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Abstract:ThroughthethermoＧmechanicalcontrolprocess(TMCP),ahighNblow Mofireresistantsteelwiththe
yieldstrength(YS)of５２１MPaatroomtemperature(RT)and３６０MPaatelevatedtemperature(ET)of６００ ℃
wasdevelopedbasedonMX (M＝Nb,V,Mo;X＝C,N)precipitationstrengthening．AseriesoftensileandconＧ
stantloadtestswereconductedtostudythemechanicalpropertiesatET．ThedynamiccontinuouscoolingtransforＧ
mation(CCT)aswellasprecipitationbehaviorofmicroalloycarbonitridewasinvestigatedbymeansofthermalsimＧ
ulatorandelectronmicroscopyapproaches．ResultsshowedthatthefailuretemperatureoftestedsteelwasdeterＧ
minedas６５３℃,andthegranularbainitewasobtainedwhenthecoolingratewashigherthan１０℃/s．Intherolled
state,acertainamountofM/Aislandswasobserved．DuringheatingfromRTtoET,M/Aislandsdisappeared,and
cementitesandhighdensecompoundprecipitates(Nb,Mo,V)Cwithsizeoflessthan１０nmprecipitatedinferriteat
ET (６００℃),whichresultedinprecipitationstrengtheningatET．
Keywords:fireresistantsteel;elevatedtemperatureproperty;microalloying;granularbainite;precipitation
strengthening

　　FireresistantsteelwasfirstlyinvestigatedanddeＧ
velopedbyFrenchresearchersintheearly１９７０s[１,２],
andresearchersin AustraliaandJapanconducted
furtherstudiesinthe１９９０s[３,４]．Thesuddencollapse
oftheWorldTradeCentertowersduringtheterrorＧ
istattackseventsinSeptember１１,２００１aroused
people′sconsciousnessofusingfireresistantsteelin
thebuildingconstruction[１,５]．Sincethen,fireresistＧ
antsteelattracted moreand moreattentionsfrom
worldwideresearchers．Recently,withthedevelopＧ
mentofthehighＧrisebuildingsandtheincreaseof
theattentionofthesenseoffireresistantability,
theconventionalsteelsforconstruction buildings
havebeenreplacedprogressivelybythefireresistant
steelswhichnotonlyhavethesamelevelofstrength
astheconventionalcounterpart,butalsocanproＧ
videacertainabilityoffireresistance,thatis,the
yieldstrengthat６００℃shouldbenolessthan２/３of
thatatroomtemperature(RT)[６]．Generally,convenＧ

tionalfireresistantsteelcontainsabout０􀆰５％ Mo
andalittleNb[７],anditselevatedtemperature(ET)
strengthisincreased by meansofsolidsolution
strengthening and MoＧcontaining precipitation
strengthening[５,７]．However,theuseofMorisesthe
costoffireresistantsteel,soresearchersemployed
Nb,V,etc􀆰elementstopartiallyreplaceMoinfire
resistantsteel．Recently,Walp[８]andBimal[９]develＧ
opedlow Mo(about０􀆰３mass％)andevenultralow
Mo (０􀆰０５ mass％)fireresistantsteelsviaadding
NbandV．However,thosefireresistantsteelsnot
onlycontainsomeotherexpensiveelementssuchas
Ni (about０􀆰１ mass％)butalso have alower
strengthlevelequatedtoQ３４５．Wanetal􀆰[１０]also
studiedthereplacementofMoinfireresistantsteel
viaaddingmicroalloyingelementNb,andthemain
compositionofthisfireresistantsteelis０􀆰１mass％
CＧ０􀆰３mass％MoＧ０􀆰０３mass％ (Nb＋V＋Ti)．Pan′s
work[１１]focusedontheroleofVinfireresistant



steelcontaining０􀆰０６mass％ Cand０􀆰３mass％ Mo．
However,asNbandVplayanimportantroleinfire
resistantsteelduetoprecipitationstrengthening,
precipitationbehaviorandcharacteristicofNborV
microalloycarbonitridesfrom rollingstatetothe
stateatET (６００ ℃)werenotfullyinvestigated,
neitherwasthemicrostructureevolution．
　　Comparedwiththeconventionalfireresistant
steels,thenewtypeoffireresistantsteelsreported
inthepresentstudypossessesanewchemicalcomＧ
positionnamelyviathedesignofultralowcarbon
andtheadditionofhighNb(≤０􀆰１％)low Mo(≤
０􀆰２％)．Themicrostructureoftestedsteelcomprises
granularbainiteandpolygonalferriteafterthermoＧ
mechanicalcontrolprocess(TMCP)．Microalloying
elementsNb,Mo,V,etc􀆰whichmayformcarbonＧ
itridesplayasignificantroleincompensatingthe
lossofthestrengthatET．Inaddition,microstrucＧ
tureevolutionaswellastheprecipitatebehaviorof
microalloycarbonitridesincludingthedistribution,
sizeandcomposition wasinvestigatedbothatRT
andET (６００℃)inthispaper．

１　ExperimentalMaterialsandProcedures
　　Thetestedsteelwasvacuum meltedandcast
into２５kgingot,whichcontainsC０􀆰０４８,Si０􀆰１７,
Mn０􀆰８０,Cr０􀆰５０,P０􀆰００４７,Al０􀆰０５,Ni０􀆰０１,
Cu０􀆰０２,Mo０􀆰１９,Nb＋Ti＋V≤０􀆰２０,B０􀆰０００２
andNabout０􀆰００３ (mass％),whereCcontentis
verylow notonlyto makesurethatNbcandisＧ
solve,butalsotoensureagoodweldability．Tiand
Nform TiN whichcanpreventtheinitialaustenite
graingrowthduringsoaking．Moderateadditionof
MnandBcanimprovehardenability．Thesizeofthe
forgedingotis１２０mminlength,１１０mminwidth
and６０mminthickness．Fig􀆰１showstheschematic
illustrationofrollingprocess．After１hsoaking,the
testedsteelwasrolledinrecrystallizationregionand
nonＧrecrystallizationregion．ThestartrollingtemＧ
perature(SRT)andfinishingrollingstarttemperature

Fig􀆰１　Diagrammaticsketchofrollingprocess

(FRST)are１１００℃and９５０℃respectively．ThefinＧ
ishrollingtemperature(FST)is８８０ ℃,followed
bylaminarcooling(thecoolingrate≥１５℃/s)and
thefinalcoolingtemperature(FCT)isabout４００℃．
　　Thedynamiccontinuouscoolingtransformation
(CCT)diagram was measuredona GleebleＧ３８００
thermalsimulator,asshowninFig􀆰２．Thesoaking
temperatureof１２２０ ℃for３min,thecoolingrate
of１－８０℃/s,thedeformationtemperatureof８８０℃,
thestrainof４０％andthestrainrateof５s－１ were
adopted．ThetransformationtemperatureswereobＧ
tainedviadilatometriccurves．Meanwhile,theoptiＧ
calmicroscope(OM)andVickershardness(４９Nload)
wereemployedtodrawthedynamicCCTcurves．DogＧ
boneＧshapedtensilespecimensweremachinedwitha
gaugelengthof４０mmandadiameterof８mm．The
tensiletests(alongtransversedirection)bothatRT
andET (３００－６５０℃)wereconductedaccordingto
the Chinesestandards GB/T２２８—２００２ and GB/
T４３３８—２００６,respectively．Andtheresultofthe
tensiletestsateachtemperatureistheaveragevalＧ
uesoftwomeasurements．Asasimpleandeffective
method,constantloadtestwhichisanessentially
acceleratednonＧisothermalcreeptestwasalsowideＧ
lyemployedtoevaluatetheETpropertyoffirereＧ
sistantsteel[５,１２]．Inpresentstudy,theconstantload
testwasperformedonaGleebleＧ３８００thermalsimuＧ
latorusingaspecimenwithadiameterof１０mmand
alengthof１１０mm．Duringtheprocess,２８０MPastress
(５５％yieldstrengthatRT)wasloaded,thenthespeciＧ
menwasheatedfromRTto８００℃attheheatingrateof
２８℃/min．Thefailuretemperaturewasobtainedby
analyzingthestrainvs．temperaturecurve[５]．
　　Themicrostructureevolutionfrom RTtoET
(６００ ℃)wasexaminedviaSＧ４３００coldＧfieldemisＧ
sionscanningelectronmicroscope(SEM)andTecＧ
naiF２０transmissionelectron microscope (TEM)．
Thespecimenstakenfrombothrolledspecimensand

Fig􀆰２　DynamicCCTdiagram
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