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ABSTRACT

The published data for the thermodynamic functions and phase equilibria of the plutonium-oxygen sys-
tem have been examined. Some inconsistencies have been found for oxygen chemical potential and
vaporization data of [Pu,03 + PuO,_] and PuO,_, 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
(Pu*, Pu*);(0%", Va), and (Pu®*, Pu*"),(0%7)5(0?", Va); have been chosen to account for the crystal struc-
ture, defect chemistry and thermodynamic properties of respectively PuO,_, and PuO;¢; phases. The
liquid phase was described using the ionic two-sublattice model (Pu*)p(0%~, Va%~, PuO,, 0)q. The reli-
ability of the refined parameters is demonstrated by calculation of the phase diagram, the thermody-
namic properties of the phases and the equilibrium partial pressures in the Pu,O3-PuO, 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 perfor-
mance 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, nu-
clear fuel production, fuel behaviour under irradiation and reactor
safety analyses of such advanced fuels require an accurate model-
ling 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)O, 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 thermochemi-
cal modelling [4,5] and the defect chemistry [6,7] of plutonium oxi-
des. The model of Lindemer and Besmann has been extensively
used around the world as reference thermodynamic data for UO,,
PuO, and (U,Pu)0O, fuels [4,5]. However, these models do not allow
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describing both thermodynamic and phase diagram data. The li-
quid and gas phases are not taken into account. The complex re-
gion ranging from Pu,03; and PuO, 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 PuO,_, phase and the composition range of the
PuO,6; phase. No comparison with experimental information is
presented concerning the phase diagram and for the thermody-
namic data, only a few experimental values have been used for
the oxygen chemical potential data in PuO,_,. Finally the model
of Kinoshita for the PuO,_, phase, (Pu);(0,Va),, is not compatible
with the one that we use in FUELBASE to describe the fluorite fcc
phase: (Pu®*,Pu U3 ,U* U Zr?* Zr**),(0%" Va),(0?>",Va); where
ionic species are introduced in the sublattices. This ionic multi-
sublattice 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 ura-
nium, can have several valence states +3, +4, +5 as a function of
reducing or oxidation conditions. This type of model has been suc-
cessfully 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 includ-
ing 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 parame-
ters of all the phases are derived by the least-squares minimization
procedure using the CALPHAD method and the Thermo-Calc soft-
ware [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-0 system will be presented.

2. Survey of literature information

Owing to its great interest for nuclear fuel application, espe-
cially (U, Pu)O, 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 diagram of the Pu-0O 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 Pu,O, gaseous species as a function of O/Pu ratio and tem-
perature in the Pu,O3-PuO, 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, y-
Pu face-centered orthorhombic, 3-Pu (fcc), §-Pu (bct) and &-Pu
(bcc)) and several solid oxide phases. A confusion existed in the lit-
erature regarding intermediate phases between the well-known
sesquioxide Pu,03 (hexagonal with a small composition range at
high temperature, also designated as B-Pu,0s or A phase) and the
dioxide PuO, (cubic fcc with a composition range from 61.3 to
66.67 at.% O also designated as y-PuO,_, phase). The intermediate
oxide phases are: the oxide PuO, s, (bcc, also designated by cubic
Pu,03, a-Pu,05 or C) with a composition very close to the sesqui-
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group reference oxide and the oxide PuO, g1 (bcc, also designated by a-Pu,03 or C')
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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 Bes-
mann [25], based on experimental work. In 1990, Wriedt proposed
a phase diagram based on an extensive critical analysis of all pre-
vious experimental studies [14]. The resulting phase diagram of
Wriedt adopts the phase boundaries proposed by Sari et al. [21]
and Besmann [25] in the Pu,05-PuO, region. The Pu-rich boundary
of PuO,_, at higher temperature is based on the data of Messier
[26] and Ohse et al. [27]. The Pu-Pu,03 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-Pu,05 region

In the metal-oxide region, the experimental data are rare. At
low temperature, the sesquioxide Pu,0O5; (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) + Pu,03] occurred at 2098 + 40 K [13]. These
results on Pu-0 system are consistent with the existence of a mis-
cibility gap in the liquid state in both U-O and U-Pu-0 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. Pu,03-PuO; region

This region has been extensively investigated at temperatures
below 1500 K. The PuO, 5, compound was first observed by Holley
et al. [11] to be in equilibrium with both Pu,03; (hexagonal) and
PuO, up to ~2173 K. Later, Gardner et al. [23] confirmed the exis-
tence of this phase with a O/Pu ratio of 1.515 in equilibrium with
both PuO, g and Pu,05 (hexagonal) up to ~573 K. At 623 K, the
PuO, 5,5 compound was found to decompose into Pu,03 (hexago-
nal) and PuO,g;(cubic). A two-phase region (PuO; 515+ PuO;41)
was assumed to exist from ~573 to ~623 K. These phase bound-
aries at low temperature have been adopted in the phase diagrams
published by Sari et al. [21] and Wriedt [14].

For the PuO, g; cubic phase, some uncertainties remained for a
long time on the fact whether it was or not a separate phase from
PuO; 5, and PuO,. The stability range in temperature and composi-
tion were also not clearly established. It has been fixed by Sari et al.
[21] from heat treatments and X-ray diffraction experiments for
T<1300K. The PuO;s; phase was found to be stable above
~573 K where it decomposed into PuO; s, and PuO; g95 (instead
of PuO, o3 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 PuO; g; and PuO,_, were
observed to be in equilibrium from 573 K to ~900 K. This two-
phase domain replaced the large miscibility gap in the fcc PuO,_,
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
900K according to the monotectoid reaction [PuO,_, (O/Pu~
1.7) = PuO; og + PuOy4;]. 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 PuO,_, 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 two-
phase domain [PuO; g; + PuO,_,] has to be confirmed and conse-
quently it is not taken into account in [14] and in the present work.

The phase equilibria in the Pu,03-Pu0O, region at temperatures
between 1400 and 1600 K were investigated by Besmann from
measurements of CO equilibrium pressures over oxide-graphite
mixtures [25]. PuO,_, (fcc), PuO, 65 (bcc) and PuO, 5 (hexagonal)
were observed exhibiting a significant homogeneity range. The re-
sults of Besmann argue for the high temperature PuO;¢, (bcc)
phase, reported by Chikalla et al. [12], Gardner et al. [23] and Riley
et al. [29], to be the lower phase boundary of PuO,_, (fcc) instead
of being a separate phase. The author explained the previous re-
sults by the difficulties related to the quenching of the PuO,_,
phases from high temperatures. The results obtained by Besmann
are in good agreement with the previous investigations on the
vaporization behaviour of the system Pu,03-PuO, at high temper-
ature carried out by Messier [26] and Ohse et al. [27], which indi-
cated the wide homogeneity range of PuO,_, 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 [PuO,_, (fcc) with x ~0.395 =PuO;5 (hex)+
PuO, g5(bcc)] was assumed to occur at T<1400K by Besmann
[25]. In addition, a congruent decomposition of fcc PuO,_, phase
into bcc PuO, g5 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 Pu,03 and PuO, remain uncertain.
Melting temperatures of oxides with compositions between
Pu,03 and PuO, were determined by Chikalla et al. [12] under he-
lium by thermal analysis. Pu;O3; (hexagonal) and PuO, ¢, (desig-
nated as o/-Pu,O3 cubic) were reported to melt congruently at,
respectively, 2358 + 25 K and 2633 £ 20 K. The uncertainty on the
measured liquidus temperature for PuO, is high due to the oxygen
loss by vaporization at high temperature leading to a substoichio-
metric composition: a minimum temperature of 2553 +30K is
found for O/Pu=1.62 starting from PuO,. The melting point of
PuO, could not be measured by Chikalla et al. [12] and was indi-
cated at 2673 K according to the measurements of Russel [30]. A
eutectic reaction has been arbitrarily drawn between Pu,05 (hex-
agonal) and o/-Pu,05 at 2303 K. Riley [29] determined the liquidus
temperatures for compositions in the Pu,03-PuO, range using
flame melting in oxidizing atmosphere for PuO, or electric arc with
imposed oxygen pressures (using argon/oxygen gas mixtures). The
author proposed a congruent melting point for PuO;g, at
2473 £20K, an eutectic reaction [liquid=Pu,03+PuO;g,] at
2243 +5 K and a minimum in the liquidus curve for PuO; g mean-
ing that an azeotropic composition would exist. The measurements
of Chikalla et al. [12] for PuO, g, are discarded in this work because
PuO, g, 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. PuO,-0 region

Uncertainties still remain on the existence of a possible hyper-
stoichiometric PuO,., domain. Oxidation heat treatments with an
excess of oxygen were tentatively performed in order to analyze
the existence of a possible PuO,., 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 O, pressure and specific sur-
face. Haschke et al. [33] reported the formation of PuO,., when
PuOy(s) was stored in presence of water according to the reaction
[PuO,(s) + Ho0(g) = PuOq.4(s) + Hx(g)]. On the basis of hydrogen
volumetric measurements, the authors estimated the Gibbs energy
of PuO,., which would exist up to O/Pu = 2.5 [33]. Neck et al. [34]
estimated the enthalpy of formation of PusOg and PuOs from data
on neptunium and uranium oxides as well as actinyl and hydrox-
ides phases. The authors reported that the Gibbs energy values
estimated by Haschke et al. [33] for PuO,., were in error by at least
85-160 kJ/mol for PuO, »5(s). Martin et al. [35] confirmed by X-ray
absorption spectroscopy that the oxidation degree is the one of
PuO,(s) (no formation of Pu®*) for PuO, samples ignited or treated
under water vapour. Farr et al. [36] identified Pu(OH), or some
Pu(V) phases using XPS analysis on hydrated plutonium oxides.
But after dehydration, the PuO, 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 cal-
culations were performed by Petit et al. [38] and Korzhavyi et al.
[39] to determine the stability of the PuO,., phases or higher plu-
tonium oxides. The two investigations are not consistent on the
variation of the lattice parameter of the PuO,., phase with oxygen
content. Petit et al. [38] predicted a decrease of the lattice param-
eter with oxygen meanwhile Korzhavyi et al. [39] proposed an in-
crease in agreement with the experiments of Haschke et al. [33].
Korzhavyi et al. [39] proposed a new mechanism to explain hydro-
gen production based on an increasing yield of water radiolysis
when it is absorbed on the PuO, surface.

In view of all these studies on the behaviour of PuO, under
water pressure, the existence of an hyperstoichiometric domain
for PuO; is not yet proved. If existing, the deviation from the stoi-
chiometry may be small according to the thermogravimetric anal-
ysis of Drummond et al. [31] that led to O/Pu < 2.01 + 0.008. Thus
the possible hyperstoichiometric domain of PuO, is not taken into
account in the present work.

The selected experimental data for the phase diagram are re-
ported in Table 2.

This review of the experimental information on the Pu-0O phase
diagram allows pointing out the lacking data for which new mea-
surements would be helpful to definitely fix the phase diagram.
The knowledge of the Pu-Pu,Os; 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 [Pu,Os/liquid] equilibrium
and the composition range of hexagonal Pu,03 phase. In Pu,03-
PuO, region, experimental work on the liquidus and solidus tem-
peratures, the plutonium rich boundary of the PuO,_, phase, the
decomposition temperature of the PuO;g; phase and the critical
temperature of the miscibility gap in the fcc PuO,_, phase would
be helpful.

2.5. Thermodynamic data

The experimental data from the literature on the thermody-
namic properties of the phases are briefly reviewed.

2.5.1. Compounds

Thermodynamic data exist mainly on Pu,Os; and PuO, com-
pounds. For the Pu;Os; compound, determinations of the heat
capacity at low temperature by Flotow et al. [41] (including a 4
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 PuO(s) (using a C, ratio ~1.7 from 350K to the
melting temperature 2358 K). The enthalpy of formation has been

Table 2

Experimental database for the Pu-O system

Data Temperature Composition Phases Reference
range (K) range (O/Pu)

Phase diagram 2100 0-1.5 L1, L2, Pu,, Os [13]

600-2700 1.5-2
2200-2700 1.5-2

Phase diagram
Phase diagram

PuO; 6, PuO, L [12]
Puy0s, PuO,, L [29]

Phase diagram 500-1300 1.5-2 Pu,03, PuO; 61, [20]
Pu0O,
Phase diagram 500-1000 1.5-2 Pu,03, PuO; 55, [23]
PuO; 61, PuO,
Phase diagram 600-1400 1.62-2 Pu,03, PuO; 61, [21]
PuO,
Phase diagram 1400-1600 14-19 Pu,03, PuO; 61, [25]
PuO,
Phase diagram 2700 2 PuO, [30]
Phase diagram 2100-2400 1.5-19 Pu,03, PuO, [26]
Phase diagram 1800-2200 1.5-2 Pu,03, PuO, [27]
Phase diagram 2718 2 PuO, [40]
Enthalpy of 298.15 1.5-2 Pu,03, PuO; 55, [43]
formation, PuO; 1, PuO,
entropy
Partial oxygen 1373 1.5-1.99 Pu,03, PuO g1, [46]
enthalpy PuO,
Partial oxygen 1073-1573 1.98-2 PuO, [56]
Gibbs energy
Equilibrium 1400-1600 1.4-1.8 Puy03, PuOq61,  [25]
oxygen PuO,
pressure
Partial oxygen 1273-1473 1.77-2 PuO, [55]
Gibbs energy
Partial oxygen 1023 1.54-2 Pu,03, PuO 61, [45]
Gibbs energy PuO,
Partial oxygen 1750-2250 1.7-1.9 PuO, [60]

Gibbs energy

derived at different temperatures from high temperature measure-
ments 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 PuO,, numerous data are available. Calorimetric
measurements have been undertaken by Sandenaw [47] on
239py0, 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 242Pu0, and 2**Pu0, from 12 to
350K by Flotow et al. [41]. In these plutonia specimen, the irradi-
ation effects are less important and the measurements are thus
more accurate than in the previous studies. The heat capacity of
PuO, 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
PuO, or to the interaction of the oxide with the tungsten crucible
[51]. Furthermore, the high oxygen potential of stoichiometric
PuO, may lead to the formation and vaporization of gaseous tung-
sten oxides and the additional gas condensation enthalpy could ex-
plain the increasing of the measured enthalpy increments.
However, as this type of behaviour has been observed for ThO,,
UO, and ZrO,, the heat capacity increase could be also attributed
to the formation of Frenkel and Shottky defects at high tempera-
ture [52]. For the enthalpy of formation of PuO,, 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 PuO,g; 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 PuO; s, compound. Some
thermodynamic data on both PuO; 5, and PuO,¢; have been esti-
mated in [8,43].

2.5.2. Oxygen partial Gibbs energies

Numerous experimental data are available on the variation of
the partial Gibbs energy of O, as a function of temperature and
O/Pu ratio in PuO,_, 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 con-
ductivity measurement by Atlas et al. [58] under controlled oxygen
potential using (H,/H,0) mixture, CO pressure measurements over
{oxide + graphite} mixtures by Besmann [25], heterogeneous CO/
CO, equilibrium by Kent et al. [59] and transpiration with Hy/
H,0 flow by Tetenbaum [60]. Some important discrepancies can
be found between the different sets of experimental data as re-
ported 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 com-
parison 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 Baichi 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: p(0O,) versus log10(x) at fixed
temperatures and u(0,) 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 oxy-
gen 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 k]J/mol at 1200-1300 K. At low tempera-
ture (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 tem-
peratures 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, thermogravi-
metry and E.M.F. which lead to consistent results. This only means
that for the same composition the two oxygen potentials are sim-
ilar and consequently any discrepancy should come from the com-
position 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], ther-
mogravimetry for Swansson [56]). The uncertainty on the O/Pu ra-
tio is certainly the most important one to consider. The values of
the uncertainties on the O/Pu ratios, AG(O,) 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 se-
lected some of them without any explanation. Facing the lack of
any evidence in the experimental errors, we have selected the fol-
lowing 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 en-
thalpy of O, at 1373 K versus O/Pu ratio from oxygen dissolution
calorimetry measurements performed by Dean et al. [24] and Che-
reau et al. [46]. Differences exist between these two sets of values
published by the same team and measured with the same appara-
tus. 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 de-
crease 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 ver-
sus O/Pu ratio in relation with the phase diagram: (i) the partial en-
thalpy plateau from O/Pu=1.5-1.6 may correspond to the
[Puy0O3 + PuOq6;] domain, (ii) the partial enthalpy curve ranging
from 1.61 to 1.7 may be the PuO,g; single-phase domain; (iii)
the narrow partial enthalpy plateau between O/Pu=1.61 and
1.71 would characterize a two-phase domain [PuO;g; + PuO,_,];
(iv) the smooth partial enthalpy curve for O/Pu > 1.71 may corre-
spond to the extended PuO,_, composition range. The same curve
was found for two different samples. The shape is very complex
especially in the assumed PuO, g; 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 ob-
served 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 UO,., 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 Pu,03-PuO,_, (and diphasic Pu,03-
PuO, 4, 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 assump-
tion for the composition of the gas phase, the pressure measure-
ments 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
Pu,03-Pu0,_, (2 — x=1.61) phases but PuO,(g) and Pu(g) were
also detected and pressure laws for PuO,(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 thermo-
dynamic functions of the condensed phases Pu,03 and PuO; g re-
ported in [45]. In the compilation of Glushko et al. [42], the
thermodynamic properties of PuO(g) were calculated from molec-
ular parameters (spectroscopic investigations) and from the pres-
ent total measured pressures using their retained data for Pu,03(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 PuO,(g) above



plutonia. There is no detailed information concerning the experi-
mental 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 PuO,(g) (a small correction of 9% PuO(g) was applied), and from
the data of Markin et al. for the thermodynamic functions of
PuO1 g5(s) [45], Ackermann et al. determined the Gibbs energy of
formation of PuO,(g). This thermodynamic analysis allowed calcu-
lating the partial pressures of all the gaseous species as a function
of temperature and O/Pu ratio as well as the congruent composi-
tion for PuO,_, 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 com-
position in the range 1.84-1.89 for 1800-2200 K from Ohse et al.
[27], 1.81-1.87 for 2080-2380K from Messier [26], 1.83 at
2230 K from Battles et al. [65]. The value 1.92 measured by Acker-
mann 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 analy-
sis. 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 PuO,(g) is the major gas species
above congruent PuO,_,. Assuming PuO,(g) as the major gas con-
stituent, 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
PuO,(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 par-
tial pressure for PuO,(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 con-
gruent composition and the measured total pressures is good com-
pared 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 spec-
trometric parameters (ionisation cross sections and their
estimates).

In the compilation performed by Glushko et al. [42], molecular
parameters for PuO,(g) come from spectroscopic data associated
with estimates. Formation enthalpy is then deduced from the
mean value of sublimation enthalpy of PuO,(s) into PuO,(g) as
measured for the congruent compositions and their free energy
function. The congruent solid is taken as PuO,(s).

By analogy with UOs(g) the gaseous species PuOs(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 PuOs(g) mole-
cule at 298.15K: —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 PuOs(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 per-
formed on the basis of estimated data for the oxygen potential
and from the ratio of the ionic intensities (PuO; /PuOy) arbitrarily
corrected for 50% PuO; fragment contribution coming from PuOs.
The two values of formation enthalpy for PuOs(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 PuO5(g)
in the transpiration experiments. Thus the contribution of the
PuOs(g) that may be quite low is not taken into account in the
present modelling of the gas phase for the Pu-0O system. The pres-
ent experimental pressure data have not been used in the optimi-
zation. 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. Pu,03 and
PuO, 5, are treated as stoichiometric compounds. The assumed
departure from stoichiometry of Pu,Os; 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 298.15K and 1bar
(°H?®(298.15 K)).

3.1. Pure elements

The Gibbs energy functions of the pure elements i at tempera-
ture T and in their structural state ¢ G/(T) are given by

G/(T) - °H;™(298.15K) = a+bT + cTInT + > " d,T" 1)

where n is an integer (2, 3, —1, .. .). In the present work, the param-
eters reported by Dinsdale are used for pure plutonium and oxygen
data [72].

3.2. Puy03 and PuOq s, stoichiometric compounds

For these compounds, the Gibbs energy function has the same
form as in Eq. (1):

G(T) = nf°H®(298.15K) =a+bT +cTInT+> d, " (2)
i

where n{ is the number of atoms of each element i in the oxide
formula.

For the PuO;s5, compound, heat capacity data reported by
Kinoshita et al. [8] corresponding to c¢ and d, coefficients, were
used. For the Pu,03; 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 opti-
mized in the present work.

3.3. PuO,_y fcc phase

PuO, adopts the fluorite structure like U0, which is typical of
ionic compounds. In the present work, the model for PuO, must
be consistent with the one of UO, to describe higher order systems
such as (U, Py, Zr, ...)02+ solid solution. UO,., was described by
using the compound energy formalism with ionic species: (U**,
U%, U%),(0%", Va),(0?", Va); [10]. The compound energy model
has been successfully used by Grundy et al. [73] to describe both
defect chemistry and thermochemical properties of LaMnOs.q
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 PuO,_,, the reported major defects are oxygen vacan-
cies associated to the formation of Pu3* cations. In Kréger-Vink
notation the reduction reaction associated to the point defect for-
mation is given by

1/20§ + Pup, < 1/2Vy + Pup, + 1/40,(g) (3)

where Oy and Puy, represent the perfect sites of the crystal, and V{
and Pup, designate, respectively, doubly positively charged oxygen
vacancies and reduced plutonium ions (Pu®*).

For this reaction, the equilibrium constant K; is defined by

Vg Puppgy

" (00)"Puy,] ?

For small defect concentrations, [Og] and [Pug,] can be considered to
be equal to ~1.

In order to maintain charge neutrality the following relation
must be hold:

V5] = 2[Pup,] ()

Combining Egs. (4) and (5), the following proportionality between
defect concentration and oxygen partial pressure is obtained:
log[Pup, ] o< logp,/® and  log[Vy] o log p,/°® (6)
In the classical defect modelling, the equilibrium constant K; is ad-
justed 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 stoichi-
ometric plutonium dioxide is

(Pu*", Pu*"), (0%, Va), (7)

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 asso-
ciated with Pu3* formation.

The defect reaction in the sublattice notation is:

(Pu™),(0%7), — (Pu*), (03, Va ), + 1/402(g) (8)
This reaction is equivalent to Eq. (3) when written in Kroger-Vink
notation.

Stan et al. [7] have recently reported a thermochemical model
to describe PuO,_, in which more complex defects are considered:
singly positively charged oxygen vacancies (V), doubly positively
charged oxygen vacancies (V{), singly positively charged metal-
oxygen vacancy pairs ((PuVp)'), neutral charged metal-oxygen va-
cancy pairs ((PuVp)*) and reduced plutonium ions (Pu" ions). In
the present work, we will not take into account such complex de-
fects. The sublattice model described by Eq. (7) will be used.

The Gibbs energy associated to the sublattice model (Pu®*,
Pu?"),(0?, Va), using the compound energy formalism [3] is given
by

G” = > n°H™ (298.15K) = Yps:Ygr- "Gy 02,
i

+ Ypur Yva Gput ), way, T Yt Vv Gipurty, va,
+Vps Yo ‘G, 07y, T RT Vs INYpyse + Ypyse INYpya)
+2RT (Vo2 Inyqz- + Yye INYyy) + Vo2 Ypysr
x [L?Pu3',r’u4+) %),

1
+ Wpy+ — yPu“*)L<1’u3#|’u“+)1 (Va)z} 9)

1 0
(y pudt — Yputt )L<Pu3',r’u4+)] (0%7), + L(Pu3+ Putty, (Va),

where

‘" in the sublattice

- °Ggy,(), are the Gibbs energies of the different compounds
formed by considering the species ‘i’ in the first sublattice and
the species Y’ in the second sublattice

- L' are interaction parameters which can have a linear depen-
dence in temperature.

- y; represents the fraction of the species

The model is schematically represented in Fig. 2. The Gibbs en-
ergy of plutonia is given as a mixture of the four end members:
neutral (Pu*)(0?7),, (Pu**)(Va), with a net charge of +4,
(Pu**)(Va), with a net charge of +3 and (Pu*)(0?"), 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 Pu** and Pu>* cations in the first sublattice and
0%~ 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 PuO,. The other endpoint corresponds to the completely
reduced plutonia PuO s.

The Gibbs energy of these two compounds is given by

“Gruo, = "Gyt 02, (10)

o 3. 1, 1 3.3

GPuOLS = 4 G(Pu3+)1(02’)2 +Z G(Pu3+)1(Va)2 + 2RT< ln4 2 an>
(11)

By fixing the following relations between the parameters:

OG(Pu 1(Va), — °G (Pu*t);(0%7), — 2°Go (12)

°G (Put);(Va), — Gpu3+) %) ’2 Go (13)

where °Gy is the Gibbs energy of 1/2 O, gas, the four end members
are obtained:

Gput, 02), = “Gruo, (14)
°G (vay, = = °Gpyo, — 2°Go (15)
o o 3, 3.3
G(Pu3’)1(Va)2 = GPu015 — j Go — 2RT<4 1n4 + - P 11'14) (16)
B o 1, 3
G(Pu3*)1(02’)2 = GPUOls +i Go — 2RT<4 ll'l4 +4 ln4> (17)

The parameters that have to be assessed in the model are °Gpyo,,
°Gpuo, ; and the interaction parameters I Thermodynamic data for
pure PuO, from the SGTE substance database are taken as initial
parameters [42,44]. The enthalpy and entropy terms have been
optimized.

(Pu®),(Va), (Pu*),(Va),
(+3) (+4)

PuO, ;=(P

neutral line

u®),(Va,,0%4),
(0)

(Pu*),(0%), (Pu*),(02),=Pu0,
(-1 (0)

Fig. 2. Schematic representation of the sublattice model (Pu**, Pu**)1(0%", Va), to
describe plutonia PuO,_,.



3.4. PuOy 67 bee phase

The sublattice model to describe the cubic Ce30s., in [9] is used:
(Pu™, Pu*"),(0%")5(0%", Va),

The variable oxygen content in the phase is compensated by chang-
ing the oxidation state of plutonium from +3 to +4. Two neutral
compositions are obtained for the end members:

- (Pu*"),(0%7)3(0%"); with a composition PuO, which corresponds
to a metastable cubic PuO, phase with respect to the fluorite
form;

- (Pu*),(0%7)3(Va); with a composition Pu,03 which corresponds
to the metastable cubic Pu,03 phase with respect to the hexag-
onal form.

The Gibbs energy of the phase is given by
o JSER °
G” = n"H;™ (298.15 K) = yp,s-Yor-*Gpyse, 02, 0%,
i
Yt Yva Cput) 00, va), + Vet Wva G, 02, va),
+ Vs Yor-*Gopuzo 02502y, T 2RT (Vpya+ INYpyae + Ypyer InYpya- )
0
+ RT(yoz, ll'lyozf + Yva lnyVa) + Ypu3+ Ypus+ [L(Pu3+,Pu4+)2(OZ’)3(02’),
1 0
+ (yPu3’ ~ Yput+ )L(Pu3*,l’u4+)2(02’)3(02’)1 + L(Pu3+.Pu4+)2(02’)3(Va)1
1
+(Vpuse — Yoyt )L(Pu3 FPutt), (0% )5 (Va), ] (18)

The Gibbs energy parameters for PuO, g; are expressed from the
parameters of fcc PuO,_, phase by

fcc

LG ipyr+), (02507 ), JPuoy 6 = 2 [*Gruo, 5]pu02 +°Go+V14+ V10T (19)
%G, 0%y v, L puon gy = 21" Gruoys | pug, + V1 + V10T (20)
%Gt 0 15 00ay, Jpuoner = 2[*Gruo, | g, + V2 + V20T 21)
%Gt 0 1500 ), Jpuorer = 2[7Geuoy g, + V2 + V20T (22)

where V1, V10, V2 and V20 are optimized variables. In addition, the
: : 0 0
interaction  parameters Lipus: putty, 0% )3 07), = Lipud* putt, 02 )5 vay, =
V3 + V30T are optimized.

3.5. Liquid phase

The ionic two-sublattice model is used to describe the liquid
phase [74]:

(Pu**),(0°,Va®", Pu0,,0),

In this model, the first sublattice contains the Pu?* cation; the
second one contains the O anions, some charged vacancies
(Va?") and the neutral species PuO, and O.

P and Q are equal to the average charge of the opposite
sublattice:

P= QyVaqf + 2y027

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

and Q =3 (23)

Gliavid _y , Gt 1y0% 1, + Va2 “Gru + Youo, “Gruo, +Yo"Go
+QRT(Yo>- Iny2- + Yyge INYye + Yeuo, INYpuo,
+¥0InYo) + Yoz Yygo IL° + Vo2 = Yyeo L)
+Yor-Yeuo, (L + Wz — Yeuo, L] (24)

OG(PU3+)2(02 )3,°Gpu,°Gpuo2 and °Gp are the reference terms corre-
sponding to the Gibbs energy of respectively sesquioxide Pu,Os,
pure plutonium, dioxide PuO, 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 re-
lated to mixing of Pu and Pu,0; (i.e. between the constituents
0%~ and Va?") are assessed to represent the miscibility gap in the
liquid state of the phase diagram. Interaction parameters between
Pu,05 and PuO, (i.e. the constituents 0%~ and PuO,) are added to
fit the liquidus data. The melting enthalpy and entropy for the neu-
tral combinations of the liquid constituents are taken from the SGTE
substance database [44,42].

3.6. Gas phase

The gas phase is described by an ideal mixture of (Pu, PuO,
Pu0,, O, 0,, O3) gaseous species. The Gibbs energy is expressed by

G” =3 "y°Gl +RTY y;Iny;, + RTInP/P, (25)
i i

where y; is the fraction of the species ‘7’ in the gas phase. °G repre-
sents the standard Gibbs energy of the gaseous species ‘7. Py is the
standard pressure. The functions are extracted from the SGTE sub-
stance 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 compar-
ison with the experimental data is given in Figs. 4 and 5. In the Pu-
Pu,03 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 dia-
gram, especially data on the oxygen solubility limit in liquid pluto-
nium. The most investigated region is the Pu;03-PuO, 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 PuO,_, at high temperature, the com-
position range and the congruent decomposition of the PuOqg;
phase and the narrow miscibility gap in the PuO,_, 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 PuO, versus temperature
is presented in Fig. 6. These calculations are based on the proper-
ties of PuO, reported in the SGTE substance database [42,44]. The
rapid increase in C, 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 pluto-
nium 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 PuO, with re-
spect 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 O, 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 ob-
tained 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 325 (LG) Present work
L=G+PuO, 2640 66.5 (Pu0,_,), 66.8 (L) Present work
L2 =L1 + Puy05 2098 + 40 10 (L1), 50 (L2) Martin [13]
2098 8 (L1), 50 (L2) Wriedt [14]
2122 10 (L1), 49.7 (L2) Present work
PuyO3 =L 2358 +25 Chikalla [12]
2348 +5 Riley [29]
2353 Wriedt [14]
2330 Present work
L = Pu,03 + PuO, 2273 60.5 (L) Wriedt [14]
2306 60.5 (L), 61.5 (Pu0;_,) Present work
PuO, =L 2673 Russel [30]
2553 +30 Chikalla [12]
2718 Aitken [40]
2673 +£20 Riley [29]
2698 Wriedt [14]
2660 66.2 (Pu0,, L) Present work
PuO,_, =PuO,6; ~1450 Besmann [25]
~1450 Wriedt [14]
1445 62.4 (Pu0,_,, Pu0;¢;) Present work
PuO;_y = Puy05 + PuO; ¢; ~1353 61.5 (Pu0,), 61.8 (PuO61) Besmann [25]
~1353 61.6 (PuO,), 62 (PuOq.61) Wriedt [14]
1422 61.9 (Pu0,_,, Pu0O;6;) Present work
PuO; 53 = Pu,03 + PuO4 61 573-623 Boivineau [20]
623 61.7 (PuOq.61) Gardner [23]
743-753 61.9 (PuO;61) Sari [21]
723 61.9 (PuO;61) Wriedt [14]
711 61.7 (Pu0.67) Present work
PuO; 61 = PuO; 55 + PuO, 573 63 (PuO;61), 66.4 (PuO, ) Chikalla [12]
573 61.7 (PuOq67) Gardner [23]
573 61.7 (PuO;61), 66.6 (PuO,_,) Boivineau [20]
608 63 (PuO;61), 66.5 (PuO,_y) Sari [21]
608 62 (PuO;61), 66.6 (PuO, ) Wriedt [14]
576 61.8 (Pu0;¢;), 66.62 (Pu0,_ ,) Present work
PuOy(2) = PuO; 61 + PuOy(1) 943 63.2 (PuO;61), 66 (PuOy(1)) Boivineau [20]
903 62.8 (PuO;61), 62.9 (Pu0y(2)), 66.5 (PuO,(1) Sari [21]
903 62.8 (PuO;61), 62.9 (PuO,(2)), 66.5 (PuO,(1) Wriedt [14]
987 63.2 (Pu0;6;), 63.8 (Pu0, (2)), 66.2 (Pu0, (1)) Present work
L = &-Pu + Pu,03 912 Present work
g-Pu=¢'-Pu 756 Present work
&'-Pu = 6-Pu 736 Present work
8-Pu = y-Pu 593 Present work
v-Pu = -Pu 488 Present work
B-Pu = o-Pu 398 Present work

et al. [24]. The highest values of Chereau et al. [46] that are consis-
tent 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 composi-
tion is consistent with the phase diagrams proposed by Sari et al.
[21] and Besmann [25] concerning the existence of a large compo-
sition range for PuO;¢; phase and a narrow two-phase domain
[PuOq g14x + PuO,_4] [21]. The existence of this narrow two-phase
domain [PuO;¢; + PuO,_,] 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 tem-
perature range are missing to fix definitively the temperature of
decomposition of the PuO;¢; phase.

The O, partial Gibbs energy has been calculated for all the two-
phase 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 PuO,_, composition range
are presented in Fig. 9 as p(0,) versus log(x) for fixed tempera-
tures ranging from 1100 K to 2100 K and in Fig. 10 as u(0,) versus
temperature for fixed O/Pu ratios ranging from 1.7 to 1.995. With
both types of representations, as mentioned in the previous sec-
tion, 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 discrepan-
cies. An overall good agreement is obtained between the calcula-
tions and the selected data of Swansson et al. [56], Woodley [55],
and Tetenbaum [60]. The highest discrepancy with the experi-
mental 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 HS® (T =298.15 K, P =1 bar) (present work) — values in J, K, mol, Pa

Phase Gibbs energy (J/mol) Reference
Liquid Gy, 0t), —3°Ho " — 2°Hpy = Gpuy0, + 113000 — 47.921967 T [44]
(Pu**){0?"Va® Pu0,,0)q *Gpu), vaty, — “Hpa. = G [72]
°Gpyo, — 2fo,5“ — °HpR = Gpyo, + 67000 — 25.1595944 T [44]
“Go —*H3* = G (72]

L[‘,,uz. (0 Vayy = +123284 Th?s work

LbPu] )p(07 Va)y, — —27016 Thfs work

Lspux (0% PuOy)g = +65272 —2.847 T This work

= -10009 This work

PuO,
(Pu**,Pu*"),(0%~Va),

PuO;61
(Pu?*Pu**),(0%")5(0* Va),

PuO; sz
Pu,03

Gas (Pu, PuO,Pu0,,0,0,,03)

Functions

(Pu>*)p (0%~ Pu0; )q

o o LySER opSER

Gputey, 0), = 2 H?ER = HIS,ER = Gpuo,
“Gpy+),0), ~2°Ho™ = “Hpy” = Gpys) va), + 260
Gy, vy, — “Hpa: = Gruoys — 1.5Go + 1.12467RT

Gy, vy, — “Hpa: = Gruo, — 2Go + 45403

L';mz, Pty 01, = Lipire putey, vy, = +8734.9+0.403 T
(p sy, (0%, = Lipu+ puty (vay, = —19823.2+2.289 T

Gty 0t 00, —47Ho - — 2°Hpy = 2Gpuo, +6701.94+12.716 T

Gy, 0t 0, — 4 Ho " —2°Hpg' = 2Gpuo,, +Go — 128885+ 9.813 T

°G — 3°H® — 2°Hp® = 2Gpyo,, — 12888.5 +9.813 T

°G — 3°Hy® — 2°H3} = 2Gpyo, — Go +6701.94 +12.716 T

0 0
Lpoe ey, 021y (02), = Lipw+ putiyy 0y vay, = 272122 — 28187 T

(Pu*),(0%)s (Va);
(Pu*t), (02 )5(Va),

°Gpyoys, — 1.52°HY® — °HpR — 859900 + 345.87376 T —62.351 Tln(T) — 0.007085 T? — 1.6625 . 10" T° + 396830 T~!
°Gru0, —3°Ho * — 2°Hpg" = Gruyo,

°GE® = Gf, + RTIn(107°P)

°GEY% = Ghyo + RTIn(107°P)

“Ghio, = Ghp, + RTIn(10°P)

Go = °G1/20,(g)

Gpuo, = —1091829.07 + 505.6690794 T — 83.31922 TLn(T) — 0.00584178 T? — 2.29241167 - 10" T* + 913506 TV
—1176688.66 + 898.5073648 T — 131 TLn(T) + 7.77918 - 107 T2 —2.17490333 - 102! T> +3.521756.10°7 TV

Gpu,0, = —1655050 — 295.6871238 T + 38.63916 TLn(T) — 0.2750007 T? + 7.79827167 - 10~° T> — 1479357.5 T
—1699102.3 + 676.8695092 T — 122.9535 TLn(T) — 0.014273645 T — 3.27260333 - 10" % + 750595 T(""
—1800776.63 + 1284.775875 T — 200 TLn(T) + 4.1974775 - 107 ' T2 — 1.3924665 - 10?° T> +2.016497 - 10°° TV

Gpuo,s =1/2Gpyy0, + 5045.18

G5, = +342384.474 — 43.117293 T — 20.30369 TIn(T) + .004361944 T — 4.196665 x 10°° T — 40656.38 T
+348176.952 — 149.678011 T — 3.216571 TIn(T) — .017818755T? + 1.14424717 x 10°° T> — 405372.75 7"
+358979.665 — 233.202672 T + 8.216251 TIn(T) — .0225555 T? + 1.4126845 x 107° T° —2190253.5 T"
+251181.98 + 397.043295 T — 75.00843 TIn(T) +.00595168 T> — 4.15198333 x 1077 T> + 23940665 T
+538268.521 — 759.796803 T + 69.56718 TIn(T) — .026257465 T> +9.247795 x 10~7 T> — 82378450 TV
—455390.692 + 1948.02049 T — 251.164 TIn(T) + .01987852 T? — 3.22796833 x 1077 T° 4 4.9645555 x 10° T-V
+430311.346 + 352.921981 T — 72.15296 TIn(T) -+ .0037501715 T — 4.95895 x 107°T> —3.278732 x 10° TV

Ghuyo = —81162.9184 + 84.1696968 T — 47.48987 TIn(T) — .015822525 T2 + 8.07580833 x 10 ° T> + 611710 T
—91376.0436 + 303.962443 T — 83.63347 Tln(T) + .03789824 T> — 6.28436167 x 107° T> 4+ 1107078.5 T
—47108.7524 — 191.469738 T — 10.96509 TIn(T) — .015103325 T + 9.614135 x 1077 T> — 3947626 T
—115058.704 + 228.613287 T — 66.82868 TIn(T) + .004912038 T? — 3.63050333 x 1077 T° 4 11143440 TV
+121688.998 — 675.810691 T + 45.15148 Tln(T) — 018010055 T2 + 4.99610333 x 1077 T> — 79194500 TV
—680904.18 -+ 1217.5518 T — 174.7726 TIn(T) +.008701535 T? — 1.0718605 x 1077 T> + 4.683995 x 10° TV

Ghuo, = —425666.047 — 6.46777282 T — 38.18547 TIn(T) — .02954761 T + 477444167 x 10°° T° — 70282.85 T
—444201.953 + 230.692788 T — 73.77683 TIn(T) + 6.714505 x 104 T> — 1.33627967 x 10~® T + 1729839 7"
—453866.82 + 239.96684 T — 74.63718 TIn(T) + 5.42008 x 1074 T? — 4.87475833 x 10~° T° + 12258850 T~V

(298.15 < T < 2663 K)
(2663 < T < 6000 K)

(298.15 < T < 400 K)
(400 < T < 2358 K)
(2358 < T < 5500 K)

(298 < T < 500 K)
(500 < T < 1000 K)
(1000 < T < 2000 K)
(2000 < T < 3200 K)
(3200 < T < 4700 K)
(4700 < T < 7600 K)
(7600 < T < 10000 K)

(298 < T < 500 K)
(500 < T < 900 K)
(900 < T < 2100 K)
(2100 < T < 3800 K)
(3800 < T < 5900 K)
(5900 < T < 10000 K)

(298 < T < 800 K)
(800 < T < 6000 K)
(6000 < T < 10000 K)

This work C, from [44]
This work
This work
This work
This work
This work

This work
This work
This work
This work
This work
This work +C, from [8]

This work +C, from [44]

[42,44]

[72]

This work +C, from [44]

This work +C, from [44]

This work
[42,44]

[42,44]

[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 po-
tential with composition and temperature and the phase diagram
is represented in Fig. 11 where the calculated curves log10(p0O,)
versus O/Pu ratio for temperatures ranging from 1023 to 2250 K
are given. The associated phase boundaries are indicated. The pla-
teaus correspond to the two-phase regions. The present modelling
of the thermodynamic data of the oxide phases Pu,0s3, PuOqs;,
PuO; 61 and PuO,_, is consistent with the phase diagram proposed
by Wriedt [14] and Besmann [25]. The extent of the present mod-
elling to the description of ternary systems such as U-Pu-O and
Pu-0-C will be interesting to validate the selection of the experi-
mental 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 con-
densed phases and using the thermodynamic data reported in
[44] for the gaseous species Pu(g), PuO(g) and PuOy(g). These ther-
modynamic 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 [Pu;03-Pu0O;6;] domain. In Fig. 12,
the calculated total and partial pressures of PuO(g), Pu(g) and
PuO,(g) are compared to the available experimental data of Acker-
mann 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] se-
lected their data for the condensed phases and for the PuO(g) spe-
cies. The calculated partial pressures of Pu(g) are not consistent
with the set of independent data from Battles et al. [65]. In the con-
trary our results are in good agreement with the data of Acker-
mann et al. [64] who performed a thermodynamic analysis of the
Pu-0 system from their pressure measurements and using the data
of Markin [45] for the oxygen potential data in PuO,_, and for the
thermodynamic data of Pu;O3 and PuO,g; solid phases.

To complete the present results, the vaporization of plutonia is
studied. As reported in the previous section, a congruent vaporiza-
tion is found for a O/Pu ratio around 1.82. The calculated and
experimental congruent compositions of PuO,_, versus tempera-
ture are reported in Fig. 13. Two cases are considered in our calcu-
lations. In the first case, the calculations are performed by fixing as
a condition that the compositions of both gas and PuO,_, phases
are equal. It corresponds to the azeotropic composition represent-
ing the vaporization of plutonia in a closed system. In all the avail-
able experiments, a Knudsen cell was used to evaporate the
material. Such conditions correspond to an open system that re-
quire 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 reduc-
ing than the corresponding closed system and then it is necessary
to consider the effusion flow condition in the calculations to repro-
duce 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 PuO, in our calculations.

The calculated total pressure over PuO,_, versus temperature is
compared with the available experimental data in Fig. 14. In the
effusion experimental works, PuO,(g) is assumed to be the major
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Fig. 4. Calculated phase diagram of the Pu-0O system in atomic fraction of oxygen (present work) — comparison with the experimental phase boundaries.
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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 agree-
ment is obtained between the experimental and calculated data.
The partial pressures of PuO(g) and PuO,(g) over congruent
PuO,_, 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
PuO,(g) which are close to each other at the congruent vaporiza-
tion of PuO,_,. 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, PuO,(g) is the major species in the va-
pour 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 ac-
count the effusion flow of PuO(g) and PuO,(g) species from the va-
pour, show a better agreement with the data of Kent [67]
considering PuO,(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 AH formation (298.15 K) in k] mol~! $(298.15K) in Jmol ' K Cy (298.15K) in Jmol ' K! Reference

Pu,05 —1656.2 1634 117.0 Present work

163.2+0.6 117.0+0.5 Flotow [41]

—1656 Besmann [25]
—1654 +20 159.4 +25.1 Chereau [46]
—1685+25 142.2 +20.9 Markin [45]
—1670+ 20 163.0 Glushko et al. [42]
—1656 £ 10 163.0+ 0.6 117.0£0.5 Lemire et al. [43]

PuO; 5, —838.0 80.4 Present work
—845+10 Lemire et al. [43]

PuO; 61 —867.2 81.2 Present work
—895+6 80.3+10.5 Markin [45]
—884.5+16.7 87.0+16.7 Chereau [46]
—875.5+10 83.0+5 6125 Lemire et al. [43]

Pu0, —1060.3 66.13 66.25 Present work
—1056.0 +4.0 Popov [53]
—1058.0 + 1.6 kJ/mol Holley [11]
—1055.7 £0.72 Johnson [54]

66.13 +0.3 66.24 Flotow [41]

—1055.8+0.8 66.13 Glushko et al. [42]
-1055.8+1.0 66.13+0.26 66.25+0.26 Lemire et al. [43]
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Fig. 10. Calculated partial Gibbs energy of O, as a function of temperature in PuO,_, for fixed O/Pu ratios (present work) - comparison with available experimental data.

consistent with the fact that Glushko et al. [42] selected PuO, as
the major species in the vapour over congruent PuO,_, compound
[42].

Finally, the total pressure and the partial pressures of Pu(g),
PuO(g), PuO,(g), O(g) and O,(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 analy-
sis performed by Ackermann et al. for the two-phase domain and
for the PuO,_, composition range [64]. The graph shows that
PuO, heated at constant temperature under vacuum will start to
loose O(g) and O,(g). The rate of change of composition of the sam-
ple will be then quite large. Then PuO(g) and PuO,(g) become more
important and the rate of change of composition stops at the con-
gruent composition where the total pressure is minimum (more ex-
actly it is the flow of effusion that is minimum). Starting from the
two-phase domain, the curve shows that the oxidation of PuO, g;(s)
is accomplished by the preferential vaporization of PuO(g).

Concerning the vaporization of Pu;Os-PuO,_, and PuO,_, sys-
tems, 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 PuO,_,. In case of total pressure mea-
surements, the authors have assumed the vapour to be PuO(g)
above the two phase domain and PuO,(g) above PuO,_,. The partial
pressures of PuO,(g) and Pu(g) measured by Battles are not consis-
tent 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 espe-
cially the heat of formation and the heat capacity of Pu,0s.

5. Conclusion

In the framework of the FUELBASE project to develop a thermo-
dynamic database for advanced fuels, a thermodynamic assess-
ment 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. 12. Calculated PuO(g), Pu(g) and PuO,(g) above the two-phase domain
[Puy03 + PuO, ] (present work) — comparison with the available experimental
data.
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to describe the thermodynamic properties of the non stoichiome-
tric oxide PuO,_, and PuO, g; 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 experi-
mental thermodynamic data, the oxygen partial Gibbs energy data
are scattered. A chart has been built in order to compare the differ-
ent 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 Pu,03 and PuO, 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 behav-
iour of both two-phase Pu,03-Pu0O,_, domain and PuO,_, mono-
phasic region is studied. The total pressures and the congruent
compositions calculated in both closed and open systems are well
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Fig. 13. Calculated congruent vaporization composition of PuO,_, in both open and
closed systems — comparison with the available experimental data for open system
(effusion).
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Fig. 14. Calculated total pressure versus the inverse of temperature for congruent
effusion of PuO,_, (present work) - comparison with the available experimental
data for open system when PuO,(g) is assumed to be the major species in the
effused vapour.
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Fig. 15. Calculated partial pressures of PuO(g) and PuO,(g) versus reciprocal
temperature for congruent vaporization of PuO,_, in effusion cells (present work) -
comparison with mass spectrometry data of Battles and Kent.
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Fig. 16. Variation of the total and partial pressures versus O/Pu ratio at 1970 K for a
closed system (present work) - the experimental data of Battles and Ackermann are
reported for the two-phase domain.

reproduced. Difficulties remain to explain significant deviations
between the experimental data on partial pressure measurements
above the Pu,03-Pu0O, and PuO,_, systems. Experimental data are
missing on the liquidus in the whole phase diagram and on the
temperature range of stability of the PuO,g; phase in the Pu,0s-
PuO, domain. Further experimental and/or theoretical work is re-
quired 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 behav-
iour of the fuel materials of the future fast breeder reactors.
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