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Abstract

The behaviour of plutonium, xenon and caesium were investigated in two sections of irradiated MOX
fuel produced by the OCOM process. In one fuel (OCOM30), the MOX agglomerates contained 18 wt% fissile
plutonium, and had a low volume fraction of 0.17; in the other (OCOM 15) the agglomerates contained 9 wt%
fissile plutonium, and had a high volume fraction of 0.34. Both fuels had been irradiated under normal power
reactor conditions to a burn-up of approximately 44 G Wd/t. The main aim of die work was to establish whether
the above differences in compostion affected the percentage fission gas released by the fuels. Since U/Pu
interdiffusion did not occurred during the irradiation, both fuels remained inhomogeneous on the microscopic
scale. However, the concentration of plutonium in the MOX agglomerates decreased by about 50% as a result
of fission, whereas the plutonium content of the UO2 matrix increased by about a factor of four to approximately
2 wt% due to neutron capture by M8U. The agglomerates in the OCOM15 fuel generally exhibited a finer
structure due to the lower burn-up. More than 80% of the fission gas had been released from the oxide lattice
of the MOX agglomerates in both fuels. However, a very high fraction of this gas precipitated and remained in
die pore structure of the agglomerates. Consequently, puncturing revealed that for both fuels the percentage of
gas released to the rod free volume increased from less than 0.5% at 10 GWd/t to a maximum of 3.5% at 45
GWd/t. The conclusion is that the percentage of gas released by MOX fuel is largely unaffected of the level of
inhomogeneity of the fuel, m bom fuels caesium showed near complete retention in both the MOX agglomerates
and the UO2 matrix.

1. INTRODUCTION

The AUPuC and OCOM manufacturing processes pioneered by Siemens-KWU produces MOX
fuel that is highly soluble even in the as-fabricated (unirradiated) condition [1,2]. The manufacturing
process adopted depends on the form in which the plutonium is supplied, i.e., whether Pu-nitrate from
reprocessing tanks or PuO : powder. Fabrication of the fuel involves mechanically blending a master-mix
rich in PuO2 with natural UO2 powder and plutonium containing scrap from MOX fuel pellet production.
The product contains about 5 wt% Pu and consists of master-mix particles (MOX agglomerates) up to 200
jim in size, irregularly dispersed in a UO ; matrix. Thus, compared with UO2 fuel, the fuel has a duplex
structure and exhibits areas of high and low burn-up.

This paper looks at the effect of the inhomogeneity of OCOM fuel on the percentage of fission gas
released under steady-state irradiation conditions. The investigations reported are a direct extension of
previously published work [3], which in essence considered the influence of the fuel temperature on the
redistribution of plutonium and the behaviour of xenon and caesium. Electron probe microanalysis
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Table 1 Fuel pellet and pin segment design characteristics

Design Parameter

Fissile Pu" (wt%)
Total Pu (wt%)

PuO2 in agglomerates
(wt%)
Vol% of agglomerates
U enrichment (% 235U)
Grain sizeb (um)
Stoichiometry (O/M)

Fuel density (%TD)
Pellet diameter (mm)
Diameterical gap (mm)
Fill gasc

Cladding material

a a9Pu+MiPu.
b Linear intercept.
c Figure in parenthesis is the pressure

OCOM 15

3.06

4.43

15

26

0.72

5-6

1.994

95
9.13

0.17

He (2.25)

Zircaloy-4

in Mpa.

OCOM30

3.06
4.47

30

13

0.72
5-6

1.992
95

9.13
0.17

He (2.25)
Zircaloy-4

(EPMA) results for two OCOM fuels are compared. In one fuel (OCOM30), the MOX agglomerates
contained a high concentration of fissile plutonium, but had a low volume fraction; in the other
(OCOM15), the agglomerates contained a low concentration of fissile plutoruum, but had a high volume
fraction. In these fuels, EPMA was used to measure the concentrations of xenon, caesium, neodymium
and plutonium in the MOX agglomerates and their radial distributions in the UO2 matrix. The
agglomerates analysed were located at different radial positions in the fuel, including the pellet rim, and
varied in size from 40 to 160 }im. To obtain a comprehensive picture of the behaviour of the above
elements, point analysis and area analysis, which included both agglomerates and the UO : matrix, were
performed.

It was found that although the two OCOM fuels differed markedly in their makeup, no significant
difference in the level of gas release could be detected.

2. FUEL CHARACTERISATION AND IRRADIATION HISTORY

The design characteristics of the two OCOM fuels are given in table 1. Both fuels contained about
4.5 wt% plutonium. Roughly 5-10% of the fuel material was recycled from MOX fuel pellet production
which was contained in the UO2 matrix. The master-mix (MOX) agglomerates constituted 34 vol% of the
0C0M15 fuel and 17 vol% of the OCOM30 fuel.

The fuels were irradiated under normal PWR conditions in the KWO reactor at Obrigheim in
Germany The irradiation spanned four reactor cycles and lasted 1260 EFPD. During the irradiation the
average linear power was 19.4 kWm1 for the OCOM 15 segment and 20.4 kWm for the OCOM30
segment. The fuel cross-sections on which EPMA was carried out had burn-ups of 43.6 GWd/t
(OCOM 15) and 44.5 GWd/t (OCOM30). It is apparent from the small gap width and from the low power
rating that the fuel temperature during the irradiation was relatively low.
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3. METHODS

EPMA was carried out at an electron acceleration potential of 25 ke V and a beam current of 250
nA. The matrix correction was carried out using the QUAD2 program of Farthing et al. [4].

Xenon was analysed using the approach pioneered at the Institute for Transuranium Elements [5].
This gives the concentration of xenon in solution and trapped in intragranular gas bubbles smaller than 0.1
lira. The confidence interval on the measured Xe concentrations at a significance level of 99% is about 5%
relative on a concentration of 0.5 wt% and 10-20% relative at 0.05 wt%. This uncertainty is due solely
to the statistics of X-ray counting. Similar uncertainty levels are expected in the cases of Cs and Nd.

Plutonium was analysed using the M X-ray line. The measured intensity of this line was corrected
for X-ray contributions from the U M2 line as described elsewhere [61. The confidence interval on a
measured Pu concentration of 2 wt% is around 10% relative at a significance level of 99%. This
uncertainty is due to the statistics of X-ray counting and increases to 20% relative after correction for the
use of a compound standard and after accounting for the X-ray contributions from the U M2 line.

3.1. Analysis of the UO2 matrix

The radial distributions of Pu, Nd, Xe and Cs in the UO2 matrix of the OCOM30 fuel were
obtained by point analysis at radial intervals of 50 to 250 Mm- At each location six determinations for Xe,
Cs and Nd, and four determinations for U and Pu were made. These were up to 10 /am apart and were
placed to avoid grain boundaries, pores and cracks.

In the OCOM30 fuel the concentrations of Pu and Nd in single grains of the UQ2 matrix were
measured at three radial positions; r/ro- 0.82, 0.36 and 0.14. At each location six grains were analysed.
In the 0C0M15 fuel the concentrations of Pu, Nd, Xe and Cs were measured in the UO2 matrix. In this
case, however, the determinations were restricted to the cold outer region of the fuel at r/ro= 0.98, 0.90,
0.80 and 0.70.

The specimen current image (absorbed electron current) was used to obtain information about the
fuel microstructure at the locations selected for analysis, and to position the electron beam.

3.2. Analysis of the MOX agglomerates

The MOX agglomerates in both fuels were analysed in detail. In the OCOM15 fuel, agglomerates
at the pellet rim, at r/ro= 0.85 and 0.35 were analysed. The agglomerates analysed in the OCOM30 fuel
were situated at the pellet rim, at r/ro= 0.86, 0.76, 0.58 and 0.28. At each radial position except 0.76
and 0.28, one large and one small agglomerate was selected for analysis. In addition, in both fuels an
agglomerate located directly at the pellet rim and open to the fuel gap was anaiysed. For the purpose of
comparison, these agglomerates were analysed together with one or more of similar dimensions located
just below the fuel surface.

The concentrations of Pu, Nd, Xe and Cs in the MOX agglomerates were determined by point
analysis at intervals of 5-10 /xm along a line traversing the agglomerate. The specimen current image was
used to obtain information about the distribution and morphology of the pores and gas bubbles in the
agglomerates selected for analysis. These features appear white in the photomicrographs shown in Fig. 1.

3.3. Integral Analysis of the Fuel Cross-section

The integral concentrations of Pu and Nd in the OCOM 15 fuel and of Pu, Nd, Xe and Cs in the
OCOM30 fuel were measured using area analysis along the fuel radius. A raster measuring 300x300 /xm
was employed and the distance between the mid-planes of adjacent rasters was also 300 fim. In this way
an unbroken radial strip of fuel containing both matrix and MOX agglomerates was analysed. At each of
the sixteen steps along the radius three determinations were made.
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Fig. 1. Electron absorption micrographs showing the appearance of MOX agglomerates at four radial positions in
the OCOM30 fuel. Note that the porosity is coarser in the agglomerate at the fuel surface than in the one at
r/ro= 0.86.



4. RESULTS

4.1 Microstructure of the MOX agglomerates

Figure 1 shows the appearance of MOX agglomerates at four radial positions in the OCOM30 fuel.
It is seen that the Pu-rich MOX agglomerates were extremely porous after irradiation. In the cold outer
region of the fuel the agglomerates were characterised by dense clusters of small pores a few microns in
size. With increase in fuel temperature, however, the number of pores decreased and the pore size
increased until in the central region of the fuel the MOX agglomerates were distinguished by just a few
coarse pores. Remarkably, in the outer region of the fuel, agglomerates near the fuel surface contained
larger pores then agglomerates at greater depths. The increase in pore size is attributed to the higher local
burn-up at the fuel surface, which is a consequence of the radial depression of the thermal neutron flux.

In Fig.2, the microstructures of MOX agglomerates at similar radial positions in the cold outer
regions of the 0C0M15 and OCOM30 fuels are compared. It is seen that the porosity is coarser in the
OCOM30 agglomerates. The difference in pore size undoubtly reflects the large difference in burn-up
between the MOX agglomerates of the two fuel (see next section).

4.2 Burn-up in the MOX agglomerates and the UO2 matrix

The local concentration of neodymium was taken as a measure of the local burn-up in the MOX
agglomerates and the UO2 matrix. For this purpose, 0.106 wt% neodymium was assumed to correspond
to 10 GWd/t. As seen from Table 2, neodymium concentrations of 0.46 and 0.47 wt% were measured
in the OCOM15 and OCOM30 cross-sections, respectively. These concentrations correspond to 43.4 and
44.3 GWd/t which are very close to the reported burn-up values of 43.6 and 44.5 GWd/t.

The burn-up in the MOX agglomerates was considerably higher in the OCOM30 fuel. Figure 3
shows the burn-up in a number of agglomerates at different radial positions in the 0C0M15 and OCOM30
fuels. The burn-up reported is based on the highest neodymium concentration measured in each case. It
is seen that at the fuel surface the burn-up in the OCOM30 agglomerates was about 270 GWd/t whereas
in the OCOM15 agglomerates it was about 160 GWd/t. Similarly, in the central region of the fuel, the
burn-up in the OCOM30 agglomerates was around 190 GWd/t, but did not exceed 110 GWd/t in the
0C0M15 agglomerates. It is evident from these figures that the MOX agglomerates in the outer region
of the fuel had accumulated more burn-up than those in the central region of the fuel.

As in conventional UO; fuel, the radial burn-up profile in the UO2 matrix of the MOX fuel was
quite flat in the body of the fuel, but increased sharply near the fuel surface. The radial distribution of
neodymium in the UO2 matrix of the OCOM30 fuel, which represents the radial burn-up profile, can be
seen in Fig.4. Over most of the fuel radius, the concentration of neodymium is slightly less than 0.3 wt%,
which corresponds to about 28 GWd/t, but at r/ro= 0.90 it increases abruptly from this level to 0.66 wt%
at the pellet rim. This concentration is eqivalent to a burn-up of 62 GWd/t. The averge concentration of
neodymium in the UO2 matrix was 0.33 wt%, giving a burn-up for the cross-section of 31.1 GWd/t.

Although, the neodymium profile in Fig.4, indicates that the burn-up in the UO2 matrix of the
OCOM30 fuel was rather uniform, the analysis of single grains revealed that in truth the burn-up varied
widely from grain to grain. Figure 5 shows the burn-up in single grains at r/ro= 0.82, at r/ro= 0.36 and
r/ro= 0.14 in the OCOM30 fuel. At each of these radial positions, the burn-up in six grains is seen. The
burn-up in the grains was found to vary between 13 and 88 GWd/t. The large variation in burn-up is due
to the different concentrations of fissile plutonium in the grains, which represent different material; i.e.,
UO2, MOX fuel scap and the MOX agglomerates (see section 4.4). It is assumed that 13 GWd/t is
representative of the burn-up in areas of the UO2 matrix that were unspoilt by plutonium from agglomerate
particles or plutonium from MOX scrap. The neodymium profile in Fig.4 indicates a uniform burn-up
distribution, because the data points used to draw concentration profile are the average of six
determinations made on different grains.
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Fig.2. Electron absorption micrographs showing the appearance of MOX agglomerates at similar radia! positions
in the cold outer regions of the 0C0M15 and OCOM30 fuels. The porosity is coarser in the OCOM30
agglomerate.



Table 2 Integral concentrations of Pu, Nd, Xe and Cs in the fuel cross-section and in the
UO: matrix

Fuel Concentration, wt%

Plutonium Neodymium Xenon Caesium

MOX Agglomerates + UO, Matix

0.52 0.53OCOM30
0C0M15

3.6
3.2

0.47
0.46

UO, Matrix

OCOM30 1.9 0.33 0.52 0.28
0C0M15

4.3 Plutonium burn-out in the MOX agglomerates

In Fig. 6 the concentration of Pu in the MOX agglomerates in the two fuels is plotted against the
neodymium concentration (i.e., the burn-up). Included in the plot are data from MOX agglomerates of
different size (40 to 180 /*m) and from agglomerates at different radial positions, including the fuel rim.
The plutonium concentration in the OCOM30 agglomerates had decreased from 26.5 to approximately 13
wt% at a burn-up above 140 GWd/t, while in the OCOM15 agglomerates it had decreased from 13.2 to
roughly 6.5 wt% at a burn-up higher than 55 GWd/t. Thus, in both fuels approximately 50% of the
plutonium in the agglomerates had been burnt during the irradiation.

4.4 Plutonium in the UO2 matrix

The radial distribution of Pu in the UO: matrix of the OCOM30 fuel can be seen in Fig.4. Like
the neodymium concentration profile, the plutonium concentration profile exhibits a steep rise close the
pellet surface due to enhanced neutron capture. Volume integration of this profile gives an average
plutonium concentration of 1.9 wt%. Thus, it seems that neutron capture during the irradiation caused a
four fold increase in the concentration of plutonium in the UO: matrix.

The plutonium in the UO; matrix was far less homogeneously distributed than one would be led
to believe from the plutonium concentration profile in Fig.4. Results from analysis of single grains in the
OCOM15 and OCOM30 fuels are shown in Fig.7. It is seen that the measured plutonium concentration
ranged from 1.2 to 14.3 wt%. It is also seen that the plutonium concentrations fall in to three distinct
categories. Those resulting from MOX agglomerate particles, those resulting from the addition of MOX
fuel scrap, and those resulting from neutron capture by 238U during the irradiation.

Presumably, agglomerate particles were created when the master-mix was mechanically blended
with the UO2 power during fabrication of the fuel. The presence of this plutonium-rich material, resulted
in grains with plutonium concentrations as high as 14.5 wt%. Grains with plutonium concentrations in the
range 1 to 6 wt% and neodymium concentrations above 0.3 wt% are assumed to be grains of MOX fuel
scrap. While grains with plutonium concentrations of 3 wt% or less and neodymium concentrations below
0.3 wt%, are assumed to have started life as pure UO: and their plutonium is assumed to result solely from
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neutron capture. Incidentially, matrix grains rich in plutonium contained clusters of small fission gas
bubbles which made them easy to identify.

4.5 Fission gas release

The EPMA data for fission gas release from the OCOM30 fuel is summarised in Table 3. As can
be seen, the integral released from the fuel cross-section was approximately 12%. In the case of the MOX
agglomerates, however, about 90% of the fission gas had been released from the mixed oxide lattice. It
is clear from Fig.8 that an extremely high percentage of gas had been released from (U,Pu)O: lattice of

Burn-up GWd/t
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Fig.3. Burn-up in the MOX agglomerates in the 0C0M15 and
OCOM30 fuels as derived from their neodymium content. A
much higher burn-up was reached in the OCOM30
agglomerates.
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Fig. 6. Plutonium concentration in the MOX agglomerates related to the
neodymium concentration representing the burn-up at the same
location. In both fuels approximatetly 50% of the plutonium in the
agglomerates was burnt.

the MOX agglomerates. From this figure, it is evident that the concentration of xenon measured in the
agglomerates was generally less than 0.6 wt%, and on average about 0.3 wt%, regardless of the
neodymium concentration. This reveals that gas release increased with the agglomerate burn-up. From
which it can be deduced that the 0C0M15 agglomerates released less gas than the OCOM30 agglomerates,
and that MOX agglomerates situated close to the fuel surface, released more gas than those further in.

It is not clear what percentage of fission gas was released from the UO2 matrix. As seen from
Table 3, EPMA measured 0.52 wt% xenon in the matrix, which is considerably more than the amount
produced during irradiation to 31.1 GWd/t (0.42 wt%). This inconsistency probably arises because the
burn-up in the UO; matrix varied from grain to grain (see Fig.5) and xenon and neodymium were analysed
at different times. Consideration of the fuel temperature during the irradiation, however, reinforces the
view that little gas was released from the UO2 matrix. This assumption is supported by the the radial
xenon profile shown in fig.4. which indicates that at the most 14% release may have occurred locally in
the central region of the fuel between r/ro= 0.2 and the centre of the pellet.
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Table 3 Fission gas release data for the OCOM30 fuel

Radial Position Xe Created Xe Measured " Percentage

(wt%) (wt%) Release

MOX Agglomerates + UO, Matrix

0.59 0.52 11.9

MOX Agglomerates

r/r.= 0
r/ro= 0

.86

.28
2.
2.

59
18

UO, Matrix "

0.20
0.28

92
87

.3

.2

0.42 0.52

"Average values.
b The inconsistency is assumed to be due to variations in the local burn-up in the UO,
matrix (see section 4.2).

4.6 The behaviour of fission product caesium

Caesium behaved very differently from xenon in that it was almost completely retained by the
MOX agglomerates. In Fig. 9 the concentration of caesium in the MOX agglomerates of the 0C0M15
and OCOM30 fuels is plotted as a function of the neodymium concentration. Despite the scatter in the data
it is clearly seen that at neodymium concentrations up to 2.3 wt% (burn-ups up to 215 GWd/t) the
concentration of caesium increased linearly with the neodymium concentration indicating complete
retention by the MOX agglomerates. At neodymium concentrations above 2.3 wt%, the measured caesium
concentration lies below the line drawn through the data indicating some caesium was released from the
agglomerates at the very highest burn-ups (215-270 GWd/t).

In the UO2 matrix of the OCOM30 fuel a caesium concentration of 0.28 wt% was measured. This
corresponds to the ceasium inventory calculated using the fission yield value of 0.17 at% caesium per 1
at% burn-up derived from the EPMA data plotted in Fig.9. It would appear, therefore, that caesium was
not released from the UO., matrix.

5. DISCUSSION

5.1 Similaries between the MOX agglomerates and the high burn-up structure at the rim of
conventional UO2 fuel.

The Pu-rich agglomerates in the outer region of both fuels share several common features with
the high burn-up structure at the rim of conventional UO2 fuel. For example, the MOX agglomerates and
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the high burn-up structure both consist of fine grains < 1 fj.m in size and small faceted pores typically 1-2
fim in diameter (cf., SEM micrographs in Fig. 10). Moreover, like the high burn-up structure in UO2 fuel
(see Ref.[7]), the agglomerates exhibit strong xenon depletion, with concentrations down to 0.3 wt%, and
almost complete retention of caesium. Hence, it is reasonable to postulate that in both cases the
mechanisms producing the characteristic microstructure are the same. If this is so, the finding that large
pores are contained in MOX agglomerates situated close to the fuel surface, may provide an insight into
the development of the high burn-up structure in UO2 fuel.

5.2 Formation of the high burn-up structure at the rim of MOX fuel

It has been found [7] that at the rim of conventional UO; fuel the high burn-up structure forms
when the local burn-up exceeds 60 to 75 GWd/t. Generally, local burn-ups of this magnitude are attained
in the outer region of the fuel when the average cross-section burn-up reaches 40-45 GWd/t. Thus, the
burn-up of both the 0C0M15 and OCOM30 fuels was within the range at which the high burn-up structure
would be expected to form in UO; fuel.

In Ihe UO2 matrix of the OCOM30 fuel the high burn-up structure may have just started to form
at some places at the pellet rim. The high burn-up structure was evidently not present where the xenon
profile shown in fig.4 was measured, since close to fuel surface the xenon concentration increased with
the burn-up. However, at a second location, the fuel microstructure within 10-20 /*m of the pellet surface

314



may just have begun to transform, because the concentration of xenon measured fell slightly at the fuel
surface. The existence of patches of high burn-up structure around the fuel rim would be consistent with
the measured burn-up at the fuel surface of 62 GWd/t. This burn-up is at the lower end of the range for
the formation of the high burn-up structure in conventional UO2 fuel.

5.3 Fission Gas Release

The release of fission gas to the rod free voiume requires a system of escape tunnels along the
grain boundaries in the UO2 matrix. Because the fuel irradiation temperature was low, such a tunnel
system did not develop in the OCOM 15 and OCOM30 fuels. Hence, the UO2 matrix behaved like a hard
shell enclosing the agglomerates, and preventing the gas released there from escaping to the rod free
volume. The released gas, therefore, has no option but to precipitate in the pore structure of the
agglomerate.

More than 90% of the gas had been released from the lattice of the MOX agglomerates and had
precipitated in its pore structure. Although the burn-up in the OCOM30 agglomerates was almost twice
as high as that of the OCOM15 agglomerates, the percentage of fission gas released from the oxide lattice
of the agglomerates was not significantly different (90% compared with 85%). In absolute terms,
however, considerably more gas was lost from the lattice of the OCOM30 agglomerates, because these
had a much higher burn-up. At the end of the irradiation generally around 0.3 wt% xenon remained in
the agglomerate lattice. This concentration corresponds to the limit of solubility of xenon in irradiated UO2

at temperatures of 700 to I000°C [8].

For the OCOM30 fuel an average cross-section release value of 11.7% was obtained from area
analysis by EPMA. Most of this gas is assumed to have come from the UO2 matrix in the central region
of the fuel. However, the puncturing result for this segment (see Fig. 11) revealed that only around 2.5%
of the fission gas inventory was released to rod free volume at an average burn-up of 44.5 GWd/t. This
indicates that almost 80% of the gas released from UO2 lattice was retained in the fuel.

The puncturing result for the OCOM 15 segment with an average burn-up of 43.6 GWd/t was
1.7%. Thus, despite the difference in the porosity structure of the OCOM 15 and OCOM30 agglomerates,
the percentage of gas released to rod voiume in both segments was practically the same.

5.4 Effect of fuel inhomogeneity

During the irradiation of the OCOM 15 and OCOM30 fuels low temperatures prevailed and
consequently U/Pu interdiffusion was minimal. Thus, both fuels remained inhomogeneous on the
microscopic scale. The MOX agglomerates in the central region of the fuel did not lose Pu to the UO2

matrix, and initial variations in the plutonium concentration of the grains in the UO2 matrix were not
smoothed out. In both fuels, however, the concentration of plutonium in the MOX agglomerates decreased
by about 50% as result of fission, whereas the piutonium content of the UO2 matrix increased four-fold
to about 2 wt% due to neutron capture by 3SU. Consequently, the total concentration of plutonium fell
to 3.6 wt% in the OCOM30 fuel (a decreased of 18%) and to 3.2 wt% in the OCOM 15 fuel (a decrease
of 27%).

Although the volume fraction of the MOX agglomerates, and the burn-up in the agglomerates were
entirely different in the OCOM 15 and OCOM30 fuels, there was no significant difference in the level of
release from the two fuels. This is evident from the puncturing data in Fig. 11, which reveal that for both
fuels the percentage of gas released to the rod free volume increased from less than 0.5% at 10 GWd/t to
a maximum of 3.5% at 45 GWd/t. Perhaps the iow percentage of gas measured is surprising in view of
tie extremely high percentage of gas that was released from the MOX agglomerates. But the puncturing
results reflect the fact that most of the gas released from the agglomerate lattice remained trapped in the
agglomerates, being unable to penetrate the dense UO; matrix. To this can be added the fact that the
percentage of gas released by the UO2 grains of the matrix was relatively small (probably about 10% for
both fuel) and that a large fraction of this gas was retained in the fuel.
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Fig. 10. Scanning electron micrographs showing the high burn-up structure, a) At the rim of a conventional UO2 fuel irradiated to
45.2 GWd/t. b) In a Pu-rich agglomerate at r/ro= 0.85 in a MOX fuel irradiated to 38.8 GWd/t. Fine grains and small
faceted pores are seen in both micrographs.
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Fig. 11. Puncturing results for percentage of fission gas released from the
0C0M15 and OCOM30 fuels.

Finally a brief word about caesium. About twice as much caesium was produced in the OCOM30
agglomerates as in the 0C0M15 agglomerates due to the difference in agglomerate burn-up and apparently
all this was retained. However, since the volume fraction of the agglomerates was twice as high in the
0C0M15 fuel as in the OCOM30 fuel, and the average, burn-up of the two fuels was almost the same,
both probably contained aproximately the same total amount of caesium.

6. SUMMARY AND CONCLUSIONS

The MOX agglomerates in the outer region of the OCOM15 and OCOM30 fuels share several
common features with the high burn-up rim structure of conventional UO2 fuel; namely, small grains,
small faceted pores, high xenon release from the oxide lattice and almost complete retention of caesium.
As in conventional UO2 fuel, the high burn-up structure seems to form in the UO2 matrix when the local
burn-up at the pellet rim exceeds 60-75 GWd/t. At the surface of the OCOM30 pellet the burn-up in the
UO2 matrix was 62 GWd/t, and patches of high burn-up structure may have existed around the fuel
circumference.

The burn-up in the OCOM30 agglomerates was almost twice as high as in the 0C0M15
agglomerates (e.g., at the fuel surface, typically 270 GWd/t compared with 160 GWd/t). As low
temperatures prevailed during the irradiation, U/Pu interdiffusion did not occur. Because of this, both
fuels remained inhomogeneous on the microscopic scale. The concentration of plutonium in the MOX
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agglomerates decreased by about 50% as a result of fission, whereas the plutonium content of the UO2

matrix increased four-fold to about 2 wt% due to neutron capture by "^U. As a result, the total
concentration of plutonium in the fuel fell to 3.6 wt% in the OCOM30 fuel (a decreased of 18%) and to
3.2 wt% in the 0C0M15 fuel (a decrease of 27%). The main difference between the agglomerates in the
two fuels was that those in the 0C0M15 fuel generally exhibited a finer pore structure due to the lower
burn-up.

More than 80% of the fission gas had been released from the oxide lattice of the MOX
agglomerates in both fuels leaving at the most 0.6 wt% and on average 0.3 wt% in solution. A very high
fraction of the gas released from the lattice precipitated and remained in the pore structure of the
agglomerates. Although the burn-up in the OCOM30 agglomerates was considerably higher than in the
0C0M15 agglomerates, the percentage of fission gas released from the agglomerates was not significantly
different (90% compared with 85%).

Puncturing revealed no significant difference in the percentages of gas released to the free volume
in the 0C0M15 and OCOM30 fuel segments. For both fuels the percentage of gas released to the rod free
volume increased from less than 0.5% at 10 GWd/t to a maximum of 3.5% at 45 GWd/t. This reveals
that the percentage of gas released by MOX fuel manufactured by the OCOM process is largely
independent of the level of inhomogeneity of the fuel.
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