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MeTopoM BCeCTOPOHHEN M30TEPMMYECKON KOBKM B CTalIN
12I'BA 6bu1a monydeHa cyomukpoxpucrammyeckas (CMK)
CTPYKTYpPa CO CPeIHMUM pasMepOM KpUCTAIIUTOB 0,3 MKM.
B nonyyennom CMK cocTossHMM ITPOYHOCTD cTamy Oblla B
3 pasa BbIllIe OTHOCUTETBHO VICXOTHOTO KPYITHOKPUCTAI/IN-
YeCKOTO COCTOSHMA IPU JOCTATOYHOM YPOBHE IUTACTIYHO-
CTYV 1 yfapHOIT BA3KOCTH. [Toc/ie JOIOMHUTENTBHOTO OTXKIUTa
CMK cranu Habmofanu pe3koe MOBbIIlIeHNe TaCTUIHOCTH
TPV HE3HAYUTETbHOM CHIDKEHUN IMPOYHOCTHU. YAapHbIe VC-
NIBITAaHMA IPU OTPUIATENbHBIX TeMIlepaTypax IOKas3asn
3HaunTenbHOoe mpeumymectso CMK coctosHmMs cramm B
X/IaJJOCTOMKOCTH 110 CPABHEHMIO C KPYITHO3E€PHICTBIM.

KmioueBrle cmoBa: cyOMUKPOKPUCTA/ITIECKIE MAaTepHaIbl, HI3-
KOYTJIEPOJIVICTAA CTaNIb, YAAPHas BA3KOCTD, X/IaZlOCTOMKOCTD.

1. BBegenne

MeTopbl MHTEHCUMBHON IUIACTUYECKON AeopManyy, -
POKO pasBUBaeMble B IIOC/IETHIIE ECATIIETVISA, TO3BOJIAIOT
¢dbopmupoBaTh B MaTepuagax HaHoKpuctawmmdeckyo (HK)
n cyomukpoxpucrammmdeckyo (CMK) crpykrypy [1]. ITo-
nydenrieM HK nu CMK cTpyKTypbI ygaeTcs JOCTUTHYTb Ta-
KOTO YPOBHS IIPOYHOCTHBIX CBOJICTB B MaTepyasax I CIla-
BaX, KOTOPbII HEBO3MOXXHO HONYYUTb TPaAMLIMOHHBIMU
MeTOfiaMy TepMudeckoil 06paborku [2]. OpHuM U3 Takux
K/IaCCOB MAaTepuasioB ABIAIOTCA HU3KOYITIEPOUMCTBIE CTa-
M. DTU CTaNM IMPOKO UCIIONb3YeTCs IPY CTPOUTENbCTBE
MaryCcTpajabHbIX HedTe- M ra3olpOBOLOB, pabOTAIOMINX B
CTIOKHBIX KIMMATHYeCKNX YCIOBYUAX U IPU BBICOKOM JaB-

The submicrocryctalline structure of the 12GBA low
carbon steel was processed by multi-axis isothermal
forging. The average grain size was about of 0.3 um. The
submicrocryctalline steel has three times higher strength
than the coarse-grained steel andsufficiently high ductility
and impact strength. Subsequent annealing leads to a slight
lowering of strength and considerable rising of ductility. It is
shown that at negative temperatures the submicrocryctalline
12GBA steel has higher impact strength than the coarse-
grained steel.

Keywords: submicrocryctalline materials, low carbon steel, impact
strength, low-temperature brittleness.

nenuu [3]. Il aTux crasneil BeCbMa aKTya/IbHbIM SABJISAETCA
IIOBBIIICHMIE MEXaHNYECCKUX CBOI7[CTB, XJ'IaILOCTOf/lKOCTI/I n
KOPPO3JMOHHOI CTOIKOCTI.

B pa6oTe paccMoTpeHO BIMAHNUE BCECTOPOHHEN M30Tep-
MIUYECKO KOBKM Ha CTPYKTYPY U MEXaHNIECKIE CBOJCTBa
Manoyrnepogucroi ctanmu 12I'BA.

2. Marepuan 1 METORVIKI IKCIIEPUMEHTA

B kavyecTBe Marepmama MCCIefoBaHMA ObITa BBHIOpaHa
Huskoyrnepopucraa cranb 12I'BA  (Fe-1,2%Mn-0,35%
Cu-0,25%8Si-0,11%C-0,05%Nb-0,012%P-0,005%S), mmpoko
IIpUMeHsAeMasA B Mar¥CTpaabHbIX TPybonpoBopax [4].
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Ilna momydyeHysa GOMBIINX INIACTHYECKMX JedopMariit
VICTIONIb30BA/IM METOJ, BCECTOPOHHEN M30TePMUIECKOI KOB-
xu (BVIK) mo cxeme, ommcanuoit B [3]. CauTku, U3 KOTO-
PBIX MSTOTOB/IAN 3aTOTOBKM /ISl IPOKATKM pasMepoM 22 X
22 x 100 MM, BBIIUIAB/IANNA B MHAYKLIVOHHON II€4M, OTXKUTa-
1 ipu Temneparype 1000°C v IpoKOBbIBa/IM B MHTepBae
temmeparyp 1100 — 950°C.

KoBka npoBopmIach ¢ MO9TAIHBIM ITOHVKEHMEM TeMIIe-
partypsl ¢ 700 go 500°C. CymmapHas cTeneHb gedopMaLm
OLIEHMBAJIACh IO VICTUHHOMY OTHOCUTENBHOMY CY>KEHMIO,
paccuntanHomy no ¢opmyne: ¢ = XIn(F, /F) , e F , n
F, - HavanbHasA M KOHEYHAas IJIOWIA/M TIOTIEPEYHOTO CEYEeHMS
HIOKOBKM B KaXK/JOM ITpoxofe ocanku. [5]. HakornenHas cre-
HeHb JehopMalMy PacCUUTHIBANACh KaK CYMMa MCTMHHBIX
OTHOCUTE/IbHBIX CY>KEHMII I COCTaBUIA ¢ = 6,2.

MUKpPOCTPYKTypa U3y4anach C IOMOIbI0 aBTOMaTude-
CKOTO aHa/mM3a KapTuH Audpakuny o6paTHO pacCesHHBIX
anekTpoHoB (EBSD-anamms). EBSD - ananmmus mposopuics
npyu oMoy mporpammHoro obecrmedennss CHANNEL 5,
YCTaHOB/IEHHOTO Ha PacTPOBOM 37IEKTPOHHOM MIKPOCKOIIE
TESCAN c noneseim katopoM. IIlar ckanupoBauus (pasmep
nyKcensi) BappupoBancs ot 50 go 300 M. s cBemeHus
OMMOKY VHAMIVMPOBAHUA K MUHUMYMY Ka)kJas 3JIeKTpPO-
HOTpaMMa aBTOMAaTUYeCK! aHa/IM3MPOBaach 1o mectu Ku-
Ky4u-TMHUAM. [lo/1g MHIMLIMPOBAHHBIX 37IEKTPOHOTPAMM
cocrapysna ~99,5% ot ux obuiero uncna. PasopueHTUpoB-
Ka BBIUMCIIANACH MEX/Yy COCeTHMMU (CMEXHBIMHU) TOUYKAMU
cKaHMpoBaHusA. Manoyrinosble rpanisl (MYT) ¢ pasopuen-
TUPOBKOJI MeHee 2° He YIUThIBA/IUCh B CUTYy HE,OCTaTOYHOM
TOYHOCTHM ONpefenenusa. MexaHndecKue NCIBITAHNA Ha pac-
TSDKEHIe TIOCKUX 00pasIoB IIPOBOA/IN Ha YHMBEPCAaTbHOM
nuHaMoMmetpe "INSTRON-1185" mpu KOMHaTHOI TeMIiepa-
Type ¢ Ha4aJIbHOI CKOPOCThIO fedopmarnyu & = 107 ¢,

VcnbiTaHUA yHapHBIX 0Opasl[oB HECTAaHJAPTHOTO pas-
Mepa 7 X 7 X 55 MM ¢ V-00pasHbIM Hafjpe3oM ITTyOMHOI
1,5 MM IpOBOAW/IN HAa MHCTPYMEHTMPOBAHHOM MasATHMKO-
BoM kompe «Tinius Olsen IT542M» B MHTepBase TeMmIepa-
Typ oT - 196 o 20°C.

3. PesynbraThl 1 X 06CyKaeHme

B McXOmHOM COCTOSIHMM CTPYKTYpa CTaIM COCTOSAIA U3 3e-
peH deppuTa U MepIUTHBIX KOJOHWIT (06'beMHas Jod Hep-
mmra 13,4%) (puc. 1). Cpennuii pasmep sepeH deppura co-
CTaBJIAN 25 MKM.

BcecTOpoHHAA KOBKa IPUBOAUT K (OPMUPOBAHUIO B
cramm 12I'BA CMK cTpyKTypsl, cOCTOAIUIT U3 06macTeii,
OT/Ie/ICHHBIX HeYeTKVIMM TPaHMLIAMM CO CPeHIM pasMepoM
0,3 MxM (puc. 2). B6musu rpanun Habmoganach 6oee BbICO-
Kasi IJIOTHOCTD JUCIOKAIIUIA.

CreyeT OTMETUTD, YTO YKa3aHHBIe 00/1aCTU MIMEIOT BBI-
TSAHYTYI0 GOPMY, TO €CTh HPUCYTCTBYeT C1abasi MeTajIor-
paduyeckas aHM3oTpoOINUA CTPYKTYpHL. Ilpy 3TOM 110 00B-
eMy o0Opaslia CTPYKTypa OfHOPOJHAA M Pa3HO3E€PHUCTOCTH
B Hell He Habmopaerca. PopMupoBaHMe TaKUX CTPYKTYp-
HBIX 9/IEMEHTOB B BIIJie 00/IacTell CBSI3aHO KaK C [JeiICTBIEM
pasIMuHBIX AeOpMAlMOHHBIX MOJ, TaK M C IIPOTeKaHMeM
IIPOLIeCCOB AVHAMUYECKOr0 BO3BPaTa U PEKPUCTa/UIM3ALINN.
DopmupoBaHme TOTOOHBIX 006/IACTEN, OTIE/IEHHBIX TPAHM-
LJaMM, VIMEIOIIVMY UCTOKALMOHHYIO IIPUPOJY, BO3MOXXHO

Puc. 1. EBSD-kapra muxpocTpykTypsl ctanun 12I'BA B mcxomnom
ropsiueiepOPMUPOBAHHOM COCTOSIHUM C ILIIATOM CKaHMPOBAHUS
1,5 MxM. MVYT nso6pakeHbI TOHKMMMU CEPBIMI JIMHUAMY, a OOTb-
1eyrnosble rpaHnipl (BYT) — TONICTBIMYU YepHBIMY IMHUAMMA.

Puc. 2. Mukpocrpykrypa cramu 12I'BA mocne BcecTopoHHelT U30-
TEepPMIYECKOII KOBKE.

B pesyibrare IPOTEKaHMsl MO0 IPOLECCOB IIONMIOHM3A-
L[MU, CTaTUYeCKOI WIN JUHAMUYIECKO [6], m16o mpoieccos
dbparmenTanVM 3a C4€T POTALMOHHBIX MOJ, fedopmariuu [7].
B nepBom criydae obmactu npuHITO 0603HAYATH Kak Cy6-
3epHa, BO BTOPOM — Kak ¢parmMeHTsl. [t crydast 60/mpImx
creneHell gedopmanuy 6omee XapakTepHa MMeHHO ¢par-
MeHTauys1, I03TOMY 6yaeM 0003HaIaTh 06/macTu, GopmMupy-
fomyecs B cramm npu BUK kak pparMeHTsl, a IOMy4eHHYIO
CTPYKTYPY Ha3bIBaTh CYOMUKPOKPYCTA/IINIECKOIL.

VccnenoBanue chopmmposasiueiics npu BIK cTpykry-
Pbl Ha TEPMITIECKYIO CTAGMIBHOCTD II0KA34710, YTO HE3HAUN-
TE/IbHBI pOCT PparMeHTOB HaYMHAETCA TONIBKO HOC/IE TeM-
neparypsl 550°C (puc. 3).

Puc. 3. Muxpoctpykrypa cranu 12I'BA nocne BUK u nocnenyromie-
ro omxura pu 550°C.
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9TO CBUJIETENBCTBYET O TOM, YTO PEKPMUCTA/LIM3aLNA
IIpM TeMIepaType OTXKUTa HYDKe TeMIepaTypbl IOCIe[HEro
aTama e opMaluy ellle He HauMHAETCsA, TO eCTb CTPYKTypa
IO 9TUX TeMIIEPaTyp ABIACTCA TEPMUIECKU CTAOMIbHOIL.

ITocne orxxura npu 550°C MUKPOCTPYKTypa CTAHOBUTb-
Cs PABHOBECHOJ B CBA3M C HAYaJIOM IIPOTEKAHNA ITPOIIeCCOB
CTaTUYECKOTO Pa3yNpOYHeHusA. I[paHMIBI KpUCTATIUTOB
CTaHOBATCA 6O/Iee TOHKMMIA

[Tposenennsiit EBSD-ananus nmoprsepmun Gpopmuposa-
HIIe TeKCTYpPHI, NEepIeHMKY/IAPHBIN IIOCTeTHEMY HaIpaB-
nennio ocapxu (puc. 4,a). I[Tocne omxura npu 550°C, Habmi0-
TaeTcsi HeKOTOPBIit pocT pparmenTos fjo 0,5 MM (puc. 4,6).
CdopmupoBapIIasics TeKCTypa IOCe TEIIol fedopMaryn
coxpaHsercs. IlocTpoeHHBIe pacrpefieieHNs TpaHuty gpar-
MEHTOB II0 YIJIaM Pa3opMEeHTPOBOK MOKa3a/lu, 4TO B IOCIIe
IIPOBEICHHON IITACTUYeCKO medopMaryy GopMupyercs
3HauuTenbHaA o MYT - 63% npotus 16% B MCXOfHOM cO-
crosguun. ITocme orxura mpu 550°C Ha pacnpefeneHny rpa-
HUI] 110 yIJIaM TIOABJIAETCS MUK B CIIEKTPe BBICOKOYIJIOBBIX
rpannt, a fonsa MYT camxkaerca 1o 58%. 9To cBA3aHO C TeM,
YTO IIPY OTXKUTE NPOTEKAIOT PelaKCaI[IOHHbIE IIPOLeCCh U
BO3BPAT, IPUBOANT K PasBOPOTY GpparMeHTOB.

PesynbraThl MexaHndyeckux ucnbiTanuii ctanu 12I'BA B
PasIMYHOM CTPYKTYPHOM COCTOSHMM Ha OfHOOCHOE pacTH-
KEeHMe TPV KOMHATHOI TeMIlepaType MpUBe/ieHbl B Tab/MIle
1. Bupno, uro popmuposanue CMK cTpyKTypbl IpMBOAUT K
Pe3KOMY MOBBILIEHNIO IIPOYHOCTHBIX XapaKTePUCTUK CTaIN

12T'BA 6oree 4eM B 2 pasa 110 CpPaBHEHUIO C ICXOFHBIM KPYII-
HO3EPHMCTBIM COCTOSHMEM.

ITpoBenenne momomHuUTenbHOro orTxkmura 550°C mpuso-
IUT K HEKOTOPOMY CHIDKEHMIO IIPOYHOCTHBIX CBOJICTB, HO
IIPM 3TOM BO3PACTAET IJIACTUYHOCTD CTA/IN, YTO IIO3BOJIAET
JOCTUTHYTb 60JIee ONTUMATbHOTO COYETAHNA IPOYHOCTH 1
ITAaCTUYHOCTU. 3HAYEHUS 0,, CHVDKAETCs € 960 mo 590 MI1a,
a o, —c1000 no 710 MIla, 4To BbILIE, Y€M Y MCXOTHOTO KPYII-
HOKPMCTAJI/IMYECKOTO COCTOAHMA. YPOBEHb IINIACTHYECKMUX
CBOJICTB, T.e. OTHOCUTEIbHOE YAIMHEHMe IIOCTIe paspbiBa § =
19% u OTHOCUTEIPHOE PaBHOMEPHOE YII/IMHEHNE 6paBH= 10%
IIPY 9TOM COIIOCTABUM C VICXOJHBIM COCTOSIHIEM, B KOTOPOM
6 =20%, 8paBH =11%.

ITpoBenenHble yAapHble VICIBITAHNA, IPECTaBIeHHbIE
Ha pIC. 6, TOKa3asI, 4YTO BASKO-XPYIKUIT Hepexof, y o6pas-
1oB nocie BUIK nabmiogaeTcs mpu Temieparypax Ha 30 -
40°C Hmxe, 4eM y 06pasl[oB B MICXOJHOM KPYITHOKpPUCTAI-
JIMYIECKOM COCTOAHUM. IIpu 9TOM OTXKUT KOBaHHOTO 06pasIia
npu 550°C DpUBOAMT K ellje OO/bLIEMY CHIDKEHMUIO TIOpora
X/1aJlOTTOMKOCTH.

Takum 06pasoM, IIpU BCECTOPOHHEN M30TEPMIIECKON
KOBKe yflaeTcsi cpopMMpOBaTh B MaJIOJIETMPOBAHHON HM3-
KOYTJIEPOJVICTOI CTa/lV PABHOOCHYIO CYOMMKPOKPUCTATIIN-
YeCKyl0 CTPYKTYpY. B IOTydeHHBIX CyOMMUKpPOKPUCTAIINU-
YECKMX COCTOSHUAX HUSKOYIZIEPOMMCTasA CTajab MPOABIAET
BDBICOKME 3HAYEHNUS BPEMEHHOIO CONPOTUBIEHMS OTPBLIBY
(0, = 900-1000 MITa), 4TO HMpeBbHIIAET IIPOIHOCTHBIE CBOY-

6)

Puc. 4. EBSD-kxapTa MukpocTpyKTypsI cTanu 12I'bA: a) nocne BUK; 6) mocne BMK n nocnexytomero omxura mpu 550°C.

| B Crans 127BA. Hexoawoe coctonmme.
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Puc. 5. Pactipenenienne rpauni o yrinam B ctanu 12I'BA: a) ncxogHoe cocrosue; 6) nocie BVIK; B) mocne BVK u nocienyromiero omxura

nipu 550°C.

119



Ceprees C.H. u zip. / Ilncpma o matepuanax 1.2 (2012) 117-120

Honsa
Pexxum o6paboTku d, MKM MYT, % 0,» MIla | o, MIla 0, % ¥, % > 0
VlcxomHoe cocTossHME 25 16 350 500 20 58 11
M3orepMmyeckas KOBKa 0,3 58 960 1000 11 66 2
VzoTepmiryeckas KOBKa 1 J10-
HOTHUTENbHBIN OTXKUT 11pu 550°C 0,5 63 590 710 19 62 10
C BBIJIEPKKOII 1 yac
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Puc. 6. 3aBMCHMOCTD yIapHOI BASKOCTY OT TEMIIEPATYPBhI.

CTBAa CTalyM B KPYIHO3EPHUCTOM COCTOSTHMU Gojiee 4eM B
2 pasa, u, B TOXXe BpeMs, 00/IaflaloT ZOCTATOUYHO BBICOKVMM
YPOBHEM IVIACTUYHOCTH. B pesynbraTe mpoBefieHMs JOIOIM-
HUTE/IbHOTO OTXKUTA B CTAM YAETCA MOMYYUTh CTPYKTYP-
HO€ COCTOSIHME, KOTOPO€ OT/IMYAeTCs HaWAy4LIMM CodeTa-
HJEM BBICOKOJ IIPOYHOCTH ¥ IVTACTUYHOCTH.

PesynpTaThl ymapHBIX MCIBITAHUI CBUJETENbCTBYIOT
o ToM, 4uTo mpoBefeHne BVIK cmocobcTByeT MOBBIIIEHNUIO
00111eT0 YPOBHsI YAAPHOIT BASKOCTHU IIPY TeMIepaTypax 1c-
nbiTanus ot 20 mo -80°C. PaHHee Takoe >Ke IMOBBIIIEHIE
VIApHOIT BA3KOCTY HAOIIOfAIN Ha MA/TOYI/IEPOANCTBIX CTa-
nsax 03XTCO [8] u 20T'CD [1] mocre popmuposanms CMK
CTPYKTYPbl METOIOM MHTEHCHBHONM TeIIoN mpokaTku. ITo-
JlydeHHass B YKa3aHHBIX pabOTax CTPYKTypa OTIMYaIach
CUIbHOJ BBITAHYTOCTBIO 3€PEH BJO/b HAIpaBlIeHNA IIPO-
KaTKM 1 MMeJIa BOJIOKHUCTOE cTpoeHMue. To ecTh oydeHHbIe
06pasibl OTINYAIICh CTPYKTYPHOIT aHU30TPOIINEl, Men
IPONONBHYIO TEKCTYPY, YTO 1 IPUBENIO K 60jIee CUIbHOMY
MOBBILIEHNIO YAPHOI BA3SKOCTM OTHOCUTEIbHO MICXOJHOTO
COCTOSIHUA.

Hononuurenbupiit orxur CMK crannm mossonun ycu-
7uTb 9¢(eKT Ha yHAPHYIO BSASKOCTDb. IIOBBILIEHME COIPO-
TUBJIEHUs PACIPOCTPAHEHUIO TPELVHBI B OTOXOKEHHOM
cTamu OOYC/IOB/IEHO TeM, YTO IIPM OTXKNUIe IIPOMCXOLUT
pemaKkcanys yOpyrux HalpsDKeHMIT M BO3BpaT AMCIOKAI-
OHHOJ CTPYKTYPBI B TeJle 3€peH U II0 X rpaHunam. bonee
HU3KasA IVIOTHOCTD IMCIOKALMIT ¥ HU3KMe YIpyTye Hamps-
JKeHIA IPUBOJAT K TOMY, UTO [y PasBUTHA TPEIIMHBI He-
06X0IMMO IIPUTIOXKEHMe K 00pasIy OOMbIINX HAIPSDKEHUIL.

4. BeiBoabI

1. B pesynbraTre BCeCTOPOHHEN M30TEPMUIECKON KOBKI
B cramu 12I'BA ¢popmupyercs CMK cTpykTypa co cpenHeM
pasmepoM pparMeHTOB 0,3 MKM.

2. ®opmupoBanne CMK cTpyKTypbl IPUBOAUT K YBeIN-
YEHMI0 MTPOYHOCTHBIX CBONCTB B 1,5-2 paza. OfHOBpeMeH-
HO TIPOMCXOJUT CMeELEHME TeMIEepaTyphbl XPYNKO-BA3KOTO
nepexofa B o6macTb 60mee HU3KMX TeMieparyp Ha 30-40°C.

Orxur npu 550°C 103BONAET NONOTHUTENBHO YBETUYNUTD
IUIACTUYHOCTD U BA3KOCTD CTaIM PV HE3HAYNTE/TbHOM CHU-
SKEHUU IPOYHOCTIL.
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