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ABSTRACT

３０４austeniticstainlesssteelwascoldrolledintherangeof２０％－８０％reductionsandthenanＧ
nealedat７００－９００°Cfor６０stoobtainnano/ultrafineＧgrained(NG/UFG)structure．TransmisＧ
sionelectronmicroscopy, electronbackscatterdiffractionandXＧraydiffractionwereusedto
characterizetheresultingmicrostructures．TheresultsshowedthatwiththeincreaseofcoldreＧ
duction,thecontentofmartensitewasincreased．Thesteelperformedworkhardeningduring
coldＧworkingowingtotheoccurrenceofstraininducedmartensitewhichnucleatedinsingle
shearbands．FurtherrollingbrokeupthelathＧtypemartensiteintodislocationＧcelltypemarＧ
tensitebecauseoftheformationofslipbands．Samplesannealedat８００－９６０°Cfor６０swereof
NG/UFGstructurewithdifferentpercentageofnanocrystalline (６０－１００nm) andultrafine
(１００－５００nm)grains,submicronsize(５００－１０００nm) grainsandmicronsize(＞１０００nm)
grains．ThevalueoftheGibbsfreeenergyexhibitedthatthereversionmechanismofthereverＧ
sionprocesswasshearcontrolledbytheannealingtemperature．ForacertainannealingtimedurＧ
ingthereversionprocess, austenitenucleatedfirstondislocationＧcelltypemartensiteandthe
grainsgrewupsubsequentlyandeventuallytobemicrometer/submicrometergrains, whilethe
nucleationofausteniteonlathＧtypemartensiteoccurredlaterresultinginnanocrystalline/ultraＧ
finegrains．TheexistenceoftheNG/UFGstructureledtoahigherstrengthandtoughnessdurＧ
ingtensiletest．

１．Introduction
　Austeniticstainlesssteel(SS)isquitesuitablefor
structuralapplicationsduetoitsexcellentcorrosion
characteristic,butbecauseofthelackofhighstrength,
itishardtoapplyinconstructionfieldswidely[１] ．
GrainrefinementissupposedtobeapotentialmethＧ
odindevelopingthestrengthofthematerials[２,３] ．
Thermomechanicalcontrolledprocessing (TMCP)
isconsideredtobeoneoftheprimarymethodsto
realizetheexactgrainrefinement．Itwasreported
thatTMCPtogether with microalloyingelements
suchaselement Nbgotthegrainsizeofferrite
downto４－５μminbodyＧcenteredcubic(bcc)ferＧ
rousalloys[４Ｇ６] ．However, generallyTMCPresults
incoarsegrainsizeto２０－４０μmbasedontheproＧ
cessingconditioninausteniticstainlesssteel．BeＧ
sides,itisnoteffective．OlsonandCohen[７] proＧ
poseda modeltoaccountforstraininduced marＧ

tensite(SIM) formationbecauseofcolddeformaＧ
tion．However, manystudiesprovedthatthemarＧ
tensiticmorphologycompriseddislocationforests,
wallsandtangles,andincidentaldislocationboundＧ
aries,andwasseverelydeformedlathＧtypemartensＧ
iteanddislocationcellＧtypemartensiteincolddeＧ
formedlowＧcarbonsteel,specialtysteelsandFeＧCrＧ
Nialloys[８Ｇ１３] ．
　Recently, severalkindsofausteniticstainless
steelssuchas３０４,３０４L,and３１６Lweresubjected
toheavycolddeformationandreversiontransformaＧ
tiontodevelopnano/ultrafineＧgrained (NG/UFG)
structure[１４Ｇ１６] ．Regardingthis matter, a method
whichisgainingwideacceptanceforimprovingthe
strengthofausteniticstainlesssteelwithoutdegradＧ
ingductilityistoannealaheavilycolddeformed
metastableausteniticstainlesssteeltoproduceNG/
UFG structure[１０,１７Ｇ１９] ．AndthermomechanicalreＧ
versiontreatmentonthebasisofSIMtransformaＧ

　　　　　　　　　JournalofIronandSteelResearch,International２４(２０１７)１２３１－１２３７　　　　　　　　　　



tionhasbeenregardedasaquitesignificantapＧ
proachtoobtain NG/UFGstructureinaustenitic
SS[２０Ｇ２５] ．ItisshownthatthestructureofNG/UFG
canaddalotintoughnesswhilejustverysmalldip
instrength[２,３,２６] ．Severecoldrollingofaustenite
makesaustenite(fccγ)graintransformtomartensＧ
ite(bccα′) undertheconditionofroomtemperaＧ
ture．ItwasreportedthatSIMrevertedtoaustenite
eitherbyshearcontrolledordiffusioncontrolled
mechanism during reversion treatment[１４,１９,２６,２７] ．
BasedondifferentfractionsofcoldrollingandanＧ
nealing temperatureＧtime arrangement, different
goodcombinationofgoodstrengthandtoughness
canbeobtained[１４] ．Inthisresearch,emphasiswas
laidontheeffectofmartensitictransformationon
NG/UFGstructurein３０４SS．Meanwhile, agrain
sizedistributionstatisticwasdonetoquantitatively
describethenano/ultrafinegrains．

２．MaterialandMethods
　Acommercial３０４SSintheformofasheetwith
thicknessof７９mm wasusedastheinitialmaterial．
Thecompositionofthe３０４SSisFeＧ００４CＧ０１６SiＧ
１５２MnＧ１７８CrＧ８１NiＧ０００５PＧ０００５S．Thesamples
wereheatedto１０５０°Candheldfor１２mintosoluＧ
tiontreatment．Theinitialaustenitegrainsizewas
intherangeof２０－４０μmwithsingleＧphaseofausＧ
teniteasshowninFig１．SeveralspecimenswithdiＧ
mensionsof６００mm×８０mm werepreparedforcold
rolling(CR)．CR wassetatreductionsof２０％－
８０％atroomtemperature．SimulatedannealingexＧ
perimentwascarriedoutonCCTＧAVＧIIsimulated
annealingexperimentmachine．Thespecimenswere
heatedataheatingrateof３０°C/sandthenannealed
at７００－９００°Cfor６０swithacoolingrateof５０°C/s．

Fig１．　Initialgrainstructureaftersolutiontreatmentof３０４SS．

　Themicrostructuralevolutionswereanalyzedusing
theopticalmicroscope (ZeissAxiovert４０MAT),
andtransmissionelectronmicroscope (TEM, Tecnai
G２F３０SＧTWIN)．XＧraydiffraction (XRD) measＧ
urements(RigakuDMAXＧRB withCuKαradiation)
wereemployedtoidentifythephases．Theelectron

backscatterdiffraction(EBSD) wasappliedtodeterＧ
minethemicroscopiccharacterization．BeforeXRD
andEBSD,thespecimenswerepreparedbyelectroＧ
polishingatavoltageof１５Vfor３０s,andtheelecＧ
trolytecontained２０vol％ofperchloricacidand８０
vol％ofethanol．Thetensiletestswerecarriedout
atroom temperatureusingthe CMT５６０５tensile
machine．AndVickersmicroＧhardnessvalueswere
measuredonHVＧ１０００microＧVickersdurometer．

３．ResultsandDiscussion
　Fig２showsXRDpatternsofthedifferentcolddeＧ
formedspecimensfromtheinitialspecimen (０％ CR)
to８０％reduction．TheinitialsampleconsistsofsinＧ
gleＧphaseofaustenitewith (２１１)γ, (１１０)γand(２００)γ
peakswiththeaustenitecontentof１００％,asshown
inFig２．Itcanbeseenthatwiththeincreaseofcold
reduction,thecontentofmartensiteisincreased,
whilethecontentofausteniteisdecreased,observed
fromthepeakintensitiesinXＧraydiffraction．The
volumefractionsofthemartensitephaseswerecalＧ
culatedusingMDIJade５０basedontheXRDreＧ
sults．Itisworthnotingthatafter８０％ CR,there
aretwopeaksofα′martensite, namely (２００)M and
(２１１)MpeakswiththehighcontentofSIM８３２％．

Fig２．　XＧraydiffractionpatternsofthecoldrolled３０４SS．

　ThestressＧstrainresultsofspecimenswithdifferＧ
entcoolrollingreductionsareshowninFig３．It
clearlydemonstratestheeffectofrollingonthe
shapeofthestressＧstraincurvesof３０４SS．Withthe
increaseofcoldrolling,theplasticdeformationof
thesteelisknown．Themechanicalpropertieswith
differentreductionsofCRareshowninTable１．With
theincreaseofcoldrolling,thestrengthandhardＧ
nessofthesteelareincreased, whiletheelongation
tofailureisdecreased．Furthermore,itisknownthat
theinitialspecimenexhibitsalowyieldstrength (YS)
of (２５３±２２) MPa, theultimatetensilestrength
(UTS) of (７３３±２５) MPaandgreatelongation
(EL)of６９８％±２％．With２０％ CR,thehardness
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