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Initial Solidification Improvement of Continuously Cast Slab with In-mold Electromagnetic Stirring

Junji NAKASHIMA, Jun FUKUDA, Akihito KiYOSE, Toshiaki KAWASE, Yasuhiko OHTANI,
Masahiro Dokl and Keisuke FUNSAKI

Synopsis : In this study, an experimental investigation has been carried out for analysis of influence of molten steel flow on homogenization of initial so-
lidification continuously cast slabs. By applying EMS to produce medium carbon steel, it is confirmed that EMS remarkably improves the
uniformity of solidification shell thickness over the width of slabs. In the present study, experimental investigation and 3-D magnetohydrody-
namic calculation have been carried out for analysis of the influence of molten steel flow on temperature in mold, distribution of solute in
slab, heat flux to mold plate, and frequency of nucleus formation. The following results are obtained.

(1) A steady level of initial solidification uniformity is possible to be maintained by providing steady molten steel flow along the solidi-
fication front of continuously cast slabs.

(2) According to 3-D magnetohydrodynamics calculation taking into consideration of heat transfer and solidification, electromagnetic
stirring technique is useful for improvement of initial solidification uniformity.

In the large-scale application to the commercial production, EMS contributes to reduce surface defects originating from longitudinal
cracks.

Key words: longitudinal crack; continuous casting; initial solidification; solidification; medium carbon steel; electromagnetic stirring; EMS; magnetohy-
drodynamics.
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Fig. 1. Effect of EMS on longitudinal crack.

Table 1. Casting conditions for molten steel velocity mea-

surement.
Steel arade Midium carbon steel ;
g C = 0.16 mass%, Si=0.44mass%,Mn=1.34mass%
Casting speed 1.0 m/min
Slab width 2.10m
Loose side 1/4width
(Inner radius)
Narrow face
&
o
Fixed side Ve &
(Outer radius &
&8
g >
=
i
S0mm

Fig. 2. Sampling position for dendrite angle measurement.

b) with EMS

a) without EMS

Fig. 3. Solidification structure with and without EMS.
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Fig. 4. Schematic drawing of flow velocity sensor.

Table 2. Casting conditions for dendrite angle measure-
ment.

Ultra low carbon steel ;
C =0.002mass %,Si=0.0006 mass%,Mn=0.01mass %

1.6 m/min

1.30 m

Steel grade

Casting speed

Slab width

1/8width  1/4width  3/8width 1/2width(center)

Loose side ¢ ¢ ¢ : ¢

e I
Narrow face I .

Fixed side

Fig. 5. Sampling position for dendrite angle measurement.
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Fig. 6. Sampling position for analysis.

Table 3. Casting conditions for distribution of solute
analysis.

Midium carbon steel ;

Steel grade C=0.16 mass%, Si=0.43mass%,Mn=1.33mass%

Casting speed 1.0 m/min

Slab width 2.20m

Submerged entry nozzle
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Fig. 7. Schematic drawing of temperature measuring posi-
tion in mold.
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Table 4. Casting conditions for mold heat flux measure-

ment.
Steel grade Midium carbon steel ; C = 0.16 mass%
Casting speed 1.48 m/min
Slab width 1.60m
1120mm
' 500mm
. @ . 240mm
Submerged entry nozzl v
_l —
350mm

B ]
\IGOmV

Sulfer reagent
(2kg)

Fig. 8. Schematic drawing of sulfur addition test to steel in
mold.
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Fig. 9. Schematic drawing of casting velocity for sulfur
addition test.
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Fig. 10. Schematic drawing of sampling position for sulfur
addition test.

Table 5. Casting conditions for sulfur addition test.

Midium carbon steel ;

Steel grade C = 0.16 mass%, Si=0.44 mass%, Mn=1.31 mass%

Casting speed 0.35~1.03 m/min
Slab width 2.24m
0.35
Midium carbon steel (with EMS)
- [ Flow sensor
2 030 t
g
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Flow velocity /
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0.15 Fo
r Ve=1.0m/min
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Distance from meniscus / mm

Fig. 11. Comparison of steel flow velocity calculated from
dendrite angle and measured by flow sensor.
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Fig. 12. Distribution of steel flow velocity calculated from
dendrite angle (Ultra low carbon steel).
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Fig. 13. Distribution of Ke in the depth direction.
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Fig. 14. Distribution of molten steel temperature in the
mold.
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Fig. 15. Effect of EMS on mold heat flux.
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Fig. 16. Sampling position for shell thickness measure-
ment.

522k DRE AL b O IFHAAT L & W iE S
FEMNSTLI L2, SHEINER 2 ZE U 7 gl &
L, SFRINEHREORRAMHEN, ZOMRLE
& Fl & DRBFEFHOEAHEE S N 2O TR v L
EEND, ZOBRGIEAETRAUL, SRR OFE
oY —mgL -2 it hbdFELLND,

4.4 PEBEERE—LICELEFTAMREBOZE

VIFREEE R D JE AR EIZ Y 72 > T Fig161SR T & 9 I
SEF & () ~(IZ B A 4EILHGE L 72, (a)~(d) D &R
i TEMSE D EL O THlIEBRE LKL /2,

Fig 172 () DA E O HIE R A EMSH D M6 L T L
TRULZ, EMSAHBH L WAL, BEROIEAIR
SRR AN K E RIEEDENELC THD, KHPRIITR
LT3 &5, RrdICEEENSEL T8 d H
55, EMSHEHAEE WA OBERIEAD T (5mm
IR T EEF IR 1 m & HIE U 72 F19) A% 11.8 mm THEUE
2%, o=1.74mm!% L, EMS # WM L 72354 1013 EEIE
B A 9.0mm CHREEEMRZ | 0=082mmE A>Tk
n, BEERE DL L, BEFEOEADIZSDEANEL
KAMEmA R ENS, EMSEAIC & D EEEOEADIL
LOXNWNEL BB I NI ol

A%, 55 800 mm DNLEIZ T EMS @ H O F I A
b6 TERIEFRDEANNE L R AHEEB RSN S A, Z
ORI , AVEHEOES T, 7 ALy 5 D
St HRIZ L B 2 LI ORERREL T B3 DL
EINDLD, SHELIRAVDETH S,

o X3 LT, Fi@OUEEFRKIZ, (b), (c), (D

20
Solidification delay ——EMS ON
e U . - - - -EMS OFF
g15 s
?
3
£10
23
sst Midium carbon steel 0.9mm
7 Slab width : 2240mm
O L 1 s e L A 1 " 1 A e " 1 i i 1 1 n
0 200 400 600 800 1000
Distance from nallow face / mm
Fig. 17. Distribution of shell thickness measured by sulfur
print.
2.0
= ,/
E S
~ 4
S 1.5 ,//
4
S s
S w . O
$E 10 .
s e . @)
= 2 4
E- .
T 2 05 7O
8= e
w = ’
— .
'5 7’
= 0.0
0.0 0.5 1.0 15 2.0

Standard deviation of
shell thickness(EMS OFF) /mm

Fig. 18. Comparison of standard deviation of shell thick-
ness.

SR RTE T BB OIEA AT L, BEELORY
ORI %L ZOEMERFETRL, EMSH DML THE L
TFig 181Zm L7z, ZOMARMRIY, EMSHEHIZ XD %
Foafizhz, BEBIZEORE— %M MEMIZRET S
Z WG o7z, SERINERIRITIC K B IEH B O 52
X D UIHEEERE DL 6 D & BMEALIC 2@l U T A
DFEWG A RO — 2 LT s,

VIS BB DA B KT TRMMBI OB L T
L A S AVEH T O RSO R E KR E TV,
0~50 cm/s DR R CHER &+ FEhi L, WEmBI O 512
X0, BEFHOEADAL —NREHEN S I L a®RET L
T, FHCHREIO A ARSI HE U 22 P EE b5
DINESDOREAH, WIIEEE DAYy 120 S BYRER D%
LIz L Dl X, BHEFEDEAN—I25 5 Z & AR
EN T3, Figl1712R L2 BEFOIZAD Iz K iud,
BEZSOR/NELDE (EMS OFFDIBAD Y 2 LIED R
INER DIE A & EMS ON DIFAD ¥ x WIED i/ NG 7y DT
AL DE) F0o9mmE/NEIVIZEH/DHET, BRAFEAD
#% (EMS OFFDOBAED v 2 LEDRKER 7T DJEA & EMS
ONDIBAD Y x LEORKTHDEA L DZE) 1£53mm
EREL, REFER L FEMROMEIATFEN TS,

%7, o OBMARBMBNIC L ABEIC K, HE
N T A0 em/s DR & AL MEIZ LT, EMSOERBAD
e U2 & B A SRR AT O IR RIE O JE A % WRaf U 72l



R OEMSOBERHAMNIBAOHEEREEA3mm A 5
EMSEIZE D 1mmiZZ L L, EERRBEL S 13
IR E N RBIAMEDY T T w5, EMSHEAIZ X
D EEME R AT L X TEMmE M S ch B Z Ltk
0, PIHEERA RS T, HMRSECB I e n R
ELZHheBb I LhHfEEEIS, ft->TC, EMSHEM
& B BHIRE 52X 0, EH SRR E R O BLUG
SRELEN, VIHEEROEADIZS D XN, BHIES
RTNEL BB EDBRBEINS,
4.5 ERFERINICK 3 EMSEARROHKE

SR [E| R T N\ OE SR EN T 512 & B WIHIEEER Y — 1
IR BRI O 7280100, BREFIEIRATIC & B EEEERY
I EEEE T R D BABIRMT % EhE L 7=,
4-5-1 E®EEH

RIS Y 72 o T, IEREHE IR O S RIN O VA SR BN IR
PWaeyIab—b35720I10, GRS L TFigl9iZmR
FTEI LM (XAFH) 20m, EX (YHIE) 024m, & &
(z7HM) 5.0mDE‘EZE A, X, v, Z& A% 98X36X81
DAy ZhBEILT, ds, SBAEEEDEEICEEL T
Fig20lZRT X322 v v 2 3B &MiH»< Lz, EHBHO
FEICIX2.50m DEE I E AT 5 EE BT EGEEHE R &
W 7zhy, 3l O FEFH 2RI OB 2 5 1.0m O HiH 7
DT, FEUEILD 7= D ICFHEEBIIE & 5.0mDE H ik & A
L7z, BEREMEHEELZFERL =8O8 ERE A 1.0
m/min TH >72DT, FERE & LT Ve=1.0m/min D 5FfF
TEMEREGVELOBAAEHEL 72,

RIRICY 725 TR TEMAMNT Y 7 b Td % FLEDY

v % 240mm

2000mm
z X

2000mm

Meniscus

5000mm

Fig. 19. Schematic drawing of simulation area.
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Fig. 20. Schematic drawing of used mesh for the numeri-
cal simulation near wall.
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Table 6. Material conditions for calculation.

Viscosity 0.006 {Pa+S]
Density 7200  [kg/m’|
Surface tension | 1.72 N/m]
Calculation time | 120 s|
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Fig. 21. Distribution of calculated shell thickness for cast-
ing direction.
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Fig. 22. Comparison of standard deviation of calculated
shell thickness.
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Fig. 23. Sampling position for solidification structure mea-
surement.
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Fig. 24. Solidification structure at 200 um from slab sur-
face.
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Fig. 25. Effect of EMS on initial solidified shell.
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Table 7. Concept of initial solidification improvement with

EMS.
EMS OFF EMS ON
Molten steel flow in mold | irregular regular
Molten steel temperature | fluctuated uniformed
Mold powder influx fluctuated uniformed
Heat flux to mold plate fluctuated uniformed
Solidification irregular regular
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