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Abstract:TheconceptofmicroalloyingwasappliedtotheδＧTRIP(transformationＧinducedplasticity)steeltoinvesＧ
tigatethefeasibilityofincreasingthemechanicalpropertiesandunderstandingtheeffectofmicroalloyingonthe
morphologyandstructureofthesteel．AhotrolledδＧTRIPsteelwiththreedifferentcontentsofNb(０,０􀆰０３,
０􀆰０７mass％)wassubjectedtothemicrostructuralandmechanicalexamination．ThehighAlandSiconcentrationin
thesesteelsguaranteedthepresenceoftheconsiderableδＧferritephaseinthemicrostructureafterthecastingandthe
subsequenthotrolling．TheobtainedresultsshowedthatNbdramaticallyaffectsthemicrostructure,thedynamicreＧ
coveryandrecrystallizationbehavior,aswellasthegrainshapeandthusthestabilityofausteniteafterthethermoＧ
mechanicalprocessofhotrolling．TheresultsalsorevealedanunexpectedeffectofNbonthemechanicalproperties．
TheadditionofNbtotheδＧTRIPsteelledtoasignificantdecreaseintheultimatestrength(from１１４４to９１７MPa)
andanincreaseinductility(from２４％to２８％)．Theseunconventionalresultscouldbeexplainedbythechangein
thesteelmicrostructure．TheworkＧhardeningbehaviorsofallsamplesexhibitthreestagesoftheworkＧhardeningrate
evolution．Atthestage２,theworkＧhardeningrateofthestudiedsteelsincreased,beingattributedtotheTRIPeffect
andthetransformationofaustenitetomartensite．
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　　Inrecentyears,transformationinducedplasticＧ
ity(TRIP)steelhasreceivedgreatattentionsdueto
theoutstandingcombinationofstrength,ductility,as
wellasgoodcrashworthiness[１,２]．TheseprominentadＧ
vantagesaretheconsequences ofthestressＧor
strainＧinducedtransformationoftheretainedaustenＧ
iteto martensiteleadingtodelayingtheonsetof
plasticinstability,whichmadethemoneofthebest
potentialcandidatesforautomotivecomponents[３]．
　　ThefirstTRIPsteelswerefullyausteniticat
ambienttemperature,astheresultofthelargeconＧ
centrationofexpensivesolutes[４]．Afewyearslater,
theTRIPeffectwasdemonstratedinthelowＧalloysteels
madeby０􀆰２C,１－２Mnand１－２Si(mass％)[１,５]．
Themicrostructuresconsistedof５０－６０vol􀆰％allotＧ
riomorphicferrite,２０－３０vol􀆰％ carbideＧfreebainite
andonly１０－３０vol􀆰％ austeniteandwerehenceＧ
forthreferredtoas“TRIPＧassisted”todistinguish

themfromthefullyausteniticTRIPsteels[２,６,７]．The
presenceoftheTRIPeffectintheaforementioned
typeofsteelsisaconsequenceofthehighlevelofSi
inthesteelcompositionduetopreventingtheceＧ
mentiteformation[８Ｇ１１]．
　　Inrecentyears,attemptstoimprovethemeＧ
chanicalpropertiesandmicrostructureoftheTRIPＧ
assistedsteelshavecontributedtointroducinganew
typeofTRIPsteel,whichiscalledδＧTRIPsteel[３,７,８]．
Thisnew generationofTRIPsteelbenefitsfrom
havingalargequantityofdelta(δ)Ｇferrite,whichis
retainedfromthesolidificationstageandremainsas
astable phase atalltemperaturesin the solid
state[２,７,８]．Oneofthesignificantadvantagesofthe
δＧTRIPsteelisthepresenceofthestableδＧferritein
theheatＧaffectedzone,beingareasonforreducing
thehardnessvariationsandconsiderableductility[７,８]．
　　ResearchhasshownthatAlisanalternativealＧ



loyingelementoptimizingtheaustenitestabilityby
suppressingthe cementiteformation and could,
therefore,beconsideredasasuitablesubstitutefor
Si[１,７,８]．However,itmighthavelesspotentialinreＧ
tardingtheformationofcementitethansiliconatthe
samemassconcentrationandmightbelesseffective
inprovidingagoodcombinationofstrengthandducＧ
tility[１２Ｇ１４]．Yietal􀆰[３]showedthatunlikeSi,aluＧ
minium cannotbeconsideredasasolidsolution
strengthener,andhencethefullsubstitutionofsiliＧ
conbyanequivalentamountofaluminium mayreＧ
sultinthedeteriorationofthestrength/ductility
balance．Ontheotherhand,Weietal􀆰[１]demonstraＧ
tedthattheflowstressofthehighAlsteelishigher
thanthatofthehighSisteelattheequivalentamountof
SiandAl．Furthermore,Alisknownasastrong
ferritestabilizer,therebyfacilitatingthepresenceof
ferriteandδＧferriteduringsolidificationin TRIP
steelsandcontributingtoexcellenttensileproperＧ
ties[１４]．Suhetal􀆰[１０] havereportedthatFeＧ６MnＧ
０􀆰１CＧ３Al(mass％)steelachievedanexcellentcomＧ
binationofhightensilestrength (１０００ MPa)and
ductility(３０％)．
　　The microstructuresandtensilepropertiesof
TRIPandδＧTRIPsteelsaregreatlyinfluencedby
theconcentrationsofalloyingelements．Theeffects
ofSi,MnandC,aswellasAlonthemicrostrucＧ
tureandmechanicalpropertiesofTRIPsteelshave
beenreported[１,５,１４]．However,theeffectofNbon
thetensilepropertiesandworkＧhardeningbehavior
ofTRIPandespeciallyδＧTRIPsteelshasnotbeen
reportedwithfinalityyet．Occasionally,contradictoＧ
rystatementshavebeenreportedinthearticles．Nb
inthesolidsolutionlowersthemartensiteＧstarttemＧ
peratureandretardscarbideprecipitationduringbaiＧ
nitictransformation,therebyenhancingthequantity
ofretainedaustenite[１,６,１５]．Furthermore,Nbisknown
tobeaferritestabilizeraswell．Thefineprecipitates
ofniobium carbides,nitridesorcarbonitridescan
strengthentheferriteandrefinethegrainsize[６]．
Theimprovementof manufacturability andfinal
propertiesaswellaselevatedstretchformabilityand
edgecrack resistance of AHSS by precipitation
strengtheningandgrainrefinementhasalsobeenreＧ
portedastheeffectofNbonthesteelmechanical
properties[１,６]．Theenhancementofthetensilestrength
from７８０to８４５MPahasbeenreportedbyaddition
onNbinCＧMnＧAlＧSiTRIPsteelwithoutanydeteriＧ
orationinthetotalelongation,duetothefurtherreＧ
finementofthemultiphasemicrostructure[６]．
　　TheeffectofNbonthephasetransformation

andmorphologycannotbeneglectedeither．InTRIP
steels,theNbadditionwasfoundtoindirectlyaccelＧ
eratetransformationkineticsthroughgrainrefineＧ
ment,resultingintheproＧeutectoidferriteandupＧ
perbainiteformation[１,６,１５]．Achangeinmorphology
ofthebainiticmatrixfromlathＧliketoglobularwas
observedasaresultofgrainrefinement．Theamountof
cementitewasreducedandtheamountofretained
austeniteincreasedthroughtheadditionofNb[６,１５]．
　　Ontheotherhand,Hausmannetal􀆰[６]clearly
showedasignificantdecreaseinstrengthduetothe
additionofNbintheTRIPＧassistedsteelwiththree
differentNbcontents．Theyalsodeclaredthatthe
flowcurveoftheNbＧfreereferencematerialissteepＧ
erandthatitsworkＧhardeningrateanddifferential
nＧvaluearedistinctlyhigherthanthoseoftheNb
containingvariants,especiallyuptoaround２％ of
logarithmicstrain[６,１５]．Fengetal􀆰[１５]investigatedthe
microstructuresandmechanicalpropertiesofthehotＧ
rolledNbＧmicroalloyedTRIPsteelsbydifferentthermoＧ
mechanicalprocesses,yetwithoutusinganNbＧfree
sampleasawitnessmaterial．Thus,itcannotbereＧ
gardedasevidencefortheinfluenceoftheNbelement
onthemicrostructureandmechanicalproperties．
　　Therefore,themajorityofcurrentstudiesconＧ
cerningthestabilizingδＧferriteinalltheasＧcastand
asＧrolled states and during the subsequent heat
treatmentasasubsequenceofthesimultaneousadＧ
ditionofSiandAlinvestigatedtheeffectofthemiＧ
croalloyingNbonphasetransformationand morＧ
phologyofsteelandthetensilepropertiesandworkＧ
hardeningbehaviorofthehotＧrolledδＧTRIPtogain
abetterunderstandingoftheNbroleandprovidea
basisforalloydesignfortheAlＧSicontentofthe
highＧstrengthandhighplasticityTRIPsteels．

１　Experimental
　　Thechemicalcompositionsofthestudiedalloys
whichconsistoftheNbＧfreereferencematerialand
twoNbcontainingsteelsarelistedinTable１．The
alloyswerepreparedasingotswithdimensionsof
６０mm×７０mm×２４０mmusinganinductionvacuＧ
umfurnace．TheelectroＧslagrefining(ESR)process
wasperformedontheingotstoreducethesulfurand
phosphorcontent．
　　Theingotswerereheatedfor１０minat１２００℃
fortheroughrollingtomake１０mmslabs,followed
byaircooling．ForthemicrostructuralcharacterizaＧ
tion,thespecimenswerecutalongthelongitudinal
andverticalaxisandthesectionswereobserved．The
opticalmicroscopy(OM)wascarriedoutonthesamＧ
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