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lNTRODUCT10N

Onthenucleationofspheroidalgraphite（SG）inliquidiron，many

theorieshavebeenreportedtodate．TheyarerOughlydividedinto

twogroups・Oneistheheterogeneousnucleustheory，1－9andanother

isthebubbletheory．10，）60therthanthesetwotheories，thehomoge－

neousnucleustheory17‾20hasbeenproposedbysomeresearChers，

butduetolackofexperimentalverincation，nOSeriousattentionhas

beenpaidtothistheory．

TheheterogeneousnucleustheoryclaimsthatSGnucleateson

theheterogeneousnuclei，Whichmaybesulfide，OXide，nitrideand／

OrCarbideofMg，Caorrareearthelements・ThisideaisqultePOpular

innotonlythenucleationofSGbutalsothatofothercrystalgrain・

ThistheorylSnOt，however，SufficienttoexplainthenucleationofSG

becauseofthefollowlngreaSOnS：Althoughsomegraphitenodules

havenuclei－1ikeo句ectsattheircenter，itlSquitedimculttoshowthat

SuChnucleiexistinal1theSG．Itisalsodifficulttoimaglnethatthey

work for the nucleation of SG and continue to afftct the final

morphologywiththespheroidalformandthepolycrystalsubstruC－

ture．Furthermore，thistheorycannotexplainthephenomenonthat

SGfbrmsinpureNi－CandFe－C－Sialloywithoutadditionofany

spheroidizerelements，Whentheliquidalloysarerapidlysolidified・21

ThebubbletheorywasfirstproposedbyGorschkovetal・，10and

Otherresearchersll・12・14followed．Atthattime，thebubbletheorywas

hardlyknownamongmetallurgistsbecauseitonlylmPliedthatthe

gasbubblewasrelatedtothenucleationofSG，andgavenoother

detailedexplanation．However，thebubbletheorywasconsiderably

progressedbyYamamoto，Kawano，Changetal・13・t5・16Thelatest

bubbletheorylSSummarizedasfollows：

1．GraphitenucleatesonthewallofavaporizedMgandCagas

bubblebecauseofthefreesurface．

2．1nrareearthelements，theadsorbedhydrogenistheresource

Ofagasbubble．

3．Thefadingphenomenoniscausedbythelossofagasbubble・

4．Spheroidalgraphitecanalsobeobtainedbyanyothergas

bubbles．

5．ThegasbubbleguaranteestheinitialformofSG・
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OnthegrowthmechanismofSG，agreatnumberoftheorieshave

beenreported，tOdate．Intherecenttheories，however，theseare

roughlyclassifiedintotwogroups・Thefirstoneisthedislocation

theory，22－12andtheanotheristhebubbletheory・13，15・16

Inthelastdecade，themostpopulartheoryhasbeenthedisloca－

tiontheory．ThedislocationtheoryclaimsthatSGisformedasthe

resultofthespiralgrowthbyscrewdislocation，Whenliquidironis

treatedbyMg，Caandrareearthelements・Thismaybethereason

thatthesurfaceofSGlookedlikethespiralendwhenitssectionand

SurfacewereobservedbySEM．Thiswasconnrmedfurtherbythe

SEMobservationofthegrowthendofCVandchunkygraphite，fbr

thesamereasonasSG．Theproposalofscrewdislocationmecha－

nismsisbasedonthefbllowlngreaSOnS：

l・Nucleicontainedspheroidizerelement・28・33

2．Activation of melt一graphiteinterface by adsorptlOn Of

SPheroidizerelementsonthepnsmfaceofgraphitecrys－

tal．34，38

3・Undercoolingofmeltbyspheroidizerelements・39140

4・ChangeofthegrowthvelocltyOnthea－aXisandc－aXisinthe

graphitecrystalbyamountofspheroidizerelementsandby

solidificationrate．41

However，thespiralsubstruCtureOnSpheroidal，CV，OrChunky

graphitehasnotyetbeenverifiedexperimentally・Thescrewdislo－

Cationisacommondefectingraphitecrystal，4346regardlessofthe

growthprocess・Furthermore，theSGisobtainablewithoutaddition

Ofanyspheroidizerelements・13・15・16Thisleadstotheassumptionthat

thesplralgrowthenhancedbyspheroidizerisunnecessarytOgrOW

Spheroidalgraphite・

Inthebubbletheory，thegrowthofSGisbasedonthenatural

growthbehaviorofgraphitecrystalstruCture・Thegrowthmecha－

nismunderthebubbletheorycanbesummarizedasfollows：

1．Graphitecentnpetallygrowsintospheregraphiteinagas

bubble．

2・Afterspheregraphiteissurroundedbyausteniteshell，Sphere

graphitegrowsoutwardandintogeneralSG・

3．SpheroidalgraphitehasapolycrystallinestruCtureandcon－

Sistsofmanythinplates・Eachplate，sfaceisthebasalplane・

Thedominantgrowthdirectionisalongthea－aXis・

Theyhavenot，however，SuCCeededtoverifytheevidenceofMg

relatlngtOSGbytheanalyticalmethodandthedetailsubstruCture・

Nothingwasclaimedonthenucleationandgrowthmechanismof

CVandchunkygraphite．Threetypesofgraphitemustbeexplained

bythesingletheory，becausethesamespheroidizerisused・

In solidiron，it seems that a voidis verylmpOrtant fbrthe

nucleationandgrowthoftempergraphite，justlikethegasbubblein

liquidiron・Itisgenerallyknown，atpreSent，thattempergraphite

nucleatesandgrowsatthevoiddeftctinsolidiron・Themorphology

Oftempergraphitedependsontheshapeofsuchdeficts・Thedeftcts

maybeitemizedasfollows：

1．Void．47

2．Crackincementite．48

3．PhaseinterfacebetweencementiteandmatriX．49－52

4．PhaseinterfacebetweenaninclusionandmatriX．53，54

5・Grainboundary・55

6．InterfacebetweeninsertmaterialandmatriX．56

7．Jointinterfaceofdiffusionally－bondedSGiron．57

8．Freesurfaceonwhiteiron58andonthinplateofcarbonsteel・59

96・131 79



Ifthevoid’sshapecouldbecontrolled，themorphologyoftemper

graphitewouldbecontrolled・Lee60hassucceededingettlngaVOid

tobespheroidalinshapebyheattreatment．Similarphenomenahave

beenreportedbyHanawaetal・61inpowdermetallurgyproductsof

Fe－Si－CandNi－Csystems・Kawanoetal・62havereportedthatthe

eutecticgraphitecanbegranulizedbycyclicheattreatment．

Itcanbeconsideredthataspheroidalvoidinsolidironandagas

bubbleinliquidironaresimilarsitesforthenucleationandgrowth

OfSG．Thereisnodifftrencebetweenthesefreesurfacesfbrthe

nucleationandgrowthofSG・FromthispolntOfview，itlSpredicted

thatthemorphologyofnotonlySGbutalsoallothertypesofgraphite

inMg－treatedironsisdeterminedbythemorphologyofthevoidor

anylnterfacesonthesitewherethegraphitenucleatesandgrows・

Inthispaper，aneWtheorylSprOPOSed，Shownbyexperimental

evidence，thatcanexplain awiderrange ofphenomenaon the

graphitespheroidizationthancanthebubbletheory．

FUNDAMENTALBEHAVl0ROF

MAGNESIUMINIRON75

WhenMgspheroidizerisaddedintoliquidiron，temperaturegradi－

entarisesfromthecentertowardthesurface・Withsuchtemperature

gradient，theMgstatechangesfromsolidtoliquidand，further，tOgaS

ThegenerationofMgvaporoccursonthesurfaceoverapproxi－

matelyllOOC（2122F）．Thistypeofvaporizationbehaviorisreftrred

toasthelocaltypeinthesurfaceboilingmode．63Theformation

mechanismofan Mggasbubbleinliquidironby vaporization

behaviorisillustratedinFig・1・AfterthedischargeoftheMggas

bubble，thevaporgenerationstopsforawhile，becauseliquidiron

COntaCtlngWiththeMgspheroidizermaylocallyreducethetempera－

turebythelatentheat・ThenextnucleationoftheMggasbubblemay

OCCuragaln，WhentheliquidironregalnSthetemperature．

ThecycleofthenucleationandthedischargeoftheMggas

bubblemayberepeateduntilalltheliquidMgisconsumed．The

CyClespeed，therefore，dependsonthetemperatureofthebaseliquid

iron・SinceMghasalmostnosolubilitylnliquidironunderatmo－

Sphericpressure，64mostofthevaporgasmaystayasagasbubble・

ThesizeofanMggasbubbleinliquidironcanbecalculatedby：

P（Mg）＝P。＋Pgh＋2Vr　　　　　　　　　　　　　　（1）

Where P（Mg）＝Mgvaporpressure（g／cm2）

【logP（Mg）＝－1．299xlO4／T＋4．958】65

T　　＝Spheroidizingtemperature（rankinescale）

Pa　　＝atmOSphericpressure（1atm＝1．013xlO6dyn／cm2）

P　　＝densityofliquidiron（6．7g／cm3）66L68

g　　＝graVitationalacceleration（980cm／sec2）

h　　＝depthofliquidiron（cm）

Y　　＝Surfacetensionofliquidiron

（1350dynJcm2at1355C（2607F）66・69－7l

r　　　＝bubbleradius（cm）

Addition Gain or heat
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IfliquidironweretreatedwithMgspheroidizerat1450C（2787F）

andthedepthofliquidironwas1－100cm，thediameterofanMggas

bubblewouldbe6pm・AccordingtoStoke’sequation，thissizeof

MggasbubblenoatsattheratioofapproximatelylOcm仙our，aS

Calculatedthrough：

U＝2r2／911・（P。一P）・g （2）

Where U　＝floatingrateofbubbleinliquidiron（cm／sec）

r　＝bubbleradius（cm）

Tl　＝Viscosityofliquidiron（0．05g／cm・SeC72）

P。＝densityofliquidiron（6．7g／cm3）

P　＝densityofbubble（＝Og／cm3）

g　＝graVitationalacceleration（980cm／sec2）

Then，theMggasbubblecansuspendfbrO・1－10hoursinliquid

iron・IftheliquidirontemperaturenearSpheroidizerintermittently

Wentdownfrom1450C（2787F），thediameterofanMggasbubble

WOuldbelargerthan6llm・Forexample，theaveragebubblediameter

WOuldbe19pmat1300C（2502F）．Thisvalueisnearlyequaltothe

SizeobservedbyYamamotoetal・13Then，thefloatlngrateandthe

SuSpenSiontimewouldbelOOcm仙ourandO．01－1hour，reSPeC－

tively，lnlTlOOcmdepthliquidiron・Thecalculatednoatingrateand

thesuspenSiontimewellreflectthefadingphenomenaofMg，73in

practice．

ThedispersionofanMggasbubbleinliquidironisconductedby

forcedTStirrlngduringspheroidizingtreatmentandbyself－Stimng

fromtheconvectionofliquidiron・Inthecaseoffbrced－Stimng，the

liquidironisstirredbythetapplngStream・Inpractice，Stimngisthe

necessaryconditionforgoodspheroidizingtreatment，inanycase．

On the otherhand，in self－Stimng，1iquidironis stirredby the

bubblingeffectoftheMggasbubble，aSimilarphenomenontoAr

bubblingfbrotherliquidmetals．

Thus，itlSpOSSibletoform，SuSpendanddisperseMggasbubbles

in）iquidiron．Graphite may dominantly nucleate onto the wall

becauseofthefreesurface．

NUCLEATl0NANDGROWTHOFGRAPHJTE74，75

ThenucleationandgrowthbehaviorofgraphiteinMg－treatedliquid

ironwereobserved，uSlngOptlCalmicroscopy・ThespeCimenswere

quenchedintoawaterbathfromtheliquidstate，directly，andatthe

Selectedpointsduringthesolidincation．SpheregraphiteunderlO

PmdirectlypreclpltateSinliquidironwithoutanausteniteshell，

though the nnalmorphologylS SPheroidal，CV and／or chunky

graphitestruCture・TheexampleisshowninFig．2．Thesizeofsphere

graphitewellmatchesthecalculatedvalue（＜10pm）ofanMggas

bubbleinfbrmersections．

Repeat
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Afterspheregraphiteissurroundedwithausteniteshell，itgrows

intospheroidaland／orCVgraphite，dependingontheconditionof

liquidchannel．75Ifspheregraphitewereisolatedfromresidualliquid

iron，itwouldgrowintoSG（Fig．3）．Ifspheregraphitewereincontact

withresiduaHiquidironthroughliquidchannel，itwouldgrowinto

CVgraphite（Fig．4）・Ontheotherhand，Chunkygraphitehasno

directrelationtospheregraphite．WhenSGstopsthegrowth，Chunky

graphitenewlynucleatesataninclusionTauSteniteinterfacearound

austeniteshellandaustenitedendrite（Fig．5）．Thisiswhythenodule

numberistoosmallandthenodulediameteristoobigtogrowlarger

duringsolidification・

Thesephenomenasuggestthatthegraphitemorphologydepends

Onthesitewheregraphitenucleatesandgrows．Thenucleationand

growthprocessofspheroidal，CVandchunkygraphiteisschemati－

CallyillustratedinFig・6・
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DIRECTOBSERVAT10NOFMAGNESIUM

RELATINGTOSPHEROIDIZATl0N76，77

AccordingtothefundamentalcharacteristicofMgintheliquidand

SOlidstate，itwasexpectedthattherewasanMg－richlayeraround

everySG．ThedirectobservationofMgwas，therefore，triedusing

electronprobemicroanalyzer（EPMA）inconjunctionwithacolored

mappingdisplaysystem．Asexpected．Mgwasprominentaroundthe

Perimeterofeverygraphitenodule，reSemblingthehalopresentina

totalsolareclipse．TheMgmapisshowninFig．7．Somegraphite

nodulescontainedinclusionsconsistlngOfan Mgoxide system．

However，thosegraphitenoduleswerealsosurroundedbytheMg

halo・Mostinclusionswereobservedattheferritegrainboundaries，

espeCiallyinthereglOnamOngtheoldausteniteskeleton．Thisarea

equatestothereglOnWhereitsolidinesatalatestageoftheeutectic

solidification．

Thissuggeststhatinclusionsdonotinnuencethenucleationof

SGduringtheearlystageofsolidification，becausethepresentsites

Ofmostinclusionsequatedtothelatterstageofsolidification．ltis

thoughtthatsuchaninclusionbecomestrappedinanMggasbubble，

andgraphite subsequentlypreclpltateSinthe same bubble．Asa

result，ifthereweremanylnClusionspresentinMg－treatedliquid

iron．therewouldbemorecaseswhereinclusionswereattractedto

Mggasbubblesand，aSaCOnSequenCe，entraPpedinthegraphite

nodules．

Asisgenerallyknown，Sihasastrongrelationtothenucleation

andgrowthofSG・EverygraphitenoduleexistedinanSi－richreglOn，

asshowninFig・7・ltiscertainthatgraphitepredominantlynucleates

andgrowsontothewallofanMggasbubbleintheSi－richreglOn．It

isnaturalforahighnodulecounttohaveagreatnumberofMggas
bubblesinsuchanSi－richreglOn．ThereglOnisintroducedintoliquid

ironbyinoculation．
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Spheroidal graphlte

CV gr－aphite

SUBSTRUCTUREOFGRAPHITEHISTORY76，78

The eutectic cells ofspheroidal，CV and chunky graphite were

electrolytlCa11yextractedfromirons．Eachtypeofextractedgraphite

WaSObservedusingSEMwithahighresoIvlngability．TheSEM

photosareshowninFigs．8－10．

Thespheroidal，CVandchunkygraphiteappeardifftrentfrom

eachother，buttheirsubstructurewasbasicallythesame．Theywere

SimilarlyconstruCtedbythepilingupofthingraphiteplates．Each

Plate’s face was parallelto the surface．The diffraction pattern

measuredwithscanningtransmissionelectronmicroscopy（STEM）
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Showedthatsuchplate’sfacewasthebasalplaneofthegraphite

CryStal・This means that the naturalgrowth behaviorwas never

Changed by other factors and was kept along the a－aXis ofthe

hexagonalgraphitecrystalstruCture．

Thesubstructurewasalsoverifiedanotherway・Eachtypeof

extractedgraphitewaseasilydisintegratedintoaslngleplate，block

Withplates，etC・，withoutanybreakage，uSlngultrasonicvibration

作りわ匂わmag川〟ca〟0nOfSFM

F短．8．SEMsれJCfu佗0／eズ旭C始dSGce〟．
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force・No otherbehavior，SuCh as splralgrowth、WaS Observed・

ExamplesofadisintegratedgraphiteplateareshowninFig．11．

Ttisconsideredthatspheroidal，CVandchunkygraphitetakethe

Samebehavioronthenucleationandgrowthinasimilarvesse1－1ike

Site．Otherwise，theycannothavebasicallythesamesubstructure．

ThenucleationandgrowthbehaviorofgraphiteinanMggasbubble

areshowninFig．12．

狩りわ匂わma9∩溝Ca OnO SEM
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PROPOSALOFTHESITETHEORY

AtheorydiscussedintheIntroductionwasverifiedshowlngmany

experimentalevidences・Itisclearthateverygraphitemorphology

formedinMg－treatedliquidironsdependsonthesitewhereeach

typeofgraphitenucleatesandgrows・Ontheirgrowth，thenatural

growthbehaviorofthehexagonalgraphitecrystalstruCtureisnever

Changedbyotherfactors・Thetheorycanbealsoappliedtoother

typesofgraphiteinliquidandsolidstate・Hence，thistheorylSnamed

asthesitetheory．

ApplicationoftheSiteTheory

Accordingtothesitetheory，1tisverylmpOrtanttOkeepthefollowlng

threeitemsinliquidiron，befbreandduringthesolidification：

1・EnoughMggasbubbles

2．HighSisegregation

3．Lessimpunty

Calciumandceriumtumintoimpuritiesinthecaseofheavy－

SeCtionductilecastiron，becausetheyfbrminclusionsandcausethe

PreClpltationofchunkygraphite．Thekeypolntistoknowwhatis

happenlnginthemicro－areaOfliquidiron．
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