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Abstract:Nonmetallicinclusionsmixedintolargeforgedmetalobjectsdestroythecontinuityinthemetalandaffect
thequalityoftheforgedproduct．ResearchonhowinclusionsaffecttheplasticdeformationofamatrixshowsthesigＧ
nificanceoftheformationmechanismofinclusiondefects．Forupsetforging,thenonlinearfiniteelementmodelwas
showntobeappropriatefortheingothotＧforgingprocessbycomparingtheresultswithexperimentsinvolvingplastic
andhardinclusionsinsertedintotheforgedpiece．ThehighＧtemperaturestressＧstraincurvesofMnSplasticinclusions
wereobtainedexperimentally．Theresultsshowhow,duringupsetting,themorphologyofMnSplasticinclusions
variesfromsphericaltoellipsoidal,untilfinallybecomingflatinshape．Thelargertheinclusionis,thelargerthedeＧ
greeofdeformationoftheinclusionis,andlargeinclusionsenhancetheriskofthefinalproductfailingtopassinＧ
spectionforinclusionflaws．Strainsignificantlyconcentratesinthematrixnearahardinclusion．WhenthehardinＧ
clusionreachesacertainsize,conicalfracturesformonbothsidesoftheinclusion．TopassinclusionＧflawinspection
andcloseholedefectstotheextentpossible,theflatＧanvilupsettingisrecommended．Finally,theinclusionＧdeformaＧ
tionstateobtainedbyfiniteelementsimulationisverifiedexperimentally．
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　　Nonmetallicinclusionsmixedintolargeforged
metalobjectsconstitute metallurgicaldefectsand
destroythecontinuityoftheforgedmaterial,reducＧ
ingthereliabilityandsafetyoftheforgedpiece[１Ｇ３]．
Atthesametime,oneofthemainreasonsthatlarge
forgedpiecesarescrappedisthattheyfailtopass
flawinspectionbecauseofinclusiondefects．InaddiＧ
tion,suchdefectshavethepotentialofcausingthe
failureofforgedproducts[４,５],whichcanleadtosigＧ
nificantlossesforboththeproducerandconsumer．
Inrecentyears,anincreasehavebeenseeninthe
sizeofhighＧendequipmentandlargeforgedprodＧ
ucts,whichfurtherincreasestheexpenseofbroken
forgedpiecescausedbyinclusiondefects．Thus,reＧ
searchonbreakingplasticinclusionswithoutcausing
inclusionＧfracture porosity defects in the forging
processhasbecomeevenmoreimportant．
　　ThefiniteelementmethodiswidelyusedtoreＧ
searchinclusiondeformationinamatrix．ForexamＧ
ple,Luoetal[６,７]andYuetal[８,９]studiedthedeＧ

formationofinclusionsinthehotrollingprocessby
usingthefiniteelementmethodandanalyzedhowthe
processparametersaffectedtheevolution ofthe
morphologyoftheinclusions．Othergroupsusedthe
nonlinearfiniteelementmethodtoanalyzethespeＧ
ciesanddeformationcharacteristicsofinclusionsinＧ
sidebulkingot(centralsphericalplasticandhardinＧ
clusions)[１０]．OthernumericalstudiesconsideredhotＧ
rolledsteelbyanalyzingtheevolutionofinclusion
morphologyandtheformationrulesnearvoid[１１]．In
thesestudies,howthehotＧrollingparametersand
thesizeandlocationofinclusionsaffecttheevoluＧ
tionofdifferenttypesofinclusiondefectswasconＧ
sidered．Theeffectsoftemperature,friction,toolＧ
ing,andotherfactorsonforgingandinclusiondeＧ
formationwerestudiedforupsetforgingbyusing
threeＧdimensionalfiniteＧelementsoftware (DeformＧ
３D)．Thedeformationlawsgoverningtheinclusion
shapeandsizeforvariousupsettingprocesseswere
obtained[１２]．



　 　Accordingtotheplasticdeformability,nonＧ
metallicinclusionsinsteelingotcanbeclassifiedas
hardinclusions(eg,Al２O３)andplasticinclusions
(eg,MnS)．ResearchonhowingotＧmatrixincluＧ
sionsobeytheplasticdeformationlawisimportant
forrecognizinghowinclusionＧcrackdefectsform．In
addition,becauseexperimentaldata on physicalＧ
functionparametersarelacking,researchintothe
performanceparametersofnonmetallicinclusionsin
hotdeformationshasusedsomeassumptionsthatlacka
solidtheoreticalorexperimentalfoundation[１０Ｇ１２]．Inthe
presentwork,however,thehighＧtemperaturerheoＧ
logicalparametersofMnSplasticinclusionswerediＧ
rectlymeasuredbyexperiment,andtheresultsof
measurementsofMnShighＧtemperatureflowstress
wereusedinthefiniteelementsimulation．Itwas
analyzedhowtheparametersoftheforgingprocessafＧ
fectthedeformationstatusofMnSinclusions．FurtherＧ
more,italsostudiedhowhardinclusionsaffectthe
formationoflargeＧforgingdeformationdefects．The
veracityofthefiniteelementdescriptionofinclusion
deformationwasalsoverifiedexperimentally．

１　MnSHighＧtemperatureStressＧstrainCurve
１１　Specimensandexperimentalapparatus
　　TheMnScylindricalspecimensof１０mmindiＧ
ameterand１５mminlengthwerepreparedbyhotＧ
presssinteringusingindustrialＧgrade MnSpowder
asraw material．TheMnSspecimenshadarelative
densityof９３９３％andanapparentporosityof４９０％．
Fig１showsascanningelectronmicroscope(SEM)
imageofthefracturedsurfaceofa MnSsintered
specimen．Thespecimen hasfew pores,andthe
MnSparticlesarecloselyintegrated．ForhotＧcomＧ
pression measurements,the GleebleＧ３５００thermalＧ
mechanicalsimulatorwasthemainexperimentalequipＧ
ment．Fig２showstheapparatusforheatingandapＧ
plyingpressuretoaMnSspecimen．ThedeviceconＧ
sistsoftwotubesandtwoanvils,oneatanendofeach

Fig１　SEMimagesoffracturedsurfaceofMnSspecimen

Fig２　Apparatusforheatingandapplying
pressuretoMnSspecimen

tube．Thespecimenwasplacedcentrallyinthespace
formedbythetubesandanvilsandwasclampedby
thetwoanvils．Tomeasuretemperature,thetherＧ
mocoupleswereweldedontothecylindricalsurface
ofthesteelanvils．

１２　Experimentalprocedure
　　DuringthehotＧcompression measurements,a
highＧtemperaturelubricantwasappliedandgraphite
paperwasplacedonbothendsofthespecimensto
decreasefrictioneffectsandensureuniformandstaＧ
bledeformation．Themeasurementsweremadeinan
argon atmosphereandthe MnS specimens were
heatedbyconductionandradiation．TheMnSspeciＧ
menswereheatedat５５ ℃/mintothedeformation
temperatures,heldatthistemperaturefor５ min,
andthensubjectedtocompressivedeformation．AfＧ
tercompression,thespecimenswereslowlycooled
toroomtemperature．Becauseofthelargesizeofthe
hydraulicequipmentandthedistributionofincluＧ
sionsintheingot,thedeformationtemperaturewas
chosentobe１１５０and１２００℃,andthestrainrate
was００００１,０００１,and００１s－１,respectively．

１３　Experimentalresults
　　Fig３showstheMnShighＧtemperaturestressＧ
straindata．Theresultsshowthat,forstrainratesof
００００１and０００１s－１,stressmutationsoccuratthe
onsetofdeformation(thestressincreasesandthen
decreases)．Asthestrainincreases,thestressinＧ
creasesandtendstostabilizebytheendofdeformaＧ
tion．Forastrainrateof００１s－１,thestressrapidly
increasesatthedeformationprophase,andthendeＧ
creasesslowlyandfinallystabilizes．Atthesamestrain,
thestressincreaseswithincreasingthestrainrate．
Foradeformationtemperatureof１１５０(１２００)℃,
thestressstabilizesatapproximately３３,５６,and
７５MPa(３０,４３,and４８MPa)．Theseresultsshow
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