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The thermodynamic properties of some solid solutions in the CaO-ZrQ, svstem have been
investigated by using solid electrolyte galvanic cells of the type: O,, Pt|CaO, CaF,|CaF, (tr=1)]
0Ca0(1 — 8)ZrQ,, CaF,|Pt, O,. The influence of CaF, added in electrodes on the thermodynamic
equilibrium was investigated. It was shown that the heterogeneous field with cubic solid solution
reaches the composition x = 0.17 mole of CaO. The results indicate that addition of ZrO, to the
saturated solid solution produces a significant decrease in the activity of CaO. Measured data were
used to calculate thermodynamic parameters of reactions with saturated solid solutions
Cag.17 Zro.gs Oy.83, Zr0,, and CaZrO;. At temperatures below 820°C, saturated solid solutions.
have a tendency to decompose into CaZrQ; and ZrO,. A comparison of the thermodynamic results.
with available data on phase relationships in the CaO-ZrO, system is presented. High
thermodynamic stability of SrZrO; and BaZrQ; is one of the reasons for the absence of cubic
solid solutions in the system MeO-ZrO, (Me-Sr, Ba).

Introduction

Thermal stability and reactivity of com-
pounds in the ZrO, and alkaline earth oxide
systems, and consequently, the possibility
of their practical use is determined by their
thermodynamic properties. The thermodyna-
mic properties of stoichiometric zirconates of
Ba, Sr, and Ca have been determined (/-5)
and are reliably established. However, there
is a paucity of reliable high temperature
enthalpies and Gibbs energies of formation of
the solid solutions in the systems MeQ,~CaO
and ZrO,-Re,0; (Me-Zr, Th, and Re-Y,
Sc etc.). For this reason, and also in
connection with the results of investigations
(8-17), it was important to gain more infor-
mation about the basic thermodynamic
properties of these systems. In the present
paper the thermodynamic properties of some
lime + zirconia solid solutions are reported.
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Experimental

For the determination of the thermo-
dynamic properties of solid solutions the
emf of cells of type

8Ca0(1 — 8)Zr0,, x CaF,/Pt, 0, (+)

(te._=1; 1 atm O,) have been measured,
where ¢ is the molar fraction of CaO in the
solid solution and x is the number of moles of
CaF, added to the electrodes studied. The
reliability of the heats and Gibbs energies of
formation of refractory double oxides ob-
tained from the emf’s of such cells and the
electrochemical behavior of CaF, as a solid
electrolyte under high oxygen pressures were
discussed in (5-7). Samples containing 15, 19,
21, 25, and 40 mole %, CaO were prepared.
Some of the samples were prepared from ZrO,
and CaCQ,; “‘pure for analysis” carefully

ISSN 0022-4596



120

mixed and pressed into tablets under pressures
of 150-200 atm.

The tablets were annealed in air at 1400°C
for about 200hr and in vacuo at 1600°C for
50hr. After annealing they were cooled
slowly. After such treatment tablets were
heated for the second time in air for 100 hr
at 1000°C.

Another batch of samples was prepared
differently. Titrated solutions of calcium and
zirconium nitrates were mixed in calculated
proportions and evaporated. The residue was
carefully dried and annealed for about 30 min
at 400-600°C to full decomposition of the
nitrates. Compact mixtures obtained in this
way were annealed in the form of tablets at
1100°C for about 200hr and at 1500°C for
8hr.

X-ray analysis in a Guinier camera of the
solid solution of 19, 21, 25, and 40 mole 9,
CaO showed the formation of a mixture of
two phases: CaZrQ; and cubic solid solution
of Ca0 in ZrO, in equilibrium with the
CaZrQ;. The measured lattice parameters of
the saturated solid solution (@,=5.144 =
0.001 A) were in good accord with data given
in the literature (20).

Afterward different amounts of CaF, were
added in the electrode mixtures and pressed
tablets were annealed again invacuo (1 x 107~
5 x 107¢ Torr) at 1000-1100°C for about
150hr.

In order to elucidate the influence of CaF,
on the establishment of electrochemical
equilibrium in the cells, the quantity of CaF,
added in the electrodes studied was varied
from 0 to 30 mole 9, CaF,. X-ray investigation
of electrodes after annealing in vacuo and after
electrochemical measurements did not show
any noticeable interaction of the equilibrium
phases of electrodes with CaF, and with the
electrolyte. Descriptions of the apparatus
and experimental techniques used are given in
(5, 13). The errors in the equations,

E(+t5.05 X So) = (a £ to.05 X @)
+BttoosxPT,

are given with a confidence interval of 959,

probability, where S, is the mean-square

error of the calculated value of E; a and S
are the errors in a and b; and f;,0s, Student’s
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criterion, equals 2 for the number of
experimental values of E, which was equal to
or more than 20.

Results and Discussion

Analysis of the kinetic curves of the cell
experiments shows that equilibrium values of
potentials were established within 2-3hr after
the introduction of oxygen into the reactor.
The values were stable in the temperature
interval investigated for 60-200hr. The appar-
atus was held at a constant value of the emf
for 2-12hr. During that time interval the
maximum deviation of the measured poten-
tials from the mean value did not exceed
+0.0019 V).

As may be seen in Fig. 1, the values of the
emf of the cell studied did not depend on the
amount of CaF, added to the electrode. This
fact shows the absence of any influence of
CaF, on the possible decomposition of the
metastable solid solutions at lime concen-
trations higher than 15 mole %, CaO and was
taken as a test for reliability of the emf
data.

The temperature dependence of the cell
emf for all of the compositions investigated
is shown in Fig. 2. Each set of results
represented in Fig. 2 was subjected to a least-
squares analysis using a standard computer
program, and the resulting linear relationships
between cell emf and temperature are in-

T = 1400 °K
0.230
0.220
T = 1350 °K
0.230
0.220
T=1300%
0.230
0.220
T =1250°K
0.230 J
0.220
o] 5 25 30
Mol % CaF,
Fic. 1. Dependence of the potentials of the cell

0,, Pt/Ca0, CaF,/CaF,/dCa0 x (1 — §)ZrO,, xCaF,/
Pt,0; on the amount of CaF, added to the right elec-
trode (6 = 40 mole%; CaQ) at various temperatures.
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F1G. 2. The temperature dependence of the emf of the cell O,, Pt/Ca0, CaF,/CaF,/6CaO x (1 — ) ZrO,,
CaF,/Pt,0,. @, 40 mole %; &, 25 mole%,; &, 21 mole %; 2, 19 mole%,; +, 15 mole %, CaO.

cluded in Table I together with their
corresponding standard deviations.

When 2 F of electricity are passed through
the cell, 1 mole of CaO is transferred from the
left electrode to the right one and the cell
reaction for solid solutions and binary system
can be written as

CaQy,.1, — CaOg s,
1

I 24

(1)

CaO_y, + (8 CaO(1 — 8')Z10,) —

where &’ is the mole fraction of CaO in the
saturated solid solution. Then, the activities
of CaO in the system CaO-ZrO, at T°K
may be calculated from the equation:

4G° = Hcao — #OCaO =—-2FE=RTIn dcao

Literature data for the value of the 6’ limit
of the saturated cubic solid solution are very
contradictory. These values vary from 10 to
40 mole %, CaO, depending on the method of
investigation and preparation of the samples.

1-4¢ Cazr0, (2 FromFig. 3and Table T we see that the values
126 3 of emf for the electrodes containing 40, 25, 21,
TABLE I
THE EXPERIMENTAL RESULTS FOR THE EMF OF THE CeLL O,, Pt/CAQ, CAF,/CAF,/CAO?
CaO(mole%) axfoosxa (bttoosh)x10% troosx S  Ti(CK)  T:(K) 483

40 0.2091 + 0.0088 1.25+0.68 0.0016 1200 1430 0.6 0.3

25 0.1843 +0.0285 3.17 £2.07 0.0036 1300 1450 1.5+1.0

21 0.1856 +0.0124 2.93 +0.88 0.0019 1310 1550 1.4+04

19 0.1909 + 0.0076 2,46 +0.53 0.0010 1400 1550 1.1 £0.2

15 0.1138 + 0.0116 9.57 +0.89 0.0010 1190 1320 44+04

? (1 — 8)ZrO,, CaF,/Pt, O, fitted to the equation E, =a + b T°K; also given are the 95 % confidence limits
+1o.05 X &, *tg.05 X B, and =+ 14 o5 So for the quantities E, a, and b and the temperature range T, and T of the

measurements.
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FiG. 3.

Temperature dependence of emf of the cell O,, Pt/Ca0Q, CaF,/CaF,/6CaO(1 — d) ZrO,, CaF,/pt, O,.

@, 40 mole %;; ©, 25 mole %;; T, 21 mole%; and A, 19 mole?%; CaO. X represents values of E obtained during

gradual temperature changes (20 to 30°K hr—).

and 19 mole%, CaO in the limits of error
are in good agreement with one another and
with the emf values obtained at high
temperatures for cells with 27, 21.7, and
19.8 mole %, CaO (9). This is a proof that in
the interval of compositions studied the
chemical potential of CaO does not change.
The dependence E = f(T) found in (9) for the
composition 17 mole9, CaO has a steeper
temperature dependence. This at T'<1300°K
leads to a certain decrease of values of emf for
this composition in comparison with the data
represented in Fig. 3. The authors (9) do not
give the errors in their initial equations
E = f(T). Nevertheless, since the values of
dcao calculated in (9) for 17 mole %, CaO in the
interval 1300-1550°K lie within the limits of
maximal errors in emf values of the present
investigation, they were used to obtain the
isotherms of activity in this temperature
interval. Plots of the activity of CaQ at six
temperatures vs the mole fraction of this oxide
are shown in Fig. 4. As can be seen the
activity of CaO does not depend on its
concentration being higher than 17 mole ¥
Ca0. Beginning from the composition of
15 mole %, CaO a noticeable negative deviation
from Raoult’s law is observed. It appears,
therefore, that there exist strong interactions
between the ions of CaO and ZrO, in the
solid solutions. At concentrations of 11 and
10 mole %, CaO, the values of ac,o given in
(9) are increasing again and within the limits of
error given coincide with values of ac,q at
higher concentrations of CaO. This circum-
stance does not allow us to decide, in our
opinion, if this is a specific property of the
Ca0-Zr0O, system in this interval of concen-
tration or if this is connected with experi-
mental errors in the emf measurements in (9).

In (10-12) indications are given of the
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Fic. 4. The dependence of the activity of CaO in
stabilized zirconia as a function of line content.
©, present work; @, data of (9).

possibility of formation at high temperatures
and long-time annealing of a phase CaZr,O,,
which can be treated as an ordered solid
solution in this system. We could not find such
a compound by direct synthesis at 1500°C for
500hr. It may be seen from Table I that the
values of the partial molar entropies calculated
for the compositions studied agree within the
limits of error given. The dependence of
485 =f (mole %, Ca0O) does not show any
discontinuity of the entropy at &=0.2
corresponding to the phase CaZr,O,, pre-
viously discovered as a stable phase in the
zirconia + lime system (/0). More precise
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thermodynamic measurements for composi-
tion near 20 mole %, CaO are needed.

In agreement with all the data published
on the phase diagram of the CaO-ZrO,
system, the composition with 40 mole %, CaO
corresponds to a heterogeneous mixture of
CaZrO, and saturated cubic solution. There-
fore, based on the data (9) and our results on
the activity of CaO in the field of 17-40 mole %,
CaO, we state that in the temperature interval
studied, the heterogeneous region with
saturated cubic solid solution reaches the
composition of 17 mole %, CaO.

It may be seen in Fig. 4, that the limit of
saturated cubic solid solution in the tempera-
ture interval studied practically does not
depend on temperature. This fact contradicts
the results obtained for the phase diagram
Ca0Q-ZrO, in the interval 17-20 mole % CaO
(9, 17, 23, 24) and is in good agreement with
the phase diagram data, published recently
(12). Based on what was said before and taking
for the interval 1200-1550°K the value
&’ = const = 0.17, the cell reaction (2) may be
written as
CaO + 1.515(0.17 CaO x 0.83 ZrO,) —

1.258 CaZrO,. (3)

Treating together 85 measured values of
the emf of cells for the compositions studied
(Fig. 3) we obtain

E(10.002) = (0.1919 + 0.0049)

+(.474 + 097y x 10~° Tv.
Using this equation one finds
AG°3(£100 cal) = —8850 — 1.14 7,
where
AH:3750K = ‘—8850 i 230 Cal;
AS:3750K =1.14 £+ 0.45c.u.

Thermodynamic data for CaZrQ;, pub-
lished in the literature (1, 2, 19), enable us to
calculate thermodynamic parameters of some
of the reactions taking place in the CaO-ZrO,
system. The results obtained are presented
in Table II. The equation:

AG; = —(7810 + 830)
~(2.09 £ 0.45) x T cal/mole
for the reaction

Ca0 + ZrO, — CaZrO, 4
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needed for calculation was obtained using
the thermochemical data given in (/, I8,
and /9).! From the analysis of the Gibbs
energies at different temperatures, which
are presented in Table II, it is readily con-
cluded that in the temperature interval studied
the formation of 1 mole of zirconate from CaO
and ZrQ, is preferred in comparison to the
reaction of formation of 1 mole of CaZrQO,
from CaO and the saturated solid solution.
The data obtained indicate that during the
synthesis of stabilized zirconia, CaZrQO,
must be formed first, and then the CaZrO,
reacts at high temperatures with the remainder
of ZrQ, according to the reaction of the type:

0.17 CaZrO, + 0.66 ZrO, —
(Cag 17 Zro g3 04.83). (5)

The enthalpy of this reaction has a small
positive value and a decrease in Gibbs energy
is connected with the entropy term. The last
may be considered as a small increase of the
entropy of the system connected with destroy-
ing the ordered structures CaZrQO; and ZrO,
and forming a defect solid solution
CadZr,_;0,_;s.

Owing to the low speed of phase trans-
formations at low temperatures, reliable data
on equilibrium phase relations in the CaO-
ZrO, system below 1000°C are lacking.
Analysis of the dependence AGs=f(T) for
reaction (5) shows that for the interaction
considered Gibbs energy values are small and
this reaction is thermodynamically possible
at temperatures higher than 820°C. The
temperature of the eutectoidal decomposition
of the cubic solid solution found in this work
is in good agreement with the value ~850°C
determined experimentally in (12, 20-22).
At lower temperatures the saturated solid
solution has a tendency to decompose into
CaZrO; and monoclinic ZrQO,. Thus, the
formation of CaZrQ; must proceed inten-
sively at intermediate temperatures (1000-

'The high temperature heat capacity of CaZrO; is
lacking in the literature. In our calculations we sup-
posed that AC,4(T)= AC,(T) for a reaction of the
same type, SrO + ZrQO, — SrZrQ;, for which reliable
values of heat capacities are given in the literature
@3, 19).
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TABLEII

THERMODYNAMIC PARAMETERS OF SOME REACTIONS IN THE SYSTEM MeO-ZrO, (Me-Ca, Sr, Ba)

AGT = 4AH 7 — T4S7 (kcal/mole)

AH7Y A8y
No. Reaction (kcal/mole) (e.u.) 1100°K 1300°K 1500°K 1700°K
1 CaO+1.515Cag.17Zr0.8301.93 > 1.258 CaZrO; —8.85+0.23 1.14+0.45 -10.1 -—-103 -10.6 -10.8
2 CaO + ZrO, - CaZrO; —~7.81 +0.83 209+045 ~-10.1 -105 -109 -114
3 0.795Ca0+1.204 Cay.17Zr¢.530; .83 > CaZrOs; —~7.03 £0.20 091 +0.36 8.0 -82 -84 —-8.6
4 0.17 CaO + 0.83 ZrO, — Cag.17Zr0.5301 .53 -0.65+0.70 098+048 -1.7 -19 21 =23
5 0.17CaZrO;+0.66 ZrQO; — Cap. 17219 330183 +0.69 + 0,57 0.63 + 0,42 00 -01 025 -04
6 SrO+ ZrO, — SrZrO; ~19.5+3.1 0.87+246 -20.5 -206 -20.8 -21.0
7 0.17SrZrO; + 0.66 ZtO,; — Sr0.172r0.8301.85  +2.7 0.8 +1.8 +1.7 +1.5 +1.3
8 BaO + ZrO, — BaZrO, -321+15 047+1.60 -32.6 -327 -32.8 -329
9 0.17BaZrO;+0.66 ZrO, — Bay,;7Zr0.5301.53  +4.8 0.9 +3.6 +3.6 +35 +33

1300°C), whereas higher temperatures and
longer annealing times are required to form
the solid cubic solutions.

The existing data about phase diagrams of
the SrO-ZrO, and BaO-ZrQ, systems do not
indicate any solid solutions in these systems.
We are not aware of any attempts to account
for this fact from thermodynamic and struc-
tural points of view. That is why we tried to
estimate the thermodynamic probability of
formations of solid solutions in these systems.
It was supposed that the hypothetical solid
solution, Mey ;7 Zrggs Q.53 (Where Me=
Sr, Ba), has thermodynamic characteristics
of formation from MeO and ZrQO, which are
close to those of the solution, Cay 7 Zrg g3
O, ;. Following this supposition and using
thermodynamic properties of SrZrO; and
BaZrO; determined in (5), values of AG}
for some reactions in the SrO-ZrO, and
BaO-ZrO, systems involving the hypothetical
solid solution Meg 17 Zrg ss Oy.53, MeZrO,
and ZrQO,, were calculated. The thermo-
dynamic parameters of two of these reactions
are presented in Table II. It may be readily
seen that in the temperature range studied,
solid solutionsin the SrO-ZrQ, and BaO-ZrO,
systems are unstable and should dissociate
into MeZrO, and ZrQ,. As the negative values
of 4G5 of formation of MeZrO; from oxides
increase in the series CaZrO; — SrZrO; —

BaZrO,, the probability of dissociation of
the solid solution Me,;; Zrys; 0,55 on
MeZrO,; and ZrO, increases. Thus, con-
siderable (in comparison with CaZrQ;) ther-
modynamic stability of SrZrQ, and especi-
ally of BaZrQO; are, evidently, one of the
causes of the absence of solid solutions in
these systems.
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