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Abstract

At extended burnup, reduction in fuel thermal conductivity occurs as fission-gas bubble, solid
fission-product (dissolved and precipitated) build-up, and the oxygen-to-uranium ratio (O/U) possibly increases.
The effects of solid fission products and the deviation from stoichiometry can be investigated using SIMFUEL
(SIMulated high-burnup UO2 FUEL). The reduction in fuel conductivity due to solid fission products was assessed
and reported previously. In this paper, thermal conductivity measurements on hyperstoichiometric SIMFUEL and
UO2+11 investigating the effect of the excess of oxygen on fuel thermal properties, are reported. The thermal
diffusivity, specific heat and density of hyperstoichiometric SIMFUEL and UO2+X, annealed at the same oxygen
potential, were measured to obtain thermal conductivity. The excess of oxygen lowered the thermal diffusivity,
but did not significantly affect the specific heat. The thermal conductivity of UO2+X (no fission products present)
decreases with an increasing O/U ratio; a reduction of 15%, 37% and 56% at 600°C, and 11%, 23% and 33%
at 1500°C, was found for O/U ratios of 2.007, 2.035 and 2.084, respectively. For the SIMFUEL annealed at
AGoj = -245 kJ/mol (corresponding to UO2fl07), the thermal conductivity was practically unchanged, although
for the higher oxygen potentials (ACk^ z - 205 kJ/mol) a reduction in thermal conductivity of the same order as
in UO2+X w as measured. For SIMFUEL, annealed in reducing conditions, the fission products lowered thermal
conductivity significantly. However, for high oxygen potentials (AGoz ;> -205 kJ/mol), the thermal conductivities
of UO2+X and SIMFUEL were found to be approximately equal in the temperature range of 600 to 1500°C.
Consequently, excess oxygen is the dominant factor contributing to thermal conductivity degradation at high
oxygen potentials.

1. INTRODUCTION

Thermal conductivity of UO2 is an important property, because it controls the fuel operating
temperature and therefore influences almost all important processes (gas release, swelling, grain growth)
and limits the linear power. Changes in thermal conductivity occur during irradiation as fission-gas
bubbles form, fission products build up and the oxygen-to-metal ratio (O/M) possibly increases.

Simulated high-burnup fuel, termed SIMFUEL, provides a convenient way to investigate intrinsic
fuel thermal properties. We have previously reported on the fabrication procedure and characterization
of SIMFUEL [1-3] that demonstrated the equivalence of the microstructure and phase structure to
irradiated high-bumup fuel. All classes of fission products-dissolved oxides, metallic precipitates and
perovskites (except for the gases and volatiles)-were present in SIMFUEL [2,3].

Thermal conductivities of SIMFUEL, determined from thermal diffusivity, specific heat and
density measurements, decrease with simulated buraup increase [4-7], The influence of simulated fission
products on thermal conductivity was analysed considering the precipitated phases and the dissolved oxides
in the UO2 fluorite matrix. The degree of phonon scattering by the solute fission products in the UQ -
which determines the reduction in thermal conductivity - was also calculated for the various simulated
burnups [8,9].

Besides the dissolved fission products, the possible deviation from fuel stoichiometry (an increase
in the oxygen-to-uranium (O/U) ratio) in irradiated fuel can also affect thermal conductivity and
fission-product mobility. For O/U ratios between 2.00 to 2.11, Goldsmith and Douglas [10] reported a
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degradation in the thermal conductivity of "pure" UO2+X over the temperature range of 500-1000°C. They
found a reduction in thermal conductivity of 28% at 1000°C and 39% at 500°C for an O/U ratio of 2.05.

The effect of porosity and stoichiometry on UO2 thermal conductivity was also investigated by
Hobson et al. [11]. They have measured thermal diffusivities by laser flash on 93 and 96% theoretical
density (TD) specimens with a deviation from stoichiometry of 0.006, 0.03 and 0.06, respectively. The
results showed a reduction in thermal conductivity with increasing temperature and deviation from
stoichiometry. For UO206 they found a change in the slope at 500°C. Above this temperature they
reported practically no changes in thermal conductivity.

In our study, the effect of excess oxygen (deviation from stoichiometry) on fuel thermal
conductivity was investigated using SIMFUEL with equivalent simulated burnups of 3 and 8 at %'. The
thermal diffusivity and specific heat were measured on specimens annealed in controlled oxidizing
conditions and combined to obtain the thermal conductivity values. Microstructural changes and the actual
measurements of the deviation from stoichiometry of hyperstoichiometric UO2 and SIMFUEL were
discussed and described elsewhere [12].

2. EXPERIMENTAL TECHNIQUES

2.1 HYPERSTOICHIOMETRIC SIMFUEL

Excess oxygen is generated in irradiated fuel as many fission products have a lower valence than
uranium. From the fission yields and valence states of the fission products, the excess of oxygen per atom
percent burnup can be estimated: the result is that one atomic percent burnup causes a change from 2.000
to 2.009 in the O/M ratio. However, in practice, tfie excess oxygen is thought to migrate to and react with
the Zircaloy sheath, so no net oxidation of the fuel should be observed. Recently, it has been questioned
whether the CANLUB coating on the inside of the Zircaloy sheath in CANDU fuel was inhibiting ZrO2

formation at high burnup [13], in which case the excess of oxygen may remain in the fuel.

Excess oxygen was introduced in SIMFUEL and UO2 by annealing the specimens in an oxidizing
atmosphere (CO2/CO mixture). An appropriate ratio of the gas mixture and the annealing temperature
determines the oxygen potential, which is linked to the O/U ratio [12]. The relationship is known for
unirradiated UO2, but is unknown for irradiated nuclear fuel and SIMFUEL.

The O/U ratios of 2.0069, 2.035 and 2.084 were measured using the coulometric-titration
technique [12] for the hyperstoichiometric UO2+X samples, prepared in CO2/CO atmospheres of 9/1 and
99/1 at different annealing temperatures (Table 1). The oxygen pressure of the annealing atmosphere was
measured and recorded upstream and downstream of the hot zone by two zirconia oxygen sensors. To
avoid the precipitation of U4O9 at low temperatures, the specimens were quenched to room temperature.
The measured values of the O/U ratio are lower than those predicted from the experimental conditions
(Table 1) due to oxygen loss during cooling down [12]. SIMFIJEL specimens were prepared under
identical conditions, having been exposed to the same oxygen potential. However, the O/U ratio in
SIMFUEL is different, due to the oxidation of the metallic precipitates (Mo and Ru) and different initial
stoichiometry, as well as the changes in the valence of some dissolved additives.

2.2 THERMAL DIFFUSIVITY AND SPECIFIC HEAT MEASUREMENTS

For thermal diffusivity measurements, disks of 12 mm diameter and about 1 mm thick were sliced
from the pellets. The surfaces were polished to be parallel within 0.01 mm. Smaller specimens, about
6 mm in diameter and 2-3 mm thick, were used for specific heat measurements. All specimens were first
annealed at 1500°C in reducing conditions to remove mechanical damage, before the final anneal in

1 1 at%burnup = 225 MW h/kg U = 9.38 MWd/kg U.
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TABLE I Stoichiometric deviations and corresponding oxygen potentials of
hyperstoichiometric specimens and the experimental conditions for preparation.

Measured
O/U

2.000

2.007

2.035

2.084

Final AGOj
(W/moI)

-540

-245

-205

-160

Annealing Conditions

Gas mixture

4%H,/Ar

CO,/CO=9

CO,/CO=99

COVCO=99

Temp. (°C)

1700

1310

1220

1380

AGo,(kJ/mol)

-550

-232

-190

-150

Predicted
O/U

2.000

2.010

2.045

2.100

oxidizing atmosphere. Disks free of cracks and fissures were selected for the thermal diffusivity
measurements. Density was measured by immersion for the thermal diffusivity specimens and was found
to be around 98% TD.

Thermal diffusivity was measured by the laser-flash method from room temperature to 1500°C.
The thermal diffusivity was determined from the rear-surface temperature rise, after the front surface of
the sample was heated by the laser beam at various temperatures obtained by heating the sample in a
graphite furnace, and the results were checked during the cooling cycle. The measurements were
performed in vacuum (10"6 torr). No major changes in the oxidation state (O/U ratio) of the specimens
were detected using the coulometric titration technique after the thermal diffusivity measurements.

he specific heat of SIMFUEL was measured between 25 and 1500°C using a differential scanning
calorimeter (DSC) with sapphire as a reference material. The standard and sample, both encapsulated in
pans, were subjected to the same heat flux, and the differential power required to heat the sample at the
same rate was recorded. The specific heat of SIMFUEL specimens was computed from the mass of the
sapphire standard, the differential power and the known specific heat of the sapphire.

The thermal conductivity (A.) was calculated from the thermal diffusivity (a), specific heat (cp) and
density (p), using the standard expression [7]:

k = cc-Cp-p (1)

Density was corrected for temperature (T) using the thermal expansion coefficient of the UO2 [14].

The thermal conductivity results were normalized to 95% and 100% of the TD, applying corrections for
the porosity using the Loeb equation:

where P is the pore volume fraction (P = 1 - p/pTD), P is a constant, and the subscript TD refers to a
100% theoretical density sample. The value for P, including its temperature dependence, reported by
Notley and McEwan [15] (2.58 - 0.5810 '*T), was used.

3. RESULTS AND DISCUSSION

Thermal diffusivity values of hyperstoichiometric UO2, normalized to the same density, were
lower than those of the stoichiometric specimens. The measured thermal diffusivity values showed low
scatter and good reproducibility during heating and cooling of the specimen. Thermal diffusivities of
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SIMFUEL were lower than that of the UO2 for the specimens annealed under the same oxygen potential,
with the difference especially marked at low temperatures. The specific heat of SIMFUEL was found to
be slightly but systematically higher than for the pure UO2, for each deviation from stoichiometry. For
example, the difference in the specific heat between 3 at% simulated burnup SIMFUEL and UO2 amounts
to less than 2%, for an experimental error of 1% in the data measured using DSC. Specific heat also
slightly increases with the deviation from stoichiometry for each simulated burnup.

The thermal conductivity of UO2+X (100% of TD) decreases with an increasing O/U ratio (Figure
1); a reduction of 13%, 37% and 56% at 600°C and 11%, 23% and 33% at 1500°C was found for O/U
ratios of 2.007, 2.035 and 2.084, respectively.
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FIG. 1. Thermal conductivities, normalized to 100% of TD, for stoichiometric U02 and
hyperstoichiometric U02+x in the 25 to 1500 °C temperature range.

Between 400 and 600°C, a change in the slope of the thermal conductivity variation curve of the
UO2+X occurred for deviations from stoichiometry of 0.035 and 0.084. This discontinuity in die thermal
conductivity variation with the temperature is associated with the phase change from U4O, to UQ+X.
Precipitation of the U4O9 phase, identified by X-ray diffraction (XRD) [12], could not be avoided, despite
the careful preparation of the UO2+X specimens. The same behaviour for the UO2+X thermal conductivity
due to the U4O9 resolution in die fluorite lattice has been reported previously by other researchers [10, 11].

The reduction measured by us in the thermal conductivity of hyperstoichiometric UO2+X is in good
agreement with the previously reported results; for example, our values for UO2035 match well those
obtained by Goldsmith and Douglas [10] for U O ^ between 400°C and 1000°C.

The thermal conductivity results from hyperstoichiometric SIMFUEL with an equivalent burnup
of 3 and 8 at% decrease also with the temperature; these variations are shown in Figures 2 and 3.

The thermal conductivity values obtained from hyperstoichiometric SIMFUEL also decrease with
temperature for each simulated burnup and oxygen potential. In general, the thermal conductivities of
hyperstoichiometric SIMFUEL were lower than those measured on the specimens annealed in reducing
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F/G. 2. Thermal conductivities of 3 at% burnup SIMFUEL (AGo2 = -550, -245, -205 and -160
kJ/mol - 100% TD) as a function of temperature. The label indicates the equivalent
deviation from stoichiometry measured in the reference UO?
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FIG. 3. Thermal conductivities of8at% bumup SIMFUEL normalized to 100% TD as a junction
of temperature for AGo2 of-540, -205, and -160kJ/mol.
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conditions (-540 kl/mol), except for the lower oxygen potential of -245 kJ/mol (x = 0.007 in UO2+J1), for
which the change in thermal conductivity was practically nil at 3 at% burnup (Figure 2). At higher oxygen
potential, similar reduction to that observed for UO2+X was found for SIMFUEL (Figures 2 and 3).

The discontinuity in the thermal conductivity variation observed in UO203J and UO2084 does not
occur for 8 at% simulated burnup SIMFUEL, and for the lower oxygen potentials for the 3 at%
SIMFUEL; in both cases, U4O9 could not be detected by XRD. These differences can be related to a
different oxidation behaviour of SIMFUEL compared with UO2 [ 15]. Figures 4 and 5 show the effect of
the burnup for a given oxygen potential: AGo2 = -205 kJ/mol (corresponding to ^£> ), and
AGo2 = -160 kJ/mol (VO20M).

The effect of the burnup becomes less significant with increasing oxygen potential. For an oxygen
potential of AGo2 = -245 kJ/mol O2 (corresponding to U02.oo7), there is a small reduction of about 10%
at 700°C, 6% at 1000°C and 3% at 1500°C for 3 at% burnup SIMFUEL compared to UO2+X. For an
oxygen potential of AGoj = -205 kJ/mol (UC^^s) or higher, and temperatures above 600°C, the simulated
burnup does not affect the thermal conductivity; practically the same thermal conductivity values were
obtained for UO2+X and SIMFUEL (Figures 4 and 5).

The thermal resistivity (R = 1/A.) of UO2+X and hyperstoichiometric 3 at% SIMFUEL showed a
nearly linear variation with temperature for the temperature range of 600 to 1500°C, for which the excess
of oxygen is dissolved in the fluorite lattice (Figures 8 and 9). This variation shows the hyperbolic term
to be predominant in the analytical expression of SIMFUEL thermal conductivity. Consequently, we can
fit our data as well with the equation used by Hobson et al. [11]:

X = (A (p) + B (p)-TT1 + C (p)T3

where the coefficients can be burnup-dependent. In the investigated temperature range, the electronic
conductivity contribution is nil (C=0). The coefficients of the best-fit line for the linear variation of the
thermal resitivity with temperature, at various burnups and stoichiometry, are listed in Table 2.

1

em ex

Temperature (°C)

FIG. 4. Thermal conductivities of UO20S5 and SIMFUEL (AGq = -205 kJ/mol, labelled as
2.035) normalized to 100% TV as a Junction of temperature.
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Temperature (°C)

FIG. 5. Thermal conductivities of UOzm and SIMFUEL (at AGo2 = -160 kJ/mol, labelled 2.084)
normalized to 100% TD as a Junction of temperature.
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Temperature fC)

FIG. 6. Thermal resistivity ofVO2+x normalized to 100% TD as a function of temperature.
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FIG. 7. Thermal resistivity ofhyperstoichiometric 3 at% bumup SIMFUEL normalized to 100%
TD as a junction of temperature.

Temperature (°C)

FIG. 8. Thermal resistivities of U02Mi and SIMFUEL, equivalent burnups of 3 and 8at% (AGo2

= -205 kJ/mol O2) as a Junction of temperature. The values were normalized to 100%
TD.
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FIG. 9. Thermal resistivities of UO20S4 and SIMFUEL (AGo2 = -160 kJ/mol Q) normalized to
100% TD as a Junction of temperature.

TABLE II Coefficients of the best-fit line, A. = (A+BT)' for UO2+I and hyperstoichiomeiric
SIMFUEL with equivalent burnups of 3 and 8 at%.

AGoj

kJ/mol

-540

-245

-205

-160

X

UO2+X

0.000

0.007

0.035

0.084

A

Oat%

0.0911

0.1022

0.2031

0.3669

3at%

0.1362

0.1433

0.1997

0.3819

8at%

0.1858

0.2346

0.3844

BIO 3

Oat%

0.235

0.233

0.220

0.155

3at%

0.212

0.217

0.223

0.134

8at%

0.205

——

0.195

0.134

The negligible effect of the simulated burnup obtained for the high oxygen potentials is shown as
well for thermal resistivity variation with temperature. Figures 8 and 9, for the two oxygen potentials of

-205 kJ/mol O2 and -160 kJ/mol Q illustrate that in the fuel-operating temperature range, the thermal
resistivity of SIMFIJEL is not affected by increasing burnup.

Increased point-defect scattering in the fluorite lattice can account for the degradation in thermal
conductivity of hyperstoichiometric UO2+X. For small deviations from stoichiometry (UOj.^), the
scattering from oxygen interstitials appears to be smaller in SIMFUEL. For high oxygen potentials, the
phonon scattering by the oxygen sublattice defects appears to be dominant, and a saturation in the number
of defects could explain the same values obtained for UO2+X and SIMFUEL.
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4. CONCLUSIONS

Based on these results:

Thermal conductivities of hyperstoichiometric UO2+X were lower than those measured on
stoichiometric specimens.

The thermal conductivity of hyperstoichiometric S1MFUEL was reduced compared to the samples
annealed in reducing conditions for high oxygen potentials.

Simulated burnup does not play any major role at high oxygen potentials, or alternatively, excess
oxygen is the dominant factor contributing to thermal conductivity degradation at high oxygen
potentials.

An obvious immediate application is to insert the measured conductivities into fuel performance
models, and evaluate the effect on central temperature and fission-gas release. The predictions of the
improved models could then be compared with data from irradiated high-burnup fuel. Our earlier results
on the effect of simulated burnup on fuel thermal conductivity were incorporated in the actual fuel codes,
and gave better agreement with the measured data.
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