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PHYSICAL CHEMISTRY

A. N. MEN, N. M. STAFEEVA, V. N. BOGOSLOVSKII, M. G. ZHURAVL-
EVA,

Corresponding Member of the Academy of Sciences of the USSR G. I. CHU-
FAROV

ON DETERMINING THE CONCENTRATION
DEPENDENCE OF CERTAIN THERMODY-
NAMIC FUNCTIONS OF SOLID SOLUTIONS
OF FERRITES

The statistical calculation of thermodynamic functions of solid solutions is com-
plicated by the presence of a large number of parameters characterizing the
interactions of particles in the solid phase. Therefore, one of the tasks is to find
reasonable approximations that give the best agreement with experiment.

The change in any thermodynamic function X upon formation of solid solutions
is equal to

A‘vaix = Xsoln - (1 - C)X<I>1 - CX<I>2’ (1>

where ¢ and (1 — ¢) are the mole fractions of the components ®; and @, in the
solution.

The configurational entropy of mixing without taking short-range order into
account can be calculated most simply by statistical methods.

For solid solutions of copper ferrite (concentration ¢) with magnetite, AS"f is
determined as follows:

ASM = —R{(c—A)In(c— ) + (1 —¢c)In(l —¢)+
F(A+N)In(1 4+ +AIn A+ (1 —X)In(l —N)—
—c[2(1 = Xg) In(1 — Ag) + AgIn Ay + (1 + Ag) In(1 + X))}, (2)

where X is the equilibrium degree of inversion of the solid solution at the given
temperature, A, is the equilibrium degree of inversion of copper ferrite at the
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Fig. 1

Figure 1: Fig. 1

same temperature, and the distribution of cations over the tetrahedral (t) and
octahedral (o) sublattices is specified in the form:

2t Fe2t Rt
t A 0 11— (3)
olec—XA 1—c 14X\

Formula (2) is valid for all cases in which solid solutions are formed with the
same distribution of cations and with the corresponding values of A for the
components.

In order to carry out a quantitative calculation by formula (2), it is necessary to
know the explicit form of the dependence A(c), the direct determination of which
is often associated with experimental difficulties. For copper ferrite, A\y(T) is
known (1), as is the value for the solid solution at ¢ = 0.5 (). These values can
be reconciled if one assumes

A=AV (4)

If the explicit form of the dependence A(c¢) is unknown, then as a first approxi-
mation it may be taken to be linear,

A= Age. (5)

or determine from the theoretical equation (3)

[(142a) —a(l—c)]+ /(1 +8a) —6a(l—c)+a2(1—rc)?

A= - 2(1—a) )

where « is a dimensionless parameter.
Figure 1 shows the concentration dependence of the degree of inversion at 900°.

Figure 2 gives the values of AS"f calculated from equation (2) with allowance
for (4), (5), and (6) at different concentrations of the solid solution. In this
case, the form of the concentration dependence of the degree of inversion has
practically no effect on the quantitative or qualitative value of AS°f,

Fig. 1. Concentration dependence of the degree of inversion of the solid solutions
CuFe,O,—Fe;0,: 1 —calculated from equation (4); 2 —from equation (6); 3 —
from equation (5)
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Fig. 2

Figure 2: Fig. 2

Fig. 2. Concentration dependence of the entropy of mixing: 1 —experimental;
2 —calculated with allowance for equations (4) and (6); 3 —calculated at A\; = A
with allowance for equation (5)

In the same figure, curve 1 presents the experimental values of AS, obtained
from data on the oxygen elasticity over the solid solutions (4). Comparison of
the theoretically calculated and experimental values of AS shows that over the
entire composition range of the solid solutions the difference AS® —AS, _ is
equal to 0.3 cal/mole. Possible reasons for the small discrepancy were discussed
in (4), where A5 was determined for the “effective” states of the initial com-
ponents, in which A\; was taken equal to A (Fig. 2, curve 3). This approximation

also gives good agreement with the experimental dependence.

Thus, on the basis of the foregoing it may be said that the entropy of mixing
in the formation of solid solutions of components with the spinel structure is
determined mainly by the configurational part and depends only weakly on the
form of the functional dependence of the degree of inversion on composition.

In addition to the configurational entropy of mixing, for the solid solutions
CuFe,0,—Fe;0, the configurational internal energy was calculated; in the
present case it is identified with the integral enthalpy of mixing AH, since
the crystal-lattice parameters of copper ferrite and magnetite are equal and
no change in the volume of the unit cell occurs upon formation of the solid
solutions.

For the calculation we use expression (3) of work (5). The interatomic dis-
tances practically do not change with concentration; therefore we equate the
corresponding interaction energies in the solution and in the pure components.
If the distribution (3) in CuFe,O,—Fe;0, is taken into account and one sub-
stitutes

+ 3+ 2+
p%u = )\’ p’I;“e =1- >\7 pg‘e = 07
2 + +
S =Le—N; PET =ta+n; b =10-cp (D

where 4, j are the type of cation (i, j = Cuﬂ7 Fe?', Fe3+); 1, v are the type of site
(u,v = t;0), p,iy is the probability of formation of a pair of the corresponding
cations, located-

located in the sites of the tetrahedral and octahedral sublattices, we obtain:
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AU = —(AA] + cAgAy + A2(6A5 — 2w F 48/, Cur Py
+ eA§(—6A5 + 2“%%2+F63+ + 3/2”01(1;1?e )+ 3/5¢Ay 4+ cAAy (8)
24, 24 241, 3+
. 3/262("}816 Fe + 3/2(‘0816 Fe }

In this expression:

3+ 3+ 2+ 2+ 3+ 3+ 241 3+
Ay = (" =) — g ) — A )
FC2+FC3+ Cu2+FC2+ Fod T Fe3t cu?t ot
+2/5(2u —2u +upo —UGo )
Fe +Fe Cu2+Fe3Jr CuQJrFe2+ Fe?tFe?t Fe* Ccu?ty.
— 6(2urg uto uTo +uto + uto )i
CuZt cuZt Fe3t Fe‘HFe# CuZtFe®t
Ay = (ug *UT ) = (ug — )+4( —UpT )
tou?t Fe?tFe®t Fe 3tFet Fed*Ccu?t CuerCuzJr
+3(ug —ugo ¢ )+ 6(2up + 2utg UTo -
( Cu®TFet Y Fe?*Ccu®" uCu2+Cu2+ Fe3+Fe3+).
3 = (Upo Uro TO Uro ’
— Cu’TFe* Cu?TFet Fe?’JrFeBJr Fe?TFe?ty.
Ay= <2uoo —2ug +u —Uoo );
3 FRe?t Fe2+Fe3+ uCu’ cu®’ Fe®TFe"
5 ="/2(2u —2u Uoo +ugo )
TRePt Cu Cu24r Cu TRt Fe?tCu?™y.
+ 6( tu UTo —uro );
Cu?'Fedt _ Cu2} Fe3™ Cuz‘ Ccu?! Fe*TFet.
W = 2u —Upt — Ut )
Cu’'Fet _ Cu 2Tt cu?tou®t Fe? Fe3".
woo = 2ug — U600 —Uoo )
CuZ Fe2t Cu2+Fez+ Cutout Fo2tFe2t
rste) =2ug —UGH e TeYs) .

Expression (8) contains a large number of energy parameters characterizing the
interaction energy of cations located in tetra- or octahedra with anions forming
the first coordination sphere (uL or u,), as well as u,3,, the energy of interaction
of cations with the second coordination sphere, i.e., metal-metal interaction.
For a quantitative estimate of Auc®™f we shall assume that the change in energy
upon formation of the solid solution is determined only by the metal-oxygen

interaction. Then expression (8) takes the form

Aucont = — A\ —e)). (9)
However, the values of Auf obtained from this equation for different depen-
dences A(c) do not agree with experiment.

Consequently, it is necessary to take into account not only the energy of the
metal-oxygen interaction, but also the energy of the metal-metal interaction.
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Since the energy of pair interactions depends strongly on distance, one should
first of all consider the interactions of cations located in octahedral sites (°). The
strongest may be considered the pair interaction between equivalent cations of
one kind (in our case Fe’" and Fe3+). Such an approximation, without changing
the qualitative character of the concentration dependence, makes it possible to
carry out

Fig. 3. Concentration dependence of the heat of mixing: 1 —experimental;
2 —calculated from equation (9) with allowance for (4); 3 —from equation (10)
with allowance for (4); 4 —from equation (12) with allowance for (5) at Ay =
—26.5 kcal/mole; 5 —from equation (12) with allowance for (5) at A, = —15.6
kcal/mole.

numerical calculation. Then expression (8) takes the form

Auconf _ 7A0()\ _ C)‘()) — SA)\(]_ — C), (10)

where A, is an energy term characterizing the Me—O interaction
3+ 3+ 2+ 2+
Ay = (uge —uke ) — (uf}“ —ugt ) ; (11)

A _ UOF§2+Fe2+-
The values of Auc", calculated from equation (10) with allowance for (4), agree
well with the experimental ones (curve 3, Fig. 3) for —A, =~ 3A =~ 90 kcal/mole.
It follows from this that, in the formation of solid solutions with the spinel
structure, the change in the energy of the system is determined mainly by the
metal—metal interaction energy, which is of the same order of magnitude as that
obtained for simple nonstoichiometric oxides (7).

To determine Au®™, one can introduce “effective” states of the components
of the solution, analogously to what was done for AS°™  and, discarding all
terms characterizing the metal—metal interaction in expression (8), obtain

A = A'N(1—¢). (12)

Generally speaking, equation (12) can be obtained formally from equation (10),
if one adopts the concentration dependence for the degree of inversion (5) and
A" = —3A = —A,. The introduction of the effective state makes it possible to
regard A’ as the Me—O interaction energy, which, according to (11), character-
izes the preference energy and can be taken from works (8, ). Using these data
in equation (12), we obtain a concentration dependence of Au®™ that agrees
well with the experimental one if A, = —26.5 kcal/mole (¥) is adopted (curve 4,
Fig. 3), and considerably worse if A, = —15.6 kcal/mole (?) is adopted (curve
5, Fig. 3). This is explained by the fact that in work (%), in determining the
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preference energy, the metal-metal interaction was taken into account more
consistently.

Calculations of an analogous type can also be carried out for other solid solutions
of ferrites.
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