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Abstract

In the continuous casting process, the internal cracks should be prevented
to achieve the improvement of productivity by high speed casting. The
internal cracks can occur when tensile strains at the solidification front
exceed a certain threshold level. The bulging of the strand is presumed to
play a major role in occurrence of tensile strains that cause internal
cracks. In particular, when the casting speed is high, strains caused by the
bulging become large because of the decrease of the solidified shell
thickness and the increase of the surface temperature of the strand.

In this paper, solidification analysis of strand-casting under air-mist spray
condition, which uses air-mist mixture, is carried out by the
two-dimensional finite difference method. In the solidification analysis, the

boundary conditions of width face of slab are defined by considering



zones directly cooled by sprays and indirectly by rolls and radiation, and
the boundary conditions of narrow face of slab are only defined by
considering zones by radiation. In order to deal with complicated
deformation of the slab, the three-dimensional elastic-plastic and creep
models are used for analyzing bulging in the strand casting. The bulging
deflections and strains are obtained by using the well-known finite element
code ANSYS and are compared with those from the experiments under the
same condition. For efficient bulging analysis, the output data of the finite
difference method are automatically transformed to input data for ANSYS.
The effects of important parameters in casting process of the slabs, such
as casting speed, roll pitch and slab shape, are analyzed by implementation
of the presented method.

When comparing with different casting speeds, the bulging strain obtained
in the high speed casting appears to be larger than that at the low speed
casting. Also, creep has great influence on the casting directional strain,
which increases up to three times of the resulted value by the
elasto- plastic model. Therefore, the effect of creep cannot be neglected in
the computation of the bulging. When the ratio of width to thickness is
smaller than 3.0, the values of casting directional strain and bulging
deflection drastically decrease with decreasing of the slab width.

It is shown that the secondary cooling condition, roll pitch of the
continuous caster and slab width are important process parameters to

restrain the bulging and prevent the crack in high speed casting.
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Table 1 The numerical data used for calculating the solidification of

slab
Parameters Values Units
Half slab thickness 125 mm
Slab width 1650, 250 mm
Mold length from meniscus 800 mm
Casting speed 14, 20 m/ min
Roll temperature 100
Heat transfer coefficient ,
2500 W/m°K
In roll contact
Emissivity of slab surface 09
Cooling water temperature 30
Initial temperature of casting
_ 15209
material
Specific cooling water 045, 0.73 I/'kg

2.1

(1)

[14].

(2)

[16]

(3)

[15],




Mizikar[17]

7
(4)
(enthaphy method) (equivalent specific heat method)
30
[4][18].
B 0fy _ L
Co=C-Lgy =Ct v (2.1)
2.2
(explicit) (implicit) . (explicit)
(t+ At) , (precceding
time) t
At
At
(implicit)
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T, T \_. 0T
“ (ax2 T Tyl )' S5 (2.2)
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ox2 T ovZ T Tor (2.3)
Fig. 2
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i iteration
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- )‘lT?-+l]:j + (24, + 1)Tip,j+l' )‘lT?:ll,j = )‘ZT?,j-l'I' (1 - 2)‘2)T?,j + )‘ZT?,j+l

j iteration
Tha- 2T0+Thyy , Thlh-2tif+Tiih o T 70 (25)
(AX)? (aY)? ( AZ-y)
2

- AT ip,j+-11 + (2, + DT |pJ+l - AT ip,j++11 = ATV 1t (1= 22T ij + ATH 1,

N Ay N Az,
A= 2(AX)2 y A2= 2(AY)2
X
=0 T = T(x) (2.6)
y
y, =0 T =T(y) (2.7)
X
1) X = 0(x 0),%:0(‘31 0) (2.8)
0T h X T_sT_a
2) X = 1(x = Xq)y, v = - — £ 29
) ( 0) ax k TO TX ( )
y
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1)Y:0(y:0), g$ :0(%; = 0) (210)
0T hy, T_sT_a
2) Y =1y =Y vy = - == 211
) (y = Yo) R . (2.11)
h, k, Ts, Ta , 1 ,
2
(2.3)
24
0.08%C
Table 2 Table
3 . Table 3 (zone)
Fig. 1
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Table 2 Chemical composition and thermophysical properties of casting

steel
Chemical )
. 0.08%C, 0.25%Si, 1.55%Mn, 0.0%P, 0.0%S
composition
Liquid T. = 1536 - { 78 (%C) +7.6 (%Si) +4.9 (%Mn) +34.4 (%P) +38 (%S)
temperature + 4.7 (%Cu) +3.1 (%Ni) + 1.3 (%Cr) + 3.6 (%Al)} = 1520.3
Solid Ts = 1536 - {4155 (%C) +12.3 (%Si) +6.8 (%Mn) + 1245 (%P)
temperature +183.9 (%S) +4.3 (%Ni) + 14 (%Cr) +4.1 (%AI1) } = 1489.1
Density 7800 kg/ cm®
T emperature
H eat 0 800 1200  1489.0 1489.1 15203 15204 1600
capacity
kJkg- 0.96 0.66 0.66 6.46 6.46 0.66 0.66
T emperature
Thermal 0] 800 1200  1489.1 15203 1600
conductivity
W/m- 28 30 30 30 30

Table 3 Water flow rate for normal cooling conditions [I/min]

Zone
. . Zone 1 Zone 2 | Zone 3 | Zone 4 | Zone 5
Cooling condition

Normal 450 320 292 458 100

- 13 -
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Fand[19]
h i = 10148, T_s 0.1358 W 06258, v, 0.2734
T 0] , W [¥Ym? min]
253
(spray)
K = eo(T4 1.9
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hrad = SG(T_53+T_52T_a+ TsTa + Taz)

254

2500W/ m*K

[20].
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Table 4

[7].
[22][23].

Table 4 Material properties at high temperature

E = 196x 10 - 18.375 (T - 1000)  for 1000°C < T < 1400°C
Young's | E = 1.225x 10' (1475- T )/ 75 for 1400°C < T < 1475°C
Modulus | g~ g for T > 1475°C
[MPa]
in 1x10*< e<3x10"!
o, = 66.15 - 4.655x 10" *T for 1000°C < T < 1200°C
Yield | 5 = 54.39 - 3.675x 10°2 T for 1200°C< T < 1480°C
Stress
[MPa] | oy = O
for T > 1480°C
Poisson's
, 033
Ratio
3.2
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321

2
[K OT{u®} = [f] (3.1)
(3.1) [K ] ;]
(K “1= [ [B]"[D][B]dV (32)
[B]
{e} = [B]{u} (3.3)
3.2.2
(bilinear isotropic hardening) von Mises
(o) ( o)
?1
F=3yMs)] - =0 F=o.- 0=0 (34)
Ok (Wp)
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o = F(W) (35)

(yield surface)

& Fig. 18
&= & +a? (36)
a" L
d{a}= [ D®] d{ %+ &} (3.7)
[ D] (instantaneous)
e e T
D®1=1D°]- [ D 1{s} ([ D°]{s}H 38
[ J=10p] (H{a}) "{s}+ {s}'[ D°I{s} (38)
H
2 EE
H = _3(5- = ) (39)
E Fig. 18 (strain- hardening modulus)
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A. Grill  [17]

E; = 0.1E
3.2.3
(creep strain
rate) &, , : . ANSYS
[21]
A& = et (3.20)
e = C,0 ZICEexp(- C,T) ; Cg=1 (3.11a)
e = C,o e exp(- Cu/T) : Ce=0 (3.11b)
Ae” (creep strain increment)
e (average strain rate)
At : (time increment)
c, C, (constant values from the creep
test)
Fig. 19
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W unnenberg  [24]
. Fig. 19

Matsumiya [26] (3.12)

Matsumiya 10

e[1/s] = 0.0806exp{- 28392/ (T + 273)}- {o[kg/cm?]}*"™ 3.12)

Fig. 20

W unnenberg [24]

. (312 c, C, ANSYS

C, = 00806, C, =315 C, =0, C, = 28392

te = 5 - [220[27] (3.13)
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Fig. 25

334

Fig. 27

15.48m

y

Ex.

0.35mm

. Fig. 26

250mm
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No. of eements = 6255

7696

No. of nodes

Fig. 17 Finite element mesh for bulging analysis
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8 Mhleasured by W unnenberg[24)
—d— Palmaer's formmla [25]
—a4— Mlatsumiva'’s formula [26]
—o— Ajzawa's formula [27)]

25 -
! by,
20+ A"} .\1
] b
154 rd

y N
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- o
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' 4;52 < a ";;:32%

ol A

Displacement {mm )

. T ' 1 .
0.0 0.2 0.4 0.6 0.8 1.0

Momdimensional Distance
Fig. 19 Comparison of the measured bulging deflection with three anaytica

predictions [caging speed = 0.85m/min, shell thickness= 79mm, dab width
> 1300mm, roll pitch = 60mm]
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Fig. 20 Comparison between measured and calculaed maximum bulging with roll
pitch [caging speed = 1.79m/min, dab width=1240mm, d&b thickness =

270mm]
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face [caging speed = 14m/min, dab width=1650mm, dab thickness =

250mm]
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