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This study documents laboratory-scale observations of reactions between Fe-Al alloys (0.1 to
2 wt pct Al) with slags and refractories. Al in steels is known to reduce oxide components in slag
and refractory. With continued development of Al-containing Advanced High-Strength Steel
(AHSS) grade, the effects of higher Al must be examined because reduction of components such
as CaO and MgO could lead to uncontrolled modification of non-metallic inclusions. This may
lead to castability or in-service performance problems. In this work, Fe-Al alloys and
CaO-MgO-Al2O3 slags were melted in an MgO crucible and samples were taken at various times
up to 60 minutes. Inclusions from these samples were characterized using an automated
scanning electron microscope equipped with energy dispersive x-ray analysis (SEM/EDS).
Initially Al2O3 inclusions were modified to MgAl2O4, then MgO, then MgO +
CaO-Al2O3-MgO liquid inclusions. Modification of the inclusions was faster at higher Al
levels. Very little Ca modification was observed except at 2 wt pct Al level. The thermodynamic
feasibility of inclusion modification and some of the mass transfer considerations that may have
led to the differences in the Mg and Ca modification behavior were discussed.
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I. INTRODUCTION

RECENT development of new Advanced High-
Strength Steel (AHSS) grades has resulted in higher
levels of the alloying elements Si, Mn, Al, and Cr than
traditional low-C Al-killed grades.[1–3] Particularly
important is Al, as increased dissolved Al content can
reduce MgO, CaO, and other oxides that comprise ladle
slags and refractories at liquid steel refining tempera-
tures. Reduction of these slag components leads to Ca
or Mg transfer to inclusions in the steel and uncon-
trolled changes to inclusions, leading to castability or
performance problems.

Several previous studies have investigated the reduc-
tion of slag and refractory components in Al-killed
(approx. 0.03 wt pct Al) steels. Spinel (MgOAl2O3)
formation due to MgO reduction has been the most
extensively studied, often in stainless steels since spinel
inclusions are detrimental to production processes and
final properties.[4–11] Mass transfer of Mg in liquid steel
has been shown to be the rate determining step in the
MgO reduction and spinel formation processes.[10–13]

Researchers have investigated the thermodynamics of
MgO reduction from slags and spinel inclusion formation
and suggested to optimize the time of Al additions for
deoxidation and to minimize MgO activity in slags.[4,9] If
the steel is Ca treated, the spinel inclusions can be
modified to CaO-MgO-Al2O3, where the MgO in the
inclusions is reduced by the added Ca.[7,14–17] Metallic Mg
additions can likewise modify CaO-Al2O3 inclusions to
CaO-MgO-Al2O3 with possible CaO-Al2O3 cores.

[18]

Even without Ca treatment, previous work has
suggested that sufficient Ca can be transferred from
the slag and modify spinel inclusions to liquid calcium
aluminates when slag was reduced by metallic Al
additions.[8,9] Liquid calcium aluminate, usually formed
at the interfaces of original inclusion and metal, has
been shown to be stable at 1873 K (1600 �C) even
though dissolved Ca content in liquid steel is very
low.[7–9,14–17] However, reduction of CaO has not been
as extensively studied as has reduction of MgO. Some of
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the challenges in quantifying the reduction of CaO is
due to the large variability in the thermodynamics of
dissolved Ca in liquid iron.[19] It is possible, however,
that some inferences about the dissolved Ca behavior
can be made by studying the changes to the non-metallic
inclusion populations.

Simultaneous CaO and MgO reduction by dissolved
Al in steels has already been reported to result in
unintended changes to inclusion chemistries in industrial
production of AHSS.[20–23] The industrial observations
of Ca modification were usually correlated with CaO-
rich slag, long ladle process times, and heavy stirring in
the ladle.[20] These observations would be consistent
with a hypothesis that mass transfer of Ca in the liquid
steel controlled the rate of inclusion modification
because the industrial conditions under which Ca
transfer was observed corresponded to conditions where
there would be the highest driving force, longest reaction
time, and highest mass transfer coefficient. Others have
noted that high Al level (3 to 6 wt pct) led to a change of
slag chemistry and viscosity, which might result in a
slowdown of mass transfer from slag to steel.[23]

In general, inclusion chemistry changes occur because
the inclusions in the steel are not in chemical equilibrium
with the slag and the refractory. For example, when CaO
and MgO-saturated slags cover an Al-killed steel, the
initially Al2O3 inclusions should eventually transform to
inclusions saturated with CaO and MgO if they do not
first float and separate to the slag. The transformation
must be accomplished by mass transfer of elements and
inclusion chemistries evolve during time scales equivalent
to that of ladle processing (approx. 30 to 60 minutes).

Mass transfer at interfaces has been modeled with two
different approaches. The first is the two-film theory of
mass transfer which considers the coupled chemical
reactions and fluxes of species at the interface.[11–13,24,25]

The second approach assumes equilibrium over a finite
volume at the surface and uses FactSage for equilibrium
calculations.[26–29] In these studies, the mass transfer in
the metal at the slag/metal interface was considered to be
the rate-controlling process for inclusion modification.

This paper documents laboratory-scale experiments on
the effect of Al level on the simultaneous reduction
behavior of both CaO and MgO. Fe-Al melts with Al
contents up to 2 wt pct were reacted with CaO, MgO,
Al2O3 slags (CaO and MgO saturated) for up to
60 minutes. An induction furnace with a graphite sus-
ceptor was used, so the only stirring was due to natural
convection. The resulting changes to the initially Al2O3

non-metallic inclusions were measured over time using
automated inclusion analysis methods. Although the
mass transfer coefficients will be different for a gas-stirred
ladle, the results showed higher Al levels can lead to large
changes in non-metallic inclusion composition.

II. EXPERIMENTAL METHODS

A. Materials

In each experiment, approximately 500 g of an Fe-Al
melt was prepared by mixing and pre-melting two
master alloys. Analysis of the master alloy chemistry

and inclusion contents is given in Table I. These alloys
were mixed to create starting alloys of 0.1, 0.5, 1, and
2 wt pct Al. Initial inclusions were analyzed using
methods described in Section II–D. Inclusions were
predominately Al2O3 in both master alloys. The average
inclusion diameter was in the range from 1 to 1.5 lm.
To create the slags, pure CaO powders were calcined

at 1173 K (900 �C) for 12 hours. These powders were
mixed with pure Al2O3 in the ratio of CaO/Al2O3 = 1
(by mass), then pre-melted in a graphite crucible and
subsequently decarburized in air at 1273 K (1000 �C).
Pure CaO and MgO powders were later added to make
the slag saturated with respect to both CaO and MgO.
The saturated slag chemistry was based on a FactSage
calculation for a temperature of 1873 K (1600 �C), and
examination of literature data.[30,31] The double-satu-
rated slag chemistry used was 51 wt pct CaO-39 wt pct
Al2O3-10 wt pct MgO.
High-purity (99 pct) and dense MgO crucibles (outer

diameter 62 mm, inner diameter 49 mm, and height
150 mm) were produced by slip casting and supplied by
Tateho Ozark. MgO crucibles were selected to minimize
reaction with the MgO-saturated slag and because
MgO-containing refractory materials can be used during
industrial operations.

B. Setup

A 10 kW Ameritherm induction furnace was used for
the slag–metal reaction. Figure 1 shows a schematic of
the experimental setup. The furnace was set vertically
for sampling and slag addition under high temperatures.
The metal and slag were contained in an MgO crucible,
which was in turn surrounded by a graphite crucible.
The graphite crucible acted as a susceptor to heat and
melt both slag and metal samples, in addition to serving
as a protective outer crucible. The reaction chamber that
contained the crucibles was a fused quartz tube with
Al2O3 insulating paper wrapped inside. The guidance
tube was designed for adding slag and taking samples.
The temperature was measured by a B-type thermocou-
ple from the top. High-purity argon (99.9999 pct) was
firstly passed over heated Mg chips in an oxygen getter
furnace and then introduced into the reaction chamber
at a flow rate of 300 mL/min.

C. Procedure

A total of 500 g of Fe-Al alloy was used for each
experiment. The MgO crucibles used had inner diame-
ters of 5.1 cm and were 14.0 cm tall. This metal charge
was heated in the induction furnace at 5 K/min to the
reaction temperature, usually 1873 K (1600 �C). The
system was then held for 30 minutes before taking the
initial metal sample. A quartz tube with 3 mm inner
diameter was inserted through the guidance tube and a
pipette was used to siphon liquid alloy into the sampling
quartz tube. The tube was then quenched in cold water
and a pin metal sample was formed inside. After taking
the initial sample, 75 g slag was added onto the surface
of liquid alloy also through guidance tube. Subsequent
samples were taken at the time points as shown in
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Figure 2. This procedure was adopted to establish an
accurate start time for the metal–slag reaction. A
temperature transient was observed on slag addition
but the duration was short, approximately 5 minutes.
Two experiments were performed at a target reaction
temperature of 1973 K (1700 �C). Stabilizing this tem-
perature was difficult and while the experiment pro-
ceeded at a temperature above the standard reaction
temperature of 1873 K (1600 �C), the actual tempera-
ture during these experiments was variable.

D. Material Characterization

Automated inclusion analysis was performed on an
FEI/ASPEX Explorer SEM. Samples were metallo-
graphically prepared and analyzed by a SEM under

10 kV accelerating voltage.[32] Inclusions larger than
0.5 lm were analyzed. The collected data were manually
filtered to remove pores and surface contamination. In
most samples, 150 to 500 inclusions were examined.
However, samples taken after long hold times had low
inclusion densities and in these samples, approximately
50 inclusions were measured.
Total Al, Ca, and Mg contents in this study for select

experiments were measured by inductively coupled
plasma mass spectroscopy (ICP-MS) and reported to
the nearest 10 ppm. Total oxygen content was quanti-
fied by LECO N/O. Slag composition was measured at
the end of select experiments by X-ray fluorescence
(XRF) spectroscopy with a detection limit about
1000 ppm.
All equilibrium calculations in this study were per-

formed with FactSage version 7.1[33] using the FactPS
(pure substances), FToxid (oxide solution), and FTmisc
(liquid metal solution) databases.

III. EXPERIMENTAL RESULTS

A. Summary of Experiments

As described in Table II, eight experiments were
designed and conducted to study the effects of Al
content and reaction temperature on Mg and Ca
transfer. Experiments in this table are named in the
form of ‘‘[Al content]_[slag composition].’’ Al contents
were always expressed in weight percent. The slag
composition labels were CAM, NONE, and CA repre-
sent CaO-Al2O3-MgO (double-saturated) slag, no slag,
and CaO-Al2O3 slag (initially CaO-saturated), respec-
tively. Experiments with ‘‘(+T)’’ were conducted at a
temperature above 1873 K (1600 �C), but this temper-
ature was not necessarily constant. All experiments were
conducted in an MgO crucible.

Table I. Master Alloys Mixed to Make Melts with Al Contents 0.1, 0.5, 1, 2 Wt Pct

No.

Composition (in ppm Unless Other-
wise Stated) Inclusions

C
Al (Weight
Percent) S Ca

Majority
Type

Average
Diameter (lm)

Number
Density (#/mm2)

Area Density
(lm2/mm2)

Alloy 1 4 0.019 10 < 1 Al2O3 1.01 56 65
Alloy 2 8 2.207 10 < 10 Al2O3 1.49 28 115

Fig. 1—Schematic of the induction furnace setup.

Fig. 2—The temperature–time profile for sampling and slag addition.
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B. Metal Composition

The measurements of total Al and total Mg for
selected samples are given in Figure 3. In this figure,
time zero is the time of slag addition.

The decreasing trend in Al was caused in part by
reduction of Mg and Ca but more so by reoxidation that
occurred due to air introduced during slag addition and
sampling. This was most apparent in the 0.5AL_CAM
experiment, which exhibited large Al fade. Total oxygen
measurements in this sample were 60 ppm (average over
the experiment) and the inclusion chemistries (see
Section III–D) showed evidence of reoxidation. Total
oxygen in other experiments averaged 20 ppm (average
of several experiments over time). Other evidence of
reoxidation in certain samples will be shown in
Section III–D.

Despite reoxidation effects, certain trends could be
identified from chemistry measurements. For the exper-
iments with the CAM slag, total Mg levels increased
with increasing Al content. The 2AL_NONE samples
exhibited less Al fade and lower Mg levels. The 2Al_CA
samples exhibited similar total Mg levels to the
2AL_CAM samples. Finally, increasing the temperature
led to much higher total Mg levels.

Measurements of total Ca were attempted but almost
all results were reported below 10 ppm, the
detectable threshold for the instrument used. The
exception to this was the experiment 2Al_CAM(+T),
where total Ca was 20 ppm after 30 minutes reaction.

C. Slag Composition

Slag composition analysis was conducted on the slags
after 60 minutes reaction time in three experiments with
2 wt pct Al addition. The designed slag composition
before experiments and the analyzed slag composition
after experiments are listed in Table III. Initial compo-
sitions were calculated based on mixing of oxide
powders. Final compositions were measured by XRF.
In experiments where the slag initially contained MgO,
the weight percentage of MgO and Al2O3 slightly
increased while the weight percentage of CaO in slags
decreased. In the CA experiment, the MgO content
increased from 0 to 10.7 wt pct with a corresponding
decrease in CaO.

D. Evolution of Inclusion Chemistry

The measured inclusion chemistry changes from each
experiment are shown in this section. Inclusion chemis-
tries are represented by plotting the inclusion cation
mole fraction on Ca-Mg-Al ternary diagrams. The size
of each triangle symbol on the diagram was propor-
tional to area fraction of inclusions of approximately
that composition.
The experiment 2AL_NONE was conducted to

examine inclusion chemistry evolution after only
metal/crucible reaction. The evolution of inclusion
chemistry with time for this experiment is shown in
Figure 4.
Figure 5 presents the evolution of inclusion chemis-

tries in Experiments 2AL_CAM to 0.1AL_CAM, which
were performed to study the reactions between an alloy
containing 2 wt pct to 0.1 wt pct Al with a dense MgO
crucible and CaO, MgO double-saturated slag.
Spinels were the typical inclusion types before slag

addition. Inclusion Mg and Ca content increased with
time and Al content. Measurable Mg modification
appeared to occur first and transformation from spinel
to MgO inclusions was observed for all Al levels. The
effects of reoxidation during slag addition or sampling
were evident in the following samples: 0 minute
2AL_CAM, 60 minutes 2AL_CAM, 30 minutes
1AL_CAM, 15 minutes 0.5AL_CAM, and 15 minutes
0.1AL_CAM. The effect of reoxidation is further
discussed below. Several Ca-containing inclusions in
experiment 2AL_CAM were examined via manual
SEM/EDS. Two examples are shown in Figure 6.
These inclusions had MgO cores and a calcium

aluminate shell that contained some Mg. The Ca/Al
ratio in Al-Ca-Mg-containing inclusions was slightly less
than unity, indicating the formation of liquid or
partially liquid inclusions. This was supported by the
globular outlines of such Al-Ca-Mg-containing
inclusions.
The inclusion chemistry changes for experiment

2AL_CA are shown in Figure 7. This experiment was
conducted to examine if eliminating MgO from the
initial slag would affect inclusion chemistry evolution.
The results were similar to those reported in Figure 5(a),
but the inclusion Mg content was lower.
Finally, the inclusion chemistry changes for experi-

ments 2Al_CAM(+T) and 1Al_CAM(+T) are shown

Table II. Experiments Designed to Study the Effects of Slag Composition, Al Content, and Reaction Temperature

Experiment Reaction Temperature Slag Composition Designed Al Content

2AL_CAM 1873 K (1600 �C) CaO: 51 wt pct
Al2O3: 39 wt pct
MgO: 10 wt pct

2 wt pct
1AL_CAM 1 wt pct
0.5AL_CAM 0.5 wt pct
0.1AL_CAM 0.1 wt pct
2AL_CAM(+T) > 1873 K (1600 �C) 2 wt pct
1AL_CAM(+T) 1 wt pct
2AL_NONE 1873K (1600 �C) none 2 wt pct
2AL_CA CaO: 57 wt pct

Al2O3: 43 wt pct
2 wt pct
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in Figure 8. The inclusions were modified to MgO with
variable Ca/Al contents. As in the experiments at
1873 K (1600 �C), more Ca modification occurred at
higher Al levels.

IV. DISCUSSION

In the experimental results reported above, inclusion
evolution was studied in Fe-Al melts with Al contents

varying from 0.1 to 2 wt pct. Initially Al2O3 inclusions
were modified by Mg and Ca from the slag and the
crucible. Without slag, the inclusions transformed from
Al2O3 fi Spinel. With slag, the sequence of inclusion
chemistry changes was Al2O3 fi Spinel fi MgO fi
MgO + CaO-Al2O3-MgO. This sequence was similar
regardless of whether MgO was added to the initial slag.
The rate of Mg and Ca transfer increased with increas-
ing Al level. It was also found that increased temper-
ature increased the rate of inclusion modification.

Fig. 3—Sample chemistry changes with time for (a) total Al contents in 1873 K (1600 �C) experiments, (b) total Mg contents in 1873 K
(1600 �C) experiments, and (c) total Al and total Mg contents for experiment 2AL_CAM(+T) [note the change in y-axis for Total Mg in (c)].

Table III. Slag Compositions for Experiments ‘‘2Al_CAM,’’ ‘‘2Al_CA,’’ and ‘‘2Al_CAM(+T)’’

Experiment Al2O3 (Weight Percent) CaO (Weight Percent) MgO (Weight Percent)

2Al_CAM Initial 39 51 10
2Al_CAM Final 42.0 46.8 11.2
2Al_CAM(+T) Initial 39 51 10
2Al_CAM(+T) Final 44.4 43.7 11.9
2Al_CA Initial 43 57 0
2Al_CA Final 42.0 47.3 10.7

Fig. 4—Evolution of inclusion chemistry with time—(a) 0 min, (b) 15 min, (c) 30 min—for experiment 2AL_NONE. The 0-min sample was
taken 30 min after melting. This homogenization hold was conducted for all experiments, after which slag was added in the experiments reported
below. These samples were labeled this way so that they could be compared to the experiments with slag additions.
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The modification of inclusions occurs by supply
reactions at the slag/metal (or crucible/metal) interface
and consumption reactions at the metal/inclusion inter-
face. The two reactions are connected by dissolved
species in the metal. The Ca and Mg supply reactions
are

2 Al½ �metal þ 3 MgOð Þslag¼ 3 Mg½ �metal þ Al2O3ð Þslag; ½1�

2 Al½ �metal þ 3 CaOð Þslag¼ 3½Ca�metal þ Al2O3ð Þslag: ½2�

Mg was also supplied from the crucible via reaction [3]

Fig. 5—Evolution of inclusion chemistry with time in experiments with the CAM slag (a) 2AL_CAM, (b) 1AL_CAM, (c) 0.5AL_CAM, and (d)
0.1AL_CAM.
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2 Al½ �metal þ 3 MgOð Þcrucible¼ 3 Mg½ �metal þ Al2O3ð Þcrucible:
½3�

The contribution of Mg from reaction [3] relative to
that from slag was expected to be low. Since the
crucible is solid, the rate-controlling process for reac-
tion [3] was likely solid-state diffusion of Al2O3 away
from the metal/crucible interface. This means the
overall rate of Mg supplied to the melt would be
slower than the liquid phase mass transfer-controlled
reaction [1]. This was consistent with experimental
results—Mg modification in 2AL_NONE (Figure 4)
was slower and spinel inclusions were observed com-
pared to MgO inclusion formation in 2AL_CAM
(Figure 5(a)). It was also possible that Mg vaporized
from the exposed steel surface.[34] The inclusion com-
position would be determined by the balance of supply
and removal due to vaporization.

The consumption of Mg and Ca at the inclusions
occurred via several different reactions. To form spinels,
from the initial Al2O3, the following reaction occurred:

3 Mg½ �metal þ 4 Al2O3ð Þinclusion ¼ 3 MgO �Al2O3ð Þinclusion
þ 2 Al½ �metal:

½4�

To form MgO inclusions from the spinels, the
following reaction occurred:

3 Mg½ �metal þ MgO �Al2O3ð Þinclusion ¼ 4 MgOð Þinclusion
þ 2 Al½ �metal:

½5�
The stability of MgO can be confirmed by writing the

overall reaction for MgO formation, the sum of reac-
tions [5] and [1]

3 MgOð Þslag þ MgO �Al2O3ð Þinclusion ¼ 4 MgOð Þinclusion
þ Al2O3ð Þslag:

½6�

The equilibrium constant of reaction [6] is the same as
that for spinel decomposition:

MgO �Al2O3ð Þinclusion¼ MgOð Þinclusion þ Al2O3ð Þslag: ½7�

Fig. 6—EDS mapping showing spatial distribution of Mg, Al, and Ca in two Ca-containing inclusions from 30 min 2AL_CAM sample.

Fig. 7—Evolution of inclusion chemistry with time—(a) 0 min, (b) 15 min, (c) 30 min—for experiment 2AL_CA.
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The equilibrium constant for this reaction is 0.097 at
1873 K (1600 �C) per FactSage. A value of 0.04 would
be calculated from the data of Fujii.[35] The reaction
quotient for this reaction is

Q ¼
aAl2O3ðslagÞaMgOðinclusionÞ

a MgO�Al2O3ð Þinclusion
¼ ð0:006Þð1Þ

0:8
¼ 0:0075: ½8�

The Al2O3 activity (relative to pure solid oxide) was
calculated for the slag composition in this study using
FactSage. The low value of 0.006 was consistent with
measured Al2O3 activities in the ternary slag system[36]

with pure solid oxides as the standard state. The spinel
activity was taken assuming MgO-saturated spinels[35]

with stoichiometric spinels as the standard state. Since
there was a thermodynamic driving force for this
reaction to proceed and MgO inclusions are thermody-
namically stable. This was a consequence of the CaO,
MgO-saturated slags with low Al2O3 activity used in this
work. The observed inclusion evolution results were
consistent with previous studies using high-basicity
slags.[9,37] Initially omitting MgO from the slag did not
have a large effect on the inclusion evolution. The
inclusions from experiment 2AL_CA (Figure 7) evolved
similarly to the inclusions in 2AL_CAM and the
dissolution of MgO from the crucible to the slag was
not considered to be rate determining. The slags were
MgO-saturated by the end of the experiment as shown
in Table III.
The Ca in inclusions was supplied by reaction [2], but

the amount of Ca in the inclusions was much lower than
Mg. The specific reactions of Ca with inclusions
depended on the inclusion Mg content. Assuming liquid

Fig. 8—The evolution of inclusion chemistry with time for (a) 2AL_CAM (+T) and (b) 1AL_CAM (+T).

Fig. 9—Isothermal section of the AlO1.5-CaO-MgO system at 1873
K (1600 �C), P=1 atm. The simulation included CaO and MgO as
solution phases to show the limited solubility of Ca and Al in MgO.

Table IV. Average Diameter of Inclusions after 60 min in
Experiments 2AL_CAM and 2AL_CA

2AL_CAM (lm) 2AL_CA (lm)

Mg Mole Fraction> 0.8 1.37 1.64
Mg Mole Fraction< 0.8 1.10 0.82
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inclusions form (consistent with experimental results),
then the following reactions can be written as follows:

If the inclusion Mg content was essentially zero,

3 Ca½ �metal þð3xþ 1Þ Al2O3ð Þinclusion
¼ 3ðCaO � xAl2O3Þinclusion þ 2 Al½ �metal:

½9�

If the inclusions were spinels,

Ca½ �metal þ MgO � yAl2O3ð Þinclusion
¼ ðCaO � yAl2O3Þinclusion þ Mg½ �metal:

½10�

If the inclusions were MgO,

Ca½ �metal þ 2z½Al�metal þ ð3zþ 1Þ MgOð Þinclusion
¼ ðCaO � zAl2O3Þinclusion þ ð3zþ 1Þ Mg½ �metal:

½11�

There will be some dissolved MgO in the liquid
calcium aluminates that is not represented in the above
reactions. Figure 6 showed examples of reaction
[11]—inclusions with MgO cores and liquid calcium
aluminate (with a small amount of dissolved MgO)
shells.

The sequence of inclusion modification Al2O3 fi
Spinel fi MgO fi MgO + CaO-Al2O3-MgO has been
reported in other work on inclusion evolution in
Al-deoxidized melts.[9,10,37,38] Spinel inclusions were
observed by Okuyama[10] when the steel contained
0.1 wt pct Al and the slag chemistry was 57 wt pct
CaO, 5 wt pct SiO2, 28 wt pct Al2O3, and 10 wt pct
MgO. In this prior study, spinel inclusions formed after
15 minutes reaction, but inclusion compositions were
not reported for longer times. No Ca-containing inclu-
sions were reported. In the current study, MgO inclu-
sions with very low Ca levels formed, even at 0.1 wt pct
Al. The difference could be attributed to the longer hold
time or because the experiments of Okuyama contained
SiO2,

[38] reduction of which would consume some Al.
The observation of MgO-rich inclusions was consistent
with studies from both Todoroki and Jiang.[9,37] In these
studies, even longer times were employed (up to
180 minutes), after which fully liquid CaO-MgO-Al2O3

inclusions were observed.
Fully liquid inclusions were not observed in this work.

It was possible that equilibrium was not fully attained in
the times examined. However, in equilibrium only the
component activities must be equal, not compositions.

Figure 9 shows the AlO1.5-CaO-MgO phase diagram at
1873 K (1600 �C) (generated from FactSage). It should
be possible for an inclusion to be MgO-rich in compo-
sition and still be in equilibrium with a CaO-, MgO-sat-
urated liquid slag.
The occurrence of predominately liquid inclusions in

previous studies might be attributed to inclusion size
and flotation. Consumption of Ca and Al at smaller
inclusions might be locally faster and so smaller inclu-
sions would have more Ca,Al-rich liquid. The larger,
MgO-rich inclusions would then mostly have floated out
after 180 minutes. There was some supporting evidence
of this from the inclusion sizes in experiments
2AL_CAM and 2AL_CA. Table IV shows that after
60 minutes, in samples of both experiments, MgO-rich
inclusions (Mg mole fraction> 0.8) had an average
diameter larger than inclusions with Mg mole frac-
tion< 0.8. Further analysis on inclusion chemistry
trajectories and potential size effects will be reported in
the future.
In samples taken from production processes, predom-

inately liquid inclusions were often observed.[8,20] In
studies such as these stirring will strongly affect slag/
metal mass transfer as well as inclusion flotation.
Therefore, deviations between gas-stirred ladles and
the laboratory-scale studies would be expected.
The reactions above proceed by mass transport of Mg

and Ca at the slag/metal interface and at the metal/
inclusion interface. Calculations by Okuyama suggested
that mass transfer of Mg in the metal at the slag/metal
interface controlled the rate of spinel formation in
lab-scale experiments.[10] Recently Wang et al. identified
mass transfer of Ca at the slag/metal interface as
determining the rate of inclusion modification by
Ca.[39] In the current study, there was an apparent effect
of metal Al content on mass transfer, with faster Mg and
Ca modification occurring at higher Al levels. Modifi-
cation was also faster at higher temperature. Assuming
the rate-controlling step was mass transfer at the slag/
metal interface, then this observation could be attrib-
uted to the effect of Al and temperature on the mass
transfer driving force, which was related to the equilib-
rium dissolved [Mg] and [Ca] levels at the slag/metal
interface. These values were calculated via FactSage and
are presented in Table V. The table also presents a
comparison to measured values for Mg levels.

Table V. Equilibrium Mg and Ca (Calculated by FactSage) in Liquid Fe for Fe-Al Alloys in Equilibrium with a 51 Wt Pct CaO,

39 Wt Pct Al2O3, 10 Wt Pct MgO Slag

T Al (Weight Percent) FactSage [ppm] Max Measured [ppm]
FactSage
[ppm]

1873 K (1600 �C) 2 114 72 13
1 58 — 13
0.5 35 35 12
0.1 16 — 12

1973 K (1700 �C) 2 363 172 62
1 196 87 60

For Measured [Mg] values, the amount of Mg in the inclusions was subtracted. Measured [Ca] values were reported to be less than 10 ppm, but
there was high uncertainty so individual measurements were not reported.
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The equilibrium [Mg] values were generally higher
than those for [Ca], which was consistent with the
observation of faster Mg modification at higher Al. The
equilibrium [Mg] values increased with increasing [Al],
while the [Ca] values did not. The predicted values
increased significantly with temperature, which was
consistent with experimental observations of faster Mg
and Ca modification at elevated temperature.

There were several factors that led to the deviations
between the predicted and the maximummeasured values.
First, reoxidation was evident in several samples. This
would lower dissolved Al levels by an amount that
dependedon the extent of reoxidation.The lower dissolved
Al would result in lower mass transfer driving force.
However, the trend of higher expected driving force with
higher [Al] levels was still consistent with the calculations.
The elevated temperature experiment was not held at
1973 K (1700 �C); actual temperatures were lower and
somewhat variable. Given the temperature sensitivity,
lower measured values were expected. These results do
suggest though that local conditions, e.g., nearer the arc
during reheating in the ladle,might significantly change the
Mg and Ca reaction kinetics on the industrial scale.

V. CONCLUSIONS

CaO and MgO reduction by Al in liquid steel and
subsequent inclusion changes were simulated in labora-
tory experiments. Experiments were conducted to eval-
uate the effects of Al content in steel and reaction
temperature. The following conclusions were obtained:

1. Dissolved Al reduced MgO and CaO from the slag
and from the crucible, leading to Mg and Ca modi-
fication of inclusions.

2. The path of inclusion composition evolution was
Al2O3 fi Spinel fi MgO fi MgO + CaO-Al2O3-
MgO. Possible reactions that led to this sequence
have been described.

3. Mg modification occurred faster than Ca modifica-
tion. Both were faster at elevated Al levels and at
elevated temperature. This was attributed to differ-
ences in the driving force for mass transfer at the
slag/metal interface.
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