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Abstract:Thecementiteformationandcoarseningbehaviorsof０􀆰２mass％ CＧ５mass％ Mnsteelduringtemperingat
５００℃ wereinvestigatedbyinＧsitutransmissionelectronmicroscope(TEM)．InＧsituTEMobservationshoweduniＧ
formdistributionofcementiteparticlesattheearlystageoftemperingintherapidlyheated(５００℃/s)sample．EleＧ
mentalanalysisconfirmedthatthecementitegrowthwasdominatedbyMndiffusion．Duringthecementitegrowth,
thecoarseningbehaviorofintragranularcementitewassignificantlycontrolledbythematrixdiffusion,whilethatof
theintergranularcementitewasmainlygovernedbytheboundarydiffusion．TheinＧsituTEMobservationrevealed
thatthedislocationpipediffusionofMntookplaceduringtempering,whichacceleratedtheMndiffusionbetweenceＧ
mentiteparticles．ThecoarseningratesofindividualcementiteparticleswerecalculatedbasedontheinＧsituTEMobＧ
servation．
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　　ThecementiteprecipitationandcoarseningbeＧ
haviorsduringtemperingofmartensitehavebeen
widelyinvestigated[１Ｇ８]．Boththeoreticalpredictions
andexperimentalresultshaveshownthatthecoarsＧ
eningbehaviorisgovernedbyapowerlawd＝ktm,
wheredistheparticlediameterattimet,kisthe
coarseningrateconstant,andmisaconstantrelated
tothecontrollingcoarseningmechanism．ThecoarsＧ
eningmechanismincludesmatrixdiffusion,boundary
diffusionanddislocationpipediffusion[６,７],andhas
beenshowntovaryfromintragranularcementite
particlestointergranularones[８]．Besides,theaddiＧ
tionofMnremarkablyretardsthecementitegrowth,
duetothesmallerdiffusionrateofMncomparedto
thatofC[９Ｇ１１]．However,mostofthepreviousstudＧ
iesusedexＧsitumethodtostudythecoarseningbeＧ
haviorofcementite,andonlyaveragedexperimental
datawasobtained,whichwasunabletotrackthe
coarseningbehaviorofindividualcementiteparticles．

Asforcementiteformationbehavior,Furuharaet
al􀆰[１２]reportedmoreuniformlydispersedcementite
precipitatesatarapidheatingratethanatalowheating
rate．Itsuggestedthathigherheatingrateledtomore
nucleationsitesandabetterdistributionofcementite．
Recently,the０􀆰２mass％ CＧ５mass％ Mnsteelsafter
intercriticalannealingtreatmenthavedrawnalotof
attentionduetotheirextraordinarymechanicalproperＧ
tiesandtheirgreatapplicationpotentialinautomoＧ
bileindustry[１３Ｇ１７]．Inthiswork,thecementiteforＧ
mationandcoarseningbehaviorsof０􀆰２mass％CＧ
５ mass％ Mnsteelduringtemperingat５００ ℃ at
twoheatingratesof５００and１０℃/minwereinvestiＧ
gatedbyinＧsitutransmissionelectron microscope
(TEM)．

１　Experimental
　　Steelswithachemicalcompositionof０􀆰２mass％CＧ
５mass％ Mnwerepreparedinaninductionfurnace



undervacuuminthisstudy．TheingotswerehoＧ
mogenizedat１２５０℃for２h,andthenforgedinto
rodswithdiameterof１６mm．Theforgedrodswere
austenizedat１２００℃for３０min,andwaterquenched
togetmartensitestructure．
　　TheinＧsituTEMspecimenpreparationincluded
twosteps．First,preparethesamplesastraditional
TEMfoilswith３mmindiameter．Second,cutthe
foils,andtransferthecutfoilsontoinＧsituTEM
heatingchipsusingfocusedionbeam (FIB)．During
thetraditionalTEMfoilspreparation,thesamples
were mechanically groundtoabout６０ μm,and
twinＧjetpolishedinasolutionof７vol􀆰％ perchloric
acidand９３vol􀆰％ alcoholatabout －２０ ℃．The
thinfoilswerecharacterizedbyTEM beforebeing
transferredontoinＧsituheatingchips．Severalareas
ofinterest,suchasinterfacesanddefects,wereseＧ
lectedbeforebeingfurtherstudiedduringtheinＧsitu
TEMexperiment．
　 　The microstructuresoftheasＧquenchedand
heatedsampleswereinvestigatedbyTEM．TheinＧ
situmicrostructuralevolutionand Mndistributions
wereexperimentallyobservedbyscanningtransmisＧ
sionelectron microscopy (STEM)andenergyＧdisＧ
persiveXＧrayspectroscopy(EDS)usingFEITitan
G２８０Ｇ２００ChemiSTEM withaprobecorrector．
　　Inthisexperiment,theinＧsitusamplescouldbe
heatedatalargeheatingrate,sincethesizeofthe
specimenswas３０μm×５μm,whichwasverysmall
comparedtothewholeheatingarea．InordertosimＧ
ulatebulkcondition,thethicknessoftheinＧsitu
sampleswaspreparedtobearound０􀆰５μm．ThemaxiＧ

mumheatingratecouldreach２０００００℃/s,andthe
heatingprocesscouldbeprogrammed．Inthiswork,
twodifferentheatingrates,５００ ℃/sand１０ ℃/min,
wereapplied．Onesamplewastemperedat５００ ℃
for２２ minataheatingrateof５００ ℃/s,andthe
othersamplewastemperedat５００℃for４０minata
heatingrateof１０℃/min．Duringtemperingat５００℃,
thesampleswerequenchedthreetimestoacquire
Mnmappinginformation．

２　ResultsandDiscussion

　　Themicrostructuresof０􀆰２mass％ CＧ５mass％
Mnsteelbeforeandaftertemperingat５００ ℃ were
characterizedbyusingTEM．Fig􀆰１(a)showsthat
theinitialmicrostructureofasＧquenchedsamplewas
martensitelath withoutanycementite,indicating
thatthecementiteinthetempered sample was
formedduringtemperingprocess．ThemicrostrucＧ
tureofthesampletemperedat５００℃for４０minat
theheatingrateof１０℃/minisshowninFig􀆰１(b),
andtheprecipitatemarkedbythearrowwasidentiＧ
fiedasthecementitephasebasedontheselectedarＧ
eaelectrondiffraction(SAED)patterns．TheSAED
patternofthecementiteandtheadjacentmatrix,as
shownintheinsetinFig􀆰１(b),demonstratesthat
theorientationrelationshipbetweencementiteand
thematrixferritewas[００１]θ∥[１１３]αand(０１３)θ∥
(１１０)α．Fig􀆰１(c)showsthemicrostructureofthe
sampletemperedat５００℃for２２minattheheating
rateof５００℃/s．Thecementitewasalsodetectedin
thissampleandverifiedbytheSAEDpatterns．

(a)AsＧquenchedsample;　 (b)Sampletemperedat５００℃for４０minataheatingrateof１０℃/min;　 (c)Sampletempered
at５００℃for２２minataheatingrateof５００℃/s．

Arrowsin(b)and(c)pointtothecementitecorrespondingtotheinsetSAEDpatterns．
Fig􀆰１　Microstructureof５Mnsteel

　　Fig􀆰２showsthemicrostructuralevolutionand
MnpartitioningduringinＧsitutemperingat５００ ℃
attheheatingrateof１０℃/min．SincetheEDSdeＧ
tectorsdonotworkat５００℃duetothesignalsaturaＧ
tion,theMnmappingcannotbeachievedat５００℃．

InordertoacquiretheMndistributionofthesample
at５００ ℃,thesamplewasquenchedtoroomtemＧ
peraturerightaftertemperedat５００℃foracertain
amountoftime．Duetotheveryslowdiffusionrate
ofMnatroomtemperature(RT),thedistributionof
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