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In situ Transmission Electron Microscopy was conducted for single crystal UO, to understand the micro-
structure evolution during 300 keV Xe irradiation at room temperature. The dislocation microstructure
evolution was shown to occur as nucleation and growth of dislocation loops at low irradiation doses, fol-
lowed by transformation to extended dislocation segments and tangles at higher doses. Xe bubbles with
dimensions of 1-2 nm were observed after room-temperature irradiation. Electron Energy Loss Spectros-
copy indicated that UO, remained stoichiometric under room temperature Xe irradiation.

Published by Elsevier B.V.

1. Introduction

Fission gases such as Xenon (Xe) and Krypton (Kr) are among
the most important fission products in UO, fuel. Because these
elements are chemically inert, small traces of them tend to
remain in the fuel matrix while the majority of these elements
produced by the fission process tend to leave the fuel altogether
and reside in the fuel plenum, or form fission gas bubbles. The
control of these elements is important because of the associated
radioactivity. The presence of these gases whether in matrix or
in bubble form in the fuel leads to fuel property degradation
[1]. While the behavior of fission gases in UO, fuel has been a
focus of attention for a long time, there has been a recent surge
in interest of modeling their release from fuel as part of a more
comprehensive modeling of fuel microstructure and its impact
on fuel properties [2,3]. An improved experimental understanding
is required to support such a modeling effort. The present inves-
tigation, which aims to understand microstructure evolution in
UO, under Xe ion irradiation, will ultimately support such a mod-
eling effort as well as enable fundamental studies of thermal
transport in Xe-containing UO,.

Ion irradiation techniques have been widely used in the past
decades to study the formation and evolution of defects and micro-
structure in UO,. The formation of extended defects such as
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dislocations and cavities strongly depend on the temperature and
ion fluence. Evans [4] found that a threshold implantation temper-
ature at or above 500 °C was necessary for observing bubbles in Kr
and Xe irradiated UO, by Transmission Electron Microscopy (TEM).
He concluded that the threshold temperature for bubble nucle-
ation is in the range of 350-500 °C. Sabathier et al. [5] studied
the conditions for Xe precipitation into bubbles and found that
the threshold temperature for Xe precipitation depended on the
Xe fluence or concentration in polycrystalline UO,. At a fluence
of 2 x 10" Xe/cm? (~0.4 at.%), the threshold temperature for bub-
ble precipitation to occur was about 600 °C. At 1 x 10'° Xe/cm?
(~2 at.%), however, this temperature was only about 400 °C. Sat-
tonnay et al. [6] determined the bubble nucleation temperature
of 400 °C in Xe-implanted single crystal UO, with a fluence of
8 x 10'° Xe/cm? by post-irradiation annealing. In situ observation
from Michel et al. [7] showed the presence of subnanometer Xe
bubbles in polycrystalline UO, irradiated to a low fluence
(6 x 10" Xe/cm?) at 600 °C. All these previous studies show that
both the temperature and ion dose play a key role in bubble nucle-
ation and growth.

Another aspect of microstructure evolution in ion-irradiated
UO, is the formation of extended defects such as dislocation loops
and dislocation lines. In situ observations for dislocation evolution
have been conducted for Xe- and Cs-irradiated polycrystalline UO,
at room temperature as well as Kr-irradiated UO, single crystals at
600 and 800 °C [5,8]. The dislocation evolution in UO; is generally
shown to occur by loop nucleation and growth mechanism at low
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irradiation doses, followed by transformation to extended
dislocation segments and networks at high doses [8]. All these
radiation-induced microstructural features affect the fuel perfor-
mance, especially thermal transport properties. Therefore, investi-
gating the production of point defects and the clustering of such
defects into loops and gas bubbles is important. Particularly, inves-
tigation of the dynamic evolution process at different stages (by
in situ observations) and their physical mechanisms is of great
importance in understanding the degradation of physical proper-
ties of nuclear fuels.

In this work, in situ TEM has been used to study the dynamic
evolution of dislocations in single crystal UO, irradiated with
300 keV Xe at room temperature. Ex situ TEM has also been used
to investigate bubble evolution. Generally, the observed disloca-
tion evolution is consistent with the results reported in literature
for Xe- and Cs-irradiated polycrystalline UO, at room temperature
[5] and with Kr-irradiated UO, single crystals at high temperatures
[8]. The bubbles in UO, irradiated with Xe at room temperature are
investigated here for the first time.

2. Experimental

Depleted UO, single crystal was fabricated at Chalk River Labo-
ratories by heating fused UO, with hyperstoichiometric UO, to
1900 K in hydrogen. A lattice parameter a of 5.473 + 0.001 A was
determined by neutron diffraction measurements at room temper-
ature [9], which indicates that the stoichiometric ratio (O/U) is very
close to 2.00 [10]. In situ irradiation thin foil specimens with a
diameter of 3 mm were prepared by ultrasonic slicing, disc cutting
and mechanical grinding to ~100 pm, dimpling down to ~20 pm
at the center of the disc, and ion milling at 4.0 keV to perforation.
The final polishing was performed with a 2 keV Ar ion beam. The
orientation of the disc foils was close to <111> zone determined
by electron diffraction pattern.

The in situ irradiation with ion beams was carried out with a
Tandem implanter, coupled with a 300 kV Hitachi 9000 NAR
TEM, at the Intermediate Voltage Electron Microscope (IVEM)-Tan-
dem facility at the Argonne National Laboratory (ANL). The 30°
incidence of the ion beam from the microscope optical axis, along
with the integrated cameras, permits continuous observation and
data recording during irradiation. Since the specimen was nor-
mally tilted about 15° facing the ion beam during irradiation, the
actual angle between the ion beam and normal direction of speci-
men surface was about 15°. The 300 keV single-charged Xe ions
were selected to produce the desired irradiation damage levels
and depths. The single crystal UO, disc foil was irradiated at room
temperature up to 1 x 10'® jons/cm?2.
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A cross section perpendicular to as-irradiated TEM disc foil with
300 keV Xe up to 1 x 10'®ions/cm? was prepared by focused ion
beam (FIB). The surface of irradiated foil at a thickness over
10 pm was coated by a platinum layer to protect the irradiated sur-
face layer before ion milling. The FIB lamella was then character-
ized with a Tecnai TF30-FEG STwin TEM. Both Electron
Dispersive X-ray Spectroscopy (EDS) and Electron Energy Loss
Spectroscopy (EELS) in Scanning TEM (STEM) mode were
employed to study the composition and microchemistry of the
irradiated UO,.

The Stopping and Range of Ions in Matter (SRIM) computer code
[11] was used to simulate the profiles of atomic displacements in
UO; as a function of depth. The threshold displacement energies
for oxygen and uranium were set to 20 and 40 eV, respectively,
which were determined by Soullard in his electron irradiation
experiments in UO, [12]. The simulation was performed in the Kin-
chin-Pease damage calculation mode [13]. Fig. 1 shows the damage
and Xe distribution profiles calculated by SRIM. The damage peak
is at around a depth of 22 nm, increases from 3.4 dpa at a dose of
5 x 10" ions/cm? to 68.7 dpa at a dose of 1 x 10' ions/cm?. The
Xe concentration reaches a peak value at a depth of 54 nm. It
increases from 0.1 at.% at a dose of 5 x 10'*ions/cm? to 1.9 at.%
at a dose of 1 x 10'®ions/cm?.

3. Results and discussion

Fig. 2 shows the in situ TEM images of the dislocation evolution
in the UO,; single crystal irradiated with 300 keV Xe ions at room
temperature up to different dose levels. The bright field images
(Fig. 2(a)-(d)) were shot at a diffraction condition of g=220 and
dark field images (Fig. 2(e)-(h)) were taken at a (g, 4g), g=220
weak-beam diffraction condition and the electron beam direction
(B) was close to [111]. Some tiny defects could be detected in
the sample before Xe irradiation (Fig. 2(a) and (e)), which are likely
induced by the Ar ion-milling. As the Xe ion dose increased to
5 x 10 ions/cm?, high-density black dots appeared in the bright
field image (Fig. 2(b)) and white dots in the dark field image
(Fig. 2(f)). Similar features have also been found in UO, under fis-
sion damage [14,15] and in Kr and Xe ion irradiated UO, [5,8] and
identified as small dislocation loops. The average size and density
of dislocation loop at 5 x 10'ions/cm? are 7.4+3.1nm and
(2.5%0.3) x 102 m 3, respectively. The dislocation loops grew
quickly with increasing the Xe ion fluence and interacted with each
other at around 1 x 10'® ions/cm? (Fig. 2(c) and (g)), and finally
transformed to dislocation tangles at higher doses (Fig. 2(d) and
(h)). Due to high density of dislocations, it was difficult to quanti-
tatively estimate loop density at the dose above 1 x 10! ions/cm?.
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Fig. 1. Depth profiles of radiation damage and Xe concentration obtained from SRIM simulation of UO, subjected to Xe ion irradiation at room temperature with a total dose

of (a) 5 x 10" and (b) 1 x 10'® ions/cm?.
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Fig. 2. Sequential bright field (BF) and dark field (DF) TEM images showing the nucleation and growth of defects in UO, single crystal irradiated with 300 keV Xe at room
temperature at various dose levels: (a) and (e) no dose; (b) and (f) 5 x 10" ions/cm?; (c) and (g) 1 x 10'® ions/cm?; (d) and (h) 1 x 10'® ions/cm?. (a)-(d) are bright field
images and (e)-(f) are dark field images. The observations were carried out from the [111] direction with g = 220 reflection for BF images and (g, 4g), g = 220 reflection for DF

images. The inset in (f) shows the diffraction pattern.

The dislocation evolution (i.e., small loops — large loops —
dislocation segments — dislocation tangle) with increasing irradia-
tion dose at room temperature is similar to the trend observed in
fission damaged UO, [14] as well as Xe, Cs, and Kr irradiated UO,
under different irradiation energies [5,8]. At the highest dose of
1 x 10'® jons/cm?, small isolated dislocation loops around 5nm
in diameter could still be found in the cross section TEM image
(Fig. 3), indicating that new dislocation loops nucleate continu-
ously as irradiation proceeds. In addition, the measured damage
range of about 150 nm is in good agreement with theoretical calcu-
lations by SRIM (Fig. 3). However, there is no dislocation denuded
zone near surface, which has been observed in 1 MeV Kr-irradiated
U0, single crystal up to a dose of 5 x 10'* ions/cm? at 800 °C [8].
Generally, the denuded zones arise when the damage is created
in the bulk or deep enough into the sample and defects are mobile.
In the present case, the irradiation damage is very close to the
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Fig. 3. Bright field TEM image showing the cross section of UO, single crystal
irradiated with 300 keV Xe at room temperature at a dose of 1 x 10'® ions/cm? The
plot shows the SRIM calculation of the damage profile.

surface, which caused dislocation nucleation to occur where the
damage is, especially at low temperature. Further, at a lower irra-
diation temperature (room temperature compared with 800 °C),
the mobility of point defects is much lower and thus less intersti-
tials can escape to the surface. At a low irradiation temperature,
some observed dislocation loops could nucleate directly from cas-
cade damage and such a process does not require uranium intersti-
tials to be mobile. Dislocation loop nucleation in UO, has been
observed directly in simulation of cascade overlaps and it results
from a loop punching process [16]. In previous Kr-irradiation
experiments at 800 °C, thanks to higher mobility of uranium inter-
stitials the loop growth becomes increasingly important for the
formed microstructure. On the other hand, the average damage
level at the first 20 nm depth in this study is about 5-6 times of
that in Kr-irradiated UO,. Higher point defects and extended
defects should be produced in this work.

Bright field images were taken at under-focus and over-focus
conditions to confirm the presence of bubbles in the sample. Typ-
ically, small bubbles are seen as white and black dots at under and
over-focus conditions, respectively. In both, 5 x 10 and
1 x 10'%ion/cm?® samples, small bubbles can be confirmed
(Fig. 4(a)-(d)) and the average size of the bubbles was
1.9+ 0.3 nm and 1.4 + 0.2 nm, respectively and the bubble densi-
ties were (1.4+0.3)x10%* and (1.1£0.2) x 10**m~3. Slight
shrinkage of Xe bubbles has been reported in the dose range of
6 x 10" and 2 x 10" ions/cm? during in situ irradiation at 600 °C
[7]. However, the detailed mechanisms for shrinkage have not
been identified. The bubble density seems saturated in the dose
range of 5 x 10" to 1 x 10'®ion/cm?, i.e. bubble density did not
change with the dose level. Michel et al. [7] found that bubble den-
sity reached a saturation at a dose above 10'*ions/cm? in the
in situ Xe irradiation of UO,. However the mechanism of Xe re-
solution or radiation induced bubble destruction is not convincing
to explain this observation [7]. Therefore, no clear explanation can
be given here for the saturation of bubble density and more work is
needed. Note that the images of Fig. 4(a)-(d) were taken after irra-
diation and images are not from the same sample and same
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50 nm

Fig. 4. TEM images of bubbles in Xe implanted UO, single crystal at a dose of 5 x 10'* (a and b) and 1 x 10'® ions/cm? (c and d). (a) And (c) are overfocus images and (b) and

(c) are underfocus images.

position, so direct comparison of bubble size and density needs to
be careful. To our knowledge, the nucleation of bubbles under ion
irradiation at room temperature was confirmed by TEM observa-
tion for the first time. In the past studies, a threshold temperature
above a few 100 °C is necessary [2-5]. The observation may indi-
cate that some Xe bubbles may directly nucleate at the vacancy
clusters produced in cascades and such a process does not require
Xe and uranium vacancies to be diffusive. Fig. 5(a) shows the
HRTEM image of Xe-implanted UO,, which was taken from the
[110] zone. Fig. 5(b) is the under-focus image of Fig. 5(a). The
marked light-colored features in Fig. 5(a) match well with the
white ones in Fig. 5(b), which corresponds to Xe bubbles. In addi-
tion, the lattice images show no significant differences in the bub-
ble areas as compared to the UO, matrix, which indicates that
there is no solid Xe precipitates associated with the bubbles. Solid
precipitates in vicinity of the bubbles were reported by Nogita and
Une in spent UO, fuel pellets with 45-83 GWd/ton [17,18]. They
found Moiré fringes with the bubble areas in the HRTEM images
and extra spots in the diffraction patterns. However, similar Moiré
fringes were not found in the Kr bubbles in this work, confirming
the lack of solid precipitates. The observation is in good agreement
with the nature of Kr bubbles in CeO, [19].

Garrido et al. [20] proposed two contributions responsible for
the increase of the accumulated disorder: (i) displacement of lat-
tice atoms by irradiation (ballistic contribution); (ii) the modifica-
tion of the matrix composition by doping (chemical contribution).
The damage in UO, single crystal irradiated with 470 keV Xe ions
was studied by in situ RBS/C experiments and two main steps in
the disordering kinetics were observed [20]. The first damage step
around 0.1 at.% Xe is related to radiation damage, i.e. formation of
extended defects, like tangled dislocations. The second damage
step around 10 at.% Xe is related to a fracturation of the crystal
due to large stress induced by overpressurised gas bubbles. In
the present study with similar irradiation conditions, no cracks
were found in the whole dose range from 5 x 10 to
1 x 10'®jon/cm?® (Xe content at a peak value from around

Fig. 5. HRTEM images of bubbles in UO, single crystal irradiated with 300 keV Xe at
room temperature at a dose of 5 x 10'* ions/cm?. (b) is an underfocus image of (a).
Some bubbles are marked by arrows.

0.1 at.% to 2 at.%). Thus the ballistic contribution should be the
main kinetics of radiation damage.

Fig. 6 shows the STEM/EDS/EELS images of 300 keV Xe-irradi-
ated UO, single crystal at 1 x 10'®ions/cm?. Fig. 6(a) shows the
typical EDS spectrum at a foil thickness around 50 nm calculated
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Fig. 6. (a) EDX and (b) and (c) EELS spectra of UO, single crystal irradiated with 300 keV Xe at room temperature up to a dose of 1 x 10'6 jons/cm?. (d) The second derivative

EELS spectrum of part (c).

by a thickness fringe method [6]. Weak xenon peaks can be identi-
fied at the energy range of 4-5 keV. The EDS quantitative analysis
was not given here since the Xe content in TEM foil is too low to be
measured accurately. The implanted Xe can also be detected by
EELS (Fig. 6(b)). The Xe Mys-edge presents at 670 eV, which is
lower than the U Nys-edge. To reveal the stoichiometry of irradi-
ated UO,, the EELS measurement for U M ionization edge was con-
ducted (Fig. 6(c)). The M4 and Ms white line edges correspond to
the transition of a 3d core electron into an excited 5f final state.
Numerous studies have demonstrated that a change in valence
state of rare earth and actinide cations introduced significant
changes in the Ms/M, white-line ratios [21,22]. To exclude the
white line intensity contributions from the background, the second
derivative numerical filtering technique was used and the EELS
second difference spectrum of M,s-edge is shown in (Fig. 6(d)).
Afterwards, the U-M edge intensities were determined by integrat-
ing the intensity of the respective peaks above the zero-value lin-
ear function (red dashed line in Fig. 6(d)). Colella et al. [23] have
established the proportionality between the measured U-M
branching ratio and the 5f occupancy of U. Following the method
by the Colella et al., we calculated the branching ratio of M-edge
of 0.695, which is in the range of 0.695-0.720 for U**, suggesting
that the stoichiometry of UO, was unaffected by the Xe irradiation.

4. Conclusions

The in situ microstructure evolution in Xe irradiated UO, single
crystal UO, was observed by Transmission Electron Microscopy at
room temperature. The dislocation evolution in UO, single crystal
under room-temperature irradiation was shown to occur as nucle-
ation and growth of dislocation loops at low-irradiation doses, and
followed by a transformation to extended dislocation segments
and networks at high doses. There is no dislocation denuded zone
close to the surface due to high irradiation damage near surface

and low irradiation temperature. Nanometer-sized Xe bubbles
around 1-2 nm were found in UO, single crystal subjected to room
temperature irradiation. No solid Xe precipitates in bubbles were
revealed by the lattice images. The bubble formation under room
temperature irradiation implies that Xe bubbles may directly
nucleate at the vacancy clusters produced in cascades at room tem-
perature and such a process does not require Xe and U vacancies to
be diffusive. The stoichiometry of UO, single crystal was stable
during room-temperature irradiation as determined by EELS. The
investigation of microstructure evolution in Xe-irradiated UO, at
room temperature can support the modeling effort of fuel micro-
structure and enable fundamental studies of thermal transport in
Xe-containing UO,.
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