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ABSTRACT

AmediumＧcarbonsteelwasprocessedthroughdifferentwarmrollingtechniques,andthemicrostrucＧ
turalfeatureswithbimodalgrainsizedistributionwerefoundtobedifferent．Thecombinationof
strengthandductilitywasamelioratedinthesteelprocessedthroughwarmrollingcharacterizedby
biaxialreduction．TheenhancedstrengthisattributedtothedenselydistributedfineintragranularceＧ
mentiteparticlesandthesmallgrainsizeinthecoarsegrainregions．TheenhanceduniformelongaＧ
tionisduetotheimprovedworkhardeningbehavioratthelargeＧstrainstage．Thisworkhardening
behaviorispredominantlyascribedtothefinelydispersedintragranularparticles．Therelativelysmall
grainsizewithnearlyequiaxedshapeinthecoarsegrainregionshelpsstabilizetheuniformdeformaＧ
tiontoalargestrain．

１．Introduction
　Reducingthegrainsizeofvarious materialsto
submicronＧornanoＧscaleiseffectiveinenhancing
thestrengthofthematerials;however,theirductilＧ
ityisusuallyreducedmainlybecauseofthedeterioＧ
rationin work hardening capability[１Ｇ４] ．Several
strategies,includingtheintroductionofbimodalor
multimodalgrainstructures[５Ｇ１０] andsecondＧphase
particlesinthefinegraininteriors[１Ｇ３,１１Ｇ１３] , have
beendevelopedtoimprovethestrengthＧductility
combinationofvariousmaterials．
　ThecombinationofbimodalgrainsizedistribuＧ
tionandnanoscalesecondＧphaseparticleswasreＧ
centlydemonstratedtobeaneffectivemethodtoenＧ
hancethebalancebetweenstrengthandductilityin
ultrafineＧgrained (UFG) iron andsteels[９,１０,１４Ｇ１６] ．
Severalthermomechanicalapproaches[１４Ｇ１６] havebeen
usedtoobtainbimodalferritegrainstructureswith
heterogeneouslydistributedcementiteparticlesin
carbonsteels,inwhichtheparticlesaremainlyconＧ
centratedintheregionsofformermartensite[１４,１５]or
pearlite[１６] ．BimodalgrainstructuresarereadilydeＧ
rivedinsteelsthroughthermomechanicalapproaＧ
chesbasedontheevolutionofdifferentphases[１４Ｇ１６] ．
Moreover,controllingthefeaturesofbimodalstrucＧ
turesquantitativelyisfeasiblebycontrollingthe

volumefraction, morphology, anddistributionof
differentphasesintheinitialstructures[１５] ．
　 However, therelationshipbetween mechanical
behaviorsandbimodalgrainstructureswithheteroＧ
geneouslydistributedsecondＧphaseparticlesisnot
fullyunderstoodmainlybecauseofcomplicatedmiＧ
crostructuralfeatures．Conflictingresultshavebeen
presentedinseveralinstances．Forexample, AziziＧ
Alizaminietal􀆰[１５]reportedcontinuousyieldingand
asmoothstressＧstraincurveintensiletestsatroom
temperature, whereasWangetal􀆰[１４] reporteddisＧ
tinctyieldingandnearlylinearworkhardeningdurＧ
ingtensiledeformation．Bothofthesestudies[１４,１５]

conductedcoldrollingandsubsequentannealingon
martensiteＧferritecarbonsteelsandobtainedbimodＧ
alferritestructureswithheterogeneouslydistribuＧ
tedcarbideprecipitates．
　Thedependenceofmechanicalpropertiesonthe
microstructuralfeaturesofbimodalmaterialsneeds
tobesystematicallystudied;thesemicrostructural
featuresincludegrainsizedifference,ratiobetween
thevolumefractionsofultrafinegrainsandcoarse
grains, spatialdistribution ofthe differentＧsized
grains(e􀆰g􀆰, banded,agglomerated, orrandom),
andaspectratiosofgrains(e􀆰g􀆰,elongatedorequiＧ
axed)．Inpreviousinvestigations[１１Ｇ１３] ,thehomogeＧ
neousdistributionofcementiteparticlesinUFGferＧ
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ritematriceswasproventobeeffectiveinimproving
the work hardeningrate, andconsequently, the
combinationofstrengthand ductility．However,
comprehensiveresearchonhowcementiteparticles
thatareheterogeneouslydistributedinthebimodal
ferritestructureinfluencetensileproperties,particＧ
ularlytheworkhardeningbehavior,islacking．
　ThepresentstudyprovidesinsightsintotherelaＧ
tionshipbetweentensilebehaviorsandvariousmiＧ
crostructuralfeaturesin a mediumＧcarbon steel
characterizedbybimodalferritegrainstructuresand
heterogeneouslydistributedcementiteparticles, which
arepreparedthroughdifferentwarmrolling (WR)
techniques．

２．Experimental
　CommercialmediumＧcarbonsteelwith０􀆰４２％ carＧ
bon,０􀆰５６％ manganese,０􀆰２５％silicon,０􀆰０１７％sulＧ
fur,and０􀆰０１６％ phosphorus(inwt􀆰％) wasused．
TheinitialmicrostructureoftheasＧreceivedbars
wasferriteＧpearlite(FＧP), whichwasusedforWR
andsubsequentstudy．
　ThecarbonsteelwasmachinedintocuboidＧshaped
sampleswithasizeof１５mm×１５mm×１００mmfor
WR．TwodifferenttechniquesofWRwereapplied．
Thefirsttechnique, whichisbiaxialreduction WR
(BAＧWR)isillustratedinFig􀆰１,ledtothebiaxial
reductionofthesample．Aftereachpassofrolling,
thesamplewasrotated９０°aroundthelongitudinal
directionandwassubjectedtothenextpass．The
secondtechnique, whichisconventionalWR (denoＧ
tedbyUAＧWR),ledtoauniaxialreductionofthe
sample．Thesamplewasneverrotatedduringthis
process．WRwasconductedat５８０°C．Thesamples
werequenchedin water, reheatedto５８０°C, and
heldfor３０minbetweentherollingpasses．ThereＧ
ductionratioforeachpasswasequivalentinboth
BAＧWRand UAＧWR; hence, thetotalequivalent
strainwastheoreticallyequivalentinthetwotechＧ
niques,asshowninTable１．
　Themicrostructurewascharacterizedthroughan
FEIQuantaFEG６５０fieldemissionscanningelecＧ
tronmicroscope (SEM)．ThespecimensweremeＧ
chanicallypolishedandetchedwith３vol􀆰％ nital
solution．Thecementiteparticlesizesweremeasured
withtheImageＧProPlus６􀆰０imageanalysissoftware．
CharacterizationswereconductedontwocrosssecＧ
tions, whichwereperpendiculartothetransversediＧ

Fig􀆰１．　SchematicoftheBAＧWRprocess．

Table１
Reductionratioandequivalentstrainforeachpassofthe
twowarmrollingprocesses

Numberofpasses １ ２ ３ ４ Total

Reductionratio ０􀆰２５ ０􀆰２１ ０􀆰３３ ０􀆰３０ －
Equivalentstrain ０􀆰３３ ０􀆰２７ ０􀆰４５ ０􀆰４１ １􀆰４６

　　Note: Theequivalentstrainforeachpassiscalculatedby

ε＝
２
３
ln

t０

t( ) , wheret０andtarethethickness

beforeandaftereachpassofrolling,respectively．

rection(TD)androllingdirection(RD)ofeachwarm
rolledsample,respectively．Thesecrosssectionsare
denotedasTDandRDsections,respectively．
　DetailedmicrostructuralcharacterizationwasconＧ
ductedwithelectronbackscatteringdiffraction(EBSD)
technique．EBSDdatawerecollectedwiththeTSL
OIM DataCollectionsoftware,andthestepsizefor
scanningwas０􀆰２μm．Thesampleswereprepared
through mechanicalpolishingfollowedbyelectroＧ
polishing．LowＧangleboundaries(LABs) orsubgrain
boundariesweredefinedasboundarieswithmisoriＧ
entation angles between ２°and １５°; highＧangle
boundaries (HABs) orgrainboundariesweredeＧ
finedasboundarieswithmisorientationanglesgreaＧ
terthan１５°．
　Themechanicalpropertieswereexaminedthrough
uniaxialtensiletestsusingspecimenswiththickness
of２􀆰２mm,widthof６mm,andgaugelengthof３２mm．
AnInstronＧtypemachinewasusedforthetests．An
extensometer was mounted oneachspecimento
measuretheexactdisplacement．ThetestswereperＧ
formedatroomtemperatureandataninitialstrain
rateof５×１０－４s－１．Thetestswererepeatedthree
timesforeachconditiontosubstantiatethereproＧ
ducibilityofthetensilecurves．

３．Results

３􀆰１．Microstructuralcharacterization

　ThesteelexhibiteddistinctmicrostructuralfeaＧ
turesafterapplyingthedifferentWRtechniques．Fig􀆰２
showstheSEM micrographsoftheTDsectionsofthe
twoWRsamples．Thesamplescomprisetworegions;
oneischaracterizedbycoloniesoffinesubgrains
withconcentratedcementiteparticles, whereasthe
otherischaracterizedbycoarsegrainsthatarenearＧ
lyfreeofparticles．TheaspectratiosofthefinesubＧ
graincoloniesandthecoarsegrainsareverydifferＧ
ent．TheBAＧWRsampleshowedanearlyequiaxed
shape (Fig􀆰２(a)), whereasthe UAＧWR sample
showedasharplyelongatedshape(Fig􀆰２(b))．
　Thedistributionsofthecementiteparticlesinthe
finesubgrainregionsofthetwosamplesareshown
inFig􀆰２(c,d)．ThetwosamplesexhibitedsignifiＧ
cantdifferences．Thedistributionoftheparticlesinthe
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