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To extend the chemical relaxation technique to ternary oxide systems, theoretical analysis was made
to obtain an expression for the chemical diffusion coefficient in terms of the vacancy diffusion coeffi-
cient. An equation, D = [Co/(C; + C)] Dy(3)(@ In P(O)/d In C,), was derived, This is similar to the one
for the binary oxide system. Chemical relaxation experiments were made on the magnetite—hercynite
solid solutions, (Fe,-,Al,);_s04 with y = 0.0, 0.067, 0.133, and 0.20, at temperatures between 1300 and
1400°C. The vacancy diffusion coefficient decreased remarkably with an increase in y. The activation
energy was found to be 20.8 = 3.7, 33.5 = 4.2, 50.4 * 3.6, and 66.3 * 4.5 kcal/mole for y = 0.0, 0.067,
0.133, and 0.20, respectively. A strong dependence on y was also found. The dependence of the
vacancy diffusion coefficient on y was interpreted to indicate that the jump frequency of cation
vacancies is decreased by the introduction of aluminium ion.

Introduction

In most cases, metal deficit-type binary
oxides have cation vacancies as major lat-
tice defects and cation diffusion proceeds
via vacancies. It is well known that the self-
diffusion coefficient D; of cations of kind i is
related to the vacancy diffusion coefficient
D, by the equation (/)

DiCi = Dva (1)

where C; and C, denote the concentrations
of cation / and vacancies, respectively. D; is
related to the tracer diffusion coefficient D
by the equation

D;fy = Df, @

where f, is the correlation factor. The
chemical relaxation technique has been uti-
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lized for the measurement of the chemical
diffusion coefficient D in nonstoichiometric
binary oxides. When a stepwise change of
oxygen partial pressure is given to the sys-
tem, physical properties depending on non-
stoichiometric composition vary with time
and finally reach new equilibrium values. If
the surface reaction rate is high enough, the
chemical diffusion coefficient D can be cal-
culated from the relaxation curve.

For chemical diffusion in binary oxides,
Wagner (2) has derived the equation

D = (zcDc + |zalDa)

T Ce(1 oo
2 C. \RTamnc,) ©

where subscripts A and C denote anions
and cations, respectively. Cc and C, are
concentrations of cations and vacancies, z¢
and z, are numbers of charge of both kinds
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of ions, and ug is the chemical potential of
the oxygen atom.

If cation vacancy diffusion prevails in
metal deficient binary oxides, D¢ > D,
therefore,

z2cCcDc 1 dIn P(Oz)
|ZA|CV 2 dln Cv

_zcDy 181n P(O)
 |zal 2 9InC,

Equation (4) indicates that the vacancy dif-
fusion coefficient is directly determined
from the chemical diffusion coefficient.

Chemical relaxation technique, applied
to binary oxides such as CoO (3, 4), NiO
(3, 5), and Fe;04 (6), has demonstrated its
relevance to obtaining vacancy diffusion
coefficients. Although some papers have
been published on chemical diffusion in ter-
nary oxides (7-9), detailed theoretical anal-
ysis is needed. This paper aims to extend
the chemical relaxation technique to ter-
nary systems. For this purpose, the
magnetite (Fe;O4)-hercynite (FeAl,Oy)
solid solution system was chosen, since the
system has a wide nonstoichiometric range
(10-13), and the chemical relaxation exper-
iment was expected to be done by means of
a thermobalance.

D=

)

Theoretical

Phenomenological Theory of Chemical
Relaxation in Ternary Oxide Systems

From the results of nonstcichiometry and
tracer diffusion experiments on magnetite
and magnetite—hercynite solid solutions at
high oxygen pressures, it is considered that
chemical diffusion proceeds by the cation
diffusion via cation vacancies and oxide
ions do not move (10-16). During the relax-
ation process after stepwise change in oxy-
gen partial pressure, iron ions (Fe!* and
Fe**), AP** ions, and electrons diffuse in
the same direction, while cation vacancies
diffuse in the opposite direction.

Let us consider a slab equilibrated under
an oxygen partial pressure, where the oxy-
gen partial pressure is raised to a higher
value at ¢ = 0. If the surface reaction is fast
enough, the surface has a nonstoichiome-
tric composition in equilibrium with the
new oxygen partial pressure. Cations mi-
grate outwards to form a new oxide lattice.
The cation diffusion flux Jy is proportional
to the concentration gradient dCy/dx, re-
sulting in

- dCy
Ju=-D—~=, (5)
where D is the chemical diffusion coeffi-
cient. The weight change per unit area is
proportional to cation flux (Jy), at the sur-
face:

daw < dC
= = 8Uw,=-gD—7*  ©

where g denotes the weight of oxygen mol-
ecules per one mole of cation.

In magnetite—hercynite solid solutions,
both iron ions and AP* ions diffuse via cat-
ion vacancies; thus,

=4+ W)
dCy _dC,  dC; __dc,
i dx T ®

where subscripts 1 and 2 denote iron ions
and A" ions, respectively. From Egs. (5),
(7), and (8),

- dC,
JM=JI+JZ=DE' 9

Fluxes of iron ions, AI3* ions, and electrons
are expressed as follows:

_ DG, d(uy + 2,F¢)

"NETRT T & (10
_ _ DG d(us + 2F9)

RETRT T & (1)
_ _DyGid(us + z:F9)

Lh="RT T & (12



22 YAMAUCHI ET AL.

In Egs. (10), (11), and (12), subscript 3
denotes electrons; u; and z; are the chemical
potential and the number of charges on spe-
cies i; and ¢ is the electrical potential. Un-
der equilibrium conditions,

(13)
M2 t Zops = up (14)
NAd,LLA + NBd,LLB + Nod,uo =0 (15)

Byt Zifs = A

where subscripts A, B, and O denote iron,
aluminium, and oxygen atoms, respec-
tively. N4, Ng, and N are mole fractions
of iron, aluminum, and oxygen, respec-
tively.

Putting z; = —1 in Eq. (12) and utilizing
Eqs. (13) and (14), Eqgs. (10) and (11) are
written

J = - D]Cl (d_#'é_ RTZ1J3>
= RT dx D3C3
_ chl % _ D]C]Z]Jg (16)
RT dx D3C3
J = — D2C2 (% RTZZJ3>
2 RT dx D3C3
RT dx D;C

Because of the high electronic conductivity

(D:Cy + D,())Co

of magnetite~hercynite solid solutions,
D;C; are much larger than DC, or D,C,.
We see that the second terms on the right-
hand side of Eqs. (16) and (17) are negligi-
bly small, when compared to the first
terms. Accordingly,

JM = J] + Jz
D\Cydus  D,C; dug

In the relaxation experiment, the change
in nonstoichiometry is generally very small.
Also, it is assumed as a first approximation
that the molar ratio of Fe to Al remains
constant during the relaxation run. As is
shown in the Appendix, the chemical po-
tential gradients are expressed by the equa-
tions

ﬂﬂ=<__J&L_
dx Ny + N
NB(! ) d[.LO
N, + Ng/ dx (19)
ﬂ@=(__J&L_
dx Ns + N
NAa ) d#’O
Nas + Ny/ dx (20)

Insertion of Eqgs. (19) and (20) into Jyy yields

.

CiCyDy — Dya ) dpo
dx

RT(C, + Cy) RT(C, + C)(Cy + Cy + Cp)
_ ((DICI + D,(,))Co C,Cy(Dy — Dy )
RT(C, + Cy) RT(C, + C)(C; + Cy + Cp)

« RT131n POy oC,
C,2 dlnC, ox

where
3 In P(O
N%ﬁ( na ( 2)>a
= zngmg' 22)
v+ N (),

Comparison of Eq. (21) with Eq. (9) yields

2n

D= <(D1C1 + D,C5)Cq
C +C,
C,CAD, — Dy )
(C1 + CIHC + G+ Cp)

% _l_alnP(Oz)
2C, éInC,

(23)
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If the second term in parenthesis in Eq. (23)
is much smaller than the first term,

(D:Cy + D,C,)Co

b=—c+0cyw,

<1amP«m

2ama>'m)

When either C, or C, approaches zero,
Eq. (24) coincides with Eq. (4).

Vacancy Diffusion Coefficient in Ternary
Oxide System

Manning (18) has derived an equation ex-
pressing the correlation factor of interdiffu-
sion by the vacancy mechanism in a binary
alloy system. According to Manning,

D} = A xo.f; (25)
D, = @*(xjo0.fi + x2f)lfy (26)
= (aDf + x.D¥)xofo, 27N

where [ is the jump distance, w, and w, are
the vacancy-atom exchange rates for the
two kinds of atoms, f; is the correlation fac-
tor of tracer diffusion. x;, x,, and x, are
mole fractions of metals 1, 2, and vacancy,
respectively. f; and f, are the correlation
factors of metals 1 and 2. Manning’s ex-
pression for f] is

My(xiw1fi + x0.0)/fo

= , (28
5 201 + Mxiw1fi + x20202)fo (28)
where M, is defined by
2fo
M, = . 29
0 1 _ﬁ) ( )

An equation similar to (28) holds for f.
Manning’s equation was originally de-
rived for interdiffusion in binary alloys.
Equations (25)—-(28) were applied to inter-
diffusion in the NiO-CoO system by Chen
and Peterson (19) and by Dieckmann and
Schmalzried (7). If oxide ions are actually
immobile in the ternary oxide system, Eq:
(26) holds; hence, one can obtain an equa-
tion for the vacancy diffusion coefficient in

ternary oxide systems. Rewriting Eq. (27)
with the aid of Eq. (2) results in

Dv = (xlDl + x2D2)/xv (30)

or
CVDV = CIDI + CZDZ- (31)

Equation (31) is an extension of Eq. (1) to
ternary oxides. Insertion of Eq. (31) into
Eq. (24) yields

_ _CoD, 1310 POy
Ci+G2 amc,

When C; or C, approaches zero, the
right-hand side of Eq. (32) coincides with
that of Eq. (4). Equation (32) gives a rele-
vant relationship to be utilized in calculat-
ing vacancy diffusion coefficients from
measured chemical diffusion coefficients.

D=

(32

Experimental

Materials

Magnetite-hercynite solid solutions were
prepared by the same method as reported
previously in Ref. (13). Sintered specimens
were used for the measurement of nonstoi-
chiometry and single crystals were em-
ployed for the measurement of the chemical
diffusion coefficient. Single crystals, 5 mm
in diameter and 100 mm in length, were
grown by the floating zone method, utiliz-
ing a xenon arc image furnace. Rectangular
or cylindrical specimens, about 1 g in
weight, were cut from the single crystals.

Measurements

Nonstoichiometry and chemical relaxa-
tion were studied by means of a thermobal-
ance. Details are described elsewhere (6).
Nonstoichiometry was determined from the
equilibrium weight of the specimen. Chemi-
cal relaxation was studied by following the
weight change after the abrupt change in
the total pressure of an Ar-0, gas mixture.
A preliminary experiment was conducted
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FiG. 1. Nonstoichiometry in Fe;_sO,. Present results: O, 1300°C; A, 1350°C; O, 1400°C. Recalcu-
lated from the data of Nakamura ef al. (6): @, 1300°C; A, 1350°C; B, 1400°C. Dieckmann (20): @,
1300°C; 01, 1400°C.
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FiG. 2. Nonstoichiometry in (Feo,933A10_067)3_504. O, 1300°C, A, 1350°C; O, 1400°C.
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to establish corrections for buoyancy and
thermomolecular force.

Results

Nonstoichiometry

The metal-to-oxygen atomic ratio of
magnetite and magnetite—hercynite solid
solution changes from metal deficit to metal
excess with decreasing oxygen pressures.
An inflection point is expected at the stoi-
chiometric composition, in the plot of
weight vs log P(O,) (16, 20). In this study,
measurements were made more carefully
than previously (6, 13) and inflection points
were observed for each isotherm curve at
10~45 to 1077 atm, depending on tempera-
ture and the hercynite concentration. The
stoichiometric composition was determined
from the inflection point. Results for cation
deficient composition ranges are summa-
rized in Figs. 1 to 4. In our previous paper
(6), nonstoichiometry was calculated, as-
suming that magnetite in coexistence with
wuestite has the stoichiometric composi-
tion. Therefore, the previously reported
data were recalculated, using the new stoi-
chiometric points. They are also reported in

YAMAUCHI ET AL.

Fig. 1. The nonstoichiometric data for
magnetite, recently reported by Dieckmann
(20), are also plotted in the same figure. All
three data are in good agreement. The value
of the nonstoichiometry parameter & for
magnetite-hercynite solid solutions in-
creased with decreasing temperature and
increasing hercynite concentration. This
dependence of & on temperature and hercy-
nite concentration is similar to that re-
ported elsewhere (13).

Chemical Relaxation

Figure 5 shows typical relaxation curves.
Solving Eq. (6) for the three-dimensional
case, one obtains

W) — W(0)
W(=) — W(0)

|, teutr) ~ Clar
T VGh - W

Green’s theorem is utilized in the integra-
tion; r is the vector indicating the position
in the sample specimen; CY and Cy; are the
concentrations at ¢ = 0 and «, respectively.
Cu(r,?) is the cation concentration at time ¢
and position r.

(33)

w(o) ]

w(0) | /[ W(=) -

[ w9 -

0.0

10 15 20

t/ min

Fi1G. 5. Oxidation relaxation curves for (Feg933Al5067)3-504. O, 1300°C, from & = 0.010 to 0.018; A,
1350°C, from & = 0.010 to 0.017; OJ, 1400°C, from § = 0.010 to 0.017.
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Solution of Eq. (33) for a rectangular
specimen of dimensions 21, X 2l, X 2l; is

W) - W) 512 2 &
W(x) — W)~ a5 ,-U, 20

exp[—DH{@2n; + V)21
(2n,~ + 1)2

(G4

and that for a cylindrical specimen of radius
a and length 2! is

W) — W)

W() — W(0)
32 2 exp[—DH{(2n + Dm/21P]
- Qn + 1

= exp(—Dra?,
L(_z_a_). (35)

m=0 oy,
In Eq. (35) «,, is the mth positive root of
JO(aam) = Oa

where J is the Bessel function of zero or-
der. )
To obtain accurate D value, the right-

hand side of Eqs. (34) and (35) are com-
puted as a function of Dt. Using the table of
[W() — WO)V/[W(x) ~ W(0)] vs Dt, Dt was
determined from the observed weight
change. Dt was then plotted against ¢. If the
relaxation process is diffusion-controlled,
this plot should give a straight line. Figure 6
shows the plot of Dt vs ¢. The plots for
oxidation and reduction runs are straight
and give the same slope. It is concluded
that the reaction is diffusion-controlled.

A small dependence of D on oxygen pres-
sure was also found, as in the case of
magnetite (6). D, was calculated by using
Eq. (32) with the aid of the nonstoichiome-
tric data of Figs. 1-4. The oxygen pressure
dependence was not found for calculated
D, values within experimental error, as is
illustrated in Table I.

Table II summarizes D, values and Fig. 7
shows Arrhenius plots for D, . D, decreases
with the increase in hercynite content. Va-
cancy diffusion coefficients of magnetite,
reported in the previous paper (6), are also

Dt/ 10'2 cm2

e
Jos ¥
8
. 2
~
106 —
e
£
404 <=
. £
- 02 —
. 0.0

t/min

FIG. 6. Dt vs t plots for (FegoiAlyes7)3-504 at 1350°C. @, oxidation run; O, reduction run.
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TABLE I

OBSERVED CHEMICAL DIFFUSION COEFFICIENTS AND CALCULATED VACANCY DIFFUSION
COEFFICIENTS FOR (FeyAly2);-s04 AT 1300°C

P[a P]]a D dlné D,
(1073 atm) (102 atm) (107¢ cm? sec™!) (3 In P(Oy) (107¢ cm? sec™)
2.71 1.11 1.255 0.634 1.193
1.11 2.71 1.317 0.634 1.252
5.84 2.34 1.993 0.543 1.622
2.34 5.84 2.150 0.543 1.750
5.84 2.34 1.539 0.543 1.252
7.24 17.7 3.20 0.349 1.685
17.7 7.24 2.591 0.349 1.356

« P, and Py are the oxygen partial pressures before and after the change in the oxygen pressures,

respectively.

plotted in the same figure. Present results
are about two times larger than the pre-
vious ones. The discrepancy is attributed to
the differences in the method of determin-
ing D and the sizes of the specimens.

In the previous paper (6), D is deter-
mined from the slope of the plot of log[1 —
{W() — W(0)}{W(x) — W(0)}] vs, . Such a
plot gives a linear relation only in the range
of {W(H) — WO)IW(e) — W)} > 0.6.
Moreover, the data in the range of {W(r) —
W(O)}{W() — W(0)} > 0.9 contain a large
relative error. Therefore, the method em-
ployed in the previous paper gives D value
with considerable errors. The present
method utilizes the whole data of {W(r) —

TABLE II

VacaNcy DIFrusioN COEFFICIENTS IN
(Fe(-,Aly):-s0¢

Dv
(107% cm? sec™!)

y 1300°C 1350°C 1400°C
0.0 11.62 = 0.5 13.3 0.5 17.3 % 0.7
0.0667 7.46 = 0.03 11.0 =04 13.4 0.7
0.133 3.26 = 0.1 4.53 £ 0.2 8.2 x0.2
0.2 1.44 = 0.09 3.31 = 0.08 5.17 = 0.1

“ Figures following * are the standard deviations of
the mean.

WO} {W(x) — W)} < 0.8. Therefore,
more accurate D values are obtained. In the
previous work, a rectangular magnetite
specimen of 2.52 X 3.95 X 10.61 mm was
used. The sample used in the present exper-
iment is in a cylindrical form, 5.35 mm in
diameter and 15.08 mm in length. When the
specimen is small, the edge effect seems
remarkable. Moreover, when the weight
change is large in the relaxation runs, errors
in the measurements are small. Therefore,
the present result should be more accurate
than the previous ones.

Discussion

Activation Energy of Vacancy Diffusion
Coelfficient

Table III shows the activation energy E,
and the pre-exponential factor D? for the
vacancy diffusion coefficient D,. Activa-
tion energies are plotted in Fig. 8. Figure 8
clearly indicates that the activation energy
depends markedly on AP* content.

Halloran and Bowen (16) have reported
that the activation energies Q of D% are
—37.2, —21.4, and 0 kcal/mole for y = 0.0,
0.163, and 0.323, respectively, assuming
temperature independence of f;. The acti-
vation energy for the vacancy jump fre-
quency into iron sites E, can be calculated
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Fi1G. 7. Arrhenius plots of vacancy diffusion coefficients in (Fet,AL)504. O,y = 0; A, y = 0.067;
0,y =0.133; @,y = 0.2; V, y = 0 (Nakamura ef al. (6)).

from the above Q values by using the fol-
lowing equation:

B = R (S,

=R (a_al(r%fe)m - R (3(15;)>P

=Q - E (36

where E; is the enthalpy change due to dis-
solution of oxygen at constant oxygen pres-
sures. E, coincides with E, at y = 0.

The value of E;, obtained from the non-
stoichiometric data of Figs. 1-4, is —48

TABLE III

ARRHENIUS PARAMETERS FOR VACANCY DIFFUSION
IN (Fel_yAl)3_504

y In(D%) (cm? sec™1) E, (kcal/mole")
0.0 -4.72 = 1.1 20.8 + 3.7
0.0667 —-1.09 = 1.3 33.5+4.2
0.133 32 =1.1 50.4 = 3.6
0.2 78 =14 66.3 = 4.5

kcal/mole, irrespective of the A" ion con-
tent, whereas the value of E;, derived from
recent data for nonstoichiometric magnetite
reported by Dieckmann (20), is —49.4 kcal/
mole. Using E, = —48 kcal/mole and Q val-
ues described above, values of E; were cal-
culated. The results are also plotted in Fig.
8. It is seen that E| increases with the in-
crease in y. The increase of activation en-
ergy of D, and w, implies that the vacancy
jump is retarded by the addition of AP+
ions.

A similar calculation was made on the
activation energy of Di#. in magnetite re-
ported by Dieckmann and Schmalzried
(15). The result is also plotted in Fig. 8 and
shows a fair agreement with the present
result.

Dependence of Vacancy Diffusion on
Hercynite Concentration

Values of D, in Table II show strong de-
pendence on the mole fraction y of AIP*
ions in cations. To show the dependence of
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F1G. 8. Activation energy of vacancy diffusion in (Fe,_,AlL);_0,. O, this work; A, calculated from
Dieckmann and Schmalzried (/5); W, calculated from Halloran and Bowen (/6); @, Nakamura et al.

).

D, on y more clearly, D,/D.,0) plotted
against y is shown in Fig. 9. According to
Eq. (26), the dependence of D, on y is given
by

D.(y) _ xioifi + X/
D,(0) ofy

w1fi + (@2fr — o)y

wify
(1 + {(Bf)yy — 11yl
x (filf)elel), (G7)

where @) denotes the vacancy jump fre-
quency in magnetite. Plots in Fig. 8 show
that D, decreases with increase of y. There-
fore, w.f; is smaller than w,f;. This implies
that DX is smaller than Df, in the
magnetite—hercynite system,

From Egs. (28) and (29), the following
equation is obtained:

It

1-f
=] - ——
hi x + x(Blf)y
where vy is w,/w, the ratio of the jump fre-
quency. An expression for f; bears similar-

€L

ity to Eq. (28) and leads to the following
equation:

_ - iy

£=1 x1 + x(hLfH)y

(39

0.0 1 1 L |
0.0 0.2 0.4

Fic. 9. Dependence of D, on y. O, 1300°C; A,
1350°C; O, 1400°C. The broken lines are the ones cal-
culated by Eq. (41).
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From Egs. (38) and (39) an equation for f,/f; is derived:

LH_ o -x)0 -y + 11+ VI(h— )1 -y + 1P + dxyy

fi

Insertion of Eq. (39) into Eq. (37) gives

Dy(y)
D,(0)

= [1 + {BAHY — BOHNele). @1)

Assuming that w,; is constant and equal to
!, the right-hand side of Eq. (41) was cal-
culated for several values of y by using Eq.
(40) for calculation of f,/f,. The results are
given by broken lines in Fig. 9. The solid
lines in Fig. 9 are below the broken lines.
This fact leads to the conclusion that the
frequency of vacancy jumps into iron sites
decreases with the increase in y. This is
consistent with the conclusion in the pre-
ceding section verifying that the vacancy
jump is retarded by addition of A" ions.
However, it is not possible to discuss the
detailed mechanism of this effect at the
present time.

Appendix: Driving Force in the Chemical
Relaxation in Ternary Metal Oxides

In the chemical relaxation experiment on
solid solutions of two oxides (4,-,B,),,0,,
the driving force of diffusion is given by the
gradient of the chemical potential of oxy-
gen. However, when oxide ions form a rigid
sublattice and the chemical relaxation pro-
cess is described by the diffusion of cations
within the cation sublattice, the flux of both
cations is determined by the gradient of the
electrochemical potential of the cations, as
given by Eqgs. (10) and (11). With the aid of
thermodynamic relations and some appro-
priate assumptions, the driving forces are
expressed in terms of the gradient of the
chemical potentials of neutral A and B at-
oms, as shown in Eqs. (19) and (20).

ZXZ‘)'

(40)

In the chemical relaxation runs, changes
in the metal-to-oxygen ratio is small. It is
assumed that the atomic ratio of A and B
remains constant. The Gibbs~Duhem equa-

tion is used for this purpose:
Nadpa + Npdpg + Nodpo =0, (A-1)

where N,, Ny, and Ng are the mole frac-
tions. Equation (A-1) can be rewritten as

Ng

N,
dup = = 57~ dup - N—j duo. (A-2)

As Eq. (A-2) is perfect differential, the
following relation holds (21):

() _ ()

(e

) )
d(NB/Na) wo

Therefore,
(32)...., =~ ().
- _ (3(N0/NA))
I(NB/Na) ro
__No 1
I — Ng Nx(l — Np)
(sl 8

The final factor in Eq. (A-3) is rewritten as

( dNo ) _ (6(13:/(])VA))N0. (A4
d(Ng/Np) wo (gu_o> ')
IN/ (NeiNy)

By expressing the mole fraction of B with
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the variable y, the numerator in Eq. (A-4) is
converted to

CoaTnil
- (29 G,
- e (H 20

Ny )2.
Ny + Np

The denominator in Eq. (A-4) is written as
(29) oo = (55 (55 o)
N/ waNw  \3In 8/y\ 88 /y\8No/y
1 (a In P(Oz)> 1 4
=R\ hms s

Utilizing the above relations, Eq. (A-3)
yields the following expression for the gra-
dient of the chemical potential of B:

N.N%S
4(N, + Ng)

No
TT-Ng T

(oo ™
(a 11161';(02))8
e,
N (_ z\rAAjroNB *

X

(2)
X / (Na/Na)

NAC! )
N4y + Np

C

x )(NB/NAY
where « is defined by

<a In P(Oz))
_ N 68 dy s
" 4(N, + Np)? <a In P(02)>

[44

dlnd

Similar relation can be derived for the gra-
dient of the chemical potential of A.

dpa _ (_ _No _
dx NA + NB
| Now j(dio)
Na + Np/\ dx /veing (A-6)

Equations (A-6) and (A-5) express the driv-
ing force on A and B ions, in a chemical
relaxation experiment on ternary oxides.
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