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mixed uranium—plutonium dioxides containing 14%, 24%, 35%,
46%, 54%, and 62% plutonium treated in air were studied by means
of in situ X-ray diffraction (XRD) from 300 to 1773 K every 100 K. |
The first set consisted of samples annealed 2 weeks before
performing the experiments. The second one consisted of powdered
samples that sustained self-irradiation damage. Results were
compared with chosen literature data and kinetic models established
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for UO,. The obtained diffraction patterns were used to determine

the temperature of the hexagonal M;Og (M for metal) phase formation, which was found to increase with Pu content. The
maximum observed amount of the hexagonal phase in wt % was found to decrease with Pu addition. We conclude that plutonium
stabilizes the cubic phases during oxidation, but the hexagonal phase was observed even for the compositions with 62 mol % Pu.
The results indicate that self-irradiation defects have a slight impact on the kinetics of oxidation and the lattice parameter even
after the phase transformation. It was concluded that the lattice constant of the high oxygen phase was unaffected by the changes
in the overall O/M when it was in equilibrium with small quantities of M;Og. We propose that the observed changes in the high
oxygen cubic phase lattice parameter are a result of either cation migration or an increase in the miscibility of oxygen in this
phase. The solubility of Pu in the hexagonal phase was estimated to be below 14 mol % even at elevated temperatures.

Bl INTRODUCTION

Uranium—plutonium mixed oxides with high plutonium
content are considered as candidates for fuel used in the IVth
generation of nuclear reactors." The ternary system U—Pu—O
has been extensively studied for a range of compositions and at
various temperatures, but still, data on some domains remains
scarce. Numerous studies have been conducted in the PuO,—
UO,—Pu,0;4 region,z_9 leading to a fairly good understanding
of the hypo-stoichiometric part of the phase diagram. The
development of this type of fuels also requires studying the
oxidation products and kinetics for the purposes of fuel
elaboration methods, better understanding and modeling of
long-term storage,lo_12 behavior under accident conditions,"
fuel—cladding interactions and predicting fuel restructuring. It
has been shown that the oxidation of UO, produces higher
oxides, such as U,O0y, U;O, and U;Og depending on
temperature and oxygen potential."*'* Judging by the results
of previous studies,”'® the U—Pu—O system, with small
additions of Pu, up to 20—30%, exhibits similar behavior and
can present a wide range of nonstoichiometry for all
compositions. Since physical and chemical properties change
with the O/M ratio and are different for each oxidation
product,"™"® it is crucial to determine precisely the phase
boundaries and oxidation mechanisms in the hyperstoichio-
metric region UO,—PuQO,—U;04.

It has been well-established that materials containing fissile
isotopes evolve during storage due to self-irradiation induced
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defects. These defects include He trapped in a vacancy and
cation and anion Frenkel defects and might induce changes in
properties of the material such as decrease in the thermal
conductivity or expansion of the lattice parameter.'® Studying
the influence of autoirradiation on the evolution of materials is
of importance as usually the samples are stored for a significant
amount of time between fabrication and carrying out
experimental work.

In this study, the crystallographic phases of U—Pu—O
powders with and without self-irradiation defects were studied
by means of high temperature X-ray diffraction, during thermal
treatment under air. All samples were prepared from an initial
batch of stoichiometric (Ul_y,Puy)Oz pellets. On the basis of
the obtained results, we have discussed the impact of different
plutonium contents and self-irradiation defects on the behavior
of the studied dioxides during oxidation in synthetic air. To our
knowledge, this is a first attempt to study in situ the oxidation
products and kinetics of annealed and self-irradiated mixed U—
Pu oxides with such high plutonium contents.

B MATERIALS AND METHODS

The powders used in this study, with Pu contents of 14, 24, 35, 46, 54,
and 62 mol % (MOX14—MOX62), were prepared by crushing
sintered stoichiometric pellets of the composition (Ul_yPuy)Oz. These
pellets were fabricated from cogrinded UO, and PuO, powders.
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Figure 1. Isointensity maps of all oMOX samples in the angular interval 25° < 26 < 37°. The region delimited by the two dashed horizontal lines
shows the temperature interval at which the oxidation begins. The solid lines show the temperatures at which the M;O; phase started forming.

Stoichiometry was achieved by sintering the materials under a given
oxygen potential, which, in turn, was done by adjusting the moisture
content of the gas entering the furnace. The fabrication process was
described in detail by Truphémus et al.* Pu content was determined by
potentiometric titration performed five times for each sample. The
samples were stored in a glovebox, which was kept under nitrogen
atmosphere with ~50—100 ppm of water vapor for between 650 and
950 days after fabrication. Experiments were carried out on two sets of
samples. Samples in the first set were prepared using the initial pellets,
annealed at around 1273 K for 10 h under Ar + H, + 10 000 ppm of
H,O vapor, and then slowly cooled to room temperature 2 weeks
before the diffraction patterns were acquired. An appropriate thermal
profile and atmosphere were chosen, with a temperature high enough
for the defects to relax, and the oxygen potential of the gas injected in
the furnace corresponding to the oxygen potential of a stoichiometric
MO, . These samples were designated as aMOX. The second set
comprised six untreated, powdered samples stored in a glovebox under
the mentioned conditions, designated as oMOX.

The oxidation was observed in situ by X-ray diffraction. The
equipment used was a Bragg—Brentano §— BRUKER D8 Advanced
X-ray diffractometer with copper radiation from a conventional tube
source (Ka; + Ka, radiation, A = 1.5406 and 1.5444 A). The pressure

inside the sample chamber was estimated to be 1.2 atm. During all
experiments flow rates were kept at around 5 L/h, and the gas used
was synthetic air with an amount of water vapor considered
insignificant (~S ppm). Heating was achieved by applying electrical
current across a metallic strip upon which the powdered material was
spread. All the experiments described in this study were done with two
Pt heating strips: one for oMOX and one for aMOX. To learn the
difference between the temperature measured by a thermocouple
placed underneath the heating strip and the real temperature
experienced by the sample, MgO was heated up to 1773 K, and the
changes of its lattice parameter were compared to values given by the
equipment manufacturer and available in ref 17. The procedure was
repeated several times. The dependence was noted and the uncertainty
estimated at +15 K.

Pellets were crushed in an agate mortar, and the resulting powder
(~50 mg) was immediately inserted on the Pt heating strip. Small
quantities of ethanol were added to each powder to evenly distribute it
on the heating strip and avoid scattering. Rocking curve procedure and
Z adjustment were performed prior to any experiment to determine
the angular position and displacement. The samples were heated to
around 1773 K, with an XRD scan each 100 K beginning at room
temperature and followed by 373 K. Patterns were acquired between
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Table 1. Key Characteristics of All the Studied Samples”

Ip at 573 K [A]

name Pu/M [mol %] Tyo, [K] starting Ip [A] MO, MO,,, T, M;04 max wt %
oMOX14 14 773 5.4644 5.4781 5.4554 100
aMOX14 14 773 5.4592 5.4691 100
oMOX24 24 973 5.4594 5.4759 5.4540 873 62
aMOX24 24 1073 5.4526 5.4663 5.4457 52
oMOX3S 35 1073 5.4516 5.4681 54475 973 43
aMOX3$ 35 1173 5.4441 5.4596 5.4401 43
oMOX46 46 1373 5.4460 5.4616 5.4446 973 40
aMOX46 46 1273 5.4381 5.4377 40
oMOXS4 54 1273 5.4384 5.4539 5.4347 1073 22
aMOX54 54 1273 5.4306 5.4342 28
oMOX62 62 1373 5.4337 5.4488 5.4394 1173 20
aMOX62 62 1373 5.4241 5.4314 22

“Ty,0, is the temperature of the hexagonal phase formation. Starting Ip is the lattice parameter measured at room temperature, before the heat
treatment. Lp at 573 K specifies the lattice parameters of the cubic phases or phase at the indicated temperature. T, (r = relaxation) is the
temperature at which the oMOX and aMOX lattice parameters align. MO, max wt% is the highest observed amount of the hexagonal phase for each
sample.

| MO3 + M4Og
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Figure 2. XRD patterns of aMOX14 for an angular range 28° < 26 < 48° between 303 and 973 K. The pattern taken at 573 K was marked in blue
and bold and was fitted using two cubic structures. Reflections corresponding to the observed structures were labeled with the adequate (hkl) planes

in brackets.

25° < 26 < 140°, by moving the source and detector at 0.02°/0.3 s,
thus achieving a full scan in around 24 min. The heating rate between
each step was 5 K/s. Before each scan, a delay of 2 min was imposed to
achieve stabilization. This resulted in an approximate overall heating
rate of 4°/min. The lattice parameter evolution is plotted against
temperature in all figures, but the temperature—time dependence is
linear; thus, time evolution can be also discussed on the basis of the
same plots.

TOPAS 4.0'® software was used to analyze the acquired patterns.
The instrument contributions such as the geometry, tube type, and
slits were included in the fitting according to the fundamental
parameter approach.'® The Rietveld method*® was used to fit all
recorded patterns. The background noise was approximated by a
Chebyshev function with 3 terms. Contributions from the micro-
structure were simulated by a physical broadening function. The error
in the lattice parameter value was estimated to be 107 to 1072 A,
depending on the intensity of the peaks of the considered phase. The
error on the weight % from Rietveld analysis is estimated at +5 wt %
by the software, which indicates that when the ratio between the
phases is far from 50/50, the relative uncertainty is significant. When
the amounts of the present phases are comparable, we estimate the
error at +7 wt %.
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B RESULTS

Oxidation products were studied on the basis of the XRD data
analysis. The diffraction patterns, obtained during each
temperature treatment for oMOX samples, were put together
to create isointensity maps shown in Figure 1. The specific
angle range in this figure was chosen as it includes peaks of all
of the present phases, and thus it enables following the
structural changes. The isointensity maps for the annealed
samples do not differ strongly from the ones presented here.
The slight differences were noted upon close examination of
each pattern and are discussed later. The temperatures
indicating significant events for all the studied samples were
discussed in the Structural Changes section. Additionally, the
lattice parameter evolution with temperature was evaluated for
the observed cubic structures and is discussed in the Evolution
of Lattice Parameter section. The lattice parameters of the
hexagonal M;0j structure present in the acquired patterns were
not evaluated in this study, but it was used in the refinement
and its weight % evolution with temperature is described in the
M;04 wt % Evolution section. The key characteristics of the
studied samples are listed in Table 1.

Structural Changes. The earliest structural change was
observed in the pattern taken at 573 K with the distortion of
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the cubic structure peaks, visible for the (111) and (002)
reflections for all samples. This distortion manifested in a
noticeable decrease in the intensity of the reflections, which can
be observed in Figure 2. These distorted reflections were
successfully fitted using two cubic-type structures in the case of
aMOX24 and aMOX35 and all the aged samples. One was
designated as MO,, and the other as MO, ,,. After this event, at
673 K and above, only one cubic structure was observed for all
samples. As the temperature increased, the samples oxidized
further, and a hexagonal M;O;g structure appeared. The
temperature designated as the beginning of the hexagonal
phase formation (TM303 in Table 1) was determined by finding

the pattern where the low-angle hexagonal reflections started to
be clearly distinguishable from the background. This temper-
ature increased with Pu content, and at the same time, the
maximum observed intensities of the hexagonal reflections
diminished. Only for samples containing 14 mol % Pu has the
M;Oy4 phase almost completely replaced the cubic phase. For all
the other samples, the cubic structure was observed up until the
maximum temperature with fairly intense reflections.
Evolution of the Lattice Parameter. Evolution of the
cubic structure lattice parameter in temperature was plotted for
samples MOX24—MOX62 in Figures 3—7. The fitting was
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Figure 4. Evolution of the lattice parameter of the cubic phase and the
M;0O; phase fraction as a function of temperature for samples
containing 35 mol % Pu. Dashed line: linear parts or the annealed
sample lattice parameter evolution. Here, two cubic phases were
observed for both samples at 573 K. When the haxagonal phase
content exceeds 20 wt %, a decrease in the cubic lattice parameter can
be observed as in the case of MOX24 samples but less pronounced.
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Figure 3. Evolution of the lattice parameter of the cubic phase and the
M;O; phase fraction as a function of temperature for samples
containing 24 mol % Pu. Dashed line: linear part or the annealed
sample lattice parameter evolution. Here, two cubic phases were
observed for both samples at 573 K. When the hexagonal phase
content reaches 20 wt %, a decrease in the cubic lattice parameter can
be observed for both samples (commencing earlier in the case of the
annealed sample).

done using a Fm3m (space group 225) structure for the cubic
phases and a P62m (space group 189) structure for the
hexagonal phase with the atomic sites determined by
Desgranges et al.”>' for the U—O system. The cubic phase
with an O/M close to 2.25 has been determined to be I-
centered cubic M,0,,** but it is still not certain whether it is
truly so. The seemingly well-established belief that oxygen
interstitials form clusters within the lattice to later form a
distinct structure”® was questioned by Conradson et al.>* on the
basis of high-quality XAFS results. The difference between this
phase and the fluorite MO, is mostly in the oxygen atomic
positions while the metal lattice remains relatively unchanged,
hence our choice to fit it with the Fm3m structure. With the
resolution of our experimental technique, it is impossible to
observe the very slight modifications of the oxygen sublattice,
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Figure 5. Evolution of the lattice parameter of the cubic phase and the
M;O; phase fraction as a function of temperature for samples
containing 46 mol % Pu. Dashed line: initial linear part or the annealed
sample cubic lattice parameter evolution with small quantities of
M;Og. Dotted line: linear part or the annealed sample cubic lattice
parameter evolution with quantities of M;Og above 10 wt % (at T >
1273 K). The departure from the initial line occurs earlier in terms of
temperature and O/M than in the case of samples with lower Pu
contents.

and thus, the Fm3m structure was successfully used to fit also
the second cubic phase.

Annealed Samples. The evolution of the cubic structures’
lattice parameters can be divided into two regions before large
quantities of the M;Og formed. We observed a linear increase at
temperatures below 473 K, which was afterward followed by
another linear segment with a slightly steeper slope, up to a
certain temperature. All linear regression parameters can be
found in Tables 2 and 3 (a = m X T + a,, where a is the lattice
parameter, m is the slope, g, is the lattice parameter at 0 K, and
R? is the coefficient of determination). The annealed aMOX14
sample has apparently converted to almost pure M;O; very
early, so the lattice parameter of the cubic structure at
temperatures higher than 573 K is not discussed. The cubic
lattice parameters for this sample at lower temperatures were
plotted in Figure 8.

The cubic lattice parameter was affected by the formation of
the hexagonal phase. What can be observed in Figure 3, for the
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Figure 6. Evolution of the lattice parameter of the cubic phase and the
M;O; phase fraction as a function of temperature for samples
containing 54 mol % Pu. Dashed line: initial linear part or the annealed
sample cubic lattice parameter evolution with small quantities of
M;Os. Dotted line: linear part or the annealed sample cubic lattice
parameter evolution at T > 1173. The two linear slopes are only
slightly different.
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Figure 7. Evolution of the lattice parameter of the cubic phase and the
M;O; phase fraction as a function of temperature for samples
containing 62 mol % Pu. Dashed line: linear part or the annealed
sample lattice parameter evolution. Dotted line: linear part or the
annealed sample cubic lattice parameter evolution at T > 1073.

Table 2. Linear Regression Parameters for Cubic Phase
Lattice Constants Determined at Temperatures below 473 K
for the Annealed Samples®

sample m [107°] a, [A] R?
aMOX14 6.331 5.440 0.999
aMOX24 6.428 5433 0.999
aMOX35 6.074 5426 0.998
aMOX46 6.086 5.420 0.998
aMOX54 6.193 5412 0.997
aMOX62 6.159 5.406 0.999

“a=m X T + ay, where a is the lattice parameter, m is the slope, 4, is
the lattice parameter at 0 K, and R? is the coefficient of determination.

annealed sample containing 24 mol % Pu, is that there is a
strong decrease in the lattice parameter coinciding with an
increase in the amount of the hexagonal phase to 20—30 wt %.
Another interesting observation is that, for higher Pu contents,
the linear evolution continues with a gentler slope after the
content of the hexagonal phase rises to around 10 wt %, with a
high R* value.

12761

Table 3. Linear Regression Parameters for Cubic Phase
Lattice Constants Determined at Temperatures above 473 K
for the Annealed Samples®

sample m [107°] ay [A] R? T range [K]
aMOX24 6.784 5.408 0.998 573—-1173
aMOX35 6.718 5.402 0.999 573—-1273
aMOX46 6.936 5.398 0.996 573-973
aMOXS54 6.842 5.396 0.996 573—-1073
aMOX62 6.569 5.394 0.999 573-973

“a=m X T + ay, where a is the lattice parameter, m is the slope, aj is
the lattice parameter at 0 K, and R? is the coefficient of determination.
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Figure 8. Comparison of the cubic lattice parameter temperature
evolution of samples aMOX14 and aMOX24 with literature data.”

Aged Samples. Three regions before the M;O, phase
formation have been designated, due to apparent differences in
the evolution. Below 473 K, the increase is linear for all oMOX
samples. The starting lattice parameters indicate a departure
from the expected value for newly fabricated, stoichiometric
samples.

For sample oMOX14, large quantities of the hexagonal phase
formed at 773 K resulting in significant swelling of the powder
and making the analysis of the cubic phase lattice parameter
impossible. Hence, the last registered lattice parameter
corresponds to 673 K, and it would not be reasonable to
discuss the evolution on the basis of just two points determined
from patterns where the influence of M;Oz was already
significant. The cubic lattice parameters of oMOX14 at low
temperatures were plotted in Figure 8.

As for all the other samples above 573 K, the increase in the
lattice parameter was parabolic until a temperature dependent
on the plutonium content (T, listed in Table 1). Further on, the
evolution was linear. For sample oMOX24, the hexagonal phase
started to form above 1273 K, which resulted in irregularities in
the cubic lattice parameter evolution. Also, a slight change in
the slopes of the linear evolution can be observed when large
quantities of MOy formed, for samples with y = 0.35, 0.46, and
0.54.

M;3;0;g wt % Evolution. The wt % of the hexagonal phase
was obtained from refining the acquired patterns with the
Rietveld method. The results were presented in Figures 3—7.
The maximum amount of M;Og formed for a given sample was
noted in Table 1. The increase was slow at the beginning, but
afterward the value rose rapidly to slow down again at higher
temperatures. At 1773 K for most of the samples, the value was
found lower than that obtained for the pattern taken at 1673 K.
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Residual Signal. Some residual signals were present due to
the fact that there were only two heating strips used, one for all
the aMOX and one for the oMOX samples. Thus, in some
instances the strip remained polluted with the previous powder,
which had strongly adhered to the surface due to the high
temperatures. These signals were neglected in the analysis and,
in all cases except two, disappeared at 573 K with the phase
transformation. For aMOX14 this contribution was quite large
and did not allow for a precise determination of the lattice
parameters at 573 K. For aMOX3S$ there was some residual
M;O; remaining on the strip; thus, a slight signal from this
phase was observed from the beginning of the thermal
treatment.

B DISCUSSION

Although the isothermal plateau duration at each temperature
was about 25 min, on the basis of a few longer isothermal
experiments lasting several hours carried out on the same
samples, we treat the acquired cubic lattice parameter values at
low temperatures as temporary characteristics resulting from
inhibited matter transgort within the material. It was found by
Tennery and Godfery™ that the thermal history of samples can
have an impact on the final products of oxidation and O/M in
the case of MOX. It was proposed that gradual heating might
allow time for formation of second-stage nuclei, which in turn
makes it possible for the sample to oxidize further. If true, this
mechanism would create space for such interim states during
oxidation; i.e., moving to the next step is not possible without
passing through the former, which might be restricted to a
certain temperature and oxygen potential range. This effect
would be amplified by inhomogeneities in the studied materials,
which might be significant depending on the fabrication
process. The details of EPMA experiments carried out on a
sample studied here (ie., the plutonium distribution in the
sample obtained from comilled powders for 1 h), were listed by
Vauchy et al.*® On the basis of these results we can state that
the homogeneity level of our samples was high, but the
differences in cation distribution cannot be neglected.

The results discussed here can be taken as representative of
the behavior of MOX powders oxidized from an O/M = 2.00 to
a given higher O/M at temperatures up to 1373 K with
isothermal plateaus lasting from 25 min to 20 h (heating rates
between 5 K/min and 5 K/h). Above 1373 K the samples were
most likely close to equilibrium with the gas, and the results
were not affected by any kinetic effects. The data recorded
above 1373 K is thus representative of steady states,
independent of thermal history (these results might depend
on thermal history for faster heating rates).

In situ X-ray diffraction is a convenient and useful tool in the
studies of long-range order evolution in temperature. However,
it has to be kept in mind that the phenomena described in the
following sections result from underlying atomic scale changes,
the study of which requires dedicated experimental equip-
ment.”” " Thus, the authors wish to emphasize that the
presented description drawn from our results is not a complete
one, and accounts for only a part of the phenomena taking
place during the transitions in the studied multicomponent
materials, which transpire in the long-range order. Also, a direct
connection between our findings and the U—Pu—O phase
diagram cannot be made; nevertheless, we might draw some
indirect conclusions in this matter as the results depend on the
phase diagram.

We first discuss the annealed samples. Observations
concerning self-irradiation phenomena are listed at the end,
in the Effects of Self-Irradiation section.

Lattice Parameter at Temperatures below 573 K. The
lattice parameters of the two annealed samples aMOX14 and
24 were compared with values found by Markin and Street” in
Figure 8. It has to be noted that this data concerns samples with
approximately constant O/M, while in this study the samples
were allowed to exchange oxygen with the gas. Nevertheless, it
is plausible to state that a comparison can be made for
temperatures lower than 473 K, as in this range the diffusion of
ions is strongly inhibited and the O/M had seemingly remained
constant with increasing temperature.”® The slopes determined
in this study are similar to the ones found by Markin and
Street” for constant O/M (Figure 8), which confirms our
assumption. Also, in support of this statement, by plotting the
lattice parameter versus the Pu content, we observed that the
slopes of lines that join points taken at the same temperatures
lower than 573 K are equal to the one determined from
Vegard’s prediction at room temperature.

Lattice Parameter at Temperatures above 573 K.
Above 473 K, all samples started to oxidize, though the exact
temperature which can be assigned to the beginning of
oxidation of each oxide cannot be determined, but the
differences between them had to be lower than 100 K. For
samples with Pu content 24 and 35 mol %, the first X-ray
pattern after the beginning of oxidation, taken at 573 K,
suggests the appearance of another cubic structure with a much
lower lattice parameter, as mentioned before. The lattice
parameters of these two phases are listed in Table 1.

For the rest of the samples, the pattern registered at 573 K
cannot be fitted with two cubic structures, though the
reflections are distorted and the intensities are lower than at
neighboring temperatures.

What can be observed in Figure 8 above 573 K is that our
aMOX24 points correspond to the ones found by Markin and
Street® for a sample containing 15 wt % Pu with an O/M =
2.201 and attributed to the M,O, phase in equilibrium with
MO.,,,. This is true up to 1073 K. The fact that the two data
sets are superimposed is of no scientific value and most likely is
a result of differences in sample properties.

What is worth observing, though, is the fact that the
evolution of our lattice parameter is linear with the same slope
as found by Markin and Street.

We can state that in our study samples underwent
continuous oxidation until at least 1673 K, as the amount of
the hexagonal phase has been rising up to this temperature.
Thus, the observation from Figure 8 is clear evidence for the
MO,,, lattice parameter independence of the overall O/M.
Thus, this phase exists only in a narrow stoichiometric domain,
at least for Pu contents up to 24 mol %. Furthermore, from our
results it is clear that the slope of the cubic lattice parameter
evolution with temperature for the aMOX24 sample does not
change until 1173 K, which widens the temperature range in
which this is true.

Above 573 K the increase of the lattice parameter of all
annealed samples is linear, up to a certain temperature
coincidental with the formation of large quantities of M;Os.
For aMOX24, when the amount of the hexagonal phase
exceeds 20 wt % at 1273 K, the lattice parameter drops rapidly
and afterward continues to increase linearly from 1373 to 1773
K. For other samples a similar behavior was observed, with the
slope becoming gentler. This might be caused by either the
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increase in the O/M of the cubic phase or the migration of
cations between the phases as only these two processes might
result in a lower lattice parameter in our case.

We cannot completely rule out the possibility of the increase
in O/M having an impact on the lattice parameter of the high
oxygen cubic phase. At higher temperatures this phase might be
able to incorporate more oxygen than the amount correspond-
ing to an O/M = 2.25, which is usually given as the limit. This
would manifest in the observed decrease in the lattice
parameter.

As for the cation migration hypothesis, the lattice parameter
of the aMOX24 sample after the decrease at 1273 K arrives at
almost the same value as we find for aMOX62 at this
temperature. A quantitative analysis of the Pu content present
in the two observed phases is not possible as no data on the
lattice parameter of stoichiometric compounds with considered
Pu contents is available in the literature, and surely, the
aMOX62 sample was also affected by similar phenomena
preventing us from estimating the composition of the cubic
phase in this case. Nevertheless, this explanation has been
explored in the literature.

Migration of Cations. Benedict and Sari*® concluded that
the M;Og phase remains poor in plutonium and the actinide is
mostly present in the cubic phase. Markin and Street” on the
other hand observed that when M,Oy is in equilibrium with
M;Og, the lattice parameter of the former is independent of the
O/M and that the Pu/U ratio in the biphasic M,;O¢+M;O4
region remains constant for compositions with y < 0.3. This
was supported by an observation that the cubic lattice
parameter of their M,;Oq+M;0; sample with an O/M = 2.42
after reduction to O/M = 2.00 obeyed Vegard’s law. This
would mean that cation migration does not occur in a part of
the discussed domain. It is only valid if we consider that the
hexagonal phase can incorporate up to 30 mol % of Pu, which
was also proposed by Markin and Street but was contradicted
by Sari et al.,> who limited this solubility to 6%. Here we also
observe that even at 1773 K for samples containing 14 and 24
mol % Pu there are always traces of the cubic phase, thus we
must disagree with Markin and Street and lean rather toward
the value reported by sari et al. and state that the solubility of
Pu in the hexagonal phase is most likely slightly below 14 mol
%. At the same time, for all annealed samples we observe that
the cubic lattice parameter evolution remains linear even when
M;Og starts forming, thus confirming Markin and Street’s other
observations, to a certain extent. When large quantities of the
hexagonal phase were present though, the cubic lattice
parameter seemed affected.

Markin and Street’s experimental results might have been
caused by inhomogeneities in their samples. The abundance of
uranium in certain areas will enhance oxidation and allow for
the formation of the hexagonal phase without the necessity of
Pu migration. At a certain point though, a greater amount of
M;O; will cause Pu migration toward the cubic phase. This in
turn will cause a decrease in the lattice parameter of the latter.
It was also observed by Markin and Street, with a difference in
lattice parameters of the M,O,y when in equilibrium with M;Og
(O/M = 2.307) and with MO,,, (O/M = 2.201) for their
sample containing 15% Pu (Figure 8), but was neglected in
their conclusions.

If we make the assumption about cation migration, it would
imply that the impact on the cubic lattice parameter should
decrease with increasing Pu content, considering a fixed, low
miscibility of Pu in M;Og and the fact that the maximum

content of M;Og formed diminishes with Pu addition. This is in
agreement with what we observe. The departure for low Pu
contents is much more profound than for samples containing
larger quantities of this actinide.

Though cation migration has been reported to begin at
elevated temperatures in near-stoichiometric samples, exper-
imental results found in literature indicate that high oxygen
potential and the resulting hyperstoichiometry (O/M > 2.00)
increase the diffusion coefficients of U and Pu in MOX.>**®
Thus, considering our experimental conditions, we might
expect cation diffusion to be possible at the discussed
temperatures.

Distinguishing between M,0, and MO,,,. For y > 0.5,
Dean>® and Brett Fox®’ found a single fluorite phase below the
tie-line joining UO,5 and PuO, compositions. For samples
aMOX14, aMOX46, aMOXS54, and aMOX62 we could not fit
the patterns with two cubic phases at any point during the heat
treatment. In the case of aMOX14 it was most likely due to the
formation of M;Og. Nevertheless, for all samples we could
observe a decrease in the intensity of the cubic reflections and a
widening of the peaks at 573 K. This distortion is the only
premise that makes us consider the presence of two phases at
the same time. Most likely two phases were only present for
samples containing <35 mol % Pu, judging from the obtained
fits.

It is not clear whether we observed the I-centered M,O,
throughout the whole experiment for low Pu contents. It has
been shown by neutron diffraction experiments that, upon
oxidation to UO,,, oxygen will be entering the fluorite
structure in clusters, instead of single interstitials, what had
been thought before. These clusters were first defined as “Willis
structures”,”> but their true nature remains a subject of disputes.
The defect-affected domains with distinct ordering would then
grow, eventually substituting the initial structure and forming a
superstructure of the fluorite phase, namely U,Oy or M,O,,
depending on the material. It has been suggested in previous
studies that Pu cations, or other impurities, might affect this
ordering. It is discussed further in the Stabilization of the Cubic
Phases section. Thus, the structure of this phase and its distinct
nature remains unresolved.

On the basis of the above discussion we can state that a
distinct second high oxygen phase might have been present in
our samples with Pu content <35 mol %, but it is unclear
whether it was the disputed MOy or not. For higher Pu
contents, oxidation caused a departure from stoichiometry of
the MO, phase, resulting in MO,,,.

Stabilization of the Cubic Phases. From our results, it is
clear that the temperature at which the M;Og structure
appeared increased with y. Additionally, the reflections
associated with this structure got weaker when y rose. The
maximum observed weight % of this phase is listed in Table 1,
and this value diminished with increasing Pu content.

First of all, if we consider the cation sublattice with Pu and U
ions distributed homogeneously, the oxygen interstitials during
oxidation will enter the lattice more readily around U as its
oxidation state can be up to +6, while Pu remains +4. If we
increase the amount of Pu atoms at the expense of U atoms,
one can easily deduce that the highest overall O/M the sample
can reach under a given atmosphere will diminish. This in turn
means that the maximum wt % of the hexagonal phase should
diminish with increasing Pu content, which was observed.

Thus, the actinide shifts the oxygen potential of the material
so that at each temperature the higher the Pu content, the
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lower the O/M under a given atmosphere. If we assume that
M;O4 forms above a certain O/M, which might also slightly
decrease with Pu content, we might conclude that the
hexagonal phase should appear at a higher temperature in our
experiments.

Another less direct explanation can be found in the literature.
Desgranges et al.”>' proposed that the U,0y and U;0, phases
are formed by ordering of oxygen defects arranged in
cuboctahedra over large atomic distances and the formation
of the U;O4 phase is strictly connected to this phenomenon.
Thus, again, by introducing impurities to the structure, one
disrupts this long-range ordering, preventing the formation of
the U;0, phase, and retarding the formation of the U;Og. This
is also in agreement with experimental results found in ref 38,
where the authors observed the y-U,O, phase in spent fuel, and
did not find the U;0, phase upon further oxidation. The y-
U,0, phase corresponds to partially disordered U,O,.>” This is
in agreement with the observations of McEachern and Taylor."*
As the hexagonal phase is supposed to form more readily on
U;0,, the lack of the former will surely affect the formation of
the latter.

From Rietveld refinement we have obtained the kinetics of
formation of the hexagonal phase with the evolution of the
weight % in time.

If we assume that the O/M in the cubic structure remained
constant and the change in overall O/M was achieved only by
the increase in M;Og wt %, we can compare the obtained data
with the work of Tennery Godfrey.”> The authors conducted
several thermogravimetry experiments on differently fabricated
MOX samples with Pu/ (U + Pu) of 0.2 and 0.25. One part of
the experimental campaign comprised a programmed heating
with a rate of 5 °C/min, which is comparable to our overall
heating rate throughout the heat treatments. The authors found
either one or two stages of oxidation, depending on the sample
and heating step. The shape of their O/M versus temperature
curve (where the temperature is linearly dependent on time)
resembles the one we observe in M;Og wt % versus
temperature plots in Figures 3—7, only with a shift in
temperature which might be caused by different homogeneities
of our samples.

Oxygen Potential of the Gas. The assumption that the
incorporation of oxygen should occur at all times above 473 K
might not be correct, as demonstrated by Tennery and
Godfrey*® with isothermal experiments. It is clear that the
lattice parameter will increase due to thermal expansion during
the heating stage and that this phenomenon will not change
drastically at any moment; i.e,, the considered cubic structure
will surely not contract upon heating. Conversely, the varying
oxygen content might not always produce a decrease in the
lattice parameter as it is not entirely clear whether the
equilibrium oxygen potential of the gas at the highest
temperature corresponds to the highest O/M of the sample.
This might be confirmed by the fact that, for most of the
studied samples, the M;O;g content was found lower at 1773 K
than at 1673 K.

Effect of Self-Irradiation. From comparison of our data
with Vegard’s prediction for U-Pu—O in Figure 9, it was
concluded that all the oMOX samples had increased lattice
parameters as compared to the value after annealing. This is
most certainly caused by radiation induced damage due to long-
term storage inside a glovebox. The effect has been described in
previous studies.>"** The Aa/a, ratios calculated for all Pu
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Figure 9. Comparison of the lattice parameters obtained at room
temperature for all of our samples before heat treatment with a
prediction based on Vegard’s law. Lattice parameters of PuO, and UO,
taken from refs 15 and 30.

contents at room temperature are listed in Table 4 together
with the storage time between fabrication and experiments.

Table 4. Change Ratio of the Initial Lattice Parameter and
Storage Time for All Aged Samples

sample name Aa/a, [1073] At storage [days]
oMOX14 0.94 950
oMOX24 1.26 960
oMOX35 1.39 688
oMOX46 1.47 685
oMOXS54 1.48 684
oMOX62 1.77 872

If we look at the lattice parameter evolution of the aged
samples in Figures 3—7, up to 573 K Aa/a, was observed to be
constant. At 573 K, the patterns recorded for all the aged
samples were successfully fitted with two cubic phases. Between
573 K and T, listed in Table 1, which corresponds to the
temperature at which the damaged and annealed samples’
lattice parameters start to overlap, the difference slowly
decreased. At temperatures above T,, there is little or no
difference between the lattice constants, up to a certain point
where large amounts of the hexagonal phase cause a departure
from linear evolution. The shift of the lattice parameters
between the aged and annealed samples MOX24 and MOX54
at temperatures >T, is most likely due to slight changes in the
physical properties of the platinum strip which induced
detuning of our temperature regulation. There is no apparent
correlation between the history of the sample and the cubic
structure lattice parameter evolution after the formation of the
hexagonal phase. The fact that two phases were observed at
573 K could be an effect of self-irradiation induced defects that
may affect the structural changes the material undergoes during
oxidation and cause a slight difference in the low and high
oxygen cubic structures for Pu contents above 40 wt %. There
is also a possibility that the defects decelerate oxidation and
extend the time frame in which two phases could be observed.
This would result in exactly what we observe.

In Figure 10 we present the Aa/a, plotted against A't, and
compared this to a curve proposed by Kato et al.'® In the
referenced work, the authors conducted XRD measurement
during thermal annealing of aged MOX samples and proposed
an equation to determine the Aa/a, value of MOX and other
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Figure 10. Aa/a, plotted against the effective decay constant A’
multiplied by time, which is proportional to the commonly used
displacement per atom unit. Comparison of our data with a curve
determined by Kato et al.'® for MOX with Pu content up to 48.6 wt %.

materials as a function of storage time, isotopic vectors, and
constants derived from fitting experimental data. It is as follows:

Aa/a, = A[1 — exp(B X A't)] (1)

Here A and B are constants, t is time, and A’ is the effective
decay constant and is given by

2=Cp Y AC
! Z @)

where Cp, is the Pu content, 4, is the decay constant of the Pu
isotope, and C; is the isotopic composition. A and B constants,
estimated on the basis of fitting data for materials with different
Pu content up to 48 wt %, were estimated to be A = 2.9 x 107
and B = 1.22 X 107 and the resulting curve is plotted in Figure
10. In our case the storage time from Table 4 and the isotopic
composition listed in Table S were taken to calculate the
corresponding A't values. A good agreement was found for
values up to 46% Pu. It has to be noted though, that Kato et al.
chose the A and B constants on the basis of results from
samples stored for 15—30 years and around 2 years, with
nothing in between. If we closely analyze the values reported by
Kato et al. for the samples stored for 600 days, we find a good
agreement with our results.

Nevertheless, it is evident that our samples have not reached
saturation and the damage level is different in each one; thus, a
detailed analysis of influence the amount of defects has on
oxidation is not possible. Up to four distict stages of annealing
the defects were reported in the literature,* but as our samples
underwent oxidation during the heat tretment, these processes
were surely affected. What is also worth noting is that, through
the decay of Pu, small quantities of Am were introduced into
both sets of materials. The amounts are around 1.5% (Am/Am

+ Pu), making it impossible for us to spot the possible effect
this has on the oxidation. A dedicated study would be needed
to determine whether americium has an impact or not.

B CONCLUSIONS

The analysis of diffraction patterns and, in particular, of the
evolution of the fluorite structure lattice parameter illustrates
that the initial plutonium content has an impact on the
oxidation kinetics and products of the studied samples. With
the increase in plutonium content, the hexagonal structure
appeared at higher temperatures and its maximum observed
content diminished. This is most likely caused by changes in
the oxygen potential of the material due to the low Pu oxidation
state, but the influence of this actinide on the kinetics and
nature of crystallographic transitions cannot be neglected.

It was noted that, at temperatures below 473 K, no oxidation
occurred, and the samples remained stoichiometric. The
incorporation of oxygen began at a temperature between 473
and 573 K for all samples.

We conclude that two cubic phases appear during oxidation
for our samples with contents <35 mol %. The stoichiometric
domain of the high oxygen phase is narrow, and its thermal
expansion coefficient is slightly higher than that of MO,. It was
concluded that its lattice constant is unaffected by the changes
in the overall O/M when it was observed with small quantities
of M;0s. For samples with higher Pu contents, the oxidation
most likely proceeded by the incorporation of oxygen in the
MO,,, lattice, without passing a biphasic domain.

The slight differences in the evolution of the lattice
parameter of the aged samples prove that self-irradiation
induced defects have an impact on the oxidation kinetics of
MOX. One effect of such defects being present in the lattice
was found to be a decrease in the oxidation kinetics.

For samples with 14 mol % Pu, large quantities of the
hexagonal phase formed at low temperatures and caused
significant swelling of the powder. This made the analysis of the
cubic phase lattice parameter and phase fractions impossible.
We estimate thus that the limit of solubility of Pu in the M;04
structure must be slightly below 14 mol %.

For all the studied samples, when large quantities of the
hexagonal phase were formed, the lattice parameter of the cubic
type structures was affected. A slight decrease in the linear slope
was observed for all samples, and in the case of MOX24, a
strong drop in the lattice was noted. Two explanations for this
can be proposed. First, cation migration could have induced the
transfer of Pu from the hexagonal phase to the cubic one,
resulting in the lowering of the lattice parameter. It might also
be an effect of an increase in the miscibility of oxygen in the
cubic structure at higher temperatures.

Table S. Isotope Ratios of Samples [Isotope/(Pu + Am)] at the Time of Fabrication

Isotope ratio [%]

oMOX14 oMOX24 oMOX35 oMOX46 oMOXS54 oMOX62
Pu-238 0.13 0.13 0.13 0.13 0.13 0.13
Pu-239 78.02 78.02 78.04 78.02 78.04 78.02
Pu-240 18.29 18.29 18.29 18.3 18.29 18.29
Pu-241 1.39 1.39 1.34 1.36 1.34 1.33
Pu-242 0.62 0.62 0.62 0.62 0.62 0.62
Am-241 1.54 1.54 1.57 1.57 1.57 1.59
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