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Abstract:ThemicrostructureandmechanicalpropertiesofmediumcarbonsteelaftercyclicheattreatmentwereinＧ
vestigated．Theeffectsofcyclicnumbersandlongtimeannealingonthemicrostructureandmechanicalpropertiesof
theexperimentalsteelwerecompared．AshortＧduration(５min)holdingat１０２３K (aboveA１temperature)anda
shortＧduration(３min)holdingat８９３Kareadoptedineachcyclicheattreatment．Thespheroidizationisaccelerated
duringcyclicheattreatment,andthespheroidizingratiogrowswithcyclicnumbers．After１２Ｇcycleheattreatments,
therearefewincompletelyspheroidizedregionsinthespecimens,andcementitelamellaemostlychangeintocementＧ
iteparticles．Themorphologicalcharacterofcementitefor１２cyclesissimilartothatundergoingannealingfor１０hat
９７３K．Thestrengthoftheexperimentalsteelafter５Ｇcycleheattreatmentisthelowestinthefollowingcyclicheat
treatment,butitisstillhigherthanthatofspecimenswithsubcriticalannealingoveralongperiod(１０h)．After１２Ｇ
cycleheattreatment,thestrengthoftheexperimentalsteelisclosetothatofthenormalizedsteel,andtheplasticity
isthebestinallheatＧtreatedspecimens．
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　　Thespheroidizingofcementite,inhighcarbon
andmediumcarbonsteels,isoneofthemostimporＧ
tantprocessestoenhancesteelproperties．FinecarＧ
bideparticlesareusedtorefinetheferritegrainsand
form (α＋θ)microduplexstructuresinhighcarbon
steels,whichcanimprovethepropertiesofcarbon
steels[１Ｇ４]．Inmediumcarbonsteels,thespheroidizaＧ
tionofcementitecanprovidehighductilityanddeＧ
formabilityforposteriorcoldheadingapplication[５,６]．
AlthoughvariousreportshaveaddressedthephysiＧ
calmetallurgicalprinciplesofspheroidizing[３Ｇ８],much
remainsunknownin detailregardingthe mechaＧ
nismsinvolvedandtheiradequatecontrol．ConvenＧ
tionalsubcriticalannealingoftentakesalongtimeto
completecementitespheroidizing[５Ｇ８]．Inrecentyears,
someinvestigations[９Ｇ１４]haveshownthepotentialof
cyclicheattreatmenttechniquestoaccelerateseveral
solidstate metallurgicalprocesses．Sahayetal􀆰[９]

foundthatcyclicannealingacceleratedgraingrowth
inaluminumＧkilledgradesteelsandalsoaccelerated

bainitetransformationduringcyclicaustemperingin
１０８０steel[１０]．Sahaetal􀆰[１１Ｇ１３]studiedthestructural
characteristicandmechanicalpropertiesoflow,meＧ
dium,andhighcarbonsteelsaftercyclicheattreatＧ
ments．EachcycleintheirworktakesashortＧduraＧ
tion(severalminutes)ataboveAc３(Acm)temperaＧ
turefollowedbyforcedairＧcoolingtoroomtemperaＧ
ture．Theauthorspreviouslyinvestigatedtherapid
spheroidizingbehaviorofcementiteinhighcarbon
steel(１０８０steel)duringcyclicheattreatmentabove
andbelowA１temperature[１４]．
　　However,theeffectsofcyclicannealing(above
andbelowA１temperature)onthemechanicalpropＧ
ertiesandmicrostructuralevolutionofmediumcarＧ
bonsteelrequirefurtherresearch．Thepresentstudy
aimstoexaminetheeffectofcyclicannealingonmiＧ
crostructureand mechanicalpropertiesof medium
carbonsteelandcomparewiththespheroidizingbeＧ
haviorsduringsubcriticalannealingforalongtime．
Therapidspheroidizingprocessin mediumcarbon



steelsarediscussedandcomparedwiththatinhigh
carbonsteels．

１　ExperimentalProcedure
　　Intheexperiment,mediumcarbonsteelrods
wereused．Theirchemicalcomposition(inmass％)
wasC０􀆰４２,Mn０􀆰６０,Si０􀆰２６,S０􀆰０１５,P０􀆰０２,
andFebalance．Therodswithϕ１５mm×１２０mmwere
austenitizedat１１３３Kfor３０minandthenairＧcooled
toroomtemperature,resultinginanormalizingmiＧ
crostructure(ferrite＋pearlite)．TheasＧtransformed
rodsweresubjectedtocyclicheattreatmentfordifＧ
ferentcyclesfrom１cycleto１２cycles．Eachcycle
consistedofashortＧduration (５ min)holdingat
１０２３K (aboveA１temperature),followedbyforced
airＧcooling(coolingrateof２－３K/s)to８９３Kand
holdingfor３min．Thetreatedspecimenswerethen
airＧcooledtoroomtemperature．Fig􀆰１showsthecyＧ
clicheattreatmentcurves．TheasＧtransformedrods
werealsosubjectedtoannealingat９７３Kfor１０h．

Fig􀆰１　Cyclicheattreatmentcurves

　　Themicrostructureoftreatedrodswasobserved
withopticalmicroscopy(OM),scanningelectronmiＧ
croscopy(SEM),andtransmissionelectronmicrosＧ
copy(TEM)．ThespecimensforSEMandOMobＧ
servationwereetchedwith４％nital,aftermechaniＧ
calpolishing．TheSEMandTEMobservationswere
performedwithaKYKYＧ２８００scanningelectronmiＧ
croscopeandaJEMＧ２０１０transmissionelectronmiＧ
croscopewithanaccelerationvoltageof２００kV,reＧ
spectively．Standardtensiletestwascarriedoutforall
specimenswith４０mmgaugelengthinanelectronic
universal materialtesting machine (InspektＧtable
１００)withamovingchuckvelocityof３mm/minunＧ
derambientconditions．Thefracturesurfaceswere
alsoobservedbySEM (KYKYＧ２８００)．
　　Theshapeandsizesofcementiteinthetreated
specimensweredeterminedfromSEMimages．Image

analysissoftwaredigitizedanimagefromaphotoＧ
graph,andthestainedcarbideswereidentifiedand
separatedforanalysis．Thecementiteparticleswere
consideredasellipticalspheroidswithanaspectratio,
whichwastheminoraxistothemajoraxis．Acementite
particlewithanaspectratio,intherangeof０􀆰７－
１􀆰０,inagreementwiththatintheliteratures[１３,１４],
wasdeterminedasacementitespheroid．ThepartiＧ
cleswithaspectratiosoflessthan０􀆰７andtheceＧ
mentiteparticleswithnonＧroundgeometrywerenot
consideredasspheroids．Atleastseveral microＧ
graphsweretakenwithmagnificationsfrom１０００to
２００００foreachspecimen．ThetotalnumberofmeasＧ
uredparticlesrangedfrom approximately６００to
１０００,dependingonthematerialandcyclicperiods．

２　ResultsandDiscussion
２􀆰１　Microstructuralevolution
　　Fig􀆰２showstheasＧtransformedmicrostructure
oftheexperimentalsteel．Fig􀆰２(a)istheopticalmiＧ
crostructure,whichshowsanormalizedmicrostrucＧ
tureofhypoeutectoidsteelswithproeutectoidferrite
andpearlite．Somecementiteparticlesandasmall
amountofnetcarbidesingrainboundaryarealso
foundinthetreatedspecimens,andthetransformed
pearlitehastypicallamellarmorphology(Fig􀆰２(b))．
　　TheTEMandSEMimages(Figs􀆰３－５)ofthe
specimensindicatethespheroidizationmechanismof
cementite．Itcanbeseenthatthespheroidizingratio
ofcementitegrowswiththeincreaseofcyclicnumＧ
bersfromFigs􀆰３－５．
　　Themicrostructureofthespecimensubjectedto
heattreatmentfor１cycleisshowninFig􀆰３．Broken
cementitelamellaeandsomecementitespheroidsare
foundinthepearliteregionofthespecimensafter１
cycle,asshowninFig􀆰３(b)．Partiallydissolved,
fragmentedcementitelamellaeindicatethatthedisＧ
solutionofcementiteinthepearliticregionremains
incompleteduringtheshorttimeholdingat１０２３K
(５min)and８９３K (３min)for１cycle．Duringthe
shorttimeholdingaboveA１temperature(１０２３K),
thecementitelamellaearebrokenintofragmented
lamellae(Fig􀆰３)．Whenthespecimeniscooledto
８９３K (belowA１temperature),thedissolutionof
cementiteisterminated,andthebrokenlamellae
partiallychangeintocementiteparticleswhenholdＧ
ingatthistemperature(Fig􀆰３(b))．Thisprocessin
middlecarbonsteelsissimilartothatinhighcarbon
steels[１３,１４]．Fig􀆰４showsthemicrostructureofthespecＧ
imensubjectedtoheattreatmentfor７cycles．Itis
clearlyseenthatsomespheroidizingregionsexistin
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