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bstract

The kinetics of the oxidation in hypo-stoichiometric MOX with 30%Pu content was investigated using thermal gravity and differential thermal
nalysis to evaluate the variation of oxygen-to-metal ratio (O/M) in the fuel fabrication process. In the isothermal oxidation examination, the O/M

atio of the MOX gradually approached 2.00 at temperatures below 200 ◦C. Therefore it was considered that the oxidation reaction below 200 ◦C
roceeded by increasing the amount of fcc phase with O/M = 2.00. Finally, the oxidation rate of hypo-stoichiometric MOX was evaluated, and the
ffective oxygen chemical diffusion coefficient was estimated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

It is well known that plutonium and uranium mixed oxide
MOX) fuels having the fluorite structure are stable in the range
f hyper- and hypo-stoichiometric compositions. MOX fuels
ave been prepared and used with hypo-stoichiometric compo-
ition for controlling the fuel and cladding chemical interaction
FCCI). Therefore the oxygen-to-metal ratio (O/M) must be
trictly controlled in the fuel fabrication process as one important
uel specification.

It was reported that MOX pellets of hypo-stoichiometric com-
osition were oxidized at room temperature in an atmosphere
f inert gas and air [1,2]. It is important for the fuel fabrica-
ion process to evaluate the kinetics of the oxidation around
oom temperature. However, there are few data for the oxy-
en chemical diffusion coefficient in the hypo-stoichiometric
omposition region for temperatures lower than 200 ◦C. In this
ork, the oxidation rate of (U0.7Pu0.3)O2−x with two fcc phases
as investigated using a thermogravimetric technique at tem-
eratures lower than 150 ◦C to advance understanding of the

xidation behavior.

∗ Corresponding author. Tel.: +81 29 282 1111; fax: +81 29 282 3242.
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. Experimental

.1. Sample preparation

The samples were prepared by a mechanical blending method [3]. The
OX powder was pressed, de-waxed (800 ◦C for 2 h in Ar/5%H2) and sin-

ered (1700 ◦C for 2 h in Ar/5%H2) into pellets. The sintered pellets (85–90%
heoretical density) had a number of stable pores, which were formed by
rystallo-cellulose (a pore-former additive). The pellets were sliced into disc-
ike samples with about 1 mm thickness and then annealed under appropriate
onditions to adjust the O/M ratio to 1.95–1.97 [4]. Initial characterization and
mpurity of the samples are shown in Tables 1 and 2, respectively.

.2. Experimental procedure

The non-isothermal and isothermal oxidation examinations were carried out
y thermal gravity and differential thermal analysis (TG–DTA). The details of
he system used were described previously [4]. The isothermal oxidation was
easured at 60, 125 and 150 ◦C in an atmosphere of air with added moisture of

–700 ppm. The air with moisture of 700 ppm would be similar to the atmosphere
ound in the glove box used in the fabrication process. The sample weight change
f ±1 �g which corresponds to the O/M ratio change of ±0.0002, could be
easured by TG analysis with a horizontal differential type balance. The O/M

atio was calculated from the weight change of the sample using eq. (1) [4]:

O = 2.0000 − 16.894
�W

(1)

M W

here �W is the change of weight and W is the sample weight at O/M ratio of
.0000.

The X-ray diffraction (XRD) patterns of a sample with initial O/M ratio
f 1.96 were measured with time during keeping it in air at room temperature.
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Table 1
Initial characterization of the samples

Item Range

Total porosity (%) 10–15
Open porosity (%) 8–12
Closed porosity (%) 3–6
Grain size (�m) 5–7

Table 2
Impurity in the samples

Element Content (ppm)

C <30
N <50
F <10
Cl <10
Al <100
B <5
Ca <30
Cd <5
Cr <50
Fe 160
Mg <15
Ni <50
V <50
Cu <10
Si <100
Zn <100
Ag <5
Mn <20
M
P
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he sample surface was observed with a secondary electron microscope (SEM)
efore and after oxidation at 150 ◦C for 60 min.

. Results
Fig. 1 shows the results of non-isothermal oxidation exam-
nation of a sample heated from room temperature to 600 ◦C
t a constant rate of 5 ◦C/min. The oxidation of the sample
ith hypo-stoichiometric composition proceeded in two stages.

ig. 1. Results of non-isothermal oxidation examination of a sample at heating
ate of 5 ◦C/min.
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ig. 2. Kinetics of the oxidation reaction in air plotted as a function of time and
emperature.

he first stage of oxidation was dominant at temperatures below
00 ◦C and the O/M ratio of the sample rose to about 2.0. In the
econd stage of oxidation which was dominant above 200 ◦C,
he O/M ratio of the sample increased to about 2.3.

Fig. 2 shows the kinetics of the isothermal oxidation reaction
n air as a function of time and temperature. In the isother-

al oxidation examination below 150 ◦C, the oxidation rate
ncreased with temperature. Also, it was observed that the O/M
atio increased, approaching about 2.0.

Fig. 3 shows the diffraction patterns with time of a sample
ith initial O/M ratio of 1.96 which was stored at room tempera-

ure. The diffraction peak intensity of the phase with O/M = 2.00
as observed to increase with time. Other diffraction peaks such

s M4O9 and M3O8 phase, which indicate an O/M ratio value
reater than 2.0, were not observed.

Fig. 4 shows the SEM image of the sample surface which
as oxidized at 150 ◦C for 60 min. Microcracks were observed
n the surface of the oxidized sample, although these were not
bserved on the surface of the sample before the oxidation step.

. Discussion

The isothermal oxidation in this work was mainly dominated
y the first stage of oxidation as shown in Fig. 1, because the
sothermal examination temperatures were less than 200 ◦C. The
esults of isothermal oxidation examination showed that the O/M
atio of sample increased, approaching 2.0 as shown in Fig. 2.
n the results of XRD measurements, fcc phase with the O/M
atio of about 2.0 increased when the sample was kept in air, and
ther peaks were not observed. These results suggested that the
xidation in the temperature below 200 ◦C was dominated by the
rst stage of oxidation and the O/M ratio gradually approached
bout 2.0.

It was reported that (U0.7Pu0.3)O2−x consisted of two fcc

hases with different O/M ratios at room temperature, and their
/M ratios were estimated to be 1.85 and 1.985 [5,6]. The
u–U–O ternary phase diagram in these report indicated that

he increase of O/M ratio toward 2.0 for (U0.7Pu0.3)O2−x with
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ig. 3. X-ray diffraction patterns for sintered MOX sample. (a) Change of diffra
tored samples.

wo fcc phases was caused by increasing the amount of single fcc
hase with O/M ratio of 1.985–2.00. The O/M ratios of the sam-
les used in the present work were from 1.95 to 1.97, so samples
onsisted of two fcc phases. It seemed that the fcc phase which
ppeared with time (shown in Fig. 3) corresponded to the phase
ith the higher O/M ratio in the two fcc phase region. Therefore,

he oxidation of (U0.7Pu0.3)O2−x with two fcc phases could be
nderstood by diffusion of the higher O/M ratio phase formed

n the sample surface.

Jost [7] treated diffusion in a system consisting of two phases
s shown in Fig. 5. The distribution of O/M ratios was expressed

ig. 4. SEM image of sample surface which was oxidized at 150 ◦C for 60 min.
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peaks for (531). (b) Change of differences between the intensities of initial and

y the following equation as a function of x:

O

Mx

= O

Ms
− B erf

(
x

2
√

D̃t

)
for 0 < x < ξ (1)

O

Mx

= O

Mi
for x ≥ ξ (2)

ere O/Mx is the O/M ratio at x, O/Ms the O/M ratio on the sam-
le surface, O/Mi the initial O/M ratio, B the arbitrary constant,
the time, D̃ the oxygen chemical diffusion coefficient and ξ is

he discontinuous point of O/M ratio distribution. The kinetics
f the oxidation was evaluated to estimate the oxygen chemical
iffusion coefficient by using Eq. (1) as shown in Fig. 2. In the
alculation, O/Ms was assumed to be 2.0 and the calculation

ig. 5. Diffusion into the two-phase system. Discontinuous point of O/M distri-
ution ξ is located on the surface for t = 0, where Phase l = the lower O/M phase
nd Phase 2 = the higher O/M phase.
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Fig. 6. ln D̃ plotted against reciprocal temperature.

esults were in good agreement with experimental values when
he higher O/M ratio was assigned as 1.98 (Fig. 5).

The obtained diffusion coefficients are plotted in Fig. 6. The
xygen chemical diffusion coefficient in air was expressed by
he following equation as a function of inverse temperature:

˜ = 3.92 × 102 exp

(
−73.4 × 103

RT

)
cm2 s−1 (3)

ere R is the gas constant and T is the temperature. The activation
nergy of the diffusion, �H, of (U0.7Pu0.3)O2−x was obtained
s 73.4 kJ/mol. The activation energies of oxygen diffusion in
OX have been reported to be 43.5–88.9 kJ/mol [8–11], which
ere approximately the same as the value obtained in this work.
Oxygen chemical diffusion coefficients measured by other

orks are also plotted in Fig. 6 [8–11]. The results of this work
ere much larger than the literature data. To explain this result,

t would be necessary to assume a fast diffusion mechanism.
icrocracks were observed in the oxidized sample as shown

n Fig. 4. It was reported that the lattice parameter of MOX
ecreased with an increase of O/M ratio [12]. It seemed in this
ork that the oxidation of MOX decreased the lattice parame-

er and caused stress which led to microcracks on the surface.
he existence of the microcracks would accelerate oxidation of
intered MOX. However, it was not possible to explain a very
arge oxygen chemical diffusion coefficient only by existence
f microcracks. It was reported that grain boundary diffusion
ffected migration rate at comparatively low temperature in var-
ous materials on behalf of volume diffusion [13–15]. It seemed
hat grain boundary diffusion was also important in the oxi-
ation of MOX at comparatively low temperature. Moreover,
he initial open porosity of the samples was about 8–12%, and

his would have an impact on the oxidation rate. The oxygen
hemical diffusion coefficient obtained in this work might be the
ffective chemical diffusion coefficient which was accelerated
y microcracks, grain boundary diffusion and open porosity.

[
[

[
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Woodley and Gibby [1] reported that oxidation rate increased
ith an increase of the moisture concentration at the very low
oisture concentrations (1–2 ppm) and saturated at moisture

oncentrations higher than about 10 ppm. However, the present
ork could not confirm the effect of moisture concentration

n the atmosphere on the diffusion coefficient due to a lack of
xperimental data.

. Conclusion

The oxidation behavior of (U0.7Pu0.3)O2−x with two fcc
hases was investigated. The oxidation of hypo-stoichiometric
OX proceeded in two stages with an inflection point at 200 ◦C.

t was observed that the oxidation proceeded by increasing the
mount of fcc phase with O/M ratio of about 2.00, and the O/M
atio of MOX pellets was not expected to exceed O/M = 2.00.
he kinetics of the oxidation was evaluated to estimate the
iffusion coefficient using the model of diffusion in a system
onsisting of two phases. A very large coefficient of oxygen
hemical diffusion was estimated in (U0.7Pu0.3)O2−x, which
as expected to be the effective chemical diffusion coefficient

ccelerated by microcracks, grain boundary diffusion and open
orosity.
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