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ABSTRACT

The activities of CaO and SiO, in the quasi-ternary
system CaO-SiO,-CrO4 were calculated. The calculation
was based on the measured activities of CrO and CrOj s
and the activity data of the CaO-SiO, binary system at
1600°C by applying the Gibbs-Duhem equation. The re-
sults were presented as iso-activity diagrams for CaO and
Si0,. The activity of CaO is quite low in the liquid area of
the slag. The activity of SiO, changes from unity at silica
saturation to low values at calcium silicate, calcium
chromite, or eskolaite (Cr,Q3) saturation. The activities of
CaO and SiO, were qualitatively compared to the activities
in the CaO-SiO,-FeOy slag system, respectively. The re-
sults showed great similarity between these two slag sys-
tems.

1. INTRODUCTION

Thermodynamic properties of slags play essential role
in the steelmaking process. Slags in the AOD process for
stainless steel production consist of the following major
oxide components: Ca0O, SiO,, CrO and CrO; s together
with some minor proportions of other oxides. The activities
of CrO and CrO; s have been experimentally determined in
the liquidus area of CaO-Si0,-CrO-CrO; s at 1600 °C by
the electromotive force method by the present authors'.
The equilibrium was achieved between the slag and the Cr-
saturated Cr-Ag alloy. The fraction of Cr** and Cr** in the
slags was analyzed by wet-chemical method. The iso-
activity contours of CrO and CrO;s were obtained. Pure
liquid and pure solid oxide were used as the standard state
of CrO and CrO; s, respectively. Based on the previous
work, the activities of CaO and SiO, were calculated over a
wide range of liquidus slag area in the system CaO-SiO,-
CrO-CrO; s at 1600 °C by Gibbs-Duhem equation. The re-

sults were compared with the corresponding data of iron

oxides containing system for better understanding the
thermodynamic behavior of AOD slags.

2. CALCULATION METHOD

The Gibbs-Duhem equation is well known for deriv-
ing the partial molar properties of other components from
the known partial molar property of one component in
multi-component systems. The effort for developing a con-
venient method to mathematically solve the equation has
been made for several decades. The traditional methods”'”
can not avoid the strenuous graphical integration and dif-
ferentiation. An analytical solution of the Gibbs-Duhem
equation for ternary system has also been developed“'M.
The solution has been widely used in calculating partial
molar properties of the other two components and the cor-
responding integral properties from the known partial mo-
lar property of one component in ternary systems. Never-
theless, the properties of all three pure components and the
binary sub-systems should be taken as boundary conditions
in order to keep thermodynamic consistency.

In the present study, the quarternary system is simpli-
fied to a quasi-ternary slag system in order to obtain the
activities of CaO and SiO, in the CaO-SiO,-CrO-CrO; 5
slag system. The calculation was based on the hypothetical
component, CrOy, which was obtained by considering the
total chromium in the slag consisting of CrO and CrOj s.
The first step is to establish the curves of the excess Gibbs
energy of mixing for the CaO-SiO; binary system and the
activity surface of CrOx for the quasi-ternary system from
the experimental results and the phase diagram; then to in-
tegrate along constant slag basicity values, and to differen-
tiate along the iso-activity curves of CrOx with computer
program to obtain the activity coefficients for CaO and
SiO,.

2.1 Simplification of quarternary to quasi-ternary system

In the Ca0-Si0,-CrO-CrO; s quarternary system, the
Gibbs-Duhem equation can be written as:

NCaO 'd:uazo '*'Nsm2 'du's;o2 + NCrO 'd.uc'ro )
+Neyo,, *dlco, =0
NCa0+NSi02 +NCr0+NCI'0|_5 =1 (2)

In the CaO-SiO,-CrO4 quasi-ternary system, the Gibbs-
Duhem equation can be constructed as:

Ncao *dlcao + Nsio, - dMsio, + Ncro, ~dicro, =0 (3

Ncao +NS‘-02 +Nc,.ox =1 (4)
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where, N; and y; represent mole fractions and chemical
potentials of the component i in the system, respectively.

By comparing Eq. 1 to Eq. 3 and Eq. 2 to Eq. 4, the
following relationship can be obtained:

Nero, dicro, = Nero -diicro + Neroy s +ditcro, s ©)
Nero, =Newo +Nevo, 5 ©)

Define g= NC—’O, then,
cro, 5

B-ducro +dicro
diicro, =$5. )

For the chemical potentials, it can be written as:

o =HEo +RTInacy )]
Heroys =Hero, s + RTnagyg, )
Accordingly, the following relation is valid:

B 1o + 12
_Eu’_"l_s+ RTIn

1+

b 1
ﬂCrOX = (aC’0(1+ﬁ) .aC’OIAS(H‘p)) (10)

In general, the chemical potential of CrOx can be written
as:

Lo, =Hero, +RTInag,o (1D

Here, the standard state for the activity of CrOy can be de-
fined based on the following equation:

B iéro +Hero
B, = A (12)
1+8
Then, the activity of CrOy can be derived as follows:
(i) ek
acro, =9cro 14 4o 5 148 (13)

In order to maintain thermodynamic consistency, the B
value should be constant on the single iso-activity line, so
that the activity has the same standard state on the iso-
activity line. However, the standard state for the activity of
CrOx at different activity values may be different, because
B is a variable value depending on oxygen partial pressure.
Fig. 1 shows the relationships among logPo, and the 3 val-
ues as well as the activities of CrOy in the slag system of
Ca0-Si0,-CrO-CrO; 5 in equilibrium with metallic chro-
mium at 1600 °C. The original experimental data were pre-
sented earlier by the authors'. From this figure, it can be
seen that at the same activity of CrOx, the B value almost
keeps constant, but with increasing activity of CrOy, the B
value will decrease. According to the experimental data of

the activities of CrO and CrO s in the CaO-SiO,-CrOy slag
system, the iso-activity lines for CrOy in the quasi-ternary
system were constructed from Eq. 13 as shown in Fig. 2.
The lines in the liquidus area in Fig.2 are based on the ac-
tivity data for CrO and CrO; s measured in the experimen-
tal work'. The tie lines are drawn according to the phase
diagramls. The activity of the component should be con-
stant on the tie lines in the two-phase areas.
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Fig. 1 Relationships of oxygen partial pressure with 3
value and CrOy activity in the CaO-SiO,-CrOy slag system
in equilibrium with metallic chromium at 1600 °C,
standard state of CrOy defined by Eq. 12.
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Fig. 2 Iso-activity diagram of CrOy in the CaO-SiO,-CrOy
slag system at 1600 °C in equilibrium with metallic chro-
mium, standard state defined by Eq. 12.

2.2 Derivation of partial molar properties in CaO-SiO,-
CrOy system

When the activity of one component of a ternary sys-
tem is known, the activity of the other two can be calcu-
lated with the ternary Gibbs-Duhem equation. Based on
Wang's method'®, by quoting the excess function, the
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thermodynamic relationships and parameter definitions are
listed as follows:

E E E E
G =Ncro Kcro, + Newokcao + Nsio Hsio, (14)
E E E
Ncao *ditcao * Nsio, “ditsio, + Nero, “dicro, =0 (15)
Ng;
y i 03 (16)
Ncao + Nsig,

E E
_G —Nero,lcro,

of (17
1-Neyo,
E
- .uCrox - (18)
(1= NCro, )

where, G? is the excess molar Gibbs energy, y, of ,and o
are the defined parameters.

According to Eqgs. 14, 15 and 16, © in Eq. 17 can be
re-written as:

0F =(1-y)uéy +y#sEioz (19)

Dividing Eq. 19 by y, differentiating it, and comparing
with the Gibbs-Duhem Eq. 15, it follows:

E

(C] E 1 N¢ 0,

d— = paod(—)~———*—duc,o, (20)
y y y(- Ncrox)

©F can be derived by integrating the above equation at a
constant y value, by combining Eq. 18 and integrating it
from Nc,o)r =0, thus:

Nerwo,

0% =(G" )y, 0~ Noo, (1= Neo Yo+ [adN ey 21
0

where, (G*), _, can be derived from the activities in the
cro, =

Ca0-Si0; binary system, shown in Fig. 3'°. Based on
thermodynamic principles, excess chemical potential of
CrOx can be expressed as:

E 0
Kero, =Hcro, ~Hcrox = RTInNg,o, (22)

RTIn(1-Ng,0 )

Adding the item of d( £-) to both sides of the

y
Eq. 20, and combining Eq. 22, it then yields:

& +RTInA-Neo)

= (o +
y Ca0 23)
RTIn(1-N ))d(i) - Ldu
cro, y v(1- Nc,-o, ) cro,

Therefore,

Héwo + RTIN(1= N, ) =

(OF + RTIn(1- N5 )/ y) 24
a1/ y) )
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Fig. 3 Activities of CaO and SiO; for the CaO-SiO,
binary system at 1600 °C, standard states -
pure solid CaO and SiO,'®.

In analogy to Eq. 24, the excess chemical potential of
SiO; can be expressed as follows:

Uso, + RTIn(1-N, )=

[a((ef +RTIn(1- N, )/ (1= y)) (25)
a1/ (1= y)) v
Consequently,
Héw0 =RTInYc,0 (26)
Hsio, = RTIn Y50, 27
and,
aca0 = Ycao "Ncuo (28)
asio, = ¥sio, Nsio, (29)

In brief, activities of CrOy should be first derived from
the activities of CrO and CrO, s by Eq. 13, and o values
can be calculated with Eq. 18. Then o-Ncio, functions are
regressed into polynomials at constant y values, and
adopted into Eq. 21 to make the integration, so that @F
values are acquired. In succession, by using Eq. 24 and Eq.
25, the excess chemical potentials of CaO and SiO, are
calculated along the iso-activity lines of CrOx by applica-
tion of logarithmic regressions and then by differentiation.
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3. CALCULATION RESULTS

By adopting the Gibbs-Duhem equation and knowl-
edge of phase diagram, the activity coefficients and activi-
ties of CaO and SiO, have been obtained. The results are
shown in Figs. 4 to 7.

% M A0
0 10 20 30 20 50 60 70 80 90
mol%CrO,

Fig. 4 Activity coefficients of CaO derived from activities
of chromium oxides in the CaO-SiO,-CrOy system at
1600 °C in equilibrium with metallic chromium,
standard state - pure solid CaO.
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mol%CrOy

Fig. 5 Activity coefficients of SiO, derived from activities
of chromium oxides in the Ca0-SiO,-CrOy system at
1600 °C in equilibrium with metallic chromium,
standard state - pure solid SiO,.

The standard states for activities of CaO and SiO, are
pure solid oxides. From all these results, the effect of
chromium oxide on the activity of CaO is not substantial.
Increasing chromium oxide appears moderately decrease
the activity of SiO,. This is in accordance with the weakly
basic or amphoteric character of chromium oxides.

The activity of CaO in the CaO-SiO,-CrOy slag sys-
tem has a strong negative deviation from the ideal solution.
However, SiO, shows substantial positive deviation from
ideal solution at higher SiO; contents. At lower SiO; con-

tents, the activity of SiO, has a significant drop, so that
SiO, has a negative deviation from ideal. In silica-rich
melts, silica networks exist. Basic calcium oxide is bonded
in the silica network with its oxygen ions, which phenome-
non then results in low activity of CaO in the slag. In addi-
tion, the tendency to form compounds such as CaO-SiO,,
3Ca0-28i0,, 2Ca0-Si0O; etc., appears as lowered activities
of both CaO and SiO; in slags. Herewith, both CaO and
Si0O; have negative deviations from ideal behavior at a slag
basicity higher than unity in mole ratio.

o 10 20 30 40 50 60 70 80 90
mol%CrOy

Fig. 6 Iso-activity contours for CaO derived from activities
of chromium oxides in the Ca0-SiO,-CrOy system at
1600 °C in equilibrium with metallic chromium,
standard state - pure solid CaO.
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mol%CrO,

Fig. 7 Iso-activity contours for SiO; derived from activities
of chromium oxides in the CaO-Si0,-CrOy system at
1600 °C in equilibrium with metallic chromium,
standard state - pure solid SiO».

4. COMPARISON WITH THE ACTIVITIES
IN IRON OXIDE SYSTEM

The most commonly studied ternary slag systems
containing CaO and SiO, include CaO-SiO,-FeOy, CaO-
Si0,-MnO, and Ca0-Si0,-Al,05 systems. The activities of
Ca0 and SiO; can either be measured by experiments or
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calculated with the Gibbs-Duhem equation under the con-
dition that the activity of the third component is known.
However, the activities of SiO, and CaO in the CaO-Si0,-
CrOy slag system have not been found in the literature so
far. A direct comparison of this slag system is not possible.
However, the calculated results with application of the
Gibbs-Duhem equation based on the measured activity
values of CrO and CrO, 5 can be qualitatively compared to
other similar slag systems such as the system of CaO-SiO,-
FeO,, so that the behavior of CaO and SiO, in different
slag systems can be further examined.

Ca0-Si0,-FeOy slag system is of central importance
in steel refining processes. According to the literature, the
Ca0-Si0,-FeOy slag system has been investigated exten-
sively due to the significance in the oxidizing capacity of
the slag represented by the activity of "FeO" in slags. The
activity values of FeO were determined from the equilib-
rium between the slag and the liquid iron, and the activities
of lime and silica were obtained by integrating the Gibbs-
Duhem equation. This slag system has much resemblance
to the present CaO-SiO,-CrOy slag system due to the
multi-valence nature of iron and chromium. Figs. 8 and 9
show the comparison of iso-activity contours of CaO and
SiO, in both Ca0-Si0,-FeO,'” and Ca0-Si0,-CrO, quasi-
ternary systems calculated with Gibbs-Duhem equation at
1600 °C.

Si0y
0,40°

—— aC,(0 in Ca0-5i0,-CrO; system
=== aCaQ in Ca0-§i0,-FeO; system

CaO © 10 20 30 40 50 60 70 80 90 100 £e0,
mol% CrOy or FeOy ———>

Fig. 8 Comparison of iso-activity contours of CaO in CaO-
Si0,-FeO, and Ca0-Si0,-CrOy slag systems at 1600 °C,
standard state - pure solid CaO.

From these comparisons, one can see the similarity of
the activities of CaO and SiO; in the two slag systems, es-
pecially for the activities of silica. The effect of FeOx or
CrOy addition on the activities of both lime and silica is
quite small. At the equivalent slag composition, the activity
of CaO in the CaO-Si0,-CrOy system is lower than that in
the CaO-Si0,-FeO, system. The activity of silica has quite
similar behavior in both slag systems at lower slag basicity,
while at higher slag basicity the activity of silica in CaO-

Si0,-CrOy system is slightly lower than that in CaO-SiO»-
FeOy system.

Owing to the more basic character of FeO than that of
CrO, the increase of activity of calcium oxide by increasing
iron oxides is more significant than by increasing chro-
mium oxides. The different behavior is more evident in
high FeOy or CrOy regions. The iso-activity contours for
FeO, in the slag system have more or less resemblance to
that for CrOy in the corresponding slag system, shown in
Fig. 10.

Si0y
0,1°

—— a0, in Ca0-5i0,-CrO, system
~—~— 20, in C20-5i0,-FeO system

Ca0 © 10 20 30 40 50 60 70 80 90 100 BeQ,
mol% CrOy or FeOy —— >

Fig. 9 Comparison of iso-activity contours of SiO; in CaO-
Si0,-FeO, and Ca0-Si0,-CrOy slag systems at 1600 °C,
standard state - pure solid SiO».

CaO © 10 20 30 40 50 60 70 80 90 100 FeOX
mol% CrOy or FeOy ———>

Fig. 10 Comparison of iso-activity contours of FeOy and
CrOy in Ca0-Si0,-FeO, and Ca0-Si0,-CrOy slags at 1600
°C, standard state of FeOy is pure FeOx in equilibrium with

metallic iron, and that of CrOy is defined by Eq. 12.

Even though similar results or behavior have been ob-
served, when introducing CrOy, respectively FeOy into
Ca0-SiO; slags, the comparison should be only qualitative.
The great thermodynamic and physical difference in the
FeO, and CrO, bearing slags must be recognized. This
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means, a.0., the different relative basicities of oxides
FeO/CrO and FeO;s/CrO;s, respectively, the different
fraction of the corresponding two- and three-valent oxides
in the slags depending on the ambient equilibrium Po,, the
interaction of these oxides with the base slag components
CaO and SiO,, as well as the phase diagram, i.e., the liqui-
dus area at the examined temperature.

5. SUMMARY

The activities of CaO and Si0O, in the Ca0O-Si0,-CrO-
CrOy 5 slag system in equilibrium with metallic chromium
were calculated at 1600 °C with the Gibbs-Duhem equa-
tion. The iso-activity diagrams were obtained, and com-
pared with the respective ones in CaO-SiO,-FeOyx slag
system.

The knowledge of activities of chromium oxides, lime
and silica settles a basis for understanding reduction proc-
esses of chromium containing slags in AOD process for
stainless steel production. According to the present investi-
gation results, increasing slag basicity can promote the re-
duction of chromium from slag to metal. In addition, it is
expected that the present results will enrich the thermody-
namic database and supply necessary data for the studies
on the slag systems.
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