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ABSTRACT: Innovative americium-bearing uranium—pluto-
nium mixed oxides U;_,Pu,O,_, are envisioned as nuclear fuel
for sodium-cooled fast neutron reactors (SFRs). The oxygen-
to-metal (O/M) ratio, directly related to the oxidation state of
cations, affects many of the fuel properties. Thus, a thorough
knowledge of its variation with the sintering conditions is
essential. The aim of this work is to follow the oxidation state
of uranium, plutonium, and americium, and so the O/M ratio,
in Uy750Pug46Amg 0040, samples sintered for 4 h at 2023 K
in various Ar + 5% H, + z vpm H,0 (z = ~15, ~90, and
~200) gas mixtures. The O/M ratios were determined by
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gravimetry, XAS, and XRD and evidenced a partial oxidation of the samples at room temperature. Finally, by comparing XANES
and EXAFS results to that of a previous study, we demonstrate that the presence of uranium does not influence the interactions
between americium and plutonium and that the differences in the O/M ratio between the investigated conditions is controlled by
the reduction of plutonium. We also discuss the role of the homogeneity of cation distribution, as determined by EPMA, on the

mechanisms involved in the reduction process.

1. INTRODUCTION

Uranium—plutonium mixed oxide fuels U,_,PuO,_, are
currently studied within the frame of the fourth generation
(GEN-IV) of nuclear reactors and more precisely, for sodium-
cooled fast neutron reactors (SFRs). GEN-IV’s main purpose is
managing more efficiently the energetic resources by recycling
valuable actinides such as U and Pu from spent nuclear fuels.
Because of their specific neutronic spectrum, SFRs will also be
able to burn long-lived minor actinides (MAs) such as Am, Np,
and Cm recovered from spent nuclear fuel. This could lead to a
drastic decrease in both radiotoxicity and heat load of ultimate
glassy wastes favoring the ecological footprint of their final
disposal." Among MAs, Am is of main concern. Two options are
considered: (a) homogeneous transmutation by introducing
small amounts (2—5%) of MAs into the U,,Pu,0,_, mixed
oxide fuel' ~ or (b) heterogeneous transmutation by introducing
Am in higher concentration into an inert matrix' ~*°~® or fertile
UO, blankets."”'® Regarding the first option, uranium—
plutonium mixed oxide fuel incorporating up to 5% AmO, is a
promising candidate.'

Because the oxygen stoichiometry significantly affects most of
the fuel properties (thermal conductivity, melting temperature,
diffusion phenomena, fuel/cladding interactions, etc.),u_13
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studying the oxygen/metal (O/M) ratio of MA-bearing mixed
oxides is necessary. According to currently identified specifica-
tions, the O/M ratio of the SFR’s fuel will have to range from 1.94
to 2.00. Controlling the O/M ratio of the future U;_,Pu,0,_,
nuclear fuel during its manufacturing remains highly challenging
and depends upon several fabrication factors (sintering
atmosphere, homogeneity of cation distribution, cooling rate,
storage duration and conditions, etc.), as illustrated by our recent
publications.'*™*' Therefore, a thorough knowledge of the
correlation between the sintering atmosphere (and the
associated oxygen potential) and O/M ratio is a major concern.
Osaka et al.” have highlighted discrepancies between modeled
and experimental oxygen potential vs O/M ratio curve for Am-
bearing uranium-—plutonium mixed oxide
UpsssPug270Amg 0450, Previous experimental studies have
revealed a discontinuity in the relationship between both
parameters that may be attributed either to a nonconcurrent
reduction of americium and plutonium™ or to an interaction
between Am and Pu oxides.”* The oxygen potential of AmO,__is
much higher than that of PuO,_, for a given O/M ratio.” As a
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consequence, different U~Pu and U—Am charge distribution are
obtained in the respective mixed oxides for similar sintering
conditions. Contrary to Am, which was shown to be purely
trivalent in uranium—americium mixed oxides,”®*”** Pu(III) does
not coexist with U(V) because it is fully reoxidized to Pu(IV)
before pentavalent uranium is formed.*" Such a behavior implies
that Am should be more readily reduced than Pu in (U, Py,
Am)O,_, compounds. Moreover, as we already evidenced in a
previous study,” pure AmO, can be reduced to AmO, 4,. This
may occur before starting to reduce plutonium in PuO,.”* The
different behavior of Am and Pu cations might be responsible for
the unusual oxygen potential vs O/M ratio relationship in Am-
bearing uranium—plutonium mixed oxides evidenced by Osaka
S

The aim of the present study is to better understand the
mechanisms involved in the reduction of americium and
plutonium cations in (U, Pu, Am)O,_, for selected O/M ratios
and, subsequently, to provide insight into the oxygen potential vs
O/M ratio correlation. Combining gravimetric analysis, X-ray
diffraction (XRD), and X-ray absorption spectroscopy (XAS)
proved to be a relevant method to both quantitatively determine
the cation oxidation states (through XANES) and highlight
discrepancies between local (EXAFS) and long-range (XRD)
structural modifications.’*™>* Furthermore, since these techni-
ques allow probing different depths, their association makes it
possible to estimate how the stoichiometry of the anal?rzed
samples varies from the surface of the material to its bulk.”

Because neither metal vacancies nor interstitials are expected
in single and mixed actinide oxides, the O/M ratio of nuclear fuel
relies mainly on the oxidation state of its constitutive actinide
cations. Thus, the goal of the present work was to study uranium,
plutonium, and americium cations, and in particular their
oxidation states, in U 75oPug 246Amg 9040, _, samples as a function
of the moisture content of the sintering atmosphere Ar + 5% H,
+ z vpm H,0 (z = ~15, ~90, and ~200).

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. In this study, uranium dioxide and
plutonium dioxide powders were used. The uranium dioxide powder

Table 1. Thermodynamic Coefficients Determined at 2023 K
from Reference 34 for the Three Considered Gaseous Species

0,(g) H,(g) H,0(g)
A 2091111 18.563083 41.96426
B 1072071 12.257357 8.622053
C ~2.020498 —2.859786 —1.499780
D 0.146449 0.268238 0.098119
E 9245722 1.977990 —11.15764
F 5.337651 —1.147438 2721797
G 237.6185 156.288133 219.7809

Table 2. Calculation of the Oxygen Potentials at 2023 K under
Ar + 5% H, + z vpm H,0

z (vpm) pH,O/pH, pO, (bar) AG,, (kJ mol™)
~200 0.0040 ~1.9.107 —450
~90 0.0018 ~3.8.1078 —470
~15 0.0003 ~1.0.107 —500

In this paper, the samples will be referenced by their respective oxygen
potential at 2023 K given in Table 2, i.e. —450, —470, and —500 kJ
mol ™.

was produced by a wet fabrication route based on the formation of
ammonium diuranate from uranyl nitrate precipitated with ammonia.
The obtained particles were then atomized, dried, and calcined, leading
to spherical-shaped agglomerates of around 20 pm in diameter.
Plutonium dioxide powder was produced by precipitation of a
plutonium nitrate solution within oxalic acid to form plutonium oxalate.
The particles were heated in air at 923 K and parallelepiped-shaped
PuO, particles were obtained with an average size of 15 ym.
Uranium—plutonium mixed oxide samples were obtained by a
powder metallurgy process consisting of mixing 75 mol % UO, with 25
mol % PuO, at the LEFCA facility (CEA Cadarache, France). The
americium present in the samples was due to the 3-decay of >*'Pu within
the raw PuO, powder. Because the amount of **'Pu isotope was 2.91%
when the PuO, powder was synthesized in 1995, its decay generated an
Am/(Am + Pu) ratio close to 1.5% when the present study was
performed. As a consequence, the overall americium concentration Am/
Metal in the studied samples was ~0.4% leading to the
Up750Pug 246Amg 0040, composition. The obtained mixture was then
micronized by comilling for 2 h in a ball-mill and subsequently passed
through a metallic sieve (160 ym grids). With the prospect of preventing
the introduction of metallic particles within the samples, it was chosen
not to force on the powder while sieving. The resulting powder exhibited
a BET specific surface area of 6.2 m*g™" with apparent and packed
densities equal to 2.9 and 3.7 g-cm ™, respectively. The powder was then
pressed into pellets with an automatic uniaxial, monopunch press
equipped with a floating matrix. The applied pressure was constant for
all the pellets and equal to ~400 MPa. No lubricants were added to the
powders. A similar fabrication process is detailed elsewhere.*® The
resulting green pellets were subsequently sintered at 2023 K for 4 h with
heating and cooling rates both set at ~0.03 K-s™' under three different
Ar + 5% H, + z vpm H,O atmospheres (z = ~15, ~90, and ~200). The
resulting samples exhibited a high apparent density ranging from 96 to
98% of the theoretical density, as determined by the hydrostatic method.
The moisture content of the sintering gas mixture was measured at
room-temperature with a capacitive probe. The associated oxygen
potentials AG, at 2023 K were computed using the latest standard

thermodynamic properties taken from reference.** If one considers
equilibrium (1), eqs 2 to S can be deduced:

1
EOZ +H, = HZO

(1)
1 -—
S Ho, T Hy, = Hypo )

with gy the chemical potential of the species X.
Ho, = /482 + R-T'In(pO,) (3)
Hy, = ,ul_(;z + R-T-In(pH,) (4)
0

Hyo = Hyo t+ R-T'In(pH,0) ()

with pX the partial pressure of the species X (bar), R the gas constant
(taken equal to 8.314 J-mol™""K™") and T the temperature expressed in
K. One can get eq 6:

py = AGy (6)

where AGY is the free energy of formation (k] mol™") of the species X at
a given temperature. We also have eq 7:

AGy = AHy — TASY (7)

The standard thermodynamic properties AHY (kJ mol™') and AS) (J

mol™-K™') of the three considered species involved in equilibrium (1)
were determined according to eqs 8 and 9.

— E

AHS = At + BpiCp Dy E g

2 3 4

t (8)
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with A, B, C, D, E, F, and G the thermodynamic coefficients given in
Table 1 determined at 2023 K according to reference’” and with t =
temperature (K)/1000.

AS = AIn(t) + Bt + %tz +

From equilibrium (1), one can conclude:

] = -AG

with the following expression of the free energy of reaction:

pH,0

1/2

R-T~ln[
pH,pO,

(10)

1
0 0 0 0
—-AG, = ~Huyo + Hy, + E,uoz

(11)
Then:

0 0, 10
“Hyo t Ay, T FHo,

R-T

pH,0
pH,-p0;?

(12)
(13)

We finally obtain the oxygen potentials AG, at 2023 K given in Table 2.

2.1. Apparatus and Experimental Technique. Electron Probe
Micro Analysis (EPMA) was performed with a CAMECA SX50 device
equipped with a tungsten source. For each microstructure, three X-ray
mappings of 1024 X 1024 pixels (1 um?” for each pixel) randomly
selected were collected using the displacement mode of the sample
holder stage. The analysis conditions are 20 kV for electron accelerating
voltage, giving an analysis volume of 1 #m?, and 80 nA for beam current.
Measurements were carried out on the Pu Mf, U Ma (using PET
(CsH,0,) crystals) and O Ka (using a PC1 (W/Si) multilayer crystal)
peaks without subtracting the background.®® The selected counting time
was about 20 ms per pixel, which represented approximately 6 h of data
acquisition per map. Quantitative measurements were also performed
along 700 pm long lines, randomly chosen in each map with step of 1
um, using UO, and PuO, reference compounds for U and Pu,
respectively. The comparison of the Pumapping and quantitative results
allow a semiquantification of the plutonium distribution. Because the
lack of reference material and its low concentration within the
considered samples, americium was not directly analyzed by EPMA.

As described in reference,”’ bulk-scale O/M ratio measurements were
performed by gravimetric method using an ADAMEL furnace coupled
with a gas-mixing device allowing the control of the atmosphere, and
more precisely, its oxygen partial pressure pO, as a function of
temperature. Oxygen partial pressures were controlled via the moisture
content of an Ar + 5% H, gas mixture and set by diverting a fraction of
the Ar/H, flow through water maintained at 288 K and measured, at
room-temperature, with a capacitive probe. Thermal treatments at 1173
K for 24 h under Ar + 5% H, + ~24 000 vpm H,O were applied to the
hypostoichiometric mixed oxide pellets. According to both thermody-
namic model proposed by Guéneau et al.*® and diffusion model
proposed by Moore et al.>’ currently under development for uranium—
plutonium mixed oxides, these conditions lead to stoichiometric
samples (O/M = 2.000 + 0.001) at room temperature. By comparing
the initial mass of the pellet to that after the thermal treatment and by
considering a final stoichiometry of 2.000, the initial O/M ratio can be
calculated by using eq 14 with an accuracy of +0.001. The latter is
obtained by taking into account the repeatability of the experiment with
other pellets of the same batch, and the stoichiometry was checked again
with a NETZSCH Jupiter STA 449C thermobalance coupled to a similar
moisture control device.

AG,, = R-TIn(pO,)

O
— =2+x=2=
M

JVIUI,),,ZPuy,ZAmZO2 Img — myl
M,

mg (14)

with the following:
e (O/M): initial oxygen-to-metal ratio of U,_,_Pu,_ Am,O,_,
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e x: deviation from stoichiometry
® My, pu Amo,: molar mass (g mol™") of Up_,_.Pu,_.Am,0, 4

(taking into account the isotopic composition of uranium,
plutonium, and americium)

® Mj: molar mass of oxygen

e mg mass of Up_,_.Pu,__Am_O,

e m;: initial mass of U,_,_,Pu, ,Am,0,,,

All XRD measurements were performed at atmospheric pressure and
room temperature with a Bragg—Brentano 6-260 SIEMENS D5000 X-ray
diffractometer using a curved quartz monochromator and copper
radiation from a conventional tube source (Ka, radiation, 4 = 1.5406 A).
Powder diffraction patterns were obtained by scanning from 25° to 140°
20 using 0.02° step-intervals and counting time of 0.2 s per step. The
procedure is thoroughly described by Belin et al.>® Because the X-rays
generated by the XRD only penetrate a thin layer (roughly 1 ym) in the
uranium-plutonium-americium mixed oxides, the analysis made it
possible to probe the surface of the grains.”' Whole powder gattern
decomposition was realized accordin§ to the Pawley method® using
DIFFRACP™ TOPAS v4 software.”’ The obtained results allow
calculating the O/M ratio (= 2-x with x the deviation from
stoichiometry) (+0.003) of each phase constituting the material at
room temperature with an empirical correlation (15) connecting the
lattice parameter (a in pm), the plutonium content (y = Pu/Metal) and
the deviation from stoichiometry (x):"*

a(pm) = 547 — 7.4y + 32« (15)

XAS measurements were performed at the Rossendorf Beamline
(BM20) located at the European Synchrotron Radiation Facility (ESRF,
Grenoble, France). Storage ring operation conditions were 6.0 GeV and
170—200 mA. The beam was conditioned using a double crystal
monochromator with Si (111) crystals for monochromatization and two
Pt-coated mirrors for collimation and reduction of higher harmonics.
XAS using high energy light source generated with a synchrotron, the
probed depth in U;_,_.Pu,_.Am,O, compounds is equal to tens of
microns.** Because the grain size of the fabricated samples was the same
scale as the synchrotron X-rays probing depth, the whole grains were
then illuminated by the X-ray source. XAS samples were prepared by
mixing about 1 mg of material (obtained by manually crushing a dense
pellet) with 20 mg of boron nitride. Samples were then pressed into a
thin bar inserted into a hermetic Teflon/polyethylene sample holder.
Sample holders were mounted in a closed-cycle He cryostat running at
15 K in order to avoid the thermal vibration contributing to the Debye—
Waller factors of EXAFS spectra, which can then be considered as only
influenced by static structural disorder. Spectra at U-Ly; edge (17 166
V) were collected in transmission mode, whereas those for plutonium
were recorded in fluorescence mode using a 13-element Ge detector at
Ly edge (22 666 V) because, as we previously observed,*' the Pu-Ly
edge is distorted by the uranium Ly; EXAFS signal. Considering the low
Am concentration and the nearby Pu-L; edge position (23 108 eV), only
XANES spectra were collected at the Am-Ly; edge (22952 eV)."” The
spectra were corrected for dead time using a measured relationship
between the incoming count rate and selected channel analyzer readings
for each channel by using the SixPack software package. This procedure
ensured that the absorption peak height matched the transmission data.
Energy calibrations were performed using a Y foil (17 038 eV) or a Mo
foil (20000 eV) positioned after the second ionization chamber. The
ATHENA software** was used for normalizing XANES spectra. 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
determined by the first zero-crossing of the first derivative. UO,, PuO,,
and AmO, were considered as reference for tetravalent uranium,"”***
plutonium, 17,24,45,46  9nd americium,”’ whereas
(N,H*)1,(H;0%),U; 4Pug,(C,0,)s, nH,O mixed oxalate (denomi-
nated as “oxalate” in this paper) and Am,Zr, O, pyrochlore were used as
reference for trivalent plutonium®’ and americium,®® respectively.
Experimental XANES data were fitted between —20 and +30 eV
compared to the E, position using linear combination of spectra
collected on reference compounds. The goodness of the fit was
estimated with both R factor and y* values. XANES results allowed
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determining O/M ratios with an accuracy of +0.01. The ATHENA
software was also used for extracting EXAFS oscillations from the raw
absorption spectra. Experimental EXAFS spectra were Fourier trans-
formed using a Hanning window over the full k space range available for
each edge. Curve fitting was performed in k' space for R-values for all
edges. Phases and amplitudes for the interatomic scattering paths were
calculated with the ab initio code FEFF8.40"° based on a defect free
fluorite structure model in which each cation is surrounded by 8 oxygen
anions at a X \/ 3/4, 12 cations at a X \/ 2/2, and 24 oxygen anions at a X
\/ 11/4 (a being the lattice parameter determined by XRD).

3. RESULTS AND DISCUSSION

Quantification of Homogeneity of Cation Distribution.
EPMA showed that the three samples exhibited similar

Figure 1. EPMA X-ray mapping (1024 X 1024 ym?) for the distribution
of uranium and plutonium (arbitrary gray scale) and associated
semiquantitative Pu distribution in Uy ;5,Pug46Am 00405y

homogeneities of cation distribution. In all cases, some local U-
rich and Pu-rich zones of roughly 30—70 ym and <20 ym in size,
respectively. Even if the Pu-rich zones were of smaller size, their
quantity was more important. An example is given in Figure 1.

2126

From the semiquantitative Pu mapping given in Figure 1, the
surface distribution as a function of the plutonium content was
determined in order to estimate its associated homogeneity of
distribution and is given in Figure 2.

The plutonium content y = Pu/M exhibited a broad unimodal
distribution centered on y = 0.243 throughout the analyzed areas.
The low surface fractions of pure UO, and y > 0.5 evidenced a
relatively good dissolution of the initial raw materials in favor of
the formation of intermediate mixed oxides whose plutonium
content is given in Figure 2. These results then strengthened the
accuracy in manufacturing the samples, especially in obtaining
the average plutonium content target value of y = 0.246.

Determination of O/M Ratios of Bulk Samples.
Gravimetric O/M ratio measurements were performed on ~2
g dense pellets directly after sintering. Results are shown in Table
3.

For a given sintering step (heating/cooling rates, dwell
duration, and temperature), the measured O/M ratios reported
in Table 3 mirror the decrease in the moisture content of the
processing gas mixture, i.e. in lowering the oxygen potential at a
given temperature. This observation is in agreement with
previous results’’ and also with thermodynamic calculations
(Figure 3) performed by employing the Thermo-Calc Software*’
and the thermodynamic model proposed by Guéneau et al.*®
Indeed, for a given equilibrium of Uy;sPuy,s0, , at a fixed
temperature, decreasing the oxygen potential (i.e., the moisture
content of the processing gas mixture) involves a drop in the
reciprocal O/M ratio. During cooling from sintering to room
temperature, an oxidation of the samples up to O/M = 2.000 is
expected when reaching thermodynamic equilibrium.'”*%*>>°
Because this oxidation is a process mediated by surface diffusion
and because the sintered samples are pellets, thermodynamic
equilibrium between materials and surrounding gas phase is
hardly achieved,"””” allowing obtaining hypostoichiometric
mixed oxides at room-temperature. As a consequence, the
deviation from stoichiometry measured for each sample
corresponds to an intermediate “frozen” state between sintering
and room temperature. Nevertheless, the tendency illustrated in
Figure 3 connecting the moisture content of the gas mixture to
the O/M ratio is preserved even at room temperature. Then,
even out of equilibrium, the O/M ratio of U;_,Pu,0,_, mixed
oxide pellets at room-temperature relies on both sintering
atmosphere and cooling rate.

Determination of Long-Range Structural Properties.
XRD analysis was performed on a manually crushed sample of
each set. A slight shoulder was observed on the high-angles
region of the XRD patterns collected on the —500 kJ mol™
sample as a consequence of the possible presence of a second
phase indexed by red arrows in Figure 4. Since this feature was
only observed on the —500 k] mol™" and because the samples
sintered under the three atmospheres presented very similar
EPMA results, this second phase is not considered as a
fabrication artifact but can be related to a consequence of a
demixing process. Indeed, as evidenced in previous stud-
ies,'” 72> a phase separation is expected in this composition
range (Pu content and sintering conditions). The two phases
constituting the hypostoichiometric mixed oxides exhibit
different oxygen contents and are then called “high-oxygen”
and “low-oxygen” phases, respectively.'’~>"*” Because of the
relatively low plutonium content of the present samples,
regarding the Pu composition range of the miscibility gap
existing in the UO,—PuO,—Pu,O; subsystem (i.e, 02 <y < 1),
the composition of the two phases within the miscibility gap is
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Table 3. O/M Ratios of the Three Uy ;5,Pug46Amg 60,0, _,
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Figure 3. Variation in the oxygen potential of Uy;sPug,;0,_, as a
function of O/M ratio for various temperatures ranging from 400 to
2000 K by steps of 100 K, replotted from ref SI.

too close one to the other to be reasonably distinguished.
Furthermore, the second (low-oxygen) phase is hardly
observable. As a consequence, a Rietveld refinement, eventually
leading to the determination of the fraction of the two phases
constituting the —500 k] mol™" sample, is not reliable. Moreover,
as evidenced in one of our previous studies,”" the monophasic
nature of the samples could also be explained by a partial
oxidation process at room temperature involving the almost
complete disappearance of the low-oxygen phase. For these
reasons, the three samples were considered as exhibiting a
monophasic structure (Figure 4) indexed in the Fm3m face-
centered cubic space-group. The lattice parameters given in
Table 4 then correspond to average values considered as
representative of the samples and ultimately allowed evaluating
their O/M ratio from relation (15).

2127

Method and O/M Ratios Calculated from Relation (2)

oxygen potential at 2023 K lattice Fgrameter calculated O/M
)

(kJ mol™) ratio
—450 5.456(1) 1.987(3)
—470 5.457(1) 1.984(3)
—500 5.458(1) 1.977(3)

Because the X-rays generated by the XRD device only
penetrate a thin layer (roughly 1 um) in actinide oxides, in
contrast to gravimetric measurements that probe the whole bulk
of the sample, the calculated O/M ratios at room-temperature
from lattice parameters of Uy ;50Pug,46Amg 0040, do not match
those given in Table 3 as a consequence of a surface oxidation.”!
However, the tendency of the variation in O/M ratio with the
oxygen potential is preserved.

If one considers that the detection limit of conventional
laboratory XRD is ~4%, EPMA results given in Figure 2 can be
analyzed in order to evaluate a hypothetical XRD peak
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Table 5. Calculated Lattice Parameters with the Distribution of Plutonium Determined by EPMA (Surface Fraction >4%)

y = Pu/(U+Pu)

0.161 0.172 0.183 0.194 0.205 0.216 0.227 0.239 0.250 0.261 0.272
lattice parameter (A) 5.458 5.457 5.456 5.456 5.455 5.454 5.483 5.452 5451 5451 5.450
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Figure S. Hlustration of the effect of the distribution of plutonium determined by EPMA on the fit of a given XRD pattern: (a) fit with the 11 phases

given in Table 4 and (b) fit with one phase.

Table 6. Influence of the Number of Phases Taken into
Account for Fitting the XRD Data on the Refinement Results

number of phases in the fit R, R, GoF
11 13.79 942 1.29
1 15.41 11.35 1.43

broadening due to cation distribution. Thus, the lattice
parameter of each intermediate U,_,Pu,O, mixed oxide was
calculated with Vegard’s law between UO, and PuO, with
relation (2). As an approximation, no deviation from
stoichiometry was taken into account in the calculation. Only
plutonium contents representing a surface fraction greater than
4% in Figure 2 were considered.

Once these lattice parameters were determined, a new
refinement of the XRD patterns was performed in order to
estimate the impact of the 11 intermediate phases given in Table
S on the fit. The resulting fit given in Figure S (a) is compared to a
refinement performed with only one phase (Figure Sb). To
exacerbate a potential effect of the distribution of plutonium on
the fit, and for clarity reasons, only a restricted angular section (at
high angles: 124°—140°26) is shown in Figure S. Associated
refinement results of XRD data (R,,, weighted profile, R, profile,
and GoF goodness of fit) are given in Table 6.

As it clearly appears in Figure S and Table 6, taking into
account the distribution of plutonium obtained by EPMA has
only a relatively poor influence on the fit. Even if the difference
curve of the pattern fitted with 11 phases (Figure 5a) evidence a
better fit than that of the pattern refined with only one phase
(Figure Sb), the improvement remains minor. Thus, considering
the material as monophasic is justified because the cation
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distribution heterogeneity of the present samples has only a
slight effect on the fit result of XRD patterns.

Determination of Short-Range Structural Properties.
XANES spectra collected on Uj;5oPug 46Amg 0040,—, samples
for U, Pu, and Am cations are compared to reference compounds
(Figure 6) and fitted with a linear combination of the latter to
determine the oxidation state of the constituting cations, so the
O/M ratio, of the samples sintered under the three investigated
conditions (Table 7).

Both uranium-L;; and americium-L; XANES showed no
variation with the sintering atmosphere, and U and Am cations
remained purely tetravalent and trivalent, respectively. Such a
behavior first confirms the fact that no U(V) is obtained under
reducing atmosphere and, regarding the americium content of
the present samples, also confirms the proposed Am (III)—U(IV)
coexistence.”””’ A different behavior was observed for plutonium
cations with a slight shift of both white line maxima and first
inflection point of Pu-Ly; XANES to a lower energy when
decreasing the oxygen potential of the sintering atmosphere.
Thus, a partial reduction of Pu(IV) to Pu(IIl) was clearly
evidenced.

To summarize, deviation from stoichiometry is endorsed by
first, a complete reduction of Am(IV) to Am(IIl), then a partial
reduction of Pu(IV) to Pu(IlI), whereas uranium remains purely
tetravalent within all the samples. These results are consistent
with our previous findings on Pu,_,Am,0,_, compound524 and
confirm the model proposed by Osaka et al,,””** which suggests
the coexistence of Am(III) and U(IV) for the considered range of
americium content.

Because deviations from stoichiometry were evidenced for all
samples, EXAFS spectra were analyzed in order to gain
information on the location of the lattice defects and/or to
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Figure 6. XANES spectra at U-Lyy;, Pu-Ly;, and Am-Ly; edges collected
on Uy 750Pug246Amg 0040,_, samples sintered under the three atmos-
pheres compared with reference compounds (solid lines).

highlight a possible clustering effect within the fluorite structure.
Local environments around uranium and plutonium cations are
compared in Figure 7, and associated fit results are given in Table
8.

The lack of modifications observed around U atoms as a
function of O/M ratio matches the fixed U(IV) valence
determined from XANES spectra. The Pu—O distances being
in all cases smaller than that of U—O, the presence of Pu(IV),
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Table 7. Plutonium cations percentage and O/M ratio
calculated from the XANES analysis

Pu cation
distribution
(wt %)
oxygen potential at 2023 K calculated O/M
(kJ mol™") Pu(Ill) Pu(IV) ratio
—450 8(2) 92(2) 1.99(1)
—470 12(2)  88(2) 1.98(1)
—500 20(2)  80(2) 1.97(1)

which has an ionic radius smaller than that of U(IV) in 8-fold-
coordination,™ in major quantity is confirmed. However, a slight
increase in the Pu—O distances (first shell) is observed when
decreasing the oxygen potential of the sintering gas mixture at
2023 K. As mentioned by Vigier et al,,** this increase in the Pu—
O distances is due to the occurrence of Pu(Ill) in the fluorite
structure because its estimated ionic radius in 8-fold-coordina-
tion is larger than that of both Pu(IV) and U(IV).>*>> Moreover,
this variation in the Pu—O distances is combined to an intensity
decrease of the EXAFS oscillations, which is particularly visible
with the associated Fourier transforms for distances greater than
5 A. Such an evolution is not observed at the U-Ly; edge. Thus,
this increase in the lattice disorder can be notably related to
different Pu(IlI)—O and Pu(IV)—O distances. No additional
cation—cation distances based on lattice parameter distribution,
as detailed in Table 5, were introduced. The differences between
these distances are below the EXAFS uncertainties, and taking
into account the hypothetical intermediate U,_,Pu,0, solid
solutions from Table 5 would only have an effect on the
evolution of the Debye—Waller factors as an increase of lattice
disorder.

Comparison of the Characterization Techniques.
Because of the different depths that gravimetry, XRD, and
XANES are able to probe, the O/M ratios determined from each
method will be different and their comparison informative
(Figure 8). For clarity reasons, error bars associated with the
determination of O/M ratios are only given in the legend.

Regardless of the characterization method, the increase in the
oxygen potential at 2023 K leads to a higher O/M ratio of the
Uy.750Pug246Amg 0040, _, mixed oxide at room temperature.
However, even when taking into account error bars, evident
discrepancies are noticeable between the three techniques as a
consequence of the different probed depths. Furthermore, as
shown in ref 21, this comparison provides important information
about both kinetics and extent of the expected oxidation at room
temperature. Indeed, for a given oxygen potential at 2023 K, the
difference between the O/M ratios determined by gravimetry,
XRD, and XANES is reduced when increasing the oxygen
potential (i.e., when the O/M ratio of the sample is higher). This
provides evidence for the role of the surface in the oxidation
process and highlights the fact that a more hypostoichiometric
sample oxidizes faster at room temperature. This is also in
agreement with results provided by Woodley et al.*

Effect of Homogeneity of Cation Distribution. In a
previous study of Ujs,PugysAmgg O, , samples with high
homogeneity of cation distribution, we have shown that trivalent
plutonium fully reoxidizes to Pu(IV) in the time-lapse separating
preparation and analysis of the samples.”’ We have also shown
that, for a given sintering step (temperature, atmosphere, dwell
duration, and heating/cooling rates), the homogeneity of cation
distribution has a clear influence on the oxidation state of the
constitutive actinides.'” More precisely, the presence of local
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(Pu,Am)O,_, high concentrations lead to more hypostoichio-
metric compounds as compared to more homogeneous samples.
In addition, mixed oxides with a high cation distribution
homogeneity also seem to spontaneously reoxidize more readily
at room-temperature.”’21 Because the Uj;5oPug,46Amg 0040,
samples of this study have a lower homogeneity of cation
distribution than the mixed oxides investigated in reference,
they have a lower initial O/M ratio. We believe this observation
emphasizes the correlation between deviation from stoichiom-
etry, homogeneity of cation distribution, actinide oxidation
states, and kinetics of room-temperature oxidation. Similarly to
the present study, a lower homogeneity of cation distribution
than that of samples from reference”' might explain why Vigier et
al.*” have managed to determine low O/M ratios from XAS
experiments without observing a fast reoxidation at room
temperature. Finally, the fabrication of Am-bearing uranium—
plutonium mixed oxides studied by Osaka et al.”>*” is thoroughly
described in refs 57,58. These samples were elaborated by a
conventional powder metallurgy route and also evidenced
significant heterogeneity of cation distribution likely to affect
their O/M ratio. This might also have implications on the
observed discontinuities in the oxygen potential versus O/M
ratio curves reported by the authors.

Outlooks. The upcoming step will be to study Am-bearing
(~5%) uranium—plutonium mixed oxides in order to evaluate

the effect of a higher americium content on both O/M ratio and
its variation with the oxygen potential. That will allow verifying
the reported observations of Am(IV)—U(IV) interactions
leading to the Am(III)—U(V) coexistence as well as the accuracy
of the thermodynamic description proposed by Osaka et al.”>**

4. CONCLUSION

The present study shows that in hypostoichiometric
Uj750Pug246AMg 0040, mixed oxide samples, the reduction of
Am(IV) to Am(I1I) is completed before any reduction of Pu(IV)
cations is observed. Moreover, uranium cations remain
tetravalent regardless of the investigated sintering gas mixture.
We believe that the discrepancies between various studies found
in the literature most likely result from different homogeneities of
cation distribution within the samples.
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Table 8. Structural Parameters Extracted by Fitting EXAFS Spectra Measured at Both U-L;;; and Pu-L;; Edges Compared to Those

Determined by XRD
EXAFS XRD
sample edge coordination shell N R (A) o (A?) R (A)
UO, reference U-Ly (¢} 8.0(5) 2.365(5) 0.0035(5) 2.369
U 12.0(5) 3.86(1) 0.0013(5) 3.868
(@) 24(2) 4.54(1) 0.006(2) 4.536
PuO, reference Pu-Ly (¢} 8.0(5) 2.335(1) 0.0063(5) 2.336
Pu 12.0(5) 3.81(1) 0.0028(5) 3.816
0 24(2) 4.47(2) 0.007(2) 4474
—450 kJ mol™* U-Ly 0 8.0(5) 2.358(5) 0.0041(5) 2.362
M 12.0(5) 3.85(1) 0.0018(5) 3.858
0 24(2) 4.53(2) 0.006(2) 4.524
Pu-Ly 0 8.0(5) 2.346(5) 0.0038(5) 2362
M 12.0(5) 3.85(1) 0.0016(5) 3.858
0 24(2) 4.48(2) 0.005(2) 4.524
—470 kJ mol ™ U-Lyy 0 8.0(5) 2.357(5) 0.0039(5) 2.363
M 12.0(5) 3.85(1) 0.0017(5) 3.859
0 24(2) 4.52(2) 0.005(2) 4.525
Pu-Ly 0 8.0(5) 2.342(5) 0.0032(5) 2.363
M 12.0(5) 3.85(1) 0.0015(5) 3.859
0 24(2) 4.50(2) 0.007(5) 4.525
—500 kJ mol™* U-Ly o 8.0(5) 2.356(5) 0.0045(5) 2.364
M 12.0(5) 3.85(1) 0.0020(5) 3.861
0 24(2) 4.53(2) 0.005(5) 4.524
Pu-Ly 0 8.0(5) 2.352(5) 0.0055(5) 2.364
M 12.0(5) 3.85(1) 0.0025(5) 3.861
0 24(2) 4.49(2) 0.006(5) 4.527
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