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ABSTRACT

LadleslagaffectssteelcleanlinessattheendoftheRuhrstahlＧHereaeus(RH)andholdingprocess．The
relationshipbetweencompositionofladleslag,totaloxygen (TO)andinclusionswasinvestigatedusing
XＧrayfluorescence(XRF),infraredabsorption,andSEM＋EDSmethods．TheresultsindicatethatTOin
steelattheendofRHincreaseslinearlywithincreasingFeOcontentinslag．TOislowerwhenwCaO/
wAl２O３(C/A)＝１５－２０thanthatofC/A＝１０－１４underanapproximatecontentofFeO．Duringthe
holdingprocess,irregularAl２O３inclusionsarenewlygeneratedduetoslagreoxidation．Additionally,
Al２O３ＧTixOinclusionsarenewlygeneratedinthesteelwhenthecontentofFeOishigher．Bycombining
experimentalandthermodynamiccalculationresults,itisdeterminedthattheslaghasagoodmelting
propertywithinthezoneofC/A＝１２－１８andadsorptioncapacityofAl２O３whenthecontentofSiO２in
slagiscontrolledat４％－６％．TheincreaseintheC/AratioandthedecreaseofFeOcontentinslagcan
slowdownthereoxidationrate．

SymbolList

　Rd—Absorptioncapacityofslag;
　K—Masstransfercoefficientrelatedtomeltingpoint,

μms－１;
　Cs—SaturationfractionofAl２O３inslag, wt％;
　Cb—RealmassfractionofAl２O３inslag, wt％;
　JS—DiffusionfluxofFeOinslag, molcm－２s－１;
　JM—DiffusionfluxofFeOinsteel, molcm－２s－１;
　kS—MasstransfercoefficientofFeOinslag,cms－１;

　kM—MasstransfercoefficientofFeOinsteel,cms－１;
　c(FeO)—ConcentrationofFeOinslag, molcm－３;
　c(FeO)i—ConcentrationofFeOatsteel/slaginterface, mol

cm－３;
　c[O]—Concentrationof[O]insteel, molcm－３;
　c[O]i—Concentrationof[O] atsteel/slaginterface, mol

cm－３．

１Introduction
　Inrecentyears, withthedevelopmentofautomoＧ
bileindustry, thegrowthof marketdemandfor
highqualitysteelfordeepdrawingispredictable．
Duetoexcellentdeepdrawability, interstitialＧfree
(IF)steeliswidelyusedinautomobileindustry[１,２] ．
However,silverdefectsincoldsheetsoftenemerge．
Severalstudies[３Ｇ５] haveshownthatlargeAl２O３inＧ
clusionsand moldslagsentrappedinsteelarethe
mainreasonsfortheformationofdefects．
　ThegeneralprocessofproducingIFsteelisas
follows:BOF(basicoxygenfurnace)→RH (RuhrsＧ
tahlＧHereaeus)→Holdingprocess→CC (continuous
casting)．Thus,someconverterslagwithahighFeO

contententersintotheladleduringtapping．This
slagaccompaniessteelinladleduringtheRHand
holdingprocess, andsteelbecomescontaminated
withoxidizingslagifladleslagisnotmodified．In
NipponSteel,theTFe (totalFe) contentofladle
slagisreducedbelow４％byaddingamodifierafter
tappinginIFsteel,andthesurfacedefectsofcoldＧ
rolledsheetsarereducedby１/６comparedwitha
conventionalprocess[６] ．Fromthetestingresultsof
NKK (NipponKokan),theindexofsurfacedefectsis
decreasedby８０％afterdeoxidizingofladleslag[７] ．The
studybySunandMori[８]showedthatmorealumina
inclusionsweregeneratedinthemetalbathforslag
withahigherFeOorMnOcontentandmetalwitha
loweraluminumcontentandtherestrictivestepof
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reoxidationof[Al]sisthediffusionof[Al]sinsteel
ordiffusionof (FeO)inslag．Leeetal[９] found
thatthereoxidationrateincreasedlinearlywithinＧ
creasingTFecontentinthecaseofTFecontent
higherthan１５ wt％, anditdecreasedwithinＧ
creasingthewCaO/wAl２O３(C/A)ratiooftheslagfor
agivenTFecontent．
　Themodificationofladleslagwasperformednot
onlytodecreasethecontentofFeObutalsotoconＧ
troltheproperratioofC/Atoensuretheabsorption
capacityofAl２O３．Yoonetal[１０] foundthatconＧ
trollingtheC/Aratioisthemostefficientmethod
forremovinginclusionsfrombearingsteels,andits
valuewasmosteffectiveat１７－１８．ThetotaloxＧ
ygen(TO)canbereducedfrom (１０－１２)×１０－６to
(５－８)×１０－６．However,thecontentofFeOwasvery
lowinrefiningslagduringbearingsteelproduction．
InKawasakiSteel[１１] ,throughthemodificationof
slaginultraＧlow carbonsteelproduction, itwas
foundthatslag had goodabsorptioncapacity of
Al２O３bycontrollingtheC/Aratiofrom１２to１８．
　AllaboveＧmentionedstudiesshowedthattheconＧ
troloverthecontentofFeOandC/Aratioisthe
keyduringtheproduction．However,thereisalack
oftheoreticaldescriptiontoexplain whythesteel
cleanlinessisimprovedbycontrollingslagcomposiＧ
tion．Additionally,thecontentofSiO２isnotmenＧ
tionedinanyoftheaboveＧmentionedstudies,butit
affectsthemeltingpropertyandabsorptioncapacity
ofAl２O３．Inthispaper,theeffectofthecontentof
SiO２andFeOaswellasC/AratioonsteelcleanliＧ
nessandsteelreoxidationwasinvestigated．

２．ProductionProcessandExperimentalMethod

２１．Productionprocess

　TheprocessadoptedtoproduceIFsteelisasfolＧ
lows: ２８０tBOF→RH→ Holdingprocess→CC．
Duringtapping,anamountoflimeisaddedintothe
ladle,andslagdeoxidantisaddedontotheslag．The
RHvacuumtreatmentincludesdecarburization,folＧ
lowedbyaluminumdeoxidation,thenTiＧFealloying
andkeepingtheRHcirculationtimefor８min．After
theRHtreatment, moltensteelremainsunstirred
intheladlefor３０－４０minbeforecasting．

２２．Experimentalmethod

　Intotal,１０experimentalheatswerecarriedout．
Thedifferencebetweenthetwoprocesseswasthe
amountofdeoxidantaddition．InProcess A, the
addedamountwasmorethanthatinProcessB．The
additionoflimeduringtappingofdifferentheatsis
showninTable１．SlagandsteelsampleswerecolＧ
lectedattheendoftheRHprocessofeachheat．For
Heat２, Heat３, Heat４,andHeat６,steelsamples
werecollectedat５,１０,and１５minofholdingtime．

Table１
Additionoflimeforeachexperiment

Process HeatNo． CaO/kg

A １ ８００
２ ８００
３ ５００
４ ５００
５ ５００

B ６ ８００
７ ８００
８ ８００
９ ５００
１０ ５００

Theinitialoxygenactivitiesbeforedeoxidationof
tenexperimentalheatsweremeasured．
　ThetotaloxygencontentofsteelsampleswasanＧ
alyzedusingtheinfraredabsorption method．Steel
compositionwasanalyzedviatheICPＧAESmethod．
SlagcompositionwasanalyzedusinganXＧrayfluoＧ
rescencespectrometer．ThecharacterizationofinＧ
clusionswasobservedandanalyzedusingscanning
electronmicroscopy (SEM) andanenergyＧdisperＧ
siveXＧrayspectrometer(EDS)．Thesamplesfrom
twoheatswereobservedat１００locationswith３０００
timesmagnificationusingSEMtoobtaintheincluＧ
siontype,quantity,andsize．

３．ResultsandDiscussion

３１．Steelandslagcompositions

　Table２showstheslagcompositionof１０heats．
ThecontentofFeOinProcessAislowerthanthat
inProcessB,andtheratioofC/AvariesduetodifＧ
ferentamoutsoflimeaddition．TFe(Fe２＋ andFe３＋ )
andSiO２aremainreducibleoxides,andTFecanbe
treatedasFeO[１２] ．
　ThecontentofMgOissteadilycontrolledatapＧ
proximately５％．However, thecontentofSiO２

fluctuatesfrom２％to９％, andtheeffectofSiO２

contentonslagpropertywillbediscussedinthefolＧ
lowingsection．
　Table３providessteelcompositionattheendofRH

Table２
Slagcompositionineachheat(wt％)

HeatNo． CaO FeO SiO２ MgO MnO Al２O３ C/A

１ ４００ １５９ ４１ ５１ ２１ ２６３ １５
２ ４２３ １３５ ７２ ５０ ２４ ２７６ １５
３ ３４７ １３５ ３１ ４９ ２９ ３５９ １０
４ ３８２ １３５ ６１ ４６ ２５ ３２１ １２
５ ３９３ １４８ ６３ ４６ ２６ ３２１ １２
６ ３７９ ２４９ ２７ ５７ ２４ ２１９ １７
７ ４１１ ２０１ ４９ ４１ ２２ １９６ ２０
８ ３９８ ２１１ ８６ ４６ ２０ ２１１ １９
９ ３６３ １９８ ３４ ５０ ２２ ２８９ １３
１０ ３６４ １８１ ４９ ４２ ２８ ２９１ １３
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