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Three-dimensional Elasto-plastic and Creep Analysis of Bulging in
Continuously Cast Slabs

Kazuo OKAMURA and Hisakazu KAwWASHIMA

Synopsis :

The bulging behavior of the solidified shell in continuously cast slabs have been numerically analyzed
using the elasto-plastic and creep Finite Element Method. Three-dimensional model has been applied in
order to investigate the effect of the narrow face shell on restraining the bulging deflection.
Three-dimensional shell profile and temperature distribution in it have been determined using a mathe-
matical model of solidification which takes account of solute segregation. In this way, strains occurring at
the solidification front near the narrow face of the slab, as well as those occurring in the broad face have
been computed. The computed bulging deflection have been in good agreement with measurements, and the
relationship between the strain caused by the bulging and the internal cracks have been investigated. In
addition, the effect of the slab width on the bulging are discussed.

Key words : continuous casting ; numerical simulation ; bulging ; Finite Element Method ; three-dimensional ;

elasto-plastic ; creep ; internal crack.
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Table 1. Conditions for solidification simulation.

C Si Mn P S
0.07 0.21 0.26 0.020 0.008
1 240 (width) X 270 (thickness)

Chemical composition
of steel (wt%)

Slab size (mm)

Casting speed (m/min) 1.79
Cooling intensity (I/kg-st) 1.4
Molten steel temperature (K) 1 800
Temperature of secondary cooling 305
water (K)

91 nodes on wide face

J

Centerof the thickness
~ Symmetry

i 21 nodes on
narrow face

l/-’ ~ Symm_e;t_r'yT
™—Mid-width
Fig. 1. Mesh division for solidification analysis.
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Fig. 2. Comparison between calculated and mea-
sured surface temperature of a slab at mid-width.
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Fig. 3. (a)temperature and (b)fraction solid dis-
tribution in cross section of a slab at 18m from
meniscus.
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Fig. 4. Three-dimensional model in bulging

analysis.
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Fig. 5. Finite element mesh for bulging analysis.
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Fig. 6. Calculated bulging strain distribution at
18m from meniscus. Casting conditions in Table 1.
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Fig. 7. Internal cracks in a slab produced by con-
tinuous casting.
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Fig. 8. Effect of creep on bulging strains.
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Fig. 9. Effect of creep on bulging deflection.
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pitch.
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Fig. 11. Effect of slab width on (a) bulging strain
and (b) bulging deflection.
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Fig. 14. Calculated bulging strain distribution at
3.3m from meniscus. Casting conditions in Table 1.

—F, g ik2nTiR, BEY L VE 0)1@7]{]0)5(2&%
EBTLLEI DL, T4bb, Fig 13128V, &
FEARFEERETD ¢, &, BEY o VEOH W
G THHHI»ERE Y o VEOINIE ST, A =2
H AN 4.5m OFE, #40mm OEERHE S « VEIZT
IR D ICZEAL S 5. Fig 14 12, &E Y 2 VENHEH W
BEOEAGHERTH, ¢, &, I—F—EETEIRY
Ly, $BRIBERRICIIERL %5 (Fig. 14 (b)).



HWEER T TONND v FEFD 3 RN 2 ) — TR 1911

COBEORNEERRE LD &, 05, ROERR
WL e D54 (Fig. 14 (a)) L ELPTED, ¢, D
BEBEBE e, CRAKEEZONS, LA L, BFY =
VIEDBINC X - T, BLUERE D x v i Wb E e R &
Raeh< ), GUER Y « VIERT A B8BTS
BEFAIRITTEBIBL TS, Fla—F—-Hok
Bz vomErEmL, EUgEY VoV T o T
KR a—F - <HIFE— 2 2 FAELER D
WMI{EDL B Z XD, AR = VAR TS h
B7:®, FAOGFHFTEFRIOEEFEICFIR D EARD
ELbLEZONS.

4-2 FAHEROEZEBEBICOVT

Fig. 1N \R LX) ICEALMEOHEL M ST 5
DIFT—VETFTTD e, &, MANNVI VYV IVERE 0,
ThHD. Ope ICRITTEHLHWEOLE L, fERLDY,
ROBE Y s V2 BHETRHEAFERTEM L, Levy ©
F1REURDERH T, XXX ickshbrZ
AE N,

8max= é\oa(u) .......................................... (11)
_ /2 tanh(zu/2)—2
alu)=1 2 cosh (ru/2) (12
U= W /L soveeerrercrterieiniiiiieicecttcenscnnes (13)

ZIZTCea(u) &, EAHEOEELRIEETHY,
AT T WHAO—VE v F LITEXTHFICKE WY
B, Thbb, u—roo Tida(u—l kb, NLI
FREAEDMEE ST, Tabb, R(11) D
O i, ZREEFNVICEBRANNVI Y VEBEEZS
TLHNTED, FIT, Fig 11 IZRLE g & Ope 12
D2WT, 2RLEFNTOREDIE & o TERTILL,
uE/NTR—-F— L LTEBTNIEFig. 15 &£%25. &

g oLz (3-D FEM)
€2 (2-D FEM)

1

fe—K{u) C(eq (4)}

| /
02 / Plate bending theory
/

il 1 1 | !

- /
1

c 04+ / /
w I}

0 1 4 5

2 3
u (=w/L)
Fig. 15. Relation between ratio of slab width to

roll pitch, u and dimensionless bulging strain e,
maximum deflection 6,,.

DX, T, ERITTALL €, Opar E785T A — & —
u EDBBRRIERTRLE—DOHBTERIND Z L8
bk, T/, RK(12)Dae (u) % HHTRL I FEM
TOFREFZ—HL TR, Thid, BBERY =
T RAMHTET VLT 25610, BMZHOBEREMLt
52 TWR e EEIONS. F7:, BEAFEHOKIE
ELTR), (12) TR THEREFHVTH L%, &
MEE X TERT AHBIE R 7 TR O 5E 05 F
Y WVEEBRWILRSTHS, IO L, FHIZ, X5
THEH/AS K, FLIEE Y = VEAKEVWEE I, R
(11), (12) OEPHREEHMELLERE LS. 20
X, FHIMEOHE 2 FTHRICERTA DI, *
2D, 3RLEFNVICXLEBIVUETHA. 1B,
Fig. 15 FICER TR L 2O BARK 2] x, 5%,
BE 2 VELT -V FHERLEDIEFIZOVT LR
HEfTobT, RETHLENHDLLEEZ TS,
4-3 RRICHT5ABTNBFEANDOHEA

MEBE N AR IZE, N~V Py Z7ofus, B
LoTHELLEAR, BEBETOREEAR, T—)L 3
ATTAAY MCEBBEEARALEDV DD, HE-T, #
BHELAMOBREIZC I 2 b—Ya Y E@EAL, RS
NORERFIEFEA1213, ChoREOEAREER%
ZRL, -8R omBREIL~OMIELER L 2REAN
LI EIT I LEND D, BPIZE, "VI BRI 2
REGEHKEEZHML T, EE> 2 VERMMESER5 7
KABRELZERTESELI LI > TR TE 248, B
KEBORWR, KEESTDEEIBILTIEARNOREN
K&, 37, BEL2GHIBROBEZETER®L0
T, ¥4V 7 b F v —VRBERFEIIEEL 224
BB, ZoL)RBEANS, EHELIZ, REWKR
Foho—HEBL LTERBTONNY v FBTE2EH
LT, FIziE, PREMOBEFELDO /D DEH)
SHORE® 2, ERHEEY, ASBHEHADRILI
MEEHETCS.

5. #& -]

T2 ZER L - BERITEL 3RTHBYEY V-7
FEM  ##a8TA2 L0k T, HERATTONLY
Y IEB RN L, BRETEAOSM & AREN & DTS
BXO, WVI I ZIIRIFT 2D - TR T TIROFEE
WCDWTHRET L 72, :

(1)EEFRETORRKELEL ¢,>6,> ¢, DIETH
5. , ZU—NVETORXT TIRPRECRKAL & 505,
&R O— VHPRTORDEBEFEDO 2 —F — TR
RKehBn, —H, g i, BEY 2 VEOWINIIPES T



1912 $ & @ % 75 4 (1989) £ 10%

BRREADE L FEBHIEILTS. ChHDELDOE
5y DB KBS AE BT I NSRBI R A TR & 33§
5. i

(2)2 ) —TDEBEL ¢, & €0 I LTHFIZKE
, BREL #HT5IL13TELW.

(3)A T TIRDBEEIE ¢, & 8,0 LIHFLTKREL,
W/L<3.0 TR TIROWPIE, 6, & Opu 32
BUCRAT 5. BHZFHREAERET VTR, /HhEn2
I 7iEIZ Y FEM ORR & DBRENITKE .

Bigls, K s £ LIHh-0, &k, HBE, ¥
Bhewii& Lz, EREBTHEMGR), REER,
BIFE, MEHICECESFALET. T4, AR%E
FREE LT L TCoOMBNE o2& T L 2K FEIAFSE
BEORACHEEELRLET.

i =1
(=BT
fs : BATEE
H: % V¥— (J/m®)
AH: BE v v¥— (J/kg)
T:#E (K)
Tps: WEAHMRIEE (K)
o: ¥ (kg/m?)
C: # (J/kg'K)
A BAREHE (W/m-K)
Ap : 7Y K94 F2k7— 40 (um)
V: BERMHR D O DG HEE (K/s)
(NN v TR
L:u—J)¥ v (mm)
W: 25 7@ (mm)
V,: #:&E#EE (m/min)
t: 7 ) — THEEE (s)
u: A7 7iEEO— LY v FOH = W/L
S WYy ERE (mm)
Opue s BRIV Y ¥ ZEEE (mm)
e ML) —TEA
&, 1 AT TR MIEA
&, 0 A7 TIRFEHA
e, : i HME R
o: LIS (MPa)

X 13

1) K. Mivazawa and K. SCHWERDTFEGER: Ironmaking Steel-
making, 6 (1979), p. 68 .

2) KENISEEE, IRAHESE, B il 8k & M, 68 (1982), p. 794

3) WE  H, BREEE, i 3R Bk, 310 (1982),
p. 402

4 ) A. YosHi and S. KiHARA: Trans. Iron Steel Inst. Jpn., 26
(1986), p. 891

5) KHIME— LREZ: 8k LM, 63 (1977), p. 1297

6) HEER, AEH—, PHIEE: FRKERE, 35 (1983), p. 272

7) A. GRiLL and K. SCHWERDTFEGER: Ironmaking Steelmak-
ing, 6 (1979), p. 131

8 ) B. BARBER, B. A..LEWIS and B. M. LECKENBY: Ironmaking
Steelmaking, 12 (1985), p. 171

9) MHELEE, KIITTE, KRl ERFEICBITANFN
BBy (B AR R SRS E B 1 5 HENEE)
#R£4) (1985), p. 134, p. 145 _

10) £ ER|, 3 LEHE: HFARSFSWIE (AH), 53
(1987), p. 1739

11) vH %, G M, & BE ERFECBTHIFEN
2B GRRMARIEN I ERFE BT DHNFENEY
EREHW) (1985), p. 139

12) M. UEHARA, I. SAMARASEKERA and J. K. BRIMACOMBE:
Ironmaking Steelmaking, 13 (1986), p. 138

13) S. KoBavasHi, H. ToMoNo and K. GUNJI: Trans. Iron Steel
Inst. Jpn., 28 (1988), p. 214

14) FA P 43 SMEE I (0 ARSME2H) 1981),
p. 200 [H#]

15) S. G. HisBinNs and J. K. BRIMACOMBE: Continuous Casting
Vol. 2, ed. by J. K. BRIMACOMBE, I, V. SAMARASEKERA and
J. E. Lart (1984), p. 139 [AIME]

16) St OSAHIGED (H Ak £4R) 1978), p. 15

17) hEEE, HBAEE, B BEAT, NWEFRE: gk, N
(1985), S1055

18) WMINERL, BE &, ABEE] BILFEE, BIEE:
ISR, 19 1987), p. 7

19) E. ScHMIDTMANN and F. RAKoSKI: Arch. Eisenhiittenwes.,
54 (1983), p. 357

20) /IPRAEE: gk & 88, 73 (1987), S896

21) H. GRUNER, H.-J. EHRENBERG, H. SCHREWE and K.
WOUNNENBERG: Ironmaking Steelmaking, 14 (1987), p. 122

22) J. K. BRIMACOMBE, F. B. HAWBOLT and F. WEINBERG:
Continuous Casting Vol. 2, ed. by J. K. BRIMACOMBE, I V.
SAMARASEKERA and J. E. LAIT (1984), p. 229 [AIME]

23) S PFEYzya: e VOERR L (1973), p. 106
[7V 4 v EF] o

24) WEHIEH, KIGHEE, IRA 4 8k & 5, 62.(1976), p. 1813

25) /AINREFRZ, BB B4, AESEE, F1H 9, EREE:
k&5, 72 (1986), p. 2233

26) FMEF—, hBEE, BT —%, HKLE: HEL 7ot
2,1 (1988), p. 166




