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ABSTRACT

Themicrostructuralevolutionsof５MnsteelduringvariousheattreatmentshavebeeninvestigaＧ
tedbyinＧsitutransmissionelectronmicroscopy (TEM)．Thespecimenof５MnsteelwaspreＧ
paredusingfocusedionbeam (FIB) milling, whichallowedtheselectionofspecificmorphology
ofinterestpriortotheinＧsituobservation．Thecompleteaustenizationat８００°Cwasverifiedat
theatomicscalebyminimizingthermalexpansionandsampledriftinaheatingholderbasedon
microＧelectroＧmechanicalＧsystems．Duringannealingat６５０°C,theformationofrevertedaustenＧ
itewasdynamicallyobserved, whilethemorphologiesofaustenitelathsof５MnsteelafterinＧsitu
heatingwerequitesimilartothatafterexＧsituintercriticalannealing．Duringannealingat５００°C,
themorphologicalevolutionofcementiteandassociatedMndiffusionwereinvestigated．Itwas
demonstratedthatacombinationofFIBsamplingandhightemperatureinＧsituTEMenablesus
toprobethemorphologicalevolutionandelementaldiffusionofspecificareasofinterestinsteel
athighspatialresolution．

１．Introduction
　Recently,the０２mass％ CＧ５mass％ Mnsteels
(５Mnsteel) havedrawnalotofattentionsdueto
theirextraordinarymechanicalpropertiesandpotenＧ
tialapplicationsinautomobileindustry[１,２] ．Inorder
tounderstandthestructureＧpropertyrelationshipof
５Mnsteels,themicrostructuralevolutionandeleＧ
mentaldiffusionunderdifferentheattreatmentproＧ
cedureshavebeencarriedout[３Ｇ１３] ．Mooretal[３]and
Leeetal[４]reportedthatMnpartitioningwasakey
factorinstabilizingahighvolumefractionofreＧ
tainedausteniteinsuchsteelsatroomtemperature
(RT), whichimprovedthemechanicalpropertiesof
５Mnsteels．MndiffusionbetweenausteniteandferＧ
riteduringintercriticalannealing[５Ｇ８] ,aswellasthe
precipitationandcoarseningbehaviorsofcementＧ
ite[９Ｇ１２] , hasalsobeeninvestigated．Nonetheless, in
mostofthepreviousstudies,exＧsitumethodswere
appliedtoexaminethemicrostructuralevolutionof
５Mnsteels．ExＧsituexperimentscannotdynamically
trackthephasetransformationandelementaldiffuＧ
sioninthe５Mnsteelduringheattreatments．Itis

notpossibletochooseanareaofinterestcontaining
specificmicrostructuralfeatureslikegrainboundaries,
packetinterfaces,lathinterfaces,precipitatesandsee
howaspecific microstructureevolvesatelevated
temperature．
　InＧsituheatingexperimentsinatransmissionelectron
microscope(TEM) allowrealＧtimeobservationsof
heattreatmentsofsteels,includinggraingrowth[１４] ,
recrystallization[１５] , dislocationpropagation[１６] and
elementaldiffusion[１７] ．Insteadofperformingheat
treatmentsoutsidethemicroscopeandthenobservＧ
ingthesamplespostＧmortem,inＧsitumicroscopyalＧ
lowsdirectobservationsofthedynamicbehaviorof
steelsunderavarietyofannealingconditions．IntraＧ
ditionalinＧsituheatingTEMexperiments,thespaＧ
tialresolutionwasdramaticallysuppresseddueto
thesampledriftinducedbythermalexpansionwhen
anentire３mmＧdiameterTEMspecimenwasheatＧ
ed．Recently,thestateＧofＧtheＧartinＧsituTEM has
beendevelopedtostudythemicrostructuresatthe
atomicscalebyusingmicroＧelectroＧmechanicalsysＧ
tems (MEMS)Ｇbased heatingstages[１８Ｇ２０] , which
generallyrequiresspecimenpreparedbyfocusedion
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beam (FIB) milling[２１Ｇ２３] ．However,thetraditional
liftＧoutlamellapreparedby FIBcannotprecisely
choosetheareaofinterest, sincethelamellawas
buriedinthebulkmaterialsbeforeliftingout．
　Inthispaper,FIBwasusedtocutoutthespecific
areaofinterestfromaregular３mmＧdiameterTEM
sampleof５MnsteelafterobservingitsmicrostrucＧ
tureinaTEM．VariousinＧsituobservationswere
carriedouton５MnsteelduringdifferentheattreatＧ
mentproceduresinordertounderstandthephase
transformationof５MnsteelatdifferenttemperaＧ
tures．Benefitingfrom anadvanced MEMSＧbased
heatingsystem, the microstructuralevolutionin
５Mnsteelcanbeobservedattheatomicscalewith
minimumsampledrift, whileinＧsituelementaldifＧ
fusioncanalsobedetected．Intheexampleof５Mn
steel,itwasdemonstratedthattheinＧsituheating
TEMexperimentsareincreasinglyabletoprovide
fundamentalinformationforunderstandingthemiＧ
crostructuralevolutionattheatomicscaleandthe
elementaldiffusionduringthephasetransformation．

２．ExperimentalProcedure
　Thesteelwithachemicalcompositionof０２mass％ CＧ
５mass％ Mnwasinvestigated．Thesamplewasfirst
preparedundervacuumusinganinductionfurnace,
thenhomogenizedat１２５０°Cfor２hbeforeforged
intorodswithdiameterof１６mm．Next,afterausＧ
tenizationat１２００°Cfor３０ min, theforgedrods
werewaterquenchedtoformcompletemartensite
microstructure．
　InordertopreparetheinＧsituTEMspecimenwith
thespecificareaofinterest,aconventionalTEMspeciＧ
menwith３mmindiameterwasfirstprepared．The
samplewasmechanicallygroundto５０μminthickＧ
ness,thenthesamplefoilsweretwinＧjetpolishedin

asolutionof７vol％ perchloricacidand９３vol％
alcoholat－２０°C．Afterlocatingtheareaofinterest
inaTEM, theinＧsituTEM specimenusingZeiss
AurigaFIB wasprepared．Forexample, Fig１(a)
showsthemicrostructureandtheselectedareaelecＧ
trondiffraction(SAED) patternsoftheareaofinＧ
terestinanasＧquenchedsample,includingmartensＧ
itelathsandpacketinterfaceswithoutanycementite
andretainedaustenite．AsshowninthelowＧmagniＧ
ficationTEMimageinFig１(b),theareaofinterＧ
estwasmarkedbythewhitecircle．InordertoposiＧ
tiontheareaofinterest, theholesformedduring
twinjetthinningandtheedgemorphologyofthe
TEMspecimenwereselectedasthemarkersandinＧ
dicatedbythewhitearrows．Asisshowninthe
scanningelectron microscope (SEM)imageofthe
correspondingsampleinFig１(c),theareaofinterＧ
estwasalsomarkedbythewhitecircleandposiＧ
tionedbythecorrespondingmarkersasindicatedby
thewhitearrows．Heretherelativelythickareawas
selectedforinＧsituexperiments, sincethe microＧ
structuralevolutioninthebulk materialsduring
heattreatmentstakesplaceintherelativelylarge
volume．UsingFIB milling, thelamella withthe
sizeof２５μm×１０μmincludingtheareaofinterest
wasliftedoutandtransferredontothechipsof
DENSsolutionsinＧsituheatingholder．TheMEMSＧ
basedholderprovidedanelevatedtemperatureenviＧ
ronmentwithoutreducingtheresolutionofaTEM．
DuringinＧsituheatingTEM experiments, themiＧ
crostructuralevolutionsandelementalmappingof
５MnsteelwerecarriedoutinFEIcubedTitan８０－
３００withanimagecorrector, FEITitanG２８０Ｇ２００
ChemiSTEMequipped withaprobecorrectorand
theSuperXenergydispersivespectrometry (EDS)
systemwiththefourBrukerSiliconDriftDetectors,

(a) BrightＧfieldtransmissionelectronmicroscopeimagesandaselectedareaelectrondiffractionpatternfromanareaof
interestsincludingpacketinterfacesandlathinterfaces; 　 (b) LowＧmagnificationTEMimagesoftheinterestedareas;

(c)Scanningelectronmicroscopyimagesofcorrespondinginterestedareacutbyfocusedionbeam milling．
Fig１．　LocatinginterestedareasofasＧquenched５MnsteelusingTEMandFIBmilling．

andFEIG２２０．

３．ResultsandDiscussion
　InordertobetterunderstandphasetransformaＧ
tionof５MnsteelatdifferenttemperaturesanddeＧ
terminethetypicaltemperatureforvariousheat

treatments,thephasediagramof５MnsteelwascalＧ
culatedusing ThermoＧCalcsoftware, asshownin
Fig２．Basedonthecalculatedphasediagram,inＧsiＧ
tuheattreatmentsatthreeannealingtemperatures
werecarriedoutasmarkedbythreestarsinFig２．
Firstly, whentheannealingtemperaturewassetto
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