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V.L. Vinograd and R. Vauchy

1. Introduction

Uranium-plutonium mixed oxides (MOX) assemblies are often added
to Light Water Reactor cores and are discussed as prospective fuels for
Generation IV Fast Neutron Reactors [1]. The average plutonium con-
tent of LWR and FNR fuels typically ranges between 4~11 mol % and
25~35 mol %, respectively. FNR fuels typically exhibit a homogeneous
cation distribution [2], whereas LWR fuels, often produced by the
so-called MIMAS process, show considerable inhomogeneity revealed as
PuOy-rich agglomerates embedded in UOy-rich matrix [3]. Under-
standing phase relations in the UO2-Pu0O; 5-PuO, system is important
for optimizing MOX synthesis and reprocessing, for both LWR and FNR
applications. It is also essential for accurately capturing thermophysical
behavior of MOX fuels under operational or accidental conditions.
Moreover, the UO2-PuO; 5-PuQ; system serves as a foundation for a
number of chemically more complex systems, e.g., for systems con-
taining Am and Np, that are important for optimizing synthesis condi-
tions and thermophysical properties of transmutation matrices for minor
actinides [4,5]. Thermodynamic modelling of such systems is hindered
by unsolved problems in the description of UO2-PuQ; 5—PuOs,.

Phase equilibria in UO2-PuO; 5-PuO; are characterized by a
remarkable complexity that is primarily revealed in a peculiar coexis-
tence of FCC and BCC phases. The recent CALPHAD assessment by
Guéneau et al. [6] provided a comprehensive description of FCC/BCC
phase relations in the pure PuO; 5-PuO, system. However, a similarly
detailed representation of FCC/BCC equilibria in UO2-PuO; 5-PuOy is
yet to be achieved. The problem identified in [6] is the lack of ther-
modynamic constraints for the UOg-bearing BCC phase. Here we try to
overcome this problem. We show that the lack of data can be compen-
sated by a guess that the thermodynamic mixing properties of BCC and
FCC are similar, with the exception that the oxygen-vacancy sublattice
in BCC is more strongly ordered than in FCC. We then show that by
starting with the same models for FCC and BCC and by tuning the Gibbs
free energies of endmembers in BCC in the direction of a higher degree of
oxygen/vacancy ordering, it appears possible to closely reproduce
experimental phase boundaries. We also show that the manifold of data
suitable for constraining thermodynamic properties of BCC and FCC can
be significantly enlarged by linking the thermodynamic model to an
ion-packing model, with which lattice parameters of fluorite-like phases
can be computed as functions of thermodynamic model parameters.
With such a combined structural-thermodynamic model, the lattice
parameters of cubic phases that are typically provided in most experi-
mental studies could be directly used in the thermodynamic assessment
as experimental constraints. Because such a model cannot yet be
implemented within popular thermodynamic software packages, we
develop new modelling tools and our own task-related thermodynamic
data set. Consequently, this effort should be considered parallel and
complementary to well-established CALPHAD-type assessments.

The ordering in BCC at O/M ~1.625 has been proposed in a study of
Sari et al. [7] as a hypothesis explaining the low-temperature termina-
tion point of the so-called “1.61” BCC phase in the PuO; 5-PuO; system
[7]. We start by reviewing the main features of known phase diagrams of
PuO; 5-PuO; and UO,-PuO; 5-PuO; systems, emphasizing remaining
uncertainties and inconsistencies. After this, we introduce thermody-
namic models for relevant phases and outline the fitting procedure.
Then, we present results of the modelling as T vs. O/M and a vs. T di-
agrams (a is the lattice parameter) computed at certain fixed values of
Pu/(Pu + U), as well as O/M vs. Pu/(Pu + U) and a vs. Pu/(Pu + U)
diagrams computed at different temperatures. Finally, we discuss the
results and propose items for further research.

1.1. Phase relations in PuO; 5-PuQO5

Despite much experimental and modelling effort, the phase relations
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in PuO;5-PuOsy remain partially uncertain. Experimental problems
include high radioactive activities (or small sizes) of samples, the ease of
their spontaneous oxidation and difficulties in distinguishing super-
lattice reflections in X-ray diffraction patterns. Theoretical problems are
related to the lack of thermodynamic models able to describe the
complexity of chemical composition and of ordering phenomena
revealed by BCC and FCC. The assessment of Guéneau et al. [6] essen-
tially confirmed the diagram of Wriedt [8] for PuO; 5-PuO5 system,
which has been constructed as a synthesis of earlier experimental studies
[7,9-13]. The T vs. X(O) diagram of Guéneau et al. [6] is redrawn in
Fig. 1 as T vs. O/M plot. The diagram shows that at ambient tempera-
ture, BCC with the stoichiometry of ~1.52 (a-PuyOs, here designated
BCC(1)) coexists with an almost stoichiometric FCC PuO,, s fluorite with
§ ~ 0 (here FCC(1)). At ~600 K, these two phases react, producing
another BCC phase (BCC(2)) with O/M of ~1.61. At T > 600 K BCC(2)
coexists with FCC(1). The homogeneity range of BCC(2) expands with
increasing temperature to a larger O/M reaching O/M ~1.71 at ~900 K.
At about this temperature, BCC(2) reacts with FCC(1) forming another
FCC phase (FCC(2)) with the composition of O/M ~1.75 and the triple
association of BCC(2) + FCC(1) + FCC(2) is formed. Above this tem-
perature, the triple point terminates, giving rise to two-phase fields; at
O/M < 1.75 BCC(2) coexists with FCC along a two-phase loop, while at
O/M > 1.75 FCC(1) coexists with FCC(2). The FCC(1) + FCC(2) gap
closes at ~1000 K, and above this temperature, a large single-phase FCC
field exists. The BCC(2) + FCC loop envelops the field of stability of BCC
(2). The BCC terminates at ~1400 K, transforming into FCC.

The low-oxygen side of the PuO; 5-PuOs system is affected by the
stability of the hexagonal B-PuyOs. According to Wriedt [8], B-PuyOs
coexists with the “1.52” BCC phase at T < 720 K, while at T > 720 K it
coexists with the “1.61” BCC phase. At temperatures within the 1800 K
< T < 2200 K interval, the hexagonal phase is in equilibrium with the
FCC fluorite [14]. In a narrow interval of 600 K < T < 720 K, the “1.52”
and “1.61” BCC phases coexist. The relationship between $-Pus03 (O/M
= 1.5) and a-Puy03 (“1.52”) at ambient temperature is less certain. In
the diagrams of Gardner et al. [10], Sari et al. [7], Wriedt [8], and
Guéneau et al. [6], the p-PuyO3 and “1.52” phases are considered as
constant composition (line) compounds, and a narrow two-phase field
(B-Pu03 + a-Puy03) is drawn from ~750 K down to 298 K.
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Fig. 1. Phase relations in PuO; s-PuO, system assessed with the CALPHAD
method. The diagram is redrawn from Guéneau et al. [6] as a T vs. O/M plot.
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1.2. Phase relations in UO2-PuQ1.5-PuQ,

Phase relations in the UO,-PuO; 5-PuO, system are similarly gov-
erned by a coexistence of BCC and FCC phases. According to the
experimental study of Sari et al. [11], the homogeneous FCC solid so-
lution exists at ambient temperature only up to z = Pu/(Pu + U) ~ 0.2.
At higher z values, FCC separates into two FCC phases with drastically
different O/M ratios; the oxygen-rich phase with O/M ~ 2.0 extending
from UO; to PuO,, and the reduced phase with O/M ~ 2.0 — 0.5z
extending from UO, to PuO; 5. At about Pu/(Pu + U) ~ 0.45 the reduced
FCC phase transforms into similarly reduced BCC, while the BCC phase
coexists with the oxidized FCC up to Pu/(Pu + U) ~ 1.0. The phase
relations become more complex within the interval of 0.97 < z < 1.0,
where the hexagonal -PupO3 might form. The study of Dean et al. [15]
confirmed the results of Sari et al [11], and suggested that the BCC phase
is stable in a reduced form, i.e., in equilibrium with graphite or Pu/U
metal, over a slightly wider interval, down to Pu/(Pu + U) ~ 0.3. The
separation into the oxygen-rich and oxygen-poor phases is well repro-
duced in the study of Guéneau [6], however, the FCC/BCC transition at
Pu/(Pu + U) ~ 0.45 is not described. In Fig. 2 the X(0) vs. X(Pu) diagram
of Guéneau [6] at 473 K is redrawn as an O/M vs. Pu/(Pu + U) plot.
According to this diagram the stability of the low-oxygen FCC phase
extends up to z ~ 0.88, above which the triple association of two FCC
phases with the BCC(1) with the composition of PuO; 53 is formed. The
relationship between FCC and BCC within the transition region of ~0.45

< Pu/(Pu + U) < ~0.54 was not outlined in detail in any of the previous
studies. Sari et al. [11], as well as Truphémus et al. [16], noted that this
interval must be characterized by a coexistence of two FCC phases with
BCC. The ternary equilibrium was indeed observed at Pu/(Pu + U) =
0.46, 0.54, and 0.62 [16], however, the composition of the BCC phase
was found to lie between the compositions of FCC(1) and FCC(2) phases,
suggesting a non-equilibrium effect. The FCC(1) + FCC(2) equilibrium
at the compositions of UgsgPug 42025 and Ug 42Pug 580245, referred
hereinafter as Pu42 and Pu58, respectively, was outlined by Markin and
Street [17] with the aid of evacuated sealed quartz capillaries. The BCC
superlattice reflections were not reported at low temperatures, although
the composition of Pu58 falls into the stability field of BCC + FCC ac-
cording to both Sari et al. [11] and Dean et al. [15]. The study of Dean
et al. [15] further gave evidence for the stability of a rhombohedral
phase within the range of 0.6 < Pu/(Pu + U) < 0.9 at ambient
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Fig. 2. Phase relations in the UO,-PuO; s-PuO, system at 473 K assessed with
CALPHAD method [6]. The diagram is redrawn from Guéneau et al. [6] as an
O/M vs, Pu/(Pu + U) plot. The experimental data are from Sari et al. [11].
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temperature. The same study [15] provided a detailed mapping of
high-temperature phase relations in Pu76 performed with the aid of
evacuated sealed quartz capillaries. The high-temperature part of the
diagram of Dean et al. [15] suggested the existence of the triple point of
BCC(2) + FCC(1) + FCC(2) at ~840 K and the existence of the BCC(2) +
FCC and FCC(1) + FCC(2) loops developing from the triple point to
higher temperatures. The rhombohedral phase was observed immedi-
ately below the triple point [15]. Tight constraints to the shape and size
of the immiscibility region within the range of 0.14 < Pu/(Pu + U) <
0.62 were provided in an in-situ X-ray diffraction study of Belin et al.
[18], where samples with the compositions of Pul4, Pu24, Pu35, Pu46,
Pu54, and Pu62 were heated in He + 5 % Hj + 10 ppm H30 atmosphere
to achieve sub-stoichiometric O/M ratios and then cooled down to
ambient temperature. On cooling, all samples, except Pul4, entered a
two-phase field. As in the study of Markin and Street [17], the BCC re-
flections were not observed by Belin et al. [18], although according to
the diagram of Sari et al. [11], BCC should be present at least at Pu54
and Pu62. Belin et al. [18] attributed the absence of the BCC super-
structure peaks to an insufficient resolution of XRD data achievable
within the in-situ setup. The closing temperature of the FCC(1) + FCC(2)
gap was studied with differential thermal analysis (DTA) by Koizumi and
Nakamura [19] (at Pu22 and Pu24), Kato et al. [20] and Komeno et al.
[21] (at Pu30), Sari et al. [11] (at Pu58, Pu80, Pu95, Pul00), and with
the aid of HT-XRD by Vauchy et al. [22] (at Pu28 and Pu45), Dean et al.
[15] (at Pu76) and Boivineau [12] at Pul00. Recently, Vauchy et al.
[23] have detected the FCC(1) + FCC(2) = FCC transformation in Pu30,
Pu45, and Pul00 with differential scanning calorimetry (DSC). All these
data show that both the gap closing temperature and the width of the
miscibility gap increase with the Pu/(Pu + U) ratio. The synthesis of
available data also shows that the uncertainty in the closing temperature
increases at higher Pu/(Pu + U) ratios, e.g., the measured temperatures
for Pul00 in the studies of Sari et al. [11] and Vauchy et al. [23] are
about 150 K lower than in the study of Boivineau [12].
Concluding the Sections 1.1 and 1.2, we emphasize questions that
remain to be clarified:

1) The high-temperature termination of BCC in PuO; 5-PuOs is uncer-
tain. The study of Besmann [13] located it at 1400 K (O/M ~ 1.65)
and outlined two FCC + BCC loops developing at both sides of the
termination point. However, the loop at 1.62 < O/M < 1.65 outlined
in [13] was not detected in the study of Chéreau et al. [24] per-
formed at 1373 K. The diagram of Guéneau [6] provided a
compromise description of all experimental data suggesting that the
loop at 1.62 < O/M < 1.65 closes in the very vicinity of the BCC
termination point. However, if the data points within the interval of
1.62 < O/M < 1.65 would be attributed to the BCC single-phase field,
the BCC field would widen and expand to higher temperatures.

2) The phase relations in PuO; 5-PuO, at low temperatures are also
uncertain. It is generally accepted that there are two different BCC
phases often referred to as “1.52” and “1.61”. It remains unclear how
these two phases are related to each other crystallographically and
thermodynamically. The “1.52” phase is assumed to co-exist with the
hexagonal p-PuyO3 down to 298 K. However, the experimental study
of Haschke et al. [25] at O/M = 1.59 and T < 558 K revealed a
three-phase assemblage of p-PusOs + a-PusOs + PuOg, where both
B-Pup03 and a-Puy03 had the same composition of O/M = 1.5. If the
co-existence of B-PupO3 and a-PupOs is extrapolated down to 298 K
and both B-Puy03 and a-PuyO3 have the same O/M = 1.5, then one of
these phases should become unstable. This supposition would
contradict the currently accepted view that the BCC “1.52” and the
hexagonal p-PuyO3 phases co-exists at 298 K.

3) Truphémus et al. [16] discussed the importance of triphasic, BCC+
FCC(2) + FCC(1), domain in the ternary system and observed the
triple point relationship at Pu/(Pu + U) = 0.46, 0.54, and 0.62.
However, contrary to expectation based on the phase relationships in
the binary, the lattice parameter of the BCC phase was found to be
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smaller than the parameter of the low-oxygen FCC phase suggesting
a non-equilibrium effect. In general, the transition from BCC + FCC
to FCC(1) + FCC(2) has not been yet mapped on the ternary phase
diagram depending on the temperature and composition.

4) The diagram of Guéneau [6] at 473 K (Fig. 2) suggested that the
phase separation of FCC into the oxygen-rich and oxygen-poor
phases involves U/Pu partitioning between the phases. It is doubt-
ful that the partitioning could occur at this low temperature
considering slow cation diffusion. If the partitioning is precluded in
the thermodynamic modelling, could the shape of the miscibility gap
be still predicted consistently with the experiment?

The present study aims at providing plausible solutions to the
problems mentioned above with the aid of a thermodynamic assessment.

2. Methods

Before giving a detailed description of thermodynamic models for
the relevant phases we wish to describe conceptual difference between
the modelling tools used here and in previous studies. Generally, two
types of models have been used before, the associate model [26,27] and
the sublattice model (also referred to as the Compound Energy
Formalism, CEF) [28,6]. The latter model was implemented in the
CALPHAD assessment of Guéneau [6] to describe the FCC phase. The
study of Guéneau [6] included also “1.61” and “1.52” BCC phases and
reproduced accurately phase relations in PuO,-PuO; 5. However, the
U/Pu mixing was not included in the description of “1.61” and “1.52”
phases. Consequently, the coexistence of FCC and BCC was not studied
within the ternary system. The recent study of Vinograd et al. [29] used
a hybrid approach to model the phase separation in FCC, in which the
excess Gibbs free of mixing was modelled using associates, while the
configurational entropy was described with an ionic model like CEF.
Differently from CEF, the entropy model included effects of short-range
ordering (SRO) in the oxygen sublattice. Simultaneously, the ionic
model with SRO was found useful for the description of the lattice
parameter variations of the exsolved FCC phases along the miscibility
gap. In this study an improved variant of the model of Vinograd et al.
[29] is applied to both FCC and BCC phases.

The motivation for using a hybrid thermodynamic approach is the
following. The problem of the ionic model, i.e., of the Compound Energy
Formalism, is the automatic generation of a variety of charge non-
neutral endmembers, the properties of which are difficult to parame-
terise. The other drawback is the assumption of random mixing within
sublattices, which in the case of O-anions and vacancies generates too
much entropy. The use of charge-neutral associates as endmembers
solves the first problem, but not the second one, because in the standard
associate model the entropy description is oversimplified, i.e., the as-
sociates are treated as molecules that mix ideally within an imaginary
“molecular” lattice. Particularly, in the description of mixing of va-
cancies and oxygen anions ordering effects should be considered, and
these effects can be most conveniently treated on the level of ionic
species. The solution proposed here is to describe the reference Gibbs
free energy and the excess Gibbs free energy using a variant of an
associate model and to describe the configurational entropy using a
variant of ionic model, in which SRO is included. Consequently, the
hybrid model has two levels, the level of associates and the level of ionic
species. When it comes to the entropy calculation, the associates are split
into their ionic constituents. Both levels are consistent; the fractions of
associates and the fractions of ionic species in sublattices depend on the
same set of internal parameters. Another novelty of the present model is
the including of the chemical potential of O, into the definition of the
Gibbs free energies of certain “oxidized” endmembers. These energies
are thus defined as functions of T and of the partial pressure of O,.
Conveniently, this type of modelling does not require introducing a gas
phase.
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2.1. Thermodynamic model of the FCC and BCC phases in the
PuO2-PuOj 5 system

The FCC and BCC phases, PuO2, are described here with the same
mathematical model; the difference is only in values of adjustable
thermodynamic parameters. The model considers three endmembers:
PuO; 5, PuOy, and Pug 25Pug 7501 625. The latter is introduced to describe
vacancy ordering at the specific O/M ratio of 1.625, which we believe to
be particularly important in the BCC solid solution. For the matter of
convenience, PuO; 5 FCC (i.e,, a hypothetical compound with the
structure of fluorite with disordered distribution of vacancies) is selected
as a reference compound, and its Gibbs free energy is set equal to zero at
all temperatures. The Gibbs free energies of the other endmembers are
set equal to the Gibbs free energy effects of the chemical reactions, from
which these endmembers are obtained from PuO; 5 FCC. For example,
the properties of PuO2 and Pug 25Pug 7501 625 are defined as the Gibbs
free energy effects of the reactions (1) and (2), respectively:

1

Pu01_5 + Z 02 = Pl.lOz7 (1)
1

PuO; 5 + 16 O = Pug25Puo 7501 625 (2)

These reactions involve consumption of certain amounts of O3 gas. The
Gibbs free energy effect of O, consumption is equal to the negative of the
chemical potential of Oy times the amount n of moles of Oy gas
consumed. This energy is included into the Gibbs free energy of an
endmember i, and the latter is written as Eq. (3):

G — AGY - (T—T°)AS? + AP <T— 7 _Tin (%)) _ angl,
®

where AG?, AS?, and ACp? are the changes in the standard state prop-
erties of oxides due to the reactions (1, 2). The latter increments are

considered as adjustable parameters. The chemical potential, M(T)f% ,ata
given temperature and at a given partial pressure of O is computed via
Eq. (4):

TPo,

Hoy™ = Moy +T°S}, +RTIn(Po, / P°), “)

where yé‘fois from Dinsdale [30]. The term T°SQ_, where T° = 298.15 K
and S3_ = 205.1373 J/mol/K, is needed because of the standard state
adopted in [30]. Due to Eq. (3), the Gibbs free energies of PuO, and
Pug 25Pug 7501 625 endmembers depend on the chemical potential of O,.
Including the chemical potential of O, into the definition of the Gibbs
free energies of the endmembers allows modelling of phase equilibria as
functions of T and Po,, avoiding an explicit description of the gas phase.
The reference Gibbs free energy is modelled with Eq. (5):

G =3 %G, ", )

where the endmember fractions, x;, are defined along the following
procedure. First, a disordered solid solution is built of ¢ moles of PuO,
and 1 — ¢ moles of PuO; 5. Then r moles of PuO5 and 3r moles of PuO; 5
are allowed to react with each other, forming 4r moles of the ordered
endmember PugsPug 7501 625. The fractions of PuO;s, PuO,, and
Pug.25Pug 7501625, become x; =1 — ¢ — 3r, xo = ¢ — r, and x3 = 4r,
respectively, as visualised in Fig. 3. The variables ¢ and r determine the
extent of reactions 1, 2) and, thus, the oxidation state. Their equilibrium
values are computed via the minimization of the Gibbs free energy of
mixing of a phase at a given temperature and at a given partial pressure
of oxygen.

The description of the configurational entropy in fluorite-type oxides
requires a special effort because of vacancy ordering. When vacancies
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are inserted into a lattice filled by O~2 anions, the relatively positive
charges of the former repel each other [31,32]. Because of this repulsion,
the vacancy/oxygen distribution becomes ordered either on a local, or
on a long-range scale. Both short-range and long-range ordering
(SRO/LRO) affect the configurational entropy of the solid solution by
limiting the fraction of oxygen lattice junctions which could be occupied
by a vacancy and could be involved in the mixing process. Effectively,
each vacancy creates an imaginary sphere about itself into which
another vacancy cannot penetrate (Fig. S1). The forbidden space, i.e.,
the fraction of sites, where a vacancy could not occur, increases with the
vacancy concentration, while the fraction of sites available for O/V
mixing decreases. In the limiting case of the complete SRO the fractions
of sites available for mixing, t, becomes equal to the fraction of va-
cancies, v, i.e., the vacancies become fully locked within the available
space, and the configurational entropy is zero. On the other hand, when
the concentration of vacancies is small, e.g., in the vicinity of PuO,,
almost every lattice junction is available for O/V mixing. In the case of a
complete SRO, the difference between SRO and LRO is subtle. It depends
on how regularly the forbidden junctions are distributed within the
anion lattice. Here, we postulate that the states of the complete SRO and
LRO are achieved in fluorite-like phases exactly at the composition of
PuO; s, i.e., when the number of vacancies per 2 mol of O-sites ap-
proaches 0.5, and the mole fraction of vacancies is %. At this state, the
O/V distribution is fully ordered, i.e., the vacancies are locked within Y
of oxygen lattice sites, while the other % of sites are forbidden for va-
cancies and, thus, are solely occupied by oxygen anions. In the case of
BCC, this ordered state is thought to comply with the Ia3 structure of
PuO; 5. In the case of FCC, LRO is formally absent, and the PuO; 5
endmember is assumed to be built of different Ia3 domains in anti-phase
relationship to each other. Its configurational entropy is still considered
to be zero. To obtain a continuous entropy equation joining the zero
points at the compositions of PuO; 5 and PuO,, we define the number of
sites (per 2.0 mol of O-sites) over which vacancies are allowed to be
mixed with O-anions as t = 2 — 1.5(1 - ¢). The concentration of vacancies
within the allowed fraction of lattice junctions is then p = v/t = 0.5(1 -
¢)/t, and the configurational entropy of O/V in the solid solution is given
by Eq. (6)

St = —Rt(plnp+ (1 —p)In(1 —p)). 6

PuO,

PuO g25

Fig. 3. The composition space of the ternary solid solution
PuO; 5-Pug 25PUg 7501 625-PuO,. The circle represents the composition. The
fraction of Pug2sPug 7507625 is equal to a 4r interval measured along the
PuO; 5-PuO, binary. The fractions of PuO, and PuO; 5 are given by ¢ — r and by
1 - ¢ - 3r, respectively. The maximum fraction of the ordered endmember is
obtained at ¢ = 0.25 and r = 0.25.
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This function takes zero values at PuO; 5 and PuO, and achieves a
maximum at ¢ ~ 0.4 (O/M ~ 1.7). (See Fig. S4 for g = 0).

Eq. (6) corresponds to the case, where the fraction of the ordered
endmember, Pug 25Pug 7501 625, is zero. This case is thought to be rele-
vant at temperatures above ~1000 K. The ordered endmember,
Pug 25Pug 7501 625, is introduced to model the effect of ordering of va-
cancies at the specific O/M = 1.625 (§ = —-0.375), which is thought to
take place at lower temperatures. The existence of a special type of
ordering at O/M = 1.625 was discussed by Sari et al. [7] with a reference
to Mulford, who was a contributor to the 79th IAEA report [7]. Sari et al.
[7] described Mulford’s model with the notation “64 — 16 + 4” meaning
that the vacant sublattice of bixbyite consisting of 16 sites is filled with
four extra oxygen anions, which are randomised over these 16 sites. The
problem of the Mulford’s model is that it does not explain why this
composition is special. To overcome this problem, we propose a
different model, in which the extra oxygen anions introduced on top of
O/M = 1.5 are short-range ordered within the vacant sublattice and are
effectively locked (contributing zero configurational entropy) when
their fraction within the vacant sublattice becomes equal Y, i.e., when
O/M = 1.625. The driving force of this ordering is thought to be the
mutual repulsion of the extra oxygen anions, which have a negative
charge relative to the neutral charge of the empty sublattice (Fig. S2).
The ordered distribution of extra oxygen atoms within the empty sub-
lattice of BCC is thus thought to be analogous to the ordered distribution
of vacancies in the PuO; 5 endmember of FCC. To emulate the effect of
this additional SRO onto the entropy, we introduce four extra imaginary
sublattices “17, “2;”, “25” and “23”, and require that in the fully ordered
“1.625” state (c = 0.25 and r = 0.25) the first sublattice is fully occupied
by oxygen, while the other three contain equal fractions of vacancies
(Fig. 4 and Fig. S3). Alternatively, the absence of the oxygen-oxygen
avoidance corresponds to the equal distribution of the extra oxygen
anions within the four sublattices. The four-sublattice model can be
conveniently mapped onto the ternary solid solution model with the
endmembers PuO; 5, PuO, and Pug o5Pug 7501 625, where all endmem-
bers have fully ordered O/V distribution. This equivalence is important
because the four-sublattice model provides a convenient tool to evaluate
the configurational entropy, on the other hand, the ternary model, i.e.,
the associate model, is very convenient for evaluating the excess Gibbs
free energy of mixing. In the ternary model the fully ordered state is
achieved when the fraction of the Pug sPug 7501 625 endmember is
maximized, e.g., 4r = 1, c = 0.25. The equivalence between the associate
and sublattice models is established by linking the fraction of the or-
dered endmember in the ternary model, and the fractions of vacancies
within the four sublattices to the same order parameter q. The value of g
is set proportionally to the fraction of the ordered endmember, i.e., ¢ =
r/c, when ¢ < 0.25, and q = 3r/(1 - ¢), when ¢ > 0.25. The vacancy
fractions in the sublattices “17, “2;”, “25”, and “23” are computed as
functions of q as follows. In the ordered case, the total amount of va-
cancies per 2 mol of O sites is still equal to 0.5(1 - ¢), but this quantity
splits into two parts, 0.125(1 - ¢;) and 0.375(1 - c3), where ¢; = c(1 +
3q) =c+3randcy - c(1 - q) = c—r. In Figure S3 the sublattice fractional
occupancies are shown for the cases of ¢ =0, ¢ = 0.5 and g = 1.0. For
convenience, we increase the size of the system 4 times, i.e., to 8 mol of
oxygen sites, and consider one sublattice containing 0.5(1 - c;) va-
cancies per 2 mol of oxygen sites and another three sublattices con-
taining 0.5(1 - c3) vacancies per 2 mol of oxygen sites each. To make the
four-sublattice model consistent with Eqn. 6 and with the concept of
vacancy-vacancy avoidance, we require that the vacancies can occupy
not more than Y of oxygen sites available within a sublattice, thus, when
their fraction approaches %, the remaining % of sites are considered
forbidden for O/V mixing. On the other hand, when the fraction of va-
cancies approaches zero, they are allowed to be randomised with
O-anions over all (2 mol) of oxygen sites available within a sublattice.
Consequently, the allowed fractions of sites available for O/V mixing
become t1= 2 - 1.5(1 — ¢1) and to= 2 — 1.5(1 - ¢»), in the sublattices “1”
and “2”, respectively, while the fractions of forbidden sites are 1.5(1 —
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PuO, 5 PuO; g5 PuO; 75 PuO,
PuO; 625
24
2
2
1
PuO; 625

Fig. 4. The distribution of vacancies (grey) in BCC/FCC consistent with two
types of SRO. The upper horizontal row illustrates the vacancy distribution at
high-to-intermediate temperatures that is affected by vacancy-vacancy avoid-
ance but is not yet perturbed by ordering at the PuO; g25 composition. The
vacancies are allowed to occupy not more than a quarter of the sites of the
oxygen lattice. The limiting case of PuO; 5 complies with the BCC-type long-
range order leading to the formation of an “empty sublattice”. The vertical row
at PuO, ¢os illustrates an additional type of ordering that is thought to occur at
low-to-intermediate temperatures within the empty sublattice. The distribution
of extra oxygen anions within this sublattice is thought to be affected by
oxygen-oxygen avoidance. When the mole fraction of extra oxygen atoms
within the empty sublattice is equal 0.25, as in PuO, ¢35, the O/V distribution
could become fully ordered. The degree of order is thought to increase at lower
temperatures. Thermodynamically, the effect is modelled by introducing four
sublattices (“17, “21”, “25” and “23”), none of which complies with the empty
sublattice of BCC. The model is described in further details in Supplementary
materials (Fig. S1-S5).

c1) and 1.5(1 - ¢3), respectively. In Fig. S3 the forbidden fractions of sites
are marked by red crosses. The concentrations of vacancies within the
allowed fractions of sites become p1= 0.5(1 — ¢1)/t; and pa= 0.5(1 —
c2)/ty, and the configurational entropy of O/V within the ordered solid
solution (scaled to 2 oxygen sites) takes the form

s — —0.25Rt; (p11np; + (1 —p;)In(1 —py))
— 0.75Rty(p2lnp, + (1 — p2)In(1 —p2)). ()]

This function converges with Eqn. (6) at r = 0 (g = 0) and achieves a
deep minimum when ¢ = 0.25 and r = 0.25 (g = 1) (see Fig. S4 in
Supplementary materials).

The excess Gibbs free energy of mixing in the ternary solid solution
can be conveniently modelled with Equation 8

excess __ S v
G = E XX (lef}i
A

+ W), ®

where ng are the binary Margules parameters, which are further

expanded as ng = W%J‘.k - Tijk. In the dilute limits (c = 1 and ¢ = 0) the
excess Gibbs free energy must be the same both in the disordered (g = 0)
and in the ordered (¢ = 1) cases. To fulfil this constraint, a certain
relationship between Wigjk must be satisfied. When the indices 1, 2, and 3
stand for PuO; 5 and PuOy and Pug asPug 7501 625, respectively, this
relationship requires W5,; = 0.25 W%,; and W5,, = 0.75 W5, (Fig. S5).
There are no such constraints on W$,, and W%,,, but, clearly, W5., =
W%,, and W8,, = W$,, are the reasonable initial assumptions to be tried
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in a fitting procedure.
The Gibbs free energy of mixing of an FCC or a BCC solid solution at a
given set of T and Po,, is described with Eq. (9)

Gmix —_ Gref 4 Gexeess _ Tsconf (9)

ord *

Note that in Eqns. 7 and 9, the configurational entropy is fully due to
the O/V disorder. Pu™3/Pu** disorder is assumed not to contribute to
the entropy; the electron distribution is thought to immediately adjust to
any change in the O/V distribution, finding a unique ordered state. This
assumption might not hold true, however, at close-to-stoichiometry
conditions, where the concentrations of vacancies and Pu™ cations
become so small that these species cannot “find” each other and, thus,
are distributed independently. Thus, it is expected that the present en-
tropy model becomes less accurate when O/M closely approaches 2.0.

2.2. Thermodynamic model of the FCC and BCC phases in the
UO2—PuO2—Pu0j 5 system

An extension of the PuO; 5s—Pug 25Pug 7501 25— PuO2 model to the
UO2—Pu0; 5—PuO; system requires defining two new endmembers:
UO3 and Uy 25Pu 7501 .625. The model becomes quinary. We chose UO,
FCC as the second reference compound. Thus, the Gibbs free energies of
the UO3 and PuO; 5 endmembers in the quinary fluorite model are set to
zero at all temperatures. The Gibbs free energies of Ug 25Pug 7501 625
endmembers in FCC and BCC are defined via the reaction given in
Equation (10)

1

3
ZUOZ + Zpuol.s = Up.25Puo.7501 625, (10)

where the left-hand side comprises the reference endmembers. The
endmember fractions, x;, are defined as follows. First, a completely
reduced solid solution is built as a mixture of z moles of PuO; sand 1 -z
moles of UO,. Then a fraction cz of PuO; 5 is converted into PuO,, and a
fraction (1 — ¢)z of PuOq 5 is left as PuO; 5. Then, rz moles of PuO, and
3rz moles of PuO; 5 are allowed to react with each other forming 4rz
moles of Pug 25Pug 7501 625 endmember. Further, the fraction 3d of the
remaining quantity (1 — ¢ - 3r)z of PuO; 5 and a fraction d of the
remaining quantity of UO, are allowed to react together, forming 4d
moles of the Ug 25Pug 7501 625 endmember. The final fractions of PuOy s,
PUOQ, Pu0_25Pu0_7501,625, UQ‘25PUO.75014625, and UOZ (see also Table S].)
becomex; =(1-c-3rz-3d, xo=(c-1)z, x3=4rz, x4=4d,and x5 =1
— z — d, respectively, and the reference Gibbs free energy is computed
with Eqn. 5 counting all endmembers in the quinary. To reduce the
number of unknown parameters, the configurational entropy and the
excess free energy equations in the quinary model are defined in analogy
with the ternary model by combining endmembers with the same O/M
ratios, i.e., the fractions UO, and PuO; are combined forming the end-
member MO,, while the fractions PugsPup7501625 and
Up.25Pug.7501.625 are summed up together forming the endmember
My 25Pug 7501 625. With this simplification, the main properties of the
ternary model are retained. The fraction of MO, is designated y and is
counted as the sum of the fractions of PuO, and UO; in the quinary as
y = x2 + xs. The fraction of My 25Pug 7501 625 is designated 4u and is
counted as 4u = x3+ x4. The order parameter is defined as ¢ = u/y, when
y <0.25and as g = 3u/(1 -y), when y > 0.25. The fractions of vacancies
in the sublattices “1” and “2” become 0.5(1 - y;) and 0.5(1 - y»),
respectively, where y; = y(1 + 3q) and y2 = y(1 - @). The concentrations
of vacancies within the fractions of sites allowed for O/V mixing within
the sublattices become p;= 0.5(1 — y;)/t; and pa= 0.5(1 - y2)/t2, where
ti= 2 - 1.5(1 - y;1) and tp= 2 — 1.5(1 - y»), respectively. With the
modified equations for pi, po, t1, and ts, Eqn. 7 is retained. We note,
however, that Eqn. 7 evaluates only the configurational entropy due to
O/V mixing. In the quinary model a contribution due to the mixing
between Pu™ and U** over the M sites in MO, and My, 25Pug 7501 625
must be added. Under the assumption of regular mixing, this extra term
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is given by Eq. (11):

seonf — _yR(nalnny + (1 —ny)In(1 — ny))

— uR(nslnnz + (1 —n3)In(1 —n3)) an

where ny = x5 / (x2 + xs5) and n3 = x3 / (x3 + x4).

The excess enthalpy in the quinary model contains the pseudo-
ternary mixing term (the analogue of Eqn. 8) and two additional Mar-
gules terms related to the excess interaction between UO; and PuO; and
between Pug asPug 7501625 and UgosPug 7501625, A combination of
these terms gives Eq. (12):

G = ZXIXI (Xiwg' + X;Wg) +ymi (1 — ) Wypy + una(1 — nz) Wy pu.

i ij
7
(12)

The mole fractions of PuO; 5, MO, and Mg 25Pug 7501 625 endmem-
bers contributing to the ternary term are givenas X; =1-y—4u, Xz =Y,
and X3 = 4u , respectively. Wyp, is designated as the parameter A5 in
Table S3. The Gibbs free energy of mixing of FCC or BCC is described
with Eq. (13)

Gmix — Gref 4 GeXeess _ T(g(c)({?f + S]c\gnf) . (13)

2.3. Extension of the FCC model to § > 0

Although the description of the UO;—PuO5—PuO; 5 system does not
require states with § > 0, it is convenient to have a model of FCC that is
also applicable to the UO3—UO2—PuOy—PuO; 5 system. Particularly,
such a model could be used for fitting AGpy vs. O/M data, when the
interval of measured values extends to O/M > 2.0. The extension to § >
0 requires little effort. Indeed, when § > 0, the reduced endmembers
PuO; 5, PugosPug 7501625, and UgasPug 7507 625 become redundant.
Thus, the states 6 > 0 can be modelled with three endmembers: UO,,
PuO, and UO5 5. Within the 5 > 0 domain, the endmember fractions are
set as follows. First, a stoichiometric solid solution is defined as a
mixture of z moles of PuO; and 1 — z moles of UO,. Then a fraction b of
UO, is oxidized into UO4 s and the final fractions of UO,, PuO,, and
UO2 5 become 1 -z -b, 2, and b, respectively. The excess Gibbs energy of
mixing is modelled with Eqn. 8. Following the previous modelling [29],
we assume that the fluorite solid solution exists only over the interval
-0.5 <6 <0.33, thus, the oxygen interstitials are allowed to occupy only
1/5 of the available interstitial sites. The fraction of O-interstitials within
the available sites is thus nj= 3b/2, and the entropy of Oi/Vi in the
oxidized domain is modelled with Eq. (14):

Semt = ~R/3(mlnm; + (1 —m)In(1 - ny)). a4

Put* and U** are assumed to be mixed ideally over 1 - b sites, while
U™ cations are assumed not to contribute to the configurational en-
tropy. The distribution of U™ over M sites is thought to be fully deter-
mined by the distribution of O-interstitials over the interstitial sites.
Thus, the entropy of cations is modelled with Equation 15:

Seonf = —R(1 —b)(nalnng + (1 — ny)In(1 —ny)), (15)

where ny= 2/(1 - b). The solid solution over the interval of -0.5 < § <
0.33 is modelled by combining the models for § < 0 and § > 0 as
overlapping domains.

2.4. Modelling of the rhombohedral phase

The rhombohedral M;0;, phase (O/M = 1.714) is modelled here as a
regular binary solid solution of two endmembers Us,7Pu4,7012,7 and
Pus,7Pu4,7012/7. The excess Gibbs energy of mixing is described with
Eq. (16):

Journal of Nuclear Materials 619 (2026) 156244

(Gexcess

3
= 7715(1 — ni5) Wupu, (16)

where ns= 7(1 - 2)/3 is the mole fraction of Us,7Pu4,7012,7, and Wy py
is the same as in Eqn. 12. The entropy of mixing of U™ and Pu™ over 3/
7 of M sites is described with Eq. (17):

S5 = -2 R(nglnng + (1~ ns)in(1 ~ ). a7

2.5. Ion-packing model for the lattice parameter

Several studies have shown that the lattice parameters of pure UO,
and PuO; and of various fluorite solid solutions, e.g., lanthanide- and
actinide-doped UO,, could be successfully modelled with ion-packing
models [29,33-37]. This study follows the approach developed in [29,
34,371, which is based on the following relationship between the lattice
parameter, a, and the sum of the average radii of cations, (Rc), and
anions, (Ra), given in Eq. (18):

a = Z=((Re)+ (R). s
Eqn. 18 assumes that cations and anions touch each other along the
main diagonal of the cubic cell as hard spheres. An overlap of anion
spheres along [001] is allowed in the present model. See [35] and [36]
for alternative parameterization models of the lattice parameter. The
average radii are computed from Shannon’s ionic radii [38] and from
fractions of cations and anions appearing in a structural formula. This
approach is applied here to develop equations for the lattice parameters
of FCC, BCC and R3 phases. Importantly, when the cation and anion
fractions are computed from the output of the thermodynamic model,
the lattice parameter of a given phase becomes a function of the ther-
modynamic parameters defining the equilibrium, namely, the temper-
ature, the oxygen partial pressure and the total Pu/(U+Pu) ratio.

The main effort in the lattice parameter modelling is to compute
cation and anion fractions consistently with the thermodynamic output.
Similarly to the thermodynamic model, the ion-packing model benefits
from the concept of associates that can be appropriately split into ionic
species. Particularly, it appears easier to describe the variation of the
lattice parameter in the PuO; s—PuO; binary at the ionic level, while the
effect of the PuO; g25 endmember can be more conveniently considered
at the level of mixing of associates. The effect of U™ is taken into ac-
count by replacing Pu™ cation by a mixture of U™ and Pu™ cations in a
defined proportion. Importantly, the ion-packing model benefits greatly
from the concept of vacancy-vacancy avoidance introduced in the
thermodynamic section. This ordering translates into a restriction
requiring the cation species to have only three coordination numbers, 8,
7 and 6.

Practically, the lattice parameters of FCC and BCC phases are
calculated as follows. PuOy and UO, contribute Put* and U** as 8-fold
coordinated cations, while the PuO; 5 (FCC or BCC) brings about Put®in
the 6-fold coordination. Here we consider a simplified structural model
of a PuO; 5 endmember, in which the vacancies are arranged over a BCC
sublattice within the simple cubic lattice of oxygen sites in fluorite. In
such a model all Pu™ cations are 6-fold coordinated. In the ordered
endmembers, Pug 25Pu.7501 625 and Ug asPug 7501 625, the average co-
ordination number of cations is 6.5. Assuming that only 7- and 6-fold
coordination numbers contribute to this average value, and that the
largest cation, Pu’3, prefers the 7-fold coordination, the structural for-
mulas of the ordered endmembers are written
{Pug3sPuj3;} [Puj2]Or 625 and {U{3sPui3s} [Pui2]O1 625, where the
curly and square brackets embrace 6- and 7-fold cations, respectively.
The average fraction of vacancies is given as v =
(0.5x140.375x3+0.375x4)/2, and the average fraction of O-anions is 1 —
v. Consequently, the average radius of an anion is counted as (Ry) =
Ryv+ Ro(1 — v). Then we note that the coexistence of 8- and 6-fold
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cations within the same lattice should cause the appearance of a certain
fraction of 7-fold cations. The fractions of 8-, 7-, and 6-fold cations that
occur due to the mixing of PuOjy, UO;, and PuO; s (that are not
consumed within the ordered endmembers) are counted under the
assumption that vacancies, which are brought to the lattice due to
PuOs s, are arranged over a BCC sublattice within the simple cubic lat-
tice of oxygen sites. In such a model, the M site is surrounded by 6 ox-
ygen anions and by 2 oxygen sites that are partially filled with vacancies.
The average vacancy concentration in the latter sites is m, m = x1/
(x1+x2+xs), and the 8-, 7-, and 6-fold coordinated cations occur with the
fractions (1 — m)z, 2m(1 — m), and m2, respectively. The endmember
fractions and fractions of cations contributing to the average cation
radius in FCC or BCC are given in Tables S1 and S2.

The pseudo-cubic lattice parameter of the rhombohedral M3Pu4012
phase, where M = {Pu+4, Ut} is calculated referring to the structural
model of Zr3Y40;2 §-phase derived by Bogicevic et al. [31] from atom-
istic simulations. According to the latter, the larger cation, Y*3, occupies
a 7-fold site, while Zr™* is both in 7- and in 6-fold coordination in the
proportion of 2/3 and 1/3, respectively. The coordination numbers of
M and Pu™ cations are assigned similarly to those of Zr** and Y*3,
while the fraction of Ut# in the M site is calculated 7(1 -2)/3, where z =
Pu/(Pu + U). The average radius of an anion in M3Pu40O13 is counted as
(Ra) =2Rv+ SRo.

The radius of 02 is set 1.374 A as in [34,37,29]. The latter studies
have shown that the cubic lattice parameter of fluorite materials can be
successfully modelled under the assumption that a vacancy has a defined
radius, which is significantly larger than the ionic radius of O~2. For
example, in the study of lanthanide-doped UO3 [37], the value of 1.541
A was used. This value was initially tried here; however, we noticed that
the data for the pure PuO;s5—PuO; system requires a significantly
smaller effective radius of the vacancy of ~1.460 A. This suggested that
the radius of a vacancy should be made dependent on the type of metal
cation. Indeed, the simple interpolation via Equation 19

Rv = ZRv(pu) + (1 - Z)Rv(U), (19)

where Rypy) = 1.460 A and Ry = 1.541 A, was found to fit the data
well. The radii of cations are adopted from [29] with slight modifica-
tions (Table S2). Eqn. 19 predicts a positive deviation of the lattice pa-
rameters of fully reduced FCC and BCC phases from the Vegard law. The
positive deviation occurs because in the vicinity of PuO; s, the lattice
parameter elevates over the Vegard law consistently with Eqn. 19,
however, when Pu/(Pu + U) approaches 0, this effect vanishes, as there
are no vacancies left. The positive deviation fits well with the data of
Sari et al. [11] and Dean et al. [15]. It is important to mention that the
experimental BCC lattice parameter should be divided by 2 to be
compared with the present model. The lattice parameter of the R3 phase
could be compared to the model prediction only when the structure is
refined in the pseudo face-centred setting [39].

The thermal expansion of FCC, BCC, and R3 is modelled here with
the equation given by Kato et al. [40] for MOX, which considers effects
of variable Pu/(Pu + U) and O/M ratios. However, the application of this
equation at high O/M values gives inconsistent results when compared,
for example, with the data of Markin and Street [17] for Pu42 and Pu58.
The simulation study of Porto et al. [41] confirmed the equation of Kato
et al. [40] for stoichiometric samples, but suggested that it exaggerates
the effect of O/M. According to the results of Porto et al. [41], the effect
of O/M is negligible at temperatures below 2000 K. Similar conclusions
have been met in experimental studies of MOX [23], and other actinide
dioxide systems [42,43]. Thus, we have chosen to use the equation of
Kato et al. [40] with the O/M correction switched off. The equation of
Martin [44] for UO, fluorite without a correction for the Pu/(Pu + U)
ratio was also tested giving very similar results.
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2.6. Fitting strategy

The starting idea in the fitting of phase relations in PuO; s—PuO; is
that the FCC and BCC phases converge to the same FCC phase above a
certain temperature, which is assumed to be 1800 K. The main ther-
modynamic difference between BCC and FCC is thought to be associated
with a stronger ordering of anions in BCC at O/M ~ 1.50 and O/M ~
1.625. The effect of the ordering at O/M ~ 1.50 on the Gibbs free energy
of BCC is considered by setting different values for AG? and AS? pa-
rameters of PuO; 5 and PuO, in BCC and FCC. The effect of ordering in
BCC at O/M ~ 1.625 is emulated by making the AG? parameter of
Pug 25Pug 7501 625 in BCC to be significantly more negative relatively to
that in FCC. Because BCC and FCC are considered to be the same phase
above 1800 K, we assume that the Margules interaction parameters are
the same in both phases, and that the free energy differences between all
the endmembers in BCC and FCC vanish at ~ 1800 K. The latter
assumption was used initially to constrain the values of AG? and AS?
parameters of PuO; 5 and PuO; in BCC and FCC but was not followed in
the end. To assure that BCC phase does not appear above 1800 K due to
positive AS? parameters, BCC was excluded from equilibrium calcula-
tions above 1800 K. The initial values for the parameters of the FCC
phase were taken from the study of Vinograd et al. [29]. The Margules
parameters were adjusted to give a good representation of the AGpy vs.
O/M data of Besmann [13] within the temperature range of 1273 -1610
K (see Fig. S6). This strategy permitted to make a rather good fit to the
shapes of the BCC + FCC and FCC(1) + FCC(2) miscibility gaps.
Simultaneously, we noted that the strong ordering in BCC at O/M ~
1.625 causes a miscibility gap within the BCC phase at low tempera-
tures, such that a phase with the composition of ~1.625 coexists with
another phase with the composition of ~1.50. This BCC(1) + BCC(2)
gap closes at about 700 K. The prediction of two BCC phases consistently
with the experiment confirmed the assumption of a strong ordering ef-
fects at O/M ~ 1.625. Further we introduced a stochiometric compound
with O/M = 1.5 to emulate the hexagonal f-Pu03 and tuned its AG? and
AS? parameters such that the two-phase field, p-Pu,O3 + BCC(2), cuts
the top of the BCC miscibility gap at ~670 K. Further, by slightly tuning
the Margules parameters we could closely match the temperature of the
triple point and the closing temperature of the FCC(1) + FCC(2) gap
from Boivineau [12]. The constraints of W%,, = 0.25 W$,, and W%,,
= 0.75 W%,, were kept in the fitting. The enthalpic parameters Wi,,
and Wh,; were set to be ~8 % smaller that WY, and Wh,,.

The fitting to data for UO;—PuO; 5—PuO; was performed under the
assumption that the Pu/(Pu + U) ratio is the same in FCC, BCC and R3
phases and is equal to the total Pu/(Pu + U) ratio in the system (kinetic
arguments in favour of this assumption are discussed in Section 2.2). The
hexagonal phase was excluded upon a consideration that U/(Pu + U)
ratio in this phase must be very small and that the formation of this
phase from U-rich BCC should be kinetically hindered. The AG? and AS?
parameters of the Ug 25Pug 7501 625 and UO5 endmembers in BCC were
adjusted to provide the best description of the high-temperature XRD
data of Dean et al. [15], Belin et al. [18], Vauchy et al. [23], and Markin
and Street [17]. Particularly, the AG? and AS? of the UO2 endmember
were fixed such that the BCC is stable at ambient temperature at Pu/(Pu
+ U) > 0.36, while the BCC(2) + FCC(1) + FCC(2) triple point occurs at
Pu76 at 840 K consistently with the study of Dean et al. [15]. The Gibbs
free energies of Us/7Pus/7012/7 of Pus,7Pus,7012,7 endmembers of R3
were set such that this phase becomes unstable at Pu/(Pu + U) > 0.95,
while its stability at Pu/(Pu + U) = 0.62 is limited by the interval of 298
K<T<750K.

The assessed thermodynamic parameters are given in Table S3
(Supplementary materials).
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3. Results
3.1. The assessed phase relations in PuO; 5s—PuO,

The phase relations in PuO; s—PuO, were calculated as a function of T
and AGo, = RTIn(Po, /P°), which were varied within the intervals 273 K
< T < 2173 K and -1500 kJ/mol < AGo, < 0 kJ/mol with the steps of 25
K and 1 kJ/mol, respectively. The total Gibbs free energy minimum was
computed at each pair of AGo, and T with a FORTRAN code. The lattice
parameters were calculated for the stable BCC and/or FCC phases with the
aid of the ion-packing model. Fig. 5 plots the temperature as a function of
O/M, while Fig. 6 shows the same phase relations by plotting the equi-
librium cubic lattice parameters of FCC and BCC as a function of tem-
perature. The BCC(1) and BCC(2) phases are considered here to belong to
the same solid solution phase. They become distinguishable because of the
miscibility gap developing within BCC. a-PupO3 (BCC(1)) is predicted to
be the most stable phase at 298.15 K at O/M = 1.5, while $-PuyOs is
predicted stable at T > 550 K. The BCC + FCC(1) + FCC(2) triple point is
located at 890 K, in a reasonable agreement with the data of Boivineau
[12] (Fig. 6). The BCC + FCC loop is in good agreement with the data of
Chéreau et al. [24] and Besmann [13]. However, the BCC/FCC transition
at PuO; 5 is placed here about 300 K higher in temperature relative to the
diagrams of Besmann [13] and Guéneau et al. [6]. The higher termination
temperature is a consequence of a reinterpretation of the AGo, vs. O/M
data of Besmann [13] at 1400 K. In our interpretation, the two-phase FCC
+ BCC field at the low oxygen side does not exist, while the field of sta-
bility of BCC expands to lower O/M values until it is cut by the two-phase
B-PugO3 + BCC field. The wider field of the single-phase BCC at 1400 K
requires its expansion to higher temperatures. A small inflexion in the
AGo, vs. O/M data at 1610 K (Fig. S6) seems to support our interpretation,
as it can be attributed to the transition from p-PuyOs + BCC to the
single-phase BCC field.

The assessed differences in the thermodynamic data of PuO, fluorite
and p-PuyO3 (Table S3) AG®= —216.5 kJ/mol, AS°= —17.18 J/K/mol,

Chikalla64
Vauchy24
Gardner65
Ohse&Ciani67
Chereau77
Besmann87

1000

Temperature, K

oM

Fig. 5. The assessed phase relations in the PuO; s—PuO, system within the
interval of 1.5 < O/M < 2.0. The experimental data are from Sari et al. [7,11],
Chikalla et al. [9], Gardner et al. [10], Vauchy et al. [23], Chéreau et al. [24],
Ohse and Ciani [14], and Besmann [13]. Blue and pink circles correspond to
FCC and BCC phases, respectively. Each circle represents a result of total Gibbs
free energy minimization constrained by values of AGp,and T. The parameters
were varied within the intervals of 273 K < T < 2173 K and -1500 kJ/mol <
AGo, < 0 kJ/mol with the steps of 25 K and 1 kJ/mol, respectively.
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are from Boivineau [12].

compare well with the values of —200.6 + 6 kJ/mol, and —15.4 + 0.6 J/
K/mol given in the review of Chartier et al. [45]. The AC‘;:14.5
J/K/mol adopted here is close to the average heat capacity difference of
18.6 J/K/mol between PuO; and p-PuyOs3 over the interval of 300 — 1600
K computed using Cp(T) equations provided by Konings et al. [46].

3.2. The assessed phase relations in UO,—PuOj 5—PuO,

The phase relations in UO3—PuO; 5—PuO; are very sensitive to the
AG? and AS? parameters of the UO, BCC endmember, which are set here
2.0 kJ/mol and 0.0 J/K/mol, respectively. These values fit the triple
point of BCC + FCC(2) + FCC(1) in Pu76 at ~840 K, consistently with
Dean et al. [15], and constrain the stability of BCC at 298 K at Pu/(Pu +
U) > 0.36, a compromise result that agrees with the data of both Dean
et al. [15] and Sari et al. [11]. The results of the calculations are pre-
sented in Figs. 7-13 and Fig. S6-S10. The phase relations at Pu76 (Fig. 7)
are very similar to those at Pul00 (Fig. 6). The main difference is that at
Pu76 the triple point moves to about 60 K lower temperature and that
the rhombohedral phase becomes stable below the triple point. Dean
et al. [15] assumed this phase to be M;015 (O/M = 1.714), however,
they noted that its composition appeared to be closer to 1.70. Here, this
phase is modelled as M;0;15 (O/M = 1.714), and its pseudo-cubic
parameter is predicted to be about 0.01 A smaller relative to the
values measured by Dean et al. [15]. This deviation is consistent with
the more reduced composition of the R3 phase estimated by Dean et al.
[15]. Fig. 8 illustrates the phase relations within the range of Pu62 —
Pul4 consistently with compositions of the samples studied by Belin
et al. [18]. With the decrease in Pu/(Pu + U) ratio from 0.62 to 0.46 the
triple point drops down from ~760 K to ~580 K, and at Pu/(Pu + U) =
0.35 BCC is unstable. The closing temperature of the FCC(1) + FCC(2)
gap decreases from ~850 K at Pu/(Pu + U) = 0.62 to ~460 K at Pu/(Pu
+ U) = 0.14. The R3 phase is predicted to be stable at Pu62 (Fig. 8 (a)),
consistently with the result of Dean et al. [15], however, the XRD data of
Belin et al. [18] for Pu62 seems to be inconsistent with the presence of
R3. The lattice parameter of the low-oxygen phase is ~0.015 A smaller
than the predicted values of the pseudo-cubic parameter of R3. Thus, the
simulations suggest that the formation of R3 was either suppressed at
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Pu62 or this phase was quickly oxidized and transformed into FCC. The
latter explanation is plausible due to the prompt oxidation of
hypo-stoichiometric phases even at low temperatures [47].

Although BCC was not observed in [17] and [18], the lattice
parameter data of Belin et al. [18] for Pu62, Pu54, Pu46 (Fig. 8 (a-c)), as
well as the data of Markin and Street [17] for Pu42 and Pu58 (Fig. S7 (a,
b)) do not contradict the presence of a BCC phase at these compositions.
The low-temperature tails of the data of Markin and Street [17] for Pu42
and Pu58 (Fig. S7 (a)) fit well with the BCC + FCC equilibrium. The
shape of the miscibility gap in Pu35 (Fig. 8 (d)) is consistent with the
instability of BCC at this composition. In the case of Pu24, the gap
closing is predicted at ~600 K, consistently with the experiment, how-
ever, the assessed width of the gap is much wider (Fig. 8 (e)). It appears
that in the case of Pu24, the experimental conditions were not optimal
for observing the full width of the gap, possibly, because the O/M
fraction of the sample when it entered the two-phase field was already
close to 2.0. In the case of Pul4 the model predicts immiscibility below
460 K (Fig. 8 (f)). The data of Belin et al. [18] do not show an immis-
cibility at this composition, apparently, because the O/M ratio of the
sample has reached the value of ~2.0 before entering the gap. Further
tests to the accuracy of the present model are provided by DSC and
HT-XRD data on Pu30 and Pu45 constraining the closing temperature of
the FCC(2) + FCC(1) gap. The predicted diagrams compare favourably
with available data (Fig. 9 (a, b)).

Fig. 10 shows the shape of the miscibility gap in O/M vs. Pu/(Pu + U)
plot at 473 K together with the data of Sari et al. [11]. The experimental
data correspond to samples with the composition in the range of 0 <
Pu/(Pu + U) < 0.97, either synthesized at 1773 — 2273 K and then slowly
cooled to room temperature or annealed at 473 K and then slowly
cooled. We tentatively assume that these samples were equilibrated at
~473 K. The model predicts the FCC to BCC transition at Pu/(Pu + U) ~
0.4 in reasonable agreement with the experiment. The rhombohedral
phase is predicted to be stable at 0.57 < Pu/(Pu + U) < 0.96, in
agreement with Dean et al. [15]. This phase was not observed in the
study of Sari et al. [11], however. The same phase relations are depicted
in Fig. 11 as the lattice parameter vs. Pu/(Pu + U) diagram together with
the experimental data from Sari et al. [11] and from Dean et al. [15].
Although the data of Dean et al. [15] are claimed to represent room
temperature, we speculate that, due to kinetic constraints, the realistic
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equilibration temperature was a bit higher. Thus, these data are plotted
at 473 K. The thermodynamic calculations align well with the data.
Figures S8, S9 and S10 illustrate the variations of phase relations within
the interval of 273 K < T < 873 K.

Knowing the equilibrium temperature and the lattice parameter al-
lows one to determine the corresponding O/M value and/or the AGo,.
This, in turn, permits comparing data of different types obtained in
different experimental studies. For example, in Fig. 12 the lattice
parameter data of Belin et al. [18] for Pu46 are plotted in a T vs. O/M
diagram. This allows for a direct comparison with the DSC data of
Vauchy et al. [22] for Pu45. Clearly, the two datasets agree very well
with each other suggesting that the two phases that occur due to the
phase separation are in the thermodynamic equilibrium. This
inter-phase equilibrium does not imply, however, that both phases occur
in equilibrium with the gas phase. Figures 13(a) and 13(b) plot AGo, vs.
O/M for the samples Pu46 and Pu45, respectively, annealed at different
cooling rates. The data of Belin et al. [18] (Fig. 13(a)) obtained at the
cooling rate of 3 K/s, between two temperature steps separated by 50 K,
strongly deviate from the equilibrium with the gas phase, while the data
of Vauchy et al. [22] obtained at much slower rate of 0.005 K/s closely
approach the state of the thermodynamic equilibrium (Fig. 13(b)). The
phase separation occurs in the former, but not in the latter case. This
shows that the oxygen potential set in equilibrium experiments of
Vauchy et al. [22] was higher than that required for observing the gap,
while the strong disequilibrium with the gas phase occurring in the
experiments of Belin et al. [18] allowed the samples to reach the
reducing conditions that are consistent with the gap.

4. Discussion

The developed models of BCC and FCC solutions explain the main
features of the PuO; 5 — PuO, diagram [6] (Fig. 1), providing simulta-
neously a slightly different interpretation of the relationship between the
observed phases in detail. Progress is achieved by explicitly considering
the effects of vacancy ordering, which are thought to be responsible for
structural and thermodynamic distinction between FCC and BCC. At
temperatures above ~1750 K, the only solid solution phase is FCC fluorite.
The vacancy distribution in fluorite is thought to be affected by
short-range ordering even at high temperatures. This SRO, driven by the
vacancy-vacancy repulsion, is thought to become particularly strong at
O/M ~ 1.5 leading presumably to the formation of BCC-like ordered do-
mains in anti-phase orientation with each other. At about 1750 K, Ia3
domains with a certain orientation win, and the BCC phase forms. Due to
the change in symmetry the Gibbs free energy of the PuO; 5 endmember in
BCC becomes slightly more negative relatively to the same endmember in
FCC. BCC and FCC phases coexist along a single two-phase field, which
becomes wider with the decrease in temperature (Fig. 5). The mixing
properties of both FCC and BCC solid solutions at high temperatures are
determined by positive configurational entropy due to the O/V disorder
and by the excess Gibbs free energy, which is composed of large positive
excess enthalpy and entropy terms. At high temperatures, the latter con-
tributions compensate for each other, favoring miscibility, but, at about
950 K, and O/M ~ 1.85 the FCC phase separates into FCC(1) and FCC(2).
This immiscibility does not affect BCC, because the O/M range of BCC
does not exceed 1.71. At ~890 K, FCC(2) becomes unstable relative to
BCC and FCC(1), and below this temperature BCC coexists with
oxygen-rich FCC(1). At lower temperatures the phase relations become
more complex because of an additional SRO effect occurring at O/M ~
1.625. Due to this effect, the Gibbs free energy decreases particularly
strongly at O/M ~ 1.625, and the excess Gibbs free energy is more closely
described as consisting of two hills elevating at both sides of a valley
centered at O/M = 1.625 (Fig. S5). This peculiar shape of the excess free
energy is responsible for the phase separation effect developing in BCC
below ~700 K (Fig. 5). This ordering has little effect on FCC, because the
composition of FCC in equilibrium with BCC is shifted to larger O/M
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The experimental data are from Sari et al. [11].

values. Within the range of 700 K — 600 K two miscibility gaps, BCC(1) +
BCC(2) and BCC(2) + FCC(1), exist simultaneously, but at ~ 600 K the
free energy of the BCC(2) becomes unstable relative to the mixture of BCC
(1) and FCC(1), and at T < 600 K BCC(1) coexists with a nearly stoi-
chiometric FCC(1). The phase relations at 1.5 < O/M < 1.625 are further
affected by the stabilization of the hexagonal $-PuyOs, which has a larger
entropy and a larger standard Gibbs free energy than the PuO; 5 end-
member of BCC. Thus, BCC(1) is the most stable phase at 298.15 K and at
O/M = 1.5. p-Puy03 forms at about 550 K and at 550 K < T < 670 K, it
coexists with BCC(1). At ~670 K, the condition for the triple point of
B-PugOs + BCC(1) + BCC(2)) is met. At higher temperatures, BCC(1)
vanishes and B-PuyOs coexists with BCC(2) up to ~1750 K. The predicted
diagram (Fig. 5) differs from the currently accepted model of Guéneau
et al. [6] in three main aspects: 1) the stability of BCC is extended to ~300
K higher temperature; 2) “PuO; 52" and “PuQO; 61" phases belong to the
same BCC solid solution phase; 3) the hexagonal phase is stable above
~550 K.

12

The HT-XRD study of Boivineau [12] (Fig. 6) located the BCC + FCC
(1) + FCC(2) triple point at ~940 K (see the data at O/M = 1.91). In our
assessment, this point is shifted to about 50 K lower temperature. This is
done as a compromise attempting to minimize model misfit with the
results of Boivineau [12], on the one hand, and with the DTA results Sari
et al. [11] and DSC results of Vauchy et al. [23], on the other hand. The
problem is that Boivineau [12] located the closing of the FCC gap at
~1040 K, while the studies of Sari et al. [11] and Vauchy et al. [23]
located it at about 150 K lower temperature. The disagreement between
the present assessment and Boivineau [12] could be explained by noting
that the experimental runs of Boivineau were done on heating, thus, the
three-phase assemblage recorded at ~940 K could have equilibrated at a
slightly lower temperature. Still, the location of the triple point at ~890
K contradicts the closing temperatures measured in the DSC and DTA
studies of Vauchy et al. [23] and Sari et al. [11], i.e., if the gap closes at
~890 K, then the triple point should be moved to an even lower tem-
perature. Not excluding such a solution, we propose here a different
interpretation. Under the assumption that the present assessment is
correct, the flat segment of the DSC data of Vauchy et al. [23] that is
spreading over 1.77 < O/M < 1.92, as well as one data point of Sari et al.
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[11] at O/M = 1.94, (Fig. 5) are consistent with the BCC + FCC(2) = FCC
(1) transformation. The data of Vauchy et al. [23] at O/M > 1.92 fall
closely to the predicted BCC + FCC(2) = FCC transformation boundary.
The data of Sari et al. [11] at ~ 1.71 and 1.74 appear to match the
metastable continuation of the FCC(1) + FCC(2) loop into the BCC(2) +
FCC(1) field. Clearly, this interpretation is tentative, and neither DSC,
nor DTA signals contain definitive information on the nature of recorded
transformations. Further experimental and modelling effort are needed
to fully understand this complex part of the diagram.

The O/M vs. Pu/(Pu + U) plot in the ternary UO;—PuO; 5—PuO,
system (Fig. 10) can be directly compared to the diagram of Guéneau
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et al. [6] at 473 K (Fig. 2). The main difference is that in our model the
BCC phase is predicted stable not only in the PuO; s—PuO; binary, but
also over a wide range of Pu/(Pu + U) values in the ternary. We also
predict phase separation in BCC. The hexagonal phase is predicted stable
only at T > 550 K; thus, it does not appear in the 473 K plot. The
BCC/FCC transition is predicted at Pu/(Pu + U) ~ 0.4 in fair agreement
with the diagram of Sari et al. [11]. The variations of the phase relations
as functions of the composition and temperature are illustrated with
Figs. 7, 8, and 11, and with Figures S7, S9 and S10. An important
observation is that the phase relations in O/M vs. Pu/(Pu + U) and in T
vs. O/M plots appear to be topologically similar. The decrease in Pu/(Pu
+ U) and an increase in the temperature have qualitatively similar ef-
fects on phase relations. This can be rationalized noting that both an
increase in the fraction of U and an increase in the temperature stabilize
solid solution phases by increasing their TS terms. Similarly to the phase
relations in T vs. O/M diagram (Fig. 5), the BCC is separated from FCC
via a BCC-FCC loop (Fig. 10 and Fig S9), while the collision of this loop
with the FCC(1) + FCC(2) gap leads to the formation of the triple point.
Thus, the transition from FCC to BCC in the ternary system necessarily
involves the formation of the triphasic assemblage. Although the FCC +
BCC assemblage is very important for explaining phase relations in O/M
vs. Pu/(Pu + U) at Pu/(Pu + U) > 0.4, the data of Markin and Street [17]
for Pu42 and Pu58 and of Belin et al. [18] for Pu46, Pu54 and Pu62 do
not provide evidence for the formation of BCC at these compositions. On
the other hand, modelling the latter data as FCC(1) + FCC(2) equilib-
rium would have resulted in a problem describing the data of Sari et al.
[11] and Dean et al. [15].

The rhombohedral phase is predicted to be stable at T < 750 K and at
0.57 < Pu/(Pu + U) < 0.96. According to Sari et al. [11], the hexagonal
B-PuyOs exists at ambient temperatures only at Pu/(Pu + U) > 0.97. In
the present assessment of UO;—PuO; 5—PuO; equilibria, this phase is
excluded, however, its presence in the PuO; s—PuO> subsystem is indi-
cated in the ternary diagrams.

Importantly, the present assessment of equilibria in
UO3—PuO; 5—PuO, assumes that no U/Pu partitioning between
different phases have occurred under the conditions of the relevant ex-
periments. This assumption fits well with the experimentally determined
cation interdiffusion coefficients that are too small at the phase
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Vauchy16 5% H, + 20 ppm H,0, 0.005 Kis
Theory 5% H, + 20 ppm H,0

Vauchy16 5% H, + 200 ppm H,0, 0.005 Kis
Theory 5% H, + 200 ppm H,0

qooob—L v 111

B0 0

1.8 184 188 192 1.9 2
oM

Fig. 13. Predicted phase relations at Pu46 and Pu45 in comparison with the experimental data of Belin et al. [18] (a) and Vauchy et al. [22] (b). Solid lines are the
isotherms of AGo, = RTIn(Po, /P°) computed at thermodynamic equilibrium. Open circles correspond to O/M values recalculated from the lattice parameter data
reported in the studies. Filled circles correspond to O/M values predicted at thermodynamic equilibrium with He gas containing 5 % of Hy and n ppm of H,O. The
data set of Belin et al. [18] strongly deviates from the thermodynamic equilibrium with the gas, however, the low-temperature tail of the data has reached the
conditions of the miscibility gap. On the contrary, the data set of Vauchy et al. [22] much closely corresponds to the thermodynamic equilibrium. The conditions of
the two-phase equilibrium were not met, and the phase separation was not observed in the study. The reason for the qualitatively different results obtained by Belin
et al. [18] and Vauchy et al. [22] is the difference in cooling rates, which were 3 K/s and 0.005 K/s, respectively.
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separation temperatures to allow any U/Pu segregation [16,47-50].
Thus, BCC, FCC and the rhombohedral phase are assumed to have the
same Pu/(Pu + U) ratios in all experiments selected for the assessment,
and this constraint is implemented in the thermodynamic modelling.
The experimental observation of the occurrence of R3 within 0.6 <
Pu/(Pu + U) < 0.9 interval at room temperature is consistent with the
assumption of the absence of U/Pu partitioning, because, if R3 is
requested to have the Pu/(Pu + U) ratio equal to the total Pu/(Pu + U) in
the system, it could be stable only at Pu/(Pu + U) > 4/7 (i.e., at Pu/(Pu
+ U) > 0.5714), as is observed. The absence of the hexagonal phase at
Pu/(Pu + U) < 0.97 is also consistent with the assumption of ineffec-
tiveness of U/Pu partitioning between different phases. The $-PuyO3
phase likely can hold only a little fraction of UOs, and, thus, its crys-
tallization from an UO-rich FCC or BCC would necessarily require U/Pu
partitioning and solid-state U/Pu diffusion to occur. The slowness of the
latter would prevent the formation of p-PuyOs in a measurable quantity.
Good fit to most of the experimental data in UO3—PuO; 5—PuO5 ach-
ieved here under the applied constraint suggests that the original data
represent constrained equilibria. If true unconstrained equilibrium
would hold and if U/Pu partitioning between phases would be efficient,
then the Pu-rich p-PuzO3 could possibly appear in phase assemblages at
lower Pu/(Pu + U) ratios. As most of the data considered in the present
study fall within the range of 298 K < T < 1000 K, and as these data are
fitted well with the constrained option, we assume that the U/Pu par-
titioning remains effectively frozen below ~1000 K. The absence (or
extreme slowness) of U/Pu partitioning is consistent with a difficulty of
experimental observation of triphasic assemblages [16,18]. The same
Pu/(Pu + U) ratio in all phases has a consequence that the area of a
triphasic assemblage on an O/M vs. Pu/(Pu + U) diagram must be zero.

The absence of U/Pu partitioning at experimental conditions implies
that the thermodynamic assessment algorithm, when applied to such
data, should have the constraint of the equal Pu/(Pu + U) ratios in the
relevant phases. However, the application of the constrained model at
high temperatures might be erroneous. Indeed, in the experiments of
Vauchy et al. [50] well defined diffusional profiles in diffusion couples
were obtained within days at ~1800 K.

The slow rates of U/Pu diffusion at ambient conditions might also be
responsible for the enhanced resistivity of MOX fuel to oxidation rela-
tively to undoped UO5 [51-54]. The slow U/Pu partitioning would likely
hinder the formation of the M30g phase at Pu-rich compositions. Indeed,
the HT-XRD studies of Strach et al. [52,55] have shown that M3Og can
hold only a small fraction of Pu, and that the equilibrium formation of
M30g from a Pu-rich MO, oxide involves a strong partitioning of Pu into
the parent cubic phase. This partitioning would be practically precluded
at ambient temperature, thus hindering the formation of M30g. A similar
mechanism has been recently proposed to explain the resistivity of
Ln-doped UO; to oxidation [37].

The equilibrium calculations show that phase separation phenomena
in hypo-stoichiometric MOX occur at strongly reducing conditions, i.e.,
at AGo, < —750 kJ/mol (Fig. 13). These very reduced states are best
achieved in experiments in sealed quartz capillaries, where the oxygen
partial pressure is controlled by solid-state equilibria. In the HT-XRD
experiments of Belin et al. [18] and Vauchy et al. [22], the oxygen po-
tential in the gas phase was controlled by HoO/H> equilibrium, i.e., with
an inert gas containing 5 % Hy and n ppm of HyO. With this technique, it
appears impossible to achieve states with AGo, < —570 kJ/mol [22].
This is due to intrinsic impurities they contain, as well as impurities
added by imperfect experimental setups (e.g., small leaks, material
degassing). Consequently, it is impossible to observe the phase separa-
tion, if the thermodynamic equilibrium between the solids and the gas is
maintained. This has been experimentally shown by Vauchy et al. [22]
employing cooling rates of 0.005 K/s. However, during a rapid cooling
of a sample in an HT-XRD experiment, i.e., with the rates of 2-3 K/s, the
solid phase behaves as a quasi-closed system and thus exists at much
more reducing conditions relatively to experiments that are performed
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close to equilibrium. The studies of Vauchy et al. [22] and Belin et al.
[18] illustrate these two contrasting cases. It appears that at fast cooling
rates, the solids buffer oxygen potential at values that are significantly
lower relative to a value set by the gas mixture. Apparently, in such
experiments strong oxygen potential gradients exist at grain boundaries.
Due to these gradients the O/M values of the samples increase gradually
in the course of the experiment as illustrated in Figs. 12 and 13.

As soon as the sample enters the gap, the prompt O/V diffusion
promotes the phase separation into low- and high-oxygen phases that
are in equilibrium with each other, but not with the gas phase. As the
temperature decreases further, the total O/M ratio continues drifting to
more oxidized states, as was demonstrated by Belin et al. [18]. In
two-phase assemblages, this drift could be accommodated by changing
fractions of low- and high-oxygen phases, and/or by an increase in O/M
of the oxygen-poor phase relatively to a value that corresponds to per-
fect equilibrium. Vauchy et al. [47] have shown that at ambient tem-
perature these two processes occur simultaneously. The relatively fast
oxidation of the low-oxygen BCC (or R3) phase could possibly explain
more oxidized O/M values measured for Pu62 and Pu54 relatively to
those predicted at the thermodynamic equilibrium (Fig. 8 (a, b)). The
data of Truphémus et al. [16], Vigier et al. [56], and Vauchy et al. [47]
indicate fast oxidation of the low-oxygen phase. It is likely that the
oxidation promotes the conversion of BCC (or R3) into FCC. This effect
could contribute to the difficulty of identifying the presence of the BCC
phase in HT-XRD experiments [18].

The present model consistently with Dean et al. [15] predicts the
stability of R3 within the interval of 0.57 < Pu/(Pu + U) < 0.96. The
predicted lattice parameters of R3 at Pu76 are at variance with the data
of Dean et al. [15], showing values ~0.01 A smaller than in the exper-
iment. A possible explanation is that the samples of Dean et al. [15]
contained a mixture of BCC and R3. Indeed, Dean et al. [15] wrote that,
in the experiments with O/M = 1.78, some X-ray diffraction patterns of
R3 showed superstructure lines of BCC. A possible reason for this
observation might be that the equilibration of samples with O/M >
1.714 at low temperatures started with the crystallization of a meta-
stable association of BCC + FCC. These phases reacted then to form the
stable R3, but a small fraction of BCC survived. On the other hand, when
the ordered R3 phase is formed, it is likely to survive at temperatures
that exceed its stability domain. This could be the reason for the lower
R3 termination temperature predicted here relatively to the data of Dean
etal. [15] for Pu76 (Fig. 7). Our assessment for Pu62 (Fig. 8 (a)) predicts
the stability of R3. This prediction appears at variance with the study of
Belin et al. [18], where the R3 phase was not observed. This disagree-
ment could also be attributed to a difficulty in the nucleation of ordered
R3. The likely explanation for the low-temperature tail of the data for
Pu62 is that it corresponds to the metastable FCC(2) + FCC(1) equilib-
rium, where the metastable oxidized FCC(2) replaces a more stable BCC.

5. Conclusions

Our assessment provides plausible solutions to the four problems in
PuO; 5—Pu0O; and UO2—PuO; 5—PuO, phase relations outlined in the
Introduction:

1) The field of stability of BCC phase in PuO; 5—PuO3 system should be
extended by about 300 K to higher temperatures as a compromise
between the data of Besmann [13] and Chéreau et al. [24]. The
FCC-BCC loop at the left from the BCC field is likely cut off by the
field of stability of -PupO3 + BCC.

2) The “1.52” and “1.61” phases most likely belong to the same solid
solution phase and are separated from each other by a miscibility
gap. The “1.52” phase does not have a fixed composition and should
not be modelled as a line compound. At T ~ 298 the composition of
the “1.52” phase decreases to ~1.50. BCC is thus the most stable
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PuO; 5 polymorph of at 298.15 K. The hexagonal phase is predicted
stable only at T > 550 K.

The topology of T vs. O/M diagrams in UO;—PuO; 5—PuO5 system
(Fig. 10 and Fig. S9) appears to be similar to the topology of the
phase diagram of the PuO; 5—PuOs system (Fig. 5). The O/M ratio of
BCC at the triple point is always smaller than O/M ratios of the FCC
phases. With increasing temperature, the triple point moves to a
higher Pu/(U + Pu) ratio. This effect is related to shrinking the gap
with the temperature primarily at UO,-rich composition.
Low-temperature phase relations in UO3—PuO; 5—PuOy system
could be described sufficiently well under the assumption of the
absence of U/Pu partitioning between FCC and BCC phases.

3

(7

4)

The predicted phase relations PuO; 5—PuO3 system are in a generally
good agreement with the results of the CALPHAD assessment study of
Guéneau et al. [6], although, the fit to experimental data is obtained
here with the aid of different thermodynamic models and by implying a
different thermodynamic constraint. This agreement shows that a good
fit to experimental data could be achieved withdifferent thermodynamic
tools. The main advantage of the developed hybrid approach is its ability
to evaluate equilibrium lattice parameters of FCC and BCC phases and
thus to include more experimental constraints into the assessment. Thus,
further progress in thermodynamic modelling of phase relation in
UO2—Pu0; 5—PuO; system could be foreseen when the hybrid model is
implemented into a dedicated thermodynamic software. The predicted
FCC-FCC and FCC-BCC equilibria in the ternary are in good agreement
with the data of Sari et al. [11], Dean et al. [15], and Vauchy et al. [22,
23] and with high-temperature tails of the data of Markin and Street
[17] and Belin et al. [18] that refer to FCC(1) + FCC(2) equilibrium.
However, at variance with the results of Markin and Street [17] and
Belin et al. [18], our assessment attributes the low-temperature tails of
the data for Pu62 — Pu42 (see Fig. 8 (a-c) and S7 (a,b)) not to FCC(1) +
FCC(2), but to BCC + FCC(1) equilibrium. Further investigations are
needed to support our interpretation.

The present study confirms the notion [18,22] that the phase sepa-
ration phenomenon in UO2—PuQ; 5s—PuO; cannot be observed in equi-
librium experiments where the oxygen potential is controlled by a gas
mixing equipment, which does not allow achieving AGo, values lower
than ~ -750 kJ/mol at T ~ 900 K. The gas mixing tools used in the
studies of Belin et al. [18] and Vauchy et al. [22] allowed achieving
AGo, values of ~ —570 kJ/mol, which are inconsistent with the gap.
Although MOX synthesis studies are typically performed at AGo, >
—570 kJ/mol, the phase separation is a matter of concern, because the
equilibrium with the gas is rarely achieved. Achieving the equilibrium
would require cooling rates of 1072-103 K/s [22].

A good agreement with most of available data UO2—PuO; 5—PuO;
achieved here under the constraint of the absence of interphase U/Pu
partitioning confirms indirectly the slowness of solid-state cation
diffusion in fluorite-like oxides in the temperature range where the
phase separation occurs. This implies that the thermodynamic assess-
ment of low-temperature experimental data should be performed with
algorithms that specifically preclude U/Pu partitioning. However, the
exact temperature at which the constrained option should be switched
on is still uncertain. We suggest that further modelling effort should be
made to investigate the phase equilibria in UO3—Pu0O; s—PuO; and in
UO3—UO2—Pu0O; 5—PuO; systems under both constrained and uncon-
strained conditions.

Despite remaining open questions, the predicted relationship be-
tween a, T, 2, and O/M can be used as a convenient tool for estimating
oxidation states and phase compositions of MOX samples equilibrated at
T < 1000 K.
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