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Xenon versus helium behavior in UO2 single crystals:
A TEM investigation

G. Sattonnay a,b,*, L. Vincent a, F. Garrido a, L. Thomé a
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Abstract

The behavior of He and Xe implanted into UO2 single crystals is studied by in situ TEM experiments before and after
annealing up to 700 �C. TEM micrographs show that annealing induces the formation of noble-gas bubbles in both cases.
However, the size (�25 nm for He and 3–5 nm for Xe) and the nucleation temperature (�600 �C for He and �400 �C for
Xe) of bubbles depend on implanted species. These results are explained by the radiation damage produced by ion implan-
tation (different by a factor of 100 for the two elements) and the diffusion mechanisms involved in each case.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

The knowledge of the physico-chemical proper-
ties of uranium dioxide (UO2) is of prime impor-
tance since this material is the today’s fuel for
nuclear energy production. After irradiation in the
reactor, the spent fuel contains large concentrations
(a few atomic percent) of volatile fission products
(Xe, Kr, I, etc.) and a-particle emitters (238Pu,
242Cm, 244Cm, 241Am, etc). Due to their low solubil-
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ity in the UO2 lattice, fission products and helium
atoms produced by the a-decay of actinides tend to
precipitate, either during the fuel irradiation for
the former species or in fuel storage conditions, at
lower temperature, for the latter ones [1]. This
precipitation induces a swelling phenomenon which
affects the mechanical properties of the fuel. The
swelling may cause the fracture of the material and
thus may produce a dramatic release of radiotoxic
elements into the environment. Therefore, the study
of the behavior of volatile fission products and
helium in UO2 reveals a high technological interest.

The problem of fission gas release (mostly Xe and
Kr) from UO2 pellets has been extensively investi-
gated since the late 1960s (see for example Refs.
[2–7]). Conversely only a few studies have been per-
formed in order to understand the behavior of He
.
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Table 1
Implantation parameters for He and Xe ion implantations

Ion Energy (keV) Fluence (cm�2) Rp (nm) DRp (nm) c (at.%) Em (eV nm�1) dpa

He 7 7 · 1015 40 21 1.3 30 0.6
Xe 260 8 · 1015 47 22 1.5 4 · 103 63

The atomic concentration (c), the energy deposited in nuclear collisions (Em) and the number of dpa are calculated at Rp.

Fig. 1. TEM images of ion-implanted UO2 single crystals. Insets
show diffraction patterns recorded with the electron beam parallel
to the ½�110� axis. (a) 7 keV He ions (fluence: 7 · 1015 cm�2).
Dislocation loops (black dots) are indicated by arrows. (b)
260 keV Xe ions (fluence: 8 · 1015 cm�2).
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atoms in UO2 sintered disks [8–10]. The main pur-
pose of the present work was to compare the forma-
tion of helium and xenon precipitates in UO2 single
crystals submitted to high-temperature annealing
and to interpret the experimental results by refer-
ence to the solubilities, irradiation damage and
diffusion mechanisms of each atom. The use of sin-
gle crystals is justified by the necessity to investigate
the intrinsic behavior of He or Xe without the effects
of grain boundaries. Helium and xenon atoms were
incorporated into the UO2 crystals by ion implanta-
tion, a technique which provides a good monitoring
of the depth distribution and concentration of
implanted species. Transmission electron micros-
copy (TEM) experiments were used to observe the
formation of both radiation damage and noble-gas
precipitates during in situ annealing steps.

2. Experimental procedures

Small pieces cut from a UO2 single crystal ({110}
orientation) were annealed in a H2/Ar (10%) gas
mixture at 1400 �C in order to obtain the proper
oxygen-to-metal ratio (O/U �2.0), and were then
mechanically thinned with the Tripod technique to
form a wedge of 1-5 lm thickness. Electron trans-
parent thin foils were obtained by a final polishing
with the Manley technique [11], which offers an
interesting alternative to ion milling [12] for the
reduction of radiation damage.

UO2 thin foils were implanted with either 7 keV
He+ ions (fluence: 7 · 1015 cm�2) or 260 keV Xe2+

ions (fluence: 8 · 1015 cm�2) delivered by the IRMA
facility of the CSNSM in Orsay. The ion energies
and fluences were chosen in order to obtain a con-
centration of implanted species of the order of
1 at.% in the middle of the foils; the dose-rate was
always kept below 1 lA cm�2 in order to minimize
target heating during implantation. The SRIM code
[13] was used in order to evaluate the ion projected
ranges (Rp) and range stragglings (DRp), as well as
the energies deposited in nuclear collisions (Em) and
the numbers of displacements per atom (dpa) cre-
ated at Rp at the final fluences Table 1. These calcu-
lations were performed with a theoretical target
density of 10.95 g cm�3 and displacement threshold
energies of 40 eV for U atoms and 20 eV for O
atoms.
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Isochronal anneals were carried out in situ in a
120 keV Philips CM12 TEM, equipped with a
GatanTM camera and a Digital MicrographTM image
recording system, from 100 up to 700 �C (uncertain-
ties of ±20 �C) with temperature steps of 100 �C and
annealing times of 15 min.

3. Results

TEM images recorded on ion-implanted UO2

crystals (before annealing) are displayed in Fig. 1.
A high density of black dots (with a mean size of
Fig. 2. TEM image and diffraction pattern of UO2 single crystals
implanted with He ions (fluence: 7 · 1015 cm�2) and annealed at
600 �C, (a) registered with the electron beam almost parallel to
the ½�110� axis. (b) Recorded in two-beam condition with
g = [111]. He bubbles are indicated by arrows.
5 nm) is exhibited on the sample implanted with
He ions (Fig. 1(a): arrows). Similar dots were previ-
ously observed on UO2 irradiated with neutrons
and electrons [14,15] and were identified as disloca-
tion loops. In addition to dislocation loops, the
sample implanted with Xe ions exhibits a network
of tangled dislocations (Fig. 1(b)), which are
expected to be the result of the coalescence of dislo-
cation loops [16,17]. The diffraction patterns (shown
in the insets of Fig. 1) indicate that both samples
remain crystalline after ion implantation.

Figs. 2 and 3 present TEM images recorded on
UO2 crystals submitted, respectively, to He and Xe
ion implantation and annealing. In both cases
annealing has induced the formation of noble-gas
bubbles. However, the size of bubbles and the tem-
perature at which bubbles nucleate strongly depend
on implanted species: �25 nm and 600 �C for He;
3–5 nm and 400 �C for Xe. The TEM image of
Fig. 2(a) shows that a white-line contrast is observed
for some He bubbles (see arrows). This white-line
contrast is a type of displacement fringe which
indicates that the interface of bubbles is curved.
The TEM image of Fig. 2(b) recorded in an approx-
imate two-beam condition show that each He bubble
presents a line of no-contrast normal to the diffrac-
tion vector. This feature is typical of isotropic
Fig. 3. TEM images of UO2 single crystals implanted with Xe
ions (fluence: 8 · 1015 cm�2) and annealed at 400 �C, registered
by overfocusing (a) and underfocusing (b) the objective lens.
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strain-field contrasts (at least for this orientation)
[18]. On the other hand Xe bubbles were character-
ized by contrast changes on underfocusing and over-
focusing the objective lens (Fig. 3) and no strain-field
contrast is observed.

It is worth noting that below the indicated
annealing temperatures (600 �C for He and 400 �C
for Xe), no noble-gas bubbles are visible on the
TEM images. Moreover, no increase of the size of
bubbles with increasing annealing temperature (up
to 750 �C) or time (up to several hours) is observed.

4. Discussion

The TEM results show that the precipitation of
He or Xe atoms in UO2 occurs above a threshold
temperature, Tc, which strongly depends on implan-
tation conditions (Tc = 600 �C for 7 keV He and
400 �C for 260 keV Xe). A second huge difference
is the size of the noble-gas bubbles formed which
are much smaller for Xe implantation (3–5 nm) than
for He (�25 nm). Moreover, in a recent paper, Sat-
tonnay et al. [19] showed that the size of He bubbles
can be even much larger (�200 nm) when the ion
fluence is increased up to 2.6 · 1016 cm�2, leading
to a He concentration of �5 at.% (instead of
�1 at.% in the present work).

These experimental results will be discussed below
by taking into account three parameters: the He and
Xe solubilities in UO2, the irradiation damage and
the diffusion mechanisms.

The solubilities of the two species in the UO2

matrix are different: Xe is insoluble in UO2, whereas
He is soluble in small quantities [20]. Moreover, He
becomes increasingly soluble when the temperature
is increased. Thus, the percentage of He atoms avail-
able to form bubbles decreases when the tempera-
ture increases. In our experiments, the fact that He
bubbles are formed at 600 �C at the lowest fluence
used (7 · 1015 cm�2) indicates that the He concentra-
tion at this fluence (�1 at.%) is above the solubility
limit. Nevertheless, all implanted He atoms are not
necessarily trapped in bubbles, some of them being
dissolved in the matrix (contrarily to Xe atoms).
The fact that Tc(He) is higher than Tc(Xe) indicates
that Xe apparently diffuses faster than He in ion-
implanted UO2 crystals. This result is at odds with
previous data which show that He diffuses faster
than Xe in UO2 fuel pellets [10,21,22]. This discrep-
ancy as well as the difference in the size of noble-gas
bubbles formed may be accounted for by the radia-
tion damage induced by ion implantation and the
lattice sites occupied by implanted atoms, which
both strongly influence the diffusion mechanisms.

Fig. 1 shows that quite different microstructures
are formed in UO2 crystals implanted with noble-
gas species, depending on the implantation condi-
tions: isolated dislocation loops in the case of 7 keV
He (Fig. 1(a)), a network of tangled dislocations in
the case of 260 MeV Xe (Fig. 1(b)). Although He
and Xe ion fluences are very close, leading to almost
identical noble-gas concentrations in the implanted
layer in both cases, this result can be accounted for
by the huge difference in the energy deposited in
nuclear collisions, leading to very different number
of dpa created by incoming ions (Table 1). In a recent
paper Thomé et al. measured, by Rutherford back-
scattering and channeling (RBS/C) experiments,
the damage accumulated in cubic yttria-stabilized
zirconia single crystals (structure isomorphic of the
UO2 one) irradiated with various noble-gas ions
[23]. The results show the presence of several disor-
dering stages scaled with the number of dpa. Actually
Xe ion irradiation with fluences higher than
�2 · 1015 cm�2 (�5 dpa) led to highly disordered
crystals (referred to as stage 3), whereas He ion irra-
diation with fluences lower than 3 · 1016 cm�2 led to
a very low disorder level (referred to as stage 1), He
fluences as high as 8 · 1016 cm�2 being required to
reach a disorder level characteristic of stage 3. Preli-
minary RBS/C data recorded on ion-irradiated UO2

single crystals led to very similar results concerning
the disorder production [24]. Thus, the much larger
amount of defects created by Xe implantation as
compared to He, indicated by SRIM calculations,
RBS/C and TEM data, supports Xe mobility at a
lower temperature than He.

It has also been shown by lattice location exper-
iments that He atoms occupy octahedral interstitial
positions in the UO2 lattice [25], whereas Xe atoms
substitute U atoms [26]. Thus He diffuses probably
via an interstitial mechanism as it was observed in
yttria-stabilized zirconia [27]. Conversely the diffu-
sion process of substitutional Xe involves certainly
the vacancies created by energetic ions as it was
shown by Evans in UO2 implanted with Kr and
Xe ions [7]. Actually, several studies suggest that
xenon atoms are most likely trapped in neutral tri-
vacancies, a shottky trio consisting of one uranium
vacancy and two oxygen vacancies. Ball and Grimes
proposed that the xenon diffusion occurs by the
association of a second uranium vacancy with the
trivacancy trap to form a larger tetravacancy cluster
[28]. Thus, the huge amount of radiation-induced
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vacancies produced in the case of Xe ion implanta-
tion would lead to an enhancement of the Xe diffu-
sion during annealing comparatively to He.

5. Conclusion

A study of the behavior upon annealing of He
and Xe implanted into UO2 single crystals at a
concentration of � 1 at.% was performed by
in situ TEM experiments. Noble-gas bubbles with
a size �25 nm for He and 3–5 nm for Xe are formed
at annealing temperatures of 600 �C for He and
400 �C for Xe. The decrease of the temperature at
which Xe bubbles nucleate comparatively to He
ones and the strong difference in the bubble size
are likely due to both the radiation damage produc-
tion, which is different by a factor of 100 between
the two species, and the diffusion mechanisms
involved in each case. Further experiments have to
be performed in order to determine the respective
roles of these two factors. For instance, it would
be particularly interesting to pre-damage a UO2 thin
film with energetic particles before implanting vari-
ous fluences of He ions. The defects created by the
pre-irradiation could help He atoms to diffuse in
order to create bubbles at a lower temperature than
that found in the present work. The reverse is cer-
tainly also true for Xe. The introduction of impuri-
ties via a route which does not lead to the creation
of damage (for instance by gas infusion at high pres-
sure) would certainly shift the temperature above
which bubbles form towards a higher value. Thus,
a modulation of the nucleation temperature of
noble-gas bubbles in nuclear matrices could be
obtained by varying the amount of radiation defects
introduced in the lattice of the investigated material.
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