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Abstract:Theeffectofdeepcryogenictreatmentontheformationofreversedaustenite(RA)insupermartensitic
stainlesssteelwasinvestigated．RAwasfoundtoforminsteelswithout(A)andwith(B)deepcryogenictreatment．
ThevolumefractionofRAinitiallyincreasedandthendecreasedwithincreasingtemperingtemperatureover５５０－
７５０℃forthetwosteels,whichwerequenchedat１０５０℃．Inaddition,forbothwithandwithoutdeepcryogenic
treatment,theRAcontentreachedamaximumvalueat６５０℃althoughtheRAcontentinsteelBwasgreaterthan
thatinsteelAovertheentirerangeoftemperingtemperatures．Furthermore,thehardness(HRC)ofsteelBwas
greaterthanthatofsteelAattemperingtemperaturesof５５０－７５０℃．Fromtheseresults,thebasicmechanismfor
theformationofRAinsteelsAandBwasdeterminedtobeNidiffusion．However,thereweremoreNiＧenriched
points,alowerdegreeofenrichment,andashorterdiffusionpathinsteelB．Itneededtobenotedthattheshapesof
theRAconsistedofblocksandstripesinbothsteels．TheseshapesresultedbecausetheRAredissolvedandtransＧ
formedtomartensitealongthemartensiticlathboundarieswhenthetemperingtemperaturewas６５０－７５０℃,anda
portionofRAinthemartensiticlathdividedtheoriginallywidermartensiticlathsintoanumberofthinnerones．InＧ
terestingly,theRAredissolvedmorerapidlyinsteelBandconsequentlyresultedinastrongerrefiningeffect．
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　　Asanextensionoftraditionalheattreatment,
deepcryogenictreatmentoftenreferstotheprocess
ofcoolingamaterialinliquidnitrogenat１９６ ℃[１]．
Deepcryogenictreatmentcan promoteaustenitic
transformation,martensitedecomposition,andchanges
inultrafinecarbidesinsteel[２]．Itiseffectivefornot
onlyincreasingthemechanicalpropertiesandservice
lifeofthesematerialssignificantlybutalsostabiliＧ
zingtheirsize,improvingtheiruniformity,andreＧ
ducing deformation．In addition,deep cryogenic
treatmentisalsoadvantageousbecauseitisalowＧ
cost,simple,environmentally friendly operation
thatcanbeperformedwithoutdestroyingtheworkＧ
piece[３Ｇ５]．
　　SupermartensiticstainlesssteelshavebeendeＧ
velopedtosolvetheproblem ofbrittlechromium
carbideprecipitationatgrainboundariesduringthe
weldingoftraditionalmartensiticstainlesssteels[６Ｇ８]．
Insupermartensiticstainlesssteels,thecarbonconＧ

tentisreducedtolessthan００７％,whilethecontents
ofnickel(３５％－６０％)andmolybdenum (１５％－
２５％)increased．Thus,these steels have high
strength,goodplasticity,andweldabilityaswellas
goodcorrosionresistanceandarelowercostmateriＧ
als．Therefore,supermartensiticstainlesssteelsare
particularlyattractivetotheoilindustry[９Ｇ１１]．
　　Reversedaustenite(RA),whichwasfirstreＧ
portedbyaSwedewhopublishedapatentforCrＧNiＧ
MomartensiticstainlesssteelundergoingamartenＧ
siticshearreversionduringthetemperingprocess,
isstableatroomtemperatureandbelow．ItisdistinＧ
guishedfromretainedaustenitebytheconditionsof
itsformation[１２]．StudieshaverevealedthatwithdifＧ
ferentheattreatments,itispossibletocontrolthe
RAcontentandimprovethemechanicalpropertiesof
steels[１３,１４]．RAistypicallyobtainedbyquenchingand
temperingsuper martensiticstainlesssteel,andthe
mechanism of transformation is diffusional reverＧ



sion[１５,１６]．Inaddition,Nienrichmentpreventsthe
austenitefromtransformingintomartensiteduring
cooling．However,thenumberofNiＧenrichedareas
issmallandtheconcentrationofNiishigh．
　　Therefore,toconfirmtheroleofNidiffusionin
RAformationandtheabilitytocontroltheformaＧ
tionofRAinsupermartensiticstainlesssteels,the
quantityandmicrostructureoftheRAphasesintwo
steels subjected to two different heat treatments
(quenchingandtempering;quenchingwithdeepcryoＧ
genictreatmentandtempering)wereinvestigated．

１　ExperimentalProcedure
　 　 UltrahighＧpuritysuper martensiticstainless
steelwasdesignedandmeltedinavacuuminduction
meltingfurnace．Theingotswerehotforgedinto
roundbarswithadiameterof１５mm．Thechemical
compositionoftheexperimentalsteelisshownin
Table１．Toobtaincompletelath martensite,the
sampleswerequenchedinoilat１０５０℃for０５husing
averticaltypefurnace．Thespecificheattreatments
forsteelsAandBareshowninTable２．Thevolume
fractionofausteniteintheeachsteelsamplesubjecＧ
tedtotemperingatdifferenttemperatureandholdＧ
ingtime wasdetermined using XＧray diffraction
(XRD)analysiswithCoradiationfrom４０°to１２０°．
Themorphologyanddistributionoftheaustenitein
themartensiticmatrixofeachsamplewasinvestigaＧ
tedwithtransmissionelectronmicroscopy(TEM),
andtheelementalconcentrationdistributionsofthe
microstructuresweredeterminedusingenergydisＧ
persivespectrometry(EDS)．

Table１　Chemicalcompositionoftestedsteels　mass％

C Mn Si Cr Ni Mo Cu

００２１ ０４０ ０２７ １４７８ ６５ ２０４ １４４

Table２　HeattreatmentsforsteelsAandB

Steel Heattreatment

A
Quenchedat１０５０℃for０５h＋temperedat

５５０－７５０℃for２h

B
Quenchedat１０５０℃for０５h＋liquidnitrogen
(－１９６℃)＋temperedat５５０－７５０℃for２h

２　ResultsandDiscussion

２１　EffectofdeepcryogenictreatmentontheRA
content
　　Afterquenchingat１０５０℃,themicrostructure
ofthesupermartensiticstainlesssteelconsistedof

quenchedmartensiteandretainedaustenite,andthe
volumefractionofretainedaustenite was１９５％．
VariationinthevolumefractionofRAwithtempeＧ
ringtemperatureisshowninTable３．AftertempeＧ
ring,thevolumefractionofRAinbothsteelsclearＧ
lyincreased,andtheformationofnewaustenite,or
RA,wasconfirmed．WhenthetemperingtemperaＧ
turerangedfrom５５０to６５０℃,thevolumefraction
ofRAincreasedasthetemperingtemperatureinＧ
creasedandreachedamaximuminbothsteelsat６５０℃
(A:２８０４％;B:４５２４％)．Inaddition,overthis
rangeoftemperingtemperatures,theRAcontentin
steelBwasgreaterthanthatinsteelA．InterestingＧ
ly,whenthetemperingtemperature wasgreater
than６５０ ℃,thevolumefractionofRAdecreased
graduallyasthetemperingtemperatureincreased,
indicatingthattheRAtransformedbacktomartensＧ
iteabove６５０ ℃．Notably,insteelB,which was
subjectedtodeepcryogenictreatmentandthushada
higherphasechangedrivingforceandgreaterinterＧ
nalenergy,therateofconversionofRAwasgreater
thanthatinsteelA．

Table３　Volumefractionofaustenitefollowing
temperingatdifferenttemperatures

Tempering
temperature/℃

Volumefractionofaustenite/％

SteelA SteelB

５５０ １０２１ １３７９
６００ ２１３７ ４１２２
６５０ ２８０４ ４５２４
７００ ２４４７ ２１０３
７５０ ２１５６ ２００３

　　PlotsofthevolumefractionofRAandhardness
asafunction ofthetemperingtemperature are
showninFig１．ItcanbeseeninFig１(b)thatin
bothsteels,thehardnessinitiallydecreasedwithinＧ
creasingtemperingtemperature,reachinga miniＧ
mumat６５０℃．Notably,thistrendforthehardness
isoppositetothatoftheRAcontent(Fig１(a))．
TheseresultssuggestthattheRAisasoftphase,
andthegreatertheRAcontent,thelowerthehardＧ
ness．Therefore,temperingpromotedimprovement
ofthetoughnessofthematerials．Itcanalsobeseen
inFig１(a)thattheRAcontentinsteelBwasgreaＧ
ter,buthardnesswassmallerthanthatinsteelAover
theentirerangeoftemperingtemperatures．These
resultsaremainlyduetothepresenceofmartensite
insteelB:themartensiteactedasacarbonＧsuperＧ
saturatedsolidsolutioninwhichthelatticeparameＧ
tersforFeandthevacancyconcentrationdecreasedat
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