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ABSTRACT

AnewprocessinvolvingultraＧfastcooling(UFC)andonＧlinetempering(OLT) wasproposedtodisＧ
placeaustemperingprocess, whichusuallyimplementsinasalt/leadbathandbringsoutseriouspolＧ
lutionintheindustrialapplication．Theoptimizationofthenewprocess,involvingtheevolutionof
themicrostructureofmediumＧcarbonsteelduringvariouscoolingpaths, wasstudied．Theresults
showthatthecoolingpathaffectedthefinalmicrostructureintermsofthefractionofpearlite,grain
sizeanddistributionofcementiteinpearlite．IncreasingthecoolingrateordecreasingtheOLTtemＧ
peraturecontributestorestrainingthetransformationfromaustenitetoferrite,andsimultaneously
retainsmoreausteniteforthetransformationofpearlite．Itisalsonotedthatbainitewasobservedin
themicrostructureatthecoolingrateof４５°C/sandtheOLTtemperatureof５００°C．Througheither
increasingthecoolingrateordecreasingtheOLTtemperature,thedistributionofcementiteinpearliＧ
teismoredispersedandgrainisrefined．Takingthepossibilityofindustrialapplicationsintoaccount,
theoptimalprocessofcoolingat４５°C/sfollowedbyOLTat６００°Cafterhotrollingwasdetermined,
whichachievesamicrostructurecontainingnearlyfullpearlitewithanaveragegrainsizeofapproxiＧ
mately７μmandahomogeneouslydisperseddistributionofcementiteinpearlite．

１．Introduction
　MediumＧcarbonsteel, alsoknownashypoeutecＧ
toidsteel,usuallyhasamicrostructurethatconsists
ofproeutectoidferriteandpearlite microＧconstituＧ
ents．Inordertoreducethecostassociatedwithraw
materialsand manufacture, considerableeffortshave
beenmadetodisplacerelativelyexpensivepearlitic
steelwithaeutectoidcomposition, byusinghypoＧ
eutectoidsteelinmanufactureofcolddrawnwires[１,２] ．
UnlikeferriteＧcementiteassemblyinpearliteeutecＧ
toidsteel, whichhasacoherentcrystallographicreＧ
lationship,Zhouetal􀆰[３]examinedtheinterlamellar
crystallagraphyofpearliteinironＧcarbonalloysand
foundthattheferriticＧpearliticstructureinhypoeuＧ
tectoidsteelsexhibitsnosuchcoherentrelationship,as
provedbyFangetal􀆰[４] ．Consequently, duetothe
deformationmismatchbetweenproeutectoidferrite
andpearliteduringcolddrawing, voidsormicroＧ
cracksattheinterfaceoftwodifferentmicroＧconＧ
stituentscanbeeasilyformed, whichsetsthelimits
forthedrawingabilityofhypoeutectoidsteel．ThereＧ
fore,acombinationofhighstrengthandductilityis

neededforhypoeutectoidsteeltobeanidealmateriＧ
alforcolddrawing．
　Zhengetal􀆰[５] proposedthatoneoftheeffective
strategiesforsimultaneouslyenhancingthestrength
andductilityofmetalsiscontrollingthevolumeand
distributionofprecipitatedhardparticlesinasoft
matrix．AnumberofmethodshavethusbeenproＧ
posedforimprovingthedistributionofcementitein
hypoeutectoidsteel．Storojevaetal􀆰[６]appliedheavy
warm deformationandcontinuousrecrystallization
aftertheγＧαtransformationtoobtainahomogeneＧ
ouscementitedistributionofaferriticＧpearliticsteel．
Yi[７] producedanalmostfullypearlitemicrostrucＧ
tureinasteelwith０􀆰４wt􀆰％ Cbyslowcoolingand
controllingthecontentofmanganeseandaluminum．
Thomasetal􀆰[８] assessedtheprotentialforcreating
quenchingandpartitioning (Q&P) microstructures
directlyfromahotＧstripmillandfoundthatQ&P
microstructures,containingasignificantamountof
retainedaustenite, arealsocharacterizedbyhigh
strengthandductility, duetothegradualtransforＧ
mationfromaustenitetomatensiteduringstraining,
withaconsequentincreaseinthestrainhardeningrate．
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However,quenchingandpartitioningprocessmayproＧ
ducemanycracksanddistortioninthesteel, which
doesharmtothestrengthandductility．Inaddition,
onＧlineheattreatmentprocess,suchasaustemperＧ
ingprocessandthermoＧmechanicalcontrolprocess
(TMCP), alsodirectlygovernsthemicrostructure
andmechanicalpropertiesofthehotrolledsteels．
Austemperingprocessthatsteelisaustenitizedand
followedbyquenchinginasalt/leadbathmaintained
atatemperatureaboveMstemperatureofthesteel,
helpsinachievinghighstrengthwithgoodductility
byevolvingapredominantbainitic/pearliticmicroＧ
structure[９,１０] ．However,itiswellestablishedthat
theleadbathprocessingisharmfultotheenvironＧ
ment．Ontheotherhand, TMCPinvolvingultraＧfast
cooling (UFC) andonＧlinetempering (OLT), which
reducesthecostandtimeofmanufacture,hasbeen
recentlyadoptedtoproducelowＧcarbonbainitesteel．
Chenetal􀆰[１１]investigatedthemicrostructuralcharＧ
acteristicswithvariouscoolingpathsinalowＧcarＧ
bonhighperformancebridgesteelbasedon UFC
andconcludedthatusingUFCcaneffectivelyrefine
thesizeofM/AconstituentandpromotetheformaＧ
tionoflathbainitewithhighmisorientationbetween
laths．Chenetal􀆰[１２]alsostudiedalowＧcarbonbainＧ
itesteelprocessed byrecrystallizationcontrolled
rollingandUFCandfoundthatfineaustenitegrains
areobtainedbyrecrystallizationrepeatedandsupＧ
pressingrecrystallizedaustenitegraingrowthusing
UFC．Tangetal􀆰[１３] describedthemicrostructural
evolutionofhighstrengthmicroalloyedsteelsproＧ
cessedusingdifferentcoolingpathsandfoundthat
thedensityofhighanglegrainboundarieswasinＧ
creasedandtheaveragesizeofprecipitateswasreＧ
ducedwhenincreasingthecoolingrate．However,
therearefewreportsthatdiscussthemicrostructurＧ
alcharacteristicsofmediumＧcarbonsteelwithvariＧ
ouscoolingpathsbasedonUFC＋OLT．ItisthereＧ
foreofgreatsignificancetoinvestigatetheeffectsof
TMCP,consistingofUFCandOLT,ontheevoluＧ
tionofthemicrostructure．
　ThisstudyfirstinvestigatedthecontinuouscoolＧ
ingtransformation(CCT)curvesofthetestedsteel．
Inaddition,themicrostructureofthesteelduring
variouscoolingpathswasinvestigatedusinganoptiＧ
calmicroscope(OM),scanningelectronmicroscope
(SEM)andelectronbackＧscattereddiffraction(EBSD)．
Theoptimalprocesstoobtainnearlyfullpearlite
withfinegrainsizesandahomogeneouslydispersed
distributionofcementiteinpearlitewasdetermined．
Finally,thephasetransformationkineticsandthe
predictionoffactorscontributingtomechanicalproperＧ
tieswereelucidated．

２．ExperimentalProcedures
　Thesteelcompositionusedinthisstudyisgiven

inTable１．ThetestedsteelwastakenfromacylinＧ
dricalbilletafterindustrialintermediaterolling,
withthediameterofapproximately２５mm．Samples
forcompressionweremachinedfromthecylindrical
billettostudyboththethermalＧmechanicalsimulaＧ
tionsandtheresultingmicrostructures．AllthermalＧ
mechanicalsimulationtestswerecarriedoutusinga
GleebleＧ３５００thermalsimulationmachine．

Table１
SteelcompositionofmediumＧcarbonsteel(wt􀆰％)

C Si Mn P S Ni Cr Cu B Ti

０􀆰３５０􀆰１８ ０􀆰７ ０􀆰０１ ０􀆰００５ ０􀆰０１ ０􀆰０２５ ０􀆰０１ ０􀆰００１５ ０􀆰０３

　TostudythedynamicCCTcurvesofthetestedsteel,
thesampleswerereheatedat１０°C/sto１０２０°Cand
heldfor５minforfullaustenitization,thencooled
tothedeformationtemperatureof８５０°Candheldat
thistemperaturefor３０stoeliminatethetemperaＧ
turegradient．Afterholding, uniaxialcompression
deformation was conducted with a reduction of
４６％．Afterdeformation,thesampleswereimmediＧ
atelycooledtoambienttemperatureattheratesof
０􀆰１,１,１０,２０,３０,and５０°C/s,respectively．DeＧ
formationＧdilatometertechnologywasusedtoproＧ
ducethedynamicCCTdiagram．
　Inaddition,theprocessesofvariouscoolingpaths
weresimulatedbasedonthedynamicCCTdiagram
results．Thesamplesunderwentthesameprocesses
ofaustenitizationanddeformationmentionedabove,
andwerecooledwithvariouscoolingratesof１８,２５,
４５,６５and８５°C/stotheOLTtemperature,ranging
from５００to７００°Catastepof５０°C,andthenheld
for９０s．AfterOLT,thesampleswereaircooledto
ambienttemperature．Theprocessingschemefor
theexperimentisshowninFig􀆰１．
　Metallographicsampleswerecutfromthetested
steelaftertheprocesswithvariouscoolingpaths,
andtheirsurfacesinthelongitudinalthroughＧthickＧ
nessplanewerepolishedandthenetchedin４vol􀆰％
nitalsolutionforOM (ZEISS AxioImager) and
SEM (ZEISSSUPRA５５)observations．Inaddition,

Fig􀆰１．　Processingschemeforthermalsimulationexperiment．
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