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ABSTRACT

Basedonuniaxialtensileandplanestraindeformationtests,theeffectsofstrainstatesonthestabilityof
RA (retainedaustenite)inmedium Mnsteels, whichweresubjectedtoIA (intercriticalannealing) and
Q&P (quenchingandpartitioning)processing, wereinvestigated．ThevolumefractionsofRAbeforeand
afterdeformationweremeasuredatdifferentequivalentstrains．ThetransformationbehaviorsofRAwere
alsoinvestigated．ThestabilityofRAdifferedacrosstwodifferenttransformationstagesattheplane
strainstate:thestabilitywasmuchlowerinthefirststagethaninthesecondstage．FortheuniaxialtenＧ
sionstrainstate,thestabilityofRAcorrespondedonlytoasingletransformationstage．Themainreason
wasthatthereweretwotypesoftransformationsfrom RAinthemedium Mnsteelfortheplanestrain
state．OnetypewasthatthemartensiteoriginatedinthestrainＧinducedstackingfaults(SISF)．Theother
typewasthestrainＧinduceddirectlytwinmartensiteatacertainequivalentstrain．However,fortheuniaxＧ
ialtensionstate,onlythestrainＧinducedtwinmartensitewasobserved．Dislocationlinesanddislocation
tangleswerealsoobservedinspecimensdeformedatdifferentstrainstates．Inaddition,complexmicroＧ
structuresofstackingfaultsandlathＧlikephaseswereobservedwithinagrainattheplanestrainstate．

１．Introduction
　Energyconservationandemissionreductioninthe
formoflightweightautomobilesisthemainstrateＧ
gyadoptedbytheautomobileindustrytosolvethe
problemsofenvironmentalpollution and energy
shortage．TheapplicationofAHSS (advancedhigh
strengthsteel) suchasTWIP (twinninginduced
plasticity)steelandTRIP (transformationinduced
plasticity) steelhasbecomeanewtrendtothis
end[１,２] ．TWIPsteelisespeciallyappealingbecause
ofitshightensilestrengthandductility[３] ．HowevＧ
er,thehighcostanddifficultiesinitsproduction
currentlyhinderitsapplicationintheautomobileinＧ
dustry[４] ．Therefore,automotivematerialresearchＧ
ershaveincreasinglyfocusedonmedium manganese
(Mn) steels．Previousstudiesrevealedthatmany
medium MnsteelswithaMncontentintherangeof
３％－１２％exhibitedhighstrength,excellentplastic
elongation, andlargeenergyabsorptioncapabiliＧ
ty[５Ｇ８] ．Some medium Mnsteelshaveevenshown
similarorsuperiorpropertiescomparedtotheTWIP

steels[４] ．
　Atpresent, medium MnsteelsaretheidealmateＧ
rialsforautomobilemanufacturing．Thecarbonand
manganeseatomsaregatheredinausteniteduring
theIA (intercriticalannealing)andQ&P (quenchＧ
ingandpartitioning) processing．Theapplicationof
thecombinedIAandQ&P (IA＋Q&P) processing
leadstoexcellentmechanicalpropertiesandoptimiＧ
zesthedistributionofretainedaustenite(RA),reＧ
sultinginanincreaseinthestabilityofRAinmediＧ
um Mnsteels．BasedonCoomanetal􀆰[９] ,theatＧ
tractivemechanicalpropertiesofIA＋Q&PprocessＧ
ingmedium MnsteelwereobtainedwithoutanydeＧ
creaseinthestrengthＧductilitybalance．TheybeＧ
lievedthattheaboveＧmentionedphenomenon was
duetothepresenceofprimaryα′lathmartensitein
themicrostructureafterIA＋Q&Pprocessing．Liet
al􀆰[１０]foundthatRAwasdistributedatfourdifferＧ
entlocationsinthemicrostructureafterIA＋Q&P
processing．Theresultsshowedthatattheearly
stageofdeformation,theRAtransformedeasilyat
thetripleedgesandinthetwinnedaustenite, while
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theRAeitherembeddedcompletelyinasingleferＧ
riteorattheboundariesbetweenmartensitesrotaＧ
tedwithoutanytransformation．Songetal􀆰[１１] reＧ
portedthatafterIA＋ Q&Pprocessing, the RA
couldprogressivelytransformintomartensitedurＧ
ingthewholedeformationprocess;thisresultedin
agoodcombinationofstrengthandductility, and
contributedtoahighproductofstrengthandelonＧ
gation(PSE)of３１􀆰９GPa􀅰％．
　Asiswellknown, RAplaysanimportantrolein
martensitetransformationduringplasticdeformaＧ
tionofTRIPsteels[１２] ．Previousstudiesshowedthat
thestabilityofRA wasmainlyaffectedby (１)the
grainsize[１３,１４] , (２) CandMnconcentrations[１３,１５] ,
(３) morphologyanddistributionofRA[１６] , (４)conＧ
straineffectfromthephasessurroundingtheaustenＧ
ite[１７] ,and (５) strainstateincorrelationwiththe
loadingdirection[１８] ．TheseeffectswerealsoexpecＧ
tedtoplayasignificantroleinthestabilityofRAin
themedium Mnsteels．Researchintotheeffectof
grainsizeandMnconcentrationonaustenitestabiliＧ
tyshowedthatthenonＧuniformdistributionofMn
couldleadtodifferentdegreesofaustenitestability
inthesteels．ItwasobservedthattheaustenitestaＧ
bilitydecreasedwithanincreaseingrainsize．PreviＧ
ousstudiesonthemorphologyofRAsuggestedthat
theultrafineRAlamellaestabilitywassuitablefora
steadyandgradualmartensitetransformation．On
theotherhand,thepresenceofblockyRAplayeda
majorroleintheinitiationofvoids, which were
formedbyanabrupttransformationofthelowstaＧ
bility RA into martensite．Theinfluenceof miＧ
crostressonRAstabilityinTRIPsteelshasbeeninＧ
vestigatedbyuniaxialtension,planestrain,andbiＧ
axialtensiontests[１８] ．Itcouldonlybeconcluded
withregardtothestabilityofRAthatthoseatthe
uniaxialtensionstatedisplayedtheleastamountof
variation, whilethoseatthebiaxialtensionstate
showedthegreatestchange,andtheextentofvariaＧ
tion was moderateforthoseattheplanestrain
state．However,therearefewreportsontheeffect
ofstrainstateonthestabilityandtransformation
mechanismofRA, especiallyforthemedium Mn
steelwithmetastableRAprocessedbyIA＋Q&P．
　ThemainobjectiveofthepresentworkistobetＧ
terunderstandtheeffectofstrainstatesonthestaＧ
bilityofRAinthemedium Mnsteelprocessedby
IA＋Q&P．Theuniaxialtensiletestsandplanestrain
testswerecarriedoutusingauniversaltensilemaＧ
chineandacoldrollingtestingmachine,respectiveＧ
ly．XＧraydiffraction(XRD) wasemployedtoquanＧ
tifytheevolutionofRAfractionasafunctionof
strain．Finally, transmission electron microscopy
(TEM) wasusedtoinvestigatethetransformation
behaviorsofRA．

２．ExperimentalProcedure
　Themedium MnsteelusedinthisstudywasmelＧ
tedinavacuuminductionmeltingfurnaceunderarＧ
gonatmosphere．Theexactchemicalcompositionis
showninTable１．Theingotswereforgedintoseveral
billetswithdimensionsof７０mm×８０mm×３５mm,
whichwerethensubjectedtohotrolling．ThehotＧ
rolledsteelswithafinalthicknessof３ mm were
coldrolledtoathicknessof１􀆰２mm,followedby
IA＋Q&Pprocessing．A schematicoftheIA＋
Q&Pprocessingofthe medium Mnsteelusedin
thisstudyisshowninFig􀆰１．ThecriticaltransforＧ
mationtemperaturesweredeterminedwithaDIL８０５
quenchingdilatometer, usingcylindricalspecimens
withdiameterof４mmandlengthof１０mm．The
resultsshowedthattheausteniteＧstartingtemperaＧ
ture(Ac１)andausteniteＧfinishingtemperature (Ac３)
are５８２and７４５°C, respectively．The martensiteＧ
startingtemperature(Ms)is１７５°C．Therefore,the
optimumIA＋Q&Pheattreatmentwascommenced
withanIAtemperatureof６６０°Cfor１０min,folＧ
lowedbycoolingto７５°Cfor１０sattherateof５０
°C/s．Subsequently,thespecimenswerereheatedto
thepartitioningtemperatureof４５０°C,followedby
isothermalholdingfor６０s,andthendirectlyquenched
attherateof５０°C/storoomtemperature．

Table１
Chemicalcompositionsoftestedsteels(wt．％)

C Si Mn Fe

０􀆰２２ １􀆰５３ ６􀆰８３ Balance

F—Ferrite;　M—Martensite;　RA—Retainedaustenite．
Fig􀆰１．　SchematicofIA＋Q&Pprocessingformedium Mn
steelusedinthisstudy．

　Theuniaxialtensiletestswereconductedusingan
MTSuniversaltestingmachine．ThemediumMnsteel
platesafterIA＋Q&PprocessingwerecutintodogＧ
bonetensilespecimensbyawirecuttingmachine．The
specimenshadagaugelengthof１５mmalongtherollＧ
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