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Fig. 1-1 Various methods of composite making
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Fig. 1-2 Bonding states in cast-in insertion process
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Steel(SS400)

Joint

FCD or Steel

Configuration of the specimen

4!

Fig. 2-1

100pm

(b)Ductile cast iron (FCD400)

Fig. 2-2 Microstructures of the specimens

(a) Mild steel (SS400)



Table 2-1 Chemical composition of the specimens
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C Si Mn P S
FCD 3.44 291 0.16 0.55 0.0021
SS400 0.04 0.03 0.31 0.024 0.017

| Specimen

— Molten Cast Iron

140

N
T
+
.

T + T+ T

' Furnace

Fig. 2-3 Schematic sketch of the dipping experiment
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ERRFHAORE R & i/ ZRIECEALEEL L, & OME ) b EE RS
¥ Table2-2 12" 3. 723, REIRTOME,
OREMITHER L T, Z 2 TR NERIERIE, FEEICOM BT T
Al 72D TIER <, BB LR TIC X o TR, &2 WIEHD H LIRS
g LIz BZ oD 6ThD. £z, WE 1623K @ FCD OWEED 5 b,
2.5s DEIXBRSN LT,

R -dr/dt &5k
VAR CTIHE e U 7= OB O B T X P sk B

Table2-2 (2 k4L, FCD DOIAERRE L 0.21~0.57mm/s, Z AUkt LEREH DO
B 1X 0.01~0.02mm/s THDH. 7205, #EADERELEE X FCD OfED 1/20
IFTHD. shERIEGOIRENIHKIORES L0 HIRWGEA, SREBOEGND

A ~DRRIZ LY, REMDOMAMET T2 LIl TE@T5L%E

Z 6, —J7, FCD [TRFDILHN 72 < THMERMED S T ETT 5.
L7225 T, FCD XY LIRAEEE SOOI, DB~ IR 3R OYLE I R % 2
LTWA72DThD.
Table 2-2 Melting Rate (-dr/dt)
FCD SS
Temperature(K) 1623 1573 1523 1623 1573 1523
-dr/dt(mm/sec) 0.57 0.50 021 |2.0x10% |1.4x107% |1.0x107
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D, REEBVEFLIZZ 2R LTS, E0MOICORMBRITIT A S L7 h
ST A B A FORBBEEMEA ML THY, REISEWIZEZOEHIEN
KREWV. ZOMkE, 2%, TRhRbbBMVIBLEAKBICE2bDOTHS. Lz
MWoT, TIDHOMBIT KB OERTE TIEAT TWEnTh o, LR, *
DOREIZT TR NHBETHERLLIZZ L35,

i Cementite
| Surface of the FCD rod | Austenite

Fig. 2-7 Microstructure around the surface of the FCD rod
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R OO ~DIRFBIEN D72 Z L AR LTS, RIRIE & Db i
HARLRR OB IR TH 5.

Fig.2-9 [ZEBRZ1T > 7= 3 FEDIRE T 5 BRI L=kl &, 1523K T20 8
EIRFRE L7-iB 2R, BREBOESIZWFhORE THH 100um T, 722
HERHICEOTIRE—ETH L. REFBLUSMIITESBDOTER 7202 &b,
R Tl S RIEEIZIR O D 2 L bbb,

Mild steel ‘ ; Cast iron

| Carburized layer /

Fig. 2-8 Microstructure around the surface of the steel rod
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Fig. 2-9 Comparison in the thickness of the carburized layer
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W5,/ DA ORFE L (Volume Ratio : AT VR & &KGD) &S E72. #FTTw
WERHW-AEBEBEESHFRN CH D, kg Fig2-10 (IR Uiz, SEeIXEe
100mm, /& & 100mm T 5. TAUT K0 RFEEIE, .04 IR 400~2500,
FCD .04f TiX 10~24 TH 5.
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7T\ // T 17
|
@ 100
N (] |
o \ |
S
f ) Mold
/ N

Thermo couple/ \Insert (Steel, FCD)

Fig. 2-10 Mold for cast-in insertion
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PR OFFERER PO DM 23R B L, ARSI & 1623K I THES L.
EEE & LI20idl AT oL ORI e s Ve 5720 Th 5. B
DREGTIE C3.7~3.8%, Si 1.2~1.5%, KFE Y E(C.E)NL4.1~44 ThHoTo. 7238,
DM O REAFZHE L TWOARW. E-BROMEHT 07012, $EEo
WEFLOREZER 0.lmm O R BEX CHIE Lz, ZOEEX O E %
Fig.2-11 IZ7~9". EERtE, B2 calrL, WIRE X USEFBEMEE s H ¢
HAREA B L.

Fig. 2-11 Locations of the thermocouples
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2.3.2 DM OVERNIREE L BA R E OB

D R O Wi 2RO EE % Fig2-12 (R T. 1 Tz L 91, $<
HINCEBT DM LG OB, BAL L, WS, RS, Rt
WD ABPECRIT 5 2 L3 TE D0 ZhIC k> TEBROBREE LD T
Table2-3 (27”3, FCD Z.Lo#f & L7236, EAS 23mm BLF(VR17.9 BLE)I3#saE
L, WEhek L KB o072 < 72572, 24mm(VR16.4) ~ 26mm(VR13.8)iL.00bF
DR Z 5% UTe £ ERIMEBEER@ L THAIRRBIZ R o 72, REROHPANTIE,
YRS L AR TE D b DI AR h o 72, 28mm LLE TR EIC 22 A 7 5
i, BEEIIREETHT.

FCD SS

25mm

10mm

28mm Amm

10mm

30mm

10mm

Fig. 2-12 Macroscopic view of the section
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Table 2-3 State of inserts

Diameter Volume Ratio Result
(mm) (VR)
30 10.1 X
28 11.8 X
26 13.8 ©
FCD 25 15.0 ©
24 16.4 ©
23 17.9 o
20 24.0 o
5 399 ©
- 4 624 ©
3 1110 ©
2 2499 o
@®  Melted away X Not Bonded

©  Melted & Bonded

Fig.2-13 (.08 & I8 o A ofilfk 2 =3, @iz s L7z FCD @ 24
~26mm DB TIL, Wb L LGk OB R A TITAR . £o0h
DERBE ORI TC VRN E 2> TWND T &b, DM O BEEE7 1T
—HEFE L 72 b O L HEETE D, EHANKZV 28mm (VRI1.8) 3 LN 30mm
(VR10.1) Ti%, @D 1/2~1/3 T Fig2-13 DX 5 222001 H 0 4 L TWh7en
Sl Fe, OMORMRICLZLIZR LR, 2D XS, $EEkE L
& L7235 aIIE, R, TROLEWMRFEO DTN RZEIC L - T, wWRliEk,
RS, REAOEVHNELD Z ERbN5.

O 2 0 & L7285, B 2mm(VR2500) O EHIIREIC L W A L-. |
£& 3mm(VR1110), 4mm(VR624) 3L O Smm (VR400) [TV 941 & IEREEES Ok
REToHolz. HA Smm OFUENTIE, REHMICRERENERSN TS, ZKE
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DEZINTROEZRORETHH Imm T, BHEEXEBROLGEITHLTH 10
BEThn. BRBIZIZNN—7A4 FEMAROE A ZA FBRBBIL, K 1%L
DIRFBIRETH D Z ERNbND. TiUF Fig2-8 OREEERICL DAL K=
SHEZRY, BSHATIIRRENZ NI EE2 R LTS, ZHIE, KEICED
VR & Y OEAT 2 IR T2 S R L B v, BREEBR T, W L
T th BIEB O IET DIRE E CHHA SN D DI Z BT 5720, ZOMIZE
PHDEEERD & DM ~DRIRDPIET LTZT2 D TH 5.
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Fig. 2-13 Microstructures around the interface
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24 FEEBEEEITICLDEE

HIEIETO, —ERERGT~O LM ORESIBIWEGH DAL D0
MOWMBS %, ZmEIC L DIRER X ORFREZCOMNTIC X > TEfES
52w AnD.

2.4.1 fRATRIE

O L Y57 Fig2-14 14 X9 2l 7 m 2R R o0 2 Jg AL L, 207
FMOAHBL L ORBEOBENZE R DH. $H8IL C DIINITSi 2 ETen, Zhifk
FYURE TRV R, Fe-C D 2 ik & Bled. AT OEARNZ2FIETIRFHIZ L
B ARENER AT RO % A 72,

—TEIRE IR ~D D O & FBRIZOW T O T, RS OFEI
FHEIFOSHETH Y, MK L TEOOTRENWED, FED 10mm OfL
B CIAGIRER L ORBREL —E LB\, EEHE 2 REBROMNT T,
PRPRE IS AR OIC T 2 ERNRE A FER ML LTRA L. 2086, &
BB BN 2 7= b D & T 5.

DM RGOS EE, M EBGDORFZRERNPFLWVLD L LT, REOBE
EEE LRV, 07, DM OSE IR @D DIRFEOIEBE R HD. ZDF
BCIE, TEBRE D A& EHER L ORELNCET DIREMT ORE R A b L1, ik
R E R T 2 KA VTR 7=

_ Q
D - -DO eXp(_ﬁ ..................................... (2_1)

22T, Dy BEEIA T ms), Q: iEM b RV (k/mol), R : HAER,
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T:HEKTHL. ZOXNLERL, BERILEREDRED, BBEHOF
L FRRICERFIRED KD HivD.

IRBEX D AR & WEFRAR O BT ENC X 0 amh - B 2 HE L, B A 2
03X TWDHEIREFR L, TN TOEZOEREZ R me Lz, Rz
HEMREELRETONT, DM HE L QO D IRIGESOWRAE - R OHIWT, $ KOV
DIRE N Fe-C 52D A ZHEA(1000K) XL 0 & 58 2K IE A 2> o Wr iz L v
Table2-4 D X HICEZT-. ZHUL, DM OMEED B US4 —A2 74 M
THZ LT, WHEOBNMES L WITEERE L OBEELM LT 5B 260
HMHThHD. WEEERIL, OMBIEHORS & Hfi L TV D5EDELE L

T, BEXEBROBALERE % £ 12 Olsson HDLL FORD L v k7= 0.05mm/s
PIEA L7,

—ﬂzh |:1—M:| .................................. (22)
a " C,-C )

2T, —dr/dt : REGEEE(mm/s), hy,  WVEREE mm/s, G IRGHREEICKE
T DIAIRRIREE, Cp - WEIRFIRIE, Cp: DMKFBRETH S, FEMFE LD
PR CII R EICB T 2MEOBEINIE L A LRV, RSB L T\ D
HEOH EAROMEEZBER Lz, KEH CIIEGORB 2 Z 2 20w s, FEEE
DI & FERCTIIRFEN O AN, EHE <2 A TIREGORAIZ L D L
MOEDY DRNDBHD. ZOXIRIFNEFHET L LITRETH LD T,
THUC K DBHE, FHE EOBURER L IRFEOILEREE KE AEL L2 &
Lo TEET DL T2 ERASTIRIIFM OREBRIRFLE L L, FCD
OFFEFNTTIL 50um, KEADOFHNT CTIX 20um & L7z, XA LAAT v FiEENE
0.05msec, 0.02msec & L7z. FHEIZH/-f % Table2-5 IZ/RT .
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Interface Boundary
condition
Mold
Insert \ Melt

Fig. 2-14 Calculation modeling

Table 2-4 Heat transfer coefficients in each condition
Heat transfer coefficient [W/m?%/K]
Insert Melt Value
Low temp. solid (fs=1) Solid (fs>0.3) 5000
High temp. solid (fs=1) Solid (fs>0.3) 8000
High temp. solid (fs=1) Liquid (fs<0.3) 12000
Solid-liquid coexist (fs<1) Liquid (fs<0.3) 20000

High temp. : >1000K Low temp. : <1000K



Table 2-5 Constants and parameters used in the calculation
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Cast iron
FCD SS

Solid Liquid
Density [kg/m’] 7100 7800 7000 6800
Specific heat [J/(kg-K)] 720 660 720 920
Thermal conductivity [W/(m-K)] 17 30 15 15
Frequent factor [m*/sec] 1.5x107 1.27%x107
Potential energy [kJ/mol] 134.4 45.14
Gas constant 8.31x107°
Latent heat [KJ/kg] 220
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Fig. 2-15 Calculated temperature distributions of FCD insert
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5. b Z Ent, EWRIBAGFHENIIRBREOEELZZ I VNEE X, T
N FEIEIET R 2T o 72,

.H.F

S

S



Osec

1sec

Fig. 2-16

Melting process of FCD insert
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WE 2 Db & L7235 B OIREZ(LIT FCD OBA LIZERITTHD. =21
WERDG G, WH LD bRLEAE V. 207, DM OBRBICITRFRED E
AL DEEDOETALETHD. DM REORFBRESMONEBRE
Fig.2-17 \Z/R L7z, P OREINZENENORH Z & OREMEZ L TEY,
TV EMIAEM, AR E AT LN TED. T2 THRHENDRSE
OILBARENL, MBIOMREZBHICRE LV, WRIOEITEENKIREICE
B YRR O FERE L 1FFE BT B K DSk o, BRSOk iR
Z HEVEIS, UHRE 1623K TIE 100 £%, 1573K T 40 £, 1523K T30f5& L7z,
IR K VAR 2 0%, IRMEORENZ L 2WEBE), §720bKFEDILHE
FRETDNRICERH D Z L 2T LTS, WHRENMEWVEAL, RiE
DIZHDF DI IMA T\ DT DITHEG ORI AMER B D v &, BEW
TR DREVEDS BN LIRBN NI S5 Z L ic kY, MEl L 2WEBE b/ &<
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ICEDEMTEA LR, ZHUT 222 THRARZEBRFERLE L —%T 5. R
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Fig. 2-17 Calculated carbon distributions in the inserts and the melt
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Fig 2-22 Calculated temperature history at the surface

of the mild steel insert with Smm diameter
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Fig 2-23  Calculated diameter of the mild steel insert with Smm diameter
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Fig 2-24  Schematic diagram of the carbon concentration related to

diffusion and melting
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Fig 2-26 Fe-C phase diagram and necessary condition for melting

dependent on temperature
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Fig.3-2 Casting mold and insert setting
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Cast
iron

85mm

N

N\

Insert
Thickness(mm) | 1.7 | 2.8 | 4.3 | 8.5 | 17

Volume Ratio | 50 | 30 | 20 | 10 | 5

Fig.3-3  Insert thickness and volume ratios

Table 3-1 Chemical composition of inserts and cast iron.

C Si Mn Mg P S

S25C

0.24

0.18

0.40

0.013

0.020

FCD

3.59

2.34

0.44

0.041

0.03

0.01




62

322 EBRER

FBptk, WEE O LGRS L AR A B L. BEE IS D
BROER Y OFG Ik L TEADKmE L, Z%E Fig3-4 127, Brmz S
TWEEIZ TH: BRI T A X — LV TR L THIZE L.

Observing section

Pouring direction
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Fig.3-7 The effect of thermal spraying in large volume ratio
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PLEDOBIERIC X DA RO HIW &2, (KFELE, A2 DWW CHEHE L Table 3-2
R L7z, KFDOOIX 0% ENEEA LT AR EINDL BT REAEEZERL, A

1 20%LL E 80% AT DEN AR 7R BE A,

XVTEEEEDOEE DS 20%LL F THEA LR

Mol LRSI Z L EKT. KO Inside, Center, Outside |LEIENHES
m OWJER, ke, SMERIO 1/3 OFiPHAZZ T, Table3-2 LV, A TES T
& D RUNOERIITR 30 TH 5. DHMEHRAOBONE < 5 A0TIE, BRI
10 RESDRBRTHST=ME, ZHIUTHRTR I HOMETH D, HiH COHSE
X VB LWDHERE AR T D Z ENVETHL Z L 03bh5b. WEICLY,
A TR AR O#PA S KIEICIEAN D, 72721, RN/ NS WA, 4HE
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Table 3-2 Evaluation of bonding state

No treatment Sprayed
VR
! ol g~ Inside | Center [Outside|| Inside | Center |Outside
> 50 O @) @) @) @) @)
301 O @) A @) @) @)
@ DA— — ] [Ouside 20 X X X O A X
w 10| X X X A X X
[ Center | 51 X X X @) A X
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Fig.3-9 Calculation model



Table 3-3 Constants and parameters used in the calculation

Cast iron
Mold Steel
Liquid | Solid
Density (kg/m3) 1550 7800 6800 | 7200
Specific heat (KJ/kg-K) 800 500 920 | 720
Thermal conductivity (W/m-K) 1 40 60 20
Melt— Steel 5000
Heat transfer coefficient
(W/ mZ-K) Melt—Mold 300
Steel —Mold 100
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Fig.3-12 Calculated interfacial heat transfer coefficient

at the melt-mold interface
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Fig.3-15 Temperature and Solidification progress at the interface in VR30
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Fig.3-16 Temperature and Solidification progress at the interface in VR20
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Table 3-4 Some examples of the ratio of heating and cooling area

£ | Casting Insert | Volume | Heating area/
% diameter diameter ratio Cooling area
3 13.6| 16.0 14.7
E’ 56 18.7 8.0 10.7
22.8 5.0 8.8
oy | Outer Inner | Casting| Insert | Volume | Heating area/
-_g diameter | diameter| height | thickness | ratio Cooling area
=
g 1.7 50 0.85
S 3.5 24 0.74
k=
3 82 42 85 4.3 20 0.70
E 8.5 10 0.54
17 5 0.37
Cooling surface I
™ Heating surface
| Buried insert | | End surface bonding |
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Fig.4-1 Casting mold and insert settings.
Tabled-1 Chemica compositions of cast iron (mass%o)
C S Mn Mg P S C.E.
Melt.1 318 | 432 | 033 | 0027 | 006 | 001 | 462
Melt.2 359 | 234 | 044 | 0041 | 003 | 001 | 437
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Table4-2 Constants and parameters used in the calculation

Cast iron

mold | WC-Co
Liquid | Solid

Density (kg/m3)

1550 | 12400 | 6800 | 7200

Specific heat (J/kg/k)

800 220 920 720

Thermal conductivity (W/m/K) 1 110 32 20
FCD WC 8000
Heat transfer coefficient (W/m2K) | FCD mold 280

WC mold 100
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