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6.2. lepopmanus marepuHckoil ¢a3bl nepea pazoBbIMH NMPeBpaANICHUSIMM.
DeppuTHOE NPeBpallleHHe, HHAYUMPOBAHHOE JepopManueil ayCTeHUTA

DIFT (Deformation Induced Ferrite Transformation) — pepputHO€E npeBpaiicHue,
unaynupoBanHoe aedopmanueit mwium DSIT -dynamic strain-induced transformation

Tepmoaunamuka DIFT (DSIT)

N3meHeHue cBOOOAHOM IHEPTUU TIPHU Y—> 0, IPEBPAILICHUHN HEAe(POPMUPOBAHHOTO ayCTECHUTA:

AG=-VAG,, +Sc+Vy (1)
AG,_, - XUMHYECKas JBIDKYIIas Cuia (Pa3HOCTb YACIBHBIX CBOOOMHBIX SHEPrui o v v das;
o - IOBEPXHOCTHAas dHeprus (MexdaszHas) sHeprus o u y ¢as;
v - 00beMHas ynpyrasi SHEpTrus;

N3menenre cBOOOIHON SHEPTUU TIPU Y— 0, TPEBpaIeHUHU Ae(HOPMUPOBAHHOTO ayCTEHUTA
OKa3bIBACTCA BhIIE HA Benuuuny  VAG, :

AG=-VAG,, +Sc+Vy-VAG, =-V(AG,, +AG,)+Sc+Vy 2)
AG, - ?3Heprus nedopMaini, 3anaceHHas B eAuHALE o0beMa ¥ (ase;
Taxum 06pazom, o01as ABKKYIIAs cujia NpeBpaiieHus 16()OpPMUPOBAHHOTO ayCTEHUTA

yBenuuuBaercs. CienoBareabHo, Y— 0 IpeBpalieHrue B mpoiecce aegopMaiuu ayCTEHUTa MOXKET
HAYaThCsl BBIIIC TEMIIEPATYPBI A , , OTIPEIEIICHHOM JUIst HelehOPMUPOBAHHOTO aycTeHuTa (puc. 1, 2).
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Puc. 1. BnusiHue Be1uunHbI 3a11aCEHHOU Puc. 2. 3aBucumocTts Temmeparypsl Ar3 oT
sHeprum Aedopmainuu B ayCTCHUTE Ha BEJIMYMHBI Je(opMalli ayCTEHUTA
TeMIeparypy Hadana oopa3zoBaHus dheppura
JUIsL CTajiel ¢ pa3HbIM COACPKaHUEM YIIepoja

st Toro, 4TOOB! BBI3BATH 0OpasoBaHue (eppuTa Mpu HEKOTOPO# Temreparype nepopmannu T, B
ayCTEHUTHOM 00JacTH, TpeOyeTcs onpeeneHHas (KpuTuieckas) BelnurnHa aedopMalii ayCTeHUTa
(¢,), CIIOCOOHAsI TIOBBICUTH TEMIIEPATypy A , 110 3aaHHOii Temmeparypsl T, (puc. 2).

Bo3moxkHOCTh HHAYLIMPOBATH (heppUTHOE TIPEBpAIICHUE TIIIACTUYECKON Aedopmalueit mpu
TEMIIEPATyPe HECKOJIBKO BBILIE TEMIIEPATYpPbl A , HEIE(POPMHUPOBAHHOTO AyCTCHUTA PEATTU3YETCSI
B DIFT — npokarke.



Rex ¥ grain

Puc. 3. Cxema konTpOnupyemon npokarku ¢ DIFT

Ocobeunoctu DIFT (DSIT) -o0poKarku:

[TocnenHue 3Tanbl YUCTOBOW MPOKATKU
MPOBOMST IPU MOHMUKEHHBIX TEMIIEPATypax
(HECKOIBKO BbIlIE Ar3) U Jar0T 00IbIIOE
oOxarue (€=60-90%), Tak 4TOOBI SHEPTrUs
nedopmalnu, 3armaceHHas B ayCTEHUTE,
WHULIUUpOBajia oOpazoBaHue dheppura.

B sTom ciydae 3apokaeHue dpeppura
IPOMCXOIUT HE TOJIBKO Ha TPAHUIIAX 3EPEH
ayCTCHHUTA, HO M Ha MOJI0cax CABUTa B 00beME
3€peH.

[IpeBpailieHue pa3BUBAETCA B OCHOBHOM 32
CUeT 3apOKJACHUS HOBBIX 3epeH deppuTa, a He
ux pocta. B pesynwrare, oopasyercs YM3
CTPYKTypa C pazMepoM (PeppUTHBIX 3epeH 1-2
MKM.

BaxxHO OTMETUTH, YTO (PEPPUT B MOMEHT
oOpa3oBaHMs TeEpechIieH yrepoaom. [Ipu
pacrajie NeEPECHIEHHOrO TBEPAOTO pacTBOPa
BBIJICJISIIOTCS TIUCTIEPCHBIC KapOUTHBIC
YaCTHUIIBI.



[Ipumep 1. PeppuTHOE MpeBpaIicHnEe., HHAYIHPOoBaHHOE aedopmartmei (DIFT)

B sierupoBaHHou ctanu (Chen, 2008)
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[Ipenen texyuectu — n0 700 MlIla

Lenp nepoit aedopmanuu (mpu 1200°C) —
U3MEJIBYUTh AyCTEHUTHOE 3€PHO MOCIEAYIONICH
pEKpUCTAILTA3AIUEH.

Lens BTOpOM nedopmanuu (ripu 950°C) —
BBIICJIUTH KAPOOHUTPU]IBI HUOOMSI, KOTOPHIE
ABJISIIOTCA IOMOJIHUTEIIbHBIMA MECTAMHU
3apoxaeHus ¢hepputa B mporecce DIFT.
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Fig. 9 Microstructure of ultra-fine grained V-Nb-N

microalloved steel



[pumep 2. GeppuTHOE OpeBpalieHue, nHaynrpoanHoe aedopmanueit (DIFT)

(Hao, 2010)

Table 1 Chemical composition of the Q235 steel
used in the study (%, mass fraction)

C Si Mn P S Al Fe
0.14 024 0.64 0.011 0.005 0.05 Bal

I I ) m ﬁ)m \

[Tocne aycrenutm3amuu mpu 950°C o6pasiibl AeopMUpYIOT
npu Temneparype uyTh Bbie Ar3 (830-850°C) co cTeneHbto
obxarus 85% (DIFT). Ilocme nedopmaruu cieayeT 3aKaika B

Boay (puc. (a)). Pasmep dheppUTHBIX 3€pEH MOCIE 3aKaJKH — 2
MKM.

3areM 3akalieHHbIe 00pa3bl MOJABEPratoT OTIYCKY MpHU
temreparypax 200, 400 u 600°C (puc. (c)).

(@) 950°C x5 min
15078 850°C
) 830°C
g
g Water
quenching *
Holding time / s
(c)
200/400/600°Cx1 h
Q
2 Furnace
g ooling
o
[

Holding time / s




Pexxum 06paboTku Gy, o, MIla | domH, % G,,/0,
MIla ’

be3 nedopmanuu 246 438 22,5 0,56
Hedopmanus, 850 C 482 543 14,9 0,90
(DIFT) +3akanka

Omxur, 200 C 446 515 20 0,87
Oxur, 400 C 408 506 19 0,81
Oxur, 600 C 380 474 22 0,80

1) dedpopmanus npu 850°C (DIFT) npusena Kk pe3KoMy pocTy
IPOYHOCTHBIX XapaKTEPUCTHUK 3a c4eT oOpazoBanune Y M3 depputHoit
CTPYKTYDBHI.

2) ITonmxeHre MPOYHOCTHBIX XAPAKTEPUCTHK C POCTOM TEMIIEPATYPHI
OTITyCKa CBSI3aHO C PacCIiaJioM MEPECHIIIEHHOTO YIepoaoM deppurta
3) Beiaenstomuecs 4acTUIbl IEMEHTUTA MPEIMSITCTBYIOT POCTY 3€PEH
dbeppuTta npu Harpese

4) lucriepcHble BBIJEICHUS IEMEHTUTA YBEINYUBAIOT CIIOCOOHOCTD
CTa I K AeopMaliioHHOMY YIIPOUYHEHHIO (OTHOIIIEHUE Mpeena
TEeKy4eCTH K IPEAeTy MPOYHOCTH YMEHBIIIACTCS ). DTO 0OCTOSATEIHCTBO
IIPU UCTIBITAHUSX HA PACTSHKEHUE 3a1€PKUBAET JIOKATU3ALINIO
nedopmaiuy B eWKe U MPUBOIUT K POCTY OJHOPOAHOTO YIJTUHEHUS.

Pasmep 3epen depputa
(2ZMKM) HE U3MEHSIETCA C
POCTOM TeMIEPATypPhl OTITYCKa
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Pe3tome nio pazneny 6.2.
Hedopmauusa marepuHckon ¢a3bl nepea ¢pa3oBbIMHU NPEeBpPallleHUAMH

B ManoymiepoaucThIX cTaisix u3MeapIeHne 3epeH geppura 10 pazmepa 5-10 MKM MOXKHO TOCTHYb
KOHTPOJIUPYEMOM MTPOKaTKOM — Aedopmalriueld B ayCTEHUTHOM 00aCTH C TTOCIEAYIOMUM YCKOPEHHBIM
OXJIAXKJICHHUEM.

JlanpHelee n3MeNbIeHNE 3€pPEHHON CTPYKTYPHI (110 1-2 MKM) 1OCTUTAIOT eopMalieit
ayCTEHUTA
Ha 60-80% 4yThb BbIIIE TEMIIEPATYPBI A . , B PE3YJIbTaTE KOTOPOU UHIYIUPYETCs 00pasoBaHue

(beppHBayCJIOBI/IHX DIFT 3apoxnenue ¢pepputa NpoOUCXOAUT HE TOIBKO Ha TPAHUIIAX ayCTEHUTHBIX
3epHFH0- 1 Ha momocax caura B 0GbeMe 3epel, IprYeM IpeBpaleHAE Pa3BUBACTCS B OCHOBHOM 3a
CUEeT 3apOXACHUS HOBBIX 3e€peH (eppuTa, a HE UX POCTa, YTO MPUBOAUT K PE3KOMY YMEHBIICHUIO
pa3MepoB (PeppUTHBIX 3€PEH.

B MmomeHT 00pazoBanus peppUT nepechilieH yriaepoaoM. Beiienstomuecs u3 heppura AUCIIEPCHbBIC
YaCTHUIIBI IEMEHTUTA 00E€CIIEYMBAIOT JOMOJHUTEIHHBIN MEXaHU3M YIIPOUYHECHUS, TTPETSITCTBYIOT
JoKanu3anuu aedhopmaluy B IEeHKe U OTBEYAIOT 32 OTHOCUTEIBHO BBICOKYIO IJIACTUYHOCTh Y M3
CTaJIH.



6.3. ledpopmanusi NpOAYKTOB NpeBPALIEHHS € MOCJIEAYIOIIe peKPpUCTAJIM3aluel

B npenpiaymnux pasaenax s NOoJydeHUsT MEIKO3ePHUCTON PeppUTHOMN CTPYKTYPhI HCTIOJIH30BAIACh
nedopmarus BeicokoTemneparypHoit dasbl — ayctenuta (TMCP uwnu DIFT nporieccer), yBenuauBarorias
YUCJI0 MOTEHIIUAIBHBIX MECT 3apoXKaeHus dheppuTa.

HoBrble u 601ee mupokue BO3MOXKHOCTH B MONYYEeHUH Y M3 CTPYKTYp OTKPBIBAET MOJIXO0, OCHOBAHHBIMI
Ha XOJIOAHOW WJIK TeI10M AedopMaliiy PO yKTOB IPEBPAICHUS C MTOCIEAYIONIEH peKpUCTaIN3alnel
nehopMUPOBaAHHOM CTPYKTYPBHI.

B03M0OKHOCTH 3TOTO MOJX0/1a OCHOBBIBAIOTCA HA CIEAYIOIIEM:

1 )IpoAyKTHI IPEBpaILICHHS H3HAYATHFHO UMEIOT (D)ParMEHTUPOBAHHYIO CTPYKTYPY (pa3Mep CTPYKTYPHBIX
9JIEMEHTOB MHOTO MEHBIIIE pa3Mepa ayCTEHUTHBIX 3€PEH), UTO 00JIeTyaeT JalbHEHIIee N3MEIbUCHHE
3€pHa;

2)xonoaHas (Wiy Teruias) aedopMalns o CpaBHEHHIO ¢ ropsiueit aeopmarueii coznaet 00s1ee BHICOKYIO
IJIOTHOCTD JIUCIIOKAITUI U CIIOCOOCTBYET 00Opa30BaHUIO HOBBIX CyOrpaHuIl, pa30MBAIOIINX HCXOIHBIC
CTPYKTYpHBIE (hparMeHTHI Ha 0oJiee MEJIKue cyO3epHa.

Hwxe paccMoTpeHbl MpUMEPHI MCIIOIB30BAHUS PACCMATPUBAEMOTO MOJAX0/Ia K MAJIOYTIIEPOAUCTHIM
CTJISIM C Pa3JIMYHON UCXOAHOU CTPYKTYPOM.



6.3.1. Xosiognas fepopManysi MAPTEHCUTA B MAJIOYIVIEPOAUCTHIX CTAJIAX C MOCTAESAYOIAM

orxurom (Tsuji, Ueji, 2002)

®parMeHTHUPOBAHHAS CTPYKTYpa MAPTEHCUTA C BHICOKOM MIIOTHOCTHIO AUCIIOKAIIMI o0neryaer

JNaJIbHENIIIEE U3METIBUEHUE 3E€PHA.
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B nporuecce oTkura mporcXoauT pacnai MapTeHCUTa U peKpUCTauIN3anus 1e(hOpMUPOBAHHON
CTPYKTYpHI ¢ 00pazoBanueMm Y M3 depputa (pazmep 3epen 100-200 HM) U HAaHOpPA3MEPHBIX
BBIJICJICHUI [IEMEHTUTA. 3a CUET 3TOr0 00E€CIICUNBACTCS BHIMUTPHIII B MPOYHOCTHBIX CBOMCTBAX IO
CPAaBHEHHUIO C UCXOTHOM (heppUTO-TIEPIUTHOMN CTPYKTYPOIl.

Crpykrypa nocie nedopmanuu Ha 50%
u omxura npu 500°C

A} . ) v 1 M L) >

1500F ' 4

! As cold-rolled !
x . « ‘
g ] _~As quenched(martensite) !
» L& Annealed at 673K for 1.8ks '
« 1000f \/ .
u, - Annealed at 773K. ;
o X ~ Annealed at 823K -
7 ! Pl )
— i Annealed at 873K. ’
2 soof « -
E : -’ ‘:.‘. K"~. 1
(23 ] As received(ferrite + pearlite)
0 A ) A L 2 L A L A
0 10 20 30 40 50

Nominal strain, e(%)

Juarpammbl pacTskeHHs 00pasLoB, 1e(opMHUPOBAHHBIX
Ha 50% M OTOXOKEHHBIX IPU Pa3HbIX TEMIIepaTypax

C pocToMm TeMneparypbl OTKUTa IPOYHOCTh MAAAET, a
MJIACTUYHOCTh BO3PACTAET.

Huarpamma pactspkeHust oOpasiia nocie orxura npu 600°C
COBIIAJAET C AUArPaMMOM pacTsKeHUs o0paslia ¢ UCXOAHOM
dbepputo-nepauTHOU cTpyKTypoi (ripu otxkure 600°C u
BBIIIIE POUCXOAUT YKPYIIHEHHE 3epeH (hepputa)
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MakcumanbpHbIN IPEAEII MPOYHOCTH, MOTYyYAEMBIN IPH
3aIaHHOM BEIUYMHE OJHOPOJHOTO YIJIMHEHUS

O6pa3ibl ocne aedopmanuu Ha S0% u OTKUTA TIPU
500-550°C umeroT 60J1ee BBICOKUM KOMILUIEKC
CBOMCTB 10 CPaBHEHHIO C 00pa3IoM MOCIie
CTaHJIapTHOM 00pabOTKH (3aKajiKa TUTFOC OTITYCK).
Tax, mpy 3a7aHHOM OTHOPOJAHOM YIJIMHEHUU 8%
ctangaptHas TO obecredynBaeT mpeaest MpOIYHOCTH
600-650 MlIla, a HoBas TMO — 850-900 MI1a.



workability, gives difficulty in practical production. Other starting microstructures
(microstructures before rolling), tempered martensite [5], ferrite-pearlite (F-P) [6] and pearlite
[7] have been used in other studies. In the cases of martensite [3, 4], tempered martensite [5]
and F-P [6] as starting microstructures before rolling, ultrafine/fine ferrite microstructures
have been obtained, but the ferrite grains contained residual dislocations inside. The
dislocation density was decreased by annealing at elevated temperatures, but coarsening of
ferrite grains occurred simultaneously to make the grain sizes over 1 pum. Furuhara et al. [7]
ferrite grains occurred simultaneously to make the grain sizes over 1 um. Furuhara et al. [7]

have obtained fully annealed sub-micrometer ferrite with large amount of cementite particles

by 90% cold-rolling of high-C pearlite and subsequent annealing at 700 °C. The

microstructure they obtained showed a good balance of tensile strength and tensile elongation

(950 MPa, 14%). However, it seems to be difficult to apply high-C pearlite steels to
automobile body parts because of poor spot-weldability due to the high carbon content.

[6] R. Song, D. Ponge, D. Raabe, R. Kaspar, Acta Mater. 53 (2005) 845.
[7] T. Furuhara, T. Mizoguchi, T. Maki, ISI] Int. 45 (2005) 392.



Temperature

6.3.2.Tenuiasi nedpopmManuss MapTeHCUTA B CpeAHeyIIepoancThIX cTansx (Hase, Tsuji, 2011)

MapTeHCUT CpenHeyIIIEPOAUCTBIX CTAJICH CIUIIKOM
XpymnokK J1st xonoaHou negopmanuu. [Tosromy
3aKaJICHHYIO CTaJlb MOABEPTaIOT TEIUION aedopManuu,
COMPOBOXKIAEMON TMHAMUYECKON peKPUCTATUTU3ALINECH.
dopmupyetcs heppuT ¢ pazmepoM 3epeH nopsaka 500
HM. JlucnepcHbie KapOuabl MPEA0TBPAILAIOT POCT 3€PEH,
a Tak>Ke MOBBIIIAIOT BEJIWYUHY OTHOCHUTEIIBHOTO
YIUTMHEHUS.

Comas: Fe—0.45C—-0.25S1—-1.5Mn-0.2Cr
A

£=60% t=650°C

Time

600

500 N

923K, £=10s"!, 60% compression

Initial microstructure

........ Ferrite+Pearlite
- - = Ferrite+Spheroidized 6
- - - Bajnite

300

True stress (MPa)

200

100

[’ -~ \
FOTONS

SN

400 D

—— Martensite

0.2

0.4

0.6 0.8 1.0 1.2
True strain

Huarpamma nedopmanuu cxxaruem. [lagenue HanpsikeHUn
c pocToM nedopmanuy yka3plBaeT Ha MPOTEKAHNE
JTUHAMHYECKON peKPUCTATTU3AINT

dopmupyromascs GeppuTHas CTPYKTypa C TUCIICPCHBIMHU
BKJIFOUCHUSIMU KapOUJI0B
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6.3.3. Xosionnas gegpopmanusi AByX(pa3HOU (PeppUTO-MAPTEHCUTHON CTPYKTYPHI B

MaJIOyNIEPOAUCTBIX CTAISIX € MOCTCAYIOIMM OTHKUIOM o) v (yitqy, N. Takata, N. Tsuji, J. Mater. Sci. 43 (2008) 7391.

[9] Y. Okitsu, N. Takata, N. Tsuji, Scripta Mater. 60 (2009) 76.

Table 2.2 Chemical composition (mass%) of the low-C (UFG-FCI1) steel used for fabricating
ultrafine grained ferrite-cementite microstructures.

C Si Mn B S Al Nb B N

Hcxonuyto ¢heppuTo-MapTEHCUTHYIO
0.10 0.01 198 0.002 0.001 0.018 0.018 0.0015 0.0011

CTPYKTYPY IOIYJarOT 3aKaJIKOH
ropsraesiepOpMUPOBAHHON CTATH U3
MEXKKPUTHYECKOTO HHTEpBajia (0T

[0}
temneparypsl 540°C).

3areM CICAYCT XOJIOAHAaA ITPOKAaTKa

1200 °C (IIp¥ KOMHATHOM TeMIepaType) Ha
90% 1 KpaTKOBPEMEHHBIN OTHKHUT
620-680 °C. Hiwke A | (amke 700°C)
120 s
Ar3
Art
91%, RT
— N NN—
C.R.

Schematic drawing of the process for fabricating the UFG ferrite-cementite
microstructures by cold-rolling and annealing of a duplex microstructure. 4,;, 4,3, and

Ac; mean the transformation temperatures measured by dilatometer. The 4,;, 4,3, and
A,j are 465 °C, 625 °C and 700 °C, respectively.
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D |- NG R e Emiy 10um
OM. Crpykrypa nocie ropsiueit redopmaruu COM. Crpykrypa nociie XoJ0IHOH
Y 3aKaJIKU U3 MEKKPUTHYECKOTO MHTEPBAJa: nedopmaruu Ha 91%.

oenbie nomnst —pepput (5,5 MKM); TEMHBIE
MoJist — MapTeHCHT (3,5 MKM)

B xo71e X05101HOM MPOKATKH IJIACTUYECKas
nedopmarys pacrpeaesieHa Mexay GeppuTom u
MapTEeHCUTOM KpaitHe HepaBHOMepHO. Hanbombiue
nedopmaruu ucnbIThiBaeT Gepput. B pesynbrare, B
3epHax epputa GOPMUPYIOTCS BBITSIHYTHIE 00JIACTH
(cy63epHa) ¢ OOIBIION Pa30PUEHTUPOBKOMN
KpUCTAJUIMYECKUX penieTok (cMoTpu [19M)

AHaJIOTUYHBIC POIECCHI (PparMEeHTAIIMH MPOUCXOIAT
Y B MAPTECHCUTE, HO B MEHBIIIEU CTCIICHHU.

[I9M. CrpykTypa nocie XoJ0IHOU
nedhopmanmn Ha 91%.



B nporiecce otkura cy0o3epHa ¢peppruTa 1 MapTEHCUTA OKOHYATENIBHO TPaHC(HOPMUPYIOTCS B
yAbTpaaAuCIepCcHBIC 3epHa depputa (< 1MKM) ¢ BKIIOUCHUSIMU [IEMEHTHUTA.

> ot 0.

= ,‘ -“*3‘{;}..‘\?\{,

COM. Crpykrypa mociie X0JI0aHOH aehopMalii U OTKUTA TIPH
temneparypax 620, 635, 655 u 680°C B Teuenue 120 ¢ u mociaeayrOIero
OXJIQKJICHUS B BOJIE.



EBSD ananu3 (mudpakius o0paTHO pacCesHHBIX 3JIEKTPOHOB).

Lo
OpuenrtanonHas kapra. [{BeT mokassiBaeT
OPUEHTUPOBKY KPUCTAIIIUTOB, ApaICIIbHYI0 HOpMAJIU

K IINIOCKOCTH ITpOKara.
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Pacnipenenenue yrioB pa3opueHTUPOBKU MEXKITY

COCETHUMH 3€pHAMH. fH AGp - OIS OOJIBIIIEYTIIOBBIX
rpanuil (HAGB)

Pacnpenenenue 3epeH o pazmepam B oOpasiax
MocJye X0JOAHOM nedopMaliuy U OTKUTa MPU
temmeparypax 620, 635, 655 u 680°C B TeueHue
120 ¢ u mocneayIomero OXaaxIeHUs B BOJIE.
JIOTIOTHUTENIBHO YKa3aHbl CPEIHUE pa3MePhl 3€peH
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a : \ \ pasMepoM 3epeH deppurta 2,55 MKM.
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Nominal Strain, e (%)

N3menwuenue 3epeH gpepputa 10 0,62 - 0,86 MM (Temneparypsl oTxkura 620-635°C) npuBoaUT K
yBenudeHuto npeaena tekydectu 10 800-1000 MlIIa, uyto B aBa pasa Bbllle, 4UeM B 00pasiie ¢ KPYIHbIM
3epHOM (2,55 MkM). OTHAKO OJTHOPOJIHOE YIJIMHEHUE OKAa3bIBACTCSl PAaBHBIM HYJIIO.

[Ipu 6osee BoicokoM oTxkure 670 -680°C Gpopmupyet peppuTHBIE 3epHA C pazMepoM Topsiaka 1 MKM U
0oJiee BBICOKHMM YIJIMHEHUEM (OAHOPOHOE yIIuHEeHHE - okojo 10% , obmiee ynnuuenue -20%). (B
oOpasiie, otoxkeHHOM nipu 700°C, HanpsiKEHUS pe3KO BO3PACTAIOT 3a CYET 00pa30BaHUs MAPTEHCHUTA.)

Taxum 06pazom, YM3 crainb ¢ peppUTO-IIEMEHTUTHON CTPYKTYPOH U pa3MepoM 3epeH MeHee 1 MKm
o0nafaeT MIOXUM OJHOPOAHBIM YIJMHEHHUEM. [{Jis1 €ro MOBBIIIEHUS HEOOX0JUMO TOBBICUTH CKOPOCTh
nehopMalmOHHOTO YIIPOUHEHUSI B CyOMUKPOHHOM (PeppUTHON CTPYKTYPE.



[Heat treatment | [Cold-roling]  [Annealing] Haﬂee W3MEJIBYHIIA UCXOTHYO (beppI/ITO —
1200 °C

MAapTCHCUTHYIO CMCCh IJIAA TOI'O YTOOBI YCKOPUTDH

1000 °C, -
90 min ;70 e, ?ggzoo C. dbopmupoBanue YM3 deppurta. IT0O MO3BOJIUIIO
0 min 5
_____________________________ Acs CHHU3HUTH BCIIMYUHY XOJIOTHOU Ile(bopMaHI/II/I,
““““““““““““““““““““ Bt HEOOXOMUMYIO [T IToTydeHnst YM3 peppurHoii
_ 0
71-88%, RT wa MHUKDPOCTPYKTYpBI, 10 70-80%
C.R.
Starting

microstructure

BriBoanr:

YM3 crans ¢ heppUTO-LIEMEHTUTHOM CTPYKTYPOM MOXKET ObITh MOTyY€Ha OOBIYHON XOJIOAHOM
MIPOKATKOW U MOCIEAYIONIUM KOPOTKUM OT>KUTOM MCXOJHOM AByx(a3Hou cMmecu depputa u
MapTeHCcuTa 1e(OPMUPOBAHHOM CTPYKTYPHI.

B nponecce XononHON MPOKAaTKU B PEPPUTHOM MaTpHlle POPMUPYIOTCA OUEHb AUCTIEPCHAs
CyOCTpYyKTypa ¢ OOJBIIMMHU yIJIaMU Pa30pUEHTUPOBKHU. [ledopMaliin MapTeHCUTa HE CTOJIb BEJIUKH,
OJTHAKO OHM TAaKXe MPUBOIAT K (hparMeHTALlUU MAPTEHCUTA.

B nporiecce oTkura qucnepcHbie 00J1acTh ¢ pa3HONW OPUEHTUPOBKOW HEMPEPHIBHO PACTyT U
bopmupyror YM3 peppuTtHyto CTpyKTypYy.

Kputnueckas BeIMurMHa X0JI0JHOM Aedopmalinu, Heodxoaumas 11t popmupoBanust Y M3
CTPYKTYPBbl, YMEHBILIAETCS C U3METBYEHUEM HUCXOHON (epPUTO-MAPTEHCUTHOM CTPYKTYPHI.



6.3.4. /IByx¢aszubie ¢peppuro-maprencutHbie crajam (Dual phase steels)

Kak yka3bIBasioch, JJ1sl OJIYYEHUSI BBICOKOTO OJHOPOJAHOTO YIJIMHEHUS TpeOyeTCsl MOBBICUTH CKOPOCTD
nehopMamOHHOTO YIIPOUYHEHUS . B 00BIYHBIX KPYITHO3EPHUCTBIX CTAJSAX BHICOKOTO KOA(hpuimenTa
nehopMalMOHHOTO YIIPOYHEHUS U, COOTBETCTBEHHO, BHICOKOTO OJTHOPOJIHOTO YUIMHEHUST JOOUBAIOTCS
nyTeM (OPMUPOBAHUS CTPYKTYP, COCTOSIINX M3 MSATKOM MAaTPHUILIbI U BKJIFOUCHUH TBEpaoH (a3bl.
[IpuMepom Takux CTPYKTYp sABIAIOTCA NBYyX(ha3Hbie pepputo-mMapreHcuTHbie cTanu (JADOMC), mmpoko
UCIIOJIb3yEMbI€ B aBTOMOOUJIECTPOCHUHU.

ABTOMOOMIIBHAS TIPOMBINIJIEHHOCTH TPEOYyEeT CTaIM ¢ XOPOIIEH MTaMITyeMOCThIO (T.€., C BBICOKOM
MJIACTUYHOCTBIO), OOECIEeUnBAIOIINe O€30MaCHOCTh MACCAXXKUPOB U MUHUMAJIBHBIN BeC Ky30Ba (T.€., C
BBICOKHUM YPOBHEM MPOYHOCTH, XOPOIIEH CBAPUBAEMOCTBIO U HEBBICOKOM IIEHOM (MaJIOyIIepOIUCThIE
HU3KOJICTUPOBAHHBIE CTAJIH).

JOMC (DP) ynoBieTBOpsitoT 3TUM TPEOOBAHUS U OTHOCATCS
K TIEPBOMY TTOKOJIEHHUIO COBPEMEHHBIX BBICOKOTIPOYHBIX
cranmeir - Advanced High Strength Steels (AHSS).

Tunnunsie IOMC coaepxkar okomno 0,1% C, 1-2% Mn, a
Takxke 1o6aBku Cr, Mo, Si, yBenmnuuBaromue mpouyHoCTh U
o0ecreunBaroIre MPOKAIMBAEMOCTh CTAJIH.

Figure 2: Example of DP steels as safety details in car bodies.



CoueTaHHe NOPOTHOCTHBIX H INTACTHYECKHX CBOHCTB Pa3IHYHBIX THIIOB

aBTOJIHCTOBBIX CTalleH
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IPOYHOCTH

FB $eppHTOOCHHHTHAA CTATh

3rd GEN

IIporpeccnBHBIe BBICOKONpPO4YHBIe cTaanm (Advanced
high-strength steel (AHSS))

DP Jeyxdazsag deppHETOMapPTEHCHTHAA CTATE

TRIP Crams MOBBIMIEHHOH ILTACTHYHOCTH
HHHIHHDPYEMOH IpeBpameHHeM

CP Ms=orodazgas cTans

MS MapTeHCHTHAA CTalb

MnB  Craxs. 3akaTHBaeMad B IITAMIAX

Austenitic AyCTeHHTHAA HepXKaBeKwmad CTalb

Stainless

TWIP Cram MOBEIMIEHHOH
HHHIIHHPYEMOH JBOHHHKOBAaHHEM
HF TopA9emTaMIIOBOYHAL H 3aKaJIeHHAA CTATh

ITACTHYIHOCTH,

Tpme MMOKOJIEHHE aBTOTHCTOBBIX CTaleH IIpOrHo3

Current 3rd GEN  TpeTse moKoOIeHHE aBTOJHCTOBEIX CTalIeH aKTValIbHEIE Pa3pa0d0TKH



OcobeHHocTn MexaHn4eckux cBoicTB JJOMC:

-HEeIPEePhIBHOE IIACTUYECKOE Te€UCHHUE (OTCYTCTBUE TUIOIMIAKH TEKYUYECTH);

- OYEHb BBICOKasA CKOPOCTH JiIehOPMAIITMOHHOTO YIIPOUHEHHUS HA HAYaJIbHOM ATane Aedopmaiium;
- HU3KO€ OTHOILICHUE MPEEIIAa TEKYUYECTH K MPEAESITY TPOYHOCTH;

- JOCTaTOYHO BBICOKOE OAHOPOAHOE YIAJIMHEHUE

700 Ve B, 9 Y TS
o o~ B5u g
600 R R
= \ Ferrite -
S r
s 500 -
A \ TRIP a
9 400 , :
< Pearlite-ferrite L :
o N S I
£ 300 g O
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g., 200 X~ i \'. £
W \ iy
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100 '?.} Y
Martensite  ales
'02um
O_ 1 | ! | ! | ! . F
0 10 20 30 40
Englneerlng strain (%) Figure 2.3: Mobile dislocations near ferrite/martensite interface [32]
[IprunHeL:

1.Octarounbie HanpsbKeHUs B heppuTe (pacTATMBAIOIINE) U B MAPTEHCUTE (COKUMAIOIIINE),
BO3HUKAIOIIHNE B CUITY OObEMHBIX U3MEHEHUH MTPU MAPTECHCUTHOM MPEBPAIICHUH, a TAaK¥Ke
MOJIBMXKHBIC TUCITOKALIUM, 3apOXKAaIoIecs Ha TpaHuile GeppUT-MapTEHCUT JIJISl PeJIaKCcalliu
yOPYTuX HanpspKeHUH, 00yCIIOBIMBAIOT HEMPEPHIBHOE TEUCHUE.

2.HeogHopoaHOCTh pacnpeneneHust aepopMairi MexXIy MATKUM (DeppUTOM U TBEPIBIM
MapTEHCUTOM OOYCIOBIMBAET OBICTPBIN POCT TUIOTHOCTU JUCTOKAIUNA B (pEPPUTE U BHICOKUI
k03¢ UreHT 1ehOPMAIIMOHHOTO YIIPOUYHEHHUS.
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6.3.5. [Toaxyyenne YM3 cTpyKTYyp B ABYX(Pa3HBIX PePPUTO-MAPTEHCUTHBIX CTAJSX

Xotsa JIOMC umeroT JIyuiuii KOMILIEKC MEXaHUYECKHUE CBOMCTBA, YeM OObIYHBIE BHICOKOIIPOUHbIC
MaJIoyIJIepoAUCThie MajosierupoBaHHblie ctanu (HSLA), ymeHbllleHuE Beca KOHCTPYKIUN U MOBBIIICHUE
0€30IacCHOCTH TPHY aBapusix TpeOyeT JaJbHEHIIIEro MOBBIIMICHUS UX MPOYHOCTHBIX XapaKTEPUCTUK.

OnuH 13 BO3MOXKHBIX CIIOCOOO0B MoBkIIeHUs npouHocTr [JOMC — nepeBoj 3Tux craneid B YM3
COCTOSIHHUE.

[Tonyuenne YM3 crpykryp APMC BKiItogaeT qBa sramna:

l)nedbopmarinonnas 06padoTka aiis nojaydeHus Y M3 dbepputa v TOHKOAUCIIEPCHOTO [IEMEHTUTA WUITH
NEePIIUTA;

2)KpaTKOBPEMEHHBIN HATPEB B MEXKKPUTHUCCKUN MHTEPBAJI C TIOCIIEYIOIEH 3aKaIKOM JJIst
IpeBpalleHrs 00pa30BaBIIETOCS AyCTCHUTA B MAPTEHCHT.

N3menpuenue 3epeHHor cTpykTypsl JJOMC 1o YM3 ypoBHS IPUBOAUT K POCTY Mpeeia TEKYyYECTH U
npejienna MpOYHOCTH, YIYYIICHUIO BI3KOCTH U MOHMXKEHUIO TOPOTa XJ1aJHOJIOMKOCTH, TOr/Ia KaK
OJHOPOAHOE U O01Iee YAJIMHEHUE COXPaHAETCs MPAKTUYECKH 0€3 N3MEHEHUSI.



Briepeie YM3 cTpykrypa B JIOMC nonyuyena meronom PKVYII ¢ mocnenyronien 3akaikou
1ehOopMHUPOBAHHON CTPYKTYPBI U3 MEKKPUTHYECKOTO HHTEPBAJIA.

15.Y. L. Son, Y. K. Lee, K. T. Park, C. S. Lee, and D. H. Shin, Acta Materialia, 2005,

vol. 53, pp. 3125-3134.

Table 1
Chemical composition of the steels
Grade C Si Mn \Y 1200 2 2 y L
DPO 0.15 025 1.06 B r 1
DPI 0.15 025 111 0.06
DP2 0.15 024 112 0.12 © 1000 - =l
% UFG-DP1 |
: /
800 ~ 4
g UFG-DP2
% UFG-DPO 1
c 600 i
g
2 400 4
L V. %
CG-DPF0 noV ]
200 UFG-DP0 noV |
UFG-DP1  0.06
UFG-DP2 012 A
0 A L 1 1 N 1 A
0.00 0.05 0.10 0.15 0.20 025
engineering strain

Juarpamma nedopmaniuu pacTsKeHUEM

OM. Crpykrypa nocie PKYII COM. Crpykrypa nocie 3akanku u3 MK



[lepBas nomnbiTka nonyunts Y M3 crpykrypy ADOMC 6e3 ucnonwzoBanust UIT/I:
Temmas nmpokatka GeppUTO-NEPIAUTHON CTPYKTYPHI C MOCIEAYIONICH 3aKaIKoN 13
Mexkputrdeckoro untepnana (Calcagnotto, 2010)

C

Mn

Si

Al

N

P

0,17

1,49

0,22

0,03

0,003

0,002

0,003

\ a) Coarse grain (CG) route ‘b) Fine grain {(FG) route e Ultrafine grain (UFG) route

e 3 £
2 | Austenitization & | Austenitzation 2 | Austenitization
$ | 912°C, 3 min g | 912°C, 3 min g 912°C, 3 min
5 & $
= - [
860°C,£=0.2

Arg | Ary 3
Pv """"""" P1 ' Pv

Air Air

cooling cooling

Fig. 1. Thermomechanical processing routes to produce different grain sizes in a hot deformation simulator. Arz: non-equilibrium transformation start temperature, Py:
pearlite transformation finish temperature, £: logarithmic strain.

d=12,4 MKm d=1,2 MKM

Fig. 2. Microstructures used to evaluate the effect of grain refinement on mechanical properties. The (a) coarse grained (CG), (b) fine grained (FG) and (c) ultrafine grained
{UFG) material were produced by the processing routes illustrated in Fig. 1 plus intercritical annealing for 3 min at 730=C in a salt bath, followed by water quenching. Rolling
direction is horizontal, compression direction is vertical.



Terutas nedopmaiust HeppUTO-TIEPIUTHON CTPYKTYPBI COMMPOBOXKIACTCS pazOueHUuEM (PepPUTHBIX
3epeH Ha cy03epHa, a Takxke parMeHTaluei u cpeponan3zaimeit mIacTuH IIEMEHTUTA B TIEPIIUTE.
[Tocne 3akanku U3 MEKKPUTUUYECKOTO MHTEPBaJIa COIepKaHUe MapTEHCUTA BO BCeX 00Opasiiax
ObLII0 MpUMEPHO oauHAKOBBIM (30% ).

N3menpueHue 3epHa MpUBEIO K 0KMIaeMOMY TOBBIIICHUIO MPOYHOCTH. Ho ckopocTh
nedopMaIMOHHOTO YIIPOYHEHUS U, COOTBETCTBEHHO, YIJIMHEHHE MPAKTUICCKU HE M3MECHIIIHCH ().
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T s, <
X 0 = CG(d =124 pm -
< 800 (d, pm) &
=4 5" 30 4
g o
A 3
= 600 @
2 2 5 —o— Coarse grained (d, = 12.4 ym)
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(= — o
=3 P 3 —0— Ultrafine grained (d, = 1.2 pm)
a c 10 y
200 4 g Rf\"n
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0 2 4 6 8 10 000 001 002 003 004 005 008 007 008
Engineening strain (%) True strain ¢,
Fig. 3. Exemplary engineering stress-strain curves of the steels with coarse grained Fig. 6. Strain hardening rate as a function of true strain (average values from three
(CG), fine grained (FG) and ultrafine (UFG) ferrite matrix. Ferrite grain size (d;) is tensile tests). Grain refinement increases the initial strain hardening rate, d;: ferrite
given in brackets. grain size.

[IpranHbBI COXpaHEHUS TUIACTUYHOCTH:
Bricokasi poOTsSKEHHOCTh MEK(Pa3HBIX TpaHul] (epPUT/MAPTEHCUT YBEIUUUBAET YUCIIO
JMCITOKAIIMOHHBIX UICTOYHUKOB, CIOCOOCTBYET OBICTPOMY HAPACTAHUIO TIJIOTHOCTU JTUCIIOKAIUI
Y, TAKUM 00pa3oM, MOBBIIIAET CKOPOCTh AE(HOPMALIMIOHHOTO YIIPOUYHEHHS.



N3menpueHue 3epeHHON CTPYKTYphl 00ecrieunBacT
MOBBILICHUE YIAPHOM BSI3KOCTH, CHUKEHHUE ITOpOra
XJIAJHOJIOMKOCTH Y BSI3KHM MEXaHU3M Pa3pyLICHUS.
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H. Azizi-Alizamini, M. Militzer, WJ. Poole, ISl] Int. 51 (2011) 958-964.

Table 4-1: Chemical composition of the steel used in this study in wt pct

Element Fe C Mn P S Si Al N

wt pet Bal. 0.17 0.74 0.009 0.008 0.012 0.04 0.0047

A M

1000 °C-30min
e /0 &
& 750 °C-5&10s
~
& (
=9 Ac, 300 'C/s
E s c— — e e L e st ! A S s s iy S o g e
= (I1) (IV)

550 "C-60min 550 "C-75min

WO | WQ

IBQ: Ice Brine Quench >

WQ: Water Quench
CR: Cooling Rate

Time

FiGURE 4.—Schematic time-temperature history used to produce ultrafine
grained DP steels [9].

A novel path to produce DP steels with enhanced
properties was illustrated by Azizi-Alziamini et al. [9]
using a 0.17C-0.74Mn steel in which the five-stage
processing history shown in Fig. 4 was employed to
produce a ultrafine grained DP steel. After an ice-brine
quench (Step I), the steel possessed a fully martensitic
microstructure that was tempered in Step II prior to
cold rolling (Step III). A recrystallization pre-annealed
at 550°C (Step IV) produced an ultrafine aggregate of
ferrite and carbide (cementite). Stage V incorporated a
rapid heating rate and short times at the intercritical
annealing temperature, both chosen to minimize ferrite

grain growth and promote carbide dissolution and austenite
formation. On quenching, an ultrafine structure developed
with a martensite volume fraction of approximately 0.42
having a uniform distribution of 2pum martensite islands.
While not shown, in this material the strength difference
between the ferrite and martensite should be less than in
other DP steels owing to the grain size refinement of the
ferrite, and consistent with the modeling predictions of
Krempaszky et al. [7], should lead to improved overall
material performance in tests limited by decohesion fracture
and nonuniform second phase distribution. In a related
study [10], incorporation of an additional reduction step in
the interval normally associated with the runout table, can
be used to enhance deformation induced ferrite formation
resulting in ultrafine grained DP products.
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A novel route for development of ultrahigh strength dual phase steels

Yousef Mazaheri *, Ahmad Kermanpur, Abbas Najafizadeh

Table 1

Chemical composition of the investigated steel (wt¥X).
Element C Si Mn Cr S P
Composition 017 0.4 115 095 0.035 0.025

A.y: 753 °C and A5: 833 °C]

880°C- 30min

770°C- 100min

Temperature ——
1

80%CR

wQ

Time —>

Fig. 1. Thermomechanical treatment developed to produce ultrahigh strength DP
steels. A, : start and A.,: finish temperature of austenite formation during heating;

WQ: water quenching; CR: cold-rolling.
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Table 3

Mechanical properties obtained from tensile tests.

IAT (°C) YS (MPa) UTS (MPa) UE (%) TE (%) UTS x UE (Jem ) Yield ratio
770 422 +18 838+ 14 1555+ 0.45 2001 +0.59 130.30 + 5.90 0.50 +0.02
790 903 +17 1429+ 16 8.61 +0.49 1260+ 0.80 123 +8.30 0.63 +0.01
810 1004 + 20 1553 +17 752+0.38 1196 + 0.54 116.79 +7.24 0.65 + 0.01
830 1100+ 15 1587+ 13 659+ 041 1259+ 111 104.58 +7.42 0.69 + 0.01

IAT: intercritical annealing temparature; YS: 02% offset yield strength; UTS: ultimate tensile strength; UE: uniform elongation; TE: total elongation.

1800
# Calcagnotto et al. [13]
® Aziri-All ; ;
1600 - & Azizi-Alizamani et al. [16]
X W Park et al. [9,29,33]
1400 1 X A Sodjit & Uthaisangsuk [19]
< Kim & Nakagawa [42]
1200 ODPGO0 [19]
ODP800 [19]
1000 .‘ A 9 .. ® ‘ e ADPIS0 [43]
£ Com % xorcsent study
- F & & x
800 o - & %
600 4 o
400 T r T v T T
4 6 8 10 12 14 16
UE (%)

(1) Under the appropriate intercritical annealing conditions,
microstructure of the DP specimens consisted of nearly
equiaxed ultrafine ferrite grains (~1-2pum) and uniformly
distributed martensite islands. The martensite volume fraction
and hence its carbon content changed with increasing inter-
critical annealing temperature.

(2) In contrast to the as-received sample, all intercritically
annealed specimens showed typical characteristics of DP
steels, i.e., continuous yielding, low yield ratio and two stage
strain hardening behavior.

(3) The new DP steel (intercritically annealed at 830 “C for 8 min
followed by water quenching) showed an excellent combina-
tion of ultrahigh strength (~1100 MPa yield and ~ 1600 MPa
tensile strength) and adequate ductility ( ~7% uniform elonga-
tion and ~ 13% total elongation).

(4) The developed DP specimens (especially intercritically
annealed at 770°C) showed superior strength-elongation
balance in comparison with the DP steels from literature.

(5) The variation of martensite volume fraction and its carbon
content with intercritical annealing temperature was respon-
sible for changing the fracture mechanism.



6.4. Ilonyuyenne YM3 CTpPYKTYp B ayCTEeHHMTHBIX HEP/KABEHOIINX CTAJIAX

6.4.1. O01me cBeeHUs 00 AyCTEHUTHBIX HEPKABECIOUIUX CTAJIAX

Hepokageromue cranu CIuiaBbl Ha OCHOBE Kele3a, conepxkaniue He Mmeree 12-13% Cr. B atom ciryuae
ANMEKTPOXUMUYECKUM MOTEHIIMAJI CTAHOBUTCS MOJIOKUTEIBHBIM, U CTallb MPUOOPETAET YCTOMUUBOCTD
MPOTUB KOPPO3UHU B aTMOc(epe, BoJie, psJie cl1adbIX paCTBOPOB KUCIIOT, COJIEH U HIETOUEeH.
HeoOxonumoe ycioBue: BeCh XpoM J0JKEH HaXOUThCS B TBEpAOM pacTBope. Toraa o oOpasyeT Ha
MOBEPXHOCTH IUIOTHYO 3aIUTHYIO OKcuHyto mieHKy (Cr.Fe) O,.

32

B 3aBuCHUMOCTH OT XMUMHUYECKOT'O
COCTaBa HCPKABCIOIINEC CTAJIN UMCHOT

28

IIPU KOMHATHOW TEMIIEPATYPE PAZHYIO 24 \\ Austenite
CTPYKTYPY U MOAPA3ICAIOT Ha: £ NG /
Vi
-(beppHUTHEIE; - N 7
+
-MapTCHCUTHBIC; ® 10 A+M A//
8
- ayCTCHUTHBIC; + /% P
z 2 A w Ask

-ayCTEHUTHO-(EPPUTHBIE.

oq =

/|

8 Martensite \ /

Cr, Mo, Si, Nb — pacumpsitot a-00j1acTh 4

‘ M+F ™~ Ferrite
Ni, C, Mn — pacuupsioT Y-001acTh f\ / //

0 4 8 12 16 20 24 28 32 36 40
Crgq=Cr+Mo +1.5xSi +0.5 xNb

CrpykTypHas quarpaMma HEep>KaBeIOIIUX CTalen
(A. Weddnep)



Haunnyuimmm conpoTUBIEHUEM KOPPO3UHU 00JIaIat0T ayCTEHUTHBIE cTanu. Kpome Toro, oHu
00J1aJ1a10T BBICOKOM TJIACTUYHOCTBIO U BI3KOCTHIO U COXPAHSIOT MPOYHOCTHBIC XapaKTEPUCTUKU TTPU
MOBBIIIECHHBIX TEMIIEPATYPax.

[TpoMEbITIIIEHHBIE ayCTEHUTHBIE HepikaBeromue craum conepxkar: C<0,08%$ 16-19% Cr, 4-12% Ni:
7-2% Mn; 0-2% Mo.

Table 1 Typical compositions of the most commonly used lean austenitic alloys

Alloy Designation C N Cr Ni Mo Mn Si Other Other Other
201 S20100 0.08 0.07 16.3 45 0.2 7.1 045 0.001S 0.03P 0.2 Cu
201 drawing S220100 0.08 0.07 16.9 54 0.02 7.1 0.5 0.001S 030P 0.6 Cu
201LN S20153 0.02 0.13 16.3 45 0.2 71 045 0001S 0.03P 0.5 Cu
301 tensile S30100 0.08 0.4 16.6 6.8 0.2 1.0 045 0.001S 0.03P 0.3 Cu
301 drawing S30100 0.08 0.04 17.4 74 0.02 1.7 045 0007S 003P 0.6 Cu
303 S30300

304 S30400 0.05 0.05 18.3 8.1 0.3 1.8 045 0001S 003P 0.3 Cu
304 drawing S30400 0.05 0.04 18.4 8.6 0.3 1.8 045 0001S 0.03P 0.3 Cu
304 extra drawing S30400 0.06 0.04 18.3 9.1 0.3 1.8 045 0.001S 0.030P 04Cu
304L tubing S30403 0.02 0.09 18.3 8.1 0.3 1.8 045 0013S 0.030P 04Ci
305 S30500 0.05 0.02 18.8 12.1 0.2 0.8 0.60 0.001S 0.02P 0.2 Cu
321 S32100 0.05 0.01 17.7 0.1 0.03 1.0 045 0.001S 0.03P 04Ti
316L S31603 0.02 0.0 16.4 10.5 2.1 1.8 050 0010S 0.03P 0.4 Cu

Cranu ¢ BBICOKHM cojiep:kaHrueM Hukend (> 14%) coxpaHsaioT CTaOMIbHYIO ayCTEHUTHYIO CTPYKTYPY
U ¥ HUKE KOMHATHOW TEMIIepaTyphl.

AyYCTEHUT B CTaJIsIX C HOHM>XEHHBIM cofepkanreM Hukensa (<8-10%) HeyCTONYMB: ero oXJIaxaeHue
B 00J1aCTh OTPUIATENIbHBIX TEMIIEPATYP WU TUIACTHYECKasl 1epopMalivsi TPy KOMHATHON
TEMIIEpaType BbI3BIBAIOT 00pa30BaHUE MapTeHCUTA. Takue cTalid Ha3bIBalOTCS METACTA0OUIIbHBIMU
ayCTEHUTHBIMU CTAJISIMHU.



AyCTEHUT B METAaCTaOMIIBHBIX AyCTEHUTHBIX CTAJISX B MPOIIECCE MIACTUYECKON AedopMaIiui MOXKET
HCTBITHIBATh Y—>£—>0l WJIK Y—> (. MAPTCHCUTHBIC IPEBPAICHUS.
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0-MapTeHCUT, 00pa30BaHHbBIN B 1000- a =
IUIACTUHE E-MapTEHCUTA
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Angle (26)

JupaKIMOHHBIH CIIEKTp, caadone(opMUPOBAHHOTO ayCTEHUTA

[Tnactuyeckas nedopmaiius BEI3bIBACT 00pa30BaHUE
MapTEHCHUTA, €CIIM TeMIiepaTypa aedopMaliii He MPEeBHIIIaAeT
TemIeparypy M, , 3aBUCSIIYIO OT XUMHYIECKOTO COCTaBa

CTalJlu:

0-MapTEHCHT, 00Opa30BaHHBIN HA MEPECEUYCHUN
IOJIOC CABHTA

M30(°C)=551-462-(C+N)-9.2-Si-8.1-Mn-13.7-Cr-29-(Ni+Cu)-18.5-Mo-68 -Nb-1.42-(GS-8)



MapTteHcuTHOE TTpeBpalieHue B npoiecce negopMann 00yCIOBIMBAET OCOOCHHOCTH MEXaHUUYECKUX
CBOMCTB METACTAOMJIbHBIX ayCTCHUTHBIX CTaJICH:

1)BbIcOKOE AehopMalMOHHOE YIIPOUHEHHUE, CBA3aHHOE KaK C YBEJIMUCHUEM TUIOTHOCTU JUCIOKAIIUN, TaK
1 00pa3oBaHUEM MapTEHCUTA, U, COOTBETCTBEHHO, BRICOKMU Mpeie] IPOYHOCTH:

2)BBICOKAS MIACTUYHOCTh, 00YCJIOBIICHHAs MapTeHCUTHBIM npeBparienuem (TRIP-effect,
Transformation Induced Plasticity). O6pa3zoBaHne MapTeHCHUTa COMPOBOXKAAETCS BEICOKOM CKOPOCTHIO
YIOPOYHEHUS U MPENATCTBYET JOKaIu3auu Aedopmaliu B meHKe.

HenocrarkoM ayCTEHUTHBIX (CTAOMIIBHBIX U METACTAOMIIBHBIX ) HEP)KABEIOIIUX CTajel, OrpaHUIUBAIOIITAM
VX MPUMEHEHUE, SIBIISIETCSA HU3KUU MPENET TEKYUYECTH.

Table 3: Tensile properties and hardness for a few austenitic stainless steel grades (from [23, 6]

Austenitic grade
Property AISI 301  AISI 302 AISI 304 HyTens2000
TS 125 620 580 2000
YS 275 273 290 1980
Elongation 60 55 55 <1
Hardness 85 HRB 80 HRB 80 HRB

[Ipenen TekyyecTH yKa3aHHBIX CTaJlel MOBBIIIAIOT 3@ CUET JISTUPOBAHUS (TBEPIOPACTBOPHOE
yIOpOYHEHUe, TIacCTUYeCKol Aedopmarueit (AUCIOKAIIMOHHOE YIIPOUHEHHUE) U U3METTBUEHUEM 3€PEHHOMN
CTPYKTYpbI ayCTEHUTA (€IUHCTBEHHBIN MEXaHU3M, MOBBIIIAIOIINI OJTHOBPEMEHHO MPOYHOCTh U
BA3KOCTh). OTHAKO BO3MOKHOCTH OOBIYHBIX METOJIOB U3MEIIBYCHUS 36PEHHON CTPYKTYPHI 32 CUET
PEKpUCTAITM3AIMY B MPOIecce ropsaue neopmManuu uiv 00bIMHOTO PEKPUCTAIIIM3AIIMOHHOTO OTKUTa
X0JIOAHOIE(POPMUPOBAHHBIX AyCTEHUTHBIX CTAJIEH OrpaHUYeHBI pazmepamu 3epeH 10 u5 Mxwm,
COOTBETCTBEHHO.



6.4.2. Metoa nostyyeHuss Y M3 cTpyKTypbl MeTACTA0MJILHBIX AyCTEHUTHBIX CTaJIel 3a cUer
IUKJIOB X0J10AHOM AedopManuu U (a30BbIX NPeBPALLCHU I

A repetitive thermomechanical process to produce
nano-crystalline in a metastable austenitic steel

*

Yunqging Ma, Jae-Eun Jin, Young-Kook Lee

Table 1
Chemical composition of the steel used (wt%)
C Ni r Mn Fe
0.078 492 9.94 7.72 Balance
N ;
Solution First cycle Second cycle
le ~|
Treatment N - ~1
o Reverse Reverse
s Transformation Transformation
© 7. o] COTOREN
5
- Cold Cold
Rolling Rolling
>
Time

Fig. 1. A schematic illustration of a repetitive thermomechanical
process to obtain the nano-crystalline in a metastable austenitic steel.
A, and Ay are the reverse transformation start and finish temperatures,

respectively.

Scnpta Materialia 52 (2005) 1311-1315

[Ipouecc BKIIFOYAET XOJIOAHYIO TPOKATKY |,
BBI3BIBAIOIIYIO IIPEBPALLICHUE ayCTEHUTA B
MAapTEHCHUT, U TOCIEAYOIINNA OTKUT JJIsI
peanuzaiy oOpaTHOTO MPEBPAIICHUS
MAapTEHCUTA B AyCTCHMUT.

ITepBas nedopmarus: 75% obxaTus
Bropas nedopmanus: 50% obxarus

Temmneparypa narpesa: A +10°C=640°C.
Bpewms Boiepxkku: 10 muH.
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orxkura; (D) nocne Bropoit npokarku; (E) nocie Broporo
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Stress (MPa)

Pa3mep aycTeHUTHBIX 3€peH nociie nepBoro orxkura — 300 Hm
Pa3mep ayCTeHUTHBIX 3€peH nocie BToporo orxkura — 200 Hm

1200 Table 2
Tensile properties of the specimens measured at different stages during
1000 - the thermomechanical treatment
(C) Stage Yield Tensile  Uniform Total
800 strength strength elongation elongation
(B) (MPa) (MPa) (o) (7o)
600 After solution 120 1041 36.5 389
. (A) treatment
400 - After the 708 1070 32.6 36.0
first annealing
After the 779 1102 28.0 32.0
200 .
second annealing
R I L e TR e - e T [TosmydeHno 3aMedaTeIbHOE COYETAHUE BHICOKOU
0 5 10 15 20 25 30 35 40 45 50 o
Strain (%) IMPOYHOCTHU U BBICOKOHU IIIIACTHUYIHOCTH.

Juarpammsl pactsikenus: (A) mocine aycrenutusanuy; (B)
nocne nepsoro orxkura; (C) mocne BTOPOro OTKHUra

TpeboBanus Kk mpolieccy Ha OCHOBE MOCIEAYIONNX padoT:

Y
2)
3)

4)

MetacTaOMIBHBIN ayCTEHUT JIOIKEH MOYTH MOJIHOCTHIO MCIIBITATh IIPEBpAIlEHUE B MAPTECHCUT B
MpOIECCE XOJOHOM Jeopmaliuu.

MapreHcut, HHIYLIUPOBAaHHBIN Aedopmaliueit, 1oJKeH ObITh caM CHIIBHO Ae(POopMUpPOBaH, YTOObI
Pa3pyIIMTh €r0 PEEUHYIO CTPYKTYPY Iepel 00paTHBIM NPEBpaIlCHUEM.

OOparHoe npeBpallieHue JOJKHO ObITh Peain30BaHO TP MUHUMAJIbHOM BO3MOXKHOM TeMIIeparype
1 32 KaK MOJKHO MEHbIIIee BpeMsl, YTOOBI IMOJIaBUTh POCT 3€PEH ayCTEHMTA.

Temmeparypa Hauyajla MApTEHCUTHOTO IIPEBPAIEHHS] PEBEPTUPOBAHHOTO ayCTEHUTA JIOIKHA ObITh
HI)KE KOMHATHOM TeMIepaTypbl, YTOOBI TOTYUYHUTh IMOJTHOCTHIO ayCTEHUTHYIO CTPYKTYPY.



Production of nano/submicron grained AISI 304L stainless steel through the
martensite reversion process

Farnoosh Forouzan*, Abbas Najafizadeh, Ahmad Kermanpur, Ali Hedayati, Roohallah Surkialiabad

Chemical composition of 304L austenitic stainless steel (weight percent).

Materials Science and Engineering A 527 (2010)7334-7339

Type C Si Mn Cr Ni Cu Mo Nb Fe
304L 0.0269 0.427 1.58 182 822 0.58 0348 0.0020 Base
Tab|e 3 A Solution Treatment
Tensile properties of as received and annealed (at 700 =C for 300 min) specimen. K
Fracture Yield strength Tensile strength H
strain (gf) (MPa) (MPa) g
g
As received 52% 300MPa 600 MPa - Cold Roling
After annealing 40% 1000MPa 1010MPa [ et st warsnsie | [ Feaden |
Deformation Induced
Transformation

Production of nano/ultrafine grained AISI 201L stainless steel through advanced
thermo-mechanical treatment

A. Rezaee*, A. Kermanpur, A. Najafizadeh, M. Moallemi

Table 1
Chemical composition of AISI 201L stainless steel (wt.%).
C Mn Si Cr Ni Mo P S N Fe
0027 591 051 1620 388 008 004 002 004 Balance
Table 2

Time

Materials Science and Engineering A 528 (2011) 5025-5029

A

Solution Treatment

Annealing

~ Reversion

Temperature

Metastabley

Deformation Induced

Reversed ¢ with
Fine Grains

v

Time

Mechanical properties of 201L stainless steel at different stages of the repetitive thermo-mechanical process at room temperature.

Processing conditions? Average grain size UTS (MPa) Yield strength (MPa) Total elongation (%)
SA at 1100=C for 150 min 27 pm 1030 330 48
95% CR - 1950 - <
95% CR+850°C/30s 65 nm 1780 1485 33
95% CR+850°C/180s 140 nm 1710 1075 37
95% CR+850°C/600s 810 nm 1420 870 34
95% CR+850°C/1800s 1.4 pum 1160 780 25

* SA: solution annealing; CR: cold rolling.



Property Enhancement in Metastable 301LN Austenitic
Stainless Steel through Strain-Induced Martensitic
Transformation and its Reversion (SIMTR) for Metro
Coach Manufacture

S. Srikanth'’, P. Saravanan', Vinod Kumar', D. Saravanan’, L. Sivakumar?, S. Sisodia’, K. Ravi',
B. K. Jha'

Amongst the wide variety of austenitic stainless steels
(ASS) produced at Salem Steel Plant (SSP) m India, the
metastable austenitic staimnless steel type 301LN is widely
used for manufacture of rail car structural components and
automotive trim applications. Currently. there exists a
substantial demand for this grade for fabrication of Metro
Coaches suited for urban rail transportation. The steel has
relatively low yield strength of 350-380 MPa and tensile
strength of 600-800 MPa with total elongation of 45-60% in
annealed condition. However, the current market
requirement, as projected by many of the ongomg Metro
Rail Projects i India. calls for the manufacture of this steel
with UTS m excess of 1000 MPa and yield (YSto UTS) ratio
ofless than 0.8 as this would facilitate substantial reductions
in tare weight and crash-worthiness of the metro coaches.

Table 1. Chemical composition of 301LN metastable austenitic samless seel (in wt%)

C Mn Si S P Cr Ni N

003max| 1.50-2.00 [ 1.00max | 0030 max | 0045 max | 16.0-180 | 6.0-80 | 0.07-0.20

The cold rolled coils (CRC) of the steel are manufactured in
a wide varety of thicknesses and temper designations
(namely. high temper (HT), medmmtemper (MT), standard
temper (ST). deadlight temper (DLT) and light temper (LT))
through cold rolling and concurmrent annealing cycles. Table
1 gives the nommal chemucal composition of 301LN
metastable austenitic stainless steel (in wt%).

International Journal of Metallurgical Engimeering 2013, 2(2): 203-213

Combination of properties viz. YS: 751-921 MPa, UTS:
1001-1151 MPa, Elongation: 22% min, Hardness: 36 HRC
max and Yield ratio: <0.8 can be attamed in 301LN grade
coils by imparting heavy cold reductions to the tune of
45-50% i Sendzimir Mill followed by brief / short
annealing treatments (80-160 s) by means of single furnace
operation at 750 °C at standard line operating speeds
stipulated for 300 series in Annealing Pickling Line-1 (AP
Line-1) at SSP.

Short annealing treatment would serve to revert
strain-induced martensite (o), formed during heavy cold
rolling. to strain-free, sub-micron sized austenite graims,
which contribute to improvement in mechanical properties
(strength-ductility combination) through grain refinement/
grain boundary strengthening mechanism.

Strength. ductility and toughness of ultra fine-grained
austenitic microstructure are superior to that achieved
through deformation-induced martensitic strengthening of
metastable austenite.

The acceptable combination of properties in HT temper,
especially those stipulated by Metro Coach specification,
necessitate the achievement of composite microstructure
comprising ultrafine grained austenite and some amount of
untransformed strain-induced martensite (SIM less than
about 10 vol%) through partial reversion.

The process is distinct from conventional long annealing
treatments (300-360 s), which are conventionally emp loyed
to soften the steel after cold rolling by means ofrecovery and
recrystallization processes. Thus, conventional annealing
softens the ASS whereas reversion annealing serves to
strengthen steel through grain refine ment.
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YM?3 cTtpykTypa METACTAOUILHOIO TUTAHOBOTO CIIIABA MOCIE MAPTEHCUTHOTO B—0”’

IIPeBpaIllCHUs, MHIYIIMPOBAHHOTO Jiehopmaliieit, u o0paTtHoro o — [} npeBpaiieHuemM
(Cai, 2011)

Cmnas: Ti-77.5, V-15.9, Al-3.6, Sn -3.0 Bec.%

Pexxum 00paboTku:

-XO0JIOJIHAs TIpoKaTKa ¢ ooxkarueMm 75%,
BbI3bIBaOIAs [3—0’’ IpeBpalleHUE;
-omxur 800 C, 3 MHUH 1151 OCYILIECTBICHUSA
00paTHOTO MpEeBpaILCHUS

Pa3smep 3epen B-¢azbl — 2 MKkM

[Tonmxxenune Temmneparypsl orskura 10 720 C
oOecIeurBaeT MoJydYeHHe CYOMUKPOHHBIX 3€pEH

Zone axis: [113]
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YOpPOYHEHUE AYCTEHUTHBIX CTAJIEH 32 CYET HAHOJIBOWHUKOBAHUS

316L Austenite Stainless Steels Strengthened

by Means of Nano-scale Twins

G.Z. Liu, N.R. Tao' and K. Lut

J. Mater. Sci. Technol., 2010, 26(4), 289-292.

AISI 316L
Cr Ni Mo C M P S
16,4 11,2} 2,1 |002]| 142 | 0,04 | 0,01

XomomHas aedopManus MPOUCXOAUT ITyTEM IBOMHUKOBAHMS.
I'panunsl ABOMHUKOB ToAmKHOM 100-500 HM BBICTYIAIOT B
KaueCTBE Mperpaj s AUCIOKaun. J[J1s1 TOBBIICHUS

IIACTUIHOCTHU IPUMCHAIOT OTXKHI.
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O6paboTka:
-omxur T=1200 C, t=30 mun
-xoniofHas aedopmarus e=1.6, v=103¢"!
-oTxkur T=750 C, t=90 mun

Fig. 1 Typical microstructures of the as-DPD 316L S8
with e=1.6 (a) and of the annealed DPD 316L S5
at 750°C for 90 min (b)












