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ABSTRACT

ThepossibledecompositionofmetastableausteniteduringthepartitioningprocessinthehighＧ
endquenchingandpartitioning(Q&P)steelsissomewhatneglectedbymostresearchers．The
effectsofprimarymartensiteandalloyingelementsincludingmanganese,cobaltandaluminum
ontheisothermaldecompositionofausteniteduringtypicalQ&P process werestudiedby
dilatometry．ThetransformationkineticswasstudiedsystematicallyandresultingmicrostrucＧ
tureswerediscussedindetails．Theresultssuggestedthattheprimarymartensitedecreasedthe
incubationperiodofisothermaldecompositionbyacceleratingthenucleationprocessowingto
dislocationsespeciallyonphaseandgrainboundaries．Thiseffectcanbeeliminatedbyaflash
heatingwhichrecovereddislocations．CoadditionsignificantlypromotedthebainitetransformaＧ
tionduringpartitioningwhileAlandMnsuppressedtheisothermalbainitetransformation．The
bainitetransformationplayedanimportantroleincarbondistributionduringpartitioning,and
hencetheamountandstabilityofausteniteuponfinalquenching．Thebainitetransformation
duringpartitioningisanimportantfactorinoptimizingthemicrostructureinQ&Psteels．

１．Introduction
　Inemergingeffortsonthedevelopmentoflight
weightautomotiveandtheimplementationofadＧ
vancedmaterials,thedevelopmentofthe３rdgenerＧ
ationadvancedhighstrengthsteels(AHSS)repreＧ
sentsaveryimportanttechnicalsolution．Despite
differentconceptsandprocessroutes,the３rdgenＧ
erationAHSSpossessmultiＧphasemicrostructures,
andrelyoncharactersofthemetastableaustenite
andcorresponding mechanicalpropertiesthrough
thetransformationinducedplasticity(TRIP)effect[１Ｇ４] ．
Beingoneofthemostpromisingconcepts,quenchＧ
ingandpartitioning(Q&P)steels[５Ｇ７]areessentially
preparedbyatwoＧsteptreatmentprocess,firstlya
quenchingprocesstopartiallytransformtheaustenＧ
itetoathermalmartensite,followedbypartitioning
processforafullpartitionofCfromathermalmarＧ
tensiteintothe metastableaustenitesoastoinＧ
creasetheausteniteamountandstabilityuponfinal
quenching．Alargenumberofresearcheshavebeen
carriedoutinthelasttenyearstoimprovemechaniＧ
calpropertiesofQ&PsteelsbytailoringalloycomＧ
positionandheattreatmentparameters[８Ｇ１２] ．Being

themostinfluentialelementsonaustenitestability,
largeconcentrationwindowsofCandMnhavebeen
explored．InordertooptimizetheeffectofConstaＧ
bilizingtheaustenite, SiadditionwasusuallyemＧ
ployedtoretardcememtiteformationandhencethe
bainitetransformation[１３] ．TheeffectsofAlandCo
onthekineticsofbainiteformationhavealsobeen
discussedfrom thethermodynamic drivingforce
viewpoint[１４] ．
　IntheconceptofQ&Psteels,twocriticalideal
hypotheseswereenforced: (１)afullpartitionofC
fromathermalmartensitetoretainedausteniteisasＧ
sumedduringpartitioningprocessand (２)theisoＧ
thermaldecompositionofmetastableaustenitedurＧ
ingpartitioningisneglected．Thismaybetruein
someoccasions;however,itwasusuallyfoundthat
theamountofretainedausteniteuponfinalquenchＧ
ingwasfarfromthevalueaspredictedusingthe
idealhypotheses[１５] ．Nevertheless, mostprevious
studiesonlyfocusedontherelationshipbetweenC
partitioningandaustenitestability, butignoredthe
effectofisothermalbainitetransformation[８,９] ．BoＧ
hemenetal[１６] foundtheexperimentalevidenceof
bainiteformationbelow martensitestarttemperaＧ
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tureMsintheFeＧ０６６CＧ０６９MnＧ０３Sisystem which
indicatedthepossiblebainitetransformationduring
partitioningbelow Ms．Mandaletal[１７] reported
thatbainitecouldformduring１ＧstepQ&Pprocess
at２０°CbelowMsandaffectedtheaustenitestabiliＧ
ty．Lietal[１８] reportedthatinthe２Ｇsetp Q&P
processof０４１CＧ１２７SiＧ１３０MnＧ１０NiＧ０５６Crsteel,
theyieldstrengthincreaseduponprolongedpartitioＧ
ning, whichwasattributedtothebainitetransforＧ
mationduringpartitioningat３００°C．However, no
clearevidenceordetailed kinetics wasreported．
VéroniqueandThomas[１９] studiedtheeffectofpriＧ
marymartensiteonthebainitetransformationdurＧ
ingpartitioningandcomparedwiththeisothermal
bainitetransformation withoutprimary martensite
atthesametransformationtemperature; theirreＧ
sultssuggestedthatthebainitetransformationkiＧ
neticsduringpartitioningwiththepresenceofpriＧ
mary martensite wasidenticalbutshiftedasthe
sameamountofbainitewasformedduringtheisoＧ
thermalbainitetransformation．PintodaSilvaet
al[２０]studiedthebainitetransformationinFeＧ０２CＧ
１６５MnＧ１４０SiＧ１５０AlＧ１３０CuＧ１０５NiＧ１０７Costeel
subjectedto１ＧstepQ&Pprocessandestablisheda
modelfortheisothermalbainitetransformationkiＧ
neticsbasedonthenucleationtheory．
　Regardlessofthepresenceofprimarymartensite,
theisothermalbainitetransformationcouldbeafＧ
fected by differentfactors．Bhadeshia[２１] showed
thatinnanobainitesystemin whichthebainite
transformationtookplaceatarelativelowtemperaＧ
tureandwithaslowkinetics,thebainitetransforＧ
mationcouldbeacceleratedbyAlandCoalloying
owingtoincreaseddrivingforce．Moreover, grain
refinementcouldalsospeedupthebainitetransforＧ
mationbecauseofahighnucleationrate．FurtherＧ
more,itwasshownthatuniaxialelasticstresscould
stronglyenhancethegrowthofcompliantvariants
inthebainitetransformationandleadtoanorganＧ
ized microstructure[２２] ．Gongetal[２３] studiedthe
effectofausformingonbainitetransformationin
nanobainite．Theresultsshowedthat５％ ausformＧ
ingdramaticallyacceleratedthebainitetransformaＧ
tionaccompaniedbystrongvariantselectionowing
tothefactthatplanardislocationsremainedonthe
activeslipplanes．NavarroＧLópezetal[２４] studiedthe
kineticsofisothermalbainitetransformationabove
andbelowMstemperatureinFeＧ０２CＧ３５１MnＧ１５２SiＧ
０２５MoＧ００４Alsteel．TheresultsshowedthattheiniＧ
tialnucleationrateattransformationtemperature
belowMswasmorethantwoordersofmagnitudes
higherthanthataboveMs,owingtothepresenceof
primary martensite．Gongetal[２５] alsoreported
thattheprimarymartensitecouldincreasethedisloＧ
cationdensityinaustenitenearthephaseboundaries
andhenceacceleratethebainitetransformationin

theFeＧ０７９CＧ１９８MnＧ１５１SiＧ０９８CrＧ０２４MoＧ１０６AlＧ
１５８Cosystem．However,itseffectwasweakerthan
１５％ ausforming, becauseausformingcouldcreate
dislocationsinthewholegrain．
　Insummary, thebainitetransformationduring
partitioningeitherbeloworaboveMsispossibleto
takeplaceanditskineticcanbeaffectedby many
parameters．However,theisothermaltransformation
kineticshasnotbeeninvestigatedindetails．Moreover,
theisothermaldecompositionofausteniteduring
partitioningstronglyinfluencestheamountandstaＧ
bilityofausteniteuponfinalquenching,andeventuＧ
allythemechanicalproperties．Thisisthekeyissue
totailor mechanicalpropertiesofQ&Psteels．In
thiswork,effectsofMn, Co,andAladditionsand
amountofprimarymartensiteonisothermalbainite
transformation kinetics during partitioning were
systematicallystudiedbydilatometry．Theresulting
microstructures werecharacterizedin detailsand
consequenceson mechanicalproperties weredisＧ
cussed．

２．MaterialandMethods
　Fiveexperimentalsteels, namedRef, Ref＋Al,
Ref＋Co, Ref－MnandRef＋Mnrespectively, were
preparedbyusingavacuumfurnaceandcastinto７５kg
ingots．ThecompositionsareshowninTable１．The
ingotswereforged,cuttoblocks,andhomogenized
at１２００°Cfor２hbeforehotrolling．Stripsof６mm
inthicknessweremanufacturedbysevenpasseshot
rollingwithafinishrollingtemperatureof８７０°C
andfinallyquenchedtoroomtemperaturebywater．

Table１
Chemicalcompositionofinvestigatedsteels(wt％)

Steel C Mn Si Al Co

Ref ０２１ ３９２ １６０ ００１ －
Ref＋Al ０２１ ４０５ １６５ １４０ －
Ref＋Co ０２０ ３９５ １６１ ００３ １９７
Ref－Mn ０２０ ２８２ １５８ ００２ －
Ref＋Mn ０２１ ５１４ １５８ ００２ －

　Dilatometryspecimensof４mmindiameterand
１０mminlengthwereprepared．DilatometryexperiＧ
ments were performed in a TA Instruments
DIL８０５A/Ddilatometer．Inordertodeterminekey
transformationtemperatures, asimpleheatingand
quenchingcyclewasperformedoneachsteelwith
parametersshowninTable２．
　ConcerningtheisothermaltransformationkinetＧ
ics, threetypesofdilatometerexperimentcycles
wereperformed: (１) In DIT (DirectIsothermal
Transformation) process, afteraustenitizationin
theconditionshowninTable２, sampleswerediＧ
rectlyquenchedtoisothermaltransformationtemperＧ
ature,ie．４００°Candtemperaturestoobtain３０％of
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