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ABSTRACT

TheformationandpropagationofthepopularoffＧcornersubsurfacecracksinbloomcontinuouscastＧ
ingwereinvestigatedthroughthermoＧmechanicalanalysisusingthreecoupledthermoＧmechanical
models．AtwoＧdimensionalthermoＧelastoＧviscoＧplasticfiniteelementmodelwasdevelopedtopredict
themouldgapevolution,temperatureprofilesanddeformationbehaviorofthesolidifiedshellinthe
mouldregion．Then,athreeＧdimensionalmodelwasadoptedtocalculatetheshellgrowth,temperaＧ
turehistoryandthedevelopmentofstressesandstrainsoftheshellinthefollowingsecondarycooling
zones．Finally,anotherthreeＧdimensionalmodelwasusedtoanalyzethestressdistributionsinthe
straighteningregion．TheresultsshowedthattheoffＧcornercracksintheshelloriginatedfromthe
mouldowingtothetensilestraindevelopedinthecracksensitiveregionsofthesolidificationfront,
andtheycouldbedrivendeeperbythepossibleseveresurfacetemperaturereboundandtheextensive
tensilestressinthesecondarycoolingzone,especiallyuponthestraighteningoperationofthebloom
casting．Itisrevealedthatmorehomogenousshelltemperatureandthicknesscanbeobtainedthrough
optimizationofmouldcornerradius,castingspeedandsecondarycoolingscheme, whichhelptodeＧ
creasestressandstrainconcentrationandthereforepreventtheinitiationofthecracks．

SymbolList

　A—Constantrelatedtoeffectivestrain,s－１;
　Ceff—Effectivespecificheatincludingsolidificationlatent

heatofsteel,J􀅰kg－１􀅰℃－１;
　Cp—Specificheatatconstantpressure,J􀅰kg－１􀅰°C－１;
　Cw—Specificheatofwater,J􀅰kg－１􀅰°C－１;
　E—TemperaturedependentYoung′smodulus;
　fs—Solidfraction;
　fα—Solidfractionofαphase;
　fδ—Solidfractionofδphase;
　fγ—Solidfractionofγphase;
　fZST—Solidfractionatzerostrengthtemperature;
　h—Strandthickness, m;
　hs—Integratedheattransfercoefficientatstrandsurface,

W􀅰m－２􀅰°C－１;
　k—Temperaturedependentthermalconductivityofsteels,

W􀅰m－１􀅰°C－１;
　K—Strengthcoefficient;
　KT—Boltzmann′sconstant, W􀅰m－２􀅰°C－４;
　L—Localdistancetomeniscus, m;
　Lf—Solidificationlatentheat,kJ􀅰kg－１;
　Lm—Effectivelengthofmold, m;
　m—ConstantrelatedtostrainＧratesensitivity;
　mw—Waterflowrateformouldcooling,kg􀅰s－１;
　n—StrainＧhardeningexponent;

　q—Averageheatfluxinmoldzone,J􀅰m－２􀅰s－１;
　Q—Activationenergyfordeformation,kJ􀅰mol－１;
　qo—Surfaceheatflux,J􀅰m－２􀅰s－１;
　R—Gasconstant,８􀆰３１４J􀅰mol－１􀅰K－１;
　Seff—Effectiveareaofmould, m２;
　ΔT—Temperaturedifferenceofmouldcoolingwater,°C;
　t—Time,s;
　T—Temperature,°C;
　T０—Localsurfacetemperatureofstrand,°C;
　Ta—Ambienttemperature,°C;
　Tm—Castingtemperature,°C;
　Tws—Temperatureofcoolingwater,°C;
　v—Castingspeed, m􀅰min－１;
　w—Secondarycoolingwaterdensity, L􀅰m－２􀅰s－１;
　W—Strandwidth, m;
　x—Coordinatealongwidthdirection, m;
　y—Coordinatealongthicknessdirection, m;
　̇ε—Effectivestrain;
　εp—Effectiveplasticstrain;
　εδ—Strainofδphase;
　εγ—Strainofγphase;
　σ—Flowstress, MPa;
　B—Blackness;
　β—Constantrelatedtoflowstress, MPa－１;
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　σδ—Flowstressofδphase, MPa;
　σγ—Flowstressofγphase, MPa;

　ρ—Temperaturedependentdensity,kg􀅰m－３;
　υ—Poisson′sratio．

１．Introduction
　Forbloomand/orbilletcastingsofsteel,theoffＧ
cornerregionsofthestrandoftenexperiencelocal
surfacedepressiontogetherwithsubsurfacelongituＧ
dinalcracks．Thesecracksareusuallylocatedat１０－
２０mmfromthecornerand７－１５mmfromthesurＧ
face．Thisphenomenonwasbelievedtoresultfrom
bulgingofthesolidshellinthelowerpartofthe
mould．Asbulgingoccurs,ahingingactiondevelops
nearthecorners, whichcouldinitiateshellcracks
owingtothetensionstrainatthelocalsolidification
front．Thisbulgingwasconsideredtobecausedby
theferrostaticpressureandthermaldistortionor
wearinthelowerregionofthe mould[１] ．BrimaＧ
combeetal􀆰[２] believedthatthecrackscouldbe
drivendeeperowingtothetensioncausedbythe
temperaturereboundofthesurfacesolidshellinthe
secondary cooling zone．Besides the mechanical
stress, thethermalstresscausedbytemperature
gradientinthesolidifiedshellisanotherimportant
factortoinfluencetheformationofcracks．AccordＧ
ingtopreviousstudies[３,４] ,thestressnearsolidifiＧ
cationfrontismainlyinthestatusoftensionaround
１－２ MPawhichwillbedeterioratedbyreheating
becauseofadecreaseinsecondarycoolingintensity．

Astemperaturerisesatsurfaceregionofthesolid
shell,surfaceexpansionoccurs,leadingtothetenＧ
sionbeneaththesurface．Thomasetal􀆰[５,６] develＧ
opedatwoＧdimensional(２D)thermoＧelasticＧplasticＧ
creepfiniteelementmodeltostudythethermoＧmeＧ
chanicalbehaviorofthesolidifiedshellinandjust
belowabloom mouldandinvestigatedtheinfluence
ofcornerradiusonlongitudinalcrackformation．
Accordingtotheir work, longitudinaloffＧcorner
subsurfacecracksarepredictedtoform moreeasily
inthesmallcornerradiusbloom．
　ThispaperaimsatinvestigatingoriginandpropaＧ
gationofoffＧcornercracksintheentirecontinuous
castingprocesseswithamodifiedthermoＧelastoＧvisＧ
coＧplasticfiniteelement model[７] , through which
specialattentionisgiventotheeffectofmouldradiＧ
us,castingspeedandcoolingschemeonthecrack
tendency．

２．ModelConditions
　Theentirecontinuouscastingprocesswasdivided
intothreeparts:themouldprocess,thesecondary
coolingandaircoolingprocesses,andthestraighteＧ
ningprocess．Everyrollofthestrandwasassumed
tobesetproperly．The majorcastingconditions
usedinthemodelsimulationaregiveninTable１．

Table１
Maincastingparameters
Parameter Value Unit

Bloomsize ２５０×２８０ mm×mm
Castingspeed １􀆰０ m􀅰min－１

Machineradius １６􀆰５ m
Straighteningradius ２３,４０, ∞ m
Straighteninglength(distancefrom meniscus) ２５􀆰０－２７􀆰２ m
Chemicalcomposition FeＧ０􀆰１CＧ０􀆰２SiＧ０􀆰５MnＧ０􀆰０３PＧ０􀆰０３S wt􀆰％
Mouldlength ７８０ mm
Mouldactivelength ６４５ mm
Meniscuslevel １３５ mm
Castingtemperature １５４７ °C
Mouldtaperatdifferentdistancefromtubetop ２􀆰４５(０－１９０mm),１􀆰２５(１９０－４００mm),０􀆰５０(４００－７８０mm) ％􀅰m－１

Mouldcoolingwaterflowrate ３４００ L􀅰min－１

Pouringmode Submerged

Secondarycoolingzone Foursegments;thefirstsegment: waterspray;theother
segments:airＧmistspray

Secondarycoolingzonelength ０􀆰３５＋１􀆰８＋２􀆰２＋３􀆰５ m

３．ModelDescription
　Atransient,thermoＧelastoＧviscoＧplasticfiniteeleＧ
mentmodelwasdevelopedtocalculatetemperature,
stress,strainanddeformationina２Dtransverseslice
throughthesolidifiedshellinmouldeffectivelengthwith

thegivencastingspeed,asshowninFig􀆰１(a)．Through
themould/shellinterface,theheattransfercoeffiＧ
cientisevaluatedonthebasisofthecalculateddisＧ
tancebetweentheshellandmould．WhenadetachＧ
mentcausedbyshellcontractionoccurs,anairgap
isformed,andanappropriateheattransfercoefficient
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