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Microcrystalline and nanocrystalline UO,, ThO,, and CeO; (~2 pum and~20 nm particle size, respectively)
were irradiated with 946 MeV Au ions at room temperature and characterized by synchrotron X-ray
diffraction, Raman spectroscopy, and transmission electron microscopy. All samples show a small in-
crease in unit cell parameter as a function of ion fluence (0.17 + 0.03% for CeO and 0.11 + 0.03% for ThO5),
except microcrystalline UO,, which displays a small contraction of the unit cell (—0.06 + 0.02%). Raman
spectroscopy measurements of microcrystalline UO, indicate an increase in nonstoichiometry after
irradiation. All bulk materials are subject to an increase in heterogeneous microstrain, most notably UO»,
implying that the relatively small changes in unit cell parameter are accompanied by substantial local
disorder induced by isolated defects. The magnitude of volumetric swelling for all materials is larger in
the nanocrystalline form as compared with the microcrystalline form (0.38 + 0.60% for CeO,, 0.14 + 0.03%
for ThO,, and 0.52 +0.13% for UO;). ThO, shows the smallest difference in swelling between the
microcrystalline and nanocrystalline samples (~0.03%). All nanocrystalline materials exhibit irradiation-
induced grain coarsening along with a decrease in heterogeneous microstrain with increasing ion flu-
ence, except nanocrystalline CeO,, which shows no observable change in grain size and a slight increase
in heterogeneous microstrain attributed to the accelerated formation of a secondary Ceq;029 phase
evidenced in the X-ray diffraction data, present in both nanocrystalline and microcrystalline materials.
Surprisingly, nanocrystalline UO, exhibits a significant degree of swelling indicative of a decrease in
oxygen content along with an increase in disorder induced by oxygen loss at grain boundaries during
irradiation, based on the analysis of X-ray diffraction and Raman spectroscopy.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

irradiation, depending on the irradiation conditions and the
composition and structure of the material. For example, nano-

The study of nanocrystalline materials has grown immensely in
recent decades due to their often enhanced functionality relative to
microcrystalline materials of the same composition [1]. Nano-
materials can exhibit superior chemical, mechanical, and electrical
properties, which improves their performance for energy applica-
tions [2]. In the context of nuclear fission and fusion energy sys-
tems, nanostructured materials often exhibit unusual responses to
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crystallinity can improve radiation tolerance as a result of the large
number of grain boundaries that act as highly efficient sinks for
defect annihilation [3,4]. In other cases, materials that are typically
resistant to energetic ion irradiation in bulk are readily amorphized
as nanocrystallites [5]. Nanocrystalline ceramics can also be sus-
ceptible to irradiation-induced grain growth, which is undesirable
for many engineering applications [6,7].

The radiation response of nanostructured materials is typically
attributed to the competing effects of three distinct properties [8]:
(i) high grain-boundary densities, (ii) high surface energies, and (iii)
increased confinement of excited phonons and electrons. The first
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effect tends to enhance the radiation tolerance of nanomaterials
over coarse-grained materials because grain boundaries are effi-
cient sinks into which mobile irradiation-induced defects can be
absorbed and annihilated. High surface energies, on the other hand,
can lead to instability under irradiation due to an enhanced driving
force for structural modifications that minimize a system's free
energy, such as phase transformations or changes in grain size.
Lastly, radiation-induced phonons or excited electrons, such as
those produced by swift heavy ion irradiation, are more confined in
nanomaterials due to the large density of grain boundaries, where
the periodicity of the lattice is obstructed, which acts as a scattering
barrier to cell-to-cell phonon or electron transport. The resulting
hampered energy transfer across the material will lead to more
radiation damage due to the highly localized nature of energy
deposition within grains of diameters on the order of nanometers
[9]. Whichever process dominates, the radiation damage mecha-
nism will determine whether a nanostructured material will show
more or less radiation tolerance, relative to a microscale material. In
order to better understand the response of nanostructured mate-
rials to ion irradiation, it is necessary to establish the relation be-
tween structural stability (resistance to volumetric swelling and
phase changes) and variations in grain size.

To elucidate the response of common nuclear energy materials
to highly energetic ion irradiation, the structural stabilities of
microcrystalline and nanocrystalline CeO,, ThO,, and UO, were
investigated. These fluorite-structured (Fm3m) oxides are impor-
tant as surrogate, candidate, and current nuclear fuel materials,
respectively. Under operational reactor conditions, nuclear fuel
experiences damage from a mixed radiation field with appreciable
effects from neutrons, alpha particles/recoil nuclei, and energetic
ion fragments from fission. Accounting for most of the damage
within the fuel, energetic fission fragments with high kinetic en-
ergies (~100 MeV) initially deposit this energy to the material via
electronic excitation and ionization processes. Swift heavy ions
from large accelerator facilities can be used to simulate this type of
electronic energy deposition under well-controlled irradiation
conditions. Energy is initially deposited to the electron subsystem
of a given material and is subsequently dissipated to the atomic
system through electron-phonon interactions. The effect of this
dense electronic excitation depends on the structure of the mate-
rial. In most insulators, swift heavy ions create cylindrical damage
zones known as ion tracks [10,11]. The accumulation and overlap of
these ion tracks can lead to amorphization [12], order-disorder
phase transformations [13], crystalline-to-crystalline phase trans-
formations [14], extended defects [15], and isolated defect forma-
tion independent from the ion track [16].

Fluorite-structured oxides have been studied in detail under
swift heavy ion irradiation and the formation of defects is typically
observed in these relatively amorphization-resistant materials
[17—26]. However, there are only a limited number of studies of
how grain size, and particularly nanocrystallinity, affects the radi-
ation response. This is particularly important for understanding the
radiation behavior of UO, at high burnup, which is characterized by
significantly reduced grain size as compared with fresh nuclear fuel
prior to its irradiation in a reactor [27,28]. In addition, it has been
recently shown that the three materials' radiation response is
highly dependent on redox behavior [24]. ThO; seems to be the
reference in terms of redox response, preferentially maintaining
stoichiometry due to the monovalent thorium cation. In contrast,
CeO, tends to be reduced and UO, tends to be oxidized under swift
heavy ion irradiation. In order to gain a deeper understanding of
the influence of grain size and redox response on the structural
stability and defect structure under swift heavy ion irradiation,
microcrystalline and nanocrystalline CeO,, UO,, and ThO, samples
were irradiated with 946 MeV Au ions and characterized by means

of synchrotron X-ray diffraction (XRD), Raman spectroscopy, and
transmission electron microscopy (TEM).

2. Experimental
2.1. Irradiation

Polycrystalline samples of CeO,, ThO,, and UO, were acquired
from commercial vendors and the corresponding nanocrystalline
compounds were prepared from these starting materials by high-
energy ball milling. Details regarding the ball milling method are
reported elsewhere [29]. Both micro- and nanocrystalline powders
were uniaxially pressed into holes of 100 um diameter that were
drilled into 50 um-thick molybdenum sheets, which served as
sample holders for ion irradiation and synchrotron XRD charac-
terization. The process resulted in sample pellets that were ~50%
theoretical density [30].

All samples were irradiated at the GSI Helmholtzzentrum fiir
Schwerionenforschung in Darmstadt, Germany. The irradiation
experiments were performed at room temperature and in vacuum
at the M2 beamline of the UNILAC accelerator. Samples were irra-
diated with 946 MeV '¥7Au ions to ion fluences ranging from
1 x 10" to 3 x 103 ions/cm?. All six materials (three micro- and
three nano-materials) were simultaneously irradiated to each flu-
ence with a ~1 cm? beam spot in order to minimize fluence un-
certainties among the different samples. The ion-beam flux was
limited to ~1 x 10° ions cm~2 s~ ! in order to avoid bulk heating of
the materials. The stopping power and projected range of Au ions in
each sample composition were calculated using the SRIM-2008
code [31], including corrections for the lower density of the sam-
ples, as described by Lang et al. [32]. The projected ion range (70 pm
for CeO; and ThO,, and 64 pm for UO;) exceeded in all materials the
sample thickness (50 pm), ensuring that the Au ions fully penetrate
the samples and induce a nearly uniform energy-deposition profile
along their paths. Given the high kinetic energy of the ions, elec-
tronic energy loss dominates (23.3 keV/nm for CeO,, 24.1 keV/nm
in ThO,, and 26.4 keV/nm for UO,) with negligible contribution
from nuclear energy loss (0.04 keV/nm for CeO,, 0.05 keV/nm in
ThO,, and 0.06 keV/nm for UO,). More details on the preparation of
small sample platelets and their irradiation can be found elsewhere
[32].

2.2. Characterization

Structural modifications after irradiation were characterized by
angle-dispersive XRD experiments using beamline 16-BM-D
(HPCAT sector) of the Advanced Photon Source at Argonne National
Laboratory. A monochromatic beam of 29.2 keV (A =0.4976 A) X-
rays was used in transmission geometry to measure the small
sample platelets after irradiation, as described in detail elsewhere
[32]. Debye rings were recorded utilizing a Mar345 image plate
detector with a collection time of 300 s. Diffraction images were
integrated into X-ray diffractograms using Dioptas [33], and unit-
cell parameters were determined via Rietveld refinement [34]
performed with Fullprof [35].

The average grain size of the microcrystalline and nanocrystal-
line CeO, samples was determined prior to irradiation by trans-
mission electron microscopy (TEM, not shown), confirming high
energy ball milling produced a nanoscale material. The measured
grain size was correlated with the domain sizes derived from XRD
patterns using the Scherrer equation [36]. This procedure allowed:
(i) the independent characterization of starting material grain size
with two experimental methods, (ii) the use of the XRD measure-
ments to determine the change in grain size with increasing ion
fluence, normalized to the TEM and XRD measurements of CeO,,
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and (iii) the avoided the need for TEM characterization of radio-
active materials and tedious preparation procedures for the irra-
diated samples. The average grain sizes derived by TEM were ~2 um
and ~20 nm as compared with ~2 um and ~15 nm obtained from
XRD measurements for the microcrystalline and nanocrystalline
CeO, starting materials, respectively.

Raman spectroscopy was performed on UO; samples as a
complementary method of probing structural modifications. A
Horiba LabRAM HR Evolution instrument with an excitation laser
(785 nm wavelength), coupled with a detector cooled to liquid ni-
trogen temperatures was utilized. Laser power was limited to
~1 mW to avoid oxidation and annealing. Five measurements were
taken at different locations on each sample under the same con-
ditions and averaged after normalization to the Tp; peak and
background removal.

3. Results & discussion
3.1. Microcrystalline samples

Upon irradiation, all diffraction maxima shift to lower 26 values,
with the shift being larger for higher fluences (Fig. 1b). This
behavior has been previously observed in swift heavy ion irradiated
fluorite-structured oxides and can be explained by an increase in
the unit-cell parameter due to the accumulation of point defects
and defect clusters [19]. Concurrent peak broadening and a
decrease in peak intensity with increasing ion fluence are indicative
of local structural distortions and heterogeneous microstrain that
accompany the formation of defects. A similar evolution of XRD
patterns with ion fluence is observed for microcrystalline ThO,, as
expected from previous experiments [22]. Only small changes were
apparent in the XRD maxima positions for UO; up to the maximum
fluence of 3 x 10'3 ions/cm?, although broadening of the maxima
was comparable to that of CeO; and ThO,.

Several new diffraction maxima become apparent in the
diffraction data for microcrystalline CeO, at the maximum ion
fluence. This agrees with previous results that show secondary
phase formation in nanocrystalline CeO,, which is attributed to
irradiation-induced redox effects [24]. These emerging peaks were
fit with a defect, nonequilibrium fluorite-derivative phase. The P1
space group of this Ce110,0 phase, as shown in Ref. [37], shows an
inherent divergence in symmetry from the fluorite structure. The

(@) é =1x10" cm? (b)
s i “

S

=1

g # =1x10" cm? [

S "

z ¥

2 t

E _JLA___MA-——J- "

£ et -
¢ =1x10"" cm™ g

T T T T

T T T T T
8 10 12 14 16 18 20 22 89 9.0 91 92 093
20° 20°

Fig. 1. XRD patterns of microcrystalline CeO, before and after irradiation with
946 MeV Au ions to different fluences showing (a) the entire pattern and (b) an
enlarged view of the most intense (111) diffraction maximum. All Bragg peaks shift to
lower 20 and broaden with increasing ion fluence due to defect-induced volumetric
expansion and microstrain/domain size changes, respectively.

simple cubic “cages” of oxygen within the fluorite structure are
maintained but are distorted in this phase in order to incorporate
the irradiation-induced reduced trivalent cations and oxygen va-
cancies into the structure. Oxygen vacancies are ordered at 2i sites
in the triclinic unit cell. This phase has only been observed in high
temperature, nonequilibrium conditions [38]. Swift heavy ion
irradiation has been shown to cause phase transformations to
nonequilibrium phases not observed at standard temperatures and
pressures [14].

In order to quantify the amount of volumetric swelling in all
materials, Rietveld refinement was applied and the changes in unit-
cell parameter were determined for each fluence (Fig. 2). The unit-
cell parameters for CeO, and ThO> initially increase linearly in the
initial irradiation stage and saturate at larger fluences. This trend is
in agreement with a single-impact behavior [22,39,40]. The data
were fit using the equation [41]:

@ _ a(d)) —dg _ Asqt — dg (1 _ e—o¢> (1)
ao ao ao

where a is the measured unit-cell parameter, ay is the reference
unit cell parameter of each unirradiated sample (micro- and nano-),
st is the saturation value of the unit cell parameter, ¢ is the cross-
sectional ion track area, and ¢ is the ion fluence. The relative
saturation values for the unit-cell parameter increase derived from
the fits are 0.17 £+0.03% and 0.11 +0.03% for CeO, and ThO,,
respectively. Assuming cylindrical ion tracks, the effective track
diameters, d (¢ = w-(d/2)?), are 45+0.8nm for CeO, and
3.9+ 0.8 nm for ThO,. The saturation value of swelling of CeO; is
somewhat larger than that of ThO, (0.06%), indicating a higher
damage efficiency under swift heavy ion irradiation. This difference
in damage accumulation behavior was previously attributed to the
cerium cation having more accessible oxidation states as compared
with monovalent thorium [24].

Microcrystalline UO, shows no unit-cell expansion, but rather a
very small unit-cell contraction after SHI irradiation. This is in
agreement with the results of Hayashi et al. [17], which illustrate
that in the electronic energy loss regime, typically very high ion
fluences are needed to cause significant volumetric swelling of
polycrystalline UO,. The study by Hayashi et al. also suggests that
the volumetric swelling of polycrystalline UO, follows a double- or
multiple-impact behavior [41], with minimal damage appearing
until ion tracks begin to overlap significantly. This is in contrast to
the single-impact behavior observed for CeO, and ThO,. However,
similar to CeO, and ThO,, heterogeneous microstrain for UO, fol-
lows a single impact evolution as a function of increasing ion
fluence.

3.2. Nanocrystalline samples

The XRD patterns of the irradiated nanocrystalline materials
show, qualitatively, responses similar to those of the microcrys-
talline counterparts, with attenuation and shifts of diffraction
maxima. Refinement of the XRD patterns exhibit a similar trend
with increasing ion fluence as was observed in the microcrystalline
samples, following a single-impact mechanism (Fig. 2). However,
the saturation values of the unit-cell parameters are much larger
for the nanoscale materials, evidencing an increased susceptibility
to radiation damage. The most dramatic difference is observed for
UO,, which is the least radiation tolerant compound of the three in
nanocrystalline form, in contrast to its superior resistance to
radiation-induced volumetric changes in its microcrystalline form.
The smallest difference in the radiation response of both sample
types is seen in ThO; (Fig. 2). Fitting equation (1) to the data yields
ion track diameter values of 3.9+0.8nm, 5.1+ 11nm, and
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Fig. 2. Radiation-induced changes in unit-cell parameter as a function of ion fluence for microcrystalline and nanocrystalline CeO,, ThO,, and UO,, based on refinement of cor-
responding XRD patterns. The curves represent fits to the data points based on a single-impact model. It is noted that the ion-induced swelling of the materials shown is for CeO,

based on the original phase, i.e., contributions from the secondary phase are excluded.

3.4 + 0.9 nm for nanocrystalline CeO,, ThO,, and UO,, respectively.
The saturation values were determined to be 0.38 + 0.60% for CeO5,
0.14 + 0.03% for ThO,, and 0.52 + 0.13% for UO,. Thus, UO, exhibits
the largest swelling of all three nano materials and ThO, the
smallest, with a factor of four difference among them.

No amorphization is observed in any of the three nanomaterials
despite their enhanced susceptibility to swift heavy ion induced
structural modifications. For CeO,, however, a phase trans-
formation is evident in the XRD patterns at fluences above 4 x 102
ions/cm? with the appearance of additional diffraction maxima.
Fig. 3a shows the stacked XRD patterns of nanocrystalline CeO, as a
function of increasing ion fluence. Several new diffraction maxima
become visually apparent beginning at 8 x 10'> jons/cm? at 26
values, which are consistently lower (~5°) than those of the initial
fluorite-structure peaks (Fig. 3 inset). These secondary maxima
grow at the expense of the initial peaks and eventually dominate
the XRD pattern for the highest fluence of 3 x 10" jons/cm?. The
peaks were fit with the same triclinic Ce1;02¢ phase used to fit the
secondary phase in the microcrystalline material. The peak widths
are similar to those of the original phase, indicating that the new
phase is also composed of submicron domains. The relative phase
fraction of the emergent phase monotonically increases after the
incubation fluence for nanocrystalline and microcrystalline mate-
rials (Fig. 3b).
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Fig. 3. (a) X-ray diffractograms of nanocrystalline CeO, as a function of increasing ion
fluence (given in units of cm~2). The arrows indicate the emergence of new diffraction
maxima related to a secondary phase. The secondary phase grows at the expense of
the original fluorite phase as shown for the 004 peak in the inset. (b) Comparison of
the relative phase fraction of the Ce;;0,9 phase in comparison to the nominal fluorite
phase as a function of ion fluence for microcrystalline and nanocrystalline materials.

Swift heavy ion irradiation can induce crystalline-to-crystalline
phase transformations otherwise not observed in conventional
high-temperature or high-pressure phase diagrams [14]. In the case
of nanocrystalline CeO,, an incubation fluence of 4 x 10'? ions/cm?
is needed until the Bragg peaks of the new phase become detect-
able as compared with an incubation fluence of 3 x 10> ions/cm? in
the microcrystalline material. Based on the cross section deduced
from the swelling of the original nano-CeO; phase (Fig. 2), this is
approximately the fluence at which ion tracks begin to extensively
overlap. Under further irradiation the secondary phase continues to
grow while defect accumulation saturates in the original phase.
This type of behavior indicates that a multi-impact mechanism is
responsible for the accelerated formation of the secondary Ce1102¢
phase. Phase transformations requiring more than one ion impact
have also been observed in other oxides, such as the monoclinic-to-
tetragonal transition in ZrO, [42,43]. In the present study, the
secondary nonstoichiometric Ceq1039 phase has a fluorite-like
structure with much distortion and ordered oxygen vacancies,
accompanied by the reduction of tetravalent cerium to the trivalent
state [44,45]. Hull et al. [46] reported that with an increase in ox-
ygen deficiency, oxygen vacancies begin to order in bulk CeO;.y.
This implies formation of pockets or entire domains of this hypo-
stoichiometric phase driven by highly ionizing ion irradiation and
the resultant loss of oxygen and reduction of cerium atoms [24].

Broadening of XRD maxima can be attributed largely to two
processes namely (i) the accumulation of heterogeneous micro-
strain and (ii) the reduction in grain size. In order to distinguish
microstrain effects from size effects, Williamson-Hall analysis [47]
was utilized (Fig. 4a). The widths of the diffraction maxima, derived
by fitting with Pseudo-Voigt peaks for all three nanomaterials, in-
crease with increasing 26. No anisotropic peak broadening was
observed in diffraction patterns. Heterogeneous microstrain values,
as a function of ion fluence, were obtained from the slope of this
increase in width as a function of 26 (i.e., the slope of the
Williamson-Hall plot), shown in Fig. 4 (b—d). Both ThO, and UO,
exhibit a monotonic decrease in microstrain with increasing ion
fluence, while CeO; shows a small increase in microstrain with
increasing ion fluence. These behaviors were found to be correlated
with changes in grain size, which can be estimated by noting the y-
intercept on the Williamson-Hall plot. Typically, fluorite structured
materials with nanometer-size grains are highly susceptible to
irradiation-induced grain growth [48]. The evolution of the peak
width under ion irradiation was analyzed for all three nano-
materials by applying the Scherrer equation after removing the
contribution of the instrumental broadening and broadening from
microstrain:
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Fig. 4. Heterogeneous microstrain for nanocrystalline (b) UO,, (c) CeO, and (d) ThO, derived from (a) Williamson-Hall analysis shown for nanocrystalline ThO,. For ThO, and UO,,
microstrain monotonically decreases due to annihilation of stress inducing grain boundaries. For CeO, the microstrain increases probably due to the size mismatch between the

nominal CeO, and secondary Ce;;059 phase.

D = (K2)/(6 cos 0) (2)
where D is the mean domain size, K is a constant accounting for the
crystallite shape (spherical crystallites are assumed), A is the x-ray
wavelength, ( is the peak broadening without contribution from
the instrument or microstrain, and @ is the position of the diffrac-
tion maximum. As mentioned previously, the y-intercept of the
Williamson-Hall plot is § cos . All nanomaterials had an initial
grain size of about 20 nm (based on TEM measurements) prior to
irradiation and ion-induced changes were observed for all three
compounds. Nanocrystalline ThO; and UO, show a similar average
grain size increase as ion fluence increases, with ThO, having a
slightly steeper growth as compared with UO; (Fig. 5). Energetic ion
irradiation-induced grain coarsening has been reported for several
fluorite-structured materials. For example, Aidhy et al. have
attributed irradiation-induced grain-coarsening to a so called “fast

200

growth” disorder driven mechanism instead of the conventional
grain-rotation driven and curvature-driven grain growth [7]. This
mechanism is attributed to the disordering within a grain volume
induced by ion irradiation that leads to a consumption of the
disordered volume by surrounding grains rather than defect re-
covery. In this study, the grain size increases for UO; and ThO; are
substantial (100—175%) in the applied fluence range. The measured
grain sizes of these materials are about two times larger after
irradiation to 3 x 10'® jons/cm? (Fig. 5). This can be used to explain
the decreasing microstrain behavior for ThO, and UO, as stress-
induced grain boundaries are annihilated during grain coarsening.

Due to the large error bars on the data points for lower ion
fluences and poor resolution of the peaks corresponding to the
initial fluorite-structured phase at high fluences, the grain size
trend for CeO, is difficult to decipher. This difficulty is likely
attributable to the concomitant emergence of new peaks corre-
sponding to the Ce110,¢ phase. The appearance of the secondary
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Fig. 5. Relative change in grain size as a function of ion fluence for nanocrystalline ThO,, UO,, and CeO, derived from peak-width increase in XRD pattern analyzed by the Scherrer
equation. Error bars were obtained from propagation of the standard error from Williamson-Hall linear fits applied to take into account microstrain contributions to the peak width
changes. Dashed lines are drawn to guide the eye. In contrast to the actinide oxides, no consistent trend is apparent for CeO, and the overall grain size does not change significantly

over the applied fluence range.
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phase could also explain the only small amount of measured in-
crease in microstrain, as its incorporation involves a unit cell vol-
ume mismatch between the two phases.

3.3. Micro-versus nano-grain structure

The effects of grain size on radiation response have been studied
for many material systems [4,6,49—51]. The present study is unique
in that the different materials were simultaneously irradiated by
swift heavy ions to a given fluence by using micrometer-sized
samples. Identical irradiation conditions with minimal fluence
uncertainties enabled the detection of even small deviations in
radiation response as a result of grain size or sample composition.
The qualitative behavior under irradiation is similar for all materials
studied (with the exception of microcrystalline UO») and is char-
acterized by defect accumulation following a single-impact mech-
anism. The fluorite structures of these materials are generally
tolerant of radiation damage, exhibiting no evidence of amorph-
ization. The rate of damage accumulation, which is linked to the
effective damage cross-section and track diameter, fluctuates
among the different types of materials. Fig. 6 shows relative track
sizes derived from equation (1) and the associated uncertainties,
along with a shading and color within the track that corresponds to
the degree of unit-cell expansion or contraction at saturation. No
influence of grain size (micro versus nano) of the material on its ion
track diameter is observed. This is reasonable since the same ion
and energy has been used, thus, inducing a comparable energy loss
in all materials. Track diameters are similar within + 0.6 nm for a
given irradiation condition for a wide range of ceramic materials
[52]. However, the type of defects or defect density within a track,
as expressed by the saturation of volumetric swelling, changes
significantly between nanoscale and microscale materials, as
illustrated in Fig. 6. This saturation value also provides a more
reliable quantification for the comparison of the different samples,
as it is not affected by the rapid increase of volumetric swelling
during the early stages of damage accumulation (linear regime in
the single-impact behavior) but is a saturation value in the limit at
very large fluences. The differences between micro- and nano-grain
sized materials are most dramatic for UO,, which is in its micro-
crystalline form the most resistant material studied, while for
nanometer sized grains it is the least resistant. Overall, the degree
of volumetric swelling under swift heavy ion irradiation is larger in
nanocrystalline materials as compared with the microcrystalline
counterparts. This is different from what is generally reported in
radiation damage studies using low-energy ions or neutrons. The
observed behavior can be explained by several distinct processes
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Fig. 6. Relative track sizes including uncertainties (dashed line) derived from single-
impact fits to the unit-cell data versus fluence, shown in Fig. 2. Shading and color
within the representative tracks scale with the degree of swelling or contraction of the
unit-cell parameter at saturation for each sample. (For interpretation of the references
to color in this figure legend, the reader is referred to the Web version of this article.)

which are unique to swift heavy ion matter interactions.

Thermodynamic considerations of the target material may play
an important role during the rapid and intense energy depositions
of swift heavy ions. Nanomaterials with a high density of grain
boundaries and internal surfaces have a large amount of stored free
energy. The perturbations induced by swift heavy ion irradiation
can drive microstructural or atomic structure changes that mini-
mize this energy. This probably explains the observed coarsening of
nanometer-sized grains in response to ion irradiation. Because
chemical composition partly determines the energies associated
with grain boundaries and surfaces [53], different materials will
experience different driving forces for reducing the free energy,
such as volumetric swelling, change in grain size, or phase trans-
formations. Therefore, each nanocrystalline material undergoes
different a microstructural evolution under irradiation in order to
minimize its total free energy, causing the observed compositional
variance in the effects of nanocrystallinity on the irradiation-
induced unit cell expansion.

The more efficient damage accumulation observed for nano-
materials can also be explained in terms of the electronic config-
urations of the three cations (cerium, thorium, and uranium).
Thorium, which shows the least variation in its radiation response
between the two types of starting materials, is monovalent in the
oxide form. In contrast, cerium and uranium are multivalent, with
cerium showing a general trend to reduce (Ce** — Ce®*), while
uranium tends to oxidize (U** — U°*/U®) depending on the
experimental conditions. UO; and CeO; significantly differ in their
radiation response behavior between micro- and nanocrystalline
samples, which correlates with an irradiation-induced enhance-
ment of redox behavior. The reduction of cerium in CeO, under
swift heavy ion irradiation may represent an efficient damage
mechanism, leading to additional swelling due to an increase in
ionic radius of cerium, which induces microstrain [24,54]. This has
been confirmed by TEM studies, which showed that in fluorite-
structured materials, ion tracks can exhibit an oxygen-deficient
core surrounded by an oxygen-rich shell [55]. The oxygen segre-
gation distance was determined to be ~19 nm, which is very similar
to the domain size of the nanocrystalline samples of the present
study (~20 nm). Therefore, it is possible that the loss of oxygen from
a grain to its boundary or void space occurs. At very high fluences,
the loss of oxygen in CeO, may be so severe that the secondary
Ce11020 phase formation is accelerated as compared with its for-
mation in microcrystalline materials (Fig. 3b). Displaced oxygen
atoms need not necessarily leave the sample, but can accumulate at
grain boundaries or form complex oxide defects, such as peroxide-
type defects, which were identified from neutron total scattering
studies of ion irradiated CeO, [25]. Anion defects are typically un-
stable and annihilate quickly at moderate temperatures in micro-
crystalline fluorite structured oxides [23,26,56]. However, if oxygen
efficiently reaches the grain boundary and leaves the system, the
annihilation of anion defects would be less effective within the
grain. This would result in a larger degree of swelling in the
nanomaterial because the effective damage cross section per ion is
on the order of the domain size, and oxygen deficiency causes the
accelerated formation of a secondary Ce110,9 phase. A recent study
on swift heavy ion irradiated platinum nanocrystals showed a clear
size effect on the irradiation-induced desorption of hydrogen:
smaller nanocrystals required less fluence for similar desorption
levels in the larger nanocrystals [57], similar to the oxygen loss
evidenced in nanocrystalline as compared with microcrystalline
CeO, samples in this study.

In contrast to U0, and CeO,, ThO, does not display a large dif-
ference in swelling between its micro- and nanocrystalline forms.
Douglas et al. [58] suggested that defect aggregates, such as dislo-
cation loops produced during irradiation, tend to form on or rotate
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to planes where stoichiometry is minimally disturbed. This implies
that ThO, can efficiently minimize the effects of irradiation on its
local chemistry and stoichiometry, which agrees with the fact that
this compound does not deviate from its stoichiometry. Since CeO,
is known to reduce under irradiation conditions [24], defect pro-
duction may result in more complex defect clusters or dislocation
networks that are suppressed in ThO,. Defect clusters can incor-
porate reduced cations with differing ionic radii, adding to the
volumetric swelling (e.g, Ce** has an ionic radius of 0.97 A and
reduces to Ce3* with an ionic radius of 1.143 A [59]). Recently, the
radiation response of ThO, and CeO- has been studied by means of
neutron total scattering with a focus on local modifications. Pal-
omares et al. [25] suggested that although similar defects are
formed in the two isostructural materials, irradiation induces
different effects on the local structure. Local distortions in CeO are
indicative of vacancy accumulation, whereas modifications in ThO,
are driven by larger defects and/or local distortions that may
maintain local chemistry and stoichiometry.

While the difference in radiation response of CeO, and ThO, can
be explained in terms of redox behavior, a comprehensive
description of swift heavy ion induced structural modification in
UO, cannot be obtained based on the present data. Previous studies
on bulk powder, sintered, or single crystal UO; reported measur-
able swelling only at very high fluences (higher than those in this
study), and this effect was thought to be due to implantation effects
[17—20]. Fig. 7 highlights the dramatic difference between the ra-
diation response in micro- (Fig. 7a) and nanocrystalline (Fig. 7b)
UO; in terms of volumetric changes and microstrain (as presented
in Figs. 2 and 4). With increasing ion fluence, microscale UO; ex-
hibits a small unit-cell contraction (—0.06 + 0.02%) accompanied by
a significant amount of microstrain, whereas nanoscale UO, shows
a significant unit-cell expansion (0.52 + 0.13%) accompanied by a
decrease in microstrain. In order to gain more qualitative infor-
mation on local structural modifications in micro- and nano-
crystalline UQO;, Raman spectroscopy measurements were
performed.

The evolution of the Raman spectra with increasing ion fluence
for micro- and nanocrystalline UO (Fig. 8) shows two key features
that appear in all samples, as has been previously reported: (i) the
Tog peak (445-460 cm~!) corresponding to the pristine fluorite
structure [60] and (ii) the defect bands (500-700 cm™') that are
indicative of symmetry breakdown as they are Raman forbidden in
pristine UO; and only appear when defects interact with fluorite-
structure phonons [61]. The signal between 500 and 700 cm™!
appears to arise from the confluence of two peaks (~575 and
~630 cm™!) previously reported as U and Us, respectively. The U,
peak is assigned to general lattice disorder while the U3z peak has
been attributed to the presence of excess oxygen defects in system
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[62—67]. For microcrystalline samples, the intensity of the defect
bands, in comparison to the T,g peak, grows with increasing fluence
and eventually surpasses it (Fig. 8). Within the defect peak region,
the Us peak appears to become more pronounced as compared
with the U; peak. This could imply an initial confinement of excess
oxygen to the subsurface or an oxygen gradient between the inner
of the grains and the subsurface region at which irradiation re-
verses due to radiation enhanced diffusion leaving behind an
oxidized grain and possibly clustering of oxygen interstitials. This
explanation agrees with the unit cell parameter trend and previous
studies on UO,.4 [44,66,68—71]. This complex redox behavior is
responsible for the observed radiation response of UO,;, which
shows that with increasing excess oxygen, the unit-cell parameter
decreases [44,66,68—71] along with an increase in disorder-
induced microstrain due to extended defect formation as the
excess oxygen is incorporated into the structure (Fig. 7a). For
nanocrystalline samples, the defect bands are initially much greater
in intensity than the Ty peak and decrease relative to the Tpg peak
with increasing ion fluence (Fig. 8). In contrast to the microcrys-
talline samples, the Uz peak seems to decrease as compared with
the U, peak, with increasing fluence, implying the loss of excess
oxygen from the material and increasing lattice disorder.

Again, the unit cell parameter data provides a possible expla-
nation to this behavior. Initially, the unit cell parameter is 5.436 A,
which according to previous work implies an oxidized sample,
[44,66,68—71]. With increasing ion fluence, the unit-cell parameter
increases with decreasing microstrain due to grain coarsening
(Fig. 7b), which could imply less excess oxygen in the system
relative to the starting state. Samples with smaller grains have
higher surface areas and, since UO; surfaces readily oxidize when
exposed to air [72], we suggest that this yields higher initial
oxidation for the nanocrystalline UO, as compared with micro-
crystalline UO,. This is confirmed by the difference in position of
the Tp; peak in the micro- (446 cm™!) and nanocrystalline
(460 cm™1) samples, which has previously been attributed to
oxidation effects [66]. These observations lead to the conclusion
that the initial nanocrystalline UO, samples could be closer stoi-
chiometrically to U409 than UO». It is known that submicron-sized
U409 can exist without superstructures which could be why there is
no evidence of the U4Og phase in the diffraction data [73]. However,
irradiation induces grain coarsening, decreasing the surface area
available for oxidation, in addition to possible oxygen expulsion
from the smaller grains, leaving a more oxygen-deficient and
disordered grain behind, yet has less microstrain due to less strain
inducing grain boundaries. Another explanation could be that
irradiation provides enough energy to produce phase separation
between UO, and U40g, producing the boundary compositions of
the UO,,x phase diagram so that each phase has better oxygen
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Fig. 7. Relative change in unit-cell parameter (squares) and microstrain (circles) as a function of fluence for (a) micro- and (b) nanocrystalline UO,.
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Fig. 8. Raman spectra for micro- and nanocrystalline UO, for various ion fluences. Note the different changes of the relative intensities of the T,z band (fluorite structure) and the Us

and U, defect bands for micro- and nanocrystalline samples.

distribution, causing less microstrain. Since the grains are still
submicron in size, it is possible that this these two phases coexist
without evidence of U409 in the diffraction data. In the larger-
grained microcrystalline samples, it is possible that irradiation-
induced hyper-stoichiometry at low fluences is eventually
balanced by localized regions of hypo-stoichiometry at higher flu-
ences [65], such that the unit cell parameter saturates to a small
negative value. This small change, however, does not reflect a small
amount of disorder as evidenced by the significant increase in
microstrain that follows a single impact trend (Fig. 7a.) In both
micro- and nanocrystalline UO,, a small change in relative ratio of
integrated intensities between the (111) and (200) XRD maxima is
observed, which could be partially due to changes in stoichiometry.
The ratio increased for increasing ion fluences in microscale UO,,
agreeing with the suggestion that less oxygen is located on regular
lattice planes in order to incorporate the excess oxygen. Alterna-
tively, the ratio decreased in nanoscale UO,, providing further ev-
idence of phase ordering on oxygen lattice planes. Further
experiments are needed to explain the unique grain-size depen-
dence of the radiation behavior of UO,, such as X-ray absorption
spectroscopy experiments in order to determine the oxidation state
[24] and neutron total scattering in order to understand the local
defect structures [25].

4. Conclusions

Irradiation of nanocrystalline (~20nm) and microcrystalline
(~2 um) Ce0y, ThO,, and UO; with 946 MeV Au ions results in an
increase in the isometric unit cell parameter (except in the case of
microcrystalline U0, which exhibits a minor decrease in unit cell
parameter) due to the accumulation of defects. For all materials, the
damage process is consistent with a single impact mechanism. X-
ray diffraction data analyzed as a function of fluence yield similar
track diameters of ~4 nm for all three compositions within exper-
imental uncertainty. The swelling behaviors indicate the accumu-
lation of point defects and defect clusters with increasing ion
fluence. The maximum unit-cell parameter increase that occurred
for a given composition showed a distinct trend, with the nanoscale
materials having a consistently higher saturation value. However,
compared with the effects of low-energy ion irradiation, the
swelling is less for swift heavy ions, being well below 1% for all
materials. Nanocrystalline ThO; and UO; are subject to irradiation-
induced grain coarsening, while nanocrystalline CeO, showed no
consistent effect. This may be related to the formation of a sec-
ondary Ceq10,9 phase that is evidenced in X-ray diffraction patterns
at very high fluences. The initial nanocrystalline phase is consistent

with a single-impact defect accumulation model and coexists with
the secondary phase that seems to swell ~4 times more than the
initial phase. The presence of a secondary phase with CeO, is
consistent with previous results indicating that the redox behavior
of cerium plays a major role in irradiation-induced defect formation
and is greatly enhanced in nanoscale materials. While ThO, shows
the smallest difference in volumetric swelling between nano- and
micro-sized samples, U0, shows a dramatic difference. At the
microscale or in bulk, UO; is the most resistant material to unit-cell
parameter changes. Yet, it still displays a significant amount of
heterogeneous microstrain, indicative of significant amounts of
disorder. However, nanocrystalline UO, exhibited by far the least
radiation tolerance. This response to highly ionizing irradiation is
probably linked to the complex redox behavior of uranium, which is
greatly enhanced in nanoscale grains. Since UO; is the most typical
nuclear fuel and is known to undergo fragmentation into nano-
crystallites during reactor operation, these results suggest that the
interplay between swift heavy ions (including fission fragments)
and the UO; microstructure has important implications for nuclear
fuel stability during reactor operation.
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