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Reoxidation of Al-Killed Ultra-Low C Steel by FetO
in RH Slag: Experiment, Reaction Rate Model
Development, and Mechanism Analysis

YONG-MIN CHO, WOO-YEOL CHA, and YOUN-BAE KANG

To elucidate the reoxidation mechanism of Al-killed ultra-low C steel by FetO-containing slag,
the kinetics of a reaction 2Al + 3(FetO) = (Al2O3) + 3Fe between the steel and
CaO–Al2O3–FetO–MgOsat. slag was investigated mostly at 1823 K. Al contents (total and
soluble), and total O content in steel samples were measured during the reactions under various
initial compositions of slag ((pct CaO)0/(pct Al2O3)0, (FetO)0), and the reaction temperature.
The experimental results were analyzed using the reaction rate model developed in the present
study, which is based on probable rate controlling step and employing CALPHAD
thermodynamics using FactSage thermochemical software and databases. When the (pct
FetO)0 was higher than 10, the rate model could explain the measured data with an assumption
that the rate was solely controlled by mass transport of Al in the steel. However, mixed
transport control theory should be used to interpret the reaction rate when the (pct FetO)0 was
lower than 10. Decreasing (pct FetO) during the reoxidation reaction changes the reaction
mechanism in terms of the mode of rate-controlling step. The mass transport coefficient of Al in
the steel (kAl

M was 5� 10�4 m s�1 at 1823 K (1550 �C), which is in favorable agreement with
those in the literature. The mass transport coefficients of Al2O3 was formulated to depend on the
viscosity of the slag. In the mixed transport control regime, the apparent mass transport
coefficient gradually decreased due to the slow mass transport of Al2O3 as a resistance to the
overall mass transport. This was also additionally supported by evaluating the activation energy
of the apparent mass transport coefficient, which turned out to increase as the reoxidation
reaction proceeds. Therefore, it can be concluded that the reaction mechanism gradually
changes during the reoxidation reaction. (pct CaO)0/(pct Al2O3)0 ratio affects the reoxidation
rate only when (FetO)0 was low.
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I. INTRODUCTION

ULTRA-LOW Carbon (ULC) steel is one of the
clean steels showing outstanding formability and duc-
tility.[1–4] It has been applied for producing various
structural parts of automotive, which require sophisti-
cated shaping and forming. However, due to the low C
content (typically in a range of 10 to 30 mass ppm), this
steel grade is susceptible to oxidation during steelmak-
ing and casting processes. While this steel is produced
via BF (Blast Furnace)—BOF (Basic Oxygen

Furnace)—RH (Ruhrstahl Heraeus)—CC (Continuous
Casting) processes, reoxidation is likely to occur in the
RH and the CC processes, and it is a major problem
generating non-metal inclusion (NMI).[5–7]

ULC steel is deoxidized by aluminum alloys during
the RH process. Once the liquid steel is well refined, it is
sent to a casting machine through a tundish. Between
the RH process and the casting process, the reoxidation
may occur by several reasons (reaction with the RH
slag/tundish flux,[8] open eye formation in the tund-
ish,[9–11] reaction with refractories of tundish[12] and
submerged entry nozzle,[13–15] aspiration through sliding
gate,[16] etc. Therefore, Al in the liquid steel is con-
sumed, then NMI is produced such as alumina. This
deteriorates not only the process efficiency,[13,17,18] but
also quality of final products.[19–21]

If the scope of the present study is confined to the
reoxidation due to RH slag, FetO, SiO2, and MnO may
be responsible for the reoxidation.[6,22] Higher contents
of those weak oxides would accelerate the reoxidation
reaction. On the other hand, since the slag absorbs NMI
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at the steel–slag interface, a faster dissolution rate of
NMI is also required.[23–26] The dissolution rate of
alumina inclusion in various slags has been reported as
summarized elsewhere.[27] In particular, the present
authors investigated the dissolution rate of alumina
inclusion in FetO-containing RH slag,[27] utilizing
high-temperature dissolution experimental technique
coupled with the modified invariant interface approxi-
mation.[24] They found that decreasing viscosity of slag
is one of the key factors to increase the dissolution rate,
which is consistent with a proposal for various types of
slags.[28] Since major components of RH slag are CaO,
Al2O3, and FetO, increasing FetO content ((pct FetO))
would be favorable in increasing the dissolution rate.
However, cleanliness of the liquid steel would deterio-
rate by increasing the (pct FetO), at the same time.
Therefore, it is required that understanding both phe-
nomena (dissolution of alumina into the RH slag and
reoxidation of the liquid steel by the RH slag) is
essential in terms of (pct FetO) in the RH slag. The role
of (pct FetO) in the dissolution point of view was
recently discussed by the present authors.[27]

There have been several reports about kinetics and
mechanism of the chemical reaction between Al in liquid
steel and oxide components in molten slags or
fluxes.[22,29–40] Many of these reports focused on reac-
tion kinetic between Al and SiO2.

[22,29–34,39] Mass
transport of Al in the liquid steel was the rate-control-
ling step in the majority of the previous
reports.[22,29–31,40] However, under certain conditions,
mass transport of oxide components in slag took part in
the overall rate-controlling step,[33,37–39] thereby sug-
gesting a mixed rate-controlling regime. The reactions
involving FetO occur more vigorously.[41–44] The reac-
tion mechanism of the reoxidation reaction involving
FetO is relatively less clear than that involving SiO2. It
was reported that the rate-controlling step of the
reaction involving FetO is either the mass transport of
Al in liquid steel[22] or the mass transport of FetO.[35]

This vague understanding needs to be further resolved.
In the present study, the reaction kinetics between

ULC-Al killed liquid steel and FetO-containing slag
representing RH slag was investigated by high-temper-
ature chemical reaction experiment and reaction rate
model analysis. Several possible rate-controlling steps
were considered, and these were compared with the
experimental data measured in the present study to draw
the rate controlling step. A gradual change of the
reaction rate-controlling step was emphasized. Finally, a
suggestion for the practical RH operation is provided
based on the conclusion found in the present study.

II. EXPERIMENTAL

A series of high-temperature reactions between Fe–Al
alloy and CaO–Al2O3–MgOsat.–FetO slag were carried
out, mostly at 1823 K under well-controlled atmosphere.
The reaction represents an interfacial reaction between
Al-killed ULC steel and RH slag. The initial Al content
in the liquid steel ([pct Al]0) was about 0.1.

Several master slags were preliminarily synthesized by
mixing desired proportion of CaO (calcined from
CaCO3 powder, > 99.5 pct, Kanto, Japan), Al2O3 (>
99.0 pct, Samchun chemical Ltd., Korea), and MgO (>
98.0 pct, Kanto, Japan). Those were melted in graphite
crucibles charged in an induction melting furnace above
1773 K (1550 �C). After the melting, the slags were
poured on a water-cooled stainless steel plate, followed
by crushing in a disk-milling machine. The slag was then
burned under air for two hours at 1173 K (900 �C) to
remove any residual carbon. Afterward, these were
mixed with FeO reagent (>99.5 pct, Kojundo, Japan) to
set the initial composition of the slags, listed in Table I.
The slag compositions were designed to have various
initial C/A ratio ((pct CaO)0/(pct Al2O3)0) and initial
FetO content ((pct FeO)0). The initial MgO content
((pct MgO)0) was set to its saturation content, which
was obtained by phase diagram calculation using
FactSage 7.3 with FTOxid database.[45,46] In the
Table I, letters ‘‘A’’, ‘‘B’’, and ‘‘C’’ mean C/A = 1.2,
1.0, and 0.8, respectively. Numbers following the letters
mean the (pct FeO)0. In the present article, ‘‘pct’’ means
mass percent, unless others are stated.
500 g of electrolytic iron (> 99.99 pct, � 0.01 pct O)

was charged in a magnesia crucible (OD 60 9 ID 50 9H
100 (mm)). The crucible was then located in a graphite
susceptor in a quartz reaction tube sealed by brass
endcap on both sides. The temperature at the bottom of
the crucible was monitored by a B-type thermocouple,
which was connected to a proportional–integral–deriva-
tive (PID) controller. Ar gas purified by passing through
Drierite and Mg chips heated at 773 K (500 �C) flowed
in the reaction chamber while the crucible was heated.
After the temperature reached the desired temperature
(mostly 1823 K (1550 �C), some of runs at 1873 K (1600
�C) and 1923 K (1650 �C)), the atmosphere in the quartz
tube was replaced with Ar-5 vol pct H2 at a flow rate of
1 L min�1 to remove the O in the steel down to
approximately 0.002 pct. It took about 4 hours. Subse-
quently, Al pellets wrapped by an iron foil were dropped
on the liquid steel surface. The liquid steel was homog-
enized for 30 minutes. Then, 40 g of the master slag
prepared as above was charged onto the molten steel
surface using an alumina guide tube through a hole
available in the upper endcap. This moment was set to
the beginning of the reaction. After the pre-determined
time, a small portion of the liquid steel was sampled
using a quartz tube, followed by quenching in water.
The composition of the liquid steel was analyzed by

Inductively Coupled Plasma - Atomic Emission Spec-
troscopy (Thermo-Fisher Scientific ICAP 6500, Wal-
tham, MA) for soluble Al content ([pct. S. Al]) and total
Al content ([pct. T. Al]), although only [pct. S. Al] was
further considered in the kinetic analysis. The steel
specimen (1 g) was dissolved in a mixture of 1:1 HCl (20
mL) and 1:1 HNO3 (10 mL) on a hot plate at 403 K
(130 �C). The solution was filtered by a 5B filter, which
was additionally washed by distilled water. The filter
was carefully dried in a Pt crucible at 373 K (100 �C),
then was ignited thereafter. The residue was fused with
1 g of a flux (Na2CO3:H3BO3 = 3:1) and the melt was
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dissolved in 1:1 HCl 5 mL with 10 mL of the distilled
water. The solution was mixed with the other solution
composed of the filtrate and the washings. This was
subject to the ICP analysis for [pct. T. Al]. In case of
[pct. S. Al], only the filtrate and the washings were used.
Total O content in the steel ([pct. T. O]) was analyzed
by inert gas fusion infrared absorptiometry (LECO
ON836, St. Joseph, MI). Distribution of NMI was
analyzed using a field-emission scanning electron
microscopy with an energy-dispersive X-ray spec-
troscopy (ULTRA-55, ZEISS, Oberkochen, Germany),
to obtain inclusion number density for some samples. It
was not attempted to sample the slag during the
reaction.

III. RESULTS

Figures 1 (a) through (c) show typical results obtained
in the present study: [pct. T. Al] and [pct. S. Al] vs
reaction time t (seconds) of liquid steel reacted with slags
(A5, A10, and A15) at 1823 K. Both decreased
continuously, and the decreasing rate was higher when
(pct FetO)0 was higher. The following chemical reaction
occurred:

2Alþ 3ðFeOÞ ¼ ðAl2O3Þ þ 3Fe(l) ½1�

where underline and parenthesis refer to states dis-
solved in liquid steel and in liquid slag, respectively.
[pct. S. Al] decreased below 0.001 after 300 seconds,
when A10 and A15 slags were used. Difference
between [pct. T. Al] and [pct. S. Al] may be propor-
tional to the content of alumina inclusions suspending
in the liquid steel, in some cases.

Figures 1(d) through (f) show [pct. T. O] varied during
the reaction. When (pct. FetO)0 = 5, [pct. T. O] first
increased until 120 seconds, then decreased continuously
(Figure 1(d)). On the other hand, when (pct. FetO)0 =
10, [pct. T. O] first rapidly increased, showed a maxi-
mum, then decreased. After 300 sec, [pct. T. O] did not
vary noticeably (Figure 1(e)). When (pct. FetO)0 = 15,
[pct. T. O] showed a maximum, followed by a minimum,
then increased again until 1800 seconds (Figure 1(f)),

which was the last sampling time in the present study.
The major source of [pct. T. O] should be FetO in the
slag through the Reaction [1].
Figure 2 shows a calculated Al deoxidation equilibria

in liquid steel (Fe–Al–O system) at 1823 K using the
Modified Quasichemical Model applied for deoxida-
tion[47–49] assuming activity of Al2O3(s) being unity
(aAl2O3ðsÞ ¼ 1). Therefore, the curve represents [pct. S.
Al] vs [pct. S. O] in equilibrium with the pure solid
alumina. The experimental data ([pct. S. Al] vs [pct. T.
O]) in Figure 1 were shown together. It can be seen that
all the [pct. T. O] data measured in the experiment are
higher than the calculated equilibrium [pct. S. O].
Therefore, the measured [pct. T. O] consists of not only
the soluble O but also O from suspending alumina
inclusions.[22] However, according to an inclusion num-
ber density (NA (mm�2)) measurement shown in Fig-
ure 1(f) for the A15 sample, the NA first rapidly
increased (t = 60 seconds), then gradually decreased.
This was due to the floating up of the alumina inclusions
in the condition of the present study (liquid steel in a
small crucible). The moment of the maximum NA

coincides with that of [pct. T. O]. The analyzed [pct.
T. O] is a sum of [pct. S. O] and [pct. I. O], and the NA

should be proportional to [pct. I. O].[50] Therefore, it is
reasonable that the first rapid increase in [pct. T. O] was
due to suspending alumina inclusions. Then, it is
obvious that apart from the Reaction [1], the following
reaction occurred:

2Alþ 3(FeO) ¼ Al2O3(inclusion) þ 3Fe(l) ½2�

Some of the alumina inclusions were entrapped in the
steel, followed by floating up again toward the steel–
slag interface. Subsequently, the alumina inclusions
must have been dissolved in the slag. It was reported
that dissolution of alumina inclusion into FetO-con-
taining RH slag is very fast (within a second for 20
lm size alumina for the slag containing 10 pct
FetO).[27]

This suggests that the latter increase of [pct. T. O] was
due to soluble O by

(FeO) = FeþO ½3�

Table I. Slag Compositions Used in the Present Study

C/A Name

Slag Composition (pct)

(pct Al2O3)sat:CaO Al2O3 MgOsat: FetO

1.2 A5 48 40 6.9 5 75.7 (77.1a, 78.5b )
A10 45.2 37.6 7.2 10 74.5
A15 42.3 35.3 7.4 15 73.3

1.0 B5 43.2 43.2 8.6 5 75.6
B10 40.6 40.6 8.7 10 74.3
B15 38.1 38.1 8.8 15 73.1

0.8 C5 37.6 46.9 10.5 5 75.4
C10 35.4 44.2 10.5 10 74.1
C15 33.2 41.4 10.3 15 72.7

Saturation content of MgO and Al2O3 at 1823 K were obtained by thermodynamic calculations using FactSage.[45,46]
a and bare saturation content of Al2O3 at 1873 K and 1923 K, respectively.
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where [pct. S. Al] is almost negligible. This might hap-
pen for the A10 and A15 samples. Therefore, the
observed change of [pct. T. O] in the samples shown in
Figure 1 can be explained as follows. When the slag
comes into contact with the steel, the Reaction [2]
takes place rapidly. It increases the [pct. T. O] due to
the increase of [pct. I. O]. The generated alumina
inclusions then float up and were absorbed in the slag,
thereby decreasing [pct. T. O], as can be seen in Fig-
ure 1(f). And as seen in the Figures 1(a) through (c),
[pct. S. Al] decreased. This lowers the driving force of
the Reaction [2]. When (pct. FetO) was lower, there
was no additional source for the reoxidation, and [pct.
T. O] gradually decreased as seen in Figure 1(a). How-
ever, when (pct. FetO) was high, the additional reoxi-
dation reaction (Reaction [3]) can take place. This
increases [pct. T. O] due to an increase of [pct. S. O]

as seen in Figures 1(e) and (f). Higher (pct. FetO)0
resulted in higher [pct. T. O] as the reaction
proceeded.
The analyzed [pct. T. O] did not approach the

calculated deoxidation curve, suggesting a possibility
of supersaturation during the reoxidation.[51–54]

Experiments using other slags of different C/A ratios
also showed a similar trend in [pct. S. Al], [pct. T. O],
and the NA.
From the above observation, the analyzed [pct. T. O]

cannot be used to represent the extent of reoxidation by
Al. Regardless of the Reactions [1] or [2], soluble Al and
FetO reacted and this is the main reoxidation reaction.
Therefore, chasing [pct. S. Al] is useful to interpret the
reaction rate. In the present study, [pct. S. Al] data were
used in a series of kinetic analyses, which will be
discussed in Section IV.

Fig. 1—Composition change of the liquid steel ([pct. Al]0 = 0.1 reacted with CaO–Al2O3–MgOsat:–FetO slag): (a) to (c) [pct. T. Al] and [pct. S.
Al], (d) to (f) [pct. T. O] of the liquid steel reacted with the slag A5, A10, and A15, respectively, measured in the present study. Closed circles in
(f) are the measured inclusion number density NA, mm�2). (color online).
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IV. DISCUSSIONS

In this section, the measured experimental data ([pct.
S. Al] in liquid steels reacted with various C/A ratios
and (pct. FetO)0) were used to interpret the reoxidation
reaction mechanism by analyzing the rate of the
reoxidation reaction. The stoichiometry of FetO was
assumed to be ‘‘FeO’’ for the sake of simplicity during
the present kinetic analysis.

A. Basic Conditions and Assumptions

In the present study, the reoxidation reaction rate is
represented by d[pct. S. Al]/dt due to the Reactions [1]
and [2]. Since reaction rate of most high-temperature
metallurgical processes is controlled by mass transport
of reaction species, it was decided that (1) chemical
reaction occurred rapidly,[55] (2) mass transport of Fe
did not limit the rate, and therefore, (3) mass transport
of Al, Al2O3, and FeO only limit the reaction rate,
exclusively or simultaneously.

1. Mass Balance
Only Al and O contents in the steel samples were

analyzed. Therefore, composition of the slag was esti-
mated by a mass balance between the steel and the slag
by the reaction stoichiometry as follows:

wAl2O3
¼ wAl2O3;0

þWsteelMAl2O3

2MAl

[pct. S. Al]0 � [pct. S. Al]

100

½4�

wFeO ¼ wFeO;0 �
WsteelMFeO

ð2=3ÞMAl

½pct. S:Al�0 � ½pct. S:Al�
100

½5�

where wi and Mi are the mass and atomic (or molecu-
lar) mass of i (g and g mol�1), Wsteel is the mass of
steel (g), [pct. S. Al] is mass pct of the soluble Al at
time t. ‘‘0’’ means the beginning of the reaction (t ¼ 0
sec). Therefore, the content of Al2O3 and FeO in the
slag are expressed as:

ðpct. iÞ ¼ wi

wAl2O3
þ wFeO þ wCaO;0 þ wMgO;0

� 100 ½6�

It was assumed that mass balance was kept within the
system (the steel and the slag), and CaO and MgO did
not react during the reaction. Loss of soluble Al was
partly due to the Reaction [2], but its contribution to
the above mass balance equations was not significant
compared to the initial contents of Al2O3 and FeO.
Therefore, its contribution was neglected for the sake
of simplicity.

2. Local Equilibrium at the Interface
It was additionally assumed that the Reaction [1]

arrived at equilibrium at the steel–slag interface. The
standard Gibbs-energy change of the Reaction [1] (DG�

1)
is � 639, � 631, and � 622 kJ at 1823 K (1550 �C), 1873
K (1600 �C), and 1923 K (1650 �C), respectively, where
the standard states are liquid Al, liquid FeO, solid Al2O3

(corundum), and liquid Fe, respectively. Those were
obtained from FactSage FactPS database.[45,46] The
equilibrium constant of the Reaction [1] is

K½1� ¼ exp
�
�
DG�

½1�
RT

�
¼

aiAl2O3
ðaiFeÞ

3

ðaiAlÞ
2ðaiFeOÞ

3 ½7�

where i refers to ‘‘interface’’. Since the steel samples
contain a maximum 0.2 pct of Al and a few hundred
ppm of O, aFe can be reasonably set to unity. In addi-
tion to this, the Reaction [2] is likely to occur preferen-
tially at the interface. Some of the alumina inclusions
entrap into the liquid steel, responsible for the insol-
uble O. The other part immediately dissolves into the
liquid slag. Therefore, it may be assumed that the alu-
mina inclusion formed by the reoxidation at the inter-
face is indeed pure solid alumina and aiAl2O3

¼ 1. (pct.

FeO)i is then assumed to be that of the slag saturated
by the alumina. In the present kinetic analysis, these
assumptions were employed:

K½1� �
1

ðaiAlÞ
2ðaiFeOðsat:ÞÞ

3 ½8�

Fig. 2—Al deoxidation equilibria calculated by the Modified
Quasichemical Model at 1823 K (1550 �C).[48] Symbols are the
experimental data ([pct. S. Al] vs [pct. T. O]) shown in Fig. 1 (color
online).
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where aiFeOðsat:Þ is the activity of FeO in the slag satu-

rated by alumina. This was obtained by allowing a
slag of its bulk composition to be saturated by Al2O3

using FactSage EQUILIB module.[45,46]

3. Thermodynamic data for liquid steel and molten slag
The activity of Al in the liquid steel (simplified to the

system Fe–Al–O) was calculated using FactSage FSStel
database, which employed the Modified Quasichemical
Model for deoxidation in liquid steel.[47–49] The actual
calculation was carried out using FactSage EQUILIB
module. The activity of FeO in the slag composed of
CaO–Al2O3–MgO–FeO(–Fe2O3) was also calculated
using FactSage FTOxid database, which also employed
the Modified Quasichemical Model for liquid oxide.[47]

B. Reaction Rate Model: Rate-controlling due to Mass
Transport of Al in Liquid Steel (Model A)

Mass transport of Al in liquid steel often limits or
controls the reaction rate between Al and reducible
oxide components in molten slag or flux.[22,29–31,40] The
molar flux of Al in a boundary layer of the liquid steel,
JAl (mol m�2 s�1), can be expressed as:

JAl ¼ � 1

A

dnAl

dt
¼ kMAlðcAl � ciAlÞ ½9�

where A, ni, ci, and kAl
M are the reaction area (m2), the

number of moles of i (mol), the concentration of i
(mol m�3), and the mass transport coefficient of Al (m
s�1), respectively. The molar flux equation can be
transformed into:

d½pct. S. Al�
dt

¼ �Aqsteel
Wsteel

kMAlð½pct. S. Al� � ½pct. S. Al�iÞ

½10�

where qsteel is the density of the liquid steel (= 7120
kg m�3). A was assumed to be the same as the
cross-sectional area of the crucible (¼ 1:96� 10�3 m2).
[pct. S. Al]i was obtained as follows. At a time t, both
the steel and the slag are characterized by their bulk
contents ([pct. S. Al], [pct. S. O], (pct CaO), (pct.
Al2O3), (pct. MgO), (pct. FeO)). As described in Sec-
tion IV–A–2, the slag at the interface was assumed be
saturated by Al2O3. a

i
FeOðsat:Þ was obtained in the satu-

ration condition. The aiFeOðsat:Þ was substituted in the

Eq. [8] to get aiAl at the time t. Then, for the obtained
aiAl, [pct. S. Al]i was obtained by calculating a con-
strained equilibrium where two conditions are
imposed: aAl2O3

¼ 1 and the aiAl just obtained. This is
equivalent to read x-coordinate of the point on the
deoxidation equilibria curve for a given aiAl, as marked
by small filled circles in Figure 2. The calculated [pct.
S. Al]i is then substituted in the Eq. [10], and the reac-
tion rate at t is calculated along with A, qsteel, Wsteel,
and an initial guess of kAl

M. This procedure is repeated
by a finite element approach:

½pct. S. Al�tþDt ¼ ½pct. S. Al�t þ
� d½pct. S. Al�

dt

�
t
� Dt

½11�

where Dt was set to 1 sec in the present study. Substi-
tuting the updated [pct S. Al] in the Eqs. [4] through
[6] updates the slag composition, followed by updating
aiFeOðsat:Þ, a

i
Al, and [pct. S. Al]i in the order. These steps

are repeated, yielding the [pct. S. Al] during the reoxi-
dation reaction. The calculated [pct. S. Al] was fitted
to the experimental data obtained in the present study,
which yields the mass transport coefficient of Al in the
liquid steel kAl

M. The calculation procedure is schemati-
cally shown in Figure 3.
The model calculations are shown in Figure 4 with the

experimental data. Closed circles are the experimental
data of the present study, dotted curves were calculated
using the rate model of Al mass transport control
(Model A). The kAl

M were fitted to the experimental data
in Figures 4(a) through (c) for which (pct FeO)0 = 15.
kMAl ¼ 5� 10�4ms�1 resulted in favorable agreement
with the experimental data, and it is close to the
previously reported kMAl.

[32,33] With the same kMAl, the
calculations were repeated for other cases as seen in
Figures 4(d) through (i). As seen in the figure, the
agreement becomes worse, as (pct FeO)0 decreased. The

calculated log
[pct. S. Al]
[pct. S. Al]0

was lower than the

Fig. 3—Flowchart of the model calculation when the rate is
controlled by the Al mass transport (color online).
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Fig. 4—Comparison between the experimental data and the model calculations for log
[pct. S. Al]
[pct. S. Al]0

: (a) A15, (b) B15, (c) C15, (d) A10, (e) B10,

(f) C10, (g) A5, (h) B5, and (i) C5. Closed circles are the experimental data of the present study, dotted curves were calculated using the rate
model of Al mass transport control (Model A), solid curve were calculated using the rate model of the mixed control by Al and Al2O3 (Model
B) (color online).
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experimental data. It means that the model calculation
overestimated the reoxidation rate when (pct FeO)0 =
10 and 5, and decreasing the (pct FeO)0 resulted in
additional resistance to the reoxidation reaction: the rate
controlled not only by the mass transport of Al in the
liquid steel but also components in the slag. In a series of
previous investigations on reaction between Al-contain-
ing steel and CaO–SiO2 based molten slags[29,33] or
molten flux,[31,32] it was reported that a rate of Al
decrease in the steel was controlled by the mass
transport of Al for some cases. However, the single
rate-controlling step was no more valid when the molten
flux becomes more viscous due to the accumulation of
Al2O3 in the consumption of SiO2.

[32] In such a case, a
general mixed control model was developed in which
mass transport of components in molten flux was
simultaneously considered.[38] In the light of this fact,
decreasing (pct. FeO)0 increases the viscosity of the slag
employed in the present study, and this may cause
retardation of mass transport in the slag phase. This
suggests an additional consideration of rate-controlling
in the slag phase. Mass transport of Al2O3 or FeO may
be responsible for the discrepancy seen in Figures 4(d)
through (i).

C. Reaction Rate Model: Mixed Transport Control
by the Involvement of Slag Components

The additional consideration of rate-controlling step
may be done for mass transport of Al2O3 or that of
FeO, since these two are involved in the reoxidation
reaction. It is unlikely that the mass transport of the slag
component solely controls the reaction rate, but the
mass transport of the slag component would gradually
increase resistance to the overall reaction rate. There-
fore, it is reasonable to consider a mixed reaction rate
model.

1. Consideration of Mass Transport of Al2O3 in Liquid
Slag (Model B)

When Al2O3 accumulates in the boundary layer of the
slag phase during the reaction, the diffusion of Al2O3

slows down. This would retard the reaction rate. The
following analysis is for the case where mass transport
of Al2O3 participates in rate-controlling step along with
the mass transport of Al2O3. The molar flux of Al in the
boundary layer of the molten slag, JAl2O3

(mol m�2 s�1),
can be expressed as:

JAl2O3
¼ 1

A

dnAl2O3

dt
¼ �kSAl2O3

cAl2O3
� ciAl2O3

� �
½12�

where kSAl2O3
is the mass transport coefficient of Al2O3

in the slag. The minus sign was added since
ciAl2O3

� cAl2O3
. Assuming there is no accumulation of

Al2O3 at the interface, JAl ¼ 2JAl2O3
. This leads to the

following relationship:

JAl ¼ 2JAl2O3
¼ kappAl�Al2O3

cAl �
cAl2O3

LAl�Al2O3

� �
½13�

where an apparent rate constant for this mixed rate
model by Al–Al2O3 mass transport is

1

kappAl�Al2O3

	 1

kMAl

þ 1

2LAl�Al2O3

� �
1

kSAl2O3

½14�

and

LAl�Al2O3
	

ciAl2O3

ciAl

½15�

Equation [14] is then transformed into:

d½pct. S. Al�
dt

¼� AMAl

Wsteel
kappAl�Al2O3

� qsteel
MAl

½pct. S. Al�

� 1

LAl�Al2O3

qslag
MAl2O3

ðpct. Al2O3Þ
�

½16�

It should be noted that the Eq. [16] contains the inter-
facial concentration terms via LAl�Al2O3

, which varies
during the reaction. At a time t, ciAl was obtained as:

ciAl ¼
niAl

Vi
Al

¼ qsteel
100MAl

½pct. S. Al�i ½17�

ciAl2O3
was obtained similarly:

ciAl2O3
¼

qslag
100MAl2O3

ðpct. Al2O3Þi ½18�

where qslag is the density of the slag (kg m�3). qslag was
calculated using the partial vol data.[56] Therefore,

LAl�Al2O3
¼ ðpct. Al2O3Þi

½pct. S. Al�i
qslag
qsteel

MAl

MAl2O3

½19�

The interfacial contents (½pct. S. Al�i and ðpct. Al2O3Þi)
were calculated as described in Section IV–B and Fig-
ure 3. At a time t, the interfacial contents were calcu-
lated using FactSage EQUILIB module along with
FSStel and FTOxid databases, thereby giving
LAl�Al2O3

. The obtained LAl�Al2O3
was inserted in the

Eq. [14], and the kappAl�Al2O3
was calculated along with

kMAl (already determined in Section IV–B) and kSAl2O3
,

which has been unknown yet. Then, the kappAl�Al2O3
was

substituted into the Eq. [16] in order to get the reoxi-
dation rate, along with the qslag. [pct. S. Al] and (pct.

Al2O3) can be updated as was done in Section IV–B.
The unknown kSAl2O3

was fitted to the present experi-

mental data well.
During the present study, it was found that a constant

kSAl2O3
value was not satisfactory. A constant kSAl2O3

value, which improved the fitting in one case, did not
show additional good agreement with the experimental
data in the other cases. In general, setting kSAl2O3

to be a

constant resulted in overestimating the reoxidation rate
at lower (pct. FeO)0. This suggests that kSAl2O3

would

depend on the slag composition, partly due to changing
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fluidity of the slag. The fluidity of the slag should be
linked to the viscosity of the slag, thereby the mass
transport coefficient of a slag component being inversely
proportional to the viscosity (g) as was pointed out
previously.[30,38] In the present study, a similar approach
was used.[38] The kSAl2O3

was assumed to be inversely

proportional to viscosity:

kSAl2O3
¼ kS;�Al2O3

� g
g�

½20�

where kS;�Al2O3
and g� are the mass transport coefficient

of Al2O3 and viscosity of a reference slag. The A15
slag was chosen as the reference slag

(kS;�Al2O3
¼ 2:5� 10�9 m s�1, g� ¼ 0:0735 Pa.s at 1823 K

(1550 �C)). The viscosity of the slag was calculated by
a viscosity model proposed by Grundy et al.[57] using
FactSage viscosity module.

The calculated results using the mixed rate control
model by Al and Al2O3 (Model B) are shown in Figure 4
by solid curves. It is seen that the agreement with the
experimental data was improved, in particular for the
cases of lower (pct. FeO)0. The calculation results in this
mixed model become similar to those of the Model A as
(pct. FeO)0 increased. Therefore, it is likely that higher
(pct. FeO)0 eliminates the resistance to the reaction in
the slag phase by lowering the viscosity of the slag.

2. Consideration of Mass Transport of FeO in Liquid
Slag (Model C)

Delivery of FeO to the reaction interface may be slow
and may limit the reaction rate. The following analysis is
for the case where mass transport of FeO participates in
rate controlling step along with the mass transport of
Al. The molar flux of FeO in the boundary layer of the
molten slag, JFeO (mol m�2 s�1), can be expressed as:

JFeO ¼ � 1

A

dnFeO
dt

¼ kSFeO cFeO � ciFeO
� � ½21�

where kSFeO is the mass transport coefficient of FeO in
the slag. According to the stoichiometric relationship,
JAl ¼ 2

3 JFeO. This leads to the following relationship:

JAl ¼
2

3
JFeO ¼ kappAl�FeO cAl �

cFeO
LAl�FeO

� �
½22�

where an apparent rate constant for this mixed rate
model by Al–FeO mass transport is

1

kappAl�FeO

	 1

kMAl

�
� 3

2LAl�FeO

� 1

kSFeO
½23�

and

LAl�FeO 	 ciFeO
ciAl

½24�

Equation [22] is then transformed into:

d½pct. S. Al�
dt

¼� AMAl

Wsteel
kappAl�FeO

� qsteel
MAl

½pct. S. Al�

� 1

LAl�FeO

qslag
MFeO

ðpct. FeOÞ
� ½25�

In this model, the apparent mass transport coefficient
kappAl�FeO becomes higher than kMAl, which can increase
the overall rate. The term in the parenthesis in the
Eq. [25] may be small, thereby decreasing the rate even
though the increase of kMAl. However, since the term
LAl�FeO appears in both places (one in the kappAl�FeO and
the other in the parenthesis) and its effect cancels out,
it is unlikely. Indeed, the present case is similar to
enhancement of diffusion-limited rates of vaporization
of metals where vaporization rate is accelerated by the
counter flux of two reactants.[58] Thus, this considera-
tion ruled out a possibility of retarding the reoxidation
rate by FeO mass transport in the slag, and this Model
C is not applicable.
From the analysis using the present models (Model B

and Model C), it is clear that the mass transport of
Al2O3 indeed participates as a part of rate controlling
step.

D. Effect of Temperature on the Reaction Rate

Figure 5 shows the change of [pct. S. Al] in the steel
reacted with A5 slag (C/A = 1.2, (pct. FeO)0 = 5) at
three different temperature. The increasing temperature
increased the reaction rate. Model calculations using the
Model B show good agreement with the experimental
data. For this calculation, mass transport coefficients of
Al and Al2O3 were obtained as follows:


 kMAl: the value obtained at 1823 K (1550 �C) (5� 10�4

m s�1) was extrapolated to 1873 K (1600 �C) and 1923
K (1650 �C) using an Arrhenius equation
(kMAl ¼ C expð�EAðAlÞ=RTÞ), along with the activation
energy EAðAlÞ (= 119 kJ mol�1) reported previ-
ously[32] (a solid line in Figure 6).


 kSAl2O3
: fitted to the experimental data in Figure 6,

after the extrapolation of the kMAl.
Fig. 5—Decrease of [pct. S. Al] in liquid steel reacted with A5 slag
(C/A = 1.2, (pct. FeO)0) at 1823 K (1550 �C), 1873 K (1600 �C),
and 1923 K (1650 �C) (color online).
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Using the fitted kSAl2O3
, the activation energy for the

kSAl2O3
(EAðAl2O3Þ) was obtained by the Arrhenius plot, as

seen in Figure 6(a). The obtained EAðAl2O3Þ was 1147 kJ
mol�1, respectively, which are much greater than EAðAlÞ.
It should be noted that such high EAðAl2O3Þ was not
obtained by a rigorous analysis of Al2O3 mass transport
in the slag. Therefore, this value should be considered to
be valid only in the present mixed transport case.

E. Gradual Variation of Rate-Controlling Step

It was seen that the reoxidation rate was controlled by
mass transport of Al in liquid steel when (pct. FeO)0 was
high (e.g. 15). On the other hand, the rate was
additionally limited by mass transport of the slag
components (Al2O3) when (pct. FeO)0 was low (e.g.
5). Since the reoxidation reaction accompanies with the
continuous reduction of the FeO and increase of Al2O3

in the slag, the rate-controlling step would have to
change gradually, i.e., mass transport of Al in liquid
steel ! mixed mass transport control of Al in liquid
steel and Al2O3 in the slag. This gradual change was
examined by the reaction rate model developed in the
present study (the Model B). As was seen in the relative

size of the activation energy of individual mass transport
coefficient (EAðAlÞ and EAðAl2O3Þ), the gradual change

should increase activation energy of the apparent rate
constant (kappAl�Al2O3

). Figure 6(b) shows the other Arrhe-

nius plot of kappAl�Al2O3
for the reoxidation reaction by the

A5 slag. The kappAl�Al2O3
values were collected and used to

extract the activation energy: (1) at the beginning of the
reaction, (2) in the middle of the reaction ([pct. S. Al]
becomes a half of [pct. S. Al]0), and (3) in the other
middle of the reaction (the reoxidation rate
d[pct. S. Al]=dt decreased to half of its initial value
(d[pct. S. Al]=dtjt¼0)) . The apparent activation energy
of kappAl�Al2O3

(kAl�Al2O3
) increased from 250 to 337 kJ

mol�1 when the ‘‘half-concentration’’ was reached, and
it also increased to 291 kJ mol�1 when the ‘‘half-rate’’
was reached. This gives an evidence that the reoxidation
reaction is governed not by a simple manner, but by
gradual mechanism change during the reaction. It
should be noted that the choices of the ‘‘half-concen-
tration’’ and the ‘‘half-rate’’ do not represent any
specific physical meaning, but were only arbitrary.

F. Practical Application

It was shown that the present experimental data could
be explained by the Model B. Mass transport of Al in
the liquid steel cannot be a sole rate-controlling step,
and mass transport of the slag component is involved as
a part of the rate-controlling step.
As was already seen in Figure 4, decreasing (pct.

FeO)0 decreased the apparent reoxidation rate by the
decreasing source of the reoxidation (FeO) and increas-
ing viscosity of the slag. Therefore, (pct FeO)0 in the slag
is the most critical factor in the control of the reoxida-
tion rate. C/A ratio in the slag does not look as critical
as the (pct FeO)0 in the control of the reoxidation rate.
In this section, the Model B was used for further

analysis for the reoxidation reaction. Figure 7 shows
calculated [pct. S. Al]i, LAl�Al2O3, and kappAl�Al2O3

(m s�1)

at 1823 K, respectively. Numbers with right brace mean
(pct. FeO)0. Solid, dashed, and dotted lines are the
calculated results of different C/A ratio: 1.2, 1.0, and
0.8, respectively. Decreasing (pct. FeO)0 increased [pct.
S. Al]i, therefore decreased the driving force of mass
transport of Al in the liquid steel. It also decreased
LAl�Al2O3

and kappAl�Al2O3
, which also decreased the reox-

idation rate. When (pct. FeO)0 was 10 and 15, C/A ratio
does not influence the three terms ([pct. S. Al]i,
LAl�Al2O3

, and kappAl�Al2O3
) noticeably. Therefore, C/A is

not a critical factor to the reoxidation rate in this case.
On the other hand, when (pct FeO)0 was as low as 5, C/
A ratio does influence the three terms: increasing C/A
ratio increased [pct. S. Al]i and decreased LAl�Al2O3

and
kappAl�Al2O3

. This tells that increasing the C/A ratio would

decrease the reoxidation rate. In Figures 4(g) through
(i), initial reoxidation rate looks similar each other, but
the [pct. S. Al]/[pct. S. Al]0 at the last moment (600
seconds) are seen to be different: the higher C/A ratio is,
the higher the [pct. S. Al]/[pct. S. Al]0 is at 600 seconds.

Fig. 6—Arrhenius plot of (a) kMAl and kSAl2O3
, and (b) kappAl�Al2O3

. A
solid line in (a) was taken from Ref. [32] (color online).
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High C/A ratio decreased the reoxidation rate because
LAl�Al2O3

is low, which is indeed due to the high [pct. S.
Al]i. At the steel–slag interface, the [pct. S. Al]i is
determined by the equilibrium of the Reaction [1]. For a
given steel and slag composition, the equilibrium [pct. S.
Al]i is governed by the activity of FeO in the slag (see the
Eq. [8]). If slags of a similar level of (pct. FeO)0 with
different C/A0 ratios are considered, [pct. S. Al]i would
be higher if the activity coefficient of FeO (cFeO) is lower
in the slag. According to the available literature,
increasing C/A0 ratio in the CaO–Al2O3–FetO slag
lowers cFeO.

[59,60] Although the slag used in the present
study and practical RH slags contain some other minor
components such as MgO, increasing C/A0 ratio in RH
slag of low (pct. FeO)0 (i.e. � 5) can lower the
reoxidation rate. This conclusion is in agreement with
recent reports.[61,62]

A recent work on viscosity (g) of similar slag system
(CaO–Al2O3–FetO–SiO2–MgO) by Kim and Park
showed that the g of low C/A ratio depends on (pct
FetO) more significantly than that of high C/A ratio, in
the range of C/A ratio from 1.0 to 2.0.[63] This
observation and the present results may be summarized
as follows (see Table II). Upon increasing (pct. FetO) in
RH slags, [pct. S. Al]i decreases. This increases
LAl�Al2O3

, and consequently increases kappAl�Al2O3
. These

phenomena become more significant when the C/A ratio
is high. At the same time, g of the slag decreases upon
increasing the (pct. FetO). However, the decrease of g
was reported to be more significant when the C/A ratio
is low. Since the g is thought to be inversely propor-
tional to the reaction rate constant (kappAl�Al2O3

in the

present study or as was reported in Reference 38), the
more significant effect of the (pct. FetO) on the g at low

C/A ratio is not fully consistent with the kinetic analysis
presented in the present study, although the effect of g
was indeed taken into account in the present reaction
rate model. This implies that the reoxidation rate is
governed partly by the g of the slag involved, but it is
not a major determining factor. Clearly, thermodynam-
ics at the steel-slag interface play more significant role.
In practical operation, FetO in the RH slag comes

from BOF slag due to partial entrapment of the slag
during tapping to a ladle.[64] The FetO is one of
significant sources of reoxidation during RH process.
Deoxidizing the RH slag by killing FetO before or
during the process by adding Al or C source is one of the
possible ways to suppress the reoxidation. However, it is
generally not easy to reduce the FetO component in the
slag because the top surface of the slag is partially
solidified and a substantial amount of fume is generated.
This lowers workability during the practical operation.
On the other hand, higher FetO content in the slag
lowers the viscosity of the slag, which is beneficial to
absorb floating alumina inclusions into the slag, as was
mentioned in Section I.[27] This suggests that having
FetO in the RH slag may be utilized to absorb the
inclusions floating up toward the steel-slag interface if
reoxidation by the FetO is not concerned. A compro-
mise for the content of FetO may be thought between
removing a source of reoxidation to suppress the
formation of alumina inclusions and keeping a source
of lowering the viscosity of the slag to absorb inclusions
rapidly. This depends on the conditions of each RH
facility and workability in the plant. As an alternative,
killing FetO and adding a non-reducible flux that lowers
the viscosity of RH slag can suppress the reoxidation

(a) (b) (c)

Fig. 7—Calculated various data from the Model B during the reoxidation reaction at 1823 K: (a) Al content at the interface, [pct. S. Al]i, (b)
local equilibrium condition, LAl�Al2O3

, and (c) apparent mass transport coefficient, kappAl�Al2O3
(m s�1)(color online).

3042—VOLUME 52B, OCTOBER 2021 METALLURGICAL AND MATERIALS TRANSACTIONS B



and increase the dissolution rate of inclusion in the slag.
Of course, it adds then one more concern regarding
production cost and refractory life.[65,66]

As was mentioned in Section III, the measured [pct. T.
O] shown in Figures 1(e) through (f) at a later stage of
the reaction seems due to soluble O. This is likely to
happen beneath the slag–steel interface. When this
soluble O reacts with soluble Al, this will also be
another source of alumina inclusion due to the reoxi-
dation reaction indirectly. A new method to analyze the
soluble O in steel specimen using conventional inert gas
fusion infrared absorptiometry was recently developed
by the present author.[67] It is suggested that the
cleanliness of liquid steel in terms of O content should
consider the presence of soluble O, which is generated
due to FetO in slag.

V. CONCLUSION

In view of reoxidation of ULC steel during RH
process, reaction rate and mechanism of the following
reaction was investigated by a series of laboratory-scale
experiment and reaction rate model analyses coupling
CALPHAD thermodynamics and mass transport
theory:

2Alþ 3(FeO) ¼ (Al2O3Þ þ 3Fe(l) ½26�

(pct. FetO)0, C/A ratio in slag, and reaction tempera-
ture were varied to find critical factors influencing the
reaction rate and mechanism. From the experiment
and the model analysis, the followings were concluded:

1. Increasing (pct. FetO)0 increased the reoxidation
rate, and varying C/A ratio was important when (pct.
FetO)0 was low (5 in the present study).

2. Analyzed [pct. T. O] in steel was partly contributed
by soluble O, and a possibility of supersaturation was
observed.

3. Reoxidation rate was nearly controlled by mass
transport of Al in liquid steel, but decreasing (pct.
FetO)0 alters the rate-controlling step toward mixed
transport control involving Al2O3 transport.

4. A new reaction rate model was developed which
takes into account a local equilibrium by CALPHAD
method, mixed transport rate in both phases, effect of

viscosity on mass transport coefficients of Al2O3 or
FetO) in the slag, and was shown to be in good
agreement with the present experimental data.

5. Activation energy of the mass transport process
gradually increased as the reaction proceeded. This
suggests that the rate-controlling step gradually
changes during the reaction. Therefore, the reaction
mechanism was changed during the reaction.

6. At high (pct FetO)0, C/A0 ratio in the slag hardly
affects the reoxidation rate. At low (pct FetO)0,
increasing C/A0 lowers the reoxidation rate, thus is
beneficial to suppress the reoxidation.
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