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Abstract:BulkcementiteswiththeCrcontentsof０,３０１,６０３,８２２,and１１５１mass％ werepreparedbymechanical
alloying(MA)andsparkplasmasintering(SPS)．TheresultsindicatedthatwhentheCrcontentwaslow(３０１mass％),
thephaseswerecomposedofcementitewithasmallamountofαＧFeatasinteringtemperatureof１１７３K,butthe
microstructurebecamesingleＧphasealloyedcementiteastheCrcontentwasfurtherincreased．ItshowedthatmicroＧ
additionofCrwasbeneficialforpromotingtheformationofcementite．Furthermore,themechanicalperformanceof
cementitecanbegreatlyaffectedbythevariationofCrcontent．Thehardness,elasticmodulusandelasticrecovery
presentedaremarkablyincreasingtendencywiththeadditionofCr,andthemaximum microＧhardnessandelastic
modulusvaluesreached１０７０７４HVand１９９３２GPa,respectively,whichweresimilartotheprecipitationphase
(cementite)obtainedbymeltingandcastingtechniques．Moreover,whentheCrcontentwasbelow１１５１mass％,
thecrystalstructureofFe３CＧtypecementitewouldnotchangewithincreasingtheCrcontent．ACratomreplacedan
Featominthelatticeofthecementite,andvoidsappearedwhenCrwasdopedintothecementiteatcontentofabout
１１５１mass％,causingtherelativedensitytodecrease．
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　　Asastrengtheningagent,cementitehasreceived
muchattentionbecauseofitsimportanceinthesteel
andironindustries．In particular,its mechanical
performance,size,volumefraction,compositionand
morphologyhaveimportanteffectsontheservice
propertiesofsteelandiron[１Ｇ３]．Cementiteusually
referstoFe３C;however,onlyfewinvestigationsare
availableonthe mechanicalpropertiesofcementＧ
ite[４Ｇ７],whichisfarfrom wellＧunderstood．Thisis
becausesingleＧphaseFe３CisthermodynamicallyunＧ
stableandhightemperatureequilibriumFe３Cphases
inthemetastableformareverydifficulttoobtain;
besides,thebulksizeofsingleＧphasecementitecanＧ
notbeproducedbytraditionalmeltingprocesses．
Therefore,cementiteisnotcompletelyrealizedin
nature[８,９]．Generally,Crisaddedintocastironto
stabilizecementiteandpromoteitsformation;asa
result,relativelystabilizedcarbideswhicharerepreＧ

sented as (Fe,Cr)３CＧtype carbide are generaＧ
ted[１０Ｇ１３]．Asabasicphaseinsteelandiron,anunＧ
derstandingofmechanicalpropertiesofcementiteis
particularly desirable．However,the aboveＧmenＧ
tionedproblemsstillrequirednotonlyexperimental
observationsbutalsorelatedmechanismdiscussion．
　 　 Recently,Umemotoetal[１４Ｇ１６] successfully
fabricatedbulkcementitebyusingmechanicalalloＧ
ying(MA)andsparkplasmasintering(SPS)techＧ
niques;thesizeofthesingleＧphasecementiteisup
toϕ１５ mm×１０ mm．Meanwhile,variousalloying
elements,suchasCr,Mn,Mo,V,andTi,were
selectedtostudytheeffectsofalloyingadditionson
themechanical,physicalandabrasivepropertiesof
cementite．
　　Nevertheless,todate,thereisanurgentneed
forsystemicinvestigationofthemechanicalproperＧ
tiesofCrＧdopedcementite,whichisstilllacknow



butcanindubitablyleadtomoremeaningfulresults
thatcouldexplaintherelationshipbetweenthemeＧ
chanicalpropertiesand Craddition．Bulk singleＧ
phasecementites withdifferentCrcontents were
preparedsuccessfullyinthispapertodiscussthe
variationsofthemechanicalperformancesandcrysＧ
talstructuresofthesecementites．

１　ExperimentalProcedures
　　ThebulkcementitesampleswithdifferentCr
additionswerefabricatedbyMAandSPS．Theinitial
materialsincludedelementalironpowder(９９０mass％
andlessthan３０μminparticlesize),graphitepowＧ
der(９９０ mass％ andlessthan１０μminparticle
size)andCrpowder(９９９mass％andlessthan４５μm
inparticlesize)．Thethreepowdersweremixedin
anagatemilledjar,andtheatomicratioofFeand
CrtoCwas３∶１accordingtothe(Fe,Cr)３CＧtype
molecularformula．ThemassfractionofeachpowＧ
derisgiveninTable１．MechanicalalloyingwascarＧ
riedoutbyaplanetarymill,whichhasfour５LagＧ
atejarswithsomeagateballs(ϕ１０mm,totalmass
５００g)andaballＧtoＧpowdermassratioof１０∶１．
Themixturepowderwasprotectedundervacuum
duringthe millingprocedureatroomtemperature
(２５℃),andthen,itwasplacedunderanAratＧ
mosphereinaglovebox．Aftermechanicalalloying,
theparticlesizeandmorphologyofthemilledpowＧ
derchanged．ThiswasshownunderascanningelecＧ

tronmicroscope (SEM)withanenergydispersive
spectrometer(EDS),andthephasecompositionwas
identifiedbyXＧraydiffraction(XRD)．Besides,thetherＧ
malanalysisandamorphousformingabilityofthe
milledpowderweremeasuredwithaluminiumcruciＧ
blesusingadifferentialscanningcalorimeter(DSC)．

Table１　Chemicalcompositionsofmixturepowders　mass％

Specimen C Fe Cr

A０ ６６４ ９２５５ ０
A１ ６６７ ９０８２ ３０１
A２ ６７４ ８６９６ ６３０
A３ ６８０ ８４９８ ８２２
A４ ６８５ ８１６４ １１５１

　　AfterMA,themixturepowderwascompacted
intoagraphitedieunderaconstantpressureof３０
MPaatroomtemperatureandthensinteredbythe
SPSmethodinvacuumat１１７３ Kfor３００s．The
schematicstructureoftheSPSsinteringfurnaceis
showninFig１(b)．Tomeasuretherelativedensity
ofthesinteredsamplesbyArchimedes′method,the
specimenshavetobepolishedusingaluminiumabＧ
rasivepaper(till１２００grit)intoacylinderwitha
sizeofϕ３０mm×１０mm,thentheaveragerelative
densityofeachsamplewascalculatedbytenmeasＧ
uredvalues(Fig１(a))．ToobservethephasedistriＧ
butionbySEM,thesinteringspecimenwasetched
with４vol％nital．

１—Milledpowder;　２—Upperpressurehead;　３—Lowerpressurehead;　４—Graphitedie;
５—Topelectrode;　６—Bottomelectrode．

Fig１　SPSbulksamples(a)andschematicofSPSsinteringfurnace(b)

　　Subsequently,microＧhardnessmeasurementswere
carriedoutonanHXDＧtype１０００Vickershardness
testerwithaloadof０９８Nandadwelltimeof１０s
followingtheASTME３８４standard．Eachhardness
valuewasmeasuredtentimesandthentooktheavＧ
erage．Theelasticmodulus(E),hardness(H)and

H/Eratio(elasticrecovery)ofthecementitespeciＧ
menswere measuredonananoindentationinstruＧ
mentwithaBerkovichdiamondtip．FifteenindentaＧ
tionsweremadeoneachspecimentocheckreproＧ
ducibilityofthemeasurementdata．LoadingandunＧ
loadingoftheindenterwascontrolledat５mN/sfor
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