPSHKEHHOE COCTOSHUE
MPUBOAUT K AKTUBALMU PA3JIMYHBIX MEXAHU3MOB
TUTACTUYECKON Ie(pOpMaLlH B IIEHTPE U MOAIOBEPX-
HOCTHBIX CJOSIX IpyTKa. Tak, B LIEHTpe NpyTKa Ha-
OromaeTcs MEXaHUYECKOe IBOMHUKOBAHUE HaPSTy
C JUCIIOKALIMOHHBIM CKOJIbXE€HHEM. VIHTeHCHUBHOE
JBOMHMKOBAaHUE U JHCJIOKALMOHHOE CKOJIbKEHUE
00bsACHSET (HOPMUPOBAHUE KPYIHBIX CTPYKTYPHBIX
9JIEMEHTOB B BHJIE O0JIACTEW C JAUCIOKAIIMOHHBIMHU



OBRABOTKAMETALLOV G

MATERIAL SCIENCE
Kaprs! koHTpacra TpsaMeie mOMIOCHBIE OGpatHsIE TIONHOCHBIE
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Puc. 6. Kaptel xontpacrta jmunui Kukyun (a,—a,), KAM-kaptel (6,—0,), TEKCTypHbIE KapThl (6,—6,), IPSAMbIE
(e,—2,) u oOparHbIe (0,~0,) MOIKOCHBIE (PUTYPBI CTAIBHOIO MPYTKA, IOABEPrHyTOro omkury npu 600 °C (a,—a,,
6,-0,, 6,-6,, 2,—2,, 0,-0,) n 700°C (a,-a,, 6,-0,, 6,-6,, 2,~2,, 0;—0,)

Fig. 6. Kikuchi line contrast maps (a,~a,), KAM maps (6,-6,), crystal direction maps (¢-s,), direct (2,—2,)
and inverse (0,—0,) pole figures of the steel rod subjected to annealing at 600 °C (a,—a,, 6,~0,, 6,-6,, 2,—2,, 0,-0,)
and 700 °C (ay,—a,, 6,-0,, 6,-6,, 2,~2,, 0,—0,)

s;lueiKaMi, OTPAaHMYEHHBIX IAaKETaMH MeXaHU4e-
CKuX JABOMHUKOB. IIpu 3TOM comtacHo pesynbra-
TaM paboThl [25] MBOMHUKOBAHHBIE MUKPOOOHEMEI
oOnagaoT opueHTUpoBKod <111>, a MHUKPOOOH-
€Mbl C SYEUCTBIM CTPOECHHUEM — OPHUEHTHUPOBKOMI
<001>, 4TO B KOHEYHOM MTOI€ NMPUBOIUT K IOIY-
YEHUIO aKCUAJIbHOM JABYXKOMIIOHEHTHON TEKCTYpbI
<001>/<111> B ueHTpe NpyTKa.

C npyroil cTOpoHbI, BBICOKHE CKUMAIOLINE Ha-
NPSDKCHUS B TIOATIOBEPXHOCTHOM CJIO€ CIIOCOOCTBY-
10T (POPMHUPOBAHUIO TIOJIOC C/ABHTA, MTOCKOJIBKY BO3-

MOXXHOCTH aKKOMOZAIWU AeGOopMaruu 3a CUeT
JUCIIOKAIIMOHHOTO CKOJBXEHUS M MEXaHUYECKOI'o
nBoriHUKoBaHuA nipu XPK OpicTpo mcuepmbiBatoT-
cs. [Ipu 3TOM QopMupoBaHHE MOJOC CABHUra B 00-
pas3nax JaHHo# cranu Habmomanu yxe nocie XPK
co crenierbio 60 % [21]. O6pa3oBaHue TOJIOC CABU-
ra MpUBOAUT K MOJy4eHUI0 Y M3-CTpyKTypsl B pe-
3yJApTaTeé akKTUBALMM MEXaHW3Ma pPOTALMOHHOMN
peKpucTaIM3aluy, npeiokenHoro B.®. Hec-
TepeHko u ap. [27], — B mpomecce aedopManuu
dopmupyeTCcsl Tojoca COBUTA, BHYTPU KOTOPOWU
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CYILECTBYIOT CIly4allHO pacrpeneieHHbIe TUCIOKa-
UM, GOPMHUPYIOIINE BHITSIHYTHIE TUCIOKAIIMOHHbBIE
aueiiku. [lo Mepe yBenuuenus crenenu nedopma-
LMY sTYeHKH ITpeBpalatoTcs B cyd3epHa. [Ipu nans-
Heumel neopmanuu 3TH cy03epHa GparMeHTHPY-
FOTCS C TOCTIETYFOIUM (hOPMHUPOBAHUEM PABHOOCHBIX
MuKposepeH. Kpome Toro, cMeHa mpeumMyIiiecTBeH-
HOTO MEXaHH3Ma IUIaCTUYEeCKOr Aedopmaiu 00b-
SCHSAET CHIKCHHE JIOJIU 3€PEeH C OPHUEHTUPOBKAMU
<001> u <111> o HanmpaBIEHHUIO OT Kpasi K IEHTPY.
Crnenyer OTMETHUTH, YTO NMPEUMYIIECTBEHHAs TEK-

OBPABOTKA METAJIJIOB

cTypa mpocToro casura B/ B B 1OIMOBEPXHOCT-

HOM cJI0€ 00yCIIOBJIEHA MTPOLIECCOM (POPMHUPOBAHUS
TMI0JI0C C/IBHTA.

Tepmuueckass oOpaborka npu 600 °C He oka-
3bIBAE€T 3HAYMTEIBHOTO BIUSHHS HAa CTPYKTYpYy H
TEKCTYpy HCCIEeIyeMOW CTajH, 3a HCKIIOYCHHUEM
MIPOIIECCOB ITOJIMTOHHU3AIINH, TPOTEKAFOIINX IO BCE-
My CEYEHHIO, TOT/Ia KaK MOCIe TepMHUUeCKor oOpa-
6otku npu 700 °C B HOANOBEPXHOCTHOM CJI0€ OBbUIH
0OHapyKEeHBI 3aPOJIBIIIN PEKPHCTATITU3AINH, OIS
KOTOPBIX B CTPYKType He npessimana 10 %.

B pesynbrare HcnbITaHWA Ha OJHOOCHOE pac-
TSOKEHUE OBUIH TIOJTyYeHBl KPUBBIE «HATPSIKCHUE —
nedopmarus» (puc. 7) misg oOpasioB pa3IMdHOTO
tuna (puc. 1). [Tocne XPK 95 % s Bcex THUTIOB
o06pastnos (06pasmsl «Ily, «K» u «I'») kpuBas «Ha-
npsokeHne — nedopManus» HUMEeT XapaKTepHBIH
JUIA  CHIIbHOIE(DOPMUPOBAHHOTO COCTOSIHUSI BHJT
C BBICOKOU MPOYHOCTHIO Y HU3KOM TJIACTUYHOCTHIO
(puc. 7, a,). llpu nOCTYOKEHNM NPENENa TEKYYECTH
Ha KPUBOHM HaONIOAAETCs MUK, 32 KOTOPBIM CIIEIYET
Y4acCTOK JIOKaJIM30BaHHOM Aepopmanuu. Tepmuue-
ckast oopadotka npu 600 °C He OKa3pIBaeT 3HAUYH-
TEJIHOTO BIIMSTHUS HA XapaKTep KPUBBIX «HAIpsiKe-
Hue — nedopmarusy oopasmnoB «K600» u «I'600y,
32 UCKITIOUYEHHEM YBEJIMICHHUS TPOUHOCTHBIX XapaK-
TepUCTUK (pHC. 7, 6,). IIpu 5T0M y 00pasna «11600»
HaOMIOaeTcsl yBEIMYCHHE YJYacTKa paBHOMEPHOM
nedopMalil U CHUKEHHE MPOYHOCTHBIX Xapak-
TEpUCTHK. B CBOIO odepenp, Mociae TEPMHUYECKON
o0pabotku npu 700 °C kpuBble BO BCEX Clydasx
JEMOHCTPUPYIOT MEHBIINI YPOBEHb MPOYHOCTHBIX
XapaKTePUCTHUK M YBEIWYCHHUE YPOBHS XapaKTepH-
CTHK IUTACTUYHOCTH, B TOM YHUCIIE B 00JIACTH PaBHO-
MEPHOTO yUTMHEHUs (puC. 7, 6,).

Hcxons U3 KpUBBIX 3aBUCUMOCTH JIe(pOopMann-
OHHOTO YHNPOYHEHHUS OT MUCTHHHOU AedopMamuu
BHJIHO, YTO JJIS BCEX TPEX TUIIOB 00OpasloB MO-
ciie XPK 95 % wuaOmromaercss TOJIBKO OJIHA CTa-
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nus  AehOpMalMOHHOTO YIPOYHEHHs, KOTopas
OTpaHHYCHA HauaJioM JIOKaIN30BaHHOH nedopma-
uuu (puc. 7, a,—a,). B cBoro ouepenn, nposeneHne
Tepmudeckoir oopadotku mpu 600 °C cymiecTBeH-
HO HE TIOBIHUSJIO Ha XapakTep KpUBOW 0OpasIoB
«K600» (puc. 7, 6,) u «I'600» (puc. 7, 6,), Torna
KaK Ha KpUBOM, NOJydeHHOU 11 oOpasma «11600»
(puc. 7, 6,), MOXKHO BBIIEIMTH HAIUYHME TPEX CTa-
o nedopManiMoHHOTO yrpodHeHus. Ha mepBoit
CTaJAuU TPOUCXOAMUT pPe3Koe CHIKeHue nedopma-
IIMOHHOTO YyrmpouHeHusa. Hauano BTopoil cragum
XapaKTepU3yeTcsi W3MEHEHHWEM HaKJIOHA KpPHUBOM,
cTabunuzanueil U yBeianueHueM aehopMaruoHHO-
rO YIPOUHEHHSs, MTOCJIE Yero HaKJIOH KPUBOI BHOBB
n3Mensiercs. Habmogaercss cHmkeHue kod3pduim-
eHTa JAe(pOopMaIMIOHHOTO YIPOYHEHUS Ha TpEeTheil
CTaIMU C TIOCIIEAYIOIUM HauyaJoM JIOKaJIU30BaHHOM
nedopmarium.

[IpuunHbl mosBNEHUS cTaguitHOoCcTU nedopma-
IIUOHHOTO YIPOYHEHUS MOAPOOHO OMKCAHbI B pabo-
te [28] na npumepe TWIP-ctanu. Tak, nepBas cra-
st 1e(OopMallMOHHOTO YNPOYHEHHUS] MOXKET ObITh
CBSI3aHA C MpOIECCaMU IepepacipeieieHus U aH-
HUTWISIUU TUCIOKAIMH, YTO BBI3BIBAET CHUKEHHE
ko3 dunrenta aeGopMarmOHHOTO YIPOYHEHUS.
C yBennyeHreM UCTUHHOU AepopMaliii HACTyaeT
BTOpasi CTajusi, KOTOpas CBsi3aHa C 00pazoBaHUEM
U HAKOIJICHUEM MEXaHWYeCKUX JABOWHUKOB. B pe-
3yabTarTe MpoLeCcCcOB IBOMHUKOBAaHUS KOO HUIIUEHT
ne(OpMAIIMOHHOTO YIPOYHEHUS MOBBIIIACTCS WU
crabunusupyetcs. [lo Mepe HachIleHHUs MaTepuaia
IBOMHUKAMHU NAHHBIA MEXaHU3M IUIAaCTHYECKOU [e-
(dbopmaruu ucuepnsiBaet ceds. B pesynbrare sToro
K03 GUIIHEHT 1ePOopMAITMOHHOTO YIIPOUHECHHUS PE3-
KO CHIIKAeTCs, YTO COOTBETCTBYET Hayaly TpeTheil
CTaJIMM U BBIpaXkaeTcs B BUJE neperuda Ha KpUBOil
(puc. 7, 0,).

[losiBienne cTaauiHOCTH JeOpMaLlMOHHOTO
YIPOYHEHUS B JAHHOM city4ae (puc. 7, 6,) cBs3a-
HO C Te€TepOTreHHOCTBIO CTPYKTYPHI B LIEHTPAJIbHOM
YacTH MPYyTKa, HOCKOJIBbKY B pe3yibTaTe MpoLeccoB
BO3Bpara (P OpMUPYIOTCS YUACTKU CTPYKTYPHI C HU3-
KO MJIOTHOCTHIO AUCIOKALMN (TOJTUTOHU30BAHHBIE
y4acTKH Ha puc. 4, a), B KOTOPbIX BO3MOXKHO JHC-
JIOKalIMOHHOE cKonbxkeHue. [lapamiensHo ¢ aucio-
KallMOHHBIM CKOJIbKEHHEM B XoJie IehopMaliuu npu
PACTSDKEHUU aKTHUBUPYIOTCS MPOILIECCHl MeXaHU4e-
CKOTO JBOMHUKOBAHHS.

B cBoto ouepenb, Ha KpUBBIX ISl BCEX TPEX TU-
OB 00pa3LoB, MONYYEHHBIX U3 MPYTKa MOCIE Tep-
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Puc. 7. Kpusble «Hanpsbkenue — nepopmanus» (a,, 0,, 6,) 1 rpahuku 1epOpMaMOHHOTO YIIPOYHEHUS Ma-
Tepuana uenTpa (a,, 0,, 6,), Marepuana kpas (a,, 0,, 6,) ¥ MaTepuaa ¢ FeTeEpOreHHO CTPYKTYpoli (a,, 0,, 6,)
rmocJie pasmunIHbIX pexkuMoB JITO

Fig. 7. Stress-strain curves (a,, 0,, 6,) and work hardening behavior of the center (a,, 0,, 6,), edge (a;, 0,, 6,)
and heterogeneous (a,, 6,, 6,) material after different modes of thermo-mechanical treatment

muueckoir 06padotku mpu 700 °C, MOXHO BBIIE-
JUTH JBE CTaIuu Je(OPMALMOHHOTO YNPOYHEHUS
(puc. 7, 6,-6,). IlepBas cTamus Takke Xapakre-
pHU3yeTCsl PE3KUM CHIDKEHHEM jedopMaiiioHHO-
ro ynpoyHenus. Ha BTOpol cTraguu HaKJIOH KpH-

BOM M3MEHSETCs, a CHW)KEHHUE J1e(hOpMallMOHHOIO
YIIPOYHEHUS] CTAHOBUTCS MEHEE€ MHTEHCUBHBIM.
Hcxons U3 npuBeieHHONW TaOIMIbI BUAHO, YTO
BCE TpH THIa 00pa3loB B cocTostHUU nocie XPK
95 % o00nagaroT BHICOKOW MPOYHOCTHIO M HU3KOU
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wiactuaHOCTI0. [lpenen mpounoctn (G,) cocras-

OBPABOTKA METAJIJIOB

nset 1240...1300 MITa, a npenen tekydectu (G, ,) —

1150...1210 MIla. ITpu 3TOM OTHOCHTEIBHOE Y-
nuHeHue (O) komebnercs B nuamasone 8—12 %,
PaBHOMEPHOE YIJIMHEHUE (8p) He npeBbimaet 1 %.
[Tocne Tepmuueckoit o6pabotku npu 600 °C Ha-
OMronaeTCst yBEIMUCHHE Oy M G, , 00pasiioB «K600»
u «1'600» no 1360...1370 1 1250...1330 MIIa coor-
BETCTBEHHO, HO XapaKTEPUCTUKH TUIACTUIHOCTH HE
u3MeHsTes (cM. Tabnuity). OHAKO MPOYHOCTHBIE
xapakTepucTuku oopasia «1{600» mocne Tepmude-
ckoit 00padoTku ipu 600 °C CHIKAIOTCS, 8 UMEHHO
oy cocrapisier 1225 Mlla, a Gy,y— 1060 MIIa. Ha-
psaay c atuM O yBenunuuBaercs 10 16 %, a 8p — 110
9 % (cm. Tabmuiy). Tepmudeckast 06paboTka mpu
700 °C npuBOAUT K CHUKEHUIO IPOYHOCTU U yBe-
JIMYEHUIO TUTACTHYHOCTH BO BeeX cimydasx. OOpasery
«I'700» oOmamaer HaUOOJBITUMU MPOYHOCTHBIMHU
XapaKTePUCTHKAMH W XOPOIICH IUIACTHYHOCTHIO:
oy coctaisier 1145 Mlla, a Gyy— 1054 MllIa, Tor-
Jla KaKk O U 8p nocturatoT 16 u 8 % coOTBETCTBEHHO.

['eTeporeHHast CTpyKTypa ¥ TEKCTypa B TIOTIepey-
HOM CEUCHHHM TPyTKa OKa3bIBaeT BIUSHUE Ha MeXa-
HUYECKOE TIIOBEIEHUE HCCIIeIyeMOro MarepHaa.

MATEPUAJIOBEJEHUE

Bricokue MpoYHOCTHBIE XapaKTEPUCTUKU M HU3KAast
IJIACTUYHOCTh BCEX OOpa3lioB B COCTOSIHUM TOCIE
XPK cBsizanbl ¢ criibHOIE(OPMUPOBAHHON CTPYK-
Typoii Bo BceM o0beme. OnHako marepuan ¢ YM3-
CTPYKTYPOM, BBIPE3aHHBIM U3 MOAIOBEPXHOCTHOTO
CJIOs, J€MOHCTPHUPYET HECKOJIBKO OOJIBIIYIO MpPOY-
HOCTb M IUIACTUYHOCTD (pHUC. 5, a,). IloBblneHHas
MPOYHOCTH JTAHHOW 007acTH CBsizaHa ¢ 3 deKToM
ynpouHeHus: no 3akoHy Xomna — Iletua [29, 30],
TOTJIa KaK YBEJTMYEHNE OTHOCUTEIBLHOTO YIATUHEHUS
BBI3BaHO (POPMHUPOBAHUEM HOBBIX PAaBHOOCHBIX 3€-
pEH, CIOCOOHBIX JIBOMHUKOBATHCS, UTO MPOJEMOH-
CTPUPOBAHHO B O0JIee paHHUX HCCleqoBaHUAX [21].

CrouT OTMETHTB, UTO BIUSHUE CTPYKTYPHOH U
TEKCTYpHOW HEOAHOPOAHOCTH HAa MEXaHUYECKHe
CBOMCTBa IPH pacTsHKEHUN Hanbosee 3aMETHO Tpo-
SBIISIETCSL TIOCJEe NPOBEACHUSI TepMUYECKOW 00pa-
6otku. Tak, mocie TepMuueckoil oOpabOTKU MpHu
600 °C mpoHuCXOOUT MOBBIIIEHHWE MPOYHOCTH Ma-
Tepuana Kpas npyTka U 00paslioB ¢ TeTEPOreHHOMN
CTPYKTYpPOH MpH COXpaHEHHH IUIACTUYHOCTH Ha
ypoBHe 1011 %. C omHO¥M CTOPOHBI, TOBBIIICHNE
MIPOYHOCTHBIX XapaKTEPUCTUK, BEPOSITHO, O0YCIIOB-
JeHO (QOpMHpPOBAHHEM CETperanuil Jerupyromux

XapaKTepncTuKn MeXaHHYECKHX CBOMCTB

Mechanical properties characteristics

Ob6nacts / Region ﬁ:&%ﬁ;ﬁiﬁ;&fﬁz; Hentp («L») / Centre («L») | Kpaii (K) / Edge («K»)
XPK 95 % /95 % CRF

oy, Mlla/ o, (MPa) 1242 +7 1259 + 28 1303 £ 13

6y, MIla/ 5, (MPa) 1210+ 11 1147 £ 100 1197 £ 1

S, % /6 (%) 83+1,2 84+1,4 11,5£0,9

5,%/38 (%) 1£0,1 0,7£0,2 1,1 £0,1
XPK 95 % + TO 600 °C 2 uaca/ 95 % CRF + HT 600 °C for 2 hours

oy, Mlla/ o, (MPa) 1355+2 1225+ 35 13743

6y, MIla/ 6, (MPa) 1330+ 8 1060 = 30 1252 +£23

3, % /6 (%) 10,3£0,5 16,1 £ 0,5 11£0,3

5,%/38 (%) 0,8+0,1 9£0,3 1£0,1
XPK 95 % + TO 700 °C 2 waca/ CRF 95 % + HT 700 °C for 2 hours

Gy, Mlla/ o, (MPa) 1145 £ 11 1091 £ 4 1102 £ 13

6y, MIla/ 6, (MPa) 1054 + 14 927+ 15 877+9,2

3, % /6 (%) 16 +£2,7 18,5+ 0,8 16+1,3

0, % /8 (%) 8,1£0,1 11,6 £ 0,5 8,8+ 1,3
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anemeHTOB Ha auciokarusax [31]. C npyroit ctopo-
HBI, COXpaHEHHUE MJIACTUYHOCTH CBA3aHO C YacTHUY-
HBIM Pa3BUTHEM IPOLIECCOB MOJUTOHU3AINH 110 Ce-
YEHUIO TPYTKa, YTO MOATBEPXKAAIOT UCCIIETI0BaHUS
TOHKOH CTpYKTYypHl (puc. 4, a). Ilocnennee BbI3bI-
BaeT CHUKEHHE POYHOCTH U MOBBIIIEHUE M1aCTHY-
HOCTH LIEHTPAJIbHOM YacTH MpyTKa.

Tepmuueckast obpabotka npu 700 °C, B cBOIO
oyepelb, MPUBOIUT K JajbHEHIIEeMy pazynpoyHe-
HUIO U MOBBILIEHUIO IUIACTUYHOCTH BO BCEX CITyUasx
3a cyeT 0oJee MOJHOTO Pa3BUTHS MOJUTOHU3ALUU
B IIEHTpE NpyTKa M Hayaja CTaTUYECKON peKpu-
CTaJUTM3alliK B MOJIIOBEPXHOCTHOM cioe. Havarno
pPEKpUCTAITM3allMU Ha Kparo IMpyTKa oO0yclioBIie-
HO TeM (haKTOpOM, YTO CHIIbHOJE(HOPMUPOBAHHbIE
MOJIIOBEPXHOCTHBIE CJIOM 001aNaloT MEHbIIeH
TEPMHUUYECKON CTAOMIILHOCTBIO M3-3a OoJbllei Ha-
KOTUICHHOW TutacTudeckon nedopmaruum [32]. He-
00XOJTMMO OTMETHUTh, YTO T€TEPOreHHBII MaTepuan
nocie TepMuueckoit 0opadorku mpu 600...700 °C
JEMOHCTPUPYET HAaUOOIBIINN Tpeesl TEKyuyecTH B
COYETaHUM C XOPOIIMMHM TOKa3aTeasiMU IJIacTHY-
HOCTH.

Cornacuo pa6ote [33], mogoOHsbI# 2hdEKT, BO3-
HUKaIOIUI B 00pasliax ¢ TeTepOreHHON CTPYKTY-
pOii, CBsI3aH C TOBBIIIEHHBIM YPOBHEM OOpaTHBIX
HanpspkeHuil. CTpyKTypHas HEOQHOPOJHOCTh IPHU-
BOJIUT K MOSIBIIEHUIO HEOJHOPOJHOU HedopManuu
BO Bpems ucnbiTannii [34]. Tak, B mpoyHOM TOJI-
MOBEPXHOCTHOM CJIO€ JIOKaju3anus JedopManuu
MIPOMCXOJUT Ha HaYaJIbHBIX ATamax IJIaCTHYECKON
nedopmaruu, omHako Oojee TIACTUYHBIA IICH-
TpaJbHBIM CIIOM MPENOTBPAIIAECT JATBHEUIIYIO JIO-
Kanu3amnuio aedopmaruu B TaHHOW 00JacTH, YTO
MPUBOAMUT K U3MEHEHUIO CXEMbl HaPSKEHHOTO CO-
crosaus. [logo6HOe nedopmarmoHHOE MOBEIEHNE
BBI3bIBAE€T I€HEPALIMIO U HAKOIUIEHHE reoMeTpuye-
cku HeoOxonumMbIx auciokanuii (I'HJ/) Ha rpanure
CJIOEB C pa3IMYHOM CTPYKTypoil. B cBoro odepens,
I'H/I B3auMOJEHUCTBYIOT C MOJBHXHBIMU JTHCJIOKA-
IUSMHU M 3aKpeIUISIOT MX B JIaHHOM 00jacTu, 4To
MIPUBOJMT K JOMOJHUTEILHOMY Jie(popMalluOHHOMY
ynpouneHuto. Kpome toro, mogo06Hoe HarpsiKeH-
HO€ COCTOSIHHE MOET COIPOBOXK/IAThCsI aKTHUBAIU-
el TOTOTHUTEILHBIX CUCTEM CKOJIbXKeHUs [35].

ITo pe3ynwsraram oreHKH BKJIaja OOpaTHBIX Ha-
NpPSDKEHUN B YyIPOYHEHUE TeTepOreHHOro MaTepu-
aja TIOKa3aHO, YTO TETEPOTeHHBIM Marepuan o00-
JajaeT HaumOosee BBICOKHUM YPOBHEM OOpaTHBIX
HanpsbkeHuit (puc. 8). Paznuiia B ypoBHe 00paTHBIX

OBRABOTKA METALLOV %
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Puc. 8. 3aBucumoctn ypoBHS OOpaTHBIX Hamps-

JKEHWH, TONYYEeHHBIX UIsi 00pas3loB C pa3iud-

HOW CTpyKTypoil, moaBeprayTeix XPK o 95 %
1 ocnexytomemMy omkury mpu 700 °C

Fig. 8. Back stress levels obtained for specimens
with different microstructures, subjected to 95 %
CRF, followed by annealing at 700 °C

HAINpsDKEHUH MPH 3TOM COMOCTaBUMA C Pa3HUIICH
B YPOBHE IpeJiesia TEKYYSCTH UCCIEAYEMBIX COCTO-
STHUH (CM. TaOJIuILy).

Takum 00pa3oM, OCHOBBIBASICh Ha peE3yJbTa-
TaX MEXaHWMYECKUX HCIIBITAHUH, B 3aBUCUMOCTH OT
Temreparypsl nocieneGopMalMOHHONH TepMuye-
CKOM 0OpabOTKH UISl UCCIICAYEMOH CTajll MOXKHO
BBIJICIIUTh TPU OOJIACTH, TO3BOJISIONIUE IOTYYUTh
pa3IMYHOe COOTHOIICHUE MPOYHOCTH W IUIACTHY-
HOCTH, 4TO rpaduyecku n300pakeHO Ha puc. 9.

1350
Obpasiel ¢
1250 4= xononsoetopMHpOBAHHOI
CIPYKTYPOH  6pasi ¢
E 1150 OHOPO IO
CTPYKTYpoOi
= Obpasus! ¢ &
ot 1050 A rereporermoii
b CTPYKTYpOH
950 -
85{_] Ll ] 1
0 5 10 15

op, %

Puc. 9. CooTHOWIEHHE Npesiena TEKYYeCTH (G, ,)
¥ PaBHOMEPHOIrO YIJIMHEHHs (0,) HMCCIeayeMOK
CTaJIU B Pa3JIMUYHBIX CTPYKTYPHBIX COCTOSIHUSX

Fig. 9. Relationship between yield strength (o, ,)
and proportional elongation (Sp) of the steel under
study in various microstructural conditions
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Od4eBuHO, YTO U3MEHEHHE TUIIA CTPYKTYPHI OyIeT
OKa3bIBaTh 3HAYMTEIILHOE BIIMSHUE HA MEXaHHYe-
ckue cBomcTBa. Jns coctosHuUs ¢ nedopMupoBaH-
HOM CTPYKTYpOM XapaKTepHa BBICOKAsl MPOYHOCTH
W HU3Kag IJIacTUYHOCTh. CTanab C OIHOPOIHOU
CTPYKTYPOM, TMOIYYEHHON B Xone mocieaedopma-
[IMOHHOU TEPMHUUYECKOM 00pabOTKH, 001a1aeT BHICO-
KHUMH XapaKTePUCTUKAMH TUIACTUYHOCTH U HU3KOU
MIPOYHOCTHIO, TOT/Ia KaK MaTepuaj ¢ TeTePOTCHHON
CTPYKTYpOM 00JIajlaeT XOpOITUM OaJaHCOM MEXITY
MPOYHOCTHIO U TJIACTUIHOCTHIO.

OBPABOTKA METAJIJIOB

BuiBoabI

HccnenoBaHo BIUSIHUE TE€TEPOr€HHOU CTPYKTY-
pbl, monyueHHoit B xoae XPK no crenenu nedop-
Maruu 95 % u mocrienyromieeil TepMUYecKond 00-
pabotku mpu 600...700 °C c BpeMeHEM BBIIAECPKKU
2 yaca, HA MEXaHMYECKHE CBOICTBa HUCCIEAyEeMOU
cranu. [lo pe3ynbraram, MoJy4eHHbIM B XOJE HC-
CleoOBaHM, ObLTH CHOPMYTUPOBAHBI CIEAYIOLIUE
BBIBO/IBI.

1. I[To naHHBIM CTPYKTYPHBIX U TEKCTYpPHBIX UC-
CJI€IOBAaHUM YCTAHOBJIEHO, YTO MPEAJIOKEHHAs Jie-
(hopMaIMOHHO-TEpMHUUYECKasi 00paboTKa MPHBOIUT
K (OpMHPOBAHHIO TETEPOTCHHOI CTPYKTYpPHI B HC-
cinenyemoit ctanu. HaOmronaetcst uaMeHeHHe TUMa
CTPYKTYpbl C JIBOWHHMKOBO-MAarpU4yHON B LIEHTpE
npyTka Ha YM3-CTpyKTypy B MOJANOBEPXHOCTHOM
cnoe. Tepmuueckas oOpaboTka MpH TeMIleparypax
600...700 °C conpoBoxaeTcst pa3BUTUEM IIPOLIEC-
COB IepepacupeeeHus JUCIOKALMI C TOCIeIyI0-
1€l MOJUTOHU3LMEN 110 BCEMY IONIEPEYHOMY Ceue-
HUIO TpyTKa. B TO ke Bpems TepMHuUecKas
obpaboTtka rmpu 700 °C moMHUMO MPOLIECCOB MOJIUTO-
HU3alUU JOTNOJHUTENIBHO AKTUBUPYET MPOLECCHI
CTaTUYECKOM pEeKpHUCTAILIM3AMN Ha Kpar MpPyTKa,
YTO MPUBOIUT K OOPA30BAHUIO 3apPOJIbIIIEH pEeKpu-
CTaJUIM3alUU B MOANOBEPXHOCTHOM cioe. M3MeHne-
HUE TUIA CTPYKTYPHI [0 HAIPaBICHUIO OT LEHTpa
K Kparo IpyTKa IPUBOAUT K CMEHE TEKCTYPBI C aKCH-
anbHOU AByxkommnoHeHTHOW <001>/<111> nHa Tek-

cTypy mpocroro casura B/ B.

2. UcnpiTanus Ha OJHOOCHOE paCTsDKEHHE IO-
Ka3alld, YTO BJIMSHHE F€TePOreHHON CTPYKTYphl Ha
MeXaHW4YeCKHe CBOWCTBa Harboee 3aMeTHO MpPOsIB-
nsieTcs mocie repmudeckoit o0opadotku npu 700 °C.
OOpazelr ¢ TeTeporeHHoil CTPYKTypoil obOnafia-
€T HauOOJNBIIMM 3HAUEHUEM IMpeaesia TEeKy4eCTH
B CPAaBHEHHUU C MaTepuajoM LIEHTpa U Kpas MpyT-
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Ka, a €ro INIACTUYHOCTh MPHU 3TOM COIMOCTaBUMA C
IJIACTUYHOCTBIO Marepuana IOANOBEPXHOCTHOTO
cnosi. Tepmudeckas oOpaboTka TpH TeMIiepaType
Hrke 700 °C He NpUBOAUT K pEKpHUCTAILIA3AIUH, B
pe3ysbTare uero Marepual o0naaeT BbICOKON poy-
HOCTBIO U HU3KOW MJIACTUYHOCTHIO, TOT/IAa KaK TeM-
neparypa Bbiie 700 °C BBI3BIBa€T pEKPUCTAIIN3A-
LIMIO BCETO 00beMa, a TaK)Ke IPUBOAUT K CUIILHOMY
pa3ynpoOYHEHUI0 U YBEJIUYEHUIO IUIACTUYHOCTH,
YTO HE MO3BOJISIET JOCTUYb ONTUMAIBHOIO OanaHca
MEXaHUYECKHX CBOMCTB.
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