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ABSTRACT

ThehottearingsusceptibilityofaFeＧ２０９６CrＧ２１３NiＧ０１５NＧ４７６MnＧ００１Moduplexstainlesssteelwas
investigatedusingmethodofconstrainedsolidificationshrinkageinonedimension．AnapparatusforrealＧ
timemeasuringthecontractionstressandtemperatureduringsolidificationwasdeveloped, whichcan
achievetheinＧsituobservationofmeltingandsolidificationandavoidthelargetemperaturegradientof
castingundertheconditionofpouring．Theresultsshowthatthecontractionstressincreasessignificantly
whenthecoretemperatureofcastingreachestheliquidustemperature．Thecontractionstressisreleased
whenthecoretemperatureofcastingreaches１４５６°C．Atthistemperature,thehottearingsusceptibility
ofduplexstainlesssteelisthelargest．Withdecreasingthecoretemperatureto１３６３°C,theslopeofconＧ
tractionstressincreases, whichisrelatedtotheferriteＧtoＧaustenitetransformation．

１Introduction
　Duplexstainlesssteel(DSS)isastainlesssteel
composedofferriticphaseandausteniticphase,in
whichtheausteniteaccountsfor３０％to５０％．DSS
inheritssomeadvantagesfrombothferriticstainless
steelandausteniticstainlesssteelthroughthecomＧ
ponentoptimizationandthermaltreatment[１] ．OwＧ
ingtoitsgoodmechanicalpropertiesandexcellent
corrosionresistance, DSS, asanimportantstrucＧ
turalmaterial,iswidelyusedintheindustriesof
petroＧchemistry and ship building[２,３] ．However,
DSSissusceptibletohottearingdefectsduringthe
processesofsolidificationand/orweldingbecause
theseprocessesbringaboutabroadtemperature
rangeforthesolidificationofmoltensteelswithan
insufficientfluidity[４] ．
　Hottearingoccursinthemushyzoneintheprocess
ofsolidification, wherethesolidfractionishigh[５] ．
Since１９４０s,hottearinghasbeenwidelyinvestigaＧ
tedby metallurgists[６Ｇ８] ．Generally, hottearingis
presentintheinterdendriticzonewherethetemperＧ
atureishigherthansolidus．Itisnoticeablethatthe
three criticaltemperatures[９Ｇ１２] , ie, coherence
temperature, coalescencetemperatureandrigidity
temperature,arecloselyrelatedtothestrengthof

thealloyduringalloysolidification[１３,１４] ．Coherence
temperatureisthetemperaturethattheneighboring
dendritesbegintointeractandthegranularsolids
forminthemushyzones;atthistemperature, poＧ
tentialfracturescan be healed byinterdendritic
feedingofsurplusliquidsandthetensilestrengthof
thesolid/liquidalloymixtureisstillclosetozero．
Coalescencetemperatureisthetemperaturethatthe
neighboringdendritesbegintocoalesceorbridge;
thus,the “solidusbridge”formed, andthetensile
strengthofthesolid/liquidalloymixtureisdramatＧ
icallyenhanced．However, asthetensilestraininＧ
creasescontinuously,the “solidusbridge” maybe
fractured,reducingtensilestrengthgreatlyandproＧ
ducinghottearingifdendritesarenottimelyfed
whenlubricatedbytheliquidfilm．RigiditytemperＧ
atureisthetemperaturethatthecontinuousframeＧ
workisformedinthedendrites,atwhichthesolid
isnearlyfullyoccupyingthealloy．
　Inthepastdecades, numerousexperimentswere
designedtostudythe hottearing susceptibility．
TearsareusuallygeneratedduetothealloycontracＧ
tionduringsolidification, whichcanbecharacterＧ
izedbyringmouldtesting[１５] ,coldfingertesting[１６]

andbackbonemouldtesting[１７] ．However, sofar,
thebehaviorandmechanismofhottearinghavenot
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beenwelldocumented．Furthermore,thealloy′shot
tearing behavior has been investigated through
measuringthetemperature,stressandstrainduring
solidification, based on which some apparatuses
havebeendeveloped．Forexample, theapparatus
designedbyMonroeandBeckermann[１８] canexplore
thestressandstrainofTＧshapedcastingduringsoＧ
lidification;thedoubleＧsamplehottearingcontracＧ
tiondevice[１９,２０] canexplorethestressandstrainin
onedimension．Thesedevicesquantitativelyanalyze
thehottearingbehaviorinalloys, whichisbenefiＧ
cialtoestablishingtheanalysismodelandcriterion
forhottearing．Unfortunately,thiskindofdeviceis
generallysuitableforstudyinghottearingbehavior
ofnonferrousalloys．EventhoughtheimproveddeＧ
vicecouldbeusedtostudyferrousalloy,thereisa
largetemperaturegradientinthesamplebecauseof
pouringandfillingprocess, soitcouldnotreflect
thetrueshrinkagecharacteristicofferrousalloysoＧ
lidificationprocess．
　Inthepresentstudy,hottearingsusceptibilityof
theDSSisinvestigatedinanapparatusdevelopedby
theauthors．Inthisapparatus, thehugetemperaＧ
turegradientduringcastingcanbeavoided,andthe
changesoftemperatureandstressduringthesolidiＧ
ficationcanbesteadilyandefficientlyrecordedreＧ
spectivelyfromtwosamplesinthetwocavitiesat
thesametime, whichisconduciveto moreeffecＧ
tivelyquantitativeanalysis．ItiscommontotesthighＧ
temperature mechanicalpropertiesofalloysusing
methodofconstrainedsolidificationshrinkageinone
dimension．Moreover,thestudyofthehottearing
susceptibilityofferrousalloyunderinＧsitusolidifiＧ
cationisrarelyreported．

２．ExperimentalDevicesandMethods
　ThecompositionoftheDSSislistedinTable１．
ThetestingdeviceissketchedinFig１．Thisdevice
iscomposedofaheatingandargonprotectionsysＧ
tem,atransmissionsystem, andadatacollection
system．Thesamplewasmeltedandheldat１５６０°C
for５mininthecruciblefixedinthehorizontalgraphite
holder．Then,theheatingfurnacemovedquicklyto
thedefaultlocationfromtherail．TheBＧtypetherＧ
mocoupleandtestrodwereinsertedintotheliquid
immediately, withthetestrodconnected witha
stresssensor．Datafromthethermocoupleandthe
stresssensorwerecollectedbythedatacollection
system．MetalliquidsinthisapparatuswereprotecＧ
tedbyargongas．

Table１
ChemicalcompositionofDSS(mass％)

C Si Mn Cr Ni Mo Cu N Fe

００２８ ０４６ ４７６ ２０９６ ２１３ ００１ ０２０ ０１５ Balance

Fig１．　Schematicdiagramofthetestingapparatus．

　Thecrucibleandtestingpointsintheexperiment
areshowninFig２．TheAl２O３cruciblewaskilned
athightemperature．BecauseofthenonＧwettability
betweenthematerialofcrucibleandmoltensteel,
thefrictionforcecouldbeignored．AsshowninFig２,
therearetwocavitiesinthecrucible．ToavoidinterＧ
ferencefromthethermocoupleinthestresstest,
temperatureandstressdatawerenotobtainedin
onecavity; onecavitywasusedfortestingstress
duringthefreecontractionofmoltensteel,andthe
otheronewasusedforexaminingthetemperature
change．TheliquidsteelinthetwocavitieswasmelＧ
tedandsolidifiedinＧsituatthesametime．Thedata
collectedinthetwocavitiescanbeassumedasbeing
simultaneous．ThecavityisshowninFig３．The
distancebetweenthetwotestrods, whichareat
bothendsofthesampleindirectionoflength,is
１８０mm．ThisdesignismainlytoconsiderthegenＧ
erationofthecontractionstressduringthesolidifiＧ
cationshrinkageprocessinthelength direction．
Whenthefreeshrinkageinthelengthdirectionwas
constrained,thecontractionstressduringthesolidiＧ
ficationprocesscouldbetestedbythetwotestrods
atbothendsofthesample．Intheothercavity,the
thermocoupleliedinthecenterofthecrossＧsectionof

Fig２．　Schematicdiagramofthecrucible．

Fig３．　Geometryofcruciblecavity．
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