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ABSTRACT: Uranium—plutonium mixed oxide containing
30% of plutonium is a candidate fuel for several fast neutron
and accelerator driven reactor systems. In this work, a detailed
structural investigation on sol—gel synthesized stoichiometric
Uy,Pug30,,49 and substoichiometric U, ,Pu,;0,.,, using X-ray
diffraction (XRD), oxygen 17 magic angle spinning nuclear
magnetic resonance ("’O MAS NMR) and X-ray absorption
spectroscopy is described. As observed by XRD, the
stoichiometric Uj;Pu;30,0, is monophasic with a lattice
parameter in good agreement with Vegard's law, while the
substoichiometric Uy,Pu,;0,, material is biphasic. Solid
solution ideality in terms of a random distribution of metal
atoms is proven for Uy,Puy;0, 0o with 7O MAS NMR. X-ray
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absorption near-edge structure (XANES) spectroscopy shows the presence of plutonium(IlI) in Uj;Puy;0,,. Extended X-ray
absorption fine-structure (EXAFS) spectroscopy indicates a similar local structure around both cations, and comparison with
XRD indicates a close similarity between uranium and plutonium local structures and the long-range ordering.

B INTRODUCTION

Uranium plutonium mixed oxide (MOX) fuel with low
plutonium content (PuO, < 10%) is used as nuclear fuel in
several thermal neutron reactors around the world. MOX with
higher plutonium content is expected to be a favorable fuel for
fast neutron reactors. The selected composition for the
subcritical core design' of the accelerator driven system
MYRRHA, currently in development, is 30% of PuO,
(MOX30). A similar composition is also considered for other
Generation IV fast reactors.” In this context, this study
proposes a detailed structural characterization of MOX30,
both on stoichiometric Uj,Pu, 30,4, and on substoichiometric
Up,Puy 30, materials. The constraint of the O/M (M = U +
Pu) ratio below 2.00 is chosen as a safety precaution to protect
the steel cladding from corrosion during irradiation in fast
neutron reactors, even though this substoichiometry has also
negative consequences like a reduced thermal conductivity® or
the biphasic composition of the MOX.

The long-range ordering of MOX fuels has been studied
extensively by XRD. Stoichiometric MOX U,_,Pu 0, has a
fluorite structure with a lattice parameter following Vegard’s law
for all range of composition (0 < y < 1).4 In the case of
substoichiometric MOX, a single fluorite structure is main-
tained for low plutonium contents (y < 0.2), while 2 phases are
observed for higher plutonium contents (y > 0.2). In the case
of Uy,Puy;0,.,, both phases exhibit fluorite structures, the first

-4 ACS Publications  © 2015 American Chemical Society

5358

one with a O/M ratio close to 2.00, while the second has a
lower oxygen content.

Data on the local structure are more limited. EXAFS and
XANES spectra of MOX30 have been previously published,®
but the material in this study was slightly overstoichiometric
Uy 7Puy30,,,- 'O MAS NMR has never been applied to
characterize MOX.

The properties of stoichiometric Uy,Puy30,, are based on
the assumption of an ideal solid solution, involving random
distribution of Pu and U, and a similar local structure
surrounding both cations. Therefore, we probed the short-
range order around oxygen by using 'O MAS NMR
spectroscopy, and around the two cations by using U-Ly; and
Pu-Ly; edge EXAFS spectroscopy. Furthermore, the electronic
properties were investigated by XANES spectroscopy at U-Ly;
and Pu-Ly; edges.

For substoichiometric Uj,Puy30,.,, the material sensitivity
to oxidation, recently studied by Vauchy,” will be described to
rigorously compare XRD and EXAFS-XANES data. To our
knowledge, this study provides the first published EXAFS-
XANES results of substoichiometric MOX. In the recent data
published on MOX melting point by Bohler et al,® only
XANES is performed, and substoichiometry is not clearly
observed.
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B EXPERIMENTAL SECTION

Synthesis. The MOX powder was synthesized by gel-supported
precipitation (also referred as sol—gel external gelation). This
technique is known to give a homogeneous solid solution,” without
any milling step before sintering, as necessary in powder metallurgy
methods.* Uranyl nitrate was dissolved in water and PuO, in
concentrated nitric acid (14 M). The solutions were then mixed in
the desired ratios. An organic thickener (Methocel, Dow Chemicals)
was added to increase the viscosity of the solution. The resulting
solution was passed through a high speed rotating cup to obtain
droplets, which were collected in an ammonia bath where actinide
hydrolysis took place. The particles were dried and calcined at 700 °C
under air and at 800 °C in Ar—4%H, to provide the dioxide feed
powder. This powder was pressed into pellets and sintered at 1600 °C
for 8 h. The atmosphere applied during sintering was Ar—4%H, for
the substoichiometric Uj,Puy30,., sample, and Ar—4% H,—2000 ppm
H,O for the stoichiometric U,,Puy;0,4 sample.” The isotopic
composition of the material is detailed in Table 1.

Table 1. Composition of MOX Used in This Study”

isotope content uncertainty elemental content uncertainty
x(*3%Pu) 0.04% +0.01%
x(*Pu) 22.17% +0.15%
x(**Pu) 6.35% +0.08%
x(*'Pu) 0.22% +0.01%
x(**Pu) 0.42% +0.08%
Xpu 29.19% +0.32%
*(**'Am) 0.64% +0.01%
Xam 0.64% +0.01%
xy 70.17% +0.33%
total 100.00%

“The values are in mol % relative to the total actinide content
(uranium, plutonium, and americium).

For 7O MAS NMR analysis, a sample of MOX powder was
enriched before sintering. A '"O enrichment of about 30% was
obtained by heating in oxygen-17 enriched O, gas (Cortecnet, 70%
oxygen-17 enriched) at 800 °C for 24 h. Then, the powder was

sintered at 1600 °C (8 h) under Ar—4% H,—2000 ppm H,O to obtain
the stoichiometric Uy,Puy30,0, composition.

X-ray Diffraction. XRD analyses were performed on crushed
samples from pellets. About 20 mg of powder is loaded in an epoxy
resin to avoid any dispersion. A Bruker D8 Advance diffractometer
(Cu Ka radiation, 40 kV, and 40 mA) with a Bragg—Brentano 6/20
configuration, implanted in a radioactive glovebox, was used for the
analyses. This diffractometer was equipped with a curved Ge
monochromator (111) and a Lynxeye linear position-sensitive
detector. The powder patterns were recorded using a step size of
0.01° across the angular range 10° < 26 < 120°. Structural analyses
were performed by the Rietveld method using Jana2006 software.""
Peak profile fitting was achieved using pseudo-Voigt functions.

70 MAS NMR. The NMR experiment was performed on a 9.4 T
Bruker spectrometer at the Larmor frequency of 54.243 MHz. This
equipment is combined with an active glovebox dedicated to the
handling of radioactive materials, and described in detail elsewhere.'”
The rotor was spun at 50 kHz. The Hahn echo experiment was made
with duration of 4 ys (/2) and 8 us (). The spectrum was calibrated
to 0 ppm relative to liquid H,O enriched in '"O and fitted using the
dmfit software."

EXAFS-XANES. XANES and EXAFS measurements have been
performed on approximately 1 mg of powdered sample mixed with 20
mg of boron nitride (BN). The data have been collected at the
Rossendorf beamline (ROBL) at the European Synchrotron Radiation
Facility (ESRF) situated in Grenoble (France), using a Si(111)
double-crystal monochromator and two Rh-coated mirrors for
collimation and suppression of higher harmonics."* Data were
simultaneously collected in transmission and fluorescence modes at
the Ly; and Ly; edges of U and Pu. Fluorescence signals were measured
with a 13-element Ge solid state detector (Canberra) using a digital
spectrometer (XIA-XMAP). Energy calibration of the monochromator
was achieved by using Y (17 038 V), Zr (17 998 eV), and Mo (20 000
eV) foils located between the second and the third ionization chamber.
The E, values were taken at the first edge inflection point determined
by the node of the second derivative.

To determine the oxidation states of the cations, XANES spectra at
the Lyj; edge were compared to data collected on reference compounds
on the same beamline using the same experimental setup. For
uranium, the reference compounds were UO,y, and U,Oy. Their
structures were confirmed using both XRD and neutron diffraction."®
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Figure 1. (a) XRD pattern of freshly sintered and crushed Uy ;Pug30, 4 pellet sample (R, = 4.58%, R,;, = 6.74%) and (b) comparison of the fitted

Up;Pug 30,9 lattice parameter with Vegard’s law.
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For plutonium, the reference materials were Pu"V0,,'® and Pu'™
oxalate. The molar fractions of the cations were assessed using a linear
combination of reference compounds from the normalized u(E)
spectra. Experimental data were fitted between —20 eV and +30 eV of
the white line energy maximum.

The ATHENA software'” was used to extract EXAFS oscillations
from the raw absorption spectra. Curve fitting with the ARTEMIS
software was performed in k® space. Experimental EXAFS spectra were
Fourier-transformed using a Hanning window over the full k range
available at the respective edges. Phases and amplitudes for the
interatomic scattering paths were calculated with the ab initio code
FEFF8.40. Spherical atomic clusters with a radius of 8 A based on the
fluorite-type structure were used for the FEFF calculations. Each
cation position in the cluster of atoms was filled with 50% of U and
50% of Pu. For each shell, the coordination numbers were fitted
separately. Considering the negligible difference in the calculated
amplitude and phase shifts, cation—cation shells were modeled using
one metallic backscattering element. In addition to the three Me—O1
Me—Me and Me—O2 interatomic distances, the multiple scattering
was also considered during shell fit using the multiple-scattering path
(Me—O—Me—O—Me). As often employed for An Ly /Ly inves-
tigations,s’lsf21 the amplitude factor (S,?) was set at 1.0 for U and Pu
Ly edges. The shift in the threshold energy (AE,) was varied as a

global parameter.

B RESULTS AND DISCUSSION

Characterization of Stoichiometric MOX. The XRD
pattern of Uy,Puy30,, presented in Figure 1, shows a single
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Figure 2. Experimental and fitted 7O MAS NMR spectra (solid and
dashed curves, respectively) of the U,,Puy30, o sample acquired at 50
kHz. The stars indicate the s?inning sidebands. The 7O shifts for pure
UO, and PuO, are shown.?

phase formed after the sintering process. Both the symmetry
and the low full width at half maximum (FWHM) of the
diffraction peaks, even at high angles, reveal good homogeneity
and crystallinity of the material. The Rietveld refinement of the
diffractogram gives a lattice parameter of 5.4488(9) A. The
excellent agreement of this value with Vegard’s law is consistent
with the formation of stoichiometric MOX Uy,Pugy;0, .
Deviation from this tendency is observed, with lower values in
the case of hyperstoichiometric compositions U,,Pu,;0, o
and higher values in the case of substoichiometric compositions
Uy-Puy;0,.,.>> Furthermore, consistency with Vegard’s law
suggests the formation of an ideal solid solution. The ideality of
such solid solutions has been proven by Martin et al."® on the
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Figure 3. Plot of experimental and theoretical intensities with the
number of Pu neighbors around the oxygen atoms. The theoretical
intensities correspond to a randomly distributed network.
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Figure 4. XRD pattern of freshly sintered and crushed Ug,Pu,;0,.,
pellet sample (R, = 4.87%, R, = 7.08%).

MOX surrogate (U,Ce,)O,, for different cationic composi-
tion using EXAFS. In that case, the uranium and cerium ratio
present in the second cation shell can be deduced from EXAFS
data and are experimentally consistent with a random
distribution of uranium and cerium in the lattice. Unfortu-
nately, the same procedure cannot be applied to (U, ,Pu,)O,,
as uranium and plutonium at the second shell cannot be
distinguished in EXAFS due to their similar atomic numbers.
More recently, ’O MAS NMR has been successfully used to
investigate the cationic distribution in (U, ,Np,)O, 4, materials,
for the full composition range.”> The same method is applied
for this study for the stoichiometric U, ;Pu; 30, . In the MOX
fluorite structure, each oxygen atom is at the center of a cationic
tetrahedron O(U),_,(Pu), with 5 possible compositions due to
solid solution (0 < z < 4). The 7O MAS NMR spectrum
presented in Figure 2 shows a specific signal for each uranium—
plutonium environment O(U),,(Pu), (0 < z < 3). The
integrated intensity of each signal is proportional to the
quantity of oxygen atoms in each environment. Therefore, peak
deconvolution gives the experimental oxygen site distribution
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Figure 6. Evolution of the Uy,Puy;0,, XRD pattern with time,
showing the oxidation of the crushed sample. The average O/M ratios
were deduced from Rietveld refinement. Atmosphere: N, + O, =~ 0.6%
+ H,O = 7 ppm.

(Figure 3). No O(Pu), entities are observed as their
concentration (~0.8%) is too low for this composition and as
the signal would overlap spinning sidebands. Good agreement
between the values calculated for a random uranium—
plutonium distribution model in an ideal solid solution and
the experimental ones is found. From the structural point of
view, this data gives strong evidence of the solid solution
ideality for U,,Puy30,, and the presence of cation clustering
can be discarded.

The peak positions are detected at 789, 584, 336, and 77
ppm for O(U),, O(U);(Pu);, O(U),(Pu),, and O(U);(Pu)s,
respectively. A shift in the signal is observed for O(U), entities
between pure UO, (717 ppm) and Uy,Puy;0,, (Figure 2).
This phenomenon has been already observed in other materials
when comparing pure compounds and solid solutions.”>**
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Figure 7. XRD pattern of Uy;Puy30,0 (R, = 2.61%, R,, = 4.33%)
and Uj,Puy;0,., (Rp = 2.66%, R, = 4.23%), one year after sintering
and one month after crushing for analysis (same as for the EXAFS-
XANES experimental conditions). Lattice parameters and phase
proportions are calculated by Rietveld refinement.

Characterization of Substoichiometric MOX. The
substoichiometric MOX U,,Pu,;0,, sample presents a
biphasic composition (Figure 4), in agreement with previously
reported experimental data®>*®*” and the thermodynamic
model.*® While U,,Puy30,, is monophasic at high temper-
ature during the sintering process, a phase separation occurs
during the cooling step at relatively low temperature (ca. 600
K), driven by the oxygen mobility in the material and giving a
mixture of high (close to stoichiometry) and low oxygen
content MOX with the same uranium—plutonium ratio in both
phases.”” The deviation from stoichiometry in each phase can

be deduced from the lattice parameter using the formula®
a(pm) = 547.0 — 7.4y + 32x (1)

where x and y correspond to the general formula (Ul_yPuy) 0,
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Figure 8. XANES spectra at U-Ly; and Pu-Lyj; edges.

Table 2. Molar Fraction of U(+IV), Pu(+III), and Pu(+IV)
Deduced from a Linear Combination Fit of the XANES
Spectra (1% Uncertainties)

molar fraction (%)

UV put putV o/M Reror Pu-Liy
Up7Pug;30,.00 70 0 30 2.000 (10) 3x 107t
UpPuy;0,., 70 4 26 1.978 (10) 3x 107t

The substoichiometric MOX obtained here corresponds to a
mixture of 28(5)% of U,,Puy ;0,90 (5.4510(9) A) and 72(5)%
of Uy,Puy;0,0, (5.4676(9) A). The phase proportion is
deduced from Rietveld refinement, and corresponds to an
overall composition of Uj,Puy;0,s,. The lattice parameters
are compared with values given for the ternary system by Sari et
al.’ in Figure 5. The experimental and predicted cell parameters
for the phase close to stoichiometry (i.e., Uy;Puy30;49) are in
very good agreement, but the low oxygen content phase shows
significant differences to the earlier study. Nevertheless, as
illustrated by Figure S, a significant discrepancy exists in the
literature”>***” " concerning the lattice parameters in this
plutonium composition range. The close proximity of the
miscibility gap delimiting monophasic and biphasic substoichio-
metric MOX is probably responsible of these differences, with
the separation itself very sensitive to experimental parameters
(sintering conditions, actinide homogeneity, impurities content,
etc.).

For the EXAFS analyses, samples are prepared with small
quantities of powder from crushed pellets. Due to the radiation
protection rules, sample preparation is generally performed
several weeks before analysis at the synchrotron. For this
reason, the oxidation sensitivity of substoichiometric MOX has
to be considered. After crushing a sample of a sintered pellet for
analysis, the material is exposed to the glovebox atmosphere.
Despite the use of an inert atmosphere (nitrogen), a slow
oxidation of the sample occurs. During this oxidation, a change
of phase proportion is observed with a decrease of the low
oxygen content phase Ujy;Puy30;4, and an increase of the
Up,Puy30,9o phase (Figure 6). This room temperature
oxidation has been studied recently by Vauchy.” His work has
shown that the oxygen content in the nitrogen has no
significant impact on the oxidation kinetics. In our study the
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oxygen content in the nitrogen was higher (O, ~ 0.6% and
H,0 ~ 7 ppm vs O, = 30 ppm and H,0 = 50 ppm for
Vauchy), but the material oxidation is significantly slower than
that described by Vauchy (ca. factor 10 difference). Therefore,
this oxidation phenomenon seems to be driven by the water
impurity in the atmosphere which is very low in our case.

EXAFS-XANES Study of Stoichiometric and Substoi-
chiometric MOX. To obtain more details on uranium and
plutonium oxidation state and local structure in the two MOX
samples, EXAFS and XANES measurements have been
performed. The samples used for these analyses came from
the same pellets as those used in the first part of this study, with
a one year delay after the original sintering. Spontaneous
oxidation described above or a self-irradiation would be
responsible for the evolution of the MOX structure. To
achieve a rigorous comparison between long-range ordering
from XRD and local structure from EXAFS, the XRD
measurements were repeated at the same time as the EXAFS
study, ie., one year after pellet sintering and one month after
crushing the samples (Figure 7). In the case of Uy;Pug305, 2
lattice parameter increase of 0.08% is observed (5.4531(9) A),
and is attributed to @ self-irradiation. Kato et al.>* proposed a
general formula to determine lattice expansion in MOX:

Aa/ay, = A(1 — exp(BA't)) )
with A = 2.9 X 107 and B = —12 000.

The effective decay constant A’ takes into account the specific
decay constant of each isotope and their molar fraction in
MOX (Table 1). For our material, the value of A’ = 2.8 X 1072
s (for the calculation details, see the Kato’s study®®). The
lattice expansion after one year in our study is in good
agreement with this formula, which also gives 0.08% after one
year of self-irradiation. Though significant, it is far from the
saturation value of 0.29%.

The substoichiometric MOX U,,Pu, 50, still exhibits its
biphasic composition one year after sintering. Due to a self-
irradiation, eq 1 cannot be applied directly to deduce the O/M
from the lattice parameters and phase proportion. Nevertheless,
if one considers that a irradiation has the same impact on
lattice parameter expansion for stoichiometric and substoichio-
metric MOX, the lattice parameter can be corrected. On the
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Table 3. Structural Distances Extracted from Fit of EXAFS
Spectra Measured at Both U-L;; and Pu-L;; Edges

sample edge shell N R [A] o [AY]
Uy7Pu305.00 U-Ly 0 7.7(5) 2.349(5) 0.006(1)
M 12.3(5) 3.86(1) 0.005(1)

0 26(2) 4.51(1) 0.010(1)

Pu-Ly 0 8.5(5) 2.351(5) 0.007(1)

M 11.6(5) 3.86(1) 0.004(1)

0 24(2) 4.51(1) 0.008(1)

U, 7Pug30, UL, 0 7.5(5) 2.348(5) 0.006(1)
M 11.8(5) 3.86(1) 0.006(1)

0 23(2) 4.51(1) 0.010(1)

Pu-Ly 0 7.9(5) 2.359(5) 0.007(1)

M 11.4(5) 3.86(1) 0.005(1)

0 24(2) 4.50(1) 0.009(1)

basis of this approach, the overall calculated composition is
Uo7Pu0301 971400010-

The XANES data are presented in Figure 8 and give
information on uranium and plutonium oxidation states. In the
case of uranium, the very good superposition of Uj,Pugy30, 4
and U,,Pug;0,, with the UO, reference spectrum indicates
that only uranium(IV) is present in both MOX samples. It has
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Table 4. Crystallographic Distances Deduced from Lattice
Parameters

sample atom 1 atom 2 N di_, [A] a [A]

UyPugs0sp  U-Pu O 8 2361
U—-Pu 12 3.856 5.4531(9)
(@] 24 4.522

Uy-Pugs0,;,  U-Pu O 8 2364

79(5)% U-Pu 12 3.860 5.4591(9)
O 24 4.526

Up-Pugs0,,  U-Pu O 8 2369

21(5)% U-Pu 12 3.868 5.4701(9)
(@] 24 4.536

been shown previously that a shift is clearly observed in a case
of slightly hyperstoichiometric MOX Uj;Puy;0,,, due to the
U(IV)—U(V) mixture® which is definitely not the case here.
Furthermore, the Pu-Ly; absorption edge of stoichiometric
MOX shows a good superposition with that of the PuO,
reference, confirming the tetravalent oxidation state of Pu and
in turn the stoichiometric oxygen composition Uj,Puy30, . In
contrast, the substoichiometric sample shows a shift of the
signal to lower energy indicative of the presence of a lower
redox state. From a linear combination fit with Pu(III) and
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Pu(IV) references, a composition of Uy,Puy30; 97510010 IS
derived (Table 2), in good agreement with that derived from
XRD.

The EXAFS data and corresponding Fourier transforms are
given in Figure 9. The local environments around uranium and
plutonium in stoichiometric MOX Uy ,Puy30, ¢, (Table 3), as
deduced from EXAFS shell fitting, agree well with the long-
range structure derived from the crystallographic data (Table
4). Thus, we found no evidence for a significant local ordering
around individual actinides, corroborating with solid solution
ideality. Surprisingly, even at the first oxygen shell, no
significant differences between U—O and Pu—O distances
were observed, in contrast to the pure oxides (dy_g = 2.370(5)
A in UO, and dp,_o = 2.333(5) A in Pu0,®). Similar behavior
was observed in U, sPug 0, o0, suggesting a contraction of U—
O and an elongation of Pu—O bond distances in stoichiometric
MOX compared to pure oxides. These results contrast those
reported for ThO, o solid solutions with MO, 4, (M = U, Pu,*’
or Am>”), where metal—oxygen lengths do not exhibit strong
variation between pure oxides and solid solutions.

For substoichiometric Uy ,Pu, 30, ,, the results are nearly the
same as for the stoichiometric compound, showing no
significant change of the uranium and plutonium local
environments. As the EXAFS signal represents the statistically
weighted average of the Pu and U atoms present in the sample,
the fit values are an average of local environments in both
phases present in this material. A very slight increase of
plutonium—oxygen distance seems to occur, which would be
consistent with the presence of Pu(Ill) in Uy,Puy;0,, as
suggested by XANES, but a significant observation of this
phenomenon would probably require a stronger deviation from
stoichiometry.

B CONCLUSION

A detailed structural investigation has been performed on two
MOX samples with 30% Pu content. The solid solution ideality
has been demonstrated definitively in stoichiometric
Uy7Puy30,00 using a combination of XRD, XAS, and 7O
MAS NMR. The latter clearly determines the random
distribution of uranium and plutonium in the network. The
use of the 7O MAS NMR technique opens new routes for the
investigation of cationic distribution into radioactive materials
which contain elements of similar atomic number.

As expected for substoichiometric Uj,Puy;0,.,, a biphasic
composition of the material was found. This study provides a
new illustration of Uj,Pu,;0,., sensitivity toward oxidation but
with a significantly slower rate compared to previous data,
leading us to the conclusion that this oxidation phenomenon
seems to be mainly driven by water impurities in the
atmosphere.

Finally, an EXAFS-XANES study of the two MOX samples
has been performed. XANES confirms the presence of Pu(III)
in Uy,Puy;0,, and more generally the O/M in the two
materials. EXAFS shows the close similarity between the long-
range ordering of the material and the local structure around
uranium and plutonijum.
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