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ABSTRACT

TheeffectsofMnandCrcontentsonbainitictransformationkinetics, microstructuresandmeＧ
chanicalpropertiesofhighＧcarbonlowalloysteelsafteraustemperedat２３０,３００and３５０°Cwere
determinedbydilatometry,opticalmicroscopy,scanningelectronmicroscopy, XＧraydiffraction
andtensiletests．TheresultsshowedthatMnandCrcanextendbainiticincubationperiodand
completiontime,andwiththeincreaseofMnandCrcontent,thebainiticferriteplatethickness
decreasedandthevolumefractionofretainedausteniteincreased．TRIP(transformationinduced
plasticity)effectwasobservedduringtensiletesting whichimprovedtheoverallmechanical
property．TheincreaseofMnconcentrationcanimprovethestrengthtoacertainextent,butreＧ
ducetheductility．TheincreaseofCrconcentrationcanimprovetheductilityofbainiticsteels
whichtransformedatalowtemperature．Thelowtemperaturebainiticsteelaustemperedat２３０°C
exhibitedexcellentmechanicalpropertieswithultimatetensilestrengthof(２１４６±１１) MPaand
totalelongationof(１２９５±０１５) ％．

１．Introduction
　Inrecentdecades,inordertoimprovevehiclesafety,
realizeautomotivelightweighting,reducefuelconＧ
sumption,increasefuelefficiencyanddecreaseemisＧ
sion, the development and application of high
strengthsteelsandultraＧhighstrengthsteelshave
becomeatrendofmodernautomobile．In２００２, CaＧ
balleroetal[１] obtainedthenanoＧstructuredbainite
inhighＧcarbonsiliconＧrichalloysteelwitharemarkＧ
ableultimatetensilestrengthinexcessof２３GPa
andatoughnessof３０ MPam１/２ viaisothermal
transformationatlowtemperatures．Theexcellent
combinationofmechanicalpropertiesisattributed
tothefineＧscaledcarbideＧfreebainiticplates (２０－
４０nm)anduniformdispersionofaustenitebetween
theplates．
　DevelopingnanoＧstructuredmicrostructureneeds
alargerundercoolingandlongerisothermalholding
time,forinstance,ittakesatleast７２htocomplete
bainitictransformationwithinthetemperaturerange
of２００－３００°C[２Ｇ５] ．Therefore,theslowrateofbainitic
transformationlimitsitsdevelopmentinacommerＧ
cialpointofview．Inordertoreducethedurationof

isothermaltransformation,theselectionofrational
alloyelementshasbeenconductedtoacceleratebaiＧ
niticreaction．TheadditionofAland/orCocaninＧ
creasethechemicaldrivingforceforthetransformaＧ
tionofausteniteintoferrite;thus,thetransformaＧ
tioncanbeeasilyaccelerated[６,７] ．Theinvestigationof
Huangetal[８] showedthatreducingtheconcentraＧ
tionofMnhasamuchgreatereffectthanincreasing
Cointermsofacceleratingthebainiticreaction
whichcanbringsignificantcostreduction．Goulaset
al[９] studiedtheeffectofchemicalinhomogeneity
ontheisothermalbainiticformation, which has
shownthatthegrowthofbainiteinthehighMnand
Crconcentrationregionswereretarded．
　Inthisresearch,anovelcompositionofhighＧcarＧ
bonlowalloysteelhasbeendesigned,onlycompriＧ
singC,Si, Mn, AlandCr,andtheeffectsofMnand
Cronthebainitictransformationrate, microstrucＧ
turesandmechanicalpropertieswereinvestigated．

２．MaterialandMethods
　Threesteelshavebeenusedforthiswork, and
theirchemicalcompositionsarelistedinTable１．The
additionofAlandSiinmuchhigherquantitiescan
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Table１
Chemicalcompositionsoftestedsteels(wt％)

No． C Si Mn Cr Al Fe

N１ ０８３ ２４４ ０４３ － ０７３ Balance
N２ ０８３ ２５４ １０１ － ０８９ Balance
N３ ０８１ ２４８ ０９８ １０４ ０９１ Balance

avoidcementiteprecipitationfromaustenitesoasto
form carbideＧfreebainiteduringbainiticreaction．
Thesteelswereproducedas５０kgingots,forgedto
adiameterof４０mmandthenhomogenizedat１２００°C
for２４h．Sampleswerefirstlyaustenizedat９５０°C
for３０ min, subsequentlytreatedat２３０, ３００and
３５０°CforvariousisothermaltimetoachieveacomＧ
pletelybainiticmicrostructureinsaltbathfurnace,
respectively,andfinallyquenchedtoroomtemperaＧ
ture．ThedifferentholdingtimewasbasedonthereＧ
sultsofthermalsimulationtestingwithcylindricalsamＧ
ples(ϕ４mm×１０mm)usingaDIL８０５Adilatometer．
　TensiletestswerecarriedoutonaMTS８１０tenＧ
siletestingmachineatroomtemperatureaccording
toChinesestandardGB/T２２８Ｇ２００２．Thespecimens
were１２mmindiameterand２５mmingaugelength．
ThecrossＧheadspeedwas１mmmin－１．TheengineerＧ
ingstressＧstraincurvesmeasuredduringuniaxialtenＧ
siletestswereconvertedintothetruestressＧstrain
curve,andstrainhardeningwascharacterizedbythe

workhardeningindexthatwascalculatedfromthe
truestressＧstraincurve．
　ThemicrostructuremorphologyandphasedistriＧ
butionwerecharacterizedwithaZEISSAX１０optiＧ
calmicroscope(OM)andZEISSULTRA５５Ｇtypefield
emissionscanningelectronmicroscope(SEM)．MetＧ
allographicsamplesforOMandSEM wereground,
mechanicallypolishedandetchedwith２vol．％nital．
Thedeterminationofphasecomponentsandrelative
volumefractionchangeofretainedaustenitebefore
andaftertensiletestwereachievedbyXＧraydiffracＧ
tion (XRD) analysisusingCuＧKαradiationwitha
voltageof４０kVandacurrentof１５０mA．Thehardness
ofthesampleswasmeasuredbyaRockwellhardＧ
nesstester．

３．ResultsandDiscussion

３１．Bainitictransformationkinetics

　Fig１presentsthephasetransformationkineticof
testedsteelsundertheinfluenceofisothermaltreatＧ
mentatdifferenttemperatures．Fig１(b) displays
thecorrespondingtransformationrateofFig１(a)．
Thetimeatwhich１％－３％ and９５％－９８％ volume
fractionofbainiteisgeneratedisconsideredasthe
startandcompletiontimeofisothermalbainitictransＧ
formation,andtherelativeresultsatdifferenttemperＧ
aturesarelistedinTable２．Itcanbeseenthatlower

(a) DilatationＧtimecurves; 　 (b) Transformationrate．
Fig１．　Transformationkineticoftestedsteelsunderinfluenceofisothermaltreatmentatdifferenttemperatures．

Table２
Bainitictransformationtimeandmaximumtransformationrate

No． Temperature/°C ts/s tf/s εmax/(μms－１)

N１ ２３０ １１８０ １４４２８ ００１０
３００ ３１３ １９５４ ００６２
３５０ １９４ １０６９ ００８２

N２ ２３０ ３８１６ ２４４４４ ０００５
３００ ７３２ ３８１６ ００２７
３５０ ４９５ ２９１６ ００２７

N３ ２３０ １３６０７ ４６６５６ ０００２
３００ １８００ ８４９６ ００１０
３５０ １４３９ ６１５６ ０００７

　Note:ts,tfandεmaxstandforstarttime,completiontimeand
maximumrateofbainitictransformation,respectively．

transformationtemperatureandhigherconcentrationof
Mn(N２steel) andCr (N３steel) areaccompanied
bylongertransformationincubationtimeandlower
transformationrate, andthebainitictransformations
areretarded．AstheconcentrationofMnincreases,the
bainitestarttimeofN２steelisnearlytwiceasmuch
asthebainiteterminaltimeofN１steel．WithfurＧ
therincreasingtheCrcontent,thetimeneededfor
bainitestarttransformationofN３steelisalmostthe
sameasthebainiteterminaltimeofN１steel．The
transformationraterapidlydecreases withtheinＧ
creaseofMnandCrcontents,andthemaximumtransＧ
formationrateofN１steelaustemperedat２３０°Cis
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