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bstract

Solidus and liquidus of mixed oxides of plutonium and uranium were measured as a function of Pu-content and oxygen-to-metal ratio using
he thermal arrest technique. The solidus and the liquidus were observed to decrease with increasing Pu-content and to slightly increase with
ecreasing oxygen-to-metal ratio in the region of hypo-stoichiometric composition. The solidus of UO2.00, (Pu0.12U0.88)O2.00 and (Pu0.2U0.8)O2.00
ere determined as 3128, 3077 and 3052 K, respectively. The solidus and the liquidus of the mixed oxides with 29 and 40 at% Pu were also
easured. It was observed that a reaction with the tungsten capsule occurred during the measurement. Therefore, the solidus and the liquidus of

he oxides with 29 and 40 at% Pu could not be obtained.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The mixed oxides of plutonium and uranium (MOX) have
een developed as a fuel for fast reactors. The maximum tem-
erature of the fuel pellets during irradiation is limited to prevent
uel melting. So, the solidus and the liquidus of the mixed oxides
ave been investigated ever since the development of fast reac-
ors was started [1–11]. However, the measured data are still
imited because of difficulties in preparing MOX samples with
recise oxygen-to-metal (O/M) ratios and in conducting accu-
ate measurements at high temperature on plutonium containing
amples.

Early studies [3–5] related to the melting process of oxide
uels were carried out using the V-filament technique. In this
ethod the melting process was observed using a small sample
n a heated tungsten ribbon in both hydrogen and helium atmo-
phere. However, it was reported that the data measured by the
-filament method had a large error caused by variation of the
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omposition of the sample during measurements [6,7]. Conse-
uently, the solidus and the liquidus can be derived in a more
eliable manner from the thermal arrests observed by measuring
he temperature during heating or cooling of samples encapsu-
ated in tungsten capsules. Baichi et al. [12] fully explained the
eason of the large error in the V-filament method and concluded
hat the samples have to be encapsulated. Lyon and Baily [6] and
itken and Evans [8] measured the solidus and the liquidus of

he mixed oxide systematically by the thermal arrest method.
yon and Baily [6] reported the solidus and the liquidus of the
O2–PuO2 system, and Aitken and Evans [8] investigated the

olidus and the liquidus of (Pu, U)O2−x as a function of the Pu-
ontent and the O/M-ratio. However, both studies did not report
esults of analyses such as a microstructure and a lattice param-
ter of the samples after the measurements of the solidus and
he liquidus.

In the present study the solidus and the liquidus of UO2 and
OX containing Pu up to 40 mol% of PuO2 were measured as a
unction of the Pu-content and the O/M-ratio using the thermal
rrest technique. The trend of the solidus and the liquidus is
iscussed in the U-rich region of the Pu–U–O ternary system
hrough analyses of samples before and after the measurements.

mailto:kato.masato@jaea.go.jp
dx.doi.org/10.1016/j.jallcom.2007.01.183
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Table 1
Starting and ending points of the melting process obtained in mixed oxides

Sample O/M-ratio Temperature of melting (K)

Starting point
(±35 K)

Ending point
(±50 K)

UO2.00 2.000 3140 3145
2.000 3111 3130
2.000 3134 3173

(Pu0.12U0.88)O2−x 2.000 3077 3117
1.989 3093 3135
1.983 3084 3105
1.975 3085 3107
1.974 3054 3069
1.971 3100 3124

(Pu0.2U0.8)O2−x 2.000 3052 3090
1.982 3059 3089
1.967 3066 3079
1.954 3074 3109
1.950 3079 3097
1.942 3092 3118
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after the measurement. According to these images, the phases
of plutonium oxide and tungsten were present in the melted
sample. Such phases were also observed in the measurements
of (Pu0.3U0.7)O2.00. Contrary to the observation, there is no
Pu0.29U0.71)O2.00 2.000 2967 3047

Pu0.4U0.6)O2.00 2.000 2910 3024

. Experimental

.1. Sample preparation

Sintered pellets of UO2.00, (Pu0.12U0.88)O2−x, (Pu0.2U0.8)O2−x, (Pu0.29

0.71)O2−x and (Pu0.4U0.6)O2−x were prepared as samples for measuring solidus
nd liquidus. Three kinds of powder, (Pu0.12U0.88)O2+x, (Pu0.2U0.8)O2+x and
Pu0.29U0.71)O2+x, were obtained by adjusting the Pu/U ratio in nitric acid
olution and then treating the specimens by the micro-wave-heating denitration-
ethod [13]. A mixed powder of composition of (Pu0.4U0.6)O2−x was prepared

rom UO2 and PuO2 powders by ball milling. All of them were pressed and
intered at 1973 K for 5 h in an atmosphere of Ar and 5% H2 gas mixture with
dded moisture. The sintered pellets were adjusted to an O/M-ratio of 2.00 by
nnealing at 1023 K for 5 h at the oxygen potential of �ḠO2

∼= −400 kJ/mol.
hen the pellets of (Pu0.12U0.88)O2.00 and (Pu0.2U0.8)O2.00 were annealed under
ppropriate conditions to obtain hypo-stoichiometric MOX pellets with a variety
f O/M values [14–16]. Table 1 lists the composition of the pellets prepared in
his study.

The impurities in the sample were analyzed by atomic emission spectropho-
ometry and �-ray spectrometry. The sum of metallic impurities in the pellet
as less than 500 ppm and the Am-contents contained in the (Pu0.12U0.88)O2−x,

Pu0.2U0.8)O2−x, (Pu0.29U0.71)O2−x and (Pu0.4U0.6)O2−x were 0.2, 0.4, 0.3 and
.5 at% of the total metal amount, respectively.

.2. Measurement procedures

The apparatus and procedures for determining the solidus and the liquidus
f MOX used in this work were similar to those described previously [6–11].
amples of about 10 g were taken from crushed pellets. The samples were loaded

nto tungsten capsules (40 mm long × 14 mm inner diameter) and were sealed in
vacuum of 2 × 10−2 Pa by electronic beam welding. The capsule and sample
ere heated at a constant heating rate of about 40 K/min to 3000 K or higher
ith a radiofrequency heating furnace. Details of the apparatus were reported
reviously [11]. After the measurement, the samples were removed from the

apsules and were analyzed by ceramography, X-ray diffraction (XRD; Rigaku,
INT 1100) and electron probe micro analysis (EPMA; JEOL, JAX8800). The

esults were compared with the data measured before heating treatments.
Temperatures were observed with a pyrometer viewing the black body well

hich was fabricated into the bottom cap of the tungsten capsule. The tempera-
F
d
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ure was calibrated by measuring the melting points of tantalum, molybdenum,
iobium and alumina, which were reported to be 3280, 2895, 2745, and 2326 K,
espectively [17]. The observed melting points of the standards were fitted by a
inear correlation function, and the deviations from nominal temperature were
orrected by the fitting curve. The true temperatures were obtained from the
bserved temperature using the calibration curve computed before or after the
elting experiment. The maximum errors of solidus and liquidus were esti-
ated to be ±35 and ±50 K respectively, since the error in the measurement of

he standard was ±20 K and that introduced by the curve fitting was ±15 and
30 K, respectively.

. Results

Fig. 1 shows the temperature curves during the heating of
Pu0.2U0.8)O2−x. In these curves the changes in temperature due
o thermal arrest were observed clearly (marked by arrows). The
tarting and ending points of thermal arrest are listed in Table 1.
he temperature of the thermal arrest decreased gradually with

ncreased Pu-content and O/M-ratio.
The samples were analyzed by X-ray diffraction. The lat-

ice parameters determined before and after the measurements
re shown in Fig. 2 together with the values from previous cal-
ulations [18]. Lattice parameters of UO2, (Pu0.12U0.88)O2−x

nd (Pu0.2U0.8)O2−x both before and after heating were in good
greement with the calculated ones. The lattice parameters of the
elted samples of (Pu0.29U0.71)O2.00 and (Pu0.4U0.6)O2.00 were

arger than those obtained before heating. The differences may
e explained by a variation of the Pu-content or the O/M-ratio
hich might have occurred during the measurement.
Fig. 3 shows the microstructure of the samples after the melt-

ng experiment. The metallic inclusions, which were observed
n the microstructure of (Pu0.29U0.71)O2.00 and (Pu0.4U0.6)O2.00,
ere identified by X-ray diffraction and EPMA as metallic tung-

ten. It was confirmed that the amount of the metallic phase was
ess than 1 at% in samples with Pu content of 0–20 at% and more
han 5 at% in samples with 29–40 at% Pu.

Fig. 4 shows the mapping images of U L�, Pu M� and W
� from EPMA for a section of a (Pu0.4U0.6)O2.00 sample
ig. 1. Heating temperature curves measured on samples of (Pu0.2U0.8)O2−x of
ifferent O/M-ratios.
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ig. 2. Lattice parameters of mixed oxides before and after the melting experi-
ent.

recipitation of an independent Pu-oxide in the presently known
hase diagram [6,8,19].
. Discussion

Many studies on the melting point of UO2 have been carried
ut previously. Lyon and Baily [6] reported the melting point

p
o
a
o

Fig. 3. Microstructures of samples after the melting.

Fig. 4. Mapping images of (Pu0.4U0.6)O2.00 analyzed by EPMA. Distributions
ig. 5. Comparison of melting points of UO2.00. The data were plotted in
eported order.

as 3113 K, while Latta and Fryxell [7] measured the solidus
nd the liquidus of UO2±x and reported 3149 K for the melting
oint of UO2.00. Recently Baichi et al. [12] reviewed the melting
emperature of UO2±x and recommended a value of 3138 ± 15 K
or UO2.00. Fig. 5 compares the melting point of UO2 observed in
revious studies [6,7,9,12,20–26]. The melting point of UO
2.00
bserved in the present work was 3128 ± 35 K which is in good
greement with the average of those earlier works. The error
f the measurement in this work is lager than those of previous

The white phase was identified as metallic W.

of U, Pu, and W were analyzed on the sample area of the melted sample.
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ig. 6. Variation of the solidus and the liquidus in the UO2–PuO2 system with
he sample composition.

orks, most of them estimated from deviations caused by limited
eproducibility of the melting points of the standards. In this
ork curve fitting error was taken into account in addition to the
ariation of standards (Fig. 2).

Fig. 6 shows the solidus and the liquidus of the UO2–PuO2
olid solution. The solidus and the liquidus reported by Lyon and
aily [6] are also plotted for comparison. They calibrated the

emperature by using standard samples of Ta, Mo, Nb, Al2O3
nd Pt, which have melting points of 3269, 2893, 2741, 2323 and
046 K, respectively. However, their melting points were revised
o 3280, 2895, 2745, 2326 and 2041 K, respectively [17]. These
evised data were used for calibration in this work. Consider-
ng the changes in melting points of the standard samples, the
olidus and the liquidus reported by Lyon and Baily [6] are found
o be shifted to higher temperatures by 7–8 K as apparent in
ig. 6. The revised solidus is in good agreement with the present
ata.

The solidus and the liquidus in the system UO2–PuO2 were
valuated by an ideal solution model [27]. Recently, Carbajo et
l. [1] reviewed thermodynamic data of MOX and recommended
he equation for the solidus and the liquidus of the UO2–PuO2
ystem as reported by Adamson and Aitken [28]. The solidus
eported by Adamson and Aitken [28,29] is shown by the broken
ine in Fig. 6. The calculation result is in good accordance with
he solidus and the liquidus of MOX with Pu-content of more

han 25 at%. On the other hand, the calculation underestimates
he solidus of samples with Pu-contents of 12 and 20 at%. The
olid line shown in Fig. 6 refers to the present data of samples
ith 0–20 mol% PuO2. The solidus of MOX with 40 at% Pu is

e
c
d
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bout 100 K lower than extrapolated solid line. It can be assumed
hat the reaction of samples with the tungsten capsule affects the

easurement of the solidus and the liquidus of samples with
igh Pu-contents. This assumption was based on the following
ndings: the samples before and after the measurement were
nalyzed by XRD, ceramography and EPMA. The results of the
nalyses showed that the MOX with 29 and 40 at% Pu reacted
ith the tungsten capsule and a large amount of metallic tungsten
ixed into the MOX during heating to the melting. The solidus of

amples with Pu-content of more than 29 at% decreased signif-
cantly from the solidus of the MOX with 0–20 at% Pu-content.
t was considered that the reaction between MOX and tungsten
esulted in the decrease of solidus. It is well known that the
xygen potential of MOX increases with increasing Pu-content
n the UO2–PuO2 system [14,15]. The increase of the oxygen
otential might cause the reaction with tungsten in MOX with
9 and 40 at% of Pu. Additional examinations taking account of
apsule materials are essential to explain the mechanism of the
eaction with tungsten.

The Pu-oxide was observed along the grain boundaries in the
elted samples with 29 and 40 at% of Pu, and the precipitation

f the Pu-oxide caused the decrease of the Pu-content inside
he grain. It was considered that the significant increase of the
attice parameters after the measurement shown in Fig. 4 was
aused by the variation of Pu-content inside the grain. In fact,
he lattice parameter of the melted sample with Pu-oxide and

etallic tungsten was in agreement with the Pu-content inside
he grain analyzed by EPMA.

Some studies [30–32] on the reaction between UO2 and
etallic elements have been reported. Fujino et al. [30] investi-

ated the microstructure of UO2 with the addition of 3.5 at%
i and observed the eutectic phase of UO2 and Ti-oxide on

he grain boundary. Yamanaka et al. [31] also investigated
he reaction of UO2 and metallic Ti on the grain boundaries,
nd reported that the liquid phase appears at 1573 K which
s lower than melting points of UO2 and Ti. The reaction
eported in the UO2–Ti system is similar to the reaction observed
n this work. It was assumed that thermal arrest observed in
he measurements of (Pu0.29U0.71)O2.00 and (Pu0.4U0.6)O2.00
as not the melting of MOX. Investigating the equilibrium
hase diagram in the Pu–W–O system might be important in
he quantitative evaluation of the modification of the melting
ehaviour.

Fig. 7 plots the melting behaviour of (Pu0.12U0.88)O2−x and
Pu0.2U0.8)O2−x in variation with the O/M-ratio. Both solidus
ncreased slightly with decreasing O/M-ratio. Aitken and Evans
8] measured the solidus and the liquidus as a function of Pu-
ontent and O/M-ratio. Adamson and Aitken [28,29] revised
own the values of the earlier their work [8] by re-calibrating the
emperature using the measured melting point of UO2 which is
hown in Fig. 7(b). The slight difference between the data in this
nd other works would be caused by the difficulty in measuring
he temperature in such a high temperature range.
The phase diagrams of U–O and Pu–O system are essential to
valuate the solidus and the liquidus in the hypo-stoichiometric
omposition of MOX. Many studies [12,33,34] on the phase
iagram of the U–O system have been reported, and a ther-
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ig. 7. Effect of the O/M-ratio on the solidus and the liquidus of (a)
Pu0.12U0.88)O2−x and (b) (Pu0.2U0.8)O2−x.

odynamics database of the system has been constructed. It
as reported that UO2±x has a congruent melting point at O/U-

atio of 2.00 and that the solidus and the liquidus decreases with
ncreasing and decreasing x. On the other hand, data of the Pu–O
ystem are limited and the phase diagram has a lot of uncer-
ainty. Boivineau [35] evaluated the phase diagram of the Pu–O
inary system and reported that the solidus and the liquidus of
uO2−x has minimum temperature at O/Pu-ratio of about 1.7.
n contrast, Wriedt [36,37] reported that the solidus of nonsto-
chiometric PuO2−x has a maximum temperature at O/Pu-ratio
f about 1.8. In this work the solidus in (Pu0.12U0.88)O2−x and
Pu0.2U0.8)O2−x increase slightly with decreasing the O/M-ratio
s shown in Fig. 7. The variation of the solidus suggests that the
hase diagram reported by Wriendt [36,37] is appropriate.

. Conclusion

The solidus and the liquidus of UO2 and MOX as a
unction of the Pu-content and the O/M-ratio were mea-
ured by the thermal arrest method. Both temperatures
ere observed to decrease with increasing the Pu-content

nd to slightly increase with decreasing the O/M-ratios in
he hypo-stoichiometric composition. The solidus of UO2,
Pu0.12U0.88)O2.00 and (Pu0.2U0.8)O2.00 were determined to
e 3128 ± 35, 3077 ± 35 and 3052 ± 35 K, respectively. The

iquidus of (Pu0.12U0.88)O2.00 and (Pu0.2U0.8)O2.00 were deter-

ined to be 3117 ± 50 and 3090 ± 50 K, respectively. The
olidus and the liquidus of MOX with 29 and 40 at% Pu were
lso determined, because the data are important for development

[
[
[
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f nuclear fuels for fast reactors. It was observed that a reac-
ion between MOX and the tungsten capsule occurred during
he measurement and phases of metallic tungsten and Pu-oxide
ere observed in the sample after the measurement. It was con-

luded that the thermal arrest detected in the measurement of
he high Pu-content MOX was not the solidus. Therefore, the
olidus and the liquidus of MOX with 29 and 40 at% Pu could
ot be determined.
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