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ABSTRACT

AnewapproachdescribingtheflowstressofferriteＧpearlitesteelhasbeenproposed, whichdiＧ
videdthedeformationprocessintothreestagesbasedonwhetherferriteorpearliteyielded．IsoＧ
workincrementassumptionwasappliedtodescribethetransferofloadbetweenthecomponents．
ThephysicallybasedmodeltodescribeferritewasapproximatedwithSwift′sequationinorder
toobtaintheanalyticsolution．ThetensilestrengthofferriteＧpearlitehadalinearrelationwith
pearlitevolumefraction,squarerootreciprocalofferritegrainsizeandreciprocalofpearliteinＧ
terlamellarspacing．Moreover,amodeltocalculatethetensilestrengthofferriteＧpearlitesteel
wasproposed．Thepredictedvaluesoftensilestrengthwereingoodagreementwithexperimental
resultswhenthepearlitevolumefractionwaslessthan２０％．Consideringtheplasticrelaxation
mechanisms,theinternalstresswasmodifiedwithpearlitevolumefraction,totalstrain, yield
stressofferriteandpearlitewhenthepearlitevolumefractionwasmorethan２０％．

１．Introduction
　FerriteＧpearlitesteelsarewidelyusedandhave
beenstudiedformanyyears．FerriteＧpearlitemicroＧ
structuresaretheintermediarystateofhotＧrolled
stripsforproductionofhighstrengthsteels．FurＧ
thermore,themajorityofthehotstripsteelsarediＧ
rectlydeliveredtocustomers．ModelingthemechanＧ
icalpropertiesofsuchmicrostructuresisimportant
forindustry．
　FerriteＧpearlitemicrostructurecanbeconsidered
fromthepointoftheinteractionsbetweentwoducＧ
tilephases．Severalkindsofdeformationtheorieson
thetwoductilephasesalloyshavebeenproposedinＧ
cludingdislocationdensitytheory, selfＧconsistent
continuum model,numericalsimulationslikemultiＧ
scalemodelingandmixturelawbasedmodel[１Ｇ８] ．
　Indislocationdensitytheory, thegeometrically
necessarydislocationswereproducedforthecomＧ
patibilityconditionatthegrainboundaryoratthe
interfaceinapolycrystal．ThetheorycouldwellexＧ
plaintheworkＧhardeningrateatastrainnearthe
startingofneckingontensiletestwherelittlechangein
theaverageinternalstressseemedtooccur,buthad
alargediscrepancyatsmallstrain[９,１０] ．
　IntheselfＧconsistentcontinuum model,alldisloＧ
cationsmovinginthesoftphasewereassumedto

pileupagainsttheinterfaceandtoproducethelong
rangeinternalstress．ThemodelneglectedplasticreＧ
laxationwhichcouldreduceinternalstress[１１,１２] ．
　MultiＧscaleanalyseshavebeenrecentlyachieved
byLindfeldtandEkh[１３] and Watanabeetal[１] in
ordertopredictthemechanicalbehaviorofferriteＧ
pearlitesteels．Theyintroducedthreescales (the
nanoＧscaleofcementiteandferritebiＧlamellas,the
microＧscaleofgrainsinteractionandthemacroＧscale)
andusedtheconceptofcomputationalhomogenisaＧ
tion．Laschetetal[１４]tooktheincipientbehaviorof
cementiteintoaccountforthepredictionoftheefＧ
fectivepearlitebehavioranditssubsequentimpact
ontheeffectiveanisotropicelastoＧplasticbehaviorof
thepearliteＧferritepipelinesteelatthemacroＧscale．
Berishaetal[１５] focusedonrepresentativevolume
elements (RVE)Ｇbasedstrategyfor modelingthe
hardeningandfailurebehaviorofaferriteＧpearlite
steelatdifferentlengthscales(mesoＧscaleandmiＧ
croＧscale) instead offiniteelement method．AlＧ
thoughnumericalsimulationscouldclarifystress
andstraindistributionintwoＧductileＧphasesalloy,
theystronglydependedontheboundaryconditions
andtheunitcelldescribing morphologyofpearliＧ
te[１６,１７] ,resultinginpoorapplicationsinengineering．
　Mixturelawbasedmodelhasbeenwidelyused,
inwhichflowstressofferriteandpearliteweredeＧ
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scribedwiththeHolloman′spowerlawequationor
theSwift′sequation, andafittingparameterwas
neededinordertoindicatetheabsoluteamountof
thestressandstraintransfer[７,１８Ｇ２０] ．Bouazizand
Buessler[２１] proposedanewassumption (IsoＧwork
incrementassumption) whichcouldavoidtheneed
foranoptionalfittingparameter．Asonlynumerical
solutioncouldbeobtained, it wasnotaproper
methodforengineering．
　Allofthemethodsmentionedabovehavelimited
rangesofapplicationinengineeringfromthepoint
ofviewofconvenienceandaccuracy．Inthisstudy,a
newapproachdescribingtheflowstressofferriteＧ
pearlitesteelhasbeenproposed．TheapproachdiＧ
videdthe deformation processintothreestages
basedon whetherferriteorpearliteyielded．The
physicallybased modeltodescribeferritewasapＧ
proximatedwiththeSwift′sequationinordertoobＧ
taintheanalyticalsolution．Thestressandstrain
transferbetweenferriteandpearliteweredescribed
basedonisoＧworkincrementassumption．TherelaＧ
tionshipsbetweentensilestrengthandpearlitevolＧ
umefraction,ferritegrainsizeandpearliteinterlaＧ
mellarspacingwereexploredandamodeltocalcuＧ
latethetensilestrengthofferriteＧpearlitesteelwas
proposed．TheinternalstressinferriteＧpearlitesteel
wasmodifiedinordertoimprovethepredictionacＧ
curacy．

２．ModelforTensileBehaviorofFerriteＧpearliＧ
teSteels
　Anumberofstudiesaboutdualphasealloyshave
consideredtheplasticpropertiesofthealloysin
termsofthestateofdeformationorflowproperties
oftheconstituentphases．Ageneralformofthelaw
ofmixtureswassuggestedby Tamura, Tomota,
andOzawa[２２] :
　　σ(ε)＝(１－F)σ１(ε１)＋Fσ２(ε２) (１)
　　ε＝(１－F)ε１＋Fε２ (２)
where,σandεarethestressandstrainofsteel,reＧ
spectively; σ１ andε１ aretheaveragestressand
straininthefirstphase;σ２andε２aretheaverage
stressandstraininthesecondone;andFisthevolＧ
umefractionofthesecondphase．
　DifferentlocalizationlawshavebeenusedtodeＧ
scribethetransferofloadanddeformationbetween
thecomponents．Inthispaper,anasumptioncalled
IsoW (isoＧworkincrement) hasbeenconsidered[１９,２１] ．
TheconceptsupposesthatmechanicalworkincreＧ
mentistakenequalineachphaseandtheequalityis
expressedasfollows:
　　σ１dε１＝σ２dε２ (３)
　CombiningEqs(１)－(３),theflowstressduring
thedeformationofdualphasealloyscanbeobＧ
tained．Thetensilepropertiescanalsobededucedby
applyingtheneckingonsetcriterion (Considere′s

criterion)[２３] :
　　σ－dσ/dε＝０ (４)
　TherearethreestagesinthedeformationofferＧ
riteＧpearlitesteel, whichisschematicallyexplained
inFig１．Instage１, bothferriteandpearliteare
elastic;instage２, onlyferritedeformsplastically
whilepearliteremainselastic;instage３, bothferＧ
riteandpearlitedeformplastically．

Fig１．　SchematicillustrationofthreestagesinferriteＧ
pearlitesteeldeformation．

　Inelasticdeformationstage(stage１),ferriteand
pearliteobeytheHookelasticlaw:
　　σαe＝Eαeεαe (５)
　　σPe＝EPeεPe (６)
where,σαe andσPe arethestressforferriteand
pearlite,respectively;εαeandεPearethestrainfor
ferriteandpearlite,respectively;EαeandEPearethe
Young′smodulusforferriteandpearliterespectively,
bothofwhichareequalto２１０GPa．
　Ferriteandpearlitehavethesamestraininthis
stagebycombiningEqs(３), (５)and(６)．IttransＧ
formstostage２whenferriteyields．TheplasticbeＧ
haviorforpureferriticsteelcanbewrittenas[２４,２５] :

　　σαp＝σ０＋αMμb
１－exp(－Mfεαp)

fL
(７)

where,σαpandεαparetheplasticstressandstrainof
ferrite;αisaconstantcloseto０３３; MistheaverＧ
ageTaylorfactor(M＝３);μistheshearmodulus
(μ＝８０GPa);bistheBurgersvector (b＝２５×
１０－１０ m); Listhedislocationmeanfreepathand
canbereplacedbytheferritegrainsized;andfis

definedas
１０－５

d ．

　Thestrainindependenttermσ０takesthePeierls
stressintoaccountandtheinfluenceofthealloying
elements(inwt％)canbedefinedas:
　　σ０＝７７＋８０wMn＋７５０wP＋６０wSi＋８０wCu＋

４５wNi＋６０wCr＋１１wMo＋５０００(Css＋Nss) (８)
whereCssandNssrepresentthecontentsofcarbon
andnitrogeninsolidsolution,respectively．
　Itisworthnotingthatonlythenumericalsolution
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