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Abstract

To assess the phase stability of actinide oxides with a fluorite structure which has a variable composition (MO»x,),
thermodynamic modelling has been performed for O-Pu-U-Np quaternary systems on the basis of thermodynamic
data available in the literature. Using the thermodynamic data for O-Pu, O-U and O-Np binary systems obtainable
in the literature, the thermodynamic modelling for O—Pu-U-Np quaternary system was carried out by a means of CAL-
culation of PHAse Diagram (CALPHAD) technique. Using this model, the oxygen potentials for (Pugy3Ug7)O,,
(Pup.3Up.65Npo.05)O02 and (Pug ;U ssNpg.12)O, were calculated between 1123 K and 1973 K and compared with the
experimental data. Interaction parameters required for calculation of the Gibbs free energy of the solid solution phase

were estimated for O-Pu—U—Np system.
© 2005 Elsevier B.V. All rights reserved.

1. Introduction

In order to meet the requirements for future nuclear
systems, a fast breeder reactor (FBR) development
requires a transuranium (TRU) recycling system. Uti-
lization of plutonium as a mixed oxide (MOX:
PuO, + UQO,) fuel would be the current most practical
answer to the subject. Plutonium is formed by a neutron
capture in U during irradiation of UO, in nuclear
power plants. It is well known that the plutonium can
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be efficiently recovered from the spent nuclear fuel in
the present commercial PUREX installations. Such
recovered plutonium would be reused more efficiently
as a metallic fuel in the fast reactors, combining with
the pyro-processing for the plutonium separation [1,2].
Therefore, there is a great possibility that plutonium
plays an important role as an energy resource. However,
since the fast reactor program is stopped, plutonium
recovering is one of the most urgent issues at the world
level for nonproliferation [3]. In the present circum-
stance, although Japan Nuclear Cycle Development
Institute (JNC) and some groups are further developing
such recycling systems in Japan, MOX fuel, particularly
containing minor actinides (MA) is one of the most fea-
sible candidates for advanced nuclear fuel recycle. JNC
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is especially planning utilization of the plutonium—
uranium-neptunium MOX fuel [4].

When developing such MOX fuel containing Np,
basic physical properties and sintering conditions are
very important to fix for fuel design and fabrication.
Although there are few informations on MOX fuel con-
taining minor actinides, there is one report on the lattice
parameter of the fluorite phase in the O-Pu-U-Np
system. A latticee parameter of (Ug s, Pug 13, Npg.02)O»
equal to 5.4563 A is reported in [5]. This means that
the (Pu,U,Np)O,+, oxide is stable with the fluorite
structure. No data are available on the extent of the
hyper- and hypo-stoichiometric regions in oxygen.

In the present study, thermodynamic modelling has
been carried out for the O-Pu-U-Np quaternary sys-
tem. In order to obtain the O-Pu-U—Np phase diagram
and associated thermodynamic data, as a preliminary
stage, the interaction parameters of the excess Gibbs
energies of the fluorite structure FCC_CI1 phase were
evaluated with respect to the deviation from the ideal
solution in oxygen potential. The thermodynamic mod-
elling used in this study is based on the CALculation of
PHAse Diagram (CALPHAD) technique [6]. This tech-
nique enables to predict both phase behavior and
thermodynamic properties in highly complex multi-com-
ponent systems based on the Gibbs energy of the com-
ponents. This technique has been successfully applied
for such systems as O-Pu-Zr [7] and O-U-Zr [8].

2. Thermodynamic modelling

Thermodynamic modelling was performed by using
the program Thermo-Calc [9]. The quantity stored in

Table 1

the database for the calculation is the Gibbs energy of
formation for phases, (G — HS®) (J/mol) expressed as

G—HSR = g4 bT + cTlog, T +dT* +eT* +fT" +---,
(1)

where a, b, ¢, d, e and f'are constants. 7 is temperature in
Kelvin. SER indicates ‘stable element reference’. It cor-
responds to the enthalpy of the pure elements in its sta-
ble state at 77=298.15K and 1bar. In the present
calculation, Eq. (1) was applied to the pure substances
and stoichiometric compounds.

Gibbs energy of a solid solution is defined as the sum
of several terms:

G = Grcf 4 Gid 4 st. (2)

G™' is the contribution of pure components, G' is the
ideal mixing contribution, known as ideal entropy of
mixing, and G* is the contribution due to nonideal
interactions between the components, also known as
excess Gibbs free energy of mixing. G*', G'9 and G*
are generally expressed, respectively, as

G = Z(xiG?)v (3)
G4 = R;’Z(xilogexi), 4)
G* = Z ix,-x_,-{L?, + Ly =) + L —x)" + - '}v

o (5)

where x; is the mole fraction of component 7" and G? is
the Gibbs free energy of the pure component 7’. The Lj;
are interaction parameters derived from Redlich—Kis-
ter’s polynomial expression [10].

Interactions between components which must be taken into consideration for fluorite structure (FCC_C1) phase of O-Pu-U-Np

quaternary system

System Sublattice model for FCC_CI phase Interaction between components which
must be taken into consideration
O-Pu-U-Np (Pu,U,Np,VA),(O,VA), (Pu)1(0)2~(Pu)i(VA),

U1(0)2~(U)1(VA),
(Np)1(0)2~(Np)1(VA)
(VA)1(0)2~(VA)(VA),
(Pu)1(0),~(U)1(0),
(Pu)i(0)—(Np)i(O)s
(Pu)1(0),~(VA)1(0),
(Uh(O)—(Np)i(O)
(U)1(0)2(VA)(0),
(Np)1(0),—(VA)(O),
(Pu)i(VA)-(U)1(VA),
(Pu)i(VA),—(Np)i(VA),
(Pu);(VA)~(VA)((VA),
(U)1(VA),— (Np)i(VA),
(Ui(VA)2-(VA)1I(VA),
(Nph(VA), = (VA)I(VA),
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Table 2

Gibbs energy parameters for fluorite structure (FCC_C1) phase of O-Pu-U-Np quaternary system used in the present modelling: the
hatched six interaction parameters have been determined in the present study to evaluate the system

Gibbs energy Parameters (J/mol) Temperature Reference
functions range (K)
Gpuon = —1087288.7 + 505.668287 — 83.319199T1InT — 5.8418 x 107> 298 < T < 4000 [13]
—2.2924167 x 1011 7% + 9135057!
Gpuvas = +42603.691 + 80.3013827 — 18.1258TIn T 298 < T'< 400
= —0.022417° + 33394.038 + 236.786603T — 42.4187TIn T 400 < T'< 944
= —0.0013449377 + 2.63443 x 107/ T% + 5793257 + 35537.844 944 < T < 4000
+232.961553T — 42.248TIn T
Guon = —1112055.29 + 433.8519077 — 74.6514TIn T — 0.006103057> 289 < T'< 1500
=+ 1.7213x 107772 + 6490107 — 1707426.87 + 4369.94495T 1500 < T < 2670
—604.679TIn T
=+0.205276 7% — 1.58314833 x 1077 + 1265805007 — 1303255.56 2670 < T < 4000
+1218.63701T — 167.038TIn T
Guvaz =+ 41592.266 + 130.955151T — 26.9182TIn T + 0.00125156 > 298 < T< 955
= — 4426050 x 10°°7° + 38568 T ' + 27478.2 + 292.121093T — 48.66TIn T 955 < T'< 4000
Grpo2 = —1059069.6 + 469.04396T — 80.33280271n T — 0.00338904007> 298 < T < 4000 [12]
+828430.007!
Grpvaz =+ 50241.888 — 57.531347T + 4.0543TIn T — 0.04127725T° — 4028577 289 < T'< 553

= —7015.112 + 664.27337T — 102.523TIn T + 0.02845927*
— 2483917 x 107°T> + 47969107 "
= +37907.264 + 255.780866T — 45.3964TIn T

Gvaoa =+93038.3 — 51.0061T — 22.2720TIn T — 0.0101978 7
+1.32369x 107 7° — 76730.07!
=+ 86862.5 + 2531987 — 33.6276TIn T — 0.0011916 7>
+1.35620 x 10787 + 5258107!
= +72026.5 + 62.5193T — 37.9072TIn T — 0.000850486T>
+2.14420 x 10787° + 87664007 !

Gyavaz =+0

Lyova =+90000 + 68T

Lhova = — 935000 — 1967

Lova =+ 787200

LY ova = +88353.17 — 32.37686T
Liova =+42858.36

Lpova =+12498.8561 + 681.601745T
Lipova = —17301.578 — 749.30885T
LYaova =+0

Luuo =+0

L(l]’u,Np‘O =+0

LY. vao = — 205000

L}l’u,VA:O =+0

L3ivao =+ 600000

L?J.Np:o =+0

LY vao = +184216.70 + 135.94271T
Livao = — 1422742.46

LY vao =+ 782551.16

L?‘Jp‘\f‘Atﬂ =+0

LY uva = — 340000

LhoUva =+ 1189000

L3, uva = — 1500000

L%mp-\m =+0

LOPu,VA:VA =+0

L?J.Np‘\h\ =+0

LY vava =+0

0 _
Lxpvasa =+0

553 <T<1799

1799 < T'< 4000

298 < T'< 1000

1000 < T'< 3300

3300 < 7'< 4000

298 < T'< 4000
298 < T'< 4000
298 < T < 4000
298 < T'< 4000
298 < T'< 4000
298 < T'< 4000

298 < T'< 4000
298 < T < 4000

298 < T'< 4000
298 < T'< 4000
298 < T < 4000
298 < T < 4000
298 < T < 4000
298 < T'< 4000
298 < T'< 4000
298 < T < 4000
298 < T < 4000
298 < T'< 4000
298 < T'< 4000
298 < T < 4000
298 < T'< 4000
298 < T'< 4000
298 < T'< 4000
298 < T < 4000
298 < T < 4000
298 < T'< 4000
298 < T'< 4000
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Present study
[13]

Present study
[13]
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[13]
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[13]
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When atoms are sufficiently different in size, electro-
negativity or charge, they may prefer different types of
sites in a lattice. In the present study, such a preferential
occupancy of the atoms in the lattice was treated by a
general multi-sublattice model proposed by Sundman
and Agren [11]. For example, in a simple case of a phase
with a formula (A);(B,C),, the reference (G™), ideal
(G'Y) and excess (G**) Gibbs free energies are expressed
as

G*" = y\ysGhp +VAVcGacs (6)
G = RT{N*(vglogoyy +yelogae) (7)
& = o { Bhac + Lhac (b —t)
2
e~ )+ b ®)

where »} represents the site fraction of component ‘7’ on
sublattice ‘s’ and N® is the total number of the site on the
sublattice ‘s’.

3. Results and discussion

The thermodynamic modelling of the O-Pu-U-Np
system was based on the data for O-Pu [7], O-U [8]
and O-Np [12] binary systems.

The sublattice model used for fluorite structure
(FCC_C1) phase of O-Pu-U-Np quaternary system is
expressed with a formula (Pu,U,Np,VA);(O,VA), in
which VA denotes vacancy. In this system, we need to
take into account nonideal interactions between the
components listed in Table 1 and have to determine
the interaction parameters of the excess Gibbs energies
for the hatched six interactions in addition to the param-
eters for the O—Pu-U ternary system which have already
been evaluated in our previous works [7,13]. These addi-
tional interaction parameters have been determined by
an optimization using the experimentally determined
oxygen potentials of Np containing MOX fuel in litera-
ture. In a first step, the modelling was performed
by assuming all the additional interaction parame-
ters for the fluorite structure phase to be 0 as shown in
Table 2. Using this model, the oxygen potentials for
(Pup3U0.7)03, (Pug3Ug65sNpo.os)O, and (Pug3Ug ssN-
Po.12)O> were calculated between 1123 K and 1973 K
in comparison with the experimental data available in
[4]. In Fig. 1(a)—(c), the calculated oxygen potentials in
the fluorite structure phase in the hyper- and hypo-stoi-
chiometric region are composed with the experimental
data. It can be seen that the calculated oxygen potential
decreases in the hypo-stoichiometric side and increases
in hyper-stoichiometric side according to an increase
of Np content. Although such a tendency is not seen be-
tween each experimental value, similar trend may be
seen if the number of the data is increased. However,
each oxygen potential calculated using the interaction
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Fig. 1. Oxygen potential of fluorite structure phase in the O—
Pu-U-Np quaternary phase in hyper- and hypo-stoichiometric
region: (a) (Pug3Uo7)O2, (b) (Pug3UpssNpoos)O2 and ()
(Puo3U¢.5sNpg.12)0, in comparison with experimental data [4].

parameters in Table 2 shows a relatively good agreement
with the experimental ones at any temperatures without
newly determining the interaction parameters. In our
previous modelling for O-Pu-U ternary system [13],
the oxygen potential calculated before optimizations of
additional interaction parameters is quite different from
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experimental one. Judging from these results, it seems
that it is not necessary to optimize the new interaction
parameters concerned with Np, at least, in the range
of Np content calculated in this study, even if Np is new-
ly added to the O-Pu-U ternary system, that is, the
influence of existence of Np in the O-Pu-U-Np quater-
nary system is very small in the present work.

4. Conclusion

For the nonstoichiometric fluorite structure phase of
the O-Pu-U-Np quaternary system, the thermodynamic
modelling was presented. The interaction parameters of
the excess Gibbs energies have been assessed and the
oxygen potentials were calculated by using the evaluated
parameters. The oxygen potentials both in hyper-
and hypo-stoichiometric region were calculated for
(Pug3U0.7)03, (Pug3UpssNpo.os)O2 and (Pug3Ug sgN-
Po.12)O> between 1123 K and 1973 K. The calculated
oxygen potentials were compared with the experimental
data available in the literature. Although the interaction
parameters with respect to Np have been treated as 0 in
this study, the computed values showed a relatively good
agreement with the experimental ones. Consequently, it
was found that the influence of existence of Np in the O—
Pu-U-Np quaternary system is very small, at least, in

the range of Np content examined by the current
study.

References

[1] T. Inoue, Progr. Nucl. Energy 40 (3-4) (2002) 547.

[2] M. Kurata, J. Nucl. Mater. 294 (2001) 123.

[3] E. Vettraino, G. Magnani, T. La Torretta, E. Marmo, S.
Coelli, L. Luzzi, P. Ossi, G. Zappa, J. Nucl. Mater. 274
(1999) 23.

[4] K. Morimoto, M. Nishiyama, M. Kato, H. Endo, S. Kono,
GLOBAL 2001, Paris, vol. 1, 38, 2001, p. 1

[5] W.L. Lyon, W.E. Baily, J. Nucl. Mater. 22 (1967) 340.

[6] N. Saunders, A.P. Miodownik, in: CALPHAD (Calcula-
tion of Phase Diagrams): a Comprehensive Guide, Perg-
amon Materials Series, vol. 1, Pergamon, Oxford, UK, 1998.

[7] H. Kinoshita, M. Uno, S. Yamanaka, J. Alloys Compd.
354 (2003) 129.

[8] P.-Y. Chevalier, E. Fischer, J. Nucl. Mater. 257 (1998) 213.

[9] B. Sundman, Thermo-Calc User’s Guide, Royal Institute
of Technology, Sweden, 1995.

[10] O. Redlich, A.T. Kister, Ind. Eng. Chem. 40 (1948) 345.

[11] B. Sundman, J. Agren, J. Phys. Chem. Solids 42 (1981)
297.

[12] H. Kinoshita, D. Setoyama, Y. Saito, M. Hirota, K.
Kurosaki, M. Uno, S. Yamanaka, J. Chem. Thermodyn.
35 (2003) 719.

[13] S. Yamanaka, H. Kinoshita, K. Kurosaki, J. Nucl. Mater.
326 (2004) 184.



	Thermodynamic modelling of the (U,Pu,Np)O2 plusmn x mixed oxide
	Introduction
	Thermodynamic modelling
	Results and discussion
	Conclusion
	References


