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Focused ion beamescanning electron microscope examination of high
burn-up UO2 in the center of a pellet
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a b s t r a c t

Focused ion beamescanning electron microscope and electron backscattered diffraction examinations
were conducted in the center of a 73 GWd/tU UO2 fuel. They showed the formation of subdomains within
the initial grains. The local crystal orientations in these domains were close to that of the original grain.
Most of the fission gas bubbles were located on the boundaries. Their shapes were far from spherical and
far from lenticular. No interlinked bubble network was found. These observations shed light on previous
unexplained observations. They plead for a revision of the classical description of fission gas release
mechanisms for the center of high burn-up UO2. Yet, complementary detailed observations are needed to
better understand the mechanisms involved.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In general, intragranular and intergranular fission gas bubbles
gradually build up in the center of UO2 water reactor nuclear fuels.
Examples can be found in the study by Stehle, Guedeney et al., and
Itagaki et al.[1e3]. We will herein call this area the “central pre-
cipitation area”, the porous area in the center of high burn-up fuels.
Experiencing the highest temperatures during irradiation, this
central precipitation area is the main contributor to fission gas
release in free volumes of rods during base irradiation. Therefore,
mechanistic modeling of fission gas behavior particularly involves a
modeling of intragranular and intergranular fission gas bubbles in
this central precipitation area [4e6].

In a previous article by Noirot et al. [7], in 2004, our study group
showed how post irradiation examinations of high burn-up light
water reactor UO2 were used to provide detailed validation data for
fuel behavior codes [6,8,9]. The examinations presented in this
article focused on fission gas behavior. They included electron probe
micro-analyzer, secondary ion mass spectrometer, and scanning
electronmicroscope (SEM)measurements as well as annealing tests
providing intergranular gas retention measurements. In particular,

high burn-up polished UO2 samples were examined using a PHILIPS
XL30 SEM with a W filament electron gun and a Centaurus KE De-
velopments (Bury St. Edmunds, Suffolk, United Kingdom) back
scattered electron detector. The purpose of these SEM examinations
was to deduce, from the same images, the bubbles at the surface of
the examined fields and the grain boundary network. Using con-
trasts between the UO2 grains, this grain boundary network was
extracted fromthe images. These contrastsweredue todifferences in
the electron channeling in the UO2 crystal lattice, a function of lattice
local orientation. The result of this was that it was then possible to
obtain information on intergranular bubbles and on intragranular
bubbles, in the same fields, using the same images.

However, article [7] also showed that this technique could not
be applied in the central precipitation area, where this kind of in-
formation was most needed for fuel behavior code validation. Fig. 1
taken from [7] shows an SEM image taken at the external limit of
the central precipitation area of a 61 GWd/tU sample. This image
shows, for this sample, a sharp transition around 0.54R (where R is
the radius of the pellet, 0R corresponding to the center and 1R to
the rim of the pellet). Beyond this limit, grain contrasts are visible;
however, on the central side, where a high density of quasi
micrometric bubbles had formed, the situation is quite unclear.
Grains are partly visible, but there is no way to discern the differ-
ence between intergranular and intragranular bubbles. To produce* Corresponding author.

E-mail address: jean.noirot@cea.fr (J. Noirot).

Contents lists available at ScienceDirect

Nuclear Engineering and Technology

journal homepage: www.elsevier .com/locate/net

https://doi.org/10.1016/j.net.2017.12.002
1738-5733/© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Nuclear Engineering and Technology 50 (2018) 259e267

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jean.noirot@cea.fr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2017.12.002&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2017.12.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2017.12.002
https://doi.org/10.1016/j.net.2017.12.002


the data needed by the modelers, a two-step process was then
adopted, with image acquisitions for the bubble and pore image
analyses, followed by chemical etching to reveal the positions of the
grain boundaries and new image acquisitions in the same fields.
About the change in the electron channeling, our study groupwrote
in this previous article [7] that “This demonstrates the influence of
the gas precipitation on the SEM crystallographic contrast and is to be
precisely analyzed in a subsequent publication”, but wewere not able
to go much further than thinking of good reasons for this change,
with no experimental evidence to support these ideas.

In the studies by Noirot et al. [10,11], in 2009 and 2008,
respectively, among the results presented, there were SEM frac-
tography images of a UO2 sample irradiated at 73 GWd/tU. In the
center of this fuel, large bubbles were observed (Fig. 2). These
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 inter-
connected. We then mentioned that it was not so easy to see the
difference between intergranular and intragranular surfaces in
these fractographs or to identify the grain boundaries.

In the classical representation of the fission gas release process,
during normal fuel operation, in the hot center,

� intragranular gas diffusion leads to a buildup of fission gases
accumulating in intergranular position.

� these fission gases form intergranular bubbles.
� these intergranular bubbles interconnect, eventually forming
tunnel networks that are paths for the release of the fission
gases to the free volumes of the rods. [13] (p.318), [14,15].

The absence of such clearly visible tunnels in the fuels presented
in the studies by Noirot et al. [7,10,11], in spite of significant fission
gas release, was a disturbing point in these observations.

In fact, in our own experience, such tunnel networks were
clearly observed after ramp tests (Fig. 3) and after out-of-pile
annealing tests [12,16,17]. In the literature, in addition to ramp
tests and annealing tests [18e21], such tunnel networks were
observed in experimental irradiations for which the temperature
levels in the fuel were set to high levels [22].

In the fuels presented in the studies by Noirot et al. [7,10,11], the
burn-ups were high, but the rod average linear powers never
reached values higher than 203W cm�1, and the fuel behavior code
calculations showed that the fuel centerline temperatures were in
the range of 800e900�C during the last three cycles for the rods
examined at 83 GWd/tU, after seven cycles of irradiation. None-
theless, in spite of moderate central temperatures and in spite of no
obvious intergranular bubble interlinkage, fission gas release rates
clearly increased at high burn-up.

In 2016, we replaced our W filament electron gun PHILIPS
XL30 SEM with a field emission electron gun Focused ion
beamescanning electron microscope (FIB/SEM) with improved

Fig. 1. Crystallographic contrast image at the limit of the central precipitation zone on
a 61 GWd/tUeirradiated UO2, from the study by Noirot et al. [7].

Fig. 2. SEM fractograph of a 73 GWd/tU UO2 sample at the center of the pellet, from the studies by Noirot et al. [10,11]. SEM, scanning electron microscope.

Fig. 3. SEM fractograph in the center of a 38.8 GWd/tU pressurized water reactor UO2

fuel after an unfailed ramp test. The maximum linear power, 520 W cm�1, was held for
90 s, from the study by Noirot et al. [12]. SEM, scanning electron microscope.
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performance (higher magnification, possibility to work at lower
tensions, possibility to work with higher and more stable currents)
and extra capacity (see chapter II-A).We used this device to address
some of the questions remaining after the first examination series.

2. Experimental set-up

2.1. Examined fuel basic data

The fuel examined in this article was a UO2 fuel with an initial
235U enrichment of 4.5%. It had an initial porosity around 5%. The
initial grains sizes were around 11 mm. The cladding was M5®. It
was irradiated for six annual cycles in the EDF Gravelines 5 reactor.
The mean rod burn-up was 67.5 GWd/tU. Fig. 4 gives, for the
examined rod, a simplified history of the average linear power. The
highest mean linear powers, around 200 W cm�1, were during the
first and third cycles. The second cycle linear powers were low.
During the three last cycles, the average linear powers were below
188W cm�1. The rod puncturing fission gas release percentage was
6.2%. For this program, this was among the highest release per-
centage after six annual irradiation cycles (solid mark in Fig. 5). The
sample examined was cut at 793 mm from the rod bottom, in the

second span, and had an average section burn-up of 73 GWd/tU. In
Fig. 2, the fractographs were obtained from the same rod.

2.2. Experimental device used

The new FIB/SEM, installed in the CEA Cadarache LECA-STAR hot-
cell facility, is in a shielded cell and connected to a glove box to pre-
vent contamination [23,24]. The device used is an Auriga 40 (Carl
Zeiss, Oberkochen, Germany), a field emission electron gun. It is
equipped with the following:

� A secondary electron secondary ion detector, a Crytur (Turnov,
Czech Republic) YAG crystalebased scintillator backscattered
electron detector, secondary electron, and energy-selective
backscattered in-lens detectors.

� An Orsay Physics (Fuveau, France) COBRA FIB column.
� An Oxford (Abingdon-on-Thames, United Kingdom) energy
dispersive spectroscopy detector.

� An Oxford electron backscattered diffraction (EBSD) detector.
� An Anton Paar (Graz, Austria) nanoindenter and a Kleindick
micromanipulator, both of which can be mounted on the door of
the SEM chamber.

� A Zeiss scanning transmission electron microscope installed on
the stage.

The work presented in this article involved the FIB with the
electron detectors and the EBSD.

In these 3-D FIB/SEM examinations, a polished cross section of
irradiated fuel is tilted in the SEM chamber, so that its plane pol-
ished surface is perpendicular to the direction of the Ga ion beam.
This ion beam direction forms a 54� angle with the vertical electron
beam of the SEM. The FIB is used for nanomachining the specimen.
After creating an empty space in front of the surface that will be
examined, slices are machined, step by step. Between each step,
using the electron beam and the electron detectors, an image of
each slice surface is taken. The series of these images, in which the
pixel sizes are similar to the thickness of the slices, brings local 3-D
information on the fuel microstructure.
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The EBSD produced maps of the local orientation of the crystal
lattice at selected locations.

2.3. FIB/SEM 3-D examination

A 270-image FIB/SEM examination was conducted close to the
center of the radial cut of the 73 GWd/tU sample. The field covered
by these images is 26 � 10 mm2, with pixels of 17 � 17 nm2. The
distance between each examined surface, i.e., the thickness of the
slices cut by the FIB, is the same as the pixel size: 17 nm. The total
thickness explored with this sequence of 270 images corresponds
to 4.6 mm, for a total fuel volume close to 1200 mm3. Fig. 6 shows, as
examples, eight of these 270 images, one of 33 of the images of this
series. The distance between each presented plane is 0.56 mm.
These images read from left to right and from top to bottom, so that
the first image is at the top left of the figure and the last one at the
bottom right. This will be the case for all image series presented
here.

In these images, the vertical lines are due to the influence of the
bubbles on the Ga ion beam micromachining of the samples. This
unwanted artifact, called a “curtaining” effect, is difficult to fully
avoid. It is particularly visible in these images because their
contrast was enhanced to allow a better view of the electron
channeling effect, as in Fig. 1.

With SEM images covering fields of 26 � 10 mm2 and fuel initial
grain size around 11 mm, only a few grains are expected in these

images. In spite of this, a large number of typically 1 mmwide areas
exhibit grey level differences with their neighborhood, and the
initial grain boundaries do not appear clearly, even if they can be
partly guessed according to the largest bubbles and pores. These
areas with grey level differences show the existence, in the center
of this fuel, of domains with crystal orientation differences from
that of their original grain. These SEM channeling images give no
information on the disorientation degree of these domains,
compared with that of the original grain. Fig. 7 gives a detailed
series of 30 images, restricting the area to 4.15 � 3.38 mm2, with
interplane distances of 0.051 mm, i.e., one image of three acquired
images, over a thickness of 1.4 mm, inside an original grain.

A striking point is that almost all the bubbles appear to be sit-
uated along borders between these domains. The largest bubbles or
pores are probably along the initial grain boundaries, but some of
the “intragranular” “interdomain” bubbles can be quite large. No
interconnections between the bubbles were found. Three of these
large interdomain bubbles, labeled 1, 2, and 3 in the images pre-
sented in Fig. 7, have been extracted to be presented, as seen from
four directions, in Fig. 8. The shape of the large bubbles can be quite
complicated, as illustrated in these examples. Their respective
volumes were 0.120 mm3, 0.053 mm3, and 0.019 mm3. Spheres with
the same volumes would have diameters of 0.61 mm, 0.47 mm, and
0.33 mm.

Much smaller interdomain bubbles were also found. Some are
visible in Fig. 7, and three examples appear in Fig. 8 in addition to

Fig. 6. Examples of eight SEM images of a field of 26 � 10 mm2 in a 270 image FIB/SEM sequence over a thickness of 4.6 mm. 0.56 mm between each presented image. FIB/SEM,
focused ion beam/scanning electron microscope.
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the bubbles labeled 2 and 3. No interconnections between these
smaller bubbles were visible.

In these images, in addition to the bubbles and the grey level
contrasts between the domains, metallic fission products were
detected. They form the brightest spots. Most of them appear to be
situated in intergranular or interdomain positions or at the surfaces
of large bubbles or pores. They are most of the time associated with
a cavity, but this cavity can be much smaller than them. At the
surface of the large pores, most of these metallic fission products
precipitates are situated at the emerging domain boundaries
(Fig. 9). These emerging boundaries clearly appear as dark furrows,
similar to regular grain boundaries. The metallic fission products
appear to have raspberry-like surfaces.

To study this phenomenon over the whole central precipitation
area, Fig.10 shows another example of images taken from a series of

148 images from the same sample, but at 0.36R, i.e., for this fuel, on
the periphery of the central precipitation area. These fields cover a
surface of 23.2 � 10.5 mm2, with 15 nm pixels and interplane dis-
tances of 15 nm. The whole series covers a thickness of 2.2 mm. In
these examples, the distance between the images is 0.44 mm.

Fig. 11 shows an extract from the same sequence as shown in
Fig. 10, over a block with dimensions of 2.6 � 3 � 1.4 mm3, with
interimage distances of 45 nm, one image of three. This extract was
selected because it was inside one of the original grains.

As in the center of the pellet, at this radial position, these images
show the existence of domains with crystal orientations different
from that of the original grains. In addition, at this radial position,
most of the bubbles and pores are observed in intergranular or
interdomainposition. Thebubble shapesare also far fromspherical or
lenticular and are not connected to the free volumes outside the

Fig. 7. Fuel center, details from the same sequence as that of Fig. 6. Fields of 4.15 � 3.38 mm2, with interplane distances of 51 nm i.e., one image of three. These images cover a
thickness of 1.4 mm. Labels 1, 2, and 3 follow the bubbles visualized in Fig. 8.
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pellets. The shape of the largest interdomain bubble from the extract
inFig.11 is shown inFig.12. Thevolumeof thisbubblewas0.38mm3(a
sphere with the same volumewould have a diameter of 0.9 mm). The
grain/domain surfaces at the interface with the bubble are convex.

The main difference with the previous observations, closer to
the center, is the detection of smaller metallic fission product

precipitates (bright dots in the images). Some of these precipitates
may not be in interdomain position.

2.4. EBSD examination

EBSD characterizations of this fuel have been conducted, using
the same FIB/SEM device. They confirmed the presence of domains
with different crystal orientation within the original grains in the
fuel central precipitation area. Moreover, they showed that the local
crystal orientations in these subdomains were close to those of the
original grain. Fig. 13 shows an EBSD inverse pole figure map of the
polished surface at 0.36R. In this map, red, green, and blue full
colors are assigned to grains with respective <001>, <101>, and
<111> axes normal to the surface of the polished sample. The initial
grains are still visible because of the low orientation differences
between the new domains.

3. Discussion and conclusion

FIB/SEM and EBSD examinations in the central precipitation
area of a high burn-up UO2 fuel have shown the formation of
subdomains within the initial grains. These subdomains have
crystal orientations close to those of their respective original
grains. These examinations also showed the presence of inter-
domain bubbles and the absence of an interconnected bubble
network. These bubbles are far from spherical and often far from
lenticular.

With these FIB/SEM examinations, the questions raised by ob-
servations similar to those presented in Figs. 1 and 2 find a partial
answer:

Fig. 8. Four views of the bubbles labeled 1, 2, and 3 in Fig. 7.

Fig. 9. SEM view inside the large pore visible at the end of Fig. 6 sequence. SEM,
scanning electron microscope.
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- The lower magnification SEM images of the polished sample
could not exhibit grain contrasts in the central precipitation area
of the pellets similar to those outside this area because within
the grains, many subdomains, with different crystal orienta-
tions, had formed.

- The intergranular or transgranular nature of the fractograph
central surfaces was difficult to determine because part of it cor-
responded to fractures of the boundaries between these domains.

- No obvious interconnected intergranular bubble network was
observed on polished samples or on fractographs because no

Fig. 10. Six examples of a FIB/SEM sequence of 148 images at 0.36R. 23.2 � 10.5 mm2
field, with 15 nm pixel size and interplane distances. FIB/SEM, focused ion beam/scanning

electron microscope.

Fig. 11. 0.36R, details from the same sequence as in Fig. 10 (top left corner). Fields of 2.6 � 3 mm2, with interplane distances of 60 nm i.e., one image of four. This extract covers a
thickness of ~1.4 mm.
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network forms under these irradiation conditions, neither on
the initial grain boundaries nor on the boundaries between the
new domains.

These observations also provide some explanation for the
microstructure of fragments formed during a 20�C$s�1 annealing
test at 1200�C on a 83 GWd/tU UO2 fuel [25]. Detailed character-
izations of the fragments formed during this test showed that
fragmentation hadoccurred in all areaswith a highdensity offission
gas bubbles, including in the central part. These fragments formed
in the center of the pellet seemed, surprisingly, not to correspond to
intergranular fragmentation. Their surfaces were probably in fact
subdomain boundaries. These microstructure changes have to be
taken into account when considering the areas of fuel prone to
fragmentation in loss-of-coolant accident situations.

Moreover, these observations are quite consistent with results
brought by the synchrotron work conducted by the Paul Scherrer
Institute using the Swiss Light Source synchrotron, showing dif-
fracting crystallite size decrease in high burn-up fuel central areas
[26,27].

Nonetheless, new questions are raised from these observations:

- What are the mechanisms leading to the formation of these
domains?

- What are the mechanisms leading to the intergranular and
interdomain bubbles and to their morphology?

- Do these phenomena depend on the initial fuel microstructure?
- How do these phenomena depend on the irradiation power
history?

- And, above all, what are the mechanisms leading to the increase
of fission gas release at high burn-up, without the activation of
the intergranular bubble interconnection phenomenon?

The formation of a higher density of boundaries in the center of
the fuel probably participates in the explanation of the increasing
fission gas release rate at high burn-up. However, the detailed
mechanisms involved and the precise consequences for fission
gases are still to be determined.

At Imperial College (UK), molecular dynamic calculations were
used in the study by Murphy et al. [28] to study Xe diffusion and

Fig. 12. 0.36R, four views of the bubbles in the volume corresponding to Fig. 11.

Fig. 13. 0.36R, EBSD inverse pole figure map of the polished surface. The colors, understandable only in the online version, give the local orientation of the crystal. Pure red, green,
and blue colors are assigned to grains with respective <001>, <101>, and <111> axes normal to the surface of the polished sample. EBSD, electron back scattered diffraction.
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bubble nucleation around edge dislocations in UO2. This study
concluded that fast diffusion of Xe along the dislocation core was
inhibited by Xe clustering in nanobubbles along these dislocations.
At CEA, Brutzel et al. [29] showed the influence of the presence of a
grain boundary on atom displacements in a fission product recoil
cascade. Work should be done in this field to evaluate the influence
of grain boundaries and influence of these domain boundaries on
the fission gas movements in the fuel.

Detailed transmission electronmicroscopy characterizations are
planned, also in the LECA-STAR facility. They are necessary to try to
understand the formation mechanisms of this new microstructure
and to try to make further progress on this matter.
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