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ABSTRACT

AnewcontinuousbendingandstraighteningcastingcurvewiththeaimoffullusingofhighＧtemperature
creepdeformationwasproposed．Thecurvatureofbendingandstraighteningsegmentvariesassinelaw
witharclength．Thebasicarcsegmentisshortenedsignificantlysothatthelengthofbendingand
straighteningareacanbeextendedandthetimeofcreepbehaviorcanbeincreased．ThedistancefromsoＧ
lidifyingfrontintheslabwascalculatedat１２００°Cbyfiniteelementmethod．Themaximumstrainrateof
newcastingcurveatdifferentlocationsinsidetheslabis６􀆰３９×１０－５s－１duringthebendingsegmentand
ittendstobe３􀆰７０×１０－５s－１inthestraighteningsegment．Theminimumcreepstrainrateis７􀆰４５×１０－５s－１

whenthestressis１４MPaat１２００°C．ThestrainrateofnewcastingmachinecanbelessthantheminiＧ
mumcreepstrainrate．Thus,thereisonlycreepdeformationandnoplasticdeformationinthebending
andstraighteningprocessofsteelcontinuouscasting．Deformationofslabsdependingoncreepbehavior
onlycomestrue．Itishelpfulforthedesignofthenewcastingmachineandimprovementofoldcasting
machinedependingonhightemperaturecreepproperty．

１．Introduction
　Steelcontinuouscastingisthemostcommonway
toproducecaststeelduetoqualityandcostadvanＧ
tages[１,２] ．ZerodefectstrategyfortheinternalqualiＧ
tyofcontinuouslycastslabsisamajorissuethat
hasdrawnmuch moreattention[３] ．However,itis
easytogenerateinternalcrackswhenthickslabsare
bentandstraightened duringcontinuouscasting．
Thesedefectswillreduceproductqualityandaffect
thesubsequentrollingprocess[４] ．Kimetal􀆰[５] deＧ
velopedatwoＧdimensionaltransientcoupledthermoＧ
elastoplasticfiniteelementmodeltoanalyzethermomeＧ
chanicalbehaviorofthesolidifiedshellofbeam
blankduringsolidificationinthemold．Yamanakaet
al􀆰[６] performedsometensiletestsoncylindricalinＧ
gotswithaliquidcoreinordertoevaluatethecritiＧ
calstrainforinternalcracksincontinuouscasting．
Theystatedthattheinternalcracksresultfromthe
excessivetensilestrainswhichareproducedinthe
bendingandstraighteningprocessofsteelcontinuＧ
ouscasting．Lietal􀆰[７] conductedresearchesonthe
formationofinternalcracksinbearingsteelsduring

thesoftreductionprocessinrectangularbloomconＧ
tinuouscasting．Theyassumedthatitwasclosely
relatedtothedeformationinthemushyzone, and
whentheequivalentplasticstrainwaslargerthan
thecriticalstrainduringsolidification,internalcracks
wouldappear．Wangetal􀆰[８] analyzedtheformation
oftheinternalcracksofmediumcarbonmicroalloy
steelincontinuouscasting．Theyconcludedthatthe
formationofinternalcracksincontinuouscasting
slabswasmainlyattributedtothestrainstatusand
microＧsegregationnearthesolidifyingfrontofthe
slabs．Theseresearchesindicatedthatitwaseasyto
generateinternalcracksatthesolidificationfrontin
the bending and straightening segments, when
strainexceededacriticalvalue．Itwasnecessaryto
reducethestrainandstrainrateoftheslabcaused
bybendingandstraighteningatsolid/liquidinterＧ
faceagainstinternalcracks．
　 Withthedevelopmentof moderncasting maＧ
chine,casterprofileshavebeenimprovedfromsimＧ
pleverticaltypetoverticalbendingaftercomplete
solidificationtocurvedmoldandsolidorliquidcore
unbendingtoverticalmoldmultiＧpointprogressive
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bendingandstraighteningwithliquidcore[９] ．Creep
inmetalsathightemperaturesreferstotimedeＧ
pendentinelasticdeformationsthatoccurwhentemＧ
peratureofthematerialexceeds０􀆰３－０􀆰４timesof
itsabsolutemeltingtemperature[１０] ．Therefore,the
slabshowsstrongcreepcharacteristicsinpresent
steelcontinuouscastingproduction．GrillandSchwＧ
erdtfeger[１１] presentedanelasticandcreepmodelfor
thepredictionofbulgingowingtocreep．Okamura
andKawashima[１２] proposedathreeＧdimensionalelasＧ
ticＧplasticandcreepfiniteelementmodeltostudy
theeffectofcreeponbulgingdeflection．ThemaxiＧ
mumvalueofthebulgingbytheelastoＧplasticanalＧ
ysisisabout１􀆰７timesofthevalueobtainedbythe
elastoＧplasticanalysis．Haetal􀆰[１３] calculatedthe
bulgingdeformationofcontinuouscastingslabbya
twoＧdimensionalelastoＧplasticandcreepfiniteeleＧ
mentmodel．TheyconcludedthatthebulgingdeＧ
flectioncausedbycreepisdominantthroughcomＧ
paringtheresultsofexperimentandanalysisby
severalcreepequations．LiandThomas[１４]developed
anelasticＧviscoＧplasticcreepconstitutiveequationto
simulatetemperature, stress, andshapedevelopＧ
mentduringthecontinuouscastingofsteel,bothin
andbelowthemold．Theystatedthatinelasticstrain
includedbothstrainＧrateindependentplasticityand
timedependentcreep．Creepwassignificantatthe
hightemperaturesofthisprocessandwasindistinＧ
guishablefromplasticstrain．FachinottiandCardoＧ
na[１５] haddonesomeresearchworksonthegreatinＧ
fluenceofthestrainrateonthebehaviorofsteelat
elevatedtemperature．Differentmaterialmodelsof
steelathightemperaturehadbeenanalyzedand
compared．TheseresearchesindicatedthathightemＧ
peraturecreepofsteelhadsignificantinfluenceon
thedeformingoftheslab, whichcouldnotbeoverＧ
lookedinstraighteningandbendingprocess．HowＧ
ever,creepdeformationisgenerallyconsideredas
harmfuldeformationandneedstoberesisted．There
ishardlyanyliteraturerelatedtothestudyofposiＧ
tiveeffectsofhighＧtemperaturecreepbehavioron
thedeformationofcastingsteel．HighＧtemperature
creepdeformationcanbefullyusedintheprocessＧ
ingofbendingandstraighteningofsteelcontinuous
casting．
　Asfarasisknown,thestresswithintheelastic
limitwillnotleadtomaterialpermanentdeformaＧ
tion．However,atthehightemperature,thepermaＧ
nentdeformationof materialoccursalthoughthe
stressislessthanyieldstrength．Thisissteelcreep
deformationinsteadofplasticdeformation．ThereＧ
fore,anewcreepstraighteningcurvewhich made
fulluseofthehighＧtemperaturecreepdeformation
duringtheslabbendingandstraighteningprocess
wasproposedinthispaper,inordertoillustratethe
positiveeffectsofhighＧtemperaturecreepbehavior

oncontinuousbendingandstraighteningtechnology
ofsteelcontinuouscasting．

２．MathematicalModel
　Tensilestrainεhinsomefibreofslabcausedby
bendingandstraighteningcan becalculated by
Eq􀆰(１)[１６,１７] ．
　εh＝(D/２－δ＋h)(ki－ki＋１) (１)
where,Disslabthickness;δisthesolidifiedshell
thickness; h isthedistancefrom thesolidifying
front;andkiandki＋１arethecurvatureofthestartＧ
ingpointandtheendpointofbendingorstraighteＧ
ningcurve,respectively．Forcontinuousbendingand
straighteningcurves, thestrainrateinsomedistance
fromthesolidifyingfrontcanbeexpressedasEq􀆰(２)．
　̇εh(t)＝vclim

Δs→０
(Δεh/Δs)＝vc(D/２－δ＋h)k′(s)

(２)
where,k′(s)isthechangerateofcurvaturewith
arclength;sisthearclengthofcastingcurve;tis
thetime;andvciscastingspeedwhichisconsidered
asaconstant．FromEqs􀆰(１)and(２),itcanbeconＧ
cludedthatonlywhentheslabtraversesthrougha
pathwhichhasachangeofradius,thestraincaused
bybendingorstraighteningexists．Forbendingand
straighteningtechnologyofconventionalcontinuous
casting machine, thearclength ofbendingand
straighteningsegmentsisshortcomparativelyso
thatthevalueofstrainrateisveryhighandcreep
behaviorisnotfullyused．Moreattentionneedsto
bepaidtotherelationshipofminimumcreepstrain
ratėεcminandbendingorstraighteningstrainratėεh

ofslab．
　Iḟεh ＜̇εcmin, there wouldbeonlycreepstrain
withoutplasticstraininbendingandstraightening
deformationofslab,andthestressofbendingand
straighteningwouldbelessthanyieldstrength．
　Iḟεh≥̇εcmin,bothofcreepstrainandplasticstrain
wouldexistintheprocessofbendingandstraighteＧ
ningdeformationandthestress wouldbeabove
yieldstrengthorequaltoit．
　Itcanbeconcludedthatthecurvatureofbending
andstraighteningsegmentcouldchangesoslowly
thatstrainratecanbereducedsubstantially．Whenthe
strainrateisreducedtobelessthaṅεcminatthesame
temperature,theslabcanbebentorstraightenedonly
bycreepdeformation．

３．CalculationofNewCastingCurve
　ConcastCorporationandVoestalpineAGfirstly
proposedcontinuousbendingandstraighteningmethod．
ShengandDong[１８] developedathreeＧsegmentＧcurve
straighteningmethodbasedonConcastcontinuous
straightening method．Manand Li[１９] studiedthe
hightemperaturecharacterincontinuousstraightening
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