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Abstract

Thermodynamic equilibria between CaO-Al2O3-SiO2-CaF2-MgO
(-MnO) slag and Fe-1.5%Mn-0.5%Si-0.5%Cr steel was 
investigated at 1873 K to understand the effect of slag 
composition on the concentration of Al2O3 in the inclusions in Si-
Mn-killed steels. The composition of the inclusions were mainly 
equal to (MnO)/(SiO2)=0.8(60.06) (mole ratio) with various 
Al2O3 content which increased by increasing the basicity of slag. 
The concentration ratio of the inclusion components, (MnO�
Al2O3/SiO2) and the activity ratio of the steel components 
showed a good linear relationship in a logarithmic scale, 
indicating that the activity coefficient ratio of the inclusion 
components was not significantly changed. From the slag-metal-
inclusion multiphase equilibria, the concentration of Al2O3 in the 
inclusions was expressed as a linear function of the activity ratio
of the slag components in a logarithmic scale. Consequently, the 
compositional window of the slag for obtaining the inclusions 
with low melting point in the Si-Mn-killed steel treated in an 
alumina refractory was recommended.

Introduction

Non-metallic inclusions in steel cause deterioration of mechanical 
properties as well as severe problems during steel processing.[1-3]

The cleanliness of the steel is important in spring steel and tire 
cord steel since nonmetallic inclusions act as crack initiation sites 
when subjected to cyclic stress. However, no steel can be totally 
free from inclusions. For this reason, Si and Mn are generally 
used as deoxidizers in spring steel and tire cord steel in order to 
avoid harmful Al2O3-rich inclusions.[4,5] A number of studies
have been carried out to identify techniques that achieve 
inclusions that are as harmless as possible.[4-18] The application of 
optimized slag to suppress the formation of harmful inclusions 
such as alumina and spinel is one such method used for various 
steel grades including Si-Mn-killed steel.

For these reasons, the MnO-Al2O3-SiO2 ternary system has 
gained attention for several decades. Many studies have been 
performed to fundamentally understand this oxide system in terms
of thermodynamics.[6-10] Thanks to previous work, if we determine
the concentration range of Mn, Si, Al, and O in molten steel, we 
can predict the corresponding composition window for MnO, 
SiO2 and Al2O3 in the above inclusion system. Based on this 
background, several researchers suggested deoxidation for liquid 
inclusion in the MnO-Al2O3-SiO2 system.

Kang and Lee reported that inclusions having a MnO/SiO2 mass% 
ratio near unity and Al2O3 content in the range of 10~20 mass% 
have low liquidus temperatures (~1473 K) and suggested that a 

Mn/Si ratio of 2~5 meets these conditions when Mn+Si=1.0% in 
the steel.[9] Bertrand et al.[12] found that slag composition during 
secondary metallurgy must have a low basicity (CaO/SiO2), and 
Al content in the steel should be maintained under 15 ppm to
avoid the formation of Al2O3. Chen et al.[5] studied the effect of 
top slag on the inclusion composition in tire cord steel and found 
that inclusion plasticization can be achieved by controlling the 
binary basicity of top slag (CaO/SiO2) around 1.0 and 
maintaining the Al2O3 content in top slag below 10%. However, 
an experimental study to identify conditions for obtaining liquid 
inclusion when the slag has relatively high basicity (CaO/SiO2)
coupled with Al2O3 saturation, which corresponds to the alumina 
refractory lining, has not yet been conducted.

Therefore, in the present study, the equilibria between CaO-
Al2O3-SiO2-CaF2-MgO(-MnO) slag and Fe-1.5%Mn-0.5%Si-
0.5%Cr melt was investigated at 1873 K in order to understand 
the effect of slag composition on the concentration of Al2O3 in 
the inclusions.

Experimental

A Fe-1.5%Mn-0.5%Si-0.5%Cr alloy (235 g), Fe-0.23(60.02)%O
alloy (65 g) and CaO-Al2O3-SiO2-CaF2-MgO(-MnO) slag (CaO/ 
SiO2=0.5~2.0) were equilibrated for an hour at 1873 K in a fused 
alumina crucible (60 mm � 52 mm � 120 mm) with a graphite 
heater under an Ar-3%H2 gas atmosphere using an induction 
furnace. The Fe-0.23(60.02)%O alloy was prepared in an MgO 
crucible by blowing oxygen gas on Fe melt for 20 minutes using 
an induction furnace. The slags were pre-melted in a graphite 
crucible for two hours in an electric resistance furnace. Some 
slags, disintegrated into fine powders due to high basicity, were 
pelletized to enable accurate addition to the melt surface.

Temperature was controlled by a B-type thermocouple. After the 
temperature reached 1903 K, Fe-O alloy was added to the Fe-Si-
Mn-Cr melt under an inert atmosphere to control the initial 
oxygen content. The slag was then added to the melt when the 
temperature was recovered to 1873 K. After a period of 60 
minutes, which was preliminarily determined to achieve
equilibrium, sampling was performed using a quartz tube and then 
the samples were directly quenched by dipping them in brine.

The chemical composition of each steel sample was determined 
by ICP-AES, and the nitrogen and oxygen content was analyzed 
using a combustion analyzer. The characteristics of inclusions 
including 3-dimensional morphology and chemical composition 
were analyzed using the potentiostatic electrolytic extraction 
method and SEM-EDS. Details regarding characterization of 
inclusions are given in previously published articles.[19,20] The 
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composition of the inclusion in each sample was taken as the 
average of about ten inclusions.

Results and Discussion

The following reactions occurred at the slag-metal interface:[21,22] 

2[Al] + 3[O] = (Al2O3)slag     [1]
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where K[n] and a i are the equilibrium constant of Eq. [n] and the 
activity of element i in molten steel. The superscript s represents 
the ‘slag’ phase. The activity of oxygen determined by the 
equilibrium of [Al]/(Al2O3), Al

Oa and by [Si]/(SiO2), Si
Oa can be 

estimated from Eqs. [5] and [6], respectively.
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In addition, the activity coefficient of solute element (M) can 
be calculated by classical Wagner formalism using the first- and 
second-order interaction parameters, which are listed in Table 
I.[21-28]
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where Mf , ieM and irM are the Henrian activity coefficient of 
element M, and the first- and second-order interaction parameters 
between M and i, respectively. 

Table I.  Interaction Parameters Used in the Present Study.[21]

)( j
i

j
i re Cr Si Mn Al O 

Al 0.03[27] 0.056 0.035[28] 0.043 -1.98
(39.8)[26]

Si -0.021[23] 0.1 -0.007[17] 0.058 -0.12 

O -0.032[24] -0.066 -0.037[25] -1.17
(-0.01)[26] -0.17 

The activities of oxygen calculated from the [Al]/(Al2O3) and 
[Si]/(SiO2) equilibria are plotted against the activity of oxygen 
determined from classical Wagner formalism as shown in Figure 
1. The activity of Al2O3 and SiO2 in the slag at 1873 K was also 
calculated using thermodynamic software, FactSageTM6.3, 
assuming that the CaF2 (~10%) does not seriously affect the 
activity of slag components. This software has been successfully 
applied to compute the phase equilibria of multicomponent steel 
and oxide systems.[15-20,29-47]

The activities of oxygen calculated from the [Si]/(SiO2) and 
[Al]/(Al2O3) equilibria were in good agreement with that from 
classical Wagner formalism, while several points for the activity 
of oxygen calculated from the [Al]/(Al2O3) equilibrium were 

slightly higher than those determined using Wagner formalism. 
This scatter is probably due to the fact that the concentration of 
total Al, instead of dissolved Al, was used when the activity of Al 
in molten steel was calculated.[48] Nevertheless, the slag-metal 
reaction is believed to have been in equilibrium in the present 
experiments.

Fig. 1. Relationship between activities of oxygen calculated from 
classical Wagner formalism and deoxidation equilibria by

aluminum and silicon.

The composition of the inclusions is plotted on the MnO-Al2O3-
SiO2 ternary phase diagram as shown in Figure 2, which was 
generated by FactSageTM6.3 with the FToxid database at 1873 K 
and p(O2)=10-10 atm. Five solid phases, SiO2, MnO, MnAl2O4,
Al2O3 and Al6Si2O13 (mullite), are shown to be in equilibrium 
with the liquid phase. All of the inclusions were located in the 
liquid phase and their compositions were nearly equal to 
(MnO)/(SiO2)=0.8(60.06) in mole ratio. The only exception was
sample #1, the composition of which corresponded to high silica
area because of the relatively low aluminum content in molten 
steel in conjunction with the high activity of SiO2 in slag.

Fig. 2. Computed phase diagram of the MnO-Al2O3-SiO2 system 
at 1873 K and p(O2)=10-10 atm. The triangles and circles are the 

average composition of ten inclusions per sample.
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The effect of slag basicity (=CaO/SiO2 ratio) on the concentration 
of alumina in the inclusions at 1873 K is shown in Figure 3. The
alumina content in the inclusions increased with increasing slag 
basicity up to about C/S=1.5, followed by some variation in the 
Al2O3 content around 40(610)% when the C/S ratio was greater 
than 1.5. When the basicity of the slag was greater than 1.5 
(#4~#12), the slag was saturated by Al2O3-rich phase such as 
CaO•2Al2O3 or CaO•6Al2O3, whereas the alumina content was 
dependent on the slag basicity when the basicity was lower than 
1.5 (#1~#3). Hence, the content of alumina in the inclusions is
strongly affected by the activity of alumina in the slag in 
equilibrium with molten steel. 

Fig. 3. Effect of the ratio of CaO/SiO2 in the slag on the 
concentration of Al2O3 in the inclusions. 

The effect of alumina content on the melting point and the 
primary crystalline phase of the inclusion is shown in Figure 4.
The liquidus surface of the (MnO)/(SiO2)=1.0 join in the MnO-
SiO2-Al2O3 inclusion system at 1873 K was calculated using the 
FactSageTM6.3 program. Increasing the concentration of alumina 
in the inclusions changed the primary phase in the order of 
MnSiO3 (rhodonite), Mn3Al2Si3O12 (spessartite), MnAl2O4
(galaxite) and Al2O3. The melting point of the inclusion 
decreased with increasing alumina concentration up to about 8%,
followed by a rebound after this composition. 

When the slag basicity was relatively low, i.e. C/S < 1.5, the 
melting point of the inclusion was lower than 1623 K and the 
primary crystalline phases were spessartite and galaxite. In 
contrast, the melting point of inclusions ranged from about 1523
to 2023 K and the crystalline phase was mainly alumina when the 
basicity of the slag was greater than 1.5. Therefore, controlling the 
slag basicity to be less than 1.5 is recommended in order to avoid 
Al2O3-rich inclusions during both the refining stage and the 
solidification process.  

The oxide-forming elements including Al, Si and Mn in 
molten steel are in equilibrium with not only the slag phase as 
shown in Eqs. [1] and [3], but also the inclusion phase as 
indicated in Eqs. [8], [10] and [12].

2[Al] + 3[O] = (Al2O3)inclusion   [8]
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[Si] + 2[O] = (SiO2)inclusion   [10]
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[Mn] + [O] = (MnO)inclusion    [12]
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where the superscript i represents the ‘inclusion’ phase. By
combining Eqs. [9], [11] and [13], the following equation can be 
deduced:
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where C is constant at a given temperature. From Eq. [14], the 
molar composition ratio of the inclusions, viz. MnO�Al2O3 to 
SiO2 will be directly proportional to the activity ratio of steel 
composition (Al2�Mn�O2 to Si) on a logarithmic scale if the 
activity coefficient ratio of the inclusions would not be seriously 
changed. In order to calculate the activity of steel components, the 
activity coefficient of each element was calculated using Eq. [7], 
and the interaction parameters listed in Table I. 

Fig. 4. Calculated liquidus temperatures in the MnO-SiO2-Al2O3
systems as a function of the concentration of Al2O3 when the 

ratio of MnO to SiO2 (mol%) is unity.

The relationship between )/(log 2SiOMnO3O2Al XXX � and

]/[log Si
2
OMn

2
Al aaaa �� is shown in Figure 5. A linear 

correlation between them is evident with a slope of 1.2 within 
experimental scatters, which is relatively close to unity within the 
composition range investigated in the present study. Therefore, it 
is concluded that the components in molten steel and each oxide 
in the inclusions are in equilibrium and that the activity coefficient 
ratio of oxide components in the inclusions (second term on the 
right-hand side in Eq. [14]) would be constant under the present 
experimental conditions.
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Alternatively, the activities of the components in molten steel 
are also affected by those of their oxide components in the slag 
phase as indicated by Eqs. [1], [3] and [15].[21] 

[Mn] + [O] = (MnO)slag     [15]
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Fig. 5. Effect of activities of Al, Mn, Si and O on composition of
inclusions in steel at 1873 K. 

By combining Eqs. [2], [4], [14] and [16], the following 
equation can be deduced:
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This equation implies that the activity ratio of slag components 
directly affects the concentration of the inclusions since the 
activity coefficient ratio of the inclusion components can be 
assumed to be constant from Figure 5 and Eq. [14]. Furthermore, 
Figure 2 (excluding sample #1) indicates that the molar 
concentration ratio of MnO to SiO2 in the inclusions is constant,
i.e., 0.8(60.06). Consequently, Eq. [17] can be simplified to Eq. 
[18].
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Thus, it is simply expected that there is a linear relationship 
between iX

3O2Allog and )/(log
2SiOMnO3O2Al

sss aaa � with a 

slope of unity, which is confirmed by the result shown in Figure 6. 
The slope of the line was found to be 1.1 from linear regression 
analysis. Even though there were some experimental scatters, this 
result qualitatively implies that the activity ratio of slag 
components directly affects the concentration of alumina in the 
inclusions.

Actually, from the FactSageTM6.3 computation, the activity of 
Al2O3 and MnO in the slags investigated in the present study was 
found to range from about 0.5 to 0.9 and from 0.015 to 0.03 

(approximately two-fold increase), respectively. However, the 
activity of SiO2 varied from about 0.01 to 0.1, i.e. a ten-fold 
increase within the present composition range. The iso-activity 
contours of Al2O3, MnO, and SiO2 in the CaO-SiO2-Al2O3-5% 
MnO slag system at 1873 K are shown in Figure 7.

The results shown in Figure 4 indicate that the Al2O3 content in 
the inclusions should be kept lower than about 18% in order to 
maintain the melting point of the inclusions below 1573 K. Hence, 
from Figure 6, the activity ratio of the slag components,

)/(
2SiOMnO3O2Al

sss aaa � , should be lower than unity.

Fig. 6. Effect of activities of Al2O3, MnO and SiO2 in the slag on 
the concentration of Al2O3 in the inclusion.

Fig. 7. Iso-activity contours of MnO, Al2O3 and SiO2 in the CaO-
SiO2-Al2O3-5%MnO slag at 1873 K. The circle is the 

recommended slag composition for obtaining liquid inclusion of 
which melting point is lower than 1573 K in Si-Mn-killed steel 

refined in the alumina ladle. 

Because the activity of Al2O3 in the slags ranged from about 0.5 
to 0.9, the activity of MnO should be lower than that of SiO2 to 
satisfy the above condition. The compositional window 
corresponding to this condition is also shown as a circle in Fig. 7. 

In summary, this experimental study of the slag-steel-inclusion 
multiphase equilibria for Si-Mn-killed steels found that the
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MnO/SiO2 ratio of the inclusions was relatively close to unity 
with varied Al2O3 content. From thermodynamic analyses of the
steel-inclusion and the steel-slag systems, quantitative 
thermodynamic information for the slag-inclusion system was 
obtained. Finally, we propose the operating window of ladle slag 
in which the activity of MnO should be lower than that of SiO2
for obtaining inclusions with a low melting point (< 1573 K) in 
Si-Mn-killed steel, which is treated in an alumina-lined ladle.

Conclusions 

The thermodynamic equilibria between CaO-Al2O3-SiO2-CaF2-
MgO(-MnO) slag and Fe-1.5%Mn-0.5%Si-0.5%Cr melt was 
investigated at 1873 K in order to understand the effect of slag 
composition on the concentration of Al2O3 in the inclusions. Our 
major findings are as follows:

1. The activities of oxygen calculated from the [Si]/(SiO2) and 
[Al]/(Al2O3) equilibria were in good agreement with those 
determined from classical Wagner formalism. The slag-metal 
reaction was believed to be in equilibrium in the present 
experiments.

2. The composition of the inclusions were mainly equal to 
(MnO)/(SiO2)=0.8(60.06) (mol%) with Al2O3 content that was 
increased from about 10 to 40 mol% by increasing the basicity of 
the slag from about 0.7 to 2.1. 

3. The )/(log 2SiOMnO3O2Al XXX � of the inclusion was 

expressed as a linear function of the ]/[log Si
2
OMn

2
Al aaaa �� of 

the steel, indicating that the activity coefficient ratio of the 
inclusion components, )åå/(å MnO3O2Al2SiO

iii �  was not 

significantly changed under the present experimental conditions.

4. The concentration of Al2O3 in the inclusions linearly 
increased with an increase in the activity ratio of slag components,

)/(
2SiOMnO3O2Al

sss aaa � , in a logarithmic scale. This linear 

relationship enabled determination of the appropriate 
compositional window of slag for obtaining inclusions with a low 
melting point in Si-Mn-killed steel refined in an alumina ladle.
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