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Abstract 

A research program has been in progress to obtain reliable thermodynamic data on various 
binary and ternary alkali metal compounds in the temperature range of 300 to 1500 K. To date, 
heat capacity measurements have been made on cesium and rubidium chromates, dichromates, 
zireonates, molybdates, dimolybdates, and halides in the temperature range of 300 to 800 K. In 
addition, measurements are planned or are currently in progress on cesium and rubidium chal- 
eogenides, aluminates, uranates, silicates, and several other lithium, sodium, and potassium 
compounds. The status of the research program is discussed. 
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Introduction 

The alkali metals lithium, sodium, potassium, rubidium, and cesium, along 
with their compounds, are used extensively in a variety of industrial applica- 
tions such as electrochemical energy storage (primary cells and storage batter- 
ies) and energy generation (fusion and fission reactors, space power plants 
using the Rankine cycle, solar energy, thermionic converters, and magnetohy- 
drodynamic power generators). Also, cesium and rubidium are volatile high- 
yield fission products in light water reactor (LWR) fuel rods. Since the alkali 
metals are also chemically very reactive, their thermochemistry is of fundamen- 
tal and practical interest. To understand the reaction behaviour of these ele- 
ments in complex chemical processes involving multicomponent systems most 
of which occur at high temperatures, reliable high temperature thermodynamic 
data are needed for several binary and ternary alkali compounds. In particular, 
cesium and rubidium form a number of very stable compounds with the fuel and 
other fission products in reactor fuel rods. This suggests that the chemical ac- 
tivity of other volatile, aggressive fission products such as the halogens (iodine 
and bromine) and the chalcogens (tellurium and selenium) may well be deter- 
mined by cesium and rubidium during irradiation. In addition, the long half 
lives of cesium and rubidium isotopes require that the reactions of these ele- 
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ments be considered for subsequent long-term storage of irradiated fuel in a nu- 
clear waste repository. 

An experimental research program has been in progress to obtain reliable 
thermodynamic data on various binary and ternary alkali metal compounds in 
the temperature range of 300 to 1500 K. To date, heat capacity measurements 
have been made on cesium and rubidium chromates, dichromates, zirconates, 
molybdates, dimolybdates, and halides in the temperature range of 300 
to 800 K. In addition, measurements are planned or are currently in progress 
on cesium and rubidium chalcogenides, aluminates, uranates, silicates, and sev- 
eral other lithium, sodium, and potassium compounds. The measured heat ca- 
pacity data has been combined with published enthalpy and entropy values to 
obtain a complete set of thermal functions for several of these compounds to 
800 K. In parallel with the experimental measurements, thermodynamic func- 
tions for several of these compounds have been estimated by a variety of meth- 
ods. 

E x p e r i m e n t a l  

Materials and characterization 

The following compounds are presently included in this program. 

1. Cs2M0207, Rb2M0207 

2. Cs2Cr2OT, Rb2Cr207 
3. Cs2ZrO3, Rb2ZrO3 
4. Rb2Te, Cs2Se, Rb2Se 
5. CsBr, RbI, RbBr 
6. Rb2UO4, Rb2U~O7 
7. CsAIO2, RbAIO2, Cs2SiO3, Rb2Si03 

The compounds are either purchased from commercial sources and purified 
for calorimetry; or they are synthesized from high-purity starting materials. All 
air or moisture-sensitive materials are handled in an argon or helium-atmo- 
sphere glovebox in which the H20 and 02 levels are customarily below 2 ppm 
by volume. X-ray, chemical and spectroscopic analyses are used to determine 
the purity of the samples prior to calorimetric measurements. 

Calorimetric techniques 

Solution calorimetry is used to obtain standard enthalpies of formation. Heat 
capacity measurements are carried out in a differential scanning calorimeter 
(DSC) from 310-780 K, while enthalpy increments are determined from 750- 
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1500 K in a drop calorimeter system. To date, very few measurements have 
been made with the drop calorimeter. 

Data presentation 

Entropy and enthalpy values for each compound are calculated from appro- 
priate integrals of the least squares polynomial fit of the measured heat capaci- 
ties. These values are combined with published or measured data to obtain a 
complete set of thermodynamic properties at 50 degree intervals to 800 K. For 
each compound, the following functions are tabulated: 

- Heat capacity, ~ / J .mo l - l .K  -l 
-Entropy, S~ / J.mol-l.K -l 
-Enthalpy increments, H~176 / kJ.mo1-1 
- F r e e  energy function, G~176 -~ 
- Enthalpy of formation, ~ / kJ-mo1-1 
- Free energy of formation, A~ff / kJ.mol -~ 

R e s u l t s  

Cs2M0207 and Rb2M0207 

Heat capacity measurements to 800 K for these compounds have been com- 
pleted and the complete thermochemical properties are expected to be published 
shortly. 

Cs2Cr207and Rb2Cr207 

Heat capacity measurements to 650 K on both solid dichromates have been 
completed. These data will be combined with published enthalpy and entropy 
values to obtain a complete set of thermal functions to the melting point. The 
heat capacity data for CszCr2OT(s) merge smoothly with the low temperature 
(5-350 K) data of Lyon et al. [1], as well as with the enthalpy increments of 
Venugopal et al. [2] in the liquid phase (662-826 K). 

Cs2ZrO3 

A method to estimate A/-/~e(298) values for alkali metal zirconates has been 
proposed as part of the present research program. The estimated values for the 
alkali zirconates are listed in Table 1 along with the experimental values for 
these compounds [3-9]. Except for Cs2ZrO3, the agreement is very good, espe- 
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cially if one considers the very large absolute values of the enthalpies of forma- 
tion. 

Table 1 Comparison of measured and estimated values for the standard enthalpies of 
formation of the alkali metal zirconates 

Zireonate -A/~f(298) / kJ.moF 1 Reference 
Estimated Measured 

Li2ZrO3 1768.91 1755.70 3 

1755.61 4 

1742.81 5 

NazZrO3 1700.08 1686.30 6 

1667.80 7 

1654.90 8 
K2ZrO3 1732.05 1699.18" 

RbzZrO3 1730.34 1698.37" 

CszZrO3 1748.20 1584.80 9 

*Our preliminary measured value 

Rb2ZrO3 

Heat capacity measurements have been made on Rb2ZrO3 in the present 
study. These values have been combined with published values for the standard 
enthalpy and entropy to obtain a complete set of thermodynamic functions for 
Rb2ZrO3 to 800 K. This data has been used to reanalyze the chemical interac- 
tions involved in LWR fuel rod cladding failure due to halogen stress corrosion 
cracking (SCC). 

For fission-product rubidium, the principal chemical reactions that can lead 
to halogen SCC of the Zircaloy cladding are 

2RbI(s) + Zr(s) + 302(g) = RbzZrO3(s) + 2I(g) (1) 

2RbBr(s) + Zr(s) + 3Oz(g) = Rb2ZrO3(s) + 2Br(g) (2) 

The temperature of the cladding is approximately 650 K in the fuel-clad gap. 
Using the available thermodynamic data at 650 K for Rb2ZrO3, RbI, RbBr, Zr, 
I, and Br [10-12], the partial pressures of I and Br are calculated to be 10 .5 
and 10 .7 MPa for reactions (1) and (2), respectively, for a typical oxygen poten- 
tial of -420 kJ.mo1-1, greater than the 10 -8 MPa minimum pressure required for 
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iodine SCC of Zircaloy [13]. This is a very important conclusion since it pro- 
vides thermodynamic justification for halogen SCC of Zircaloy. 

Rb2Te, Cs2Se and Rb2Se 

Heat capacity measurements have been started and are expected to be com- 
pleted shortly. 

CsBr 

Heat capacity measurements on CsBr are expected to be completed in the 
near future. The data will be combined with the published enthalpy and entropy 
values to obtain a complete set of thermodynamic data to 800 K. 

RbI and RbBr 

Heat capacity measurements on these compounds have been completed and 
a complete set of thermochemical values to 800 K will be available in the near 
future. 

Rb2UO4 and Rb2U207 

Except for a value for the standard enthalpy of formation of Rb2UO4 [14] and 
RbUO3 [15], no thermodynamic data for any other Rb-U-O compounds have 
been reported. Heat capacity measurements for Rb2UO4 and Rb2U207 are in 
progress. 

CsAIO2, Cs2SiO3, RbAIO2 and Rb2SiO3 

No heat capacity measurements have been reported for these compounds. 
Preparation of the compounds for calorimetry is completed and heat capacity 
measurements have been started. 

The author is grateful to Karen Rush for assistance with manuscript preparation. 
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Zusammenfassung m Im Rahmen eines Forschungsprogrammes werden im Temperaturinter- 
vail 300 bis 1500 K zuverlfissige thermodynamisehe Angaben verschiedener bin/irer und tern/irer 
Alkalimetallverbindungen ermittelt. In vorliegendem Falle wurden Messungen der Wfirmekapa- 
zit~t yon C/isium- und Rubidiumehromaten, -dichromaten, -zirkonaten, -molybdaten, -dimolyb- 
daten und -halogeniden im Temperaturbereich 300 bis 800 K vorgenommen. Zusgtzlich sind 
Messungen an C~sium- und Rubidiumchalkogenaten, -aluminaten, -uranatcn, -silikaten und an 
verschiedenen anderen Lithium-, Natrium- und Kaliumverbindungen geplant odcr bereits im 
Gange. Der Stand des Forschungsprogrammes wird diskutiert. 
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