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Abstract

Only few experimental techniques are able to characterize the space and size distributions of gas-
filled nano-cavities embedded in ceramic matrices. The aim of the current paper is to point out the
potentiality of atom probe tomography for this objective. Nano-clusters enriched in Xe are evidenced
in 3-D reconstructed volumes in Xe-implanted CeO,. Their size and density are comparable to bubble
populations observed by TEM.
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Introduction

During in-pile irradiation of nuclear fuels, each fission event generates two fission fragments, 15 % of
which are rare gases (xenon and krypton). These elements tend either to be released from the fuel or
to combine with lattice defects created by fission to form nanometer size clusters (bubbles). The core
operating conditions are currently adjusted to ensure a fission gas release below a critical threshold.
A more accurate evaluation of fission gas release in pile requires the assessment of the amount of
rare gases trapped inside the bubbles. This can be achieved by evaluating the bubble size distribution
and their content in fission gases.

Many studies have already focused on the characterization of intragranular bubbles in UO, mainly by
the use of transmission electron microscopy (TEM) [1-5]. The quantification of gas entrapped in the
material was also performed using SIMS (secondary ion mass spectrometry) [6], or XAS (X-ray
absorption spectroscopy) measurements [7-9].

In the current paper, Atom Probe Tomography (APT) is proposed as an alternative technique to
characterize bubble space and size distribution in a bulk material. This technique has already proven
to be accurate in the characterization of nano-objects embedded in a matrix, giving details on the 3-
D distribution of particles, as well as on their chemistry, in several systems [10,11]. This technique is,
however, challenging to apply when dealing with bubbles filled with gases and only a few results on
He-bubbles and nanovoids detected by APT are available in the literature [12—-14]. To detect such
objects, apparent density modifications were used, based on the fact that the occurrence of a cavity
at the apex of the tip should result in ion trajectory aberrations [15-17]. Imaging of nanobubbles
using gas-atom detection is scarce in the literature. This was done recently by Estivill et al. [18] in
atom probe tips prepared by Xenon focused ion beam milling in Silicon in which they were able to
detect small disc-shaped Xe-rich clusters. Recent studies aimed at characterizing fission gas atoms in
nuclear fuels or surrogates using APT [19,20] in Xe or Kr- implanted materials. Examination of the
reconstructed volumes allowed the authors to draw gas in-depth profiles, with a detected
concentration below the expected value. No bubble, however, were detected in these volumes,
contrary to the TEM observations.

The aim of the present study is to explore the capability of APT to characterize nano-bubbles filled
with Xe atoms in an implanted ceramic material, CeO,. Ceria is used as a non-radioactive structural
analogue to UO, since it has the same Fm-3m fluorite structure with similar lattice parameter. The
APT results are compared to those of SRIM (Stopping and Range of lons in Matter) calculations and
to observations performed by TEM.

Material and methods

Polycrystalline sintered CeO, was implanted with Xe*-ions at room temperature with an energy of
220 keV and a fluence of 1.10'® at.cm™, leading to a damaged region close to the surface, with a
stopping range around 60nm under the surface (see figure 1(a)). Xe-implanted samples were
annealed under air at 800°C for 12h or at 1300°C for 4h to induce bubble formation and growth. Such
annealing treatments are expected to induce recovery of extended defects (such as dislocation
loops) as well as implantation-induced strain, making bubble observation by TEM possible. APT and
TEM samples were prepared by Focused lon Beam (FIB) allowing the observation in depth of the
implanted region. For TEM, a TECNAI G2 and a TITAN 80-300 (Cs-corrected) microscopes were used,
operating at 200kV and 300 kV respectively. For APT samples, a 100 nm thick Ni protective layer was
deposited in order to prevent Ga ions being implanted during the FIB preparation. The APT analyses
were carried out in a green-laser (532nm) assisted CAMECA LEAP 3000X HR instrument under ultra-



high vacuum conditions (<10®Pa). The laser pulsing rate was set to 100 kHz. The detection rate,
the specimen temperature and the laser energy were optimized, depending on the tip, and

are noticed in the respective figure caption. APT reconstruction was carried out using IVAS 3.6.7
software. No poles or zone lines have been evidenced during the reconstruction process.

Results

In figure 1(b), the reconstructed volume displays the distribution of Xe atoms in the as-implanted
condition. The limit with the Ni cap indicates the exact position of the top surface. As expected from
SRIM calculations, Xe-profile follows a Gaussian-like distribution centered at a depth of around
70nm. Xe concentration in-depth profile measured by APT in the as-implanted condition is
compared to the SRIM calculated profile in figure 1(a). In this condition, nano-bubbles were not
detected neither by using the isodensity method as proposed by Miller et al. [17] nor by using Xe iso-
concentrations as performed by Estivill et al. [18].

Figures 2(a) and 3(a) display the TEM observations for two annealed conditions: 800°C/12h and
1300°C/4h. The lowest temperature annealing leads to the formation of homogeneously-distributed
nano-bubbles with diameters smaller than 5nm. On the contrary, the high temperature annealing
gives rises to a bimodal distribution of bubbles: one family with a size in the 10-50nm range in
diameter that might be weakly-pressurized regarding the dark contrast in HAADF-mode (see figure
3(b)), the second family with a size in the same range than the 800°C annealed sample, i.e. less than
5nm in diameter.

These two samples were analyzed by APT, results are displayed in figure 2(b) and 3(c). In both cases,
the analysis using isodensity method does not allow to detect nano-bubbles, however Xe iso-
concentration procedure revealed the presence of nano-clusters enriched in Xe. It is worth noting
that the size and the density extracted from iso-concentration analysis are in good agreement with
TEM observations. In fact, the size of the population of nano-clusters in the 800°C-annealed sample
was estimated to 3nm in diameter with a number density of 1.10** clusters.m>, and 2nm with a
number density of 3.10% clusters.m™ in the case of the 1300°C-annealed sample. These nano-clusters
can then be identified as the family of small nano-bubbles observed in TEM for both conditions.

Discussion

Comparing the Xe-concentration profiles as calculated by SRIM and as measured by APT (see figure
1(a)), the accordance in terms of position of maximum concentration and—width of the implanted
region is good considering the uncertainties in both methodologies. However, as already observed by
other authors [19], the concentration measured by APT is well behind the calculated value (here by a
factor of 5). As proposed by other authors [18,20], this is probably due to the gas release between
evaporation pulses in the atom probe. In fact, when bubbles are opened by evaporation of
surrounding matrix atoms, only part of the Xe atoms are ionized on a laser pulse and detected. Prior
to the next pulse, Xe gas atoms are allowed to escape into the vacuum chamber.

Moreover, in the as-implanted condition, non-detectability of nano-bubbles in the as-implanted state
might be explained either because they are not present, or because they are under the detection
limit (minimum observable size of clusters). In the latter case, the gas release from bubbles between
evaporation-pulses can be argued. In the case of solute Xe atoms dispersed in the ceramic matrix, gas
release preferential evaporation, already reported in other systems involving non-gaseous species
[REF], may atse be considered since the solubility of Xe is expected to be very low [20], so that, when
arriving at the apex of the tip, Xe atoms, only weakly bonded to the matrix atoms [REF], can escape
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the material into vacuum, maybe assisted by the electrical field or by the heat transfer supplied by
the pulsed laser that may increase the local temperature of several hundred degrees [21]. In fact
both effect, gas release and preferential evaporation, may be acting together to limit the detection
of the Xe atoms, the first being linked to the presence of bubbles filled with Xe.

In other conditions (annealing at 800°C and 1300°C), nano-bubbles can be detected. However, it
should be emphasized that the iso-concentration level used to image the clusters is very small (1.3 at
%). This low value might be explained by several effects including trajectory aberrations for matrix
atoms that renders the bubble undetected by using iso-density surface procedure as proposed by
Miller [17] and gas release during evaporation. Another consequence of these trajectory aberrations
that cannot be corrected by the reconstruction procedure is that the real shape of the bubbles is not
perfeetly-reproduced. As already observed in the case of precipitates with different evaporation
fields as compared to the matrix, the resulting shape is disc-like bubbles, whereas TEM observations
confirm that bubbles are round-shaped with evidence of facets for larger ones. However no clear
disc-like clusters have been observed in the APT volumes due their small size. Whatsoever comparing
Xe atoms repartition in the three analyzed samples lead to conclude that the distribution of Xe in the
three conditions are significantly different : Xe only in solid solution in the as-implanted state, high
density of Xe clusters around 3nm in size in the 800°C-annealed sample and low density of 2nm-sized
Xe clusters in the 1300°C-annealed sample. This is in good agreement with TEM observations.

Conclusion

APT analysis has proven to be able to detect Xe-enriched clusters, whose size and density are
comparable to bubble populations observed by TEM. Xe composition (mean concentration as well as
bubble content) is however under-estimated due to gas release and preferential evaporation during
evaporation in the atom probe.
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Figure 1: As-implanted condition (a) Xe in-depth-profile as calculated by SRIM and measured in the
as-implanted condition by APT volume analysis with Gauss corresponding functions (b) 3-D
reconstruction of a tip taken from the as-implanted condition. The end of the nickel layer
corresponds to the free surface of the sample. Tip was analyzed at 43.5 K with laser mode (0.3 nJ),
0.5% as evaporating rate.
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Figure 2: Annealed condition at 800°C for 12hours (a) TEM observations of the implanted zone in
over-focused and under-focused conditions (b) APT 3-D reconstructed volume with iso-concentration
of Xe (threshold = 1,3at% Xe, mean concentration in the volume 0,2 at%). Tip was analyzed at 24 K
with laser mode (0.85 nl), 0.3% as evaporating rate.
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Figure 3: Annealed condition 1300°C for 4 hours (a) TEM observations in over-focused conditions (b)
HAADF-STEM image of the top layer of the implanted zone (c) APT 3-D reconstructed volume with
iso-concentration of Xe (threshold = 1,3at% Xe, mean concentration in the volume 0,06 at%). Tip was
analyzed at 43.6 K with laser mode (0.18 nJ), 0.2% as evaporating rate.



