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ABSTRACT: The structural evolution under *'Am self-irradiation of U,_,Am,O,,s
transmutation fuels (with x < 0.5) was studied by X-ray diffraction (XRD). Samples

first underwent a preliminary heat treatment performed under a reducing atmosphere (Ar/
H,(4%)) aiming to recover the previously accumulated structural defects. Over all
measurements (carried out over up to a full year and for integrated doses up to 1.5 X 10"
a-decay events-g '), only fluorite U,_,Am,O,, solid solutions were observed. Within a
few days after the end of the heat treatment, each of the five studied samples was slowly
oxidized as a consequence of their move to air atmosphere, which is evidenced by XRD by
an initial sharp decrease of the unit cell parameter. For the compounds with x < 0.18, this
oxidation occurred without any phase transitions, but for U,;¢Am,,0,,; and
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Uy sAmy5O,,5 this process is accompanied by a transition from a first fluorite solid

solution to a second oxidized one, as the latter is thermodynamically stable in ambient conditions. In the meantime and after the
oxidation process, **Am «a self-irradiation caused a structural swelling up to ~0.8 vol %, independently of the sample
composition. The kinetic constants of swelling were also determined by regression of experimental data and are, as expected,
dependent on x and thus on the dose rate. The normalization of these kinetic constants by sample a-activity, however, leads to
very close swelling rates among the samples. Finally, evolutions of microstrain and crystallite size were also monitored, but for the
considered dose rates and cumulated doses, a self-irradiation was found, within the limits of the diffractometer used, to have
almost no impact on these characteristics. Microstrain was found to be influenced instead by the americium content in the
materials (i.e, by the impurities associated with americium starting material and the increase of cationic charge heterogeneity

with increasing americium content).

1. INTRODUCTION

Minor actinides (neptunium, americium, and curium) are
generated in UOX (uranium oxide) and MOX (mixed U—Pu
oxides) fuels during their irradiation in reactors. Though these
elements represent a very low fraction in spent nuclear fuels
(<0.1 wt %), their high activity and long half-life make them the
major contributors to radioactivity in nuclear waste beyond 100
years (if the choice is made to recycle plutonium in MOX
fuels). In order to reduce the radiotoxicity of nuclear waste, the
transmutation of minor actinides (MA) into short-lived
elements is currently evaluated in the framework of fast
neutron reactor (FNR) development.1 At the current time,
uranium-based U;_ MA O, ; mixed oxides appear, for France,
to be the most promising fuels for performing the trans-
mutation of minor actinides. In detail, two specific modes are
considered and studied.””” The first one is the homogeneous
mode and consists of irradiating fuels containing a low amount
of MA (<5% of the heavy metals), which constitute the overall
core. On the other hand, the heterogeneous mode, which has
nowadays become the reference mode, consists of integrating
MA in specific oxides destined to be placed in the core
periphery, therefore called minor actinide-bearing blanket
(MABB). To that end, MA are integrated in U;_,MA,O,,s
mixed oxides in relatively high concentrations (7 to 20 at. % of
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the heavy metals). Since Am is dominant in terms of activity
and heat load compared to the other MA, the current research
is mainly focused on U, _,Am,0O,,; compounds.

Before an effective industrial deployment, numerous points
need, however, to be clarified concerning U, ,Am,O,, s
properties. For example, even though the stake of MA
transmutation has been motivating substantial studies on the
U,_,Am,0,,; solid solutions,*** even including irradiation
experiments,”*" little experimental data about self-irradiation
effects in U;_,Am 0, ; exists.”>~>* Self-irradiation effects are of
great concern because the probable local modifications induced
(lattice swelling, amorphization, phase transition, He formation,
etc.) could cause modifications at the macroscopic scale such as
pellet swelling, brittleness, and grains fracturation, which would
eventually have consequences on the fuel handling (e.g,
cladding) and its properties (thermal conductivity, in-pile
microstructure evolution, etc.).

Thus, to assess the behavior under a self-irradiation of
uranium—americium mixed oxides, five U,_,Am0O,,; com-
pounds (with x = 0.075, 0.15, 0.3, 0.4, and 0.5) were monitored
by XRD to study the effect at the crystal lattice scale. This
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monitoring was performed over a full year, with cumulated
doses up to 1.5 X 10" a-decay events-g™', that is, about 0.37
dpa (displacements per atom).

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. All sample preparation was performed
in hot cells and glove boxes at the CEA Marcoule ATALANTE facility.
The five samples of U;_,Am,O,,5 were prepared from UO,,; and
*AmO,_; starting powders, following the recently developed
UMACS (uranium minor actinide conventional sintering) process.‘s'25
This process consists of two successive heat treatments (the first
aiming to form the solid solution, the second for sintering) on
pelletized powders, separated by a grinding step. As information on
starting powder characteristics®® and the fabrication process® were
already given in previous studies, they are not further described herein.

The Am/(U+Am) ratio (Table 1) and impurity content of each
sintered sample were determined using TIMS (thermal ionization

Table 1. Sample Compositions (Determined by TIMS) and
Total Experiment Durations Expressed in Time, Cumulated
a Dose, and dpa (Displacements Per Atom)

x (Am/(U+Am)) cumulated dose

targeted obtained experiment duration (days) a-g_l dpa®
0.075 0.075(5) 484 3.5 x 107 0.08
0.15 0.15(1) 307 44 x 107 011
0.30 0.32(1) 317 1.0 X 10" 024
0.40 0.39(1) 268 1.0 X 108 0.24
0.50 0.49(1) 322 1.5 x 10" 0.37

“dpa were calculated considering 1600 displacements for each *'Am a
decay3*

mass spectrometry). As expected, Np constitutes the main impurity
(Np/(Am+Np) is about 0.4%) as *’Np is the long-lived decay
product of *Am. Other impurities were detected, but at their level
(1000 ppm for all impurities cumulated®), we assume that they should
not interfere with sample evolution under self-irradiation. More
detailed characterization of the samples with x = 0.075 on one hand,
and with 0.15 < x < 0.5 on the other, is available in two recent
publications, refs 6 and 26, respectively.

After fabrication, a fragment (a few tens of milligrams) of each
obtained pellet was heat treated in a furnace to anneal the self-
irradiation effects accumulated since fabrication, before starting the
XRD experiments. This treatment under an Ar/H,(4%) flow was
composed of a half-hour plateau at 1373 K reached with a heating rate
of 10 K'min™"' and followed by a cooling at 25 K:min™' to room
temperature. In order to fully recover the self-irradiation defects, the
plateau temperature was selected considering the recovery temperature
usually reported for actinide oxides.”” *° The chosen value was also a
posteriori ensured by the recent work of Prieur et al. on thermal
recovery of defects of UjgAm,,0, s, as they obtained a defect-free
sample after holding a few minutes at this temperature.”® The moment
when the sample is cooled to room temperature is hence considered to
be the experiment start time, called t,. The sample is then manually
ground in an agate mortar, embedded in organic grease, and finally
layer-deposited on a silicon mirror plate sample holder.

2.2. XRD. 2.2.1. Measurements. XRD patterns were recorded
using a Bruker D8 Advance diffractometer equipped with a special
sealed sample holder for radioactive compound measurements notably
equipped with a beryllium window transparent to X-rays though
ensuring sample containment. The source is Cu (Ka, , radiation, 4, =
1.5406 A) and the detector a linear Lynx-Eye.

The diffractograms were collected from 25 to 120° (0—26 mode). A
step of 0.0105° (20) and a counting time of 1.15 s-step™ were
considered and led to a 3 h recording time. During the first ~100 h of
each experiment, as the 3 h recording time could not be neglected
compared to the aging of the sample, shorter counting times (0.19,

0.38, or 0.57 s'step ') were preferred to reduce the diffractogram
recording times to, respectively, 0.5, 1, or 1.5 h.

Any potential instrumental deviation was continuously controlled
by adding a gold powder (Sigma-Aldrich, > 99.9%) as an internal
standard on each sample plate (gold was initially mixed with the
grease). This standard was also used as a reference for 26 positioning
and normalization of diffraction line relative intensities.

2.2.2. Data Processing. 2.2.2.1. Unit Cell Parameter Determi-
nation. To determine the unit cell parameters, the Fullprof Suite>
software was employed, and a modified Thompson—Cox—Hastings
Pseudo-Voigt profile function (TCH-Z) was selected in order to take
into account the possible microstructural changes of the samples
(strain and size effects). As this kind of refinement requires the
subtraction of the XRD device contribution to line broadening, a
dedicated LaBs SRM660b microcrystalline standard powder (provided
by the National Institute of Standards and Technology (NIST)) was
regularly analyzed. No abnormal deviations of the obtained pattern
characteristics were observed, which confirmed the stability of the
XRD apparatus during the experiment.

2.2.2.2. Microstrain and Average Crystallite Size Determination.
Powder XRD line broadening is the sum of several contributions. A
first group of contributions only concerns the apparatus characteristics
and has to be subtracted using a microcrystalline standard as described
in the previous paragraph. The second group consists of contributions
of the sample and contains two components: one contribution due to
the finite size of the coherent domain (and hence directly related to
the crystallite size) and another to the contribution of local
microdistortions (i.e., microstrain), in other words, the local variations
of interatomic distances (and thus of unit cell parameter).**** To
dissociate the line broadening due to crystallite size and microstrain,
the well-established Williamson—Hall plot was employed.*>™>® This
method is based on the fact that microstrains provoke a Gaussian-type
diffraction line broadening, while decreased crystallite size brings about
Lorentzian-type broadening. The two contributions could then be
deconvoluted by writing, for one individual XRD peak:

Bu=b+Ph = A/(Lcos 0) + 4(tan Q)e (1)

with f3,, the integral breadth of the considered diffraction peak for
the studied material, g and p, respectively the Gaussian and
Lorentzian contributions to integral breadth, L, the crystallite size, 8,
the angular position of a considered X-ray reflection (expressed in
radians), and &, the microstrain. The plotting of S, cosf values for
each individual and well-defined diffraction line as a function of sinf
then directly gives access to the mean value of microstrain <&> and to
the crystallite size L, as the slope and the intercept of the straight line,
respectively, correspond to <e> and to A/L.

3. RESULTS AND DISCUSSION

3.1. XRD Pattern Evolution. During the first days of XRD
monitoring, a quite singular evolution was noted for
Uy sAmg 50,5 and UygAmg,0,,5 compared to that observed
for UpgsAmg 50,5 and Up g5Amg 750,45 while Up7Amg 30,5
exhibited a behavior considered intermediate. They are thus
presented separately in sections 3.1.2, 3.1.3, and 3.1.4,
respectively.

3.1.1. Gold Reference. Concerning the gold powder
reference, similar behaviors were observed for each of the five
samples. First, as expected, no broadening was noted, regardless
of the sample or its aging, as evidenced, for example, in Figure 1
through the evolution of the Au (311) reflection. The angular
position of gold diffraction lines were found to vary by less than
0.02°26. As these shifts are completely random, they are only
due to variations in the sample holder position. It also indicates
that this reference phase does not quantifiably undergo the
effects of a-irradiation due to the proximity of the americium-
bearing sample.
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During the experiments, the intensities of the Au diffraction
lines randomly vary by at maximum +10% for all the samples,
with the exception of Uy sAm, 5O, for which higher variations
(£30%) were noted. As these variations of intensities are
random, they could only be explained by an uneven spreading
of the grease/Au/sample mixture on the sample holder and of
an heterogeneity of the mixture itself.

In addition to the stochastic variation of diffraction line
intensities, a slight progressive decrease (~15% over a full year)
of the Au diffraction line intensities is also perceived. The latter
is attributed to the decrease of the X-ray source intensity over
time and is thus independent of sample evolution.

In summary, an Au reference could be used to normalize the
diffraction line intensities and positions for all the samples
(except for intensities of Uy sAmg50,,s), as shown in Figures 1,
2, and 3. After this normalization, variations of the pattern
characteristics (diffraction line positions, intensities, and peak
profiles) are thus considered to be only related to the
U,_,Am,0,,; sample evolutions.

3.1.2. Upg5AMy 975055 and Uy gsAmy ;50,5 For the whole
period of study, the diffractograms of the first two samples,
Ug2sAmy 4750,.5 and UjgsAmyg ;50,5 invariably indicate the
presence of a sole fluorite phase (in addition to that of the gold
reference powder). Thus, for the respective aging and
accumulated doses of these samples (Table 1), a-self-irradiation
does not modify the crystalline symmetry, conﬁrmin§ previous
observations on similar compositions’>*" or on
AmO,_5>>*"7*° and more generally the high resistance of the
fluorite structure against self-irradiation.”®***!

Figure 1 presents the (420) reflection of UpygysAmg 750,45
solid solution. The evolution of this diffraction line is typical of

T 2 T ¥
U, 02:AM, 1,50, (420)

0.925 0.075

Intensity (a.u.)
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Figure 1. Evolution of Upg,sAmgg750,,5 XRD patterns through the
representative (420) diffraction peak. Similar behavior was also noted
for UygsAmg,50,,5. Normalization of diffraction line relative
intensities and positions is performed using gold as a reference, as
also presented herein ((311) Au peak). Background and Ka, Cu
contributions were subtracted.

what was observed for the other diffraction lines and is also
fairly representative of the evolutions of the UjgsAmg ;50,5
sample diffraction lines. The observations detailed hereafter for
Uj.o2sAmy 4750,, 5 are thus valid for UygsAmg 5O,, 5 as well.
Since that in a large majority of cases the self-irradiation
initially causes lattice swelling,”**”*'~** a progressive shift of
the diffraction lines to lower angles is expected. A progressive
shift toward higher angles is however noted during the first days
(Figure 1). As further presented in section 3.3, a minimum

value of unit cell parameter is obtained after around 50—100 h,
whatever the sample (including those with x > 0.3), hence
whatever the cumulated dose, thus suggesting that this
phenomenon is not related to self-irradiation. From 50 to
100 h, this phenomenon is weakened and counterbalanced by
the cell swelling due to self-irradiation. This results in the
progressive shift of the diffraction lines in Figure 1, in
compliance with what was initially expected. The most
presumable cause of the initial cell contraction is sample
oxidation in air. The initial thermal treatment, performed under
a reducing Ar/H,(4%) atmosphere, partially reduces the
compounds: The oxygen content is diminished, and at least a
part of the U*V is reduced to U*V.'* After opening the furnace
(thus after the return of the samples to an air atmosphere), a
progressive oxidation of the samples occurs, without any
changes in long-range symmetry. Since the oxidation of MO,
fluorite oxides is known to lead to lattice contraction,™ the
observed initial contraction can thus be explained by the slow
oxidation of the samples under air after the reducing thermal
treatment.

In Figure 1, a steady decline of the diffraction peak relative
intensities of UygysAmyg ;50,5 is also observed up to about
4000 h (1.2 X 10" a-decays-g™"!), after which the intensities
seem to have stabilized. Beyond 4308 h, the diffraction line
relative intensities are nearly half that of the first recording (2
h). For Uy gsAmy 50,5, this decrease is similar, though slower,
as the peaks lost half of their relative height after the maximum
recorded time of 7364 h (4.4 X 10" a-decays-g”"). For the
UpssAmg 50,,5 sample, stabilization of diffraction line
intensities was not yet reached. These relative intensity
reductions are not, in both cases, accompanied by any clear
peak broadening, as the full widths at half-maximum (fwhm)
remain fairly stable over all experiments.

In summary, the fluorite structure remains stable for these
two U,_,Am O, s samples in spite of a self-irradiation with
cumulated doses of ~4 X 10" a-g™" (i.e, ~0.1 dpa). A decrease
in XRD line relative intensities is, however, clear and
presumably related to a partial amorphization, maybe through
the formation of defect clusters.”® As this decrease of XRD line
relative intensities stop over ~4000 h for Ujg,sAmg ;50,4 it
could further indicate that the defects associated to this
progressive partial amorphization could also be self-healed,
leading over a few months to an equilibrium between healing
and amorphization rates, thus to the stabilization in diffracto-
grams of the line relative intensities. In other terms, higher
cumulated doses may presumably never lead to a complete
amorphization of the samples, confirming the stability over time
under ambient storage conditions of the fluorite
Upg25Amg 750,45 and Uy gsAmy ;50,5 solid solutions.

3.1.3. UpsAmy40,.5 and UysAmys0,.s. For the
UpeAmg,40,,5 and UjsAm;;O,,s samples, very similar
evolutions were observed. The evolution of the
UpeAmy,40,.5 (220) reflection, characteristic of all other
diffraction lines of both samples, is reported in Figure 2. It is
first evidenced that samples are both initially composed of more
than two fluorite phases. As the line positions of these phases
are very close to one another, their number and characteristics
could not be refined. However, this suggests that all these
phases correspond to UysAmg,0,.5 (or UysAmg0,,s) solid
solutions, with close yet different ¢ values. During about the
100 first hours for Uy Amg 40,5 (15—20 h for Uy sAm0,.5),
the relative intensities of the diffraction lines of the “low-angle”
phase(s) decrease in favor of those of the “high-angle” phase(s),

dx.doi.org/10.1021/ic402124s | Inorg. Chem. 2013, 52, 14196—14204
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Figure 2. Evolution of UygAm,,0,,5 XRD patterns through the
representative (220) diffraction line. Similar behavior was also noted
for UysAm,;0,,s5 Background and Ka, Cu contributions were
subtracted.

which can be attributed to a global oxidation of the two
samples. This eventually leads to the merging of these phases
into a sole oxidized phase, thus to the restoration of a
monophasic UysAmg40,,5 (or UysAmg0,,5) solid solution.
As for the samples with lower Am content, this initial behavior
is related to the atmosphere transition from that set in the
furnace (Ar/H,(4%)) to that of the glove boxes (air). The most
likely explanation of the observed phase evolution is the
following: when the furnace is opened at the end of the heat
treatment, due to the change in atmosphere, the UjAm,,0,, 5
(or UysAmgs0,,s) sample is progressively oxidized. On the
contrary to what was observed for the samples with x < 0.15,
this oxidation brings about not only a lattice contraction, but
also the formation of intermediate Uj4Am,,0,,5 (or
UpsAmg0,,5) solid solutions with different § values. Due to
the time required for sample preparation (~0.5 h), the
oxidation process is presumably already well-advanced. As a
consequence, the 0.5 h diffractogram cannot be considered as
representative of the UysAm, 40,5 (or UysAmg0,,5) sample
state under Ar/H,(4%) at room temperature, on which no
information is available. Following that, the two samples might
even be monophasic before the furnace opening.

While the “low-angle” phases have completely disappeared
after about 100 h for UjeAm,,0,. s (about 1S h for
UpsAmg0,,5), the relative intensities of the diffraction peaks
corresponding to the oxidized phase continue to increase until
about 300 h. In the meantime, the peak fwhm slightly
decreases. This crystallinity improvement is presumably related
to the progressive elimination of some (or even all) of the
crystalline defects accumulated during the sample oxidation and
phase transition.

After 300 h, the diffraction peak heights are maximal and,
unlike those of UjgysAmy;50,,5 and UjgsAmg;5O,,5 com-
pounds, do not quantifiably diminish for longer experimental
times (Figure 2). Once the oxidation process is completed, no
pronounced broadening of the peaks was observed, as would
also be evidenced through the Williamson—Hall peak profile
analysis presented in section 3.2.

As a summary, it was found for the Uy¢Am(,0,,; and
U, sAm, 5O, 5 samples that both appear stable as a fluorite solid
solution under air, though the atmosphere change from Ar/
H,(4%) to air induces an oxidation and the formation of
intermediate phases with a “gradient” of O/M ratios before

eventually reaching a stable (or metastable) state. This peculiar
oxidation behavior could be related to the existence of a
miscibility gap in the U-~Am—O ternary system, similar to that
existing for the U—Pu—0O system.*® Another possibility is that
the oxidation kinetics in these samples are different from one
grain to another and/or from one crystallographic face to
another. This hypothesis is, however, less probable, as similar
behaviors would have been expected for the samples with lower
Am contents.

On the basis of the results currently available on these
compounds, a clear understanding of this oxidation behavior
cannot be proposed. Dedicated studies have however been
initiated notably through high temperature XRD experiments
on UjsAm;O,,5 to try shedding light on that peculiar
oxidation behavior.

3.1.4. Uy ,Am 30,5 As previously stated, the Uy,Am ;0,5
sample presents an intermediate evolution compared to the
four other samples, as depicted through the evolution of the
representative (200) reflection in Figure 3. From the first

Intensity (a.u.)

T T T M T T T T T T T T T
32.60 3265 32.70 3275 32.80 3285 32.90
26 (°)

Figure 3. Evolution of U;;Am;0,,s XRD patterns through the
representative (200) diffraction line. Background and Ka, Cu
contributions were subtracted.

recorded diffractogram, broad diffraction peaks are observed. As
the diffraction peaks are roughly symmetric, this may indicate
an initially reduced crystallinity of the samples, but with respect
to the high temperature of heat treatment and the behavior of
the compounds of similar compositions, the peak broadening is
more likely attributed to the presence of several phases of
Up,Amg;0, .5 with different (but close) § values. Between 0.5
and around 100 h, the relative heights of the diffraction lines
increase while the peaks’ fwhms progressively diminish. In the
meantime, the diffraction lines are shifted to higher angles.
These observations are more likely due to the oxidation of the
different suspected fluorite phases leading eventually to the
formation of a sole Uj;;Am,;0,, s fluorite phase.

Over 100 h, the U,,Am;0,,5; sample behaves like
UpeAm,40,,5 and UysAmy50,.5 (ie, no trends of peak
relative intensity diminution are observed) though self-
irradiation provokes a lattice swelling, which is expressed in
Figure 3 by the progressive shifting to low angles of the peak
positions.

As a summary, for Uy;Amg30,.5 UgeAmg40,.5 and
Uy sAmg;O,,s samples, once the oxidation process is
completed, no modifications of the diffraction line relative
intensities and shapes are noted, which leads to conclude that
the crystallinity of these samples is not quantitatively affected

dx.doi.org/10.1021/ic402124s | Inorg. Chem. 2013, 52, 14196—14204
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by a self-irradiation even for cumulated doses over 10'® a-g™*
(02—0.3 dpa).

3.2. Crystallite Size and Microstrain Evolutions. It is
widely reported for various compounds that both crystallite size

. . . 1 .47-51
L and microstrains <&> can evolve under particle or y-

ray>>*? irradiation. However, we found no reports of L and <&>
monitoring neither for an experiment concerning o self-
irradiation nor for one concerning an actinide oxide. This
approach thus appears new for such an experimental system.
3.2.1. Crystallite Size. For all samples and analyzed
diffractograms, Williamson—Hall plots exhibit a linear evolution
of fcosf as a function of sind, thus indicating the isotropic
shapes of crystallites, as demonstrated in the representative

example in Figure 4.

23 T T T T ———— T T T T
2'25 U{) gzsAmu U-’SOZ:.-' 4388h ]
2.1 .
20] . 4~ 3
1 9: 'J!’ = -
18] - '|'

1.74 T L~ ! -
1.64 . .

'I -

1 5: o - 1 L L 3(10) nm ]
1.4 J <p> 6.10" E

08 10 12 14 16 18 20 22 24 26 28 30 32 34
sin &

10° B, cost (rad)

Figure 4. Example of application of Williamson—Hall plot for the
determination of microstrain <e> and the crystallite size L, obtained,
respectively, from the slope and the intercept of the linear fit (section
2222).

For the compounds with x > 0.15, the determined crystallite
sizes are ranging between 150 and 400 nm. For crystallite size
over 150 nm, the finite size contribution to XRD peak
broadening is, however, hardly detectable with the device used.
Determined L values are thus very imprecise. Despite this
uncertainty, the crystallite size remains above 150 nm, which
excludes the occurrence of a massive crystallite splitting due to
a self-irradiation for these samples and the considered
cumulated doses. This is also corroborated by the evolution
of L for the UjgysAmyg ;50,5 sample, as L has remained fairly
stable (110 < L < 140 nm) over the duration of the experiment
(1 year, cumulated dose of 3.5 X 10" a-g”'). In summary,
within the detection limit of our XRD device, a quantifiable
impact of the a self-irradiation on the crystallite sizes of the
U,_,Am,0O,,; samples for the considered dose rates and
cumulated doses was not evidenced.

3.2.2. Microstrain. The evolutions of microstrain for the five
samples are gathered in Figure § as a function of the cumulated
dose. For Uy 4Am,,0, s and Uy sAm, O, 5 the initial values of
<&> could not be determined, as these samples are initially
biphasic. In the meantime, for the Ujg,5Amg ;50,5
UgssAmg 50,,5 and Uy,Amg;0,,5 samples, notable evolu-
tions of <e> are observed for the first 100 h. These initial
evolutions are certainly a consequence of the oxidation process,
as the latter occurred during the same time lapse.

After the end of the oxidation process, the determined <e>
values of each sample with x > 0.15 are found to be stabilized at
average values, gathered in Table 2. These average values
increase with x. Following this trend, Ugg,sAmg 750,45
microstrain values are the lowest of the five samples, but
steadily increase from 1 X 107* to 3 X 107™* between 300 and

1.6 T T T T T
.
1.4 E
’e
A A ® A
124 ladame 4e* o . R 1 4
? & AW .
& 1 -
104 + [l | ¢
» *
'5{‘ & >
)‘}" 0.8+ 1 -
¢ 0.
-
2 064 4
* * * *
oo P
0.44 * * - -
A L | T [ . 8
0.24 2 . nen ¥ -
't
0.0 : T T T T
0 1x10" 2x10" 3x10" 4x10" 5x10"™

Cumulated o dose (g7)

Figure S. Evolution of the microstrain <&> as a function of the
cumulated « dose for (M) UjoysAmgg;50,.5 (green )
UpssAmyg, 150545 (orange @) Up;Amg30,,5 (red @) UyeAmg 0.5
and (magneta A) Uy sAm;0,, s

Table 2. Microstrain <€> and Crystallite size L Obtained
Using Williamson—Hall Plots

sample considered time lapse 10%<e> L (nm)
UyorsAilggsOass 300 to 4000 h 006 +107%*  125(20)
t > 4000h 0.3(1)
Uy ssAmo 150525 t > 300h 0.45(10) >150
Uy-Am30s.5 t > 300h 09(2) >150
U eAmg O, t > 300h 11(2) >150
Uy sAmm 0,5 t > 300h 12(2) >150

“Time t expressed in days.

~4000 h (~1.2 X 107 a-g™"), that is, up to the moment when
the diffraction line relative intensities of Ujg,sAmg ;50,45 stop
decreasing (section 3.1.2). Over ~4000h, <&> of
Ugg25Amy 0750, 5 stabilizes to around 3 X 107*

On one hand, the increase of <e&> with the americium
content could be compared to the evolution of the Debye—
Waller factor, which was recently determined by Prieur et al.
from XAS experiments for U;_,Am,O,_; solid solutions (x =
0.1, 0.15, and 0.2, all three compositions fabricated with the
same protocol).10 This factor, like <&>, is an indicator of
structural disorder, and is also found to increase with Am
content. As stated by Prieur et al,'® the increase of <e> with x
is first related to the peculiar charge distribution of the
U,_,Am,0,,s oxides (americium being exclusively present at
the trivalent state, while uranium has a mixed +IV/+V
valence'®™'*?*). Since the U*Y molar fraction tends to increase
with x, the effects of the presence of the smaller U*V cation on
the local variation of interatomic distances consequently
increase with .

Another presumable contribution to the <e> increase as a
function of x is related to the presence of impurities. Indeed,
the AmO,_s powder used for sample synthesis initially contains
several impurities.””® Even if the high-temperature heat
treatments bring about volatilization of some of these
impurities,® others, and notably neptunium and the lanthanide
elements,”* presumably remain in the U,_,Am,O,,; final
oxide.>>" As a consequence, the presence of these impurities
in substitution for Am and U (or O) or even on interstitial sites
could provoke local modifications of interatomic distances and
thus an increase of <e> proportional to x.
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On the other hand, the difference in behavior between the
samples with x > 0.15 and that with x = 0.075 is presumably
related to the very low" ~>* initial microstrain values of the
latter sample, which indicates a highly ordered structure. As a
consequence, Ujg,sAmg ;50,5 should be more sensitive to a
second-order effect, as a self-irradiation seems to provoke.

In summary, for the considered cumulated doses and dose
rates, 2"Am a self-irradiation does not lead to significant
modifications in the sintered U, _ Am O, ;s sample microstrain,
which instead depends on Am content.

3.3. Unit Cell Parameter/Cell Volume Evolutions. The
relative evolutions of the unit cell parameters (Aa/a,) and of
the corresponding cell volume (AV/V, =~ 3Aa/a,) are plotted
as a function of time in Figure 6a and as a function of the
cumulated o dose in Figure 6b.

a} T T T T -l.' :I‘,: l‘. l T _UB
0.25- ¥ Py
o A Saaa- Ao A o Lo7
L] ",‘.'_ _.-m
0.204® / " e o6
° * i
B - G2 z® Los
- ® b x - B
= 0.154" . . =
b ] g2 x Lo4 2
& A I e o
- <
Totwofs £ ¥ Los &
‘ = I"
" Loz
3 .“ .
0.05 -.’#,»
- Lo
0.00 -4 T r : r : r : : 0.0
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Time (hours)
W ’ R Fu——y
0.25 * o0
. f"—.:" B i 1
[ ] g A
/) A
0.20-® 2, L06
< il
° i o5
Sosqe ¥ z
= ] L04 &
o A =
2 01043 o3 &
4
i o2
0.054
L0
0.00 - T T T T —-0.0
0.0 20x107  40x10”  60x107  80x107  1.0x10"

Cumulated dose (c.g”")

Figure 6. Relative evolution of unit cell parameter (or cell volume) as
a function of time (a) and of the cumulated a dose (b) of (H)
UpoosAmg 750,45 (green %) UggsAmg 50,.5 (orange @)
Ug;Amg30,.5 (red @) UggAmg,0,.5 and (magenta A)
UosAmgsOy.s

The considered a, (and V;) values are calculated by
regression from the Aa/a, evolution over ~200 h (i.e.,, when
sample oxidation is complete). The g, values, gathered in Table
3, thus correspond to values that would have been initially
obtained if the oxidation process under air had instantaneously
occurred after the furnace opening. Likewise, a, values
correspond to the sample cell parameters free of any self-
irradiation effects.

In Figure 6, an initial contraction of the unit cell of all
samples is observed. This corresponds to the oxidation process,
as oxidation of AmO,_; UO,,s or more generally of fluorite
M,_M',O,,s compounds leads to a decrease of cell
volume.>”*>#06%6! The yolume contraction is maximal between
50 and 100 h and does not depend on x, which suggests that
the oxidation kinetics are not driven by the americium content.
Conversely, the amplitude of the contraction is found to
increase with x: About 0.01% for U g,sAmy 5750,.s 0.025% for
Uy gsAmg 50,,5 and 0.17% for U,,Am;;0,,5 For
Uy 6Amg,0,,5 and UysAm0,,5 the first hours unit cell
parameters of the phase stable under air were less precisely
determined because the presence of the secondary phases
disturbs the refinement (though the latter are taken into
account), but it was evidenced for these two compositions that
the initial unit cell parameter contraction is similar or even
superior to that of Uy;Amg30,,s. As a summary, the gain of
oxygen (AS) during the oxidation process of the U;_,Am,0,. 4
compounds increases with Am content. This is presumably due
to the fact that the higher the Am content, the more oxidation
of U™ to U* when the sample enters in contact with air, and
correspondingly the higher the Ad value. It would have been
quite interesting for comparison to also measure this gain by
TGA (thermogravimetric analysis), but no such device
integrated in a glovebox was available.

When the oxidation process is ended (over ~200 h), the unit
cell parameters of each sample increase under the sole effect of
self-irradiation according to the following equation:

a=ay+K(1 - @)

where K and K’ are constants. As a function of Aa/ay, it gives:
Aa/ay = A(1 — ) 3)
or if the *!Am @ cumulated dose is selected as the time scale
Aa/ay = A(1 — B9 (4)

with A corresponding to the maximal expansion of the unit cell
parameter, B and B’ are constants directly related to the unit
cell swelling kinetics (respectively expressed in h™' and g), ¢ is
the time (expressed in hours), and « is the cumulated dose.

Table 3. Results of Experimental Data Refinements According to Eqs 3 and 4 and Comparison to Published Results on AmO,_;

sample [and reference] ay (A)

Uoo258m0 0750245 5.4660(5)
UogsAmg 15055 5.4609(5)
Ug7Amg 30,5 5.4530(5)
UgsAmg 40,45 5.4514(5)
UgsAmg 50,45 5.4538(5)
AmO,_; [20] 5.375(1)

AmO,_; [37] 5.376(1)

AmO,_; [38] 5.3772(4)
AmO,_; (0,) [39] 5.3774(4)
AmO,_; (vacuum) [39] 5.3725(4)

14201

A (%) 10* B (h7!) 10” B' (g)
0.278(5) 1.8 102
0.284(5) 3.3 9.7
0.272(5) 6.9 9.2
0.271(5) 8.4 9.2
0.242(5) 11.0 9.5
0.325 274 12.3
0.224(7) 25.7 11.6
0.282 22.3 10.1
0.239(3) 322 14.5
0.281(4) 25.9 11.7
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Such functions are commonly reported to describe the swelling
under self-irradiation of unit cell dimensions of several
materials,""**** including AmO,_5>>*""> and more generally
actinide dioxides.***”%*** These functions were also recently
employed to fit the increase of sintered UygsAm, 50,5 pellet
dimensions.”* For each sample, the fit of experimental data
according to eq 3 first allowed g, values determination, which
are listed in Table 3 and plotted against x in Figure 7.
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Figure 7. Plot as a function of Am content of the a, unit cell
parameters which were obtained by regression of the experimental
results of Figure 6 and using egs 3 or 4. The unit cell parameter of
UO, is taken from Lynds et al.®®

For 0 < x < 0.3, a linear evolution is observed. Such behavior
was partly expected as previous studies on U, Am.O,,;
samples prepared under similar conditions had determined an
identical charge distribution within the range 0.1 < x < 0.2:'
Am is only present in the trivalent valence state, while U is
present as a fraction y of U"Y and a fraction 1 — x — y of U*",
with ¥ & y, leading to a ¢ value very close to 0, thus to an
oxygen/metal (O/M) stoichiometry close to 2.0. Conversely,
the obtained linear evolution of a, as a function of x up to 0.3
may indicate similar or even identical oxygen stoichiometries
for the UjgpsAmg 750,45 the UggsAmg 50545 and the
U,,Amg;0,,5 samples. Moreover, as the obtained a, values
for UjeAm,,0,,5 and UysAm;0,,; are higher than those
expected from the linear evolution in the (0<x<03) range, a
different cationic charge distribution and an O/M stoichiom-
etry strictly lower than 2.0 are expected for these two samples.

The A, B, and B’ terms were also determined by experimental
data refinement according to egs 3 and 4 and compared to the
values reported for AmO,_;""*" " in Table 3. For the samples
with x < 04, very close values of A around 0.28% are
determined (thus corresponding to a volume increase of
~0.8%), while a slightly lower value is calculated for
UpsAmg0,,5 (0.242(5)%). The maximal swelling of the
U,_,Am,0,, ; compounds thus appears to be independent of or
at least only slightly dependent on the Am content for the
composition range studied. For AmO,_; values ranging
between 0.224 and 0.325 were reported,”>*’ ™ with no clear
trend. This dispersion might be partially due to the lower
precision of apparatus and refinement methods of the early
results of refs 38 and 39 (respectively, 1968 and 1977), but it is
mainly caused by the difference between impurity nature and
levels, or even crystallinity and 6 values. For instance, Hurtgen
and Fuger” have already pointed out the influence of the
storage atmosphere, thus of the § value (Table 3).

Considering similar systems, A values determined in this
study are of the same magnitude as those published for o self-
irradiation of PuO, (0.3%)%* or CmO, (0.23%)°* and are
interestingly close to that determined by Kato et al. (0.29%)>’
for several U;_ Pu,O, s solids with x varying between 0.17 and
0.49.

As expected, B, which represents the kinetics of lattice
swelling as a function of time, increases with x, and thus with
sample activity. Moreover, the trend observed for the samples
studied herein is also confirmed for AmO,_5***""* as the
reported B values are about twice that determined for
UgsAmg50,.5.

Conversely, B, the swelling kinetics constant determined as a
function of cumulated dose, varies only slightly (from 9.2 X
10" to 10.2 X 10" g) among the samples, without any trend.
For the considered composition range (0.075 < x < 0.5), the
Am content and thus the a dose rate do not influence the
swelling kinetics. For AmO,_;, the literature values range from
10.1 x 10" to 14.5 X 10" g*>77? (ie,, to values noticeably
higher than those obtained for U;_,Am,O,, oxides). There-
fore, an influence of composition on B’ cannot be ruled out for
high Am contents.

4. CONCLUSION

The effects at the structural scale of **!Am  self-irradiation in
five U;_,Am,0,,5; (x ranging between 0.075 and 0.5)
compounds were studied by XRD. Prior to XRD monitoring
under air, a heat treatment at 1373 K under an Ar/H, (4%)
atmosphere was carried out to recover all previously
accumulated structural defects. The main results of this study
are summarized as follows: (1) The fluorite structure is
maintained across all five experiments, confirming the stability
of this structure when subject to a-decay self-irradia-
tion,'*»**#?%37741 though consequent reductions of the
diffraction line relative intensities of UjgysAmyg;50,,5 and
UpssAmyg 50,5 have been noted. (2) At the end of the initial
heat treatment, the change of atmosphere from reducing (Ar/
H,(4%)) to oxidizing (air) provokes a progressive oxidation of
the samples, which is complete after at most 10 days. For the
compounds with lower Am ratios, this oxidation occurred
without any phase transitions, but for U;cAm,,0,,5 and
Uj.sAmg 5O, this oxidation occurred through the progressive
transition from a first fluorite Uy sAmg 40,5 (or Uy sAmy50,,5)
solid solution to a second oxidized fluorite Uy¢Am,0,.s (or
UpsAmg0,.5) solid solution. (3) In the meantime and after
the oxidation process, self-irradiation provokes a structural
swelling up to around 0.8 vol %. Kinetic constants of swelling
were also determined and were found, as expected, to be
dependent on x, and thus on the dose rate. When the time scale
is normalized by sample a-activity, the obtained kinetic
constants are however very close. (4) No significant evolutions
of microstrain or crystallite size were noted, but it was
evidenced that microstrain increases with x as a consequence of
impurities associated with both the Am starting material and
the broader cationic charge distribution with increasing x.

In summary, the U;_ Am,O,, 5 compounds studied appeared
similarly affected by self-irradiation. Moreover, U;_ . Am O,
compounds stored under air are stable despite the **'Am a-
activity as no substantial deteriorations of the fluorite structure
were observed (neither amorphization (or very moderate), nor
phase transition, nor crystallite splitting, nor microstrain
increase). As a consequence, even though the lattice expansion
result in a macroscopic swelling at the pellet scale, the structural
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effects of self-irradiation are not likely to be detrimental for
MABB design and preirradiation storage. Depending on the
storage time considered between fabrication and irradiation,
further studies might however be of interest to confirm the
stability of these compounds for longer periods.

To try confirming and extending these investigations at the
structural scale, complementary investigations by X-ray
absorption spectroscopy and transmission electron microscopy
are planned. Similarly, high-temperature XRD experiments are
currently carried out for UysAm;;0,,5 to investigate the
peculiar oxidation behavior here evidenced for the samples with
high Am contents.
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