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Abstract:Bothmicrostructureandmechanicalpropertiesoflowalloysteelstreatedbyquenchingandpartitioning
(Q&P)processwereexamined．ThemixedmicrostructureofmartensiteandlargeＧfractionedretainedaustenite(about
２７􀆰３％)wascharacterizedandanalyzed,excellentcombinationsoftotalelongationof１９％ andtensilestrengthof
１８３５MPawereobtained,andthreeＧstageworkhardeningbehaviorwasdemonstratedduringtensiletest．TheenＧ
hancedmechanicalpropertiesandworkhardeningbehaviorwereexplainedbasedonthetransformationＧinducedplasＧ
ticityeffectoflargeＧfractionedaustenite．
Keywords:Q&Pprocess;workhardening;retainedaustenite;martensite;mechanicalproperty;TRIPeffect

　　Basedontherequirementsforvehicle′smassreＧ
ductionandsafetyimprovement,highＧstrengthsteels
combinedwithadequateductilityandformability,
suchasdualＧphase (DP),transformationＧinduced
plasticity(TRIP)andcomplexsteels,havebeendeＧ
veloped[１,２]．ThethirdＧgenerationautomotivesteels
withhighervalueofRm ×A,i􀆰e􀆰theproductof
tensilestrength(Rm)andtotalelongation(A),and
lowercosthaveattractedgreatattentioninrecent
years,andthemechanicalpropertiesofbothRm

above１５００MPaandRm×A morethan３０GPa􀅰％
aretheimportantobjectsforthethirdＧgeneration
automotivesteels[３Ｇ５]．
　　Speeretal􀆰[６,７]proposedanovelheattreatment
process,i􀆰e􀆰thesoＧcalledquenchingandpartitioＧ
ning(Q&P)process,aimingtoproducesteelswith
mixedmicrostructureofmartensiticmatrixandcarＧ
bonＧenrichedaustenitetoimprovethe mechanical
propertiesofhighstrengthsteels．Q&PprocessinＧ
volvesmainlyquenchingstepandpartitioningstep．
Theformeristoquenchtheaustenizedsteeltoa

temperaturebetweentheMs (martensiteＧstarttemＧ
perature)andMf (martensiteＧfinishtemperature)
soastocreateamixtureofmartensitephaseandunＧ
transformedaustenitephase;thelatteristoreheat
directlytoahighertemperatureto maketheunＧ
transformedaustenitestable,duringwhichcarbonis
expectedtoberejectedfrom supersaturated marＧ
tensitephaseintoaustenitephase．Finally,thesteel
isquenchedtoroomtemperatureafterQ&Pprocess．A
certainvolumefractionofstableretainedaustenite
contributestothehighstrengthandgoodductility
forQ&Psteels[４,８Ｇ１３]．
　　TheausteniteＧtoＧmartensitetransformationcan
inducehighhardeningrateduringdeformation,which
canimprovebothstrengthandductility[１４Ｇ１６]．Itisfound
thatRm ×AincreasesalmostlinearlywithincreasＧ
ingaustenitefraction,withanincrementof０􀆰６－
０􀆰７GPa􀅰％ per１％ γ[４]．Inthispaper,theQ&P
processeswereappliedtolowalloysteels,whichis
anattempttoobtainlargeＧfractionedretainedausＧ
teniteandimprovetheductilityofultraＧhighstrength



steelthroughTRIPeffectofretainedaustenite．

１　ExperimentalProcedure
　　Twolowalloysteelsweremeltedinavacuum
inductionfurnace,andforgedintobarwithdiameter
of１６mm．Thecompositionsoftestedsteelsaregiven

inTable１．DifferentcarboncontentswereusedtoevalＧ
uatethestrengthofsteelsandthestabilityofreＧ
tainedaustenite．Meanwhile,NiwasaddedtoimＧ
provethestabilityofretainedaustenite,andMoandV
wereaddedtoimprovethestrengthofsteels．Also,
Nbwasappliedtorefinegrainsize．

　　　　　　　　Table１　Chemicalcompositionsoftestedsteels　　　　　　　　　　mass％

Steel C Si Mn Cr Ni Mo V Nb S P

A ０􀆰２ １􀆰７５ ０􀆰２９０ １􀆰００ ２􀆰８６ ０􀆰３０ ０􀆰０８ ０􀆰０５ ０􀆰００１ ０􀆰００６
B ０􀆰４ １􀆰７０ ０􀆰０２７ １􀆰０５ １􀆰８３ ０􀆰６２ １􀆰６８ － ０􀆰００１ ０􀆰００５

　　ThespecimenswentthroughQ&Ptreatmentas
follows:thespecimenwasheatedto９００℃,heldfor
１５min,andthenquenchedinsaltbathtoquenching
temperaturesof３３０℃forsteelAand２５０℃forsteel
B,respectively,heldfor１min,partitionedat５００℃
for１mininanothersaltbath,andfinallyquenched
into wateratroomtemperature．Forcomparison,
traditionalquenchingandtempering(Q&T)procesＧ
seswerecarriedoutaswell:austenitizingat９００℃
for１５min,quenchinginoilatroomtemperature,and
thentemperinginamufflefurnaceat３００℃for２h．
　　Tensiletestwasperformedatstrainrateof１０－３s－１

onthedogＧboneshapedspecimenswithgaugelength
of２５mmanddiameterof５mminanInstronmaＧ
chine(WEＧ３００)．Thevolumefractionsofretained
austenite were measured by XＧray diffractometer
(XRD)．Specimensweregroundand mechanically
polished,andthenelectrolyticallypolishedinthe
mixtureofchromicacidanddistilledwater(１∶９)．
Specimenswerescannedovera２θrangingfrom４５°
to１１５°withastepsizeof０􀆰０２°anddwellingtimeof
２sinPHILIPSAPDＧ１０XRD,operatedat３５Vand
３５mA withagraphitemonochromaticandfiltered
cobaltradiation．Bothaustenitepeaksof{２００},{２２０},
and{３１１}andferritepeaksof{２００}and{２１１}were
measuredsoastocalculatethevolumefractionof
austeniteofeachpeakVibasedonEq􀆰(１),whichis
theaverageofVi．

　　　　Vi＝
１

１＋G(Iα/Iγ)
(１)

where,IαandIγaretheintegratedintensityofferＧ
riteandaustenitepeaks,respectively．TheG value
foreachpeakwasusedasfollows:２􀆰５forIα(２００)/
Iγ(２００),１􀆰３８forIα(２００)/Iγ(２２０),２􀆰０２for
Iα(２００)/Iγ(３１１),１􀆰１９forIα(２１１)/Iγ(２００),０􀆰０６
forIα(２１１)/Iγ(２２０),and０􀆰９６forIα(２１１)/Iγ(３１１)．
Moreover,carboncontentinaustenitephase was
calculatedbyEq􀆰(２)[１７]．

　　　　a０＝３􀆰５５５＋０􀆰０４４x (２)
where,a０isaustenitelatticeparameter,nm;andx
iscarboncontent,mass％．Thelatticeparameter
wasestimatedfromanaveragebasedontheaustenＧ
itepeaksof{２２０}and{３１１}．
　　ThemicrostructureswerecharacterizedbyscanＧ
ningelectronmicroscope(SEM,SＧ４３００)andtransＧ
missionelectron microscope (TEM,HＧ８００),reＧ
spectively．Forthe microstructure observationin
scanningelectronmicroscopy,sampleswereground
andpolishedmechanically,andthenetchedby２％
nitalfor３０s．Forthemicrostructureexaminationin
transmission electron microscopy,samples were
firstlygroundmechanicallytoathicknessofabout
０􀆰０４mm,andthenwereelectroＧpolishedinatwinＧ
jetmachineinasolutionof５％ perchloricacidand
９５％alcoholatabout－２０℃．

２　ResultsandDiscussion
２􀆰１　Microstructurecharacterization
　　BothsteelswereprocessedbydifferentheattreatＧ
ments．ThemicrostructurescharacterizedbySEM are
showninFig􀆰１．ForthespecimenstreatedbyQ&P
process(Figs􀆰１(a)and１(b)),notonlylathmarＧ
tensitebutblockyphasewithsizeof１μmto３μm
canbeobserved,andtheblockyphaseisdifficultto
beexaminedwithoutfurtherheattreatment．Forthe
specimenstreatedbyQ&Tprocess,traditionallath
martensiteisobtained,andtheblockandpacketin
microstructurecanbeclearlyobserved,asshownin
Figs􀆰１(c)and１(d)．Thefine microstructureof
blockyphasein Q&Pprocessedspecimenscanbe
obtainedaftertemperingat２００ ℃for１h(Fig􀆰２)．
Itis wellknownthatthetempered martensiteis
pronetobeetchedduetotheprecipitationnucleation
andgrowthofthecementite,whilethefresh marＧ
tensiteisdifficulttobeetched．Accordingtothe
difference,itcanbeconcludedthattheeasilyetched
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