A od

RSB ERFTOAINT v I X 2REEINITET 258G 1T 1297

UDC 621.746.047 : 621.746.019 : 620.192.46 : 620.192.3 : 539.37

B

X

HESEEEZ S TO NV Y L HITk B REEN BT 5

o B P R ST PR AR

OE o e RO et

Elastoplastic Stress Analysis of Bulging as a Major Cause of

Internal Cracks in Continuously Cast Slabs

Synopsis:

Ken-ichi SorIMACHI and Toshihiko Em1

A theoretical calculation has been made of bulging as a major cause of internal cracks arising in
the secondary cooling zone in strand cast slabs. Temperature distribution in the solidifying shell has
preliminarily been determined from a heat transfer model, then an elastoplastic stress analysis of the
shell has been made in terms of the finite element method.

A quantitative evaluation of the influence on bulging has been carried out of the withdrawal rate,
spray water flux, pitch between rolls and disorder in the alignment of rolls, leading to an effective
means to prevent bulging under high withdrawing rate condition. Factors influencing the critical
bulging strain beyond which internal cracks deveiop are also discussed.
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Fig. 1. Mesh used in the finite element model

for elastoplastic calculation of deforma-
tion of a solidifying shell.
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Fig. 2. Throughthickness distribution of temper-
ature in the solidifying shell sprayed with
a small water flux (position 7.1lm from
the meniscus).
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Fig. 3. Throughthickness distribution of temper-
ature in the solidifying shell sprayed
with a large water flux (position 7.1m
from the meniscus).
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Fig. 4. Throughthickness distribution of temper-
ature in the solidifying shell at different
distances from the meniscus (withdrawal
rate 1.0m/ min, spray water flux 1.0 1/
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Fig. 5. Bulging strain in the solidifying shell at
solid/liquid boundary over a roll span in
the secondary cooling zone (withdrawal
rate 1.0m/ min, spray water flux 1.0 1/
kg, position 7.1m from the meniscus).
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Fig. 6. Bulging strain in the solidifying shell as
a function of distance from the meniscus
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flux 1.0 1/ kg, roll pitch 50cm).
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Fig. 7. Bulging strain in the solidifying shell as
a function of withdrawal rate (roll pitch
50cm, position 7.1m from the meniscus).
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Fig. 10. Bulging strain in the solidifying shell as a
function of pitch between rolls in the
secondary cooling zone (withdrawal rate
1.0m/ min, spray water flux 1.0 1/ kg,
position 7.1lm from the meniscus).

0.2
0 I 1 1 1 1k 1
25 30 35 40 50
Roll Pitch (cm)
Fig. 11. Bulging strain in the solidifying shell

under varying conditions of disorder in
roll alignment in the secondary cooling
zone (withdrawal rate 1.0m/ min, spray
water flux 1.0 1/kg, position 7.1m from
the meniscus).

DR 2.5mm S{FEL, NP SEH2.5mm &
5 X SIEEIRELENE S A GEED, N L TP
Lo —ovileE E OfR%E, Fig. 11 o — SR TR L.
Fig. 11 256, o -V NS VERCIXIEEZE AT
XBENEXRL, —FH, vo—rHESBKELSD LER
FERERONLVY LS XBENEATS. L, HH
WD TN, BLAAREE S 7 RS, EEDNLD
TR E o —AAETHALNS Z LTk D, Lioas
2T, OV o FE L o - RO B%I, Fig.
1l OoFEMRTRINDG LBbIS.

ZDOX T, v—VEFIRERNIRENOFERE & 75
Zen, EROBETRIRRINSZETHS.

4. % =

o~ VRNV Y ORI E R E LY, SRR LR
BB EHERE LeRkDRe, 20— PREE LR
PUERR S, HWEIML LT v o EEER
FERCIAL, FREIC R XIETIRETH, EBE
HORELEWNCHEIC T2 ETEMR L. LirLE
nHORI, Theh, BERO FHIRECHET 24
FEEEREZ O/, MEMEROIIX>E 0 Ly,
FERER Y LT REMEORD, BEO XL L VWRiER
B )~ TREERE S REMRS 0. BREFRESH
MCIBESfixd#: 2 725181y, R. G. BLossEy® )

—_ 73 —



1302 & & &

s 63 & (1977) %8 =

K. A. FEreTEM O HENRSH 5. L L, Brossey [FHEE
IBESTY BT EERE LT fFicicd,
vrHe — i 100cm, # =2 H M LOFEEE 15m
WHBWTEZ, 2.5mm Z L b0t —F,
FexeTe |3 AIBELS M2 H T 50E8ERE LTHEY,
My FRRAORNF XY, o—n[HiE 286cm, =X
AAMLOEN 4m B W, 0.04mm DT T
B, ThLITHES, FRTHWEHREREOEH
SEHIT D & O HEBEREEL, ERBOENREEL
TERHEBENTEY, BEREFDLILELEFSIIR
BEBFNEHHD5. ,

S E QT T, 2RTOTFEMEE LT L TIE
WHR, EREONSLD LTI - ERT TEIBTRX
Lz, 4BREOTFHREETHS (LrL,
DRI I NE, (27 7@ /(v — VR A 2.1 OFf
W, 2%IGFRME L EARME E O RED£T 2.5%
BERESTWS. SEOX ST, Litok»® 3.0k
OEEIIIEE 2 RUTFRERMEE LCRE>TH, HE
DRERBERECEVWDIDEFZ LIS,

Wiz, 1000°C L Eo@Eigcix, Y — Ry
LNVD T EZLNRDS. RN OVWTOEIR Y Y
— FOEIEETIERITZ LS, P. FELTHAM DEH 7
) — FHIEEDEZ VT, ZOFLSEHE LA 3
O EER» D, 2T TREFG DT RIS IVEHI80 kg/
cm? LD TnwsE. 5EFEZTWBHRIET, O0EE
z 1104°C, 80 kg/cm2 ¢ 20sec # YV —FLIFEOE
kb E, 0.029 BELHNh/. ZOfEE, 3EICRL
T BOFEMEICEART LKL, EH oV —FicXksn
N UTREBLCOIVWEELLNS. BB Y~
XDV TOHERT — 4R R TERMITETL
i Wwad, HELD W XNEFNIZEAEINNELS
ThHnH.

SEFHCRDIc VD v Sk, FETOAIEIELE
HIEET 50, BIXCRREA#THS. EROsLe
v BRRE e — v OEGPRE L B LD T,
Wy FERIE 1~2mm ABEIhTIEWTH®,
WS RIBEITRILENNS St o— Xy v TO
FOGBIERE L VWD THS.

RHRENDORFEL, HETR~72(2)-1~(3)-3 0
AFc X o>TEEENRS 2D, LT LIPEHETENT
Wi FEE50 1 AodEGiHhEE Ly FORNTREINAE
WEERY ¢k 0.2% %1575, EKEL™ OFERTI
0.29%, WEFEHMIE 0.2~0.5%, R 5% 0.15~0.5
%DEEZHE L TWS. DAEOEEITEEH 1x10-3/
sec DO LD T, BTEEI/NE L5 ERABIIAE

FAY. 7354

FERETE

Am Free trom I[nternal Crack j

X 20 o ) ‘

5

; 1.0 x x\§

? Internal Crack

g . §on AN
.8 1 1.2

Withdrawal Rate (Wfnin)

Fig. 12. Criteria of casting conditions to prevent
the occurrence of internal cracks in the
solidifying shell in the secondary cooling
zone.

5. LrlL, BAOERTI, RAEMN 1 %H#L
HEPWLHD, Fio, RATOREEERFELEIES
EIZX VB 2T 50T, HEIIEHBT LNV,
oI, FHHTRERNOESTFELENECRBE
BRTWBZ E2HExDE, STEERE, EHdoRD
SN FERDOIRREZEBELCH, T HIEMECHERZ
e bisv. XV E L OFH L EBERETLY, B
REMTHILESLDSS.

BRI Dl B ERA TR 7L LLDE T
BE S EROBEHR®OCL L IE, RLAPEIEL
e X 5 &, A 0.83% ORFKIIATEIGEZ D
TWBZEEFEE LT 7, BAOEERMIT IhE
2WGBHILAKES 1.0 1/ kg OFf, FHGEE? 0.8m/
min F TREFENITEZ 578, 1.0m/ min i
5ERGHNMBABL TWs. Zh 5 0MRE2S5MEL
T, REHhZRITIRABORTAFIC X HELHET
&, 0.3~0.4%rF2bN5. ZhiRFESWCEEL
TSR O T ST W ESEREIE, Fig. 12 0 X ST
mEhb.

5. &

AT THRUEEHET S IV, AEhoEFERO—>
EHEDOTWS, 2EEGHWITET 5 o —ETCORRER
DN LT, HIREREYBY, BESEHRCL L
SLEWBHENFEICX D, EEMITATLE. B850
T EREYEHTD L,

1. o203, BRESEL»OERTHH 2K
HRFERTRIFLL, RO CHBEBESKKEELD
EHHETH T — v FIBEBKE V.

2. 2%BHHEAEEZ—EE LTGHEERHET &,
7LD 2 S EMEREBIC B3 TR, RREdEE T

il

— 74 —



BEEEASTTOANT VAT X 5RBENITE T 5B RS SRR 1303

BeriigEs. —F, 5lHREEY —E L LTHKER
5L, NoD R 1/2~1/3 TE 5.

3. ERZEKBHAFLEH(X=AHAPLTmMTFA)T
vk, v — VRS 50em 2R R AUE D EvoNr e v
TR S, 35em G To D L FIIER I D
Zv. L, v— VEINCFRERD D E, YL
DU, FORER o —VHRE REEIC XD
THMCZELT 5.

F i, AEEINhSERT 8B L LT, 5hER-ENh
Bk STRIEIE, O SRR E X, FBEREOETIC T
FTERFEZBRET L. KT, EE kT 5RNEEINOH
ERGE LROFTEBREZBE L, RABEHEE L
TRERIEE L LT, EESIkEECHREERoE R Lk
WIREE R E R D

Appendix

FHIREFEE TR, Sk FRECERCSHL, &
EZANOBWY), EHMHEE—RTHS, LIETS.
Fio, BERLEBREHSTESIN, EEARADISHIEMHE
BioBRCHEEZBULURESIND EEXD. ZOYSE
BENOEZOEOZERN~R S b {f} VE, ®@EEAN
b {d}icxy (DRI SCELES.

{FY=INT{8}e v (1)
ZZC, [INIWERBEHE RTIIFIT, —RCEEOR
BThHs, EENDT {) BEAEaEAV(2)XTH
5.

{e}=|9 %
d 0
dy ox

{f}=[B]{5}“----~-'----'(2)

L ZCIBIIEN-EBTHTH 5.
FEENEI {o} &, BIENHTFH D] ZHIVWT(3)
RTEESD. Tihbbh, TR {of &ThiE
{o}=I[D1({e} —{eg}) -rervrreereemeeea(3)
BEROFE ST R DI E & NERTEE O T #%%
x25&, (HHRAMBELND
{Fle=(J[B1T[D]1[B]1dV){s}°—
JIBITIDI{egdV={K}e{o}e—{F}e,---(4)
z T,
{Fle: BZEoO@HSICEHAMBEFENS S b
{F}e, : I e KX DESETORMENY b
[K]e: ERORE= MY v 2 2
Thb.
RLEOFEREL, ZhoBEOHESL LTIRIEKS

TEMHRETHD, (I)RTHREING :
{FY=[K1{0}—{F}e rrerrmrrmrrmremeeeea(5)
LR, :
{F} : RO NEEiE~NS b
{Fle : FEEOWMAERENR Y b
{0} : REHOE SRS bov
[K]: RehoriE< Y » 22
(5)REMWT{d} 2k, EEEOEHELL NS b
w{dlewHmEL, thE(2), (3)RATHIT,
EREOR, GHEZFAHTES.
ST, BUREBOFHIENEE XD &, [DIE(6)
TEERINS.

I » O
E
[Dl= 1.2 v 110 e (6)
— v
0 0 5

2T, Eldvy o JE, vIidR7V U HTHS.
YA IRAEC D, SHELS XY v {de} 11X Prandtl-
Reuss I XEEXD X S e 5.

{da} — E[D]P{de} ( 7 )
L72p32T, ESMCEHETRIE, ST 3 ok
FPIC BT 5 LRBRICEE LS. =720, ¥PENTi

[D1? BEDRDIE OB LI Z0DT, EWFT LI
[D1P & [K] L2EETIVLENDS.
L8 [

1) BEHE, KBRS, MEE2E, B f#: gl
W, 61(1975), S469

2) FFLgeBl, NNEHRE, & £—, Wi B, %E
¥5i&: ibid., 62(1976), A119

3) F L@, SNERE, FREE, FHRE—, &Ko
& ibid.,, 60(1974), A103

4) BHAEL, KBRS, Ad @ SEEE:
ibid., 61(1975), S56

5) BEE—, hF &, KF i
(1974), p. 1023

6) 0. C. Zienkiewicz and Y. K. Cureung: “The
Finite Element Method in Structural and Con-
tinuum Mechanics”, (1967), [McGraw Hill,
New York]

7) Y. YaMaDA, N. YOSHIMURA, and S. SAKURAL:
Int. J. Mech. Sci., 10(1968), p. 343

8) W. T. LANKFORD, Jr.: Met. Trans.,, 3(1972),
p. 1331

9) P. J. Wray: ibid., 6A(1975), p. 1189

10) K. SorimacHr and J. K. Brimacomse: unpubli-
shed

11) €. J. Apams: NOH-BOS Conf. Proc., Pittsbu-
rgh, 54(1971), p. 290

12) 4. Fucus: ESTEL Ber. Forsch. u. Entwicklung
unserer Werke, (1975) 3, p. 127

13) @5, MBEE, KEES, K4d @ %
#8, 62(1976), S93

14) K. KiNosHita, G. Kasar and 7. Emi:

g &g, 60

“Proc.

— 75 —



1304 & & £

% 63 &£ (1977) E8 =

Sheffield Int. Comf. on Solidiffcation and Cas-
ting”, (1977) in press.
&+ &), 60(1974), -A87

16) R. G. Brossey: NOH-BOS Conf. Proc., Toro-
nto, 58(1975), p. 141

17) K. A. Fexete: Radex Rundschau, (1974),
p- 135

18) P. FELTHAM: Proc. Phys. Soc., 66(1953),
p. 865 (London)

19) HmME—: §27,/28[@ L5 S RITHEE,
(1974), p. 213 [A&&MAH L, FEH]

20) EREEAER, do B, N EBE, JUMEE: skl
#, 61(1975), S471

21)

22)
23)
24)
25)

26)

WgKiE, AF #, BB &, WmEs 2R
BOEEIHSBLBEEBABES, 19%£-9863
(1975, 9 B)

BE 3 HEZE SEER, B3 8, AR
SSRE: sk &89, 60(1974), S454

LD i 10 AR (1975, 4 A)
[B& &0 4]

R % BEWE, SAMHE, &€FES e
£, 62(1976), S482

FHEE, KRBWEE, EAx @ ibid, 62
(1976), S 484

R, BB, EAfGA, JLFIEE, FOT
f—, TREE: kR

— 76 —

N



