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ABSTRACT

Dynamiccontinuouscoolingtransformation (CCT) behaviorof mediumＧcarbonforging
steelsmicroalloyedwithdifferentVcontentsupto０􀆰２９％ wasinvestigatedbymeansof
dilatometricmeasurement, microstructuralobservationandhardnessmeasurement．ThereＧ
sultsshowedthatthedynamicCCTdiagramsweresimilarandthemaindifferencewasthat
thefieldsofthetransformationproductswereshiftedtotherightsideofthediagramswith
theincreaseofVcontent,andthiseffectwasmorenoticeablewithanadditionof０􀆰２９％ V．
TheAc１andAc３temperaturesshowedincreasingtrendswithincreasingVcontent, while
thecriticalcoolingratesdecreasedwithincreasingVcontent．TheincreaseofVcontentreＧ
sultedinsignificantincreaseofhardnessandthistendencywasenhancedwithincreasing
coolingrateuntiltheformationofacicularferrite(AF)．ApromisingapproachofremarkＧ
ablyimprovingthetoughnessofferriticＧpearliticmediumＧcarbonforgingsteelswithsuitＧ
ableVadditionandtheintroductionofAFwithoutnotablepenaltyonitsstrengthlevel
wassuggested．

１．Introduction
　Recently,therehavebeenincreasingapplications
ofmicroalloyed(MA) mediumＧcarbonforgingsteels
assubstitutesfortraditionalquenchedandtempered
(Q&T)forgingsteelstomanufactureavarietyof
automobilecomponents．Eliminating the cost of
postＧforgingheattreatment (quenchingandhigh
temperaturetempering)isthemaintargetforthe
introductionofthiskindofsteel[１,２] ．Thedesired
mechanicalpropertiesofforgedcomponentscould
beobtainedthroughcontrolledcoolingfromforging
temperature．Therefore, factorssuchaschemical
compositions,coolingstrategiesandforgingparamＧ
etershavestronginfluencesonthemicrostructural
characteristics, andthusonthefinal mechanical
propertiesofforgingsmadeofthiskindofsteel[３Ｇ８] ．
　ItiswellknownthatcontinuouscoolingtransforＧ
mation(CCT)diagramisanexcellenttooltostudy
theinfluenceofchemicalcompositionandcooling
rateonphasetransformationproducts, whichultiＧ
matelyinfluencethemechanicalproperties,asitalＧ

lowstoidentifythedomainandboundaryofeach
phaseand/orconstituent (ferrite, pearlite, bainite
andmartensite)asafunctionofcoolingrate[９] ．The
constructionofaCCTdiagramisbasedfirstlyon
dilatometricanalysiscomplementedbybothmicroＧ
structureandhardnessstudies．TheshapeofaCCT
diagramisverysensitivetothechemicalcomposiＧ
tionsofthetestedsteelandthecoolingratesused
duringprocessing[１０,１１] ．InthecaseofMA mediumＧ
carbonforgingsteels, Mnand microalloyingeleＧ
mentsaregenerallypresent．Theadditionof Mn
shiftstheeutectoidpointtowardslowercarbonconＧ
centration, lowersthephasetransformationtemＧ
peratures,andthuspromotespearliteformationand
decreasesthetransformationspeedofausteniteto
pearlite[１２] ．Mnalsomakestheproeutectoidferrite
curveofCCT diagrams movetotheright, and
greatly promotes the formation ofintermediate
transformationproductssuchasbainite[１３] ．FurtherＧ
more,itiswellknownthattheMnadditionincreaＧ
sesthesolubilityofVCandVNinaustenite, and
thusenhancesprecipitationhardeningeffect[１２] ．ThereＧ
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fore, for MA ferriteＧpearlitetypeforgingsteels,
their Mncontentsareusuallylowerthan１􀆰５％,
whereasfor MA bainiticforgingsteels, thoseare
enhancedtohigherthan１􀆰５％．
　ThemainmicroalloyingelementinMA mediumＧ
carbonforgingsteelsisVduetoitsstrongandeasiＧ
lycontrollableprecipitationhardeningeffect, which
isprimarilyduetotherelativelylargesolubilityof
itscarbonitrideV(C,N)inausteniteatconvenient
heatingtemperature[１,１１,１２] ．FineV(C,N) particles
couldprecipitatein both proeutectoidferriteand
pearliticferriteoncontinuouscoolingduringand/or
afterausteniteＧferritetransformation[２,５] ．Thereis
stillsomedisagreementinliteratureregardingthe
effectofVonthetransformationbehaviorofMA
steels．ItisgenerallybelievedthatVatomssegreＧ
gatetoaustenitegrainboundariesrenderingthem
lesseffectiveasferritenucleationsites, thusinＧ
creasinghardenabilitybysuppressingferriteＧpearlite
formation[５] ．However,itisalsobelievedthatVacＧ
tuallydoesnotsuppressgrainboundaryreactionand
evendecreaseshardenability[１,１４] ．Recentstudyof
theauthorshasshownthatferritefractionincreases
withincreasing VcontentinasＧforged３７MnSiVS
steel[１５] ,andfurtherinvestigationalsorevealedthat
increasingVcontentsignificantlyenhancestheforＧ
mationofacicularferrite(AF)structureatamodＧ
eratecoolingrate[１６] ．Theresultsoftheinfluenceof
reheatingtemperatureandVcontentonthetransＧ
formationbehaviorofmediumＧcarbonforgingsteels
suggestthatVinsolidsolutionpromotestheformaＧ
tionofbainite[５] ．IthasalsofoundthatV(C,N)
particlescanactaspreferentialnucleationsitesfor
bainiteinVＧMAmediumＧcarbonsteels, whichthusfaＧ

cilitatesbainiteformationatfastercoolingrates[１７] ．
　ItshouldbenotedthatdeformationalsohasasigＧ
nificantinfluenceonthephasetransformationof
steels[１３,１８] ．Therefore, itisnotenough onlyto
knowthestaticCCTdiagramswhichdescribethe
transformationinnonＧdeformedausteniteofforging
steels．Moreover, mainlyduetoitsefficientprecipiＧ
tationhardeningeffectandsignificantimprovement
offatigue properties of mediumＧcarbon forging
steels[１５] ,therehasbeenatendencytofurtherinＧ
creaseVcontentuptoabout０􀆰３０％[１９,２０] ．ThereＧ
fore,theaimofthepresentstudyistosystematiＧ
callyinvestigatetheinfluenceofVcontentupto
０􀆰３０％onthedynamicCCTcharacteristicsofmediＧ
umＧcarbonforgingsteels．Thehardnesschangeand
microstructuralevolutionwithcoolingrateshavealＧ
sobeenanalyzed．Theresultswillbebeneficialto
thepracticalapplicationofcontrolledforgingand
coolingtotheproductionofhighperformanceforgＧ
ingcomponentsmadeofMAmediumＧcarbonsteels．

２．MaterialsandExperimentalProcedure
　MediumＧcarbonforgingsteelswithdifferentconＧ
tentsofV (０％,０􀆰１０％ and０􀆰２９％), whichwere
designatedasD１,D２andD３,wereusedinthepresent
study．ThesesteelsweremeltedinalaboratoryvacＧ
uuminductionfurnaceandcastinto１１０kgingots．
Table１showsthechemicalcompositionsofthe
testedsteels．TheseasＧcastingotswerereheatedto
about１２５０°C, heldforatleast１h, andfinally
pressforgedtobars(４５mmindiameter)followed
bystillaircooling．Cylindricalspecimens(６mmin
diameterand８０mminheight) werecutfromhalf
radiusoftheasＧforgedbarsandhadthelongaxispaＧ

Table１
Chemicalcompositionsoftestedsteels(mass％)

Steel C Si Mn P S Cr V Ti Al N Fe

D１ ０􀆰４１ ０􀆰４２ １􀆰２５ ０􀆰０１５ ０􀆰０４１ ０􀆰１６ － ０􀆰０１７ ０􀆰０２９ ０􀆰０２２ Balance
D２ ０􀆰４０ ０􀆰４４ １􀆰２２ ０􀆰０１５ ０􀆰０３９ ０􀆰１７ ０􀆰１０ ０􀆰０２２ ０􀆰０３１ ０􀆰０１６ Balance
D３ ０􀆰４０ ０􀆰４４ １􀆰２６ ０􀆰０１７ ０􀆰０４２ ０􀆰１８ ０􀆰２９ ０􀆰０２７ ０􀆰０３１ ０􀆰０１７ Balance

ralleltothebaraxis．
　Thedynamic (withhotdeformation) CCTdiaＧ
gramswereconductedonaGleebleＧ３８００thermomeＧ
chanicalsimulator．Thermocoupleswithadiameterof
０􀆰２mmwerespotweldedtothesurfaceofthespeciＧ
mensattheirmiddlelengthtorecordthetemperaＧ
ture．Specimenswerefirstlyreheatedto１２２０°Cata
constantheatingrateof１０°C/sandheldfor１２０s,
andthentheywerecooledat５°C/stodeformation
temperature１１００°C．TominimizetemperaturegraＧ
dient,thespecimenswerekeptat１１００°Cfor５s．
Then, thespecimens werecompressedtoatrue
strainof０􀆰３６ (reductioninheightof３０％) ata
nominalstrainrateof１s－１ andfinallycooledto

roomtemperatureatdifferentlinearcoolingratesin
therangeof０􀆰０３－４１􀆰５０°C/s．Thesecoolingrates
werechosenasindicatedbythestaticCCTdiagram
ofmediumＧcarbonforgingsteelwithsimilarchemiＧ
calcomposition[１２] , whichwerethencontrolledby
thedesignedcoolingpatternofthesimulatorsystem．
Severalspecimensweredirectlyquenchedfrom deＧ
formationtemperatureinordertodeterminetheiniＧ
tialaustenitegrainsize．ThedynamicCCTdiagrams
wereconstructedafterdeterminingthecriticaltransforＧ
mationtemperaturescomplementedby microstructural
observationsandVickershardnessmeasurements．
　Specimensforopticalmicroscopy(OM) weremeＧ
chanicallygroundandpolished,andthenetchedwith
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