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Abstract:TheaccuratepredictionofsolubleNbcontentduringreheatingishelpfulforthedesignofchemicalcompoＧ
sitionandreheatingparametersforNbＧcontainingsteels．ThedissolutionbehaviorofNbinhighNbmicroalloyed
steelswasinvestigated．TheresultsshowthatNbdoesnotentirelydissolveforhighNbmicroalloyedsteelscontaiＧ
ningTiafterholdingat１３００℃for３h．ThesolubleNbcontentincreaseswiththedecreaseofCcontentand/orthe
increaseofNbcontentinsteels．Moreover,anexpressionhasbeenestablishedtodescribetheamountevolutionof
solubleNbinhighNbmicroalloyedsteelsduringreheatingandthevalidityofthisexpressionhasalsobeenverified
byexperiment．
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　 　 Compared with traditional NbＧmicroalloyed
steel(Nb≤０􀆰０６％),theNbcontentinHTP (high
temperatureprocessing)steelisincreasedsignificantＧ
lytoabout０􀆰１１％,whichmakesitbecomemorediffiＧ
cultfordissolvingallprecipitatesofNb(C,N)durＧ
ingthereheating．Moreover,asmallamountofTiis
oftenaddedtothehighNbmicroalloyedsteel．Lots
ofresearchresults[１－５]showedthattheNb(C,N)
precipitatescannotdissolvecompletelyduringreheaＧ
tingfortheNbsteelcontainingTi．Theexistenceof
lotsofundissolvedprecipitatesisnotusefulforthe
efficientuseofNb．Therefore,theissueofhow
muchNbcandissolveduringthereheatingprocess
needstobeaddressedfirstly．Duetothelackofthe
dissolutionkineticsdataofNb(C,N)particlesin
austenite,thesolubleNbcontentwasalwaysconＧ
sideredasthetotalamountofNbinsteelbysoaking
atapropertemperatureabovethesolutiontemperaＧ
turethatwasmostlydeterminedbyexperienceand
intuitionbasedonsolubilityproductequations[６－８]．
Yetbecausesolubilityproductsaretoosimpleforthe

multicomponentsteel,thesolutiontemperaturedeＧ
terminedbythiswayisdifferentfromthetruevalＧ
ue[９]．Moreover,solubilityproductsareonlyapproＧ
priateundertheequilibriumconditionthatcannotbe
satisfiedin practical production of steel plates．
Therefore,forhighNbmicroalloyedsteel,itisnecＧ
essarytoestablishamodelfordissolutionbehavior
ofprecipitatesduringthereheatingprocess．Inthis
work,thesolubleNbcontentinsixtestedsteelsafＧ
terdifferentreheatingtreatmentswasdeterminedby
theinductivelycoupledplasmaＧatomicemissionspecＧ
trometry(ICPＧAES),andtherelationshipsamongsolＧ
ubleNbcontent,heatingtemperatureandtheconＧ
tentofCandNbinsteelswerealsoestablishedby
theregressionanalysis,whichwillbebeneficialto
thedesignsofchemicalcompositionandreheating
parametersforhighNbmicroalloyedsteels．

１　MaterialandMethods
　　Thetestedsteelswerepreparedina２５kgvacuum
inductionmeltingfurnace,andthenthecastslabs



werehotforgedandrolledtothebarsofϕ１２mm．
Thespecimenswithsizeofϕ１０mm×８mmwerediＧ
rectlymachinedfromthesteelbars．Thechemical
compositionsoftestedsteelsarelistedinTable１．
ThespecimenswereheatedtodifferentsoakingtemＧ
peratures(９５０－１３００℃)andheldfor３h,followed
bythewatercooling．Thepowderfrom specimen
wasdissolvedinhydrochloricacidandthesolution
wasfiltrated．TheNbatomicemissionspectrometry
insolution was measured byinductivelycoupled
plasmaＧatomicemissionspecＧtrometry (ICPＧAES)．
Accordingtothesedata,thesolubleNbcontentin
differentspecimenswasobtained[１０]．InordertoreＧ
ducetheerror,thesolubleNbcontentineachspeciＧ
menwasmeasuredthreetimes,andthentheaverＧ
agewastaken．

Table１　Chemicalcompositionsoftestedsteels
mass％　

Steel C Si Mn Nb Ti N

A ０􀆰０３０ ０􀆰２５ １􀆰７６ ０􀆰０８２ ０􀆰０１７ ３􀆰６５×１０－３

B ０􀆰０５５ ０􀆰２６ １􀆰７８ ０􀆰１２０ ０􀆰０１１ ２􀆰４９×１０－３

C ０􀆰０６２ ０􀆰２７ １􀆰８０ ０􀆰０７８ ０􀆰０２１ ３􀆰１０×１０－３

D ０􀆰０３６ ０􀆰２４ １􀆰７１ ０􀆰１３０ ０􀆰０１１ ３􀆰６１×１０－３

E ０􀆰１３０ ０􀆰２９ １􀆰３６ ０􀆰０８３ ０􀆰０１６ ２􀆰９６×１０－３

F ０􀆰１４０ ０􀆰２９ １􀆰３８ ０􀆰１３０ ０􀆰０２１ ３􀆰３９×１０－３

２　ResultsandDiscussion

　　ThesolubleNbcontentinthespecimensheld
for３hatdifferentreheatingtemperatureswasdeＧ
termined．Fig􀆰１showstherelationshipbetweensolＧ
ubleNbcontentandreheatingtemperature．ThesolＧ
ubleNbcontentincreaseswiththetemperatureinＧ
creasing．However,theNbdoesnotentirelydissolve

Pointsrepresentexperimentaldataandthe
curvesrepresentBoltzmannfittingcurves．

Fig􀆰１　SolubleNbcontentatdifferenttemperaturesandthe
correspondingBoltzmannfittingcurvesfortestedsteels

duringreheatingat１３００℃for３h．Theincreaseof
solubleNbcontentisslowbelow１１００℃,andthen
rapidlyaccelerateswithfurtherincreaseoftemperaＧ
ture．But,theincreasebecomesslowagainwhenthe
solubleNbcontentreachesacertainvalue．CombiＧ
ningTable１,itcanbeobtainedthatwhenthetemＧ
peratureislow,thesolubleNbcontentincreases
withthedecreaseofCcontentinsteel,whiletheNb
contenthasnoobviouseffectonthesolubleNbconＧ
tent．However,withtheincreaseofthetemperaＧ
ture,theeffectofNbcontentinsteelonthesoluble
Nbcontentincreasesgradually,whiletheeffectofC
contentisbecominglessimportant．
　　FromFig􀆰１,itcanbeseenthattherelationbeＧ
tweenthesolubleNbcontentandreheatingtemperＧ
aturepresentsanSＧtypecurve,whichcanbeapＧ
proximatelyexpressedbyBoltzmannequation
　wNbs＝A２＋(A１－A２)/[１＋exp((T－T０)/dT)]

(１)
where,wNbsisthesolubleNbcontent,mass％;A１

andA２aretheminimumandmaximumofsoluble
Nbcontent,mass％,respectively;TisthereheaＧ
tingtemperature, ℃;T０ isthetemperatureat
whichthesolubleNbcontentis(A１＋A２)/２;and
dTisthewidthofthetemperaturerange,inwhich
thesolubleNbcontentincreasesdrasticallywiththe
temperature．
　 　 The Boltzmannfittingcurvesareshownin
Fig􀆰１,andthevaluesofparametersinEq􀆰(１)deＧ
terminedbyregressionanalysisarelistedinTable２．
CombiningTable１,itcanbefoundthatthereis
somerelationshipbetweentheseparametersandthe
contentofCandNbinsteel．However,thereare
stillindividualdatathatarenotinaccordwiththe
realsituation．Forexample,A１ofSteelAisnegaＧ
tiveandA２ofSteelEishigherthantheadditionof
Nbinsteel．Therefore,theparametersneedtobe
revisedwithinthecorrespondingerrorrange,acＧ
cordingtotheexperimentalresultsshowninFig􀆰１．
TherevisedparametersarealsolistedinTable２,
wheredTtakestheaverage．
　 　Byregressionanalysis,therelationshipsbeＧ
tweentheparametersandthecontentofCand/or
Nbaredetermined,asshowninFig􀆰２．Itisclear
thatA１andT０arelinearwithlogwCandA２islinear
withwNb,asexpressedinfollowingequations:
　A１＝－(０􀆰０１７±０􀆰００１)－(０􀆰０２０±０􀆰００１)logwC

(２)
　A２＝(０􀆰０１１±０􀆰００３)＋(０􀆰７２９±０􀆰０３０)wNb (３)
　T０＝(１４３９􀆰２±１８􀆰２)＋(２４１􀆰２±１４􀆰９)logwC (４)
UsingEqs􀆰(１)to(４),theexpressionforpredictionof
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