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The effect of oxygen potential on the sintering behavior of MgO-based heterogeneous fuels containing
(Pu,Am)O2�x was experimentally investigated. Sintering tests in various atmospheres, i.e. air, moisturized
4%H2–Ar, and 4%H2–Ar atmosphere, were carried out. The sintering behavior was found to be signifi-
cantly affected by the oxygen potential in the sintering atmosphere. The sintered density decreased with
decreasing oxygen potential. The (Pu,Am)O2�x phase sintered in a reductive atmosphere had hypostoichi-
ometry. The aggregates of the (Pu,Am)O2�x phase sintered in the reductive atmosphere grew, in compar-
ison with those in the oxidizing one. The sintering mechanism was discussed in terms of the difference in
sintering behavior of (Pu,Am)O2�x and MgO.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Heterogeneous fuels with a high content of minor actinides
(MAs) are currently considered as one promising option for the ra-
pid incineration of MAs in a future fast reactor cycle system [1,2].
Heterogeneous fuels are a composite of MA oxide host phase and
an inert matrix (IM). Magnesium oxide (MgO) is considered to be
a promising candidate for an IM since it has a high melting temper-
ature and relatively high thermal conductivity, which can lead to a
low operating temperature and large safety margin in the case of
accidental melting of fuel [1–3]. In addition, MgO has high adapt-
ability to a powder metallurgy which can simplify the fabrication
procedure. This is preferable characteristics especially as an IM
for the rapid deployment of the heterogeneous fuels, since the
powder metallurgy could be adapted to the presently used com-
mercial manufacturing technology [4,5]. In addition, such a simple
fabrication procedure is indispensable for MA-containing fuels
since they must be fabricated inside a shielded and air-tight cell
by remote handling.

In order to take advantage of the high performance of MgO ma-
trix, a high density of the heterogeneous fuels is a prerequisite.
However, unlike homogeneous fuels such as UO2 and mixed oxide
(MOX), the host phase can retard the densification of IM [6–8].
Therefore, in order to obtain the high density fuel, the matching
of densification behavior between the host phase and the IM phase
is required [9]. On the other hand, the densification behavior of nu-
clear oxide fuels, such as UO2, PuO2 and MOX which have a fluorite
structure, is known to be affected by oxygen potential in the sinter-
ing atmosphere [10–12]. Therefore, the sintering behavior of the
ll rights reserved.
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heterogeneous fuels containing such a fluorite-type oxide should
be affected by oxygen potential in the sintering atmosphere. Fur-
thermore, some characteristics of Am-containing oxide com-
pounds, such as (U,Pu,Am)O2�x and (Pu,Am)O2�x have been
reported to show unique behavior [13–16], which is attributable
to the higher oxygen potential of Am-containing oxide compounds
compared with UO2, PuO2 and MOX fuels [13,15,17]. As an exam-
ple, the sintering behavior of (U,Pu,Am)O2�x was found to be sig-
nificantly affected by oxygen potential which was attributed to
the high oxygen potential of (U,Pu,Am)O2�x [14]. These results
indicated that the sintering behavior of MgO-based heterogeneous
fuels containing Am-containing oxides should be significantly af-
fected by oxygen potential in the sintering atmosphere. Therefore,
it is important to investigate the effect of the oxygen potential in
the sintering atmosphere on the sintering behavior of MgO-based
heterogeneous fuels containing Am-containing oxides. In this
study, the sintering behavior of MgO-based heterogeneous fuels
containing (Pu,Am)O2�x ((Pu,Am)O2�x–MgO) was experimentally
investigated. Sintering tests in various atmospheres were carried
out, and the sintering mechanism was discussed in terms of the
difference in sintering behavior between (Pu,Am)O2�x and MgO.

2. Experimental

Table 1 shows the characteristics of (Pu,Am)O2 and MgO pow-
ders. 9 wt% of 241Am was generated in (Pu,Am)O2 powder by
beta-decay of 241Pu. MgO powder (about 0.1 lm particle diameter)
was supplied by Ube Material Industry Co. Ltd. Fig. 1 shows the
fabrication procedure for (Pu,Am)O2�x–MgO pellets. The fabrica-
tion procedure is based on conventional powder metallurgy. It con-
sists 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
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Fig. 1. Fabrication procedure for (Pu,Am)O2�x–MgO pellets.
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Fig. 2. Sintered density of (Pu,Am)O2�x–MgO pellets sintered as a function of
oxygen potential in the sintering atmosphere.

Table 1
Characteristics of (Pu,Am)O2 and MgO powders.

(Pu,Am)O2 MgOa

Composition (Pu0.91Am0.09)O2 MgO
Total impurities (ppm) <883 <113
Particle radius (lm) 2.83 NAb

Specific surface area (m2/g) 6.22 12.5

a Ube Material Industry Co Ltd.; 1000A.
b NA: not analyzed.
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Fig. 3. Diameter profiles of (Pu,Am)O2�x–MgO pellets for AIR, MHA and DHA.
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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 and sintering the compact at 1873 K in various sintering
atmospheres. The sintering atmospheres were air (AIR), moistur-
ized 4%H2–Ar (MHA), and 4%H2–Ar (DHA). Their respective oxygen
potentials at 1873 K were about �25 kJ/mol, �387 kJ/mol and
�520 kJ/mol.

The (Pu,Am)O2�x–MgO pellets sintered in various atmosphere
were characterized in term of their densities, diameter profiles,
oxygen-to-metal (O/M) ratios of (Pu,Am)O2�x phase, and
microstructures.

The sintered densities of the (Pu,Am)O2–MgO pellets were cal-
culated by the following equation:

qTH ¼
cW

M

qM
þ cW

H

qH

� ��1

; ð1Þ

where qTH is the theoretical density of the composite ((Pu,Am)O2–
MgO), and qM and qH are the theoretical densities of the IM (MgO:
3.59 g/cm3) and host phase ((Pu0.91Am0.09)O2: 11.68 g/cm3), respec-
tively. cW

M and cW
H are the weight fractions of the IM (MgO) and host

phase ((Pu,Am)O2), respectively. It is assumed in the present study
that relative densities of MgO and (Pu,Am)O2 are identical because
only two phases, the (Pu,Am)O2�x and the MgO phases, exist based
on the following XRD results. The theoretical density of a (Pu,A-
m)O2–MgO pellet having a composition of 50 wt% MgO and
50 wt% (Pu,Am)O2 is 5.49 g/cm3.

The sintered density and the diameter profile were obtained
from metrological results by using a laser micro gauge and a high
accuracy balance. The diameter profile was obtained for 0.5 mm
steps in the axial direction of the pellet. The O/M ratio 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. Microstructures
were observed by ceramography.

3. Results

Fig. 2 plots the density of (Pu,Am)O2�x–MgO pellets as a func-
tion of oxygen potential in the sintering atmosphere. The results
of MgO and PuO2�x–MgO pellets are also given. The density of
(Pu,Am)O2�x–MgO was significantly affected by oxygen potential
while that of PuO2–MgO and MgO depended little on oxygen po-
tential in the studied range. A high density of the (Pu,Am)O2–
MgO pellet of about 94%TD was achieved for AIR. The density of
(Pu,Am)O2�x–MgO decreased with decreasing oxygen potential in
the sintering atmosphere. This meant that the lower density of
(Pu,Am)O2–MgO in a reductive atmosphere could be attributed
to the effect of Am addition.

Fig. 3 shows the diameter profiles of (Pu,Am)O2�x–MgO pellets
for AIR, MHA and DHA. The (Pu,Am)O2�x–MgO pellet for AIR was
well densified, while the (Pu,Am)O2�x–MgO pellet for MHA was
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Fig. 5. XRD pattern of (Pu,Am)O2�x–MgO pellet for AIR.

Table 2
Lattice parameter and O/M ratio of (Pu,Am)O2�x.

Sintering atmosphere Oxygen potential
at 1873 K (kJ/mol)

Lattice
parameter (nm)

O/M
ratioa

Air (AIR) �25 0.5398 1.99
Moisturized 4%H2–Ar (MHA) �387 0.5418 1.93
4%H2–Ar (DHA) �520 (0.5418)b (1.93)b

(0.5405)b (1.97)b

a Calculated by Vegard’s law.
b The peaks overlapped.
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only slightly less densified. On the other hand, the profile of the
(Pu,Am)O2�x–MgO pellet for DHA was completely different from
the other two. The pellet for DHA was less densified and swelled
in the middle. This is a typical profile for the pellet in which the
rate of coarsening increases and larger pores grow. These pores
were considered to be trapped in the center of the pellet, and cause
pellet swelling in the final sintering stage, as discussed in the next
section.

In order to clarify the cause of different density between AIR
and MHA which had almost the same profile, microstructure
observations were done for (Pu,Am)O2�x–MgO pellets for AIR
(Fig. 4(a)) and MHA (Fig. 4(b)) as shown in Fig. 4. The light gray-
colored image and the dark gray-colored image show the
(Pu,Am)O2�x phase and the MgO phase, respectively. The aggre-
gates of (Pu,Am)O2�x host phase for MHA were larger than those
for AIR. This meant that the (Pu,Am)O2�x particles coalesced and
grain growth progressed much more for MHA than for AIR. On
the other hand, larger pores were observed for MHA. The less den-
sification for MHA as shown in Figs. 2 and 3 could be attributed to
the formation of these relatively larger pores.

Fig. 5 shows the XRD pattern of (Pu,Am)O2�x–MgO pellet for
AIR. There were only peaks derived from the halite structure for
MgO and fluorite structure for (Pu,Am)O2�x. No reaction phase
with MgO and (Pu,Am)O2�x was observed. Table 2 lists the lattice
parameters and O/M ratios of (Pu,Am)O2�x. (Pu,Am)O2�x phase for
AIR was near stoichiometry. The O/M ratio of (Pu,Am)O2�x phase
for MHA were about 1.93. The (Pu,Am)O2�x for DHA consisted of
two phases of two different fluorite structures. This two-phase
structure has also been observed when (Pu,Am)O2�x solid solution
was heat treated in a reductive atmosphere [16]. These results
showed that the (Pu,Am)O2�x were reduced in a low oxygen poten-
tial, especially in DHA.
Fig. 4. Ceramographic images of (Pu,Am)O2�x–MgO pellets for (a) AIR and (b) MHA.
4. Sintering behavior of (Pu,Am)O2�x–MgO

It was observed that the sintering behavior of (Pu,Am)O2�x–
MgO was significantly affected by oxygen potential in the sintering
atmosphere. This could be attributed to the growth of pores in the
matrix by a mismatch of the densification between (Pu,Am)O2�x

and MgO, which would be caused by the dependence of sintering
behavior of the (Pu,Am)O2�x on oxygen potential. In this section,
the sintering mechanism of (Pu,Am)O2�x–MgO is discussed in
terms of the difference of the sintering behavior between
(Pu,Am)O2�x and MgO under various oxygen potentials.

The sintering process consists of multiple transport processes,
i.e. a surface diffusion process, a vaporization–condensation pro-
cess, a grain boundary diffusion process and so on. Among them,
grain boundary diffusion and lattice diffusion from the grain
boundary to the pore are the most important mechanisms for the
densification. They are controlled by the much slower movement
of metal cations than that of oxygen anions in oxides [18].

The sintering behavior of oxides with fluorite structure such as
UO2, PuO2 and MOX, is known to be affected by oxygen potential
[10–12], and this feature in non-stoichiometric oxide fuels with
the fluorite structure has been explained by a defect model
[19,20]. Namely, the existence of defects such as vacancies, inter-
stitials and clusters enhanced the cation diffusion. Previous work
showed that the PuO2 densification rate was enhanced well in a
reductive atmosphere, and it was associated with the presence of
defect structures as PuO2 was reduced to PuO2�x [11]. On the other
hand, the Am addition to PuO2�x was found to increase the oxygen
potential, especially near stoichiometry [15]. This indicated that
(Pu,Am)O2�x could be more easily reduced than PuO2�x. Therefore,
(Pu,Am)O2�x host phase could be more sensitive to oxygen poten-
tial than PuO2�x host phase. From these considerations, it is be-
lieved that the number of defects in (Pu,Am)O2�x host phase



Fig. 6. Schematic drawings showing the sintering mechanism of a (Pu,Am)O2�x–MgO pellet sintered under low and high oxygen potentials.
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could increase at lower temperature than those of PuO2�x, and
could result in the enhancement of sintering in the early sintering
stage. This behavior was confirmed by ceramography; the grain
growth of (Pu,Am)O2�x host phase was enhanced for
(Pu,Am)O2�x–MgO pellet sintered in low oxygen potential atmo-
sphere, as shown in Fig. 4(b).

In addition to the above mentioned characteristics, the sintering
behavior of heterogeneous fuels is significantly affected by the dif-
ference of the sintering behavior between the host phase and the
matrix [6–8]. The host phase retards the densification of matrix
due to the transient stress in the matrix induced if a mismatch of
sintering rate between the host phase and the matrix occurs. This
transient stress causes the formation of circumferential cracks in
the boundary of the host phase and the matrix [6,7]. Distortion
of the cracks leads to formation of a large pore as the sintering pro-
ceeds [8].

From this sintering mechanism, the results for PuO2�x–MgO
pellets shown in Fig. 2 indicated that densification behavior of
PuO2�x powder was like that of MgO powder in this sintering
atmosphere range. The sintering of PuO2�x and MgO powders
was considered to progress equally, and the transient stress in
the matrix may be relaxed, which resulted in the high density of
PuO2�x–MgO pellets.

On the other hand, the (Pu,Am)O2�x–MgO pellets showed less
sintering characteristics in low oxygen potential atmospheres,
MHA and DHA. Unlike the PuO2–MgO, the faster densification
and grain growth rate of (Pu,Am)O2�x in low oxygen potential
atmosphere should have caused a mismatch of the densification
between (Pu,Am)O2�x and MgO.

From these facts, the sintering mechanism of (Pu,Am)O2�x–
MgO pellet is discussed as below.

Schematic drawings of the sintering mechanism of the
(Pu,Am)O2�x–MgO pellet are shown in Fig. 6. Under low oxygen
potential atmospheres, MHA and DHA, the densification and grain
growth of (Pu,Am)O2�x rapidly progressed at lower temperature.
In this stage, the transient stress would develop in the MgO matrix
around the (Pu,Am)O2�x host phase, and the circumferential cracks
would be formed. These phenomena retarded the densification of
MgO matrix. On the other hand, the densification at the pellet
periphery would be relatively enhanced because the density of
pressed compact at the periphery was generally high due to the
friction between the compact and the mold. In addition to this
behavior, slowing down of the densification of MgO matrix would
be suppressed at the pellet periphery by the relaxation of the tran-
sient stress because the surface acted as sink for the stress. There-
fore, this inhomogeneity of densification behavior of (Pu,Am)O2�x–
MgO pellet between the center and periphery of the pellet would
prevent out-gassing of pores inside the pellet in the intermediate
sintering stage, and lead to large pore formation inside the pellet
in the final sintering stage. This was confirmed by the relatively
large pores seen for MHA as shown in Fig. 4(b). For DHA, the inho-
mogeneity of densification would be larger. Therefore, larger pores
were considered to be trapped in the center of the pellet in the
early sintering stage, and they caused pellet swelling as shown in
Fig. 3. The lower density of the pellet sintered in low oxygen poten-
tial atmosphere was attributable to these pore structures.

Under high oxygen potential atmospheres (AIR), the densifica-
tion of (Pu,Am)O2�x host phase was considered to be relatively re-
strained and occurred at almost the same temperature and the
same rate as the MgO matrix. The densifications of (Pu,Am)O2�x

and MgO were, therefore, equally progressed, which led to relaxa-
tion of the transient stress. In the final stage of sintering, the pores
would be swept out due to grain growth of respective phases, and
high density could be achieved by sintering in high oxygen poten-
tial atmospheres.

5. Conclusion

The sintering behavior of the MgO-based heterogeneous fuels
containing (Pu,Am)O2�x was experimentally investigated. Sinter-
ing tests in air, moisturized 4%H2–Ar, and 4%H2–Ar atmosphere
were carried out.

The sintering behavior was found to be significantly affected by
the sintering atmosphere. The high density was obtained by sinter-
ing in high oxygen potential, and the sintered density decreased
with decreasing oxygen potential in the sintering atmosphere. This
behavior was well interpreted by the sintering mechanism pro-
posed on the basis of the difference in sintering behavior between
MgO and (Pu,Am)O2�x. It was concluded that a high oxygen poten-
tial of the sintering atmosphere was effective for the densification
of MgO-based heterogeneous fuels containing (Pu,Am)O2�x.
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