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Section 3. Fundamental radiation effects in inert matrix fuels and nuclear waste materials
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Abstract

A zirconia-based fuel is studied for use of plutonium in light water reactors. Among the relevant properties for a
nuclear fuel, efficient retention of fission products is required since the fuel matrix constitutes the first barrier against
fission product release. To study the retention of Xenon, its stopping power and its diffusion properties within
(Er,Y,Pu,Zr)O, potential inert matrix fuel (IMF) are investigated. Stopping and range of ions in matter (SRIM) cal-
culations were carried out to estimate the average penetration depth of Xe ions as a function of their incident energy
and of the material composition. To study its diffusion properties, Xe was implanted into yttria-stabilised zirconia
(YSZ) to a depth of around 100 nm from the surface. After successive heat treatments to a maximum temperature of
1773 K, quantitative Xe depth profiles were determined by Rutherford backscattering. No profile modification by
diffusion was observed. The behaviour of Xe is investigated at the subnanoscopic level and compared with the results
obtained with zirconia samples implanted with Cs or I, as well as with Xe in UO,. © 2001 Elsevier Science B.V. All

rights reserved.

PACS: 61.80.Jh; 61.82.Ms; 61.85.+p; 66.30.Jt; 81.05.Je

1. Introduction

Stabilised zirconia is studied as potential inert matrix
fuel (IMF) component for burning excess plutonium in
light water reactors [1]. Stabilised zirconia is foreseen as
a full pellet solid solution for example by Degueldre and
Paratte [2], Vettraino et al. [3] and Sickafus et al. [4] or
as part of a composite material for example as a cercer
as suggested by Konings et al. [5] and Yamashita et al.
[6], or as a cermet [7]. We focus IMF research on an
yttria-stabilised zirconia (YSZ) of composition close
to ErgosYo.10Pug 102197501925 as solid solution or on a
Zr— or MgAl,04-Erg05Y0.10Puo.10Z10 8501925 composite
material. For radioprotection safety reasons, the beha-
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viour of specific fission products such as xenon, iodine
and cesium in YSZ is currently studied and the first
results were recently reported in specific studies [8—10].
Xenon is, however, also a relevant fission product from
the neutronics point of view. Consequently, xenon
retention must be assessed in the fuel. Xenon is known
as an inert gas fission product that currently diffuses
from the fuel pellets towards intergranular spaces, pores
or towards the gap between the fuel and cladding [11].

Early in the nineties, YSZ was irradiated by xenon
ions, and zirconia was studied for its mechanical
property changes by Norton et al. [12] and Levine et al.
[13,14]. Fleischer et al. [15], for example, used ion
channelling and transmission electron microscopy
(TEM) to examine 240 keV Xe ion implanted in YSZ.
Hardness increases up to a fluence of 7.5 x 10" cm™2
followed by a decrease (up to 3 x 10'® cm~2) were ob-
served. The author also noted that because noble gases
are immiscible with the matrix, they may coalesce to
form inclusions. At fluences greater than 3 x 10'¢ cm™2
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the formation of fluid or solid noble gas inclusion was
found in YSZ. The pressure of the solid inclusions has
been calculated to be around 1.5 GPa. For shallow
implants, the presence of the implanted species can lead
to high compressive stresses in the material subsurface.
Fractures may be formed that result in copious emis-
sion of xenon. Norton et al. [16] studied the micro-
cracking generated by xenon implantation by analysing
the SEM micrographs of the surface of cubic zirconia
samples.

In Japan, Sasajima et al. [17] studied the effect of
60 keV Xe implantation into monocrystal specimens at
several temperatures in the range 300-1473 K for an in
situ TEM analysis. Amorphisation did not occur in
zirconia irradiated up to the fluence of 1.8 x 10'® cm™
at all irradiation temperatures. These tests, however,
apply for 100 nm thick samples irradiated with low
energy ions. The swelling of the samples was reported to
be 1% and 4% for the highest doses applied at 923 and
1473 K, respectively.

At Los Alamos, Yu et al. [18,19]; Sickafus et al. [20];
Yasuda et al. [21] studied the effect of Xe implantation
into monocrystals of YSZ. Full-stabilised zirconia
crystals (Y, Ca and Er dopants acting as stabilisers) were
irradiated with 340-400 keV Xe’' at temperatures
ranging from 170 to 300 K [4]. In the monocrystal,
neither polygonalisation of zirconia nor amorphisation
was found for ion doses below 1 x 10" cm™2, corre-
sponding to 4 dpa. Damage accumulation in Xe-ion ir-
radiated stabilised zirconia was found to progress in
three stages: (i) formation of defect clusters, (ii) transi-
tion stage in which damage increases rapidly over a
small range of ion dose, due to the linking of disloca-
tions and defect clusters, (iii) saturation stage in which
damage accumulation is retarded or increases only
slowly with ion dose. The composition of stabilised
zirconia does not seem to influence the dose dependence
of these damage stages.

Combining the experiments at low Xe ion energy
(60 keV) from 300 up to 925 K and with more energetic
Xe ions (1.5 MeV) down to 20 K, Degueldre et al. [§]
demonstrated that on polycrystalline samples amorphi-
sation does not occur up to doses of 2 x 10'® cm~2.
During the low energy tests, Xe bubbles were formed.
These implantations concern only sub-microscopic thick
samples and not of bulk pellets.

Recently, Garrido et al. [22] compared the effect of
low doses (10" ¢cm™2) of 340 MeV xenon ion irradiation
on stabilised cubic zirconia and uranium dioxide. For
this heavy ion energy, ionisation mechanisms prevail.
Only polygonalisation was observed but no amorphi-
sation.

All this work demonstrates clearly that stabilised
zirconia is not amorphised during Xe ion irradiation,
whatever the fluence (not exceeding 1 x 10'° cm~2), the
stabilising element and the temperature of the sample.

However, the potential diffusion of xenon in the bulk of
the material has not yet been addressed.

In this study, the behaviour of xenon in macroscopic
samples of YSZ is investigated theoretically as a func-
tion of energy and composition of the IMF material,
and experimentally for its retention after xenon ion
implantation into polycrystalline Y 5sZrg50;.925 sam-
ples. The implantation depth was selected in order to
subsequently apply the Rutherford backscattering
spectrometry (RBS) to determine the xenon distribution.
The effect of temperature on the potential diffusion of
the xenon was measured after annealing the sample at
progressively increasing temperatures and by repeating
the RBS analysis. Comparison of diffusion properties of
Xe with Cs and I as dopants, and the comparison of Xe
diffusion in UO, were carried out as a function of tem-
perature. The retention behaviour of xenon was ana-
lysed in a comprehensive way, taking into account the
size of the considered species in the YSZ lattice.

2. Theoretical background

The simulation code the stopping and ranges of ions
in matter (SRIM)-2000 [23] was used to calculate the
penetration depth of Xe as a function of ion energy,
inert matrix composition and implantation profiles (i.e.,
Xe concentration C as a function of depth x in the
sample). The implantation of 600 keV Xe*" ions was
simulated to estimate the RBS spectrum expected ex-
perimentally. For this incident ion energy, the implan-
tation profile followed precisely a double Gaussian
distribution that could be simplified as a single Gaussian
in first approximation.

The dopant distribution enlarges with time ¢ (after
implantation) according to the equation [9,10]:

o P Sy (R . )
’ 23/n(D -t + 02/2) 4.-D-t+2-03 )’
(1)

where ¢, (nm) is the initial variance, ® (cm~2) the ion
fluence, xy (nm) the average implantation depth of the
Gaussian distribution in the sample, 7 (s) the time of
diffusion after initiation and D (cm? s7') is the diffusion
coefficient. Diffusion enlarges the double Gaussian dis-
tribution. Their variances are consequently a function of
time and temperature. For a given temperature (i.e., D
constant), the behaviour of the variance is given by

o(t)=1\/2 D1+ a2 )

The diffusion coefficient may be extracted from
Eq. (2). However, during the thermal treatment no
modification of the distribution is observed. A maximum
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value of the diffusion coefficient may be estimated using
the error derivation:

AD=—, (3)

where AD is the error on the diffusion coefficient (in this
case its detection limit or its maximum value), Ac the
error on the variance of the profile, assuming that the
error on the time is negligible and Ao ~ Adgy.

3. Experimental

The samples used in the implantation tests were YSZ
pellets. The starting materials were the oxide powder
ZrO, (hafnium free <0.1 at.%) and Y,0;. These pow-
ders were mixed together to result in a product with 15
at.%Y for the Zr-Y ratio and milled in a milling ma-
chine of the type ‘Retsch Fliehkraftmuehle’. A dry
milling procedure of 2 h was performed, and the pow-
ders were homogenised in a tubular mixer. The milling
procedure was repeated, and the resulting powder was
pressed to pellets using the press Meyer CAUO-
10PCM30 with a 8 and 10 mm punch, the pressure being
320 and 360 MPa, respectively. The sintering was per-
formed in a Heraeus NiCr—Ni oven with a heating rate
of 5 K min™' to 1073 K for 2 h in the first step and then
to 1873 K for 10 h in the second step. Unforced cooling
followed. The resulting Y 15718501925 pellets of 7.0 and
8.9 mm diameter had a relative density of about 90% for
a theoretical density of 5.89 g cm™® determined from
lattice parameter measurements. Pellets were cut in 1
mm slices to set the disc samples on the holder of the
implantation unit.

Dopant implantations were both performed at the
Ton Beam Material Science Laboratory of Los Alamos
National Laboratory with the 200 kV Varian CF-3000
ion implanter [24]. The implantation was carried out
with a beam of 200 nA of 540 keV Xe*" ions. The
implantation fluences were @ = 0.4 x 10> and 4 x 103
cm™2 on 0.62 cm? area. The ions were implanted under
normal incidence at room temperature.

The RBS analyses were performed with the PSI/ETH
Tandem accelerator [25]. The resulting xenon depth
profiles were measured by 5 MeV “He RBS performed
under standard conditions [26]. After implantation and
a first RBS analysis, the sample was heat treated at
different temperatures. RBS analysis (at room tempera-
ture) was performed after each thermal treatment. The
thermal treatments were performed at 873 K and by
successive steps of 100 K up to 1773 K for 2 h with a
heating rate of 10 K min~' using the Hereaus NiCr—Ni
oven. All thermal treatments were performed on the
same sample. Consequently, previous annealing cycles

have to be taken into account for a correct interpreta-
tion of the results.

TEM has been carried out at Ecole Polytechnique
Fédérale de Lausanne (EPFL) on a Phillips CM300
FEG (operating at 300 kV with a field emission gun)
equipped with a gatan imaging filter (GIF) and an EDX
detector. The GIF imaging filter allows to perform
electron spectroscopic imaging (ESI), as well as electron
energy loss spectroscopy (EELS), on the material. Each
specimen was prepared according to the tripod tech-
nique on a transverse section. The final stage of speci-
men preparation was carried out by ion beam milling in
order to avoid the destruction of the specimen near the
implanted edge.

4. Results and discussion
4.1. Dopant implantation penetration depth

Calculation of the penetration depth of xenon in
the zirconia-based IMF: ErgErngAngAanl_(5Er+¢Y+5An)
Os_(¢kr+ev)2 (With An=U or Pu), was performed as a
function of Xe ion energy and the composition of
the IMF. Results of these calculations are given in
Fig. 1.

The energy dependence of the xenon ion penetration
depth in zirconia shows three parts in the plot (Fig. 1(a)):
the first from 10 to 100 keV corresponds to nuclear
stopping, the third above 1 MeV is due to electronic
stopping interaction, and in between, from 100 keV to 1
MeV, nuclear stopping decreases and electronic inter-
actions are not yet predominant. In this latter range, the
penetration of xenon is more efficient and the slope on
the plot increases. Since zirconium and yttrium have
similar atomic numbers and masses and erbium is only
present at the 5 metal-atom% level, the effect of the
composition was studied on the simplified system:
AnganZri_:4nO, with & An the atomic fraction of the
actinide An (with An=U or Pu). The result shown in
Fig. 1(b) indicates that in the zirconia IMF, the fission
product mean penetration depth will be of the order of
5-10 pm and that the dopant (a few % only) concen-
tration in zirconia has a small effect on the penetration
depth. Consequently, a composite material Zr— or
MgA12047EI‘0_05 Yo_lopuO_lo Zr0‘7501‘925 will be Optlmdl for
micro-spheres of zirconia-doped material of the order of
200 um size i.e., about 20 times the stopping range of
xenon in zirconia. This result is a compromise between
the fissile material carrier and the surrounding inert
matrix. Zirconia whose thermal conductivity is rather
low requires small spheres for heat transfer, but the ra-
diation transfer of fission products from the doped zir-
conia phase into the more fragile surrounding material
of the composite fuel requires large spheres for optimal
retention.
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Fig. 1. Penetration depth of Xe in doped or undoped YSZ as
calculated by SRIM. (a) Effect of the Xe ion energy on the
average penetration depth in ZrO, or Y ;5Zro 8501 925. (b) Effect
of the actinide concentration on the penetration depth of Xe
ions in AnganZr;_anO,, with An=U for Pu.

4.2. RBS analysis before and after thermal treatment

Fig. 2 shows an example of RBS raw data for the
sample annealed at 1273 K for 2 h. The simulated
spectrum that reproduces the experimental data was
calculated using the code RUMP [27].

For xenon implantation in YSZ, the detailed depth
profile calculated by SRIM can perfectly be represented
by a double Gaussian, however, it can be well approxi-
mated by a single one. For each temperature step, the
RBS spectrum was therefore fitted by a Gaussian profile.
The mean depth of the Gaussian x, and the fluence @
were kept constant, the only fitting parameter was the
variance ¢.

From the measured RBS raw data shown in Fig. 2,
the depth profile was extracted by substracting the
background of the non-implanted matrix and converting
the RBS energy scale into a depth scale. Fig. 3 shows a
compilation of the resulting profiles at all temperatures.
It was striking to find no significant release of xenon up

= = = = Non-irradiated
Fit to data
e Measured RBS

RBS Yield

Channel

Fig. 2. RBS spectrum of YSZ implanted with 4 x 10'° Xe ion/
cm?. Dashed line: simulated spectrum for unimplanted sample;
Solid line: simulated spectrum for implanted sample; Dots:
measured spectrum of sample annealed at 1273 K for 2 h.

Comparison of all Xe data
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Fig. 3. Xe profiles deduced from RBS spectra after each an-
nealing step. Conditions: at room temperature and after 2 h at
each temperature step, Xe fluence: 4 x 10'° cm~2. Note, the
height of the peak is not affected by the thermal treatment.

to 1773 K. After annealing at 1773 K, no significant
enlargement of the xenon distribution and no decrease
in the distribution height were observed, indicating full
xenon retention in the sample. Thus, xenon’s apparent
diffusion was not measurable even at a temperature of
1773 K. From the fitted variances after the thermal
treatments, the limit of D was calculated using Eq. (3).
The estimated error on the variance is 5 nm, corre-
sponding to a AD of 3 x 107! m~2 s7! on the diffusion
coefficient (given by Eq. (3)). The maximal diffusion
coefficient is then AD of 3 x 1072 m~2 71,

4.3. TEM analysis

The transverse specimen prepared for the TEM
analysis was studied in order to obtain information



C. Degueldre et al. | Journal of Nuclear Materials 289 (2001) 115-121 119

about the spatial distribution of xenon in the YSZ ma-
trix. Owing to the very low concentration of the Xe in
the matrix, a direct observation of the Xe clusters was
not possible in the bright field images. The imaging filter
was therefore used to observe the trace of the material in
the matrix using the plasmon peaks [28,29]. Fig. 4 pre-
sents a typical TEM plasmon image. At a depth of
100 4+ 80 nm a population of 6 nm large bubbles is ob-
served. The distribution is however larger than that
calculated by SRIM. It agrees however well with that
measured by RBS.

resin

100 nm

Fig. 4. Xe distribution determined by TEM before annealing.
Conditions: YSZ sample implanted with Xe ion fluence of
4 x 10" cm2. Note: resin in white on right side, the arrow: 180
nm showing the bubble-rich area (please refer to text for
details).

4.4. Interpretation of the retention mechanism

To understand the reason for the excellent retention
of Xe by zirconia, mechanisms of implantation and
molecular embedding of xenon must be revisited. After
Xe implantation, zirconia along the ion pathway does
not undergo amorphisation but re-crystallises in cubic
solid solution as verified earlier [8]. In the cubic solid
solution, xenon remains atomic and due to its large size
it does not find its place in the cation or anion sub-lattice
(see Table 1). Consequently, segregation occurs leading
to the formation of nanobubbles. The presence of bub-
bles may be suggested for large doses [8], while disso-
lution of elemental Xe may also be postulated for very
low Xe doses. For the doses investigated here, a small
fraction of Xe may be soluble after implantation, the
rest of which may generate bubbles, as described earlier
[8].

After xenon implantation, the atoms are distributed
in the bulk of grains, whose sizes are of the order of
2000 um. The design of the experiment fulfils the fol-
lowing inequation:

Grain size (2000 nm) > x (100 nm) > ¢ = (50 nm).

Table 1 summarises the relevant parameters to dis-
cuss the retention properties of the species compared to
the auto-diffusion process of the main components of
the inert matrix. Clearly, if Xe is trapped, its potential
migration in the cation sub-lattice is sterically impossible
because of the size difference between Xe (220 pm) and
Zr** (84 pm). If Xe finds its initial hosting place in the
anion sub-lattice again, its size is larger than the oxygen
ions (140 pm) or vacancies (160 pm) making movement
extremely difficult.

Comparison between the behaviour of Xe in UO,
and ZrO,, and of I, Xe and Cs in ZrO, is very inter-
esting. It is impossible to apply the implantation and
RBS analysis to characterise the diffusion properties of
Xe in UQO,. Implantation is possible but the RBS anal-
ysis is very difficult because the Xe peak appears above

Table 1

Comparison of important parameters to account for diffusion mechanism interpretation®
Species D (m?s7!) Ref. Fmax(p) Fmin(pm) Ref.
Xe <13x 1072 This work Xe’ 220 Xe® 220 [30]
| 4x 107" [31] I~ 220 I 198° [34,35]
Cs 5x 1077 [31] Cs’ 298¢ Cs* 174 [34,35]
o 3 x 10710710 [32,33] CN 6 140 CN 3 136 [35]
Ov - - 172 160 [36]
Zr+t 3x 1072 [33] CN 8 84 CN 6 72 [35]
Y3 - - CN 8 109 CN 6 90 [35]
U+ 3x 1072 [33] CN 8 95 - [37]

* Conditions: D at 1500 K, CN coordination number.
®van der Waals.
¢ Covalent.



120 C. Degueldre et al. | Journal of Nuclear Materials 289 (2001) 115-121

the U edge preventing sensitive analysis. The only data
are provided by the release of fission products (e.g., Xe)
from lightly irradiated polycrystalline UO, samples [28].
Comparison of the Xe diffusion coefficient values in UO,
and ZrO, is given in Fig. 5(a). The lines A-E show
the variability of the data for the different samples and
under various irradiation conditions. Xe diffuses faster
in UQO; than in ZrO,. It is assumed that this is due to a
larger solubility of Xe in UQO, (larger lattice parameter
size and larger polarisability) than in ZrO,.

In addition, the diffusion coefficients of Xe, I and Cs,
as reported in [31], are compared in Fig. 5(b). The fol-
lowing is found: D¢ > D; > Dx.. These inequations
follow the trend of the solubility of these species in the
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Fig. 5. Comparison of diffusion coefficient. (a) Xe in stabilised
ZrO, and in UO,, data from [37]; (b) Xe with Cs and I in
stabilised ZrO,, data from [31].

zirconia cubic solution. This is also due to the radii of
Cs™ and I’ (species identified after implantation [9,10])
that are smaller than Xe (Table 1). One could also note
that the reason for Xe immobility is its inertness in ZrO,
inert matrix.

Since the Xe apparent diffusion coefficient was found
to be below the experimental detection limit, it may be
concluded that the only xenon movement in the matrix
would be provided by the diffusion of the bubbles
themselves. This would begin at higher temperatures [38]
for which the partial pressure of ZrO, also increases
allowing bubble migration in the inert matrix.

5. Conclusion

Progress has been made to understand the retention
behaviour of Xe in zirconia-based IMF material.
Strong retention of implanted xenon in YSZ is ob-
served up to 1773 K. Because of its inertness, Xe is
likely to be insoluble in zirconia and forms nanobub-
bles at high temperature. The migration of these fea-
tures is very slow, which also contributes to the
attractiveness of the zirconia inert matrix as an ad-
vanced nuclear fuel.
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