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ABSTRACT

EffectsofmicroＧalloyingelementsandproductionprocessonmicrostructure, mechanicalproperties
andprecipitatesof６００ MPagraderebarswerestudiedbyusingpilottest, metallographicobservaＧ
tion,tensiletest,thermodynamiccalculationandtransmissionelectronmicroscopy．Theresultsshow
thatthetestedsteelsarecomposedofferriteandpearlite,inwhichthecontentrangeofpearliteis
３３％－４５％．ForvanadiummicroＧalloyedsteel,interphaseprecipitationstrengtheningeffectofVcan
bepromotedandtheyieldstrengthoftestedsteelscanbeincreasedwithincreasingVcontentanddeＧ
creasingfinishingrollingtemperature．Thetemperatureofterminatedcoolingshouldbemorethan
７００°Cwhenthewatercoolingisused．Whenniobiumisaddedtothesteel, morecoarse(Nb,V)C,N
precipitatesaregeneratedathightemperature,sothatthesolidsolubilityofprecipitatedphasesof
vanadiumisreducedandtheprecipitationstrengtheningeffectofvanadiumisweakened．

１．Introduction
　Inrecentyears,theproductionandconsumption
ofhotＧrolledsteelrebarinChinahavebeengreatly
increasedwiththerapiddevelopmentofurbanizaＧ
tionandconstructionindustry．Inaccordancewith
theresearchdataofChineseindustrialinformation,
thetotalsteelrebarproductionin２０１３hasreached
about２􀆰０６×１０６t[１] ．Althoughtheproductionof
steelrebarinChinahasachievedrapidgrowth,their
structuresandvarietiesareinarelativelylowlevel,
whereintheamountof４００ MPagrade (gradeIII)
steelrebarsaccountsforabout９０％andtheamount
ofabove５００MPagrade(gradeIV)steelrebarsacＧ
countsforlessthan５％．Onthecontrary,５００MPa
gradesteelrebarsare widely usedin developed
countries,andtheamountof５００－６００ MPagrade
steelrebarsaccountsformorethan９５％．TheUnitＧ
edStates,Britain, Germany, Australia,Franceand
othermajorindustrializedcountrieshavedeveloped
６００MPagradehighstrengthsteelrebarsand７００MPa

gradesteelrebarsareunderactivedevelopment．TheulＧ
traＧhighstrengthsteelrebarswhoseyieldstrength
isbetween６８５and１２７５MPahavebeendeveloped
inJapan,toimprovetheseismicresistanceofbuildＧ
ingsand havealready been appliedin highＧrise
buildings[２] ．Russiaadded６００ MPagradesteelreＧ
barsintosteelproductstandardin１９９３andSouth
Koreaadded６００－７００MPahighstrengthsteelreＧ
barsintosteelproductstandardin２００７[３] ．However,
fortheconstructionofengineeringprojectswitha
hugebuildingsize, complexfunctionandlargeinＧ
frastructure, suchashighＧriseandsuperhighＧrise
buildings,longＧspanbridges,andunderseatunnelconＧ
struction,thenormalstrengthsteelrebarsusedasthe
mainmaterialsofbuildingstructureareunableto
meetthedemandofweightＧreductionanddurability
ofthebuilding, sothatbetterperformanceand
higherstrengthrebarsareinurgentneed．Theuse
ofhighstrengthsteelrebarscannotonlysolvethe
problemoffatbeamsandcolumnsofbuildingstrucＧ
ture,butalsoincreasetheusableconstructionarea
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andmakethestructuredesignmoreflexible．Besides,
comparedwiththemainlyused４００and５００ MPa
gradesteelrebars, ６００ MPagradehighstrength
steelrebarscansavesteelconsumptionof３３􀆰３％ and
１９􀆰２％ respectively, andhaveapracticalsignifiＧ
canceforenergysavingandemissionreduction[３] ．
　Atpresent,themainproductionprocessesofhigh
strength steel rebars are Tempcore treatment
(TMT process) and microＧalloying．The TMT
processhasbeencommonlyusedtoimprovethe
strengthofsteelrebarsinEurope, Russia, AustralＧ
iaandSouthKoreasincethemajorityofthemuse
steelbindingrebarstoconnect[２,４] ．Indiahasalso
carriedoutalotofresearchesandapplicationsin
TMTprocess[５,６] ．Becauseofthecommonuseof
weldingandsleeveconnectioninChina, themain
productionprocessismicroＧalloyingwithadditionof
NborV whichcanrefinethegrainandcontrolthe
precipitationprocesstoimprovethestrengthand
performanceofsteelrebars．Inthisstudy,trialtest
andtransmissionelectronmicroscopy (TEM) were
conductedtoanalyzetheeffectofmicroＧalloyingand
productionprocessontheprecipitation behaviors
andmechanicalpropertiesof６００ MPagradehigh

strengthrebars, whichcanprovidetheoreticalsupＧ
portfortheoptimaldesign ofthecomposition,
processandindustrialstableproduction．

２．ExperimentalMaterialsandProcedures
　ThreekindsofsteelswithdifferentchemicalcomＧ
positionsweredesignedtostudytheeffectsofNb,
V,andNcontentsonthestrengthandprecipitation
behaviors,andwerethensmeltedbya１５０kgmediＧ
umfrequencyinductionmeltingfurnace．ThechemiＧ
calcompositionsarelistedinTable１．Thecasting
ingotswereheatedto１２００°Candthenforgedinto
１８０mm×２００mm×８０mm (length×width×height)
slab．Differentfinishingrollingtemperaturesand
coolingmodeswereused,andtheingotswerefinalＧ
lyrolledtothetargetthicknessof１０mm (reduction
ratiois８) byapilottwoＧhighhotrollingmilland
thespecificprocessschemewasasfollows:theinＧ
gotswereheatedto１２３０°C, rolledwithfinishing
rollingtemperaturesof９００and１０００°C, andthen
cooledbyairandwater．Aircoolingwascarriedout
againaftertheingotwascooledtothetargettemＧ
peratureforsimulatingcoolingbed．ActualprocessＧ
ingparametersoftestedsteelsareshowninTable２．

Table１
Chemicalcompositionoftestedsteels(wt．％)

Steelgrade C Si Mn P S Als N V Nb Fe

１ ０􀆰２５４ ０􀆰７１ １􀆰５３ ０􀆰０２１ ０􀆰０１７ ０􀆰０２８ ０􀆰０１４ ０􀆰１４ － Balance
２ ０􀆰２６３ ０􀆰５９ １􀆰４９ ０􀆰０２４ ０􀆰０１４ ０􀆰０４６ ０􀆰０１８ ０􀆰１７ － Balance
３ ０􀆰２３０ ０􀆰５８ １􀆰４４ ０􀆰０２２ ０􀆰０１３ ０􀆰０２７ ０􀆰０１４ ０􀆰１４ ０􀆰０４３ Balance

Table２
Actualprocessingparametersoftestedsteels

Number
Finishing
rolling

temperature/°C

Cooling
mode

Watercooling
terminal

temperature/°C

１Ｇ１ ９６０－９８０ Aircooling
１Ｇ２ ９３０－９５０ Watercooling ６９０－７６０
１Ｇ３ ９００ Watercooling ６８０－７４０
２Ｇ１ ９８０－１０２０ Aircooling
２Ｇ２ １０００ Watercooling ６９０－７８０
２Ｇ３ ９００ Watercooling ６２０－６７０
３Ｇ１ ９７６ Aircooling
３Ｇ２ ９６０－９８０ Aircooling
３Ｇ３ ９００ Aircooling

　Metallographicspecimenswerecutandembedded,
thenmechanicallygroundandpolished．ThemicroＧ
structure wasobserved by usingan OLYMPUSＧ
BX５１opticalmicroscopeafteretchedwith４vol􀆰％
nital．Theferritegrainsizeandpearlitecontentwere
quantitativelyanalyzedbyImageＧproplussoftware
whileA８０nonscalestandardtensilespecimenswere
cutfromtherolledsamplesalongtherollingdirecＧ
tionandwereperformedinaZwick/RoellZ０２０tenＧ

siletestingmachineatroomtemperatureaccording
toChinesestandardGB/T２２８􀆰１Ｇ２０１０．TheTEMobＧ
servationsampleswerecutbywireＧelectrode, then
mechanicallygroundtothinfilmsofabout５０μmin
thickness, andfinally punchedto prepareround
disksof３mmindiameter．ThediskswereelectroＧ
polishedinasolutionof９５vol􀆰％ethanoland５vol􀆰％
perchloricacidat－３０°CbyusingatwinＧjetpolisher
withtheoperatingvoltageof５０V．Theprecipitates
wereobservedbyaPhilipsTECNAIF３０fieldemisＧ
siontransmissionelectronmicroscopewithanaccelＧ
eratingvoltageof３００kV．
　ThephasetransitiontemperaturesbasedontherＧ
malexpansionprincipleweremeasuredwithGleeble
３５００thermalＧmechanicalsimulationtestingmachine．
Thesampleswerecylinderswithdiameterof６mm
andlengthof９０mm,andwereheatedto１０００°Cat
aheatingrateof０􀆰１°C/s．

３．ResultsandDiscussion

３􀆰１．Mechanicalproperties

　Mechanicalpropertiesoftestedsteelsareshownin
Table３, wherethevaluesaretheaverageresultsof
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