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The published data for the thermodynamic functions and phase equilibria of the plutonium–oxygen system have been examined. Some inconsistencies have been found for oxygen chemical potential and
vaporization data of [Pu2O3 + PuO2x] and PuO2x domains. As the original chemical potential data were
not performed at the same temperature and O/Pu ratio, a chart with ﬁxed temperature and composition
ranges was built in order to compare all the experimental data. The discrepancies remain difﬁcult to
explain. Thermodynamic models of all the phases have been derived by the least-squares minimization
procedure using the Thermo-Calc software. The compound energy formalism with the sublattice models
(Pu3+, Pu4+)1(O2, Va)2 and (Pu3+, Pu4+)2(O2)3(O2, Va)1 have been chosen to account for the crystal structure, defect chemistry and thermodynamic properties of respectively PuO2x and PuO1.61 phases. The
liquid phase was described using the ionic two-sublattice model (Pu3+)P(O2, VaQ, PuO2, O)Q. The reliability of the reﬁned parameters is demonstrated by calculation of the phase diagram, the thermodynamic properties of the phases and the equilibrium partial pressures in the Pu2O3–PuO2 region.
Considering the large uncertainties on the experimental information, an overall good agreement was
obtained. To improve the thermodynamic description of the system, some missing experimental data
are listed.

1. Introduction
This work has formed a part of the FUELBASE project, which is
concerned with describing the thermodynamic properties and
phase equilibria of the multi-component system U–Pu–O–C–N–
Si–Ti–Zr–Mo, which is required for the prediction of the performance of candidate fuels for future nuclear power reactor systems
such as (V)HTR (Very High Temperature Reactor), GFR (Gas Fast
Reactor) and SFR (Sodium Fast Reactor) systems [1,2]. In fact, nuclear fuel production, fuel behaviour under irradiation and reactor
safety analyses of such advanced fuels require an accurate modelling of the thermodynamic data and phase equilibria of these fuel
materials. The U–Pu–O–C quaternary is the key system to study
mixed oxide (U,Pu)O2 and carbide (U,Pu)C fuels. The objective of
the present work is to provide a thermodynamic modelling of
the oxygen–plutonium binary system using the CALPHAD method
[3].
Considerable efforts have been dedicated to the thermochemical modelling [4,5] and the defect chemistry [6,7] of plutonium oxides. The model of Lindemer and Besmann has been extensively
used around the world as reference thermodynamic data for UO2,
PuO2 and (U,Pu)O2 fuels [4,5]. However, these models do not allow
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describing both thermodynamic and phase diagram data. The liquid and gas phases are not taken into account. The complex region ranging from Pu2O3 and PuO2 is not fully described. A
recent assessment has been performed by Kinoshita et al. [8] using
the CALPHAD method [3]. However, several features of the phase
diagram are not reproduced in this work such as the miscibility
gap in the PuO2x phase and the composition range of the
PuO1.61 phase. No comparison with experimental information is
presented concerning the phase diagram and for the thermodynamic data, only a few experimental values have been used for
the oxygen chemical potential data in PuO2x. Finally the model
of Kinoshita for the PuO2x phase, (Pu)1(O,Va)2, is not compatible
with the one that we use in FUELBASE to describe the ﬂuorite fcc
phase: (Pu3+,Pu4+,U3+,U4+,U5+,Zr2+,Zr4+)1(O2,Va)2(O2,Va)1 where
ionic species are introduced in the sublattices. This ionic multisublattice model is chosen to provide a more physically realistic
description of the non stoichiometry of the oxide phases related
to the defect chemistry where the metal ions, for example, of uranium, can have several valence states +3, +4, +5 as a function of
reducing or oxidation conditions. This type of model has been successfully applied to describe the cerium–oxygen [9] and uranium–
oxygen [10] systems. A new assessment of the plutonium–oxygen
system using the ionic multi-sublattice model for the oxide phases
is presented to bring a complete description of the system including the thermodynamic data for all the phases, the phase diagram,

the oxygen chemical potential and the vapour partial pressure data
versus O/Pu ratio and temperature. The thermodynamic parameters of all the phases are derived by the least-squares minimization
procedure using the CALPHAD method and the Thermo-Calc software [3]. After a brief review of the literature information on the
thermodynamic properties of the Pu–O system and a description
of the sublattice models used to describe the phases, the calculated
phase diagram and thermodynamic data will be compared to the
published data. Finally some calculations on the vaporization
behaviour of the Pu–O system will be presented.
2. Survey of literature information
Owing to its great interest for nuclear fuel application, especially (U, Pu)O2 mixed oxides, the plutonium–oxygen system has
been regularly investigated over the past several decades. The

Table 1
Crystallographic data on the phases of the Pu–O system
Phase

Lattice parameters (nm)

Space
group

Author
reference

a-Pu

a = 0.6183(1), b = 0.4822(1),
c = 1.0963(1) b = 101.79°
a = 1.1830, b = 1.0449, c = 0.9227
b = 138.65°
a = 0.31587(4), b = 0.57682(4),
c = 1.0162(2)
a = 0.46347
a = 0.3339(3), c = 0.4446(7)
a = 0.36375
a = 0.3838(1), c = 0.5918(1)
a = 1.1045
a = 1.0991
a = 0.53955

P21/m

[15]

C2/m

[16]

Fddd

[17]


Fm3m
I4/mmm

Im3m

P 3m1

Ia3

Ia3

Fm3m

[18]
[18]
[18]
[19]
[20]
[21]
[22]

b-Pu

c-Pu
d-Pu
d0 -Pu
e-Pu
Pu2O3
PuO1.52
PuO1.61
PuO2

phase diagram of the Pu–O system is still subject of controversy.
This is due to difﬁculties related to both plutonium handling and
metal–oxygen investigation at high temperature. Priority has been
given to the investigation of the oxide part over the metallic part of
the diagram. Besides, numerous studies have been undertaken to
determine the variation of oxygen potential and partial pressures
of the PuxOy gaseous species as a function of O/Pu ratio and temperature in the Pu2O3–PuO2 region which constitute crucial data
for fuel application.
The binary system Pu–O contains the gas phase, the liquid
phase, the terminal solid solutions based on the six allotropic
forms of Pu (a-Pu monoclinic, b-Pu body-centered monoclinic, cPu face-centered orthorhombic, d-Pu (fcc), d0 -Pu (bct) and e-Pu
(bcc)) and several solid oxide phases. A confusion existed in the literature regarding intermediate phases between the well-known
sesquioxide Pu2O3 (hexagonal with a small composition range at
high temperature, also designated as b-Pu2O3 or A phase) and the
dioxide PuO2 (cubic fcc with a composition range from 61.3 to
66.67 at.% O also designated as c-PuO2x phase). The intermediate
oxide phases are: the oxide PuO1.52 (bcc, also designated by cubic
Pu2O3, a-Pu2O3 or C) with a composition very close to the sesquioxide and the oxide PuO1.61 (bcc, also designated by a-Pu2O3 or C0 )
with a composition range from 61.7 to 63 at.% O. The compound
‘PuO’ has been subject of controversy. It was reported as a metastable phase by Holley et al. [11] and later included as a stable compound with a congruent melting at about 2173 K in the phase
diagram of Chikalla et al. [12]. Martin who performed some
melting tests on Pu–Pu2O3 mixtures did not observe the ‘PuO’
compound in the quenched microstructures of the samples [13].
This compound was ﬁnally recognized to be metastable in the review of Wriedt [14] and is thus not taken into account in the present work. The crystallographic data on the phases of the system
Pu–O are listed in Table 1.

Fig. 1. Pu–O phase diagram from Wriedt’s critical analysis [14].

2.1. Phase diagram
With time, successive versions of Pu–O phase diagrams have
been published by Holley et al. [11], Chikalla et al. [12], Gardner
et al. [23] Sari et al. [21], Dean et al. [24], Boivineau [20] and Besmann [25], based on experimental work. In 1990, Wriedt proposed
a phase diagram based on an extensive critical analysis of all previous experimental studies [14]. The resulting phase diagram of
Wriedt adopts the phase boundaries proposed by Sari et al. [21]
and Besmann [25] in the Pu2O3–PuO2 region. The Pu-rich boundary
of PuO2x at higher temperature is based on the data of Messier
[26] and Ohse et al. [27]. The Pu–Pu2O3 region, very uncertain, is
based on the experimental work of Martin et al. [13]. In our work,
we have adopted the selected experimental data on phase diagram
coming from the critical analysis of Wriedt for the least-squares
minimization procedure (Fig. 1). The phase equilibria are described
and a brief review of the experimental information is presented.
2.2. Pu–Pu2O3 region
In the metal–oxide region, the experimental data are rare. At
low temperature, the sesquioxide Pu2O3 (hexagonal) is found to
be in equilibrium with plutonium by Holley et al. [11] with a very
small solubility of oxygen in Pu (25 ± 10 ppm) from 1273 to
1423 K. At high temperature, the miscibility gap in the liquid state
is based on the melting experiments of Martin et al. [13]. According
to the authors, the monotectic reaction [Liquid2 (O/Pu  1) =
Liquid1 (O/Pu  0.1) + Pu2O3] occurred at 2098 ± 40 K [13]. These
results on Pu–O system are consistent with the existence of a miscibility gap in the liquid state in both U–O and U–Pu–O systems
[13]. As indicated in the phase diagram of Wriedt [14], there is
no data on the oxygen solubility limit in liquid plutonium at high
temperature.
2.3. Pu2O3–PuO2 region
This region has been extensively investigated at temperatures
below 1500 K. The PuO1.52 compound was ﬁrst observed by Holley
et al. [11] to be in equilibrium with both Pu2O3 (hexagonal) and
PuO2 up to 2173 K. Later, Gardner et al. [23] conﬁrmed the existence of this phase with a O/Pu ratio of 1.515 in equilibrium with
both PuO1.98 and Pu2O3 (hexagonal) up to 573 K. At 623 K, the
PuO1.515 compound was found to decompose into Pu2O3 (hexagonal) and PuO1.61(cubic). A two-phase region (PuO1.515 + PuO1.61)
was assumed to exist from 573 to 623 K. These phase boundaries at low temperature have been adopted in the phase diagrams
published by Sari et al. [21] and Wriedt [14].
For the PuO1.61 cubic phase, some uncertainties remained for a
long time on the fact whether it was or not a separate phase from
PuO1.52 and PuO2. The stability range in temperature and composition were also not clearly established. It has been ﬁxed by Sari et al.
[21] from heat treatments and X-ray diffraction experiments for
T < 1300 K. The PuO1.61 phase was found to be stable above
573 K where it decomposed into PuO1.52 and PuO1.995 (instead
of PuO1.98 from Gardner et al. [23]). The phase was found to exhibit
an extended homogeneity range from O/Pu = 1.61 to 1.69 instead
of being a stoichiometric compound according to Chikalla et al.
[12] and Gardner et al. [23]. The phases PuO1.61 and PuO2x were
observed to be in equilibrium from 573 K to 900 K. This twophase domain replaced the large miscibility gap in the fcc PuO2x
phase reported by Chikalla et al. [12] and Gardner et al. [23].
According to Sari et al. [21], the resulting miscibility gap in
the fcc phase existed in a narrow temperature range above
900 K according to the monotectoid reaction [PuO2x (O/Pu 
1.7) = PuO1.98 + PuO1.62]. The consistency of the modiﬁed phase
diagram with the EMF data of Markin et al. [28] was veriﬁed by

Sari et al. [21]. In another X-ray diffraction study, Boivineau et al.
[20] conﬁrmed the main features of the phase diagram of Sari
et al. A very small second miscibility gap in the cubic PuO2x phase
was found to exist for a O/Pu ratio close to 1.75 and at T  1000 K.
The existence of this very small miscibility gap instead of a twophase domain [PuO1.61 + PuO2x] has to be conﬁrmed and consequently it is not taken into account in [14] and in the present work.
The phase equilibria in the Pu2O3–PuO2 region at temperatures
between 1400 and 1600 K were investigated by Besmann from
measurements of CO equilibrium pressures over oxide–graphite
mixtures [25]. PuO2x (fcc), PuO1.65 (bcc) and PuO1.5 (hexagonal)
were observed exhibiting a signiﬁcant homogeneity range. The results of Besmann argue for the high temperature PuO1.62 (bcc)
phase, reported by Chikalla et al. [12], Gardner et al. [23] and Riley
et al. [29], to be the lower phase boundary of PuO2x (fcc) instead
of being a separate phase. The author explained the previous results by the difﬁculties related to the quenching of the PuO2x
phases from high temperatures. The results obtained by Besmann
are in good agreement with the previous investigations on the
vaporization behaviour of the system Pu2O3–PuO2 at high temperature carried out by Messier [26] and Ohse et al. [27], which indicated the wide homogeneity range of PuO2x over 1.6 < O/Pu < 2
from 1650 K to 2380 K. From the analysis of the variation of oxygen
equilibrium pressures versus temperature and composition, the
eutectoid reaction [PuO2x (fcc) with x  0.395 = PuO1.5 (hex) +
PuO1.65(bcc)] was assumed to occur at T < 1400 K by Besmann
[25]. In addition, a congruent decomposition of fcc PuO2x phase
into bcc PuO1.65 phase was assumed to occur around 1450 K but
the exact temperature could not be accurately determined.
As indicated in the phase diagram of Wriedt [14], the solidus
and liquidus curves between Pu2O3 and PuO2 remain uncertain.
Melting temperatures of oxides with compositions between
Pu2O3 and PuO2 were determined by Chikalla et al. [12] under helium by thermal analysis. Pu2O3 (hexagonal) and PuO1.62 (designated as a0 -Pu2O3 cubic) were reported to melt congruently at,
respectively, 2358 ± 25 K and 2633 ± 20 K. The uncertainty on the
measured liquidus temperature for PuO2 is high due to the oxygen
loss by vaporization at high temperature leading to a substoichiometric composition: a minimum temperature of 2553 ± 30 K is
found for O/Pu = 1.62 starting from PuO2. The melting point of
PuO2 could not be measured by Chikalla et al. [12] and was indicated at 2673 K according to the measurements of Russel [30]. A
eutectic reaction has been arbitrarily drawn between Pu2O3 (hexagonal) and a0 -Pu2O3 at 2303 K. Riley [29] determined the liquidus
temperatures for compositions in the Pu2O3–PuO2 range using
ﬂame melting in oxidizing atmosphere for PuO2 or electric arc with
imposed oxygen pressures (using argon/oxygen gas mixtures). The
author proposed a congruent melting point for PuO1.62 at
2473 ± 20 K, an eutectic reaction [liquid = Pu2O3 + PuO1.62] at
2243 ± 5 K and a minimum in the liquidus curve for PuO1.8 meaning that an azeotropic composition would exist. The measurements
of Chikalla et al. [12] for PuO1.62 are discarded in this work because
PuO1.62 is not a high temperature phase as shown by Besmann [25]
and the values seem to be too high compared to the measurements
of Riley [29].
2.4. PuO2–O region
Uncertainties still remain on the existence of a possible hyperstoichiometric PuO2+x domain. Oxidation heat treatments with an
excess of oxygen were tentatively performed in order to analyze
the existence of a possible PuO2+x domain. Experiments by Holley
et al. [11], Riley [29] and Drummond et al. [31] led to O/Pu ratio
higher than 2. A O/Pu ratio equal to 2.01 ± 0.008 at 1143 K was
determined using gravimetry in [31]. Jackson and Rand [32]
showed that the excess of oxygen was due to the adsorption of

oxygen at the surface as a function of O2 pressure and speciﬁc surface. Haschke et al. [33] reported the formation of PuO2+x when
PuO2(s) was stored in presence of water according to the reaction
[PuO2(s) + H2O(g) = PuO2+x(s) + H2(g)]. On the basis of hydrogen
volumetric measurements, the authors estimated the Gibbs energy
of PuO2+x which would exist up to O/Pu = 2.5 [33]. Neck et al. [34]
estimated the enthalpy of formation of Pu4O9 and PuO3 from data
on neptunium and uranium oxides as well as actinyl and hydroxides phases. The authors reported that the Gibbs energy values
estimated by Haschke et al. [33] for PuO2+x were in error by at least
85–160 kJ/mol for PuO2.25(s). Martin et al. [35] conﬁrmed by X-ray
absorption spectroscopy that the oxidation degree is the one of
PuO2(s) (no formation of Pu5+) for PuO2 samples ignited or treated
under water vapour. Farr et al. [36] identiﬁed Pu(OH)4 or some
Pu(V) phases using XPS analysis on hydrated plutonium oxides.
But after dehydration, the PuO2 compound was recovered without
any shift of the analyzed band. These features have been conﬁrmed
by Conradson et al. [37] using X-ray absorption. First-principle calculations were performed by Petit et al. [38] and Korzhavyi et al.
[39] to determine the stability of the PuO2+x phases or higher plutonium oxides. The two investigations are not consistent on the
variation of the lattice parameter of the PuO2+x phase with oxygen
content. Petit et al. [38] predicted a decrease of the lattice parameter with oxygen meanwhile Korzhavyi et al. [39] proposed an increase in agreement with the experiments of Haschke et al. [33].
Korzhavyi et al. [39] proposed a new mechanism to explain hydrogen production based on an increasing yield of water radiolysis
when it is absorbed on the PuO2 surface.
In view of all these studies on the behaviour of PuO2 under
water pressure, the existence of an hyperstoichiometric domain
for PuO2 is not yet proved. If existing, the deviation from the stoichiometry may be small according to the thermogravimetric analysis of Drummond et al. [31] that led to O/Pu < 2.01 ± 0.008. Thus
the possible hyperstoichiometric domain of PuO2 is not taken into
account in the present work.
The selected experimental data for the phase diagram are reported in Table 2.
This review of the experimental information on the Pu–O phase
diagram allows pointing out the lacking data for which new measurements would be helpful to deﬁnitely ﬁx the phase diagram.
The knowledge of the Pu–Pu2O3 region could be improved by
bringing new experimental data on the oxygen solubility limit in
liquid plutonium, the boundaries of the liquid miscibility gap, the
liquidus and solidus temperatures for [Pu2O3/liquid] equilibrium
and the composition range of hexagonal Pu2O3 phase. In Pu2O3–
PuO2 region, experimental work on the liquidus and solidus temperatures, the plutonium rich boundary of the PuO2x phase, the
decomposition temperature of the PuO1.61 phase and the critical
temperature of the miscibility gap in the fcc PuO2x phase would
be helpful.
2.5. Thermodynamic data
The experimental data from the literature on the thermodynamic properties of the phases are brieﬂy reviewed.
2.5.1. Compounds
Thermodynamic data exist mainly on Pu2O3 and PuO2 compounds. For the Pu2O3 compound, determinations of the heat
capacity at low temperature by Flotow et al. [41] (including a k
transition at 17.65 K) led to an entropy value at 298 K as compiled
by Glushko et al. [42] and Lemire et al. [43] and retained in the
SGTE data bank [44]. Heat capacity data are available only up to
350 K. Glushko estimated the high temperature heat capacity by
comparison with PuO2(s) (using a Cp ratio 1.7 from 350 K to the
melting temperature 2358 K). The enthalpy of formation has been

Table 2
Experimental database for the Pu–O system
Data

Temperature
range (K)

Composition
range (O/Pu)

Phases

Reference

2100
600–2700
2200–2700
500–1300

0–1.5
1.5–2
1.5–2
1.5–2

[13]
[12]
[29]
[20]

Phase diagram

500–1000

1.5–2

Phase diagram

600–1400

1.62–2

Phase diagram

1400–1600

1.4–1.9

Phase diagram
Phase diagram
Phase diagram
Phase diagram
Enthalpy of
formation,
entropy
Partial oxygen
enthalpy
Partial oxygen
Gibbs energy
Equilibrium
oxygen
pressure
Partial oxygen
Gibbs energy
Partial oxygen
Gibbs energy
Partial oxygen
Gibbs energy

2700
2100–2400
1800–2200
2718
298.15

2
1.5–1.9
1.5–2
2
1.5–2

L1, L2, Pu2, O3
PuO1.61, PuO2, L
Pu2O3, PuO2, L
Pu2O3, PuO1.61,
PuO2
Pu2O3, PuO1.52,
PuO1.61, PuO2
Pu2O3, PuO1.61,
PuO2
Pu2O3, PuO1.61,
PuO2
PuO2
Pu2O3, PuO2
Pu2O3, PuO2
PuO2
Pu2O3, PuO1.52,
PuO1.61, PuO2

1373

1.5–1.99

[46]

1073–1573

1.98–2

Pu2O3, PuO1.61,
PuO2
PuO2

1400–1600

1.4–1.8

Pu2O3, PuO1.61,
PuO2

[25]

1273–1473

1.77–2

PuO2

[55]

1023

1.54–2

[45]

1750–2250

1.7–1.9

Pu2O3, PuO1.61,
PuO2
PuO2

Phase
Phase
Phase
Phase

diagram
diagram
diagram
diagram

[23]
[21]
[25]
[30]
[26]
[27]
[40]
[43]

[56]

[60]

derived at different temperatures from high temperature measurements of oxygen partial Gibbs energy [25,45] or partial enthalpy
[46]. Glushko retained the mean value of the two sets of data
[25,45], and calculated the standard enthalpy of formation using
their free energy function calculated from the above estimated
heat capacity.
Concerning PuO2, numerous data are available. Calorimetric
measurements have been undertaken by Sandenaw [47] on
239
PuO2 specimen between 15 and 325 K and by Kruger and Savage
[48] from 192 to 320 K. Additional measurements were performed
on less radioactive specimen of 242PuO2 and 244PuO2 from 12 to
350 K by Flotow et al. [41]. In these plutonia specimen, the irradiation effects are less important and the measurements are thus
more accurate than in the previous studies. The heat capacity of
PuO2 at high temperature has been measured from 300 to 1100 K
by Engel [49]. The enthalpy increments were determined from
298 to 1404 K by Kruger and Savage [48], from 1500 to 2715 K
by Ogard [50] and from 353 to 1610 K by Oetting [51]. The data
of Ogard suggest a sharp increasing of the heat capacity above
2370 K. This feature was attributed to either a partial melting of
PuO2 or to the interaction of the oxide with the tungsten crucible
[51]. Furthermore, the high oxygen potential of stoichiometric
PuO2 may lead to the formation and vaporization of gaseous tungsten oxides and the additional gas condensation enthalpy could explain the increasing of the measured enthalpy increments.
However, as this type of behaviour has been observed for ThO2,
UO2 and ZrO2, the heat capacity increase could be also attributed
to the formation of Frenkel and Shottky defects at high temperature [52]. For the enthalpy of formation of PuO2, there is a good
agreement between the values obtained by calorimetry by Popov
et al. [53], Holley et al. [11] and Johnson et al. [54].
Concerning the intermediate oxide phases, there is no direct
measurement of thermodynamic data. For the PuO1.61 phase, the
enthalpy of formation has been estimated from experimental

oxygen potentials measurements at high temperature [45,46].
There are no experimental data on the PuO1.52 compound. Some
thermodynamic data on both PuO1.52 and PuO1.61 have been estimated in [8,43].
2.5.2. Oxygen partial Gibbs energies
Numerous experimental data are available on the variation of
the partial Gibbs energy of O2 as a function of temperature and
O/Pu ratio in PuO2x composition range. Several experimental
methods have been used: E.M.F. by Markin et al. [28,45] and
Woodley [55], thermogravimetry by Swansson [56], Woodley
[55] and Sorensen [57] using different gas mixtures, electrical conductivity measurement by Atlas et al. [58] under controlled oxygen
potential using (H2/H2O) mixture, CO pressure measurements over
{oxide + graphite} mixtures by Besmann [25], heterogeneous CO/
CO2 equilibrium by Kent et al. [59] and transpiration with H2/
H2O ﬂow by Tetenbaum [60]. Some important discrepancies can
be found between the different sets of experimental data as reported by Besmann and Lindemer [5] and no explanations for these
discrepancies have been given. But as the experiments were not
performed at the same temperatures and O/Pu ratios, a direct comparison is difﬁcult. In order to compare all these original data, it is
necessary to scale them in a common chart as already done by
Labroche et al. [61] and Baı¨chi et al. [62] for the critical analysis
of the U–O system. Depending on the way experiments are
performed, two types of representations are possible in order to
compare directly these data: l(O2) versus log 10(x) at ﬁxed
temperatures and l(O2) versus temperature for ﬁxed O/Pu ratios.
The data sets of each author have been ﬁtted to build a chart of
data recalculated for ﬁxed temperatures ranging from 1100 to
2100 K and ﬁxed O/Pu ratios from 1.7 to 1.995 in order to compare
the different sets of data in the same conditions of temperature and
O/Pu ratio. A comparison between the calculated oxygen potential
and the chart of data recalculated from the data of the literature is
presented in Section 4. The new chart of data shows that the oxygen chemical potential data of Woodley [55] are systematically
lower than the other sets of data whereas the measurements of
Markin et al. [45] are the highest values. Some intermediate results
were measured by Swansson [56]. The values obtained by Kent
et al. [59] and Atlas et al. [58] are consistent with those of Markin
et al. [45]. The discrepancy between the lowest [55] and highest
[45] values can reach 100 kJ/mol at 1200–1300 K. At low temperature (1000–1300 K), a reason for these discrepancies can be related
to the difﬁculties to reach the equilibrium during the experiments,
especially due to small chemical potential differences when
approaching the miscibility gap. At 1500 K, the deviation between
the experimental data has decreased to less than 5 kJ/mol. At temperatures above 1600 K, the experimental data are scarce. The data
of Woodley [55] are usually considered as good values because the
author has used two different experimental methods, thermogravimetry and E.M.F. which lead to consistent results. This only means
that for the same composition the two oxygen potentials are similar and consequently any discrepancy should come from the composition uncertainty. But it does not explain such large
discrepancies with the other authors who have in such cases used
the same experimental methods (E.M.F. for Markin et al. [45], thermogravimetry for Swansson [56]). The uncertainty on the O/Pu ratio is certainly the most important one to consider. The values of
the uncertainties on the O/Pu ratios, DG(O2) and temperature
when reported by the different authors do not explain such large
discrepancies. Besmann et al. [5], Nakamura [6], Stan et al. [7]
who modelled the thermochemical properties of plutonia have
either taken into account all the experimental data or have selected some of them without any explanation. Facing the lack of
any evidence in the experimental errors, we have selected the following data for the optimization (Table 2): Markin at 1023 K [28],

Swansson at 1073, 1173, 1273, 1370, 1469, 1569 K [56], Woodley
at 1273, 1373, 1473 K [55], Besmann at 1400, 1500, 1610 K [25],
Tetenbaum at 1750, 2050, 2250 K [60].
2.5.3. Oxygen partial enthalpies
Two sets of experimental data are available for the partial enthalpy of O2 at 1373 K versus O/Pu ratio from oxygen dissolution
calorimetry measurements performed by Dean et al. [24] and Chereau et al. [46]. Differences exist between these two sets of values
published by the same team and measured with the same apparatus. The data published by Chereau et al. are by about 50 kJ/mol
lower (5%). According to Chereau et al. [46], this change is due
to the improvement of the experimental conditions in order to decrease the scattering of the data. This type of calorimetric method
is very difﬁcult to carry out as it requires measuring a few joules
increment which necessitates a very good interpolation of the base
lines at the beginning and the end of each thermal effect. An error
of 7% can be attributed to these data. Chereau et al. [46] proposed
an explanation of the variation of the oxygen partial enthalpy versus O/Pu ratio in relation with the phase diagram: (i) the partial enthalpy plateau from O/Pu = 1.5–1.6 may correspond to the
[Pu2O3 + PuO1.61] domain, (ii) the partial enthalpy curve ranging
from 1.61 to 1.7 may be the PuO1.61 single-phase domain; (iii)
the narrow partial enthalpy plateau between O/Pu = 1.61 and
1.71 would characterize a two-phase domain [PuO1.61 + PuO2x];
(iv) the smooth partial enthalpy curve for O/Pu > 1.71 may correspond to the extended PuO2x composition range. The same curve
was found for two different samples. The shape is very complex
especially in the assumed PuO1.61 single phase domain. If realistic,
this curve may be reproduced by considering a complex structure
of defects in this phase. Conversely the complex evolution could be
due to kinetic effects not entirely included in the thermal effect observed by the calorimeter within a reasonable time (about 10–
20 min). Indeed, such effects were proposed for the quite strange
evolution of the partial oxygen enthalpy in the UO2+x compound
[62] close to the stoichiometric composition. As indicated in Table
2, the data of Chereau et al. [46] have been considered for the
optimization.
2.5.4. Vapor pressure measurements
For the two-phase domain Pu2O3–PuO2x (and diphasic Pu2O3–
PuO1.62 domain), total pressure measurements were performed
using the Knudsen method either in reducing conditions by Phipps
et al. [63] and Ackermann et al. [64], or starting from well known
compositions by Messier [26] and Ohse et al. [27] assuming that
PuO(g) is the major constituent in the gas phase. With this assumption for the composition of the gas phase, the pressure measurements of Ackermann et al., Ohse et al. and Phipps et al. are in
good agreement. Only the pressure data of Messier [26] are slightly
lower. Using mass spectrometry, Battles et al. [65] conﬁrmed that
PuO(g) is the major species in the gas phase in equilibrium with
Pu2O3–PuO2x (2  x = 1.61) phases but PuO2(g) and Pu(g) were
also detected and pressure laws for PuO2(g), PuO(g) and Pu(g) were
proposed.
Ackermann et al. [64] deduced the Gibbs energy of formation of
PuO(g) from their pressure measurements and using the thermodynamic functions of the condensed phases Pu2O3 and PuO1.62 reported in [45]. In the compilation of Glushko et al. [42], the
thermodynamic properties of PuO(g) were calculated from molecular parameters (spectroscopic investigations) and from the present total measured pressures using their retained data for Pu2O3(s).
For measurements above plutonia, total vapour pressures have
been measured by Mulford et al. [66], Ohse et al. [27], Messier [26]
and Ackermann et al. [64] using the Knudsen effusion method. In
more recent mass spectrometric studies, Battles et al. [65] and Kent
[67] measured the partial pressures of PuO(g) and PuO2(g) above

plutonia. There is no detailed information concerning the experimental conditions on the work performed by Kent [67] who only
gave equations for the partial pressures. Ackermann et al. observed
a congruent vaporization for O/Pu = 1.92 ± 0.03 at 2025 K. Using
the assumption that the vapour was almost entirely constituted
of PuO2(g) (a small correction of 9% PuO(g) was applied), and from
the data of Markin et al. for the thermodynamic functions of
PuO1.92(s) [45], Ackermann et al. determined the Gibbs energy of
formation of PuO2(g). This thermodynamic analysis allowed calculating the partial pressures of all the gaseous species as a function
of temperature and O/Pu ratio as well as the congruent composition for PuO2x in both closed and open systems (effusion cells).
The reported congruent composition at 2000 K in an open system
is of 1.85 whereas the measured value is equal to 1.92. Conversely,
other experimental data in open systems led to a congruent composition in the range 1.84–1.89 for 1800–2200 K from Ohse et al.
[27], 1.81–1.87 for 2080–2380 K from Messier [26], 1.83 at
2230 K from Battles et al. [65]. The value 1.92 measured by Ackermann et al. disagrees signiﬁcantly from other experimental data
[28]. To explain such a deviation, the problems related to the
quenching conditions of the specimen from high temperature can
be mentioned as well as the post experimental composition analysis. The method may suffer from adsorption phenomena during the
excess oxidation step before reduction by CO and the uncertainties
are difﬁcult to verify. Concerning the pressure measurements,
most of the authors assumed that PuO2(g) is the major gas species
above congruent PuO2x. Assuming PuO2(g) as the major gas constituent, the total measured pressures by effusion performed by
Ackermann et al., Ohse et al., Messier, Mulford et al., Battles et al.
and Kent are in good agreement.
Concerning the partial pressure measurements above congruent
plutonia using mass spectrometry, the investigations performed by
Battles et al. [65] and Kent [67] lead to closed values for PuO(g) and
PuO2(g) partial pressures but the authors are not in agreement
concerning the major species in the vapour phase. For Battles,
PuO(g) is the major constituent whereas Kent found a higher partial pressure for PuO2(g). Thus, further studies would be necessary
to perform in order to clarify the situation concerning the partial
pressure measurements in the vapour. The agreement for the congruent composition and the measured total pressures is good compared to previous studies since the mass loss in the effusion
method was also used for calibrations in conjunction with the
mass spectrometer. Thus, the differences between Battles et al.
and Kent partial pressures may come from the choice of mass spectrometric parameters (ionisation cross sections and their
estimates).
In the compilation performed by Glushko et al. [42], molecular
parameters for PuO2(g) come from spectroscopic data associated
with estimates. Formation enthalpy is then deduced from the
mean value of sublimation enthalpy of PuO2(s) into PuO2(g) as
measured for the congruent compositions and their free energy
function. The congruent solid is taken as PuO2(s).
By analogy with UO3(g) the gaseous species PuO3(g) has been
considered by Krikorian et al. [68] in transpiration experiments
and detected by Ronchi et al. [69] using mass spectrometry. The
authors have derived a formation enthalpy for the PuO3(g) molecule at 298.15 K: 562.8 ± 5 kJ/mol according to Krikorian et al.
[68] and 621 kJ/mol by Ronchi et al. [69]. In the transpiration
experiments of Krikorian et al. [68], the measurements seem to
be inaccurate as the PuO3(g) molecule is reported to react with
the silica wool during the tests. The evaluation made by Ronchi
et al. [69] seems to be also uncertain as the calculation was performed on the basis of estimated data for the oxygen potential
þ
and from the ratio of the ionic intensities (PuOþ
2 =PuO3 ) arbitrarily
fragment
contribution
coming
from PuO3.
corrected for 50% PuOþ
2
The two values of formation enthalpy for PuO3(g) are not in good

agreement. If the value of Ronchi et al. [69] was correct, Krikorian
et al. [68] would have observed much larger quantities of PuO3(g)
in the transpiration experiments. Thus the contribution of the
PuO3(g) that may be quite low is not taken into account in the
present modelling of the gas phase for the Pu–O system. The present experimental pressure data have not been used in the optimization. But the pressures calculated using our modelling for the
condensed phases and using the thermodynamic data estimated
by Gluhko et al. [42] for the gaseous species will be compared to
all these experimental data in Section 4.

3. Thermodynamic modelling
The PARROT module of the Thermo-Calc software was used for
the optimization procedure [70,71]. The oxygen solubilities in the
different allotropic forms of plutonium are neglected. Pu2O3 and
PuO1.52 are treated as stoichiometric compounds. The assumed
departure from stoichiometry of Pu2O3 at high temperature is
not taken into account. The Gibbs energy functions of all the
phases are referred to the enthalpy of the pure elements in their
stable state at room temperature 298.15 K and 1 bar
ð298:15 KÞÞ.
( HSER
i
3.1. Pure elements
The Gibbs energy functions of the pure elements i at temperature T and in their structural state u Gu
i ðTÞ are given by
 SER
Gu
ð298:15 KÞ ¼ a þ bT þ cT ln T þ
i ðTÞ  H i

X

dn T n

ð1Þ

where n is an integer (2, 3, 1, . . .). In the present work, the parameters reported by Dinsdale are used for pure plutonium and oxygen
data [72].
3.2. Pu2O3 and PuO1.52 stoichiometric compounds
For these compounds, the Gibbs energy function has the same
form as in Eq. (1):

Gu ðTÞ 

X

 SER
nu
ð298:15 KÞ ¼ a þ bT þ cT ln T þ
i Hi

X

dn T n

ð2Þ

i

where nu
i is the number of atoms of each element i in the oxide
formula.
For the PuO1.52 compound, heat capacity data reported by
Kinoshita et al. [8] corresponding to c and dn coefﬁcients, were
used. For the Pu2O3 compound, the Gibbs energy function from
the SGTE substance database [44,42] has been taken as initial
parameters. For both compounds, the coefﬁcients a and b are optimized in the present work.
3.3. PuO2x fcc phase
PuO2 adopts the ﬂuorite structure like UO2 which is typical of
ionic compounds. In the present work, the model for PuO2 must
be consistent with the one of UO2 to describe higher order systems
such as (U, Pu, Zr, . . .)O2±x solid solution. UO2±x was described by
using the compound energy formalism with ionic species: (U3+,
U4+, U6+)1(O2, Va)2(O2, Va)1 [10]. The compound energy model
has been successfully used by Grundy et al. [73] to describe both
defect chemistry and thermochemical properties of LaMnO3±d
perovskite and by Zinkevich et al. [9] to model the thermodynamic
properties of the oxide phases for the cerium–oxygen system.
Grundy et al. have shown that the compound energy formalism
is more appropriate than the associate model to describe such
systems.

In case of PuO2x, the reported major defects are oxygen vacancies associated to the formation of Pu3+ cations. In Kröger–Vink
notation the reduction reaction associated to the point defect formation is given by

1=2OO

þ

PuPu

$

1=2VO

þ

Pu0Pu

þ 1=4O2 ðgÞ

ð3Þ


where O
O and PuPu represent the
and Pu0Pu designate, respectively,

perfect sites of the crystal, and VO
doubly positively charged oxygen
vacancies and reduced plutonium ions (Pu3+).
For this reaction, the equilibrium constant Kr is deﬁned by

Kr ¼

½VO 1=2 ½Pu0Pu p1=4
O2
½OO 1=2 ½PuPu 

ð4Þ


For small defect concentrations, ½O
O  and ½PuPu  can be considered to
be equal to 1.
In order to maintain charge neutrality the following relation
must be hold:

½VO  ¼ 2½Pu0Pu 

ð5Þ

Combining Eqs. (4) and (5), the following proportionality between
defect concentration and oxygen partial pressure is obtained:

log½Pu0Pu  / log pO1=6
2

log½VO  / log p1=6
O2

and

ð6Þ

In the classical defect modelling, the equilibrium constant Kr is adjusted to ﬁt the experimental data on oxygen chemical potential
data versus temperature and stoichiometry of the oxide, which
are related to the concentration of defect.
The corresponding sublattice model to describe the non stoichiometric plutonium dioxide is

ðPu4þ ; Pu3þ Þ1 ðO2 ; VaÞ2

ð7Þ

The ﬁrst and second sublattices correspond to the crystallographic
sites in the ﬂuorite structure, of respectively plutonium and oxygen
atoms. Oxygen vacancies are added in the oxygen site that are associated with Pu3+ formation.
The defect reaction in the sublattice notation is:

ðPu4þ Þ1 ðO2 Þ2 ! ðPu3þ Þ1 ðO2
3=4 ; Va1=4 Þ2 þ 1=4O2 ðgÞ

ð8Þ

This reaction is equivalent to Eq. (3) when written in Kröger–Vink
notation.
Stan et al. [7] have recently reported a thermochemical model
to describe PuO2x in which more complex defects are considered:
singly positively charged oxygen vacancies (VO ), doubly positively
charged oxygen vacancies (VO ), singly positively charged metal–
oxygen vacancy pairs ((PuVO)), neutral charged metal–oxygen vacancy pairs ((PuVO)) and reduced plutonium ions (Pu3+ ions). In
the present work, we will not take into account such complex defects. The sublattice model described by Eq. (7) will be used.
The Gibbs energy associated to the sublattice model (Pu4+,
Pu3+)1(O2, Va)2 using the compound energy formalism [3] is given
by

Gu 

X
i

where
– yi represents the fraction of the species ‘i’ in the sublattice


GðiÞ1 ðjÞ2 are the Gibbs energies of the different compounds
formed by considering the species ‘i’ in the ﬁrst sublattice and
the species ‘j’ in the second sublattice
– Li are interaction parameters which can have a linear dependence in temperature.

–

The model is schematically represented in Fig. 2. The Gibbs energy of plutonia is given as a mixture of the four end members:
neutral (Pu4+)(O2)2, (Pu4+)(Va)2 with a net charge of +4,
(Pu3+)(Va)2 with a net charge of +3 and (Pu3+)(O2)2 with a net
charge of 1. Three of these four end members corresponding to
the four corners in Fig. 2 are hypothetical and have no physical
meaning by themselves, only in electrically neutral combinations.
The Gibbs energy contains also a conﬁgurational entropy term
for the mixing of Pu4+ and Pu3+ cations in the ﬁrst sublattice and
O2 anions and oxygen vacancies, ‘Va’, in the second sublattice.
Plutonia can only exist along the neutral line shown in Fig. 2.
One endpoint of the neutral line corresponds to the stoichiometric
plutonia PuO2. The other endpoint corresponds to the completely
reduced plutonia PuO1.5.
The Gibbs energy of these two compounds is given by


GPuO2 ¼  GðPu4þ Þ1 ðO2 Þ2



GPuO1:5 ¼

3
1
G 3þ 2 þ  G 3þ
4 ðPu Þ1 ðO Þ2 4 ðPu Þ1 ðVaÞ2

ð10Þ


1 1 3 3
þ 2RT
ln þ ln
4 4 4 4
ð11Þ

By ﬁxing the following relations between the parameters:


GðPu4þ Þ1 ðVaÞ2 ¼  GðPu4þ Þ1 ðO2 Þ2  2 GO

ð12Þ



GðPu3þ Þ1 ðVaÞ2 ¼  GðPu3þ Þ1 ðO2 Þ2  2 GO

ð13Þ

where  GO is the Gibbs energy of 1/2 O2 gas, the four end members
are obtained:


GðPu4þ Þ1 ðO2 Þ2 ¼  GPuO2



GðPu4þ Þ1 ðVaÞ2 ¼  GPuO2  2 GO

ð14Þ




3
1 1 3 3
GO  2RT
ln þ ln
2
4 4 4 4


1
1 1 3 3
þ  GO  2RT
ln þ ln
2
4 4 4 4



GðPu3þ Þ1 ðVaÞ2 ¼  GPuO1:5 



GðPu3þ Þ1 ðO2 Þ2 ¼  GPuO1:5

ð15Þ
ð16Þ
ð17Þ

The parameters that have to be assessed in the model are  GPuO2 ,

GPuO1:5 and the interaction parameters Li. Thermodynamic data for
pure PuO2 from the SGTE substance database are taken as initial
parameters [42,44]. The enthalpy and entropy terms have been
optimized.

(Pu3+)1(Va)2
(+3)

(Pu4+)1(Va)2
(+4)

u

ni  HSER
ð298:15 KÞ ¼ yPu4þ yO2  GðPu4þ Þ1 ðO2 Þ2
i

þ yPu4þ yVa  GðPu4þ Þ1 ðVaÞ2 þ yPu3þ yVa  GðPu3þ Þ1 ðVaÞ2


þ yPu3þ yO2  GðPu3þ Þ1 ðO2 Þ2 þ RT yPu3þ ln yPu3þ þ yPu4þ ln yPu4þ


þ 2RT yO2 ln yO2 þ yVa ln yVa þ yPu3þ yPu4þ
h


 L0ðPu3þ ;Pu4þ Þ ðO2 Þ þ yPu3þ  yPu4þ L1ðPu3þ ;Pu4þ Þ ðO2 Þ þ L0ðPu3þ ;Pu4þ Þ ðVaÞ
1
2
1
2
1
2
i

ð9Þ
þ ðyPu3þ  yPu4þ L1ðPu3þ ;Pu4þ Þ ðVaÞ
1

2

PuO1.5=(Pu3+)1(Va1/4,O2-3/4)2
(0)
(Pu3+)1(O2-)2
(-1)

neutral line

(Pu4+)1(O2-)2=PuO2
(0)

Fig. 2. Schematic representation of the sublattice model (Pu3+, Pu4+)1(O2, Va)2 to
describe plutonia PuO2x.



3.4. PuO1.61 bcc phase
The sublattice model to describe the cubic Ce3O5±x in [9] is used:

ðPu3þ ; Pu4þ Þ2 ðO2 Þ3 ðO2 ; VaÞ1
The variable oxygen content in the phase is compensated by changing the oxidation state of plutonium from +3 to +4. Two neutral
compositions are obtained for the end members:
– (Pu4+)2(O2)3(O2)1 with a composition PuO2 which corresponds
to a metastable cubic PuO2 phase with respect to the ﬂuorite
form;
– (Pu3+)2(O2)3(Va)1 with a composition Pu2O3 which corresponds
to the metastable cubic Pu2O3 phase with respect to the hexagonal form.

X
i

3.6. Gas phase
The gas phase is described by an ideal mixture of (Pu, PuO,
PuO2, O, O2, O3) gaseous species. The Gibbs energy is expressed by

The Gibbs energy of the phase is given by

Gu 

GðPu3þ Þ2 ðO2 Þ3 ;  GPu ;  GPuO2 and  GO are the reference terms corresponding to the Gibbs energy of respectively sesquioxide Pu2O3,
pure plutonium, dioxide PuO2 and pure oxygen. The Gibbs energy
of the liquid phase contains a conﬁgurational entropy term related
to mixing of the species in the second sublattice. Excess terms related to mixing of Pu and Pu2O3 (i.e. between the constituents
O2 and VaQ) are assessed to represent the miscibility gap in the
liquid state of the phase diagram. Interaction parameters between
Pu2O3 and PuO2 (i.e. the constituents O2 and PuO2) are added to
ﬁt the liquidus data. The melting enthalpy and entropy for the neutral combinations of the liquid constituents are taken from the SGTE
substance database [44,42].

u

ni  HSER
ð298:15 KÞ ¼ yPu4þ yO2  GðPu4þ Þ2 ðO2 Þ3 ðO2 Þ1
i

Gu ¼

X
i

þ yPu4þ yVa  GðPu4þ Þ2 ðO2 Þ3 ðVaÞ1 þ yPu3þ yVa  GðPu3þ Þ2 ðO2 Þ3 ðVaÞ1


þ yPu3þ yO2  GðPu3þ Þ2 ðO2 Þ3 ðO2 Þ1 þ 2RT yPu3þ ln yPu3þ þ yPu4þ ln yPu4þ
h


þ RT yO2 ln yO2 þ yVa ln yVa þ yPu3þ yPu4þ L0ðPu3þ ;Pu4þ Þ ðO2 Þ ðO2 Þ
2
3
1


þ yPu3þ  yPu4þ L1ðPu3þ ;Pu4þ Þ ðO2 Þ ðO2 Þ þ L0ðPu3þ ;Pu4þ Þ ðO2 Þ ðVaÞ
2
3
2
3
1
i1


ð18Þ
þ yPu3þ  yPu4þ L1ðPu3þ ;Pu4þ Þ ðO2 Þ ðVaÞ
2

3

1

The Gibbs energy parameters for PuO1.61 are expressed from the
parameters of fcc PuO2x phase by


fcc
b GðPu3þ Þ2 ðO2 Þ3 ðO2 Þ1 cPuO1:61 ¼ 2  GPuO1:5 PuO þ  GO þ V1 þ V10T
2

fcc

b GðPu3þ Þ2 ðO2 Þ3 ðVaÞ1 cPuO1:61 ¼ 2 GPuO1:5 PuO þ V1 þ V10T
2

fcc
b GðPu4þ Þ2 ðO2 Þ3 ðVaÞ1 cPuO1:61 ¼ 2  GPuO2 PuO þ V2 þ V20T
2

fcc
b GðPu4þ Þ2 ðO2 Þ3 ðO2 Þ1 cPuO1:61 ¼ 2  GPuO2 PuO þ V2 þ V20T
2

ð19Þ
ð20Þ
ð21Þ
ð22Þ

where V1, V10, V2 and V2O are optimized variables. In addition, the
interaction parameters L0ðPu3þ ;Pu4þ Þ ðO2 Þ ðO2 Þ ¼ L0ðPu3þ ;Pu4þ Þ ðO2 Þ ðVaÞ ¼
2
3
1
2
3
1
V3 þ V30T are optimized.
3.5. Liquid phase
The ionic two-sublattice model is used to describe the liquid
phase [74]:

ðPu3þ ÞP ðO2 ; VaQ ; PuO2 ; OÞQ
In this model, the ﬁrst sublattice contains the Pu3+ cation; the
second one contains the O2 anions, some charged vacancies
(VaQ) and the neutral species PuO2 and O.
P and Q are equal to the average charge of the opposite
sublattice:

P ¼ QyVaQ þ 2yO2

and Q ¼ 3

ð23Þ

The induced charge of the vacancies corresponds to Q = 3. P varies
via the site fractions of the species with the composition in the second sublattice in order to maintain the liquid phase electrically neutral. The Gibbs energy of the liquid phase is given by the following
expression:

Gliquid ¼ yO2  GðPu3þ Þ2 ðO2 Þ3 þ yVaQ  GPu þ yPuO2  GPuO2 þ yO  GO
þ QRTðyO2 ln yO2 þ yVaQ ln yVaQ  þ yPuO2 ln yPuO2
þ yO ln yO Þ þ yO2 yVaQ ½L0 þ ðyO2  yVaQ ÞL1 Þ
þ yO2 yPuO2 ðL0 þ ðyO2  yPuO2 ÞL1 

ð24Þ

yi  Gu
i þ RT

X

yi ln yi þ RT ln P=P 0

ð25Þ

i

u

where yi is the fraction of the species ‘i’ in the gas phase.  Gi represents the standard Gibbs energy of the gaseous species ‘i’. P0 is the
standard pressure. The functions are extracted from the SGTE substance database [44,42].

4. Results and discussion
The calculated temperatures and phase compositions for all the
invariant reactions and the associated thermodynamic assessed
parameters are listed in respectively Tables 3 and 4.
The calculated phase diagram is presented in Fig. 3. A comparison with the experimental data is given in Figs. 4 and 5. In the Pu–
Pu2O3 part, the present assessment reproduces the existence of the
miscibility gap in the liquid state but no real assessment can be
done due to lack of experimental data in this part of the phase diagram, especially data on the oxygen solubility limit in liquid plutonium. The most investigated region is the Pu2O3–PuO2 part.
Considering the few available experimental data in this region,
the main features of the phase diagram are well reproduced: the
wide composition range of PuO2x at high temperature, the composition range and the congruent decomposition of the PuO1.61
phase and the narrow miscibility gap in the PuO2x phase. The
present thermodynamic model leads to a good representation of
the diagram proposed by Wriedt [14] based on the investigations
of Sari et al. [21] and Besmann [25].
The calculated enthalpy increment for PuO2 versus temperature
is presented in Fig. 6. These calculations are based on the properties of PuO2 reported in the SGTE substance database [42,44]. The
rapid increase in Cp above 2370 K is not reproduced. As mentioned
in the previous Section 2.5.1, this phenomenon would require a
conﬁrmation by performing new measurements.
The calculated thermodynamic properties of the different plutonium oxides at 298.15 K are compared to data of the literature in
Table 5. A good agreement is obtained. A deviation of 4 kJ/mol is
obtained for the calculated enthalpy of formation for PuO2 with respect to the value recommended value by Lemire et al. [43]. But
considering the resulting relative error of 0.4%, this deviation is
not high (see Tables 4 and 5).
The partial enthalpy of O2 is calculated at 1373 K and compared
to the experimental data of Chereau et al. [46] and Dean et al. [24]
as well as the values derived from oxygen chemical measurements
of Markin et al. [28] and Woodley [55] in Fig. 7. The discrepancies
between the experimental data are the same than those reported
for the oxygen chemical potential data. A good agreement is obtained between our calculations and the experimental data of Dean

Table 3
Invariant reactions in the Pu–O system
Data

T (K)

Compositions of the phases

Reference

L=G

4097

62.3 (L,G)

Present work

L=G

3410

32.5 (L,G)

Present work

L = G + PuO2x

2640

66.5 (PuO2x), 66.8 (L)

Present work

L2 = L1 + Pu2O3

2098 ± 40
2098
2122

10 (L1), 50 (L2)
8 (L1), 50 (L2)
10 (L1), 49.7 (L2)

Martin [13]
Wriedt [14]
Present work

Pu2O3 = L

2358 ± 25
2348 ± 5
2353
2330

L = Pu2O3 + PuO2

2273
2306

PuO2 = L

2673
2553 ± 30
2718
2673 ± 20
2698
2660

PuO2x = PuO1.61

1450
1450
1445

PuO2x = Pu2O3 + PuO1,61

1353
1353
1422

PuO1,52 = Pu2O3 + PuO1,61

573–623
623
743–753
723
711

61.7
61.9
61.9
61.7

PuO1,61 = PuO1,52 + PuO2

573
573
573
608
608
576

63 (PuO1.61), 66.4 (PuO2x)
61.7 (PuO1.61)
61.7 (PuO1.61), 66.6 (PuO2x)
63 (PuO1.61), 66.5 (PuO2x)
62 (PuO1.61), 66.6 (PuO2x)
61.8 (PuO1.61), 66.62 (PuO2 x)

Chikalla [12]
Gardner [23]
Boivineau [20]
Sari [21]
Wriedt [14]
Present work

PuO2(2) = PuO1,61 + PuO2(1)

943
903
903
987

63.2
62.8
62.8
63.2

Boivineau [20]
Sari [21]
Wriedt [14]
Present work

L = e-Pu + Pu2O3

912

e-Pu = d0 -Pu

756

Present work

d0 -Pu = d-Pu

736

Present work

Chikalla [12]
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60.5 (L)
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Riley [29]
Wriedt [14]
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Boivineau [20]
Gardner [23]
Sari [21]
Wriedt [14]
Present work

Present work

d-Pu = c-Pu

593

Present work

c-Pu = b-Pu

488

Present work

b-Pu = a-Pu

398

Present work

et al. [24]. The highest values of Chereau et al. [46] that are consistent with those of Woodley [55] could not be well reproduced even
when the data of Chereau et al. were selected for the optimization.
The calculated variation of oxygen partial enthalpy with composition is consistent with the phase diagrams proposed by Sari et al.
[21] and Besmann [25] concerning the existence of a large composition range for PuO1.61 phase and a narrow two-phase domain
[PuO1.61+x + PuO2x] [21]. The existence of this narrow two-phase
domain [PuO1.61 + PuO2x] proposed by Chereau et al. [46] and
the corresponding calculated oxygen partial enthalpy are very well
reproduced. Experimental data on the phase equilibria in this temperature range are missing to ﬁx deﬁnitively the temperature of
decomposition of the PuO1.61 phase.
The O2 partial Gibbs energy has been calculated for all the twophase equilibria in Fig. 8 where experimental data are reported. A
good agreement is obtained with the data of Besmann [25] and

Tetenbaum [60]. The calculated data are signiﬁcantly lower than
the measurements by Markin et al. [45].
The results of the calculations in the PuO2x composition range
are presented in Fig. 9 as l(O2) versus log(x) for ﬁxed temperatures ranging from 1100 K to 2100 K and in Fig. 10 as l(O2) versus
temperature for ﬁxed O/Pu ratios ranging from 1.7 to 1.995. With
both types of representations, as mentioned in the previous section, it can be noted that below 1500 K, the experimental data
are scattered. The differences in the experimental conditions
(temperature and O/Pu ratio) cannot explain such large discrepancies. An overall good agreement is obtained between the calculations and the selected data of Swansson et al. [56], Woodley [55],
and Tetenbaum [60]. The highest discrepancy with the experimental data is obtained with the data of Atlas et al. [58] Kent
et al. [59] and Markin et al. [28] as for the two-phase domains
(see Fig. 8).

Table 4
Assessed thermodynamic parameters for the Pu–O system, referred to stable element reference HSER (T = 298.15 K, P = 1 bar) (present work) – values in J, K, mol, Pa
Phase

Gibbs energy (J/mol)

Liquid



(Pu3+)P(O2,VaQ,PuO2,O)Q





GðPu3þ Þ

2 ðO

2

Þ3

Reference

 SER
 3 HSER
O  2 HPu ¼ GPu2 O3 þ 113 000  47:921967 T

[44]

liq

GðPuþ3 Þ ðVa1 Þ   HSER
Pu ¼ GPu
1
3
 SER
GPuO2  2 HSER
O  HPu ¼ GPuO2 þ 67 000  25:1595944 T
GO 

 SER
HO

¼

L0ðPu3þ Þ

[72]

¼ þ123 284

This work

2
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P ðO
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P
Q
0
LðPu3þ Þ ðO2 ;PuO Þ ¼ þ65 272
2 Q
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P

PuO2x
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2

(Pu3+,Pu4+)1(O2,Va)2
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2

1 ðO

Þ2

[72]
[44]

Gliq
O

This work
 2:847 T

This work
This work
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 2 HSER
O  HPu ¼ GPuO2

This work Cp from [44]

 SER
 2 HSER
O  HPu ¼ GðPu3þ Þ

þ 2GO
1 ðVaÞ2

GðPu3þ Þ ðVaÞ   HSER
Pu ¼ GPuO1:5  1:5GO þ 1:12467RT
1
2
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GðPu4þ Þ ðVaÞ  HPu ¼ GPuO2  2GO þ 4540:3
1
2
L0ðPu3þ ;Pu4þ Þ ðO2 Þ ¼ L0ðPu3þ ;Pu4þ Þ ðVaÞ ¼ þ8734:9 þ 0:403 T
1
2
1
2
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1
2
1
2
1 ðO
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2
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This work
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This work
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O  2 H Pu ¼ 2GPuO2  GO þ 6701:94 þ 12:716 T
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2
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This work
2
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3

1

PuO1.52
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Pu2O3
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O  2 H Pu ¼ GPu2 O3

This work +Cp from [44]

Gas (Pu, PuO,PuO2,O,O2,O3)



G
5
Ggas
PÞ
Pu ¼ GPu þ RT lnð10

[42,44]




Functions



This work
This work
This work

¼ 859 900 þ 345:87376 T 62:351 T lnðTÞ  0:007085 T  1:6625 : 10
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This work +Cp from [8]

G
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PuO ¼ GPuO þ RT lnð10
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GPuO2

¼

gas
GPuO2

5
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PÞ



GO ¼ G1=2O2 ðgÞ
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16

1800776:63 þ 1284:775875 T  200 TLnðTÞ þ 4:1974775  10

2
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20
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ð2663 < T < 6000 KÞ
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3
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2

3

7
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2

8
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4
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2
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[42,44]
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þ121688:998  675:810691 T þ 45:15148 TlnðTÞ  :018010055 T 2 þ 4:99610333  107 T 3  79 194 500 T ð1Þ
2

[42,44]
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Fig. 3. Calculated phase diagram of the Pu–O system in atomic fraction of oxygen
(present work).

The relation between the variation of the oxygen chemical potential with composition and temperature and the phase diagram
is represented in Fig. 11 where the calculated curves log 10(pO2)
versus O/Pu ratio for temperatures ranging from 1023 to 2250 K
are given. The associated phase boundaries are indicated. The plateaus correspond to the two-phase regions. The present modelling
of the thermodynamic data of the oxide phases Pu2O3, PuO1.52,
PuO1.61 and PuO2x is consistent with the phase diagram proposed
by Wriedt [14] and Besmann [25]. The extent of the present modelling to the description of ternary systems such as U–Pu–O and
Pu–O–C will be interesting to validate the selection of the experimental data performed in the present work.
The vaporisation behaviour of the Pu–O system is studied by
performing calculations from the present modelling of the condensed phases and using the thermodynamic data reported in
[44] for the gaseous species Pu(g), PuO(g) and PuO2(g). These thermodynamic data come from the compilation published by Glushko
et al. [42]. The ﬁrst calculations of vapour pressure data are per-

formed above the two-phase [Pu2O3–PuO1.61] domain. In Fig. 12,
the calculated total and partial pressures of PuO(g), Pu(g) and
PuO2(g) are compared to the available experimental data of Ackermann et al. [64], Ohse et al. [27], Messier [26], Phipps et al. [63] and
Battles et al. [65]. In all of these studies, the total pressure was
measured with the assumption of PuO(g) as main species, later
conﬁrmed by Battles et al. [65]. Our calculations lead to identical
results for the total pressure and PuO(g) partial pressures. A good
agreement is found between our calculations and the experimental
data for the total pressure considering PuO(g) as the major species.
Such a result is consistent with the way that Glushko et al. [42] selected their data for the condensed phases and for the PuO(g) species. The calculated partial pressures of Pu(g) are not consistent
with the set of independent data from Battles et al. [65]. In the contrary our results are in good agreement with the data of Ackermann et al. [64] who performed a thermodynamic analysis of the
Pu–O system from their pressure measurements and using the data
of Markin [45] for the oxygen potential data in PuO2x and for the
thermodynamic data of Pu2O3 and PuO1.61 solid phases.
To complete the present results, the vaporization of plutonia is
studied. As reported in the previous section, a congruent vaporization is found for a O/Pu ratio around 1.82. The calculated and
experimental congruent compositions of PuO2x versus temperature are reported in Fig. 13. Two cases are considered in our calculations. In the ﬁrst case, the calculations are performed by ﬁxing as
a condition that the compositions of both gas and PuO2x phases
are equal. It corresponds to the azeotropic composition representing the vaporization of plutonia in a closed system. In all the available experiments, a Knudsen cell was used to evaporate the
material. Such conditions correspond to an open system that require to consider the ﬂow of the different gaseous species and that
lead to noticeable different congruent compositions, shifted to
lower oxygen contents. The effusion cell is inherently more reducing than the corresponding closed system and then it is necessary
to consider the effusion ﬂow condition in the calculations to reproduce the experiments. In such a case, the agreement between the
calculations and the experimental data is good. Below 2000 K, a
deviation between our calculations and the experimental data is
noted that lead to a composition closer to PuO2 in our calculations.
The calculated total pressure over PuO2x versus temperature is
compared with the available experimental data in Fig. 14. In the
effusion experimental works, PuO2(g) is assumed to be the major
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species in the gas phase to calculate the pressure. This assumption
was chosen by Glushko et al. in their selection [42]. A good agreement is obtained between the experimental and calculated data.
The partial pressures of PuO(g) and PuO2(g) over congruent
PuO2x are calculated and compared to mass spectrometric results
reported by Battles et al. [65] and Kent [67] in Fig. 15. The two sets
of experimental data lead to partial pressures of PuO(g) and
PuO2(g) which are close to each other at the congruent vaporization of PuO2x. But as mentioned in the previous section, the data
of Kent [67] are not consistent with the measurements performed
by Battles et al. [65] concerning the major species in the vapour
phase: according to Kent, PuO2(g) is the major species in the vapour whereas it is PuO(g) for Battles et al. [65]. This difference is
difﬁcult to explain as both authors used mass spectrometry to
measure the partial pressures. The original experimental data of
Kent [67] are unpublished. Our calculations which take into account the effusion ﬂow of PuO(g) and PuO2(g) species from the vapour, show a better agreement with the data of Kent [67]
considering PuO2(g) as the major species in the vapour. This is

Table 5
Calculated thermodynamic data for the oxide compounds (present work) – comparison with data from the literature
Phase

DH formation (298.15 K) in kJ mol1

S (298.15 K) in J mol1 K1

Cp (298.15 K) in J mol1 K1

Reference

Pu2O3

1656.2

163.4
163.2 ± 0.6

117.0
117.0 ± 0.5

159.4 ± 25.1
142.2 ± 20.9
163.0
163.0 ± 0.6

117.0 ± 0.5

Present work
Flotow [41]
Besmann [25]
Chereau [46]
Markin [45]
Glushko et al. [42]
Lemire et al. [43]
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PuO1,52
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80.4

Present work
Lemire et al. [43]

PuO1,61
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895 ± 6
884.5 ± 16.7
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61.2 ± 5

Present work
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1058.0 ± 1.6 kJ/mol
1055.7 ± 0.72

66.13
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66.24

1055.8 ± 0.8
1055.8 ± 1.0

66.25 ± 0.26
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Fig. 10. Calculated partial Gibbs energy of O2 as a function of temperature in PuO2x for ﬁxed O/Pu ratios (present work) – comparison with available experimental data.

consistent with the fact that Glushko et al. [42] selected PuO2 as
the major species in the vapour over congruent PuO2x compound
[42].
Finally, the total pressure and the partial pressures of Pu(g),
PuO(g), PuO2(g), O(g) and O2(g) are calculated at 1970 K in Fig. 16
and compared to the curves reported by Ackermann et al. in [64].
Our results are in good agreement with the thermodynamic analysis performed by Ackermann et al. for the two-phase domain and
for the PuO2x composition range [64]. The graph shows that
PuO2 heated at constant temperature under vacuum will start to
loose O(g) and O2(g). The rate of change of composition of the sample will be then quite large. Then PuO(g) and PuO2(g) become more
important and the rate of change of composition stops at the congruent composition where the total pressure is minimum (more exactly it is the ﬂow of effusion that is minimum). Starting from the
two-phase domain, the curve shows that the oxidation of PuO1.61(s)
is accomplished by the preferential vaporization of PuO(g).
Concerning the vaporization of Pu2O3–PuO2x and PuO2x systems, there is a good agreement between our thermodynamic

description based on the data of Glushko et al. [42] for the gas
phase and the available experimental data on total pressures and
congruent vaporization of PuO2x. In case of total pressure measurements, the authors have assumed the vapour to be PuO(g)
above the two phase domain and PuO2(g) above PuO2x. The partial
pressures of PuO2(g) and Pu(g) measured by Battles are not consistent with our calculations and with the values derived from the
thermodynamic analysis of Ackermann et al. [64] and Glushko
et al. [42]. Further investigations of the system by experiments
or/and by calculations are required to clarify the situation especially the heat of formation and the heat capacity of Pu2O3.
5. Conclusion
In the framework of the FUELBASE project to develop a thermodynamic database for advanced fuels, a thermodynamic assessment of the whole plutonium–oxygen system is presented using
the CALPHAD method considering the available experimental data
reported in the literature. The compound energy formalism is used
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Fig. 11. Calculated O2 partial pressure versus O/Pu ratio at 1023, 1073, 1100, 1173,
1200, 1273, 1320, 1373, 1400, 1470, 1500, 1570, 1600, 1688, 1750, 1780, 1900,
2000, 2050, 2100, 2250 K – comparison with the selected experimental data.
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Fig. 12. Calculated PuO(g), Pu(g) and PuO2(g) above the two-phase domain
[Pu2O3 + PuO2x] (present work) – comparison with the available experimental
data.
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to describe the thermodynamic properties of the non stoichiometric oxide PuO2x and PuO1.61 phases. The liquid phase is described
using the ionic two-sublattice model. For the phase diagram, the
experimental data selected by Wriedt [14] in his critical analysis
have been adopted for the optimization. Concerning the experimental thermodynamic data, the oxygen partial Gibbs energy data
are scattered. A chart has been built in order to compare the different set of data at ﬁxed temperature or O/Pu ratio. The differences
between the authors remain difﬁcult to explain. A selection has
been performed for the optimization. The main features of the
phase equilibria between Pu2O3 and PuO2 are well reproduced as
well as the associated variation of the oxygen chemical potential
versus temperature and composition. Using the present modelling
of the condensed phases and the thermodynamic functions of the
gaseous species from Glushko et al. [42], the vaporization behaviour of both two-phase Pu2O3–PuO2x domain and PuO2x monophasic region is studied. The total pressures and the congruent
compositions calculated in both closed and open systems are well
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Fig. 16. Variation of the total and partial pressures versus O/Pu ratio at 1970 K for a
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reported for the two-phase domain.

reproduced. Difﬁculties remain to explain signiﬁcant deviations
between the experimental data on partial pressure measurements
above the Pu2O3–PuO2 and PuO2x systems. Experimental data are
missing on the liquidus in the whole phase diagram and on the
temperature range of stability of the PuO1.61 phase in the Pu2O3–
PuO2 domain. Further experimental and/or theoretical work is required to establish the thermodynamic description of the Pu–O
system. This remains fundamental work in order to model higher
order systems such as U–Pu–O and U–Pu-MA-FP-O systems
(MA = minor actinide, FP = ﬁssion product) to predict the behaviour of the fuel materials of the future fast breeder reactors.
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