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To gain an understanding of gas bubble transport in
oxide nuclear fuel, this paper uses polycrystalline CeO,,
composed of both nanograins and micrograins, as a sur-
rogate material for UO,. The CeO, was implanted with
150-keV Kr ions up to a dose of 1 X 10'° ions/cm? at
600°C. Transmission electron microscopy characteriza-

I. INTRODUCTION

Control of fission gas, both for controlling fuel pellet
swelling and for controlling fuel pin pressurization, is a
critical component to the performance of any nuclear
fuel. Bulk nanostructured materials, such as nanocrystal-
line (nc) materials,’? nanolayered composites,> and
nanoparticle-reinforcing steels,* have been shown to have
improved radiation resistance including low swelling and
retention of mechanical strength and ductility compared
with their monolithic and polycrystalline counterparts.
The improved radiation resistance may be ascribed to
their high density of grain boundaries (GBs) or phase
interfaces, which serve as sinks for defects of all types.
Therefore, the nanostructured materials are very prom-
ising for application to nuclear engineering.

Very recently, bulk nc oxides (UO,, ZrO,, ThO,)
were suggested by Spino et al.? for their potential use as
nuclear fuel and inert matrix carriers based on a study of
nc-porous 4 mol % Y,03-ZrO, (nc-4YTZ), as a surro-
gate material for high-burnup-structure fuel. The main

*E-mail: lhe33 @wisc.edu
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tions of small Kr bubbles in nanograin and micrograin
regions were compared. The grain boundary acted as an
efficient defect sink, as evidenced by smaller bubbles and
a lower bubble density in the nanograin region as com-
pared to the micrograin region.

advantages for nc fuels compared to conventional fuels
would be the capacity to develop closed porosity retain-
ing major fission gases (mostly Kr and Xe) and to exhibit
higher stress relaxation through higher plasticity.? In ad-
dition, the improved radiation damage resistance in nc-
ZrO; has also been reinforced by negligible gas bubble
swelling? and greatly decreased defect density under ion
bombardment.!

Because CeO, has the same fluorite-type structure
and many similar material properties—such as melting
temperature and thermal conductivity—as UO, and PuO,,
CeO, has attracted increasing attention for being a sur-
rogate material for studying UO, and PuO, fuel.>~!! The
microstructure (bubbles and dislocation loops) evolution
under particle bombardment at low dose in CeO, is also
similar to that in low-burnup UO, fuels.3~!! In this work,
polycrystalline CeO, composed of both micrograins and
nanograins was used as a surrogate material to study the
grain size effects on gas bubble transport in nuclear fuels.
Transmission electron microscopy (TEM) characteriza-
tion of polycrystalline CeO, irradiated with 150-keV Kr
ions at 600°C up to a dose of 1 X 10'® ions/cm? was
conducted.
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Il. EXPERIMENTAL

The purity of the polycrystalline CeO, pellets® is
99.9%, and the density is 6.9 g/cm?3, which is ~96% of
the theoretical density. The 3-mm-disk TEM foil was
prepared by slicing, mechanical grinding to ~100 pum,
dimpling down to ~20 um using a 15-mm wheel, and
ion milling at 4.0 keV to perforation. The final polishing
was done with a 3-keV Ar ion beam. The thickness of the
outer edge of the prepared TEM foil is ~75 um. A Kr
irradiation was carried out with a Tandem implanter, cou-
pled with a 300-kV Hitachi 9000 NAR transmission elec-
tron microscope, at the Intermediate Voltage Electron
Microscope—Tandem facility at Argonne National Labo-
ratory (ANL). The 150-keV singly charged Kr ions were
selected to produce the desired irradiation damage levels
and depths, and the dose rate was 1.5 X 10'? ions/
cm?-s~ 1. The sample holder in the microscope was heated
to irradiation temperature of 600°C and held at 600°C for
~0.5 h before irradiation. The accumulated dose is 1 X
10! jons/cm2 To reveal the microstructure of the same
CeO, sample without Kr implantation, we polished a
part of the as-irradiated sample at 600°C to remove the
implanted layer, as follows. A small piece of the irradi-
ated foil close to the thick outer edge was cut off, at-
tached to a Mo grid, and made into TEM foil by ion
milling at the Kr implanted side. A layer of at least tens of
microns in thickness was removed to ensure that only the
temperature history of the sample was affected by the
irradiation, not the microstructure analyzed. All the TEM
micrographs were recorded either with a Philips CM200
microscope at the University of Wisconsin or with a Tec-
nai F30 microscope equipped with an energy-dispersive
spectroscopic (EDS) system at the Center for Advanced
Energy Studies, Idaho Falls.

The Stopping and Range of Ions in Matter (SRIM)
computer code'? was used to simulate the profiles of Kr
concentration and atomic displacements in CeO, as a
function of depth. The threshold displacement energies
for oxygen and cerium are 20 and 51 eV, respectively.”10
The threshold displacement energy used for the Ce sub-
lattice in CeO, is the average of the maximum and min-
imum values estimated from electron irradiation from
Yasunaga et al.? The SRIM simulation, as shown in Fig. 1,
implies that the peak irradiation damage is ~48 displace-
ments per atom (dpa) at a depth of ~25 nm. The gas
concentration reaches a peak value of ~2.5 at. % at a
depth of 42 nm. If one assumes that the gas concentration
increases linearly with depth up to 42 nm, the average
gas concentration of a TEM foil with a thickness of 42 nm
is ~1.2 at. %. A rough approximation of the burnup (BU)
in fuel is 20%, and with 20% of BU being fission gas, it
is calculated that the fission gas transmutates from 4 at. %
of the total U, which is equivalent to a total fission gas

2The polycrystalline CeO, pellets were purchased from Alfa
Aesar, Ward Hill, Massachusetts.
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Fig. 1. The depth profile of radiation damage in units of dpa
and krypton gas concentration obtained from SRIM
simulation of CeO, subjected to 150-keV Kr ion irradi-
ation at 600°C with a total dose of 1 X 10'® ions/cm?.

percent of 1.3 at. % within a comparable region in the
UO, pellet.

Ill. RESULTS

The microstructure of CeO, after removing the Kr-
implanted layer is shown in Fig. 2. Besides the dominant
micrograins, some nanograin aggregates were also found
in the sample, and they are mostly at triple and quadruple
grain junctions of CeO, micrograins (Fig. 2a). The total
amount of nanograins was estimated to be <1 vol % in
the sample from a series of TEM images. The typical
grain size of nanograins is in the range of 5 to 30 nm, and
the average grain size for micrograins is ~5 um. The
diffraction pattern (inset in Fig. 2a) and EDS (Fig. 2b)
confirm that these nanograins are also CeO,. The addi-
tional Mo signal in EDS was from the Mo grid, which
was used to hold a small piece of TEM foil cut from
as-irradiated CeO, foil. Bright field images were taken at
underfocus and overfocus conditions to confirm the pres-
ence of bubbles in the sample. Typically, small bubbles
display as white and black spots at underfocus and over-
focus conditions, respectively. However, there are no such
features in the micrograins (Figs. 2¢ and 2d) and nan-
ograins (Figs. 2e and 2f). The origin of these nanograins
is currently not well understood, and possible causes are
bimodal particle size distribution in the starting CeO,
powders for preparing the pellets or inhomogeneous sin-
tering of pellets. The grain growth mechanism during
sintering is beyond the scope of this paper and will not be
discussed here.

Figure 3a is a low-magnification TEM image of
as-irradiated polycrystal CeO, up to an accumulated
dose of 1 X 10'® ions/cm?2 which also shows the
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Fig. 2. Microstructure of polycrystalline CeO, after removing the Kr-implanted layer. (a) Typical CeO, nanograin region at
the quadruple grain junction of micrograins (the inset shows the diffraction pattern). (b) EDS of CeO, nanograins.
(c) Underfocus image for CeO, micrograin region. (d) Overfocus image for CeO, micrograin region. (e) Underfocus
image for CeO, nanograin region. (f) Overfocus image for CeO, nanograin region.

coexistence of micrograins (“A” and “B”) and nano-
grains (“C”). The magnified area of “C” is shown in
Fig. 3b. The high-resolution TEM (HRTEM ) image and
diffraction pattern shown as insets in Fig. 3b indicate
that there are many nanograins in the area marked “C”
and their size is typically in the range of 10 to 30 nm. A
dislocation network was observed in the micrograin re-
gion (Fig. 3a) and was found to be similar to that of
single-crystal CeO, under the same irradiation condi-
tion,!? but few dislocations were observed in the nano-
grain region (Fig. 3b). Uniformly distributed white spots
and well-matched black spots at underfocus and over-
focus conditions, respectively, were found for both mi-
crograin regions (Figs. 3¢ through 3f) and nanograin
regions (Figs. 3g through 3j), and they correspond to
Kr bubbles. The bubbles at micrograin areas have an
average diameter of 1.8 = 0.3 nm and an area density
of 4.7 X 10'® m~2 The bubbles at the nanograin region
have an average diameter of 1.4 = 0.2 nm, which is
relatively smaller than that at the micrograin region.
Krypton and Xe bubbles with diameters of 1 to 2 nm
were reported in single-crystal CeO, (Refs. 10 and 11)
and polycrystalline UO, (Refs. 13 and 14) at similar
temperatures and ion doses. In addition, the area den-
sity of the bubbles at the nanograin regions (3.4 X
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10'® m~2) is lower than that at the micrograin regions.
Bubble swelling S, was calculated according to Eq. (1):

1
g T 2 di3
S, = ————— X 100% |, (1)
st
where
d; = measured bubble diameter

total area for estimating the bubble number

2]
I

t = average foil thickness.

By assuming 7 to be 20 nm for both the micrograin and
the nanograin regions, we calculated the bubble swelling
at the micrograin and the nanograin regions to be 0.79%
and 0.28%, respectively, and the swelling ratio of the
micrograin to the nanograin regions is close to 3. Table I
summarizes the average bubble size and bubble linear
density at the GB and in the bulk of the grain. In both the
nanograin and the micrograin regions, the bubbles at the
GB have statistically the same size as those in the bulk
while the average linear density is higher at the GB.
NUCLEAR TECHNOLOGY
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Fig. 3. Microstructure of polycrystalline CeO, irradiated with
150-keV Kr at 600°C up to a dose of 1 X 10'¢ ions/
cm? (a) Micrograins (“A” and “B”) coexist with
nanograins (“C”). (b) Enlarged nanograin region of
“C” (insets show the diffraction pattern and high-
magnification TEM image for nanograins). (c) Under-
focus image for CeO, micrograin region. (d) Overfocus
image for CeO, micrograin region. (e) High-
magnification underfocus image for CeO, nanograin re-
gion. (f) High-magnification overfocus image for CeO,
micrograin region. (g) Underfocus image for CeO,
nanograin region. (h) Overfocus image for CeO» nano-
grain region. (i) High-magnification underfocus image
for CeO, nanograin region. (j) High-magnification
overfocus image for CeO, nanograin region.
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TABLE 1

Summary of Bubble Size and Bubble Linear Density
at GB and Bulk of Grain in Nanograin
and Micrograin Regions

Bubble Size | Bubble Linear Density
Region (nm) (X108 m™1)
Bulk of nanograin 1.4 +0.2 1.6 0.3
GB of nanograin 1.5+03 2.7+03
Bulk of micrograin | 1.7 = 0.2 2.1+0.3
GB of micrograin 1.8 £0.2 3.1£02

10 nm
]

Fig. 4. CeO, grain irradiated with 150-keV Kr at 600°C up to
a dose of 1 X 10'¢ ions/cm? when the electron beam is
parallel to the [110] zone axis: (a) HRTEM image and
(b) underfocus image. Some bubbles are marked by
arrows.

Figure 4a shows the HRTEM image of Kr-implanted
CeO,, which was taken from the [110] zone. Figure 4b is
the underfocus image of Fig. 4a. The round and light-
colored features in Fig. 4a match well with the white
ones in Fig. 4b, which corresponds to Kr bubbles. In
addition, the lattice images show an insignificant differ-
ence in the bubble areas and the CeO, matrix, which
indicates that there should be no solid Kr precipitates in
the bubbles. Solid precipitates in bubbles were observed
by Nogita and Une'? in spent UO, fuel pellets with 45 to
83 GWd/ton. Nogita and Une found Moiré fringes within
the bubble areas in the HRTEM images and extra spots in
the diffraction patterns. In addition, solid Kr nanoclus-
ters in MgO with Moiré fringes caused by the lattice
mismatch between solid Kr and MgO were also revealed
by the HRTEM image.'® However, similar Moiré fringes
were not found in the Kr bubbles in this work, which
confirms the lack of solid precipitates.

IV. DISCUSSION

The reduction of radiation-induced swelling in nc
oxide was first reported by Spino et al.,> who implanted,

167



He et al.

125-keV Xe in YTZ at 800°C. The calculated bubble
swelling ratio of large-grain SYTZ to nc-4YTZ at a Xe
dose of 5 X 10% ions/cm? is ~3, which is identical to
that of the micrograin region to the nanograin region in
the present work. The reduction of radiation-induced
swelling in nanostructured materials has also been pre-
dicted in recent literature.!”-'8 Grain boundaries in a poly-
crystalline material have excess free volume (more open
atom structure compared to perfect crystals).'® As a re-
sult, the diffusivity of defects and Kr along GBs are
considerably higher than those in bulk. Vacancies and
interstitials have a higher probability of annihilation after
being attracted to the GBs. Such annihilation processes
could reduce the probability for the formation of vacancy
clusters that could host Kr ions. Furthermore, higher mo-
bility of Kr at GBs could reduce the localized Kr con-
centration in the bulk. Recently, theoretical modeling
shows that besides the vacancy hopping processes to re-
move the vacancies from the bulk, interstitials at the GB
can be emitted back to anneal the vacancies in the bulk.'8
The interstitial emission process has a much lower-
energy barrier than conventional vacancy diffusion and
can occur at a lower temperature.'® This interstitial emis-
sion process would occur even at lower temperatures.
These combined effects may explain the reduced swell-
ing in the nanograin region. At micrograin regions, most
vacancies and interstitials formed far away from the GB
will have a lower probability of annihilation. Therefore,
the vacancies have a greater probability to aggregate,
trap implanted Kr ions, and form bubbles in the bulk of
the grain. On the other hand, when the grain size ap-
proaches the migration distance of mobile point defects,
the effect of the GB on microstructural development gen-
erally becomes significant. Recent molecular dynamics
simulations2! of radiation cascades in nc SiC showed
that the total number of defects produced in a cascade
increases with decreasing grain size mainly because of
the increased volume fraction of the GB, and more de-
fects are produced in the GB. However, the total number
of defects produced in the crystalline parts of the mate-
rial decreases with a decreasing grain size. Furthermore,
once the number of defects is normalized with the vol-
ume of the crystalline regions, the total in-grain defect
production is not significantly affected by the grain size.?!

Dislocation loops and dislocations act as efficient
sinks for interstitials and suppress the density of intersti-
tials. Excess vacancies in the vicinity of dislocations ag-
gregate easily and lead to bubble formation by trapping
gas atoms. Therefore, the dislocation loops and disloca-
tions at the micrograin region can induce higher gas
bubble density. The mobility of interstitials is extremely
high at a high temperature so that a large part of the
interstitials may escape to the surface of the thin foils. In
an extremely thin foil, or at positions very close to sur-
faces, the surface sink could become dominant and ab-
sorb the point defects.?? In other words, the defects are
difficult to accumulate at the edge areas of the foil, which
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results in the dislocation showing a much lower density
and smaller size compared with defects at thick areas
(Fig. 3). However, the surface sink strength for intersti-
tials and vacancies at the micrograin and the nanograin
regions should be comparable because of similar
thicknesses.

Preferential accumulation of gas bubbles at the GB
was observed in UO; fuel.?* In simulations of polycrys-
talline materials, the gas atom formation energy is de-
creased within the GB and triple junction regions, which
leads to preferential segregation and heterogeneous nu-
cleation at these features.>* On the other hand, the pref-
erential nucleation and growth of Kr bubbles at the GB
can result in a reduced Kr concentration at bulk. Figure 5
is a schematic diagram showing the bubble distribution
comparison between the micrograin and the nanograin
regions in CeO,. Because of higher GB density in the
nanograin region, the relative concentration of bubbles at
GBs in the nanograin region should be higher compared
to the micrograin region during irradiation (Figs. 5b and
5d). However, there was no evidence for a bubble-free
zone next to the GB (Figs. 3e through 3j), which was
occasionally observed in ion-implanted polycrystalline
metals?® and ceramics after postimplantation annealing
at high temperatures.?® Theoretical modeling shows that
lower vacancy mobility and/or higher vacancy genera-
tion rates favor the formation of intragranular gas bub-
bles.'® In the present work, the vacancy generation rate

(a)

(©)

Fig. 5. Schematic diagram of the microstructure of bubbles at
micrograin region [(a) and (b)] and nanograin region
[(c) and (d)] in polycrystalline CeO, before implanta-
tion [(a) and (c)] and during implantation [(b) and (d)].
For simplicity, spherical bubbles instead of lenticular
bubbles are used at GBs.

NUCLEAR TECHNOLOGY VOL. 182 MAY 2013
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should be very high during Kr implantation, and the pro-
duced vacancies trapped Kr atoms quickly to form bubbles.

V. CONCLUSIONS

The microstructure of Kr bubbles in polycrystalline
CeO, composed of both nanograins and micrograins was
observed by TEM. The Kr bubbles exhibit smaller size
and lower density at nanograin regions compared with
micrograin regions. The lower-volume swelling of the
nanograin region indicates that GBs are efficient sinks
for defects induced by Kr ion bombardment. Grain bound-
aries are preferential sites for accumulation of Kr bub-
bles. There is no bubble-free zone next to the GBs mainly
because of high vacancy generation rates under irradia-
tion. No solid Kr precipitates in bubbles were revealed
by the lattice images.
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