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Abstract

The dependence of the oxygen potentials (g(O,)) on oxygen non-stoichiometry (y) and temperature (7) of oxygen-
deficient fluorite-type (F-type) plutonium zirconate Zrg sPuy sO,_, has been elucidated by electromotive force (EMF)
measurements: (Pt) air |Zr(Ca)O,_,| Zry sPuysO,_, (Pt). The y value of ZrysPu,sO,_, was varied at 1078 K over
0 < y<0.10 and the isothermal g(O,) were measured by applying the coulomb titration method. The temperature
dependence of the g(O,) was also measured for each y by performing the temperature scan down to 793 K (793 <
T< 1078 K). It was found that the g(O,) decreased from ~0 to —480 kJ/mol with increasing y from ~0 to 0.1 at
1078 K and that the isothermal g(O,) as a function of y exhibited a simple concave curve. The powder XRD results
showed that Zrq sPuy sO,_, maintained its single F-type structure over 0 <y <0.10 at 1078 K. The lattice parameters
(ap) in this system were found to increase almost linearly with y over 0 < y <0.10.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Cubic (fluorite or pyrochlore) zirconias incorporating
actinides are prominent candidate materials for various
nuclear applications: targets for transmutation of actin-
ides, inert matrix fuels and radioactive waste forms, etc.,
[1-4]. It is important to clarify the thermodynamic prop-
erty and defect structure of these systems for such
applications.

In the previous study [5], the oxygen potentials
(g(0y)) of pyrochlore-type (P-type) Zr,Pu,O7.,, in
which the Zr and Pu ions are ordered and excess oxygens
(x) are incorporated into the ordered oxygen vacancy
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(Vo) sublattice, have been clarified. In the present study,
the g(O,) of the fluorite-type (F-type) Zr sPuysO,_, in
which the Zr and Pu ions are disordered and the disor-
dered Vo(y) are introduced into the oxygen sublattice,
have been investigated. Through these studies, the glo-
bal feature of g(O,) of cubic zirconia with the equimolar
Zr and Pu composition is to be elucidated in connection
with the cation and anion ordering/disordering, in refer-
ence to the literature g(O,) data of pure F-type PuO,_,.

Though the transformation of P-type Zr,Pu,O7.,
to F-type ZrysPuysO,_, have been reported in several
studies [4,6], systematic comparison of the g(O,),
(g(0,) as a function of oxygen non-stoichiometry (x
or y) and temperature (7)) between F-type ZrgsPugs-
O,_, and P-type Zr,Pu,05, have not yet been reported.

The previous study [5] has focused on P-type
Zr,Pu,07,, and obtained the g(O,) data using electro-
motive force (EMF) method. The present study focuses
on F-type Zry sPuy s0,_, and intends to gather its g(O,)
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data over the y range (0 < y < 0.10) using the same EMF
method. The room temperature powder XRD study was
also made for the phase analysis and lattice parameter
(ag) determination of the system.

2. Experimental
2.1. Sample preparation

The F-type Zry sPug sO,_, samples were prepared by
heating P-type Zr,Pu,0O,, in air in the same way as
Kulkarni et al. [6]. The P-type Zr,Pu,07. pellets (typi-
cally, 4 mm in diameter and 1 mm in thickness, ~100 mg
in weight) were prepared by the ceramic method men-
tioned in the previous study [5]. The P-type Zr,Pu,O74
pellets were heated in air at 1573 K for 6 h. Afterwards,
some of the pellets were ground to powders and identi-
fied to be the single F-type phase by the XRD method
(RAD-2X, Regaku Denki Co. Ltd., Japan).

2.2. Oxygen potential measurements by EMF method

The same double compartment-type EMF cell as
used in the previous study [5] on the P-type Zr,Pu,O7.
was employed in the present study: Pt/O, in dry air/Sta-
bilized Zr(Ca)O,_./F-type Zrg sPuy sO,_,/Pt. The detail
has been already described in [5].

Also as described there, the values of oxygen
non-stoichiometry (y) were controlled and determined
by the coulomb titration of oxide ions at 1078 K
through the zirconia-electrolyte tube by using reference
dry air gas as a source or sink of oxygen, in combina-
tion with the weight change measurements mentioned
below.

In order to obtain the temperature (7) dependence of
the g(O,) for a given y, temperature-scan was also made
between 793 and 1078 K in both increasing and decreas-
ing T directions.

The g(O,) of the sample were calculated from the
EMF values by using the thermodynamic relation:
g(0,) = 4EF + RT In Py, (air), where E is the EMF
value of the cell in volt, F is the Faraday constant, R
is the gas constant, T is the temperature in Kelvin and
Po, (air) is the oxygen partial pressure (0.206 atom) of
air.

The g(0O,) and temperatures in the present study are
within the electrolytic domain of the zirconia sensor
according to Patterson [7]. We determined the g(O,) of
CeO,_, by using the same cell in the previous study
[5], to check the accuracy of the g(O,) data. In fact,
the g(0;) data in the previous study [5] agreed with
the well-accepted literature data [8] within the maximum
error of 2kJ/mol. Thus, the g(O,) data of F-type
ZrysPuysO,_, in the present study is supposed to be
accurate within the maximum error of 2 kJ/mol.

2.3. Phase analysis of F-type Zry sPuys0>_, by XRD
method and weight change measurements by oxidation

The F-type ZrysPugsO,_, samples with measured
g(0,) at 1078 K were cooled to room temperature within
several hours. Then, some samples were ground into
powders and analyzed by XRD method to check
whether the sample maintained the F-type structure
and also to determine its lattice parameter. The other
samples were weighed and oxidized for 6 h at 1078 K
in air and thereafter again weighed by using the electro-
balance (precision: £0.02 mg, AE240, Mettler-Toledo
GmbH). The oxidized samples were heated for 6 h at
1078 K in air again in order to check whether the period
of 6 h is enough for complete oxidation. The y’ value of
Zr sPuy 50,_, before oxidation was calculated from the
following equation, assuming y’ = 0 for the air-oxidized
sample:

V=W —=Wo)/Wi - (My(Zry.sPuys0,) /My (0)). (1)

In Eq. (1), W,y and W, are the sample weights before
and after the heating (oxidation) at 1078 K in air, respec-
tively, My (ZrosPuys0,) is the molecular weights of
Z1( sPuy sO, (y = 0), and My, (O) is the atomic weights of
oxygen: My (ZrysPuys0;,) = 197.11, M, (O) = 15.9994.

3. Results and discussion

Fig. 1 shows the result of the coulomb titration at
1078 K obtained in the present study. Table 1 summa-
rizes the results of the weight change measurements.
The y values were relatively determined by the coulomb
titration alone. So the y values of the coulomb titration
curve were set to minimize the standard deviation of the
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Fig. 1. The g(O,) vs. y relation at 1078 K of F-type Pug sZr s-
O,_,. The sign O/M stands for the molar ratio of oxygen to
metal: O/M =2 — y = (7 + x)/4.



H. Otobe et al. | Journal of Nuclear Materials 344 (2005) 219-222 221

Table 1

Summary on the oxygen non-stoichiometry ()’ and y) data of weight change and EMF measurements

Sample number g(O,) Weight (mg) Weight (mg)

Weight change y': from weight y: from titration

at 1078 K (kJ/mol) before oxidation after oxidation (mg) change (Eq. (1)) curve (Fig. 1)
(1) —446.481 80.85 81.20 0.35 0.053 0.050

(2) —429.535 84.36 84.60 0.24 0.035 0.036

(3) —392.518 125.60 125.80 0.20 0.020 0.018

(4) —379.433 81.34 81.40 0.06 0.009 0.011

(5) —376.383 78.39 78.44 0.05 0.008 0.0085

(6) —362.410 112.41 112.47 0.06 0.007 0.006

(7) (~0) 140.80 140.80 0.00 0.000 (~0)

y values (') from the weight change measurements and
those (y) from the coulomb titration.

The g(O,) changed from ~0 to —480 kJ/mol as y in-
creases from ~0 to 0.10. The g(O,) vs. y relations exhib-
ited a single concave curve at 1078 K, suggesting no
significant change in oxygen incorporation. The g(O,)
data of P-type Zr,Pu,0O7:, in the previous study [5]
are also shown for comparison in Fig. 1. The g(O,) of
F-type Zrj sPugsO,_, were lower than those of P-type
Zr,Puy074, by 50-70 kJ/mol at the same O/M values.
This result reveals that the molar ratio of Pu** ions to
Pu** ions is larger in P-type Zr,Pu,O7,, than in F-type
Zr( sPuy sO,_, all over our measured g(O,) range; Pu’*
ion is more stabilized in P-type Zr,Pu,O7., than in F-
type Zro.sPuo.sO0;,.

Fig. 2 shows the whole set of g(O,) vs. T plots ob-
tained for F-type Zry sPug sO,_,. The y values of respec-
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Fig. 2. Temperature dependence of the g(O,) of F-type Puy s-
Zr0_502,y.

tive runs were evaluated from their g(O,) at 1078 K in
reference to the coulomb titration curve at 1078 K
shown in Fig. 1. The literature g(O,) data of PuO,_,
[9] are also shown for comparison in Fig. 2. The g(O,)
of F-type Zr sPugsO,_, were higher than those of F-
type PuO,_ by 150-180 kJ/mol at the same O/M values
between 793 and 1078 K (see O/M =1.92, 1.96 in Fig.
2). This result reveals that the molar ratio of Pu** ions
to Pu** ions is larger in F-type Zry sPuy 50,_, than in
F-type PuO,_, all over our measured g(O,) and temper-
ature ranges; Pu®* ion is more stabilized in F-type
Zrj sPug sO,_, than in F-type PuO,_,.

This result is consistent with the fact that the zirco-
nium tends to enhance the reduction of Ce*" ions in cer-
ium zirconate [2]. This tendency may be ascribed to the
possibility that P-type micro ordering is partially formed
in F-type ZrsPuysO,_, structure; the Zr** radius
(0.084nm) is much smaller than Pu*" radius
(0.096 nm) at coordination number of 8 [10]. Vo may
prefer to be adjacent to Zr** ions rather than Pu®**
ions, that is similar to the case of gadolinium zirconate
[11], and consequently Pu** ions may be more stabilized
in F-type Zrg sPuy sO,_,, with the partial P-type ordering
than in pure F-type PuO,_,with no P-type ordering.
This possibility also explains that the g(O,) of P-type
Z1r,Pu,074, with the perfect P-type ordering are higher
than those of F-type Zr( sPug sO,_) with the partial P-
type ordering at the same O/M values. However, to
prove this possibility, more detailed structural study is
needed.

The XRD patterns did not change except for their
lattice parameters. All the samples were identified as sin-
gle F-type phases (space group Fm-3m). This result
reveals that the long-range (macro) P-type ordering of
the cations (Zr and Pu) in F-type ZrgsPuysO,_, did
not occur at 1078 K over the measured g(O,) range. If
such ordering occurred, the XRD pattern of the sample
should have shown that of alternative phase, the precur-
sor P-type Zr,Pu,O7.,. However, the short-range
(micro) structure could not be known by powder XRD
analysis of the present study.

In Fig. 3, the lattice parameter (ag) vs. y relation of
the F-type ZrysPupsO,_, samples derived from the
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Fig. 3. Plots of the lattice parameter (aq) vs. y plots of F-type
Pu0A5Zr0‘502,y.

XRD analysis is shown. The y value of each sample is
deduced from Fig. 1. The ay/2 data of P-type Zr,-
Pu,O74, are also shown for comparison in Fig. 3.
The ay value (=0.5274nm) of F-type ZrjsPugs0,
(O/IM =2, y=0) in the present study agrees with that
(=0.5273 nm) reported by Kulkarni et al. [6]. The aq val-
ues were found to increase almost linearly with y over
0 < y <0.10. Oxygen removal from the anion sublattice
changes Pu** ions to Pu*" ions (ionic radii Pu*" < Pu®*).
This accounts for the result. It is to be noted that the
aol2 value (=0.5268 nm) of P-type Zr,Pu,Og (O/M =2,
x=1) in the previous study [5] was different from
the ay value (=0.5274 nm) of F-type ZrjsPugs0,
(OIM =2, y=0). The dependence of ayg on O/M in
F-type Zr( sPug sO,_, was different from that of ay/2 in
P-type Zr,Pu;O7.4. This result may be ascribed to the
difference of the anion sublattice structure between
oxygen-deficient fluorite and oxygen-excess pyrochlore.

In the present study, XRD analyses and weight
change measurements of the samples were conducted
within 24 h after the sample pellets were cooled to the
room temperature. Therefore, the measurements were
supposed to be performed without the effects of self-irra-
diation damage. The temperature 1078 K at which the
coulomb titration was performed is above the tempera-
ture 1073 K at which the complete recovery from self-

irradiation damage is achieved in the thermal conductiv-
ity of PuO,. [12] Therefore, it is inferred that the self-
irradiation damage had little effects on the g(O,) data
in the present study.

4. Conclusion

In the present study, the g(O,) of oxygen-deficient
F-type ZrgsPuysO,_, (0 <y <0.10) was investigated
by EMF method with zirconia sensor between 793 and
1078 K. The g(O,) of F-type Zr sPuysO,_, were lower
than those of oxygen-excess P-type Zr,Pu,0O7., by 50—
70 kJ/mol and higher than those of pure F-type PuO,_,
by 150-180 kJ/mol at the same O/M values. The g(O,) of
these materials depended on not only the cation compo-
sition ratio (Zr/Pu), but also the cation and anion order-
ing/disordering. The dependence of lattice parameters
ay (or ag/2) on O/M was found to be different between
oxygen-deficient fluorite and oxygen-excess pyrochlore.
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