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Figure 1.1 Trends in crude steel production in major countries
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Figure 1.2 Ratio of continuously-cast steel to total crude steel productionl).
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in near net shape casting method®’.
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Figure 1.5 Schematic illustration of twin roll strip casting machine called

CASTRIP® process at Nucor Steel’s Crawfordsville®.
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Figure 1.7 Illustration of cast defects in conventional continuously cast slab®®.

£ Oscillation mark Pinhole
E DR DHCR HCR CCR '
g .l : surface
e A
o _ | Amount removed by /4/// i
8 2 IF conditioning.~
; 3! Amount removed |

| by scaling / [ /
§ al oy 9/ Alumina cluster;
o 5 Corner crack/
g |
S ¢ ! Longifudinal or fransverse Crﬂclf:_/”
a !

11)

Figure 1.8 Depth of surface defects in conventional continuously cast slab
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Subject

Approach

(1)Preventionof surface defects
- Longitudinal crack
{Conventional CC)
- Longitudinal wrinkle
(Twin-roll CC)
(2)Preventionof castingtrouble
- Sticking breakout
(Conventional CC)

(1)Evenness of initial solidified
shell thickness in mold width —_
direction

2, 4th, 5th chapters

Measures

- Casting speed, Casting atmosphere
- Regulararrangement of thermal
registance, Mold mild cooling

(2)Stabilization of initial solidification in
casting direction.
(D Improvement of inflow evenness ~1
of CC powder

- Optimization of CC powder propeties
and mold oscillation condition

@ Healing of tornshell L

- Optimization of mold oscillation
condition

3t chapter

Figure 1.12 Relation between research subjects and each chapter.
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WC BB CORBELBOB R, BEIO =L 0FE ERVICLLIF vy
DR EZIVCEIBEE E DO RN Iab —hTELIDICET M LTZ.
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Ve VEFGFEEBEKL, Yo DEF—LRDLDOEREE ERNVESE XALAT T
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FELERVICES TR ENDX Yy T ~DOFREY OBAR E R 2 Ry 7 — T ADfE
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Meniscus surface
""" of molten metal

Thermal resistance

l Casting direction

Figure 2.1 Schematic diagram of the growth behavior of

solidified shell during casting.
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Start

Supply numerical data

Supply arrangement of heat transfer
coefficient hy, h:

Calculate temperature

Renewal of h;

Calculate thermal stress

NO

Calculate shell deflection

<

YES

End

Figure 2.2 Simplified flow chart of calculations.
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2.2.2 FHEFGIE
2.2.2.1 BEHR

RS, 2 WOT A OB IR IR VT BB DR H A LT B kLR —
RN RENERIE IS TEBE AL 0L RRIETHELE. T—LFRIC
AL TWDI DAYy 2 TIHR.2)AN ZMH L., il om TIXE WSl
7.

pCpV(TH-At _ Tt)i

= Za’lia 5‘a(Ta - Ti) At/lia (2-1)

pcpv(Tt+At _ Tt)i

= Yahia Sa(Ty — T) At/Lig + Xp Sp (T, — Ti) At/ (1/hy, + Lip/ A1) (2.2)

WO DTG 2 E O% L, B ELEEOMBRERE S E L
(2.3) & H Wiz,

CpE = Cp+L/(TL—Ts) (23)

FFF fE I E 50mm, JEE 4 H50F 8mm O F F I THY ., HIK A iE B LR S
J7 1 T4 2100 BED 50 Ay =l I L7z, (2.2) TR T AZVFK i Ok 5 B
fm BEAR AL hy 1. IE 3 E8 S Am BAVER B IS 3800 TR S B R 3 LR 2 hy & hy, O ) 1 05 A
ek Uiz, e[ B 4G DL 5 BUER B ES TS Ay v o in @ O S VR E R
B BB T2 =B E EROEMATHERICE SE FXALAT T HBIZEH L,
CERANT OBE R LM EL TR LT ((2.4), (2.5)K) . & EANVE T, Bz 8 %
Ag DT —=Fxy 7 yo BIHEAETHERE L. AZNVOWPEE OIS | Ho BVTE & I
KOT—ELL, B ELARE R TR E HEKFEELTEELEL.

hy, = hy (1E % #5) (2.4)
hy = 1/(1/hy +yo/Ag) (% [ 32 i) (2.5)
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2.2.2.2 Y2V T BIXORV = VEEGFHE

Figure 2.3 128 3 KOIT AR B GEH L T TSR & L7oAs BV HTE0 3 (2 6E [E o = L

Z 1 IRt DB MEZ

E L, ZRERORIE R IR LT, el OR E L) 2

Bl 2B, V=V OFEE ENDE, WIS B LT s BVR U il (Figure 2.3 1I281)
DHDRIR, DL E)DAHTRERIDEINE L.

resistance R

\‘ rJJk
di+ds di+ds

2 d,' 2

\ v Y
Solidified shell U TII77777777/7777
Ry

— _
R
Mould ‘ do+ds do+ds
2 P

sz

47x§§§§§§’x§§227f427

Figure 2.3 Schematic diagrams of the simplification of

solidified shell for the calculation of shell deflection.

LR TCHMEROFEE EAVE I, U FTIOR TR ESDFE Vckvit B Lk,
Figure 2.4 IR TIICEE R ZLDE, EW = |z|=b), & F & 6 (-a<z<a)

BIF5% 05K

L(2.6). .y A TEREIND.

Dl'dzyl/dzz=M1+(M0—p22/2) (26)

Dz'dzyZ/dZZ=M2+(M0_p22/2) (27)
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Normal shell
Mz, D2

J’U]

j{__

Thinner shell
My, Dy

Air gap

Solid

777777 /////////?77774%4/////// 777
-b -a 0 a b

Mould

[Thermal resistance |

Figure 2.4 Schematic diagram of the solidified shell deflection caused

by thermal stress and ferrostatic pressure. (Matsumiya et al.l))

ERILz=0 TH M THLD T, 220 DEF 3 ITHONT, (2.6). 2.7)KNELL F D&M

DFCTHE FELEBVEELZFRLL.
dy,/dz =0 (at z=0)
dy,/dz = dy,/dz,

Y1 =Y2

d?y,/dz? =0, dy,/dz=0, y; =0

(at z=a)

(at

(2.8)

(2.9)

2=b) (2.10)

Dy Do (TIE H # « %8 & B o f FHIE THY B ERKFEEZE LK EHD

YR EH T, (2.11)KICkVEF B L.

E(x —x¢)%dx

81,
Dy, :folz

(2.11)

My, Mg [EIE &6 - & [ E N TOBIS HICKDNE T — AR THY, LL T OIS
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ANFFHEICEORDI MG, =V OREBEREE (VR 2RO EEE)D, &
= VIR T WS 3 %45 #0 AL o0 B8 ME 28 T £, LR 28 AL I PE O B B a (AT /dt) % fiff
S T(2.12) X TERIN, o, MO FIEIRE D EHHE LR EOAL TR EDLEITLE T
WIE, Y= VEHBF R OENME TIENIZRINANTHE IS, 22T, ¢
IEEHE - BEEAHORBE S = V2N ENIZEB W T, IS ORI M O/ 5y

MO RDEIICEDD. ZOFFEINZIENNZEZHWT M M Z5E L 72
& = a (dT/dt) + &, (2.12)
o =1f(¢, T)="1f(—a.(dT/dt) + ¢, T) (2.13)

TIC EHE flcERELoR VEFERALE. Yo A WIRE T, BLONE E O R
S dT/dt VX R IR O FE E E SR DT ae IS ITEVE R - 25 B I RE S (R B 2 L o )
JiEEE L.

2.2.3 MR KA

R S AE & Table 2.1 IR . AZ V1 O ) W] Ofe 5 BUR Z AR, EH A hy
T 4311.6W/(m?-°C)., 15 B HEHL B h, T 1130.2W/(m?-°C)EL7=. ZDIE & hy 1
VAGH LR BT S E B A LB O Ve LT E B EURBLET h, O S BVE &
REX, EFEHICH L. 50um O —F ¥y 7 NFELELTEZEICHY 75, EFHE
REVR YU ORI B R ERL O BIE BT, AHAEHA O 2 BE, Avyaig
X 0.5mmeLc. RRAIRE DS & E— AV RIAZIVE OB R KMEDH Ay 2412,
AU 2 —HICRAESELLEEITES T, hy HDWIT hy 2R E SERHANR 0 M0 %5
272 2O A AR BVRPUE (Figure 2.3 12 Ry, R, % TREb )D& X 0.5~1.5mm T
bofe. — 5 HAIELE Clik, 8 BRI O R S R A2 4 4 0.5mm 3L 1.5mm &
L7z, kU8 1% 0.05%C 4l ., 3LV 0.12%C 8l THDH. CIEEICL-T, 8y &
BRI TIREBIO )y OB G BEATLHZLETIE N A MEBIITFE LRV E
DAL T 5. #5 W 1X 1.2~35m/min &L, E—/AREH AL SRMAFELT, Eiik
FEBUR FELR 2L D 80% B L TN 60% Dl %\ 7=,
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Table 2.1 Calculation conditon.

object of analysis
number of elements

overall heat transfer
coefficient hy, h,
arrangement of hy and h,

moderate cooling condition
carobon content and
phase transferred temp.(°C)

thermal expansion coefficient

shell deflection
casting velocity

only metal (with 50mm X thickness 4 or 8mm)
width 100 X thickness 50, equally devided

normal thermal resistance: h;=4311.6W/(m?:°C)
large thermal resistance: h,=1130.2W/(m?+°C)
random (width of h,: 0.5~ 3mm)

regular (width and interval of h,: 0.5 and 1.5mm)
hX1.0, X0.8, X0.6

C T Ts Ta Ts
0.05% 1534 1514 1450 1424
0.12% 1528 1495 1495 1465

1.967x107°(5 phase), 5.296x107°(8/y phase),
2.292x107°(y phase)

with, without

1.2~ 35m/min

T.: liquidus temp., Ts: solidus temp., Ta: temp. which 8/y transformation starts.,

Tg: temp. which 8/y transformation finishes.

2.3 FIAERELEBLE

B YE M 1.2m/min T, 0.12%C #ICB T 28 EH > =L Ok £ % &% Figure
2.5(@). (MR T. NI MM ORFE B ZRE L2 ABABEE LS A OF Th
5.V VEEENOBEOR EIZPPDLT b O MY R OIS T
INELTRD B G O BEE B AVE L O R ITHE KT 5. Zhid = v 5 1R O BT XD
LDOTHD. L, V=V DOFI LEPVEZEE LSS FELPVELOS & L
LT V2 /VEDHEWER S DR D RESBILTWDIEN G DD,
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Figure 2.5 Growth behavior of solidified shell with and without shell

deflection. (0.12%C steel, casting velocity 1.2mpm,

random arrangement of h; and hy)
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BB OB AL R A R THLZEN G D,

A BRI B E BB ST A e iR & B S SO 28 k& Figure 2.7(a).
(D) T. AHAIEEICBITLFE LEADE I, BEEENORD KEDNoTC0E T
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LN TRKES, ZOESITE 100 s m~% mm TH 5. 2 7 LI 130 B oo 8 2 pk
STHFFAIZHA L. Blum OF—F—Ld. FEERVESIORWRB A 1T, %
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Figure 2.6 Growth behavior of solidified shell. (0.12%C steel,

casting velocity 1.2mpm, regular arrangement of h; and h;)
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Figure 2.7 Change in height of shell deflection with time.

AHAE & T v = VR HE R 72 (o) DI M 22 b % Figure 2.8(a)l= 3. 724,
T VIEE 2.5mm RIBE IS E LD, Ve VR R I FoLEIcB VL ThH, B
ORI EIL I — B R EEZEVE D 5. =V EEMER 1L 0.05%C Hl Lo
0,12%C DS M, -, BEENVELIVLE X ERXVEE B LIS GO B KE
W — 05 BLANED [ TiX(Figure 2.8(b)), Y= L EARHE(R IR E LAV OF BT
B\, ZOH A | ¥ o)V E B R 3 oM 3R R HE B 084 L/ &<

I ] ZE B ICPE> TR L, 2 B LLNIC 0.05mm LL T &7 5.

30



0.12%C With shell
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(a) Random arrangement of h, and h,
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(b) Regular arrangement of h; and h,

Figure 2.8 Change in standard deviation(c) of shell thickness with time.
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B, A E CIIQ)EEEREREME, Q) LOBRE ERAVE ST, BEAGREICE

31



W, WIHTZRR & SN 7B BVR BT (hy, DAL ) DB S5 LR E | (3) 58 At 4%
D hy & hy, HDVITAh(=h-h)) DIE N FEBR LR 2D S I2L5bDEE 265,

Figure 2.10 IZ/R LR OV VB E Ve VEE R 2 o DA = VAR ¥ —
FELEFL, TORFM Z (L% Figure 2.11(a). (b)IZRT. Y=/ A —F X, EDS
EIZR T | W [ OIS > TH G2 9525, 0.12%C i 77 75 0.05%C
DA IOARE TR E. T G5 M TIE o/ y ERBICEIVEEE =L D § 5
B DSULAE T D728, VDR E EROR K EL2DHT2D ThH(Figure 2.7(a)). £7-.
R OB B ICEY BEEBRVEBBLEGALLRVWE & ORY — F 0%,
0.05%C £ L0% 0.12%C £ D 5 3 K Z 0.

32



- _ O
£ o

ol Q/oO © :

& Solidified sheH

I afvn————"'(J——F o
@)
10} D -
O Solidified shell %
— 0 [ pap—

0 I 1 2 1
0 10 20 30
Dip time (s)

¢ (mm)

Figure 2.9 Change in Ad and [ with time.
(H.Murakami et al.*>, Cu chill block, [%C] =0.13-0.153)

With shell deflection -

Without shell
deflection

Average shell thickness (mm)
(%]
T

Figure 2.10 Change in average shell thickness with time.

33



Unevenness of shell (%) = ¢/d x 100
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Figure 2.11 Change in unevenness of shell with time.
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B 2~3 T LLIN O 4 23 FE B ICE B ThDHIEE R LTS,

B E 5 M TE LN 0.12%C ICEB TS = VR B — FE O L &
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Figure 2.12(a). (b) 27 . Figure 2.12(a) % &5 M & i 7 5 B #k n T 48 B,
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Figure 2.12 Unevenness of the solidified shell obtained

by the dip experiments with using chill block*®'** (0.12%C) .

35



FHEICESTRODTEEY V2 VES Imm ICBIF5V oV RS — E LG #HE LD
BI£& % Figure 2.13 12, Y= VAR — LB = VE LD RfR % Figure 2.14 (278
IIERIE G ER K EZ 0.8 5. 06 LB AR ELAEDLET
LT, B 0E O

7. Figure 2.14

DM, BEORE—AREH AL IZEZ-ST, V=V A Y — E XA
T5H. IO RIT.HFEHRENPRKREI,BEAEALLOE SIEE, W — vV EIITBT
DR ERIE N K ELIRDD v x /L DFE ER0EIH T BN RKREL Lozl

kb0 EEZHND.
50
Twin-belt CC Twin-drum CC
Sle |«
ﬁ( >
4 0.12C steel
O Conventional CC
g L
— Random arrangement
o 30
i -
[72]
Y
P L
b
2 20
=
1)}
>
(]
v L
|
10
0 1 1 1 1 1 | 1 1 1 | 1 1 1
0 5 10 15 20 25 30

Casting velocity (mpm)

Figure 2.13 Relation between unevenness of shell

and casting velocity.(average shell thickness: Imm)
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Figure 2.14 Relation between unevenness of shell and average shell thickness

for various cooling rates in the case of random arrangement.
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AN

7 C
moxld D</ r
/|
/|
4
B

Figure 3.1 Process of breakout caused by sticking®.
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Figure 3.2 Concept of shell growth model

considering a shell healing process.
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Figure 3.3 Simplified flow chart of calculations.
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3.2.2.1 BEET=ANIE ., KOS S oFE
BEE = AH OIS HEEROFE IR REDL WO B.1)~B3)XEH W, b

. (3.1). (3.2)R TR E SN 5 FEEE S = LM E Fo. 355 OW IS Bl E 6, 7>
B, (33X &M o CHER o LVNERBPMEE D ¢ it H L.

Fo= [P f (¢ — ae-dT./dt, T)-dx (3.1)
p

Ep= &€ — ae dT.dt (3.2)

ep = |ep dt (3.3)

TZTioe TBEREERBICHOIRBE L EE B LA DRI 9K R | 5, 1375 5 [FH
MOz VR 6, FNTF =T ANV LBETHD.

e [H 2 = /LN BE o3 A 2k (AT /7 dt) 13, i o7 B #R 0m Ca el L, &
WEATICE D BB B E L =2 VN B O XX BL FoRXTRO=. EEH S =
I ds(m) iz bo X P e L.

dT.7dt = (ps* L/ 2){—(dds./dt)? + (x—6,— ds)d?*ds.~ dt’} (3.4)
55 = 0.00092t°8¢7 (3.5)
ZIZT. o ps 13 0% (7320kg,/ mP) | LR EE [ BN (280kJ,kg) | A 13 BEVE B R
(27.2W /(MmK)) . X |ZJE A J57 [ AL & |t IXRe @ R (s) THS.
e TR E D D o LIfLIKIE n OB EE R LEGBE)RE. EHL WRRARS

WMEEALEREIIBTIORAEALELZ EBENHLEERAELELZM > TH E L
(3.7) & fif o7z,

£co = 10.48-exp(-0.737+74)./ 100 (3.6)
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gc = €co* (£, /0.0003)%1¢7 (3.7)

Z 2T, e az.t;p = 0.0003(s ) TOMRAEHR(—). nw XM biE (=Ts-2ZDT,
MM L ey (U RE T 2 (57 T 13 6 IE BRI B . ZDT I AE P 2K R I
b 5.

BESRRMIXB.L) N TRDOI-FEEE B = /LR E Fo UL T ORXTRDTA J) Fex
DEIHNELT. A TT Fox 13T v =N 2 R ICB T DIRIR ST X —7 4V 5O 5
Wr 3L, (3.8). B.9)R TR b7/, F/o. AU F —5 1T Lanyi & Do i K 17
s — % 2 e L7 (3.10)X 26 H L7z,

Fex = fOZt}’]effNC—Vm‘ /S o¢ - dz (3.8)
Nert = 01 [3 51/ 1 (T()) }-dx (3.9)
n(T(X)) = 1.6667 -7+ exp(-40.553+62986.6(T (x)+273)) (3.10)

ZITox IR R DO K EEREE . z 1380 EE [ G v A7 & 26 o 1 E IR EE
Nest \ZIR MR 7807 & — D JE Fx J5 [0 - ¥ 85 FE | 5 1% 1300°C IZR T 530 4 —HE |V, 1
B R0 P | Vo LB T R (BF 3 7 5] &0 ) | ¢ 1% DR E (BP) B E TOR
R =T 4NV LEDOBES 2 (FWEW LB =L ORI T IIM R E ThHo. 7
¥.BP (X 1160°C T—E &L, 6 (TUX =T 4L LIRTE 6, 22O 8 AR 35 1 IR %
800°C *® TV AN IR E A B A E LT, BEE v =L R E R EE BP O
HL7-.

3.2.2.2 RXATAT AN w7 (H) M OREE > = EH DB 25

2T O EE[E = BT L TSR I R E = L o W) B JE e 12 KD [E
FOBIOEB Y =VEOH MG, BEE = VNORESMEBIRL, =L
58 B D[R] 15 12 J B S H T
(1) 3T OFEEE > = VEICRB TS fs O

NI HEE = VAW L7t BRBEE L7e s = VXA TSR h 2% 0%, 2
DWW > =L & F HICH P TOLEE R = VB OBEBE (1) 23, R dt #
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12 dl(=(Ve —Vn)dt) Zi0HE £0. TR ITAM(BDWIE L) B O (FEE ) O M
P Ens L& +5& (Figure 3.4(a)) . 2O o [E F8 R 8 N4y dfg 13(3.11) X TH
ZAbiD.

dfs = —dS;/S\° = (Ve —Vi)dt, iy (3.11)

ZZT SIS t TOTFURIARN(BDANITEA) 1R 7 — L[ 0F . Sy 1R dt %
DFURIAMIIR T — L0 Ve 1385 A B8 i B (B &) Vn 1388 E Th
%.

(2) % 8 > = /L5 180

(3.5)F D #E [ B 2B A5 S Bl A A, 2T\ T, R Z 2 dt |/ 2 C— E
THHERETHE (Figure 3.4(b)) . FE A dt % O EEE & =V 5 ag 15(3.12) KT
Hz2b6h5.

Os,t+dt =0s,t +0s,dt + 405 (3.12)
ZZTL O TR A t 2B T DEE[E > =V E | b g VI RF FH] dt 72 1285 BY (I LD 8k B TRk
B LB E S = VR A5 (T EMICEDEEE S = /VEE N4 ThD. o, Md gl

I ] IS DB R L g2 3 [H dt % OB R 2K §. £/, £=0.85 (IA M T
WELEEE =N ERMBPIEELOR BB EMHEETHD.
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Figure 3.4 Method of the treatment for shell healing during negative strip period,
showing (a) increase of solid fraction and (b) increase of thickness

in resolidifying region.
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3.2.3 fRHT S 1F

fEATET VO M, K O EH #FE RO M BO KO0 41—
arGEEmEt T AD  ME, hiE-AvL — T ar SRR BO ICH X5
AT L. 3t R &M% Table 3.1 12" 9. 22T, Ahr—2 S (T4 YL —var0
AR AR . M R AR R T OB IR S T S i [ AR AR R E Ts. K OR
ZDT OHHIFEBLONX "Icht o7z, Fio, BEE = VR BT DAy Y 2% A X
Sum, FHE DX A LAT v 7 1E0.025 LT,

o, FHEEFEBE O E O LBkl E LEE T A L — s a s & Table 3.2
ICRT. 22T &l ATBRERERRAL, RUTAT AN v 7R ] & — & K [ LA
LEHERLTAUY =i AZRELTZSRME . R CIRSEFRE MG HELRML, R
HEEE 2R /N RICLTA YL —var~—ZESERB LIS, & F B I35kt A L
B OWMMAMLELEETHL. WTNOFEMFLHIC, #5iEHEOHINIZEsTANR
—J7RiRME S ZHINIERNO, & AVB IS RIREN R f 2/ hS<L Tt &
% #%0.14~0.15s, & 18 0.12~0.13s &L, K CITIRE B f 2B S ¥ Tt, 2 0.11s
WZHIBE L2, ZORE S ALB TV OISR L, R WX E GRS A L, i 125 14
C TIE Ry IFHFRITH N T 2.

ek, BHEAE R O IL, Table 3.2 O L CRHA LR R A, T Bl TaRL
7.

Table 3.1 Values used for calculation.

Steel grade 0.05~0.18mass%C, mainly 0.12mass%C
Casting velocity (Ve)  1~2.4m/min
Mold oscillation Mode : Sinusoidal

Frequency (f) : 85~200cycle/min
Stroke (S) : 5~12mm
Negative strip time (t») : 0.11~0.15s
Negative strip time ratio (Rn) : 47~73%
Mold powder Viscosity (n) :0.05~0.15Pa-s, mainly 0.12Pa-s
(at 1300°C)
Break point Temp. (BP) : 1160°C
Film thickness (6,) : 5~25um, mainly 15um
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Table 3.2 Conditions of mold oscillation employed in model and actual casting.

Condition Ve f S tp tn Rn
m/min  cycle/min  mm S S %

A 1.0 150 5.1 0.25 0.15 73
1.2 146 5.7 0.27 0.14 70

1.4 140 6.3 0.29 0.14 67

1.6 132 7.1 0.31 0.14 64

1.8 122 8.0 0.34 0.15 60

2.0 110 9.0 0.39 0.15 55

2.2 96 10.1 0.48 0.15 48

B 1.4 153 5.8 0.26 0.13 66
1.6 160 6.3 0.25 0.12 66

1.8 159 6.9 0.26 0.12 65

2.0 150 7.6 0.28 0.12 62

2.2 134 8.4 0.32 0.13 57

2.4 110 9.4 0.42 0.13 47

C 1.0 157 3.4 0.27 0.11 59
1.2 161 4.2 0.26 0.11 61

1.4 165 4.9 0.25 0.11 63

1.6 168 5.7 0.24 0.11 64

1.8 171 6.4 0.24 0.11 65

2.0 173 7.2 0.23 0.11 66

2.2 174 8.0 0.23 0.11 66

2.4 175 8.7 0.23 0.11 67

3.3 SEEF&EICBITS BO A E O E I ik

Table 3.2 [Z/R L BRI T L —ar b <, EBICH & FE MO8
ATV A R3O BO A EE A FE 00 1 AF 2T CTHIE L7z, BO f Jn 48 B
X 85 LN IS 0 IA A TR BB XIS Ko TR B A R 1 5 i O Sk Va5 R
T=HYU T L ASAHAE T CHIE SR DR E L858 T J5 CH AL B 23 L7
BRICBZ SN E =7 DOAIR D, HLBE LU EICRo78 6 DR % 8 & E
BRI E Lz, 200 BO B0 88 L 2 B A # 3 =R THIME L L. BO B 80 FEE fe £ &
L. el S5 ALIR B 13, B S IS U CL IR B Sk AN — 224 0 T4 TN L
TELSHTZ.
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3.4 ik REHB %
3.4.1 FFEE[E S =L DS T T IR
3.4.1.1 HEEEM O =V EB) LEEE O R

AT E AR NG L DEE I Ko THEE & = VR N A LT E L2 &
(Figure 3.2)OFEEE =V R G (R KRE Ay 2P ROKRE 2.5um HEI) ITBITD
[ FH R BEWey e DIFHZ AL OB Z Figure 3.5 128 9. ZOF] T, & H > =/
2 J8 [ F S 0.85 ICH L2 IRV THY, Ve~V (=5.0m/min) 23K &< A
Wi =L 2 RICBIDEE AT E —T 4 LD F T /3570, 513
A Sum TR OB E e VI P T HIEIIRY gy e BAEBITH ML TV D
(Figure 3.5(b)) . L2 L7236, R THE[E & = /L3 & [E AHF 728 0.85 (2> &
BERDE, ep/ e XXV SIREERDIENHEE SND. DO LR — K % TH % [
VT DEAI TN E ST ey e WRIRDIEN Gy InoTeleh  ETH AT 65 e
CRETRE = VW 2 A T O BEERG Lz, 2ok, ERMMEE L o 13, B
>V R IEERELBRDLIEN G oTcled  IBITH BB VO R E Ay
2R (RE 2.5um ESITHY)IZB TS ep 2 T5281CL 2.

A —$f 1 - AL —a G b N CRE S = VM AL T DBREE RIS G D,
ep/ e \ZH 2 55 8% Figure 3.6 |27~ 7. Figure 3.6(a) I %E [ & = /L% Wy A 7 &
LT AT —=ar 1Y A7 DN AR 2R R L2 D TH DA%, BE [l > = Vg Wr 7
AIVT BRI DE ep /e IZIRESEACT D, ZHUT, BEE = VK BT =L 5R
FBH AA FE O [E AH K £s=0.85 ([CHIFELR O (K =) &5 &8k &8 O
X EE (Ve —Vi) NRARDIZ0THY, BEFE S =L R E f, 23 0.85 (/2o S T2
FH b 3 BE 2SR ZVNEE | gp e 1E K &<V (Figure 3.6(b)) . BO BF LS <. £
IT.URBIESHE - AL —ar TR R ERD ey e (Figure 3.6 @ i TkFf
TRLIE) ZZ DKM ICE T L BO F5EE (emax &) L. ZOFAEITE > TH R MFIZ
BITOW KM BO ORALG &7k 25287,

o1



i i
i
— 03T : :
2 08 |
H | i i
$506 | .
E — | i i
g 20> : :
L ] i i
= w04 : \
CR-P negative strip
T period
o 0.2 ‘ >
201
0

o 01 02 03 04 05 085
Time after shell tearing { 5)

(a)
1.2 ; ;
08 F : |
Zos f
W : :
"I 04 : !
“ i i
negative strip
DZ _ i .
. period
—
0 : :
'I:IZ L 1 1 : L : 1 L
0] 01 02 o032 04 0k Qg
(b) Time after shell tearing { 5)

Figure 3.5 Example for (a)fs and (b)e, / &c changes at 2.5pm below
resolidifying shell surface with the time after shell tearing.
0.12mass%C, V.=2.3m/min, f=123cycle/min, S=9mm, t,=0.13s, R,=56%,

7=0.06Pa-s, BP=1160°C, §,=15um.
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Figure 3.6 Relations between (a) ¢, / ¢c and shell tearing timing, and (b) &, / ¢c and
velocity difference V.-V, at 2.5um below resolidifying shell surface.
0.12mass%C, V.=2.0m/min, f=110cycle/min, S=9mm, t,=0.15s,

Ry=55.5%, n=0.12Pa-s, BP=1160°C, Jp=15um.
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3.4.1.2 NUF—HEE  RFWRE DK
#5318 45 1F 23 0.12mass%C., V.=2.0m/min, f=110cycle/min, S=9mm (235175 BO &
BICRIETANTT =R E | R ONTE —T ()L WE B D5 B 24 % Figure 3.7(a). (b)
IR T RO =R E O R RO E =T 4V KR B OW AL - T, BO FEHE X
M3 %. Figure 3.7(b) /XU & —¥E & 5= 0.06Pa+*s & 0.12Pa-s Ol Z/x L7=2%, A
B8 SR I2B VT, A3 0.06Pars TIEANT X —7 ()L AJE B3 10um LA T, 0.12Pa-s
TiE 20um LA FiZ725E  BO fEHE 21 £720 BO B R AETHLEZ 2605,

— . ZOHEESLETORB OB EIZE\WT, 0.06Pars D/ —Tlx ) M BO
DOFREFRPE N L F/2, 0.12Pas O X —TIEIHEME BO ITELRWVWE TS
Ve=1.6mpm FTHBHHEL TEHIETIHE N DoTZIEN o TS, 4 ]I
ROF—T 4V KEF% 15um & T D& Figure 3.7(b) 12K #uiX, BO 542 1% 0.06Pa-s
T 1R, 0.12Pa*s T1A2MWALDT, EEOHFERREG BT D, TITLRE O
BrCid, XX —7 )V NE B% 15um ELCR-E LT,

ZORUE =K O, K OANTE =TV KRB O IZED BO FEAE O N
X, (3.8)F T/R L7 Wy o =L D S B 85 Iy J) AAEE N 5281080 7 & [E & =1 i
B <O TR INT 272D THD. ZHET, ANUFX =M EPE I T 5&5 AT H —
BHOWANCEoT, 58 -85 BB ) 038 KL, BO R A M E SN 5L 052 L
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Figure 3.7 Influence of (a) mold powder viscosity at 1300°C and (b) film thickness
of mold powder on emax/ &c under the calculated condition of
0.12mass%C, V.=2.0m/min, f=110cycle/min, S=9mm, t,=0.15s,

Rn=55.5%, BP=1160°C.
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Figure 3.8 Influence of carbon content on emax/ec.
V.=2.0m/min, f=110cycle/min, S=9mm, t,=0.15s, R,=55.5%,

n=0.12Pa-s, BP=1160°C, Jp,=15pm.
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Figure 3.9 Influence of (a) frequency with S=9mm, (b) stroke with f=110 and
170 cycle/min, and also (c)velocity difference V.-V, at f;=0.85
below 2.5um from resolidifying shell surface on emax/ & -

0.12mass%C, V,=2.0m/min, #=0.12Pa-s, BP=1160°C, 6,=15um.
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Figure 3.10 Example for (a) fs and (b)e, / ec changes at 2.5um below resolidifying
shell surface with the time after shell tearing in a case of oscillation
condition C. 0.12mass%C, V.=2.3m/min, f=175cycle/min, S=8.3mm,
t,=0.11s, R,=66%, #n=0.06Pa-s, BP=1160°C, d,=15um.
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Figure 3.11 Influence of (a)casting velocity and (c)negative strip ratio on emax/ ec ,
and also (b)influence of casting velocity on velocity difference V.-V,
at f;=0.85 below 2.5um from resolidifying shell surface, under the
calculated condition of 0.12mass%C, #=0.12Pa-s, BP=1160°C,
0p=15pm with oscillation conditions of (A)f=87~150 cycle/min, S=5
~11mm, (B) f=110~160 cycle/min, S=5.5~9.5mm, (C) f=157~175

cycle/min, S=3~9mm.
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Figure 3.12 Influence of (a) casting velocity and (b) emax/ ¢c on an index of BO
detection frequency in mold, under the calculated condition of
0.12mass%C, n=0.12Pa + s, BP=1160°C, J,=15pum with oscillation
conditions of (A) f=87~150 cycle/min, S=5~11mm, (B) f=110~160
cycle/min, S=5.5~9.5mm, (C) f=157~ 175 cycle/min, S=3~9mm as

the same conditions in Figure 3.11.
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Figure 4.1 Schematic view of the twin roll casting apparatus.
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Figure 4.2 Schematic view of refractory bar immersed

in molten steel between rolls.
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% % Figure 4.3~4.5 (2~ ¢, [A] U#k 1% 3 BE Tk 954, SUS304 4l , S53C 4l . Cu
DNENZF F B SHIEL 2%, K MR IZHOWTIE, SUS304 #l 0 5; & LRARIC
RFHIR Cu B &ICHBWTYH, i #HE O MICL-oTRmE LS Ik T, FiF
KO BELND.

<——Casting direction

50mm

| I |

Figure 4.3 Effect of casting speed on surface appearance
of strip. (SUS304 steel)
(a)V¢=0.30m/s, d=2.2mm. (b)V.=1.18m/s, d=1.2mm

(V.: casting velocity, d: strip thickness)
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<«<—— (Casting direction

Figure 4.4 Effect of casting speed on surface appearance
of strip. (S53C steel)
(a) Vc=0.44m/s, d=2.17mm. (b)V.=1.10m/s, d=1.24mm
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<— Casting direction

50mm

| |

Figure 4.5 Effect of casting speed on surface appearance
of strip. (Cu-5mass%Sn alloy)
(a)V¢=0.30m/s, d=3.98mm. (b)V.=0.99m/s, d=1.73mm

SUS304 M IC3 T 586 i S 07 40D — 5l % Figure 4.6 (2% 9. $5 i & & 2
0.3m/s DM TIT MELOAH R THE SN, ZORELOORSIEA 150 4 m
Thd. — 7 B HE D 1.2m/s TlE, Rl LHORE DK M KM ITFA(EE T o
THHELEREOHERPEONDND, 2056 Ok F £l OFEHE K 3um TH
5.
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wrinkle
(C)
V.=0.30m/s
LA .' ' A
flat (L) T T Ilﬂmiil‘.l'!
surface -i[ :‘“.. A }”

v.=1.18m/s| (C)

Figure 4.6 Observed profile of strip surface. (SUS304 steel)

(C): cross sectional direction, (L): longitudinal direction

H 8221 X% SUS304 #5 J 2 i MR IS KT 385 & 3 B o2 2% Figure 4.7
R HFERE OB FERESIEA L, RELbEA 758 4 26
BREOHEF ~LBTDH. FBREOBONDRANEE S EE L R LbB
1R T B B SR 85 15 R B (Vo*) EE % 35 &, SUS304 8l TiX Ve * 2347 0.60m/s TH

4
I O smooth surface
=
= 3K W with wrinkles
o
w
vy
[«}]}
g 2t
(]
=
+
2 1L
[ .
4+
wl

0 | |

0 0.5 1.0 1.5

Casting speed V. (m/s)

Figure 4.7 Relation between strip thickness and

casting speed. (SUS304 steel)
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W7 I 7 M2 315 SUS304 & i o F il ST 4V DR ENOIF IR Lo
X LRI R % Figure 4.8 (2" ¥, Rl L8k & &l JE O INE Lt 127
7%, i 85 S 3 BE (K9 0.6m/s) ICFRI1THR B LOESITA 5~20um & E THY,
HRBZCTORBLOELOH E L, BB LDOEIMH 5~20um 2L F ThEhizs
ERXDHIEINTED.

Fem LB Ik O g 5 85 1 3 I2BI L, SUS304 il & [A] Bk 0 FEBR T b7z S53C
W & Cu-5%Sn & & O fifh 5 $F 1% 1 E 134 4 K 0.45, 0.60m/s TH-o7=. SUS304 il (T
% L. S53C il 1%/ & #5 1& # E LL E T, Cu-5%Sn & & IXZIXR Uk iEE E L BT
FELbOWWEE T BN ELNLIEN G ot

1000

E— )

-\
—_ | \ \
g \
= \ \
o 100 \ \
v C \
= L \ \
- — \ \
=
v i \ \
S (N
T i \ \
7 \ \\
B \ ~
o 10 \ ?
I} r \ \\\
S - \ ~
e N \ ~~

B N\

K N

\
\
I~ ~
~
~
-~
1 | 1 1 [>~1 |
0 0.5 1.0 1.5

Casting speed V. (m/s)

Figure 4.8 Effect of casting speed on depth of surface

wrinkles. (SUS304 steel)
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4.3.2 TR )8 Lo — L DB il B 46 7 &

SUS304 il (2o NT, B2 il B 4A AL [ O k0 F2 R TS D8R i i &2 oA
Xl % Figure 4.9 |Z78 9. 72385, Figure 4.9 [Xifit Kk ¥ #E D% E R S AXg 28 10mm D
G OHThHD. Pt HE 0.3m/s OB A OGBS IS LcEE i Rl #7iE 5
A e L2 K m Lo (IEH) RN AL, KEHEFEHFICFEMoOLANLICEST
VR BB IS, 7ok, HR ORISR G LV 85 % CILE LD VLB ST
— B E 1.2m/s O% A FIE K E OB ALk,

Casting direction —s

Longitudinal depression

A

(b)
g' I?TW
e
PR O]
— —_—~———
50mm

Figure 4.9 Appearance of strip surface obtained by immersion of
refractory bar. (SUS304 steel, V.=0.3m/s)

(a) photograph, (b) illustration
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B A O %E [E fL Ak & Figure 4.10(a) . (b) 29 . (a) o#FEHE E 0.3m/s DA
VL T K R IS AN E B WD THE AR T U R T A M 33 < &5 il i B N R <
STWAD, (b) O EE 1.2m/s Tik, & E & 1ZIEH — Th 5.

depression

crack refractory bar crack
RS |

dendrite
zone
1mm
[
\ refractory bar y
(b)
dendrite
zone

400 um
AN
Figure 4.10 Solidification structure in transverse cross section of strip

obtained by immersion of refractory bar. (SUS304 steel)
(a)V=0.3m/s, (b)V.=1.2m/s
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EH S VX, SUS304 Sl oM — L85 i OREE K IC OV T HR TV RTA M
TR B — L EEE L TWDRF IR R L, m— Vi i 8 R (F AR ) DAL E ICB TS
A B S ISR E W E L CWD. Mk A — LR E I o T
GICIRIET 5L RFTHIC, BB ES TRMCBS L CHESBLr—10
BEAREE B N LD  BE Y =L O ENENL IR T URIA DR SR HL A
L2HDEEZHND.

EEE AL BB Z oG o R T U RIANE OJE S (B IR IG L7 i A & To
) LB OFBEIERSOMMGR%Z Figure 4.11 127§, $53E 3 FE 0.3m/s DF S HBOK
BERIDH 3mm LESCHEBEBANE AL, HBORBEIRIPDEWVIEE, FER S E
ERW A LTS, —J7 BEiEEE A 1.2m/s O A& BORE RSN 10mm £ T
T T im L M OB MAB RSN T R TOESITZ—E THLIMR. K 12mm L
BT/ D L T g ST AR AR LR SR S 5. b b B E
0.3&1.2m/s DG BORERSHE 2K 0~3 BLUHK 10~12mm L £ T, 4
RTURIAMHEORERICKETHEORBEOLENT N, BEEENLKELDNRE
3%, £72, Figure 4.11 OfE R B RO & F2BR 1% O T s L 8 & o 82 fih o 8l 52
i R DD B AR E LWy & L B2 ik B 44 (L 8 1385 1 M & 0.3m/s TIEK % i A
58 0~3mm DOALEIZ, 1.2m/s TITH 10~12mm DN & IZIEIE L. 85 18 3 B o

(P> TEE il B GG AL 1 3 T ISR B T 228 bhoTz.
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1.2

— 1.0+
E ¢
= O V.=0.3m/s
2 0.8 °
[«}]
et
E O
E 0.6
o
———— ==
5 4 ’f A
n 0.4+
(]
v 1.2m/s
Q
2
= 0.2
0 | | |
0 5 10 15 20

Depth of bar axg (mm)

Figure 4.11 Effect of depth of bar on thickness of dendrite

zone in solidification structure.(SUS304 steel)
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4.4 B 5

Woa— Vi OFiE LbOK kI KFIZ W TIE, B— LA @4 8 o R iz h A
P IR 22 8 DA BV FU N FFAEL T2 m— VTR LT R B D A=A AT
WCHHIREICER TR E T KIERPEETLIE, BE VO E G
H 3 AT B Au, B OHEAT IR o TR E S =L O BHE R0 %R [ I AE Ik C
BEERE B BNBICER THZLICIVR T LOLATERLOLHEE ST VO,
AT 3 D it K )R DR IE EBRIT, m— L LT A= AT AD /AT B T &2 & K1
HKAESHELLOTHY, ZNICE-THORBELODBE A TLHIENH NIRRT, 22T
(X A=AN AT IR 2B SR RN 72281280 Rl LDOEE AL LRWER DO A=AD A
e T &S E AR 2.

4.4.1 B A= 27 AT AR O B G R AT

A=A AT R O R [X & Figure 4.12 (2R 3. m— LD [al#5 (S £E 5 k5 PE 1 o 7B H
WZEOA=AH AT EIE IS, KRR NDEE OV WIZK> TR ELF I 2T
WD KB b7 R RICEATD. B NDEZEH L TA=ZH AR
STEHEMENOER) &I LEZTTHE, (41X RHFLND.

— 3P/ ds + u(9%vs/ an?) + pg-sinf = 0 (4.1)

ZZT,SIAZ AR AO M 5 0 FEAE | niiE R 7 M AR L PR T okl BE L vl BT
pHEE Qi E INEE | O A=ADADOEEREKEBHEDRT .

(40RO 2 HAE {8 R I(n=0~8)THE 77 L7oifE S 2385 M 85 W )i 71 o(2>0)1C
2% Flo (D)KMEER s Ml —E L HL, SHIZQR)A=ADATOE N ITFE @
B8 1 DR J7 18 B 3 12 % LW (P=6/R+6/R*=¢/R, ZZC, ;X i & /1. R, R*:1 % & |
Figure 4.12 @ xy 1 B L O xy [ (2 B 72 W [ 1B ITDA=ADADOHM B LR 12750
R*=o0) LA E L, (3)dx=ds-sing o 1% 2 Hi % ffi 5T x=0~x OFFH TR 35L&,
W oo — /L EDREM AN T ZIRNE S (s ~ X)IZ A=ZAD AR T HEE KT,
MEPED L E D OHVAEWIZELT, 4.2)XRHEonsd. £ R 1X(4.3)XNTH 261
%.
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o/R—1x/6 —pgx=0 (4.2)

1/R = (d*x/dy®)/{1 + (dx/dy)*}*/2 (4.3)

viscous

| force meniscus

n

pressure due to
surface tension

gravity force

Figure 4.12 Schematic view of meniscus profile.

(4.3)5H D R & (4.2) K ~ XA TDEA= D ADNL 8 x (BT 5 2 B D 5 7
BADHFEON, (4.4), 45)XNOEFRMAEOT THMATAYIZALIZENTE, (4.6)2IC
R A=ZDATE R OB R R A E 5.

x=0 T, dx/dy = 0 (4.4)

y=0 T, x=xp (4.5)
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y = (kz _ x02)1/2 _ (kz _ X2)1/2

+(k/2) - {cosh™1(k/x) — cosh™*(k/x,)} (4.6)

TITTL Xo (T ARER AR AL [ (A=A B A T &), k*=40l(pg-7/0) THDH. B8 V1 k
D55 R 8B % Sakiadis™V L i MR T IS E S E s BT TS D LB R E R S
B 2 1=2.78uuld. 6=6.37(uxlpu)"?> TH 25N5. 723, u 128 8 f 08 | x (15
HJE R EBR ML E DD, ZNODEMRBIOINTA—ZTHLEMA a(7272L
sina=1-2(xo/k)?) % H 8 B - [ o0 3 2o — L m ol E TR AL, (4.6) Kk
D A=A AR T &1X4.7) N TRIND.

xo = (1/2)[avc? /g + {(av?/8)* + (160/pg) (1 — sina) /2}"/?] (4.7)

ZZT Ve — /L ER I G B (85 i E )| aiE £2(=0.0685). (4.7)K OB kI, A=
AAARE T BIX, $F1EE E LR m IR OB IOE B ORI - T, £ 8 fil
728 180°12iL SUCON T, KERDIEN D, 7ok, #HE B A L5l X
SUS304 i P~ ¢ 5=1.0N/m. p=7200kg/m®. S53C i Y T +=1.8N/m.
p=6900kg/m3, Cu-5%Sn & 4 3T 5=1.2N/m. p=8000kg/m*® Th 5. F7-. 4 fil 4
o lF A=A ARE T ROERMEFEEI BT 2I0105 272,

4.4.2 A=A AT AR OHEF HE R

SUS304 il O & i) A=A AJE 4K DO HE RS R Ol & Figure 4.13(a). (b)IZ~ 7.
W E O > T, m— Vil F OA=AN AT — L OB B) F A ~5] ZIE XS4,
2 il BH 26 A7 & (4 O @ED S T~ T 45, iz, A o RNREW(b)D
BDOHB A=A AR T RIZKRE 0D, #itf o % 120° REICLEEY 612, #ih
BH 4 AL B D FEBR RS R LE R R R AL —H L TWD. 72k, S53C #il& Cu-5%Sn &
SITB LT, $ifii A& 120° ELTH 2 O EEE 123 THOA=AD AR IR 2 HE R
L7z.
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— y (mm) —= y (mm)
10 20 30 40 50 60 0 10 20 30 40 50 60

V.=0.3m/s

2.5 V.=0.3m/s

2.5

1.2m/s

-—_—

5.0 1.2m/s — 5.0 _

* 7.5 experimental — * 7.5 giexperimentﬂ —
calculated — calculated

10.0 contact point_| 10.0 @ contact point _|
of meniscus ) of meniscus
12.5 I 12.5 1 l l | |

(a) a=120° (b) «=180°

Figure 4.13 Effect of casting speed on meniscus profile

of SUS304 steel.

4.4.3 v— LIy @l 4 B OB il B 4R L & O e 5

B A=A ATE IR DI IC L > THON MBI E L ERHRELOHERE
Figure 4.14 |Z/n 3. #2fiif4 % 120° L CMTLEZGE A O E THD. KM, 851
W EE OGN > THE AR B dp AL & (X TR ~B By L, 7 U8kl £ T+ 25L&,
A=A AR T &% SUS304 il & Cu-5%Sn A & D3 A I1XIZIZ A U T, S53C il 0
B E D RERDIEV D, Fle  AMFTIC, SHEERTHELNZRmLOY
1E 0 i B 8% 3 R BE (Vo*) &2 o0 Ry o> 452 fidh B 4 (7 18 o> HE i &R Uiz, 2 oo B2 fik BY 4h
N OHEF AT, 3 F DA B ICE W TUIIZR UME &Y, A=ABRAEDHK 3.5mm Th
. ZORERIT.AERICBWC, RELDEE KL LRWER R A= Ak T &8 1F
fETHZE, ZOM T &25H R EGI 3.5mm)LL B ic i, 5 i & K o5 i iR 8
DL PR 18 ETHEMELRRDILEERLTWNDLEEZLND.
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IR BEIEE B OISR E LOOK IS LT, A=A AT & O K12
£% %5 i 1% B 0 B AR O M IS, v — L B 0 7 AR AL IR O JE X b
(XD B HL 0¥ — b B L O i BH 46 2D %E [E B 46 ECTORREE O K (& T
W[5\ Z L2 %8 [ B 46 AL B O r— /VIE J5 [ 3 — LR E DB R EE N5,

10
-
| calcd. | obsd.Vc
gl suss4 [——— @)

E s858¢ |—-—-| O /

— Cu-5%Sn| — — — A ) smooth
= surface
> 6 |
)
£ T
o
o
v 4 critical
8 O ——— <— contact
S _ point
g - J

SUS304
surface
with wrinkles
0 | | | |
0 0.2 0.4 0.6 0.8 1.0

Casting speed V. (m/s)

Figure 4.14 Effect of casting speed on the contact point

between molten metal and roll.
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4.4.4 F i LT RS 1L o i 585 15 a BE

K LD B T 20 A=A AR T RIZE 5 i O EL RIS K5 iR B o
FEILE-oTEATILDOEE ZENDN, ZO K A=AD AR T &% b 120 R i
WL, (4.7)RICH SEU)R THRDbINS.

V" = [14.6{gx," — 2(d/pxo")(1 — sin a)}]*/? (4.8)

(4.8): N0, F il LD A PG 1k g 585 & 0 1T, B R A=A AR T & (%) &
VR4 B OB FE OB KR S OB o TR ERDBIER Y 0D, ThRDE,
BENRESKRBER S O/NSNERIZE K LD P 1k D720 28 & F B % K
LR T IE RGN,

RB.GHERBORENFIC/ AV HEOILIICKEL TS D R
IOl OB A=A AR T B OB, BRI ICKVE LT LE ALND
A3, IR S B T OREEI NS A= 2D AR B O IE 239 2~3mm LLF TPk shaze D
BEZDE RO FITE BB ON a— L I3 LTHA H ARG EHTR5
LOLEZLND.
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45 FEE

Mro—VEEE IR T2 REMEREEME R DOA=ADAZEH EORLEZHL

T 2HM T3 FEOEJE ORFE E R, WAl & 8 m— /L o8 il BE 46 A7 & o
EER BLOE W A=AT AT AR O B G AT 21TV R LDB 2 X § 5 —L
L5 COA=ZANARE TRl A FEREREZRFL, LT O X257,

(VB EEHE OB IICE->T 8 £l LOKIEAHR)DERSITIERLSRY, Rl Lbx
BT8R0 FFiaREOHIICETDS. ERTEHELNIERE LD LY kO
i % i o E 1, SUS304 il & Cu-5%Sn &4 T#J 0.60m/s, S53C £l THJ 0.45m/s
Thol.

(2) 1 kW ¥ e — )V R - BIHL. HHHESL ETCREELNAEL, £
mLOPRHEETD. MFEEREIZE, R LoNH ALK ODHE O E T IITEL:
D m— VI A 8 o0 12 ik BE A A B IR R 75,

() B Y A=A ATE AR DU UM IZ KD A= AN AR T &%, &l B L% @l &
J& DF AR T O BEOE E ORI E>THIMTL5ZER 0ol A=AHA
BT BROHEREIZ, "TA—FOHMMAE 120° REICTHE BRI ICIS— L
7.

(4) 52 0 Bl SR 65 X 0 B T )E TAA= A AR TREOMEEIZ. 3 Mok E LRI
L TUZIER UOK 3.56mm OfE Tholz. 2O &L, Kii LAk LW R A=
ANARE T EBPHFIETHIE, BIO, A=AB A0 FHEBEZK 3.5mm 2L EiZdh
XL G R E RN E G e — L Ol B AA AL 1B E T BE L7R<R0 Rl LDOIE K I &
ETHRIRE O BENEIRLILEEKRLTWND.

(5)F i LoBh 1k o> B FC B 18 o0 PR Gm 22 8 UL Bl R 8 0 0 2 28 BR R A=
AAARE T EREEMEBEOEEOHMBIOEREIE ) OB o TREIRDD
EEBHGMMIILTE.
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¥ 5 Wu— L ICISIT D8 # I E AR R IE T
P 18 75 PH S DR IR

51 &5

M — L EIZBWT, 8 oFm R, FrIERELR LSE52803, B
OB EOW EiZbbAinZl, BlneRus 7150 K faZzbilk 4% ET
WO THE THD.

ek B R oFR E R K IZBE L, Bl e R Lu— L & o HE il I O %E [E %) — kR W

B Vg TR (R — VR RARICBITOEIE R DR N EIE THLIENHE INT
WB DB L DR L LT, B O DR T — L SO
HIA 2 SRR IR E O ELR YNEH THY, JELEE KBS n—VET
S ORB VEfEE R Or— VBT HE OVB R EENTND,

MWoa— vk Fr o F IR ICEE LT, 8 @& 3 o It - T, 8 A 2 im R 8
M LT o2& 88 R LOOERK N, WEHA=ADAD 7 T Y <IEHLr— /1R
BRI HFEIET DR AT G BRI THHI LR PR ESNTND V. LaLAans,
BHRAEHLODOERIZKIETHEFRHIOHRIZOVWT, EEHICTHLNITIN
TWRWVWDORBR ThD.

AW TIE, e — LGB 28 F R ICKR T THEFRHERXOM R E
fig W92 B )T, /N m— L 3 2 & 2 H VT SUS304 AT L A O §5 1E E R
ATV, $ F R Ol ELHEE R R EDOBARICOVWTHRF L.

5.2 EBRITIE
5.2.1 SEBRIEE LB
FEREEE O X % Figure 5.1, EBR &% Table 5.1 -7 . iHdae&fon
—/b (E£ 300mm, BE 100mm)CE 2245 &R 72 E b7 W v — /L i il 32 & 24 - T
SUS304 A7 LAl A& L7z, 1 [ Ok &1L 8kg Tho. #1875 K IXBUR
MBS ERENRRD Ar HA, ERBL N He FAELTZ. EBREBAEFIAREL T
Ma— V&g J8 I F B MPERREINTOVDIE-NE— H 0.1 torr FTHRL.
WIZ Ar HA, FlzlE He TA% 1 [EFTEMEL WM& 2T, KKEFED
B BEG OB I T57D, Ar TAFHK CTHE %, EKRATEBRL T,
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1% e L. #583# 13 0.16 205 1.18m/s O TEALSE 7. FANEO & X
AEELCEGAEREICESGL, B ICEONRNAIELZEICLY, Gl % —
ENTPR 272, 2O XL T, m— L[ AZ)V I O il gl & %2 85mm 26k 7. & 15 IR AL
1% 1783K, & E 7 —/LX FF /11X L.A4TKN Th 5. 8 1 £ il iR E O E 2>\, 1
— VX Z D 200mm T OALE T, E GRS Imm ¢ DS AT, B A IE R A
i B IR FE FHICEVENR L. ZoWNR ICE > TR L E WK BE 08 i & iR L
B UM% R $2I0 BBl CHon-REREFHESN 1 RooEBEBAET L
NCIVFH R ENDZE— VX AMICB T 585 7 R OE AR 0.3 DAL @ ETOY =L
BEE—BT5E9T, u— VAV O IE G EREE R 7.

Va

—1
V[T Runner

Tundish Furnace

«—— Vessel

< dam

I
-

Rol1

| Stripl

Figure 5.1 Schematic view of the twin roll casting apparatus.
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Table 5.1 Experimental conditions.

Cast alloy SUS304
Weight 8kg
Roll material Copper alloy
Roll size 300°%x100"mm
Casting velocity 0.16~1.18m/s
Contact arc length 85mm
Roll supporting force 1.47kN
(by springs)
Pouring temperature Liquidus temp.+45K
(in crucible)
Atmosphere Ar, Air, He

5.2.2 # A BLE ik

1% 5T 85 7 1 E B8 2~5m ORI T~ A 21 A— 2 — I KOHIE F 1A 3 66 P 0
BRI ESEMEL. 2O THMEREMELE. SHIT, — WO A 125V Tldfil bt
DS E L ISR 85T E OB A E Lz, RIS, E O 08 T O ok
HA& 15mm X 20mm O SFIETEID L, 8 & 5 oW 4T 22 W i 2 85 A S L
ERERCIVEESE, /BB R LE

5.3 BRI R
53.1 S T JES
FEBRTH O O IEITESK 0.5~3mm, B 97mm Th-o7z.
FEFEFRHR[ROEM TICB T8 A ESLBFEHE | B r— L/ AZ)VIH O
fil I ] O BY £% 2 Figure 5.2(a). (b) (-7, #8 B S8 & & O 1/2 FITK
EFIL ., m— V[ A2V OB E R 0K 1/2 FIZH AL TN T 5. £72, RimLbd
FAEOHFEIZH LT, Ar A 225K He TADNEIZH;: iR SITELRD.

5.3.2 o i & m MR

Figure 5.2(a) k0. FF WAL S R LOITHLBHFEHRELL T TRAL, Z
O i S $7 1% B 13 Ar 7 A2(0.60m/s)., 2% % (0.35m/s). He 77 2(0.3m/s) DJIE 28 A 4
HZEWTIND.
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B R o m MR ICKITTERE R O K& Figure 5.3 12”77, [A] — #5 1& #
FEIZBWT, Rl LDIL Ar A, 225 . He HWADJEIZE K SD. /o, LD % A&
FEBICRBWT, [/ — &M E T, LbOESIT Ar H A, 2254, . He B ADINE 12 D
L7z, KA BFE TlE, i LOUATHM R E LR T 772 8 OB AL IR O & & 1
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Figure 5.2 Change in strip thickness as functions of (a) casting velocity
and (b) contact time between roll and metal for various casting

atmospheres.
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Figure 5.3 Effect of casting atmosphere on strip surface quality.

Casting velocity 0.3m/s, 2H;: strip thickness.
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Figure 5.4 Observed profile of strip surface. (Casting velocity 0.3m /s,
Symbol | shows the position of wrinkle)

(C): cross sectional direction, (L): longitudinal direction
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Figure 5.5 Effect of casting velocity on the overall heat

transfer coefficient on metal surface.
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Figure 5.6 Effect of casting velocity on the thickness of entrapped gas film.

Table 5.2 Physical properties of gases used for calculations.

Ar He

thermal conductivity” at 373K 2.10 18.7
k<107 (kW/(m-K)) at 773K 3.95 31.5
viscosity” at 373K 2.7 2.3
uX107° (Pa-s) at 773K 4.5 3.8
density'? at 273K 1.78 0.179
p(kg/m®)

kinematic viscosity at 773K 0.25 2.12
v(=ulp)x107™* (m?/s)

96



5.4.2 $ F ORI LDIZKIE T IR KT AD
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Figure 5.7 Formation mechanism of surface wrinkle of strip.
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