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EffectofSoluteElementsandCoolingRateonStraininBrittle
TemperatureRangeofContinuouslyCastStrand

HuiZHANG１,　YiFAN１,２,　MingＧlinWANG１,　HongＧbiaoTAO１

(１．NationalEngineeringResearchCenterofContinuousCastingTechnology,CentralIronandSteelResearch
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Abstract:A microＧsegregationmodelofsoluteelementsinmushyzonewithδ/γtransformationduringsolidification
wasestablishedbasedontheregularhexagontransversecrosssectionofdendriteshapeproposedbyfinitedifference
methodunderthenonＧequilibriumsolidificationcondition．ThemodelwasusedtocalculatethenonＧequilibriumpseuＧ
dobinaryFeＧCphasediagramandthestrainofsteelsinducedbyvariationoftemperatureinbrittletemperature
range．Onthebasisofthephasediagramandthestrain,thestraincurveinbrittletemperaturerangeasafunctionof
carboncontentforcontinuouslycaststrandwasintroducedandobtained．Soluteelementschangethepositionofthe
straincurve．Andcoolingratechangesthepositionandtheshapeofthestraincurve．Thecomprehensiveformulaof
thestrainasfunctionsofsoluteelementsandcoolingrateinbrittletemperaturerangehasbeenobtainedbynonlinear
fittingprogram．
Keywords:soluteelement;coolingrate;nonＧequilibriumpseudobinaryFeＧCphasediagram;strain;brittletemperaＧ
turerange

　　ThecontinuouscastingprocesshasbeenadoptＧ
edworldＧwidelybysteelindustriesoverlastthree
decadesowingtoitsinherentadvantageoflowcost,
highyield,flexibilityofoperation,andabilitytoachieve
ahighqualitycastproduct[１Ｇ３]．However,thereare
stillvariousdefectsinthestrand[４Ｇ７]．Eventhough
alltheoperatingfactorsaffectingthequality of
strandhavebeenanalyzed,suchascastingspeed,
moldcooling,secondarycoolingsystem,softreducＧ
tionandsoon,itisverydifficulttoanalyzethe
effectofcompositiononthequalityofstrandbeＧ
causeofinteractionsofcomplexcomponents．
　　Manystudiesshowedthattheeffectofcarbon
contentisthemostcriticalatthebeginningofcrack
duetotheenhancedshrinkageofsteelsundergoing
theδ/γtransformation duringcasting．Thefirst
comprehensiveinvestigationoftherelationshipbeＧ
tweenthemoldheatfluxandthecarboncontentwas
conductedbySinghandBlazek[８]．Accordingtothe
experimentalresults,thevalueofthemoldheatflux
hasaminimumat０􀆰１mass％carbonsteel,whereas

forthecarboncontenthigherthanabout０􀆰２５mass％,
themoldheatfluxisnearlyconstant．GrillandBriＧ
macombe[９]suggestedthatthisbehaviorarosefrom
shrinkageofthesolidifiedshellnearthemeniscus
owingtothesolidＧstateδ/γtransformation．MatＧ
sumiyaetal􀆰[１０]suggestedthatthecarboncontentat
whichthestraindevelopedinabrittletemperature
rangeofTa－３０＜T ＜Tais maximized,became
０􀆰１４ mass％ C,whereTaisthetemperatureat
whichthesolidfractionbecomes０􀆰８５intheequilibＧ
riumbinaryFeＧCphasediagram．Accordingtothe
nonＧequilibriumpseudobinaryFeＧCphase,Kimet
al􀆰[１１]studiedtheeffectofcarbonandsulfuronlonＧ
gitudinalsurfacecracks．However,theeffectof
steelcompositionandcoolingrateonstraininbrittle
temperaturerangehasnotbeenreportedyet．
　　Theobjectiveofpresentstudyistoanalyzethe
effectofsteelcompositionandcoolingrateonstrain
in brittletemperaturerangeofcontinuouslycast
strand．To accomplish this,the nonＧequilibrium
pseudobinaryFeＧCphasediagramhasbeencalculatＧ



edandtheeffectofsoluteelementsandcoolingrate
onthestraincurveinthebrittletemperaturerange
hasbeenanalyzed．

１　CalculationProcedure
１􀆰１　Calculationofmicrosegregation
　　Themicrosegregationincontinuouslycaststrand
hasbeencalculatedusingaoneＧdimensionaldirectfiＧ
niteＧdifferencemodel,basedonthestudyofUeshiＧ
maetal􀆰[１２]．TheγphasedevelopsfromtheinterＧ
facebetweentheδphaseandtheliquidphaseor
fromthelastpartsolidificationinthecasewhereα/γ
transformationtakesplaceaftercompletesolidificaＧ
tion．CompletemixingofsoluteelementsintheliqＧ
uidphaseandlocalequilibriumattheliquid/δ,liqＧ
uid/γ,andδ/γinterfacesareassumed．Diffusionof
solutealongtheaxialdirectionofthedendriteisasＧ
sumedtobenegligible．ThismodelsolvesthefolＧ
lowingdiffusionequationsinahexagonaldomain
chosentoapproximatethemorphologyofcolumnar
dendrites,asshowninFig􀆰１(a)．

Fig􀆰１　Schematicdrawingforthelongitudinalandtransverse
crosssectionsofdendrites(a)andpartoftransverse

crosssectionofdendrite(b)
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where,Cz,iistheconcentrationofthesoluteeleＧ
mentzinthecoordinatei;Dz(T)isdiffusioncoefＧ
ficientofthesoluteelementzwhenthetemperature
isT;andtisthetime．
　　ThecalculationwasmadebydividingthetrianＧ
gulartransversecrosssectioninto１００thinnodalarＧ
eas,asshowninFig􀆰１(b)．Thefirstdendritearm
spacingλisconstant．Thedomainsizeishalfofλ．
Theinitialandboundaryconditionsareasfollows．
　　Initialcondition
　　Cz,i＝kS/L􀅰C０,i,att＝０ (２)
　　Boundarycondition
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where,C０,iistheinitialconcentrationofsoluteeleＧ
mentinthecoordinatei;andkA/Bistheequilibrium
distributioncoefficientofthesoluteelementbeＧ
tweenphasesAandB．
　　WhentheliquidustemperatureTliqandtheα/γ
transformationtemperatureAr４becomeequaltothe
actualtemperatureofthegivennodalarea,thesoＧ
lidificationandδ/γtransformationinthatareaare
assumedtobecomplete,andtheinterfacesmoveto
theadjacentarea．TheparametersTliqandAr４ are
calculatedusingEqs􀆰(４)[１３]and(５)[１２],respectively．
　　Tliq＝１５３６􀆰０－７８wC－７􀆰６wSi－４􀆰９wMn－

３４􀆰４wP－３８wS (４)
　　Ar４＝１３９２􀆰０＋１１２２wC－６０wSi＋１２wMn－

１４０wP－１６０wMn (５)

１􀆰２　CalculationofnonＧequilibriumpseudobinaryFeＧC
　　ThenonＧequilibriumpseudobinaryFeＧCphase
diagram wascalculatedusingthe microsegregation
modelintheprevioussection．kδ/L,kγ/L,kδ/γ,Dδand
DγofthesoluteelementsaregiveninTable１[１４]．
　　Shinetal􀆰[１５]measuredZDT (zeroductilitytemＧ

Table１　Equilibriumdistributioncoefficientsanddiffusioncoefficientsofsoluteelements
Element kδ/L kγ/L kδ/γ Dδ/(cm２􀅰s－１) Dγ/(cm２􀅰s－１)

C ０􀆰１９ ０􀆰３４０ １􀆰７９ ０􀆰０１２７exp[－８１３７９/(RT)] ０􀆰０７６１exp[－１４３５１１/(RT)]

Si ０􀆰７７ ０􀆰５２０ ０􀆰６８ ８􀆰０exp[－２４８９４８/(RT)] ０􀆰３exp[－２５１４５８/(RT)]

Mn ０􀆰７６ ０􀆰７８０ １􀆰０３ ０􀆰７６exp[－２２４４３０/(RT)] ０􀆰０５５exp[－２４９３６６/(RT)]

P ０􀆰２３ ０􀆰１３０ ０􀆰５７ ２􀆰９exp[－２３０１２０/(RT)] ０􀆰０１exp[－１８２８４１/(RT)]

S ０􀆰０５ ０􀆰０３５ ０􀆰７０ ４􀆰５６exp[－２１４６３９/(RT)] ２􀆰４exp[－２２３４２５/(RT)]

　　　　　　　　　　Note:Ddisthediffusioncoefficientofthesoluteelementinphased;Risgasconstantof
８􀆰３１４J/(mol􀅰K)．

perature)andZST(zerostrengthtemperature)of
１􀆰０Mnsteelasafunctionofcarboncontent,whichare
comparedwiththecalculatednonＧequilibriumphase

diagraminFig􀆰２．ThecalculatedcompletesolidificaＧ
tiontemperaturesareingoodagreementwiththe
ZDTmeasuredbyShinetal􀆰[１５]．ThemeasuredZST
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