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Abstract:
Various simulators were developed for predicting the composition, particle size

distribution, and amount of nonmetallic inclusions in steel. The simulators used
for analyzing the composition of nonmetallic inclusions can predict the composi-
tion of nonmetallic inclusions remaining in continuously cast steel by coupling the
analysis of various equilibria with the analysis of solute element microsegregation
in the molten steel being solidified as well as the analysis of the equilibrium
precipitation of nonmetallic inclusions in the residual molten steel. The simulators
used for analyzing particle size distribution and the amount of nonmetallic
inclusions can analyze the reactions taking place in the deoxidation process
and analyze the coagulation, flotation, and removal behavior of nonmetallic
inclusions occurring during continuous casting . In this paper, these analytical
techniques are outlined, the composition control of inclusions in stainless steel and
the conditions for the precipitation of harmful olivine inclusions are discussed, and
the results obtained when these techniques were applied to the analysis of the
coagulation, flotation, and removal of Al,O; inclusions in the tundish of a continu-

ous caster are repon‘ed.

1. Introduction molten steel stage as much as possible. With a continuous
Nonmetallic inclusions in steel become surface defects in steel caster tundish, for example, ceramic filters and refractory dams
sheets, degrade the antifatigue properties of high-strength steel, and weirs have been installed to promote the removal of non-
and clog nozzles used in continuous casting. For these reasons, metallic inclusions from molten steel. In recent years, tundishes
measures are taken to remove nonmetallic inclusions in the have increased in geometrical complexity, and electromagnetic
forces have been applied to accelerate the removal of nonmetallic

*1 Technical Development Bureau inclusions in them. These circumstances have called for simula-
*2 Presently Nittetu Hokkaido Control System Co. tion models that can quantitatively and comprehensively grasp the
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behavior of nonmetallic inclusions in the tundish. High-carbon
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high-strength steels, one of which is used as automobile tire cord
steel, are sensitive to small amounts of residual nonmetallic inclu-
sions. The compositional control of such nonmetallic inclusions is
therefore an important issue. As users have increasingly imposed
severe nonmetallic inclusion limits and demanded steels of
increasing strength in recent years, the compositional control of
nonmetallic inclusions is expected to increase in importance. This
trend in turn has boosted the need for the development of tech-
niques for predicting and controlling the composition of inclu-
sions in steel.

Based on the development of a thermodynamic slag model”
and the accumulation of thermodynamic equilibrium computation-
al techniques between multiple-component systems and multiple
phases?, Nippon Steel’s Advanced Technology Research
Laboratories developed a simulator for analyzing the composition
of nonmetallic inclusions in carbon steel®. The simulator can
quantitatively determine the composition of nonmetallic inclusions
in carbon steel after continuous casting if the chemical composi-
tion of the carbon steel after secondary refining is known. In this
way, guidelines for optimizing the chemical design and refining
treatment of steels for the purpose of rendering their nonmetallic
inclusions harmless can be established beforehand by computa-
tion. In the present study, the simulator’s scope of application
was expanded to include stainless steel as well. To date, modeled
reactions include the formation of nonmetallic inclusions in the
deoxidation process during refining treatment, coagulation and
coalescence of nonmetallic inclusions in refining vessels, reaction
between the flux and molten steel during flux treatment, impinge-
ment of nonmetallic inclusions on the ladle wall, flotation of non-
metallic inclusions to the bath surface, and removal of nonmetal-
lic inclusions from the bath surface. The outcome of these efforts
was the development of a “deoxidation process simulator” for
predicting the final composition, particle size distribution, and
amount of nonmetallic inclusions that arise during the steel refin-
ing process. This report outlines these analytical techniques, dis-
cusses the compositional control of inclusions in stainless steel
and the conditions for the precipitation of harmful olivine inclu-
sions in stainless steel, and presents the results obtained when the
deoxidation process simulator analyzed coagulation, flotation, and
removal of AL,O; inclusions from a continuous caster tundish.

2. Analysis of Nonmetallic Inclusion Composition
in Continuously Cast Slabs of Stainless Steel®
Fig. 1 schematically illustrates the simulation model used to

predict the compositional change of nonmetallic inclusions in car-

bon steel during solidification that was published in a previous
report”. Although its details are omitted here, the model consists
of the following basic steps:

1) The residual molten steel during solidification is supposed
to be completely mixed, and solute diffusion in the solid
phase is partially considered.

2) Thermodynamic equilibrium holds between the solute and
nonmetallic inclusions in the molten steel.

3) The precipitates are trapped into the solid phase in pro-
portion to the solid fraction and no longer play any part
in further reaction.

The fundamental treatment of Fig. 1 is also effective for
high-alloyed steels like stainless steels, but the technique used for
carbon steel cannot be directly applied to stainless steel containing
high concentrations of nickel and chromium. The change in the

solid-liquid equilibrium partition coefficient of solute elements
during solidification cannot be ignored, and the information of
the equilibrium partition coefficient is required for specific solidi-
fication paths. Another difficulty is the incomplete accumulation
of basic thermodynamic properties for stainless steel.

Sundman et al. calculated the solidification paths of alloys by
the successive method, which involves lowering the temperature
in small steps, calculating the solid-liquid equilibrium at each
temperature step by THERMO-CALC?, precipitating the solid in
equilibrium with the residual molten steel, and tracing the compo-
sition of the freshly formed residual molten steel,as shown in
Fig.2® This technique is the same as Scheil” employed for han-
dling segregation computation when it is assumed that the resid-
ual molten steel on solidification is completely mixed and that
there is no solute diffusion in the solid phase. The present authors
improved the technique of Sundman et al., incorporated the
solute diffusion in the solid phase according to the Clyne-Kurz
model®, and applied the improved technique to the solidification
path analysis of stainless steel. The partial solidification time (t.)
required as the input condition was calculated for each solid frac-
tion from the known cooling rate (CR) by Eq. (1).

t(f = f) = AT/Af/CR e 1)
The secondary dendrite arm spacing (¥,) was also calculated
from the cooling rate by Eq. (2)*.

Vo= 111.3 X CR** (um) e )
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Fig. 1 Model for analyzing composition of nonmetallic inclusions in car-
bon steel”
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Concerning the thermodynamics data of alloys, the activities of
constituent elements were calculated by the combination of the
sublattice model of Hillert et al.' and the extended dilute solution
approximation model of Pelton et al.'">. These were performed to
consider simultaneously the main elements such as chromium and
nickel and the microalloying elements like silicon, calcium, and
oxygen,respectively. The trapping of nonmetallic inclusions into
the solid phase was handled differently from carbon steel. In
other words, the nonmetallic inclusions were assumed not to be
trapped into the solid phase in proportion to the solid fraction,
but to exist as lumps of finite size and were incorporated together
into the solid phase at a critical solid fraction.

Table 1 shows the chemical composition of the stainless steel
wire rod used to analyze the composition of inclusions using the
above-mentioned model. To prevent wire breakage during the
drawing of this grade, the hard crystal phases, such as MgO - Al,O,
and ALO,, must be prevented from precipitating, and the melting
point of the inclusions must be loweved. Figs. 3(a) to 3(d) show
the calculated compositions of inclusions when the oxygen con-
tent was 40, 80, 100, and 150 ppm, respectively. To minimize
the amount of nonmetallic inclusions formed, the production of
the tire cord steel initially focused on a low-oxygen content of
about 40 ppm. As shown in Fig. 3(a), when the oxygen content
was reduced to 40 ppm, the ALO; concentration in nonmetallic
inclusions increased and there was the great possibility that hard
crystal phases, such as MgO- Al,O; and AlL,O,, readily precipitate.
As the oxygen content was increased, oxides such as SiO, and
MnO, actually increased in concentration to raise the number of
components present in the nonmetallic inclusions. Figs. 4(a) and
4(b) respectively show the calculated and measured effects of the
oxygen content on the ALO; and SiO, concentrations of the non-
metallic inclusions. If the inclusions are assumed to be entrapped
into the solid phase when the solid fraction of the steel reaches
0.5, the calculated ALO; and SiO, concentrations agree with the
measured Al,O; and SiO, concentrations, respectively. The inclu-
sion composition at f, = 0.5 in Fig. 3 was taken as the inclusion
composition of each cast slab, and a phase diagram calculation
was performed to see which oxide crystal phase would precipitate
at the composition. The results are shown in Figs. 5(a) to 5(d).
When the oxygen content was 40 ppm, MgO-ALO; and ALO,
both precipitate as nonmetallic inclusions in the steel when
cooled. At the other oxygen contents, these hard crystal phases
did not precipitate. When the oxygen content was 40 ppm, the
liquidus temperature was very high at 1,767°C as predicted,
because the spinel phase precipitates at high temperatures. At the
higher oxygen contents, the precipitation of Cr,Os, a high-melting
point oxide, prevented the liquidus temperature from falling
appreciably. As can be seen from Fig. 5, the proportion of the
phases to precipitate is limited to 20% or less at 1,200 to
1,330°C, the typical temperature range of wire rod steel reheating
furnaces. This means that the tire cord steel retains enough work-
ability for rolling.

The total amount of nonmetallic inclusions naturally increases
with rising oxygen content. Fig. 6 shows the calculated oxygen
content dependence of the amount of nonmetallic inclusions
formed. From this figure, it is clear that the precipitation of
inclusions increases in approximate proportion to the increase in
the oxygen content. From these results, it can be said that the
optimum oxygen content for avoiding the precipitation of hard
crystal phases, such as MgO-AlLO, and ALO;, and for minimiz-

Table. 1 Chemical composition of stainless steel SUS304 used to ana-
lyze composition of nonmetallic inclusions®
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(0] Mo Ca Mg
0.0040-0.0150 0.01 0.0005 0.0004
1(9)8 — 100 NN
& 0 [ & 901 I
< 80 ALO, - % 80 I
= 704 [ 2 70 -
£ 604 -y I
g g
g 501 " S so- -
g 409 Mo o [ &40
g Si0 g 40
3 301 MnO " S 30
2 20 '/ciao CrZW‘ 3 20- -
T Y e LR CaO MgO FeO
o 10 =] S 104 ¥ g Cr,0, -
P mm———— M —
0 02 04 06 08 10 0 02 04 06 08 10

Solid fraction

& [0]=40 Solid fraction
a =40ppm

, (b) [0]=80ppm

100
90 3

A =) 0

OB’O

Yl 1
t

Si0: i
50 I
MnO

304 3
AlO;3 L

104 FeO a0 Cr,0;” MgONF

O e e —
0 02 04 06 08 1.0 0 02 04 06 08 1.0
Solid fraction Solid fraction
(c) [0]=100ppm (d) [0]=150ppm

Fig. 3 Calculated changes in composition of inclusions in stainless steel
SUS304 during solidification
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Fig. 4 Effect of oxygen content on AlL,O; concentration (2) and SiO. con-
centration (b) of nonmetallic inclusions

ing nonmetallic inclusions is about 80 ppm. This analytical find-
ing is being put to effective use in the compositional design of
stainless steel wire rods at Nippon Steel’s Hikari Works.

3. Evaluation of Precipitation Limit of Harmful

Olivine Inclusions

In weakly deoxidized steels such as silicon-manganese deoxi-
dized steel, magnesium pickup from refractories and the like
often precipitates harmful olivine (2MgO-SiO;) inclusions within
nonmetallic inclusions, causing the degradation of the steel’s
mechanical properties. Using thermodynamic model computation,
this study investigated the critical MgO concentration at which
the olivine precipitation can take place.

Table 2 shows the results of synthetic oxide overheating sim-
ulation experiments carried out at Nippon Steel’s Muroran
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Fig. 6 Effect of oxygen content on nonmetallic inclusions in steel

Works? to determine the critical MgO concentration for olivine
precipitation. In both which experiments where isothermal hold-
ing and thermal history, which simulated overheated furnace tem-
peratures, were applied without modification, the precipitation of
olivine crystals was observed in a high-MgO oxide (sample A).
In sample B with the MgO concentration reduced to 11%, olivine
did not precipitate in either experiment. It can be thus concluded
that the critical MgO concentration for olivine precipitation lies in
the MgO concentration range of 11 to 16%. Fig. 7 shows the cal-
culated temperature change of equilibrium precipitate phases in
oxide A where olivine precipitation was confirmed as shown in
Table 2. Fig. 8 shows the olivine precipitation temperature range
determined by using a metastable phase precipitation computa-
tional model on the assumption that the three oxides listed in
Table 2 precipitate crystal phases only when they assume a driv-
ing force large enough to precipitate the olivine phase as they are
supercooled in the glassy state as shown in Fig. 9. The calculated
values agree well with the measured values, and a MgO concen-
tration of about 12% is found to be the critical MgO concentra-
tion for olivine precipitation. This finding means that the crystal

Table. 2 Results of synthetic inclusion heating experiments conducted to
determine olivine precipitation conditions
Inclusion | Si02 CaO AL:Os MgO MnO|Isothermal holding | Heating furnace thermal history
A |52 16 12.3 16 3.7 |Precipitation at |Precipitation
120C<T<1300C
B |55 17 13 11 4  |No precipitation | No precipitation
C |58 18 137 6 4.3 |Noexperiment |No experiment
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Fig. 7 Equilibrium phase diagram of inclusion A
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Fig. 8 Calculated amount of olivine precipitated from glass matrix
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Fig. 9 Schematic illustration of olivine precipitation from glass matrix

Table. 3 Calculated chemical compositions of nonmetallic inclusions
with magnesium pickup from refractories

(Wt%)
No. Level; Mgo SiO: CaO ARLOs MnO
No.1 Pickup of 1 ppm 10.9 389 230 23.0 42
No.2 Pickup of | ppm 17.9 38.8 25.1 232 0.0
No.3 Pickup of 3 ppm 26.7 24.1 225 266 0.1

Table. 4 Chemical composition of spring steel
(wt%)

C Si Mn P S Al T.0
0.58 1.35 0.70 0.015 0.005 0.001 0.0025

L L L L
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Fig. 10 Olivine precipitation curves with magnesium pickup from refrac-
tories

phase precipitation sequence of oxides that easily form glass,
such as multicomponent oxides, does not always depend on their
thermodynamic equilibrium conditions.

Table 3 shows the chemical compositions of inclusions cal-
culated from thermodynamic equilibra by taking the chemical
composition of the spring steel listed in Table 4 as the base, and
by assuming that the magnesium picked up from the refractories
dissolves in amounts of 1 and 3 ppm when converted into the
magnesium concentration in the molten steel. As evident from the
calculated values in Table 3, the magnesium pickup from the
refractories markedly increases the MgO concentration and sig-
nificantly promotes olivine precipitation as shown in Fig. 10.

4. Development of Deoxidation Process Simulator,
and Computation of Coagulation, Flotation and
Removal Behavior of Nonmetallic Inclusions
Fig. 11 provides an overview of the deoxidation process sim-

ulator. The refining vessel or continuous casting tundish is divid-

ed into several spatial elements. In each spatial element, the fol-

lowing reactions are calculated at each step: 1) equilibrium pre-
cipitation of inclusions from molten steel; 2) slag/molten steel

Input control I Data base -«—— Fluid flow calculation

e ]

Material advection-diffusion and
balance between elements

vequilibr.iurﬁ, ipitation model

Inclusion coagulation and coalescence mode

Slag/molten steel reaction calculation
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Flux/molten steel reaction calculation
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Fig. 11 System outline of deoxidation process simulator

reaction; 3) coagulation and coalescence of inclusions; 4) refrac-
tory/molten steel reaction; and 5) refining flux/molten steel reac-
tion. The advection of the molten steel and inclusions between the
spatial elements is calculated and balanced by considering the
flotation of the inclusions. This series of calculations is repeated
with time to predict the final composition, amount, and particle
size distribution of inclusions at the outlet (submerged nozzle) of
the refining vessel or continuous casting tundish. Using the deoxi-
dation process simnlator, the macro behavior of nonmetallic
inclusions in the tundish of a continuous caster at the Yawata
Works were simulated and analyzed for coagulation and coales-
cence, flotation and removal, and advection and diffusion of non-
metallic inclusions in the refining vessel. The flotation and coagu-
lation behavior of nonmetallic inclusions and the effect of dams
and weirs on the flotation and coagulation behavior of nonmetal-
lic inclusions are reported below.
4.1 Computational model
4.1.1 Enmeshment

For simplicity, the tundish is regarded as a rectangular paral-
lelepiped. The x-, y-, and z-direction sides of the rectangular par-
allelepiped are divided into N, N,, and N, elements, respectively.
In other words, the spatial elements N, X N, X N, are considered
on the whole. Given its symmetry, one-fourth of the tundish is
taken as the computational domain.
4.1.2 Coagulation and coalescence of inclusions

Concerning the coagulation and coalescence of inclusions in
the tundish, Taniguchi and Kikuchi'® expressed the collision fre-
quency of particles in the turbulent field of the tundish by the fol-
lowing equation, quoting the equation of Saffman and Turner':

N = 220" R [1/2(1— p/ p (71— 7208 +

(= p/ p(dU/AP+1/9R (e /v)]"* e 3

where N = collision frequency of particles of the diameters
dp, and dp,; R = (dp: + dp,)/2; © = particle relaxation time =
d,r,(18u); n, and n, = number density of particles 1 and 2,
respectively; p and p, = density of fluid and particles, respec-
tively; ¢ = turbulent energy dissipation rate; v = kinematic
viscosity; u = fluid viscosity; U = fluid velocity; and t = time.

In this model, the effect of coagulation due to Brownian
motion is simultaneously taken into account by Eq. (4).

N = {mm@kT)/GWIvi*® + vy + v e 4)
where N’ = collision frequency due to Brownian motion; k =
Boltzmann’s constant; v = volume of particles; T = absolute
temperature

Egs. (3) and (4) show the frequency of spherical particles col-
liding in a fluid. Take particles of alumina, for example, since
alumina particles are solid, they do not always coalesce when
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Fig. 12 Calculation of advection and diffusion of inclusions in each vol-
ume element

they collide. Even if they coalesce, they rarely become spherical,
but often cluster. Since it is presently difficult to estimate the col-
lision frequency of clustered particles, it is assumed here that par-
ticles that have collided and coalesced become spherical while
retaining their volume. Furthermore, assuming that the collision
probability of particles is constant, irrespective of their diameter,
then by introducing the coalescence coefficient &, the coagula-
tion frequency (NC) caused by collisions is defined as follows:
NC=&eN+NY e 5)

The coalescence coefficient & is such a constant that 0 < & <
1, and its value is determined by adjnshing it to suit the actual sit-
uation.
4.1.3 Advection-diffusion and flotation of inclusions

As shown in Fig. 12, the amount of inclusions flowing out
of each of the six faces comprising the spatial element per infini-
tesimal time unit is given by:

Bottom face

N = n(u,—up)A/h e 6.1)
Top face

N = n(,+ue)At/h e 6.2)
Side faces 1 and 2

N; = nuAt/a, Ni = nuw,At/a e 6.3)
Side faces 3 and 4

N; = nuwAt/b, N, = nuAt/b e 6.4

where N; = number of particles of the diameter dp; flowing out
of each face; and un. = flotation velocity of buoyant inclusions
(relative to molten steel). The value of ug, is calculated by either
of the following two equations, depending on whether the
Reynolds number of particles, Re,, is greater than one or not:

Re, < 1: Alumina particle diameter dp; < 100 um

Ui = (2/9gdp/2(p—pft e (7.1)
Re, > 1: Alumina particle diameter dp; > 100 um
Unw = [4(p — 0o ¥g/Q251 001" e (7.2)

4.1.4 Removal of inclusions

The removal of inclusions is divided into two cases. In one
case, the inclusions are removed from the tundish after flotating
to the surface of the molten steel. In the other, the inclusions are
removed after colliding with the side or with the bottom refracto-
ry walls of the tundish. The present study considered the former
case alone and ignored the latter. The removal rate of inclusions
is basically calculated by Eq. (6.2). Since the surface of the
molten steel in the tundish near the long nozzle is turbulent, the
entrapment coefficient ¢ is introduced to allow for the possibility
of inclusions being entrapped again into the molten steel. Using
the entrapment coefficient ¢, the number of inclusion particles
of the diameter dp, removed at the surface of the molten steel in

the tundish is given by:

Ni = nupaA(L — &)Y0 e ®
where u, of Eq. (6.2) is not used because it is zero at the surface
of the molten steel in the tundish. The entrapment coefficient ¢
is greater than zero and defined as the ratio of the number of the
inclusions that return to the molten steel without being removed
from the total number of the inclusions that reach the surface of
the molten steel in the tundish. In that sense, it should be rather
called a flotation and removal impediment coefficient.

4.2 Computational results and discussion

The behavior of inclusions in the tundish of the No. 1 contin-
uous slab caster at the Yawata Works was analyzed by this simu-
lation method. The analyzed results were compared with the
measured results of inclusions.

4.2.1 Flotation and removal behavior and coagulation behavior
of inclusions

Tanaka et al.'” counted the inclusions in aluminum-killed steel
at the inlet and outlet of the tundish of the Yawata No. 1 continu-
ous slab caster, and discussed the flotation and coagulation behav-
ior of the inclusions according to their data. The removal ratio of
inclusions calculated by the deoxidation process simulator when
the tundish was provided with dams was compared with that
measured by Tanaka et al. in Fig. 13. Assuming that there was
no coagulation, the calculated values indicate that inclusions of
100 pm and larger are all removed from the molten steel in the
tundish, a result that does not agree with the measured values of
Tanaka et al. When coagulation is assumed to occur by putting
the coalescence coefficient & at 1, inclusions of 50 um and
smaller grow by coagulation, are consumed, and sharply reduce
in quantity. As a result, their removal ratio appears to be very
large. When the coagulation and coalescence of inclusions were
calculated by changing the coalescence coefficient £ to 0.1, 0.3,
and 0.5, the calculated values fall between those obtained when
¢ = 1, and those obtained when the coagulation and coalescence
of inclusions were not taken into account. Whatever the value of
the coalescence coefficient &, the removal ratio of 50- to 100-
pum inclusions slightly drops when their coagulation and coales-
cence alone are considered. Therefore, the measured values of
Tanaka et al. cannot be explained by the data calculated by the
deoxidation process simulator in this study.

Fig. 14 shows the removal ratio of inclusions calculated by
fixing the coalescence coefficient & at 0.1, putting the entrap-
ment coefficient ¢ from the long nozzle to the first dam at 0.5,
0.7, or 0.9, and assuming no entrapment in other regions in the

100 —==
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~ pYv /¢
é o £ =1
2 60 Iy
N Y, ¢ £=05
5 1 '
2 40F | £=03
g Lol
g 20 Coagulation ignored
4

0 !

0 50 100 150 200 250
Diameter of inclusions (um)

Fig. 13 Comparison of calculated and observed removal ratios of inclu-
sions (£ =0,0.1,0.3,05,1, £ =0)
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tundish. When ¢ = 0.7, the calculated results agreed well with
the observed results. Concerning the coalescence coefficient ¢ of
alumina particles, Marechal et al.' reported a value of 0.03,
while Taniguchi et al.'” reported a value of 0.3 to 0.5. The value
of 0.1 used in the present study to reproduce the inclusion counts
of Tanaka et al. falls between the reported values. The entrap-
ment coefficient of 0.7 suggests that a considerable amount of
inclusions came from outside, probably due to the oxidation of
the molten steel by entrapped tundish slag, or something present
in the molten steel-slag interface exerted a very strong inhibiting
effect on the flotation and removal of inclusions. The factor
analysis of this point is currently under way.

To study which of the four coagulation mechanisms postulat-
ed has the largest effect on the removal of inclusions from molten
steel in the tundish, the removal behavior of the inclusions was
calculated by considering the coagulation rate of one mechanism
alone and ignoring that of the other mechanisms. The calculated
results are shown in Fig. 15. In this calculation, £ = 1. As evi-
dent from Fig. 15, Stokes’ coagulation mechanism is predomi-
nant in this case. The removal ratio curve according to Stokes’
coagulation mechanism approximately agrees with that obtained
when all of the four mechanisms are taken into account.

Taniguchi et al.'” reported that the coagulation of inclusions
in the tundish is controlled by the turbulent shear force of the
molten steel. They estimated the turbulent energy dissipation rate
€ at 10", based on the fluid flow analytical results of Szekely et
al."™ In the actual tundish, the value of € is large near the long
nozzle and extremely small in the other regions, as shown in Fig,.
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Fig. 15 Contribution of four coagulation mechanisms to removal ratio of
nonmetallic inclusions

16. This means that the turbulent shear mechanism is effective
only in the vicinity of the long nozzle and that its effectiveness is
small enough to be ignored as compared with Stokes’ coagulation
mechanism in the other regions of the tundish where the flow of
the molten steel is mostly gentle.

4.2.2 Effect of dams

In Fig. 17, the calculated removal ratio of inclusions in a
tundish without dams is shown together with that in the same
tundish with dams. The removal ratio of inclusions was calculat-
ed by assuming & = 0.1 and ¢ = 0. When the tundish was not
dammed, the removal ratio of 50- to 150-um inclusions alone
was much smaller than when the tundish was dammed.

Figs. 18(a) and 18(b) show the calculated particle size distri-
butions of inclusions at the monitor points in the tundish (shown
in Fig. 19), when the tundish was dammed and undammed,
respectively. When the tundish was provided with dams, the
amount of inclusions gradually decreased from the long nozzle
toward the submerged nozzle. When the tundish was not provid-
ed with dams, the amount of inclusions at the outlet (position 7)
was greater than at positions 5 and 6. These results can be
explained without contradiction by regarding the outlet position as
the terminal point of the preferential flow path for the molten
steel in the tundish. To verify this assumption, the following cal-
culation was performed. Inclusions in an amount 100 times
greater than that present in a steady-state tundish were introduced
through the long nozzle into the tundish (time 0). The change in
the amount of inclusions flowing out of the outlet was then calcu-
lated.

The calculated results are shown in Fig. 20. When the
tundish was dammed, the amount of inclusions leaving the outlet
started to increase at about 4 minutes and reached the largest
level at about 12 minutes. Since the capacity of the tundish is 60
tons, and the molten steel enters and leaves the tundish at a rate
of 5 t/min, the average time to pass through the tundish was 12
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Fig. 17 Effect of dams on removal ratio of inclusions
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Fig. 19 Tundish positions of monitor points shown in Fig. 18
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Fig. 20 Change in amount of nonmetallic inclusions at outlet when large
amount of nonmetallic inclusions were introduced through inlet
into tundish at time 0

minutes. The calculated results of Fig. 20 indicate that when the
tundish was dammed, the macroflow of the molten steel in the
tundish is relatively uniform and that the inclusions follow the
uniform macroflow path of the molten steel.

When the tundish was not dammed, the amount of inclusions
flowing out starts to increase at about 2 minutes and reaches the
largest level at about 4 minutes. In other words, the inclusions
leave the tundish in about one-third of the average time taken by
the molten steel to reach the outlet when the tundish is provided
with dams. This means that when the tundish is not dammed, the
molten steel nonuniformly flows in the tundish and that the inclu-
sions reach the outlet in a short time by following the main flow
path of the molten steel. This is also supported by the calculated
streamlines of the molten steel in the tundish shown in Fig. 21.

(b)Without dams

Fig. 21 Flow path of molten steel in tundish with and without dams

Conclusions

The complexity of the compositional control of nonmetallic
inclusions makes it extremely difficult to find optimum values by
experimental techniques alone for steels that must be controlled
for a multiple-component system. This study has shown that com-
putational thermodynamic techniques can be applied with great
effectiveness in this field. Further work on the development of
the deoxidation process simulator is expected to help accurately
determine the amount and particle size distribution of nonmetallic
inclusions and allow the strict control of nonmetallic inclusions in
the steelmaking processes.

The authors believe that computational thermodynamics will
certainly assume increasing importance in the field of inclusion
control as it can fully utilize experimental data and drastically
reduce the required number of experimental runs.
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