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ABSTRACT

Theinfluenceofcerium (Ce)treatmentonthemorphologies,sizeanddistributionsofAl２O３incluＧ
sionsinlowcarbonhighmanganesesteelwasinvestigatedbyOM,SEMＧEDSandtheoreticalcalculaＧ
tion．TheresultsshowedthatCecanmodifythemorphologiesandtypesofAl２O３inclusions．After
Cetreatment,theirregularAl２O３inclusionswerereplacedbysmalleranddispersivesphericalcerium
oxysulfides．TheeffectsoftreatmenttimeandCecontentontheevolutionofAl２O３inclusionswere
examined．ItindicatedthatAl２O３inclusionswerewrappedbyrareearthinclusionstoformaringlike
shapeCeＧenrichedbandaroundtheinclusions．ModelwasestablishedtoelucidatetheevolutionmechＧ
anismofAl２O３inclusions．Evolutionkineticsofinclusionswasdiscussedqualitativelytoanalyzethe
velocitycontrolledstep．ItwasfoundthatdiffusionofCe３＋ andAl３＋insolidinclusioncoreandthe
formedintermediatelayerwouldbethelimitedstepduringtheevolutionprocess．

１．Introduction
　Lowcarbonhighmanganesesteelscombinedwith
the advantages ofthe superiorlowＧtemperature
toughnessandhighstrengtharewidelyusedasconＧ
structuralmaterials[１Ｇ３] ．Moreover,aseriesofhighＧ
qualitylowcarbonhighmanganesesteelshavebeen
developedtomeettheexpandingdemandinmarket
inthepastfewdecades．
　Thestrengthsandtoughnessareinfluencedby
manyfactors, suchasinclusions, heattreatment,
surfacequality, microstructureand grain size[４] ．
ThebrittlecracksarepronetoinitiatefromnonＧmeＧ
tallicinclusions;therefore,theinclusionsareconＧ
sideredasthemostsignificantfactortoreducethe
servicelifeofthesteels．
　Thecompositions, shapesandsizeofinclusions
arethe main negativeinfluencingfactorsonthe
strengthsandtoughnesspropertiesofthesteels．
Hard,largeandangularinclusionscouldnotbedeＧ
formedaccompaniedwiththesteelmatrixandthey
couldeasilybethestressconcentrationsourceat
steel/inclusioninterfaceduringhotrolling,sothey

shouldbeavoidedinsteels[５Ｇ８] ．
　Atpresent,aluminumisusedforallkilledcarbon
andalloyedsteels[９] ．TheformedAl２O３inclusions
with acuteＧangledshapeandlargesizearevery
harmfultothefinalqualityofthesteels, because
theycausethedefectsofmetalduringitsdeformaＧ
tion[１０] ．Inrecentyears,ithasbeenreportedthat
theadditionofrareearthelementscanimprovethe
mechanicalperformance[１１Ｇ１５] ．Mostscholarsmainly
focusedontheformationprocessandthecontrol
mechanismofinclusionsinstainlesssteels, weatheＧ
ringsteelsandspringsteels．However, theinfluＧ
enceofrareearthonthelowcarbonhighmanganese
steels,especiallyontheevolutionprocessofAl２O３

inclusions,israrelyinvolved．Meanwhile,littlewas
documentedaboutthethermodynamicsandkinetics
ofinclusionsevolutionandmodification．
　Basedonthepreviousresearches,theinfluenceof
rareearthelementsonAl２O３inclusionsinlowcarＧ
bonhighmanganesesteelsisstudied．ThemorpholoＧ
gy,composition,andsizesofinclusionswerecompreＧ
hensivelyinvestigated．Moreover,theevolutionmechＧ
anismofAl２O３inclusionswasillustratedindetails．
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２．Experimental

２􀆰１．Experimentalprocedureandsampling

　Theexperimentalsteelswere meltedinahigh
frequencyvacuuminductionfurnaceandthencast
intoingot．Theingotswerecutintosmallblocksby
wirecuttingforrefiningexperiments．Therefining
experimentswerecarriedoutinacontrolledatmosＧ
phereheatingfurnace,asshowninFig􀆰１．Eachsample
wasplacedintoahighpuritycorundumcrucibleand
heatedto１８７３K．ThepureCeelementwasadded
intothemoltensteel,andtheexperimentalprogram
isshowninTable１．Then,themoltensteelwasimＧ
mediatelystirredfor１５susingthequartztube．FiＧ
nally,thesamplesweretakenfromthemeltafter
Cetreatmentat０,６０,１８０,３００,４８０and６００sreＧ
spectivelyandrapidlyquenchedbywater．

Fig􀆰１．　Schematicdiagramofcontrolledatmosphereheating
furnace．

Table１
Experimentalprogram

Heat
Massof

bearingsteel
specimen/g

Cecontent
(theoretical

addition)/wt􀆰％

Totaladdition
ofCe/g

１ ４６３ ０ ０
２ ４４５ ０􀆰０２ ０􀆰０８９
３ ４５７ ０􀆰０３ ０􀆰１３７
４ ４６６ ０􀆰０５ ０􀆰２３３
５ ４５３ ０􀆰０７ ０􀆰３１７

２􀆰２．Analysisofsamples

　Allsampleswerepreparedforchemicalanalysis,
andthecontentofsolidsolutionCewasmeasured
bylowtemperatureelectrolysiscombininginductive

couplingplasma(ICP)．Totaloxygencontentswere
measured byfusion andtheinfrared absorption
method．Themorphology, sizeandchemicalcomＧ
positionsoftheinclusionswereanalyzedbySEMＧ
EDS．

３．ResultsandDiscussion

３􀆰１．Chemicalcompositionsofsteels

　Thechemicalcompositionsofeachheatareshown
inTable２．TheserialnumberofTable２arecorreＧ
spondingtotheonesofTable１．Itcanbeseenthat
thefinalCecontentsineachheatarelessthanthe
theoreticalones,becauseapartofCeisunavoidably
lostinthemetallurgicalprocess．

Table２
Chemicalcompositionsofeachheat(wt．％)
Sample TO C Si Mn P S Als Ce

１ ０􀆰００６４ ０􀆰０８５ ０􀆰３１ １􀆰３２ ０􀆰００９ ０􀆰００８５ ０􀆰０１１ ０
２ ０􀆰００５３ ０􀆰０８５ ０􀆰３１ １􀆰３２ ０􀆰００９ ０􀆰００７１ ０􀆰０１１ ０􀆰０１２
３ ０􀆰００４３ ０􀆰０８５ ０􀆰３１ １􀆰３２ ０􀆰００９ ０􀆰００６５ ０􀆰０１１ ０􀆰０１８
４ ０􀆰００３２ ０􀆰０８５ ０􀆰３１ １􀆰３２ ０􀆰００９ ０􀆰００５７ ０􀆰０１１ ０􀆰０２６
５ ０􀆰００２６ ０􀆰０８５ ０􀆰３１ １􀆰３２ ０􀆰００９ ０􀆰００４９ ０􀆰０１１ ０􀆰０３４

３􀆰２．ThermodynamiccalculationonGibbsfreeenＧ
ergyofrareearthinclusions

　Thethermodynamiccalculations, whicharebased
onthetheoryofminimum Gibbsfreeenergy, were
carriedouttodeterminetheevolutionmechanismof
theinclusions．Sinceoxygen, manganese, silicon
andaluminumconcentrationsareverylow,themelt
couldbeassumedasanidealsolutionsodilutesoluＧ
tionofmasspercentstandardstatewasused．The
Gibbsfreeenergydataofchemicalreactionsandthe
correspondinginteraction coefficient usedin the
presentcalculationarelistedinTables３and４[１６,１７] ．
　Basedonthedatainvolved,theGibbsfreeenerＧ
gyofCe２O３(s), Ce２O２S(s),CeS(s),Ce２S３(s),and

Table３
Gibbsfreeenergiesofreactionsusedinpresentwork
Reaction ΔGθ/(J􀅰mol－１)

２[Ce]＋３[O]＝Ce２O３(s) －１８２７４２４＋６４３􀆰８T
２[Ce]＋２[O]＋[S]＝Ce２O２S(s) －１３５２７００＋３３１T
[Ce]＋[S]＝CeS(s) －３９４４２８＋１２１T
２[Ce]＋３[S]＝Ce２S３(s) －１０７３９００＋３２６T
[Ce]＋２[O]＝CeO２(s) －８５３６００＋２５０T

Table４
Interactioncoefficientsusedinthermodynamiccalculationsat
１８７３K
eij C Si Mn P S Al O Ce

Ce －０􀆰０７７ － ０􀆰１３ － －１０􀆰３２ －２􀆰５８ －１０６ ０􀆰００６９
O －０􀆰４２１ －０􀆰０６６ －０􀆰０２１ ０􀆰０７ －０􀆰１３３ －１􀆰１７ －０􀆰２０ －６４
S ０􀆰１１１ ０􀆰０７５ －０􀆰０２６０􀆰０３５ －０􀆰０４６ ０􀆰０４１ －０􀆰２７ －９􀆰１

Note:i＝Ce, O,S;j＝C,Si, Mn,P,S, Al, O, Ce．
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