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ABSTRACT

The enthalpy increments of barium zirconate (BaZrO;) were measured with a drop
calorimeter between 407 and 775 K. From these measurements, and high-temperature X-ray
diffraction analysis, it is concluded that BaZrO; has no phase transitions up to 1375 K. From
an assessment of the available literature, the thermochemical properties of BaZrO, were
derived.

INTRODUCTION

Barium zirconate (BaZrO,) is an interesting compound, not only because
of its application in the electroceramic industry, but also because it is .
formed in fuel pins of nuclear reactors under the conditions of temperature
and oxygen potential during normal operation [1].

The high-temperature thermochemical properties are needed for the
evaluation of the fuel-fission product interactions in nuclear reactors. In this
paper, we report the high-temperature enthalpy increment measurements of
BaZrO, by drop calorimetry as well as a critical assessment of its enthalpy
of formation. The data enable us to evaluate the thermodynamic properties
of BaZrO, up to 1500 K.

EXPERIMENTAL

The BaZrO, sample was prepared by the reaction in the solid state of
BaCO,; and ZrO, at about 1700 K. BaCO, (Cerac, p.a.) was dried before use
at 500 K; ZrO, was prepared by heating zirconyl nitrate in oxygen to 1200
K, and keeping it at this temperature for 15 h.

Stoichiometric amounts of BaCO,; and ZrO, were thoroughly mixed, and
then pressed into a pellet which was first heated in oxygen in a gold boat at
1200 K. The reaction was completed by heating the pellet in a TaC crucible
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in a high-frequency furnace at 1700 K for several hours; this heating was
carried out in an argon atmosphere. The resulting compound was pale green
in colour; X-ray diffraction analysis showed it to be phase pure: only the
reflections of the BaZrO, perowskite-type structure were present. A scan-
ning electron microscopic analysis showed no other elements to be present.
High-temperature X-ray patterns were recorded in purified oxygen up to
1375 K with an Enraf-Nonius high-temperature Guinier camera.

The isothermal diphenyl ether drop calorimeter, in which the enthalpy
increments were measured, has been previously described by Cordfunke et
al. [2]. Briefly, the sample is enclosed in a spherical vitreous silica ampoule
which has a volume of 4.2 cm®. The ampoule is heated in a furnace whose
temperature is measured to +0.1 K with a Pt—(Pt + 10 mass% Rh) thermo-
couple. After thermal equilibration, the ampoule is dropped into the
calorimeter. The energy of the ampoule plus the sample now melts solid
dipheny! ether in equilibrium with its liquid in a closed system. The resulting
volume increase of the ether is determined by weighing the displaced
mercury. The ratio of heat input to mass of mercury making up the volume
change is a constant for the apparatus (79.977 + 0.063) J g™!, and is
obtained by calibration with «-SiO, and compared with the National
Bureau of Standards (NBS) standard reference material (No. 720) synthetic
sapphire, Al,O;. Our results with sapphire all agree within 0.2% with the
data given by NBS. The enthalpy contributions of the vitreous silica were
determined separately.

For the present study, 8.86008 g of BaZrO, was sealed in the ampoule,
which had an empty weight of 1.27392 g. A correction on the measurements
was made for the difference in enthalpy between the final calorimeter
temperature and the standard reference temperature, 298.15 K, using
C,2(298.15 K) =101.71 J mol ™' K" [3].

RESULTS
The high-temperature enthalpy increments of BaZrO,
The results of the drop calorimetric measurements, listed in Table 1, can
be represented by the polynomial equation
{H®(T)—- H*®(298.15 K)}(J mol™")
=118.112[T(K)] + 6.7099 x 10~*[T(K)]?

+18.1369 X 10°[T(K)] ™' — 41894.7
for the temperature interval 298.15-775 K, applying as boundary condi-
tions, C,°(298.15 K) =101.71 J mol™! K~ ! [3] and { H®(T)— H*®(298.15
K)} = 0 at 298.15 K. The standard deviation is 0.30%.
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TABLE 1
Experimental enthalpy increments of BaZrO,
T (K) {(H®(T)— H®(298.15 K)} (J mol™ 1) A (%)
exp. calc.
406.7 11787 11711 0.65
421.9 13471 13430 0.31
439.1 15373 15392 -0.12
457.1 17550 17464 0.49
460.4 17798 17846 -0.27
479.5 20098 20065 0.16
504.4 22913 22984 -0.31
524.3 25318 25335 -0.07
549.2 28318 28299 0.07
575.3 31567 31428 0.44
604.4 34910 34944 -0.10
625.4 37583 37497 0.23
651.2 40471 40650 —0.44
654.0 41061 40994 0.16
683.0 44435 44561 —-0.28
704.2 47252 47183 0.15
724.1 49526 49653 -0.26
739.4 51448 51559 -0.22
751.5 53140 53069 0.13
763.0 54631 54508 0.23
774.6 55995 55962 0.06

An assessment of the enthalpy of formation at 298.15 K

The enthalpy of formation of BaZrO, at 298.15 K has been derived from
four different types of measurements:

(a) L'vova and Feodos’ev [4] measured the enthalpy of reaction of
stoichiometric amounts of BaCO; and ZrO, in a calorimetric bomb, carbon
black being used as the initiating substance. After the experiments, the
amount of unreacted ZrO, was determined, and corrections for unreacted
mixture and combustion of carbon black were made. For the enthalpy of the
reaction

BaCO,(s) + ZrO,(s) = BaZrO,(s) + CO,(g)

(after a pV correction) the value AH*(298.15 K) = +(143.93 + 1.7) kJ
mol ™! has been found. If we combine this value with the enthalpies of
formation of BaCO; [5], ZrO, [6] and CO, [7], we obtain for BaZrO,,
A H*®(298.15 K) = —(1779.2 + 2.0) kJ mol 1.

(b) Odoj and Hilpert [8] measured the BaO pressure of the equilibrium

BaZrO,(s) = ZrO,(s) + BaO(g)
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in a mass spectrometer in combination with a Knudsen cell. The ‘third-law’
enthalpy of dissocation of this equilibrium at 298.15 K has been recalculated
by us from the experimental BaO pressures, using the free energy functions
of BaZrO, (as derived in this paper), ZrO, [6] and BaO(g) [6]. From the two
sets of measurements, we derive AH® = (466.4 +2.2) kI mol™! and AH*®
= (465.0 + 2.6) kJ mol ™', respectively; we take AH ©(298.15 K) = (466.0 +
1.7) kJ mol™! as the weighted mean. By combining this value with the
enthalpies of formation of ZrO, [6] and BaO(g) [9], we obtain for BaZrO,:
A H*®(298.15 K) = —(1694.0 + 7.5) kJ mol .

(c) Levitskii et al. [10] calculated the enthalpy of formation of BaZrO,
from EMF measurements with different types of electrochemical cells.
However, because of reactions at the electrodes in cell types I and II, only
cell type 111

—0,,Pt| Ca0,BaF, ,ZrO, |CaF,| BaZrO,,CaF, |Pt,0,
with the overall reaction
CaO(s) + BaF,(s) + ZrO,(s) = BaZrO,(s) + CaF,(s)

will be considered here. When the measured EMF values are recalculated by
‘third-law’ analysis, using the free energy functions of CaO(s) [11], BaF, and
CaF, [12], ZrO,(s) [6] and BaZrO, (this work), we obtain for the overall
electrode reaction: AH®©(298.15 K) = —(54.99 + 0.62) kJ mol~!. Combin-
ing this value with auxiliary data for the enthalpies of formation at 298.15 K
of CaO(s) and CaF,(s) [11], ZrO, [6] and BaF,(s), —(1203.0 £ 2.0) kJ mol '
[13], we obtain for the enthalpy of formation of BaZrO,: A;H*(298.15
K) = —(1765.4 + 3.1) kJ mol .

(d) Takayama-Muromachi and Navrotsky [14] determined the enthalpy of
solution of BaZrO,(s) in a LiBO,-NaBO, solvent at 1068 K. By combining
this value with the enthalpies of solution of BaO and ZrO,, as determined
under the same conditions, they obtained for the enthalpy of formation of
BaZrO,(s) from the oxides the value A H ® (1068 K)= —(123.9 +4.1) kJ
mol ™!, and, using the enthalpy increments of BaO(s) and ZrO,(s) [15] and

TABLE 2

The enthalpy of formation of BaZrO, at 298.15 K

Author Method * A;H® (kI mol™")

L’vova and Feodos’ev (1964) [4] C —-1779.2+2.0

Odoj and Hilpert (1976) [8] M —1694.0+7.5

Levitskii et al. (1974) [10] E —-1765.4+3.1

Takayama-Muromachi and Navrotsky (1988) [14] S —-1771.4+49
Selected value: —~1774.8+5.0

2 C, Combustion calorimetry; M, mass spectrometry; E, EMF; S, solution calorimetry.
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BaZrO,(s) from this study, A;H® (298.15 K) = —(122.9 + 4.5) kJ mol ..
When this value is combined with the enthalpies of formation of BaO(s) [15]
and ZrO,(s) [6] at 298.15 K, we obtain for the enthalpy of formation of
BaZrO, the value: A;H®(298.15 K) = —(1771.4 + 4.9) kJ mol 1,

From the four sets of measurements (Table 2), we select A;H ©(298.15
K) = —(1774.8 + 5.0) kJ mol ™!, being the weighted mean of the measure-
ments (a), (c¢) and (d), the uncertainty being raised to 0.3%.

DISCUSSION

The results of the enthalpy increment measurements are represented
graphically in Fig. 1ina { H®(T) — H*(298.15 K)} /(T — 298.15) versus T
plot together with the low-temperature data of King and Weller [3], the
high-temperature drop calorimetric measurements by Levitskii et al. [16]
from 377 to 1606 K, and the high-temperature data by Nagarajan et al. [17]
from 1030 to 1687 K.

Our data join smoothly with the low-temperature data in the 298.15 K
region, but are considerably higher than the results of Levitskii et al. [16]
and Nagarajan et al. [17]. The results of the former authors are probably in
error as they report two polymorphic transitions, at 758 and 1175 K, which
were not observed in the present measurements. In addition, we carried out
high-temperature X-ray diffraction which confirmed that the crystal struc-
ture of BaZrO, remains unchanged up to 1375 K.
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Fig. 1. The reduced enthalpy increment of BaZrO, as a function of the temperature. The inset
gives details of the present measurements symbols: 1, King and Weller [3]; 2, Levitskii et al.
[16]; 3, Nagarajan et al. [17]; 4, present results.
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There is no overlap of the present results with the data of Nagarajan et al.
[17], but the situation is quite similar to that of SrZrO; where the data of
Nagarajan et al. (as well as of Levitskii et al. [16]) are also significantly lower
than the drop calorimetric results of Fomichev et al. [18], which are in
excellent agreement with the low-temperature data of King and Weller [3]
for this compound. This suggests that the results of the calorimetric method
of Nagarajan et al. [17] are less reliable. The accuracy of their measurements
is difficult to judge as they did not report reference material data.

Table 3 gives the molar thermodynamic functions of BaZrO,, calculated
from the present enthalpy increments, the assessed value for the enthalpy of
formation and the entropy, $°(298.15 K) =(124.7+1.2) J mol™' K™, as
reported by King and Weller [3]
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