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Abstract

The melting temperatures of UO,—(4, 6, 8, 12) wt% Gd, 03, UO,—(2, 4, 8) wt% Er,03 and UO, fuels were measured. The fuels were prepared
by sintering the green pellets of powder mixtures. Fuel fragments were loaded into a tungsten capsule filled with helium, and then they were
melted by an induction heating. The melting temperature was measured by the thermal arrest method during a heating of the capsule. The solidus
and liquidus temperatures of UO,—Gd,O3 and UO,—Er,03 were also determined. The solidus temperatures of UO,—Gd,O3 and UO,—-Er,03 were
almost 150-280 and 180-270 °C lower than their liquidus temperatures, respectively.
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1. Introduction

UO2-Gd203 fuel is widely used as a burnable absorber
in light water reactors. Gadolinium is a very strong neutron
absorber and thus can reduce an excess reactivity in the first
cycle of a reactor operation. The cycle length is currently about
15-18 months, and the Gd, O3 content ranges from 6 to 10 wt%,
depending on the cycle length. An extension of the cycle length
is one of the methods to increase the efficiency of reactor oper-
ation. For a longer cycle length, UO2—-Er,03 is expected to be
more adequate than UO,—Gd,O3 since erbium is a less strong
absorber.

The melting temperature of oxide fuel is one of the most
important properties for estimating the behavior of a nuclear
fuel during both a normal operation and postulated acci-
dent conditions. Since UO,-Gd(Er),03 is a solid solution,
UO,-Gd(Er)203 fuel melts in atemperature range where Gd(Er)
ions replace the U ions in the lattice. This fuel is produced by
sintering a powder mixture of UO2 with Gd,O3 or Er,O3. The
melting of UO,—Gd(Er),03 begins at the solidus temperature
and ends at the liquidus temperature.
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Beals et al. [1] reported that the solidus temperature of
UO,-Gd;03 was 300400 °C lower than the liquidus tempera-
ture. However, Wada et al. [2] found that the solidus temperature
was very close to the liquidus temperature although they did
not measure the solidus temperature quantitatively. Thus, there
is a big difference between the known solidus temperatures of
UO»-Gd»0s3.

UO,—Erp03 fuel is expected to have 1-2wt% Er,O3. The
solidus and liquidus temperatures have not been known until
now. Therefore, we need more data to understand the melt-
ing points of UO,-Gd»03 and UO,-Er,03 fuels. This paper
reports the solidus and liquidus temperatures of UO,—-Gd,03
and UO,-Er,03 fuels.

2. Experimental

Fuel materials used in the melting experiment were UO2—(4,
6, 8, 12) wt% Gdy03 and UO»—(2, 4, 8) wt% Er,O3 fuels. Fuel
materials were fragments of sintered pellets, which were pro-
duced at 1730°C in a H—-3% H,O gas atmosphere. About
18 g of each fuel fragment was loaded into a tungsten capsule
which was filled with helium after evacuated down to 102 Torr.
The capsule was sealed by welding and a helium leak test was
implemented to prove that the capsule had no leaks.

The tungsten capsule is a cylinder with 16 mm in diame-
ter and 42 mm in height, and the upper lid of the capsule has
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Fig. 1. Schematic diagram of the apparatus for measuring the melting temper-
ature.

a one end sealed tube extended into the inside of the capsule.
This tube can provide the black body condition for a measure-
ment of the temperature. Fig. 1 shows a schematic diagram
of an apparatus for measuring the melting temperature. The
capsule was surrounded by tungsten susceptor, carbon fiber
and an induction coil, in that order. This arrangement was
placed in a chamber, which was evacuated below 10~ Torr
and then purged by Ar gas. The capsule was heated by an
induction generator, which has a capacity of 30 kW operat-
ing at a frequency of 60 kHz. During a heating of the capsule,
the fuel temperature was continuously measured in the black
body hole by using a two-color pyrometer mounted on the
chamber.

The power for a heating of the capsule was steadily increased
to a certain power by using a computer program. Then, the fuel
temperature was increased in accordance with the power. The
melting temperature was determined as the temperature at which
the increase of the temperature was arrested by the heat of the
fusion.

The temperature obtained by the pyrometer was calibrated
against the known melting points of the materials such as Gd,O3
and Nd»O3. Fig. 2 shows an example of the temperature-time
profile for the Gd,03 melting point. A thermal arrest appeared
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Fig. 2. A temperature-time plot showing the melting point of Gd,O3 as a
reference sample.

at 2428 °C which is close to the known melting temperature of
2420°C for Gd,0s3.

With one capsule containing a fuel, we measured the melting
point several times by repeating a heating and cooling without a
capsule failure. In this case the differences between the melting
points were well within the range of +10°C. Even if the same
material was melted in new capsules with a new alignment of the
pyrometer, the melting point was changed. But the differences
of all the measured melting points of the same material were in
the range of £20°C. So the uncertainty of the melting point is
believed to be +20 °C. This uncertainty does not have any statis-
tical significance but simply represents a conservative estimate
of the maximum error derived from an experimental error and
an instrumental bias. The solidus temperature is difficult to read
from the temperature—time curve because of a blunt change in
the curve at that temperature. The uncertainty associated with
the solidus temperature is considered to be as large as £25°C.

3. Results and discussion

Fig. 3 shows one example of the typical temperature—time
profiles for the determination of the UO,-8wt% Er,O3 fuel.
The slope of the temperature increase shows a slowdown in the
range between 2500 and 2600 °C and a typical thermal arrest
appeared in the vicinity of 2797 °C. The UO,-8wt% Er,03
fuel is a solid solution and thus it has both solidus and liquidus
temperatures. The solidus temperature (7s), the start of a melt-
ing, can be identified by a decrease in the temperature slope,
and the liquidus temperature (71), the end of a melting, can be
identified by an increase in the temperature slope. Solidus and
liquidus temperatures of fuel specimens are obtained from the
first and second indications of change in slope of the heating
curve [3,4].

The arrows in Fig. 3 indicate the Ts and 7. The solidus
temperature is more difficult to determine than the liquidus
temperature since the change in the temperature slope is very
small.

The temperature—time profiles of the UO,—(2, 4) wt% Er,O3
fuel are similar to Fig. 3. The solidus and liquidus temperatures
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Fig. 3. A temperature—time plot showing the solidus and liquidus temperatures
of UO,-8 wt% Er,O3 by the thermal arrest method.
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Table 1
The solidus and liquidus temperatures of UO,-Gd;03 and UO,—Er, O3

Material Melting temperature (°C)
Ts TL

UO2-4wt% Gd;,03 2670 + 25 2820 + 20
UO,-6 wt% Gd, 03 2620 + 25 2818 + 20
UO,-8wt% Gd,03 2537 £ 25 2783 £ 20
UO,-12 wt% Gd,03 2461 + 25 2739 + 20
UO2-2 wt% Erp O3 2635 + 25 2822 + 20
UO2-4 wt% Er,O3 2600 + 25 2790 + 20
UO,-8wt% Erp,O3 2532 £ 25 2797 + 20

are determined and shown in Table 1. The liquidus tempera-
ture decreases slightly with the Er,O3 content, but the solidus
temperature decreases more significantly than the liquidus tem-
perature. The solidus temperatures which depend on the Er,O3
content are about 180-270 °C lower than the liquidus tempera-
tures.

Fig. 4 shows an example of the temperature—time profiles for
the UO2—-6 wt% Gd, O3 fuel. The arrows indicate the solidus and
liquidus temperatures. The liquidus temperature can be deter-
mined more clearly than the solidus temperature. The solidus
and liquidus temperatures are shown in Table 1 and they are
plotted in Fig. 5 together with other data [1,2].

Fig. 5 shows that the liquidus temperatures range between
2820 and 2739 °C for UOy—(4, 6, 8, 12) wt% Gd»03 and thus
are 30-110°C lower than the melting point of UO,. Our lig-
uidus temperatures of UO2—(4, 6, 8, 12) wt% Gd,O3 are almost
linearly decreased as the Gd,Og3 content is increased. The lig-
uidus temperature of Wada et al. [2] also exhibits nearly the
same dependency of the Gd,O3 content. However, Beals et al.
[1] have shown a different dependency of the liquidus temper-
ature on the Gd,O3 content; it is increased considerably by an
increase in the Gd,03 content from 7 to 14 wt%. Our liquidus
temperatures are almost linearly decreased as the Gd, O3 content
is increased, slightly higher than the other data.

Fig. 5 shows that the solidus temperatures of UO,-Gd,03
are 150-280 °C lower than the liquidus temperatures. Wada et
al. [2], from many observations, found that the solidus temper-
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Fig. 4. A temperature—time plot showing the solidus and liquidus temperatures
of UO,—-6 wt% Gd,O3 by the thermal arrest method.
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Fig. 5. The melting points of UO,-Gd,03, UO,—-Er,03 and UO; fuels.

Table 2
Comparison of the melting temperature of UO, with other data

References Melting point (°C)
Lyon et al. [5] 2840 + 20
Latta et al. [6] 2865 + 15
Tachibana et al. [4] 2845 + 25
Carbajo et al. [7] 2847 + 30
This work 2850 + 20

ature lies very close to the liquidus temperature while Beals et
al. [1] have reported that the solidus temperature is 300-400 °C
lower than the liquidus temperature. Therefore, our solidus tem-
peratures lie between the two reported values [1,2].

The melting point of UO; is also determined as 2850 4 20 °C.
There are lots of other data about the melting point of unirradi-
ated UO; measured by the thermal arrest method as summarized
in Table 2 [4-7]. Our melting point of UO> is in good agreement
with the other data.

4. Conclusion

The melting points of UO,—-Er,03, UO>—-Gd203 and UO»
were measured by the thermal arrest method. The melting
point of UO, is 2850+ 20°C. The liquidus temperature of
UO,—-Er,03 decreases with the Er,O3 content, and the solidus
temperatures are about 180-270 °C lower than the liquidus tem-
peratures. The liquidus temperatures of UO,—(4, 6, 8, 12) wt%
Gd,03 are about 30-110 °C lower than the UO, melting point. It
is found that the solidus temperatures of UO,—(4, 6, 8, 12) wt%
Gdy O3 are almost 150-280 °C lower than the liquidus temper-
atures.
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