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ABSTRACT

Mechanicalpropertiesofanewlydevelopedmicroalloyedbainiticsteelwereinvestigatedafterthe
hotforging,aircoolingandtemperingprocess．ThemicrostructureoftheasＧforgedbainiticsteel
mainlyconsistsofgranularbainiteand~２０vol％ martensite．Thefractionofretainedaustenite
remainsunchangeduntiltemperingat２００°C, abovewhichitdecreasessignificantly．TheinＧ
creaseoftemperingtemperatureleadstodecreasesofbothultimatetensilestrengthandtotal
elongationbutdecreasesofbothyieldstrengthandreductionofarea．ThemaximumandminiＧ
mumvaluesofimpacttoughnesswereobservedaftertemperingataround２００and４００°C,reＧ
spectively．Theseeffectsaremainlyattributedtothedecompositionofmartensite/austeniteconＧ
stituentsandthetemperingeffectsinmartensite．Thetemperingoftheforgedbainiticsteelat
around２００°Cresultsinanexcellentcombinationofstrengthandtoughness, whichiscomparaＧ
bletothatoftheconventionalquenchedＧandＧtempered４０Crsteel．Therefore,lowＧtempering
treatmentcoupledwithpostＧforgingresidualstressrelievingisafeasiblemethodtofurtherimＧ
provethemechanicalpropertiesofthebainiticforgingsteel．

１．Introduction
　Since１９７０s,theconceptofmicroalloyed(MA) meＧ
diumcarbonforgingsteelswithferriticＧpearliticmiＧ
crostructurebegantoemergeinautomobileindustry
andwereappliedtotheproductionofautomobile
forgingcomponentssuchascrankshaftsandconＧ
nectingrods[１Ｇ３] ．However,owingtoitsinherentcleavＧ
agefracturecharacteristic,thepresenceofpearlite
limitsthe maximum obtainabletoughnessofthis
kindofsteels, whichthushasconfinedtheirappliＧ
cationsmainlytocomponentswhichdonotrequire
hightoughness[４,５] ．Therefore,numerousinvestigaＧ
tionshavebeenconductedtoimprovethetoughness
of MA medium carbon ferriticＧpearlitic forging
steelsforthepurposeofcriticalapplicationstosafeＧ
typartswhichrequirehighdegreeoftoughness[５Ｇ９] ．
　 Amongtheseefforts, bainiticforging steels,
whichrefertosteelgradeshavingacompositionadＧ
justedtoproduceprimarilyabainiticmicrostructure
duringthenaturalcoolingthatfollowshotforging
inthiscontext,offergreatpossibilitiesasanalterＧ
nativetoquenchedandtempered (Q&T) forging

steelsforhighlystressedforgedparts[１０,１１] ．Early
systematicstudiesby Matlocketal[５] suggested
thatnonＧtraditionalbainiticsteelswithretainedausＧ
tenite(RA) offeraclassofsteelsthatexhibitsigＧ
nificantopportunitiesforpropertycontrolandoptiＧ
mizationthroughalloyingandprocessing．LaterinＧ
vestigationsfurtherdemonstratedthatbainiticsteels
withlowcarboncontentaregoodalternativestoQ&T
forgingsteelsforsafetypartsincarsandtrucks
withtheirstrengthandductilityvalueslyingabove
comparablecommercialsteelgrades[１０Ｇ１２] ．Withthe
rapiddevelopmentofmodernautomobileindustry,
higherstrengthandtoughnessforgingsteelsaredeＧ
mandedinordertolightenthestructuralpartsas
wellastosatisfythedemandofthesecurityconＧ
cerns[３] ．Therefore, Q&TforgingsteelsarenowaＧ
daysmoreand moresuccessfullyreplacedbybainitic
forgingsteelstomanufacturefrontaxlebeams,steerＧ
ingarmsandotherautomobilesecurityparts[１０Ｇ１６] ．
　Although directcomparisonofisothermaland
continuouscoolingstrategiesofbainitictransformaＧ
tionwithrespecttothefinalmechanicalproperties
revealedthattheformergivesbetterresultsthan

　　　　　　　　　JournalofIronandSteelResearch,International２４(２０１７)１０８５－１０９４　　　　　　　　　　



thelatter[１０,１７] ,itishoweverstronglysuggestedto
applyacontinuouscoolingtogetrobustprocessing
conditionsforhotforgingaswellaslowcost[１１,１３,１４] ．
AsvariationsincoolingrateorcomponentdimenＧ
sionaretobeexpectedaspartofthenormalproducＧ
tionofforgingcomponents, unlikegradesdesigned
forasingleproductionprocess (rails, pipes), baiＧ
niticforgingsteelgradesshouldbedesignedtooffer
theleastsensitivitytocoolingrate[１１] ．However,a
mixtureofmicrostructuresisoftenfoundincontinＧ
uouscoolingtransformation (CCT) ofcommercial
bainiticforgingsteelsafterhotforging, whichranＧ
gesfrom anacicular, carbideＧfree morphologyto
onewithanonＧacicularappearance, consistingof
ferritematrixcontainingconstituentsofmartensite/
austenite(M/A)orgranularbainite．OtherconstitＧ
uentssuchasmartensite,ferriteandpearlitealso
sometimesexist．TheexistenceofbrittleuntemＧ
peredmartensiteisusuallydetrimentaltothemeＧ
chanicalpropertiesofbainiticforgingsteelsaswell
asthenonＧequilibrium microstructure．Moreover,
temperingtreatmentisoftenusedtorelievethereＧ
sidualstressofbainiticsteelforgings[１３] ．Therefore,
thevarietyofdifferentbainiticmorphologiesneeds
analignedthermaltreatmentafterforgingtoobtain
maximum performance[１０,１２] ．Althoughtherehave
alreadybeenseveralstudiesconsideringthetempering
behaviorofbainiticsteels[１８Ｇ２２] , therearefewpubＧ
lisheddataavailableconcerningtheeffectoftempeＧ

ringtreatmentonmechanicalpropertiesofthiskind
ofbainiticforgingsteels[１３] ．Therefore,inthecurＧ
rentwork,theinfluenceoftemperingonthemicroＧ
structureandmechanicalpropertiesofanovelbaiＧ
niticforgingsteelmicroalloyedwithVandTiwas
investigated,inanattemptofoptimizingthe meＧ
chanicalpropertiesaswellaspromotingtheapplicaＧ
tionsofthissteel．

２．ExperimentalProcedure

２１．Materialsandspecimenpreparation

　A novel V and Ti MA bainiticforgingsteel
２５MnCrVTiwasadoptedinthisstudy．OnecomＧ
mercialheatofwidelyusedQ&Tforgingsteel４０Cr
intheformofroundbarwithdiameterof６５ mm
wasselectedforcomparison．ThechemicalcomposiＧ
tionsofthetestedsteelsarelistedinTable１．The
bainiticforgingsteelwascastinto３９kgingotafter
meltedinavacuumＧinductionheatingfurnacewitha
capacityof５０kg．Theingotwasheatedto１２００－
１２２０°Candheldatthistemperatureforatleast１h,
andthenitwaspressforgedtorodswithdiameter
of１８mm．ThefinishforgingtemperaturewasconＧ
trolledatabout８５０°Cfollowedbyaircoolingto
roomtemperature．TheasＧreceived４０Crsteelround
barwith diameterof６５ mm washeatedandhot
forgedtorodsalsowithdiameterof１８mm．
　Standardsmoothtensilespecimens(gaugelengthof

Table１
Chemicalcompositionsoftestedsteels(wt％)

Steel C Si Mn P S Cr V Ti Al N

MB２ ０２５ ０３７ １９６ ０００７ ００２１ ０４８ ０１１ ００３ ００２９ ００１４
４０Cr ０４３ ０２７ ０７４ ００１３ ０００５ ０９０ － － ００２２ ０００６

２５mmanddiameterof５mm)andCharpyUＧnotchimＧ
pactspecimens (１０ mm×１０ mm×５５ mm) were
machinedinthelongitudinaldirectionoftherods．
Toinvestigatetheinfluenceoftemperingtreatment,
thespecimensofthebainiticforgingsteelweretemＧ
peredat２００,３００,４００and５００°Cfor１２０min,reＧ
spectively．Specimensofthe４０CrsteelwereaustenＧ
itizedat８６０°Cfor３０ min, oilquenchedandthen
temperedat５１０°Cfor１２０mintoobtainhighＧtemＧ
peraturetempered martensite microstructure with
similartensilestrengthleveltothatoftheasＧforged
bainiticforgingsteel．CylindricaldilatometerspeciＧ
mens(４mmindiameterand１０mminheight)for
CCTcurvemeasurementwerecutfromhalfradius
oftheasＧforgedbainiticsteelrodsandhadthelong
axisparalleltotherodaxis．

２２．Microstructuralandmechanicalevaluation

　Opticalmicroscope(OM,ZeissAxioScopeA１)and

scanningelectronmicroscope (SEM, ZeissEVO１８)
were used for microstructures observation after
standardmetallographicgrindingandpolishingand
finallyetchingin３vol％nitalsolution．Thevolume
fractionofRAwasmeasuredbyD/max２５００VXＧray
diffraction(XRD)instrumentusingCuKαradiation．
Foilsfortransmissionelectron microscope (TEM)
wereslicedinto０５mminthicknessandmechaniＧ
callygrounddowntoabout５０μmthickbeforefinalＧ
lyelectroＧpolishedinatwinＧjetelectroＧpolishingapＧ
paratususingasolutionofstandardchromiumtrioxＧ
ideＧaceticacidsolution．Thinfoilswereexaminedin
aTEM (HitachiHＧ８００) atanoperatingvoltageof
２００kV．Dilatometerspecimenswereheatedto９００°C
atarateof１０°C/s,thenheldfor５min,andfinally
cooledtoroomtemperatureatdifferentlinearcoolＧ
ingratesrangingfrom００６°C/sto４３°C/susinga
BährD８０５Ldilatometer．TheCCTdiagramwasconＧ
structedafterdeterminingthecriticaltransformation
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