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ABSTRACT: Partitioning and transmutation (P&T) of minor
actinides (MA) is currently studied to reduce the nuclear waste
inventory. In this context, the fabrication of MA bearing
materials is of great interest to achieve an effective recycling of
these highly radioactive elements. To ensure the in-pile
behavior, nuclear oxide fuels have to respect several criteria
including preservation of the fluorite structure and defined
oxygen to metal ratio (O/M). In the case of Am bearing
materials, such as U,_,Am 0,,, (y = 0.10, 0.15, 0.20), the
O/M determination is quite challenging using conventional
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methods (TGA, XRD) because of the particular thermodynamic properties of Am. Despite the lack of experimental data in the
U—Am—O system, thermodynamical models are currently developed to effectively assess the O/M ratio. In this work, the O/M
ratios were calculated for various oxygen potentials using the cation molar fraction determined by XAS measurements. These
results are an important addition to the experimental data available for the U—Am—O system. Moreover, XRD and XAS
indicated that the fabrication of fluorite U;_,Am,0,,, solid solution was achieved for all Am content and oxygen potentials
investigated. On the basis of the molar fraction, a description of the solid solution was proposed depending on the considered
sintering conditions. Finally, the occurrence of an unexpected charge compensation mechanism was pointed out.

I. INTRODUCTION

Minor actinides (MA) elements, created by neutron capture in
the core of pressurized water reactors (PWR), significantly
contribute to the nuclear wastes radiotoxicity. In this context,
partitioning and transmutation (P&T) of minor actinides (Np,
Am, and Cm) is one of the main investigated strategies to
significantly reduce the radiotoxic inventory." Its main goal is to
achieve the effective recycling of these highly radioactive
elements in GEN IV Fast Neutron Reactors (FNR). The
technical feasibility of MA transmutation in FNR was
previously demonstrated through EFTTRA and SUPERFACT
irradiation experiments.”> One of the investigated P&T
strategies is the heterogeneous recycling of americium in
dedicated assembly elements located at the core periphery.**

In this context, U;_Am,0,,, (y = 0.10, 0.15, 0.20) are
promising blanket fuels. Before their introduction in the reactor
core, fuel pellets have to meet several criteria in terms of
density, geometry, composition, etc. Among them, the
stoichiometry of the solid solution, commonly described as
oxygen to metal atom ratio (O/M) is a very important
parameter because it affects thermal, chemical, and physical
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properties of the fuel during irradiation and can modify the
chemical reactivity of the fuel with the cladding material.

The O/M ratio parameter is fixed during the sintering step of
fuel fabrication. For U,_,Am,O,, fuels, although the
fabrication of these compounds was performed at the
laboratory scale, it remained challenging to achieve a targeted
O/M value. In the case of (U,Pu)O, fuels, various methods are
validated and used such as X-ray diffraction measurements,’®
oxygen analysis,’ and thermogravimetric methods.® Further-
more, several thermodynamical models were developed for
UO,” and (U,Pu)0,_,'”"" to determine the variation of the
stoichiometry as a function of both temperature and oxygen
potential. The oxygen potential AGO, is generally defined by
the thermodynamic relationship 1

P
AGO, = RT In| —2
Po,

(1)
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where R is the gas constant, T' the temperature, po, the oxygen
partial pressure, and p ¢, is the standard-state pressure 60.101 MPa).

For U;_,Am,0,,, (y =0.10, 0.1, 0.20) compounds, accurate
determination of the O/M ratio is not as well established as for
conventional (U,Pu)O, fuels. The above-mentioned methods
are currently difficult to transfer to the Am bearing materials. A
limiting aspect is the high radiotoxicity of Am, which requires
particular safety conditions, such as remote handling in hot cells
or working with very limited quantities in glove boxes.
Moreover, americium oxides exhibit very specific thermody-
namic properties since they have an oxygen potential 200
kJ-mol™" higher as compared to other actinides oxides. This
behavior makes it difficult to monitor/obtain a targeted O/M
ratio after sintering. To overcome this problem, several
thermodynamical modeling approaches on (U,Am)O, and
(U,Pu,Am)0, systems were proposed.lz_14 However, these are
based on experimental data only available for the Am—O
systemls’lé and U, 5,Am, 5,0, compounds.'” Since one of the
optimal fuel composition for MA recycling is UjgsAmg 50,
additional experimental data points of oxygen potentials—
temperature—composition are needed to refine the thermo-
chemical modeling and to adjust it to this later composition.

We propose in our study an original approach based on a
coupled X-ray diffraction and X-ray absorption spectroscopy
characterization of U;_,Am,0,_, (y = 0.10, 0.15, 0.20) as a
function of oxygen potential. By combining these two
techniques, both long-range order and short-range order have
been probed in our materials. Furthermore, XAS is a suitable
method to assess supplementary data since it allows obtaining
atomic local environment and information on cation valence
state. XAS is a powerful analytical tool for the characterization
of actinide oxides.'®™ For the specific case of americium
bearing materials, XAS studies are limited to AmOZ,Zé’27
(Zr,Y,Am)0,,'>'"*®* AmAIO;,*° Pb,Se,AmCu;0¢,>° and Am-
(OH),*!

In this work, XRD and XAS experiments were conducted on
five samples U;_,Am, 0, containing variable Am contents and
sintered in different atmospheres. Both electronic and atomic
structures were investigated for each sample. The influence of
the oxygen potential is discussed in the first part and the effect
of the Am content in the second part of this paper.

Il. EXPERIMENTAL SECTION

I.1. Sample Preparation. U,;_,Am,0,,, with (y = 0.10, 0.15, and
0.20) compounds were fabricated by a conventional powder
metallurgy process in the ATALANTE hot cells.>**® First, an
AmO,—UO, master blend was ball-milled for 30 min using stainless
steel container. Then, the remaining UO, powder was added to adjust
the composition, and a second ball milling step was carried for 30 min.
Powders were uniaxialy pressed with simple effect at 400 MPa: the
lower punch remains fixed during the pressing step. All pellets were
sintered at 2023 K during 4 h. The different sintering atmospheres
were obtained by monitoring the flow rate of both Ar—4%H, and
Ar—0, gas. The studied oxygen potential ranged between —520 and
—390 kJ-mol™". A dry inert atmosphere (N,) was maintained during
the materials storage period to prevent any further oxidation of the
pellets at room temperature. The samples were then ground for both
XRD and XAS measurements. For this later experiment, 1.2 mg of
U,_,Am,0,,, powder was mixed with 15 mg of BN using a mortar and
pestle. The resulting mixture was pressed and then confined in two
independent sealed holders.

TIMS (thermal ionization mass spectrometer) analyses were
performed on both green and sintered samples. A VG-54 magnetic
sector mass spectrometer was used. An internal standard which both
isotopic composition and concentration are known was added to the

sample. Finally, the Am content can be determined from the measured
sample final concentration and the known internal standard
concentration.

I1.2. XRD Data Acquisition. XRD analyses were carried using a
Bruker D8 Advance diffractometer operating in Bragg—Brentano
reflection geometry with a Mo(K,;) radiation especially equipped for
radioactive materials measurements. An internal standard (Au) was
added to the powdered samples for 260 calibration of the XRD peak
position. The FULLPROF program®* was used for lattice parameter
refinement.

I1.3. XAS Data Acquisition and Analysis. XANES and EXAFS
measurements were performed at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France), under dedicated
operating conditions (6.0 GeV, 170—200 mA), on Rossendorf
BeamLine (ROBL). Double crystal monochromator mounted with
Si (111) crystals were used. Samples were held at 20 K using a closed-
cycle helium cryostat. Data were collected in both transmission and
fluorescence modes at uranium Ly (17166 eV), americium Ly (18510 eV),
and uranium Ly; (20948 eV) edges. Fluorescence signal was measured
with a 13-element Ge solid state detector using a digital amplifier
(XIA). Energy calibrations were achieved by using Y (17038 eV), Zr
(17998 eV) and Mo (20000) Zr foils located between the second and
the third ionization chamber. The E, values were taken at the first
inflection point using the first zero-crossing value of the second
derivative. The position of white line maximum was selected with the
first zero-crossing of the first derivative. A minimum of two spectra
were collected per edge. For each spectrum XANES spectra of the
reference foil detailed before was systematically collected at the same
time. The data intervals were typically 0.8 eV or 1.0 for XANES and
0.05 A™! for EXAFS. Before averaging scans, each scans were aligned
using the XANES spectra collected on reference foils. The observed E,
variations between scans were less than to 0.2 eV. As discussed by
Conradson et al,*>* even if the interval between points during the
scans was typically 0.8 eV, the accuracy of the tabulated energies are
ranging from 0.2 to 0.3 eV, especially considering that spectra were
collected during the same run of experiment.

To determine oxidation states of U and Am cations, XANES spectra
at Ly;; edge were compared to data collected on reference compounds
on the same beamline (BM20) using the same experimental setup.
For uranium, the reference compounds were UO,, and U,Oy_s.
Their structures were confirmed using both XRD and neutron
diffraction.’” For americium, Am*V0O,*® and a mixed oxalate
(U, 0Am ™) ),(C,0,),6H,0%° were used. The cations molar
fractions were assessed using a linear combination of reference
compounds from the normalized p(E) spectra. Experimental data
were fitted between —20 eV and +30 eV compared to the white line
position.

EXAFS spectra were collected up to 18 A™" at the Am Ly edge. The
EXAFS spectra at the U—Ly; edge could be collected only to 13.2 A™
(22600 eV) because of the presence of a small amount of neptunium
resulting from the americium decay. The ATHENA software®® was
used for extracting EXAFS oscillations from the raw absorption
spectra. Experimental EXAFS spectra were Fourier-transformed using
a Kesser—Baisel window over the full k-range available at the
respective edges. Curve fitting with ARTEMIS software®® was
performed in k* for the R range 1.0 to 5.7 A. Phases and amplitudes
for the interatomic scattering paths were calculated with the ab initio
code FEFF8.40.%. Spherical 7.5 A clusters of atoms build using the
UO, fluorite type structure (space group = Fm3im) were used for
FEFF calculations. This symmetry can be described as a simple cubic
packing of anions with cations in the cubic (8-coordinate) holes. It
means that the cations are surrounded by 8 anions, 12 cations, and 24
anions. Each cation position in the cluster of atoms was filled with 50%
Am and 50% U. Considering the negligible difference in calculated
both amplitude and phase shift, cation—cation shells were modeled
using one metal backscattered. The S,” value was set at 0.90 for both U
and Am shells. The shift in threshold energy (AE,) was varied as a
global parameter.
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Table 1. Sintering Conditions, Lattice Parameters, and the First Two Coordination Shells Calculated by XRD distances of

UpgsAmy 150, Compounds

sample sintering conditions composition a, (A)
A 2023 K/—520 kJ-mol™ UpssAmy 150, 5467 (1)
B 2023 K/—450 kJ-mol™ Uy ssAmg 150, 5.464(1)
C 2023 K/—390 kJ-mol ™ UgesAmg 150, 5461 (1)
D 2023 K/—520 kJ-mol™* Uge0Amg 100,44 5.469 (1)
E 2023 K/—520 kJ-mol™ Ug.seAmyg 50,4, 5.466(1)

second shell metal—metal

a, (A) first shell metal—O (&)
5.476(1) 2371 3.872
5473 (1) 2370 3.870
5471 (1) 2.369 3.869
5.475 (1) 2371 3.871
5.476(1) 2.371 3.872

UL, Absorbance (a.u.)
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Figure 1. XANES spectra and their second-derivatives at Am Ly; and U Ly edges.

lll. RESULTS

lll.1. XRD Measurements. The studied compounds and
their corresponding sintering conditions are summarized in
Table 1. The two lattice parameters g, and g4, measurements
were respectively performed 3 days after the sample fabrication
and one week before the XAS acquisition. Depending on the
Am content, it corresponds to a decay doses which are ranging
from 0.03 to 0.06 dpa (displacements per atom) for the a,
value. In the case of the lattice parameter a,, the corresponding
cumulative doses are ranging from 0.20 to 0.30 dpa. The effect
of oxygen potential can be observed with the three
UpssAmg 50, samples (A, B, and C). The effect of americium
content is studied with samples A, D, and E, which contain

10%, 15%, and 20% of Am. According to XRD analysis, a
single-phased fluorite compounds is observed whatever

12439

sintering conditions and Am contents. The metal—oxygen
and metal—metal distances given in Table 1 were calculated
using the lattice parameter a,.

ll.2. XANES Results. XANES spectra collected at Ly;; edge
for Am and U and the corresponding second-derivatives are
compared with reference compounds in Figure 1. The energy
positions of inflection points and white lines are given in Table 2.
Regarding the Am Ly edge, there is no shift of the position of
white lines and inflection peaks indicating that the oxidation
state of Am is identical for all the samples. The conclusion is
quite straightforward since no deviation from values obtained
for Am(+11I) is observed. Concerning uranium, XANES spectra
show a slight shift of white line positions compared to UO, 4,
but remain systematically below the positions observed for
U,O, (Figure 1). Furthermore, the presence of U(+VI) can be

dx.doi.org/10.1021/ic200910f|Inorg. Chem. 2011, 50, 12437—12445
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Table 2. Position of the Inflection Point and the White Line of the XANES Spectra Presented in Figure 1

sample sintering conditions composition
A 2023 K/—520 kJ-mol™ UpssAmg 150,,,
B 2023 K/—450 kJ-mol ™ UpssAmg 150,
C 2023 K/—390 kJ-mol™ UogssAmg 150,
D 2023 K/—520 kJ-mol™ Ugo0Amg 100,
E 2023 K/=520 kJ-mol™ Uogs0Am 00,4,
reference compound uo,
reference compound U0, ;s
reference compound Am*™O,

(U”Vo.g; Am+mo.1)z(czo4)5r 6H,0

reference compound

Am Ly edge U Ly edge
inflection point (V)  white line (V) inflection point (eV)  white line (eV)

18512.5 18517.7 17169.9 17175.5

18512.3 18517.7 17170.2 17175.6

18512.7 18517.7 17170.3 17176.1

18512.4 18517.7 17170.2 17175.5

18512.3 18517.8 17170.3 17175.7
17169.7 17175.6
17170.8 17176.4

18514.2 18521.5

18512.4 18517.7

excluded, because the shoulder located at ~15 eV after the
main peak associated with uranyl type unit and observed for
U,05 and higher uranium oxide® is not present in our spectra.

Since U0, is the most hyperstoichiometric uranium oxide
(O/M = 2.25) exhibiting a cubic structure at room temper-
ature, it was chosen as a reference compound in our study
because no deviation from cubic symmetry was observed by
XRD in our samples. Assuming that the latter is a mixture of
50% U(+IV) and 50% U(+V), it can be concluded that there is
a U(+IV)/U(+V) mixed valence. Note that the presence of
U(V) in Uy 50Amg 590, was discussed by Mayer et al.* based
on XPS measurements.

As mentioned in the Experimental Section, U(+IV) and
U(+V) molar fractions were determined by fitting experimental
data using a linear combination of UO, and U,O,. As illustrated
in Figure 2 with results obtained for sample B (R factor = 3 X 107*,

—uo,
- U409
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Energy (eV)

Figure 2. Fit of XANES spectra collected on sample B.

x> =0.02), a very good agreement between experimental and
fitted data were obtained. For all the samples, the R factor and
the y* are respectively inferior or equal to 4 X 10™* and 0.03 as
shown in Table 3. This supports the validity of both calculated

Table 3. Molar Fraction of Am(+III), Am(+IV), U(+IV), and
U(+V)

molar fraction (%) fit of XANES
sample Am(+III) Am(+IV) U(+IV) U(+V) Rfactor x> O/M
A 15 0 71 14 3x107% 003 200
B 15 0 70 15 4x107* 003 200
C 15 0 62 23 3x 107% 002 204
D 10 0 81 9 3x107% 002 200
E 20 0 63 17 4x 107 003 199

cation molar fractions and O/M ratios given in Table 3. These
results will be commented in the discussion part. However, it is
important to mention that the molar fractions of Am(+III),
U(+1V), and U(+V) are very important additional experimental
data of oxygen potential—temperature—composition, performed
at high temperature, and are an important addition to the very
few available experimental data. We are currently using these
new data to refine our thermodynamic modeling'” in order to
define the optimum sintering conditions for U,_,Am,0,,,
and to predict the associated O/M ratio for these sintering
conditions.

ll.3. EXAFS Results. Am Lj; and U Lj; experimental and
fitted EXAFS spectra and their Fourier Transforms (FT) are
presented in Figure 3 and Figure 4. For both cations, two
intense peaks are observed in the FT as expected for the cubic
face centered structure revealed with XRD. The first peak at
~1.8 A is because of oxygen atoms which surrounds the Am or
U atoms. The second peak at ~3.8 A corresponds mostly to the
second coordination shell of metal atoms surrounding the Am
or U atoms. Regarding the samples A, D, and E, a decrease of
the spectral amplitude can be observed at both edges with
increasing Am content, suggesting increasing disorder. No such
behavior is observed in the case of the variation of the oxygen
potential.

Regarding to the Am local environment, neither additional
Am—Am distances nor Am,0Oj; type distances were necessary to
reproduce the experimental signal. In the case of the U L; edge,
a fitting model using three distinct U—O coordination shells
(2.24, 2.38, and 2.55 A) was also tested. This model is based on
the U local environment in hyperstoichiometric UO,,, (0 <
x < 0.24) materials presented by Conradson et al.*® This fit did
not reproduce the experimental data any better than the one
obtained with the simple fluorite model. Furthermore, no
uranyl type U—O distance (~1.8 A) could be confirmed. It is
important to mention that a neutron diffraction study
performed by Garrido et al.*' contradicts the EXAFS
conclusions of Conradson et al.*® Therefore, the crystallo-
graphic distances, at the U Ly; edge, were also calculated using a
fluorite model.

Fitting results are shown in Figure 3 and Figure 4 and
associated metric values are given in Table 4. As demonstrated
by both the very low R-factor and the good agreement between
experimental and fitted spectra, the fluorite solid solution is
systematically obtained. This is also supported by XRD
measurements. At the Am Ly edge, the bond length of the
first oxygen atoms surrounding Am is about 2.42 A, which is
significantly longer than the 2.37 A of UO, (cf. Table 1). This
elongation can be attributed to the larger ionic radius of
Am(+1II) (r(Am*) = 1.09 A; r(Am*) = 095 A, r(U™) = 1.00 A,

dx.doi.org/10.1021/ic200910f|Inorg. Chem. 2011, 50, 12437—12445
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Figure 3. Fourier transforms of experimental and fitted EXAFS spectra collected at Am Ly and U Ly; edges (O : data; — : fit).
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Figure 4. Experimental and fitted EXAFS spectra at Am Ly and U Ly; edges (O : data; — : fit).

r(US*) = 0.89 A*). For the studied samples, the coordination
value of the metal—metal shell is equal to the crystallographic
value of 12.0(5). Both Am—U and Am—Am distances are
approximately equal to 3.86 A which is lower than those
calculated from the XRD measurements. The Am—O third
shell distance slightly decreases while both oxygen potential and
Am content increasing. Regarding to the U Ly edge, the bond
length of the first oxygen atoms surrounding the U is about
2.35 A. The U-U distances of 3.87 A, are in agreement with
values obtained from the XRD measurement. Therefore, all of
our data confirm the simple fluorite structure. Changing the k-
weighting to k', k% or k* does not significantly change the
results. Moreover, the increase of the Am—O distance and the
decrease of the U—O distance are consistent with a solid
solution, which is composed of U(+IV), U(+V), and Am(+1I1I).

The Table 4 also shows that coordination values of the first
and the third cation-oxygen shell are respectively equal to
8.0(5) and 24.0(5). These results point out the absence of
oxygen vacancies randomly distributed in the lattice and are
therefore in agreement with the O/M close to 2.00 (Table 3).
Comparing to (U,Ln)O,_,, the stoichiometry of (U,Am)O,_,
solid solution is unexpected for these sintering conditions.
Indeed, (Uy,Nd,;)O0,_, has an O/M ratio of 1.96 at 1300 °C
for an oxygen potential equal to —400 kJ-mol™' while a
(Ugslag,)O, 47 solid solution is obtained at 1273 K and —460
kJ-mol™". However, both XANES and EXAFS data strongly
supports the stoichiometry of the uranium and americium
mixed oxides solid solution. Mechanisms explaining the
stoichiometric solid solution formation will be proposed in
the discussion part.
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IV. DISCUSSION

IV.1. Effect of Oxygen Potential. A previous study'> has
shown that the sintering behavior of the U,_,Am0,,,
compounds is strongly affected by the oxygen potential.
Indeed, americium based oxides exhibit high oxygen potentials
compared to other actinides oxides, such as UO,.” One of the
main associated risks is an excessive reduction of Am oxides
leading to sublimation of metallic americium and/or Am
gaseous species formation. These phenomena can occur even at
relatively low temperature (above 1200 K).

Regarding to the above-mentioned results on samples A, B,
and C and especially the XANES measurements detailed in
Figure 1, Am is in the trivalent state while a mixed valence of
U(+IV)/U(+V) is present whatever the oxygen potential value.
A complete reduction of Am(+IV) to Am(+III) during the
sintering process is thus observed. P. Martin et al.*> have
already observed that Am(+IV) is easily reduced to Am(+III).
In our case, TIMS analyses indicate that no volatilization of Am
occurred during the sintering.

According to the UO,,, oxygen potential curves given in
Figure 5,” a fully reduced solid solution U,_,Am,0,_,, with a
high concentration of oxygen vacancies in the anion sublattice
as well as U(+IV) and Am(+III) ions distributed in the cation
sublattice would be expected for sintering in Ar—H,
atmosphere. In contrast, our work shows, as illustrated by
Table 4, that no oxygen vacancy randomly distributed in the
lattice are present and that both Am(+III) and U(+V) can
coexist with identical molar fractions at the lowest oxygen
potentials, that is, —520 and —450 kJ-mol™". These results were
not expected since the U(+V) cation existence is not predicted
by the UO,,, oxygen potential curves. Indeed, according to

dx.doi.org/10.1021/ic200910f|Inorg. Chem. 2011, 50, 12437—12445
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Table 4. Crystallographic Distances Extracted by Fitting of EXAFS Spectra Measured at Both U L;; and Am Ly; Edges (O* =

Multiple Scattering)

sample edge shell

A/UggsAmy, 150, 2023 K/=520 kJ-mol ™ Am 0
Am and U
(¢}
O*
Am and U
U O
Am and U
(¢}
O*
Am and U
B/UjgsAmy 150, 2023 K/—450 kJ-mol ™! Am 0
Am and U
O
O*
Am and U
8] (¢}
Am and U
O
O*
Am and U
C/Uyg5Amg 150, 2023 K/—390 kJ-mol™ Am 0
Am and U
(¢}
O*
Am and U
8] (¢}
Am and U
(¢}
O*
Am and U
D/Ugyg0Amyg 100, 2023 K/—520 kJ-mol ™ Am 0
Am and U
(¢}
O*
Am and U
6] (¢}
Am and U
(¢}
O*
Am and U
E/Ujg0Amy 105, 2023 K/—520 kJ.mol ™" Am 0
Am and U
(¢}
O*
Am and U
8] (¢}
Am and U
(¢}
O*
Am and U

R (A) N c* (A?) faclior
2.427(5) 7.9(5) 0.004(1) 0.015
3.861(5) 11.5(5) 0.003(1)

4.51(1) 24.0(5) 0.011(1)

491(1) 7.9(5) 0.004(1)

5.48(2) 6(1) 0.003(1)

2.342(5) 7.9(5) 0.006(1) 0.016
3.870(5) 11.6(5) 0.003(1)

447(1) 24.1(5) 0.012(1)

4.66(1) 7.9(5) 0.006(1)

5.45(2) 6(1) 0.004(1)

2.431(5) 7.7(5) 0.006(1) 0.014
3.862(5) 11.7(5) 0.005(1)

4.51(1) 24.3(5) 0.012(1)

4.93(1) 7.7(5) 0.006(1)

5.47(2) 6(1) 0.007(1)

2.343(S) 8.1(5) 0.006(1) 0.016
3.870(S) 11.8(5) 0.004(1)

4.46(1) 24.0(5) 0.010(1)

4.67(1) 8.1(5) 0.006(1)

5.45(2) 6(1) 0.005(1)

2.437(5) 7.7(5) 0.007(1) 0.01
3.865(5) 11.7(5) 0.005(1)

4.51(1) 24.0(5) 0.013(1)

4.94(1) 7.7(5) 0.007(1)

5.47(2) 6(1) 0.007(1)

2.346(5) 8.4(5) 0.007(1) 0.014
3.871(5) 11.8(5) 0.004(1)

447(1) 23.8(5) 0.012(1)

4.67(1) 8.4(5) 0.007(1)

5.45(2) 6(1) 0.004(1)

2.428(5) 7.8(5) 0.005(1) 0.014
3.861(5) 11.7(5) 0.003(1)

4.51(1) 24.0(5) 0.003 (1)

4.92(1) 7.8(5) 0.005(1)

5.48(2) 6(1) 0.003(1)

2.338(5) 8.1(5) 0.006(1) 0.015
3.867 (5) 11.8(5) 0.003 (1)

447 (1) 23.8(5) 0.012 (1)

4.65 (1) 8.4(5) 0.006 (1)

545 (2) 6(1) 0.004 (1)

2.434(5) 7.9(5) 0.006(1) 0.015
3.864(5) 11.6(5) 0.003(1)

4.49(1) 24.0(5) 0.009(1)

4.93(1) 7.9(5) 0.006(1)

5.48(2) 6(1) 0.004(1)

2.339(5) 7.9(5) 0.007(1) 0.016
3.867(5) 11.9(5) 0.003(1)

4.47(1) 24.0(5) 0.012(1)

4.65(1) 7.9(5) 0.005(1)

5.46(2) 6(1) 0.004(1)

Figure S, U should be tetravalent at these sintering conditions.
Both partial oxidation of U(+IV) to U(+V) and oxygen
vacancies absence might be explained by one of the two
following mechanism. First, considering that the self-diffusion
occurs between Am(+IV) and U(+1V), the presence of U(+V)
can be understood from an electronic charge transfer between
U(+IV) and Am(+IV). Such a mechanism has already been
observed using electrical conductivity measurements in
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U, ,Pu,0O,,, solid solution where a charge transfer reaction
U* + Pu* = U™ + Pu® was suggested.44 In other words, Am
can act as an electron acceptor while U is an electron donor.
Secondly, given the high oxygen potential of Am'®* (Figure $),
it can be also supposed that the reduction of Am(+IV) to
Am(+III) occurs before the solid solution formation. In
comparison with the lanthanides doped UO,, the substitution
of a tetravalent U by a trivalent cation leads to the partial
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Figure S. Oxygen potential of AmO,_, and UO, as a function of the
temperature.

oxidation of U(+IV) to U(+V) (or U(+VI)) by a charge
compensation mechanism to maintain the structure electro-
neutrality.**** In this case, the substitution of U(+IV) by
Am(+I1I) leads to the partial oxidation of U and the solid
solution formation. Both of these above-mentioned mechanism
explain the oxygen vacancies absence and the presence of
U(+V) and Am(+III) in the same proportion. For the oxygen
potentials ranging from —520 to —450 kJ.mol™’, the solid
solution can be described by Ufisz}?J’AmS*Oz. Additional
TGA and high temperature XRD are required to confirm one
of the discussed mechanism.

Moreover, as presented in Figure 6, the U(+V) molar
fraction is significantly higher than that of Am(+III) for an
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Figure 6. Molar fractions of U(+IV), U(+V), and Am(+III) as a
function of the oxygen potential.

oxygen potential equal to —390 kJ-mol~". It can be understood
from the increase of the oxygen partial pressure which leads to
oxygen atoms insertion in the structure conducting to the
partial oxidation of U(+IV) to U(+V). Thus, for very low
oxygen potentials, the U(+V) formation is due to the above-
mentioned mechanism while, for higher oxygen partial pressure,
there is also an additional contribution which corresponds to
the oxygen atom insertion into interstitial positions.

It is important to mention that the molar fractions of
Am(+III), U(+IV), and U(+V), given in Table 3, are very
important additional experimental data of oxygen potential-
temperature-composition, performed at high temperature, and
are an important contribution to the very few available
experimental data. We are currently using these new data to
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refine our thermodynamic modeling'” to define the optimum
sintering conditions for U,_,Am,0,,, and to predict the O/M
ratio for these sintering conditions.

The XAFS results show that the oxygen potential mainly
affects the crystallographic distances and the coordination
number. As presented in Table 4, both third-shell Am—O and
U-O distances decrease with increasing oxygen partial
pressure. It can be concluded that the insertion of additional
oxygen atoms in the lattice results in a reduction of the longest
distances. This conclusion is in good agreement with the
increase of Debye—Waller factor indicating that the disorder of
the local structure increases with oxygen potential.

IV.2. Effect of Americium Content. Samples D, A, and E
containing respectively 10, 15 and 20% of Am were sintered
under the same sintering conditions (2023 K, —520 kJ-mol™").
According to the XAFS spectra presented in Figure 4, solid
solutions were obtained for all the samples. As expected in the
case of a solid solution, the U,_,Am,0O,,, lattice parameter a,
given in the Table 1, linearly decreases with the Am content.
The lattice parameter a, can be described as a function of the
Am content y according to the eq 2:

— _ 1_
ﬂUUI }Amyoz-x = aUOZ 0.{]022y R =0.97 (2)

where the lattice parameter ay, is equal to 0.54706 nm.*

Note that the validity of eq 2 is strictly limited to U,_,Am,0,_,
compounds sintered under reducing conditions at 2023 K. Since
several types of phases with various crystallographic symmetries
might be involved in the solid solution formation, the lattice
parameter can not be easily assessed with the Vegard’s law. For
this reason, the lattice parameter was not calculated using the
Vegard’s law in this paper. Moreover, the approach of Kato et al.*
was also considered but significant differences were obtained in
term of determined lattice parameter and O/M ratio. These
differences with the mentioned model could be explained by a
nonvegardian behavior of the U;_,Am,0,_, solid solution. This
kind of behavior has already been pointed out in fluorite-based
MO,-LnO, *'

Since U(+V) has a small ionic radius compared to U(+IV)
and Am(+III), the lattice parameter decrease with the Am
content increase is in good agreement with the presence of
U(+V) in the fluorite solid solution.

Figure 7 and Table 3 show that both U(+V) and Am(+III)
molar fractions are nearly equal whatever the Am content.

100 . : .
90 ®
80
70
60-
50-
40
30
20-
10-

(1] P S S
B 10

U(+v) ]
U(+V)
Am(+IIl)

A

Molar fraction (%)

e

25
Am content (%)

Figure 7. Molar fraction of U(+IV), U(+V), and Am(+III) as a
function of the Am content.
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This feature reinforces the proposed charge compensation
mechanism occurring for low oxygen potentials.

The U(+V) molar fraction y' can be expressed as a function
of the Am content y by the following linear regression eq 3:

y' =091y R* = 0.96 3)

As a result, for these particular sintering conditions and Am
contents, the solid solution can be described as
Ufil.9lyU3.;lyAmy3+02'

Regarding to the EXAFS results, there is no significant
influence of the Am content on both crystallographic distances
and coordination numbers. An increase of the Debye—Waller
factor is, however, observed indicating a more disordered
structure in the case of higher Am content. It might be
explained by the presence of cations with different ionic radii,
that is, Am(+III), U(+IV) and U(+V) and especially by the
U(+IV)/U(+V) ratio decrease.

The increase of the disorder with the Am content can also be
understood from the high « activity of Am which leads to the
emission of **’Np recoil nuclei inducing disorder in the
structure and defect formation. Moreover, since the Np ion
exist as Np(+IV), its presence has to induce a local charge
transfer, enhancing probably the defect formation due to o
decay.

Besides, the high a activity of **Am may also cause a
significant self-irradiation inducing structural defects forma-
tion®>">* and lattice parameter expansion.””*>*® Swelling
phenomenon due to the high activity has already been
observed at the macroscopic scale in U;_,Am,0,,, (y = 0.10,
0.20) materials.””*® In this present work, Table 1 points out
that the lattice parameters have increased of about 0.2% during
one year, which corresponds to time between the sample
fabrication and the XAS experiment. This evolution, which can
notably be understood from the formation of *’Np recoil
nuclei, can explain one part of the macroscopic swelling.
Moreover, the concentration of self-irradiation induced defects,
such as vacancy, is expected to be important since the
cumulative @ dose of the sample is about 0.20 dpa. However,
the fitted coordination numbers do not confirm this
assumption. This mismatch between the surrounding atoms
and the defect content might be explained by the presence of
defects with large open volume. Such defects were pointed out
in a previous study on UjgAm,,,O0,_, compounds using
positron annihilation lifetime spectroscopy.”” It was shown that
a high concentration of He stabilized vacancies could create a
necessary condition for void growth and swelling. Further TEM
experiments would be useful to clear this point.

V. CONCLUSION

In this work, XAS experiments were conducted with
U_,Am,0,,, compounds containing various Am contents
and sintered under different atmospheres. The XANES
measurements indicate that the Am(+IV) is totally reduced
to Am(+I1I) while there is a partial oxidation of U(+IV) to
U(+V). From these results, additional experimental data of
oxygen potential-composition—temperature were determined
and are now available to refine the thermodynamical models. It
was also shown that fluorite solid solutions are obtained
whatever Am content and oxygen potential. In the case of the
compound sintered at —520 kJ-mol ™", a description of the solid
solution was proposed and it was pointed out that there is a
charge compensation mechanism during the sintering. Further

dilatometric and thermogravimetric tests are necessary to
understand the kinetic of these phenomena.
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