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a b s t r a c t

The melting behavior of MgO-based inert matrix fuels containing (Pu,Am)O2�x ((Pu,Am)O2�x–MgO fuels)
was experimentally investigated. Heat-treatment tests were carried out at 2173 K, 2373 K and 2573 K
each. The fuel melted at about 2573 K in the eutectic reaction of the Pu–Am–Mg–O system. The
(Pu,Am)O2�x grains, MgO grains and pores grew with increasing temperature. In addition, Am-rich oxide
phases were formed in the (Pu,Am)O2�x phase by heat-treatment at high temperatures. The melting
behavior was compared with behaviors of PuO2�x–MgO and AmO2�x–MgO fuels.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Inert matrix fuels (IMFs) with a high content of minor actinides
(MAs) are considered as one promising option for the rapid incin-
eration of MAs in a future fast reactor fuel cycle system and an
accelerator-driven sub-critical system [1–5]. IMFs are a composite
of MA host phase and an inert matrix (IM). Magnesium oxide
(MgO) is considered to be a promising candidate for an IM [1–5].
MgO was selected based on an evaluation of its high manufactura-
bility, chemical/physical stability, high melting temperature, and
relatively high thermal conductivity. Namely, these good thermal
properties can lead to a low operating temperature and large safety
margin in the case of accidental melting of fuel. Plutonium and
americium mixed oxide ((Pu,Am)O2�x) is considered to be a candi-
date of a MA oxide host phase for the MgO IM [1–5]. The develop-
ment of a fabrication technology and characterization of MgO-
based IMFs containing (Pu,Am)O2�x ((Pu,Am)O2�x–MgO fuels) are
now underway [1,2,6–9]. Table 1 summarizes the fundamental
specifications of the (Pu,Am)O2�x–MgO fuels which have been
investigated.

The maximum temperature of the fuels during irradiation and
severe accidents is limited within the design criterion to prevent
fuel melting. The melting temperatures of MgO, PuO2 and AmO2

are 3250 K [10], 2843 K [11] and 2773 K [11], respectively. It
was, however, found that the liquid phase started to form in the
respective Pu–Mg–O and Am–Mg–O systems at 2503 K [12] and
2350 K [13] in an eutectic reaction. These temperatures were
clearly lower than the respective melting temperatures of MgO,
PuO2 and AmO2. In addition, the eutectic temperatures depended
on oxygen deficiencies of PuO2�x and AmO2�x. The eutectic tem-
perature of Pu–Mg–O system was estimated by a calculation and
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found to decrease with decreasing oxygen to metal (O/M) ratio
from about 2503 K for O/M ratio of 2.00 to 2341 K for O/M ratio
of 1.61 [12]. On the other hand, the eutectic temperature of Am–
Mg–O system was also estimated by a calculation and had the
maximal value of 2350 K for O/M ratio of 1.79 and the very low
temperature of 1930 K for O/M ratio of 1.5 [13]. Since the oxygen
potential of Am-containing oxides has been found to be very high
[14–16], Am-containing oxides in MgO-based IMF could be easily
reduced at high temperature. This could lead to lowering of eutec-
tic temperature of MgO-based IMFs. Therefore for the fuel design, it
is important to investigate the melting behavior of MgO-based
IMFs with Am-containing oxide.

However, experimental data for the melting behavior of MgO-
based IMFs are limited, and there are no data for the melting
behavior of (Pu,Am)O2�x–MgO fuels. In this study, therefore, the
melting behavior of (Pu,Am)O2�x–MgO fuels was experimentally
investigated. Heat-treatments at various temperatures were car-
ried out, and the melting behavior of (Pu,Am)O2�x–MgO fuels
was compared with behaviors of PuO2�x–MgO and AmO2�x–MgO
fuels.
2. Experimental

The micro-dispersed type (Pu,Am)O2�x–MgO fuels (host phase
size below 10 lm in diameter) were prepared for the heat-treat-
ment tests. The micro-dispersed type fuels were considered as con-
ventional type fuels because it could be fabricated by using simple
powder metallurgy, which was adaptable to remote operation [7–
9]. The fabrication procedure consisted of the following steps:
heat-treatment of (Pu,Am)O2 powder at 903 K; milling of the
(Pu,Am)O2 powder in a ball mill for 3 h using Al2O3 balls; weighing
each powder to get the composition of 50 wt.% (Pu,Am)O2 and
50 wt.% MgO; mixing of these powders for 5 min; cold pressing
of the final mixed powder at 400 MPa into a compact; sintering
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Fig. 1. Visual aspects of (Pu,Am)O2�x–MgO fuels, (a) 2373 K and (b) 2573 K.

Table 1
Fundamental specifications of the (Pu,Am)O2�x–MgO fuels.

Fuel Shape density Sintered columnar pellet 90% TD

Host phase Chemical form (Pu,Am)O2�x

Weight fraction 0.50
Morphologic shape Particle <10 lm in diameter

Inert matrix phase Chemical form MgO
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the compact at 1873 K in air atmosphere. Table 2 summarizes the
characteristics of micro-dispersed type (Pu,Am)O2�x–MgO fuels
[9].

These fuels were heat-treated in a high-frequency induction
heating furnace in flowing Ar gas. The pellet specimens were
loaded into a molybdenum (Mo) crucible. The temperature at the
bottom of the crucible was monitored by a pyrometer under the
furnace, and was regarded as the specimen temperature. The
pyrometer was calibrated by observing the melting temperatures
of niobium (2742 K [17]) and vanadium (2108 K [18]). Oxygen par-
tial pressure in flowing Ar gas was adjusted as 10�6 atm by dilution
of O2. The heat-treatment temperatures were 2173 K, 2373 K and
2573 K each. The heating rate was 180 K/min above 1273 K and
the holding time was 1 h. After holding, the specimens were natu-
rally cooled, and the resultant cooling rate was about 100 K/min.
The heat-treatment at 2573 K was stopped in 10 min because there
was indication of melting.

The (Pu,Am)O2�x–MgO fuels heat-treated at high temperatures
were characterized in terms of their microstructures, crystal struc-
tures and element distributions.

The microstructure was observed with an optical microscope
(TELATOM, Reichert). The (Pu,Am)O2�x–MgO fuels heat-treated
were mounted into holders using epoxy resin, and then were
ground and mirror-polished with anhydrous lubricant.

Crystal structures were observed by XRD analysis. The O/M ra-
tio of (Pu,Am)O2�x phase was calculated from the lattice parameter
by using Vegard’s law, in which (Pu,Am)O2�x was assumed as an
ideal solid solution of PuO2, PuO1.62, AmO2 and AmO1.61 [9].

The element distributions of Pu, Am and Mg was investigated
by using an electron probe micro-analyzer (EPMA) (SX-100R,
AMETEK). Electron acceleration energy of 25 kV and a beam cur-
rent of 50 nA were selected for the analysis. Selected character-
istic X-rays were Ma lines for Pu and Am, and the Ka line for
Mg. Qualitative image mapping of X-ray intensities and quantita-
tive point analysis were conducted on polished specimens which
were coated with deposited carbon. Calibration data of Pu, Am
and Mg were obtained using an as-fabricated (Pu,Am)O2�x–
MgO fuel and the raw X-ray data were converted to a weight
fraction using the Cameca matrix correction program based on
the PAP model [19].
3. Results and discussion

Fig. 1 shows the visual aspects of (Pu,Am)O2�x–MgO fuels heat-
treated at 2373 K and 2573 K. Whereas the pellet heat-treated at
Table 2
Characteristics of (Pu,Am)O2�x–MgO fuels [9].

Composition of host phase (Pu0.91Am0.09)O2�x

Weight fraction 0.50
Density 5.14 g/cm3 (93.5% TD)
Lattice parameter 0.5398 nm
2373 K maintained its integrity, the pellet heat-treated at 2573 K
showed partial melting in its shape. Fig. 2 reproduces the ceramo-
graphic images of (Pu,Am)O2�x–MgO fuels heat-treated at 2173 K,
2373 K and 2573 K each, and also an image from an as-fabricated
one. The light gray-colored areas and the dark gray-colored areas
show the (Pu,Am)O2�x phase and the MgO phase, respectively.
(Pu,Am)O2�x grains, MgO grains and pores grew with increasing
temperature. No indication of liquid phase formation was observed
in the (Pu,Am)O2�x–MgO fuels heat-treated at 2173 K and 2373 K.
It should be noted that MgO grains for the 2573 K heat-treatment
had island shapes. This structure indicated the coexistence of MgO
solid phase and liquid phase at this elevated temperature. This re-
sult indicated that the eutectic reaction of the Pu–Am–Mg–O sys-
tem occurred at 2573 K.

Fig. 3 shows the XRD patterns of (Pu,Am)O2�x–MgO fuels heat-
treated at 2173 K, 2373 K and 2573 K each. The results for an as-
fabricated (Pu,Am)O2�x–MgO fuel are also given. There were only
peaks derived from the halite structure for MgO and the fluorite
structure for (Pu,Am)O2�x. No reaction phase with MgO and
(Pu,Am)O2�x was observed. Although the formation of precipitate
phases was observed by EPMA results as described below, no peaks
of a precipitate phase were detected due to its low volume in
(Pu,Am)O2�x phases. Table 3 lists the lattice parameters and calcu-
lated O/M ratios of (Pu,Am)O2�x. The O/M ratios of (Pu,Am)O2�x

were decreased by the heat-treatment.
The variations of eutectic temperature with oxygen deficiency

of Pu–Mg–O and Am–Mg–O systems were represented by two
regression equations [12,13]:

Tm:Pu ¼ �688þ 3053ðO=PuÞ � 729ðO=PuÞ2 for 1:61

6 ðO=PuÞ 6 2; ð1Þ



Fig. 2. Ceramographic images of (Pu,Am)O2�x–MgO fuels, (a) as-fabricated and with heat-treatments at (b) 2173 K, (c) 2373 K, and (d) 2573 K each.

Fig. 3. XRD patterns of (Pu,Am)O2�x–MgO fuels, (a) as-fabricated and with heat-
treatments at (b) 2173 K, (c) 2373 K, and (d) 2573 K each.

Table 3
Lattice parameters and calculated O/M ratios of (Pu,Am)O2�x.

Heat-treatment temperature (K) Lattice parameter (nm) O/M ratioa

As-fabricated 0.5398b 1.99b

2173 0.5418 1.93
2373 0.5415 1.94
2573 0.5406 1.97

a Calculated by Vegard’s law.
b Ref. [9].
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Tm:Am ¼ 2221ð1� NÞ þ 2291N þ Nð1� NÞ ½236:6þ 1578:6N

� 3478:0N2 þ 1908:8N3�;
1 For interpretation of the references to color in this figure, the reader is referred to
the web version of this article.
N ¼ ½ðO=AmÞ � 1:62�=0:38 for 1:62 6 ðO=AmÞ 6 2; ð2Þ

where Tm.Pu and Tm.Am are eutectic temperatures of Pu–Mg–O and
Am–Mg–O systems, respectively. The eutectic temperatures of
Pu–Mg–O and Am–Mg–O systems at the calculated O/M ratio in this
study are shown in Table 4. The eutectic temperatures of Pu–Mg–O
system were all higher than those of Am–Mg–O system. The heat-
treatment temperature of 2573 K was higher than the eutectic tem-
peratures of both Pu–Mg–O and Am–Mg–O systems. Therefore, the
melting of the (Pu,Am)O2�x–MgO fuel at 2573 K was attributed to
the eutectic reaction as mentioned above. On the other hand,
although the heat-treatment temperature of 2373 K was higher
than the eutectic temperature of the Am–Mg–O system, there was
no indication of liquid phase formation from the results of micro-
structure observation. This result showed that the eutectic temper-
ature of Pu–Am–Mg–O system would be higher than that of Am–
Mg–O system. Although the effects of the interaction between Pu
and Am on melting behavior of (Pu,Am)O2�x–MgO fuel should be
investigated in further experiments, the present results have shown
the possibility to increase the eutectic temperature of Am–Mg–O
system by Pu dissolving into AmO2�x.

Fig. 4 shows the secondary electron images and qualitative
characteristic X-ray mappings of Pu, Am and Mg in (Pu,Am)O2�x–
MgO fuels heat-treated at 2173 K, 2373 K and 2573 K each. The re-
sults for an as-fabricated one are also given. Since the (Pu,Am)O2�x

and MgO phases were fine in the as-fabricated (Pu,Am)O2�x–MgO
fuel and their size was below the measurable limit of EPMA (about
2–3 lm), mixed distributions of Pu, Am and Mg were observed
(blue1 colored region in Fig. 4a). Regarding the heat-treated
(Pu,Am)O2�x–MgO fuels, the intensity of the characteristic X-ray
peaks of Am in (Pu,Am)O2�x slightly decreased with increasing
temperature. Conversely, that of Pu in (Pu,Am)O2�x increased with
increasing temperature. Fig. 5 shows details of the radial distribu-
tion of Am metal concentration in (Pu,Am)O2�x phase (Am/
(Am + Pu)). The error bars denote plus or minus one standard devi-
ation calculated from 4 to 6 data points. The concentration of Am
decreased at the pellet periphery for the heat-treatment at
2173 K. It gradually decreased from the middle to the pellet
periphery for the heat-treatment at 2373 K. Regarding the
(Pu,Am)O2�x–MgO fuel heat-treated at 2573 K, the concentration
of Am became lower than that of 2173 K and 2373 K, and had a
homogeneous distribution. These redistribution behaviors of Am
indicated that the Am or Am oxides were selectively vaporized
from the pellet surface at the heat-treatment conditions. The
vaporization pressure of Am and Am oxides has been found to be
very high; the vapor pressure of gaseous Am oxide was higher than
that of gaseous Pu oxide, in particular that of Am monoxide was
about ten times higher than that of Pu monoxide [20]. Therefore,



Table 4
The eutectic temperatures of Pu–Mg–O [12] and Am–Mg–O [13] systems at calculated
O/M ratio.

O/M ratio Heat-treatment
temperature (K)

Eutectic temperature (K)

Pu–Mg–O [12] Am–Mg–O [13]

1.933 2173 2490 2314
1.940 2373 2491 2312
1.967 2573 2497 2303
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the concentration of Am at the pellet periphery would decrease at
high temperature, and Am would diffuse on the concentration gra-
dient toward the pellet periphery. This behavior would be en-
hanced with increasing temperature. For (Pu,Am)O2�x–MgO fuel
heat-treated at 2573 K, since each (Pu,Am)O2�x phase area became
liquid and was connected as shown in Fig. 2d, the diffusion of Pu
and Am would be enhanced through the connected (Pu,Am)O2�x li-
quid phase areas. This would lead to the homogeneous distribution
of Pu and Am.

In addition, it should be noted that Am-rich (Pu,Am)O2�x phases
were observed in the heat-treated (Pu,Am)O2�x–MgO fuels as
shown in Fig. 4 (white colored regions). These precipitate phases
Fig. 4. Distributions of Pu, Am and Mg in (Pu,Am)O2�x–MgO fuels, (a) as-fabricat
were formed in the vicinity of the interface between the
(Pu,Am)O2�x phase and the MgO phase. The size and the number
density of these precipitate phases increased with increasing tem-
perature. The Am concentration in these phases was very high, and
reached about 90 wt.%. The structure of these phases was consid-
ered to be a sesqui-oxide since the phases would have low metal
density. It was confirmed by the results that the total intensities
of the characteristic X-ray peaks of these precipitate phases were
somewhat low (about 80%) compared with the other phases. Am-
containing oxides were found to have high oxygen potential [14–
16] and, therefore, the formation of sesqui-oxide in Am-rich phases
would be reasonable in the heat-treatment conditions.

The data of phase relations of (Pu,Am)O2�x are limited, and such
a phase separation has not been reported. Regarding the phase
relation of PuO2�x and AmO2�x, it was found that the phase dia-
gram for the Am–O system was similar to that of the Pu–O system,
although phase transition temperatures from the single phase to
two phases of the Am–O system near stoichiometry were higher
than those corresponding to the Pu–O system [21]. Meanwhile,
the phase relation of (Pu0.91Am0.09)O2�x seemed to have different
trends on reaching a certain O/M ratio [22]. This behavior could
be well interpreted by the hypothesis that Am was preferentially
ed and with heat-treatments at (b) 2173 K, (c) 2373 K, and (d) 2573 K each.



Fig. 5. The detailed distribution of Am metal concentration in (Pu,Am)O2�x phase
(Am/(Am + Pu)) heat-treated at 2173 K, 2373 K and 2573 K each.
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reduced. This behavior was also confirmed in terms of oxygen po-
tential of (Pu,Am)O2�x [15,16]. These results indicated that tetrava-
lent Am would be instable in (Pu,Am)O2�x. From them, it could be
said that the phase separation to the Am-rich sesqui-oxide phase,
in which Am was trivalent, would be energetically more favorable
rather than the single phase of (Pu,Am)O2�x at high temperature.

These instabilities of Am in (Pu,Am)O2�x, in particular the redis-
tribution of Am and phase separation, can become a critical issue
for the design of (Pu,Am)O2�x–MgO fuels, because a possible resul-
tant agglomeration of Am in a specific region of the fuels causes
unfavorable property changes such as decrease of melting temper-
ature both by direct effect of increased Am content and derived ef-
fect via phase changes. Although no effect of Am-rich phases on
melting behavior could be observed in the (Pu,Am)O2�x–MgO fuels
in which Am content was only 9%, consideration should be given if
the high Am-containing (Pu,Am)O2�x phase would be applied for
the host phase of IMFs.

4. Concluding remarks

The melting behavior of the MgO-based IMFs containing
(Pu,Am)O2�x was experimentally investigated. The heat-treatment
tests at 2173 K, 2373 K and 2573 K each were carried out.

Although (Pu,Am)O2�x–MgO fuels maintained their shape integ-
rity at 2173 K and 2373 K, the fuel melted at 2573 K due to a eutec-
tic reaction, and this temperature was almost the same as the
eutectic temperature of the Pu–Mg–O system. The microstructure
of fuels changed by heat-treatment; MgO grains, (Pu,Am)O2�x

grains and pores grew with increasing temperature. In addition,
Am-rich oxide phases, which would be sesqui-oxides, were
formed, and the size and number density of Am-rich oxide phases
increased. At 2373 K, which was higher than the eutectic temper-
ature of the Am–Mg–O system, there was no indication of melting
although there were Am-rich oxide phases.

Detailed effects of the interaction between Pu and Am on melt-
ing behavior of (Pu,Am)O2�x–MgO fuel should be investigated
through further experiments. Nevertheless, it is believed that the
melting temperature of MgO-based IMFs with Am-containing
oxide would increase by Pu dissolving into AmO2�x.
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