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ABSTRACT

The MgO solubility and the Fe2+/Fe3+ ratio in the CaO-MgO-Fe2O3-FeO-SiO2-
(MnO)-(Al2O3) slag was measured under the condition of equilibrium with the atmospheric
air at 1873K. The effects of slag composition on the MgO solubility and the Fe2+/Fe3+ ratio
were discussed and quantified. As the basicity and the MnO content in slag increase, the MgO
solubility and the Fe2+/Fe3+ ratio decrease. However, The effect of iron oxide content is
observed to be dependant on the basicity of slag. As the iron oxide content increases, the
MgO solubility and the Fe2+/Fe3+ ratio increase for the basic slag but decrease for acidic slag.
It is revealed that the redox reaction of iron oxide in steelmaking slag is controlled by the
complex anion formation reaction of iron oxide. Al2O3 and P2O5 increase the MgO solubility
and the Fe2+/Fe3+ ratio content by diluting the basic oxides as SiO2 does. The effects of slag
composition on the MgO solubility and the Fe2+/Fe3+ ratio are quantified.

1. INTORDUCTION

In BOF steelmaking process there has been a lot of effort to increase the lining life
of furnace for its cost saving. Among those, the slag coating on the lining after tapping has
been known to be the most popular and effective technique. The most important thing in the
slag coating method is to control the physical properties of slag properly for good attachment
of slag onto the lining. The physical properties of slag are affected strongly by the MgO
solubility of slag and the chemical behavior of iron oxide in slag. Therefore, it is needed to
understand about the MgO solubility and the iron redox reaction in slag.

The slag at blow end in BOF is contacting with molten steel whose oxygen potential
is 10-12 to 10-8 atm, whereas the slag is exposed to and affected directly by the atmospheric air
after tapping. The abrupt change of the oxygen potential in slag, 108� 1012 times, should affect
deeply on the iron redox reaction, which would also alter the properties of slag such as the
MgO solubility, viscosity and so on. There have been many studies on the MgO solubility and
the iron redox reaction with the BOF slag equilibrated with molten steel [1-5]. Especially,
Park et al.[5] have determined MgO solubility and Fe+3/Fe+2 ratio for a wide range of bulk
compositions containing 10 to 65 mass pct of (FeO+Fe2O3) at 1823 to 1973 K. However, few
attempts have been made, so far, about those of BOF slag equilibrated with atmospheric air.

Thus, in the present work, for the purpose of obtaining the basic data suitable for
the slag coating in BOF, the MgO solubility and the Fe+2/Fe+3 ratio were measured under the
condition of equilibrium with atmospheric air at 1873 K for CaO-MgO-Fe2O3-FeO-SiO2

melts with mass CaO/SiO2 ratios of 1, 1.5, 2., 3 and 4, 10 to 35 mass pct T.Fe, and 1 to 2 mass
pct P2O5. Moreover, 1 to 13 mass pct MnO and 2 to 12 mass pct Al2O3 were added separately
to the melt to evaluate their effects on the MgO solubility and the Fe+3/Fe+2 ratio.



2. EXPERIMENTS

The Super Kanthal resistance furnace was used in the air for all the experiments.
Slag compositions were prepared by mixing appropriate weights of CaO, CaSiO3, Fe2O3,
Ca3P2O8, MnO2 and Al2O3 chemical agent powders, and pressing into cylindrical briquettes.
The magnesia crucible, 30mm i.d. ×40mm h., containing 20 g of slag was set into the furnace
and held to a certain temperature for 5 hours. The holding time required to reach equilibrium
was determined by preliminary experiments. Figure 1 shows typical variation of MgO
contents and Fe+2/Fe+3 ratios with holding time at 1600�  for a couple of melts. The
composition of the slag A was 45% of T.Fe, 26% of CaO, 17% of SiO2 and 1.2% of P2O5,
whereas the slag B was composed of 22% of T.Fe, 45% of CaO, 15% of SiO2 and 1.2% of
P2O5. It is seen that all values become approximately constant in 5 hours.

After equilibration the magnesia crucible containing melt was withdrawn quickly
through the bottom of furnace and rapidly quenched into liquid nitrogen. The quenched
equilibration slag samples, which weighed 0.3 g, were dissolved in hydrochloric acid under a
flowing oxygen-free argon atmosphere. The ferric and ferrous iron concentrations were
analyzed by the potassium dichromate titration method. For ferrous iron determination, the
solution was directly titrated under an inert atmosphere in a phosphoric acid medium with
sodium diphenylamine sulfonate as the indicator. For total iron determination, the ferric iron
was reduced using stannous chloride, with the excess being oxidized by additions of mercuric
chloride, before titration of the total ferrous iron content of the solution. A stoichiometric
expression of iron oxide existing in slag could be used as FeO and Fe2O3, respectively. Their
contents were also obtained by chemical analyses of Fe2+ and Fe3+, respectively. The silicon
oxide concentration was determined using the gravimetry, where silicon oxide was formed as
precipitate by addition of perchloric acid.  The other oxide components were analyzed by ICP.

3. RESULTS AND DISCUSSION

3.1. MgO solubility

In Figure 2, the MgO solubilities, which were measured in CaO-Fe2O3-FeO-SiO2

slag at the temperature of 1873 K, were plotted in the ternary system of CaO-(Fe2O3+FeO)-
SiO2. The solid lines in the figure, which represent the contour of iso-MgO solubility, are
nearly parallel to the iso-CaO content lines or iso-CaO/SiO2 ratio lines. It means that the MgO
solubility is mostly influenced by oxygen anion content. Figure 3 shows a plot of MgO
solubility measured in CaO-Fe2O3-FeO-SiO2 slag at 1873 K against the total iron content for
various basicities B� (%CaO)/(%SiO2). The MgO solubility decreases with the increase of the
basicity B regardless of the difference in total iron content. However, as the basicity B goes
beyond 3, the increasing rate of MgO solubility is negligibly little or none.

The solid phase which is in equilibrium with MgO-Fe2O3 or CaO-MgO-Fe2O3 slag
was proposed to be magnesiowüstite.[6-8] Therefore, if magnesiowüstite film is formed on
the surface of MgO crucible containing slag melt, the equilibrium between magnesiowüstite
and melt could be written as in Equation 1.
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The MgO produced in Equation 1 would be ionized into slag as in Equation 2.



    )()()( 22 −+ += OMgMgO (2)

On the other hand, the other product Fe2O3 was thought to be ionized to form complex anion
and cation simultaneously. If Fe2O3 is assumed to ionized into anion FeO3

3- and cation Fe3+ in
slag, the reactions could be expressed as in Equation 3 and Equation 4, respectively.
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where t is a molar fraction whose value is between 0 and 1. Equations 1 to 4 give the
following equation as the dissolution reaction of MgO.
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It was recognized that the increase in basicity makes the MgO solubility lower in Figure 3. It
means that the backward reaction of Equation 5 is more activated by the increase in oxygen
anion content. Therefore, the coefficient of oxygen anion in the equation, (5/2-3t), should be
positive, indicating that t is smaller than 5/6. When t is equal to 5/6 at higher basicity, the
MgO solubility is not affected any more by the basicity. This value corresponds to the fact
that 83% of ferric oxide in slag is ionized into complex anion, whereas the remainder is
transformed into cation. Even though it was assumed that all oxides in slag are ionized
perfectly and Fe2O3 is ionized into complex anion FeO3

3- and cation Fe3+, it could be
recognized that most of iron oxide is in the form of complex anion in basic slag.

On the other hand, in Figure 2 the influence of total iron oxide on the MgO
solubility looks interesting. When the basicity B is unity, the total iron content is one of the
factor decreasing the MgO solubility. However, when the basicity B is 1.5 or above, the MgO
solubility increases with the increase of total iron content. That is, the effect of total iron
content on the MgO solubility is reversed at a basicity B between unity and 1.5. In acidic slag,
because the iron oxide tends to act as the basic oxide that increases the oxygen anion content,
the increase in iron oxide content would lower the MgO solubility by the acceleration of
backward reaction in Equation 5. On the contrarily, the iron oxide that has a tendency to be an
acidic component in basic slag would consume the oxygen anion to activate the forward
reaction in Equation 5.

There was, in this work, a trial to quantify the relationship between the MgO
solubility and contents of oxide components using the data obtained from CaO-MgO-Fe2O3-
FeO-SiO2, CaO-MgO-Fe2O3-FeO-SiO2-MnO and CaO-MgO-Fe2O3-FeO-SiO2-Al2O3 slags to
determine quantitatively the influence of each oxide component on the MgO solubility. As a
result, it was found that the slag composition function
X1� (%CaO)+0.45(%Fe2O3+%FeO)+0.55(%MnO) has the good relationship with the MgO
solubility as shown in Figure 4. The solid line in the figure was obtained in the form of the
Equation 6 by the regression analysis. (r2=0.980)
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One thing implied in this equation is that Al2O3 and P2O5 dilute the basic oxides to increase
the MgO solubility as SiO2 does. Another is that the coefficients of iron and manganese
oxides are similar to each other and those is about half of that of CaO.



3.2. Iron redox reaction

The iron ion ratios � � Fe2+/Fe3+ measured in CaO-MgO-Fe2O3-FeO-SiO2 slag
saturated with MgO at 1873 K are shown in the ternary system of CaO-(Fe2O3+FeO)-SiO2 in
Figure 5. Iso-Fe2+/Fe3+ lines (the solid lines in the figure) are nearly parallel to the iso-CaO
content lines or iso-CaO/SiO2 ratio lines according to the composition area. It means that the
Fe2+/Fe3+ ratio is also quite controlled by oxygen anion content just like the case of MgO
solubility. Park et al. reported that Fe2+/Fe3+ ratio in the CaO-MgO-Fe2O3-FeO-SiO2-MnO
slag equilibrated with molten steel is greater than 0.9 for a wide range of compositions at
1823 to 1973 K. [5] On the contrarily, in this work Fe2+/Fe3+ ratio is found to be less than 0.2,
especially smaller than 0.05 at the range of BOF slag (shadowed area in the figure). It is
natural to be expected that the iron redox reaction should proceed severely in slag just after
tapping end. Figure 6 shows a plot of Fe2+/Fe3+ ratio measured in CaO-Fe2O3-FeO-SiO2 slag
at 1873 K against the total iron content for various basicities B. The increase of the basicity B
lowers the Fe2+/Fe3+ ratio regardless of the difference in total iron content, and its effect is
more severe in the lower iron oxide content region.

The iron redox reaction could be proposed by the following a couple of equations.
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where n is a multiple of 0.5. In Equation 8, the backward reaction would be restrained by
increase in basicity (or oxygen anion content) to decrease Fe2+/Fe3+ ratio, whereas accelerated
to increase that in Equation 7. Consequently, from the phenomena seen in Figure 6, it is
considered that the iron redox reaction is controlled by complex anion formation reaction
rather than cation formation reaction.

In Figure 6, the interesting tendency is also found in the relationship between total
iron oxide and Fe2+/Fe3+ ratio as recognized in the case of MgO solubility. When the basicity
B is unity, the total iron content decreases Fe2+/Fe3+ ratio, while the Fe2+/Fe3+ ratio increases
with the increase of total iron content when the basicity B is 1.5 or above. This opposite
behavior depending on basicity condition is considered to be owing to the neutrality of iron
oxide as mentioned in Chapter 3.1. In acidic slag, because the iron oxide that tends to act as
the basic oxide produces the oxygen anion, the forward reaction in Equation 8 content would
be accelerated to lower Fe2+/Fe3+ ratio. However, in basic slag, the iron oxide would consume
the oxygen anion to restrain the forward reaction in Equation 8.

Figure 7 shows the relationship between the Fe2+/Fe3+ ratio and the slag
composition function X2� (%CaO)+0.38(%Fe2O3+%FeO)+3.2(%MnO). The data used here
were obtained from the measurement in CaO-MgO-Fe2O3-FeO-SiO2, CaO-MgO-Fe2O3-FeO-
SiO2-MnO and CaO-MgO-Fe2O3-FeO-SiO2-Al2O3 slags in this work. The solid line in the
figure represents the following equation obtained by the regression analysis. (r2=0.941)
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According to this equation, the acidic oxides, SiO2, Al2O3 and P2O5, are seemed to dilute the
basic oxides to lower the Fe2+/Fe3+ ratio. What is very noticeable in Equation 9 is that the



coefficient of MnO is 3.2 times bigger than that of CaO most basic component in the slag.
This high coefficient of MnO is considered to be owing to the powerful repulsive interaction
between the cations, Fe2+ and Mn+2.

CONCLUSION

1. The MgO solubility and the Fe2+/Fe3+ ratio in the CaO-MgO-Fe2O3-FeO-SiO2-(MnO)-
(Al2O3) slag was measured under the condition of equilibrium with the atmospheric air at
1873K

2. The higher the basicity, the lower the MgO solubility and the Fe2+/Fe3+ ratio. As the iron
oxide content increases, the MgO solubility and the Fe2+/Fe3+ ratio increase for the basic slag
but decrease for acidic slag.

3. It is revealed that the redox reaction of iron oxide in steelmaking slag under the air is
controlled by the complex anion formation reaction of iron oxide

4. The equations obtained by analyzing the effect of slag compositions influencing the MgO
solubility and the Fe2+/Fe3+ ratio are as follows;
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Figure 1. Approach to equilibrium
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Figure 2. MgO solubility in CaO-Fe2O3-FeO-SiO2 slag in air at 1873 K
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Figure 4. MgO solubility as a function of slag composition
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