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ABSTRACT: Uranium−americium mixed oxides could be used
as transmutation targets to lower Am inventory in spent nuclear
fuels. Due to 241Am activity, these materials are subjected to α-self-
irradiation which provokes crystallographic disorder. Previous
studies on U−Am mixed oxides gave first insight into α-radiation
tolerance of these compounds, but have never been carried out for
more than a year, whereas these compounds might be stored up to
a few years between fabrication and irradiation. In this work, we
study effects of self-irradiation on the structure of U1−xAmxO2±δ
solid solutions (x = 0.15 and 0.20) aged 3 to 4 years. Especially, X-
ray diffraction and X-ray absorption spectroscopy are combined to
observe these effects from both long-range and local perspectives.
Results show that the fluorite-type structure of U−Am mixed
oxides withstands 241Am α-irradiation without major damage. Despite the increase of interatomic distances and crystallographic
disorder observed during the first months of storage, the present results show that a steady state is then reached. Thus, no
detrimental factors have been identified in this study in terms of structural damage for several-year storage of U1−xAmxO2±δ
pellets before irradiation. Furthermore, comparison between long-range and local evolution suggests that α-self-irradiation-
induced defects are mainly located in low-ordered domains. Based on literature data and present results, the steady state appears
related to the equilibrium between radioinduced defect formation and material self-healing.

1. INTRODUCTION

The transuranium elements Np, Am, and Cm, usually referred
to as minor actinides (MA), are generated in nuclear fuels
during in-pile irradiation. Even though they represent a tiny
portion of spent fuels (i.e., ∼0.7 wt % of a standard UO2 fuel
irradiated in a pressurized water reactor), their high activity and
long half-life make them the highest contributors to radio-
toxicity and heat generation of nuclear waste after 100 years (in
a scenario integrating plutonium recycling).1

Among the considered solutions to manage this particular
waste, MA recycling by transmutation into short-lived or stable
elements appears to be very promising to reduce MA inventory
and consequently the waste volume destined for geological
disposal.2−5 In France, the “heterogeneous” mode is now
considered the reference mode for performing MA trans-
mutation.6,7 It consists of integrating MA in relatively high
concentrations (from 7 to 15 atom % of heavy metals) in
depleted UO2-based sintered pellets to perform transmutation
in fast neutron reactors (FNR). They are called MA-bearing
blankets (MABB), because of their peripheral arrangement in
the FNR core. Due to relative abundance and high activity of

Am among other MA, heterogeneous mode research is
currently focused on recycling of only Am by means of
U1−xAmxO2±δ compounds called AmBB.
Even though irradiation experiments confirmed the feasibility

of transmutation through the use of AmBB,8 consequent work
is still needed before an actual industrial deployment.9,10 In
particular, the determination and quantification of elemental
mechanisms during solid solution formation and the stability of
the latter against α self-irradiation must be explored in detail.
Among studies performed on U−Am mixed oxides, structural

properties of these materials were especially investigated,
mostly using X-ray diffraction (XRD) and X-ray absorption
spectroscopy (XAS). It was notably shown that U1−xAmxO2±δ
solid solutions can be formed at least for x ≤ 0.5.11 For samples
with 0.1 ≤ x ≤ 0.2, XAS studies evidenced a peculiar cationic
charge distribution for samples with an oxygen-to-metal (O/M)
ratio close to 2 (2.00(1) as obtained by X-ray absorption near
edge structure (XANES)). Several authors determined that Am
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was only present in the trivalent state, while a mixed +IV/+V
valence was determined for U.12−15 The amount of U+V was
found to increase with that of Am, as close U+V and Am+III

ratios were reported for U1−xAmxO2±δ samples with 0.1 ≤ x ≤
0.2.12 This result was quite unexpected, as it strongly differs
from those obtained on analogous U−Pu mixed oxides.16 It was
however in agreement with density functional theory
calculations performed by Suzuki et al., who predicted the
presence of U+V and, mainly, Am+III in a U0.5Am0.5O2
compound.17 Am thus behaves as many rare-earth elements
(Y, Gd, Dy, Sm, Nd, Pr, ...) and more widely elements for
which +III is the only oxidation degree available in the solid
state and which form mixed-oxide fluorite-type compounds
with U. In the mixed oxides obtained, large ionic radii (e.g.,
Gd+III) are more stable and have higher solubility limits,
whereas, for the smaller cations (e.g., Cr+III), hyperstoichiom-
etry of uranium, i.e., presence of U+V, increases the solubility
limit.18

Concerning the variations of O/M ratios, they are in this case
only ensured via changes in the U+IV/+V ratio, as was
experimentally observed for U−Am mixed oxides.19 The
fluorite-type structure is thus able to accommodate for the
presence of three different oxidation states (+III, +IV, and +V)
on the same crystallographic site. Concerning the Np formed
by α decay of 241Am, no study of his behavior in the U−Am
mixed oxide was performed, but, due to the structural
similarities of NpO2 with UO2 and U1−xAmxO2±δ, Np can be
expected to be present in the fluorite structure in substitution
for U/Am.
The structural effects of self-irradiation (mostly induced by

the emission of 237Np recoil nuclei from 241Am α-decay)20 on
U1−xAmxO2±δ solid solutions (0.075 ≤ x ≤ 0.500) were
recently studied by Horlait et al.21 The authors reported that
such samples progressively swell, reaching a relative lattice
parameter increase Δa/a0 of about 0.3% within a few months,
according to the equation Δa/a0 = A(1 − e−Bλt) (with A, the
maximum relative swelling, B, a swelling kinetic constant, λ, the
241Am decay constant, and the time t). The Am ratio in the
compounds was found to increase the kinetics of lattice
parameter expansion, but close kinetics were reported when
normalized by the dose rate (which is proportional to the Am
ratio as 241Am is the only isotope to have a significant activity in
the sample). Neither microstrain increase nor crystallite
splitting was evidenced whatever the Am ratio, even though
the latter could not be formally ruled out. Microstrain increase
with Am ratio was however evidenced and identified as a

consequence of the presence of cations with various oxidation
states (Am+III, U+V) in amounts increasing with Am ratio. Using
XAS, Prieur et al. observed similar swelling between a 20- and a
220-day-old U0.85Am0.15O2±δ sample, as well as, using extended
X-ray absorption fine structure (EXAFS), an increase of
Debye−Waller factors for each interatomic distance, i.e., an
increase of the structural disorder with time.13 The recovery of
self-irradiation-induced lattice expansion with temperature was
also studied by Prieur et al. through high-temperature XRD,
which allows concluding that recovery of this expansion does
not begin under 673 K and is complete at 1373 K.22

Self-irradiation studies were, however, limited to one-year-old
samples, though AmBB storage between fabrication and
irradiation could last several years. Assessing the behavior of
AmBB pellets during long storage time requires having data on
older samples to confirm their compliance with requirements
for irradiations.6,7 To this end, we report in this work structural
investigations by X-ray absorption spectroscopy and powder X-
ray diffraction performed on 3- to 4-year-old U1−xAmxO2±δ
sintered samples (with x = 0.15 and 0.20). Obtained results are
notably compared to previous studies carried out on similar but
more recently prepared samples (less-aged).12,13,21

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. Four U1−xAmxO2±δ sintered samples

fabricated in hot cells at the ATALANTE facility were used for this
study. Their characteristics are summarized in Table 1. Samples A, B,
and C have an Am/(U + Am) ratio of 15.3(5) atom % while that of
sample D is 20.0(5) atom %. These compounds, were prepared
according to a process already presented in previous publications.12,23

The latter is notably based on comilling AmO2−δ and UO2+δ powders,
pelletizing, and reactive sintering at 2023 K during 4 h. Produced
pellets were stored at room temperature under air. Samples A and C
come from the same starting AmO2/UO2 blend, while a different one
was employed to fabricate sample B. In consequence, even though the
fabrication procedures are the same for the three U0.85Am0.15O2±δ
samples, slight differences in impurity content could for example be
expected. It is also to be noted that Np is present in the samples as a
result of 241Am α decay. When measurements were performed, the
Np/(Np + Am) ratio was estimated to be 3.4(3) atom %. A UO2
sample was used as a reference for EXAFS measurements. It was
prepared by sintering following the above-mentioned heat treatment.
A lattice parameter of 5.4708(5) Å was obtained, hence an O/M ratio
estimated to be 1.998(4) based on results from Teske et al.24

XRD characterizations were performed only a few days after the
XAS experiment, so sample age of the XRD experiments was
considered the same as for XAS. For both XRD and XAS, the sample
pellets were crushed and manually ground in an agate mortar. The

Table 1. Sample Characteristics and XRD Refinement Results of the Aged U1−xAmxO2±δ Samples and of the UO2 Reference
Sample

samples A B C D UO2

Am/(U + Am) ratios (atom %) 15.5(3) 15.5(3) 15.5(3) 20.0(5) 0
aging (days) 1113 1213 1401 1443
cumulated α doses (1018 g−1) 1.63(3) 1.77(3) 2.05(4) 2.81(7)
dpaa 0.39(1) 0.42(1) 0.50(1) 0.67(2)
lattice params (Å) 5.4791(5) 5.4775(5) 5.4792(5) 5.4762(5) 5.4708(5)
interatomic distances (Å)

An−O1 2.3725(2) 2.3718(2) 2.3726(2) 2.3713(2) 2.3689(2)
An−An1 3.8743(4) 3.8732(4) 3.8744(4) 3.8723(4) 3.8684(4)
An−O2 4.5430(4) 4.5417(4) 4.5431(4) 4.5406(4) 4.5361(4)

crystallite sizes (nm) >150 >150 >150 133(10) 117(7)
⟨ε⟩ (10−3) 0.6(2) 1.0(2) 0.6(2) 0.3(1) 0.2(1)
aDisplacement per atom (dpa) values calculated considering 1600 atomic displacements for each 241Am α-decay.34
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XRD sample plate was prepared by mixing a few tens of milligrams of
each sample with ∼20 mg of Au used as an internal reference (Sigma-
Aldrich, purity >99.9%) and an organic grease to adhere the powder to
the plate.
For XAS sample preparation, a few milligrams of each powder

sample was manually diluted in BN powder by a 10 min manual
grinding to ensure homogeneity. The obtained mixture was then
pelletized and doubled-sealed in Teflon and polyethylene dedicated
containers.
2.2. Data Acquisition and Processing. 2.2.1. XRD. The XRD

device used is a Bruker D8 Advance diffractometer equipped with a
Lynx-Eye detector and a Cu source (Kα1/α2 = 1.54056/1.54439 Å),
working in θ−θ mode. Its main characteristics were recently
described.21 The conditions of diffractogram acquisition were an
angular range of 25−120° 2θ and a step size of 0.01° 2θ, thus a total
scan duration ≥3 h. Bruker EVA DIFFRACplus and Fullprof Suite
software packages were used for data analysis.25 A Thompson−Cox−
Hastings pseudo-Voigt profile function was used for lattice parameter
refinement, while microstrain and coherent domain size (i.e., mean
crystallite size) were determined by making Williamson−Hall
plots.26,27 The XRD data processing procedure was previously
presented in detail.21

2.2.2. XAS. XAS experiments were carried out at the European
synchrotron radiation facility (ESRF, Grenoble, France) on the
Rössendorf Beamline (ROBL) with a storage ring at 6.0 GeV and
170−200 mA. Double-crystal monochromators mounted with Si (111)
crystals were used for energy selection. Measurements were performed
in both transmission and fluorescence modes, at the U LIII (17166 eV),
Am LIII (18510 eV), U LII (20948 eV), and Np LII (21600 eV) edges.
The fluorescence signal was measured with a 13-element Ge solid-state
detector using a digital amplifier (XIA). Metallic foils whose K edges
are close to the edges of interest, i.e., Y (17038 eV), Zr (17998 eV),
and Mo (20000 eV), were used as references for energy calibration.
Both XANES and EXAFS spectra were recorded at Am LIII and U LII
edges, up to k = 18 and 13.5 Å−1, respectively. Spectra at U LIII and Np
LII were limited to the XANES region as Np amounts in the samples
were too high to record EXAFS spectra at U LIII but too low to record
EXAFS spectra at either Np LIII or LII edges. During all the
measurements, a He cryostat was used to ensure a sample temperature
around 20 K. The thermal agitation contribution to the Debye−Waller
factors obtained through EXAFS data refinements is thus greatly
reduced and considered negligible, and the latter can be considered
only dependent on the structural disorder. Data refinements were
performed using the IFEFFIT28,29 software and FEFF 8.40 for ab initio
calculations of EXAFS spectra.
XANES spectra were normalized using a linear function for pre- and

postedge approximation. When necessary, fluorescence spectra were
corrected from self-absorption using the Fluo algorithm implemented
in the ATHENA software.28,29 Spectra of the following reference
compounds (also collected on ROBL at cryogenic temperature) were
used for XANES analysis: U+IVO2, U+IV/+V

4O9,
30 U+V/+VI

3O8,
31

Np+IVO2,
32 Am+IVO2, and a mixed U/Am+III oxalate.33 White line

positions and E0 (inflection point) were taken as the first zero crossing
of the first and second derivatives, respectively. Cation mole fractions
were determined using linear combinations of reference spectra to fit
experimental normalized absorption spectra of the sample considered.
Fourier transforms of the EXAFS spectra were extracted using a

Kaiser−Bessel window between 3.5 and 11.5 Å−1 and 3.5 and 14 Å−1

for U LII and Am LIII edges, respectively (with in both cases a dk-factor
of 2). A 7.5 Å cluster of the Fm-3m fluorite-type structure was
considered for data fitting, using a (lattice parameter) values obtained
by XRD. Each cation is thus theoretically surrounded by 8 O at a ×
√3/4, 12 U at a × √2/2, 24 O at a × √11/4 and 6 U at a. The four
corresponding two-legged paths were included to fit the EXAFS
spectra. Two three-legged and two four-legged multiple scattering
paths were also chosen, based on their relative high magnitudes. The
three-legged paths are Abs−O2−U/Am1−Abs (Abs represents the
absorbing atom, and U/Am1 is a cation on the first cation
coordination shell of both Abs and O2) and Abs−O2−O1−Abs
(O1 is an O anion on the first O coordination shell of both Asb and

O2). The four-legged ones are both Abs−O1−Abs−O1−Abs, with
angles of 0° (the linear one) or 180° (that for which the first and
second O are the same). These multiple-scattering paths were chosen
based on their non-negligible relative amplitudes and as they help
improving the fit results without the addition of supplementary
variables. Fits were performed between 1.6 and 6.0 Å with a k-weight
value of 3. The shift in threshold energy ΔE0 was varied as a global
parameter for each spectrum. An amplitude reduction factor S0

2 of 0.9
was used, as it is usually done for measurements at An LII/III edges.

12,16

3. RESULTS AND DISCUSSION
Throughout this section, XRD and XAS data for the samples
considered in this study (and whose most relevant character-
istics are given in Table 1) are compared to previous results
reported by Prieur et al. on less-aged samples12,13 in order to
assess the structural effects of cumulated α dose. Three samples
from Prieur et al., hereafter noted A′, B′, and D′, will notably be
discussed. Their characteristics are reprinted in Table 2. It is

worth noting that all samples were fabricated using the same
UO2+δ and AmO2−δ powders, samples A, A′, and C being
fabricated from a same powder blend, as well as samples B and
B′, and samples D and D′, respectively. For analysis of EXAFS
results, a UO2 sample sintered under the same conditions
(2023 K under Ar−H2 (4%) for 4 h) is used as a reference.

3.1. X-ray Diffraction. Powder X-ray diffractograms of the
four samples are presented in Figure 1, while Table 1 gathers
the refinement results. In all cases, diffraction patterns and
diffraction line shapes account for the presence of a sole
fluorite-type Fm-3m U1−xAmxO2±δ solid solution. This indicates
that the fluorite structure is maintained for all samples for the
considered accumulated doses of more than 1018 α g−1 (0.39 to
0.67 dpa) It is consistent with the high resistance of the fluorite
structure to self-irradiation.21,22,34−42

Structural swelling of the U0.85Am0.15O2±δ compounds is
evidenced in Figure 2, which compares lattice parameters of
samples A, A′, B, B′, and C to the lattice parameter evolution
obtained by Horlait et al.21 All values are found to be in fair
agreement with predicted data. For the older samples (A, B,
and C), the lattice parameters no longer evolve after the
maximal structural swelling is reached, meaning that the
formation kinetics of defect formation from α self-irradiation
are the same as the kinetics of defect self-healing.
The refined lattice parameter of the 1443-day-old

U0.8Am0.2O2±δ sample is 5.4762(5) Å. It is in agreement with
that obtained by Prieur et al. on the same sample 550 days after

Table 2. Main Characteristics of the U1−xAmxO2±δ Samples
Previously Studied by Prieur et al.12,13

samples A′12,13 B′13 D′12

Am/(U + Am) ratios
(atom %)

15.5(3) 15.5(3) 20.0(5)

fabrication conditions similar to A
and C

similar to B similar to D

aging (days) 220 20 550
cumulated α doses (1018

g−1)
0.32(3) 0.030(3) 1.07(3)

dpaa 0.08 0.01 0.25(1)
lattice parameters (Å) 5.476(1) 5.467(2) 5.476(1)
adpa values calculated considering 1600 atomic displacements for each
241Am α-decay.34 One has to note that the values of 0.03 and 0.28 dpa
given for samples B′ and A′,13 respectively, were here properly
recalculated. Likewise, using the original XRD diffractograms,
calculated lattice parameters were revised.35
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fabrication (5.476(1) Å).35 These values are ∼0.3% higher than
that reported by Vespa et al.43 on a U0.81Am0.19O2±δ sample.
This difference is most likely due to self-irradiation effects and
would then be consistent with the results of Horlait et al.21

Another interesting point evidenced by Figure 2 is the lower
lattice parameter obtained for sample B than for samples A and
C. Likewise, the microstrain ⟨ε⟩ value for sample B (1.0(2) ×
10−3) is almost twice those of samples A and C (0.6(2) ×
10−3). As a reminder, the three samples were fabricated
following the same protocol and from the same UO2 and AmO2
starting powders. The discrepancies between sample B and the
two others are most probably related to the fact that sample B
does not come from the same fabrication batch as samples A
and C do. A difference in terms of impurities, brought by
grinding and mixing steps, could thus be expected and would be
responsible for the above-mentioned difference. ⟨ε⟩, which
could be considered an indicator of local variations in lattice
parameter, is higher for sample B than for samples A and C. It
suggests that the U0.85Am0.15O2±δ crystal structure of sample B
is more polluted than those of the two other samples.
Unfortunately, due to the limited mass of material available
for this study, no impurity content measurements could be
performed to confirm this hypothesis.

3.2. XANES. 3.2.1. Am and U Edges. XANES spectra at the
Am LIII and U LIII edges are presented in Figure 3.
Corresponding inflection points and white line positions are
summarized in Table 3. XANES spectra at the Am LIII edge of
the four samples are aligned with that of the Am+III reference.
This observation is confirmed by the white line position values,
which do not vary by more than 0.2 eV compared to that of the
Am+III reference (whereas that of the Am+IV reference is 4.0 eV
higher). Linear combination results are also consistent with
these observations, as shown in Table 3. Thus, the four samples
contain only Am+III. For the U LIII edge, all sample spectra are
between those of UO2 (U

+IV) and U4O9 (1/2 U+IV, 1/2 U+V)
reference compounds, as illustrated by the inflection point and
white line positions (Table 3). This indicates the presence of
U+IV and U+V and excludes the presence of a significant amount
of U+VI in the samples. U+IV and U+V mole fractions were
consequently determined by linear combination of UO2 and
U4O9 reference spectra. Results (Table 4) indicate close
amounts of U+V and Am+III, similar to what was already
observed on equivalent but less-aged compounds.12,13 Slightly
higher values are obtained for U valence in samples B and C,
but it remains impossible to conclude on a strictly higher U+V/
U+IV ratio considering the non-negligible uncertainty. Based on
the cation mole fractions determined, an O/M (oxygen to
metal) ratio of 2.00(1) is calculated for all the samples, with a
charge compensation between oxidized U+V and reduced
Am+III, similar to what was obtained, notably by DFT
calculations, on U1−xAmxO2 and U1−xM

+III
xO2±δ com-

pounds.17,18

No evolution in Am or U valence was evidenced in the
samples over the almost 4-year monitoring of these samples. A
recent study showed, through XRD monitoring of powdered
U1−xAmxO2±δ samples under ambient conditions, that the O/M
ratio increases during the first days of storage.21 After this
oxidation, O/M ratios close to 2.00 are obtained for Am/(U +
Am) ratios comprised between 10 and 20 atom %.12,44 Present
results thus suggest that the O/M ratio of the samples no
longer evolves after this initial oxidation, even for a 4-year
storage. Notably, α self-irradiation itself does not seem to
impact the O/M ratio.

3.2.2. Np Edge. XANES spectra were also recorded at the
Np LII edge on samples B and D and are presented with that of
a Np+IVO2 reference in Figure 4. Considering the low signal-to-
noise ratio due to the limited amount of Np in the samples
(between 0.5 and 0.7% of cations), only the white line
maximum can be used to determine Np valence state. For both
samples this position (21604.6(5) and 21605.0(5) eV for
samples B and D, respectively) is close to that of Np+IVO2
(21605.5(5) eV). This indicates that Np is mostly present as
Np+IV in samples. It is worth noting that only the Mo K edge
could be used for energy calibration of these spectra.
Considering the difference between Mo K and Np LII edges
(around 1600 eV), the uncertainty on the white line positions is
larger for this edge. For both samples, four XANES spectra
were merged and plotted in Figure 4. The E0 deviation between
the four spectra was less than 2 eV in both cases. No EXAFS
(extended X-ray absorption fine structure) spectra could be
obtained at any Np edge, and the elevated noise-to-signal ratio
precludes any further interpretation regarding for example the
presence of Np in substitution in the U−Am mixed oxide, or
aggregated in large Np-rich specific areas as was observed in
MA-MOX (MA-bearing mixed U−Pu oxide) fuels.45

Figure 1. Powder X-ray diffractograms of the samples a few days after
XAS experiments showing characteristic lines of the Fm-3m fluorite
structure. Asterisks point out Au pattern. Inset focuses on the (220)
line.

Figure 2. Lattice parameters of the U0.85Am0.15O2±δ samples (filled
symbols) compared to those of Prieur et al. (empty symbols).35 The
gray dashed curve is based on data of Horlait et al.9
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3.3. EXAFS. EXAFS spectra at Am LIII and U LII edges and
their Fourier transforms are presented in Figures 5 and 6,
respectively, while Table 5 gathers the fitted structural
parameters. In the Fourier transforms, the first peak at ∼1.9−
2.0 Å corresponds to the first Am−O or U−O shell, while the
second one at ∼3.7 Å mainly corresponds to the nearest Am−
U/Am and U−U/Am distances. The good agreement between
experimental and fitted data confirms the presence, for each
sample, of a single fluorite-type U1−xAmxO2±δ solid solution.
Furthermore, the obtained coordination numbers are consistent
(considering the uncertainties) with a fluorite-type structure for
each coordination shell considered (i.e., first and second cations
and O). The comparisons between the samples and similar but
less-aged ones (such as sample B′) or the UO2 reference
sample indicate, however, the occurrence of some structural
evolutions during aging.

3.3.1. Interatomic Distances. For the four samples studied,
the first shell M−O distance is on average 2.430 Å for Am−O
and 2.345 Å for U−O. U−O distances in the samples are thus
slightly shorter than that in the UO2 reference sample (2.355
Å), whereas Am−O are significantly longer. These results are
consistent with the cationic charge distribution determined by
XANES and the ionic radii of the considered cations in 8-fold
coordination.46

The presence of U+V thus lowers the U−O distances in the
sample in comparison to UO2, since the U+V ionic radius is
smaller (estimated about 0.9 Å) than that of U+IV (1.0 Å).
Considering the Am−O distances, their increase is the

Figure 3. Normalized XANES spectra at Am and U LIII edges (to facilitate comparison each subsequent spectrum is shifted by 0.05 on the y-axis)
and associated second derivatives.

Table 3. Inflection Point (E0) and White Line (WL)
Positions of the XANES Spectra Reported in Figure 3a

Am LIII edge U LIII edge

samples E0 (eV) WL (eV) E0 (eV) WL (eV)

A 18513.0 18517.5 17170.2 17175.9
B 18512.9 18517.4 17170.2 17175.9
C 18513.1 18517.6 17170.0 17175.9
D 18513.0 18517.5 17170.3 17175.9
Am+IIIb 18512.9 18517.7
Am+IVO2 18514.0 18521.6
U+IVO2 17169.7 17175.2
U+IV/+V

4O9 17170.7 17176.5
U+V/+VI

3O8 17171.9 17179.6
aAll values are given with an uncertainty of 0.2 eV. bAm+III reference is
(U+IV

0.9Am
+III

0.1)2(C2O4)5·6H2O.
12,33

Table 4. Mole Fractions and Corresponding O/M Ratios
Estimated by Linear Combination of Reference XANES
Spectra

mole fractions (atom %)

samples Am+III Am+IV U+IV U+V O/M ratios

A 15 0 70(2) 15(2) 2.00(1)
B 15 0 68(2) 17(2) 2.00(1)
C 15 0 68(2) 17(2) 2.00(1)
D 20 0 63(2) 17(2) 2.00(1)
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consequence of the larger ionic radius of Am+III (1.1 Å)
compared to those of U+IV and U+V.46 For the second O
coordination shell, the distances obtained are close to that in
UO2 (4.52 Å) for U (about 4.51 Å) but systematically shorter
for Am (around 4.49 Å). This difference might not, however, be
relevant due to the significant uncertainties for this shell. M−M
first distances are all between 3.86 and 3.87 Å, independently of
sample age or composition. These distances are in good
agreement with those calculated using the lattice parameters
determined by XRD measurements (Table 1). Similarly, the
second M−M distances, spanning from 5.46 to 5.48 Å, are in
fair agreement with the corresponding lattice parameters.
M−O and M−M first and second shell distances of the three

U0.85Am0.15O2±δ samples vary less than their respective
uncertainties, so they can be considered constant. They are
also equal to the M−O and M−M first shell distances
determined by Prieur et al.12 for sample A′ (220 days). All these
distances are on average about 0.2% lower for sample B′, aged

20 days. This observation is consistent with XRD results on
U0.85Am0.15O2±δ, predicting a lattice parameter increase of
about 0.20% between 20 days and 220 days and over (but less
than 0.05% after 220 days).21 Thus, during the first year of
storage of the U0.85Am0.15O2±δ compounds, self-irradiation
induces the progressive lengthening of bonds. A steady state is
then reached, when the kinetics of self-healing catch up to those
of defect formation by self-irradiation, and the interatomic
distances no longer evolve.

3.3.2. Structural Disorder. σ2 (Debye−Waller factor) values
are very close from one sample to another for a given edge and
coordination shell. Even though previous studies showed that
the higher the Am content, the higher the σ2 values,12 no
differences associated with Am content are evidenced between
the 15 and 20% Am samples. It is presumably due to the small
difference in compositions between the samples (5%). These
values are, though, higher than those obtained for the UO2
reference sample. The main differences concern the first O

Figure 4. Normalized XANES spectra at Np LII edge of samples B and D compared to that of a NpO2 reference and associated first derivatives.
Symbols represent experimental data, while the colored lines are used to guide the eye. The solid vertical lines around 21605 eV indicate the white
line maxima.

Figure 5. Am LIII and U LII edges k
3-weighted EXAFS spectra. Dots correspond to experimental data and solid lines to fitted data.
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coordination shell. Average values for this shell are significantly
higher around U (0.008 Å2) than around Am (0.005 Å2), which
are both higher than that obtained for the UO2 reference
sample (0.003 Å2). These differences evidence the increase of
the Debye−Waller factor, thus of disorder, resulting from self-
irradiation effects (as formerly stated by Prieur et al.13 and
discussed in the next two paragraphs), but are also related to
the substitution of Am for U in the structure. Substitutions
induce the presence of multivalent cations with different ionic
radii, which broadens the cation−O distance distribution, hence
the observed increase in disorder of the oxygen sublattice. As
the EXAFS results at the U LII edge correspond to two cations,
i.e., U+IV and U+V, this disorder appears to be higher around U
cations.
For U0.85Am0.15O2±δ samples, σ2 values of those studied are

relatively low, which implies that, despite the cumulated α dose,
the U0.85Am0.15O2±δ structure is only slightly disordered. They
are also equivalent to those of sample A′ (220 days) and
consequently higher (∼25%) than those reported for sample B′
(20 days), as formerly stated by Prieur et al.13 Though 241Am α
self-irradiation effects had quantifiable impacts on structural
disorder of U0.85Am0.15O2±δ during the first months after
synthesis, the present observations indicate that, after reaching

the maximal radiation-induced structural swelling, the structural
disorder no longer increases. This is consistent with the great
resistance of the fluorite structure to α self-irradiation.21,22,34−42

For sample D, obtained σ2 values are comparable not only to
those reported by Prieur et al. after 550 days12 but also to those
of the aged U0.85Am0.15O2±δ samples.

3.3.3. Influence of the Charge Distribution on the Local
Structure. For the four samples studied, XRD and EXAFS
results are consistent as they both indicate the conservation of a
fluorite-type structure even though U+V and Am+III cations are
present. Considering the low sensibility of XRD to light atoms,
and thus to the oxygen sublattice, the long-range structure
identified by this method almost only corresponds to the cation
sublattice, which is thus that of a fluorite-type compound. The
differences between U−O1 and Am−O1 (and even probably
between U+IV−O1 and U+V−O1) however suggest that some
distortions of the oxygen sublattice occurred. Former XAS and
neutron studies notably performed on hyperstoichiometric
UO2+δ notably revealed that, during the oxidation of a UO2

compound, the main structural changes occur in the oxygen
sublattice, without influence on the more stable cationic
sublattice.47−52 In the present case, the only modifications
from a defect-free fluorite structure are the shortening of the

Figure 6. Modulus and imaginary part of Fourier transforms of the k3-weighted EXFAS spectra at Am LIII and U LII edges presented in Figure 5.
Black symbols and lines represent the experimental data, whereas gray and colored lines represent the fitting results.
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U−O1 distances and a lengthening of the Am−O1 distances,
and a slight increase of the associated Debye−Waller compared
to a UO2 compound. In hyperstoichiometric UO2+δ oxides, the
presence of U+V results in the formation of additional U−O
distances resulting in an increase of the number of oxygen
anions surrounding the U+V cations.50,51 For the present
samples, this was not observed as fairly constant coordination
numbers were obtained. Moreover, the first cationic shell, i.e.,
the first U−An and Am−An distances are similar, meaning that
the distortions occur only in the first oxygen shell, which might
indicate the presence of U+V−Am+III clusters compensating for
the variations in the An−O1 distances. The present
experimental data cannot however give any further support to
this hypothesis.
These results thus highlight that the two sublattices of the

fluorite-type structure can behave quite independently, and
that, depending on the method used for the characterization,
the information obtained might be relevant only for one, but
not for the other. In any case, the peculiar charge distribution
observed and its potential effects on the oxygen sublattice
certainly influence the way the structure accommodates self-
irradiation-induced defects, which is discussed in the next
section.
3.3.4. Self-Irradiation Impact on Local and Long-Range

Structural Order. The resistance to self-irradiation effects
evidenced by these results is in agreement with the great
stability of the MO2-based fluorite-type structure. The latter
was often reported as very stable, even up to high equivalent
doses.53 For structures close to the fluorite, it was even
suggested that a structural transformation to a defective fluorite
induced through irradiation could increase the resistance to
amorphization of the considered compounds up to very high
doses.53 More precisely, the stability (i.e., the possibility to
accommodate for defect, notably in the oxygen sublattice,

rather than undergo amorphization) of fluorite and fluorite-
related structures such as those of trivalent-doped MO2 was
found to increase with the closeness of the ionic radii of the
considered cations.53 For U−Am mixed oxides, the similarity
between the ionic radii of the three cations present46 and the
consequences of a charge compensation mechanism between
U+V and Am+III cations (discussed in the previous section)
suggest a high defect accommodation capacity of their
structure. This assumption is in accord with the XRD and
EXAFS results, in which only low increases of interatomic
distances and structural disorders (Debye−Waller factors) were
evidenced.
Nevertheless, the increase of Debye−Waller factors during

the first months after synthesis appears to be in contradiction
with Horlait et al.’s results of XRD monitoring of U1−xAmxO2±δ
compounds (0.075 ≤ x ≤ 0.500) after annealing.21 Self-
irradiation was found to have no quantifiable impact on
microstrain (⟨ε⟩), though Am ratio had a non-negligible
impact. ⟨ε⟩ and σ2 can be considered to be closely related, as
they both represent standard deviation or local variation of
interatomic distances (as spectra were collected at 15 K, the
thermal component in EXAFS data is greatly reduced and can
thus be considered negligible). The main difference between
them is that ⟨ε⟩ is measured by XRD and thus only for
coherent domains (i.e., well-crystallized domains), whereas σ2-
values correspond to the average structural disorder around
each cation, thus representative of the entire sample (i.e.,
coherent and incoherent domains, including defect aggregates
and grain boundaries for example). As a consequence, structural
disorder induced by self-irradiation in U1−xAmxO2±δ solid
solutions seems to be concentrated in domains having no long-
range order. This is also in accord with recent observations
made by several research groups54−57 using computational
methods to study formation and subsequent self-healing of self-

Table 5. Structural Parameters Obtained by Fitting EXAFS Spectra Reported in Figure 5 at Am LIII and U LII Edges of the Aged
U1−xAmxO2±δ and UO2 Reference Sample

Am LIII U LII

samples shells R (Å) N σ2 (Å2) R-factor R (Å) N σ2 (Å2) R-factor

A, x = 0.15, 1113 d, 0.39 dpa O1 2.432(5) 7.5(5) 0.0045(5) 0.010 2.348(5) 8.2(5) 0.0085(5) 0.008
Am/U1 3.865(3) 11.8(5) 0.0031(2) 3.866(3) 12.0(5) 0.0038(2)
O2 4.48(2) 22(5) 0.011(2) 4.51(2) 23(5) 0.007(2)
Am/U2 5.48(1) 6(1) 0.004(1) 5.47(1) 6(1) 0.003(1)

B, x = 0.15, 1213 d, 0.42 dpa O1 2.433(5) 7.6(5) 0.0054(5) 0.012 2.343(5) 7.8(5) 0.0067(5) 0.010
Am/U1 3.865(3) 11.8(5) 0.0031(2) 3.864(3) 11.9(5) 0.0034(2)
O2 4.50(2) 25(5) 0.012(2) 4.51(2) 24(5) 0.008(2)
Am/U2 5.47(1) 6(1) 0.003(1) 5.46(1) 6(1) 0.004(1)

C,a x = 0.15, 1401 d, 0.50 dpa O1 2.426(5) 7.8(5) 0.0054(5) 0.009 2.344(5) 7.9(5) 0.008(1) 0.016
Am/U1 3.860(3) 11.8(5) 0.0032(2) 3.864(3) 11.8(5) 0.0033(2)
O2 4.49(2) 25(5) 0.011(2) 4.52(2) 26(5) 0.010(2)
Am/U2 5.47(1) 6(1) 0.003(1) 5.46(2) 5(1) 0.007(2)

D, x = 0.20, 1443 d, 0.67 dpa O1 2.430(5) 7.7(5) 0.0055(5) 0.009 2.347(5) 7.9(5) 0.0073(5) 0.006
Am/U1 3.862(3) 11.8(5) 0.0034(2) 3.865(3) 11.9(5) 0.0034(2)
O2 4.49(2) 24(5) 0.012(2) 4.50(2) 24(5) 0.008(2)
Am/U2 5.47(1) 6(1) 0.004(1) 5.46(1) 6(1) 0.004(1)

UO2 O1 2.355(5) 7.9(5) 0.0031(5) 0.006
U1 3.866(3) 11.9(5) 0.0015(2)
O2 4.52(2) 26(5) 0.005(2)
U2 5.46(1) 6(1) 0.003(1)

aConsidering EXAFS spectra at the U LII edge of sample C, measurements in fluorescence mode had to be used instead of those in transmission, due
to macroscopic defects in the XAS sample. The lower signal-to-noise ratio in such conditions is mainly responsible for the larger uncertainties and R-
factor value.
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irradiation-induced defects in materials with a fluorite-type
structure, including notably UO2. They determined that grain
boundaries act as sinks which trap moving atoms and thus point
defects induced by collision cascades during α decay. During
aging of the samples, structural defects accumulate at grain
boundaries (noncoherent diffraction domains). As a conse-
quence, the time necessary to reach the maximum lattice
swelling of U1−xAmxO2±δ compounds may be related to the
time necessary for the rate of formation of new defects by self-
irradiation to be in equilibrium with the rate of defects reaching
noncoherent domains.
No evolutions of Debye−Waller factors are, however, noted

after 220 days for U0.85Am0.15O2±δ, i.e., at a time when unit cell
volume increase through self-irradiation effects is almost
stopped. Even though defects still reach noncoherent domains,
they do not accumulate there. Some authors indeed determined
that defect migration toward grain boundaries can facilitate
defect annihilation by interstitial-vacancy recombination near
grain boundaries, thus enhancing material self-healing.54,55 This
phenomenon is probably responsible for the observed
stabilization of Debye−Waller factors. The defects reaching
the noncoherent domains are progressively recovered through
interstitial-vacancy recombinations which occur in the vicinity
of grain boundaries. Once the kinetics of the latter cancel out
those of the former, a steady state is attained, which was
observed to occur after at least 220 days in the case of
U0.85Am0.15O2±δ. Considering that no measurements were
performed on such samples aged between 20 and 220 days, it
remains impossible to give a more precise approximation of the
time necessary to attain this steady state. This compensation
process also limits the formation of noncoherent domains, thus
protecting the structure against advanced deterioration such as
amorphization. The maximum swelling A may be limited by the
above-suggested mechanism of enhanced defect healing by
grain boundaries. A previous work by Weber36 is indeed in
agreement with that hypothesis, since he reported that, under α
irradiation, single crystal UO2 undergoes 50% more structural
swelling than polycrystalline UO2, probably because of the
absence of grain boundaries in single crystals. It is furthermore
consistent with the work of Ackland,55 who discusses the
presumed better resistance of nanomaterials to irradiation.

4. CONCLUSIONS
Three- to four-year-old U1−xAmxO2±δ transmutation targets
were analyzed by XRD and XAS to assess the structural effects
caused by 241Am α self-irradiation during their aging. By
coupling these two techniques, structural self-irradiation effects
were studied from both local and long-range points of view.
Results show that the fluorite solid solution is retained in spite
of the accumulation of α doses up to ∼3 × 1018 α g−1 (i.e., 0.7
dpa). Likewise, the cationic charge distribution appears to be
relatively unaffected by α dose accumulation, as it is the same in
the 3- to 4-year-old samples as in the less-aged ones (only
trivalent Am, U with a mixed +IV/+V valence, leading to O/M
values of 2.00(1)). In addition, aged samples exhibit larger
interatomic distances than a “fresh” sample.
Concerning structural defects, an increase of Debye−Waller

factors is observed using XAS, whereas neither microstrain
increase nor crystallite splitting were evidenced by XRD. These
results suggest that the self-irradiation-induced structural
defects are mostly located in low-ordered domains. These
self-irradiation effects are, however, close to those observed in a
220-day-old similar sample, meaning that most of these effects

occur during the first months after fabrication concomitantly
with a structural swelling. After a few months, the rates of
defects reaching noncoherent domains and of subsequent self-
healing occurring near grain boundaries compensate for the
kinetics of defect formation. An equilibrium state then seems to
be established, as no further structural evolution is observed.
In summary, self-irradiation-induced structural evolution in

U1−xAmxO2±δ samples is therefore relatively limited because of
the self-healing ability of these compounds. More importantly,
none of these evolutions appears to be detrimental to
envisaging several-year storage between fabrication and
irradiation. However, the accumulated dose remains low
compared to those expected for the AmBB under irradiation,
and performing the same studies on such samples after
irradiation would be of significant interest.
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