Solid-State Reaction Kinetics of the System CaO-FeO

HIROY UKI FUKUYAMA, Md. KHALID HOSSAIN, and KAZUHIRO NAGATA

The solid-state reaction mechanisms of the CaO-FeO system have been studied by a diffusion couple
method in the temperature range of 1073 to 1273 K, under controlled oxygen-partial pressures. The
interdiffusivities and intrinsic diffusivities of Ca?* and Fe?** have been determined in the limited FeO
solid-solution range. Based on the obtained results, a solid-state reaction model of the system has
been developed, taking account of the formation of the Ca,Fe,Os phase. According to the model, the
diffusivities of Fe** in the Ca,Fe,Os phase have been estimated at 1273 K.

[. INTRODUCTION

THE freelime (free Ca0) remaining in the refining slag
in the steel industry makes an adverse effect on itsrecycling
due to the hydration of lime.l%d There are some investiga-
tions on the effect of FeO dissolved in free CaO on the
hydration. Matsunaga et al.lY reported that in rapidly cooled
slag, FeO segregates on the surface of the free-CaO phase
and acts as a coating against hydration. Allen and Snow!®!
also have reported that free CaO became more resistant to
atmospheric hydration by the dissolution of FeO. In case of
slowly cooled dlag, the FeO seems to be homogeneously
distributed in the free-CaO phase, and the hydration of the
free CaO becomes easier. Thus, the solid-state reaction kinet-
ics between CaO and FeO is important from the viewpoint
of effective slag recycling.

A large number of investigations of the CaO-iron oxide
system have been reported in the literature.*® Some
reports were published relating to the solid-state diffusion
kinetics of the CaO-Fe,O; system*2%3 and self-diffu-
siont* and impurity diffusion*® relating to crystalline
Ca0 and FeO. However, there are no data in the literature
for the interdiffusivity of the CaO-FeO system.

Thus, inthe present article, the CaO-FeO systemisstudied
with the aim of evaluating the kinetic behavior in the solid
state by the diffusion couples composed of single crystalline
Ca0 and unidirectional crystalline FeO.

1. EXPERIMENTAL

A. CaO-FeO System

There has been controversy regarding the CaO-FeO phase
diagram. In 1955, Allen and Snow!® presented the phase
diagram of the CaO-FeO system in equilibriumwith metallic
iron. According to their study, the system consists of CaO
and FeO solid solutions with limited mutual -solid solubility
and dicalciumferrite (CaxFe,Os), and the system isnot eutec-
tic. The lowest liquidus point is 1381 K at a composition
of 26 mass pct CaO-74 mass pct FeO, which isthe maximum
solubility of CaO in FeO, and the dicalcium ferrite incongru-
ently melts approximately at 1353 K. Abbatista et al.[™ in
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1975 presented results supporting the phase diagram
reported by Allen and Snow, although the decomposition
temperature of dicalcium ferrite is lower by 30 K than that
reported by them.

On the other hand, Schurmann and Kraume” in 1976
concluded that the CaO-FeO section with metallic iron satu-
ration presents the eutectic type characterized by the ternary
eutectic equilibrium of Fe-CaO solid solution-Ca,Fe,Os. The
solubility limit of CaO in FeO is approximately 12 mass
pct, and the Ca,Fe,O5 incongruently melts at 1423 K.

In 1988, Bergman and Song!® studied the Ca-Fe-O system
and concluded that the system is not eutectic, supporting
the phase diagram suggested by Abbatista et al.[®l On this
major disagreement, Bergman and Song pointed out that
the eutecticlike structure interpreted by Schurmann and
Kraumel” was actually results of the eutectoid-decomposi-
tion of wustite occurring during cooling.

In the present study, solid-state reaction kinetics of the
Ca0-FeO system was studied by a diffusion couple method
at temperatures ranging from 1073 to 1273 K, which is
below the decomposition temperature of Ca,Fe,Os based on
the preceding investigations,’>>"# although some disagree-
ments are among the phase diagrams. Oxygen partial pres-
sures were carefully determined so as to be slightly higher
than that of Fe/FeO equilibrium at respective temperatures
based on the FeO-Fe,O; phase diagram reported by Phillips
and Muan*” as presented in Table I.

B. Sample Preparation

FeO was prepared by the oxidation of an iron plate
(0.50 X 15 X 100 mm, 99.99 mass pct) under controlled
oxygen-partial pressure of 108 Pa at 1373 K for 86.4 ks
by CO/CO, gas mixtures. The product was confirmed as
a single phase of FeO by X-ray diffractometry. The FeO
crystals on the iron plate were unidirectionally devel oped.
Figure 1 shows the optical micrograph of the FeO crystals.
A diffusion sample of FeO was cleaved from the plate of
FeO crystals. The size of the FeO sample was about 4 X
4 X 0.25 mm having approximately 2 to 4 crystal grains.

Ca0 single crystal with (111) plane orientation was used
for the diffusion experiment. A small piece of CaO was cut
by cleavage similar in size as the FeO sample. The samples
of FeO and CaO were polished with number 4000 SiC
polishing papers and Al,O3 powder of 0.3 um and finished
with ultrasonic cleaning in acetone.
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Fig. 1—Optical micrograph of the surface of FeO crystals prepared by the
oxidation of iron plate with Po, = 1078 Pa at 1373 K for 86.4 ks.

Tablel. Condition for Diffusion Experiment

Run Temperature (K) Time (ks) Po, (Pa)
1* 1273 0.3 1x 1071
2* 1273 0.6 1x 101
3 1273 12 1x 1071
4 1273 18 1x 101
5* 1273 3.6 1x 101
6* 1273 7.2 1x 101

12* 1173 1.2 2 X 107

13 1173 18 2 X 1072

14* 1173 24 2 X 107

15* 1173 3.6 2x 1072

16 1073 18 1x 104

*Platinum marker experiment.

C. Diffusion Experiment

The polished FeO and CaO samples were placed face-to-
face to make a diffusion couple. Proper contact was assured
by placing the diffusion couple into a spring-loaded, push-
rod sample holder. After attaining the experimental tempera-
ture, the diffusion sample was put in the upper cool part of
areaction tube in a furnace. Then, the CO/CO, gas mixture
was introduced in the reaction tube. After attaining the
desired oxygen-partial pressure, the diffusion couple was
pushed to the highest temperature region of the furnace,
which permitted the interdiffusion. The diffusion experi-
mentswere performed with the conditions presented in Table
I. After the diffusion annealing, the sample was quenched
by pushing it to the cooled-end of the furnace.

The diffused samples were cut perpendicular to the origi-
nal interface with a diamond-tipped fine saw. The sectioned
surface was polished with number 4000 SiC polishing papers
and 0.3-um Al,O5 powder. The polished diffusion interface
was observed by an optical microscope. The quantitative
analysis was performed across the diffusion couple perpen-
dicular to the diffusion interface by electron probe microa
nalysis (EPMA). An electron volt of 20 kV and specimen
current of 30 nA was used for the analysis. The beam size
used is 1 um. The intensities of the characteristics X-rays
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(FeK, and CaK,) were measured with 1 to 5 um intervals
near the diffusion interface and with 10 to 50 um intervals
far from the interface. Diffusion experiments were also con-
ducted using the sample coated with platinum paste at the
interface of the diffusion couple as the Kirkendall marker
to determine the intrinsic diffusivities.

D. Boltzmann—Matano Analysis for Multiphase System

The concentration vs distance profiles for the CaO-FeO
diffusion couples were analyzed by the Boltzmann—Matano
method!® to determine the variation of interdiffusivity with
concentration. Fick’'s second law of diffusion in the one-
dimensional case can be written as

Jdc J Jc

—=—(D= 1

ot dx ( 8x) (4
where ¢ is concentration in mol/m? as afunction of distance,

X, and time, t; and D is the interdiffusivity. Initial condi-
tions are

c=cyforx<0,at=0 [2]
c=0forx>0at=0 [3]

In the FeO-CaO system, the diffusion profiles show disconti-
nuity, as illustrated in Figure 2, because of the appearance
of the CayFe,O5 phase. The solution of the diffusion equation
then is obtained by solving a three-phase-two-moving-
boundary problem. A modification of the Boltzmann—
Matano solution was carried out by Jost™*l and Appel®® to
provide the mathematical solution to determine the Matano
interface. As applied to Figure 2, this can be expressed as

c1 Cc3
f xdc + (C, — €1) Xg0 + f xdc
0 ! c2
) [4
+ (Ca — CP¥os + fc xdc = 0
4
With the Matano interface, the interdiffusivity, D(c’), at a

given concentration, ¢’, can be obtained from the graphical
integration and differentiation of ¢(x) using the equation

D(c') = _2% (glé)d qu xo + (e~ ez [5]

[ c
+ f * xdc + (Cs — Ca)Xp3 + f xdc}
[} C4

Jost!®® has shown that the application of the Boltzmann—
Matano analysisto multiphase diffusionisvalid for diffusing
systems in which a finite number of discontinuities occur
in the concentration and in the diffusion coefficient. Appel 2%
has emphasized that the preceding solutions are only valid
if the process involved is diffusion, so that concentration is
only afunction of x/t¥2,

E. Intrinsic Diffusivity

The interdiffusivity, D, is related to the intrinsic
diffusivities, Dc2+ and Deg2+ by Darken’s Equation:24

D = (NeeoDc2t + NcaoDee2*) (6]

where Neeo and N0 arethe molar fractions of FeO and CaO,
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Fig. 2—(a) CaO-FeO phase diagram!>® and (b) schematic diffusion profile
for three-phase diffusion problem. C,F = CaFe,Os.

respectively. These intrinsic diffusivities are also related to
the marker velocity, v, as follows:

INFeo
: o

V = (Dg2+ — Dc22+) P
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Therefore, the intrinsic diffusivities are calculated from the
interdiffusivity and the marker velocity by the combination
of Egs. [6] and [7]. The marker velocity can be obtained by
the manner described by Darken.?Y The shift of the marker,
Xm, 1S given by the expression

X = 1tY2 [8]

where | is a function of x/tY2. Thus, the velocity is given
by the following equation:

W 1, Xm
a2t T (9l
The marker velocity is calculated from x.,, which is the
distance between the marker interface and the Matano
interface.

1. RESULTS

A. Growth of Intercompound, Ca,Fe,Og

The cross-sectional views of the diffusion interface
annealed with Po, = 1071° Pa at 1273 K for 1.8 ks are
shown in Figure 3. Ca,Fe,O5 phase as an intercompound
can be found at the interface. The Ca,Fe,Os phase always
existed at the interface during the course of diffusion in all
diffusion experiments. It should be noted that the interface
between the Ca,Fe,Os and the FeO shows a zigzag shape
compared with the other side. Due to the zigzag shape of
the Ca,Fe,Os layer, the average thickness of the layer was
calculated from the area of the layer, which was estimated
graphically. The thickness against the square root of diffu-
sion time represents a linear relation, as shown in Figure
4, which indicates the growth process as diffusion con-
trolled. The zigzag shape of the Ca,Fe,Os formed is due
to the dissolution of Ca,Fe,Os in the FeO solid solution,
which is explained in Section IV.

B. Marker Movement

Figure 5 shows the cross-sectional view of diffusion
interface after the marker experiments at 1273 K for 3.6
ks. Pt marker particles can be found in the FeO phase. The
diffusion profile with marker position is represented in
Figure 6 for the sample annealed at 1273 K for 0.6 ks. As
can be seenin Figure 6, the diffusion profile showsalimited
mutual-solid solubility between FeO and CaO. In the FeO
solid-solution layer, a long tailing of concentration was
observed compared with that in the CaO solid-solution
layer. The shift of marker with reference to the Matano
interfacewas cal culated. Themarker shift against the square
root of thediffusiontimepresentsalinear relation, asshown
in Figure 7, which indicates that the position of the marker
is a function of x/t¥?, that is, it is diffusion-controlled.

C. Penetration Curve

Profiles of molar fraction of CaO against distance nor-
malized with t¥2 are shown in Figure 8 for the samples for
t=10.3,0.6,1.2,and 1.8 ksat 1273 K. If local equilibrium
was established throughout, the profiles should beidentical.
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Fig. 3—EPMA micrographs showing across-sectional view of thediffusion
interface annealed with Po, = 107° Paat 1273 K for 1.8 ks.

Thus, therelationships shown inthe figure uphold the valid-
ity of the use of Boltzmann—Matano analysisfor the present
system. The same conclusion was obtained for the experi-
ments conducted at other temperatures.

In the present study, the solubilities of CaO in the FeO
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Fig. 4—Thickness of CaFe,0Os layer as a function of the square root of
diffusion time at 1273 K with Pg, = 107%° Pa.
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Fig. 5—Cross-sectional view of the diffusion interface with Pt marker for
the sample annealed with Py, = 107° Pa at 1273 for 3.6 ks.

phase are approximately 0.15 and 0.10 in molar fraction
of CaO at 1273 and 1173 K, respectively, which are close
to those reported by Allen and Snow.!®

D. Interdiffusivity

The concentration dependencies of the interdiffusivities
areshown in Figure 9. Theinterdiffusivities have been deter-
mined up to the CaO solubility in FeO phase because the
penetration profile in CaO phase was very narrow. The val-
ues of log D for different concentrations are plotted against
the reciprocal temperature in Figure 10. The temperature
dependence of the diffusivity demonstrates the Arrhenius-
type equation:

D = Do exp (—Q/RT) [10]

where Q is the apparent activation energy in Jmol, Dg is
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interface and square root of the diffusion time at temperatures of 1173 and
1273 K.
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Fig. 8—Diffusion profile of CaO normalized by square root of diffusion
time at 1273 K.

the pre-exponential factor, R is the gas constant (8.314
JK-mol), and T is the absolute temperature. The values Q
and Dy are found to be independent of temperature within
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Fig. 9—Concentration dependence of interdiffusivity in the CaO-FeO sys-
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Fig. 10—Temperature dependence of interdiffusivity for several CaO con-
tents in the FeO-CaO system.

Tablell. Summary of Diffusion Results in the Form of
Arrhenius-Type Formula, D = Do exp (—Q/RT), where
R = 8.314 J/mal - K

Neao Do (cm? s7Y) Q (kI mol ™)
0.09 1.3 x 10! 145
0.07 5.1 X 1072 142
0.05 8.2 x 1073 129
0.03 23 x 107 97

the experimental accuracy. The equations for the straight
linesplottedinthefigurearelisted in Tablell. Theactivation
energy increases with increasing CaO concentration.

E. Intrinsic Diffusivity

The intrinsic diffusivities, De2+ and Dg2+, have been
determined from the velocity of the marker interface and
theinterdiffusivities. Theintrinsic diffusivity values are pre-
sented at temperatures of 1273 and 1173 K in TableIll. The
intrinsic diffusivity of Fe?* is dightly larger than that of
Ca®* at both temperatures.
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Tablelll. Intrinsic Diffusivities of Ca?* and Fe** in the FeO-CaO System at Temperatures of 1173 and 1273 K
Intrinsic Diffusivity Intrinsic Diffusivity ~ Ca Impurity Diffusivity

Temperature  Concentration at Marker  Interdiffusivity of Fe?* Dre2+ of Ca?* D2+ in FeO Single Crystal,

(K) Position (Nc.o) D (cm?s™) (cm?s™) (cm? s Dc2+ (cm? s~ 41l

1273 0.07 46 x 1078 6.9 X 1078 44 x 1078 49 x 1078

1173 0.08 20X 10°8 21x10°8 1.7 X 1078 1.3 x 1078

Labidi et al.[8! studied Ca impurity diffusion in single Decomposition ~ Formation
crystalline FeO under controlled oxygen-partial pressures at of Ca,Fe,0; of Ca,Fe,O,
temperatures ranging from 1073 to 1423 K. The values X ¥
extrapolated to the present experimental conditions using i 5
their regression formula are in excellent agreement with the 4 _Fe Fe™,
present results, as shown in Table I11. Pt markere <
¢
IV. DISCUSSION | —
I Ca?
A. Solid-State Reaction Model !
The vacancy mechanism can be accepted for diffusion in 4 FeO Ca,Fe,0, Ca0

the present system. CaO and FeO are both rock-salt-type —
structure compounds where large anions are arranged in
cubic close packing and al the octahedral interstitial sites
arefilled with cations. Schottky defectsarethermally formed Moao
in both compounds, and the respective cations diffuse in
counter ward each other through the cation vacancies with
maintaining electrical neutrality at the diffusion interface.
Thus, in general, the apparent activation energy, Q, deter- R
mined consists of the heat of formation of cation vacancy Distance "

and the activation energy of diffusion.

In the present system, someiron existsin atrivalent state,
which makes the diffusion mechanism more complicated,
because three Ca?* could be replaced by two Fe** and a
vacancy. Fe** becomes more stable with an increase in CaO
content, which may lead to additional vacancy formation to
the thermally created vacancies. Stabilization of Fe** by
Ca0 eventually results in the formation of CaFe,Os. The
solid-state reaction mechanisms relating to the formation of
CayFe,0Os will bediscussed based on thefollowing character-
istic results.

(1) The Pt marker interface was aways observed in the FeO
phase relatively far from the Ca,Fe,Os layer, as shown
in Figure 5. This would suggest that the Fe?* diffuses
much faster than Ca?* across the diffusion interface.

(2) However, the intrinsic diffusivity of Fe?* is as large as
that of Ca?* at the marker position, asshownin Tablelll.

(3) The CayFe,0O5 phase grows according to the parabolic
rate law, indicating that the process is diffusion-
controlled.

(4) The interface between the FeO solid solution and the
CayFe,05 presents the zigzag shape, as shown in Figures
3 and 5.

To explain the foregoing phenomena reasonably, the fol-
lowing reaction model is proposed and schematicaly illus-
trated in Figure 11.

(@ The CaFe,0O5 forms at the CaO-FeO interface at the
beginning of the reaction as soon as the FeO/CaO couple
is raised to the experimental temperature.

(b) Assuming that Dgg+ >> D2+ in the CaFe,Os phase,
Fe** principally diffuses toward the CaO phase through
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Fig. 11—Solid-state reaction model for the CaO and FeO system showing
a cross-sectional view of a diffusion couple with diffusion profile.

the Ca,Fe,Os layer, while holes, h, diffusein the counter
direction to maintain electrica neutrality in the
CaFe,0s.

The diffused Fe** reacts with CaO to form Ca,Fe,Os at
the CaO-Ca,Fe,O5 interface by the following reaction
where CaO stabilizes Fe**:

2Ca0 + 2F&** + 3/20, (g) = CaFe,0s + 6h  [11]

(d) The CaFe,0O5 decomposes simultaneously at the FeO-
CaFe,0O5 interface by the following reaction because
of the dissolution of CaO into the FeO phase:

CaFe,0s = 2Ca0 + 2FeO + 120, (g) [12]

FeO reactswith the arriving holes at the interface, form-
ing trivalent iron ions.

(c

~

Fet + h = Fe’* [13]

Thus, the resultant trivalent iron diffuses in the
CaFe,O5 phase.

(e) The decomposition of the CaFe,Os may result in the

zigzag shape of the interface between the FeO and
CaFe,0s.

(f) The growth rate of the Ca,Fe,Os5 phase depends on the
diffusivities of Fe** in the Ca,Fe,O5 phase and that of
Ce* in the FeO phase. Therefore, the growth rate obeys
the parabalic rate law, as shown in Figure 4.

It has been reported on the structure of Ca,Fe,Os that iron
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TablelV. Evaluation of the Diffusivities of Fe* in the Ca,Fe,0s Phase at 1273 K with Po, = 107%° Pa

dNcao/d Inu at the D (cm? s Y) at the

At the CaO-C,F Interface At the FeO-C,F Interface

Activity of Ca0, aco

FeO-C,F FeO-C,F Slope of the Linein Fig. 4
Interface Interface A (cm s71?) 0.97 0.21
Des+/ecm? st
327 x 107! 20 x 1077 441 x 10°° 51 x 108 by Eq. [A1l] 35 X 108 by Eq. [A11]
57 x 108 by Eq. [A12] 3.1 X 1078 by Eq. [A12]
C,F = CaFe,0s.

in CaFe,Os is both octahedrally and tetrahedrally coordi-
nated by oxygen, while, calcium is coordinated by oxygen
in a square antiprism.[?? This indicates that the formation
of the iron vacancy is much easier than that of calcium
vacancy, supporting the present model. However, because
the electrical conduction mechanism and cation diffusion
datain Ca,Fe,Os are unknown, no further discussion on the
reaction model can be made.

B. Diffusivity of Fe** in Ca,Fe,0s

On a basis of the reaction model discussed in Section
IV-A, the diffusivity of Fe** in Ca,Fe,Os is evaluated in
the following manner. The growth rate of CaFe,O5 can
be expressed by the difference between formation rate and
dissolution rate.

dx . .

a = Jrdt * Vi = Je* * Vi [14]
where J; is the flux of component, i, and V,, is the molar
volume of CaFeO,s. The two terms on the right-hand side
of Eq. [14] can be given by

. V,
Je¥t * Vim = ?m ky [15]

. Vi
Je2t * Vm = ? ko [16]

where k; and k, are derived and given in the Appendix.
Substituting Egs. [15] and [16] into Eq. [14] and integrating
fromt=0,x=0tot =t, x = x gives

X2 = 2(mG1 - mGz)t [17]

Therefore, theterm 2(V.ky — VKo) correspondsto the para-
bolic rate constant derived from Figure 4.

A2 = 2(Viky — Viko) [18]

where A is the slope of the line shown in Figure 4. While,
VK, aso can be obtained from the penetration curve and
the interdiffusivity as explained in the Appendix. Therefore,
VK1 can be calculated by Eq. [18], which enables us to
estimate the value of Deg+ in the CaFe,Os phase by using
Eq. [A11] or [A12] in the Appendix. The Fe** vacancies
are formed by the two possible dissolution reactions of CaO
into Ca,Fe,0s, as presented in the Appendix. Thus, the diffu-
sivity of Fes;, depends on the type of vacancy formation
reaction, and the diffusivity of Fe* is a function of the
activity of CaO. The results are tabulated in Table IV.
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V. CONCLUSIONS

The solid-state reaction mechanisms of the CaO-FeO sys-
tem have been studied by a diffusion couple method in the
temperature range 1073 to 1273 K, under controlled oxygen-
partial pressures. The CaFe,Os formed at the interface and
grew according to a diffusion-controlled process. The inter-
diffusivities and intrinsic diffusivities of Ca?* and Fe** have
been determined in the limited FeO solid-solution range.
Based on the obtained results, a solid-state reaction model
of the system has been proposed. The CaFe,O5 phase is
formed at the CaO-Ca,Fe,O5 interface and simultaneously
decomposed at the FeO-CaFe,Os interface because of the
dissolution of CaOinthe FeO phase. According to the model,
the diffusivities of Fe** in the Ca,Fe,Os phase have been
estimated at 1273 K.

APPENDIX

Regarding the growth rate of an intercompound formed by
reactions at the interface of a diffusion couple, Wagner!23:24
derived the relation between the rational reaction-rate con-
stant, k, and the diffusivity of a rate-determining species. In
the present study, Fe** is assumed to be the rate-determining
species for the growth of CaFe,Os, and the rate constant,
ki, can be expressed by

1 (ure(C20O)
k= “RT J o) Dre3* Cre3+ dupe [Al]
where ur(Ca0) and ur(FeO) are the chemical potentials
of Fe at the CaO-Ca,Fe,0s interface and the FeO-Ca,Fe,05
interface, respectively. ce3+ is the concentration of Fe** in
mol/m? in the Ca,Fe,Os. The flux of Fe is equal to that
of Fe* vacancy:

Dre3* Cre3+ = Dy [VE [A2]

where D, and [V£] are the diffusivity and the concentration
of Fe** vacancy, respectively. Assuming that ce3+ and D,
are constant under the present conditions, Dgg3+ is propor-
tional to [V{]. Fe** vacancies areformed by the two possible
dissolution reactions of CaO into Ca,Fe,O5 in addition to
the intrinsic defect formations, such as Schottky and Frenkel
types of defects:

Ca0 + 3/40, = VI + CacX + 5/200* + 3h

[A3]
(for higher Po,)
Ca0 = Vi + Cacyt + Oo* + 3/2V5

[A4]
(for lower Po,)
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where Kroger—Vink notation is used. In the present study,
we cannot determine which reaction is more favorable,
because the oxygen partial-pressure dependence of the rate
constant has not been determined. Therefore, De3+ can be
expressed in two ways by substituting the equilibrium rela
tions of the preceding reactions and the electrical neutrality
into Eq. [A2]:

D K 1/4
=Y (A3) 3/16,1/4
O (33[%1[0615’2) Po. 80

— N 316,14
= D'po,” " aco

[AS]

D K 2/5
_ 2V (A4) 25 _ My"42/5
D = ar ((3/2)3’2[%][06]) o = D'aco

[A6]

where K a3 and K4 are the equilibrium constants of reac-
tions [A3] and [A4], respectively. D’ and D" are as follows:

, _ Dy TE) -
D = e (3%%4[%1“) [AT]
D" = DV Kiaa 5 A8
g ((3/2)” [Catl[0% ]) [A8]

Taking account of the equilibrium relation:
Mre + 3lAuo, + pcao = Mcareo,s [A9]

thefollowing equation can be obtained for the fixed chemical
potential of oxygen in CaFeO,s:

dure = —ducao = —RTd In aco [A10]
Substituting Egs. [A7], [A8], and [A10] into Eq. [A1] gives:
316 [ " aca0(C0) U4
Viky = D'pd, fmac ey 320 dInaco
All
= 4D’ pa. 3/16 [aCaOl/4]aCaO§Cg8)) [ ]
N7 In aca0(Ca0) 2/5
Voky = D ﬁnacao(Feo) aco?> dInaco
[A12]

D//[ acaoZS] ?Caczg(ggg)

where V,, = 1/ce3+. Takeda and Yazawal®>? reported the
activity data in the CaO-FeO system at 1473 to 1573 K.
According to their results, the activities of CaO present
slightly positive deviation from an ideal solution in the FeO
solid solution. It is, therefore, reasonable to obtain the activ-
ity value of CaO at 1273 K by the regular solution model
based on their results in the FeO solid solution. Since the
solid solubility is very limited in the CaO solid solution, the
ideal solution model can be applied without causing large
errors. The estimated CaO activities in both solid solutions
at 1273 K were presented in Table IV.
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On the other hand, k, can be related to jc2+ by using
Fick’s first law in the FeO solid-solution range as:

dcc2+
ko = jo2r - X = —(D ca? )x [A13]

dx

where cc2+ is only a function of u(=x/t¥?), as shown in
Figure 8. The molar fraction of CaO, Nc,o, iS given by

c

where cisthetotal number of moles per unit volume. Substi-
tuting Eq. [A14] and the function u into Eq. [A13] gives

dinu

Viko = — [A15]

where cV,,, is assumed as unity.
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