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Out-of-pile tests were carried out in order to investigate the oxygen redistribution in uraninm-plutonium mived oxides
exposed to a thermal gradient. In hypostoichiometric oxide fuel the oxygen migrates towards the low temperature region
of the pellet and in hyperstoichiometric fucl the oXygen migrates in the opposite direction. The oXygen transport is ex-
plained on the basis of solid-state thermal diffusion and occurs via vacancies and interstitials. It has been shown that the
heats of oxygen transport are a function of plutonium and uranium valencics for hypo- and hyperstoichiometric oxides.
respectively. The experimental results allowed to construct a practical example in which oxygen profiles in fuel pins were
calculated as a function of initial stoichiometry and burnup.

Des essais hors-pile ont £té entrepris afin d’¢tudier la redistribution de "oxygene dans des oxydes mixtes d'uranium
et de plutonium exposés dans des gradients de température. Dans le combustible d’'oxyde sous-stoechiométrique Voxyadne
migre vers la région de basse température de la pastille de combustible cependant que dans 'oxyde sur-stoechiométrique
Poxygéne migre dans la direction opposée. Le transport d'oxygenc est eapliqué sur la base de la diffusion thermique dans
I"état solide par U'intermédiaire des lacanes ot des interstitiels. Il a ét6 montré que les chaleurs de transport de' Poxyeéae
sont fonction des valences du plutonium et de Puranium respectivernent pour les oxydes sous- et sur-stoechiométrique.
Les résultats expérimentaux permettent de construire un modle pratique dans lequel les profils de concentration en oxygéne
dans les aiguilles du combustible sont calcutés en fonction de la valzur du rapport initial O/M et du taux de combustion.

Es wurden Laborversuche zur Untersuchung der Sauerstoffumverteilung in Cran-Plutonium-Mischoxiden unter Finfluss
emes Temperaturgradienten durchgefiihrt. Der Sauerstoff wandert in unterstochiometrischem Oxidbrennstoff zu den
Brennstoffzonen mit niedrigen Temperaturen und in liberstchiometrischem Brennstotf in die umgekehree Richtung, Der
Sauerstofftransport geschieht durch Thermodiffusion in der festen Phase liber Leerstelien und Zwischengitterpiftze. Es
wird gezeigt, dass die Uberfiihrungswiirmen filr den Sauerstofftransport im unter- bzw. iiberst3chiometrischen Zustand von
der Wertigkeit des Plutoniums bzw. des Urans abhingen. In einem praktischen Beispiel werden anhand der experimentelien
Ergebnisse Sauerstotfprofile in Mischoxidbrennstiben als Funktion des antinglichen QO/M-Verhiltnisses und des Abbrandes

berechnet.

1, Introduction

During the last years, theoretical and experimental
works have shown that a marked redistribution of
oxygen occurs in reactor oxide fuel pins. Rand and
Roberts [1] first described the transport of oxygen
via the gas phase in uranium-plutonium mixed oxides.
They proposed a transport mechanism involving
CO/CO, and Hy/H, O gas mixtures existing in the
pores and cracks of the fuel. A quantitative prediction
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of this phenomenon was given by Rand and Markin
[2] who indicated that oxygen migrates to lower tem-
peratures in hypostoichiometric oxides whereas it mi-
grates to higher temperatures in hyperstoichiometric
oxides.

The first experiments on oxygen redistribution in
hypostoichiometric mixed oxide fuels carried out by
Evans et al. [3] confirmed that oxygen was trans-
ported to the fuel regions with lower temperatures. In
these experiments solid state thermal diffusion and gas
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phase transport of oxygen via the carrier gases H,O0
and CO, could take place simultaneously in the solid
matrix and in the gap surrounding the mixed oxide
pellets. To describe this process which operates via
several alternative oxygen transport paths, Aitken [4]
developed a cyclic flow model of thermotransport.
This treatment is particularly applicable to materials
with cracks and channels of interconnected porosity,
i.e. the unrestructured fuel region. In the dense fuel
region the cracks produced by thermal shocks were
filled in a relatively short time by condensation of fuel
material. Thus, in this region only solid state thermal
diffusion determines the steady state distribution of
oxygen.

First experiments on oxygen redistribution by solid
state thermal diffusion in which gas phase transport was
negligible were carried out by Bober et al. [5]. These
experiments revealed that in hypostoichiometric mixed
oxides, oxygen migrates to lower temperatures, but
the local O/M ratio does not exceed 2.00.

Later investigations showed that the heat of trans-
port of the processes described above depends on the
stoichiometry of the fuel both in experiments with
combined solid state and gas phase transport [3,6]
and with solid state transport alone [7,8]. One of the
combined experiments [3] revealed, moreover, the ef-
fective heat of transport to be dependent on the con-
centration of plutonia at constant oxygen activity, i.e.,
at constant O/Pu ratio [3]. In solid state thermal diffu-
sion, on the contrary, the heat of transport should be
only a function of the differences in the oxygen activ-
ity, as revealed by a comparison of oxygen transport
in uranium-plutonium mixed oxides and in plutonium
oxides [8].

In this work solid state oxygen transport in hypo-
and hyperstoichiometric oxide fuels has been investi-
gated as a function of O/M and U/Pu ratios. The aim
is to obtain data for calculation of oxygen profiles
in reactor fuel.

2. Experimental

Cylindrical pellets of coprecipitated uranium-
plutonium mixed oxide with densities between 94 and
96% of the theoretical density were used. To minimize
the gas exchange along the temperature gradient, the
hypostoichiometric pellets destined for the axial ex-

periments were coated with metallic molybdenum.
Two experimental methods were used to investigate
the redistribution of oxygen caused by thermal diffu-
sion. One uses an axial, the other a radial temperature
gradient across the fuel peliet.

The experiments with the radial temperature gra-
dient were conducted by heating the pellet with an
alternating current flowing in axial direction. The pel-
lets were placed between two tungsten electrodes during
the experiment. The temperature at the pellet periphery
was established by free heat radiation and was mea-
sured with an optical pyrometer, whilst the central
temperature was computed. Details of the apparatus
have been published elsewhere [9].

The experiments with the axial temperature gradient
were carried out with an induction heated equipment
described previously [5]. Briefly, the general arrange-
ment was a pellet encapsulated in a cylindrical tung-
sten or molybdenum container which was induction
heated at one end and cooled at the other end. The
mixed oxide pellets were closely fitted in the container
to hinder the transport via the gas phase. Temperatures
were measured at the high and low temperature side of
the container with an optical pyrometer and a thermo-
couple, respectively.

For the determination of the redistribution effects,
samples were taken from both the high and low tem-
perature sides of each pellet. Their O/M ratio was de-
termined by measuring the weight change after equi-
libration with CO/CO, at 850°C and by X-ray diffrac-
tion. The uncertainties are in the range of +0.003.

3. Theoretical

For treating the thermal diffusion of oxygen one
needs only to deal with the oxygen sublattice of the
mixed oxide because the diffusion coefficient of
oxygen is several orders of magnitude higher than that
of uranium and plutonium. This is due to the fluorite
structure of the mixed oxide, characterized by a per-
fect cation lattice and anionic vacancies and intersti-
tials. A distinction is made between the hypostoichio-
metric and the hyperstoichiometric systems. The first
can be considered to be a pseudobinary system, con-
sisting of a dilute solution of oxygen vacancies in the
oxygen sublattice; the second can be described as a
dilute solution of interstitial oxygen atoms.
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The deviation from stoichiometry in a mixed oxide
having the composition of (U, Pu)02+y is given by:

0

YigEm )

which is related to a single molecule of mixed oxide.

In the hypostoichiometric state y is negative and
represents the number of vacancies per oxide molecule;
i.e. in the oxygen sublattice the atomic fraction of va-
cancies x,, is:

x,=—y/2. (2)

In the hyperstoichiometric state y represents the num-
ber of interstitial oxygen atoms per oxide molecule,
and the atomic fraction of the interstitial atoms x;
becomes:

X;=y. €))

With the definitions given in eqs. (2) and (3), thermal
diffusion of oxygen vacancies and interstitials in the
hypo- and hyperstoichiometric mixed oxides, respec-
tively, can be described using flux equations derived
from the thermodynamics of irreversible processes
[10—12]. The flux of oxygen vacancies, J,, in the
oxygen sublattice of hypostoichiometric mixed oxide

is:
vr] . @

whereas the flux of interstitial oxygen atoms in the
hyperstoichiometric oxide becomes:
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where N is the total number of oxygen atoms per unit
volume, D, D; the diffusion coefficients of vacancies
and interstitial atoms, respectively, in the oxygen sub-
lattice. v is the activity coefficient, 0, O} the molar
effective heats of transport of vacancies and interstitial
atoms in the oxygen sublattice, respectively, R the gas
constant and T the absolute temperature.
Applying the equation of continuity:

divJ +g— 0 (6)

together with eqs. (4) and (5), it is now possible to

calculate numerically the concentration profite of
oxygen vacancies and interstitials, respectively, at a
given time ¢ by following a definite sequence of smal!
time increments.

The oxygen mobility is high enough to ensure that a
steady-state distribution of oxygen will be reached, i.e.
the fluxes J, and J;, respectively, disappear. If inio
egs. (4) or (5) the deviation from the stoichiometric
state, y, is introduced as given by egs. (2) and (3},
respectively, the Soret coefficients are obtained, which
describe the steady-state concentration gradient. Thus
for the hypostoichiometric case:

loy o 1-Gp) % o
yVT 1+20Invy/dlny) py2 )

and for the hyperstoichiometric case:

1Vy _ 1 Q:
yVT 1+(@Ilnvy/olny) RT2

It should be noted that, by definition, the value
of y must have a negative sign in eq. (7). In the case of
dilute solutions the factors containing y on the right-
hand side of egs. {7) and (8) become unity.
Integration of egs. (7) and (8) for dilute solutions
with a constant value of Q* gives for the steady state
in hypo- and hyperstoichiometric material:

Iny,/», =%(Ti2_"rl’l)' )

The dependence of Q* (either Q or Q7) on y is con-
sidered during the numerical calculation of oxygen
distribution.

In oxide fuels, which consist of ionic crystals, the
ion fluxes are influenced by electric forces caused by
the thermoelectric potential, ¢, which appears in the
temperature gradient; therefore, the heats of transport
are quantities which include an electric term [12]:

ZT- V¢
o Q +2__F T {10)

Q is the share of the heat of transport caused by the
lattlce energies, Z the electric charge transported by
the number of oxygen vacancies or interstitials that
corresponds to the transport of one mole of oxygen
in the opposite direction.
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4. Results whilst in hyperstoichiometric oxides it migrated in the
opposite direction.

All nonstoichiometric oxide pellets show marked Eq. (9) is used for the calculation of the heats of
differences in the O/M ratios between the high and transport, Q‘T and Q;“, since it can be assumed that in
low temperature side. In hypostoichiometric pellets our experiments a steady state oxygen distribution
the oxygen migrated down the temperature gradient was attaiped. This assumption is supported by experi-
Table 1
Data from experiments with an axial temperature gradient in hypostoichiometric mixed oxide
Exp. Tinax Trmin O/MyT O/Mp 1 Time Xpy Length -0y
no. (K) (K) (h) (mm) (kcal/mol)

1 2320 1470 1.945 1.97 97 0.15 4 6.2

2 2250 1640 1.97 1.99 68 0.15 4 15.6

3 2370 1420 1.95 1.97 3 0.15 7.7 4.8

4 2370 1420 1.95 1.96 3 0.15 8.5 2.2

5 2370 1720 1.93 1.99 67 0.15 7.4 24.2

6 2370 1720 1.947 1.944 3 0.15 7.6 0
12 2050 1240 1.937 1.986 64 0.15 4 10.6
14 2500 1600 1.99 2.0 16 0.15 8 233
15 2370 2090 1.966 1.979 22 0.15 4 18.2
16 2080 1840 1.955 1.967 20 0.2 6.1 10
17 1970 1570 1.923 1.938 6 0.4 5.7 4
18 2270 1900 1.90 1.923 84 0.4 5.5 7
19 1900 1520 1.923 1.956 84 0.4 5.5 10.3
20 2370 2070 1.90 1.902 20 0.4 2.3 0.8
21 2070 1820 1.902 1.912 20 0.4 23 3.3
22 2370 1370 191 1.99 20 0.5 4.3 14.8
23 2370 1570 1.77 1.85 20 0.85 34 4.2
24 2020 1670 1.69 1.71 3 1.0 4.0 1.6
25 1670 1270 1.71 1.75 3 1.0 4.0 1.2
Table 2

Data from experiments with a radial temperature gradient in hypostoichiometric mixed oxide

Exp Tnax Trnin O/Myt O/M; 1 Time Xpy Diam. -0y
no. (X) (K) (h) (mm) (kcal/mol)
7 2070 1670 1.98 1.99 1 0.15 5.6 14.6
8 2970 1970 1.982 2.0 0.1 0.15 5.7 30.6
9 2070 1670 1.978 1.986 6 0.15 5.67 29.8
10 2970 1970 1.988 1.996 0.25 0.15 5.9 15.2
11 1870 1570 1.958 1.979 B 0.15 5.65 16.6
13 2070 1670 1.98 1.99 3 0.15 5.6 14.6
26 2620 2300 1.79 1.90 0.3 1.0 4.5 26.6
27 2300 1920 1.90 1.97 0.3 1.0 4.5 25.5
28 2620 2140 1.79 1.90 0.3 1.0 4.8 16.8
29 2140 1920 1.90 1.95 0.3 1.0 4.8 25
30 2600 2300 1.85 1.90 0.3 1.0 4.5 15
31 2620 1920 1.75 1.90 1 1.0 4.2 10.5

32 2610 1920 1.78 1.90 0.3 1.0 4.6 11.2
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ments which showed a high oxygen mobility at rela-
tively low temperatures in uranium-cerium mixed
oxide containing 20 mol.% cerium oxide. It was ob-
served that the oxygen concentration in hypostoichic-
metric (U0.8C30.2)02+y specimens of high density
equilibrates within 12 hours at 1060°C. One can anti-
cipate the mobility in hypostoichiometric uranium-
plutonium mixed oxide to be of the same order of
magnitude [9]. This is confirmed by experiments with
(Ug.ssPug 1 5)094;, with y <0 in which the stoichio-
metric state with a CO/CO, atmosphere at 850°C
has been attained after 12 h. Other experiments with
stoichiometric mixed oxides in flowing pure hydrogen
show a equilibration of the mixed oxide at 1480°C
after less than 5 h. It is to be noted that the hydrogen
flow through the thermobalance was only 3£ per h.
Chereau and Wadier [14] observed in PuO, a reduc-
tion to O/Pu = 1,975 with CO in about 30 min at
1080°C. They calculated a diffusion cocfficient of
some 10~4 cm/sec.

4.1. Hypostoichiometric fuel

The experimental conditions and results of the ex-
periments with the axial and radial temperature gra-
dients are presented in tables 1 and 2. Columns 2 and
3 contain the maximum and minimum temperatures
of the specimens, respectively, whilst column 4 shows
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the quantities O/Mpt and O/M; ¢ which are the O/M
ratios at the high and low temperature sides of the pei-
lets, respectively.

For the evaluation one has to take into account
that the samples for the O/M analysis have a thickness
of 0.8 mm in the axial and 0.3 mm in the radal expesi-
ments, lhus the given values are thic averages of thuse
in the fuel regions from which the samples were taken.
The other columns contain the duration ¢ o1 the expen-
ments, the plutonium concentration Xpy, the diametcs
d and length 7 of the specimens. The tables show also
the respective heats of transport Q7 of oxygen vacan
cies calculated from eq. (7) under the assumption of a
steady state oxygen distribution ar the end of :he 2x-
periment.

The heats of transport of oxygen vacancies given in
table 1 are depicted in fig. 1 as a furction of plutonium
valence Vp,. Though the scatter of the values is rather
high the plot indicates that for low O/M ratios near the
trivalent state of plutonium QF, vanishes. The scatter
increases with increasing O/M ratios due to the highe:
influence of the error in the O/M analysis in the vicin-
ity of the stoichiometric state. Fig. 1 also illustrates the
approximate dependence of Q: on Vp,. The {unction
can be fitted by the following equation:

¢ 5 557 412
Qv——-9.45>< 10°+5.66 X 107V, -85 X107V,

(11)

0/(U+Pu) 1n (UygPuy,)0,,,
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Fig. 1. Measured heat of transport of oxygen vacancics (right) and of oxygen interstitials (left) in hypo- and hyperstoichiometric
mixed oxides respectively. Abscissa: plutonium valency Vp,, and uranium valency Vi (below) and O/(U + Pu) ratio (above).
Values of this work: o 15, 2 20, + 30, X 40, o 50, ¢ 85, - 100 mol% plutonium oxide. Values of other authors: ¢ {10], 2 3},

15 mol% and ¢ [6], 25 mol% plutonium oxide.
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which fits the whole values better than the linear func-
tion given for Q} in a former representation [7].
Values of @y for pellets with high plutonium con-
centrations and of pure plutonium oxides are also
plotted in fig. 1. These values do not differ markedly

from those obtamed for pellets with Pu/(U +Pu) =0.15.
Thus beyond the error limits no dependence of @y on

the plutonium content was observed.

4.2. Hyperstoichiometric fuel

1E18
radial temperature gradlent Th e conditions and results
of these experiments are given in table 3 which is ar-
ranged similar to tables 1 and 2. The samples used for
the O/M analysis had a thickness of 0.3 mm.

The heat of transport of oxygen interstitial atoms
Qf was calculated using eq. (9) and assuming a steady
state oxygen redistribution at the end o1 each heat-
treatment. The values of Qf are represented in fig. 1

Tha valuag fit
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rather well the depicted line in fig. 1 which can be

expressed by
0F =—83X 10¥ exp(—17 V) . (12)

The scatter of values is lower than for the hypo-
stoichiometric material. The experiments with oxides
of different plutonium content indicate that the value
of Qf is not marked influenced by the plutonium

concentration.

5. Discussion of the results

The experimental results show that the solid state
heat of transport depends on the plutonium and ura-
nium valence but not on the plutonium concentration.

5.1. Hypostoichiometric fuel

In hypostoichiometric uranium-plutonium mixed
oxide fuel the heat of transport of oxygen vacancies

diminichas with dapcranging nhitaniiim valanaa as
MALLLALSIIVS VWAL uvLibaosiiiy PrulUlinnuiil vaiicl auu dp'

proaches zero at a valence of about 3.3.

Table 3

Data from experiments with a radial temperature gradient in hyperstoichiometric mixed oxide

Exp Tinax Tinin O/Myr O/M; 1 Time Xpy Diam. -0f

no. X) (X) (h) (mm) (kcal/mol)
1 2470 2170 2.04 2.016 5 0.15 5.95 6.7
2 2270 1470 2.09 2.08 3 0.15 6.0 1.0
3 2870 1670 2.08 2.05 1.5 0.15 5.9 8.0
4 2655 2390 2.06 2.03 1.5 0.15 5.95 7.5
5 2600 2400 2.05 2.03 3 0.15 5.95 6.8
6 27170 1870 2.04 2.02 0.8 0.15 6.0 8.0
7 2770 1870 2.1 2.09 1 0.15 6.0 1.2
8 2570 1870 2.04 2.016 1 0.15 58 i1.5
9 2770 1870 2.15 2.12 1 0.15 6.0 2.4

10 2770 1870 2.075 2.045 2 0.15 5.8 5.9

11 2770 1870 2.025 2.006 2 0.15 5.9 16.5

12 2440 1820 2.05 2.03 2.5 0.2 6.0 7.3

13 2390 1870 2.05 2.04 2 0.2 595 38

14 2410 1890 2.06 2.03 2 0.2 6.0 12

15 2370 1770 2.07 2.04 1 0.2 5.95 7.8

16 3070 1970 2.23 2.22 1 0.3 5.6 0.5

17 3020 1970 2.1 2.06 2 0.3 5.6 1.83

18 3020 1970 2.16 2.04 1 0.3 5.6 0.16

19 2070 i970 2.02 2.003 0.5 0.3 5.6 21

20 2070 1970 2.003 2.0001 1 0.3 5.6 37.5
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The maximum value of g5 is reached when the
plutonium valence nears 4. In the range of plutonium
valencies 3.4 to 3.8 the heats of transport are in ac-
cordance with those found by Evans et al. [3], as
shown in fig. 1. However, their values were obtained
from gas phase experiments allowing oxygen transport
processes. Since gas transport was prevented in our
experiments, this agreement indicates the solid state
transport of oxygen to be the dominating process in
hypostoichiometric fuels at least up to plutonium
valencies of 3.8. A value of Qf = —11.7 kcal/mol ob-
tained by Aitken et al, {6] from a radial experiment
is also in agreement. For valencies approaching the
value of 4 no reliable determination of Qy is possible
since the error in the oxygen analysis is higher than
the actual value of y. Moreover, the use of the loga-
rithm in this range causes a very high scatter of 0}
values. Thus, the value of Qf, = - 102 kcal/mol found
by Evans et al. [3] is questionable since its associated
scatter can be higher than one order of magnitude.
Therefore, we do not report data in this region.

With respect to the values estimated in experiments
allowing gas phase transport it is to be noted that
transport quantities concerning the gas phase are not
heats of transport per definition. The heat of transport
is defined as the energy transferred by an activated
jump process of an atom from one site to another [15].

At present the reason for the disappearance of 0
at low O/M ratios cannot be given. One explanation
could be an increase in the thermoelectric power with
decreasing O/M ratios.

The results do not indicate whether Qj is tempera-
ture dependent or not. Since the oxygen potentials at
constant O/M ratios can be assumed to be approxima-
tely a linear function of temperature [2], one should
not anticipate a temperature effect on Q5. However,

a marked temperature effect on Qj could arise from
the thermoelectric potential. But no facts are known
of this phenomenon in hypostoichiometric mixed
oxide fuels.

An interesting point is whether Qj of these out-of-
pile experiments and that of a reactor fuel pin witl
differ significantly. There is obviously no difference in
the lattice energies at the high temperatures considered
A difference could be caused by the tungsten and mo-
lybdenum containers, used in the axial experiments.
However, the difference should not be large. This re-
sults from the comparison of @} values obtained from

the radial and axial experiments. Thus one can assums
that the thermoelectric potential of the mixed oxide
and tungsten or molybdenum have the same signs an<
the same orders of magnitude. With respect to the irva-
diated fuel it should be noted thst the reported 0*
values can be used for the determination of oxygen
profiles, because @* depends on the uranium and piu-
tonium valencies, which are estimated from the oxy-
gen balance.

5.2. Hyperstoichiometric fuel

In hyperstoichiometric uranium-plutonium mixed
oxide fuel the heat of transport of oxygen interstitials
Of decreases with increasing uranium valence. It ap-
proaches to zero at a uranium valence of about 4.3
and attains a maximum value when the valence nears 4.
As in hypostoichiometric oxides, the O values in the
region close to an uranium valence of 4 cannot be de-
termined with reliability. Thus, our G} value of
—37 keal/mol and that found by -Adamson and Carney
[16] of about —50 kcal/mol for the near stoichicme-
tric mixed oxide are doubtful, whilst for the uranium
valence of 4.12 good agreement exists {fig. 1}.

The negative sign of the heat of transport of the
oxygen interstitials Q] indicates that oxygen migrates
up the temperature gradient. This is contrary to what
is to be expected from a consideration of the forces
of the lattice energies which lead to oxygen migration
down the temperature gradient, This indicates that the
thermoelectric forces are more effective than the lat-
tice forces in hypostoichiometric mixed oxide fuels.
Thermoelectric forces originate from the gradiént of
the thermoelectric potential which results from the
thermal diffusion of electrons down the temperature
gradient. This mechanism occurs at temperatures above

1200°C.
Markin et al. [1,2] and Adamson and Carney {16]

explained oxygen migration up the temperature gra-
dient in hyperstoichiometric fuel by the mechanism

of gas phase transport. They assume that CO/CO, and
H,/H, 0 mixtures are always present in fuel pins and
can migrate by way of cracks and pores. However,
since high density fuel pellets (94 to 96% th.d.) were
used in our experiments gas phase transport did not
play role in oxygen migration. In reactor fuel the re-
structuring produces rapid densification and healing

of cracks, thus preventing effective radial gas transport.
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6, Calculation of the oxygen redistribution in mixed
oxide fuel pins

A knowledge of the @} and Qj values allows the
evaluation of the radial oxygen redistribution in reac-
tor fuel pins. Calculations have been simplified by
making the following assumptions. First a steady state
oxygen redistribution occurs in a short time. Secondly,
the Q* values are independent of temperature, be-
cause in our experiments no marked dependence
could be observed in the temperature range of 1200
to 2700°C. Thirdly, solid state transport is the pre-
dominant mechanism because oxygen is highly mo-
bile in the solid phase of both, hypo- and hyperstoi-
chiometric fuel and the gas transport paths via con-
nected pores represent less than 5% of the total fuel.
Even assuming an oxygen gas transport in the unre-
structured zone, the oxygen profile does not signifi-
cantly differ from those calculated on the basis of
solid state transport. The results of comparative cal-
culations are exemplified in fig. 2 for hypostoichio-
metric fuel.

During the numeric computation of the oxygen
distribution with eq. (9) the Q* values were varied as
function of y in accordance with egs. (11) and (12).
A temperature profile [19] from a RAPSODIE moni-
tor irradiation experiment was taken as typical. The
temperature at the rim of the fuel was 1240 K and at
the center 2600 K. Calculated oxygen profiles in fuel
pins are illustrated in fig, 3, where the plutonium and
uranium valencies are plotted against the relative
radius. The parameter is the overall plutonium and
uranium valence. Fig. 4 gives another representation
of the diagram of fig. 3. It expresses the concentration
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an.d (UggPug2)0, 9, assuming solid state transport alone (solid
lines) and a combined solid state gas-phase transport [3,4] in
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Fig. 3. Calculated radial oxygen distributions in (U, Pu)Ozty
as a function of the uranium and plutonium valency VU and
Vpy respectively. Parameters are the overall valencies.

of oxygen by the O/(U + Pu) ratio in (U0_8Pu0_2)21y.
Parameters at the lines are the overall O/(U + Pu)
ratios. The diagrams describe the variation of the
oxygen concentration as a function of the relative
radius for the assumed overall valencies and O/(U +Pu)
ratios. There result strong deviations from O/(U + Pu)
=2 of the oxygen concentrations in the interior and
concentrations of approximately 2 at the rim of the
fuel.
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Fig. 4. Calculated radial oxygen distribution in U, .sP“o.z)oziy
as a function of the O/(U + Pu) ratio. Parameter is the overall
O/(U + Pu) ratio.
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Fig. 5. Calculated increase of the overall O/(U + Pu} ratic as a
function of burnup in a mixed oxide fucl, (Uo.spuo,z)ozty:
with an initial O/(U + Pu) ratio between 1.97 and 1.98.

During reactor operation the overall O/(U + Pu)
ratio increases with burnup because oxygen isliberated
by fission of uranium and plutonium. This process
must be considered for the estimation of the change in
the oxygen profile under irradiation. The increase of
the O/(U + Pu) ratio with burnup is exemplified in
fig. 5 for initial O/(U + Pu) ratios between 1.97 and
1.98. It has been calculated using an oxygen balance
for mixed oxide fuel as a function of burnup [20].
The reaction of oxygen with the cladding material has
not been taken into account.

In fig. § the overall O/(U + Pu) ratio increases con-
tinuously up to 2 by oxydation of the hypostoichio-
meftric mixed oxide.

Above O/(U + Pu) = 2 the O/(U + Pu) ratio does
not exceed the value at which the mixed oxide is in
thermodynamic equilibrium with MoO,. It results
that at 9% burnup, 70% of the molybdenum is oxi-
dized in the fuel with an initial Q/(U + Pu) ratio of
1.98. The buffering function of molybdenum is en-
hanced by the formation of Cs,MoQy at temperatures
below 500°C in the gap between fuel and clad [21}.

It is of interest to estimate the oxygen distribution
in a hyperstoichiometric mixed oxide fuel in which
the O/(U + Pu) ratio is arrested by the buffering func-
tion of molybdenum. For this reason the thermody-
namic equilibrium between MoO, and (Ug gPug 2)07.4y
has been estimated as a function of temperature using
thermodynamic data which were taken from [17,18].
The obtained values of x for which thermodynamic
equilibrium exists are plotted against the relative radius
taking into account the temperature distribution of
the RAPSODIE monitor experiment [20]. This values
of x lie on the full line in fig. 6. The dotted line with
an overall O/(U + Pu) = 4.008 represents the oxygen
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Fig. 6. Influence of fission-product molybdenum on the radial
oxygen distribution in hyperstoichiometric mixed oxide.
Dotted line: distribution when Mo is not fully oxidized
Dashed line: distribution when Mo is fully oxidized. Full line.
equilibrium (Mo —~ U, Pu) oxide.

distribution which establishes during the oxydation
of molybdenum. If molybdenum is fully oxidized, 2
further increase of the oxygen profile can occur.as
shown by the dashed line representing an overall
O/(U + Pu) ratio of 4.013.

On the basis of the above considerations a practical
example has been constructed and represented ip fig. 7.
As a starting material for a fast reactor fuel pin
(Up.gPug2)0;_,, with 0.2 <y < 0.3 was chosen. This
range of y represents a compromise between the need
for a low O/(U + Pu) ratio and its industrial feasibility.
Low O/(U + Pu) ratios diminish uranium-plutonizm
redistribution and the attack on the cladding [20,22].
Post irradiation examinations showed that after 7%
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Fig. 7. Calculated radial oxygen distribution in-a mixed oxide
fuel, (U gPug )0, +y, With an initial OJ(U + Pu) ratio be-
tween 1.97 and 1.98. Parameter is the burnup.
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burnup a high and low attack on the cladding exists
by a mixed oxide fuel with an O/M ratio higher and
lower than 1.98, respectively [23]. This critical O/M
value is independent of the concentration of pluto-
nium in the mixed oxide [20].

Oxygen profiles have been calculated for burnups
of 0, 3, 6 and 9% fima. The results are depicted in
three zones each of them representing the conse-
quence of the variation of the initial y. After 3% fima
the fuel is still hypostoichiometric and the oxygen
profile lies within the shaded area. Between 4 and 6%
fima the total O/(U + Pu) nears 2 as it is shown in
fig. 5. Between 6 to 9% fima the oxygen profile ap-
proaches the upper limit of the hyperstoichiometric
zone which is governed by the buffering action of
molybdenum.

From the standpoint of compatibility problems, an
interesting point to consider is the variation of the
oxygen concentration at the rim of the fuel. Fig. 8
represents the variation of y at the rim of the fuel as
a function of burnup for the y range considered in
fig. 7. For the chosen y range a steep increase in
oxygen potential appears between a burnup of 4 and
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Fig. 8. Calculated variation of y at themrim of mixed oxide fuel

(Ug.5Pup 3)0, 1y for initial O/(U + Pu) ratios between 1.97
and 1.98 as a function of burnup.

6% fima. This increase is arrested by the buffering
function of molybdenum. For burnups higher than
10% fima the molybdenum becomes fully oxydized
and a further increase of the oxygen potential occurs.

7. Conclusion

The oxygen transport by way of vacancies and
interstitials was investigated in hypo- and hyperstoi-
chiometric uranium-plutonium mixed oxides, respec-
tively. The results show that the heat of transport de-
pends on the uranium and plutonium valence. The ob-
tained values allow a calculation of oxygen profiles in
reactor fuel pins.

It was shown that the heat of solid state transport
consists of two terms. One represents the activated
atomic jump processes, the other the movement of
ions in a thermoelectric field. For a hypostoichiome-
tric oxide, a comparison of the results obtained in
axial and radial experiments reveals that thermoelec-
tric forces make a minor contribution to the effective
heat of transport. In hyperstoichiometric fuel the lat-
tice energies have a minor influence on solid state
transport; thermoelectric forces are predominant. This
explains the migration of oxygen towards high temper-
atures. It should be noted that, despite the fact that
the value of the thermoelectric power is not known,
the experimental values of the effective heat of trans-
port are suitable for describing the oxygen behavior
in fuel pins.

The oxygen transport processes cause a small oxygen
variation at the rim of the fuel also with a significant
change of the total O/M. Nevertheless, this small
O/(U +Pu) increase with burnup corresponds to a
large increase of oxygen potential from which cladding
corrosion problems arise. Such problems begin in a
fuel with initial O/(U + Pu) = 1.97 after 6% burnup
and with 1.98 after 4% burnup. Mixed oxide fuel with
O/(U + Pu) not higher than 1.98 should be used in fast
reactor pins, since it is advantageous to postpone the
beginning of corrosion as far as possible.
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