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Interfacial gap between the mold and
solidifying shell
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Mold flux consumption occurs as 1) lubrication and 2) in oscillation marks
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Mold Oscillation Parameters

S: Stroke (mm)
F: Frequency (cycles / minute)
o :  Modification ratio for non-sinusoidal mode (%) = (A, /A, ) x 100
V. : Casting speed (m/minute)
T: Total period of oscillation cycle (second / cycle) =60/ F
T,. Negative strip time (sec) = 60/1Fx>arc cos (1000xV . /TrSF), Equation for o = 0
T,: Positive strip time (sec) = T,- T,
Theoretical oscillation mark pitch (mm) = 1000xVc / F
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20 - ,/ b - - -Sinusoidal (=0 %)
—~ ; —— Non-sinusoidal ( o.= 24 %)
e 5F T 40 |k _ -
é 1.0 ! N ’
c l // ] g 20 F 7 3
@ o5l S - 9 AN ’
1S y) e \ 4
8 oo £ o a
3 / z 7
= 1.0 | // B E ‘ R B \
O st S -40 - Theoretical e B
= ! . , 1 OM pitch \Y
20} - — - Sinusoidal (a=0%) \ , 4 c
—— Non-sinusoidal ( o = 24 %) N , | -60 T
25 1 ! A - 1 t !
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
Time (sec) Time (sec)
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Influence of oscillation conditions on negative
strip time

0.22 T T T T T T T T T T T T 0.18 T T T T T T T T T
——5mm stroke (a =0 %) —— 0% Modification ratio (6mm stroke)
020+ e 6mm stroke (a =0 %) 4 F e 12% Modification ratio (6mm stroke)
----7mm stroke (a =0 %) 016 L - - - - 24% Modification ratio (6mm stroke) |

S 048 ® This work test with sinusoidal | —~ ® This work with 6 mm stroke
o Q
K2 n
o 016 .- °
= K 2 0.14
o 014 K =
@ ! B o1

0.12 | '
2 / 2
S ow}l | g
2 ! < o010

008 - !

0.06 - i 0.08 L 1 L 1 L 1 " 1

60 80 100 120 140 160 180 200 100 120 140 160 180 200
Frequency (cpm) Frequency (cpm)
< Sinusoidal oscillation conditions > < Non-sinusoidal oscillation conditions >

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . HJ Shin & BG Thomas 5

Influence of oscillation conditions on positive
strip time
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Controlled Casting Trials

ULC steel
230 mm thick slab

Constant conditions
for several heats
per trial case

University of Illinois at Urbana-Champaign

1. Steel:

C (0.002~0.005%) — Mn (0.07~0.15%) — Si (< 0.005%) — P (0.01%) — S (0.01~0.012%) —
Cr (0.01%) — Ni (<0.01%) — Cu (<0.01%) — Ti (0.025~

0.05%) — Al,,, (0.035%)

Density of liquid steel (kg m3) 7127
Surface tension at 1550 °C (N m1) 1.6

Liquidus temperature (°C) 1534
Solidus temperature (°C) 1519

11. Mold Powder (Trial A and B):

CaO (39.8%) - SiO, (36.3%) — AL,O, (3.4%) - MgO ((

0.8%) — Li,O (0.4%) — Na,O (3.4%) —

K,0 (0.1%) — Fe,0, (0.3%) — MnO, (0.03%) — TiO, (0.2%) — F (6.0%) — CO, (3.5%) — C oo (3.0%)
Density of liquid slag (kg m3) 2680

Viscosity at 1300 °C (Pa s) 0.321

Surface tension (N m) 0.431

Solidification temperature (°C) 1145

Melting temperature (°C) 1180

111. Mold Powder (Trial C):

Ca0 (37.9%) - SiO, (37.8%) — Al,O, (5.0%) — MgO (2.0%) - Li,O (0.9%) — Na,0 (3.8%) —

K,0 (0.1%) — Fe, 0, (0.3%) — MnO, (0.04%) — TiO, (0.3%) - F (7.2%) — CO, (3.2%) — Ciqy (2.6%)
Density of liquid slag (kg m3) 2660

Viscosity at 1300 °C (Pa s) 0.262

Surface tension (N m™) 0.419

Solidification temperature (°C) 1101

Melting temperature (°C) 1145

Metals Processing Simulation Lab

HJ Shin & BG Thomas

¥

Nuca=
Asting
Consortium

Trial measurements: OM depth

Solidification Viscosity of . A
Test Casting width Casting speed temperature of mold mold powder Nggat_lve Measured oscillation
No. (mm) (mmis) powder at 1300 °C S""zs‘)'me ma;:; ﬁe)pth
() (Pass)

Al 1300 244 1149 0.321 0.107 0.246

A2 1300 243 1149 0.321 0.115 0.393

A3 1300 245 1149 0.321 0.100 0.309

A4 1300 249 1149 0.321 0.081 0.292

A5 1300 25.0 1149 0.321 0.127 0.353

A-6 1300 245 1149 0.321 0.110 0.343

AT 1300 248 1149 0.321 0.121 0.258

A-8 1300 248 1149 0.321 0.139 0.308

A9 1300 244 1149 0.321 0.154 0.338
A-10 1300 249 1149 0.321 0.126 0.331

C-1 1300 291 1101 0.262 0.100 0.251

C-2 1300 236 1101 0.262 0.118 0.328

C-3 1300 20.2 1101 0.262 0.134 0.280

C-4 1570 246 1101 0.262 0.115 0313

C-5 1570 243 1101 0.262 0.116 0.272

c6 950 300 1101 0.262 0.092 0.225

C-7 950 30.1 1101 0.262 0.092 0.214

Cc-8 950 299 1101 0.262 0.092 0.199

c9 1300 28.2 1101 0.262 0.097 0.192

C-10 1300 233 1101 0.262 0.114 0.302

C-11 1300 281 1101 0.262 0.097 0.236
Cc-12 1300 28.1 1101 0.262 0.097 0.277

C-13 1570 229 1101 0.262 0.115 0.310

C-14 1570 229 1101 0.262 0.115 0.304
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Trial results: powder consumption

Test Ca§ting Casting speed oscillation oscillation Modification ratio Ne_gatjve Pc_)sit!ve Mold pow_der
No. width (mms) Stroke frequency ) strip time strip time consumption
(mm) (mm) (Hz2) (s) (s) (kg/m?)
Al 1300 24.4 6.44 2.65 24 0.107 0.270 0.247
A2 1300 24.3 5.00 2.43 0 0.115 0.296 0.232
A3 1300 245 5.00 2.94 12 0.100 0.241 0.225
A4 1300 24.9 5.00 3.49 24 0.081 0.205 0.253
A5 1300 25.0 6.00 2.08 12 0.127 0.353 0.223
A6 1300 245 6.00 2.45 24 0.110 0.299 0.229
A7 1300 24.8 6.00 2.90 0 0.121 0.224 0.230
A8 1300 24.8 7.00 177 24 0.139 0.426 0.248
A9 1300 24.4 7.00 2.09 0 0.154 0.324 0.208
A-10 1300 24.9 7.00 2.49 12 0.126 0.276 0.211
B-1 1570 225 6.25 2.46 24 0.114 0.292 0.271
B-2 1570 23.0 6.30 2.52 24 0.112 0.285 0.247
B-3 1570 237 6.37 258 24 0.109 0.278 0.256
B-4 1300 24.7 6.47 2.69 24 0.106 0.267 0.238
B-5 1300 24.6 6.46 2.67 24 0.106 0.268 0.237
B-6 1300 253 6.53 2.74 24 0.104 0.261 0.215
B-7 1300 25.8 6.58 279 24 0.102 0.256 0.212
B-8 1050 275 6.75 2.96 24 0.097 0.241 0.210
B-9 1050 21.7 6.77 2.97 24 0.097 0.240 0.194
B-10 1300 24.4 6.44 2.66 24 0.107 0.270 0.247
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Empirical equation for mean OM depth
compared with trial results
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0.8
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Local frequency (Hz)

k is a coefficient depending on mold powder, k for P1 is 14.0 and for P2 is 15.8.
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Influence of mold oscillation on OM

0.45 0.45
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Relationship between mold powder
consumption and positive strip time

Measured Q, . (Tests of L2)

Estimated Q__ with Equation(4.2)

area

4.0
0.40
— ®  Testsof L1
< —~
S &
2 35F n S
. ~
- S 0.35-
£ <
(=] -7
~ L - c
= 30 S .
o - S ..
= ™ 5 030
% 25 o E
5 - 2
7] ,/‘ =
c b3 S 0254
o el | o
S 20F -
5 ~-'h <)
3 - °
= 2 020
-7 (@] . -1
g 15} S
ke R’=0.942 o
] )
S 1ol v S 015
0.15 0.20 0.25 0.30 0.35 0.40 0.45 18

Positive strip time (s)

qcycle = Qarea X (POM )theoretical = Qarea X

—|<

Uoyee = 7-195 x t + 0.2256
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*.. Mechanism of OM formation in ULC steel
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Liquid slag Liquid slag Liquid slag
Equilibrium Collapse with
meniscus shape gravitational Liquid steel
force
{---4/ Meniscus : - Overflowing
freezing Ml
Liquid steel Liquid steel Oscillation
mark
Solidifying Solidifying Solidifvin
Shell ~ (a) Shell ~ (b) Shgﬁ 7
Steady state Meniscus freezing Subsequent liquid
steel overflowing
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%._ Base meniscus shape on Bikerman Eq.
\?i'sgol;sg i
o Horizontal distance, X (mm)
S N s S SOOI VOO OO O MO OO
X—Xo =—428°—2" + ﬁln 7 R i: Liquid slag Liquid steel
N wE
a @& Upper part of Bikerman shape
X, =a - —In{V2+1 £ s
-a-Linl(ze
§ 74 . T
S
g 93 ower part of Bikerman shape
. ZA]/ o L part of Bik hap
A,O . g 11 ;(

x = distance perpendicular to the mold wall in m

Z = distance along the mold wall in m

Ay= surface tension between liquid steel and liquid flux) in N m-1
Ap= density difference between liquid steel and liquid slag

g = gravitational acceleration = 9.81 m s2

University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . HJ Shin & BG Thomas 14




B Comparison of equilibrium meniscus
{“ shapes with actual OM and hook shapes

15 Actual upper
Actual lower part 75
2. :
0 of OM and hook ".:_‘part of OM
2.5 shapes %
3.0 ]
3.5 ‘8.0—
E 40 B
é 45 . é ] Lower part of
N sod E@- N g5 Bikerman’s
1 shape
5.5 Upper part of P
60 Bikerman’s /
shape 1
6.5 -9.0 4
70 (b) 1©
0.0 05 1.0 1.5 2.0 25 3.0 00 02 04 06 08
X (mm) X (mm)

Oscillation mark shape: use Bikerman Eq. separately to predict
shape of lower and upper surfaces of OM
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w
I
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T T T T
—— Before overflow (upper part of Bickermann's Eq_)|
after overflow (lower part of Bickermann's Eq.) T

o Oscillation mark profile (2002-1, 0 mm - No.5) _|

g
=)
T

o
©
T

0.6 |-

04 -

Mold flux consumed in
OM volume

0.2 |-

Distance along the mold wall (mm)

N 1 N 1 N 1 N 1 N
0.0 0.2 0.4 0.6 0.8 1.0

Distance perpendicular to the mold wall (mm) Oscillation mark depth (mm)

0.0 N 1 N 1 N 1 N
0.2 0.4 0.6 0.8

Estimated area of oscillation mark (mmz)

o4
o

Estimated area of oscillation mark = 1.692 * (Oscillation mark depth)!46°

f 1
= X Aqy X —
Qom Pslag om |, X 1000

S
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New Model for Flux Consumption

Qarea:
QCO”S:
Jom:
Ay
t:

n
t:
V..

Ve

»

W:

a
pslag:
Ap.

k
N
A4
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Qarea = QOM + Qlub + QSMUX moving + Qgg'r(zdty
igriore ignore

Q — Qcons
Ve x(2W +2N)
0.556
) 1.43 0.389 -1.49
Jom =25 X107 x pg.. x k™™ x t, V,

Qs =5.07 x 359t

Powder consumption per unit strand area (kg m-)

Weight of the bags consumed per one minute (kg min-t)

Oscillation mark consumption per unit length in one cycle of oscillation (g m cycle?)
Lubrication consumption per unit length in one cycle of oscillation (g m? cycle)
Negative strip time (s)

Positive strip time (s)

Casting speed (mm s1);

Casting speed (m min-1)

Coefficient for oscillation mark depth depending on mold powder (-)

Slab thickness (m)

Slab width (m)

Difference of surface tension between liquid steel and liquid slag (N m-1)

Density of liquid slag (kg m-)

Difference of density between liquid steel and liquid slag (kg m-3)
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Comparison of consumption amount and
ratio of lubrication and oscillation mark
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Validation of estimated powder
\Cmes, consumption per cycle (L1 trials)
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Positive strip time (s)
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Validation of new powder consumption
model with measurements (L2 trials)

=Onsortium
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Estimated mold powder consumption
(Q,ea) @nd lubrication consumption (Q,)

Onsortium
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N Powder consumption predictions
e (mold powder P2)
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0.35

— Esitmated powder consumption
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1 o Measured data in 2003
0.30
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Mold powder consumption (kg/m?)
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University of Illinois at Urbana-Champaign . Metals Processing Simulation Lab . HJ Shin & BG Thomas 22




o Influence of oscillation parameters on

Q \,

e mold powder consumption
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» Controlled mold trials and models used to develop:
— New equation to predict mold powder consumption
— New equation to predict OM depth (matches measurements and
previous trends)
» Oscillation marks account for most of consumption at
lower casting speed

* Model matches previous trends:
Powder consumption increases with:
— Lower casting speed
— Decreasing oscillation frequency
— Increasing negative or positive strip time
— Increasing modification ratio
— Stroke (negligible effect)
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