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Abstract

The thermodynamic modelling has been performed for the O–Pu–U ternary system. In order to calculate the O–Pu–

U ternary phase diagram, the interaction parameters of the excess Gibbs energies of the liquid and fluorite structure

phase in the O–Pu–U system have been determined. The thermodynamic data for the liquid phase have been reassessed

from the associated model in literatures to the ionic model using a least-square method. The thermodynamic data for

the fluorite structure phase have been assessed using the oxygen potential data both in the hyper- and hypo-stoichi-

ometric regions. The calculated ternary phase diagram reproduces the general features of the ternary phase diagram.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Plutonium is one of the actinides formed by a neu-

tron capture in 238U during a irradiation of UO2 in

nuclear power plants. Recent technologies in the present

commercial PUREX installations have made it possible

to recover the plutonium efficiently from the spent nu-

clear fuel. Such recovered plutonium would be utilized

most efficiently as metallic fuels in the fast reactors,

combining with the pyro-processing for the plutonium

separation [1,2]. However, since the fast reactor program

is stopped, the disposition of the recovered plutonium is

one of the most urgent issues at the world level for

proliferation resistance [3].

Possible plutonium disposition scheme includes utili-

zation of plutonium in the existing nuclear reactors.

Various oxides, carbides, and nitrides have been studied

as candidates to form either a homogeneous solid solu-

tion or a heterogeneous two-phase microstructure with

the fuel [3–7]. The utilization of plutonium as mixed

oxide fuel (MOX: PuO2 +UO2) is the current most

practical solution for this issue since the technology for
* Corresponding author. Tel.: +81-6 6879 7905; fax: +81-6

6879 7889.

E-mail address: kurosaki@nucl.eng.osaka-u.ac.jp (K. Kuro-

saki).

0022-3115/$ - see front matter � 2004 Elsevier B.V. All rights reserv

doi:10.1016/j.jnucmat.2004.01.011
the commercial utilization of the UO2 fuel has already

been established. In addition, the very complete review

on the thermophysical properties of the MOX fuel by

Carbajo et al. [8] shows that various researchers have

carried out intensive studies on the MOX fuel. Since the

net plutonium consumption in the MOX fuel is limited,

such uranium-free fuels as rock-like oxide (ROX) fuel

and thorium oxide (TOX) fuel are currently investigated

by various researchers [3,6,9–13] to accelerate the plu-

tonium consumption.

Phase relation assessment for O–Pu–U system is the

topic of the present study. In order to evaluate the

thermodynamic properties of the oxide fuels, it is very

important to understand the phase relation of the O–

Pu–U system. Thermodynamic modelling was utilized

for the assessment of the system based on the CALcu-

lation of PHAse Diagram (CALPHAD) technique [14],

which enables us to predict not only the phase behaviour

but also the thermodynamic properties in highly com-

plex multi-component systems based on the Gibbs en-

ergy of the components. This technique has been

successfully applied for such systems as O–Pu–Zr [15]

and O–U–Zr [16].

In the present study, the thermodynamic modelling

was carried out for the O–Pu–U system based on the

data for O–Pu [15], O–U [16–20] and Pu–U [21] binary

systems. In the first part of the present study, the non-

ideal stoichiometric PuO2–UO2 pseudo-binary system
ed.
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was assessed based on the phase diagram and heat

capacity data. In the second part, the deviation from the

ideal model in the non-stoichiometric fluorite structure

phase was discussed with respect to the oxygen potential

data. A possible ternary phase diagram for the O–Pu–U

system was also calculated.
Fig. 1. Image of sublattice model for a fluorite structure phase

with a formula ðA;BÞ1ðCÞ2: site 1 is occupied by atoms A or B;
site 2 is occupied by atom C. The Gibbs energy of this solution

phase is expressed based on the site fractions of Aðy1AÞ and Bðy1BÞ
and the Gibbs energies of A1C2ðG0

ACÞ and B1C2ðG0
BC) using Eqs.

(2)–(5).
2. Calculation

2.1. Thermodynamic modelling

Thermodynamic modelling was performed using the

program named POLY-3 included in Thermo-Calc [22].

The quantity stored in the data for the calculation is

Gibbs energy of formation for phases, G� HSER (J/mol),

referred to a given reference state. In general, it is ex-

pressed as:

G� HSER ¼ aþ bT þ cT ln T þ dT 2 þ eT 3 þ fT �1 þ � � �
ð1Þ

where a, b, c, d, e, and f are constants, T represents

temperature in Kelvin, and SER indicates �stable ele-

ment reference’. G� HSER is given from the contribution

of the enthalpy with the absolute entropy. The enthalpy

has no absolute value; therefore a reference state needs

to be defined. The most obvious reference state for the

enthalpy is that of the element in its reference phase at

0.1 MPa and 298.15 K. In the present calculations, Eq.

(1) was directly applied to the pure substances and

stoichiometric compounds.

The Gibbs energy of a solid solution phase applied in

the present study consists of such terms as reference

(Gref ), ideal (Gid) and excess (Gex) Gibbs energies as

follows:

G ¼ Gref þ Gid þ Gex; ð2Þ

where Gref is the contribution of pure components of the

phase to the Gibbs energy, Gid is the ideal mixing con-

tribution known as ideal entropy of mixing, andGex is the

contribution due to non-ideal interactions between the

components known as excess Gibbs energy of mixing.

These contributions, Gref , Gid, and Gex to the Gibbs

energy were expressed by the general multi-sublattice

model proposed by Sundman and Agren [23] in the

present study. This model takes into account the pref-

erential occupation of the atoms in the lattice that occurs

when atoms are sufficiently different in size, electroneg-

ativity, or charge. As shown in Fig. 1, in a simple case of

a fluorite structure (FCC_C1) phase with a formula

ðA;BÞ1ðCÞ2, the reference (Gref ), ideal (Gid), and excess

(Gxs) Gibbs energies are expressed as Eqs. (3)–(5),

respectively.

Gref ¼ y1Ay
2
CG

0
AC þ y1By

2
CG

0
BC; ð3Þ
Gid ¼ RTfN 1ðy1A ln y1A þ y1B ln y
1
BÞg; ð4Þ
Gex ¼ y1Ay
1
By

2
CfL0

A;B:C þ L1
A;B:Cðy1A � y1BÞ

þ L2
A;B:Cðy1A � y1BÞ

2 þ � � �g; ð5Þ

where ysi represents the site fraction of component �i’ on
sublattice �s’, G0

ij is the Gibbs energy of the pure �ij’
phase, and N s is the total number of the site on the

sublattice �s’. Ln
ij are constants known as interaction

parameters described by using Redlich–Kister type

polynomial [24].

The Redlich–Kister model is usually used to describe

the excess Gibbs energy of general solutions. However,

for non-metallic systems, such as oxides, an associated

model [25] or an ionic liquid model [26] can be used to

describe the thermodynamic properties of the liquid

phase. The associated model defines as ideal reference a

random mixture of atoms and associated species

ðA;B;AiBj; . . .Þ. The ionic liquid model defines two

sublattices ðAþa; . . .ÞP ðB�b; . . . ; V �Q; . . . ;AiBj; . . .ÞQ, in

which one is occupied by cations and the other is

occupied by anions, and also there are vacancies with a

negative charge Q and neutral species. P and Q are the

numbers of sites on the cation and anion sublattice,

respectively. P and Q are calculated from the electrical

neutrality. The ionic liquid model was used to describe

the liquid phase in the present study.

2.2. Phases and thermodynamic data used in the present

study

The phases appear in the O–Pu–U system are a-Pu,
b-Pu, c-Pu, d-Pu, d0-Pu, e-Pu (c-U), a-U, b-U, f, g,
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Pu2O3, PuO1:52, a-PuO1:61, PuO2�x (UO2�x), U4O9,

U3O8, UO3, liquid, and gas. The g phase is formed by a

peritectoid reaction, ðe-Pu; c-UÞ þ ðb-UÞ ¼ g, at 70

at.%-U and 978 K. The f phase is formed by a peritec-

toid reaction, gþ ðb-UÞ ¼ f, at 72 at.%-U and 863 K.

The sublattice models of the phases used for the calcu-

lation are summarized in Table 1.

The use of the data from different binary systems

leads to the introduction of additional Gibbs energy

parameters. The thermodynamic modelling of the O–

Pu–U system requires thermodynamic data of its three

subsystems, O–Pu, Pu–U and O–U. A set of data for the

O–Pu system was obtained in our previous study [15],

and the Pu–U system is also available in literature [21].

There are two different data sets for the O–U system

established by Chevalier et al. [16] and Gueneau et al.

[17]. The data set after Gueneau et al. has improved data

of UO2þx expressed by the compound energy model with

ionic constituents [17]. In this model, UO2�x phase is

described with three sublattices, (U3þ, U4þ, U6þ)1(O
2�,

VA)2(O
2�, VA)1: one for cations, one for the normal site

of oxygen ions and one for the interstitial oxygen ions.

Vacancies are included in both oxygen sublattices.

However, in the present study, the data after Chevalier

et al. [16] was applied. The largest advantage of the data

after Chevalier et al. is that the solid phases in the O–U

system are expressed by the general multi-sublattice

model, which can be readily combined with the data for

O–Pu system [15] expressed by the same model.
Table 1

Phases in O–Pu–U system used in the present modelling

Phase Sublattice model

a-Pu (Pu)1
b-Pu (Pu, U)1
c-Pu (Pu, U)1
d-Pu (Pu, U)1(VA)1
d0-Pu (Pu, U)1
e-Pu, c-U (Pu, U)1(VA)3

a-U (Pu, U)1
b-U (Pu, U)1

f (Pu, U)1
g (Pu, U)1

Pu2O3 (Pu)2(O)3
PuO1:52 (Pu)100(O)152
a-PuO1:61 (Pu)100(O)161
PuO2�x, UO2�x (Pu, U, VA)1(O, VA)2

U4O9 (U)4(O)9
U3O8 (U)3(O)8
UO3 (U)1(O)3

Liquid (Pu4þ, U4þ)P(O
2�, VAQ�, Pu2O3, O)Q

P ¼ 2yQ2� þ QyVA
Q ¼ 4yPu4þ þ 4yU4þ

�

Gas (O2)1
The Gibbs energy data used in the present calculation

for the O–U, O–Pu and Pu–U binary systems are basi-

cally identical with those in literatures [15,16,21]. The

Gibbs energy data for the pure substance are originated

from the SGTE (Scientific Group Thermodata Europe)

database [27]. The data for some of the oxides are

also taken from other database [28]. The interaction

parameters for the liquid phases in the O–U and Pu–U

systems from literatures [16,21] were for the associated

model and the general multi-sublattice model, respec-

tively. The parameters for the liquid phase in O–U sys-

tem were reassessed using a least-square method to give

the same Gibbs energy curves for the ionic liquid model.

That in Pu–U system was directly applicable to the ionic

liquid model.
3. Results and discussion

3.1. PuO2–UO2 pseudo-binary system

PuO2 and UO2 are totally miscible in the complete

composition range, because both PuO2 and UO2 form

only a cubic (fluorite) structure phase up to their melting

temperature and the ionic radii of Pu4þ and U4þ in the

fluorite structure are very similar (Pu4þ: 0.096 nm, U4þ:

0.100 nm [29]). Therefore, only a fluorite structure phase

and a liquid phase appear in the stoichiometric PuO2–

UO2 pseudo-binary system.

The ideality of the PuO2–UO2 system is unclear.

Beauvy has studied PuO2–UO2 solid solution and shown

a possibility of its deviation from the ideality [30]. This

experimental study focused on the solid solution in the

low PuO2 composition range (up to 20 mol% of PuO2)

and included the heat capacity data up to 873 K. On the

other hand, Carbajo et al. has mentioned in their very

completed review on the thermophysical properties of

the MOX fuel that the solid solution in the PuO2–UO2

system is almost ideal [8]. They have also recommended

that the heat capacity of the PuO2–UO2 solid solution

should be calculated from the composition following the

Neumann–Kopp rule.

Fig. 2 compares the calculated heat capacity of PuO2,

UO2, and (Pu0:25U0:75)O2, together with the experimental

data after Gibby et al. [31]. The calculation was made

treating the PuO2 and UO2 form an ideal solid solution.

The calculated and experimental values show a very

good agreement. The deviation in the high temperature

region is attributed to the uncertainty of the heat

capacity of PuO2. The heat capacity of PuO2 at high

temperature is not well defined. There are clear differ-

ences whether an anomalous increase occurs or not. In

the present study, it is assumed that the anomalous in-

crease does not occur.

Fig. 3(a) compares the phase diagram calculated in

the present work with the recommended data for the
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Fig. 2. Heat capacity of PuO2, UO2, and (Pu0:25U0:75)O2.

Fig. 3. (a) Phase diagram for the PuO2–UO2 pseudo-binary

system in the low PuO2 composition range, The solid and da-

shed lines indicate the calculated results obtained in the present

study and the recommended data from literature [8], respec-

tively; (b) Solid-liquid phase diagram for the PuO2–UO2

pseudo-binary system [32].
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UO2–PuO2 pseudo-binary system reported in literature

[8]. In this figure, the solid and dashed lines indicate the

calculated results obtained in the present study and the

recommended data from literature [8], respectively. Fig.

3(b) shows the experimental determined UO2–PuO2

pseudo-binary phase diagram reported by Lyon and

Bailey [32]. Although the calculation was made treating

the PuO2 and UO2 form ideal solid and liquid solutions,

the calculated phase diagram show a very good agree-

ment with both the recommended and experimental

phase diagram even in the low PuO2 composition range.

Therefore, it is concluded that the deviation from the

ideality in the stoichiometric PuO2–UO2 system is neg-

ligibly small.

3.2. O–Pu–U ternary system

In the present study, we have determined the inter-

action parameters of the excess Gibbs energies of the

liquid and fluorite structure FCC_C1 phase to calculate

the O–Pu–U ternary phase diagram.

In case of the liquid phase, the interaction parameters

used in the present study are summarized in Table 2. In

this table, the interactions No. 1–6, which correspond to

the O–Pu binary system, were derived from literature

[15]. The interactions No. 7, 9, and 11, which correspond

to the O–U binary system, were reassessed in the present

study from the associated model in literature [16] to the

ionic model using a least-square method. The interaction

No. 14, which corresponds to the Pu–U binary system,

was reassessed from literature data [21] by the same

method as in case of the O–U binary system. Therefore,

the interactions No. 8, 10, 12, 13, 15, and 16 should be

additionally determined to evaluate the O–Pu–U ternary

system. The interactions No. 12, 15, and 16 are not
considered in this case because the P value in the sub-

lattice model �(Pu4þ, U4þ)P(O
2�, VA, Pu2O3, O)Q:

P ¼ 2yO2� þ QyVA, Q ¼ 4yPu4þ þ 4yU4þ’ equals zero. In

addition, the parameter of the interaction No. 13 is

determined as 0 because the deviation from the ideality

in the UO2–PuO2 pseudo-binary system is negligibly

small as described in the previous section. By the way,

Breitung and Reil have reported the density and com-

pressibility of liquid (U, Pu)O2 [33]. In this paper, it is

reported that the density of a solid MOX fuel is a

function of the uranium and plutonium isotope vector,

and the same characteristic appears to be the case in the

liquid regime. Therefore, the parameters of the addi-

tional interactions No. 8 and 10 of the liquid phase are

also assumed as 0.

In case of the FCC_C1 phase, the interaction

parameters used in the present study are summarized in

Table 3. In this table, the interaction No. 1, which cor-

responds to the O–Pu binary system, is derived from

literature [15]. The interactions No. 2, 3, 6, and 9, which



Table 2

Values of the interaction parameters for the liquid phase: The interactions No. 8, 10, 12, 13, 15, and 16 have been determined in the

present study to evaluate the O–Pu–U ternary system

No. Interactions Parameters Remarks

Sublattice model: (Pu4þ, U4þ)P(O2�, VA, Pu2O3, O)Q: P ¼ 2yO2� þ QyVA, Q ¼ 4yPu4þ þ 4yU4þ
1 L(Pu4þ)P(O

2�, VA)Q 0 Derived from the O–Pu binary

system [15]

2 L(Pu4þ)P(O
2�, Pu2O3)Q L0

Pu4þ:O2�;Pu2O3 ¼ þ60000 Derived from the O–Pu binary

system [15]L1
Pu4þ:O2�;Pu2O3 ¼ þ8000

3 L(Pu4þ)P(O
2�, O)Q 0 Derived from the O–Pu binary

system [15]

4 L(Pu4þ)P(VA, Pu2O3)Q L0
Pu4þ:VA;Pu2O3 ¼ þ26000 Derived from the O–Pu binary

system [15]L1
Pu4þ:VA;Pu2O3 ¼ þ42000

L2
Pu4þ:VA;Pu2O3 ¼ �10000

5 L(Pu4þ)P(VA, O)Q 0 Derived from the O–Pu binary

system [15]

6 L(Pu4þ)P(Pu2O3, O)Q – Not considered because P
value equals 0

7 L(U4þ)P(O
2�, VA)Q L0

U4þ:O2�;VA ¼ þ193247:68 Reassessed from the associ-

ated model in the O–U binary

system [16] to the ionic model
L1
U4þ:O2�;VA ¼ �27409:12

L2
U4þ:O2�;VA ¼ �83302:54

8 L(U4þ)P(O
2�, Pu2O3)Q 0

9 L(U4þ)P(O
2�, O)Q L0

U4þ:O2�;O ¼ �348236:67 Reassessed from the associ-

ated model in the O–U binary

system [16] to the ionic model
L1
U4þ:O2�;O ¼ þ72566:67

L2
U4þ:O2�;O ¼ þ145514:33

10 L(U4þ)P(VA, Pu2O3)Q 0

11 L(U4þ)P(VA, O)Q 0 Reassessed from the associ-

ated model in the O–U binary

system [16] to the ionic model

12 L(U4þ)P(Pu2O3, O)Q – Not considered because P
value equals 0

13 L(Pu4þ, U4þ)P(O
2�)Q 0 Determined from the UO2–

PuO2 pseudo-binary phase

diagram

14 L(Pu4þ, U4þ)P(VA)Q L0
Pu4þ;U4þ:VA ¼ þ4751:5681� 12:001338T Reassessed from the associ-

ated model in the Pu–U bin-

ary system [21] to the ionic

model

L1
Pu4þ;U4þ:VA ¼ �2284:3112

15 L(Pu4þ, U4þ)P(Pu2O3)Q – Not considered because P
value equals 0

16 L(Pu4þ, U4þ)P(O)Q – Not considered because P
value equals 0
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correspond to the O–U binary system, are derived from

literature [16]. Therefore, the interactions No. 4, 5, 7,

and 8 should be additionally determined to evaluate the

O–Pu–U ternary system. The additional interaction

parameters have been determined by an optimization

using the experimental determined oxygen potentials of

MOX fuel in literatures [34–40]. In Table 3, the inter-

action parameters before and after optimization are

listed. Figs. 4 and 5 show the calculated oxygen poten-

tials of the MOX fuel before and after the optimization.
The modelling was performed firstly assuming all the

additional interaction parameters for the fluorite struc-

ture phase as 0, and the oxygen potentials both in hyper-

and hypo-stoichiometric region were calculated to

compare with the experimental data available in litera-

tures [34–40]. Fig. 4 compares the calculated oxygen

potential in the fluorite structure phase in the hyper-

stoichiometric region with the experimental data. At any

temperatures, the values calculated before the optimi-

zations are larger than those experimentally obtained



Table 3

Values of the interaction parameters before and after optimization for the FCC_C1 phase: The interactions No. 4, 5, 7, and 8 have been determined in the present study to evaluate

the O–Pu–U ternary system

No. Interactions Parameters Remarks

Before optimization fi After optimization

Sublattice model: (Pu, U, VA)1(O, VA)2
1 L(Pu)1(O, VA)2 L0

Pu:O;VA ¼ þ90000þ 68T fi Same as on the left Derived from the O–Pu binary system

[15]L1
Pu:O;VA ¼ �935000� 196T

L2
Pu:O;VA ¼ þ787200

2 L(U)1(O, VA)2 L0
U:O;VA ¼ þ88353:17� 32:37686T fi Same as on the left Derived from the O–U binary system

[16]
L1
U:O;VA ¼ þ42858:36

3 L(VA)1(O, VA)2 0 fi Same as on the left Derived from the O–U binary system

[16]

4 L(Pu, U)1(O)2 0 fi 0 Determined from the UO2–PuO2 pseu-

do-binary phase diagram

5 L(Pu, VA)1(O)2 0 fi L0
Pu;VA:O ¼ �205000 Determined by the optimization using

experimental oxygen potential poten-

tials of MOX fuel
L1
Pu;VA:O ¼ þ0

L2
Pu;VA:O ¼ þ600000

6 L(U, VA))1(O)2 L0
U;VA:O ¼ þ184216:70þ 135:94271T fi Same as on the left Derived from the O–U binary system

[16]
L1
U;VA:O ¼ �1422742:5

L2
U;VA:O ¼ þ782551:16

7 L(Pu, U)1(VA)2 0 fi L0
Pu;U:VA ¼ �340000 Determined by the optimization using

experimental oxygen potential poten-

tials of MOX fuel
L1
Pu;U:VA ¼ þ1189000

L2
Pu;U:VA ¼ �1500000

8 L(Pu, VA)1(VA)2 0 fi 0 Determined by the optimization using

experimental oxygen potential poten-

tials of MOX fuel

9 L(U, VA)1(VA)2 0 fi Same as on the left Derived from the O–U binary system

[16]
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Fig. 4. Oxygen potential of fluorite structure phase in the

O–Pu–U ternary phase in hyper-stoichiometric region:

Pu0:23U0:77O2þx.
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(c)

Fig. 5. Oxygen potential of fluorite structure phase in the

O–Pu–U ternary phase in hyper-stoichiometric region: (a)

Pu0:10U0:90O2�x, (b) Pu0:25U0:75O2�x and (c) Pu0:40U0:60O2�x.
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[40]. Fig. 4 also indicates that the oxygen potential cal-

culated using the assessed parameters and the assessed

data after the optimizations, shows a very good agree-

ment with the experimental ones.

Fig. 5 compares the oxygen potential in the fluorite

structure phase but in the hypo-stoichiometric region.

Similarly in the hyper-stoichiometric region, the values

obtained before the optimizations differ from those

experimentally obtained [34,38] in any of the composi-

tions and temperatures. On the other hand, the values

obtained after the optimizations show a very good

agreement with the experimental ones. The Gibbs energy

parameters for the fluorite structure phase after the

optimizations are indicated in Table 4.

The ternary phase diagram for the O–Pu–U system is

available in literature, as shown in Fig. 6, for the limited

composition and temperature region [41]. Important

features of this diagram regarding the fluorite structure

phase, which is the special concern of the present study,

are (i) FCC MO2þx phase in U rich region becomes

wider as temperature rises and (ii) FCC MO2 +BCC

MO2�x region becomes much smaller as temperature

rises. Using the assessed interaction parameters, ternary

phase diagrams for the O–Pu–U system can be calcu-

lated. Fig. 7 shows the calculated results for both 773

and 1273 K. The tie lines in the zoomed diagrams, (b)

and (d) are excluded to better visualise the phase re-

gions. It should be noted that the FCC_C1 phase in U

rich region and FCC_C1+PuO1:61 (BCC MO2�x) re-

gions become wider and smaller, respectively, as tem-

perature rises, similarly to Fig. 6. We can conclude that

the calculated diagrams, and therefore the assessed data,
reproduce the general feature of the ternary phase dia-

gram well for 773 and 1273 K. It is noticeable that the



Table 4

Gibbs energy parameters for the fluorite structure phase used in the present modelling

Gibbs energy Parameters (J/mol) Temperature (K)

GPuO2
¼�1087288:7þ 505:66828T � 83:319199T ln T � 5:8418� 10�3T 2 � 2:2924167� 10�11T 3 þ 913 05T�1 298 < T < 4000

GPuVA2
¼þ42603:691þ 80:301382T � 18:1258T ln T 298 < T < 400

¼�0:02241T 2 þ 33394:038þ 236:786603T � 42:4187T ln T 400 < T < 944

¼�0:00134493T 2 þ 2:63443� 10�7T 3 þ 579325T�1 þ 35537:844þ 232:961553T � 42:248T ln T 944 < T < 4000

GUO2
¼�1112055:29þ 433:851907T � 74:6514T ln T � 0:00610305T 2 289 < T < 1500

¼þ1:7213� 10�7T 3 þ 649010T�1 � 1707426:87þ 4369:94495T � 604:679T ln T 1500 < T < 2670

¼þ0:205276T 2 � 1:58314833� 10�5T 3 þ 126580500T�1 � 1303255:56þ 1218:63701T � 167:03 ln T 2670 < T < 4000

GUVA2
¼þ41592:266þ 130:955151T � 26:9182T ln T þ 0:00125156T 2 298 < T < 955

¼�4:426050� 10�6T 3 þ 38568T�1 þ 27478:2þ 292:121093T � 48:66T ln T 955 < T < 4000

GVAO2
¼þ93038:3� 51:0061T � 22:2720T ln T þ 0:0101978T 2 þ 1:32369� 10�6T 3 � 76730:0T�1 298 < T < 1000

¼þ86862:5þ 25:3198T � 33:6276T ln T � 0:0011916T 2 þ 1:35620� 10�8T 3 þ 525810T�1 1000 < T < 3300

¼þ72026:5þ 62:5193T � 37:9072T ln T � 0:000850486T 2 þ 2:14420� 10�8T 3 þ 8766400T�1 3300 < T < 4000

GVAVA2
¼ þ0 298 < T < 4000

L0
Pu:O;VA ¼ þ90000þ 68T 298 < T < 4000

L1
Pu:O;VA ¼�935000� 196T 298 < T < 4000

L2
Pu:O;VA ¼ þ787 200 298 < T < 4000

L0
U:O;VA ¼þ88353:17� 32:37686T 298 < T < 4000

L1
U:O;VA ¼ þ42 858.36 298 < T < 4000

L0
VA:O;VA ¼ þ0 298 < T < 4000

L0
Pu;U:O ¼ þ0 298 < T < 4000

L0
Pu;VA:O ¼)205 000 298 < T < 4000

L1
Pu;VA:O ¼ þ0 298 < T < 4000

L2
Pu;VA:O ¼ þ600 000 298 < T < 4000

L0
U;VA:O ¼ þ184 216.70þ 135.94271T 298 < T < 4000

L1
U;VA:O ¼)1 422 742.46 298 < T < 4000

L2
U;VA:O ¼ þ782 551.16 298 < T < 4000

L0
Pu;U:VA ¼)340 000 298 < T < 4000

L1
Pu;U:VA ¼ þ1 189 000 298 < T < 4000

L2
Pu;U:VA ¼)1 500 000 298 < T < 4000

L0
Pu;VA:VA ¼ þ0 298 < T < 4000

L0
U;VA:VA ¼ þ0 298 < T < 4000
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Fig. 6. Ternary phase diagram for O–Pu–U system [41].
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Fig. 7. Ternary phase diagram for O–Pu–U system: (a,b) 773 K zoomed in high oxygen composition region, (c,d) 1273 K zoomed in

high oxygen composition region. Tie lines in the zoomed diagrams are excluded to make it easier see the phase regions.
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fluorite structure (FCC_C1) phase tends to expand

towards hyper- and hypo-stoichiometric direction in

the U and Pu rich regions, respectively, as temperature

rises.
4. Conclusion

The thermodynamic modelling was carried out for

the O–Pu–U system and the deviation from the ideal
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model in the fluorite structure phase was assessed based

on the data for O–Pu, O–U, and Pu–U binary systems.

For the stoichiometric PuO2–UO2 pseudo-binary sys-

tem, the calculation for the heat capacity and phase

diagram treating the PuO2 and UO2 as an ideal solid

solution provides very good agreement with the experi-

mental data available in literatures. Therefore, the

deviation from the ideal model in the stoichiometric

PuO2–UO2 system should be negligibly small. Therefore

it is reasonable to treat the phases in this pseudo-binary

system as ideal solutions.

For the non-stoichiometric fluorite structure phase,

the thermodynamic modelling was demonstrated using

the oxygen potential data. The results suggest that the

data for O–Pu, O–U, and Pu–U binary systems cannot

be mixed ideally to model the fluorite structure phase.

The interaction parameters have been assessed, and the

oxygen potential calculated using the assessed parame-

ters shows very good agreement with the experimental

ones both in hyper- and hypo-stoichiometric regions.

Using the assessed interaction parameters, the ternary

phase diagrams for the O–Pu–U system have been also

calculated. The calculated phase diagrams reproduce the

general feature of the ternary phase diagram well for 773

and 1273 K.
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