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ABSTRACT

ThegrainrefinementandmacrosegregationcontrolofGCr１５bearingsteelwereinvestigatedunderatype
ofrarelyＧusedelectromagneticstirring,verticalelectromagneticstirring(VＧEMS),incontinuouscasting．
VＧEMScancreateanupwardelectromagneticforceandgeneratelongitudinalloopconvection, whichenaＧ
blesthebettermixingoftheupperpartwiththelowerpartoftheliquidsteel．TheresultsshowedthatapＧ
plyingVＧEMScanenlargetheregionoftheequiaxedgrain,decreasethesecondarydendritearmspacing
(SDAS)andreducethesegregationofbothcarbonandsulfur．AfterapplyingVＧEMS,liquidsteelwitha
highsoluteconcentrationisbroughttothedendritetips, makingthedendritearmspartiallymelt．The
lengthofthedendritefragmentisapproximately１８mm,１０to１２timestheSDAS．Uponincreasingthe
amountofcoolingwaterfrom２０to３５m３/h,thedendritefragmentsexhibitanobviousaggregationfolＧ
lowingVＧEMS．Finally, acriterionfordendritefragmentationunderVＧEMSwasderivedbasedonthe
dendritefragmentationtheoryofCampanellaetal．

１Introduction
　Toincreasethehomogeneityofsteelsandlimit
theformationofinternaldefects, grainrefinement
and macrosegregationcontrolareoftendesiredin
solidificationprocesses,especiallyforhighＧcarbonsteel
billets[１,２] ．TheapplicationofelectromagneticstirＧ
ring(EMS)incontinuouscastingprocessisanefＧ
fectivewaytoimprovethesolidificationstructure,
enlargetheequiaxedzone, andreducethecenter
segregationandporosity[３Ｇ８]．Asisgenerallyknown,
twotypesofstirringarecommonlyusedinpractice,
rotaryelectromagneticstirring (RＧEMS)andlinear
electromagneticstirring(LＧEMS)．RＧEMSismainly
usedinroundorbloomcaster,anditproducesaroＧ
tatingmagneticfieldinthehorizontaldirection．A
rotarymotionisexcitedintheliquidsteel, which
enhancestheheatＧmasstransferprocessesinthe
moltensteelandimprovestheinclusiondistribuＧ
tion, segregation, and finalsolidification strucＧ
ture[９Ｇ１１] ．LＧEMSiscommonlyappliedinaslabcastＧ
erandusesatravellingmagnettoproducehorizonＧ
talflowalongthebroadfaceoftheslab, whichcan

improvetheinternalsolidificationstructure[１２,１３] ．In
thesolidificationofcontinuouscasting, theupper
partoftheliquidsteelhasahighertemperatureand
lowersoluteconcentrationcomparedwiththelower
part．However, bothRＧEMSandLＧEMSresultin
thehorizontalmovementoftheliquidsteel,sothat
theupperpartandlowerpartoftheliquidsteelare
notmixedwellenough．Inadditiontothetwotypes
ofEMS mentionedabove, spiralelectromagnetic
stirring (SＧEMS)isalsousedinsomefields[１４] ．It
makestheliquidsteelspiralupward,buttheupper
partandlowerpartarenotmixedenoughyet．
　Therefore,atypeofverticalelectromagneticstirＧ
ring(VＧEMS) witharelativelysimpleconfiguration
wasproposedforcontinuouscasting．ThecharacterＧ
isticofVＧEMSisthatitcreatesanupwardelectroＧ
magneticforceandgenerateslongitudinalloopconＧ
vection, whichprovidesbettermixingoftheupper
partandlowerpartoftheliquidsteel．StrongturbuＧ
lentconvectionincreasestheextentoftheundercooＧ
lingzoneandthusthechanceofdendritefragments
survival[１５] ,andasmallvariationofthecoolingrate
orthermalgradientfavorsdendriteremeltingthrough
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localincreaseintemperatureorsolute, whichconＧ
tributestograinrefinement[１６,１７] ．Inthispaper,the
techniqueofVＧEMSwasappliedincontinuouscastＧ
ingwithsolidifyingGCr１５bearingsteel．ThemacＧ
rostructure, microstructure,andsegregationofthe
GCr１５bearingsteelwereinvestigated．Basedonthe
dendritefragmentation theory by Campanella et
al[１８] ,thelocalremeltingofdendritearmsresulＧ
tinginthecolumnarＧtoＧequiaxedtransition (CET)
underVＧEMSwasverified．ThisledtoaclearerunＧ
derstandingofthegrainrefinementandmacrosegＧ
regationcontroland helped produce highＧquality
GCr１５bearingsteelincontinuouscasting．

２．ExperimentalProcedure
　TheGCr１５bearingsteelwaspreparedbylaboratory
continuouscasting．Thechemicalanalysisshowedthat
thebilletcontained０９８ wt％ C, ０２０ wt％ Si,
０３０wt％ Mn,００３wt％ P,００３wt％ S,and
１４８wt％ Cr,andthebalancewasFe．Fig１showsa
schematicrepresentationoftheelectromagneticconＧ
tinuouscastingsystem．The GCr１５bearingsteel
(５０kg) wasfirstmeltedinamediumfrequencyfurＧ
nace,andthenpouredintoacoppermoldwithinner
dimensionsof０１m×０１m．Oncethefreesurface
ofmoltensteelreachedthepreＧsetlocation,acastＧ
ingspeedwasappliedtothecontinuouscasterand
theexperimentstarted．Theexperimentalconditions
andoperatingparametersareshowninTable１．The
currentintensityoftheVＧEMSwassetto２５０Aand

１—Mold; 　２—Upperwaterspraysystem; 　３—Billet;
４—Lowerwaterspraysystem; 　５—Roller; 　６—VＧEMS．

Fig１．　Schematicrepresentationofcontinuouscastingsystem．

３５０A,andthefrequencywas１２Hz．Distributionof
magneticfluxdensitywasmeasuredandtheresults
areshowninFig２．Themaximum magneticflux
densitywas００７Tat２５０Aand００９Tat３５０Ain
thecenterlineofthebillet．Toinvestigatetheeffect
ofthecoolingrateonthesolidificationstructure,the
amountofthecoolingwaterappliedwassetto２０
and３５m３/h(thesecondcoolingintensity),asconＧ

Table１
Processingparametersappliedincontinuouscasting

CrossＧsectionalsize/(mm×mm) Castingspeed/(mmin－１) Degreeofsuperheat/K VＧEMScurrent/A VＧEMSfrequency/Hz

１００×１００ ０６ ４０ ０,２５０,３５０ １２

Fig２．　Magneticfluxdensitydistributionalongstirrersurfacetobillet(a)andalonglongitudinalcenterlineofbillet(b)．

trolledbythelowerwaterspraysysteminFig１．
　Foreachgroupofstirringparameters, samples
withthelengthof６００ mmalongcastingdirection

werecollected．ThetransverseandlongitudinalsecＧ
tionspecimensweretakenforinspection,asshown
inFig３．ThemacrostructureofthebilletswasobＧ
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