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e Thermal-mechanical model of solidifying steel shell
behavior: CON2D
— Heat transfer and solidification model
— Heat transfer boundary conditions (heat flux and resistors)
— Stress model
— Constitutive models for solid, mushy and liquid regions
— Hot tear crack criterion
— Validation

e CON?2D applications

— Thermal mechanical behavior of the shell ignoring the strand
corner effect: Slice domain

= Critical shell thickness due to membrane stress caused by ferrostatic
pressure

— Shell behavior with strand corner: 2-D L.-shape domain
= Maximum casting speed due to sub-mold bulging
— Ideal mold taper prediction
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Electromagnetic stirrer

Support rolls

==
T3

* Courtesy of Hashio [Hashio et. al., Continuous Casting of Steel, Vol. 2, 1981]
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Modeling challenges

Inseparable, highly-nonlinear creep-plasticity
constitutive behavior at high temperature

Solid and liquid phases with moving interface
Ferrostatic pressure from internal liquid
Failure criterion to predict cracks

Phase transformations (Solidification & Solid
Phase transformation)

And others

— Coupled thermal and stress analysis

— Contact between the shell and mold

— Inherent 3D nature of the process

— Parametric studies (increased computation)
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Current model description S

Cassti ng
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Stepwisely coupled finite element thermal stress model.
2-D generalized plane strain to give 3D stress/strain state:

- total - elastic - thermal - inelastic

glotal — gelastic | +é + gl

Phase fractions from non-equilibrium Fe-C phase diagram
for plain carbon steel and linear phase fraction model
between liquidus and solidus for ferritic and austenitic
stainless steels.

Unified elastic-visco-plastic constitutive model.
Treat liquid same as solid with nearly zero yield strength.
Robust alternating implicit-explicit time integration scheme

Temperature dependent thermal and mechanical
properties.

Efficient contact algorithm between mold and shell surface
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Shell stress model

[E(T), TLE(T), "(T,c,f.,£,.3,0)]

Mold
[ Taper(t), Distortion(t)]
éo}t tear cracks(t,x,y)
criterion
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Phase fraction calculation \m
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e Non-equilibrium phase diagram is based on a comprehensive
micro-segregation model [Won et. al. Metall. Trans. A, v32A, 2001].
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Heat resistor model %

e Heat resistor model across the mode wall and the
interfacial layer between the mold wall and the steel
surface couples the heat transfer and stress simulation.
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Constitutive model for solid steel \,Ts
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e MizukamiMizukami,1977] e]astic modulus data changing with temperature

e Temperature dependent conductivity!Pehlke1982] " epthalpylPehlke 1982 apnd
thermal linear expansion[Peh“‘e’l”z and Harste,1988 for solid, Jimbo, 1993 for liquid].

e Kozlowski constitutional equations for austenite!Xezowski1911 and modified
model for delta-ferritelP2arkman,2000].
Kozlowski model for austenite

é‘(l/sec.)zf(%C)|:O'(MPa)—f1(T(0K))88‘&(T(UK))_1:|A(T(OK)) exp( 4465X104 /T( K))
HIHHIHHIHHYI """" ISRRN RPN RAP SR

fl(T(“K))=130.5—5.128x10‘3T(”K) - u\ +
e ~ _ L

5 (T(OK)) =—0.6289+1.114><10*3T(0K)

ﬂ(T(OK))=8.132—1.54><1()-3T(0K)

,_.
(e
|||
‘
I
‘
‘
/
I
I
'
1
]

F(%C) =4.655x10" +7.14x10°%C +1.2x10° (%C)’

™
=|
=
-
<
[l
I B ELECFE-23x10 ?(sT) "
. . .= W ELECFE-28x10 (s N\H
Modified power law model for o-ferrite £ | | f| v e —~
] c FE0.028%C-2.8x10 °(s) | _ B
. . 0 =532 mn g QO FE0.044%C-2.3x10 2 (s™) \\\\
g(l/sec.)—O.I‘G(MPa)/f(%C)(T( K)/300) " (1+10002) ﬁ o [ome 2o )
~ = gﬂ A FE3.0%Si-23x10 2 (s ﬁ ol =
f(%C) =1.3678><104(%C) 3300 c*;:"} A FE30%Si-28x10 7 (sT) v
- de/dt 2.3x1072 (s)
m:—9.4156><10‘5T(°K)+0.3495 ————— addt 28x10° (5°)
0'1 PN T N I T | T e N A 111 | |
=1/1.617x107T(* K)-0.06166 1200 1250 1300 1350 1400 1450 1500 1550
Temperature (°C)

Unfversity of [linols at Urbana-Champalgn o Processing Simulation Lalb o Chunsheng L o 9



Liquid material treatment

e Highly strain rate dependent creep function to simulate
perfect plastic behavior in the liquid with nearly zero
yielding stress

( 5
8 (| — —
10 (‘G‘ o Gyield) ‘G‘ > Gyield

gl =5

0 ‘o" <0 e

S, iea=0-01MPa

e Other properties such as elastic modulus and thermal
linear expansion are based on measured or extrapolated
data.
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Validation (B& W) %ws
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- Mesh: 0.1mm ~ 2.0mm
- At =0.001 sec. ~ 0.1 sec.
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Fully coupled simulation
vs. plant practice*

Sulfur print

of billet \

)

clious
ting
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* Park et. al. Ironmaking
and Steelmaking, v29, 2002

T~

CON2D results
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Hot tear criterion in CON2D

Damage Strain, "

5 U —— — D _ x99% Solid / _, flow
. 8 ® Crack . & = 290% Solid )
41 3 @ Minute (;raok i .
g, o Nocrack | Damage threshold,&"°

S B g8 @ Calculated critical strain |
£ @g @ by Eq. (5) | oo _ 0.02821
= 5 & = I ij - ¢ —1,03131 0 /10.8638
- - £,(s AT, (°C)

1 P where:

0 4 i 4 t ¢ I . 1 ; 1 2 t i _ _ _ _

060 01 02 03 04 05 06 07 ATB - T(fs - O~9) T(fs - O~99)

Carpon content, wit% fOl’ 027%C steel AT. =9°C
. B I

™ This is the empirical equation by Y.M. WON et. al. based on many published
measurements.[Met. Trans. B, Vol. 31B, August, 2000]
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Thermal mechanical behavior of the

shell ignoring the strand corner effect:
Slice domain
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Minimum shell thickness to avoid B
o \<inu0us
breakouts due to ferrostatic pressure Sasune
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Average Heat Flux {Pui[W;’mz}
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Casting speed: 1.0 m/min
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Profiles through shell at mold exit

(Thicker and colder shell) §ing
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Ferrostatic pressure applied 2.2 m/min with good contact
(65.5 MJ/m?)
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High speed or thick local gap
(7.4 MJ/m?)
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Effect of casting speed and

section size on total strain

< 10'¢ . 0
S 4.5% (critical strain) 0.0442%C carbon
= steel
& Section Size » [ °C superheat
g 10°F o 50 mm » measured when
= - 100 mm plastic strain rate
~—— 200 mm y
, 300 mm drops to 0.001 s
10-1 B | | | ) | | |4-()Omm | |
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Casting Speed (m/min)
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Critical shell thickness
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Shell behavior with strand corner:

2-D L-shape domain
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Maximum casting speed N
to avoid excessive bulging aSting

Onsortium

e
Super Heated . ) \%‘:X
Liquid Steel L ” N X
L Shape Domain ¥ g »
(CON2D) G 1 Tapered »
Distroted / |
Ferrostatic Mold i B LA
Gap
Pressure
Solidified .
Shell . Billet
[ Liquid
Steel
Casting
Direction

University et Minols at Urbans-Champalgn o Metals Processing Simulation Lab o Chunsheng L o 22



Onsortium

7
® LOl‘elltO [B] 6 f T T T T T T T T T T T T T T T T
6 ‘. —— Lorento fitted Eqn: 700mm Meld [A]
! ¢  J.K.Park: 0.1C%, 120mm*120mm [C] ]
o’ L Wolf fitted Eqn for slag casting [D] 5 ~ — 1.0 m/min -
E 5 \ = = Wolf fitted Eqn for oil casting [D] = i \\‘ -— 2.2 m/min ]
b ) ' = 4 [ '\ N — — 5.0 m/min ]
E N —— Brimacombe fitted Eqn [F] g 1. A 6.0 m/min
= \ v C Li fitted Eqn for Billet Casting [G] = I
= + \'d v — — C. Li fitted Eqn for Billet Casting [H] S 3L
= N\ y ¢ Thin Slab [C] = C
= N\, i = C
= 3 = 2 L
v = L
. T -
% K
3 :
‘gE l 0 [ T T NN SR TR SN NN SN TN SRR NN T S S AT SR T
0 200 400 600 800 1000
0 Distance below meniscus (mm)
0 10 20 30 40 50 60
Dwell Time (sec)

Unfversity of [linols at Urbana-Champalgn o Processing Simulation Lalb o Chunsheng L o 23



Deformed stress* and temperature contours Gous
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* Stress components perpendicular to the dendrite arms are shown here.
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Deformed total strain® and temperature K
&
contours asting
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* Strain components perpendicular to the dendrite arms are shown here.
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Damage strain contours S
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* E. Howard and D. Lorento, 1996 Electric furnace conference, pp. 353-358, 1996
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Ideal Taper Prediction:
Slice and L.-shape domains
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Heat flux and surface temperature profiles | %
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Mold distortion profile and heat transfer
coefficient of spray zone
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Longitudinal off-corner crack [N

- Stress® and damage strain contours (0.75% linear taper rlN -

\(i,oknsortiuml

s0 - Stress (MPa) 50 - Damage strain (%)
- Temperature (°C) - Temperature (°C)
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30 40 50 60
X (mm)
V =4.4 m/min at 100mm V =4.4 m/min at 100mm
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* Stress components perpendicular to the dendrite arms are shown here.
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Transverse cracks k

- Stress (z) contours for the ideal taper mold (no gap) Sasting
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Corner gap needed to generate

uniform surface temp.
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Shrinkage predicted by slice model
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Summary - Applications &;

Onsortium

e Thermal mechanical behavior of the shell ignoring the

strand corner effect: Slice domain

— Predict the temperature, stress, and strain evolution through the
solidifying shell ignoring the corner effect.

— Good for all strand shapes (billet, slab, etc.).
— Small computational cost.

e Shell behavior with strand corner: 2-D L.-shape domain

— Predict the temperature, stress, and strain evolution across a 2-D section
of the strand.

— Predict the distorted shape of the strand.
— Good for billet and bloom and corner portion of the slab.
— Substantial computational cost.
e Hot tear cracks can be predicted by the hot tear
criterion and damage strain calculated from the strain
in the mushy region.
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