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Kinetic Modeling of Nonmetallic Inclusions Behavior
in Molten Steel: A Review

JOO HYUN PARK and LIFENG ZHANG

The kinetic modeling for the nucleation, size growth, and compositional evolution of
nonmetallic inclusions in steel was extensively reviewed in the present article. The nucleation
and initial growth of inclusion in molten steel during deoxidation as well as the collision growth,
motion, removal, and entrapment of inclusions in the molten steel in continuous casting (CC)
tundish and strand were discussed. Moreover, the recent studies on the prediction of inclusion
composition in CC semiproducts were introduced. Since the 1990s, the development of
thermodynamic model and relevant databases for inclusion engineering has been initiated by the
steel industry. Later, the commercial software FACTSAGE employing the FACT database was
widely used to predict the gas (atmosphere/bubble)–liquid (steel/slag/inclusion)–solid
(refractory/slag/steel/inclusion) multiphase equilibria. With the help of the comprehensive
thermodynamic database and solution models in conjunction with the development of
user-friendly computing packages, the kinetics of inclusion evolution in molten steel can be
successfully predicted based on several kinetic models such as the coupled reaction (CR) model,
reaction zone model, and tank series recirculation (TSR) model. However, some parameters are
needed to represent the real processes according to the model employed at different operational
or experimental conditions. The effect of reoxidation on the evolution of inclusions in the ladle
and tundish, which was experimentally confirmed, can be simulated by the effective equilibrium
reaction zone (EERZ) model. The complex slag–steel interfacial reaction phenomena have been
successfully explained by the interfacial kinetic model based on the dynamic interfacial tension
and oxygen adsorption/desorption characteristics at the slag-steel interface.
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I. INTRODUCTION

HIGH-QUALITY steels require an optimized con-

trol of nonmetallic inclusions that are the inevitable pro-
duct of the carbon-based ironmaking and steelmaking
process and the complicated composition of steels. As
long as carbon materials are used as the reducer to
replace the oxygen from the iron mineral ores, carbon
enters the hot metal and oxygen gas has to be injected
into the hot metal to react away the excess carbon, from

which iron is converted into steel. The dissolved oxygen
remaining in the molten steel after oxygen injection had
to be removed by deoxidizer metals, such as aluminum,
silicon, and manganese, so that the indigenous non-
metallic oxide inclusions generated. Furthermore, the
metallic elements added to the molten steel naturally
react with the oxygen if they are more active than iron.
Hence, inclusions in steel never hold one single compo-
nent and always are compound mixtures, and it is
impossible to remove all inclusions from the steel due to
their instinct sources. There also are exogenous inclu-
sions in the molten steel from slag entrainment, erosion
of lining refractory, and reoxidation from air absorp-
tion. The ideal task for the control of inclusions in the
steel is to remove the detrimental ones, especially big
ones, and to utilize the useful ones, especially small ones
with desired composition, as well as possible.
Figure 1 shows the entire life of inclusion in the steel.[1]

The indigenous inclusions start from the addition of the
deoxidizer into the molten steel. Once aluminum, as an
example of deoxidizer metal, is added into the molten
steel, with the dissolution of the aluminum, the dissolved

JOO HYUN PARK is with the Department of Materials Science
and Chemical Engineering, Hanyang University, Ansan 15588, Korea
and also with the Department of Materials Science and Engineering,
KTH Royal Institute of Technology, Stockholm 100 44, Sweden.
Contact e-mail: basicity@hanyang.ac.kr LIFENG ZHANG is with the
State Key Laboratory of Metastable Materials Science and
Technology, Yanshan University, 438 West Hebei Avenue,
Qinhuangdao 066004, P.R. China. Contact e-mail:
zhanglifeng@ysu.edu.cn

Manuscript submitted March 23, 2020.
Article published online October 14, 2020.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 51B, DECEMBER 2020—2453

http://crossmark.crossref.org/dialog/?doi=10.1007/s11663-020-01954-1&amp;domain=pdf


Fig. 1—Schematic of the generation of inclusions and relevant phenomena in the steel. Reprinted from Ref. [1].
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Fig. 2—Typical 3-D morphology of inclusions in steels. The detailed description of each inclusion type from (a) through (f) is included in each
figure box. Reprinted with permission from Refs. [2 and 3].
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oxygen reacts with the dissolved aluminum and pseudo-
molecules of alumina generated, with a size of< 0.3 nm.
A group of pseudo-molecules form by the fluctuation of
concentration of aluminum and oxygen and fluctuation
of temperature, and if the size of the group is larger than
the critical size of nucleation, the group of pseudo-mo-
lecules precipitate as a real particle—an inclusion. The
preceding process is controlled by the diffusion of the
dissolved elements in the molten steel, called Ostwald
ripening. After precipitating, inclusions grow by collision
and diffusion as well.

The morphology of inclusions depends mainly on
their composition and the subsequent precipitation in
the solid steel during the cooling, heating, and rolling
process. As shown in Figure 2,[2,3] inclusions can be
sintered ones (Figures 2(a) and (b)), single spherical
ones (Figure 2(c)), or irregular ones (Figure 2(d)); can
oxide with an outer precipitated layer (Figure 2(e)); or
can be a cluster as large as several hundred micrometers
(Figure 2(f)).

During the refining and casting process, inclusions
continue to grow, move, and are removed from the
molten steel through flow transport, bubble floatation to
the top slag. During the continuous casting (CC) process,
the molten steel in the ladle flows into the tundish and
then exits down through a ceramic submerged entry
nozzle and enters the mold. Inclusions in the molten steel
either flow up to the top flux to remove or move with the
flow deeply into the strand and are captured by the
solidification front and become defects in the steel. The
interfacial phenomena between inclusion and inclusion,
between inclusion and bubble, and between inclusion and
slag/steel interface are of significance to their final
destinations. All phenomena occur within the metallur-
gical vessels in meter scale. Thus, ten orders exist in the
process from the generation to the final destinations of
inclusions in steel, as schematically shown in Figure 1. In
the solid steel, inclusions still vary with the temperature
and rolling process, which is a potential research focus
now and in the future. In the final steel product,
inclusions are observed with the five features of three-di-
mensional (3-D) morphology, composition, size distribu-
tion, number density, and spatial distribution.

There are extensive studies on all aspects of non-
metallic inclusions in steel, as shown in Table I,
including theoretical studies on the nucleation, colli-
sion, and growth of inclusions, interfacial phenomena,
thermodynamics for the formation and transformation
of inclusions, kinetics in the size and composition of
inclusions, fluid flow and inclusion removal in metal-
lurgical vessels, prediction of inclusions in CC prod-
ucts, transformation of inclusions in solid steel,
deformation of inclusions in steel during rolling,
calcium treatment of the steel, industrial practice of
inclusion control, and dependency of steel properties
on inclusions.

II. KINETIC MODELING FOR THE
NUCLEATION AND SIZE GROWTH

OF INCLUSIONS IN STEEL

Detailed models and simulation results, including
nucleation, collision, and growth of inclusions,[40–70]

coupling with the 3-D fluid flow simulation of the molten
steel in ladles, the Ruhrstahl–Heraeus (RH) degasser, CC
tundish, and CC molds and strands,[52,126–139] were well
discussed in former publications.

A. Nucleation and Initial Growth of Inclusion in Molten
Steel during Deoxidation

The nucleation and growth mechanism of an inclusion
in the early stage of deoxidation has a great influence on
the final features of the inclusion. Using the classical
nucleation theory, Turpin and Elliott analyzed the
deoxidation and homogeneous nucleation of inclusions
in a molten steel and achieved Al-O curves to determine
the critical aluminum content for nucleation.[41] The
effect of interfacial tension on the nucleation of Al2O3,
FeOÆAl2O3, and FeO was detailed, as shown in
Figure 3.[41]

Wasai and Mukai calculated the Gibbs free energy
change as a function of nuclei radius for the nucleation
of alumina in liquid iron and found that nucleation
occurred rapidly when the initial oxygen content was

Table I. Publications on Inclusions Behavior in Several Agendas

Aspects on Inclusions in Steel References

Extensive Review 4–9
Academic Books 2,3,10–17
Detection of Inclusions 7,18–22
Morphology of Inclusions 23–39
Nucleation, Collision, and Growth of Inclusions 40–70
Thermodynamics for the Formation and Transformation of Inclusions 26,71–96
Kinetics in the Size and Composition of Inclusions 97–113
Interfacial Phenomena: Bubble and Inclusion 114–124
Fluid Flow and Inclusion Removal in Metallurgical Vessels 52,125–139
Prediction of Inclusions in Casting Products 74,111,140–144
Transformation of Inclusions in Solid Steel 95,104,105,145–151
Deformation of Inclusions in Steel During Rolling 152–157
Calcium Treatment 74,158–173
Dependency of Steel Properties on Inclusions 9,12,15,83,174–205
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higher than the critical point of nucleation, while the
growth of nuclei stopped just after the Gibbs free energy
reached its minimum.[44] The formation of unstable alu-
mina in Al-deoxidized steel had been investigated on the
basis of Ostwald ripening and two homogeneous nucle-
ation theories.[206] Figure 4 shows the variation of Gibbs
free energy with types of alumina.[44] The result indicates
that the maximum value associated with liquid alumina
is the smallest for the case of [O] = 0.022 mass pct.
Thus, the authors proposed a formation mechanism of
the networklike or coral alumina inclusions by taking
into consideration the liquid alumina formation.

Zhang and Pluschkell numerically solved the nucle-
ation and growth of inclusions during deoxidation
considering diffusion, Ostwald ripening, and collision.[53]

Recently, the multistep nucleation mechanism was also
proposed to model the formation of alumina inclusions
during steel deoxidation.[49–51] As shown in Figure 5,[51]

the first step is the formation of a sufficient size cluster of
molecules and the second step is the reorganization of
such a cluster into an ordered structure, and the assembly
into MgOÆAl2O3 structure was attributed to the organi-
zation of clusters into ordered lattice structures.
Studies by Nakaoka et al.,[207] Zhang and Pluschkell,[53]

Ling et al.,[208] Zhang and Lee,[47] and Jin et al.[209]

developed models to numerically simulate the nucleation
and growth of inclusions in steel considering the diffusion
of oxygen and deoxidizer elements, Ostwald ripening,
Brownian collision, Stokes collision and turbulent collision,
and solving size-grouped population balance equations.
The classical nucleation theory gives the critical radius

of nucleus, rC, as given in Eq. [1]:

rC ¼
2rVm

RT lnP
mð Þ ½1�

where P is the actual dimensionless oversaturation in
the steel at temperature T (Kelvin), r is the interfacial
tension between alumina and liquid steel (N m�1), and
R is the gas constant (= 8.314 J K�1 mol�1). When
the deoxidation is performed by aluminum, P is the
concentration of alumina at time t (seconds) divided
by the concentration of alumina at equilibrium. If the
radius of the group of the pseudo-molecules is larger
than the critical radius, stable particles precipitate and
start to grow. The time evolution of the group size Ni

of inclusions is governed by the following particle
number balance equation:
for 2 � i<iC (before nucleation),

dNi

dt
¼ �bD;iN1Ni þ bD;i�1N1Ni�1 � aiAiNi

þ aiþ1Aiþ1Niþ1 ½2�

for iC � i<imax (after formation of stable inclusion
particles),

dNi

dt
¼ �bD;iN1Ni þ bD;i�1N1Ni�1 � aiAiNi þ aiþ1Aiþ1Niþ1
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where N is the number density of inclusions per unit
volume of steel (m�3), subscript i is the sequence num-
ber of inclusions corresponding to i molecules in this
inclusion, and the number of pseudo-molecules per m3

in solution N1 equals their total number Ns minus
those precipitated in inclusions. N1, Ns, and therefore
P are a function of time; the terms bD, bB, and bT are
the rate constants for diffusion, Brownian collision,
and turbulent collision (m3 s�1); the term a is the num-
ber of pseudo-molecules that dissociate per second
from the m2 area of a particle; and / indicates the col-
lision efficiency.
Figure 6 shows the number of Al2O3 molecules inside

the inclusion of the critical size as a function of
dimensionless time (¼ b11N1;eqt, where N1;eq is the
number density of pseudo-molecules at equilibrium per
unit volume of molten steel in m�3) for the deoxidation
of steel with a 300 ppm dissolved oxygen by aluminum,

Fig. 3—Effects of interfacial tension and melt composition on
nucleation of oxides in the Fe-O-Al system at 1809 K (1536 �C)
(interfacial tension r in ergs cm�2). Reprinted from Ref. [41].

Fig. 4—Dependency of Gibbs free energy on types of alumina.
Reprinted from Ref. [44].
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which illustrates the importance of the Brownian colli-
sion for the growth of inclusions. The large initial
number of iC implies the difficulty of the nucleation at
the beginning after the addition of the deoxidizer; while
time goes on, the critical size gets smaller and smaller,
and at the best nucleation condition, inclusions with 20
molecules precipitate. Brownian collision enhances the
growth of inclusions while it increases the critical size of
nucleation, which means the coexistence of more large
inclusions and less small inclusions in the molten steel
compared to that considering the diffusion of dissolved
elements only. Figure 6 shows the very initial growth of
inclusions in the molten steel during deoxidation. The
dimensionless time is on the order of 2.2 9 106 of real

time, which means that the nucleation starts within ls
and, when the time reaches 1 ms, the largest inclusions
contain 10,000 molecules, with a size of 6.4 nm.
In order to find the dominant growth mechanism of

inclusions at different size ranges, the rate constants of
the diffusion, Brownian collision, and turbulent collision
are compared, as illustrated in Figure 7. When inclusions
are smaller than 3.6 nm, the growth is co-controlled by
diffusion and Brownian collision, with Brownian collision
contributing a little more. When inclusions are 3.6 nm to
6 lm, diffusion contributes slightly more than Brownian
collision. For> 6 lm inclusions, the growth is dominated
by turbulent collision, which depends mainly on the
macrofluid flow pattern.

Fig. 5—Multistep nucleation pathway of MgOÆAl2O3 spinel inclusion in steel. Reprinted with permission from Ref. [51].
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B. Collision Growth, Motion, and Removal of Inclusion
in Molten Steel in CC Tundish

As early as the 1980s, Shirabe and Szekely,[126] Illegbusi
and Szekely,[210] He and Sahai,[136] and Sinha and
Sahai[211] developed models to study the fluid flow and
inclusion collision in CC tundish by solving the popula-
tion balance equation of inclusions. Tozawa et al.,[212]

Miki and Thomas,[213] Miki et al.,[214] Zhang et al.,[52] and
Ling et al.[215] continued similar work for the RH vacuum
degassing process and CC tundish and included more
phenomena such as Brownian collision and the fractal
dimension of inclusions. However, the growth of inclu-
sions was calculated by assuming an average stirring
intensity in the molten steel and solving a separate
concentration equation, and the spatial distribution of
inclusions in the molten steel was ignored.

The nucleation phenomena discussed previously is for
the initial growth of inclusions to a size of several
nanometers. The diameter of an inclusion containing
1015 molecules reached 60 lm. The computational
ability of the current software and hardware hardly
allows the direct calculation of the diffusion of 1015

molecules. In order to achieve a calculation over a full
size range of inclusions, a size grouping model was
developed, which was detailed elsewhere.[53,208] As an
example, the 3-D fluid flow and the collision, motion,
and removal of inclusions in a CC tundish were
performed and are discussed subsequently.

By using the size grouping model, Ling et al.[215]

coupled the 3-D fluid flow and the collision of inclusions
in a CC tundish, predicted the spatial distribution of
inclusions in the molten steel of the entire tundish, and
discussed the effect of the composition on the removal of
inclusions. As shown in Figure 8,[215] inclusions with
small contact angles, such as 12CaOÆ7Al2O3 (h = 54 to
65 deg at 1873 K [1600 �C]), were more difficult to
remove than those with large contact angles, such as
Al2O3 (h = 140 deg at 1873 K [1600 �C]) and
MgOÆAl2O3 (h = 134 deg at 1873 K [1600 �C]),[216–220]

that were dominated by the interfacial force balance at
the steel/slag interface.

The number densities of 1.4- and 72-lm inclusions on
the center plane of the tundish are shown in Fig-
ure 9.[215] One-micrometer inclusions, the smallest ones
in the current calculation, collide with each other and
grow into larger ones so that the number density of
1.4-lm inclusions is largest at the inlet due to the
incoming flow bringing new 1.4-lm inclusions, while the
largest size 72-lm inclusions have an opposite
distribution.

C. Motion, Removal, and Entrapment of Inclusions
in CC Strand

Extensive studies were performed to investigate the
3-D fluid flow and heat transfer related phenomena in
steel CC molds and strands using water modeling and
mathematical modeling and applying different turbulent
models and multiphase models.[134,135,140–142,221–265]

However, the predictions for the spatial distribution of
the number, size, and composition of inclusions on the
cross section of CC products are still few.[74,93,94,140–144]

After entering the CC mold, most inclusions are
carried deeply into the strand by the down flow and
eventually entrapped by the solidified shell. Many
mathematical studies on the transport and entrapment
of inclusions in CC strand with the Eulerian–Eulerian
method (Figure 10(a))[266] or Eulerian–Lagrangian
method (Figures 10(b) and (c))[140,142] were performed.
The distribution of inclusions in the steel depended on
the interaction between the inclusion and the solidifica-
tion front during the solidification process. The concept
of critical velocity was first proposed to study the
entrapment of inclusions at the solidification front.
Inclusions were assumed to be engulfed by the solidifi-
cation front when the speed of the solidification front
was greater than the critical velocity, and conversely,
inclusions were pushed by the solidification front when
the speed of the solidification front was below the
critical velocity.[30,31,101,104,111,142,147,267–280]

The critical velocity is difficult to accurately calculate
so that a suitable criterion for the entrapment of
inclusions to the solidified shell is needed. As shown in
Figure 11(a), the mushy zone was divided into three
zones according to the liquid fraction.[143,281] Inclusions
moved into the q2 zone because dendrites hardly had an
effect on the fluid flow when the liquid volume fraction
was greater than 0.6. Inclusions were captured at the q1
zone due to the decrease of the liquid fraction. A simple
criterion that inclusions were entrapped at the solidifi-
cation front with a< 0.6 liquid fraction has been widely
used.[142,143] This simple criterion was more accurate
when inclusions were smaller than primary dendrite arm
spacing, while it overpredicted the entrapped fraction of
large inclusions.[265]

A developed capture criterion was proposed for both
small inclusions and large ones,[140,141,265] which
included the effect of the primary dendrite arm spacing,
local force balance, and local crossflow velocity, as
shown in Figure 11(b). Although being encouraging,
there is still a certain error between the predicted and the
measured spatial distribution of inclusions in CC
products due to the complexity of the interaction
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between the inclusion and the solidification front.
Moreover, capture criteria mentioned previously can
hardly explain the influence of superheat and sulfur
content on the entrapment of inclusions.[282] For subse-
quent research, it is necessary to predict the inclusion
distribution on the entire cross section of the slab and
also include the influence of the instantaneous flow field,
thermal transfer, solidification structure, solute trans-
port, primary dendrite arm spacing, inclusion size, and
forces acting on the inclusion.

The motion of inclusions in CC strand is mainly
controlled by the flow of the molten steel due to the
micron scale of inclusions. A 3-D fluid flow and the
instantaneous distribution of the molten steel, slag
phase, air phase, and argon bubble inside a
1300 9 230 mm vertical-bending CC strand are shown
in Figure 12.[142] The large eddy simulation turbulent
model coupled with the volume of fluid multiphase
model and Lagrangian discrete phase model was
employed to predict the transient multiphase flow and
distribution of argon bubbles. The interaction between
the molten steel and the argon bubble was included
using the user-defined function. The argon gas bubble
rose up and passed through the slag layer due to the
buoyancy of the steel and slag after exiting from the
submerged entry nozzle (SEN). As shown in Figure 12,
the relatively large velocity near the SEN was induced
by the interaction of the molten steel and bubbles, which
caused the higher surface level fluctuation. The excessive
argon gas flow rate changed the flow pattern in the
strand from a double roll flow to a complex flow and

single roll flow due to the lifting effect of bubbles. The
removal fraction of inclusions was decreased accord-
ingly with the change of the flow pattern.
In order to predict the spatial distribution of inclu-

sions on the entire cross section of the CC slab, the
solidification and melting model were combined. Inclu-
sions were injected at the inlet of the SEN after the flow
field reached a steady state and were assumed to be
entrapped by the solidification front where the liquid
fraction and the fluid flow speed were less than 0.6 and
0.07 m s�1, respectively. The size, composition, and
spatial distribution of inclusions on the entire cross
section of a low-carbon Al-killed steel CC slab were
detected using an automatic scanning electron
microscopy–energy dispersive spectroscopy (SEM-EDS)
scanning system to validate the inclusion entrapment
model.
As shown in Figure 13(a),[283] the measured number

density of 3-lm inclusions on the entire cross section of
the CC slab indicated four accumulation zones of
inclusions along the thickness of the CC slab, including
the 1/4 thickness and 3/4 thickness from the loose side,
and the layer beneath the surface of the CC slab. The
formation of accumulation zones near the 1/4 thickness
and 3/4 thickness from the loose side was related to the
existence of the curved segment and the solidification
transition from the columnar to the equiaxed. The other
two accumulation zones were determined by the double
roll flow pattern in the CC strand. The prediction results
in Figures 13(b) and (c) show that the distribution of
small size inclusions was more discrete, while the
distribution of large size inclusions had accumulation

Fig. 9—Spatial distribution of number of (a) 1.4-lm and (b) 72-lm inclusions per unit volume of steel (m�3) on the center plane of the tundish
at 625 s after the steel entering tundish. Reprinted from Ref. [215].
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zones.[142] The discrepancy between the prediction and
the measurement stemmed from the simplified entrap-
ment model of inclusions. In a future study, an
improved inclusion entrapment model will consider the
effect of the solidification structure, critical capture
velocity, and forces acting on inclusions near the
solidification front.

D. Prediction of Inclusion Composition in CC Products

In a very recent work, one of the authors established a
model to predict the spatial distribution of the compo-
sition of inclusions on the cross section of a heavy rail
steel CC bloom. The model coupled the heat transfer
and solidification of steel during CC, the thermody-
namic transformation of inclusions with temperature,
and the kinetic diffusion of dissolved elements in the
steel, as shown in Figure 14(a).[144] The thermodynamic
model calculated the dependency of inclusion composi-
tion on temperature (up-right coordinate), while the
heat transfer and solidification calculated the variation
of temperature at any location of the cross section of the
bloom with time and bloom length (up-left and low-left
coordinates) so that the dependency of inclusion com-
position at any location of the cross section of the bloom
could be predicted if the kinetic diffusion of the
dissolved elements in the solid steel was considered
(low-right coordinate).

The predicted composition of inclusions on the cross
section of the CC bloom is shown in Figure 14(b),[144]

indicating an opposite distribution of CaO to CaS due
to the reaction between CaO of inclusions and the
dissolved sulfur in the steel and the generation of CaS in
the solid steel during cooling. More specifically, the
opposite spatial distribution feature of CaO to CaS, i.e.,
less CaS with the subsurface layer and the center of the
bloom, with accumulation of CaS at 1/4 thickness and
3/4 thickness of the bloom was predicted. The compo-
sition of inclusions within the subsurface layer was close
to the initial composition of inclusions in CC tundish
due to low transformation caused by the rapid cooling
rate. The spatial distribution of the composition of
inclusions was generated by the coupling effects of the
reaction between the steel and the inclusion, the heat
transfer and the cooling rate of the bloom, and the
appearance of columnar-to-equiaxed transition in the
bloom. The more detailed discussion for the prediction
of the spatial distribution of composition of inclusions
in CC bloom can be found elsewhere.[144]

III. DEVELOPMENT OF THERMODYNAMIC
MODEL AND DATABASE FOR INCLUSION

ENGINEERING

A fine tuning of inclusion composition is highly
important to produce high functional steels because
various chemical and mechanical properties of steel
products are affected by nonmetallic inclusions. More-
over, serious clogging is frequently encountered in the
upper nozzle and submerged entry nozzle due to

Fig. 11—Interaction between the inclusion and solidification front: (a) zones of solid–liquid coexisting during solidification and (b) force balance
on a particle near a dendritic solidification front. Reprinted from Refs. [140 and 143].

bFig. 10—Distribution of inclusions simulated with the (a)
Eulerian–Eulerian method, (b) Eulerian–Lagrangian method for full
solidification, and (c) predicted oxygen concentration averaged in the
length direction with the Eulerian–Lagrangian method (10 ppm
oxygen at nozzle ports). Reprinted with permission from Refs. [140,
142, and 266].
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endogenous and exogeneous inclusions during CC
processes. The modeling of fluid dynamics and physical
phenomena (agglomeration, floatation, etc.) regarding
nucleation, growth, and removal of inclusions are
reviewed in Section II. The development of thermody-
namic databases as well as trials for combination of
thermodynamic multiphase equilibria and mass trans-
port kinetics to predict the inclusion evolution during
secondary refining processes will be discussed in this
section.

The thermodynamic model to predict the inclusion
composition during refining and solidification processes
was originally developed by ArcelorMittal in the 1990s.
They used their own slag model (i.e., Institut de
recherche de la sidérurgie (IRSID) cell model) and
developed in-house software, called Chemical Equilib-
rium Calculation for Steel Industry (CEQCSI), for the
calculation of slag-metal reactions. The compositions of
oxide and oxysulfide inclusions in (stainless) steels were
successfully predicted in molten state as well as in solid

state. The crystallization of oxide inclusions during steel
solidification was also calculated.[284–286] Later, they
developed a generalized central atom (GCA) model to
describe more precisely the short-range ordering in
metal and slag phases by extension of the cell model and
central atom model.[287]

Alternatively, one of the thermodynamic databases
specifically focusing on inclusion formation behavior
during steel refining processes is the FACT database for
multicomponent steel and oxide (sulfide, nitride, fluo-
ride) databases developed by the associate model for
deoxidation equilibria, the modified quasi-chemical
model, in which short-range ordering is taken into
account, and compound energy formalism, taking into
account the crystal structure of each solution
phase.[288–290] The details for developments and appli-
cations of FACT databases for deoxidation practices,
e.g., Si/Mn, Al/Ti, Al/Ca, and Al/Mg deoxidations in
various steel grades, are available in the litera-
ture.[80,291–295] Moreover, the specific review for the

Fig. 12—Multiphase fluid flow and transient distribution of the molten steel: (a) streamline and velocity vectors; (b) volume fraction, position,
and size of bubbles in the CC mold (left: 10 L min�1 gas flow rate; right: 61.2 L min�1 gas flow rate). Reprinted from Ref. [142].
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characteristics of several thermodynamic databases and
packages, i.e., CEQCSI, multicomponent phase equilib-
ria, FACTSAGE,* MTDATA, and Thermo-Calc, is

provided by Jung.[296]

IV. KINETIC MODELING FOR THE
EVOLUTION OF INCLUSIONS BY

REFRACTORY–SLAG–METAL MULTIPHASE
REACTIONS

A. Coupled Reaction Model

Since 2000, there have been several studies on the
kinetic simulation of the secondary ladle refining pro-
cess, specifically by combining thermodynamic calcula-
tions with fluid dynamics of molten steel. One of the

representative models to simulate the slag-metal inter-
facial reactions and the inclusion compositions is the
coupled reaction (CR) model. In this model, the mass
transfer coefficients of the components in molten steel
and slag phases are fitted to satisfy the experimental (or
plant) data based on the assumption that the slag-metal
reactions are controlled by the mixed mass transfer in
slag and metal phases, which was originally proposed by
Robertson et al.[297]

Okuyama et al.[298] at JFE Steel (formerly Kawa-
saki Steel) tried to predict the composition changes
from Al2O3 to MgOÆAl2O3 (MA) spinel in Al-killed
ferritic stainless steel by adopting the two film CR
model at the slag–metal interface and metal-inclusion
interface. They considered two elementary processes,
one being a reduction of MgO in the slag phase by Al
in molten steel and the other being a reaction
between Al2O3 inclusion with Mg in steel, which
was transferred from the slag–metal interface. These
two elementary processes are schematically shown in
Figure 15.[298]

Fig. 13—Spatial distribution of inclusions on the entire cross section of the slab: (a) measured number density of 3-lm inclusions and prediction
results of (b) 3-lm and (c) 30-lm inclusions. Reprinted from Refs. [142 and 283].

*FACTSAGE is a trademark of GTT-Technologies, Germany and
ThermFact Ltd., Canada.
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They assumed the following for the slag–metal
reaction kinetics: (1) the slag-metal interfacial reaction
has reached equilibrium; (2) the mass transfer coefficient
of all elements in the metal side, km, has an identical
value; and (3) the mass transfer coefficient for SiO2,
kSiO2

, is different from the other components in the slag
side, ks. Therefore, they obtained each value as follows
to represent the experimental results:[298]

km ¼ 2:0� 10�4 ms�1
� �

½4�

ks ¼ 1:0� 10�5 ms�1
� �

½5a�

kSiO2
¼ 2:0� 10�6 ms�1

� �

½5b�

For the metal-inclusion reaction, they employed the
unreacted core model and assumed that (1) the chem-
ical reaction rate at the inclusion-metal interface is
sufficiently large, (2) the diffusion of Mg inside the
inclusion is rate controlling, or (3) the diffusion of

Mg in the steel side is rate controlling. Comparing
the calculated results with the experimental observa-
tions for the influence of slag composition on inclu-
sion compositions, they concluded that the mass
transfer of Mg through the diffusion boundary layer
in the metal side not only at the slag-metal interface
but also at the metal-inclusion interface is the
rate-controlling step.
Since the late 2000s, the CR model has been actively

used by the McMaster University Research Group
(MURG).[299,300] Graham and Irons tried to apply this
model to a 165-ton ladle furnace (LF) in ArcelorMittal
Dofasco by employing CEQCSI software to calculate
the slag-metal equilibrium reactions. The metal phase
mass transfer coefficient of the elements kmð Þ was
obtained as a function of effective stirring power (e) in
molten steel, as given in Eqs. [6] and [7].[299,300] The slag
phase mass transfer coefficient of oxide components ksð Þ
was obtained as given in Eq. [8] depending on the sort of
oxides. They also employed different ks values for SiO2

compared to other oxide components in slag, as
Okuyama et al. likely did as well.

Fig. 14—(a) Schematic of the integrated model to predict the composition of inclusions in the CC bloom and (b) calculated contour of inclusion
composition on the cross section of the CC bloom. Reprinted with permission from Ref. [144].
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e ¼
_nRT

Wm

ln
Pt

Po

� �

Wt�1
� �

½6�

km ¼ 0:006 �0:002ð Þe1:4 �0:09ð Þ ms�1
� �

½7�

ks ¼ 0:05 to 0:14 km ms�1
� �

for FeO; MnO; and Al2O3
½8a�

ks ¼ 0:01 to 0:02 km ms�1
� �

for SiO2ð Þ ½8b�

where _n (mol s�1), R (J mol�1 K�1), T (Kelvin), Wm

(ton), Pt (atm), and Po (atm) represent the molar gas
flow rate, gas constant, temperature, weight of molten
steel, total gas pressure at the base of the ladle, and
gas pressure at the melt surface, respectively. The rela-
tionship between km and e is given in Figure 16.[300]

Later, this model was applied to predict the Mg trans-
fer from the slag-metal interface to bulk Al-killed steel,
resulting in the transformation of Al2O3 to MgAl2O4

(MA) spinel.[301]

In the next step, MURG tried to combine this
slag–metal kinetic model into the inclusion-steel kinetic
model, including Ca diffusion from Ca bubbles to Al2O3

or MA spinel inclusions to predict the modification
procedure by Ca treatment in LF.[302–304] However, due
to the difficulty of measuring the mass transfer coefficient

of calcium at the bubble boundary layer kCa;L
� �

as well as

the bubble interfacial area AB;L

� �

, these parameters were

taken from the work of Lu et al.[305] by fitting to
industrial data.[303] MATLAB** software was used by

MURG to develop a code for solving the equations.
The CR model was also adopted by the Tohoku

University Research Group (TURG). Harada
et al.[107,108,109,306] developed an LF model focusing on
the prediction of the inclusion composition. The bulk of
the idea is quite similar to that of MURG. TURG
considered the dissolution of MgO refractory into the
slag phase (i.e., mass transfer coefficient of MgO) as well

Fig. 15—Schematic diagram for (a) the reaction among slag, steel, and inclusion, as well as the Mg content in slag, steel, and inclusion; (b) Mg
content distribution in molten steel and inclusion based on the assumption that Mg diffusion in the boundary layer of molten steel is a
rate-controlling step. Reprinted with permission from Ref. [298].

**MATLAB is a trademark of MathWorks, Inc., Natick, MA.
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as the floatation-entrapment-agglomeration of inclu-
sions. The calculation concept proposed by TURG is
shown in Figure 17.[107]

They linked thermodynamic calculation results, which
were obtained using FACTSAGE software, to the
developed program coded by Visual C++ through
ChemApp. The sulfide capacity of the slag was calcu-
lated using Sosinsky–Sommerville’s optical basicity
model.[307] As MURG similarly tried, the km was
calculated using an empirical equation as a function of
e, which was reported by Kitamura et al.[308]

e ¼
6:18QgT

Wm

ln 1þ
ho

1:46� 10�5Pa

� �

þ 1�
Tn

T

� �� �

Wton�1
� �

½9�

km ¼ 1:98þ 0:5 log 1; 000e
h2v
dv

� �� �

�
125; 000

2:3RT
ms�1
� �

½10�

ks ¼ 0:1km ms�1
� �

½11a�

kMO ¼ ks

ffiffiffiffiffiffiffiffiffiffiffi

DMO

DCaO

r

ms�1
� �

½11b�

where Qg is the Ar gas flow rate (Nm3 min�1); ho and
hv are the injection and bath depth (m), respectively; dv
is the diameter of the ladle (m); Pa is the atmospheric
pressure (atm); Tn is the gas temperature (Kelvin); kMO

is the slag phase mass transfer coefficient of oxide MO
in the diffusion boundary (film) layer (m s�1); and Di is
the diffusion coefficient of oxide component i in the slag
phase (m2 s�1). It is interesting that TURG employed
the relative mass transfer coefficient of slag components
with a reference to CaO considering the diffusivity of
each oxide.

However, they employed a different equation to
obtain km for consideration of inclusion particles
originating from the slag by physical entrapment. Even
more, the km was assumed to be 1/50 of the estimated
value in their actual calculation because the composition
change of each element in the inclusion originating from
the slag is too fast and unstable. For the parameters on
floatation, entrapment, and agglomeration of inclusions,
they used the values as follows: (1) flotation rate = 0.1
pct s�1, (2) entrapment rate = 10�6 s�1 (for 10-lm
particles), and (3) agglomeration rate = 1 pct s�1.
However, these parameters should be arbitrarily varied
to fit the experimental data at different experimental
conditions.[109,306]

Huang et al.[98] adopted the CR model to simulate the
formation behavior of spinel inclusion in Al-killed steel
due to a dissolution of MgO refractory. The mass
transfer coefficient of the metal phase was determined by
fitting the experimental data reported by Harada
et al.[309] as a function of the stirring energy dissipation
rate as given in Eq. [12]. The calculation was coded by
Visual C++.

km ¼ 5:6� 4:7e�96:6_e
� �

� 10�4 ms�1
� �

½12�

where _e is the stirring energy (dissipation rate)
(W ton�1).
Alternatively, Liu et al.[310] deduced the mass transfer

coefficient of magnesium in molten steel as given in
Eq. [13]. The difference between Eqs. [12] and [13]
originated from different experimental conditions; i.e.,
Harada et al.[309] employed the dynamic finger rotating
method (Huang et al.[98] used Harada et al.’s[309] exper-
imental data in the simulation), while Liu et al.[310]

employed the static finger dipping method.

km ¼ 5� 10�4 ms�1
� �

½13�

Even though the CR model exhibits a good pre-
dictability for a specific operation condition, as shown in
previous studies, several nonlinear flux balance equa-
tions for each element transferring the slag-metal
interface and metal-inclusion interface should be solved
using the numerical method. Thus, the kinetic param-
eters, such as mass transfer coefficients of components in
metal and slag phases (km and ks), should be fitted to
reproduce the specific plant or laboratory experimental
data. The floatation, entrapment, agglomeration, and
removal rate should also be optimized to reproduce the
experimental data and in a somewhat arbitrary way
according to the operation conditions.

Fig. 16—Relationship between the mass transfer coefficient and
effective stirring power. Reprinted with permission from Ref. [300].
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B. Reaction Zone Model

An alternative approach to predict the slag–metal
(and gas–metal) reaction kinetics has been proposed
by several researchers. This model is based on the
assumption of the equilibrium of all species and
phases in a specific reaction zone, i.e., not at the
reaction interface only but in a reaction volume
near the interface. Hence, in the reaction zone
model, the determination of the reaction volume is
very important, instead of the mass transfer coefficient
of each element itself. The original idea was proposed
by Asai et al.[311–313] to predict the steel composition
and temperature for decarburization in the Linz–Don-
awitz converter as well as in the argon oxygen
decarburization converter. The model was further
developed by Ding et al.[314] for application to the
vacuum oxygen decarburization (VOD) process for
stainless steelmaking. The schematic drawings of the
model concept proposed by Hsieh et al.[313] and Ding
et al.[314] are shown in Figure 18. Ding et al.[314]

employed several parameters in their model, as shown
in Eqs. [14] through [16], to represent the industrial
(120-ton VOD at ALZ plant) data for several stainless
steel grades:

Mt
mg ¼ g1 �W

t
M kgð Þ ½14�

Mt
ms ¼ g2 �W

t
M kgð Þ ½15�

Mt
sm ¼ g3 �W

t
S kgð Þ ½16�

where Mt
mg, M

t
ms, and Mt

sm are the mass of metal in

the gas–metal reaction zone, the mass of metal in the
slag–metal reaction zone, and the mass of slag in the
slag–metal reaction zone at time t, respectively. The
Wt

M and Wt
S are the total metal and slag weight (kg),

respectively, at time t. The g1, g2, and g3 are
adjustable parameters that relate the fraction of metal
taken into the gas–metal reaction zone to the total
amount of metal in time interval Dt, the fraction of
metal taken into the slag–metal reaction zone to the
total amount of metal in time interval Dt, and the frac-
tion of slag taken into the slag–metal reaction zone to
the total amount of slag in time interval Dt, respec-
tively. However, the inclusion system was not consid-
ered in Hsieh et al.[313] and Ding et al.’s[314] models.
The preceding reaction zone model was adopted by

Van Ende and Jung’s research group (VJRG) and
further extended to the more complicated systems such
as the RH degassing process,[315] CC process,[316] and

Fig. 17—Calculation concept of TURG. Reprinted with permission from Ref. [107].
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LF refining process.[317] They used the term effective
equilibrium reaction zone (EERZ) model. The concept
of the EERZ model for the slag-metal reaction is shown
in Figure 19, and a schematic diagram of the reaction
zones in the RH degasser and LF is represented in
Figure 20.[315–317]

In the simplified slag-metal reaction (Figure 19), the
equilibrium would be first calculated between small
reacting volumes in metal (V2) and slag (V3) near the
interface, followed by the homogenization reaction in
metals (V1 and V2) and slags (V3 and V4), respectively.
The equilibrium reactions in the effective reaction zone
can be calculated using FACTSAGE software with the
embedded ‘‘Macro Processing’’ coding function. More
details for the applications of FACTSAGE Macro
Processing are given by VJRG.[315–317]

The amount of metal and slag participating in the
chemical reaction at the interface was simply expressed
as follows:

RWsolution ¼ kqAð ÞsolutionDt kgð Þ ½17�

where RWsolution, k, and q are the reacting amount,
overall mass transfer coefficient (m s�1), and density of
the given solution (kg m�3), respectively. The term A
is the area of reaction interface (m2), and Dt is the
given time-step (s). For example, in the calculation of
RWmetal and RWslag, i.e., km and ks values in reaction
zone 4 at the slag-metal interface in Figure 20(b), they
employed Eqs. [6] and [7] for km, which was proposed
by Graham and Irons.[299] Also, they used Eq. [11a]
for ks.
The full homogenization mixing in the slag (zone 5)

and metal (zone 6) phase was assumed as in Fig-
ure 20(b). It was also assumed that nonmetallic inclu-
sions are homogeneously distributed in the entire
volume of liquid steel under equilibrium (zone 7). Thus,
the average inclusion chemistry can be given in the
EERZ model, although the inclusion chemistry is
inhomogeneous and several kinds of inclusion can be
found even in the same sample at the same position in
reality. The constant removal rate of inclusions was
assumed depending on the reaction zone volume at each
calculation step. For the simulation, the Microsoft
EXCEL� interface was used, and thermodynamic equi-

libria of all reaction zones were calculated adiabatically
using FACTSAGE with FToxid and FTmisc database.

Fig. 19—Concept of the EERZ model for the slag–metal reaction.
Reprinted from Ref. [317].

Fig. 18—Schematic drawing of the reaction zone model: (a) proposed by Hsieh et al. and (b) proposed by Ding et al. Reprinted with permission
from Refs. [313 and 314].

�EXCEL is a trademark of Microsoft Corporation
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VJRG applied the EERZ model to simulate the
operation results of LF at ArcelorMittal Dofasco
published by Graham and Irons.[299] Both the compo-
sitions of steel and slag and the temperature of molten
steel were well calculated, from which the variation of
inclusions during LF operation was predicted, as shown
in Figure 21.[317] The amount of Al2O3 inclusion
decreases quickly due to the floatation and is captured
by slag, and it is transformed to calcium aluminates and
spinel inclusions. In this simulation, they assumed a
constant inclusion removal rate of 6 pct min�1 (= 0.1
pct s�1). The overall inclusion trajectory and composi-
tion of inclusions are qualitatively acceptable even
though there are some discrepancies between predicted
and measured results.

The EERZ model in conjunction with the FACT-
SAGE Macro Processing function has been adopted by
several research groups after some modifications. The
Hanyang University Research Group (HURG) applied
the modified EERZ model, i.e., the Refractory–Slag–Me-
tal–Inclusion (ReSMI) multiphase reactions model, to
predict the inclusion evolution in molten steel. Even
though the ReSMI model was developed based on the
laboratory scale experiments, HURG performed separate
experiments for the desulfurization kinetics to deduce the
mass transfer coefficients of components in the metal and
slag phase independently. They estimated the reaction
zone volume of metal and slag phase per unit calculation
step (Vt

M and Vt
S) as follows

[113]:

Vt
M ¼

Wt
M

qM
¼ dM � A � Dt m3

� �

½18a�

dM ¼ 1:0� 10�4 ms�1
� �

½18b�

Vt
S ¼

Wt
S

qS
¼ dS � A � Dt m3

� �

½19a�

dS ¼ 2:5� 10�5 ms�1
� �

½19b�

where the subscripts M and S represent the metal and
slag phases, respectively. Wt is the reaction zone mass
per unit step (g), d is the effective reaction zone depth
of each phase per time interval, q is the density of each
phase (g m�3), and A represents the interface area
between the metal and slag phases (m2). Furthermore,
from the MgO dissolution kinetics from the refractory
to slag phase, the mass transfer coefficient of MgO in
the slag phase was deduced as follows[113]:

kMgO ¼ 5:0� 10�6 ms�1
� �

½20�

The variation of MgO content in the slag is signifi-
cantly important, because the transfer of Ca and Mg

Fig. 20—Schematic diagram of the reaction zones in the (a) RH degasser and (b) LF. Reprinted from Refs. [315 and 317].
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from the top slag to the Al-killed steel can modify the
composition of inclusions based on the following reac-
tions[8,112,113]:

3 MgOð Þslagþ2 Al½ � ¼ 3 Mg½ � þ Al2O3ð Þslag ½21�

3 CaOð Þslagþ2 Al½ � ¼ 3 Ca½ � þ Al2O3ð Þslag ½22�

Al2O3ð Þinclusionþ Mg½ � þ O½ � ¼ MgAl2O4 sð Þ ½23�

Ca½ � þ 1=3 Al2O3ð Þspinel inclusion

¼ CaOð ÞCAM inclusionþ2=3 Al½ � ½24�

For the simulation, the EXCEL interface was used
and thermodynamic equilibria of all reaction zones
were calculated adiabatically using FACTSAGE with
the FToxid and FTmisc database. The predicted com-
positions of steel, i.e., aluminum, silicon, and oxygen,
are shown in Figure 22 with the measured
data.[93,112,113] The predicted results correspond
strongly with the measured data. The trajectory of the
simulated composition of the inclusions is plotted in
the CaO-Al2O3-SiO2-10MgO (mass pct) phase diagram
at 1873 K (1600 �C), as shown in Figure 23.[93,112,113]

The changes in the CaO/Al2O3 (= C/A) ratio of the
ladle slag on the inclusion evolution in the Mn and V
alloyed steel were successfully simulated by HURG, as
shown in Figure 24.[92] The symbols in Figure 24(a)
represent the Mg and Ca traces in molten steel accord-
ing to the reaction time calculated using the ReSMI
model. Alumina inclusion is stable at the initial stage of
the reaction. When the C/A ratio of the slag is lower
than 1.2, the stable phase changes from alumina to
spinel within 3 minutes and still remains in the spinel
predominance area through the entire holding time, i.e.,
90 minutes (Ca<1 ppm). However, when the C/A ratio
of the slag is 1.8 or 2.3, the stable phase rapidly changes
from alumina to spinel within 1 minute and the traces
get into the liquid inclusion predominance area (Ca ‡ 1
ppm) and remain there for 90 minutes (Ca @ 2 ppm).
Finally, when the C/A ratio of the slag is 3.3, the Ca
content is predicted to exceed the threshold of the
spinel-liquid transition within 3 minutes, but the Mg
content also exceeds 10 ppm at about 15 minutes; thus,
the evolution trace crosses the phase boundary from
liquid oxide to the MgO predominance area. The
preceding prediction of inclusion evolution according
to the slag composition and reaction time is in good
agreement with the experimental findings, as shown in
Figure 24(b).
The EERZ model was also employed to predict the

inclusion evolution in Si-Mn-killed steel by the Carnegie
Mellon University Research Group (CMRG).[318] They
used the FACTSAGE macrofunction and relevant
database (FToxid an FTmisc) to predict the inclusion
evolution by considering Al pickup into the Si-Mn–
killed steel by reacting with the MgO-saturated CaO-
Al2O3-MgO-SiO2 slag, as given in Eq. [25].[8,77–81,318]

Fig. 21—Simulated chemistry change in nonmetallic inclusions: (a)
variation of the amounts of different types of inclusions, (b) overall
calculated inclusion trajectory plotted in the CaO-MgO-Al2O3 phase
diagram at 1873 K (1600 �C), and (c) overall inclusion composition
change with time along with the plant data. Reprinted from Ref.
[317].
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3 Si½ � þ 2 Al2O3ð Þslag¼ 3 SiO2ð Þslagþ4 Al½ � ½25�

The dissolved Al can react with the MnO-SiO2

deoxidation product to form Al2O3-rich inclusions as
follows:[8,77–81,318]

4 Al½ � þ 3 SiO2ð Þinclusion¼ 3 Si½ � þ 2 Al2O3ð Þinclusion ½26�

2 Al½ � þ 3 MnOð Þinclusion¼ 3 Mn½ � þ Al2O3ð Þinclusion ½27�

From the laboratory scale experiments, CMRG
deduced the following mass transfer coefficient of
metal phase to fit their experimental data for the Al
pickup rate according to Eq. [25]. For the slag phase
mass transfer coefficient (ks), Eq. [11a] was
adopted.[318]

km ¼ 8� 10�6 ms�1
� �

½28�

The calculation flow is similar to that performed by
VJRG and HURG. However, because they used
MgO-saturated slag, the slag-refractory and steel-re-
fractory reactions were not considered in their model.
The changes in inclusion composition for measured

Fig. 22—Calculated and measured results of the composition of molten steel: (a) aluminum, (b) silicon, (c) oxygen, and (d) calcium and
magnesium at 1873 K (1600 �C). Reprinted from Ref. [113].

Fig. 23—Trajectory of the calculated composition of the inclusions
and average measured composition of inclusions in Al-killed steel
reacted with slag with different SiO2 contents at 1873 K (1600 �C).
Reprinted from Ref. [112].
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Fig. 24—(a) Trajectory of inclusions shown in the phase stability diagram with iso-oxygen contours and (b) SEM image of inclusions at the early
(5 min) and final (30 to 90 min) stages of the refining reaction in the Fe-0.4C-0.7Si-1.4Mn-0.2V-0.015Al (mass pct) melt containing Mg and Ca
at 1873 K (1600 �C). Reprinted with permission from Ref. [92].
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and modeled are compared in Figure 25.[318] A
decreasing tendency of MnO and SiO2 and an increas-
ing tendency of Al2O3 are well predicted even though
there is a slight overestimation of SiO2 content and an
underestimation of MnO content. A small extent of an
MgO increase was also predicted, which originated
from the slag–metal reaction.[8,77–81,318] Using
high-temperature confocal scanning laser microscopy
(HT-CSLM), they confirmed the transformation of liq-
uid Mn-silicate to solid Al2O3-rich inclusions.

Later, CMRG performed the experiments to investi-
gate the influence of MgO refractory on an increase of
MgO content in alumina inclusions in Al-killed steel
under static conditions. They developed the inclusion
evolution model by employing several fitting parameters
such as the inclusion floatation (removal) rate (called
b1;2 parameters) and the mass transfer coefficient in

metal phase kmð Þ.[319]

b1 ¼ 0:007 to 0:009 s�1
� �

at t � 180 seconds ½29a�

Fig. 25—(a) Change in inclusion composition with time: measured (data points) and modeled (broken lines). (b) Isothermal section of the
MnO-SiO2-Al2O3 phase diagram at 1873 K (1600 �C) together with the inclusion composition trajectories: modeled (broken line) and measured
(data points). Reprinted from Ref. [318].
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b2 ¼ 0:0009 to 0:001 s�1
� �

at t>180 seconds ½29b�

km ¼ 3:2� 10�6 to 5:5� 10�5 ms�1
� �

½30�

However, because the experiments were performed
under static condition without slag (even though they
considered small amounts of the CaO-Al2O3-MgO oxide
as impurity in the refractory), the km value in Eq. [30] is
different from Eq. [28], which was deduced from the
experiments with the CaO-Al2O3-MgOsat-SiO2 slag
under dynamic conditions using an induction furnace.
Also, they used different fitting parameters when they
simulated the industrial ladle processing as follows
ks ¼ 0:1kmð Þ.[319]

km ¼ 0:002 m s�1
� �

½31�

b ¼ 0:0026 s�1
� �

½32�

Nevertheless, it is meaningful that CMRG tried to
simulate the effect of ladle glaze on the evolution of
inclusions in molten steel, which had never been tried
before. The experimental observations for the influence
of ladle glaze on the evolution of inclusions are available
elsewhere.[320–324]

C. Tank Series Recirculation Model

Analternative approachwasdevelopedby theTechnische
Universität Bergakademie Freiberg ResearchGroup.[325,326]

They employed the tank series recirculation (TSR) model,
which was developed by several researchers,[131,327–329] to
simulate the mixing phenomena in a gas-stirred ladle. The
TSR model was combined with thermochemical computa-
tions by accepting the SIMUSAGE� in conjunctionwith the

FACTSAGE thermodynamic database.[325,326] They con-
sidered four key reactions: (1)mixing in the gas-stirred ladle,
(2) slag-metal reactions, (3) separation (removal) of inclusion
through the slag phase, and (4) effect of ladle lining (MgO-C)
dissolution on slag and steel chemistry. The related param-
eters to simulate the inclusion evolution during the ladle
refining process are as follows:

rM ¼ 2800 kg s�1
� �

for medium Ar flow rateð Þ

½33�

km kST in original studyð Þ ¼ 0:002 m s�1
� �

½34�

ks kSL in original studyð Þ ¼ 0:001 m s�1
� �

½35�

kMgO�C steel liningð Þ ¼ 0:0005 kgm�2 s�1
� �

½36a�

kMgO�C slag liningð Þ ¼ 0:001 kgm�2 s�1
� �

½36b�

T ¼ 1650�
0:144t

60
� 8:689

ffiffiffiffiffi

t

60

r

degCð Þ ½37�

where rM is the mass recirculation rate; km and ks are the
mass transfer coefficient of metal and slag phases, respec-
tively; and kMgO�C steel liningð Þ and kMgO�C slag liningð Þ are the

refractory dissolution rate in the steel and slag lining
area, respectively. As schematically shown in Fig-
ure 26,[325] the vertical half section of the steel bath was
assumed to consist of a series of four closed tanks (in-
cluding an upward flowing plume area) and the top slag
was modeled using two tanks. Also, it was assumed that
the composition and temperature are homogeneous in
each tank and the steel-inclusion reaction reaches local
equilibrium. They considered the different separation
rates for several inclusion groups based on the
HT-CSLM investigations. Thus, the separation rates
(percentage) of MA spinel and liquid inclusions in one
calculation step (5 seconds) were assumed to be 0.03 pct
(= 0.006 pct s–1) and 0.05 pct (= 0.01 pct s�1), respec-
tively. The separation rate of Al2O3 and Al2O3-rich
Ca-aluminate inclusions was assumed to be 20 pct per
step (= 4 pct s�1) during the initial 10 minutes, after
which it was assumed to be 5 pct per step (= 1 pct s�1).

Fig. 26—Schematics of the liquid TSR model for the ladle.
Reprinted with permission from Ref. [325].

�SIMUSAGE is a trademark of GTT-Technologies, Germany and
ThermFact Ltd., Canada.
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However, even though they mentioned the recircula-
tion rate of the metal and slag phase separately, it is
uncertain whether they used the same value (Eq. [33]) to
calculate the mixing rate in the metal and slag phase.
Moreover, the mass transfer coefficient of the slag phase
is half the level of the metal phase mass transfer
coefficient, which seems to be rather exaggerated com-
pared to other researchers’ considerations (Eqs. [4] and
[5], [7] and [8], and [10] and [11]). Consequently,
although they considered slag–metal, refractory–slag,
refractory–metal, and metal–inclusion reactions as ele-
mentary reaction steps, including the inclusion removal
rates, there are several fitting parameters to be optimized
in specific industrial operation conditions.

V. KINETIC MODEL FOR INCLUSION
EVOLUTION IN CC TUNDISH BY CONSIDERING

REOXIDATION PHENOMENA

The EERZ model was also employed to simulate the
inclusion evolution behavior in tundish including reox-
idation phenomena due to atmosphere or reducible
oxide in tundish slag. Ren et al.[99] predicted the
inclusion composition in Ca-treated Al-killed steel in

tundish (25 ton) by considering the reoxidation by the
air at an initial teeming stage (cast start) and ladle (115
ton) change period based on several assumptions: (1) the

Fig. 28—(a) Schematic of the dissolution of RHA (R1), the
slag–metal reaction (R2), the refractory (MgO)-slag reaction (R3),
and the inclusion-steel reaction (R4) in the model system employed;
(b) the experimental and (c) the calculated changes to the relative
fraction of the inclusions in molten steel at 5 min as a function of
RCA. Reprinted from Refs. [330] and [332].

Fig. 27—(a) Schematic diagram of reaction zones in tundish and (b)
comparison of the predicted and experimental results of inclusion
compositions in Ca-treated Al-killed steels in zone D. Reprinted
from Ref. [99].
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compositions of steel and inclusions in each reaction
zone are homogenous; (2) the steel/inclusion reaction is
assumed to reach equilibrium; (3) the temperature can
be maintained at a certain fixed temperature; (4) the
removal of inclusions to the slag, the slag/steel reaction,
and the influence of refractory are not considered; and
(5) the effect of the dead zone on the steel/inclusion
reaction is ignored. The schematic diagram of reaction
zones in tundish and the comparison of the predicted
and experimental results of inclusion compositions in
Ca-treated Al-killed steels in zone D are shown in
Figure 27.[99] An abrupt increase in Al2O3 content in the
inclusions at the cast start and ladle change period
corresponded strongly with the well-known reoxidation
phenomena originated from air.

Alternatively, the influence of reoxidation due to
slag-metal reaction (including the dissolution of SiO2-r-
ich rice hush ash (RHA) into the liquid slag pool) on the
inclusion evolution in Al-killed steel in tundish was
simulated by HURG.[330] It was assumed that the SiO2

in the RHA layer could be rapidly dissolved into the
molten slag layer (R1 in Figure 28(a)) from the funda-
mental study of Feichtinger et al.[331] for silica dissolu-
tion kinetics in the CaO-SiO2-Al2O3 slag. Therefore, it
was assumed that RHA is completely dissolved into
molten slag layer before calculating the oxidation-re-
duction reactions at the slag/metal interface (R2).[330–332]

The effect of the mixing ratio of calcium aluminate
flux (CA-flux) to [rice husk ash (RHA) + CA-flux]
(= RCA) on the mass fraction (population) of oxide
inclusions in molten steel at an early stage of the
reaction (e.g., 5 minutes) is shown in Figures 28(b) and
(c).[330] In the simulation, the effective reaction zone
depth of the metal and slag phase was chosen as follows
(for MgO dissolution rate, Eq. [20] was used):

dM ¼ 2:0� 10�4 ms�1
� �

½38�

dS ¼ 3:5� 10�5 ms�1
� �

½39�

In Figures 28(b) and (c), it is interesting that the calcu-
lations reveal a similar tendency for inclusion evolu-
tion as a function of RCA as that obtained from the
experiment. The relative fraction of Al2O3-rich inclu-
sions dramatically decreased and that of spinel-type

Fig. 29—Microscopic view of the mechanism illustrations of the dynamic behavior at the steel–slag interface under the effect of chemical
reactions. Reprinted with permission from Ref. [336].

Fig. 30—Macroscopic view of the scheme for the reoxidation
phenomena originated from the slag–metal interfacial reactions in
tundish. Reprinted from Ref. [332].
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inclusions was evaluated when the RCA was over 0.8.
The spinel-type inclusions were formed from the reac-
tion between Al2O3 inclusions and magnesium that
originated from the slag phase, as given in Eqs. [21]
and [23].

A similar trial for the inclusion evolution during the
reoxidation of Al-Ti—containing steel by the CaO-
SiO2-Al2O3-MgO slag was performed by Ren et al.[333]

They employed km as given in Eq. [10] and took
Eq. [11a] for ks. The validity of the model was proved by
comparing the modeling results to the experimental data
measured by Park et al.,[334] from which the floatation
rate of inclusion was also deduced to 0.05 pct s�1. It was
found that the inclusion amounts formed due to
reoxidation by slag–metal reactions were not signifi-
cantly affected by changing the CaO/Al2O3 ratio, while
they were significantly reduced by increasing the CaO/
SiO2 ratio of the slag.[333] This is mainly because of a
decrease in SiO2 activity in the latter, resulting in a
decrease of driving force of the reactions given in
Eqs. [41] through [44].[333]

km ¼ 1:0� 10�5 ms�1
� �

½40�

SiO2ð Þslag¼ Si½ � þ 2 O½ � ½41�

4 Al½ � þ 3 SiO2ð Þslag¼ 2 Al2O3ð Þslagþ3 Si½ � ½42�

4 Al½ � þ 3 TiO2ð Þslag¼ 2 Al2O3ð Þslagþ3 Ti½ � ½43�

Ti½ � þ SiO2ð Þslag¼ TiO2ð Þslagþ Si½ � ½44�

Specifically, the decomposition of SiO2 into silicon
and oxygen at the slag–steel interface, i.e., Eq. [41],
increases the oxygen content in molten steel, resulting in
the formation of Al2O3 inclusions in Al-killed
steel.[330–334] Ni et al.[335,336] recently developed a novel
kinetic model to describe the dynamic slag–steel inter-
facial phenomena by adopting the slag–steel interfacial
tension and interfacial oxygen content. The following
steps were considered: (1) the SiO2 decomposition and O
adsorption at the slag-steel interface, (2) the reaction
between Al and O, (3) the oxygen desorption at the
interface, (4) the Al2O3 dissolution at the interface, (5)
the effect of Al2O3 accumulation on SiO2 mass transfer,
and (6) the mass transfer of the elements in steel and slag
phases. The microscopic view of the illustration of the
dynamic reaction mechanism at the steel–slag interface
is shown in Figure 29.[336]

The interfacial kinetic model based on a dynamic
interfacial tension variation developed by Ni et al. can
be successfully applied to explain the reoxidation
phenomena originating from SiO2-rich flux or use of
rice husk ash as an insulation powder in a CC tundish,
as reported by Kim et al.[330,332] and Feichtinger
et al.[331] The macroscopic view of the schematic
diagram for the reoxidation phenomena originating
from the slag–metal interfacial reaction in tundish is

shown in Figure 30.[330] Because the reoxidation of
molten steel generally provides the formation of alumina
macroinclusions or clusters, which results in a clogging
of SEN during the CC process,[39,330–332,337–340] the
control of the physicochemical properties of the ladle
and tundish slag in view of viscosity, refractory corro-
sion, etc.,[341–362] as well as the simulation of related
phenomena, should be further investigated to produce
ultrahigh clean steels with less adverse operational
problems.

VI. CONCLUSIONS

The kinetic modeling for the nucleation, size growth,
and compositional evolution of inclusions in steel was
extensively reviewed in four sections. In Section II, the
following topics were covered: Section II–A—the nucle-
ation and initial growth of inclusion in molten steel
during deoxidation; Sections II–B and II–C—the colli-
sion growth, motion, removal, and entrapment of
inclusion in the molten steel in CC tundish and strand;
and Section II–D—the prediction of inclusion compo-
sition in CC products. The modeling work tends to
combine the nucleation theory, the population balance
equation, the thermodynamic aspects for the precipita-
tion or generation of inclusions in the steel varied with
temperature, and the 3-D fluid flow in the metallurgical
vessels. The purpose of the kinetic study is to predict the
number density with the size, composition, and spatial
distribution of inclusions in the molten steel or solid
steel products. In Section III, the development of the
thermodynamic model and relevant databases was
reviewed. The systematic approach to the thermody-
namic database for inclusion engineering was initiated
by the IRSID, ArcelorMittal in the 1990s. They devel-
oped an in-house software, CEQCSI, for the calculation
of slag-metal reactions be employing a cell model and
GCA model. Recently, the FACT database, which is
based on the associate model, modified quasi-chemical
model, and compound energy formalism, was success-
fully used to calculate the phase equilibria of the
multicomponent steel and slag in conjunction with
various kinds of inclusions such as oxides, sulfides,
and nitrides. In Section IV, the several kinetic models to
estimate the compositional evolution of the inclusions
were reviewed: Section IV–A—the CR model, Sec-
tion IV–B—the reaction zone model, and Sec-
tion IV–C—the TSR model. The flow dynamics in
terms of stirring energy were needed to deduce the mass
transfer coefficient of the elements in liquid steel. Not
only by combining the slag phase mass transfer coeffi-
cient, which has generally been assumed to be 1/10 of
the metal phase mass transfer coefficient, but also by
numerically solving the several nonlinear flux balance
equations, the composition of inclusions can be pre-
dicted well by the CR model in a specific operation
condition with some fitting parameters such as floata-
tion, entrapment, agglomeration, and removal rate of
inclusions. The (effective equilibrium) reaction zone
model, which was initiated by Asai et al. to predict the
slag–metal reaction characteristics, was extended to
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predict the inclusion composition using FACTSAGE
macroprocessing functions. A determination of the
volume (or equivalent mass) of metal and slag equili-
brating in a short time period is critical to represent the
actual processes and is strongly dependent on the mass
transfer coefficient in metal and slag phases determined
by different authors under different operating (or
experimental) conditions. In Section V, the EERZ
model was applied to predict the effect of reoxidation
on the inclusion evolution in CC tundish. The harmful
reoxidation products, i.e., alumina macroinclusions or
clusters in Al-killed steel, can be formed by the
interfacial reaction between molten steel and SiO2-rich
slag. The interfacial kinetic model based on dynamic
interfacial tension and oxygen adsorption/desorption at
the slag-steel interface can be successfully applied to
explain the reoxidation phenomena due to reactive slag.
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1992, vol. 78, pp. 101–106.

233. A. Idogawa, M. Sugizawa, S. Takeuchi, K. Sorimachi, and T.
Fujii: Mater. Sci. Eng. A, 1993, vol. 173, pp. 293–97.

234. I. Sawada, Y. Kishida, K. Okazawa, and H. Tanaka:
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38.

270. Z. Wang, K. Mukai, and I.J. Lee: ISIJ Int., 1999, vol. 39,
pp. 553–62.

271. G. Kaptay and K.K. Kelemen: ISIJ Int., 2001, vol. 41, pp. 305–
07.

272. G. Kaptay:Metall. Mater. Trans. A, 2002, vol. 33A, pp. 1869–73.
273. M. Imagumbai: ISIJ Int., 1994, vol. 34, pp. 896–905.
274. M. Wintz, M. Bobadilla, and H. Gaye: ISIJ Int., 1995, vol. 35,

pp. 715–26.
275. M. Suzuki, R. Yamaguchi, K. Murakami, and M. Nakada: ISIJ

Int., 2001, vol. 41, pp. 247–56.
276. Z. Liu, J. Wei, and K. Cai: ISIJ Int., 2002, vol. 42, pp. 958–63.
277. D. Shangguan, S. Ahuja, and D.M. Stefanescu: Metall. Mater.

Trans. A, 1992, vol. 23A, pp. 669–80.
278. D. Shangguan and D.M. Stefanescu: Metall. Mater. Trans. B,

1991, vol. 22B, pp. 385–89.
279. D.M. Stefanescu and A.V. Catalina: ISIJ Int., 1998, vol. 38,

pp. 503–05.
280. D.M. Stefanescu, F.R. Juretzko, B.K. Dhindaw, A. Catalina, S.

Sen, and P.A. Curreri: Metall. Mater. Trans. A, 1998, vol. 29A,
pp. 1697–1706.

281. M. Yamazaki, Y. Natsume, H. Harada, and K. Ohsasa: ISIJ Int.,
2006, vol. 46, pp. 903–908.

282. S.M. Lee, S.J. Kim, Y.B. Kang, and H.G. Lee: ISIJ Int., 2012,
vol. 52, pp. 1730–39.

283. W. Chen, L. Zhang, Q. Wang, X. Cai, and X. Zhang: Metall.
Mater. Trans. B, 2020, vol. 51B, pp. 0000–00.

284. C. Gatellier, H. Gaye, J. Lehmann, J.N. Pontoire, and P.V. Ri-
boud: Steel Res., 1993, vol. 64, pp. 87–92.

285. H. Gaye, J. Lehmann, P. Rocabois, and F. Ruby-Meyer: Steel
Res., 2001, vol. 72, pp. 446–51.

286. H. Gaye, J. Lehmann, P. Rocabois, and F. Ruby-Meyer: High
Temp. Mater. Process., 2001, vol. 20, pp. 285–92.

287. J. Lehmann: Rev. Metall. Paris, 2008, vol. 105, pp. 539–50.
288. I.H. Jung, S.A. Decterov, and A.D. Pelton: ISIJ Int., 2004,

vol. 44, pp. 527–36.
289. Y.B. Kang, H.S. Kim, J. Zhang, and H.G. Lee: J. Phys. Chem.

Solids, 2005, vol. 66, pp. 219–25.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 51B, DECEMBER 2020—2481



290. S.A. Decterov, Y.B. Kang, and I.H. Jung: J. Phase Equilib.
Diffus., 2009, vol. 30, pp. 443–61.

291. I.H. Jung, Y.B. Kang, S.A. Decterov, and A.D. Pelton: Metall.
Mater. Trans. B, 2004, vol. 35B, pp. 259–68.

292. Y.B. Kang and H.G. Lee: ISIJ Int., 2004, vol. 44, pp. 1006–15.
293. I.H. Jung, G. Eriksson, P. Wu, and A.D. Pelton: ISIJ Int., 2009,

vol. 49, pp. 1290–97.
294. E. Roos, A. Karasev, and P.G. Jönsson: Steel Res. Int., 2014,

vol. 85, pp. 1410–17.
295. V. Thapliyal, A. Kumar, D. Robertson, and J. Smith: ISIJ Int.,

2015, vol. 55, pp. 190–99.
296. I.H. Jung: Calphad, 2010, vol. 34, pp. 332–62.
297. D.G.C. Robertson, S. Ohguchi, B. Deo, and A. Willis: Ironmak.

Steelmak., 1984, vol. 11, pp. 262–73.
298. G. Okuyama, K. Yamaguchi, S. Takeuchi, and K. Sorimachi:

ISIJ Int., 2000, vol. 40, pp. 121–28.
299. K.J. Graham and G.A. Irons: Iron Steel Technol., 2009, vol. 6,

pp. 164–73.
300. K.J. Graham and G.A. Irons: Proc. Int. Symp. on Highly Inno-

vative Novel Operations ‘‘Future Steelmaking Metallurgy,’’ Iron
and Steel Institute of Japan, Tokyo, 2010, pp. 65–74.

301. A. Galindo, G.A. Irons, S. Sun, and K.S. Coley: Proc. Challenges
and Transformative Solutions to Sustainable Steelmaking and
Casting for Environment-Friendly Metallurgical Innovation, Iron
and Steel Institute of Japan, Tokyo, 2015, pp. 22–31.

302. Y. Tabatabaei, K.S. Coley, G.A. Irons, and S. Sun: Metall.
Mater. Trans. B, 2018, vol. 49B, pp. 375–87.

303. Y. Tabatabaei, K.S. Coley, G.A. Irons, and S. Sun: Metall.
Mater. Trans. B, 2018, vol. 49B, pp. 2022–37.

304. Y. Tabatabaei, K.S. Coley, G.A. Irons, and S. Sun: Metall.
Mater. Trans. B, 2018, vol. 49B, pp. 2744–56.

305. D. Lu, G.A. Irons, and W. Lu: Ironmak. Steelmak., 1994, vol. 21,
pp. 362–72.

306. A. Harada, A. Matsui, S. Nabeshima, N. Kikuchi, and Y. Miki:
ISIJ Int., 2017, vol. 57, pp. 1546–52.

307. D.J. Sosinsky and I.D. Sommerville: Metall. Trans. B, 1986,
vol. 17B, pp. 331–37.

308. S. Kitamura, T. Kitamura, K. Shibata, Y. Mizukami, S. Muka-
wa, and J. Nagakawa: ISIJ Int., 1991, vol. 31, pp. 1322–28.

309. A. Harada, G. Miyano, N. Maruoka, H. Shibata, and S.
Kitamura: ISIJ Int., 2014, vol. 54, pp. 2230–38.

310. C. Liu, F. Huang, J. Suo, and X. Wang: Metall. Mater. Trans. B,
2016, vol. 47B, pp. 989–98.

311. S. Asai and J. Szekely: Metall. Trans., 1974, vol. 5, pp. 651–57.
312. J. Szekely and S. Asai: Metall. Trans., 1974, vol. 5, pp. 1573–80.
313. Y. Hsieh, Y. Watanabe, S. Asai, and I. Muchi: Tetsu-to-Hagané,
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