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Abstract:ThephasetransformationbehaviorduringcontinuouscoolingofhighＧstrengthspringsteelscontainingdifＧ
ferentamountsofCrwasstudied．Furthermore,theeffectsofcombiningCrwithVaswellasaustenitedeformation
onthetransformationkineticswereinvestigatedinthemethodofdilatometryandmetallographyhardness．ThereＧ
sultsshowedthat,withtheincreaseofCr,thepearlitetransformationfieldwasenlarged,theferritetransformation
fieldwasnarrowed,andtheentirephasefieldshiftedtotheright．WiththeadditionofV,thestarttransformation
temperatureofundercoolingaustenite (Ar３)wasgraduallyincreased,buttheferriteandpearlitetransformation
fieldswerenotaffected．Besides,theminimumcriticalcoolingrateofmartensitictransformationwasalsoreduced．In
addition,thedynamiccontinuouscoolingtransformation(CCT)curvemovestothetopleftcomparedwiththestatic
CCTcurve．ThetransformedmicrostructuresshowedthattheadditionofVandthedeformationnotonlyrefinedthe
overalltransformedmicrostructuresbutalsoreducedthelamellarspacingofpearlite．ThealloyingelementsCrandV
promotedtheVickershardness．However,theeffectofCrontheVickershardnessofmartensitewasstrongerand
theinfluenceofVonthatofpearlitewasstronger．Moreover,theVickershardnessaffectedbytheaustenitedeformＧ
ationwasmorecomplexandstronglydependedonthetransformedmicrostructures．
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　　WiththerapiddevelopmentofhighＧspeedrailＧ
ways,theamountofhighＧstrengthspringsteels
usedinelasticrailclips(ERCs)forhighＧspeedrailＧ
wayshasbeengraduallyincreased．TheERCpresＧ
entsaquitecomplicatedstressstateinthecourseof
service[１Ｇ３]．NoresidualplasticdeformationisperＧ
missibleevenunderheavystaticorcyclicloadsand
springsmustreturntotheiroriginalstatesafterreＧ
movalofexternalloads．Moreover,fromthepoint
ofrealisticuseandeconomicconsiderations,agood
combination of fatigue and corrosion resistance
thereforebecomesessential．Inrecentyears,the
veryhighfatigueresistanceofseveralspringsteels
likeCralloys[４],SiＧCralloys[５Ｇ７]andCrＧValloys[５Ｇ７]

havebeenreported．Anditiswidelyrecognizedthat
lowCu,Cr,NiandTiadditionsinweatheringsteels
canimprovethecorrosionresistancewithrespectto

plaincarbonsteel．Moreover,theabilityofCuand
Crinretardingthecorrosionrateduringdryingstep[８,９]

andtheroleofTiintheinhibitionofakaganeiteforＧ
mation[１０]havebeenreported．Thebeneficialeffects
ofCuandCrmaybeattributedtotheirabilitytoinＧ
hibitthereductionofrust[１１]．MorerecentlyforCrＧ
alloyedsteels,theformationofaCrＧenrichedgoeＧ
thiteattheoxide/steelinterfacehasbeendemonＧ
strated[１２]．
　 　Furthermore,microＧalloyingtechnology has
beenwidelydevelopedinspecialsteels．Andpartof
theapplicationisalsorealizedinspringsteels[１３Ｇ１６]．
Particularly,VanadiumisthemostimportantalloＧ
yingelementinmediumcarbonmicroＧalloyedsteels．
Vcarbon/nitride(VCN)particlespromoteprecipiＧ
tationstrengtheningeffectinferriteandpearlite[１７]．
Vadditionscanbealsobeneficialtothetoughnessas



aresultofthepreferentialintragranularnucleationofacＧ
icularferriteon VCN or VN particles[１８,１９]．These
precipitatescanalsonucleateonexistingTiNpartiＧ
clesandoxidestoformcomplexinclusionsthatserveas
nucleationsitesforferrite,whichhelpstorefinethe
microstructure[２０Ｇ２３]．Considering thatthe market
priceofniobiumironismorethan１０timesexpenＧ
sivethantitaniumiron,inordertodevelophighＧ
strengthspringsteelwithlowcostandhighaddiＧ
tionalvalue,vanadium andtitanium microＧalloyed
springsteelsareheredesigned．
　　ContinueddevelopmentofhighＧstrengthspring
steelsrequiresanunderstandingoftheirtransformation
behaviorsandhowthosetransformationsareaffectedby
alloyingelementsadditionsaswellasaustenitedeＧ
formation．A continuous cooling transformation
(CCT)diagramisausefulwayofdisplayingthe
transformationbehaviorofamaterialasafunction
ofthermoＧmechanicalcontrolprocess (TMCP)．In
thispaper,thecontinuouscoolingtransformation
curvesofhighstrengthspringsteelwithdifferent
compositions weredetermined using GleebleＧ３５００
thermalmechanicalsimulator,Dil８０５quenchingand

deformationdilatometerbydilatometryand metalＧ
lographyhardnessmethod．TheobjectsweretoclarＧ
ify the formations of microstructures of highＧ
strengthspringsteelsbyinvestigatingtheeffectsof
alloyingelementsadditionsandhotdeformationon
theCCT．TheresultswillbebeneficialtothepractiＧ
calapplicationof TMCP andthermaltreatments
processingintheproductionofhighperformance
springsteels．

１　ExperimentalProcedure
　　Thematerialsusedinthiswork,i􀆰e􀆰fourlaboraＧ
torysmeltedmediumcarbonsteelsforspringappliＧ
cation,werefirstlypreparedina２５kgvacuuminＧ
ductionmeltedfurnace,subsequentlythecastslabs
werehotforgedandhomogenizingannealed．SpeciＧ
mensusedinthedeformedstates(HSS,３５Cr,３５Cr＋
Vand８５Cr＋V)andundeformedstate(８５Cr＋V)
weremachinedfromtheforgedrods．ChemicalcomＧ
positionsofthesefoursteelsarelistedinTable１,
identifiedas HSS (deformed),３５Cr (deformed),
３５Cr＋V (deformed),and８５Cr＋V (deformedand
undeformed)．

　　　　　　　Table１　Chemicalcompositionsoftestedsteels　　　　　　　　　　　　mass％

Steel C Si Mn S P Cu Ni Cr V Ti Fe

HSS ０􀆰５１ ２􀆰１４ ０􀆰３０ ０􀆰００４７ ０􀆰００４５ ０􀆰２９ ０􀆰２０ － － ０􀆰０７１ Balance
３５Cr ０􀆰５０ １􀆰８４ ０􀆰３５ ０􀆰００４９ ０􀆰００４５ ０􀆰２５ ０􀆰２８ ０􀆰３３ － ０􀆰０９５ Balance

３５Cr＋V ０􀆰５０ ２􀆰０９ ０􀆰３０ ０􀆰００４８ ０􀆰００３８ ０􀆰２７ ０􀆰２８ ０􀆰３４ ０􀆰１７ ０􀆰１００ Balance
８５Cr＋V ０􀆰５１ ２􀆰０４ ０􀆰３１ ０􀆰００４８ ０􀆰００３５ ０􀆰３０ ０􀆰２８ ０􀆰８６ ０􀆰１７ ０􀆰０７６ Balance

　　HeattreatmentswereperformedbyusingGleebleＧ
３５００thermalmechanicalsimulatorandDil８０５quenchＧ
ingdilatometerinaninertatmosphereofargongas．
TwoheattreatmentpatternswereemployedtosimＧ
ulatethehotdeformationandcontinuouscooling
schedules(Fig􀆰１)．Treatment(a)wasahotdeformＧ
ationschedule;thespecimenswerefirstlyaustenＧ

itizedfor３００sat１１５０ ℃,subsequentlydeformed
byapproximately３５％ at９６０ ℃ aftercoolingat１０
℃/sfrom１１５０ ℃,andthendeformedbyapproxiＧ
mately３０％ at８５０ ℃ aftercoolingat５ ℃/sfrom
９６０ ℃,andfinallycooledattheconstantcooling
ratesof０􀆰２,０􀆰５,１,２,３􀆰５,５,７,１０and２０℃/s,
respectively．Treatment(b)wasaundeformedschedule;

(a)Hotdeformationschedule;　 (b)Continuouscoolingschedule．
Fig􀆰１　Schematicdiagramsofheattreatmentprocedures
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