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Abstract

The Ôlaser ¯ashÕ method was used to measure the thermal di�usivity of PWR mixed oxide fuels with Pu contents

ranging from 3 to 15 wt% and oxygen to metal ratio (O/M) ranging from 2.00 to �1.95. The temperature range extends

from 700 to 2300 K. The fuel thermal conductivity is derived using heat capacity values of the mixed oxides calculated

by KoppÕs law from recommended values for the heat capacities of UO2, PuO2 and O2. We observe an e�ect of the

deviation from stoichiometry on the conductivity smaller than what is recommended for high plutonium content FBR

fuel. Our results are ®tted in the low temperature range to a classical phonon transport model. Abeles's simpli®ed

theory of phonon di�usion by point defects is used to discuss the results. We propose a new thermal conductivity

relation, which takes into account the e�ect of the O/M ratio. Ó 2000 Elsevier Science B.V. All rights reserved.

PACS: 61.72.Ji; 66.70.+f; 44.10.+i; 44.50; 21.65.+f

1. Introduction

The thermal conductivity of mixed oxide (U,Pu)O2

has been extensively reviewed [1±3]. These reviews were

mainly concerned with high Pu content (�20% Pu, i.e.,

Pu/(U+Pu) �0.2) mixed oxides for fast breeder reactors

(FBR). The proposed recommendations following these

reviews predict a strong decrease of the thermal con-

ductivity when the mixed oxide becomes hypos-

toichiometric. The up-to-date recommendation [3],

hereafter referred as the ÔEuropean FBR recommenda-

tionÕ is based on a re-analysis of the published experi-

mental data restricted to 20% Pu content oxides. As a

matter of fact, very few experimental results on the

conductivity of hypostoichiometric low Pu content

MOX fuel have been published [4]. Furthermore, recent

di�usivity measurements done in our laboratory have

shown that the recommendations for FBR fuels are not

adapted for low Pu content mixed oxides burned in

pressurised water reactors (PWR). As PWR fuel may

become hypostoichiometric during irradiation, accurate

knowledge of the dependency of the thermal conduc-

tivity on the O/M ratio (O/M� number of oxygen at-

oms/number of heavy metal atoms) is required for in pile

behaviour prediction. We have therefore realised new

sets of di�usivity measurements to propose a recom-

mendation adapted to PWR fuel.

2. Experimental

2.1. Sample preparation

We have prepared samples with Pu concentration of

3%, 6%, 10% and 15%. They are obtained by co-grinding

of UO2 and PuO2 powders, pelletizing, and sintering at

1700°C for 4 h under moistened Ar + 5% H2 atmo-

sphere.

Electron probe microanalysis (EPMA) and X-ray

di�raction (XRD) have shown that the obtained pellets
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present a non-homogeneous Pu concentration. Because

the oxygen potential of mixed oxides depends on their

Pu content, this would lead after reduction to some O/M

variations across the material. As the O/M ratio is the

main parameter of this study, we need samples with a

uniform oxygen concentration and therefore mixed ox-

ides with a uniform Pu concentration.

Homogenisation by annealing. To get samples with a

homogeneous Pu concentration, the pellets were an-

nealed for 240 h at 1700°C under the same atmosphere

as for sintering. This atmosphere is chosen to maintain

the pellets at the stoichiometric state (O/M� 2.00). We

have shown by XRD that long annealing time is re-

quired for complete homogenisation of the Pu distri-

bution, especially for the lowest Pu content.

XRD is used for lattice parameter determination.

XRD spectra are obtained with a Phillips X-ray powder

di�ractometer on samples prepared by crushing pellet

splinters and mixing the powder obtained in an epoxy

resin. The lattice parameter is calculated from the

spectra using at least 10 di�raction lines, giving a pre-

cision of 7� 10ÿ13 m. The results of XRD measurements

are plotted in Fig. 1 as a function of the Pu content and

the annealing time. It can be seen that for the lowest Pu

contents (3% and 6%), the lattice parameter measured

after sintering is close to the UO2 value. It gets closer

and closer to the VegardÕs law as the annealing time

increases, showing that a more homogeneous solid so-

lution forms. For an annealing time of about 200 h at

1700°C, the lattice parameter follows the VegardÕs law

for all Pu contents. EPMA con®rms that we obtain in

that way more homogeneous solid solutions.

Table 1 gives the main characteristics of the di�erent

fuel batches prepared for the present study, before and

after 240 h annealing.

Sample reduction. Pellets are cut into disks about

1 mm thick. About 3 disks from the same pellet are re-

duced together by heating in dry Ar + 5% H2 at 1700°C.

The O/M ratio after reduction is determined by

XRD. A preliminary study with pellets from the same

homogeneous batches has shown by coupling XRD

lattice parameter measurements and thermogravimetric

O/M determinations that the lattice parameter a varies

linearly with the O/M ratio. We have observed no ob-

vious dependence of the da/d(O/M) coe�cient on the Pu

content, and we have obtained an average value

da=d�O=M� � 32� 10ÿ12 m, in good agreement with

previously published results analysed in Ref. [5, ch. 1],

and with the 33 ´ 10ÿ12 m value calculated by Ohmichi

et al. [6]. Assuming an uncertainty of �1 ´ 10ÿ12 m on the

da/d(O/M) coe�cient and taking into account that the

precision on the lattice parameter measurement is

7 ´ 10ÿ13 m, the uncertainty on the O/M determination

by XRD is about �3 ´ 10ÿ3.

We have used di�erent reduction times. Fig. 2 pre-

sents the reached O/M ratios, as calculated from the

XRD lattice parameter determinations, versus the

heating time at 1700°C. We obtained very low reduction

kinetic compared to what could be expected from the

work of Bayoglu [7]. Even for a treatment as long as

400 min, the reduction limit (which corresponds to a

state where all the Pu cations are trivalent) is not

reached, except for the 3% Pu batch.

As the oxygen potential of our reducing atmosphere

should be su�ciently low to reach this reduction limit

for all Pu contents, it is unlikely that thermodynamic

equilibrium is reached, except for the 400 min treatment

of the 3% Pu samples. It is then possible to have an O/M

gradient across the sample disks if the reduction kinetic

is limited by oxygen di�usion. To assess this hypothesis,

we performed a reduction treatment with a full pellet

(12 mm high, 8.4 mm in diameter) in conditions where

such an O/M gradient should most probably occur: 15%

Pu content, 60 min reduction time. We then cut the

Fig. 1. E�ect of annealing at 1700°C on the lattice parameter

measured by XRD.

Fig. 2. O/M ratios determined from XRD lattice parameter

measurements versus the reduction time. Dashed lines give the

reduction limits (all Pu cations are trivalent) that are

O/M� 1.985, 1.97, 1.95 and 1.925 for Pu content� 3%, 6%,

10% and 15%, respectively.
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pellet to set apart 2 samples from the centre and the

periphery of the pellet. XRD measurements gave no

evidence of an O/M gradient: we obtained for both

samples an O/M ratio of 1.981 in good agreement with

the value 1.983 obtained previously with the 15% Pu

disks reduced during 60 min. Then, the reduction kinetic

is likely to be controlled by surface reactions.

Such a slow oxygen exchange rate between solid and

gas was not expected [7]. A possible explanation could

be the particular microstructure of our samples, due to

the long annealing treatment (240 h at 1700°C): mean

grain size increases by a factor of 3±4 during the treat-

ment. Consequently, the number of ridge sites, which are

known to be preferential sites for oxygen adsorption and

dissociation is much lower after treatment.

2.2. Di�usivity measurements

We used the laser ¯ash method to perform di�usivity

measurements.

The schematic layout of the device is given in Fig. 3.

The laser is a �30 J/pulse YAG laser. The pulse duration

is about 1 ms. High frequency induction is used to heat

the sample. The atmosphere of the heating chamber is

nitrogen (2 mbar absolute pressure), renewed at 800 l/h.

The temperature of the sample is measured by optical

pyrometers. The pyrometers, located outside of the

glove box, are calibrated by comparison with a W±Re

thermocouple. The temperature rise after the laser shot

is recorded by an In±Sb photodetector, interfaced with a

computer via a numeric oscilloscope. Di�usivity is cal-

culated from the signal using DegiovanniÕs thesis model

[8].

For each set of di�usivity measurements, at least 2

sample disks are used. The temperature range 400±

2000°C is covered, with roughly one temperature step

each 50±100°C. For each temperature step, 2 shots are

performed. Few measurements were done during cool-

ing to check for any modi®cation of the O/M ratio upon

heating. As the di�usivity depends on the O/M ratio,

such a modi®cation would result in a change of the

di�usivity values at low temperature. This was never

observed during the present work. Furthermore, for one

sample (15% Pu, 60 min reduction time), we have con-

®rmed by a second XRD measurement that no modi®-

cation of the O/M ratio occurred during the di�usivity

measurements.

Before the measurements with reduced samples, we

®rst performed measurements with stoichiometric ones.

Fig. 3. Schematic layout of the laser ¯ash apparatus.

Table 1

Main characteristics of the reference fuels used for the present study

Expected Pu content 3% 6% 10% 15%

Measured Pu content (wt%) 3.06 � 0.06 6.22 � 0.12 10.18 � 0.2 15.10 � 0.2

Theoritical density dth (103 kg mÿ3) 10.964 10.979 10.984 10.993

Measured density dm (103 kg mÿ3)

Before annealing 10.51 � 0.01 10.47 � 0.01 10.53 � 0.01 10.52 � 0.01

After annealing 10.55 10.57 10.54 10.50

dm/dth

Before annealing 95.9 95.4 95.8 95.7

After annealing 96.1 96.2 95.9 95.6

Mean grain size (lm)

Before annealing 6 5.1 5.8 5.4

After annealing 15.2 22.8 16.1 18.9
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To be sure their O/M ratio is 2.00, the disks underwent a

heat treatment (3 h at 900°C under Ar + 5% H2 atmo-

sphere, water saturated at 20°C). The oxygen potential

DGO2
of this gas mixture is about ÿ115 kcal/mol at

900°C, which, for any plutonium concentration, lies in

the range of oxygen potential required to obtain, at

thermodynamic equilibrium and 900°C, stoichiometric

(U,Pu)O2 mixed oxides [9].

The results of di�usivity measurements (not pre-

sented here) show that the di�usivity decreases when the

mixed oxide becomes hypostoichiometric, as expected.

The decrease is more pronounced at low temperature.

For further quantitative analysis, the results are

converted into thermal conductivity.

3. Thermal conductivity calculation

Thermal conductivity data are calculated from dif-

fusivity measurements by the relation:

k�T � � f �p�=f �0:05�a�T �q�T �Cp�T �, where

For the porosity e�ect correction, the modi®ed

Maxwell±Eucken relation is used: f �p� �
�1� 2p�=�1ÿ p�. By multiplying by f �p�=f �0:05�, we

obtain a conductivity equivalent to a 95% theoretical

density fuel from di�usivity results obtained with sam-

ples of porosity p. In that way, we can compare results

from di�erent batches having di�erent values of poros-

ity. Also this porosity correction has to be made for

comparison with reference recommendations. Note that

because our samples are in any case close to 95% theo-

retical density, the correction is small and thus depends

very little on the chosen model.

For q(T), we use the measured density at room

temperature by immersion in cyclohexane and Martin's

recommended relation for the thermal expansion [10].

For Cp, we performed a speci®c study by di�erential

scanning calorimetry (DSC) with stoichiometric samples

from the same batches than those used for the di�usivity

measurements [11]. The maximum temperature for our

DSC apparatus is 1300°C. The results obtained in the

temperature range 200±1300°C were in very good

agreement (within 2±3%) with the KoppÕs law used by

Philipponneau [3], that is,

Cp��UyPu1ÿy�O2� � yCp�UO2� � �1ÿ y�Cp�PuO2�
with

Cp�UO2� �J gÿ1 Kÿ1� � 46:776� 0:10015T ÿ 1:0045

� 10ÿ4T 2 � 4:2386� 10ÿ8T 3 ÿ 50:145� 10ÿ12T 4;

Cp�PuO2� �J gÿ1 Kÿ1� � 91:526� 3:184� 10ÿ6T 2

ÿ 2:269� 106=T 2:

For hypostoichiometric samples we subtract a small

corrective term:

Cp��UyPu1ÿy�O2ÿx� � Cp��UyPu1ÿy�O2� ÿ x=2Cp�O2�
with

Cp�O2� �J gÿ1 Kÿ1� � 27 849� 8:53� 10ÿ3T ÿ 2:0454

� 10ÿ6T 2 � 1:932� 10ÿ10T 3:

This KoppÕs law is validated for low Pu content MOX

fuel only up to 1300°C (1573 K). We assume that this

law is still valid at higher temperature to calculate our

conductivity data up to 2000°C.

The results obtained for the stoichiometric fuels are

plotted in Fig. 4 for all Pu contents, and compared with

the European recommendation for conductivity of fast

breeder reactor (FBR) fuel (Ref. [5, ch. 7]), the Martin

recommendation [2] and the Harding and Martin rec-

ommendation for UO2 [12]. It can be seen that the

conductivity seems not to depend on the Pu concentra-

k(T) thermal conductivity at temperature T and

for 95% theoretical density (W mÿ1 Kÿ1)

f(p) porosity correction factor (p is the frac-

tional porosity)

a(T) di�usivity measured at temperature

T (m2 sÿ1)

q(T) density at temperature T (kg mÿ3)

Cp(T) speci®c heat at constant pressure for tem-

perature T (J kgÿ1 Kÿ1)

Fig. 4. Conductivity data for the stoichiometric reference

mixed oxide fuels.
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Fig. 5. Conductivity data calculated from di�usivity measurements for 3%, 6%, 10% and 15% Pu content MOX fuel, respectively.
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tion. In the low temperature range, both the FBR and

the Martin recommendations agree quite well with the

experimental data for the stoichiometric fuels. At high

temperature, they both overestimate the data. Over the

whole temperature range, the data are signi®cantly

lower than the Harding and Martin UO2 recommenda-

tion, indicating that even a small amount of Pu leads to

a decrease of the conductivity.

The results are presented for each investigated Pu

content in Fig. 5(a)±(d). We have also plotted

in these ®gures the FBR European recommendation for

O/M� 2.00 and for the lowest O/M ratio reached. The

conductivity decrease at low temperature when the fuel

becomes hypostoichiometric is smaller than the predic-

tion given by the FBR recommendation.

4. Quantitative analysis

To perform a quantitative analysis of these results,

we ®rst restrict to the temperature range in which the

KoppÕs law used for speci®c heat has been validated,

that is T < 1573 K. In this temperature range, the oxide

conductivity is mainly due to phonon transport.

Bonnerot [4] has shown that below 1300 K, other con-

tributions can be neglected for (U,Pu)O2 mixed oxides.

We therefore limit our quantitative analysis to this

maximum temperature.

We use a classical phonon heat transport model to ®t

our data points, that is, k�T � � 1=�A� BT �, where T is

the temperature in Kelvin, A a term due to phonon in-

teractions with the lattice defects and B takes into ac-

count the phonon±phonon interactions.

For each set of measurements, we perform a linear

regression on 1/k(T) data points for T < 1300 K. Values

of A and B coe�cients thus obtained are presented in

Table 2 and plotted in Figs. 6±9.

The last column of Table 2 gives the correlation co-

e�cients of the linear ®ts. The values are close to 1,

showing that the chosen model suits well to describe our

results, at least for T < 1300 K. The best results are

obtained for the stoichiometric samples, indicative of a

lower dispersion of the measurements.

Values of coe�cients A and B are plotted versus

the Pu concentration in Figs. 6 and 7, respectively,

for stoichiometric samples and for samples around

O/M� 1.985. Our results are compared to those of

Bonnerot [4]. As far as we are aware, BonnerotÕs
work, which was performed in our laboratory during

1986±1987, is the only published study where thermal

conductivity for low Pu content, hypostoichiometric

(U,Pu)O2ÿx mixed oxides has been systematically in-

vestigated. Our present results are also compared to

the European recommendation for FBR mixed oxide

fuel [5]. This recommendation gives no dependence of

the A value with the Pu content. Our results appear

to be consistent with this assumption. For the stoic-

hiometric fuel, our results are in good concordance

with the A value recommended in [5]. On the other

Table 2

Results of the linear regressions on resistivity data points (for

T < 1300 K)

%Pu O/M

(�0.03)

A ´ 10ÿ2 m

K Wÿ1

B ´ 10ÿ4 m

Wÿ1

Correlation

coe�cient

3 2.00 3.96 2.875 0.990

1.983 7.25 2.559 0.990

6 2.00 3.27 2.96 0.991

1.991 5.90 2.897 0.955

1.986 9.60 2.562 0.952

1.979 10.45 2.566 0.988

10 2.00 3.96 2.894 0.990

1.986 8.14 2.490 0.976

1.973 11.16 2.877 0.986

1.968 12.50 2.846 0.974

1.965 12.10 2.676 0.915

15 2.00 2.17 3.039 0.990

1.984 8.12 2.645 0.986

1.974 10.81 2.525 0.987

1.948 18.95 2.489 0.983

Fig. 6. Coe�cient A versus the Pu content. Horizontal lines

indicate values recommended for FBR mixed oxide in [5].

Fig. 7. Coe�cient B versus the Pu content. Dashed lines are

linear regressions on the data points.
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hand, for the hypostoichiometric samples, we observe

an increase of A smaller than what is recommended

for FBR 20% Pu mixed oxides [5]. It can be seen that

previous results of our laboratory [4], on samples with

Pu concentrations ranging from 5% to 30% also

showed a strong increase of A when the mixed oxides

become hypostoichiometric, even for the low Pu

concentrations. But it should be pointed out that,

because of the fabrication process, the Pu distribution

was less homogeneous for these old low Pu content

batches.

Fig. 7 shows that we observe, like in our older results

[4], a slight increase of B with the Pu concentration. This

might be explained by the inelastic phonon interaction

model of Liebfried et al. [13]. However, this increase is

small compared to the change of B value when the O/M

ratio changes.

In Fig. 8, we have plotted coe�cient A versus the

deviation x from stoichiometry, without distinction of

the Pu concentration as no strong variation of A versus

the Pu content was observed. Our results are compared

to our older ones [4] and to the values of A issued from

the analysis of Philipponneau [3]. This extensive analysis

of published results on (U0:8,Pu0:2)O2ÿx fuels has con-

cluded to a parabolic dependency of A with the devia-

tion from stoichiometry, the increase of A slowing down

for high deviation. But it should be pointed out that the

A values issued from the work of Philipponneau [3] are

highly dispersed, probably partly because many di�erent

experimental works are involved. We do not observe in

the investigated range such a parabolic dependency. We

rather observe, like previously [4], a linear variation of

coe�cient A with x. But the slope of this variation is

much lower than what was observed by Bonnerot [4],

even for the low Pu content samples. The discrepancy

may come, as already pointed out, from the less ho-

mogeneous Pu distribution of the low Pu content sam-

ples prepared in our laboratory in 1986±1987. For this

reason, we think that our recent data are more con®dent

for this low Pu content range than the older Bonnerot's

data. Thus, we conclude that the e�ect of the deviation

from stoichiometry on the conductivity of (U,Pu)O2

mixed oxides is less important for low Pu concentrations

(<15%) than for high Pu concentrations (20±30%) FBR

fuels.

Coe�cient B is plotted versus the deviation from

stoichiometry in Fig. 9. Again, our results are compared

to those of Bonnerot [4] and Philipponneau [3]. Again, it

can be noticed that the values from the analysis of

Philipponneau [3] are highly dispersed. Because of this

high dispersion, it was proposed to use a constant value

of B to describe the conductivity of FBR fuel [3,5]. Even

if our dispersion is still quite high, it is obvious that our

B values are on average lower for the hypo-

stoichiometric samples than for the stoichiometric ones.

For these stoichiometric samples, the values obtained

for B are close to the value recommended for stoic-

hiometric FBR fuels [5].

5. Discussion

The simple relationship k � 1=�A� BT � used to ®t

our data up to 1300 K corresponds to a model based on

weak scattering of phonons by point defects, widely used

to describe the thermal conductivity of dielectric solids

above their Debye temperature. A is the lattice defect

thermal resistivity, due to the phonon interactions with

the lattice defects and BT corresponds to the intrinsic

lattice thermal resistivity caused by phonon±phonon

interactions (Umklapp process).

5.1. Lattice defect thermal resistivity

Ambegaoker [14] expressed the term A as

A � p2V hD

3vh

X
i

Ci � C
X

i

Ci;

where V is the mean atomic volume in the lattice, hD the

Debye temperature, v the mean phonon velocity, h the

Plank's constant and Ci is a cross-section parameter for

Fig. 8. Coe�cient A versus the deviation from stoichiometry.

The upper dashed line is a linear regression on Bonnerot's re-

sults. The lower one is a linear regression on our present results.

Fig. 9. Coe�cient B versus the deviation from stoichiometry.
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phonon scattering by point defect i. Abeles [15], ex-

pressed Ci as the result of mass and size e�ects:

Ci � Xi
M ÿMi

M

� �2
"

� e
r ÿ ri

r

� �2
#
:

Xi is the atomic fraction of the point defect i, Mi its mass

and ri its atomic radius, M is the mean atomic mass of the

lattice and r the mean atomic radius of the lattice.

e � 32�1� 1:6c�2 (c is the Gr�uneisen constant) is a pa-

rameter representing the magnitudeof the straingenerated

in the lattice by the size di�erence. As many simplifying

assumptions are needed to obtain this relationship, Abeles

proposes to use e as an adjustable parameter.

The sum
P

Ci may be written as

X
i

Ci �
P

i XiM2
i ÿM

2

M
2

 !
� e

P
i Xir2

i ÿ r2

r2

� �
:

When a new species is added and goes in solution in

the lattice, new point defects are created. Then, the lat-

tice defect thermal resistivity A increases by DA. This

increase can be expressed by the di�erence:

DA � Ass ÿ Aini � Css

X
j

Cj ÿ Cini

X
i

Ci;

where the subscripts ss and ini stand for the solid solu-

tion and the initial material respectively. Subscript j

means that the sum is on all the point defect of the solid

solution and i is for the point defects of the initial lattice.

This approach has been used by several authors to in-

terpret results of conductivity measurements on actin-

ides based ¯uorite type solid solutions [16±25]. We will

use this approach to calculate the A increase when the

(U,Pu)O2 mixed oxide becomes hypostoichiometric.

We consider the initial matrix to be the stoic-

hiometric mixed oxide and the reduced oxide to cor-

respond to a solid solution of oxygen vacancies in the

initial lattice. We then use the subscripts 2.00 and 2ÿx

instead of ini and ss, respectively.

We deal with ionic crystals and the phonon scattering

centres are in our case:

· for the stoichiometric oxide (U�1ÿy �,Puy)O2: the U4�,

Pu4� cations and the O2ÿ anions.

· for the hypostoichiometric oxide (U�1ÿy �,Puy)O2ÿx,:

U4�, Pu4�, O2ÿ, Pu3� and Ov (oxygen vacancy).

To simplify the writing, we will further use the sub-

scripts 1±5 for the species U4�, Pu4�, O2ÿ, Pu3�and Ov,

respectively.

From electric neutrality considerations, we can cal-

culate the atomic fractions to be:

· in the stoichiometric oxide: Y1 � �1ÿ y�=3; Y2 � y=3

and Y3 � 2=3.

· in the hypostoichiometric oxide: X1 � �1ÿ y�=3,

X2 � �y ÿ 2x�=3, X3 � �2ÿ x�=3, X4 � 2x=3 and

X5 � x=3.

Because the deviation from stoichiometry is small,

that is to say �x=2� � 1, we will make the following

assumptions:

· The atomic radius of a given species is the same in the

stoichiometric and the hypostoichiometric oxide. In-

deed, the mean coordination numbers of cations are

8 and 8ÿ 4x in the stoichiometric and the hypo-

stoichiometric oxide, respectively, and according to

Ohmichi et al. [6], the mean ionic radius of cation

with 8ÿ4x mean coordination number is approxi-

mately rÿ 0.02x if r is its ionic radius for 8 coordina-

tion number. This leads to a radius decrease of about

1% for x� 0.05, which is close to the maximum devi-

ation from stoichiometry we have reached in this

study. In fact, even if small, this e�ect will be taken

into account in the calculation through assigning an

apparent value to the oxygen vacancy radius.

· The mean atomic mass and mean atomic radius of

the lattice do not change when the oxide becomes hy-

postoichiometric. Indeed, from O=M � 2:00 to

O=M � 1:95, the relative mean mass change is about

0.025% and the relative mean radius change is less

than 0.5% (calculated from a lattice parameter

change Da/Dx� 0.032 nm).

· The C constant is the same for the stoichiometric and

the hypostoichiometric oxide (i.e., C2:00 � C2ÿx � C).

According to Fukushima et al. [20], we used the rela-

tion C2ÿx � C2:00�a2ÿx=a2:00�2 (a2:00 and a2ÿx are the

lattice parameters of the stoichiometric and the hy-

postoichiometric oxides, respectively) to show that

the di�erence in the C constant is on the order of

0.5% between the stoichiometric oxide and the oxide

reduced to O=M � 1:95.

Admitting these assumptions, we can then write

A2:00

C
�
X3

i�1

Ci

�
P3

i�1 YiM2
i ÿM

2

M
2

 !
� e

P3
i�1 Yir2

i ÿ r2

r2

 !
;

A2ÿx

C
�
X5

j�1

Cj

�
P5

j�1 XjM2
j ÿM

2

M
2

 !
� e

P5
J�1 Xjr2

j ÿ r2

r2

 !

and the di�erence DA � A2ÿx ÿ A2:00 becomes

DA � C
1

M
2

X3

i�1

�Xi

"(
ÿ Yi�M2

i � X4M2
4 � X5M2

5

#

� e

r2

X3

i�1

�Xi

"
ÿ Yi�r2

i � X4r2
4 � X5r2

5

#)
;
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which leads to

A2ÿx � C
�
ÿM2

3

M
2
� e

r2
2 r2

4

ÿ� ÿ r2
2

�� r2
5

ÿ ÿ r2
3

��� x
3
� A2:00:

�1�
We ®nd that DA increases linearly with the deviation

from stoichiometry x and does not depend on the plu-

tonium content y. This is consistent with the experi-

mental results and is a good indication that Abeles simple

theory is well suited to describe our results. The strain

e�ect on the lattice comes from replacement of Pu4�

cations by Pu3� (the di�erence r2
4 ÿ r2

2� and replacement

of oxygen anions by vacancies (the di�erence r2
5 ÿ r2

3).

Identi®cation with the slope dA=dx � 2:85 m K Wÿ1

obtained from a linear regression on the experimental A

values (see Section 6) leads to

e � r2

2�r2
4 ÿ r2

2� � �r2
5 ÿ r2

3�
3

C
dA
dx

�
�M2

3

M
2

�
: �2�

For the ionic radius of Pu4� and O2ÿ, we use the

values reported by Shanon [26], that are r2 � 0:096 nm

and r3 � 0:1368 nm, respectively. The ionic radius of

Pu3� has been estimated by Ohmichi et al. to be

r4 � 0:110 nm [6]. These authors have also estimated the

oxygen vacancy radius: r5 � 0:15 nm. According to

them, this value has to be corrected to an apparent value

r�5 to take into account the change in ionic radius of

cations due to these oxygen vacancies. They give the

relationship r�5 � r5 � 2b, where b �PXi�Dri=Dx�. The

sum is on the cations (i.e., i � 1, 2 and 4) and Dri=Dx
represents the change of cations radius due to the change

in their coordination number. Using the value

Dri=Dx � ÿ0:02 nm given by Ohmishi et al., we ®nd

r�5 � 0:1367 nm.

To calculate the mean atomic mass �M , we take into

account the isotopic composition of the uranium and

plutonium used. For the plutonium content, we use a

mean value y� 8.5% but �M as well as �r depend very little

on the Pu content (less than 0.1% variation for the Pu

content range investigated).

To evaluate the C constant for the mixed oxide (U,

Pu)O2 (we use hereafter the subscript MOX), we start

from the value for UO2: we take for the Debye tem-

perature the value hD� 242 K reported for UO2 by

Willis [27], and for the mean phonon velocity the value

reported by Ainscough and Wheeler [28], that is

v � 4:3� 103 m/s. The mean atomic volume is obtained

from the lattice parameter a of UO2, that is to say

V � a3=12 � 13:64� 10ÿ30 m3. Therefore, the C value

for UO2 is calculated to be CUO2
� 0:886 m K Wÿ1. For

two isomorphic compounds, the C constants can be re-

lated by [20]

CMOX

CUO2

� aMOX

aUO2

� �2

:

We then obtain a value CMOX � 0:884 m K Wÿ1 very

close to the UO2 value.

Finally, the relation (2) gives e � 25:85. This value is

about four times lower than the values observed for

stoichiometric solid solutions of actinide oxide con-

taining rare earth elements or other actinides [16±25].

This indicates that the strain caused on the (U,Pu)O2

lattice when creating oxygen vacancies is much smaller

than the strain generated in an actinide oxide lattice

when adding in solution a foreign element.

However, it can be shown from Eq. (1) that the strain

e�ect on the additional thermal resistivity is the domi-

nating e�ect. The mass e�ect goes toward a decrease of

the resistivity, but is in fact negligible, as it represents

less than 0.3% of the strain e�ect.

5.2. The intrinsic lattice thermal resistivity

The intrinsic lattice thermal resistivity of dielectric

solids can be estimated by the relationship of Liebfried

et al. [13]:

B � c2 24

10
41=3�h=k�3MV

1=3
h3

D

� ��
; �3�

where c is the Gr�uneisen constant and k the Boltzman

constant.

Eq. (3) has been shown to predict B values 3 or 4

times lower than experimentally determined values, but

can be used to evaluate the B value of a given compound

relative to a known B value of an isomorphic com-

pound, as ®rst done by Gibby [16]. Using the Lindeman

[29] relationship which express hD as a function of the

melting temperature, Gibby has given the B values ratio

of two isomorphic compounds 1 and 2:

B2

B1

� M2

M1

� �1=2 a2

a1

� �2 TM1

TM2

� �3=2 c1

c2

� �2

; �4�

where Mi, ai, TMi and ci are respectively the molecular

weight, the lattice parameter, the melting temperature

and the Gr�uneisen constant for the compound i.

Considering compounds 1 and 2 to be the (U,Pu)O2

and (U,Pu)O2ÿx solid solution, respectively, and assum-

ing that the Gr�uneisen constant is the same for these two

compounds, the variation of the intrinsic lattice thermal

resistivity with the deviation from stoichiometry x can be

evaluated from Eq. (4). We use for the melting temper-

ature of the stoichiometric and hypostoichiometric

mixed oxides the liquidus temperatures, evaluated from

the results of Lyon and Baily [30] and those of Aitken

and Evans [31]. We use for the lattice parameter the value

da=dx � 32� 10ÿ12 m (see Section 2.1, Sample reduc-

tion). Thus, we obtain a B value constant within 1% over

the investigated O/M range �1:95 < O=M < 2:00�. Ex-

perimentally, we rather observe a decrease of B when the

samples become hypostoichiometric and we will see in
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Section 6 that our conductivity data are better ®tted

when assuming a linear decrease of the B parameter in-

stead of a constant value. However, because of the high

dispersion on the experimental B values, it is di�cult to

de®nitely conclude.

6. Conductivity relation

The aim here is to provide a simple relationship to

describe the thermal conductivity of PWR low Pu con-

tent mixed oxide fuels and its variation with deviation

from stoichiometry.

6.1. The phonon conduction domain

A simple phonon conduction model (k� 1/(A + BT))

has been shown to be well suited to ®t our results for

T < 1300 K. On the basis of the analysis of Sections 4

and 5, we make the following assumptions:

· Coe�cients A and B are independent of the Pu con-

centration. In fact, there is a small dependence, but

we neglect it compared to the variation with the

O/M ratio.

· Coe�cient A increases linearly with the deviation

from stoichiometry.

To obtain a relationship between the coe�cient A

and the deviation from stoichiometry, we perform a

linear regression on the values of coe�cient A. It gives

A�x� � 2:85x� 0:035 m K Wÿ1 and a correlation coef-

®cient R� 0.978.

To set B, two di�erent choices are tried:

· B is constant and equal to the mean of all values.

· B decreases linearly with the deviation from stoichio-

metry and the B(x) relationship is obtained by linear

regression.

These two di�erent ways of setting B are applied ei-

ther on initial values of B or on values recalculated after

setting the A coe�cient on the line A�x� � 2:85x� 0:035

m K Wÿ1. Thus, four options have to be tested.

Two additional options are tested: new values of

coe�cient A are calculated after setting the coe�cient B

either at a constant mean value or on the straight line

given by the linear regression on the initial values, that is

B�x� � �ÿ7:21x� 2:85� � 10ÿ4 m Wÿ1.

So, six di�erent options have been quantitatively

compared with the experimental data: we consider that

the experimental data are well described up to 1300 K by

their initial ®t (given in Table 2) and we calculate the

relative mean di�erence between a given tested option

and the ®ts by the relation

hDk=ki � 1

N

X1300 K

T�700 K

kfitj ÿ kmodelj=kfit

with T varying by 20° steps (i.e., N� 31).

Thus, 6� 15 hDk=ki values are calculated (15 being

the number of experimental data sets). These calcula-

tions lead to the following conclusions:

· To recalculate the B parameter after the A parameter

is set on the straight line A�x� � 2:85x� 0:035 m K

Wÿ1 changes only slightly the B values.

· To recalculate the A parameter after setting the B pa-

rameter improves the results only if the B parameter

was set at a constant value.

· The choice of a constant value for B does not give

satisfactory results for the stoichiometric samples

data sets. This is shown in Table 3, which gives

the results for the two options that have used

the recalculated B values: the ®rst line corresponds

to the option setting a constant mean B value,

the second line corresponds to the option setting

B on the decreasing straight line given by

linear regression, that is, B�x� � �ÿ7:15x� 2:86��
10ÿ4 m Wÿ1.

Finally, over the six tested options, the best results

are obtained for the following:

· A is given by a linear regression on the initial values,

that is, A�x� � 2:85x� 0:035 m K Wÿ1.

· B is given by a linear regression on the values

recalculated after setting A�x� � 2:85x� 0:035

m K Wÿ1, that is, B�x� � �ÿ7:15x� 2:86� � 10ÿ4

m Wÿ1.

For this option, the relative mean di�erence with

the ®ts rarely exceeds 5%, which is in the range of

the absolute uncertainty associated with the di�usivity

measurement method, mainly due to the uncertainty

of the sample temperature determination. We should

also have in mind the uncertainty associated with the

O/M determination (see Section 2, sample reduction).

Only the [3% Pu, O/M� 1.983] set is not well de-

scribed, giving a mean di�erence áDk/kñ� 8.15%. This

expresses the fact that the results obtained for this

reduction are very close to those obtained with the

stoichiometric samples: the conductivity decrease is

much lower than what could be expected from results

obtained with the higher Pu content batches. New

measurements with very low Pu content batches

should be performed.

Despite this problem and despite the fact that

there is no theoretical evidence for a decrease of B

with the deviation from stoichiometry, we propose to

retain the following relation to describe the phonon

thermal conductivity of PWR low Pu content mixed

oxides:

kph � 1=�A� BT � �5�
with

A � A�x� � 2:85x� 0:035 m K=W;

B � B�x� � �ÿ7:15x� 2:86� � 10ÿ4 m=W:
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6.2. Extension of the temperature range

The relation k � 1=�A� BT �, based on a phonon

conduction model, cannot account for conductivity at

high temperature, where electronic and radiative mech-

anisms contribute to the heat transport. Following

Bonnerot [4], we have ®rst limited our data ®ts to a

maximum temperature of 1300 K. Then, we take up

again the linear regressions on the resistivity data using a

variable maximum temperature for the regression in-

stead of 1300 K. We start from a regression maximum

temperature of 1000 K and we increase it up to the

highest measurement temperature. That way we obtain,

for each set of data, curves of parameters A, B and the

correlation coe�cient R versus the regression maximum

temperature. We thus observe that A, B and R generally

start to change from a regression maximum temperature

of about 1400 K. We thus conclude that the simple

phonon conduction model can be used up to 1400 K.

For higher temperatures, electronic and (or) radiative

contributions cannot be neglected anymore.

We make the assumption that the validity of the

KoppÕs law used to calculate the speci®c heat Cp, which

as been experimentally demonstrated for the low Pu

content MOX fuels up to 1573 K, can be extended to the

whole temperature range covered by our di�usivity

measurements.

Therefore, we perform a high temperature quantita-

tive analysis of the data obtained with the reference

samples: we ®rst subtract to each experimental data set

the phonon contribution, given by the initial 1=�A� BT �
®t (A and B values of Table 2). We obtain in this way 15

sets of high temperature contribution data points.

Two data sets ([15% Pu, O=M � 1:984] and [10% Pu,

O=M � 1:986]) are somewhat higher than the others.

This can be seen in Fig. 5(c) and (d) where the triangles

are higher than the other data points at high tempera-

ture. Such a speci®c behaviour is not understood. With

the exception of these two peculiar sets, all the data lie

within a �5% interval, and show no obvious dependence

with the Pu content and the O/M ratio.

All the 15 high temperature contribution data points

sets are plotted in Fig. 10 without distinction of the

di�erent O/M and the di�erent Pu content, and com-

pared to the high temperature contributions of the FBR

recommendation [5] and of the Harding and Martin

recommendation for UO2 [12]. Neither one nor the other

high temperature contribution of these two recommen-

dations appears to be suited to describe our data.

A ®t of our data with an analytical function of the

form k�T � � aT 3, which is the form chosen for the FBR

recommendation does not give satisfaction. A

k�T � � �C=T 2� exp�ÿD=T � function, as used by Har-

ding and Martin for their UO2 recommendation, ap-

pears to be much better suited to ®t our data. This could

be indicative that the high temperature thermalT
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conduction of our mixed oxide pellets is dominated by

electronic conduction, as it has been demonstrated by

Young for UO2 [32].

A least square ®t of our data leads to

C � 1:689� 109 W K mÿ1 and D � 3520 K and a cor-

relation coe�cient R� 0.93. We thus propose to use the

following relation to describe the high temperature

conductivity contribution of low Pu content mixed

(U,Pu)O2 oxides:

kHT�T � � �1:689� 109=T 2� exp�ÿ13520=T �: �6�

It should be remembered that this high temperature

analysis is based on the hypothesis of the validity at high

temperature of the Kopp's law used to calculate the heat

capacity of our samples. Experimental data are needed

to con®rm or not this hypothesis.

The thermal conductivity of our reference fuels might

then be described in the whole temperature range by the

equation:

k�T � � ��2:85x� 0:035� � �ÿ7:15x� 2:86� � 10ÿ4T ��ÿ1

� �1:689� 109=T 2� exp�ÿ13520=T �; �7�

x� 2ÿO/M being the deviation from stoichiometry and

T the temperature in Kelvin.

As an example, Eq. (7) is compared to our experi-

mental data for the 15% Pu content batch in Fig. 11.

Note that the apparent discrepancy in the low tem-

perature range between the data and the relation for

the [15% Pu, O=M � 1:974] set corresponds to a rela-

tive mean di�erence of only 4.1%, the relation pre-

dicting slightly lower conductivity values than those

measured.

7. Comparison with conductivity of industrial type fuels

The data used to establish Eq. (7) were obtained by

measurements with specially prepared samples, hereafter

referred as reference fuel samples. They have been an-

nealed for 240 h at 1700°C. Their composition corre-

sponds to an homogeneous solid solution and their

microstructure presents unusually high grain size com-

pared to the current fuels obtained with a short sintering

time. We should wonder whether this peculiar micro-

structure could a�ect the thermal properties and whether

our relation could be representative of more conven-

tional industrial fuels.

We then made a few measurements with mixed ox-

ides prepared by the MIMAS process currently used in

the French fuel fabrication plants. This process is based

on a dry route two stage powder mixing. The obtained

pellets present a non-homogeneous plutonium distribu-

tion. They can be assimilated as composite fuels: Pu rich

master blend agglomerates with size up to about 100 lm

are dispersed in a nearly pure UO2 matrix. The main

characteristics (density and mean Pu concentration) of

the batches used are given in Table 4.

For this comparison, we included measurements

obtained with laboratory prepared MIMAS type fuels

(hereafter referred as MIMAS y, where y is the round Pu

weight percent) as well as real industrial batches

Fig. 11. Comparison of the proposed conductivity relation with

the experimental conductivity data for the 15% Pu batch.

Full lines: conductivity calculated by Eq. (7). Dashed lines:

1/(A + BT) ®t of the experimental data (up to 1300 K).

Fig. 10. High temperature contribution conductivity data for

the reference fuels, all %Pu and all O/M ratios. The dashed line

is a least square ®t with a �C=T 2� exp�ÿD=T � function. The full

lines are the high temperature contributions of the two speci®ed

recommendations. The open circles are calculated data (see

text).
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(referred as IND1 and IND2) representative of con-

ventional batches from two di�erent plants. Only one set

of measurements was performed with hypos-

toichiometric samples. It concerns the 6% Pu laboratory

prepared batch. One pellet was reduced to O=M � 1:986

by the process already used for the reference fuels (re-

duction at 1700°C under a dry Ar + 5% H2 ¯ow). The O/

M ratio was determined by thermogravimetry (mea-

surement of the weight change during equilibration at

900°C with an Ar + 5% H2 + 0.2% H2O atmosphere).

As for the reference samples, we have used, for a

given batch, 2 or 3 di�erent disks from the same pellet

for the di�usivity measurements. The measured di�usi-

vity values are converted into conductivity data by the

method already described in Section 3. The results are

given in Figs. 12 and 13 and compared with the new

proposed relation and the FBR recommendation [5]. A

quantitative comparison is also done by calculating for

each set of measurements the relative mean di�erence

hDk=ki in the low temperature range as described in

Section 6.1. Results are given in Table 5. It can be seen

that as for the reference fuels, the FBR recommendation

and our relation both agree quite well with the data on

stoichiometric sample. The apparent discrepancy be-

tween the FBR recommendation and the IND2 data

(hDk=ki � 5:32%) is due to the fact that in this case, we

have calculated the FBR recommendation for

O=M � 1:998. In fact, the measured deviation from

stoichiometry for the IND2 batch is within the

uncertainty of the thermogravimetric method used. We

should rather consider that the samples were stoic-

hiometric. The hDk=ki then falls to 1.82% if the FBR

recommendation is calculated for O=M � 2:00. For the

set from the MIMAS 6 hypostoichiometric samples, the

FBR recommendation overestimates the conductivity

decrease, when our relation is in very good agreement

with the data.

Therefore, it seems that our relation is well suited for

MOX fuels with non-homogeneous plutonium distri-

bution. However, as we only have obtained one

Table 4

Main characteristics of the Ôindustrial typeÕ batches

Batch MIMAS 3 MIMAS 6 MIMAS 10 IND1 IND2

Measured Pu content (wt%) 3.09 6.06 10.20 5.9 7.87

dm/dth 0.96 0.951 0.96 0.947 0.945

Porosity (%) 4 4.9 4 5.3 5.5

O/M ratio after sintering 2.00 2.00 2.00 2.00 1.998

Fig. 12. Conductivity data for the industrial type MIMAS fuels: stoichiometric state.
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measurement set on hypostoichiometric Ôindustrial typeÕ
samples, it should be desirable to perform new mea-

surements to de®nitely conclude that our relation can be

used for that kind of fuel.

8. Validity ranges of the proposed conductivity equation

8.1. Temperature range

The low temperature reactor working range is cov-

ered by our di�usivity and heat capacity measurements.

In this domain, the conductivity of (U,Pu)O2ÿx mixed

oxides has been shown to be dominated by phonon

conduction and Eq. (5) should be well suited to account

for the e�ect of the O/M ratio on the phonon conduc-

tivity decrease.

The high temperature limit. our di�usivity measure-

ments cover the range 700±2200 K. It is observed that

from about 2000 K, the di�usivity data reach a

�0.55 ´ 10ÿ6 m2/s value and do not change anymore in

the range investigated. Assuming a constant di�usivity

value of 0.55 ´ 10ÿ6 m2/s at high temperature, conduc-

tivity data might be calculated outside the temperature

range covered by the di�usivity measurements. These

data, plotted as open circle in Fig. 10 after subtraction of

the phononic contribution given by Eq. (5), appear to

keep in good agreement with the proposed conductivity

relation (6). However, the Kopp's law used to calculate

the heat capacity has not been experimentally validated

at high T and does not take into account the possible

existence of an order±disorder transition in the anion

sublattice, which would result in a heat capacity peak.

Such a phase transition has been theoretically predicted

by Bredig [33] and further highlighted for UO2 at 2670

K from drop calorimetry enthalpy measurements

[34,35]. The occurrence of such a transition for

(U,Pu)O2 mixed oxides is still not clear, even if Fink

have shown that the best ®t on existing enthalpy data for

20% and 25% Pu mixed oxide is obtained by postulating

that a phase transition occurs at 2750 � 50 K [34]. As far

as we are aware, there is no, for low Pu content mixed

oxide, high temperature enthalpy data in the literature.

A drop calorimetry program is actually in progress in

our laboratory to try to reduce this lack of knowledge.

Thus, we do not recommend using Eq. (7) above

2600 K.

8.2. Pu concentration range

We have used for this study samples with Pu con-

centration ranging from 3% to 15%.

The low Pu content limit. It is observed that the

conductivity data obtained with the stoichiometric

mixed oxide samples are signi®cantly lower than the

Harding and Martin recommendation for UO2. This

®nds expression in the B values that are somewhat

higher than the B value recommended by Harding and

Martin for UO2, and indicates that even a small amount

of Pu induces a noticeable decrease of the conductivity.

However, it is not obvious to determine the minimum Pu

concentration for which an e�ect will be observed, and

Eq. (7) should not be used for a Pu concentration lower

than the minimum concentration we have experimen-

tally investigated.

The high Pu content limit. It is quite surprising that

results obtained with the 15% Pu content MOX samples

are so di�erent from what was observed with 20% Pu

Fig. 13. Conductivity data for the MIMAS 6% Pu laboratory

batch.

Table 5

Relative mean di�erences áDk/kñ (in %), calculated in the range

700±1300 K (see text), between the relation (5) and the ®ts on

the experimental data for the Ôindustrial typeÕ batches

Batch O/M áDk/kñ

Present

recom.

FBR

recom.

MIMAS 3 2.00 1.91 2.10

MIMAS 6 2.00 0.76 1.21

1.986 0.76 12.15

MIMAS 10 2.00 1.01 1.02

IND1 2.00 1.42 1.77

IND2 1.998 2.27 5.32
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content FBR fuels. To check whether any experimental

artefact could have occurred, we have performed a new

set of measurements with a FBR batch containing 21.4%

Pu. The O/M ratio was 1.982. The behaviour di�erence

between FBR and PWR mixed oxides fuels is obviously

con®rmed, as can be seen in Fig. 14, where data from

this 21.4% Pu batch are compared with the [15% Pu,

O=M � 1:984] measurement set. The agreement between

the 21.4% Pu data and the European FBR recommen-

dation [5] is very good. Therefore, we conclude that

Eq. (7) should not be used to calculate the conductivity

of hypostoichiometric mixed oxides if the Pu concen-

tration is higher than 15%.

9. Conclusion

We have used the laser ¯ash method and specially

prepared homogeneous samples to determine the ther-

mal conductivity of low Pu content (U1ÿy ,Puy)O2ÿx

mixed oxides in the ranges 0:036 y6 0:15 and

1:956 x6 2:00. The results satisfy the hyperbolic rela-

tionship k � 1=�A� BT �, characteristic of a pure pho-

non conduction mechanism, up to about 1400 K. The A

coe�cient increases linearly with the deviation from

stoichiometry. This can be explained by Abeles simpli-

®ed theory for phonon di�usion by point defects, con-

sidering the hypostoichiometric oxide as a solid solution

of oxygen vacancies in the (U,Pu)O2 lattice and the

di�usion centres to be the U4�, Pu4� and Pu3� cations,

the O2ÿ anions and the oxygen vacancies. We obtain a

strain parameter about four times smaller than for solid

solutions of a rare earth or a foreign actinide in an ac-

tinide oxide.

Above 1400 K, a high temperature contribution have

to be take into account. A�C=T 2� exp�ÿD=T � function

appears to ®t well our data.

For calculation codes purposes, we propose to use

the following relationship to describe the thermal con-

ductivity of unirradiated low Pu content mixed

(U,Pu)O2ÿx oxides:

k95% � kph � kHT � 1=�A� BT � � �C=T 2� exp�ÿD=T �

with

A � A�x� � 2:85x� 0:035 m K=W;

B � B�x� � �ÿ7:15x� 2:86� � 10ÿ4 m=W;

C � 1:689� 109 W K mÿ1;

D � 13520 K;

in the range

700 K6 T 6 2600 K;

3%6Pu=�U� Pu�6 15%:

This is for 95% dense solid (5% total porosity). The

modi®ed Maxwell±Eucken model should be used to

correct the porosity e�ect: the conductivity for a solid

with a fractional porosity p is calculated by multiplying

the 95% dense conductivity by f �p�=f �0:05�, with

f �p� � �1ÿ p�=�1� 2p�.
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