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Abstract

Caesium is one of the most abundant fission products in PWR nuclear fuel or in fast
reactor fuel as well. A work program has been started at the TUI Karlsruhe, in collaboration
with EDF Etudes et Recherches, to determine the thermal stability and conductivity, the
mechanical properties and the thermal expansion coefficient of Cs2UO4.

The Caesium mono-uranate was obtained by a chemical reaction between Cs2O3 and
U3O8 powders mixed together, pressed and heated at 670°C for 24 hours. The compound was
found stable up to 830°C.

Mechanical compressive hardening tests allowed to evaluate the elastic modulus versus
temperature in the range 200 to 800°C. Furthermore the viscous behaviour of the compound
above 400°C was confirmed.

The thermal expansion coefficient of Cs2UO4 was found somewhat 40% higher than the
thermal expansion coefficient of UO2. The thermal conductivity is about 1.5 to 1.8 W/m/K
for temperatures ranging from 100 to 700°C, a value very similar to the TJO2 fuel thermal
conductivity at high burnup in the same temperature range.

1. INTRODUCTION

Caesium is one of the most abundant fission product in PWR nuclear fuel or in fast
reactor fuel as well. Under reactor operating conditions, depending on the local temperature,
it can migrate by vapour transfer or thermal diffusion processes towards the fuel pellet
periphery and react with uranium dioxide or with the zirconium dioxide layer on the cladding
inner face. The nominal composition of the compounds formed depends on the value of the
oxygen potential in the "rim" region. Analysis of the pellet edge in spent fuels indicated after
particularly high local power history, the presence of caesium in high concentration and
probably in form of compounds of the (Cs-U-O) and (Cs-Zr-O) systems. The Cs2UO4 is one
of the most stable phase of the various caesium uranates, under the local conditions existing
in PWR fuel rods. It has also been found a new phase type Cs2UO3 56. When thermal
conditions are met, caesium phases appear as dots in the fuel-clad gap at 45 GWd/tU (pellet
average).
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Over 50 GWD/tU, a continuous layer is observed, able to penetrate radial fuel cracks.
The presence of these compounds in such position must change drastically the conditions of
the Pellet Cladding Mechanical Interaction (PCMI). Moreover, it has been suggested that
formation of low densities caesium uranates contributes to swelling processes and consequently
to the deformation and cracking of fuel cladding.

Therefore these results justify the numerous investigations undertaken to study the Cs-
U-O system, the thermodynamics, the thermal stability of various caesium uranates and their
physical and mechanical properties. The thermo-chemical data published so far are not
sufficient to interpret the behaviour of caesium and its influence on the performance of the
nuclear fuel rod. They are generally not sufficient to solve the problem of the interaction
between, caesium and the fuel components. A work program has been therefore started at the
TUI Karlsruhe, in collaboration with EDF Etudes et Recherches, to determine the thermal
stability and conductivity, the mechanical properties and the thermal expansion coefficient of

2. EXPERIMENTS

2.1 Preparation of the Cs2UO4 compound

Various methods of preparation of the mono-uranate Cs2UO4 are reported in the
literature [1-7]. The reaction in air:

3 Cs2O3 + U3O8 + 0,5 O2 — > 3 Cs2UO4 + CO2

was chosen because the starting materials are stable in dry atmosphere and their low density
favours the preparation of homogeneous mixtures and then the efficiency of the reaction.
Stoichiometric amounts of CS2CX, and U3Og powder were mixed in a mill, pressed in form of
cylindrical pellets and heated at 670 °C during 24 hours in air. The lattice parameter of the
intermediate and final products were analysed by X-ray techniques in order to identify the
compounds formed (see Table I). These products are hygroscopic and were handled in a glove
box under flowing dry nitrogen atmosphere.

TABLE I. ESTIMATION IN % OF MASS OF THE INTERMEDIATE PHASES IN PRESENCE
DURING THE SYNTHESIS OF CAESIUM MONO-URANATE MEASURED WITH A
DIFFRACTOMETER

Reaction temperature,
T
500

600

700

500

700

Atmosphere

Helium

Helium

Helium

Air

Air

Cs2UO4 (%)

-30

-50

< 80

< 100

-100

a-Cs2U2O7 (%)

-30

-20

< 5

> 5

-

B-Cs2U2O7

(%)

-30

-20

> 5

> 5

-
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2.2 Characterisation of the Cs2UO4 compound

The final reaction product Cs2UO4 obtained in pure state was in form of orange
coloured, swelled and friable pellets. These have been milled and the powder obtained was
used to experiment the thermal stability of the compound and then for compacting operations.
Cylindrical pellets with density ranging between 75 and 90% of the theoretical density were
prepared by pressing CS2UO4 powder at room temperature. Density around 97% have been
obtained by hot pressing techniques, using a tungsten carbide die and a pressure of 6 ton/cm2

at 730°C. The caesium uranate samples were investigated with different techniques to
determine the major physical and chemical characteristics of such material and the results
compared against other compounds. Then the techniques engaged were :

scanning electron microscopy to investigate fracture surfaces and to obtain topographic
information about grains, grain boundaries, porosity, cracks, etc...

X-ray of finely ground powder in quartz capillaries placed in a Debye-Sherrer chamber
using the CuKa rays (0.1504 and 0.15443 nm) to identify the reaction products (figure
1),

dilatometry in a temperature range 20-700°C. The thermal expansion of pellets 10,5
mm in length, was determined using a differential dilatometer. Reference materials
were Platinum (Pt), Copper (Cu), Uranium dioxide (UO2) and alumina (A12O3). The
sample heatings were carried out under Argon atmosphere at a rate of 3°C/mn,

IA - Debye Sherrer chamber IB- Capillary

1C - X-Rayfilm with Cs2UO4 rays

FIG. 1 Disposition for X-RAY diffraction Analysis
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thermogravimetry. About half a gram of Cs2UO4 powder was introduced in a
thermobalance and heated up to 900°C under Argon and air atmosphere. This was
done to determine the thermal stability of CS2UO4. Weight changes were automatically
recorded as a function of time and temperature,

compression tests. These were carried out by using a mechanical testing machine
operating at constant load or constant deformation rate and having the following main
characteristics:

minimum pressure = 1 0 Newton

minimum move = 2 fj.m

deformation rate investigated = 5 to 100 ^m/mn

temperature range = 20-1800 ° C

The measurements were carried out under vacuum. The specimen in form of
cylindrical pellets were placed between two silicium carbide pistons and heated to
desired temperature (figure 2). Then, the displacement of one of the piston was
applied at a programmed rate. The compression force was recorded. Measurements
ended with rupture of the specimens.

Thermal conductivity. The apparatus was delivered by ANTER (American company)
and allowed a direct measurement of the thermal conductivity in the temperature range
20 to 800°C, by using a comparative method. Briefly, the Cs2UO4 specimens were
placed between two pellets with the same diameter and known conductivity. This set-
up was introduced in a special furnace and a light compression was applied to the
specimen. The heat losses were minimised by a system of three concentric heating

Pistons en SiC

\ SeraS
Contrflles:

\ p i™ j 1. Force appliqute

Ecrans thenmques
dufourenTungstene

I f

w
111

2. emplacement

3. Temperature

I
FIG. 2 Design of the Mechanical testing apparatus
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resistances. An axial heat flow was generated into the pellets and temperature
gradients in the reference and the pellets were measured with thermo-elements. The
thermal conductivity was simply calculated from the conduction equation of
FOURRIER-BIOT [8] et [9] :

' A AT

K is the thermal conductivity at the average sample temperature (W/K.m)
<E>, the power (W)
A, the sample cross section surface (m2)
Ax, the distance between the two thermocouples.

3. RESULTS AND DISCUSSIONS

3.1 Thermal stability

Cs2UO4 in form of powder was heated in a thermobalance in air, pure Helium and
Helium containing 100 ppm Oxygen to simulate various Oxygen potentials. The results exhibit
a notable weight change starting around 850°C. X-ray diffraction analysis, carried out
afterwards in glove box under dry nitrogen atmosphere, revealed that the powder heated at
850°C contained Cs2U2O7, i.e.a compound formed by the reaction:

2 Cs2UO4 — > CS2U2O7 + CS2O

Moreover, it has been found that the powder after the heat treatment at 850°C was
cemented to form a conglomerate. Assuming that the weight variation recorded was essentially
caused by the evaporation of Cs2O, one could estimate the dissociation rate of Cs 2UO 4 by
measuring the weight decrease (figure 4) as a function of time and temperature. The
evaporation of CsjO has been tested and the results indicated that a detectable evaporation of

started below 800°C, a temperature over the melting point.

Combining the evaporation rate of C s ^ , the formation of a compound and the
detection of CSJUJO, above 800°C, one can in first approximation use the evaporation rate of
CsjO to determine the kinetic of decomposition of CS2O4. The results reported in the literature
[2], [4], [5], [7] show some discrepancy certainly depending on experimental procedures
caused by use of powders with different properties or/and the handling under different
atmospheres.

Additional experiments carried out in dry atmosphere clearly showed that
evaporation is discernable as low as 500°C. This is in agreement with the C s ^ partial
pressure calculated by [5] in equilibrium with caesium uranate.

The Cs2UO4 decomposition temperature presently found, located more accurately
between 800 to 830°C, is somewhat lower than that reported by D. K. BOSE [2], > 950 °C,
or S. R. DHARWADKAR [3], about 950°C. Our results are nevertheless more consistent
with these works than with those of Cordfunke [4] who reported a decomposition starting
around 650 °C. In this case, the experiments were not carried out in dry atmosphere and were
perhaps influenced by the presence of water vapour which favoured the decomposition of

into CsjUA + CsOH around 600°C.
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Weight decrease was analysed on periods up to 35 hours. Figure 3 shows the weight
decrease rate of the Cs2UO4 samples for several temperatures level.

3.2 Mechanical properties under compression

Hardening compressive tests were carried out using pellets (6 mm in diameter and 2
to 3 mm in height) with density ranging between 87 and 97% of the Cs2UO4 theoretical
density. Having no extensometer available on the testing machine, the sample deformation is
deduced from the cross member displacement after a correction accounting for the apparatus
deformation.

The caesium uranate is expected to have a visco-plastic mechanical behaviour.
Therefore, two series of tests have been conducted to verify this hypothesis. The first test
procedure consists in the application of a monotonous constant displacement rate of 10 ^m/min
and the second a load cycling, loadings and unloadings, with different displacement rate (up
to 100 /zm/min) (figure 4). This aimed to demonstrate the influence of the load rate on the
sample deformation and exhibit the viscous component.

Below 400°C, no notable influence was observed. This confirms a pure elastic
behaviour of the caesium uranate samples in this temperature range. On the other hand, above
400°C, the records clearly show a modification of the apparent elastic modulus, characteristic
of a viscous deformation component. CsjUQ, exhibits therefore a strong trend for visco-plastic
deformation at temperatures comparable to those existing in nuclear fuel pellets ( > 400 °C).

The compressive elastic modulus has been determined and plotted against the testing
temperature for the density group samples which porosity was around 10% D.T. The
temperature range is 200 to 800 °C. A polynomial approximation is proposed as follows:

E(T,10%DT) = 28,8-7,5.10"2 .T + 7,2.10"5.T2

where E is in GPa and T in °C. Nevertheless, this must be considered as an indicative
formulation. More tests would be required to confirm this correlation. The compressive test
is indeed complex to interpret and the quality of the samples could be improved by improving
the fabrication process. The data scattering observed on the data base is partly due to the
unknown initial micro-damages in the tested specimens, the discrepancy in the densities
obtained and the weight of the damage propagation in the permanent deformation measured
during the mechanical tests.

The elastic modulus have also been determined at 400 °C for all the range of densities
available. A porosity correction have then been determined from this data group as follows:

£(400°CW) . n n .
— i i-—'— - 1.00-l,

O

where por is the volume porosity fraction. Assuming that this porosity correction is available
for the temperature range 200 to 800 °C, it comes :

E(T,por) = (34,1 - 8,9.10~2.T + 8,5.10'5.T2).(1.00 - l,56.por)
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The second step in mechanical testing was the characterisation of the Cs2UO4 creep
behaviour. Compressive tests at constant load, ranging from 21 MPa to 88 MPa, were
performed on the same kind of samples. Once again, due to the various quality of the sample
and the discrepancy in specimen initial densities, the data obtained are to be interpreted
carefully. The secondary creep rate was found similar at 4% and 5% deformation. Figure 6
gives an overview of the results obtained versus the reverse of the temperature at which test
was performed. From these data, a Norton law has been fitted as follows:

e = o2-57.exp 89000
kT

where E is the secondary creep rate (h"1), T is the test temperature (K), a is the stress applied
(Mpa).

3.3 Thermal expansion

Table 2 shows the values of the thermal expansion of Cs2UO4 determined using various
reference materials. The expansion curves reported in the literature for the reference materials
are also plotted for comparison on the figure 7. The results show that the thermal expansion
values of the CsjUO,, were in between the UO 2 and Cu values. The most important aspect to
remind is that the Caesium uranate samples have a thermal expansion about 40 % higher than
the UO2 fuel which must have consequences on the fuel pellet behaviour.
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FIG. 5 Elastic modulus versus temperature
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Obviously, for modelling purposes, a formulation can be drawn from these
experiments. The correlation proposed is as follows:

— I
/Cs2

= 3.0.10-7T2 - 0,0253
Cs2UO4

where T is the temperature in °C and A!
1

the relative Cs2UO4 sample thermal expansion

for temperature ranging from 20 to 700 °C.

TABLE II. EXPANSION COEFFICIENTS OF Cs2UO4,UO2, A12O3 AND Cu

Materials

References

Cs,UO4

Cu

Temperature
(°C)

300

400

500

600

700

Cs,UO4

A1,O,

A1,O,*

-

uo,*
-

UO,

A1,O,

Cu*

-

Expansion coefficient (10"6/°)

14,2

14,4

14,5

14,6

14,7

14,1

14,3

14,6

14,9

15,1

6,89

7,13

7,34

7,53

7,71

8,07

8,28

8,47

8,66

8,84

9,14

9,34

9,49

9,62

9,75

18,7

19,35

20,1

20,97

22,06

* reference materials.

3.4. Thermal conductivity

The thermal conductivity of caesium mono-uranate was measured in comparison with
UO2 and ZrO2 samples. The figure 8 shows the principal results of these measurements.

Three samples of caesium mono-uranate with different relative densities (75% DT,
91 % DT and 95% DT) have been measured. This gave us the opportunity to determine the
best model able to define the influence of the porosity on the thermal conductivity of Caesium
mono-uranate. Several correlations have been tested. The relations described by Schulz & al,
Maxwell and Eucken [10-11] have been shown to be the most accurate formulation to account
for the effect of the porosity on the thermal conductivity of the Caesium mono-uranate.
These relations are :

K(T,por) . K(T,por -
2.0 -por

(1)

and

K(T,por) = K(T,por = 0).(l.Q-por) (2)
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where por is the volume porosity fraction (-). The figure 9 shows then the thermal
conductivity measured on caesium uranate samples, corrected to 100 % DT with the two
formulations (1 and 2) and the polynomial approximation found from this plot is:

with

K(T,por = 0) = 8.89.10"7.T2- 1.13.10"4.T + 1.56

T: Temperature, °C
K: Thermal conductivity, W.nf'.K"1
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4. CONCLUSIONS

The Caesium mono-uranate was obtained through a chemical reaction between Cs2O3

and U3O8 powders mixed together, pressed and heated at 670°C for 24 hours.

3 C s A + U3O8 + 0,5 O2 — > 3 Cs2UO4 + CO2

The method allows a complete reaction, confirmed by a Debye Scherer X-ray analysis.
The compound obtained was found chemically stable for temperatures below 800 °C. The
transformation threshold under neutral atmosphere is evaluated between 800 and 830°C. The
decomposition schemes was found as follows:

2 CS2UO4 — > Cs2U2O7 + Cs2O

with a Cs2O evaporation. That means that the compounds observed in a fuel rod at high
burnup in the gap is a combination of several uranates in which Cs2UO4 and Cs2U2O7 are the
more likely.

From the powder obtained, samples were prepared, first by cold pressing then,
improving the method, by hot pressing, and their properties were characterized. Mechanical
compressive hardening tests allowed to evaluate the elastic modulus versus temperature in the
range 200 to 800 °C. Furthermore the viscous character of the compound above 400°C was
confirmed.

The thermal expansion coefficient of Cs2UO4 was found somewhat 40 % higher than
the thermal expansion coefficient of UO2. The thermal conductivity is about 1.5 to 1.8
W/m/K for temperatures ranging from 100 to 700°C, a value very similar to the UO2 fuel
thermal conductivity at high burnup in the same temperature range.

Coming back to the visco-plastic properties of the caesium mono-uranate one can
expect that the presence of such a compound in the gap at high burnup, mainly at cracks lips
tend to uniform the azimuthal stress distribution on the cladding. This is a benefit for PCMI
during power ramps. Furthermore, if this type of compound is present at grain boundaries in
the rim region, it can explain the propensity of this region to dissipate the energy in a micro-
harness test (observed by SPINO et al [12]) better than in the center of the pellet.

ACKNOWLEDGEMENTS

The authors address thanks to Carlo SARI who participated actively in this project and
gave much advice to the person in charge of the experiments. He is now retired. Thanks are
also addressed to J.C.SPIRLET for the help brought in the sample manufacturing,
J.F.BABELOT for the use of the facilities in his laboratory and R.FORST for the help on the
rehabilitation of the mechanical testing machine.

REFERENCES

[1] CORDFUNKE E.H.P., OUWELTJES W. and PRINS G. Standard enthalpies of
formation of uranium compounds CsjUO^ Journal of Chemical Themodynamics, 1986,
Vol. 18, p.503-509.

374



[2] BOSE D.K., SUNDARESAN M., TANGRI R.P., KALYANARAMAN R., Some
thermochemical studies of caesium uranate, molybdate and chromate. Journal of
Nuclear Materials, 1985, Vol. 130, p. 122-125.

[3] DHARWADKAR S.R., SHYAMALA M., CHATTOPADHYAY G. and
CHANDRASEKHARAIAH M.S., Thermal stability of CsaUC^ phase at high
temperature. Transactions of the Indian Institute of Metals, 1983, Vol. 36, p.295-297.

[4] CORDFUNKE E.H.P , VAN EGMOND A.B. and VAN VOORST G. Investigations
on caesium uranates-I: Characterization of the phases in the Cs-U-0 system. Journal
of Inorganic Nuclear Chemistry, 1975, Vol 37, p. 1433-1436.

[5] O'HARE P.A.G.; HOEKSTRA H.R.Thermochemistry of uranium compounds :
Standard enthalpy of formation of caesium diuranate. Thermodynamics of formation
of caesium and rubidium uranates at elevated temperatures. Journal of Chemical
Themodynamics, 1975, Vol. 7, p.831-838.

[6] FEE D.C and JOHNSON C.E. Phase equilibria in the Cs-U-0 system in the
temperature range from 873 to 1273 K. Journal of Inorganic Nuclear Chemistry,
1978, Vol. 40, p.1375-1381.

[7] LORENZELLI R., LE DUDAL R., ATABECK R. Etude hors-pile des reactions de
UO2, PuO2 et (U,Pu)O2 avec le cesium. CEA, IAEA-SM-236/87, p.539-563.

[8] BIOT J.B.Traite de Physique, Vol. 4, Paris 669, 1816.
[9] FOURIER J.B.J. The analytical theory of heat. Gautier-Villars, Paris, 1822;

Traduction anglaise par Freeman, A., Cambridge University Press, 466 pages., 1878
; Nouvelle Publication, Dover Publications, New York, 1955.

[10] SCHULZ B. Thermal conductivity of porous and highly porous materials. High
Temp.-High Pressures, 1981, Vol. 13, p.649-660.

[11] EUCKEN A., VDI-Forschungsheft 353 (1932) p.6.
[12] SPINO J., VENNIX K., COQUERELLE M., Detailed characterisation of the rim

microstructure in PWR fuels in the burnup range 40-67 GWd/tM, Journal.of Nucl.
Mater., vol 231, pp 179-190, 1996.

DISCUSSION
(Questions are given in italics)

Do you think that the Cesium Uranate properties may be useful for thermochemical codes?

Not directly but it gives indications on the way stress concentration at crack tips can evolve at
high bumup when this kind of compounds are formed. Furthermore, the creep properties lead to
conclude that if these compounds are present in subgrain boundaries it favors grain sliding.

Comment:

Cesium silicate and cesium nitronate have been studied, prepared and characterized at ECN.

Congratulations on performing an interesting and useful characterization on a compound that
is often talked about, but is not well understood. Do you plan to measure stability of Cs
alumina-silicates, proposed for Cs retention?

Cesium silicate and cesium nitronate have been studied, prepared and characterized at ECN.
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