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Abstract

A thermodynamic modelling was performed for PuO,-UO,-ZrO, system based on the data available in the liter-
ature to evaluate stability of the fluorite structure phase in PuO,-UQO,-ZrO, system. The assessment of the heat
capacity and phase diagram suggested that the deviation from the ideality in the PuO,-UQ, system is negligibly small.
The calculated pseudo-ternary phase diagrams implied that the fluorite structure phase of PuO,-ZrO, subsystem is
more stable than that of UO,-ZrO, subsystem in the lower temperature range and that the latter is more stable than the
former in the higher temperature range. The effect of ZrO, dissolution to PuO, was larger both on the enthalpy and
entropy of the fluorite structure phase than that to UO, in the low ZrO, composition range. On the other hand, UO,

had a larger effect on the stability of the fluorite structure phase in the high ZrO, composition range.

© 2004 Published by Elsevier B.V.

PACS: 28.41.Bm; 28.41.Kw; 82.20.Wt; 82.60.Lf

1. Introduction

Such oxides as PuO, and UQO, are well known
materials relevant to nuclear fuel/waste industry, and
these oxides can form solid solutions with monoclinic,
tetragonal and fluorite structures by combining with
ZrO, [1,2]. Knowledge of the phase equilibria of the
solid solutions among these oxides is of great
importance for the plutonium disposition, which is
acknowledged as one of the most urgent issue at the
world level for proliferation resistance [3]. Possible
plutonium deposition scheme includes utilisation of
plutonium in the nuclear reactors as mixed oxide
fuel (MOX: PuO,+UO,) [4], rock-like oxide (ROX:
Pu0O,+Zr0,/MgAl,O,) fuel [5], or solid solutions with
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inactive materials acting as a diluent to soften the
high fission density and high fuel temperatures
[6,71.

Phase stability of the fluorite structure phase in
Pu0O,-UO,-ZrO, systems is of particular interest to the
present study. Thermodynamic modelling was utilised to
evaluate the stability of these systems based on the
CALculation of PHAse Diagram (CALPHAD) tech-
nique [8]. As is also defined as computer coupling of
phase diagrams and thermochemistry [8], this technique
makes it possible to predict the phase behaviour in
highly complex multi-component systems based on the
thermodynamic properties such as the Gibbs energy of
the components. This technique has been successfully
applied for such systems as O-U-Zr [9] and O-Pu—Zr
[1]. The CALPHAD technique has also been applied for
such pseudo-binary systems as PuO,-ZrO, [1] and UO,—
Zr0O, [2,9].

In the first part of the study, thermodynamic mod-
elling was performed to assess the thermodynamic
parameters for PuO,-UQ, pseudo-binary system based
on the phase diagram and heat capacity data. Using the
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assessed data for PuO,~UO, together with those for the
PuO,-ZrO, [1] and UO,~ZrO, [2] systems, a set of
PuO,-UO,-ZrO, pseudo-ternary phase diagrams was
also calculated. In the second part, the stability of the
fluorite structure phases in the PuO,-UQ,-ZrO, system
was discussed with respect to the deviation from the
ideality and partial molar quantities of the PuO,-UO,,
PuO,-ZrO, and UO,-ZrO, pseudo-binary subsystems.

2. Thermodynamic modelling
2.1. Principle

Thermodynamic modelling was performed using the
program POLY-3 included in Thermo-Calc [10]. The
quantity stored in the data for the calculation is Gibbs
energy of formation for phases, G (J/mol). In the PuO,—
UO,-ZrO, system, four solution phases (monoclinic,
tetragonal, cubic and liquid phases) are present. The
Gibbs energy of a solution phase (both solid and liquid)
applied in the present study consists of such terms as
reference (G™"), ideal (G'9) and excess (G**) Gibbs ener-
gies.

G = Gref + Gid + st7 (1)

where G™' is the contribution of pure components of the
phase to the Gibbs energy, G is the ideal mixing con-
tribution, known as ideal entropy of mixing and G* is
the contribution due to non-ideal interactions between
the components, also known as excess Gibbs energy of
mixing.

In the present study, Gibbs energies of the solution
phases were expressed with the general multi-sublattice
model proposed by Sundman et al. [11]. For example, in
a simple case of a MO, phase with a formula (A,
B),(C),, the reference (G'), ideal (G'9) and excess (G*)

Table 1

Gibbs energies are expressed as Eqs. (2)-(4), respec-
tively.

G =y eGac + 1yt Gics 2)

G = RT{N' (v} log, s +y3log.ys) }, 3)

@ = o {Lhne + Lhnc(h = 2b)

+Lnc(h =)+ ), @

where y? represents the site fraction of component i’ on
sublattice ‘s’, G?/. is the Gibbs energy of the pure ‘i’
phase in question and N°® is the total number of the site
on the sublattice ‘s’. Lj; are constants known as inter-
action parameters described by using Redlich-Kister
type polynomial expression [12].

2.2. Data for PuO,-UO,~ZrO, system

Structure types and sublattice models of the phases
used for the present calculation are summarised in Table
1 together with the reference for the Gibbs energy data.
The monoclinic, tetragonal and cubic (fluorite) phases
were all treated as solid solutions expressed with a for-
mula (Pu, U, Zr)(0),. This model requires Gibbs
energies of the three boundary compounds (Pu),(O),,
(U)1(0), and (Zr),(0), for each phase. Although the
Gibbs energy for (Pu);(0), and (U),(0), with a fluorite
structure is available from the SGTE (Scientific Group
Thermodata Europe) database [13], those for the
monoclinic and tetragonal structure phases are not. The
Gibbs energies for these metastable phases were esti-
mated in the same manner as applied for the ZrO,-UO,
[2] system using following equations:

Phases in the PuO,~-UO,-ZrO, pseudo-ternary system used in the present modelling

Phase Structure Sublattice model Gibbs energy data

Alpha-ZrO, Monoclinic (Pu, U, Zr),(0), PuO,: (Cubic-PuO,) + 6.986937T [1]
UO,: (Cubic-UO,) + 6.986937 [2]
ZrO,: taken from SGTE [13]

Beta-ZrO, Tetragonal (Pu, U, Zr);(0), PuO,: (Cubic-PuO,) + 1.18548T [1]
UO,: (Cubic-UO,) + 1.18548T [2]
Zr0,: taken from SGTE [13]

PuO, Cubic (fluorite) (Pu, U, Zr),(0), PuO,: taken from SGTE [13]

Uo; UO;: taken from SGTE [13]

Gamma-ZrO, Zr0,: taken from SGTE [13]

Liquid (Pu, U, Zr);(0), PuO;: taken from SGTE [13]

UO;: taken from SGTE [13]
ZrO,: taken from SGTE [13]




92 H. Kinoshita et al. | Journal of Nuclear Materials 334 (2004) 90-96

G(Monoclinic-PuO,/UO,)
= G(Cubic-Pu0,/UO,) + 6.98693T, (5)

G(Tetragonal-PuO,/UO,)
= G(Cubic-Pu0,/UO,) + 1.18548T. (6)

The Gibbs energies for the (Zr);(O), with monoclinic,
tetragonal and cubic (fluorite) structures were taken
from the SGTE database [13]. The liquid phase was also
expressed with a formula (Pu, U, Zr),(0O),. The Gibbs
energies for the boundary compositions (Pu),(O),,
(U),(0), and (Zr)(O), for this model are available from
the SGTE database [13].

The interaction parameters required for the present
calculation were taken from the literature for PuO,—
710, [1] and UO,-ZrO, [2] pseudo-binary systems. The
interaction parameters for the PuO,-UQO, system were
assessed in the following section.

3. Results and discussion
3.1. PuO,-UO; pseudo-binary system

Both PuO, and UO, form only a cubic (fluorite)
structure phase up to their melting temperature. The
ionic radii of Pu** and U** in the fluorite structure are
very similar (Pu**: 0.096 nm, U**: 0.100 nm, [14]), and
PuO,; and UQ; are totally miscible in the all composition
range. Therefore, only a fluorite structure phase and a
liquid phase appear in the PuO,-UQO, pseudo-binary
system.

The ideality of the PuO,-UO, system is unclear.
Beauvy has studied PuO,-UO, solid solution and shown
a possibility of its deviation from the ideality [15]. That
experimental study focuses on the solid solution in the
low PuO, composition range (up to 20 mol% of PuO,)
and includes such thermodynamic property as specific
heat up to 873 K. On the other hand, Carbajo et al. has
mentioned in their very completed review on the ther-
mophysical properties of MOX fuel that the solid solu-
tion in the PuO,-UQ, system is almost ideal [4]. They
also recommended the calculation from the composition
following the Neumann—Kopp rule for the determina-
tion of the specific heat of the PuO,-UQ; solid solution.

Fig. 1 compares the calculated heat capacity of PuO,,
UO, and (Pug,5Ug 75)0, with the experimental data after
Gibby et al. [16]. The calculation was performed by
assuming that PuO, and UQO, form an ideal solid solu-
tion. The calculated and experimental values show a
very good agreement. Since heat capacity is the differ-
entiation of enthalpy with respect to temperature
(C, = dH/dT), it implies that the interaction parameter
for (Pu, U)O, has no or negligibly small temperature
dependence. The deviation in the high temperature re-
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Fig. 1. Heat capacity of PuO,, UO, and (Pug,5U(75)O,. The
figure also indicates the experimental data after Gibby et al. [16]
for comparison.

gion is attributed to (i) an anomalous increase in the
heat capacity of UO, [4,17] and (ii) the limitation in the
PuO, data that is not well defined in high temperature
[4].

Fig. 2 compares the phase diagram calculated in the
present work with that recommended in the literature [4]
for the PuO,-UO, system in the low PuO, composition
range. The calculation was carried out with an
assumption of that PuO, and UO, form ideal solid and
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Fig. 2. Phase diagram for the PuO,-UO, system in the low
PuO, composition range: (—) calculated in the present work
and (---) recommended in the literature [4].
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liquid solutions. The calculated and recommended phase
diagrams show a very good agreement even in the low
PuO, composition range in which a possibility of devi-
ation from the ideality was pointed out [15]. Therefore,
we conclude that the deviation from the ideality in the
PuO,-UQ; system is negligibly small and that it is rea-
sonable to treat the phases in this pseudo-binary system
as ideal solutions (the interaction parameters in this
system are all zero).

3.2. PuO,-UO,-ZrO, pseudo-ternary phase diagram

Calculated phase diagrams for PuO,-UO,-ZrO,
pseudo-ternary system are indicated in Fig. 3. In the
lower temperature range up to about 1400 K, the system
has only monoclinic and cubic (fluorite) phases at high
and low ZrO, concentration, respectively. Significant
amount of tetragonal phase appears at about 1450 K on
the UO,-ZrO, side, and the monoclinic phase disap-
pears above this temperature. As temperature increases,
the cubic phase region drastically expands and the cubic
single-phase region becomes dominant in the system by
the temperature of 1800 K. Finally, at 2600 K the system
has the cubic single-phase in almost all composition
range. These figures clearly indicate that cubic structure

(a) 1450 K

A [4] 20 40 60 80 100

MOLE % UO,

MOLE % UO,

phase of the PuO,-UQ; is very stable. It is also implied
that cubic structure phase of the PuO,-ZrO, is more
stable than that of the UO,-ZrO, in the temperature
range up to 2600 K.

Fig. 4 indicates calculated phase diagrams of the
system in the higher temperature range. Since melting
temperature of PuO, was about 2650 K with the data
used in the present calculation, the system has certain
amount of liquid phase at 2700 K in the high PuO,
concentration region. As temperature increases, the li-
quid phase region expands towards high ZrO, concen-
tration region as observed in the phase diagram at 2800
K. The cubic phase on the UO,-ZrO, side starts melting
at around 2850 K and the system has two cubic phase
regions at 2900 K. The system has the liquid phase in
almost all composition range at 3000 K except high UO,
concentration region. The cubic phase finally vanishes at
3100 K. It is implied that cubic structure phase of the
UO,-Zr0; is more stable than that of the PuO,-ZrO, in
the temperature range above 2700 K.

3.3. Stability of fluorite structure phase

Fig. 5 compares the excess Gibbs energies of cubic
(fluorite) phases for the PuO,-UQO,, PuO,-ZrO, and

Monoclinic

Tetragonal

A 46 6@ 80 100
MOLE % UO,

Fig. 3. PuO,-UO,-ZrO, pseudo-ternary phase diagrams: (a) at 1450 K, (b) at 1450 K, (c) at 1800 K and (d) at 2600 K.
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Fig. 4. PuO,-UO,-ZrO, pseudo-ternary phase diagrams: (a) at 2700 K, (b) at 2800 K, (c) at 2900 K and (d) at 3000 K.

10000

= 8000

6000

4000

PuO,-UO, System BN
PuO,-ZrO, System
UO,-ZrO, System

200077/

0-

Excess Gibbs energy (J/mol

-20007, 20 40 60 80 100

Composition of second oxides (mol%)

Fig. 5. Excess Gibbs energies of fluorite structure phase for
PuO,-UQ,, PuO,-ZrO; [1] and UO,~ZrO, [2] pseudo-binary
systems.

UO,-Zr0O, pseudo-binary systems calculated using the
interaction parameters adopted in the present study
[1,2]. The excess Gibbs energy gives a measure of the
deviation from the ideality for solution phases. As can
be seen in the figure, the excess Gibbs energies of cubic
phases for the PuO,-ZrO, and UO,-ZrO, systems have

positive values in the full range of composition. Since
the sublattice model of the fluorite structure phase is
(Pu, U, Zr);(0),, positive values of the excess Gibbs
energy imply a weaker attraction between different ca-
tions than the same ones: the average of the Pu—Pu and
Zr-Zr interactions (U-U and Zr-Zr interactions) is
stronger than the Pu-Zr interaction (U-Zr interaction)
in the PuO,-ZrO, system (UO,—ZrO, system). The fig-
ure also suggests that this tendency is slightly larger in
the UO,~ZrO, system.

Fig. 6 indicates the partial molar enthalpy and en-
tropy of ZrO, in the fluorite structure phase of the
PuO,-ZrO, and UO,-ZrO, systems at 2600 K for the
low ZrO, composition region. These quantities reflect
the effect of the ZrO, on the thermodynamic stability of
the fluorite structure phase in the low ZrO, composition
region. The larger negative value in the partial molar
enthalpy and larger positive value in the partial molar
entropy indicate that the effect of ZrO, dissolution to
PuO, is larger both on the enthalpy and entropy than
that to UO,. This can be a reason for the higher stability
of the fluorite structure phase of the PuO,-Zr0O, side in
the lower temperature region that implied from the
pseudo-ternary phase diagram in the former section.

Fig. 7 indicates the partial molar enthalpy and en-
tropy of PuO, and UQ; in the fluorite structure phase of
the PuO,-ZrO, and UO,-ZrO, systems, respectively, at
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Fig. 6. Partial molar enthalpy and entropy of ZrO, in the
fluorite structure phase of PuO,-ZrO, and UO,-ZrO, systems
at 2600 K for the low ZrO, composition region. The
dH /d(ZrO,) and dS/d(ZrO,) denote partial molar enthalpy
and entropy of ZrO,, respectively.
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Fig. 7. Partial molar enthalpy and entropy of MO, (M =Pu,
U) in the fluorite structure phase of PuO,-ZrO, and UO,-ZrO,
systems at 2600 K for the high ZrO, composition range. The
dH /d(MO,) and dS/d(MO,) denote partial molar enthalpy
and entropy of MO,, respectively.

2600 K for the high ZrO, composition region. Although
the effects of PuO, and UO, dissolution to ZrO, are
almost identical on the entropy, the effects on the en-
thalpy are significantly different: the partial molar en-

thalpy of UO, has larger negative values than that of
PuQ,. It implies that UO, stabilises the fluorite ZrO,
more than PuO,. This would explain the higher stability
of the fluorite structure phase of the UO,-ZrO, side in
the higher temperature region that involves a large
portion of ZrO, in the composition.

4. Summary

A thermodynamic modelling was performed for
Pu0,-UO,-Zr0O, system using data available in the lit-
erature to evaluate stability of the fluorite structure
phase in PuO,-UQO,-ZrO, system.

The assessment of the heat capacity and phase
diagram suggested that the deviation from the ideality
in the PuO,-UO, system is negligibly small and that it
is reasonable to treat the phases in this pseudo-binary
system as ideal solutions. The calculated pseudo-ter-
nary phase diagrams implied that the fluorite structure
phase of PuO,-ZrO, subsystem is more stable than
that of UO,~ZrO, subsystem in the lower temperature
range and that the latter is more stable than the for-
mer in the higher temperature range.

The effect of ZrO, dissolution to PuO, was larger
both on the enthalpy and entropy of the fluorite struc-
ture phase than that to UO, in the low ZrO, composi-
tion range. On the other hand, UO, had a larger effect
on the stability of the fluorite structure phase in the high
ZrO, composition range. These results explain well the
higher stability of the fluorite structure phase of the
PuO,-ZrO, and UO,-ZrO, in the lower and higher
temperature regions, respectively, that implied from the
pseudo-ternary phase diagrams.
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