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StrainＧinducedPrecipitationinTiMicroＧalloyedInterstitialＧfreeSteel
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Abstract:StressrelaxationmethodwascarriedoutonaTimicroＧalloyedinterstitialＧfree(IF)steelatthetemperaＧ
turerangingfrom８００to１０００℃．Theresultsshowthatthesofteningkineticscurvesofdeformedaustenitecanbe
dividedintothreestages．Atthefirststage,thestresshasasharpdropduetotheonsetofrecrystallization．Atthe
secondstage,aplateauappearsontherelaxationcurvesindicatingthestartandfinishofstrainＧinducedprecipitation．
Atthethirdstage,thestresscurvesbegintodescendagainbecauseofcoarseningofprecipitates．PrecipitationＧtimeＧ
temperature(PTT)diagramexhibiteda“C”shape,andthenosepointofthePTTdiagramislocatedat９００℃and
thestartprecipitationtimeof１０s．ThetheoreticalcalculationshowsthatthestrainＧinducedprecipitateswereconＧ
firmedasalmostpureTiCparticles．TheTiCprecipitateswereheterogeneouslydistributedineitherachainＧlikeor
cellＧlikemannerobservedbytransmissionelectronmicroscopy(TEM),whichindicatestheprecipitatesnucleatedon
dislocationsordislocationsubstructures．Inaddition,athermodynamicanalyticalmodelwaspresentedtodescribethe
precipitationinTimicroＧalloyedIFsteel,whichshowsagoodagreementbetweentheexperimentalobservationand
thepredictionsofthemodel．
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　　ThedevelopmentofinterstitialＧfree(IF)steels
hasbeenamilestoneforachievinghighdrawability
ofsheetsteelsanditisbeingincreasinglyconsidered
asmaterialfortheautomotiveindustry[１]．Itiswell
knownthatthereductionofthecarboncontentreＧ
sultsinhigherlevelsofdeepdrawability[２Ｇ４]．Recent
advancesinthesteelmakingtechnologies,suchas
improvedvacuumdegassing,havehelpedtocreatea
newgenerationofsteelswithexceptionallylowlevＧ
elsofsolutecarbonandnitrogencontents(lessthan
０􀆰００３ mass％)[５,６]．Titanium and/orniobium are
addedinthesesteelstobindtheremainingsolute
carbonornitrogenintheformofcarbides,nitrides
orcarbonitridesrenderingthemvirtuallyfreefrom
soluteatoms．Hence,thesesteelsarealsoknownas
interstitialＧfreesteels[１,７]．Asknown,thegooddeep
drawingpropertiesininterstitialＧfreesteelsareatＧ
tributedtothepresenceofstrongγＧfibre({１１１}or
(ND∥ ＜１１１＞))recrystallizationtexture,while
{００１}＜uvw＞andαＧfibre(RD∥＜１１０＞)areconＧ
sideredharmfulfordeepdrawability[７Ｇ１５]．Duringthe
lasttwodecades,mostoftheinvestigationsforthe
interstitialＧfreesteelshavebeenlaidonthemanufacＧ
turingrouteandseekingcorrelationbetweenstrucＧ

tures(relatedtograinsize,textureandanisotropyratiＧ
o,etc􀆰)andproperties(relatedtostrength,formability
anddrawability,etc􀆰)forvaried materialchemistry
andthermoＧmechanicaltreatment[１６Ｇ１８]．Therecent
researchesshowedthattheuniformandfinegrains
inhotＧrolledsheetsteel,coarseningandsparsesecＧ
ondphaseparticlesandlowlevelsofsolutecarbon
andnitrogencontentswerebeneficialtothedevelopＧ
mentofγＧfibre({１１１}or(ND∥＜１１１＞))recrysＧ
tallizationtexture,whichwasbeneficialtothedeep
drawabilityoftheannealedboard．Thegrainsize,
morphologyanddistributionofsecondphaseand
lowlevelcontentsofinterstitialelementsareclosely
associatedwiththeprecipitationofsecondphaseparＧ
ticlesduringhotrolling,whicharehardlychangedin
thecoldrollingprocess．Itiswellestablishedthat
theprecipitationofcarbidesornitridesorcarboniＧ
tridesinmicroＧalloyedsteelscontainingoneormore
ofthetransitionmetals,suchasNb,VandTi,playsa
criticalroleindeterminingthepropertiesofhighＧ
strengthlowＧalloy(HSLA)steels[１９Ｇ２２]．Andmostof
investigationson the precipitation behavior have
beenconcernedabouttheHSLAsteels,whilethe
precipitationbehaviorofIFsteelswasrarelyreporＧ



ted．Thus,thefurtherstudyontheprecipitationbeＧ
haviorofsecondphaseinIFsteelduringhotrolling
hasimportanttheoreticalandpracticalsignificance．
　　InordertounderstandtheprecipitationbehavＧ
iorofIFsteelclearly,amechanicalmethodwascarＧ
riedoutinthisstudy,whichisbasedontheanalysis
ofstressrelaxationdata．Thehotrollingprocessfor
steelproduction,generally,isconductedundera
quiteseveredeformationcondition．Sothethermal
simulationcompressiontestinaGleeblesimulatoris
appliedideallytosimulatethehotrollingprocess．
Stressrelaxation measurementshavebeenextenＧ
sivelyusedforstudyingdislocation movementin
metalandalloys[２２];thestartandfinishtimeof
TiCNprecipitationwereobtainedbyanalyzingthe
stressrelaxationcurve,which usuallyexhibitsa

stressplateau whentheprecipitationoccurs,and
thustheprecipitationＧtimeＧtemperature(PTT)diaＧ
gramforTiCNprecipitationkineticscouldbedrawn
fromthestressvs．timecurvesatdifferenttemperaＧ
tures[１９,２０]．

１　ExperimentalProcedure
　　ThechemicalcompositionoftheTimicroＧalloyed
IFsteelexaminedinthisstudyisgiveninTable１．
Thespecimen waspreparedbyvacuuminduction
melting,continuouslycasttoslab,andhomogenized
at１２５０ ℃for２h,andthenhotrolledto３４ mm
thickintermediateslab．AndthecylindricalspeciＧ
mens(ϕ１０mm×１２mm)werethenmachinedfrom
theintermediateslabwiththecompressionaxisparＧ
alleltotherollingdirection．

　　　　　　Table１　ChemicalcompositionofTimicroＧalloyedIFsteel　　　　　　mass％

C Si Mn P S Alt Ti N

０􀆰００２ ０􀆰００４ ０􀆰１１ ０􀆰０１１ ０􀆰００８ ０􀆰０３ ０􀆰０６－０􀆰０７ ０􀆰００００２－０􀆰００００３

　　ThemechanicalstressrelaxationtestswerecarＧ
riedoutinacomputercontrolledGleeble３５００therＧ
moＧmechanicalsimulator．Priortothedeformation,
allthesampleswerereheatedto１２５０℃andsoaked
for３mintodissolvethecarbonitrideparticles,elimＧ
inatetherollingtextureandproduceapproximately
thesameaustenitegrainsizeinallthesamples．The
specimenswerecooleddowntothedeformationtemＧ
peraturesat１０℃/sandheldfor５satthattemperaＧ
turebeforeapplyingthecompressivedeformation．
Thedeformationtemperatureswerechosenas８００,
８５０,９００,９５０and１０００ ℃．Whenthetemperature
becamestabilized,a２０％preＧstrainwasappliedata
truestrainrateof１s－１．Thendifferenttime(１,１０,
６０,３６０,６００,１２００and１８００s)ofstressrelaxation
wasprecededimmediatelyfollowingthepreＧstrain．
After the stress relaxation,the samples were
quenchedtoroomtemperature．TheschematicdiaＧ
gramoftheexperimentisshowninFig􀆰１．
　　Thesize,type,morphologyanddistributionof
thesecondphaseprecipitationparticlesweredeterＧ
mined with the aid of extraction replicas．The
quenchedsamplesweresectionedparalleltothedeＧ
formationaxis,polished,andlightlyetchedin４％
nitalforabout６０s．Acarbonlayerof２０nmin
thicknesswasdepositedonthesurfaceoftheetched
samplesusinganevaporator(PolaronE６５００)operaＧ
tedatahighvacuum．Thecarboncoatedsurfacesof
thesampleswerethenscribedtoabout２mm×２mm

Fig􀆰１　Schematicdiagramoftheexperiment

squaresinsize．Thereplicaswerereleasedintheetched
solution,andthenobservedinatransmissionelecＧ
tronmicroscope(TEMＧJEM２０１０F)．Thechemical
analysisfortheindividualprecipitateswasconducted
usinganenergydispersiveXＧrayspectrometer(EDX)．

２　Results
２􀆰１　Ar３temperatureoftheTimicroＧalloyedsteel
　　Inordertoensurethatthetestswerecarriedout
inaustenitephaseorferriteＧaustenitephaseregion,
Ar３ (thestartpointofaustenitetoferritephase
transformation)temperaturesweredeterminedata
coolingrateof１℃/safterthesamplewasreheated
to１２００℃andsoakedfor３min．Thedilatometervs．
temperaturecurvesforthesampleispresentedin
Fig􀆰２．Asknown,thevolumechangedwhenthephase
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