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Abstract

FIB-SEM 3D examination was conducted on three standard UO; and one Cr doped UO; high burn-up PWR
fuel samples. This work complemented other microanalysis examination, including an EBSD work on the
polished surface. A parallel article giving the EBSD results was submitted simultaneously. Together, they
found, in all the central area of these high burn-up samples:

e arestructuring of the initial grains into smaller sub-grains forming low angle boundaries and with

crystal orientations around that of their parent grains,

e intragranular bubbles mostly situated on these low angle boundaries.
The FIB-SEM 3D examination showed how such inter-sub-grain bubbles start as small compact but also
small lenticular bubbles, similar to typical small intergranular lenticular bubbles. With increasing
burn-up, these lenticular bubbles get thicker and locally interlink to form more complex bubbles.
However, no long distance networks, between the sub-grains, or between the original grains, were
found. Such networks could have been a path for part of the fission gases to reach the grain boundaries,
the grain edges (the intersection line of three grain boundaries) and the rod free volumes. These FIB-
SEM 3D examinations brought details on the intragranular and intergranular bubbles situation for each
studied volume. Distribution of the intragranular bubbles according to their sizes and shapes were
exposed. The central restructuring, studied in this work, is likely to play a role in the increase of the
fission gas release fractions at high burn-up. This work is an incentive to study further this restructuring
and the bubbles formed, combining different approaches.

1. Introduction

Nuclear fuels are submitted, during their use in nuclear reactors, to a number of damage sources. The
main ones are the neutrons, with a wide range of energies, B and a decay and their direct consequences,
including heavy atom recoils, but above all, the fission products, transferring their energies through
electronic interaction and nuclear interaction. The progress in the use of the fuel is generally monitored
by its burn-up. It is expressed as the fraction of initial heavy atoms that have fissionned (at% or %FIMA,
Fissions per Initial Metal Atom) or by the energy generated per unit mass of initial heavy metal (GWd/tum)
or, for uranium based fuels (GWd/ty). In addition to the point defects and extended defects, induced by
the various damage sources, the composition of the fuel evolves. This is due to the fissions of heavy atoms,
forming fission products, to the transmutation of heavy atoms and of fission products by neutron
captures, and to the various radioactive decays. Table 1 gives an idea of the composition change reached
in a PWR UQ; at high burn-up.
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U Ra + cher Fission Products
actinides
fabrication 100% 0% 0%
At 60 GWd/t, |86.9% 1.3% 11.7%

Table 1: Typical composition changes in the UO; at high burn-up. The fractions are atomic fractions and oxygen is not
considered.

All this induces changes in the fuel mechanical and thermal properties. Nevertheless UO; and (U,Pu)O;
keep their crystal structure, exhibiting a very high resistance to irradiation.

Among the fission products there are gases, xenon and krypton. They account for about 15% of the fission
products. They are not soluble in the UO; or (U,Pu)O; and tend to form bubbles. These bubbles can be
intragranular (inside the grains) or intergranular (along grain boundaries or grain edges i.e. the
intersection line between three grain boundaries). The size of these bubbles tends to increase with the
fuel temperatures. In the PWR fuels, below ~40 GWd/t, these bubbles generally remain small,
necessitating transmission electron microscopy to characterize them 3. Nevertheless, in case of high
linear powers, such as those reached in dedicated tests in material testing reactors, with linear powers
typically higher than ~300 W/cm, or after annealing of irradiated fuels in high activity laboratories, with
temperatures typically higher than 1200°C, much larger bubbles are found. Reaching micrometric sizes
such bubbles are visible with scanning electron microscopes (SEM) and optical microscopes 2+,

At higher burn-up however, there are bubbles detectable with optical microscopy even in rods where the
central temperature never exceeded 900°C and was below 800°C at the end of the irradiation.

In UO; fuels, this is the case on the rim of the pellets, where a massive restructuring of the original grains
occurs. In this restructuring, called HBS (High Burn-up Structure) the original grains, with typical diameters
around 10 um, are replaced by thousands of smaller grains with typical diameters around 0.5 um. In this
process, most of the fission gas leaves the grains and forms large micrometric intergranular bubbles. This
phenomenon was extensively studied during the last three decades and is still being studied 1#%4, all the
more that this part of the fuel is prone to fragmentation in loss of coolant accident situations (LOCA) 229,

In the same range of burn-up for which the HBS forms on the rim of the Light water reactor (LWR) UO;
fuel pellets, micrometric or sub-micrometric fission gas bubbles also form in a central area of the pellets
30 This phenomenon was generally attributed to the combined effect of the temperatures being the
highest in the pellets, and of the increasing fission gas build-up. In the studies at high linear powers, and
lower burn-ups, such central porous areas were commonly found 3. This formation of bubbles in the
center at high burn-up, without high linear powers, was therefore not studied as much as the HBS
phenomenon. In %2, in 2004, we showed that in these central areas at high burn-up, the grain contrasts
due to electron channeling differences on SEM images did not allow separating the grains, for sample
preparations for which this was possible outside the central area. In 33, in 2009, in the center of a
73 GWd/ty SEM fractography, no easy identification of the grain boundaries was possible and the bubbles
were neither spherical (as typical intragranular bubbles), nor clearly lenticular (as typical intergranular
bubbles before interconnection), and they did not seem to be widely interconnected. The first questions
raised by these observations were addressed in 3%, in 2018, combining 3D focused ion beam (FIB-SEM)
examinations and electron back scattered diffraction (EBSD) on the 73 GWd/ty fuel. These techniques
showed the formation of low angle boundary sub-grains within the initial grains (called subdomains in 34).
These sub-grains have crystal orientations close to those of their respective parent grains. Similar
observations and measurements of central grain restructuring were published by Gerczak et al. in >* on a
72 GWd/ty UO; fuel. Such grain restructuring was also observed in Al-Si and Al-Cr doped fuels, by Jadernas
et al. in 3°. Very recently, Cappia et al. 3® reported similar restructuring in a 76 GWd/ty PWR UO, fuel
section.



In addition to the sub-grain formations, in 3 the FIB-SEM examinations showed the presence of
inter-sub-grain bubbles, with complex shapes, and the absence of an interconnected bubble network.

After 34, the only FIB-SEM 3D study published on an irradiated high burn-up LWR fuel, to the authors'
knowledge, was that of McKinney et al. *’. In this work, the FIB-SEM technique was applied on the same
sample already examined by Gerczak et al. 2, with EBSD, 2D SEM with Energy Dispersive X-ray
Spectroscopy (EDS) and with transmission Kikuchi diffraction (tKD). This sample was a short longitudinal
cut of a UO; specimen with a local burn-up of 72 GWd/ty covering ~0.23R — 1R (where R is the pellet's
radius, 1R its periphery and OR its center —convention that will be used all through this article). This fuel
was a 2.9% 2°U fuel with a pellet diameter of 9.06 mm before irradiation. It was part of an experimental
program and irradiated in H.B. Robinson Unit 2 PWR. The linear power for the central region of the rod
showed a general decrease from ~260 W/cm to ~120 W/cm. The rod fission gas release at the end of the
irradiation was 2.1% of the production. In this FIB-SEM work, SEM images had pixels of 4.56 nm in both
directions but the space between these SEM images were of 55 to 63 nm. The bubbles were characterized
based on their size, shape, number density, and percentage of the total volume they occupied. The shapes
were classified into four classes: spheroids, for which the bubbles had similar principal axis lengths,
footballs (American football) for which the bubbles had two similar principal axis lengths but one clearly
longer than the others, disks, for which the bubbles had two similar principal axis lengths but one clearly
shorter than the others, and "others" for bubbles for which the similarity threshold of 50% was passed. In
the HBS region, no interconnection that could facilitate fission gas release was observed. At ~0.24R,
consistently with the observations in 3, despite the presence of large and complex bubbles, there were
still no observed large interconnected networks like those needed for fission gas release pathways.

For these new results, partly produced during the PhD work of R. Dowek, the FIB-SEM technique was
applied to four PWR fuel samples: three standard UO; and one Cr doped UO,. The standard UO; fuels had
grain sizes around 9 um and average cross section burn-ups between 61 GWd/ty and 73 GWd/ty. The Cr
doped UO, had grain sizes around 60 um and a cross section burn-up of 63 GWd/ty. This article focuses
on the bubbles formed at high burn-up in the central parts of the pellets without particularly high
irradiation powers. A parallel article 38 exposes the results of the EBSD examination technique applied to
selected areas at various radial positions on the polished surface of the same cross sections. This EBSD
work was also extended to lower burn-up samples for which 3D FIB-SEM characterization was less
interesting, considering the low fission gas bubble formation.

In this article, section 2 provides information on the studied samples, describes the devices used and the
main data processing steps and explains the principles used to separate the fission gas bubbles into classes
according to shape indicators. Section 3.1 gives and comments one 2D image from the 3D stacks, for each
sample and radial position. Section 3.2 shows details of intragranular bubbles for each radial position and
for each sample. Section 3.3 shows details on intergranular bubbles for each radial position and for each
sample. In these sections 3.2 and 3.3, 3D reconstruction views on these detailed volumes are provided. In
section 4, the shape classification described in section 2.3 is applied to all the studied volumes in the
central areas, with views of the 3D reconstructions and quantitative distributions derived from these
reconstructions. These results are further discussed and compared with some of the corresponding EBSD
results of * in section 5.

2. Specimens, examination devices and shape classes



2.1 Specimen studied

The specimens, studied by 3D FIB-SEM examinations, and used in this work, were all PWR irradiated UO;
fuel entire cross sections. They were embedded in a low melting point Sn-Bi alloy under vacuum. This
embedding prevents sample charging under the various microanalysis beams. Their surface was
mechanically polished with SiC grids and with diamond suspensions down to 0.25 um grade. A final step
used a colloidal suspension of silica with a particle size of 0.02 um. Fabrication characteristics, burn-up
and main features are summarized in Table 2. These samples are all high burn-up fuels exhibiting HBS on
their periphery and clear formation of fission gas bubbles, detectable by optical microscopy, in the central
part of the pellets. Standard UO, fuels were examined, but also a Cr doped fuel where the dopant was
added to promote the formation of large grains during the pellet sintering. The labels used here to name
these specimens combine the type of fuels (Std or Cr) and the specimen rounded burn-up, expressed in
GWd/ty (61 to 73). Sample Std-73 is the same as that used in **. The porosities given in Table 2 are pellet
fabrication data, deduced from immersion density measurement results, relatively to the theoretical
densities without pores. They point out that the porosity was lower for the Cr doped fuel than for the Std
fuels.

Figure 1 presents simplified linear power histories, at the axial elevation of the specimens studied, as a
function of the irradiation time. It also gives the resulting temperature histories along the rod centerlines
for this same level, as calculated by the fuel behavior code Alcyone 3%°. The highest burn-up standard
UO, sample (Std-73) underwent a linear power history where the second irradiation cycle was at low
power (around 86 W/cm) whereas its sixth annual cycle had a long period around 190 W/cm, but a final
around 120 W/cm. Specimen Std-61 had the highest linear powers, between 200 and 250 W/cm, during
its three first annual cycles, and a last cycle mostly around 158 W/cm. Apart from Std-73, all high burn-up
specimens were in the range 120 to 162 W/cm during their last cycle. It has to be noted that specimens
Std-63 and Cr-63, irradiated together in the same subassembly, were both cut at levels where the local
average section burn-up was lower than the rod average burn-up, whereas Std-61 and Std-73 were from
the high burn-up parts of their rods. Std-73 and Std-61 were irradiated in reactors with refueling cycles of
12 months. It was 18 months for the other specimens.

The fission gas release fractions (FGR%), measured by rod puncturing, show a general increase with the
rod burn-up, similarly to the results shown in 3.

When compared to the specimen used in 3’ and 4, the fuel enrichments were higher (4.48 to 4.95%
instead of 2.9%), the pellet diameters were smaller (8.086 to 8.192 mm instead of 9.06 mm) and the
fission gas release fractions at high burn-up were higher.

Burn-up (GWd/t 235 .
Lol p( /tu) Fuel type (grain U Pellet D | As fabricated [, .,
: . )
rod specimen Cladding size um) (%) (mm) average FGR (%)
porosity (%)

Standard (8.8)

Standard (9.1)

Cr doped (60.1 but
smaller on periphery)

Table 2: Characteristics of the samples studied
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Figure 1: a) Simplified linear power and b) centerline temperature histories, at the specimen levels (Alcyone code calculations)

2.2 Examination devices

The FIB-SEM + EBSD used for this work is in the CEA Cadarache LECA-STAR hot-cell facility. It is inside a
shielded cell and is connected to a glove box, also inside the cell, in order to prevent radioactive
contamination *#2, It is a field emission electron gun Carl Zeiss Auriga 40. The devices used in this work
were:

. A secondary electron secondary ion detector (SESI).

. An Orsay Physics COBRA focused ion beam (FIB) column,

) An Orsay Physics gas (Pt) injection system (GIS),

o An Oxford electron back scattered diffraction system (EBSD) with a Nordlys camera, for the

parallel article %,

The 3D FIB-SEM examination principle was similar to works exposed, for example, in 4344,

In these 3D examinations, the thickness of the material sputtered by the FIB between each SEM image
was the same as the pixel size of the SEM images. In the data processing, the grey level of a pixel on a
SEM image was attributed to the whole corresponding voxel, i.e. a cube with the pixel size in two
directions and the inter-image thickness in the other direction. As shown in Table 3, for most
examinations, these voxels were 15 nm side cubes. This work is based on several hundreds of images. In
addition to the results derived from these images, only a few of these images, of details from these
images and 3D reconstruction views are included in the article. The main 3D views are associated with
movies.

The main steps in the data processing were the image registration, the filtering of curtaining effect lines,
"lighting" corrections and segmentation. Most of these data processing was conducted using the
FlJI/Imagel image processing and analysis platform >/, using of a series of our own plugins, tailored to
our particular needs, mixed with existing plugins such as Image Stabilizer *¢, Beat Xlib *°, MorpholibJ *°



and BoneJ °1. Image segmentation was conducted using llastik >2. The 3D views shown here were built
using 3D Slicer 3354,

Most of this work is focused on the fission gas bubbles, on their sizes and shapes. For this work, the
shape parameters and classes used are described in section 2.3. The bubble's volume is also one of the
properties monitored in this work. Despite the fact that most bubbles in this work are far from spherical,
it was found convenient to report these volumes by using the equivalent spherical diameter (ESD) i.e.
the diameter of a sphere having the same volume as the considered bubble, whatever its shape.

2.3 Bubble shape classification
Considering the qualitative observations of the bubbles, shown in section 3, quantitative information
was derived from these 3D examinations.

In this work, the volume distribution of the bubbles are given after volume classification into classes
expressed through their ESD. Median sizes are given by the ESDsoy, i.e. the diameter for which 50% of
the volume of the considered bubbles is made of smaller bubbles and 50% of larger bubbles.

The volume reference used for the volume% or the bubble densities, is the volume of the examined box,
after removal of the volume of the largest cavities very likely to be fabrication pore remnants. The
examined volumes are clearly too small for a proper study of such fabrication pores. In these analyses, a
cutoff at 0.038 um (2.873x10° um?3) was used. For the 3D examinations with 0.015 um side voxels, this
cutoff corresponds to excluding the objects made of less than 9 voxels.

Taking into account the qualitative observations of the bubbles, they were set into four shape classes:

e longbubbles,

e flat bubbles,

e compact bubbles and,

e complex bubbles.
These four classes were defined using three indicators linked to the bubble shapes and described
hereafter:

e Sphericity,

e Jji/ipand

o i
The Sphericity indicator was calculated using the formula:

2
Sphericity = 36m 5 (1)

where Vis the bubble volume and A4 the bubble surface area. This indicator, with no dimension, is a
value within the interval ]0, 1].The value 1 is that of a perfect sphere. Low values correspond to bubbles

far from spherical. This indicator, commonly used, has a 2D equivalent which is the circularity indicator.
This circularity indicator (also called "isoperimetric deficit index" or "shape factor") is: circularity = ?—Za,
where ais the area of the object in the examined plane and pis its perimeter. In the case of the fuel
bubbles, this Sphericity indicator cannot be used alone to evaluate how close to a sphere a bubble can
be. This has to do with the smoothness or roughness of the bubble surfaces that can lead to very
different surface areas for objects that can have very similar general shapes. This is easily understood
using a 2D illustration: in Figure 2, shape b can be considered as close to a disc, but its circularity

indicator is low and similar to that of shape c, very far from a disc, shape a.



Circularity = 1 Circularity = 0.418 Circularity = 0.418
Figure 2: 2D Example showing the values taken by the circularity indicator for three shapes a, b and c, to illustrate the effect of
the bubble surface state on the 3D Sphericity indicator

In this work, the volume Vof a bubble is the sum of the volume of all the voxels constituting this bubble,
and its area 4 is computed using the Crofton formula >>°°,

The two indicators iy/ip and iy/i; refer to the three lengths of a minimal rectangular cuboid bounding box
enclosing a bubble. jp is the length of the longest side of the box, i; that of the intermediate side and />
that of the shortest side, as illustrated in Figure 3.

- ”J!(}
P
Figure 3: Illustration of the meaning of the values ig, i; and i, used in bubble shape classification. The bounding box used is not
the x, y, z bounding box of the 3D FIB images, but the minimal volume oriented box with orientations adapting to each bubble.
Combining these three indicators:

- Long bubbles are those showing i—l €]0, 0.4] whatever their sphericity or i—z values,
0 1
- Flat bubbles are those showing;—1 €]0.4,1] and i—z €]0, 0.4] whatever their sphericity,
0 1

4 €10.4,1]2 €]0.4,1] and sphericity €]10.2,1],

lo 11

- Complex bubbles are those showingi—1 €]0.4,1] z €]0.4, 1] and sphericity €1]0,0.2].
0

l1

- Compact bubbles are those showing

This principle is illustrated in Figure 4, with color boxes showing the conditions for a bubble to be
classified into one or the other of the four classes according to the values taken by the three indicators.
This figure also gives, for each class, one example taken among the studied sample bubbles. For these
examples it gives the values taken by the three indicators, the sample it comes from, and the ESD of the
bubble used. In the studied samples, many bubbles lay close to one or the other of these borders. They
can therefore be close in shape to other bubbles on the other side of the border. Therefore, these
bubble types must not be considered as very separated populations, nevertheless, they allow to follow
major differences between samples and radial positions.
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Figure 4: Classification principle of the bubbles according to their sphericity, elongation and flatness

Nota bene: This 3D FIB-SEM work must be considered as giving ranges of magnitude in the numbers
given and general trends in the mechanisms involved in the fission gas behavior at high burn-up rather
than providing very reliable and precise numbers that can be trustfully used in fuel behavior code
validation:

e The volumes examined are too small to properly cover the whole bubble size range present in
these samples. This is particularly true for the Std-73 sample and for grain edge bubbles. In the
largest size classes for which results are given here, the number of bubbles really found is low
and the statistical reliability is poor.

e Despite the cutoff, the bubble density values for the ESD 0.038 to 0.1 um class might be
impacted by defects both ways in the detection of the smallest bubbles.

e The phenomenon, known as pore back effect, leading to bright grey levels sometimes showing
inside large bubbles when their bottom comes close to the cut surface (see Error! Reference
source not found.) was taken into account in the bubble segmentation process, but does lead to
uncertainties on the exact volumes and shapes of some of the bubbles.

e The FIB 3D process itself it not isotropic. If a piece of matter is cut from the rest of the sample, it
falls away before having been fully milled slice by slice. Figure 5 illustrates on the same "bubble"
how the FIB cutting progressing from right to left or from left to right modify differently the
shape and volume of the bubble. It leads to flatter surfaces for the fronts of the bubbles than for
their backs.

A 2

| ‘ il 1l
Figure 5: lllustration of the effect of the FIB cutting on the resulting bubble shape

3. FIB-SEM images forming the 3D examinations

3.1 Global views
Table 3 gives, for each specimen, the radial positions, volume sizes and voxel sizes, of the FIB-3D studied
volumes. These volumes are classified as being:

e inthe center of the pellets, for fields where a high fission gas bubble formation occurred,

e inthe intermediate zone between the central area and the HBS transition zone + HBS rim.



Voxel size
(nm?)
0  11.1x10.4x6.4 15x15x15
0.30 11.9x8.9x9.4 | 15x15x15

intermediate‘ 0.57 ‘ 11.9x10.2x6.7 ‘ 15x15x15

(1] 20.3x8.3x3.2 | 10x10x10

| 0 | 28x10.6x5 | 17x17x17
25.5x14x4.9 | 15x15x15

0 10x4.8x7.1 15x15x15
center 19x9.9x3.3 | 20x20x20
0.30 11x6.5x9 15x15x15
intermediate | 0.50 11x5.8x9 15x15x15
Table 3: 3D FIB-SEM examination radial positions, volume sizes and voxel sizes

3D FIB radial position
(r/R)

center ‘

Name

Volume (um?3)

Std-61

Std-63 center

center

Cr-63

Figure 6 gives one typical example of a 2D SESI image forming the image stacks for each 3D FIB-SEM
examination listed in Table 3.

In these SEM images:

e the darkest pixels correspond to holes on the surfaces, i.e. intragranular or intergranular fission
gas bubbles, or pores remaining from the pellet's sintering,

e the brightest pixels mainly correspond to metallic fission product precipitates, typically made of
Mo, Tc, Ru, Rh and Pd. Nevertheless, some hole edges or bottoms can also lead to bright pixels
(pore back effect), making the segmentation of the 3D images more complicated,

e the grey levels in between correspond to the irradiated UO; itself, with influences of the surface
state and of the local crystal orientation, through differences in the electron channeling.
Typically, in classical 2D polished sample examinations, like that used in 32, the grain grey level
contrasts were only obtained after the final step using a colloidal suspension of silica. Without
this final step, the defects induced by the rougher polishing would homogenize the grain-to-
grain grey levels.

In all these fuels, in the center, the EBSD examinations 3% showed the restructuring into sub-grains at
various degrees, and, in the intermediate zone, the absence of such restructuring. Consistently, in these
images, within the original grains, in the field where intragranular bubbles are visible, the grey levels
changes form small patches. This is due to electron channeling differences induced by the local crystal
orientation differences. It appears more clearly for the Std-61 at 0.3R, Std-73 at OR and 0.35R and for
Cr-63 at OR and 0.3R than for Std-61 at OR and Std-63 at OR. This reflects differences in the restructuring
degree, measured by EBSD, but also certainly tiny differences in the use of the FIB and SEM, these
examinations having been conducted over the three first years of operation of the FIB-SEM, after its hot
cell commissioning. In these 2D images, many bubbles inside the original grains exhibit shapes that are
not compatible with spherical bubbles. This is less obvious for Std-63 at OR. In the Cr-63 OR image, an
absence of restructuring and a lower porosity are visible in layers of about 1 um around the grain
boundaries. This is also consistent with the EBSD results on this sample. The image also shows the
presence of metallic fission product precipitates, the largest ones being generally along the initial grain
boundaries.

In the two fields outside the central zone, i.e. in the intermediate zone, for Std-61 at 0.57R or Cr-63 at
0.5R, the SEM images are also consistent with this absence of restructuring measured in 32, In these
fields small metallic fission product precipitates (<0.08 um) are detected along or around the grain
boundaries. On the right of the image Cr-63 at 0.5R, the high density of small metallic fission product
precipitates corresponds to the presence of a grain boundary in a plane forming a low angle with that of
the image.



In the following sections, detailed images extracted from these image stacks, are shown together with
3D views of the bubbles as extracted from small volumes. Section 3.2 shows the bubbles from volumes
inside the original grains, thus showing intragranular bubbles. Section 3.3 shows bubbles on original
grain boundaries, i.e. intergranular bubbles.

0.35R 0.57R
0.3R

A
4
0

R 0.5R

Figure 6: Typical 2D image examples from the stacks listed in Table 3. The labels refer to the considered fuels and to the radial
location of the FIB-SEM 3D examination



3.2 Intragranular bubbles

Figure 7 a) shows a detailed image covering 2.6x2.4 um? cut inside an original grain in the stack taken at
OR in the Std-61 sample. It shows the presence of flat lenticular bubbles. Figure 7 b) gives two
perpendicular views of the 3D extraction of these bubbles over a volume of 2.6x2.4x1.5 um? including
the example of Figure 7 a) and cut inside one of the original grains, avoiding the original grain
boundaries. This same 3D detailed volume was used to produce the movie associated to Figure 7 b)
(Multimedia view).

In this volume, the most visible bubbles are flat, lenticular type. The bubbles have a diameter around
0.3 um and a thickness around 0.07 um. The ESDsqy of these flat intergranular bubbles, measured over
the whole studied volume, is 0.17 um. In addition to these bubbles, there are smaller and more compact
bubbles, and also bubbles in the same size range, but more compact. Over the whole studied volume,
the ESDsoy of these compact bubbles is of 0.19 um. The flat lenticular bubbles are very far in shape from
the spherical bubbles one would expect inside the grains. They actually look like small intergranular
bubbles and are likely to be on boundaries between sub-grains despite the absence of such evidence in
the grey levels surrounding them. They are also very different from the more complex bubbles shown in
34 for the Std-73 sample, even though part of the largest intragranular bubbles found were classified as
complex, with an ESDso% of 0.25 um. The flat and complex bubbles form 21% and 11.4% of the
intragranular bubble volumes while the more compact bubbles constitute 64.2% of them. These bubbles
in the compact class, often appear as flat bubbles, slightly too thick to be in the flat class. Most bubbles
appear to be associated to metallic fission product precipitates. For the lenticular bubbles, these
precipitates tend to be on the disc rim, thus suggesting a preferential arrival along the planes on which
these bubbles are.

Figure 7: Std-61 OR a) detailed extract (2.6x2.4 um?) showing the aspect of the intragranular bubbles, b) two 3D views of the
intragranular bubbles in a corresponding detailed extract (2.6x2.4x1.5 um3) (Multimedia view)

For intragranular bubbles in the Std-63 sample at OR, an equivalent detailed image, is given in Figure 8
a). The intragranular extract also covers 2.6x2.4x1.5 um?, with 3D views in Figure 8 b) (Multimedia
view). In this sample, the situation is quite different, with less flat bubbles and more compact bubbles,
yet far from spherical. These images show the presence of rare large bubbles with an ESD around

0.25 um, but also a high density of smaller bubbles also rather compact, with an ESD below 0.1 um. Over
the whole studied volume, the intragranular compact bubbles constitute 71% of the intragranular
bubble volumes with an ESDsgy of 0.19 um, that of the bubbles set as complex, 25% with an ESDsqy of
0.35 um, while flat bubbles form 2.4%.



a) \ f
Figure 8: Std-63 OR, a) detailed extract (2.6x2.4 um?) showing the aspect of the intragranular bubbles, b) two 3D views of the
intragranular bubbles in a corresponding detailed extract (2.6x2.4x1.5 um?3). (Multimedia view).

For the highest burn-up studied here, in the Std-73 sample at OR, the example given in Figure 9 a) and b)
(Multimedia view) covers a larger volume 5.2x4.6x3 um?. This larger volume was necessary because of
the presence of larger intragranular bubbles in this fuel. As shown in 34, very complex intragranular
bubbles were found. These complex bubbles are widely made of relatively flat parts. In fact, more
simple flat bubbles are also present, yet often larger and less regular in shape than those found in the
Std-61 at OR, with an ESD around 0.3 um, and diameters that can be higher than 1 um. Compact
bubbles, with a wide variety of sizes, are also present. Over the whole studied volume, the complex
bubbles constitute 61% of the intragranular bubbles volumes, with an ESDsps of 0.38 um, the flat
bubbles 19% and an ESDspy of 0.30 um, while compact bubbles with an ESDspy% 0f 0.19 um form 17% of
this volume.

Figure 9: Std-73 OR, a) detailed extract (5.2x4.6 um?) showing the aspect of the intragranular bubbles, b) two 3D views of the
intragranular bubbles in a corresponding detailed extract (5.2x4.6x3 um?3). (Multimedia view)

For the Cr-63 sample at OR, the same larger volume of 5.2x4.6x3 um? was chosen for an intragranular
example, due to the large sizes of some of the bubbles (Figure 10 a) and b) (Multimedia view). On these
images, the large intragranular bubbles are all clearly set on the boundaries between the new sub-
grains. Their shapes are also clearly influenced by the sub-grains surrounding them, and all the sub-grain
boundaries emerging on their surface. Various shapes are present. Some are quite complex. Some are
relatively flat. Others are more compact, despite their shapes far from spherical, and influenced by the
sub-grains and boundaries surrounding them. In addition to these large bubbles, with an ESD that can



reach 0.9 um, much smaller and compact bubbles are also present, with an ESD below 0.1 um. Many of
these small bubbles appear to also be on boundaries, but some of these smallest bubbles seem to be
intra-sub-grains. Over the two volumes studied at OR, the intragranular complex bubbles form 49.4% of
the intragranular bubble volumes, with an ESDsqy of 0.67 um, the flat bubbles 11.2%, with an ESDsqy of
0.57 um and compact bubbles 39% with an ESDsgy of 0.46 um.

Figure 10: Cr-63 OR, a) detailed extract (5.2x4.6 um?) showing the aspect of the intragranular bubbles, b) two 3D views of the
intragranular bubbles in a corresponding detailed extract (5.2x4.6x3 um?3). (Multimedia view)

At 0.3R, the Std-61 intragranular example volume of 3.49x3.17x2 um?3, Figure 11 a) and b) (Multimedia
view), also clearly shows the presence of large, inter-sub-grain bubbles. These bubbles can be flat, but
with diameters larger than in the same sample at OR, around 0.7 um, and also with thicker parts
reaching ~0.18 um and ESD values around 0.3 um. More complex bubbles, widely made of such flat
parts, reach larger ESD values, 0.52 um for the largest bubble in this example. Smaller bubbles also exist,
often on boundaries. Over the whole studied volume, complex bubbles form 50% of the intergranular
bubble volume, with an ESDsqy of 0.38 um, flat bubbles 31.2%, ESDsoy of 0.28 um and compact bubbles
15.9%, ESDsoy 0f 0.21 um.

Figure 11: Std-61 0.3R, a) detailed extract (3.49x3.17 um?) showing the aspect of the intragranular bubbles, b) two 3D views of
the intragranular bubbles in a corresponding detailed extract (3.49x3.17x2 um?3). (Multimedia view)



At 0.35R, in the Std-73 sample, a 5.2x4.6x3 pm? volume presented in Figure 12 a) and b), (Multimedia
view), mainly shows large complex intragranular, but inter-sub-grain, bubbles, with ESD values that can
be higher than 1 um. Smaller bubbles are also present, but there are not many of them and they also
appear to be inter-sub-grains. Compared to the same sample at OR, there is a lower density of bubbles,
but with larger bubbles. Over the whole studied volume, the complex bubbles form 81.7% of the
intragranular bubbles, with an ESDso% of 0.86 pum, the flat bubbles 6.4%, ESDsoy of 0.50 um and compact
bubbles 11.5%, ESDsqy of 0.44 um.

a) b)
Figure 12: Std-73 0.35R, a) detailed extract (5.2x4.6 um?) showing the aspect of the intragranular bubbles, b) two 3D views of
the intragranular bubbles in a corresponding detailed extract (5.2x4.6x3 um?). (Multimedia view)

At 0.3R, the Cr-63 sample, the intragranular 5.2x4.6x3 um? detail Figure 13 a) and b) (Multimedia view),
exhibits a high density of small flat bubbles with ESD values around 0.25 um, diameters of less than

0.5 um and thicknesses below 0.1 um. There are no large and complex bubbles as observed at OR in the
same sample. The situation is therefore quite different from that of the Std-61 and Std-73, for which
larger bubbles where found at 0.3R or 0.35R than at OR. Over the whole studied volume, the flat bubbles
make 46.6% of the intragranular bubble volume, with an ESDsey% of 0.20 um, the compact bubbles 34.6%,
ESDsoy of 0.19 um and the complex bubbles 16.9% with an ESDsqy of 0.25 um.

a) By @ ==

Figure 13: Cr-63 0.3R, , a) detailed extract (5.2x4.6 um?) showing the aspect of the intragranular bubbles, b) two 3D views of the
intragranular bubbles in a corresponding detailed extract (5.2x4.6x3 um?3). (Multimedia view)



3.3 Intergranular bubbles

In this section, the details extracted from the large image stacks and the detailed 3D views are meant to
illustrate the situation of the bubbles that are clearly on original grain boundaries or on original grain
edges (the intersection line of three grain boundaries). Cavities that were likely to be bubbles formed
during the irradiation rather than fabrication pore remains were selected.

Figure 14 and Figure 15, both for Std-61 at OR, give examples respectively on grain faces and along grain
edges. The regular intergranular bubbles, of various sizes, are isolated closed bubbles. On the largest
bubble, it is also interesting to see the effect on its shape of the boundaries between sub-grains,
emerging on the surface and forming ridges. On the grain edges, Figure 15, long bubbles were found,
but, being closed, they appear not to form long interconnected networks.

Figure 14: Std-61 at OR, detailed images on intergranular bubbles and associated 3D views showing that these bubbles on grain
faces, are closed

Figure 15: Std-61 at OR, two detailed images on intergranular bubbles and associated 3D views showing that these two long
bubbles, on grain edges, are closed

The example for Std-63 at OR shows, in Figure 16, a regular intergranular bubble on the left side of the
detailed image and a grain edge bubble on its right. Both bubble types are isolated and closed.

Figure 16: Std-63 at OR, detailed image on intergranular bubbles and associated 3D views showing that these bubbles, small or
large, are closed, even that on grain edges (on the right on the micrograph and on the first 3D view

Similarly, Figure 17, for the Std-73 sample at OR, the regular grain face intergranular bubbles and the
grain edge bubble in this example are closed bubbles. On the largest two of them, again, the effect of
the surrounding sub-grain boundaries is visible, forming ridges on the surface.



Figure 17: Std-73 at OR, detailed image on intergranular bubbles and associated 3D views showing that these bubbles, small or
large, are closed, even that on grain edges (on the right on the micrograph and on the 3D views)

In the Cr-63 sample at OR, only few intergranular bubbles were detected on the two grain boundary
surfaces in the 19x9.9x3.3 um? volume examined. Figure 18 shows one of the complete 2D image,
similar to that shown in Figure 6. It exhibits a few small intergranular bubbles, and also metallic fission
product precipitates. The two views of the 3D reconstruction in Figure 18 give the same point of view,
one with the bubbles only, the other with the bubbles and the metallic fission product precipitates,
represented in green. This point of view was set along the direction of the grain edge line, i.e. on the
intersection between the two grain boundaries. This point of view clearly evidences the low density of
bubbles in a layer around the grain boundaries, already mentioned in section 3.1. They also confirm that
only a few bubbles were on the grain boundaries themselves. Moreover, the view with the metallic
fission product precipitates shows that, as for bubbles there was a clearly lower density of metallic
fission product precipitates within the same layers in which a low bubble density was found, around the
grain boundaries. However, unlike bubbles, there was a high density of these precipitates on the grain
boundaries themselves. In this volume, only a short length of 0.87 um of grain edges was present. On
this short length we find the end of a grain edge bubble: there is no grain edge bubble on 0.24 um of the
length of the grain edge while the rest of it is covered by a bubble 0.63 um long in the examined volume
(seen perpendicularly on the views of the 3D reconstruction, at the intersection between the two grain
boundary planes).



Figure 18: Cr-63 at OR, a) 2D image example from the 19x10x3.8 um? stack and 3D views b) of the bubbles c) of the bubbles and
the metallic precipitates seen from a grain edge line

At 0.3R, on the Std-61 sample, the large intergranular bubbles, Figure 19, show again the effect of the
surrounding sub-grains, of the boundaries between them and of metallic precipitates, on the shape of
the bubble surfaces. These bubbles can spread on several microns or be on the grain edges, but do not
form an interconnected network.

Figure 19: Std-61 at 0.3R, three detailed images on intergranular bubbles and associated 3D views showing that these bubbles,
different in sizes, are complex but closed

At 0.35R on the Std-73 sample, some of the intergranular bubbles took very complex shapes (Figure 20),
similar to those of the intragranular bubbles, influenced by the surrounding sub-grains and boundaries



between the sub-grain. They are closed, even along the grain edges, but appear like the local
interconnections, by thin tunnels, of thick complex bubbles.
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Figure 20: Std-73 at 0.35R, detailed image on intergranular bubbles and associated 3D views showing that these bubbles are
complex but closed, even on grain edges

In the 11x6.5x9 pm? volume of the Cr-63 sample at 0.3R, three grain boundaries were present and a
grain edge was examined over a length of 7.46 um, Figure 21. As for Figure 18 at OR, the first two 3D
views have a point of view along the grain edge line, on the intersection between the three grain
boundaries. They also come by pairs, without and with the metallic fission product precipitates
represented in green. These views confirm the lowest bubble density in layers around the boundaries.
This effect, however, seems to be lower on one side of one of the boundaries (left of the lowest
boundaries in Figure 21 c). Again, a similar effect exists for metallic fission product precipitates, with an
accumulation on the grain boundaries. Figure 21 e) and f) show a view of one of the three grain
boundaries. On these boundaries, intergranular bubbles are present, often with complex shapes. They
can spread over more than one micron, but do not form an interconnected network. Figure 21 b) e) and
f) also show two long bubbles along the grain edge. They are interrupted inside this volume. Figure 21 a)
plane was set in the section where there is no bubble along the grain edges. As at OR, the examined
volume is large enough to show the absence of a continuous grain edge network, but is far too small to
give a complete view of the situation, considering the presence of long bubbles there.



Figure 21: Cr-63 at 0.3R, a) 2D image top view resliced from the 11x6.5x9 um? stack, b) view along the grain edge, and 3D views
c) of the bubbles d) of the bubbles and the metallic precipitates seen from a grain edge line, e) and f) views of the bubbles
without and with the metallic precipitates, of the flattest of the three grain boundaries, including the grain edge

4. FIB-SEM 3D fission gas bubble shape classification

Using the shape classification described in section 2.3 and the same color rule as in Figure 4, (compact
bubbles in grey, flat bubbles in green, long bubbles in red and complex bubbles in light blue), Figure 22
shows 3D views of the volume examined, for the four samples and for the radial positions in the central
area (see Table 3). Each one of these views Figure 22 a) (Multimedia view), b) (Multimedia view), c)
(Multimedia view), d) (Multimedia view), e) (Multimedia view), f) (Multimedia view), g) (Multimedia
view), h) (Multimedia view) is associated with a movie. Most of the differences pointed out with the
detailed images in section 3.2 are visible in these views. They are better quantified in the graphs Figure
24 and Figure 25.



Figure 22: 3D views of the bubbles detected in the examined volumes for the four samples and for the central area field. The
colors attributed to each bubble correspond to its shape classification with the same rule as in Figure 4: compact bubbles in
grey, flat bubbles in green, long bubbles in red and complex bubbles in light blue. Figure 22 a) (Multimedia view), b) (Multimedia
view), c) (Multimedia view), d) (Multimedia view), e) (Multimedia view), f) (Multimedia view), g) (Multimedia view), h)
(Multimedia view) are each associated with a movie.

Table 4 gathers global results obtained on intragranular bubbles on these volumes, for the four shape
classes studied. These results, show quantitatively the significant differences between the samples and
between the studied volumes in the same sample. Figure 23 plots the ESDsqy of the intragranular
bubbles for these studied volumes. For the Std samples, it shows the higher bubble sizes at 0.3R or
0.35R, relatively to OR. It shows the opposite for the Cr sample.



All intragranular bubbles | Compact Flat Long Complex
Std-61 OR
% volume 0.43% 0.28% 0.09% 0.02% 0.05%
Fraction of intragranular bubbles % 63.7% 21.3% 3.5% 11.5%
ESDso% (um) 0.19 0.19 0.17 0.20 0.25
Bubble/m?3 4.31x10'® 3.20x10*® | 7.72x10'7 | 2.30x10% 1.06x10Y
Std-61 0.3R
% volume 0.70% 0.11% 0.22% 0.02% 0.35%
Fraction of intragranular bubbles % 15.9% 31.2% 2.9% 50.0%
ESDsos (um) 0.33 0.21 0.28 0.59 0.38
Bubble/m?3 2.70x108 1.60x10%8 6.72x10% 1.98x10%7 2.22x10Y
% volume 0.77% 0.54% 0.02% 0.01% 0.19%
Fraction of intragranular bubbles % 70.7% 2.4% 1.8% 25.1%
ESDsgy (Um) 0.24 0.19 0.38 0.28 0.35
Bubble/m?3 1.18x10%° 1.14x10%° 1.67x10Y7 9.17x1016 2.24x10Y
% volume 0.59% 0.10% 0.11% 0.02% 0.36%
Fraction of intragranular bubbles % 16.7% 18.7% 3.7% 61.0%
ESDspg (um) 0.34 0.21 0.30 0.23 0.38
Bubble/m?3 1.94x10%8 1.04x10% | 4.43x10Y7 | 2.09x10Y7 | 2.52x10%
% volume 1.41% 0.16% 0.09% 0.01% 1.15%
Fraction of intragranular bubbles % 11.5% 6.4% 0.5% 81.7%
ESDsos (um) 0.83 0.44 0.50 0.20 0.86
Bubble/m?3 9.58x10%7 6.57x10%7 1.55x10Y7 7.40x1016 7.23x1016
Cr-63 OR
% volume 1.64% 0.64% 0.18% 0.01% 0.81%
Fraction of intragranular bubbles % 39.0% 11.2% 0.5% 49.4%
ESDsog (1m) 0.58 0.46 0.57 0.16 0.67
Bubble/m? 8.00x10%8 7.34x10* | 3.64x10Y7 | 2.01x10Y7 | 9.32x10%
Cr-63 0.3R
% volume 0.46% 0.16% 0.21% 0.01% 0.08%
Fraction of intragranular bubbles % 34.6% 46.6% 1.9% 16.9%
ESDsp% (Lm) 0.20 0.19 0.20 0.16 0.25
Bubble/m?3 5.42x101'® 3.60x10%® | 1.36x10%® | 2.77x10Y 1.88x10Y

Table 4: Intragranular bubble analysis global measurements
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Figure 23: ESDspy of the intragranular bubbles, according to their shape class

In Figure 24, the histogram graphs give the volume% distribution of the intragranular bubbles as a
function of each of their volumes, setting them in ESD size classes, for all examined volumes in the
central area. The colors in the bars correspond to the shape classification of the bubbles.

Figure 25 provides the same results organized differently to facilitate some inter-sample or inter-position
comparisons. The volume% of the bubbles and the bubble densities depending on the shape classes, are



given for all bubbles and for three wider volume classes (ESD in 0.038-0.3 um, 0.3-0.6 um and above
0.6 um). These graphs show:
e Inthe Std-61 sample,

o
o

More volume made of small compact bubbles at OR than at 0.3R,
Smaller flat and complex bubbles at OR forming a lower porosity than at 0.3R,

e Inthe Std-63 sample at OR,

@)
@)

Clearly more small compact bubbles than in the Std-61 at OR,
But also more and larger complex bubbles than in the Std-61 at OR.

e Inthe Std-73 sample,

O

At OR, less small compact bubbles than in the Std-61 at OR and even less than in the
Std-63 sample at OR,

At OR more complex bubbles than in the Std-61 at OR and larger ones than in the
Std-63 sample at OR,

At 0.35R larger complex bubbles than at OR in the same sample and than in any other
examined position,

e Inthe Cr-63 sample,

O

Larger and more complex bubbles at OR than at 0.3R. There is, actually, more compact
large bubbles at OR in this Cr-63 than in the Std-73 at OR, at a higher burn-up. Yet
there is less than in the Std-73 at 0.35R

Small and flat bubbles at 0.3R

More small compact bubbles than in the Std-61 or the Std-73, but less than in the
Std-63.

No particular trend was found for the intragranular long bubbles, on the fringe of flat and complex bubble

populations.
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Figure 24: Intragranular bubble distribution, %volume as a function of the ESD classes for the various shapes, for all examined
volumes in the central gas precipitation area. The colors in the bars correspond to the shape classification of the bubbles
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Figure 25: Volume% and bubble density distributions of intragranular bubbles in central area fields. The colors in the bars
correspond to the shape classification of the bubbles. Lighter colors are used for the volumes at 0.3R and 0.35R. Each graph
gathers results from all examined volumes, a) for all bubbles, b) for bubbles with an ESD between 0.038 and 0.3 um, c) for bubbles
with an ESD between 0.3 and 0.6 um, d) for bubbles with an ESD higher than 0.6 um



5. Discussion

In all the high burn-up UO; samples examined, in the central areas, some restructuring of the original
grains into sub-grains with inter-sub-grain bubbles was found. This applies both to standard UO;fuels with
~9 um grains and to ~60 um grain Cr doped UO; fuels. The sizes of the sub-grains formed were similar for
these two types of fuels, around 0.6 um, despite the initial grain size difference 3.

In these central areas, the general trend found was that the bubbles start as small compact and flat
intragranular bubbles. These flat bubbles grow, get thicker and locally interlink, forming larger complex
shape bubbles. Despite these growths in bubble size and complexity, no long distance intragranular
bubble networks, between these sub-grains, were found. Such networks could have allowed part of the
fission gasses to reach the grain boundaries. As mentioned in °’, bubble interconnection might be a
reversible process. In these rods submitted to regular nuclear power plant irradiation, the fission gas
release fraction increased with the burn-up (as in fig.2 in 33), so that the general trend was also an increase
of the instantaneous release rate. Therefore, there is no period, during these irradiations, for which more
interconnected networks than at the end of the irradiation could be expected. If no such network was
observed in our samples, none was formed along the irradiation.

In the two Std samples for which two radial positions were studied, the growths in the bubble size and
complexity were higher at 0.3R or 0.35R than at OR.

In the Cr-63 sample, this progress was clearly higher at OR than at 0.3R. In the Cr-63 sample at OR, it was
also higher than in the two Std samples with a similar burn-up. In this Cr-63 OR case, the growth in bubble
size, leading to complex bubbles, also leads to other large bubbles, also with shapes influenced by the
surrounding sub-grains, but remaining rather compact. It seems difficult, with these samples only, to
attribute these differences to a direct effect of the Cr doping or of the grain sizes. This is all the more
difficult that, according to fuel behavior code calculations (Figure 1), the central temperatures in this Cr-63
fuel was slightly lower than that in Std-63 irradiated in the same subassembly. This difference was due to
a small enrichment difference (see Table 2) and to a slightly better thermal conductivity due to a slightly
higher pellet density at fabrication (lower porosity in Table 2).

Small compact bubbles were found in all samples, but they are clearly more numerous in the Std-63 and
Cr-63 OR samples.

In Figure 26 the intragranular fission gas bubble volume%, the complex bubble fractions, the intragranular
small flat bubbles and the volume% of small compact bubbles are plotted against the restructuration
fraction with angles higher than 1°, in the EBSD study detailed in %. This restructuration fraction, in the
EBSD maps, is the surface fraction made of sub-grains with an ECD < 3 um and separated by a continuous
boundary with a misorientations higher than 1°.

These graphs show that many of the general trends found in the 3D FIB-SEM bubble characterizations
correspond to trends found also in the sub-grain restructuring EBSD characterizations 32

e There is a general increase of the porosity and of the fraction of complex bubbles with the
progress in the restructuring. This comparison, including all points at OR and 0.3/0.35R, goes
beyond the simple trend of an increase of porosity and of complex bubbles with the burn-up in
parallel to the trend of an increase of the restructuring into sub-grains with the burn-up.

e The flat bubble volume%, tends to decrease with the progress of the restructuring. This is the
effect of their morphology change into more complex bubbles. The high values found for flat
bubbles in the low restructuring situation of the Cr-63 at 0.3R show that even with small
misorientations there must have been boundaries formed, but with angles so low that the



sensitivity of our EBSD device, applied on irradiated fuel, cannot detect them. For lower burn-ups,
there is no restructuring and no such bubbles. Ranges found for the Cr-63 at 0.3R must, therefore,
be seen as a maximum. Nevertheless the lower volume% values found for the Std-61 at OR
correspond, in fact, to a similar high density, but made of smaller flat bubbles.

e In this general trend for the small flat bubbles, the Std-63 OR results stands apart, with low
volumes and low densities. This comes with its special position also for the small compact bubbles,
with high volumes. It therefore seems that the particularly high presence of small compact
bubbles in this fuel at OR, might have other reasons than the restructuring into sub-grains. It has
there to be noted that this sample was taken at a high axial level in this rod and that this rod was
located beside a guide thimble, in the subassembly. The high density of small bubbles might be
due to local transient at slightly higher powers. In the 3D examination there is, in fact, another
sign that this fuel experienced higher temperatures than the other samples studied here. In Figure
27, details of two pores are presented. In addition to the large metallic fission product
precipitates, present on the pores' surfaces, particularly where boundaries emerge, other
deposits are visible on part of the surfaces. No analyses of these deposits were conducted, but
they are likely to be made of volatile fission products. No such deposits were detected in the other
samples. Their presence in this sample is likely to be the sign of higher temperatures reached at
some point of the irradiation. However, this must have been limited, since no sign of volatile
fission product radial or axial migration were detected in the microprobe or gammascanning
examinations.

Moreover, in the Cr-63, more locally, the layers around the grain boundaries, showing a low bubble
density sample, correspond also, in the EBSD examinations, to un-restructured layers.
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Figure 26: Intragranular bubble volume%, complex bubble fractions, density of the small flat bubbles and volume% of the small
compact bubbles, as a function of the restructuration fractions as determined by EBSD 3%



Figure 27: Std-63 at OR, details on two large bubbles showing the presence of other compound deposits (red and blue arrows) in
addition to likely metallic fission products (yellow arrows)

For all Std samples examined, the restructuring and bubble evolutions were therefore more advanced on
the periphery of the central area than at OR. The restructuring was also more advanced on the periphery
of the central area than at OR in the work reported recently by Cappia et al. 3. An explanation for this
trend could be that higher temperatures during the irradiation promoted defect annealing and fission
product diffusion in the center thus decreasing the local defect build-up leading to restructuring.
Nevertheless, such an explanation leaves a question on the reasons for the often sharp limit between the
central area, with bubbles and restructuring, and the intermediate area, at only slightly lower
temperatures and very slightly higher burn-up. Moreover, for the Cr-63 sample, the restructuring and
bubble evolution was higher at OR than on the periphery of the central area, and we do not know whether
this has directly to do with the Cr doping or with slightly lower temperatures during irradiation. These
comments are meant to show that more work is to be done to really address the question about the real
reasons for this restructuring and about the real conditions for it to occur and evolve.

Also, in the case reported in 3¢, the rod had experienced higher linear powers than those reported in this
article, leading to a fission gas release fraction of 16%, clearly higher than in our cases. In 3¢, the bubbles
were larger at OR than on the periphery of the central restructured area. This shows that, higher
temperatures, by promoting diffusion, allowed bubble growth. This agrees with the fission gas behavior
mechanisms generally considered for that. The bubble growth linked to restructuring is to be viewed as
an additional phenomenon that has to be considered, not a phenomenon replacing all mechanisms
leading to micrometric fission gas bubbles in the pellet's centers.

On the grain boundaries of the original grains, intergranular bubbles were found. In none of the examined
volumes, they formed interconnected networks that could have formed paths for part of the fission gases
to reach the grain edges and the rod free volumes. The status of the grain edges however remains unclear.
These examinations show the existence of long grain edge bubbles. They also show the existence of
discontinuity in these long bubbles. Larger 3D examination volumes would be necessary to precisely know
how interconnected these grain edge bubbles can be, in such rods.

The restructuring of the original fuel grains into sub-grains very likely plays a role in the fission gas release
fraction increase at high burn-up in rods that never experienced major high linear power periods, as those
monitored in 33, Its existence in the very large grain Cr doped UO; has certainly to do with the release
fractions found for these very large grain fuel rods. Without being particularly high (see Table 2), the
fission gas release fractions found for these fuels imply a higher intragranular transfer towards the grain
boundaries than what would be expected for such large grains.



If this restructuring promotes the intragranular to intergranular gas transfer while the 3D FIB-SEM
examinations show the absence of interlinked intragranular bubble networks, this means that fission gas
diffusion along the low angle boundaries between the sub-grains promotes this transfer. This also means
that the trapping into inter-sub-grain bubbles is not high enough to fully prevent this transfer.

In %8 molecular dynamics simulations (MD) showed that Xe atoms diffuse along edge dislocations, but
cluster together to form nanometric bubbles. These bubbles incorporate all the isolated mobile Xe atoms
thereby inhibiting fast diffusion of Xe along the dislocation core. A similar work examining the fission gas
possible diffusion under irradiation, and possible clustering, along low angle boundaries would be
necessary to better understand how the gas transfers towards the initial grain boundaries can be
promoted by the new microstructure. Such work should include a study of the fission gases resolution
outside the bubbles under irradiation, and of the possible effect of a low angle boundary on this
resolution. In addition, examinations at higher magnifications, typically transmission electron microscope
(TEM) examinations, are necessary for a more complete knowledge of the fission gas status in such
microstructures. In particular, parallel to the MD simulations, the presence of nano-bubbles smaller than
those accessible by the FIB-SEM examination, along the low angle boundaries seems important to
characterize. Such work is ongoing.

These examinations also confirmed, on more samples, what was found in 3* for the Std-73 sample, that
no interlinked bubble network forms on the original grain faces during this type of fuel irradiation.
Similarly to the situation on the intragranular low angle boundaries discussed above, this means that the
increase in the fission gas release at high burn-up implies a diffusion of the fission gasses on the grain
boundaries, at least not fully prevented by the trapping in intergranular bubbles whatever their sizes. The
observation of a high density of metallic fission product precipitates on the Cr-63 OR grain boundaries,
without a similar high density of intergranular fission gas bubbles, Figure 18, seems a good illustration of
such a grain boundary long distance atom gas diffusion. For this also, MD simulating grain boundaries and
fission gases under irradiation, as well at TEM examinations of these grain boundaries at high
magnification would be useful.

6. Conclusion

FIB-SEM 3D examination was conducted on three standard UO, PWR fuel samples with grain sizes around
9 um and average cross section burn-ups between 61 GWd/ty and 73 GWd/ty, and one Cr doped UO, with
grain sizes around 60 um and a cross section burn-up of 63 GWd/ty. This work completed other
microanalysis examinations, in particular an EBSD work, presented in 3. Together, they found, in all the
central areas of these high burn-up samples:

e a restructuring of the initial grains into smaller sub-grains forming low angle boundaries with

crystal orientations around that of their parent grains,

e and intragranular bubbles mostly situated on these low angle boundaries.
The FIB-SEM 3D examination showed how such inter-sub-grain bubbles start as small compact and small
lenticular bubbles, similar to typical small intergranular lenticular bubbles. With increasing burn-up, these
bubbles grow, get thicker and locally interlink to form larger and more complex bubbles spreading over
more than one of these low angle boundaries. No long distance intragranular bubble networks, between
the sub-grains, were found. No intergranular bubble interconnected networks were found either. This
central restructuring is nevertheless likely to play a role in the increase of the fission gas release fractions
at high burn-up. These 3D examinations show that modeling at low scale of the interactions under
irradiation, between fission gases and low angle boundaries as well as regular grain boundaries, would be



useful to better understand how part of the gases can leave the grains and the grain boundaries. Higher
magnification examinations, such as transmission electron microscopy, are also necessary.
These detailed 3D examinations also evidenced radial differences within each sample and differences
between the samples. Many of these differences correspond to differences also found in the degree of
restructuring as derived from the EBSD examinations. Nevertheless, these EBSD and FIB-SEM sets of
results did not bring a complete understanding in the deep reasons for the measured radial evolutions
and the sample to sample differences. In particular, explanations are still lacking for:
e ahigher restructuring and bubble evolution on the periphery of the central area than at OR in the
standard UO; fuels examined here, but
e with a sharp limit with the intermediate zone,
e whereas for the Cr doped sample, the restructuring and bubble evolution was higher at OR than
on the periphery of the central area, with no outer sharp limit.
This shows that more work is to be done to really address the question on the real reasons for this
restructuring and on the real conditions for it to occur and evolve. With an increasing number of high
activity laboratories equipped with FIB-SEM and EBSD capacities, a wider set of high burn-up fuels, with
more irradiation condition differences, could be available in a near future. It seems worth the effort and
the sharing of this type of information.
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