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Abstract:Forminglimitcurve(FLC)isaneffectivetooltoevaluatetheformabilityofsheetmetals．AnaccurateFLC
predictionforasheetmetalisbeneficialtoitsengineeringapplication．Aquenchedandpartitionedsteel,knownas
QP９８０,isoneofthe３rdgenerationadvancedhighstrengthsteelsandiscomposedofmartensite,ferriteandaconＧ
siderableamountofretainedaustenite(RA)．MartensitetransformationfromRAinducedbydeformation,namely,
transformationinducedplasticity(TRIP),promotesthecapabilityofworkhardeningandconsequentlyformability．
NakazimatestswerecarriedouttoobtaintheexperimentalforminglimitstrainswiththeaidofdigitalimagecorrelaＧ
tiontechniques．Scanningelectronmicroscopy(SEM)wasemployedtoexaminethefracturemorphologiesofNakaＧ
zimaspecimensoftheQP９８０steel．Theobserveddimplepatternindicatedthattensilestresswasthepredominant
factorwhichledtofailureofQP９８０specimens．Therefore,maximumtensilestresscriterion(MTSC)wasadopted
astheforminglimitcriterion．TopredicttheFLCofQP９８０steel,VonＧMisesyieldcriterionandpowerhardening
lawwereadoptedaccordingtothetestedmechanicalpropertiesofQP９８０steel．ResultswerecomparedwiththosedeＧ
rivedfromotherthreerepresentativeinstabilitytheories,e􀆰g．Hillcriterion,StorenＧRicevertextheoryandBressanＧ
Williamsmodel,whichshowsthattheMTSCbasedFLCisinbetteragreementwiththeexperimentalresults．
Keywords:forminglimitcurve;fracturemorphology;maximumtensilestresscriterion;quenchedandpartitioned
steel;highstrength

　　QP９８０steelisa３rdgenerationadvancedhigh
strengthsteel (AHSS),where Q andPindicate
quenchingandpartitioning[１],respectively．ItconＧ
sistsofmartensite,ferriteandcarbonＧenrichedreＧ
tainedaustenite(RA)．Thepresenceofhard marＧ
tensitephasepromisesthehighstrength,whilesoft
ferriteandretainedaustenite,whichinducestransＧ
formationinducedplasticity(TRIP)[２],promisegood
ductility．Thiscombinationofexcellentstrengthand
goodductilitymakesQP９８０steelbecomeoneofthe
mostpotentialvehiclelightweightmaterial．ThemeＧ
chanicalpropertiesatroomtemperature[３]andneckＧ
ingphenomenonunderuniaxialtension[４]ofquenched
andpartitionedsteel(Q&Psteel)werestudied．AcＧ
curateevaluationoftheformabilityofQP９８０steelis

ofutmostimportanceforitsapplicationintoautoＧ
bodyparts．
　　Forminglimitcurve(FLC),whichwasfirstinＧ
troducedbyKeelerandBackofen[５],isaneffective
tooltoevaluatetheformabilityofsheetmetals．The
FLCscanbeobtainedfrom Nakazimatests[６]and
Marciniaktests[７]．However,theexperimentsare
highlycostandtimeconsuming．Furthermore,due
tothefactthatforsomeAHSS,thesamplestendto
failattheradiusofthepunch(forMarciniaktests)
ordie(forNakazimatests)earlier,itcanbevery
difficulttoacquirethewholeFLCsexperimentally．
Therefore,predictivemodelsforFLCarenecessary．
　　TheaccuracyofthepredictivemodelsforFLC
greatlydependsontheinstabilitycriteria．SeveralloＧ



calizedinstability theories have been developed,
suchasHillcriterion[８],MarciniakＧKuczynski(MＧK)
grovetheory[７],StorenＧRice(SＧR)vertextheory[９],
BressanＧWilliams(BＧW)model[１０]andsoon．ItisexＧ
perimentallyfoundthat,forQP９８０steel,thepreＧ
dictedFLCsbasedonexistinginstabilitytheoriesare
notinaccordancewiththeexperimentalFLC．New
instabilitycriteria,whicharesuitableforAHSS,
shouldbeproposed．Studies[１１,１２]suggestedthatthe
criteriacommonlyusedinbrittlematerialsmaybe
suitableforAHSS．Wierzbickietal􀆰[１１]showedthat
maximumshearstress(MSS)criterioncansuccessＧ
fullypredictthefailureof２０２４ＧT３５１aluminumalＧ
loyinawiderangeoftests．Baiand Wierzbicki[１２]

proposedanewcriterion(referredasMMC)bymodifＧ
yingMohrＧColumncriterion,whichisusedtoevaluＧ
atethestrengthofsoilandrock,andshowedthat
MMCcanbesuccessfullyappliedtopredicttheformＧ
abilityof２０２４ＧT３５１aluminumalloyandTRIP６９０
steelsheet．
　　Inthiswork,inordertofindoutthepredomiＧ
nantfactorthatleadstotheinstabilityofQP９８０
steel,Nakajimatestswiththeaidofdigitalimage
correlation(DIC)techniques[１３]wereconducted,and

scanningelectronmicroscopy(SEM)wasemployed
toexaminethefracture morphologies of QP９８０
specimensafter Nakazimatesting．Based onthe
SEMobservation,asuitableinstabilitycriterionwas
proposedandtheFLCofQP９８０steelwaspredicted．
BycomparingwiththeexperimentalFLC,theinstaＧ
bilitycriterionandtheconsequentpredictivemodel
forFLCarevalidated．

１　Experimental
　　ThemicrostructureofQP９８０steelstudiedin
thisworkiscomposedofmartensite(５８􀆰４at􀆰％),
ferrite(３０at􀆰％)andaustenite(１１􀆰６at􀆰％)．The
gaugethicknessis１􀆰６mm．ThemechanicalproperＧ
tiesofQP９８０steelarelistedinTable１．Nakazima
tests[６]withtheaidofDICtechniqueswereconducＧ
tedonInterlakenservoＧcontrolledhydraulicpressto
getstrainpathsfromuniaxialtensiontobalancedbiＧ
axialtension,byvaryingthespecimenwidthfrom
２０mmto１８０mm．Here,thewidthdirectionofspeciＧ
mensisalongtherollingdirection(RD)．Thedetail
dimensionsofallused Nakazima specimens are
showninFig􀆰１andTable２．Thediameterofthe
sphericalpunchis１００mm．

Table１　MechanicalpropertiesofQP９８０atroomtemperature
Degreeto
RD/(°)

Yieldstrength/
MPa

Tensilestrength/
MPa

Uniformelongation/
％

Elongationat
fracture/％

Lankfordparameters
(R０,R４５,R９０)

０ ８２８±１８ １０１５±６ １０􀆰９±０􀆰５ １５􀆰８±０􀆰４ ０􀆰９８５±０􀆰０６８
４５ ８２３±１５ １００７±２ １０􀆰２±０􀆰７ １５􀆰３±０􀆰８ １􀆰０３２±０􀆰１０５
９０ ８４３±２１ １０１１±２ １０􀆰５±０􀆰４ １５􀆰１±０􀆰５ ０􀆰９５０±０􀆰０６８

Fig􀆰１　IllustrationforgeometriesofNakazimaspecimens

　Table２　DimensionsofNakazimaspecimens　　mm

Specimen
number

１ ２ ３ ４ ５ ６ ７ ８ ９

a １８０ １８０ １８０ １８０ １８０ １８０ １８０ １８０ １８０
b ２０ ４０ ６０ ８０ １００ １２０ １４０ １６０ １８０
c ３０ ５５ ８０ １００ １２０ １４０ １４０ １６０ １８０
d １００ ８０ ６０ ４０ ２０ ０ ０ ０ ０

　　BeforeperformingNakazimatests,thespeciＧ
mensurfaceswerecleanedwithalcohol,andthen
specklepatterns,composedofonelayerofwhite
paintandblackpaintdotswithsizeofabout０􀆰５mm
onthewhitepaintlayer,wereappliedonthecleaned
specimensurfaces．A Teflonsheetwithathickness
of０􀆰１ mmasalubricantwasplacedbetweenthe
sphericalpunchandNakazimaspecimen．
　　DuringallNakazimatests,aclampingforceof
２０００kNwasapplied,andthepunchspeedwasset
to１mm/s．TheframingrateoftheDICcameraswas
１４frame/s．
　　DICＧGridmethod,whichwasproposedbyZhang
etal􀆰[１４],wasemployedtoacquiretheexperimental
FLC．
　　ItisimportanttounderstandthefailuremechaＧ
nismofQP９８０steelbeforeformabilityprediction．
ObservationofthefracturemorphologyisanimporＧ
tantmethodtoinvestigatethefailuremechanism．SEM
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