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Abstract:Theoxidationmorphologiesofmodified３１０steelexposedin９００and１１００℃airwereinvestigated．Adouble
layermorphologyconsistingofa(Cr,Mn)ＧrichouterlayerandafineCrＧrichinnerlayerwasformedat９００℃．Itwas
relatedtothebreakawayoxidationinducedbytheCrＧdepletionandtheMnＧsegregationininnerlayer．SomeCrＧrich
oxideswithamorphousstatewereformedalonggrainboundaries．Andsomenewfineroxidegrains,voidsandCrＧ
richprecipitateswereobservedinspallationareasat１１００℃．Correspondingly,theoxidationkineticcurvedropped
withthespallationofscaleandincreasedwiththeformationofsomenewoxidegrains．Itwascausedbysegregation
ofCrandthetransformationofoxidesfrom Cr２O３tothevolatileoxidesatelevatedtemperature．XRDanalysis
showedthattheprecipitatesweremainlycomposedofCrO３．SegregationanddepletionforsolutionswerealsodisＧ
cussedbyoxidationdiffusionmechanisms．
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　　AusteniticstainlesssteelshavediverseapplicaＧ
tionsduetotheircombinationofgoodhighＧtemperaＧ
turecreepstrengthandoxidationresistance[１Ｇ３]．The
reactiveelementsofCr,AlandSicontributesignifiＧ
cantlytoenhancingtheoxidationresistanceofausteＧ
niticstainlesssteels．AlthoughthesesteelshaveexＧ
cellentgeneraloxidationresistance,theyaresuscepＧ
tibleto “breakaway”oxidationinsomestringent
conditions．AsoneofthemostcommonservicefailＧ
ures,“breakaway”oxidationcausesunacceptableloss
formetallicmaterials．ThislocalizedacceleratedoxiＧ
dationoftentakesplaceinthespecificaggressiveenＧ
vironments,suchashightemperatureandnuclear
radiation．The“breakaway”processissporadic,ranＧ
domandstochastic．Soitisdifficulttopredicatethe
timeandthelocation ofevents[４]．Althoughthe
mechanismofbreakawayoxidationisunclear,there
isnodoubtthatitisrelatedtothemicrostructureof
steels．Thegrowthofoxidesisbasedondiffusion

process,whichrelatestothecharacteristicsofsubＧ
strate(chemicalcomposition,grainsize,grainboundaＧ
riescharacterdistributionandsolutesegregation)in
additiontotheoxidizingenvironments(mediumand
temperature)[３,５]．Severalbreakawayoxidationsthat
linktograinboundaries,chemicalfailure[４]ormeＧ
chanicalfailure[６]havebeenobserved,whilethespeＧ
cificprocessisstillunclear．
　　Thediffusionofminoralloyadditionsaffects
theestablishmentandgrowthoftheprotectiveoxide
scales,sometimesevenplaysasignificantroleinthe
oxidationprocess[７]．Wang[８] and Paúletal[７,９]

studiedthediffusionmechanismsofthereactiveeleＧ
mentsandtheresultsshowedthatdiffusionpathsof
beneficialelementsmightbechangedbecauseofthe
chromiumdepletioninsubstrateandthesegregation
ongrainboundaries．ReactiveelementsareprogresＧ
sivelyconsumedduringoxidationproceeding,which
inducesthesolutiondepletioninCr,Mo,Nb,Zr



andSiＧcontainedstainlesssteel．Inmanycases,the
soluteprecipitationisdemonstratedbythechanges
ofcomposition,structureofthemultiＧlayerscales
andtheevaporationofsomelowＧmeltingoxides[１０]．
Forexample,evaporableoxidesofCrleadtoCrＧdeＧ
pletioninmatrix,whichinducesatransformationof
oxideslayerfrom CrＧrichoxidestothelessprotecＧ
tiveCr,FeorMnspinel．
　　Inthepastseveraldecades,manyworkshave
beencarriedoutandconsiderableprogresshasbeen
achievedinunderstandingthemechanicalfailureof
oxidescales[４]．However,chemicalfailureofthe
protectiveoxidescale,whichrelatedtosoluteＧdepleＧ
tionandsegregation,wasreportedinanincompreＧ
hensiveway[４,８,１０,１１]．Theaim ofthis workisto
studytheoxidationbehaviorofamodified３１０austeＧ
niticstainlesssteelbyinvestigatingthesurfacemorＧ
phologiesofoxidescales．The mechanism ofslow
breakawayoxidationat９００ ℃illustratedbymeans
ofsolutiondiffusion．TheinfluencesofsoluteprecipＧ
itationandsegregationonthespallationandformaＧ
tionofnetworkoxidationformedat１１００ ℃ were
alsodiscussed．

１　ExperimentalProcedures
　　Substratematerialwasamodified３１０austenitic
steeldevelopedinthelaboratory．ThechemicalcomＧ
positions (mass％)weredesignedas:Cr２５,Ni
２０,Si０６５,C０１,Mo２０,Ti０２,Zr０２,W
０１５andV０１５．
　　Thealloywasfabricatedtoasteelplatewitha
thicknessof６mmviametallurgyprocessesofvacuＧ
umＧmelting,moldＧcasting,forgingandrolling．Small

oxidizedspecimenswerecutfromtherolledplate
withasizeof１５mm×１５mm×２５mm (thickness×
width×length)．Specimenswerepolishedto２０００
grit．Then,they werethoroughlydegreased with
anhydrousethanolbyultrasoniccleaningfor２０min．
Subsequently,specimens weredriedinavacuum
boxat１７５ ℃for４h．Afterspecimenswerecooled
toroomtemperature,theirsizesand masseswere
measured．Oxidationtestwascarriedoutinamuffle
furnacewithfreeflowingairat９００and１１００℃for
５,１０,２５,５０and１００h,respectively．AfterfinishＧ
ingtheoxidationprocess,sampleswerecooledto
ambienttemperatureinaventilatedplace．The mass
changesofspecimensweremeasuredaftertheoxidaＧ
tiontests．
　　Substratemicrostructureswereinvestigatedby
opticalmicroscope (OM,ZEISS Observer．A１m)．
Oxide morphologies wereexamined using a Leo
１５３０VPscanningelectronmicroscope(SEM)．The
coupledenergydispersivespectroscope(EDS)detecＧ
torwasappliedforchemicalcompositionanalysis．
TheoxidephaseswereanalyzedbyXＧraydiffraction
(XRD,D/MAXＧRB)．

２　ResultsandDiscussion
２１　Microstructuralevolutionat９００℃
　　ThetypicalmicrostructureofthesubstratemaＧ
terialisshowninFig１(a)．ItconsistsofhomogeneＧ
ousequiaxedaustenitegrainsandsomefinegrain
boundaryprecipitates．Theaveragegrainsizeisabout
１０４μmwhichismeasuredbythemethodofinterＧ
ruptionlines．InFig１(b),the５hoxidizedspeciＧ
menexhibitstwolayers．Theouteroxidesarelarge,

(a)Substratemicrostructure;　 (b)５h;　 (c)１０h;　 (d)２５h;　 (e)５０h;　 (f)１００h．
Fig１　Opticalmicrographsofthesubstratemicrostructureandoxidemorphologyafterdifferenttimeat９００℃
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