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INTRODUCTIOy

This paperis concemed vith the appiication of the SZTE THEORY

（1・2・42・43）in the quaiity controi of heavy section spheroida1

9raphite　く；aSt iron（Spheroida19raphite＝5．9．ト　Thi80f s．9．
CaStiron reqvlreS the higheStievei of super－integrated qpiitY

ever to be covered by any specification．　The castironinvoIved

is a highiY StreSSed maコOr COJnpOnent，the piaten of a high

presSWe plasticinjection machine．　Fi9．13howS a Sin91eline
Sketch of this heavY SeCtion castiron・　The veight and maximum

Ro咄日代1ght　　36000kg＄

hll thiebt8＄　月頃．2J持mm

FIG・1S・G・CastIron by the Appiication of the SITE THEORY；

Part of　2800Tons Die－Clamp一才orce PlasticInjection

Machine．　Cross11atched Area Shovs Criticai Sections

Of the Cast　ェronin USe．
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TAB工IE I

Mechanicai PropertY RequirementS For Heavy Section S．G．

Ca層tェrOn Stlldiedin ThiS paper．（3－5）

Tensileproperties3） �Brlnel13） hardne88 10／3000 �ェmpact3） Value．CVN Kgf・m／cml �Fraturetoughness 

0・2％Proof　　Tensile　Elongation　　Reduction ���Kg霊′lKgr′mm 　JIc5） 

Stf・eBS　StI・ength　　　　lnarea Kgr／mmIKgr／mml　％　　　％ 

≒21・2　　　35．8－36．8　15．0－20．9　　15．1＿25．3 �126－130 �2．8－2．9 � 

Va11　thickness of this cast iron are　36tons and　245mm

respectiveiy・　At aii of the criticai sections of the castiron

must conform to reqvired mechanicai property specificationsl and

the natrix mlSt be shrinkage free・　Furthemore，the mechanical

propertiesin the castiron must be eqvivaient to those reqTlired
for nuciear vaBte COntainers vhich have the optimumievei of

甲laiitY Obtainabiein heavY SeCtion s・g・．CaStirons at the

present time・The mechanicai property reqmrementS are Shovnin

Tablel（3－5）・　Zn this particuiar case，impact vaiues vere not

requiredin applieation becauSe Of the different u8a9e Or SOit

Zn the paSt・the chemical coJnpOSition・the Bpheroidiziing

treatment andinocuiationpractice，m0idingmethods，and casting

design vere not cioseiY COntr011ed・EspeciaiiY，CaSting design

VaS adopted from that of cast steei even though the

SOiidification behavior of each metaiis quite different．As a

resuit・manY unfavorabie micro－　and macro－　defects occurredin

f：；器V；Ctioncastirons・AiistofthesemaコOrdefectSisas

1・Chunky9raphite

2・Miero and macro8hrinkage

3・Coarse and hu9e9raphite

nodules（low nodule count）

4．Graphite flotation and

H9dro58

5．Ne9ative chil1

6・Swelling and depresSion

At the present time・uSing conventionai s・g・CaStiron production

inpracticeitis noIongerposSibietomeet themostrecentiyup

graded specifications for heavY SeCtion castirons as shovnin

加ong the defects noted above・the precipitation of chunky

graphiteis the most serious and the uncomprehensibie problem as
it reiates to the conventionai theories of s・g・fomation．When

detrimentai effect of chnkY graphite on the mechanical

PrOperties of s・g・CaStiron vas first recogniz＝ed，many different

method8　reCOmnended to overcome this problem（6－27）．　The

maコOrity of theSe reCOmmendation have oniy been marginailY

effective・Hany vere not・hovever・alvays effectiveinpractice．
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Shrinkage defects vere the next most serious problem・　Some

investigators（28）oniY reCOmnended the u讐Ofrisers to prevent

Shrinka9ein s・9．　Ca5t irons．　Other lnVeSti9atOrき　（29．30）

recozttmended both the riseriess feeding sYStem design，and the

riser feedin9　5yStem tO COntr01　8hrinkage．　　Actually′　eaCh

feeding system desigrn seems to be satisfactory for certain

CaSting deSign criteria，but not for a11．

Hovever，　COuntermeaBure8　tO COntr01　these tvo kinds of defects

Can eaSiiY be considered at the same time using the SZTE THEORY．

Other defectS Can aiso be prevented bY these countermeasures．

Foundry practice u8ed to produce the　9rade of s．9．Caさt iron

deきCribed in Tablel will be introdlユCed in this paper．　The

method of production contr01usedis the S工TE THEORY．　USing this

approach′　quality can be evaluated on the basis of soundneきき　and

mechanical properties．　Another　5．g．castiron simiiar to above

Vill be produced using conventional procedures，and the qvality

Vill be compared vith the above．

ApPLICAでION OF THE S工でE THEORY IN PRACでICE

The quaiitY COntr010f heavy section s・g・CaStironsis based on

the soiidification controi　　under the SITE THEORY．　　　The

COntr0111m9fa。tOrS areliSted below；

1・Reduction of the time duration fromiiqTlid treatment to

the soiidification start and finaily toits compietion・

2．Uniform　801idification

3・℡he effective uSe Of eutectic expansion volume and force・

The First FactoriきPrimariiy used to provide an optimⅦmievei of

S・g・formation，and superior mechanicai properties．In order to

provide these requlrementS，the uSe Of chillerS and a riSerless

feeding sYStem is necessary・　The correct design and uSe Of

Chiliersin combination with the riserless feeding technique are

indispensabie to reduce the time intervai from beginning of

SOlidification toits completion．　Naturaiiy the time interval

from the spheroidizing andinocuiating treatment to the pouring
and secondary oxidation of theiiqTLid metai must be minimized・

The mostimportant points are to maintain a sufficient number of

magneSium vapor bubbleS，　and micro　8e9re9ation of Silieon

throughout the iiquid s・g・iron up　until the beginning of

501idification・　This is to saY，that the spheroidiziation and

inocuiation effect must be kept at optimun　1evei　until

SOiidification beginsin order to minimiZ：e their fading．

Riseriess feeding SYStem design can contribute to the reducing

the timeinterval from pouring to the beginning of soiidification

and finailY tO the completion of soiidification．（The time

interval from iiqTlid to solid state）．　　　Under equiiibrium

COnditions，if the chemicai composition and temperature ofiiquid

iron can be adjusted to suitabie conditions，the voiumetric

Change of s・g・iron on solidification is aivayS POSitive　（29）．
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This means thatriSeris notneeded theoreticaiiyfors・g．CaSt

ironさ・ェn thiきCaきe・earbon equivalent cE（＝C一十4・3書）and

eutectic carbide promoting elements such as Cr，mt．etC．muBt

be heid to　4・2－4・3％　and to the minimuJn reSPeCtively・　The

initiai temperature of theiiquidiron in the moid must be

beiovabout13400C（24440F）・This procedure makes possibie the

eiimination of the graphite dross defect・　The expansion vith

graphite precipitation aivaYS OVerCOmeS Shrinkage vith the
reduction of the iiquid iron temperaturel and austenite

PreCipitation under these conditionS・The resuits of theoretical

ealculationさばe Shomin Appendixl′　for ex弧ple・　B・Chan9

9riginaiiy reported this theorY（29）for general smail cast
irOnS・Zn this paper・the theory vas modified for heavY SeCtion

CaStirons・andit vas presentedin a more practicai manner．

meSecondFactorisprimarilyutilizedtoproduceShrinka9e free
5・9・iron・　Shrinka9e defect8　reduce mechanical propertie5　0f

S・g・iron and becomes theinitiation point for cataStrOPhic

faiiure of s・g・CaStironsin service・For the second factor，

therate of soiidificationis primarily controiled bY the use of

Chiiiers，and a riseriess feeding sYStem・When S01idificationis

COntr011ed vith chiiiers・it must be uniform throughout the cast

lrOn・　The p叩5e Of chillers and riSerleSS feedin9　5yStem

designis to provide uniform soiidification・In some s・g・CaSt

irons，tmifom soiidificationis not possible using either

Chillers or riserle5S feedin9Sy8tem・In SuCh caSeS．riSer－1ike

pads ean be used・However′　theSe padS are nOt uSed as ri5er5，

but as heat baiancers to obtain uniform s01idification．

ActuaiiY・nO Shrinkage shouid be observedin either the pads or

the s・g・CaStiron・Heatinsuiating materiais vhich can be used

in the moid are aiso avaiiabie for heat baiancing・When heat

balancin915　uSed to provide shrinka9e free S・9・CaStirons，

Chunky graphite promoting eiemepts such as Ce・Si・Ni・．and Ca

must be contr011ed to the minimum・　Heat baiiancerslnCreaSe

801idification time・and thus promote the fomation of chunkY

9raphite．

The mird Factoris a neeesSary basic condition for over all
basic feeding and gating sYStem design・　ThiSinvoIves the

utiiization of eutectic expansion of metal volⅧe（29）and the

force（31）9eneratedin undefomable molds．In the caSe Of the

thirdfactor′出9idmolds suchas Fwanbondedmol由must al鴨yS

be used・and the tvo m01d haives must be ciamped togetherin a

Very rigid manner・If chiliers are used at the partingiine of

the m01d・the formation of a thick BOlid she11viii drive the

eutecticexpansion forceinto themoldiike theiidonapressure

Ailof the factors must be satisfiedin the production of heavy

SeCtion s・g・CaStirons・　Otheェvise，the highieveis of

mechanicai properties reqviredin these castirons can not be

Obtained．

According to the concept of soiidification contr011isted above，

the castingdesign for the actual s01idification control of the
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CaSt ironin Fig・liB based on the f0110Ving restrictions and

ran9eきOf factorき　and valueき；

1・　501idification time　一　一　一　一　一　一　一　一　一　一　一　一　10くでく180min

2・Hodified temperature9radient一一一一一一Ⅹ＝E G／Rl／2＞0．7

Area of Xく0．7　－　－　－　－　－　－　－　－　－　－　－　－　－　－　－　－　－　－　－　く2l

Vhere

G＝temperature9radient（Oc／cm）

R＝C001ing rate（Oc／min）

3・Hodulus一一一一一一一一一一一一一一t一一　M＝Ⅴ／5＞2．5cm

V＝Ⅴ01Ⅷe（cm2）

S＝5urface area（cm2）

4・Safetyindex for riSerlesS feeding SyStem desi9m（29）

‾●‾‾‾－‾●‾一一一一エ＝M／F＞0・5′　F＝（し十W）／T

Where

ン〇、8．ヱ
H＝mOdulu層（cm）　　W＝Width（cm）　線札の掲強増．

：≡；：：hCて；ニ：icient　で＝thickneSS（叫謁怒霊草芸詮

The s01idification time vaiues referred toin this paper contains

the time duration from pouring to the start of s01idification．

（This statement can interpreted as meaning that the total

SOlidification timeincludes both the timeintervai between the

COmpletion of pouring and theiiquidus temperature，and the time

intervai betveen theiiquiduS and soiidus temperaturel．To

Obtain the aimed for mechanical properties・and the shrinkage

free matriXin ali criticai sections of the cast iron，the

feeding system design must satisfy ail of the restrictions and

the range8　0f factors and vaiues reqTlired for the critical

SeCtion of the castiron・　The soiidification time affects the

謡慧謬志e畏ま　麗r5慧謡。霊慧tt三雲；冨r慧品i：三
temperature gradients were caicuiated using a computer

Simuiation・A two dimensional finite difference method（2D－FDM）

VaS uSed as the anaiysis method・　To satisfY eaCh requlrement

for the factorさ　and values′　the effectivene55　0f chillerS and

heat baiiancing pads vere determined by computer simulation．The

baSic data usedin the computer simuiationis shoⅥlin Tabie2．



TABLE　2

Basic Data for Computer Soiidification Simuiation．

Theml Density Specific ldtentInitial Liquidus Solidus Solid

Haterial　　　∝，nductivity heat heat Te汀p T印　　でe汀p ratio

缶1／00声・SeC・OC　　9／印3　cal／9・。C Cal／9　。C　　　。C　　。C　　も

Ductile ca5t血　　0．06　　　　　6．90　　　0．20　　　50．0　　1250　　　　1170　　1130　　75．0

01111er O．08　　　　　　7．60　　　0．16　　　　　　　　　20．0

Silica saIld O．003　　　　　1．60　　　2．50　　　　　　　　　20．O

Air　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　20．0

The modlllus and safetyindex for the riseriess feeding sYStem

design for the castiron shownin Fig・2vere caicuiated bY hand・

As a resuit・　the chiiiers and riseriess feeding sYStem design

Shown in Fig．2　vas found to be suitable for s01idification

COntrOi・　Heat baiiancing pads vere not neededin this case．

1ar9e quantity of ehillers which have never been conSidered

S・g・CaStiron vere needed・The totai veight of the chiiiers

about　40篭　of the cast iron veight・　Soiidification at

heavieSt SeCtion of the cast iron vas scheduied as about

minutes．

℡he9atin98yStem for this caStiron was deSi9ned usin9Eq．（1）；

由；Ar；Ac；＝1；2；0・72－－－－－t一一一一一（1）

Where

As＝tOtai croSS SeCtional area of the sprue（Cn2）

Ar＝tOtai cross sectionai area of the nmner（cm2）

Ac＝tOtal croSS・SeCtionai area of the choke（cm2）

The totai cross SeCtionai area of the choke Ac vas determined on

諾音Si80fFi9・3（32）・Other＝ereprOpOrtionallybaSedon
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Rough vei9ht

Gatin95yStem

Flow off

Total we19ht

CaStin9yield

ChillerS

36000Ⅹ95

1200Ⅹ98

400Ⅹ95

37600Ⅹ95

95．7亀

13000Ⅹ95

FIG．2　Chiiiers and Riseriess Feeding SYStem Design Obtained by

the Application of the SITE THEORY；　Chiiier A：300Square

X　500Thick mm，　Chiller B；　400　Square x500　Thick mm，

Chiiler C：150Square x500Length mm and Chiiier D：150mm

Cubic and OtherS．
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10　　　　　　　100　　　　　　1000　　　　　10000　　　　1000001b

Casting veight

FIG・3　Glユide to Designlng the Total CroSS

Sectional Area of the Choke．（32）

HOIJDING AND CLAMPING

Furan bonded silica sand was used for m01din9．　でhe

COmpreSSive strength of the Furan bonded siiica mold vas

contr011ed vithin the range of50－60Kgf／cm2．ThiSis about the

Same aS the maximum eutectic expansion force．　The steel fiasks

used for this moid　4000mm square x　3100mm totai hight vere made

from30mm thick steei piate・　The compieted moid vas set upin a

pouring pit・　The side of the fiasks vere fixed bY the valls of

the pourin9　pi七・　でhe upper andlower m01d halveS Were Clamped

together by eight　75mm diameter steei bars．　Theinside of the

moid vas dried at1300C（2660F）for12　hours by the use of

electric heat blowers．

MEL℡ING AND LIQUID　エRON TREATMENT

A totai of forty tons of baseiron vas meitedin an electric arc

furnace．　The composition of the raw materiais used in the

fumna e　く血ar9eiS Shownin Table　3・　The baSeiron charge WaS

meited and brought up to a temperature of15200C（27680F）．　The

Slag vas then retTtOVed and the metal vas pouredinto aiadie．　At

about15000C（27320F）the chemicai composition of theiiquid base

iron was adjuStedin a simpleladle furnace under ar90n bubbling．

Theliqyid base iron vas then treated vith a spheroidizier and

inocuiant at about14400C（26240F）in tvoiadies by the Sandvich

Hethod after it vas transferred to the pouring area．　The

COndition8　0f each treatment are shown in Table　4．
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TABI」E　3

Chemical CompDSition of Helting Materialき．

R叫material �Chemicalcomposition（Wt％） 

C　　　　Si　　Mn　　　　P　　　　S　　　　Ca　　　AI　　Bl 

Pigiron �4．17　　0．26　0．03　0．027　0．015　　tr．　　tr．　Fe 

Steelscrap �0．01　1．11　0．19　0．011　0．008　　tI、．　　tr．　Fe 

Fe－Si �0．05　75．7　　　tr．　0．015　0．005　0．34　1．27　　Fe 

SIC �60．6　　26．4　　　　　　　　　－　　　0．070　　－　　　0．2　　Ash 

Carbon �99．0　　　　　　　　　　　　　　　－　　　0．020　　－　　　　－　　　Ash 

Graphite �60．O　　　　　　　　　　　　　　　　　　　　tr．　　　　　　　　－　　　Ash 

TABLE　4

Condition of Liquid Treatment and pourin9．

Htat �▲110y （add．Vt■） � �Tr○○thOnt tモ �R01etlon tl �Ftdlnt �Pwln丘 np● ●e �l■f ■1m． �tl■● ■ln． �tonp，tl■● ●C　■○○． 

Coれtr011ed C■Stlng �（1．2） InoCultnt （0．3） � �1400 �L■dlel：2．5 L●dle2：2．5 �13 17 �1322 　76 1324 

（1．2） � �1420 �L■dltl：3．5 �18 23 �1350 　90 

Inoぐul■nt （0．3） � ��L▲dl0　2：3．5 ��1290 

、9



The aimed for chemical composition　岬t亀）was aき　followき；

Carbon

Silicon

Man9aneSe

phoSphorus

Sulfer

Calcium

Cerium

Ha9neSium

Oxy9en

Nitro9en

OtherimpuritieS

Carbon equivalent

3．40－3．50

2．10－2．40
く0．35

く0．050

0．006－0．0013

く0．0050

く0．010

0．040－0．050
く0．0020

く0．0090

く0．20

4．2－4．3

The finai chemicai composition of the s・g・iron vas anaiyZed bY

an emission speくtrOChemical analyZer before pouring・　The9aSeOuS

elements and impurities vere anaiYZied with gas anaiYZer，and

inductiveiy coupied vacuum piasma SpeCtrOmeter（ICP）respectiveiY

after pourin9．

POURING

Treatediiquidiron vas pouredinto moid via tvo pouring basins・

The pouring conditions are shownin Tabie　4．　The s01idification

behavior at the heaviest section of the castiron vas neasured to

determine if it matched the computer simulation・　Moid vail

movement vas aiso measured opticaiiY Vith a teiescope at the top

Of the upper m01d（COpe），and viSually at the Side wall of the

lower mold（drag）during pOuring and501idification．

XNOCX OUT AND HEAT　でREATMEⅣr

After the castiron vas c001ed dom to about　5500C（10220F），it

VaS knocked out of the moid and thenimmediatelY placedin a

furnace and stress－reiieved for8hours at5600C（10400F）．

EVALUATION OF THE S．G．CAST　ェRON

The　5．g．castiron vas evaiuated on the basis of soundness，

and mechanicai properties．　An evaluation of soundness was made

first by nondestructive methods at aii critical sectionS for s・g・

qualitY and for macro defects・　The noduiaritY Of s・g・Vere

determined bY meaSuring ultrasonic propagation veiocity・

Shrinkage defects vere evaiuated bY the uitrasonic testing

procedure outiinedin（ASTM A60916／64in．）．　According to the
reqTlirementS in the specification for s．g．cast iron，the

evaiuation of the mechanical properties shown in Table　5　was

COnductedin the Same Criticai sections as noted．In addition to

the mechanicai propertY requirementS Shomin Tabiel′　rOtating

bending stress and fatigue crack grovth rate vere aiso evaluated．

10



TABLE S

Test Pro。edure for Each Mechanical property・

Test �Specimen � � 

Ten6ileproperties �JエSZ2201；No．4 �Strainspeed；3．3xlO‾、1／SeC． �（2）（4）（5）（6） 

ImpactYalue �JISZ2202；No．4 �工mpaetenergy；3Kgr・m Roomtemp． �（2）（4）（5）（6） 

BrinellhardneEB �Holderoften6ile＄peCimen �10mm／3000Kg �（2）（4）（5）（6） 

Rotatingbendingratigue �JエSZ2274；No．1－12 �RotatingSpeed；3000rpm hax，mOment；1．5Kg・m �（1）（3）（5） 

Elastic－plastierraeture �ASTM　E813；1inch　B　CT �Unloadingcompliancemethod �（5） 

toughnessJIc �川＝28） 

Fatigueer・aCkgrovth �ASTME647－78T；1inch8CT � �（5） 

rate　AKth �（V＝5B） 

pRODUCTION AND EVAI－UAT工ON Of・CONVE封で工ONAIJ FEEDING SYSTEM S．G．

CASでIRON

Another S・g・CaStiron of simiiar veight and thickness vas

produced uSin9　COnVentlonal riきer deSign aS Shomin Fi9・4・

Thermalinsuiators vere uBed as the riser materiai．　The riser

desi9n WaS based on Eq．（2）．

D＝H＝6・2Me一一一一一一一一一一一一一一一一一一一（2）

Where

D　＝diameter of ri5er（cm）

H　＝hei9ht of riser（cm）

Mc＝mOdulus of s・9・CaStiron（cm）

Other condition vere the・Same aS Vith the controiied feeding

Sy8te∬l・S・9・CaStiron・The50undnes卓and mechanical propertie8

for the conventiorLai feeding system s・g・CaStiron vere evaiuated

如the Same prOCedure previou81y115ed．
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CastlJ呵　　　　　35800Kgs

RISer　　　　　　　2000KgS

RlⅣler SyStem　1200Kgs

Pouru唱　　　　　39000Kgs

Yleld　　　　　　　　　91亀

Fi9・4　Feedin9　8ystem DesiyI Using Conventional Theory；

Znsuiated Riser：700Diameter x700Height mm′　Riser

Neck；420　Diameter x160　Hei9ht m and Indirect

Chiller…150Square x500Ⅰ一ength mm・

EVAIJUATION OF STANDARD TEST Bl．OCX

Using the sameiiquidiron aS above tvo heats were pouredinto

Standard test blocks（JIS G5502Y－biock；B and C types）．Tensile

and Brineil hardnesS teStS Were made on sampies from these

blocks・Standardtestingproceduresvereused・．ThetestresultS

Vere COmpared vith those at criticai sectionln eaCh　8・g・Caさt

lrOn．
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RESUIJrS AND DエSCUSS工ONS

CHEHICAL COHPOSITエON

The chemicai composition for the controiied and conventionailY

designed feeding and soiidification systemsis shownin Tabie　6．

The chemicai composition of the first heat vas veii vithin those

requirementS・　The chemical compoSition of the second heat vas

Simiiar to that of the firSt heat．　Hovever，　the siiicon and

Cerium contents vere a iittie higher than those in the first

heat．

TABI－E　6

Chemicai Composition of S．G．CastIron at Pouring Zlasin．

Chemical composition（tdt％）

（ppm）

C Si Hn P S Ca Ce I鴫　　CE OI O N

Contr011ed

CaSt iron

Conventionally

deSigned castlron

3．46　2．36　0．28　0．045　0．007　0．0024　0．004　0．043　4．25　0．16　2．5　28．0

3．40　2．15　0．35　0．043　0．007　0．0026　0．017　0．044　4．12　0．17　3．5　60．5

CE＝TC◆1／3Si

OI＝Otherimpurities

＝Cr＋Ti＋Sn十Al◆As＋Pb＋Sb＋Bl＋Zn＋V＋Nb

SOI一IDIFICATION TIME

The computer simuiated and thernocoupie measured s01idification

CtmeS are Shovnin Fig・5・　The themocoupies used to measure the

SOiidification ctmes were iocated beiow the center of the
heavieSt SeCtion，about three－fourths of the distance toward the

Center from the chiller face．　This location vas seiected because

the computer simuiation predicted that hot

here．　　The test reSuits showed that there

between the Bimulation and measurement；the

at the heaviest BeCtion vas about150　minutes

and about140　minutes bY the measurement．If

time vas not controiied，aS in the case of

早pOt5　WOuld occur

Wa8　a　900d match

SOlidification time

bY the simuiation，

the s011dification

the conventionally

designed feeding system；COmPiete soiidification of the heaviest

SeCtion vouid requlre12　hours according to the same simuiation．

MOLD WAm MOVEMEⅣr

The resuits of the moid vaii movement on both contr011ed and

COnVentionaiiY feeding sYStemS are Shownin Fig．6．　Pointsl，2．

3，and　4in Fig．6　vere piaced vhere the moid vaii movement vas

measured at the side vaii of the drag．　The other points vere

placed vhere the moid vaii movement betveen the cope and drag vas
measured on top of the cope．

13
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FIG・5　Co011m9Cuェve for Contr011ed SyStem S．G．CastIron．

The moid vail movement around the side vaii of the drag vas O・5－

5・5mm during soiidification・　However・SOme Of the reading8might

not be repreSentative of the expansion of the　5．g．castiron at

each point，becauSe there vouid be some heat expanSion of the

Sand moidS and chiiiers・　Actuaiiy・m05t Of the measured points

moved continuousIY，eVen after the eutectic solidification vas

COmpieted．　The veakest side of the drag vaii seemed to receive

the eutectic expansion force concentricaiiY．　A similar tendency

WaS nOted on the side waiis of the moid with the conventiona11Y

deSigned feedin95yStem．

A big differencein mold waii movement was obSerVed betveen the

tvo feeding sYStemS・　Tovard the cope，there waB OniY a Sma11

amount of movement vhen the controiied feeding system vas used

（Fig・6a），but a reiativeiY Substantiai movement was observedin

moids vith conventionallY designed feeding system　（Fig．6b）　just

after pouring．　This means that buoYanCy tOVard the cope from the

iiqvidiron before soiidification and eutectic expansion force

tovard the same direction as above from the eariy soiidified part

in the caSt iron can be red11Ced bY the thicker chiiied soiid

Shell．　This waS named as the’■1id effect’t caused by chillerさin

this paper．
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Thiz3”1id effectl．haS PrOVen tO be quite heipfui vhen used vith a

riseriess feeding BYBtem aS preViousiy noted・　Totai movement

tovard the cope during soiidification vasiessin a controiied

feeding sYStem than vhen a conventionaiiy feeding SYStemiB uSed．

In each the maximummOVement at the compietion of solidification
Wa8about9mm and15mm respectively・

FIG・7　As－CaSt Appearance of a Controiied SYStem

S・G・CastIron After Shot Biasting・

50uNDNESS AND APPEA鮎川CE

The as－CaSt aPPearanCe Of the castiron produced bY the

COntrOiiedandriseriess feeding sYStemSis shown aboveinFig・7・

There were no notable Surface defectS SuCh as shrnkage

depreSSion層　Or SWelling at all・　　Superior appearance wa5

0bserved・　ェn the case of a conventional feeding SYStem′　the

maximum sveiiing of8mm vas observed around the riser neck．

M工CROSTRUCでURE

The noduiarity of the spheroidai graphite，Vhenit was evaluated

bY meaSuring the ultrasonic propagation veiocitY，Shoved no

difference betveen criticai sectionsin both castirons where

COntrOiied and conventional feeding SYStemS Vere uSed・Theywere

aii vithin the range of　5610－5640m′SeC：　Thisis a tYPical

Vaiue for heavy section s・g・CaStironin Our eXperienceif the

nodularityis over　85亀・　The actuai graphite stmcture vas，

hovever・found to be quite different betveen the tvoirons．

ExaninationbymetaiiographYreVeaied that the contr011ed feeding

SyStem S・g・CaStiron had good nOdularityI but that the BtmCture

Of the castiron vith the conventionai risered feeding sYStem

COntained8ubstantiai quantities of chunkY graphite・This means

that a chunkYgraphite stmcture cannot be nondestmctivelY

16



eValuated bY uitrasonic propagation veiocity・Aithough a good

prOpOrヒonalrelation8hipbebeenultraSOnicpropagationvelocity
弧dYoun9′SmOdulu8Wa89enerallyknoⅥl（35・36）′Youn9′8mOdulu層

Value vas aimost equai to each otherin the heaviest BeCtion of

the tvo castirons・　The typical graphite configuration and

microstructure at the heaviest sectionin each castiron are

Shovnin Figs・8　and　9・　Resuits of the micro－eXamination at

SeCtion5in controiied feeding s・g・CaStironis shomin Tabie

These tvo microstructure vere hardiY distinguishabie tmiess the

ultrasonic sensitivitY Of the bottom echo vas not raised to the

POSSibleievei・The uitrasonic test vas conducted on the as－CaS

Surface・　A f1111bottom echo at the heaviest sectionin

COntr011ed feeding sYStem S・g・CaStiron couid be obtained vith

64dBi Vhiie that at the heaviest section of the conventionaiiY

feds・g・CaStironcouldbeobtainedvith72dZ｝・Thatis to say，

a higherlevei of sensitivitY VaS needed for chunkY graPhite

StmCture than s・g・StruCture・Z｝Oth bottom echoes shomin the

abovetvo sections vere determined bY the sensitivitYPattem aS
Shownin Fi9・10・for example・

TABLE　7

Resuits of Microstructuェai AnaiYSis at Section5in

Contro11ed Feeding SYStem S．G．CastIron．

Layer �Graphite ����Ferrite Nodularity �Nodule diameter �Nodule �Nodule �Area �Size 

％ �pm �SpaClng pm �number N／mm2 �％ �リm 

Dross （Chillerside） �95 �35 �105 �70 �＞95 �35 

Upper �94 �50 �140 �50 �＞95 �50 

Middle �95 �70 �190 �30 �＞90 �80 

Lower （Sandside） �93 �ユユ0 �250 �15 �＞95 �100 

17
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5HRImGE Am mER DEFECTS　ェNS工DE OF THE CAST IRONS

No defect echo such as thatindicating micro and macro shrinkage，

macro Mg dross・graPhite dross・etC・VaS ObsBerVed at ail

critica1　8eCtions in the tvo cast irons bY uitraSOnic test．

ActuaiiY，　nO above mentioned defect vas observed in teSt

8peCimen層　for each mechanical teSt When they were sampled at

Criticai sections．　Hovever，Smaii quantities of micro Mg dross

Were Observed in the finishing aiiovance from the heaviest

きeetiom5　0f the two s．9．CaStironS．

MECHA封ェCAI」PROPERでェES

Ail mechanicai properties at the criticai sectionsin controiled

and conventionai feeding sYStem CaStirons are shoⅥt in Tabies　8

and9respectiveiy．　Nomenclature for both Tabiesis describedin

Page23．　Aii mechanical properties at every sectionin the case

Of cast iron vhere the controiied feeding sYStem VaS uSed have

SuPerior mechanicai properties．　There was a tendencY for the

Strength properties to decrease from the chiiier side of the m01d

toward the sand side of the moid in the same section．　Cast iron

made with the conventionaiiy risered feeding SyStem Vithout

direct chiilers，　however，　Shoved lov and inferior values on

aimost aii of the properties evaiuated・

TENSェLE PROPERT工ES

tn cast iron made vith controlled feeding sYStem，the average

Value5　0f the tensile properties at everyiaYerin aii critical

SeCtionS Vere SuPerior to the reqTLirementS eStabiishedin Table

l．　Theindividual values were even at almoSt eVerylayer・　At

the magneSium dross．iaYer（Dr）vhich occurred vithin the

finishing allovance in the heaviest section，tenSiie strength

（TS），　eiongation　（El）　　and reduction in area　（m）　vere

SdbStantiailYiower than those at soundiayers in the same
SeCtion，but O．2篭　proof stress（PSO・2）shoved aimost the Same

level of movement aS　80undlayerS・

In castiron made vith conventionailY designed feeding sYStem．

Chunky graphite occurred in most of the iayers of criticai
SeCtions of the cast iron．　As a resuit，tenSiie propertiesin

these SeCtionS・Were ShoⅥl tO have low values．　They were even

lower than the valuesin the above magnesium dros51ayer．　Only

in a case vhere indirect chiilers vere115ed in a cast iron made

Vith conventionai feeding systemit vas possibie to produce s・g・

StmCture in the cast iron and mechanical properties that meet
the requlrementSin Tablel・

Typical stress strain curves and fracture surfaces of the

SpeCimens vith representative spheroidai and chunky graphite

StruCtureS are ShoⅥlin Fi98．11and12respectively・
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相omenclature for eaeh mechamical propertyin Table88and9

psO・2；0・2亀proof8treSS（Ⅹ9f／m2）

で5　…Ten由1e Strength（Ⅹ9f／m2）

El　：Elon9ation（篭）

RA Reductionin area（篭）

にB　：Brinell hardneSS（10／3000）

CVN CharpyV－nOtChimpact vaiue（Xgf・m／cm2）

RBS：Rotatingbending fatigrueiimit BtreSS（Kgf／ntrn2）

ER　！Endurance ratio（RBS／TS）

JIC：mastic plastic fracture touglmeSS（Kgf／m）

KlC　…Stressintensity factor（Z（gf／mm3／2）

E　　…Young′5mOdulu5（Ⅹ9f／m2）

AXth…Threshoidof stressintensitY factor（Rgf／rnn3／2）

U　　…　■Upperlayerin vall thicknesS

M　　…　Hiddlelayerin wall thickness

L　；OWerlayerin wall thickneSS

Dr　…　Mg drosS1ayerin wall thickneSS
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FIG・1l Comparison of Stress Strain Curves betveen Two Cast

Irons vith Different Microstmctures；（a）Controiied

Feeding SYStem S・G・CastIron，（b）S．G．CastIron with

Chunky Graphite Using a Conventionai Feeding SYStem・

FIG・12　Fracture Surfaces of Tensiie Test Specimens；

（a）Controiied SYStem S・G・Cast　＝ron，（b）S．G．

CastIron with Chunky Graphite Using a conventional

Feedin9System．
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Incontroiiedsystems・g・CaStiron・　theBrineii hardneBS（皿）

Waさ　aimost uniform aJnOng theiaYerSin criticai section層．　A

magne8iⅧ　drossiaYer Vithin the finishing ailovance did not

affeet the Brinell hardne58・　In cast iron made　雨th

COnVentionally deSigned feedin9　8yStem′　the Brinell hardneSS

VaS SCattered vithin the range ofl15－149・Thisiarge scatteriB

duetothefactthateutecticceiisofch皿kYgraphiteareiaLrge，

mdthematrix stmctureis coarse・aS ShowninFig・9・

cm貯Y V－NOTCH VALUES

Since highimpact strengths were not required for the caStirons

made vith these feeding sYStemS・nO SPeCiai precautions vere

taken・When the controiled feeding sYStem VaS uSed・Charpy v－

nOtCh valueS（CⅧ）werelower than the ran9e Shovninでablel．

Thisis because the siiicon content vas at a higherievei than

that reqTlired for nuciear vaSte COntainer standards．In nuciear

VaSte COntainer standards・the siiicon rangeis normaiiyl・8－

2・0篭・Under5uCh circumStanCeS・the CⅧValueS may be above

those shovnin this paper・Hovever・in castiron made vith the

COntrOiled feeding system′　CⅧvaiues vere stiii as goodas those

in the heavy　8eCtions・　The magne5ium dros81ayerin the

finishing a11owance did notinfiuence the cvN vaiues becauseit

VaSiocatedonthe chi11er sideof thecastiron・Ag∞dferrite

ratio・graphite noduiarity′　andnoduie siZe aiso are responsibie

9∞dvalueS at the ma9meSium dro851ayer・

In castiron made vith conventionaiiY designed feeding sYStem1

0nlY thelayer of section4－L shoved g00d CVN vaiueB Simiiar to

thosein castiron made vith controiled feeding ByStem′　and ali

Other55eCtions5howed p00rer ValueS．

EUは℡IC PLASTIC f■RACTURE TOUGImESS

Toestimatethe stressintesitYfactor（KlC）fromelasticpiastic

fraeture tou9hess（JlC）by Eq・（3）′Youn9′8mOdulu5（E）WチS

meaSured near theJlC SpeCimen for eachof the testediaYerSin

X－⊂＝（E・JIC′1－R2）1／2－－－‥－‥‥‥－（3）

Where

R　＝　ConSt．＝　0．3

Incontro11ed feeding sYStem S・g・CaStiron・Young，5mOduius vas

almost the　8ame among theiaYerS，and the average vas E　＝

17100R9f′m2・G∞dRcumeSWereObtainedateachlayer．The

exampleiSi・さhownin Fi9・13・　The fraeture　5urfaceisihownin

Fi9．14．

JIC Values at everylayer vere higher than thoSe Shovnin the

inTablel・ThiきCOuld a180be8aid of the XlC Values．
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Load（tOn）1．525

COD（mm）

Stage叩）

dLlKg）

でotal COD

．959

16

105．1

（mm）1．785

一↑＿
Loadline dlSplacement（mm）

（a）

JIc（榊／ 

／○ 

○ 

／ 
○ 

／ 
○′ ′ 〇 〇 〇 l 〇 〇 〇 卓 �■ 

Crack extenslOn a（mm）

（b）

FIG．13　Exampie of Data on Elastic Piastic Fracture

Toughness Test at Section50n the Sand Side

in Controiied SYStem S・G・CastIron・

E軽電
（a） （b）

FIG・14　0neInch CT Specimen for Eiastic Piastic Fracture

Toughness Test Shovnin FIG・13；　（a）Behavior of

Fracture Progress，（b）Fracture Surface・
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The hi9h level of nodularity made p085ible by solidification

COntr015eems to have a positive infiuence on the JlC Value．

X・ⅩuribayaShi et ai（37）a180　mentioned thatJlC VaiuesiineariY

increaSe With theincreaSein nodularitY．

Since nodularitY iS an important factor in eiastic piaBtic

fracture toughness，the vaiuesin chunky graphiteiaYer Or area

Vere naturally verylov．

ROTATING BEmING FAでIGUE

The microstructure and soundness at the vorking surface of the

Criticai section affect the rotating bending fatigue properties

in s．9．CaStiron usedininjection machine componentS．

The specimens for the rotating bending fatigue test vere taken

from each surfaceiaYerin sections1．3，and　5．In sectionsl

and　3・　the specimens were taken from each surfaceiaYer after

the finishing ailovance vas removed．　Since the critical sections

Vere COmPieteiy symetricai on the shape and dimensionS Of the
S・g．CaStironS，the resuitsin sectionsl and　3　are shovnin the

Same COlumns as sections　2　and　4　respectivelyin Table　8．　でhe

tensile strengths in the surface iaYerS in sections　2　and　4

respectiveiy were used to caiculate the endurance ratio

（ER＝fatigueiimit stress／tensiie strength）in sectionsl and　3
reSpeCtively．

In general′　the endurance ratio of heavy section ferritic　8．g．

CaStironis about O・42（38）・In the s・g・CaStiron pFOduced bY

COntrOlled feeding and solidification・if this vaiueiS aPPiied

to the criticai section52，4　and5，the rotating bending fatigue

limit streS＄（RBS）at each section vo111d be16．3，16．8　and

16．7Kgf／m2reSpeCtivelY．　The actuai resuits shoved that both

RBS and ER at the surfaceiayerS in each examined section vere

higher than the general vaiues．　The exceiient microstmcturein

the cast iron made vith controlled feeding and soiidification

PrObablY is responsible for the improvement in fatigue

PrOPerties・　Other investigators（39，40）aiso mentioned this

point・　A scattering of the fatiguelife at each stress iimit

tends to becomelarger with theincreaSein wail thickness．　S－N

CurVeSin each SeCti nn a ee hoo nin f－19．15．

When conventionai feeding and soiidification vere usedin s・g・

CaStiron，SurfaceiaYer4－L with the5．g．Structure vas good and

had even better fatigue iimit stress and endurance ratio than

those in cast iron made vith controiied feeding and

SOlidification・　At the otherlaYerS COntaining chunkY graPhite

StruCture，　hovever，the presence of chunkY graphite did not

affect the fatigue limit stress as it decreased the other

mechanicai properties．　The vaiueS at eaChiaYerin sectionsl

and3　were a somevhatlower than those at the sameiaYerin the

COntrOiied feeding sYStem5．g．CaStiron．
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FIG・15　S－N Cume Of Rotating Bending Fatigue Test at SectionS

1・3・and5　in the castiron made vith Controiled

Feeding and Solidification．
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FATIGUE＋CRACR：GRO叩H RATE

The fatigue CraCk grovth rate test is a nev method for the

evaluation of the crack sensitivity of s・g・iron，andis not

popular among foundrY engineers Yet・　This testis heipful to

evaluate the fatigueiife of s・g・iron with surface defects such

as stress cracks・The generai reiationship betveen fatigue crack

grovth rate（da／dN）and the stressintensity factor range（AR）is

illustratedin Fi9．16．

AKth AKrc

FIG・16Iiiustration of Fatique Crack Grovth Rate da／dN as a

Function of Stress工ntensity Factor Range AⅩ；Threshoid

AXth＝Lower工止mit′　　Fati9ue Fracture Tou9hnesS ARfc＝

Upper1－imit．

Hovever・the test conditionis not satisfactoriiY eStabiished

yet・　ActuallY・da／dN・the thresh01d（AKth）and the fatigue
fracture tou9hness（AEfc）verelargely changed by certain factor8

8uCh as test cYCie and stress ratio・EspeciailY・the teBt CyCie

VaS SenSitive to them・A stabie test condition vas decided upon

after several triais．　This test conditionis shovnin TabielO．

In s・g・CaStiron vhen a controiied feeding system vas usedl teSt

WaS COnductedin the surfacelayer on the chiller side and the

Sand　きide in SeCtion　5．
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℡ABLE lO

Conditions for Fatique Crack Grovth Rate TeSt．

1＝　DATE　　　　　　　　　　　　　；89′10′12

2；SPECIMEN　　　　　　　　　　；2－C

3＝　COMMENT　　　　　　　　　　　；FCD45

4：uidth／Thi⊂k u／B（mn）；　100・010I　　25－400

5：ELASITISITY E（l；‥g′mrnI2）；17100■0

占：A・Coef Aa′Ba　　　　■　1・001000I　－4・占占9500

7三　　　　　　　　　Ca′Da l lB一4占0（：－▼　－23占．8200

8…　　　　　　　　Ea′Fa　　　　；1214・9‘二日〕1－2143．か〕0

9王ト：・Coef Ak／Bk　　　　■　・88占0001　4・占40000

10：　　　　　　　　Ck′Dlご　　　　；　－13・ココか：｝ゥ　14■7200

11：　　　　　　　　　Ek　　　　　　　．　　－5．占0（：）0

12：FREGL　革｛　PRE CR：くHZImm）；　5・†1〔時・00

13…　くDL：：ノLm　　　　　　（TON）；1・350　　●825

14；FRCT・Cト：　　　　　dL／LLMT；　0．1　5．

15＝　CMPL・CAL SPOT NUM…nl～nコ；　　　　5・つ　　　　20．

1占：END CR（A′M）＆　DにくMPaRM）；・75189●000

17：M工NISPAN（2雲く3area）（mm）；　　・301　・30

18：LA6　C和：HNCっDEC〉　（mm）；・20†■20

19‥　LOAD AMF■　　　　　　（Ton）；　5・00

20　CDD‘lMP　　　　　　（mm）；　・4〔O

P・ZihandhubanYOng（41）reported that Kth value becameiarger

Vhen the soiidification rate vas sIover・and the noduie寧paCing

VaS greater・In this studY，the chiiier side，With closer nodule

SPaCing had a siightiy higher AKth vaiue than that on the

OppOSite side・　TheY Vere about28・9　and about　25．4Kgf／mn

respectiveiy．　The Xth value at the chilier side vas aimost

eqyal to that thin at section（test block vith vaii thickneSS Of

20mm）（42）．　The AXfe valueS at the chiller and Sand Side were

217・8　ahd183・5Ⅹ9f／mm re5peCtively．　These were bothlower

than ElC■ValueS Calculated fromJlC．　The da／dN Value at the
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Chilier side vas smaiier than that at the sand side．　This means

that s01idification controi iS effective for the fatigue crack

9rOWth properties・　The da／dN－AX cuⅣe8　for eachlayer are Shown

in玉tig・17・　One of the fracture SurfaceSis shownin Fi9．18．

0n the other hand，the same test vas conducted at the chunky

graphite iaYer in section　5　in the cast iron made vith the

COnVentionai feeding sYStem．　In spite of the precipitation of

ChunkY graPhite，the AKth and AKfc vaiues vere good and about

49．5　and194．7Egf／m3／2　respectively．　The da／dN value at the

ChunkY graPhite iaYer VaS muCh higher than at the above　5．g．

1ayersin the castiron made vith a controiied feeding system・

The da／dN－dR cuⅣe and the fracture Surface areきhovnin Fi98．19

and20respectiveiY．　ChunkY graPhite with a peariitic matrix as

Shovnin Fig．9　maY refiect this phenomenon．　White netvork shovn

in Fig・20　corresponds to a microstructure containing chtmkY

graphite and peariitic matrix．

：≡：；ヲ霊；；2　　言 
da畑尋・242点0‾10（此）4・131　曾 

ぎ 

威 
♂ 0 くわ だ） �� 

㌔ � � 

○ ○ � � � 

5　　10　　20　　　　50　　100　　200

AK（Kgf／mm3／2）

（a）

AK鮎25．一Kgr／m3／2　1 三：；；≡慧霊，。．，8。♂ 

プ （汐 � 

戎 ○ ○ � � 

5　　　10　　20　　　　50　　100　　200

AK（Xgr／…3／2）

（b）

FIG・17　Fracture Crack Growth Rate da／dN as a Function of Stress

IntensitY Factor Range AK at Section　5　in Controiied

System S・G・CaStIron；（a）Chiller Side，（b）Sand Side．

31

2

　

　

　

　

　

　

　

　

　

　

3

一

　

　

　

　

　

　

　

　

■

0

　

　

　

　

　

　

　

　

　

0

⊥　　　　　　　　　　l

イ

　

　

　

　

↓

　

　

　

　

べ

0

　

　

　

　

　

　

　

　

　

0

　

　

　

　

　

　

　

　

　

0

（
O
t
O
h
U
＼
∈
∈
；
P
＼
q
p



（a）

cm＝k FⅣ址d止啓二L On　　　　　：＝

（b）

FIG・18　0neInch5TCT Specimen for Fatigue Crack Growth Rate Test

（Chiller Side Shown in FIG．17）；

Behavior．（b）Fracture Surface．

AKth翔．5Xgr／mm3／2　　　　　占 

AKfc＝194・7Kgr／mm3／2 da畑＝5・012xl0－13（AK）6・086■ 

l 辟 �� 

【コ ロ □ 【ココ �� 

ガ ロ ロ �� 

∂ l � �� 

（a）　Crack Growth

5　　　10　　20　　　　50　　100　　200

AK（Kgr／mm3／2）

FIG・19　Fracture Crack Growth Rate da／dN as a AK at

Section5　in ChunkY Graphite Layerin Cast

Iron Using a Conventional Feeding SYStem・
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FIG・20　0neInch5TCT Specimen for Fatigue Crack Grovth Rate Test

監慧eG言霊三三…．LaYer）；（a）CrackGrovthBehavior・（b）

MECHAmCAL PROPERTェES OF STANDARD TEST BLOCI（S

The resuits of tensiie and Brineii hardness testsin standard

test blocks are shownin Tabiell・　The mechanicai properties

from each test biock were about the Same aS between the two

heats・　However・there was a big difference between the test

TABLE ll
Resuits of Mechanicai Tests on Standard Test Biocks．

Heat �　Testblock （JISG5502，Ytype） �PSO．2　　TS　　　　EI　　　RA　　I・B 

Contr011ed �1inch �37．3　65．6　9．4　9．8　247 38．3　66．9　9．0　7．0　207 

CaSti王、on �2inch �35．157．2　9．4　8．4183 35．161．7　9．2　8．4192 

Conventlonally �1inch �34．6　57．2　7．18．6　201 39．2　63．16．6　6．0　201 

designedcastiron �2inch �36．5　56．511．212．4192 36．4　59．411．212．4　207 

Nomenclature

PSO・2：〇・2％proof stress（Kgf／mm2）　RA＝Reductionin area（％）

TS　：Tensile strength（Kgf／mm2）　皿：Brinell hardness（10／3000）

El　；Elongation（％）
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blockき　and caSt iron層　in each　。aSe．　　Furthermore．it waS

itbpOSSibie to knovif chunkY graPhite viii precipitatein s・g・

CaStironS PrOduced using conventionalrisered feeding sYStemS On
the basis of the mechanicai properties from standazd teSt blocks．

As previously mentioned，the noduiaritYin heavY SeCtion cast

ironB Can nOt be evaiuated nondestructiveiY bY uitrasonic

PrOpagation veiocity asin thin sections generaiiY Can（33，34）．

Itis vezY difficuit to distingvish betveen spheroidai and chunkY

graphitein heavY SeCtionS・nOndestmctivelY bY the sensitivity
Of ultrasonic echo・　In practice，a detailed evaiuation of

microstructure and mechanicai propertieSin heavy section s・g・

CaSt irons at the present time can oniy be determined by

destmctive evaluation of test草peCimens from castirons．

CONCLPSェONS

BY the application of the SITE THEORY・　the quaiity of heavy

SeCtion s・9・ea層tiron eo111d beくコOntrOlled as designed・　Similar

S・g・CaStiron produced with conventionairiSered feeding sYStem

Shoved qualityieve15far belov the standard・In practicel the

SITE THEORY has been BuCCeSSfuily appiied to heavY SeCtion s・g・

CaStirons not oniY forinjection machine but aiso for gas
turbine generator・diesei engine generatOr・marine diesel englnel

StOne CruSher，　forging maChine・　eXtmSion press，　die－CaSting

maehine，etく3．
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App．1

Theoreticai Voiumetric Change of S・G・Iron

from Pouring to the End of Soiidification・

CE＝C＋1／3Si �4．2　　　　　　4．2　　　　　　4．3　　　　　　4．3 

（C，Si） �（3．6，1．8）（3．5，2．1）（3．6，2．1）（3．5，2．4） 

CY �1．72　　　　　1．67　　　　　1．67　　　　　1．62 

Ce � 

1．Sg �＿3．75　　　　－3．75　　　　－3．75　　　　－3．75 

2．Epg（EpY） �（－0．13）　（－0．13）　　＋0．11　　　＋0．11 

3．SY � 

4．Eeg � 

1＋2◆3＋4 � 

1＋3◆4 �－0．73　　　　　－0．90 

1．Sg �－3．00　　　　－3．00　　　　－3．00　　　　－3．00 

2．Epg（EpY） �（－0．13）　（－0．13）　　十0．11　　　＋0．11 

3．SY �＿3．33　　　　－3．33　　　　－3．33　　　　－3．33 

4．Eeg �＋6．53　　　　＋6．37　　　　＋6．37　　　　◆6．20 

1＋2＋3＋4 �＋0．07　　　　－0．09　　　　◆0．15　　　　－0．02 

1十3十4 �＋0．04　　　　　－0．13 

1．Sg �＿2．25　　　　＿2．25　　　　－2．25　　　　－2．25 

2．Epg（EeY） �（－0．13）　（－0．13）　　＋0．11　　　＋0．11 

3．SY �＿3．36　　　　－3．36　　　　－3．35　　　　－3．36 

4．Eeg �＋6．59　　　　＋6．42　　　　＋6．42　　　　＋6．25 

1＋2＋3◆4 �＋0．85　　　　＋0．68　　　　＋0．93　　　　十0．75 

1＋3＋4 �＋0．82　　　　　＋0．64 

1．野 �＿1．50　　　　－1．50　　　　－1．50　　　　－1．50 

2．Epg（EpY） �ト0．13）　（－0．13）　　＋0．11　　　＋0．11 

3．SY �＿3．38　　　　－3．38　　　　－3．38　　　　－3．38 

4．Eeg �＋6．64　　　　＋6．47　　　　＋6．47　　　　＋6．29 

1＋2＋3十4 �◆1．63　　　　＋1．46　　　　◆1．70　　　　＋1．52 

1＋3＋4 �十1．59　　　　　＋1．41 

1．Sg �．．8．75　　　　－0．75　　　　－0．75　　　　－0．75 

2．Epg（EpY） �（－0．13）　（一0．13）　　＋0．11　　　十0．11 

3．SY �＿3．41　　　－3．41　　　－3．40　　　　－3．40 

4．Eeg �＋6．67　　　　十6．52　　　　十6．52　　　　＋6．34 

1＋2＋3＋4 �十2．38　　　　＋2．23　　　　＋2．48　　　　十2．30 

1＋3＋4 �＋2．37　　　　＋2．19 
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CY Ce Cx

Carbon content（Wt．％）

App・H Zilustrationof Fe－C equiiibriumphase diagram．

●Nomenelatl∬eS rOI・Apps●1and1－1

CE＝Carbon equivalent（Wt．％）＝C＋1／3Si

CY＝Carbon801utionin austenite（Wt．％）＝2．045＿0．178Si

Ce＝Carbon content at eutectic point（tdt．％）：4．27＿1／3Si

Cx＝Carbon content（Wt．別

S～王Llquld Shrinkage（Vol．％）＝1．5（Ti－1150）／100

Where；

Ti Zェnitiailiquid temperaturein nold（Oc）

1・5／100こしiquid Bhrinkage ratio（％／。C）

1150＝Finish temperature of solidification（。C）

Epg＝Expansion by precipitation ofprinary graphite（Vol．％）

＝3・4［（Cx－Ce）／（100－Ce）】・100

Where；

3・4E Specific gravityofaustenite／Specificgravity ofgraphite

＝7．66／2．25

EpY＝Shrinkage by precipitation ofprimary austenite（Vol．％）

＝3・5〔（Ce－Cx）／（Ce－CYH

Vhere；

3・5＝Solidification shrinkage ofliquidiron（V01．％）

＝Shrinkage by precipitation ofprimary austenite（Vol．％）

SY＝Shrinkage by precipitation of eutectic austenite（Vol．％）

＝3・5（1－Sg／100）【（100－Cx）／（100－Ce）】【（100－Ce）／（100－CY日

Eeg＝Expansion by precipitation of eutectic graphite（Vol．％）

＝3・4（1－Se／100）［（100－Cx）／（100－Ce）］［（Ce－CY）／（100－CY）】・100
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