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During ladle furnace refining, initial Al2O3 inclusions generally transform into MgOÆAl2O3

spinel inclusions; these generated spinel inclusions consequently deteriorate the product quality.
In this study, the transformation from Al2O3 to MgOÆAl2O3 was investigated by immersing an
Al2O3 rod into molten steel, which was in equilibrium with both MgO and MgOÆAl2O3

spinel-saturated slag. A spinel layer, with a thickness of 4 lm, was generated on the Al2O3 rod
surface just 10 s after its immersion at 1873 K (1600 �C). The thickness of the formed spinel
layer increased with the immersion period and temperature. Moreover, the MgO content of the
generated spinel layer also increased with the immersion period. In this study, the chemical
reaction rate at 1873 K (1600 �C) was assumed to be sufficiently high, and only diffusion was
considered as a rate-controlling step for this transformation. By evaluating the activation
energy, MgO diffusion in the generated spinel layer was found to be the rate-controlling step. In
addition, this estimation was confirmed by observing the Mg and Al concentration gradients in
the generated spinel layer. The results of this study suggest that the MgO diffusion in the spinel
inclusions plays a substantial role with regard to their formation kinetics.
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I. INTRODUCTION

INCLUSIONS play a crucial role in determining steel
quality because their properties, such as their plasticity
and thermal expansion, differ to those of the steel
matrix; they then act as stress raisers and a source of
cracks. In general, inclusions are harmful, except in
certain circumstances, where inclusions with extremely
small sizes can be utilized as nucleation sites for phase
transformation. In many cases, during ladle furnace
(LF) refining, Al2O3 inclusions, a common deoxidation
product, often degrade into MgOÆAl2O3 spinel inclu-
sions (for simplicity, denoted as spinel in this paper).

This spinel is generally considered harmful because
many studies have shown that steel surface deterioration
or impaired fatigue resistance is often related to spinel.
In addition, spinel can easily sinter with the nozzle
material and disturb the casting process. Therefore, the
control of spinel generation is currently attracting
worldwide research attention.[1–25]

Many studies have been conducted to clarify the
spinel generation mechanism. To simplify, spinel inclu-
sions can form in two ways: In the first case, the
inclusions are caused by entrapped slag droplets or ladle
glaze; these inclusions are known as ‘exogenous’ inclu-
sions.[1,2] In the other case, the inclusions are caused by
interaction between the steel melt and Al2O3 inclusions;
these inclusions are known as ‘endogenous’ inclu-
sions.[3,4] Park et al.[1] found that following interaction
with the Al in the steel melt, a MgOÆAl2O3 phase
precipitated in the entrapped CaO-MgO-Al2O3-SiO2

slag droplets. They considered that this precipitated
spinel phase could separate from the slag droplets and
form inclusions. Son et al.[2] studied the reactions
between glazed refractory and Al-deoxidized molten
steel. They found that the refining slag that adhered
onto the surface of the refractory (ladle glaze) separated
into spinel and a CaO-Al2O3 phase during cooling. They
considered that the ladle glaze became entrapped in the
steel melt and formed spinel and CaO-Al2O3-type
inclusions. In general, the spinel inclusions that are
generated through the exogenous process
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simultaneously exist with CaO-Al2O3-type or CaO-SiO2-
type inclusions. However, in actual production, only
spinel and Al2O3 inclusions were detected several minutes
after Al deoxidation; therefore, the spinel was not
predominantly generated via an exogenous mechanism.
Moreover, Harada et al.[3] summarized the spinel gener-
ation mechanism that occurs via the endogenous process,
as shown in the following three reactions; they concluded
that Reaction [3] was thermodynamically favorable.

Mg½ � þ Al½ � þ O½ � ! MgO �Al2O3 ½1�

Mg½ � þ Al2O3ð Þ ! MgO �Al2O3 ½2�

MgOð Þ þ Al½ � ! MgO �Al2O3: ½3�
However, in an actual refining process, MgO inclu-

sions are normally not observed in the steel melt prior to
Al addition.[5] Thermodynamically, under steelmaking
conditions, Reactions [1] and [2] could both occur and
generate spinel inclusions; however, one of the authors
of this paper[4] concluded that the Al2O3 transformation
(Reaction [2]) was the preferential spinel generation
route on the basis of kinetic experiments. In addition,
Wang et al.[5] also found that during LF refining, only
Al2O3 inclusions were observed just following Al deox-
idation; the number of Al2O3 inclusions decreased
dramatically, while that of the spinel subsequently
increased sharply. In their research, the increase in the
mass ratio of spinel inclusions and the reduction in
Al2O3 inclusions precisely correlated with the results of
Reaction [2]. Therefore, they concluded that the trans-
formation of Al2O3 was the predominant mechanism for
spinel generation.

In practice, spinel inclusions are inevitably generated
regardless of the generation mechanism. The spinel
generation process consists of two steps. In the first step,
Mg is supplied fromMgO sources to the steel melt. This is
followed by the second and final step, which is the
transformation of the Al2O3 inclusions. Therefore, the
kinetics of both theMg supply and Al2O3 transformation
should be studied to determine control measures. The
rate-controlling step was determined in terms of the
kinetics.Okuyama et al.[6] investigated the variation in the
Mg content of steel that was reacted with slag using an
induction furnace. Based on theoretical analysis of the
experimental results, they concluded that theMg transfer
in the steel melt functioned as the rate-controlling step for
the Mg supply. Harada et al.[3] studied the rate of supply
of Mg to molten steel from MgO refractory; this was
performed by immersing and rotating a cylinder of
sintered MgO in a steel melt. They also concluded that
the Mg transfer in the steel melt functioned as the
rate-controlling step for the Mg supply. One of the
authors of the current study[7] investigated the dissolution
of Mg from MgO refractory, MgO-C refractory, and
MgO-containing slag to Al-killed steel. Their experimen-
tal results correlated with a model calculation, which
assumed that the Mg transfer in the steel melt functioned
as the rate-controlling step for the Mg supply. From the

above works, it is widely accepted that Mg transfer in a
steel melt functions as the rate-controlling step for Mg
supply, regardless of the MgO source. With regard to the
second step of spinel generation, Al2O3 inclusion trans-
formation, few studies have been conducted. In previous
works,[6,7] such inclusions were assumed to be in equilib-
rium with the steel melt. However, one of the authors of
the current study[4] observed that spinel inclusions had
cores with lowMgO contents (MgO 25 pct-Al2O3 75 pct)
and outer layers with high MgO contents (MgO
41 pct-Al2O3 59 pct) following Al2O3 inclusion transfor-
mation; these results were based on an experiment that
used MgO-C refractory as a MgO source. These results
indicated that a MgO gradient existed inside the solid
inclusions, which contradicted the assumption that the
inclusions were in equilibrium with the steel melt.
Therefore, in terms of precise inclusion control, the
kinetics for the spinel generation shall be studied. In
detail, it is necessary to determine the rate-controlling step
associated with the Al2O3 transformation to spinel and
clarify the transformation rate.
In this study, to investigate the rate of transformation

of Al2O3 to spinel, an Al2O3 rod was immersed into
Mg-containing molten steel, and the rate of formation
of the spinel layer on the surface of the Al2O3 rod was
measured. Although Al2O3 inclusions are small and
usually consist of a single crystal, a polycrystalline
Al2O3 rod of macroscopic size was selected to measure
the transformation rate. In addition, prior to the
immersion of the Al2O3 rod, the Mg-containing steel
was equilibrated with slag that was saturated with both
MgO and MgO-saturated spinel, and thus the transfor-
mation rate was studied exclusively without the influ-
ence of the Mg supply rate.

II. EXPERIMENTAL METHOD

A. Raw Materials

The slag employed in this study was composed of 25
mass pct CaO-20 mass pct MgO-55 mass pct Al2O3 (all
the compositions in this paper are given in mass
percentage, unless specifically stated). A diagram show-
ing the projection of the slag composition on the
CaO-MgO-Al2O3 system is shown in Figure 1. There-
fore, the liquid phase of the slag employed was saturated
with both MgO and MgO-saturated MgOÆAl2O3. To
prepare the slag, CaO was prepared by heating CaCO3

at 1273 K (1000 �C) for 12 hours, which was subse-
quently mixed with reagent grade MgO and Al2O3.
Subsequently, the mixture was pressed into tablets and
sintered at 1473 K (1200 �C) for 12 hours; it then
solidified and formed lump slag.
A metal with a composition of Fe-11 pct Cr-0.25 pct

Al was used in this study. To prepare this metal,
electrolytic Fe together with high-purity Cr (99.9 pct)
and Al (99.999 pct) metals were melted in an argon arc
furnace to produce the master steel.
Dense Al2O3 rods (density: 3.9 g/cm3) were cut from

an a-Al2O3 (99.6 pct) thermocouple protective tube with
an outer diameter of 6 mm.
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B. Experimental Procedure

The experimental set-up for this research is shown in
Figure 2. The experiment was conducted using an
induction furnace (195 kHz). Prior to heating, 150 g of
the prepared metal, together with 13 g of the lump slag,
was loaded into a dense MgO crucible (ID: 32 mm, OD:
38 mm, H: 100 mm). Subsequently, the chamber of the
furnace was subjected to vacuum conditions, and then
purged with purified argon. This process was repeated
three times. To achieve purification, the argon
(99.9999 pct) was passed through heated Mg chips
[573 K (300 �C)] to remove oxygen (< 0.1 ppm); it then
flowed into the chamber of the furnace. Subsequently,
the metal was heated to 1873 K (1600�C), and the
temperature of the molten steel was measured by
immersing a thermocouple protected by an MgO tube
into the melt. Subsequently, the system was maintained
at 1873 K (1600 �C) for 2 hours for the melt to attain
both MgO and spinel saturation. Then, the pre-heated
Al2O3 rod was immersed into the molten steel, and this
time was considered the starting point of the experiment.
Prior to immersion, the Al2O3 rod was positioned just
above the surface of the slag, and pre-heated for 4 hours.
Following its immersion for a pre-determined time, the
Al2O3 rod was removed and air-cooled, while the molten
steel together with the crucible was rapidly quenched
with water. The Al2O3 rod was immersed for 0, 10, 20,
30, 60, or 180 seconds, respectively. To clarify the
influence of temperature, experiments were also con-
ducted at 1823 K (1550 �C) and 1923 K (1650 �C). In
these cases, the steel was allowed to react with the slag at
1873 K (1600 �C) for 1 hour 40 minutes, and subse-
quently, the temperature was altered to the target value
within 20 minutes.

C. Analysis

Following quenching, the center portion of the metal
(5 mm above the base) was cut for both chemical
composition analysis and inclusion observation. For the
chemical analysis, the Al and Mg contents were ana-
lyzed using inductively coupled plasma atomic emission

spectroscopy (ICP-AES). The lower limit of quantita-
tion of ICP analysis method in this study has been
confirmed to be much lower than the analyzed values
shown in the following figures, and thus the analysis
accuracy of Mg is considered to be reliable. The Total
Oxygen (T.O) of the steel sample was measured by the
infrared X-ray absorption method. For inclusion obser-
vation, a scanning electron microscope (SEM) equipped
with an automatic inclusion analysis system was used
(P-SEM, ASPEX corporation). For the P-SEM obser-
vation, the accelerating voltage used for EDS analysis of
inclusions was 15 kv. During the P-SEM analysis, Mg,
Al, Fe, Ca, O, S, and Cr were selected as target elements
since they existed in the molten steel sample. The
inclusions were assumed to consist of MgO, Al2O3, and
CaO, and the analyzed values of Mg, Al, and Ca were
converted to oxide values using a stoichiometric rela-
tionship. The values of Fe and Cr were ignored as it was
assumed that they were caused by the analysis of the
metal phase. The value of S was also ignored because of
its low concentration. It should be noted that during the
P-SEM observation, inclusions with sizes smaller than 1
lm were not detected, and the scan area for each sample
was greater than 30 mm2. To observe the growth of the
spinel layer on the Al2O3 rod, the cooled Al2O3 rod was
embedded in resin and cut; the cross section was then
polished and observed using an electron probe micro-
analyzer (EPMA). For the EPMA analysis, the acceler-
ating voltage was 15 kv and WDS was used.

III. EXPERIMENTAL RESULTS

A. Transformation of Al2O3 to spinel at 1873 K
(1600 �C)
The change in the metal composition (Al, Mg, T.O) is

shown in Figure 3. It should be noted that the compo-
sition at 0 minute was analyzed using the quenched

Fig. 1—Projection of the employed slag composition on the CaO-M-
gO-Al2O3 phase diagram.

Fig. 2—Schematic of experimental apparatus.
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metal, which was equilibrated with slag for 2 hours
without immersion of the Al2O3 rod. As shown in
Figure 3, over the period of 0 to 180 seconds, the Al
content slightly increased, while the Mg content slightly
decreased. Under the current experimental conditions,
the Al and Mg contents of the metal should change via
the following chemical reaction:

3 Mg½ � þ 4 Al2O3ð Þ ! 3MgO �Al2O3 þ 2½Al]: ½4�

Therefore, the reduction in the molar amount of Mg
should be 1.5 times that of the increase in Al. However,
the current results showed that the Al content of the
metal melt increased by approximately 120 ppm, while
the Mg content only decreased by several ppm. This
deviation would be caused by the continuous supply of
Mg from the slag. Therefore, the Mg content of the
molten metal was considered to be determined by the
kinetic balance of the consumption due to the spinel
generation and the supply from the slag. However, the
overall Mg concentration decreased, which indicated
that the rate of supply of Mg from the slag was
insufficient to compensate for the Mg consumption via
Reaction [4]. In addition, the T.O content should be
constant because the slag and metal react for 2 hours
prior to the Al2O3 rod immersion, and the steel melt
composition is always in the region of the MgO-satu-
rated spinel. However, it fluctuated within 3 ppm, which
could be caused by a measurement error.

The element mapping images of O, Ca, Al, and Mg
near the surface of the Al2O3 rod, following its
immersion for 10 and 60 seconds, are shown in
Figure 4. In these element mapping images, the highest
and lowest O contents are 50 and 0 pct, respectively.
The respective contents are 10 and 0 pct for Ca; 70 and
0 pct for Al; and 16 and 0 pct for Mg. On the surface of
the Al2O3 rod, an Mg-enriched area with Al depletion
was observed. The results of the quantitative analysis of
this Mg-enriched area are also summarized in Figure 4.
For spinel, according to the Al2O3-MgO binary phase
diagram, the mass ratio of MgO and Al2O3 should be in

the range of 0.234 to 0.408[26]; therefore, the MgO-en-
riched area was considered as spinel (alumina-saturated
spinel at 10 seconds). In addition, the CaO content of
the MgO-enriched area was negligible, which indicated
that no reaction between the Al2O3 rod and slag
occurred because the rod was rapidly removed following
the given immersion time and there was a short period
of contact between the rod surface and slag. The
thickness of the spinel layer was measured using the
magnified EPMA images. The change in the thickness of
the formed spinel layer as a function of time is shown in
Figure 5. The spinel layer thickness changed with
position and 10 positions were analyzed for each sample
and in Figure 5, the data were presented with an error
bar. A spinel layer, with a thickness of 4 lm, generated
on the Al2O3 rod surface after immersion for only 10
seconds. Then, the thickness of the layer increased
continuously with extended immersion time. This incre-
ment followed a parabolic law which indicated that
diffusion could be the rate-controlling step, and this will
be discussed in detail later. In addition, the thickness at
180 seconds immersion period was not shown in this
figure because the thickness was very thin (even thinner
than that at 60 s immersion period), and it was
considered that the grown spinel layer would detach
from the Al2O3 rod.
The line scan of the spinel layer on the Al2O3 rod

surface, which formed following 30 seconds of immer-
sion at 1873 K (1600 �C), is shown in Figure 6. The
horizontal axis indicated the position and the vertical
axis indicated the observed elemental intensity. In the
spinel phase, the Al content gradually decreased from
the interface of the Al2O3 rod and spinel to the surface
(interface of spinel and molten steel); however, the
respective Mg content increased. Line scans of the
generated spinel layer, with both short and long
immersion periods, were conducted; the Mg and Al
gradients were observed for each immersion period. To
observe the variation in the composition of the spinel
layer with the immersion period, the MgO content of the
center portion of the spinel layer was used to represent
the average composition; its variation as a function of
time is shown in Figure 7. Initially, the composition of
the layer was close to that of the Al2O3-saturated spinel;
following 30 seconds, it entered into the stable zone of
the spinel.
Using P-SEM analysis, the composition of the inclu-

sions was confirmed as the binary system of Al2O3 and
MgO, because CaO was not detected in any of the
inclusions. The variation in the MgO content of the
inclusions in the steel is shown in Figure 8 as a function
of time. The steel had already reached equilibrium with
the slag saturated with the MgO and MgO-saturated
spinel; therefore, the inclusions were saturated with
MgO prior to the immersion of the Al2O3 rod. As the
immersion time was extended, the Mg content of the
steel melt decreased gradually, and the MgO content of
the inclusions also decreased but remained in the
MgO-saturated spinel region. This was because the
supply rate of the Mg from the slag was insufficient to
compensate for the Mg consumption due to the

Fig. 3—Variation in the composition of molten steel with immersion
time.
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formation of the spinel layer on the Al2O3 rod. In this
study, the observed inclusions were smaller than 5 lm.

B. Transformation of Al2O3 to Spinel at Various
Temperatures

The compositions of the molten steel, following the
immersion of the Al2O3 rod for 10 and 20 seconds at
various temperatures, are shown in Figure 9. The
variations in the Mg, Al, and T.O contents with the
experimental temperature are negligible. The spinel layer
thickness increased with both temperature and the

immersion time as shown in Figure 10. Both the
composition and the elemental gradient of the spinel
layers generated at various temperatures were almost the
same as those of the spinel layer formed at 1873 K (1600
�C). Although the composition range of spinel changes
with temperature, its difference is not so large. For

Fig. 4—Element mapping of the formed spinel at the Al2O3–alloy interface; (a) 10 s immersion period (b) 60 s immersion period.

Fig. 5—Variation in the thickness of the formed spinel layer with
immersion time.

Fig. 6—Concentration gradients of Al and Mg within the formed
spinel layer.
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example, the concentration range of MgO in spinel is 21
to 28 pct at 1823 K and 18 to 30 pct at 1923 K.
Therefore, the clear difference with temperature was
not found in this experiment.

IV. DISCUSSION

In this study, a spinel layer with a thickness of 4 lm
generated rapidly on the surface of the Al2O3 rod within
just 10 seconds, following its immersion at 1873 K (1600
�C). To determine the rate-controlling step for the Al2O3

transformation, the spinel generation process was con-
sidered, as shown in Figure 11. The possible rate-con-
trolling steps of this transformation include (a) Mg
transfer at the boundary layer of the molten steel; (b)
MgO transfer in the formed spinel layer; and (c)
chemical reaction at the formed spinel–Al2O3 rod
interface. Recently, Sarkar et. al.[27] proposed a kinetic

model for the dissolution of solid lime in slag, and they
considered a similar dissolution process, which is shown
in Figure 11. Although the system in the current study is
completely different from that in theirs, the kinetic
model developed by them can be applied in this study.
In this research, the rate of the chemical reaction at 1873
K (1600 �C) was assumed to be sufficiently high, and
only the diffusion was considered as the rate-controlling
step for this transformation.
By treating the Al2O3 rod as a plate with one

dimension, and only considering the diffusion of Mg
or MgO, the following kinetic equations can be deter-
mined for each condition.

A. Mg Diffusion Control in the Boundary Layer of the
Molten Steel

The diffusion of the Mg through the boundary layer
can be expressed as

d

dy
NMg �yð Þ
� �

¼ 0; ½5�

where NMg �yð Þ is the combined molar flux of Mg (mol/
m2s) and y is the direction.
By integrating Eq. [5] with the boundary conditions

listed in Eq. [6], we obtained the growth rate of the
spinel layer, based on the assumption of controlled
diffusion in the boundary layer of the molten steel, as
described in Eq. [7].

CMg ¼ Ci
Mg at y ¼ y0Al2O3

CMg ¼ Cb
Mg at y ¼ y0Al2O3

þ dC ½6�

X ¼ qmDm

qAl2O3
dCy0Al2O3

ln
qm � Ci

Mg

qm � Cb
Mg

 !

t; ½7�

where Ci
Mg and Cb

Mg are the molar concentration of

Mg at the formed spinel–molten steel interface (mol/
m3) and the molar concentration of Mg in the bulk
molten steel (mol/m3), respectively; y0Al2O3

and dC are

the initial thickness of the Al2O3 plate (m) and the
thickness of the boundary layer in the molten steel
(m), respectively; t is the reaction time (seconds); qm
and qAl2O3

are the molar densities of the molten steel
(mol/m3) and Al2O3 plate (mol/m3), respectively; Dm is
the Mg diffusion rate in the molten steel (m2/s), and X
is the ratio of the formed product thickness to the ini-
tial thickness of the Al2O3 plate.
On the right-hand side of expression [7], all the

variables can be treated as constants, with the exception
of Dm, therefore, expression [7] can be simplified as

X ¼ B1Dmt; ½8�

where B1 indicates qm
qAl2O3

dCy0Al2O3

ln
qm�Ci

Mg

qm�Cb
Mg

� �
in Eq. [7]

and is a constant independent of temperature.

Fig. 7—Variation in the average MgO concentration of the formed
spinel layer with immersion time.

Fig. 8—Variation in the MgO content of the inclusions with immer-
sion time.
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B. MgO Diffusion Control in Formed Spinel Layer

If the diffusion that occurs in the formed spinel layer
functions as the rate-controlling step, the reaction rate
could be expressed in a similar manner to Eq. [5];
however, in this case, the boundary conditions differ to
those in Eq. [6]. They are listed as follows:

CMgO ¼ Ci
MgO at y ¼ yAl2O3

CMgO ¼ Cs
MgO at y ¼ y0Al2O3

; ½9�

where Ci
MgO is the molar concentration of MgO at the

interface between the formed spinel layer and unre-
acted Al2O3 surface (mol/m3); Cs

MgO is the molar con-

centration of MgO at the interface between the formed
spinel layer and molten steel (mol/m3); and yAl2O3

is
the thickness of the unreacted Al2O3 layer.
By integrating Eq. [5] with the boundary conditions

listed in Eq. [9], we obtained the growth rate of the
spinel layer by assuming that the MgO diffusion in the
formed spinel layer functioned as the rate-controlling
step, as described in Eq. [10].

X2 ¼ Dp

y20Al2O3

ln
qAl2O3

� Ci
MgO

qAl2O3
� CS

MgO

 !

t; ½10�

where Dp is the Mg diffusion rate in the solid spinel
(m2/s).
On the right-hand side of expression [10], all the

variables can be treated as constants, with the exception
of Dp; therefore, expression [10] can be simplified as

X2 ¼ B2Dpt; ½11�

where B2 indicates
1

y20
Al2O3

ln
qAl2O3

�Ci
MgO

qAl2O3
�CS

MgO

� �
in Eq. [11], and

it is a constant that is independent of temperature.
To evaluate the rate-controlling step, the activation

energy was estimated using the experimental results.

Fig. 9—Variation in the composition of the molten steel with immersion time, under various temperatures; (a) 10 s and (b) 20 s.

Fig. 10—Variation in the thickness of the formed spinel product un-
der various temperatures.

Fig. 11—Illustration of the formation of spinel layer on Al2O3 sur-
face.
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Initially, the values of B1Dm and B2Dp at each temper-
ature were obtained by the relationship between X or X2

and t. Subsequently, the activation energy was calcu-
lated using the relationship between B1Dm or B2Dp and
the temperature, as shown in Figure 12.

If the Mg diffusion in the boundary layer of the
molten steel is assumed to be the rate-controlling step,
the evaluated activation energy can be determined to be
240 kJ/mol. However, if the diffusion of the MgO in the
formed spinel is assumed to be the rate-controlling step,
the activation energy can be determined to be 464
kJ/mol. B1 and B2 are independent of temperature;
therefore, the obtained activation energy values can be
compared with reported values for the activation energy
of diffusion. Although the activation energy for the
diffusion of Mg in molten steel has not been measured,
the diffusion coefficients, and their temperature depen-
dencies, of the various elements in the molten steel do
not exhibit large differences.[28] The measured activation
energies of the various elements in the molten steel[29]

are far lower than 240 kJ/mol, which was the value
determined in this study. In contrast, the activation
energy of the MgO diffusion in the spinel was high.
Seetharaman et al. investigated the inter-diffusion of Mg
and Al in spinel using the diffusion couple method, and
they obtained an activation energy of 539.8 kJ/mol over
a temperature range of 1473 K to 1873 K (1200 �C to
1600 �C).[30] Van Orman et al. summarized experimental
data for cation diffusion in spinel, and showed that the
activation energy for Mg-Al inter-diffusion in the spinel
was 230 kJ/mol over the temperature range of 833 K to
1873 K (560 �C to 1600 �C).[31] This value was not
directly obtained for Mg-Al inter-diffusion but for
Mg-Al cation ordering in spinel; the activation energies
for these two processes are similar. The estimated
activation energy obtained in this study (464 kJ/mol)
was within the range of values published for MgO
diffusion in spinel (230 and 539.8 kJ/mol). Assuming
that the chemical reaction rate is sufficiently high, based
on the similarity between the activation energies, it can

be concluded that the diffusion of MgO in the generated
spinel layer functions as the rate-controlling step. In
addition, in Figure 6, the Mg and Al concentration
gradients observed in the formed spinel layer also
support the idea that the MgO diffusion in spinel plays
a substantial role with respect to the spinel formation
kinetics.
Recently, Galindo et al.[32] developed a kinetic model

of the Al2O3-to-spinel transformation. In their model,
the mass transfer at the boundary layer of the molten
steel and the cationic diffusion at the formed spinel layer
are considered. The diffusion in the formed spinel layer
was calculated using the Wagner–Schmalzried the-
ory,[33,34] and the mass transfer rate in the molten steel
was estimated using experimental data for the measured
reaction rate between the molten slag and steel. The
authors concluded that the mass transfer in molten steel
was the rate-controlling step for the Al2O3 inclusion
transformation. To validate this conclusion, precise
evaluation of the mass transfer coefficient in molten
steel should be studied in future.
After determining the rate-controlling step for the

Al2O3 transformation, the MgO diffusion coefficient
(Dp) of the spinel layer can be obtained using Eq. [10].
For Ci

MgO and Cs
MgO, MgO concentrations of Al2O3-sat-

urated spinel and MgO-saturated spinel were used based
on the phase diagram of Al2O3-MgO system.[26] The
mass percent was converted to mole fraction assuming
that the density of spinel was 3.58 g/cm3.[35]

The values of all the parameters used to estimate Dp

are listed in Table I, and estimated values of Dp are
listed in Table II. The value of composition range of
spinel at different temperatures was used for the
calculation of Dp at different temperatures. Galindo
et al.[32] summarized and compared reported self-diffu-
sion and inter-diffusion coefficients of spinel; the
reported values range from 1E-12 m2/s to 1E-18 m2/s
at 1873 K (1600 �C), which are close to the estimated
value obtained in this study.
The transformation rate of the Al2O3 inclusions at

1873 K (1600 �C) was estimated; it was assumed that the
inclusions possessed a spherical shape or plate shape. In
the case of the spherical phase, the rate of the
Al2O3-to-spinel transformation can be calculated using
Eq. [12].[27] In the case of the plate shape, the rate was
calculated based on Eq. [10].

1� 2

3
X� ð1� XÞ2=3 ¼ Dp

y0Al2O3

2
ln

qAl2O3
� Ci

MgO

qAl2O3
� Cs

MgO

 !

t:

½12�
The calculated transformation rates for Al2O3 inclu-

sions with various sizes at 1873 K are shown in
Figure 13. In Figure 13, the initial plate thickness is
the length of the shortest edge of the plate-shaped
inclusion. The calculated transformation rates for Al2O3

inclusions with 5 lm in radius (spherical shape) at
different temperatures are shown in Figure 14. The time
required for the Al2O3 inclusion to completely transform
increased with the inclusion diameter; it took just 3
seconds for a typical Al2O3 inclusion (5 lm in radius,

Fig. 12—Temperature dependence of parameters B1Dm and B2Dp,
used to estimate the activation energy.
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spherical shape) to transform at 1873 K. In addition, the
times for the same transform at 1823 K and 1873 K are 7
and 2.2 seconds, respectively. The transformation rate
of the spherically shaped inclusion was greater than that
of the plate-shaped inclusion. This is because the
spherically shaped inclusion had two dimensions while
the plate-shaped Al2O3 inclusion was treated as having
one dimension with regard to MgO diffusion. By this
research, it was found that the transformation rate of
Al2O3 to spinel is very fast. This indicates that the
transfer rate is controlled by the dissolution rate of Mg
from slag or refractory. Therefore, to suppress the spinel
inclusion formation, it is essential to decrease the
dissolution rate of Mg.

V. CONCLUSIONS

In this study, an Al2O3 rod was immersed into
Mg-containing molten steel to investigate the transfor-
mation rate of Al2O3 to MgOÆAl2O3. The following
results were obtained:

Table I. Parameters Used to Determine the Diffusion Coefficient of MgO in the Spinel

qs (mol m�3) qAl2O3
(mol m�3) y0Al2O3

(m)

25211 38235 0.003

Cs
MgO (mol m�3) Ci

MgO (mol m�3)

1823 K 25060 18795
1873 K 25955 17005
1923 K 26850 16110

Table II. Estimated Diffusion Coefficient of MgO in the Spinel at Various Temperatures

Temperature 1823 K (1550 �C) 1873 (1600 �C) 1923 (1650 �C)

Dp (m2 s�1) 2.08E�12 4.93E�12 6.77E�12

Fig. 13—Estimated transformation rate of Al2O3 inclusions with various sizes a) spherical shape b) plate shape.

Fig. 14—Estimated transformation rate of Al2O3 inclusions with 5
lm in radius of spherical shape at different temperatures.
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(1) The rate of the Al2O3-to-MgOÆAl2O3 spinel trans-
formation was rapid when there was sufficient Mg in
the molten steel. Following the immersion, a spinel
layer with a thickness of 4 lm formed on the Al2O3

rod surface within 10 seconds.
(2) By evaluating the apparent activation energy, in this

research, the rate-controlling step was determined to
be the MgO diffusion in the formed spinel layer. The
activation energy of the MgO diffusion in the spinel
was determined to be 464 kJ/mol.

(3) Based on the determined rate-controlling step, the
diffusion coefficient of the MgO in the MgOÆAl2O3

spinel was calculated. Its value varied from
2.08E�12 m2/s to 6.77E�12 m2/s over the temper-
ature range of 1823 K to 1923 K (1550 �C to 1650
�C).
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