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A Reaction Model for Prediction

of Inclusion Evolution During
Reoxidation of Ca-Treated Al-Killed
Steels in Tundish
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A reaction model was developed to investigate evolu-
tions of steel chemistry and inclusion compositions
during reoxidation of Ca-treated Al-killed steels in a
tundish. The evolutions of Al,O3, CaO, MgO, and CaO
in inclusions were accurately predicted using the current
reaction model. The reaction model can widely predict
the evolution of inclusions during tundish reoxidation of
Ca-treated Al-killed steels with varying concentrations
of Al, Ca, and absorbed oxygen.
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Performance of stccl products is significantly affected
by the steel cleanliness.!"*) As an essential refining vessel,
the continuous casting tundish shows good metallurgical
functions for regulating the flow pattern of the molten
steel and the removal of inclusions.™”! Tundish is also
known to cause the contamination of the molten steel by
a complicated combination of various factors, including
entrainment of ladle slag, reaction with tundish cover
powders, erosion of refractories, rcactlon with ladle well
packing materials, and air absorption./! During casting
transitions such as cast start and ladle change process, the
air absorption can hardly be avoided.”! Reoxidation of
the molten steel in the tundish might lead to the increase
of oxygen in the steel, the generation of inclusions, and
change of inclusion chemistry, Wthh 1s detrimental in
producing high-quality steel grades.® '3 Accurate ab111ty
to predict compositions of steel and inclusions in the
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tundish is of great importance to better understand the
evolution mechanism of inclusions and improve the steel
cleanliness.

A large number of physical modeling and mathemat-
ical simulation works have been carried out to investi-
gate the flow, temperature field, and removal of
inclusions.!'* 18] I Tt was regretful that chemical compo-
sition of inclusions was not accounted for in above
investigations due to complicated calculations and lack
of thermodynamic data in the multicomponent system.
Recently, with the application of thermodynamic soft-
ware, the formation of inclusions at different tempera-
tures and varying steel compositions in a multicom 9p
nent system can be apace and accurately predicted.[!
There have been several kinetic models developed using
the combination of thermodynamic calculations with
simplified fluid dynamic equations of the liquid melt,
which can be used to predict the evolution of steel
chemistry and inclusion compositions during refining
process such as ladle furnace!® ?”! and Ruhrstahl-
Heraeus.*” However, there was no available reaction
model to predict the reactions in the tundish. In the
current study, a reaction model of the tundish was
developed based on FactSage Macro Processing to
predict the evolutions of steel chemistry and inclusion
compositions in the tundlsh

In the previous works,!'” it was proposed that the
one-strand tundish can be divided into the mixing zone
and the plug zone by the weir of the tundish. During the
steady casting process, the molten steel firstly impinged
the bottom of the tundish and flowed upward. The
molten steel was strongly mixed in the mixing zone due
to the large tubulence kinetic energy. Then, the molten
steel flowed into the plug zone between the weir and the
bottom. Whereafter, the molten steel uniformly flowed
toward the outlet along the long wall in the plug zone.
After that, the molten steel in the plug zone flowed
toward the submerged entry nozzle from the outlet. The
schematic diagram of the flow and the mixing process in
a single-strand continuous casting tundish is shown in
Figure 1. The mixing zone was set as the zone A. The
melt volume in the plug zone was equally divided into
zones B, C, and D. The calculation of time step can be
reckoned by the melt volume in zone B divided by the
teeming rate. In the schematic representation, the
reactions RO-R5 occured in each single time step
represented the following:

RO: The air absorption of the incoming molten steel.
R1: The incoming molten steel with the same volume of
zone B was injected and mixed with the molten steel in
zone A. The reacted molten steel was split into the
equivalent molten steel in zone A, and the rest molten
steel remained in the transient zone B’. R2: The molten
steel in zone B’ flowed and mixed with the remaining
molten steel in zone B. The reacted molten steel was split
into the equal volume molten steel in zone B and
transient zone C’. R3: The molten steel in zone C” flowed
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and mixed with the remaining molten steel in zone C.
The reacted molten steel was split into the equal volume
molten steel in zone C and transient zone D’. R4: The
molten steel in zone D’ flowed and mixed with the
remaining molten steel in zone D. The reacted molten
steel was split into the equal volume molten steel in zone
D and transient zone E’. RS5: The rest molten steel in
zone E’ flowed toward the submerged entry nozzle from
the outlet.

During the cast start and ladle change process, the
incoming molten steel was oxidized by the air since the
shroud was not submerged in the molten steel in the
tundish, which was a primary factor responsible for the
reoxidation of the molten steel in the tundish in the
initial teeming stage and ladle change process.[” The
molten steel teemed from the ladle was shortly exposed
in the air. It was assumed that the oxygen in the molten
steel can be increased to a certain fixed level due to the
absorption of oxygen from the air. When the level of the
molten steel reached stability during the steady casting
process, the shroud was submerged in the molten steel.
Thus, it can be considered that there was no air
reoxidation of the molten steel.

To simplify the model and calculation, the following
assumptions are made in the current model: (1) The
compositions of steel and inclusions in each reaction
zone are homogenous; (2) Steel/inclusion reaction is
assumed to reach the equilibrium; (3) The temperature
can be maintained at a certain fixed temperature; (4) The
removal of inclusions to the slag, slag/steel reaction, and
the influence of refractory are not considered in the
current model; (5)The effect of the dead zone on the
steel/inclusion reaction is also ignored.

In the FactSage software, All the input conditions and
output can be stored and passed to the different

Air
RO R1
Inlet
Mixing zone | [V*" Piug zonef
Zone A Zone BBiZone CEﬂ Zone D
R2
7

Outlet | I |
R5

Fig. I—Schematic diagram of reactions in continuous casting
tundish.

equilibrium calculations or externally to a simple text
file or Microsoft Excel™ worksheets using FactSage
Macro Processing code. A small program can be written
using this macro processing code for equilibrium calcu-
lations.” Thus, the calculation process of the current
model is as follows: (1) The initial conditions (compo-
sitions and amounts of steel and inclusions, and the
temperature) are set up using the Microsoft Excel™ as
an interface. (2) Air absorption of the incoming molten
steel in step RO; (3) The flow, mixing, and splitter of the
molten steel and inclusions in steps R1 to RS; (4) The
equilibrated conditions are output to the Microsoft
Excel™. The above procedure is repeated until time t is
a satisfied final time. The thermodynamic phase equi-
libria of all reactions were calculated using FactSage
with FactPS, FToxid, and FTmisc databases.[*”
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Fig. 2—Comparison of the predicted and experimental results of
Ca-treated Al-killed steels in zone D of tundish. () Inclusion com-
positions, (b) T.O. in steel.

Table I. Composition of the Steel Before Casting (Weight Percent)

C Si Mn S Al

T.O. Ca Mg Fe

0.15 0.3 1.4 0.003 0.04

0.0010 0.0008 0.0005 balanced
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To verify the accuracy of the developed model, the
simulated results were validated with the industrial
results. The Ca-treated Al-killed steel was teemed from
an 115-ton ladle into a 25-ton tundish, and then poured
into a single-strand continuous mold. The casting
temperature was 1823 K (1550 °C). The initial state of
the industrial tundish system was empty. The teeming
time of each heat was 40 minutes. Then, the teeming
rate was 2.875 tons per minute. It can be calculated that
the duration of fully filling the tundish at cast start
process was 8.7 minutes. The industrial data showed
that the ladle change process lasted roughly 2 minutes.
The volumes of the mixing zone and the plug zone were
40 and 60 pct of the total melt volume in the tundish.
Thus, the time step was given as 104.35 seconds. To
investigate the reoxidation behavior of the molten steel
teemed from the ladle into the tundish, steel samples
from a casting sequence with two heats were taken every
9-15 minutes. The samples were taken from a position in
the tundish equivalent to Zone D. The inclusions in steel
samples were analyzed using automated SEM/EDS
inclusion analysis (ASPEX). At least 500 inclusions on
each sample were detected using ASPEX to obtain the
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Fig. 3—The predicted inclusion compositions in various reaction zones of tundish: (a¢) Zone A, (b) Zone B, (¢) Zone C, (d) Zone D.

composition of inclusions. In the current work, the
working magnification of ASPEX was set at x400 and
the minimum detectable size of inclusions was 1.0 um.
The total oxygen (T.O.) of the steel was analyzed using a
Leco analyzer. The bulk chemical analysis of the steel
was performed by a spark OES. The composition of the
steel before casting is listed in Table I. The absorbed
oxygen (AT.O.) in the teemed molten steel at cast start
was measured to be 13 ppm.

The initial state of the modeled tundish system was
empty. The composition of the incoming molten steel in
FactSage is set as Table I. The air absorption was
modeled in FactSage as a total oxygen increase. There-
fore, the T.O. of the incoming steel during the 8.7 min-
utes cast start and the 2 minutes ladle change process is
given as 23 ppm. Figure 2(a) shows the comparison of
the measured inclusion compositions at the outlet and
the predicted results of the zone D. Error bars repre-
sented the 95 pct confidence interval of the mean
composition of inclusions. It should be noted that the
current predicted inclusion compositions showed a good
agreement with the measured results. It was demon-
strated that the current reaction model can be used to
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Fig. 5—Effect of Al on the evolution of inclusion compositions in zone D.

successfully predict the evolution of inclusion composi-
tions in the tundish. It can be seen that the measured
CasS in inclusions was higher than that of the predicted
one, which may be caused by the precipitation of CaS
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during the solidification and cooling process of the steel
sample. Figure 2(b) shows the comparison of the
measured T.O. at the outlet and the predicted results
of the zone D. It can be seen that the predicted T.O.
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Fig. 7—Effect of AT.O. on the evolution of inclusion compositions in zone D.

roughly showed a similar tendency with the experimen-
tal values. The difference of the experimental and
predicted values may be caused by the neglection of
the inclusion flotation in the tundish in the current
model, which will be a focus of our future modeling
studies.

Figure 3 shows the predicted inclusion compositions
in various reaction zones of the tundish. During the
steady casting process, the formed inclusions were
Al,0O3-CaO-rich oxides. At the cast start, Al,O3 in
inclusions increased from more than 8 ppm to more
than 30 ppm caused by the reoxidation. Meanwhile, the
CaO and MgO slightly rose up. Consequently, the CaO/
Al,Oj3 in inclusions distinctly declined during the reox-
idation. The CaS in inclusions decreased to a low level
due to the formation of CaO. During the ladle change
process, the Al,O;, CaO, and MgO in inclusions
significantly picked up. It can be seen that evolution of
inclusion in various zones showed a similar tendency.
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However, from the inlet to the outlet in tundish, it took
a longer time for inclusions to reach stability during
unsteady continuous casting. Figure 4 shows the pre-
dicted steel compositions in various reaction zones of
the tundish. It can be seen that the [Al], [Ca], and [O]
reduced due to the formation of oxides caused by the
reoxidation during the cast start and ladle change
process. Meanwhile, the [S] in steel slightly rose up
since more Ca reacted with [O] and formed CaO.

To predict the evolution of inclusions in Ca-treated
Al-killed steels with various steel compositions in the
tundish, a large number of calculations were apace
carried out using Factsage Macro Processing. Typically,
the evolution of inclusion compositions in zone D was
given in the following predicted results. Figure 5 shows
the effect of Al on the evolution of inclusion composi-
tions. Comparing Figures 5 and 3(d), with the Al in the
steel increasing from 0.02 to 0.04 pct, the ratio of CaO/
Al,Oj3 in inclusions slightly went up. In Figure 6, the

VOLUME 48B, JUNE 2017—1437



modification of Al,O3 and MgO in inclusions can be
significantly promoted by increasing Ca from 3 to
30 ppm. The excess Ca led to the formation of CaS in
inclusions. Meanwhile, the reoxidation during unsteady
casting significantly increased the Al,O5 in inclusions,
while CaS in inclusions reduced due to the reoxidation
of Ca in the steel. As shown in Figure 7, the reoxidation
can promote the generation of Al,O5, CaO, and MgO in
inclusions with the decreasing of CaS. The increase in
AT.O. during the cast start and ladle change obviously
lowered the CaO/Al,O53 in inclusions. Meanwhile, it
took longer time for the oxidized inclusions to evolve to
the normal ones.

In the current study, a reaction model was developed
using Factsage Macro Processing, which can success-
fully predict the evolutions of steel chemistry and
inclusion compositions during the reoxidation of
Ca-treated Al-killed steels in the tundish. The reaction
model was widely used to predict the evolution of
inclusions during tundish reoxidation of Ca-treated
Al-killed steels with varying concentrations of Al, Ca,
and absorbed oxygen.
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